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*HRSK\VLFDO DSSOLFDWLRQV� DV ZHOO DV SURVSHFWLQJ� PRVWO\ LQYROYH PDSSLQJ VSDWLDO YDUL�

DWLRQV LQ JUDYLW\ WR JDWKHU LQIRUPDWLRQ DERXW (DUWK
V VSLQ� VKDSH DQG FRPSRVLWLRQ� 7KH

UHTXLUHG PHDVXUHPHQW DFFXUDF\ IRU WKHVH SXUSRVHV PD\ EH DQ\ZKHUH EHWZHHQ ��
b�

DQG

��
b�
� 2WKHU DSSOLFDWLRQV UHTXLUH PRQLWRULQJ WKH VPDOO� WLPH GHSHQGHQW FKDQJHV LQ JUDYLW\

FDXVHG E\ WLGHV RU FUXVWDO GHIRUPDWLRQV� ,Q IDFW� WKHVH PHDVXUHPHQWV DUH XVXDOO\ WKH RQHV

WKDW UHTXLUH WKH KLJKHVW PHDVXUHPHQW DFFXUDFLHV� W\SLFDOO\ D IHZ SDUWV LQ ��
�
RU EHWWHU�

7DEOH ��� OLVWV PDQ\ JUDYLWDWLRQDO HoHFWV DQG WKHLU W\SLFDO PDJQLWXGHV�

,QVWUXPHQWV ZKLFK PHDVXUH JUDYLW\ FRPH LQ PDQ\ GLoHUHQW IRUPV� VHYHUDO RI ZKLFK DUH

OLVWHG LQ 7DEOH ���� WRJHWKHU ZLWK WKHLU W\SLFDO SHUIRUPDQFH SDUDPHWHUV� 7KH PDLQ GLVWLQF�

WLRQ LV EHWZHHQ UHODWLYH DQG DEVROXWH JUDYLPHWHUV�

e $ OWKR XJ K J UD Y LW\ LV E\ ID U WKH PR VW LPSR UWD QW F R QWULEXWLR Q WR J� LW D OVR LQF OXGH V F H QWULIXJ D O WH UPV GXH

WR (D UWK
V UR WD WLR Q�

�
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7\SH 0DJQLWXGH

*HRJUDSKLFDO JUDYLW\ YDULDWLRQV

s JOREDO VFDOH | ��b� J

s UHJLRQDO VFDOH | ��b� J

)UHH DLU JUDYLW\ JUDGLHQW | �d ��b� J P

7LGDO HoHFWV

s EDVLF WLGHV | ��b� J

s HODVWLF UHVSRQVH | ��b� J

s RFHDQ ORDGLQJ | ��b� J

s SRODU PRWLRQ | ��b� J

(QYLURQPHQWDO HoHFWV

s DWPRVSKHULF SUHVVXUH | �d ��b�� J PEDU

s ZDWHU WDEOH

0DQ^PDGH HQYLURQPHQWDO FKDQJHV

s WUDLQV� WUXFNV� HOHYDWRUV� SHRSOH� � � � | ��b� J

s PDMRU FRQVWUXFWLRQ ZRUN | ��b� J

*HRORJLFDO DQG JHRSK\VLFDO HoHFWV

s SRVWJODFLDO UHERXQG | ��b� J \HDU

s WHFWRQLF SODWH PRYHPHQWV | ��b� J \HDU

s FKDQJH LQ RFHDQ OHYHOV

s FRUH�PDQWOH ERXQGDU\ HoHFWV

s LQQHU�RXWHU FRUH ERXQGDU\ HoHFWV | ��b�� J

7DEOH ���� ,PSRUWDQW JUDYLWDWLRQDO HoHFWV DQG WKHLU W\SLFDO PDJQLWXGH�
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5HODWLYH JUDYLPHWHUV DUH XVXDOO\ VSULQJ^W\SH LQVWUXPHQWV ZKLFK HPSOR\ D YHU\ VWDEOH

DQG ZHOO FKDUDFWHUL]HG VSULQJ WR VXSSRUW D WHVW PDVV DJDLQVW JUDYLW\� (YHQ VOLJKW YDULDWLRQV

LQ JUDYLW\ PDQLIHVW WKHPVHOYHV DV PHDVXUDEOH FKDQJHV LQ WKH VSULQJ
V H[WHQVLRQV� 7KH UHV�

ROXWLRQ RI WKHVH LQVWUXPHQWV FDQ DSSURDFK ��b� DQG WKH\ FDQ EH PDGH YHU\ FRPSDFW DQG

WUDQVSRUWDEOH� ZKLFK PDNHV WKHP XVHIXO IRU JHRSK\VLFDO SURVSHFWLQJ DSSOLFDWLRQV� 7KHLU

PDLQ VKRUWFRPLQJ LV WKDW WKHLU UHDGLQJV DUH RQO\ UHODWLYH DQG QHHG WR EH FDOLEUDWHG DJDLQVW

NQRZQ JUDYLW\ GLoHUHQFHV� 7KH\ DOVR VKRZ YHU\ VXEVWDQWLDO GULIWV ZKLFK UHTXLUH IUHTXHQW

UH^FDOLEUDWLRQ DQG PDNH LW YHU\ KDUG WR FRPSDUH PHDVXUHPHQWV WDNHQ DW GLoHUHQW WLPHV�

7\SH RI JUDYLPHWHU 1RLVH �J 
S
+]� 'ULIW �J GD\� $FFXUDF\ �J�

6SULQJ�PDVV V\VWHPV �d ��b�� �d ��b� 1�$

/HYLWDWHG VXSHUFRQGXFWLQJ VSKHUHV � ��b�� �d ��b�� 1�$

)DOOLQJ FRUQHU^FXEHV �d ��b� � �d ��b�

$WRP LQWHUIHURPHWHU �d ��b� � � �d ��b�

7DEOH ���� 'LoHUHQW W\SHV RI JUDYLPHWHUV DQG WKHLU W\SLFDO SHUIRUPDQFH� 7KH QRLVH OHYHOV

IRU WKH IDOOLQJ FRUQHU^FXEH JUDYLPHWHU DQG WKH DWRP LQWHUIHURPHWHU DUH IRU PHDVXUHPHQWV LQ

RXU ODE �VHH 6HF� ����� 8QGHU LGHDO FRQGLWLRQV WKH QRLVH RI WKH IDOOLQJ FRUQHU^FXEH JUDYLPHWHU

FDQ EH �� WLPHV ORZHU�

&U\RJHQLF JUDYLPHWHUV >�� �@ RoHU WKH EHVW QRLVH SHUIRUPDQFH RI DOO LQVWUXPHQWV� ,Q PDQ\

UHVSHFWV WKH\ DUH DQ LPSURYHG YHUVLRQ RI VSULQJ^W\SH JUDYLPHWHU� 7KH\ HPSOR\ D VXSHUFRQ�

GXFWLQJ VSKHUH ZKLFK LV OHYLWDWHG LQ D PDJQHWLF pHOG DQG XVH IRUFH IHHGEDFN WHFKQLTXHV WR

FRXQWHU^EDODQFH YDULDWLRQV LQ JUDYLW\� :KLOH WKH REVHUYHG GULIW UDWH LV VXEVWDQWLDOO\ VPDOOHU

DQG EHWWHU SUHGLFWDEOH FRPSDUHG ZLWK RWKHU VSULQJ�W\SH JUDYLPHWHUV� LW LV VWLOO SUHVHQW DQG

FRPSOLFDWHV ORQJ WHUP PHDVXUHPHQWV� 9LEUDWLRQ LQGXFHG qX[^MXPSV LQ WKH VXSHUFRQGXFWRU

FDQ FDXVH RoVHWV LQ WKH JUDYLW\ UHDGLQJV� 6LQFH WKH\ DUH HVVHQWLDOO\ XQDYRLGDEOH ZKHQ WUDQV�

SRUWLQJ WKH LQVWUXPHQW� WKLV W\SH RI JUDYLPHWHU LV XQVXLWDEOH IRU FRPSDULQJ JUDYLW\ YDOXHV

EHWZHHQ GLoHUHQW VLWHV�

$EVROXWH JUDYLPHWHUV DUH UHTXLUHG IRU VHYHUDO DSSOLFDWLRQV WKDW JR EH\RQG WKH FDSDELOLWLHV

RI UHODWLYH LQVWUXPHQWV� ,Q DGGLWLRQ WR PHWURORJ\ DSSOLFDWLRQV� ZKLFK REYLRXVO\ UHTXLUH DQ

DEVROXWH JUDYLW\ YDOXH� WKLV LQFOXGHV FRPSDULQJ JUDYLW\ PHDVXUHPHQWV WDNHQ IDU DSDUW LQ

VSDFH DQG WLPH� 3HQGXOXP PHDVXUHPHQWV DUH WKH FODVVLFDO PHWKRG IRU REWDLQLQJ DEVROXWH

JUDYLW\ YDOXHV� EXW WKH\ DUH YHU\ WHGLRXV DQG WKHLU DFFXUDF\ LV OLPLWHG WR DERXW ��b�� 0RGHUQ
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LQVWUXPHQWV LQVWHDG XVH D ODVHU LQWHUIHURPHWHU WR PRQLWRU WKH PRWLRQ RI D IUHHO\ IDOOLQJ

REMHFW� XVXDOO\ D FRUQHU^FXEH UHWUR^UHqHFWRU� 0DQ\ VXFK DEVROXWH JUDYLPHWHUV >�� �� �@ KDYH

EHHQ GHYHORSHG VLQFH ����� DQG DIWHU PDQ\ LPSURYHPHQWV WKH\ KDYH QRZ UHDFKHG DFFXUDFLHV

RI | �z*DO \�

(YHQ WKH SHUIRUPDQFH RI WKH ODWHVW IDOOLQJ FRUQHU^FXEH JUDYLPHWHUV OHDYHV URRP IRU LP�

SURYHPHQW� 7KHLU QRLVH OHYHOV DUH KLJKHU WKDQ WKRVH RI UHODWLYH JUDYLPHWHUV� PRVWO\ EHFDXVH

WKH PHDVXUHPHQW LV QRW FRQWLQXRXV EXW XVHV GLVFUHWH GURSV DW D PD[LPXP UDWH RI �+]� ,Q

SUDFWLFH� WKH GURS UDWHV DUH RIWHQ UHGXFHG IXUWKHU WR LQFUHDVH WKH OLIHWLPH RI WKH LQVWUXPHQW

DQG WR SURYLGH VXrFLHQW VHWWOLQJ WLPH IRU GURS UHODWHG YLEUDWLRQV� 7KH PHDVXUHPHQW DFFX�

UDF\ LV FXUUHQWO\ OLPLWHG E\ D QXPEHU RI V\VWHPDWLF HoHFWV� QRW DOO RI KH IXOO\ XQGHUVWRRG

>�@�

2XU DSSURDFK WR DEVROXWH JUDYLW\ PHDVXUHPHQWV LV LQ PDQ\ UHVSHFWV UHVHPEOHV WKH IDOOLQJ

FRUQHU^FXEH PHWKRG� +RZHYHU� LQVWHDG RI REVHUYLQJ D FRUQHU^FXEH ZH PRQLWRU WKH DFFHO�

HUDWLRQ RI ODVHU FRROHG FHVLXP DWRPV LQ DQ DWRPLF IRXQWDLQ� 7KLV PHWKRG LV LQWHUHVWLQJ

LQ LWV RZQ ULJKW� VLQFH IRU WKH pUVW WLPH LW DOORZV RQH WR PHDVXUH WKH HoHFW RI JUDYLW\ RQ

PLFURVFRSLF SDUWLFOHV ZLWK DQ DFFXUDF\ VLPLODU WR WKDW DFKLHYDEOH IRU PDFURVFRSLF REMHFWV�

)XUWKHUPRUH� LW KDV WKH SRWHQWLDO RI DFKLHYLQJ EHWWHU PHDVXUHPHQW UHVROXWLRQV� VLQFH LW DO�

ORZV KLJKHU UHSHWLWLRQ UDWHV� )LQDOO\� LW FRXOG RoHU EHWWHU PHDVXUHPHQW DFFXUDFLHV� VLQFH LW

LV QRW VXEMHFW WR VRPH RI WKH V\VWHPDWLF HoHFWV DoHFWLQJ IDOOLQJ FRUQHU^FXEH LQVWUXPHQWV�

:KLOH WKH LGHD RI REVHUYLQJ DWRPV ZKLOH WKH\ DFFHOHUDWH LQ D JUDYLWDWLRQDO pHOG LV YHU\

VWUDLJKWIRUZDUG� WKH DFWXDO LPSOHPHQWDWLRQ LV VXEVWDQWLDOO\ PRUH GLrFXOW� 7KH PRVW LQWX�

LWLYH PHWKRG ZRXOG EH WR PRQLWRU WKH 'RSSOHU VKLIW RI D VXLWDEOH DWRPLF WUDQVLWLRQ ZKLOH

WKH DWRP DFFHOHUDWHV� EXW WKHUH DUH VHYHUDO SUREOHPV ZLWK WKLV DSSURDFK� 0RVW LPSRUWDQWO\�

UHDFKLQJ D UHVROXWLRQ RI ��b� UHTXLUHV PHDVXULQJ 'RSSOHU VKLIWV WR ZLWKLQ IHZ PLOOL^+HUW]�

ZKLFK LV PXFK WR VPDOO FRPSDUHG ZLWK WKH WUDQVLWLRQ OLQHZLGWK� WKH ODVHU OLQHZLGWK RU HYHQ

WKH 'RSSOHU EURDGHQLQJ GXH WR WKH YHORFLW\ GLVWULEXWLRQ RI WKH ODVHU FRROHG DWRPV� 2QH DOVR

KDV WR FRQVLGHU WKDW WKH DWRPLF PRPHQWXP LV GLVWXUEHG ZKHQHYHU D SKRWRQ LV DEVRUEHG RU

HPLWWHG�

'HVSLWH WKHVH REMHFWLRQV LW LV VWLOO SRVVLEOH WR PDNH WKH LGHD ZRUN� 7KH VROXWLRQ LV WR

HPSOR\ D PRUH VRSKLVWLFDWHG DSSURDFK XVLQJ DWRP LQWHUIHURPHWU\� %\ FKRRVLQJ DQ DSSURSUL�

DWH LQWHUIHURPHWHU FRQpJXUDWLRQ RQH FDQ WKHQ FLUFXPYHQW DOO WKH SUREOHPV PHQWLRQHG DERYH

\ 7 KH z*D O LV WKH PR VW F R PPR Q XQLW IR U SUH F LVLR Q J UD Y LW\ PH D VXUH PH QWV D QG Z H Z LOO XVH LW H [ WH QVLY H O\ LQ

WKLV Z R UN � � z*D O  � � b� F P V�  � � b� P V� } � � b� J �
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DQG LQGHHG PHDVXUH WKH DFFHOHUDWLRQ LQGXFHG 'RSSOHU VKLIW ZLWK WKH HQYLVLRQHG YHU\ KLJK

OHYHOV RI DFFXUDF\ DQG UHVROXWLRQ�

��� $WRP , QWHU IHU RPHWU \

7KH LGHD RI PDNLQJ DQ PDWWHU^ZDYH LQWHUIHURPHWHU XVLQJ QHXWUDO DWRPV >�� �@ KDV EHHQ

DURXQG IRU D ORQJ WLPH� ,W ZDV pQDOO\ UHDOL]HG LQ ����� ZKHQ IRXU YHU\ GLoHUHQW DWRP

LQWHUIHURPHWHUV ZHUH GHPRQVWUDWHG E\ UHVHDUFK JURXSV LQ WKH 8QLWHG 6WDWHV DQG *HUPDQ\�

7ZR RI WKH H[SHULPHQWV XVHG GLoUDFWLRQ E\ PLFUR^IDEULFDWHG VOLWV �.RQVWDQ] >�@� RU JUDWLQJV

�0,7 >�@� WR LPSOHPHQW EHDP VSOLWWHUV DQG PLUURUV� 7KH RWKHU WZR XWLOL]HG WKH PRPHQWXP

UHFRLO DVVRFLDWHG ZLWK WKH DEVRUSWLRQ RU VWLPXODWHG HPLVVLRQ RI RSWLFDO SKRWRQV GXULQJ RQH^

SKRWRQ �37% >��@� RU WZR^SKRWRQ WUDQVLWLRQV �6WDQIRUG >��@�� 6XEVHTXHQW H[SHULPHQWV >��@

KDYH DOVR VKRZQ WKH IHDVLELOLW\ RI XVLQJ GLoUDFWLRQ E\ SHULRGLF OLJKW pHOGV�

6LQFH ���� WKH SHUIRUPDQFH RI DWRP LQWHUIHURPHWHUV KDV LPSURYHG VXEVWDQWLDOO\� %\

QRZ WKH\ UHDFKHG D VWDJH RI GHYHORSPHQW ZKHUH WKH\ DUH QRW MXVW PHUH GHPRQVWUDWLRQV RI

TXDQWXP PHFKDQLFV DQ\PRUH� ,QVWHDG� RQH FDQ QRZ XV WKHP DV WRROV WR SHUIRUP D YDULHW\

RI XVHIXO PHDVXUHPHQWV ZLWK D SUHFLVLRQ DQG DFFXUDF\ WKDW FKDOOHQJHV� LI QRW H[FHHGV� WKH

SHUIRUPDQFH RI DQ\ FRPSHWLQJ LQVWUXPHQW� 7KH PHWKRG SLRQHHUHG E\ .DVHYLFK DQG &KX

KHUH DW 6WDQIRUG LQ ���� KDV EHHQ SURYHQ HVSHFLDOO\ VXFFHVVIXO LQ WKLV UHVSHFW� ,W XVHV

VWLPXODWHG 5DPDQ WUDQVLWLRQV EHWZHHQ DWRPLF K\SHUpQH JURXQGVWDWHV WR LPSOHPHQW WKH

RSWLFDO HOHPHQWV RI WKH LQWHUIHURPHWHU DQG KDV DOUHDG\ EHHQ XVHG WR PHDVXUH JUDYLW\ >��@�

URWDWLRQV >��@ DQG IXQGDPHQWDO FRQVWDQWV >��� ��� ��@� ,W LV DOVR WKH PHWKRG RI FKRLFH IRU

RXU PHDVXUHPHQW RI J�

6WLPXODWHG 5DPDQ WUDQVLWLRQV KDYH EHHQ GLVFXVVHG HOVHZKHUH LQ JUHDW GHWDLO >��� ��@�

7KH EDVLF SURFHVV LV LOOXVWUDWHG LQ )LJ� ��� DQG FDQ EH VXPPDUL]HG DV IROORZV�

�D� 7KH DWRP LV LOOXPLQDWHG E\ WZR FRXQWHU�SURSDJDWLQJ ODVHU EHDPV ZKRVH IUHTXHQF\

GLoHUHQFH HTXDOV WKH VSOLWWLQJ EHWZHHQ WZR K\SHUpQH JURXQG VWDWHV RI WKH DWRP� :H FDQ

DVVLJQ WKHP DQ HoHFWLYH ZDYH QXPEHU NHo  N� b N� �NHo  MN�M � MN�M IRU FRXQWHU

SURSDJDWLQJ EHDPV� DQG DQ HoHFWLYH IUHTXHQF\ �Ho  �� b ��� ZKHUH NL DQG �L DUH WKH

HTXLYDOHQW TXDQWLWLHV IRU WKH LQGLYLGXDO ODVHU EHDPV�

�E� $EVRUSWLRQ DQG VWLPXODWHG HPLVVLRQ RI SKRWRQV GXULQJ D 5DPDQ SXOVH FDQ VL�

PXOWDQHRXVO\ FKDQJH WKH LQWHUQDO VWDWH RI WKH DWRP DQG LWV PRPHQWXP E\ PY U HF� ZKHUH

Y U HF  zKNHo P LV WKH UHFRLO YHORFLW\� 7KH WUDQVLWLRQ SUREDELOLW\ GHSHQGV RQ WKH SXOVH DUHD
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Initial:

Final:

)LJXUH ���� $Q DWRP XQGHUJRHV D VWLPXODWHG 5DPDQ WUDQVLWLRQ� ,W DEVRUEV D SKRWRQ RI

IUHTXHQF\ �� DQG HPLWV DQRWKHU RQH �YLD D VWLPXODWHG HPLVVLRQ� RI IUHTXHQF\ ��� 6LQFH ERWK

SKRWRQV FDUU\ PRPHQWXP� DQG EHFDXVH PRPHQWXP KDV WR EH FRQVHUYHG LQ WKH SURFHVV� WKH

DWRP UHFHLYHV D UHFRLO PRPHQWXP NLFN�

DQG FDQ EH DGMXVWHG WR FUHDWH HLWKHU EHDP VSOLWWHUV RU PLUURUV�

�F� 7KH TXDQWXP PHFKDQLFDO SKDVH WKH UHVXOWLQJ VXSHUSRVLWLRQ VWDWH GHSHQGV RQ WKH

ORFDO 5DPDQ SKDVH �L  NHo]L b �HoWL�

)LJXUH ��� VKRZV KRZ D VHTXHQFH RI WKUHH VXFK 5DPDQ SXOVHV LV XVHG WR VSOLW� UHqHFW

DQG UHFRPELQH DQ DWRP ZKLOH VLPXOWDQHRXVO\ FKDQJLQJ LWV LQWHUQDO VWDWH� $W WKH HQG RI

WKLV VHTXHQFH WKH IUDFWLRQ RI WKH DWRPV LQ RQH RI WKH VWDWHV LV GHWHFWHG]� 7KH UHVXOW LV

DQ RVFLOODWRU\ IXQFWLRQ RI WKH LQWHUIHURPHWHU SDWK GLoHUHQFH� ZKLFK� DPRQJ RWKHU WKLQJV�

GHSHQGV RQ WKH JUDYLWDWLRQDO DFFHOHUDWLRQ�

7KH WRWDO SKDVH GLoHUHQFH EHWZHHQ SDWKV $ DQG % FDQ EH GLYLGHG LQWR WZR SDUWV� 7KH

pUVW FRQWULEXWLRQ GHVFULEHV WKH SHULRGV RI IUHH HYROXWLRQ EHWZHHQ ODVHU SXOVHV DQG LV JLYHQ

E\

c�S DWK  
�

zK

t
6%FO b 6$FO

u
�����

LQ WKH OLPLW ZKHUH WKH FODVVLFDO DFWLRQ

6FO  

= �7

�
/ >]�W�� B]�W�@ GW �����

DORQJ HDFK SDWK LV PXFK JUHDWHU WKDQ zK >��@�

] 7 KH UH LV D R QH ^ WR ^ R QH F R UUH VSR QGH QF H EH WZ H H Q D WR PLF PR PH QWXP D QG LQWH UQD O VWD WH � ,Q SULQF LSOH R QH

F R XOG WKH UH IR UH D OVR GH WH UPLQH WKH pQD O VWD WH XVLQJ D PR PH QWXP PH D VXUH PH QW� EXW WKLV LV PXF K KD UGH U WR

LPSOH PH QW H [ SH ULPH QWD OO\ �
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Path B

)LJXUH ���� %DVLF 0DFK�=HKQGHU W\SH DWRP LQWHUIHURPHWHU ZLWK �FXUYHG OLQHV� DQG ZLWKRXW

�VWUDLJKW OLQHV� JUDYLW\� 7KH DWRP FDQ HLWKHU EH LQ WKH LQWHUQDO VWDWH MDL �GDUN� RU MEL �OLJKW��
7KH OLQHV UHSUHVHQW WKH FODVVLFDO WUDMHFWRULHV RULJLQDWLQJ IURP RQH RI WKH VSDFH^WLPH SRLQWV

FRPSULVLQJ WKH LQLWLDO ZDYH SDFNHW�

7KH VHFRQG FRQWULEXWLRQ LV GXH WR WKH LQWHUDFWLRQ ZLWK WKH 5DPDQ EHDPV� :KHQHYHU

WKH VWDWH RI WKH DWRP FKDQJHV GXULQJ VXFK DQ LQWHUDFWLRQ� LW DFTXLUHV DQ DGGLWLRQDO SKDVH

VKLIW WKDW LV GHWHUPLQHG E\ WKH ORFDO 5DPDQ SKDVH �L DQG KDV D VLJQ WKDW GHSHQGV RQ WKH

LQLWLDO VWDWH RI WKH DWRP �VHH FKDSWHU ��� 7UDFLQJ DOO WKH VWDWH FKDQJHV ZH pQG WKDW WKLV

FDXVHV D SKDVH GLoHUHQFH RI

c�OLJK W  ��$� b �$� �b ��
%

� b �$� � � �����

)RU XQLIRUP JUDYLWDWLRQDO pHOGV � /  P

�
Y� bPJ]� WKH IUHH HYROXWLRQ FRQWULEXWLRQ YDQ�

LVKHV� 7KH VHFRQG FRQWULEXWLRQ LV FDOFXODWHG XVLQJ WKH ORFDO 5DPDQ SKDVHV �L  NHo]Lb�HoWL

DQG WKH NQRZQ DWRPLF WUDMHFWRULHV ]�W�� :LWKRXW D JUDYLWDWLRQDO pHOG WKH WUDMHFWRULHV DUH

VWUDLJKW OLQHV DQG WKH LQKHUHQW V\PPHWU\ RI WKH VLWXDWLRQ �)LJ� ���� OHDGV WR c�  �� 7KH

LQWURGXFWLRQ RI D JUDYLWDWLRQDO pHOG EUHDNV WKH V\PPHWU\� 7KH DWRP QRZ IDOOV WKUHH WLPHV

DV IDU GXULQJ WKH VHFRQG KDOI RI WKH LQWHUIHURPHWHU DV GXULQJ WKH pUVW KDOI DQG ZH pQG D

SKDVH VKLIW SURSRUWLRQDO WR WKH JUDYLWDWLRQDO DFFHOHUDWLRQ�

c�  NHoJ7
�  

P

zK
Y U HFJ7

� � �����
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7KLV VLPSOH HTXDWLRQ GHVFULEHV WKH LQWHUIHURPHWHU H[WUHPHO\ ZHOO DQG KDV WR EH PRGLpHG

RQO\ VOLJKWO\ WR DFFRXQW IRU JUDYLW\ JUDGLHQWV DQG pQLWH OHQJWK 5DPDQ SXOVHV �6HF� ��� 7KH

HTXDWLRQ DOVR LQGLFDWHV WKDW LW LV KLJKO\ GHVLUDEOH WR PDNH WKH WLPH 7 EHWZHHQ WKH LQWHU�

IHURPHWHU SXOVHV DV ORQJ DV SRVVLEOH VLQFH WKH PHDVXUHPHQWV VHQVLWLYLW\ VFDOHV TXDGUDWLFDOO\

ZLWK WKLV SDUDPHWHU� ,QGHHG� RQH RI WKH ELJJHVW LPSURYHPHQWV PDGH VLQFH WKH pUVW PHD�

VXUHPHQWV LQ ���� KDV EHHQ WKH LPSOHPHQWDWLRQ RI DQ DFWLYH YLEUDWLRQ LVRODWLRQ V\VWHP WKDW

DOORZHG XV WR LQFUHDVH 7 WR DW OHDVW ���PV ZLWKRXW ORVV RI LQWHUIHURPHWHU SKDVH FRQWUDVW�

2XU LQWHUIHURPHWHU XVHV ODVHU FRROHG FHVLXP DWRPV LQ DQ DWRPLF IRXQWDLQ DQG 5DPDQ

ODVHUV WKDW RSHUDWH FORVH WR WKH '�^OLQH DW ��� QP� )RU D W\SLFDO WLPH 7  ���PV EHWZHHQ

5DPDQ SXOVHV DQ LQWHUIHURPHWHU SKDVH VKLIW RI � UDGLDQ FRUUHVSRQGV WR | ��� d ��b� J�

$FFRUGLQJO\� WKH VWDQGDUG JUDYLWDWLRQDO DFFHOHUDWLRQ RI ����P V FDXVHV D SKDVH VKLIW RI

DSSUR[LPDWHO\ ���d ��� UDG�

��� 2YHU YLHZ RI WKLV WKHVLV

&KDSWHU � SUHVHQWV D PRUH GHWDLOHG WKHRUHWLFDO DQDO\VLV RI WKH LQWHUIHURPHWHU� LQFOXGLQJ

WKH HoHFWV RI JUDYLWDWLRQDO JUDGLHQWV DQG pQLWH OHQJWK 5DPDQ SXOVHV� &KDSWHU � GHVFULEHV

WKH H[SHULPHQWDO VHWXS� &KDSWHU � JLYHV D RYHUYLHZ RI WKH H[SHULPHQWDO UHVXOWV� LQFOXGLQJ

ORQJ WHUP JUDYLW\ PHDVXUHPHQWV DQG D GLUHFW FRPSDULVRQ ZLWK RQH RI WKH EHVW FODVVLFDO

JUDYLPHWHUV� 7KH QH[W WZR FKDSWHUV DUH WKHQ GHYRWHG WR DQ H[WHQVLYH GLVFXVVLRQ RI WKH

LQVWUXPHQW
V SHUIRUPDQFH� &KDSWHU � GHDOV ZLWK LVVXHV UHODWHG WR PHDVXUHPHQW QRLVH DQG

IULQJH FRQWUDVW� ZKLOH &KDSWHU � FRQWDLQV D H[WHQVLYH DQDO\VLV RI SRWHQWLDO V\VWHPDWLF HUURUV

DQG KRZ WKH\ DoHFW WKH DFFXUDF\ RI WKH PHDVXUHPHQW� )LQDOO\� FKDSWHU � VXPPDUL]HV WKH

UHVXOWV� SXWV WKHP LQ FRQWH[W DQG FRQVLGHUV WKH SURVSHFWV IRU IXWXUH LPSURYHPHQWV DQG

DSSOLFDWLRQV�



&KDSWHU �

7 KHRU \

,Q WKLV FKDSWHU ZH XVH VHYHUDO GLoHUHQW PHWKRGV WR DQDO\]H RXU OLJKW SXOVH LQWHUIHURPHWHU�

ZLWK D VSHFLDO HPSKDVLV DQ DVSHFWV WKDW DUH RIWHQ QHJOHFWHG EXW EHFRPH LPSRUWDQW IRU KLJK

DFFXUDF\ PHDVXUHPHQWV� )LUVW� ZH SUHVHQW YDULRXV IRUPV RI D SDWK LQWHJUDO WUHDWPHQW WKDW

LQFOXGHV WKH HoHFW RI D OLQHDU JUDYLW\ JUDGLHQW� 7KHQ� ZH XVH D PRGLpHG %ORFK^YHFWRU

IRUPDOLVP WR VWXG\ WKH HoHFW RI pQLWH OHQJWK LQWHUIHURPHWHU SXOVHV�

��� *U DYLW\ JU DGLHQWV

7KHUH DUH PDQ\ GLoHUHQW ZD\V WR GHVFULEH DQ DWRP LQWHUIHURPHWHU
V VHQVLWLYLW\ WR JUDYL�

WDWLRQDO IRUFHV� )RU WKH HDUO\ LQWHUIHURPHWHU H[SHULPHQWV >��@ .DVHYLFK DQG &KX XVHG D

PHWKRG WKDW GHVFULEHV WKH H[SHULPHQW LQ D IUHHO\ IDOOLQJ IUDPH ZKHUH WKH JUDYLWDWLRQDO IRUFH

YDQLVKHV DQG WKH DWRPLF PRPHQWXP EHWZHHQ OLJKW SXOVHV EHFRPHV D FRQVHUYHG TXDQWLW\�

8QGHU WKHVH FRQGLWLRQV WKH LQWHUIHURPHWHU FDQ EH DQDO\]HG LQ WKH PRPHQWXP SLFWXUH DV

D VHTXHQFH RI VWLPXODWHG 5DPDQ SXOVHV DFWLQJ RQ D VWDWLRQDU\ DWRP DQG RQH FDQ HDVLO\

FDOFXODWH WKH LQWHUIHURPHWHU SKDVH VKLIW IURP WKH SKDVHV RI WKH WUDQVIRUPHG OLJKW pHOGV�

$V HOHJDQW DV WKLV PHWKRG LV� LW UHOLHV RQ DQ HTXLYDOHQFH SULQFLSOH DUJXPHQW DQG WKHUH�

IRUH RQO\ ZRUNV LI WKH JUDYLWDWLRQDO pHOG LQ WKH PHDVXUHPHQW UHJLRQ FDQ EH FRQVLGHUHG FRQ�

VWDQW� $W RXU WDUJHWHG PHDVXUHPHQW DFFXUDF\ RI �z*DO DQG IRU D W\SLFDO JUDYLW\ JUDGLHQW RI

���z*DO P WKLV LV GHpQLWHO\ QRW WKH FDVH DQ\PRUH� 2YHU WKH VWDQGDUG IUHH IDOO GLVWDQFH RI

�� FP JUDYLW\ FKDQJHV E\ �� z*DO� DQG HYHQ WKH �PP PD[LPXP VSOLWWLQJ EHWZHHQ WKH WZR

LQWHUIHURPHWHU DUPV �IRU ���&V DWRPV� OLJKWHU DWRPV ZRXOG JLYH DQ HYHQ ELJJHU VSOLWWLQJ�

FRUUHVSRQGV WR D ZRUULVRPH JUDYLW\ GLoHUHQFH RI ��� z*DO� :H WKHUHIRUH QHHG D PRUH JHQHUDO

�
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GHVFULSWLRQ ZKLFK WDNHV LQWR DFFRXQW VSDWLDOO\ LQKRPRJHQHRXV IRUFHV�

6LQFH ZH KDYH WR GHDO ZLWK VSDWLDOO\ YDU\LQJ IRUFHV LW VHHPV DGYLVDEOH WR DQDO\]H WKH

H[SHULPHQW LQ WKH SRVLWLRQ SLFWXUH� ,Q SULQFLSOH� LW ZRXOG EH SRVVLEOH WR DQDO\]H WKH ZKROH

SURFHVV E\ VROYLQJ WKH WLPH GHSHQGHQW 6FKU�RGLQJHU HTXDWLRQ IRU WKH DWRPLF ZDYH SDFNHW

SURSDJDWLQJ WKURXJK WKH V\VWHP DQG FDOFXODWLQJ WKH H[SHFWDWLRQ YDOXH IRU WKH DSSURSULDWH

TXDQWXPPHFKDQLFDO REVHUYDEOH� 6HYHUDO DXWKRUV KDYH LQGHHG IROORZHG WKLV DSSURDFK >��� ��@�

EXW WKHUH DUH GLrFXOWLHV FDXVHG E\ WKH YHU\ GLoHUHQW QDWXUH RI WKH DWRPLF HYROXWLRQ GXULQJ

LQWHUDFWLRQV ZLWK WKH OLJKW pHOGV FRPSDUHG WR WKH SHULRGV RI IUHH SURSDJDWLRQ� 7KH REYLRXV

VROXWLRQ LV WR WUHDW WKHVH WZR FDVHV VHSDUDWHO\ DQG WKHQ FRPELQH WKH UHVXOWV�

%HWZHHQ SXOVHV WKH DWRPLF ZDYH SDFNHWV SURSDJDWH RYHU PDFURVFRSLF GLVWDQFHV ZKLOH

EHLQJ VXEMHFWHG RQO\ WR VPRRWKO\ YDU\LQJ pHOGV DQG IRUFHV� 7KLV VXJJHVWV XVLQJ WKH SDWK

LQWHJUDO GHVFULSWLRQ RI TXDQWXP PHFKDQLFV >��@ DV D QDWXUDO IUDPHZRUN IRU DQDO\]LQJ WKH

DWRP LQWHUIHURPHWHU� 7KH HoHFWV RI LQpQLWHVLPDOO\ VKRUW EHDP VSOLWWHU DQG PLUURU SXOVHV

FDQ EH LQWHJUDWHG LQWR WKH IRUPDOLVP XVLQJ D VLPSOH VHW RI UXOHV� ZKLFK KDYH EHHQ ZRUNHG

RXW E\ %RUGwH DQG RWKHUV >��� ��@ IRU WKH FDVH RI VLQJOH SKRWRQ WUDQVLWLRQV� :LWK VPDOO

PRGLpFDWLRQV� WKH\ FDQ DOVR EH XVHG WR WUHDW VWLPXODWHG 5DPDQ WUDQVLWLRQV�

7KHVH UXOHV DUH VXPPDUL]HG LQ 7DEOH ��� DQG LOOXVWUDWHG LQ )LJ� ���� (DFK LQWHUDFWLRQ

ZLWK WKH OLJKW pHOG IRUPV D SRWHQWLDO EHDP VSOLWWHU EHFDXVH WKH LQWHUQDO VWDWH RI WKH DWRP

FDQ HLWKHU FKDQJH RU VWD\ WKH VDPH� ZLWK D UHODWLYH SUREDELOLW\ WKDW GHSHQGV RQ WKH GHWDLOV

RI WKH SURFHVV� :KHQHYHU WKH LQWHUQDO VWDWH FKDQJHV WKHUH LV D FRUUHVSRQGLQJ FKDQJH RI WKH

DWRPLF PRPHQWXP DQG IXWXUH WUDMHFWRU\� 6LQFH WKHUH DUH WZR SRVVLEOH LQSXW VWDWHV WKHUH

DUH IRXU SRVVLEOH SURFHVVHV DQG HDFK LV DVVRFLDWHG ZLWK D SKDVH IDFWRU� 7KLV SKDVH IDFWRU�

ZKLFK GHSHQGV RQ WKH SKDVH RI WKH OLJKW pHOG� KDV WR EH DGGHG WR WKH TXDQWXP PHFKDQLFDO

SKDVH RI HDFK SDWK ZKLFK LQYROYHV WKDW SDUWLFXODU SURFHVV�

:KLOH WKLV SDWK LQWHJUDO DSSURDFK KDV EHHQ XVHG VXFFHVVIXOO\ WR DQDO\]H D ZLGH YDULHW\

RI LQWHUIHURPHWU\ H[SHULPHQWV� LW KDV QHYHU EHHQ DSSOLHG WR RQH ZLWK WKH VDPH DFFXUDF\

UHTXLUHPHQWV DV RXUV� 7KHUHIRUH� LQ RUGHU WR SURSHUO\ XQGHUVWDQG WKH IRUPDOLVP DQG WR

PDNH VXUH WKDW LW LV XS WR WKH WDVN� ZH SHUIRUP RXU RZQ DQDO\VLV VWDUWLQJ IURP PRUH EDVLF

SULQFLSOHV DQG SD\LQJ VSHFLDO DWWHQWLRQ WR DOO WKH DSSUR[LPDWLRQV ZKLFK DUH XVXDOO\ PDGH�

:H SUHVHQW WKUHH GLoHUHQW PHWKRGV� FRPSDUH WKHLU UHODWLYH PHULWV DQG REWDLQ DQ HUURU

HVWLPDWH IRU PDNLQJ DSSUR[LPDWLRQV LQ WZR RI WKHP�
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a, p

a, p

b, p+hkeff -

a, p

a, p

(a)

(b)

(c)

(d)

k2 

k1 |keff | = |k2| + |k1|  

b, p+hkeff - b, p+hkeff -

b, p+hkeff -

)LJXUH ���� %DVLF SURFHVVHV GXULQJ DWRP�OLJKW LQWHUDFWLRQ� �D� :KHQ FKDQJLQJ IURP
LQWHUQDO VWDWH MDL WR MEL WKH DWRP DEVRUEV RQH SKRWRQ IURP 5DPDQ EHDP � DQG HPLWV DQRWKHU
RQH FR^SURSDJDWLQJ ZLWK 5DPDQ EHDP �� ,WV PRPHQWXP FKDQJHV E\ �zKNHo � �E� :KHQ

FKDQJLQJ IURP LQWHUQDO VWDWH MEL WR MDL WKH DWRP DEVRUEV RQH SKRWRQ IURP 5DPDQ EHDP �

DQG HPLWV DQRWKHU RQH FR^SURSDJDWLQJ ZLWK 5DPDQ EHDP �� ,WV PRPHQWXP FKDQJHV E\

bzKNHo � �F��G� 7KH DWRP PD\ DOVR VWD\ LQ LWV RULJLQDO VWDWH�

LQW� VWDWH PRPHQWXP SKDVH IDFWRU �L

6LQJOH SKRWRQ D� E S� S� zKN ��NL] b �WL b �� }

�
�

WUDQVLWLRQV E� D S� zKN � S b�NL] b �WL b �� }

�
�

D� D S� S �

E� E S� zKN � S� zKN �

5DPDQ D� E S� S� zKNHo �$ &
DY J � �NHo]L b �HoWL b �Ho �

}

�
�

WUDQVLWLRQV E� D S� zKNHo � S �$ &
DY J b �NHo]L b �HoWL b �Ho �

}

�
�

D� D S� S �� $ &
DY J b

�
�
�$ &
G Lo�

E� E S� zKNHo � S� zKNHo �� $ &
DY J �

�
�
�$ &
G Lo�

7DEOH ���� EI 5XOHV IRU DWRP�OLJKW LQWHUDFWLRQ� �]L� WL� LV WKH VSDFHWLPH SRLQW RI WKH LQWHUDF�

WLRQ� 7KH TXDQWLWLHV N� � DQG � GHQRWH WKH ZDYH YHFWRU� IUHTXHQF\ DQG SKDVH RI WKH OLJKW

pHOG� 1RWH WKDW WKH RQO\ FKDQJH IRU VWLPXODWHG 5DPDQ WUDQVLWLRQV _ EHVLGHV XVLQJ WKH

HoHFWLYH TXDQWLWLHV NHo � �Ho DQG �Ho _ LV WKH DSSHDUDQFH RI DGGLWLRQDO SKDVH IDFWRUV �$ &
DY J

DQG �$ &
G Lo GXH WR $&^6WDUN VKLIWV� 6HH 6HF� ��� IRU UHODWHG GHpQLWLRQV�
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����� ?( [DFW� SDWK LQWHJU DO WU HDWPHQW

.DVHYLFK DQG &KX XVHG WKH SDWK LQWHJUDO IRUPDOLVP DV RQH PHWKRG WR DQDO\]H WKHLU LQWHU�

IHURPHWHU LQ ���� >��@� :H QRZ H[WHQG WKHLU WUHDWPHQW WR LQFOXGH WKH HoHFW RI D OLQHDU

JUDYLW\ JUDGLHQW� FORVHO\ IROORZLQJ WKH VWHSV RXWOLQHG LQ WKH WXWRULDO SDSHU E\ 6WRUH\ DQG

&RKHQ�7DQQRXGML >��@�

:H ZLOO DVVXPH D WZR OHYHO V\VWHP ZLWK ZDYHIXQFWLRQV kD DQG kE� DQG DQ LQLWLDO SODQH

ZDYH VWDWH ZLWK PRPHQWXP S��

kD�]�� W��  
�

S
�}zK

H[S

x
L�S�]� b(�W��

zK

y
DQG kE�]�� W��  � �����

)RU D WZR^SDWK LQWHUIHURPHWHU� NQRZLQJ WKH SKDVH GLoHUHQFH EHWZHHQ WKH GLoHUHQW SDWKV

OHDGLQJ D VSDFHWLPH SRLQW �]G� WG� LV VXrFLHQW WR SUHGLFW WKH SKDVH� WKRXJK QRW WKH FRQWUDVW�

RI WKH REVHUYHG LQWHUIHURPHWHU IULQJH DV D IXQFWLRQ RI J� ,W FDQ EH FDOFXODWHG XVLQJ WKH

IROORZLQJ DOJRULWKP�

s )LQG WKH WZR FODVVLFDO SDWKV b$ DQG b% �WDNLQJ LQWR DFFRXQW WKH PRPHQWXP FKDQJHV

GXH WR WKH LQWHUDFWLRQV ZLWK WKH OLJKW pHOG�� ZKLFK �D� JR WKURXJK SRLQW ]G DW WLPH

WG� �E� KDYH LQLWLDO PRPHQWXP S� DW WLPH W� DQG �F� OHDG WR D VSHFLpHG LQWHUQDO VWDWH�

1RWLFH WKDW WKH GLoHUHQW SDWKV RULJLQDWH IURP SRLQWV ]$� DQG ]%� ZKLFK JHQHUDOO\ DUH

QRW LGHQWLFDO �VHH pJXUH �����

s &DOFXODWH WKH FODVVLFDO DFWLRQ

6FO  

= WI

W�

/ >]�W�� B]�W�@ GW �����

DORQJ HDFK SDWK DQG pQG WKH SKDVH GLoHUHQFH

c� S DWK  
�

zK

t
6%
FO b 6$

FO

u
� �����

s )RU HDFK SDWK DGG XS WKH DGGLWLRQDO SKDVH VKLIWV GXH WR WKH LQWHUDFWLRQV ZLWK WKH OLJKW

pHOGV �VHH 7DEOH ���� DQG pQG WKH SKDVH GLoHUHQFH

c�OLJK W  
;

3 DWK %

�%M b
;

3 DWK $

�$L � �����

s $FFRXQW IRU WKH GLoHUHQW LQLWLDO SRLQWV E\ GHpQLQJ WKH TXDQWLW\

c�VS OLWWLQ J  
S��]

%
� b ]$� �

zK
� �����
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s &DOFXODWH WKH WRWDO SKDVH GLoHUHQFH DV

c�WRWDO  c� S DWK � c�OLJK W � c�VS OLWWLQ J � �����

)RU D JUDYLWDWLRQDO pHOG ZLWK D OLQHDU JUDGLHQW� WKH /DJUDQJLDQ LV JLYHQ E\

/  P

�
B]� bPJ�] �

P

�
q]

�
� �����

ZKHUH ] GHQRWHV DOWLWXGH DQG WKH VLJQV IRU DFFHOHUDWLRQ J� DQG JUDGLHQW q DUH FKRVHQ WR

EH SRVLWLYH IRU QRUPDO FRQGLWLRQV �REMHFWV DFFHOHUDWH GRZQZDUGV� PDJQLWXGH RI DFFHOHUDWLRQ

GHFUHDVHV ZLWK LQFUHDVLQJ ]��

6ROYLQJ WKH (XOHU^/DJUDQJH HTXDWLRQ ZH pQG WKH H[DFW FODVVLFDO SDWK IRU LQLWLDO SRVLWLRQ

]� DQG YHORFLW\ Y��

]�W�  
J�

q
�

v
]� b

J�

q

w
FRVK �W

S
q� �

Y�S
q
VLQK �W

S
q�

B]�W�  
S
q

v
]� b

J�

q

w
VLQK �W

S
q� � Y� FRVK �W

S
q� �����

:KHQ H[SDQGLQJ WR VHFRQG RUGHU LQ WKH JUDGLHQW q ZH UHJDLQ WKH ZHOO NQRZQ SDUDEROLF

PRWLRQ IRU FRQVWDQW DFFHOHUDWLRQ SOXV VRPH FRUUHFWLRQV IRU WKH JUDGLHQW�

]�W�  
t
]� � Y�Wb �

�
J�W

�
u
� qW

�
t
�
�
]� �

�
�
Y�Wb �

��
J�W

�
u
� c c c �����

B]�W�  �Y� b J�W� � qW

t
]� �

�
�
Y�Wb �

�
J�W

�
u
� c c c � ������
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t1 t2 t3  td

(a) (b)

(c)

φ1
A

φ2
A

φ2
B

z0B - z0A

φ3
A

t1 t2 t3 td

t1 t2 t3 td tdt3

)LJXUH ���� &ODVVLFDO LQWHUIHURPHWHU SDWKV� �D� 1R JUDYLWDWLRQDO pHOG� OLQHDU WUDMHFWRULHV�

�E� 8QLIRUP JUDYLWDWLRQDO pHOG� SDUDEROLF WUDMHFWRULHV� $IWHU WKH pQDO EHDP VSOLWWHU SXOVH DW

WLPH W� ERWK SDWKV RYHUODS H[DFWO\� IRU ERWK SRVVLEOH RXWFRPHV� �F� *UDYLWDWLRQDO pHOG ZLWK

OLQHDU JUDYLW\ JUDGLHQW� K\SHUEROLF WUDMHFWRULHV� ,QWHUIHUHQFH DW WLPH WG GHPDQGV GLoHUHQW

LQLWLDO SRVLWLRQV DW WLPH W��
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)ROORZLQJ WKH DERYH DOJRULWKP RXWOLQHG LQ HTXDWLRQV ���^��� ZH KDYH REWDLQHG DQ H[DFW

DQDO\WLFDO VROXWLRQ XVLQJ FRPSXWHU DOJHEUD� +HUH ZH SUHVHQW RQO\ WKH pUVW IHZ WHUPV RI LWV

SRZHU VHULHV H[SDQVLRQ LQ WKH JUDGLHQW q�

c�WRWDO  
t
PYU HF7

� zK
u
J� ������

� q
t
PYU HF7

� zK
u t

�

��
J�7

�
b zY�7 b ]�

u

� q�7 �
t
PY U HF7

� zK
u t

��

���
J�7

�
b

�

�
zY�7 b

�

��
]� b

�

�
YU HF7 b

�

�
Y U HF7GHW

u

� c c c �

:H PD\ UHZULWH WKLV DV

JP HDV  J�

� q
Q

�

��
J�7

�
b zY�7 b ]�

R

� q�7 �

Q
��

���
J�7

�
b

�

�
zY�7 b

�

��
]� b

�

�
YU HF7 b

�

�
YU HF7GHW

R
� c c c

������

LI ZH GHpQH WKH PHDVXUHG JUDYLW\ YDOXH JP HDV  c� �PYU HF7
� zK� ZKLFK HTXDOV WKH DFWXDO

JUDYLW\ YDOXH J� ZKHQ WKHUH LV QR JUDYLW\ JUDGLHQW�

,Q WKHVH HTXDWLRQV 7 LV WKH WLPH LQWHUYDO VHSDUDWLQJ WKH LQWHUIHURPHWHU SXOVHV� 7GHW LV WLPH

GHOD\ EHWZHHQ WKH pQDO SXOVH DQG WKH DFWXDO GHWHFWLRQ RI WKH DWRPLF VWDWH DQG W� GHQRWHV

WKH WLPH RI WKH pUVW SXOVH� 7KH TXDQWLWLHV ]� DQG Y� DUH WKH LQLWLDO SRVLWLRQ
e DQG YHORFLW\ RI

WKH FODVVLFDO SDWKV� J� LV WKH ORFDO JUDYLW\ YDOXH DW ]�� 7KH UHFRLO YHORFLW\ YU HF  zKNHo P LV

GLUHFWO\ SURSRUWLRQDO WR WKH HoHFWLYH ZDYH YHFWRU RI WKH 5DPDQ EHDPV DQG DOVR GHWHUPLQHV

WKH PD[LPXP VHSDUDWLRQ RI WKH WZR LQWHUIHURPHWHU SDWKV� 7R VLPSOLI\ WKH HTXDWLRQV VOLJKWO\�

DQG IRU DGGLWLRQDO UHDVRQV WKDW ZLOO EHFRPH FOHDU ODWHU� ZH DOVR LQWURGXFH WKH DYHUDJH YHORFLW\

zY�  Y� �
�

�
YU HF RI WKH WZR GLoHUHQW SDWKV MXVW DIWHU WKH pUVW 5DPDQ SXOVH�

$Q LQWHUHVWLQJ IHDWXUH RI WKLV UHVXOW LV WKDW WKH SKDVH VKLIW GHSHQGV RQ WKH GHWHFWLRQ GHOD\

7GHW  WG b W�� 7KLV FRPHV DERXW EHFDXVH WKH VHSDUDWLRQ RI WKH WZR SDWK
V LQLWLDO SRLQWV ]
$
�

DQG ]%� �VHH DOJRULWKP DQG )LJ� ���� LV D IXQFWLRQ RI 7GHW� +RZHYHU� IRU W\SLFDO H[SHULPHQWDO

SDUDPHWHUV �VHH 6HF� ������ WKH VHSDUDWLRQ LV RQO\ ��� {$ DQG WKH HoHFW LV H[WUHPHO\ VPDOO

�� ��b�� J��

e

7 KH WZ R SD WKV PD \ KD Y H VOLJ KWO\ GLoH UH QW LQLWLD O SR VLWLR QV� ,Q WKD W F D VH Z H XVH ]
%
� �
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����� 3 HU WXU EDWLYH WU HDWPHQW

7KH DERYH WUHDWPHQW LV IDLUO\ LQYROYHG PDWKHPDWLFDOO\ DQG LV WKHUHIRUH UDUHO\ XVHG� ,QVWHDG�

RQH JHQHUDOO\ XVHV D PXFK VLPSOHU SHUWXUEDWLYH SDWK LQWHJUDO DSSURDFK WR FDOFXODWH WKH

LQWHUIHURPHWHU SKDVH VKLIW�

/HW XV DVVXPH WKDW ZH DOUHDG\ NQRZ WKH LQWHUIHURPHWHU SKDVH GLoHUHQFH IRU D FHUWDLQ

pHOG FRQpJXUDWLRQ DQG MXVW ZDQW WR FDOFXODWH WKH FKDQJH GXH WR DQ DGGLWLRQDO pHOG� $V

ORQJ DV WKLV DGGLWLRQDO pHOG LV VXrFLHQWO\ VPDOO� LW VKRXOG EH SRVVLEOH WR XVH WKH IROORZLQJ

PHWKRG�

s :H DOUHDG\ NQRZ WKH LQWHUIHURPHWHU SKDVH GLoHUHQFH c�
���
WRWDO DQG FODVVLFDO SDWKV b

���

IRU D V\VWHP ZLWK /DJUDQJLDQ / ��

s ,QWURGXFH WKH DGGLWLRQDO pHOG DV D SHUWXUEDWLRQ WR WKH /DJUDQJLDQ �s� ���

/  / � � s/ � ������

s ,QWHJUDWH WKH SHUWXUELQJ /DJUDQJLDQ DORQJ WKH XQSHUWXUEHG SDWKV b��� WR FDOFXODWH WKH

pUVW RUGHU SKDVH FRUUHFWLRQ�
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WRWDO  

s

zK
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/ � GW
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s 7KH QHZ LQWHUIHURPHWHU SKDVH GLoHUHQFH LV DSSUR[LPDWHO\

c�WRWDO  c�
���
WRWDO �c�

���
WRWDO ������

7KHUH DUH DFWXDOO\ WZR GLoHUHQW ZD\V WR SHUIRUP WKH SHUWXUEDWLYH FDOFXODWLRQ� 2QH PLJKW

pUVW WUHDW ERWK WKH JUDGLHQW DQG WKH FRQVWDQW pHOG DV SHUWXUEDWLRQV� ,Q WKLV FDVH WKH

SHUWXUEDWLRQ /DJUDQJLDQ / �  bPJ�] �
P

� q]
� LV LQWHJUDWHG DORQJ VWUDLJKW SDWKV WR REWDLQ

WKH FRPSOHWH SKDVH VKLIW� %XW WKH UHVXOW�

JP HDV  J� b qIzY�7 � ]�J � ������

GRHV QRW DJUHH ZLWK WKH SUHYLRXV RQH� QRW HYHQ WR pUVW RUGHU� ,W LV DFWXDOO\ ZURQJ LI J�7

LV ELJJHU RU FRPSDUDEOH WR zY�� 7KLV LV QRW WRWDOO\ XQH[SHFWHG� VLQFH WKH JUDYLW\ LQGXFHG

FKDQJHV LQ WKH WUDMHFWRULHV RI VORZ DWRPV DUH GUDPDWLF DQG ODUJH FRPSDUHG WR RWKHU UHOHYDQW

VL]H VFDOHV� OLNH WKH SDWK VHSDUDWLRQ� &RQVLGHULQJ JUDYLW\ D ?VPDOO� SHUWXUEDWLRQ LV WKHUHIRUH
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TXLWH LPSODXVLEOH DQG LW LV UDWKHU VXUSULVLQJ WKDW WKLV PHWKRG JLYHV WKH FRUUHFW UHVXOW IRU

FRQVWDQW JUDYLWDWLRQDO pHOGV >��@�

$ EHWWHU DSSURDFK LV WR WUHDW RQO\ WKH JUDYLWDWLRQDO JUDGLHQW DV D SHUWXUEDWLRQ RQ WRS RI

D FRQVWDQW JUDYLWDWLRQDO pHOG� 7KLV PHDQV WKDW ZH LQWHJUDWH WKH SHUWXUEDWLRQ /DJUDQJLDQ

/ �  
P

�
q]� DORQJ ?XQSHUWXUEHG� SDWKV ZKLFK DUH WKH SDUDEROLF IUHH IDOO WUDMHFWRULHV LQ D

FRQVWDQW JUDYLWDWLRQDO pHOG� 7KH UHVXOWLQJ SKDVH VKLIW LV WKHQ FRPELQHG ZLWK WKH NQRZQ

FRQWULEXWLRQ IRU WKH FRQVWDQW JUDYLWDWLRQDO pHOG� 7KLV ZD\ ZH pQG

JP HDV  J� � q
Q

�
�� J�7

� b zY�7 b ]�

R
� ������

ZKLFK UHSOLFDWHV WKH H[DFW SDWK LQWHJUDO UHVXOW IURP DERYH XS WR pUVW RUGHU�

����� &ODVVLFDO GHVFU LSWLRQ

7KH WHUPV XS WR pUVW RUGHU LQ HTXDWLRQV ���� DQG ���� GR QRW GHSHQG RQ WKH UHFRLO YHORFLW\

�L�H�� WKH VHSDUDWLRQ RI WKH WZR LQWHUIHURPHWHU DUPV�� WKH PDVV RI WKH DWRP RU 3ODQFN
V

FRQVWDQW� 2QH PLJKW DUJXH WKDW WKH SKDVH VKLIW c�WRW� JLYHQ E\ HTXDWLRQ ����� LV WKH UHOHYDQW

TXDQWLW\ DQG WKDW LW GRHV GHSHQG RQ DOO WKHVH SDUDPHWHUV WKURXJK WKH VFDOH IDFWRUPY U HF7
� zK�

+RZHYHU� WKLV LV PHUHO\ DQ LOOXVLRQ� VLQFH ZH FDQ XVH WKH GHpQLWLRQ Y U HF  zKNHo P RI WKH UHFRLO

YHORFLW\ WR UHZULWH WKLV VFDOH IDFWRU LQ WHUPV RI WKH SDUDPHWHUV ZH FRQWURO H[SHULPHQWDOO\�

L�H�� 5DPDQ ZDYH YHFWRU DQG SXOVH WLPLQJ� ,W WKHQ WDNHV WKH IRUP NHo7
��

7KLV LV YHU\ LQWHUHVWLQJ� VLQFH LW VXJJHVWV WKDW WKLV W\SH RI PHDVXUHPHQW LV QRW LQWULQVLFDOO\

?TXDQWXP PHFKDQLFDO� \� &RQVLGHU WKH OLPLW RI LQpQLWH PDVV P� 7KH VHSDUDWLRQ EHWZHHQ

WKH LQWHUIHURPHWHU DUPV JRHV WR ]HUR� WKH GH%URJOLH ZDYHOHQJWK JHWV DUELWUDULO\ VKRUW DQG

WKH SDUWLFOH HVVHQWLDOO\ EHKDYHV LQ D WRWDOO\ FODVVLFDO PDQQHU _ EXW WKH PHDVXUHG SKDVH

VKLIW UHPDLQV XQDoHFWHG�

$OO WKLV PHDQV WKDW IRU PRVW SUDFWLFDO SXUSRVHV WKHUH LV D PXFK VLPSOHU ZD\ RI SUHGLFWLQJ

WKH PHDVXUHG SKDVH VKLIW� :H FDQ VLPSO\ LJQRUH WKH TXDQWXP QDWXUH RI WKH DWRP DQG PRGHO

LW DV D FODVVLFDO SRLQW SDUWLFOH WKDW FDUULHV DQ LQWHUQDO FORFN DQG FDQ PHDVXUH WKH ORFDO SKDVH

RI WKH OLJKW pHOG� 7KHQ ZH FDQ FDOFXODWH WKH SKDVH VKLIW XVLQJ WKH IROORZLQJ DOJRULWKP�

\
7 KH VD PH LV WUXH IR U J UD Y LW\ PH D VXUH PH QWV SH UIR UPH G E\ VLQJ OH F U\ VWD O QH XWUR Q LQWH UIH UR PH WH UV� $ O�

WKR XJ K LQ WKLV F D VH WKH SKD VH VKLIW LV XVXD OO\ H [ SUH VVH G D V c�  JP
zK
$SKDV H V SDFH � LW F D Q EH UH Z ULWWH Q D V

c�  JNODW
b
c[
Y�

c�
LQ WH UPV R I WKH H [ SH ULPH QWD OO\ F R QWUR OOH G SD UD PH WH UV OD WWLF H Z D Y H Y H F WR U NODW � GLVWD QF H c[

EH WZ H H Q WKH WKUH H SR UWLR QV R I WKH VLOLF R Q F U\ VWD O D F WLQJ D V EH D P VSOLWWH UV� D QG LQLWLD O QH XWUR Q Y H OR F LW\ �
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s &DOFXODWH WKH FODVVLFDO SDWK ]�W� RI WKH SDUWLFOH IRU LQLWLDO SRVLWLRQ ]� DQG LQLWLDO YHORFLW\

Y� �QRW DoHFWHG E\ OLJKW SXOVHV��

s $W WLPHV W�� W� DQG W�� VHSDUDWHG E\ LQWHUYDOV 7 � FDOFXODWH WKH ORFDO SKDVH �L RI WKH

OLJKW pHOG DW WKH SRVLWLRQ RI WKH DWRP� ,I WKH 5DPDQ ODVHU IUHTXHQFLHV DUH FRQVWDQW ZH

KDYH �L  NHo]�WL�b �HoWL b ��

s 2EWDLQ WKH LQWHUIHURPHWHU SKDVH VKLIW DV c�  �� b ��� � ���

s 'HpQH PHDVXUHG JUDYLW\ DV JP HDV  c� NHo7
�

,I ZH WKLQN RI OLJKW pHOG DV D UXOHU ZLWK JUDGXDWLRQV VSDFHG yHo DSDUW� WKHQ LW EHFRPHV FOHDU

WKDW WKLV HVVHQWLDOO\ PLPLFV WKH SURFHGXUH RQH ZRXOG IROORZ WR GHWHUPLQH JUDYLW\ ZLWK MXVW

WKUHH SRVLWLRQ PHDVXUHPHQWV�

s &DOFXODWH WKH FODVVLFDO SDWK ]�W� RI WKH SDUWLFOH IRU LQLWLDO SRVLWLRQ ]� DQG LQLWLDO YHORFLW\

Y��

s $W WLPHV W�� W� DQG W�� VHSDUDWHG E\ LQWHUYDOV 7 � PHDVXUH WKH SRVLWLRQ ]L  ]�WL� RI WKH

DWRP�

s 'HpQH PHDVXUHG JUDYLW\ DV JP HDV  �]� b �]� � ]�� 7
�

,Q WKH FDVH RI D OLQHDU JUDYLW\ JUDGLHQW �XVLQJ HTXDWLRQ ��� IRU ]�W�� ERWK PHWKRGV JLYH XV ]

JP HDV  
�

7 �q
>�J� b ]�q� FRVK �7

S
q�b Y�

S
q VLQK �7

S
q�@ VLQK �

v
7
S
q

�

w
� ������

7KH UHVXOWLQJ SRZHU VHULHV H[SDQVLRQ�
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LV LGHQWLFDO WR WKH RQH �(T� ����� REWDLQHG XVLQJ WKH H[DFW SDWK LQWHJUDO PHWKRG LI ZH

VXEVWLWXWH Y� IRU zY� DQG QHJOHFW WKH YU HF WHUP �RU� LQ RWKHU ZRUGV� WDNH WKH OLPLW RI LQpQLWH

PDVV P��

]
) R U WKH V\ PPH WULF D O F D VH � Z KH UH W� F R LQF LGH V Z LWK WKH PLGGOH SXOVH LQVWH D G R I WKH pUVW R QH � WKLV VLPSOLpH V

WR JPH DV  
�
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����� &RPSDU LVRQ

:H KDYH SUHVHQWHG WKUHH PHWKRGV ZKLFK DOO DJUHH XS WR pUVW RUGHU� 7KLV SRVHV WKH REYLRXV

TXHVWLRQ ZKHWKHU WKH KLJKHU RUGHU WHUPV DUH DW DOO UHOHYDQW IRU RXU H[SHULPHQW� 7R DQVZHU

LW� ZH HYDOXDWH (T� ���� IRU WKH W\SLFDO H[SHULPHQWDO SDUDPHWHUV

J� 
 ��� P V
�� q 
 ���d ��b� � V�� YU HF 
 ���d ��

b� P V�

zY� 
 ���� P V� [� 
 � P� 7 
 ���� V� 7GHW 
 ���� V

DQG pQG

J���  ���d ��b� J� � J���  ���d ��b�� J� � J���  ���d ��b�� J� �

ZKHUH J�Q� GHQRWHV WKH Q^WK RUGHU WHUP LQ q� $W RXU WDUJHWHG DFFXUDF\ RI ��b� J ZH FDQ

WKHUHIRUH VDIHO\ QHJOHFW WHUPV RI VHFRQG RUGHU DQG KLJKHU�

*LYHQ WKLV UHVXOW� DUH WKHUH DQ\ FLUFXPVWDQFHV XQGHU ZKLFK RQH RI WKH WKUHH PHWKRGV

VKRXOG EH SUHIHUHG" 7KH ?H[DFW� SDWK LQWHJUDO PHWKRG VHHPV WR EH VDIHVW DSSURDFK� EXW

LV REYLRXVO\ UHODWLYHO\ FRPSOLFDWHG DQG DOVR QRW ZHOO VXLWHG WR GHDO ZLWK pQLWH OHQJWK OLJKW

SXOVHV�

7KH FODVVLFDO PHWKRG� RQ WKH RWKHU KDQG� LV HVSHFLDOO\ HDV\ WR DGDSW IRU VXFK pQLWH OHQJWK

SXOVHV �VHH EHORZ�� +RZHYHU� RQH FDQ H[SHFW WURXEOH IRU PRUH FRPSOLFDWHG pHOG GLVWULEXWLRQV

ZKLFK OHDG WR IRUFHV WKDW DUH VXEVWDQWLDOO\ GLoHUHQW IRU WKH WZR LQWHUIHURPHWHU SDWKV� 6XFK

SUREOHPV ZRXOG EHFRPH HYHQ ZRUVH IRU LQWHUIHURPHWHUV ZLWK ELJJHU VHSDUDWLRQV EHWZHHQ

SDWKV� DQG WKH PHWKRG ZRXOG EH SDUWLFXODUO\ XQVXLWHG IRU VLWXDWLRQV ZKHUH PDWHULDO REMHFWV

DUH SODFHG EHWZHHQ WKH WZR SDWKV� 2EYLRXVO\� WKH PHWKRG ZRXOG DOVR IDLO WR GHVFULEH DQ\

WRSRORJLFDO SKDVHV� IRU H[DPSOH GXH WR $KDUDQRY^%RKP RU $KDUDQRY^&DVKLHU HoHFWV�

7KH SHUWXUEDWLRQ PHWKRG DOVR KDV SUREOHPV LQ LQFRUSRUDWLQJ pQLWH OHQJWK SXOVHV� 2WK�

HUZLVH� LW VHHPV WR EH DSSOLFDEOH HYHQ XQGHU DOO WKH SUREOHPDWLF FLUFXPVWDQFHV PHQWLRQHG

DERYH� DV ORQJ DV WKH pHOGV LQYROYHG DUH QRW WR ELJ� +RZHYHU� ZKLOH 6WRUH\ DQG &RKHQ�

7DQQRXGML JLYH YHU\ JRRG DUJXPHQWV IRU WKH YDOLGLW\ RI WKLV PHWKRG XQGHU PRVW FLUFXP�

VWDQFHV� WKH\ GR QRW H[SOLFLWO\ MXVWLI\ LWV XVH ZKHQ FRPELQHG ZLWK WKH UXOHV IRU OLJKW pHOG

LQWHUDFWLRQ� ,W LV FHUWDLQO\ QRW D SULRUL FOHDU KRZ LQWHJUDWLQJ RYHU WKH SHUWXUEDWLRQ /D�

JUDQJLDQ FRPSHQVDWHV IRU LJQRULQJ DQ\ FKDQJHV LQ WKH DWRPLF SRVLWLRQ GXULQJ WKH ODVHU

SXOVHV� $V ORQJ DV WKHVH SRLQWV DUH QRW DGGUHVVHG� VRPH FDXWLRQ UHPDLQV QHFHVVDU\ ZKHQ

DSSO\LQJ WKLV PHWKRG WR KLJK SUHFLVLRQ PHDVXUHPHQWV�
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��� )LQLWH OHQJWK 5DPDQ SXOVHV

,Q WKH SUHYLRXV VHFWLRQ ZH KDYH VKRZQ WKDW ZH FDQ JHW H[FHOOHQW SKDVH VKLIW SUHGLFWLRQV

XVLQJ D SXUHO\ FODVVLFDO PHWKRG� :H GR WKLV E\ HoHFWLYHO\ DVVXPLQJ DQ LQpQLWH SDUWLFOH

PDVV� DOORZLQJ XV WR WUHDW WKH H[WHUQDO GHJUHHV RI IUHHGRP FODVVLFDOO\� )XUWKHUPRUH� ZH

LJQRUH DOO WKH TXDQWXP PHFKDQLFDO GHWDLOV UHODWHG WR WKH LQWHUQDO GHJUHHV RI IUHHGRP E\

VLPSO\ VXPPDUL]LQJ WKHLU HoHFW DV WKH DELOLW\ WR PHDVXUH WLPH� PDNH SKDVH PHDVXUHPHQWV

DQG FRPELQH WKHP LQWR D pQDO SKDVH VKLIW�

,W LV DFWXDOO\ QRW QHFHVVDU\ WR PDNH ERWK VLPSOLpFDWLRQV DW WKH VDPH WLPH� ,Q IDFW�

WUHDWLQJ MXVW WKH LQWHUQDO GHJUHHV RI IUHHGRP TXDQWXP PHFKDQLFDOO\ ZLOO JLYH XV D ORW RI

DGGLWLRQDO LQVLJKW LQWR KRZ WKH LQWHUIHURPHWHU ZRUNV XQGHU OHVV LGHDOL]HG FRQGLWLRQV� 3UHV�

HQFH RI $&^6WDUN VKLIWV DV ZHOO DV pQLWH GXUDWLRQ OLJKW SXOVHV RI YDULDEOH OHQJWK� LQWHQVLW\�

GHWXQLQJ DQG FKLUS UDWH�

����� % ORFK HTXDWLRQV

7R DQDO\]H WKH HoHFW RI XVLQJ pQLWH OHQJWK 5DPDQ SXOVHV ZH XVH D PRGLpHG %ORFK YHFWRU

PHWKRG� :H VWDUW E\ PRGHOLQJ WKH VWLPXODWHG 5DPDQ SURFHVV DV DQ HoHFWLYH WUDQVLWLRQ

EHWZHHQ WKH WZR DWRPLF JURXQG VWDWHV� MDL DQG MEL� 7KH MXVWLpFDWLRQ IRU WKLV DSSURDFK�

ZKLFK LQYROYHV DGLDEDWLF HOLPLQDWLRQ RI WKH LQWHUPHGLDWH VWDWHV� FDQ EH IRXQG HOVHZKHUH

>��� ��� ��@� :H QRZ VXPPDUL]H WKH PRVW LPSRUWDQW GHpQLWLRQV IURP WKH SDSHU E\ :HLVV

HW�DO� >��@ IRU XVH LQ RXU RZQ DQDO\VLV DQG HOVHZKHUH LQ WKLV WKHVLV�

7R DQDO\]H WKLV VLWXDWLRQ ZH FRXOG LQ SULQFLSOH ZRUN GLUHFWO\ ZLWK WKH LQWHUQDO DWRPLF

VWDWHV DQG WU\ WR VROYH WKH DSSURSULDWH WLPH GHSHQGHQW 6FKU�RGLQJHU HTXDWLRQ� +RZHYHU� ZH

pQG LW VOLJKWO\ PRUH FRQYHQLHQW WR ZRUN ZLWK WKH RSWLFDO %ORFK HTXDWLRQV� :H IXUWKHUPRUH

LJQRUH WKH H[LWHG VWDWHV RI WKH DWRP� VNLS WKH H[SOLFLW WUHDWPHQW RI WKH 5DPDQ SURFHVV �VHH

IRU H[DPSOH :HLVV HW� DO�� >��@� DQG PRGHO LW VLPSO\ DV DQ HoHFWLYH WUDQVLWLRQ EHWZHHQ WKH

WZR DWRPLF JURXQG VWDWHV� MDL DQG MEL�

7KH HoHFWLYH �^SKRWRQ 5DEL IUHTXHQF\ DQG GHWXQLQJ�

n�  
;
L

ne

�DL
n�EL

�c�DL

� ������

r  ��� b ���b

�
�DE �

S c N H o
P

�
zKN�

Ho

�P

�
������



���� ),1,7( /(1*7+ 5$0$1 38/6(6 ��

ωab
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)LJXUH ���� /HYHO VFKHPH IRU VWLPXODWHG 5DPDQ WUDQVLWLRQV�

FDQ EH GHpQHG LQ WHUPV RI WKH �^SKRWRQ 5DEL IUHTXHQFLHV DQG GHWXQLQJV�
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,Q DOO WKHVH HTXDWLRQV N LV LQGH[ IRU WKH OLJKW pHOG� L IRU WKH H[FLWHG VWDWHV� DQG M IRU WKH

WZR JURXQG VWDWHV� )LJ� ��� LOOXVWUDWHV WKH OHYHO VFKHPH� 7KH HoHFWLYH IUHTXHQF\� SKDVH DQG

ZDYH YHFWRU DUH GHpQHG DV
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$V D FRQYHQLHQW ZD\ WR GHVFULEH WKH VWDWH RI WKH HoHFWLYH �^OHYHO V\VWHP ZH XVH WKH LQWHU�

DFWLRQ SLFWXUH GHQVLW\ PDWUL[ ~� GHpQHG E\

M�LK�M  ~DDMDLKDM � ~ E E MELKEM � ~DE MDLKEM � ~E DMELKDM � ������

7KH GHQVLW\ PDWUL[ HYROYHV DFFRUGLQJ WR

LzK B~  +,~b ~+, � ������

ZKHUH WKH LQWHUDFWLRQ SLFWXUH +DPLOWRQLDQ IRU WKH HoHFWLYH �^OHYHO V\VWHP LV JLYHQ E\

+,  b�

�
zKn�

t
HbL�H o W MDLKEM � HL�H o W MELKDM

u
� ������

:H LQWURGXFH WKH %ORFK YHFWRU
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)RU VLWXDWLRQV ZKHUH WKH DWRP LV VXEMHFWHG WR H[WHUQDO pHOGV RI NQRZQ IUHTXHQFLHV LW LV

XVXDOO\ FRQYHQLHQW WR JR LQWR WKH ?URWDWLQJ IUDPH� E\ PDNLQJ WKH WUDQVIRUPDWLRQ

;  
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FRV
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8VXDOO\ WKLV LV GRQH IRU D p[HG IUHTXHQF\ �Ho � LQ ZKLFK FDVH WKH 5DPDQ SKDVH LV VLPSO\

JLYHQ E\ 
�W�  �HoW DQG WKH URWDWLQJ IUDPH LV URWDWLQJ DW D p[HG UDWH�

)RU RXU H[SHULPHQW� KRZHYHU� WKH 5DPDQ SKDVH LQ WKH UHVW IUDPH RI WKH IUHHO\ IDOOLQJ

DWRP LV DoHFWHG E\ WKH WLPH GHSHQGHQW 'RSSOHU VKLIW DQG LV JLYHQ E\
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DQG WKH URWDWLQJ IUDPH WKHUHIRUH KDV D YDULDEOH URWDWLRQ UDWH�

7KH HYROXWLRQ RI WKH %ORFK YHFWRU LQ WKH URWDWLQJ IUDPH LV JRYHUQHG E\ WKH HTXDWLRQ
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ZKLFK IROORZV IURP (T� ����� 1RWH WKDW WKLV HTXDWLRQ LV YDOLG IRU DUELWUDU\ WLPH GHSHQGHQFH

RI WKH HoHFWLYH GHWXQLQJ r�W�� +RZHYHU� ZH DUH VSHFLpFDOO\ LQWHUHVWHG LQ WKH FDVH RI D

OLQHDU ?FKLUS� LQWURGXFHG E\ WKH 'RSSOHU VKLIW RI WKH DFFHOHUDWLQJ DWRP� :H WKHQ KDYH

r�W�  r� � oW� ZKHUH o LV WKH ?FKLUS UDWH��
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����� 7 LPH GHSHQGHQW SHU WXU EDWLRQ WKHRU \

)RU FRQVWDQW GHWXQLQJ LW LV VWUDLJKW IRUZDUG WR VROYH HTXDWLRQ ���� H[DFWO\ >��� ��@� )RU D

FRQVWDQW FKLUS LW LV DOVR SRVVLEOH WR pQG DQ H[DFW VROXWLRQ LQ WHUPV RI SDUDEROLF F\OLQGHU

IXQFWLRQV >��@� +RZHYHU� VLQFH LQ RXU H[SHULPHQW GHWXQLQJ DQG FKLUS DUH ERWK VPDOO� ZH

WUHDW WKHP XVLQJ WLPH GHSHQGHQW SHUWXUEDWLRQ WKHRU\� :H pUVW UHZULWH HTXDWLRQ ���� LQ

PDWUL[ IRUP�
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:H WKHQ XVH WKH XQSHUWXUEHG VROXWLRQ
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DQG ZH UHFRYHU WKH SUHYLRXVO\ NQRZQ UHVXOW� )RU pQLWH OHQJWK SXOVHV HTXDWLRQ ���� LQGLFDWHV

WKDW WKH SHULRGLFLW\ RI WKH LQWHUIHURPHWHU VLJQDO LV QRZ JHQHUDOO\ JLYHQ E\ �7 ����7 LQVWHDG

RI 7 � DQG WKDW WKHUH DUH IXUWKHU PRGLpFDWLRQV EHFDXVH RI WKH VLQH WHUP LQ (T� �����

7KHVH FKDQJHV ZRXOG QRUPDOO\ FRPSOLFDWH WKH LQWHUSUHWDWLRQ RI WKH LQWHUIHURPHWHU VLJ�

QDO� ,Q WKH DFWXDO H[SHULPHQW� KRZHYHU� WKLV SUREOHP LV VLJQLpFDQWO\ UHGXFHG EHFDXVH ZH

FRPSHQVDWH IRU PRVW RI WKH DFFHOHUDWLRQ LQGXFHG 'RSSOHU VKLIW E\ FKDQJLQJ WKH IUHTXHQF\

�Ho �VHH 6HF� �������
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( [SHU LPHQWDO $SSDU DWXV

7KH RYHUDOO H[SHULPHQWDO DSSDUDWXV �)LJ� ���� FDQ EH GLYLGHG LQ WKUHH VXEV\VWHPV�

�D� 7KH DWRPLF IRXQWDLQ DSSDUDWXV� ZKLFK SURYLGHV D ZHOO GHpQHG VRXUFH RI ODVHU FRROHG

DWRPV IRU WKH LQWHUIHURPHWHU� ,W DOVR DOORZV WKH GHWHFWLRQ RI WKH pQDO VWDWH RI WKH DWRPV DW

WKH RXWSXW RI WKH LQWHUIHURPHWHU�

�E� 7KH V\VWHP IRU LPSOHPHQWLQJ WKH DFWXDO OLJKW SXOVH LQWHUIHURPHWHU� LQFOXGLQJ WKH SKDVH�

ORFNHG GLRGH ODVHUV DQG WKH HTXLSPHQW IRU FRQWUROOLQJ WKH IUHTXHQF\ DQG WLPLQJ RI WKH 5DPDQ

SXOVHV� 2WKHU FRPSRQHQWV DUH WKH 5DPDQ EHDP RSWLFV DQG WKH PDJQHWLF VKLHOGLQJ RI WKH

PHDVXUHPHQW UHJLRQ�

�F� 7KH YLEUDWLRQ LVRODWLRQ V\VWHP� ZKLFK DOORZV WKH ODUJH LQWHUIHURPHWHU SXOVH VHSDUDWLRQV

HVVHQWLDO IRU REWDLQLQJ RXU FXUUHQW PHDVXUHPHQW DFFXUDF\ DQG SUHFLVLRQ� $QRWKHU SDUW RI

WKLV V\VWHP FRQWUROV WKH WLOW RI RSWLFDO WDEOH WR JXDUDQWHH WKH SURSHU YHUWLFDO DOLJQPHQW RI

WKH PHDVXUHPHQW D[LV�

��� 9DFXXP V\VWHP

����� 0 DLQ FKDPEHU

7KH H[SHULPHQW LV SHUIRUPHG LQVLGH YDFXXP FKDPEHU �PDQXIDFWXUHG E\ 1RU�&DO SURGXFWV�

PDGH IURP W\SH ��� VWDLQOHVV VWHHO �)LJ� ����� $W LWV FRUH LV D ��ZD\ FURVV ZLWK � LQFK

GLDPHWHU &RQqDW YLHZSRUWV� ZKLFK KDV EHHQ PRXQWHG ZLWK WKH D[LV RI ��IROG V\PPHWU\

������ � D[LV� LQ WKH YHUWLFDO GLUHFWLRQ� 7ZHOYH DGGLWLRQDO &RQqDW SRUWV �WZR � LQFK SRUWV

DORQJ WKH YHUWLFDO D[LV� VL[ �^��� LQFK SRUWV DORQJ WKH UHPDLQLQJ ������D[HV� IRXU �^��� LQFK

��
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)LJXUH ���� 2YHUYLHZ RI H[SHULPHQWDO VHWXS�
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SRUWV LQ VDPH SODQH DV IRXU RI WKH RULJLQDO SRUWV� KDYH EHHQ DGGHG WR WKLV FURVV DQG PRVWO\

pWWHG ZLWK YLHZSRUWV WR SURYLGH EHWWHU RSWLFDO DFFHVV� 7ZR RI WKH �^��� LQFK SRUWV DUH

XVHG WR DWWDFK D QXGH 8+9 LRQ�JDXJH DQG WKH YDFXXP SXPS� RULJLQDOO\ D KLJK FRPSUHVVLRQ

WXUER PROHFXODU GUDJ SXPS � �� O�V� %DO]HUV 708 ����� EDFNHG E\ D URWDU\ YDQH SXPS

�(GZDUGV 59���

7KH XSSHU � LQFK SRUW LV H[WHQGHG E\ D �� LQFK ORQJ WXEH WR PDNH URRP IRU WKH DWRPLF

IRXQWDLQ� 7KLV WXEH DOVR FRQWDLQV D IRXU OD\HU PDJQHWLF VKLHOGLQJ DVVHPEO\ PDGH IURP

+LSHUQRP� ZKLFK KDV YDFXXP SURSHUWLHV YHU\ VLPLODU WR VWDLQOHVV VWHHO� ,QVLGH WKLV VKLHOG LV

D ���� LQFK ORQJ ELDV pHOG VROHQRLG� ZRXQG RQ DQ DOXPLQXP FRUH DQG PDGH IURP | �� P RI

� PP GLDPHWHU� .DSWRQ FRDWHG ZLUH� 7KH ZKROH DVVHPEO\ PRXQWHG XVLQJ VHYHUDO DOXPLQXP

VSDFHUV� 7KH WRS DQG WKH ERWWRP qDQJHV RI WKH YDFXXP FKDPEHU DUH ERWK pWWHG ZLWK VHOI

PDGH� KLJK TXDOLW\� LQGLXP VHDOHG YLHZSRUWV�

����� &HVLXP VRXU FH FKDPEHU

2QH RI WKH PDLQ FKDPEHUV KRUL]RQWDO �^��� LQFK SRUWV FRQQHFWV� WKURXJK D JDWH�YDOYH �0'&

*9�����0�� WR VPDOOHU FKDPEHU FRQWDLQLQJ WKH FHVLXP VXSSO\� 'XULQJ QRUPDO RSHUDWLRQ

FHVLXP LV NHSW DW WKH qDW ERWWRP RI D FROG pQJHU PDGH IURP WKLQ ZDOO ����� LQFK� VWDLQOHVV

VWHHO� 7KH ORZHU SDUW RI WKH FROG pQJHU LV VXUURXQGHG E\ D FRSSHU FODPS� ZKLFK FDQ EH

FRROHG WR WHPSHUDWXUHV DV ORZ DV b��r& XVLQJ D WZR VWDJH WKHUPR HOHFWULF FRROHU �� d

0HOFRU &3 ����������/� DQG D ZDWHU FRROHG KHDW VLQN� 7KH FHVLXP VRXUFH FKDPEHU FDQ DOVR

EH FRQQHFWHG WR DQ DGGLWLRQDO LRQ SXPS �� O�V� 9DULDQ 59$��� DQG SXPSHG GRZQ WKURXJK

D VHFRQG YDOYH �0'& 0$9�����9�� $ WKLUG YDOYH OHDGV WR D WKLQ ZDOO VWDLQOHVV VWHHO WXEH

FRQWDLQLQJ D FHVLXP DPSXOH�

$W VRPH SRLQW WKH FHVLXP QHHGV WR EH WUDQVIHUHG IURP WKH DPSXOH WR WKH FROG pQJHU�

)LUVW WKH DPSXOH LV FUXVKHG E\ XVLQJ SOLHUV WR GHIRUP WKH WKLQ ZDOO WXEH FRQWDLQLQJ LW� 7KHQ

WKH YDOYH WR WKH FROG pQJHU LV RSHQHG DQG WKH FHVLXP DPSXOH KHDWHG WR | ���r&� $IWHU ��

KRXUV D VXEVWDQWLDO DPRXQW RI FHVLXP ZLOO KDYH GHSRVLWHG DW WKH ERWWRP RI WKH PD[LPDOO\

FRROHG FROG pQJHU� 7KHUH DUH D IHZ YHU\ LPSRUWDQW SUHFDXWLRQV WR WDNH IRU D VXFFHVVIXO

WUDQVIHU� �D� ,Q RUGHU WR SUHYHQW FHVLXP GHSRVLWLRQ HYHU\ SDUW RI WKH V\VWHP� H[FHSW WKH

FROG pQJHU� VKRXOG EH DW D WHPSHUDWXUH KLJKHU WKDQ WKDW RI WKH RYHQ� 7KLV LQFOXGHV WKH

LRQ SXPS� VLQFH LW KDV PDQ\ LQWHUQDO VXUIDFHV WKDW DUH QRW DFWLYHO\ SXPSLQJ� �E� 2QO\ WKH

ERWWRP SODWH RI WKH FROG pQJHU VKRXOG EH FRROHG GXULQJ WUDQVIHU DQG QRW� DV GXULQJ QRUPDO

RSHUDWLRQ� WKH ZDOOV DV ZHOO� 7KLV LV QHFHVVDU\ EHFDXVH RWKHUZLVH FHVLXP LV GHSRVLWHG LQ
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)LJXUH ���� 9DFXXP V\VWHP�
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UHJLRQV ZKLFK ZLOO QRW EH VXrFLHQWO\ FROG GXULQJ ODWHU RSHUDWLRQ �WKLV SUREOHP LV OHVV VHYHUH

IRU D PDWHULDO ZLWK ORZHU KHDW FRQGXFWLYLW\� JODVV IRU H[DPSOH�� �F� ,W LV DGYLVDEOH WR XVH D

VWDQGDUG 8+9 YDOYH EHWZHHQ RYHQ DQG FROG pQJHU� :KLOH D OHVV H[SHQVLYH� 8+9 FRPSDWLEOH

QHHGOH YDOYH �1XSUR + VHULHV� PLJKW ZRUN DV ZHOO� WKHUH LV D VXEVWDQWLDO GDQJHU RI FORJJLQJ�

����� % DNH RXW

%HFDXVH RI SRVVLEOH RXW JDVVLQJ SUREOHPV _ FDXVHG E\ WKH .DSWRQ FRDWHG ZLUH� JUDSKLWH

FRDWLQJV DQG WKH PDJQHWLF VKLHOGLQJ DVVHPEO\ _ WKH LQLWLDO EDNH RXW ZDV SHUIRUPHG ���r

&HOVLXV� ZLWK DOO WKH LQGLXP FRDWHG ZLQGRZV UHSODFHG E\ EODQNV� 7KLV UHVXOWHG LQ D pQDO

SUHVVXUH RI ���d��b��WRUU DIWHU � ZHHNV RI EDNLQJ� 6XEVHTXHQWO\� WKH LQGLXP VHDOHG ZLQGRZV

ZHUH SXW EDFN LQ SODFH DQG D � ZHHN EDNH RXW DW ��r SURYHG VXrFLHQW WR DWWDLQ WKH VDPH

SUHVVXUH OHYHO�

$W VRPH ODWHU SRLQW WKH WXUER SXPS ZDV UHSODFHG E\ DQ LRQ SXPS ��� O�V� 9DULDQ�

EHFDXVH RI FRQFHUQV DERXW YLEUDWLRQV� 7KH ORZHU SXPSLQJ VSHHG RI WKLV SXPS VKRXOG KDYH

UHVXOWHG LQ D EDVH SUHVVXUH DSSUR[LPDWHO\ WZR WLPHV KLJKHU� 7KLV ZDV KDUG WR YHULI\� EHFDXVH

DW WKDW WLPH FHVLXP KDG DOUHDG\ EHHQ LQWURGXFHG WR WKH V\VWHP DQG GRPLQDWHG WKH YDSRU

SUHVVXUHe 6WLOO� PHDVXUHPHQWV RI WKH 027 ORDGLQJ WLPH FRQVWDQW LQGLFDWH WKDW WKH EDVH

SUHVVXUH LQGHHG ZHQW XS E\ WKLV IDFWRU�

��� $WRPLF )RXQWDLQ

����� 2YHU YLHZ

7KH DWRPLF IRXQWDLQ SURYLGHV D SXOVHG VRXUFH RI FROG FHVLXP DWRPV IRU WKH LQWHUIHURPHWHU�

7KH DWRPV DUH LQLWLDOO\ H[WUDFWHG IURP D ORZ SUHVVXUH EDFNJURXQG YDSRU DQG ORDGHG LQWR D

PDJQHWR�RSWLF WUDS >��� ��@� $IWHU ���PV WKH WUDS FRQWDLQV | �d ��� DWRPV LQ D | �PP

GLDPHWHU FORXG� 7KH\ DUH WKHQ ODXQFKHG YHUWLFDOO\ XVLQJ PRYLQJ RSWLFDO PRODVVHV >��@� ZLWK

DQ LQLWLDO YHORFLW\ RI | ���P V DQG RQ WUDMHFWRULHV WKDW ZLOO SHDN | �� FP DERYH WKH WUDS�

7KH WHPSHUDWXUH RI WKH DWRPV DIWHU WKH ODXQFK LV | ��� z.� ZHOO EHORZ WKH XVXDO VWHDG\

VWDWH PLQLPXP WHPSHUDWXUH RI | ��� z. >��@� 7KLV LV DFKLHYHG E\ XVLQJ IDU GHWXQHG� ORZ

e

& H VLXP Y D SR U D OVR VH H PV WR F D XVH SUR EOH PV Z LWK WKH LR Q J D XJ H � 1 R W R QO\ LV WKH PH D VXUH G F H VLXP

SUH VVXUH D ID F WR U � WR KLJ K �D F F R UGLQJ WR 9 D ULD Q�� EXW R Y H U WLPH WKH LR Q J D XJ H SH UIR UPD QF H GH J UD GH V EH F D XVH

R I OH D N D J H F XUUH QWV� VXSSR VH GO\ F D XVH G E\ WKH IR UPD WLR Q R I D F R QGXF WLY H F H VLXP F R D WLQJ �
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LQWHQVLW\ RSWLFDO PRODVVHV GXULQJ WKH ODVW VWDJH RI WKH ODXQFK DQG E\ UDPSLQJ GRZQ WKH ODVHU

LQWHQVLW\ VORZO\ LQVWHDG RI VKXWWLQJ LW Ro LQVWDQWDQHRXVO\�

:KLOH PRYLQJ XSZDUGV� WKH DWRPV DUH SODFHG LQ D PDJQHWLF ELDV pHOG DQG VXEMHFWHG WR

D VHTXHQFH RI PLFURZDYH� YHORFLW\ VHOHFWLYH 5DPDQ DQG VWDWH VHOHFWLYH EORZ�DZD\ SXOVHV�

7KH UHPDLQLQJ | � d ��� FHVLXP DWRPV DUH LQ WKH �V� �� )  �� P)  � VWDWH DQG KDYH

DQ VXEVWDQWLDOO\ UHGXFHG YHUWLFDO YHORFLW\ VSUHDG� FRUUHVSRQGLQJ WR D �'�WHPSHUDWXUH RI

RQO\ | �� Q.� 7KLV YHU\ ZHOO GHpQHG VDPSOH RI DWRPV WKHQ HQWHUV D PDJQHWLFDOO\ VKLHOGHG

UHJLRQ ZKLFK HQFORVHV WKH WRS SDUW RI LWV WUDMHFWRU\ DQG ZKHUH WKH DFWXDO LQWHUIHURPHWHU

PHDVXUHPHQW WDNHV SODFH�

7KH LQWHUIHURPHWHU SKDVH VKLIW PDQLIHVWV LWVHOI DV D PRGXODWLRQ RI WKH IUDFWLRQ RI DWRPV

LQ WKH )  �� P)  � VWDWH� 7KLV IUDFWLRQ LV GHWHUPLQHG� DIWHU WKH DWRPV KDYH OHIW WKH

PDJQHWLF VKLHOG DQG KDYH UHWXUQHG WR WKH ORFDWLRQ RI WKH RULJLQDO WUDS� E\ XVLQJ QRUPDOL]HG

qXRUHVFHQFH GHWHFWLRQ� 7KLV GHWHFWLRQ WDNHV SODFH | ���PV DIWHU WKH ODXQFK� )LQDOO\� DIWHU

D VKRUW GHOD\� WKH 027 ZLOO WXUQ RQ DJDLQ _ VWDUWLQJ WKH QH[W PHDVXUHPHQW F\FOH H[DFWO\

��� V DIWHU WKH SUHYLRXV RQH�

����� /RDGLQJ WKH 0 27

7KH PDJQHWR�RSWLF WUDS �027� XVHV WKUHH SDLUV RI FRXQWHU SURSDJDWLQJ WUDSSLQJ EHDPV LQ

D ������FRQpJXUDWLRQ �WKUHHIROG V\PPHWU\ DURXQG WKH YHUWLFDO D[LV� WKUHH EHDPV GLUHFWHG

XSZDUGV� WKUHH GRZQZDUGV�� DQG WKH WUDSSLQJ FRLO D[LV LV DOLJQHG ZLWK RQH RI WKH SDLUV� 7KH

VWDQGDUG RSHUDWLQJ pHOG JUDGLHQW LV | �* FP� (DFK WUDSSLQJ EHDP LV FLUFXODU SRODUL]HG�

� FP LQ GLDPHWHU � �
H�
�LQWHQVLW\ FRQWRXU�� KDV D W\SLFDO LQWHQVLW\ RI ��P: FP� DQG D IUH�

TXHQF\ ZKLFK LV | ��0+] UHG GHWXQHG IURP WKH �V� �� )  �� �S� �� )  � WUDQVLWLRQ DW

| ���QP� 2QH RI WKH WUDSSLQJ EHDPV LV QHDUO\ RYHUODSSHG ZLWK D UHSXPSLQJ EHDP ZKLFK

KDV DQ LQWHQVLW\ RI | ���P: FP� DQG LV RQ UHVRQDQFH ZLWK WKH �V� �� )  �� �S� �� )  �

WUDQVLWLRQ�

8QGHU QRUPDO RSHUDWLQJ FRQGLWLRQV �FROG pQJHU DW ��r&� �� O�V WXUER SXPS� WKLV 027

KDV D ORDGLQJ WLPH FRQVWDQW RI ��� V DQG D VWHDG\ VWDWH SRSXODWLRQ RI �d ��� DWRPV� GHWHU�

PLQHG E\ WKH YHU\ UHOLDEOH PHWKRG RI RSWLFDOO\ SXPSLQJ DOO WKH DWRPV IURP WKH )  � LQWR

WKH )  � VWDWH DQG PHDVXULQJ WKH WRWDO QXPEHU RI SKRWRQV VFDWWHUHG LQ WKH SURFHVV >��@�

7KH WUDS GLDPHWHU LV | �PP� EXW LW LV UHODWLYHO\ KDUG WR PHDVXUH EHFDXVH XVXDOO\ WKH 027

WDNHV RQ ZHLUG VKDSHV ZKHQ RSWLPL]HG IRU D FROG ODXQFK� $IWHU WKH VWDQGDUG ORDGLQJ WLPH

RI ���PV WKH WUDS FRQWDLQV �d ��� DWRPV�
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$W VRPH SRLQW WKH �� O�V WXUER SXPS ZDV UHSODFHG ZLWK D �� O�V LRQ SXPS� 7KH ORZHU

SXPSLQJ VSHHG UHVXOWHG LQ D VKRUWHU WUDS OLIHWLPH �| ��� V� DQG DQ FRUUHVSRQGLQJO\ VPDOOHU

QXPEHU RI WUDSSHG DWRPV� ,Q RUGHU WR FRPSHQVDWH WKH WHPSHUDWXUH RI WKH FROG pQJHU ZDV

UDLVHG WR ���r&� UHVXOWLQJ LQ D VLPLODU QXPEHU RI DWRPV WUDSSHG DIWHU ���PV RI ORDGLQJ�

����� /DXQFK

7KH ODXQFK SURFHVV �VHH WLPLQJ GLDJUDP LQ )LJ� ���� EHJLQV E\ VKXWWLQJ Ro WKH PDJQHWLF

pHOG DW WKH HQG RI WKH ORDGLQJ SKDVH� $IWHU D GHOD\ RI �PV� ZKLFK LV QHFHVVDU\ WR DOORZ

PDJQHWLF pHOG SURGXFLQJ HGG\ FXUUHQWV WR GHFD\ DZD\� WKH PDLQ ODXQFK VHTXHQFH VWDUWV E\

GRZQ VKLIWLQJ WKH IUHTXHQF\ RI WKH XSSHU WKUHH WUDSSLQJ EHDPV �WUDYHOLQJ GRZQZDUG� E\

DERXW ���0+]\� 7KLV FUHDWHV RSWLFDO PRODVVHV LQ D IUDPH WUDYHOLQJ XSZDUGV DW ����P V�

DQG WKH DWRPV DUH DOORZHG WR DFFHOHUDWH DQG HTXLOLEUDWH DW WKHLU QHZ YHORFLW\ IRU ���PV�

7KHQ WKH GHWXQLQJ RI DOO WKH WUDSSLQJ EHDPV LV LQFUHDVHG WR | ��0+] DQG WKHLU LQWHQVLWLHV

VLPXOWDQHRXVO\ ORZHUHG WR ��� RI WKHLU RULJLQDO OHYHO� $IWHU DQRWKHU ���PV WKH LQWHQVLWLHV

DUH UDPSHG GRZQ WR ]HUR RYHU D SHULRG RI ���PV� 'XULQJ WKH ZKROH SURFHGXUH WKH LQWHQVLW\

WKH UHSXPSLQJ OLJKW LV NHSW FRQVWDQW� DQG LW LV WKH ODVW WR EH VKXW Ro� ���PV ODWHU WKDQ WKH

WUDSSLQJ OLJKW� 7KLV JXDUDQWHHV WKDW DOO WKH DWRPV ZLOO EH LQ WKH )  � K\SHUpQH VWDWH DIWHU

WKH ODXQFK�

Time after launch (ms)
-4 -3 -2 -1 0 1 2 3

average detuning

trapping / launching intensity

frequency difference

repumping beam intensity

0 MHz

4 MHz

20 MHz

60 MHz

20 MHz

)LJXUH ���� /DXQFK VHTXHQFH�

\ 7 KLV LV WKH VLPSOH VW SR VVLEOH PH WKR G WR OD XQF K WKH D WR PV� VLQF H LW R QO\ LQY R OY H V F KD QJ LQJ WKH IUH T XH QF \

R I D VLQJ OH EH D P� ,W LV H VVH QWLD OO\ H T XLY D OH QW WR GR Z Q VKLIWLQJ WKH IUH T XH QF \ R I WKH XSSH U EH D PV D QG XS

VKLIWLQJ WKH IUH T XH QF \ R I WKH OR Z H U EH D PV E\ � � � 0 + ] H D F K� 7 KH R QO\ GLoH UH QF H LV D F KD QJ H LQ WKH D Y H UD J H

GH WXQLQJ R I � � � 0 + ] � Z KLF K LV QH J OLJ LEOH F R PSD UH G WR WKH R ULJ LQD O � � 0 + ]
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)LJXUH ���� 9HORFLW\ GLVWULEXWLRQ RI WKH DWRP DIWHU ODXQFK� PHDVXUHG XVLQJ YHORFLW\ VHQVLWLYH

5DPDQ WUDQVLWLRQV� $ 5DPDQ GHWXQLQJ RI ��� N+] FRUUHVSRQGV WR D YHORFLW\ RI ���� FP V�

7KH ���� FP V �

H
^ZLGWK RI WKH *DXVVLDQ pW FRUUHVSRQGV WR D WHPSHUDWXUH RI ����z.

7KH pQDO UDPS GRZQ RI WKH LQWHQVLW\ LV HVVHQWLDO IRU DFKLHYLQJ WKH ORZHVW REVHUYHG

WHPSHUDWXUH RI | ���z. �VHH )LJ� ��� IRU WHPSHUDWXUH PHDVXUHPHQW�� :LWKRXW LW� WKH

WHPSHUDWXUH LV FORVHU WR WKH XVXDO VWHDG\ VWDWH OLPLW RI | ���z. >��@� 7KH SUREDEOH FDXVH

RI WKLV LPSURYHPHQW LV DGLDEDWLF ORZHULQJ RI WKH WHPSHUDWXUH RU DWRPV FRQpQHG LQ ORFDO

SRWHQWLDO ZHOOV RI WKH OLJKW pHOG� $GGLWLRQDOO\� WKH WHPSHUDWXUH LV YHU\ VHQVLWLYH WR EHDP

DOLJQPHQW _ DQG H[DFWO\ RYHUODSSHG DQG FRXQWHU SURSDJDWLQJ EHDPV GR QRW JLYH WKH EHVW

UHVXOW� 7KH EHVW DOLJQPHQW LV XVXDOO\ IRXQG E\ D OHQJWK\ SURFHVV RI WULDO DQG HUURU� DQG

LW JHQHUDOO\ UHVXOWV LQ D 027 WKDW LV QRW VSKHULFDO DQ\PRUH� EXW UDWKHU SDQFDNH VKDSHG

DQG FRPSUHVVHG DORQJ WKH V\PPHWU\ D[LV RI WUDSSLQJ FRLOV� 7KLV LQGLFDWHV WKDW WKH RSWLFDO

WKLFNQHVV RI WKH FORXG� RU WKH DELOLW\ RI VFDWWHUHG SKRWRQV WR HVFDSH HDVLO\� PLJKW SOD\ D UROH

LQ WKH SURFHVV�

$OVR LPSRUWDQW LV WKH FDQFHODWLRQ RI PDJQHWLF pHOGV GXULQJ WKH ODXQFK� ZKLFK FDQ EH

DFKLHYHG XVLQJ D VHW RI WKUHH SDLUV RI ODUJH PDJQHWLF pHOG FRLOV VXUURXQGLQJ WKH DSSDUDWXV�

,QLWLDOO\� WKH pHOGV FDQ EH ]HURHG WR ZLWKLQ D IHZ PLOOL *DXVV E\ WDNLQJ =HHPDQ VSHFWUD

�XVLQJ HLWKHU PLFURZDYH RU 5DPDQ WUDQVLWLRQV�� EXW XOWLPDWHO\ WKH\ DUH DGMXVWHG WR DFKLHYH

WKH ORZHVW WHPSHUDWXUH ODXQFK�
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����� 3 U HVHOHFWLRQ

%HIRUH WKH DWRPV HQWHU WKH DWRP LQWHUIHURPHWHU� WKH\ VWLOO QHHG WR EH SUHSDUHG LQ D ZHOO

GHpQHG LQLWLDO VWDWH� 0RVW LPSRUWDQWO\� ZH RQO\ ZDQW DOO WKH DWRPV WR EH LQ D PDJQHWLFDOO\

LQVHQVLWLYH VWDWH ZLWK P)  �� ZKLOH RULJLQDOO\ WKH\ DUH DERXW HTXDOO\ GLVWULEXWHG DPRQJ DOO

� SRVVLEOH =HHPDQ VXEOHYHOV RI WKH )  � K\SHUpQH VWDWH� 2SWLFDO SXPSLQJ ZRXOG EH RQH

RSWLRQ WR WUDQVIHU WKH DWRPV WR WKH P)  � VWDWH >��@� EXW WKH DVVRFLDWHG KHDWLQJ SUHYHQW

XV IURP WDNLQJ DGYDQWDJH RI WKH EHQHpWV DoRUGHG E\ WKH ORZ LQLWLDO ODXQFK WHPSHUDWXUH� ,W

LV WKHUHIRUH EHWWHU WR MXVW VHOHFW WKH DWRPV DOUHDG\ LQ WKH P)  � VWDWH DQG JHW ULG RI WKH

RWKHUV�

:H DOVR ZRXOG OLNH WR QDUURZ GRZQ WKH YHUWLFDO YHORFLW\ GLVWULEXWLRQ RI WKH DWRPV� EH�

FDXVH WKLV DOORZV XV WR REWDLQ KLJKHU FRQWUDVW LQWHUIHURPHWHU IULQJHV DQG VLPSOLpHV WKH VHDUFK

IRU V\VWHPDWLF HUURUV� /LPLWHG 5DPDQ ODVHU SRZHU UHTXLUHV UHODWLYHO\ ORQJ LQWHUIHURPHWHU

SXOVHV� ZKLFK PHDQV WKDW WKHLU )RXULHU OLPLWHG IUHTXHQF\ ZLGWK LV QRW VXrFLHQW WR DGGUHVV

DOO WKH DWRPV LQ WKH YHORFLW\ GLVWULEXWLRQ� EHFDXVH RI WKHLU 'RSSOHU VKLIWV� ,W ZRXOG VWLOO EH

SRVVLEOH WR RSHUDWH WKH LQWHUIHURPHWHU XQGHU WKHVH FRQGLWLRQV� EXW WKH FRQWUDVW ZRXOG EH

OLPLWHG WR �� � >��@� )XUWKHUPRUH� VRPH V\VWHPDWLF HUURUV DUH KDUG WR LGHQWLI\ LI RQH DOZD\V

KDV WR DYHUDJH RYHU D ZLGH YHORFLW\ GLVWULEXWLRQ� 7KH JRDO LV WKHUHIRUH WR FUHDWH DQ LQLWLDO

YHORFLW\ GLVWULEXWLRQ WKDW LV PXFK QDUURZHU WKHQ WKH )RXULHU ZLGWK RI D W\SLFDO 5DPDQ SXOVH�

Time after launch (ms)
4 5 6 7 8 9 10 11 12 13

microwave

4-5 blow away

Raman preslect

2-3 blow away

)LJXUH ���� $WRPLF VWDWH SUHSDUDWLRQ VHTXHQFH�

7R DFKLHYH ERWK WKHVH JRDOV� ZH DSSO\ WKH IROORZLQJ SURFHGXUH LQYROYLQJ D UDWKHU FRPSOH[

VHTXHQFH RI PLFURZDYH� YHORFLW\ VHOHFWLYH 5DPDQ DQG VWDWH VHOHFWLYH EORZ�DZD\ SXOVHV �VHH

WLPLQJ GLDJUDP LQ )LJ� ����� )LUVW ZH pUVW GHpQH D TXDQWL]DWLRQ D[LV E\ SXOVLQJ RQ D YHUWLFDO
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PDJQHWLF ELDV pHOG RI DERXW ���P*DXVV� �PV DIWHU WKH ODXQFK �ZH FKRRVH WR GHpQH WKH

PRPHQW RI WKH ODXQFK DV WKH WLPH ZKHQ ZH VZLWFK WR ORZ LQWHQVLW\� IDU GHWXQHG RSWLFDO

PRODVVHV�� $W ���PV ZH WKHQ DSSO\ D PLFURZDYH }�SXOVH �| ���zV ORQJ� WR WUDQVIHU DOO WKH

DWRPV LQ WKH )  �� P)  � VWDWH WR WKH )  �� P)  � ZLWK YHU\ KLJK HrFLHQF\ �W\SLFDOO\

�� ��� $OO WKH RWKHU DWRPV UHPDLQLQJ LQ WKH )  � VWDWH DUH WKHQ EORZQ DZD\ E\ WKH

VFDWWHULQJ IRUFH H[HUWHG E\ D �PV ORQJ SXOVH RI OLJKW LQ UHVRQDQFH ZLWK WKH )  �� )  �

FORVHG RSWLFDO WUDQVLWLRQ�

7KHQ D ���zV ORQJ� YHORFLW\ VHOHFWLYH 5DPDQ }�SXOVH LV DSSOLHG� ,W WUDQVIHUV DWRPV

LQ D QDUURZ VOLFH RI WKH YHORFLW\ GLVWULEXWLRQ� FRUUHVSRQGLQJ WR D �'�WHPSHUDWXUH RI RQO\

| �� Q.� EDFN LQWR WKH )  �� P)  � VWDWH� $IWHUZDUGV DQRWKHU EORZ�DZD\ SXOVH� WKLV WLPH

LQ UHVRQDQFH ZLWK WKH )  �� )  � FORVHG WUDQVLWLRQ� HOLPLQDWHV WKH DWRPV UHPDLQLQJ LQ

WKH )  � VWDWH�

1RZ ZH DOUHDG\ KDYH D YHORFLW\ VHOHFWHG VDPSOH RI DWRPV LQ D PDJQHWLF pHOG LQVHQVLWLYH

VWDWH� +RZHYHU� EHFDXVH RI RXU GHWHFWLRQ PHWKRG ZH ZRXOG SUHIHU WKH DWRPV WR EH LQLWLDOO\

LQ WKH )  �� P)  � VWDWH� ,Q WKDW FDVH ZH FDQ GHWHFW ORZ FRQWUDVW VLJQDOV DV SHDNV RQ

HVVHQWLDOO\ ]HUR EDFNJURXQG� LQVWHDG RI KDYLQJ WR ORRN IRU GLSV LQ D ODUJH� SRVVLEO\ QRLV\

EDFNJURXQG VLJQDO� 7KH �^� EORZ^DZD\ LV DOVR QRW TXLWH DV HrFLHQW DV WKH �^� EORZ�DZD\�

OHDYLQJ EHKLQG D IHZ SHUFHQW RI DWRPV LQ WKH ZURQJ VWDWHV DQG YHORFLW\ FODVVHV� %RWK

SUREOHPV FDQ EH HDVLO\ UHFWLpHG E\ XVLQJ DQRWKHU PLFURZDYH SXOVH WR WUDQVIHU WKH DWRPV

EDFN WR WKH )  �� P)  � VWDWH� IROORZHG E\ DQRWKHU �^� EORZ^DZD\ SXOVH IRU FOHDQ XS�

7KLV ZKROH SUHVHOHFWLRQ SURFHVV UHGXFHV WKH QXPEHU RI DWRPV E\ D IDFWRU RI DERXW ���

�IDFWRU � IURP VHOHFWLQJ =HHPDQ OHYHO� IDFWRU �� IURP YHORFLW\ VHOHFWLRQ�� EXW WKLV VWLOO OHDYHV

XV ZLWK DSSUR[LPDWHO\ �d ��� DWRPV� (YHQ DIWHU WDNLQJ LQWR DFFRXQW DQRWKHU UHGXFWLRQ E\

D IDFWRU RI ��� GXH WR VHOHFWLYH GHWHFWLRQ �VHH EHORZ�� WKH UHPDLQLQJ �d ��� DWRPV DUH VWLOO

HQRXJK WR QRW OLPLW WKH SHUIRUPDQFH RI WKH LQVWUXPHQW �VHH 6HF� ���

$W pUVW JODQFH RQH PLJKW DUJXH WKDW WKLV ZKROH� FRPSOLFDWH VHOHFWLRQ VHTXHQFH FRXOG

EH UHSODFHG ZLWK D VLQJOH 5DPDQ SXOVH� ZKLFK ZRXOG EH YHORFLW\ DV ZHOO DV PDJQHWLF VWDWH

VHOHFWLYH� DQG D VLQJOH �^� EORZ DZD\ SXOVH� 7KH SUREOHP LV� WKDW XQGHU QRUPDO RSHUDWLQJ

FRQGLWLRQV WKH ��SKRWRQ 5DPDQ GHWXQLQJ LV QRW ODUJH HQRXJK WR PDNH VSRQWDQHRXV HPLVVLRQ

WRWDOO\ QHJOLJLEOH� $ 5DPDQ }�SXOVH ZLOO W\SLFDOO\ WUDQVIHU D IUDFWLRQ RI D SHUFHQW RI WKH

DWRPV YLD VSRQWDQHRXV SURFHVVHV� D QXPEHU VPDOO HQRXJK WR EH RI QR FRQFHUQ XQGHU PRVW

FLUFXPVWDQFHV� +RZHYHU� LQ WKH SUHVHOHFWLRQ SURFHVV RQO\ � LQ ��� RI WKH RULJLQDO DWRPV JHWV

WUDQVIHUHG YLD WKH SURSHU 5DPDQ SURFHVV� 6R HYHQ D VPDOO VSRQWDQHRXV WUDQVIHU _ ZKLFK
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FDQ RULJLQDWH IURP DOO WKH RULJLQDO DWRPV� QRW MXVW WKH VHOHFWHG RQHV _ FDQ UHVXOW LQ D ODUJH

IUDFWLRQ �| ���� RI XQGHVLUDEOH EDFNJURXQG DWRPV�

����� 6WDWH VHOHFWLYH GHWHFWLRQ

%DVLFV

'XULQJ WKH LQWHUIHURPHWHU SXOVH VHTXHQFH D YDULDEOH IUDFWLRQ RI WKH DWRPV LV WUDQVIHUHG IURP

WKH )  � WR WKH )  � VWDWH� GHSHQGLQJ RQ WKH LQWHUIHURPHWHU SKDVH VKLIW� 7KLV IUDFWLRQ

LV PHDVXUHG RQFH WKH DWRPV UHWXUQ WR WKH DSSUR[LPDWH ORFDWLRQ RI WKH RULJLQDO WUDS� ZKHUH

WKH PDJQHWLF pHOG LV ]HURHG WR ZLWKLQ D IHZ PLOOL *DXVV�

7KH QRUPDOL]HG qXRUHVFHQFH GHWHFWLRQ LV LPSOHPHQWHG XVLQJ D VHTXHQFH RI WZR LGHQWLFDO

SUREH SXOVHV DQG DQ DGGLWLRQDO SXOVH IRU RSWLFDO SXPSLQJ LQ EHWZHHQ �VHH WLPLQJ GLDJUDP

LQ )LJ� ����� 7KH ���zV ORQJ SUREH SXOVHV DUH RQ UHVRQDQFH ZLWK WKH �V� �� )  � �

�S� �� )
�  � WUDQVLWLRQ� DUH FLUFXODU SRODUL]HG DQG KDYH DQ DFWLYHO\ VWDELOL]HG LQWHQVLW\ RI

W\SLFDOO\ ���P: FP�
} ��� ,VDW� 2QO\ DWRPV LQ WKH )  � VWDWH ZLOO VFDWWHU SKRWRQV IURP

WKLV SUREH EHDP� VR WKH GHWHFWHG qXRUHVFHQFH VLJQDO LV SURSRUWLRQDO WR WKH QXPEHU RI DWRPV

LQ WKLV VWDWH� )XUWKHUPRUH� VLQFH WKLV LV D FORVHG RSWLFDO WUDQVLWLRQ� WKH DWRPV ZLOO VWLOO EH

LQ WKH )  � VWDWH DIWHU WKH SXOVH _ DV ORQJ DV LW LV QRW WR ORQJ RU LQWHQVH�

Time after launch (ms)

611 612 613 614

4-5 detection

3-4 repumping

)LJXUH ���� 'HWHFWLRQ VHTXHQFH�

'XULQJ WKH ���zV WLPH LQWHUYDO EHWZHHQ GHWHFWLRQ SXOVHV WKH DWRPV DUH LOOXPLQDWHG E\

OLJKW UHVRQDQW ZLWK WKH �V� �� )  � � �S� �)
�  � WUDQVLWLRQ� 7KLV SXOVH� ZKLFK LV ���zV

ORQJ DQG KDV DQ LQWHQVLW\ RI | ���P: FP�� LV VXrFLHQW WR WUDQVIHU DOO WKH DWRPV RULJLQDOO\

LQ WKH )  � VWDWH WR WKH )  � VWDWH YLD RSWLFDO SXPSLQJ� 7KLV PHDQV WKDW DOO WKH DWRPV

DUH LQ WKH )  � VWDWH ZKHQ WKH VHFRQG GHWHFWLRQ SXOVH LV DSSOLHG� 'LYLVLRQ RI WKH WZR

GHWHFWLRQ VLJQDOV WKHUHIRUH \LHOGV WKH QRUPDOL]HG IUDFWLRQ RI DWRPV RULJLQDOO\ LQ WKH )  �

VWDWH�

7KH VLJQDO WR QRLVH UDWLR RI WKLV GHWHFWLRQ VFKHPH FDQ EH DV KLJK DV ������ 7KLV LV XVXDOO\
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QRW OLPLWHG E\ LQWHQVLW\ qXFWXDWLRQV RI WKH SUREH EHDP� ZKLFK LV DFWLYHO\ VWDELOL]HG� EXW E\

IUHTXHQF\ MLWWHU� ,W LV DOVR YHU\ LPSRUWDQW VHW WKH SUREH IUHTXHQF\ FRUUHFWO\� DOPRVW GLUHFWO\

RQ UHVRQDQFH� :KLOH WKH QRLVH LV UHODWLYHO\ LQVHQVLWLYH WR GHWXQLQJ WRZDUGV WKH UHG �RYHU D

IHZ 0+]�� LW LQFUHDVHV GUDPDWLFDOO\ IRU HYHQ VPDOO GHWXQLQJV WRZDUGV WKH EOXH �RYHU RQO\

��� N+]��

'HWDLOV

7KH qXRUHVFHQFH LV FDSWXUHG XVLQJ D ��LQFK GLDPHWHU� I � FRQGHQVHU OHQV �0HOOHV *ULRW

���&03����� WKDW LV PRXQWHG DW DSSUR[LPDWHO\ ��r WR WKH SUREH EHDP DQG FRYHUV D VROLG

DQJOH RI DERXW �} ���� 7KH DWRPLF FORXG LV pUVW LPDJHG ����� RQWR DQ DGMXVWDEOH� YHUWLFDO

VOLW DQG WKHQ ����� RQWR D 307 �+DPDPDWVX 5�������� $ ORQJ SDVV pOWHU LV PRXQWHG

LQ IURQW RI WKH 307 WR UHGXFH LWV VHQVLWLYLW\ WR URRP OLJKWV� 7KH RXWSXW VLJQDO RI WKH

307 _ ZKLFK LV RSHUDWHG DW ELDV YROWDJHV EHWZHHQ ��� DQG ���� 9ROW� GHSHQGLQJ RQ WKH

PHDVXUHPHQW _ LV pUVW DPSOLpHG E\ D FXUUHQW SUH^DPSOLpHU �.HLWKOH\ ���� DQG URXWHG WR

WZR JDWHG LQWHJUDWRUV WR FDSWXUH DQG VWRUH WKH VLJQDO GXH WR ERWK SUREH SXOVHV� 8OWLPDWHO\�

WKH RXWSXW RI WKH LQWHJUDWRUV LV GLJLWL]HG DQG UHDG LQWR D FRPSXWHU XVLQJ DQ ���ELW $�'

ERDUG �.HLWKOH\�0HWUDE\WH '$6�����

7KH KRUL]RQWDO SUREH EHDP LV UHWUR�UHqHFWHG WR PLQLPL]H WKH GHqHFWLRQ RI WKH DWRPLF

WUDMHFWRULHV E\ OLJKW VFDWWHULQJ IRUFHV� ,WV VL]H DQG SRVLWLRQ FDQ EH FRQWUROOHG E\ D YDULDEOH

FLUFXODU DSHUWXUH DQG DQ DGMXVWDEOH YHUWLFDO VOLW �VDPH W\SH DV LQ IURQW RI WKH 307�� 7KH

RSWLFDO UHSXPSLQJ EHDP� DFWXDOO\ WKH VDPH RQH XVHG IRU WKH 027� KDV D PXFK ODUJHU

GLDPHWHU �| � FP� DQG LOOXPLQDWHV WKH DWRPV IURP D GLoHUHQW GLUHFWLRQ� 7KH GLDPHWHU RI

WKH URXQG DSHUWXUH LQ WKH SUREH EHDP LV XVXDOO\ VHW WR ��� FP� H[FHSW GXULQJ WLPH�RI�qLJKW

WHPSHUDWXUH PHDVXUHPHQWV ZKHQ D SUREH EHDP PXFK VPDOOHU WKHQ WKH FORXG VL]H LV XVHIXO�

7KH | �� FP�� SKRWR�FDWKRGH RI WKH 307 FRYHUV DERXW WKH VDPH YHUWLFDO UDQJH� WDNLQJ LQWR

DFFRXQW WKH PDJQLpFDWLRQ RI WKH LPDJLQJ V\VWHP�

7KH VOLWV DUH XVHG WR VHOHFW RQO\ D QDUURZ YHUWLFDO FROXPQ RI WKH ODUJHU DWRPLF FORXG IRU

GHWHFWLRQ� 7KLV LPSURYHV WKH FRQWUDVW RI WKH LQWHUIHURPHWHU �VLQFH WKHVH DWRPV DUH DOZD\V

ZLWKLQ WKH FHQWUDO� XQLIRUP LQWHQVLW\ DUHD RI WKH 5DPDQ EHDPV� DQG LV DOVR XVHIXO ZKHQ

WUDFNLQJ GRZQ V\VWHPDWLF HUURUV GXH WR FRULROLV IRUFHV �6HF� ������� 8VXDOO\ ERWK VOLWV DUH

VHW WR D ZLGWK RI � PP� ZKLFK UHGXFHV WKH QXPEHU RI GHWHFWHG DWRPV E\ DQRWKHU IDFWRU RI

�� WR DSSUR[LPDWHO\ �d ����

7KH GHWHFWLRQ EHDP SDVVHV WKURXJK WKH FHVLXP VRXUFH FKDPEHU� UHVXOWLQJ LQ | ���
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DEVRUSWLRQ� +RZHYHU� VLQFH WKLV DEVRUSWLRQ LV HVVHQWLDOO\ FRQVWDQW LW XVXDOO\ GRHV QRW KDYH

DQ\ DGYHUVH HoHFWV� $ ELJJHU SUREOHP LV FDXVHG E\ WKH VWURQJ EDFNJURXQG qXRUHVFHQFH _

LW FDQ EH ELJJHU WKHQ VRPH RI WKH ZHDNHU VLJQDOV _ FDXVHG E\ WKHUPDO FHVLXP DWRPV LQ WKH

GHWHFWLRQ UHJLRQ� :H DFWXDOO\ SHUIRUP RXU GHWHFWLRQ LQ WKH UHJLRQ RI WKH PDLQ FKDPEHU ZLWK

WKH KLJKHVW FHVLXP GHQVLW\ VLPSO\ EHFDXVH RI WKH HDV\ RSWLFDO DFFHVV� 7KLV SUREDEO\ VKRXOG

EH FKDQJHG LQ WKH IXWXUH�

��� $GGLWLRQDO DWRPLF IRXQWDLQ GHWDLOV

����� &HVLXP VRXU FH

7KH FXUUHQW 027 GLoHUV IURP DQ HDUOLHU� RWKHUZLVH YHU\ VLPLODU YHUVLRQ >��@ LQ WKDW LW LV

QRW D SXUH YDSRU FHOO GHVLJQ� ,Q WKH VWDQGDUG YHUVLRQ� WKH 027 LV ORDGHG IURP D XQLIRUP

FHVLXP EDFNJURXQG YDSRU LQ HTXLOLEULXP ZLWK D FRROHG FHVLXP UHVHUYRLU� ,Q RXU YHUVLRQ� WKH

FHVLXP YDSRU SUHVVXUH LV QHLWKHU XQLIRUP QRU LQ HTXLOLEULXP ZLWK WKH FRROHG UHVHUYRLU _

UHVSRQVLEOH LV WKH DUUDQJHPHQW RI WKH V\VWHPV YDFXXP SXPS� FRPELQHG ZLWK LWV UHODWLYHO\

KLJK SXPSLQJ VSHHG�

)LJXUH ��� LOOXVWUDWHV WKH VLWXDWLRQ� &HVLXP DWRPV RULJLQDWLQJ IURP WKH VXSSO\ LQ WKH FROG

pQJHU pUVW IRUP D UHODWLYHO\ KLJK YDSRU SUHVVXUH �VWLOO ORZHU WKHQ WKH H[SHFWHG HTXLOLEULXP

YDSRU SUHVVXUH� LQ WKH VRXUFH FKDPEHU� 7KH\ WKHQ HQWHU WKH PDLQ FKDPEHU WKURXJK D �^

��� LQFK GLDPHWHU WXEH� HoHFWLYHO\ IRUPLQJ D ODUJH GLDPHWHU� KLJK GLYHUJHQFH DWRPLF EHDP�

$IWHU RQO\ D IHZ ERXQFHV WKHVH FHVLXP DWRPV DUH UHPRYHG IURP WKH V\VWHP E\ WKH YDFXXP

SXPS� ZLWKRXW FDXVLQJ D VLJQLpFDQW ULVH LQ WKH FHVLXP YDSRU SUHVVXUH LQ RWKHU SDUWV RI WKH

FKDPEHU� +RZHYHU� VLQFH WKH\ SDVV WKH FDSWXUH YROXPH RI WKH 027 DW OHDVW GXULQJ WKHLU

pUVW SDVV WKH\ FDQ VWLOO EH WUDSSHG�

7KH VWURQJHVW HYLGHQFH IRU WKLV PRGHO FRPHV IURP RSWLFDO WKLFNQHVV PHDVXUHPHQWV RI

WKH FHVLXP YDSRU� )RU D W\SLFDO FROG pQJHU WHPSHUDWXUH RI ��r& ����r&�] WKH HTXLOLEULXP

YDSRU SUHVVXUH >��@ VKRXOG EH | ���d��b� WRUU �| �d��b� WRUU�� +RZHYHU� RSWLFDO WKLFNQHVV

PHDVXUHPHQWV DORQJ D KRUL]RQWDO D[LV� JRLQJ WURXJK WKH VRXUFH DV ZHOO DV WKH PDLQ FKDPEHU�

LQGLFDWH DQ DYHUDJH YDSRU SUHVVXUH RI RQO\ | �d��b� WRUU� RU | �d��b� WRUU LI WKH FHVLXP LV

FRQpQHG WR WKH VPDOOHU VRXUFH FKDPEHU RQO\� $ VLPLODU PHDVXUHPHQW DORQJ WKH YHUWLFDO D[LV

RI WKH PDLQ FKDPEHU HYHQ LQGLFDWH DQ DYHUDJH FHVLXP SDUWLDO SUHVVXUH RI OHVV WKHQ ��b�� WRUU�

] 7 KH QXPEH UV LQ SD UH QWKH VLV D UH WKH QH Z R SH UD WLQJ SD UD PH WH UV D IWH U WKH � � O� V WXUER SXPS Z D V UH SOD F H G

E\ WKH � � O� V LR Q SXPS
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Thin wall (0.25 mm)
stainless steel 

Styrofoam

Heatshrink tubing

Cylindrical copper clamp
(removed for cesium transfer)

cesium

copper baseplate

two-stage thermoelectric cooler

water cooled copper heat-sink

cooled cesium
reservoir

Ion pump

Gate valve

windows

MOT

window

window

window

~ 90 cm

~ 60 cm

vertical axis (Raman beams)
average cesium vapor pressure

< 10-10 torr

horizontal axis
(detection beam)
average cesium
 vapor pressure

~ 7 x10-9 torr

cesium "beam"

Atom interferometer
measurement region

)LJXUH ���� &HVLXP VRXUFH�

����� 7 U DSSLQJ PDJQHW

7KH TXDGUXSROH WUDSSLQJ pHOG LV SURGXFHG E\ WZR FRLOV LQ DQWL �+HOPKROW]� FRQpJXUDWLRQ�

ZRXQG GLUHFWO\ RQ WKH RXWVLGH RI WKH YDFXXP FKDPEHU� 7KH FRLOV KDYH D GLDPHWHU RI | �� FP

DQG DUH VSDFHG| �� FP DSDUW� 1RWH WKDW WKLV LV IDU IURP WKH?FRUUHFW� DQWL +HOPKROW] VSDFLQJ

RI � FP� ZKLFK PDNHV WKLV FRQpJXUDWLRQ YHU\ LQHrFLHQW� ,Q WKLV OLPLW WKH FXUUHQW QHFHVVDU\

WR DFKLHYH D VSHFLpF pHOG JUDGLHQW DW WKH FHQWHU RI WKH DVVHPEO\ LQFUHDVHV DV WKH �WK SRZHU

RI WKH FRLO VSDFLQJ _ DQG WKH GLVVLSDWHG SRZHU DV WKH �WK SRZHU� 7KH FRLOV WKHUHIRUH KDYH

WR EH ZDWHU FRROHG� 7KH\ DUH PDGH XVLQJ �� WXUQV RI ���^LQFK GLDPHWHU FRSSHU WXELQJ �|

����^LQFK GLDPHWHU ZDWHU FKDQQHO� ZKLFK KDV EHHQ LVRODWHG XVLQJ KLJK WHPSHUDWXUH �VR WKH\

FDQ VXUYLYH D YDFXXP FKDPEHU EDNH RXW�� 7HqRQ KHDW VKULQN WXELQJ�

7KH FRLOV SURGXFH D JUDGLHQW RI ����*DXVV FP IRU D GULYH FXUUHQW RI RQH DPSHUH� 7KH

ZDWHU FRROLQJ LV VXrFLHQW WR DOORZ FXUUHQWV XS WR ���$� EXW WKH 027 LV XVXDOO\ RSHUDWHG
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DW ��$ DQG D JUDGLHQW RI �*DXVV FP� 7KH FXUUHQW LV VXSSOLHG E\ D ���$ � ��9 SRZHU

VXSSO\ �+3 ����E� RSHUDWHG LQ YROWDJH FRQWURO PRGH� ,W FDQ EH VZLWFKHG Ro LQ OHVV WKHQ

�PV XVLQJ D SDUDOOHO SDLU RI 026)(7 3RZHU WUDQVLVWRUV �0RWRUROD 070��� LQ VHULHV ZLWK

WKH VXSSO\� $Q 5& pOWHU LQ WKH FRQWURO OLQH VORZV GRZQ VZLWFKLQJ SURFHVV LQ RUGHU WR SUHYHQW

WKH LQGXFWLYH VSLNH IURP GULYLQJ WKH WUDQVLVWRUV LQWR DYDODQFKH PRGH� 7KH VZLWFKLQJ WLPH RI

WKH FLUFXLW LV IDVW HQRXJK WR LQVXUH WKDW LW GRHVQ
W GRPLQDWH WKH GHFD\ WLPH RI WKH PDJQHWLF

pHOG� ZKLFK LV WKHQ PRVWO\ GHWHUPLQHG E\ HGG\ FXUUHQWV LQ WKH YDFXXP FKDPEHU�

7R SURGXFH D ZHOO GHpQHG 027 LW LV LPSRUWDQW WKDW WKH TXDGUXSROH pHOG RI WKH WUDSSLQJ

FRLOV LV QRW GLVWXUEHG� 2ULJLQDOO\ WKH PDJQHWLF VKLHOGLQJ DVVHPEO\ IRU WKH DWRPLF IRXQWDLQ

ZDV WR FORVH WRR WKH 027 � UHVXOWLQJ LQ D VHYHUHO\ GHIRUPHG WUDS� VKLIWHG E\ DV PXFK DV � FP�

5DLVLQJ WKH VKLHOG E\ DQRWKHU | �� FP VROYHG WKLV SUREOHP� 0RXQWLQJ WKH XQVKLHOGHG LRQ

SXPS GLUHFWO\ WR WKH PDLQ YDFXXP FKDPEHU LV DOVR SUREOHPDWLF� LW SURGXFHV pHOG JUDGLHQWV

XS WR �*DXVV FP DW WKH ORFDWLRQ RI WKH WUDS� EXW VR IDU WKLV HoHFW KDSSHQV WR EH MXVW EDUHO\

WROHUDEOH�

,Q DGGLWLRQ WR WKH WUDSSLQJ FRLOV WKH VHWXS LQFOXGHV WKUHH DGGLWLRQDO FRLO SDLUV WR FRP�

SHQVDWH (DUWK
V PDJQHWLF pHOG DQG� IRU VKRUW SHULRGV� SURYLGH D ELDV pHOG IRU PDJQHWLF VWDWH

VHOHFWLRQ� 7KH V\VWHP ZDV RULJLQDOO\ GHVLJQHG WR XVH D qX[ JDWH PDJQHWRPHWHU DQG DFWLYH

IHHGEDFN WR GHDO ZLWK WKH HoHFWV RI D FU\RJHQLF� �� 7HVOD PDJQHW ORFDWHG LQ D QHDUE\ ODERUD�

WRU\� RQO\ | �P IURP RXU VHWXS� DQG DEOH WR SURGXFH pHOGV RI XS WR ���P* DW WKH ORFDWLRQ

RI WKH WUDS� +RZHYHU� LQ WKH HQG LW WXUQHG RXW WR EH HDVLHU WR FRRUGLQDWH WKH VFKHGXOHV RI

ERWK H[SHULPHQWV�

����� /DVHU V\VWHP DQG RSWLFV

7L�6DSSKLUH ODVHU

)LJXUH ��� VKRZV WKH ODVHU V\VWHP IRU WKH DWRPLF IRXQWDLQ DQG WKH VWDWH VHQVLWLYH GHWHFWLRQ�

$Q $UJRQ�,RQ ODVHU �&RKHUHQW ,QQRYD ��� RU ,QQRYD ���� SXPSHG 7L�VDSSKLUH ULQJ ODVHU

�&RKHUHQW ������� SURYLGHV DOO WKH OLJKW QHDU WKH �V� �� )  � � �S� �� )  " WUDQVLWLRQV

RI WKH FHVLXP '� OLQH DW | ��� QP� 7KLV LQFOXGHV EHDPV IRU WUDSSLQJ� RSWLFDO SXPSLQJ�

GHWHFWLRQ DQG VWDWH VHOHFWLYH EORZ�DZD\� 7KH VLQJOH IUHTXHQF\� LQIUDUHG RXWSXW SRZHU RI WKH

7L�VDSSKLUH ODVHU LV W\SLFDOO\ ��� � ��� :DWWV IRU �� :DWWV RI PXOWL�OLQH�YLVLEOH SXPS SRZHU�

%HFDXVH RI FRQFHUQV DERXW YLEUDWLRQV� WKH 7L�6DSSKLUH DQG $UJRQ�,RQ ODVHU DUH LQVWDOOHG

RQ D VHSDUDWH WDEOH� 7KH OLJKW LV WKH WUDQVIHUHG WR WKH PDLQ RSWLFDO WDEOH XVLQJ D � P ORQJ
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VLQJOH�PRGH� SRODUL]DWLRQ SUHVHUYLQJ RSWLFDO pEHU ZLWK SUH�LQVWDOOHG FROOLPDWLRQ OHQVHV �2]�

RSWLFV /36&��������������3�����������'(*�������� %\ XVLQJ D WHOHVFRSH IRU SURSHU PRGH

PDWFKLQJ ZH DUH DEOH WR DFKLHYH D YHU\ KLJK FRXSOLQJ HrFLHQF\ DQG GHOLYHU �� � RI WKH ODVHU

RXWSXW SRZHU WR WKH RSWLFDO WDEOH�

8VLQJ WKH RSWLFDO pEHU DOVR FRPHV ZLWK WKH HQRUPRXV EHQHpW RI GHFRXSOLQJ PRVW RI WKH

VHWXS IURP SRLQWLQJ qXFWXDWLRQV RI WKH ODVHU� 7KLV PHDQV WKDW PRVW RI WKH RSWLFV DIWHU WKH

pEHU� LI SURSHUO\ PRXQWHG� QHYHU KDYH WR EH UHDOLJQHG� 7KLV SURSHUW\ DORQH� GHVSLWH WKH

VPDOO SRZHU ORVV� ZRXOG SUREDEO\ MXVWLI\ WKH XVH RI WKH pEHU� HYHQ LI WKH 7L�6DSSKLUH ODVHU

ZHUH ORFDWHG RQ WKH RSWLFDO WDEOH LWVHOI� 7KH DUUDQJHPHQW LV DOVR H[WUHPHO\ VWDEOH DQG QHHGV

YHU\ OLWWOH UHDOLJQPHQW HYHQ DW WKH LQSXW VLGH� )RU GDLO\ RSHUDWLRQ RQO\ WKH LQSXW WHOHVFRSH

PLUURUV� WKH ELUHIULQJHQW pOWHU DQG WKH WKLQ�HWDORQ QHHG WR EH DGMXVWHG _ ZLWK QR QHHG WR

WRXFK XS WKH pEHU FRXSOLQJ� 0DMRU UHDOLJQPHQWV DUH RQO\ QHFHVVDU\ RQFH HYHU\ IHZ PRQWKV�

PRVWO\ DIWHU FOHDQLQJ WKH LQWUD�FDYLW\ RSWLFV RI WKH 7L�6DSSKLUH ODVHU�

)0 VDWXUDWLRQ VSHFWURVFRS\ ORFN

7KH ODVHU IUHTXHQF\ LV VWDELOL]HG UHODWLYH WR WKH )  � � ) �  �� )  � � ) �  �

FURVVRYHU OLQH XVLQJ D VWDQGDUG )0 VDWXUDWLRQ VSHFWURVFRS\ ORFN >��@� $ GRXEOH�SDVV $20

LQ WKH VDWXUDWLRQ EHDP RI WKH ORFN SURYLGHV D WXQDEOH RoVHW ZKLFK LV XVXDOO\ VHW DW �� 0+]

WR SODFH WKH ODVHU RXWSXW IUHTXHQF\ �� 0+] EHORZ WKH )  � � ) �  � WUDQVLWLRQ �)LJ�

����� 6RPH IHDWXUHV RI WKLV ORFN WKDW DUH ZRUWK SRLQWLQJ RXW� �D� 1R FKRSSLQJ RI WKH

VDWXUDWLRQ EHDP LV XVHG WR HOLPLQDWH D SRVVLEOH 'RSSOHU EDFNJURXQG� ,QVWHDG� ZH pQG WKDW

WKLV EDFNJURXQG LV DOUHDG\ ORZ LQ WKH QHLJKERUKRRG RI WKH ��� FURVVRYHU UHVRQDQFH DQG FDQ

EH PDGH WR YDQLVK DOPRVW FRPSOHWHO\ E\ VOLJKWO\ DGMXVWLQJ WKH SUREH EHDP SRODUL]DWLRQ� �E�

7KH ORFN KDV D UHODWLYHO\ KLJK EDQGZLGWK RI | ��N+]� 7R DFKLHYH WKLV D VHFRQG� IDVW FRQWURO

SDWK LV LPSOHPHQWHG E\ DGGLQJ D YROWDJH WR WKH RXWSXW RI 7L�6DSSKLUH ODVHUV LQWHUQDO FDYLW\

ORFN SKRWRGLRGH� �F� 7KH ORFN KDV D KROG IHDWXUH ZKLFK LV XVHG WR LQFUHDVH WKH PRODVVHV

GHWXQLQJ GXULQJ WKH pQDO VWDJHV RI WKH IRXQWDLQ ODXQFK� 7KH ORFN UHFHLYHV D KROG FRPPDQG�

6LPXOWDQHRXVO\� DQ DGGLWLRQDO IHHG�IRUZDUG YROWDJH LV DGGHG WR WKH IDVW FRQWURO RXWSXW �VHH

DERYH�� 7KLV GHFUHDVHV WKH ODVHU RXWSXW IUHTXHQF\ E\ | ��0+]� 7KH KROG FRPPDQG

LV UHPRYHG DIWHU D IHZ PLOOLVHFRQGV� RQFH WKH ODXQFK LV FRPSOHWH� DQG WKH ORFN UHFRYHUV

ZLWKRXW SUREOHPV�
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Ti:Saph

To FM lock

(+ 2 x 89 MHz)

 (+40 MHz)

Upward  Propagating MOT 

Downward Propagating MOT 

AOM 

 +40 MHz for trapping
 +36 MHz for launching

(-120 MHz)

AOM AOM 

( )

Intensity control
photodiode

AOM 

3-2 Blow Away

(- 2 x 126 MHz)

DBR
Laser

Reference for Raman Beams

To Fast Dither Lock

3-4 Repump
(+110 MHz)AOM AOM 

)LJXUH ���� 6FKHPDWLF RI ODVHU V\VWHP� $OO ODVHU EHDPV �WUDSSLQJ� GHWHFWLRQ� �^� EORZ�

DZD\� FORVH WR �6� �� )  � � �3� �� )
�  " WUDQVLWLRQV �VHH )LJ� ��� IRU HQHUJ\ OHYHO

GLDJUDP� RI WKH FHVLXP '� OLQH DW | ��� QP DUH GHULYHG IURP D 7L�VDSSKLUH ODVHU� $OO ODVHU

EHDPV �UHSXPSLQJ� �^� EORZ�DZD\� 5DPDQ IUHTXHQF\ UHIHUHQFH� FORVH WR �6� �� )  � �

�3� �� )
�  " WUDQVLWLRQV DUH GHULYHG IURP D GLVWULEXWHG^%UDJJ^5HqHFWRU �'%5� GLRGH ODVHU�
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251.00 (2)

9 192.631 770
(by defn)

6P3/2

6S1/2

F=4

F=3

F'=4

F'=5

F'=3

F'=2

4/5 crossover
67

40

2x89 120

110 110

fMar(1040)

125.5

fAOM(80)

fFIX(80)

2x126

201.24 (2)

151.00 (2)

)LJXUH ���� $WRPLF HQHUJ\ OHYHOV DQG ODVHU IUHTXHQFLHV� $OO ODVHU IUHTXHQFLHV DUH UHIHUHQFHG

HLWKHU WR WKH )  � � ) �  �  ) �  � ?FURVVRYHU� UHVRQDQFH RU WKH )  � � ) �  �

UHVRQDQFH� 1XPHULFDO YDOXHV DUH LQ 0+]�
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RF 2

RF 1

RF OUT

TTL
40 MHz

fixed
ZFSC-2-2

power
splitter

ZFM-2
Mixer

ZFL
500-HLN

RF amplifier
50 Ω

RF 4

RF 3

RF OUT

TTL1

RF 2

RF 1
TTL2

36 MHz
adjustable

50 Ω

50 Ω

ZSDR -425
PIN diode
RF switch

ZSDR-230
PIN diode
RF switch

2 kΩ

comp

comp

2 kΩ

comp

IN OUT

CTRL

ZFSW-2-46
GaAs RF-"switch"

(use only one channel)

IN OUT

CTRL

ZFSW-2-46
GaAs RF-"switch"

(use only one channel)

comp

comp

compcomp

ZFM-2
Mixer

ZHL-3A
RF amplifier

ZFL
500-HLN

RF amplifier

ZHL-3A
RF amplifier

AOM 1

AOM 2

AOM 1 : upward propagating beams

AOM 2: downward propagating beams

)LJXUH ����� &LUFXLWU\ IRU FRQWUROOLQJ ODXQFK IUHTXHQFLHV� 7KH *D$V 5)^?VZLWFKHV� DUH XVHG

DV YDULDEOH DWWHQXDWRUV� &RPSDUHG WR GRXEOH EDODQFHG PL[HUV WKH\ KDYH WKH DGYDQWDJH WKDW

WKH DWWHQXDWLRQ GRHV QRW GHSHQG RQ WKH 5) LQSXW SRZHU� ZKLFK LV LPSRUWDQW IRU WKLV FLUFXLW�

7UDSSLQJ EHDPV

7KHUH DUH WZR VHWV RI WUDSSLQJ EHDPV �� XSSHU EHDPV� � ORZHU EHDPV�� HDFK GHULYHG IURP

D VLQJOH SUHFXUVRU EHDP FRQWDLQLQJ DERXW ��� RI WKH WRWDO 7L�VDSSKLUH ODVHU SRZHU DIWHU

WKH pEHU� %RWK EHDPV FDQ EH FRQWUROOHG XVLQJ VLQJOH�SDVV $20
V� :KLOH WKH $20 IRU WKH

ORZHU EHDPV DOZD\V RSHUDWHV DW D p[HG IUHTXHQF\ RI ��0+]� WKH IUHTXHQF\ RI WKH RWKHU RQH

FDQ EH WXQHG WR JHQHUDWH WKH PRYLQJ PRODVVHV GXULQJ WKH IRXQWDLQ ODXQFK �VHH )LJ� ���� IRU

FRQWURO FLUFXLW�� 7KH $20V DUH EDFNHG E\ D SDLU RI PHFKDQLFDO VKXWWHUV �QP /67 ��� WR

SUHYHQW HYHQWXDO OHDNDJH OLJKW IURP GLVWXUELQJ WKH LQWHUIHURPHWHU PHDVXUHPHQW� (DFK EHDP

LV WKHQ H[SDQGHG E\ D IDFWRU RI �� XVLQJ D VSDWLDOO\ pOWHUHG WHOHVFRSH� EHIRUH EHLQJ VSOLW LQWR

WKUHH HTXDO LQWHQVLW\ FRPSRQHQWV E\ SODWH EHDP VSOLWWHUV� (DFK RI WKH FRPSRQHQWV LV WKH

FRQYHUWHG WR FLUFXODU SRODUL]DWLRQ E\ y � ZDYH SODWHV DQG H[SDQGHG E\ DQRWKHU IDFWRU RI ��

XVLQJ LQGHSHQGHQW WHOHVFRSHV� )LQDOO\ WKH EHDPV DUH URXWHG WR WKH 027 XVLQJ ODUJH JROG

FRDWHG PLUURUV WR SUHVHUYH WKHLU FLUFXODU SRODUL]DWLRQ�
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'HWHFWLRQ DQG EORZ^DZD\ EHDPV

7KH GHWHFWLRQ DQG EORZ�DZD\ EHDPV DUH GHULYHG IURP WKH VDPH VRXUFH� $ VPDOO IUDFWLRQ

RI WKH 7L�6DSSKLUH OLJKW LV VSOLW Ro DQG IUHTXHQF\ VKLIWHG D pUVW WLPH E\ D GRXEOH^SDVV

$20 RSHUDWLQJ DURXQG �� 0+]� 7KLV IUHTXHQF\ FDQ EH WXQHG WR SXW WKH GHWHFWLRQ EHDP

H[DFWO\ RQ UHVRQDQFH ZLWK WKH )  �� ) �  � WUDQVLWLRQ� ,W WKHQ SDVVHV WKURXJK DQRWKHU

$20� RSHUDWLQJ DW D p[HG IUHTXHQF\ RI ��� 0+] DQG XVHG WR VZLWFK WKH OLJKW� DV ZHOO DV

DFWLYHO\ VWDELOL]H LWV LQWHQVLW\� 7R SHUIRUP WKH ODWWHU WDVN� D VPDOO IUDFWLRQ RI WKH �VW RUGHU

OLJKW LV GHWHFWHG E\ D SKRWR GLRGH DQG KHOG FRQVWDQW E\ D 3,' IHHGEDFN FLUFXLW �| ���N+]

EDQGZLGWK� FRQWUROOLQJ WKH 5)�SRZHU GULYLQJ WKH $20� 7KH IHHGEDFN LV RQO\ XVHG GXULQJ

GHWHFWLRQ� ZKLOH IRU D EORZ�DZD\ SXOVH WKH LQWHQVLW\ LV VLPSO\ VHW WR PD[LPXP�

7KH EHDP LV WKHQ VSDWLDOO\ pOWHUHG DQG VSOLW LQWR WZR FRPSRQHQWV� RQH IRU WKH GHWHFWLRQ

DQG RQH IRU WKH EORZ�DZD\ EHDP� %RWK EHDPV ZRXOG DOZD\V EH RQ DW WKH VDPH WLPH� EXW

WZR PHFKDQLFDO VKXWWHUV �8QLEOLW] /6��� VHOHFW RQH DW D WLPH� 7KH GHWHFWLRQ EHDP LV WKHQ

H[SDQGHG� PDGH FLUFXODU SRODUL]HG E\ SDVVLQJ WKURXJK D SRODUL]HU IROORZHG E\ D y � ZDYH

SODWH DQG DSHUWXUHG EHIRUH LW HQWHUV WKH YDFXXP FKDPEHU KRUL]RQWDOO\ �VHH DERYH�� 7KH

EORZ�DZD\ EHDP LV URXWHG WR WKH WRS ZLQGRZ RI WKH YDFXXP FKDPEHU� ZKHUH LW LV IRFXVHG RQ

D VPDOO SLFN�Ro PLUURU �DOPRVW FOLSSLQJ WKH 5DPDQ EHDPV� ZKLFK WKHQ UHqHFWV WKH H[SDQGLQJ

EHDP GRZQ WKURXJK WKH FHQWHU RI WKH PDJQHWLF VKLHOG�

2SWLFDO SXPSLQJ EHDP

$QRWKHU VPDOO IUDFWLRQ RI WKH 7L�VDSSKLUH SRZHU LV XVHG WR SURYLGH OLJKW RQ UHVRQDQFH ZLWK

WKH )  �� ) �  � WUDQVLWLRQ� ZKLFK FDQ EH XVHG WR RSWLFDOO\ SXPS DWRPV LQWR WKH )  �

K\SHUpQH VWDWH �VHH IRU H[DPSOH 6HF� ������� 7KLV EHDP SDVVHV WKURXJK D GRXEOH SDVV $20�

RSHUDWHG DW �� 0+]� ZKLFK FDQ SXOVH WKH OLJKW RQ RU Ro DQG DOVR VKLIWV LWV IUHTXHQF\ RQWR

UHVRQDQFH� 7KLV $20 LV DOVR EDFNHG E\ D PHFKDQLFDO VKXWWHU�

'%5 GLRGH ODVHU

$ 'LVWULEXWHG�%UDJJ�5HqHFWRU �'%5� GLRGH ODVHU SURYLGHV DOO WKH OLJKW QHDU WKH �V� �� )  

� � �S� �� )  " WUDQVLWLRQV� 7KLV LQFOXGHV WKH UHSXPSLQJ OLJKW DSSOLHG ZKLOH ORDGLQJ WKH

027 DQG GXULQJ GHWHFWLRQ� DV ZHOO DV RQH RI EORZ�DZD\ EHDPV XVHG GXULQJ SUHVHOHFWLRQ�

$GGLWLRQDOO\� WKH DEVROXWH IUHTXHQFLHV RI WKH 5DPDQ ODVHUV DUH DOVR UHIHUHQFHG WR WKH '%5

ODVHU E\ PHDQV RI D IUHTXHQF\ RoVHW ORFN�
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7KH '%5 ODVHU �6'/������+�� FDQ SURYLGH XS WR ���P: RI VWDEOH� VLQJOH IUHTXHQF\

RXWSXW SRZHU �ZH XVXDOO\ RSHUDWH DW ��P:�� ,W LV ZHOO EHKDYHG DQG HDVLO\ DQG FRQWLQXRXVO\

WXQDEOH RYHU D ODUJH IUHTXHQF\ UDQJH RI VHYHUDO QP� VLPSO\ E\ DGMXVWLQJ FXUUHQW DQG WHP�

SHUDWXUH� 7KLV FRQYHQLHQFH FRPHV DW WKH SULFH RI D VXEVWDQWLDOO\ ODUJHU OLQHZLGWK �PHDVXUHG

DV | �0+] XVLQJ D KHWHURG\QH PHWKRG� FRPSDUHG ZLWK DQ H[WHUQDO FDYLW\ GLRGH ODVHU� ,W

LV DOVR YHU\ VHQVLWLYH WR RSWLFDO IHHGEDFN� UHTXLULQJ DQ RSWLFDO LVRODWRU LQ IURQW RI WKH ODVHU

ZKLFK DOVR KDV WR EH PRXQWHG YHU\ VWDEO\ WR SUHYHQW VPDOO UHqHFWLRQV IURP LWV IURQW ZLQGRZ

WR GLVWXUE WKH ODVHU� :KLOH WKH RXWSXW EHDP LV VOLJKWO\ HOOLSWLFDO DQG DVWLJPDWLF� ZH IRXQG

LW XQQHFHVVDU\ WR FRUUHFW WKHVH IRU RXU SXUSRVHV�

)DVW GLWKHU VDWXUDWLRQ VSHFWURVFRS\ ORFN

7KH '%5 ODVHU LV ORFNHG UHODWLYH WR WKH )  �� )
�  � OLQH XVLQJ VDWXUDWLRQ VSHFWURVFRS\

DQG D IDVW GLWKHU ORFN� $JDLQ D GRXEOH SDVV $20 LQ WKH VDWXUDWLRQ EHDP SURYLGHV D WXQDEOH

RoVHW� EXW LQ WKLV ORFNLQJ VFKHPH LW DOVR GRHV GRXEOH E\ SURYLGLQJ WKH IUHTXHQF\ GLWKHU IRU

WKH ORFN� 7KLV $20 LV GULYHQ E\ WKH IUHTXHQF\ TXDGUXSOHG DQG DPSOLpHG RXWSXW RI DQ ''6

V\QWKHVL]HU �656 '6����� ZKLFK DOVR SURYLGHV WKH IUHTXHQF\ GLWKHU �h�0+] IUHTXHQF\ VSDQ

DIWHU TXDGUXSOLQJ� �� N+] PRGXODWLRQ IUHTXHQF\�� $ ORFN�LQ DPSOLpHU �656 ���� LV WKH XVHG

WR H[WUDFW WKH ORFN HUURU VLJQDO� 7KH $20 FHQWHU IUHTXHQF\ LV XVXDOO\ VHW DW ���0+]�

SODFLQJ WKH IUHTXHQF\ RI WKH '%5 ODVHU WKLV IDU EHORZ WKH )  �� )
�  � WUDQVLWLRQ�

7KH DGYDQWDJHV RI PRGXODWLQJ RQO\ WKH VDWXUDWLRQ EHDP� FRPSDUHG ZLWK WKH VWDQGDUG

SUDFWLFH RI VLPSO\ PRGXODWLQJ WKH ODVHU LWVHOI� DUH WZRIROG� )LUVW� WKHUH ZLOO EH QR PRG�

XODWLRQ VLGHEDQGV RQ WKH PDLQ ODVHU EHDP� $GGLWLRQDOO\� WKLV PHWKRG LV LQWULQVLFDOO\ IUHH

RI WKH 'RSSOHU EURDGHQHG EDFNJURXQG WKDW LV XVXDOO\ DVVRFLDWHG ZLWK D PRGXODWHG SUREH

EHDP� 2QH SRVVLEOH SUREOHP ZLWK WKLV W\SH RI ORFN LV LWV VHQVLWLYLW\ WR WKH DOLJQPHQW RI WKH

GRXEOH SDVV $20� $Q\ DPSOLWXGH PRGXODWLRQ RU VOLJKW EHDP PRYHPHQW DVVRFLDWHG ZLWK WKH

GLWKHULQJ ZLOO JHQHUDOO\ UHVXOW LQ VKLIW RI WKH ORFN�SRLQW� %\ GRLQJ VSHFWURVFRS\ RQ WKH FROG

DWRPV LQ WKH IRXQWDLQ� ZH DFWXDOO\ pQG WKDW WKH ORFN IUHTXHQF\ LV XVXDOO\ RoVHW E\ | �0+]

IURP LWV SURSHU YDOXH� DQG WKDW WKLV RoVHW PD\ GULIW DURXQG E\ D IHZ KXQGUHG N+]�

5HSXPSLQJ EHDP

0RVW RI WKH '%5 OLJKW LV XVHG IRU UHSXPSLQJ� $ VLQJOH SDVV $20 RSHUDWLQJ DW ���0+] LV

XVHG WR FRQWURO WKH UHSXPSLQJ EHDP LQWHQVLW\� ,W DOVR XS�VKLIWV WKH OLJKW
V IUHTXHQF\ EDFN

LQWR UHVRQDQFH ZLWK WKH )  �� )
�  � WUDQVLWLRQ� 7KH UHSXPSLQJ EHDP LV WKHQ VSDWLDOO\
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pOWHUHG DQG QHDUO\ RYHUODSSHG ZLWK RQH RI WKH WUDSSLQJ EHDPV� 7KLV LV GRQH E\ IRFXVLQJ

LW RQWR D SLFN�XS PLUURU ZKLFK LV SODFHG FORVH WR WKH IRFXV RI WKH WUDSSLQJ EHDP
V pQDO

H[SDQVLRQ WHOHVFRSH�

%ORZ^DZD\ EHDP

7KH PDLQ '%5 EHDP LV DOVR XVHG WR JHQHUDWH D EORZ^DZD\ EHDP LQ UHVRQDQFH ZLWK WKH

FORVHG )  � � )
�  � WUDQVLWLRQ� ,Q WKDW FDVH WKH EHDP LV VZLWFKHG DQG GRZQ�VKLIWHG

LQ IUHTXHQF\ XVLQJ D GRXEOH SDVV $20 RSHUDWLQJ DW ���0+]� ,W LV WKHQ VSDWLDOO\ pOWHUHG�

URXWHG WR WKH YDFXXP FKDPEHU DQG LV XVHG WR LOOXPLQDWH WKH DWRPV IURP WKH VLGH� WKURXJK

RQH RI WKH ODUJH ZLQGRZV�

&RQWUROOLQJ VWUD\ OLJKW

7KH DWRP LQWHUIHURPHWHU PHDVXUHPHQW LV YHU\ VHQVLWLYH WR VWUD\ OLJKW FORVH WR UHVRQDQFH�

)RU WKDW UHDVRQ� D ODUJH SRUWLRQ RI WKH ODVHU V\VWHP LV VXUURXQGHG E\ ER[HV PDGH IURP

EODFN FDUGERDUG� ZLWK RQO\ D IHZ� VPDOO KROHV IRU WKH ODVHU EHDPV� 7R GHFUHDVH WKH OHDNDJH

OLJKW WKURXJK WKH VZLWFKLQJ $20
V� WKH\ DUH XVXDOO\ FRPELQHG ZLWK VSDWLDO pOWHUV DQG 5)�

VZLWFKHV WR WXUQ Ro WKH GULYH SRZHU FRPSOHWHO\� 7KLV UHVXOWV LQ OHDNDJH OLJKW OHYHOV ZKLFK

DUH W\SLFDOO\ OHVV WKHQ ��b� WLPHV RI WKH LQSXW SRZHU� 6LQFH WKLV PLJKW VWLOO EH WRR PXFK�

DOO WKH $20
V DUH DGGLWLRQDOO\ EDFNHG E\ PHFKDQLFDO VKXWWHUV�

����� 0 LFU RZDYH SXOVHV

7KH PLFURZDYHV XVHG GXULQJ WKH SUHVHOHFWLRQ SURFHVV DUH LQWURGXFHG LQWR WKH V\VWHP XVLQJ

D PLFURZDYH KRUQ PRXQWHG LQ IURQW RI RQH RI WKH �^��� LQFK YLHZSRUWV� 7KH\ DUH JHQHUDWHG

E\ PL[LQJ WKH IUHTXHQF\ GRXEOHG RXWSXW RI PLFURZDYH V\QWKHVL]HU �*LJDWURQLFV ���� ZLWK D

ORZHU IUHTXHQF\ JHQHUDWHG E\ D ''6 V\QWKHVL]HU �+3 ����� $�� %RWK V\QWKHVL]HU DUH SKDVH

ORFNHG WR D ��0+] /RUDQ�& UHIHUHQFH VLJQDO� %HIRUH JRLQJ WR WKH PLFURZDYH KRUQ� WKH VLJQDO

LV DPSOLpHG WR | ���P: E\ D KLJK JDLQ PLFURZDYH DPSOLpHU �-&$ ����� :KLOH WKH SXOVHV

DUH SULPDULO\ FRQWUROOHG XVLQJ *D$V 5)�VZLWFKHV DW WKH RXWSXW RI WKH ''6 V\QWKHVL]HU�

WKLV LV QRW VXrFLHQW WR SUHYHQW LQWHUIHUHQFH ZLWK WKH LQWHUIHURPHWHU PHDVXUHPHQWV� :H

WKHUHIRUH DOVR JDWH WKH VXSSO\ YROWDJH IRU WKH PLFURZDYH DPSOLpHU� DFKLHYLQJ VXUSULVLQJO\

IDVW VZLWFKLQJ WLPHV RI RQO\ D IHZ zV�
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����� &RPSXWHU FRQWU RO DQG WLPLQJ

7KLV SXOVHG H[SHULPHQW LQYROYHV D UDWKHU FRPSOH[ VHTXHQFHV RI HYHQWV DQG WKHUHIRUH UHTXLUHV

D VRSKLVWLFDWHG FRQWURO V\VWHP� FRQVLVWLQJ RI WZR FRPSXWHUV LQ FRPELQDWLRQ ZLWK VHYHUDO

SXOVH JHQHUDWRUV DQG DUELWUDU\ ZDYHIRUP V\QWKHVL]HUV�

'DWD DFTXLVLWLRQ FRPSXWHU

2QH RI WKH FRPSXWHUV �,%0 FRPSDWLEOH� �� 0+] ���� '26 ���� LV UHVSRQVLEOH IRU GDWD

DFTXLVLWLRQ DQG FRQWUROV PRVW DVSHFWV RI WKH H[SHULPHQW� ,W LV pWWHG ZLWK D *%,% ERDUG

�.HLWKOH\ 0HWUDE\WH .0�����''� DQG DQ 0XOWL IXQFWLRQ ,�2 ERDUG �.HLWKOH\ 0HWUDE\WH

'$6����� 7KH *%,3 ERDUG LV XVHG WR LQLWLDOL]H WKH PDQ\ GLoHUHQW GHYLFHV �V\QWKHVL]HUV�

SXOVH JHQHUDWRUV� RVFLOORVFRSHV� QHFHVVDU\ WR UXQ WKH H[SHULPHQW DQG WKHQ WR VFDQ VHYHUDO

SDUDPHWHUV �IUHTXHQFLHV� SXOVH WLPHV� GXULQJ GDWD DFTXLVLWLRQ� 6HYHUDO GLJLWDO OLQHV RI WKH

PXOWL IXQFWLRQ ,�2 ERDUG DUH XVHV IRU WLPLQJ DQG V\QFKURQL]DWLRQ SXUSRVHV EXW LWV PDLQ

IXQFWLRQ LV WR GLJLWL]H WKH DWRPLF qXRUHVFHQFH VLJQDO GXULQJ GHWHFWLRQ� 7KH VRIWZDUH FRQ�

WUROOLQJ WKH H[SHULPHQW LV ZULWWHQ LQ 0LFURVRIW 4XLFN%DVLF� ZKLOH VRPH RI WKH GDWD DQDO\VLV

SURJUDPV DUH LPSOHPHQWHG LQ )RUWUDQ DQG XVH OHDVW�VTXDUHV pW URXWLQHV IURP WKH ,06/

QXPHULFDO OLEUDU\�

7LPLQJ FRPSXWHU

7KH VHFRQG FRPSXWHU �,%0 FRPSDWLEOH� SDVVLYH EDFNSODQH 9(6$ V\VWHP ZLWK �� H[SDQVLRQ

VORWV� �� 0+] ���';�� :LQGRZV IRU :RUNJURXSV ���� LV XVHG WR LPSOHPHQW D GHGLFDWHG

WLPLQJ V\VWHP IRU PRVW RI WKH H[SHULPHQW� 7KH V\VWHP ZDV RULJLQDOO\ GHYHORSHG E\ 7RGG

*XVWDYVRQ DQG WKHQ VOLJKWO\ PRGLpHG IRU XVH LQ RXU H[SHULPHQW� ,W XVHV IRXU FRXQWHU�WLPHU

ERDUGV �1DWLRQDO ,QVWUXPHQW 3&�7,2���� WR SURYLGH XS WR �� WLPLQJ SXOVHV ZLWK ��zV

UHVROXWLRQ �IRU D PD[LPXP F\FOH OHQJWK RI | ��� V�� 7KHVH SXOVHV DUH WKHQ XVHG WR XSGDWH

WKH RXWSXWV RI WKUHH ���ELW '�$ ERDUGV �1DWLRQDO ,QVWUXPHQWV $7�$2����� DOZD\V ORDGLQJ

WKH QH[W RXWSXW YDOXH IURP WKHLU EXLOW LQ� F\FOLF KDUGZDUH EXoHU� 7KLV SURYLGLQJ XV ZLWK ��

DQDORJ RXWSXW OLQHV WR FRQWURO WKH H[SHULPHQW� 7KH KDUGZDUH LV FRQWUROOHG E\ D FRPELQDWLRQ

RI ORZ OHYHO URXWLQHV� ZULWWHQ LQ &� DQG D XVHU�IULHQGO\ JUDSKLFDO 0$7/$% XVHU LQWHUIDFH�

$ QLFH IHDWXUH RI WKLV V\VWHP LV WKDW LW LV DOPRVW FRPSOHWHO\ LPSOHPHQWHG LQ KDUGZDUH�

7KDQNV WR WKH EXLOG�LQ KDUGZDUH EXoHUV RI WKH DQDORJ RXWSXW ERDUGV� QR VRIWZDUH LQWHUYHQ�

WLRQ LV UHTXLUHG DQ\PRUH DIWHU HYHU\WKLQJ KDV EHHQ VHW XS LQLWLDOO\� 7KLV OHDYHV WKH PDLQ
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FRPSXWHU IUHH IRU RWKHU SXUSRVHV� PRVWO\ RQ�WKH�q\ GDWD DQDO\VLV� 7R IDFLOLWDWH WKLV PRGH RI

RSHUDWLRQ� ZH DFWXDOO\ KDYH WKH FRQWURO FRPSXWHU ZULWH QHZO\ DFTXLUHG GDWD RQWR WKH KDUG

GLVN RI WKH WLPLQJ FRPSXWHU LPPHGLDWHO\� XVLQJ DQ (WKHUQHW QHWZRUN FRQQHFWLRQ �LWV RZQ

KDUG GLVN LV QRW H[WHUQDOO\ DFFHVVLEOH� VLQFH LW LV UXQQLQJ XQGHU '26�� 7KLV DUUDQJHPHQW KDV

SURYHQ WR EH YHU\ HoHFWLYH DQG XVHIXO�

$GGLWLRQDO WLPLQJ KDUGZDUH

6RPH RI WKH PRUH FULWLFDO WLPLQJ VLJQDOV �5DPDQ SXOVHV� PLFURZDYH SXOVHV�� RU WKRVH WKDW

QHHG WR EH VFDQQHG �'HWHFWLRQ WLPH IRU 72) PHDVXUHPHQW� 5DPDQ QG PLFURZDYH SXOVH

OHQJWK WR PHDVXUH 5DEL IUHTXHQF\� SXOVH DUH VWLOO SURYLGHG E\ D VHW RI SXOVH JHQHUDWRUV �656

'*���� DQG DUELWUDU\ ZDYHIRUP V\QWKHVL]HUV �656 '6����� 7KHVH DUH JHQHUDOO\ SKDVH

ORFNHG WR DQ ��0+] /RUDQ�& IUHTXHQF\ UHIHUHQFH DQG FRQWUROOHG YLD *3,% E\ WKH GDWD

DFTXLVLWLRQ FRPSXWHU� 2QH RI WKH SXOVH JHQHUDWRUV LV DOVR XVHG DV WKH PDVWHU WULJJHU IRU

WKH H[SHULPHQW� PRVWO\ EHFDXVH LW RoHUV D OLQH WULJJHU IHDWXUH WKDW FDQ EH XVHIXO IRU FHUWDLQ

PHDVXUHPHQWV�

��� , QWHU IHU RPHWHU

,Q WKLV VHFWLRQ ZH SUHVHQW WKH V\VWHP IRU JHQHUDWLQJ WKH ODVHU SXOVHV ZKLFK IRUP WKH EHDP

VSOLWWHUV DQG PLUURUV RI WKH DWRP LQWHUIHURPHWHU� :H DOVR GHVFULEH WKH PDJQHWLF VKLHOGLQJ

DVVHPEO\ VXUURXQGLQJ WKH PHDVXUHPHQW UHJLRQ�

����� 3 KDVH^ORFNHG GLRGH ODVHU V

7KHUH DUH VHYHUDO SRVVLEOH ZD\V WR JHQHUDWH WKH WZR RSWLFDO IUHTXHQFLHV UHTXLUHG IRU VWLP�

XODWHG 5DPDQ WUDQVLWLRQV� 7KH\ LQFOXGH XVLQJ KLJK IUHTXHQF\ DFRXVWR^RSWLF PRGXODWRUV�

HLWKHU GLUHFWO\ �DW ���*+] IRU VRGLXP >��@� RU LQ FRPELQDWLRQ ZLWK LQMHFWLRQ ORFNHG VODYH

ODVHUV �DW ���*+] IRU FHVLXP >��@�� $QRWKHU RSWLRQ LV WR XVH WKH VLGHEDQGV JHQHUDWHG E\ D

KLJK IUHTXHQF\ HOHFWUR^RSWLF PRGXODWRU �DW ���*+] IRU VRGLXP >��@� DW ���*+] IRU FHVLXP

>��@�� RU HYHQ E\ GLUHFW FXUUHQW PRGXODWLRQ RI D VLQJOH IUHTXHQF\ GLRGH ODVHU�

)RU WKLV H[SHULPHQW ZH FKRRVH WR JHQHUDWH WKH 5DPDQ OLJKW E\ SKDVH^ORFNLQJ WZR H[WHUQDO

FDYLW\ GLRGH ODVHUV >��� ��@� 7KH JHQHUDO LGHD LV WR GHWHFW WKH EHDW QRWH EHWZHHQ WKH WZR

LQGHSHQGHQW GLRGH ODVHUV XVLQJ D IDVW SKRWR GLRGH DQG FRPSDUH LW WR D VWDEOH 5)^UHIHUHQFH

IUHTXHQF\� 8QGHU FHUWDLQ FRQGLWLRQV LW LV WKHQ SRVVLEOH WR SKDVH^ORFN WKHP WRJHWKHU XVLQJ D



���� ,17(5)(520(7(5 ��

HOHFWURQLF IHHGEDFN ORRS �3//�� 7R PDNH WKLV ZRUN LW LV HVVHQWLDO WKDW DW OHDVW RQH RI WKH WZR

GLRGH ODVHUV KDV D IUHTXHQF\ PRGXODWLRQ EDQGZLGWK VXEVWDQWLDOO\ ODUJHU WKDQ HLWKHU RI WKHLU

LQWULQVLF OLQH ZLGWKV� ,W PXVW DOVR EH SRVVLEOH WR NHHS DOO WLPH GHOD\V ZLWKLQ WKH IHHGEDFN

ORRS VXrFLHQWO\ VKRUW�

([WHUQDO FDYLW\ GLRGH ODVHUV

:KLOH GLRGH ODVHUV JHQHUDOO\ KDYH ODUJH IUHTXHQF\ PRGXODWLRQ EDQGZLGWKV� WKHLU LQWULQVLF OLQH

ZLGWKV DUH XVXDOO\ WRR ODUJH WR DOORZ SKDVH�ORFNLQJ �7KLV LV WUXH HYHQ IRU '%5 GLRGH ODVHUV��

7KH pUVW JRDO LV WKHUHIRUH WR UHGXFH WKH ODVHU OLQHZLGWK� DQG LW FDQ EH UHDGLO\ DFKLHYHG

E\ XVLQJ DQ H[WHUQDO FDYLW\ FRQpJXUDWLRQ� :H VWDUW ZLWK WZR ODVHU GLRGHV �6'/������*��

��� P:� *D$O$V� DQG EXLOG WKH H[WHUQDO FDYLWLHV XVLQJ JROG FRDWHG� KRORJUDSKLF JUDWLQJV

LQ /LWWURZ FRQpJXUDWLRQ� 7KH RXWSXW EHDPV WKHQ KDYH VKRUW WHUP OLQHZLGWK VXEVWDQWLDOO\

VPDOOHU WKDQ �0+]� DQG ZH XVXDOO\ H[WUDFW ��P: RI SRZHU� 7R LPSURYH WKH UHOLDELOLW\ DQG

ORQJ WHUP VWDELOLW\ RI WKH SKDVH�ORFN� ZH VWDELOL]H WKH WHPSHUDWXUH RI WKH H[WHUQDO FDYLW\

LQ DGGLWLRQ WR WKDW RI WKH GLRGH DQG XVH D ORW RI WKHUPDO LQVXODWLRQ PDWHULDO� �'LRGH ODVHU

FXUUHQW DQG WHPSHUDWXUH FRQWUROOHU DUH VHOI PDGH� FDYLW\ WHPSHUDWXUH FRQWUROOHU� :DYHOHQJWK

(OHFWURQLFV 7(&������

,Q DGGLWLRQ WR WKH QRUPDO FXUUHQW PRGXODWLRQ FDSDELOLWLHV DoRUGHG E\ WKH GLRGH FXUUHQW

FRQWUROOHU� ZH DGG DQ DGGLWLRQDO IDVW PRGXODWLRQ SRUW WR WKH GLRGH ODVHU WKDW LV JRLQJ WR EH

DFWLYHO\ SKDVH ORFNHG �VODYH ODVHU�� 7KLV LV GRQH E\ VLPSO\ EULQJLQJ WKH PRGXODWLRQ VLJQDO

DV FORVH DV SRVVLEOH WR WKH GLRGH EHIRUH DGGLQJ LW WR WKH GLRGH FXUUHQW YLD $&�FRXSOLQJ� 7KH

IUHTXHQF\ UHVSRQVH RI WKLV FXUUHQW PRGXODWLRQ RQWR WKH ODVHU IUHTXHQF\� LQ ERWK DPSOLWXGH

DQG SKDVH� ZDV PHDVXUHG SUHYLRXVO\ E\ .XUW *LEEOH �IRU 6'/ DQG 67& ODVHU GLRGHV�� +LV

GDWD LV SUHVHQWHG LQ )LJ� �����

3KDVH ORFN

$ IDLUO\ FRPSOHWH VFKHPDWLF RI WKH SKDVH�ORFN V\VWHP LV JLYHQ LQ )LJ� ����� 7KH EHDW QRWH LV

GHWHFWHG LV GHWHFWHG XVLQJ D IDVW SKRWR GLRGH �$QWHO 6��� DPSOLpHG DQG LPPHGLDWHO\ PL[HG

GRZQ WR D FRQYHQLHQW LQWHUPHGLDWH IUHTXHQF\� 7KH ORFDO RVFLOODWRU IUHTXHQF\ IRU WKH PL[HU LV

LWVHOI WXQDEOH DQG LWV JHQHUDWLRQ ZLOO EH GLVFXVVHG LQ 6HF� ������ 7KH LQWHUPHGLDWH IUHTXHQF\

LV RQFH DJDLQ DPSOLpHG DQG WKHQ GLVWULEXWHG WR YDULRXV IHHGEDFN FRPSRQHQWV DQG PRQLWRULQJ

HTXLSPHQW�
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)LJXUH ����� )UHTXHQF\ PRGXODWLRQ UHVSRQVH RI GLRGH ODVHUV� 0HDVXUHG E\ .XUW *LEEOH IRU
67& DQG 6'/ ODVHU GLRGHV�

7KH SKDVH�ORFN V\VWHP DFWXDOO\ XVHV WKUHH GLoHUHQW IHHGEDFN SDWKV� 7KH IDVW SDWK IHHGV

WKH RXWSXW VLJQDO RI DQ DQDORJ SKDVH GHWHFWRU GLUHFWO\ EDFN LQWR WKH SUHYLRXVO\ PHQWLRQHG�

IDVW PRGXODWLRQ LQSXW RI WKH VODYH ODVHU� $Q 5)�DWWHQXDWRU DQG FRPSHQVDWLRQ pOWHU FDQ EH

XVHG WR RSWLPL]H WKH IHHGEDFN� 7KH pOWHU LV HVSHFLDOO\ LPSRUWDQW VLQFH LW SURYLGHV D FHUWDLQ

DPRXQW RI OHDG FRPSHQVDWLRQ DQG LQFUHDVHV WKH PD[LPXP IHHGEDFN EDQGZLGWK VXEVWDQWLDOO\�

7KH LQWHUPHGLDWH DQG VORZ IHHGEDFN SDWKV ERWK REWDLQ WKHLU HUURU VLJQDO IURP D GLJLWDO SKDVH

GHWHFWRU FLUFXLW �)LJ� ������ ZKLFK KDV EHWWHU ORZ IUHTXHQF\ SURSHUWLHV WKDQ WKH DQDORJ PL[HU

DQG SURYLGHV D ELJJHU FDSWXUH UDQJH IRU WKH SKDVH�ORFNHG ORRS� 7KH LQWHUPHGLDWH IHHGEDFN

SDWK LV LPSOHPHQWHG XVLQJ WKH '&�PRGXODWLRQ LQSXW RI WKH GLRGH ODVHU FXUUHQW FRQWUROOHU�

ZKLOH WKH VORZ SDWK XVHV D SLH]R WR DGMXVW WKH OHQJWK RI WKH H[WHUQDO GLRGH ODVHU FDYLW\�

7KH FURVVRYHU SRLQWV EHWZHHQ WKH WKUHH IHHGEDFN EDQGV DUH W\SLFDOO\ ��+] DQG ���N+]�

ZKLOH WKH WRWDO IHHGEDFN EDQGZLGWK LV DSSUR[LPDWHO\ ��� b ���0+]� :KLOH LQ SULQFLSOH LW

ZRXOG EH SRVVLEOH WR JHQHUDWH DOO WKH VLJQDOV LQGHSHQGHQWO\� ZH LQVWHDG FKRRVH WR XVH WKH

HUURU VLJQDO RI WKH LQWHUPHGLDWH SDWK DV WKH LQSXW IRU WKH SLH]R FLUFXLW� 7KLV DXWRPDWLFDOO\
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14 13 12 11 10 9

144143142141

8

765

+ −

REG

REF REF −Vs OUTPUT Rset

BIAS VCO VCO −Vs OUTPUT

182 Ω

182 Ω

50 Ω
−2V

50 Ω50 Ω
−2V

−2V

50 Ω

50 Ω
−2V

Vs−

Vs−

−2V

−2V

AD 9901

AD 96687

50 Ω

50 Ω

LO Input

RF Input

−

+

182 Ω

182 Ω

2 k 2 k

2 k 2 k

65 pF

65 pF

20 k

20 k

−

+

8.25 k 180 pF

2 k

IF Output

−

+

100 k
2 k

20 k

Current
Output

−

+

1 M 2 µF

−

+

100 k
2 k

20 k

Piezo
Output

150 pF

OP-Amps:
MC 34081
(similar 356)

Vs−  =  −5 V

Vs+  =  +5 V

f0 ~ 100 kHz

Digital board

Analog board

)LJXUH ����� 'LJLWDO SKDVH^ORFN FLUFXLW�
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Frequency offset (MHz)
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1 kHz resolution bandwidth

)LJXUH ����� 3KDVH QRLVH RI 5DPDQ ODVHU EHDW QRWH� 0HDVXUHG E\ .XUW *LEEOH IRU WZR SKDVH
ORFNHG 67& ODVHU GLRGHV�

HOLPLQDWHV JDLQ SHDNLQJ DQG UHVRQDQFHV DW WKH FURVVRYHU SRLQW RI WKHVH WZR IHHGEDFN EDQGV�

2Q WKH RWKHU KDQG� UHVRQDQFHV DUH YLVLEOH DW WKH FURVVRYHU SRLQW EHWZHHQ WKH IDVW DQG

LQWHUPHGLDWH EDQGV� )LJXUH ���� VKRZV D W\SLFDO EHDW QRWH RI WZR SKDVH ORFNHG 5DPDQ

ODVHUV� ZLWK ���� � RI WKH WRWDO ODVHU SRZHU LQ WKH FDUULHU� :KLOH WKLV SDUWLFXODU GDWD ZDV

WDNHQ E\ .XUW *LEEOH ZKR XVHG WZR 67& GLRGH ODVHUV� WKH VLJQDO LV YHU\ VLPLODU IRU WKH

FXUUHQW VHWXS XVLQJ 6'/ ODVHUV� 2QH QRWLFHDEOH GLoHUHQFH LV WKDW WKH QRLVH VLGHEDQGV DUH

VXEVWDQWLDOO\ QDUURZHU� DQG VOLJKWO\ ELJJHU� IRU WKH 6'/ ODVHUV _ SUREDEO\ EHFDXVH RI WKHLU

KLJKHU RXWSXW SRZHU DQG DFFRUGLQJO\ ORZHU LQWULQVLF OLQHZLGWK�

����� )U HTXHQF\ FRQWU RO

7KH UHODWLYH SKDVH RI WKH 5DPDQ EHDPV SURYLGHV WKH UHIHUHQFH DJDLQVW ZKLFK DOO LQWHUIHU�

RPHWHU SKDVH VKLIWV DUH PHDVXUHG� 3UHFLVH FRQWURO RI WKH 5DPDQ ODVHU IUHTXHQF\ GLoHUHQFH

DQG UHODWLYH SKDVH DUH WKHUHIRUH RI XOWLPDWH LPSRUWDQFH _ DQ\ QRLVH LQ WKH 5DPDQ SKDVH

ZLOO GLUHFWO\ WUDQVODWH LQWR QRLVH RI WKH JUDYLW\ GDWD� DQG IDLOXUH WR FRQWURO LW SURSHUO\ FRXOG

HDVLO\ UHVXOW LQ V\VWHPDWLF HUURUV LQ WKH PHDVXUHG JUDYLW\ YDOXH� )XUWKHU FRPSOLFDWLRQV DULVH

EHFDXVH WKH UHODWLYH IUHTXHQF\ DQG SKDVH RI WKH 5DPDQ ODVHUV DUH QRW KHOG FRQVWDQW GXULQJ

DQ DFWXDO JUDYLW\ PHDVXUHPHQW� ,QVWHDG� DV GLVFXVVHG LQ WKH WKHRU\ VHFWLRQ �������� WKH\
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DUH DGMXVWHG WR FRPSHQVDWH IRU PRVW RI WKH JUDYLW\ LQGXFHG LQWHUIHURPHWHU SKDVH VKLIW� VR

WKDW RQO\ D VPDOO UHVLGXDO SKDVH GLoHUHQFH KDV WR EH GHULYHG IURP WKH DWRPLF VLJQDO� )LJXUH

���� SUHVHQWV WKH V\VWHP WKDW LV XVHG WR FRQWURO WKH 5DPDQ IUHTXHQF\ GLoHUHQFH DQG SKDVH

UHODWLRQVKLS�

$OO IUHTXHQFLHV DUH XOWLPDWHO\ GHULYHG IURP D �� 0+] /RUDQ�& �656 )6 ������� IUH�

TXHQF\ VWDQGDUG� ZKLFK LWVHOI LV XOWLPDWHO\ UHIHUHQFHG WR DWRPLF FORFNV� 7KH /RUDQ�& UH�

FHLYHU ZDV PRGLpHG �E\ %UHQWRQ <RXQJ >��@� WR DGGUHVV SRZHU VXSSO\ UHODWHG SUREOHPV DQG

UHGXFH SKDVH QRLVH DW �� +] KDUPRQLFV E\ RYHU �� G%� :LWK WKHVH PRGLpFDWLRQV� WKH VKRUW

WHUP VWDELOLW\ �� V $OODQ 9DULDQFH� RI WKH UHIHUHQFH ZDV PHDVXUHG WR EH | � d ��b���

VLJQLpFDQWO\ EHWWHU WKHQ WKH VSHFLpFDWLRQ RI �d ��b��� 7KHUH DUH VWLOO VRPH SUREOHPV ZLWK

QRLVH VSLNHV GXULQJ /RUDQ�& XSGDWHV ZKLFK RFFXU HYHU\ ��� VHFRQGV� 7KH IUHTXHQF\ VWDELOLW\

LV DOVR UHODWLYHO\ SRRU DW WLPHVFDOHV RI D IHZ KRXUV� 6R IDU� WKHVH SUREOHPV GLGQ
W VHHP WR

KDYH DQ\ HoHFW RQ WKH LQWHUIHURPHWHU SHUIRUPDQFH� EXW WKH\ PLJKW EHFRPH LPSRUWDQW LQ WKH

IXWXUH�

0LFURZDYH JHQHUDWLRQ E\ IUHTXHQF\ PXOWLSOLFDWLRQ

7KH �� 0+] UHIHUHQFH IUHTXHQF\ LV PXOWLSOLHG XS WR ����*+] XVLQJ D WZR�VWDJH IUHTXHQF\

PXOWLSOLHU FKDLQ� LGHQWLFDO WR WKH RQHV XVHG LQ )76 �)UHTXHQF\ DQG 7LPH 6\VWHPV� DWRPLF

FORFNV� 7KH pUVW VWDJH SURYLGHV D FOHDQ� VLQJOH IUHTXHQF\ RXWSXW VLJQDO DW D ���0+]�

7KH VHFRQG VWDJH WKHQ XVHV D FRPE JHQHUDWRU WR SURGXFH PDQ\ KLJK RUGHU KDUPRQLFV RI

WKH ���0+] LQSXW IUHTXHQF\� 2QH SDUWLFXODU FRPSRQHQW� WKH RQH DW ����*+]� GRHV WKHQ

VHUYH DV RXU PLFURZDYH IUHTXHQF\ UHIHUHQFH� 6LQFH LW LV JHQHUDWHG XVLQJ D VWUDLJKWIRUZDUG

PXOWLSOLFDWLRQ SURFHVV� LWV SKDVH QRLVH LV DOPRVW FRPSOHWHO\ GHWHUPLQHG E\ WKDW RI ��0+]

LQSXW VLJQDO�

:H WKHQ JHQHUDWH D WXQDEOH PLFURZDYH VRXUFH E\ SKDVH^ORFNLQJ D '52 �GLHOHFWULF UHV�

RQDWRU RVFLOODWRU� WR WKH ����*+] UHIHUHQFH VLJQDO� ZLWK DQ DGMXVWDEOH� V\QWKHVL]HG RoVHW

IUHTXHQF\ I7 ( . RI W\SLFDOO\ ��0+]� 7KLV SKDVH ORFN KDV D EDQGZLGWK RI | ���N+] DQG

XVHV D GLJLWDO SKDVH GHWHFWRU FLUFXLW YHU\ VLPLODU WR WKH RQH XVHG IRU WKH GLRGH ODVHU SKDVH

ORFN� 7KH RXWSXW RI WKHQ PL[HG ZLWK EHDW QRWH VLJQDO IURP WKH 3KRWRGLRGH WR JHQHUDWH

DQ LQWHUPHGLDWH IUHTXHQF\� 7KH GLRGH ODVHU SKDVH ORFN ZLOO WKHQ NHHS UHJXODWH WKH ODVHU

IUHTXHQF\ WR PDNH WKH LQWHUPHGLDWH IUHTXHQF\ HTXDO WR DQRWKHU V\QWKHVL]HG UHIHUHQFH IUH�

TXHQF\ I6 56 RI W\SLFDOO\ ������� ���0+]� 2YHUDOO� WKH 5DPDQ ODVHU IUHTXHQF\ GLoHUHQFH LV
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digital
phaselock

LO RF 100 

82p 5k 

x2

FD 2
Frequency
multiplier

ZFL-500-HLN
RF amplifier

BLP-70
low-pass

filter

ZFL
500-HLN

RF amplifier

ZFL
500-LN

RF amplifier

JCA 812-300
microwave
amplifier

Antel S2
fast

photodiode

ZFDC -10-1
directional

coupler

ZFDC -10-1
directional

coupler

ZRPD-1
phase

detector

BLP-30
low-pass

filter

circuit for lead
compensation

variable
attenuator
(~10 dB)

NARDA 4815
microwave

mixer

SRS DS345
DDS

synthesizer
fSRS 

slow  feedback
(piezo, DC-coupled, 440 MHz/Volt)

intermediate feedback
(current, DC-coupled, 16 MHz/Volt)

fast feedback
(current, AC-coupled, 6 GHz/Volt)

x18 x51

Loran C
10 MHz

reference

Tektronics
AFG 2020

DDS synthesizer

MITEQ
DRO-G-09100-SP2
Voltage-tuned DRO

V-tune

digital
phaselock

LO RF

BBP-10.7
band-pass

filter

BLP-10.7
low-pass

filter

Frequency
multiplier

Comb
generator

3 dB
attenuator

BLP-70
low-pass

filter

NARDA
4315-2

Power Splitter

3 dB
attenuator

NARDA
4815
Mixer

9.18 GHz

fTEK

fDRO = 9.18 GHz - fTEK

Ext. Ref.

Ext.
Ref

.

Frequency multipier chain
(FTS atomic clock)

Tunable microwave frequency source

Raman-laser phase-lock

fRaman = 9.18 GHz - fTEK + fSRS 

)LJXUH ����� 5DPDQ ODVHU SKDVH�ORFN DQG V\VWHP IRU FRQWUROOLQJ WKH 5DPDQ GLoHUHQFH IUH�

TXHQF\ DQG SKDVH�
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JLYHQ E\ WKH IRUPXOD

I5DP DQ  ���� *+] b I7 ( . � I6 56 � �����

,W LV REYLRXV WKDW LQ SULQFLSOH WKH 5DPDQ IUHTXHQF\ FDQ EH FRQWUROOHG E\ FKDQJLQJ HLWKHU RQH

RI WKH WZR IUHTXHQFLHV� I7 ( . RU I6 56 � +RZHYHU� EHFDXVH SKDVH VKLIWV FDQ OHDG WR V\VWHPDWLF

HUURUV� LW LV ZLVH QRW WR FKDQJH WKH IUHTXHQF\ I 6 56 WR PXFK� 7KH GLRGH ODVHU SKDVH ORFN

ZLWK LWV PXOWLSOH IHHGEDFN SDWKV LV YHU\ FRPSOH[� DQG FKDQJLQJ LWV LQWHUPHGLDWH IUHTXHQF\

FDQ HDVLO\ UHVXOW LQ UDWKHU XQSUHGLFWDEOH SKDVH VKLIWV� 2Q WKH RWKHU KDQG� WKH '52 SKDVH^

ORFN KDV RQO\ RQH IHHGEDFN SDWK DQG EHKDYHV LQ D PXFK PRUH SUHGLFWDEOH ZD\� 2QH VKRXOG

WKHUHIRUH XVH LWV UHIHUHQFH IUHTXHQF\ I7 ( . WR FRQWURO WKH 5DPDQ IUHTXHQF\�

,GHDOO\� RQH ZRXOG SHUIRUP D JUDYLW\ PHDVXUHPHQW E\ FRQWLQRXVO\ VZHHSLQJ WKH IUHTXHQF\

I7 ( .� DQG WKHUHE\ WKH 5DPDQ IUHTXHQF\� WR H[DFWO\ FDQFHO WKH JUDYLW\ LQGXFHG 'RSSOHU RI

WKH DWRP� 7KH H[DFW J^YDOXH FDQ WKHQ EH FDOFXODWHG IURP WKH UHTXLUHG FKLUS UDWH o� )RU

D JUDYLWDWLRQDO DFFHOHUDWLRQ RI ���P V WKLV FKLUS UDWH ZRXOG EH | ����0+] V DQG D WRWDO

LQWHUIHURPHWHU WLPH RI ��� PV ZRXOG UHTXLUH D ����0+] IUHTXHQF\ FKDQJH� 5HJUHWWDEO\�

LW LV DOPRVW LPSRVVLEOH WR pQG D IUHTXHQF\ VRXUFH WR JHQHUDWH VXFK D FKLUS ZLWK VXrFLHQW

UHVROXWLRQ DQG DFFXUDF\� :H KDYH WKHUIRUH LPSOHPHQWHG WZR VOLJKWO\ GLoHUHQW DOWHUQDWLYH

VFKHPHV�

7KH pUVW VFKHPH PDNHV XVH RI WKH IDFW� WKDW IRU VXrFLHQWO\ VKRUW 5DPDQ SXOVHV D IUH�

TXHQF\ FKLUS GXULQJ WKH SXOVH LWVHOI LV QRW LPSRUWDQW _ RQO\ WKH DFFXPXODWHG SKDVH EHWZHHQ

SXOVHV PDWWHUV� ,W LV WKHUHIRUH SRVVLEOH WR VLPSO\ VZLWFK EHWZHHQ WKUHH p[HG 5DPDQ IUH�

TXHQFLHV� D GLoHUHQW RQH IRU HDFK LQWHUIHURPHWHU SXOVH� DQG DGMXVW WKH VWHS VL]H cI LQ RUGHU

WR EHVW DSSUR[LPDWH WKH FKLUS UDWH o� ,I WKH WLPLQJ RI WKH IUHTXHQF\ FKDQJHV LV H[DFWO\

FRQWUROOHG DQG NQRZQ� WKHQ LW LV SRVVLEOH WR FDOFXODWH WKH DFFXPXODWHG SKDVH� 7KLV SKDVH

FDQ DOVR EH pQH WXQHG ZLWKRXW FKDQJLQJ WKH IUHTXHQF\ VWHS VL]H� EXW E\ VRPHKRZ VKLIWLQJ

WKH SKDVH GXULQJ RQH RI WKH SXOVHV�

7KHUH DUH D QXPEHU RI LPSRUWDQW SRLQWV WR FRQVLGHU ZKHQ LPSOHPHQWLQJ WKLV PHWKRG�

7KH PRVW LPSRUWDQW RQH LV WKH FRUUHFW V\QFKURQL]DWLRQ EHWZHHQ SXOVH WLPLQJ DQG IUHTXHQF\

FKDQJHV LQ WKH FDVH RI pQLWH SXOVH OHQJWKV� ,W WXUQV RXW WKDW WKH DEVROXWH WLPH RI WKH

IUHTXHQF\ FKDQJHV LV QRW LPSRUWDQW� RQO\ WKH WLPH LQWHUYDO EHWZHHQ WKHP� $QG WKLV LQWHUYDO

KDV WR EH LGHQWLFDO WR 7 � �� � DQG QRW WR WKH GHDG WLPH EHWZHHQ SXOVHV� 7 � 7KH UHDVRQ

EHFRPHV PRVW REYLRXV ZKHQ WKH LQWHUIHURPHWHU VHTXHQFH LV PRGHOHG DV WZR EDFN WR EDFN

UDPVD\ VHTXHQFHV _ 7 � �� WKHQ LV WKH WLPH LQWHUYDO DQ\ SDLU RI HTXLYDOHQW SRLQWV LQ WKH

WZR SDUWLDO VHTXHQFHV� )LJXUH ���� LOOXVWUDWHV WKH LPSRUWDQW WLPLQJ UHODWLRQVKLSV�
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τ

τ'=2τ

T T

T + 2τ
T − τd

Transition 

 Reference

τd

Frequency Difference:

Pulse Sequence:

Reference and Transition Frequencies:

)LJXUH ����� 7LPLQJ UHODWLRQVKLS EHWZHHQ LQWHUIHURPHWHU SXOVHV DQG IUHTXHQF\ FKDQJHV�

7KH DFFHOHUDWLRQ LQGXFHG 'RSSOHU VKLIW FDXVHV D FRQWLQXRXV FKDQJH RI WKH DWRPLF WUDQVLWLRQ

IUHTXHQF\� 7R FRPSHQVDWH� WKH 5DPDQ IUHTXHQF\ GLoHUHQFH LV DGMXVWHG LQ GLVFUHWH VWHSV�

7KH H[DFW GHOD\ �G RI WKHVH IUHTXHQF\ FKDQJHV UHODWLYH WR WKH 5DPDQ SXOVHV LV QRW LPSRUWDQW�

EXW WKH\ KDYH WR EH VSDFHG E\ H[DFWO\ �7 � ����

$OO WKHVH IUHTXHQFLHV DUH JHQHUDWHG E\ D 7HNWURQLFV $)*����� ''6 �GLUHFW GLJLWDO V\Q�

WKHVLV� V\QWKHVL]HU� ZKLFK LV DOVR SKDVH^ORFNHG WR WKH /RUDQ�& IUHTXHQF\ UHIHUHQFH� ,W KDV

D ���ELW IUHTXHQF\ UHVROXWLRQ� ZKLFK DW D VDPSOLQJ UDWH RI ���0+] VKRXOG ULJKWIXOO\ FRU�

UHVSRQG WR | ���� +] IUHTXHQF\ VWHSV� +RZHYHU� IRU UHDVRQV RQO\ NQRZQ WR WKH GHVLJQHUV

RI WKH GHYLFH� IUHTXHQF\ FRQWURO FRPPDQGV KDYH WR EH JLYHQ LQ PXOWLSOHV RI ���+]� IXUWKHU

OLPLWLQJ WKH UHVROXWLRQ DQG UHTXLULQJ D FRPSOLFDWHG URXQGLQJ DOJRULWKP WR pJXUH RXW WKH DF�

WXDO RXWSXW IUHTXHQF\� 7KH FKDQJHV LQ WKH RXWSXW IUHTXHQF\ FDQ EH LPSOHPHQWHG XVLQJ WKH

V\QWKHVL]HUV )6. �IUHTXHQF\ VKLIW NH\LQJ� PRGXODWLRQ PRGH� ZKLFK RoHUV ��zV UHVROXWLRQ

IRU WKH WLPH EHWZHHQ FKDQJHV� 7KLV WLPH LV DOVR UHIHUHQFHG WR WKH H[WHUQDO ��0K] UHIHUHQFH�

ZKLFK DEVROXWH HVVHQWLDO WR PDNH WKLV PHWKRG ZRUN� 7KH UHODWLYHO\ FRXUVH IUHTXHQF\ VWHS

VL]H VRPHZKDW OLPLWV WKH SKDVH UHVROXWLRQ RI WKH LQWHUIHURPHWHU PHDVXUHPHQW� +RZHYHU� LW
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f2 f3∆f2 f2f1 f2 ∆f3 f3 f3f2- f3-

π/2 π/2π

∆φ = 2π (T+2τ) [ (N-1)(f3-f2) + (f3-f1)/2 + (∆f3-∆f2) ] / N

)LJXUH ����� )UHTXHQF\ FKDQJHV RI ''6 V\QWKHVL]HU� )UHTXHQFLHV I��I� DQG I� DUH LQ UHVR�

QDQFH GXULQJ WKH WKUHH 5DPDQ SXOVHV� 7R DOORZ D KLJKHU UHVROXWLRQ LQ WKH UHODWLYH SKDVH ZH

FKDQJH WKH V\QWKHVL]HU IUHTXHQF\ DIWHU WKH pUVW DQG VHFRQG SXOVHV E\ D VPDOO DPRXQW cI

RYHU D SHULRG RI �7 ���� 1 � ZKHUH 1 LV W\SLFDOO\ FKRVHQ WR EH ��� 7KH SKDVH GLoHUHQFH c�

LV WKHQ JLYHQ E\ WKH IRUPXOD VKRZQ�

SRVVLEOH WR ZRUN DURXQG WKLV SUREOHP E\ XVLQJ PRUH WKDQ � IUHTXHQFLHV DQG IRU VKRUWHU WLPH

LQWHUYDOV� 7KLV LV LOOXVWUDWHG LQ )LJ� ����� ZKLFK DOVR JLYH WKH IRUPXOD IRU WKH WRWDO SKDVH

VKLIW�

,I WKH VLQJOH 5DPDQ SXOVHV EHFRPH WRR ORQJ� WKHQ LW LV QRW SRVVLEOH DQ\PRUH WR LJQRUH

WKH JUDYLW\ LQGXFHG IUHTXHQF\ FKLUS ZKLOH WKH SXOVH LV RQ� 2XU VHFRQG VFKHPH WKHUHIRUH

KDV PRGLpFDWLRQV WR FRPSHQVDWH IRU WKLV FKLUS� 7KLV FDSDELOLW\ LV DOVR XVHIXO IRU V\VWHPDWLF

HUURU FKHFNV� HYHQ ZKHQ WKH 5DPDQ SXOVHV DUH VXrFLHQWO\ VKRUW� :H PDNH XVH RI WKH IDFW

WKDW ZH DFWXDOO\ KDYH D VHFRQG KDQGOH WR FRQWURO WKH 5DPDQ IUHTXHQF\� 7KH GLRGH ODVHU

UHIHUHQFH IUHTXHQF\ I656 � ,QVWHDG RI KROGLQJ LW p[HG� ZH XVH DQRWKHU IUHTXHQF\ GRXEOHG

''6 V\QWKHVL]HU �656 '6����� WR VZHHS LW IRU �PV DW WKH FRUUHFW FKLUS UDWH� $ VHFRQG

656 V\QWKHVL]HU� WKLV RQH RSHUDWLQJ LQ VTXDUH�ZDYH EXUVW� LV XVHG WR UHSHDWHGO\ WULJJHU WKLV

SURFHVV RQFH HYHU\ �PV� $JDLQ� LW LV HVVHQWLDO WKDW ERWK V\QWKHVL]HUV DUH ORFNHG WR WKH

H[WHUQDO ��0+] /RUDQ�& UHIHUHQFH� 6LQFH WKHVH FKLUSV RQO\ VSDQ D VKRUW IUHTXHQF\ LQWHUYDO�

DQG DUH IXUWKHUPRUH LGHQWLFDO IRU DOO SXOVHV� WKH SKDVH VKLIWV LQ WKH GLRGH ODVHU FLUFXLWU\ DUH

QRW D SUREOHP� 7KLV SURFHGXUH JXDUDQWHHV WKDW DOO WKH 5DPDQ SXOVHV DUH FRUUHFWO\ FKLUSHG�

DV ORQJ DV WKH\ DUH DSSOLHG GXULQJ WKH FRUUHFW �PV WLPH LQWHUYDOV� 8VLQJ WKLV PHWKRG DOVR

UHVWULFWV WKH WLPH 7 � �� WR PXOWLSOHV RI �PV� EXW LI WKLV FRQGLWLRQV LV IXOpOOHG WKH WRWDO

SKDVH VKLIW LV VWLOO JLYHQ E\ WKH IRUPXOD LQ )LJ� �����

(YHQ WKRXJK WKH YHORFLW\ SUHVHOHFWLRQ SXOVH LV QRW VWULFWO\ D SDUW RI WKH LQWHUIHURPHWHU

VHTXHQFH� LW LV JHQHUDWHG E\ WKH VDPH FLUFXLWU\� %HFDXVH RI LWV ORQJ GXUDWLRQ� LW LV DOZD\V

QHFHVVDU\ WR SURYLGH FKLUS FRPSHQVDWLRQ IRU WKLV SXOVH� 7KLV LV DFKLHYHG E\ XVLQJ DQRWKHU

IUHTXHQF\ GRXEOHG 656 ''6�V\QWKHVL]HU LQ VZHHS PRGH WR SURYLGH WKH IUHTXHQF\ I7 ( .� $Q
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5)�VZLWFK LV XVHG WR VZLWFK EHWZHHQ WKLV V\QWKHVL]HU DQG WKH 7HNWURQLFV $)*������

:KLOH WKH DEVROXWH IUHTXHQF\ RI WKH 5DPDQ ODVHUV LV RQO\ RI VHFRQGDU\ LPSRUWDQFH� LV

KDV WR EH NQRZQ WR DW OHDVW WKH WDUJHWHG DFFXUDF\ IRU WKH JUDYLW\ PHDVXUHPHQW� 7KH PDVWHU

ODVHU IUHTXHQF\ LV WKHUHIRUH ORFNHG WR WKDW RI WKH UHSXPSLQJ GLRGH ODVHU� 7KLV LV GRQH E\

GHWHFWLQJ WKHLU EHDW QRWH RQ D IDVW SKRWR GLRGH� PL[LQJ LW ZLWK DQ DGMXVWDEOH IUHTXHQF\

I
0$ 5

LQ WKH ORZ *+] UDQJH� DQG WKHQ ORFNLQJ WKH UHVXOWLQJ LQWHUPHGLDWH IUHTXHQF\ UHODWLYH

WR DQRWKHU UHIHUHQFH IUHTXHQF\ I),; XVLQJ D IUHTXHQF\ ORFN �KHUH VLPSO\ D ORZ JDLQ YHUVLRQ RI

RXU GLJLWDO SKDVH ORFN FLUFXLW�� 7KH IUHTXHQF\ I0$ 5 LV W\SLFDOO\ �����*+] DQG LV JHQHUDWHG

E\ D IUHTXHQF\ GRXEOHG 0DUFRQL V\QWKHVL]HU� :H XVXDOO\ XVH D p[HG IUHTXHQF\ I),; RI

��0+]� JHQHUDWHG IURP WKH ��0+] /RUDQ�& VLJQDO LQ WKUHH FDVFDGHG GRXEOLQJ VWDJHV� 7KH

DEVROXWH IUHTXHQF\ RI WKH PDVWHU ODVHU� LQFOXGLQJ D pQDO IUHTXHQF\ VKLIW I$ 20 GXH WR WKH

VZLWFKLQJ $20� LV WKHQ JLYHQ E\

IP DVWHU  I��� b ���0+] b I0$ 5 � I),; � I$ 20 �����

 I��� b ���0+] b ����0+] � ��0+] � ��0+] �

ZKHUH I��� LV WKH DEVROXWH IUHTXHQF\ RI WKH �V� �� )  �� �S� �� )  � RSWLFDO WUDQVLWLRQ�

$OVR VHH )LJ� ��� IRU D LOOXVWUDWLRQ RI DOO WKH DWRPLF HQHUJ\ OHYHOV DQG ODVHU IUHTXHQFLHV�

����� 3 XOVH JHQHU DWLRQ

$QRWKHU VXEV\VWHP LV UHVSRQVLEOH IRU FRQWUROOLQJ WKH WLPLQJ DQG LQWHQVLW\ RI WKH 5DPDQ

SXOVHV� 7KH DFWXDO VZLWFKLQJ RI WKH OLJKW LV GRQH E\ DQ $20 RSHUDWHG DW D p[HG IUHTXHQF\

I$ 20 RI ��0+]� JHQHUDWHG IURP WKH �� 0+] /RUDQ�& VLJQDO LQ WKUHH FDVFDGHG GRXEOLQJ

VWDJHV� 7KH DPRXQW RI 5)�SRZHU GULYLQJ WKLV $20 FRQWUROV WKH 5DPDQ EHDP LQWHQVLW\� ,W

FDQ EH VHW WR � GLoHUHQW YDOXHV �2))� /2: IRU LQWHUIHURPHWHU SXOVHV� +,*+ IRU SUHVHOHFWLRQ

SXOVH� XVLQJ D QHWZRUN RI 5) VZLWFKHV �VHH )LJ� ����� $OO WKH WLPLQJ VLJQDOV IRU WKHVH VZLWFKHV

DUH JHQHUDWHG E\ D VHW RI V\QFKURQL]HG SXOVH JHQHUDWRUV �656 '* ���� DQG VHYHUDO 77/

ORJLF JDWHV� 2QH RI WKH SXOVH JHQHUDWRU RXWSXWV LV XVHG WR WULJJHU DOO WKH KDUGZDUH LQYROYHG

LQ JHQHUDWLQJ WKH 5DPDQ IUHTXHQFLHV�

����� 2SWLFV DQG EHDP SDWK

)LJXUH ���� JLYHV DQ RYHUYLHZ RI WKH RSWLFDO V\VWHP IRU 5DPDQ EHDP JHQHUDWLRQ DQG GHOLYHU\

WR WKH DWRPV� 7KH GLRGH ODVHU RXWSXW EHDPV DUH pUVW FLUFXODUL]HG� RYHUODSSHG XVLQJ D
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RF 2

RF 1

RF OUT

TTL

80 MHz
fixed

ZFSC-2-2
power
splitter

ZYSW-2-50 DR
GaAs RF-switch
(with TTL driver)

50 Ω

Q-bit 442
RF amplifier

Raman
AOM

6 dB
Attenuator

19 dB
Attenuator

RF 2

RF 1

RF OUT

TTL

ZYSW-2-50 DR
GaAs RF-switch
(with TTL driver)

compTiming system
SRS DG 535 pulse generators

and TTL circuitry

)LJXUH ����� &LUFXLWU\ IRU VZLWFKLQJ DQG FRQWUROOLQJ WKH LQWHQVLW\ RI WKH 5DPDQ EHDPV�
7KH 5DPDQ EHDPV DUH FROOLPDWHG �| ���PP �� ZKHQ SDVVHG WKURXJK WKH $20 �,VRPHW
��������)�� UHVXOWLQJ LQ D ULVH WLPH RI | ��� QV�

SRODUL]LQJ EHDP VSOLWWLQJ FXEH DQG WKHQ FRXSOHG LQWR D ��� P ORQJ� SRODUL]DWLRQ SUHVHUYLQJ

RSWLFDO pEHU� 7KLV pEHU �2] RSWLFV /3&��������������3���������$6���������� FRPHV ZLWK

LGHQWLFDO FROOLPDWLRQ DOUHDG\ LQVWDOOHG RQ ERWK HQGV� DQG ZH XVXDOO\ DFKLHYH D FRXSOLQJ

HrFLHQF\ RI | ���� 7KH RXWSXW EHDP LV pUVW SDVVHG WKURXJK DQRWKHU SRODUL]LQJ EHDP

VSOLWWLQJ FXEH� WR LQVXUH ZHOO GHpQHG SRODUL]DWLRQ� DQG WKHQ D VPDOO IUDFWLRQ LV SLFNHG XS E\

D KLJK TXDOLW\ EHDP VDPSOHU DQG VHQW WR D IDVW SKRWR GLRGH WR JHQHUDWH WKH EHDW QRWH IRU

WKH SKDVH�ORFN� 7KH FROOLPDWHG PDLQ EHDP WKHQ SDVVHV WKURXJK D ��0+] VLQJOH SDVV $20

ZKLFK LV XVHG WR JHQHUDWH 5DPDQ SXOVHV RI FRQWUROOHG LQWHQVLW\�

7KH pUVW RUGHU RXWSXW EHDP RI WKH $20 LV WKHQ H[SDQGHG WR D GLDPHWHU � �H� LQWHQVLW\

FRQWRXU� RI | ��� FP� 7KH EHDP H[SDQVLRQ WHOHVFRSH LV PDGH XVLQJ KLJK TXDOLW\ VLQJOHW

OHQVHV RI ��� FP DQG ��� FP IRFDO OHQJWK� 2SWLRQDOO\� D ���PLFURQ SLQKROH FDQ EH SODFHG DW

WKH WHOHVFRSHV LQWHUQDO IRFXV IRU VSDWLDO pOWHULQJ� 7KH RXWSXW EHDP LV FDUHIXOO\ FROOLPDWHG

XVLQJ D VKHDU�SODWH FROOLPDWLRQ WHVWHU �0HOOHV *ULRW ����630������ ,W LV WKHQ URXWHG WR WKH

ERWWRP ZLQGRZ RI WKH YDFXXP FKDPEHU XVLQJ VHYHUDO KLJK TXDOLW\� JROG FRDWHG PLUURUV� 7ZR

RI WKHVH PLUURUV DUH PRXQWHG RQ WUDQVODWLRQ VWDJHV� ZKLFK DOORZV IRU WZR GLPHQVLRQDO EHDP

PRYHPHQW ZLWKRXW DQJXODU GLVSODFHPHQWV� 7KH ZKROH EHDP SDWK DIWHU WKH VZLWFKLQJ $20

LV HQFORVHG LQ OXFLWH WXELQJ LQ RUGHU WR SUHYHQW ZDYHIURQW GHIRUPDWLRQV GXH WR DLU FXUUHQWV�

7KH 5DPDQ EHDPV WKHQ SDVV YHUWLFDOO\ WKURXJK WKH YDFXXP V\VWHP DQG WKH DWRP LQWHU�

IHURPHWHU PHDVXUHPHQW UHJLRQ� 7KH\ PLJKW pUVW KDYH WR SDVV WKURXJK DQ RSWLRQDO SRODUL]LQJ

EHDP VSOLWWLQJ FXEH EHIRUH HQWHULQJ WKH YDFXXP FKDPEHU� 7KH LQGLXP VHDOHG HQWUDQFH DQG

H[LW YLHZSRUWV DUH ERWK VHOI PDGH� XVLQJ KLJK TXDOLW\ $5�FRDWHG ZLQGRZV �IXVHG VLOLFD�

�^LQFK GLDPHWHU� ���^LQFK WKLFN� y ��� � DUFVHF SDUDOOHOLVP�� $W WKH WRS RI WKH YDFXXP
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laser reference from DBR laser

x 20 telescope

optical fiber
external cavity
diode lasers optical

isolator λ/2

λ/2

Mirrors on translation stages
Raman beams
vertically to chamber

PBS

PBSPBS

PBS: Polarizing Beam Splitter

AOM 

phase lock photodiode

offset lock photodiode

(+80 MHz)

)LJXUH ����� 5DPDQ ODVHUV V\VWHP�

FKDPEHU WKH 5DPDQ EHDPV DUH UHWUR UHqHFWHG Ro D KLJK TXDOLW\� YLEUDWLRQ LVRODWHG PLUURU

�VHH 6HF� ������� ,W DOVR KDV WR SDVV WZLFH WKURXJK KLJK TXDOLW\ y � ^ ZDYH SODWH �]HUR�RUGHU�

DLUVSDFH� �^LQFK GLDPHWHU� y ��� $5�FRDWHG� PDQXIDFWXUHG E\ 6SHFLDO 2SWLFV�� ZKLFK qLSV

WKH EHDPV SRODUL]DWLRQ E\ �� GHJUHHV� $IWHU OHDYLQJ WKH YDFXXP FKDPEHU DJDLQ� WKH EHDP

LV GHqHFWHG RQWR D EHDP�GXPS LI WKH RSWLRQDO SRODUL]HU LV LQVWDOOHG� RWKHUZLVH FRQWLQXHV WR

UHWUDFH LWV RULJLQDO SDWK DOO WKH ZD\ EDFN WR WKH SRODUL]HU LQ IURQW RI WKH RSWLFDO pEHU�

7KLV VHWXS DOORZV RQH WR GULYH 'RSSOHU VHQVLWLYH 5DPDQ WUDQVLWLRQV LQ D �OLQ " OLQ�

FRQpJXUDWLRQ� 2QH RI WKH WZR IUHTXHQF\ FRPSRQHQWV LQ WKH XSZDUG SURSDJDWLQJ EHDP

WRJHWKHU ZLWK WKH RWKHU� RUWKRJRQDOO\ SRODUL]HG IUHTXHQF\ FRPSRQHQW LQ WKH GRZQZDUG

SURSDJDWLQJ EHDP FDQ GULYH VXFK D WUDQVLWLRQ� $OO RWKHU FRPELQDWLRQV GRQ
W FRQWULEXWH

EHFDXVH RI SRODUL]DWLRQ VHOHFWLRQ UXOHV DQG GHWXQLQJ IURP WKH 5DPDQ UHVRQDQFH FRQGLWLRQ�

,W LV DOVR SRVVLEOH WR GULYH 'RSSOHU LQVHQVLWLYH ��� b �
�� 5DPDQ WUDQVLWLRQV� VLPSO\ E\

LQVHUWLQJ DQRWKHU y � ^ ZDYH SODWH LQWR WKH EHDP EHIRUH LW HQWHUV WKH YDFXXP FKDPEHU DQG

EORFNLQJ WKH UHWUR UHqHFWLRQ�
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 8.5 " 

 10.5 " 

 12.5 " 

14.5 " 

 1.5 " 

 2.0 " 

 2.5 " 

 3.0 " 

 3.5 " 

Aluminum spacers

four layers of
magnetic shielding

(1 mm  thick Hipernom)

Aluminum core
(graphite coated)

Bias field solenoid
(Kapton insulated wire)

)LJXUH ����� 0DJQHWLF VKLHOGLQJ DVVHPEO\�
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����� , QWHU DFWLRQ U HJLRQ

7KH ZKROH LQWHUIHURPHWHU VHTXHQFH WDNHV SODFH ZKLOH WKH DWRP LV LQVLGH D PDJQHWLFDOO\

VKLHOGHG LQWHUDFWLRQ UHJLRQ� 7KLV LV QHFHVVDU\ VLQFH LQKRPRJHQHRXV PDJQHWLF pHOGV FDQ DOVR

FDXVH DQ LQWHUIHURPHWHU SKDVH VKLIW �VHH 6HF� �� DQG FDXVH HUURUV LQ WKH JUDYLW\ PHDVXUH�

PHQW� 7KH PDJQHWLF VKLHOG �VHH )LJ� ����� FRQVLVWV RI IRXU F\OLQGHUV PDGH IURP �PP WKLFN

+LSHUQRP� $OO EXW WKH LQQHUPRVW F\OLQGHU DUH DOVR pWWHG ZLWK FDSV ZLWK ��� LQFK GLDPHWHUV

KROHV� 7KLV VKLHOGLQJ DVVHPEO\ VKRXOG KDYH WKHRUHWLFDO UDGLDO DQG D[LDO VKLHOGLQJ IDFWRUV RI

��� d ��� DQG ��� d ���� UHVSHFWLYHO\ >��@� 7KH IRXUWK OD\HU RI PDJQHWLF VKLHOGLQJ LV RQO\

QHFHVVDU\ EHFDXVH WKH 027 WUDSSLQJ FRLOV FDQ SURGXFH YHU\ VWURQJ �|��� *DXVV�� SXOVHG

PDJQHWLF pHOGV YHU\ FORVH WR WKH PDJQHWLF VKLHOG� ,Q RUGHU WR JHQHUDWH D XQLIRUP� YHUWLFDO

ELDV pHOG D ���� LQFK ORQJ VROHQRLG LV LQVWDOOHG LQVLGH WKH LQQHUPRVW VKLHOG� ,W FRQVLVWV RI WZR

OD\HUV RI �PP GLDPHWHU� .DSWRQ FRDWHG ZLUH ZKLFK LV ZUDSSHG RQ DQ DOXPLQXP FRUH ���

LQFK LQ GLDPHWHU� 7KH VROHQRLG FDQ DOVR EH XVHG IRU GHJDXVVLQJ WKH WZR LQQHUPRVW PDJQHWLF

VKLHOG OD\HUV�

7KH XQLIRUPLW\ RI WKH PDJQHWLF ELDV pHOG LV WKH TXDQWLW\ XOWLPDWHO\ LPSRUWDQW IRU WKH

H[SHULPHQW DQG ZH FDQ DFWXDOO\ PHDVXUH LW XVLQJ WKH DWRPV LQ WKH DWRPLF IRXQWDLQ� ,Q

RUGHU WR GR WKLV� DWRPV LQ DOO SRVVLEOH )  ��P)  " =HHPDQ VXEOHYHOV DUH ODXQFKHG ZLWK D

VOLJKWO\ KLJKHU YHORFLW\ WKDQ XVXDO� WDNLQJ WKHQ RQWR WUDMHFWRULHV ZLWK UHDFK DOO WKH ZD\ WR

WKH WRS RI WKH YDFXXP FKDPEHU� :H FDQ WKHQ XVH 'RSSOHU LQVHQVLWLYH 5DPDQ WUDQVLWLRQV WR

WDNH =HHPDQ VSHFWUD DW GLoHUHQW SRLQWV DORQJ DWRPLF WUDMHFWRULHV DQG XVH WKHP WR FDOFXODWH

WKH PDJQLWXGH RI WKH ORFDO PDJQHWLF pHOG� 7KH UHVXOWV IRU ZHDN DQG VWURQJ ELDV pHOGV DUH

VKRZQ LQ )LJ� ���� )RU VWURQJ pHOGV WKH LQKRPRJHQHLWLHV DUH GRPLQDWHG E\ LPSHUIHFWLRQV

ELDV pHOG JHQHUDWLRQ� ZKLOH WKH FDXVH RI WKH LQKRPRJHQHLWLHV DW ORZ pHOG LV QRW REYLRXV�

��� 9LEU DWLRQ LVRODWLRQ DQG WLOW FRQWU RO

$OO DWRP LQWHUIHURPHWHU PHDVXUHPHQWV DUH HDVLO\ SHUWXUEHG E\ UHODWLYHPRWLRQV RI WKHLU EHDP

VSOLWWHUV DQG PLUURUV� ,W LV WKHUHIRUH HVVHQWLDO WR LPSOHPHQW WKHVH HOHPHQWV LQ DQ LQWULQVLFDOO\

VWDEOH ZD\ DQG SURWHFW WKHP IURP H[WHUQDO YLEUDWLRQV� )RU LQHUWLDOO\ VHQVLWLYH LQWHUIHURPH�

WHUV� VXFK DV RXUV� LW LV IXUWKHUPRUH QHFHVVDU\ WR SURWHFW DJDLQVW FRPPRQ PRYHPHQWV RI DOO

HOHPHQWV� ZKLFK LV VXEVWDQWLDOO\ KDUGHU WR DFKLHYH� )RU RXU OLJKW SXOVH LQWHUIHURPHWHU WKHVH

UHTXLUHPHQWV WUDQVODWH LQWR WKH QHHG WR FRQWURO DQG SURWHFW IURP GLVWXUEDQFH WKH IUHTXHQF\

DQG SKDVH RI WKH OLJKW pHOG� 8VLQJ VWLPXODWHG 5DPDQ WUDQVLWLRQV LV KLJKO\ EHQHpFLDO VLQFH



���� 9,%5$7,21 ,62/$7,21 $1' 7,/7 &21752/ ��

LW UHSODFHV WKH UHVXOWLQJ H[WUHPHO\ WRXJK UHTXLUHPHQW RI PLOOL�+HUW] OHYHO ODVHU IUHTXHQF\

VWDELOLW\ ZLWK D PRUH HDVLO\ DFKLHYDEOH RQH IRU WKH GLoHUHQFH IUHTXHQF\� 9LEUDWLRQV UHPDLQ

D SUREOHP VLQFH DQ\ PRYHPHQW RI PLUURUV DQG RWKHU RSWLFDO HOHPHQWV ZLOO LQGXFH 'RSSOHU

VKLIWV DQG WKHUHE\ GLVWXUE WKH OLJKW�

$QRWKHU SHFXOLDU FRPSOLFDWLRQ DULVHV IRU JUDYLW\ PHDVXUHPHQWV� VLQFH WKH HTXLYDOHQFH

SULQFLSOH H[SOLFLWO\ VWDWHV WKDW ORFDOO\ LW LV LPSRVVLEOH WR GLVWLQJXLVK EHWZHHQ JUDYLWDWLRQDO

pHOGV DQG DFFHOHUDWLRQV RI WKH PHDVXUHPHQW DSSDUDWXV� 3UDFWLFDOO\� WKLV TXDQGDU\ LV XVX�

DOO\ UHVROYHG E\ WKH IDFW WKDW YLEUDWLRQDO DFFHOHUDWLRQV EHFRPH QHJOLJLEOH DW IUHTXHQFLHV ZHOO

���+] DQG FDQ EH HOLPLQDWHG E\ ORZ�SDVV pOWHULQJ WKH UDZ GDWD XVLQJ D WLPH FRQVWDQW PXFK

ORQJHU WKDQ �� V� 7KLV PHWKRG LV LQGHHG XVHG E\ FODVVLFDO VSULQJ�PDVV�W\SH JUDYLPHWHUV�

EXW LW GRHV QRW ZRUN IRU RXU DWRP LQWHUIHURPHWHU PHDVXUHPHQWV IRU WZR UHDVRQV� 0RVW LP�

SRUWDQWO\� WKH PHDVXUHG VLJQDO LV QRW D OLQHDU IXQFWLRQ RI DFFHOHUDWLRQ EXW WDNHV WKH IRUP

RI LQWHUIHURPHWHU IULQJHV� /DUJH YLEUDWLRQV� FRUUHVSRQGLQJ WR RQH RU PRUH IULQJH VSDFLQJV�

ZLOO WKHUIRUH VHYHUHO\ GHJUDGH WKH VLJQDO LQ D ZD\ WKDW FDQ QRW EH FRPSHQVDWHG IRU� )XU�

WKHUPRUH� HYHQ VPDOO YLEUDWLRQV DW KLJK IUHTXHQFLHV FDQQRW VLPSO\ EH pOWHUHG RXW EHFDXVH

WKH PHDVXUHPHQW LV SXOVHG RU� LQ RWKHU ZRUGV� VDPSOHG� 7KH 1\TXLVW WKHRUHP WKHQ VWDWHV

WKDW DIWHU VDPSOLQJ LW LV LPSRVVLEOH WR GLVWLQJXLVK KLJK IUHTXHQF\ VLJQDOV IURP ORZ IUHTXHQF\

RQHV� PXFK OHVV UHPRYH WKHP E\ pOWHULQJ�

7KH SXUSRVH RI D YLEUDWLRQ LVRODWLRQ V\VWHP LV WKHUHIRUH WZRIROG� )LUVW� LW KDV WR HQVXUH

WKDW DQ\ UHPDLQLQJ YLEUDWLRQV DUH VXrFLHQWO\ VPDOO WR NHHS WKH VLJQDO ZLWKLQ D VLQJOH LQ�

WHUIHURPHWHU IULQJH� 7KLV WUDQVODWHV LQWR DOORZLQJ RQO\ GLVSODFHPHQWV RI PXFK OHVV WKDQ D

VLQJOH RSWLFDO ZDYHOHQJWK GXULQJ D VLQJOH LQWHUIHURPHWHU VHTXHQFH �| ���PV�� )XUWKHUPRUH�

WKH YLEUDWLRQ LVRODWRU KDV WR DFW DV DQ DQWL�DOLDVLQJ pOWHU WR UHGXFH DQ\ YLEUDWLRQDO QRLVH

DERYH WKH 1\TXLVW IUHTXHQF\ �| ���+] IRU ��� V EHWZHHQ PHDVXUHPHQWV� WR DFFHSWDEOH OHYHOV

EHIRUH VDPSOLQJ� 6WDQGDUG RSWLFDO WDEOH SQHXPDWLF LVRODWRUV� ZKLOH ZRUNLQJ QLFHO\ DW KLJK

IUHTXHQFLHV� GR QRW SURYLGH DQ\ LVRODWLRQ DW WKH UHTXLUHG ORZ IUHTXHQFLHV DQG DFWXDOO\ DGG

QRLVH DURXQG WKHLU W\SLFDO UHVRQDQFH IUHTXHQFLHV RI �+]� 7KH VLWXDWLRQ WKHUHIRUH FDOOV IRU

D V\VWHP ZLWK D PXFK ORZHU UHVRQDQFH IUHTXHQF\� *LYHQ WKH SURSHUWLHV RI WKH JHRORJLFDO

EDFNJURXQG QRLVH _ WKHUH DUH SDUWLFXODUO\ VWURQJ YLEUDWLRQV� FDOOHG PLFUR^VHLVP� DW SHULRGV

RI | � DQG | � VHFRQGV _ WKH UHVRQDQFH IUHTXHQF\ VKRXOG EH VXEVWDQWLDOO\ OHVV WKDQ ���+]�

,QGHSHQGHQW RI WKH H[DFW QDWXUH RI WKH YLEUDWLRQ LVRODWLRQ V\VWHP WKHUH DUH WZR GLoHUHQW

DSSURDFKHV �)LJ� ����� WR DFKLHYH VWDEOH 5DPDQ OLJKW pHOGV� 2QH RSWLRQV LV WR URXWH WKH WZR

EHDPV WR WKH LQWHUDFWLRQ UHJLRQ LQGHSHQGHQWO\� 7KLV KDV WKH DGYDQWDJH RI EHLQJ YHU\ FOHDQ
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Earth Vibrations

(a) (b)

)LJXUH ����� 'LoHUHQW VFKHPHV IRU YLEUDWLRQ LVRODWLRQ� �D� :LWKRXW UHWUR^UHqHFWLRQ� �E�

:LWK UHWURUHqHFWLRQ� 'HSHQGLQJ RQ WKHLU SURSDJDWLRQ GLUHFWLRQ GLoHUHQW IUHTXHQF\ FRP�

SRQHQWV �OLJKW� GDUN� HLWKHU GR �VROLG� RU GR QRW �GRWWHG� GULYH 'RSSOHU VHQVLWLYH 5DPDQ

WUDQVLWLRQV�

DQG DYRLGLQJ VRPH SRWHQWLDO V\VWHPDWLF HUURUV GXH WR VWDQGLQJ ZDYH HoHFWV� 7KH GLVDGYDQ�

WDJH RI WKH VFKHPH LV WKDW LW UHTXLUHV H[WUHPH VWDELOLW\ RI DOO RSWLFDO FRPSRQHQWV UHODWLYH WR

HDFK RWKHU DQG YLEUDWLRQ LVRODWLRQ RI WKH FRPSOHWH V\VWHP� ,Q RXU VHWXS ZH HPSOR\ WKH VHF�

RQG PHWKRG� +HUH� WKH WZR 5DPDQ EHDPV DUH DOZD\V FR�SURSDJDWLQJ DQG DUH UHWUR^UHqHFWHG

DIWHU SDVVLQJ WKURXJK WKH LQWHUDFWLRQ UHJLRQ� 2QH IUHTXHQF\ FRPSRQHQW LQ WKH XSZDUG SURS�

DJDWLQJ EHDP WRJHWKHU ZLWK WKH RWKHU RQH LQ WKH GRZQZDUG SURSDJDWLQJ EHDP ZLOO GULYH

'RSSOHU VHQVLWLYH 5DPDQ WUDQVLWLRQV� $OO RWKHU FRPELQDWLRQV GR QRW FRQWULEXWH EHFDXVH RI

SRODUL]DWLRQ VHOHFWLRQ UXOHV DQG GHWXQLQJ IURP WKH 5DPDQ UHVRQDQFH FRQGLWLRQ� 7KLV VFKHPH

KDV WKH DGYDQWDJH WKDW WKH YLEUDWLRQV RI DOPRVW DOO RSWLFDO FRPSRQHQWV DUH FRPPRQ PRGH

IRU ERWK EHDPV DQG FDQFHO� 7KH RQO\ H[FHSWLRQ DUH PRWLRQV RI WKH UHWUR�UHqHFWLRQ PLUURU

ZKLFK LV WKHUHIRUH WKH RQO\ HOHPHQW WKDW QHHGV WR EH LVRODWHG DJDLQVW YLEUDWLRQV�
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ground

m
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F
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Feedback
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mg

)LJXUH ����� 9LEUDWLRQ LVRODWRU VFKHPDWLF�

����� 9HU WLFDO DFWLYH YLEU DWLRQ LVRODWLRQ

6LQFH WKH LQWHUIHURPHWHU LV PDLQO\ VHQVLWLYH YHUWLFDO DFFHOHUDWLRQV D VLQJOH D[LV ORZ IUHTXHQF\

YLEUDWLRQ LVRODWLRQ V\VWHP LV VXrFLHQW WR DFKLHYH PDMRU UHGXFWLRQV LQ PHDVXUHPHQW QRLVH�

3DVVLYH YHUWLFDO YLEUDWLRQ LVRODWLRQ XVLQJ D VSULQJ VXVSHQVLRQ LV QRW SRVVLEOH DW ORZ

IUHTXHQFLHV� )RU D OLQHDU VSULQJ VXSSRUWLQJ D PDVV DJDLQVW D JUDYLWDWLRQDO DFFHOHUDWLRQ J

WKH UHVRQDQFH IUHTXHQF\ LV I�  
�

�}

S
J /� ZKHUH / LV WKH VSULQJ H[WHQVLRQ IURP HTXLOLEULXP�

$FKLHYLQJ D UHVRQDQFH IUHTXHQF\ RI ���+] ZRXOG WKXV UHTXLUH D SURKLELWLYHO\ ORQJ VSULQJ

H[WHQVLRQ RI PRUH WKDQ ��P� :H KDYH WKHUHIRUH FRQVWUXFWHG DQ DFWLYH V\VWHP WKDW FRPELQHV

UHODWLYHO\ VKRUW PHFKDQLFDO VSULQJV ZLWK DQ HOHFWURQLF IHHGEDFN V\VWHP WR FUHDWH DQ DOPRVW

FULWLFDOO\ GDPSHG VSULQJ^PDVV V\VWHP ZLWK DQ HoHFWLYH UHVRQDQFH IUHTXHQF\ RI | �����+]�

:H QRZ GHVFULEH WKH EDVLF WKHRU\� LPSOHPHQWDWLRQ DQG SHUIRUPDQFH RI WKH DFWLYH YLEUD�

WLRQ LVRODWLRQ V\VWHP� $ PRUH GHWDLOHG GLVFXVVLRQ RI D YHU\ VLPLODU DFWLYH YLEUDWLRQ LVRODWLRQ

FDQ EH IRXQG LQ >��@�

:H VWDUW ZLWK D PDVV P WKDW LV VXVSHQGHG IURP D OLQHDU VSULQJ �ZH DVVXPH WKDW WKH

VSULQJ VXVSHQVLRQ SRLQW DQG WKH JURXQG DUH ULJLGO\ FRQQHFWHG� ZLWK VSULQJ FRQVWDQW N DQG

GDPSLQJ IDFWRU p �)LJ� ������ :H ZDQW WR GHFRXSOH LWV PRWLRQ ]�W� IURP DQ\ PRWLRQ ]J�W�
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RI WKH JURXQG �ERWK PHDVXUHG UHODWLYH WR D VWDEOH UHIHUHQFH SRLQW�� 7KLV V\VWHP KDV WKH

HTXDWLRQ RI PRWLRQ

�] � �t���� B] b B]J� � ��

�
�] b ]J�  � � �����

ZKHUH ��
�
 N P LV WKH QDWXUDO UHVRQDQFH IUHTXHQF\ DQG t�  p ��P��� WKH GDPSLQJ

FRQVWDQW �t�  � IRU D FULWLFDOO\ GDPSHG V\VWHP�� ,Q RXU V\VWHP ZH W\SLFDOO\ KDYH D QDWXUDO

UHVRQDQFH IUHTXHQF\ RI �+] DQG YHU\ OLWWOH GDPSLQJ �t�  ������

,Q RUGHU WR ORZHU WKH UHVRQDQFH IUHTXHQF\ RI WKH V\VWHP ZH XVH D PDJQHWLF DFWXDWRU WR

DSSO\ WZR DGGLWLRQDO IRUFHV� )D DQG )Y� WR WKH VXVSHQGHG PDVV� )D  bP*�] LV SURSRUWLRQDO

WR WKH DFFHOHUDWLRQ RI WKH PDVV DQG )Y  b�P��+ B] LV SURSRUWLRQDO WR LWV YHORFLW\� +HUH *

DQG + DUH FRQVWDQWV GHWHUPLQHG E\ WKH IHHGEDFN HOHFWURQLFV DQG �] DQG B] DUH ERWK GHULYHG

IURP WKH VLJQDO RI DQ DFFHOHURPHWHU PRXQWHG WR WKH VXVSHQGHG PDVV� 7KH UHVXOWLQJ HTXDWLRQ

RI PRWLRQ

�� �*��] � �t������ �+� B] b B]J� � ��

��] b ]J�  � �����

VKRZV WKDW WKH V\VWHP QRZ KDV D QHZ UHVRQDQFH IUHTXHQF\ ��  �� 
S
*� � DQG D QHZ

GDPSLQJ IDFWRU t�  �t� � +� 
S
*� �� ,QFUHDVLQJ WKH JDLQ * ORZHUV ERWK WKH UHVRQDQFH

IUHTXHQF\ DQG WKH GDPSLQJ� 7R FRPSHQVDWH IRU WKH ORVV LQ GDPSLQJ� LW LV DOVR QHFHVVDU\ WR

LQFUHDVH WKH JDLQ +�

,Q WKH UHDO V\VWHP WKH DFFHOHUDWLRQ RI WKH PDVV LV PHDVXUHG E\ D ORZ QRLVH� ORZ IUHTXHQF\

IRUFH IHHGEDFN DFFHOHURPHWHU �*XUDOS &0*��9� DQG WKHQ GLJLWL]HG XVLQJ D ��^ELW GDWD

DFTXLVLWLRQ ERDUG �1DWLRQDO ,QVWUXPHQWV $7�0,2���;�� 7KH VLJQDO LV WKHQ SURFHVVHG E\ D

GLJLWDO ORRS pOWHU WKDW LPSOHPHQWV WKH JDLQV * DQG + �W\SLFDOO\ * } ������ + } ���� EXW
DOVR FRQWDLQV DGGLWLRQDO FRPSHQVDWRUV WR PDLQWDLQ FORVHG�ORRS VWDELOLW\ DW KLJK �| ��+]�

DV ZHOO DV ORZ �| �����+]� IUHTXHQFLHV >��@� 7R FORVH WKH IHHGEDFN ORRS WKH RXWSXW VLJQDO
LV FRQYHUWHG EDFN LQWR DQDORJ IRUP DQG XVHG WR FRQWURO WKH FXUUHQW WKURXJK WKH VROHQRLG

DFWXDWRU �%(, /$ ��^�� $��

7KH SK\VLFDO LPSOHPHQWDWLRQ RI WKH YLEUDWLRQ LVRODWRU �)LJ� ����� GLoHUV IURP WKH RQH LQ

>��@ PDLQO\ E\ XVLQJ RQO\ WZR VSULQJV DQG D GLoHUHQW SHUPXWDWLRQ RI FRPSRQHQWV� 3ODFLQJ

WKH DLU SLVWRQ RQ WRS PDNHV WKH V\VWHP PRUH VWDEOH� 7KH D[LV RI WKH DLU SLVWRQ PXVW EH

SDUDOOHO WR NHo DQG J WR DFKLHYH RSWLPDO SHUIRUPDQFH�

$OLJQPHQW LV FULWLFDO IRU D VLQJOH D[LV V\VWHP VXFK DV WKLV RQH� :H KDYH WKHUHIRUH H[�

SHQGHG VXEVWDQWLDO HoRUW RQ PDNLQJ WKH D[LV RI WKH DLU SLVWRQ� WKH VHQVLWLYH D[LV RI WKH
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)LJXUH ����� 9LEUDWLRQ LVRODWRU PHFKDQLFDO V\VWHP�
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DFFHOHURPHWHU DQG WKH GLUHFWLRQ RI OLJKW SURSDJDWLRQ �QRUPDO WR WKH PLUURU VXUIDFH� SDUDOOHO

WR HDFK RWKHU DQG XOWLPDWHO\ WKH YHFWRU RI JUDYLW\� 7R DLG WKLV DOLJQPHQW ZH KDYH DOVR DGGHG

DQ HOHFWURQLF WLOW VHQVRU �6HF� ������� 7KH DFFHOHURPHWHU LV RoVHW WR WKH VLGH VR WKDW LWV LQ�

WHUQDO WHVW PDVV LV RQ WKH V\PPHWU\ D[LV RI WKH V\VWHP� 7KLV LV LPSRUWDQW� VLQFH RWKHUZLVH

WKH V\VWHP ZRXOG WUDQVODWH EHQLJQ URWDWLRQDO QRLVH LQWR XQZDQWHG YHUWLFDO YLEUDWLRQV� 7R

UHGXFH VHQVLWLYLW\ WR PDJQHWLF pHOGV WKH DFFHOHURPHWHU LWVHOI LV pWWHG ZLWK D PDJQHWLF VKLHOG

�0DJQHWLF 6KLHOG &RUS� ��3��� DQG DGGLWLRQDOO\ WKH ZKROH YLEUDWLRQ LVRODWRU LV HQFORVHG

ZLWK PDJQHWLF VKLHOGLQJ PDWHULDO�

)LJXUH ���� VKRZV WKH SHUIRUPDQFH RI WKH YLEUDWLRQ LVRODWLRQ V\VWHP� :LWKRXW HOHFWURQLF

IHHGEDFN WKH FRPELQDWLRQ RI RSWLFDO WDEOH SQHXPDWLF LVRODWRUV DQG YLEUDWLRQ LVRODWRU VSULQJ

VXVSHQVLRQ DOUHDG\ UHGXFHV YLEUDWLRQV VXEVWDQWLDOO\ DW IUHTXHQFLHV DERYH �+]� EXW DW WKH

H[SHQVH RI VRPH DPSOLpFDWLRQ DW WKH PHFKDQLFDO UHVRQDQFH IUHTXHQFLHV RI ���+] �VSULQJV�

DQG ���+] �WDEOH�� 7XUQLQJ RQ WKH HOHFWURQLF IHHGEDFN IXUWKHU UHGXFHV ORZ YLEUDWLRQV LQ

WKH ���� WR ��+] IUHTXHQF\ EDQG� 7KH HUURU VLJQDO �EROG OLQH� LQGLFDWHV D UHGXFWLRQ E\ DV

PXFK DV D IDFWRU RI ���� EXW ZLWKRXW DQ LQGHSHQGHQW VHQVRU ZH FDQQRW EH VXUH WKDW WKH WUXH

SHUIRUPDQFH LV DV JRRG� +RZHYHU� WKH JUHDW LPSURYHPHQW RI RXU LQWHUIHURPHWHU VLJQDO �6HF�

���� SURYLGHV VWURQJ VXSSRUWLQJ HYLGHQFH�

����� �' DFWLYH YLEU DWLRQ LVRODWLRQ RI RSWLFDO WDEOH

:KLOH WKH PDLQ YLEUDWLRQ LVRODWLRQ V\VWHP ZRUNV ZHOO LW KDV LQWULQVLF SHUIRUPDQFH OLPLWDWLRQV

GXH WR LWV RQH^GLPHQVLRQDO QDWXUH� 0RVW LPSRUWDQWO\� LW FDQQRW HOLPLQDWH URWDWLRQDO YLEUD�

WLRQV DURXQG WKH WZR KRUL]RQWDO D[HV� 6LQFH WKH DWRP LQWHUIHURPHWHU FDQ DOVR EH VHQVLWLYH WR

URWDWLRQV �6HF� ������ ������� WKHVH URWDWLRQDO YLEUDWLRQV� SDUWLFXODUO\ ZKHQ HQKDQFHG FORVH

WR WKH WDEOH UHVRQDQFH IUHTXHQF\ �| �+]�� FRXOG SRWHQWLDOO\ GRPLQDWH WKH LQWHUIHURPHWHU

QRLVH�

7R HOLPLQDWH WKLV SRWHQWLDO SUREOHP ZH KDYH DGGHG D �' �YHUWLFDO� [�WLOW� \�WLOW� IHHGEDFN

V\VWHP WR FRQWURO DQG YLEUDWLRQDOO\ LVRODWH WKH ZKROH RSWLFDO WDEOH� 7KH V\VWHP XVHV WKUHH

VLQJOH�D[LV� IRUFH�IHHGEDFN DFFHOHURPHWHUV �.LQHPHWULFV )%$���� ��9 J� qDW DFFHOHUDWLRQ

UHVSRQVH WR ��+]� WR VHQVH YHUWLFDO DFFHOHUDWLRQV DW WKUHH GLoHUHQW SRLQWV RI WKH /�VKDSHG

RSWLFDO WDEOH �)LJ� ������ 7KHLU DPSOLpHG VLJQDO LV WKHQ GLJLWL]HG� HOHFWURQLFDOO\ pOWHUHG

DQG IHG EDFN WR D VHW RI WKUHH PDJQHWLF DFWXDWRUV �ORXGVSHDNHU FRLOV� PRXQWHG GLUHFWO\

XQGHUQHDWK HDFK VHQVRU�

(DFK DPSOLpHU KDV D JDLQ RI ����� LQFOXGHV ���+] ORZ SDVV pOWHUV DQG DQ DGGLWLRQDO
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)LJXUH ����� 9LEUDWLRQ LVRODWRU SHUIRUPDQFH� �D� $FFHOHUDWLRQ QRLVH VSHFWUDO GHQVLW\ PHD�

VXUHG E\ WKH YLEUDWLRQ LVRODWRU DFFHOHURPHWHU� 3DVVLYH VSULQJ LVRODWLRQ RI WKH RSWLFDO WDEOH

DQG WKH LVRODWRU VSULQJ VXVSHQVLRQ �VROLG OLQH� UHGXFH WKH KLJK IUHTXHQF\ YLEUDWLRQV UHODWLYH

WR WKH ODE qRRU �GRWWHG OLQH�� 7XUQLQJ RQ WKH HOHFWURQLF IHHGEDFN �EROG OLQH� DGGLWLRQDOO\

VXSSUHVVHV ORZ IUHTXHQF\ YLEUDWLRQV� %HORZ ��+] WKH HUURU VLJQDO LV VPDOOHU WKDQ WKH LQSXW

QRLVH RI WKH VSHFWUXP DQDO\]HU XVHG IRU WKLV PHDVXUHPHQW� �E� 3RVLWLRQ UHVSRQVH WR WZR

VWHSV LQ WKH IRUFH DFWLQJ RQ WKH VXVSHQGHG PDVV� ,W LQGLFDWHV DQ VOLJKWO\ XQGHU GDPSHG

V\VWHP ZLWK D QDWXUDO UHVRQDQFH IUHTXHQF\ RI ������+]� $FKLHYLQJ WKH VDPH UHVRQDQFH

IUHTXHQF\ ZRXOG UHTXLUH D �� NP ORQJ PHFKDQLFDO VSULQJ�
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)LJXUH ����� �' DFWLYH YLEUDWLRQ LVRODWLRQ DQG WLOW FRQWURO V\VWHP�

QRWFK�pOWHU WR HOLPLQDWH WUDFHV RI WKH ��� N+] LQWHUQDO DFFHOHURPHWHU H[FLWDWLRQ IUHTXHQF\�

7KH DPSOLpHG DFFHOHURPHWHU VLJQDO ������9 J� LV WKHQ GLJLWL]HG DW ���� VDPSOHV�V XVLQJ

WKH VDPH ���ELW DQDORJ LQSXW ERDUG DQG FRPSXWHU DV WKH �' V\VWHP� 7KH IHHGEDFN VRIWZDUH

LV DOVR MXVW DQ H[WHQVLRQ RI WKH �' YHUVLRQ� EXW DQ DGGLWLRQDO ���ELW DQDORJ RXWSXW ERDUG

�1DWLRQDO ,QVWUXPHQWV $7�$2���� KDV EHHQ DGGHG WR KDQGOH WKH QHZ FKDQQHOV� 7KH RXWSXW

VLJQDOV DUH WKHQ FRQYHUWHG LQWR FXUUHQWV DQG GULYH WKUHH PDJQHWLF YRLFH FRLO DFWXDWRUV� ZKLFK

LQ WXUQ DSSO\ IRUFHV WR WKH RSWLFDO WDEOH�

,Q FRQWUDVW WR WKH � ���� %(, YRLFH FRLO DFWXDWRU LQ WKH �'�V\VWHP� WKH �'�DFWXDWRUV

DUH WDNHQ IURP ROG ORXGVSHDNHUV� SXUFKDVHG DW D qHD�PDUNHW IRU � �� HDFK� 7KHVH FKHDS

DFWXDWRUV KDYH VRPH GUDZEDFNV FRPSDUHG WR DFWXDWRUV VSHFLpFDOO\ GHVLJQHG IRU IHHGEDFN

DSSOLFDWLRQV� WKH\ QHHG ELJJHU PDJQHWV WR DFKLHYH WKH VDPH OHYHO RI IRUFH� SURGXFH VWURQJHU

VWUD\ PDJQHWLF pHOGV� DUH KDUG WR PRXQW DQG KDYH D YHU\ WLJKW DLU JDS� :KLOH WKH pUVW

SRLQWV DUH RI QR FRQFHUQ IRU RXU DSSOLFDWLRQ� LW ZRXOG EH QLFH WR KDYH D ZLGHU DLU JDS WR

DOORZ ELJJHU KRUL]RQWDO WDEOH PRYHPHQWV EHIRUH WKH FRLOV VWDUW WR UXE� +RZHYHU� LI RQH

FDUHIXOO\ DOLJQV WKH FRLOV SURSHUO\ DQG WDNHV FDUH QRW WR EXPS WKH RSWLFDO WDEOH WRR KDUG

WKHQ WKH ROG ORXGVSHDNHUV DUH SHUIHFWO\ DGHTXDWH�
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7KH IHHGEDFN SDUDPHWHUV RI WKH V\VWHP FDQ EH DGMXVWHG WR DFKLHYH QHZ WDEOH UHVRQDQFH

SHULRGV RI � RU �� VHFRQGV� ,Q HLWKHU FDVH WKH IRUPHU� WURXEOHVRPH UHVRQDQFHV DW �+] DUH

FRPSOHWHO\ VXSSUHVVHG� 7KH V\VWHP
V SHUIRUPDQFH DW KLJK IUHTXHQFLHV LV QRW DV JRRG DV

RULJLQDOO\ HQYLVLRQHG VLQFH WKH IHHGEDFN EDQGZLGWK LV FXUUHQWO\ OLPLWHG WR DERXW ��+] E\

VRPH QRW \HW LGHQWLpHG PHFKDQLFDO UHVRQDQFHV� 7KH RSWLFDO WDEOH LWVHOI VKRXOG EH VWLo HQRXJK

WR DOORZ EDQGZLGWKV RI PRUH WKHQ ���+]� VR WKH SUREOHP SUREDEO\ OLHV ZLWK WKH YRLFH FRLO

DFWXDWRUV DQG WKHLU VXSSRUW VWUXFWXUH� 7KLV FRXOG FHUWDLQO\ EH FKDQJHG LI EHWWHU SHUIRUPDQFH

VKRXOG EH GHVLUHG LQ WKH IXWXUH� DQG LW ZRXOG DOVR EH SRVVLEOH WR LPSURYH WKH QRW \HW IXOO\

RSWLPL]HG IHHGEDFN VRIWZDUH� ZKLOH WKH V\VWHP FXUUHQWO\ XVHV WKUHH LQGHSHQGHQW VLQJOH LQSXW�

VLQJOH RXWSXW �6,62� IHHGEDFN SDWKV LW ZRXOG EHQHpW IURP D IXOO\ LQWHJUDWHG PXOWLSOH LQSXW�

PXOWLSOH RXWSXW �0,02� GHVLJQ ZKLFK WDNHV FDUH RI DOO SRVVLEOH FURVV FRXSOLQJV DQG PLJKW

HYHQ LQFOXGH WKH DGGLWLRQDO �'^VWDJH�

����� 7 LOW FRQWU RO

7KH TXDQWLW\ RI LQWHUHVW IRU ORFDO JUDYLW\ PHDVXUHPHQWV LV XVXDOO\ WKH DEVROXWH PDJQLWXGH�

MJM� RI WKH ORFDO DFFHOHUDWLRQ YHFWRU[� 7KH DWRP LQWHUIHURPHWHU� RQ WKH RWKHU KDQG� PHDVXUHV
RQO\ WKH FRPSRQHQW RI JUDYLW\ LQ WKH GLUHFWLRQ RI WKH HoHFWLYH 5DPDQ ZDYH YHFWRU NHo �

ZKLFK LV HYLGHQW IURP WKH IRUPXOD IRU WKH LQWHUIHURPHWHU SKDVH VKLIW

c�  J c NHo7 �
 MJMMNHo M7 �

FRV v � �����

,Q RUGHU WR PHDVXUH WKH FRUUHFW PDJQLWXGH RI ORFDO JUDYLW\� LW LV WKHUHIRUH LPSRUWDQW WR KDYH

WKH HoHFWLYH 5DPDQ ZDYH YHFWRU SURSHUO\ DOLJQHG DORQJ WKH YHUWLFDO D[LV� 7KLV PHDQV WKDW

WKH PLVDOLJQPHQW DQJOH v KDV WR EH OHVV WKDQ ��zUDG �� DUFVHF� WR DFKLHYH D PHDVXUHPHQW

DFFXUDF\ RI � z*DO� DQG OHVV WKDQ ��zUDG �� DUFVHF� IRU � z*DO� 7KLV LV QRW D WULYLDO

UHTXLUHPHQW VLQFH HYHQ WKH FRQFUHWH qRRU RI RXU ODERUDWRU\ VKRZV GDLO\ WLOW YDULDWLRQV RI

W\SLFDOO\ h ��zUDG� SUREDEO\ FDXVHG WHPSHUDWXUH YDULDWLRQV� $QG WKLQJV DUH PXFK ZRUVH

RQ WRS RI WKH RSWLFDO WDEOH� ZKLFK FDQ HDVLO\ WLOW E\ PRUH WKDQ ���zUDG� :H KDYH WKHUHIRUH

LPSOHPHQWHG \HW DQRWKHU IHHGEDFN V\VWHP WR FRQWURO WLOW�

6LQFH LQ RXU VHWXS WKH HoHFWLYH ZDYH YHFWRU LV QRUPDO WR WKH VXUIDFH RI WKH UHWUR�PLUURU�

ZH ULJLGO\ DWWDFK D ��D[LV� KLJK UHVROXWLRQ HOHFWURQLF EXEEOH OHYHO �$SSOLHG *HRPHFKDQLFV

[,Q SULQF LSOH D OO F R PSR QH QWV R I WKH Y H F WR U J Z R XOG EH R I LQWH UH VW� EXW WR LQWH USUH W WKH P SUR SH UO\ R QH Z R XOG

QH H G WR N QR Z WKH LU R ULH QWD WLR Q UH OD WLY H WR D Q J UD Y LW\ LQGH SH QGH QW F R R UGLQD WH V\ VWH P� Z KLF K LV H [ WUH PH O\ KD UG

WR UH D OL] H R Q (D UWK
V VXUID F H �
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��������� ���zUDG UHVROXWLRQ� �zUDG UHSHDWDELOLW\� WR WKH EDFN RI WKLV PLUURU DQG XVH LW DV

WKH WLOW VHQVRU IRU RXU IHHGEDFN V\VWHP� 7R FDOLEUDWH WKH EXEEOH OHYHO ZH URWDWH WKH ZKROH

DVVHPEO\ WKURXJK ��� GHJUHHV� XVLQJ WKUHH EDOO EHDULQJV LQ FRQWDFW ZLWK WKH PLUURU VXUIDFH

DV RXU UHIHUHQFH SODQH� DQG REVHUYH WKH VLQXVRLGDO PRGXODWLRQ RI WKH RXWSXW VLJQDO� 7KLV

PHWKRG DOORZV XV WR GHWHUPLQH KRUL]RQWDO RULHQWDWLRQ WR ZLWKLQ h �zUDG�

$Q\ PHDVXUHG GHYLDWLRQV RI WKH UHWUR�PLUURU IURP LWV SURSHU KRUL]RQWDO RULHQWDWLRQ DUH

FRPSHQVDWHG IRU E\ DGMXVWLQJ WKH WLOW RI WKH ZKROH RSWLFDO WDEOH� 7KLV LV GRQH E\ XVLQJ WZR

SDLUV RI OHDN YDOYHV� RQH HOHFWURQLF� RQH PDQXDO� (DFK SDLU FRQWUROV WKH DLUqRZ WR WKH WZR

SQHXPDWLF LVRODWRUV DW HDFK HQG RI WKH /�VKDSHG RSWLFDO WDEOH� 7KH PDQXDO YDOYH �3RUWHU

+5&9%�6� ���� VFFP $LU PD[� DW ��SVL� LV VHW WR DOORZ D VPDOO DPRXQW RI DLU WR HVFDSH

FRQWLQXRXVO\� DW D UDWH ZKLFK ZRXOG FDXVH WKH WDEOH WR WLOW DW DERXW ����zUDG PLQXWH�

8VXDOO\ WKLV RXWqRZ LV H[DFWO\ FDQFHOHG E\ DQ HTXLYDOHQW LQqRZ WKURXJK WKH HOHFWURQLF YDOYH

�3RUWHU (3&$��� ��� VFFP $LU PD[� DW �� SVL�� %\ HOHFWURQLFDOO\ DGMXVWLQJ WKLV LQqRZ LW

LV QRZ HDVLO\ SRVVLEOH WR PDNH WKH WDEOH WLOW RQH ZD\ RU WKH RWKHU� 6LQFH WKH LQqRZ LV DOVR

SURSRUWLRQDO WR WKH LQSXW SUHVVXUH� LW LV LPSRUWDQW WR NHHS WKLV SUHVVXUH FRQVWDQW WR SUHYHQW

GLVWXUEDQFHV RI WKH V\VWHP� :H XVH D KLJK TXDOLW\ SUHVVXUH UHJXODWRU �3RUWHU �����$0%)�

���� WR NHHS LW p[HG DW ��SVL� DSSUR[LPDWHO\ �� SVL KLJKHU WKDQ WKH PD[LPXP SUHVVXUH

LQVLGH WKH SQHXPDWLF LVRODWRUV�

7KH ORRS pOWHU IRU WKLV IHHGEDFN V\VWHP LV LPSOHPHQWHG XVLQJ DQDORJ HOHFWURQLFV DQG VHW

IRU D VORZ WLPH FRQVWDQW RI DSSUR[LPDWHO\ � PLQXWHV� &XUUHQWO\� WKH IHHGEDFN IRU WKH WZR

WLOW D[HV LV LPSOHPHQWHG LQGHSHQGHQWO\ DQG WKH HOHFWURQLF IHHGEDFN V\VWHP GRHV QRW UHJXODWH

WKH DLUqRZ WR WKH FHQWUDO IRXU DLU OHJV DQG KDV WKHUHIRUH QR FRQWURO RYHU WKH DYHUDJH KHLJKW

RI WKH WDEOH� 7KHUH DUH WZR SRVVLEOH PRGHV RI RSHUDWLRQ� 7KH FHQWUDO DLU OHJV FDQ EH YDOYHG

Ro DQG WKH ORZ OHDNDJH UDWH DOORZV VHYHUDO GD\V RI UXQWLPH EHIRUH WKH WDEOH VHWWOHV WRR PXFK

�| �PP�� $OWHUQDWLYHO\� RQH FDQ XVH D VWDQGDUG PHFKDQLFDO OHYHOLQJ YDOYH LI YHU\ ORQJ UXQ

WLPHV DUH QHFHVVDU\ DQG WKH UHVXOWLQJ GLVWXUEDQFHV FDQ EH WROHUDWHG� ,Q SULQFLSOH LW LV DOVR

SRVVLEOH WR DGG D WKLUG SDLU RI YDOYHV IRU WKH FHQWUDO DLU OHJV DQG XVH DQ HOHFWURQLF SRVLWLRQ

VHQVRU^ WR NHHS WKH WDEOH KHLJKW FRQVWDQW� ,Q WKLV FDVH LW ZRXOG DOVR EH QHFHVVDU\ WR FKDQJH

WKH ORRS pOWHU LQ RUGHU WR UHSODFH WKH WZR LQGHSHQGHQW VLQJOH�D[LV �6,62� FKDQQHOV ZLWK D

PRUH JHQHUDO ��D[LV �0,02� IHHGEDFN PHWKRG�

^ :H KD Y H D F WXD OO\ LQVWD OOH G D /9 ' 7 �/LQH D U 9 D ULD EOH ' LoH UH QWLD O 7 UD QVGXF H U� SR VLWLR Q VH QVR U �6F KD H Y LW]

� � � + 5� h � PP UD QJ H � � � zP UH VR OXWLR Q�� WR J H WKH U Z LWK D VLJ QD O F R QGLWLR QLQJ XQLW �5' 3 (� � � �� :H GR Q
W

F XUUH QWO\ XVH LW IR U IH H GED F N � EXW LW LV Y H U\ XVH IXO IR U VH Y H UD O R WKH U SXUSR VH V�
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:H KDYH DOVR WHVWHG WKH V\VWHPV SHUIRUPDQFH XVLQJ D VHFRQG� LQGHSHQGHQW WLOW VHQVRU

ZKLFK LV PRXQWHG WR WKH PDLQ ERG\ RI WKH RSWLFDO WDEOH� 7KH VKRUW WHUP UHJXODWLRQ LV EHWWHU

WKDQ �zUDG� 2YHU SHULRGV RI VHYHUDO GD\V WKHUH DUH YHU\ VORZ GULIWV RI XS WR h ��zUDG�

EXW WKHVH DUH SUREDEO\ QRW GXH WR D SUREOHP ZLWK WKH IHHGEDFN V\VWHP� ,QVWHDG� WKH\ DUH

PRVW OLNHO\ DQ LQGLFDWLRQ IRU VOLJKW ZDUSLQJ RI WKH WRZHU VWUXFWXUH VXSSRUWLQJ WKH YLEUDWLRQ

LVRODWRU DQG WKH PDLQ WLOW VHQVRUV DWWDFKHG WR LW� 6XFK ZDUSLQJ FRXOG� IRU H[DPSOH� UHVXOW

IURP VPDOO WHPSHUDWXUH qXFWXDWLRQV� ,Q RUGHU WR JDWKHU PRUH LQIRUPDWLRQ� RQH FRXOG XVH

WZR WLOW VHQVRUV PRXQWHG YHU\ FORVH WR HDFK RWKHU�

,Q VXPPDU\� WKH WLOW FRQWURO V\VWHP LV H[WUHPHO\ UHOLDEOH DQG D SOHDVXUH WR ZRUN ZLWK�

,W FDQ EH WXUQHG RQ ZLWKRXW SUREOHPV DQG GRHV QRW UHTXLUH DQ\ IXUWKHU XVHU LQWHUYHQWLRQ�



&KDSWHU �

( [SHU LPHQWDO 5HVXOWV

,Q WKLV FKDSWHU ZH SUHVHQW RXU H[SHULPHQWDO UHVXOWV� VWDUWLQJ ZLWK WKH GHPRQVWUDWLRQ RI

VLPSOH 5DPDQ WUDQVLWLRQV DQG WKHQ SURFHHGLQJ WR PHDVXUHPHQWV RI LQFUHDVLQJ FRPSOH[LW\�

:KLOH ZH EULHq\ FRPPHQW RQ WKH QRLVH VRXUFHV DoHFWLQJ WKHVH PHDVXUHPHQWV� ZH RWKHUZLVH

GHIHU WKH LQ GHSWK GLVFXVVLRQ RI WKLV LPSRUWDQW WRSLF WR &KDSWHU �� 6LPLODUO\� ZKLOH ZH

SUHVHQW WKH UHVXOWV RI DQ H[SHULPHQWDO FRPSDULVRQ EHWZHHQ RXU DWRP LQWHUIHURPHWHU DQG D

FODVVLFDO ?IDOOLQJ FRUQHU^FXEH� JUDYLPHWHU� ZH OHDYH WKH WKRURXJK LQYHVWLJDWLRQ RI SRWHQWLDO

V\VWHPDWLF HUURUV DQG WKHLU LPSOLFDWLRQV WR &KDSWHU ��

0RVW RI RXU PHDVXUHPHQWV ZHUH SHUIRUPHG XVLQJ UHWUR UHqHFWHG 5DPDQ EHDPV LQ OLQ"OLQ

FRQpJXUDWLRQ �6HF� ������ WR GULYH 'RSSOHU VHQVLWLYH 5DPDQ WUDQVLWLRQV� 7KH H[FHSWLRQ DUH

D IHZ WHVWV WKDW ZHUH FRQGXFWHG XVLQJ 'RSSOHU LQVHQVLWLYH 5DPDQ WUDQVLWLRQV GULYHQ E\

FR^SURSDJDWLQJ 5DPDQ EHDPV LQ �
�^�� FRQpJXUDWLRQ� 7KLV PRGLpFDWLRQ LV XVHIXO VLQFH LW

DOORZV RQH WR LQYHVWLJDWH QRLVH DQG V\VWHPDWLF HUURUV LQ D VRPHZKDW VLPSOHU V\VWHP WKDW LV

QRW DoHFWHG E\ YLEUDWLRQV RU WKH LQLWLDO YHORFLW\ GLVWULEXWLRQ RI WKH DWRPV�

��� 5DEL 2VFLOODWLRQV

7KH GHFD\ RI WKH 5DEL RVFLOODWLRQ DPSOLWXGH IRU LQFUHDVLQJO\ ORQJHU SXOVH OHQJWKV LV D JRRG

LQGLFDWRU IRU WKH SHUIRUPDQFH RI RXU 5DPDQ SXOVHV� )LJ� ��� VKRZV VXFK 5DEL RVFLOODWLRQ

GHFD\ XQGHU DFWXDO H[SHULPHQWDO FRQGLWLRQV DQG )LJ� ��� GHPRQVWUDWHV KRZ ZHOO WKH GHWXQLQJ

GHSHQGHQFH IROORZV WKHRUHWLFDO SUHGLFWLRQV�

7KH SULPDU\ FDXVH IRU WKH GHFD\ DUH WKH VOLJKWO\ GLoHUHQW FRQGLWLRQV HQFRXQWHUHG E\

GLoHUHQW DWRPV LQ WKH DWRPLF FORXG� ([DPSOHV DUH WKH YDULDWLRQ RI WKH 5DEL IUHTXHQF\

��
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)LJXUH ���� 5DEL RVFLOODWLRQV IRU 'RSSOHU VHQVLWLYH �D� DQG 'RSSOHU LQVHQVLWLYH �E� 5DPDQ

WUDQVLWLRQV� 7KH VROLG OLQHV DUH H[SHULPHQWDO pWV IRU D *DXVVLDQ GHFD\ HQYHORSH� �D� DOVR

VKRZV WKH VPDOO SRSXODWLRQ WUDQVIHU FDXVHG E\ VSRQWDQHRXV HPLVVLRQ GXH WR WKH pQLWH GH�

WXQLQJ c IURP WKH LQWHUPHGLDWH VWDWH� 7R REWDLQ WKLV GDWD WKH ODVHU GLoHUHQFH IUHTXHQF\

ZDV GHWXQHG IURP WKH 5DPDQ UHVRQDQFH FRQGLWLRQ E\ | �0+]�
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)LJXUH ���� )UHTXHQF\ GHSHQGHQFH RI WKH WUDQVLWLRQ DPSOLWXGH IRU D VTXDUH 5DPDQ }�SXOVH�

,Q WKH 'RSSOHU LQVHQVLWLYH FDVH �E� WKH GDWD �GRWV� LV GHVFULEHG H[WUHPHO\ ZHOO E\ WKH WKH�

RUHWLFDO 5DEL IRUPXOD �OLQH� DQG VLGH OREHV DUH YLVLEOH XS WR YHU\ KLJK RUGHU �} ���� ,Q WKH
'RSSOHU VHQVLWLYH FDVH �D� WKH DWRPLF YHORFLW\ GLVWULEXWLRQ VPHDUV RXW WKH SHDN VRPHZKDW�

HYHQ IRU VHYHUH YHORFLW\ SUHVHOHFWLRQ� +RZHYHU� WKH pUVW RUGHU VLGH OREHV DUH VWLOO YLVLEOH�
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GHSHQGLQJ RQ WKH SRVLWLRQ LQ WKH *DXVVLDQ 5DPDQ EHDP LQWHQVLW\ HQYHORSH DQG� LQ WKH

'RSSOHU VHQVLWLYH FDVH� WKH GLoHUHQW GHWXQLQJV IRU GLoHUHQW DWRPLF YHORFLW\ FODVVHV� )RU RXU

VWDQGDUG EHDP GLDPHWHU RI ��� FP GLVSODFHPHQWV RI DV OLWWOH DV �PP FDQ FDXVH REYLRXV

GLoHUHQFHV LQ WKH GHFD\ UDWH�

:H KDYH DFKLHYHG HVVHQWLDOO\ WKH VDPH SHUIRUPDQFH IRU 'RSSOHU IUHH DQG 'RSSOHU VHQVL�

WLYH WUDQVLWLRQV� VRPHWKLQJ WKDW LV RQO\ SRVVLEOH EHFDXVH RI VHYHUH YHORFLW\ SUHVHOHFWLRQ�

��� , QWHU IHU RPHWHU )U LQJHV

7R PHDVXUH JUDYLW\ ZH FRPELQH WKH LQGLYLGXDO� RSWLPL]HG 5DPDQ SXOVHV LQWR WKH }

�
b}b }

�

DWRP LQWHUIHURPHWHU VHTXHQFH� )LJ� ��� VKRZV D W\SLFDO JUDYLW\ IULQJH IRU DQ LQWHUIHURPHWHU

SXOVH VSDFLQJ RI 7  ���PV� FORVH WR WKH PD[LPXP SHUPLWWHG E\ WKH pQLWH VL]H RI WKH

PDJQHWLFDOO\ VKLHOGHG PHDVXUHPHQW UHJLRQ� $FTXLULQJ DQG pWWLQJ D VHTXHQFH RI VXFK �

PLQXWH IULQJHV DOORZV XV WR PHDVXUH JUDYLW\ ZLWK D UHVROXWLRQ RI ���d ��b� J 
S
+]� 7DNLQJ

GDWD E\ VLWWLQJ RQ WKH VORSH RI D IULQJH JLYHV DQ HYHQ KLJKHU UHVROXWLRQ RI ���d ��b� J IRU D
VLQJOH ODXQFK RU ���d ��b� J 

S
+]�

��� /RQJ 7 HU P *U DYLW\ 'DWD

7R SHUIRUP XVHIXO PHDVXUHPHQWV DQ\ JUDYLPHWHU KDV WR EH DEOH WR RSHUDWH FRQWLQXRXVO\

RYHU H[WHQGHG SHULRGV RI WLPH� 7KH JUDYLW\ GDWD LQ )LJ� ��� GHPRQVWUDWHV WKDW RXU DWRP

LQWHUIHURPHWHU LV LQGHHG DEOH WR RSHUDWH FRQWLQXRXVO\ IRU PDQ\ GD\V�

)LJXUH ��� DOVR LOOXVWUDWHV WKH YHU\ LPSRUWDQW IDFW WKDW WKH ORFDO DFFHOHUDWLRQ GXH WR JUDY�

LW\ LV GHpQLWHO\ QRW FRQVWDQW� ,QVWHDG� LW GLVSOD\V D FRPSOLFDWHG WLPH GHSHQGHQFH FDXVHG

PRVWO\ E\ WLGDO IRUFHV� $OWKRXJK WKHVH WLGDO HoHFWV DUH RIWHQ DQ REMHFW RI VWXG\ WKHP�

VHOYHV� WKH\ DUH FRQVLGHUHG D SUHGLFWDEOH SHUWXUEDWLRQ LQ WKH FRQWH[W RI DEVROXWH JUDYLW\

PHDVXUHPHQWV DQG DUH FRUUHFWHG IRU XVLQJ WKHRUHWLFDO WLGH PRGHOV�

6LQFH WKH WLGDO HoHFWV DUH ODUJH FRPSDUHG WR WKH LQVWUXPHQWDO UHVROXWLRQ DQG WDUJHWHG

DFFXUDF\ LW LV HVVHQWLDO WR PRGHO WKHP SURSHUO\� $W pUVW JODQFH WKH WKHRUHWLFDO FXUYH LQ )LJ�

��� VHHPV WR PDWFK WKH H[SHULPHQWDO GDWD H[WUHPHO\ ZHOO� +RZHYHU� GHWDLOHG H[DPLQDWLRQ RI

WKH GDWD LQ )LJ� ��� PDNHV FOHDU WKDW VWDQGDUG WLGH PRGHOV� HYHQ LI WKH\ LQFOXGH WKH (DUWK
V

HODVWLF UHVSRQVH WR WLGDO IRUFHV� DUH WRWDOO\ LQDGHTXDWH DW WKLV OHYHO RI SUHFLVLRQ�

7KH REYLRXV GLVFUHSDQF\ EHWZHHQ WKH VWDQGDUG WLGH PRGHO DQG WKH H[SHULPHQWDO GDWD
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)LJXUH ���� 7\SLFDO 'RSSOHU VHQVLWLYH LQWHUIHURPHWHU IULQJH IRU D SXOVH VSDFLQJ RI 7  ���PV�

WKH VDPH DV XVHG IRU PRVW RI RXU JUDYLW\ PHDVXUHPHQWV� 3ORWWHG LV WKH IUDFWLRQ RI DWRPV

H[FLWHG IURP WKH )  ��P)  � VWDWH WR WKH )  �� P)  � VWDWH� 7KH SKDVH RI WKH IULQJH

LV VFDQQHG E\ DGMXVWLQJ WKH IUHTXHQF\ VWHS VL]H cI �VHH 6HF� ������� 7KH GXUDWLRQV RI WKH }

DQG }

�
SXOVHV DUH �� DQG ��zV� UHVSHFWLYHO\� 7KH SKDVH RI WKH IULQJH LV VFDQQHG E\ DGMXVWLQJ

cI�bcI� �VHH 6HF� ������ )LJ� ������ (DFK RI WKH �� GDWD SRLQWV UHSUHVHQWV D VLQJOH ODXQFK

RI WKH DWRPV� VSDFHG ��� VHFRQGV DSDUW DQG WDNHQ RYHU D SHULRG RI � PLQXWH� 2QH IXOO IULQJH

SHULRG FRUUHVSRQGV WR | �d ��b� J� 3HUIRUPLQJ D OHDVW VTXDUHV pW GHWHUPLQHV ORFDO JUDYLW\
WR DSSUR[LPDWHO\ �d ��b� J�
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Day in March 1997 at 20 noon PST
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)LJXUH ���� *UDYLW\ GDWD WDNHQ RYHU D SHULRG RI VHYHUDO GD\V� 7KH GDWD SRLQWV DUH VSDFHG

DSSUR[LPDWHO\ � PLQXWH DSDUW DQG HDFK FRUUHVSRQGV WR RQH RI WKH LQWHUIHURPHWHU IULQJHV

VKRZQ LQ )LJ� ���� 7KH GDWD FOHDUO\ VKRZV WKH FRPSOH[ YDULDWLRQV LQ J FDXVHG �PRVWO\� E\

WLGHV� 7KH VROLG OLQH LV D VLQJOH SDUDPHWHU �YHUWLFDO RoVHW� pW XVLQJ D WKHRUHWLFDO PRGHO RI

WKH JUDYLW\ WLGHV DW RXU PHDVXUHPHQW VLWH �6WDQIRUG� &DOLIRUQLD��

FDQ EH DWWULEXWHG WR D SKHQRPHQRQ WKDW LV NQRZQ DV RFHDQ ORDGLQJ >��� ��@� 2FHDQ ORDGLQJ

LV FDXVHG E\ WKH UHGLVWULEXWLRQ RI WKH ZDWHU LQ (DUWK
V RFHDQV LQ UHVSRQVH WR WLGDO IRUFHV�

:KHQ PRUH ZDWHU LV SUHVHQW DW D FHUWDLQ ORFDWLRQ� LWV PDVV ZLOO LQFUHDVH WKH SUHVVXUH DW WKH

RFHDQ qRRU DQG GHSUHVV LW VOLJKWO\� 7KLV PLQXWH FKDQJH LQ WKH VKDSH RI WKH SODQHW� QRW GLUHFW

JUDYLWDWLRQDO DWWUDFWLRQ E\ WKH ZDWHU� LV WKH FDXVH RI WKH SHULRGLF UHVLGXDOV LQ )LJ� ����

,QFOXGLQJ DQ RFHDQ ORDGLQJ PRGHO >��� ��@ UHGXFHV WKH GLVFUHSDQF\ EHWZHHQ GDWD DQG

WKHRU\ VLJQLpFDQWO\� EXW WKHUH VWLOO VHHPV WR EH D VOLJKW SHULRGLFLW\ YLVLEOH LQ WKH QHZ UHVLG�

XDOV� LQGLFDWLQJ WKDW HYHQ WKLV RFHDQ ORDGLQJ PRGHO PLJKW QRW EH JRRG HQRXJK� +RZHYHU�

RQH FDQ UHGXFH WKH LQqXHQFH RI WKH HVVHQWLDOO\ SHULRGLF LPSHUIHFWLRQV E\ DOZD\V DYHUDJLQJ

RYHU DQ LQWHJHU QXPEHU RI IXOO F\FOHV�
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)LJXUH ���� �D� $ FORVHU ORRN DW WZR GD\V RI JUDYLW\ GDWD� (DFK GDWD SRLQW UHSUHVHQWV D RQH

PLQXWH JUDYLW\ PHDVXUHPHQW� 7KH VROLG OLQHV UHSUHVHQW WZR GLoHUHQW WLGDO PRGHOV� �E� 7KH

UHVLGXDOV RI WKH GDWD ZLWK UHVSHFW WR D WLGDO PRGHO ZKHUH �L� WKH (DUWK LV PRGHOHG DV D VROLG

HODVWLF REMHFW DQG ZKHUH �LL� WKH HoHFWV RI RFHDQ ORDGLQJ RI WKH (DUWK DUH WDNHQ LQWR DFFRXQW�

(oHFWV DW WKH IHZ SDUWV SHU ELOOLRQ OHYHO OLNH FKDQJHV LQ WKH ORFDO EDURPHWULF SUHVVXUH KDYH

QRW EHHQ LQFOXGHG�
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��� &RPSDU LVRQ ZLWK &ODVVLFDO *U DYLPHWHU

7KH RQO\ VHQVLEOH ZD\ WR GHWHUPLQH WKH DWRP LQWHUIHURPHWHUV DFFXUDF\ LV WR FRPSDUH LW

GLUHFWO\ WR RWKHU DEVROXWH JUDYLPHWHUV� 7KH IDFW WKDW ORFDO JUDYLW\� XQOLNH WKH YDOXH RI

IXQGDPHQWDO SK\VLFDO FRQVWDQWV� LV VLWH GHSHQGHQW FRPSOLFDWHV VXFK D FRPSDULVRQ� %RWK

LQVWUXPHQWV KDYH WR GHWHUPLQH JUDYLW\ DW WKH VDPH ORFDWLRQ DQG� VLQFH JUDYLW\ YDOXHV DUH

VHQVLWLYH WR FKDQJHV LQ WKH ORFDO HQYLURQPHQW� LW LV DOVR GHVLUDEOH WR SHUIRUP WKH PHDVXUH�

PHQWV VLPXOWDQHRXVO\�

:H KDYH EHHQ DEOH WR SHUIRUP VXFK D FRPSDULVRQ LQ RXU ODERUDWRU\ DQG RYHU D SHULRG

RI � GD\V� XVLQJ DQ )*� DEVROXWH JUDYLPHWHU SURYLGHG E\ WKH 1DWLRQDO 6FLHQFH )RXQGDWLRQ

�16)� DQG RSHUDWHG E\ 1DWLRQDO 2FHDQ DQG $WPRVSKHUH $GPLQLVWUDWLRQ �12$$�� 7KH

)*�� RQH RI WKH PRVW DGYDQFHG DEVROXWH JUDYLPHWHUV FXUUHQWO\ DYDLODEOH� PHDVXUHV JUDYLW\

E\ PRQLWRULQJ WKH PRWLRQ RI D IUHHO\ IDOOLQJ FRUQHU^FXEH DFWLQJ DV WKH UHWUR�UHqHFWRU LQ

RQH DUP RI D 0LFKHOVRQ ODVHU LQWHUIHURPHWHU� 7KH DFFXUDF\ RI WKLV LQVWUXPHQWV LV XVXDOO\

VSHFLpHG DV � z*DO� EXW GDWD IURP LQWHUQDWLRQDO JUDYLW\ FRPSDULVRQ PHDVXUHPHQWV >��@

LQGLFDWHV WKDW � z*DO LV D PRUH UHDOLVWLF QXPEHU�

,Q DGGLWLRQ WR WHVWLQJ WKH DWRP LQWHUIHURPHWHU
V DFFXUDF\ ZH ZHUH DOVR LQWHUHVWHG LQ FRP�

SDULQJ WKH PHDVXUHPHQW QRLVH RI WKH WZR LQVWUXPHQWV� 7KH UHVROXWLRQ RI WKH )*� JUDYLPHWHU

LV VSHFLpHG WR EH DV JRRG DV � z*DO IRU D VLQJOH GURS XQGHU LGHDO FRQGLWLRQV �VHLVPRORJLFDOO\

TXLHW VLWH� IDU UHPRYHG IURP FLYLOL]DWLRQ DQG UHODWHG QRLVH� DQG WKHRUHWLFDOO\ WKH UHSHWLWLRQ

UDWH FRXOG EH DV KLJK DV � GURS SHU VHFRQG� 7KLV ZRXOG PHDQ D UHVROXWLRQ RI � z*DO 
S
+]�

VXEVWDQWLDOO\ EHWWHU WKDQ WKH �� z*DO 
S
+] DFKLHYHG E\ RXU DWRP LQWHUIHURPHWHU� +RZHYHU�

RXU ODERUDWRU\ LV GHpQLWHO\ QRW DQ LGHDO VLWH DV GHVFULEHG DERYH� ,W LV ORFDWHG RQ WKH VHF�

RQG qRRU RI WKH EXV\ SK\VLFV EXLOGLQJ ZKLFK LWVHOI LV VXUURXQGHG E\ PDMRU GHPROLWLRQ DQG

FRQVWUXFWLRQ VLWHV� ,W ZDV WKHUHIRUH YHU\ LQWHUHVWLQJ WR VHH KRZ WKH )*� JUDYLPHWHU ZRXOG

SHUIRUP XQGHU WKHVH FLUFXPVWDQFHV�

:H DOVR OHDUQHG WKDW WKH GURS UDWH RI WKH FODVVLFDO LQVWUXPHQW LV SUDFWLFDOO\ OLPLWHG WR

DERXW � GURS HYHU\ �� VHFRQGV� 2WKHUZLVH� PHFKDQLFDO ZHDU ZRXOG UHGXFH WKH OLIHWLPH RI

WKH LQVWUXPHQW DQG WKH ODFN RI VXrFLHQW VHWWOLQJ WLPH IRU GURS UHODWHG YLEUDWLRQV FRXOG

FRPSURPLVH WKH LQVWUXPHQWV DFFXUDF\� 7KH UHSHWLWLRQ UDWH RI RXU DWRP LQWHUIHURPHWHU�

RQ WKH RWKHU KDQG� LV EDVLFDOO\ GHWHUPLQHG E\ WKH LQWHUIHURPHWHU SXOVH VSDFLQJ 7 DQG WKH

ORDGLQJ WLPH IRU WKH 027� &XUUHQWO\ LW LV OLPLWHG WR RQH ODXQFK HYHU\ ��� V E\ WKH pQLWH

WLPH QHFHVVDU\ WR UHSURJUDP WKH ''6 V\QWKHVL]HU EHWZHHQ ODXQFKHV�
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)LJXUH ���� &RPSDULVRQ EHWZHHQ DWRP LQWHUIHURPHWHU �ORZHU GDWDVHW� DQG FODVVLFDO JUDYLPH�

WHU �XSSHU GDWDVHW�� (DFK SRLQW UHSUHVHQWV � PLQXWH RI WLGH FRUUHFWHG JUDYLW\ GDWD� ZKLFK

FRUUHVSRQGV WR � GURSV RI WKH FRUQHU^FXEH DQG �� ODXQFKHV RI WKH DWRPV� 7KH FRQWLQXRXV

OLQHV DUH UXQQLQJ DYHUDJHV ��� PLQXWHV�� 7KH KLVWRJUDPV VKRZ GLVWULEXWLRQ RI WKH � PLQXWH

GDWD SRLQWV DURXQG WKH PHDQ �IRU HYHU\ �� PLQXWH LQWHUYDO�� &RPSDUHG WR WKH FODVVLFDO

LQVWUXPHQW� WKH PHDVXUHPHQW QRLVH RI WKH DWRP LQWHUIHURPHWHU LV VPDOOHU E\ D IDFWRU RI

� IRU HTXLYDOHQW PHDVXUHPHQW WLPHV� 7KH QRLVH SHU GURS �ODXQFK�� RQ WKH RWKHU KDQG� LV

FRPSDUDEOH�
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7KH RULJLQDO GDWD IURP FRPSDULVRQ PHDVXUHPHQW LV VXPPDUL]HG )LJ� ���� 7R FRPSDUH

WKH UHVROXWLRQ RI WKH WZR LQVWUXPHQWV ZLWK WKHLU GLoHUHQW VDPSOLQJ UDWHV ZH ELQQHG WKH

GDWD LQWR VDPH OHQJWK LQWHUYDOV �� PLQXWH� FRUUHVSRQGLQJ WR �� DWRP ODXQFKHV DQG � FRUQHU�

FXEH GURSV�� /RRNLQJ DW WKH GDWD LW LV LPPHGLDWHO\ REYLRXV WKDW WKH QRLVH RI WKH DWRP

LQWHUIHURPHWHU PHDVXUHPHQW LV ORZHU E\ D IDFWRU RI � ZKHQ QRUPDOL]HG WR PHDVXUHPHQW

WLPH� HYHQ WKRXJK WKH SHUIRUPDQFH SHU GURS LV FRPSDUDEOH�

&RPSDULQJ WKH DEVROXWH JUDYLW\ YDOXHV LV PRUH FRPSOLFDWHG VLQFH WKH PHDVXUHPHQWV ZHUH

WDNHQ DW VOLJKWO\ GLoHUHQW ORFDWLRQV DQG PHDVXUHPHQW KHLJKWV �6HF� ������� $IWHU DFFRXQWLQJ

IRU WKH GLoHUHQW ORFDWLRQV� ZH IRXQG WKDW WKHUH ZDV VWLOO DQ RoVHW RI DSSUR[LPDWHO\ ���

z*DO �)LJ� ����� :H ODWHU GLVFRYHUHG WKDW PRVW RI WKLV GLVFUHSDQF\ FRXOG EH DWWULEXWHG DQ

LQFRUUHFW SXEOLVKHG YDOXH IRU WKH FHVLXP '�^ZDYHOHQJWK �VHH 6HF� ������� 8VLQJ D EHWWHU

ZDYHOHQJWK YDOXH WR DQDO\]H RXU GDWD LPPHGLDWHO\ UHGXFHG WKH GLVFUHSDQF\ WR OHVV WKDQ

�� z*DO�

6XEVHTXHQWO\� ZH KDYH LQYHVWLJDWHG PDQ\ SRWHQWLDO V\VWHPDWLF HUURUV �VHH &KDSWHU ���

:H IRXQG WKDW WZR HoHFWV LQ SDUWLFXODU� &RULROLV IRUFHV GXH WR (DUWK
V URWDWLRQ �6HF� ������

DQG GLVWXUEDQFHV RI WKH YLEUDWLRQ LVRODWLRQ V\VWHP E\ WKH SXOVHG PDJQHWLF pHOGV RI WKH

H[SHULPHQW �6HF� ������ ZHUH UHVSRQVLEOH IRU PRVW RI WKH UHVLGXDO �� z*DO RoVHW� :H KDYH

EHHQ DEOH WR HVVHQWLDOO\ HOLPLQDWH WKH VHFRQG HoHFW E\ HQFORVLQJ WKH ZKROH YLEUDWLRQ LVRODWRU

LQVLGH D PDJQHWLF VKLHOG� :H KDYH DOVR SXW VXEVWDQWLDO HoRUW LQWR PLQLPL]LQJ WKH HoHFW RI

&RULROLV IRUFHV E\ SURSHU DOLJQPHQW�

$IWHU LPSOHPHQWLQJ WKHVH LPSURYHPHQWV DQG ZLWK D PXFK EHWWHU NQRZOHGJH RI WKH UH�

PDLQLQJ SUREOHPV ZH KDYH SHUIRUPHG DQRWKHU JUDYLW\ PHDVXUHPHQW� WKH UHVXOWV RI ZKLFK ZH

ZLOO SUHVHQW LQ WKH pQDO FKDSWHU RI WKLV WKHVLV �&KDSWHU ���



&KDSWHU �

1 RLVH

2XU DWRP LQWHUIHURPHWHU FXUUHQWO\ KDV D UHVROXWLRQ RI | � d ��b� J IRU D VLQJOH ODXQFK

RI WKH DWRPV� $V VKRZQ LQ 6HF� ��� WKLV LV DW OHDVW FRPSDUDEOH� LI QRW EHWWHU� WKDQ WKH

SHUIRUPDQFH RI FODVVLFDO DEVROXWH JUDYLPHWHUV� ,W LV DOVR D ELJ LPSURYHPHQW RYHU WKH pUVW

DWRP LQWHUIHURPHWHU PHDVXUHPHQWV E\ .DVHYLFK DQG &KX LQ ���� >��@� ZKLFK KDG D UHVROXWLRQ

RI | �d ��b� J SHU ODXQFK�

)RU WKH HDUO\ H[SHULPHQWV WKH QRLVH ZDV FOHDUO\ GRPLQDWHG E\ UHVLGXDO YLEUDWLRQV� 1RZ�

DIWHU PDQ\ LPSURYHPHQWV DQG WKH LPSOHPHQWDWLRQ RI DQ DFWLYH YLEUDWLRQ LVRODWLRQ V\VWHP�

WKH VLWXDWLRQ LV VXEVWDQWLDOO\ PRUH FRPSOLFDWHG� :H KDYH LQYHVWLJDWHG WKH HoHFW RI PDQ\

QRLVH VRXUFHV� XVLQJ WKHRUHWLFDO DQDO\VLV DV ZHOO DV H[SHULPHQWDO PHDVXUHPHQWV�

7KH H[SHULPHQWDO PHDVXUHPHQWV XVHG ERWK� FRXQWHU^SURSDJDWLQJ 'RSSOHU VHQVLWLYH DQG

FR^SURSDJDWLQJ 'RSSOHU LQVHQVLWLYHe FRQpJXUDWLRQV WR GLoHUHQWLDWH QRLVH GXH WR YLEUDWLRQV

DQG URWDWLRQV IURP QRLVH FRQWULEXWLRQV UHODWHG WR WKH SKDVH PHDVXUHPHQW LWVHOI�

��� 'HpQLWLRQV

:H pUVW GHpQH WKH WHUP ?UHVROXWLRQ� RI D JUDYLW\ PHDVXUHPHQW LQ WKH FRQWH[W RI WKLV H[SHU�

LPHQW� $VVXPH ZH KDYH D VHTXHQFH RI HTXDOO\ VSDFHG JUDYLW\ PHDVXUHPHQWV JQ  J�WQ� ZLWK

WQ��  WQ � � � ZKHUH � LV WKH WLPH EHWZHHQ WZR FRQVHFXWLYH PHDVXUHPHQWV� 2QH SRVVLEOH

e(Y H Q LQ ' R SSOH U ? LQVH QVLWLY H � PR GH R XU LQWH UIH UR PH WH U F D Q PH D VXUH WKH VPD OO UH VLGXD O ' R SSOH U VKLIW

Z LWK H QR XJ K UH VR OXWLR Q WR GH WH UPLQH J WR EH WWH U WKD Q � SD UW LQ � � ��

��
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FKDUDFWHUL]DWLRQ RI WKH PHDVXUHPHQW QRLVH ZRXOG EH WR XVH WKH RUGLQDU\ YDULDQFH

��J  
'
�JQ b KJQL �

�
(
� �����

+RZHYHU� WKLV YDULDQFH JHQHUDOO\ GHSHQGV RQ WKH QXPEHU RI VDPSOHV LQ D pQLWH VHTXHQFH RI

JUDYLW\ PHDVXUHPHQWV DQG PLJKW GLYHUJH IRU LQpQLWH VHTXHQFHV� 7KH WZR^VDPSOH YDULDQFH

��J��� ��  �
�

'
�JQ�� b JQ�

�
(
� �����

RQ WKH RWKHU KDQG� GRHV QRW GHSHQG RQ WKH QXPEHU RI VDPSOHV� :H WKHUHIRUH UHIHU WR WKLV

TXDQWLW\ DV WKH UHVROXWLRQ RI WKH JUDYLW\ PHDVXUHPHQW�

,W LV DOVR SRVVLEOH WR GHpQH WKH WZR^VDPSOH YDULDQFH �J��� W� IRU ORQJHU WLPH VHSDUDWLRQV

W  1� E\ pUVW WDNLQJ WKH PHDQ RI 1 FRQVHFXWLYH PHDVXUHPHQWV� ,W LV JLYHQ E\

��J��� W�  ��J��� 1��  
�

�


�
1b�;
N �

JQ�N
1

b
�1b�;
N 1

JQ�N
1

���
� �����

,I WKH QRLVH RI FRQVHFXWLYH PHDVXUHPHQWV JQ LV XQFRUUHODWHG� WKHQ ZH KDYH

�J��� 1��  
�

S
1

�J��� �� DQG �J��� ��  �J � �����

6LQFH WKLV LV WKH FDVH IRU PRVW RI WKH QRLVH VRXUFHV WKDW ZH KDYH FRQVLGHUHG �H[FHSW IRU YHU\

ORZ IUHTXHQF\ YLEUDWLRQV DQG URWDWLRQV�� ZH RIWHQ GR QRW GLVWLQJXLVK EHWZHHQ �J��� �� DQG

�J�

:H FDQ DOVR UHODWH WKH YDULDQFH RI J WR WKH VLJQDO^WR^QRLVH UDWLR RI WKH H[SHULPHQWDOO\

REVHUYHG LQWHUIHURPHWHU IULQJHV� $VVXPH WKDW WKH QXPEHU RI GHWHFWHG DWRPV LV JLYHQ E\

[  $ >� �& FRV�c��@ � �����

ZKHUH c�  NHoJ7
� LV WKH LQWHUIHURPHWHU SKDVH� & WKH IULQJH FRQWUDVW DQG $& WKH REVHUYHG

IULQJH DPSOLWXGH� :H WKHQ GHpQH WKH VLJQDO^WR^QRLVH UDWLR �6 1�  $& �[ E\ FRPSDULQJ

WKH YDULDQFH �[ RI WKH VLJQDO RQ WKH VORSH RI D IULQJH WR WKH IULQJH DPSOLWXGH $&� $VVXPLQJ

WKDW QHLWKHU $ QRU & qXFWXDWH� WKH 6�1^UDWLR DQG WKH YDULDQFHV RI LQWHUIHURPHWHU SKDVH

DQG JUDYLW\ YDOXH DUH UHODWHG E\

�6 1�b�  �c �  NHo7
��J � �����

:KHQ WKHRUHWLFDOO\ HYDOXDWLQJ WKH HoHFW RI SRWHQWLDO QRLVH VRXUFHV� ZH JHQHUDOO\ DVVXPH

���� IULQJH FRQWUDVW�
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��� ( YROXWLRQ RI LQWHU IHU RPHWHU SHU IRU PDQFH

)LJXUH ��� VKRZV KRZ LQWHUIHURPHWHU FRQWUDVW DQG QRLVH HYROYHG RYHU WLPH� 7KH LQWURGXFWLRQ

RI WKH DFWLYH YLEUDWLRQ LVRODWLRQ V\VWHP ZDV DEVROXWHO\ HVVHQWLDO� DOORZLQJ XV WR LQFUHDVH WKH

WLPH EHWZHHQ LQWHUIHURPHWHU SXOVHV IURP ��PV WR PRUH WKHQ ���PV� FRUUHVSRQGLQJ WR DQ

DXWRPDWLF ����IROG LQFUHDVH LQ VHQVLWLYLW\� :LWKRXW YLEUDWLRQV GRPLQDWLQJ WKH QRLVH LW VRRQ

EHFDPH REYLRXV WKDW WKH PLFURZDYH V\QWKHVL]HU FRQWUROOLQJ WKH 5DPDQ IUHTXHQF\ GLoHUHQFH

ZDV QRW UHDOO\ XS WR WKH WDVN� 5HSODFLQJ LW ZLWK D EHWWHU V\VWHP� LQFOXGLQJ D IUHTXHQF\

PXOWLSOLHU FKDLQ XVXDOO\ XVHG IRU DWRPLF FORFNV� DOORZHG XV WR UHDFK VLQJOH ODXQFK UHDFK

UHVROXWLRQV RI EHWWHU WKDQ �d ��b� J IRU WKH pUVW WLPH�
)XUWKHU LPSURYHPHQWV RYHU WKH FRXUVH RI VHYHUDO PRQWKV WKHQ DOORZHG XV WR UHDFK RXU

FXUUHQW QRLVH OHYHO DQG D UHVROXWLRQ RI EHWWHU WKDQ �d ��b� J SHU ODXQFK� 7KH PDLQ FKDQJHV
WR WKH VHWXS DUH LOOXVWUDWHG LQ )LJ� ���� %HVLGHV UHPRYLQJ PDMRU VRXUFHV RI QRLVH IURP

WKH RSWLFDO WDEOH DQG LPSURYLQJ VWUXFWXUDO VWDELOLW\� PHWLFXORXV DOLJQPHQW RI WKH YLEUDWLRQ

LVRODWRU DQG WKH 5DPDQ EHDPV SURYHG WR EH H[WUHPHO\ LPSRUWDQW�

(YHQ DIWHU DFKLHYLQJ WKLV OHYHO RI SHUIRUPDQFH ZH FRQWLQXHG IRU VHYHUDO PRQWKV WR VHDUFK

IRU DGGLWLRQDO QRLVH VRXUFHV DQG WR LPSOHPHQW VHYHUDO LPSURYHPHQWV WR WKH DSSDUDWXV _

EXW� VDGO\� ZLWKRXW DQ\ PDMRU JDLQ LQ UHVROXWLRQ� 6RPH RI WKH DWWHPSWHG PRGLpFDWLRQV ZHUH

DGPLWWHGO\ PRUH LPSRUWDQW ZLWK UHVSHFW WR HOLPLQDWLQJ V\VWHPDWLF HUURUV�

�' DFWLYH YLEUDWLRQ LVRODWLRQ� DFWLYH WLOW VWDELOL]DWLRQ� FRXQWHU�URWDWLQJ WDEOH WR FDQFHO

&RULROLV IRUFHV GXH WR (DUWK
V URWDWLRQ� EHWWHU TXDUW] IUHTXHQF\ VWDQGDUG� GLoHUHQW PL�

FURZDYH V\QWKHVL]HU� FDQFHOLQJ 'RSSOHU VKLIW GXULQJ LQGLYLGXDO LQWHUIHURPHWHU SXOVHV� PRY�

LQJ SKDVH^ORFN SKRWR^GLRGH WR UHGXFH SKDVH QRLVH� WHPSRUDU\ HOLPLQDWLRQ RI DOO PHFKDQLFDO

VKXWWHUV� WHPSRUDU\ VKXWWHU LQ 5DPDQ EHDPV WR HOLPLQDWH OHDNDJH OLJKW� VKLHOGLQJ RI 5DPDQ

EHDPV IURP DLU FXUUHQWV� UHSODFHPHQW RI GLUW\ YDFXXP FKDPEHU ZLQGRZ IRU 5DPDQ EHDPV�

EHWWHU EHDP GXPS IRU 5DPDQ EHDPV� SUHYHQWLRQ RI YLEUDWLRQ LVRODWRU DLU EHDULQJ URWD�

WLRQ� EHWWHU SUHVVXUH UHJXODWLRQ IRU DLU EHDULQJ� GDPSLQJ RI PHFKDQLFDO VSULQJV LQ YLEUDWLRQ

LVRODWRU� DQG PDJQHWLF VKLHOGLQJ DURXQG YLEUDWLRQ LVRODWRU�

��� 3 RVVLEOH QRLVH VRXU FHV

7DEOH ��� VXPPDUL]HV WKH PRVW LPSRUWDQW QRLVH VRXUFHV DQG WKHLU HVWLPDWHG HoHFW RQ WKH

H[SHULPHQW� 7KHLU UHODWLYH LPSRUWDQFH DOVR GHSHQGV RQ H[SHULPHQWDO SDUDPHWHUV OLNH WKH

WLPH 7 EHWZHHQ LQWHUIHURPHWHU SXOVHV DQG� WR D OHVVHU GHJUHH� WKH OHQJWK RI WKRVH SXOVHV�



�� &+$37(5 �� 12,6(

∆φ (rad)

−2π −π 0 π 2π
0.0

0.2

0.4

0.6

0.8

1.0

−2π −π 0 π 2π
0.28

0.32

0.36
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0.26

0.30
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0.38

0.42
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0.08

0.12

0.16

0.20

0.24

(b) March 1996, T = 150 ms
9% contrast, ∆g/g = 3.1 x 10-6

(a) December 1995, T = 10 ms
9% contrast, ∆g/g = 7 x 10-4

(c) April 1996, T = 150 ms
13% contrast, ∆g/g = 9.3 x 10-8

(d) February 1997, T = 160 ms
58% contrast, ∆g/g = 1.6 x 10-8

)LJXUH ���� (YROXWLRQ RI LQWHUIHURPHWHU QRLVH DQG IULQJH FRQWUDVW� 7 LV WKH WLPH EHWZHHQ
LQWHUIHURPHWHU SXOVHV� cJ J WKH PHDVXUHPHQW UHVROXWLRQ IRU D VLQJOH ODXQFK� (DFK GDWD
SRLQW DOVR UHSUHVHQWV D VLQJOH ODXQFK� �D� 1R DFWLYH YLEUDWLRQ LVRODWLRQ� RSWLFDO WDEOH LVRODWRUV
RQO\� �E� )LUVW UHVXOW DIWHU LQVWDOOLQJ YLEUDWLRQ LVRODWRU� 1RWH WKDW LQFUHDVLQJ 7 IURP ��PV
WR ���PV DORQH UHVXOWV LQ D ����IROG LQFUHDVH UHVROXWLRQ� HYHQ ZKHQ WKH IULQJH ORRNV WKH
VDPH� �F� $IWHU LPSURYLQJ WKH 5DPDQ SKDVH ORFN� �G� )LQDO SHUIRUPDQFH� DIWHU RSWLPL]LQJ
5DPDQ EHDPV DQG LPSOHPHQWLQJ PDQ\ PHFKDQLFDO LPSURYHPHQWV �VHH WH[W DQG )LJ� �����
,PSURYHG FRQWUDVW GXH WR YHORFLW\ SUHVHOHFWLRQ�
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vibration isolator

vacuum chamber

raman laser beams

tower

optical table

shelf with argon laser air legs

improved vibration isolator

vacuum chamber

raman laser beams

reinforced tower

optical table

NO shelf with argon laser air legs

acoustic isolation box

)LJXUH ���� (YROXWLRQ RI WKH H[SHULPHQWDO VHWXS WR UHGXFH QRLVH OHYHOV� 8QGHUOLQHG LWHPV
LQGLFDWH LPSURYHPHQWV�
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6RPH HoHFWV� OLNH VKRW QRLVH RU GHWHFWLRQ QRLVH� DUH FOHDUO\ QRW D SUREOHP DW WKH FXUUHQW

WLPH� 7KH UHPDLQLQJ HoHFWV� DOWKRXJK QRW ODUJH HQRXJK WR IXOO\ H[SODLQ WKH REVHUYHG QRLVH

OHYHO� GHVHUYH IXUWKHU GLVFXVVLRQ DQG SUHVHQWDWLRQ RI WKH H[SHULPHQWDO HYLGHQFH�

1RLVH VRXUFH 6LJQDO�1RLVH �J �z*DO�

$WRP VKRW QRLVH ��d ��� DWRPV� ���� ����

'HWHFWLRQ QRLVH ��� ���

/RUDQ�& IUHTXHQF\ VWDELOLW\ ��d ��b�� DW � V� ���+] %:� �� ���

5DPDQ�ODVHU LQWHQVLW\ QRLVH �| ����� �� ���

+LJK IUHTXHQF\ SKDVH QRLVH ��d ��b� UDG 
S
+]� �� ��

5HVLGXDO YLEUDWLRQV DQG URWDWLRQV ! �� � �

2EVHUYHG QRLVH �� ��

7DEOH ���� .QRZQ QRLVH VRXUFHV DQG WKHLU HVWLPDWHG HoHFW RQ D JUDYLW\ PHDVXUHPHQW ZLWK
7  ���PV EHWZHHQ LQWHUIHURPHWHU SXOVHV RI OHQJWKV �}  ���zV DQG �

} �  ��zV�

����� 6KRW QRLVH DQG GHWHFWLRQ QRLVH

:LWKRXW XVLQJ VSHFLDOO\ SUHSDUHG VRXUFHV RI DWRPV� OLNH %RVH^(LQVWHLQ FRQGHQVDWHV� WKH

DWRPLF VKRW QRLVH VKRXOG XOWLPDWHO\ OLPLW WKH UHVROXWLRQ RI WKH LQWHUIHURPHWHU DW D OHYHO

SURSRUWLRQDO WR � 
S
1 � ZKHUH 1 LV WKH QXPEHU RI FRQWULEXWLQJ DWRPV� ,Q RXU H[SHULPHQW

| � d ��� DWRPV FRQWULEXWH WR WKH LQWHUIHURPHWHU VLJQDO� FRUUHVSRQGLQJ WR D VKRW QRLVH
OLPLWHG 6�1^UDWLR RI ���� ��

2QH QHFHVVDU\ FRQGLWLRQ IRU VKRW QRLVH OLPLWHG SHUIRUPDQFH LV D GHWHFWLRQ HrFLHQF\

VXrFLHQWO\ FORVH WR XQLW\� 2XU qXRUHVFHQFH GHWHFWLRQ VFKHPH IXOpOOV WKLV FRQGLWLRQ �| �

VFDWWHUHG SKRWRQV GHWHFWHG SHU DWRP� LQFOXGLQJ TXDQWXP HrFLHQF\ RI 307�� EXW LV VWLOO

OLPLWHG E\ RWKHU SUREOHPV� 7KLV LV DFWXDOO\ D YHU\ W\SLFDO VLWXDWLRQ IRU SXOVHG H[SHULPHQWV

ZKLFK XVH UHODWLYHO\ ODUJH VDPSOHV RI DWRPV� VLQFH HYHQ WKH EHVW GHWHFWLRQ PHWKRGV VHOGRP

DFKLHYH 6�1^UDWLRV RI EHWWHU WKDQ ������ ������ IRU RXU V\VWHP� IRU D VLQJOH PHDVXUHPHQW�

&RQWLQXRXV PHDVXUHPHQWV� IRU H[DPSOH RQ DWRPLF EHDPV� DFKLHYH VKRW QRLVH OLPLW SHUIRU�

PDQFH PRUH UHDGLO\� PRVWO\ EHFDXVH WKH\ JHQHUDOO\ KDYH D EHWWHU EDODQFH EHWZHHQ QXPEHU

RI DWRPV DQG GHWHFWLRQ QRLVH� $V DQ H[DPSOH� OHW XV DVVXPH WKDW ZH FRXOG SHUIRUP RXU

JUDYLW\ PHDVXUHPHQW FRQWLQXRXVO\� XVLQJ WKH VDPH DYHUDJH qX[ RI �d ��� DWRPV SHU VHFRQG
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�� d ��� DWRPV� ��� V EHWZHHQ ODXQFKHV�� ,Q SULQFLSOH LW ZRXOG WDNH WKH GHWHFWLRQ V\VWHP
OHVV WKDQ �PV WR DFKLHYH D 6�1^UDWLR RI ��� �� EXW GXULQJ WKLV WLPH RQO\ � d ��� DWRPV
SDVV WKURXJK� FRUUHVSRQGLQJ WR D VKRW QRLVH RI | �� �� 7KH RYHUDOO GHWHFWLRQ QRLVH ZRXOG
WKHUHIRUH EH VKRW QRLVH OLPLWHG� ,Q RWKHU ZRUGV� SXOVHG H[SHULPHQWV VXoHU EHFDXVH WKH\ SLOH

XS XQQHFHVVDULO\ PDQ\ DWRPV LQ WRR VKRUW D WLPH LQWHUYDO�

6RPH DGGLWLRQDO FRPPHQWV� 7KH ��� � GHWHFWLRQ 6�1^UDWLR LV SUREDEO\ OLPLWHG E\ IUH�

TXHQF\ qXFWXDWLRQV RI WKH SUREH EHDP �LWV LQWHQVLW\ LV DFWLYHO\ VWDELOL]HG�� )RU YHU\ VPDOO

QXPEHUV RI GHWHFWHG DWRPV qXRUHVFHQFH IURP WKH UHODWLYHO\ GHQVH FHVLXP EDFNJURXQG YDSRU

PD\ GRPLQDWH WKH QRLVH� )RU 'RSSOHU VHQVLWLYH PHDVXUHPHQWV� LQFOXGLQJ WKH DFWXDO LQWHU�

IHURPHWHU� WKH QRUPDOL]DWLRQ GRHV QRW ZRUN DV ZHOO� VLQFH DWRPV LQ GLoHUHQW VWDWHV DUULYH

DW VOLJKWO\ GLoHUHQW WLPHV� 8QGHU VRPH FLUFXPVWDQFHV WKLV FDQ UHVXOW LQ GHWHFWLRQ QRLVH

GRPLQDWHG E\ WKH | �� qXFWXDWLRQV LQ WKH QXPEHU RI WUDSSHG DWRPV� :KLOH ZH FXUUHQWO\
RQO\ XVH | � d ��� DWRPV SHU ODXQFK� WKLV QXPEHU FRXOG HDVLO\ EH LQFUHDVHG WR | � d ���

DWRPV �XVLQJ OHVV VHYHUH YHORFLW\ SUHVHOHFWLRQ DQG GHWHFWLRQ DSHUWXULQJ� LI WKH VKRW QRLVH

OLPLW VKRXOG HYHU EHFRPH D SUREOHP�

����� 5DPDQ^ODVHU LQWHQVLW\ QRLVH

7KH 5DPDQ EHDP LQWHQVLWLHV DUH QRW DFWLYHO\ VWDELOL]HG DQG WKHUHIRUH VKRZ QRWLFHDEOH LQ�

WHQVLW\ qXFWXDWLRQV DQG WKH FRUUHVSRQGLQJ FKDQJHV LQ WKH 5DEL IUHTXHQF\ DoHFW WKH LQWHUIHU�

RPHWHU VLJQDO� 7KH VKRUW WHUP ��+] b �N+]� LQWHQVLW\ qXFWXDWLRQV RI WKH FRPELQHG EHDPV

DUH W\SLFDOO\ ���� RU OHVV� $IWHU WKH pUVW }

�
^SXOVH WKH qXFWXDWLRQV LQ WKH DWRPLF LQYHUVLRQ

: DUH JLYHQ E\

�:  
}

�

cn

n
 

}

�

c,

,
� �����

$IWHU WKH FRPSOHWH LQWHUIHURPHWHU VHTXHQFH� DQG XQGHU WKH DVVXPSWLRQ WKDW WKH LQWHQVLW\

qXFWXDWLRQV IRU DOO WKUHH SXOVHV DUH XQFRUUHODWHG� WKH qXFWXDWLRQV DW WKH VORSH RI D IULQJH

DUH JLYHQ E\

�c �  �:  

S
�}

�

cn

n
 

S
�}

�

c,

,
� �����

+HUH WKH LQYHUVLRQ : LV DOVR D GLUHFW PHDVXUH IRU WKH LQWHUIHURPHWHU SKDVH VKLIW c�� DQG

WKH ���� LQWHQVLW\ qXFWXDWLRQV WKHUHIRUH UHVXOW LQ D 6�1^UDWLR RI �� ��
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����� 5DPDQ^ODVHU SKDVH QRLVH

$OO WKH LQWHUIHURPHWHU SKDVH VKLIWV DUH PHDVXUHG UHODWLYH WR WKH 5DPDQ SKDVH DQG DQ\

5DPDQ SKDVH QRLVH WKHUHIRUH WUDQVODWHV GLUHFWO\ LQWR QRLVH RI WKH JUDYLW\ PHDVXUHPHQW�

$FFRUGLQJ WR c�  NHoJ7
� WKH VDPH DPRXQW RI SKDVH QRLVH FRUUHVSRQGV WR GLoHUHQW VPDOOHU

DPRXQWV RI DFFHOHUDWLRQ QRLVH DW ORQJHU LQWHUIHURPHWHU SXOVH VSDFLQJV 7 � 7KHUH DUH WKUHH

EDVLF FRQWULEXWLRQV WR WKH 5DPDQ SKDVH QRLVH�

3KDVH^ORFN QRLVH

7KH SKDVH^ORFN V\VWHP FDQ XVXDOO\ EH QHJOHFWHG UHODWLYH WR WKH RWKHU FRQWULEXWLRQV� HVSH�

FLDOO\ ZKHQ WKH WZR 5DPDQ EHDPV DUH pUVW VHQW WKURXJK DQ RSWLFDO pEHU WRJHWKHU EHIRUH

WKHLU EHDW QRWH LV GHWHFWHG E\ WKH IDVW SKRWR^GLRGH� ,I WKH SKRWR^GLRGH LV SODFHG EHIRUH WKH

pEHU� DV ZH KDYH pUVW WULHG� WKH 5DPDQ EHDPV DUH QRW SHUIHFWO\ RYHUODSSHG ZKHQ SDUW RI WKH

OLJKW LV VSOLW Ro DQG VHQW WR WKH SKRWR^GLRGH� 7KLV VPDOO LPSHUIHFWLRQ FDXVHV WKH 5DPDQ

SKDVH DW WKH SKRWR^GLRGH �FRQWUROOHG E\ WKH SKDVH^ORFN� WR GLoHU IURP WKH RQH DW WKH pEHU

FRXSOHU �VHHQ E\ WKH DWRPV�� $LU FXUUHQWV DQG VOLJKW SLH]R PRYHPHQWV LQ WKH H[WHUQDO FDYLW\

ODVHUV �/LWWURZ FRQpJXUDWLRQ� DoHFW WKLV GLoHUHQFH DQG FDXVH QRWLFHDEOH� WKRXJK XVXDOO\ VWLOO

QHJOLJLEOH� DPRXQWV RI SKDVH QRLVH �| ���� UDG 506 ZKHQ LQWHJUDWHG IURP �b ���+]��

6KRUW�WHUP VWDELOLW\ RI IUHTXHQF\ UHIHUHQFH

7KH VKRUW WHUP VWDELOLW\ RI WKH TXDUW] IUHTXHQF\ UHIHUHQFH� XVXDOO\ H[SUHVVHG LQ WHUPV RI WKH

$OODQ YDULDQFH �\�7 �� LV DQRWKHU SRVVLEOH SUREOHP� ,Q IDFW� WKH DWRP LQWHUIHURPHWHU FRXOG

DOPRVW EH XVHG WR PHDVXUH WKLV TXDQWLW\� LI WKHUH ZHUH QRW WRR PDQ\ RWKHU QRLVH VRXUFHV�

/HW XV QRZ H[SODLQ WKLV UHODWLRQVKLS� VWDUWLQJ ZLWK WKH GHpQLWLRQ RI WKH $OODQ YDULDQFH� RU

PRUH SUHFLVHO\ ?WKH WZR�VDPSOH YDULDQFH RI WKH IUDFWLRQDO IUHTXHQF\� ZLWKRXW GHDG WLPH�

EDQGZLGWK OLPLWHG DW IF� >��@�

/HW XV DVVXPH WKDW WKH QRPLQDO RXWSXW IUHTXHQF\ �SRVVLEO\ PXOWLSOLHG LQWR WKH PLFURZDYH

UDQJH pUVW� RI WKH RVFLOODWRU LV I�� WKDW ZH GLYLGH WLPH LQWR HTXDO LQWHUYDOV RI OHQJWK 7 DQG FDQ

VRPHKRZ PHDVXUH WKH DYHUDJH IUHTXHQF\ zIQ GXULQJ HDFK LQWHUYDO� 7KHQ WKH $OODQ YDULDQFH

LV GHpQHG DV

��
\
�7 �  



� zIQ�� b zIQ�
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�
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7KH DYHUDJH IUHTXHQF\ FDQ EH H[SUHVVHG LQ WHUPV RI WKH SKDVH GLoHUHQFH EHWZHHQ WKH EH�

JLQQLQJ DQG HQG RI HDFK WLPH LQWHUYDO�

zIQ  
�

�}7
�
Q�� b 
Q��� � ������

:H FDQ QRZ XVH WKH GHpQLWLRQV


�  
Q��� 
�  
Q��  
Q����� 
�  �Q���� DQG c
  
� b �
� � 
� ������

WR H[SUHVV WKH $OODQ YDULDQFH DV

��
\
�7 �  

�

��}I�7 ��
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RU� XVLQJ WKH IDFW WKDW K
� b �
� � 
�L  �� DV

��\�7 �  
�

���}I�7 ��

'
c
� b Kc
L�

(
 

�

���}I�7 ��

'
�c
b Kc
L��

(
� ������

:H FDQ QRZ FRPSDUH H[SUHVVLRQ IRU WKH $OODQ YDULDQFH WR WKH RQH IRU WKH LQWHUIHURPHWHU

SKDVH VKLIW�

��
c �  

'
c�� b Kc�L�

(
 

'
�c�b Kc�L��

(
� ������

DQG pQG WKDW WKH WZR TXDQWLWLHV DUH LQ IDFW SURSRUWLRQDO\� 7KLV PHDQV WKDW WKH VKRUW WHUP

VWDELOLW\ RI WKH IUHTXHQF\ UHIHUHQFH VHWV D ORZHU ERXQG IRU WKH LQWHUIHURPHWHU QRLVH� ,I LW LV

WKH GRPLQDQW QRLVH VRXUFH� WKHQ DQ LQWHUIHURPHWHU ZLWK WLPH 7 EHWZHHQ SXOVHV FDQ DFWXDOO\

EH XVHG WR PHDVXUH WKH $OODQ YDULDQFH �\�7 � RI WKH UHIHUHQFH�

:H KDYH PHDVXUHG WKH $OODQ YDULDQFH RI VHYHUDO TXDUW] RVFLOODWRUV� LQFOXGLQJ RXU /RUDQ�

& IUHTXHQF\ UHIHUHQFH� E\ FRPSDULQJ WKHP WR HDFK RWKHU XVLQJ WKH VHWXS LQ )LJ� ���� 7KH

UHVXOWV DUH VKRZQ LQ )LJ� ���� 7KH FKRVHQ PHDVXUHPHQW EDQGZLGWK RI IF  ���+] DOORZV

UHOLDEOH PHDVXUHPHQWV GRZQ WR 7  � V EHIRUH EHLQJ OLPLWHG E\ ZKLWH SKDVH QRLVH �VHH

6HFWLRQ ������� :H pQG WKDW WKH /RUDQ�& UHIHUHQFH KDV WKH ZRUVW VWDELOLW\ E\ IDU� ,W VHHPV

WR KDYH HVSHFLDOO\ ELJ SUREOHPV DW WLPH VFDOHV RI VHYHUDO PLQXWHV� SUREDEO\ EHFDXVH RI EDGO\

GHVLJQHG V\VWHP IRU ORFNLQJ WKH TXDUW] WR WKH /RUDQ�& VLJQDO� /XFNLO\ ZH RQO\ FDUH DERXW

WKH SHUIRUPDQFH DW VKRUWHU WLPHV ZKHUH WKH $OODQ YDULDQFH LV DFWXDOO\ SUHWW\ JRRG� 7KH

PHDVXUHG YDOXH DW � V LV �\��V�  � d ��
b��� ZKLFK LV | � WLPHV EHWWHU WKDQ WKH SURGXFW

\
) R U WKH LQWH UIH UR PH WH U Kc�L  N H oJ7

� � � � EXW WKLV GR H V QR W PD N H D Q\ GLoH UH QF H IR U WKH QR LVH � 7 KH

$ OOD Q Y D ULD QF H D OVR GH SH QGV R Q WKH PH D VXUH PH QW ED QGZ LGWK IF� ) R U WKH LQWH UIH UR PH WH U IF LV D SSUR [ LPD WH O\

�  �� ��� Z KH UH � LV WKH OH QJ WK R I D VLQJ OH LQWH UIH UR PH WH U SXOVH �
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)LJXUH ���� 6KRUW WHUP VWDELOLW\ RI IUHTXHQF\ VWDQGDUGV� $OO PHDVXUHPHQWV ZHUH SHUIRUPHG

XVLQJ WKH VHWXS LQ )LJ� ��� DQG D PHDVXUHPHQW EDQGZLGWK RI IF  ���+]� :H FRPSDUHG

WKUHH GLoHUHQW TXDUW] IUHTXHQF\ VWDQGDUGV� DQ 2VFLOORTXDUW] %����� �26&�� D )76������$

�)76�� DQG RXU VWDQGDUG 656 )6������� /RUDQ�& UHFHLYHU �656�� �D� $OODQ YDULDQFH 26&

YV� 656� �E� )UHTXHQF\ RoVHW 26& YV� 656� �F� $OODQ YDULDQFH 26& YV� )76� �G� )UHTHQF\

RoVHW 26& YV� )76�
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HP 83712 A
Microwave synthesizer

x18 x51

Ext. Ref.

BBP-10.7
band-pass

filter

BLP-10.7
low-pass

filter

Frequency
multiplier

Comb
generator

3 dB
attenuator

BLP-50
low-pass

filter

Power
Splitter

NARDA
4815
Mixer

9.18 GHz

Frequency multipier chain
(FTS atomic clock)

Source 1
(10 MHz)

Source 2
(10 MHz)

BBP-10.7
band-pass

filter

9.180 000 100  GHz

SRS 620
Counter/Timer

(1s gate)

Tek AM 520
Diff. Preamp.
100 Hz  BP 50 Ω

~100 Hz
Computer

Ext. Ref.
BLP-1.9
low-pass

filter

)LJXUH ���� 6HWXS IRU PHDVXULQJ $OODQ YDULDQFH�

VSHFLpFDWLRQ� $VVXPLQJ WKDW WKH $OODQ YDULDQFH DW � V DQG ��� V DUH VLPLODU �SUREDEO\ QRW

D EDG DVVXPSWLRQ JLYHQ WKH JUDSK LQ )LJ� ����� WKHQ LW ZRXOG RQO\ OLPLW RXU PHDVXUHPHQW

QRLVH WR �� �� ,I WKLV VKRXOG HYHU EHFRPH D SUREOHP� WKHQ ZH DOZD\V KDYH WKH RSWLRQ RI

XVLQJ RQH RI WKH EHWWHU TXDUW] RVFLOODWRUV�

+LJK IUHTXHQF\ SKDVH QRLVH

:KLWH SKDVH QRLVH RI RXU PLFURZDYH IUHTXHQF\ VRXUFH WXUQV RXW WR EH WKH ELJJHVW SUREOHP�

,W LV GRPLQDWHG E\ WKH SKDVH QRLVH RI RXU ��0+] UHIHUHQFH ZKHQ PXOWLSOLHG XS WR PLFURZDYH

IUHTXHQFLHV �IUHTXHQF\ PXOWLSOLFDWLRQ LQFUHDVHV SKDVH QRLVH E\ ��G% IRU HYHU\ PXOWLSOLFDWLRQ

E\ �� ��� 2XU IUHTXHQF\ PXOWLSOLHU FKDLQ GRHV QRW SURYLGH DQ\ pOWHULQJ WR UHGXFH WKLV

QRLVH� VLQFH LW ZDV RULJLQDOO\ LQWHQGHG IRU XVH LQ DWRPLF FORFNV ZKHUH WKLV QRLVH ZDV QRW WKH

GRPLQDQW SUREOHP� ,Q WKLV UHVSHFW� D JRRG PLFURZDYH V\QWKHVL]HU �+3������$� DFWXDOO\

RoHUV EHWWHU SHUIRUPDQFH�

:H KDG RQH RI WKHVH V\QWKHVL]HUV DYDLODEOH IRU D VKRUW WLPH DQG XVHG WKH VHWXS LQ )LJ�

��� WR PHDVXUH WKH UHODWLYH SKDVH QRLVH EHWZHHQ RXU VWDQGDUG PLFURZDYH VRXUFH DQG WKH
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multiplied phasenoise specification
of FTS-1050-A quartz oscillator

relative phase noise between
FTS clock multiplier chain and

HP-8665-A microwave synthesizer

)LJXUH ���� 3KDVH QRLVH RI PLFURZDYH IUHTXHQF\ VRXUFHV�

V\QWKHVL]HU �ERWK SKDVH�ORFNHG WR WKH VDPH ��0+] UHIHUHQFH�� 7KH UHVXOW LV VKRZQ LQ )LJ�

���� $GGLWLRQDO LQIRUPDWLRQ IURP PHDVXUHPHQWV ZLWK D WKLUG PLFURZDYH VRXUFH �*LJDWURQ�

LFV ���� PDNHV FOHDU WKDW WKH ZKLWH SKDVH QRLVH DW KLJK IUHTXHQFLHV LV GXH WR WKH IUHTXHQF\

PXOWLSOLHU FKDLQ� 7KH ORZ IUHTXHQF\ ��I^QRLVH LV GXH WR WKH V\QWKHVL]HU� EXW LQ WKLV UHJLRQ

WKH RYHUDOO QRLVH LV XVXDOO\ GRPLQDWHG E\ WKH SKDVH QRLVH RI WKH PXOWLSOLHG TXDUW] IUHTXHQF\

UHIHUHQFH� 7R LOOXVWUDWH WKLV )LJ� ��� DOVR VKRZV WKH PXOWLSOLHG SKDVH QRLVH VSHFLpFDWLRQ IRU D

JRRG TXDUW] RVFLOODWRU �)76������$�� 7KH KLJK IUHTXHQF\ SKDVH QRLVH DoHFWV WKH LQWHUIHURP�

HWHU PHDVXUHPHQW E\ FDXVLQJ XQFRUUHODWHG SKDVH qXFWXDWLRQV IRU HDFK RI WKH LQWHUIHURPHWHU

SXOVHV� 7KH YDULDQFH �� 
 6
 
S
�� RI WKHVH qXFWXDWLRQV GHSHQGV RQ WKH SXOVH OHQJWK � �

ZKLFK GHWHUPLQHV WKH FXW�Ro IUHTXHQF\ IF IRU LQWHJUDWLRQ RI WKH ZKLWH SKDVH QRLVH� XS WR

ZKLFK WR LQWHJUDWH WKH ZKLWH QRLVH� ,W KDV WKXV VOLJKWO\ GLoHUHQW YDOXHV� ���}� DQG ���
}
�
��

IRU GLoHUHQW LQWHUIHURPHWHU SXOVHV� 2Q WKH VORSH RI DQ LQWHUIHURPHWHU IULQJH WKH YDULDQFH RI

WKH WRWDO LQWHUIHURPHWHU SKDVH LV WKHQ JLYHQ E\

�c �  
T
���

}
�
�� � ����}�

� � ���
}
�
�� }

�6
S
�}

� ������

)RU }�SXOVH OHQJWKV RI ���zV WKLV ZRXOG OLPLW RXU 6�1^UDWLR WR �� �� 7KLV QRLVH FRQWULEXWLRQ

SUREDEO\ OLPLWV WKH SHUIRUPDQFH RI WKH LQWHUIHURPHWHU ZKHQ RSHUDWHG LQ 'RSSOHU LQVHQVLWLYH
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HP 83712 A
Microwave synthesizer

x18 x51

Ext. Ref.

BBP-10.7
band-pass

filter

BLP-10.7
low-pass

filter

Frequency
multiplier

Comb
generator

3 dB
attenuator

BLP-50
low-pass

filter

9.18 GHz

Frequency multipier chain
(FTS atomic clock)

Loran C
10 MHz

reference

HP 3562 A
low frequency

spectrum analyser

BLP-1.9
low-pass

filter

ZRPD-1
phase

detector

ZFL
500-HLN

RF amplifier

Ext. Ref.

SRS 345
RF synthesizer

50 Ω

NARDA
4815
Mixer

9.192 GHz

12 MHz 12 MHz

DC

)LJXUH ���� 6HWXS IRU PHDVXULQJ SKDVH QRLVH�

PRGH� 5HSODFLQJ WKH IUHTXHQF\ PXOWLSOLHU FKDLQ ZLWK WKH PLFURZDYH V\QWKHVL]HU PHQWLRQHG

DERYH �+3������$�� ZH KDYH REVHUYHG VRPHZKDW ORZHU QRLVH OHYHOV �VHH 7DEOH ����� 7KH KLJK

IUHTXHQF\ SKDVH QRLVH RI WKLV V\QWKHVL]HU VKRXOG DOORZ D 6�1^UDWLR RI | ��� �� +RZHYHU�

RWKHU QRLVH VRXUFH VWDUW WR GRPLQDWH PXFK HDUOLHU�

����� 9LEU DWLRQV

6LQFH RXU VHWXS XVHV UHWUR^UHqHFWHG 5DPDQ EHDPV� RQO\ �YHUWLFDO� YLEUDWLRQV RI WKH UHWUR^

UHqHFWLRQ PLUURU VKRXOG EH UHOHYDQW� /HW XV LQLWLDOO\ DVVXPH WKDW WKHVH YLEUDWLRQV KDYH D

p[HG IUHTXHQF\ DQG D ZHOO GHpQHG SKDVH� :H FDQ WKHQ ZULWH WKH YLEUDWLRQDO DFFHOHUDWLRQ DV

D�W�  AD �DF FRV�W� DV VLQ�W� � ������

ZKHUH WKH WLPH W  � FRLQFLGHV ZLWK WKH FHQWUDO }�SXOVH RI WKH LQWHUIHURPHWHU VHTXHQFH

�AD� AY U HF� � � � DUH XQLW YHFWRUV�� 7KHUH DUH VHYHUDO ZD\V WR GHULYH WKH UHVXOWLQJ LQWHUIHURPHWHU
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SKDVH VKLIW� IRU H[DPSOH E\ XVLQJ D SHUWXUEDWLYH WUHDWPHQW >��� ��@ DQG WKH SHUWXUEDWLRQ

/DJUDQJLDQ /  P D c U� )RU V\PPHWU\ UHDVRQV WKH UHVXOW LV QRW DoHFWHG E\ WKH FRVLQH^

FRPSRQHQW LQ (T� ����� EXW WKH VLQH^FRPSRQHQW FDXVHV D VKLIW RI

cJ  
�DV
7 �

AD c AY U HF

VLQ� ��
�
7 �

��
� ������

ZKLFK FOHDUO\ GHSHQGV RQ WKH YLEUDWLRQ IUHTXHQF\ DV ZHOO DV WKH LQWHUIHURPHWHU SXOVH VSDFLQJ

�)LJ� ����D��� ,Q IDFW� IRU HDFK SXOVH VHSDUDWLRQ 7 WKHUH DUH FHUWDLQ IUHTXHQFLHV DW ZKLFK

YLEUDWLRQV KDYH QR HoHFW� 7KLV RFFXUV ZKHQHYHU DQ LQWHJHU QXPEHU RI YLEUDWLRQDO F\FOHV pWV

LQWR WKH LQWHUYDO EHWZHHQ }^ DQG }
�
^SXOVHV� $QRWKHU LPSRUWDQW SURSHUW\ LV WKH VHFRQG RUGHU

UROO^Ro DW IUHTXHQFLHV KLJKHU WKDQ � 7 � ZKLFK PHDQV WKDW WKH LQWHUIHURPHWHU HoHFWLYHO\

ORZ^SDVV pOWHUV WKH DFFHOHUDWLRQ VLJQDO�

7KH IUHTXHQF\ DQG WLPH GHSHQGHQW VHQVLWLYLW\ FDQ DFWXDOO\ EH XVHG WR LGHQWLI\ GRPLQDQW

YLEUDWLRQV RI p[HG IUHTXHQF\ � E\ FRPSDULQJ WKH PHDVXUHPHQW QRLVH IRU GLoHUHQW SXOVH

VSDFLQJV 7 � 6LQFH IRU FHUWDLQ WLPHV 7 WKH PHDVXUHPHQW LV LQVHQVLWLYH WR WKLV YLEUDWLRQ� WKH

PDJQLWXGH RI WKH PHDVXUHG QRLVH ZLOO EH PRGXODWHG DFFRUGLQJO\� )RU H[DPSOH� LI 7  ��PV

WKHQ VLQXVRLGDO YLEUDWLRQV ZLWK D SHULRG RI ��PV ZRXOG QRW FRQWULEXWH WR WKH REVHUYHG QRLVH�

7KH PRGXODWLRQ RI �c � LQ )LJ� ����D� ZRXOG WKHUHIRUH LQGLFDWH YLEUDWLRQV DW | ��+]� 7KH

YLEUDWLRQ LVRODWRU HUURU VLJQDO LQ )LJ� ���� RQ WKH RWKHU KDQG� VKRZV PDMRU YLEUDWLRQV DW

| ��+]� VXJJHVWLQJ VRPH W\SH RI SDUDPHWULFDOO\ GULYHQ QRLVH WHUP� 5HPRYLQJ WKH ZDWHU

FRROHG DUJRQ^LRQ ODVHU IURP WKH RSWLFDO WDEOH VXEVWDQWLDOO\ UHGXFHG WKH QRLVH �c � DV VKRZQ

LQ )LJ� ����E��

:H FDQ DOVR XVH WKH DERYH IRUPXOD WR FDOFXODWH WKH QRLVH RI WKH LQWHUIHURPHWHU VLJQDO �IRU

D VSHFLpF 7 � IURP WKH SRZHU VSHFWUXP RI UHVLGXDO DFFHOHUDWLRQV DW WKH YLEUDWLRQ LVRODWRU�

2QH SUREOHP ZLWK WKLV SRZHU VSHFWUXP LV WKDW WKH UHDO DFFHOHUDWLRQV LQ WKH ORZHVW IUHTXHQF\

GHFDGH DUH REVFXUHG E\ WKH GLJLWL]DWLRQ QRLVH qRRU� :H VWLOO pQG WKDW WKH PHDVXUHPHQW QRLVH

GXH WR UHVLGXDO YLEUDWLRQV VKRXOG EH EHWZHHQ � DQG � z*DO� FRUUHVSRQGLQJ WR 6�1�UDWLRV RI

�� � DQG �� � �)LJ� ����E��F���

����� 5RWDWLRQV

,Q DGGLWLRQ WR YLEUDWLRQV WKH LQWHUIHURPHWHU FDQ DOVR EH VHQVLWLYH WR URWDWLRQV� ,Q DGGLWLRQ

WR V\VWHPDWLF HUURUV GXH (DUWK
V URWDWLRQ WKLV VHQVLWLYLW\ FDQ DOVR FDXVH QRLVH SUREOHPV� 7KH

OHYHO RI URWDWLRQDO QRLVH LV PRVWO\ GHWHUPLQHG E\ WKH SHUIRUPDQFH RI WKH RSWLFDO WDEOH� ZKLFK

UHGXFHV URWDWLRQV DW KLJK IUHTXHQFLHV EXW DFWXDOO\ HQKDQFHV WKHP FORVH WR LWV UHVRQDQFH
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)LJXUH ���� (oHFW RI YLEUDWLRQV� �D� 5HODWLYH VHQVLWLYLW\ WR GLoHUHQW YLEUDWLRQDO IUHTXHQFLHV

IRU DQ LQWHUIHURPHWHU SXOVH VSDFLQJ RI 7  ���PV� �E� 9LEUDWLRQ LVRODWRU HUURU VLJQDO EHIRUH

�L� DQG DIWHU �LL� PXOWLSOLFDWLRQ E\ VHQVLWLYLW\ IXQFWLRQ� �F� 3UHGLFWHG QRLVH RI LQWHUIHURP�

HWHU VLJQDO GXH WR YLEUDWLRQV �ZHLJKWHG E\ VHQVLWLYLW\ IXQFWLRQ� LQWHJUDWHG XS WR D FHUWDLQ

IUHTXHQF\� $OO WKH GDWD LQ WKLV pJXUH ZDV WDNHQ EHIRUH LPSOHPHQWLQJ WKH LPSURYHPHQWV

RXWOLQHG LQ )LJ� ����
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)LJXUH ���� 1RLVH PRGXODWLRQ GXH WR YLEUDWLRQV� �D� %HIRUH ,PSURYHPHQWV� �E� $IWHU LP�

SURYHPHQWV� UHPRYHG $UJRQ^LRQ ODVHU IURP RSWLFDO WDEOH� VWLoHQHG WRZHU VWUXFWXUH VXS�

SRUWLQJ YLEUDWLRQ LVRODWRU� ��� �)LJ� ����� 7KH VROLG OLQH LV D WKHRUHWLFDO pW XVLQJ � GLVFUHWH

YLEUDWLRQ IUHTXHQFLHV�

IUHTXHQF\ RI | �+]� 7KH PDLQ DFWLYH YLEUDWLRQ LVRODWRU VXSSUHVVHV WKH | �+] YLEUDWLRQDO

UHVRQDQFH EXW GRHV QRWKLQJ WR VXSSUHVV URWDWLRQV� 7KLV LV RQH RI WKH UHDVRQV ZK\ ZH DGGHG

DQ DFWLYH �' YLEUDWLRQ LVRODWLRQ V\VWHP IRU WKH RSWLFDO WDEOH� :KLOH WKLV V\VWHP WKRURXJKO\

HOLPLQDWHV SUREOHPV DW WKH RULJLQDO WDEOH UHVRQDQFH� LW FXUUHQWO\ GRHV QRWKLQJ DW IUHTXHQFLHV

DERYH ��+]�

6LQFH WKH PDLQ YLEUDWLRQ LVRODWRU SHUIRUPV YHU\ ZHOO RYHU D ZLGH IUHTXHQF\ UDQJH� ZH

FDQ DVVXPH WKDW LW HOLPLQDWHV DOO YHUWLFDO PRYHPHQW DW WKH VHQVRU ORFDWLRQ� (oHFWLYHO\� ZH

WKHUHIRUH KDYH WR FRQVLGHU RQO\ URWDWLRQV DURXQG WKLV SRLQW� :H pUVW FRQVLGHU URWDWLRQDO

QRLVH ZLWK D ZHOO GHWHUPLQHG IUHTXHQF\ � DQG SKDVH ZKLFK FDQ EH ZULWWHQ DV

n�W�  An �nF FRV�W�nV VLQ�W� � ������

ZKHUH WKH WLPH W  � FRLQFLGHV ZLWK WKH FHQWUDO }�SXOVH RI WKH LQWHUIHURPHWHU VHTXHQFH� $V
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LQ WKH FDVH RI YLEUDWLRQV ZH FDQ GHULYH WKH UHVXOWLQJ LQWHUIHURPHWHU SKDVH VKLIW E\ XVLQJ D

SHUWXUEDWLYH WUHDWPHQW DQG WKH SHUWXUEDWLRQ /DJUDQJLDQ /  P n c �Ud Y� � �

�
P �nd U���

7KH VLQH^ DQG FRVLQH^FRPSRQHQWV LQ (T� ���� JLYH ULVH WR GLoHUHQW VKLIWV LQ WKH PHDVXUHG

DFFHOHUDWLRQ�

cJF  
�nF

7

An c �Y� d AYU HF�
VLQ ��7 �

�
������

cJV  b

�nV

7 �
An c �[� d AYU HF�

VLQ� ��
�
7 �

�
������

+HUH [� DQG Y� DUH WKH DWRPLF SRVLWLRQ �UHODWLYH WR WKH VHQVRU LQ WKH YLEUDWLRQ LVRODWRU�

DQG YHORFLW\ �WDNLQJ WKH PHDQ RI ERWK LQWHUIHURPHWHU SDWKV� DW WKH WLPH RI WKH FHQWUDO

LQWHUIHURPHWHU }�SXOVH� :H KDYH QHJOHFWHG WKH FHQWULIXJDO IRUFH WHUPV VLQFH WKH\ DUH VPDOO

FRPSDUHG WR WKH RWKHU FRQWULEXWLRQV�

1RWH WKDW ZKLOH IRU FRQVWDQW URWDWLRQ UDWHV ��  �� WKH pUVW FRQWULEXWLRQ UHGXFHV WR WKH

IDPLOLDU FRULROLV IRUFH WHUP� cJV  �n c �Y� d AYU HF�� WKH VHFRQG FRQWULEXWLRQ ZLOO YDQLVK� ,W

LV WKHUHIRUH HDVLO\ RYHUORRNHG ZKHQ PDNLQJ WKHRUHWLFDO SUHGLFWLRQV�

%RWK HoHFWV RQO\ EHFRPH UHOHYDQW ZKHQ WKH H[SHULPHQWDO DSSDUDWXV LV PLVDOLJQHG LQ

RQH ZD\ RU DQRWKHU� 7KH pUVW RQH LV SURSRUWLRQDO WR WKH KRUL]RQWDO YHORFLW\ rY  Y� c AY U HF�

WKH VHFRQG RQH WR WKH KRUL]RQWDO RoVHW r[  [� c AY U HF EHWZHHQ DWRPV DQG VHQVLWLYH SRLQW

RI WKH YLEUDWLRQ LVRODWRU �AY U HF LV YHUWLFDO�� 7KH KRUL]RQWDO YHORFLW\ rY LV JHQHUDOO\ YHU\

VPDOO �� � d ��b�P V�� VLQFH LW LV FDUHIXOO\ DGMXVWHG LQ RUGHU WR DYRLG V\VWHPDWLF HUURUV

FDXVHG E\ (DUWK
V URWDWLRQ� 7KH KRUL]RQWDO GLVSODFHPHQW LV KDUGHU WR TXDQWLI\ DQG SUREDEO\

VXEVWDQWLDO� :H KDYH DFWXDOO\ EHHQ DEOH WR UHGXFH WKH PHDVXUHPHQW QRLVH E\ KRUL]RQWDOO\

WUDQVODWLQJ WKH YLEUDWLRQ LVRODWRU LQ LQFUHPHQWV RI �PP� VR �PP VKRXOG EH D JRRG HVWLPDWH

IRU r[�

:H KDYH PHDVXUHG WKH URWDWLRQDO QRLVH RI WKH RSWLFDO WDEOH DQG XVHG WKH DERYH IRUPXODV

ZLWK H[SOLFLW YDOXHV IRU r[ DQG rY WR SUHGLFW WKH UHVXOWLQJ LQWHUIHURPHWHU QRLVH� :H IRXQG

WKDW WKH HoHFW SURSRUWLRQDO WR rY LV DOPRVW FHUWDLQO\ LUUHOHYDQW� HYHQ IRU XQUHDOLVWLFDOO\

ODUJH KRUL]RQWDO YHORFLW\ RI �PP V� 7KH HoHFW SURSRUWLRQDO WR r[� KRZHYHU� FDQ EH PRUH

VXEVWDQWLDO� HVSHFLDOO\ LI WKH DFWLYH IHHGEDFN LV WXUQHG Ro� ,Q WKDW FDVH LW PLJKW FDXVH

qXFWXDWLRQV RI XS WR � z*DO� FRUUHVSRQGLQJ WR D 6�1^UDWLR RI �� ��
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����� 0 HDVXU HG QRLVH

7KH QRLVH REVHUYHG GXULQJ DQ LQWHUIHURPHWHU PHDVXUHPHQW GHSHQGV RQ WKH H[DFW RSHUDWLQJ

SDUDPHWHUV VXFK DV SXOVH VHSDUDWLRQ DQG SXOVH OHQJWK� 9DU\LQJ WKHVH SDUDPHWHUV IRU ERWK�

'RSSOHU VHQVLWLYH DQG 'RSSOHU LQVHQVLWLYH LQWHUIHURPHWHU FRQpJXUDWLRQV� SURYLGHV XVHIXO LQ�

IRUPDWLRQ IRU GLVHQWDQJOLQJ WKH HoHFWV WKH YDULRXV QRLVH VRXUFHV VXFK DV YLEUDWLRQV� SKDVH

QRLVH� HWF� �

2XU VWDQGDUG PHWKRG RI GHWHUPLQLQJ WKH 6�1^UDWLR LV WR VLW RQ WKH VORSH RI DQ LQWHUIHU�

RPHWHU IULQJH DQG GHWHUPLQH WKH YDULDQFH ZLWKLQ VHWV RI �� FRQVHFXWLYH ODXQFKHV� :KLOH WKLV

YDULDQFH FRXOG SRWHQWLDOO\ GHSHQG RQ WKH QXPEHU RI ODXQFKHV �VHH 6HF� ����� ZH pQG WKDW

WKLV LV QRW WKH FDVH IRU RXU H[SHULPHQW DQG IRU IHZHU WKDQ | ��� ODXQFKHV �VHH )LJ� ����D���
&DOFXODWLQJ WKH WZR^VDPSOH YDULDQFH �J��� W� GHpQHG LQ (T� ��� �RU �c ���� W� IRU 'RSSOHU

LQVHQVLWLYH IULQJHV� RI D ORQJ VHTXHQFH RI PHDVXUHPHQWV SURYLGHV DGGLWLRQDO LQIRUPDWLRQ�

)LJXUH ��� VKRZV WKHVH YDULDQFHV IRU D YDULHW\ RI PHDVXUHPHQW FRQGLWLRQV�

2QH REYLRXV IHDWXUH LV WKH FOHDU � 
S
W GHSHQGHQFH IRU IHZHU WKDQ |��� ODXQFKHV� 7KLV

UHVXOW MXVWLpHV RXU SUHYLRXV GHpQLWLRQ RI WKH 6�1^UDWLR� VLQFH LW VKRZV WKDW IRU VHWV RI IHZHU

WKDQ ��� ODXQFKHV WKH QRLVH RI GLoHUHQW ODXQFKHV LV XQFRUUHODWHG]� ,W DOVR PHDQV WKDW DOO

WKH QRLVH FDQ EH DWWULEXWHG HLWKHU WR KLJK IUHTXHQF\ VRXUFHV� ZLWK SHULRGV VKRUWHU WKDQ WKH

��� V LQWHUYDO EHWZHHQ ODXQFKHV� RU WR YHU\ ORZ IUHTXHQF\ HoHFWV ZLWK W\SLFDO WLPHVFDOHV RI

VHYHUDO PLQXWHV RU PRUH� 1R GRPLQDQW QRLVH VRXUFHV VHHP WR H[LVW ZLWK SHULRGV EHWZHHQ �

DQG ��� VHFRQGV�

2XU PDLQ UHDVRQ IRU FDOFXODWLQJ WKH WZR^VDPSOH YDULDQFH ZDV WR GHWHUPLQH XS WR ZKDW

WLPH WKH � 
S
W GHSHQGHQFH KROGV DQG WR pQG WKH HYHQWXDO qLFNHU QRLVH qRRU� )RU GDWD WDNHQ

E\ VLWWLQJ RQ WKH VORSH RI D IULQJH �WKLQ OLQH LQ )LJ� ����D�� WKH LQFUHDVH RI WKH QRLVH DURXQG

W  ��� V LV SUREDEO\ FDXVHG E\ GULIWV �PRVWO\ 307 GDUN FXUUHQW� LQ WKH GHWHFWLRQ V\VWHP�

7DNLQJ GDWD E\ pWWLQJ IXOO LQWHUIHURPHWHU IULQJHV LV QRW YXOQHUDEOH WR VXFK GULIWV DQG

WKHUHIRUH EHWWHU VXLWHG IRU ORQJ WHUP PHDVXUHPHQWV� +RZHYHU� VLQFH GDWD SRLQWV DW WKH

H[WUHPD RI D IULQJH SURYLGH QR SKDVH LQIRUPDWLRQ� DQG EHFDXVH RI H[SHULPHQWDO RYHUKHDG�

WKLV PHWKRG KDV VOLJKWO\ ORZHU UHVROXWLRQ DW VKRUW WLPHV�

7KH WKLFN OLQH LQ )LJ� ����D� LV IRU RQH RI RXU PXOWL^GD\ JUDYLW\ GDWDVHWV ZKLFK ZDV

DFTXLUHG WKLV ZD\ DQG FRUUHFWHG IRU WLGHV XVLQJ D PRGHO WKDW LQFOXGHV RFHDQ ORDGLQJ HoHFWV

�VHH 6HF� ����� 7KH LQFUHDVH LQ QRLVH DURXQG W  �d ��� V LV SUREDEO\ GXH WR UHVLGXDO WLGDO

],Q WKLV F D VH Z H KD Y H �6 1�b�  �c��WO�� Z KH UH cWO  � � � V LV WKH WLPH EH WZ H H Q OD XQF KH V�
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)LJXUH ���� $OODQ YDULDQFH RI LQWHUIHURPHWHU PHDVXUHPHQWV� �D� )RU 'RSSOHU VHQVLWLYH FRQ�

pJXUDWLRQ ZLWK SXOVH VHSDUDWLRQ 7  ���PV DQG GDWD WDNHQ HLWKHU E\ VLWWLQJ DW WKH VLGH

RI D IULQJH �WKLQ OLQH� RU E\ pWWLQJ � PLQXWH JUDYLW\ IULQJHV �WKLFN OLQH�� �E� &RPSDULVRQ

EHWZHHQ 'RSSOHU VHQVLWLYH �WKLFN OLQHV� DQG LQVHQVLWLYH �WKLQ OLQHV� FRQpJXUDWLRQV IRU SXOVH

VSDFLQJV RI 7  ���PV �VROLG� DQG 7  �PV �GRWWHG��

HoHFWV� $ GLXUQDO �| ��KRXU SHULRG� FRPSRQHQW ZLWK DQ DPSOLWXGH RI ���z*DO �FRPSDUH

)LJ� ���� ZRXOG H[SODLQ WKH SHDN DW W  �d ��� V�

7KH KLJK IUHTXHQF\ QRLVH� ZKLFK DoHFWV HYHU\ VLQJOH ODXQFK LQ WKH VDPH ZD\� VKRZV YHU\

OLWWOH GHSHQGHQFH RQ WKH WLPH EHWZHHQ SXOVHV DQG LV DOVR QRW YHU\ GLoHUHQW IRU 'RSSOHU

VHQVLWLYH DQG 'RSSOHU LQVHQVLWLYH PRGH� 7KH RQO\ WLPHV ZH KDYH VHHQ VXEVWDQWLDOO\ ORZHU

QRLVH OHYHOV LV ZKHQ ZH HLWKHU UHSODFHG RXU IUHTXHQF\ PXOWLSOLHU FKDLQ ZLWK D PLFURZDYH

V\QWKHVL]HU �+3������$� RU XVHG PXFK ORQJHU SXOVH OHQJWKV �XS WR �PV� RQO\ SRVVLEOH LQ

'RSSOHU IUHH PRGH��

7DEOH ��� VKRZV VRPH 6�1^UDWLRV REWDLQHG ZKHQ XVLQJ WKH PLFURZDYH V\QWKHVL]HU� 1RWH

WKDW WKH FKDQJHV LQ WKH QRLVH OHYHO DUH UDWKHU VPDOO IRU WKH ODUJH SXOVH VHSDUDWLRQ 'RSSOHU

VHQVLWLYH IULQJHV WKDW ZH XVH IRU RXU JUDYLW\ PHDVXUHPHQWV�
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)UHTXHQF\ PXOWLSOLHU 0LFURZDYH V\QWKHVL]HU

'RS� VHQ� 'RS� LQVHQ� 'RS� VHQ� 'RS� LQVHQ� 'RS� LQVHQ�

��zV }�SXOVH ��zV }�SXOVH �� zV }�SXOVH ��zV }�SXOVH �PV }�SXOVH

7  �PV �� ��

7  �PV �� ��

7  ���PV �� �� �� �� ��

7DEOH ���� 6LJQDO^WR^QRLVH UDWLRV IRU YDULRXV LQWHUIHURPHWHU FRQpJXUDWLRQV�

��� 'LVFXVVLRQ

7KH UHDVRQV IRU WKH FXUUHQW OLPLWDWLRQ RI WKH PHDVXUHPHQW VHQVLWLYLW\ DUH VWLOO QRW FRPSOHWHO\

FOHDU� ,W LV YHU\ OLNHO\ WKDW SKDVH QRLVH LQ WKH 5DPDQ EHDPV� DQG WR D OHVVHU GHJUHH LQWHQ�

VLW\ qXFWXDWLRQV� DUH WKH OLPLWLQJ IDFWRU IRU DOO 'RSSOHU LQVHQVLWLYH PHDVXUHPHQWV DQG VKRUW

WLPH 'RSSOHU VHQVLWLYH PHDVXUHPHQWV� +RZHYHU� ORQJ WLPH 'RSSOHU VHQVLWLYH PHDVXUHPHQWV�

ZKLFK ZH XVH WR PHDVXUH JUDYLW\� VXoHU IURP DQ DGGLWLRQDO� \HW XQH[SODLQHG QRLVH FRQWUL�

EXWLRQ� 3RVVLEOH FDQGLGDWHV DUH KLJK IUHTXHQF\ YLEUDWLRQV RU URWDWLRQV� DV ZHOO DV SRWHQWLDO

SUREOHPV FDXVHG E\ WKH JHQHUDWLRQ RI WKH QHFHVVDU\ IUHTXHQF\ VWHSV DQG FKLUSV�

:KLOH LW VKRXOG EH UHODWLYHO\ HDV\ WR LPSURYH WKH 'RSSOHU IUHH SHUIRUPDQFH �E\ XVLQJ D

EHWWHU PLFURZDYH VRXUFH DQG DFWLYHO\ VWDELOL]LQJ WKH 5DPDQ ODVHU LQWHQVLW\�� LW LV KDUGHU WR

FRQFHLYH LPSURYHPHQWV IRU WKH DFWXDO JUDYLW\ PHDVXUHPHQWV� ,PSURYLQJ YLEUDWLRQ LVRODWLRQ

DW KLJK IUHTXHQFLHV ZRXOG EH RQH RSWLRQ� $QRWKHU FRXUVH RI DFWLRQ ZRXOG EH WR FKDQJH WKH

VHWXS WR DOORZ KLJKHU UHSHWLWLRQ UDWHV RU ORQJHU SXOVH VHSDUDWLRQV LQ RUGHU WR H[SORUH D ODUJHU

SDUDPHWHU VSDFH LQ SXUVXLW RI WKH QRLVH VRXUFH�



&KDSWHU �

6\VWHPDWLF HU U RU V

$Q LPSRUWDQW SURSHUW\ RI WKH DWRPLF IRXQWDLQ JUDYLPHWHU LV LWV DELOLW\ WR REWDLQ DQ DEVROXWH

JUDYLW\ YDOXH ZKLFK LV GLUHFWO\ UHIHUHQFHG WR DWRPLF VWDQGDUGV� +RZHYHU� WKH XOWLPDWH

DFFXUDF\ RI WKH PHDVXUHPHQW VWLOO GHSHQGV RQ RXU XQGHUVWDQGLQJ RI SRWHQWLDO V\VWHPDWLF

HUURUV�

*UDYLW\ PHDVXUHPHQWV GLoHU IURP WKRVH RI IXQGDPHQWDO FRQVWDQWV �5\GEHUJ FRQVWDQW�

pQH VWUXFWXUH FRQVWDQW� � � � � LQ WKDW J LV D VLWH GHSHQGHQW TXDQWLW\ WKDW DOVR YDULHV ZLWK WLPH

DQG LV DoHFWHG E\ HQYLURQPHQWDO FRQGLWLRQV� 7KHRUHWLFDO PRGHOV RI WKHVH HoHFWV DUH WKHUHIRUH

UHTXLUHG WR LQWHUSUHW WKH PHDVXUHPHQW UHVXOWV DQG WKHLU TXDOLW\ FDQ EH DQ LPSRUWDQW IDFWRU

LQ GHWHUPLQLQJ WKH pQDO PHDVXUHPHQW SUHFLVLRQ DQG DFFXUDF\� 7KH YDULDEOH QDWXUH RI J DOVR

PDNHV LW PRUH GLrFXOW WR LGHQWLI\ V\VWHPDWLF HUURUV RI WKH LQVWUXPHQW LWVHOI�

,Q WKLV FKDSWHU ZH SUHVHQW RXU DQDO\VLV RI SRWHQWLDO V\VWHPDWLF HUURUV� 5HODWHG GLVFXVVLRQV

RI V\VWHPDWLF HoHFWV IRU DWRP LQWHUIHURPHWHUV DQG DWRPLF FORFNV FDQ EH IRXQG LQ UHIHUHQFHV

>��� ��@�

��� 'LVSODFHPHQWV RI WKH DWRPLF WU DQVLWLRQ IU HTXHQF\

����� $& 6WDU N VKLIWV

$& 6WDUN VKLIWV DUH RI SURIRXQG LPSRUWDQFH IRU OLJKW SXOVH DWRP LQWHUIHURPHWHUV� ,Q WKH

FDVH RI �^SKRWRQ Ro�UHVRQDQW 5DPDQ WUDQVLWLRQV WKH\ DUH LQWULQVLFDOO\ UHODWHG WR WKH 5DEL

IUHTXHQF\ DQG FDQQRW EH DYRLGHG�

7KH DYHUDJH $& 6WDUN VKLIW n$ &
DY J  �n

$ &
D � n$ &

E � � �VHH 6HF� ���� LV DOZD\V WKH VDPH

���
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IRU DWRPV LQ ERWK SDWKV RI WKH LQWHUIHURPHWHU� DV ORQJ DV RQH FDQ QHJOHFW WKH LQWHQVLW\

YDULDWLRQV RI WKH 5DPDQ EHDPV RYHU WKH SDWK VHSDUDWLRQ� 7KLV FRPSRQHQW RI WKH $& 6WDUN

VKLIW WKHUHIRUH OHDGV WR QR REVHUYDEOH SKDVH VKLIW�

7KH GLoHUHQWLDO $& 6WDUN VKLIW r $ &  n$ &
D b n$ &

E � RQ WKH RWKHU KDQG� FDQ OHDG WR DQ

REVHUYDEOH SKDVH VKLIW� &RPELQLQJ WKH UHVXOWV IRU } DQG }

�
SXOVHV IURP 5HI� >��@� ZH pQG

WKDW WKH UHVXOWLQJ pUVW RUGHU SKDVH VKLIW IRU D 0DFK^=HKQGHU W\SH LQWHUIHURPHWHU LV JLYHQ

E\

c� $ &  
r $ &
�

nHo

b

r $ &
�

nHo

� �����

ZKHUH nHo LV WKH HoHFWLYH 5DEL IUHTXHQF\ DQG r $ &
� DQG r $ &

� DUH WKH 6WDUN VKLIWV GXULQJ

WKH pUVW DQG ODVW }

�
^SXOVH� UHVSHFWLYHO\� 7KH LQWHUIHURPHWHU LV WKHUHIRUH RQO\ VHQVLWLYH WR

WKH GLoHUHQFH LQ VKLIWV GXULQJ WKH WZR }

�
^SXOVHV� 6LQFH WKH 5DPDQ EHDP SDUDPHWHUV DUH

JHQHUDOO\ WKH VDPH IRU ERWK SXOVHV WKLV PHDQV WKDW WKH HoHFWV RI $& 6WDUN VKLIWV PRVWO\

FDQFHO� +RZHYHU� WKH VSUHDGLQJ RI WKH DWRPLF FORXG ZLWK UHVSHFW WR WKH *DXVVLDQ 5DPDQ

ODVHU LQWHQVLW\ SURpOH EUHDNV WKH V\PPHWU\ RI WKH VLWXDWLRQ DQG FDXVHV D UHVLGXDO VKLIW ODUJH

HQRXJK WR EH SUREOHPDWLF�

7KLV UHVLGXDO VKLIW FDQ EH HVVHQWLDOO\ HOLPLQDWHG E\ SURSHUO\ DGMXVWLQJ WKH GHWXQLQJ DQG

LQWHQVLW\ RI WKH 5DPDQ EHDPV� 7R VHH KRZ� ZH pUVW ZULWH RXW ERWK WKH GLoHUHQWLDO $& 6WDUN

VKLIW

r $ &  n$ &
D b n$ &

E  
;

N�L

MnNDLM
�

�cLDN

b

;

N�L

MnNELM
�

�cLEN

�����

DQG WKH �^SKRWRQ 5DEL IUHTXHQF\

n�  
;

L

ne

�DLn�EL

�c�DL

�����

LQ WHUPV RI WKH �^SKRWRQ 5DEL IUHTXHQFLHV nNML DQG GHWXQLQJV cLDN �VHH 6HF� ��� RU 5HI�

>��@�� 7KH nNML DUH GHWHUPLQHG E\ WKH 5DPDQ EHDP LQWHQVLWLHV DQG SRODUL]DWLRQV DQG FDQ

EH FDOFXODWHG XVLQJ VHOHFWLRQ UXOHV DQG WKH DSSURSULDWH &OHEVFK^*RUGRQ FRHrFLHQWV� )RU D

p[HG UDWLR RI 5DPDQ EHDP LQWHQVLWLHV �L�H�� �^SKRWRQ 5DEL IUHTXHQFLHV� WKH $& 6WDUN VKLIW

LV GLUHFWO\ SURSRUWLRQDO WR WKH HoHFWLYH 5DEL IUHTXHQF\� $V ORQJ DV WKH 5DPDQ GHWXQLQJ

c LV VPDOOHU WKDQ WKH K\SHUpQH VSOLWWLQJ RI | ���*+]� WKH PLQXV VLJQ LQ (T� ��� PDNHV

LW SRVVLEOH WR PDNH WKH SURSRUWLRQDOLW\ IDFWRU ]HUR E\ FKRRVLQJ WKH FRUUHFW LQWHQVLW\ UDWLR�

7KLV HOLPLQDWHV WKH GLoHUHQWLDO $& 6WDUN VKLIWV� LQGHSHQGHQW RI WKH DWRPV SRVLWLRQ LQ WKH

5DPDQ ODVHU LQWHQVLW\ SURpOH�
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:H KDYH DOVR GHWHUPLQHG WKH FRUUHFW LQWHQVLW\ UDWLR XVLQJ DQ H[SHULPHQWDO PHWKRG WKDW

LQYROYHV DGGLQJ DQ DGGLWLRQDO 5DPDQ SXOVH WR WKH LQWHUIHURPHWHU VHTXHQFH� ,W LV LOOXVWUDWHG

LQ )LJ� ���� )LJXUH ����D� VKRZV WKDW WKH H[SHULPHQWDOO\ GHWHUPLQHG LQWHQVLW\ UDWLR LV D

IXQFWLRQ RI WKH GHWXQLQJ c� LQ JRRG DJUHHPHQW ZLWK WKH WKHRUHWLFDO UHVXOW REWDLQHG E\

VROYLQJ (T� ��� IRU r $ &  ��

7KH 5DPDQ ODVHU LQWHQVLWLHV DUH QRW DFWLYHO\ VWDELOL]HG DQG FDQ FKDQJH RYHU WKH FRXUVH RI

DQ H[SHULPHQW� (YHQ DIWHU WKH GLoHUHQWLDO $& 6WDUN VKLIW KDV EHHQ HOLPLQDWHG E\ EDODQFLQJ

WKH 5DPDQ EHDPV� LW LV WKHUHIRUH VWLOO LPSRUWDQW WR NQRZ WKH UHVLGXDO VHQVLWLYLW\ WR VPDOO

FKDQJHV LQ WKH LQWHQVLW\ UDWLR� )LJXUH ����E� VKRZV WKDW IRU RXU VWDQGDUG H[SHULPHQWDO

FRQpJXUDWLRQ WKH PHDVXUHG JUDYLW\ YDOXH LV UDWKHU LQVHQVLWLYH WR FKDQJHV LQ WKH LQWHQVLW\

UDWLR �ZKLFK W\SLFDOO\ VWD\V EHWZHHQ ��� DQG ����� 7KH DVVRFLDWHG XQFHUWDLQW\ LV h�z*DO�

7R DFKLHYH VXE z*DO UHVROXWLRQ LW ZRXOG EH QHFHVVDU\ WR HLWKHU UHGXFH WKH VHQVLWLYLW\ HYHQ

IXUWKHU RU WR LPSOHPHQW DFWLYH LQWHQVLW\ VWDELOL]DWLRQ�

����� '& 6WDU N VKLIWV

7ZR GLoHUHQW HoHFWV RI D VWDWLF HOHFWULF pHOG KDYH WR EH FRQVLGHUHG� 7KH GLoHUHQWLDO '&

6WDUN VKLIW RI WKH WZR LQYROYHG K\SHUpQH OHYHOV �)  �� P)  � DQG )  �� P)  �� PD\ EH

LPSRUWDQW VLQFH WKH DWRPV LQ WKH WZR LQWHUIHURPHWHU SDWKV DUH DOZD\V LQ RSSRVLWH GLoHUHQW

VWDWHV� 7KH DEVROXWH �FRPPRQ PRGH� '& 6WDUN VKLIW RI WKH WZR K\SHUpQH OHYHOV PD\ DOVR

EH LPSRUWDQW VLQFH WKH WZR LQWHUIHURPHWHU SDWKV DUH VSDWLDOO\ VHSDUDWHG� $V ORQJ DV WKLV

VHSDUDWLRQ LV VPDOO� WKH UHVXOWLQJ HoHFW LV SURSRUWLRQDO WR WKH JUDGLHQW RI WKH DEVROXWH '&

6WDUN VKLIW�

7KH GLoHUHQWLDO '& 6WDUN VKLIW RI WKH FHVLXP JURXQG VWDWH K\SHUpQH VSOLWWLQJ �P)  �

VXEOHYHOV� LV JLYHQ >��� ��@ E\

c�KIV

�KIV

 b���d ��b��(� RU
c�KIV

�}
 b���d ��b��(� +]

�9 P��
� �����

ZKHUH WKH HOHFWULF pHOG ( LV LQ XQLWV RI 9 P� )RU D ZRUVW FDVH HVWLPDWH ZH DVVXPH WKDW DQ

HOHFWULF pHOG RI VWUHQJWK ( LV WXUQHG RQ RQO\ GXULQJ WKH VHFRQG KDOI RI WKH LQWHUIHURPHWHU�

VR WKDW WKHUH LV QR FDQFHODWLRQ GXH WR UHYHUVDO RI WKH LQWHUQDO VWDWHV� )RU D WLPH 7 EHWZHHQ

SXOVHV WKLV FDXVHV D JUDYLW\ RoVHW RI

cJ  
c�

NHo7 �
 b���d ��b� (�

NHo7

�

V �9 P��
� �����
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Length of additional pulse ( µµs)
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Additional Raman pulses,
detuned by ~ 1 MHz,

variable length

early
pulse

late
pulse

160 ms 160 ms

)LJXUH ���� 0HDVXUHPHQW RI WKH GLoHUHQWLDO $& 6WDUN VKLIW FDXVHG E\ LPEDODQFHG 5DPDQ

EHDPV� $Q DGGLWLRQDO 5DPDQ SXOVH RI YDULDEOH OHQJWK LV DGGHG WR WKH LQWHUIHURPHWHU VH�

TXHQFH� ,W LV VXEVWDQWLDOO\ GHWXQHG �| �0+]� IURP WKH 5DPDQ UHVRQDQFH VR WKDW LW GRHV

QRW DFWXDOO\ GULYH D 5DPDQ WUDQVLWLRQ� 2Q WKH RWKHU KDQG� WKLV GHWXQLQJ LV VPDOO FRPSDUHG

WR WKH �^SKRWRQ GHWXQLQJ c DQG WKH $& 6WDUN VKLIWV DUH WKHUHIRUH WKH VDPH DV GXULQJ QRU�

PDO LQWHUIHURPHWHU SXOVHV� ,I WKH LQWHQVLWLHV RI WKH EHDPV DUH QRW SURSHUO\ EDODQFHG� WKHQ

WKH DGGLWLRQDO SXOVHV FDXVH DQ LQWHUIHURPHWHU SKDVH VKLIW ZKLFK LV SURSRUWLRQDO WR WKH SXOVH

OHQJWK� 7KH VLJQ RI WKH VKLIW LV GLoHUHQW IRU SXOVHV LQWURGXFHG GXULQJ WKH pUVW DQG VHFRQG

KDOI RI WKH LQWHUIHURPHWHU�

7KH UHVXOWV VKRZQ DUH IRU D GHWXQLQJ RI c  ����*+] IURP WKH ) �  � H[FLWHG VWDWH DQG IRU

,) � ,) �  � �,) � DQG ,) � DUH WKH LQWHQVLWLHV RI WKH 5DPDQ ODVHUV FRXSOLQJ SULPDULO\

WR WKH )  � DQG )  � JURXQG VWDWHV� UHVSHFWLYHO\�� 2QH FDQ QRZ HOLPLQDWH WKH GLoHUHQWLDO

$& 6WDUN VKLIW E\ DGMXVWLQJ WKH LQWHQVLW\ UDWLR XQWLO WKH SKDVH VKLIWV FDXVHG E\ WKH DGGLWLRQDO

SXOVHV GLVDSSHDU �,) � ,) �  ���� IRU c  ����*+]��
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Detuning ∆∆ from F' = 4
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)LJXUH ���� �D� 'HWXQLQJ GHSHQGHQFH RI WKH 5DPDQ ODVHU LQWHQVLW\ UDWLR DW ZKLFK WKH GLoHU�

HQWLDO $& 6WDUN VKLIW YDQLVKHV� 7KH GDWD SRLQWV DUH REWDLQHG XVLQJ WKH PHWKRG IURP )LJ�

���� WKH VROLG OLQH LV WKH WKHRUHWLFDO PRGHO GHVFULEHG LQ WKH WH[W� �E� 5HVLGXDO VHQVLWLYLW\ RI

WKH JUDYLW\ PHDVXUHPHQW WR VPDOO FKDQJHV LQ WKH 5DPDQ ODVHU LQWHQVLW\ UDWLR� IRU D SXOVH

VHSDUDWLRQ RI 7  ���PV DQG D �^SKRWRQ GHWXQLQJ c  ����*+] IURP WKH ) �  � H[FLWHG

VWDWH� 7KH VROLG OLQH LV D WZR SDUDPHWHU �RoVHW� DPSOLWXGH� pW XVLQJ WKH WKHRUHWLFDO PRGHO�

$FFRUGLQJO\� D pHOG RI ��9 FP ZRXOG EH QHFHVVDU\ WR FDXVH D � z*DO JUDYLW\ VKLIW IRU D

W\SLFDO SXOVH VHSDUDWLRQ RI 7  ���PV� )RU D PRUH UHDOLVWLF VLWXDWLRQ� ZKHUH WKH FRQWULEX�

WLRQV IURP WKH pUVW DQG VHFRQG KDOI RI WKH LQWHUIHURPHWHU ZRXOG SDUWO\ FDQFHO� HYHQ VWURQJHU

pHOGV ZRXOG EH UHTXLUHG� 6LQFH WKH LQWHUDFWLRQ UHJLRQ LV VXUURXQGHG E\ D JUDSKLWH FRDWHG

DOXPLQXP WXEH� ZH FDQ UXOH RXW HOHFWULF pHOGV RI VXFK PDJQLWXGH� 7KHUHIRUH WKH GLoHUHQWLDO

'& 6WDUN VKLIWV VKRXOG QRW EH DQ LVVXH LQ RXU H[SHULPHQW�

7KH HoHFW FDXVHG E\ WKH JUDGLHQW RI WKH DEVROXWH '& 6WDUN VKLIW LV VXEVWDQWLDOO\ PRUH

SUREOHPDWLF� 7KH UHDVRQ LV WKDW WRWDO WKH FRPPRQ PRGH '& 6WDUN VKLIW RI ERWK K\SHUpQH

JURXQG VWDWHV� JLYHQ E\ >��@

c�) � 
 c�) �  �}o(� ZLWK o  b����d ��b�
+]

�9 P��
� �����

LV PXFK ELJJHU WKDQ WKH GLoHUHQWLDO IUHTXHQF\ VKLIW LQ HTXDWLRQ ������ 7R pQG WKH JUDYLW\

RoVHW FDXVHG E\ WKLV HoHFW ZH FRXOG pUVW FDOFXODWH WKH LQWHUIHURPHWHU SKDVH VKLIW� %XW LW LV

SRVVLEOH WR VNLS WKLV VWHS DQG JHW WKH VDPH UHVXOW E\ VLPSO\ FDOFXODWLQJ WKH FODVVLFDO IRUFH
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RQ WKH DWRP LQ DQ LQKRPRJHQHRXV pHOG�
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8VLQJ WKLV IRUPXOD ZH FDQ FDOFXODWH WKH HoHFW RI DQ HOHFWULF pHOG (� ZLWK D FRQVWDQW JUDGLHQW

#(

#[
 (� ���P �UHDVRQDEOH JLYHQ WKH GLPHQVLRQV RI WKH LQWHUDFWLRQ UHJLRQ�� 8QGHU WKLV

DVVXPSWLRQ D pHOG RI ���9 FP ZRXOG EH QHFHVVDU\ WR FDXVH D � z*DO JUDYLW\ RoVHW� :KLOH

WKLV pHOG VWUHQJWK LV PXFK ORZHU WKHQ WKH ��9 FP IURP DERYH� LW LV VWLOO ELJJHU WKDQ ZKDW

RQH ZRXOG H[SHFW LQ WKH LQWHUDFWLRQ UHJLRQ� :H WKHUIRUH FDQ DOVR UXOH RXW WKLV HoHFW�

����� =HHPDQ VKLIWV

,Q RXU LQWHUIHURPHWHU WKH DWRPV DUH DOZD\V NHSW LQ PDJQHWLF pHOG LQVHQVLWLYH VWDWHV ZLWK

P)  �� +RZHYHU� WKHVH VWDWHV VWLOO VKRZ D TXDGUDWLF =HHPDQ VKLIW DQG IRU VPDOO PDJQHWLF

pHOGV WKH UHVXOWLQJ FKDQJH RI WKH FHVLXP K\SHUpQH IUHTXHQF\ LV JLYHQ E\

cIK IV  ������+] *� � �����

7KLV HoHFW LV ELJ HQRXJK WR UHTXLUH ZHOO FRQWUROOHG PDJQHWLF pHOGV DQG H[WHQVLYH PDJQHWLF

VKLHOGLQJ WR DFKLHYH WKH PLOOLKHUW] IUHTXHQF\ VWDELOLW\ QHFHVVDU\ IRU JUDYLW\ PHDVXUHPHQWV

DW WKH � z*DO OHYHO� 6LQFH WKH HoHFW LV TXDGUDWLF LQ WKH PDJQHWLF pHOG� LW LV GHVLUDEOH WR

RSHUDWH DW WKH VPDOOHVW SRVVLEOH ELDV pHOG� +RZHYHU� D FHUWDLQ ELDV pHOG VWUHQJWK LV QHFHVVDU\

WR GHpQH D SURSHU TXDQWL]DWLRQ D[LV DQG WR SUHYHQW 0DMRUDQD VSLQ qLSV ZKHQ WKH DWRPV HQWHU

WKH PDJQHWLFDOO\ VKLHOGHG UHJLRQ� 3UHIHUDEO\� WKH pHOG VKRXOG DOVR EH ELJ HQRXJK WR VHSDUDWH

WKH IUHTXHQFLHV RI PDJQHWLF pHOG VHQVLWLYH WUDQVLWLRQV IURP WKH PDJQHWLF pHOG LQVHQVLWLYH

RQHV� 6LQFH ZH KDYH WR XVH UHODWLYHO\ VKRUW 5DPDQ SXOVHV ���zV }^SXOVH� ��zV }

�
^SXOVH� WR

DGGUHVV D UHDVRQDEO\ ZLGH DWRPLF YHORFLW\ GLVWULEXWLRQ� WKLV ZRXOG UHTXLUH D ELDV pHOG RI DW

OHDVW ����*DXVV�

,Q SULQFLSOH� LW ZRXOG EH SRVVLEOH WR HVWLPDWH WKH HVWLPDWH WKH HoHFW RI UHVLGXDO PDJQHWLF

pHOG LQKRPRJHQHLWLHV WKHRUHWLFDOO\� +RZHYHU� VLQFH WKH PDJQHWLF pHOG GLVWULEXWLRQ LQVLGH

WKH PDJQHWLF VKLHOG LV UHODWLYHO\ FRPSOH[ �VHH )LJ� ����� H[SHULPHQWDO WHVWV DUH HDVLHU DQG

PRUH FRQFOXVLYH� 7KH UHVXOWV LQ )LJ� ����D� LQGLFDWH WKDW WKH PHDVXUHG JUDYLW\ YDOXH FKDQJHV

VXEVWDQWLDOO\ DW VWURQJ ELDV pHOGV� 7KLV PDNHV LW QHFHVVDU\ WR RSHUDWH DW ZHDN ELDV pHOGV

ZKHUH� DV VKRZQ LQ )LJ� ����E�� WKHUH LV QR VLJQLpFDQW pHOG GHSHQGHQFH RI WKH PHDVXUHG

JUDYLW\ YDOXH�

:KLOH WKH GDWD LQGLFDWHV WKDW ZH FRXOG XVH ELDV pHOG YDOXHV XS WR �� P*� WKLV ZRXOG

QRW EH VWURQJ HQRXJK WR VHSDUDWH WKH =HHPDQ FRPSRQHQWV� 7R DYRLG SDUWLDOO\ RYHUODSSLQJ
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)LJXUH ���� 0DJQHWLF pHOG GHSHQGHQFH RI JUDYLW\ PHDVXUHPHQW� 7KH cJ^D[LV KDV DQ DUEL�

WUDU\ RoVHW�
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=HHPDQ FRPSRQHQWV ZH WKHUHIRUH FKRRVH WR RSHUDWH DW D YHU\ VPDOO ELDV pHOG� W\SLFDOO\ �

P*� ZKHUH DOO WKH =HHPDQ FRPSRQHQWV DUH FRPSOHWHO\ RYHUODSSHG� 8QGHU WKHVH FRQGLWLRQV�

WR DYRLG SUREOHPV ZLWK PDJQHWLF pHOG VHQVLWLYH WUDQVLWLRQV� RQO\ DWRPV LQ WKH P)  �

VWDWH FDQ EH DOORZHG WR HQWHU WKH LQWHUIHURPHWHU� 7KLV LV WDNHQ FDUH RI E\ RXU HODERUDWH

SUH^VHOHFWLRQ VHTXHQFH �6HF� ������� 7KHUH FRXOG EH VRPH DGGLWLRQDO SUREOHPV� OLNH WUDQVIHU

LQWR RWKHU PDJQHWLF VXEOHYHOV� EXW GXH WR WKH PDQ\ LQKHUHQW V\PPHWULHV RI WKH PHDVXUHPHQW

WKHVH HoHFWV WHQG WR FDQFHO� 0RUH LPSRUWDQWO\� WKH\ ZRXOG FDXVH VKLIWV WKDW GHSHQG VWURQJO\

RQ WKH RYHUDOO GHWXQLQJ c RU WKH 5DPDQ EHDP SRODUL]DWLRQV� DQG QR VXFK GHSHQGHQFH KDV

EHHQ REVHUYHG H[SHULPHQWDOO\� 7KHUHIRUH ZH FRQFOXGH WKDW PDJQHWLF pHOGV DUH FXUUHQWO\ QRW

D SUREOHP�

7KHUH LV DQ LPSRUWDQW GLoHUHQFH EHWZHHQ WKH TXDGUDWLF =HHPDQ VKLIW DQG WKH TXDGUDWLF

6WDUN VKLIW GLVFXVVHG HDUOLHU� 7KH GLoHUHQWLDO '& 6WDUN RI WKH WZR K\SHUpQH OHYHOV LV PXFK

VPDOOHU WKDQ WKH FRPPRQ PRGH VKLIW� ZKLFK FDXVHV WKH VHFRQG FRQWULEXWLRQ GLVFXVVHG LQ

6HF� ����� WR GRPLQDWH� 7KLV LV YHU\ GLoHUHQW IRU WKH TXDGUDWLF =HHPDQ VKLIW� ZKHUH WKH

WZR PDJQHWLF pHOG LQVHQVLWLYH K\SHUpQH VWDWHV VKLIW E\ HTXDO DQG RSSRVLWH DPRXQWVe� 7KLV

FRQWULEXWLRQ� HTXLYDOHQW WR WKH FODVVLFDO IRUFH RQ WKH DWRP LQ DQ LQKRPRJHQHRXV PDJQHWLF

pHOG� FDQ WKHUHIRUH EH QHJOHFWHG�

����� &ROG FROOLVLRQV

7KHUH LV RQH VXEVWDQWLDO GUDZEDFN RI XVLQJ ODVHU FRROHG DWRPV IRU DWRP LQWHUIHURPHWU\� )RU

ERVRQLF DWRPV DW z. WHPSHUDWXUHV WKH FROOLVLRQDO FURVV^VHFWLRQV� LQFOXGLQJ WKRVH WKDW FDXVH

K\SHUpQH IUHTXHQF\ VKLIWV� FDQ JHW GHYDVWDWLQJO\ ODUJH >��� ��@� )RU ���&V DWRPV LQ D HTXDO

VXSHUSRVLWLRQ RI WKH )  �� P)  � DQG )  ��P)  � K\SHUpQH JURXQG VWDWHV LW KDV EHHQ

PHDVXUHG E\ *LEEOH HW�DO� >��@ WR EH �b����h����P+] DW D GHQVLW\ RI ����h����d��� FPb��

:H QRZ HVWLPDWH WKH HoHFW RI VXFK FROG FROOLVLRQV RQ RXU DWRP LQWHUIHURPHWHU� DVVXPLQJ

e 7 KLV F D Q EH VH H Q IUR P WKH %UH LW�5D EL IR UPXOD >� � @�
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WKDW WKH VSDWLDO VHSDUDWLRQ RI WKH WZR SDWKV GRHV QRW DoHFW WKH FROOLVLRQV� 7KH 027

RULJLQDOO\ FDSWXUHV DERXW � d ��� DWRPV DW D GHQVLW\ RI � d ��� FPb�� EXW PDJQHWLF VWDWH

DQG YHORFLW\ SUHVHOHFWLRQ UHGXFH WKH QXPEHU RI DWRPV WR DSSUR[LPDWHO\ �d��� �6HF� �������

%HFDXVH RI WKH VHYHUH YHUWLFDO YHORFLW\ SUHVHOHFWLRQ ZH FDQ QHJOHFW WKH VSUHDGLQJ RI WKH

DWRPLF FORXG DORQJ WKH YHUWLFDO D[LV� :H IXUWKHUPRUH QHJOHFW WKH LQLWLDO KRUL]RQWDO VL]H RI

WKH FORXG DQG DVVXPH WKDW LWV KRUL]RQWDO UDGLXV LV SURSRUWLRQDO WR WKH WLPH DIWHU ODXQFK�

:H WKHQ pQG WKDW WKH DYHUDJH DWRP GHQVLW\ LV z~D  � d ��
� FPb� GXULQJ WKH pUVW KDOI RI

WKH LQWHUIHURPHWHU ����PVb ���PV DIWHU ODXQFK� DQG RQO\ z~E  ���d ��
� FPb� GXULQJ WKH

VHFRQG KDOI ����PVb ���PV DIWHU ODXQFK�� %HFDXVH RI FROG FROOLVLRQV DQG DFFRUGLQJ WR WKH

IRUPXOD

c�  x7 �z~E b z~D� � �����

ZKHUH x LV WKH IUHTXHQF\ VKLIW FURVV^VHFWLRQ IURP DERYH DQG 7 WKH LQWHUIHURPHWHU SXOVH

VSDFLQJ� WKLV UHVXOWV LQ D SKDVH VKLIW RI ���PUDG DQG DQ HTXLYDOHQW JUDYLW\ RoVHW RI ���

z*DO�

7KH HoHFW ZRXOG EH DSSUR[LPDWHO\ �� WLPHV ELJJHU ZLWKRXW YHUWLFDO YHORFLW\ SUHVHOHFWLRQ�

DQG ELJJHU E\ DQRWKHU IDFWRU RI � ZLWKRXW PDJQHWLF VXEOHYHO SUHVHOHFWLRQ �WKH FURVV^VHFWLRQV

IRU WKH RWKHU P) VWDWHV DUH VRPHZKDW VPDOOHU�� 7KHVH SUHVHOHFWLRQ VWHSV DUH WKHUHIRUH

HVVHQWLDO�

��� 5DPDQ EHDPV

����� 'HWHU PLQDWLRQ RI WKH FHVLXP '�^ZDYHOHQJWK

)URP WKH IRUPXOD c�  NHoJ7
� LW LV DSSDUHQW WKDW WR REWDLQ D JUDYLW\ YDOXH RQH KDV WR

NQRZ WKH 5DPDQ ZDYH YHFWRU NHo  MN�M� MN�M RU� LQ RWKHU ZRUGV� WKH �6� �� )  � WR �3� ��

)  � WUDQVLWLRQ IUHTXHQF\ WR WKH VDPH OHYHO RI DFFXUDF\� $W WKH WLPH RI RXU PHDVXUHPHQW

WKLV IUHTXHQF\ KDG RQO\ EHHQ GHWHUPLQHG E\ VHYHUDO ZDYHPHWHU PHDVXUHPHQWV ZLWK D UDQJH

RI XQFHUWDLQWLHV EHWZHHQ | ��0+] DQG | ��0+] �)LJ� �����

8VLQJ WKH IUHTXHQF\ YDOXH E\ $YLOD HW�DO� >��@ UHVXOWHG LQ D ELJ GLVFUHSDQF\ EHWZHHQ

WKH DWRP LQWHUIHURPHWHU JUDYLW\ YDOXH DQG WKH RQH PHDVXUHG E\ WKH IDOOLQJ FRUQHU^FXEH

JUDYLPHWHU �VHH 6HF� ����� +RZHYHU� 7HG +�DQVFK DQG FRZRUNHUV DW WKH 0D[�3ODQFN�,QVWLWXWH

IRU 4XDQWXP RSWLFV KDYH UHFHQWO\ SHUIRUPHG D GLUHFW PHDVXUHPHQW RI WKH FHVLXP '�^

IUHTXHQF\ DQG WKHLU SUHOLPLQDU\ UHVXOW LV DERXW ��0+] ORZHU WKDQ WKH ZHLJKWHG DYHUDJH
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gravity value from
falling corner-cube
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)LJXUH ���� 0HDVXUHG YDOXHV IRU WKH FHVLXP '�^IUHTXHQF\ ��6� �� )  � WR �3� �� )  �

WUDQVLWLRQ�� (ULNVRQ HW�DO� >��@� $YLOD HW�DO� >��@ DQG &DUOVRQ HW�DO� >��@ XVHG ZDYHPHWHUV

WR PHDVXUH WKH '�^ZDYHOHQJWK� :HEHU 	 6DQVRQHWWL >��@ SHUIRUPHG D ZDYHPHWHU PHDVXUH�

PHQW RI WKH '�^ZDYHOHQJWK� WKH ODUJH HUURU EDUV VKRZQ DUH GXH WR WKH WUDQVIHU� +�DQVFK

HW�DO� PHDVXUHG WKH '�^IUHTXHQF\ GLUHFWO\� 2XU RZQ YDOXH LV FDOFXODWHG E\ FRPSDULQJ DWRP

LQWHUIHURPHWHU DQG IDOOLQJ FRUQHU^FXEH PHDVXUHPHQWV RI J�
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RI WKH ZDYHPHWHU PHDVXUHPHQWV� 8VLQJ WKLV YDOXH UHGXFHV WKH GLVFUHSDQF\ EHWZHHQ WKH

DWRP LQWHUIHURPHWHU DQG FODVVLFDO JUDYLW\ PHDVXUHPHQWV WR �h �z*DO �VHH 6HF� ���

)LJXUH ��� DOVR VKRZV D YDOXH IRU WKH FHVLXP '�^IUHTXHQF\ FDOFXODWHG E\ FRPSDULQJ WKH

JUDYLW\ PHDVXUHPHQWV DQG DVVXPLQJ WKDW ERWK DUH FRUUHFW�

����� 9HU WLFDO DOLJQPHQW

7R REWDLQ WKH FRUUHFW DEVROXWH JUDYLW\ YDOXH WKH 5DPDQ ZDYH YHFWRU KDV WR EH H[DFWO\

SDUDOOHO WR WKH ORFDO YHFWRU RI JUDYLW\� 7KH UHODWLRQ

c�  J c NHo7
�  MJMMNHo M7

� FRV v ������

VKRZV WKDW PLVDOLJQPHQW E\ DQ DQJOH v ZLOO UHVXOW LQ WRR ORZ D JUDYLW\ YDOXH� )RU VPDOO

DQJOHV WKLV HUURU LV TXDGUDWLF LQ v� ,Q RUGHU WR DFKLHYH DQ DFFXUDF\ RI � z*DO� WKH GHYLDWLRQ

RI WKH 5DPDQ EHDPV IURP YHUWLFDO PXVW EH OHVV WKDQ ��zUDG� 7KLV GLUHFWLRQ LV HoHFWLYHO\

GHWHUPLQHG E\ WKH RULHQWDWLRQ RI WKH UHWUR UHqHFWLRQ PLUURU� ZKLFK LQ WXUQ LV FRQWUROOHG

E\ DQ DFWLYH WLOW VWDELOL]DWLRQ V\VWHP �6HF� ������� 7KH HOHFWURQLF EXEEOH OHYHO� PRXQWHG

ULJLGO\ WR WKH PLUURU DQG XOWLPDWHO\ UHVSRQVLEOH IRU WKH SHUIRUPDQFH RI WKH V\VWHP� KDV EHHQ

FDOLEUDWHG WR DSSUR[LPDWHO\ �zUDG DQG WKH WLOW HUURU VKRXOG WKHUHIRUH UHPDLQ ZHOO EHORZ WKH

FULWLFDO YDOXH�

,W LV SRVVLEOH WKDW WKH FDOLEUDWLRQ RI WKH EXEEOH OHYHO FRXOG FKDQJH RYHU WLPH� )XUWKHU�

PRUH� D ZHGJH LQ WKH WRS YDFXXP ZLQGRZ FRXOG GHqHFW WKH ZDYH YHFWRU DW WKH ORFDWLRQ RI

WKH DWRPV UHODWLYH WR LWV GLUHFWLRQ DW WKH PLUURU VXUIDFH� 7R DYRLG WKLV� ZH XVH ZLQGRZV

WKDW DUH SODQH SDUDOOHO WR EHWWHU WKDQ ��zUDG� EXW WKH\ PLJKW EH GHIRUPHG E\ WKH SUHVVXUH

GLoHUHQFH�

7KH PRVW VWUDLJKWIRUZDUG H[SHULPHQWDO WHVW RI WKH WLOW DOLJQPHQW XVHV WKH DWRPLF VLJQDO

LWVHOI� )LJ� ��� VKRZV WKH FKDQJH LQ PHDVXUHG JUDYLW\ ZKHQ WKH ZKROH H[SHULPHQWDO VHWXS

LV WLOWHG RYHU D VXEVWDQWLDO DQJXODU UDQJH� 8VLQJ UHODWLRQ ���� ZH FDQ XVH WKLV GDWD WR pQG

WKH FRUUHFW VHWSRLQW IRU WKH DFWLYH WLOW FRQWURO V\VWHP DQG FKHFN WKH FDOLEUDWLRQ RI WKH WLOW

VHQVRU� 6LQFH WKH UHVXOW DJUHHV WR ��zUDG ZLWK WKH SUHYLRXV FDOLEUDWLRQ RI WKH WLOW VHQVRU ZH

H[SHFW WKH UHVXOWLQJ JUDYLW\ HUURU WR EH OHVV WKDQ ���� z*DO�

����� 5HWU R Û HqHFWLRQ DOLJQPHQW

$Q\ IDLOXUH WR SURSHUO\ UHWUR�UHqHFW WKH 5DPDQ EHDPV DoHFWV WKH PHDVXUHPHQW UHVXOW E\

FKDQJLQJ WKH PDJQLWXGH RI WKH ZDYH YHFWRU� ,I WKH DQJOH RI LQFLGHQFH RI WKH LQFRPLQJ 5DPDQ
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)LJXUH ���� 7LOW GHSHQGHQFH RI JUDYLW\ PHDVXUHPHQWV� 7KH DFWLYH WLOW FRQWURO V\VWHP LV XVHG

WR WLOW WKH ZKROH H[SHULPHQW LQ WKH (DVW�:HVW DV ZHOO DV WKH 1RUWK�6RXWK GLUHFWLRQ� 7KH

PHDVXUHG JUDYLW\ YDOXH �GRWV� YDULHV DV D IXQFWLRQ RI WLOW� 8VLQJ WR HTXDWLRQ ���� WR pW �VROLG

OLQHV� WKLV GDWD DOORZV XV WR pQG WKH SURSHU VHWSRLQW �$SH[ RI WKH SDUDERODV� IRU WKH FRQWURO

V\VWHP DQG FKHFN WKH FDOLEUDWLRQ RI WKH HOHFWURQLF WLOW VHQVRU�

EHDPV DW WKH PLUURU GHYLDWHV IURP �� GHJUHHV E\ DQ DQJOH � ZH KDYH

MNHo M  �MN�M� MN�M� FRV� � ������

ZKLFK IRU VPDOO DQJOHV FDXVHV DQ HUURU TXDGUDWLF LQ ��

&XUUHQWO\� WKLV UHWUR UHqHFWLRQ LV FKHFNHG UDWKHU FUXGHO\ E\ DSHUWXULQJ WKH 5DPDQ EHDPV

GRZQ WR �PP DW D GLVWDQFH RI DSSUR[LPDWHO\ �P IURP WKH UHWUR^UHqHFWLRQ PLUURU DQG WKHQ

FHQWHULQJ WKH UHqHFWHG EHDPV RQ WKH VDPH DSHUWXUH� 7KLV FDQ EH GRQH TXLWH HDVLO\ ZLWK DQ

HUURU RI OHVV WKHQ ���PP� FRUUHVSRQGLQJ WR DQ DQJOH RI ��zUDG DQG D PHDVXUHPHQW HUURU RI

OHVV WKDQ � z*DO�

,Q RUGHU WR YDOLGDWH WKLV DOLJQPHQW SURFHGXUH ZH KDYH LQWHQWLRQDOO\ WLOWHG WKH LQFRPLQJ

5DPDQ EHDP DQG REVHUYHG WKH FKDQJH LQ WKH PHDVXUHG JUDYLW\ YDOXH �)LJ� ����� )LWWLQJ

WKLV GDWDVHW XVLQJ HTXDWLRQ ���� ZH W\SLFDOO\ pQG DQ WLOW DQJOH IRU SURSHU UHWUR UHqHFWLRQ

WKDW GLoHUV IURP WKH RQH REWDLQHG E\ WKH DSHUWXUH PHWKRG E\ OHVV WKDQ ��zUDG�
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Mirror-mount micrometer setting ( µm)
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)LJXUH ���� 5HWUR�UHqHFWLRQ RI WKH 5DPDQ EHDPV� 7KH PHDVXUHG JUDYLW\ YDOXH �GRWV� YDULHV
ZKHQ RQH RI WKH IROGLQJ PLUURUV LQ WKH 5DPDQ EHDP SDWK LV XVHG WR PLVDOLJQ WKH UHWUR�
UHOHFWLRQ� :H FDQ XVH HTXDWLRQ ���� WR pW �VROLG OLQHV� WKLV GDWD DQG pQG WKH SURSHU DOLJQPHQW
�$SH[ RI WKH SDUDERODV�� 7KH FXUYDWXUH RI WKH WZR SDUDERODV LV GLoHUHQW EHFDXVH RI WKH
JHRPHWU\ RI WKH PLUURU PRXQW�

(YHQ DIWHU XVLQJ WKH DSHUWXUH DOLJQPHQW PHWKRG ZH VWLOO KDYH WR H[SHFW DQ HUURU DV ODUJH

DV b�z*DO� 6LQFH WKH DQJXODU GLUHFWLRQ RI WKH LQFRPLQJ 5DPDQ EHDPV WHQGV WR GULIW� RQH

KDV WR FKHFN WKLV DOLJQPHQW IUHTXHQWO\�

����� :DYHIU RQW FXU YDWXU H

7KH WKHRUHWLFDO GHULYDWLRQ RI WKH LQWHUIHURPHWHU SKDVH VKLIW DVVXPHV WKH 5DPDQ EHDPV WR

EH LGHDO SODQH ZDYHV� 2XU 5DPDQ EHDPV� RQ WKH RWKHU KDQG� DUH *DXVVLDQ ODVHU EHDPV

�%HVVHO EHDPV ZKHQ D SLQKROH LV XVHG IRU VSDWLDO pOWHULQJ�� 7KH ZDYHIURQWV RI *DXVVLDQ

EHDPV DUH VSKHULFDO DQG FDQ EH DSSUR[LPDWHG E\ SODQH ZDYHV RQO\ IRU GLVWDQFHV IURP WKH

EHDP ZDLVW WKDW DUH PXFK VPDOOHU WKDQ WKH 5D\OHLJK OHQJWK ]�  }Z�
�
 y� )RU VXrFLHQWO\

ODUJH� ZHOO FROOLPDWHG *DXVVLDQ EHDPV WKLV GLVWDQFH FDQ EH UDWKHU ODUJH _ ���P IRU WKH

��� FP GLDPHWHU EHDPV LQ RXU VHWXS _ EXW RXU H[WUHPH DFFXUDF\ UHTXLUHPHQWV PDNH IXUWKHU

LQYHVWLJDWLRQ QHFHVVDU\�
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Position of collimation lens (cm)
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)LJXUH ���� &KDQJH LQ WKH PHDVXUHG JUDYLW\ YDOXH �GRWV� ZKHQ FKDQJLQJ WKH 5DPDQ EHDPV
ZDYHIURQW FXUYDWXUH E\ PRYLQJ WKH FROOLPDWLRQ OHQV� 7KH VROLG OLQHV DUH SDUDEROLF pWV� 7KH
[�D[LV KDV DQ DUELWUDU\ RoVHWV�

:H KDYH LQYHVWLJDWHG WKLV HoHFW E\ PRYLQJ WKH FROOLPDWLRQ OHQV ����P IRFDO OHQJWK�

RYHU VRPH GLVWDQFH� ZKLFK FDXVHV VXEVWDQWLDO FKDQJHV RI WKH ZDYHIURQW FXUYDWXUH LQ WKH

LQWHUDFWLRQ UHJLRQ� 7KH SDUDEROLF GHSHQGHQFH RI WKH REVHUYHG VKLIW �)LJ� ���� DJUHHV ZLWK

WKHRUHWLFDO SUHGLFWLRQV >��@� ,W LV DOVR REYLRXV WKDW UDWKHU H[WUHPH PRYHPHQWV RI WKH OHQV

DUH UHTXLUHG WR SURGXFH D UHOHYDQW HoHFW� 6LQFH ZH XVXDOO\ FROOLPDWH WKH 5DPDQ EHDPV DW D

OHYHO WKDW FRUUHVSRQGV WR D OHQV GLVSODFHPHQW RI RQO\ �PP� ZH FRQFOXGH WKDW HUURUV EHFDXVH

RI ZDYHIURQW FXUYDWXUH DUH ZHOO EHORZ � z*DO�

����� 6SHFNOH

:H KDYH DOVR FRQVLGHUHG WKH HoHFW RI WKH PRUH ORFDO ZDYHIURQW SHUWXUEDWLRQV FDXVHG E\

RSWLFDO VFDWWHUHUV DQG LPSHUIHFW RSWLFDO HOHPHQWV� 7KH\ FDQ EH YHU\ FRPSOLFDWHG DQG LQ

PRUH VHYHUH FDVHV DUH JHQHUDOO\ UHIHUUHG WR DV VSHFNOH >��� ��@�

:H KDYH LQYHVWLJDWHG WKLV HoHFW E\ ORRNLQJ IRU REVHUYDEOH FKDQJHV ZKLOH PDNLQJ WKLQJV

ZRUVH LQWHQWLRQDOO\ _ KHUH E\ VSULQNOLQJ EDE\ SRZGHU �/RQJV 'UXJV VWRUH EUDQG� RQWR D

JODVV SODWH LQVHUWHG LQWR WKH EHDP SDWK� )LJ� ��� VKRZV WKH HoHFW RI WKLV UDWKHU GUDVWLF

SURFHGXUH DV REVHUYHG E\ D &&' FKLS LOOXPLQDWHG GLUHFWO\ E\ WKH 5DPDQ EHDPV�

$PD]LQJO\� WKLV SURFHGXUH GLG QRW UHVXOW LQ DQ\ VLJQLpFDQW JUDYLW\ RoVHWV �)LJ� ������
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)LJXUH ���� /RFDO LQWHQVLW\ YDULDWLRQV RI WKH 5DPDQ EHDPV� REVHUYHG E\ GLUHFW LOOXPLQDWLRQ
RI D &&' ����^LQFK ZLGH� LQVHUWHG LQWR WKH EHDPV DIWHU WKH\ SDVVHG WKURXJK WKH YDFXXP
FKDPEHU� �D� 7KH pUVW SLFWXUH VKRZV WKH VSHFNOH SDWWHUQ JHQHUDWHG E\ D EDE\�SRZGHU
FRYHUHG JODVV SODWH LQVHUWHG LQWR WKH EHDPV� �E� 7KH VHFRQG SLFWXUH VKRZV WKH LQWHQVLW\
GLVWULEXWLRQ ZLWKRXW WKLV DGGLWLRQDO SODWH� 2QO\ D IHZ GLoUDFWLRQ ULQJV� FDXVHG E\ VPDOO GLUW
SDUWLFOHV RQ WKH ORZHU YDFXXP FKDPEHU ZLQGRZ� DUH YLVLEOH�

Data set #

0.5 6.5 12.5 18.5 24.5
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Without window and powder
Add window and powder

speck1

Window only
64% Contrast

Some powder
58% Contrast

More powder
36% Contrast

A lot of powder
24% Contrast

)LJXUH ����� (oHFW RI VSHFNOH RQ WKH PHDVXUHG JUDYLW\ YDOXH� 7KH RSHQ VTXDUHV DUH PHD�
VXUHPHQWV WDNHQ ZLWK D JODVV SODWH� FRYHUHG ZLWK YDULDEOH DPRXQWV RI EDE\ SRZGHU� LQVHUWHG
LQWR WKH 5DPDQ EHDPV EHIRUH WKH YDFXXP FKDPEHU� 7KH VROLG GRWV DUH PHDVXUHPHQWV ZLWK�
RXW WKLV DGGLWLRQDO SODWH� 7KH\ DUH QHFHVVDU\ IRU FRPSDULVRQ� VLQFH JUDYLW\ FKDQJHV RYHU
WKH FRXUVH RI WKH PHDVXUHPHQW� :KLOH DGGLQJ PRUH SRZGHU GHFUHDVHV WKH IULQJH FRQWUDVW
VXEVWDQWLDOO\� LW GRHV QRW KDYH DQ\ VLJQLpFDQW HoHFW RQ WKH PHDVXUHG JUDYLW\ YDOXH� 7KH
VPDOO RoVHW EHWZHHQ WKH WZR GDWDVHWV LV FDXVHG E\ WKH VPDOO ZHGJH RI WKH JODVV SODWH�
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HYHQ LQ H[WUHPH FDVHV ZLWK HQRXJK SRZGHU RQ WKH ZLQGRZ WR UHGXFH WKH LQWHUIHURPHWHU

FRQWUDVW WR OHVV WKDQ ���� 7KHUHIRUH� JLYHQ WKDW RXU RSWLFV DUH JHQHUDOO\ PXFK FOHDQHU� ZH

UXOH RXW VSHFNOH DV WKH FDXVH RI DQ\ UHOHYDQW HUURU�

����� 6WDQGLQJ ZDYHV DQG SRODU L]DWLRQ TXDOLW\

7KH SUHVHQFH RI D VWURQJ VWDQGLQJ ZDYH FRPSRQHQW LQ WKH 5DPDQ EHDPV FDQ FDXVH VXEVWDQ�

WLDO V\VWHPDWLF HUURUV� PRVWO\ FDXVHG E\ VSDWLDOO\ YDU\LQJ $& 6WDUN VKLIWV� 7KH ZRUVW FDVH

VFHQDULR� GLUHFW UHWUR�UHqHFWLRQ ZLWKRXW FKDQJH RI SRODUL]DWLRQ� KDV EHHQ GLVFXVVHG HOVHZKHUH

LQ JUHDW GHWDLO >��@�

,W ZRXOG EH LGHDO WR DYRLG VWDQGLQJ ZDYHV E\ XVLQJ WZR LQGHSHQGHQW 5DPDQ EHDPV� EXW

WKHQ ZH ZRXOG ORRVH WKH PDQ\ EHQHpWV DQG HDVH RI DOLJQPHQW DoRUGHG E\ RXU FXUUHQW UHWUR^

UHqHFWLRQ VHWXS �6HF� ����� ,QVWHDG� ZH XVH D VHWXS WKDW VXEVWDQWLDOO\ UHGXFHV WKH VWDQGLQJ

ZDYH HoHFW E\ LQVHUWLQJ D y

�
^ZDYHSODWH LQ IURQW RI WKH UHWUR�UHqHFWLRQ PLUURU� 7KH UHVXOWLQJ

OLQ"OLQ RU �hb�h SRODUL]DWLRQ FRQpJXUDWLRQV GR QRW FDXVH VSDWLDOO\ YDU\LQJ $& 6WDUN VKLIWV

IRU DWRPV LQ P)  � VWDWHV DQG WKHUHIRUH HOLPLQDWH WKH SULPDU\ FDXVH RI V\VWHPDWLF HUURUV�

0LVDOLJQPHQW RI WKH y
�
^ZDYHSODWHV DQG XQZDQWHG UHqHFWLRQV IURP RSWLFDO VXUIDFHV FDQ

UHLQWURGXFH VPDOO $& 6WDUN VKLIW YDULDWLRQV� 5HqHFWLRQV IURP WLOWHG VXUIDFHV ZLOO DOVR LQWUR�

GXFH OLJKW pHOG FRPSRQHQWV ZLWK GLoHUHQW ZDYH YHFWRUV� 7KH V\VWHPDWLF HUURUV FDXVHG E\

WKHVH HoHFWV DUH SUREDEO\ VPDOO� 7KLV LV FRQpUPHG E\ H[SHULPHQWDO WHVWV ZKLFK VKRZ QR

VLJQLpFDQW HoHFW GXH WR PLVDOLJQHG ZDYHSODWHV RU SDUWLDOO\ UHqHFWLQJ JODVV SODWHV LQWURGXFHG

LQWR WKH EHDP SDWK� 7KHUHIRUH ZH FRQFOXGH WKDW VWDQGLQJ ZDYHV DUH QRW D SUREOHP DW RXU

FXUUHQW DFFXUDF\ OHYHO�

����� 5HIU DFWLYH LQGH[ RI EDFNJU RXQG YDSRU

7KH UHIUDFWLYH LQGH[ RI WKH EDFNJURXQG YDSRU FDQ SRWHQWLDOO\ PRGLI\ WKH ZDYH YHFWRU RI WKH

5DPDQ EHDPV DQG WKHUHE\ FDXVH D VKLIW LQ WKH PHDVXUHG JUDYLW\ YDOXH�

*HQHUDOO\ RQH ZRXOG DVVXPH WKH UHIUDFWLYH LQGH[ LQVLGH DQ XOWUD KLJK YDFXXP V\VWHP

WR EH VXrFLHQWO\ FORVH XQLW\� +RZHYHU� D VXEVWDQWLDO IUDFWLRQ RI WKH YDSRU SUHVVXUH LV GXH

WR FHVLXP YDSRU� 7KLV ZLOO FDXVH D VXEVWDQWLDOO\ LQFUHDVHG UHIUDFWLYH LQGH[ IRU WKH 5DPDQ

EHDPV VLQFH WKHLU IUHTXHQF\ LV FORVH WR D FHVLXP WUDQVLWLRQ� :H WKHUHIRUH HVWLPDWH DW ZKDW

FHVLXP SDUWLDO SUHVVXUH WKLV ZRXOG EHFRPH D SUREOHP�

7KH UHIUDFWLYH LQGH[ LV UHODWHG WR WKH FRPSOH[ DEVRUSWLRQ FRHrFLHQW E\ cQU HI  QU HIb�  
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+HUH V LV WKH VDWXUDWLRQ SDUDPHWHU� Q WKH DWRPLF QXPEHU GHQVLW\ DQG � WKH DEVRUSWLRQ

FURVV VHFWLRQ RQ UHVRQDQFH� )RU FLUFXODU SRODUL]HG OLJKW� DQG DIWHU DYHUDJLQJ RYHU DOO H[FLWHG

VWDWHV� WKH DEVRUSWLRQ FURVV VHFWLRQ LV ����d ��b� FP� IRU DWRPV HTXDOO\ GLVWULEXWHG DPRQJ

DOO PDJQHWLF VXEOHYHOV RI WKH )  � VWDWH DQG ���� d ��b� FP� LQ FDVH RI WKH )  � VWDWH�

:H DSSUR[LPDWH ERWK QXPEHUV E\ ���d ��b� FP�� DVVXPH WKDW HDFK 5DPDQ EHDP LQWHUDFWV

RQO\ ZLWK DWRPV LQ RQH RI WKH WZR K\SHUpQH VWDWH DQG WKDW WKH DWRPV DUH HTXDOO\ GLVWULEXWHG

DPRQJ WKHVH� QHJOHFW WKH 'RSSOHU EURDGHQLQJ DV ZHOO DV WKH H[FLWHG VWDWH K\SHUpQH VSOLWWLQJ�

XVH WKH UHODWLRQ ��b� WRUU | ���d ���� FP� IRU FHVLXP DW URRP WHPSHUDWXUH� DQG DVVXPH

D GHWXQLQJ c RI �*+]� 7KLV OHDGV WR WKH UHODWLRQ �cJ J� S  ��� WRUUb� DQG LPSOLHV WKDW

WKH SDUWLDO SUHVVXUH RI FHVLXP KDV WR EH OHVV WKHQ ���d ��b� WRUU WR NHHS WKH JUDYLW\ RoVHW

EHORZ � z*DO�

2XU V\VWHP� ZKLFK LV D K\EULG EHWZHHQ YDSRU FHOO 027 DQG EHDP ORDGHG 027� H[KLELWV

ODUJH GLoHUHQFHV LQ WKH ORFDO FHVLXP GHQVLW\� ,W LV WKHUHIRUH GLrFXOW WR HVWLPDWH WKH FHVLXP

SDUWLDO SUHVVXUH LQ WKH LQWHUDFWLRQ UHJLRQ LWVHOI� EXW DEVRUSWLRQ PHDVXUHPHQWV LQGLFDWH WKDW

LW LV OHVV WKDQ ��b�� WRUU� 7KH UHIUDFWLYH LQGH[ RI WKH EDFNJURXQG YDSRU VKRXOG WKHUHIRUH

FDXVH D VKLIW RI OHVV WKDQ ��� z*DO�

����� 5HIU DFWLYH LQGH[ RI FROG DWRP FORXG

7KH UHIUDFWLYH LQGH[ RI WKH FROG DWRPV WKHPVHOYHV FRXOG DOVR FDXVH SUREOHPV� /XFNLO\� D

FRQVWDQW UHIUDFWLYH LQGH[ GRHV QRW KDYH DQ\ VXEVWDQWLDO HoHFW� VLQFH WKH DWRPV FDXVH RQO\ D

ORFDO GHIRUPDWLRQ RI WKH OLJKW pHOG ?UXOHU� WKDW WUDYHOV WRJHWKHU ZLWK WKH DWRPV DQG WKHUHIRUH

FDQFHOV LQ WKH pQDO PHDVXUHPHQW� +RZHYHU� WKH GHQVLW\ DQG RSWLFDO WKLFNQHVV RI WKH DWRP

FORXG FKDQJHV DORQJ LWV WUDMHFWRU\ �6HF� ������� FDXVLQJ WLPH GHSHQGHQW SKDVH VKLIWV DQG

YDULDWLRQV RI WKH UHIUDFWLYH LQGH[�

:H QRZ HVWLPDWH WKH PRVW LPSRUWDQW HoHFW� ZKLFK LV WKH SKDVH GHOD\ RI WKH UHWUR�

UHqHFWHG 5DPDQ EHDP DV LW SDVVHV WKH FORXG RQ LWV ZD\ XS� 6LQFH WKH RSWLFDO WKLFNQHVV RI WKH

FORXG GHFUHDVHV DV D IXQFWLRQ RI WLPH� VR GRHV WKH SKDVH GHOD\� 7KLV LV HTXLYDOHQW WR UHGXFLQJ
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WKH RSWLFDO SDWK OHQJWK WKH 5DPDQ EHDP KDV WR WUDYHO� ZKLFK LQ WXUQ LV LQGLVWLQJXLVKDEOH

D GRZQZDUG PRYHPHQW RI WKH UHWUR�UHqHFWLRQ PLUURU� 6LQFH WKLV GHFUHDVH RI WKH RSWLFDO

WKLFNQHVV LV QRQOLQHDU� WKLV FRUUHVSRQGV WR DQ DSSDUHQW XSZDUG DFFHOHUDWLRQ DQG WKHUHIRUH

FDXVHV D PHDVXUHPHQW HUURU� 8QGHU WKH VDPH DVVXPSWLRQV IRU WKH H[SDQGLQJ DWRPLF FORXG

DV LQ 6HF� ����� DQG XVLQJ WKH DSSURSULDWH FURVV VHFWLRQ RI ���� d ��b� FP� IRU DWRPV LQ

WKH P)  � VXEOHYHO� ZH pQG D JUDYLW\ VKLIW RI � d ��
b�� J DW D GHWXQLQJ RI c  �*+]�

7KHUHIRUH ZH FDQ VXUHO\ QHJOHFW WKLV HoHFW� HYHQ ZLWKRXW DQ\ LQLWLDO SUHVHOHFWLRQ�

����� /HDNDJH OLJKW

'XULQJ WKH LQWHUIHURPHWHU PHDVXUHPHQW WKH HYHQ YHU\ ORZ OHYHOV RI OLJKW FORVH WR WKH FHVLXP

UHVRQDQFH FDQ FDXVH VXEVWDQWLDO PHDVXUHPHQW HUURUV� /HDNDJH OLJKW IURP WKH WUDSSLQJ�

UHSXPSLQJ DQG GHWHFWLRQ EHDPV LV HVSHFLDOO\ GDQJHURXV VLQFH LW KDV WKH VPDOOHVW GHWXQLQJ�

0RVW RI WKH ODVHU V\VWHP LV WKHUHIRUH HQFORVHG LQ EODFN FDUGERDUG ER[HV DQG PHFKDQLFDO

VKXWWHUV DUH XVHG FRPSOHWH VKXW^Ro RI DOO VXFK EHDPV�

7KH 5DPDQ EHDPV� KRZHYHU� DUH RQO\ VZLWFKHG Ro E\ DQ $20 DQG WKH DWRPV DUH WKHUH�

IRUH H[SRVHG WR VRPH OHDNDJH OLJKW LQ EHWZHHQ 5DPDQ SXOVHV� 7KH RQO\ UHDOLVWLF LQqXHQFH

RI WKLV OLJKW� ZKLFK IRU WKH PDMRULW\ RI WLPH LW LV IDU GHWXQHG IURP DQ\ SRVVLEOH 5DPDQ

WUDQVLWLRQ� ZRXOG EH GXH WR $& 6WDUN VKLIWV�

7KH $20 �ZLWK DQ DGGLWLRQDO 5) VZLWFK LQ LWV GULYLQJ FLUFXLWU\� UHGXFHV WKH 5DPDQ

EHDP LQWHQVLW\ E\ DW OHDVW D IDFWRU RI ��� ZKHQ WXUQHG Ro � 2Q WKH RWKHU KDQG� WKH OHDNDJH

OLJKW LV RQ IRU DERXW ���PV EHWZHHQ SXOVHV� PXFK ORQJHU WKDQ WKH ��zV GXUDWLRQ RI D W\SLFDO

5DPDQ SXOVH� )URP WKH GDWD LQ )LJ� ��� ZH NQRZ WKDW HYHQ IRU QRW ZHOO EDODQFHG EHDP

LQWHQVLWLHV D ���PV SXOVH DW IXOO LQWHQVLW\ ZRXOG FDXVH D JUDYLW\ VKLIW RI PD[LPDOO\ ��� z*DO�

$ ���PV SXOVH RI OLJKW� DWWHQXDWHG E\ D IDFWRU RI ���� ZRXOG WKHUHIRUH FDXVH D PD[LPXP

VKLIW RI � z*DO� 8VXDOO\� WKRXJK� WKH LQWHQVLWLHV DUH XVXDOO\ VXEVWDQWLDOO\ EHWWHU EDODQFHG

DQG FDQFHODWLRQ GXH WR WKH LQKHUHQW V\PPHWU\ RI WKH LQWHUIHURPHWHU VKRXOG UHGXFH WKLV HoHFW

E\ DW OHDVW DQRWKHU RUGHU RI PDJQLWXGH� :H WKHUIRUH FRQFOXGH WKDW WKH UHVXOWLQJ JUDYLW\

RoVHW VKRXOG EH OHVV WKDQ ��� z*DO�

��� )U HTXHQF\ FRQWU RO DQG SXOVH WLPLQJ

$PRQJ DOO SK\VLFDO TXDQWLWLHV� WLPH DQG IUHTXHQF\ DUH JHQHUDOO\ WKH RQHV PRVW DFFHVVLEOH WR

FXUUHQW H[SHULPHQWDO PHWKRGV DQG FDQ EH PHDVXUHG WR WKH KLJKHVW SUHFLVLRQ DQG DFFXUDF\�
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0DQ\ SUHFLVLRQ H[SHULPHQWV WKHUHIRUH WUDQVIRUP WKH XOWLPDWHO\ LQWHQGHG PHDVXUHPHQW LQWR

RQH RI WLPH DQG IUHTXHQF\� )ROORZLQJ WKLV SKLORVRSK\� RXU DWRP LQWHUIHURPHWHU HoHFWLYHO\

PHDVXUHV J E\ FRQYHUWLQJ LW LQWR D SKDVH VKLIW YDOXH WKDW GHSHQGV RQO\ RQ WKH IUHTXHQF\ RI

WKH 5DPDQ EHDPV DQG WKH WLPH EHWZHHQ OLJKW SXOVHV�

&HUWDLQ IHDWXUHV RI RXU H[SHULPHQW IXUWKHU WDLORU WKLV SURFHVV WR RSHUDWH LQ D UHJLPH

ZKHUH FXUUHQW WHFKQRORJ\ ZRUNV EHVW� 7KH XVH RI VWLPXODWHG 5DPDQ WUDQVLWLRQV DOOHYLDWHV

WKH UHTXLUHPHQW RI PLOOL^KHUW] OHYHO RSWLFDO IUHTXHQF\ FRQWURO DQG UHTXLUHV VXFK SUHFLVLRQ RQO\

LQ WKH PLFURZDYH DQG UDGLR IUHTXHQF\ UDQJH ZKHUH LW LV PXFK HDVLHU WR DFKLHYH� &KLUSLQJ WKH

5DPDQ IUHTXHQF\ GLoHUHQFH WR QHDUO\ FDQFHO WKH JUDYLW\ LQGXFHG 'RSSOHU VKLIW� LQ DGGLWLRQ

WR NHHSLQJ WKH DWRPV LQ UHVRQDQFH� UHGXFHV WKH VHQVLWLYLW\ WR WKH WLPLQJ RI WKH OLJKW SXOVHV�

7KLV LV KLJKO\ EHQHpFLDO� VLQFH IUHTXHQFLHV FDQ EH FRQWUROOHG HYHQ EHWWHU WKDQ VKRUW WLPH

LQWHUYDOV�

(YHQ ZLWK WKHVH PHWKRGV WLPLQJ DQG IUHTXHQF\ FRQWURO DUH QRW WULYLDO DW WKH OHYHO UH�

TXLUHG WR DFKLHYH WKH WDUJHWHG DFFXUDF\ RI � z*DO� ,Q PDUNHG FRQWUDVW WR PRVW DWRPLF

SK\VLFV H[SHULPHQWV ZKHUH 5) DQG PLFURZDYH FRPSRQHQWV FDQ XVXDOO\ EH FRQVLGHUHG LGHDO�

ZH WKHUIRUH KDYH WR VFUXWLQL]H HYHU\ VLQJOH FRPSRQHQW RI WKH IUHTXHQF\ FRQWURO DQG WLPLQJ

V\VWHP�

����� )U HTXHQF\ GHSHQGHQW SKDVH VKLIWV

&KDQJLQJ WKH 5DPDQ IUHTXHQF\ WR NHHS WKH DWRPV LQ UHVRQDQFH FDQ LQWURGXFH VHYHUH V\V�

WHPDWLF HUURUV VLQFH WKHQ JURXS GHOD\ �VHFRQG RU KLJKHU RUGHU SKDVH VKLIWV DV D IXQFWLRQ RI

IUHTXHQF\� H[DFWO\ PLPLFV DQ DGGLWLRQDO JUDYLW\ VLJQDO� 6XFK IUHTXHQF\ GHSHQGHQW SKDVH

VKLIWV FDQ IRU H[DPSOH EH LQWURGXFHG WKURXJK pOWHUV� VSXULRXV IUHTXHQF\ FRPSRQHQWV IURP

WKH GLUHFW GLJLWDO V\QWKHVLV SURFHVV� LQWHUIHUHQFH HoHFWV GXH WR EDFN UHqHFWLRQV RI 5) SRZHU

RU 5) OHDNDJH DORQJ DOWHUQDWH SDWKV�

:H DWWHPSWHG DQ LQGHSHQGHQW PHDVXUHPHQW RI WKLV HoHFW� ,GHDOO\� D JURXS GHOD\ PHD�

VXUHPHQW ZRXOG ORRN DW WKH V\VWHP DV D ZKROH� VWDUWLQJ ZLWK WKH PDWKHPDWLFDO GHVFULSWLRQ RI

WKH IUHTXHQF\ FKLUS DQG WKHQ DQDO\]LQJ WKH SKDVH VKLIW RI WKH 5DPDQ EHDPV WKHPVHOYHV� %XW

WHFKQLFDO UHDVRQV� PDLQO\ GXH WR WKH QDWXUH RI WKH ''6 SURFHVV� UHTXLUH WKDW PHDVXUHPHQW

EH GLYLGHG LQWR DW OHDVW WZR SDUWV�

7KH SKDVH VKLIWV RI WKH ''6 V\QWKHVL]HU DUH WKH KDUGHVW WR GHWHUPLQH� EHFDXVH WKH

FKLUSHG RXWSXW IUHTXHQF\ LV GLoHUHQW IURP WKH LQSXW IUHTXHQF\� L�H� WKH p[HG ��0+] UHIHU�

HQFH� 7KLV SUHFOXGHV XVLQJ VWDQGDUG YHFWRU QHWZRUN DQDO\VLV WHFKQLTXHV� ,QVWHDG� ZH XVH



��� &+$37(5 �� 6<67(0$7,& (55256

Output frequency (MHz)
0 10 20 30 40 50

P
ha

se
 s

hi
ft 

(m
ra

d)

-50

0

50

100

150

200

(a)

Output frequency (MHz)
30 35 40 45 50

P
ha

se
 s

hi
ft 

(m
ra

d)
-50

-25

0

25

(b)

chirp interval 

)LJXUH ����� )UHTXHQF\ GHSHQGHQW SKDVH VKLIWV� �D� 7HNWURQLFV $)* ���� ''6 V\QWKHVL]HU

ZLWK LQWHUQDO ��� 0+] DQWL�DOLDVLQJ pOWHU� 0HDVXUHG XVLQJ IDVW GLJLWDO VFRSH� �E� 5HPDLQLQJ

V\VWHP� IURP RXWSXW RI WKH ''6 V\QWKHVL]HU WR 5DPDQ EHDPV� 0HDVXUHG XVLQJ YHFWRU

QHWZRUN DQDO\VLV�

D IDVW GLJLWDO VFRSH WR PHDVXUH WKH GHOD\ IURP D IUHTXHQF\ XSGDWH FRPPDQG WR WKH QH[W

]HUR FURVVLQJ RI WKH RXWSXW ZDYHIRUP� 6LQFH WKH XSGDWH FRPPDQG LV LQWHUQDOO\ V\QFKUR�

QL]HG ZLWK WKH SKDVH DFFXPXODWRU RI WKH 7HNWURQLFV ''6 V\QWKHVL]HU� DQG WKHUHIRUH WKH

WKHRUHWLFDO SKDVH� WKLV PHDVXUHPHQW RI WKH UHDO RXWSXW SKDVH DOORZV XV WR GHWHUPLQH WKH

IUHTXHQF\ GHSHQGHQW SKDVH VKLIW LQWURGXFHG E\ WKH V\QWKHVL]HU� )LJ� �����D� VKRZV WKH PHD�

VXUHG SKDVH VKLIWV� )RU RXU VWDQGDUG FKLUS FHQWHUHG DURXQG ��0+] ZH pQG DQ DGGLWLRQDO

SKDVH VKLIW c�5)  �������0+]�b �����0+]���������0+]� 
 ��PUDG� FRUUHVSRQGLQJ

WR D � z*DO JUDYLW\ RoVHW� )RU VRPH RI RXU PRVW UHFHQW PHDVXUHPHQWV ZH KDYH WKHUHIRUH

PRYHG WKH FKLUS FHQWHU IUHTXHQF\ WR ��0+] ZKHUH WKH JURXS GHOD\ LV PLQLPDO DQG ZH RQO\

H[SHFW D JUDYLW\ RoVHW RI ��� z*DO�

7KH UHPDLQLQJ V\VWHP �VWDUWLQJ DW WKH RXWSXW RI WKH ''6 V\QWKHVL]HU� FDQ EH LQYHV�

WLJDWHG E\ VWDQGDUG YHFWRU QHWZRUN DQDO\VLV� 7KH UHVXOW LV SORWWHG LQ )LJ� �����E�� 7KH

JOREDO FXUYDWXUH RI WKLV UHVSRQVH JUDSK ZRXOG FRUUHVSRQG WR D JUDYLW\ RoVHW RI ��� z*DO�

7KH VPDOOHU VFDOH ZLJJOHV YLVLEOH LQ WKH JUDSK ZRXOG FDXVH DGGLWLRQDO z*DO VFDOH RoVHWV

GHSHQGLQJ RQ GHWDLOV OLNH WKH FHQWUDO IUHTXHQF\ RI WKH FKLUS RU WKH WLPH EHWZHHQ 5DPDQ

SXOVHV� +RZHYHU� VLQFH ZH KDG WR LQWURGXFH PDQ\ DGGLWLRQDO FRPSRQHQWV WR SHUIRUP WKLV

PHDVXUHPHQW ZH FDQ QRW EH VXUH �ZLWKRXW PXFK PRUH LQYROYHG FDOLEUDWLRQ SURFHGXUHV� LI
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)LJXUH ����� (oHFW RI IUHTXHQF\ GHSHQGHQW SKDVH VKLIWV� 7KH PHDVXUHG JUDYLW\ YDOXH FKDQJHV

LI WKH FHQWHU IUHTXHQF\ RI WKH ''6 V\QWKHVL]HU FKLUS LV FKDQJHG IURP LWV XVXDO ��0K] YDOXH

�FRPSHQVDWHG IRU E\ FKDQJLQJ WKH RoVHW IUHTXHQF\ RI WKH 5DPDQ ODVHU SKDVH ORFN� VHH 6HF�

������� 5HYHUVLQJ WKH GLUHFWLRQ RI WKH SKRWRQ UHFRLO DOVR PHDQV UHYHUVLQJ WKH GLUHFWLRQ RI WKH

FKLUS DQG WKH VLJQ RI WKH JUDYLW\ VKLIW� 7KH DYHUDJH YDOXH LV WKHUHIRUH PXFK OHVV VHQVLWLYH WR

WKLV HoHFW� ,QWHUIHURPHWHU SXOVH VHSDUDWLRQ 7  ���PV�

DOO RI WKH REVHUYHG IHDWXUHV DUH UHDO RU LI WKH\ PLJKW EH DUWLIDFWV�

6LQFH WKH PHDVXUHPHQWV GHVFULEHG DERYH DUH QRW IXOO\ FRQFOXVLYH ZH XVH D QLFH SURSHUW\

RI DWRP LQWHUIHURPHWHU WR PHDVXUH DQG FDQFHO WKH JURXS GHOD\ HoHFW� 5HYHUVLQJ WKH GLUHF�

WLRQ RI WKH SKRWRQ UHFRLO DOVR PHDQV FKDQJLQJ WKH GLUHFWLRQ RI WKH 5) FKLUS DQG WKH VLJQ

RI WKH JUDYLW\ RoVHW� 2QH FDQ WKHUHIRUH DOWHUQDWH EHWZHHQ WKH WZR LQWHUIHURPHWHU FRQpJX�

UDWLRQV DQG FDOFXODWH WKH DYHUDJH YDOXH� ZKLFK VKRXOG EH IUHH JURXS GHOD\ UHODWHG RoVHWV�

7KH GLoHUHQWLDO YDOXH LV DFWXDOO\ D PHDVXUHPHQW RI WKH JURXS GHOD\� )LJ� ���� LOOXVWUDWHV

WKH HoHFWLYHQHVV RI WKLV PHWKRG� +RZHYHU� FKDQJLQJ WKH UHFRLO DOVR LQWURGXFHV VRPH RWKHU

FKDQJHV� OLNH VOLJKWO\ DOWHUHG WUDMHFWRULHV RU SXOVH WLPHV� ZKLFK PD\ FDXVH DGGLWLRQDO RoVHWV�

,Q RUGHU WR H[DFWO\ UHYHUVH WKH FKLUS� ZLWK WKH VDPH FHQWHU IUHTXHQF\� LW LV IRU H[DPSOH

QHFHVVDU\ WR DSSO\ WKH PLGGOH LQWHUIHURPHWHU SXOVH DIWHU� LQVWHDG RI EHIRUH WKH DWRPV UHDFK
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)LJXUH ����� &KDQJLQJ WKH GLUHFWLRQ RI SKRWRQ UHFRLO DQG 5) FKLUS FDQFHOV PRVW 5) SKDVH

VKLIW UHODWHG JUDYLW\ RoVHWV� %XW RQH HLWKHU KDV WR FKDQJH HLWKHU WKH WLPH RI WKH LQWHUIHU�

RPHWHU }^SXOVH �HDUO\  EHIRUH DSH[ RI WUDMHFWRU\� ODWH  DIWHU� RU WKH FHQWHU IUHTXHQF\

RI WKH 5) FKLUS �VHH JUDSK�� 7KH JUDSK VKRZV PHDVXUHPHQW UHVXOWV IRU DOO IRXU SRVVLEOH

FRPELQDWLRQV� 7KH\ DUH XVXDOO\ DYHUDJHG WR FDQFHO PRVW RI WKH HoHFW�

WKH DSH[ RI WKHLU WUDMHFWRU\ �RU YLFH YHUVD�\� 7R DFFRXQW IRU WKLV� ZH RIWHQ WDNH JUDYLW\ GDWD

IRU DOO IRXU SRVVLEOH FRPELQDWLRQV RI UHFRLO GLUHFWLRQ DQG SXOVH WLPH� DV VKRZQ LQ )LJ� �����

,Q VXPPDU\� WKH PHWKRG RI DOWHUQDWLQJ EHWZHHQ GLoHUHQWLDO UHFRLO FRQpJXUDWLRQV FDQ

UHGXFH WKH VHQVLWLYLW\ WR LPSHUIHFWLRQV RI WKH 5) V\VWHP VXEVWDQWLDOO\� EXW WKH UHPDLQ�

LQJ XQFHUWDLQWLHV DUH VWLOO VRPH RI WKH PRVW LPSRUWDQW RQHV DoHFWLQJ WKH DWRPLF IRXQWDLQ

JUDYLPHWHU� )URP WKH XQFHUWDLQW\ RI PHDVXUHPHQWV XVLQJ GLoHUHQW FHQWHU IUHTXHQFLHV DQG

UHFRLO GLUHFWLRQV ZH HVWLPDWH D UHVLGXDO XQFHUWDLQW\ RI � z*DO�

����� 7 U DQVLHQW SKDVH VKLIWV

7KH QHFHVVLW\ WR SXOVH WKH 5DPDQ EHDPV LQWURGXFHV DQRWKHU SRWHQWLDO SLWIDOO� (VVHQWLDOO\ DOO

PHWKRGV IRU VZLWFKLQJ 5) SRZHU RU OLJKW pHOGV DOVR VKRZ VRPH DPRXQW RI SKDVH PRGXODWLRQ�

\6LQF H Z H XVH UH WUR �UH qH F WH G 5D PD Q EH D PV WKLV SXOVH F D Q QR W EH D SSOLH G H [ D F WO\ D W WKH D SH [ � 2WKH UZ LVH �

LW Z R XOG D OVR GULY H XQZ D QWH G ' R SSOH U LQVH QVLWLY H 5D PD Q WUD QVLWLR QV�
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)LJXUH ����� 7UDQVLHQW SKDVH VKLIWV GXULQJ 5DPDQ SXOVHV� �D��E� $PSOLWXGH �QRW LQWHQVLW\�

DQG DPSOLWXGH ZHLJKWHG SKDVHV VKLIW RI WKH 5DPDQ EHDW QRWH GXULQJ D VKRUW SXOVH� 7KH ULVH

DQG IDOO WLPHV DUH GHWHUPLQHG E\ WKH pQLWH EHDP VL]H DQG WKH VSHHG RI VRXQG LQ WKH VZLWFKLQJ

$20� 7KH 5) SRZHU GULYLQJ WKH $20 LV VZLWFKHG PXFK IDVWHU �| � QV� E\ DQ *D$6 5)

VZLWFK� 7KHUH DUH VXEVWDQWLDO SKDVH VKLIWV� EXW WKH LQWHJUDWHG HoHFW LV VPDOO EHFDXVH RI WKH

DV\PPHWU\� �F��G� 6LPLODU GDWD IRU D ORQJHU SXOVH WKDW LV WXUQHG RQ DQG Ro VORZO\�| ��QV�

E\ UDPSLQJ WKH FRQWURO YROWDJH WR WKH 5) VZLWFK� 7KH DPSOLWXGH ZHLJKWHG SKDVH VKLIWV DUH

VPDOOHU� EXW SHUVLVW IRU ORQJHU WLPHV� 6LQFH WKH WUDFH LV QRW DQWL^V\PPHWULF DQ\PRUH� WKH

LQWHJUDWHG HoHFW LV VXEVWDQWLDOO\ ELJJHU�

,Q RXU H[SHULPHQW WKH 5DPDQ OLJKW LV FRQWUROOHG E\ DQ $20 DQG SKDVH WUDQVLHQWV FRXOG EH

LQWURGXFHG E\ WKH *D$V VZLWFK FRQWUROOLQJ WKH 5) GULYH SRZHU RU E\ LQWULQVLF SURSHUWLHV RI

WKH $20 LWVHOI� ,W LV DGYLVDEOH WR PDNH WKH VZLWFKLQJ SURFHVV IRU ERWK 5DPDQ EHDPV DV

LGHQWLFDO DV SRVVLEOH� 2XU FXUUHQW VHWXS WKHUHIRUH XVHV D VLQJOH $20 WR VZLWFK ERWK EHDPV

ZKLFK DOVR KDYH LGHQWLFDO SRODUL]DWLRQV�

7R LQYHVWLJDWH WKLV HoHFW ZH LUUDGLDWH DQ LQGHSHQGHQW IDVW SKRWRGLRGH ZLWK D VKRUW SXOVH

RI 5DPDQ OLJKW� PL[ WKH REVHUYHG EHDW QRWH GRZQ WR D FRQYLHQLHQW IUHTXHQF\ RI ��0+] DQG

GLJLWL]H WKH VLJQDO DW � *VDPSOHV V� 8VLQJ D )RXULHU WUDQVIRUP PHWKRG >��@ ZH FDQ WKHQ

H[WUDFW ERWK SKDVH DQG DPSOLWXGH LQIRUPDWLRQ LQGHSHQGHQWO\� :H FDQ DOVR FDOFXODWH WKH

DPSOLWXGH ZHLJKWHG SKDVH VKLIWV DV VKRZQ LQ )LJ� ����� 7KLV GDWD VKRZV WKDW VXEVWDQWLDO



��� &+$37(5 �� 6<67(0$7,& (55256

SKDVH WUDQVLHQWV DUH SUHVHQW� 7KH DFWXDO H[SHULPHQW� KRZHYHU� XVHV PXFK ORQJHU VTXDUH

SXOVH ZKLFK UHGXFHV WKH UHODWLYH GXUDWLRQ RI WKH VZLWFKLQJ WUDQVLHQWV� $YHUDJHG RYHU D

��PXV SXOVH� RQH RI WKH WUDQVLHQW SKDVH VKLIWV LQ )LJ� ���� ZRXOG RQO\ EH | ����PUDG�

FRUUHVSRQGLQJ WR ���� z*DO� $GGLWLRQDO FDQFHODWLRQ GXH WR WKH DQWL^V\PPHWU\ RI WKH SKDVH

VKLIWV GXULQJ D VLQJOH SXOVH DQG WKH V\PPHWU\ RI WKH SXOVH VHTXHQF\ ZRXOG UHGXFH WKLV HoHFW

HYHQ IXUWKHU�

7KHUH DUH VLWXDWLRQV� WKRXJK� ZKHUH WKHVH WUDQVLHQW HoHFWV PLJKW EHFRPH LPSRUWDQW� ,W

ZRXOG GHpQLWHO\ EH GDQJHURXV WR VZLWFK WKH WZR 5DPDQ EHDPV VHSDUDWHO\� XVLQJ GLoHUHQW

$20� )XUWKHUPRUH� LW ZRXOG EH SUREOHPDWLF WR XVH YHU\ VKRUW SXOVHV RU WR UHSODFH WKH

VTXDUH SXOVHV ZLWK VXFK RI VKDSHG LQWHQVLW\ SURpOHV� IRU H[DPSOH %ODFNPDQ SXOVHV�

)URP WKH IRUPXOD c�  JNHo7
� RQH ZRXOG QDLYHO\ H[SHFW WKDW D � SDUW LQ ��� PHDVXUH�

PHQW RI J ZRXOG UHTXLUH NQRZLQJ WKH LQWHUIHURPHWHU SXOVH VSDFLQJ 7 ZLWK VLPLODU DFFXUDF\�

)RU RXU W\SLFDO ���PV VSDFLQJ WKLV FRUUHVSRQGV WR RQO\ �� SV� D UHTXLUHPHQW WKDW LV HVVHQ�

WLDOO\ LPSRVVLEOH WR IXOpOO XVLQJ VWDQGDUG EHDP VZLWFKLQJ PHWKRGV�

)RUWXQDWHO\� WKH FKLUSLQJ RI WKH 5DPDQ IUHTXHQF\ PDNHV WKH WLPLQJ UHTXLUHPHQWV PXFK

OHVV VHYHUH� 7KLV LV HDV\ WR VHH LQ WKH FDVH ZKHUH WKH FKLUS LV DGMXVWHG WR H[DFWO\ FDQFHO WKH

'RSSOHU VKLIW GXH WR JUDYLW\� $ FKDQJH LQ WKH WLPH 7 ZLOO FKDQJH WKH IULQJH SHULRG� EXW WKH

SRVLWLRQ RI WKH FHQWUDO IULQJH UHPDLQV WKH VDPH VLQFH LW RQO\ GHSHQGV RQ WKH FKLUS UDWH� D

FRQGLWLRQ WKDW LV REYLRXVO\ LQGHSHQGHQW RI WKH WLPH EHWZHHQ SXOVHV�

7KH VLWXDWLRQ LV VOLJKWO\ GLoHUHQW ZKHQ WKH FRQWLQXRXV FKLUS LV DSSUR[LPDWHG E\ VZLWFKLQJ

EHWZHHQ WKUHH p[HG IUHTXHQFLHV� ,Q WKDW FDVH ZH DUH RQFH DJDLQ VHQVLWLYH WR WKH SXOVH WLPLQJ�

EXW QRZ VPDOO WLPLQJ HUURUV HQWHU RQO\ TXDGUDWLFDOO\� )RU VPDOO HUURUV rWL LQ WKH WLPH RI WKH

WKUHH LQWHUIHURPHWHU SXOVHV ZH pQG

cJ

J
 

rW�� � rW�� � rW��
�7 �

� ������

7KLV LV FRQpUPHG E\ WKH H[SHULPHQWDO GDWD LQ )LJ� ����� 6LQFH ZH FDQ HDVLO\ DFKLHYH D WLPLQJ

DFFXUDF\ RI ���QV �$20 ULVH WLPH�� WKH SRVVLEOH HUURU GXH WR SXOVH WLPLQJ LV OHVV WKDQ ����

z*DO�

����� /HQJWK DQG , QWHQVLW\ RI 5DPDQ SXOVHV

9DULDWLRQV LQ WKH OHQJWK DQG LQWHQVLW\ RI WKH 5DPDQ SXOVH DUH DQRWKHU SRWHQWLDO VRXUFHV RI

WURXEOH� )RU D VLQJOH SXOVH WKH HoHFW RI VXFK YDULDWLRQV KDV EHHQ ZRUNHG RXW LQ >��@� $

SULRUL� LW LV ELJ HQRXJK WR EH RI FRQFHUQ LI WKH 5DPDQ EHDP LQWHQVLWLHV� DV LQ RXU VHWXS� DUH
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∆t (µs)

-100 0 100
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-250

0

250

500

∆t (µs)

-100 0 100

∆t (µs)

-100 0 100

timing1

(a) (b)

(c)

)LJXUH ����� (oHFW RI VPDOO HUURU LQ WKH 5DPDQ SXOVH WLPLQJ RQ WKH PHDVXUHG JUDYLW\ YDOXH

�GRWV�� 7KH VROLG OLQHV DUH SDUDEROLF pWV� LQ DJUHHPHQW ZLWK WKH WKHRUHWLFDO SUHGLFWLRQV� �D�

&KDQJLQJ WKH WLPH RI ERWK }

�
^SXOVHV E\ HTXDO EXW RSSRVLWH DPRXQWV� �E� &KDQJLQJ WKH WLPH

RI WKH pUVW }

�
^SXOVH RQO\� �F� &KDQJLQJ WKH WLPH RI WKH }^SXOVH�

QRW DFWLYHO\ VWDELOL]HG� %XW DV ORQJ DV WKHVH YDULDWLRQV KDSSHQ IRU DOO WKUHH LQWHUIHURPHWHU

SXOVHV VLPXOWDQHRXVO\� WKH HoHFWV FKDQFHO DOPRVW FRPSOHWHO\ GXH WR WKH V\PPHWU\ RI WKH

}

�
b }b }

�
SXOVH VHTXHQFH� (YHQ ZKHQ ZH XVH D }

�
b

}

�
b

}

�
SXOVH VHTXHQFH� FRUUHVSRQGLQJ WR

D UDWKHU GUDVWLF HUURU LQ LQWHQVLW\� WKH VKLIW LQ PHDVXUHG JUDYLW\ LV DW PRVW D IHZ z*DO�

2WKHU WHVWV DOVR FRQpUP WKDW WKH PHDVXUHG JUDYLW\ YDOXH UHPDLQV XQFKDQJHG ZKHQ VKRUW�

KLJK LQWHQVLW\ SXOVHV DUH UHSODFHG ZLWK ORQJHU� ORZ LQWHQVLW\ SXOVHV ZKLOH NHHSLQJ WKH SXOVH

DUHD FRQVWDQW DQG PDLQWDLQLQJ WKH FRUUHFW WLPH EHWZHHQ SXOVHV �6HF� ��� IRU WKH SURSHU

GHpQLWLRQ RI 7 �� ,QWHQVLW\ YDULDWLRQV DPRQJ WKH SXOVHV RI WKH LQWHUIHURPHWHU DUH VXrFLHQWO\

VPDOO WR EH QHJOHFWHG� :H WKHUHIRUH FRQFOXGH WKDW WKH HUURU GXH WR WKHVH HoHFWV LV OHVV WKDQ

� z*DO�

����� &KLU S RI 5DPDQ SXOVHV

:H RIWHQ SHUIRUP JUDYLW\ PHDVXUHPHQWV E\ VLPSO\ VZLWFKLQJ EHWZHHQ p[HG 5DPDQ IUHTXHQ�

FLHV LQVWHDG RI DSSO\LQJ D FRQWLQXRXV FKLUS� ,Q WKLV FDVH WKH DWRPV� LQ WKHLU RZQ IUHH IDOOLQJ

UHIHUHQFH IUDPH� VHH DQ DSSDUHQW FKLUS RI WKH 5DPDQ EHDPV GXULQJ HDFK VLQJOH SXOVH� )RU
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Chirp rate (22.99373  MHz/s) 

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5

∆g
 (

µG
al

)

-5

0

5

)LJXUH ����� (oHFW RI FKLUS GXULQJ 5DPDQ SXOVHV� :H FDQ LQWURGXFH FKLUSV RI WKH 5DPDQ

IUHTXHQFLHV GXULQJ HDFK LQWHUIHURPHWHU SXOVH� $ FKLUS UDWH RI ��������0+] V H[DFWO\ FDQFHOV
WKH JUDYLWDWLRQDO FKLUS� WKH LGHDO VLWXDWLRQ� %XW HYHQ IRU YHU\ GLoHUHQW FKLUS UDWHV WKH JUDYLW\

YDOXH LV DOPRVW XQDoHFWHG�

pQLWH OHQJWK SXOVHV WKLV ZLOO FDXVH SKDVH VKLIWV �6HF� ����� )RU W\SLFDO H[SHULPHQWDO SDUDP�

HWHUV WKH HoHFW RI WKHVH VKLIWV LV UDWKHU VPDOO DV D UHVXOW RI WKH V\PPHWU\ RI WKH }

�
b } b }

�

SXOVH VHTXHQFH�

,W LV VWLOO SUHIHUDEOH WR HOLPLQDWH WKLV FRQFHUQ FRPSOHWHO\ E\ XVLQJ WKH VHFRQG SKDVH ORFNHG

ORRS LQ RXU VHWXS �6HF� ������ WR FDQFHO WKH JUDYLWDWLRQDO FKLUS GXULQJ HDFK LQGLYLGXDO SXOVH�

7KH VDPH PHWKRG FDQ DOVR EH XVHG WR GHOLEHUDWHO\ LQWURGXFH FKLUSV RI WKH ZURQJ VLJQ RU

PDJQLWXGH� 7KH UHVXOW LV VKRZQ LQ )LJ� ���� DQG FOHDUO\ FRQpUPV WKH WKHRUHWLFDO SUHGLFWLRQ

WKDW WKH PHDVXUHPHQW LV UDWKHU LQVHQVLWLYH WR VXFK FKLUSV�

����� 'HWXQLQJ RI 5DPDQ SXOVHV

8VLQJ WKH }

�
b } b }

�
SXOVH VHTXHQFH PDNHV WKH LQWHUIHURPHWHU LQWULQVLFDOO\ LQVHQVLWLYH WR

GHWXQLQJV IURP WKH H[DFW 5DPDQ UHVRQDQFH FRQGLWLRQ� D IHDWXUH DEVROXWHO\ QHFHVVDU\ FRQ�

VLGHULQJ WKH YHORFLW\ VSUHDG RI WKH DWRPV DQG WKH FRUUHVSRQGLQJ 'RSSOHU VKLIWV� 7KLV GRHV

QRW UXOH RXW VPDOO UHVLGXDO RoVHWV ZKHQ WKH 5DPDQ IUHTXHQF\ LV QRW SURSHUO\ FHQWHUHG ZLWK
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UHVSHFW WR WKH DWRPLF 'RSSOHU GLVWULEXWLRQ� :H IRXQG H[SHULPHQWDOO\ WKDW WKLV JUDYLW\ RoVHW

LV OLQHDUO\ SURSRUWLRQDO WR WKH DYHUDJH GHWXQLQJ ZLWK D VORSH RI | �z*DO N+]�

:H QRZ HVWLPDWH LI IUHTXHQF\ RoVHWV RI WKLV VL]H FRXOG RFFXU� 6LQFH DOO WKH 5DPDQ

IUHTXHQFLHV DUH UHIHUHQFHG WR D /RUDQ�& UHFHLYHU� DQG WKHUHE\ XOWLPDWHO\ DQ DWRPLF FORFN�

WKH\ DUH JHQHUDOO\ NQRZQ WR EHWWHU WKDQ �d ��b��� RU ����+]� 7KH UHVRQDQFH FDQ EH HDVLO\

ORFDWHG WR EHWWHU WKDQ ���+] DQG� EHFDXVH RI WKH YHORFLW\ SUHVHOHFWLRQ� LV PRVWO\ LQVHQVLWLYH

WR VPDOO FKDQJHV LQ WKH DWRPLF YHORFLW\ GLVWULEXWLRQ� 7KLV UHVXOWLQJ JUDYLW\ RoVHW ZRXOG EH

DSSUR[LPDWHO\ ��� z*DO�

��� 6\QFKU RQRXV QRLVH

,Q FRQWUDVW WR D FRQWLQXRXV PHDVXUHPHQW� QRLVH V\QFKURQL]HG ZLWK WKH GDWD WDNLQJ SURFHVV

RI D SXOVHG H[SHULPHQW GRHV JHQHUDOO\ QRW DYHUDJH RXW RYHU WLPH EXW FDXVHV DQ V\VWHPDWLF

RoVHW� 9LEUDWLRQV� VWUD\ OLJKW DQG HOHFWURPDJQHWLF LQWHUIHUHQFH DUH MXVW D IHZ H[DPSOHV RI

WKH PXOWLWXGH RI SRVVLEOH FXOSULWV� 0RGLI\LQJ WKH WLPLQJ RI WKH H[SHULPHQW WR DVFHUWDLQ

ZKLFK RI WKHP DUH SUHVHQW LV OLPLWHG E\ WKH H[LVWHQFH RI PDQ\ WLPLQJ FRQVWUDLQWV DQG WKH

XQDYRLGDEOH LQWHUGHSHQGHQFH RI WLPLQJ SDUDPHWHUV ZLWK RWKHUV� IRU H[DPSOH VSDWLDO SRVLWLRQ

DQG IUHTXHQF\�

����� �� + ] /LQH QRLVH

,I WKH H[SHULPHQW LV OLQH WULJJHUHG� WKHQ OLQH QRLVH ��� +]� LV DQ REYLRXV VRXUFH RI WURXEOH�

DQG )LJ� ���� VKRZV WKDW LW LQGHHG KDV DQ VXEVWDQWLDO HoHFW �XS WR � z*DO� RQ RXU JUDYLW\

PHDVXUHPHQW� :H WKHUHIRUH GR QRW OLQH WULJJHU RXU H[SHULPHQW GXULQJ JUDYLW\ PHDVXUHPHQWV

LQ RUGHU WR PDNH WKH HoHFW DYHUDJH RXW RYHU WLPH� DVVXPLQJ WKDW WKH V\VWHP
V UHVSRQVH WR

WKH �� +] GLVWXUEDQFH LV OLQHDU� ,Q WKLV PRGH RI RSHUDWLRQ WKH HoHFW WKHQ EHFRPHV MXVW

DQRWKHU VRXUFH RI QRLVH�

����� 0 DJQHWLF VHQVLWLYLW\ RI 6HLVPRPHWHU

7KH FHQWUDO FRPSRQHQW RI WKH DFWLYH YLEUDWLRQ LVRODWLRQ V\VWHP LV D FRPPHUFLDO ORZ IUHTXHQF\

DFFHOHURPHWHU� QRW VSHFLpFDOO\ GHVLJQHG IRU XVH LQ IHHGEDFN V\VWHPV EXW IRU DSSOLFDWLRQV LQ

VHLVPRORJ\ DQG JHRSK\VLFV� :KHQ SHUIRUPLQJ PHDVXUHPHQWV IRU WKHVH SXUSRVHV� WKH VHLV�

PRPHWHU LV XVXDOO\ ORFDWHG HLWKHU RXW LQ WKH pHOG RU LQ VSHFLDOO\ FRQVWUXFWHG VHLVPLF YDXOWV�
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290 300 310
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-25

-20

-15

-10

-5

Time of π-pulse (ms)

290 300 310 290 300 310

)LJXUH ����� (oHFW RI �� +] OLQH QRLVH� *UDSKV �D� DQG �E� VKRZ WKH FKDQJHV LQ WKH

PHDVXUHG JUDYLW\ YDOXH DV D IXQFWLRQ RI WKH GHOD\ EHWZHHQ LQWHUIHURPHWHU SXOVH VHTXHQFH

DQG OLQH WULJJHU� 7KH OLQH WULJJHU SKDVH GLoHUV E\ �����r� DQG WKH UHVXOWLQJ FKDQJH LQ WKH

VLJQ RI WKH VLQXVRLGDO RoVHW FOHDUO\ LQGLFDWHV WKDW LW LV GXH WR �� +] OLQH QRLVH� 7KH OLQHDU

VORSH LV FDXVHG E\ RWKHU HoHFWV� *UDSK �F� GHPRQVWUDWHV WKDW WKH HoHFW OLQH QRLVH HoHFW

DYHUDJHV RXW LI WKH H[SHULPHQW LV QRW OLQH WULJJHUHG�

,Q QHLWKHU FDVH LV LW VXEMHFWHG WR VXEVWDQWLDO HOHFWURPDJQHWLF LQWHUIHUHQFH DQG DFFRUGLQJO\

WKH LQVWUXPHQW KDV QRW EHHQ GHVLJQHG ZLWK VSHFLDO SUHFDXWLRQV WR FRQWURO VXFK LQqXHQFHV�

7KH VLWXDWLRQ LQ WKH ODERUDWRU\ LV YHU\ GLoHUHQW� ZLWK WKH VHLVPRPHWHU H[SRVHG WR H[�

WHUQDO GLVWXUEDQFHV RI YDULRXV W\SHV� 0DQ\ RI WKHP DUH V\QFKURQL]HG ZLWK WKH H[SHULPHQWDO

F\FOH DQG FRXOG WKHUHIRUH QRW MXVW OHDG WR LQFUHDVHG QRLVH EXW UHVXOW LQ V\VWHPDWLF HUURUV�

,Q WKH IROORZLQJ ZH ZLOO DQDO\]H WKH HoHFW GXH WR SXOVHG PDJQHWLF pHOGV WR ZKLFK WKH VHLV�

PRPHWHU LV HVSHFLDOO\ VXVFHSWLEOH�

7KH VHLVPRPHWHU ZLOO PLVWDNHQO\ LQWHUSUHW DQ\ FKDQJH LQ WKH H[WHUQDO PDJQHWLF pHOG

DV DQ DFFHOHUDWLRQ DQG WKH IHHGEDFN ORRS� DWWHPSWLQJ WR FRPSHQVDWH� ZLOO LQWURGXFH D UHDO

DFFHOHUDWLRQ RI WKH UHWUR UHqHFWLRQ PLUURU LQ WKH RSSRVLWH GLUHFWLRQ� 6LQFH WKH DFFHOHUDWLRQ

RI WKH DWRPV LV PHDVXUHG UHODWLYH WR WKLV PLUURU WKLV LQ WXUQ ZLOO FDXVH D V\VWHPDWLF PHD�

VXUHPHQW HUURU� 7KH SUHFLVH VL]H RI WKLV HUURU ZLOO GHSHQG RQ GHWDLOV OLNH WKH SDUDPHWHUV RI

WKH IHHGEDFN ORRS RU WKH GXW\ F\FOH RI WKH PDJQHWLF pHOG� EXW LW ZLOO JHQHUDOO\ EH RI WKH

VDPH PDJQLWXGH DV WKH IDNH DFFHOHUDWLRQ�

)RU RXU VHWXS SXOVLQJ RI ERWK WKH WUDSSLQJ FRLOV DQG WKH +HOPKROW] FRLO DVVHPEO\ FDQ
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sign of magnetic pulse 

negative none positive
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sign of magnetic pulse

negative none positive

(a) (b)

)LJXUH ����� (oHFW RI SXOVHV PDJQHWLF pHOGV GXH WR WKH PDJQHWLF pHOG VHQVLWLYLW\ RI WKH

VHLVPRPHWHU LQ WKH YLEUDWLRQ LVRODWLRQ V\VWHP� ,Q RUGHU WR WHVW WKH HoHFW� ZH H[WHQGHG WKH

QRUPDO F\FOH WLPH RI WKH H[SHULPHQW IURP ��� V WR ��� V E\ LQVHUWLQJ D GHOD\ EHIRUH UHORDGLQJ

WKH 027� 'XULQJ WKLV WLPH LQWHUYDO ZH FDQ SXOVH RQ WKH +HOPKROW] FRLOV WR SURGXFH D

PDJQHWLF pHOG HLWKHU HTXLYDOHQW WR WKDW XVHG IRU | ���PV GXULQJ WKH QRUPDO H[SHULPHQWDO

F\FOH� RU ZLWK RSSRVLWH VLJQ� *UDSK �D� VKRZV WKDW HYHQ ZLWK D PDJQHWLF VKLHOG DURXQG

WKH VHLVPRPHWHU LWVHOI WKH PHDVXUHG JUDYLW\ YDOXH LV VWURQJO\ DoHFWHG E\ WKHVH SXOVHV� ,I ZH

SXOVH RQ WKH 027 WUDSSLQJ FRLOV GXULQJ WKH DGGLWLRQDO WLPH LQWHUYDO� ZH pQG D VLPLODU HoHFW�

)RU VWDQGDUG PHDVXUHPHQW VHTXHQFH WKH H[SHFWHG JUDYLW\ VKLIW GXH WR WKLV HoHFW VKRXOG EH

RI DSSUR[LPDWHO\ WKH VDPH PDJQLWXGH� *UDSK �E� VKRZV WKDW DGGLQJ DGGLWLRQDO PDJQHWLF

VKLHOGLQJ DURXQG WKH YLEUDWLRQ LVRODWRU UHGXFHV WKH HoHFW WR EHORZ RXU FXUUHQW PHDVXUHPHQW

UHVROXWLRQ� 7KH JOREDO VORSH RI WKH GDWD LV WKHUH VLQFH ZH GLG QRW FRUUHFW IRU WLGDO HoHFWV

GXULQJ WKLV PHDVXUHPHQW�
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UHVXOW LQ pHOG VWUHQJWKV RI VHYHUDO KXQGUHG P* DW WKH ORFDWLRQ RI WKH YLEUDWLRQ LVRODWRU�

7RJHWKHU ZLWK WKH PHDVXUHG PDJQHWLF pHOG VHQVLWLYLW\ RI | ���z*DO *DXVV RI RXU SDUWLF�

XODU YHUVLRQ RI WKH &0*�� VHLVPRPHWHU WKLV LPSOLHV XQDFFHSWDEO\ ELJ HUURUV� 7KHUHIRUH

WKH VHLVPRPHWHU ZDV pWWHG ZLWK D PDJQHWLF VKLHOG �6HF� ������ HYHQ EHIRUH DVVHPEOLQJ WKH

V\VWHP� UHGXFLQJ LWV PDJQHWLF pHOG VHQVLWLYLW\ E\ DW OHDVW D IDFWRU RI ��� +RZHYHU� HYHQ

WKLV LPSURYHPHQW GRHV QRW UHGXFH WKH HoHFW VXrFLHQWO\� DV LV FOHDUO\ GHPRQVWUDWHG E\ WKH

H[SHULPHQWDO WHVW GDWD LQ )LJ� ���� ZKLFK SUHGLFWV DQ JUDYLW\ RoVHW DV ELJ DV �� z*DO IRU D

W\SLFDO PHDVXUHPHQW FRQpJXUDWLRQ�

7R UHGXFH WKLV HoHFW WR DFFHSWDEOH OHYHOV ZH KDYH WKHUHIRUH HQFORVHG WKH ZKROH YLEUDWLRQ

LVRODWRU DVVHPEO\ ZLWK DQ DGGLWLRQDO PDJQHWLF VKLHOG� 7KH VHFRQG JUDSK LQ )LJ� ���� LQGLFDWHV

WKDW WKLV LV VXrFLHQW GRZQ WR WKH � z*DO OHYHO�

2WKHU QRLVH VRXUFHV

3UREOHPV GXH WR RWKHU VRXUFHV RI V\QFKURQRXV QRLVH DUH PXFK KDUGHU WR LGHQWLI\� 6RPH RI

LUUHJXODULWLHV LQ WKH GDWD SUHVHQWHG LQ 6HF� ��� PLJKW EH UHODWHG WR WKLV SUREOHP�

��� )XQGDPHQWDO

����� &RU LROLV IRU FH DQG 6DJQDF HoHFW

$WRP LQWHUIHURPHWHUV DUH LQWULQVLFDOO\ VHQVLWLYH WR DOO W\SHV RI LQHUWLDO IRUFHV� 2XU VHWXS

LV VSHFLpFDOO\ GHVLJQHG WR EH VHQVLWLYH RQO\ WR WKH DFFHOHUDWLRQ GXH WR JUDYLW\� EXW HYHQ

VPDOO PLVDOLJQPHQWV FDQ PDNH LW VXVFHSWLEOH WR &RULROLV IRUFHV� 6RPH &RULROLV IRUFHV� IRU

H[DPSOH WKRVH FDXVHG E\ URWDWLRQDO QRLVH RI H[SHULPHQWDO VHWXS� DUH DYRLGDEOH� %XW VLQFH

RXU H[SHULPHQW LV SHUIRUPHG LQ D WHUUHVWULDO ODERUDWRU\� WKH &RULROLV IRUFHV GXH WR (DUWK
V

URWDWLRQ DUH DOZD\V SUHVHQW DQG FDQ FDXVH VHYHUH V\VWHPDWLF HUURUV LI QRW SURSHUO\ DFFRXQWHG

IRU�

7KH DWRPV LQ WKH DWRPLF IRXQWDLQ� WKRXJK ODVHU FRROHG� VWLOO KDYH D FHUWDLQ KRUL]RQWDO

YHORFLW\ VSUHDG� ,I ZH WUDFH WKH WUDMHFWRU\ RI DQ DWRP WKDW KDV D QRQ ]HUR LQLWLDO KRUL]RQWDO

YHORFLW\� ZH pQG WKDW WKH WZR LQWHUIHURPHWHU SDWKV WR HQFORVH D pQLWH VSDWLDO DUHD �)LJ� ������

:KHQHYHU WKLV KDSSHQV WKH DWRP LQWHUIHURPHWHUV EHFRPHV VHQVLWLYH WR URWDWLRQV� 7KLV LV

DOVR NQRZQ DV WKH 6DJQDF HoHFW� )RU D 0DFK�=HKQGHU W\SH FRQpJXUDWLRQ WKH UHVXOWLQJ SKDVH
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VKLIW LV JLYHQ E\

c�  
�P

zK
n c$  �n c �Y� d NHo�7

� � ������

ZKHUH Y� LV WKH LQLWLDO YHORFLW\ DQG$ D YHFWRU QRUPDO WR WKH HQFORVHG DUHD DQG ZLWK D OHQJWK

SURSRUWLRQDO WR LWV VL]H� 7KH FRUUHVSRQGLQJ JUDYLW\ RoVHW�

cJ  �n c �Y� d AYU HF� � ������

LV H[DFWO\ ZKDW RQH ZRXOG pQG E\ FDOFXODWLQJ WKH FODVVLFDO &RULROLV DFFHOHUDWLRQ� $OO WKHVH

IRUPXODV DOVR UHPDLQ YDOLG LQ WKH SUHVHQFH RI D FRQVWDQW JUDYLWDWLRQDO pHOG�

6XEVWLWXWLQJ WKH (DUWK
V URWDWLRQ UDWH n  ����� d ��b� UDG V �RQH URWDWLRQ SHU RQH

��KUV ��PLQ �VHF VLGHUHDO GD\� QRW RQH VRODU GD\� DQG WKH JHRJUDSKLFDO ODWLWXGH RI RXU

ODERUDWRU\ ���r1� ZH pQG WKDW WKH LQLWLDO (DVW�:HVW WUDQVYHUVH YHORFLW\ KDV WR EH OHVV WKDQ

���d ��b�P V WR DFKLHYH � z*DO DFFXUDF\� ,Q RWKHU ZRUGV� VLQFH WKH WRWDO WLPH RI qLJKW LV

���PV� WKH DWRPV KDYH WR UHWXUQ WR ZLWKLQ ��zP RI WKHLU LQLWLDO SRVLWLRQ�

7KH DWRPV LQ WKH DWRPLF IRXQWDLQ KDYH D FHUWDLQ YHORFLW\ GLVWULEXWLRQ� VR ZKDW PDWWHUV

LV WKH DYHUDJH KRUL]RQWDO YHORFLW\ RI DOO WKH GHWHFWHG DWRPV� :LWKLQ OLPLWV� ZH FDQ DGMXVW

WKLV DYHUDJH YHORFLW\ E\ FKDQJLQJ WKH VL]H DQG SRVLWLRQ RI WKH GHWHFWLRQ UHJLRQ� HLWKHU E\

PRYLQJ WKH H[FLWDWLRQ EHDP RU WKH DSHUWXUH LQ IURQW RI WKH 307� )LJ� ���� VKRZV WKDW ZH

FDQ HDVLO\ GHWHFW (DUWK
V URWDWLRQ XVLQJ WKLV PHWKRG� ,W DOVR GHPRQVWUDWHV WKDW WKH HoHFW LV

ELJ HQRXJK WR FDXVH GHYDVWDWLQJ V\VWHPDWLF HUURUV HYHQ IRU VPDOO PLVDOLJQPHQWV�

,W ZRXOG EH SRVVLEOH WR UHGXFH WKLV HoHFW E\ WUDQVYHUVH YHORFLW\ SUHVHOHFWLRQ� EXW ZH

FRXOG QRW XVH WKLV PHWKRG GXH WR ODFN RI RSWLFDO DFFHVV� ,QVWHDG� ZH XVH WKH LQWHUIHURPHWHU

VLJQDO LWVHOI WR DFKLHYH WKH SURSHU DOLJQPHQW� 7KH HoHFW RI (DUWKV URWDWLRQ LV OLQHDU LQ

WKH GHWHFWLRQ SRVLWLRQ DQG FDQQRW JLYH XV WKH UHTXLUHG LQIRUPDWLRQ� +RZHYHU� ZH FDQ pQG

WKH FRUUHFW SRVLWLRQ RI WKH GHWHFWLRQ UHJLRQ _ ZKHUH WKH &RULROLV HoHFW YDQLVKHV _ E\

LQWHQWLRQDOO\ LQWURGXFLQJ DGGLWLRQDO� ZHOO�GHpQHG URWDWLRQV� )LJ� ���� GHPRQVWUDWHV KRZ

WKLV FDQ EH GRQH E\ VKDNLQJ WKH WDEOH VR WKDW LV URWDWLQJ FORFNZLVH DQG FRXQWHU^FORFNZLVH

GXULQJ DOWHUQDWLQJ ODXQFKHV RI WKH DWRPV�

7KLV PHWKRG FDQ LQ SULQFLSOH SURYLGH WKH UHTXLUHG DOLJQPHQW DFFXUDF\� EXW RQO\ LI LW LV

LPSOHPHQWHG ZLWK H[WUHPH FDUH� ,W LV H[WUHPHO\ LPSRUWDQW WR URWDWH WKH H[SHULPHQWDO VHWXS

DURXQG D SRLQW GLUHFWO\ EHORZ WKH VHQVLWLYH VSRW RI WKH YLEUDWLRQ LVRODWRU� 2WKHUZLVH HYHQ

WKH H[FHOOHQW SHUIRUPDQFH RI WKH �' YLEUDWLRQ LVRODWLRQ V\VWHP LV QRW VXrFLHQW WR VXSSUHVV

WKH YHUWLFDO DFFHOHUDWLRQV LQWURGXFHG E\ WKH VKDNLQJ� DQG DV D UHVXOW ZH pQG DQ HUURQHRXV

YDOXH IRU WKH &RULROLV LQVHQVLWLYH GHWHFWLRQ EHDP SRVLWLRQ�
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)LJXUH ����� (oHFW RI &RULROLV IRUFHV RQ WKH PHDVXUHG JUDYLW\ YDOXH� �D��E� )RU DWRPV ZLWK

QRQ ]HUR KRUL]RQWDO YHORFLWLHV WKH WZR LQWHUIHURPHWHU SDWKV HQFORVH D VSDWLDO DUHD � ZKLFK

PDNHV WKH LQWHUIHURPHWHU VHQVLWLYH WR &RULROLV IRUFHV� �F� %\ PRYLQJ WKH GHWHFWLRQ EHDP� ZH

FDQ SUHIHUHQWLDOO\ VHOHFW DWRPV ZKLFK KDYH GLoHUHQW KRUL]RQWDO YHORFLW\ FRPSRQHQWV� UHVXOWLQJ

LQ D GLoHUHQW PDJQLWXGH DQG VLJQ RI WKH LQWHUIHURPHWHU SKDVH VKLIW �ZKLFK FRUUHVSRQGV WR

D FHUWDLQ JUDYLW\ RoVHW� FDXVH E\ WKH VDPH URWDWLRQ� �G� 8VLQJ WKLV PHWKRG� ZH FDQ HDVLO\

GHWHFW (DUWK
V URWDWLRQ �FLUFOHV�� 7KH RWKHU V\PEROV VKRZ WKH DGGLWLRQDO JUDYLW\ VKLIWV

SURGXFHG E\ LQWHQWLRQDOO\ URWDWLQJ WKH RSWLFDO WDEOH FORFNZLVH DQG FRXQWHU�FORFNZLVH� 7KH

LQWHUVHFWLRQ RI WKH OLQHV PDUNV WKH GHWHFWLRQ EHDP SRVLWLRQ DW ZKLFK WKH &RULROLV HoHFW

YDQLVKHV� $OO PHDVXUHPHQWV XVH D SXOVH VHSDUDWLRQ RI 7  ���PV�
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,W LV DOVR LPSRUWDQW WR DGMXVW WKH SKDVH RI WKH VLQXVRLGDO WDEOH URWDWLRQ VXFK WKDW WKH

LQVWDQWDQHRXV DQJXODU YHORFLW\ LV PD[LPDO � Bn  �� DW WKH WLPH RI WKH }^SXOVH� 2WKHUZLVH�

WKH PHDVXUHPHQW EHFRPHV VHQVLWLYH WR KRUL]RQWDO GLVSODFHPHQWV RI WKH DWRPV ZLWK UHVSHFW

WR WKH VHQVLWLYH VSRW RI WKH YLEUDWLRQ LVRODWRU �6HF� ������� 7KLV LQ WXUQ FDQ UHVXOW LQ D ZURQJ

YDOXH IRU WKH FRUUHFW GHWHFWLRQ EHDP SRVLWLRQ�

)LQDOO\� VLQFH RXU ODERUDWRU\ LV QRW H[DFWO\ 1RUWK�6RXWK RULHQWHG� LW LV DOVR LPSRUWDQW WR

SHUIRUP WKH &RULROLV FDOLEUDWLRQ E\ VKDNLQJ WKH WDEOH DORQJ ERWK D[HV�

:H KDYH IRXQG WKDW WKH GLUHFWLRQ RI WKH ODXQFK FKDQJHV RYHU WLPH VFDOHV RI VHYHUDO KRXUV�

/RQJ WHUP JUDYLW\ PHDVXUHPHQWV XVLQJ WKH FXUUHQW VHWXS WKHUHIRUH UHTXLUH IUHTXHQW FKHFNV

RI WKH &RULROLV FDOLEUDWLRQ� 2YHUDOO� VHQVLWLYLW\ WR &RULROLV IRUFHV UHPDLQV WKH GRPLQDQW

SUREOHP IRU WKH FXUUHQW H[SHULPHQWDO VHWXS DQG VHHPV WR OLPLW WKH FXUUHQW DFFXUDF\ WR

DSSUR[LPDWHO\ � z*DO�

����� *U DYLW\ JU DGLHQWV

*UDYLWDWLRQDO pHOGV DUH W\SLFDOO\ QRW XQLIRUP EXW H[KLELW VRPH GHJUHH RI VSDWLDO YDULDWLRQ�

7KH LQYHUVH VTXDUH ODZ GHSHQGHQFH RI (DUWK
V JUDYLWDWLRQDO pHOG UHVXOWV LQ D YHUWLFDO JUDYLW\

JUDGLHQW RI DSSUR[LPDWHO\ ���z*DO P DW LWV VXUIDFH� 9DULDWLRQV LQ WKH ORFDO PDVV GLVWULEX�

WLRQ GXH WR JHRORJLFDO IHDWXUHV FDQ FKDQJH WKLV YDOXH VLJQLpFDQWO\�

7KLV HoHFW KDV WR EH WDNHQ LQWR DFFRXQW ZKHQ DQDO\]LQJ WKH LQWHUIHURPHWHU GDWD VLQFH

DORQJ WKHLU WUDMHFWRU\ WKH DWRPV HQFRXQWHU FKDQJHV LQ JUDYLW\ WKDW DUH ODUJH FRPSDUHG WR

WKH WDUJHWHG PHDVXUHPHQW DFFXUDF\ RI � z*DO� $V ORQJ DV WKH JUDYLW\ JUDGLHQW FDQ EH

FRQVLGHUHG OLQHDU RYHU WKH | �� FP OHQJWK VFDOH RI WKH DWRPLF IRXQWDLQ� ZH HDVLO\ WUHDW LW

XVLQJ (T� ���� IURP WKH WKHRU\ VHFWLRQ� 1RQOLQHDULWLHV LQ WKH JUDYLW\ JUDGLHQW� RQ WKH RWKHU

KDQG� ZRXOG FRPSOLFDWH WKH DQDO\VLV RI WKH DWRP LQWHUIHURPHWHU GDWD VXEVWDQWLDOO\� 7KH\

FRXOG EH FDXVHG E\ ORFDO PDVV GLVWULEXWLRQV LQ WKH EXLOGLQJ� WKH ODERUDWRU\ RU HYHQ WKH

PHDVXUHPHQW DSSDUDWXV LWVHOI�

7KH JUDYLWDWLRQDO JUDGLHQW LQ WKH PHDVXUHPHQW UHJLRQ ZDV HVWLPDWHG WR EH VOLJKWO\ KLJKHU

WKDQ WKH IUHH VSDFH JUDYLW\ JUDGLHQW GXH WR WKH SUR[LPLW\ RI WKH DSSDUDWXV� 6RPH QRQOLQ�

HDULWLHV PD\ DOVR EH LQWURGXFHG E\ WKH PDJQHWLF VKLHOG DQG WKH DOXPLQXP VSDFHUV KROGLQJ

LW WRJHWKHU� :H KDYH DWWHPSWHG WR PHDVXUH WKLV JUDGLHQW H[SHULPHQWDOO\� XVLQJ WKH DWRP

LQWHUIHURPHWHU LWVHOI�

7R YDU\ WKH YHUWLFDO SRVLWLRQ RI WKH LQWHUIHURPHWHU ZLWKLQ WKH PHDVXUHPHQW UHJLRQ� ZH

FKDQJH WKH WLPLQJ DQG YHORFLW\ RI WKH DWRPLF ODXQFK� :H NHHS DOO RWKHU SDUDPHWHUV �5DPDQ
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)LJXUH ����� 0HDVXUHPHQW RI JUDYLWDWLRQDO JUDGLHQW LQVLGH WKH LQWHUDFWLRQ UHJLRQ� 7KH GDWD

LV REWDLQHG E\ XVLQJ D VPDOOHU DWRPLF IRXQWDLQ �SXOVH VSDFLQJ 7  ��PV� DQG PRYLQJ LW

XS DQG GRZQ LQVLGH WKH PHDVXUHPHQW UHJLRQ E\ DGMXVWLQJ WKH ODXQFK SDUDPHWHUV� 7KH VROLG

OLQH LV D OLQHDU pW�

IUHTXHQF\� SXOVH WLPLQJ� ���� FRQVWDQW WR LQVXUH WKDW DQ\ VPDOO V\VWHPDWLF HoHFWV DVVRFLDWHG

ZLWK WKHP FDQFHO� 7KH SDUWLFXODU PHWKRG WKDW ZH HPSOR\ WR DFKLHYH WKLV UXOHV RXW XVLQJ

YHORFLW\ SUHVHOHFWLRQ� EXW WKLV PRVWO\ UHVXOWV LQ D ORVV RI IULQJH FRQWUDVW ZLWK QR IXUWKHU EDG

FRQVHTXHQFHV�

:H DOVR URWDWH WKH RSWLFDO WDEOH WR FDQFHO (DUWK
V URWDWLRQ� 2WKHUZLVH� WKH FKDQJHV

LQ WKH DWRPLF WUDMHFWRULHV FRXOG PDNH WKH PHDVXUHPHQW VHQVLWLYH WR &RULROLV IRUFHV� 6LQFH

WKH PDJQHWLFDOO\ VKLHOG UHJLRQ KDV D pQLWH OHQJWK� ZH KDYH WR UHGXFH WKH WLPH 7 EHWZHHQ

5DPDQ SXOVHV WR ��PV LQ RUGHU WR JHW D VPDOOHU IRXQWDLQ DQG JDLQ VRPH VSDFH WR PRYH LW

XS DQG GRZQ� 7KLV UHGXFHV WKH PHDVXUHPHQW VHQVLWLYLW\ VXEVWDQWLDOO\� 7RJHWKHU ZLWK WKH

IDFW WKDW WKH WDEOH URWDWHV LQ WKH FRUUHFW GLUHFWLRQ RQO\ IRU HYHU\ VHFRQG ODXQFK� WKLV OHDGV

WR PHDVXUHPHQW WLPHV �� WLPHV ORQJHU WKDQ XQGHU QRUPDO FLUFXPVWDQFHV DQG PDNHV LW YHU\

GLrFXOW WR REWDLQ D JRRG PHDVXUHPHQW UHVROXWLRQ�

7KH UHVXOW RI WKH PHDVXUHPHQW LV VKRZQ LQ )LJ� ����� ,W GHPRQVWUDWHV WKDW WKH JUDYLW\

JUDGLHQW LQ WKH PHDVXUHPHQW UHJLRQ LV HVVHQWLDOO\ OLQHDU� )URP D OLQHDU pW RI WKH GDWD
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ZH REWDLQ D YDOXH RI ���h ��z*DO P� 7KLV DJUHHV ZHOO ZLWK WKH LQGHSHQGHQWO\ PHDVXUHG

���h��z*DO P RXWVLGH WKH YDFXXP FKDPEHU� *LYHQ WKHVH UHVXOWV FRQFOXGH WKDW WKH JUDYLW\

JUDGLHQW LQVLGH WKH PHDVXUHPHQW UHJLRQ LV NQRZQ ZHOO HQRXJK QRW WR FDXVH SUREOHPV DW RXU

FXUUHQW PHDVXUHPHQWV DFFXUDF\�

*UDYLW\ JUDGLHQWV DUH DOVR LPSRUWDQW LI RQH ZDQWV WR FRPSDUH JUDYLW\ YDOXHV REWDLQHG

E\ GLoHUHQW LQVWUXPHQWV� 6LQFH WKH WZR LQVWUXPHQWV FDQQRW �DW OHDVW IRU VLPXOWDQHRXV PHD�

VXUHPHQWV� RSHUDWH DW H[DFWO\ WKH VDPH ORFDWLRQ� RQH KDV WR WUDQVIHU ERWK JUDYLW\ YDOXHV WR

D FRPPRQ VSDWLDO UHIHUHQFH SRLQW�

6LQFH ZH KDYH VXEVWDQWLDO PDVVHV LQ RXU ODERUDWRU\� IRU H[DPSOH WKH RSWLFDO WDEOH� ZH

FRXOG QRW DVVXPH WKH JUDYLW\ JUDGLHQW WR EH OLQHDU DQG FRQVWDQW� %XW WKH DWRPLF IRXQWDLQ

DSSDUDWXV LV DOVR VWDWLRQDU\� ZKLFK SUHFOXGHV DFFHVV WR WKH H[DFW PHDVXUHPHQW VLWH� :H

WKHUHIRUH PRYHG D /D&RVWH�5RPEHUJ W\SH * JUDYLPHWHU ZLWK PDQXDO UHDGRXW EHWZHHQ WKH

UHIHUHQFH ORFDWLRQ RI WKH )*� DEVROXWH JUDYLPHWHU PHDVXUHPHQW �| �����P DERYH qRRU

OHYHO� | ���P KRUL]RQWDOO\ IURP WKH DWRPLF IRXQWDLQ� DQG D SRLQW DW WKH VDPH KHLJKW DV WKH

WRS RI WKH DWRPLF IRXQWDLQ DQG DV FORVH WR LW DV SRVVLEOH ������P DERYH qRRU OHYHO� | �� FP

KRUL]RQWDOO\ IURP DWRPLF IRXQWDLQ�� 5HSHDWLQJ WKLV SURFHGXUH �� WLPHV ZH PHDVXUHG D

JUDYLW\ GLoHUHQFH RI ��� h �z*DO� FRUUHVSRQGLQJ WR D OLQHDU JUDYLW\ JUDGLHQW RI ��� h

��z*DO P� 7KH UHODWLYHO\ ODUJH HUURU LV PRVWO\ GXH WR WKH OLPLWHG UHDGRXW UHVROXWLRQ RI

WKH JUDYLPHWHU DQG WKH ODUJH YLEUDWLRQDO EDFNJURXQG QRLVH�

����� )LQLWH VSHHG RI OLJKW

5HWDUGDWLRQ HoHFWV GXH WR WKH pQLWH VSHHG RI OLJKW FDQ LQWURGXFH VXEVWDQWLDO V\VWHPDWLF

HUURUV IRU FHUWDLQ PHDVXUHPHQW FRQpJXUDWLRQV� 7KLV SUREOHP LV QRW VSHFLpF IRU DWRP LQWHU�

IHURPHWULF PHDVXUHPHQWV� LW DOVR DsLFWV FODVVLFDO JUDYLPHWHUV WKDW PRQLWRU WKH SRVLWLRQ RI

D IUHHO\ IDOOLQJ UHWUR�UHqHFWRU XVLQJ D ODVHU LQWHUIHURPHWHUV�

7KH HoHFW LV PRVW HDVLO\ XQGHUVWRRG IRU D PHDVXUHPHQW LQ ZKLFK WKH IUHTXHQF\ RI MXVW RQH

5DPDQ EHDP� OHWV VD\ WKH XSZDUG SRLQWLQJ RQH� LV FKLUSHG DW D UDWH o  NHoJ WKDW� ZKHQ

QHJOHFWLQJ UHWDUGDWLRQ HoHFWV� ZRXOG H[DFWO\ FDQFHO WKH 'RSSOHU VKLIW RI WKH DFFHOHUDWLQJ

DWRP� 7KLV FKLUS UDWH LV GHpQHG DV WKH UDWH RI FKDQJH RI WKH LQVWDQWDQHRXV ODVHU IUHTXHQF\

DW VRPH SRLQW HDUO\ RQ LQ WKH ODVHU SDWK� VRPHZKHUH FORVH WR WKH ORFDWLRQ RI WKH SKDVH ORFN

SKRWRGLRGH� %HFDXVH RI WKH pQLWH VSHHG RI OLJKW DQ\ FKDQJH LQ WKH LQVWDQWDQHRXV IUHTXHQF\

WDNHV D FHUWDLQ DPRXQW RI WLPH WR SURSDJDWH WR WKH DFWXDO ORFDWLRQ RI WKH DWRP� 7KLV

ZRXOG EH RI QR FRQVHTXHQFH IRU D VWDWLRQDU\ DWRP VLQFH WKH FRQVWDQW SURSDJDWLRQ GHOD\
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ZRXOG SURGXFH DQ LGHQWLFDO FKLUS� MXVW FHQWHUHG DURXQG D VOLJKWO\ GLoHUHQW IUHTXHQF\� DW

WKH ORFDWLRQ RI WKH DWRP LWVHOI� +RZHYHU� LI WKH DWRP LV PRYLQJ WRZDUGV WKH ODVHU VRXUFH

WKH SURSDJDWLRQ GHOD\ ZLOO VKULQN FRQVWDQWO\ DQG WKH DSSDUHQW FKLUS UDWH LV KLJKHU DW WKH

ORFDWLRQ RI WKH DWRP_ LW VHHV WKH FKDQJHV LQ IUHTXHQF\ ZLWK OHVV DQG OHVV GHOD\� $FFRUGLQJO\�

PRYHPHQW DZD\ IURP WKH ODVHU VRXUFH ZLOO UHVXOW LQ D ORZHU DSSDUHQW FKLUS UDWH� %RWK HoHFWV

UHYHUVH VLJQ LI WKH GRZQZDUG SRLQWLQJ 5DPDQ EHDP LV FKLUSHG LQVWHDG RI WKH XSZDUG SRLQWLQJ

RQH�

%\ PDNLQJ WKH PHDVXUHPHQW DV V\PPHWULF DV SRVVLEOH� HLWKHU E\ FKLUSLQJ ERWK 5DPDQ

EHDPV E\ HTXDO DPRXQWV LQ RSSRVLWH GLUHFWLRQV RU E\ DSSO\LQJ WKH FHQWUDO 5DPDQ SXOVH

H[DFWO\ DW WKH WRS RI WKH IRXQWDLQ� RQH FDQ DOO EXW HOLPLQDWH WKLV HoHFW� 2WKHUZLVH RQH KDV

WR FRUUHFW WKH PHDVXUHG JUDYLW\ YDOXH E\

cJ

J
 

�Y�
F

o X S � oG RZ Q

o X S b oG RZ Q

� ������

ZKHUH Y� LV WKH DWRPLF YHORFLW\ DW WKH PRPHQW RI WKH }�SXOVH DQG o X S DQG o G RZ Q DUH WKH

FKLUS UDWHV RI WKH XSZDUG DQG GRZQZDUG SRLQWLQJ 5DPDQ EHDPV� UHVSHFWLYHO\�

)RU RXU W\SLFDO IRXQWDLQ FRQpJXUDWLRQ ZH FKLUS RQO\ RQH RI WKH 5DPDQ EHDPV� :H DOVR

KDYH WR PDNH WKH LQWHUIHURPHWHU VOLJKWO\ DV\PPHWULF LQ RUGHU WR SUHYHQW WKH FHQWUDO 5DPDQ

SXOVH IURP GULYLQJ 'RSSOHU LQVHQVLWLYH WUDQVLWLRQV� 7KH YHORFLW\ Y� FRUUHVSRQGLQJ WR WKLV

DV\PPHWU\ LV DERXW ����P V DQG UHVXOWV LQ D PLQXWH ��� z*DO FRUUHFWLRQ� ,I� LQVWHDG RI

XVLQJ DQ DOPRVW V\PPHWULF IRXQWDLQ� ZH ZRXOG VLPSO\ GURS WKH DWRPV �XVLQJ WKH VDPH SXOVH

VSDFLQJ�� WKHQ WKLV HoHFW ZRXOG FDXVH D PXFK ODUJHU RoVHW RI ���� z*DO�

����� 2WKHU U HODWLYLVWLF HoHFWV

5HODWLYLVWLF HoHFWV WKDW DULVH LQ WKH FRQWH[W RI RXU DWRP LQWHUIHURPHWULF PHDVXUHPHQW RI

JUDYLW\� RU LQHUWLDO IRUFHV LQ JHQHUDO� FDQ EH GLYLGHG LQWR WZR IXQGDPHQWDO FODVVHV� 7KRVH

WKDW ZRXOG DOVR DSSO\ WR DQ HTXLYDOHQW PHDVXUHPHQW XVLQJ FODVVLFDO REMHFWV� DQG RWKHUV

WKDW DUH LQWULQVLFDOO\ UHODWHG WR WKH TXDQWXP PHFKDQLFDO QDWXUH RI WKH PHDVXUHPHQW� ,Q

WKLV VHFWLRQ ZH XVH FODVVLFDO FDOFXODWLRQV WR GHDO ZLWK FRQWULEXWLRQV IURP WKH pUVW FODVV RQO\�

VKRZ WKDW WKH\ DUH QHJOLJLEOH DQG WKHQ DVVXPH WKDW DGGLWLRQDO FRQWULEXWLRQV IURP WKH VHFRQG

FODVV FDQ EH QHJOHFWHG DV ZHOO�

,Q WKH FODVVLFDO GHVFULSWLRQ RI RXU V\VWHP WKH DWRP LV PRGHOHG DV D IUHHO\ IDOOLQJ FODVVLFDO

REMHFW� DEOH WR PHDVXUH WKH SKDVH RI WKH 5DPDQ OLJKW pHOG DORQJ LW
V VSDFH�WLPH SDWK DQG

FRPSDULQJ LW WR WKH SKDVH RI DQ LQWHUQDO FORFN �VHH 6HFWLRQ �������
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5HODWLYLVWLF HoHFWV FDQ VKRZ WKHLU LQqXHQFH LQ VHYHUDO GLoHUHQW ZD\V� 7KH LQWHUQDO FORFN

RI WKH DWRP ZLOO H[SHULHQFH WLPH GLODWLRQ HoHFWV EHFDXVH RI LWV FKDQJH LQ YHORFLW\ DV ZHOO

DV LWV FKDQJLQJ SRVLWLRQ LQ (DUWKV JUDYLWDWLRQDO SRWHQWLDO� )XOO\ UHODWLYLVWLF G\QDPLFV UHVXOW

LQ D VOLJKWO\ GLoHUHQW DWRPLF WUDMHFWRU\� 7KH 5DPDQ OLJKW LV SURSDJDWLQJ LQ FXUYHG VSDFH

WLPH� ZKLFK VOLJKWO\ PRGLpHV WKH HOHFWURPDJQHWLF ZDYH HTXDWLRQ� $W KLJKHU DWRPLF YHORFLWLHV

WKH IXOO\ UHODWLYLVWLF WUHDWPHQW RI WKH 'RSSOHU HoHFW KDV WR EH DSSOLHG� )LQDOO\� WKHUH DUH

UHWDUGDWLRQ HoHFWV EHFDXVH RI WKH pQLWH VSHHG RI OLJKW� DV GLVFXVVHG LQ WKH SUHYLRXV VHFWLRQ�

$OO WKHVH HoHFWV DUH QRW LQGHSHQGHQW EXW LQWHUPLQJOHG LQWLPDWHO\� 2QH WKHUHIRUH KDV WR EH

YHU\ FDUHIXO QRW WR GRXEOH�FRXQW RU WR QHJOHFW DQ\WKLQJ ZKHQ HVWLPDWLQJ WKHLU LPSRUWDQFH�

,QVWHDG RI WU\LQJ WR HVWLPDWH WKH HoHFWV VHSDUDWHO\ LW LV PXFK VDIHU WR VWDUW ZLWK D IXOO\

UHODWLYLVWLF GHVFULSWLRQ LQ FXUYHG VSDFH WLPH DQG WKHQ WR DSSO\ WKH QHFHVVDU\ DSSUR[LPDWLRQV

WR WKH V\VWHP DV D ZKROH�

/XFNLO\� LW LV QRW QHFHVVDU\ WR JR WKURXJK WKLV HODERUDWH SURFHVV LQ WKH FRQWH[W RI WKLV

ZRUN� 6LQFH WKH PD[LPXP DWRPLF YHORFLW\ Y GXULQJ WKH LQWHUIHURPHWHUV VHTXHQFH LV OHVV WKDQ

���P V� DQG VLQFH WKH DOWLWXGH FKDQJH rK RI WKH DWRP LV OHVV WKDQ �� FP� ZH pQG

�

�

Y�

F�
� �d ��

b��
������

IRU WKH VFDOH IDFWRU ZKLFK LV UHOHYDQW IRU WKH VHFRQG RUGHU 'RSSOHU VKLIW DQG WKH YHORFLW\

GHSHQGHQW WLPH GLODWLRQ� :H DOVR KDYH

JcK

F�
� �d ��

b��
������

IRU WKH VFDOH IDFWRU ZKLFK LV UHOHYDQW IRU WKH JUDYLWDWLRQDO UHGVKLIW RI WKH 5DPDQ OLJKW DQG

WKH JUDYLWDWLRQDO WLPH GLODWLRQ RI WKH DWRP�

7KHVH QXPEHUV DUH VR VPDOO WKDW HYHQ ZLWKRXW FRPSOHWH XQGHUVWDQGLQJ RI WKH WKHRU\ ZH

FDQ VDIHO\ DVVXPH WKDW WKH\ ZLOO QRW FDXVH SUREOHPV� (YHQ LI VRPHKRZ WKH JUDYLWDWLRQDO

UHGVKLIW RI WKH RSWLFDO IUHTXHQF\ RI WKH 5DPDQ EHDPV LQVWHDG RI MXVW WKDW RI WKHLU IUHTXHQF\

GLoHUHQFH VKRXOG EH D UHOHYDQW TXDQWLW\� VRPHWKLQJ WKDW LV QRW VXSSRUWHG E\ RXU FXUUHQW

WKHRUHWLFDO DQDO\VLV� LW ZRXOG RQO\ OHDG WR HoHFWV RI WKH RUGHU RI ��
b��

�

$ PRUH FRPSOHWH WUHDWPHQW� QHFHVVDU\ LQ SDUWLFXODU WR LQFOXGH WKH VHFRQG FODVV RI HoHFWV

PHQWLRQHG DERYH� ZRXOG UHTXLUH D IUDPHZRUN IRU GRLQJ UHODWLYLVWLF TXDQWXP PHFKDQLFV LQ

FXUYHG VSDFHWLPH� 6LQFH WR WKH EHVW RI RXU NQRZOHGJH WKHUH DUH QR XQLYHUVDOO\ DFFHSWHG DQG

XQFRQWHVWHG PHWKRGV� LW LV E\ QR PHDQV WULYLDO WR SHUIRUP VXFK FDOFXODWLRQV� 6HYHUDO DXWKRUV

>��� ��� ��@ KDYH QHYHUWKHOHVV HQGHDYRUHG WR GR VR DQG KDYH SUHGLFWHG SRVVLEOH HoHFWV� 7KHVH
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DUH JHQHUDOO\ WRR VPDOO WR DoHFW RXU JUDYLW\ PHDVXUHPHQW� EXW LW PLJKW EH SRVVLEOH REVHUYH

WKHP LQ IXWXUH DWRP LQWHUIHURPHWHUV�

6LQFH OLWWOH ZRUN KDV EHHQ GRQH XVLQJ WKH XQGHUO\LQJ WKHRUHWLFDO IUDPHZRUN� OLPLWLQJ

WKH RSSRUWXQLW\ WR HQFRXQWHU PDQ\ RI WKH SRVVLEOH FDYHDWV� WKHVH WUHDWPHQWV VKRXOG EH

DSSURDFKHG ZLWK VRPH FDXWLRQ� ,W LV DOZD\V SRVVLEOH WKDW VRPHWKLQJ LPSRUWDQW PLJKW KDYH

EHHQ OHIW RXW� RU PD\EH KDV IDOOHQ YLFWLP WR RQH RI WKH PDQ\ DSSUR[LPDWLRQV WKDW ZHUH XVHG�

)XUWKHUPRUH� LW LV XVXDOO\ KDUG WR DSSO\ WKHVH PRGHOV WR WKH DFWXDO H[SHULPHQWDO VLWXDWLRQ

ZLWK LWV DGGHG FRPSOH[LWLHV DQG FRPSOLFDWLRQV�

*LYHQ WKH SUHGLFWLRQV IURP VXFK WKHRULHV� LW LV QRW DOZD\V HDV\ WR GLVHQWDQJOH WKH SXUHO\

TXDQWXP PHFKDQLFDO SDUW IURP WKH RQH WKDW KDV D FODVVLFDO HTXLYDOHQW� ,W LV LPSRUWDQW WR

QRWH� WKRXJK� WKDW WKHVH WKHRULHV FOHDUO\ LQGLFDWH WKDW WKH TXDQWXP QDWXUH RI WKH V\VWHP

OHDGV WR D PXFK ULFKHU VHW RI HoHFWV� IRU H[DPSOH VXFK WKDW GHSHQG RQ VSLQ� 7KH\ DOVR

QRXULVK WKH KRSH WKDW DWRP LQWHUIHURPHWU\ PLJKW DOORZ XV WR HQFRXQWHU VRPH QHZ SK\VLFV

LQ WKH IXWXUH�

����� % HU U \ SKDVH

$ %HUU\ SKDVH� RU JHRPHWULFDO SKDVH� FDQ EH LPSRUWDQW IRU PDQ\ TXDQWXP PHFKDQLFDO

V\VWHPV� LQFOXGLQJ DWRP LQWHUIHURPHWHUV >��� ��� ��� ��@� 0RVW FRPPRQO\� LW ZLOO DULVH LQ

WKH FRQWH[W RI DGLDEDWLF SURFHVVHV� ,I D %HUU\ SKDVH LV UHOHYDQW IRU DQ DWRP LQWHUIHURPHWULF

PHDVXUHPHQW� EXW LV RYHUORRNHG ZKHQ DQDO\]LQJ WKH V\VWHP� LW ZLOO PRVW OLNHO\ OHDG WR YHU\

VXEVWDQWLDO PHDVXUHPHQW HUURUV�

6ROYLQJ WKH WLPH GHSHQGHQW 6FKU�RGLQJHU IRU WKH V\VWHP XQGHU VWXG\ GRHV HVVHQWLDOO\

UXOH RXW PDNLQJ VXFK D PLVWDNH� $OWKRXJK LW PLJKW VWLOO EH GLrFXOW WR LGHQWLI\ DQG LVRODWH

%HUU\ SKDVH FRQWULEXWLRQV� WKH\ ZLOO EH KDQGOHG DXWRPDWLFDOO\ E\ WKLV SURFHGXUH� %XW

RWKHU DSSURDFKHV� LQFOXGLQJ SDWK LQWHJUDO IRUPDOLVP DQG SHUWXUEDWLRQ WKHRU\� PLJKW LJQRUH

LPSRUWDQW %HUU\ SKDVH FRQWULEXWLRQV FRPSOHWHO\�

7KHVH VWDWHPHQWV VKRXOG PRVWO\ VHUYH DV D JHQHUDO ZDUQLQJ DERXW WKH LPSRUWDQFH RI

%HUU\ SKDVH HoHFWV� 7KH\ GR QRW VHHP WR EH D SUREOHP IRU RXU SDUWLFXODU LQWHUIHURPH�

WHU FRQpJXUDWLRQ _ WKH DWRP^OLJKW LQWHUDFWLRQV DUH WUHDWHG E\ VROYLQJ WKH WLPH GHSHQGHQW

6FKURHGLQJHU HTXDWLRQ DQG WKHUH DUH QR REYLRXV DGLDEDWLF SURFHVVHV� H[FHSW PD\EH EH�

FDXVH RI WKH DWRPV PRYHPHQW LQ H[WHUQDO HOHFWURPDJQHWLF pHOGV �L�H� $KDUDQRY�%RKP RU

$KDUDQRY�&DVKLHU W\SH HoHFWV�� 6LQFH WKHVH pHOG DUH YHU\ ZHDN� WKH\ VKRXOG QRW FDXVH

VXEVWDQWLDO HUURUV� HYHQ LI WKHUH LV D UHODWHG %HUU\
V SKDVH�
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6RXUFH 0DJQLWXGH �z*DO� 8QFHUWDLQW\ �z*DO� 7LPH VFDOH

6ROLG (DUWK WLGHV ��� ���b ��� 'LXUQDO

2FHDQ ORDGLQJ �� ��� 'LXUQDO

$LU SUHVVXUH � �b � +RXUV^'LXUQDO

:DWHU�WDEOH 6LWH�GHSHQGHQW 6LWH�GHSHQGHQW 6HDVRQDO

3RODU PRWLRQ �� � ���� ��� �� PRQWKV

7DEOH ���� (QYLURQPHQWDO HoHFWV

7KH VLWXDWLRQ PLJKW EH GLoHUHQW IRU LQWHUIHURPHWHUV XVLQJ DGLDEDWLF WUDQVIHU SURFHVVHV LQ

WKHLU EHDP VSOLWWHUV] RU HPSOR\LQJ PRUH FRPSOLFDWHG SXOVH VHTXHQFHV� HVSHFLDOO\ VXFK WKDW

DGGUHVV RQO\ D VLQJOH DUP RI WKH LQWHUIHURPHWHU DW D WLPH�

��� ( QYLU RQPHQW

(QYLURQPHQWDO HoHFWV KDYH DQ VXEVWDQWLDO LPSDFW RQ DEVROXWH JUDYLW\ PHDVXUHPHQWV DQG

SOD\ D VRPHZKDW VSHFLDO UROH� :KHWKHU WKH UHVXOWLQJ JUDYLW\ RoVHWV DUH FRQVLGHUHG V\VWHP�

DWLF HUURUV RU YDOLG PHDVXUHPHQW RI HQYLURQPHQWDO FRQGLWLRQV LV VRPHZKDW DUELWUDU\� %\

FRQYHQWLRQ� XQFHUWDLQWLHV GXH WR HQYLURQPHQWDO VLJQDOV DUH JHQHUDOO\ QRW LQFOXGHG LQ WKH

HUURU HVWLPDWH IRU DQ\ DEVROXWH JUDYLPHWHU�

$VLGH IURP WKHVH IXQGDPHQWDO FRQVLGHUDWLRQV LW LV LPSRUWDQW WR XQGHUVWDQG WKH YDULRXV

HQYLURQPHQWDO HoHFWV IRU SXUHO\ SUDFWLFDO UHDVRQV� 2WKHUZLVH� LW ZRXOG QRW EH SRVVLEOH WR

FRPSDUH JUDYLW\ PHDVXUHPHQWV WDNHQ DW GLoHUHQW WLPHV DQG ORFDWLRQV� *UDYLW\ YDULDWLRQV

GXH WR HQYLURQPHQWDO HoHFWV FRXOG DOVR PDVN WKRVH FDXVHG E\ LQVWUXPHQWDO qDZV� 7DEOH ���

VXPPDUL]HV VRPH RI WKH PRVW LPSRUWDQW HoHFWV >�@�

����� 7 LGDO HoHFWV

7KH ELJJHVW HQYLURQPHQWDO HoHFW E\ IDU �| h���z*DO� DUH JUDYLW\ WLGHV� FDXVHG E\ WKH

UHODWLYH PRWLRQ RI (DUWK� 0RRQ DQG 6XQ >��@� :H KDYH DOUHDG\ GLVFXVVHG WLGHV� LQFOXGLQJ

WKH FRPSOLFDWLRQV FDXVH E\ RFHDQ ORDGLQJ HoHFWV >��� ��� ��� ��� ��@ LQ 6HF� ���� +HUH ZH RQO\

PHQWLRQ RQH PRUH VXEWOHW\ WKDW DULVHV LQ WKH FRQWH[W RI DEVROXWH JUDYLW\ PHDVXUHPHQWV� WKH

WUHDWPHQW RI WKH VR FDOOHG SHUPDQHQW WLGH�

]3UH OLPLQD U\ D QD O\ VLV VKR Z V QR SUR EOH PV IR U WKH VSH F LpF PH WKR G XVH G LQ WKH D WR P LQWH UIH UR PH WULF PH D �

VXUH PH QW R I zK P& V >� � @�
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7KLV '& WHUP FDQ EH XQGHUVWRRG ZKHQ FRQVLGHULQJ WKH UHDOO\ ORQJ WHUP DYHUDJH RI OXQDU

DQG VRODU SRVLWLRQV UHODWLYH WR (DUWK� 7KH JUDYLWDWLRQDO IRUFH H[HUWHG E\ WKH UHVXOWLQJ DYHUDJH

PDVV GLVWULEXWLRQ� ZKLFK LV WRURLGDO� JLYHV ULVH WR WKH SHUPDQHQW WLGH� 1RW DOO FRPSXWHU WLGH

PRGHOV UHWDLQ WKLV WHUP� DQG LI RQH ZDQWV FRUUHFW IRU LW LQ DEVROXWH JUDYLW\ PHDVXUHPHQWV LV

SXUHO\ D PDWWHU RI FRQYHQWLRQ�

����� $WPRVSKHU LF SU HVVXU H

9DULDWLRQV LQ DWPRVSKHULF SUHVVXUH DOVR DoHFW ORFDO JUDYLW\� 7KH EDVLF PHFKDQLVP EHKLQG

WKLV HoHFW LV HDV\ WR XQGHUVWDQG� +LJKHU DLU SUHVVXUH FRUUHVSRQGV WR DQ LQFUHDVHG GHQVLW\ RI

DLU RYHU WKH PHDVXUHPHQW VLWH� 7KH DGGLWLRQDO PDVV ZLOO H[HUW DQ XSZDUG GLUHFWHG JUDYLWD�

WLRQDO IRUFH RQ WKH JUDYLPHWHU� FRXQWHUDFWLQJ (DUWK
V JUDYLWDWLRQDO SXOO DQG WKHUHIRUH FDXVLQJ

D VOLJKWO\ ORZHU WRWDO JUDYLW\ YDOXH� 7KH VL]H RI WKLV HoHFW LV DSSUR[LPDWHO\ ���z*DO PEDU

DQG W\SLFDO ZHDWKHU LQGXFHG SUHVVXUH YDULDWLRQV ZLOO WKHUHIRUH FKDQJH ORFDO JUDYLW\ YDOXHV

E\ VHYHUDO z*DO� PDNLQJ LW QHFHVVDU\ WR NHHS GHWDLOHG SUHVVXUH UHFRUGV LQ RUGHU WR DSSO\ WKH

DSSURSULDWH FRUUHFWLRQV�

7KH ���z*DO PEDU VHQVLWLYLW\ IDFWRU LV RQO\ D VHPL�HPSLULFDO TXDQWLW\� EXW LW ZLOO XVXDOO\

VXrFH WR PDNH JUDYLW\ PHDVXUHPHQWV DFFXUDWH WR D IHZ z*DO� ,I RQH ZDQWV WR DFKLHYH HYHQ

KLJKHU DFFXUDFLHV� WKHQ RQH KDV WR XVH PXFK PRUH HODERUDWH PRGHOV WKDW DOVR LQFOXGH HODVWLF

GHIRUPDWLRQV RI WKH FRQWLQHQWDO FUXVW� DQG WKH EHKDYLRU RI QHDUE\ RFHDQV� LQ UHVSRQVH WR DLU

SUHVVXUH FKDQJHV >��@�

(YHQ DIWHU VHOHFWLQJ DSSURSULDWH PRGHO IRU DLU SUHVVXUH HoHFWV WKH JUDYLW\ UHDGLQJV VWLOO

QHHG WR QRUPDOL]HG WR D VWDQGDUG SUHVVXUH� 7KH XVXDO FRQYHQWLRQ LV WR XVH WKH QRPLQDO

SUHVVXUH FRPSXWHG IURP WKH WRSRJUDSKLF HOHYDWLRQ RI WKH PHDVXUHPHQW VLWH IROORZLQJ ',1

VWDQGDUG ����� DQG XVLQJ WKH IRUPXOD >��@

SQ  �������

v
�b

������KP
������

w������

������

ZKHUH SQ LV WKH QRPLQDO SUHVVXUH LQ PEDU DQG KP WKH WRSRJUDSKLF HOHYDWLRQ LQ PHWHUV�

:DWHU WDEOH

*UDYLWDWLRQDO DWWUDFWLRQ IURP D qXFWXDWLQJ ZDWHU WDEOH DQG HDVLO\ FDXVH JUDYLW\ FKDQJHV RI

VHYHUDO z*DO� 7KHVH YDULDWLRQV DUH YHU\ VLWH GHSHQG DQG JHQHUDOO\ KDUG WR SUHGLFW� ,I WKH

ZDWHU WDEOH LV PRGHOHG DV DQ LQpQLWH SODQH WKHQ WKH HoHFW LV ��z*DO P� VFDOHG E\ WKH EXON
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SRURVLW\� 7KH %XON SRURVLW\ FDQ YDU\ IURP � �� LQ FRPSHWHQW JUDQLWH WR ! ��� LQ VDQGV

>�@�

����� 3 RODU PRWLRQ

$QRWKHU SUREOHP DULVHV EHFDXVH (DUWK
V URWDWLRQDO D[LV LV QRW DEVROXWHO\ VWDWLRQDU\ EXW

PRYHV DURXQG E\ VPDOO DPRXQWV UHODWLYH WR (DUWK
V ERG\� &RUUHVSRQGLQJO\� WKH SRVLWLRQ

RI WKH URWDWLRQDO SROHV UHODWLYH WR (DUWK
V JHRJUDSK\ ZLOO FKDQJH� KHQFH WKH WHUP SRODU

PRWLRQ� /RFDO JUDYLPHWULF PHDVXUHPHQWV DUH VHQVLWLYH WR WKLV PRWLRQ EHFDXVH WKH FHQWULIXJDO

FRPSRQHQW RI WKH PHDVXUHG DFFHOHUDWLRQ ZLOO FKDQJH GXH WR YDULDWLRQV LQ WKH GLVWDQFH RI WKH

PHDVXUHPHQW VLWH IURP WKH URWDWLRQDO D[LV� 7KH JUDYLW\ FKDQJHV GXH WR WKLV HoHFW DUH

W\SLFDOO\ D IHZ z*DODQG KDYH D FKDUDFWHULVWLF WLPH VFDOH RI � \HDU� 6LQFH WKH SROH SRVLWLRQV

DUH NQRZQ ZLWK H[TXLVLWH DFFXUDF\� WKLV HoHFW FDQ EH FRPSXWHG SUHFLVHO\ XVLQJ WKH IROORZLQJ

IRUPXOD >��� ��@�

cJ  b�����d ��� �� 5 � VLQ� FRV��[ FRVyb \ VLQy� ������

ZKHUH

cJ  SRODU PRWLRQ FRUUHFWLRQ �z*DO�

�  (DUWK
V DQJXODU URWDWLRQDO YHORFLW\ �UDG�V�

5  HTXDWRULDO UDGLXV �VHPL�PDMRU D[LV� RI UHIHUHQFH HOOLSVRLG �P�

�  JHRGHWLF ODWLWXGH RI WKH REVHUYDWLRQ VWDWLRQ

y  JHRGHWLF ORQJLWXGH RI WKH REVHUYDWLRQ VWDWLRQ

[� \  SROH FRRUGLQDWHV LQ ,(56[V\VWHP �UDG�

7KH SROH SRVLWLRQV DUH IUHTXHQWO\ GHWHUPLQHG ZLWK PLOOL DUF VHFRQG UHVROXWLRQ E\ 9/%,^

PHDVXUHPHQWV RI 4XDVDU SRVLWLRQV� 7KH\ DUH SXEOLVKHG LQ WKH PRQWKO\ ,(56 %XOOHWLQ $

ZKLFK FDQ EH REWDLQHG IURP YLD WKH ,QWHUQHW �KWWS���PDLD�XVQR�QDY\�PLO�� IURP WKH 86

1DYDO 2EVHUYDWRU\ (DUWK 2ULHQWDWLRQ 'HSDUWPHQW�

$OVR DYDLODEOH IURP WKLV VLWH LV D ,(56 SXEOLFDWLRQ >��@ ZKLFK QRW RQO\ GHVFULEHV WKLV GDWD

LQ GHWDLO EXW DOVR GHDOV ZLWK WLGDO HoHFWV� RFHDQ ORDGLQJ� DWPRVSKHULF ORDGLQJ� SRVWJODFLDO

UHERXQG� WHFWRQLF SODWH PRWLRQ� DQG HYHQ JHQHUDO UHODWLYLVWLF PRGHOV IRU WLPH DQG FRRUGLQDWH

[
,QWH UQD WLR QD O (D UWK 5R WD WLR Q 6H UY LF H

^
9 H U\ /R QJ %D VH OLQH ,QWH UIH UR PH WU\



��� &+$37(5 �� 6<67(0$7,& (55256

V\VWHPV� ,Q VKRUW� LW FRQWDLQV DOPRVW HYHU\WKLQJ RQH ZRXOG HYHU ZDQW WR NQRZ DERXW WKH

PRWLRQV RI WKH SODQHW (DUWK� $Q HQRUPRXV QXPEHU RI UHODWHG UHIHUHQFHV FDQ DOVR EH IRXQG

LQ WKLV SXEOLFDWLRQ�

����� 3 RVWJODFLDO 5HERXQG

*UDYLW\ PHDVXUHPHQWV DUH WDNHQ LQ UHJLRQV WKDW ZHUH FRYHUHG E\ JODFLHUV GXULQJ WKH ODVW LFH

DJH ZLOO XVXDOO\ VKRZ WKH HoHFWV RI SRVWJODFLDO UHERXQG >��@� :KHQ WKH JODFLHUV ZHUH SUHVHQW

WKHLU HQRUPRXV ZHLJKW FDXVHG GHIRUPDWLRQV RI WKH XQGHUO\LQJ FRQWLQHQWDO FUXVW� GHSUHVVLQJ

LW E\ XS WR VHYHUDO KXQGUHG PHWHUV� 1RZ WKDW WKH JODFLHUV DUH JRQH WKH FUXVW LV UHERXQGLQJ

VORZO\� W\SLFDOO\ E\ D IHZ PLOOLPHWHUV D \HDU� 7KLV FKDQJH LQ DOWLWXGH WKHQ FDXVHV z*DO OHYHO

FKDQJHV LQ WKH ORFDO JUDYLW\ YDOXH�

6FDQGLQDYLD DQG WKH &DQDGLDQ VKLHOG RI 1RUWK $PHULFD DUH H[HPSODU\ VLWHV VKRZLQJ

SRVWJODFLDO UHERXQG� %XW VLQFH RXU JUDYLW\ PHDVXUHPHQWV DUH WDNHQ LQ &DOLIRUQLD� IDU DZD\

IURP UHJLRQV RI SUHYLRXV JODFLDWLRQ� ZH QHHG QRW ZRUU\ DERXW WKLV HoHFW�

����� 7 HFWRQLF SODWH PRWLRQV

$Q HoHFW WKDW FRXOG EH PRUH UHOHYDQW LQ &DOLIRUQLD DUH SRWHQWLDO YHUWLFDO GLVSODFHPHQWV RI WKH

PHDVXUHPHQW VLWH IROORZLQJ D PDMRU HDUWKTXDNH� +RZHYHU� QR VXFK HDUWKTXDNH KDSSHQHG

GXULQJ WKH OLIHWLPH RI WKLV H[SHULPHQW� 0HDVXUHPHQWV LQ RWKHU UHJLRQV PLJKW EH PRUH

VXVFHSWLEOH WR WHFWRQLF PRYHPHQWV� IRU H[DPSOH LQ PRXQWDLQ UDQJHV OLNH WKH $QGHV WKDW

H[SHULHQFH VXEVWDQWLDO WHFWRQLF XSOLIW�

����� /RFDO PDVV GLVWU LEXWLRQ

/RFDO PDVV GLVWULEXWLRQV� HVSHFLDOO\ ZKHQ WKH\ FKDQJH RYHU WLPH� EHFRPH LPSRUWDQW ZKHQ

JUDYLW\ LV PHDVXUHG DW WKH z*DO OHYHO� 0RVW DEVROXWH JUDYLW\ PHDVXUHPHQWV WDNHQ LQ

WKH FRQWH[W RI JHRSK\VLFDO UHVHDUFK DUH WKHUHIRUH FRQGXFWHG DW VLWHV VSHFLpFDOO\ VHOHFWHG WR

FRQWURO WKHVH LQqXHQFHV�

2QH RI WKH SULPDU\ FKDUDFWHULVWLFV RI D JRRG VLWH LV UHPRWHQHVV IURP DQ\ KXPDQ DFWLYLW\� D

FULWHULRQ GHpQLWHO\ QRW IXOpOOHG E\ RXU LQVWUXPHQWV ORFDWLRQ LQVLGH D EXV\ XQLYHUVLW\ SK\VLFV

EXLOGLQJ� 7R PDNH WKLQJV ZRUVH� WKH SK\VLFV EXLOGLQJ LV FXUUHQWO\ VXUURXQGHG E\ KXJH

FRQVWUXFWLRQ VLWH _ GHPROLWLRQ RI PXOWLSOH QHDUE\ EXLOGLQJV� H[FDYDWLRQ RI ELJ KROHV LQ
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WKH JURXQG DQG FRQVWUXFWLRQ QHZ VWUXFWXUHV GR REYLRXVO\ QRW FRQVWLWXWH DQ XQGLVWXUEHG

HQYLURQPHQW�

7DEOH ��� OLVWV VHYHUDO ORFDO REMHFWV ZKRVH JUDYLWDWLRQDO pHOGV FRXOG DoHFW RXU H[SHULPHQW�

7KH PRUH GLVWDQW REMHFWV VLPSO\ PRGLI\ WKH DEVROXWH JUDYLW\ YDOXH DW WKH PHDVXUHPHQW VLWH�

7KH FORVHVW REMHFWV FRXOG DOVR FDXVH DGGLWLRQDO SUREOHPV E\ SURGXFLQJ QRQOLQHDU JUDYLW\

JUDGLHQWV �6HF� �������

2EMH F W PD VV GLVWD QF H J UD Y LW\ J UD GLH QW D QJ OH J UD Y LW\ F KD QJ H

�N J � �P� �z*D O� �z*D O� P� �GH J � �z*D O�

(D UWK � � � d � � �� � � � d � � � � � � d � � � � � � � � � � d � � �

2SWLF D O WD EOH � � � � � �� � �� � � � ��

$ OXPLQXP VSD F H UV � � �� � �� � � � � ��

([ SH ULPH QWD O SK\ VLF LVW � � � �� � �� � �� � � � ��

7 KH R UH WLF D O SK\ VLF LVW � � � � �� � �� � �� � � � ��

/R D GH G WUXF N � � � � � � � � �� � �� � � � ��

3K\ VLF V OH F WXUH KD OO � � � d � � � � � � �� � �� � � � ��

�GH PR OLVKH G�

+ R OH � � � d � � � � � � � � �� � �� � � � ��

�H [ F D Y D WH G�

7DEOH ���� *UDYLWDWLRQDO HoHFWV RI YDULRXV QHDUE\ REMHFWV

7KH QHDUE\ FRQVWUXFWLRQ DFWLYLWLHV DUH FXUUHQWO\ RXU ELJJHVW FRQFHUQ� :H KDYH PDGH

VXEVWDQWLDO SURJUHVV LQ HOLPLQDWLQJ V\VWHPDWLF RoVHWV LQ RXU RZQ LQVWUXPHQW VLQFH WKH FRP�

SDULVRQ PHDVXUHPHQW ZLWK WKH IDOOLQJ FRUQHU FXEH JUDYLPHWHU �6HF� ����� 7KH RQO\ FODVVLFDO

UHIHUHQFH YDOXH ZH KDYH DYDLODEOH WR FRPSDUH ZLWK RXU QHZ DWRP LQWHUIHURPHWULF JUDYLW\

PHDVXUHPHQWV LV WKHUHIRUH VHYHUDO PRQWKV ROG DQG PLJKW QRW EH YDOLG DQ\PRUH EHFDXVH RI

WKH FRQVWUXFWLRQ DFWLYLWLHV�

����� 0 RWLRQ RI EXLOGLQJ

$QRWKHU SUREOHP ZLWK RXU LQVWUXPHQWV ORFDWLRQ RQ WKH VHFRQG qRRU RI WKH SK\VLFV EXLOGLQJ

DUH SRVVLEOH PRYHPHQWV RI WKH EXLOGLQJ DQG WKH UHVXOWLQJ FKDQJHV LQ WKH PHDVXUHPHQW KHLJKW�

2QH SRVVLEOH FDXVH IRU EXLOGLQJ PRYHPHQWV ZRXOG EH WHPSHUDWXUH FKDQJHV� :H FDQ

PDNH D URXJK ZRUVW FDVH HVWLPDWH IRU WKH HoHFWV RI SXUH WKHUPDO H[SDQVLRQ� $VVXPLQJ

WKDW WKH qRRU RI RXU ODERUDWRU\ LV DERXW ��P DERYH WKH IRXQGDWLRQV RI WKH EXLOGLQJ� GDLO\

WHPSHUDWXUH YDULDWLRQV RI ��r &HOVLXV� DQG XVLQJ WKH WKHUPDO H[SDQVLRQ FRHrFLHQW RI ���d

��b� . IRU FRQFUHWH� ZH pQG D YHUWLFDO GLVSODFHPHQW RI ���PP� 7KH FRUUHVSRQGLQJ FKDQJH LQ

JUDYLW\ RI ���z*DO ZRXOG EH WR VPDOO IRU XV WR GHWHFW� +RZHYHU� WKH QXPEHU LV ELJ HQRXJK
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WR UDLVH FRQFHUQV DERXW DGGLWLRQDO� SRVVLEO\ ODUJHU� YHUWLFDO PRWLRQV FDXVHG E\ WKHUPDO

GHIRUPDWLRQV RI WKH EXLOGLQJ�

7KH EXLOGLQJ PLJKW DOVR PRYH IRU D YDULHW\ RI RWKHU UHDVRQV� IRU H[DPSOH JURXQG PRWLRQV

UHODWHG WR D QHDUE\ FRQVWUXFWLRQ VLWH RU FKDQJHV LQ WKH PHFKDQLFDO SURSHUWLHV RI WKH VRLO DIWHU

UDLQIDOO� +RZHYHU� WKHVH HoHFWV ZRXOG EH KDUG WR LGHQWLI\ DQG VR IDU ZH KDYH VHHQ QR FOHDU

HYLGHQFH IRU WKHLU H[LVWHQFH�

����� $U ELWU DU \ FRQYHQWLRQV

$OWKRXJK QRW LPSRUWDQW ZKHQ GLUHFWO\ FRPSDULQJ WZR LQVWUXPHQWV� DV ORQJ DV WKH PHDVXUH�

PHQWV DUH WDNHQ VLPXOWDQHRXVO\ DQG DW DSSUR[LPDWHO\ WKH VDPH ORFDWLRQ� FHUWDLQ FRQYHQWLRQV

KDYH WR EH IROORZHG LQ PRVW RWKHU FDVHV� 7KH\ DUH HVSHFLDOO\ LPSRUWDQW ZKHQ FRPSDULQJ

QHZ PHDVXUHPHQWV ZLWK SUHYLRXV JUDYLW\ YDOXHV REWDLQHG IURP LQGHSHQGHQW VRXUFHV� 7KH

SUREOHP LV WKDW WKHVH FRQYHQWLRQV DUH VRPHZKDW DUELWUDU\ DQG WKDW QRW HYHU\ERG\ XVHV WKH

VDPH RQHV� )XUWKHUPRUH� LW LV RIWHQ GLrFXOW WR GHWHUPLQH ZKLFK VHW RI UXOHV ZDV DSSOLHG IRU

D SDUWLFXODU SXEOLVKHG YDOXH�

7KH PRVW LPSRUWDQW FRQYHQWLRQ E\ IDU LV WKH GHpQLWLRQ RI D VWDQGDUG PHDVXUHPHQW

KHLJKW� 6LQFH YHUWLFDO JUDYLW\ JUDGLHQWV RI ���z*DO P DUH W\SLFDO� LW PDNHV D ELJ GLoHUHQFH

LI D JUDYLW\ PHDVXUHPHQW LV DW D KHLJKW RI �� FP RU ��� FP DERYH JURXQG� :H DUH DZDUH

RI WKUHH GLoHUHQW VWDQGDUGV� �P DERYH JURXQG� �� FP DERYH JURXQG RU DW JURXQG OHYHO�

%HFDXVH RI WKLV FRQIXVLRQ� IRU VHULRXV ZRUN ZLWK DEVROXWH JUDYLW\ GDWD LW LV QHFHVVDU\ WR

REWDLQ DOO DFFHVVLEOH GRFXPHQWDWLRQ DERXW WKH HDUOLHU PHDVXUHPHQWV� LQFOXGLQJ D VLWH PDS

DQG JUDGLHQW GDWD�

��� *HQHU DO WHVWV DQG REVHU YDWLRQV

0RVW RI WKH H[SHULPHQWDO WHVWV GHVFULEHG VR IDU ZHUH VSHFLpFDOO\ WDLORUHG WR LQYHVWLJDWH

NQRZQ� RU DW OHDVW VXVSHFWHG� V\VWHPDWLF HoHFWV� %XW HYHQ ZLWKRXW VXFK SULRU VXVSLFLRQ RQH

FDQ SHUIRUP RWKHU� PRUH JHQHUDO WHVWV LQ WKH KRSH RI pQGLQJ DGGLWLRQDO SUREOHPV�

����� 9DU \LQJ WKH LQWHU IHU RPHWHU SXOVH VSDFLQJ

2QH SRVVLELOLW\ LV WR FKHFN LI WKH PHDVXUHPHQW UHVXOWV DUH FRQVLVWHQW IRU GLoHUHQW VSDFLQJV

RI WKH LQWHUIHURPHWHU SXOVHV� )LJ� �����D� VKRZV WKH UHVXOW RI VXFK D WHVW IRU WKH 'RSSOHU
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VHQVLWLYH LQWHUIHURPHWHU FRQpJXUDWLRQ� ,GHDOO\� WKH PHDVXUHG JUDYLW\ YDOXH VKRXOG QRW GH�

SHQG RQ WKH SXOVH VSDFLQJ� H[FHSW IRU D YHU\ VPDOO FRQWULEXWLRQ ����� z*DO DW 7  ���PV�

���� z*DO DW 7  ��PV� GXH WR WKH FKDQJH LQ WKH DYHUDJH KHLJKW RI WKH DWRPV LQ WKH

SUHVHQFH RI WKH ORFDO JUDYLW\ JUDGLHQW� :LWKLQ WKH HUURU EDUV WKLV VHHPV WR EH WKH FDVH� EXW

RQO\ LI WKH HoHFWV RI QRQOLQHDU 5) SKDVH VKLIWV DUH UHPRYHG E\ DYHUDJLQJ PHDVXUHPHQWV IRU

WZR GLUHFWLRQV RI WKH SKRWRQ UHFRLO �6HF� �������

,W LV DOVR XVHIXO WR SHUIRUP WKH VDPH WHVW XVLQJ WKH HTXLYDOHQW 'RSSOHU LQVHQVLWLYH LQ�

WHUIHURPHWHU FRQpJXUDWLRQ� ZKLFK PLJKW EH VHQVLWLYH WR VRPH RI WKH VDPH SUREOHPV EXW LV

QRW FRPSOLFDWHG E\ 5) SKDVH VKLIWV DQG WLGDO JUDYLW\ YDULDWLRQV� 7KH UHVXOWV LQ )LJ� �����E�

LQGLFDWH WKDW WKHUH PLJKW EH LQGHHG VRPH SUREOHP IRU SXOVH VHSDUDWLRQV RI OHVV WKDQ ��� PV�

DQG ORRNLQJ EDFN DW WKH 'RSSOHU VHQVLWLYH GDWD ZH pQG LQGLFDWLRQV IRU WKLV DV ZHOO� 6LQFH

IRU VKRUWHU SXOVH VHSDUDWLRQV WKH VDPH VKLIW LQ JUDYLW\ FRUUHVSRQGV WR HYHU VPDOOHU VKLIWV

LQ SKDVH� WKLV VHHPV WR LQGLFDWH WKDW WKHUH PD\ EH SUREOHPV ZLWK WKH SKDVH RI WKH 5DPDQ

EHDPV� IRU H[DPSOH FDXVHG E\ V\QFKURQRXV QRLVH LQ WKH 5)�V\VWHP�

����� 9DU \LQJ WKH WLPH RI WKH FHQWU DO LQWHU IHU RPHWHU SXOVH

$QRWKHU SRVVLEOH DSSURDFK LV WR NHHS WKH SXOVH VHSDUDWLRQ FRQVWDQW� EXW WR YDU\ WKH WLPH

RI WKH FHQWUDO }�SXOVH� 7KLV FKDQJHV ZKHUH DORQJ WKHLU IRXQWDLQ WUDMHFWRULHV WKH DWRPV DUH

GXULQJ WKH LQWHUIHURPHWHU VHTXHQFH� DQG FRQVHTXHQWO\ DQ\ HoHFW UHODWHG WR VSDWLDO SRVLWLRQ

VKRXOG PDQLIHVW LWVHOI LQ WKH GDWD� 7KH PHWKRG LV DOVR VHQVLWLYH WR DQ\ IRUP RI V\QFKURQRXV

QRLVH VLQFH LW FKDQJHV WKH WLPLQJ UHODWLRQVKLS EHWZHHQ WKH LQWHUIHURPHWHU VHTXHQFH DQG WKH

UHVW RI WKH H[SHULPHQW�

$JDLQ LW LV SRVVLEOH WR SHUIRUP 'RSSOHU VHQVLWLYH DV ZHOO DV 'RSSOHU LQVHQVLWLYH YHUVLRQV

RI WKLV H[SHULPHQW� ,Q ERWK FDVHV WKH OLPLWHG YHUWLFDO H[WHQG RI WKH PDJQHWLF VKLHOG IRUFHV

XV WR UHGXFH WKH SXOVH VSDFLQJ 7 WR ��PV� 7KLV LQFUHDVHV WKH PHDVXUHPHQW WLPH QHFHVVDU\

WR DFKLHYH D JLYHQ QRLVH OHYHO LQ J E\ D IDFWRU RI |���

7KH 'RSSOHU VHQVLWLYH PHDVXUHPHQW LV FRPSOLFDWHG E\ 5) SKDVH VKLIWV� ZKLFK DUH D

IXQFWLRQ RI WKH WLPH GHSHQGHQW 5DPDQ GLoHUHQFH IUHTXHQF\� ,Q RXU VHWXS ZH KDYH WZR

SKDVH�ORFNV WKDW GHWHUPLQH WKH 5DPDQ GLoHUHQFH IUHTXHQF\ �6HF� ������� 7R HOLPLQDWH WKH

5) SKDVH VKLIW HoHFWV ZH FDQ DGMXVW WKH UHIHUHQFH IUHTXHQF\ I 6 56 WR DFFRPPRGDWH WKH

FKDQJHV LQ WKH SXOVH WLPH� ZKLOH NHHSLQJ WKH VZHHS RI WKH RWKHU UHIHUHQFH IUHTXHQF\ I7 ( .�

ZKLFK LV UHVSRQVLEOH IRU PRVW RI WKH 5) SKDVH VKLIW HoHFW� XQWRXFKHG�

7KH UHVXOWV IRU 'RSSOHU VHQVLWLYH DQG 'RSSOHU LQVHQVLWLYH FDVHV DUH VKRZQ LQ )LJXUHV
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)LJXUH ����� (oHFW RI YDU\LQJ WKH LQWHUIHURPHWHU SXOVH VSDFLQJ� �D� 'RSSOHU VHQVLWLYH FRQpJ�

XUDWLRQ� �z*DO A ��PUDG IRU 7  ��PV� �z*DO A ���PUDG IRU 7  ���PV� �E� 'RSSOHU

LQVHQVLWLYH FRQpJXUDWLRQ� 7KLV PHDVXUHPHQW QRUPDOO\ RQO\ PDNHV VHQVH LQ WHUPV RI SKDVH�

EXW ZH FDQ XVH WKH VDPH UHODWLRQ DV LQ WKH 'RSSOHU VHQVLWLYH FDVH WR FDOFXODWH DQ HTXLYDOHQW

JUDYLW\ VKLIW�
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)LJXUH ����� (oHFW RI YDU\LQJ WKH WLPH RI WKH FHQWUDO LQWHUIHURPHWHU SXOVH� �D� 'RSSOHU

VHQVLWLYH FRQpJXUDWLRQ� �z*DO A ��PUDG IRU 7  ��PV� �E� 'RSSOHU LQVHQVLWLYH FRQpJX�

UDWLRQ� 7KLV PHDVXUHPHQW QRUPDOO\ RQO\ PDNHV VHQVH LQ WHUPV RI SKDVH� EXW ZH FDQ XVH WKH

VDPH UHODWLRQ DV LQ WKH 'RSSOHU VHQVLWLYH FDVH WR FDOFXODWH DQ HTXLYDOHQW JUDYLW\ VKLIW�
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�����D� DQG �����E�� UHVSHFWLYHO\� 7KHRUHWLFDOO\� WKH 'RSSOHU LQVHQVLWLYH UHVXOW VKRXOG EH

FRPSOHWHO\ LQGHSHQGHQW RI WKH SXOVH WLPH� DQG WKH 'RSSOHU VHQVLWLYH UHVXOW VKRXOG RQO\

VKRZ D VOLJKW SDUDEROLF GHSHQGHQFH GXH WR JUDYLW\ JUDGLHQWV DQG D OLQHDU WHUP GXH WR WKH

pQLWH VSHHG RI OLJKW� 7KDW WKH\ ERWK VKRZ VXEVWDQWLDO� ZKLOH PDUNHGO\ GLoHUHQW� YDULDWLRQV LV

GLVWXUELQJ� 7KH\ VHHP WR H[KLELW D FHUWDLQ GHJUHH RI DQWLV\PPHWU\ DQG� SHUKDSV� SHULRGLFLW\�

6R IDU ZH KDYH QRW EHHQ DEOH WR GHWHUPLQH WKH FDXVH RI WKH SUREOHP�

,I WKH PDJQLWXGH RI WKH YDULDWLRQV ZHUH WKH VDPH IRU ���PV EHWZHHQ SXOVHV� WKHQ ZH

ZRXOG KDYH WR LQFOXGH LW LQ RXU HUURU EXGJHW DV DQ SRVVLEOH V\VWHPDWLF RI DSSUR[LPDWHO\

h��z*DO� %XW VLQFH LW VKRZV XS LQ WKH 'RSSOHU LQVHQVLWLYH VFDQ DV ZHOO� LW LV SUREDEOH

SKDVH UHODWHG DQG LWV HoHFW RQ WKH JUDYLW\ PHDVXUHPHQW IRU 7  ���PV VKRXOG EH VPDOOHU

E\ D IDFWRU RI �� 7KLV PHDQV D SRVVLEOH V\VWHPDWLF HUURU RI h���z*DO�

����� )OXFWXDWLRQV GXU LQJ ORQJ WHU P PHDVXU HPHQWV

$QRWKHU FDXVH RI FRQFHUQ DUH WKH RFFDVLRQDO UDSLG FKDQJHV LQ WKH PHDVXUHG JUDYLW\ YDOXH

GXULQJ ORQJ WHUP PHDVXUHPHQWV� )LJ� ���� VKRZV D IHZ H[DPSOHV RI VXFK UDSLG FKDQJHV

GXULQJ WKH FRPSDULVRQ PHDVXUHPHQW ZLWK WKH IDOOLQJ FRUQHU^FXEH JUDYLPHWHU� ,W ZRXOG EH

LQWHUHVWLQJ WR NQRZ LI WKH HoHFW LV DOVR SUHVHQW LQ WKH FRUQHU^FXEH GDWD� EXW LW ZDV FRPSOHWHO\

PDVNHG E\ WKH KLJKHU OHYHOV RI PHDVXUHPHQW QRLVH�

7KH FKDQJHV KDYH W\SLFDO ULVH DQG IDOO WLPHV RI OHVV WKDQ DQ KRXU� ZKLFK VKRXOG EH WRR

UDSLG IRU PRVW HQYLURQPHQWDO HoHFWV OLNH WLGHV RU FKDQJHV LQ DLU SUHVVXUH� 2Q WKH RWKHU

KDQG� WKH GDWD VKRZV D FHUWDLQ SHULRGLFLW\ ZKLFK VXJJHVWV WKDW WLGDO HoHFWV� PRVW SUREDEO\

GXH WR RFHDQ ORDGLQJ� PLJKW SOD\ D UROH� :H KDYH WKHUHIRUH XVHG DOVR XVHG D GLoHUHQW RFHDQ

ORDGLQJ PRGHO �XVHG E\ 12$$ WR DQDO\]H WKH IDOOLQJ FRUQHU�FXEH PHDVXUHPHQWV� WR DQDO\]H

RXU GDWD� :KLOH WKLV OHDGV WR D VRPHZKDW GLoHUHQW ORRNLQJ JUDSK �)LJ� ����F�� LW GRHV QRW

HOLPLQDWH WKH MXPSV� :H FDQ DOVR UXOH RXW DLU SUHVVXUH FKDQJHV DV WKH FDXVH� VLQFH DQ

LQGHSHQGHQW UHFRUGLQJ RI WKH SUHVVXUH GXULQJ WKH H[SHULPHQW VKRZV QR HTXLYDOHQW MXPSV�

:LWKRXW DQ DSSDUHQW H[SODQDWLRQ IRU WKH MXPSV� ZH KDYH WR DVVXPH WKDW WKH\ DUH WKH

PDQLIHVWDWLRQ RI D \HW XQLGHQWLpHG� WLPH GHSHQGHQW V\VWHPDWLF HoHFW RI XS WR �z*DO�

��� 6XPPDU \

)LJXUH ���� VKRZV D JUDSKLFDO UHSUHVHQWDWLRQ RI DOO WKH V\VWHPDWLF HUURUV GLVFXVVHG LQ WKLV

VHFWLRQ� ,Q DGGLWLRQ WR JLYLQJ RUGHU RI PDJQLWXGH HVWLPDWHV RI WKHVH HoHFWV IRU WKH FXUUHQW
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)LJXUH ����� 5DSLG qXFWXDWLRQV LQ ORQJ WHUP JUDYLW\ UHFRUGV�
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LQVWUXPHQW� WKH GLDJUDP DOVR SRLQWV RXW WKH LPSURYHPHQWV DFKLHYHG VLQFH WKH HDUO\ GD\V RI

WKH SURMHFW� )XUWKHUPRUH� LW LQGLFDWHV SRWHQWLDO SLWIDOOV WKDW� OXFNLO\� QHYHU VXUIDFHG LQ WKH

FRQWH[W RI WKH FXUUHQW H[SHULPHQW _ HLWKHU EHFDXVH WKH\ ZHUH DQWLFLSDWHG DQG GHDOW ZLWK

LQ DGYDQFH� RU EHFDXVH WKH\ ZRXOG VKRZ XS RQO\ XQGHU VOLJKWO\ GLoHUHQW FRQGLWLRQV�

5HFRJQL]LQJ DQG FRQWUROOLQJ WKH &RULROLV VHQVLWLYLW\ OHG WR ELJJHVW LPSURYHPHQW RI WKH H[�

SHULPHQWDO DFFXUDF\� QRW FRXQWLQJ WKH XVH RI WKH FRUUHFW YDOXH RI WKH FHVLXP '�^ZDYHOHQJWK�

7KH QH[W ELJJHVW LPSURYHPHQW FDQ EH DWWULEXWHG WR HQFORVLQJ WKH DFWLYH YLEUDWLRQ LVRODWLRQ

V\VWHP ZLWK PDJQHWLF VKLHOGLQJ�

&XUUHQWO\� LQVWUXPHQWDO DFFXUDF\ LV OLPLWHG PRVWO\ E\ WKH GLrFXOW\ RI PLQLPL]LQJ WKH

LQWHUIHURPHWHUV VHQVLWLYLW\ WR &RULROLV IRUFHV� DQG E\ QRQOLQHDU SKDVH VKLIWV LQ WKH 5) HOHF�

WURQLFV FRQWUROOLQJ WKH IUHTXHQF\ GLoHUHQFH RI WKH 5DPDQ EHDPV� 7KHUH DUH DOVR VRPH

DGGLWLRQDO XQLGHQWLpHG SUREOHPV� PRVW SUREDEO\ DUH UHODWHG WR QRLVH V\QFKURQRXV ZLWK WKH

H[SHULPHQW� DQG PRUH FDUH KDV WR EH WDNHQ WR DFFRXQW SURSHUO\ IRU DOO HQYLURQPHQWDO HoHFWV�
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Cs wavelength
Laser lock offset

RF phase shifts
Timing of pulses
Chirping of pulses
Switching of pulses

Coriolis force
Gravity gradient

Zeeman shift
AC Stark shift
DC Stark shift
Cold collisions

Tilt
Retro reflection
Standing waves
Wavefront curvature
Speckle
Leakage light
Dispersion of Cs vapor
Dispersion of air
Dispersion of windows

Berry phase
Finite speed of light
2nd order Doppler shift
Gravitational Redshift
Other relativistic effects

Synchronous vibrations
Synchronous fields
Synchronous noise

Pressure correction
Tide corrections
Other environmental effects
Conventions, definitions 

> 100
µGal

10-100
µGal

1 - 10
µGal

0.1 - 1
µGal

< 0.1
µGal

Possible systematic errors

)LJXUH ����� 6XPPDU\ RI V\VWHPDWLF HUURUV�



&KDSWHU �

&RQFOXVLRQ

��� &XU U HQW VWDWXV

$IWHU LPSOHPHQWLQJ WKH LPSURYHPHQWV GLVFXVVHG HDUOLHU LQ WKLV WKHVLV ZH KDYH SHUIRUPHG

DQRWKHU DWRP LQWHUIHURPHWHU PHDVXUHPHQW RI J� 7KH UHVXOWV DUH VKRZQ LQ 7DEOH ���� LQFOXGLQJ

VRPH RI WKH FRUUHFWLRQV WKDW ZH DSSO\ WR WKH UDZ JUDYLW\ YDOXH� :KLOH VRPH RI WKHVH

FRUUHFWLRQV �SRODU PRWLRQ� WUDQVIHU WR WRS RI IRXQWDLQ� DUH VLPSO\ D PDWWHU RI FRQYHQWLRQ�

RWKHUV �5) SKDVH VKLIW� FHVLXP ORFN RoVHW� DUH QHFHVVDU\ WR DFFRXQW IRU NQRZQ V\VWHPDWLF

HoHFWV� 7KH WDEOH DOVR LQGLFDWHV WKH PRVW LPSRUWDQW NQRZQ PHDVXUHPHQW XQFHUWDLQWLHV�

9DOXH �z*DO� 8QFHUWDLQW\

0HDVXUHG J YDOXH �WLGH FRUUHFWHG� ���� ���� ��� h �

3RODU PRWLRQ b��� h �

$WPRVSKHULF SUHVVXUH ���� h ���

5) SKDVH VKLIW b� h �

&HVLXP ORFN RoVHW b� h �

$& 6WDUN VKLIW � h �

&RULROLV HoHFW GXH WR (DUWK
V URWDWLRQ � h �

7LOW DQG UHWUR�UHqHFWLRQ � h �

)LQLWH VSHHG RI OLJKW ���� h ���

7UDQVIHU WR WRS RI IRXQWDLQ b��� h ���

$WRP LQWHUIHURPHWHU JUDYLW\ YDOXH ���� ���� ��� h �

7DEOH ���� &DOFXODWLRQ RI DWRP LQWHUIHURPHWHU JUDYLW\ YDOXH�

���
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9DOXH �z*DO� 8QFHUWDLQW\

0HDVXUHG J YDOXH �WLGH FRUUHFWHG� ���� ���� ��� h �

3RODU PRWLRQ b��� h �

$WPRVSKHULF SUHVVXUH ���� h ���

)DOOLQJ FRUQHU^FXEH JUDYLW\ YDOXH ���� ���� ��� h �

7DEOH ���� &DOFXODWLRQ RI IDOOLQJ FRUQHU^FXEH JUDYLW\ YDOXH�

:H FDQ FRPSDUH WKLV QHZ UHVXOW WR WKH IDOOLQJ FRUQHU^FXEH PHDVXUHPHQW WDNHQ VHYHUDO

PRQWKV HDUOLHU� EXW ZH KDYH WR FRQVLGHU WKH SRVVLELOLW\ WKDW WKH JUDYLW\ YDOXH FRXOG KDYH

FKDQJHG LQ WKH PHDQWLPH� )RU H[DPSOH� FKDQJHV LQ WKH ORFDO PDVV GLVWULEXWLRQ FDXVHG E\

WKH PDMRU FRQVWUXFWLRQ ZRUN LQ YLFLQLW\ RI RXU ODERUDWRU\ �6HF� ������ RU VHDVRQDO FKDQJHV

LQ ZDWHU WDEOH �6HF� ������ FRXOG EH UHVSRQVLEOH IRU GLoHUHQFHV XS WR D IHZ z*DO�

7DEOH ��� QHYHUWKHOHVV VKRZV WKDW DIWHU LQFOXGLQJ WKH PHDVXUHPHQW KHLJKW FRUUHFWLRQ

�6HF� ������ RXU YDOXH IRU J DQG WKH RQH PHDVXUHG E\ WKH FODVVLFDO DEVROXWH JUDYLPHWHU QRZ

DJUHH ZLWKLQ ��h ��d ��b� J� 7KLV LV FRQVLVWHQW ZLWK WKH HVWLPDWHG V\VWHPDWLF XQFHUWDLQW\

DQG LV E\ IDU WKH KLJKHVW DFFXUDF\ DFKLHYHG E\ DQ\ PDWWHU ZDYH LQWHUIHURPHWHU PHDVXUHPHQW

VR IDU� ,W LV DOVR LQ PDUNHG FRQWUDVW WR WKH FRQVLVWHQW GLVFUHSDQFLHV RI RUGHU �b��� EHWZHHQ

FODVVLFDO DQG QHXWURQ LQWHUIHURPHWULF JUDYLW\ PHDVXUHPHQWV >��� ��� ��� ��@�

��� )XWXU H SU RVSHFWV

7R LPSURYH WKH PHDVXUHPHQW DFFXUDF\ HYHQ IXUWKHU LW ZLOO EH QHFHVVDU\ WR LPSURYH FRQWURO

RI WKH 5DPDQ SKDVH DQG WR DGGUHVV SUREOHPV GXH WR &RULROLV IRUFHV DQG HQYLURQPHQWDO HI�

IHFWV� $ JRRG ZD\ WR DGGUHVV WKHVH LVVXHV ZRXOG EH WR EXLOG SRUWDEOH YHUVLRQV RI WKH DWRP

$WRP LQWHUIHURPHWHU JUDYLW\ YDOXH ���� ���� ��� h �

)DOOLQJ FRUQHU�FXEH JUDYLW\ YDOXH b ���� ���� ��� h �

0HDVXUHPHQW KHLJKW FRUUHFWLRQ � ��� h �

'LoHUHQFH � h �

7DEOH ���� &RPSDULVRQ EHWZHHQ DWRP LQWHUIHURPHWHU DQG IDOOLQJ FRUQHU FXEH JUDYLW\ PHD�

VXUHPHQWV� $Q LQGHSHQGHQW PHDVXUHPHQW RI WKH JUDYLW\ JUDGLHQW �XVLQJ /D&RVWH�5RPEHUJ

VSULQJ�W\SH JUDYLPHWHUV� LV XVHG WR FRPSHQVDWH IRU WKH GLoHUHQFH LQ PHDVXUHPHQW KHLJKW�

7KH DWRP LQWHUIHURPHWHU JUDYLW\ YDOXH LV VOLJKWO\ KLJKHU�
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LQWHUIHURPHWHU LQ RUGHU WR IDFLOLWDWH PHDVXUHPHQWV DQG FRPSDULVRQ VWXGLHV ZLWK GLoHUHQW

LQVWUXPHQWV DW VLWHV EHWWHU VXLWHG WKDQ RXU FXUUHQW ODERUDWRU\� %HLQJ DEOH WR URWDWH WKH

LQVWUXPHQWV DURXQG WKH YHUWLFDO D[LV ZRXOG DOVR DOORZ RQH WR LGHQWLI\ DQG HOLPLQDWH &RULROLV

HoHFWV� 7KHUH DUH VHYHUDO RWKHU SRVVLEOH LPSURYHPHQWV� +RUL]RQWDO YHORFLW\ VHOHFWLRQ FDQ

UHGXFH &RULROLV HoHFWV� $GGLWLRQDO 5DPDQ SXOVHV FDQ LQFUHDVH WKH VHSDUDWLRQ EHWZHHQ LQ�

WHUIHURPHWHU SDWKV DQG� FRQVHTXHQWO\� WKH PHDVXUHPHQW VHQVLWLYLW\� $OWHUQDWLYHO\� RQH FDQ

XVH D GLoHUHQW LQWHUPHGLDWH VWDWH DQG VKRUWHU ZDYHOHQJWK 5DPDQ ODVHUV WR DFKLHYH WKH VDPH

HoHFW� 8VLQJ D WDOOHU IRXQWDLQ DQG D SXOVH VSDFLQJ ODUJHU WKDQ WKH FXUUHQW 7  ���PV

FDQ GHFUHDVH WKH UHODWLYH LPSRUWDQFH RI 5DPDQ SKDVH HUURUV� .HHSLQJ WKH DWRPV LQ VDPH

LQWHUQDO VWDWH IRU ERWK LQWHUIHURPHWHU SDWKV ZRXOG VXEVWDQWLDOO\ UHGXFH WKH VHQVLWLYLW\ WR

PDJQHWLF DQG HOHFWULF pHOGV�

)RU SUDFWLFDO DSSOLFDWLRQV� PDQ\ RI ZKLFK RQO\ UHTXLUH DQ DFFXUDF\ RI cJ J | ��b�� RQH

PLJKW DOVR WU\ WR GHVLJQ D VPDOOHU� VLPSOLpHG LQVWUXPHQW� ,Q WKLV FDVH� LW PLJKW EH SRVVLEOH

WR XVH HLWKHU FRQWLQXRXV DWRPLF EHDPV RU KLJK UHSHWLWLRQ UDWHV �! ��+]� WR FLUFXPYHQW

DOLDVLQJ SUREOHPV WR DOOHYLDWH WKH QHHG IRU D FRPSOH[ DFWLYH YLEUDWLRQ LVRODWLRQ V\VWHP�

)XWXUH H[SHULPHQWV FRXOG XVH WKH WHFKQLTXHV GHYHORSHG KHUH WR SHUIRUP WHVW RI WKH

HTXLYDOHQFH SULQFLSOH RU WR PHDVXUH 1HZWRQ
V JUDYLWDWLRQDO FRQVWDQW� *� ,W VKRXOG DOVR

EH SRVVLEOH WR H[SORLW WKH ZDYHOHQJWK GHSHQGHQFH RI WKH LQWHUIHURPHWHU SKDVH VKLIW� 8VLQJ

GLoHUHQW LQWHUPHGLDWH VWDWHV IRU WKH 5DPDQ WUDQVLWLRQV ZRXOG DOORZ RQH WR FRPSDUH WKH

ZDYHOHQJWKV RI DOO WKH RSWLFDO WUDQVLWLRQV WKDW DUH DFFHVVLEOH LQ WKLV ZD\� ZLWK D SUHFLVLRQ RI

��b� RU EHWWHU�



% LEOLRJU DSK\

>�@ ,� 0DUVRQ DQG -� (� )DOOHU� -� 3K\V� ( ��� �� �������

>�@ :� $� 3URWKHUR DQG -� 0� *RRGNLQG� -� 6FL� ,QVWUXP� ��� ���� �������

>�@ -� 0� *RRGNLQG� LQ 1HDU ]HUR� HGLWHG E\ -� '� )DLUEDQN �:�+� )UHHPDQ� 1HZ <RUN�

������ SS� ���^����

>�@ *� 3� $UQDXWRY HW DO�� 0HWURO� ��� �� �������

>�@ 7� 0� 1LHEDXHU� *� 6DVDJDZD� -� )DOOHU� DQG 5� +LOW� 0HWURO� ��� ��� �������

>�@ 9� 3� &KHERWD\HY� %� <� 'XEHWVN\� $� 3� .DVDQWVHY� DQG 9� 3� <DNRYOHY� -� 2SW� 6RF�

$P� % �� ���� �������

>�@ -� )� &ODXVHU� 3K\VLFD % ���� ��� �������

>�@ 2� &DUQDO DQG -� 0O\QHN� 3K\V� 5HY� /HWW� ��� ���� �������

>�@ '� :� .HLWK� &� 5� (NVWURP� 4� $� 7XUFKHWWH� DQG '� (� 3ULWFKDUG� 3K\V� 5HY� /HWW�

��� ���� �������

>��@ )� 5LHKOH HW DO�� 3K\V� 5HY� /HWW� ��� ��� �������

>��@ 0� .DVHYLFK DQG 6� &KX� $SSO� 3K\V� % ��� ��� �������

>��@ (� 0� 5DVHO HW DO�� 3K\V� 5HY� /HWW� ��� ���� �������

>��@ 7� /� *XVWDYVRQ� 3� %RX\HU� DQG 0� .DVHYLFK� 3K\V� 5HY� /HWW� ��� ���� �������

>��@ '� 6� :HLVV� %� &� <RXQJ� DQG 6� &KX� $SSO� 3K\V� % ��� ��� �������

>��@ $� 3HWHUV HW DO�� 3KLORV� 7UDQV� 5� 6RF� /RQGRQ� 6HU� $ ���� ���� �������

���



��� %,%/,2*5$3+<

>��@ %� <RXQJ� 3K�'� WKHVLV� 6WDQIRUG 8QLYHUVLW\� �����

>��@ .� 0ROHU� '� 6� :HLVV� 0� .DVHYLFK� DQG 6� &KX� 3K\V� 5HY� $ ��� ��� �������

>��@ 5� 3� )H\QPDQ DQG $� 5� +LEEV� 4XDQWXP 0HFKDQLFV DQG 3DWK ,QWHJUDOV �0F*UDZ�+LOO�

1HZ <RUN� ������

>��@ &� /�DPPHU]DKO DQG &KULVWLDQ -� %RUGwH� 3K\V� /HWW� $ ���� �� �������

>��@ .� 3� 0DU]OLQ DQG -� $XGUHWVFK� 3K\V� 5HY� $ ��� ��� �������

>��@ &� -� %RUGwH� 3K\V� /HWW� $ ���� �� �������

>��@ &� -� %RUGwH� LQ /DVHU 6SHFWURVFRS\ ;� HGLWHG E\ 0� 'XFOR\� (� *LDFRELQR� DQG *� &DP\

�:RUOG 6FLHQWLpF� 6LQJDSRUH� ������ SS� ���^����

>��@ 3� 6WRUH\ DQG &� &RKHQ�7DQQRXGML� -� 3K\V� ,, )UDQFH �� ���� �������

>��@ %� <RXQJ� 0� .DVHYLFK� DQG 6� &KX� LQ $WRP ,QWHUIHURPHWU\� HGLWHG E\ 3� 5� %HUPDQ

�$FDGHPLF 3UHVV� &KHVWQXW +LOO� ������ &KDS� �� SS� ���^����

>��@ -� 9DQLHU DQG &� $XGRLQ� 7KH TXDQWXP SK\VLFV RI DWRPLF IUHTXHQF\ VWDQGDUGV �$GDP

+LOJHU /WG� %ULVWRO� ������

>��@ 3� 0H\VWUH DQG 0� 6DUJHQW ,,,� (OHPHQWV RI TXDQWXP RSWLFV �6SULQJHU^9HUODJ� %HUOLQ�

������

>��@ (� /� 5DDE HW DO�� 3K\V� 5HY� /HWW� ��� ���� �������

>��@ .� (� *LEEOH� 6� .DVDSL� DQG 6� &KX� 2SW� /HWW� ��� ��� �������

>��@ '� 6� :HLVV HW DO�� LQ /LJKW ,QGXFHG .LQHWLF (oHFWV RQ $WRPV� ,RQV DQG 0ROHFXOHV�

HGLWHG E\ ,� 0RL HW DO� �(76 (GLWULFH� 3LVD� ������ SS� ��^���

>��@ &� 6DORPRQ HW DO�� (XURSK\V� /HWW� ��� ��� �������

>��@ $� 1� 1HVPHLDQRY� 9DSRU SUHVVXUH RI WKH FKHPLFDO HOHPHQWV �(OVHYLHU 3XE� &R�� $PV�

WHUGDP� ������

>��@ -� /� +DOO� /� +ROOEHUJ� 7� %DHU� DQG +� *� 5RELQVRQ� $SSO� 3K\V� /HWW� ��� ��� �������

>��@ -� (� 7KRPDV HW DO�� 3K\V� 5HY� /HWW� ��� ��� �������



%,%/,2*5$3+< ���

>��@ 3� %RX\HU� 7� *XVWDYVRQ� .� +DULWRV� DQG 0� .DVHYLFK� 2SW� /HWW� ��� ���� �������

>��@ 0� :HLW]� %� &� <RXQJ� DQG 6� &KX� 3K\V� 5HY� /HWW� ��� ���� �������

>��@ .� *LEEOH� 6� &KDQJ� DQG 5� /HJHUH� 3K\V� 5HY� /HWW� ��� ���� �������

>��@ 7� -� 6XPQHU� -� 0� 3HQGOHEXU\� DQG .� )� 6PLWK� -� 3K\V� ' ��� ���� �������

>��@ -� 0� +HQVOH\� $� 3HWHUV� DQG 6� &KX� -� 6FL� ,QVWUXP� �WR EH SXEOLVKHG��

>��@ &� 6KXP HW DO�� -� *HRSK\V� 5HV� ���� ����� �������

>��@ '� 0F&DUWK\� ,(56 WHFKQLFDO QRWH ��� 8�6� 1DYDO 2EVHUYDWRU\ �XQSXEOLVKHG��

>��@ +� *� 6FKHUQHFN� *HRSK\V� -� ,QW� ���� ��� �������

>��@ &� /H 3URYRVW HW DO�� -� *HRSK\V� 5HV� ��� ����� �������

>��@ ,� 0DUVRQ HW DO�� 0HWURO� ��� ��� �������

>��@ '� *UHHQEHUJHU DQG $� 2YHUKDXVHU� 5HY� 0RG� 3K\V� ��� �� �������

>��@ (� 6LPRQ� 3� /DXUHQW� DQG $� &ODLURQ� 3K\V� 5HY� $ ��� ��� �������

>��@ 7� 0LOOHU DQG %� %HGHUVRQ� $GY� $W� 0RO� 3K\V� ��� � �������

>��@ .� *LEEOH DQG 6� &KX� 3K\V� 5HY� /HWW� ��� ���� �������

>��@ 6� *KH]DOL� 3� /DXUHQW� 6� /HD� DQG $� &ODLURQ� (XURSK\V� /HWW� ��� �� �������

>��@ .� %� (ULNVVRQ� ,� -RKDQVVRQ� DQG *� 1RUOwHQ� $UN� )\V� ��� ��� �������

>��@ *� $YLOD� 3� *DLQ� (� GH &OHUFT� DQG 3� &HUH]� 0HWURO� ��� ��� �������

>��@ *� &DUOVVRQ� $� .DVWEHUJ� DQG /� 5� 3HQGULOO �XQSXEOLVKHG��

>��@ .��+� :HEHU DQG &� -� 6DQVRQHWWL� 3K\V� 5HY� $ ��� ���� �������

>��@ -� :� *RRGPDQ� 6WDWLVWLFDO 2SWLFV �:LOH\� 1HZ <RUN� ������

>��@ (� /� 2
1HLOO� ,QWURGXFWLRQ WR 6WDWLVWLFDO 2SWLFV �$GGLVRQ�:HVOH\ 3XE� &R�� 5HDGLQJ�

������

>��@ 0� 6� )HH� 3K�'� WKHVLV� 6WDQIRUG 8QLYHUVLW\� �����



��� %,%/,2*5$3+<

>��@ -� $QDQGDQ� 3K\V� 5HY� ' ��� ���� �������

>��@ -� $XGUHWVFK DQG &� /DPPHU]DKO� $SSO� 3K\V� % ��� ��� �������

>��@ 6� :DMLPD� 0� .DVDL� DQG 7� )XWDPDVH� 3K\V� 5HY� ' ��� ���� �������

>��@ 6� 3DQFKDUDWQDP� 3URF� ,QGLDQ $FDG� 6FL� $ ��� ��� �������

>��@ 0� %HUU\� 3URF� 5� 6RF� /RQGRQ� 6HU� $ ���� �� �������

>��@ 0� 5HLFK� 8� 6WHUU� DQG :� (UWPHU� 3K\V� 5HY� $ ��� ���� �������

>��@ -� $QDQGDQ� -� &KULVWLDQ� DQG .� :DQHOLN� $P� -� 3K\V� ��� ��� �������

>��@ 3� -� 0HOFKLRU� 7KH WLGHV RI WKH SODQHW HDUWK �2[IRUG� 1HZ <RUN� ������

>��@ *� 6DVDJDZD� 3ULYDWH FRPPXQLFDWLRQ� �����

>��@ :� 5DEEHO DQG -� =FKDX� -� *HRSK\V� ��� �� �������

>��@ 8VHU PDQXDO� )*� DEVROXWH JUDYLPHWHU� PLFUR^J�

>��@ -� :DKU� -� *HRSK\V� 5HV� ��� ���� �������

>��@ :� 3HOWLHU� 6FLHQFH ���� ��� �������

>��@ 5� &ROHOOD� $� 2YHUKDXVHU� DQG 6� :HUQHU� 3K\V� 5HY� /HWW� ��� ���� �������

>��@ -� /� 6WDXGHQPDQQ� 6� :HUQHU� 5� &ROHOOD� DQG $� 2YHUKDXVHU� 3K\V� 5HY� $ ��� ����

�������

>��@ .� /LWWUHOO� %� $OOPDQ� DQG 6� :HUQHU� 3K\V� 5HY� $ ��� ���� �������

>��@ 6� $� :HUQHU� -� 3K\V� 6RF� -SQ� $ ��� �� �������


