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$ VDPSOH OLJKW�FROOHFWLQJ WHOHVFRSH ZDV DVVHPEOHG IURP WKUHH� LGHQWLFDO :$+/
FRPSDQ\ OHQVHV DQG LWV SURSHUWLHV ZHUH VWXGLHG LQ DQ H[SHULPHQWDO VHWXS�
7KH DLP RI WKH VWXG\ ZDV WR JDLQ H[SHULHQFH ZLWK TXDOLW\�FRQWURO DQG WHVWLQJ
WHFKQLTXHV WKDW ZLOO EH XVHG ZLWK WKH IXWXUH WZR�OHQV WHOHVFRSLF OLJKW FROOHFWRU
IRU WKH 5,&+ SKRWRQ GHWHFWRU� :H DUH DEOH WR VLPXODWH WKH REVHUYHG SHU�
IRUPDQFH RI WKLV V\VWHP ZLWK GHVLJQ WRROV GHYHORSHG IRU WKH +HUD�% 5,&+
OLJKW FROOHFWRUV�

� ( [SHU LPHQWDO 6HWXS

��� 7 KH WHOHVFRSH

7KH WHOHVFRSH ZDV DVVHPEOHG IURP RQH pHOG OHQV DQG D SDLU RI FRQGHQVHU
OHQVHV� ZKLFK ZHUH SRVLWLRQHG LQ KROGHUV� $OO WKUHH OHQVHV DUH RI WKH VDPH
W\SH� 7KH KROGHUV FDQ VOLGH DORQJ WKUHH PHWDOOLF URGV UXQQLQJ SDUDOOHO WR
WKH RSWLFDO D[LV� DQG WKHLU SRVLWLRQ FDQ EH DOLJQHG DQG p[HG DORQJ WKH URGV�
0DVNV RU GLDSKUDJPV FDQ EH SXW RQ WRS RI WKH WHOHVFRSH� ,Q DGGLWLRQ� D qDW
PLUURU� XVHG IRU DOLJQPHQW� FDQ EH SXW RQ WRS RI WKH pHOG OHQV�
7KH GLVWDQFHV EHWZHHQ WKH OHQVHV RI WKH WHOHVFRSH DQG WKH SKRWRFDWKRGH

RI WKH 307 ZHUH VHW WR WKH FDOFXODWHG YDOXHV� ,Q WKLV FDOFXODWLRQ� UDGLL RI
FXUYDWXUH RI WKH OHQV VXUIDFHV 5�  �� PP DQG 5�  �� PP DQG UHIUDFWLYH
LQGH[ HTXDO WR ����� ZHUH DVVXPHG� 'XULQJ WKH VWXGLHV� LW ZDV WKRXJKW WKDW
WKHVH UDGLL ZHUH ���� PP DQG ���� PP� UHVSHFWLYHO\� ,Q VSLWH RI WKH GLoHU�
HQFH� WKH OHQV SRVLWLRQV ZHUH NHSW WKH VDPH WR PDNH WKH VWXGLHG SURSHUWLHV
FRPSDUDEOH ZLWK FDOFXODWLRQV� $V GLVFXVVHG EHORZ� WKH OHQVHV ZHUH VXEVH�
TXHQWO\ PHDVXUHG WR GHWHUPLQH WKHLU DFWXDO VKDSH� SDUDPHWHUV GHULYHG IURP
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WKHVH PHDVXUHPHQWV ZHUH XVHG LQ VLPXODWLRQ VWXGLHV DQG DUH SUHVHQWHG LQ
WKDW VHFWLRQ� ,Q VXPPDU\� WKH SURSHUWLHV RI WKH WHOHVFRSH DVVXPHG LQ WKH
VHWXS DQG PHDVXUHPHQWV SUHVHQWHG KHUH DUH�

s )RFDO OHQJWK RI RQH OHQV� } �� PP

s 'LDPHWHU RI RQH OHQV� �� PP� 'LDPHWHU RI D OHQV KROGHU
V RSHQLQJ�
���� PP�

s 5HIUDFWLYH LQGH[ RI WKH OHQV PDWHULDO WDNHQ HTXDO WR ����� LQ FDOFXOD�
WLRQV

s $[LDO SRVLWLRQV RI WKH OHQVHV LQ PP�
6XUIDFH 3RVLWLRQ� PP

)LHOG OHQV� pUVW VXUIDFH �
)LHOG OHQV� VHFRQG VXUIDFH �
&RQGHQVHU OHQV �� pUVW VXUIDFH ��
&RQGHQVHU OHQV �� VHFRQG VXUIDFH ��
&RQGHQVHU OHQV �� pUVW VXUIDFH ��
&RQGHQVHU OHQV �� VHFRQG VXUIDFH ���
307 HQWUDQFH ZLQGRZ �����

s 0DJQLpFDWLRQ �QRPLQDO�� ^���

s 7RWDO OHQJWK �IURP WKH pHOG OHQV WR WKH LPDJH SODQH�� } ��� PP

$Q 0�� SKRWRPXOWLSOLHU WXEH ZDV SODFHG DW WKH H[SHFWHG LPDJH SODQH�
:KHQ SODFLQJ WKH 307 LQ LWV ORQJLWXGLQDO SRVLWLRQ� WKH LQqXHQFH RI WKH
WKLFNQHVV RI WKH LQSXW JODVV ZLQGRZ _ DQ DGGLWLRQDO ��� PP VKLIW WRZDUGV
WKH WHOHVFRSH _ ZDV WDNHQ LQWR DFFRXQW�
7KH WHOHVFRSH FDQ EH UHPRYHG RXW RI WKH VHWXS� OHDYLQJ RQO\ WKH 307

XQGHU LOOXPLQDWLRQ� 7KLV LV QHFHVVDU\ IRU FROOHFWLRQ�HrFLHQF\ PHDVXUHPHQWV
DV ZHOO DV VWXGLHV RI DQJXODU GHSHQGHQFLHV�

��� 7 KH WHVW VHWXS

7KH WHOHVFRSH ZLWK WKH 307 ZDV SODFHG LQ D GDUN ER[ ZLWK LWV D[LV YHUWLFDO�
7ZR OLJKW VRXUFHV� D GHXWHULXP ODPS IRU 89 UDQJH DQG D WXQJVWHQ ODPS IRU
YLVLEOH UDQJH� ZHUH XVHG DV OLJKW VRXUFHV WR D PRQRFKURPDWRU� 6HH )LJXUH ��
$ GHWDLOHG GHVFULSWLRQ RI WKH OLJKW VRXUFHV DQG WKH PRQRFKURPDWRU LV JLYHQ LQ
WKH SDSHU 0HDVXUHPHQWV RI 7UDQVPLVVLRQ RI 3ODVWLF� $ EHDP ?SDUDOOHOL]HU�
ZDV DGGHG WR WKLV VHWXS WR SURYLGH D KRPRJHQHRXV DQG SDUDOOHO OLJKW EHDP
ZLWK D GLDPHWHU RI �� PP IRU LOOXPLQDWLQJ WKH pHOG OHQV�
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)LJXUH �� 7KH WHVW VHWXS� 3LFWXUH LV QRW WR VFDOH�
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7KH RSWLFV RI WKH WHVW VHWXS ZRUNV DV IROORZV�
7KH RXWSXW OLJKW IURP WKH PRQRFKURPDWRU LV FROOHFWHG ZLWK D TXDUW]

OHQV DQG IRFXVHG RQ D GLoXVHU� $ VPDOO GLDSKUDJP ULJKW DIWHU WKH GLoXVHU
PDVNV WKH PDMRU SDUW RI WKH LOOXPLQDWHG DUHD RI WKH GLoXVHU� DOORZLQJ RQO\
� PP FLUFOH WR HPLW OLJKW IXUWKHU� 7KH GLDSKUDJP LV LQ WKH IRFDO SODQH RI
D SDUDEROLF $O PLUURU� ZKLFK WUDQVIRUPV WKH OLJKW LQWR DQ DOPRVW SDUDOOHO
EHDP� 7KLV EHDP LV WKHQ UHqHFWHG GRZQZDUGV E\ D qDW PLUURU� LOOXPLQDWLQJ
WKH WHOHVFRSH�
7KH UROH RI WKH GLoXVHU LV WKUHHIROG� )LUVW� LW EURDGHQV WKH DQJXODU VSHF�

WUXP VR WKDW WKH HQWLUH DSHUWXUH RI WKH VXEVHTXHQW RSWLFV LV pOOHG� 6HFRQG�
WKH GLoXVHU
V RXWSXW KDV D KRPRJHQHRXV GLVWULEXWLRQ RYHU WKH ODWHUDO FRRUGL�
QDWH DQG DQ DQJXODU VSHFWUXP� LQGHSHQGHQW RI WKH PRQRFKURPDWRU
V RXWSXW�
ZKLFK PDNHV LW SRVVLEOH WR REWDLQ D KRPRJHQHRXV SDUDOOHO EHDP IRU WKH WHOH�
VFRSH VWXG\� 7KHVH SRVLWLYH HoHFWV DUH RoVHW E\ WKH WKLUG� XQGHVLUHDEOH
SURSHUW\� DQ XQDYRLGDEOH GHFUHDVH RI LQWHQVLW\� *UHDW FDUH ZDV WDNHQ LQ WKH
SUHSDUDWLRQ RI WKLV RSWLFDO V\VWHP WR pQG DQ DSSURSULDWH FRPSURPLVH�
7KH GLDPHWHU RI WKH RXWSXW EHDP LV ODUJHU WKDQ WKH pHOG OHQV� WKXV� WKH

ODWWHU LV IXOO\ FRYHUHG� 7KH GLYHUJHQFH �DQJXODU XQFHUWDLQW\� RI WKH UHVXOWLQJ
?SDUDOOHOL]HG� EHDP LV } h� PUDG� 7KLV YDOXH LV PDLQO\ GHWHUPLQHG E\ WKH
VL]H RI WKH RSHQLQJ RI WKH GLDSKUDJP �FDQQRW EH PDGH VPDOOHU VLQFH WKH
LQWHQVLW\ GURSV� DQG E\ DEHUUDWLRQV RI WKH SDUDEROLF PLUURU�
,Q WKH GDUN ER[� WKH WHOHVFRSH LV PRXQWHG RQ D PRYDEOH SODWIRUP� DO�

ORZLQJ URWDWLRQV DORQJ WZR D[HV� 'HFOLQDWLRQ DQJOHV XS WR h��� PUDG DUH
DFKLHYDEOH� 7KH XQFHUWDLQW\ RI WKH DQJXODU SRVLWLRQ LV NQRZQ ZLWK DFFXUDF\
EHWWHU WKDQ ��� PUDG�
7R PLQLPL]H WKH PRYHPHQW RI WKH WHOHVFRSH SRVLWLRQ GXULQJ WKH URWDWLRQ�

WKH FHQWHU RI WKH pHOG OHQV LV DW WKH SRLQW ZKHUH WKH WZR URWDWLRQ D[HV FURVV�
7KXV WKH VSDWLDO SRVLWLRQ RI WKH pHOG OHQV FHQWHU LV PDLQWDLQHG GXULQJ WKH
URWDWLRQ� SUHYHQWLQJ LW IURP JRLQJ RXW RI WKH LOOXPLQDWLQJ EHDP�
$ +DPDPDWVX 5�����0�� SKRWRPXOWLSOLHU WXEH LV XVHG IRU WKH SKRWRQ

GHWHFWLRQ� ,W LV SOXJJHG LQWR RQH RI �d � 5,&+ EDVHERDUG SURWRW\SHV� 7ZR
$6'� ERDUGV� QHFHVVDU\ WR UHDG WKH VLJQDOV IURP RQH 307� ZHUH XVHG LQ
WKH VHWXS� 7KH FDEOHV IURP WKH $6'� ERDUGV UXQ WKURXJK D ODE\ULQWK�OLNH
DSSHQGL[ RQ WKH ZDOO RI WKH GDUN ER[ WR SUHYHQW URRP OLJKW HQWHULQJ WKH ER[�
7KH RXWSXW RI WKH $6'� ERDUGV LV UHDG�RXW E\ WZR 90( PRGXOHV� ZKLFK

FRQYHUW WKH VLJQDOV WR 1,0 VWDQGDUG� $IWHU� WKH VLJQDOV DUH UHDG E\ D 90(
VFDOHU�
)RU IXUWKHU UHIHUHQFH� WKH VFKHPH IRU LGHQWLI\LQJ FKDQQHOV RI WKH 307

DQG WKH GLUHFWLRQV RI D[HV DUH VKRZQ LQ )LJXUH ��
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)LJXUH �� 1XPEHULQJ RI FKDQQHOV DQG GLUHFWLRQ RI D[HV

��� $OLJQPHQW RI WKH VHWXS

7KH ZKROH VHWXS ZDV DOLJQHG UHODWLYH WR WKH LQFLGHQW OLJKW EHDP SULRU WR WKH
PHDVXUHPHQWV�
7KH WHOHVFRSH
V PHFKDQLFV ZDV GHVLJQHG LQ D ZD\ ZKLFK DOORZV LQGLYLGXDO

DOLJQPHQW RI WKH OHQVHV� 7KH SRVLWLRQ RI WKH pHOG OHQV ZDV p[HG UHODWLYH WR
WKUHH URGV SURYLGLQJ WKH WHOHVFRSH
V PHFKDQLFDO VWUXFWXUH� 7KH SRVLWLRQV RI
WKH RWKHU WZR OHQVHV DQG WKH 307 ZHUH VHW E\ D FDOLEHU DQG p[HG E\ QXWV
RQ WKH WKUHDGHG URGV�
7KH pUVW DOLJQPHQW RI WKH VHWXS LV WKH FHQWHULQJ� DVVXULQJ� WKDW 307
V

FHQWHU LV RQ WHOHVFRSH
V D[LV� 7KLV DOLJQPHQW ZDV GRQH RXWVLGH RI WKH ER[�
E\ VKLQLQJ D ODVHU EHDP WKURXJK D VPDOO FHQWHUHG GLDSKUDJP SODFHG RQ WRS
RI WKH pHOG OHQV DQG E\ REVHUYDWLRQ RI WKH VSRW RQ WKH 307
V VXUIDFH� 7KH
ERG\ RI WKH WXEH ZDV VKLIWHG XQWLO WKH VSRW FDPH WR WKH FHQWHU RI WKH 307�
7KH VL]H RI WKH VSRW RQ WKH 307 LV ���� PP�
,Q WKH QH[W VWHS� WKH pHOG OHQV RI WKH WHOHVFRSH ZDV p[HG SHUSHQGLFXODU WR

WKH LQFLGHQW OLJKW� 7KLV DOLJQPHQW ZDV GRQH E\ SXWWLQJ D qDW PLUURU RQ WRS
RI WKH pHOG OHQV SDUDOOHO WR WKH OHQV DQG E\ REVHUYDWLRQ RI WKH OLJKW� ZKLFK LV
WKXV UHqHFWHG EDFN� 7KH OLJKW JRHV WKH VDPH SDWK DV WKH LQFLGHQW OLJKW� EXW
LQ WKH RSSRVLWH GLUHFWLRQ� DQG IRFXVHV WR D VSRW LQ WKH GLDSKUDJP
V SODQH
�WKH GLDSKUDJP VWDQGV ULJKW DIWHU WKH GLoXVHU� VHH )LJXUH ��� ,I WKH PLUURU LV
UHDOO\ SHUSHQGLFXODU WR WKH LQFLGHQW OLJKW� WKHQ WKH VSRW LV LQVLGH WKH RSHQLQJ
RI WKH GLDSKUDJP DQG IRU WKLV UHDVRQ LV LQYLVLEOH� 2WKHUZLVH� D VSRW LV VHHQ
RQ WKH ULJKW�KDQG VXUIDFH RI WKH GLDSKUDJP� DQG WKH WHOHVFRSH LV URWDWHG
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XQWLO WKH VSRW JRHV LQVLGH WKH RSHQLQJ� 7KH SDUDOOHOLVP RI WKH PLGGOH VXUIDFH
RI WKH pHOG OHQV DQG WKH DOLJQPHQW PLUURU ZDV DFKLHYHG WKURXJK D SURSHU
PHFKDQLFDO GHVLJQ RI WKH WHOHVFRSH� 7KLV VWHS RI DOLJQPHQW SURFHGXUH ZDV
GRQH ZLWK ODVHU OLJKW� EHFDXVH WKH PRQRFKURPDWRU
V RXWSXW LV WRR ZHDN WR
VHH�
$IWHU WKDW WKH WHOHVFRSH ZDV UHPRYHG� DQG WKH VDPH SURFHGXUH ZLWK WKH

EDFN UHqHFWLRQ RI WKH OLJKW ZDV GRQH ZLWK WKH 307� LWV HQWUDQFH ZLQGRZ ZDV
DOLJQHG SHUSHQGLFXODU WR WKH LQFLGHQW OLJKW WKURXJK VKLIWV LQ LWV PHFKDQLFDO
KROGLQJ�
)LQDOO\� VLQFH WKH DOLJQPHQWV DUH QRW TXLWH LQGHSHQGHQW� WKH VWHSV RI

DOLJQPHQW ZHUH UHSHDWHG� 2QH^WZR LWHUDWLRQV DSSHDUHG WR EH HQRXJK� 7KH
DFKLHYHG DQJXODU DFFXUDF\ RI WKH DOLJQPHQW LV HVWLPDWHG WR EH � PUDG� 7KH
ODWHUDO PLVDOLJQPHQW LV HVWLPDWHG WR EH ��� PP� 7KLV TXDQWLW\ LQFOXGHV WKH
VKLIW RI WKH VSRW GXH WR ODWHUDO VKLIW RI OHQVHV LQ WKH WHOHVFRSH �VKLIW RI WKH
VSRW LV RI WKH VDPH PDJQLWXGH DV WKH OHQV VKLIW��

��� 6WDELOLW\ RI WKH OLJKW VRXU FHV DQG RI WKH 3 0 7 U HDGRXW

7KH EDVLF PHDVXUHPHQWV GHVFULEHG IXUWKHU LQ WKLV SDSHU WDNH IURP RQH WR
WZHQW\ PLQXWHV WR DFFRPSOLVK RQH VWHS� 7KDW IRU� WKH ORQJ�WHUP VWDELOLW\
RI WKH OLJKW VRXUFHV� WKH 307 DQG WKH UHDGRXW V\VWHP ZDV VWXGLHG EHIRUH
WKH PHDVXUHPHQWV� $Q DOWHUQDWLYH FRXOG EH WKH XVDJH RI D PRQLWRU 307�
EXW WKH 307
V FKDUDFWHULVWLFV WKHPVHOYHV DV ZHOO DV WKH VHQVLWLYLW\ RI WKH
UHDGRXW V\VWHP FRXOG GULIW� $OWKRXJK� D PRQLWRU 307 FRXOG DOPRVW WRWDOO\
UHPRYH WKH LQqXHQFH RI WKH GULIW RI WKH OLJKW VRXUFHV� +RZHYHU� WKH VHWXS
GRHV QRW LQFOXGH D PRQLWRU 307� VLQFH WKH RQH WKDW ZDV LQLWLDOO\ SODQQHG
WR EH XVHG DSSHDUHG WR EH GHIHFWLYH� DQG WKH GHOLYHU\ DQG SUHSDUDWLRQ WLPH
RI DQRWKHU ZRXOG EH WRR ORQJ�
%HFDXVH RI GULIWV� LW LV GHVLUDEOH WR DFFRPSOLVK RQH PHDVXUHPHQW DV TXLFN

DV SRVVLEOH� 6LQFH WKH SURFHGXUH� DV D UXOH� LQFOXGHV RSHQLQJ RI WKH GDUN
ER[ DQG VXEMHFWLQJ RI WKH 307 WR GD\OLJKW� WKH ?UHVW� FKDUDFWHULVWLFV RI
WKH 307 ZDV VWXGLHG� WKH UHGXFWLRQ RI WKH EDFNJURXQG UDWH DIWHU EULJKW
LOOXPLQDWLRQ �QR KLJK YROWDJH GXULQJ LOOXPLQDWLRQ� QDWXUDOO\�� 7KH DLP RI
WKLV VWXG\ ZDV WR pQG WKH QHFHVVDU\ DPRXQW RI WLPH RQH VKDOO ZDLW EHIRUH
GDWD WDNLQJ DIWHU WKH OLJKW VRXUFHV DUH VZLWFKHG RQ RU WKH GDUN ER[ LV RSHQHG�
,W DSSHDUHG WKDW WKH EDFNJURXQG UHVWLQJ WLPH LV FORVH WR �� PLQXWHV� DV

LW FDQ EH VHHQ LQ )LJXUH ��
,I WKH LQLWLDO LOOXPLQDWLRQ ZDV QRW EULJKW EXW UDWKHU RUGLQDU\ URRP LOOX�

PLQDWLRQ RU HYHQ DWWHQXDWHG� WKHQ WKH UHVW WLPH ZDV VHYHUDO WLPHV VPDOOHU�
,Q DOO FDVHV� DIWHU �� PLQXWHV WKH PHDQ EDFNJURXQG UDWH ZDV OHVV WKDQ ��
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)LJXUH �� 'HFUHDVH RI WKH EDFNJURXQG UDWH LQ GDUNQHVV� 0HDQ UDWH LQ FKDQ�
QHOV�

+]� 2XU GDWD RQ UHVW�WLPH FRLQFLGHV ZLWK WKDW EURXJKW LQ WKH /MXEOMDQD QRWH
4XDOLW\ DVVHVVPHQW WHVWV RI +DPDPDWVX 0�� SKRWRPXOWLSOLHUV�
7KHUH DUH WZR PDLQ OLJKW VRXUFHV LQ WKH VHWXS� D GHXWHULXP ODPS� FRY�

HULQJ VSHFWUDO UDQJH ��� ^ ��� QP� DQG D WXQJVWHQ ODPS� FRYHULQJ WKH UDQJH
��� ^ ��� QP� 7KH IROORZLQJ )LJXUH � VKRZV WKHLU VWDELOLWLHV EHJLQQLQJ IURP
WKH PRPHQW RI VZLWFKLQJ RQ� 'DWD WDNLQJ SHULRG LV � PLQXWH� 1DWXUDOO\� WKH
FXUYHV UHSUHVHQW QRW RQO\ WKH VWDELOLW\ RI WKH SKRWRQ qX[� EXW DOVR WKH GULIW
RI WKH 307
V SURSHUWLHV DQG RI WKH IXUWKHU VLJQDO SURFHVVLQJ FKDLQ�
&RQFOXVLRQ� WKH GULIW RYHU WKH PHDVXUHPHQW GXUDWLRQ RI �� PLQXWHV LV

VPDOOHU WKDQ ���� DIWHU D SURSHU ZDLWLQJ WLPH RI �� PLQXWHV�

�



Time, sec

R
at

e,
 H

z

4700

4800

4900

5000

5100

5200

5300

5400

0 1000 2000 3000 4000 5000 6000 7000

)LJXUH �� 6WDELOLW\ RI WKH WZR OLJKW VRXUFHV

7R PRQLWRU WKH GULIW� EHIRUH DQG DIWHU D PHDVXUHPHQW� WZR UHIHUHQFH
UDWHV ZHUH PHDVXUHG XQGHU p[HG FRQGLWLRQV� RQH ZLWK GHXWHULXP ODPS DQG
WKH RWKHU ZLWK WXQJVWHQ ODPS� $Q H[DPSOH RI D UHIHUHQFH PHDVXUHPHQW LV
VKRZQ LQ )LJXUH �� 'XH WR VPDOO GHYLDWLRQ IURP FRQVWDQW YDOXH� QR FRUUHFWLRQ
RI WKH PHDVXUHG UDWHV RI FKDQQHOV LV QHFHVVDU\�
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� 0 HDVXU HPHQWV

��� 7 HVW RI LPDJLQJ TXDOLW\

7R HVWLPDWH WKH LPDJLQJ TXDOLW\ RI WKH WHOHVFRSH� WZR WHVWV ZHUH FDUULHG RXW�
7KH pUVW VLPSOH WHVW ZDV DFFRPSOLVKHG RXWVLGH WKH GDUN ER[� WKH VKLIW RI D
VSRW LPDJH ZDV VWXGLHG YHUVXV LQFLGHQFH DQJOH DW p[HG LQFLGHQW SODFH�
$ SODWH ZLWK WKUHH VPDOO KROHV� IXQFWLRQLQJ DV D OLJKW GLDSKUDJPV� ZDV

SRVLWLRQHG RQ WRS RI WKH pHOG OHQV� DQG FHQWHUHG� 7KH KROHV ZHUH PDGH LQ
WKH FHQWHU� DW ��� PP DSDUW IURP WKH FHQWHU DQG DW �� PP DSDUW� $OO KROHV
OLH LQ RQH OLQH SDUDOOHO WR ; D[LV� 7KH LQFLGHQW QDUURZ EHDP �UHG +H�1H ODVHU
DW ��� QP� UHIUDFWLYH LQGH[ DW WKLV ZDYHOHQJWK ������ ZDV LQ ;2= SODQH� $OO
WKUHH KROHV ZHUH LOOXPLQDWHG LQ WKUHH VHWV RI PHDVXUHPHQWV� GXULQJ HDFK RI
WKRVH WKH DQJOH ZDV VFDQQHG� 6HH )LJXUH ��

angle

XZ

Mask with three holes

A small (0.5 mm) distance

Spot position

Field lens

Incident laser ray
Three small diaphragms

Lens holder

Incidence

)LJXUH �� 7KH VFKHPH RI VSRW VFDQ H[SHULPHQW

7KH SORWV� VKRZLQJ WKH SRVLWLRQ RI WKH VSRW DW WKH 307
V ZLQGRZ� DUH
JLYHQ LQ )LJXUH �� )LJXUH �� )LJXUH �� 1RWH WKDW IRU DQ LGHDO WHOHVFRSH WKHUH
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VKRXOG EH QR PRYHPHQW RI WKH VSRW YHUVXV DQJOH�

Incidence angle in XOZ plane, mrad
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)LJXUH �� 6KLIW RI VSRW YHUVXV LQFLGHQFH DQJOH IRU FHQWUDO LQFLGHQFH SRVLWLRQ

$V RQH FDQ VHH� WKH VKLIW LQ WKH FHQWHU LV VPDOOHU WKDQ ��� PP IRU H[SHFWHG
DQJXODU VSHFWUXP� ZKLFK LV TXLWH DFFHSWDEOH� $W KDOI RI WKH UDGLXV LW LV OHVV
WKDQ } � PP� $W WKH HGJH LW UHDFKHV PXFK KLJKHU YDOXHV DQG JRHV RXW RI
DFFHSWDQFH�
7KH VHFRQG WHVW ZDV DOVR GRQH RXWVLGH WKH GDUN ER[� WKH LPDJH RI RI D

UHJXODU DUUD\ RI FURVVHG OLQHV RU JUDWLQJ ZDV p[HG RQ D SKRWRJUDSKLF pOP�
7KH DUUD\ KDG D SLWFK RI � PP DQG ZDV SODFHG RQ WRS RI WKH pHOG OHQV�

7KH pOP ZDV SODFHG DW WKH ORFDWLRQ RI WKH EHVW YLVXDO IRFXV� 7KH OLJKW VRXUFH
XVHG ZDV UHG ODVHU� WKH OLJKW RI ZKLFK ZDV PDGH SDUDOOHO DQG IDOOLQJ ZLWK ]HUR
LQFLGHQFH DQJOH� 6HH )LJXUH ��� 7KH VPDOO UHG �RU JUH\ RQ EODFN�DQG�ZKLWH
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Incidence angle in XOZ plane, mrad
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Incidence angle in XOZ plane, mrad
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FRSLHV� VTXDUHV FRUUHVSRQG WR WKH RSHQ DUHDV RI WKH JUDWLQJ�

)LJXUH ��� 3KRWRJUDSK WDNHQ RI � PP SLWFK JUDWLQJ �UHG� ZLWK VLPXODWHG
UD\V �EOXH GRWV�� GLVFXVVHG EHORZ� 7LF�PDUNV LQGLFDWH � PP VFDOH RQ LPDJH
SODQH�

)RU DQ LGHDO WHOHVFRSH� WKH LPDJH VKRXOG DOVR EH D UHJXODU JULG ZLWK VTXDUH
FHOOV� 7KH WHOHVFRSH FOHDUO\ GLVWRUWV WKH LPDJH� HVSHFLDOO\ RQ WKH HGJHV� $
FDOFXODWLRQ ZDV FDUULHG RXW WR SURGXFH WKH DUUD\ RI GRWV VXSHULPSRVHG RQ WKH
LPDJH LQ WKH pJXUH� $V GLVFXVVHG EHORZ LQ WKH VHFWLRQ RQ VLPXODWLRQV� PDWFK�
LQJ WKH DFWXDO LPDJH ZLWK WKH FDOFXODWHG DUUD\ ZDV FUXFLDO LQ GHWHUPLQLQJ
GHYLDWLRQV RI DFWXDO OHQV SDUDPHWHUV IURP H[SHFWHG YDOXHV�

��



��� &ROOHFWLRQ HrFLHQF\ RI WKH WHOHVFRSH RYHU WKH VSHFWU XP

7KH FROOHFWLRQ HrFLHQF\ �WUDQVPLVVLRQ� RI WKH FKDQQHOV DV ZHOO DV WKH PHDQ
FROOHFWLRQ HrFLHQF\ RI DOO FKDQQHOV ZDV PHDVXUHG E\ WDNLQJ WKH UDWHV ZLWK
LQVWDOOHG WHOHVFRSH DQG ZLWKRXW WKH WHOHVFRSH� 7KH LQFLGHQFH DQJOH LV ]HUR
IRU WKLV PHDVXUHPHQW� 7KH GHpQLWLRQ RI WKH FROOHFWLRQ HrFLHQF\ ZH XVH�

&ROOHFWLRQ HrFLHQF\  
�UDWH ZLWK WHOHVFRSH�b �QRLVH UDWH�

� e ��UDWH ZLWKRXW WHOHVFRSH�b �QRLVH UDWH��

7KH IDFWRU � FRPHV IURP WKH QRPLQDO PDJQLpFDWLRQ IDFWRU ^����
&ROOHFWLRQ HrFLHQFLHV DUH VKRZQ LQ )LJXUH ���
$ FRQWURO PHDVXUHPHQW ZDV GRQH� LQ WKH UDQJH ��� ^ ��� QP� ZKHUH WKH

HPLVVLRQV RI WZR ODPSV RYHUODS� WKH FROOHFWLRQ HrFLHQF\ ZDV PHDVXUHG ZLWK
ERWK ODPSV� 7KH GLoHUHQFH LV OHVV WKDQ ���� DQG LV ZLWKLQ WKH HUURUV RI WKH
PHDVXUHPHQW�
7KH LQVWDELOLW\ RI WKH OLJKW VRXUFHV LV WKH GRPLQDWLQJ HUURU LQ WKH FROOHF�

WLRQ HrFLHQF\ PHDVXUHPHQW� $W WKH ZDYHOHQJWKV RI PHDVXUHPHQW ��� DQG
��� QP WKH QRLVH �RU� WR EH PRUH H[DFW� WKH LQVWDELOLW\ RI QRLVH� DGGV LWV VWD�
WLVWLFDO FRQWULEXWLRQ WR WKH PHDVXUHPHQW HUURU� ZKLFK LV VLJQLpFDQW RQO\ IRU
WKHVH WZR ZDYHOHQJWKV� 2WKHU HUURUV DUH PXFK VPDOOHU DQG GLrFXOW WR HVWL�
PDWH� 7KH HUURU EDUV RQ WKH FROOHFWLRQ HrFLHQF\ FXUYH LQ )LJXUH �� UHSUHVHQW
WKH ���� ODPS LQWHQVLW\ GULIW DQG WKH VDLG VWDWLVWLFDO HUURU� PXOWLSOLHG E\

S
�

EHFDXVH WKH YDOXH RI FROOHFWLRQ HrFLHQF\ LV REWDLQHG WKURXJK GLYLVLRQ RI WZR
PHDVXUHPHQWV
 GDWD� :H GR QRW PXOWLSO\ WKH ���� E\ � EXW UDWKHU E\

S
��

EHFDXVH XQGHU ?HUURU� ZH XQGHUVWDQG WKH VWDQGDUG GHYLDWLRQ �� FDOFXODWHG

DV VXP RI VTXDUHV� �FROO� Ho �  
T
��

Z LWK RX W WHO�
� ��

Z LWK WHO�
�

$ 0RQWH�&DUOR FDOFXODWLRQ RI FROOHFWLRQ HrFLHQF\ ZDV SHUIRUPHG SULRU
WR WKH GHWDLOHG VLPXODWLRQ VWXGLHV GLVFXVVHG EHORZ� 7KH UHVXOWV DUH VKRZQ
LQ )LJXUH ��DV GDVKHG OLQHV� 6XEVWDQWLDO GLVDJUHHPHQW ZDV REVHUYHG� ZKLFK
SURYLGHG WKH LPSHWXV IRU WKH ODWHU VLPXODWLRQ VWXGLHV�

��� &ROOHFWLRQ HrFLHQF\ YHU VXV LQFLGHQFH DQJOH

7KH WHOHVFRSH� WRJHWKHU ZLWK WKH 307� ZDV LQFOLQHG UHODWLYH WR LQFLGHQW OLJKW
WR VWXG\ WKH GHSHQGHQFH RI WKH FROOHFWLRQ HrFLHQF\ RQ WKH LQFLGHQFH DQJOH�
7ZR VWHSSHU PRWRUV DQG WKH URWDWLRQ PHFKDQLFV DOORZ WR PDNH DQ DQJXODU
VFDQ LQ WKH UDQJH h ��� PUDG LQ HDFK GLUHFWLRQ LQ RQH UXQ�
7KH LQFLGHQFH DQJOH RYHU WKH 307
V VXUIDFH LV DSSUR[LPDWHO\ WZLFH ODUJH�

WKDQ WKDW RYHU WKH pHOG OHQV� DQG KDV WKH RSSRVLWH VLJQ� 7KDW IRU WKH DQJXODU
VHQVLWLYLW\ RI WKH 307 ZDV pUVW VWXGLHG� ,W DSSHDUHG� WKDW WKH VHQVLWLYLW\ RI

��
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WKH 307 YDULHV ZLWKLQ VHYHUDO SHUFHQWV IRU WKH DQJXODU UDQJH RI LQFLGHQW OLJKW
^��� �� ���� PUDG DQG KDV D PD[LPXP QRW DOZD\V DW ]HUR GHJUHH LQFLGHQFH�
6RPH H[DPSOHV RI DQJXODU VHQVLWLYLW\ RI GLoHUHQW WXEHV DUH VKRZQ LQ WKH
IROORZLQJ )LJXUH ��� )LJXUH ��� )LJXUH ��� %HFDXVH RI XQNQRZQ SRODUL]DWLRQ
RI WKH LQFLGHQW OLJKW DQG RWKHU UHDVRQV DV ZHOO LW LV GLrFXOW WR LQWHUSUHW WKLV
GDWD�

inclination around Y axis, lambda = 350nm
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)LJXUH ��� $QJXODU VHQVLWLYLW\ RI WKH WXEH VHULDO QXPEHU �/��5$

:KHQ FDOFXODWLQJ WKH FROOHFWLRQ HrFLHQF\ YHUVXV LQFLGHQFH DQJOHV� WKH
]HUR LQFLGHQFH DQJOH VLJQDOV LQ �� FKDQQHOV ZHUH WDNHQ DV GHQRPLQDWRU LQ WKH
IRUPXOD IRU FROOHFWLRQ HrFLHQF\ GHWHUPLQDWLRQ� VLQFH WKHUH LV D UDWKHU ZLGH
DQJXODU VSHFWUXP IDOOLQJ RYHU WKH 307�
,Q )LJXUH �� WKH FROOHFWLRQ HrFLHQF\ LV VKRZQ IRU LQFLGHQFH DQJOHV YDU\LQJ
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LQ ;2= SODQH �WKH URWDWLRQ D[LV LV <�� :DYHOHQJWK LV ��� QP�

  ANGULAR DEPENDENCE OF THE TELESCOPE TRANSMISSION
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)LJXUH ��� &ROOHFWLRQ HrFLHQF\ RI WKH WHOHVFRSH YHUVXV LQFLGHQFH DQJOH

)RU DQ LGHDO WHOHVFRSH RQ IRFXV� WKHUH VKRXOG EH QR DQJXODU GHSHQGHQFH
RI WKH FROOHFWLRQ HrFLHQF\� 7KH GHFUHDVH RI WKH PHDQ FROOHFWLRQ HrFLHQF\
ZLWK WKH LQFUHDVH RI DQJOH LV GXH WR VOLGLQJ RI WKH ZKROH SLFWXUH RXW RI WKH
307� 7KH LQFUHDVH RI FROOHFWLRQ HrFLHQF\ IRU VRPH FHOOV LV GXH WKH VKLIW RI
WKH VSRW� ZKLFK LQFUHDVHV ZLWK WKH DQJOH� ZKHQ LQFOLQHG� WKH FHOOV EHJLQ WR
UHFHLYH WKH OLJKW� ZKLFK ZHQW WR QHLJKERU FHOOV DW ]HUR DQJOH�
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��� 6WXG\ RI PXOWLSOH U HqHFWLRQV DQG VFDWWHU HG OLJKW

7KHUH DUH VHYHQ XQFRDWHG UHqHFWLQJ VXUIDFHV LQ WKH VHWXS� VL[ RI WKH OHQVHV
DQG RQH RI WKH LQSXW ZLQGRZ RI WKH 307� %HVLGHV� VRPH GLoXVH VFDWWHULQJ
RI OLJKW EHFDXVH RI EXON DQG VXUIDFH LQKRPRJHQHLWLHV LV REVHUYHG� 7KDW IRU� D
VWXG\ ZDV SHUIRUPHG WR HVWLPDWH WKH PDJQLWXGH RI UHqHFWLRQV DQG VFDWWHUHG
OLJKW�
7KH PHWKRG FKRVHQ ZDV WR LOOXPLQDWH WKH WHOHVFRSH ZLWK D QDUURZ EHDP

DQG UHJLVWHU WKH VLJQDOV LQ WKH FKDQQHOV� ,Q WKH DEVHQFH RI UHqHFWLRQV DQG
VFDWWHUHG OLJKW� RQO\ VLJQDOV LQ WKH FHOOV� ZKLFK DUH GLUHFWO\ LOOXPLQDWHG ZLWK
WKH QDUURZ EHDP� VKRXOG EH ODUJHU WKDQ WKH GDUN UDWH� 7RWDO QXPEHU RI VXFK
FHOOV� HYLGHQWO\� LV � ^ ��
7R REWDLQ WKH QDUURZ EHDP� D ��PP GLDSKUDJP ZDV SODFHG RQ WRS RI

WKH pHOG OHQV� ,W ZDV SRVLWLRQHG VR� WKDW DW ]HUR LQFLGHQFH DQJOH WKH LPDJH
ZDV IRUPHG RQ WKH FURVV RI WKH FHOOV � �� �� � DQG ��
7KH GLDSKUDJP ZDV QRW SRVLWLRQHG RQ WKH D[LV RI WKH OHQV V\VWHP� VLQFH

WKH UHqHFWHG SKRWRQV ULJKW LQ WKH FHQWHU JR DORQJ WKH VDPH SDWK �EHFDXVH RI
QRUPDO LQFLGHQFH� ZLWK WKH PDLQ OLJKW DQG ZRXOG EH WKXV PDVNHG�
7KH LPDJH RI WKH GLDSKUDJP RQ WKH 307 LV } ��� PP LQ GLDPHWHU� 7KLV

VL]H FRXOG QRW EH IXUWKHU UHGXFHG IRU WZR UHDVRQV� WKH LQKRPRJHQHRXV VHQ�
VLWLYLW\ RI WKH SKRWRFDWKRGH HYHQ ZLWKLQ RQH FHOO PDQLIHVWV LWVHOI WRR VWURQJ�
DQG WKH DEVROXWH LQWHQVLW\ EHFRPHV VR VPDOO WKDW WKH UHqHFWLRQV DUH ORVW LQ
WKH QRLVH�
7KH LOOXPLQDWLRQ IRU WKLV VWXG\ ZDV QRW WKH OLJKW IURP WKH PRQRFKUR�

PDWRU �LV WRR ZHDN�� EXW WKH pOWHUHG WKURXJK D EOXH pOWHU OLJKW RI DQ LQ�
FDQGHVFHQW WXQJVWHQ ODPS� 7KH VSHFWUDO UDQJH LV HVWLPDWHG WR EH ��� ^
��� QP� ZKLFK LQFOXGHV WKH ZDYHOHQJWK UDQJH� ZKHUH PD[LPXP RI VLJQDO
LQ 5,&+ GHWHFWRU LV H[SHFWHG� 7KH OLJKW ZDV DV SDUDOOHO DV WKH OLJKW ZLWK
PRQRFKURPDWRU�
$Q DQJXODU VFDQ ZDV SHUIRUPHG LQ WKH UDQJH ^��� �� ���� PUDG� 7KH UH�

VXOWV RI WKLV VWXG\ PXVW EH WUHDWHG DV DSSUR[LPDWH RQO\� IRU VHYHUDO UHDVRQV�
�L� WKH DPRXQW RI UHJLVWHUHG UHqHFWHG DQG VFDWWHUHG OLJKW GHSHQGV VWURQJO\
RQ GLDSKUDJP SRVLWLRQ �WKLV VWDWHPHQW LV DOVR EDVHG RQ YLVXDO REVHUYDWLRQ
RI WKH UHqHFWLRQV ZLWK ODVHU EHDP�� �LL� LW LV QRW DOZD\V SRVVLEOH WR GLVWLQ�
JXLVK EHWZHHQ WKH GLoXVHO\ VFDWWHUHG DQG WKH UHqHFWHG OLJKW� �LLL� WKH VWXG\
ZDV GRQH ZLWK EURDG�VSHFWUXP OLJKW� PHDQZKLOH WKH DEVRUSWLRQ� ZKLFK LV
VSHFWUDOO\ GHSHQGHQW� SOD\V DQ LPSRUWDQW UROH LQ WKH VWXG\� $ VXPPDU\ RI
UHVXOWV IROORZV�

6WXG\ RI WKH VFDWWHUHG OLJKW� WKH LOOXPLQDWLRQ WKURXJK WKH GLDSKUDJP FDXVHG
D QRWLFHDEOH� DOWKRXJK VPDOO� LQFUHDVH RI EDFNJURXQG LQ DOO FKDQQHOV�

��



,Q GDUNQHVV� W\SLFDO UDWHV DUH � ^ �� +]� :LWK LOOXPLQDWLRQ� WKH UDWHV
LQ QRW GLUHFWO\ LOOXPLQDWHG FKDQQHOV LQFUHDVHG XS WR ��� ^ ���� +]�
ZLWK WKH UDWHV LQ LOOXPLQDWHG FKDQQHOV EHLQJ | ��� b ��� +]� )RU
WZR FKDUDFWHULVWLF FDVHV� ]HUR LQFLGHQFH DQJOH DQG �� PUDG DQJOH LQ <
GLUHFWLRQ� WKH IRXU LOOXPLQDWHG FHOOV FRQWDLQ }��� RI WKH WRWDO UDWH�
WKH UHPDLQLQJ �� LV LQ RWKHU �� FHOOV� 7KHVH �� LQFOXGH� QDWXUDOO\� QRW
RQO\ WKH GLoXVHO\ VFDWWHUHG� EXW DOVR WKH PXOWLSOH�UHqHFWHG SKRWRQV�

6WXG\ RI WKH PXOWLSOH UHqHFWLRQ� IRU DOPRVW ��� RI SRLQWV RI WKH VFDQQHG
DQJXODU UDQJH� KLJKHU LQWHQVLW\ LQ VRPH �^� FKDQQHOV �EHVLGHV WKH IRXU
GLUHFWO\ LOOXPLQDWHG FKDQQHOV� ZDV GHWHFWHG� 7KLV LV� HYLGHQWO\� GXH WR
UHqHFWLRQV LQ WKH RSWLFDO V\VWHP� $ W\SLFDO H[DPSOH LV VKRZQ LQ WKH
IROORZLQJ WDEOH� ZKHUH UDWHV DUH QRUPDOL]HG WR WKH UDWH LQ FKDQQHO � �
DQG WKH LQGLYLGXDO VHQVLWLYLW\ RI FKDQQHOV LV DFFRXQWHG IRU�

&K� 5DWH &K� 5DWH &K� 5DWH &K� 5DWH

� ����� � ����� � ����� � �����
� ����� � ����� � ����� � �����

� ����� � ����� �� ����� �� �����
�� ����� �� ����� �� ����� �� �����

2QH FDQ VHH D QRWLFHDEOH LQFUHDVH LQ UDWHV RI FKDQQHOV � � DQG ��� &HOO
� �� DOVR KDV D OLWWOH KLJKHU UDWH �FRPSDUH ZLWK� VD\� FHOO � �� ZKLFK
LV DW WKH VDPH GLVWDQFH IURP WKH LOOXPLQDWHG FHOOV�� :KHQ WKH PXOWLSOH
UHqHFWLRQ LV HVWLPDWHG QXPHULFDOO\� LW VWLOO OLHV ZLWKLQ WKH ��� ZKLFK
RFFXSLHV WKH VFDWWHUHG OLJKW� DV LW ZDV VDLG EHIRUH� WKH UHqHFWLRQV DQG
VFDWWHUHG OLJKW FDQQRW EH IXOO\ VHSDUDWHG�

6R� WKH FRQFOXVLRQ� WKH VFDWWHUHG DQG PXOWLSOH�UHqHFWHG SKRWRQV DUH RE�
VHUYDEOH� 7RWDO DPRXQW LV RI RUGHU RI �� �WKLV YDOXH LV REWDLQHG YLD ORRNLQJ
WKURXJK PDQ\ RI VLPLODU WDEOHV�� 5HqHFWLRQV DUH XVXDOO\ REVHUYHG LQ �^�
FHOOV�
,Q WKH IXWXUH WZR�OHQV VHWXS� WKH QXPEHU RI UHqHFWLQJ VXUIDFHV ZLOO EH

UHGXFHG E\ WZR� %XW LQ WKH 5,&+ GHWHFWRU WKLV QXPEHU ZLOO DJDLQ LQFUHDVH
E\ WZR EHFDXVH RI WKH SKRWRQ GHWHFWRU ZLQGRZ�

��



� 6LPXODWLRQ RI 2SWLFDO 3 HU IRU PDQFH

7KLV VHFWLRQ GHVFULEHV RXU HoRUWV WR PRGHO WKH SHUIRUPDQFH RI WKH WKUHH�
OHQV SURWRW\SH OLJKW FROOHFWRU GHVFULEHG DERYH� 7KH SXUSRVH LV WR FKHFN RXU
XQGHUVWDQGLQJ RI VXFK OLJKW FROOHFWRUV LQ SUHSDUDWLRQ IRU SURGXFWLRQ RI WKH
+HUD�% 5,&+ SKRWRQ GHWHFWRUV� :H XVH 06 ([FHO RSWLFV WRROV GHYHORSHG
IRU WKLV SXUSRVH�

��� 3 U RFHGXU H

7KH RULJLQDO GHVLJQ SDUDPHWHUV WKDW JXLGHG WKH H[SHULPHQWDO VHWXS ZHUH
IRXQG WR QRW DGHTXDWHO\ GHVFULEH WKH GDWD_TXDOLWDWLYHO\� WKH LPDJH IRUPHG
LQ WKH SURWRW\SH VHWXS ZDV VPDOOHU WKDQ SUHGLFWHG �JUHDWHU GH�PDJQLpFDWLRQ�
DQG DSSHDUHG WR EH IRUPHG EHKLQG WKH H[SHFWHG IRFDO SODQH� 7KHUH DUH
HQRXJK GHJUHHV RI IUHHGRP LQ HYHQ WKLV VLPSOH RSWLFDO V\VWHP WKDW ZH FDQ
YDU\ VRPH IURP WKH GHVLJQ YDOXHV DQG UHSURGXFH� UHDVRQDEO\ ZHOO� WKH H[SHU�
LPHQWDO REVHUYDWLRQV� +RZHYHU� QR VHW ZDV REYLRXVO\ VXSHULRU WR DOO RWKHUV�
7KHUHIRUH� DIWHU WU\LQJ VHYHUDO DSSURDFKHV� ZH KDG WR PDNH MXGJPHQWV RQ WKH
UHOLDELOLW\ RI WKH UHOHYDQW SLHFHV RI LQIRUPDWLRQ DQG VHWWOHG RQ WKH IROORZLQJ
VWHSV WR DUULYH DW WKH PRGHO SDUDPHWHUV SUHVHQWHG KHUH�

�� :H pWWHG PHDVXUHPHQWV RI WKH OHQV VXUIDFH GLPHQVLRQV WR GHWHUPLQH
VKDSH SDUDPHWHUV �FXUYDWXUH DQG D �WK�RUGHU FRUUHFWLRQ WHUP� IRU ERWK
IDFHV RI WKH OHQVHV� 7KH WKUHH OHQVHV DUH DVVXPHG WR EH LGHQWLFDO�

�� :H DVVXPHG WKH LQGH[ RI UHIUDFWLRQ IRU UHG ODVHU OLJKW LV ������ 6HY�
HUDO LQGHSHQGHQW SURGXFW FXUYHV IURP GLoHUHQW PDQXIDFWXUHUV JLYH
WKLV YDOXH� �7KH PHDVXUHPHQWV RI FHOO HrFLHQFLHV ZHUH SHUIRUPHG
RYHU D UDQJH RI ZDYHOHQJWKV� WKH FRUUHVSRQGLQJ YDOXHV RI LQGH[�RI�
UHIUDFWLRQ ZHUH WDNHQ IURP WKH PDQXIDFWXUHUV FXUYHV� ZKLFK DUH ZHOO
UHSUHVHQWHG RYHU WKH ZDYHOHQJWKV RI LQWHUHVW E\ WKH H[SUHVVLRQ Q�y�  
����� � ����� Q P

y
����

�� :H YDULHG� D� WKH VHSDUDWLRQ EHWZHHQ WKH pUVW �?pHOG�� OHQV DQG VHFRQG
�pUVW PHPEHU RI ?FRQGHQVHU SDLU�� DQG� LQGHSHQGHQWO\� E� WKH VHSDUD�
WLRQ EHWZHHQ WKH WKLUG OHQV DQG WKH LPDJH SODQH LQ RUGHU WR UHSURGXFH
D SKRWRJUDSK WDNHQ RI D JUDWLQJ SODFHG LQ IURQW RI WKH pHOG OHQV�

�� :H FKHFNHG WKH RSWLFDO SDUDPHWHUV WKXV GHWHUPLQHG E\ FRPSDULQJ WR
WKH LQFLGHQW DQJOH YHUVXV pQDO SRVLWLRQ PHDVXUHPHQWV JLYHQ LQ )LJXUHV
�� �� DQG � DERYH� 7KH SRVLWLRQ RI WKH LPDJH SODQH ZDV YDULHG IRU

��



WKHVH VWXGLHV� EXW D VLQJOH ]�ORFDWLRQ ZDV XVHG IRU DOO WKUHH LQLWLDO EHDP
SRVLWLRQV�

�� :H VLPXODWHG WKH 307 FHOO HrFLHQFLHV� TXRWHG LQ WKH GUDIW QRWH� XVLQJ
RSWLFDO SDUDPHWHUV GHYHORSHG DERYH� EXW YDU\LQJ WKH SRVLWLRQ RI WKH
307 IDFH WR EHVW pW WKH GDWD�

7KH RSWLFDO SDUDPHWHUV IRXQG E\ WKLV SURFHGXUH DUH JLYHQ LQ WKH IROORZLQJ
WDEOH �XQLWV RI PP ZKHUH QHHGHG��

6XUIDFH /RFDWLRQ &XUYDWXUH �WK�2UGHU �WK�2UGHU
] N $� $�

)URQW IDFH RI pHOG OHQV � ������ ���� �
5HDU IDFH RI pHOG OHQV � �������� ���� �
)URQW IDFH RI �VW FRQGHQVHU ���� ������ ���� �
5HDU IDFH RI �VW FRQGHQVHU ���� �������� ���� �
)URQW IDFH RI �QG FRQGHQVHU ���� ������� ���� �
5HDU IDFH RI �QG FRQGHQVHU ����� ������� ���� �
,PDJH SODQH pOP ����� � � �
,PDJH SODQH 307 IDFH ��� � � �

:H GR QRW UHJDUG WKHVH SDUDPHWHUV DV GHpQLWLYH� EXW� UDWKHU� DV EHLQJ
UHSUHVHQWDWLYH RI WKH GHSDUWXUHV IURP GHVLJQ YDOXHV QHHGHG WR pW WKH GDWD�

��� /HQV 6KDSH

7KH FXUYHG VXUIDFHV RI WKH SURWRW\SH �GRXEOH�FRQYH[� OHQVHV XVHG LQ WKLV
H[HUFLVH ZHUH GHVFULEHG E\ WKH PDQXIDFWXUHU DV EHLQJ VSKHULFDO ZLWK UDGLL
RI FXUYDWXUH� �� PP DQG �� PP� +RZHYHU� WKHVH SDUDPHWHUV GR QRW OHDG
WR D VDWLVIDFWRU\ VLPXODWLRQ RI WKH WHVW UHVXOWV� 7KHUHIRUH� PHDVXUHPHQWV RI
WKH OHQV VKDSH ZHUH PDGH DW '(6< DQG WKH UHVXOWV ZHUH PDGH DYDLODEOH WR
XV IRU WKLV VWXG\� :H pW WKHVH PHDVXUHPHQWV WR WKH GHVFULSWLRQ RI WKH OHQV
VXUIDFH VKDSH XVHG LQ RXU UD\�WUDFLQJ WRROV�
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ZKHUH K LV WKH KHLJKW RI WKH VXUIDFH IURP D SODQH QRUPDO WR LW DW LWV FHQWHU�
U LV WKH UDGLDO GLVWDQFH IURP WKH FHQWHU RI WKH VXUIDFH� N LV WKH FXUYDWXUH
SDUDPHWHU �N  � 5 IRU VSKHULFDO VXUIDFHV�� $� LV WKH �WK�RUGHU FRUUHFWLRQ

��



WHUP� DQG $� LV WKH �WK�RUGHU FRUUHFWLRQ WHUP� 7KH FRHrFLHQWV RI WKH DVSKHU�
LFDO FRUUHFWLRQ WHUPV ZHUH QRUPDOL]HG WR EH WKH VDPH DV WKH FRUUHVSRQGLQJ
WHUPV LQ D 7D\ORU�VHULHV H[SDQVLRQ RI D SXUHO\ VSKHULFDO VXUIDFH ZKHQ WKH
FRUUHVSRQGLQJ $ SDUDPHWHU LV XQLW\�
7KH 6ROYHU WRRO RI 06 ([FHO ZDV XVHG WR pW WKH VKDSH PHDVXUHPHQWV

ZLWK WKH SDUDPHWHUV XVHG KHUH� 3XUHO\ VSKHULFDO VXUIDFHV \LHOG UHVLGXDOV
RI QHDUO\ ��� PLFURQV� ZKLFK ZH FRQVLGHU WR EH XQVDWLVIDFWRU\� *RRG pWV
DUH REWDLQHG LI ZH LQFOXGH WKH $� WHUP� WKH FRUUHVSRQGLQJ UHVLGXDOV DUH
OHVV WKDQ �� PLFURQV� %HFDXVH RI WKH OLPLWHG QXPEHU DQG UDQJH RI VXUIDFH
PHDVXUHPHQWV� ZH FKRVH QRW WR LQFOXGH DQ $� WHUP LQ WKH pWV XVHG LQ WKLV
VLPXODWLRQ VWXG\� 7KH VKDSH SDUDPHWHUV GHWHUPLQHG IURP WKHVH pWV DQG XVHG
LQ WKH VLPXODWLRQ DUH JLYHQ LQ WKH WDEOH DERYH�

��� 3 KRWRJU DSKLF , PDJH

7R EHJLQ WR XQGHUVWDQG WKH RSWLFV RI WKH H[SHULPHQWDO VHWXS� ZH VWXGLHG WKH
pOP�LPDJH WKDW ZDV WDNHQ ZLWK UHG ODVHU OLJKW �ZLWK VPDOO DQJXODU GLYHU�
JHQFH� SDUDOOHO WR WKH RSWLF D[LV IDOOLQJ RQ D � PP�SLWFK JUDWLQJ �UHFWDQJXODU
DUUD\ RI � PP OLQHV VSDFHG E\ �PP�� WKDW ZDV SODFHG LQ IURQW RI WKH pHOG
OHQV_VHH )LJXUH ��� DERYH� 7KH ?ORFDO� PDJQLpFDWLRQ DFURVV WKLV LPDJH ZDV
GHWHUPLQHG E\ PHDVXULQJ WKH GLVWDQFHV EHWZHHQ VSRWV DORQJ WKH [b DQG \b
D[HV RI WKH SKRWRJUDSK� 7KH ORFDO PDJQLpFDWLRQ LV GHpQHG KHUH DV WKH GLV�
WDQFH EHWZHHQ WZR DGMDFHQW VSRWV GLYLGHG E\ � PP� WKH GLVWDQFH EHWZHHQ
RSHQ VTXDUHV RQ WKH LQSXW JUDWLQJ� �2XU VLJQ FRQYHQWLRQ LV IRU DOO D[HV
WR SRLQW LQ WKH VDPH GLUHFWLRQ� %HFDXVH WKLV RSWLFDO DUUDQJHPHQW UHYHUVHV
LPDJHV� WKH PDJQLpFDWLRQ LV D QHJDWLYH QXPEHU�� :H FKRRVH WR SORW WKLV
TXDQWLW\ UDWKHU WKDQ WKH UDWLR RI pQDO SRVLWLRQ WR LQLWLDO SRVLWLRQ EHFDXVH LW
LV VHQVLWLYH WR GLVWRUWLRQV LQ WKH LPDJH� 7KH ORFDO PDJQLpFDWLRQ LV SORWWHG
YHUVXV LQLWLDO DPSOLWXGH RI WKH UD\ LQ )LJXUH ���
'DWD WDNHQ DORQJ WKH WZR D[HV DUH FRQVLVWHQW DQG VKRZ WKH DEHUUDWLRQV

H[SHFWHG IRU WKLV NLQG RI RSWLFDO V\VWHP� 2XU VLPXODWLRQ RI WKH ORFDO PDJ�
QLpFDWLRQ� XVLQJ SDUDPHWHUV GHWHUPLQHG LQ WKLV VWXG\� LV DOVR VKRZQ LQ WKH
pJXUH� 7R DFKLHYH VWURQJ�HQRXJK GH�PDJQLpFDWLRQ DW ]HUR�LQLWLDO DPSOLWXGH�
LW ZDV QHFHVVDU\ WR LQFUHDVH WKH GLVWDQFH EHWZHHQ WKH pHOG OHQV DQG pUVW FRQ�
GHQVHU E\ ��� PP IURP WKH GHVLJQ YDOXH� 7KH ORFDO PDJQLpFDWLRQ DW ODUJH
LQLWLDO DPSOLWXGHV LV VHQVLWLYH WR WKH ]�SRVLWLRQ RI WKH REVHUYLQJ pOP� WKH
VLPXODWHG SRVLWLRQ ZDV YDULHG WR FRQIRUP WR WKH GDWD VKRZQ LQ )LJXUH ���
7KH EHVW ?H\H�EDOO� pW JLYHV ]  �����PP IRU WKH ORFDWLRQ RI WKH pOP SODQH�
FRUUHVSRQGLQJ WR �� PP EHKLQG WKH VHFRQG FRQGHQVHU RU DERXW � PP EHKLQG

WKH GHVLJQ ORFDWLRQ�
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)LJXUH ��� /RFDO PDJQLpFDWLRQ YV ,QLWLDO $PSOLWXGH GHWHUPLQHG E\ PHDVXUH�
PHQWV RI LPDJH SKRWRJUDSK WDNHQ ZLWK SDUDOOHO UD\V� ] UHIHUV WR WKH ORFDWLRQ
RI WKH pOP SODQH UHODWLYH WR WKH IURQW VXUIDFH RI WKH pHOG OHQV�

:LWK WKHVH SDUDPHWHUV� WKH SDWWHUQ RI VSRWV RQ WKH SKRWRJUDSK ZDV
VLPXODWHG E\ VLQJOH UD\V ODXQFKHG SDUDOOHO WR WKH V\VWHP D[LV RQ D � PP JULG�
7KH SKRWRJUDSK� LWVHOI� ZDV GLJLWL]HG ZLWK DQ +3 VFDQQHU DQG WKH UHVXOWLQJ
LPDJH ZDV SURFHVVHG WR NHHS WKH H[SRVHG VSRWV� 7KH VFDQQLQJ DQG LPDJH�
SURFHVVLQJ UHWDLQHG WKH VSDWLDO UHODWLRQVKLSV DQG VFDOH RI WKH SKRWRJUDSK�
7KH VLPXODWHG UD\V ZHUH WKHQ RYHUODLG RQ WKH pOP LPDJH DQG SRVLWLRQHG WR
JLYH WKH EHVW RYHUDOO PDWFK� 7KH SDWWHUQ RI VLPXODWHG UD\V ZDV V\PPHWULF
ZLWK UHVSHFW WR WKH RULJLQ_WKH SKRWRJUDSKLF VSRWV QHHG QRW KDYH WKH VDPH
V\PPHWU\� PHDQLQJ WKDW RXU VLPXODWHG UD\V QHHG QRW FRUUHVSRQG WR WKH H[DFW
FHQWHU RI WKH VSRWV� ZKLFK WKH\ GR QRW�
7KH DJUHHPHQW EHWZHHQ WKH SKRWRJUDSK_VHH )LJXUH ��_DQG VLPXODWLRQ

LV TXLWH JRRG� HYHQ DW WKH HGJH RI WKH LPDJH� ZKHUH WKH LPDJLQJ SURSHUWLHV
DUH KLJKO\ QRQ�OLQHDU� :LWK WKH H[FHSWLRQ RI WZR RU WKUHH UD\V RQ WKH YHU\
SHULSKHU\� HYHU\ VLPXODWHG UD\ FRUUHVSRQGV WR DQ LOOXPLQDWHG VSRW RQ WKH
pOP DQG WKH ORFDWLRQV RI UD\V UHODWLYH WR WKHLU FRUUHVSRQGLQJ VSRWV DUH QHDUO\
FRQVLVWHQW DFURVV WKH HQWLUH pHOG�
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��� 6WXGLHV RI 2SWLFDO 4XDOLW\

$V GHVFULEHG DERYH� WKH RSWLFDO TXDOLW\ RI WKH SURWRW\SH WHOHVFRSH ZDV VWXG�
LHG E\ LOOXPLQDWLQJ VSRWV DW �� ��� PP� DQG �� PP IURP WKH RSWLF D[LV RQ
WKH pHOG OHQV ZLWK UD\V LQFLGHQW RYHU D UDQJH RI DQJOHV DQG UHFRUGLQJ WKH
FRUUHVSRQGLQJ ORFDWLRQV RQ WKH LPDJH SODQH� 6LPXODWLRQV RI )LJXUHV �� ��
DQG � DUH JLYHQ EHORZ�

)LJXUH ��� 'DWD IURP )LJXUH � DERYH ZLWK UHVXOWV RI VLPXODWLRQ�

,Q RXU VLPXODWLRQV RI WKH RSWLFDO�TXDOLW\ VWXGLHV� VLQJOH UD\V ZHUH WUDFNHG
DQG WKH LPDJH ORFDWLRQ ZDV YDULHG WR PDWFK WKH VORSH RI WKH SRVLWLRQ YV DQJOH
FXUYH DW ]HUR�LQFLGHQFH DQJOH� 7KLV VORSH� IRU VPDOO DPSOLWXGHV� LV MXVW WKH
SRVLWLRQ�DQJOH HOHPHQW RI WKH OLQHDU WUDQVSRUW PDWUL[�
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ZKHUH P LV WKH PDJQLpFDWLRQ RI WKH RSWLFDO V\VWHP� ����� LQ WKLV FDVH� DQG
] b ]IRFX V LV WKH GLVWDQFH RI WKH REVHUYLQJ VFUHHQ IURP WKH SDUD[LDO IRFXV� ,W
WXUQV RXW WKDW WKH VDPH LPDJH ORFDWLRQ LV LQGLFDWHG IRU WKHVH VWXGLHV DV ZDV
IRXQG HDUOLHU IRU WKH SKRWRJUDSKLF LPDJH�
7KH VPDOO�DPSOLWXGH GDWD_� PP DQG ��� PP_DUH UHDVRQDEO\ ZHOO GH�

VFULEHG E\ WKH VLPXODWLRQ� EXW ZH ZHUH QRW DOZD\V DEOH WR VXFFHVVIXOO\ WUDFN
UD\V DW WKH ODUJHVW DQJOHV XVHG LQ WKH PHDVXUHPHQWV� :H VSHFXODWH WKDW WKH
QRQ�]HUR EHDP VL]H DQG GLYHUJHQFH� DQG QRQ�OLQHDU UHVSRQVH RI WKH H\H WR
FKDQJHV LQ LQWHQVLW\ DUH UHVSRQVLEOH IRU WKHVH DSSDUHQW GLVFUHSDQFLHV�
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)LJXUH ��� 'DWD IURP )LJXUH � DERYH ZLWK UHVXOWV RI VLPXODWLRQ�

)LJXUH ��� 'DWD IURP )LJXUH � DERYH ZLWK UHVXOWV RI VLPXODWLRQ�

7KH ODUJH�DPSOLWXGH GDWD RI )LJXUH ��� KRZHYHU� DUH UHSURGXFHG LQ VKDSH�
EXW QRW LQ PDJQLWXGH� ,QGHHG� ZH FDQ VHH IURP WKH GDWD� DORQH� WKDW WKH
pQDO SRVLWLRQ _ ! � PP _ IRU ]HUR�DQJOH UD\V VWULNLQJ WKH pHOG OHQV DW
�� PP SUHVHQWHG LQ )LJXUH � DERYH �)LJXUH �� KHUH� LV LQFRQVLVWHQW ZLWK
WKH SKRWRJUDSK GLVFXVVHG DERYH �ZKHUH DOO VSRWV DUH LQVLGH D UDGLXV RI �
PP�� LI WKH WZR PHDVXUHPHQWV ZHUH WDNHQ DW WKH VDPH ORQJLWXGLQDO SRVLWLRQ�
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7KH SDSHU VWDWHV WKDW WKH RSWLFDO TXDOLW\ PHDVXUHPHQW ZDV SHUIRUPHG DW D
VPDOOHU ORQJLWXGLQDO SRVLWLRQ� ZKLFK PD\ DFFRXQW IRU WKH ODUJHU GDWD YDOXHV
LQ )LJXUH ��� EXW ZRXOG VHHP WR EH LQFRQVLVWHQW ZLWK WKH GDWD IRU VPDOOHU
LQLWLDO DPSOLWXGHV� VKRZQ KHUH LQ )LJXUHV �� DQG ��� ZKHUH WKH VKDSH DQG
PDJQLWXGH RI WKH FXUYHV VXJJHVW WKH ODUJHU ]bSRVLWLRQ� $VVXPLQJ WKH pOP
SODQH UHDOO\ ZDV DW WKH VDPH ]�ORFDWLRQ DV WKH LPDJH SODQH XVHG LQ WKHVH
VWXGLHV� ZH FDQ ?FRXQW VSRWV� RQ WKH SKRWRJUDSK DQG VHH WKDW WKH pQDO
SRVLWLRQ ZRXOG EH ��� PP� DV H[SHFWHG IURP WKH VLPXODWLRQ� :H GR QRW
XQGHUVWDQG WKH GLVFUHSDQF\ LPSOLHG LQ )LJXUH ���

��� &HOO ( rFLHQFLHV

7KH WKLUG WHVW GRQH ZDV WR VLPXODWH WKH HrFLHQF\ GDWD VKRZQ LQ )LJXUH ��� ,Q
WKH VLPXODWLRQ� ������ UD\V ZHUH ODXQFKHG RQWR WKH pUVW TXDGUDQW RI D FLUFOH
����� PP LQ UDGLXV� PDWFKLQJ WKH DSHUWXUH UHSRUWHG IRU WKH H[SHULPHQWDO
VHWXS� :H VWXGLHG WKH UHVSRQVH LQ WKH WKLUG TXDGUDQW RI WKH 307� QDPHO\�
FHOOV ODEHOHG �� � DQG � LQ )LJXUH ��
:LWK QR OLJKW�FROOHFWRU LQ SODFH� ZH ZRXOG H[SHFW WKH QXPEHU RI UD\V

KLWWLQJ HDFK ��� PP VTXDUH 307 FHOO� 1F� WR EH UHODWHG WR WKH QXPEHU RI
UD\V JHQHUDWHG� 1�� E\ WKH UDWLR RI DUHDV�
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,QVHUWLQJ DQ LGHDO OLJKW FROOHFWRU ZLWK D PDJQLpFDWLRQ RI ���� RQH ZRXOG
H[SHFW IRXU WLPHV WKDW QXPEHU RI UD\V VWULNLQJ HDFK FHOO� &RQVHTXHQWO\� WKH
GDWD DUH SUHVHQWHG DV WKH UDWLR RI WKH QXPEHU RI VXUYLYLQJ UD\V ZLWK D OLJKW
FROOHFWRU LQ SODFH WR IRXU�WLPHV WKH QXPEHU RI UD\V VWULNLQJ D FHOO ZKHQ WKH
OLJKW FROOHFWRU LV UHPRYHG� 7KLV UDWLR LV FDOOHG WKH ?FROOHFWLRQ�HrFLHQF\� LQ
WKH GLVFXVVLRQ DERYH DQG LQ )LJXUH ��� EHORZ� 2EYLRXVO\� D VLPSOH IDFWRU
RI IRXU GRHV QRW DFFRXQW IRU DEVRUSWLRQ DQG UHqHFWLRQV� VR RQH ZRXOG QRW
H[SHFW WKH FROOHFWLRQ HrFLHQF\ GHpQHG LQ WKLV ZD\ WR EH XQLW\� HYHQ ZLWK
SHUIHFW RSWLFV�
7KH FXUYHV VKRZQ LQ )LJXUH �� DUH UHVXOWV RI WKH VLPXODWLRQ� GDWD IURP WKH

PHDVXUHPHQWV GLVFXVVHG SUHYLRXVO\ DUH SUHVHQWHG DV SRLQWV� 7KH VWDWLVWLFDO
HUURU RQ WKH VLPXODWHG FROOHFWLRQ HrFLHQFLHV LV OHVV WKDQ �����
7KH VDPH OHQV VKDSHV DQG SRVLWLRQV ZHUH XVHG LQ WKLV VLPXODWLRQ DV LQ

WKH HDUOLHU VHFWLRQV� ZLWK WKH H[FHSWLRQ WKDW WKH ORQJLWXGLQDO SRVLWLRQ RI WKH
307 IDFH ZDV YDULHG WR EHWWHU pW WKH GDWD� 7KH FXUYHV LQ )LJXUH �� DVVXPH
WKH 307 IDFH LV ���� PP IURP WKH H[LW RI WKH VHFRQG FRQGHQVHU OHQV� 7KH
307 IDFH LV DVVXPHG WR EH ��� PP WKLFN JODVV� 7KH WUDQVPLVVLRQ RI WKH OHQV
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)LJXUH ��� 'DWD RQ FHOO WUDQVPLVVLRQ HrFLHQF\ SORWWHG YHUVXV ZDYHOHQJWK
WDNHQ IURP )LJXUH �� DERYH DORQJ ZLWK WKH UHVXOWV RI WKLV VLPXODWLRQ�

PDWHULDO XVHG LQ WKH VLPXODWLRQ LV WDNHQ IURP WKH SDSHU UHIHUHQFHG EHIRUH�
0HDVXUHPHQWV RI 7UDQVPLVVLRQ RI 3ODVWLF�
:KLOH QRW SHUIHFW� WKH VLPXODWLRQ UHSURGXFHV WKH GDWD TXLWH ZHOO� 7KH

FRUQHU FHOO LV OHDVW ZHOO�GHVFULEHG E\ WKH PRGHO� ([DPLQDWLRQ RI WKH SKR�
WRJUDSK RI )LJXUH �� VKRZV WKDW FRUQHU 307 FHOOV DUH EDUHO\ FRYHUHG E\
W\SLFDO LPDJHV IRUPHG LQ WKH SUHVHQW VHWXS DQG� WKHUHIRUH� DUH WKH RQHV PRVW
VHQVLWLYH WR YDULDWLRQV LQ WKH GHWDLOV RI WKH RSWLFV RU XQLIRUPLW\ RI UHVSRQVH
RI WKH 307�
,Q VXPPDU\� PRVW RI WKH LPSRUWDQW IHDWXUHV RI WKH PHDVXUHPHQWV SHU�

IRUPHG RQ WKH SURWRW\SH OLJKW FROOHFWRUV FDQ EH GHVFULEHG DGHTXDWHO\ E\
D VHW RI SDUDPHWHUV WKDW DUH UHDVRQDEO\ FORVH WR YDOXHV H[SHFWHG IURP LQ�
GHSHQGHQW GHWHUPLQDWLRQV� 7KLV LV VLJQLpFDQW EHFDXVH WKH RSWLFV XVHG LQ
WKH SURWRW\SH PHDVXUHPHQWV DUH SXVKHG IDU EH\RQG WKH OLQHDU UHJLPH� :H
FRQFOXGH IURP WKLV ZRUN WKDW RXU VLPXODWLRQ WRROV DUH FDSDEOH RI GHWDLOHG
PRGHOLQJ RI OHQV�EDVHG OLJKW FROOHFWRUV SODQQHG IRU WKH +HUD�% 5,&+� ZKHUH
WKH RSWLFDO EHKDYLRU LV FRQVLGHUDEO\ PRUH OLQHDU WKDQ WKDW RI WKH SURWRW\SH
WHOHVFRSH GHVFULEHG LQ WKLV QRWH�
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