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6WHYHQ 0� $QODJH

&HQWHU IRU 6XSHUFRQGXFWLYLW\ 5HVHDUFK� 'HSDUWPHQW RI 3K\VLFV�

8QLYHUVLW\ RI 0DU\ODQG� &ROOHJH 3DUN� 0' ����������� 86$

$EVWU DFW

:H GHVFULEH WKH QHDU�pHOG VFDQQLQJ PLFURZDYH PL�
FURVFRS\ RI PLFURZDYH GHYLFHV RQ D OHQJWK VFDOH PXFK
VPDOOHU WKDQ WKH ZDYHOHQJWK XVHG IRU LPDJLQJ� 2XU PL�
FURVFRSH FDQ EH RSHUDWHG LQ WZR SRVVLEOH FRQpJXUDWLRQV�
DOORZLQJ D TXDQWLWDWLYH VWXG\ RI HLWKHU PDWHULDO SURSHU�
WLHV RU ORFDO HOHFWULF pHOGV�

, QWU RGXFWLRQ

,Q UHFHQW \HDUV� VHYHUDO QRYHO PHWKRGV RI VFDQQLQJ
SUREH PLFURVFRS\ KDYH EHHQ GHYHORSHG� *HQHUDOO\ VSHD�
NLQJ RQH FDQ GLYLGH WKHVH PHWKRGV LQWR WZR PDLQ DS�
SURDFKHV� GULYHQ E\ GLVWLQFW PRWLYDWLRQV� ,Q WKH pUVW
DSSURDFK WKH PDLQ JRDO LV WR VWXG\ PDWHULDO SURSHUWLHV�
SUHIHUDEO\ RQ WKH VPDOOHVW SRVVLEOH OHQJWK VFDOH� ([�
DPSOHV RI VXFK WHFKQLTXHV DUH DWRPLF IRUFH PLFURVFRS\
�$)0� DQG VFDQQLQJ WXQQHOLQJ PLFURVFRS\ �670� >��
�@� ZKLFK KDYH DFKLHYHG DWRPLF VFDOH VSDWLDO UHVROXWLRQ�
7KH VHFRQG REMHFWLYH LV WKH LQYHVWLJDWLRQ RI pHOGV� ERWK
HOHFWULF DQG PDJQHWLF� HPLWWHG E\ RSHUDWLQJ GHYLFHV�
$Q H[DPSOH RI VXFK D WHFKQLTXH LV VFDQQLQJ PLFURZDYH
PLFURVFRS\>�� �@� )RU GHYLFHV RSHUDWLQJ LQ WKH PLFUR�
ZDYH UDQJH� D VFDQQLQJ WHFKQLTXH DW PLFURZDYH IUHTXHQ�
FLHV ZLOO EH XVHIXO IRU GLDJQRVLQJ FLUFXLW SUREOHPV� 'H�
VSLWH WKH UHODWLYHO\ ORQJ ZDYHOHQJWK� RI WKH RUGHU RI PP
V
WR FP
V� VSDWLDO UHVROXWLRQ EHORZ � zP FDQ EH DFKLHYHG
E\ RSHUDWLQJ LQ WKH VR�FDOOHG QHDU�pHOG OLPLW>�� �@� ,Q
WKLV SDSHU ZH ZLOO LOOXVWUDWH WKH YHUVDWLOLW\ RI QHDU�pHOG
VFDQQLQJ PLFURZDYH PLFURVFRS\� E\ VKRZLQJ UHVXOWV RQ
ORFDO PDWHULDO SURSHUWLHV DV ZHOO DV RQ HOHFWURPDJQHWLF
pHOG LPDJLQJ LQ FORVH SUR[LPLW\ WR RSHUDWLQJ GHYLFHV�

( [SHU LPHQWDO 6HWXS

)LJ� � VKRZV D VFKHPDWLF RI RXU H[SHULPHQWDO VHWXS�
7KH PLFURZDYH PLFURVFRSH FDQ EH RSHUDWHG LQ WZR GLV�
WLQFW FRQpJXUDWLRQV� ZKDW ZH FDOO WKH UHqHFWLQJ PRGH
�VROLG OLQHV LQ )LJ� �� DQG WKH UHFHLYLQJ PRGH �GDVKHG�
GRWWHG OLQHV��
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)LJXUH �� ([SHULPHQWDO VHWXS� VKRZLQJ WKH UHqHFWLQJ

PRGH �VROLG OLQHV� DQG WKH UHFHLYLQJ PRGH �GDVK�GRWWHG

OLQHV��

5HqHFWLQJ 0RGH

,Q WKH UHqHFWLQJ PRGH� D PLFURZDYH VLJQDO LV IHG
WKURXJK D FRD[LDO WUDQVPLVVLRQ OLQH ZKLFK KDV EHHQ FD�
SDFLWLYHO\ FRXSOHG WR WKH VRXUFH DQG HQGV LQ D ULJLG
RSHQ�HQGHG FRD[LDO SUREH� 7KLV FUHDWHV D UHVRQDQW FLU�
FXLW� LQ ZKLFK WKH UHVRQDQW IUHTXHQF\ I� DQG WKH TXDOLW\
IDFWRU 4 DUH PRGLpHG E\ WKH VDPSOH ZKLFK LV LQ FORVH
SUR[LPLW\ WR WKH RSHQ HQG RI WKH SUREH� 8VLQJ D ORFN�LQ
EDVHG IUHTXHQF\�IROORZLQJ FLUFXLW>�@ ZH PHDVXUH WKH VKLIW
RI WKH UHVRQDQFH cI DV WKH VDPSOH LV VFDQQHG XQGHU WKH
SUREH� :H FDQ DOVR PHDVXUH WKH VWUHQJWK RI WKH VLJQDO
DW WZLFH WKH ORFN�LQ PRGXODWLRQ IUHTXHQF\� 7KH ODWWHU
LV UHODWHG WR WKH FXUYDWXUH RI WKH UHVRQDQFH SHDN DQG
LV D PHDVXUH RI WKH 4 RI WKH V\VWHP>�@� %\ PHDVXULQJ
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ERWK TXDQWLWLHV VLPXOWDQHRXVO\ ZH REWDLQ LQIRUPDWLRQ

DERXW WKH UHDO DQG WKH LPDJLQDU\ SDUW RI WKH FRPSOH[

GLHOHFWULF IXQFWLRQ� s� RI WKH VDPSOH�

5HFHLYLQJ 0RGH

$ VOLJKWO\ PRGLpHG FRQpJXUDWLRQ �GDVK�GRWWHG OLQHV

LQ )LJ� �� FDQ EH XVHG WR PHDVXUH HOHFWULF pHOGV HPLWWHG

E\ RSHUDWLQJ PLFURZDYH GHYLFHV� ,Q WKLV FDVH� PLFUR�
ZDYH SRZHU LV IHG GLUHFWO\ WR WKH GHYLFH DQG WKH FRD[LDO

SUREH VHQVHV WKH HOHFWULF pHOGV IURP WKH VDPSOH� 7KH

PLFURZDYH SRZHU PHDVXUHG E\ WKH SUREH LV IHG WR WKH

GLRGH GHWHFWRU GLUHFWO\� E\SDVVLQJ WKH GHFRXSOHU� GLUHF�

WLRQDO FRXSOHU DQG WKH UHVRQDQW WUDQVPLVVLRQ OLQH� 7KH
PHDVXUHG DPSOLWXGH FDQ EH FRQYHUWHG WR HOHFWULF pHOG�

XVLQJ DGGLWLRQDO LQIRUPDWLRQ DERXW WKH VHWXS>�@�

0 DWHU LDO 3 U RSHU WLHV

7KH GDWD DQDO\VLV FDQ EH FRPSOLFDWHG FRQVLGHUDEO\

ZKHQ� LQ DGGLWLRQ WR WKH YDULDWLRQV LQ PDWHULDO SURSHU�
WLHV� WKH VDPSOH H[KLELWV WRSRJUDSKLF IHDWXUHV>�@� 6HY�

HUDO PHWKRGV KDYH EHHQ XVHG WR VHSDUDWH RXW WKH WR�

SRJUDSK\� 7KH VLPSOHVW DSSURDFK LV WR VFDQ WKH VDPH

UHJLRQ WZLFH� LQLWLDOO\ UHFRUGLQJ WKH WRSRJUDSK\>��@� $Q�

RWKHU VROXWLRQ LV WR PHDVXUH WKH SUREH�VDPSOH VHSDUD�

WLRQ LQGHSHQGHQWO\� DQG XVH WKLV LQIRUPDWLRQ LQ D IHHG�
EDFN ORRS WR PDLQWDLQ WKH SUREH DW D FRQVWDQW KHLJKW>��@�

2XU V\VWHP LV HVSHFLDOO\ VHQVLWLYH WR WRSRJUDSKLF IHD�

WXUHV ZKHQ ZH PHDVXUH WKH IUHTXHQF\ VKLIW cI � )LJXUH

� VKRZV D JODVV FKLS LQ ZKLFK YDULRXV WRSRJUDSKLF IHD�

WXUHV ZHUH HWFKHG� %\ PHDVXULQJ WKH KHLJKW GHSHQGHQFH
RI WKH IUHTXHQF\ VKLIW DW RQH SDUWLFXODU VSRW RQ WKH VDP�

SOH �)LJ� ��� ZH FDOLEUDWH WKH UHODWLRQ EHWZHHQ cI DQG

WKH KHLJKW K� 1H[W� ZH pW WKH UHVSRQVH WR DQ HPSLULFDO

IXQFWLRQ� VKRZQ DV WKH VROLG OLQH� :H FDQ WKHQ XVH WKLV

IXQFWLRQ WR GHWHUPLQH WKH DEVROXWH KHLJKW RI WKH SUREH
DERYH WKH HQWLUH VDPSOH>��@�

)LJXUH �D VKRZV VXFK D WRSRJUDSKLF LPDJH WDNHQ XV�

LQJ D SUREH ZLWK DQ LQQHU FRQGXFWRU GLDPHWHU RI ��� zP

DW �� zP DERYH WKH KLJKHVW SRLQW RQ WKH VDPSOH� :H DUH

DEOH WR GLVFHUQ KHLJKW FKDQJHV DV VPDOO DV �� QP� WKLV

pJXUH EHLQJ OLPLWHG E\ WKH IUHTXHQF\ VWDELOLW\ RI WKH
PLFURZDYH VRXUFH� $ OLQH FXW� WDNHQ DORQJ WKH GDVKHG

OLQH LQ )LJXUH �� UHYHDOV PRUH GHWDLOV �VHH )LJ� �E�� 7KH

GDVKHG OLQH VKRZV WKH ZLGWK RI WKH VOLWV� DOO RI ZKLFK

DUH �� zP GHHS� $ IDLU DJUHHPHQW LV REWDLQHG IRU PRVW

RI WKH OLQH�FXW� DOWKRXJK LW FDQ EH VHHQ WKDW IRU IHDWXUHV
FRPSDUDEOH WR RU VPDOOHU WKDQ WKH SUREH VL]H� WKH KHLJKW

PHDVXUHG ZLWK WKH PLFURZDYH PLFURVFRSH VXoHUV IURP

DYHUDJLQJ HoHFWV� \LHOGLQJ UHVXOWV ZKLFK DUH WRR VKDOORZ�

7KH HoHFWLYH VSDWLDO UHVROXWLRQ LV G | ���zP } y ����

1 mm

)LJXUH �� 3KRWRJUDSK RI D JODVV FKLS ZKLFK KDV D YDULHW\

RI VWUXFWXUHV HWFKHG LQWR WKH VXUIDFH� 7KH FURVV LQGLFDWHV

WKH SRVLWLRQ DW ZKLFK WKH FDOLEUDWLRQ FXUYH LQ )LJ� � ZDV

PHDVXUHG�
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)LJXUH �� &DOLEUDWLRQ FXUYH FRUUHODWLQJ IUHTXHQF\ VKLIW

cI DQG KHLJKW K� PHDVXUHG DW ��� *+] XVLQJ D ��� zP

SUREH�

( OHFWU LF )LHOG , PDJLQJ

$Q LPSRUWDQW SRWHQWLDO DSSOLFDWLRQ RI PLFURZDYH PL�

FURVFRS\ LV IRU WKH GLDJQRVLV RI SUREOHPV LQ LQWHJUDWHG

FLUFXLWV� 6LQFH PDQ\ FLUFXLWV RSHUDWH DW PLFURZDYH IUH�

TXHQFLHV� LW LV HVVHQWLDO WR KDYH D WHFKQLTXH WKDW VHDUFKHV
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)LJXUH �� �D�� 7RSRJUDSKLF LPDJH RI WKH JODVV FKLS� DV

PHDVXUHG ZLWK WKH PLFURZDYH PLFURVFRSH DW ��� *+]�

�E�� /LQH FXW� WDNHQ DORQJ WKH GDVKHG OLQH LQ )LJ� ��
VKRZLQJ WKH GHSWK SURpOH LQ PRUH GHWDLO�

IRU IDXOWV DW WKH RSHUDWLQJ IUHTXHQF\� ,Q DGGLWLRQ� D QRQ�

GHVWUXFWLYH WHFKQLTXH LV GHVLUHG� 1HDU�pHOG PLFURZDYH

PLFURVFRS\ RoHUV WKH SRVVLELOLW\ RI VFDQQLQJ WKH FRD[LDO
SUREH LQ FORVH SUR[LPLW\ WR DQ RSHUDWLQJ GHYLFH� WKHUHE\

VHQVLQJ WKH HOHFWULF pHOG FRPSRQHQW QRUPDO WR WKH IDFH

RI WKH SUREH>�@�

0XFK RI RXU UHVHDUFK LV GHYRWHG WR WKH VWXG\ RI VX�

SHUFRQGXFWLQJ GHYLFHV� )RU WKLV UHDVRQ� ZH KDYH GHYHO�
RSHG D PLFURVFRSH ZKLFK ZRUNV DW WHPSHUDWXUHV GRZQ

WR ��� .>��@� ,Q )LJ� � ZH VKRZ D &X�PLFURVWULS UHV�

RQDWRU� 7KH JURXQGSODQH RI WKH PLFURVWULS LV DOVR PDGH

RI FRSSHU� DQG WKH PLFURVWULS GLPHQVLRQV DUH �d� PP�

)L[LQJ D ��� zP GLDPHWHU SUREH DW � PP DERYH SRVLWLRQ

$� DQG FRXSOLQJ WKH PLFURZDYH SRZHU LQ DW 3LQ� ZH PHD�
VXUHG WKH VLJQDO SLFNHG XS E\ WKH SUREH DV D IXQFWLRQ RI

IUHTXHQF\� 7KH UHVSRQVH DW ��� . DQG �� . LV VKRZQ LQ

)LJ� �� 8SRQ ORZHULQJ WKH WHPSHUDWXUH� ERWK WKH VLJQDO

SLFNHG XS E\ WKH SUREH DQG WKH 4 RI WKH UHVRQDWRU DUH

HQKDQFHG FRQVLGHUDEO\�
)URP )LJ� �� ZH DOVR VHH WKDW WKH UHVRQDQW IUHTXHQF\

RI WKH PLFURVWULS LQFUHDVHV DW ORZ WHPSHUDWXUHV� 2QH

SRVVLEOH FDXVH LV WKDW WKH GHFUHDVHG LQGXFWDQFH �UHGXFHG

VNLQ GHSWK� DW ORZHU WHPSHUDWXUHV ZLOO VKLIW WKH UHVRQDQW

Pin PtA

1 mm

)LJXUH �� 3KRWRJUDSK RI &X�PLFURVWULS UHVRQDWRU� $OVR
LQGLFDWHG DUH WKH SRVLWLRQ DW ZKLFK WKH SRZHU LV FDSDFL�

WLYHO\ FRXSOHG LQWR WKH UHVRQDWRU �3LQ� DQG WKH SRVLWLRQ

DW ZKLFK WKH IUHTXHQF\ UHVSRQVH ZDV PHDVXUHG �$�� 7KH

FKLS LV HQFORVHG LQ D &X�SDFNDJH�

IUHTXHQF\ XSZDUG� 7KLV LV FRQVLVWHQW ZLWK WKH UHGXFHG

ORVVHV DW �� .� FOHDUO\ YLVLEOH LQ WKH HQKDQFHG TXDOLW\

IDFWRU RI WKH UHVRQDQFH� $VVXPLQJ WKDW WKH HQKDQFHG

4 FDQ EH DVVRFLDWHG HQWLUHO\ ZLWK WKH &X�PLFURVWULS�

ZH FDQ FDOFXODWH KRZ ODUJH WKH FRUUHVSRQGLQJ IUHTXHQF\

VKLIW ZLOO EH� )RU 4���� 4����� � RQH H[SHFWV D FKDQJH
LQ IUHTXHQF\ RI DSSUR[LPDWHO\ ��� �� JLYLQJ cI } ��

0+]� 6LQFH WKH PHDVXUHG IUHTXHQF\ VKLIW LV PXFK ODUJHU

�} ��� 0+]�� LW LV FOHDU WKDW WKLV HoHFW SOD\V RQO\ D

PLQRU UROH� 6HFRQGO\� WKHUPDO FRQWUDFWLRQ ZLOO DOVR LQ�

FUHDVH WKH UHVRQDQW IUHTXHQF\� $VVXPLQJ D WKHUPDO FRQ�
WUDFWLRQ FRHrFLHQW o  c/ /  ��b� .� WKH UHODWLYH

FKDQJH RI WKH OHQJWK RI WKH UHVRQDWRU ZRXOG EH DSSUR[�

LPDWHO\ �d��b�� LPSO\LQJ D VLPLODU FKDQJH LQ WKH UHVR�

QDQW IUHTXHQF\� )LQDOO\� WKH SUHVHQFH RI WKH SUREH FORVH

WR WKH UHVRQDWRU LPSRVHV D SHUWXUEDWLRQ RQ WKH ODWWHU�
6LQFH WKLV LV DQ HOHFWULF pHOG SHUWXUEDWLRQ� WKH UHVRQDQW

IUHTXHQF\ ZLOO WHQG WR VKLIW GRZQ� 3DUW RI WKH VKLIW PD\

KHQFH EH GXH WR WKH IDFW WKDW WKH FRXSOLQJ EHWZHHQ WKH

SUREH DQG WKH &X�UHVRQDWRU LV OHVV DW ORZ WHPSHUDWXUHV�

7R LPDJH WKH VDPSOH� ZH p[HG WKH IUHTXHQF\ DW WKH

UHVRQDQFH SHDN DQG VFDQQHG WKH VDPSOH XQGHUQHDWK WKH
FRD[LDO SUREH� PHDVXULQJ WKH HOHFWULF pHOG DV D IXQFWLRQ

RI SRVLWLRQ� 7KH UHVXOWLQJ [\�VFDQ DW �� . FDQ EH VHHQ

LQ )LJ� �� WKH SUREH ZDV NHSW DW D FRQVWDQW GLVWDQFH RI

��� zP DERYH WKH VDPSOH� :H VHH WKDW WKH HOHFWULF pHOG

SHDNV DW WKH HQGV RI WKH VWULSOLQH DQG YDQLVKHV LQ WKH
PLGGOH� DV H[SHFWHG IRU WKH IXQGDPHQWDO YROWDJH PRGH�

&ORVH WR WKH SRZHU SLQ �QHDU [  � PP� WKH SHUWXUELQJ

HoHFW RI WKH SUREH LV PRUH VHULRXV WKDQ LQ WKH UHVW RI

WKH LPDJH� FDXVLQJ WKH DPSOLWXGH WR GHFUHDVH VOLJKWO\�
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)LJXUH �� (OHFWULF pHOG SDWWHUQ DERYH D �� . &X�
PLFURVWULS OLQH� RSHUDWLQJ DW LWV IXQGDPHQWDO UHVRQDQW
IUHTXHQF\� ���� *+]� 7KH HGJHV RI WKH VWULSOLQH DUH LQ�
GLFDWHG E\ WKH GDVKHG OLQHV�

&RQFOXVLRQV

:H KDYH GHPRQVWUDWHG WKH DELOLW\ RI QHDU�pHOG VFDQ�
QLQJ PLFURVFRS\ WR SURYLGH TXDQWLWDWLYH LQIRUPDWLRQ RQ

PDWHULDO SURSHUWLHV DQG HOHFWULF pHOG GLVWULEXWLRQV DW

PLFURZDYH IUHTXHQFLHV� :H DUH DEOH WR VWXG\ PLFURZDYH

SURSHUWLHV DW D OHQJWK VFDOH DV VPDOO DV y ���� RSHUDWLQJ

DW WHPSHUDWXUHV YDU\LQJ IURP ��� WR ��� .�

$FNQRZOHGJHPHQWV 7KLV ZRUN KDV EHHQ VXSSRUWHG E\
16)�056(& JUDQW 1R� '05��������� 16) JUDQW 1R�

(&6�������� DQG WKH &HQWHU IRU 6XSHUFRQGXFWLYLW\ 5H�

VHDUFK�

5HIHU HQFHV

>�@ /� -� %DON DQG 0� 0D\ZDOG� C6FDQQLQJ )RUFH 0L�

FURVFRS\ RI 6HPLFRQGXFWRU 0DWHULDOV DQG 'HYLFHV
�
0DW� 6FL� (QJ� % ��� ��� �������

>�@ ,YDQ $PDWR� C&DQGLG &DPHUD IRU WKH 1DQRZRUOG
�
6FLHQFH ���� ��� �������

>�@ 7KRPDV 3� %XGND� 6FRWW '� :DFODZLN� DQG
*DEULHO 0� 5HEHL]� C$ &RD[LDO ������ *+] 1HDU

(OHFWULF )LHOG 0HDVXUHPHQW 6\VWHP IRU 3ODQDU

0LFURZDYH &LUFXLWV 8VLQJ ,QWHJUDWHG 3UREHV
�

,((( 7UDQV� 0LFURZDYH 7KHRU� 7HFK� ��� ����

�������

>�@ 6� .� 'XWWD HW DO�� C4XDQWLWDWLYH (OHFWULF )LHOG

,PDJLQJ XVLQJ D 1HDU�)LHOG 6FDQQLQJ 0LFURZDYH
0LFURVFRSH
� LQ SUHSDUDWLRQ�

>�@ &� $� %U\DQW DQG -� %� *XQQ� C1RQFRQWDFW 7HFK�
QLTXH IRU WKH /RFDO 0HDVXUHPHQW RI 6HPLFRQGXFWRU

5HVLVWLYLW\
� 5HY� 6FL� ,QVWU� ��� ���� �������

>�@ (� $� $VK DQG *� 1LFKROOV� C6XSHU�5HVROXWLRQ

$SHUWXUH 6FDQQLQJ 0LFURVFRSH
� 1DWXUH ���� ���

�������

>�@ '� (� 6WHLQKDXHU HW DO�� C6XUIDFH 5HVLVWDQFH ,PDJ�

LQJ ZLWK D 6FDQQLQJ 1HDU�)LHOG 0LFURZDYH 0LFUR�

VFRSH
� $SSO� 3K\V� /HWW� ��� ���� �������

>�@ '� (� 6WHLQKDXHU HW DO�� C4XDQWLWDWLYH ,PDJLQJ

RI 6KHHW 5HVLVWDQFH ZLWK D 6FDQQLQJ 1HDU�)LHOG

0LFURZDYH 0LFURVFRSH
� $SSO� 3K\V� /HWW� ��� ���
�������

>�@ %� .QROO HW DO�� C&RQWUDVW RI 0LFURZDYH 1HDU�)LHOG
0LFURVFRS\
� $SSO� 3K\V� /HWW� ��� ���� �������

>��@ <� (� 6WUDXVVHU DQG 0� *� +HDWRQ� C6FDQQLQJ 3UREH
0LFURVFRS\� 7HFKQRORJ\ DQG ,QRYDWLRQV
� $PHUL�

FDQ /DERUDWRULHV ��� �� �������

>��@ -� :� 3� +VX� 0DUN /HH� DQG %� 6� 'HDYHU� C$

1RQRSWLFDO 7LS�6DPSOH 'LVWDQFH &RQWURO 0HWKRG

IRU 1HDU�)LHOG 6FDQQLQJ 2SWLFDO 0LFURVFRS\ XVLQJ

,PSHGDQFH &KDQJHV LQ DQ (OHFWURPHFKDQLFDO 6\V�

WHP
� 5HY� 6FL� ,QVWU� ��� ���� �������

>��@ &� 3� 9ODKDFRV HW DO�� C4XDQWLWDWLYH 7RSRJUDSKLF

,PDJLQJ XVLQJ D 1HDU�)LHOG 6FDQQLQJ 0LFURZDYH
0LFURVFRSH
� $SSO� 3K\V� /HWW� ��� ;;; �������

>��@ $VKIDT 6� 7KDQDZDOOD HW DO�� C0LFURZDYH 1HDU�)LHOG
,PDJLQJ RI (OHFWULF )LHOGV LQ D 5HVRQDQW 6XSHUFRQ�

GXFWLQJ 0LFURZDYH 'HYLFH
� LQ SUHSDUDWLRQ�
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