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$ EVW U DFW _ : H UH SRUW WZR EURDGEDQG DPSOLpH UV ZLWK $O, �

Q$V�*D, Q$V WUDQVIH UUH G�VXEVWUDWH + %7 V� $ VLPSOH 'DU�

OLQJWRQ FRQpJXUDWLRQ ZLWK UH VLVWLYH IH H GEDFN KDV �� *+ ]

��G% EDQGZLGWK� �� G% JDLQ� $ YDULDWLRQ RI WKLV EDVLF DP�

SOLpH U� ZLWK D FDVFRGH RXWSXW VWDJH � KDV JUH DWH U WKDQ �� *+ ]

��G% EDQGZLGWK� �� G% JDLQ� 7 KLV KLJK EDQGZLGWK LV GXH WR

WKH KLJK GH YLFH EDQGZGLWK RI WUDQVIH UUH G�VXEVWUDWH + %7 V�

. H\ Z RU GV_ + %7 � WUDQVIH UUH G�VXEVWUDWH � , Q3 � EURDGEDQG�

DPSOLpH UV�

,� ,QW U RGXF W LRQ

+(7(52-81&7,21 ELSRODU WUDQVLVWRUV �+%7V� DUH
XVHG LQ D ZLGH YDULHW\ RI PHGLXP�VFDOH LQWHJUDWHG

FLUFXLWV �,&V�� )RU KLJK SHUIRUPDQFH FLUFXLWV� WKH WUDQ�
VLVWRU FXWRo IUHTXHQFLHV PXVW EH ODUJHU WKDQ WKH FLUFXLW
EDQGZLGWKV E\ D IDFWRU YDU\LQJ IURP | ��� IRU pEHU�RSWLF
,&V WR | ������ IRU KLJK UHVROXWLRQ $'&V� ,Q SDUWLFX�
ODU� ��� *ELW�V RSWLFDO V\VWHPV ZLOO UHTXLUH GHYLFHV ZLWK
������� *+] EDQGZLGWK DQG DERYH� +%7 EDQGZLGWKV DUH
LQFUHDVHG E\ ERWK YHUWLFDO �HSLWD[LDO� DQG ODWHUDO �OLWKR�
JUDSKLF� VFDOLQJ� 7KH WUDQVIHUUHG�VXEVWUDWH +%7 ,& WHFK�
QRORJ\ KDV GHPRQVWUDWHG GHYLFHV ZLWK YHU\ KLJK EDQG�
ZLGWKV >�@� ,Q DGGLWLRQ WR KLJK GHYLFH EDQGZLGWKV� WKH
WHFKQRORJ\ LQFRUSRUDWHV D ZLULQJ HQYLURQPHQW ZLWK ORZ FD�
SDFLWDQFH� ORZ JURXQG�UHWXUQ LQGXFWDQFH DQG HrFLHQW KHDW�
VLQNLQJ IRU FORVHO\ VSDFHG +%7V RSHUDWLQJ DW KLJK FXUUHQW
GHQVLWLHV� 7KHVH IHDWXUHV PDNH WKLV WHFKQRORJ\ VXLWDEOH IRU
KLJK SHUIRUPDQFH ,&V RSHUDWLQJ DERYH �� *+]�
:LGHEDQG DPSOLpHUV DUH XVHG LQ pEHU�RSWLF WUDQVPLVVLRQ

V\VWHPV DV SUH�DPSOLpHUV DQG DV JDLQ EORFNV LQ WKH PDLQ
$*&�OLPLWLQJ DPSOLpHU� +LJK JDLQ DQG KLJK EDQGZLGWK
DUH UHTXLUHG IRU V\VWHPV RSHUDWLQJ DW KLJK GDWD UDWHV� 6LP�
SOH IHHGEDFN DPSOLpHUV ZLWK RQH RU WZR VWDJHV DQG �� n LQ�
SXW�RXWSXW LPSHGDQFHV FDQ EH XVHG >�@� 7KHVH DPSOLpHUV
DUH HDV\ WR GHVLJQ� EXLOG DQG WHVW� DQG XVXDOO\ FRQVXPH
VPDOO GLH DUHDV DQG SRZHU� $ QXPEHU RI VXFK DPSOLpHUV
KDYH EHHQ GHPRQVWUDWHG LQ VHYHUDO GLoHUHQW +%7 WHFKQROR�
JLHV >�@� >�@� >�@� >�@� 7KH pUVW GHPRQVWUDWLRQ FLUFXLW LQ WKH
$O,Q$V�*D,Q$V WUDQVIHUUHG�VXEVWUDWH +%7 ,& WHFKQRORJ\�
D 'DUOLQJWRQ IHHGEDFN DPSOLpHU� ZDV SUHVHQWHG LQ >�@� ,Q
WKLV SDSHU ZH SUHVHQW WZR DPSOLpHUV� 7KH pUVW DPSOLpHU LV
D 'DUOLQJWRQ DPSOLpHU ZLWK VHULHV DQG VKXQW UHVLVWLYH IHHG�
EDFN DQG �� n LQSXW�RXWSXW LPSHGDQFH� 7KH PHDVXUHG
JDLQ RI WKH DPSOLpHU LV �� G% DQG WKH ��G% EDQGZLGWK LV
�� *+]� 7KH VHFRQG DPSOLpHU LV VLPLODU WR WKH pUVW� EXW KDV
D FDVFRGH VWDJH DW WKH RXWSXW ZKLFK JLYHV D VPDOO LPSURYH�
PHQW LQ WKH EDQGZLGWK RI WKH DPSOLpHU� 7KH PHDVXUHG
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)LJ� �� 5) FK DU DFWHU LVWLFV RI G HY LFH�

JDLQ RI WKLV DPSOLpHU LV �� G%� DQG WKH ��G% EDQGZLGWK LV
JUHDWHU WKDQ �� *+]�

,,� 7 HF KQRO RJ\

7KH GHYLFH WHFKQRORJ\ XVHG KHUH LV GHVFULEHG LQ >�@� ZKHUH
GHYLFHV ZLWK ��� *+] I� DQG ! ��� *+] IPD[ ZHUH UH�
SRUWHG� 7KH 0%( OD\HU VWUXFWXUH LV VLPLODU EXW ZLWK D WKLQ�
QHU EDVH OD\HU ���� {$�� 'HYLFHV ZLWK ���� zP ZLGH HPLWWHUV
DQG ��� zP ZLGH FROOHFWRUV ZHUH IDEULFDWHG RQ WKLV ZDIHU�
7KH FRPPRQ�HPLWWHU '& FKDUDFWHULVWLFV RI WKH GHYLFHV DUH
VKRZQ LQ pJ� �� 7KH VPDOO VLJQDO FXUUHQW JDLQ DW '&� p
LV ��� )LJ� � VKRZV WKH 5) FKDUDFWHULVWLFV RI WKH GHYLFH�
7KH H[WUDSRODWHG I� DQG IPD[ DUH ��� *+] DQG ��� *+]
UHVSHFWLYHO\� DW WKH ELDV FRQGLWLRQV VKRZQ�

,,,� & LU F XLW 'HVLJQ

)LJV� ��D� DQG �E� VKRZ VFKHPDWLF FLUFXLW GLDJUDPV RI WKH
WZR DPSOLpHUV� 7KH GRWWHG OLQH VKRZV WKH FKLS ERXQGDU\�
,Q WKH pUVW DPSOLpHU �pJ� ��D��� 4��4� IRUP WKH 'DUOLQJWRQ
SDLU� 7KH HPLWWHU VWULSH OHQJWKV RI 4� DQG 4� DUH VHOHFWHG
WR PD[LPL]H EDQGZLGWK� ,I WKH HPLWWHU VWULSH OHQJWK RI
4� LV ODUJH� LWV LQSXW FDSDFLWDQFH LV ODUJH� GHJUDGLQJ EDQG�
ZLGWK� LI LW LV WRR VPDOO� LWV EDVH DQG HPLWWHU UHVLVWDQFHV DUH
ODUJH� LQFUHDVLQJ WKH GULYLQJ LPSHGDQFH IRU 4� DQG GHJUDG�
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)LJ� �� 6 FK HP DWLF FLU FX LW G LDJU DP RI �D�'DU OLQ JWRQ IHHG E DFN DP S OLp HU

DQ G �E �'DU OLQ JWRQ �FDVFRG H IHHG E DFN DP S OLp HU �

LQJ EDQGZLGWK� /DUJH 4� HPLWWHU VWULSH OHQJWK LQFUHDVHV
LWV 0LOOHU�PXOWLSOLHG EDVH�FROOHFWRU FDSDFLWDQFH ZKHUHDV D
VPDOO HPLWWHU VWULSH OHQJWK LQFUHDVHV WKH EDVH UHVLVWDQFH�
WKURXJK ZKLFK WKH �GHJHQHUDWHG� GHYLFH LQSXW FDSDFLWDQFH
PXVW EH FKDUJHG� +HQFH� WKHUH DUH RSWLPXP HPLWWHU VWULSH
OHQJWKV IRU 4� DQG 4�� 5I � WKH VKXQW IHHGEDFN UHVLVWRU�
LV FKRVHQ WR SURYLGH DQ LQSXW LPSHGDQFH RI �� n� 5

�

LV
WKH VHULHV IHHGEDFN UHVLVWRU LQ WKH HPLWWHU RI 4� DQG VHWV
WKH 4� HPLWWHU FXUUHQW GHQVLW\ FORVH WR SHDN I� ELDV� 5

�

VHWV WKH GHJHQHUDWH WUDQVFRQGXFWDQFH RI 4� �DQG KHQFH RI
WKH FLUFXLW� WR SURYLGH WKH GHVLUHG JDLQ DQG �� n RXWSXW
LPSHGDQFH�
7KH FLUFXLW LV ELDVHG ZLWK 9&& DQG DQ Ro�FKLS UHVLVWRU

FRQQHFWHG WKURXJK D ELDV�WHH DW WKH RXWSXW� 7KH FROOHFWRU
RI 4� LV QRW FRQQHFWHG WR WKH RXWSXW� EXW LV ELDVHG ZLWK
DQG LQGHSHQGHQW VXSSO\ WR HOLPLQDWH 0LOOHU PXOWLSOLFDWLRQ
RI LWV EDVH�FROOHFWRU FDSDFLWDQFH� &� LV D E\SDVV FDSDFLWRU
IRU WKH FROOHFWRU RI 4�� 7KH DPSOLpHU ZDV GHVLJQHG IRU ��
G% JDLQ DQG �� *+] EDQGZLGWK�
7KH VHFRQG DPSOLpHU �pJ� ��E�� KDV DQ DGGLWLRQDO WUDQ�

VLVWRU 4�� FDVFRGH FRQQHFWHG ZLWK 4� DW WKH RXWSXW� 7KLV
FRQpJXUDWLRQ UHGXFHV WKH HoHFW RI WKH 0LOOHU�PXOWLSOLHG &FE

RI 4� DQG KHQFH LPSURYHV EDQGZLGWK� 7KH EDVH RI 4� LV
ELDVHG WKURXJK WKH VDPH VXSSO\ DV WKH FROOHFWRU RI 4�� 5E

IRUPV D YROWDJH GLYLGHU QHWZRUN ZLWK 5I � WR ELDV WKH EDVH
RI 4� DW WKH GHVLUHG YROWDJH� ,W LV H[WHUQDOO\ FRQQHFWHG EH�
FDXVH RI WKH OLPLWHG FXUUHQW FDSDFLW\ RI RQ�FKLS UHVLVWRUV�
7KH DPSOLpHU ZDV GHVLJQHG IRU �� G% JDLQ DQG �� *+]
EDQGZLGWK� 7KH SRZHU FRQVXPSWLRQ RI WKH WZR ,&V DUH ��

(a)

(b)

)LJ� �� 3 K RWRJU DS K RI �D�'DU OLQ JWRQ DP S OLp HU ,& DQ G �E �'DU OLQ JWRQ �

FDVFRG H DP S OLp HU ,& ����� P P d ���� P P ��

P: DQG �� P: UHVSHFWLYHO\� )LJ� � VKRZV SKRWRJUDSKV RI
WKH DPSOLpHUV� 7KH FKLS GLPHQVLRQV DUH ���� PP d ��� PP
IRU ERWK DPSOLpHUV�

,9� 5HVXO W V

7KH DPSOLpHUV ZHUH FKDUDFWHUL]HG XVLQJ D �� 0+] � ��
*+] QHWZRUN DQDO\]HU DQG PLFURZDYH ZDIHU SUREHV� )LJ�
� VKRZV WKH IRUZDUG JDLQ V

��

RI WKH DPSOLpHUV� 7KH 'DU�
OLQJWRQ DPSOLpHU KDV D ORZ IUHTXHQF\ JDLQ RI �� G% DQG D
��G% EDQGZLGWK �UHODWLYH WR WKH ORZ�IUHTXHQF\ JDLQ� RI ��
*+]� 7KH 'DUOLQJWRQ�FDVFRGH DPSOLpHU KDV VLPLODU JDLQ
EXW VKRZHG VHYHUH JDLQ SHDNLQJ� )LJ� � VKRZV WKH LQSXW
DQG RXWSXW UHWXUQ ORVVHV DQG UHYHUVH LVRODWLRQ RI WKH 'DU�
OLQJWRQ DPSOLpHU� ,W LV REVHUYHG WKDW ERWK DPSOLpHUV H[�
KLELW VWURQJ JDLQ SHDNLQJ DQG SRRU LQSXW UHWXUQ ORVVHV DW
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)LJ� �� 0HDVX U HG LQ S X W U HWX U Q ORVV V��� RX WS X W U HWX U Q ORVV V��� DQ G

U HY HU VH LVRODWLRQ V�� RI WK H 'DU OLQ JWRQ DP S OLp HU �

KLJK IUHTXHQFLHV� 7KLV LV D UHVXOW RI WKH SDUDPHWHUV RI WKH
WUDQVIHUUHG�VXEVWUDWH +%7� 4�� DQ HPLWWHU IROORZHU GULY�
LQJ WKH LQSXW FDSDFLWDQFH RI 4�� KDV DQ LQSXW LPSHGDQFH
ZKRVH UHDO SDUW LV QHJDWLYH DW VRPH IUHTXHQFLHV� 7KH UH�
VXOWLQJ UHVRQDQFH � REVHUYHG LQ ERWK JDLQ �V

��

� DQG LQ�
SXW LPSHGDQFH �V

��

� � EHFRPHV SURJUHVVLYHO\ PRUH VHYHUH
DV WKH EDVH UHVLVWDQFHV �UEE� RI 4� DQG 4� DUH UHGXFHG�
7KH ORZ EDVH UHVLVWDQFH DQG FROOHFWRU�EDVH FDSDFLWDQFH RI
WUDQVIHUUHG�VXEVWUDWH +%7V VWURQJO\ HQKDQFH WKLV QHJDWLYH�
UHVLVWDQFH SHDNLQJ� 5HFHQW GHVLJQ VWXGLHV LQGLFDWH WKDW WKH
JDLQ SHDN FDQ EH VXSSUHVVHG � DQG WKH EDQGZLGWK LQFUHDVHG
� E\ WKH XVH RI I� �GRXEOHUV >�@ RU PLUURU�'DUOLQJWRQ >�@ FRQ�
pJXUDWLRQV� ,&V EDVHG RQ WKHVH WRSRORJLHV DUH QRZ LQ IDE�
ULFDWLRQ�

9� & RQF O XVLRQV

:H KDYH GHPRQVWUDWHG UHVLVWLYH IHHGEDFN DPSOLpHUV
ZLWK $O,Q$V�*D,Q$V WUDQVIHUUHG�VXEVWUDWH +%7V� %RWK
D VLPSOH 'DUOLQJWRQ VWDJH DQG D 'DUOLQJWRQ�FDVFRGH VWDJH
DFKLHYH �� G% JDLQ DQG �� *+] RU JUHDWHU EDQGZLGWK�
6WURQJ UHVRQDQFHV LQ WKH JDLQ DQG WKH LQSXW LPSHGDQFH
DULVH IURP WKH KLJK IPD[ I� UDWLR RI WKH WUDQVIHUUHG�
VXEVWUDWH +%7V� DQG OLPLW WKH XVDEOH EDQGZLGWKV� )RU
+%7V ZLWK D KLJK IPD[ I� UDWLR� UHVRQDQFHV DUH VXSSUHVVHG
E\ WKH XVH RI WKH I� �GRXEOHU FRQpJXUDWLRQV� 7KLV LV H[�
SHFWHG WR LPSURYH EDQGZLGWK WR WKH ��� *+] UDQJH� $S�
SOLFDWLRQV DUH LQ ZLGHEDQG PLFURZDYH DQG GLJLWDO FRPPX�
QLFDWLRQ V\VWHPV�

$F N QRZ O HGJP HQW V

7KLV ZRUN ZDV VXSSRUWHG E\ WKH 215 XQGHU JUDQW
1���������������� WKH $)265 XQGHU JUDQW )����������
����� D &DOLIRUQLD +XJKHV 0LFUR QR� ������� DQG WKH
'$53$ XQGHU WKH 0267 SURJUDP�

5HI HU HQF HV
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K HWHU RMX Q FWLRQ E LS RODU WU DQ VLVWRU ,& WHFK Q RORJ\ �� ,( ( ( ( OHFW U RQ

' HY� / HW W �� WR DS S HDU � 0DU FK �����
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5HQ VFK � 0� : � 3 LHU FH� 7 � 9 � .DU JRG RU LDQ DQ G < � .� $ OOHQ � ?���

*+ ] P RQ ROLWK LF FDVFRG H $ O,Q $ V�*D,Q $ V K HWHU RMX Q FWLRQ E LS RODU

WU DQ VLVWRU IHHG E DFN DP S OLp HU �� ,( ( ( - � 6 ROLG� 6 W DW H & LU FXLW V� Y RO�

��� S S � ���������� 2FWRE HU �����

>�@ ( � 6 DQ R� 6 � < DP DK DWD� < � 0DWVX RN D� ?�� *+ ] E DQ G Z LG WK DP �

S OLp HU ,& X VLQ J $ O*D$ V�*D$ V E DOOLVWLF FROOHFWLRQ WU DQ VLVWRU V Z LWK

FDU E RQ �G RS HG E DVHV�� ( OHFW U RQ � / HW W �� Y RO� ��� S S � �������� $ S U LO

�����

>�@ 7 � 6 X JL\ DP D� < � .X U L\ DP D� 1 � ,L]X N D� .� 7 VX G D� .� 0RU L]X N D DQ G

0� 2E DU D� ?+ LJK IPD[ $ O*D$ V�*D$ V + % 7 V Z LWK 3 W�7 L�3 W�$ X

E DVH FRQ WDFWV IRU '& WR �� *+ ] E U RDG E DQ G DP S OLp HU V�� ,( ,& (

7 U DQ V� ( OHFW U RQ �� Y RO� ( ���& � S S � �������� $ X JX VW �����

>�@ < � 6 X ]X N L� + � 6 K LP DN DZ L� < � $ P DP L\ D� 1 � 1 DJDQ R� 7 � 1 LZ D� + �

< DQ R DQ G .� + RQ MR� ?���*+ ] E DQ G Z LG WK E DVH�E DQ G DP S OLp HU V

X VLQ J *D$ V�E DVHG + % 7 V�� * D$ V ,& 6 \ PS� 7 HFK� ' LJ�� ����� S S �

��������

>�@ + � 6 FK X P DFK HU � $ � *U X K OH� 8 � ( U E HQ � + � .LE E HO DQ G 8 � .RQ LJ� ?$

� 9 VX S S O\ Y ROWDJH� '& ��� *+ ] 6 L*H + % 7 Z LG HE DQ G DP S OLp HU ��

,( ,& ( 7 U DQ V� RQ ( OHFW U RQ �� Y RO� ( ���& � S S � ���������� 6 HS WHP E HU

�����

>�@ % � $ JDU Z DO� '� 0HQ VD� 4� /HH� 5� 3 X OOHOD� - � *X WK U LH� /� 6 DP RVN D

DQ G 0� - � : � 5RG Z HOO� ?$ �� *+ ] IHHG E DFN DP S OLp HU Z LWK

$ O,Q $ V�*D,Q $ V WU DQ VIHU U HG �VX E VWU DWH + % 7 �� ,Q W O
 ( OHFW U RQ ' HY�

0HHW LQ J 7 HFK� ' LJ�� ����� S S � ��������

>�@ & � 7 � $ U P LMR DQ G 5� *� 0H\ HU � ?$ Q HZ Z LG HE DQ G 'DU OLQ JWRQ

DP S OLp HU �� ,( ( ( - � 6 ROLG� 6 W DW H & LU FXLW V� Y RO� ��� S S � ����������
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