
7XQQHO�)(7-EDVHG�8OWUD�/RZ�3RZHU��+LJK-6HQVLWLYLW\�8+)�5),'�5HFWLILHU��
�

+XLFKX�/LX���5DPHVK�9DGGL�
��6XPDQ�'DWWD��DQG�9LMD\NULVKQDQ�1DUD\DQDQ�
��
(OHFWULFDO�(QJLQHHULQJ�'HSDUWPHQW��
&RPSXWHU�6FLHQFH�DQG�(QJLQHHULQJ�'HSDUWPHQW�

7KH�3HQQV\OYDQLD�6WDWH�8QLYHUVLW\��8QLYHUVLW\�3DUN��3$���������8QLWHG�6WDWHV�
(PDLO��K[O���#SVX�HGX���YDGGL#FVH�SVX�HGX���VGDWWD#HQJU�SVX�HGX���YLMD\#FVH�SVX�HGX���

�

$EVWUDFW�
����+HWHUR�MXQFWLRQ�7XQQHO�)(7��+7)(7��IRU�XOWUD�ORZ�SRZHU�
5)�FLUFXLW�GHVLJQ�KDV�EHHQ�H[SORUHG�DW�WKH�GHYLFH�DQG�FLUFXLW�
OHYHO�� ,Q� WKLV� SDSHU�� EHQFKPDUNLQJ� DQG� GHVLJQ� LQVLJKWV� IRU�
RSWLPL]LQJ� WKH� SHUIRUPDQFH� RI� WKH� 7)(7� EDVHG� GLIIHUHQWLDO�
GULYH� UHFWLILHU� LV� SUHVHQWHG�� 2XU� HYDOXDWLRQ� RI� WKH� +7)(7�
EDVHG� UHFWLILHU� GHPRQVWUDWHV� LWV� SURPLVH� FRPSDUHG� WR� WKH�
VWDWH�RI�DUW� SDVVLYH� 5),'V�� :LWK� WKH� ���VWDJH� RSWLPL]HG�
7)(7�UHFWLILHU�DW�����0+]��3&(�RI�����ZLWK�����Q:�SRZHU�
FRQVXPSWLRQ�� VHQVLWLYLW\� RI� ���G%P� IRU� �� ȝ:� 3'&� � DQG�
VHQVLWLYLW\�RI����G%P�IRU����ȝ:�3'&��ZHUH�DFKLHYHG��

.H\ZRUGV�
����7XQQHO�)(7V��5)�&LUFXLWV��5HFWLILHUV��(QHUJ\�6FDYHQJLQJ�

���,QWURGXFWLRQ��
5)�HQHUJ\�VFDYHQJLQJ�WR�SRZHU�ZLUHOHVV�VHQVRU�QHWZRUNV��

5),'V�� LPSODQWDEOH� ELRPHGLFDO� ,&V� HWF�� LV� ZLGHO\� XVHG�� ,Q�
5),'�DSSOLFDWLRQV��SRZHU� LV� WUDQVPLWWHG�E\�D�³UHDGHU´� WR�RQH�
RU�PDQ\�³WDJV´� >�@��7KH� WDJV�FDQ�EH�FRPSOHWHO\�SDVVLYH�� L�H���
ZLWK� QR� RQERDUG� EDWWHULHV�� RU� DFWLYH�� ZLWK� D� EDFNXS� EDWWHU\��
3DVVLYH�5),'�WDJV�OLPLW�WKH�FRPPXQLFDWLRQ�UDQJH��WR�OHVV�WKDQ�
�� P��� ,Q� WKLV� EDWWHU\� OHVV� V\VWHPV�� WKH� 5)� VLJQDO� ZLOO� EH�
FRQYHUWHG�WR�'&�E\�WKH�UHFWLILHU�FLUFXLWV��7KH�UHFWLILHUV�LQ�WKHVH�
V\VWHPV� PXVW� H[WUDFW� HQRXJK� '&� SRZHU� IURP� LQFLGHQW�
UDGLDWLRQ� WR� SRZHU� WKH� FLUFXLWU\� RQ� WKH� WDJ�� 5HFWLILFDWLRQ� LV�
GLIILFXOW� ZKHQ� WKH� LQFLGHQW� SRZHU� OHYHOV� DUH� YHU\� ORZ��
7KHUHIRUH��PRVW� UHFWLILHUV�KDYH�DQ�XQUHVSRQVLYH�GHDG�]RQH�DW�
ORZ�YROWDJH�DPSOLWXGHV� >�@��6PDOO� WXUQ�RQ�YROWDJH�RI�GHYLFHV�
LV� RQH�RI� WKH�PRVW� LPSRUWDQW� IDFWRUV� LQ� UHFWLILHU� GHVLJQ��7KLV�
PDNHV� VWHHS� VORSH�GHYLFHV� VXFK� DV� WXQQHO�)(76��7)(7V�� >�@�
DWWUDFWLYH� GHYLFH� RSWLRQV� IRU� WKLV� DSSOLFDWLRQ�� $OWHUQDWHO\��
VHYHUDO� FRPSHQVDWLRQ� WHFKQLTXHV� KDYH� DOVR� EHHQ� SURSRVHG�
UHFHQWO\� WR� UHGXFH� WKH� HIIHFWLYH� WKUHVKROG� YROWDJH� �9WK�� >�@��
+RZHYHU�� WKH\� VWLOO� QHHG� WR� GHDO� ZLWK� VHYHUDO� LVVXHV� VXFK� DV�
VHQVLWLYLW\� WR� OHDNDJH� FXUUHQW�� 6RPH� RI� WKH� UHFHQW� UHFWLILHU�
VWXGLHV� IRFXV� RQ� PD[LPL]LQJ� 3RZHU� &RQYHUVLRQ� (IILFLHQF\�
�3&(��DQG�RXWSXW�SRZHU��EXW�QRW�PXFK�RQ�UHFWLILHU�VHQVLWLYLW\�
>�@�>�@�� $QG� IHZ� VXFK� DV� >�@� WDUJHW� PRUH� RQ� RSWLPL]LQJ�
UHFWLILHU�VHQVLWLYLW\�ZLWK�OLWWOH�HPSKDVLV�RQ�3&(�DQG�'&�RXWSXW�
SRZHU� OHYHOV�� 3&(� RI� D� UHFWLILHU� FLUFXLW� LV� DOVR� DIIHFWHG� E\�
VHYHUDO� SDUDPHWHUV� VXFK� DV� FLUFXLW� WRSRORJ\�� GLRGH�GHYLFH�
SDUDPHWHUV�� LQSXW�5)�VLJQDO�IUHTXHQF\��DPSOLWXGH��DQG�RXWSXW�
ORDGLQJ� FRQGLWLRQV� >�@�� 7KHUHIRUH�� GHVLJQLQJ� D� UHFWLILHU� ZLWK�
KLJK�3&(��KLJK�VHQVLWLYLW\�IRU� ORQJ�UDQJH�FRPPXQLFDWLRQ�DUH�
LPSRUWDQW�GHVLJQ�FKDOOHQJHV�RI�DQ\�SDVVLYH�5),'�UHFWLILHU���

7KHUH� DUH� IHZ� UHFWLILHU� WRSRORJLHV� SURSRVHG� VR� IDU� ZKLFK�
FDQ�SHUIRUP�HIILFLHQWO\�DW�PLFURZDWWV��������ȝ:��RI�DYDLODEOH�
5)�SRZHU�ZLWK�KLJKHU�VHQVLWLYLW\�DQG�SURYLGLQJ�ORQJ�UDQJH�5)�

FRPPXQLFDWLRQ��7KLV�ZRUN� H[SORUHV� WKH�GHVLJQ� DQG� DQDO\VLV��
SHUIRUPDQFH�EHQFKPDUNLQJ�DQG�RSWLPL]DWLRQ�RI�D�7)(7�EDVHG�
8+)�5),'� UHFWLILHU� WRSRORJ\� WR� DFKLHYH� KLJK�3&(�DQG� KLJK�
UHFWLILHU� VHQVLWLYLW\� YDOXHV� IRU� LQFUHDVHG� 5)� FRPPXQLFDWLRQ�
UDQJH�� 2XU� ZRUN� FRPSOHPHQWV� UHFHQW� HIIRUWV� LQ� XVLQJ� 7)(7�
IRU�ORZ�9&&�IRU�GLJLWDO�FLUFXLW�DSSOLFDWLRQ�>�@�>�@�DQG�WRZDUGV�
GHVLJQ�RI�HQHUJ\�KDUYHVWLQJ�DQG�QHWZRUN�VHQVRU�V\VWHPV�>��@��
7KH�UHPDLQGHU�RI�WKH�SDSHU�LV�RUJDQL]HG�DV�IROORZV��6HFWLRQ���
SUHVHQWV� WKH� 7)(7� GHYLFH� VWUXFWXUH�� IDYRXUDEOH� GHYLFH�
FKDUDFWHULVWLFV� DV� ZHOO� DV� 7)(7�9HULORJ�$�PRGHO�� 6HVVLRQ� ��
GHYHORSV� WKH� WKHRUHWLFDO� MXVWLILFDWLRQ� IRU� 7)(7� UHFWLILHU�
LPSURYHG� SHUIRUPDQFH�� 'HVLJQ� FULWHULRQ�� SHUIRUPDQFH�
EHQFKPDUNLQJ�DQG�RSWLPL]DWLRQ�RI�7)(7�EDVHG�SDVVLYH�5),'�
UHFWLILHU� WRSRORJ\� LV� GHVFULEHG� LQ� 6HFWLRQ� ��� )LQDOO\��
FRQFOXVLRQV�DUH�RIIHUHG�LQ�6HFWLRQ�����

�
)LJXUH����6L�)LQ)(7��Q�W\SH�DQG�S�W\SH�+7)(7�VFKHPDWLFV�

���7KH�7)(7�'HYLFH�DQG�6LPXODWLRQ�0RGHOV��

����7)(7�'HYLFH�$UFKLWHFWXUH��
����$V� VKRZQ� LQ� )LJXUH� ��� 7)(7� LV� HVVHQWLDOO\� D� UHYHUVH�
ELDVHG�� JDWHG� S�L�Q� WXQQHO� GLRGH� ZLWK� DV\PPHWULFDO�
VRXUFH�GUDLQ� GRSLQJ�� 7KH� UHYHUVH� ELDVHG� GLRGH� OHDNDJH�
GHWHUPLQHV� WKH� ,RII� RI� 7)(7��7KH� RQ�VWDWH� LV� HQDEOHG� E\� WKH�
JDWH�FRQWUROOHG�EDQG�WR�EDQG� WXQQHOLQJ�DW� WKH�VRXUFH�FKDQQHO�
MXQFWLRQ��DQG�D�VXE���P9�GHFDGH�VWHHS�VORSH�FDQ�EH�DFKLHYHG�
LQ�7)(7�ZLWK�GHVLUHG�,RQ�,RII�RYHU�D�ORZ�9&&�UDQJH��0RUHRYHU��
ZLWK�WKH�LQWURGXFWLRQ�RI�WKH�,,,�9�PDWHULDO�DQG�KHWHURMXQFWLRQ��
,,,�9�+7)(7�H[KLELWV�LPSURYHG�HQHUJ\�HIILFLHQF\�IRU�EHORZ�
���9�9&&�FRPSDUHG�WR�WKH��VWDWH�RI�DUW�&026�WHFKQRORJ\�>�@���

����7)(7�9HULORJ�$�0RGHO�IRU�&LUFXLW�6LPXODWLRQ�
'XH�WR�WKH�ODFN�RI�WKH�PDWXUH�FRPSDFW�63,&(�PRGHOV�IRU�

,,,�9� 7)(7� VR� IDU�� D� 9HULORJ�$� PRGHO� KDV� EHHQ� GHYHORSHG�
IURP�7&$'�6HQWDXUXV�>��@�GHYLFH�VLPXODWLRQ�DQG�XWLOL]HG�LQ�
WKH� FLUFXLW� LPSOHPHQWDWLRQV� RI� +7)(7V��:H� KDYH� FDOLEUDWHG�
RXU�*D6E�,Q$V�+HWHURMXQFWLRQ�Q�W\SH�7)(7�PRGHOV�ZLWK� WKH�
$WRPLVWLF� VLPXODWLRQ�� ZKLFK� LV� FRQVLVWHQW� ZLWK� >��@�� 6L�
)LQ)(7� EDVHG� FLUFXLWV� KDYH� EHHQ� HPSOR\HG� IRU� EDVHOLQH�
FRPSDULVRQ��ZKLFK�KDV�EHHQ�FDOLEUDWHG�ZLWK�H[SHULPHQW�GDWD��
$V� VKRZQ� LQ� )LJXUH� �� IRU� /23� RSHUDWLRQ�� ��QP� JDWH�OHQJWK�
+7)(7�VKRZV��[�RQ�FXUUHQW�LPSURYHPHQW�DW�9&&� ����9�ZLWK�
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DQ�DYHUDJH�66�RI���P9�GHFDGH�RYHU���GHFDGHV�RI�WKH�FXUUHQW�
FKDQJH�� ,RII� IRU� ERWK� GHYLFHV� LV� �Q$�ȝP�� 6LQFH� WKH� S�W\SH�
7)(7� VROXWLRQ� LV� VWLOO� LQ� GHYHORSPHQW�� V\PPHWULFDO� S�W\SH�
GHYLFH�SHUIRUPDQFH�ZLWK� WKH� VDPH� GULYH� VWUHQJWK� LV� DVVXPHG�
IRU� ERWK� 6L� )LQ)(7� DQG�+7)(7�� 7KH� GHYLFH� SDUDPHWHUV� DUH�
VKRZQ� LQ� 7DEOH� ,�� 7KHQ� WKH� ORRN�XS� WDEOH� EDVHG� 9HULORJ�$�
PRGHOV� DUH� JHQHUDWHG� DQG� DSSOLHG� WR� 6SHFWUH� >��@� IRU� RXU�
IROORZLQJ�FLUFXLW�HYDOXDWLRQ���

�
)LJXUH����,GV�9JV�FRPSDULVRQ�IRU�6L�)LQ)(7�DQG�*D6E�,Q$V�+7)(7��
�

����� �
)LJXUH����,GV�9GV�FRPSDULVRQ�IRU�6L�)LQ)(7�DQG�*D6E�,Q$V�+7)(7�
�

�� �
)LJXUH�����D��2Q�FKDQQHO�UHVLVWDQFH�YV��VXSSO\�YROWDJH�FRPSDULQJ�6L�)LQ)(7�
DQG�*D6E�,Q$V�+7)(7���E��6L�)LQ)(7�PRGHOV�ZLWK�GLIIHUHQW�9WK��
�
����7)(7�'HYLFH�0HWULFV�LQ�/RZ�3RZHU�5HFWLILHU�'HVLJQ�
����3RZHU� FRQYHUVLRQ� HIILFLHQF\� �3&(�� LV� WKH� UDWLR� RI� WKH�
DYHUDJH� RXWSXW� SRZHU� DW� WKH� ORDG� WR� WKH� DYHUDJH� UHDO� LQSXW�
SRZHU�WR�WKH�UHFWLILHU��3ULRU�VWXG\�RQ�SRZHU�HIILFLHQW�UHFWLILHU�
GHVLJQ�>��@�KDV�VKRZQ�WKDW�WKH�WUDQVLVWRUV¶�RQ�UHVLVWDQFH��5RQ��
DQG� UHYHUVH� FRQGXFWLRQ� ZLOO� LQGXFH� YROWDJH� GURS� �9GURS�� DV�
ZHOO�DV�WKH�SRZHU�ORVV�DFURVV�WKH�UHFWLILHU��UHGXFLQJ�WKH�RXWSXW�
YROWDJH�UDQJH�DQG�WKH�SRZHU�GHOLYHUHG�WR�WKH�ORDG���
�����+7)(7�H[KLELWV�XQL�GLUHFWLRQDO�FRQGXFWLRQ�FKDUDFWHULVWLFV�
�)LJXUH� ��� GXH� WR� WKH� S�L�Q� GHYLFH� VWUXFWXUH�� ZKLFK� ZLOO� EH�
VKRZQ�ODWHU�WR�UHGXFH�UHYHUVH�FRQGXFWLRQ�LQGXFHG�SRZHU�ORVV��
)LJXUH���D��VKRZV�WKDW�+7)(7�KDV�ORZHU�5RQ�FRPSDULQJ�WR�6L�
)LQ)(7�GXH�WR�WKH�VWHHS�VORSH�VZLWFKLQJ��KLJK�FXUUHQW�GULYH�DW�
ORZ�9FF���ZKLFK�FDQ�LPSURYH�WKH�3&(�IRU�D�IL[HG�ORDG���

$QRWKHU�EHQHILW�IURP�WKH�VWHHS�VORSH�VZLWFKLQJ�LV�WKH�UHGXFHG�
³WXUQ�RQ´�YROWDJH��VLQFH�9WK�GHILQLWLRQ�IRU�7)(7�YDULHV�GXH�WR�
WKH� WXQQHOLQJ� PHFKDQLVP�� WKH� WHUP�� WXUQ�RQ� YROWDJH� LV� XVHG�
KHUH���ZKLFK�FDQ�OHDG�WR�WKH�LPSURYHG�RXWSXW�YROWDJH�9'&�RXW��
7KH� ORZ� WXUQ�RQ� YROWDJH� DQG� OHDNDJH� SRZHU� WUDGH�RII� RI�
7)(7� GHVLJQ� LV� FRPSDUHG� ZLWK� PXOWLSOH� 6L� )LQ)(7�PRGHOV�
ZLWK� GLIIHUHQW� 9WK�� $V� VKRZQ� LQ� )LJXUH� ��E��� KLJK�9WK� DQG�
ORZ�9WK� UHSUHVHQW� �����9� DQG� �����9� 9WK� VKLIW� UHVSHFWLYHO\�
FRPSDULQJ�WR�WKH�QRPLQDO�6L�)LQ)(7�FDVH���
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���7)(7�/RZ�3RZHU�5HFWLILHU�2SHUDWRLQ�3ULQFLSOH�

����7)(7�/RZ�3RZHU�5)�5HFWLILHU�7RSRORJ\�

�
)LJXUH����7)(7���7UDQVLVWRU�GLIIHUHQWLDO�GULYH�5)�UHFWLILHU� WRSRORJ\��7)(7�
FRQQHFWLRQ�GLUHFWLRQ�LV�VKRZQ�RQ�WKH�OHIW�GXH�WR�XQL�GLUHFWLRQDO�FRQGXFWLRQ��
�1RWH��6L�)LQ)(7�UHFWLILHU�DOORZV�VRXUFH�DQG�GUDLQ�FRQQHFWLRQ�WR�DOWHU���
�

�
)LJXUH� ��� 7)(7� GLIIHUHQWLDO� GULYH� UHFWLILHU� RSHUDWLRQ� GXULQJ� KDOI�
F\FOH�DQG�HTXLYDOHQW�FLUFXLW��
�

����)LJXUH���VKRZV� WKH�GHVLJQ�RI� WKH�7)(7�EDVHG���WUDQVLVWRU�
GLIIHUHQWLDO�GULYH�UHFWLILHU�WRSRORJ\��ZKLFK�LV�HPSOR\HG�IURP�
WKH�&026�EDVHG�GHVLJQ�LQ�>�@�ZLWK�DSSURSULDWH�FRQVLGHUDWLRQ�
WR� DFFRXQW� IRU� WKH� XQL�GLUHFWLRQDO� FRQGXFWLRQ� RI� 7)(7V�� $�
GLIIHUHQWLDO� LQSXW� VLJQDO� 9LQ�$&� LV� DSSOLHG� DFURVV� QRGHV� 5)��
DQG� 5)�� DQG� D� '&� RXWSXW� YROWDJH� 9RXW�'&�  � 9+� GHYHORSV�
DFURVV� WKH� ORDG� LPSHGDQFH��'XULQJ� WKH�SRVLWLYH�KDOI�RI� LQSXW�
F\FOH�� ZKHQ� 5)�� �� 5)�� LQFUHDVHV� EH\RQG� WKH� GHYLFH�
WKUHVKROG�� 0�� DQG� 0�� ZLOO� VZLWFK� RQ�� DOORZLQJ� FXUUHQW� WR�
IORZ�LQWR�WKH�ORDG�ZKLOH�0��DQG�0��ZLOO�UHPDLQ�RII��)LJXUH�
����&RQWLQXLQJ� WKURXJK� WKH�F\FOH�DV�5)�� ��5)��GURSV�EHORZ�
WKH� GHYLFH� WKUHVKROG��0�� DQG�0�� ZLOO� WXUQ� RII� XQWLO� 5)�� ��
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5)��EHFRPHV�PRUH�QHJDWLYH�WKDQ��9WK��DW�ZKLFK�SRLQW�0��DQG�
0�� WXUQ�RQ� UHFWLI\LQJ� WKH�QHJDWLYH�KDOI� RI� WKH� LQFRPLQJ�5)�
VLJQDO�� 6LQFH� 9/� LV� JURXQG� LQ� ��VWDJH� UHFWLILHU�� DQ� HIIHFWLYH�
JURXQG�>��@�LV�LQWURGXFHG�WR�JHW�WKH�HTXLYDOHQW�FLUFXLW��

����7KHRUHWLFDO�$QDO\VLV�RI��7)(7�%DVHG�5HFWLILHU��
����7KH� IXOO�ZDYH� UDQJH� XWLOL]DWLRQ� LV� HQDEOHG� DV� GLVFXVVHG�
DERYH��ZKLFK�HVVHQWLDOO\�ZRUNV�DV�D�FKDUJH�SXPS�WR�WKH�ORDG��
7KH�QHW�FKDUJH�4�WUDQVIHU�WR�WKH�ORDG�GHWHUPLQHV�9'&�RXW�>�@�

𝑄௏ோிశழ଴ = 𝑄ெଵ,ி௥ௗ − 𝑄ெଵ,ோ௘௩ = 𝑄ெସ,ி௥ௗ − 𝑄ெସ,ோ௘௩�����
𝑄௏ோிశவ଴ = 𝑄ெଶ,ி௥ௗ − 𝑄ெଶ,ோ௘௩ = 𝑄ெଷ,ி௥ௗ − 𝑄ெଷ,ோ௘௩    ����

𝑄௏ோிశழ଴ + 𝑄௏ோிశவ଴ =
௏ವ಴,೚ೠ೟
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ZKHUH�𝑄௏ோிశழ଴�DQG�𝑄௏ோிశவ଴�DUH� WKH�QHW� FKDUJH� WUDQVIHUUHG� WR�
WKH� ORDG� DW� WKH� QHJDWLYH� F\FOH� DQG� SRVLWLYH� F\FOH� RI� 9LQ�$&��
UHVSHFWLYHO\��𝑄ெଵ,ி௥ௗ �DQG�𝑄ெଵ,ோ௘௩ �DUH� WKH� IRUZDUG� �9*6� !� ���
DQG�UHYHUVH�RSHUDWLRQV��9*6������LQGXFHG�FKDUJH�WUDQVIHU�GXH�
WR� 0��� UHVSHFWLYHO\� �VLPLODU� WHUPV� DSSOLHG� WR� 0��� 0�� DQG�
0����7�LV�WKH�SHULRG�RI�WKH�LQSXW�5)�VLJQDO��
7R� DQDO\]H� 9'&�RXW� DQG� 3&(� RI� WKH� 7)(7� UHFWLILHU�� ZH� WDNH�
0�¶V�RSHUDWLRQ�GXULQJ�>���7@����VLJQDO�F\FOH��DV�DQ�H[DPSOH�
FRPSDULQJ�ZLWK� WKH� RSHUDWLRQ� RI�0�� LQ� 6L� )LQ)(7� UHFWLILHU��
7KH� WHUPLQDO� YROWDJHV� �9*6�0�� DQG�9'6�0��� FDQ�EH� H[SUHVVHG�
IRU�ERWK�6L�)LQ)(7�DQG�7)(7�UHFWLILHUV�DV�

𝑉 ௌ,ெଵ = 𝑉௒ − 𝑉௑ = −𝑉௜௡,஺஼ �����������������������
𝑉஽ௌ,ெଵ = −𝑉௑ = − ଵ

ଶ𝑉௜௡,஺஼ =
ଵ
ଶ 𝑉 ௌ,ெଵ��������������������������

1RWH�WKDW� WKH�GHYLFH�RSHUDWHV�DW�OLQHDU�UHJLRQ�GXH�WR�����DW�
WKH� RQ�VWDWH�� 6LQFH� S)(7� ZLWK� WKH� VDPH� GULYH� VWUHQJWK� LV�
DVVXPHG�� WKH�PDWFKHG�9WK�RI�S)(7�DQG�Q)(7�HOLPLQDWHV� WKH�
RSHUDWLRQ� UHJLRQ�GLIIHUHQFHV�RI�0���0��SDLU�DV�ZHOO�DV�0���
0�� SDLU�� � 7DNLQJ� 6L� )LQ)(7� UHFWLILHU� DV� EDVHOLQH�� 0��
RSHUDWLRQ� LQ� >���7@� FDQ�EH�GLYLGHG� LQWR�� VXEWKUHVKROG� >��� W�@��
OLQHDU�UHJLRQ�>W���W�@��VXEWKUHVKROG�>W���7��@��RII�VWDWH�>7����7@���
�

������'HYLFH�2SHUDWLRQ�LQ���F\FOH�>��7@�
6XEWKUHVKROG�2SHUDWLRQ�LQ�>���W�@DQG�>W��7��@��)RU��9LQ�$&���
9WK��6L)LQ)(7�

𝐼ெଵ,ி௜௡ிா் = 𝐼௦௨௕,௏௧௛ ≈ 𝐼଴ ∗ 10
ೇಸೄ,ಾభ
೙∗మ.య∗ೇ೟ = 𝐼଴ ∗ 10

షೇ೔೙,ಲ಴
ೄೄಷ೔೙ಷಶ೅������������������������

𝐼ெଵ,்ிா் ≈ 𝐼ଵ ∗ 10
షೇ೔೙,ಲ಴
ೄೄ೅ಷಶ೅ ����������������������������

ZKHUH�9W�§���P9�WKHUPDO�YROWDJH��Q�LV�WKH�ERG\�IDFWRU��,��DQG�
DUH� WKH� ]HUR�ELDV� OHDNDJH� IRU� 6L� )LQ)(7� DQG� 7)(7�
UHVSHFWLYHO\�� DQG� ,VXEBYWK� LV� WKH� VXEWKUHVKROG� FXUUHQW�� 6LQFH�
66)LQ)(7!��P9�GHFDGH� DQG� WKH� DYHUDJH� RI� 667)(7a�
��P9�GHFDGH�� _,0��7)(7_� !� _,0��6L)LQ)(7_� ZKHQ� �9LQ�$&� ��
9WK�6L)LQ)(7��6LPLODU�DQDO\VLV�FDQ�EH�DSSOLHG�WR�>W���7��@��
�

�
)LJXUH� ���5HFWLILHU� LQSXW� VLJQDO�9$&�LQ��9'&�RXW� GXULQJ� >��� 7@� IRU� 6L� )LQ)(7�
DQG�7)(7��W���W��DUH�LOOXVWUDWHG�DW�9$&�LQ �9WK�6L�)LQ)(7�
�

/LQHDU�2SHUDWLRQ�LQ�>W���W�@��6LQFH�9*6�0�� ��9'6�0���ZKHQ��
9LQ�$&��!�9WK��6L)LQ)(7��IURP�6HVVLRQ�,,��ZH�KDYH�
𝐼ெଵ,ௌ௜  ி௜௡ிா் = 𝐼௅௜௡௘௔௥ < 𝐼ெଵ,்ிா்  𝑤ℎ𝑒𝑛  |𝑉௜௡,஺஼| < 0.5𝑉���������
𝐼ெଵ,ௌ௜  ி௜௡ிா் = 𝐼௅௜௡௘௔௥ > 𝐼ெଵ,்ிா்  𝑤ℎ𝑒𝑛  ห𝑉௜௡,஺஼ห > 0.5𝑉���������
,/LQHDU�LV�WKH�GHYLFH�FXUUHQW�DW�WKH�OLQHDU�UHJLRQ��WULRGH�PRGH����
5HYHUVH�&RQGXFWLRQ�LQ�>7���7@��,Q�>7����7@��9;�!����LGHDOO\�
0��LV�RII�LQLWLDOO\�ZLWK�RQO\�OHDNDJH�SRZHU�ORVV�FDXVHG�E\�,RII��
$V� WKH� 9'&�RXW� LQFUHDVHV� XQWLOO� D� VWDWH�VWDWH� RXSXW� IRUPHG�� D�
FRPPRQ�YROWDJH�ZLOO�EH�GHYHORSHG�IRU�9;�DQG�9<��DV�VHHQ�DV�
'&� FRPSRQHQW� �)LJXUH� ��� �� )RU� 6L� )LQ)(7�� 9*'��0�� FDQ� EH�
SRVLWLYH�� WKHQ�0�� LV� WXUQHG�RQ�ZKHQ�96'��0��!��� >��@��6LQFH�
026)(7� LV� V\PPHWULFDO�� D� UHYHUVH� OHDNDJH� H[LVWV��ZKLFK� LV�
HOLPLQDWHG�LQ�7)(7��

�

������7)(7�9'&�RXW���$QDO\VLV�
����7R�HVWLPDWH�WKH�QHW�FKDUJH�WUDQVIHU��ZH�LQWHJUDWH�,0��LQ�>���
7��@�ILUVW�>��@�

𝑄ெଵ,ி௥ௗ = න 𝐼ெଵ(𝑡)𝑉௜௡(𝑡)𝑑𝑡
்
ଶ

଴
�

= න 𝐼ௌ௨௕,௏௧௛(𝑡)𝑉௜௡(𝑡)𝑑𝑡
௧ଵ

଴
+ න 𝐼௅௜௡௘௔௥(𝑡)𝑉௜௡(𝑡)𝑑𝑡

௧ଶ

௧ଵ

+ න 𝐼ௌ௨௕,௏௧௛(𝑡)𝑉௜௡(𝑡)𝑑𝑡
்/ଶ

௧ଶ
                                  (10)�

����$FFRUGLQJ�WR�����������WKH�VWHHS�VZLWFKLQJ�RI�7)(7�OHDGV�WR�
VLJQLILFDQW� LPSURYHPHQW� RI� ,0�� DW� ORZ� 9LQ�$&� FRPSDUHG� WR�
VXEWKUHVKROG�6L�)LQ)(7�DV�ZHOO�DV�LPSURYHPHQW�RI�ERWK�LQSXW�
SRZHU�XWLOL]DWLRQ�DQG�FKDUJH�WUDQVIHU�LQ�>���W�@�DQG�>W���7��@��
$FFRUGLQJ� WR� ����DQG� ����� LQ� >W��� W�@��0�� LV� WXUQHG�RQ�DQG�

RSHUDWLQJ� DW� OLQHDU� UHJLRQ� IRU�6L�)LQ)(7��+HUH�7)(7� VKRZV�
KLJKHU� ,RQ� FRPSDUHG� WR�6L�)LQ)(7�DW�9&&������9��EXW� ORVLQJ�
WKH� HQHUJ\� HIILFLHQF\� DW� KLJK� 9FF� GXH� WR� WXQQHOLQJ� SURFHVV�
OLPLWDWLRQ��7KHUHIRUH��DW�ORZ�9LQ�$&��7)(7�FDQ�DFKLHYH�KLJKHU�
SHDN�,0���EXW�KDV�ORZHU�SHDN�,0��DW�KLJK�9LQ�$&�FRPSDUHG�WR�6L�
)LQ)(7��)LJXUH���VKRZV�WKH�FRPSDULVRQ�,0��RI�6L�)LQ)(7�DQG�
+7)(7� IRU� LQSXW� YROWDJH� DPSOLWXGH� RI� ���9� DQG� ���9��
UHVSHFWLYHO\�� )RU� ERWK� ���9� DQG� ���9� RSHUDWLRQ�� +7)(7�
VKRZ�HDUOLHU�³WXUQ�RQ´��FRPSDUHG�WR�6L�)LQ)(7�GXH�WR�VWHHS�
VORSH�ZLWK� LPSURYHG�XWLOL]DWLRQ�RI� WKH� LQSXW� VLJQDO��$W����9�
LQSXW��+7)(7� VKRZV� LPSURYHG� ,0��� DQG� UHGXFHG�SHDN� ,0��DW�
���9�LQSXW��$V�D�UHVXOW��LQ�WKH�KDOI�F\FOH�LQSXW��𝑄ெଵ,ி௢௥௪௔௥ௗ�LQ�
+7)(7�ZLOO� EH� KLJKHU� DW� ORZ�9LQ�$&� ��EXW�ZLOO� EH� UHGXFHG� DW�
KLJK�9LQ�$&�GXH�WR�ORZ�,RQ�FRPSDUHG�WR�6L�)LQ)(7���
,Q� >7���� 7@�� 0�� LV� DW� WKH� RII�VWDWH�� WKH� ,RII� DQG� UHYHUVH�

FRQGXFWLRQ�,5HY�W��LQGXFHG�FKDUJH�WUDQVIHU�LV�
𝑄ெଵ,ோ௘௩ = ∫ (𝐼ோ௘௩(𝑡) + 𝐼ைிி)𝑉௜௡(𝑡)𝑑𝑡்

்/ଶ ������������������
,UHY�W��LQ�6L�)LQ)(7�FDQ�EH�HOLPLQDWHG�ZLWK�WKH�UHSODFHPHQW�RI�
7)(7� �XQL�GLUHFWLRQDO� FRQGXFWLRQ��� :LWK� WKH� IL[HG� ,RII� IRU�
�6HVVLRQ�,,���40��5HY�LV�UHGXFHG�LQ�7)(7��
$VVXPLQJ�0���0���DQG�0����0���DUH�LGHQWLFDO��XVLQJ������

𝑉஽஼,௢௨௧ =
𝑅௅
𝑇 ∗ 2 ∗ ൫𝑄ெଵ,ி௥ௗ − 𝑄ெଵ,ோ௘௩൯�

= ൫2𝑉ோி − 𝑉ௗ௥௢௣൯������������������
ZKHUH�95)� LV� WKH�506�YDOXH�RI� WKH� LQSXW�VLJQDO�DQG�9GURS� LV�
OXPSHG� WKH� YROWDJH� ORVV� >�@��:LWK� WKH� VDPH� ORDG� DQG� VLJQDO�
IUHTXHQF\��9GURS�GXH�WR�WKH�LQHIILFLHQW�XWLOL]DWLRQ�RI�WKH�LQSXW�
FDQ� EH� UHGXFHG� LQ� 7)(7� UHFWLILHU�� OHDGLQJ� WR� WKH� LPSURYHG�
9'&�RXW�DW�ORZ�9LQ�$&�FRPSDUHG�WR�WKH�6L�)LQ)(7�UHFWLILHU���

����

����

����

�

���

���

���

W�W�

�9'&�RXW�7)(7�5HFWLILHU
�9'&�RXW�6L�)LQ)(7�5HFWLILHU
�9$&�LQ

�7���777��

9R
OWD
JH
��P

9�

7LPH
�

9$&�SHDN ���9

�5HFWLILHU�:DYH�)RUP



�

�
)LJXUH�����,0��FRPSDULVRQ�DW�9$&�SHDN� ����9�DQG����9�IRU�7)(7�EDVHG�DQG�6L�
)LQ)(7�UHFWLILHU�
�
������3&(�$QDO\VLV��
����$FFRUGLQJ�WR�>��@��3&(�FDQ�EH�H[SUHVVHG�DV�

𝑃𝐶𝐸 = 𝑃஽஼,௢௨௧
𝑃ோி,௜௡

= 𝐼஽஼,௢௨௧𝑉஽஼,௢௨௧
1
𝑇 ∫ 𝐼௜௡,஺஼(𝑡)𝑉௜௡,஺஼(𝑡)𝑑𝑡்

଴

�

=
ೇವ಴,೚ೠ೟మ

ೃಽ
ೇವ಴,೚ೠ೟మ

ೃಽ
ା௉ಽ೚ೞೞ

��������������������������������

𝑃௅௢௦௦ = 𝑃௅௘௔௞௔௚௘+  𝑃ோ௘௩௘௥௦௘ + 𝑃௦௪௜௧௖௛௜௡௚ + 𝑃ோ௢௡ ����������
𝑃௦௪௜௧௖௛௜௡௚ = 1/𝑇(𝑊ெଵ𝐶௚௚,ெଵ + 𝑊ெସ𝐶௚௚,ெସ)  𝑉஽஼,௢௨௧ଶ������

𝑃ோ௢௡ = 2 ∗ (𝐼ெଵଶ  𝑅௢௡,ெଵ +  𝐼ெସଶ  𝑅௢௡,ெସ)���������������������
�

ZKHUH�3'&�RXW���35)�LQ�DQG�3/RVV��UHSUHVHQW�WKH�RXWSXW�'&�SRZHU��
LQSXW�5)�SRZHU�DQG�WKH�SRZHU�ORVV�� UHVSHFWLYHO\��,LQ�$&� LV� WKH�
FXUUHQW� IORZLQJ� WKURXJK� WKH� EUDQFK��7KH�SRZHU� ORVV� VRXUFHV�
FRQVLGHUHG� LQ� WKH� IROORZLQJ� DQDO\VLV� DUH� OHDNDJH� SRZHU�
3/HDNDJH��UHYHUVH�FRQGXFWLRQ�SRZHU�35HYVHUVH��GHYLFH�FDSDFLWDQFH�
VZLWFKLQJ� LQGXFHG� G\QDPLF� SRZHU� 3VZLWFKLQJ� DQG� WKH� RQ�
UHVLVWDQFH� LQGXFHG� WKHUPDO� SRZHU� ORVV� 35RQ��:0�� DQG�:0��
UHSUHVHQW� WKH� GHYLFH� ZLGWK�� � &JJ�0�� DQG� &JJ�0�� UHSUHVHQW� WKH�
WRWDO�FDSDFLWDQFH�RI�0��DQG�0���

'XH�WR�WKH�IL[HG�,RII�IRU�7)(7�DQG�6L�)LQ)(7��𝑃௅௘௔௞௔௚௘ �LQ�
>7���� 7@� DUH� FRPSDUDEOH�� +RZHYHU�� 7)(7� XQL�GLUHFWLRQDO�
FRQGXFWLRQ� FDQ� VLJQLILFDQWO\� UHGXFH� WKH� UHYHUVH� FRQGXFWLRQ�
LQGXFHG� OHDNDJH� DQG� SRZHU� ORVV� 35HYHUVH�� KHQFH� LPSURYH� WKH�
3&(�� 7KH� LPSURYHG� SRZHU� XOWLOL]DWLRQ� DQG� UHGXFHG� SRZHU�
ORVV�FDQ�LPSURYH�WKH�9'&�RXW�IRU�7)(7�UHFWLILHU�DW�ORZ�9LQ�$&��
����7)(7� DOVR� VKRZV� DQ� HQKDQFHG� 0LOOHU� FDSDFLWDQFH� HIIHFW�
>��@� �KLJKHU� JDWH�GUDLQ�&JG� FRPSRQHQW� DQG� VXSSUHVVHG� JDWH�
VRXUFH�&JV�LQ�WRWDO�JDWH�FDSDFLWDQFH�&JJ���7KLV�HIIHFW�FDQ�FDXVH�
WKH�WUDQVLHQW�FXUUHQW�³VSLNH´�GXULQJ�VZLWFKLQJ��DOVR�VKRZQ�LQ�
)LJXUH� ���� ZKLFK� LQGXFHV� DQ� LQFUHDVHG� 3VZLWFKLQJ�� ,Q� RXU�
IROORZLQJ� HYDOXDWLRQ�� ZH� ZLOO� FRPSDUH� 3&(� ZLWK� 9LQ�$&� WR�
HYDOXDWH�WKH�UHFWLILHU�SHUIRUPDQFH��

��� 3HUIRUPDQFH� %HQFKPDUNLQJ�� 'HVLJQ� 2SWLPL]DWLRQ� RI�
7)(7�%DVHG�3DVVLYH�8+)�5),'�5HFWLILHU�
7KLV� 6HFWLRQ� SUHVHQW� WKH� SHUIRUPDQFH� EHQFKPDUNLQJ� DQG�

GHVLJQ� RSWLPL]DWLRQ� RI� D� 7)(7� EDVHG� 5),'� UHFWLILHU�
SUHVHQWHG�LQ�6HFWLRQ����

���� 7)(7� 5HFWLILHU� 3HUIRUPDQFH� &RPSDULVRQ� ZLWK� 6L�
)LQ)(7�5HFWLILHU��
7KH� VLPXODWLRQ� SDUDPHWHUV� XVHG� IRU� RXU� EDVHOLQH� UHFWLILHU�

GHVLJQ� DUH�&���� �&/� ���S)��5/� ���N���:Q� ����ȝP��:S� �
����ȝP��VLQJOH�VWDJH��:H�DQDO\]H�WKH�UHFWLILHU�WRSRORJ\�LQ�WKLV�
VWXG\��XQGHU�WKH�FRQGLWLRQ�WKDW�SHUIHFW�LPSHGDQFH�PDWFKLQJ�LV�
REWDLQHG�LQ�RUGHU�WR�HYDOXDWH�WKH�LQWULQVLF�SHUIRUPDQFH�RI�WKH�
UHFWLILHU�VLPLODU� WR� >�@��)LJXUH���GHPRQVWUDWHV� WKH�'&�RXWSXW�
YROWDJH�SHUIRUPDQFH�FRPSDULVRQ�RI�+7)(7�UHFWLILHU�ZLWK�6L�
)LQ)(7� �6WDQGDUG�9WK� �697��� /RZ�9WK� �/97�� DQG�+LJK�9WK�
�+97���� )RU� WKH� UHDVRQV� SUHVHQWHG� LQ� 6HVVLRQ� ,,�� +7)(7�
UHFWLILHU� KDV� D� ODUJHU� '&� RXWSXW� YROWDJH� RI� a��[� WR� WKDW� RI�
/97�)LQ)(7�����[�WR�WKDW�RI�697�)LQ)(7�DQG�����[�WR�WKDW�
RI�+97�)LQ)(7�DW�DQ�5)�LQSXW�YROWDJH�RI����9��6HH�)LJXUH�
���� ,UUHVSHFWLYH� RI� WXQLQJ� 9WK� RI� 6L� )LQ)(7�� � WKH� +7)(7�
UHFWLILHU� KDV� EHWWHU� SHUIRUPDQFH� IRU� YHU\� ZHDN� 5)� LQSXW�
VLJQDOV��:H�REVHUYH�WKDW�+7)(7�UHPDLQV�WKH�SUHIHUUHG�FKRLFH�
WLOO� DURXQG����9��ZKLOH�6L�)LQ)(7V�KDYH�EHWWHU� SHUIRUPDQFH�
ZLWK� LQFUHDVLQJ� 5)� LQSXW� OHYHOV� DV� WXQQHOLQJ� FXUUHQWV� DUH�
OLPLWHG����

�

����

���

����

���

����

���

����

���

���� ���� ���� ���� ���� ����

'&
�2
XW
SX

W�9
RO
WD
JH

��9
'&

�9
�

5)�,QSXW�9ROWDJH�9$& �9�

+7)(7���QP
6L�)LQ)(7�697���QP
6L�)LQ)(7�/97���QP
6L�)LQ)(7�+97���QP

�

�

�

�

�

��

��

��

��

���� ���� ���� ���� ���� ����

'&
�2
XW
SX

W�3
RZ

HU
�3

'&
�ȝ
:
�

5)�,QSXW�9ROWDJH�9$& �9�

+7)(7���QP
6L�)LQ)(7�697���QP
6L�)LQ)(7�/97���QP
6L�)LQ)(7�+97���QP

�
)LJXUH�����D��'&�RXWSXW�YROWDJH��+7)(7�YV�6L�)LQ)(7��DQG��E��'&�RXWSXW�
SRZHU�UHVSRQVH�RI�VLQJOH�VWDJH�IRXU�WUDQVLVWRU�UHFWLILHU�WRSRORJ\�ZLWK�YDU\LQJ�
5)�LQSXW�OHYHOV��
�

���)LJXUH� �� DOVR� VKRZV� WKH� '&� RXWSXW� SRZHU� SHUIRUPDQFH�
FRPSDULVRQ�RI�+7)(7�UHFWLILHU�ZLWK�6L�)LQ)(7�WRSRORJ\�ZLWK�
WKH���GLIIHUHQW�GHYLFH�RSWLRQV��6LQFH�WKH�'&�RXWSXW�YROWDJH�RI�
7)(7�UHFWLILHU�LV� ODUJH�IRU�D�JLYHQ�ORDG��'&�RXWSXW�SRZHU� LV�
KLJKHU� FRPSDUHG� WR� XVLQJ� 6L� ),1)(7� IRU� PRVW� RI� WKH� 5)�
DPSOLWXGH� UDQJH� FRQVLGHUHG�� $W� DSSUR[LPDWHO\�� ���9� 5)�
DPSOLWXGH��7)(7�VLQJOH�VWDJH�FDQ�SURYLGH�D�'&�RXWSXW�SRZHU�
RI� a���ȝ:�� ZKHUHDV� /97� )LQ)(7� UHFWLILHU� ZLOO� SURYLGH�
a���ȝ:�� 697� )LQ)(7� UHFWLILHU� ZLOO� SURYLGH� a���ȝ:� DQG�
+97�)LQ)(7�UHFWLILHU�ZLOO�SURYLGH�a���ȝ:��UHVSHFWLYHO\��

����'HVLJQ�2SWLPL]DWLRQ�IRU�0D[LPXP�'&�2XWSXW�
9ROWDJH��'&�2XWSXW�3RZHU�DQG�6HQVLWLYLW\�
����,Q� WKLV� VHFWLRQ�� WKH� SHUIRUPDQFH� RI� WKH� 7)(7� UHFWLILHU�
GHVLJQ�IRU�YDU\LQJ�FLUFXLW�SDUDPHWHUV�LV�H[SORUHG�WR�RSWLPL]H�
RXU�+7)(7�UHFWLILHU�WRSRORJ\��
������ 'HSHQGHQFH� RQ� )UHTXHQF\� DQG� 2XWSXW� /RDGLQJ�
&RQGLWLRQV��
����:H�VWXGLHG�WKH�'&�RXWSXW�YROWDJH�FKDUDFWHULVWLFV�RI�7)(7�
UHFWLILHU� IRU� GLIIHUHQW� 5)� LQSXW� IUHTXHQFLHV� �)RU� EUHYLW\�� ZH�
RQO\� VXPPDUL]H� UHVXOWV� DQG� GR� QRW� VKRZ� WKH� JUDSKV��� $W�
���0+]��7)(7�UHFWLILHU�FLUFXLW�SHUIRUPDQFH�LV�DOPRVW�VLPLODU�
WR�WKDW�DW���0+]��:LWK�WKH�IXUWKHU�LQFUHDVH�LQ�IUHTXHQF\�XS�WR�
�*+]��5)�UHFWLILHU�FLUFXLW�SHUIRUPDQFH�VOLJKWO\�GHJUDGHV�GXH�
WR�WKH�LQFUHDVH�LQ�3VZLWFKLQJ��7KXV��XVLQJ�7)(7V�RQH�FDQ�GHVLJQ�
8+)� 5),'� UHFWLILHUV� �IRU� LQFUHDVHG� FRPPXQLFDWLRQ� UDQJH��
ZLWK�D�VOLJKWO\�UHGXFHG�SHUIRUPDQFH��(IIHFW�RI�ORDG�UHVLVWDQFH�
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RQ�7)(7� UHFWLILHU� SHUIRUPDQFH� ZDV� DOVR� HYDOXDWHG��:LWK� DQ�
LQFUHDVH�LQ�WKH�ORDG�UHVLVWDQFH��RU�IRU�UHGXFHG�ORDG�FXUUHQWV���
WKH� UHFWLILHG�'&�RXWSXW� YROWDJH� LQFUHDVHV� VOLJKWO\�� 6LQFH� WKH�
ORDG� FXUUHQW� DOVR� UHGXFHV�� WKH� UHFWLILHG� '&� RXWSXW� SRZHU� LV�
DOPRVW� WKH� VDPH� DQG� DOPRVW� VLPLODU� 3&(� YDOXHV�� $W� DQ� 5)�
LQSXW�YROWDJH�RI����9��IRU�5/ ��.��� WKH�'&�RXWSXW�YROWDJH�
LV� a������� DW� 5/ ���.��� WKH� '&� RXWSXW� YROWDJH� LV� �����9�
DQG�DW�5/ ����.���WKH�'&�RXWSXW�YROWDJH�LV������9���
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5)�,QSXW�9ROWDJH�9$& �9�

+7)(7���67$*(

+7)(7���67$*(

+7)(7����67$*(

�
)LJXUH������D��'&�2XWSXW�YROWDJH�DQG��E��'&�RXWSXW�SRZHU�RI�7)(7�
5HFWLILHU�7RSRORJ\�LQ�PXOWL�VWDJH�FRQILJXUDWLRQ��
�

������ (IIHFW� RI� 1XPEHU� RI� 5HFWLILHU� 6WDJHV� DQG� 'HVLJQ�
7UDGHRIIV��
����7KH� PXOWL�VWDJHV� FRQILJXUDWLRQ� FDQ� DFKLHYH� ODUJH� RXWSXW�
'&� YROWDJH�� ZKLFK� VHULDOO\� VWDFNHG� DORQJ� WKH� '&� SDWK� DQG�
FRQQHFWHG� LQ� SDUDOOHO� WR� WKH� LQSXW� 5)� WHUPLQDOV�� )LJXUH� ���
SUHVHQWV� WKH� '&� RXWSXW� YROWDJH� RI� 7)(7� UHFWLILHU� ZLWK� ��� ��
DQG� ��� VWDJHV�� 0XOWL�VWDJH� WRSRORJ\� VLJQLILFDQWO\� LQFUHDVHV�
WKH�'&�RXWSXW�RI�7)(7�UHFWLILHU�����[�RXWSXW�YROWDJH�DW�95)� �
����9� $&� IRU� �� VWDJH� DQG� ���[� '&� RXWSXW� YROWDJH� IRU� ���
VWDJH�7)(7�UHFWLILHU��DQG�'&�RXWSXW�SRZHU�����[�'&�RXWSXW�
SRZHU�DW�95) ����9�$&�IRU���VWDJH�RQH�DQG�����[�'&�RXWSXW�
SRZHU� IRU� ��� VWDJH� 7)(7� UHFWLILHU�� LQ� FRPSDULVRQ� WR� VLQJOH�
VWDJH�� ZLWK� D� � UHGXFWLRQ� RQ� 3&(� �IURP� ���� WR� ���� IRU� ���
VWDJHV� GXH� WR� LQFUHDVHG� ORVVHV��� 6LPLODUO\�� D� VLJQLILFDQW�
LPSURYHPHQW� LQ� WKH� '&� RXWSXW� SRZHU� RI� ���VWDJH� 7)(7�
UHFWLILHU� LV� REVHUYHG� LQ� FRPSDULVRQ� WR� VLQJOH� DQG� ��VWDJH�
7)(7� UHFWLILHU�� 6LPLODU� DQDO\VLV� KDV� EHHQ� FDUULHG� RXW� IRU� ���
VWDJHV�� EXW� WKH� LPSURYHPHQW� LV� DOPRVW� QHJOLJLEOH�� 7KXV� ���
VWDJHV�DUH�XVHG�LQ�IXUWKHU�DQDO\VLV�RI�WKH�7)(7�UHFWLILHU���

�
������ (IIHFW� RI� 7UDQVLVWRU� 6L]LQJ�� &RXSOLQJ� &DSDFLWDQFH�
DQG�'HVLJQ�7UDGHRIIV�
����7UDQVLVWRU� VL]LQJ� SOD\V� D� VLJQLILFDQW� UROH� LQ� WKH� UHFWLILHU�
GHVLJQ� RSWLPL]DWLRQ�� /DUJHU� :�/� OHDGV� WR� ODUJHU� GHYLFH�
FDSDFLWDQFHV��ODUJHU�3VZLWFKLQJ�� DQG�VPDOOHU�5RQ��%\� LQFUHDVLQJ�
WUDQVLVWRU� VL]LQJ��'&�RXWSXW�YROWDJH�DQG�SRZHU� LQFUHDVHV��DV�
ORQJ� DV� VZLWFKLQJ� ORVVHV� DUH� VPDOO� IUDFWLRQ� RI� RQ�FKDQQHO�
FRQGXFWLRQ� ORVVHV�� +RZHYHU�� RQFH� WKH� VZLWFKLQJ� ORVVHV�
EHFRPH� FRPSDUDEOH� WR� FRQGXFWLRQ� ORVVHV�� LQFUHDVLQJ�
WUDQVLVWRU� VL]LQJ� KDV� QR� LPSURYHPHQW� RQ� WKH� '&� RXWSXW�
FKDUDFWHULVWLFV��7KHUHIRUH��ZH�REVHUYHG�WKDW�WKH�RSWLPDO�YDOXH�
IRU� GHYLFH� VL]LQJ� ZDV� ����� �GHWDLOHG� UHVXOWV� RPLWWHG� IRU�
EUHYLW\���IRU�RXU����VWDJH�7)(7�UHFWLILHU�WRSRORJ\��
����&RXSOLQJ�FDSDFLWRUV��&��DQG�&���VWURQJO\�DIIHFW�WKH�UHFWLILHU�
LQSXW� LPSHGDQFH�DQG� WKXV� UHFWLILHU�RXWSXW��:LWK� WKH� LQFUHDVH�
RI� FRXSOLQJ� FDSDFLWDQFH�� WKH� UHFWLILHU� LQSXW� LPSHGDQFH�
UHGXFHV�� WKXV� PRUH� LQSXW� FXUUHQW� IORZV� WKURXJK� WKH� GHYLFHV�
�LQFUHDVHG�FRQGXFWLRQ�ORVVHV�35RQ���EXW�DOVR�LQFUHDVHV�WKH�'&�

RXWSXW�YROWDJH�DQG�SRZHU��3VZLWFKLQJ�DOVR�LQFUHDVHV�ZLWK�ODUJHU�
FRXSOLQJ� FDSDFLWRUV�� +RZHYHU�� RQFH� 3VZLWFKLQJ� EHFRPHV�
FRPSDUDEOH� ZLWK� 35RQ�� WKH� '&� RXWSXW� FKDUDFWHULVWLFV� JHWV�
ZRUVH��7KXV�DQ�RSWLPDO�YDOXH�RI�&��� ��I)�LV�WKHQ�REWDLQHG�LQ�
WKH�IXUWKHU�DQDO\VLV�RI����VWDJH�7)(7�UHFWLILHU�WRSRORJ\���

������3HUIRUPDQFH�RI�2SWPL]HG�7)(7�5HFWLILHU�
����'HVLJQ� RSWLPL]DWLRQ� KDV� EHHQ� SHUIRUPHG� IRU� D� ��� VWDJH�
7)(7� UHFWLILHU� DW� ���0+]� ZLWK�:S�:Q ��:S :Q �����P��
&��� &/ ��I)��5/ ��.��EDVHG�RQ�GHVLJQ�H[SORUDWLRQ�VKRZQ�
DERYH��)LJXUH����SUHVHQW�WKH�YDULDWLRQ�RI�3&(�DQG�'&�RXWSXW�
SRZHU� RI� D� ���VWDJH� 7)(7� UHFWLILHU� IRU� YDU\LQJ� 5)� LQSXW�
SRZHU� OHYHOV�� )RU� 5)� LQSXW� SRZHU� OHYHOV� RI� ���G%P� WR�
��G%P�� WKH� '&� RXWSXW� SRZHU� OHYHO� YDULHV� IURP� ��S:� WR�
����:�ZLWK�VLJQLILFDQW�LPSURYHPHQW�LQ�3&(��)URP�����G%P�
WR�����G%P�LQSXW�OHYHOV��WKHUH�KDV�EHHQ�D�VLJQLILFDQW�LQFUHDVH�
LQ� RXWSXW� SRZHU� �IURP� ���� �:� WR� ��� �:���7KLV� VKRZV� RQH�
FDQ� DFKLHYH� JRRG� FRPPXQLFDWLRQ� UDQJH� RI� a������P� ZLWK�
LQFUHDVHG�VHQVLWLYLW\�YDOXHV�XVLQJ�PXOWL�VWDJH�7)(7�UHFWLILHU����
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5)�,QSXW�3RZHU��G%P� �
)LJXUH�����3&(�DQG�'&�RXWSXW�SRZHU�YDULDWLRQ�RI�D����VWDJH�7)(7�5HFWLILHU�
WRSRORJ\�XQGHU�RSWLPDO�FRQGLWLRQV���
�

����8VLQJ�WKH����VWDJH�UHFWLILHU�IRU�9LQ�$&� ���9��WKH�RSWLPL]HG�
7)(7� UHFWLILHU� KDV� ���[� ODUJHU� '&� RXWSXW� YROWDJH� WKDQ� WKH�
EDVHOLQH�7)(7� UHFWLILHU� �7DEOH� ,,��� )RU� WKH� VDPH� FRQGLWLRQV��
WKH� RSWLPL]HG� 7)(7� UHFWLILHU� KDV� ����[� ODUJHU� '&� RXWSXW�
SRZHU� WKDQ� XQ�RSWLPL]HG�RQH��$OVR�� WKH�SRZHU� FRQVXPSWLRQ�
RI�WKH�XQ�RSWLPL]HG�RQH�LV�a����Q:�DQG�WKDW�RI�WKH�RSWLPL]HG�
RQH� LV� a����Q:�� � )RU� WKH� UHFWLILHU� WKDW� FDQ� SURGXFH� D� '&�
RXWSXW�YROWDJH�RI����9��GULYLQJ�D�ORDG�RI���.���ORDG�FXUUHQW�
��ȝ$��� PLQLPXP� '&� RXWSXW� SRZHU� VKRXOG� EH� �� ȝ:�� 7KH�
RSWLPL]HG�UHFWLILHU�LV�DEOH�WR�DFKLHYH�WKLV�ZLWK�D�VHQVLWLYLW\�RI�
���G%P� DQG� WKH� QRQ�RSWLPL]HG� RQH� KDV� D� VHQVLWLYLW\� RI� �
��G%P�� 7KLV� PHDQV� WKH� RSWLPL]HG� 7)(7� UHFWLILHU� FDQ� KDYH�
WKH�VLPLODU�SHUIRUPDQFH�DW�a��P�5)�FRPPXQLFDWLRQ�UDQJH�LQ�
FRPSDULVRQ� WR� WKH� XQ�RSWLPL]HG� RQH� RSHUDWLQJ� DW� a��P�
FRPPXQLFDWLRQ� UDQJH�� � 7KH� FRPPXQLFDWLRQ� UDQJH� XVLQJ�
7)(7� UHFWLILHU� IRU� SDVVLYH� 5),'V� FDQ� EH� IXUWKHU� LQFUHDVHG�
XVLQJ� PRUH� QXPEHU� RI� UHFWLILHU� VWDJHV� DQG� IROORZLQJ� WKH�
RSWLPL]DWLRQ� SURFHGXUH�� 7DEOH� ,,,� VXPPDUL]HV� WKH�
SHUIRUPDQFH� DQG�EHQFKPDUNLQJ�RI�RSWLPL]HG�7)(7� UHFWLILHU�
ZLWK� WKH� SXEOLVKHG� GDWD�� )ULLV� HTXDWLRQ� >�@�� >�@� LV� XVHG� WR�
HVWLPDWH� FRPPXQLFDWLRQ� UDQJH��:LWK� WKH����VWDJH�RSWLPL]HG�
7)(7� UHFWLILHU�� ���� RI� 3&(� ZLWK� ���QZ� RI� SRZHU�
FRQVXPSWLRQ��VHQVLWLYLW\�RI����G%P�IRU���ȝ:�3'&��IUHH�VSDFH�
FRPPXQLFDWLRQ�UDQJH�RI�a��P��DQG�VHQVLWLYLW\�RI����G%P�IRU�
���ȝ:� 3'&� � �IUHH�VSDFH� FRPPXQLFDWLRQ� UDQJH� RI� a��P�� DQG�
ZDV�DFKLHYHG��
�

7$%/(�,,��7)(7�5(&7,),(5�'(6,*1�237,0,=$7,21�
&DVH�
�

9'&��9��
�9LQ ���9��

3'&��
��:��

3&(��
����

���9'&��
6HQVLWLYLW\��G%P���

5)�5DQJH�
�P��
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1RQ�
2SWLPL]HG��

������ ����� ��� ���� ���

2SWLPL]HG� ������ ����� ��� ���� ���

���&RQFOXVLRQ�
,Q� WKLV� ZRUN�� SHUIRUPDQFH� EHQFKPDUNLQJ� DQG� GHVLJQ�

LQVLJKWV�IRU�7)(7�EDVHG�GLIIHUHQWLDO�GULYH�UHFWLILHU�KDYH�EHHQ�
SUHVHQWHG� IRU� WKH� ILUVW� WLPH�� ,UUHVSHFWLYH� RI� WXQLQJ�9WK� RI� 6L�
)LQ)(7�� WKH� +7)(7� UHFWLILHU� SHUIRUPDQFH� LV� VXSHULRU� IRU�
UHFWLI\LQJ�ZHDN�5)�LQSXW�VLJQDOV��+7)(7�5HFWLILHU�KDV�EHHQ�
VKRZQ� WR� KDYH� ������� ODUJHU�'&� UHFWLILHG� RXWSXW� SRZHU� LQ�
FRPSDULVRQ�WR�6L�)LQ)(7�WRSRORJ\�GXH�WR�WKH�VWHHS�VZLWFKLQJ��
LPSURYHG� ,RQ� DW� ORZ� 9&&� DQG� XQL�GLUHFWLRQDO� FRQGXFWLRQ�� $�
GHVLJQ�SDUDPHWHU�RSWLPL]DWLRQ�VSHFLILF�WR�7)(7�UHFWLILHU�ZDV�
DOVR� H[SORUHG��7KH�RSWLPL]HG�7)(7�UHFWLILHU� KDV� ���[� ODUJHU�
'&�RXWSXW�YROWDJH������[�ODUJHU�'&�RXWSXW�SRZHU�ZLWK�ODUJHU�
3&(�YDOXHV� LQ�FRPSDULVRQ� WR� QRQ�RSWLPL]HG�FDVH�� �:LWK� WKH�
���VWDJH�RSWLPL]HG�7)(7�UHFWLILHU�DW�����0+]��3&(�RI�����
ZLWK�����Q:�SRZHU�FRQVXPSWLRQ��VHQVLWLYLW\�RI����G%P�IRU���
ȝ:�3'&��ZLWK�IUHH�VSDFH�FRPPXQLFDWLRQ�UDQJH�RI�a��P��DQG�
VHQVLWLYLW\� RI� ���G%P� IRU� ���ȝZ� 3'&� � �ZLWK� IUHH�VSDFH�
FRPPXQLFDWLRQ�UDQJH�RI�a��P���LV�DFKLHYHG���
�

���$FNQRZOHGJHPHQW�
7KLV� ZRUN� ZDV� VXSSRUWHG� LQ� SDUW� E\� WKH� &HQWHU� IRU� /RZ�

(QHUJ\� 6\VWHPV� 7HFKQRORJ\� �/($67��� RQH� RI� VL[� FHQWHUV�
VXSSRUWHG� E\� WKH� 67$5QHW� SKDVH� RI� WKH� )RFXV� &HQWHU�
5HVHDUFK� 3URJUDP� �)&53��� D� 6HPLFRQGXFWRU� 5HVHDUFK�
&RUSRUDWLRQ� SURJUDP� VSRQVRUHG� E\� 0$5&2� DQG� '$53$��
7KLV�ZRUN� LV� DOVR� VXSSRUWHG� LQ�SDUW� E\� WKH�1DWLRQDO�6FLHQFH�
)RXQGDWLRQ��16)��$66,67�(5&���������DQG�,QWHO�$52��
�

���5HIHUHQFHV�
>�@� 6�� 0DQGDO� HW�� DO�� ³/RZ�3RZHU� &026� 5HFWLILHU� 'HVLJQ� IRU� 5),'�

$SSOLFDWLRQV�´� ,(((� 7UDQV�� RQ� &LUF�� DQG� 6\VW�� ,�� YRO�� ���� QR�� ��� SS��
�����������-XO\��������

>�@� .��.RWDQL�� HW�� DO�� ³+LJK�(IILFLHQF\�&026�5HFWLILHU�&LUFXLW�ZLWK�6HOI�
9WK�&DQFHOODWLRQ�DQG�3RZHU�5HJXODWLRQ�)XQFWLRQV�IRU�8+)�5),'V�´� LQ�
,(((�3URF��$66&&�¶�����SS�����±������1RY��������

>�@� 7��/H��HW�DO����(IILFLHQW�IDU�ILHOG�UDGLR�IUHTXHQF\�HQHUJ\�KDUYHVWLQJ�IRU�
SDVVLYHO\�SRZHUHG�VHQVRU�QHWZRUNV��� ,(((�-��6ROLG�6WDWH�&LUF����������
SS������������0D\��������

>�@� .��.RWDQL��HW�DO����+LJK�HIILFLHQF\�GLIIHUHQWLDO�GULYH�&026�UHFWLILHU�IRU�
8+)�5),'V���,(((�-66&����������SS�������������1RY���������

>�@� *�� 'H� 9LWD�� HW� DO�� �'HVLJQ� FULWHULD� IRU� WKH� 5)� VHFWLRQ� RI� 8+)� DQG�
PLFURZDYH� SDVVLYH� 5),'� WUDQVSRQGHUV��� ,(((� 7077��������� 6HSW��
������

>�@� 6�� 2K�� HW�� DO�� �$� ���G%P� 6HQVLWLYLW\� 5)� 3RZHU� +DUYHVWHU� LQ� ���QP�
&026���,(((�5),&��SS������������-XQH�������

>�@� $�� &�� 6HDEDXJK� HW�� DO�� ³/RZ�9ROWDJH� 7XQQHO� 7UDQVLVWRUV� IRU� %H\RQG�
&026�/RJLF�´�LQ�,(((�3URF��YRO������LVV������SS�������������������

>�@� 9�� 6DULSDOOL�� HW� DO�� �9DULDWLRQ�WROHUDQW� XOWUD�ORZ� SRZHU� KHWHURMXQFWLRQ�
WXQQHO�)(7�65$0�GHVLJQ���,(((�$&0�1$12$5&+��-XQH�������

>�@� 9��6DULSDOOL�� HW�� DO��([SORLWLQJ�+HWHURJHQHLW\� IRU�(QHUJ\�(IILFLHQF\� LQ�
&KLS� 0XOWLSURFHVVRUV��� ,(((� -RXU�� RQ� (PHUJ�� DQG� 6HOHFW�7RSLFV� LQ�
&LUF��DQG�6\V���YRO�����,VV�����SS�����������-XQH��������

>��@� $��7ULYHGL�HW��DO��³([SORULQJ�7XQQHO�)(7�IRU�8OWUD�/RZ�3RZHU�$QDORJ�
$SSOLFDWLRQV�� $� &DVH� 6WXG\� RQ� 2SHUDWLRQDO� 7UDQVFRQGXFWDQFH�
$PSOLILHU�´�LQ�$&0��'$&��������$FFHSWHG�IRU�SXEOLFDWLRQ��

>��@� 3��7KHLOPDQQ�� HW��DO�� ³1HDU� ]HUR� WXUQ�RQ�YROWDJH�KLJK�HIILFLHQF\�8+)�
5),'�UHFWLILHU� LQ�VLOLFRQ�RQ�VDSSKLUH�FPRV�´� LQ�,(((�5),&��SS������±
�����0D\�������

>��@� +�� 0�� /HH�� HW�� DO�� ³$� +LJK� )UHTXHQF\� $FWLYH� 9ROWDJH� 'RXEOHU� LQ�
6WDQGDUG� &026� 8VLQJ� 2IIVHW�&RQWUROOHG� &RPSDUDWRUV� IRU� ,QGXFWLYH�
3RZHU�7UDQVPLVVLRQ´��LQ�,(((�7UDQV��%LR��&LUF��DQG�6\V���$FFHSWHG�IRU�
SXEOLFDWLRQ���

>��@� 7&$'�6HQWDXUXV�'HYLFH�0DQXDO��9HU��&����������6\QRSV\V���������
>��@� 8��(��$YFL��HW��DO��³8QGHUVWDQGLQJ�WKH�)HDVLELOLW\�RI�6FDOHG�,,,�9�7)(7�

IRU� /RJLF� %\� %ULGJLQJ� $WRPLVWLF� 6LPXODWLRQV� DQG� ([SHULPHQWDO�
5HVXOWV�´�LQ�,(((�9/6,�6\PS���SS�����±�����-XQ��������

>��@� &DGHQFH��9LUWXRVR��6SHFWUH��&LUFXLW�6LPXODWRU��������
>��@� 6��:RQJ��HW�DO��³3RZHU�HIILFLHQW�PXOWL�VWDJH�&026�UHFWLILHU�GHVLJQ�IRU�

8+)�5),'�WDJV�´�LQ�9/6,�-RXU��,QWHJ�������������SS�����������
>��@� 6��0RRNHUMHD�� HW�� DO�� �2Q�(QKDQFHG�0LOOHU�&DSDFLWDQFH� LQ� ,QWHU�%DQG�

7XQQHO�7UDQVLVWRUV��� ,(((�(OHFWURQ�'HYLFH� /HWW��� YRO�� ���� QR�� ���� SS��
�����������2FWREHU�������

>��@� -��<L�HW��DO��³$QDO\VLVDQG�'HLVJQ�6WUDWHJ\�RI�8+)�0LFUR�3RZHU�&026�
5HFWLILHUV� IRU�0LFUR�6HQVRU� DQG�5),'�$SSOLFDWLRQV�´� ,(((�7UDQV��RQ�
&LUF��DQG�6\VW��,��YRO������QR�����SS�����������-DQ���������

�

7$%/(�,,,��+7)(7�5(&7,),(5�%(1&+0$5.,1*�
� .��.RWDQL��>�@� 0��*KRYDQORR�>��@� 3�$VEHFN�>��@� 5��6DUSHVKNDU�>�@� '��:HQW]ORII�>�@� 7KLV�ZRUN�

7HFKQRORJ\� �����ȝP�&026� ����ȝP�&026� �����ȝP�&026� �����ȝP�&026� �����ȝP�&026� ��QP�+7)(7V�
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