

6L� 026)(7� KLJK� SHUIRUPDQFH� �&026� +3�� DQG� ORZ� SRZHU� �&026� /3��� ,,,�9� DQG�
+HWHURMXQFLWRQ�7)(7��+7)(7���*UDSKHQH�1DQRULEERQ��*15��7)(7��6SLQ�7RUTXH�EDVHG�
'RPDLQ� :DOO� �677�':��� 0DMRULW\� *DWH� �670*�� DQG� 2VFLOODWRU� �672�� /RJLF�� 6SLQ�
:DYH�'HYLFH��6:'���

6WHHS�6ZLWFKLQJ�7XQQHO�)(7��$�3URPLVH�WR�([WHQG�WKH�(QHUJ\�(IILFLHQW�5RDGPDS�IRU�3RVW�
&026�'LJLWDO�DQG�$QDORJ�5)�$SSOLFDWLRQs�

�
+XLFKX�/LX���6XPDQ�'DWWD���9LMD\NULVKQDQ�1DUD\DQDQ��

���(OHFWULFDO�(QJLQHHULQJ�'HSW����&RPSXWHU�6FLHQFH�(QJLQHHULQJ�'HSW���WKH�3HQQV\OYDQLD�6WDWH�8QLYHUVLW\�
���'�,67�%XLOGLQJ��WKH�3HQQV\OYDQLD�6WDWH�8QLYHUVLW\��8QLYHUVLW\�3DUN��3$���������8QLWHG�6WDWHV�

(PDLO��K[O���#SVX�HGX���VGDWWD#HQJU�SVX�HGX���YLMD\#FVH�SVX�HGX���
�

$EVWUDFW�
6WHHS� VZLWFKLQJ� 7XQQHO� )(7V� �7)(7�� FDQ� H[WHQG� WKH�

VXSSO\� YROWDJH� VFDOLQJ� ZLWK� LPSURYHG� HQHUJ\� HIILFLHQF\� IRU�
ERWK� GLJLWDO� DQG� DQDORJ�5)� DSSOLFDWLRQ�� ,Q� WKLV� SDSHU�� UHFHQW�
DSSURDFKHV� RQ� ,,,�9� 7XQQHO� )(7� GHYLFH� GHVLJQ�� SURWRW\SH�
GHYLFH� GHPRQVWUDWLRQ��PRGHOLQJ� WHFKQLTXHV� DQG� SHUIRUPDQFH�
HYDOXDWLRQV� IRU� GLJLWDO� DQG� DQDORJ�5)� DSSOLFDWLRQ� DUH�
GLVFXVVHG�DQG�FRPSDUHG�WR�&026�WHFKQRORJ\��7KH�LPSDFW�RI�
VWHHS� VZLWFKLQJ�� XQL�GLUHFWLRQDO� FRQGXFWLRQ� DQG� QHJDWLYH�
GLIIHUHQWLDO�UHVLVWDQFH�FKDUDFWHULVWLFV�DUH�H[SORUHG�IURP�FLUFXLW�
GHVLJQ�SHUVSHFWLYH����&LUFXLW�OHYHO�LPSOHPHQWDWLRQ�VXFK�DV�,,,�
9� 7)(7� EDVHG� $GGHU� DQG� 65$0� GHVLJQ� VKRZV� VLJQLILFDQW�
LPSURYHPHQW�RQ�HQHUJ\�HIILFLHQF\�DQG�SRZHU�UHGXFWLRQ�EHORZ�
���9�IRU�GLJLWDO�DSSOLFDWLRQ���7KH�DQDORJ�5)�PHWULF�HYDOXDWLRQ�
LV� SUHVHQWHG� LQFOXGLQJ� JP�,GV� PHWULF�� WHPSHUDWXUH� VHQVLWLYLW\��
SDUDVLWLF� LPSDFW� DQG� QRLVH� SHUIRUPDQFH�� 7)(7V� H[KLELW�
SURPLVLQJ� SHUIRUPDQFH� IRU� KLJK� IUHTXHQF\�� KLJK� VHQVLWLYLW\�
DQG�XOWUD�ORZ�SRZHU�5)�UHFWLILHU�DSSOLFDWLRQ������
.H\ZRUGV�

6WHHS� VZLWFKLQJ�� 7XQQHO� )(7V�� 7)(7� 65$0V�� HQHUJ\�
HIILFLHQF\�� VXSSO\� YROWDJH� VFDOLQJ�� XOWUD�ORZ� SRZHU� GLJLWDO��
ORZ�SRZHU�DQDORJ�5)���

��� ,QWURGXFWLRQ�
:LWK� FRQWLQXHG� WUDQVLVWRU� VFDOLQJ�� WKH� VWDWLF� SRZHU� KDV�

EHFRPH� D� GRPLQDQW� FRPSRQHQW� LQ� WRWDO� SRZHU� FRQVXPSWLRQ�
GXH�WR�WKH�WKUHVKROG�YROWDJH��9WK��VFDOLQJ�DQG�RII�VWDWH�OHDNDJH�
�,RII��WUDGH�RII���:KLOH�9WK�UHGXFWLRQ�LV�FULWLFDO�WR�ORZHU�VXSSO\�
YROWDJH��,RII���LQFUHDVHV�H[SRQHQWLDOO\�DV�WKH�WKUHVKROG�YROWDJH�LV�
UHGXFHG��7KH�DELOLW\� WR�FRQWURO� WKLV� LQFUHDVH� LV� IXQGDPHQWDOO\�
OLPLWHG�E\� WKH���P9�GHF�VXE�WKUHVKROG� VORSH� �66�� LQ�&026�
WHFKQRORJ\�� � 7KXV�� WKH� VXSSO\� YROWDJH� �9&&�� VFDOLQJ� KDV�
VORZHG� GXH� WR� WKH� OHDNDJH� SRZHU� EXGJHW� DQG� UHTXLUHG�
PLQLPXP� RQ�VWDWH� GULYH� FXUUHQW� �,RQ��� ZKLFK� KDV�
IXQGDPHQWDOO\�UHVWUDLQHG�WKH�SRZHU�FRQVXPSWLRQ�UHGXFWLRQ�IRU�
KLJK�SHUIRUPDQFH�� ORZ�SRZHU� GLJLWDO� DSSOLFDWLRQ�� 7KH�
UHGXFWLRQ� RI� GHYLFH� LQWULQVLF� JDLQ� �JP�JGV�� ZLWK� WHFKQRORJ\�
VFDOLQJ�DV�ZHOO�DV� WKH�HIIHFWLYH�JDLQ� �JP�,GV�� OLPLW� DQG�GHVLJQ�
WUDGH�RIIV�LQ�&026�WHFKQRORJ\�LPSRVH�IXUWKHU�FKDOOHQJHV�IRU�
XOWUD�ORZ�SRZHU�DQDORJ�5)�DSSOLFDWLRQ���

9DULRXV� LQQRYDWLRQV� LQ�GHYLFHV�KDYH�EHHQ� LQYHVWLJDWHG� WR�
LPSURYH� WKH� HQHUJ\� HIILFLHQF\� SHU� FRPSXWDWLRQ� IRU� SRVW�
&026� FLUFXLW� DQG� DUFKLWHFWXUH� DSSOLFDWLRQ�� 6WHHS� VZLWFKLQJ�
7XQQHO�)(7V��7)(7V���DQ�DOWHUQDWLYH�GHYLFH�DUFKLWHFWXUH��FDQ�
HQDEOH�IXUWKHU�VFDOLQJ�RI�9&&�IRU�XOWUD�ORZ�SRZHU�DSSOLFDWLRQV�
>�@��%HQFKPDUNLQJ�RQ�EH\RQG�&026�ORJLF�GHYLFHV� LQFOXGLQJ�
HOHFWURQLF�DQG� VSLQWURQLF�GHYLFHV�KDYH� VKRZQ� WKDW�7)(7�FDQ�
DFKLHYH� !� ����� ,QWHJHU� 2SV�V�FP�� ZLWK� SRZHU� �� �:�FP��
�)LJXUH���� >�@��5HFHQW�DSSURDFKHV� LQ�7)(7�EDVHG�GLJLWDO�DQG�
DQDORJ�5)� GHVLJQV� KDYH� VKRZQ� VLJQLILFDQW� SHUIRUPDQFH�

LPSURYHPHQW� DQG� SRZHU� UHGXFWLRQ� >���@�� 'XH� WR� WKH� GHYLFH�
FKDUDFWHULVWLFV� RI� 7)(7V� �H�J�� DV\PPHWULFDO� VRXUFH�GUDLQ��
YHUWLFDO� GHYLFH� DUFKLWHFWXUH�� VWHHS� VZLWFKLQJ�� XQL�GLUHFWLRQ�
FRQGXFWLQJ�� HWF��� FR�GHVLJQ� IURP� GHYLFH� PHWULFV� WR� FLUFXLW�
LPSOHPHQWDWLRQ� QHHGV� WR� EH� DSSOLHG� WR� 7)(7� WHFKQRORJ\� WR�
RSWLPL]H�WKH�SHUIRUPDQFH�EHQHILWV�DQG�HQHUJ\�HIILFLHQF\��

� � �

)LJXUH� �� (QHUJ\� YV� WKURXJKSXW� DQG� DUHD�� GHOD\�� SRZHU� FRPSDULVRQ� IRU�
HPHUJLQJ�HOHFWURQLF�DQG�VSLQWURQLF�PDJQHWLF�GHYLFHV�>�@��
�

,Q�WKLV�SDSHU�� WKH�GHYLFH�PHWULFV�IRU�GLJLWDO�DQG�DQDORJ�5)�
DSSOLFDWLRQ� DQG� FLUFXLW� LPSOHPHQWDWLRQ� KDYH� EHHQ� GLVFXVVHG�
IURP� ,,,�9�7)(7� IURP� GHYLFH�FLUFXLW� LQWHUDFWLRQ� SHUVSHFWLYH��
7KLV� SDSHU� LV� GLYLGHG� LQWR� ILYH� VHFWLRQV�� ,Q� 6HFWLRQ� ��� WKH�
GHYLFH� RSHUDWLRQ� DQG� SHUIRUPDQFH� EHQFKPDUNLQJ� RI� VWHHS�
VZLWFKLQJ�7)(7�DUH�GLVFXVVHG��6HFWLRQ���VKRZV�PRGHOLQJ�DQG�
GHVLJQ� FRQVLGHUDWLRQV� IRU� LPSOHPHQWLQJ� 7)(7V� DV� HQHUJ\�
HIILFLHQW�GLJLWDO�FLUFXLWV��6HFWLRQ���VKRZV�WKH�7)(7�PHWULFV�IRU�
XOWUD�ORZ�SRZHU�DQDORJ�5)�DSSOLFDWLRQV��7KH�FKDOOHQJHV�RI�,,,�
9� S�W\SH� 7)(7� DQG� OD\RXW� FRQVLGHUDWLRQV� DUH� GLVFXVVHG� LQ�
6HFWLRQ����IROORZHG�E\�FRQFOXVLRQV���
��� 6WHHS�6ZLWFKLQJ�,QWHUEDQG�7XQQHO�)(7��
������7XQQHO� )(7� LV� HVVHQWLDOO\� D� UHYHUVH�ELDVHG�� JDWHG� S�L�Q�
WXQQHO� GLRGH� ZLWK� DV\PPHWULFDO� VRXUFH�GUDLQ� GRSLQJ� �)LJXUH�
��D�E����,Q�026)(7V��WKH�FDUULHU�LQMHFWLRQ�LV�FRQWUROOHG�E\�WKH�
WKHUPDO�HOHFWURVWDWLF�SRWHQWLDO�EDUULHU��ZKHUH�RQO\�FDUULHUV�ZLWK�
HQHUJ\� H[FHHGLQJ� WKH� EDUULHU� FDQ� FRQWULEXWH� WR� WKH� RQ�VWDWH�
FXUUHQW� �,RQ��� 7KHVH� KLJK� HQHUJ\� FDUULHUV� IROORZLQJ� )HUPL�
'LUDF�GLVWULEXWLRQ�LQMHFWHG�WKURXJK�WKHUPLRQLF�HPLVVLRQ�DW�WKH�
VRXUFH�FKDQQHO� S�Q� MXQFWLRQ� KDYH� DQ� HQHUJ\� VORSH� RI� N7��
ZKLFK�LQGXFHV�66�!���P9�GHF��a���N7�T��LQ�026)(7�DW�WKH�
URRP�WHPSHUDWXUH�����.����,Q�7)(7V��WKH�RQ�RII�VZLWFKLQJ�LV�
HQDEOHG� E\� WKH� JDWH�YROWDJH� LQGXFHG� EDQG�WR�EDQG� WXQQHOLQJ�
�%7%7�� DW� WKH� VRXUFH�FKDQQHO� MXQFWLRQ�� ZKLFK� RSHQV� WKH�
WXQQHOLQJ�ZLQGRZ�LQ�WKH�HQHUJ\�EDQGV��6LQFH�WKH�KLJK�HQHUJ\�
WDLO� RI� )HUPL�'LUDF� GLVWULEXWLRQ� LV� ILOWHUHG� E\� WKH� WXQQHOLQJ�
ZLQGRZ��D�VXE���P9�GHF�66�FDQ�EH�DFKLHYHG�LQ�7)(7���

7KH� GHVLJQ� RI� 7)(7� LQYROYHV� WKH� FRQVLGHUDWLRQV� RI�
PDWHULDO� V\VWHPV�� WXQQHO� MXQFWLRQ�� JDWH� HOHFWURVWDWLFV�� VXSSO\�
YROWDJHV��JHRPHWULHV�DQG�IDFWRUV�WKDW�GHJUDGH�66��)LJXUH���E��
VKRZV�WKH�WXQQHOLQJ�FXUUHQW�GHSHQGHQFH��ZKLFK�LOOXVWUDWHV�WKH�
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SDWKV�WR�LPSURYH�7)(7�SHUIRUPDQFH�>��@��/RZ�EDQGJDS��(J��
PDWHULDOV� �H�J��*H�� ,,,�9V�� HWF��ZLWK� ORZ�HIIHFWLYH�PDVV� �P
��
DV� ZHOO� DV� KHWHUR�� EDQG�DOLJQPHQW� FDQ� VLJQLILFDQWO\� LPSURYH�
WKH�WXQQHOLQJ�SUREDELOLW\��7:.%��DW�ORZ�9&&��7XQQHO�MXQFWLRQV�
ZLWK�VWHHS�SURILOHV�DQG�ORZ�GHIHFWV�DV�ZHOO�DV�LPSURYHG�JDWH�
FRQWURO� IURP� SODQDU� WRZDUGV� WKH� JDWH�DOO�DURXQG� VWUXFWXUHV�
�H�J��QDQRZLUHV��FDQ�IXUWKHU�LPSURYH�WKH�HOHFWURVWDWLFV��UHGXFH�
Ȝ�� IRU� VWHHS� 66� DQG� KLJK� ,RQ�� � ,Q� >���@�� ,,,�9� KHWHURMXQFWLRQ�
Q7)(7V� �+7)(7�� KDYH� EHHQ� GHPRQVWUDWHG� ZLWK� 026)(7�
OLNH�,RQ�DFKLHYHG�GXH�WR�WKH�VLJQLILFDQW�WXQQHOLQJ�WUDQVPLVVLRQ�
SUREDELOLW\�LPSURYHPHQW��7KH�PRVW�UHFHQW�ZRUN�RQ�IDEULFDWHG�
Q�W\SH�,,,�9�7)(7V�DQG�GHYLFH�SHUIRUPDQFH�LV�VXPPDUL]HG�LQ�
)LJXUH���F���7KH�PDLQ�REVWDFOH�RI�QRQ�VWHHS�66�LQ�IDEULFDWHG�
7)(7� LV� GXH� WR� WKH� WUDS� DVVLVWHG� WXQQHOLQJ� �7$7�� RI� WKH�
VRXUFH�FKDQQHO� LQWHUIDFH� VWDWHV� >��� �@�� ZKLFK� FDQ� EH� VRYOHG�
ZLWK�IXUWKHU�LPSURYHPHQW�RQ�PDWHULDO�LQWHUIDFH��

,Q�RUGHU�WR�UHDOL]H�WKH�FRPSOHPHQWDU\�7)(7�ORJLF��S�W\SH�
7)(7� GHPRQVWUDWLRQ� LV� FUXFLDO�� 6L�� 6L*H�� *H�EDVHG� S7)(7�
KDYH�EHHQ� LQYHVWLJDWHG� >����������@��7KH�GHPRQVWUDWHG�*H6Q�
S�7)(7�LQ�>��@�VKRZV�,RQ�RI������ȝ$�ȝP�DW��9��>��@�UHSRUWHG�
WKH� ILUVW� IDEULFDWHG� VWUDLQHG�6L� QDQRZLUH� 7)(7� LQYHUWHU�ZLWK�
,RQ�!���ȝ$�ȝP�DW����9�IRU�Q��DQG�S�7)(7V��D�PLQLPXP�66�RI�
��P9�GHF� IRU�Q7)(7�DQG�KLJK� VWDWLF� JDLQ� DW� ���9�DFKLHYHG��
7KH� VLPXODWHG� Q�� DQG� S�� 7)(7� FKDUDFWHULVWLFV� ZLWK� YDULRXV�
PDWHULDO�V\VWHPV�DUH�FRPSDUHG�LQ�)LJXUH���G��>�����@��

�

�������

�
)LJXUH��� �D��)DEULFDWHG�,,,�9�+7)(7�7(0�PLFURJUDSK�>�@��E��'RXEOH�JDWH�
+7)(7� GHYLFH� VFKHPDWLF�� EDQG� GLDJUDP� DW� RQ�RII� VWDWH�� WXQQHOLQJ� FXUUHQW�
GHSHQGHQFH� �F�� 6XPPDU\� RI� WKH� UHSRUWHG� ,,,�9� 7)(7� SHUIRUPDQFH�
FRPSDULVRQ� >�@�� � �G�� 6LPXODWHG� GRXEOH�JDWH� Q�� DQG� S�� 7)(7� ZLWK� YDULRXV�
PDWHULDO�V\VWHPV�>���������@��*D6E�,Q$V�+7)(7�VKRZV�LPSURYHG�,RQ�IRU����9���

��� 7XQQHO�)(7�IRU�(QHUJ\�(IILFLHQW�'LJLWDO�$SSOLFDWLRQ�
����7XQQHO�)(7�0RGHOLQJ�IRU�&LUFXLW�6LPXODWLRQ��
����&RPSDFW� PRGHO� IRU� 6L� 7)(7� KDV� EHHQ� UHSRUWHG� LQ� >��@��
VKRZLQJ� JRRG� DJUHHPHQW� ZLWK� 7&$'� VLPXODWLRQ�� +RZHYHU��

GXH�WR�WKH�PDWHULDO�V\VWHP�GLIIHUHQFH��FRPSDFW�PRGHOV�IRU�,,,�
9�7)(7V�KDYH�\HW�WR�EH�GHYHORSHG��,Q�RUGHU�WR�SHUIRUP�WKH�,,,�
9�7)(7�EDVHG�FLUFXLW�GHVLJQ��ZH�KDYH�GHYHORSHG�ORRN�XS�WDEOH�
EDVHG� 9HULORJ�$� PRGHOV� >��� ��@� IURP� 7&$'� 6HQWDXUXV�
VLPXODWLRQ� >��@�� ZKLFK� FDQ� FDSWXUH� ERWK� '&� DQG� WUDQVLHQW�
FKDUDFWHULVWLFV�RI�,,,�9�7)(7V��7KH�7&$'�VLPXODWLRQ�PRGHOV�
RI� ,,,�9� 7)(7� KDYH� EHHQ� FDOLEUDWHG� ZLWK� IDEULFDWHG� ,,,�9�
7)(7� GDWD� DQG� DSSOLHG� WR� WKH� SURMHFWHG� WHFKQRORJ\� QRGHV� WR�
FRPSDUH�ZLWK� WKH�VWDWH�RI�DUW�&026�WHFKQRORJ\�� �$W� WKH�JDWH�
OHQJWK��/J��RI���QP��RXU�FDOLEUDWHG�*D6E�,Q$V�+7)(7�PRGHO�
VKRZV� VHYHQ� WLPHV� LPSURYHPHQW� RI� ,RQ� DW� ���9� 9&&� RYHU�
/J ��QP� 6L� )LQ)(7V� IRU� /23� DSSOLFDWLRQ� ZLWK� RII�VWDWH�
OHDNDJH�RI��Q$��ȝP��)LJXUH�����ZKLFK�LV�DOVR�FRPSDUDEOH�ZLWK�
WKH�$WRPLVWLF�1(*)�VLPXODWLRQ�SURMHFWLRQ�LQ�>��@�DW�/J ��QP��
$Q�DYHUDJH�66�RI���P9�GHF�RYHU���GHFDGHV�RI�FXUUHQW�FKDQJH�
FDQ�EH�DFKLHYHG�LQ�WKH�PRGHOHG�*D6E�,Q$V�7)(7���
7)(7�9HULORJ�$�PRGHOV�DUH�EDVHG�RQ�WZR�GLPHQVLRQDO�ORRN�

XS� WDEOHV� ZLWK� ,GV�9JV�� 9GV��� &JV�9JV�� 9GV�� DQG� &JG�9JV�� 9GV��
REWDLQHG�IURP�ILQH�JUDQXODULW\�VLPXODWLRQ�DFURVV�D�UDQJH�RI�9GV�
DQG�9JV��$� 6L� )LQ)(7�EDVHG�9HULORJ�$�PRGHO� KDV� DOVR� EHHQ�
GHYHORSHG� ZLWK� H[SHULPHQW� GDWD� FDOLEUDWLRQ� DV� D� EDVHOLQH�
FRUUHVSRQGLQJ� WR� WKH� /23� GHYLFH� WDUJHW� �)LJXUH� ��� IRU� WKH�
IROORZLQJ� SHUIRUPDQFH� FRPSDULVRQ�� 9HULORJ�$� PRGHOLQJ�
WHFKQLTXH�SURYLGHV�DQ�DFFXUDWH�ZD\�IRU�HPHUJLQJ�GHYLFH�EDVHG�
FLUFXLW�GHVLJQ�DQG�SHUIRUPDQFH�DQDO\VLV��ZKLFK� LV� VXLWDEOH� IRU�
VPDOO�WUDQVLVWRU�FRXQW�GLJLWDO�DQG�DQDORJ�5)�FLUFXLW�VLPXODWLRQ�������

�
)LJXUH� ��� ,GV�9JV� +7)(7� FKDUDFWHULVWLFV� FRPSDULQJ� ZLWK� 6L� )LQ)(7� DW�
/J ��QP�DQG�9HULORJ�$�PRGHOLQJ�>�����@���

����� 7)(7�&KDUDFWHULVWLFV�DQG�,PSDFW�RQ�&LUFXLW�'HVLJQ�
����8QLGLUHFWLRQDO�&RQGXFWLRQ��'XH�WR�WKH�DV\PPHWULFDO�S�L�Q�
VWUXFWXUH�� 7)(7� H[KLELWV� XQL�GLUHFWLRQDO� FRQGXFWLRQ�
FKDUDFWHULVWLFV� �EHIRUH� IRUZDUG� ELDVLQJ� S�L�Q� WKH� GLRGH���
RSSRVHG�WR�WKH�V\PPHWULFDO�VRXUFH�GUDLQ�LQ�026)(7V��)LJXUH�
���D�E����,Q�7)(7�EDVHG�FLUFXLW�GHVLJQ��WKH�GHYLFH�VRXUFH�GUDLQ�
RULHQWDWLRQ�QHHGV� WR�EH�DGGUHVVHG�ZKLOH�DGGLWLRQDO� WUDQVLVWRUV�
DUH� UHTXLUHG� WR� VROYH� WKH� LQWHUQDO� FLUFXLW� QRGHV�
FKDUJLQJ�GLVFKDUJLQJ� LVVXHV��H�J��SDVV� WUDQVLVWRU� ORJLF�� >�@�� ,Q�
FHUWDLQ�FLUFXLW�GHVLJQV��H�J��7)(7�5)�UHFWLILHU���KRZHYHU��WKLV�
XQL�GLUHFWLRQDO� FRQGXFWLRQ� FDQ� VLPXOWDQHRXVO\� UHGXFH� WKH�
UHYHUVH�FRQGXFWLRQ�OHDNDJH�DV�ZHOO�DV�WKH�SRZHU�ORVV�>�@��
*DWHG�1HJDWLYH�'LIIHUHQWLDO�5HVLVWDQFH��1'5��� ,Q�7)(7�

QRUPDO� RSHUDWLRQ�� WKH� EXLOW�LQ� S�L�Q� WXQQHO� GLRGH� LV� UHYHUVH�
ELDVHG� �9GV� !� �9� IRU� Q7)(7��� $V� IRUZDUG� ELDVLQJ� WKH� S�L�Q�
GLRGH��9GV����9�IRU�Q7)(7��DW� WKH�GHYLFH�RQ�VWDWH� �9JV�!��9�
IRU� Q7)(7��� 7)(7� H[KLELWV� QHJDWLYH� GLIIHUHQWLDO� UHVLVWDQFH�
�JDWHG�1'5��FKDUDFWHULVWLFV��&RPSDUHG� WR� WKH�1'5�HIIHFW� LQ�
UHVRQDQW�WXQQHO�GLRGHV��57'���WKH�FXUUHQW�OHYHO�RI�7)(7�DQG�
VWDQG�E\�SRZHU�FRQVXPSWLRQ� LV�VLJQLILFDQWO\�ORZHU�IRU�SRZHU�
UHGXFWLRQ��)LJXUH����F��VKRZV� WKH�1'5�LQ� IDEULFDWHG�,Q*D$V�
7)(7�>��@��ZLWK�D�SHDN�YDOOH\�UDWLR��39&5��RI���ZLWKLQ����9�
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ZLQGRZ�� ZKLFK� FDQ� EH� IXUWKHU� LPSURYHG� E\� PDWHULDO� V\VWHP�
DQG�GLHOHFWULF�LQWHUIDFH�HQJLQHHULQJ��7KH�1'5�FKDUDFWHULVWLFV�
LQ� 7)(7� FDQ� SURYLGH� ERWK� SRVLWLYH� DQG� QHJDWLYH�
WUDQVFRQGXFWDQFH�� ZKLFK� LV� SURPLVLQJ� IRU� WKH� 1'5� EDVHG�
FHOOXODU�QHXUDO�QHWZRUNV��&11��FHOO�UHDOL]DWLRQ�>��@��

�� � �
)LJXUH� ��2XWSXW�FKDUDFWHULVWLFV� �,GV�9GV�� IRU� �D��6L�)LQ)(7� DQG� �E��+7)(7��
+7)(7� VKRZV� XQLGLUHFWLRQDO� FRQGXFWLRQ�� �F�� 0HDVXUHG� JDWHG� 1'5� LQ�
KRPRMXQFWLRQ�,Q*D$V�7)(7�LQ�IRUZDUG�ELDVLQJ�RSHUDWLRQ�>��@��

�� � �
)LJXUH� ��&DSDFLWDQFH�FKDUDFWHULVWLFV� IRU� �D��6L�)LQ)(7�DQG� �E��+7)(7�DQG�
�F��+7)(7�)2��,QYHUWHU�VZLWFKLQJ�SHUIRUPDQFH�>�@��

����(QKDQFHG� 2Q�6WDWH� 0LOOHU� &DSDFLWDQFH� (IIHFW�� 7)(7V�
H[KLELW� GLIIHUHQW� FDSDFLWDQFH� SHUIRUPDQFH� FRPSDUHG� WR�
026)(7V�� NQRZQ� DV� HQKDQFHG� RQ�VWDWH� 0LOOHU� FDSDFLWDQFH�
HIIHFW� >��@�� ,Q� 026)(7V�� WKH� JDWH�VRXUFH� FDSDFLWDQFH� &JV�
GRPLQDWHV�WKH�WRWDO�JDWH�FDSDFLWDQFH�&JJ�DW�RQ�VWDWH��,Q�7)(7V��
GXH� WR� WKH�XQHTXDO�FKDUJH�VKDULQJ�EHWZHHQ�VRXUFH�DQG�GUDLQ��
WKH�JDWH�GUDLQ�FDSDFLWDQFH�&JG�GRPLQDWHV�WKH�WRWDO�FDSDFLWDQFH�
&JJ� DW� RQ�VWDWH� �)LJXUH� ���� 7KH� ODUJH� SRUWLRQ� RI� &JG� LQ� &JJ�
LQGXFHV� D� YROWDJH� ³VSLNH´� GXULQJ� VZLWFKLQJ� DV� DQ� HQKDQFHG�
0LOOHU� FDSDFLWDQFH� GXH� WR� WKH� VWURQJ� FRXSOLQJ� EHWZHHQ� WKH�
JDWH� DQG� GUDLQ�� ZKLFK� KDV� UHFHQWO\� EHHQ� YDOLGDWHG� E\� WKH�
IDEULFDWHG�6L�7)(7�LQYHUWHU�FKDUDFWHUL]DWLRQ�>��@��7KLV�HIIHFW�
LQFUHDVHV� WKH� FLUFXLW� VWDELOL]LQJ� WLPH� GXULQJ� VZLWFKLQJ� DQG�
UHVXOWV�LQ�LQFUHDVHG�GHOD\�DQG�G\QDPLF�SRZHU�FRQVXPSWLRQ�LQ�
FHUWDLQ�FLUFXLW�GHVLJQ�>�@�ZLWK�LQFUHDVHG�QXPEHU�RI�VZLWFKLQJ�
QRGHV��,Q�65$0�GHVLJQ��KRZHYHU��WKLV�HIIHFW�FDQ�LPSURYH�WKH�
VWRUDJH� QRGHV� FRXSOLQJ� DQG� DVVLVW� WKH� QRGH� UHFRYHU\� GXH� WR�
UDGLDWLRQ��LPSURYLQJ�WKH�65$0�VRIW�HUURU�UHVLOLHQFH�>��@���

Soft Error Performance: Soft error is the key challenge in 
low power CMOS circuits with VCC scaling induced circuit 
node charge reduction. Given the material ionization energy is 
proportional to bandgap, low bandgap materials as channel 
replacement for performance improvement may cause further 
increase of soft error rate (SER). In fully depleted channel 
devices (e.g. FDSOI, FinFETs), the transient current duration 
due to radiation is dominated by the bipolar gain effect rising 
from the deposited hole storage in the channel. In TFETs, 
because of the built-in p-i-n junction, the generated electrons 
and holes due to radiation can be effectively collected by the 
drain and source nodes, respectively, leading to significant 
reduction in the transient current duration and total charge 
collection (Figure 6(a)). Significant SER reduction (5 times 

reduction at 0.3V) can be achieved in HTFET based SRAM 
due to the charge collection reduction and enhanced node 
capacitance coupling (enhanced on-state Miller effect) 
comparing to Si FinFET based SRAM (Figure 6(b)). In HTFET 
logic, high Ion at low VCC can further improve the latching 
window masking effect and reduce the error latching 
portability due to both the reduced latching window duration 
(at the same clock frequency) and reduced transient current 
duration (Figure 6(c)). Thus, HTFET based circuits can achieve 
superior radiation resilience at low VCC in comparison of the Si 
FinFET based circuits, which is highly desired for radiation 
resilient ultra-low power application [24]. 

     
Figure 6 (a) Transient current profile due to radiation (b) SRAM SER and (c) 
logic SER vs VCC comparing Si FinFETs and HTFETs based circuits [24]. 
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7)(7�6FKPLWW�7ULJJHU��67��65$0�FHOOV��'HYLFH�VL]LQJ�KDV�WR�
EH� DGMXVWHG� IRU� LVR�DUHD� UHJDUGLQJ� WR� �7� &026� 65$0� FHOO�
DQG� QRLVH� PDUJLQ� RSWLPL]DWLRQ�� 6LJQLILFDQW� GHOD\� UHGXFWLRQ�
EHORZ� ���9� 9&&� DQG� G\QDPLF� SRZHU� FRQVXPSWLRQ� UHGXFWLRQ�
EHORZ� ���9� 9&&� FDQ� EH� DFKLHYHG� LQ� +7)(7� 65$0� DUUD\V�
����[����� GXH� WR� WKH� ,RQ�HQKDQFHPHQW� DQG� VWHHS� VZLWFKLQJ� DW�
ORZ�9&&�FRPSDUHG� WR� VXEWKUHVKROG�6L�)LQ)(7�RSHUDWLRQ��ORZ�
,RQ�DQG�RII�OHDNDJH�GRPLQDWHV�LQ�G\QDPLF�SRZHU��>�@��
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FHOO���7���7�GXDO�SRUW��'3��FHOO��67���DQG�67���ZLWK�6FKPLWW�IHHGEDFN��7)(7�
RULHQWDWLRQ�LV�LOOXVWUDWHG�LQ�HDFK�GHVLJQ�>�@��

����7XQQHO�)(7�$QDORJ�5)�$SSOLFDWLRQ�0HWULFV�
�����:KLOH�WKH�GLJLWDO�DSSOLFDWLRQ�GULYHV�WKH�WUDQVLVWRU�VFDOLQJ�DV�
SURMHFWHG�E\�0RRUH¶V�ODZ��DQDORJ�5)�GHVLJQ�W\SLFDOO\�HPSOR\�
WKH� ROGHU� WHFKQRORJLHV� GXH� WR� WKH� WUDGHRIIV� LQ� PDWFKLQJ��
OLQHDULW\�� JDLQ�� QRLVH�� EDQGZLGWK� DQG� IUHTXHQF\� IRU� GLIIHUHQW�
DSSOLFDWLRQV��:LWK�JURZLQJ�PDUNHWV� IRU�SRUWDEOH��EDWWHU\�OHVV�
HQHUJ\� KDUYHVWLQJ� V\VWHPV�� XOWUD�ORZ� SRZHU� DQDORJ�5)�
FLUFXLWV� XVLQJ� VXE�WKUHVKRXOG� �VXE�9WK�� &026� KDYH� EHHQ�
LQYHVWLJDWHG� IRU� RSWLPDO� HQHUJ\� HIILFLHQF\�� 'XH� WR� WKH�
SHUIRUPDQFH�YDULDWLRQ�LQFUHDVH�DW�ORZ�FXUUHQW��VXE�9WK�&026�
GHVLJQ� LV� VWLOO� OLPLWHG� E\� WKH� WUDGHRIIV� DPRQJ� VLJQDO�WR�QRLVH�
UDWLR� �615��� VSHHG�� SUHFLVLRQ� DQG� UREXVWQHVV� ZLWKLQ� FHUWDLQ�
DUHD� FRQVWUDLQW�� ,Q� WKLV� VHFWLRQ�� ZH� ZLOO� IRFXV� RQ� 7)(7�
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HQHUJ\�HIILFLHQF\�IRU�XOWUD�ORZ�SRZHU�DQDORJ�5)�DSSOLFDWLRQ��
�����+LJK�(IIHFWLYH�*DLQ�JP�,'6�GXH�WR�6WHHS�6ZLWFKLQJ��

JP�,GV� PHWULF� DV� WKH� HIIHFWLYH� JDLQ� SHU� HQHUJ\� VWHS� LV� WKH�
NH\�IDFWRU�IRU�ORZ�SRZHU�DQDORJ�FLUFXLW�GHVLJQ��,Q�026)(7V��
WKH�SHDN�JP�,GV�LV�DFKLHYHG�DW�WKH�GHYLFH�VXE�9WK�UHJLRQ��
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FRQVWUDLQ��WKH�WUDGHRII�EHWZHHQ�,RII�DQG�9WK�LV�HVVHQWLDO�LQ�KLJK�
VHQVLWLYLW\�� XOWUD�ORZ� SRZHU� 5)� UHFWLILHU� DQG� UHFHLYHU� GHVLJQ�
XVLQJ� &026� WHFKQRORJ\�� � :LWK� WKH� VWHHS� VZLWFKLQJ�� 7)(7�
H[KLELWV� D� UHGXFHG� HIIHFWLYH� WXUQ�RQ� YROWDJH� DW� WKH� VDPH�
OHDNDJH� FRPSDUHG� WR� &026�� ZKLFK� FDQ� EH� DSSOLHG� WR� WKH�
DQDORJ�5)� FLUFXLWV� WR� LPSURYH� WKH� VHQVLWLYLW\�� $OVR�� WKH�
XQLGLUHFWLRQDO� FRQGXFWLRQ� FKDUDFWHULVWLFV� FDQ� SUHYHQW� WKH�
UHYHUVH� OHDNDJH� SDWKV� ULVLQJ� IURP� WKH� VLQXVRLGDO� LQSXW� WR�
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)LQ)(7�EDVHG�GHVLJQ�GURSV�WR������7KLV�VHQVLWLYLW\�ERRVWLQJ�
FRPHV� IURP� WKH� LPSURYHG� XWLOL]DWLRQ� RI� LQSXW� VLJQDO�� UHVHUYH�
OHDNDJH� LQGXFHG�SRZHU� ORVV� UHGXFWLRQ� DV�ZHOO�DV� WKH� UHGXFHG�
RQ�VWDWH�UHVLVWDQFH�GXH�WR�WKH�LPSURYHG�,RQ�DW�ORZ�9&&����

�
)LJXUH����7HPSHUDWXUH�GHSHQGHQW�,GV�9JV�IRU��D��6L�)LQ)(7�DQG��E��+7)(7��
�����7HPSHUDWXUH�6HQVLWLYLW\�
7HPSHUDWXUH� GULIW� LV� DQRWKHU� GHVLJQ� FRQFHUQ� LQ� &026�

FLUFXLWV�� 'XH� WR� WKH� WKHUPDO� OLPLWHG� 66�� 026)(7� H[KLELWV�
WHPSHUDWXUH� GHSHQGHQW� VZLWFKLQJ� SHUIRUPDQFH� ZLWK� 97� VKLIW�
DQG� OHDNDJH� LQFUHDVH�� ,Q� 7)(7�� ,RII� �S�L�Q� GLRGH� UHYHUVH�
OHDNDJH�� LV� GRPLQDWHG� E\� 6KRFNOH\�5HDG�+DOO� JHQHUDWLRQ�
UHFRPELQDWLRQ� ZLWK� WHPSHUDWXUH� GHSHQGHQFH�� 7KH� %7%7�
LQGXFHG�VWHHS�VZLWFKLQJ�RI�7)(7��KRZHYHU��H[KLELWV� UHGXFHG�
WHPSHUDWXUH� VHQVLWLYLW\�� ZKLFK� LV� PDLQO\� GXH� WR� WKH� ZHDN�
WHPSHUDWXUH� GHSHQGHQW� (J�� )LJXUH� ��� VKRZV� WKH� VLPXODWHG�
WHPSHUDWXUH� GHSHQGHQW� ,'6�9*6� FRPSDULQJ� 6L� )LQ)(7� DQG�
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+7)(7� DW� YDULHG� WHPSHUDWXUHV�� ZKHUH� UHGXFHG� WHPSHUDWXUH�
GHSHQGHQFH� KDV� EHHQ� REVHUYHG� LQ� +7)(7�� ([SHULPHQWDO�
FKDUDFWHUL]DWLRQ� RQ� ,,,�9� 7)(7� LQ� >��@� KDV� FRQILUPHG� WKH�
WHPSHUDWXUH� LQGHSHQGHQFH� RI� JDWHG� WXQQHOLQJ�� KRZHYHU�� WKH�
UHGXFWLRQ�RI�7$7�LV�VWLOO�UHTXLUHG�WR�LPSURYH�WKH�WHPSHUDWXUH�
LQVHQVLWLYLW\�� 7KXV�� 7)(7� FDQ� EH� D� VXLWDEOH� FDQGLGDWH� WR�
PLWLJDWH�WKH�WHPSHUDWXUH�LQGXFHG�SHUIRUPDQFH�YDULDWLRQV��
����9DULDWLRQ�DQG�0LVPDWFK��
��3URFHVV�YDULDWLRQ�LQGXFHG�GHYLFH�FKDUDFWHULVWLF�IOXFWXDWLRQ�

KDV� EHFRPH� LQFUHDVLQJO\� LPSRUWDQW� ZLWK� VFDOLQJ�� 'XH� WR� WKH�
H[SRQHQWLDO� GHSHQGHQFH� RI� ,RQ� RQ� WKH� WXQQHOLQJ�EDUULHU��
YDULDWLRQ�VRXUFHV�WKDW�FDQ�DOWHU�WKH�WXQQHOLQJ�EDUULHU�ZLGWK�ZLOO�
FDXVH� VLJQLILFDQW� ,RQ� IOXFWXDWLRQ� LQ� 7)(7�� 7KH� YDULDWLRQ�
VRXUFHV�IRU�D�GRXEOH�JDWH�XOWUD�WKLQ�ERG\��87%��+7)(7�KDYH�
EHHQ� LQYHVWLJDWHG� LQ� >�@� FRQVLGHULQJ� IOXFWXDWLRQV� LQ� VRXUFH�
GRSLQJ�� R[LGH� WKLFNQHVV� �7R[��� JDWH�FRQWDFW� ZRUN� IXQFWLRQ�
�:)��� JDWH�VRXUFH�JDWH�GUDLQ� RYHUODS�� ERG\� WKLFNQHVV� �7E���
)LJXUH����D�E��VKRZV�WKH�SHUFHQWDJH�RI�HDFK�YDULDWLRQ�VRXUFH�
FRQWULEXWLRQ� LQ� +7)(7� DQG� 6L� )LQ)(7� XVLQJ� 0RQWH�&DUOR�
VLPXODWLRQ�� *DWH�VRXUFH� RYHUODS� IOXFWXDWLRQ� LV� GRPLQDWHG�
DERYH����9�GXH�WR�WKH�GHSOHWLRQ�LQGXFHG�WXQQHO�EDUULHU�ZLGWK�
FKDQJH��7E�YDULDWLRQ�LV�DQRWKHU�PDMRU�VRXUFH�IRU�ERWK�+7)(7�
DQG�6L�)LQ)(7�GXH�WR�WKH�TXDQWXP�FRQILQHPHQW�HIIHFW�LQGXFHG�
(J� YDULDWLRQ�� 7KH� SHUFHQWDJH� RI� ,RQ� FKDQJH� VKRZV�+7)(7� LV�
PRUH�SURQH�WR�YDULDWLRQV��)LJXUH����F����7KH�YDULDWLRQ�LPSDFW�
RQ� +7)(7� DQG� VXE�9WK� &026� LV� FRPSDUDEOH� EHORZ� ���9��
7KXV�� WKH� YDULDWLRQ� LQGXFHG� PLVPDWFK� FDQ� VWURQJO\� LPSDFW�
ERWK�+7)(7�DQG�&026�EDVHG�FLUFXLW�GHVLJQV�DW�ORZ�9&&��

�

� � �
)LJXUH� ��� 9DULDQFH� FRQWULEXWLRQV� DW� GLIIHUHQW� 9FF� IURP� YDULRXV� YDULDWLRQ�
VRXUFHV�IRU��D��&026�DQG��E��+7)(7���F��2Q�FXUUHQW�IOXFWXDWLRQ�FRPSDULQJ�
+7)(7�DQG�&026�ZLWK�VXSSO\�YROWDJH�VFDOLQJ�>�@��
����3DUDVLWLF�$QDO\VLV�RI�9HUWLFDO�7)(7������
����7UDQVLVWRU�FXW�RII� IUHTXHQF\� I7� LV�VWURQJO\� LPSDFWHG�E\� WKH�
GHYLFH�SDUDVLWLF�FDSDFLWDQFHV�DQG�VHULHV�UHVLVWDQFHV��:KLOH�WKH�
FRQWLQXRXV�/J�VFDOLQJ�DW�HDFK�WHFKQRORJ\�QRGH�NHHSV�ERRVWLQJ�
I7� LQ� &026� WHFKQRORJ\�� WKH� JURZLQJ� LPSDFW� IURP� WKH� XQ�
VFDOHG�SDUDVLWLFV�PD\�SUHYHQW�WKH�SURMHFWHG�I7�LPSURYHPHQW�LQ�
IXWXUH� WHFKQRORJ\� QRGHV�� 7KH� YHUWLFDO� GHYLFH� DUFKLWHFWXUH� RI�
7)(7�ZLWK�YHUWLFDOO\�RULHQWHG�FKDQQHO�DOORZV�WKH�LQGHSHQGHQW�
VFDOLQJ�RI�FRQWDFWHG�JDWH�SLWFK�DQG�FKDQQHO�OHQJWK� WR�SUHYHQW�
WKH� VKRUW� FKDQQHO� HIIHFW� LQ� KLJKO\� VFDOHG� WHFKQRORJ\� QRGHV���
%XW� PRUH� SDUDVLWLF� HOHPHQWV� QHHG� WR� EH� FRQVLGHUHG�� )LJXUH�
���D�� VKRZV�SDUDVLWLF� FRPSRQHQWV� LQ� D� YHUWLFDO�+7)(7� >��@��
7KH�SHUIRUPDQFH�FRPSDULVRQ�VKRZV�WKH�SDUDVLWLF�FDSDFLWDQFH�
UHGXFWLRQ�LQ�YHUWLFDO�+7)(7��ZLWK���QP�JDWH�SLWFK�DQG���QP�
/J�� GXH� WR� WKH� DV\PPHWULFDO� VRXUFH�GUDLQ� GHVLJQ� LQGXFHG�
RYHUODS� FDSDFLWDQFH� UHGXFWLRQ��+7)(7� DOVR� VKRZV� LPSURYHG�
I7�DW�UHGXFHG�'&�SRZHU�FRPSDUHG�WR�6L�1026��)LJXUH����E���
XVLQJ� YHUWLFDO� GHYLFH� DUFKLWHFWXUH�� ZKLFK� LV� SURPLVLQJ� IRU�
XOWUD�ORZ�SRZHU��KLJK�IUHTXHQF\�DSSOLFDWLRQV��

��� ������ �
)LJXUH� ��� �D�� SDUDVLWLF� FDSDFLWDQFHV� DQG� UHVLVWDQFHV� LOOXVWUDWLRQ� LQ� YHUWLFDO�
+7)(7��E��FXW�RII�IUHTXHQF\�YV�'&�SRZHU�FRPSDULQJ�YHUWLFDO�7+)(7�DQG�6L�
1026�ZLWK�WKH�SUHVHQFH�RI�SDUDVLWLFV�>��@���

�
)LJXUH�����D��QRUPDOL]HG�GUDLQ�FXUUHQW�QRLVH�VSHFWUXP�FRPSDULQJ�KRPRM��DQG�
KHWHURM�7)(7�IROORZV���I�WUHQG���E��KHWHURM�7)(7�H[KLELWV�ORZHU�QRLVH�DW�D�
JLYHQ�GUDLQ�FXUUHQW�DW���.�>��@��
�

����1RLVH�3HUIRUPDQFH�
����1RLVH�SHUIRUPDQFH�LV�WKH�NH\�ILJXUH�RI�PHULW�IRU�ORZ�SRZHU�
DQDORJ�5)� DSSOLFDWLRQV� DW� ORZ� 9FF� DQG� VFDOHG� WHFKQRORJ\�
QRGHV��7KH�IOLFNHU�QRLVH��DV�WKH�GRPLQDQW�ORZ�IUHTXHQF\�QRLVH�
DULVLQJ� IURP� WUDSSLQJ�GH�WUDSSLQJ� RI� FDUULHUV� LQ�PXOWLSOH� WUDS�
VWDWHV� LQ� WKH�JDWH�R[LGH��KDV�EHHQ�FKDUDFWHUL]HG�DQG�PRGHOHG�
IRU� ,,,�9� KRPRMXQFWLRQ� �KRPRM��� 7)(7� DQG� KHWHURMXQFWLRQ�
�KHWHURM���7)(7� >��@��$V� VKRZQ� LQ� )LJXUH� ���� KHWHURM�7)(7�
H[KLELWV� ORZHU� IOLFNHU� QRLVH� OHYHOV� GXH� WR� WKH� UHGXFHG�
WXQQHOLQJ� EDUULHU� KHLJKW� DQG� ODUJHU� HIIHFWLYH� FKDQQHO� OHQJWK�
�WKH�VSUHDG�RI�WKH�EDQG�WR�EDQG�JHQHUDWHG�FDUULHUV��DW�D�JLYHQ�
RQ�FXUUHQW�FRPSDUHG�WR�KRPRM�7)(7��)XUWKHU�HOHFWULFDO�QRLVH�
PRGHOLQJ�DQG�FLUFXLW�OHYHO� LPSOHPHQWDWLRQ� LV�VWLOO� UHTXLUHG� WR�
HYDOXDWH�WKH�QRLVH�SHUIRUPDQFH�RI�7)(7�EDVHG�FLUFXLWV��
����7)(7�&KDOOHQJHV��
����,,,�9�Q7)(7V�KDYH�EHHQ�GHPRQVWUDWHG�ZLWK�VXSHULRU�HQHUJ\�
HIILFLHQF\�DW�UHGXFHG�9&&��EXW�WKH�GHVLJQ�RI�,,,�9�S7)(7V�ZLWK�
SHUIRUPDQFH� FRPSDUDEOH� DV� Q7)(7V� UHPDLQV� FKDOOHQJLQJ��7R�
ERRVW�,RQ� LQ�7)(7�� WKH�VRXUFH�PDWHULDO� UHTXLUHV�KHDYLO\�GRSHG�
WR�DFKLHYH�D�KLJKHU�MXQFWLRQ�HOHFWULF�ILHOG�IRU�WXQQHOLQJ��,Q�WKH�
VRXUFH�GHVLJQ�RI�,,,�9�S7)(7V��WKH�)HUPL�OHYHO�PRYHV�GHHSO\�
LQWR�WKH�FRQGXFWLRQ�EDQG�ZLWK�LQFUHDVHG�VRXUFH�GRSLQJ�GXH�WR�
WKH� ORZ� GHQVLW\� RI� VWDWHV� LQ� WKH� FRQGXFWLRQ� EDQG��7KH� VRXUFH�
FDUULHUV� KHQFH� KDYLQJ� D� ODUJH� WHPSHUDWXUH� GHSHQGHQW� SRUWLRQ�
DOVR� SDUWLFLSDWH� LQ� WXQQHOLQJ�� ,W� OHDGV� WR� D� N7�T� OLPLWHG� 66� LQ�
,,,�9�S7)(7�>��@��7KH�WUDGHRII�EHWZHHQ�DFKLHYLQJ�KLJK�,RQ�DQG�
VWHHS�66�UHPDLQV�DV�D�EDUULHU�LQ�,,,�9�S7)(7�GHVLJQ��
�����*LYHQ� WKH� YHUWLFDO� GHYLFH� DUFKLWHFWXUH� DQG� DV\PPHWULFDO�
VRXUFH�GUDLQ��7)(7� OD\RXW�GHVLJQ� LV� GLIIHUHQW�FRPSDUHG� WR�6L�
)LQ)(7V��'XH�WR�WKH�XVDJH�RI�WKH�VLGH�JDWLQJ�FRQWDFWHG�RXWVLGH�
WKH�DFWLYH�UHJLRQ��SRVVLEOH�GHQVLW\�JDLQ�RYHU�WKH�ODWHUDO�GHYLFHV�
FDQ� EH� DFKLHYHG�� 7KH� FDVFDGHG� LQYHUWHU� DQG� ��LQSXW� 1$1'�
OD\RXWV� XVLQJ� 6L� )LQ�)(7V� DQG� YHUWLFDO� 7)(7V� DUH� VKRZQ� LQ�
)LJXUH�����D�E���)RU�FDVFDGHG�LQYHUWHU��WKH�YHUWLFDO�7)(7V�DUH�
SDUDOOHO� FRQQHFWHG�� KDYLQJ� VRXUFH� WHUPLQDOV� VKDUHG� DW� WKH�
ERWWRP� ZLWK� PHWDO� SOXJV� FRQQHFWHG� WR� WKH� VXUIDFH� >��@�� )RU�
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7)(7� EDVHG� ��LQSXW� 1$1'� GHVLJQ�� WKH� VHULHV� FRQQHFWHG�
GHYLFHV� UHTXLUH� GHYLFH� LVRODWLRQ� ZLWK� LQFUHDVHG� DUHD�� )XUWKHU�
DUHD�HYDOXDWLRQ�DQG�OD\RXW�RSWLPL]DWLRQ�DUH�UHTXLUHG� LQ�7)(7�
EDVHG�FLUFXLW�GHVLJQ���

�
)LJXUH� ��� �D�� &DVFDGHG� LQYHUWHU� DQG� �E�� ��LQSXW� 1$1'� JDWH� OD\RXW� XVLQJ�
YHUWLFDO�7)(7�FRPSDULQJ�ZLWK�6L�)LQ)(7�>��@��

���&RQFOXVLRQV�
,Q� WKLV� SDSHU�� ZH� KDYH� UHYLHZHG� WKH� GHYLFH� SHUIRUPDQFH�

DQG� PHWULFV� RI� WKH� VWHHS� VZLWFKLQJ� 7)(7� DQG� WKH� GHYLFH�
FLUFXLW� FR�GHVLJQ� WHFKQLTXHV� XVLQJ�7)(7� IRU� HQHUJ\� HIILFLHQW�
GLJLWDO� DQG� DQDORJ�5)� FLUFXLW� DSSOLFDWLRQV�� 7)(7� SUHVHQWV�
LPSURYHG�HQHUJ\�HIILFLHQF\�DW� ORZ�VXSSO\�YROWDJHV�FRPSDUHG�
WR� VWDWH�RI�DUW� &026��ZKLFK� FDQ� HQDEOH� IXUWKHU�9''� VFDOLQJ�
DQG� SRZHU� UHGXFWLRQ� IRU� GLJLWDO� GRPDLQ� DSSOLFDWLRQ�� )RU�
DQDORJ�5)� DSSOLFDWLRQ�� WKH� VWHHS� VZLWFKLQJ� RI� 7)(7�
RYHUFRPHV� WKH� ��9��� JP�,'6� OLPLW� WR� HQDEOH� IXUWKHU� HQHUJ\�
VDYLQJV�EH\RQG�WKH�&026��:LWK�UHGXFHG�WXUQ�RQ�YROWDJH�DQG�
LPSURYHG� ,RQ�,RII� DW� UHGXFHG�YROWDJH�ZLQGRZ�GXH� WR� WKH� VWHHS�
VZLWFKLQJ�� 7)(7� LV� DOVR� GHVLUHG� WR� LPSURYH� WKH� FLUFXLW�
VHQVLWLYLW\� IRU� ORZ�5)� LQSXW� VLJQDO� KHQFH� LPSURYH� WKH� VLJQDO�
XWLOL]DWLRQ�DQG�HIILFLHQF\��7)(7�DOVR�VKRZV�VXSHULRU�VRIW�HUURU�
UHVLOLHQFH�� WHPSHUDWXUH� LQVHQVLWLYLW\� DQG� GHVLUHG� KLJK�
IUHTXHQF\� RSHUDWLRQ�� 'XH� WR� WKH� XQL�GLUHFWLRQDO� FRQGXFWLRQ��
HQKDQFHG� RQ�VWDWH� 0LOOHU� FDSDFLWDQFH� HIIHFW�� YHUWLFDO� GHYLFH�
DUFKLWHFWXUH� DQG� DV\PPHWULFDO� VRXUFH�GUDLQ� GHVLJQ�� 7)(7�
EDVHG�FLUFXLW�GHVLJQ�UHTXLUHV�PRGLILFDWLRQ�DQG�RSWLPL]DWLRQ�WR�
DFKLHYH�WKH�RSWLPDO�SHUIRUPDQFH�FRPSDULQJ�WR�WKH�WUDGLWLRQDO�
&026�FLUFXLWV��9DULDWLRQV�DQG�SDUDVLWLFV�LPSDFW�RQ�WKH�7)(7�
FLUFXLW�SHUIRUPDQFH�QHHG�WR�EH�DGGUHVVHG�LQ�IXWXUH�ZRUN����
$FNQRZOHGJPHQWV�
����7KLV� ZRUN� ZDV� VXSSRUWHG� LQ� SDUW� E\� WKH� &HQWHU� IRU� /RZ�
(QHUJ\� 6\VWHPV� 7HFKQRORJ\� �/($67��� RQH� RI� WKH� VL[� 65&�
67$5QHW�&HQWHUV�� VSRQVRUHG� E\�0$5&2�DQG�'$53$�� DQG�
ZDV�DOVR�VXSSRUWHG�LQ�SDUW�E\�WKH�1DWLRQDO�6FLHQFH�)RXQGDWLRQ�
�16)��$66,67�(5&����������
5HIHUHQFHV�
��� 6HDEDXJK�� $�� &�� HW� DO�� ³/RZ�9ROWDJH� 7XQQHO� 7UDQVLVWRUV� IRU� %H\RQG�
&026�/RJLF�´�LQ�,(((�3URF��YRO������LVV�����S�������������������

���1LNRQRY��'��(��� HW� DO�� �8QLIRUP�PHWKRGRORJ\� IRU�EHQFKPDUNLQJ�EH\RQG�
&026�ORJLF�GHYLFHV���LQ�,(((�,('0�7HFK��'LJ���S�����������������������

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

���&RWWHU��0��HW�DO�³(YDOXDWLRQ�RI�WXQQHO�)(7�EDVHG�IOLS�IORS�GHVLJQV�IRU�ORZ�
SRZHU�� KLJK� SHUIRUPDQFH� DSSOLFDWLRQV�´� ,(((� ,QW�� 6\PS��� RQ�4XDO�� (OHF��
'HVLJQ��,64('��������0DUFK�������

��� /LX��+�� HW� DO�� ³7XQQHO� )(7� EDVHG� XOWUD�ORZ� SRZHU�� KLJK� VHQVLWLYLW\�8+)�
5),'� UHFWLILHU�´� LQ� ,QW��6\PS��RQ�/RZ�3RZHU�(OHF��DQG�'HVLJQ� �,6/3('�
��������DFFHSWHG��

��� 7ULYHGL�� $�� HW�� DO�� ³([SORULQJ� WXQQHO�)(7� IRU� XOWUD� ORZ� SRZHU� DQDORJ�
DSSOLFDWLRQV�� D�&DVH� VWXG\�RQ�RSHUDWLRQDO� WUDQVFRQGXFWDQFH�DPSOLILHU�´� LQ�
'HVLJQ�$XWRPDWLRQ�&RQI���'$&¶�����-XQH�������

���=KRX��*��HW�DO���1RYHO�JDWH�UHFHVVHG�YHUWLFDO�,Q$V�*D6E�7)(7V�ZLWK�UHFRUG�
KLJK�,21�RI����ȝ$�ȝP�DW�9'6 ���9���LQ�,(((�,('0�7HFK��'LJ���S��������
��������������

���=KRX��*��HW�DO���,Q*D$V�,Q3�WXQQHO�)(7V�ZLWK�D�VXEWKUHVKROG�VZLQJ�RI����
P9�GHF�DQG�,21�,2))�UDWLR�QHDU�������,(((��(OHF��'HY��/HWW���YRO������QR�����
S�����������������

���0RKDWD��'�� HW�DO�� �'HPRQVWUDWLRQ�RI� LPSURYHG�KHWHURHSLWD[\�� VFDOHG�JDWH�
VWDFN� DQG� UHGXFHG� LQWHUIDFH� VWDWHV� HQDEOLQJ� KHWHURMXQFWLRQ� WXQQHO� )(7V�
ZLWK�KLJK�GULYH�FXUUHQW�DQG�KLJK�RQ�RII�UDWLR���LQ�6\PS��9/6,�7HFK��'LJ���S��
����������

����=KDR��+�HW�DO�� �,PSURYLQJ� WKH�RQ�FXUUHQW� RI� ,Q���*D���$V� WXQQHOLQJ� ILHOG�
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