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,�ZRXOG�OLNH�WR�WKDQN�WKH�PDQ\�SHRSOH�ZKRVH�DGYLFH��KDUG�ZRUN�DQG�SDWLHQFH�KDYH�KHOSHG

PH�WR�FRPSOHWH�WKLV�LQYHVWLJDWLRQ���0\�DGYLVRU��'U��-DPHV�5REHUWV��VSHQW�FRXQWOHVV�KRXUV

GLUHFWLQJ�DQG�HQFRXUDJLQJ�PH�DQG�IRU�WKDW�,�DP�GHHSO\�LQGHEWHG���,�ZRXOG�OLNH�WR�WKDQN�WKH

RWKHU�PHPEHUV�RI�P\�FRPPLWWHH��'U��-RVHSK�(YDQV�DQG�'U��*OHQQ�3UHVFRWW��IRU�WKHLU�KHOS

DQG�DGYLFH�LQ�DOO�WKLQJV�DFDGHPLF�DQG�RWKHUZLVH�� �'DQ�'HSDUGR�EXLOW�WKH�WUDQVPLWWHU�DQG

RIIHUHG�LQYDOXDEOH�SUDFWLFDO�DGYLFH��:LWKRXW�$UWXU�/HXQJ��ZKR�VSHQW�WRR�PDQ\�KRXUV�RQ

WKH�URRI�RI�1LFKROV�+DOO�� ,�ZRXOG�KDYH�KDG� WR�EH� LQ� WZR�SODFHV� DW� WKH� VDPH� WLPH�� �7KH

PDQ\�VWXGHQWV�LQYROYHG�LQ�WKH�8QLYHUVLW\�RI�.DQVDV�5DSLGO\�'HSOR\DEOH�1HWZRUN��5'51�

KDYH� RIIHUHG� WKHLU� VXSSRUW� DQG� DVNHG� WKH� ULJKW� TXHVWLRQV� ZKHQ� ,� QHHGHG� WKHP�� � 7KH

HQFRXUDJHPHQW�DQG�VXSSRUW�,�UHFHLYHG�IURP�ERWK�P\�IDPLO\�DQG�'RQQD
V�IDPLO\�ZLOO�QHYHU

EH�IRUJRWWHQ�� �)LQDOO\��,�ZRXOG� OLNH�WR� WKDQN�P\�ZLIH�'RQQD�DQG�EHDXWLIXO�QHZ�EDE\�JLUO

0RUJDQQH���:LWK�WKHP��DOO�WKLQJV�DUH�SRVVLEOH�



� ,QWURGXFWLRQ

��� 0RWLYDWLRQ

7KH�LQYHVWLJDWLRQ�FRQGXFWHG�LQ�WKLV�WKHVLV�LV�SDUW�RI�D�'HIHQVH�$GYDQFHG�5HVHDUFK�3URMHFWV

$JHQF\� �'$53$�� VSRQVRUHG� SURMHFW� DW� WKH� 8QLYHUVLW\� RI� .DQVDV� FDOOHG� WKH� 5DSLGO\

'HSOR\DEOH� 5DGLR� 1HWZRUN� �5'51��� 5'51� LV� H[SHFWHG� WR� EH� WKH� EDFNERQH� RI� D

EURDGEDQG� ZLUHOHVV� FRPPXQLFDWLRQ� V\VWHP� LQLWLDOO\� LQWHQGHG� IRU� PLOLWDU\� XVH�� EXW� ZLWK

DSSOLFDWLRQV� LQ� WKH� SULYDWH� VHFWRU� VXFK� DV� XVH� LQ� GLVDVWHU� VLWXDWLRQV� ZKHQ� WKH� WUDGLWLRQDO

WHWKHUHG�FRPPXQLFDWLRQ�V\VWHP�KDV�EHFRPH�LQRSHUDEOH�

,Q�RUGHU� WR� GHWHUPLQH� WKH� H[SHFWHG� SHUIRUPDQFH� RI� WKH� V\VWHP�� LW� LV� SUXGHQW� WR

FKDUDFWHUL]H� WKH� UDGLR� FKDQQHO� DW� WKH� IUHTXHQF\� WR� EH� XVHG� IRU� WKH� FDUULHU�� �2QH� RI� WKH

FDUULHU�IUHTXHQFLHV�IRU�WKLV�SURMHFW�LV�����*+]���7KLV�IUHTXHQF\�LV�LQ�D�QHZO\�FUHDWHG�EDQG

DQG� OLWWOH�H[SHULPHQWDO�ZRUN�KDV�EHHQ�GRQH� WR�GHWHUPLQH� WKH�FKDUDFWHULVWLFV�RI� WKH� UDGLR

FKDQQHO� DW� WKLV� IUHTXHQF\�� � 2QFH� WKH� FKDUDFWHULVWLFV� RI� WKH� UDGLR� FKDQQHO� KDYH� EHHQ

GHWHUPLQHG��LW�LV�SRVVLEOH�WR�FRPSDUH�WKH�DFWXDO�V\VWHP�SHUIRUPDQFH�ZLWK�WKH�SUHGLFWHG�DQG

PDNH�LQWHOOLJHQW�FKRLFHV�DERXW�WKH�ZKROH�V\VWHP�GHVLJQ�

��� %URDGEDQG�:LUHOHVV

:LUHOHVV� FRPPXQLFDWLRQ� LV� KRW�� � 7KH� EHVW� LQGLFDWRU� RI� WKLV� LV� WKH� PLOOLRQV� RI� GROODUV

FRPSDQLHV� DUH� VSHQGLQJ� RQ� )&&� OLFHQVHV� DQG� UHVHDUFK� DQG� GHYHORSPHQW� WR� SURYLGH

FXVWRPHUV� ZLWK� EHWWHU�� PRUH� VRSKLVWLFDWHG� SURGXFWV� DQG� VHUYLFHV�� � 2QH� RI� WKH� ELJJHVW

WHFKQRORJLFDO�FKDOOHQJHV�LQ�JHWWLQJ�FRQVXPHUV�WR�JLYH�XS�WKHLU�ZLUH�EDVHG�V\VWHPV�DQG�JR

ZLUHOHVV� LV� D� TXHVWLRQ� RI� TXDOLW\�� � ,Q� RUGHU� IRU� ZLUHOHVV� VHUYLFHV� WR� FRPSHWH� ZLWK� WKHLU
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WUDGLWLRQDO� FRXQWHUSDUWV�� LW� LV� HVVHQWLDO� IRU� WKHVH� VHUYLFHV� WR� EH� DW� WKH� YHU\� OHDVW� RI

FRPSDUDEOH�TXDOLW\�

7KH�WUHQG�LQ�UHFHQW�\HDUV�LV�WKH�FRQVXPHU·V�GHPDQG�IRU�PRUH�DQG�IDVWHU�DFFHVV�WR

LQIRUPDWLRQ���7KLV�PHDQV�WKH�VHUYLFH�SURYLGHV�QHHG�WR�EH�DEOH�WR�SURYLGH�PRUH�DQG�PRUH

EDQGZLGWK���,I�ZLUHOHVV�V\VWHPV�FDQ�RIIHU�FRPSDUDEOH�DPRXQW�RI�EDQGZLGWK��WKH\�ZLOO�EH

DEOH�WR�FRPSHWH�VXFFHVVIXOO\�ZLWK�ZLUH�EDVHG�V\VWHPV���$�QXPEHU�RI�ZLUHOHVV�WHFKQRORJLHV

DUH�HPHUJLQJ�WR�VDWLVI\� WKH�FRQVXPHU·V�TXHVW� IRU�EDQGZLGWK�� VXFK�DV�ZLUHOHVV� ORFDO� ORRSV

�://��DQG�ZLUHOHVV�ORFDO�DUHD�QHWZRUNV��:/$1��

://V�DUH�EHLQJ�GHYHORSHG�DV�DQ�DOWHUQDWLYH�WR�WUDGLWLRQDO�ZLUHG�DFFHVV�WR�KRPHV�

6LQFH�WKH�)HGHUDO�&RPPXQLFDWLRQV�&RPPLVVLRQ��)&&��KDV�EHJXQ�DOORZLQJ�ORQJ�GLVWDQFH

FDUULHUV�WKH�ULJKW�WR�RIIHU�DFFHVV�GLUHFWO\�WR�WKH�KRPH��WKH�://�KDV�JDLQHG�LQ�SRSXODULW\�DV

D�YLDEOH�DOWHUQDWLYH�WR�WKH�H[SHQVH�RI�UXQQLQJ�ZLUH�WR�D�SHUVRQ·V�KRPH���$V�DQ\RQH�ZKR�KDV

HYHU�ZDLWHG�SDWLHQWO\�IRU�DQ�,QWHUQHW�ZHE�SDJH�WR�ORDG�FDQ�DWWHVW��KRZHYHU��IDVWHU�LV�EHWWHU�

7KH�EDQGZLGWK�RYHU�D�ZLUHG�OLQH�FDQ�EH�VPDOO�DQ\ZD\��EXW�LI�WKH�://�FDQQRW�SURYLGH�DW

OHDVW�WKDW�PXFK�EDQGZLGWK��LW�ZLOO�QRW�EH�DEOH�WR�FRPSHWH�VXFFHVVIXOO\�ZLWK�WUDGLWLRQDO�ZLUH�

EDVHG�V\VWHPV�

:/$1V�DUH�DOVR�EHLQJ�GHYHORSHG���(WKHUQHW�VSHHGV�RI�XS�WR����0ESV�QHHG�WR�EH

PDWFKHG�E\�:/$1V�LI�WKH\�DUH�JRLQJ�WR�EH�VXFFHVVIXO���7KH�DSSOLFDWLRQV�IRU�WKHVH�:/$1V

DUH�IRU�DUHDV�WKDW�GR�QRW�KDYH�DQ�H[LVWLQJ�UHDVRQDEOH�LQIUDVWUXFWXUH���6FKRROV�DQG�KRVSLWDOV

LQ�UXUDO�DUHDV�WKDW�ODFN�WKH�QHWZRUN�LQIUDVWUXFWXUH�RU�FRQVLVW�RI�EXLOGLQJV�WKDW�GR�QRW�DOORZ



�

IRU�HDV\�LQVWDOODWLRQ�RI�WKH�ZLUHV�QHFHVVDU\�WR�FRQQHFW�D�ORFDO�DUHD�QHWZRUN��/$1��FDQ�VDYH

E\�LQVWDOOLQJ�D�:/$1�

��� &KRRVLQJ�WKH�&DUULHU�)UHTXHQF\

2QH�RI�WKH�ILUVW�TXHVWLRQV�WR�EH�DVNHG�GXULQJ�DQ\�ZLUHOHVV�FRPPXQLFDWLRQ�V\VWHP�GHVLJQ

SURFHVV�LV�ZKDW�ZLOO�WKH�FDUULHU�IUHTXHQF\�EH���7KH�)HGHUDO�&RPPXQLFDWLRQV�&RPPLVVLRQ

�)&&��LV�WKH�JRYHUQPHQW�DJHQF\�LQ�WKH�8QLWHG�6WDWHV�WKDW�VHWV�WKH�UXOHV�IRU�DOO�XVHV�RI�WKH

UDGLR�VSHFWUXP���7KH�)&&�KDV�EURNHQ�WKH�VSHFWUXP�XS�LQWR�EDQGV�WKDW�DUH�HLWKHU�OLFHQVHG

RU� XQOLFHQVHG�� � 7KH� OLFHQVHG� EDQGV� UHTXLUH� DQ� H[SOLFLW� OLFHQVH� IURP� WKH�)&&�EHIRUH� WKH

EDQG�FDQ�EH�XVHG���7KHVH�OLFHQVHV�FDQ�WDNH�\HDUV�WR�DFTXLUH�DQG�RIWHQ�DUH�YHU\�H[SHQVLYH�

7KLV�PD\�EH�ILQH�IRU�FRPPHUFLDO�DSSOLFDWLRQV�ZKHUH�WKH�FRPSDQ\�EX\LQJ�WKH�ULJKWV�WR�WKDW

EDQG�ZLOO�EH�XVLQJ�WKH�EDQG�IRU�PDQ\�\HDUV�LQ�WKH�KRSH�WKDW�DW�VRPH�SRLQW�D�SURILW�FDQ�EH

UHDOL]HG���7KLV��KRZHYHU��LV�QRW�VXLWDEOH�IRU�UHVHDUFK�DSSOLFDWLRQV�ZKHUH�WKH�IRFXV�PD\�EH

RQ�UDSLGO\�GHYHORSLQJ�D�SURWRW\SH���%\�XVLQJ�WKH�XQOLFHQVHG�EDQGV��GHYHORSPHQW�FDQ�VWDUW

PRUH�TXLFNO\�DQG�EH� OHVV�H[SHQVLYH�VLQFH� WKH�)&&�GRHV�QRW�QHHG� WR� LVVXH�D� OLFHQVH�� �$V

ORQJ�DV�WKH�UXOHV�DUH�IROORZHG�IRU�WKH�SDUWLFXODU�EDQG�RI�LQWHUHVW��WKH�)&&�GRHV�QRW�QHHG�WR

LQWHUYHQH�

7KH� DPDWHXU� EDQGV� DUH� LGHDO� IRU� UHVHDUFK�� VLQFH� WKHUH� DUH� QR� RXWSXW� SRZHU

UHVWULFWLRQV�� �7KHUH�DUH�VHYHUDO�SUREOHPV��KRZHYHU��ZLWK�XVLQJ� WKHVH�EDQGV�� �:KHQ�XVLQJ

WKHVH�EDQGV�� WKH� WUDQVPLWWHU�PXVW� VHQG�DQ�XQHQFRGHG� LGHQWLILFDWLRQ�DORQJ�ZLWK� WKH�GDWD�

7KLV�DOORZV�RWKHUV�XVLQJ�WKH�EDQG�WR�NQRZ�ZKDW�LQIRUPDWLRQ�LV�IRU�WKHP�DQG�ZKDW�LV�QRW

IRU�WKHP���$OWKRXJK�WKH�XVHU�RI�RQH�RI�WKHVH�EDQGV�GRHV�QRW�QHHG�WR�H[SOLFLWO\�DVN�WKH�)&&
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IRU�SHUPLVVLRQ� WR�XVH� WKH�EDQG�DV�ZLWK� WKH� OLFHQVHG�EDQGV�� WKH�XVHU�PXVW�SDVV� D� WHVW� WR

VKRZ� IDPLOLDULW\� ZLWK� WKH� UXOHV� JRYHUQLQJ� WKDW� EDQG�� � ,Q� DGGLWLRQ�� SURGXFWV� DUH� QRW� DV

UHDGLO\� DYDLODEOH� DW� WKHVH� IUHTXHQFLHV� DV� WKH\� DUH� DW� VRPH�RI� WKH�RWKHU�XQOLFHQVHG�EDQGV�

7KLV�FDQ�PDNH�LW�GLIILFXOW�WR�GHOLYHU�SURWRW\SHV�

$QRWKHU�VHW�RI�XQOLFHQVHG�EDQGV�DUH�WKH� ,QGXVWULDO��6FLHQWLILF��DQG�0HGLFDO� �,60�

EDQGV�� �7KHVH�WKUHH�EDQGV�DUH�DW�����0+]������*+]��DQG�����*+]�� �7KHVH�DUH�SRSXODU

IUHTXHQFLHV�DQG�WKHUHIRUH��WKHUH�DUH�FKHDSHU��PRUH�HDVLO\�REWDLQDEOH�FRPPHUFLDO�SURGXFWV

DQG�FLUFXLWV�DYDLODEOH�IRU�UHVHDUFK�DQG�GHYHORSPHQW���7KHVH�EDQGV�ZRXOG�EH�ILQH�H[FHSW�IRU

WKH�)&&�UXOH�WKDW�VWDWHV�WKDW�XVHUV�RI�WKHVH�EDQGV�PXVW�HPSOR\�VSUHDG�VSHFWUXP���)RU�KLJK

GDWD� UDWH� DSSOLFDWLRQV�� VXFK� DV� YLGHR�� WKH� FKLS� UDWH� QHFHVVDU\� WR� SURYLGH� D� UHDVRQDEOH

SURFHVVLQJ� JDLQ� FDQ� EH� YHU\� ODUJH�� � 7KLV� KLJK� FKLS� UDWH� FDQ� DOVR� EH� D� SUREOHP� IRU

DSSOLFDWLRQV� WKDW� UHTXLUH� D� JUHDW� GHDO� RI� GLJLWDO� VLJQDO� SURFHVVLQJ� �'63��� VXFK� DV� EHDP

IRUPLQJ���'63�SURFHVVRUV��DW�WKLV�ZULWLQJ��DUH�QRW�IDVW�HQRXJK�WR�DFFRPSOLVK�WKHLU�WDVNV�DW

WKH�KLJK�FKLSV� UDWHV�QHFHVVDU\�IRU�ZLGHEDQG� WUDQVPLVVLRQV�� �7KLV�PDNHV� WKH�XVH�RI� WKHVH

EDQGV�XQVXLWDEOH�IRU�WKH�GHYHORSPHQW�RI�ZLGHEDQG�DSSOLFDWLRQV�

7KH� )&&� RQ� -DQXDU\� ��� ����� FUHDWHG� WKH� 8QOLFHQVHG� 1DWLRQDO� ,QIRUPDWLRQ

,QIUDVWUXFWXUH��8�1,,��EDQG�E\�H[SDQGLQJ�DQG�GLYLGLQJ�WKH�����*+]�,60�EDQG�LQWR�WKUHH

����0+]� EDQGV� >��@�� � 7KH� IUHTXHQFLHV� UDQJHV� DUH� ����������*+]�� ����������*+]�� DQG

������������*+]�� �7KHVH�EDQGV�ZHUH� FUHDWHG� WR� IRVWHU� WKH� GHYHORSPHQW� RI� D� YDULHW\� RI

VKRUW� UDQJH��KLJK� VSHHG�GHYLFHV� DQG�GLJLWDO� SURGXFWV� IRU�XVH� LQ� WKH�8�6�� DQG� LQ�RYHUVHDV

PDUNHWV�
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,Q�RUGHU� WR�IDFLOLWDWH� WKH�JURZWK�RI�QHZ�LQGXVWULHV�� WKH�)&&�GHFLGHG� WR�NHHS� WKH

UHVWULFWLRQV� RQ� WKLV� EDQG� WR� D� PLQLPXP�� � 7KH� RQO\� PDMRU� WHFKQLFDO� UHVWULFWLRQ� LV� WKH

HIIHFWLYH�UDGLDWHG�SRZHU��(53��OLPLWDWLRQ�IRU�HDFK�RI�WKH�EORFNV�RI�IUHTXHQFLHV�� �$W�����

*+]�WKH�PD[LPXP�(53� LV�����P:��DW������*+]�WKH�PD[LPXP�(53� LV���:��DW������

*+]�WKH�PD[LPXP�(53�LV���:���7KH�)&&�QR�ORQJHU�UHTXLUHV�WKH�XVH�RI�VSUHDG�VSHFWUXP

DW�WKHVH�IUHTXHQFLHV��VR� LW� LV�HDVLHU� WR�GHYHORS�ZLGHEDQG�DSSOLFDWLRQV�WKDW�XVH�'63�� �7KH

KLJK�IUHTXHQF\�DOVR�LPSOLHV�WKDW�VPDOOHU�DQWHQQDV�DUH�UHTXLUHG�IRU�RSHUDWLRQ���7KLV�FDQ�EH

XVHIXO�IRU�V\VWHPV�WKDW�UHTXLUH�DQWHQQD�DUUD\V�

�7KH�PDMRU�LQGXVWU\�WKH�)&&�KRSHV�WR�IRVWHU�ZLWK�WKH�FUHDWLRQ�RI�WKLV�QHZ�EDQG�LV

WKH�ZLUHOHVV�ORFDO�DUHD�QHWZRUN��/$1��LQGXVWU\���7KH�GHVLUH�LV�WR�GHYHORS�ORZ�FRVW�ZLUHOHVV

/$1V�IRU�HGXFDWLRQ�DQG�KHDOWK�FDUH�LQ�UXUDO�DUHDV�ZKHUH�DFFHVV�WR�WKH�QDWLRQDO�LQIRUPDWLRQ

LQIUDVWUXFWXUH�LV�OLPLWHG���7KHVH�IUHTXHQFLHV�DUH�DOVR�FRPSDUDEOH�WR�WKRVH�XVHG�LQ�(XURSH

IRU�WKHLU�+LJK�3HUIRUPDQFH�/RFDO�$UHD�1HWZRUNV��+,3(5/$1���VR�WKH�LQFHQWLYH�LV�WKHUH

WR�GHYHORS�SURGXFWV�IRU�SRVVLEOH�H[SRUW�DV�ZHOO�

��� &KDUDFWHUL]LQJ�WKH�&KDQQHO

,Q�DQ\�FRPPXQLFDWLRQ�V\VWHP��WKH�JRDO�LV�WR�SURYLGH�WKH�XVHU�ZLWK�D�FHUWDLQ�OHYHO�RI

TXDOLW\�RI�VHUYLFH��4R6����2QH�PHDVXUH�RI�4R6�LQ�GLJLWDO�FRPPXQLFDWLRQ�V\VWHPV�LV�WKH�ELW

HUURU� UDWH� �%(5��� � 7R� WKLV� HQG�� LW� LV� LPSRUWDQW� WR� NQRZ�ZKDW� WKH� WUDQVPLVVLRQ�PHGLXP

´ORRNVµ�OLNH�LQ�RUGHU�WR�VDWLVI\�WKH�UHTXLUHPHQW�

,Q�ZLUHG�V\VWHPV��WKH�ZLUHV�WKDW�DUH�XVHG�DUH�FKDUDFWHUL]HG�XVLQJ�GLIIHUHQW�PHWKRGV�

2QH�PHWKRG�LV� WR�VSHFLI\�WKH�DPRXQW�RI�VLJQDO�SRZHU�ORVV�RYHU�D�FHUWDLQ� OHQJWK�RI�ZLUH�
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7KLV�DOORZV� WKH� V\VWHP�GHVLJQHU� WR�SUHGLFW� WKH� UHFHLYHG�SRZHU�JLYHQ� WKH� WUDQVPLW�SRZHU

DQG�OHQJWK�RI�WKH�ZLUH���7KHQ��E\�WDNLQJ�LQWR�DFFRXQW�RWKHU�SDUDPHWHUV�RI�WKH�V\VWHP��VXFK

DV�WKH�PRGXODWLRQ�WHFKQLTXH�HPSOR\HG��LW�LV�SRVVLEOH�WR�SUHGLFW�ZKDW�WKH�%(5�ZLOO�EH���7KLV

%(5�FDQ�WKHQ�EH�XVHG�DV�WKH�4R6�VWDWLVWLF���:KDW�LV�QLFH�DERXW�ZLUHG�V\VWHPV�LV�WKDW�WKH

FKDUDFWHULVWLFV�RI�WKH�ZLUH�FKDQJH�OLWWOH�RYHU�WLPH���7KLV� LPSOLHV� WKDW� WKH�4R6�ZLOO� UHPDLQ

UHODWLYHO\�FRQVWDQW�ERWK�RYHU�WKH�VKRUW�WHUP�DQG�RYHU�WKH�ORQJ�WHUP���7KLV��KRZHYHU��LV�QRW

WKH�FDVH�LQ�ZLUHOHVV�V\VWHPV�

:LUHOHVV� V\VWHPV� VXIIHU� IURP� D� QXPEHU� RI� SURSDJDWLRQ� DQRPDOLHV�� VXFK� DV

PXOWLSDWK� GLVSHUVLRQ�� VKDGRZLQJ�� GLIIUDFWLRQ� DQG� DEVRUSWLRQ�� � 7KH� UHFHLYHU� LQ� D�ZLUHOHVV

V\VWHP� WHQGV� WR� VHH�PXOWLSOH� YHUVLRQV� RI� WKH� WUDQVPLWWHG� VLJQDO� GXH� WR�PXOWLSDWK� RI� WKH

WUDQVPLWWHG�VLJQDO���7KHVH�PXOWLSDWK�ZDYHV�UHDFK�WKH�UHFHLYHU�ZLWK�GLIIHUHQW�WLPH�GHOD\V�DQG

DPSOLWXGHV�� �7KH� UHFHLYHG� VLJQDO� LV� WKHQ� WKH�YHFWRU� VXP�RI� WKH�PXOWLSDWK�ZDYHV�� � ,I� WKH

WUDQVPLWWHU�� UHFHLYHU� RU� DQ\WKLQJ� LQ� EHWZHHQ�PRYHV�� WKH� SKDVH� UHODWLRQVKLS� EHWZHHQ� WKH

PXOWLSDWK� ZDYHV� FKDQJH� IRUFLQJ� WKH� UHVXOWDQW� VLJQDO� DPSOLWXGH� WR� FKDQJH�� � 7KH� UDSLG

IOXFWXDWLRQ� LQ� UHFHLYHG� VLJQDO� SRZHU� RYHU� VKRUW� SHULRGV� RI� WLPH� LV� FDOOHG� IDGLQJ� >�@�� >�@�

%HFDXVH�WKH�VLJQDO�YDULHV�RYHU�WLPH��WKH�4R6�DOVR�YDULHV�RYHU�WLPH���2QH�GHVLJQ�DSSURDFK

LQ� D�ZLUHOHVV� FKDQQHO� LV� WKHQ� WR� SURYLGH� WKH� XVHU�ZLWK� DQ� DYHUDJH�4R6�� � ,W� LV� WKHUHIRUH

LPSRUWDQW� WR� XQGHUVWDQG� WKH� QDWXUH� RI� WKH� IDGLQJ� VR� WKDW� D� V\VWHP� WKDW� VDWLVILHV� WKH

UHTXLUHPHQWV�FDQ�EH�GHVLJQHG�

$QRWKHU�SUREOHP�WKDW�ZLUHOHVV�V\VWHPV�VXIIHU�IURP�LV�VKDGRZLQJ�>�@��>�@�� >��@���,Q

ZLUHG� V\VWHPV�� WKH� VLJQDO� ORVV� RYHU� D� VSHFLILF� GLVWDQFH� LV� HDVLO\� GHWHUPLQHG� VLPSO\� E\
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VHQGLQJ�D�VLJQDO�ZLWK�D�NQRZQ�DPSOLWXGH�LQ�RQH�HQG�DQG�PHDVXULQJ�WKH�VLJQDO�VWUHQJWK�DW

WKH�RWKHU�HQG�� �7KH�SDWK� ORVV� LV� WKH�GLIIHUHQFH�EHWZHHQ� WKH� LQSXW�SRZHU�DQG� WKH�RXWSXW

SRZHU�� �$V� ORQJ�DV� WKH�ZLUH� LV�ZHOO� LQVXODWHG�� WKH�SODFHPHQW�RI� WKH�ZLUH�VKRXOG�KDYH�QR

EHDULQJ� RQ� WKH� SHUIRUPDQFH�� � 7KH� SDWK� ORVV� LQ� D� ZLUHOHVV� FKDQQHO�� KRZHYHU�� LV� JUHDWO\

DIIHFWHG�E\�WKH�HQYLURQPHQW���7KH�ORQJ�WHUP�DYHUDJH�SRZHU�DW�D�VSHFLILF�GLVWDQFH�FDQ�YDU\

JUHDWO\�EHFDXVH�WKH�ZLUHOHVV�FKDQQHO�LV�QRW�QHFHVVDULO\�XQLIRUP�LQ�DOO�GLUHFWLRQV���7KHUH�PD\

EH� EXLOGLQJV� RII� LQ� RQH� GLUHFWLRQ�� WUHHV� LQ� DQRWKHU� DQG� DQ� RSHQ� ILHOG� LQ� D� WKLUG�� � 7KLV

YDULDWLRQ� LQ� DYHUDJH� UHFHLYHG� VLJQDO� VWUHQJWK� DW� GLIIHUHQW� ORFDWLRQV� HTXLGLVWDQW� IURP� WKH

WUDQVPLWWHU� LV� FDOOHG� VKDGRZLQJ�� � � ,W� LV� EHFDXVH� WKH� DYHUDJH� VLJQDO� OHYHOV� FDQ� EH� YHU\

GLIIHUHQW�WKDW�LW�LV�DOVR�LPSRUWDQW�WR�XQGHUVWDQG�WKH�QDWXUH�RI�WKHVH�ORQJ�WHUP�YDULDWLRQV�DV

ZHOO�DV�WKH�VKRUW�WHUP�YDULDWLRQV�FDXVHG�E\�IDGLQJ�

��� %(5�YV�3(5

:LUHOHVV�DV\QFKURQRXV�WUDQVIHU�PRGH��:$70��LV�DQ�HPHUJLQJ�ZLUHOHVV�WHFKQRORJ\�WKDW�LV

H[SHFWHG� WR� SURYLGH� HQG�WR�HQG�$70� FRQQHFWLYLW\� DQG� TXDOLW\� RI� VHUYLFH� �4R6�� RYHU� D

ZLUHOHVV�OLQN�>��@���,Q�$70��WKH�EDVLF�XQLW�RI�GDWD�WUDQVPLVVLRQ�LV�D�SDFNHW�RI�����ELWV���7KH

4R6�VWDWLVWLFV�DUH�WKHQ�EDVHG�RQ�WKHVH�SDFNHWV�UDWKHU�WKDQ�RQ�WKH�LQGLYLGXDO�ELWV���)RU�WKHVH

V\VWHPV�DQG�RWKHUV�WKDW�DUH�EDVHG�RQ�SDFNHWV�RI�GDWD��D�PRUH�XVHIXO�VWDWLVWLF�LV�WKH�SDFNHW

HUURU�UDWH��3(5��

��� /LQH�RI�6LJKW��2EVWUXFWHG�DQG�$OO�/RFDWLRQV�&DVHV

7KH�DQDO\VLV�GRQH�IRU�WKLV�LQYHVWLJDWLRQ�ZDV�GXSOLFDWHG�IRU�WKUHH�VHWV�RI�ORFDWLRQV��OLQH�RI�

VLJKW��/26���REVWUXFWHG��2%6��DQG�DOO�ORFDWLRQV�WDNHQ�WRJHWKHU��$//����7KH�/26�ORFDWLRQV

ZHUH� WKRVH� SODFHV�ZKHUH� WKHUH�ZDV� D� YLVXDO� GLUHFW� SDWK� EHWZHHQ� WKH� WUDQVPLWWHU� DQG� WKH
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UHFHLYHU���7KH�UHVW�ZHUH�FRQVLGHUHG�2%6���7KH�UHDVRQ�WKH�ORFDWLRQV�ZHUH�GLYLGHG�LQWR�WKHVH

WZR�JURXSV�ZDV�WKDW�LW�ZDV�REVHUYHG�WKDW�ERWK�WKH�DYHUDJH�SDWK�ORVV�DQG�IDGLQJ�ZHUH�YDVWO\

GLIIHUHQW�IRU�WKH�WZR�FDVHV���7KH�$//�FDVH�ZDV�WKHQ�DQDO\]HG�IRU�FRPSOHWHQHVV�

��� 2UJDQL]DWLRQ�RI�WKH�7KHVLV

&KDSWHU���SUHVHQWV�WKH�WKHRUHWLFDO�EDVLV�IRU�WKH�PRGHOV�XVHG�WR�GHVFULEH�WKH�YDULRXV

SDUDPHWHUV�DVVRFLDWHG�ZLWK�D�ZLUHOHVV�FKDQQHO���&KDSWHU���LV�D�GHVFULSWLRQ�RI�WKH

PHDVXUHPHQW�V\VWHP�DQG�H[SHULPHQWDO�SURFHGXUH�XVHG�LQ�WKH�LQYHVWLJDWLRQ��7KH�UHVXOWV�DUH

WKHQ�SUHVHQWHG�LQ�&KDSWHU���DQG�WKH�FRQFOXVLRQV�DUH�JLYHQ�LQ�&KDSWHU���
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� %DFNJURXQG

$V�PHQWLRQHG�SUHYLRXVO\��%(5�DQG�3(5�DUH�SRSXODU�4R6�VWDWLVWLFV��7KHVH�TXDQWLWLHV�FDQ

EH�UHDGLO\�HTXDWHG�WR�YRLFH�DQG�SLFWXUH�TXDOLW\�LQ�GLJLWDO�DXGLR�RU�YLGHR�WUDQVPLVVLRQV�� �,I

WKH� ZLUHOHVV� FRPPXQLFDWLRQ� OLQN� ZHUH� IRU� D� V\VWHP� ZKHUH� WKH� WUDQVPLWWHU� DQG� UHFHLYHU

ORFDWLRQV� DUH� IL[HG�� WKH� V\VWHP� GHVLJQHU� FRXOG� EXLOG� WKH� V\VWHP� WR� PHHW� WKH� VSHFLILHG

DYHUDJH�%(5�RU�3(5�� � ,I��KRZHYHU�� WKH� WUDQVPLVVLRQ� LV�EURDGFDVW�RU� WKH� ORFDWLRQ�RI� WKH

UHFHLYHU�LV�XQNQRZQ��DQRWKHU�4R6�VWDWLVWLF�FDQ�EH�XVHG��WKH�SHUFHQW�FRYHUDJH�DUHD���7KLV�LV

D� PHDVXUH� RI� KRZ� PXFK� RI� D� JLYHQ� DUHD� DW� DQ\� RQH� WLPH� PHHWV� WKH� %(5� RU� 3(5

UHTXLUHPHQW�

1RUPDOO\�WKH�SHUFHQW�FRYHUDJH�DUHD�LV�FDOFXODWHG�E\�DVVXPLQJ�WKH�HQWLUH�FHOO�VXIIHUV

IURP�WKH�ZRUVW�W\SH�RI�IDGLQJ��5D\OHLJK�IDGLQJ�>��@��>��@��>��@���7KH�JRDO�RI�WKLV�WKHVLV�LV�WR

XVH� LQIRUPDWLRQ� REWDLQHG� DERXW� WKH� FKDQQHO� WR� GHYLVH� D� PRUH� DFFXUDWH� SURFHVV� IRU

GHWHUPLQLQJ� WKH� SHUFHQW� FRYHUDJH� DUHD�� � ,Q� RUGHU� WR� GR� WKLV�� FHUWDLQ� SDUDPHWHUV� RI� WKH

ZLUHOHVV�FKDQQHO�PXVW�EH�PRGHOHG���7KH�5LFLDQ�SUREDELOLW\�GHQVLW\�IXQFWLRQ� �SGI��ZLOO�EH

VKRZQ� DQ� H[FHOOHQW� PRGHO� IRU� WKH� IDGLQJ� DW� D� SDUWLFXODU� ORFDWLRQ�� � 7KH� 5LFLDQ� SGI� LV

FRPSOHWHO\� GHVFULEHG� E\� WKH� 5LFLDQ� SDUDPHWHU�� .�� ZKLFK� ZLOO� GLIIHU� IURP� ORFDWLRQ� WR

ORFDWLRQ� ZLWKLQ� DQ� DUHD�� � 7KH� GLVWULEXWLRQ� RI� WKH�.� YDOXHV� RYHU� DQ� DUHD� ZLOO� EH� VKRZQ

*DXVVLDQ� LI�.�LV�UHSUHVHQWHG� LQ�G%�� �2WKHU� LQYHVWLJDWLRQV�KDYH�EHHQ�FRQGXFWHG� >��@� WKDW

VKRZ�WKDW�.�PD\�EH�ORJ�QRUPDO��EXW�QR�WKHRUHWLFDO�UHDVRQ�KDV�EHHQ�SRVWXODWHG�DQG�QR�XVH

KDV� EHHQ� IRXQG� IRU� WKH� PRGHO�� � 7KLV� LQYHVWLJDWLRQ� ZLOO� H[SORUH� ERWK� SUREOHPV�� � 7KH

UHFHLYHG�SRZHU�KDV�EHHQ�VKRZQ�WLPH�DQG�DJDLQ�WR�EH�*DXVVLDQ�LI�WKH�SRZHU�LV�UHSUHVHQWHG



��

LQ� G%�� � %\� XVLQJ� WKLV� LQIRUPDWLRQ� DERXW� WKH� FKDQQHO�� D� PRUH� DFFXUDWH� SURFHVV� IRU

GHWHUPLQLQJ�WKH�SHUFHQW�FRYHUDJH�DUHD�LV�REWDLQHG�

��� 3DFNHW�5DGLR

&RPPXQLFDWLRQ� V\VWHPV� WKDW� SDFNHWL]H� GDWD� RSHUDWH� VOLJKWO\� GLIIHUHQWO\� WKDQ

V\VWHPV� WKDW� VHQG� D� FRQWLQXRXV� VWUHDP� RI� ELWV�� � ,Q� SDFNHW� UDGLR�� D� SDFNHW� RI�1� ELWV� LV

FRQVLGHUHG�DV�D�VLQJOH�HQWLW\���,I�DQ�HUURU�RFFXUV�LQ�DQ\�RQH�ELW�LQ�D�SDFNHW��WKH�HQWLUH�SDFNHW

LV� FRQVLGHUHG� WR� EH� LQ� HUURU�� � ,W� ZLOO� EH� VKRZQ� WKDW� LQ� D� VORZ� IDGLQJ� FKDQQHO�� WKH

SHUIRUPDQFH�RI�SDFNHW�UDGLR�LV�EHWWHU�WKDQ�D�V\VWHP�WKDW�VHQGV�D�FRQWLQXRXV�VWUHDP�RI�ELWV�

,Q�GLVFXVVLQJ�4R6�IRU�D�ZLUHOHVV�FRPPXQLFDWLRQ�V\VWHP��WKH�ELW�HUURU�UDWH��%(5��LV

D�FRPPRQO\�XVHG� VWDWLVWLF�� � ,W� LV�DOVR�SRVVLEOH� WR�GHYHORS�D� VLPLODU� VWDWLVWLF�EDVHG�RQ� WKH

SDFNHW� HUURU� UDWH� �3(5��� �7KH� DVVXPSWLRQV� DUH� WKDW� WKH� IDGLQJ� LV� VORZ� FRPSDUHG� WR� WKH

SDFNHW� OHQJWK�DQG� WKHUHIRUH� VORZ�FRPSDUHG� WR� WKH�ELW�SHULRG�DQG� WKH�GHFLVLRQ�PDGH�RQ

HDFK�LQGLYLGXDO�ELW�LV�LQGHSHQGHQW�RI�DQ\�RWKHU�GHFLVLRQ�RQ�DQ\�RWKHU�ELW���6LQFH�D�SDFNHW�LV

FRQVLGHUHG�WR�EH�LQ�HUURU�LI�DW� OHDVW�RQH�ELW� LQ�WKH�SDFNHW�LV� LQ�HUURU��ZH�ZDQW�WR�ILQG�WKH

DYHUDJH�UDWH�DW�ZKLFK�SDFNHWV�FRQWDLQ�DW�OHDVW�RQH�ELW�HUURU��7R�EHJLQ�LW�LV�QHFHVVDU\�WR�ILQG

WKH�SUREDELOLW\�WKDW�DW�OHDVW�RQH�ELW�HUURU�RFFXUV�LQ�D�SDFNHW�

3URE�DW�OHDVW�RQH�ELW�HUURU�� ���²�3URE�DOO�1�ELWV�DUH�FRUUHFW� ���

6LQFH�WKH�DVVXPSWLRQ�ZDV�PDGH�WKDW�WKH�ELW�GHFLVLRQV�DUH�LQGHSHQGHQW������EHFRPHV

3URE�DW�OHDVW�RQH�ELW�HUURU�� ���²�3URE�ELW���LV�FRUUHFW��[�3URE�ELW���LV�FRUUHFW��[�«
� 3URE�ELW�1�LV�FRUUHFW�  ���²�3URE�FRUUHFW�ELW�1 ���
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7KH�SUREDELOLW\�WKDW�D�FRUUHFW�ELW�GHFLVLRQ�LV�PDGH�GHSHQGV�RQ�WKH�PRGXODWLRQ�WHFKQLTXH

XVHG�DQG�WKH�(
E

�1
R

���7KH�%(5�LV�WKHQ�UHSUHVHQWHG�DV� ( )γΕ ��ZKHUH�(�LV�WKH�IXQFWLRQ�WKDW

GHILQHV� WKH� %(5� IRU� D� SDUWLFXODU� PRGXODWLRQ� WHFKQLTXH� DQG� γ LV� WKH� (
E

�1
R

�� � 7KH

SUREDELOLW\�WKDW�D�FRUUHFW�ELW�GHFLVLRQ�LV�PDGH�FDQ�WKHQ�EH�ZULWWHQ�DV

3URE�FRUUHFW�ELW�� � ( )γΕ−1 � ���

8VLQJ�HTXDWLRQ������HTXDWLRQ�����FDQ�WKHQ�EH�ZULWWHQ�DV

( ) ( ) ( )[ ]N
p N γΕ−−=Ε= 11errorbit  oneleast at Prob ���

7KH�DVVXPSWLRQ�RI�VORZ�IDGLQJ�WKHQ�DOORZV� WKH�IRUPXODWLRQ�RI�DQ�H[SUHVVLRQ�IRU

WKH�DYHUDJH�SDFNHW�HUURU�UDWH�� ( )NpΕ �

( ) ( )[ ]{ } ( ) γγγ dpN N
p ∫

∞

Ε−−=Ε
0

11 ���

ZKHUH�� ( )γp �LV�WKH�SGI�RI�WKH�IDGLQJ�>��@�

6LQFH�WKH�%(5�RU�3(5�LV�XVXDOO\�VSHFLILHG�DV�D�4R6�UHTXLUHPHQW�RI�WKH�V\VWHP��WKH

TXDQWLW\� WR� EH� VROYHG� IRU� LV� WKH� UHTXLUHG� DYHUDJH� (
E

�1
R

�� γ �� QHFHVVDU\� WR� PDLQWDLQ� WKH

VSHFLILHG� OHYHO�RI�4R6�� �7R�FRPSDUH�WKH�%(5�DQG�3(5�DSSURDFKHV��XVH�HTXDWLRQ� ���� WR

ILQG�WKH�HTXLYDOHQW�3(5��(
S

�1��� � IRU�D�VSHFLILHG�%(5��(�γ ��� �)RU�H[DPSOH�� LI�WKH�SDFNHW



��

VL]H�LV�DVVXPHG�WR�EH�����ELWV��RQH�$70�FHOO���DQG�WKH�UHTXLUHG�%(5�LV�VSHFLILHG�DV������

WKHQ�WKH�HTXLYDOHQW�3(5�ZLOO�EH���������DV�VKRZQ�LQ�HTXDWLRQ�����

( ) [ ] 00423.01011424
4245 =−−==Ε −Np ���

7KLV�UHVXOW�EHFRPHV�WKH�OHIW�KDQG�VLGH�RI�HTXDWLRQ�������7KH�ILQDO�VWHS�LV�WR�XVH�HTXDWLRQ����

WR�GHWHUPLQH�WKH�UHTXLUHG�γ �WKDW�SURGXFHV�WKH�HTXLYDOHQW� pΕ �IRU�WKH�VSHFLILHG�%(5�

)LJXUH���LV�DQ�H[DPSOH�RI�WKH�DGYDQWDJH�WKDW�FDQ�EH�JDLQHG�E\�SDFNHWL]LQJ�GDWD�LQ�D

IDGLQJ�FKDQQHO���,Q�WKLV�H[DPSOH��WKH�IDGLQJ�LV�DVVXPHG�WR�EH�VORZ��IODW�5D\OHLJK�IDGLQJ���,W

FDQ�EH�VHHQ�WKDW�WKH�UHTXLUHG�(E�1R�WR�VXVWDLQ�DQ�DYHUDJH�%(5�LV����G%�OHVV�LI�WKH�SDFNHW

VL]H�LV�����ELWV��$70�FHOO��
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)LJXUH����$YHUDJH�%(5�DQG�QRQ�IDGLQJ�DYHUDJH�3(5�HTXLYDOHQW
DV�D�IXQFWLRQ�RI�(E�1R�IRU�FRQWLQXRXV�GDWD�DQG�SDFNHWV�RI����
ELWV�LQ�VORZ��IODW�5D\OHLJK�IDGLQJ�

7KLV� FDQ� EH� H[SODLQHG� E\� XQGHUVWDQGLQJ� WKH� QDWXUH� RI� WKH� HUURUV� WKDW� RFFXU� LQ� D

IDGLQJ�FKDQQHO���7KH�HUURUV�LQ�D�IDGLQJ�FKDQQHO�WHQG�WR�RFFXU�GXULQJ�GHHS�IDGHV�LQ�VLJQDO

VWUHQJWK�ZKHUHDV�HUURUV�LQ�D�QRQ�IDGLQJ�FKDQQHO�WHQG�WR�RFFXU�DW�UDQGRP�LQWHUYDOV�� �,Q�D

QRQ�IDGLQJ�FKDQQHO��WKH�HTXLYDOHQW�3(5�IRU�D�VSHFLILHG�%(5�FDQ�EH�IRXQG�XVLQJ�HTXDWLRQ

������7R�PDLQWDLQ�WKLV�VDPH�3(5�LQ�D�IDGLQJ�FKDQQHO��WKH�DFWXDO�QXPEHU�RI�ELW�HUURUV�FDQ

LQFUHDVH�ZLWKRXW�GHFUHDVLQJ�WKH�3(5�EHFDXVH�WKH�ELW�HUURUV�RFFXU�LQ�EXUVWV�GXULQJ�WKH�GHHS
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IDGHV���6LQFH�PRUH�ELW�HUURUV�FDQ�RFFXU�ZLWKRXW�D�GHFUHDVH�LQ�SHUIRUPDQFH�� OHVV�(
E

�1
R

� LV

UHTXLUHG�WR�PDLQWDLQ�WKH�OLQN�ZLWK�WKH�GHVLUHG�ILGHOLW\�

��� 'HWHUPLQDWLRQ�RI�)DGLQJ

)DGLQJ� LV� D� SKHQRPHQRQ� FDXVHG� E\� VKRUW�WHUP� FKDQJHV� LQ� WKH� FKDQQHO� WKDW� DIIHFW� WKH

UHFHLYHG� VLJQDO� DW� D� SDUWLFXODU� ORFDWLRQ�� � ,I� WKH� LQVWDQWDQHRXV� VLJQDO� DPSOLWXGHV� FDQ� EH

UHFRUGHG��WKH�VHYHULW\�RI�WKH�IDGLQJ�FDQ�EH�GHWHUPLQHG�DQG�RWKHU�VWDWLVWLFV�VXFK�DV�%(5�DQG

SDFNHW�HUURU�UDWHV��3(5��FDQ�EH�FDOFXODWHG�IRU�WKDW�ORFDWLRQ�

7R� GHWHUPLQH� WKH� W\SH� RI� IDGLQJ� DW� D� VSHFLILF� ORFDWLRQ�� LQVWDQWDQHRXV� VLJQDO

DPSOLWXGHV�PXVW�EH� UHFRUGHG� DQG� D� FXPXODWLYH� GLVWULEXWLRQ� IXQFWLRQ� �&')�� FRQVWUXFWHG

IURP�WKDW�GDWD���7KLV�&')�LV�WKHQ�FRPSDUHG�WR�D�WKHRUHWLFDO�&')��7KH�WKHRUHWLFDO�&')

XVHG�LQ�WKLV�LQYHVWLJDWLRQ�LV�WKH�5LFLDQ�IDGLQJ�GLVWULEXWLRQ�IRU�UHDVRQV�WKDW�ZLOO�EH�H[SODLQHG

VKRUWO\��7KH�.ROPRJRURY�6PLUQRY�JRRGQHVV�RI�ILW�WHVW�LV�WKHQ�XVHG�WR�GHWHUPLQH�KRZ�ZHOO

WKH� H[SHULPHQWDO� GDWD�PDWFKHG� WKH� WKHRUHWLFDO� 5LFLDQ�PRGHO�� 7KH�.ROPRJRURY�6PLUQRY

JRRGQHVV�RI�ILW�WHVW�LV�D�VWDWLVWLFDO�K\SRWKHVLV�WHVWLQJ�WHFKQLTXH�WKDW�FRPSDUHV�WKH�&')�RI

H[SHULPHQWDO�GDWD�WR�D�WKHRUHWLFDO�&')���,W�LV�EDVHG�RQ�WKH�PD[LPXP�VHSDUDWLRQ�RI�WKH�WZR

&')V� DQG� WKH� VTXDUH� URRW� RI� WKH� QXPEHU� RI� GDWD� SRLQWV�� � ,W� LV� UHODWLYHO\� VLPSOH� WR

LPSOHPHQW� DQG� RIIHUV� FRPSDUDEOH� UHOLDELOLW\� WR� RWKHU� WHVW� VWDWLVWLFV� ZKHQ� WKH� WKHRUHWLFDO

&')�LV�FRPSOHWHO\�VSHFLILHG���)RU�PRUH�LQIRUPDWLRQ�RQ�WKH�XVH�RI�WKLV�VWDWLVWLF�VHH�>�@��>�@�
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����� 5LFLDQ�3UREDELOLW\�'HQVLW\�)XQFWLRQ

,W� KDV� EHHQ� VKRZQ� LQ� PDQ\� FDVHV� >��@�� >��@�� >��@�� WKDW� WKH� ORFDO� UHFHLYHG� VLJQDO� OHYHO

UHVHPEOHV�D�5D\OHLJK�GLVWULEXWLRQ���7KH�5D\OHLJK�GLVWULEXWLRQ�LV�ZULWWHQ�DV�

amplitude signal received  theof  variance

amplitude signal received 
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$V�ORQJ�DV�1�LV�VXIILFLHQWO\�ODUJH��WKH�UHDO�DQG�LPDJLQDU\�FRPSRQHQWV�RI�HDFK�RI�WKH�WKUHH

ILHOGV� DUH� DSSUR[LPDWHO\� *DXVVLDQ� ZLWK� ]HUR� PHDQ� DQG� HTXDO� YDULDQFH�� � 7KLV� LV� D

FRQVHTXHQFH�RI�WKH�&HQWUDO�/LPLW�7KHRUHP���7KLV�LPSOLHV� WKDW� WKH�HQYHORSH�RI� WKH�WKUHH

FRPSRQHQWV� DQG� WKHUHIRUH� WKH� HQYHORSH� RI� WKH� VLJQDO� DW� WKH� UHFHLYHU� ZLOO� EH� 5D\OHLJK

GLVWULEXWHG���*DQV�>��@�XVHG�SRZHU�VSHFWUDO�GHQVLWLHV�WR�UHDFK�WKH�VDPH�FRQFOXVLRQ�

5LFH�>��@�VKRZHG�WKDW�LI�D�GRPLQDQW�VLJQDO�LV�SUHVHQW��WKH�GLVWULEXWLRQ�EHFRPHV�WKH

RQH�WKDW�EHDUV�KLV�QDPH��WKH�5LFLDQ�GLVWULEXWLRQ�

( )

amplitude signal received  theof  variance

signaldominant   theof amplitudepeak  

amplitude signal received 

where,

0for                                   0                              
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7KH�5LFLDQ�GLVWULEXWLRQ�FDQ�DOVR�EH�H[SUHVVHG�LQ�WHUPV�RI�WKH�5LFLDQ�SDUDPHWHU��.��ZKLFK�LV

GHILQHG�DV�WKH�UDWLR�RI�WKH�SRZHU�LQ�WKH�VSHFXODU�FRPSRQHQW�RI�WKH�VLJQDO�WR�WKH�UDQGRP

FRPSRQHQW�� 22 2σA ��DQG�WKH�DYHUDJH�(
E

�1
R

�ZKLFK�LV�ZULWWHQ�DV�γ �
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7KH�HTXDWLRQ�LQ������FDQ�WKHQ�EH�QRUPDOL]HG�DV�LQ�������ZKHUH� γγ=Λ �
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Kf 141exp
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)RU�.� HTXDO� WR� ]HUR�� WKH� GLVWULEXWLRQ� UHGXFHV� WR� WKH� 5D\OHLJK� GLVWULEXWLRQ�� � 7KH� 5LFLDQ

GLVWULEXWLRQ�KDV�EHHQ�VKRZQ�DQ�DFFXUDWH�GHVFULSWLRQ�RI�WKH�IDGLQJ�LQ�PDQ\�FDVHV�>��@��>��@�

>��@�� � 7KH� UHVXOWV� RI� WKLV� LQYHVWLJDWLRQ� ZLOO� DOVR� VKRZ� WKDW� WKH� 5LFLDQ� GLVWULEXWLRQ� LV� DQ

H[FHOOHQW�WKHRUHWLFDO�PRGHO�IRU�WKH�PHDVXUHG�FKDQQHO�IDGLQJ�LQ�WKLV�VHW�RI�H[SHULPHQWV�

��� 'LVWULEXWLRQ�RI�WKH�6SHFXODU�WR�5DQGRP�5DWLR��.

)RU�D�VSHFLILF�WUDQVPLWWHU�UHFHLYHU�VHSDUDWLRQ��LW�KDV�EHHQ�ZHOO�GRFXPHQWHG�WKDW� WKH�ORQJ�

WHUP� DYHUDJH� UHFHLYH� SRZHUV� DUH� GLVWULEXWHG� ORJ�QRUPDOO\� >�@�� >��@�� >��@�� >��@�� >��@�� � %\

H[DPLQLQJ�WZR�H[WUHPH�FDVHV�DQG�PDNLQJ�UHDVRQDEOH�DVVXPSWLRQV�DERXW�WKH�VSHFXODU�DQG

UDQGRP�FRPSRQHQWV�RI�WKH�UHFHLYHG�VLJQDO��LW�LV�SRVVLEOH�WR�SRVWXODWH�D�VLPLODU�GLVWULEXWLRQ

IRU� WKH� VSHFXODU�WR�UDQGRP� UDWLR�� .�� � 7KH� 5LFLDQ� SUREDELOLW\� GHQVLW\� IXQFWLRQ� �SGI�� LV

FRPSOHWHO\�GHILQHG�E\�.��ZKLFK�LV�WKH�UDWLR�RI�WKH�VSHFXODU�VLJQDO�SRZHU�WR�WKH�SRZHU�LQ

WKH�UDQGRP�FRPSRQHQW�� 22 2σA ���)LQGLQJ�WKH�GLVWULEXWLRQV�RI�WKH�VSHFXODU�VLJQDO�SRZHU

DQG�WKH�SRZHU�LQ�WKH�UDQGRP�FRPSRQHQW�VKRXOG�WKHQ�OHDG�WR�D�GLVWULEXWLRQ�IRU�.�

)RU�WKH�ILUVW�FDVH�� LPDJLQH�D�VSHFLILF� WUDQVPLWWHU�UHFHLYHU�VHSDUDWLRQ�VXFK�WKDW� WKH

SHULPHWHU�RI�WKH�FLUFOH�WUDFHG�RXW�E\�WKLV�UDGLXV�LV�VXFK�WKDW�WKH�VXUURXQGLQJ�HQYLURQPHQW�LV

UHODWLYHO\�IUHH�RI�FOXWWHU��VXFK�DV�DQ�RSHQ�ILHOG�� �7KLV�PHDQV�WKDW�.�!!���IRU�HYHU\�SRLQW

DURXQG�WKH�FLUFOH���)RU�ODUJH�.��WKH�DYHUDJH�UHFHLYH�SRZHU��3
DYJ

��DW�D�SDUWLFXODU� ORFDWLRQ�LV

DSSUR[LPDWHO\�$���ZKHUH�$� LV� WKH� SHDN� DPSOLWXGH� RI� WKH� GRPLQDQW� VLJQDO�� � 6LQFH� 3
DYJ

� LV

NQRZQ�WR�EH�ORJ�QRUPDO��WKHQ�$��PXVW�DOVR�EH�ORJ�QRUPDO�
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7KH� VHFRQG� FDVH� LV� WKH� RSSRVLWH� VFHQDULR�� � ,PDJLQH� D� WUDQVPLWWHU�UHFHLYHU

VHSDUDWLRQ�VXFK�WKDW�WKH�HQYLURQPHQW�VXUURXQGLQJ�WKH�SHULPHWHU�RI�WKDW�FLUFOH�LV�FKDQJLQJ

UDSLGO\�� VXFK�DV� LQ� DQ�XUEDQ�DUHD�� �7KLV�PHDQV� WKDW�.������ IRU� HYHU\�SRLQW� DURXQG� WKH

FLUFOH�� VR� WKH�VLJQDO� OHYHO�GLVWULEXWLRQ�DW� HDFK�SRLQW� LV� DSSUR[LPDWHO\�5D\OHLJK�� �3
DYJ

� IRU� D

5D\OHLJK�GLVWULEXWHG�VLJQDO�LV�
2

2 πσ ⋅
���$JDLQ��LW�LV�NQRZQ�WKDW�3

DYJ

�LV�ORJ�QRUPDO��VR�LQ�WKLV

FDVH�� 2σ �PXVW�EH�ORJ�QRUPDO�

7KH� WZR�FDVHV�GHPRQVWUDWH� WKDW�$�� DQG� 2σ � VKRXOG�ERWK�EH� ORJ�QRUPDO�� EXW�QR

DVVXPSWLRQ� KDV� EHHQ� PDGH� DERXW� WKH� LQGHSHQGHQFH� RI� WKHVH� WZR� TXDQWLWLHV�� $�� LV� WKH

GHWHUPLQLVWLF�VLJQDO�SRZHU�DQG�GHSHQGV�RQ�WKH�GRPLQDQW�SDWK�IURP�WKH�WUDQVPLWWHU�WR�WKH

UHFHLYHU�� 2σ �� KRZHYHU�� GHSHQGV� RQ� WKH� YDULDELOLW\� RI� WKH� FKDQQHO�� � 6LQFH� WKHVH� WZR

TXDQWLWLHV�GHSHQG�RQ�GLIIHUHQW�SURFHVVHV��LW�FDQ�EH�DVVXPHG�WKDW�WKH�WZR�DUH�LQGHSHQGHQW�

.�LV�GHILQHG�DV� 22 2σA ���:H�KDYH�SUHYLRXVO\�SRVWXODWHG�WKDW� 2A �DQG� 2σ �VKRXOG

EH�LQGHSHQGHQW�DQG�ORJ�QRUPDO���7KLV�PHDQV�WKDW�.�G%��LV�WKH�GLIIHUHQFH�RI�WZR�QRUPDO

UDQGRP� YDULDEOHV�� � 7KH� GLIIHUHQFH� RI� WZR� QRUPDO� UDQGRP� YDULDEOHV� LV� LWVHOI� QRUPDOO\

GLVWULEXWHG��VR�.�PXVW�EH�ORJ�QRUPDO��)RU�D�SURRI�WKDW�WKH�GLVWULEXWLRQ�RI�WKH�GLIIHUHQFH�RI

WZR�LQGHSHQGHQW�*DXVVLDQ�UDQGRP�YDULDEOHV�LV�LWVHOI�*DXVVLDQ��VHH�$SSHQGL[�/�

7R� GHWHUPLQH� LI� WKH� GLVWULEXWLRQ� RI� .� LV� ORJ�QRUPDO�� WKH� &UDPHU�YRQ� 0LVHV

JRRGQHVV�RI�ILW� WHVW�ZLOO�EH�XVHG�� �7KLV� WHFKQLTXH� LV�D�PRUH�SRZHUIXO� WHFKQLTXH�WKDQ�WKH

.ROPRJRURY�6PLUQRY� WHFKQLTXH� WR� XVH� ZKHQ� WKH� WHVW� LV� IRU� QRUPDOLW\� DQG� WKH� DYHUDJH

YDOXH�DQG�VWDQGDUG�GHYLDWLRQ�PXVW�EH�HVWLPDWHG�IURP�WKH�GDWD�>�@�
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7KLV� ORJ�QRUPDO� .� UHVXOW� LV� VKRZQ� WUXH� H[SHULPHQWDOO\� LQ� WKH� UHVXOWV� VHFWLRQ�

2WKHUV�KDYH�FRQGXFWHG�H[SHULPHQWDO�WHVWV�WKDW�KDYH�VKRZQ�WKH�YDULDWLRQ�LQ�.�RYHU�DQ�DUHD

LV�´QHDU�QRUPDOµ>��@��EXW� WKH� UHVXOWV�ZHUH�GLVUHJDUGHG�EHFDXVH� WKH�YDULDWLRQ�ZDV�GHHPHG

WRR�ODUJH�DQG�WKHUHIRUH�FRQVLGHUHG�RI�OLWWOH�SUDFWLFDO�XVH���,W�ZLOO�EH�VKRZQ�LQ�WKLV�WKHVLV�WKDW

WKH� LQIRUPDWLRQ� FRQFHUQLQJ� WKH� ORJ�QRUPDO� QDWXUH� RI�.� FDQ� EH� XVHG�ZLWK� EHQHILW�ZKHQ

GHWHUPLQLQJ�WKH�SHUFHQW�FRYHUDJH�DUHD��

��� 'HWHUPLQDWLRQ�RI�5HFHLYH�3RZHU�'LVWULEXWLRQ

,Q�GHWHUPLQLQJ�D�JRRG�WKHRUHWLFDO�PRGHO�IRU�WKH�GLVWULEXWLRQ�RI�WKH�DYHUDJH�UHFHLYH�SRZHU�

WKH�&HQWUDO�/LPLW�7KHRUHP�SOD\V�DQ�LPSRUWDQW�UROH���,Q�JHQHUDO��WKH�WKHRUHP�VWDWHV�WKDW�WKH

VXP�RI� LQGHSHQGHQW� UDQGRP�YDULDEOHV� KDV� D� GLVWULEXWLRQ� WKDW� LV� DSSUR[LPDWHO\�*DXVVLDQ

DQG�FRQYHUJHV�WR�D�*DXVVLDQ�GLVWULEXWLRQ�DV�WKH�QXPEHU�RI�LQGHSHQGHQW�UDQGRP�YDULDEOHV

DSSURDFKHV� LQILQLW\� >��@�� � ,Q� D� ZLUHOHVV� FKDQQHO�� WKH� UHFHLYHG� VLJQDO� LV� WKH� UHVXOW� RI� WKH

WUDQVPLWWHG� VLJQDO� SDVVLQJ� WKURXJK�� UHIOHFWLQJ� RII� DQG� VFDWWHULQJ� IURP� REMHFWV� WKDW� OLH

EHWZHHQ� WKH� WUDQVPLWWHU� DQG� WKH� UHFHLYHU�� �(DFK�RI� WKHVH�SURFHVVHV� DWWHQXDWHV� WKH� VLJQDO

VRPHZKDW�� VR� WKH� ILQDO� UHFHLYHG� DPSOLWXGH� LV� WKH� SURGXFW� RI�PDQ\� WUDQVPLVVLRQ� IDFWRUV�

6LQFH�WKH�UHFHLYHG�VLJQDO�LV�D�SURGXFW�RI�WKHVH�IDFWRUV��WDNLQJ�WKH�ORJDULWKP�RI�WKH�UHFHLYHG

VLJQDO� LPSOLHV� WKDW� LW� LV� WKH� VXP� RI� WKH� ORJDULWKP� RI� PDQ\� WHUPV�� � 7KH� &HQWUDO� /LPLW

7KHRUHP�WKHQ�VWDWHV�WKDW�LI�WKHVH�WHUPV�DUH�LQGHSHQGHQW�ZLWK�ILQLWH�YDULDQFHV��WKH�UHFHLYHG

VLJQDO� LQ�G%�VKRXOG�KDYH�D�GLVWULEXWLRQ� WKDW� LV�*DXVVLDQ�� �7KLV�KDV�EHHQ� VKRZQ� LQ�PDQ\

FDVHV�>�@��>��@��>��@��>��@��>��@��>��@����7KH�&UDPHU�YRQ�0LVHV�JRRGQHVV�RI�ILW�WHVW�ZLOO�DJDLQ
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EH� XVHG� DV� WKH� WHVW� IRU� QRUPDOLW\�� 7KH� UHVXOWV� RI� WKLV� LQYHVWLJDWLRQ� ZLOO� DOVR� VKRZ� WKH

UHFHLYHG�SRZHU�WR�EH�*DXVVLDQ�ZKHQ�LW�LV�UHSUHVHQWHG�LQ�G%�

����� 3RZHU�/DZ�DQG�'HWHUPLQDWLRQ�RI�WKH�3DWK�/RVV�([SRQHQW

7R�DFFRXQW�IRU�WKH�GLVWDQFH�GHSHQGHQFH�RI�WKH�UHFHLYHG�VLJQDO�SRZHU��WZR�PRGHOV�ZLOO�EH

GLVFXVVHG��WKH�SRZHU�ODZ�PRGHO�DQG�WKH�WZR�UD\�PRGHO���7KH�SRZHU�ODZ�PRGHO�GHILQHV�WKH

DYHUDJH�UHFHLYH�SRZHU�DV�D�OLQHDU�IXQFWLRQ�RI�WKH�ORJDULWKP�RI�WKH�GLVWDQFH���7KH�WZR�UD\

PRGHO�DVVXPHV�WKDW�WKH�VLJQDO�WKDW�UHDFKHV�WKH�UHFHLYHU�LV�D�FRPELQDWLRQ�RI�WZR�YHUVLRQV�RI

WKH�WUDQVPLWWHG�VLJQDO�DUULYLQJ�DW�WKH�UHFHLYHU�RYHU�GLIIHUHQW�SDWKV�

7KH�DPRXQW�RI�GHFUHDVH�LQ�VLJQDO�VWUHQJWK�RYHU�GLVWDQFH�LV�FDOOHG�WKH�SDWK�ORVV��O
V

�

,Q�JHQHUDO��WKH�SDWK�ORVV�FDQ�EH�FDOFXODWHG�DV�

n

s c

rf
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,W�FDQ�EH�VHHQ�WKDW�WKH�SDWK�ORVV�LQ�G%�LV�D�OLQHDU�IXQFWLRQ�RI�WKH�SDWK�ORVV�H[SRQHQW���,Q

IUHH� VSDFH�� WKH� SDWK� ORVV� H[SRQHQW� LV� ��� � ,Q� VRPH� FDVHV�� KRZHYHU�� WKH� DFWXDO� SDWK� ORVV

H[SRQHQW�FDQ�EH�OHVV�DQG�VRPHWLPHV�DV�KLJK�DV�����,Q�WKLV�LQYHVWLJDWLRQ��WKH�PHDVXUHG�YDOXH

RI�WKH�SDWK�ORVV�H[SRQHQW�IRU�WKH�/26�ORFDWLRQV�ZDV��������DQG�ZDV��������IRU�WKH�2%6

ORFDWLRQV��$V�DQ�H[DPSOH��IRU�D�WUDQVPLWWHU�UHFHLYHU�VHSDUDWLRQ�RI���NP�DQG�D�IUHTXHQF\�RI

����*+]��WKH�SDWK� ORVV� IRU� WKH�/26� ORFDWLRQV� LV�������G%�ZKHUHDV� WKH�SDWK� ORVV� IRU� WKH

2%6�ORFDWLRQV�LV�������G%���7KLV�H[DPSOH�VKRZV�WKDW�DQ�DFFXUDWH�GHWHUPLQDWLRQ�RI�WKH�SDWK

ORVV�H[SRQHQW�LV�HVVHQWLDO�LQ�GHWHUPLQLQJ�WKH�DPRXQW�RI�SRZHU�QHFHVVDU\�WR�FORVH�WKH�OLQN�DW

D�FHUWDLQ�GLVWDQFH�

7KH�SDWK�ORVV�H[SRQHQW�FDQ�EH�GHWHUPLQHG�IRU�DQ�DUHD�E\�XVLQJ�WKH�GDWD�FROOHFWHG�IRU

GHWHUPLQLQJ� IDGLQJ�� � 7KH� PHDQ� VLJQDO� DPSOLWXGH� LV� IRXQG� IRU� HDFK� ORFDWLRQ� E\� VLPSO\

DYHUDJLQJ�WKH�GDWD�FROOHFWHG�IRU�IDGLQJ���7KHVH�DPSOLWXGHV�FDQ�WKHQ�EH�SORWWHG�DV�D�IXQFWLRQ

RI�WKH�ORJDULWKP�RI�WKH�GLVWDQFH�IURP�WKH�WUDQVPLWWHU���6LQFH�WKH�DVVXPSWLRQ�FDQ�EH�PDGH

WKDW�WKH�VKDGRZLQJ�KDV�D�QRUPDO�GLVWULEXWLRQ�LQ�G%��ORJ�QRUPDO��� OLQHDU�UHJUHVVLRQ�FDQ�EH

XVHG�WR�GHWHUPLQH�WKH�EHVW�OLQH��LQ�D�PLQLPXP�PHDQ�VTXDUH�HUURU�VHQVH��WKURXJK�WKH�GDWD�

7KH�VORSH�RI�WKDW�OLQH�LV�WKH�SDWK�ORVV�H[SRQHQW�

����� 7ZR�5D\�0RGHO

7KH� WZR�UD\�PRGHO� LV�DQRWKHU�PRGHO�XVHG� WR�GHVFULEH�SDWK� ORVV�� �7KH�EDVLF�JHRPHWU\� LV

VKRZQ� LQ� )LJXUH� �� ZKHUH� WKH� UHFHLYHG� VLJQDO� LV� D� FRPELQDWLRQ� RI� D� GLUHFW� OLQH�RI�VLJKW
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7KLV� UHODWLRQVKLS� LQ� ����� VKRZV� WKDW� WKHUH� VKRXOG� EH� D� FRUUHODWLRQ� EHWZHHQ� .� DQG� WKH
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� 'HVFULSWLRQ�RI�0HDVXUHPHQW�6\VWHP�DQG�([SHULPHQWDO�3URFHGXUH

��� (TXLSPHQW

7KH� PHDVXUHPHQW� V\VWHP� FRQVLVWV� RI� D� 7RVKLED� 7HFUD� ���� ODSWRS� FRPSXWHU� UXQQLQJ

:LQGRZV� ���� D� +HZOHWW�3DFNDUG� +3����(� VSHFWUXP� DQDO\]HU� DQG� D� 1RWHZRUWK\

1:*36���7\SH� ,,�3&�FDUG�*OREDO� 3RVLWLRQLQJ�6DWHOOLWH� �*36�� UHFHLYHU�� �7KH� ODSWRS� LV

XVHG�WR�FRQWURO�ERWK�WKH�VSHFWUXP�DQDO\]HU�DQG�*36�UHFHLYHU���5HFHLYHG�VLJQDO�DPSOLWXGHV

DUH� UHFRUGHG� RQ� WKH� ODSWRS� DQG� HDFK� GDWD� SRLQW� LV� WLPH� DQG� ORFDWLRQ� VWDPSHG� XVLQJ

LQIRUPDWLRQ�SURYLGHG�E\�WKH�*36�UHFHLYHU�

��� 2SHUDWLRQ

7KH� VSHFWUXP� DQDO\]HU� LV� FRQQHFWHG� WR� WKH� ODSWRS� WKURXJK� D� 7\SH� ,,� 3&� FDUG� *3�,%

LQWHUIDFH�� �7KH�*36�UHFHLYHU�LV�DOVR�FRQQHFWHG�WR�WKH�ODSWRS�WKURXJK�D�7\SH�,,�3&�FDUG�

)RU� D� IXOO� GHVFULSWLRQ� RI� WKH� RSHUDWLRQ� RI� WKH� PHDVXUHPHQW� V\VWHP� XVHG� LQ� WKLV

LQYHVWLJDWLRQ��VHH�$SSHQGL[�1�

��� 6\VWHP�9HULILFDWLRQ

7KH� PHDVXUHPHQW� V\VWHP� ZDV� YHULILHG� XVLQJ� D� FKDQQHO� VLPXODWRU� GHYHORSHG� E\� WKH

8QLYHUVLW\� RI� .DQVDV� DQG� D� KDQGKHOG�*OREDO� 3RVLWLRQLQJ� 6DWHOOLWH� �*36�� UHFHLYHU�� � 7KH

FKDQQHO� VLPXODWRU� WDNHV� DV� LWV� LQSXW� IDGLQJ� VWDWLVWLFV�� VR� WKDW�ZKHQ� D� VLJQDO� LV� LQSXW�� WKH

RXWSXW�LV�DQ�DSSURSULDWHO\�IDGHG�YHUVLRQ�RI�WKH�LQSXW���7KH�*36�SRUWLRQ�RI�WKH�V\VWHP�ZDV

YHULILHG� E\� FRPSDULQJ� WKH� DYHUDJH� ORFDWLRQ� REWDLQHG� XVLQJ� WKH� *36� UHFHLYHU� ZLWK� WKH

DYHUDJH�ORFDWLRQ�REWDLQHG�XVLQJ�WKH�PHDVXUHPHQW�V\VWHP�
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WRQH�DV�WKH�LQSXW�VLJQDO�WR�WKH�FKDQQHO�VLPXODWRU�ZLWK�5LFLDQ�.�YDOXHV�RI�������DQG���G%�

7KH�RXWSXW�RI�WKH�FKDQQHO�VLPXODWRU�ZDV�FRQQHFWHG�WR�D�VSHFWUXP�DQDO\]HU�DQG�WKH�VLJQDO

SRZHUV�ZHUH�UHFRUGHG�XVLQJ�WKH�PHDVXUHPHQW�V\VWHP���7KH�UHVXOWV�IRU�HDFK�FDVH�ZHUH�.� 

��G%�������G%�DQG���G%��UHVSHFWLYHO\�

��� 'HWHUPLQDWLRQ�RI�/RFDWLRQV

,W�LV�LPSRUWDQW�LQ�DQ\�W\SH�RI�VDPSOLQJ�VWXG\�WR�REWDLQ�D�UDQGRP�SRSXODWLRQ���7KH�VDPH�LV

WUXH� KHUH�� � ,I� WKH� ORFDWLRQV� DUH� PRUH� OLQH�RI�VLJKW� �/26�� WKDQ� REVWUXFWHG� �2%6��� LW� LV

SRVVLEOH�WKDW�WKH�SDWK�ORVV�H[SRQHQW�REWDLQHG�ZLOO�EH�WRR�RSWLPLVWLF���2Q�WKH�RWKHU�KDQG��LI

WKH�RSSRVLWH�LV�WUXH��WKH�SDWK�ORVV�UHVXOWV�FRXOG�EH�VXFK�WKDW�WKH�DPRXQW�RI�SRZHU�UHTXLUHG

LV� LQ� H[FHVV� RI� ZKDW� LV� UHDOO\� QHHGHG�� � *LYHQ� WKLV�� WKH� ILUVW� VWHS� LV� WR� GHWHUPLQH� ZKLFK

ORFDWLRQV�ZLOO�EH�XVHG�LQ� WKH�H[SHULPHQW�� �)LJXUH��� LV�D�PDS�RI�WKH�8QLYHUVLW\�RI�.DQVDV

:HVW�&DPSXV�� �7KH�WUDQVPLWWHU�ZDV� ORFDWHG�RQ�WKH� URRI�RI�1LFKROV�+DOO�DQG� WKH�FLUFOHG

DUHDV�ZHUH�WKH�ORFDWLRQV�WKDW�WKH�UHFHLYHU�ZDV�SODFHG�DQG�GDWD�FROOHFWHG�

7KH�GHFLVLRQ�ZDV�PDGH�WR�GR�WKH�DQDO\VLV�LQ�WKH�IROORZLQJ�VHFWLRQV�IRU�OLQH�RI�VLJKW

�/26��ORFDWLRQV�RQO\��REVWUXFWHG��2%6��SDWK�ORFDWLRQV�RQO\�DQG�DOO��$//��RI�WKH�ORFDWLRQV

WDNHQ�WRJHWKHU���,W�ZLOO�EH�VHHQ�WKDW�WKH�UHFHLYH�SRZHU�DQG�.�GLVWULEXWLRQV�DUH�VLJQLILFDQWO\

GLIIHUHQW�IRU�WKH�/26�DQG�2%6�ORFDWLRQV���7KH�GHILQLWLRQ�XVHG�IRU�WKH�/26�ORFDWLRQV�ZDV

WKDW� D�GLUHFW�SDWK� FRXOG�EH� VHHQ�EHWZHHQ� WKH� WUDQVPLWWHU� DQG� UHFHLYHU�� �$OO� RI� WKH�RWKHU

ORFDWLRQV�ZHUH�FRQVLGHUHG�2%6���7KH�FDVH�ZKHUH�DOO�ORFDWLRQV�DUH�WDNHQ�WRJHWKHU�KDV�EHHQ

LQFOXGHG�IRU�FRPSOHWHQHVV���2QFH�WKH�GDWD�IRU�WKH�SDUWLFXODU�ORFDWLRQV�KDYH�EHHQ�FROOHFWHG�



��

LW� LV�SRVVLEOH� WR�GHWHUPLQH� WKH�IDGLQJ�IRU� WKRVH� ORFDWLRQV�� WKH�SDWK� ORVV�H[SRQHQW� IRU� WKH

DUHD�DQG�WKH�SHUFHQW�FRYHUDJH�DUHD�XVLQJ�WKH�0DWODE70�SURJUDPV�IRXQG�LQ�WKH�DSSHQGL[�



��

)LJXUH����/RFDWLRQV�XVHG�LQ�WKH�LQYHVWLJDWLRQ�



��

��� 'HWHUPLQDWLRQ�RI�)DGLQJ

7KH� VHYHULW\�RI� WKH� IDGLQJ�RI� WKH� UHFHLYHG� VLJQDO� DW� D�SDUWLFXODU� ORFDWLRQ�ZDV� GHWHUPLQHG

XVLQJ�WKH�SURJUDP�VDLQIR���P�IRXQG�LQ�$SSHQGL[�&����7KLV�SURJUDP�FRQVWUXFWV�D�&')�RI

WKH�FROOHFWHG�GDWD�DQG�FRPSDUHV�LW�WR�D�WKHRUHWLFDO�5LFLDQ�&')���7KH�LQSXW�ILOH�QDPH�ZDV

WKH�UDZ�GDWD�DQG�WKH�YDOXH�RI�.�ZDV�HVWLPDWHG��7KH�RXWSXW�LV�D�JUDSK�RI�WKH�H[SHULPHQWDO

&')�DQG�WKH�WKHRUHWLFDO�5LFLDQ�&')�ZLWK�WKH�HVWLPDWHG�.�YDOXH�� �7KH�.�6�VWDWLVWLF� WKDW

DSSHDUV� LV� D� QXPHULFDO� UHSUHVHQWDWLRQ� RI� KRZ� ZHOO� WKH� HVWLPDWHG� &')� PDWFKHV� WKH

H[SHULPHQWDO�&')�� �$�.�6�VWDWLVWLF�RI� OHVV� WKDQ�������UHSUHVHQWV�D� VLJQLILFDQFH� OHYHO� OHVV

WKDQ� ����� >�@�� � 7KH�PHDQ� VLJQDO� OHYHO� LV� DOVR� FDOFXODWHG� DQG� GLVSOD\HG�� � 7KLV� YDOXH� ZDV

UHFRUGHG�DQG�XVHG�LQ�WKH�FDOFXODWLRQ�RI�WKH�SDWK�ORVV�H[SRQHQW�

��� 'HWHUPLQDWLRQ�RI�3DWK�/RVV�([SRQHQW

2QFH�WKH�IDGLQJ�RI�DOO�RI�WKH�ORFDWLRQV�KDV�EHHQ�GHWHUPLQHG��WKH�SDWK�ORVV�H[SRQHQW�IRU�WKH

DUHD�FDQ�EH�FDOFXODWHG���,Q�WKH�0DWODE70� ILOH� OLQUHJ�P��IRXQG�LQ�$SSHQGL[�'��WKH�GLVWDQFHV

DQG�WKH�PHDQ�VLJQDO�OHYHOV�IRU�HDFK�ORFDWLRQ�ZHUH�SODFHG�LQ�WKH�DSSURSULDWH�YHFWRUV���7KH

SURJUDP�FDOFXODWHV� WKH�EHVW� OLQH� �LQ� D�PHDQ� VTXDUH�HUURU� VHQVH�� WKURXJK� WKH�GDWD�SRLQWV�

7KH�RXWSXW�RI�WKH�SURJUDP�LV�WKH�VORSH�RI�WKH�OLQH��SDWK�ORVV�H[SRQHQW���VWDQGDUG�GHYLDWLRQ

DQG�FRQILGHQFH� LQWHUYDO�JLYHQ�D�SDUWLFXODU�FRQILGHQFH� OHYHO�� �7KH�SDWK� ORVV�H[SRQHQW�DQG

VWDQGDUG� GHYLDWLRQ� FDQ� WKHQ� EH� XVHG� WR� ILQG� D� SHUFHQW� FRYHUDJH� DUHD� JLYHQ� D�PLQLPXP

UHTXLUHG�VLJQDO�OHYHO�



��

��� 'HWHUPLQDWLRQ�RI�$YHUDJH�.�YV��'LVWDQFH

6LQFH�WKH�SGI�RI�.�LV�SRVWXODWHG�WR�EH�ORJ�QRUPDO��D�VLPLODU�DQDO\VLV�FDQ�EH�GRQH�IRU�WKH

DYHUDJH�.�RYHU�GLVWDQFH���7KH�SURJUDP� OLQUHJ�P� LQ�$SSHQGL[�'�ZDV�XVHG�DJDLQ��RQO\�WKLV

WLPH�WKH�FROOHFWHG�.�YDOXHV�LQ�G%�LQVWHDG�RI�WKH�PHDQ�VLJQDO�OHYHOV�ZHUH�XVHG���7KH�RXWSXW

LV� WKH� VORSH�RI� WKH�EHVW� OLQH� WKURXJK� WKH�GDWD� DQG� WKH� VWDQGDUG�GHYLDWLRQ� IURP� WKDW� OLQH�

7KLV�LQIRUPDWLRQ�ZDV�XVHG�LQ�WKH�GHWHUPLQDWLRQ�RI�WKH�SHUFHQW�FRYHUDJH�DUHD�

��� 7HVW�IRU�1RUPDOLW\

7KH�XVH�RI�OLQHDU�UHJUHVVLRQ�IRU�GHWHUPLQLQJ�WKH�SDWK�ORVV�DQG�DYHUDJH�.�RYHU�GLVWDQFH�LV

RQO\� YDOLG� LI� WKH� GLVWULEXWLRQ� DW� HYHU\� GLVWDQFH� LV� QRUPDO�� � 7R� WHVW� IRU� QRUPDOLW\�� WKH

SURJUDP�FYPGLII�P��IRXQG�LQ�$SSHQGL[�-��ZDV�XVHG���7KH�RXWSXW�RI�WKH�SURJUDP�LV�D�JUDSK

RI� WKH�&')�IRU� WKH� VKDGRZLQJ�RU�.�DORQJ�ZLWK� WKH�PHDQ�DQG� VWDQGDUG�GHYLDWLRQ�� �7KH

&UDPHU�YRQ�0LVHV�WHVW�ZDV�XVHG�DQG�LI�WKH�WHVW�VWDWLVWLF�LV�EHORZ��������WKH�GLVWULEXWLRQ�LV

QRUPDO�ZLWK������VLJQLILFDQFH�

��� &ORVLQJ�WKH�/LQN�IRU�$YHUDJH�.�DQG�$YHUDJH�3DWK�/RVV

7R�GHWHUPLQH�WKH�(53�QHHGHG�WR�FORVH�WKH�OLQN�ZLWK�D�VSHFLILHG�ILGHOLW\��WKH�DYHUDJH�.�DQG

UHFHLYHG�SRZHU�ZHUH�GHWHUPLQHG�H[SHULPHQWDOO\�RYHU�GLVWDQFH�DQG�WKH�V\VWHP�SDUDPHWHUV

ZHUH�VHW� IRU� WKH�5'51�VSHFLILFDWLRQV�� �7KH�SURJUDP�WR�GHWHUPLQH�WKH�HIIHFWLYH� UDGLDWHG

SRZHU� �(53�� � LV� FORVHOLQN�P� DQG�FDQ�EH� IRXQG� LQ�$SSHQGL[�*�� � ,W� LV�QHFHVVDU\� WR� VHW� WKH

HTXDWLRQV� IRU� ERWK� WKH� DYHUDJH�.� DQG� DYHUDJH� SDWK� ORVV�� � 7KLV� ZDV� GRQH� E\� XVLQJ� WKH

LQIRUPDWLRQ�JDLQHG�IURP�UXQQLQJ�OLQUHJ�P�IRU�.�DQG�WKH�SDWK�ORVV���7KH�UHVW�RI�WKH�YDULDEOHV



��

LQ�WKH�SURJUDP�DUH�WKH�V\VWHP�SDUDPHWHUV�DQG�QHHGHG�WR�EH�VHW�DFFRUGLQJ�WR�WKH�VSHFLILF

V\VWHP�UHTXLUHPHQWV�

7KH�RXWSXW�RI�WKH�SURJUDP�LV�D�JUDSK�WKDW�VKRZV�WKH�WUDQVPLW�SRZHU�QHFHVVDU\�WR

FORVH�WKH�OLQN�DV�D�IXQFWLRQ�RI�GLVWDQFH�IRU�WKH�JLYHQ�V\VWHP�SDUDPHWHUV�DQG�UHTXLUHPHQWV�

,W�LV�LPSRUWDQW�WR�QRWH�WKDW�WKH�UHVXOWV�RI�WKLV�SURJUDP�ZLOO�PHUHO\�JLYH�DQ�DYHUDJH�UHTXLUHG

WUDQVPLW�SRZHU���'XH�WR�WKH�ORJ�QRUPDO�VKDGRZLQJ�DQG�.�GLVWULEXWLRQV��WR�FORVH�WKH�OLQN�DW

D� VSHFLILF� ORFDWLRQ�� WKH� DFWXDO� YDOXHV�RI�.� DQG�SDWK� ORVV�PXVW�EH�XVHG� WR� GHWHUPLQH� WKH

QHFHVVDU\�WUDQVPLW�SRZHU�

���� 'HWHUPLQDWLRQ�RI�&RUUHODWLRQ�&RHIILFLHQW�� ρ

,W�ZDV�QRWHG�LQ�WKH�EDFNJURXQG�VHFWLRQ�WKDW�WKHUH�LV�H[SHFWHG�WR�EH�D�FRUUHODWLRQ�EHWZHHQ

WKH�UHFHLYHG�SRZHU�DQG�.���7R�GHWHUPLQH�WKH�VWUHQJWK�DQG�GLUHFWLRQ�RI�WKLV�FRUUHODWLRQ�WKH

SURJUDP�DOOFRU�P�IRXQG�LQ�$SSHQGL[�+�ZDV�XVHG���7KH�HOHPHQWV�RI�WKH�ILUVW�FROXPQ�RI�WKH

PDWUL[�DUH�WKH�.�YDOXHV�LQ�G%�IRU�HDFK�ORFDWLRQ���7KH�HOHPHQWV�RI�WKH�VHFRQG�FROXPQ�DUH

WKH�FRUUHVSRQGLQJ�GHYLDWLRQV�IURP�WKH�PHDQ�SDWK�ORVV�LQ�G%�GHWHUPLQHG�XVLQJ�OLQUHJ�P��,Q

WKLV� LQYHVWLJDWLRQ�� VKDGRZLQJ� LV� GHILQHG� DV� WKH� GLIIHUHQFH� EHWZHHQ� WKH� DFWXDO� SDWK� ORVV

UHFRUGHG�DW�D�GLVWDQFH�DQG�WKH�DYHUDJH�SDWK�ORVV�H[SHFWHG�DW�WKDW�GLVWDQFH���7KH�RXWSXW�RI

WKH�SURJUDP�LV�D�VFDWWHU�GLDJUDP�RI�.�YV��VKDGRZLQJ�ZLWK�WKH�FRUUHODWLRQ�FRHIILFLHQW�� ρ �

7KH�UHVXOWV�RI�WKLV�SURJUDP�ZHUH�WKHQ�XVHG�WR�GHWHUPLQH�WKH�SHUFHQW�FRYHUDJH�DUHD�

���� 'HWHUPLQDWLRQ�RI�3HUFHQW�&RYHUDJH�$UHD

7KH�SHUFHQW�FRYHUDJH�DUHD�LV�IRXQG�E\�GHWHUPLQLQJ�WKH�DYHUDJH�UHFHLYHG�SRZHU�DQG�DYHUDJH

.�RYHU�GLVWDQFH���7KH�SUREDELOLW\�WKDW�WKH�OLQN�FORVHV�IRU�HDFK�GLVWDQFH�LV�WKHQ�GHWHUPLQHG



��

E\�XVLQJ�QXPHULFDO�LQWHJUDWLRQ�RYHU�WKH�VSHFLILHG�OLPLWV���(DFK�SUREDELOLW\�LV�WKHQ�ZHLJKWHG

DFFRUGLQJ�WR�WKH�IUDFWLRQ�RI�WKH�HQWLUH�DUHD�WKDW�WKH�DQQXOXV�GHILQHG�E\�WKH�FXUUHQW�GLVWDQFH

DQG�WKH�SUHYLRXV�GLVWDQFH�FRYHUV�WR�GHWHUPLQH�WKH�SHUFHQW�FRYHUDJH�DUHD�

7KH�SURJUDP�XVHG�WR�FDOFXODWH�WKH�SHUFHQW�FRYHUDJH�DUHD�LV�FDOOHG�FYUJBFRUU�$�P�DQG

FDQ�EH�IRXQG�LQ�$SSHQGL[�,���7KH�YDULDEOHV�WKDW�QHHG�WR�EH�VHW�DUH�FRPPHQWHG�LQ�WKH�FRGH�

7KH�GLVWDQFHV�XVHG�IRU�WKH�YDULDEOH�U�ZHUH�VXFK�WKDW�WKH�GLIIHUHQFH�EHWZHHQ�WZR�VXFFHVVLYH

YDOXHV�LV�QR�PRUH�WKDQ����PHWHUV���,W�ZDV�IRXQG�WKDW�IRU�GLIIHUHQFHV�OHVV�WKDQ����PHWHUV�

WKH� UHVXOWLQJ� LQFUHDVH� LQ� DFFXUDF\�ZDV�QHJOLJLEOH�� �7KH� DSSURSULDWH� YDOXHV� IRU� WKH�.� DQG

SDWK�ORVV�YHFWRUV�ZHUH�REWDLQHG�IURP�WKH�UHVXOWV�RI�WKH�OLQHDU�UHJUHVVLRQ�DQDO\VLV�GRQH�RQ

WKH� WZR� TXDQWLWLHV�� � 7KH� UHTXLUHG�
o

b

N

E
� YDOXHV� ZHUH� GHWHUPLQHG� IRU� YDOXHV� RI� .� DQG

VSHFLILHG� %(5� DQG� 3(5�� � 7DEOHV� RI� WKHVH� YDOXHV� ZHUH� REWDLQHG� E\� ORDGLQJ� HLWKHU

HEQRB%(5�PDW�IRU�ELW�HUURU�UDWH�RU�HEQRB3(5�PDW�IRU�SDFNHW�HUURU�UDWH���7KHVH�DUH�WDEOHV�RI

o

b

N

E
�UHTXLUHPHQWV�JHQHUDWHG�E\�ILUVW�UXQQLQJ�WKH�SURJUDPV�LQ�$SSHQGL[�(�DQG�$SSHQGL[

)�



��

� 5HVXOWV

��� 'HWHUPLQDWLRQ�RI�)DGLQJ�DQG�$YHUDJH�5HFHLYH�3RZHU

7KH�UHFHLYHG�SRZHU�GDWD�IRU�HDFK�ORFDWLRQ�ZDV�DQDO\]HG�WR�GHWHUPLQH�WKH�5LFLDQ�SDUDPHWHU�

.��DQG�WKH�DYHUDJH�UHFHLYH�SRZHU�� �7KH�&')V�XVHG�WR�GHWHUPLQH�WKHVH�TXDQWLWLHV�FDQ�EH

IRXQG�LQ�$SSHQGL[�$���7DEOH���LV�D�OLVWLQJ�RI�WKH�UHVXOWV�IRXQG�IRU�HDFK�ORFDWLRQ���$�.�6

VWDWLVWLF� RI� OHVV� WKDQ� ������ UHSUHVHQWV� D� VLJQLILFDQFH� OHYHO� OHVV� WKDQ� ����� >�@�� � $OO� RI� WKH

ORFDWLRQV� LQYHVWLJDWHG�\LHOGHG�D�.�6� VWDWLVWLF�PXFK� OHVV� WKDQ�������� �7KLV� VKRZV� WKDW� WKH

5LFLDQ�GLVWULEXWLRQ�LV�DQ�H[FHOOHQW�WKHRUHWLFDO�PRGHO�IRU�IDGLQJ�LQ�WKLV�VHW�RI�H[SHULPHQWV�

/RFDWLRQ 0HDQ�6LJQDO�/HYHO��G%� ���.��G%�����������������.�6�6WDWLVWLF

a 1 -9 4 .5 1 3 .5 0 .5 6 5 6
a 2 -9 6 .9 9 4 .4 0 .3 9 4 3
a 3 a -7 7 .1 5 1 8 .7 0 .9 4 4 2
a 4 -9 9 .5 3 .7 0 .5 9 1 9
a 6 -9 8 .5 1 1 0 0 .6 2 2
a 7 -1 0 3 .2 5 0 .4 1 5 9
a 8 -1 1 0 .9 -2 0 .7 5 8 3
a 9 -8 8 .1 1 6 .9 0 .4 8 4 4
a 1 0 -7 0 .5 3 1 3 .6 0 .5 3 3 8
a 1 1 -9 8 .0 9 6 .5 0 .3 8 2 3
a 1 2 -1 0 3 .4 -1 0 .5 0 1 1
a 1 3 -9 3 .6 1 1 1 .8 0 .5 2 1 5
a 1 4 -9 9 .6 3 6 0 .3 1 0 9
a 1 5 -1 0 9 .2 -1 0 .8 5 9 7
a 1 6 a -8 3 .3 5 1 3 .5 0 .7 3 0 3
a 1 7 -1 2 2 .3 1 0 .6 8 8 4
a 1 9 -1 1 7 .6 -0 .6 1 6 4 0 .6 0 9 2
a 2 1 -1 2 5 .6 -2 0 .7 1 7 4
a 2 2 -1 0 0 .1 5 0 .7 2 3
a 2 3 -7 4 .2 8 1 0 .9 4 0 .4 2 0 9
a 2 5 -6 8 .1 9 1 2 .9 1 0 .5 5 9 4
a 2 8 -1 1 2 .3 -1 .7 0 .8 0 8 1
a 3 0 -1 2 1 .1 -9 0 .6 9 9 8
a 3 1 -1 0 0 .9 -0 .7 0 .7 7 1 2
a 3 2 -9 0 .8 5 1 3 0 .5 0 6 8
a 3 3 -9 5 .7 2 4 0 .6 2 1 9
a 3 5 -9 3 .2 6 6 .8 0 8 0 .3 6 1 2
a 3 7 -1 2 5 .7 3 .7 7 0 .3 5 8 2
a 3 8 -1 0 9 .2 -0 .6 4 3 5 0 .5 6 8

7DEOH� ��� 0HDQ� VLJQDO� OHYHO�� .� DQG� .ROPRJRURY�6PLUQRII
VWDWLVWLF�IRU�HDFK�ORFDWLRQ�



��

��� 'LVWULEXWLRQ�RI�.

)LJXUHV������VKRZ�WKH�DYHUDJH�YDOXH�RI�.�RYHU�GLVWDQFH�IRU�OLQH�RI�VLJKW��/26���REVWUXFWHG

�2%6��DQG�DOO�ORFDWLRQV�WDNHQ�WRJHWKHU��$//����/LQHDU�UHJUHVVLRQ�ZDV�XVHG�WR�GHWHUPLQH�WKH

EHVW� ILW� OLQH� IRU�HDFK�FDVH��7KHVH� ILJXUHV� VKRZ�D�PDMRU�GLIIHUHQFH�EHWZHHQ� WKH�/26�DQG

2%6� FDVHV�� � :KLOH� .� LV� UHODWLYHO\� FRQVWDQW� �DSSUR[LPDWHO\� ����� G%�� RYHU� WKH� GLVWDQFH

LQYHVWLJDWHG� IRU� WKH�/26�FDVH�� WKH�.� IRU� WKH�2%6�FDVH�TXLFNO\�GHWHULRUDWHV� WRZDUGV� WKH

5D\OHLJK�YDOXH�� �)LJXUH���� LV� WKH�UHVXOW�RI� WKH�&UDPHU�YRQ�0LVHV�WHVW� WR�GHWHUPLQH� LI� WKH

GHYLDWLRQ�RI�.�IURP�D�GLVWDQFH�GHSHQGHQW�PHDQ�LV�ORJ�QRUPDO�IRU�WKH�FDVH�RI�DOO�ORFDWLRQV�

$�&�Y0�VWDWLVWLF�RI�OHVV�WKDQ�������LPSOLHV�WKH�GLVWULEXWLRQ�LV�QRUPDO�ZLWK������VLJQLILFDQFH

>�@�� � )LJXUH� ��� VKRZV� WKH�&�Y0� VWDWLVWLF� WR� EH� �������� ZKLFK� LPSOLHV� WKDW� D� ORJ�QRUPDO

GLVWULEXWLRQ�LV�DQ�H[FHOOHQW�WKHRUHWLFDO�PRGHO�IRU�WKH�GLVWULEXWLRQ�RI�.�

7KH� ORJ�QRUPDO� GLVWULEXWLRQ� RI� .� YDOXHV� LV� D� VLJQLILFDQW� GLVFRYHU\�� � � 6LQFH� WKH

GLVWULEXWLRQ�RI�.�FDQ�EH�PRGHOHG�DV�D�ORJ�QRUPDO�UDQGRP�YDULDEOH��WKH�HIIHFWV�RI�.�RQ�WKH

SHUIRUPDQFH�RI� D�ZLUHOHVV� FRPPXQLFDWLRQ� V\VWHP� FDQ� EH� KDQGOHG�PDWKHPDWLFDOO\�� �7KLV

PRUH�DFFXUDWH�PRGHO�RI� WKH�FKDQQHO�FDQ�EH�XVHG�WR�PDNH� LQWHOOLJHQW�GHFLVLRQV�DERXW�WKH

V\VWHP�GHVLJQ�DQG�PRUH�DFFXUDWHO\�GHWHUPLQH�WKH�H[SHFWHG�V\VWHP�SHUIRUPDQFH�



��

)LJXUH�����'LVWULEXWLRQ�RI�.�RYHU�GLVWDQFH�IRU�/26�ORFDWLRQV�



��

)LJXUH����'LVWULEXWLRQ�RI�.�RYHU�GLVWDQFH�IRU�2%6�ORFDWLRQV�



��

)LJXUH�����'LVWULEXWLRQ�RI�.�RYHU�GLVWDQFH�IRU�$//�ORFDWLRQV�



��

)LJXUH�����&UDPHU�YRQ�0LVHV�JRRGQHVV�RI�ILW�WHVW�UHVXOW�IRU�ORJ�QRUPDO
.�GHYLDWLRQ�GLVWULEXWLRQ�



��

��� 'LVWULEXWLRQ�RI�3DWK�/RVV

)LJXUHV�������VKRZ�WKH�DYHUDJH�SDWK�ORVV�RYHU�GLVWDQFH�IRU�OLQH�RI�VLJKW��/26���REVWUXFWHG

�2%6��DQG�DOO�ORFDWLRQV�WDNHQ�WRJHWKHU��$//����/LQHDU�UHJUHVVLRQ�ZDV�XVHG�WR�GHWHUPLQH�WKH

EHVW�ILW�OLQH�IRU�HDFK�FDVH��$JDLQ�� LW� LV�FOHDU�WKDW� WKH�VHSDUDWLRQ�RI�WKH�ORFDWLRQV�LQWR�/26

DQG�2%6�FDVHV� VKRZV� D�PDUNHG� GLIIHUHQFH� LQ� WKH� SDWK� ORVV� H[SRQHQW� EHWZHHQ� WKH� WZR�

7KH�SDWK�ORVV�H[SRQHQW�IRXQG�IRU�WKH�/26�FDVH�ZDV�������DQG�IRU�WKH�2%6�FDVH�WKH�SDWK

ORVV�H[SRQHQW�ZDV�IRXQG�WR�EH��������� �)LJXUH���� LV� WKH�UHVXOW�RI� WKH�&UDPHU�YRQ�0LVHV

WHVW� WR� GHWHUPLQH� LI� WKH� GHYLDWLRQ� �VKDGRZLQJ�� IURP� D� GLVWDQFH� GHSHQGHQW�PHDQ� LV� ORJ�

QRUPDO�� �7KH�&�Y0�VWDWLVWLF�ZDV� IRXQG� WR�EH���������ZKLFK� LV� VLJQLILFDQWO\� OHVV� WKDQ� WKH

������YDOXH�XVHG�IRU������VLJQLILFDQFH�>�@���7KLV�FRQILUPV�WKDW�WKH�ORJ�QRUPDO�GLVWULEXWLRQ�LV

DQ�H[FHOOHQW�PRGHO�IRU�WKH�VKDGRZLQJ�GLVWULEXWLRQ�LQ�WKLV�VHW�RI�H[SHULPHQWV�



��

)LJXUH�����3DWK�ORVV�H[SRQHQW�GHWHUPLQDWLRQ�IRU�/26�ORFDWLRQV�



��

)LJXUH�����3DWK�ORVV�H[SRQHQW�GHWHUPLQDWLRQ�IRU�2%6�ORFDWLRQV�



��

)LJXUH�����3DWK�ORVV�H[SRQHQW�GHWHUPLQDWLRQ�IRU�$//�ORFDWLRQV�



��

)LJXUH�����&UDPHU�YRQ�0LVHV�JRRGQHVV�RI�ILW�WHVW�UHVXOW�IRU�ORJ�
QRUPDO�VKDGRZLQJ�



��

��� 7ZR�UD\�PRGHO

)LJXUHV�������VKRZ�ERWK�WKH�SRZHU�ODZ�DQG�WZR�UD\�PRGHOV�ZLWK�WKH�FROOHFWHG�GDWD�IRU�WKH

/26� FDVH�� � 6LQFH� WKH�PHDVXUHPHQWV�ZHUH� WDNHQ� LQ� D� VXEXUEDQ� HQYLURQPHQW�� UHDVRQDEOH

YDOXHV� IRU� WKH� FKDUDFWHULVWLFV� RI� WKH� JURXQG� ZHUH� XVHG�� � 7KH� UHODWLYH� SHUPLWLYLW\� RI� WKH

JURXQG�ZDV�DVVXPHG�WR�EH����DQG�WKH�FRQGXFWDQFH�RI�WKH�JURXQG�ZDV�DVVXPHG�WR�EH������

6�P���:KDW�LV�LPSRUWDQW�WR�QRWH�IURP�WKHVH�UHVXOWV�LV�WKH�WZR�UD\�PRGHO�ILWV�WKH�FROOHFWHG

GDWD� IRU� WKH� /26� ORFDWLRQV� EHWWHU� WKDQ� WKH� VWDQGDUG� SRZHU� ODZ� PRGHO� IRU� DQ� DYHUDJH

UHFHLYH�DQWHQQD�KHLJKW�RI���PHWHUV�DV�VHHQ�LQ�)LJXUH������:KLOH�LQWHUHVWLQJ��WKH�SUREOHP�LV

WKDW�WKH�UHVXOWV�IRU�WKH�WZR�UD\�PRGHO�DUH�VHQVLWLYH�WR�WKH�DQWHQQD�KHLJKWV����)LJXUH����LV�WKH

VDPH�FRPSDULVRQ�ZLWK�D�UHFHLYH�DQWHQQD�KHLJKW�RI���PHWHU���,W�FDQ�EH�VHHQ�WKDW�WKH�WZR�UD\

PRGHO�GRHV�QRW�ILW�WKH�GDWD�DV�ZHOO�DV�WKH�SRZHU�ODZ�PRGHO�LQ�WKLV�FDVH���6LQFH�WKH�WZR�UD\

PRGHO� UHVXOW� LV� VR� VHQVLWLYH� WR� DQWHQQD� KHLJKWV�� LW� LV� UHFRPPHQGHG� WKDW� WKH� SRZHU� ODZ

PRGHO�EH�XVHG�ZKHQ� DQ� DUHD� LV� EHLQJ� FKDUDFWHUL]HG�� � ,I� WKH� KHLJKWV� RI� WKH� DQWHQQDV� DUH

NQRZQ�SUHFLVHO\� DQG� WKH� OLQN� LV�SRLQW�WR�SRLQW�� WKH� WZR�UD\�PRGHO� DSSHDUV� WR�EH�D�JRRG

PRGHO� IRU� /26� ORFDWLRQV�� � )LJXUHV� ��� DQG� ��� VKRZ� WKH� WZR�UD\�PRGHO� DQG� SRZHU� ODZ

FRPSDULVRQ�IRU�WKH�2%6�DQG�$//�FDVHV���7KH�UHVXOWV�IRU�WKHVH�WZR�FDVHV�VXJJHVW�WKDW�WKH

SRZHU�ODZ�PRGHO�LV�WKH�EHWWHU�PRGHO�IRU�WKH�SDWK�ORVV�



��

)LJXUH� ���� 7ZR�UD\� DQG� SRZHU� ODZ� UDGLR� SURSDJDWLRQ� PRGHO
FRPSDULVRQ�IRU�/26�ORFDWLRQV�IRU��P�UHFHLYH�DQWHQQD�KHLJKW�



��

)LJXUH� ���� 7ZR�UD\� DQG� SRZHU� ODZ� UDGLR� SURSDJDWLRQ� PRGHO
FRPSDULVRQ�IRU�/26�ORFDWLRQV�IRU��P�UHFHLYH�DQWHQQD�KHLJKW�



��

)LJXUH� ���� 7ZR�UD\� DQG� SRZHU� ODZ� UDGLR� SURSDJDWLRQ� PRGHO
FRPSDULVRQ�IRU�2%6�ORFDWLRQV�



��

)LJXUH� ���� 7ZR�UD\� DQG� SRZHU� ODZ� UDGLR� SURSDJDWLRQ� PRGHO
FRPSDULVRQ�IRU�$//�ORFDWLRQV�



��

��� &RUUHODWLRQ�EHWZHHQ�.�DQG�6KDGRZLQJ

)LJXUHV� ������ DUH� WKH� VFDWWHU� GLDJUDPV� IRU�.� DQG� VKDGRZLQJ� IRU� HDFK� FDVH�� �7KHVH� DOVR

VKRZ� WKH� FRUUHODWLRQ� FRHIILFLHQW�� �7KH� FRUUHODWLRQ� FRHIILFLHQW� IRXQG� IRU� WKH� /26� FDVH�� �

��������LPSOLHV�WKDW�WKHUH�LV�D�VWURQJ�FRUUHODWLRQ�EHWZHHQ�WKH�WZR�UDQGRP�YDULDEOHV���7KH

FRUUHODWLRQ�FRHIILFLHQW�IRU�WKH�2%6�FDVH�����������LV�OHVV�WKDQ�WKDW�IRU�WKH�/26�FDVH��EXW�LW

LV�VWLOO�D�PRGHUDWH�FRUUHODWLRQ���7KHVH�UHVXOWV�ZLOO�EH�XVHG�GXULQJ�WKH�GHWHUPLQDWLRQ�RI�WKH

SHUFHQW�FRYHUDJH�DUHD���7KHVH�UHVXOWV�DUH�H[SHFWHG�GXH�WR�WKH�UHOLDQFH�RI�ERWK�.�DQG�WKH

UHFHLYHG�SRZHU·V�GHSHQGHQFH�RQ�WKH�VDPH�WZR�TXDQWLWLHV���7KH�UHFHLYHG�SRZHU�LV�WKH�VXP

RI�WKH�SRZHU�LQ�WKH�VSHFXODU�DQG�UDQGRP�FRPSRQHQW�ZKLOH�.�LV�WKH�UDWLR�RI�WKH�SRZHU�LQ

WKH�VSHFXODU�FRPSRQHQW�WR�WKH�SRZHU�LQ�WKH�UDQGRP�FRPSRQHQW�



��

)LJXUH�����'HWHUPLQDWLRQ�RI�WKH�FRUUHODWLRQ�FRHIILFLHQW�EHWZHHQ�.�DQG
VKDGRZLQJ�IRU�/26�ORFDWLRQV�



��

)LJXUH�����'HWHUPLQDWLRQ�RI�WKH�FRUUHODWLRQ�FRHIILFLHQW�EHWZHHQ�.�DQG
VKDGRZLQJ�IRU�2%6�ORFDWLRQV�



��

)LJXUH�����'HWHUPLQDWLRQ�RI�WKH�FRUUHODWLRQ�FRHIILFLHQW�EHWZHHQ
.�DQG�VKDGRZLQJ�IRU�$//�ORFDWLRQV�



��

��� &ORVLQJ�WKH�/LQN�([DPSOH

)LJXUH� ��� LV� WKH� UHVXOW� REWDLQHG� XVLQJ� WKH� V\VWHP� SDUDPHWHUV� VWDWHG� LQ� WKH� ILJXUH� DQG

GHWHUPLQLQJ� WKH� UHTXLUHG�(53�XVLQJ�ERWK� WKH�SRZHU� ODZ�PRGHO� DQG� WKH� WZR�UD\�PRGHO�

7KH�OLQN�PDUJLQ�LV�REWDLQHG�E\�VXEWUDFWLQJ�WKH�UHTXLUHG�(53�IURP�WKH�DYDLODEOH�(53���)RU

H[DPSOH��XVLQJ�WKH�SRZHU�ODZ�PRGHO��WKH�OLQN�PDUJLQ�DW�����P�LV����G%��EXW�XVLQJ�WKH�WZR�

UD\�PRGHO��WKH�OLQN�PDUJLQ�LV�²���G%�EHFDXVH�RI�WKH�ODUJH�QXOO�WKDW�RFFXUV�DW�WKLV�GLVWDQFH�

6LQFH� WKH� WZR�UD\� PRGHO� ZDV� VKRZQ� D� JRRG� WKHRUHWLFDO� PRGHO� IRU� /26� ORFDWLRQV�� WKH

WUDQVPLWWHU�UHFHLYHU�VHSDUDWLRQ�PXVW�EH�WDNHQ�LQWR�DFFRXQW�ZKHQ�GHWHUPLQLQJ�WKH�DPRXQW

RI�(53�QHFHVVDU\�WR�FORVH�WKH�OLQN�IRU�D�VSHFLILF�ORFDWLRQ�

)LJXUH�����5HTXLUHG�HIIHFWLYH�UDGLDWHG�SRZHU�IRU�/26�ORFDWLRQV
XVLQJ�WKH�WZR�UD\�PRGHO�DQG�WKH�SRZHU�ODZ�PRGHO�



��

7KLV�SDJH�OHIW�EODQN�LQWHQWLRQDOO\�



��

��� 3HUFHQW�&RYHUDJH�$UHD��.�DQG�5HFHLYH�3RZHU�-RLQW�'LVWULEXWLRQ�&RPSDULVRQ

����� 'LVWDQFH�7UDGH�2II

)LJXUHV�������FRPSDUH�WKH�SHUFHQW�FRYHUDJH�DUHD�EHWZHHQ�GLIIHUHQW�DVVXPSWLRQV�DERXW�WKH

UHODWLRQVKLS�EHWZHHQ�.�DQG�WKH�UHFHLYH�SRZHU��FRUUHODWHG��LQGHSHQGHQW��5D\OHLJK�FKDQQHO�

IRU� GLIIHUHQW� YDOXHV� RI� (53� ���� ���� ���� ���� ��� G%:�� DQG� GLIIHUHQW� FROOHFWLRQV� RI

H[SHULPHQWDO� GDWD� �/26�� 2%6� DQG� $//�� IRU� D� %(5�  � ������ � )LJXUH� ������ DUH� IRU� DQ

HTXLYDOHQW�3(5� ���������

,W�LV�LPSRUWDQW�WR�QRWH�WKDW�WKH�FRUUHODWHG�FXUYHV�DUH�WKH�RQO\�RQHV�JHQHUDWHG�XVLQJ

WKH�H[SHULPHQWDO�GDWD�WKDW�ZDV�FROOHFWHG���7KH�LQGHSHQGHQW�FXUYHV�DVVXPH�WKH�FRUUHODWLRQ

EHWZHHQ�.�DQG�WKH�UHFHLYHG�SRZHU�GRHV�QRW�H[LVW�DQG�WKH�5D\OHLJK�FXUYHV�DVVXPH�WKDW�WKH

FKDQQHO�EHWZHHQ�WKH�WUDQVPLWWHU�DQG�WKH�UHFHLYHU�IRU�HYHU\�ORFDWLRQ�RYHU�WKH�HQWLUH�DUHD�LV

5D\OHLJK���7KH�UHVXOWV�REWDLQHG�VKRZ�WKDW�WKH�GLIIHUHQFH�EHWZHHQ�XVLQJ�WKH�FRUUHODWHG�DQG

LQGHSHQGHQW�GLVWULEXWLRQV�LV�DW�PRVW�DURXQG���SHUFHQW���,W�FRXOG�EH�DUJXHG�WKHQ�WKDW�VLQFH

WKHVH� WZR� FDVHV� SURGXFH� VLPLODU� UHVXOWV�� WKH� LQGHSHQGHQW� FDVH� FRXOG� EH� XVHG� DV� DQ

DSSUR[LPDWLRQ� IRU� WKH� DFWXDO� GLVWULEXWLRQ� LI� WKH� LQGHSHQGHQW� GLVWULEXWLRQ� UHGXFHV� WKH

FRPSOH[LW\�RI� WKH�SUREOHP��7KH�FRPSDULVRQ�EHWZHHQ� WKH� FRUUHODWHG� DQG�5D\OHLJK� FDVHV�

KRZHYHU��VKRZV�D�PDUNHG�GLIIHUHQFH�EHWZHHQ�WKH�UHVXOWV�HVSHFLDOO\�ZKHQ�WKH�(53�LV�VPDOO�

5D\OHLJK�FKDQQHOV�DUH�DVVXPHG�EHFDXVH�LW�LV�D�ZRUVW�FDVH�GHVLJQ�DSSURDFK���$VVXPLQJ�WKH

HQWLUH�DUHD�WR�EH�5D\OHLJK��WKRXJK��FRXOG�XQGHUHVWLPDWH�WKH�SHUFHQW�FRYHUDJH�E\�DV�PXFK�DV

���SHUFHQW���7KLV�LV�WUXH�ZKHWKHU�WKH�ORFDWLRQV�DUH�/26��2%6��$//�DQG�ZKHWKHU�WKH�4R6

VWDWLVWLF�LV�%(5�RU�3(5�



��

7KHVH�JUDSKV�FDQ�DOVR�EH�UHDG�DV�D�GLVWDQFH�GLIIHUHQFH�LI��DV� LV�XVXDOO\� WKH�FDVH��D

SHUFHQW�FRYHUDJH�DUHD�LV�VSHFLILHG���)RU�H[DPSOH�� LI�WKH�UHTXLUHPHQW�IRU�SHUFHQW�FRYHUDJH

DUHD� LV� ��� SHUFHQW� DQG� WKH� (53� LV� �� G%:�� )LJXUH� ��� VKRZV� WKDW� WKH� PD[LPXP� FHOO

ERXQGDU\� IRU�WKH�5D\OHLJK�DVVXPSWLRQ� LV�RQO\�����PHWHUV��+RZHYHU�� LI� WKH�DFWXDO�GDWD� LV

XVHG��WKH�FHOO�ERXQGDU\�LV�����NP�

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�/26�ORFDWLRQV�ZLWK�%(5� ������DQG�(53� ��
G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�/26�ORFDWLRQV�ZLWK�%(5� ������DQG�(53� ���
G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�/26�ORFDWLRQV�ZLWK�%(5� ������DQG�(53� ���
G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�/26�ORFDWLRQV�ZLWK�%(5� ������DQG�(53� ���
G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�/26�ORFDWLRQV�ZLWK�%(5� ������DQG�(53� ���
G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�2%6�ORFDWLRQV�ZLWK�%(5� ������DQG�(53� ��
G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�2%6�ORFDWLRQV�ZLWK�%(5� ������DQG�(53� ���
G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�2%6�ORFDWLRQV�ZLWK�%(5� ������DQG�(53� ���
G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�2%6�ORFDWLRQV�ZLWK�%(5� ������DQG�(53� ���
G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�2%6�ORFDWLRQV�ZLWK�%(5� ������DQG�(53� ���
G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�$//�ORFDWLRQV�ZLWK�%(5� ������DQG�(53� ��
G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�$//�ORFDWLRQV�ZLWK�%(5� ������DQG�(53� ���
G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�$//�ORFDWLRQV�ZLWK�%(5� ������DQG�(53� ���
G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�$//�ORFDWLRQV�ZLWK�%(5� ������DQG�(53� ���
G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�$//�ORFDWLRQV�ZLWK�%(5� ������DQG�(53� ���
G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�/26�ORFDWLRQV�ZLWK�3(5� ���������DQG�(53� 
��G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�/26�ORFDWLRQV�ZLWK�3(5� ���������DQG�(53� 
���G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�/26�ORFDWLRQV�ZLWK�3(5� ���������DQG�(53� 
���G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�/26�ORFDWLRQV�ZLWK�3(5� ���������DQG�(53� 
���G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�/26�ORFDWLRQV�ZLWK�3(5� ���������DQG�(53� 
���G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�2%6�ORFDWLRQV�ZLWK�3(5� ���������DQG�(53� 
��G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�2%6�ORFDWLRQV�ZLWK�3(5� ���������DQG�(53� 
���G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�2%6�ORFDWLRQV�ZLWK�3(5� ���������DQG�(53� 
���G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�2%6�ORFDWLRQV�ZLWK�3(5� ���������DQG�(53� 
���G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�2%6�ORFDWLRQV�ZLWK�3(5� ���������DQG�(53� 
���G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�$//�ORFDWLRQV�ZLWK�3(5� ���������DQG�(53� 
��G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�$//�ORFDWLRQV�ZLWK�3(5� ���������DQG�(53� 
���G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�$//�ORFDWLRQV�ZLWK�3(5� ���������DQG�(53� 
���G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�$//�ORFDWLRQV�ZLWK�3(5� ���������DQG�(53� 
���G%:�



��

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�DPRQJ�WKH�DFWXDO
FRUUHODWHG� .� DQG� UHFHLYH� SRZHU� MRLQW� GLVWULEXWLRQ�� .� DQG
UHFHLYH� SRZHU� LQGHSHQGHQFH� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�$//�ORFDWLRQV�ZLWK�3(5� ���������DQG�(53� 
���G%:�



��

����� 3RZHU�7UDGH�2II

7KH� UHVXOWV� LQ� WKH� SUHYLRXV� VHFWLRQ�ZHUH� IRXQG� E\� IL[LQJ� WKH�(53� IRU� D� VSHFLILF� VHW� RI

ORFDWLRQV� DQG� WKHQ� GHWHUPLQLQJ� WKH� SHUFHQW� FRYHUDJH� DUHD� DV� D� IXQFWLRQ� RI� WKH� FHOO

ERXQGDU\���,Q�WKLV�ZD\��WKH�GLIIHUHQFH�EHWZHHQ�WKH�PD[LPXP�FHOO�ERXQGDULHV�IRU�WKH�DFWXDO

FRUUHODWHG�GDWD�DQG�WKH�5D\OHLJK�FKDQQHO�DVVXPSWLRQ�GDWD�FDQ�EH�IRXQG���7KH�UHVXOWV�LQ�WKLV

VHFWLRQ�ZLOO� EH� IRXQG�E\� IL[LQJ� WKH� FHOO� ERXQGDU\� DQG�GHWHUPLQLQJ� WKH� SHUFHQW� FRYHUDJH

DUHD�DV�D�IXQFWLRQ�RI�WKH�(53�� �)URP�WKHVH� UHVXOWV�� LW�ZLOO�EH�SRVVLEOH� WR�GHWHUPLQH�KRZ

PXFK�SRZHU�FDQ�EH�VDYHG�LI�WKH�SHUFHQW�FRYHUDJH�DUHD�DQG�FHOO�ERXQGDU\�DUH�IL[HG���)RU

H[DPSOH��LI�WKH�SHUFHQW�FRYHUDJH�DUHD�LV�VSHFLILHG�DV����SHUFHQW�DQG�WKH�FHOO�ERXQGDU\�LV����

P�� )LJXUH� ��� VKRZV� WKDW� LI� WKH� FKDQQHO� LV� DVVXPHG� 5D\OHLJK�� ��� G%:� LV� UHTXLUHG�

+RZHYHU��LI�WKH�DFWXDO�GDWD�LV�XVHG��WKH�UHTXLUHPHQW�LV�RQO\����G%:�

)LJXUHV�������FRPSDUH� WKH�DFWXDO�GDWD�ZLWK�WKH�5D\OHLJK�FKDQQHO�DVVXPSWLRQ�IRU

FHOO�ERXQGDULHV�RI�����P������P�DQG���NP�DVVXPLQJ�D�%(5� ��������)LJXUHV�������XVH�WKH

HTXLYDOHQW�3(5� ���������



��

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ� IRU� /26� ORFDWLRQV� ZLWK� %(5�  � ����� DQG� D� FHOO
ERXQGDU\�RI����P�



��

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ� IRU� /26� ORFDWLRQV� ZLWK� %(5�  � ����� DQG� D� FHOO
ERXQGDU\�RI����P�



��

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ� IRU� /26� ORFDWLRQV� ZLWK� %(5�  � ����� DQG� D� FHOO
ERXQGDU\�RI���NP�



��

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ� IRU� 2%6� ORFDWLRQV� ZLWK� %(5�  � ����� DQG� D� FHOO
ERXQGDU\�RI����P�



��

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ� IRU� 2%6� ORFDWLRQV� ZLWK� %(5�  � ����� DQG� D� FHOO
ERXQGDU\�RI����P�



���

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ� IRU� 2%6� ORFDWLRQV� ZLWK� %(5�  � ����� DQG� D� FHOO
ERXQGDU\�RI���NP�



���

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ� IRU� $//� ORFDWLRQV� ZLWK� %(5�  � ����� DQG� D� FHOO
ERXQGDU\�RI����P�



���

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ� IRU� $//� ORFDWLRQV� ZLWK� %(5�  � ����� DQG� D� FHOO
ERXQGDU\�RI����P�



���

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ� IRU� $//� ORFDWLRQV� ZLWK� %(5�  � ����� DQG� D� FHOO
ERXQGDU\�RI���NP�



���

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�/26� ORFDWLRQV�ZLWK�3(5� ���������DQG�D�FHOO
ERXQGDU\�RI����P�



���

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�/26� ORFDWLRQV�ZLWK�3(5� ���������DQG�D�FHOO
ERXQGDU\�RI����P�



���

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�/26� ORFDWLRQV�ZLWK�3(5� ���������DQG�D�FHOO
ERXQGDU\�RI���NP�



���

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�2%6�ORFDWLRQV�ZLWK�3(5� ���������DQG�D�FHOO
ERXQGDU\�RI����P�



���

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�2%6�ORFDWLRQV�ZLWK�3(5� ���������DQG�D�FHOO
ERXQGDU\�RI����P�



���

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�2%6�ORFDWLRQV�ZLWK�3(5� ���������DQG�D�FHOO
ERXQGDU\�RI���NP�



���

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�$//� ORFDWLRQV�ZLWK�3(5� ���������DQG�D�FHOO
ERXQGDU\�RI����P�



���

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�$//� ORFDWLRQV�ZLWK�3(5� ���������DQG�D�FHOO
ERXQGDU\�RI����P�



���

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� WKH� DFWXDO� FRUUHODWHG� .
DQG� UHFHLYH� SRZHU� GLVWULEXWLRQ� DQG� WKH� 5D\OHLJK� FKDQQHO
DVVXPSWLRQ�IRU�$//� ORFDWLRQV�ZLWK�3(5� ���������DQG�D�FHOO
ERXQGDU\�RI���NP�



���

��� 3HUFHQW�&RYHUDJH�$UHD��%(5�YV�3(5�&RPSDULVRQ

)LJXUHV� ������ FRPSDUH� %(5� DQG� 3(5� DSSURDFKHV� IRU� HDFK� VHW� RI� ORFDWLRQV� DQG� IRU

GLIIHUHQW�YDOXHV�RI�(53�� �7KH�VSHFLILHG�%(5�LV� 510− �DQG�HTXLYDOHQW�3(5�IRU�RQH�$70

FHOO������ELWV��LV� 31024.4 −⋅ ���7KH�UHVXOWV�ZHUH�FRPSLOHG�IRU�WKH�SDUDPHWHUV�IRXQG�IRU�WKH

FROOHFWHG�GDWD���$V�H[SHFWHG��VHQGLQJ�GDWD�LQ�SDFNHWV�LQFUHDVHV�WKH�SHUFHQWDJH�RI�ORFDWLRQV

IRU�ZKLFK�WKH�OLQN�FORVHV���)RU�WKH�/26�ORFDWLRQV��DQ�LQFUHDVH�RI���WR����SHUFHQW�DW���NP�LV

VHHQ�ZKHQ�D�SDFNHW�VL]H�RI�����ELWV�LV�HPSOR\HG���7KH�2%6�ORFDWLRQV�VKRZ�DQ�LQFUHDVH�RI

XS�WR����SHUFHQW�DW���NP�IRU�D�����ELW�SDFNHW�

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�/26�ORFDWLRQV�DQG�(53� 
��G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�/26�ORFDWLRQV�DQG�(53� 
���G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�/26�ORFDWLRQV�DQG�(53� 
���G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�/26�ORFDWLRQV�DQG�(53� 
���G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�/26�ORFDWLRQV�DQG�(53� 
���G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�2%6�ORFDWLRQV�DQG�(53� 
��G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�2%6�ORFDWLRQV�DQG�(53� 
���G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�2%6�ORFDWLRQV�DQG�(53� 
���G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�2%6�ORFDWLRQV�DQG�(53� 
���G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�2%6�ORFDWLRQV�DQG�(53� 
���G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�2%6�ORFDWLRQV�DQG�(53� 
���G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�2%6�ORFDWLRQV�DQG�(53� 
���G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�2%6�ORFDWLRQV�DQG�(53� 
���G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�$//�ORFDWLRQV�DQG�(53� 
��G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�$//�ORFDWLRQV�DQG�(53� 
���G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�$//�ORFDWLRQV�DQG�(53� 
���G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�$//�ORFDWLRQV�DQG�(53� 
���G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�$//�ORFDWLRQV�DQG�(53� 
���G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�$//�ORFDWLRQV�DQG�(53� 
���G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�$//�ORFDWLRQV�DQG�(53� 
���G%:�



���

)LJXUH�����3HUFHQW�FRYHUDJH�DUHD�FRPSDULVRQ�EHWZHHQ�%(5�DQG
HTXLYDOHQW�3(5�IRU�DQ�$70�FHOO�IRU�$//�ORFDWLRQV�DQG�(53� 
���G%:�



���

��� 3HUFHQW�&RYHUDJH�$UHD��(53�)DPLO\�RI�&XUYHV

)LJXUHV�������VKRZ�D�IDPLO\�RI�FXUYHV�RI�GLIIHUHQW�(53V�IRU�WKH�FDVHV�ZKHQ�%(5�DQG�3(5

�����ELWV��DSSURDFKHV�DUH�HPSOR\HG�DQG�DOVR�IRU�/26��2%6�DQG�$//�ORFDWLRQ�FDVHV�

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� RYHU� GLVWDQFH� IRU� YDULRXV
YDOXHV�RI�(53�XVLQJ�/26�ORFDWLRQV�DQG�%(5� ������



���

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� RYHU� GLVWDQFH� IRU� YDULRXV
YDOXHV�RI�(53�XVLQJ�2%6�ORFDWLRQV�DQG�%(5� ������



���

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� RYHU� GLVWDQFH� IRU� YDULRXV
YDOXHV�RI�(53�XVLQJ�$//�ORFDWLRQV�DQG�%(5� ������



���

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� RYHU� GLVWDQFH� IRU� YDULRXV
YDOXHV�RI�(53�XVLQJ�/26�ORFDWLRQV�DQG�3(5� �����
�����ZLWK
SDFNHW�VL]H� �����ELWV��$70�FHOO��



���

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� RYHU� GLVWDQFH� IRU� YDULRXV
YDOXHV�RI�(53�XVLQJ�2%6�ORFDWLRQV�DQG�3(5� �����
�����ZLWK
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���� 3HUFHQW�&RYHUDJH�$UHD��/26��2%6��DQG�$//�&DVH�&RPSDULVRQ

)LJXUHV��������FRPSDUH�WKH�SHUFHQW�FRYHUDJH�DUHD�REWDLQHG�XVLQJ�HDFK�ORFDWLRQ�FDVH�/26�

2%6�DQG�$//�DQG�IRU�%(5� ������DQG�WKH�HTXLYDOHQW�3(5�IRU�RQH�$70�FHOO������ELWV�� 
31024.4 −⋅ ����,W�FDQ�EH�VHHQ�WKDW�WKH�GLIIHUHQFH�LQ�SHUFHQW�FRYHUDJH�FDQ�EH�YDVWO\�GLIIHUHQW

EHWZHHQ�WKH�/26�DQG�2%6�FDVHV�HVSHFLDOO\�ZKHQ�WKH�(53�LV�ORZ���7KLV�LV�WUXH�IRU�ERWK�WKH

%(5�DQG�3(5�DSSURDFKHV�� �$W���NP� IRU� DQ�(53� ���G%:�� WKH�SHUFHQW� FRYHUDJH� DUHD

GLIIHUHQFH�EHWZHHQ�/26�DQG�2%6�ORFDWLRQV�LV����SHUFHQW� IRU�WKH�%(5�DSSURDFK�DQG���

SHUFHQW�IRU�WKH�3(5�DSSURDFK�

)LJXUH� ���� 3HUFHQW� FRYHUDJH� DUHD� IRU� /26�� 2%6� DQG� $//
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� &RQFOXVLRQV

7KH�XVH�RI�WKH�ORJ�QRUPDO�GLVWULEXWLRQ�DV�D�PRGHO�IRU�WKH�YDULDWLRQ�LQ�WKH�5LFLDQ�SDUDPHWHU�

.��LV�D�VLJQLILFDQW�UHVXOW�RI�WKLV�LQYHVWLJDWLRQ���$OWKRXJK�RWKHUV�KDYH�VKRZQ�H[SHULPHQWDOO\

WKDW�WKH�GLVWULEXWLRQ�RI�.�PD\�EH�ORJ�QRUPDO�>��@��QR�WKHRUHWLFDO�EDVLV�IRU�WKLV�GLVWULEXWLRQ

KDV� EHHQ� SRVWXODWHG�� � ,Q� DGGLWLRQ�� WKH� RWKHU� LQYHVWLJDWRUV� IRXQG� QR� SUDFWLFDO� XVH� IRU

PRGHOLQJ�.�DV�D�ORJ�QRUPDO�UDQGRP�YDULDEOH�� �7KH�UHVXOWV�VKRZ�LQ�WKLV�LQYHVWLJDWLRQ�WKDW

WUDQVPLW�SRZHU�FDQ�EH�VDYHG�E\�XVLQJ�WKLV�LQIRUPDWLRQ�DERXW�.�ZKHQ�WKH�VSHFLILFDWLRQ�RI

LQWHUHVW�LV�WKH�SHUFHQW�FRYHUDJH�DUHD�

7KH�UHVXOWV�REWDLQHG�IURP�FRQVLGHULQJ�WKH�5LFLDQ�SDUDPHWHU��.��VKRZ�WKDW�.�LV�ORJ�

QRUPDO� DERXW� D� GLVWDQFH� GHSHQGHQW� PHDQ�� � ,W� ZDV� VKRZQ� WKDW� WKH� DYHUDJH� YDOXH� RI� .

GHFUHDVHV� ZLWK� GLVWDQFH�� ZKLFK� LV� FRQVLVWHQW� ZLWK� WKH� ILQGLQJV� RI� LQYHVWLJDWRUV� ZKR

GHWHUPLQHG�WKDW�5D\OHLJK�IDGLQJ�ZDV�D�JRRG�WKHRUHWLFDO�PRGHO�IRU�ODUJH�WUDQVPLWWHU�UHFHLYHU

VHSDUDWLRQV�� �)RU�WKH�/26�FDVH�� WKH� UHFHLYHG� VLJQDO�ZDV�QHDUO\� VSHFXODU��ZKLFK�ZRXOG�EH

H[SHFWHG� VLQFH� WKH� GHILQLWLRQ� RI� /26� XVHG� LQ� WKLV� LQYHVWLJDWLRQ� ZDV� WKDW� D� GLUHFW� SDWK

H[LVWHG�EHWZHHQ�WKH�WUDQVPLWWHU�DQG�UHFHLYHU���7KH�2%6�ORFDWLRQ�FDVH�DQG�WKH�$//�ORFDWLRQ

FDVH�VKRZ�D� UDSLG�GHVFHQW� WRZDUGV�5D\OHLJK� IDGLQJ�DV� WKH� WUDQVPLWWHU�UHFHLYHU� VHSDUDWLRQ

LQFUHDVHV���7KLV�GHFUHDVH�LQ�.�DV�GLVWDQFH�LQFUHDVHV�FDQ�EH�DFFRXQWHG�IRU�E\�QRWLQJ�WKDW�DV

WKH�VHSDUDWLRQ�EHWZHHQ� WKH� UHFHLYHU�DQG� WUDQVPLWWHU� LQFUHDVHV�� WKHUH� LV�PRUH�RI� D� FKDQFH

WKDW� VRPHWKLQJ� LQ� WKH� FKDQQHO� EHWZHHQ� WKHP�ZLOO� FKDQJH� FDXVLQJ� WKH� VLJQDO� OHYHO� DW� WKH

UHFHLYHU�WR�FKDQJH�DV�ZHOO�
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7KHUH�LV�QRWKLQJ�VXUSULVLQJ�DERXW�WKH�DYHUDJH�SDWK�ORVV�UHVXOWV�ZKHQ�WKH�SRZHU�ODZ

PRGHO�ZDV�XVHG���$V�ZLWK�WKH�5LFLDQ�SDUDPHWHU��.��WKH�DYHUDJH�UHFHLYH�SRZHU�ZDV�VKRZQ

ORJ�QRUPDO�DERXW�D�GLVWDQFH�GHSHQGHQW�PHDQ���7KH�VHSDUDWLRQ�RI�WKH�ORFDWLRQV�LQWR�/26

DQG�2%6�ORFDWLRQV�VKRZ�WKH�SDWK�ORVV�H[SRQHQW�WR�EH�YDVWO\�GLIIHUHQW�IRU�HDFK�FDVH��EXW

VWLOO�UHDVRQDEOH�FRQVLGHULQJ�WKH�QDWXUH�RI�WKH�WZR�JURXSV���7KH�LQWHUHVWLQJ�UHVXOW�FRQFHUQV

WKH�XVH�RI�WKH�WZR�UD\�PRGHO�WR�GHVFULEH�WKH�SDWK�ORVV���$OWKRXJK�WKH�2%6�DQG�$//�FDVHV

GR�QRW�PDWFK� WKH� WZR�UD\�PRGHO� DV�ZHOO� DV� WKH�SRZHU� ODZ�� WKH�/26�FDVH�GRHV�� �7KLV� LV

LQWHUHVWLQJ� EHFDXVH� WKH� WZR�UD\�PRGHO� LV� QRUPDOO\� FRQVLGHUHG� DV� DQ� LQWURGXFWLRQ� WR� WKH

FRQFHSW�RI�PXOWLSDWK�EHFDXVH� WKH�JHRPHWU\� LV� WUDFWDEOH�� �7KH� UHVXOWV� IRU�/26�VKRZ� WKDW

ZKHQ�GHVLJQLQJ�DQ�/26�SRLQW�WR�SRLQW�OLQN��D�PRUH�DFFXUDWH�SDWK�ORVV�HVWLPDWLRQ�FDQ�EH

PDGH�E\�XVLQJ�WKH�WZR�UD\�PRGHO�DV�RSSRVHG�WR�WKH�SRZHU�ODZ�PRGHO�

$� VWURQJ� FRUUHODWLRQ�ZDV� VKRZQ� WR� H[LVW� EHWZHHQ� WKH� 5LFLDQ� SDUDPHWHU��.�� DQG

UHFHLYH�SRZHU���7KLV�VKRXOG�EH�H[SHFWHG�VLQFH�WKH�WZR�DUH�IXQFWLRQV�RI�WKH�VDPH�TXDQWLWLHV�

,W� LV� WKHQ� OHIW� WR�GHWHUPLQH�ZKHWKHU� WKLV� FRUUHODWLRQ� VKRXOG�EH� WDNHQ� LQWR� DFFRXQW�ZKHQ

GHWHUPLQLQJ� WKH� SHUFHQW� FRYHUDJH� IRU� DQ� DUHD�� � 7KH� UHVXOWV� VKRZ� WKDW� WKH� GLIIHUHQFHV

EHWZHHQ�WKH�FRUUHODWHG�DQG�XQFRUUHODWHG�FDVHV�DUH�QR�PRUH�WKDQ����SHUFHQW�RYHU�WKH�FHOO

UDGLXV�UDQJH�XQGHU�LQYHVWLJDWLRQ���$VVXPLQJ�.�DQG�VKDGRZLQJ�DUH�LQGHSHQGHQW�DOORZV�IRU�D

OHVV�FRPSOH[�SHUFHQW�FRYHUDJH�DUHD�FDOFXODWLRQ���,W�ZDV�IRXQG��KRZHYHU��WKDW�WKH�SURJUDP

XVHG�WR�FDOFXODWH�WKH�UHVXOWV�GLG�QRW�UXQ�VLJQLILFDQWO\�IDVWHU�IRU�WKH�LQGHSHQGHQW�FDVH�WKDQ

WKH� FRUUHODWHG� FDVH�� � 6LQFH� .� DQG� UHFHLYH� SRZHU� ZHUH� IRXQG� WR� EH� FRUUHODWHG� DQG� WKH

DQDO\VLV� GRHV� QRW� WDNH� PXFK� ORQJHU� WR� DFFRPSOLVK� XVLQJ� WKLV� LQIRUPDWLRQ�� LW� LV
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UHFRPPHQGHG�WKDW�ZKHQ�FDOFXODWLQJ�WKH�SHUFHQW�FRYHUDJH�IRU�DQ�DUHD�WKH�MRLQW�SGI�RI�WKH

WZR� UDQGRP� YDULDEOHV� XVHG� VKRXOG� EH� D� ELYDULDWH� *DXVVLDQ� ZLWK� D� QRQ�]HUR� FRUUHODWLRQ

FRHIILFLHQW�� �:KDW� LV� DOVR� FOHDU� IURP� WKH� UHVXOWV� LV� WKDW� DVVXPLQJ� WKH� HQWLUH� FHOO� WR� EH� D

5D\OHLJK�IDGLQJ�FKDQQHO�ZLOO�JUHDWO\�XQGHUHVWLPDWH�WKH�SHUFHQW�FRYHUDJH�DUHD�

7KH�%(5�DQG�3(5�UHVXOWV�VKRZ�DERXW�D����SHUFHQW�JDLQ�LQ�SHUFHQW�FRYHUDJH�DUHD

IRU�DQ�$70�FHOO������ELWV��RYHU�WKH�HTXLYDOHQW�%(5���7KLV� VKRXOG�EH�H[SHFWHG�VLQFH�WKH

HUURUV�WKDW�RFFXU�LQ�D�IDGLQJ�FKDQQHO�WHQG�WR�EH�EXUVW\�UDWKHU�WKDQ�UDQGRP���3DFNHWL]LQJ�WKH

GDWD� WDNHV� DGYDQWDJH� RI� WKH� EXUVW\� QDWXUH� RI� WKH� HUURUV�� WKXV� LQFUHDVLQJ� WKH� SHUFHQW

FRYHUDJH�DUHD�

7KH�UHVXOWV�VKRZLQJ� WKH�SHUFHQW�FRYHUDJH�DUHD�IRU�GLIIHUHQW�YDOXHV�RI�(53�VKRZ

WKDW�WR�FRYHU�D�VLJQLILFDQW�DUHD��D�JUHDW�GHDO�RI�SRZHU�LV�QHHGHG���(YHQ�IRU�WKH�/26�FDVH��WR

FRYHU����SHUFHQW�RI�WKH�DUHD�RI�D�FLUFOH�ZLWK�D�UDGLXV�RI���NP�����G%:�LV�QHHGHG���7KLV�LV

ZHOO�DERYH�WKH�)&&�OLPLWDWLRQ�RI���G%:���7KH�PDMRU�UHDVRQ�IRU�WKLV�LV�WKH�QDWXUH�RI�WKH

SDWK� ORVV�DW�����*+]�� � ,Q� IUHH� VSDFH��SDWK� ORVV� LQFUHDVHV�DV� WKH� VTXDUH�RI� WKH� IUHTXHQF\�

7KH�����*+]�EDQG�LV�VXFK�D�KLJK�IUHTXHQF\�WKDW�WKH�SDWK�ORVV�LQFXUUHG�MXVW�IURP�XVLQJ�WKLV

IUHTXHQF\�LV�HQRXJK�WR�PDNH�LW�GLIILFXOW�WR�FORVH�WKH�OLQN�RYHU�DQ\�VLJQLILFDQW�GLVWDQFH���7R

FRPEDW�WKLV�HQRUPRXV�SDWK� ORVV�� LW�ZLOO�EH�QHFHVVDU\� WR�XVH� WHFKQLTXHV�� VXFK�DV�GLYHUVLW\

FRPELQJ�DQG�GLUHFWLRQDO�DQWHQQDV��WKDW�ZLOO�LQFUHDVH�WKH�SHUIRUPDQFH�RI�WKH�V\VWHP�
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/*******************************************************************

Program Name      COMBO1.CPP

Purpose           Gathers GPS and Spectrum Analyzer data

*******************************************************************/

#define STRICT

#include <windows.h>
#pragma hdrstop
#include <ddeml.h>
#include <dde.h>
#include <windowsx.h>
#include <string.h>
#include <iostream.h>
#include <dos.h>
#include <bios.h>
#include <math.h>
#include <stdio.h>
#include <stdlib.h>
#include <conio.h>
#include "dde_tim.h"
#include "decl-32.h"

HANDLE         hInst;         /*  Current instance of application */
struct time timep;

/*
The DDE variables

*/

DWORD          idInst = 0L;      /*  Instance of app for DDEML  */
FARPROC        lpDdeProc;        /*  DDE callback function       */
HSZ            hszService;
HSZ            hszTopic;
HSZ            hszItem;
HCONV          hConv = (HCONV)NULL;  /*Handle of established

conversation*/
HDDEDATA       hData;
DWORD          dwResult;
WORD           wFmt = CF_TEXT;    /*  Clipboard format      */
char           szDDEString[80]; /*Local allocation of data buffer */
char           szDDEData[80];   /*  Local receive data buffer   */
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//  Spectrum analyzer variables

int spec_an;  //  file descriptor for spectrum analyzer
int k,j,l; //  loop variables

char * out = _argv[1];  //  read output file name from command line
char cf_str[30];       //  center frequency
char sp_str[30];       //  span
char rl_str[30];       //  reference level
char ampl[30];
char freq[30];

FILE *outfile = fopen(out,"w+");

/****************************************************************/

void main()
{

//----------  Initialize GPS -------------------------------

lpDdeProc = MakeProcInstance ( (FARPROC) DDECallback, hInst );
if ( DdeInitialize ( (LPDWORD)&idInst,

(PFNCALLBACK)lpDdeProc,

APPCMD_CLIENTONLY, 0L ) )
{
HandleOutput ( "Client DDE initialization failure." );
}

hszService= DdeCreateStringHandle(idInst,"Retki",CP_WINANSI );
hszTopic= DdeCreateStringHandle ( idInst, "GPS", CP_WINANSI );

     hszItem=DdeCreateStringHandle(idInst,"TxtPosition",CP_WINANSI);

hConv = DdeConnect ( idInst, hszService,
hszTopic,(PCONVCONTEXT) NULL );

if ( hConv == (HCONV)NULL )
{

HandleError ( DdeGetLastError ( idInst ) );
HandleOutput ( "Unsuccessful connection." );

}
else

{
hData = DdeClientTransaction ( NULL,

0,
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hConv,

hszItem,

wFmt,

XTYP_ADVSTART,

2000,

&dwResult );

if ( hData )
HandleOutput ( "Successful connection." );

else
HandleOutput ( "Unsuccessful connection." );

}
 //---------------------------------------------------

 //------------  Initialize Spectrum analyzer  --------

if((spec_an = ibdev(0,18,0,13,1,0))<0)
{
  fprintf(stderr,"ERROR%d:%s\n",iberr,"Could not open Spectrum

Analyzer\n");
  if (spec_an != -1)
    {

ibonl(spec_an,1);
    }
  exit(1);  //  abort program
}

ibwrt(spec_an,"IP;",3);     //  instrument preset
ibwrt(spec_an,"TDF P;",6);  //  set output to real numbers
ibwrt(spec_an,"SNGLS;",6);  //  set continuous sweep mode

//  set spectrum analyzer parameters

strcpy(cf_str,"CF ");
strcat(cf_str,_argv[2]); //  get center frequency from command line
strcat(cf_str,"MHZ;");
strcpy(sp_str,"SP ");
strcat(sp_str,_argv[3]); //  get intial span from command line
strcat(sp_str,"MHZ;");
strcpy(rl_str,"RL ");
strcat(rl_str,_argv[4]); //  get reference level from command line
strcat(rl_str,"DB;");
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ibwrt(spec_an,cf_str,strlen(cf_str)); //  set center frequency
//ibwrt(spec_an,sp_str,strlen(sp_str));  //  set span (from command
line)
ibwrt(spec_an,"AT 0DB;",7);  //  set input
attenuation
ibwrt(spec_an,rl_str,strlen(rl_str));  //  set reference level

//--------------------------------------------------------------
// Uncomment this section when viewing signal below -105dBm
//--------------------------------------------------------------
/*
ibwrt(spec_an,"CONTS;",6);
ibwrt(spec_an,"VAVG 200;",9); //  turn on video
averaging
for (j=1; j<100000 ; j++)

{
   for (k=1; k<10000; k++)
      {
         }
   }
ibwrt(spec_an,"MKPK HI;",8); //  mark high amplitude
ibwrt(spec_an,"MKCF;",5);  // make freq at marker the new center
freq
ibwrt(spec_an,"VAVG OFF;",9); //  turn off video averaging
ibwrt(spec_an,"SNGLS;",6); //  return to single sweep mode
*/
//----------------------------------------------------------------
//----------------------------------------------------------------
/*
ibwrt(spec_an,"TS;",3);       //  take sweep
ibwrt(spec_an,"MKPK HI;",8); //  mark high amplitude
ibwrt(spec_an,"MKCF;",5);  // make freq at marker the new center
freq
ibwrt(spec_an,"SP 100KHZ;",10);  //  set span

ibwrt(spec_an,"TS;",3);
ibwrt(spec_an,"MKPK HI;",8); //  mark high amplitude
ibwrt(spec_an,"MKCF;",5);  // make freq at marker the new center
freq
ibwrt(spec_an,"SP 20KHZ;",9); //  set new span          */

ibwrt(spec_an,"SP 20KHZ;",9);  //  set new span
ibwrt(spec_an,"TS;",3);
ibwrt(spec_an,"MKPK HI;",8);
ibwrt(spec_an,"MKCF;",5);  // make freq at marker the new center
freq
ibwrt(spec_an,"SP 10KHZ;",9); //  set new span
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ibwrt(spec_an,"TS;",3);
ibwrt(spec_an,"MKPK HI;",8);
ibwrt(spec_an,"MKCF;",5);  // make freq at marker the new center
freq

ibwrt(spec_an,"SP 2KHZ;",8); //  set new span

ibwrt(spec_an,"TS;",3);
ibwrt(spec_an,"MKPK HI;",8);
ibwrt(spec_an,"MKCF;",5);  // make freq at marker the new center
freq
//ibwrt(spec_an,"MKPK HI;",8);
/*for (j=1; j<100000 ;j++)

{
   for(k=1; k<1000; k++)
      {
         }
   }       */
ibwrt(spec_an,"MKA?;",5); //  ask for amplitude
ibrd(spec_an,ampl,20); //  read amplitude into a variable
ibwrt(spec_an,"MKF?;",5); //  ask for frequency
ibrd(spec_an,freq,20); //  read frequency into a variable

//  write power amplitude and frequency into output file
fprintf(outfile,"amplitude is %f\n",atof(ampl));
fprintf(outfile,"frequency is %f\n",atof(freq));

ibwrt(spec_an,"SP 0MHZ;",7); //  set new span
ibwrt(spec_an,"ST 20US",7);  //  set sweep time

//---------------------------------------------------------

//-------   loop a given number of measurements

for ( k=1 ; k<=1000 ; k++)
{

//-----  Get time stamp

gettime(&timep);

fprintf(outfile,"%d:%d:%d.%d\n",

timep.ti_hour,timep.ti_min,timep.ti_sec,timep.ti_hund);

//-----  Get GPS data

hData = DdeClientTransaction ( NULL,
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0,

hConv,

hszItem,

wFmt,

XTYP_REQUEST,

1000,

&dwResult );

if ( dwResult == DDE_FNOTPROCESSED )
HandleOutput ( "Data not available from server." );

else
{

DdeGetData ( hData, (LPBYTE) szDDEData, 80L, 0L );

if ( szDDEData != NULL )
HandleOutput ( szDDEData );

else
HandleOutput ( "Message from server is

null." );
}

//-----  Get Spectrum analyzer data

ibwrt(spec_an,"TS;",3);
 ibwrt(spec_an,"MKPK HI;",8); //  mark high amplitude
 ibwrt(spec_an,"MKA?;",5); //  ask for amplitude

ibrd(spec_an,ampl,20); //  read amplitude into a
variable

ibwrt(spec_an,"MKF?;",5); //  ask for frequency
ibrd(spec_an,freq,20); //  read frequency into a

variable

//  write power amplitude and frequency into output file
fprintf(outfile,"amplitude is %f\n",atof(ampl));
fprintf(outfile,"frequency is %f\n",atof(freq));

}    //----  End of for loop

//----   Close and clear all pointers and handles

if ( hConv != (HCONV)NULL )
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{
   DdeDisconnect ( hConv );
      hConv = (HCONV)NULL;
      HandleOutput ("Disconnected from server");
   }

DdeFreeStringHandle ( idInst, hszService );
DdeFreeStringHandle ( idInst, hszTopic );
DdeFreeStringHandle ( idInst, hszItem );

FreeProcInstance ( lpDdeProc );
ibonl(spec_an,1);  //  finish remote control of spectrum analyzer

printf("All done -- Press any key to stop program\n");
getch();  //   wait until I can see the output

}   //  End of Main

#pragma warn .eff

/*******************************************************************
********/

#pragma argsused
HDDEDATA EXPENTRY _export DDECallback ( WORD wType,
                                        WORD wFmt,
                                        HCONV hConvX,
                                        HSZ hsz1,
                                        HSZ hsz2,
                                        HDDEDATA hData,
                                        DWORD dwData1,
                                        DWORD dwData2 )
{
    switch ( wType )
    {
        case XTYP_DISCONNECT:
            hConv = (HCONV)NULL;
            HandleOutput ( "Retki forced a disconnect." );
            return ( (HDDEDATA) NULL );

        case XTYP_ERROR:
            break;

        case XTYP_XACT_COMPLETE:
            break;

        case XTYP_ADVDATA:
            DdeGetData ( hData, (LPBYTE) szDDEData, 80L, 0L );
            if ( szDDEData != NULL )
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            {
                HandleOutput ( szDDEData );
            }
            else
                HandleOutput ( "Message from server is null." );
            break;

    }

    return ( (HDDEDATA) NULL );
}

/****************************************************************/

void HandleError ( DWORD DdeError )
{
    switch ( DdeError )
    {
        case DMLERR_DLL_NOT_INITIALIZED:
            HandleOutput ( "DLL not initialized." );
            break;

        case DMLERR_INVALIDPARAMETER:
            HandleOutput ( "Invalid parameter." );
            break;

        case DMLERR_NO_CONV_ESTABLISHED:
            HandleOutput ( "No conversation established." );
            break;

        case DMLERR_NO_ERROR:
            HandleOutput ( "No error." );
            break;
    }
}

/***************************************************************/

void HandleOutput ( char *szOutputString )
{

  fprintf(outfile,"%s\n", szOutputString );
}
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/***************************************************************/
// dde_tim.h
/***************************************************************/

/*
Forward References

*/

LRESULT CALLBACK MainWndProc ( HWND, UINT, WPARAM, LPARAM );

HDDEDATA EXPENTRY DDECallback ( WORD, WORD, HCONV, HSZ,
 HSZ,HDDEDATA, DWORD,  DWORD );

void HandleError ( DWORD );
void HandleOutput ( char * );
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/*
 *
 *
 *                     Win32 include file
 *          for accessing the 32-bit GPIB DLL (gpib-32.dll)
 *
 *
 *         Contains user variables (ibsta, iberr, ibcnt, ibcntl),
 *         function prototypes and useful defined constants for
 *         calling NI-488 and NI-488.2 routines from a Microsoft
 *         C/C++ Win32 application.
 *
 *
 *            Copyright 1995 National Instruments Corporation
 *
 */

#ifndef DECL_32_H       // ensure we are only included once
#define DECL_32_H

#ifdef __cplusplus
extern "C" {
#endif

/******************************************************************/
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/*    HANDY CONSTANTS FOR USE BY APPLICATION PROGRAMS ...
*/
/*****************************************************************/
#define UNL  0x3f  /* GPIB unlisten command                */
#define UNT  0x5f  /* GPIB untalk command                  */
#define GTL  0x01  /* GPIB go to local                     */
#define SDC  0x04  /* GPIB selected device clear           */
#define PPC  0x05  /* GPIB parallel poll configure         */
#define GET  0x08  /* GPIB group execute trigger           */
#define TCT  0x09  /* GPIB take control                    */
#define LLO  0x11  /* GPIB local lock out                  */
#define DCL  0x14  /* GPIB device clear                    */
#define PPU  0x15  /* GPIB parallel poll unconfigure       */
#define SPE  0x18  /* GPIB serial poll enable              */
#define SPD  0x19  /* GPIB serial poll disable             */
#define PPE  0x60  /* GPIB parallel poll enable            */
#define PPD  0x70  /* GPIB parallel poll disable           */

/* GPIB status bit vector :                                */
/*       global variable ibsta and wait mask               */

#define ERR     (1<<15) /* Error detected                  */
#define TIMO    (1<<14) /* Timeout                         */
#define END     (1<<13) /* EOI or EOS detected             */
#define SRQI    (1<<12) /* SRQ detected by CIC             */
#define RQS     (1<<11) /* Device needs service            */
#define CMPL    (1<<8)  /* I/O completed                   */
#define LOK     (1<<7)  /* Local lockout state             */
#define REM     (1<<6)  /* Remote state                    */
#define CIC     (1<<5)  /* Controller-in-Charge            */
#define ATN     (1<<4)  /* Attention asserted              */
#define TACS    (1<<3)  /* Talker active                   */
#define LACS    (1<<2)  /* Listener active                 */
#define DTAS    (1<<1)  /* Device trigger state            */
#define DCAS    (1<<0)  /* Device clear state              */

/* Error messages returned in global variable iberr        */

#define EDVR  0  /* System error                           */
#define ECIC  1  /* Function requires GPIB board to be CIC */
#define ENOL  2  /* Write function detected no Listeners   */
#define EADR  3  /* Interface board not addressed correctly*/
#define EARG  4  /* Invalid argument to function call      */
#define ESAC  5  /* Function requires GPIB board to be SAC */
#define EABO  6  /* I/O operation aborted                  */
#define ENEB  7  /* Non-existent interface board           */
#define EDMA  8  /* Error performing DMA                   */
#define EOIP 10  /* I/O operation started before previous  */
                 /* operation completed                    */
#define ECAP 11  /* No capability for intended operation   */
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#define EFSO 12  /* File system operation error            */
#define EBUS 14  /* Command error during device call       */
#define ESTB 15  /* Serial poll status byte lost           */
#define ESRQ 16  /* SRQ remains asserted                   */
#define ETAB 20  /* The return buffer is full.             */
#define ELCK 21  /* Address or board is locked.            */

/* EOS mode bits                                           */

#define BIN  (1<<12) /* Eight bit compare                  */
#define XEOS (1<<11) /* Send END with EOS byte             */
#define REOS (1<<10) /* Terminate read on EOS              */

/* Timeout values and meanings                             */

#define TNONE    0   /* Infinite timeout (disabled)        */
#define T10us    1   /* Timeout of 10 us (ideal)           */
#define T30us    2   /* Timeout of 30 us (ideal)           */
#define T100us   3   /* Timeout of 100 us (ideal)          */
#define T300us   4   /* Timeout of 300 us (ideal)          */
#define T1ms     5   /* Timeout of 1 ms (ideal)            */
#define T3ms     6   /* Timeout of 3 ms (ideal)            */
#define T10ms    7   /* Timeout of 10 ms (ideal)           */
#define T30ms    8   /* Timeout of 30 ms (ideal)           */
#define T100ms   9   /* Timeout of 100 ms (ideal)          */
#define T300ms  10   /* Timeout of 300 ms (ideal)          */
#define T1s     11   /* Timeout of 1 s (ideal)             */
#define T3s     12   /* Timeout of 3 s (ideal)             */
#define T10s    13   /* Timeout of 10 s (ideal)            */
#define T30s    14   /* Timeout of 30 s (ideal)            */
#define T100s   15   /* Timeout of 100 s (ideal)           */
#define T300s   16   /* Timeout of 300 s (ideal)           */
#define T1000s  17   /* Timeout of 1000 s (ideal)          */

/*  IBLN Constants                                         */
#define NO_SAD   0
#define ALL_SAD -1

/*  The following constants are used for the second parameter of the
 *  ibconfig function.  They are the "option" selection codes.
 */
#define  IbcPAD        0x0001      /* Primary Address
*/
#define  IbcSAD        0x0002      /* Secondary Address
*/
#define  IbcTMO        0x0003      /* Timeout Value
*/
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#define  IbcEOT        0x0004      /* Send EOI with last data byte?
*/
#define  IbcPPC        0x0005      /* Parallel Poll Configure
*/
#define  IbcREADDR     0x0006      /* Repeat Addressing
*/
#define  IbcAUTOPOLL   0x0007      /* Disable Auto Serial Polling
*/
#define  IbcCICPROT    0x0008      /* Use the CIC Protocol?
*/
#define  IbcIRQ        0x0009      /* Use PIO for I/O
*/
#define  IbcSC         0x000A      /* Board is System Controller?
*/
#define  IbcSRE        0x000B      /* Assert SRE on device calls?
*/
#define  IbcEOSrd      0x000C      /* Terminate reads on EOS
*/
#define  IbcEOSwrt     0x000D      /* Send EOI with EOS character
*/
#define  IbcEOScmp     0x000E      /* Use 7 or 8-bit EOS compare
*/
#define  IbcEOSchar    0x000F      /* The EOS character.
*/
#define  IbcPP2        0x0010      /* Use Parallel Poll Mode 2.
*/
#define  IbcTIMING     0x0011      /* NORMAL, HIGH, or VERY_HIGH
timing.   */
#define  IbcDMA        0x0012      /* Use DMA for I/O
*/
#define  IbcReadAdjust 0x0013      /* Swap bytes during an ibrd.
*/
#define  IbcWriteAdjust 0x014      /* Swap bytes during an ibwrt.
*/
#define  IbcSendLLO    0x0017      /* Enable/disable the sending of
LLO.      */
#define  IbcSPollTime  0x0018      /* Set the timeout value for
serial polls. */
#define  IbcPPollTime  0x0019      /* Set the parallel poll length
period.    */
#define  IbcEndBitIsNormal 0x001A  /* Remove EOS from END bit of
IBSTA.       */
#define  IbcUnAddr         0x001B  /* Enable/disable device
unaddressing.     */
#define  IbcSignalNumber   0x001C  /* Set UNIX signal number -
unsupported */
#define  IbcBlockIfLocked  0x001D   /* Enable/disable blocking for
locked boards/devices         */
#define  IbcHSCableLength  0x001F  /* Length of cable specified for
high speed timing.*/



���

#define  IbcIst        0x0020      /* Set the IST bit.
*/
#define  IbcRsv        0x0021      /* Set the RSV byte.
*/

/*
 *    Constants that can be used (in addition to the ibconfig
constants)
 *    when calling the ibask() function.
 */

#define  IbaPAD            IbcPAD
#define  IbaSAD            IbcSAD
#define  IbaTMO            IbcTMO
#define  IbaEOT            IbcEOT
#define  IbaPPC            IbcPPC
#define  IbaREADDR         IbcREADDR
#define  IbaAUTOPOLL       IbcAUTOPOLL
#define  IbaCICPROT        IbcCICPROT
#define  IbaIRQ            IbcIRQ
#define  IbaSC             IbcSC
#define  IbaSRE            IbcSRE
#define  IbaEOSrd          IbcEOSrd
#define  IbaEOSwrt         IbcEOSwrt
#define  IbaEOScmp         IbcEOScmp
#define  IbaEOSchar        IbcEOSchar
#define  IbaPP2            IbcPP2
#define  IbaTIMING         IbcTIMING
#define  IbaDMA            IbcDMA
#define  IbaReadAdjust     IbcReadAdjust
#define  IbaWriteAdjust    IbcWriteAdjust
#define  IbaSendLLO        IbcSendLLO
#define  IbaSPollTime      IbcSPollTime
#define  IbaPPollTime      IbcPPollTime
#define  IbaEndBitIsNormal IbcEndBitIsNormal
#define  IbaUnAddr         IbcUnAddr
#define  IbaSignalNumber   IbcSignalNumber
#define  IbaBlockIfLocked  IbcBlockIfLocked
#define  IbaHSCableLength  IbcHSCableLength
#define  IbaIst            IbcIst
#define  IbaRsv            IbcRsv

#define  IbaBNA            0x0200   /* A device’s access board.
*/

/* Values used by the Send 488.2 command. */
#define  NULLend 0x00  /* Do nothing at the end of a transfer.*/
#define  NLend   0x01  /* Send NL with EOI after a transfer.  */
#define  DABend  0x02  /* Send EOI with the last DAB.         */
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/* Value used by the 488.2 Receive command.
 */
#define  STOPend     0x0100

/* Address type (for 488.2 calls) */

typedef short Addr4882_t;       /* System dependent: must be 16 bits
*/

/*
 *  This macro can be used to easily create an entry in address list
 *  that is required by many of the 488.2 functions. The primary
address goes in the
 *  lower 8-bits and the secondary address goes in the upper 8-bits.
 */
#define  MakeAddr(pad, sad)   ((Addr4882_t)(((pad)&0xFF) |
((sad)<<8)))

/*
 *  This value is used to terminate an address list.  It should be
 *  assigned to the last entry.
 */
#ifndef NOADDR
#define  NOADDR    (Addr4882_t)((unsigned short)0xFFFF)
#endif

/*
 *  The following two macros are used to "break apart" an address
list
 *  entry.  They take an unsigned integer and return either the
primary
 *  or secondary address stored in the integer.
 */
#define  GetPAD(val)    ((val) & 0xFF)
#define  GetSAD(val)    (((val) >> 8) & 0xFF)

/* iblines constants */

#define  ValidEOI   (short)0x0080
#define  ValidATN   (short)0x0040
#define  ValidSRQ   (short)0x0020
#define  ValidREN   (short)0x0010
#define  ValidIFC   (short)0x0008
#define  ValidNRFD  (short)0x0004
#define  ValidNDAC  (short)0x0002
#define  ValidDAV   (short)0x0001
#define  BusEOI     (short)0x8000
#define  BusATN     (short)0x4000
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#define  BusSRQ     (short)0x2000
#define  BusREN     (short)0x1000
#define  BusIFC     (short)0x0800
#define  BusNRFD    (short)0x0400
#define  BusNDAC    (short)0x0200
#define  BusDAV     (short)0x0100

/****
 **** typedef for ibnotify callback ****
 ****/
typedef int (__stdcall * GpibNotifyCallback_t)(int, int, int, long,
PVOID);

#define IBNOTIFY_REARM_FAILED    0xE00A003F

/*****************************************************************/
/*
*/
/*  iblockx and ibunlockx definitions --- for use with GPIB-ENET
only !! */
/*
*/
/*****************************************************************/
#define  TIMMEDIATE                 -1
#define  TINFINITE                  -2
#define  MAX_LOCKSHARENAME_LENGTH   64

#if defined(UNICODE)
   #define iblockx iblockxW
#else
   #define iblockx iblockxA
#endif

extern int __stdcall iblockxA (int ud, int LockWaitTime, PCHAR
LockShareName);
extern int __stdcall iblockxW (int ud, int LockWaitTime, PWCHAR
LockShareName);
extern int __stdcall ibunlockx (int ud);

/******************************************************************/
/*         IBSTA, IBERR, IBCNT, IBCNTL and FUNCTION PROTOTYPES
*/
/*      ( only included if not accessing the 32-bit DLL directly )
*/
/*****************************************************************/
#if !defined(GPIB_DIRECT_ACCESS)

/*
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 *  Set up access to the user variables (ibsta, iberr, ibcnt,
ibcntl).
 *  These are declared and exported by the 32-bit DLL.  Separate
copies
 *  exist for each process that accesses the DLL.  They are shared
by
 *  multiple threads of a single process.
 */

extern int  ibsta;
extern int  iberr;
extern int  ibcnt;
extern long ibcntl;

#if defined(UNICODE)
   #define ibbna  ibbnaW
   #define ibfind ibfindW
   #define ibrdf  ibrdfW
   #define ibwrtf ibwrtfW
#else
   #define ibbna  ibbnaA
   #define ibfind ibfindA
   #define ibrdf  ibrdfA
   #define ibwrtf ibwrtfA
#endif

/*
 *  Extern 32-bit GPIB DLL functions
 */

/*  NI-488 Function Prototypes  */
extern int __stdcall ibfindA   (LPCSTR udname);
extern int __stdcall ibbnaA    (int ud, LPCSTR udname);
extern int __stdcall ibrdfA    (int ud, LPCSTR filename);
extern int __stdcall ibwrtfA   (int ud, LPCSTR filename);

extern int __stdcall ibfindW   (LPCWSTR udname);
extern int __stdcall ibbnaW    (int ud, LPCWSTR udname);
extern int __stdcall ibrdfW    (int ud, LPCWSTR filename);
extern int __stdcall ibwrtfW   (int ud, LPCWSTR filename);

extern int __stdcall ibask    (int ud, int option, PINT v);
extern int __stdcall ibcac    (int ud, int v);
extern int __stdcall ibclr    (int ud);
extern int __stdcall ibcmd    (int ud, PVOID buf, long cnt);
extern int __stdcall ibcmda   (int ud, PVOID buf, long cnt);
extern int __stdcall ibconfig (int ud, int option, int v);
extern int __stdcall ibdev    (int ud, int pad, int sad, int tmo,
int eot, int eos);
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extern int __stdcall ibdiag   (int ud, PVOID buf, long cnt);
extern int __stdcall ibdma    (int ud, int v);
extern int __stdcall ibeos    (int ud, int v);
extern int __stdcall ibeot    (int ud, int v);
extern int __stdcall ibgts    (int ud, int v);
extern int __stdcall ibist    (int ud, int v);
extern int __stdcall iblines  (int ud, PSHORT result);
extern int __stdcall ibln     (int ud, int pad, int sad, PSHORT
listen);
extern int __stdcall ibloc    (int ud);
extern int __stdcall ibnotify (int ud, int mask,
GpibNotifyCallback_t Callback, PVOID RefData);
extern int __stdcall ibonl    (int ud, int v);
extern int __stdcall ibpad    (int ud, int v);
extern int __stdcall ibpct    (int ud);
extern int __stdcall ibpoke   (int ud, long option, long v);
extern int __stdcall ibppc    (int ud, int v);
extern int __stdcall ibrd     (int ud, PVOID buf, long cnt);
extern int __stdcall ibrda    (int ud, PVOID buf, long cnt);
extern int __stdcall ibrpp    (int ud, PCHAR ppr);
extern int __stdcall ibrsc    (int ud, int v);
extern int __stdcall ibrsp    (int ud, PCHAR spr);
extern int __stdcall ibrsv    (int ud, int v);
extern int __stdcall ibsad    (int ud, int v);
extern int __stdcall ibsic    (int ud);
extern int __stdcall ibsre    (int ud, int v);
extern int __stdcall ibstop   (int ud);
extern int __stdcall ibtmo    (int ud, int v);
extern int __stdcall ibtrg    (int ud);
extern int __stdcall ibwait   (int ud, int mask);
extern int __stdcall ibwrt    (int ud, PVOID buf, long cnt);
extern int __stdcall ibwrta   (int ud, PVOID buf, long cnt);

// GPIB-ENET only functions to support locking across machines
extern int __stdcall iblock   (int ud);
extern int __stdcall ibunlock (int ud);

/***********************************************************/
/*  Functions to access Thread-Specific copies of the GPIB global
vars */

extern int  __stdcall ThreadIbsta (void);
extern int  __stdcall ThreadIberr (void);
extern int  __stdcall ThreadIbcnt (void);
extern long __stdcall ThreadIbcntl (void);

/*****************************************************************/
/*  NI-488.2 Function Prototypes  */
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extern void __stdcall AllSpoll      (int boardID, Addr4882_t *
addrlist, PSHORT results);
extern void __stdcall DevClear      (int boardID, Addr4882_t addr);
extern void __stdcall DevClearList  (int boardID, Addr4882_t *
addrlist);
extern void __stdcall EnableLocal   (int boardID, Addr4882_t *
addrlist);
extern void __stdcall EnableRemote  (int boardID, Addr4882_t *
addrlist);
extern void __stdcall FindLstn      (int boardID, Addr4882_t *
addrlist, PSHORT results, int limit);
extern void __stdcall FindRQS       (int boardID, Addr4882_t *
addrlist, PSHORT dev_stat);
extern void __stdcall PPoll         (int boardID, PSHORT result);
extern void __stdcall PPollConfig   (int boardID, Addr4882_t addr,
int dataLine, int lineSense);
extern void __stdcall PPollUnconfig (int boardID, Addr4882_t *
addrlist);
extern void __stdcall PassControl   (int boardID, Addr4882_t addr);
extern void __stdcall RcvRespMsg    (int boardID, PVOID buffer, long
cnt, int Termination);
extern void __stdcall ReadStatusByte(int boardID, Addr4882_t addr,
PSHORT result);
extern void __stdcall Receive       (int boardID, Addr4882_t addr,
PVOID buffer, long cnt, int Termination);
extern void __stdcall ReceiveSetup  (int boardID, Addr4882_t addr);
extern void __stdcall ResetSys      (int boardID, Addr4882_t *
addrlist);
extern void __stdcall Send          (int boardID, Addr4882_t addr,
PVOID databuf, long datacnt, int eotMode);
extern void __stdcall SendCmds      (int boardID, PVOID buffer, long
cnt);
extern void __stdcall SendDataBytes (int boardID, PVOID buffer, long
cnt, int eot_mode);
extern void __stdcall SendIFC       (int boardID);
extern void __stdcall SendLLO       (int boardID);
extern void __stdcall SendList      (int boardID, Addr4882_t *
addrlist, PVOID databuf, long datacnt, int eotMode);
extern void __stdcall SendSetup     (int boardID, Addr4882_t *
addrlist);
extern void __stdcall SetRWLS       (int boardID, Addr4882_t *
addrlist);
extern void __stdcall TestSRQ       (int boardID, PSHORT result);
extern void __stdcall TestSys       (int boardID, Addr4882_t *
addrlist, PSHORT results);
extern void __stdcall Trigger       (int boardID, Addr4882_t addr);
extern void __stdcall TriggerList   (int boardID, Addr4882_t *
addrlist);
extern void __stdcall WaitSRQ       (int boardID, PSHORT result);
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#endif

#ifdef __cplusplus
}
#endif

#endif   // DECL_32_H
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%  This program reads the data from an input
%  file and extracts the spectrum analyzer data
%  The amplitude data is then used to construct
%  a cdf and compare it to a Rician.
%  The Kolmogorov-Smirnov test is used
%  to test for goodness-of-fit.

clear

fid1 = fopen(’dfiles/a35.txt’); %  open data file

%  parse input file
connect1 = fgetl(fid1);

k = 0;

while ((feof(fid1)==0))
time1 = fgetl(fid1);
if (time1(1) ~= ’D’ & feof(fid1)==0)

k = k+1;
[t1h,temp] = strtok(time1,[’:’]);
[t1m,temp] = strtok(temp,[’:’]);
t1s = strtok(temp,[’:’]);

loc1 = fgetl(fid1);
amp1 = fgetl(fid1);

while(amp1(1) ~= ’a’)
loc1 = amp1;
amp1 = fgetl(fid1);

end

[lt1d,temp] = strtok(loc1);
lt1d = str2num(lt1d(1:length(lt1d)-1));
[lt1m,temp] = strtok(temp);
lt1m = str2num(lt1m(1:length(lt1m)-1));
[lt1s,temp] = strtok(temp);
lt1s = str2num(lt1s(1:length(lt1s)-1));
[trash,temp] = strtok(temp);
[ln1d,temp] = strtok(temp);
ln1d = str2num(ln1d(1:length(ln1d)-1));
[ln1m,temp] = strtok(temp);
ln1m = str2num(ln1m(1:length(ln1m)-1));
[ln1s,temp] = strtok(temp);
ln1s = str2num(ln1s(1:length(ln1s)-1));
[trash,temp] = strtok(temp);
alt1 = strtok(temp);
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alt1 = str2num(alt1);

lat1(k) = lt1d + lt1m/60 + lt1s/3600;
lon1(k) = ln1d + ln1m/60 + ln1s/3600;
alt(k) = alt1;

[amp1,temp] = strtok(amp1);
[amp1,temp] = strtok(temp);
a1(k) =  str2num(temp);

freq1 = fgetl(fid1);
[freq1,temp] = strtok(freq1);
[freq1,temp] = strtok(temp);
f1(k) = str2num(temp);

end
end
fprintf(’finished with file\n’)
fclose(fid1);

power = 10.^(a1/10)*10^(-3); % change to volts
a = sqrt(power*50);
[n,x] = hist(a,100);
n_norm = n/length(a);
cdf(1) = n_norm(1);
for m = 2:length(n_norm)

cdf(m) = cdf(m-1) + n_norm(m);
end

x_sigma = std(a);
x_var = x_sigma^2;
x_sqrd = x.^2;
x2_norm = x_sqrd/(x_var);
x_norm = sqrt(x2_norm);

fprintf(’finished with data\n’)

% Plot Rician curve
KdB = 6.808;  %  Rician parameter in dB
K = 10^(KdB/10);
z = x;
sigma = x_sigma;
alpha = sqrt(2*K);
omega = z/sigma;
coeff = exp(-(omega.^2+alpha^2)/2);

for m = 1:length(z)
temp = 0;
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for k = 0:40
temp = temp + coeff(m)*(alpha/omega(m))^k * ...

besseli(k,alpha*omega(m));
end
errdiff = 1;
l = k;
oldtemp = temp;
newtemp = temp;
while( (errdiff > 10^(-6)) )

l = l+1;
newtemp = oldtemp + coeff(m)*(alpha/omega(m))^l * ...

besseli(l,alpha*omega(m));
errdiff = abs(newtemp-oldtemp);
oldtemp = newtemp;

end
Q(m) = newtemp;
if Q(m) > 1

Q(m) = 1;
end
P(m) = 1-Q(m);
iter(m) = l;
fprintf(’# of iter = %d\n’,l)
fprintf(’m = %d\n’,m)

end
z_norm = x_norm;

%  Find average location

avglat = sum(lat1)/length(lat1)
avglon = sum(lon1)/length(lon1)
avgalt = sum(alt)/length(alt)

plot(x_norm,cdf,’k’,z_norm,P,’k--’)
axis([min(x_norm) max(x_norm) 0 1])
ylabel(’probability <= z/sigma’)
title(’CDF curves : Experimental & Rician’)
legend(’Experimental’,’Rician’)
gtext([’K = ’ num2str(KdB) ’ dB’])
gtext(’a35.txt’)
gtext(’23rd & Iowa (NE corner)’)
gtext([’Mean signal level = ’ num2str(mean(a1)) ’ dBm’])

%  Kolmogorov-Smirnov test
% D is based on max distance between the
% experimental cdf and the theoretical cdf

D = max(abs(cdf-P));
samples = length(P);
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KStest = D*(sqrt(samples) + 0.12 + 0.11/sqrt(samples))
gtext([’KS stat = ’ num2str(KStest)])

print -dtiff graphs/cdf/a35
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% Linear regression

clear

Tx  = 30 ;   %  transmit power in dBm
conf = 90;   % choose only 80, 90, 95, 98 or 99
if conf == 80

ind = 1;
elseif conf == 90

ind = 2;
elseif conf == 95

ind = 3;
elseif conf == 98

ind = 4;
else

ind = 5;
end

%  distances in km
xin = ([0.15 0.39 0.43 0.34      0.85 ...

0.80 0.74 0.44 0.22 0.36 0.38 ...
0.45 0.64 0.80 1.14 1.01      ...
0.84      0.80 0.30 0.12      ...
0.13           0.49      0.56 ...
0.40 0.91 0.40      1.04      ...
0.93 0.68]);

x = 10*log10(xin);

%  Received powers in dBm  ( use K in dB values for K test )
Rx = [-94.51 -96.99 -77.15 -99.5        -98.51 ...
     -103.2 -110.9 -88.11 -70.53 -98.09 -103.4 ...
     -93.61 -99.63 -109.2 -83.35 -122.3 ...
     -117.6        -125.6 -100.1 -74.28...
     -68.19               -112.3        -121.1 ...
     -100.9 -90.85 -95.72         -93.26     ...
     -125.7 -109.2];

%  y is the path loss

y = Tx-Rx;  %  y = Rx when determining K

x2 = x.^2;
y2 = y.^2;
xy = x.*y;
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tot = length(x);
x_avg = mean(x);
y_avg = mean(y);

term1 = sum(x2);
term2 = sum(x)^2/tot;
s1_2 = (term1-term2)/(tot-1);

term3 = sum(xy);
term4 = sum(x)*sum(y)/tot;
s_xy = (term3-term4)/(tot-1);

%  slope of the line is b
b = s_xy/s1_2 ;

%  now find confidence interval

dof = length(x)-2;
if dof <= 30

t = [   3.078 6.314 12.706 31.821 63.657;
1.886 2.920  4.303  6.965  9.925;
1.638 2.353  3.182  4.541  5.841;
1.533 2.132  2.776  3.747  4.604;
1.476 2.015  2.571  3.365  4.032;
1.440 1.943  2.447  3.143  3.707;
1.415 1.895  2.365  2.998  3.499;
1.397 1.860  2.306  2.896  3.355;
1.383 1.833  2.262  2.821  3.250;
1.372 1.812  2.228  2.764  3.169;
1.363 1.796  2.201  2.718  3.106;
1.356 1.782  2.179  2.681  3.055;
1.350 1.771  2.160  2.650  3.012;
1.345 1.761  2.145  2.624  2.977;
1.341 1.753  2.131  2.602  2.947;
1.337 1.746  2.120  2.583  2.921;
1.333 1.740  2.110  2.567  2.898;
1.330 1.734  2.101  2.552  2.878;
1.328 1.729  2.093  2.539  2.861;
1.325 1.725  2.086  2.528  2.845;
1.323 1.721  2.080  2.518  2.831;
1.321 1.717  2.074  2.508  2.819;
1.319 1.714  2.069  2.500  2.807;
1.318 1.711  2.064  2.492  2.797;
1.316 1.708  2.060  2.485  2.787;
1.315 1.706  2.056  2.479  2.779;
1.314 1.703  2.052  2.473  2.771;
1.313 1.701  2.048  2.467  2.763;
1.311 1.699  2.045  2.462  2.756;
1.310 1.697  2.042  2.457  2.750];

c = t(dof,ind);
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else
t = [1.282 1.645 1.960 2.326 2.576];
c = t(ind);

end

s2_2 = (sum(y2) - sum(y)^2/tot)/(tot-1);
q0 = (tot-1)*(s2_2 - b^2*s1_2);

%  Note :  c increases the one-sided interval linearly
k = c*sqrt(q0/((tot-2)*(tot-1)*s1_2));

lower = b - k;
upper = b+k;

% set up line object for calculated slope

y_int = y_avg - b*x_avg
L_x = [min(x) max(x)];
L_y(1) = b*L_x(1) + y_int;
L_y(2) = b*L_x(2) + y_int;

% Determine standard deviation

q_0 = y - y_int - b*x;  %  q_0 is the deviation from the mean
q = sum(q_0.^2);
sigma = sqrt(q/(length(x)-1));

semilogx(xin,y,’k*’,10.^(L_x/10),L_y,’k’)
axis([0.1  max(xin)+1 min(y)-10 max(y)+10])
title(’Determination of Path Loss Exponent (ALL)’)
xlabel(’Distance (km)’)
ylabel(’Path Loss (dB)’)
gtext([’n = ’ num2str(b)])
gtext([’sigma = ’ num2str(sigma) ’ dB’])
gtext([’[ ’ num2str(lower) ’, ’ num2str(upper) ’ ]’])
gtext([’Confidence level = ’ num2str(conf) ’%’])

print -dtiff graphs/pathloss/linreg



���

�� $SSHQGL[�(��'HWHUPLQDWLRQ�RI�
o

b

N

E
IRU�6SHFLILF�$YHUDJH�%(5��0DWODE70�FRGH�

%-------------------------------------------------------------
%  This program builds a table of required Eb/No for each K
%  given a bit error rate requirement
%-------------------------------------------------------------

clear

lower = -10;  % Must be an integer
upper = 29.99;
K_step = 0.01;

KdB = lower:K_step:upper;

BERreq = 10^(-5);  %  required BER

K = 10.^(KdB/10);
delta_eb = 1;

last1 = 1;
last2 = 0;

oldrow = 0;

for p = 1: length(K)
    if p == 1

 Eb_No_dB =  44; % initial Eb/No estimate
last1 = Eb_No_dB;

    elseif p == 2
 Eb_No_dB =  last1 - delta_eb; % initial Eb/No estimate

    else
 Eb_No_dB =  last1 -  delta_eb; % initial Eb/No estimate
 delta_eb = abs(last1 - last2);

    end
accrcy = BERreq*10^(-3); % BER accuracy
delta = 0.1;
diff = 1;
olddir = 1;
newdir = 1;
z = 0;
while (abs(diff) > accrcy)

z = z+1;
Eb_No = 10^(Eb_No_dB/10);
mu_k = sqrt((Eb_No)/(1+K(p)+Eb_No));
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alpha = sqrt(K(p)/2)*(1-mu_k);
omega = sqrt(K(p)/2)*(1+mu_k);
coeff = exp(-(omega^2+alpha^2)/2);

temp = 0;
for k_cntr = 0:50

temp=temp+(alpha/omega)^k_cntr...
  * besseli(k_cntr,alpha*omega);

end

Q = coeff*temp;
temp1 = 0.5*(1+mu_k)* ...

exp(-K(p)/2*(1+mu_k^2));
temp2 = temp1* ...

besseli(0,K(p)/2*(1-mu_k^2));
avgBER = Q - temp2;
diff = avgBER - BERreq;
if (newdir ~= olddir)

delta = delta/2;
end
olddir = newdir;
if( abs(diff) > accrcy )

if (diff > 0)
Eb_No_dB=Eb_No_dB+delta;
newdir = 1;

else
Eb_No_dB=Eb_No_dB-delta;
newdir = -1;

end

end
end

fprintf(’Number of iterations = %d\n’, z)
fprintf(’Eb_No (dB) = %d\n’,10*log10(Eb_No))
fprintf(’average BER = %d\n’,avgBER)

row = floor(round(KdB(p)*100)/100) + abs(lower) + 1
tempcol = mod(round(abs(KdB(p))*100),100) ;
if KdB(p) < 0

if tempcol == 0
tempcol = 100;

end
col = round(101 - tempcol)

else
col = round(tempcol + 1)

end
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newrow = row;
if newrow == oldrow & col ==1

fprintf(’newrow = oldrow : row = %d\n’,row)
pause

end
oldrow = newrow;

ebno_a(row,col) = 10*log10(Eb_No);
last2 = last1;
last1 = ebno_a(row,col);

end

save ebno_BER.mat ebno_a
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%-----------------------------------------------------
%  This program builds a table of required Eb/No values
%   for each K given a required BER which is translated into
%   an equivalent packet error rate
%-------------------------------------------------------------

clear

lower = -10;  % Must be an integer
upper = 29.99;
K_step = 0.01;

KdB = lower:K_step:upper;

BERreq = 10^(-5);  %  required bit error rate
p_size = 424;  %  packet size in bits
PERreq = 1-(1-BERreq)^p_size;  % equivalent packet error rate

K = 10.^(KdB/10);
delta_eb = 1;

last1 = 1;
last2 = 0;

oldrow = 0;

for p = 1: length(K)
    if p == 1

 Eb_No_dB =  30.828; % initial Eb/No estimate
last1 = Eb_No_dB;

    elseif p == 2
 Eb_No_dB =  last1 - delta_eb; % initial Eb/No estimate

    else
 Eb_No_dB =  last1 -  delta_eb; % initial Eb/No estimate
 delta_eb = abs(last1 - last2);

    end
accrcy = PERreq*10^(-3); % PER accuracy
delta = 0.1;
diff = 1;
olddir = 1;
newdir = 1;
z = 0;
while (abs(diff) > accrcy)
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z = z+1;
Eb_No = 10^(Eb_No_dB/10);

%------------------------------------------------------------------
glower = 0;
gupper = 20;

Z1 = [num2str((1+K(p))/Eb_No) ’*’];
Z2 = [’exp(-(gama*’ num2str(1+K(p)) ’+’ num2str(K(p)*Eb_No) ];
Z3 = [’)/’ num2str(Eb_No) ’).*’];

if KdB < 230
Z4 = [’besseli(0,sqrt((’ num2str(4*(1+K(p))*K(p))

’*gama)/’];
Z5 = [num2str(Eb_No) ’)).*’];

else
b_arg = [’sqrt((’ num2str(4*(1+K(p))*K(p)) ’*gama)/’

num2str(Eb_No) ’)’];
Z4 = [’exp(’ b_arg ’)./sqrt(2*pi*’ b_arg ’).*’];
t2 = [’(1 + 1./(8*’ b_arg ’) + 9./(2*8^2*’ b_arg ’.^2)

+’];
t3 = [’9*25./(2*3*8^3*’ b_arg ’.^3) +’];
t4 = [’9*25*49./(2*3*4*8^4*’ b_arg ’.^4) ).*’];
Z5 = [ t2 t3 t4];

end

Z6 = ’(1 - (1 - erfc(sqrt(gama))).^424)’;

Z = inline([Z1 Z2 Z3 Z4 Z5 Z6],’gama’);
result = quad8(Z,glower,gupper);

%------------------------------------------------------------------
avgPER = result;
diff = avgPER - PERreq;
if (newdir ~= olddir)

delta = delta/2;
end
olddir = newdir;
if( abs(diff) > accrcy )

if (diff > 0)
Eb_No_dB=Eb_No_dB+delta;
newdir = 1;

else
Eb_No_dB=Eb_No_dB-delta;
newdir = -1;

end

end
end
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fprintf(’Number of iterations = %d\n’, z)
fprintf(’Eb_No (dB) = %d\n’,10*log10(Eb_No))
fprintf(’average BER = %d\n’,avgPER)

row = floor(round(KdB(p)*100)/100) + abs(lower) + 1
tempcol = mod(round(abs(KdB(p))*100),100) ;
if KdB(p) < 0

if tempcol == 0
tempcol = 100;

end
col = round(101 - tempcol)

else
col = round(tempcol + 1)

end

newrow = row;
if newrow == oldrow & col ==1

fprintf(’newrow = oldrow : row = %d\n’,row)
pause

end
oldrow = newrow;

ebno_a(row,col) = 10*log10(Eb_No);
last2 = last1;
last1 = ebno_a(row,col);

end

save ebno_PER.mat ebno_a
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%-------------------------------------------------------------------
%  This program calculates the required transmit power
%  necessary to close the link for average receive power
%  and average K value as a function of distance
%-------------------------------------------------------------------

clear

BERreq = 10^(-5);  % required average BER
x = [0.1:0.01:5]; %  distance in km
xdB = 10*log10(x); %  log distance
awgn = 10*log10((erfinv(1-2*BERreq))^2)*ones(size(x));
rayl = 10*log10((1-2*BERreq)^2/(1-(1-2*BERreq)^2))*...

ones(size(x));

region = 2;
if region == 1

x_avg = -3.0701;
y_avg = 10*log10(4.9092);
slope = -0.57032;
ebno_a(1) = 20;

elseif region == 2
x_avg = -3.6645;
y_avg = 10*log10(10.2758);
slope = -0.11166;
ebno_l(1) = 15;

else
x_avg = -2.7573;
y_avg = 10*log10(2.0847);
slope = -0.67997;
ebno_o(1) = 20;

end

KdB = round((slope*(xdB-x_avg)+y_avg)*100)/100;
%-----------------------------------------------------
%  Determine required Eb/No for each K

load ebno_BER.mat;
for j_cntr = 1:length(KdB)

found = 0;
if KdB(j_cntr) < -10

ebno(j_cntr) = 44;  % 30.8 for 1 ATM cell PER
equiv

found = 1;
end
if KdB(j_cntr) > 29.99

ebno(j_cntr) = 9.6;
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found = 1;
end
if found == 0

row = floor(round(KdB(j_cntr)*100)/100) + 11;
tempcol = mod(round(abs(KdB(j_cntr))*100),100) ;
if KdB(j_cntr) < 0

if tempcol == 0
tempcol = 100;

end
col = round(101 - tempcol);

else
col = round(tempcol + 1);

end

ebno(j_cntr) = ebno_a(row,col);
end

end
fprintf(’Got the Eb/No reqs\n’)

%------------------------------------------------------
%  Find required transmit power
%------------------------------------------------------
Rd = 1*10^6; %  data rate
Rd_dB = 10*log10(Rd);
M = 0;  %  link margin (dB)
Gt = 8; %  Tx antenna gain (dB)
k = -228.6; %  Boltzman’s constant (dB)
Gr = 0; %  Rx antenna gain (dB)
Lc = 3; %  Cable loss (dB)
lc = 10^(Lc/10);
Fr = 5; %  Rx noise figure (dB)
fr = 10^(Fr/10);
Ta = 290; %  Antenna temp
Tl = 290; %  Cable temp

Tr = 290*(fr-1);
Ts = 10*log10(Ta + Tl*(lc - 1) + Tr*lc);

x_los = -3.6645;
y_los = 115.2740;
los_slope = 2.232;

Ls_los = los_slope*(xdB-x_los)+y_los;

ERP_req = ebno + Rd_dB + M  + Ls_los + k - Gr + Ts;

% Multi-path gain for 2-ray model
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h1 = 20;
h2 = 2;
dR = sqrt((h2+h1)^2+x.^2) - sqrt((h2-h1)^2+x.^2);
%psi = atan((h1+h2)/x);
gamma = -1; %  perfect reflection
rho = abs(gamma);
phi = -angle(gamma);
lambda = 3^8/5.8^9;
gm = 1 + 2*rho.*cos((2*pi*dR)/lambda+phi) +rho.^2;
Gm = 10*log10(gm);

Pt_2ray = ERP_req-Gm;

%  Determine available ERP
elements = 6;
PperElement = 30 ; % dBm
Pavail = 10*log10((elements * 10.^(PperElement/10))/1000) + Gt;  %
dBW

semilogx(x,ERP_req,’k--’,x,Pt_2ray,’k’)
axis([min(x) max(x) min(Pt_2ray - 5) max([max(Pt_2ray +5)
Pavail])+5])
title(’Required Effective Radiated Power (LOS) : BER = 10^-^5’)
xlabel(’Distance (km)’)
ylabel(’ERP (dBW)’)

line([min(x) max(x)], [Pavail Pavail])

text(0.12,35,[’Available ERP = ’ num2str(Pavail) ’ dBW’])
text(0.15,30,[’Power/element = ’ num2str(PperElement) ’ dBm’])
text(0.15,25,’6 antenna elements’)
text(0.15,20,[’Gt = ’ num2str(Gt) ’ dB’])

legend(’Power Law Model’,’Two-Ray Model’)

text(0.2,70,[’Rd = ’ num2str(Rd/10^6) ’ Mbps’])
text(0.2,65,[’Fr = ’ num2str(Fr) ’ dB’])
text(0.2,60,[’Gr = ’ num2str(Gr) ’ dB’])

print -dtiff graphs/closelink/c_lnk_ex
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%----------------------------------------------------------
%  Calculate correlation coefficient for K and shadowing
%----------------------------------------------------------

%  column 1 is K, column 2 is shadowing

all_mat = [ 3.5 12.7574;  % 1
4.4 1.0372;   % 2
18.7 -20.2539; % 3
3.7 5.5862;   % 4
10 -9.0212;   % 6
5 -3.4303;  % 7
-2 5.4284;   % 8
6.9 -9.6355;  % 9
13.6 -16.9144; % 10
6.5 3.3267;   % 11
-1 7.8332;   % 12
11.8 -4.4695;  % 13
6 -3.6840;  % 14
-1 2.5697;   % 15
13.5 -28.5438; % 16
1 12.2056;  % 17
-0.6164  10.2447; % 19
-2 18.9697;  % 21
5 8.0463;   % 22
10.94 -4.1564;  % 23
12.91 -11.4359; % 25
-1.7 12.9549;  % 28
-9 19.7704;  % 30
-0.7 4.5709;   % 31
13 -17.6949; % 32
4 -0.6091;  % 33
6.808 -17.2694; % 35
3.77 16.8320;  % 37
-0.6435 4.9850 ]; % 38

allcorr = corrcoef(all_mat);  %  correlation coefficient
plot(all_mat(1:29,1),all_mat(1:29,2),’k*’)
title(’Determination of Correlation - ALL’)
xlabel(’K (dB)’)
ylabel(’shadowing (dB about mean)’)
gtext([’rho = ’ num2str(allcorr(2,1))])

print -dtiff graphs/correlation/allcor
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%-----------------------------------------------
%   Determination of percent coverage area
%-----------------------------------------------

clear

%----------------------------
%  ERPs to be checked

ERP_v = [10 20 30 40]; %  dBW

for erp_cntr = 1:length(ERP_v)   %  For loop for erps

%-------------------------------
%  distances to be checked

r = 0.01:0.01:2.01;
r_dB = 10*log10(r);
%--------------------------------

%------------------------------------
%  Parameters for link calculation

Rd = 10^6; %  data rate
Rd_dB = 10*log10(Rd);
M = 0;  %  link margin (dB)
k_boltz = -228.6; %  Boltzman’s constant (dB)
Lc = 3; %  Cable loss (dB)
lc = 10^(Lc/10);
Fr = 5; %  Rx noise figure (dB)
fr = 10^(Fr/10);
Ta = 290; %  Antenna temp
Tl = 290; %  Cable temp

Tr = 290*(fr-1);
Ts = 10*log10(Ta + Tl*(lc - 1) + Tr*lc);
%----------------------------------------

%########################################################
%  Section to be changed for each case (LOS, OBS, ALL)

%----------------------------------------------------
%  Find average receive power at the given distances

ERP = ERP_v(erp_cntr);
pl_exp = 3.422;  % (LOS 2.232) (OBS 3.8108)(ALL 3.422);
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pl_int =  139.9465;  % (LOS 123.4530) (OBS 147.4042) (ALL 139.9465)
sP = 12.4788;  % (LOS 9.0272) (OBS 8.1661) (ALL 12.4788);
muP = ERP - (pl_exp*r_dB + pl_int);
%----------------------------------------------------

%------------------------------------------
%  Find average K at the given distances

K_exp =  -0.57032;  % (LOS -0.11166)  (OBS -0.67997) (ALL -0.57032)
K_int =   3.1583;  % (LOS 9.8666)  (OBS 0.2099) (ALL 3.1583);
sK =  6.0958;  % (LOS 5.5547)  (OBS 4.4164) (ALL 6.0958);
muK = K_exp*r_dB + K_int;
%------------------------------------------

%-----------------------------------------
%  Correlation coefficient

rho = 0.8427;  % (LOS  0.88327) (OBS 0.6622)  (ALL 0.8427)

%##########################################################

for i_cntr = 1:length(r)  %  loop for radius

fprintf(’\nCorrelated  --  ALL\n\n’)
fprintf(’ERP is %d\n’,ERP_v(erp_cntr))
fprintf(’radius is %d\n’,r(i_cntr))

%----------------------------------------------------
%  Determine Ks to be used at a specific distance

delta_K = 1;

KdB =  floor(100*(muK(i_cntr) - 3*sK))/100 :delta_K: ...
ceil(100*(muK(i_cntr)+3*sK))/100;

fprintf(’Got the Ks\n’)
%-----------------------------------------------------

%-----------------------------------------------------
%  Determine required Eb/No for each K

load ebno_PER.mat;
for j_cntr = 1:length(KdB)

found = 0;
if KdB(j_cntr) < -10

ebno(j_cntr) = 30.8;  % 30.8 for 1 ATM cell PER
equiv

found = 1;
end
if KdB(j_cntr) > 29.99
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ebno(j_cntr) = 9.6;
found = 1;

end
if found == 0

row = floor(round(KdB(j_cntr)*100)/100) + 11;
tempcol = mod(round(abs(KdB(j_cntr))*100),100) ;
if KdB(j_cntr) < 0

if tempcol == 0
tempcol = 100;

end
col = round(101 - tempcol);

else
col = round(tempcol + 1);

end

ebno(j_cntr) = ebno_a(row,col);
end

end
fprintf(’Got the Eb/No reqs\n’)
%------------------------------------------------------

%---------------------------------------------------------------
%  Determine required receive power level

gamma_req = ebno + Rd_dB + M + k_boltz + Ts;
%---------------------------------------------------------------

%------------------------------------------------
%  for loop for integration over each K

fprintf(’Number of integrations is %d\n’,length(gamma_req))
for j_cntr = 1:length(KdB)

if (mod(j_cntr,100) == 0)
fprintf(’j_cntr is %d\n’,j_cntr);
end

Prupper = muP(i_cntr) + 3*sP;
Prlower = gamma_req(j_cntr);

if Prupper > Prlower

Z1 = [’exp((-1/(2*(1-’ num2str(rho) ’^2)))*’];

Z2 = [’(((Pr-’ num2str(muP(i_cntr)) ’).^2/’ ];

Z3 = [num2str(sP) ’^2)-((2*’ num2str(rho) ’*’];
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Z4 = [’(Pr-’ num2str(muP(i_cntr)) ’).*(’];

Z5 = [ num2str(KdB(j_cntr)) ’-’ num2str(muK(i_cntr))];

Z6 = [ ’))/(’ num2str(sP) ’*’];

Z7 = [ num2str(sK) ’))+((’ num2str(KdB(j_cntr)) ’-’ ];

Z8 = [num2str(muK(i_cntr))];

Z9 = [ ’).^2/(’ num2str(sK) ’^2))))’] ;

Z10 = [’/(2*pi*’ num2str(sP) ’*’ num2str(sK) ];

Z11  = [’*(sqrt(1-’ num2str(rho) ’^2)))’];

Z = inline([Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8 Z9 Z10 Z11],’Pr’);

result = quad8(Z,Prlower,Prupper);

else
result = 0;

end

f_PandK(j_cntr) = result;
end

%------ End of for integration for each K interval--------------

fprintf(’Done integrating\n’)

%----------------------------------------------
%  Calulate probability of closing the link for a
%   specific distance

P_closed(erp_cntr,i_cntr) = delta_K*sum(f_PandK);

end
%--------- End of for closing link at each distance ----------

%---------------------------------------------------------
%  Calculate percent coverage area using each distance
%   as a cell boundary

term(1) = r(1)^2*P_closed(erp_cntr,1);
for m_cntr = 2:length(r)
  term(m_cntr) = (r(m_cntr)^2 - r(m_cntr-
1)^2)*P_closed(erp_cntr,m_cntr);
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end
for n_cntr = 1:length(r)
  fraction(erp_cntr,n_cntr) = sum(term(1:n_cntr))/r(n_cntr)^2;
end

end % end of ERP loop

Pc_P_A_corr = P_closed;
Frac_P_A_corr = fraction;

save p_p_a_c.mat Pc_P_A_corr
save f_p_a_c.mat Frac_P_A_corr

semilogx(r,fraction(1,:)*100,r,fraction(2,:)*100, …
r,fraction(3,:)*100,r,fraction(4,:)*100)

grid on
title('Percent Coverage Area : ALL')
xlabel('Cell boundary (km)')
ylabel('% coverage')
gtext('K and Pr correlated')
gtext(['ERP = ' num2str(ERP_v(1)) ' dBW'])
gtext([num2str(ERP_v(2)) ' dBW'])
gtext([num2str(ERP_v(3)) ' dBW'])
gtext([num2str(ERP_v(4)) ' dBW'])

%print -deps -tiff graphs/cov2
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%  Cramer-Von Mises Test for Goodness of fit

clear

% x is the vector of values ( K deviation or shadowing)

x = [ -4.3572  -1.0905  13.4513  -2.1304  6.43982  1.2890 ...
-5.9041  1.7082  6.6914  0.8112  -6.5549  6.6639 ...
1.7363  -4.7110  10.6662  -2.1336  -4.2065  -5.7110 ...
-1.404  2.5301  4.6983  -6.6252  -13.5944  -6.1278 ...
9.6081  -1.4278  3.7469  0.4320  -4.7570 ];

x = sort(x);
n = length(x);
m = mean(x);
s = std(x);
w = (x-m)/s;

cdf(1) = 1/n;
for k = 2:n

cdf(k) = cdf(k-1)+1/n;
end

z = 1 - 0.5*erfc(w/sqrt(2));

W2 = 0;
for k = 1:n

W2 = W2 + (z(k) - (2*k-1)/(2*n))^2;
end
W2 = W2 + 1/(12*n);
W2mod = W2*(1+0.5/n);

x1 = -15:0.1:15;
w1 = (x1-m)/s;
z1 = 1 - 0.5*erfc(w1/sqrt(2));

plot(x,cdf,’k*’,x1,z1,’k’)
title(’CDF of K deviation’)
xlabel(’K deviation about the mean (dB)’)
ylabel(’probability <= abscissa’)
text(-10,0.9,[’C-vM stat = ’ num2str(W2mod)])
text(-10,0.8,[’Mean = ’ num2str(m) ’ dB’])
text(-10,0.7,[’Sigma = ’ num2str(s) ’ dB’])

%print -dtiff graphs/logn_Kdev
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%------------------------------------------------------------
%  This program plots the joint pdf of K and receive power
%------------------------------------------------------------

clear

r = 0.4;  %  distance to be checked in km
r_dB = 10*log10(r);

%------------------------------------
%  Parameters for link calculation

Rd = 10^6; %  data rate
Rd_dB = 10*log10(Rd);
M = 0;  %  link margin (dB)
k_boltz = -228.6; %  Boltzman’s constant (dB)
Lc = 3; %  Cable loss (dB)
lc = 10^(Lc/10);
Fr = 5; %  Rx noise figure (dB)
fr = 10^(Fr/10);
Ta = 290; %  Antenna temp
Tl = 290; %  Cable temp

Tr = 290*(fr-1);
Ts = 10*log10(Ta + Tl*(lc - 1) + Tr*lc);
%----------------------------------------

%########################################################
%  Section to be changed for each case (LOS, OBS, ALL)

%----------------------------------------------------
%  Find average receive power at the given distances

ERP = 10;
pl_exp = 3.422;  % (LOS 2.232) (OBS 9.0272)(ALL 3.422);
pl_int =  139.9465;  % (LOS 123.4530) (OBS 147.4042) (ALL 139.9465)
sP = 12.4788;  % (LOS 9.0272) (OBS 8.1661) (ALL 12.4788);
muP = ERP - (pl_exp*r_dB + pl_int);
%----------------------------------------------------

%------------------------------------------
%  Find average K at the given distances
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K_exp =  -0.57032;  % (LOS -0.11166)  (OBS -0.67997) (ALL -0.57032)
K_int =   3.1583;  % (LOS 9.8666)  (OBS 0.2099) (ALL 3.1583);
sK =  6.0958;  % (LOS 5.5547)  (OBS 4.4164) (ALL 6.0958);
muK = K_exp*r_dB + K_int;
%------------------------------------------

%-----------------------------------------
%  Correlation coefficient

rho = 0;  % (LOS  0.88327) (OBS 0.6622)  (ALL 0.8427)

%##########################################################
%----------------------------------------------------
%  Determine Ks to be used at a specific distance

delta_K = 1;

KdB =  floor(100*(muK - 3*sK))/100 :delta_K: ...
ceil(100*(muK+3*sK))/100;

fprintf(’Got the Ks\n’)
%-----------------------------------------------------
%-----------------------------------------------------
%  Determine required Eb/No for each K

load ebno_BER.mat;
for j_cntr = 1:length(KdB)

found = 0;
if KdB(j_cntr) < -10

ebno(j_cntr) = 44;  % 30.8 for 1 ATM cell PER
equiv

found = 1;
end
if KdB(j_cntr) > 29.99

ebno(j_cntr) = 9.6;
found = 1;

end
if found == 0

row = floor(round(KdB(j_cntr)*100)/100) + 11;
tempcol = mod(round(abs(KdB(j_cntr))*100),100) ;
if KdB(j_cntr) < 0

if tempcol == 0
tempcol = 100;

end
col = round(101 - tempcol);

else
col = round(tempcol + 1);

end
ebno(j_cntr) = ebno_a(row,col);



���

end

end
fprintf(’Got the Eb/No reqs\n’)
%------------------------------------------------------

%---------------------------------------------------------------
%  Determine required receive power level

gamma_req = ebno + Rd_dB + M + k_boltz + Ts;
%---------------------------------------------------------------

%-----------------------------------------
%  Determine range of random variables

 x = -20:0.5:30;
 x = x(ones(1,length(x)),:);
 y = x*2-110;
 y = y’;

sx = sK;
sy = sP;
mx = muK(1);
my=muP(1);

%-------------------------------------------------
%  calulate bivariate gaussian pdf for each point

z = 1/(2*pi*sx*sy*sqrt(1 - rho^2))*exp(-1/(2*(1 - rho^2)) ...
*(((x - mx)/sx).^2 + ((y - my)/sy).^2 - 2*rho*(x - mx).*(y -

my)/sx/sy));

%---------------------------------------
%   3-D plot the pdf

mesh(x,y,z)
set(gca,’xlim’,[-20 30],’ylim’,[-150 -60])

%---------------------------------------
%  Plot required receive power

no_of_lines = 10;
for j = 1:no_of_lines

hold on
 plot3(KdB,gamma_req,ones(1,length(KdB))*0.00175*(j-
1)/no_of_lines,’k’,’linewi’,2)
end
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title(’Bivariate Gaussian PDF : rho = 0’)
xlabel(’K (dB)’)
ylabel(’Receive Power (dB)’)
zlabel(’f(K,Receive Power)’)
view(-15,30)
text(-20,-65,0.0023,’All Locations’)
text(-20,-65,0.0020,’Distance = 400 m’)
text(-20,-65,0.0017,’ERP = 10 dBW’)
text(-20,-65,0.0014,’Data Rate = 1 Mbps’)
text(-20,-65,0.0011,’Fr = 5 dB’)
text(-20,-65,0.0008,’BER = 10^-^5’)
text(17,-125,0.0018,’Receive Threshold’)

print -dtiff graphs/jointpdf/clr_in400

colormap(gray)
print -dtiff graphs/jointpdf/bw_in400
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�� $SSHQGL[�/��'LIIHUHQFH�RI�7ZR�,QGHSHQGHQW�*DXVVLDQV

/HW� 21 XXY += ��ZKHUH� 1X �DQG� 2X �DUH� LQGHSHQGHQW��*DXVVLDQ� UDQGRP�YDULDEOHV�ZLWK

PHDQV� 1µ � 2µ �DQG�YDULDQFHV� 2
1σ �� 2

2σ ��UHVSHFWLYHO\���,W�LV�ZHOO�NQRZQ�WKDW�WKH�GLVWULEXWLRQ

IRU�Y �LV�D�*DXVVLDQ�ZLWK�PHDQ� 1µ � 2µ �DQG�YDULDQFH� 2
1σ � 2

2σ ���7R�ILQG�WKH�GLIIHUHQFH�RI

WZR�LQGHSHQGHQW�*DXVVLDQV��LW�LV�RQO\�QHFHVVDU\�WR�PDNH�D�VLPSOH�VXEVWLWXWLRQ�

/HW� 32 XX −= ���6LQFH�RQO\�WKH�VLJQV�RI�WKH�SRVVLEOH�RXWFRPHV�KDYH�FKDQJHG��WKH

YDULDQFH� UHPDLQV� WKH� VDPH�DQG� WKH�PHDQ�FKDQJHV� VLJQ�� �7KH�GLVWULEXWLRQ�RI� 3X � LV� WKHQ

*DXVVLDQ�ZLWK� 23 µµ −= �DQG� 2
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�� $SSHQGL[�0��$EEUHYLDWLRQV�DQG�$FURQ\PV

%(5 %LW�(UURU�5DWH
&') &XPXODWLYH�'LVWULEXWLRQ�)XQFWLRQ
'63 'LJLWDO�6LJQDO�3URFHVVLQJ
(53 (IIHFWLYH�5DGLDWHG�3RZHU
)&& )HGHUDO�&RPPXQLFDWLRQV�&RPPLVVLRQ
*36 *OREDO�3RVLWLRQLQJ�6\VWHP
+,3(5/$1 +LJK�3HUIRUPDQFH�/RFDO�$UHD�1HWZRUN
,60 ,QGXVWULDO��6FLHQWLILF�DQG�0HGLFDO
/$1 /RFDO�$UHD�1HWZRUN
/26 /LQH�2I�6LJKW
2%6 2EVWUXFWHG
SGI 3UREDELOLW\�'HQVLW\�)XQFWLRQ
3(5 3DFNHW�(UURU�5DWH
4R6 4XDOLW\�RI�6HUYLFH
5'51 5DSLGO\�'HSOR\DEOH�5DGLR�1HWZRUN
8�1,, 8QOLFHQVHG�1DWLRQDO�,QIRUPDWLRQ�,QIUDVWUXFWXUH
:$70 :LUHOHVV�$V\QFKURQRXV�WUDQVIHU�0RGH
:/$1 :LUHOHVV�/RFDO�$UHD�1HWZRUN
:// :LUHOHVV�/RFDO�/RRS
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�� $SSHQGL[�1��0HDVXUHPHQW�6\VWHP�2SHUDWLRQ

6WDUW�5HWNL�/DQG�1DYLJDWLRQ�IURP�WKH�SURJUDP�JURXS���7KH�*36�QDYLJDWLRQ�ZLQGRZ�ZLOO

DSSHDU�� � 7KH� PDS� VRIWZDUH� ZDV� QHYHU� ORDGHG� VR� GRQ
W� EH� FRQFHUQHG� WKDW� WKH� ZLQGRZ

FRQVLVWV� RQO\� RI� WKH� WRROEDU� ZLWK� QRWKLQJ� LQ� WKH� ZRUNVSDFH�� � &OLFN� RQ� WKH� *36

HQDEOH�GLVDEOH� LFRQ�� �2QFH� WKH� UHFHLYHU� LV� HQDEOHG�� FOLFN� RQ� WKH�*36� LQIRUPDWLRQ� LFRQ�

7KLV�ZLOO�RSHQ�WKH�ZLQGRZ�WKDW�JLYHV�DOO�RI�WKH�VWDWXV�LQIRUPDWLRQ�IRU�WKH�UHFHLYHU���:KHQ

WKH�UHFHLYHU�LV�ILUVW�HQDEOHG��WKH�VWDWXV�ZLQGRZ�ZLOO�VKRZ��'�$FTXLULQJ�6DWHOOLWHV���$V�WKH

VDWHOOLWHV�DUH�ORFDWHG��WKH�VWDWXV�ZLOO�FKDQJH���2QFH�WKH�UHFHLYHU�ORFDWHV�DQG�LV�DEOH�WR�WUDFN

IRXU�VDWHOOLWHV��WKH�VWDWXV�ZLOO�EHFRPH��'�1DYLJDWLQJ���7KLV�PHDQV�WKDW�WKH�ORFDWLRQ�GDWD�LV

YDOLG� IRU� ODWLWXGH�� ORQJLWXGH� DQG� DOWLWXGH�� � 2QFH� WKH� UHFHLYHU� LV� QDYLJDWLQJ�� FORVH� WKH

LQIRUPDWLRQ�ZLQGRZ�DQG�PDNH�WKH�PDLQ�ZLQGRZ�DQ�LFRQ�� �5XQ�IURP�WKH�FRPPDQG�OLQH�

FRPER��H[H��RXW�W[W��FIUHT��VSDQ��UHIOHYHO��ZKHUH�FRPER��H[H�LV�WKH�GDWD�FROOHFWLRQ�SURJUDP��RXW�W[W

LV� WKH�RXWSXW� ILOH� QDPH�� FIUHT� LV� WKH� FHQWHU� IUHTXHQF\�� VSDQ� LV� WKH� LQLWLDO� VSDQ�XVHG�E\� WKH

VSHFWUXP�DQDO\]HU� DQG� UHIOHYHO� LV� WKH� UHIHUHQFH� OHYHO� WR�EH�XVHG�E\� WKH� VSHFWUXP�DQDO\]HU�

:KHQ�WKH�SURJUDP�LV�ILQLVKHG�FROOHFWLQJ�GDWD��WKH�XVHU�ZLOO�EH�SURPSWHG�ZLWK�$OO�GRQH�SUHVV

DQ\�NH\�WR�ILQLVK�SURJUDP���7KH�ZLQGRZ�ZLOO�FORVH�DQG�WKH�GDWD�FDQ�EH�IRXQG�LQ�WKH�RXWSXW�ILOH

VSHFLILHG�RQ�WKH�FRPPDQG�OLQH�

7KH� HVWLPDWHG� WLPH� IRU� WKH� SURJUDP� WR� UXQ� LV� DERXW� RQH� VDPSOH�VHFRQG�� � 7KLV� FDQ� EH

LQFUHDVHG� WR� IRXU� VDPSOHV�VHFRQG� LI� WKH� VSHFWUXP� DQDO\]HU� LV� QRW� UXQ� LQ� ]HUR� VSDQ�

$OWKRXJK�WKH�VSHFWUXP�DQDO\]HU�FDQ�DFWXDOO\�RSHUDWH�IDVWHU�WKDQ�WKLV��WKH�WLPH�LW�WDNHV�IRU

WKH�VSHFWUXP�DQDO\]HU�WR�VHQG�WKH�GDWD�WR�WKH�ODSWRS�LV�DERXW�����P6�


