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7KLV UHVHDUFK IRFXVHV RQ UDGLR ZDYH SURSDJDWLRQ DW PLOOLPHWHU�ZDYH IUHTXHQFLHV� $ PHDVXUHPHQW

EDVHG FKDQQHO FKDUDFWHUL]DWLRQ DSSURDFK LV WDNHQ LQ WKH LQYHVWLJDWLRQ�

)LUVW� PHDVXUHPHQW WHFKQLTXHV DUH DQDO\]HG� 7KUHH W\SHV RI PHDVXUHPHQW V\VWHPV DUH GHVLJQHG�

DQG LPSOHPHQWHG LQ PHDVXUHPHQW FDPSDLJQV� D QDUURZEDQG PHDVXUHPHQW V\VWHP� D ZLGHEDQG

PHDVXUHPHQW V\VWHP EDVHG RQ 9HFWRU 1HWZRUN $QDO\]HU� DQG VOLGLQJ FRUUHODWRU V\VWHPV DW ��� *+]�

�� *+] DQG �� *+]� 7KH SHUIRUPDQFHV RI WKHVH PHDVXUHPHQW V\VWHPV DUH FDUHIXOO\ FRPSDUHG ERWK

DQDO\WLFDOO\ DQG H[SHULPHQWDOO\�

1H[W� UDGLR ZDYH SURSDJDWLRQ UHVHDUFK LV SHUIRUPHG DW �� *+] IRU /RFDO 0XOWLSRLQW 'LVWULEXWLRQ

6HUYLFHV �/0'6�� :LGHEDQG PHDVXUHPHQWV DUH WDNHQ RQ WKUHH FURVV�FDPSXV OLQNV DW 9LUJLQLD 7HFK�

7KH JRDO LV WR GHWHUPLQH ZHDWKHU HoHFWV RQ WKH ZLGHEDQG FKDQQHO SURSHUWLHV� 7KH PHDVXUHPHQW

UHVXOWV LQFOXGH PXOWLSDWK GLVSHUVLRQ� VKRUW�WHUP YDULDWLRQ DQG VLJQDO DWWHQXDWLRQ XQGHU GLoHUHQW

ZHDWKHU FRQGLWLRQV� $ GHVLJQ WHFKQLTXH LV GHYHORSHG WR HVWLPDWH PXOWLSDWK FKDUDFWHULVWLFV EDVHG

RQ DQWHQQD SDWWHUQV DQG VLWH�VSHFLpF LQIRUPDWLRQ�

)LQDOO\� LQGRRU SURSDJDWLRQ FKDQQHOV DW �� *+] DUH VWXGLHG IRU 1H[W *HQHUDWLRQ ,QWHUQHW �1*,�

DSSOLFDWLRQV� 7KH UHVHDUFK PDLQO\ IRFXVHV RQ WKH FKDUDFWHUL]DWLRQ RI VSDFH�WLPH FKDQQHO VWUXFWXUH�

0XOWLSDWK FRPSRQHQWV DUH UHVROYHG ERWK LQ WLPH RI DUULYDO �72$� DQG DQJOH RI DUULYDO �$2$��

5HVXOWV VKRZ DQ H[FHOOHQW FRUUHODWLRQ EHWZHHQ WKH SURSDJDWLRQ HQYLURQPHQWV DQG WKH FKDQQHO PXO�

WLSDWK VWUXFWXUH�

7KH PHDVXUHPHQW UHVXOWV DQG PRGHOV SURYLGH QRW RQO\ JXLGHOLQHV IRU ZLUHOHVV V\VWHP GHVLJQ DQG

LQVWDOODWLRQ� EXW DOVR JUHDW LQVLJKWV LQ PLOOLPHWHU�ZDYH SURSDJDWLRQ�



$FNQRZOHGJPHQWV

)LUVW RI DOO� , ZRXOG OLNH WR H[SUHVV P\ VLQFHUH DSSUHFLDWLRQ WR P\ DGYLVRU� 3URIHVVRU 7KHRGRUH

6� 5DSSDSRUW� IRU KLV LQYDOXDEOH LQVSLUDWLRQ� HQFRXUDJHPHQW DQG VXSSRUW WKURXJKRXW P\ GRFWRUDO

VWXG\� , DP DOVR JUDWHIXO IRU DOO P\ FRPPLWWHH PHPEHUV IRU WKHLU LQVLJKWIXO WHFKQLFDO JXLGDQFH DQG

ZDUP�KHDUWHG UHODWLRQVKLS� $OVR� DFNQRZOHGJPHQW LV GXH WR 035* IDFXOW\ DQG VWDo IRU SURYLGLQJ

DOO WKHLU DVVLVWDQFH� , FRQVLGHU P\VHOI IRUWXQDWH WR EH DEOH WR ZRUN LQ VXFK D VXSSRUWLQJ HQYLURQPHQW�

$ PHDVXUHPHQW FDPSDLJQ LV QHYHU D VROR WDVN� , ZRXOG OLNH WR DFNQRZOHGJH 'U� -DPHV 6FKDoQHU

IURP +5/ ODERUDWRULHV IRU ZRUNLQJ ZLWK PH FORVHO\ RQ WKH SURSDJDWLRQ UHVHDUFK� 6SHFLDO WKDQNV DUH

GXH WR 'U� 5REHUW %R\OH� 5D\ /RYHVWHDG� DQG <L�-X 2X IRU WKHLU KHOS LQ WKH �� *+] PHDVXUHPHQW

FDPSDLJQ� DQG 9LNDV .XNVK\D� $JQHV 7DQ� %HQMDPLQ +HQW\� DQG -DVRQ $URQ IRU WKHLU KHOS LQ

WKH �� *+] PHDVXUHPHQW FDPSDLJQ� , ZLVK WR H[SUHVV P\ DSSUHFLDWLRQ WR 3URIHVVRU 'DYLG $� GH

:ROI IRU KLV WHFKQLFDO LQSXW LQ WKH WKHRUHWLFDO UDLQ VFDWWHULQJ FDOFXODWLRQ� , DP YHU\ JUDWHIXO WR

P\ FROOHDJXHV DQG IULHQGV *UHJRU\ 'XUJLQ� .HLWK %ODQNHQVKLS� 3DROR &DUGLHUL� 1HDO 3DWZDUL� DQG

5RJHU 6NLGPRUH IRU DOZD\V EHLQJ WKHUH WR KHOS� $OVR� , ZRXOG OLNH WR WKDQN PDQ\ RWKHU IULHQGV DW

035* ZKR PDGH P\ 3K' VWXG\ DQ HQMR\DEOH H[SHULHQFH�

1R ZRUGV FDQ H[SUHVV P\ GHHS DSSUHFLDWLRQ DQG JUDWLWXGH WR P\ SDUHQWV DQG UHODWLYHV LQ &KLQD IRU

WKHLU ORYH� HQFRXUDJHPHQW� DQG XQGHUVWDQGLQJ WKURXJKRXW WKH \HDUV� HVSHFLDOO\ GXULQJ WKH ODVW ��

\HDUV RI P\ VWXG\ RYHUVHDV� , ZRXOG DOVR WDNH WKLV RSSRUWXQLW\ WR WKDQN P\ 06 DGYLVRU 3URIHVVRU

0� .RORPHLWVHYD DQG RWKHU SURIHVVRUV LQ 5XVVLD IRU WKHLU VXSSRUW�

)LQDOO\� LW LV P\ SOHDVXUH WR DFNQRZOHGJH WKH pQDQFLDO VXSSRUWV IURP +5/ /DERUDWRULHV� +XJKHV

1HWZRUN 6\VWHPV DQG 035*� ZLWKRXW ZKLFK WKLV 3K' ZRUN ZRXOG EH LPSRVVLEOH�
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��� 3URSRVHG 0LOOLPHWHU�:DYH $SSOLFDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � �

����� /0'6�/0&6 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
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����� 0RELOH $SSOLFDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� &KDOOHQJHV LQ 0LOOLPHWHU�:DYH 3URSDJDWLRQ � � � � � � � � � � � � � � � � � � � � � � � �

��� 2UJDQL]DWLRQ RI WKH 5HSRUW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 3URSDJDWLRQ DQG 5HFHSWLRQ )XQGDPHQWDOV ��

��� 6\VWHP &RYHUDJH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 3DWK /RVV 0RGHOV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� /LQN %XGJHW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 0XOWLSDWK 3URSDJDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 6SDFH�7LPH &KDQQHO 0RGHOV � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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����� 5HFHLYHU %DQGZLGWK &RQVLGHUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � ��

����� $QWHQQD %HDPZLGWK &RQVLGHUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6XPPDU\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� &KDQQHO 0HDVXUHPHQW 7HFKQLTXHV DQG 0HDVXUHPHQW 6\VWHP 'HVLJQ ��

��� 1DUURZEDQG 7HFKQLTXHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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����� ,PSOHPHQWDWLRQV RI 1DUURZEDQG 0HDVXUHPHQW 6\VWHPV � � � � � � � � � � � � ��
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����� ,PSOHPHQWDWLRQ RI 91$ 0HDVXUHPHQW 6\VWHPV � � � � � � � � � � � � � � � � � ��
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����� 3URSHUWLHV RI 31 6HTXHQFH � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 0DWKHPDWLFDO 0RGHOV RI 6&6 &KDQQHO 6RXQGLQJ � � � � � � � � � � � � � � � � ��

����� ,PSOHPHQWDWLRQ RI 6&6 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� $QDO\VLV RI WKH 7LPH 0HDVXUHPHQW $FFXUDF\ � � � � � � � � � � � � � � � � � � ��

��� 0HDVXUHPHQWV &RPSDULQJ 91$ DQG 6&6 � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 6\VWHP 6HWWLQJV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 0HDVXUHPHQW 5HVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 6XPPDU\ RI WKH &RPSDULVRQ 0HDVXUHPHQWV � � � � � � � � � � � � � � � � � � � ��

��� 6&6 DW �� *+] DQG �� *+] � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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����� 6\VWHP +DUGZDUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� &KRLFH RI 3DUDPHWHUV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� $QWHQQDV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� )UHH 6SDFH &DOLEUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6XPPDU\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 7HUUHVWULDO 0LOOLPHWHU�:DYH 3URSDJDWLRQ ��

��� *HQHUDO &RQVLGHUDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 0LFURZDYH /26 /LQNV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 6SHFLpFV IRU 0LOOLPHWHU�:DYH /26 /LQNV � � � � � � � � � � � � � � � � � � � � � ��

��� 'LoUDFWLRQ� )UHVQHO =RQH &OHDUDQFH � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 'LoUDFWLRQ /RVV YV� )UHTXHQF\ � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� )UHVQHO =RQH &OHDUDQFH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5HIUDFWLRQ� (oHFWV RI 5HIUDFWLYH ,QGH[ &KDQJH � � � � � � � � � � � � � � � � � � � � � ��

����� 0XOWLSDWK GXH WR 5HIUDFWLYH ,QGH[ &KDQJH � � � � � � � � � � � � � � � � � � � ��

��� 5HqHFWLRQ� (oHFWV RI 5RXJK 6XUIDFH � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 5HqHFWLRQ� 6QHOO
V /DZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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����� 6FDWWHULQJ /RVV )DFWRU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 5HqHFWLRQ 0HDVXUHPHQW 5HVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6FDWWHULQJ� 5DGDU &URVV 6HFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6FDWWHULQJ� (oHFWV RI 9HJHWDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 9HJHWDWLRQ 6FDWWHULQJ 0HDVXUHPHQW 5HVXOWV � � � � � � � � � � � � � � � � � � � ��
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��� 6FDWWHULQJ� (oHFWV RI 5DLQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 7KH D5E 5DLQ $WWHQXDWLRQ 0RGHO � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� &UDQH
V 5DLQ $WWHQXDWLRQ 0RGHO � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 5DLQ $WWHQXDWLRQ 0HDVXUHPHQW 5HVXOWV � � � � � � � � � � � � � � � � � � � � � ��

��� 2WKHU 2XWGRRU 3URSDJDWLRQ 0HDVXUHPHQW 5HVXOWV � � � � � � � � � � � � � � � � � � � ��

����� /0'6 $SSOLFDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 6WUHHW�/HYHO�3URSDJDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 2XWGRRU 3URSDJDWLRQ 6WXG\ DW �� *+] � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� /LWHUDWXUH 6XUYH\ RQ ,QGRRU 3URSDJDWLRQ 0HDVXUHPHQWV � � � � � � � � � � � � � � � � ��

������ 1DUURZEDQG 0HDVXUHPHQW 5HVXOWV � � � � � � � � � � � � � � � � � � � � � � � � ��

������ :LGHEDQG 0HDVXUHPHQW 5HVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � ��
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�� 0RGHO RI WUDQVSRUW WKHRU\ >�@ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

�� 3DVVLYH UHSHDWHU PHDVXUHPHQWV >�@� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

�� :HDWKHU PRQLWRULQJ V\VWHP RQ URRIWRS RI *%- 6WXGHQW &HQWHU� � � � � � � � � � � � � ���

�� *HRPHWU\ RI WKH 6OXVKHU�:KLWWHPRUH OLQN� ��� P XQREVWUXFWHG /26 �/��� �D� WRS

YLHZ� �E� VLGH YLHZ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� 9LHZ IURP WUDQVPLWWHU RQ /�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� *HRPHWU\ RI WKH 0F%U\GH � 6WXGHQW &HQWHU OLQN� ��� P REVWUXFWHG OLQN �/��/��� �D�

WRS YLHZ� �E� VLGH YLHZ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� 9LHZ IURP UHFHLYHU RQ /� DQG /�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� 7\SLFDO 3'3 XQGHU UDLQ\ FRQGLWLRQV� 0D\ �� ��� P XQREVWUXFWHG /26 OLQN� DYHUDJH

UDLQ UDWH RI ����� PP�KU� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� &RPSDULVRQ RI 3'3V� ��� P XQREVWUXFWHG /26� 1RWH� QR PXOWLSDWK ZDV PHDVXUHG

XQGHU FOHDU FRQGLWLRQV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� D� 5HFHLYHG SRZHU 3') RYHU ��� PLQXWH LQWHUYDO� -XQH �� ��� P SDUWLDOO\ REVWUXFWHG

OLQN� 5 ��� PP�KU� E� 5LFLDQ . IDFWRU YV� UDLQ UDWH � � � � � � � � � � � � � � � � � � ���

�� 5HFHLYHG VLJQDO SRZHU GXULQJ UDLQ� -XQH �QG� ��� P SDUWLDOO\ REVWUXFWHG /26� (DFK

SRLQW UHSUHVHQWV D ZLGHEDQG SRZHU PHDVXUHPHQW WDNHQ HYHU\ ���� V� � � � � � � � � � ���

�� 0HDVXUHG UDLQ DWWHQXDWLRQ LQ H[FHVV RI IUHH VSDFH SDWK ORVV DQG FRPSDULVRQ WR WKH

&UDQH PRGHO� D� ��� P XQREVWUXFWHG /26� E� ���P SDUWLDOO\ REVWUXFWHG� DQG RE�

VWUXFWHG OLQNV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� +DLO DWWHQXDWLRQ PHDVXUHPHQWV RQ 0D\ �� DYHUDJH H[FHVV DWWHQXDWLRQ RI ���� G%

RYHU WKH ��� P SDWK� VLJQDO YDULDWLRQ RI � G% � � � � � � � � � � � � � � � � � � � � � � ���

[LLL



�� 7\SLFDO 3'3 GXULQJ KDLOVWRUP� DYHUDJH UHFHLYHG VLJQDO SRZHU LV ���� G% ORZHU WKDQ

WKH /26 SRZHU GXULQJ FOHDU ZHDWKHU� � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� 3DWFKHV RI UDLQ DFURVV WKH /26 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� *HQHUDO IRUP &�]� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� �� ORJ���3UPV 3F� DV IXQFWLRQ RI UDLQ UDWH � � � � � � � � � � � � � � � � � � � � � � � � ���

�� *HRPHWU\ RI D SRLQW�WR�SRLQW OLQN ZLWK DQ DUELWUDU\ VFDWWHU LQ �'� � � � � � � � � � � ���

�� 7KH UHODWLYH SRZHU FRQWRXU SORW LQ D]LPXWK IRU KRUQ DQG SDUDEROLF DQWHQQDV� IRU DQ\

'� �DOO FRQWRXU XQLWV LQ G% UHODWLYH WR /26 SRZHU�� � � � � � � � � � � � � � � � � � � � ���

�� 7KH H[FHVV GHOD\ FRQWRXU SORW LQ D]LPXWK IRU ' ���� P �DOO FRQWRXU XQLWV LQ QV�� � � ���

�� ([DPSOH RI DSSOLFDWLRQ RI SRZHU ]RQH DQG GHOD\ ]RQH RQ VLWH PDS� � � � � � � � � � � ���

�� $XWRPDWHG WUDFN V\VWHP >�@� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� 7UDFN DQG VSLQ PHDVXUHPHQW SURFHGXUH� � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� 5HFHLYHU DQG WUDQVPLWWHU DQWHQQD SDWWHUQV XVHG LQ WKH PHDVXUHPHQW FDPSDLJQ� � � � ���

�� $2$ PHDVXUHPHQWV IRU SURSDJDWLRQ ZLWKLQ D URRP �ORFDWLRQ ��� UHODWLYH SRZHU OHYHOV

JLYHQ LQ SRODU SORWV DQG SHDN PXOWLSDWK SRZHU �3� JLYHQ LQ WH[W� 5D\V DUH VKRZQ

RQO\ IRU ORFDWLRQV ��� DQG ��� LQ WKH pJXUH� VLPLODU SURFHGXUH FDQ EH SHUIRUPHG IRU

DOO WKH ORFDWLRQV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� $2$ PHDVXUHPHQWV IRU SURSDJDWLRQ DORQJ D KDOOZD\ �ORFDWLRQ ��� UHODWLYH SRZHU

OHYHOV JLYHQ LQ SRODU SORWV DQG SHDN PXOWLSDWK SRZHU �3� JLYHQ LQ WH[W� � � � � � � � � ���

�� $2$ PHDVXUHPHQWV IRU SURSDJDWLRQ LQWR URRPV �ORFDWLRQV � DQG ��� UHODWLYH SRZHU

OHYHOV JLYHQ LQ SRODU SORWV DQG SHDN PXOWLSDWK SRZHU �3� JLYHQ LQ WH[W� � � � � � � � � ���

�� 6FDWWHU SORW RI WKH PHDVXUHG SDWK ORVV YDOXHV � � � � � � � � � � � � � � � � � � � � � � ���

�� 0HDVXUHPHQW ORFDWLRQV LQ WKH ODZQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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�� 0HDVXUHPHQW ORFDWLRQV LQ WKH FRQIHUHQFH URRP� � � � � � � � � � � � � � � � � � � � � � ���

�� 0HDVXUHPHQW ORFDWLRQV LQ WKH KDOOZD\� � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� ,QqXHQFH RI WKH IUHTXHQF\ RoVHW RQ �D� WLPH EHWZHHQ V\QF SXOVHV� �E� WLPH EHWZHHQ

DFWXDO DOLJQPHQWV RI 31V� DQG �F� DEVROXWH SURSDJDWLRQ WLPH� � � � � � � � � � � � � � ���

�� 7KHRUHWLFDO SRZHU SDWWHUQV IRU KRUQ DQG GLVK DQWHQQDV� D]LPXWK� � � � � � � � � � � � ���

�� /RFDWLRQ � ^ KDOOZD\ RQ WKH WKLUG qRRU RI 1(% EXLOGLQJ� � � � � � � � � � � � � � � � � ���

�� /RFDWLRQ � ^ KDOOZD\ RQ WKH VHFRQG qRRU RI :KLWWHPRUH EXLOGLQJ� � � � � � � � � � � � ���

�� /RFDWLRQ � ^ FRQIHUHQFH URRP LQ 1(%� � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� /RFDWLRQ � ^ FODVVURRP LQ :KLWWHPRUH� � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� /RFDWLRQ � ^ IURP KDOOZD\ LQWR /DE � LQ 1(%� DQG ORFDWLRQ � ^ IURP /DE � WR /DE

� LQ 1(%� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� /RFDWLRQ � ^ RXWGRRU QHDU 1(% EXLOGLQJ� � � � � � � � � � � � � � � � � � � � � � � � � ���

�� /RFDWLRQ ��� ^ KDOOZD\ RQ WKH WKLUG qRRU RI 1(% EXLOGLQJ� QHDU WKH WUDQVPLWWHU� � � ���

�� /RFDWLRQ ��� ^ KDOOZD\ RQ WKH WKLUG qRRU RI 1(% EXLOGLQJ� RSHQ DUHD QHDU HOHYDWRU� � ���

�� /RFDWLRQ ��� ^ KDOOZD\ RQ WKH WKLUG qRRU RI 1(% EXLOGLQJ� IDU IURP WUDQVPLWWHU� � � � ���

�� /RFDWLRQ � ^ KDOOZD\ RQ VHFRQG qRRU RI :KLWWHPRUH +DOO� � � � � � � � � � � � � � � � ���

�� /RFDWLRQ ��� ^ FRQIHUHQFH URRP ��� LQ 1(% EXLOGLQJ� � � � � � � � � � � � � � � � � � � ���

�� /RFDWLRQ � ^ PHDVXUHPHQWV LQ FODVVURRP ��� LQ :KLWWHPRUH +DOO� � � � � � � � � � � � ���

�� /RFDWLRQ ��� ^ PHDVXUHPHQWV ZLWKLQ WKH ODE� � � � � � � � � � � � � � � � � � � � � � � ���

�� /RFDWLRQ ��� ^ KDOOZD\ WR URRP PHDVXUHPHQWV WKURXJK D JODVV GRRU� � � � � � � � � � ���

�� /RFDWLRQ �� PHDVXUHPHQWV IURP URRP WR URRP WKURXJK D ZDOO � � � � � � � � � � � � � ���

�� /RFDWLRQ � ^ RXWGRRU PHDVXUPHQWV LQ D SDUNLQJ ORW� � � � � � � � � � � � � � � � � � � ���
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�� /RFDWLRQ �� RXWGRRU PHDVXUHPHQWV QHDU D VWRQH ZDOO RI 1(% EXLOGLQJ� � � � � � � � � ���

[YL



/LVW RI 7 DEOHV

� 6\VWHP 6HWWLQJV RI WKH 6&6 DQG 91$6� � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 0D[LPXP 3DWK /HQJWK WR $YRLG 5HIUDFWHG 0XOWLSDWK >�@ �IRU 1HZ -HUVH\ FOLPDWH

UHJLRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 5HqHFWLRQ /RVV 0HDVXUHPHQW 5HVXOWV IURP >��@ � � � � � � � � � � � � � � � � � � � � � ��

� ([SHULPHQWDO 6HWXS IRU /0'6 0HDVXUHPHQWV� � � � � � � � � � � � � � � � � � � � � � � ��

� 6XPPDU\ RI 0HDVXUHG 3DWK /RVV ([SRQHQW 5HVXOWV � � � � � � � � � � � � � � � � � � � ��

� 6XPPDU\ RI 3HQHWUDWLRQ /RVV 5HVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 6XPPDU\ RI 3HQHWUDWLRQ /RVV 5HVXOWV � &RQWLQXHG � � � � � � � � � � � � � � � � � � � ��

� 0HDVXUHG 'HOD\ 6SUHDGV IRU 'LoHUHQW 7\SHV RI $QWHQQDV >��@ � � � � � � � � � � � � � ��

� 0HDVXUHG 'HOD\ 6SUHDGV IRU 'LoHUHQW 3RODUL]DWLRQ RI $QWHQQDV >��@ � � � � � � � � � � ��

� 6XPPDU\ RI 0XOWLSDWK 2FFXUUHQFH DQG 0D[LPXP 2EVHUYHG 0XOWLSDWK �03� /HYHO

�Z�U�W� /26�� 7KH 0D[LPXP 03 6LJQDOV :HUH 'HOD\HG E\ �� WR �� QV IURP /26� � � ���

�� 0HDQ ([FHVV 'HOD\� 506 'HOD\ 6SUHDG DQG 0D[LPXP 0XOWLSDWK �03� /HYHO �Z�U�W�

/26� IURP 3'3V &RQWDLQLQJ 0XOWLSDWK &RPSRQHQWV� � � � � � � � � � � � � � � � � � ���

�� �� ORJ���3UPV 3F� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� 0D[LPXP 'LVWDQFHV RI ([FHVV 'HOD\ =RQH IRU +RUQ DQG 3DUDEROLF $QWHQQDV� � � � � ���

[YLL



�� 0D[LPXP 'LVWDQFHV RI 5HODWLYH 3RZHU =RQH IRU +RUQ DQG 3DUDEROLF $QWHQQDV� � � � ���

�� 6SLQ 0HDVXUHPHQWV� 7UDQVPLWWHU�5HFHLYHU 6HSDUDWLRQV �75� LQ P� 7LPH 'LVSHU�

VLRQ 3DUDPHWHUV �z� DQG �� � LQ QV� $QJXODU 'LVSHUVLRQ 3DUDPHWHUV �e DQG q� DUH

GLPHQVLRQOHVV� 0D[LPXP )DGLQJ $QJOH�vPD[� DQG $2$ RI 0D[LPXP 0XOWLSDWK

�PD[$2$� LQ 'HJUHH� 5DWLR RI 0D[LPXP 0XOWLSDWK 3RZHU WR $YHUDJH 3RZHU �3HDN$YJ �

LQ G%� DQG 0D[LPXP 0XOWLSDWK 3RZHU �3PD[� LQ G%P� � � � � � � � � � � � � � � � � ���

�� 7UDFN 0HDVXUHPHQW 5HVXOWV� 75 6HSDUDWLRQV �75� LQ P� 7LPH 'LVSHUVLRQ 3DUDPH�

WHUV �z� DQG �� � LQ QV� 9DULDWLRQV RI 7LPH 'LVSHUVLRQ 3DUDPHWHUV �rz� � �z� � r�� DQG
��� � LQ QV� DQG $YHUDJH 5HFHLYHG 3RZHU �3U� LQ G%P� � � � � � � � � � � � � � � � � � ���

�� 0HDVXUHG 3HQHWUDWLRQ /RVVHV DQG 5HVXOWV IURP /LWHUDWXUH� � � � � � � � � � � � � � � � ���

�� 5HVXOWV IRU WKH /DZQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� 5HVXOWV IRU &RQIHUHQFH 5RRP� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� 5HVXOWV IRU &RQIHUHQFH 5RRP �FRQW��� � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� 5HVXOWV IRU +DOOZD\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

�� 7LPH 0HDVXUHPHQW (UURU GXH WR 6SHFLpHG 52 )UHTXHQF\ 2oVHWV DQG 31 )UHTXHQF\

6HWWLQJV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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&KDSWHU �

, QWU RGXFWLRQ

��� 7 U HQGV 7 RZDU GV 0 LOOLPHWHU �:DYHV

7KH ELUWK RI ZLUHOHVV FRPPXQLFDWLRQV GDWHV EDFN WR WKH QLQHWHHQWK FHQWXU\� ZKHQ +� 5� +HUW]�

1� 7HVOD� *� 0DUFRQL� DQG RWKHU VFLHQWLVWV H[SHULPHQWHG ZLWK WKH WUDQVPLVVLRQ DQG UHFHSWLRQ RI

HOHFWURPDJQHWLF ZDYHV >��@� 6LQFH 0DUFRQL SDWHQWHG KLV pUVW ZLUHOHVV WHOHJUDSK LQ ����� ZLUHOHVV

FRPPXQLFDWLRQ KDV HYROYHG LQWR RQH RI WKH IDVWHVW JURZLQJ LQGXVWULHV RI WKH ��WK FHQWXU\ >��@�

7RGD\
V ZLUHOHVV VHUYLFHV LQFOXGH QRW RQO\ WZR�ZD\ YRLFH FRPPXQLFDWLRQV� EXW DOVR GDWD DQG PXOWL�

PHGLD WUDQVPLVVLRQV� 7KH PRVW GLVWLQFW WUHQGV LQ WKH HYROXWLRQ RI ZLUHOHVV FRPPXQLFDWLRQV DUH WKH

VHDUFK IRU EHWWHU JUDGHV RI VHUYLFH� KLJKHU V\VWHP FDSDFLW\� DQG KLJKHU IUHTXHQF\ DQG EDQGZLGWK

�KLJKHU GDWD UDWHV��

,Q WKH ODVW �� \HDUV� FHOOXODU DQG SHUVRQDO FRPPXQLFDWLRQV VHUYLFHV �3&6� KDYH JURZQ LQWR D JOREDO

WHOHFRPPXQLFDWLRQV VHUYLFH ZLWK RYHU ��� PLOOLRQ VXEVFULEHUV� ��� RI WKH ZRUOG
V LQVWDOOHG ZLUHG

WHOHSKRQH EDVH� 0RVW RI WKHVH VHUYLFHV RFFXS\ ORZ IUHTXHQF\ EDQGV VXFK DV ��� 0+] � ��� 0+] IRU

FHOOXODU V\VWHPV DQG ��� *+] � ��� *+] IRU 3&6 LQ WKH 86� 7DUJHWHG PDLQO\ IRU WKH ORZ�GDWD�UDWH

YRLFH WUDQVPLVVLRQ� WKH DVVLJQHG FKDQQHO EDQGZLGWK LV UHODWLYHO\ QDUURZ� �� N+] IRU WKH $GYDQFH

0RELOH 3KRQH 6\VWHPV �$036� DQG ��� N+] IRU WKH *OREDO 6\VWHP IRU 0RELOH �*60�� IRU H[DPSOH�

7KH LQWHJUDWLRQ RI WKH YRLFH� YLGHR� GDWD DQG RWKHU EURDGEDQG VHUYLFHV KDV FUHDWHG HQRUPRXV JURZWK

SRWHQWLDO IRU WKH ZLUHOHVV LQGXVWU\� 7KH ,QWHUQHW DQG WKH GHVLUH IRU XQWHWKHUHG FRPPXQLFDWLRQV

�



&KDSWHU �� ,QWURGXFWLRQ� �

KDV SURSHOOHG QXPHURXV EURDGEDQG ZLUHOHVV VHUYLFHV� (PHUJLQJ ZLUHOHVV V\VWHPV LQFOXGH ZLUHOHVV

GDWD WUDQVPLVVLRQ� YLGHR GLVWULEXWLRQ� ZLUHOHVV ORFDO DUHD QHWZRUNV �:/$1�� WHOHFRQIHUHQFLQJ� ODVW

PLOH ,QWHUQHW DFFHVV� ZLUHOHVV ORFDO ORRS WHOHSKRQ\ �://�� LQWHOOLJHQW WUDQVSRUW V\VWHPV �,76�� DQG

WHOHPHGLFLQH�

7KHVH ZLUHOHVV V\VWHPV RoHU D QXPEHU RI DGYDQWDJHV RYHU WKHLU ZLUHG FRXQWHUSDUWV� LQFOXGLQJ PRELO�

LW\ RI RSHUDWLRQ� DQG qH[LELOLW\ LQ LQVWDOODWLRQ DQG PDLQWHQDQFH� 7KH DV\QFKURQRXV WUDQVIHU PRGH

�$70� WHFKQRORJ\� ZKLFK LV LQGHSHQGHQW RI WKH PHGLD RI WUDQVSRUW DW WKH SK\VLFDO OD\HU� DOORZV

WKH LQWHJUDWLRQ RI ZLUHOHVV V\VWHPV� VDWHOOLWH QHWZRUNV� pEHU QHWZRUNV� FDEOH QHWZRUNV DQG WHOHSKRQH

QHWZRUNV LQWR WKH %URDGEDQG ,QWHJUDWHG 6HUYLFHV 'LJLWDO 1HWZRUN �%�,6'1� >��@�

8QOLNH YRLFH WUDQVPLVVLRQ� GDWD DQG PXOWLPHGLD VHUYLFHV UHTXLUH PXFK KLJKHU EDQGZLGWK� 7KH

SURSRVHG GDWD UDWH LQ ZLUHOHVV EURDGEDQG V\VWHPV LV DV PXFK DV ��� PHJDELWV SHU VHFRQG �0E�V�>�@�

)XWXUH ZLUHOHVV FRPPXQLFDWLRQV V\VWHPV ZLOO UHTXLUH HYHQ KLJKHU EDQGZLGWK WR EH DEOH WR SURYLGH

DQ\ VHUYLFH DW DQ\ WLPH DQ\ZKHUH LQ WKH ZRUOG� 'XH WR WKH IUHTXHQF\ FRQJHVWLRQ DW ORZHU IUHTXHQFLHV

DQG WKH KLJK EDQGZLGWK UHTXLUHPHQW� PLFURZDYH DQG PLOOLPHWHU�ZDYH IUHTXHQFLHV DUH WKH EHVW

FDQGLGDWHV IRU WKHVH IXWXUH ZLUHOHVV V\VWHPV�

��� $GYDQWDJHV RI 0 LOOLPHWHU �:DYH 6\VWHPV

0LOOLPHWHU�ZDYHV � SRVVHVV XQLTXH DGYDQWDJHV LQ LQGRRU DQG VKRUW�UDQJH RXWGRRU FRPPXQLFDWLRQV�

7KHVH DGYDQWDJHV DUH ODUJH VSHFWUXP DYDLODELOLW\� KLJK IUHTXHQF\ UHXVH SRWHQWLDO� DQG VPDOO DQWHQQD

DQG HTXLSPHQW VL]H >�@�

s 3URSRVHG EURDGEDQG V\VWHPV UHTXLUH XS WR KXQGUHGV RI 0+] RI EDQGZLGWK WR VXSSRUW KLJK
QHWZRUN FDSDFLW\ �VHH 6HFWLRQ ����� /DUJH EDQGZLGWK DYDLODELOLW\ PDNHV PLOOLPHWHU�ZDYH IUH�

TXHQFLHV XQLTXHO\ SUHIHUDEOH IRU EURDGEDQG VHUYLFHV� $W �� *+]� IRU H[DPSOH� DV PXFK DV

� *+] EDQGZLGWK �IURP �� *+] WR �� *+]� LV DYDLODEOH DV OLFHQVH IUHH VSHFWUXP LQ WKH 86

>��@�

�0 LOOLPH WH U�Z D Y H IUH T XH QF \ UD QJ H V IUR P � � *+ ] WR � � � *+ ] � 7 KLV IUH T XH QF \ UD QJ H LV D OVR GH VLJ QD WH G D V H [ WUD
KLJ K IUH T XH QF \ �(+ ) ��
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s 0LOOLPHWHU�ZDYHV VXoHU KLJK DWWHQXDWLRQ GXH WR SUHFLSLWDWLRQ� JDVHRXV DEVRUSWLRQ� DQG SHQ�
HWUDWLRQ ORVV WKURXJK YHJHWDWLRQ RU ZDOOV� ,Q SDUWLFXODU� DW �� *+]� WKH R[\JHQ DEVRUSWLRQ

FDXVHV H[FHVV DWWHQXDWLRQ RI �� G%�NP LQ DGGLWLRQ WR WKH IUHH VSDFH SDWK ORVV >��@� 'XH WR WKH

KLJK SURSDJDWLRQ ORVV DQG KLJK QRLVH qRRU RYHU D ZLGH EDQGZLGWK� PLOOLPHWHU�ZDYH V\VWHPV

ZLOO EH XVHG RQO\ IRU VKRUW UDQJH FRPPXQLFDWLRQV IURP D IHZ PHWHUV XS WR IHZ NLORPHWHUV� 7KH

VPDOO FHOO VL]H DOORZV KLJK IUHTXHQF\ UHXVH SRWHQWLDO DQG� WKXV� LQFUHDVHG V\VWHP FDSDFLW\� )RU

LQGRRU DSSOLFDWLRQV� IUHTXHQF\ UHXVH FDQ EH SRVVLEOH HYHQ EHWZHHQ QHLJKERULQJ URRPV EHFDXVH

RI WKH VHYHUH SHQHWUDWLRQ ORVV WKURXJK LQQHU ZDOOV >��@� )LQDOO\� WKH ODUJH SURSDJDWLRQ ORVV DW

PLOOLPHWHU�ZDYH IUHTXHQFLHV FDQ EH DOVR XVHG WR VHFXUH WUDQVPLWWHG LQIRUPDWLRQ LQ PLOLWDU\ RU

RWKHU VHFXULW\ DSSOLFDWLRQV�

s $W PLOOLPHWHU�ZDYH IUHTXHQFLHV� DQWHQQD VL]H LV JUHDWO\ UHGXFHG� +LJKO\ GLUHFWLRQDO DQWHQQDV
FDQ EH XVHG WR SURYLGH KLJK SRZHU JDLQ DQG WR VXSSUHVV PXOWLSDWK LQWHUIHUHQFH� 'XH WR WKH

VPDOO ZDYHOHQJWK� D YHU\ VPDOO VHSDUDWLRQ GLVWDQFH LV UHTXLUHG WR LPSOHPHQW VSDWLDO DQWHQQD

GLYHUVLW\ WHFKQLTXHV WR LPSURYH V\VWHP SHUIRUPDQFH�

s 7KH VL]H RI UDGLR�IUHTXHQF\ FRPSRQHQWV DOVR UHGXFHV ZLWK WKH LQFUHDVH RI IUHTXHQF\� $GYDQFHV
LQ UDGLR�IUHTXHQF\ �5)� LQWHJUDWHG FLUFXLWV �,&� WHFKQRORJ\ DUH D GULYLQJ IRUFH IRU PLOOLPHWHU�

ZDYH V\VWHP GHYHORSPHQW� 7RGD\
V ,& WHFKQRORJ\ KDV SXVKHG WUDQVLVWRU RSHUDWLRQ VSHHGV ZHOO

DERYH �� *+]� 7HFKQRORJLFDO JURZWK LQ 9HU\ +LJK 6SHHG ,QWHJUDWHG &LUFXLW �9+6,&� DQG

0LFURZDYH DQG 0LOOLPHWHU�ZDYH 0RQROLWKLF ,&V �00,&V� JUHDWO\ LPSURYHV WKH SHUIRUPDQFH

RI PLOOLPHWHU�ZDYH FRPSRQHQWV� ZKLOH UHGXFLQJ WKH VL]H DQG FRVW >��@�

,Q VXPPDU\� WKH DGYDQWDJHV RI PLOOLPHWHU�ZDYH V\VWHPV FRXSOHG ZLWK WKH HQDEOLQJ WHFKQRORJ\ PDNHV

WKH PLOOLPHWHU�ZDYH IUHTXHQF\ EDQG WKH PRVW DWWUDFWLYH FDQGLGDWH IRU EURDGEDQG ZLUHOHVV VHUYLFHV

ZLWK ORZ�FRVW PLQLDWXUL]HG HTXLSPHQW�

��� 3 U RSRVHG 0 LOOLPHWHU �:DYH $SSOLFDWLRQV

7KH H[SORUDWLRQ RI XSSHU�PLFURZDYH DQG PLOOLPHWHU�ZDYH IUHTXHQFLHV VXSSRUWV WKH GHYHORSPHQW RI

DSSOLFDWLRQV ZLWK KLJK GDWD UDWH DQG KLJK EDQGZLGWK UHTXLUHPHQWV� :LWK KLJK DYDLODEOH EDQG�

ZLGWK� PLOOLPHWHU�ZDYH DSSOLFDWLRQV DUH FDSDEOH RI LQWHJUDWLQJ YRLFH� GDWD� PXOWLPHGLD DQG RWKHU
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LQIRUPDWLRQ VHUYLFHV� 7KH SURSRVHG DSSOLFDWLRQV DUH PXOWLSRLQW GLVWULEXWLRQ V\VWHPV� :/$1� ,76�

HPHUJHQW DG KRF V\VWHPV� 1H[W *HQHUDWLRQ ,QWHUQHW �1*,�� DQG RWKHU EURDGEDQG DSSOLFDWLRQV >�@�

&RPPHUFLDOL]DWLRQ RI PLOOLPHWHU�ZDYH IUHTXHQFLHV LV LQLWLDWHG E\ JRYHUQPHQWV WKURXJKRXW WKH ZRUOG�

,Q SDUWLFXODU� WKH 8�6� )HGHUDO &RPPXQLFDWLRQV &RPPLVVLRQ �)&&� DXFWLRQHG D ODUJH SDUW RI WKH

PLOOLPHWHU�ZDYH VSHFWUXP DURXQG �� *+] IRU /RFDO 0XOWLSRLQW 'LVWULEXWLRQ 6HUYLFH �/0'6� LQ

)HEUXDU\ ����� DQG DOORFDWHG ���� � �� *+] EDQG IRU p[HG SRLQW�WR�SRLQW�PXOWLSRLQW DV ZHOO DV

PRELOH FRPPXQLFDWLRQV LQ ����� 7KH WHQWDWLYH GDWH IRU WKH DXFWLRQ RI WKH �� *+] EDQG LV WKH

IRUWK TXDUWHU RI ����� $V PXFK DV � *+] ������ *+]� RI VSHFWUXP DURXQG �� *+] LV OLFHQVH�IUHH

DQG PD\ SRWHQWLDOO\ EH XVHG IRU LQGRRU DQG VKRUW�UDQJH DSSOLFDWLRQV >��@� ,Q &DQDGD� � *+] 5)

VSHFWUXP LQ WKH �� *+] EDQG LV DOORFDWHG IRU /RFDO 0XOWLSRLQW &RPPXQLFDWLRQV 6HUYLFHV �/0&6�

LQ 1RYHPEHU� ���� >��@� ,Q (XURSH� WKH SURSRVHG EURDGEDQG ZLUHOHVV VHUYLFHV DUH +LJK�3HUIRUPDQFH

5DGLR /$1 �+,3(5/$1� DW � *+] DQG �� *+] >��� ��@� 0XOWLFKDQQHO 0XOWLSRLQW 'LVWULEXWLRQ

6\VWHPV �00'6� DW �� *+] >��@� DQG 0RELOH %URDGEDQG 6\VWHPV �0%6� DW �� *+] DQG �� *+]

>�� ��@� +,3(5/$1 LV LQ WKH VWDQGDUGL]DWLRQ SKDVH LQ WKH (XURSHDQ 7HOHFRPPXQLFDWLRQV 6WDQGDUGV

,QVWLWXWH �(76,�� DQG 0%6 LV VWLOO LQ WKH GHYHORSPHQW SKDVH >��@� 7KLV VHFWLRQ UHYLHZV VRPH RI WKH

PRVW LPSRUWDQW DSSOLFDWLRQV�

����� /0 '6�/0 &6

7KH LGHD RI XVLQJ ZLUHOHVV SRLQW�WR�SRLQW OLQNV WR SURYLGH GDWD WUDQVPLVVLRQ KDV EHHQ XVHG DW

PLFURZDYH IUHTXHQFLHV� 7KH IUHTXHQF\ EDQGV RI � WR �� *+] DUH XVHG WR SURYLGH /26 PLFURZDYH

OLQNV� 7KHVH PLFURZDYH OLQNV KDYH W\SLFDO SDWK OHQJWK RI WHQV RI NLORPHWHUV� DQG DQWHQQD WRZHU

KHLJKWV RI �� WR ��� P >��� ��@� 'XH WR WKH KXJH DYDLODEOH EDQGZLGWK� PLOOLPHWHU�ZDYH IUHTXHQFLHV

DUH DOVR SURSRVHG WR SURYLGH SRLQW�WR�SRLQW�PXOWLSRLQW OLQNV� VXFK DV /0'6� 8QOLNH WKHLU PLFURZDYH

FRXQWHUSDUWV� PLOOLPHWHU�ZDYH OLQNV KDYH PXFK VKRUWHU SDWK OHQJWKV� W\SLFDOO\ XS WR IHZ NLORPHWHUV�

7\SLFDO /0'6 V\VWHPV KDYH D FRQpJXUDWLRQ VLPLODU WR FHOOXODU V\VWHP DV VKRZQ LQ )LJXUH �� &RYHU�

DJH DUHD LV GLYLGHG LQWR VPDOO FHOOV ZLWK UDGLL RI XS WR IHZ NLORPHWHUV� (DFK FHOO FRQWDLQV D FHQWUDOO\

ORFDWHG WUDQVPLWWHU �KXE� DQG PXOWLSOH UHFHLYHUV RU WUDQVFHLYHUV �VXEVFULEHUV�� 3RLQW�WR�SRLQW OLQNV

DUH XVHG WR LQWHUFRQQHFW WKH FHOO ZLWK D FHQWUDO SURFHVVLQJ FHQWHU DQG�RU ZLWK RWKHU FHOOV� )RU SRLQW�

WR�PXOWLSRLQW OLQNV ZLWKLQ D FHOO� WUDQVPLWWHU DQWHQQDV DUH W\SLFDOO\ VHFWRU DQWHQQDV� DQG UHFHLYHU
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DQWHQQDV DUH KLJKO\ GLUHFWLRQDO DQWHQQDV� /0'6 LV FDSDEOH RI RoHULQJ VXEVFULEHUV D YDULHW\ RI RQH�

DQG WZR�ZD\ EURDGEDQG VHUYLFHV� VXFK DV YLGHR GLVWULEXWLRQ� WHOHFRQIHUHQFLQJ� ://� KLJK VSHHG

GDWD WUDQVPLVVLRQ� DQG ,QWHUQHW DFFHVV� /0'6 RoHUV D qH[LEOH� ORZ�FRVW DOWHUQDWLYH WR ZLUHG ORFDO

H[FKDQJH DQG FDEOH WHOHYLVLRQ VHUYLFHV >��@�

Cellular Configuration of LMDS Systems

Cell 1 Cell 2

Point-to-point link

between hubs

Point-to-multipoint links

between hub and subscribers

hub

hub

subscriber

)LJXUH �� /0'6 V\VWHP FRQpJXUDWLRQ�

0LOOLPHWHU�ZDYH OLQNV FDQ DOVR EH XVHG WR LQWHUFRQQHFW pEHU RU VDWHOOLWH QHWZRUNV WR WKHLU HQG�XVHUV

WR SURYLGH YLGHR GLVWULEXWLRQ DQG ,QWHUQHW DFFHVV >��@� )LJXUH � GHPRQVWUDWHV SRVVLEOH FRQpJXUDWLRQV

WKDW ZLOO HQDEOH DSDUWPHQW GZHOOHUV WR DFFHVV EURDGEDQG VDWHOOLWH RU pEHU QHWZRUNV XVLQJ PLOOLPHWHU�

ZDYH OLQNV� &RPSDULQJ ZLWK FDEOH RU pEHU FRQQHFWLRQV� PLOOLPHWHU�ZDYH OLQNV RoHU HDV\ LQVWDOODWLRQ�

HDV\ PDLQWHQDQFH� DQG KLJKO\ qH[LEOH UHFRQpJXUDWLRQ�

$OWKRXJK /0'6 ZDV pUVW SURSRVHG DW �� *+]� RWKHU PLOOLPHWHU�ZDYH IUHTXHQFLHV DUH DOVR FRQVLGHUHG

IRU SRLQW�WR�SRLQW�PXOWLSRLQW OLQNV� ,Q WKH 86� WKH �� *+] EDQG LV DOORFDWHG ERWK IRU PLOOLPHWHU�

ZDYH SRLQW�WR�SRLQW�PXOWLSRLQW OLQNV DQG RWKHU PRELOH DSSOLFDWLRQV >��@� ,Q (XURSH� WKH �� *+]

EDQG �������� *+]� KDV EHHQ DOORFDWHG IRU XVH LQ SHUVRQDO FRPPXQLFDWLRQV QHWZRUN �3&1� V\VWHPV

WR LQWHUFRQQHFW EDVH VWDWLRQV� 7KHVH PLOOLPHWHU�ZDYH OLQNV FRQQHFW WKH EDVH VWDWLRQ FRQWUROOHU DQG

WKH LQGLYLGXDO FHOO EDVH VWDWLRQV� RU LQWHUFRQQHFW FHOO EDVH VWDWLRQV� 7\SLFDO OHQJWK RI WKHVH OLQNV LV
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Subscriber

Subscriber

Saterlite Access

Hub

Hub
Fiber Access

Underground Fiber

Wireless Distribution Methods

)LJXUH �� :LUHOHVV GLVWULEXWLRQ PHWKRGV RI EURDGEDQG VHUYLFHV�

OHVV WKDQ �� NP >��@�

&XUUHQW 6HUYLFH 3URYLGHUV DQG 6XSSRUWLQJ 7HFKQRORJ\

,Q WHUPV RI WKH QDWLRQDO GHSOR\PHQW RI /0'6� &DQDGD LV D IHZ \HDUV DKHDG RI WKH 86� ,Q &DQDGD�

�� *+] EDQG ZDV DOORFDWHG IRU EURDGEDQG ZLUHOHVV VHUYLFHV LQ ����� WZR \HDUV EHIRUH WKH �� *+]

VSHFWUXP DXFWLRQ LQ WKH 86� ,QGXVWU\ &DQDGD VHOHFWHG WKUHH FRPSDQLHV� &HOOXODU 9LVLRQ &DQDGD�

0D[/LQN &RPPXQLFDWLRQV DQG 5XUDO 9LVLRQ� WR SURYLGH /0&6 LQ &DQDGD >��@� ,Q WKH 86� WKH WRS

pYH /0'6 OLFHQVH KROGHUV DUH :13 &RPPXQLFDWLRQV� 1(;7%$1' &RPPXQLFDWLRQV� :LQVWDU�

%DNHU &UHHN &RPPXQLFDWLRQV DQG &RUWHO\RX &RPPXQLFDWLRQV &RUS >��@�

,Q &DQDGD� 1HZEULGJH 1HWZRUNV �2QWDULR� SURYLGHV WKH QHWZRUN WHFKQRORJLHV� LQFOXGLQJ WKH PXOWL�

VHUYLFH VZLWFK DQG ZLUHOHVV WUDQVFHLYHUV� WR LQWHUFRQQHFW HQG�XVHUV WR WKH DV\QFKURQRXV�WUDQVIHU�

PRGH �$70� EDFNERQH� ,Q WKH 86� /XFHQW 7HFKQRORJLHV RoHUV QHWZRUN SURGXFWV VXFK DV WKH

*OREH9LHZ ���� EURDGEDQG VZLWFK WR VXSSRUW $70 QHWZRUNV ZLWK � WR �� *E�V GDWD FDSDFLW\�

1RUWHO VXSSOLHV LWV 5HXQLRQ SRLQW�WR�PXOWLSRLQW UDGLR�DFFHVV V\VWHP� ZKLFK FRQQHFWV WKH XVHUV WR
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D FHQWUDO EDVH VWDWLRQ� 7KH EDVH VWDWLRQ FRQQHFWV WR WKH QHWZRUN WKURXJK pEHU RSWLF OLQNV �2&���

������� 0E�V�� 3ULYDWH�EUDQFK H[FKDQJHV �3%;� DQG FRPSXWHU QHWZRUNV DUH FRQQHFWHG WR WKH

QHWZRUN XVLQJ 7�� 7� DQG (WKHUQHW ��%DVH 7 FRQQHFWLRQV� %RVFK 7HOHFRP RoHUV D V\VWHP FDOOHG

6SHFWUD3RLQW WR SURYLGH WZR�ZD\ GLJLWDO GLVWULEXWLRQ RI PXOWLPHGLD VHUYLFHV IRU /0'6 DSSOLFDWLRQV�

:LQVWDU LV FRQFHQWUDWLQJ RQ SURYLGLQJ KLJK EDQGZLGWK YRLFH DQG GDWD LQWR RrFH EXLOGLQJV� HVSHFLDOO\

YLGHR WHOHFRQIHUHQFLQJ� $GYDQFHG 5DGLR 7HOHFRP &RUSRUDWLRQ �$57� LV SDUWQHUHG ZLWK /XFHQW

7HFKQRORJLHV WR SURYLGH QHWZRUNV ZLWK LQWHUQHW VHUYLFHV� $57 LV FXUUHQWO\ RSHUDWLQJ DQ ,QWHUQHW

3URWRFRO �,3� $70 EDFNERQH QHWZRUN ZLWK �� NE�V WR �� 0E�V GDWD UDWHV LQ 6HDWWOH� :$� 3KRHQL[�

$= DQG 3RUWODQG� 25 >��@� &HOOXODU 9LVLRQ �1HZ -HUVH\� LV FXUUHQWO\ RSHUDWLQJ DQ DQDORJ EURDGFDVW

YLGHR V\VWHP LQ 1HZ <RUN XVLQJ WKH �� *+] /0'6 WHFKQRORJ\� &HOOXODU 9LVLRQ V\VWHPV KDYH D FHOO

UDGLXV RI ��� NP� D EDQGZLGWK RI �� 0+] IRU HDFK FKDQQHO� DQG D UDGLDWHG SRZHU RI �� P: SHU

FKDQQHO�

����� :/$1

:/$1 SURYLGHV XQWHWKHUHG ,QWHUQHW DQG GDWD DFFHVV� 7RGD\
V :/$1 GHSOR\PHQWV DUH PDLQO\ LQ

PLFURZDYH IUHTXHQFLHV EHWZHHQ ��� 0+] DQG ��� *+]� ,Q (XURSH� +,3(5/$1 KDV EHHQ SURSRVHG

DV DQ H[WHQVLRQ RU UHSODFHPHQW IRU p[HG /$1V� +,3(5/$1 VXSSRUWV LQGRRU FRPPXQLFDWLRQV

EHWZHHQ FRPSXWHUV� DV ZHOO DV UHDO�WLPH YRLFH DQG LPDJH VLJQDOV� ,W DOORZV SK\VLFDO FKDQQHO ELW

UDWHV XS WR ���� 0E�V DW � *+] DQG �� *+] EDQGV >��@� ,Q WKH 86� FXUUHQW :/$1V DUH GHYHORSHG

PDLQO\ LQ WKH OLFHQVH�IUHH ,QGXVWULDO� 6FLHQWLpF� DQG 0HGLFDO �,60� EDQGV DQG 1DWLRQDO ,QIRUPDWLRQ

,QIUDVWUXFWXUH �1,,� EDQG� 7KH ,60 EDQGV RFFXS\ ��� 0+] WR ��� 0+]� ��� *+] WR ������ *+]�

DQG ����� *+] WR ���� *+]� 7KH 1,, EDQG LV DOORFDWHG LQ WKH ��������� *+] DQG ����������� *+]

UDQJH DQG ZDV IRUPHG E\ WKH )&& LQ ���� WR LQLWLDWH WKH IRUPDWLRQ RI D QDWLRQZLGH ?LQIRUPDWLRQ

VXSHUKLJKZD\�� ZKLFK LQWHUFRQQHFWV FRPSXWHUV� WHOHFRPPXQLFDWLRQ QHWZRUNV� DQG RWKHU VHUYLFHV

DQG DSSOLFDWLRQV >��@�

0LOOLPHWHU�ZDYH :/$1 WHFKQRORJ\ LV PDLQO\ EHLQJ GHYHORSHG LQ WKH �� *+] DQG �� *+] IUHTXHQF\

EDQGV >�� ��� ��@� )LJXUH � GHPRQVWUDWHV D VFHQDULR IRU D PLOOLPHWHU�ZDYH :/$1� )UHTXHQF\ FDQ

EH UHXVHG LQ DGMDFHQW URRPV GXH WR WKH KLJK DWWHQXDWLRQ� +XJH OLFHQVH�IUHH EDQGZLGWK FDQ VXSSRUW

YRLFH� GDWD� DQG YLGHR DW PXFK KLJKHU VSHHG WKDQ WRGD\
V PLFURZDYH :/$1�
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Indoor Applications

Access point to
other WLAN

WLAN

Video

Voice

Internet Access

High frequency reuse High integration of services

)LJXUH �� $SSOLFDWLRQ VFHQDULR IRU :/$1�

����� 0 RELOH $SSOLFDWLRQV

'XH WR WKH H[WUHPHO\ KLJK YDULDELOLW\ RI WKH PLOOLPHWHU�ZDYH FKDQQHO� WKH PDMRULW\ RI PLOOLPHWHU�

ZDYH DSSOLFDWLRQV DUH SURSRVHG IRU p[HG /26 OLQNV VXFK DV /0'6� 6RPH DSSOLFDWLRQV DOORZ ORZ

GHJUHH RI PRELOLW\ VXFK DV :/$1� ZKHUH D SRUWDEOH FRPSXWHU PD\ EH LQ YHU\ VORZ PRWLRQ� )HZ

DSSOLFDWLRQV DUH SURSRVHG IRU PRELOH DSSOLFDWLRQV� VXFK DV ,76� ,Q VXFK V\VWHPV� PLOOLPHWHU�ZDYH

LV XVHG WR LQWHUFRQQHFW YHKLFOHV DQG H[FKDQJH LQIRUPDWLRQ DERXW URDG FRQGLWLRQV� UHODWLYH VSHHG�

UHODWLYH GLVWDQFH� HWF� 6XFK LQIRUPDWLRQ FDQ DOVR EH JDWKHUHG IURP DQ LQIRUPDWLRQ FHQWHU QHDU WKH

URDG DV VKRZQ LQ )LJXUH ��

,Q (XURSH� VHUYLFHV ZLWK ERWK KLJK GDWD UDWH DQG PRELOLW\ DUH VXSSRUWHG E\ 0%6� 7KH REMHFWLYH RI

0%6 LV D PRELOH DQG ZLUHOHVV H[WHQVLRQ RU UHSODFHPHQW RI p[HG EURDGEDQG LQWHJUDWHG VHUYLFHV GLJLWDO

QHWZRUN �%�,6'1� >��@� ,W KDV ZLGH UDQJH RI ERWK LQGRRU DQG RXWGRRU� p[HG DQG PRELOH DSSOLFDWLRQV

LQFOXGLQJ ZLUHOHVV DFFHVV WR EDQNLQJ� +LJK 'HpQLWLRQ �+'� YLGHR SKRQH� +LJK 'HpQLWLRQ 7HOHYLVLRQ

�+'79� GLVWULEXWLRQ� /$1 LQWHUFRQQHFWLRQ� DQG LQWHUDFWLYH 79� 0%6 ZLOO RFFXS\ WKH �� *+] DQG

�� *+] EDQGV DQG LW ZLOO VXSSRUW FKDQQHO ELW UDWHV DV KLJK DV ��� 0E�V >��@�
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Information Center

Intelligent Transport System

)LJXUH �� $SSOLFDWLRQ VFHQDULR IRU ,QWHOOLJHQW 7UDQVSRUW 6\VWHPV >�@�

��� &KDOOHQJHV LQ 0 LOOLPHWHU �:DYH 3 U RSDJDWLRQ

7KH PLOOLPHWHU�ZDYH VSHFWUXP RoHUV HQRUPRXV DSSOLFDWLRQ SRWHQWLDO DQG ZLOO EHFRPH WKH QH[W IURQ�

WLHU IRU WHUUHVWULDO�EDVHG ZLUHOHVV FRPPXQLFDWLRQV� $V ZLWK DQ\ HQJLQHHULQJ GHYHORSPHQW� HPSOR\�

PHQW RI PLOOLPHWHU�ZDYH IUHTXHQFLHV DOVR KDV JUHDW WHFKQLFDO FKDOOHQJHV� 2QH IXQGDPHQWDO FKDOOHQJH

LV WKH FKDUDFWHUL]DWLRQ RI WKH UDGLR ZDYH SURSDJDWLRQ FKDQQHO DW WKHVH IUHTXHQFLHV�

'XH WR WKH VPDOO ZDYHOHQJWK DW PLOOLPHWHU�ZDYH IUHTXHQFLHV� WKH SURSDJDWLRQ FKDQQHO PD\ EH H[�

WUHPHO\ WLPH YDU\LQJ DQG XQSUHGLFWDEOH� $W �� *+]� IRU H[DPSOH� WKH ZDYHOHQJWK LV RQO\ � PP�

DQG WKH SKDVH RI DQ HOHFWURPDJQHWLF ZDYH VKLIWV ��� GHJUHHV IRU HYHU\ ��� PP LQ SURSDJDWLRQ GLV�

WDQFH� )XUWKHUPRUH� PRVW UHqHFWLYH VXUIDFHV DSSHDU URXJK ZLWK UHVSHFW WR WKLV ZDYHOHQJWK� DQG

WKH LQFLGHQW ZDYH ZLOO EH VFDWWHUHG ERWK LQ VSHFXODU DQG QRQ�VSHFXODU GLUHFWLRQV� UHVXOWLQJ LQ ERWK

FRKHUHQW DQG LQFRKHUHQW pHOG FRPSRQHQWV� &RPSDUHG WR WKH VPDOO ZDYHOHQJWK� YHJHWDWLRQ OHDYHV

ZLOO EH ODUJH UDQGRP VFDWWHUHUV� FDXVLQJ DWWHQXDWLRQ� GHSRODUL]DWLRQ DQG EHDP�EURDGHQLQJ� )LQDOO\�

WKH ZLGHEDQG PLOOLPHWHU�ZDYH FKDQQHO LV VXEMHFW WR FKDQJH XQGHU GLoHUHQW ZHDWKHU FRQGLWLRQV� $W�

PRVSKHULF HoHFWV� VXFK DV UDLQ� KDLO DQG PHGLD LQKRPRJHQHLW\ ZLOO FDXVH H[FHVV DWWHQXDWLRQ� EHDP

EHQGLQJ� GHSRODUL]DWLRQ DQG PXOWLSDWK SURSDJDWLRQ� 7KHVH HoHFWV PXVW EH VWXGLHG TXDQWLWDWLYHO\

IRU UHOLDEOH V\VWHP GHVLJQ�



&KDSWHU �� ,QWURGXFWLRQ� ��

��� 2U JDQL]DWLRQ RI WKH 5HSRU W

$OWKRXJK D ORW RI UHVHDUFK KDV EHHQ XQGHUWDNHQ DW ORZHU IUHTXHQFLHV VXFK DV 8+) DQG PLFURZDYH

IUHTXHQFLHV >��� ��� ��@� PXFK OHVV UHVHDUFK KDV EHHQ SHUIRUPHG WR LQYHVWLJDWH WKH PLOOLPHWHU�ZDYH

SURSDJDWLRQ FKDQQHO� 7KLV UHVHDUFK IRFXVHV RQ WHUUHVWULDO PLOOLPHWHU�ZDYH UDGLR FKDQQHO FKDUDF�

WHUL]DWLRQ� %RWK H[SHULPHQWDO DQG WKHRUHWLFDO DSSURDFKHV ZHUH WDNHQ WR PHDVXUH DQG PRGHO WKH

PLOOLPHWHU�ZDYH FKDQQHO� 5HVHDUFK ZDV SHUIRUPHG DW �� *+] IRU /0'6 DSSOLFDWLRQV DQG DW �� *+]

IRU LQGRRU DSSOLFDWLRQV� $ ZLGHEDQG PHDVXUHPHQW V\VWHP ZDV EXLOW WR RSHUDWH LQ WKH �� *+] DQG

�� *+] EDQGV� 7KH V\VWHP ZDV XVHG WR PHDVXUH �� *+] FKDQQHOV XQGHU GLoHUHQW ZHDWKHU FRQ�

GLWLRQV LQ D FDPSXV HQYLURQPHQW� 7KH PHDVXUHPHQW UHVXOWV LQFOXGH H[FHVV DWWHQXDWLRQ� FKDQQHO

WLPH GLVSHUVLRQ DQG VKRUW�WHUP VLJQDO YDULDWLRQ GXULQJ GLoHUHQW ZHDWKHU HYHQWV IURP WKH PHDVXUH�

PHQWV� $ QHZ GHVLJQ WHFKQLTXH ZDV GHYHORSHG WR HVWLPDWH ZLGHEDQG FKDQQHO FKDUDFWHULVWLFV EDVHG

RQ VLWH�VSHFLpF LQIRUPDWLRQ� 7KH UHVHDUFK DW �� *+] PDLQO\ IRFXVHG RQ WKH VSDFH�WLPH FKDUDFWHULV�

WLFV� 5HVXOWV LQFOXGH SRZHU GHOD\ SURpOHV DQG SRZHU DQJOH SURpOHV RI WKH PXOWLSDWK FKDQQHOV� 7KH

RUJDQL]DWLRQ RI WKH GLVVHUWDWLRQ LV DV IROORZV�

&KDSWHU � LQWURGXFHV IXQGDPHQWDO FRQFHSWV RI UDGLR ZDYH SURSDJDWLRQ DQG YDULRXV FKDQQHO PRGHOV�

(oHFWV RI WKH UHFHLYHU EDQGZLGWK DQG WKH DQWHQQD EHDPZLGWK RQ WKH UHFHLYHG VLJQDO FKDUDFWHULVWLFV

DUH DOVR GLVFXVVHG�

&KDSWHU � SUHVHQWV D WKRURXJK WHFKQLFDO UHYLHZ RI YDULRXV PHDVXUHPHQW WHFKQLTXHV� 1DUURZEDQG

WHFKQLTXHV DQG WKUHH ZLGHEDQG PHDVXUHPHQW WHFKQLTXHV DUH DQDO\]HG� 0DWKHPDWLFDO PRGHOV DQG

RSHUDWLRQ SULQFLSOHV IRU WKHVH WHFKQLTXHV DUH UHYLHZHG� DQG LPSOHPHQWDWLRQ LVVXHV DUH GLVFXVVHG

ZLWK KDUGZDUH GHVLJQ H[DPSOHV� $ PHDVXUHPHQW FDPSDLJQ ZDV SHUIRUPHG WR FRPSDUH WZR PRVW

FRPPRQO\ XVHG ZLGHEDQG WHFKQLTXHV� WKH WLPH GRPDLQ WHFKQLTXH XVLQJ D VOLGLQJ FRUUHODWRU V\VWHP

�6&6� DQG WKH IUHTXHQF\ GRPDLQ WHFKQLTXH XVLQJ D YHFWRU QHWZRUN DQDO\]HU �91$�� $OVR LQFOXGHG

LV D WLPH PHDVXUHPHQW HUURU DQDO\VLV IRU WKH 6&6� 7KH WKHRUHWLFDO UHVXOWV DUH YHULpHG E\ WKH PHD�

VXUHPHQWV� )LQDOO\� WKH �� *+] DQG �� *+] ZLGHEDQG FKDQQHO VRXQGLQJ V\VWHPV DUH GHVFULEHG�

&KDSWHU � LQFOXGHV D RYHUYLHZ RI WKH PDLQ SURSDJDWLRQ FRQVLGHUDWLRQV IRU WHUUHVWULDO PLOOLPHWHU�

ZDYH DSSOLFDWLRQV� )XQGDPHQWDO SURSDJDWLRQ PHFKDQLVPV VXFK DV GLoUDFWLRQ� UHIUDFWLRQ� UHqHFWLRQ

DQG VFDWWHULQJ DUH GLVFXVVHG� 6SHFLDO HPSKDVLV KDV EHHQ SODFHG RQ WKH URXJK VXUIDFH VFDWWHULQJ



&KDSWHU �� ,QWURGXFWLRQ� ��

DQG WKH UDQGRP PHGLD VFDWWHULQJ GXH WR WKH YHJHWDWLRQ DQG UDLQ� $ GHWDLOHG OLWHUDWXUH VXUYH\ RQ

PLOOLPHWHU�ZDYH SURSDJDWLRQ LV SHUIRUPHG IRU ERWK RXWGRRU DQG LQGRRU HQYLURQPHQWV�

&KDSWHU � GHVFULEHV UHVXOWV RI DQ H[WHQVLYH PHDVXUHPHQW FDPSDLJQ SHUIRUPHG DW �� *+] XVLQJ

WKUHH FURVV�FDPSXV UDGLR OLQNV IURP $SULO WR $XJXVW ���� DW 9LUJLQLD 7HFK� $ WRWDO RI ������ SRZHU

GHOD\ SURpOHV �3'3V� ZHUH UHFRUGHG GXULQJ GLoHUHQW ZHDWKHU HYHQWV VXFK DV FOHDU VN\� UDLQ� DQG

KDLOVWRUP� 7KH PHDVXUHPHQW UHVXOWV LQFOXGH ZLGHEDQG FKDQQHO 3'3V� VKRUW�WHUP VLJQDO YDULDWLRQ

GXULQJ UDLQ� FKDQJH RI WKH FRKHUHQW DQG LQFRKHUHQW pHOGV DV D IXQFWLRQ RI UDLQ UDWH� DQG DWWHQXDWLRQ

GXH WR UDLQ� KDLO� JODVV DQG YHJHWDWLRQ�

&KDSWHU � SUHVHQWV D QRYHO GHVLJQ WHFKQLTXH GHYHORSHG WR HVWLPDWH FKDQQHO PXOWLSDWK FKDUDFWHULVWLFV

EDVHG RQ DQWHQQD SDWWHUQV DQG VLWH�VSHFLpF LQIRUPDWLRQ� 1HZ PHWULFV VXFK DV UHODWLYH SRZHU ]RQHV

DQG H[FHVV GHOD\ ]RQHV DUH GHpQHG DQG FRQWRXU SORWV DUH GHYHORSHG WR GHWHUPLQH SRWHQWLDO UHqHFWRUV

IURP DQ DUHD VLWH PDS�

&KDSWHU � SUHVHQWV WKH UHVXOWV RI D SURSDJDWLRQ VWXG\ DW �� *+]� 0HDVXUHPHQWV ZHUH SHUIRUPHG

DW � LQGRRU ORFDWLRQV DQG � RXWGRRU ORFDWLRQV� 0XOWLSDWK FRPSRQHQWV ZHUH UHVROYHG LQ WLPH GHOD\

E\ D VOLGLQJ FRUUHODWRU DQG LQ VSDFH E\ VZHHSLQJ D GLUHFWLRQDO DQWHQQD LQ D]LPXWK� 7KH PXOWLSDWK

VWUXFWXUH ZDV FDUHIXOO\ DQDO\]HG LQ HDFK ORFDWLRQ� 5HVXOWV VKRZ H[FHOOHQW FRUUHODWLRQ EHWZHHQ WKH

SURSDJDWLRQ HQYLURQPHQW DQG WKH FKDQQHO PXOWLSDWK VWUXFWXUH�

)LQDOO\� &KDSWHU � VXPPDUL]HV WKH UHVXOWV DQG GHpQHV IXWXUH UHVHDUFK GLUHFWLRQV�



&KDSWHU �

3 U RSDJDWLRQ DQG 5HFHSWLRQ

)XQGDPHQWDOV

7KLV FKDSWHU LQWURGXFHV IXQGDPHQWDO FRQFHSWV RI UDGLR ZDYH SURSDJDWLRQ DQG UHFHSWLRQ� ,Q DQ\

ZLUHOHVV V\VWHP� WKH UHFHLYHG VLJQDO PXVW H[FHHG WKH UHFHLYHU QRLVH qRRU E\ D PLQLPXP VLJQDO�WR�

QRLVH UDWLR �615� LQ RUGHU IRU WKH UHFHLYHU WR FRUUHFWO\ GHWHFW WKH WUDQVPLWWHG LQIRUPDWLRQ >��� ��@�

,VVXHV FRQFHUQLQJ UHFHLYHG VLJQDO SRZHU DQG V\VWHP FRYHUDJH DUH GLVFXVVHG LQ 6HFWLRQ ���� )XUWKHU�

PRUH� LQ ZLGHEDQG ZLUHOHVV V\VWHPV� PXOWLSDWK GLVSHUVLRQ PD\ FDXVH LQWHUV\PERO LQWHUIHUHQFH �,6,�

DQG LQFUHDVH ELW�HUURU�UDWH �%(5� >��@� 0XOWLSDWK FKDQQHO PRGHOV DQG HoHFWV RI UHFHLYHU EDQGZLGWK

RQ WKH UHFHLYHG VLJQDOV DUH GHVFULEHG LQ 6HFWLRQ ���� )LQDOO\� IRU V\VWHPV GHSOR\LQJ QDUURZEHDP DQ�

WHQQDV� VXFK DV /0'6� VSDWLDO FKDQQHO LQIRUPDWLRQ LV H[WUHPHO\ LPSRUWDQW� 6SDWLDO FKDQQHO PRGHOV

DQG HoHFWV RI DQWHQQD EHDPZLGWK RQ WKH UHFHLYHG VLJQDOV DUH GLVFXVVHG LQ 6HFWLRQ ����

7KH FRQFHSWV DQG PRGHOV SUHVHQWHG LQ WKLV FKDSWHU DUH HVVHQWLDO IRU FKDQQHO PHDVXUHPHQWV DQG

PRGHOLQJ WKDW ZLOO EH SUHVHQWHG LQ &KDSWHUV � WKURXJK � RI WKLV ZRUN�

��



&KDSWHU � 3URSDJDWLRQ DQG 5HFHSWLRQ )XQGDPHQWDOV� ��

��� 6\VWHP &RYHU DJH

����� 3 DWK /RVV 0 RGHOV

)UHH 6SDFH 3DWK /RVV 0RGHO

&KDQQHO LQGXFHG DWWHQXDWLRQ LV FKDUDFWHUL]HG E\ SDWK ORVV� ZKLFK LV WKH GLoHUHQFH RI WUDQVPLWWHG

SRZHU DQG UHFHLYHG SRZHU H[SUHVVHG LQ G% FDOLEUDWLQJ RXW V\VWHP JDLQV DQG DQWHQQD JDLQV� 7KH

SRZHU DWWHQXDWLRQ LQ IUHH VSDFH LV JLYHQ E\ )ULLV IUHH VSDFH SDWK ORVV >��@

3/IV�G�  �� ORJ ��}G y� �����

ZKHUH G LV WKH WUDQVPLWWHU�UHFHLYHU �75� VHSDUDWLRQ DQG y LV WKH ZDYHOHQJWK�

7KLV PRGHO LV YDOLG RQO\ IRU WKH GLVWDQFHV WKDW DUH LQ WKH IDU�pHOG� RU )UDXQKRIHU UHJLRQ RI WKH

WUDQVPLWWHU DQWHQQD� 7KH IDU�pHOG LV WKH UHJLRQ WKDW VDWLVpHV WKH IROORZLQJ UHODWLRQVKLSV >��@

G � ' �����

G � y �����

G ! GI �����

GI  
�'�

y
�����

ZKHUH ' LV WKH ODUJHVW GLPHQVLRQ RI WKH DQWHQQD� y LV WKH ZDYHOHQJWK� DQG GI LV )UDXQKRIHU GLVWDQFH�

3DWK /RVV ([SRQHQW 0RGHO

0RVW RIWHQ� D FORVH GLVWDQFH G� LV XVHG DV D UHIHUHQFH GLVWDQFH IRU SDWK ORVV PRGHOV� ZKHUH G� LV

ODUJHU WKDQ GI � DQG VPDOOHU WKDQ SUDFWLFDO WUDQVPLWWHU DQG UHFHLYHU VHSDUDWLRQ GLVWDQFH� 7\SLFDO G�

YDOXHV DUH � P IRU LQGRRU V\VWHPV� ��� P RU � NP IRU RXWGRRU HQYLURQPHQWV >��@�

3DWK ORVV RYHU GLVWDQFH G ! G� FDQ EH GHVFULEHG E\ WKH SDWK ORVV H[SRQHQW PRGHO DV IROORZLQJ�

3/�G�>G%@  3/IV�G��>G%@ � ��Q ORJ���
G

G�
� �����

ZKHUH 3/�G� LV WKH DYHUDJH SDWK ORVV YDOXH DW D 75 VHSDUDWLRQ RI G� 3/�G�� LV WKH IUHH VSDFH SDWK

ORVV DW WKH UHIHUHQFH GLVWDQFH G�� DQG Q LV WKH SDWK ORVV H[SRQHQW WKDW FKDUDFWHUL]HV KRZ IDVW LV



&KDSWHU � 3URSDJDWLRQ DQG 5HFHSWLRQ )XQGDPHQWDOV� ��

WKH SDWK ORVV LQFUHDVHV ZLWK WKH LQFUHDVH RI 75 VHSDUDWLRQ� )RU IUHH VSDFH SURSDJDWLRQ� Q HTXDOV

�� 2EVWUXFWLRQV EHWZHHQ WKH WUDQVPLWWHU DQG UHFHLYHU� DQG PXOWLSDWK SURSDJDWLRQ FKDQJH WKH Q

YDOXH >�@� 2QH H[DPSOH RI WKH PHDVXUHG SDWK ORVV H[SRQHQW LV SUHVHQWHG LQ )LJXUH �� ,Q SDWK ORVV

Indoor                  

n_in=3.42, sigma=8.01dB 

Outdoor                 

n_out=2.93, sigma=7.85dB

n=2                     
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 Path loss vs. distance (All three Houses)

)LJXUH �� 3DWK ORVV VFDWWHU SORW IRU WKH UHVLGHQWLDO PHDVXUHPHQW GDWD DW ���� *+] >�@�

H[SRQHQW PRGHO� RQO\ RQH SDUDPHWHU Q LV XVHG WR FKDUDFWHUL]H WKH FKDQQHO� $OWKRXJK LW SURYLGHV

D VLPSOH WRRO IRU SDWK ORVV HVWLPDWHV� LW QRUPDOO\ UHVXOWV LQ ODUJH YDULDQFH RI WKH SUHGLFWLRQ HUURU

EHWZHHQ WKH SUHGLFWHG SDWK ORVV DQG DFWXDO PHDVXUHPHQW UHVXOWV�

3DUWLWLRQ %DVHG 3DWK /RVV 0RGHO

,W LV IRXQG WKDW SDWK ORVV LV KLJKO\ FRUUHODWHG ZLWK WKH WRWDO QXPEHU DQG W\SHV RI REVWUXFWLRQV

EHWZHHQ WKH WUDQVPLWWHU DQG WKH UHFHLYHU >�� ��� ��@� 3DUWLWLRQ EDVHG SDWK ORVV PRGHOV WDNH LQWR

DFFRXQW VLWH�VSHFLpF LQIRUPDWLRQ LQ SURSDJDWLRQ SUHGLFWLRQ� 7KLV PRGHO HVWLPDWHV WKH WRWDO SDWK ORVV

DV WKH VXP RI WKH IUHH VSDFH SDWK ORVV DQG WKH SHQHWUDWLRQ ORVV FDXVHG E\ HDFK RI WKH REVWUXFWLRQV

DV IROORZV�

3/�G�>G%@  3/�G��>G%@ � �� ORJ��
G

G�
b

1;
L �

;L>G%@ �����



&KDSWHU � 3URSDJDWLRQ DQG 5HFHSWLRQ )XQGDPHQWDOV� ��

ZKHUH ;L LV WKH DWWHQXDWLRQ YDOXH RI WKH LWK REVWUXFWLRQ EHWZHHQ WKH WUDQVPLWWHU DQG WKH UHFHLYHU�

)RU RXWGRRU SURSDJDWLRQ HQYLURQPHQWV� WKH REVWUXFWLRQV FDQ EH H[WHULRU ZDOOV� WUHHV� RU WHUUDLQ�

)RU LQGRRU SURSDJDWLRQ HQYLURQPHQWV� WKH REVWUXFWLRQV FDQ EH LQWHULRU ZDOOV DQG IXUQLWXUH� 5HVXOWV

IURP >�@ VKRZ WKDW WKH SDUWLWLRQ EDVHG SDWK ORVV PRGHO HoHFWLYHO\ UHGXFHV WKH VWDQGDUG GHYLDWLRQ

RI WKH SUHGLFWLRQ HUURU DV FRPSDUHG WR WKH SDWK ORVV H[SRQHQW PRGHO�

����� /LQN % XGJHW

7KH UHFHLYHG VLJQDO SRZHU� 3U� LV JLYHQ E\

3U>G%P@  3W>G%P@ �*W>G%@ �*U>G%@b 3/�G�>G%@ �����

ZKHUH 3W LV WKH WUDQVPLWWHG SRZHU� *W DQG *U DUH WUDQVPLWWHU DQG UHFHLYHU JDLQV� UHVSHFWLYHO\� G LV

WKH 75 VHSDUDWLRQ� DQG 3/�G� LV WKH SDWK ORVV HYDOXDWHG E\ ����� IRU IUHH VSDFH� ����� RU ����� IRU

RWKHU HQYLURQPHQWV�

$V PHQWLRQHG LQ WKH EHJLQQLQJ RI WKLV FKDSWHU� WKH UHFHLYHG VLJQDO SRZHU PXVW H[FHHG WKH UHFHLYHU

QRLVH qRRU E\ D PLQLPXP 615 IRU VLJQDO GHWHFWLRQ� 615 LV GHpQHG DV WKH UDWLR RI WKH UHFHLYHG

VLJQDO SRZHU� 3U� DQG QRLVH SRZHU� 31 � LQ OLQHDU VFDOH� RU GLoHUHQFH RI 3U DQG 31 LQ G%�

615>G%@  3U>G%@b 31 >G%@ �����

1RLVH SRZHU RI WKH UHFHLYHU LV GHWHUPLQHG E\ HoHFWLYH UHFHLYHU QRLVH WHPSHUDWXUH DQG UHFHLYHU

EDQGZLGWK DV >��� ��@�

31 >G%@  �� ORJ�� N � �� ORJ�� 7 � �� ORJ��% ������

ZKHUH N LV %ROW]PDQQ FRQVWDQW� ZKLFK HTXDOV ����d��b�� -�.� 7 LV WKH HoHFWLYH QRLVH WHPSHUDWXUH
RI WKH UHFHLYHU V\VWHP LQ .� DQG % LV WKH UHFHLYHU EDQGZLGWK LQ +]�

$W PLOOLPHWHU�ZDYH IUHTXHQFLHV� WKH V\VWHP FRYHUDJH DUHD LV PXFK UHGXFHG FRPSDUHG ZLWK V\VWHPV

DW PLFURZDYH IUHTXHQFLHV� LI WUDQVPLWWHG SRZHU DQG UHTXLUHG 615 DUH DVVXPHG WR EH HTXDO� 7KLV

LV GXH WR VHYHUDO UHDVRQV� (TXDWLRQV ����� VKRZV WKDW DV WKH FDUULHU IUHTXHQF\ LQFUHDVHV� WKH IUHH

VSDFH SDWK ORVV LQFUHDVHV DQG WKH UHFHLYHG VLJQDO SRZHU GHFUHDVHV� )XUWKHUPRUH� PHDVXUHPHQWV

VKRZHG KLJK SHQHWUDWLRQ ORVV WKURXJK JODVV� ZDOOV� YHJHWDWLRQ DQG RWKHU REVWDFOHV DW PLOOLPHWHU�

ZDYH IUHTXHQFLHV >��� ��� ��� ��� ��@� $V D UHVXOW� WKH FRYHUDJH DUHD RI PLOOLPHWHU�ZDYH V\VWHPV LV



&KDSWHU � 3URSDJDWLRQ DQG 5HFHSWLRQ )XQGDPHQWDOV� ��

PDLQO\ FRQVWUDLQHG WR WKH DUHD ZLWK /26 FOHDUDQFH WR WKH UHFHLYHU� $OVR� PLOOLPHWHU�ZDYHV VXoHU

KLJK DWWHQXDWLRQ GXH WR SUHFLSLWDWLRQ VXFK DV UDLQ DQG KDLO� VR D OLQN EXGJHW PDUJLQ LV UHTXLUHG WR

JXDUDQWHH V\VWHP FRYHUDJH XQGHU VHYHUH ZHDWKHU FRQGLWLRQV� )LQDOO\� GXH WR WKH ZLGH EDQGZLGWK

XVHG LQ PLOOLPHWHU�ZDYH V\VWHPV� WKH UHFHLYHU QRLVH SRZHU LV LQFUHDVHG� 7KH UHGXFWLRQ RI UHFHLYHG

VLJQDO SRZHU DQG LQFUHDVH RI UHFHLYHU QRLVH SRZHU OHDG WR D OLPLWHG FRYHUDJH DUHD IRU PLOOLPHWHU�ZDYH

V\VWHPV� 7\SLFDO PLOOLPHWHU�ZDYH V\VWHPV KDYH GLVWDQFHV OHVV WKDQ D IHZ NLORPHWHUV�

��� 0 XOWLSDWK 3 U RSDJDWLRQ

����� 6SDFH�7 LPH &KDQQHO 0 RGHOV

,Q D W\SLFDO SURSDJDWLRQ HQYLURQPHQW� WKH (0 ZDYHV WUDYHUVH GLoHUHQW SDWKV IURP WKH WUDQVPLWWHU

DQWHQQD WR WKH UHFHLYHU DQWHQQD DV WKH UHVXOWV RI VFDWWHULQJ� UHqHFWLRQ� RU GLoUDFWLRQ� )LJXUH �

VKRZV WKH EDVLF SURSDJDWLRQ PHFKDQLVPV WKDW FDXVH PXOWLSDWK SURSDJDWLRQ� 'HWDLOHG GLVFXVVLRQV

RI UHqHFWLRQ� VFDWWHULQJ DQG GLoUDFWLRQ DUH SUHVHQWHG LQ &KDSWHU ��

Tx

REFLECTION

Rx

Rx

LOS

DIFFRACTION

SCATTERING

PROPAGATION MECHANISMS

MP

)LJXUH �� )XQGDPHQWDO SURSDJDWLRQ PHFKDQLVPV�



&KDSWHU � 3URSDJDWLRQ DQG 5HFHSWLRQ )XQGDPHQWDOV� ��

$W DQ\ SRLQW LQ VSDFH� WKH WRWDO HOHFWUR�PDJQHWLF �(0� pHOG LV WKH VXSHUSRVLWLRQ RI /26 FRPSRQHQW

DQG RWKHU PXOWLSDWK FRPSRQHQWV� (DFK PXOWLSDWK FRPSRQHQW FDQ EH FKDUDFWHUL]HG E\ LWV DPSOLWXGH�

SKDVH� WLPH RI DUULYDO �72$�� DQG DQJOH RI DUULYDO �$2$�� 7KHVH (0 ZDYHV H[FLWH WKH UHFHLYHU

DQWHQQD� DQG SURGXFH WKH FRPSOH[ YROWDJH RI WKH UHFHLYHG VLJQDO >��@� 7KH UHFHLYHG VLJQDO SRZHU

DQG HQYHORSH �DPSOLWXGH� GHSHQG RQ QRW RQO\ WKH H[FLWLQJ (0 ZDYHV� EXW DOVR WKH UHFHLYHU WLPH

UHVROXWLRQ �EDQGZLGWK�� DQG WKH DQWHQQD VSDWLDO UHVROXWLRQ �EHDPZLGWK��

$V D VWDUWLQJ SRLQW� ZH DVVXPH WKDW WKH V\VWHP KDV LQpQLWH UHVROXWLRQV LQ ERWK WLPH DQG VSDFH

�$2$�� :KHQ WKH V\VWHP KDV DQ LQpQLWH WLPH UHVROXWLRQ� L�H� DQ LQpQLWHO\ ZLGH EDQGZLGWK� WKH 5)

FKDQQHO FDQ EH PRGHOHG DV D OLQHDU pOWHU ZLWK D FRPSOH[ EDVHEDQG FKDQQHO LPSXOVH UHVSRQVH� KE�

DV IROORZLQJ >��� ��� ��� ��@�

KE���  
1b�;
L �

DL H[S �bM�L�r�� b �L� ������

ZKHUH � LV WKH GHOD\ WLPH YDULDEOH� 1 LV WKH QXPEHU RI WKH PXOWLSDWK FRPSRQHQWV� DL� �L DQG �L DUH

WKH DPSOLWXGH� SKDVH DQG 72$ RI WKH LWK PXOWLSDWK FRPSRQHQW� UHVSHFWLYHO\� DQG WKH r�� GHQRWHV

GHOWD IXQFWLRQ�

:KHQ WKH UHFHLYHU DQWHQQD KDV DQ LQpQLWH VSDWLDO UHVROXWLRQ� L�H� LQpQLWHO\ QDUURZ EHDPZLGWK� WKH

VSDFH�WLPH FKDQQHO PRGHO KDV WKH IROORZLQJ IRUP�

KE��� v� ��  
1b�;
L �

DL H[S �bM�L�r�� b �L�r�v b vL�r��b �L� ������

ZKHUH � DQG v DUH WKH D]LPXWKDO DQG HOHYDWLRQDO $2$V� DV VKRZQ LQ )LJXUH �� 7KLV VSDFH�WLPH FKDQ�

QHO PRGHO IXOO\ GHVFULEHV WKH VWDWLRQDU\ FKDQQHO UHVSRQVH� ,Q D WLPH YDU\LQJ FKDQQHO� SDUDPHWHUV

KE� DL� �L� �L� vL� �L FDQ EH WLPH GHSHQGHQW YDULDEOHV >��@�

3UDFWLFDO V\VWHPV KDYH pQLWH UHFHLYHU EDQGZLGWKV DQG DQWHQQD EHDPZLGWKV� WKHUHIRUH� WKH UHFHLYHG

VLJQDO LV D SKDVRU VXPPDWLRQ RI PXOWLSDWK FRPSRQHQWV WKDW DUULYH ZLWKLQ WKH UHFHLYHU SXOVH GXUDWLRQ

DQG WKH UHFHLYHU DQWHQQD EHDPZLGWK�
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x
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θi

φi
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th

)LJXUH �� $2$ PRGHO�

����� 5HFHLYHU % DQGZLGWK &RQVLGHU DWLRQ

:LGHEDQG 6\VWHPV

,Q SUDFWLFH� D V\VWHP LV FRQVLGHUHG ZLGHEDQG � LI WKH WUDQVPLWWHG VLJQDO KDV D SXOVH GXUDWLRQ OHVV

WKDQ WKH UHODWLYH GHOD\ EHWZHHQ DQ\ WZR PXOWLSDWK FRPSRQHQWV� ,Q RWKHU ZRUGV� WKH UHFHLYHU KDV D

EDQGZLGWK ZLGH HQRXJK WR GLVWLQJXLVK HDFK PXOWLSDWK FRPSRQHQW E\ LWV GHOD\� 7KH UHFHLYHG VLJQDO

ZRXOG EH D VHTXHQFH RI PXOWLSDWK FRPSRQHQWV VSDFHG E\ WKHLU 72$� 7KH LPSXOVH UHVSRQVH RI WKH

FKDQQHO FRQVLVWV RI GLVFUHWH LPSXOVHV RI PXOWLSDWK FRPSRQHQWV DV VKRZQ LQ ������ DQG )LJXUH ��

,Q ZLGHEDQG V\VWHPV� WKH PXOWLSDWK GHOD\ WLPHV DUH ODUJHU WKDQ WKH SXOVH GXUDWLRQ� 7KHUHIRUH�

ZKHQ GDWD DUH WUDQVPLWWHG� GHOD\HG PXOWLSDWK FRPSRQHQWV RI RQH LQIRUPDWLRQ ELW PD\ DUULYH DW WKH

WLPH VORWV RI ODWHU LQIRUPDWLRQ ELWV� ZKLFK JLYHV ULVH WR ,6,� 2Q WKH RWKHU KDQG� LQ D VPDOO ORFDO DUHD

�RQ WKH RUGHU RI �� VTXDUHG ZDYHOHQJWK�� DOWKRXJK WKH SKDVH RI HDFK PXOWLSDWK FRPSRQHQW PD\

FKDQJH UDSLGO\� WKH SRZHU RU HQYHORSH RI HDFK PXOWLSDWK FRPSRQHQW GRHV QRW FKDQJH VLJQLpFDQWO\�

7KHUHIRUH� LQ ZLGHEDQG V\VWHPV� V\VWHP SHUIRUPDQFH LV PDLQO\ GHWHUPLQHG E\ PXOWLSDWK WLPH

�,W PXVW EH PH QWLR QH G WKD W WH UPLQR OR J \ ? Z LGH ED QG� LV GH pQH G GLoH UH QWO\ LQ 5) F LUF XLW GH VLJ Q R U D QWH QQD GH VLJ Q�
Z KH UH Z LGH ED QG R U QD UUR Z ED QG LV GH WH UPLQH G ED VH G R Q WKH UD WLR R I VLJ QD O ED QGZ LGWK Z LWK UH VSH F W WR WKH F D UULH U
IUH T XH QF \ � ) R U H [ D PSOH � D V\ VWH P Z LWK D � *+ ] 5) ED QGZ LGWK F H QWH UH G D W � � *+ ] � R SH UD WLQJ LQ D F KD QQH O Z LWK D
PLQLPXP UH OD WLY H GH OD \ OD UJ H U WKD Q � QV� Z LOO EH Z LGH ED QG E\ WKH SUR SD J D WLR Q GH pQLWLR Q� VLQF H LW F D Q UH VR OY H � QV R I
WLPH GH OD \ � %XW LW Z LOO EH QD UUR Z ED QG LQ D QWH QQD GH VLJ Q WH UPLQR OR J \ � EH F D XVH WKH ED QGZ LGWK UH SUH VH QWV R QO\ � � R I
WKH F D UULH U IUH T XH QF \ �
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t1

Narrowband ModelWideband Model

Pulse duration T < τmin

τ1 τ2 τ3 τ4 τ5 τ6 τ7

t2

t3

t4

t

h(t,τ)

ττ8

Relative Delay
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vector summation within the pulse duration T

t

h(t)

t1 t2 t3 t4 t5 t6
t7 t8

t9

Time Progression

Pulse duration T > τmax

τ τmin , max: minimum and maximum delay between any multipath components, respectively.

)LJXUH �� :LGHEDQG DQG QDUURZEDQG FKDQQHO PRGHOV

GLVSHUVLRQ�

:LGHEDQG &KDQQHO &KDUDFWHUL]DWLRQ

7KH ZLGHEDQG 5) FKDQQHO FDQ EH GHVFULEHG E\ SRZHU GHOD\ SURpOHV �3'3V�� ZKLFK DUH SORWV RI

UHODWLYH UHFHLYHG SRZHU DV D IXQFWLRQ RI H[FHVV GHOD\ ZLWK UHVSHFW WR D p[HG WLPH GHOD\ UHIHUHQFH

>��@� )RU WKH FKDQQHO LPSXOVH UHVSRQVH PRGHO JLYHQ LQ ������� WKH 3'3 LV JLYHQ E\

MKE���M�  
1b�;
L �

MDLM�r�� b �L�  
1b�;
L �

3Lr�� b �L� ������

ZKHUH 3L LV WKH SRZHU RI WKH LWK PXOWLSDWK FRPSRQHQW�

0RVW RIWHQ� SDUDPHWHUV VXFK DV WKH WRWDO QXPEHU RI PXOWLSDWK FRPSRQHQWV� PHDQ H[FHVV GHOD\�

URRW�PHDQ�VTXDUH �UPV� GHOD\ VSUHDG� DQG FRKHUHQW EDQGZLGWK DUH XVHG WR GHVFULEH FKDQQHO WLPH

GLVSHUVLRQ >��� ��@�



&KDSWHU � 3URSDJDWLRQ DQG 5HFHSWLRQ )XQGDPHQWDOV� ��

0HDQ H[FHVV GHOD\ LV WKH pUVW PRPHQW RI WKH 3'3 DQG LW LV GHpQHG DV

�  

13
N �

D�N�N

13
N �

D�N

 

13
N �

3 ��N��N

13
N �

3 ��N�

������

ZKHUH DN� �N� DQG 3 ��N� DUH WKH DPSOLWXGH� GHOD\ DQG SRZHU RI WKH NWK PXOWLSDWK FRPSRQHQW�

UHVSHFWLYHO\�

7KH UPV GHOD\ VSUHDG LV WKH VTXDUH URRW RI WKH VHFRQG FHQWUDO PRPHQW RI WKH SRZHU GHOD\ SURpOH

DQG LV GHpQHG DV
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%RWK WKH GHOD\ YDOXHV DQG SRZHU YDOXHV LQ ������ WR ������ DUH PHDVXUHG UHODWLYH WR WKH pUVW GH�

WHFWDEOH VLJQDO DW WKH UHFHLYHU�

&RKHUHQW EDQGZLGWK LV D VWDWLVWLFDO PHDVXUH RI WKH UDQJH RI IUHTXHQFLHV RYHU ZKLFK WKH FKDQQHO

UHVSRQVHV KDYH DSSUR[LPDWHO\ HTXDO JDLQ DQG OLQHDU SKDVH� L�H� WKH FKDQQHO UHVSRQVHV DUH FRUUH�

ODWHG >��@� &RUHODWLRQ EDQGZLGWK FDQ EH PHDVXUHG LQGLUHFWO\ IURP ZLGHEDQG WLPH PHDVXUHPHQWV

E\ WDNLQJ WKH )RXULHU 7UDQVIRUP RI WKH DYHUDJH 3'3 >��@� RU LW FDQ EH PHDVXUHG GLUHFWO\ IURP IUH�

TXHQF\ VZHHSLQJ PHDVXUHPHQWV XVLQJ 91$� /HH KDV VKRZQ WKDW� DV D UXOH RI WKXPE� WKH FRUUHODWLRQ

EDQGZLGWK ZLWK FRUUHODWLRQ OHYHO RI ��� LV UHODWHG WR 506 GHOD\ VSUHDG E\ >��@

%F } �

����
������

1DUURZEDQG 6\VWHPV

,Q QDUURZEDQG FRPPXQLFDWLRQV V\VWHPV� WKH SXOVH GXUDWLRQ LV ODUJH UHODWLYH WR WKH FKDQQHO WLPH

GHOD\ VSUHDG� 7KH UHFHLYHG VLJQDO LV WKH YHFWRU VXPPDWLRQ RI DOO WKH PXOWLSDWK FRPSRQHQWV� 7KH

QDUURZEDQG FKDQQHO PRGHO FDQ EH DFKLHYHG E\ DVVLJQLQJ GHOD\V WR ]HUR LQ WKH FKDQQHO ZLGHEDQG
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LPSXOVH UHVSRQVH� UHVXOWLQJ LQ WKH IROORZLQJ

KE�W�  
1b�;
L �

DL�W� H[S >bM�L�W�@ ������

7KH WLPH YDULDEOH LV DGGHG WR DFFRXQW IRU WKH FKDQQHO WLPH YDULDWLRQV GXH WR WKH WUDQVPLWWHU�UHFHLYHU

PRWLRQ� RU DQ\ RWKHU FKDQJHV LQ WKH FKDQQHO�

:KHQ DGGLQJ WKH PXOWLSDWK FRPSRQHQWV� WKH HQKDQFHPHQW RU UHGXFWLRQ LQ WKH DPSOLWXGH RI WKH

UHVXOWLQJ UHFHLYHG VLJQDO GHSHQGV RQ WKH SKDVH GLoHUHQFHV RI WKH PXOWLSDWK FRPSRQHQWV� 'XH WR

WKH UDSLG SKDVH FKDQJH RI HDFK PXOWLSDWK FRPSRQHQW DORQJ WKH ZDYH SURSDJDWLRQ SDWK� PXOWLSDWK

FRPSRQHQWV LQWHUIHUH ZLWK HDFK RWKHU FRQVWUXFWLYHO\ DQG GHVWUXFWLYHO\ DORQJ WKH UHFHLYHU SDWK LQ

VSDFH� 5HFHLYHG VLJQDO SRZHU QRW RQO\ H[SHULHQFH ODUJH�VFDOH DWWHQXDWLRQ GXH WR WKH LQFUHDVH RI

GLVWDQFH� EXW DOVR XQGHUJRHV UDSLG qXFWXDWLRQ LQ D VPDOO ORFDO DUHD� L�H� VPDOO�VFDOH IDGLQJ >��� ��@�

1RWH WKDW VPDOO VFDOH IDGLQJ LV WKH UHVXOW RI WKH YHFWRU VXPPDWLRQ RI WKH PXOWLSDWK FRPSRQHQWV�

7KHUHIRUH� LI WKH EDQGZLGWK RI D V\VWHP LV ZLGH HQRXJK WR UHVROYH HDFK PXOWLSDWK FRPSRQHQW� WKH

V\VWHP GRHV QRW XQGHUJR VPDOO VFDOH IDGLQJ� 3UDFWLFDO ZLGHEDQG V\VWHPV KDYH pQLWH EDQGZLGWKV�

DQG WKH VLJQDO SXOVH PD\ VWLOO FRQWDLQ VHYHUDO PXOWLSDWK FRPSRQHQWV� ,Q WKLV FDVH� WKH VPDOO VFDOH

IDGLQJ EHKDYLRU RI WKH ZLGHEDQG SXOVH LV GHWHUPLQHG E\ WKH PXOWLSDWK FRPSRQHQWV WKDW DUULYH

ZLWKLQ WKH SXOVH GXUDWLRQ >��@�

1DUURZEDQG &KDQQHO &KDUDFWHUL]DWLRQ

,Q D QDUURZEDQG V\VWHP� WKH UHFHLYHG VLJQDO SRZHU PD\ FKDQJH UDSLGO\ GXH WR VPDOO VFDOH IDGLQJ�

7KHUHIRUH� WKH UHFHLYHG VLJQDO SRZHU LV RI PDMRU FRQFHUQ�

7KH GLVWULEXWLRQV RI WKH UHFHLYHG VLJQDO HQYHORSH LQ VPDOO VFDOH IDGLQJ FKDQQHOV DUH GHVFULEHG E\

SUREDELOLW\ GHQVLW\ IXQFWLRQV �3')V� VXFK DV 5LFLDQ GLVWULEXWLRQ� 5D\OHLJK GLVWULEXWLRQ DQG 7,3

�7ZR�:DYH ZLWK ,QFRKHUHQW 3RZHU� GLVWULEXWLRQ >��� ��� ��@� ,Q >��@� &ODUN SURSRVHG D FODVVLFDO

PRGHO IRU VPDOO�VFDOH IDGLQJ VLJQDO� 7KH UHFHLYHG VLJQDO LV PRGHOHG DV WKH YHFWRU VXPPDWLRQ RI

FRKHUHQW pHOG DQG LQFRKHUHQW pHOG FRPSRQHQWV� 7KH LQFRKHUHQW pHOGV DUH WKH UHVXOWV RI GLoXVH VFDW�

WHULQJ� DQG WKHLU SKDVH WHUPV DUH FRPSOHWHO\ UDQGRP� 7KH FRKHUHQW pHOGV DUH WKH pHOG FRPSRQHQWV

WKDW KDYH FRQVWDQW SKDVH WHUPV� VXFK DV WKH /26 pHOG FRPSRQHQW DQG VSHFXODU UHqHFWHG pHOG FRP�

SRQHQWV� :KHQ WKH UHFHLYHG VLJQDO FRQVLVWV RI QXPHURXV LQFRKHUHQW pHOG FRPSRQHQWV DQG QRQH RI
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WKHP KDV D GRPLQDQW SRZHU� WKH VLJQDO HQYHORSH IROORZV WKH 5D\OHLJK GLVWULEXWLRQ >�� ��� ��� ��@�

:KHQ UHFHLYHG VLJQDO LV WKH VXP RI D VWURQJ FRKHUHQW pHOG FRPSRQHQW DQG QXPHURXV VPDOO LQFRKHU�

HQW pHOG FRPSRQHQWV� WKH VLJQDO HQYHORSH REH\V WKH 5LFLDQ GLVWULEXWLRQ >��� ��� ��@� 7KH FODVV RI

3')V LV H[WHQGHG E\ 'XUJLQ WR 7,3� ZKLFK GHVFULEHV WKH HQYHORSH RI WKH UHFHLYHG VLJQDO� FRQVLVWLQJ

RI WZR FRKHUHQW ZDYHV DQG QXPHURXV LQFRKHUHQW ZDYHV >��@�

%HVLGHV VLJQDO 3')V� SDUDPHWHUV VXFK DV DYHUDJH UHFHLYHG SRZHU� IDGLQJ GHSWK� OHYHO�FURVVLQJ UDWH

DQG IDGH GXUDWLRQ DUH XVHG WR GHVFULEH WKH SRZHU OHYHO DQG UDWH RI FKDQJH RI WKH UHFHLYHG VLJQDO

>��� ��@�

����� $QWHQQD % HDPZLGWK &RQVLGHU DWLRQ

6LPLODU WR WKH IDFW WKDW D ZLGHEDQG UHFHLYHU VHSDUDWHV PXOWLSDWK FRPSRQHQWV E\ WKHLU 72$V� D

QDUURZEHDP DQWHQQD DOORZV VSDWLDO VHSDUDWLRQ RI PXOWLSDWK FRPSRQHQWV E\ WKHLU $2$V� $V VKRZQ

LQ )LJXUH �� ZKHQ WKH DQWHQQD EHDPZLGWK LQFUHDVHV� WKH UHFHLYHG VLJQDO LV WKH YHFWRU VXPPDWLRQ RI

WKH PXOWLSDWK FRPSRQHQWV WKDW DUULYH ZLWKLQ WKH DQWHQQD EHDPZLGWK�

)LJXUH �� 6SDWLDO UHVROXWLRQ RI WKH UHFHLYHU DQWHQQD�

)RU W\SLFDO WHUUHVWLDO SURSDJDWLRQ� UDGLR ZDYHV DUULYH DW WKH UHFHLYHU IURP D]LPXWKDO GLUHFWLRQV

DERXW WKH KRUL]RQ >��@� &KDQQHO $2$ LQIRUPDWLRQ FDQ EH FKDUDFWHUL]HG E\ WKH DQJXODU GLVWULEXWLRQ

RI WKH PXOWLSDWK SRZHU� S�v�� ZKHUH v LV WKH D]LPXWKDO DQJOH LQ WKH UDQJH RI >���}@�
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6LPLODU WR UPV GHOD\ VSUHDG� DQJXODU GLVSHUVLRQ LV FKDUDFWHUL]HG E\ UPV DQJXODU VSUHDG� �v� DV

IROORZLQJ >��@�
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ZKHUH DN� vN� 3 �vN� DUH DPSOLWXGH� $2$ DQG SRZHU RI WKH NWK PXOWLSDWK FRPSRQHQW� UHVSHFWLYHO\�

$Q DOWHUQDWLYH DQJXODU VSUHDG GHpQLWLRQ LV SURSRVHG LQ >��@� $QJXODU VSUHDG� e� LV GHpQHG DV

IROORZLQJ

e  

V
�b M)�M�

M)�M� ������

)Q  

�}=
�

S�v� H[S�MQv�Gv ������

ZKHUH )Q LV WKH QWK FRPSOH[ )RXULHU FRHrFLHQW RI S�v�� %\ WKLV GHpQLWLRQ� DQJXODU VSUHDG UDQJHV

IURP � WR �� ZKHUH � GHQRWHV WKH H[WUHPH FDVH RI VLQJOH PXOWLSDWK FRPSRQHQW IURP D VLQJOH GLUHFWLRQ�

DQG � GHQRWHV QR FOHDU ELDV LQ WKH DQJXODU GLVWULEXWLRQ RI WKH UHFHLYHG SRZHU >��@�

��� 6XPPDU \

7KLV FKDSWHU UHYLHZV WKH IXQGDPHQWDOV RI 5) FKDQQHO FKDUDFWHUL]DWLRQ� 0DWKHPDWLFDO PRGHOV IRU

SDWK ORVV� PXOWLSDWK WLPH GLVSHUVLRQ DQG DQJXODU GLVSHUVLRQ DUH SUHVHQWHG� .H\ FKDQQHO FKDUDFWHUL�

]DWLRQ SDUDPHWHUV� LQFOXGLQJ SDWK ORVV H[SRQHQW� UPV GHOD\ VSUHDG DQG DQJXODU VSUHDG� DUH GHpQHG�

7KH IUHTXHQF\ GRPDLQ �WLPH GRPDLQ� pOWHULQJ HoHFWV RI WKH UHFHLYHU EDQGZLGWK �VLJQDO SXOVH ZLGWK��

DQG WKH VSDWLDO pOWHULQJ HoHFWV RI DQWHQQD EHDPZLGWK RQ WKH UHFHLYHG VLJQDO DUH GLVFXVVHG LQ GHWDLO�
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7KH PRGHOV DQG FRQFHSWV SUHVHQWHG LQ WKLV FKDSWHU DUH HVVHQWLDO IRU WKH PDWHULDO SUHVHQWHG LQ

&KDSWHUV � WKURXJK � RI WKLV ZRUN�



&KDSWHU �

&KDQQHO 0 HDVXU HPHQW 7 HFKQLTXHV

DQG 0 HDVXU HPHQW 6\VWHP 'HVLJQ

&KDQQHO PHDVXUHPHQWV DUH SHUKDSV WKH PRVW GLUHFW PHWKRG WR VWXG\ UDGLR ZDYH SURSDJDWLRQ�

DFKLHYH VWDWLVWLFDO PRGHOV DQG YHULI\ SURSDJDWLRQ WKHRU\� 'LoHUHQW PHDVXUHPHQW WHFKQLTXHV KDYH

EHHQ GHYHORSHG WR VWXG\ GLoHUHQW DVSHFWV RI WKH 5) FKDQQHO� 7KHVH WHFKQLTXHV DUH JHQHUDOO\

FODVVLpHG DV QDUURZEDQG WHFKQLTXHV DQG ZLGHEDQG WHFKQLTXHV� GHSHQGLQJ RQ WKH EDQGZLGWK RI

WKH SURELQJ VLJQDO DQG WKH GHOD\ VSUHDG RI WKH FKDQQHO� :LGHEDQG FKDQQHO VRXQGLQJ WHFKQLTXHV

UHVROYH HDFK PXOWLSDWK FRPSRQHQW DQG SURYLGH WLPH GLVSHUVLRQ LQIRUPDWLRQ RI WKH FKDQQHO� 7KHUH

DUH WKUHH W\SHV RI FRPPRQO\ XVHG ZLGHEDQG FKDQQHO VRXQGLQJ V\VWHPV� WKH GLUHFW 5) SXOVH V\VWHP�

WKH YHFWRU QHWZRUN DQDO\]HU �91$� PHDVXUHPHQW V\VWHP� DQG WKH VSUHDG VSHFWUXP VOLGLQJ FRUUHODWRU

V\VWHP �6&6��

7KLV FKDSWHU SUHVHQWV D GHWDLOHG DQDO\VLV RI YDULRXV PHDVXUHPHQW WHFKQLTXHV� 7KH SULQFLSOH RI

RSHUDWLRQ LV H[SODLQHG ZLWK PDWKHPDWLFDO PRGHOV� DQG LPSOHPHQWDWLRQ LVVXHV DUH GLVFXVVHG ZLWK

KDUGZDUH GHVLJQ H[DPSOHV� 2QH QDUURZEDQG WHFKQLTXH DQG WKUHH ZLGHEDQG WHFKQLTXHV DUH GLV�

FXVVHG LQ 6HFWLRQV ��� WKURXJK ���� $ PHDVXUHPHQW FDPSDLJQ ZDV SHUIRUPHG WR FRPSDUH WKH

IUHTXHQF\�GRPDLQ WHFKQLTXH XVLQJ D 91$ DQG WKH WLPH�GRPDLQ WHFKQLTXH XVLQJ D 6&6� 7KH UHVXOWV

DUH SUHVHQWHG LQ 6HFWLRQ ���� $Q HUURU DQDO\VLV RQ WKH WLPH PHDVXUHPHQWV RI D 6&6 GXH WR WKH FORFN

IUHTXHQF\ RoVHW LV SUHVHQWHG LQ $SSHQGL[ %� )LQDOO\� D �� *+] FKDQQHO VRXQGLQJ V\VWHP XVHG LQ

��



&KDSWHU � &KDQQHO 0HDVXUHPHQW 7HFKQLTXHV DQG 0HDVXUHPHQW 6\VWHP 'HVLJQ� ��

WKLV UHVHDUFK LV GHVFULEHG LQ 6HFWLRQ ����

��� 1 DU U RZEDQG 7 HFKQLTXHV

����� 3 U LQFLSOH RI 2SHU DWLRQ

1DUURZEDQG WHFKQLTXHV DUH XVHG WR PHDVXUH SDWK ORVV� QDUURZEDQG IDGLQJ DQG FKDQQHO 'RSSOHU

VSUHDG� 7KH PDLQ DGYDQWDJHV RI WKH QDUURZEDQG PHDVXUHPHQW WHFKQLTXH DUH LWV VLPSOLFLW\ DQG

KLJK VDPSOLQJ UDWH DV FRPSDUHG WR ZLGHEDQG PHDVXUHPHQW V\VWHPV�

,Q QDUURZEDQG WHFKQLTXHV� D FRQWLQXRXV ZDYH �&:� VLJQDO ZLWK NQRZQ SRZHU LV WUDQVPLWWHG� 5H�

FHLYHG VLJQDO SRZHU LV PHDVXUHG RYHU VSDFH RU WLPH� ,Q PRELOH DSSOLFDWLRQV� VPDOO�VFDOH VLJQDO IDGLQJ

LV VWXGLHG E\ PRYLQJ WKH WUDQVPLWWHU RU UHFHLYHU LQ D VPDOO ORFDO DUHD �D IHZ VTXDUH ZDYHOHQJWKV� DQG

UHFRUGLQJ WKH UHFHLYHG SRZHU FRQWLQXRXVO\� 3DWK ORVV LV VWXGLHG E\ PHDVXULQJ WKH DYHUDJH UHFHLYHG

SRZHU RYHU D ODUJH QXPEHU RI ORFDO DUHDV� ZKHUH WKH ORFDO DUHDV VSDQ VHYHUDO GHFDGHV RI GLVWDQFH

IURP WKH WUDQVPLWWHU >��� ��@� ,Q p[HG SRLQW�WR�SRLQW�PXOWLSRLQW DSSOLFDWLRQV� WKH DYHUDJH UHFHLYHG

SRZHU DQG VLJQDO YDULDWLRQ LV VWXGLHG RYHU VKRUW�WHUP WLPH LQWHUYDOV� ZKHUH WKH FKDQQHO YDULDWLRQ LV

VWDWLRQDU\� )RU H[DPSOH� LQ &KDSWHU �� WKH VKRUW�WHUP VLJQDO YDULDWLRQ GXULQJ UDLQ LV DQDO\]HG RYHU

��� PLQXWH LQWHUYDOV RI FRQVWDQW UDLQ UDWHV�

1DUURZEDQG WHFKQLTXHV KDYH FHUWDLQ DGYDQWDJHV IRU FKDQQHO 'RSSOHU PHDVXUHPHQWV� 0RWLRQ RI WKH

WUDQVPLWWHU� UHFHLYHU� RU REMHFWV LQ WKH FKDQQHO FDXVH UHFHLYHG VLJQDO YDULDWLRQ LQ WKH WLPH GRPDLQ

DQG 'RSSOHU IUHTXHQF\ VKLIW LQ WKH IUHTXHQF\ GRPDLQ� &KDQQHO YDULDWLRQ LV VWXGLHG E\ VDPSOLQJ

WKH UHFHLYHG VLJQDO SRZHU DW D UDWH DW OHDVW WZLFH DV KLJK DV WKH PD[LPXP 'RSSOHU IUHTXHQF\� $

QDUURZEDQG PHDVXUHPHQW V\VWHP VDPSOHV WKH FKDQQHO DW D VLQJOH IUHTXHQF\� WKHUHIRUH� LWV VDPSOLQJ

UDWH FDQ EH PXFK KLJKHU WKDQ WKH VDPSOLQJ UDWH RI D ZLGHEDQG PHDVXUHPHQW V\VWHP� $V VKRZQ

LQ 6HFWLRQV ��� DQG ���� WKH VDPSOLQJ UDWH RI D ZLGHEDQG V\VWHP LV OLPLWHG GXH WR WKH ORQJ VZHHS

WLPH RYHU D ZLGH EDQGZLGWK IRU D 91$ V\VWHP� RU ORQJ UHSHWLWLRQ WLPH EHWZHHQ WZR FRQVHFXWLYH

FRUUHODWLRQ SHDNV IRU D 6&6 V\VWHP�

7KH GLVDGYDQWDJH RI WKH QDUURZEDQG WHFKQLTXH LV WKDW WKH UHFHLYHG VLJQDO UHSUHVHQWV RQO\ WKH

HQYHORSH RI WKH YHFWRU VXPPDWLRQ RI WKH PXOWLSDWK FRPSRQHQWV� QR GLUHFW TXDQWLWDWLYH PXOWLSDWK
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LQIRUPDWLRQ LV DYDLODEOH� :KHQ D KLJK EDQGZLGWK VLJQDO LV XVHG� ZLGHEDQG PHDVXUHPHQW WHFKQLTXHV

PXVW EH HPSOR\HG WR HVWLPDWH WKH FKDQQHO WLPH GLVSHUVLRQ�

����� , PSOHPHQWDWLRQV RI 1 DU U RZEDQG 0 HDVXU HPHQW 6\VWHPV

,Q WKLV VHFWLRQ� QDUURZEDQG VLJQDO SRZHU PHDVXUHPHQWV DQG KDUGZDUH GHVLJQ LVVXHV DUH GLVFXVVHG

EDVHG RQ D PHDVXUHPHQW FDPSDLJQ SHUIRUPHG DW ��� *+] IRU SDWK ORVV DQG EXLOGLQJ SHQHWUDWLRQ

ORVV PHDVXUHPHQWV >�� �� ��� ��� ��@�

7KH &: PHDVXUHPHQW V\VWHP GLDJUDP LV SUHVHQWHG LQ )LJXUH ��� 7KH WUDQVPLWWHU FRQVLVWV RI D

V\QWKHVL]HG VZHHSHU� DQ DPSOLpHU� DQG D GLVFRQH DQWHQQD� 6LQFH WKH PHDVXUHPHQWV ZHUH PDGH ZLWK

WUDQVPLWWHU KHLJKW RI ���P� WKH VHWXS UHTXLUHG D �P FRD[LDO FDEOH WR FRQQHFW WKH JURXQG�EDVHG

VLJQDO JHQHUDWRU ZLWK WKH PDVW�PRXQWHG DQWHQQD� 7KHVH ORQJ FRD[LDO FDEOHV KDYH VLJQLpFDQW ORVV

DW ���� *+] � 0HDVXUHPHQWV VKRZ WKDW ORVVHV LQ WKH �P FRD[LDO FDEOHV XVHG LQ WKLV H[SHULPHQW

FDPSDLJQ UDQJH IURP � WR � G% � ,Q RUGHU WR DFKLHYH WKH PD[LPXP WUDQVPLWWHG SRZHU� WKH DPSOLpHU

ZDV SODFHG RQ WKH WRS RI WKH PDVW DQG FRQQHFWHG WR WKH DQWHQQD YLD D VKRUW FDEOH ZLWK QHJOLJLEOH

ORVV� 7KLV DOORZV DV PXFK DV �� G%P RI SRZHU WR EH VHQW GLUHFWO\ LQWR WKH WUDQVPLWWHU DQWHQQD�

ZKLFK LV WKH PD[LPXP RXWSXW SRZHU RI WKH DPSOLpHU�

7KH UHFHLYHG VLJQDO LV SDVVHG WKURXJK WZR VWDJHV RI pOWHULQJ DQG DPSOLpFDWLRQ VHSDUDWHG E\ D VWHS

DWWHQXDWRU� $ pYH SROH LQWHUGLJLWDO %3) DQG D 0LQL�FLUFXLW =9(��* DPSOLpHU DUH XVHG LQ WKH pUVW

VWDJH� 7KH\ DUH DWWDFKHG WR WKH WRS RI WKH PDVW WR pOWHU DQG SUHDPSOLI\ WKH VLJQDO LQ RUGHU WR UHGXFH

WKH QRLVH pJXUH DQG RYHUFRPH WKH ORVV LQ WKH ORQJ FRQQHFWLRQ FDEOH� 7KH EDQG SDVV pOWHU ZDV XVHG

DV D SUHFDXWLRQ WR NHHS RXW�RI�EDQG VLJQDOV IURP SHQHWUDWLQJ WKH DPSOLpHU� 7KH DWWHQXDWRU KDV DQ

DWWHQXDWLRQ UDQJLQJ IURP � G% WR �� G% LQ �� G% VWHSV� ,W LV XVHG EHWZHHQ WKH DPSOLpHUV WR DVVXUH

WKH DSSURSULDWH VLJQDO SRZHU OHYHOV DW WKH LQSXW DQG WKH RXWSXW RI WKH DPSOLpHUV� 7KH WZR VWDJHV

RI DPSOLpFDWLRQ DUH GHVLJQHG WR UHGXFH WKH LQqXHQFH RI KLJK GHWHFWRU QRLVH pJXUH LQGXFHG E\ WKH

VSHFWUXP DQDO\]HU� ZKLFK LV �� G% �

,Q RUGHU WR UHFRUG WKH VLJQDO VWUHQJWK RYHU D SHULRG RI WLPH� WKH VSHFWUXP DQDO\]HU LV VHW WR ]HUR

VSDQ PRGH DQG WKH YROWDJHV RI WKH <�D[LV� ZKLFK DUH SURSRUWLRQDO WR WKH VLJQDO SRZHU� DUH VDYHG

WKURXJK D *3,% ERDUG LQWR D ODSWRS FRPSXWHU IRU ODWHU DQDO\VLV� )LJXUH �� VKRZV pYH VHFRQGV RI
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HP83630A

Synthesized

Sweeper

5850 MHz

Amplifier

Narrowband Measurement System at 5.85 GHz.

TRANSMITTER

cable

l=20 feet

loss=9 dB

ZVG-8G

G=34dB

Pout=30 dBm

f=5.85GHz

Pout=[-110..25] dBm

Discone

antenna

Monopole

antenna

Laptop with

Acquisition

Software

GPIB

RECEIVER

TEK 2782

Spectrum

Analyzer

fo = 5850MHz

NF=32dB

cable

l=20 feet

loss=7.6 dB

0-70dBf=5.85 GHz

BW=230MHz

NF=5 dB

Power level

f=5.85 GHz

G=30 dB

Pout <30 dBm

NF=4dB

f=5.85 GHz

G=30 dB

Pout <30 dBm

NF=4dB

f=5.85 GHz

BW=230MHz

NF=5 dB

)LJXUH ��� %ORFN GLDJUDP RI WKH &: PHDVXUHPHQW V\VWHP DW ���� *+] >�@�
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&: SRZHU GDWD WDNHQ DV WKH UHFHLYHU LV PRYHG DURXQG LQ D ORFDO DUHD� 7KH OLQHDU DYHUDJH RI WKH

UHFHLYHG SRZHU LV XVHG IRU WKH SDWK ORVV FDOFXODWLRQ�

)LJXUH ��� )LYH VHFRQGV RI &: SRZHU GDWD WDNHQ LQ D ORFDO DUHD >�@�

��� 'LU HFW 5) 3 XOVH 6\VWHP

,Q GLUHFW 5) SXOVH V\VWHPV� D SURELQJ 5) SXOVH ZLWK YHU\ VKRUW GXUDWLRQ 7F LV WUDQVPLWWHG SH�

ULRGLFDOO\ ZLWK D SHULRG RI 7S� 7KH RSHUDWLRQ RI WKH GLUHFW SXOVH V\VWHP LV VKRZQ LQ )LJXUH ���

$V VKRZQ LQ 6HFWLRQ ���� WKH 5) FKDQQHO FDQ EH PRGHOHG DV D OLQHDU V\VWHP ZLWK D EDVHEDQG LPSXOVH

UHVSRQVH� KE�W�
�� 7KH UHFHLYHG EDVHEDQG VLJQDO� \�W�� LV UHODWHG WR WKH WUDQVPLWWHG EDVHEDQG VLJQDO�

[�W�� E\

\�W�  KE�W� e [�W�  
= �

b�
KE�u�[�Wb u� Gu ������

ZKHUH 
 GHQRWHV FRQYROXWLRQ RI WZR IXQFWLRQV�

� 7 KH ED QGSD VV LPSXOVH UH VSR QVH � K�W�� LV UH OD WH G WR WKH ED VH ED QG LPSXOVH UH VSR QVH � KE�W�� D V >� � @

K�W�  � 5H I KE�W� H [ S �M�W�J �� �� � �

Z KH UH 5H �[� GH QR WH V WKH UH D O SD UW R I [� D QG � LV WKH F D UULH U IUH T XH QF \ �
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|h ( )|b τ

ττ1 τ2 τ3

|a |1 |a |2 |a |3

|y( )| =|x * h ( )|τ (τ) τ2 2

b

τ
τ1

T +p τ1 T +p τ2 T +p τ3τ2
τ3

p1 p2 p3

p1 p2 p3

Transmitted Pulse Train

Channel response

Recorded PDPs

Thermal noiseMultipath delay

Multipath power

Tp

x( )τ

Tc

τ

h ( )b τ y( )τx( )τ

Direct Pulse System

)LJXUH ��� 3ULQFLSOH RI RSHUDWLRQ RI D GLUHFW 5) SXOVH V\VWHP�
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5HFDOO IURP ������ WKDW KE LV JLYHQ DV �

KE���  
1b�;
L �

DL H[S �bM�L�r�� b �L�

6XEVWLWXWLQJ ������ LQWR ������� ZH FDQ H[SUHVV \�W� DV�

\�W�  
1b�;
L �

DL H[S �bM�L�[�� b �L� ������

,I WKH SXOVH GXUDWLRQ LV PXFK VKRUWHU WKDQ WKH PXOWLSDWK GHOD\ LQ WKH FKDQQHO� WKHQ WKH UHFHLYHG

VLJQDO SRZHU LV JLYHQ E\

M\�W�M�  
1b�;
L �

MDLM�M[�� b �L�M�  
1b�;
L �

3L M[�� b �L�M� ������

ZKHUH 3L LV WKH SRZHU RI HDFK PXOWLSDWK FRPSRQHQW�

,Q WKH UHFRUGHG 3'3� HDFK SXOVH FRUUHVSRQGV WR D PXOWLSDWK FRPSRQHQW RI WKH FKDQQHO� ZLWK WKH

VDPH UHODWLYH GHOD\ DQG SRZHU SURSRUWLRQDO WR WKH PXOWLSDWK SRZHU� )XUWKHUPRUH� LQ RUGHU IRU WKH

GLUHFW 5) SXOVH V\VWHP WR FRUUHFWO\ PHDVXUH HDFK PXOWLSDWK FRPSRQHQW� WKH IROORZLQJ FRQGLWLRQV

PXVW EH VDWLVpHG�

s ,Q RUGHU WR GLVWLQJXLVK HDFK PXOWLSDWK FRPSRQHQW� WKH SXOVH GXUDWLRQ 7F PXVW EH OHVV WKDQ WKH
PLQLPXP UHODWLYH GHOD\ EHWZHHQ DQ\ WZR PXOWLSDWK FRPSRQHQWV� 5HFRUGHG PXOWLSDWK SXOVHV

ZLOO RYHUODS LI WKH\ DUULYH DW UHODWLYH GHOD\V OHVV WKDQ 7F� 7KLV SXOVH GXUDWLRQ GHWHUPLQHV WKH

PHDVXUHPHQW V\VWHP WLPH UHVROXWLRQ�

s 7KH SHULRG 7S PXVW H[FHHG WKH PD[LPXP GHOD\ RI DQ\ PXOWLSDWK� 7KLV SHULRG 7S GHWHUPLQHV

WKH PD[LPXPPHDVXUDEOH UDQJH ZLWKRXW DPELJXLW\� RU XQDPELJXRXV UDQJH RI WKH PHDVXUHPHQW

V\VWHP�

s 6LQFH WKH WUDQVPLWWHG SXOVH KDV D FRQVWDQW DPSOLWXGH DQG GXUDWLRQ� LWV HoHFW FDQ EH FDOLEUDWHG
RXW� 7KHQ WKH UHFRUGHG \�W� DQG M\�W�M� SURYLGH DFFXUDWH HVWLPDWHV RI WKH FKDQQHO LPSXOVH
UHVSRQVH DQG 3'3� UHVSHFWLYHO\�

7KH DGYDQWDJH RI WKH GLUHFW SXOVH V\VWHP LV LWV VLPSOH UHDOL]DWLRQ DQG TXLFN GHWHUPLQDWLRQ RI WKH

3'3� 7KH GLVDGYDQWDJH LV WKDW� GXH WR WKH VKRUW SXOVH GXUDWLRQ �ZLGH EDQGZLGWK�� D ZLGHEDQG
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UHFHLYHU LV QHFHVVDU\� 6LQFH RQO\ ZLGHEDQG pOWHUV DUH XVHG LQ WKH WUDQVPLWWHU DQG UHFHLYHU� WKLV

V\VWHP VXoHUV IURP LQWHUIHUHQFH DQG QRLVH� ZKLFK OLPLWV LWV G\QDPLF UDQJH� $OVR� WKH SXOVH V\VWHP

WULJJHUV WKH RVFLOORVFRSH RQ WKH pUVW DUULYLQJ VLJQDO� ,I WKH /26 VLJQDO LV QRW KLJKHU WKDQ WKH

WKUHVKROG� WKH V\VWHP ZLOO WULJJHU RQ WKH QH[W PXOWLSDWK FRPSRQHQW WKDW H[FHHGV WKH WKUHVKROG

DQG FDXVH PHDVXUHPHQW HUURU >��@� 7KHUHIRUH� 91$ RU 6&6 FKDQQHO VRXQGLQJ PHWKRGV DUH PRUH

IUHTXHQWO\ XVHG IRU ZLGHEDQG PHDVXUHPHQWV�

��� 91 $ 0 HDVXU HPHQW 6\VWHP

����� 3 U LQFLSOH RI 2SHU DWLRQ

%HFDXVH RI WKH GXDO UHODWLRQVKLS EHWZHHQ WKH WLPH DQG IUHTXHQF\ GRPDLQ UHSUHVHQWDWLRQV� WKH

PXOWLSDWK FKDQQHO FDQ DOVR EH IXOO\ GHVFULEHG E\ WKH FRPSOH[ IUHTXHQF\ UHVSRQVH� +�I�� ZKLFK LV

WKH )RXULHU WUDQVIRUP RI WKH EDQGSDVV FKDQQHO LPSXOVH UHVSRQVH K�W� >��@� 7KH FRPSOH[ IUHTXHQF\

UHVSRQVH FDQ EH PHDVXUHG E\ FRPSDULQJ WKH WUDQVPLWWHG VLJQDO� ;���� DQG WKH UHFHLYHG VLJQDO�

< ���� LQ WKH IUHTXHQF\ GRPDLQ DV

+���  
< ���

;���
������

,Q D 91$ FKDQQHO VRXQGLQJ V\VWHP� D V\QWKHVL]HG IUHTXHQF\ VZHHSHU LV XVHG WR VZHHS WKURXJK D

FKRVHQ 5) EDQGZLGWK RI %VZ ZLWK D IUHTXHQF\ VWHS RI cI � 7KH FKDQQHO FRPSOH[ IUHTXHQF\ UHVSRQVH

LV DFKLHYH E\ FRPSDULQJ < ��� DQG ;��� RYHU EDQGZLGWK %VZ� %DVHG RQ WKH )RXULHU DQDO\VLV� WKH

pQLWH VZHHSLQJ EDQGZLGWK %VZ LQ WKH SDVVEDQG FRUUHVSRQGV WR D SXOVH ZLWK D GXUDWLRQ RI � %VZ�

DQG WKH GLVFUHWH IUHTXHQF\ VSDFLQJ cI FRUUHVSRQGV WR D UHSHWLWLYH VLJQDO ZLWK D SHULRG RI � cI

LQ WKH WLPH GRPDLQ� 7KXV� WKH IUHTXHQF\ GRPDLQ PHDVXUHPHQWV DUH HTXLYDOHQW WR WLPH GRPDLQ

PHDVXUHPHQWV XVLQJ D SHULRGLF SXOVH WUDLQ ZLWK 7F  � %VZ DQG 7S  � cI � )LJXUH �� VKRZV

JUDSKLFDOO\ WKH GXDO QDWXUH RI WKH IUHTXHQF\ DQG WLPH GRPDLQ WHFKQLTXHV�

$OWKRXJK WKH 91$ PHDVXUHPHQW V\VWHP LV WKH IUHTXHQF\�GRPDLQ GXDO RI WKH GLUHFW 5) SXOVH

V\VWHP� LW KDV VHYHUDO DGYDQWDJHV� 7KH 91$ V\VWHP PHDVXUHV WKH FKDQQHO UHVSRQVH DW RQH WRQH DW

D WLPH� WKHUHIRUH� QDUURZEDQG pOWHUV� ZKLFK WXQH LQ VWHS ZLWK WKH WUDQVPLWWHG WRQHV� FDQ EH XVHG

WR UHMHFW RXW�RI�EDQG LQWHUIHUHQFH DQG QRLVH� DQG HoHFWLYHO\ LQFUHDVH WKH UHFHLYHU G\QDPLF UDQJH�
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)XUWKHUPRUH� WKH 91$ SURYLGHV WKH IUHTXHQF\ GRPDLQ DQG WLPH GRPDLQ FKDQQHO UHVSRQVHV ZLWK

ERWK DPSOLWXGH DQG SKDVH� 7KH GLVDGYDQWDJH RI WKH 91$ LV WKDW LW UHTXLUHV WKH FKDQQHO EH OLQHDU

WLPH�LQYDULDQW GXULQJ WKH FRPSOHWH IUHTXHQF\ VZHHS� 91$ VZHHSV WKH FKDQQHO DW GLVFUHWH IUHTXHQF\

WRQHV WR DFKLHYH IUHTXHQF\ UHVSRQVH RYHU WKH EDQGZLGWK %VZ� 7KLV GHFRPSRVLWLRQ LV YDOLG RQO\ IRU

D WLPH�LQYDULDQW FKDQQHO� $OVR� WKH QHFHVVLW\ RI SKDVH PHDVXUHPHQWV DQG V\QFKURQL]HG VZHHSLQJ

UHTXLUHV KDUGZDUH FRQQHFWLRQ EHWZHHQ WKH WUDQVPLWWHU DQG UHFHLYHU� ZKLFK OLPLWV WKH 91$ WR VKRUW�

UDQJH RXWGRRU DQG� PDLQO\� LQGRRU RSHUDWLRQ� )RU ORQJ�UDQJH RXWGRRU PHDVXUHPHQWV� WKH 6&6 FDQ

EH XVHG�

����� , PSOHPHQWDWLRQ RI 91 $ 0 HDVXU HPHQW 6\VWHPV

)LJXUH �� SUHVHQWV WKH GLDJUDP RI D 91$ FKDQQHO VRXQGLQJ V\VWHP� 7KLV V\VWHP ZDV XVHG LQ WKH

PHDVXUHPHQW FDPSDLJQ IRU WKH SHUIRUPDQFH FRPSDULVRQ ZLWK WKH 6&6 >��@�

Transmitter Receiver
Discone
antenna

Discone
antenna

P =0 dBmout
100ft cable

VNA

f = 5.85 GHz
G = 30 dB
P < 30 dBm

NF = 4 dB
out

)LJXUH ��� %ORFN�GLDJUDP RI 91$ FKDQQHO VRXQGLQJ V\VWHP�

$V VKRZQ LQ )LJXUH ��� D ����IRRW +HOLD[ FRD[LDO FDEOH ZDV XVHG WR FRQQHFW WKH WUDQVPLWWHU DQG

WKH UHFHLYHU IRU WKH SKDVH PHDVXUHPHQWV� $ �� G% JDLQ DPSOLpHU ZDV LQFOXGHG DW WKH UHFHLYHU

WR RYHUFRPH WKH ORVV LQ WKH FDEOH� &DOLEUDWLRQ VWDQGDUGV DUH XVHG WR HoHFWLYHO\ EULQJ WKH VRXUFH

5) SRUW RI WKH 91$ XS WR WKH WUDQVPLWWLQJ DQWHQQD LQSXW FRQQHFWRU DQG WKH UHFHLYH 5) SRUW RI
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WKH 91$ WR WKH UHFHLYLQJ DQWHQQD RXWSXW FRQQHFWRU� 7KHQ WKH PHDVXUHG FRPSOH[ WUDQVPLVVLRQ

FRHrFLHQW LQFOXGHV RQO\ WKH HoHFWV RI WKH 5) FKDQQHO DQG WKH DQWHQQD JDLQV� 7KH DQWHQQD JDLQ

FDQ EH WKHQ PHDVXUHG DQG FDOLEUDWHG RXW�

3DUDPHWHUV RI WKH 91$ PXVW EH FKRVHQ EDVHG RQ WKH PHDVXUHPHQW UHTXLUHPHQWV� 7KHVH SDUDPHWHUV

DUH VZHHS EDQGZLGWK� VWHS VL]H� DQG VZHHS WLPH�

s 7KH VZHHS EDQGZLGWK� %VZ� LV FKRVHQ EDVHG RQ WKH GHVLUHG PHDVXUHPHQW WLPH UHVROXWLRQ cW

E\

%VZ  � cW ������

)RU H[DPSOH� WR PHDVXUH WKH FKDQQHO LPSXOVH UHVSRQVH ZLWK D UHVROXWLRQ RI �� QV � %VZ VKRXOG

EH DSSUR[LPDWHO\ ��� 0+] �

s )UHTXHQF\ VWHS� cI � GHWHUPLQHV WKH XQDPELJXRXV SHULRG RI WKH PHDVXUHPHQW ZLWKRXW DOLDVLQJ

E\

7S  � cI ������

)RU H[DPSOH� LI WKH FKDQQHO PD[LPXP GHOD\ LV OHVV WKDQ � PV� WKHQ WKH PD[LPXP IUHTXHQF\

VWHS LV � N+] LQ RUGHU WR FDSWXUH DOO WKH PXOWLSDWK FRPSRQHQWV ZLWKLQ WKH XQDPELJXRXV

UDQJH� $OVR� WKH IUHTXHQF\ VWHS LV UHODWHG WR WKH VZHHS EDQGZLGWK DQG WKH WRWDO QXPEHU RI

GDWD SRLQWV� 1 � E\

cI  %VZ 1 ������

)RU D JLYHQ %VZ� D VPDOOHU VWHS VL]H UHVXOWV LQ D ODUJHU XQDPELJXRXV UDQJH� EXW PRUH GDWD

SRLQWV DQG PRUH PHDVXUHPHQW WLPH�

s 7KH VZHHS WLPH QHHGV WR EH FKRVHQ VXFK WKDW WKH FKDQQHO UHPDLQV WLPH�LQYDULDQW GXULQJ
WKH HQWLUH VZHHS� )RU H[DPSOH� WKH $QULWVX �����$ 91$ XVHG IRU WKH PHDVXUHPHQWV LQ

>��@ WDNHV DSSUR[LPDWHO\ RQH VHFRQG WR VWHS WKURXJK ���� IUHTXHQFLHV� ZKLFK UHTXLUHV WKH

FKDQQHO EH VWDWLRQDU\ IRU RQH VHFRQG� 7KH VZHHS WLPH RI WKH 91$ LV UHODWHG WR WKH VZHHSLQJ

EDQGZLGWK� QXPEHU RI GDWD SRLQWV DQG WKH FDOLEUDWLRQ PHWKRGV� 7KHUH LV D EDVLF WUDGHRo

DPRQJ PHDVXUHPHQW UHVROXWLRQ� DPELJXRXV UDQJH DQG PHDVXUHPHQW VSHHG� %HWWHU UHVROXWLRQ

RU ORQJHU XQDPELJXRXV UDQJH UHVXOWV LQ ORQJHU VZHHS WLPH�
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��� 6&6 0 HDVXU HPHQW 6\VWHP

����� &RU U HODWLRQ 0 HWKRG

,Q D 6&6 FKDQQHO VRXQGLQJ V\VWHP� D FRUUHODWLRQ PHWKRG LV XVHG IRU V\VWHP LGHQWLpFDWLRQ� 6SHFWUXP

DQDO\VLV VKRZV WKDW IRU VWRFKDVWLF SURFHVVHV� WKH 3RZHU 6SHFWUXP 'HQVLW\ �36'� RI WKH RXWSXW

VLJQDO� 6\\���� LV UHODWHG WR WKH 36' RI WKH LQSXW VLJQDO� 6[[���� E\ WKH IUHTXHQF\ UHVSRQVH RI WKH

OLQHDU V\VWHP� +���� DV IROORZLQJ

6\\���  M+���M�6[[��� ������

)XUWKHUPRUH� WKH UHODWLRQVKLS EHWZHHQ WKH FURVV�SRZHU VSHFWUXP� 6[\���� DQG 6[[��� LV JLYHQ E\

>��@

6[\���  +e���6[[��� ������

ZKHUH +e��� LV WKH FRPSOH[ FRQMXJDWH RI WKH V\VWHP IUHTXHQF\ UHVSRQVH�

%\ GHpQLWLRQ� WKH 36' RI D VWRFKDVWLF SURFHVV� 6[[���� LV WKH )RXULHU WUDQVIRUP RI LWV DXWRFRUUHODWLRQ

IXQFWLRQ� 5[[�W�� DQG WKH FURVV�SRZHU VSHFWUXP RI WZR VLJQDO� 6[\���� LV WKH )RXULHU WUDQVIRUP

RI WKHLU FURVV�FRUUHODWLRQ 5[\�W�� 7KHUHIRUH� WKH LQYHUVH )RXULHU WUDQVIRUP RI ������ OHDGV WR WKH

IROORZLQJ

5[\���  5[[��� e Ke�b�� ������

,I WKH LQSXW RI WKH V\VWHP LV D ZKLWH�QRLVH SURFHVV� Z�W�� ZLWK DXWRFRUUHODWLRQ RI

5ZZ  r�W� ������

WKHQ WKH RXWSXW LV

5\Z���  5Z\�b��  r�W� e Ke���  Ke��� ������

)RU UHDO SURFHVVHV� Ke�W�  K�W�� DQG V\VWHP LPSXOVH UHVSRQVH FDQ EH HVWLPDWHG E\ WKH FURVV�

FRUUHODWLRQ RI WKH LQSXW ZKLWH QRLVH VLJQDO ZLWK WKH RXWSXW VLJQDO�
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����� 3 U RSHU WLHV RI 3 1 6HTXHQFH

,Q D SUDFWLFDO VSUHDG VSHFWUXP V\VWHP� WKH ZKLWH QRLVH VLJQDO LV DSSUR[LPDWHG E\ D SVHXGR�QRLVH

�31� VHTXHQFH� $ 31 VHTXHQFH LV D GHWHUPLQLVWLF VHTXHQFH RI �� DQG � ZLWK QRLVH�OLNH DXWRFRUUH�

ODWLRQ SURSHUWLHV� 2QH RI WKH PRVW ZLGHO\ XVHG 31 VHTXHQFHV LV WKH PD[LPXP�OHQJWK VKLIW�UHJLVWHU

VHTXHQFH �RU P�VHTXHQFH IRU VKRUW�� ZKLFK FDQ EH SURGXFHG XVLQJ FDVFDGHG VKLIW�UHJLVWHU VWDJHV ZLWK

OLQHDU IHHGEDFN ORRSV >��@� :KHQ N VWDJHV RI VKLIW�UHJLVWHUV DUH XVHG� WKH P�VHTXHQFH FRGH OHQJWK LV

JLYHQ E\ 1  �N b ��

/HW Q�W� UHSUHVHQWV D SHULRGLF 31 VLJQDO PDGH RI D P�VHTXHQFH ZLWK D FRGH OHQJWK RI 1 DQG FKLS

GXUDWLRQ RI 7F� 7KH SHULRG RI Q�W� LV 7S  17F� 7KH 31 VHTXHQFH Q�W� DQG LWV DXWRFRUUHODWLRQ LV

SUHVHQWHG LQ )LJXUH ���

T =NTp c

Tc

T =NTp c
Rn n

1

1

Tc

-1/N

n(t)

-1

m-Sequence PN Code

Autocorrelation of m-Sequence PN code

τ

t

)LJXUH ��� 0�VHTXHQFH 31 FRGH DQG LWV DXWRFRUUHODWLRQ�

7KH DXWRFRUUHODWLRQ RI WKH 31 VHTXHQFH LV D SHULRGLF SXOVH WUDLQ ZLWK D SHULRG RI 7S DQG SXOVH
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GXUDWLRQ RI �7F� ,Q HDFK SHULRG� WKH DXWRFRUUHODWLRQ RI Q�W� LV JLYHQ E\ >��@

5QQ���  

�!!!!!!!!�
!!!!!!!!�

�b ��� 1
7F

� IRU � x � � 7F

b� 1 IRU 7F x � � 7S b 7F

� � ��� 1
7F

�� b 7S� IRU 7E b 7F x � � 7S

������

����� 0 DWKHPDWLFDO 0 RGHOV RI 6&6 &KDQQHO 6RXQGLQJ

$ EDVHEDQG PRGHO IRU WKH 6&6 LV GHPRQVWUDWHG LQ )LJXUH �� >��� ��@� $ NQRZQ WUDQVPLWWHU 31

VHTXHQFH� QW�W�� LV VHQW WKURXJK WKH FKDQQHO ZLWK D EDVHEDQG FKDQQHO LPSXOVH UHVSRQVH RI KE�W��

7KH UHFHLYHG VLJQDO \�W� LV PXOWLSOLHG ZLWK WKH UHFHLYHU 31 VHTXHQFH DQG WKHQ LQWHJUDWHG RYHU D

SHULRG RI 7 � 7KH SRZHU RI ]�W� LV UHFRUGHG DV WKH PHDVXUHG 3'3 RI WKH FKDQQHO� ,Q D 6&6� WKH

UHFHLYHU 31 VHTXHQFH KDV D GLoHUHQW FORFN UDWH IURP WKH WUDQVPLWWHU FORFN UDWH� $V D VWDUWLQJ SRLQW�

ZH pUVW VWXG\ WKH FDVH ZKHUH ERWK 31 VHTXHQFHV KDYH WKH VDPH FORFN UDWHV�

&RUUHODWLRQ PHWKRG ZLWK WKH VDPH 31 FORFN UDWHV

7KH UHFHLYHG VLJQDO \�W� LV JLYHQ E\ WKH FRQYROXWLRQ RI KE DQG QW�

\�W�  KE�W� e QW�W�  
�=

b�

KE�t�QW�Wb t� Gt ������

$W WKH UHFHLYHU� FRUUHODWLRQ RI \�W� DQG WKH UHFHLYHU 31 VHTXHQFH QU�Wb �� LV SHUIRUPHG E\ PXOWLSOL�

FDWLRQ �D PL[HU� DQG LQWHJUDWLRQ �D QDUURZEDQG pOWHU�� 7KLV FRUUHODWLRQ LV FDOFXODWHG IRU DQ\ GHOD\

YDOXHV� � � EHWZHHQ WKH UHFHLYHG VLJQDO \�W� DQG WKH UHFHLYHU 31 VHTXHQFH� 7KH UHVXOWLQJ VLJQDO ]�W�

LV JLYHQ E\

]���  
�

7

7=
�

\�W�QU�Wb �� GW ������

6XEVWLWXWLQJ ������ LQWR ������� ZH FDQ H[SUHVV WKH UHFHLYHG VLJQDO ]��� DV

]���  
�

7

7=
�

��
�

�=
b�

KE�t�QW�Wb t�Gt

� 
�QU�Wb �� GW ������
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1
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T +p τ2 T +p τ3τ2

τ3

p1 p2 p3

p1 p2 p3
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Recorded PDP

correlation noise and thermal noiseMultipath delay

Multipath power

SCS Channel Sounding
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)LJXUH ��� 0DWKHPDWLFDO PRGHOV RI 6&6 FKDQQHO VRXQGLQJ�
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b�

KE�t�
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7=
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� 
� Gt ������

 

�=
b�

KE�t�5WU�� b t� Gt ������

 KE��� e5WU�� � ������

ZKHUH 5WU UHSUHVHQWV WKH FRUUHODWLRQ
� RI WKH WUDQVPLWWHU DQG UHFHLYHU 31 VHTXHQFHV� JLYHQ E\

5WU�� b t�  
�

7

7=
�

QW�Wb t�QU�Wb �� GW ������

:KHQ WKH WUDQVPLWWHU DQG UHFHLYHU 31 VHTXHQFHV DUH LGHQWLFDO DQG KDYH WKH VDPH FORFN VSHHG� WKLV

FRUUHODWLRQ LV WKH DXWRFRUUHODWLRQ RI D 31 VHTXHQFH JLYHQ E\ �������

$SSO\LQJ WKH FKDQQHO LPSXOVH UHVSRQVH PRGHO IURP ������ WR ������� ZH ZLOO KDYH WKH RXWSXW VLJQDO

DV IROORZV

]���  KE��� e5WU��� ������

 
1b�;
L �

DL H[S �bM�L�r�� b �L� e5WU�� � ������

 
1b�;
L �

DL H[S �bM�L�5WU�� b �L� ������

7KH SRZHU RI WKH RXWSXW VLJQDO LV JLYHQ E\

M]���M�  
1b�;
L �

MDLM�5�WU�� b �L� ������

M]���M�  
1b�;
L �

3L5
�
WU�� b �L� ������

)LJXUH �� DQG ������ FOHDUO\ VKRZ WKH VLPLODULW\ EHWZHHQ WKH GLUHFW 5) SXOVH FKDQQHO VRXQGLQJ

WHFKQLTXH DQG WKH 6&6 WHFKQLTXH� 7KH RXWSXW VLJQDO RI D 6&6 LV D SHULRGLF SXOVH WUDLQ ZLWK WKH

SHULRG RI 7S DQG SXOVH ZLGWK RI �7F� (DFK SXOVH UHFRUGV WKH GHOD\ DQG SRZHU RI D PXOWLSDWK

FRPSRQHQW RI WKH FKDQQHO� 6LPLODU WR WKH GLUHFW SXOVH V\VWHP� WKH IROORZLQJ FRQGLWLRQV PXVW EH

VDWLVpHG IRU WKH 6&6 RSHUDWLRQ�

�,Q J H QH UD O� F R UUH OD WLR Q R I WZ R IXQF WLR QV [ �W� D QG \ �W� LV J LY H Q E\ 5[\�W�� W��  
�

7

5 7
�
[�W��\

e�W�� GW� Z KH UH \
e�W� LV

WKH F R PSOH [ F R QMXJ D WH R I \�W�� 6LQF H QW D QG QU D UH ER WK UH D O IXQF WLR QV� WKH LU F R PSOH [ F R QMXJ D WH V D UH WKH VD PH D V WKH
IXQF WLR QV�
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s 7KH FKLS GXUDWLRQ 7F GHWHUPLQHV WKH PHDVXUHPHQW V\VWHP WLPH UHVROXWLRQ� ,W PXVW EH OHVV

WKDQ WKH UHODWLYH GHOD\ EHWZHHQ WZR PXOWLSDWK FRPSRQHQWV LQ RUGHU WR GLVWLQJXLVK WKHP�

s 7KH SHULRG 7S PXVW H[FHHG WKH PD[LPXP GHOD\ RI DQ\ PXOWLSDWK� 7KLV SHULRG 7S GHWHUPLQHV

XQDPELJXRXV UDQJH RI WKH 6&6� )RU H[DPSOH� WKH PHDVXUHPHQW V\VWHP XVHG LQ WKLV UHVHDUFK

XVHV 31 FRGH JHQHUDWHG IURP �� VWDJH VKLIW�UHJLVWHUV� 7KH PD[LPXP FRGH OHQJWK LV ���b �  
����� :LWK D FKLS GXUDWLRQ RI �� QV � WKLV UHVXOWV LQ D SHULRG RI 7S  �����zV DQG DQ

XQDPELJXRXV UDQJH RI ���� NP� 7KLV LV PXFK ODUJHU WKDQ W\SLFDO PXOWLSDWK SDWKOHQJWK�

s ,Q SUDFWLFDO V\VWHPV� WKH 31 VHTXHQFH GRHV QRW KDYH D XQLW DPSOLWXGH� &RQVHTXHQWO\� WKH
UHFRUGHG VLJQDO� M]���M�� LV ZHLJKWHG E\ WKH SRZHU RI WKH FRUUHODWLRQ SHDN� 7KLV YDOXH FDQ EH
HVWLPDWHG LQ WKH EDFN�WR�EDFN FDOLEUDWLRQ� ZKHUH WKH WUDQVPLWWHU DQG UHFHLYHU DUH FRQQHFWHG

WKURXJK D FRD[LDO FDEOH ZLWK NQRZQ ORVV DQG GHOD\� %\ FRPSDULQJ WKH WUDQVPLWWHG DQG

UHFRUGHG VLJQDO SRZHU� WKH SXOVH DPSOLWXGH� DV ZHOO DV RWKHU V\VWHP ORVVHV FDQ EH FDOLEUDWHG

RXW�

6OLGLQJ &RUUHODWLRQ

7KH DERYH GLVFXVVLRQ LV EDVHG RQ WKH DVVXPSWLRQ WKDW WKH UHFHLYHU 31 VHTXHQFH FDQ EH VKLIWHG E\

DQ\ GHOD\ RI � UHODWLYH WR WKH WUDQVPLWWHU 31 VHTXHQFH� 7KLV LV SRVVLEOH ZKHQ WKH FRUUHODWLRQ LV

SHUIRUPHG E\ GLJLWDO VLJQDO SURFHVVLQJ �'63�� $OWHUQDWLYHO\� LQ D VOLGLQJ FRUUHODWRU V\VWHP� WKH VKLIW

RI QW UHODWLYH WR QU LV DFFRPSOLVKHG E\ XVLQJ VOLJKWO\ GLoHUHQW FORFN UDWHV IRU WKHVH WZR 31 VHTXHQFHV

>��@� 7KH WUDQVPLWWHU KDV D 31 FORFN UDWH RI IW DQG WKH UHFHLYHU KDV D VORZHU FORFN UDWH RI IU� 7KLV

VOLJKW GLoHUHQFH LQ WKH FKLS UDWHV IV  IW b IU� L�H� WKH IUHTXHQF\ RoVHW� UHVXOWV LQ WKH ?VOLGLQJ� RI

RQH VHTXHQFH ZLWK UHVSHFW WR WKH RWKHU� )RU WKH VOLGLQJ FRUUHODWLRQ� WKH UHFHLYHU 31 VHTXHQFH FDQ

EH UHSUHVHQWHG DV >��@

QU�W�  QU�
IW b IV

IW
W� ������

7KH RXWSXW VLJQDO RI WKH 6&6 ]VFV��� LV JLYHQ E\

]VFV�W�  
�

7

= 7

�
\�W�QU�

IW b IV
IW
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= 7

�
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�

7

= 7

�
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�
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b�

KE�t�QW�Wb t� Gt
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� QU�

IW b IV
IW
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b�

KE�t�
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�

7

= 7

�
QW�Wb t�QU�

IW b IV
IW
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�
Gt ������
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�=

b�

KE�t�5WU�
IV
IW
Wb t� Gt ������

 

�=
b�

�
1b�;
L �

DL H[S �bM�L�r�� b �L�

�
5WU�

IV
IW
Wb t� Gt ������

 
1b�;
L �

DL H[S �bM�L�5WU�
IV
IW
Wb �L� ������

1RWH WKDW WKH WUDQVLWLRQ IURP ������ WR ������ LV DSSUR[LPDWH� 7KH IUHTXHQF\ RoVHW PXVW EH VPDOO

HQRXJK LQ RUGHU QRW WR GHVWUR\ WKH FURVV�FRUUHODWLRQ SURSHUWLHV RI QW�W� DQG QU�W� >��� ��@� 7KH UDWLR

EHWZHHQ WKH IW DQG IV LV GHpQHG DV WKH VOLS UDWH� q  IW IV� 7KH KLJKHU WKH VOLS UDWH� WKH ORZHU WKH

IUHTXHQF\ RoVHW� 7\SLFDO YDOXHV RI VOLGLQJ IDFWRU UDQJH IURP ���� WR ������ >��@�

7KH UHFRUGHG 3'3 IURP WKH 6&6 KDV WKH IROORZLQJ IRUP

M]VFV�W�M�  
1b�;
L �

3L5
�
WU�

IV
IW
Wb �L� ������

1RWH WKDW ������ LV YHU\ VLPLODU WR ������ IRU GLUHFW SXOVH PHDVXUHPHQWV� DQG WR ������ IRU FRUUHODWLRQ

PHDVXUHPHQWV ZLWK LGHQWLFDO FORFN UDWHV� 7KH RQO\ GLoHUHQFH LV WKH WLPH GHSHQGHQFH� 7KH 6&6

VFDOHV WLPH E\ WKH VOLS UDWH q� ,I WKH DEVROXWH SURSDJDWLRQ WLPH RI D PXOWLSDWK FRPSRQHQW LV � � WKHQ

D FRUUHODWLRQ SHDN ZLOO RFFXU DW WKH REVHUYDWLRQ WLPH W� ZKHUH

IV
IW
Wb �  � ������

W  �q ������

$V VKRZQ LQ )LJXUH ��� IRU 6&6� WKH REVHUYDWLRQ WLPH LV VFDOHG E\ q DFFRUGLQJ WR �������

����� , PSOHPHQWDWLRQ RI 6&6

)LJXUH �� SUHVHQWV EORFN GLDJUDPV RI WKH WUDQVPLWWHU DQG UHFHLYHU RI D 6&6 FKDQQHO VRXQGLQJ V\VWHP

>��� ��� ��@� 7KLV V\VWHP ZDV XVHG LQ WKH ZLGHEDQG FKDQQHO PHDVXUHPHQW FDPSDLJQ DW ���� *+]

>��@�
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)LJXUH ��� %ORFN GLDJUDP RI WKH 6&6 KDUGZDUH FRQpJXUHG DW ���� *+] ZLWK D FORFN UDWH RI ��� 0+]
DQG D VOLS UDWH RI �������
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7KH 31 VHTXHQFH LV XS�FRQYHUWHG E\ WKH PL[HU WR WKH GHVLUHG FDUULHU IUHTXHQF\ RI ���� *+] � $

�� G% JDLQ SRZHU DPSOLpHU LV XVHG WR RYHUFRPH WKH SDWK ORVV LQ WKH FKDQQHO� 5XELGLXP FORFNV DUH

XVHG LQ WKH WUDQVPLWWHU DQG UHFHLYHU WR SURYLGH SUHFLVH IUHTXHQF\ VWDQGDUGV IRU 31 JHQHUDWRUV DQG

WKH IUHTXHQF\ V\QWKHVL]HUV�

$W WKH UHFHLYHU� WZR VWDJHV RI pOWHULQJ DQG DPSOLpFDWLRQV DUH SHUIRUPHG LQ RUGHU WR UHMHFW RXW�RI�

EDQG VSXULRXV VLJQDOV DQG WR DFKLHYH KLJK G\QDPLF UDQJH� $Q DWWHQXDWRU VHUYHV DV D JDLQ FRQWURO

WR PDQXDOO\ DGMXVW WKH UHFHLYHG VLJQDO SRZHU OHYHO� 7KH FRUUHODWLRQ EHWZHHQ WKH UHFHLYHG VLJQDO DQG

WKH UHFHLYHU 31 VHTXHQFH LV SHUIRUPHG E\ D PL[HU IROORZHG E\ D QDUURZEDQG 5) pOWHU� $ VSHFWUXP

DQDO\]HU VHW LQ WKH ]HUR�VSDQ PRGH VHUYHV DV ERWK D GRZQ�FRQYHUWHU DQG DQ HQYHORSH GHWHFWRU�

7KH RVFLOORVFRSH GLVSOD\V WKH YLGHR RXWSXW RI WKH VSHFWUXP DQDO\]HU� ZKLFK LV SURSRUWLRQDO WR WKH

UHFHLYHG VLJQDO SRZHU LQ G%� 7KH SXUSRVH RI XVLQJ DQ RVFLOORVFRSH LV WR SURYLGH WULJJHULQJ DQG

GLoHUHQW WLPH DQG SRZHU VFDOHV WR YLHZ WKH UHFRUGHG FKDQQHO UHVSRQVH� 7KH GLVSOD\HG GDWD DUH

VDYHG LQWR D ODSWRS FRPSXWHU WKURXJK D *3,% ERDUG IRU IXUWKHU SURFHVVLQJ� &DUHIXO FDOLEUDWLRQ

SURFHGXUHV DUH SHUIRUPHG WR HVWDEOLVK WKH H[DFW UHODWLRQVKLS EHWZHHQ WKH UHFRUGHG YROWDJH DQG WLPH

ZLWK WKH DFWXDO PXOWLSDWK SRZHU DQG GHOD\�

����� $QDO\VLV RI WKH 7 LPH 0 HDVXU HPHQW $FFXU DF\

2QH PDMRU DGYDQWDJH RI WKH 6&6 RYHU 91$ LV WKDW WKH 6&6 FDQ RSHUDWH ZLWKRXW D KDUGZLUH

FRQQHFWLRQ EHWZHHQ WKH WUDQVPLWWHU DQG UHFHLYHU� +RZHYHU� WKLV VHSDUDWLRQ UHTXLUHV WUDQVPLWWHU

DQG UHFHLYHU 31 JHQHUDWRUV WR EH UHIHUHQFHG WR GLoHUHQW IUHTXHQF\ RVFLOODWRUV� 7KH DFFXUDF\ RI

WKH UXELGLXP RVFLOODWRUV GLUHFWO\ GHWHUPLQHV WKH WLPH PHDVXUHPHQW DFFXUDF\ RI WKH 6&6� %HIRUH

HDFK PHDVXUHPHQW FDPSDLJQ� WKH UXELGLXP RVFLOODWRUV PXVW EH DGMXVWHG WR EH DV FORVH LQ IUHTXHQF\

DV SRVVLEOH� (YHQ VR� ZKHQ WKH\ DUH VHSDUDWHG� WKH IUHTXHQFLHV ZLOO LQHYLWDEO\ GULIW VORZO\ DSDUW�

7KLV IUHTXHQF\ RoVHW UHVXOWV LQ D FRQWLQXRXV WLPH D[LV VKLIW LQ WKH PHDVXUHG PXOWLSDWK� DV VKRZQ LQ

)LJXUH ��� %\ FDOLEUDWLQJ WKH 6&6 V\VWHP EHIRUH DQG DIWHU D VHW RI FKDQQHO VRXQGLQJ PHDVXUHPHQWV�

WKLV GULIW FDQ EH DFFRXQWHG IRU DQG UHPRYHG IURP WKH UHVXOWV� $ GHWDLOHG DQDO\VLV RI WKH HoHFW RI

WKH RVFLOODWRU IUHTXHQF\ RoVHW FDQ EH IRXQG LQ WKH $SSHQGL[ %�
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)LJXUH ��� 6KLIW RI WKH UHFRUGHG 3'3 GXH WR WKH IUHTXHQF\ RoVHW�

��� 0 HDVXU HPHQWV &RPSDU LQJ 91 $ DQG 6&6

7R GDWH� ZLGHEDQG FKDQQHO PHDVXUHPHQW FDPSDLJQV WKDW KDYH EHHQ UHSRUWHG XVH WLPH GRPDLQ

PHDVXUHPHQW WHFKQLTXHV >��� ��� ��� ��� ��� ��� ��� ��� ��� ��@ RU IUHTXHQF\ GRPDLQ WHFKQLTXHV

>��� ��� ��� ��@� )RXULHU WUDQVIRUP WKHRU\ JXDUDQWHHV WKDW WKHVH WZR WHFKQLTXHV VKRXOG SURGXFH

LGHQWLFDO UHVXOWV� EXW WKHUH KDV EHHQ OLWWOH OLWHUDWXUH RQ UHVHDUFK WR FDUHIXOO\ FRPSDUH WKHVH WZR

PHDVXUHPHQW WHFKQLTXHV� 7KLV VHFWLRQ SUHVHQWV D GLUHFW FRPSDULVRQ RI IUHTXHQF\ GRPDLQ FKDQQHO

VRXQGLQJ XVLQJ 91$ DQG WLPH GRPDLQ FKDQQHO VRXQGLQJ XVLQJ 6&6 DW ���� *+]�

$ PHDVXUHPHQW FDPSDLJQ ZDV GHVLJQHG WR FRPSDUH WKH SHUIRUPDQFH RI WKH WZR V\VWHPV LQ LGHQWLFDO

HQYLURQPHQWV� 7KH PHDVXUHPHQWV ZHUH SHUIRUPHG DW +5/ /DERUDWRULHV DW 0DOLEX� &$ LQ $XJXVW

����� 7KH V\VWHP KDUGZDUH LV SUHVHQWHG LQ )LJXUH ��� 7ZR V\QFKURQL]HG HOHFWURQLF VZLWFKHV DOORZHG

WKH DQWHQQDV WR EH WLPH VKDUHG EHWZHHQ WKH 91$ DQG WKH 6&6 VR WKDW FRPSDUDWLYH PHDVXUHPHQWV

FRXOG EH PDGH UDSLGO\ IRU PLQLPXP FKDQQHO YDULDWLRQV�

7ZR LQGRRU VLWHV DQG RQH RXWGRRU VLWH ZHUH XVHG WR PHDVXUH GHOD\ VSUHDG DQG SDWK ORVV RI WKH

PXOWLSDWK FKDQQHOV� &RPSDULVRQ RI UHVXOWV GHPRQVWUDWHG WKH GXDOLW\ EHWZHHQ ERWK PHDVXUHPHQW
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)LJXUH ��� 7KH FRPELQHG V\VWHP IRU 6&6 DQG 91$ FRPSDULVRQ�

WHFKQLTXHV� 7KH XOWLPDWH FKRLFH RI PHDVXUHPHQW WHFKQLTXH ZLOO GHSHQG RQ WKH PHDVXUHPHQW UH�

TXLUHPHQWV DQG WKH SURSDJDWLRQ HQYLURQPHQWV�

����� 6\VWHP 6HWWLQJV

7KH PHDVXUHPHQW SDUDPHWHUV IRU ERWK V\VWHPV ZHUH FKRVHQ WR EH DV FORVH DV SRVVLEOH� 7KH SDUDP�

HWHUV XVHG LQ WKH PHDVXUHPHQW FDPSDLJQ IRU ERWK PHWKRGV DUH OLVWHG LQ 7DEOH ��

$V VKRZQ LQ 7DEOH �� ERWK V\VWHPV KDYH D FHQWHU IUHTXHQF\ RI ���� *+] � 7KH VZHHS EDQGZLGWK RI

WKH 91$ LV FKRVHQ ��� 0+] � ZKLFK LV WKH VDPH DV WKH EDQGZLGWK RI EDQGSDVV pOWHUV LQ WKH 6&6�

7KLV UHVXOWV LQ �� QV DQG ��� QV WLPH UHVROXWLRQ RI WKHVH V\VWHPV� $Q DYHUDJH RI HLJKW ZDYH IRUPV DUH

WDNHQ WR UHGXFH WKH QRLVH DQG SRVVLEOH FKDQQHO WUDQVLHQW FDXVHG E\ WKH PRYLQJ REMHFWV� ,Q 7DEOH ��

WKH �� G% LV WKH GLVSOD\ G\QDPLF UDQJH RI WKH 6&6� ZKLFK LV GHWHUPLQHG E\ WKH FRUUHODWLRQ QRLVH

RI WKH 31 VHTXHQFHV� 7KH GHWHFWDEOH VLJQDO G\QDPLF UDQJH LV FORVH WR �� G% GXH WR WKH DGMXVWDEOH

JDLQ FRQWURO E\ WKH VWHS DWWHQXDWRU LQ WKH UHFHLYHU� 1RWH WKDW WKH 91$ KDV D VORZHU PHDVXUHPHQW

VSHHG WKDQ WKH 6&6 GXH WR WKH IUHTXHQF\ VZHHS� 7KH QXPEHU RI GDWD SRLQWV RI 91$ LV FKRVHQ WR

EH KDOI RI WKH QXPEHU RI 6&6 WR LQFUHDVH WKH PHDVXUHPHQW VSHHG RI 91$� 7KH GLVSOD\ UDQJHV RI WKH

6&6 DQG 91$ DUH GHWHUPLQHG E\ WKH WLPH VFDOH RI WKH RVFLOORVFRSH DQG 91$� UHVSHFWLYHO\� $ ���
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7DEOH �� 6\VWHP 6HWWLQJV RI WKH 6&6 DQG 91$6�

6&6 91$

FHQWHU IUHTXHQF\ ���� *+] ���� *+]

SDVVEDQG EDQGZLGWK ��� 0+] ��� 0+]

UHVROXWLRQ �� QV ��� QV

DYHUDJLQJ � WLPHV � WLPHV

G\QDPLF UDQJH �� G% �� G%

PHDVXUHPHQW VSHHG ��� V�3'3 � V�3'3

QXPEHU RI VDPSOHV ���� ���

GLVSOD\ UDQJH ��� P ��� P

P GLVWDQFH FRUUHVSRQGV WR D ���� QV RI GHOD\� )RU VKRUW�GLVWDQFH RXWGRRU DQG LQGRRU HQYLURQPHQWV�

WKLV LV PXFK ODUJHU WKDQ WKH PD[LPXP H[FHVV GHOD\V W\SLFDOO\ PHDVXUHG� ZKLFK DUH IURP �� WR

VHYHUDO KXQGUHG QV >��@�

����� 0 HDVXU HPHQW 5HVXOWV

7KUHH W\SLFDO VLWHV DW +5/ /DERUDWRULHV ZHUH FKRVHQ IRU WKH RXWGRRU DQG LQGRRU PHDVXUHPHQWV�

7KH RXWGRRU VLWH ZDV D ODZQ RI DSSUR[LPDWHO\ ��d �� P� WKH WZR LQGRRU VLWHV LQFOXGHG DQ �d ��
P FRQIHUHQFH URRP� DQG D �d �� P KDOOZD\� &DUH ZDV WDNHQ WR HQVXUH WKDW WKHUH ZHUH QR SHRSOH

ZDONLQJ DURXQG GXULQJ WKH PHDVXUHPHQW WR DFKLHYH D VWDWLF FKDQQHO� 'HWDLOHG VLWH LQIRUPDWLRQ LV

SUHVHQWHG LQ $SSHQGL[ $�

7KH GDWD SURpOHV ZHUH FRPSDUHG RQ D ORFDWLRQ�E\�ORFDWLRQ EDVLV LQ WHUPV RI DPSOLWXGHV DQG DUULYDO

WLPHV RI LQGLYLGXDO PXOWLSDWK FRPSRQHQWV E\ RYHUOD\LQJ WKH DYHUDJHG 3'3V IURP WKH 91$ DQG WKH

6&6 DW HDFK UHFHLYHU ORFDWLRQ� ([DPSOHV RI WKH FRPELQHG 3'3V DUH SUHVHQWHG LQ )LJXUH �� IRU WKH

ODZQ� )LJXUH �� IRU FRQIHUHQFH URRP� DQG )LJXUH �� IRU WKH KDOOZD\� $V VKRZQ LQ WKH SORW OHJHQG�

WKH FDOFXODWHG UHVXOWV LQFOXGH WKH QXPEHU RI PXOWLSDWK SHDNV� 1PS� PHDQ H[FHVV GHOD\� � � DQG 506

GHOD\ VSUHDG� �� � IRU HDFK 3'3� $OVR OLVWHG DUH WKH SRZHU LQ WKH pUVW UHFHLYHG SXOVH� 3PD[� DQG WKH

PD[LPXP H[FHVV GHOD\� c7 � IRU D WKUHVKROG YDOXH RI �� G% �
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)LJXUH ��� 6LWH�E\�VLWH FRPSDULVRQ IRU ORFDWLRQ %� LQ WKH KDOOZD\�

'HWDLOHG PHDVXUHPHQW UHVXOWV DUH SUHVHQWHG LQ $SSHQGL[ $� ,Q JHQHUDO� WKH UHVXOWV IURP WKH WZR

PHDVXUHPHQW PHWKRGV WUDFN YHU\ ZHOO� )RU WKH RXWGRRU PHDVXUHPHQWV� WZR V\VWHPV SURGXFHG

QHDUO\ LGHQWLFDO UHVXOWV LQ )LJXUH ��� )RU WKH LQGRRU PHDVXUHPHQWV� 91$ SURGXFHG D VOLJKWO\ KLJKHU

QXPEHU RI PXOWLSDWK FRPSRQHQWV� 6RPH RI WKH GLoHUHQFHV� HVSHFLDOO\ DW WKH ORZHU VLJQDO OHYHOV FDQ

EH DWWULEXWHG WR WKH ZLQGRZLQJ GRQH E\ WKH 91$ GXULQJ WKH FDOFXODWLRQ RI WKH ,QYHUVH 'LVFUHWH

)RXULHU 7UDQVIRUP �,')7�� 7KH IUHTXHQF\ ZLQGRZ KDG D QHDUO\ LGHDO EDQGSDVV UHVSRQVH VR WKDW WKH

FDOFXODWHG LPSXOVH LQ WKH WLPH GRPDLQ VKRZHG VLGHOREHV� 7KLV FDQ EH VHHQ� IRU LQVWDQFH� LQ )LJXUH ���

ZKHUH WKH 91$ UHVXOWV VKRZ SUH�pUVW�SXOVH VLGHOREHV� 8VLQJ D pOWHU ZLWK D VORZHU IUHTXHQF\ UROO�Ro

ZRXOG UHGXFH WKH VLGHOREH OHYHOV� EXW ZRXOG DOVR LQFUHDVH WKH ZLGWK RI WKH PXOWLSDWK SXOVHV DQG

UHGXFH WKH UHVROXWLRQ�

����� 6XPPDU \ RI WKH &RPSDU LVRQ 0 HDVXU HPHQWV

7KH VLPLODULW\ RI WKH 3'3V IURP WKH WZR V\VWHPV DQG WKH FORVH YDOXHV RI WKH PHDVXUHG FKDQQHO

SDUDPHWHUV YHULI\ WKH GXDO UHODWLRQVKLS RI WKH IUHTXHQF\ DQG WLPH GRPDLQ PHDVXUHPHQW WHFKQLTXHV�

6LQFH HLWKHU PHWKRG JLYHV WKH VDPH 5) FKDQQHO FKDUDFWHUL]DWLRQ� WKH FKRLFH RI V\VWHP ZLOO GHSHQG
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XSRQ WKH SDUWLFXODU HQYLURQPHQW WR EH PHDVXUHG�

7KH 91$ KDV PRUH qH[LELOLW\ LQ WKH FKRLFH RI WKH FHQWHU IUHTXHQF\� VZHHS EDQGZLGWK �PHDVXUHPHQW

UHVROXWLRQ� WKDQ WKH 6&6� $OVR� LW SURYLGHV ERWK DPSOLWXGH DQG SKDVH LQIRUPDWLRQ RI WKH FKDQQHO

UHVSRQVH� +RZHYHU� WKH SKDVH PHDVXUHPHQW UHTXLUHV D FDEOH FRQQHFWLRQ EHWZHHQ WKH WUDQVPLWWHU

DQG WKH UHFHLYHU� VR WKH 91$ LV SUHIHUUHG IRU LQGRRU DQG VKRUW GLVWDQFH RXWGRRU FKDQQHO VRXQGLQJ�

,Q DGGLWLRQ� GXH WR WKH UHODWLYHO\ ORQJHU VZHHS WLPH� WKH 91$ V\VWHP LV FRQVWUDLQHG WR FKDQQHOV

WKDW DUH UHODWLYHO\ PRUH VWDWLRQDU\ WKDQ WKRVH WKDW FDQ EH PHDVXUHG ZLWK WKH 6&6 V\VWHP�

7KH 6&6 SURYLGHV WKH DPSOLWXGHV DQG DUULYDO WLPHV RI WKH PXOWLSDWK FRPSRQHQWV� 6LQFH WKH PHD�

VXUHPHQWV DUH SHUIRUPHG LQ WKH WLPH GRPDLQ� SKDVH LQIRUPDWLRQ LV QRW UHTXLUHG IRU WKH 3'3 PHD�

VXUHPHQWV� 7KH WUDQVPLWWHU DQG UHFHLYHU GR QRW QHHG WR EH FRQQHFWHG E\ D FDEOH� +RZHYHU� FDUH

PXVW EH WDNHQ WR HQVXUH WKH WLPH PHDVXUHPHQW DFFXUDF\� $SSHQGL[ % SUHVHQWV D GHWDLOHG DQDO\VLV

RI WKH HoHFWV RI WKH FORFN IUHTXHQF\ RoVHWV RQ WKH PHDVXUHPHQW DFFXUDF\� 5HVXOWV VKRZ WKDW QRW

RQO\ KLJK SUHFLVLRQ IUHTXHQF\ VWDQGDUGV� VXFK DV UXELGLXP RVFLOODWRUV� PXVW EH XVHG WR SURYLGH

FORFN UHIHUHQFH� EXW DOVR D FDOLEUDWLRQ SURFHGXUH LV UHTXLUHG WR DFFRXQW IRU WKH WLPH�VKLIW GXH WR

WKH IUHTXHQF\ RoVHW RI WKH FORFNV� :LWK WKHVH SUHFDXWLRQV� WKH 6&6 FDQ RSHUDWH LQ DQ XQWHWKHUHG

PRGH� ZKLFK LV SUHIHUDEOH IRU ORQJ�GLVWDQFH RU PRELOH RSHUDWLRQV� )LQDOO\� 6&6 W\SLFDOO\ RSHUDWHV

DW D KLJKHU VSHHG WKDQ 91$� WKHUHIRUH� LW KDV D ZHDNHU UHTXLUHPHQW IRU WKH FKDQQHO VWDWLRQDULW\�

6HFWLRQ ��� ZLOO VKRZ KRZ WR FKRVH V\VWHP VHWWLQJV LQ 6&6 WR DFKLHYH KLJK PHDVXUHPHQW VSHHG�

ZKLFK LV UHTXLUHG IRU WKH PLOOLPHWHU�ZDYH FKDQQHO VRXQGLQJ�

��� 6&6 DW �� *+ ] DQG �� *+ ]

����� 6\VWHP + DU GZDU H

)RU PLOOLPHWHU�ZDYH SURSDJDWLRQ VWXG\� +5/ ODERUDWRULHV DQG 035* UHVHDUFKHUV XSJUDGHG WKH

���� *+] 6&6 SUHVHQWHG LQ )LJXUH ��� WR RSHUDWH DW �� *+] DQG �� *+] � 7KLV VHFWLRQ SUHVHQWV

WKH �� *+] 6&6 KDUGZDUH� 7KH EORFN�GLDJUDP RI WKH V\VWHP LV SUHVHQWHG LQ )LJXUH ���

7KH EDVLF RSHUDWLRQ RI WKH 6&6 LV WKH VDPH DV WKH ���� *+] V\VWHP� 7KH LQWHUPHGLDWH IUHTXHQF\

�,)� LV FKRVHQ WR EH ��� *+] LQ RUGHU WR KDYH D UDGLR IUHTXHQF\ �5)� DV FORVH WR �� *+] DV
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)LJXUH ��� %ORFN�GLDJUDP RI WKH �� *+] FKDQQHO VRXQGHU�
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SRVVLEOH� 7KLV ,) IUHTXHQF\ LV PXOWLSOLHG E\ VL[ WLPHV WR SURYLGH D ORFDO RVFLOODWRU �/2� IUHTXHQF\

IRU WKH PL[HU� 7KH UHVXOWLQJ 5) VLJQDO LV ���� *+] � 7KLV VLJQDO LV pOWHUHG DQG DPSOLpHG EHIRUH

LW LV VHQW WR WKH WUDQVPLWWHU DQWHQQD� 7KH ,) VLJQDO LV pOWHUHG E\ D ��� 0+] EDQGSDVV pOWHU WR

DWWHQXDWH RXW�RI�EDQG QRLVH SULRU WR WKH XSFRQYHUVLRQ WR ���� *+] � 7KH PD[LPXP DOORZDEOH LQSXW

SRZHU LQWR WKH XSFRQYHUVLRQ XQLW LV ��� G% P� 7KH RYHUDOO JDLQ RI WKH FRQYHUVLRQ XQLW LV �� G%

� +HQFH WKH PD[LPXP WUDQVPLWWHG SRZHU LV �� G%P � ZKLFK ZDV WKH WUDQVPLWWHG VLJQDO SRZHU LQ

WKH PHDVXUHPHQW FDPSDLJQ SUHVHQWHG LQ &KDSWHU �� $Q HOHFWURQLF VZLWFK DOORZV WKH ,) WR VZLWFK

EHWZHHQ ���� *+] DQG ��� *+] �

,Q WKH UHFHLYHU� WKH GRZQFRQYHUVLRQ XQLW LV XVHG WR GRZQFRQYHUW WKH 5) VLJQDO IURP ���� *+] WR

��� *+] � $ pOWHU LV EXLOW LQWR WKH XQLW WR UHMHFW LPDJH VLJQDOV DQG RXW�RI�EDQG QRLVH� 7KH ,) VLJQDO

LV WKHQ DPSOLpHG DQG PL[HG ZLWK WKH UHFHLYHU 31 VHTXHQFH� 7KH FRUUHODWLRQ DQG GDWD UHFRUGLQJ

V\VWHP LV LGHQWLFDO WR WKH ���� *+] 6&6 GHVFULEHG LQ 6HFWLRQ ������

����� &KRLFH RI 3 DU DPHWHU V

7KH PLOOLPHWHU�ZDYH FKDQQHO LV H[WUHPHO\ WLPH�YDU\LQJ GXH WR WKH VKRUW ZDYH OHQJWK DQG DWPR�

VSKHULF HoHFWV� ,Q RUGHU WR PHDVXUH RXWGRRU PLOOLPHWHU�ZDYH FKDQQHOV DQG VWXG\ ZHDWKHU HoHFWV�

WKH PHDVXUHPHQW V\VWHP VSHHG LV FULWLFDO� 3DUDPHWHUV RI WKH VOLGLQJ FRUUHODWRU V\VWHP DUH FKRVHQ

LQ RUGHU WR RSWLPL]H ERWK WKH V\VWHP SHUIRUPDQFH DQG WKH PHDVXUHPHQW VSHHG�

7UDGHRoV DPRQJ WKH IUHTXHQF\ RoVHW� PHDVXUHPHQW VSHHG DQG G\QDPLF UDQJH

7KH PLQLPXP WLPH EHWZHHQ WZR VXFFHVVLYH PHDVXUHPHQWV LV GHWHUPLQHG E\ WKH WLPH LQWHUYDO EH�

WZHHQ WZR FRQVHFXWLYH FRUUHODWLRQV RI WKH WUDQVPLWWHU DQG UHFHLYHU 31 VHTXHQFHV� 7KLV WLPH GLoHU�

HQFH LV JLYHQ E\

7S  17Fq  17F
IF

IW b IU
 

1

IW b IU
������

ZKHUH IW LV WKH WUDQVPLWWHU 31 FKLS UDWH� IU LV WKH UHFHLYHU 31 FKLS UDWH� DQG 1 LV WKH 31 VHTXHQFH

OHQJWK� ,Q WKH 035* 6&6� 31 FRGH OHQJWK 1  ����� IW LV FKRVHQ PD[LPXP DYDLODEOH YDOXH RI
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��� 0+] WR SURYLGH EHVW WLPH UHVROXWLRQ� )URP ������� WKH FKRLFH RI IU� RU IUHTXHQF\ RoVHW IW b IU

GHWHUPLQHV 7S�

7KH IU DQG IW PXVW EH FORVH HQRXJK WR SUHVHUYH SURSHU FRUUHODWLRQ SURSHUWLHV RI WKH 31 VHTXHQFHV

DQG PDLQWDLQ WKH V\VWHP G\QDPLF UDQJH� :LWK ODUJHU IUHTXHQF\ RoVHW� IHZHU 31 FKLSV ZLOO EH

DOLJQHG DW WKH SHDN FRUUHODWLRQ WLPH� DQG WKH FRUUHODWLRQ SHDN UHGXFHV DQG WKH FRUUHODWLRQ QRLVH

LQFUHDVHV� :KHQ IU LV ����� 0+] � WKH PHDVXUHPHQW VSHHG LV ��� V SHU 3'3� WKH V\VWHP G\QDPLF

UDQJH LV PHDVXUHG WR EH �� G% � :KHQ IU LV ���� 0+] � WKH PHDVXUHPHQW VSHHG LV ���� V SHU 3'3�

DQG WKH V\VWHP G\QDPLF UDQJH UHGXFHV WR �� G% �

$V ZLOO EH VKRZQ LQ &KDSWHU �� ZHDWKHU HYHQWV FDQ FKDQJH GUDPDWLFDOO\ ZLWKLQ D PLQXWH� ,Q RUGHU

WR FKDUDFWHUL]H WKH HoHFW RI ZHDWKHU RQ WKH PLOOLPHWHU�ZDYH SURSDJDWLRQ� WKH IUHTXHQF\ RoVHW RI

WKH 6&6 ZDV FKRVHQ DW ��� .+] WR DFKLHYH D IDVW PHDVXUHPHQW VSHHG ZKLOH PDLQWDLQLQJ UHDVRQDEOH

G\QDPLF UDQJH�

2VFLOORVFRSH FRQpJXUDWLRQ IRU IDVW DFTXLVLWLRQ

7KH PHDVXUHPHQW VSHHG LV DOVR GHSHQGHQW RQ WKH DFTXLVLWLRQ DQG UHFRUGLQJ VSHHGV RI WKH RVFLOOR�

VFRSH� 7KH 7HNWURQL[ 7'6���& RVFLOORVFRSH LV VHW WR D IDVW IUDPH PRGH� ZKLFK UHFRUGV WKH LQSXW

VLJQDO FRQWLQXRXVO\ IRU D FKRVHQ QXPEHU RI 3'3V� $ VLJQDO qRZ SORW ZLWK UHTXLUHG WLPH DW HDFK

VWDJH LV VXPPDUL]HG LQ )LJXUH ���

)RU WKH PHDVXUHPHQW FDPSDLJQ SUHVHQWHG LQ &KDSWHU �� ZH FKRVH D UHFRUG RI �� VXFFHVVLYH 3'3V

IRU HDFK IDVW IUDPH pOH� (DFK 3'3 UHFRUGV WKH FKDQQHO LPSXOVH UHVSRQVH RYHU ���� V� 7KHUHIRUH� LW

WDNHV WKH RVFLOORVFRSH ����d ��  ��� V WR DFFRPSOLVK HDFK IDVW IUDPH DFTXLVLWLRQ�

(DFK IDVW IUDPH UHFRUG LV WUDQVIHUUHG WKURXJK D *3,% LQWHUIDFH WR WKH ODSWRS FRPSXWHU DQG VDYHG RQ

WKH KDUG GLVN� 7KH WUDQVIHU WLPH DQG WKH VFRSH UHVHW WLPH LV DSSUR[LPDWHO\ ���� V IRU HDFK IDVW IUDPH

pOH� 7KHUHIRUH� WKH WLPH UHTXLUHG IRU RQH IDVW IUDPH DFTXLVLWLRQ LQWR WKH 3& LV ��� � ����  ���� V�

,Q RUGHU WR FDSWXUH WKH FKDQQHO G\QDPLFV� �� IDVW IUDPH pOHV ZHUH WDNHQ IRU HDFK GDWD DFTXLVLWLRQ�

7KXV� WKH WLPH UHTXLUHG WR WDNH RQH GDWD DFTXLVLWLRQ LV ����e��  �� V� )LQDOO\� LW WDNHV �� V IRU WKH
3& WR VDYH RQH GDWD DFTXLVLWLRQ ��� IDVW IUDPH pOHV� WR WKH KDUG GULYH� &RQVLGHULQJ WKH VFRSH UHVHW�

pOH WUDQVIHU DQG VDYLQJ WLPH� WKH PHDVXUHPHQW V\VWHP LV FDSDEOH RI FDSWXULQJ ��� 3'3V HYHU\ ��



&KDSWHU � &KDQQHO 0HDVXUHPHQW 7HFKQLTXHV DQG 0HDVXUHPHQW 6\VWHP 'HVLJQ� ��

FF file transfer to

PC and scope reset

0.55s

FF scope

acquisition

0.2s

Each PDP

0.02 s

1 FF=10 PDP

1 data acquisition=20 FF

FF:TDS 784 fast frame PDP: power delay profile

saving 20 fast

frame files to

hard drive

32 s

one data

acquisition

15 s
Each FF PC

acquisition 0.75s

200 PDPs every

47 s.

)LJXUH ��� &KDUDFWHUL]DWLRQ RI WKH V\VWHP VSHHG�

VHFRQGV�

����� $QWHQQDV

$QWHQQDV DUH VHOHFWHG WR UHSUHVHQW DQWHQQD V\VWHPV SURSRVHG IRU HPHUJLQJ PLOOLPHWHU�ZDYH SRLQW�WR�

PXOWLSRLQW OLQNV� $V VKRZQ LQ )LJXUH ��� WKH WUDQVPLWWLQJ �KXE� DQWHQQD LV D KRUQ ZLWK D PD[LPXP

JDLQ RI �� G% DQG KDOI SRZHU EHDPZLGWKV RI ��� DQG ���� LQ D]LPXWK DQG HOHYDWLRQ� UHVSHFWLYHO\�

7KH UHFHLYHU �VXEVFULEHU� DQWHQQD LV D SDUDEROLF UHqHFWRU ZLWK D PD[LPXP JDLQ RI �� G% DQG KDOI

SRZHU EHDPZLGWKV RI ���� LQ ERWK D]LPXWK DQG HOHYDWLRQ� %RWK DQWHQQDV DUH YHUWLFDOO\ SRODUL]HG�

����� )U HH 6SDFH &DOLEU DWLRQ

)UHH VSDFH FDOLEUDWLRQ LV SHUIRUPHG WR YHULI\ WKH KDUGZDUH V\VWHP SHUIRUPDQFH� 7KH IUHH VSDFH

SDWK ORVV LV FDOFXODWHG WKHRUHWLFDOO\ DQG FRPSDUHG ZLWK WKH PHDVXUHPHQW UHVXOWV�

7KH WUDQVPLWWHU DQG UHFHLYHU DUH VHSDUDWHG E\ D GLVWDQFH ODUJHU WKDQ WKH )UDXQKRIHU GLVWDQFH VR
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)LJXUH ��� 7KH WUDQVPLWWHU KRUQ DQWHQQD�

)LJXUH ��� 7KH UHFHLYHU GLVK DQWHQQD�
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WKDW WKH\ DUH ERWK LQ WKH IDU pHOGV� $OVR� WKH )UHVQHO ]RQH UDGLXV LV FDOFXODWHG WR HQVXUH ERWK /26

DQG pUVW )UHVQHO ]RQH FOHDUDQFH� 7KH 7�5 VHSDUDWLRQ LV FKRVHQ WR EH ���� P ���� IW� DQG ���� P

���� IW� IRU WKH FDOLEUDWLRQ� 7KH )UHVQHO UDGLL IRU WKHVH WZR GLVWDQFHV DUH ERWK OHVV WKDQ � P�

$QWHQQD KHLJKWV DUH FKRVHQ VR WKDW QR VLJQLpFDQW JURXQG UHqHFWHG ZDYH ZLOO EH UHFHLYHG� )LJXUH ��

VKRZV WKH DQWHQQD VHSDUDWLRQ DQG WKH DQWHQQD � G% EHDPZLGWKV SDWWHUQV� 0RVW RI WKH WUDQVPLWWHG

HQHUJ\ ZLOO EH FRQFHQWUDWHG LQ WKH UHJLRQ HQFORVHG E\ WKH � G% SDWWHUQ RI WKH DQWHQQDV� %DVLF

JHRPHWULF FDOFXODWLRQ VKRZV WKDW ZLWK WKHVH DQWHQQD SDWWHUQV� WKH SRLQWV ZKHUH WKH � G% SRZHU

EHDPV LQWHUVHFW DUH ���� P IURP WKH /26 GLUHFW SDWK� )RU WKH FDOLEUDWLRQ� WKH DQWHQQD KHLJKWV ZHUH

FKRVHQ WR EH ��� P� ZKLFK LV PXFK KLJKHU WKDQ ���� P�

Parabolic

antenna

Sector horn

antenna

100 ft=30.5 m

0.32 m

3.25 degree

3dBbeamwidth

0.75 degree

3dB beamwidth

1.5m

)LJXUH ��� *HRPHWU\ RI WKH IUHH VSDFH FDOLEUDWLRQ�

7KH VFHQDULR IRU WKH IUHH VSDFH FDOLEUDWLRQ DW D ����IRRW VHSDUDWLRQ LV VKRZQ LQ )LJXUH ���

7KH IUHH VSDFH SDWK ORVV EDVHG RQ WKH )ULLV HTXDWLRQ ����� LV ���� G% DQG ���� G% IRU ��� IW DQG

��� IW VHSDUDWLRQ GLVWDQFHV� UHVSHFWLYHO\� 7KH PHDVXUHG YDOXHV DUH ���� G% DQG ���� G%� 7KH

GLoHUHQFHV EHWZHHQ WKH WKHRUHWLFDO DQG PHDVXUHG YDOXHV DUH OHVV WKDQ ��� G% � ZKLFK YHULpHV WKH

SURSHU RSHUDWLRQ RI WKH V\VWHP�
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)LJXUH ��� 6FHQDULR IRU WKH IUHH VSDFH FDOLEUDWLRQ�

��� 6XPPDU \

7KLV FKDSWHU GLVFXVVHV GLoHUHQW PHDVXUHPHQW WHFKQLTXHV� 7KHRUHWLFDO EDFNJURXQGV RI QDUURZEDQG

WHFKQLTXHV DQG WKUHH GLoHUHQW ZLGHEDQG WHFKQLTXHV DUH SUHVHQWHG� ,PSOHPHQWDWLRQ LVVXHV RI HDFK

WHFKQLTXHV DUH DQDO\]HG ZLWK WKH KDUGZDUH GHVLJQ H[DPSOHV DQG PHDVXUHPHQW UHVXOWV� 6&6 DQG

91$ PHDVXUHPHQW V\VWHPV DUH DQDO\]HG LQ GHWDLO� DQG WKHLU SHUIRUPDQFHV DUH FRPSDUHG H[SHU�

LPHQWDOO\ IRU LGHQWLFDO SURSDJDWLRQ HQYLURQPHQWV DW ���� *+] � )LQDOO\� D PLOOLPHWHU�ZDYH 6&6

PHDVXUHPHQW V\VWHP LV GHVFULEHG� 7KLV V\VWHP LV LQVWUXPHQWDO IRU WKH �� *+] PHDVXUHPHQW FDP�

SDLJQ SUHVHQWHG LQ &KDSWHU � DQG WKH �� *+] PHDVXUHPHQW FDPSDLJQ SUHVHQWHG LQ &KDSWHU �� 7KH

KDUGZDUH LPSOHPHQWDWLRQV DQG PHDVXUHPHQW H[DPSOHV SUHVHQW SUDFWLFDO YDOXHV IRU DQ\ PHDVXUH�

PHQW V\VWHP GHVLJQ DQG FKDQQHO PHDVXUHPHQWV �



&KDSWHU �

7 HU U HVWU LDO 0 LOOLPHWHU �:DYH

3 U RSDJDWLRQ

7KH UDGLR IUHTXHQF\ �5)� FKDQQHO LV UHODWLYHO\ ZHOO XQGHUVWRRG IRU QDUURZ EDQG V\VWHPV DW FHOOXODU

DQG 3&6 EDQGV >��� ��� ��@� +RZHYHU� PXFK OHVV UHVHDUFK LV DYDLODEOH IRU PLOOLPHWHU�ZDYH SURSD�

JDWLRQ� :LUHOHVV FRPPXQLFDWLRQ V\VWHPV DW PLOOLPHWHU�ZDYH IUHTXHQFLHV DUH QRW FRPPRQ� DQG ZLOO

IHDWXUH KLJK FDUULHU IUHTXHQF\ DQG KLJK GDWD UDWHV� 7KH GRPLQDQW SURSDJDWLRQ PHFKDQLVPV DUH

TXLWH GLoHUHQW IURP WKRVH DW 8+) RU PLFURZDYH IUHTXHQFLHV� ,Q RUGHU WR SURYLGH WKH VDPH V\VWHP

SHUIRUPDQFH DV pEHU RU FDEOH V\VWHPV� TXDQWLWDWLYH NQRZOHGJH RI WKH PLOOLPHWHU�ZDYH FKDQQHO LV

FUXFLDO�

7KH IROORZLQJ VHFWLRQV SUHVHQW D GHWDLOHG GLVFXVVLRQ DQG OLWHUDWXUH VHDUFK RQ WKH IXQGDPHQWDO SURS�

DJDWLRQ PHFKDQLVPV LQ PLOOLPHWHU�ZDYH FKDQQHOV� 6RPH UHVHDUFK UHVXOWV DW PLFURZDYH IUHTXHQFLHV

DUH DOVR LQFOXGHG IRU FRPSDULVRQ SXUSRVHV� 'XH WR WKH VLJQLpFDQW GLoHUHQFH LQ SURSDJDWLRQ HQ�

YLURQPHQWV DQG V\VWHP UHTXLUHPHQWV� RXWGRRU DQG LQGRRU FKDQQHO FKDUDFWHUL]DWLRQV DUH WUHDWHG

VHSDUDWHO\�

7KH pUVW SDUW IRFXVHV RQ FRQVLGHUDWLRQV IRU RXWGRRU SURSDJDWLRQ FKDQQHOV LQFOXGLQJ /26 FOHDU�

DQFH� GLoUDFWLRQ� UHIUDFWLRQ� UHqHFWLRQ� DQG VFDWWHULQJ GXH WR YHJHWDWLRQ DQG UDLQ� 7KH VHFRQG

SDUW SUHVHQWV LQGRRU SURSDJDWLRQ FRQVLGHUDWLRQV LQFOXGLQJ SDWK ORVV H[SRQHQW� SHQHWUDWLRQ ORVV�

VLJQDO 3')V� PXOWLSDWK SURSDJDWLRQ� HoHFWV RI DQWHQQDV� DQG KXPDQ LQGXFHG YDULDWLRQV� 6RPH RI

��
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WKH UHVXOWV VXFK DV SHQHWUDWLRQ ORVV DQG UHqHFWLRQ PHDVXUHPHQWV SURYLGH LQVLJKWV LQWR WKH LQWHU�

SOD\ EHWZHHQ RXWGRRU DQG LQGRRU FKDQQHO FKDUDFWHUL]DWLRQV� )RU GLoHUHQW HQYLURQPHQWV� WKH PDLQ

SURSDJDWLRQ FRQVLGHUDWLRQV DUH SRLQWHG RXW� DQG LPSRUWDQW PHDVXUHPHQW UHVXOWV DQG PRGHOV DUH

KLJKOLJKWHG�

7KH PDLQ SXUSRVH RI WKLV FKDSWHU LV WR FOHDUO\ LGHQWLI\ WKH SUHVHQW VWDWH RI PLOOLPHWHU�ZDYH SURSD�

JDWLRQ UHVHDUFK� ZKLFK ZLOO KHOS GHpQH WKH QHHG IRU QHZ UHVHDUFK GLUHFWLRQV�

��� *HQHU DO &RQVLGHU DWLRQV

'XH WR WKH KLJK SHQHWUDWLRQ ORVV WKURXJK EXLOGLQJV� YHJHWDWLRQ� DQG RWKHU REVWDFOHV� PLOOLPHWHU�

ZDYH V\VWHPV DUH GHSOR\HG PDLQO\ XQGHU /26 FRQGLWLRQV LQ RXWGRRU HQYLURQPHQWV� 2QH PDMRU

DSSOLFDWLRQ IRU RXWGRRU PLOOLPHWHU�ZDYH V\VWHPV LV p[HG SRLQW�WR�SRLQW�PXOWLSRLQW FRPPXQLFDWLRQV�

+LVWRULFDOO\� p[HG PLFURZDYH /26 UDGLR OLQNV KDYH EHHQ XVHG WR SURYLGH EURDGEDQG FRPPXQLFDWLRQV

DW IUHTXHQF\ EDQGV UDQJLQJ IURP � *+] WR �� *+] >��@� 7KLV VHFWLRQ pUVW EULHq\ VXPPDUL]HV WKH

PDLQ FRQVLGHUDWLRQV IRU SRLQW�WR�SRLQW SURSDJDWLRQ DW PLFURZDYH IUHTXHQFLHV� DQG WKHQ HPSKDVL]HV

WKH VSHFLpFV RI PLOOLPHWHU�ZDYH /26 OLQNV�

����� 0 LFU RZDYH /26 /LQNV

7\SLFDO PLFURZDYH OLQNV XVH DQWHQQDV ZLWK EHDPZLGWKV RI DERXW � GHJUHH� KDYH SDWK OHQJWKV RQ

WKH RUGHU RI WHQV RI NLORPHWHUV� DQG KDYH DQWHQQD WRZHU KHLJKWV RI �� WR ��� PHWHUV >��@� $ QXPEHU

RI UHVHDUFKHUV KDYH LQYHVWLJDWHG PLFURZDYH /26 OLQNV� DQG GHVLJQ UXOHV KDYH EHHQ HVWDEOLVKHG >��

��� ��� ��@�

7KH IROORZLQJ LWHPV VXPPDUL]H WKH PDLQ SURSDJDWLRQ HoHFWV WKDW QHHG WR EH FRQVLGHUHG LQ WKH

GHVLJQ RI PLFURZDYH UDGLR OLQNV >��@�

s (oHFWV RI QHDUE\ REMHFWV

^ /26 DQG )UHVQHO ]RQH FOHDUDQFHV �VHH 6HFWLRQ ����

^ 'LoUDFWLRQ GXH WR REVWUXFWLRQ RI WKH SDWK E\ WHUUDLQ REVWDFOHV
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^ )DGLQJ GXH WR PXOWLSDWK IURP VXUIDFH UHqHFWLRQ

^ $WWHQXDWLRQ DQG VFDWWHULQJ GXH WR YHJHWDWLRQ

s (oHFWV RI DWPRVSKHUH

^ )DGLQJ� EHDP VSUHDGLQJ DQG YDULDWLRQ RI DQJOH RI DUULYDO �$2$� GXH WR FKDQJHV LQ WKH

UHIUDFWLRQ LQGH[ �VHH 6HFWLRQ ����

^ $WWHQXDWLRQ GXH WR DWPRVSKHULF JDVHV

^ $WWHQXDWLRQ DQG GHSRODUL]DWLRQ GXH WR SUHFLSLWDWLRQ RU K\GURPHWHRUV LQ WKH DWPRVSKHUH

����� 6SHFLpFV IRU 0 LOOLPHWHU �:DYH /26 /LQNV

$OWKRXJK UHVXOWV SUHVHQWHG LQ 6HFWLRQ ����� DUH REWDLQHG IRU PLFURZDYH /26 OLQNV� WKH\ FDQ EH

H[WHQGHG WR PLOOLPHWHU�ZDYH OLQNV� 7KH IROORZLQJ LWHPV VXPPDUL]H WKH GLoHUHQFHV RI WKH PLFURZDYH

DQG PLOOLPHWHU�ZDYH SURSDJDWLRQ FKDQQHOV�

s 0LOOLPHWHU�ZDYHV VXoHU KLJKHU DWWHQXDWLRQ DQG GLoUDFWLRQ ORVV GXH WR ZDOO� RU RWKHU WHUUDLQ
REVWDFOHV �VHH 6HFWLRQV ��� DQG ��������

s 0LOOLPHWHU�ZDYH OLQNV DUH W\SLFDOO\ OHVV WKDQ D IHZ NLORPHWHUV LQ OHQJWK� 7KHUHIRUH� WKH HoHFWV
RI UHIUDFWLYH LQGH[ FKDQJHV DUH QRW DV VLJQLpFDQW DV LQ PLFURZDYH OLQNV� ZKLFK KDYH W\SLFDO

OHQJWKV RI WHQV RI NLORPHWHUV >��@ �VHH 6HFWLRQ �����

s $W PLOOLPHWHU�ZDYH IUHTXHQFLHV� WKH ZDYHOHQJWK LV PXFK VPDOOHU WKDQ� RU FRPSDUDEOH WR W\SLFDO
EXLOGLQJ VXUIDFH YDULDWLRQV� 5RXJK VXUIDFH VFDWWHULQJ QHHGV WR EH FRQVLGHUHG �VHH 6HFWLRQ �����

s )ROLDJH H[KLELWV KLJKHU DWWHQXDWLRQ DW PLOOLPHWHU�ZDYH WKDQ DW PLFURZDYH IUHTXHQFLHV >��@ �VHH
6HFWLRQ �����

s 5DLQ DWWHQXDWLRQ LQFUHDVHV ZLWK IUHTXHQF\ >��@ �VHH 6HFWLRQ �����

s 0LOOLPHWHU�ZDYH OLQNV FDQ EH HPSOR\HG LQ ERWK UXUDO DQG XUEDQ HQYLURQPHQWV� WKHUHIRUH�
WKH\ DUH VXEMHFW WR PXOWLSDWK GXH WR WKH GHQVH FRQFHQWUDWLRQ RI VXUURXQGLQJ REMHFWV �VHH

6HFWLRQ �����
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7KHVH SURSDJDWLRQ HoHFWV PD\ UHVXOW LQ VHULRXV V\VWHP SHUIRUPDQFH GHJUDGDWLRQ LQFOXGLQJ�

s 5HGXFHG V\VWHP FRYHUDJH �VHH 6HFWLRQV ����� DQG ����

s 6LJQDO GLVWRUWLRQ GXH WR IUHTXHQF\ VHOHFWLYH IDGLQJ �PXOWLSDWK�

s 5HGXFWLRQ LQ FURVV�SRODUL]DWLRQ GLVFULPLQDWLRQ �;3'�� LQ PXOWLSDWK RU SUHFLSLWDWLRQ FRQGL�
WLRQV

s ,QFUHDVHG WLPH YDULDWLRQ LQ WKH FKDQQHO

��� 'LoU DFWLRQ� )U HVQHO =RQH &OHDU DQFH

)RU SRLQW�WR�SRLQW�PXOWLSRLQW OLQNV� QRW RQO\ /26 SDWK FOHDUDQFH LV UHTXLUHG� EXW DOVR )UHVQHO ]RQH

FOHDUDQFH LV KLJKO\ GHVLUDEOH LQ RUGHU WR DYRLG GLoUDFWLRQ ORVV� 7KLV VHFWLRQ EULHq\ UHYLHZV GLoUDFWLRQ

PHFKDQLVPV ZLWK WKH H[DPSOH RI NQLIH�HGJH GLoUDFWLRQ� 7KH LQFUHDVH RI GLoUDFWLRQ ORVV ZLWK WKH

LQFUHDVH RI IUHTXHQF\ LV GHPRQVWUDWHG� DQG WKH )UHVQHO ]RQH FOHDUDQFH FULWHULRQ LV GHVFULEHG�

)LJXUH �� VKRZV D VFHQDULR RI DQ REVWUXFWHG WUDQVPLWWHU�UHFHLYHU SDWK� 'LoUDFWLRQ GHVFULEHV WKH

SKHQRPHQRQ WKDW UDGLR ZDYHV SURSDJDWH DURXQG REVWDFOHV LQWR WKH VKDGRZHG UHJLRQ� ,Q UHDOLVWLF

V\VWHP GHSOR\PHQW� WKH REVWUXFWLRQV FDQ EH EXLOGLQJV� KLOOV DQG RWKHU WHUUDLQ REVWDFOHV� $V D

VWDUWLQJ SRLQW� WKH OLPLWLQJ FDVH RI SURSDJDWLRQ RYHU D NQLIH�HGJH LV VWXGLHG�

'LoUDFWLRQ FDQ EH H[SODLQHG E\ +X\JHQ
V SULQFLSOH� +X\JHQ
V SULQFLSOH VWDWHV WKDW HDFK SRLQW RQ

D ZDYH IURQW FDQ EH FRQVLGHUHG DV WKH VRXUFH RI D VHFRQGDU\ ZDYHOHW� DQG WKHVH ZDYHOHWV FRPELQH

WR SURGXFH D QHZ ZDYHIURQW LQ WKH GLUHFWLRQ RI SURSDJDWLRQ >��@� 'LoUDFWLRQ LV FDXVHG E\ WKH

SURSDJDWLRQ RI WKH VHFRQGDU\ ZDYHOHWV LQWR WKH VKDGRZHG UHJLRQ� &RQVLGHU WKH H[DPSOH LQ )LJXUH ���

WKH pHOG VWUHQJWK DW DQ\ SRLQW LQ WKH VKDGRZHG UHJLRQ ZLOO EH WKH YHFWRU VXP RI WKH pHOGV JHQHUDWHG

E\ DOO WKH VHFRQGDU\ +X\JHQ
V VRXUFHV LQ WKH SODQH DERYH WKH NQLIH�HGJH� 7KH HOHFWULF pHOG LQWHQVLW\�

� ; 3' LV GH pQH G D V WKH UD WLR R I WKH F R �SR OD UL] H G UH F H LY H G SR Z H U 3N WR WKH F UR VV�SR OD UL] H G UH F H LY H G SR Z H U 3"
H [ SUH VVH G LQ G%�

;3'  � � OR J
��

3N

3"
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ZKHUH (� LV WKH IUHH VSDFH pHOG VWUHQJWK LQ WKH DEVHQFH RI WKH NQLIH HGJH� ) �Y� LV WKH FRPSOH[

)UHVQHO LQWHJUDO� DQG Y LV WKH )UHVQHO�.LUFKRo GLoUDFWLRQ SDUDPHWHU�

7KH GLoUDFWLRQ JDLQ GXH WR WKH NQLIH�HGJH DV FRPSDUHG WR WKH IUHH VSDFH SURSDJDWLRQ LV JLYHQ E\

*G�G%�  �� ORJ�� M) �Y�M ������

7KH )UHVQHO LQWHJUDO FDQ EH HYDOXDWHG XVLQJ WDEOHV RU JUDSKV� DQG GHSHQGHQFH RI *G RQ Y LV VKRZQ

LQ )LJXUH ���

$V VKRZQ LQ )LJXUH ��� WKH GLoUDFWLRQ ORVV LQFUHDVHV ZLWK WKH LQFUHDVH RI Y� 7KH GHSHQGHQFH RI Y

RQ WKH ZDYHOHQJWK �IUHTXHQF\� DQG OLQN JHRPHWU\ LV JLYHQ E\ �������
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)LJXUH ��� .QLIH�HGJH GLoUDFWLRQ JDLQ DV D IXQFWLRQ RI )UHVQHO GLoUDFWLRQ SDUDPHWHU Y�

����� 'LoU DFWLRQ /RVV YV� )U HTXHQF\

$V VKRZQ LQ ������� Y LQFUHDVHV ZLWK WKH GHFUHDVH RI y RU LQFUHDVH RI IUHTXHQF\� )LJXUH �� VKRZV DQ

H[DPSOH RI WKH GHSHQGHQFH RI GLoUDFWLRQ JDLQ RQ IUHTXHQFLHV� ,Q WKH H[DPSOH� G� DQG G� DUH FKRVHQ

DW ���P� DQG K LV FKRVHQ DV � P� 5HVXOWV VKRZ WKDW D �P REVWUXFWLRQ FDXVHV � G% GLoUDFWLRQ ORVV

DW � *+] � EXW ���� G% ORVV DW �� *+] �

����� )U HVQHO =RQH &OHDU DQFH

7KH GHSHQGHQFH RI GLoUDFWLRQ ORVV RQ WKH OLQN JHRPHWU\ LV ZHOO H[SODLQHG E\ )UHVQHO ]RQHV� &RQVLGHU

WKH JHRPHWU\ VKRZQ LQ )LJXUH ��� WKH /26 SDWK OHQJWK LV G��G�� DQG D VHFRQGDU\ ZDYH KDV D SDWK

OHQJWK RI G��G�� )UHVQHO ]RQHV DUH GHpQHG DV UHJLRQV ZKHUH WKH VHFRQGDU\ ZDYHV KDYH SDWK OHQJWKV

WKDW DUH Qy � JUHDWHU WKDQ WKH /26 SDWK OHQJWK� 7KHUHIRUH� IRU WKH QWK )UHVQHO ]RQH ERXQGDU\

G� � G�  Qy � � G� � G� ������
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)LJXUH ��� .QLIH�HGJH GLoUDFWLRQ JDLQ DV D IXQFWLRQ RI IUHTXHQF\� G�  G� ���P� K �P�

7KH SRLQWV GHpQHG E\ ������ IRUP DQ HOOLSVRLG ZLWK WKH WUDQVPLWWHU DQG UHFHLYHU DV IRFDO SRLQWV�

7KH UDGLXV RI WKH QWK )UHVQHO ]RQH RQ WKH YHUWLFDO SODQH $ LV JLYHQ DV IROORZV�

G�� � U�Q  G�� ������

G�� � U�Q  G�� ������

8QGHU WKH DVVXPSWLRQ G�� G� � UQ� ZH KDYH

UQ  

V
QyG�G�
G� � G�

������

,Q )LJXUH ��� WKH FRQFHQWULF FLUFOHV FRUUHVSRQG WR WKH )UHVQHO ]RQH UDGLL� 'LoUDFWLRQ ORVV LV FDXVHG E\

EORFNDJH RI WKH )UHVQHO ]RQHV� $V VKRZQ LQ )LJXUH ��� WKH GLoUDFWLRQ ORVV FDQ EH DYRLGHG LI Y � b����
ZKLFK FRUUHVSRQGV WR ��� RI WKH pUVW )UHVQHO ]RQH FOHDUDQFH� ,Q SRLQW�WR�SRLQW FRPPXQLFDWLRQV

V\VWHP GHVLJQ� LQ DGGLWLRQ WR /26 SDWK FOHDUDQFH� ��� RI WKH pUVW )UHVQHO ]RQH FOHDUDQFH LV UHTXLUHG

WR UHGXFH WKH GLoUDFWLRQ ORVV >��@�
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Tx Rx
d1 d2

rn

rn

r2

r1

Fresnel Zone Boundaries

d3
d4

A

)LJXUH ��� )UHVQHO ]RQH ERXQGDULHV�

��� 5HIU DFWLRQ� ( oHFWV RI 5HIU DFWLYH , QGH[ &KDQJH

9DULDWLRQV LQ WKH FOLPDWLF FRQGLWLRQV VXFK DV WHPSHUDWXUH� SUHVVXUH DQG KXPLGLW\ FDXVH FKDQJHV LQ

WKH UHIUDFWLYH LQGH[ RI WKH DLU� 7KH UHIUDFWLYH LQGH[ RI DLU DW VHD OHYHO GLoHUV IURP XQLW\ E\ DERXW

��� e ��b�� DQG GHFUHDVHV DSSUR[LPDWHO\ H[SRQHQWLDOO\ ZLWK KHLJKW >��� ��@� ,W LV FRQYHQLHQW WR
H[SUHVV UHIUDFWLYLW\ LQ 1 XQLWV� ZKHUH

1  �Qb �� e ��� ������

DQG Q LV WKH UHIUDFWLYH LQGH[ RI WKH DWPRVSKHUH

Q } �� � ���d ��b�� ������

5HIUDFWLYH LQGH[ LV UHODWHG WR DWPRVSKHULF FRQGLWLRQV DV IROORZV >��@

1  
����

7
>3 �

����H

7
@ ������

ZKHUH 3 LV WRWDO SUHVVXUH LQ PE� H LV ZDWHU�YDSRU SUHVVXUH LQ PE� DQG 7 LV DEVROXWH WHPSHUDWXUH�

:LWK WKH LQFUHDVH RI KHLJKW� 3� H� 7 DQG 1 GHFUHDVH H[SRQHQWLDOO\� 2YHU WKH pUVW NLORPHWHU RI KHLJKW

DERYH WKH JURXQG� WKH UHIUDFWLYH LQGH[ 1 IDOOV E\ �� 1�XQLWV LQ D VWDQGDUG DWPRVSKHUH�
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,W KDV EHHQ VKRZQ LQ >��@� WKDW D FRQVWDQW JUDGLHQW RI WKH UHIUDFWLYH LQGH[ ZLOO UHVXOW LQ D ZDYH

SURSDJDWLRQ SDWK LQ WKH VKDSH RI DQ DUF ZLWK D UDGLXV RI 5� ZKHUH 5 LV JLYHQ E\

�

5
} b� �Q�  bGQ

GK
 b��b�G1

GQ
������

ZKHUH K LV WKH KHLJKW DERYH WKH JURXQG� DQG ��c� GHQRWHV WKH JUDGLHQW RSHUDWLRQ� )RU H[DPSOH� IRU
WKH VWDQGDUG DWPRVSKHUH� WKH UDGLXV RI WKH SURSDJDWLRQ SDWK LV 5�  ��� ��� NP�

7KH HoHFWV RI WKH UHIUDFWLYH LQGH[ FKDQJH RQ WKH /26 SURSDJDWLRQ SDWK DUH GHPRQVWUDWHG LQ )LJ�

XUH ��� ZKHUH 5H LV WKH UDGLXV RI HDUWK� 'HSHQGLQJ RQ WKH VLJQ RI WKH JUDGLHQW RI WKH UHIUDFWLYH

LQGH[� WKH SURSDJDWLRQ SDWK PD\ EHQG WRZDUGV RU DZD\ IURP WKH HDUWK�

Tx Rx

R= - dh/dn > 0

R= dh/dn > 0

Re

Effects of the Refractiv Index
Change on the Propagation Path.

=6370 km

)LJXUH ��� :DYH EHQGLQJ FDXVHG E\ WKH UHIUDFWLRQ LQGH[ FKDQJH�

����� 0 XOWLSDWK GXH WR 5HIU DFWLYH , QGH[ &KDQJH

7\SLFDO PLFURZDYH OLQNV KDYH DQWHQQD WRZHU KHLJKWV RI �� WR ��� PHWHUV� 8QGHU QRUPDO FRQGLWLRQV�

WKHVH PLFURZDYH OLQNV RSHUDWH HVVHQWLDOO\ HUURU IUHH� WKDW LV ZLWK %(5 OHVV WKDQ ��b�� >��@� :KHQ
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WKH LQGH[ RI UHIUDFWLRQ RI WKH DWPRVSKHUH FKDQJHV� HOHWURPDJQHWLF ZDYHV PD\ DUULYH DW UHFHLYHU

DQWHQQD DORQJ VOLJKWO\ GLoHUHQW SDWKV� ,Q >�@� WUDQVPLVVLRQ RYHU /26 PLFURZDYH UDGLR LV DQDO\]HG

ZLWK WKH DLG RI D SLHFH�ZLVH OLQHDU DSSUR[LPDWLRQ RI WKH DWPRVSKHULF LQGHV RI UHIUDFWLRQ� 7KH PRGHO

SUHGLFWV WKDW RQH� WZR RU WKUHH GLVFUHWH PXOWLSDWK FRPSRQHQWV FDQ EH UHIUDFWHG WR WKH UHFHLYHU

GHSHQGLQJ RQ WKH KHLJKW RI WKH UHIUDFWLYH OD\HU� &RQVHTXHQWO\� WKH VLJQDO VXoHUV IUHTXHQF\ VHOHFWLYH

IDGLQJ >�� ��� ��@�

7KH PHFKDQLVP RI WKH PXOWLSDWK SURSDJDWLRQ FDXVHG E\ WKH UHIUDFWLRQ LQGH[ FKDQJH LQ WKH DWPR�

VSKHUH LV GHSLFWHG LQ )LJXUH ��� ,Q D VWDQGDUG DWPRVSKHUH� WKH GHFUHDVH RI Q ZLWK WKH KHLJKW LV YHU\

VORZ� UHVXOWLQJ LQ D VOLJKW EHQGLQJ RI WKH /26 UD\ WRZDUGV WKH HDUWK ZLWK D GRZQZDUG FXUYDWXUH�

5�� 8QGHU FHUWDLQ ZHDWKHU FRQGLWLRQV� WKH PHWHRURORJLFDO HoHFWV FDQ SURGXFH D UHIUDFWLYH OD\HU ZLWK

QHJDWLYH JUDGLHQWV LQ WKH UHIUDFWLYH LQGH[ RI WKH DWPRVSKHUH >�@� $V D UHVXOWV� VHYHUDO UD\ SDWKV PD\

H[LVW EHWZHHQ WKH WUDQVPLWWHU DQG WKH UHFHLYHU� 7KH FKDQJHV RI WKH UHIUDFWLYH LQGH[ DUH VPDOO� VR

WKDW RQO\ ZDYHV ZLWK VPDOO ODXQFKLQJ DQJOHV FDQ EH UHIUDFWHG WR WKH UHFHLYHU >�@�

R

R0

Tx RxLOS

Refracting Layer

Index of refraction Distance along earth

ht hr

Multipath Due to a Refracting Layer

Height

MP

)LJXUH ��� 0XOWLSDWK SURSDJDWLRQ FDXVHG E\ WKH UHIUDFWLRQ LQGH[ FKDQJH >�@�

,Q >�@� 5XWKURo VKRZHG WKDW� EDVHG RQ ������� LI D PD[LPXP JUDGLHQW RI UHIUDFWLYH LQGH[ LV JLYHQ
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IRU D SDUWLFXODU FOLPDWH UHJLRQ� WKHQ D SDWK OHQJWK /� H[LVWV� VXFK WKDW IRU DQ\ GLVWDQFH OHVV WKDQ

/�� WKHUH ZLOO EH QR GHHS IDGLQJ� /� FDQ EH HVWLPDWHG IURP

/��  �y5
� ��b5 �5��

�

��b5 5���
������

7DEOH ����� SUHVHQWV WKH SDWK OHQJWK /� HVWLPDWHG EDVHG RQ WKH PHDVXUHPHQW UHVXOWV IURP >��@ IRU

1HZ -HUVH\ UHJLRQ� 5HVXOWV VKRZ WKDW IRU SDWK OHQJWK OHVV WKDQ ��� NP � UHIUDFWLYH LQGH[ FKDQJH

ZRXOG QRW FDXVH IDGLQJ LQ WKH /26 OLQNV� $V VKRZQ LQ 7DEOH ������ IRU W\SLFDO VKRUW PLOOLPHWHU�ZDYH

OLQNV� WKH HoHFWV RI UHIUDFWLYH LQGH[ FKDQJHV DUH QHJOLJLEOH�

7DEOH �� 0D[LPXP 3DWK /HQJWK WR $YRLG 5HIUDFWHG 0XOWLSDWK >�@ �IRU 1HZ -HUVH\ FOLPDWH UHJLRQ�

)UHTXHQF\ �*+]� :DYHOHQJWK �FP� /� �NP�

� ��� ����

� ��� ���

�� ��� ����

�� ��� ���

�� ��� ���

�� ��� ���

��� 5HqHFWLRQ� ( oHFWV RI 5RXJK 6XU IDFH

����� 5HqHFWLRQ� 6QHOO
V /DZ

:KHQ DQ (0 ZDYH LPSLQJHV RQ D VXUIDFH ZLWK pQLWH FRQGXFWLYLW\� SDUW RI WKH HQHUJ\ LV UHqHFWHG

EDFN DQG SDUW RI WKH HQHUJ\ LV WUDQVPLWWHG LQWR WKH VXUIDFH� :KHQ WKH UHqHFWLQJ VXUIDFH LV VPRRWK�

WKH UHqHFWHG ZDYH DQG WUDQVPLWWHG ZDYH DUH UHODWHG WR WKH LQFLGHQW ZDYH E\ UHqHFWLRQ FRHrFLHQW

DQG WUDQVPLVVLRQ FRHrFLHQW JLYHQ E\ 6QHOO
V ODZ >��@�

vU  vL ������

(U  b(L ������

bN  
(U

(L
 

u� FRV vW b u� FRV vL
u� FRV vW � u� FRV vL

������
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b"  
(U

(L
 

u� FRV vL b u� FRV vW
u� FRV vL � u� FRV vW

������

ZKHUH vL LV WKH DQJOH RI LQFLGHQFH� vU LV WKH DQJOH RI UHqHFWLRQ� (L LV WKH LQFLGHQW pHOG LQWHQVLW\�

(U LV WKH UHqHFWHG pHOG LQWHQVLW\� b LV UHqHFWLRQ FRHrFLHQW� ZKLFK HTXDOV bN RU b" IRU SDUDOOHO RU

SHUSHQGLFXODU SRODUL]DWLRQ� UHVSHFWLYHO\� uL LV WKH LQWULQVLF LPSHGDQFH RI WKH LWK PHGLXP �L �����

DQG LV JLYHQ E\
S
zL sL� *HRPHWU\ RI VSHFXODU UHqHFWLRQ RYHU D VPRRWK VXUIDFH LV SUHVHQWHG LQ

)LJXUH ���

E
i

E
r

θt

θi
θr

E
i E

r

ε1

ε2

µ1

µ2

σ1

σ2

)LJXUH ��� *HRPHWU\ RI WKH VSHFXODU UHqHFWLRQ RYHU D VPRRWK VXUIDFH

%DVHG RQ 6QHOO
V ODZ� WKH DQJOH RI UHqHFWLRQ HTXDOV WKH DQJOH RI LQFLGHQFH� 7KLV UHqHFWLRQ LV UHIHUUHG

WR DV VSHFXODU UHqHFWLRQ� :KHQ WKH VXUIDFH LV URXJK� WKH LQFLGHQW ZDYH LV VFDWWHUHG LQWR QRW RQO\

WKH VSHFXODU GLUHFWLRQ� EXW DOVR RWKHU GLUHFWLRQV� )LJXUH �� TXDOLWDWLYHO\ VKRZV WKH HoHFW RI VXUIDFH

URXJKQHVV RQ WKH UHqHFWHG ZDYH� :LWK LQFUHDVH RI WKH VXUIDFH URXJKQHVV� WKH VSHFXODU UHqHFWHG pHOG

GHFUHDVHV DQG WKH LQFRKHUHQW VFDWWHUHG pHOG LQFUHDVHV�

����� 5D\OHLJK &U LWHU LRQ

7KH PRVW FRPPRQ FULWHULRQ WR GHVFULEH VXUIDFH URXJKQHVV LV WKH 5D\OHLJK FULWHULRQ� 7KH EDVLF

SULQFLSOH RI WKH 5D\OHLJK FULWHULRQ LV SUHVHQWHG LQ )LJXUH ���
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Perfect Smooth Surface

Slightly Rough Surface

Very Rough Surface

Surface Scattering (Reflection)

)LJXUH ��� 5RXJK VXUIDFH VFDWWHULQJ� ZLWK WKH LQFUHDVH RI VXUIDFH URXJKQHVV� VSHFXODU UHqHFWHG pHOG
GHFUHDVHV DQG GLoXVH VFDWWHUHG pHOG LQFUHDVHV >�@

:KHQ WZR UD\V LQFLGHQW RQ D URXJK VXUIDFH ZLWK DQ DYHUDJH KHLJKW RI LUUHJXODULW\� K� WKH SDWK

GLoHUHQFH EHWZHHQ WKH WZR UHqHFWHG ZDYHV� cU� LV >�@

cU  �K FRV�v� ������

ZKHUH

v  vL  vU ������

DV VKRZQ LQ )LJXUH ���

7KLV LV HDVLO\ VHHQ E\ FRPSDULQJ UD\ � ZLWK WKH DX[LOLDU\ UD\ �
� ZKLFK LV LGHQWLFDO WR UD\ � EXW

VKLIWHG WR WKH ORFDWLRQ RI UD\ �� 7KH FDUULHU SKDVH GLoHUHQFH RI WKHVH WZR UHqHFWHG ZDYHV LV

c�  
�}

y
cU  

�}K

y
FRV�v� ������

/HW XV FRQVLGHU WZR H[WUHPH FDVHV� )LUVW FDVH LV ZKHQ WKH VXUIDFH LV VPRRWK� K LV ]HUR� DQG WKH

SKDVH GLoHUHQFH c� LV ]HUR� $OO WKH UD\V DGG XS FRKHUHQWO\� SURGXFLQJ D VWURQJ UHqHFWHG ZDYH

LQ WKH VSHFXODU GLUHFWLRQ� $QRWKHU H[WUHPH FDVH LV ZKHQ c�  }� WKH WZR UHqHFWHG ZDYHV DUH

RXW RI SKDVH DQG FDQFHO HDFK RWKHU� 7KHUH LV QR UHqHFWHG ZDYH LQ WKH VSHFXODU GLUHFWLRQ� DQG DOO
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Rayleigh Criterion Derivation

θi

θi

θr

θr

h∆r
2

∆r
2

Ray 1 Ray 2Ray 2’

)LJXUH ��� 'HULYDWLRQ RI 5D\OHLJK FULWHULRQ >�@

WKH LQFLGHQW HQHUJ\ LV VFDWWHUHG LQWR RWKHU GLUHFWLRQV� 7KH 5D\OHLJK FULWHULRQ FKRRVHV WKH SKDVH

GLoHUHQFH PLGZD\ EHWZHHQ WKHVH WZR H[WUHPH FDVHV� L�H� c�  } �� :KHQ c� ! } �� WKH VXUIDFH

QHHGV WR EH WUHDWHG DV D URXJK VXUIDFH� 0RVW RIWHQ� WKH 5D\OHLJK FULWHULRQ LV H[SUHVVHG LQ WHUPV RI

K� $ VXUIDFH LV WKXV FRQVLGHUHG DV D URXJK VXUIDFH LI

K !
y

� FRV�v�
������

$OWKRXJK WKH 5D\OHLJK FULWHULRQ LV EDVHG RQ D VLPSOLpHG VXUIDFH VFDWWHULQJ VFHQDULR� LW SUHGLFWV WKH

EDVLF WUHQGV RI URXJK VXUIDFH VFDWWHULQJ� 4XDOLWDWLYHO\� URXJK VXUIDFH VFDWWHULQJ LV D IXQFWLRQ RI

LQFLGHQW DQJOH� ZDYHOHQJWK� DQG DYHUDJH KHLJKW RI WKH VXUIDFH LUUHJXODULW\� $ JLYHQ VXUIDFH EHFRPHV

URXJKHU ZKHQ WKH IUHTXHQF\ LQFUHDVHV RU WKH LQFLGHQW DQJOH GHFUHDVHV�

����� 6FDWWHU LQJ /RVV )DFWRU

$ VLPSOH WUHDWPHQW RI WKH VXUIDFH URXJKQHVV ZDV SURYLGHG LQ >��@ DQG >��@� ZKHUH D VFDWWHULQJ ORVV

IDFWRU� ~V� ZDV XVHG WR DFFRXQW IRU WKH DGGLWLRQDO ORVV LQ WKH VSHFXODU UHqHFWHG ZDYH GXH WR WKH

URXJK VXUIDFH HoHFWV� ,Q >��@� $PHQW VKRZHG WKDW LI WKH VXUIDFH KHLJKWV DUH *DXVVLDQ GLVWULEXWHG�
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~V FDQ EH H[SUHVVHG DV

~V  H[SIb��}�K FRV vL
y

��J ������

ZKHUH �K LV WKH VWDQGDUG GHYLDWLRQ RI WKH VXUIDFH KHLJKW DERXW WKH PHDQ VXUIDFH KHLJKW LQ WKH pUVW

)UHVQHO ]RQH RI WKH LOOXPLQDWLQJ DQWHQQD� 7KLV PRGHO ZDV WKHQ PRGLpHG LQ >��@ WR EHWWHU pW WKH

PHDVXUHPHQW GDWD� 7KH PRGLpHG VFDWWHULQJ ORVV IDFWRU LV JLYHQ E\

~V  H[SIb��}�K FRV vL
y

��J,�I��}�K FRV vL
y

��J ������

ZKHUH ,��c� LV WKH PRGLpHG %HVVHO IXQFWLRQ RI ]HUR RUGHU� 0HDVXUHPHQWV IURP >��@ VKRZHG UHDVRQDEOH
DJUHHPHQW ZLWK WKH PRGLpHG PRGHO ������ IRU ODUJH H[WHULRU ZDOOV PDGH RI URXJK OLPHVWRQH�

'XH WR WKH UDQGRP QDWXUH RI WKH VXUIDFH SURpOHV� FKDUDFWHUL]DWLRQ RI VXUIDFH URXJKQHVV LV D FRPSOL�

FDWHG SUREOHP DQG VWLOO UHPDLQV XQVROYHG� 1XPHULFDO PHWKRGV DUH GHYHORSHG WR VROYH URXJK VXUIDFH

SUREOHPV >��� ��@� 0RUH ULJRURXV WKHRUHWLFDO DSSURDFKHV WR WKH URXJK VXUIDFH VFDWWHULQJ SUREOHPV

FDQ EH IRXQG LQ >�� �� ��� ��� ��� ��@�

����� 5HqHFWLRQ 0 HDVXU HPHQW 5HVXOWV

$W PLOOLPHWHU�ZDYH IUHTXHQFLHV� DOPRVW DQ\ VXUIDFH DSSHDUV URXJK H[FHSW ZKHQ WKH LQFLGHQW DQJOH

LV FORVH WR �� GHJUHH �L�H�� JUD]LQJ DQJOH�� 0HDVXUHPHQWV RI UHqHFWHG DQG�RU VFDWWHUHG VLJQDOV ZHUH

PDGH IRU D YDULHW\ RI VXUIDFHV DW QRUPDO LQFLGHQFH E\ 9LROHWWH HW DO LQ >��@� 7KH WUDQVPLWWHU DQG

UHFHLYHU DQWHQQDV ZHUH FRORFDWHG DQG SRLQWHG DW WKH EXLOGLQJ VXUIDFHV� ,Q >��@� UHqHFWLRQ ORVV ZDV

PHDVXUHG DV WKH GLoHUHQFH �LQ G%� EHWZHHQ WKH UHqHFWHG SRZHU DQG WKH UHFHLYHG VLJQDO SRZHU YLD IUHH

VSDFH /26 SDWK ZLWK WKH VDPH SDWK OHQJWK� 0HDVXUHPHQW UHVXOWV DUH VXPPDUL]HG LQ 7DEOH ������

5HVXOWV IURP >��@ VKRZ DQ DSSDUHQW UHGXFWLRQ RI WKH UHqHFWHG SRZHU ZLWK WKH LQFUHDVH RI WKH IUH�

TXHQF\ IURP ��� *+] WR ���� *+] DQG ���� *+] � 7KH KLJK UHqHFWLRQ ORVV DW PLOOLPHWHU�ZDYH

IUHTXHQFLHV LV DQ H[SHFWHG UHVXOW GXH WR WKH URXJK VXUIDFH VFDWWHULQJ�

/DQJHQ HW DO SUHVHQWHG UHqHFWLRQ PHDVXUHPHQW UHVXOWV DW �� *+] LQ >��@� 5HqHFWLRQ ORVV DW YDULRXV

DQJOHV ZDV PHDVXUHG XVLQJ WZR KRUQ DQWHQQDV ZLWK D � G% EHDPZLGWK RI �r� 5HVXOWV VKRZHG WKDW

ZKHQ WKH VWDQGDUG GHYLDWLRQ RI WKH VXUIDFH KHLJKW LV HTXDO WR RU JUHDWHU WKDQ ��� PP� WKH URXJK

VXUIDFH VWUXFWXUH KDV GLVWLQFW LQqXHQFH RQ WKH UHqHFWLRQ ORVV� ,Q >��@� WKH URXJK VXUIDFH HoHFW ZDV

PRGHOHG XVLQJ �������
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7DEOH �� 5HqHFWLRQ /RVV 0HDVXUHPHQW 5HVXOWV IURP >��@

6XUIDFH ��� *+] ���� *+] ���� *+] 2QH�ZD\ SDWKOHQJWK �P�

0HWDO � �� �� ��

0HWDO � �� �� ��

0HWDO �� �� �� ��

0HWDO � �� �� ��

0HWDO �� � �� ���

$YHUDJH �� �� ��

%ULFN�VROLG� �� �� �� ��

%ULFN�VROLG� �� ��� �� ��

%ULFN�ZLQGRZV�GRRUZD\� �� ��� ��� ��

%ULFN�ZLQGRZV�GRRUZD\� ��� ��� ��� ���

&RQFUHWH�ULEEHG� �� ��� ��� ��

&RQFUHWH�DJJUHJDWH� ��� ��� ��� ��

&RQFUHWH�DJJUHJDWH� �� ��� ��� ��

$YHUDJH ���� ������ ������

,Q >��@� 6HYLOOH HW DO SUHVHQWHG UHVXOWV RI EXLOGLQJ VFDWWHULQJ PHDVXUHPHQWV DW DQ LQFLGHQW DQJOH

RI ��r� &: PHDVXUHPHQWV RI VSHFXODU DQG QRQVSHFXODU UHqHFWLRQV RI D EULFN ZDOO LQ D � VWRU\

EXLOGLQJ ZDV PHDVXUHG DW ����� *+]� 7KH WUDQVPLWWHU DQWHQQD ZDV ORFDWHG �� P IURP WKH ZDOO�

DQG ERWK FRSRODU DQG FURVVSRODU UHqHFWHG ZDYHV ZHUH PHDVXUHG DURXQG DQ DUF ZLWK UDGLXV RI �� P�

5HVXOWV VKRZ WKDW WKH FRSRODU UHqHFWLRQ ORVV LV ���� G% LQ WKH VSHFXODU GLUHFWLRQ� 1RQ�VSHFXODU

UHqHFWLRQ ZDV IRXQG WR EH VLJQLpFDQW� KRZHYHU� QR TXDQWLWDWLYH PHDVXUHPHQW UHVXOWV ZHUH JLYHQ�

7KH FRQWULEXWLRQ RI FURVV�SRODU UHqHFWLRQV LV ����� G% ORZHU WKDQ IURP FR�SRODU UHqHFWLRQV�

$W JUD]LQJ DQJOHV� KRZHYHU� WKH VXUIDFH UHqHFWLRQ LV FORVH WR WKH VPRRWK VXUIDFH UHqHFWLRQ LQGHSHQ�

GHQW RI IUHTXHQF\� 0HDVXUHPHQWV LQ >��@ VKRZHG WKDW� DW YHU\ VPDOO JUD]LQJ DQJOHV� WKH PHDVXUHG

UHqHFWLRQ FRHrFLHQW DSSURDFKHV �� HYHQ DW PLOOLPHWHU�ZDYH IUHTXHQFLHV�
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��� 6FDWWHU LQJ� 5DGDU &U RVV 6HFWLRQ

:KHQ WKH VXUIDFHV RI D GLVWDQW REMHFW DUH LUUHJXODU RU URXJK� WKH HQHUJ\ LQFLGHQW XSRQ WKH REMHFW

LV VFDWWHUHG LQWR GLoHUHQW GLUHFWLRQV� %LVWDWLF UDGDU HTXDWLRQ FDQ EH XVHG WR PRGHO WKH VFDWWHUHG

HQHUJ\ IURP D WDUJHW �VFDWWHUHU� >��@� 7KH WDUJHW LQWHUVHFWV SDUW RI WKH LQFLGHQW SRZHU DQG UHUDGLDWHV

LQWR GLoHUHQW GLUHFWLRQV >��@� 7KH SRZHU qX[ DW WKH UDGDU WDUJHW GXH WR WKH WUDQVPLWWHG VLJQDO LV

JLYHQ E\

6WDUJHW  
3W*W

�}5��
������

ZKHUH 3W LV WKH WUDQVPLWWHG SRZHU� *W LV WKH WUDQVPLWWHU DQWHQQD JDLQ� DQG 5� LV WKH GLVWDQFH IURP

WKH WUDQVPLWWHU WR WKH WDUJHW�

7KH SRZHU qX[ DW WKH UHFHLYHU DQWHQQD GXH WR WKH UHUDGLDWLQJ RI WKH WDUJHW LV JLYHQ E\

6UHFHLYHU  
3W*W

�}5��

�

�}5��
������

ZKHUH 5� LV WKH GLVWDQFH IURP WKH WDUJHW WR WKH UHFHLYHU� DQG � LV WKH UDGDU FURVV�VHFWLRQ �5&6� RI

WKH WDUJHW� 5&6 LV XVHG DV D PHDVXUH RI WKH HoHFWLYH DUHD DV VHHQ E\ WKH UDGDU WKDW LQWHUVHFWV DQG

UHUDGLDWHV WKH SRZHU� 5&6 KDV WKH XQLWV RI DUHD� 7KH UHFHLYHG VLJQDO SRZHU LV JLYHQ E\

3U  
3W*W

�}5��

�

�}5��
$H ������

ZKHUH $H LV WKH HoHFWLYH DUHD RI WKH UHFHLYHU DQWHQQD� ZKLFK LV

$H  
*Uy

�

�}
������

ZKHUH *U LV WKH UHFHLYHU JDLQ� 7KH UHFHLYHG SRZHU FDQ EH H[SUHVVHG LQ WHUPV RI UHFHLYHU JDLQ E\

VXEVWLWXWLQJ ������ LQWR ������ DV IROORZV�

3U  
3W*W*Uy

��

��}��5��5
�
�

������

0RGHOV EDVHG RQ WKH ELVWDWLF UDGDU HTXDWLRQ ������ KDYH EHHQ XVHG WR HVWLPDWH WKH UHFHLYHG VLJQDO

SRZHU GXH WR VFDWWHULQJ LQ XUEDQ PRELOH FRPPXQLFDWLRQV >��� ��� ��@� 7\SLFDO UDGDU IUHTXHQ�

FLHV UDQJH IURP ��� 0+] WR �� *+] >��@� 3RWHQWLDO PLOOLPHWHU�ZDYH UDGDU DSSOLFDWLRQV LQFOXGH

KLJK�UHVROXWLRQ UDGDU� FORXG�SK\VLFV UDGDU� LQWHUIHUHQFH�IUHH UDGDU� DQG PLVVLOH JXLGDQFH� +RZHYHU�

PLOOLPHWHU�ZDYH UDGDU LV QRW ZLGHO\ XVHG GXH WR WKH FRVW RI FRPSRQHQWV� KLJK DWWHQXDWLRQ GXH WR

ZDWHU DQG R[\JHQ� VPDOO DQWHQQD DSHUWXUH VL]H WR FROOHFW WKH VFDWWHUHG HQHUJ\� DQG SRVVLEOH HoHFWV

RI KLJK GRSSOHU VKLIWV >��@�
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��� 6FDWWHU LQJ� ( oHFWV RI 9HJHWDWLRQ

$W PLOOLPHWHU�ZDYH IUHTXHQFLHV� WKH GLPHQVLRQV RI WUHH OHDYHV DUH ODUJHU RU FRPSDUDEOH WR WKH ZDYH�

OHQJWK� 7KHUHIRUH� YHJHWDWLRQ FDQ EH PRGHOHG DV D UDQGRP PHGLXP RI GLVFUHWH� ORVV\ VFDWWHUHUV

>�� ��@� 3URSDJDWLRQ RI PLOOLPHWHU�ZDYHV WKURXJK YHJHWDWLRQ LV FKDUDFWHUL]HG E\ DWWHQXDWLRQ� EHDP

EURDGHQLQJ DQG GHSRODUL]DWLRQ�

$ WKHRU\ IRU PLOOLPHWHU�ZDYH SURSDJDWLRQ LQ ZRRGV DQG IRUHVWV ZDV GHYHORSHG LQ >��@� 5DGLR ZDYH

SURSDJDWLRQ LQ YHJHWDWLRQ ZDV PRGHOHG E\ XVLQJ D WKHRU\ RI UDGLDWLYH HQHUJ\ WUDQVIHU �WUDQVSRUW

WKHRU\�� ,Q WUDQVSRUW WKHRU\� WKH VFDWWHULQJ PHGLD LV FKDUDFWHUL]HG E\ WKH DEVRUSWLRQ FURVV VHFWLRQ

SHU XQLW YROXPH� �D� WKH VFDWWHU FURVV VHFWLRQ SHU XQLW YROXPH� �V� DQG WKH SRZHU VFDWWHU IXQFWLRQ�

S� A6� A6��� ZKHUH XQLW YHFWRUV A6 DQG A6� LQGLFDWH WKH VFDWWHU GLUHFWLRQ DQG WKH LQFLGHQW GLUHFWLRQ�

UHVSHFWLYHO\� 7KH PRGHO IRU WUDQVSRUW WKHRU\ LV VKRZQ LQ )LJXUH ���

s

s^

^
γ

Scatterer

Free Space
Half Plane

Forest
Half Plane

Iinc

Incident wave incident
direction

scattering
direction

)LJXUH ��� 0RGHO RI WUDQVSRUW WKHRU\ >�@

,W LV DVVXPHG WKDW WKH VFDWWHULQJ VXUIDFHV RI WKH YHJHWDWLRQ DUH UDQGRPO\ RULHQWHG� DQG PXFK ODUJHU

WKDQ WKH ZDYHOHQJWK� 7KHUHIRUH� ? WKH VFDWWHU IXQFWLRQ LV LVRWURSLF LQ WKH VHQVH WKDW LW GHSHQGV RQO\

RQ WKH DQJOH q  FRVb�� A6 c A6���� DQG LW VKRXOG ?FRQVLVW RI D VWURQJ QDUURZ IRUZDUG OREH DQG DQ

LVRWURSLF EDFNJURXQG� >��@� 8QGHU WKH IXUWKHU DVVXPSWLRQ WKDW WKH IRUZDUG OREH KDV D *DXVVLDQ
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SURpOH� WKH VFDWWHU IXQFWLRQ S KDV WKH IRUP RI

S�q�  o�
�

cq
�� H[SIb�q cq��J� ��b o� ������

q  FRVb�� A6 c A6�� ������

ZKHUH cq LV WKH EHDPZLGWK RI WKH IRUZDUG OREH DQG o LV WKH UDWLR RI WKH IRUZDUG VFDWWHUHG SRZHU

WR WKH WRWDO VFDWWHUHG SRZHU� 7KH YHJHWDWLRQ VFDWWHULQJ SUREOHP LV WKHQ WUHDWHG DV D SODQH ZDYH

LPSLQJHV XSRQ DQ LQpQLWH IRUHVW KDOI VSDFH ZLWK FRQVWDQW SDUDPHWHUV �D� �V�cq DQG o� 7KH GHWDLOHG

VROXWLRQ RI WKH SUREOHP FDQ EH IRXQG LQ >��@� DQG KHUH RQO\ WKH TXDOLWDWLYH UHVXOWV DUH JLYHQ�

7KH WRWDO pHOG LQWHQVLW\� ,WRWDO� LQ WKH IRUHVW KDOI SODQH FRQVLVWV RI UHGXFHG LQFLGHQW LQWHQVLW\� ,UL�

DQG WKH GLoXVH LQWHQVLW\� ,G� 7KH GLoXVH LQWHQVLW\ FDQ EH IXUWKHU VSOLW LQWR IRUZDUG VFDWWHUHG pHOG

LQWHQVLW\� ,IV� DQG EDFNZDUG VFDWWHUHG pHOG LQWHQVLW\� ,EV�

,WRWDO  ,UL � ,G  ,UL � ,IV � ,EV ������

7KH FRKHUHQW pHOG FRPSRQHQW� ,UL� GRPLQDWHV DW VKRUW GLVWDQFHV DQG GHFUHDVHV H[SRQHQWLDOO\ GXH

WR WKH DEVRUSWLRQ DQG VFDWWHULQJ� 7KH LQFRKHUHQW pHOG FRPSRQHQW� ,G� LQFUHDVHV OLQHDUO\ DW VKRUW

GLVWDQFHV� DQG WKHQ GHFUHDVHV H[SRQHQWLDOO\ DW ODUJH GLVWDQFHV� 7KH IRUZDUG VFDWWHUHG pHOG ,IV

LV GRPLQDQW DW WKH LQWHUPHGLDWH GLVWDQFHV� 7KH EDFNZDUG VFDWWHUHG pHOG ,EV KDV WKH VPDOOHVW

PDJQLWXGH DQG DWWHQXDWLRQ UDWH� DQG LW GRPLQDWHV DW ODUJH GLVWDQFHV�

����� 9HJHWDWLRQ 6FDWWHU LQJ 0 HDVXU HPHQW 5HVXOWV

$ FRPSUHKHQVLYH PHDVXUHPHQW FDPSDLJQ RQ PLFURZDYH�PLOOLPHWHU�ZDYH SURSDJDWLRQ LQ ZRRGV DQG

IRUHVWV ZDV SHUIRUPHG E\ 6FKZHULQJ HW DO� DW ���� ����� DQG ���� *+] >��@� 7KH PDLQ IRFXV RI WKH

UHVHDUFK ZDV WR VWXG\ EHDP EURDGHQLQJ DQG GHSRODUL]DWLRQ HoHFWV RI WKH YHJHWDWLRQ DW GLoHUHQW

UDQJHV �YHJHWDWLRQ GHSWK� DQG IUHTXHQFLHV� $ UHJXODUO\ SODQWHG� ZHOO�JURRPHG VWDQG RI WUHHV RI

HTXDO KHLJKW �D SHFDQ RUFKDUG� ZDV PHDVXUHG XQGHU ERWK ZLQWHU DQG VXPPHU FRQGLWLRQV� &:

PHDVXUHPHQWV ZHUH WDNHQ RYHU SDWK OHQJWKV RI ��� WR ��� NP ZLWK � WR �� WUHHV RQ WKH SDWK�

7KH H[SHULPHQWDO LQYHVWLJDWLRQ RI UDQJH GHSHQGHQFH VKRZHG WKDW DWWHQXDWLRQ GXH WR YHJHWDWLRQ

LQFUHDVHV UDSLGO\ DW VPDOO YHJHWDWLRQ GHSWK� EXW WKH DWWHQXDWLRQ LQFUHDVHV PXFK PRUH VORZO\ DW

ODUJHU YHJHWDWLRQ GHSWK� 7KH WUDQVLWLRQ RI DWWHQXDWLRQ UDWHV RFFXUV DW WKH YHJHWDWLRQ GHSWK RI ���
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WUHHV� -XVW DIWHU WKH FKDQJH RI DWWHQXDWLRQ UDWH� VLJQLpFDQW EHDP EURDGHQLQJ DQG GHSRODUL]DWLRQ

RFFXUV� 0HDVXUHPHQWV IRU IUHTXHQF\ GHSHQGHQFH VKRZHG D PXFK KLJKHU ORVV DW WKH WZR PLOOLPHWHU�

ZDYH IUHTXHQFLHV WKDQ DW ��� *+] LQ WKH FDQRS\ UHJLRQ� 7KH ORVV DW ���� *+] DQG ���� *+] LV

DOPRVW WKH VDPH�

7KH PHDVXUHPHQW UHVXOWV DUH ZHOO H[SODLQHG E\ WUDQVSRUW WKHRU\� 7KH WKHRU\ FRQpUPV WKH WUDQVLWLRQ

IURP D KLJK DWWHQXDWLRQ UDWH DW VPDOO YHJHWDWLRQ GHSWK LQWR D PXFK UHGXFHG DWWHQXDWLRQ UDWH DW

ODUJH YHJHWDWLRQ GHSWK� $W VKRUW GLVWDQFHV� WKH FRKHUHQW pHOG ,UL GHFUHDVHV UDSLGO\� ZKLOH DW ODUJHU

GLVWDQFHV� WKH GLoXVH VFDWWHUHG pHOG ,EV GHFUHDVHV PXFK PRUH VORZO\� )XUWKHUPRUH� WKH VXEVWDQWLDO

EHDP EURDGHQLQJ DW WKH WUDQVLWLRQ UHJLRQ LV DOVR H[SODLQHG E\ WKH LQWHUSOD\ RI WKH FRKHUHQW DQG WKH

LQFRKHUHQW pHOG FRPSRQHQWV�

2WKHU PHDVXUHPHQW FDPSDLJQV DUH UHSRUWHG LQ >��� ��� ��� ��@� ,Q >��@� SURSDJDWLRQ WKURXJK

V\FDPRUH DQG OLPH WUHHV RI YHJHWDWLRQ GHSWKV RI � WR �� P LV VWXGLHG DW �� *+] � 0HDVXUH�

PHQW UHVXOWV DOVR VKRZ WKH GHFUHDVH RI DWWHQXDWLRQ UDWH ZLWK WKH LQFUHDVH RI YHJHWDWLRQ GHSWK� DQG D

WUDQVLWLRQ IURP WKH GRPLQDQW FRKHUHQW pHOG DW VPDOO YHJHWDWLRQ GHSWK LQWR WKH GRPLQDQW LQFRKHUHQW

pHOG DW ODUJH YHJHWDWLRQ GHSWK� )XUWKHUPRUH� PHDVXUHPHQWV VKRZ WKDW WKH EDFN�VFDWWHUHG pHOG KDV

D KLJKHU YDOXH ZLWK JUHDWHU qXFWXDWLRQ DW WKH WUHH WUXQN OHYHO WKDQ DW WKH FDQRS\ OHYHO� 0HDVXUH�

PHQWV IURP >��� ��� ��@ VKRZ WKDW DWWHQXDWLRQ FDXVHG E\ YHJHWDWLRQ LV RQH RI WKH PDLQ OLPLWLQJ

IDFWRUV LQ /0'6 FRYHUDJH� 7KH GHSRODUL]DWLRQ FDXVHG E\ YHJHWDWLRQ DQG RWKHU VLJQDO VFDWWHUHUV ZDV

IRXQG WR EH PXFK JUHDWHU WKDQ UDLQ�LQGXFHG GHSRODUL]DWLRQ >��@�

��� 6FDWWHU LQJ� ( oHFWV RI 5DLQ

(oHFWV RI UDLQ RQ UDGLR ZDYH SURSDJDWLRQ KDYH EHHQ VWXGLHG H[WHQVLYHO\ IRU DWWHQXDWLRQ DQG GHSR�

ODUL]DWLRQ� ERWK WKHRUHWLFDOO\ DQG H[SHULPHQWDOO\� 7KLV VHFWLRQ EULHq\ DGGUHVVHV VRPH RI WKH PRVW

LPSRUWDQW UDLQ DWWHQXDWLRQ PRGHOV SUHVHQWHG E\ 2OVHQ >��@ DQG &UDQH >��@� DQG PHDVXUHPHQW UHVXOWV

VXPPDUL]HG E\ /LQ >���@� 0RUH ULJRURXV WKHRUHWLFDO WUHDWPHQWV RI UDLQ VFDWWHULQJ FDQ EH IRXQG LQ

>���� ���� ���� ���@� 5DLQ HoHFWV RQ VDWHOOLWH�WR�JURXQG SURSDJDWLRQ FDQ EH IRXQG LQ >���� ���� ���@�

7KURXJKRXW WKLV ZRUN� UDLQ DWWHQXDWLRQ �LQ G%� LV GHpQHG DV WKH UHGXFWLRQ RI WKH UHFHLYHG VLJQDO

SRZHU GXH WR WKH UDLQ DV FRPSDUHG WR WKH UHFHLYHG VLJQDO SRZHU XQGHU FOHDU ZHDWKHU FRQGLWLRQV� ,W
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GRHV QRW LQFOXGH WKH IUHH VSDFH SDWK ORVV�

����� 7 KH D5E 5DLQ $WWHQXDWLRQ 0 RGHO

5DLQ FDQ EH PRGHOHG DV D UDQGRP PHGLXP RI VSDUVHO\ GLVWULEXWHG VFDWWHUHUV >��@� 5DLQ DWWHQXDWLRQ

LV FDXVHG E\ ERWK DEVRUSWLRQ DQG VFDWWHULQJ RI WKH UDLQ GURSV� 7KH DYHUDJH UDLQ DWWHQXDWLRQ� $5�

LQ DGGLWLRQ WR WKH IUHH VSDFH SDWK ORVV LV JLYHQ DV IROORZV >��@

$5  
��N,P�Q�

OQ����
G%�NP ������

ZKHUH N LV WKH ZDYH QXPEHU� ZKLFK HTXDOV �} y� DQG ,P�c� GHQRWHV LPDJLQDU\ SDUW� 7KH EXON
UHIUDFWLYH LQGH[� Q� IRU WKH UDQGRP PHGLXP RI UDLQ LV JLYHQ E\

Q  �b M
�}

N�

= �

�
6��� '�1�'�G' ������

ZKHUH 6��� '� LV WKH IRUZDUG VFDWWHULQJ DPSOLWXGH� ' LV WKH UDLQ GURS GLDPHWHU� DQG 1�'� LV WKH

GURS VL]H GLVWULEXWLRQ� 6XEVWLWXWLQJ ������ LQWR ������� $5 LV H[SUHVVHG DV

$5  �����

= �

�
4W�'�1�'�G' G%�NP ������

ZKHUH 4W�'� LV WKH H[WLQFWLRQ FURVV VHFWLRQ� JLYHQ E\

4W�'�  
�}

N�
5H>6��� '�@ P� ������

ZKHUH 5H�c� GHQRWHV UHDO SDUW�

7KH IRUZDUG VFDWWHULQJ DPSOLWXGH RI D VSKHULFDO SDUWLFOH FDQ EH DSSUR[LPDWHG E\ D VHULHV VXPPDWLRQ

XQGHU ORZ IUHTXHQF\ DVVXPSWLRQV >��� ���@�

6��� '�  M[��0� �0�[
� �0�[

� �0�[
� �0�[

����� ������

ZKHUH [ LV WKH VL]H SDUDPHWHU [  }' y� DQG FRHrFLHQWV 0L DUH IXQFWLRQV RI WKH UHIUDFWLYH LQGH[

RI WKH ZDWHU�

0DUVKDOO DQG 3DOPHU pUVW SURSRVHG WKH GURS VL]H GLVWULEXWLRQ LQ WKH IROORZLQJ IRUP

1�'�  1� H[SIbe'J ������

e  o5bp ������



&KDSWHU �� 7HUUHVWULDO 0LOOLPHWHU�: DYH 3URSDJDWLRQ� ��

ZKHUH 1�� o� p DUH FRQVWDQWV� ZKLFK DUH REWDLQHG WKURXJK PHDVXUHPHQWV�

'HWDLOHG WKHRUHWLFDO DQG QXPHULFDO DQDO\VLV RI UDLQ DWWHQXDWLRQ LV SUHVHQWHG LQ >��@ E\ DSSO\LQJ

0LH VFDWWHULQJ FDOFXODWLRQ DQG GLoHUHQW GURSVL]H GLVWULEXWLRQV� *HQHUDO UDLQ DWWHQXDWLRQ LV GHULYHG

WKHRUHWLFDOO\ DQG VLPSOLpHG E\ DQ H[SRQHQWLDO UHODWLRQVKLS DV

$5  D5E G%�NP �������

ZKHUH D DQG E DUH IXQFWLRQV RI IUHTXHQF\ DQG UDLQ WHPSHUDWXUH� 7KH UHVXOWLQJ VHW RI YDOXHV IRU D

DQG E LV SUHVHQWHG LQ ERWK WDEXODU DQG JUDSKLFDO IRUP IRU WKH IUHTXHQF\ UDQJH RI � WR ���� *+]

>��@�

����� &U DQH
V 5DLQ $WWHQXDWLRQ 0 RGHO

5DLQ DWWHQXDWLRQ KDV EHHQ VWXGLHG H[WHQVLYHO\ E\ &UDQH >��@� &UDQH
V UDLQ DWWHQXDWLRQ PRGHO WDNHV

LQWR DFFRXQW WKH YDULDWLRQ RI UDLQ UDWHV DORQJ D KRUL]RQWDO SDWK� $ SDWK�DYHUDJHG UDLQ UDWH LV

FDOFXODWHG EDVHG RQ WKH SRLQW UDLQ UDWH �UDLQ UDWH PHDVXUHG DW D VLQJOH ORFDWLRQ�� 0HDVXUHPHQW

UHVXOWV IURP >���� ���� ���@ ZHUH DQDO\]HG IRU SDWK OHQJWKV RI �� ��� DQG ���� NP� 5HVXOWV VKRZ

WKDW WKH DYHUDJH UDLQ UDWH LV UHODWHG WR WKH SRLQW UDLQ UDWH E\

5  I��G�5
��I��G� �������

ZKHUH G LV WKH SDWK OHQJWK� DQG I��G� DQG I��G� DUH HPSLULFDOO\ GHULYHG IXQFWLRQV�

$ WKHRUHWLFDO SUHGLFWLRQ PRGHO ZDV SURSRVHG E\ &UDQH EDVHG RQ WKH D5E UDLQ DWWHQXDWLRQ PRGHO

DQG �������� 7KH PRGHO LV VXPPDUL]HG LQ (TXDWLRQV ������� WR ������� >��� ���@�

$5  D5E>
HXEG b �

XE
@ � IRU � x G x '�� �������

 D5E>
HXE'� b �

XE
b %EHFE'�

FE
�

%EHFEG

FE
@ � IRU '� x G x ���� NP� �������

ZKHUH

'�  ���b ��� OQ�5�>NP@� %  ���5b���� �������

F  �����b ���� OQ�5�� X  OQ>%HF'� @ '�� �������
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DQG $5 LV WKH UDLQ DWWHQXDWLRQ LQ G%� 5 LV SRLQW UDLQ UDWH LQ PP�KU� DQG G LV SDWK GLVWDQFH LQ

NP� 0XOWLSOLHUV D DQG E DUH UDLQ DWWHQXDWLRQ FRHrFLHQWV� ZKLFK DUH IXQFWLRQV RI IUHTXHQF\ DQG

SRODUL]DWLRQ�

)RU SDWKV ORQJHU WKDQ ���� NP� WKH DWWHQXDWLRQ $5 LV FDOFXODWHG IRU D ���� NP SDWK� DQG WKH UHVXOWLQJ

UDLQ DWWHQXDWLRQ LV PXOWLSOLHG E\ D IDFWRU RI �G ������ $OO WKH SDUDPHWHUV DUH ZHOO WDEXODWHG IRU

GLoHUHQW JOREDO UDLQ FOLPDWH ]RQHV� 7KH JOREDO JHRJUDSKLF UHJLRQV DUH GLYLGHG LQWR UDLQ FOLPDWH ]RQHV

EDVHG RQ WKH UDLQ UDWH VWDWLVWLFV FROOHFWHG RYHU VHYHUDO \HDUV� 3RLQW UDLQ UDWH YV� WLPH GLVWULEXWLRQ

KDV EHHQ WDEXODWHG IRU HDFK UDLQ FOLPDWH UHJLRQ >��@�

([DPSOH RI &UDQH 0RGHO &DOFXODWLRQ

,Q 9LUJLQLD� IRU H[DPSOH� WKH UDLQ UDWH FOLPDWH UHJLRQ LV '� >��@� )RU YHUWLFDO SRODUL]DWLRQ� WKH

FRHrFLHQWV D DQG E DUH ����� DQG ����� DW �� *+] � UHVSHFWLYHO\� )URP WKH SRLQW UDLQ UDWH YV�

WLPH GLVWULEXWLRQ WDEOH� WKH UDLQ UDWH LV ���� PP�KU IRU ����� RI D \HDU IRU ZKLFK WKLV UDLQ UDWH LV

H[FHHGHG� )RU WKLV UDLQ UDWH�

%  ���5b���  ����� �������

F  �����b ���� OQ5  b������ �������

'�  ���b ��� OQ5  ����� NP �������

)RU WKH �� *+] SRLQW�WR�SRLQW PHDVXUHPHQWV SUHVHQWHG LQ &KDSWHU �� WKH SDWK OHQJWKV� G� DUH ��� P

DQG ��� P� 7KH SUHGLFWHG UDLQ DWWHQXDWLRQ IRU PHDVXUHPHQWV LQ &KDSWHU �� XVLQJ WKH &UDQH PRGHO�

LV $5  D5E> H
XE'�b�
XE @  ��� G% IRU WKH ��� P SDWK� DQG ��� G% IRU WKH ��� P SDWK DW D UDLQ UDWH

RI �� PP�KU �

����� 5DLQ $WWHQXDWLRQ 0 HDVXU HPHQW 5HVXOWV

0DQ\ H[SHULPHQWV KDYH EHHQ SHUIRUPHG WR FKDUDFWHUL]H UDLQ DWWHQXDWLRQ >��� ���@� ,Q >���@� �� VHWV

RI H[SHULPHQWDO GDWD FROOHFWHG E\ GLoHUHQW DXWKRUV ZHUH VXPPDUL]HG DQG WKH VWDWLVWLFDO EHKDYLRU

RI UDLQ DWWHQXDWLRQ ZDV LQYHVWLJDWHG� (DFK RI WKHVH PHDVXUHPHQW VHWV ZDV SHUIRUPHG RYHU D SHULRG

RI � PRQWKV RU ORQJHU� )URP WKHVH PHDVXUHPHQWV� � VHWV ZHUH SHUIRUPHG RYHU HDUWK�VSDFH SDWKV DW
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��� �� DQG �� *+] � 7KH RWKHU �� VHWV ZHUH SHUIRUPHG RYHU WHUUHVWULDO SDWKV UDQJLQJ IURP ���� NP

WR �� NP DW IUHTXHQFLHV IURP �� WR ��� *+] �

7KH UHVXOWV VKRZ WKDW WKH GLVWULEXWLRQ RI UDLQ DWWHQXDWLRQ $5 LQ G% LV DSSUR[LPDWHO\ ORJQRUPDO

ZLWK D VWDQGDUG GHYLDWLRQ �$ UDQJLQJ IURP ��� WR ��� G% IRU HDUWK�VSDFH SDWKV� DQG IURP ��� WR

��� G% IRU WHUUHVWULDO SDWKV� 7KH GLVWULEXWLRQ RI WKH UDLQ IDGH GXUDWLRQ �� �5� LV DOVR DSSUR[LPDWHO\

ORJQRUPDO ZLWK D VWDQGDUG GHYLDWLRQ �� UDQJLQJ IURP ��� WR � G% IRU ERWK HDUWK�VSDFH DQG WHUUHVWULDO

SDWKV�

7KH UDLQ DWWHQXDWLRQ LV D IXQFWLRQ RI PDQ\ UDQGRP WLPH�YDU\LQJ SDUDPHWHUV RI WKH PHGLXP� 7KHVH

SDUDPHWHUV LQFOXGH WKH QXPEHU RI UDLQ GURSV LQ WKH SDWK� WKH UDLQGURS VKDSH� WKH GURS VL]H GLVWULEX�

WLRQ� WKH VSDWLDO FKDUDFWHULVWLFV RI WKH UDLQ GHQVLW\ DORQJ WKH SDWK� WKH VWRUP FHOO VKDSHV DQG VL]HV�

ZLQG YHORFLW\� UDLQGURS WHPSHUDWXUH� WKH SUHVHQFH RI XS RU GRZQ GUDIWV� DQG RWKHU HoHFWV >��� ���@�

7KH ORJQRUPDO GLVWULEXWLRQ RI WKH $5 LV H[SODLQHG E\ WKH FHQWUDO OLPLW WKHRUHP� DVVXPLQJ WKDW WKH

UDLQ UDWH LV DoHFWHG E\ WKHVH IDFWRUV LQ D PXOWLSOLFDWLYH ZD\� 7KH FHQWUDO OLPLW WKHRUHP VWDWHV WKDW

LI WKH UDQGRP YDULDEOHV [L DUH LQGHSHQGHQW� WKHQ XQGHU JHQHUDO FRQGLWLRQV� WKH 3') RI WKHLU VXP

[  
1;
L �

[L �������

WHQGV WR D QRUPDO GLVWULEXWLRQ DV Q� � >��@� ,I D UDQGRP YDULDEOH LV WKH UHVXOW RI PXOWLSOLFDWLRQ

RI RWKHU LQGHSHQGHQW UDQGRP YDULDEOHV

[  
1<
L �

[L �������

WKHQ WKH ORJDULWKP RI [ LV JLYHQ E\

�� ORJ�� [  
1;
L �

�� ORJ�� [L �������

RU

[>G%@  
1;
L �

[L>G%@ �������

$SSO\LQJ WKH FHQWUDO OLPLW WKHRUHP� WKH ORJDULWKPLF YDOXH RI [ LV QRUPDOO\ GLVWULEXWHG� 7KLV K\�

SRWKHVLV H[SODLQV WKH H[SHULPHQWDO UHVXOWV RI ORJQRUPDO GLVWULEXWLRQ� KRZHYHU� WKHUH LV QR WKHRUHWLFDO

SURRI RI KRZ GLoHUHQW IDFWRUV DoHFW WKH UDLQ DWWHQXDWLRQ PXOWLSOLFDWLYHO\�

�5D LQ ID GH GXUD WLR Q LV GH pQH G D V WKH WLPH GXUD WLR Q Z KH Q WKH UD LQ D WWH QXD WLR Q H [ F H H GV D F H UWD LQ WKUH VKR OG�
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��� 2WKHU 2XWGRRU 3 U RSDJDWLRQ 0 HDVXU HPHQW 5HVXOWV

����� /0 '6 $SSOLFDWLRQV

0LOOLPHWHU�ZDYH FKDQQHO IRU /0'6 DSSOLFDWLRQV DUH VWXGLHG H[SHULPHQWDOO\ LQ >��� ��� ��@� 7KH

GHWDLOHG VHWXS RI WKHVH WKUHH PHDVXUHPHQW FDPSDLJQV LV VXPPDUL]HG LQ 7DEOH ��

7DEOH �� ([SHULPHQWDO 6HWXS IRU /0'6 0HDVXUHPHQWV�

5HIHUHQFHV >��@ >��@ >��@

&LW\ 1RUWKJOHQQ� &2� 6DQ -RVH� &$ %RXOGHU� &2 %ULJKWRQ %HDFK� 1<

(QYLURQPHQW VXEXUEDQ VXEXUEDQ XUEDQ

IF �*+]� ����� ���� ����� ���� ��

%DQGZLGWK &:� ��� 0+] &:� ��� 0+] &:

5DQJH �NP� ���� ���� ��� ��� x �
K7;�P� ����� ���� ��� �� ��

K5;�P� ��� �DERYH URRI� � �DERYH URRI� �� ���� ����

$QWHQQD %:7;�
r� ���D]LP��� ���HOHY�� �� RPQL

$QWHQQD %:5;�
r� ��� ��� ���D]LP�� �� �HOHY�

3RODUL]DWLRQ 9� + 9 9

,Q >��@� 3DSD]LDQ HW� DO� SUHVHQWHG ERWK &: DQG ZLGHEDQG PHDVXUHPHQWV IRU /0'6 RYHU ���������

DQG ����NP VXEXUEDQ FHOOV ZLWK IROLDWHG WUHHV LQ 1RUWKJOHQQ� &RORUDGR DQG LQ 6DQ -RVH� &DOLIRUQLD�

&: PHDVXUHPHQWV ZHUH SHUIRUPHG DW ���� *+] DQG ZLGHEDQG ���� 0+]� PHDVXUHPHQWV ZHUH

SHUIRUPHG DW ���� *+]� 7KH WUDQVPLWWLQJ DQWHQQD ZDV D YHUWLFDO KRUQ DQWHQQD ZLWK ��r DQG

��r EHDPZLGWKV LQ D]LPXWK DQG HOHYDWLRQ� UHVSHFWLYHO\� DQG WKH UHFHLYLQJ DQWHQQDV ZHUH WZR GLVK

DQWHQQDV ZLWK ���r EHDPZLGWK� 2QH GLVK ZDV YHUWLFDO SRODUL]HG DQG WKH RWKHU RQH ZDV KRUL]RQWDOO\

SRODUL]HG� 7KH WUDQVPLWWHU KDG D p[HG ORFDWLRQ DQG WZR GLoHUHQW KHLJKWV RI ���� P ��� IW� DQG ����

P ��� IW�� 7KH UHFHLYHU ORFDWLRQV ZHUH UDQGRPO\ FKRVHQ DW KRXVHV ZLWKLQ D TXDGUDQW FHOO RI UDGLXV

OHVV WKDQ ��� P� 5HFHLYHU DQWHQQD KHLJKWV ZHUH ��� PHWHUV DERYH WKH KRXVH URRIWRS� 7KH DUHD

FRYHUDJH SUREDELOLW\ LV FRPSXWHG DV WKH UDWLR RI WKH QXPEHU RI UHFHLYHU ORFDWLRQV ZLWK VXrFLHQW

SRZHU OHYHO� WR WKH WRWDO QXPEHU RI WHVWHG UHFHLYHU ORFDWLRQV�
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$UHD FRYHUDJH HVWLPDWHV ZHUH IRXQG WR YDU\ FRQVLGHUDEO\ ZLWK FHOO VL]H� WUDQVPLWWHU DQWHQQD KHLJKW�

DQG UHTXLUHG PLQLPXP VLJQDO OHYHO� 5HVXOWV VKRZ WKDW VWURQJ VLJQDOV DUH UHFHLYHG RQO\ WKURXJK XQ�

REVWUXFWHG /26 OLQNV� 8QGHU FOHDU ZHDWKHU FRQGLWLRQV� IROLDJH DWWHQXDWLRQ LV WKH PDMRU SURSDJDWLRQ

LPSHGLPHQW IRU /0'6 VHUYLFHV� 6LPLODU UHVXOWV ZHUH DOVR REVHUYHG LQ >��@� 6KRUW�WHUP YDULDWLRQ

PHDVXUHPHQW UHVXOWV VKRZ WKDW 5LFLDQ GLVWULEXWLRQ SUHGLFWV GHHSHU IDGHV WKDQ WKH PHDVXUHG YDOXHV

XQGHU FOHDU ZHDWKHU FRQGLWLRQV >��@� 506 'HOD\ VSUHDG RI XS WR � QV ZDV PHDVXUHG ZLWK D WKUHVKROG

RI �� G% EHORZ /26 FRPSRQHQW� 7KHVH PXOWLSDWK FRPSRQHQWV PD\ EH FDXVHG E\ VXUIDFH UHqHF�

WLRQ� RU PXOWLSOH VFDWWHULQJ GXH WR WUHH OHDYHV RU RWKHU REMHFWV� $ GHSRODUL]DWLRQ VWXG\ VKRZHG WKDW

YHJHWDWLRQ LQGXFHG GHSRODUL]DWLRQ LV PRUH VHYHUH WKDQ UDLQ LQGXFHG GHSRODUL]DWLRQ� 5HVXOWV IURP

>���@ DQG >���@ VKRZHG WKDW VLJQDO ;3' GXULQJ UDLQ UHPDLQHG DERYH �� G% IRU UDLQ DWWHQXDWLRQ XS

WR �� G%� &URVV�SRODUL]DWLRQ PHDVXUHPHQWV ZLWKLQ ��� NP FHOOV VKRZHG VLJQDO ;3' RI �� G% DW DQ

DWWHQXDWLRQ RI �� G%� ZKLFK LV �� G% ORZHU WKDQ WKH ;3' GXULQJ UDLQ >��@� 7KLV GHSRODUL]DWLRQ ZDV

FDXVHG E\ YHJHWDWLRQ ZLWKLQ WKH PHDVXUHPHQW FHOO�

,Q >��@� 3DSD]LDQ HW DO� SUHVHQWHG ZLGHEDQG PHDVXUHPHQWV DW ���� *+] IRU /0'6 VWXG\ LQ D

VXEXUEDQ QHLJKERUKRRG LQ %RXOGHU� &RORUDGR� 7UDQVPLWWHUV ZHUH ORFDWHG DW KHLJKWV RI �� P DQG

�� P DERYH JURXQG LQ D ���VWRU\ DSDUWPHQW EXLOGLQJ� 5HFHLYHU ORFDWLRQV ZHUH FKRVHQ DW RQH� DQG

WZR�VWRU\ VLQJOH IDPLO\ KRPHV DQG RQH� WR WKUHH�VWRU\ WRZQKRXVHV� $W WKHVH ORFDWLRQV� WKH UHFHLYHU

DQWHQQD ZDV UDLVHG � P DERYH WKH KRXVH URRI KHLJKW� )RU WKH WUDQVPLWWHU DQWHQQD KHLJKW RI �� P�

WKH PXOWLSDWK UPV GHOD\ VSUHDG ZDV EHWZHHQ ��� DQG �� QV ZLWK D PHGLDQ YDOXH RI � QV XVLQJ D

�� G% WKUHVKROG� )RU WKH DQWHQQD KHLJKW RI �� P� UPV GHOD\ VSUHDG YDULHG PDLQO\ EHWZHHQ ��� QV

DQG ��� QV� 7KH PHDVXUHG H[FHVV SDWK ORVV UHODWLYH WR IUHH VSDFH /26 UDQJHG EHWZHHQ �� G% �L�H�

WKH PHDVXUHG SDWK ORVV LV � G% OHVV WKDQ WKH IUHH VSDFH SDWK ORVV� DQG �� G%� DQG WKH PHGLXP YDOXH

UDQJHG EHWZHHQ �� G% DQG �� G% IRU �� UHFHLYHU VWDWLRQV DQG WZR WUDQVPLWWHU KHLJKWV�

,Q >��@� 6HLGHO HW DO� SHUIRUPHG QDUURZEDQG PHDVXUHPHQWV DW �� *+] LQ %ULJKWRQ %HDFK� 1<�

WR LQYHVWLJDWH SDWK ORVV DQG WKH SUHVHQFH RI VSHFXODU UHqHFWLRQV DV D IXQFWLRQ RI DQWHQQD KHLJKW�

7KH &HOOXODU 9LVLRQ �VHH 6HFWLRQ ������ � EURDGFDVW VLJQDO ZDV XVHG DV WUDQVPLWWHG VLJQDO� ,Q WKH

PHDVXUHPHQW FDPSDLJQ� D VWDQGDUG KRUQ DQWHQQD ZDV XVHG DW WKH UHFHLYHU� 7KH WUDQVPLWWHU ZDV

� & H OOXOD U 9 LVLR Q V\ VWH PV KD Y H D F H OO UD GLXV R I � �� N P� D ED QGZ LGWK R I � � 0 + ] IR U H D F K F KD QQH O� D QG D UD GLD WH G
SR Z H U R I � � P: SH U F KD QQH O� ,Q W\ SLF D O & H OOXOD U 9 LVLR Q V\ VWH PV� R PQLGLUH F WLR QD O D QWH QQD V D UH XVH G D W WKH WUD QVPLWWH U
D QG p[ H G�SKD VH G�D UUD \ D QWH QQD V D UH XVH G D W WKH UH F H LY H U >� � � @�
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ORFDWHG RQ D �� P WDOO DSDUWPHQW EXLOGLQJ� DQG �� GLVFUHWH UHFHLYHU ORFDWLRQV ZHUH FKRVHQ ZLWKLQ D

GLVWDQFH RI � NP IURP WKH WUDQVPLWWHU� $W HDFK UHFHLYHU ORFDWLRQ� WKH UHFHLYHU DQWHQQD ZDV URWDWHG

E\ ��� GHJUHH LQ D]LPXWK DW WKUHH GLoHUHQW DQWHQQD KHLJKWV RI � PHWHU� ��� PHWHU DQG ���� PHWHU

DERYH JURXQG OHYHO� $QJOH�RI�DUULYDO PHDVXUHPHQWV VKRZ GHWHFWDEOH VSHFXODU UHqHFWLRQV DW PDQ\

ORFDWLRQV� 7KHVH VSHFXODU UHqHFWLRQV PD\ SRWHQWLDOO\ EH XVHG WR UHGXFH V\VWHP FRYHUDJH KROHV�

3DVVLYH 5HSHDWHU 6WXG\

3DVVLYH UHSHDWHUV DUH W\SLFDOO\ PHWDOOLF� VWURQJ UHqHFWRUV WKDW FDQ EH XVHG WR UHGLUHFW �UHqHFW� PLFUR�

RU PLOOLPHWHU�ZDYH VLJQDOV RYHU RU DURXQG REVWUXFWLRQV� 3DVVLYH UHSHDWHUV DUH XVHG DW PLFURZDYH

IUHTXHQFLHV WR LQFUHDVH WKH UHFHLYHG VLJQDO SRZHU OHYHO LQ REVWUXFWHG UHJLRQV DQG LQFUHDVH WKH V\VWHP

FRYHUDJH DUHD�

,Q >��@� &: PHDVXUHPHQWV DW ���� *+] ZHUH SHUIRUPHG IRU SDVVLYH UHSHDWHU VWXG\� 7KH UHSHDWHU

ORVV LV JLYHQ E\ >���@

/SU�G%�  3W �*W �*U �*SU b 3U b /IV�U��b /IV�U�� �������

ZKHUH /SU LV WKH SDVVLYH UHSHDWHU ORVV� 3U LV WKH UHFHLYHG SRZHU� 3W LV WKH WUDQVPLWWHG SRZHU� *W LV

WKH WUDQVPLWWHU DQWHQQD JDLQ� *U LV WKH UHFHLYHU DQWHQQD JDLQ� /IV�U�� LV WKH IUHH VSDFH SDWK ORVV�

DQG *SU LV WKH UHSHDWHU JDLQ JLYHQ E\

*SU  �� ORJ����}$ FRVo y
�� �������

ZKHUH $ LV WKH UHSHDWHU DUHD� o LV WKH LQFLGHQW DQJOH� DQG y LV WKH ZDYHOHQJWK� 3DVVLYH UHSHDWHU

JDLQ LV GHpQHG DV WKH GLoHUHQFH �LQ G%� RI WKH SRZHU GHQVLW\ DW D GLVWDQW SRLQW GXH WR WKH SDVVLYH

UHSHDWHU WR WKH SRZHU GHQVLW\ ZKLFK ZRXOG H[LVW DW WKH VDPH SRLQW LI WKH SDVVLYH UHSHDWHU ZHUH

UHSODFHG E\ D PDWFKHG� LVRWURSLF DQWHQQD RI ���� RKPLF HrFLHQF\ DQG IHG ZLWK 5) SRZHU HTXDO

WR WKDW DFFHSWHG E\ WKH SDVVLYH UHSHDWHU >���@�

,Q >��@� UHSHDWHU ORVV RI D ��� P� DOXPLQXP UHqHFWRU ZDV PHDVXUHG� 0HDVXUHPHQWV VKRZHG ��� G%

UHSHDWHU ORVV DQG ����� G% ;3' DW LQFLGHQW DQJOH RI ���r WR ����r DW ���� *+]� 7KH DXWKRUV

DWWULEXWH WKH UHSHDWHU ORVV WR WKH VFDWWHULQJ Ro WKH WULSRG� ZKLFK VXSSRUWHG WKH UHSHDWHU� DQG WKH

IDFW WKDW WKH UHSHDWHU VXUIDFH ZDV QRW SHUIHFWO\ qDW�
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����� 6WU HHW�/HYHO�3 U RSDJDWLRQ

,Q >��@� 9LROHWWH HW� DO� SUHVHQWHG PHDVXUHPHQW UHVXOWV RQ SRLQW�WR�SRLQW WUDQVPLVVLRQ DW VWUHHW

OHYHO� %RWK /26 DQG QRQ�/26 SURSDJDWLRQ ZHUH VWXGLHG XVLQJ ZLGHEDQG DQG QDUURZEDQG PHDVXUH�

PHQW V\VWHPV RSHUDWHG LQ WKH XSSHU PLFURZDYH DQG PLOOLPHWHU�ZDYH EDQGV� 7KUHH PHDVXUHPHQW

FDPSDLJQV RYHU D WKUHH�\HDU SHULRG ZHUH UHSRUWHG� 7ZR RSHUDWLQJ V\VWHPV ZHUH XVHG IRU WKHVH PHD�

VXUHPHQWV� 8VLQJ WKH pUVW V\VWHP� &: PHDVXUHPHQWV ZHUH SHUIRUPHG DW ���� ���� DQG ���� *+]�

8VLQJ WKH VHFRQG V\VWHP� &: PHDVXUHPHQWV ZHUH SHUIRUPHG DW ���� DQG ���� *+]� DQG ZLGHEDQG

PHDVXUHPHQWV �ZLWK � *+] 5) EDQGZLGWK� DW ���� *+]�

1RQ�/26 PHDVXUHPHQWV WKURXJK EXLOGLQJV ZHUH SHUIRUPHG E\ SODFLQJ WKH DQWHQQDV RQ RSSRVLWH

VLGHV RI WKH EXLOGLQJ DQG SRLQWLQJ WKHP SHUSHQGLFXODU WR WKH EXLOGLQJ ZDOOV� 7KH H[FHVV SDWK ORVV

�ZLWK UHVSHFW WR IUHH VSDFH� WKURXJK VWHHO UHLQIRUFHG FRQFUHWH RU EULFN EXLOGLQJV ZDV DERXW �� G%

DW ��� *+] DQG PRUH WKDQ ��� G% DW ���� DQG ���� *+] >��@� :KHQ ERWK DQWHQQDV ZHUH URWDWHG

LQ WKH HOHYDWLRQ SODQH� WKH UHFHLYHG VLJQDO SRZHU ZDV PD[LPL]HG ZKHQ ERWK DQWHQQDV ZHUH SRLQWHG

WRZDUGV WKH URRI HGJHV� 7KLV LQGLFDWHV WKH qDW URRIWRS VXSSRUWHG D GLoUDFWLRQ PRGH WKDW KDV D

SDWK ORVV ORZHU WKDQ WKH SHQHWUDWLRQ ORVV WKURXJK WKH EXLOGLQJ�

3URSDJDWLRQ WKURXJK PHWDOL]HG JODVV H[KLELWHG �� WR �� G% ORVV IRU HDFK PHWDOL]HG OD\HU� EXW VPDOO

ORVV ZDV PHDVXUHG WKURXJK FOHDU JODVV >��@� 5HqHFWLRQ PHDVXUHPHQWV ZHUH SHUIRUPHG IRU D YDULHW\

RI EXLOGLQJ VXUIDFHV� 7KH UHqHFWLRQ PHDVXUHPHQW UHVXOWV DUH SUHVHQWHG LQ 6HFWLRQ ������

8QOLNH /0'6� ZKHUH WKH WUDQVPLWWHU DQG UHFHLYHU DUH ORFDWHG DERYH WKH PDMRULW\ RI REVWDFOHV� VWUHHW�

OHYHO SURSDJDWLRQ LV PXFK PRUH FRQpQHG E\ WKH VXUURXQGLQJ REMHFWV� 0XOWLSDWK UHqHFWLRQV GXH WR

JURXQG� ZDOO� VLJQV� FDUV� RU RWKHU qDW VXUIDFHV� PXVW EH FRQVLGHUHG LQ FKDQQHO FKDUDFWHUL]DWLRQ�

0XOWLSDWK VLJQDOV ZHUH GHWHFWHG LQ WKH VWUHHW�OHYHO SURSDJDWLRQ� HYHQ ZLWK QDUURZ�EHDP DQWHQQDV

��b�r� DW KHLJKWV RI ��� P DERYH VWUHHW OHYHO >��@� 0XOWLSDWK FDXVHG E\ JURXQG UHqHFWLRQ UHVXOWHG LQ
IDGHV LQ H[FHVV RI �� G%� DQG PXOWLSDWK GHOD\ RI OHVV WKDQ � QV� 5HqHFWLRQV IURP EXLOGLQJ ZDOOV DQG

RWKHU VXUIDFHV UHVXOWHG LQ PXOWLSDWK FRPSRQHQWV WKDW ZHUH DW OHDVW �� G% EHORZ WKH /26 FRPSRQHQW

DQG ZLWK GHOD\ WLPH JUHDWHU WKDQ �� QV�

,Q >���@� UD\ WUDFLQJ WHFKQLTXHV DUH XVHG WR SUHGLFW ZLGHEDQG FKDQQHO LPSXOVH UHVSRQVH IRU VWUHHW�

OHYHO PLOOLPHWHU�ZDYH SURSDJDWLRQ� 6XUIDFH UHqHFWLRQ LV PRGHOHG XVLQJ 6QHOO
V UHqHFWLRQ FRHrFLHQW
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ZLWK D URXJKQHVV IDFWRU� 3UHGLFWHG UHVXOWV VKRZHG JHQHUDO DJUHHPHQW ZLWK PHDVXUHPHQW UHVXOWV

LQ WHUPV RI DYHUDJH UHFHLYHG SRZHU DQG GHOD\ VSUHDG� +RZHYHU� GXH WR WKH ODFN RI GHWDLOHG VLWH

LQIRUPDWLRQ� UD\ WUDFLQJ RQO\ SURYLGHG TXDOLWDWLYH NQRZOHGJH RI WKH FKDQQHO LQ >���@�

��� 2XWGRRU 3 U RSDJDWLRQ 6WXG\ DW �� *+ ]

3DWK ORVV DW �� *+] ZDV VWXGLHG E\ &RUUHLD HW DO LQ >���� ���@� ,Q >���@� D SDWK ORVV PRGHO ZDV

SURSRVHG IRU UHFHLYHG VLJQDO SRZHU HVWLPDWHG RQ WKH EDVLV RI D SDWK ORVV H[SRQHQW PRGHO ����� DV

IROORZV

3/�G� >G%P@  3/IV�G��> G%@ � ��Q ORJ���
G

G�
� � �$5 �$2�> G%�NP@ c G> NP@ �������

ZKHUH $5 DQG $2 DUH DWWHQXDWLRQ FRHrFLHQWV GXH WR UDLQ DQG R[\JHQ DEVRUSWLRQ� UHVSHFWLYHO\� DQG

WKH RWKHU SDUDPHWHUV DUH GHpQHG LQ WKH SDWK ORVV H[SRQHQW PRGHO LQ ������ ,Q >���@� UHVXOWV IURP

&: PHDVXUHPHQWV DORQJ D VWUHHW VKRZ WKDW LI WKH SDWK ORVV H[SRQHQW PRGHO ����� LV XVHG� WKH UDQJH

IRU Q LV IURP ��� WR ��� IRU G � >�����@ P� DQG IURP ��� WR ��� IRU G � >�� �@ NP� :KHQ PRGHO �����
LV XVHG WR VHSDUDWH WKH HoHFWV RI R[\JHQ DEVRUSWLRQ� WKH Q YDOXHV LV LQ WKH UDQJH IURP ��� WR ����

,Q >���@� IDGLQJ FKDUDFWHULVWLFV DUH VWXGLHG DORQJ D FDQ\RQ�OLNH VWUHHW DW �� *+]� 7KH WUDQVPLWWHU

ZDV p[HG LQ WKH PLGGOH RI WKH VWUHHW DW D KHLJKW RI � P DERYH WKH JURXQG� &: PHDVXUHPHQWV ZHUH

WDNHQ DV WKH UHFHLYHU ZDV PRYHG DORQJ WKH VWUHHW� 7KH WUDQVPLWWHU DQWHQQD KDG D EHDPZLGWK RI ��r�

DQG WKH UHFHLYHU DQWHQQD ZDV DQ RPQLGLUHFWLRQDO VORW DQWHQQD� 5HVXOWV VKRZ WKDW WKH VPDOO�VFDOH

IDGLQJ ZDV ZHOO GHVFULEHG E\ WKH 5LFLDQ GLVWULEXWLRQ�

���� /LWHU DWXU H 6XU YH\ RQ , QGRRU 3 U RSDJDWLRQ 0 HDVXU HPHQWV

������ 1 DU U RZEDQG 0 HDVXU HPHQW 5HVXOWV

&:PHDVXUHPHQWV ZHUH SHUIRUPHG LQ >�� ��� ���� ���@ WR FKDUDFWHUL]H D QDUURZEDQG PLOOLPHWHU�ZDYH

FKDQQHO� 0DLQ PHDVXUHPHQW UHVXOWV LQFOXGH SDWK ORVV H[SRQHQW� SHQHWUDWLRQ ORVV WKURXJK ZDOOV DQG

RWKHU REVWUXFWLRQV� DQG UHFHLYHG VLJQDO 3')�
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3DWK /RVV ([SRQHQW

3DWK ORVV H[SRQHQW PHDVXUHPHQW UHVXOWV DUH VXPPDUL]HG LQ 7DEOH ������� ,Q >���@� .DOLYDV HW DO

SHUIRUPHG &: PHDVXUHPHQWV RQ WKH WKLUG qRRU RI DQ HQJLQHHULQJ EXLOGLQJ DW &DUOHWRQ 8QLYHUVLW\�

7KH qRRU DUHD ZDV ��d ��P�� ,Q >�@� .DMLZDUD SHUIRUPHG &: PHDVXUHPHQWV DW �� *+] LQ D KDOO�

URRP DQG FRUULGRU RQ DQ RrFH EXLOGLQJ qRRU� 7KH qRRU DQG ZDOOV ZHUH PDGH RI UHLQIRUFHG FRQFUHWH

DQG SODVWHU ERDUGV� UHVSHFWLYHO\� ,Q >���@� %XOWLWXGH HW DO SHUIRUPHG ZLGHEDQG PHDVXUHPHQWV DW

�� *+] LQ WZR RrFH EXLOGLQJV XVLQJ D 91$ V\VWHP� 7KH UHFHLYHG VLJQDO SRZHU ZDV PHDVXUHG DV

WKH VXP RI WKH SRZHU DW HDFK IUHTXHQF\ FRPSRQHQW PXOWLSOLHG E\ D FDOLEUDWLRQ IDFWRU� 6FDWWHU SORWV

ZHUH GHYHORSHG IRU WKH 75 VHSDUDWLRQV RI G � ��P� DQG ��P � G � ��P�

3DWK ORVV H[SRQHQW ZDV IRXQG WR EH ������� IRU /26� DQG ��� IRU QRQ�/26 �1/26� SURSDJDWLRQ

>�� ���@� 1RWH WKDW LQ /26 SURSDJDWLRQ� WKH SDWK ORVV H[SRQHQW LV OHVV WKDQ WKH IUHH VSDFH SDWK

ORVV H[SRQHQW RI �� L�H� WKH UHFHLYHG VLJQDO SRZHU LV KLJKHU WKDQ WKH IUHH VSDFH /26 SRZHU� 7KLV

LQGLFDWHV WKDW VWURQJ UHqHFWHG ZDYHV DUH UHFHLYHG DORQJ ZLWK WKH /26 FRPSRQHQW� $V VKRZQ LQ >��@�

WKH VSDWLDO DYHUDJH UHFHLYHG SRZHU LV WKH VXP RI WKH SRZHU RI LQGLYLGXDO PXOWLSDWK FRPSRQHQWV�

7KHUHIRUH� WKH WRWDO UHFHLYHG SRZHU LV WKH VXP RI /26 SRZHU DQG WKH SRZHU RI UHqHFWHG ZDYHV�

2QH SURPLQHQW H[DPSOH LV ZDYH SURSDJDWLRQ LQ FRUULGRUV RU WXQQHOV� ZKHUH WKH ZDYH JXLGH HoHFWV

RI VXUURXQGLQJ ZDOOV UHGXFH WKH SDWK ORVV H[SRQHQW WR EH OHVV WKDQ � >���� ���@� )RU 1/26 SDWKV�

WKH UHFHLYHG VLJQDO LV DWWHQXDWHG E\ ZDOOV RU RWKHU REVWUXFWLRQV� ZKLFK UHVXOWV LQ D KLJK SDWK ORVV

H[SRQHQW�

3HQHWUDWLRQ /RVV

([FHVV SHQHWUDWLRQ ORVV GXH WR ZDOO� GRRU� RU RWKHU REVWDFOHV DW PLOOLPHWHU�ZDYH IUHTXHQFLHV LV

PHDVXUHG LQ >�� ��� ��� ���� ���� ���@� 7KH UHVXOWV DUH SUHVHQWHG LQ 7DEOH ������� )RU FRPSDULVRQ

SXUSRVHV� PHDVXUHPHQW UHVXOWV DW ��� *+] IURP >���@� DQG UHVXOWV DW ���� *+] IURP >�@ DUH DOVR

SUHVHQWHG�

,Q >�� ��� ���� ���@� WKH SHQHWUDWLRQ ORVV ZDV PHDVXUHG GLUHFWO\ E\ FRPSDULQJ WKH UHFHLYHG VLJQDO

SRZHU WKURXJK WKH REVWUXFWLRQ ZLWK WKH UHFHLYHG VLJQDO SRZHU LQ IUHH VSDFH DW WKH VDPH 75 VHSD�

UDWLRQ� ,Q >�� ���@� WKH SDWK ORVV ZDV PHDVXUHG RYHU PDQ\ 1/26 SDWKV� DQG WKH SHQHWUDWLRQ ORVV
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7DEOH �� 6XPPDU\ RI 0HDVXUHG 3DWK /RVV ([SRQHQW 5HVXOWV

5HI� 3DWK I �*+]� Q (QYLURQPHQWV

>���@ /26 ���� ��� $ORQJ FRUULGRU

/26 ���� ���� $ORQJ FRUULGRU

1/26 ���� ���� ��� ZDOO REVWUXFWLRQV

1/26 ���� ��� ��� ZDOO REVWUXFWLRQV

>�@ /26 �� ������� ,Q D KDOO DQG D URRP

/26 �� ������� ,Q D FRUULGRU

1/26 �� ������� ,Q DQ RrFH EXLOGLQJ qRRU

>���@ ��� P �� ��� 2SHQ FRQFHSW RrFH DUHD

�� � �� P �� � 2SHQ FRQFHSW RrFH DUHD

ZDV IRXQG E\ RSWLPL]DWLRQ SURFHGXUHV WKDW PLQLPL]H WKH PHDQ VTXDUH HUURU �06(� EHWZHHQ WKH

PHDVXUHG DQG PRGHOHG SDWK ORVV YDOXHV�

$V VKRZQ LQ 7DEOH ������� SURPLQHQW LQFUHDVH LQ SHQHWUDWLRQ ORVV WKURXJK D GU\ FRQFUHWH ZDOO LV

REVHUYHG DV WKH FDUULHU IUHTXHQF\ FKDQJHV IURP ��� *+] WR ���� *+]� 7KH ORZHU SHQHWUDWLRQ ORVV

LQWR H[WHULRU FRQFUHWH EXLOGLQJ ZDOOV LPSO\ WKDW PLFURZDYHV KDYH FHUWDLQ DGYDQWDJH LQ SURYLGLQJ

ZLUHOHVV DFFHVV LQWR EXLOGLQJV� $OVR� D FRQVLVWHQW LQFUHDVH LQ SHQHWUDWLRQ ORVV ZDV PHDVXUHG DV WKH

IUHTXHQF\ LQFUHDVHV IURP ��� *+] WR ���� *+] DQG ���� *+] WKURXJK GLoHUHQW PDWHULDO VXFK DV

SO\ZRRG DQG DOXPLQXP >���@� +RZHYHU� FRPSDULVRQ RI WKH SHQHWUDWLRQ ORVV WKURXJK SODVWHU ERDUG

ZDOOV DW ���� *+] DQG ���� *+] GRHV QRW VKRZ REYLRXV WUHQG�

5HFHLYHG 6LJQDO 3')V

$W PLFURZDYH IUHTXHQFLHV� PHDVXUHPHQWV KDYH VKRZQ WKDW WKH ORFDO PHDQ SRZHU REH\V D ORJQRUPDO

GLVWULEXWLRQ >��� ���@� 7KH ORJQRUPDO GLVWULEXWLRQ GHVFULEHV WKH UDQGRP VKDGRZLQJ HoHFWV ZKLFK

RFFXU RYHU D ODUJH QXPEHU RI PHDVXUHPHQW ORFDWLRQV ZLWK WKH VDPH WUDQVPLWWHU DQG UHFHLYHU VHSDUD�

WLRQ EXW GLoHUHQW OHYHOV RI FOXWWHU >��@� ,Q >�@� GLVWULEXWLRQ RI ORFDO PHDQ SRZHU LV VWXGLHG IURP &:

PHDVXUHPHQWV DW �� *+]� 8QGHU /26 FRQGLWLRQV� WKH ORFDO PHDQ SRZHU ZDV IRXQG DSSUR[LPDWHO\
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7DEOH �� 6XPPDU\ RI 3HQHWUDWLRQ /RVV 5HVXOWV

5HIHUHQFH 2EVWUXFWLRQ G�FP� /RVV �G%� I �*+]�

>��@ FRQFUHWH ZDOO ���� �� ����

SODVWHUERDUG ZDOO ���� ���� ����

ZRRG GRRU ��� ���� ����

GRRU ZLWK JODVV ��� ���� ����

KXPDQ ERG\ � ���� ����

>���@ GRXEOH SODVWHUERDUG ZDOO � ��� ����

GRXEOH SODVWHUERDUG ZDOO � ��� ����

>�@ KXPDQ ERG\ � ����� ��

>���@ GU\ SO\ZRRG �� VKHHW� ��� � ���

GU\ SO\ZRRG �� VKHHW� ��� � ����

GU\ SO\ZRRG �� VKHHW� ��� � ����

GU\ SO\ZRRG �� VKHHW� ��� � ���

GU\ SO\ZRRG �� VKHHW� ��� � ����

GU\ SO\ZRRG �� VKHHW� ��� �� ����

ZHW SO\ZRRG �� VKHHW� ��� �� ���

ZHW SO\ZRRG �� VKHHW� ��� �� ����

ZHW SO\ZRRG �� VKHHW� ��� �� ����

ZHW SO\ZRRG �� VKHHW� ��� �� ���

ZHW SO\ZRRG �� VKHHW� ��� �� ����

ZHW SO\ZRRG �� VKHHW� ��� �� ����

DOXPLQXP �� VKHHW� ���� �� ���

DOXPLQXP �� VKHHW� ���� �� ����

DOXPLQXP �� VKHHW� ���� �� ����

>���@ FRQFUHWH ZDOO � ����� ���

>�@ EULFN ZDOO � ��������� ����

FLQGHUEORFN ZDOO � �� ����

SODVWHUERDUG ZDOO � ������� ����
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7DEOH �� 6XPPDU\ RI 3HQHWUDWLRQ /RVV 5HVXOWV � &RQWLQXHG

5HIHUHQFH 2EVWUXFWLRQ G�FP� /RVV �G%�FP� I �*+]�

>��� ���@ 6WRQH ZDOO � ���� ��

0DUEOH ZDOO � ���� ��

&RQFUHWH ZDOO � ���� ��

$HUDWHG FRQFUHWH ZDOO � ��� ��

7LOHV � ���� ��

*ODVV � ���� ��

$FU\OLF JODVV � ���� ��

3ODVWHUERDUG ZDOO � ���� ��

ZRRG ZDOO � ���� ��

&OLSERDUG ZDOO � ���� ��

ORJQRUPDOO\ GLVWULEXWHG ZLWK VWDQGDUG GHYLDWLRQ RI ��� � ��� G% IRU D KDOO DQG D URRP� DQG ��� G%

IRU D FRUULGRU�

$V VKRZQ LQ 6HFWLRQ ������ WKH GLVWULEXWLRQV RI WKH UHFHLYHG VLJQDO HQYHORSH LQ VPDOO VFDOH IDGLQJ

FKDQQHOV DUH GHVFULEHG E\ 3')V� )RU PLOOLPHWHU�ZDYH LQGRRU FKDQQHOV� UHFHLYHG VLJQDO SRZHU 3')V

DOPRVW DOZD\V REH\ 5D\OHLJK GLVWULEXWLRQ IRU 1/26 SURSDJDWLRQ >���@� +RZHYHU� IRU /26 SURSD�

JDWLRQ� WKHUH DUH QR FRQVLVWHQW UHVXOWV IURP WKH OLWHUDWXUH� ,W LV IRXQG LQ >���@� WKDW ZKHQ WKHUH

LV D /26 SDWK� WKH VLJQDO 3') GHSDUWV IURP D 5D\OHLJK GLVWULEXWLRQ DQG WHQGV WR IROORZ D 5LFLDQ

GLVWULEXWLRQ� ,Q >���� ���@� UHFHLYHG VLJQDO SRZHU 3') ZDV IRXQG WR IROORZ D 5D\OHLJK 3') IRU /26

SURSDJDWLRQ� 7KLV LV H[SODLQHG E\ WKH H[LVWHQFH RI QXPHURXV UHqHFWHG UD\V� ZKLFK DUH FRPSDUDEOH

WR D /26 SDWK� 7KH UHFHLYHG VLJQDO FRQVLVWV RI ERWK WKHVH FRKHUHQW ZDYHV DQG QXPHURXV VFDWWHUHG

LQFRKHUHQW ZDYHV �� 7KLV VLWXDWLRQ LV QRW PDWKHPDWLFDOO\ GHVFULEHG E\ 5LFLDQ� 5D\OHLJK� RU 7,3

GLVWULEXWLRQV� +RZHYHU� DV WKH TXDQWLW\ RI WKH FRKHUHQW pHOG FRPSRQHQWV LQFUHDVHV� WKH UHVXOWLQJ

3') ZLOO EH FORVH WR 5D\OHLJK 3') EDVHG RQ WKH ODZ RI ODUJH QXPEHU >��@� :KHQ WKH TXDQWLW\ RI

WKH FRKHUHQW pHOG FRPSRQHQWV DSSURDFKHV WZR� WKH UHVXOWLQJ 3') ZLOO EH FORVH WR 7,3� :KHQ WKHUH

LV RQO\ RQH FRKHUHQW pHOG FRPSRQHQW� WKH 3') LV 5LFLDQ� 7KH H[WHQVLRQ RI WKH 3') FODVV IRU WKH

� 1 R WH WKD W WKLV LV F R QVLVWH QW Z LWK WKH PH D VXUH PH QW UH VXOWV R I SD WK OR VV H [ SR QH QW� Z KH UH VWUR QJ UH qH F WH G Z D Y H V
LQF UH D VH WKH WR WD O UH F H LY H G SR Z H U D QG UH GXF H WKH SD WK OR VV H [ SR QH QW�
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FDVHV ZKHQ WKH QXPEHU RI FRKHUHQW ZDYHV LV WZR RU PRUH FDQ H[SODLQ WKH PHDVXUHG 3')V WKDW GR

QRW pW LQWR WKH FODVVLFDO 3')V >��@�

2WKHU &: 0HDVXUHPHQWV

,Q >�@� .DMLZDUD VWXGLHG SHUIRUPDQFH RI DUWLpFLDO UHqHFWRUV�SDVVLYH UHSHDWHUV�� 7KH PHDVXUHPHQWV

ZHUH SHUIRUPHG LQ WZR 1/26 HQYLURQPHQWV DV VKRZQ LQ )LJXUH ��� 0HDVXUHPHQW UHVXOWV VKRZ WKDW

LQ 1/26 ORFDWLRQV� WKH UHFHLYHG VLJQDO SRZHU FDQ EH LQFUHDVHG E\ ����� G% E\ XVLQJ D UHqHFWRU

SODWH RI ���d ���P GHSHQGLQJ RQ WKH FXUYDWXUH UDGLXV DQG VL]H RI WKH FRQYH[ UHqHFWRU�

Tx

Tx

Rx

Rx

Passive Repeater

Passive Repeater

Steel rack

Measurements in a Corridor

Measurements in a Room

)LJXUH ��� 3DVVLYH UHSHDWHU PHDVXUHPHQWV >�@�

,Q >���@� +DPPRXGHK HW DO SHUIRUPHG &: PHDVXUHPHQWV DW ���� *+] DQG ����� *+] LQ D �d����d
���P HPSW\ URRP DQG D ����d���d���P FRUULGRU XVLQJ RPQLGLUHFWLRQDO DQWHQQDV� 7KH WUDQVPLWWHU
ZDV p[HG DW WKH HQG RI WKH FRUULGRU RU LQ WKH FRUQHU RI WKH URRP� 7KH UHFHLYHU ZDV PRYHG DORQJ

WKH FRUULGRU DQG WKH GLDJRQDOV RI WKH URRP� 0HDVXUHPHQW UHVXOWV ZHUH FRPSDUHG ZLWK UD\ WUDFLQJ

UHVXOWV� 5D\ WUDFLQJ ZLWK VHFRQG RUGHU VSHFXODU UHqHFWLRQ SURGXFHG ZHOO PDWFKHG UHVXOWV ZLWK WKH

PHDVXUHG VSDWLDO IDGLQJ VLJQDOV� 7KLV LQGLFDWHV WKDW IRU LQGRRU PLOOLPHWHU�ZDYH FKDQQHOV� PXOWLSDWK
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LV GRPLQDWHG E\ /26 DQG UHqHFWLRQV�

������ :LGHEDQG 0 HDVXU HPHQW 5HVXOWV

:LGHEDQG PHDVXUHPHQW FDPSDLJQV DUH UHSRUWHG LQ >��� ��� ���� ���@� 0HDVXUHPHQW UHVXOWV VKRZ

WKDW PXOWLSDWK FKDQQHO GLVSHUVLRQ LV KLJKO\ GHSHQGHQW RQ DQWHQQD GLUHFWLYLW\ DQG SRODUL]DWLRQ

>��� ��@� ,Q WKLV VHFWLRQ� WKH LQqXHQFH RI DQWHQQDV RQ PXOWLSDWK FKDQQHO LV VWXGLHG LQ GHWDLOV�

(oHFWV RI $QWHQQD 'LUHFWLYLW\

7KH HoHFWV RI DQWHQQD GLYHUVLW\ RQ PXOWLSDWK GLVSHUVLRQ LQ LQGRRU PLOOLPHWHU�ZDYH V\VWHP LV VWXGLHG

LQ >��� ���@� 0DQDEH HW DO SHUIRUPHG ZLGHEDQG FKDQQHO PHDVXUHPHQWV DW �� *+] LQ D ����� d ����P
RrFH URRP XVLQJ IRXU GLoHUHQW UHFHLYLQJ DQWHQQDV� DQ RPQLGLUHFWLRQDO DQWHQQD� D VFDODU IHHG KRUQ

DQWHQQD ZLWK ��r EHDPZLGWK� D VWDQGDUG JDLQ KRUQ DQWHQQD ZLWK ��r EHDPZLGWK� DQG D VFDODU

OHQV KRUQ DQWHQQD ZLWK �r EHDPZLGWK� 7KH WUDQVPLWWLQJ DQWHQQD ZDV DQ RPQLGLUHFWLRQDO PRQRSROH

DQWHQQD� 2QO\ RQH WUDQVPLWWHU�UHFHLYHU ORFDWLRQ ZDV PHDVXUHG� DQG WKH UHVXOWV� DV VKRZQ LQ 7DEOH ��

LQGLFDWH REYLRXV UHGXFWLRQ RI PXOWLSDWK GLVSHUVLRQ DV WKH DQWHQQD EHDPZLGWK GHFUHDVHV�

7DEOH �� 0HDVXUHG 'HOD\ 6SUHDGV IRU 'LoHUHQW 7\SHV RI $QWHQQDV >��@

$QWHQQD 7\SH RPQL VFDODU IHHG KRUQ VWDQGDUG JDLQ KRUQ VFDODU OHQV KRUQ

��G% EHDPZLGWK � ��r ��r �r

'HOD\ VSUHDG �QV� ����� ����� ��� ����

0HDVXUHPHQWV LQ >���@� KRZHYHU� VKRZHG RQO\ VOLJKW UHGXFWLRQ RI GHOD\ VSUHDG ZKHQ D GLUHFWLRQDO

DQWHQQD LV XVHG LQVWHDG RI DQ RPQLGLUHFWLRQDO DQWHQQD� ,Q >���@� %XOWLWXGH HW DO SHUIRUPHG ZLGHEDQG

PHDVXUHPHQWV DW �� *+] IRU WZR RSHQ RrFH DUHDV RI GLoHUHQW VL]HV LQ WZR GLoHUHQW EXLOGLQJV� $Q

RPQLGLUHFWLRQDO DQG D S\UDPLGDO KRUQ DQWHQQD ZLWK D EHDPZLGWK RI ��r LQ ERWK SODQHV ZHUH XVHG DW

WKH WUDQVPLWWHU� DQG DQ RPQLGLUHFWLRQDO DQWHQQD ZDV XVHG DW WKH UHFHLYHU� 7KH WUDQVPLWWHU DQWHQQD

ZDV p[HG LQ WKH FHQWHU RI PHDVXUHPHQW DUHD DW D KHLJKW RI ���� P� DQG WKH UHFHLYHU DQWHQQD ZDV

PRYHG DURXQG WKH DUHD DW D GHVN OHYHO KHLJKW� :KHQ WKH KRUQ WUDQVPLWWHU DQWHQQD ZDV XVHG� WKH
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PHDVXUHPHQW ORFDWLRQV ZHUH DOO LQVLGH WKH DUHD FRYHUHG E\ PDLQ EHDPZLGWK RI WKH KRUQ DQWHQQD� $

WRWDO RI ��� UHFHLYHU ORFDWLRQV ZHUH PHDVXUHG� 7KH 506 GHOD\ VSUHDG ZDV IRXQG WR EH �� QV IRU WKH

VPDOO RrFH DUHD� DQG �� QV IRU WKH ODUJH RrFH DUHD IRU ��� RI WKH WLPH� &')V RI 506 GHOD\ VSUHDG

YDOXHV IRU GLUHFWLRQDO DQG RPQLGLUHFWLRQDO DQWHQQDV VKRZHG RQO\ VOLJKW UHGXFWLRQ LQ WKH GHOD\ VSUHDG

ZKHQ WKH GLUHFWLRQDO DQWHQQD ZDV XVHG� 7KH DXWKRUV FRQFOXGH WKDW WKHUH ZDV QR DGYDQWDJH LQ XVLQJ

D KRUQ DQWHQQD LQVWHDG RI DQ RPQLGLUHFWLRQDO DQWHQQD LQ WKLV FDVH� )XUWKHUPRUH� PHDVXUHPHQW

UHVXOWV VKRZ D VLJQLpFDQW LQFUHDVH RI PXOWLSDWK GLVSHUVLRQ ZKHQ WKH UHFHLYHU ZDV PRYHG LQWR WKH

DUHD RXWVLGH WKH WUDQVPLWWHU DQWHQQD PDLQ EHDPZLGWK�

,Q JHQHUDO� D GLUHFWLRQDO DQWHQQD UHGXFHV PXOWLSDWK GLVSHUVLRQ RI WKH FKDQQHO� +RZHYHU� WKH GHJUHH

RI UHGXFWLRQ GHSHQGV RQ WKH DQWHQQD EHDPZLGWK DQG VSHFLpF SURSDJDWLRQ HQYLURQPHQWV�

(oHFWV RI $QWHQQD 3RODUL]DWLRQ

'XH WR WKH GLoHUHQW PDJQLWXGH DQG SKDVH RI UHqHFWLRQ FRHrFLHQWV IRU YHUWLFDO� KRUL]RQWDO DQG

FLUFXODU SRODUL]DWLRQV� PLOOLPHWHU�ZDYH FKDQQHO FKDUDFWHULVWLFV DOVR GHSHQG RQ WKH SRODUL]DWLRQ RI WKH

DQWHQQDV XVHG� 7KH SRODUL]DWLRQ GHSHQGHQFH RI PXOWLSDWK SURSDJDWLRQ FKDUDFWHULVWLFV RI DQ LQGRRU

PLOOLPHWHU�ZDYH FKDQQHO LV LQYHVWLJDWHG LQ >��@� 7KH WUDQVPLWWHU DQWHQQD ZDV D VFDODU KRUQ ZLWK

��G% EHDPZLGWK RI ��r� WKH UHFHLYHU DQWHQQD ZDV D VFDODU OHQV�KRUQ DQWHQQD ZLWK D EHDPZLGWK RI

���r� %RWK DQWHQQDV ZHUH VZLWFKHG DPRQJ YHUWLFDO� KRUL]RQWDO� DQG ULJKW�KDQG FLUFXODU SRODUL]DWLRQV�

0HDVXUHPHQWV ZHUH SHUIRUPHG LQ DQ HPSW\ RrFH ZLWK qRRU DUHD RI �� P� ZLWK WKH WUDQVPLWWHU LQ

D FRUQHU� DQG WZR UHFHLYHU ORFDWLRQV LQ WKH FHQWHU RI WKH RrFH� 7KH LPSXOVH UHVSRQVH ZDV PHDVXUHG

ZLWK WKH UHFHLYHU DQWHQQD URWDWLQJ LQ D]LPXWK HYHU\ �r� 0HDVXUHPHQW UHVXOWV� DV SUHVHQWHG LQ

7DEOH �� VKRZ D VOLJKW UHGXFWLRQ RI PXOWLSDWK GLVSHUVLRQ E\ XVLQJ KRUL]RQWDO SRODUL]DWLRQ� DQG D

ODUJH UHGXFWLRQ E\ XVLQJ FLUFXODU SRODUL]DWLRQ DV FRPSDUHG WR YHUWLFDO SRODUL]DWLRQ� 7KLV UHODWLRQVKLS

LV H[SHFWHG� :KHQ D FLUFXODU SRODUL]HG ZDYH LV LQFLGHQW RQ D UHqHFWLQJ VXUIDFH DW D ODUJH LQFLGHQW

DQJOH� WKH GLUHFWLRQ RI SRODUL]DWLRQ RI WKH UHqHFWHG ZDYH LV UHYHUVHG >���@� 7KHUHIRUH� PXOWLSDWK

FRPSRQHQWV UHVXOWLQJ IURP VLQJOH UHqHFWLRQV DUH UHMHFWHG E\ WKH UHFHLYHU DQWHQQD� OHDGLQJ WR D

UHGXFHG QXPEHU RI PXOWLSDWK FRPSRQHQWV� ,W LV ZRUWK PHQWLRQLQJ WKDW VLPLODU UHVXOWV DUH DOVR

REWDLQHG E\ .DMLZDUD DW �� *+]� DQG 5DSSDSRUW DQG +DZEDNHU DW ��� *+] DQG � *+] >���� ���@�
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7DEOH �� 0HDVXUHG 'HOD\ 6SUHDGV IRU 'LoHUHQW 3RODUL]DWLRQ RI $QWHQQDV >��@

+�3RODUL]HG 9�3RODUL]HG 5LJKW�+DQG &LUFXODU 3RODUL]HG

'HOD\ 6SUHDG�ORFDWLRQ �� �QV� ����� ���� ����

'HOD\ 6SUHDG�ORFDWLRQ �� �QV� ����� ����� ����

2WKHU :LGHEDQG 0HDVXUHPHQW 5HVXOWV

7KH LQGRRU PXOWLSDWK SURSDJDWLRQ FKDQQHO ZDV VWXGLHG DW ��� *+] DQG �� *+] LQ >���@� :LGHEDQG

SURSDJDWLRQ PHDVXUHPHQWV ZHUH SHUIRUPHG XVLQJ D 6&6 ZLWK ��� 0+] RI 5) EDQGZLGWK� )RU WKH

��� *+] V\VWHP� RPQLGLUHFWLRQDO DQWHQQDV ZHUH XVHG IRU ERWK WKH WUDQVPLWWHU DQG WKH UHFHLYHU�

)RU WKH �� *+] V\VWHP� D �� G% KRUQ DQWHQQD ZDV XVHG DW WKH WUDQVPLWWHU� DQG HLWKHU D �� G%

KRUQ RU DQ RPQLGLUHFWLRQDO DQWHQQD ZDV XVHG DW WKH UHFHLYHU� 0HDVXUHPHQWV ZHUH SHUIRUPHG LQ WZR

ODERUDWRULHV ���d��P DQG ��d��P� DQG RQH FRUULGRU ��d��P� DW 8QLYHUVLW\ RI %ULVWRO� 8.� 7KH
PHDVXUHG 506 GHOD\ VSUHDG ZDV DOZD\V EHORZ �� QV DW ��� *+]� DQG EHORZ �� QV DW �� *+]� 7KHVH

GLoHUHQFH FDQ EH DWWULEXWHG WR EXLOGLQJ PDWHULDO DWWHQXDWLRQ� IUHTXHQF\ GHSHQGHQFH RI UHqHFWLRQ

FRHrFLHQWV� DQG GLoHUHQW DQWHQQD W\SHV XVHG� 5HVXOWV DOVR VKRZ WKDW WKH ZDOO DWWHQXDWLRQ LV RQ

WKH RUGHU RI �� G% SHU ZDOO� 7KHUHIRUH� H[FHVV SDWK OHQJWKV RI WKH PXOWLSDWK FRPSRQHQWV DUH VPDOO�

DQG WKH HoHFW RI R[\JHQ DEVRUSWLRQ LV QHJOLJLEOH >���@�

:LGHEDQG PHDVXUHPHQWV ZHUH SHUIRUPHG E\ 6PXOGHUV DQG :DJHPDQV DW �� *+] XVLQJ D 91$

V\VWHP ZLWK D VZHHSLQJ EDQGZLGWK RI � *+]� 2PQLGLUHFWLRQDO ELFRQLFDO DQWHQQDV ZHUH XVHG DW WKH

WUDQVPLWWHU DQG WKH UHFHLYHU� 0HDVXUHPHQWV ZHUH SHUIRUPHG LQ HLJKW GLoHUHQW LQGRRU HQYLURQPHQWV

DW WKH (LQGKRYHQ 8QLYHUVLW\ RI 7HFKQRORJ\� 'XH WR WKH KLJK DWWHQXDWLRQ RI WKH LQQHU ZDOOV� WKHVH

HQYLURQPHQWV FRQVLVW RI D VLQJOH URRP� D VLQJOH KDOO RU D VLQJOH FRUULGRU RQO\� 7\SLFDO 506 GHOD\

VSUHDG ZDV EHWZHHQ �� WR �� QV IRU VPDOO URRPV DQG �� QV WR �� QV IRU ODUJH URRPV� 7KH ZRUVW FDVH

506 GHOD\ VSUHDG ZDV ��� QV �
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������ $2$ 0 HDVXU HPHQWV

,Q >��@� FKDQQHO LPSXOVH UHVSRQVH ZDV PHDVXUHG E\ URWDWLQJ WKH UHFHLYHU DQWHQQD LQ D]LPXWK HYHU\

�r� 7KH PHDVXUHPHQW VHW XS LV H[SODLQHG LQ 6HFWLRQ ������� 7KH PDLQ SXUSRVH ZDV WR GHPRQVWUDWH

DQWHQQD SRODUL]DWLRQ HoHFWV RQ PXOWLSDWK GHOD\ GLVSHUVLRQ UDWKHU WKDQ WR DFKLHYH $2$ VWDWLVWLFV�

7KHUHIRUH� $2$ ZDV PHDVXUHG DW RQO\ WZR UHFHLYHU ORFDWLRQV�

,Q >���@� 'URVWH DQG .DGHO SHUIRUPHG ZLGHEDQG LQGRRU PHDVXUHPHQWV DW �� *+] DQG �� *+]� $

91$ DQG D PHFKDQLFDO SRVLWLRQLQJ V\VWHP ZHUH XVHG WR LQYHVWLJDWH VSDWLDO YDULDWLRQ RI FKDQQHO LP�

SXOVH UHVSRQVHV� 7KH WLPH UHVROXWLRQ ZDV ��� QV E\ XVLQJ � *+] RI VZHHS EDQGZLGWK� 0HDVXUHPHQWV

ZHUH SHUIRUPHG LQ D URRP RI ���� P d ���� P DQG LQ D FRUULGRU RI � P d ���� P� ,Q WKH URRP� WKH
WUDQVPLWWHU ZDV ORFDWHG LQ WKH FRUQHU� DQG WKH UHFHLYHU ZDV PRYLQJ DORQJ D � P WUDFN LQ WKH FHQWHU

RI WKH URRP� ,Q WKH FRUULGRU� WKH WUDQVPLWWHU ZDV DW WKH HQG RI WKH FRUULGRU� DQG UHFHLYHU WUDFN

ZDV DERXW �� P IURP WKH WUDQVPLWWHU� $2$ LQIRUPDWLRQ ZDV UHFRQVWUXFWHG E\ FRQQHFWLQJ WKH GHOD\

WLPH LQIRUPDWLRQ ZLWK WKH LQIRUPDWLRQ RQ WKH JHRPHWULFDO ORFDWLRQV RI WKH UHqHFWRUV� 8QIRUWXQDWHO\�

DQWHQQD LQIRUPDWLRQ DQG RWKHU GHWDLOHG PHDVXUHPHQW DQG PRGHOLQJ LQIRUPDWLRQ ZHUH QRW SUHVHQWHG

LQ WKH SDSHU�

������ 6SDWLDO 'LYHU VLW\

,Q D VPDOO VFDOH IDGLQJ VLWXDWLRQ� VLJQDOV UHFHLYHG IURP VSDWLDOO\ VHSDUDWHG DQWHQQDV KDYH HVVHQWLDOO\

XQFRUUHODWHG HQYHORSHV ZKHQ WKH VHSDUDWLRQ LV ODUJH HQRXJK >��� ���� ���@� 7KH SUREDELOLW\ RI

VLPXOWDQHRXV IDGHV LQ ERWK VLJQDOV LV PXFK ORZHU WKDQ WKH SUREDELOLW\ RI IDGH LQ DQ LQGLYLGXDO

VLJQDO� ,Q VSDWLDO GLYHUVLW\ WHFKQLTXHV� WZR RU PRUH VSDWLDOO\ VHSDUDWHG DQWHQQDV DUH HPSOR\HG� DQG

WKH UHFHLYHG VLJQDOV IURP WKHVH DQWHQQDV DUH FRPELQHG WR SURGXFH WKH UHFHLYHG LQIRUPDWLRQ� :KHQ

WKH GLYHUVLW\ WHFKQLTXH LV XVHG� WKH WUDQVPLWWHG SRZHU FDQ EH UHGXFHG WR DFKLHYH WKH VDPH V\VWHP

DYDLODELOLW\ DV LQ D V\VWHP ZLWKRXW GLYHUVLW\� 7KLV UHGXFWLRQ RI WUDQVPLWWHG SRZHU LQ G% UHSUHVHQWV

GLYHUVLW\ JDLQ >���� ���@�

'XH WR WKH VKRUW ZDYHOHQJWK DW PLOOLPHWHU�ZDYH IUHTXHQFLHV� WKH UHFHLYHG VLJQDOV EHFRPH GHFRUUH�

ODWHG DW VKRUW VHSDUDWLRQ GLVWDQFHV RQ WKH RUGHU RI VHYHUDO FHQWLPHWHUV� 6SDWLDO GLYHUVLW\ WHFKQLTXHV

DW PLOOLPHWHU�ZDYH IUHTXHQFLHV ZHUH VWXGLHG E\ .DOLYDV HW DO LQ >���@� &: PHDVXUHPHQWV ZHUH
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SHUIRUPHG DW ���� DQG ���� *+] LQ DQ LQGRRU HQYLURQPHQW DW &DUOHWRQ 8QLYHUVLW\� 5HFHLYHG VLJQDO

SRZHUV ZHUH PHDVXUHG IURP WZR VHWV RI UHFHLYHU DQWHQQDV� ZKLFK ZHUH SODFHG VHYHUDO �� WR ��� ZDYH�

OHQJWK DSDUW� 7KH VDPSOLQJ VSHHG ZDV ���� VDPSOH�V� ZKLFK FRUUHVSRQGV WR �� DQG �� VDPSOHV SHU

ZDYH OHQJWK DW ���� *+] DQG ���� *+]� UHVSHFWLYHO\� 0HDVXUHPHQWV ZHUH WDNHQ DW �� ORFDWLRQV RI D

��d��P� RrFH DUHD FRQVLVWLQJ RI VPDOO RrFHV� PHGLXP�VL]H URRPV� ODUJH FODVVURRPV DQG FRUULGRUV�
$ ELFRQLFDO DQWHQQD ZDV XVHG DW WKH WUDQVPLWWHU� DQG ERWK ELFRQLFDO DQG KRUQ DQWHQQDV ZHUH XVHG

DW WKH UHFHLYHU� 7KH EHDPZLGWKV RI WKH KRUQ DQWHQQDV ZHUH ��r DW ���� *+] DQG ��r DW ���� *+]�

5HVXOWV VKRZ WKDW DQWHQQD GLYHUVLW\ HoHFWLYHO\ UHGXFHV VLJQDO IDGLQJ� 7KH DYHUDJH GLYHUVLW\ JDLQV

ZLWK VHOHFWLRQ FRPELQLQJ DQG ��� DYDLODELOLW\ YDULHG EHWZHHQ ��� G% DQG ���� G%� 7KHVH UHVXOWV

DUH FORVH WR WKH H[SHFWHG YDOXH RI �� G%� ZKLFK LV WKH WKHRUHWLFDO GLYHUVLW\ JDLQ IRU D 5D\OHLJK IDGLQJ

FKDQQHO�

������ &RKHU HQW % DQGZLGWK

,Q >���@� +DPPRXGHK HW DOPHDVXUHG FKDQQHO FRKHUHQW EDQGZLGWK LQ DQ LQGRRU PLFURFHOO HQYLURQPHQW

DW ���� *+]� ,Q >���@� FRUUHODWLRQ EDQGZLGWK LV HVWLPDWHG E\ PHDVXULQJ FRUUHODWLRQ FRHrFLHQWV

RI FKDQQHO UHVSRQVHV DW �� GLoHUHQW IUHTXHQF\ VHSDUDWLRQV EHWZHHQ � DQG ��� 0+]� )RU HDFK

IUHTXHQF\ VHSDUDWLRQ� FKDQQHO UHVSRQVHV ZHUH WDNHQ DW WZR IUHTXHQFLHV DW D UDWH RI ���� VDPSOH�V�

0HDVXUHPHQWV ZHUH SHUIRUPHG LQ D ����d��d���� P FRUULGRU ZLWK WKH WUDQVPLWWHU p[HG DW RQH HQG
DQG D UHFHLYHU PRYLQJ WRZDUGV WKH RWKHU HQG� &RUUHODWLRQ FRHrFLHQWV EHWZHHQ WKH PHDVXUHG VLJQDO

HQYHORSHV DV IXQFWLRQV RI GLVWDQFH ZHUH REWDLQHG E\ FDOFXODWLQJ WKH FRUUHODWLRQ RYHU D ZLQGRZ RI

��y ZKLFK LV PRYHG E\ ��y� 5HVXOWV VKRZ D GHFUHDVH RI WKH FRUUHODWLRQ FRHrFLHQW ZLWK WKH LQFUHDVH

RI VHSDUDWLRQ EDQGZLGWK� )UHTXHQF\ VSDFLQJ RI ����� 0+]� ���� 0+] DQG ��� 0+] ZLOO HQVXUH

D FRUUHODWLRQ OHYHO EHORZ ���� ���� DQG ���� UHVSHFWLYHO\� IRU ��� RI WLPH� $FFRUGLQJ WR ������� D

FRUHODWLRQ EDQGZLGWK RI ��� 0+] JLYHV ���� QV RI 506 GHOD\ VSUHDG�

������ + XPDQ , QGXFHG 9DU LDWLRQ

)RU LQGRRU ZLUHOHVV /$1 DSSOLFDWLRQV� RQH RI WKH PDLQ VRXUFHV RI FKDQQHO YDULDWLRQ LV WKH PRYHPHQW

RI SHRSOH LQ WKH YLFLQLW\ RI WKH p[HG WHUPLQDOV >���@� +XPDQ LQGXFHG WHPSRUDO YDULDWLRQ RI WKH LQGRRU
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PLOOLPHWHU�ZDYH FKDQQHO LV VWXGLHG E\ 0DULQLHU HW DO LQ >���@� &: PHDVXUHPHQWV ZHUH SHUIRUPHG

DW �� *+] ZLWK D p[HG WUDQVPLWWHU DQG UHFHLYHU� ZLWK � WR � SHRSOH ZDONLQJ DORQJ SDWKV SDUDOOHO RU

SHUSHQGLFXODU WR WKH /26 SDWK� 7ZR W\SHV RI WUDQVPLWWHU DQWHQQDV ZHUH XVHG� DQ RPQLGLUHFWLRQDO

ELFRQLFDO DQWHQQD DQG D VFDODU KRUQ ZLWK D ��G% EHDPZLGWK RI ���r� 2PQLGLUHFWLRQDO ELFRQLFDO

DQWHQQD ZDV XVHG DW WKH UHFHLYHU� 7KH WUDQVPLWWHU DQWHQQD ZDV ORFDWHG RQ WKH FHLOLQJ LQ WKH FHQWHU

RI WKH URRP�

,Q D ORFDO DUHD� UHFHLYHG VLJQDO SRZHU OHYHO FKDQJHV DV WKH UHFHLYHU PRYHV IURP RQH SRVLWLRQ WR

DQRWKHU GXH WR WKH VPDOO VFDOH IDGLQJ� ,Q >���@� WKH IDGLQJ VWDWH RI D p[HG UHFHLYHU LV FKDUDFWHUL]HG

E\ D VSDWLDO IDGLQJ OHYHO� 5� ZKLFK LV GHpQHG DV

5�[��  
3 �[��

3 �[�
�������

ZKHUH [� LV WKH VSHFLpF ORFDWLRQ� 3 �[�� LV WKH UHFHLYHG VLJQDO SRZHU DW WKLV ORFDWLRQ� DQG 3 �[� LV

WKH VSDWLDO DYHUDJH SRZHU RYHU WKH VPDOO ORFDO DUHD DURXQG [��

0HDVXUHPHQW UHVXOWV VKRZ WKDW WKH HoHFWV RI KXPDQ PRWLRQ RQ WKH WLPH DYHUDJH UHFHLYHG SRZHU

GHSHQGV KLJKO\ RQ WKH VSDWLDO IDGLQJ VWDWH WKDW WKH UHFHLYHU ZDV LQ ZKHQ WKH HQYLURQPHQW ZDV IUHH RI

PRYHPHQW� :KHQ WKH UHFHLYHU LV ORFDWHG LQ D VSDWLDO FUHVW� L�H� WKH UHFHLYHG VLJQDO SRZHU LV KLJKHU

WKDQ WKH ORFDO DYHUDJH� WKH PRYHPHQW RI SHRSOH ����� KDV OLWWOH HoHFW RQ WKH PHDQ VLJQDO OHYHO�

+RZHYHU� ZKHQ WKH UHFHLYHU LV ORFDWHG LQ D GHHS IDGH� WKH PRYHPHQW RI SHRSOH ZLOO VLJQLpFDQWO\

LQFUHDVH WKH PHDQ VLJQDO OHYHO� $V WKH QXPEHU RI SHRSOH LQFUHDVHV� WKLV GHSHQGHQFH EHFRPHV OHVV

LPSRUWDQW� 0HDVXUHPHQW UHVXOWV DOVR VKRZ WKDW WKH FRKHUHQW WLPH ZLWK FRUUHODWLRQ RI ��� LV QR

JUHDWHU WKDQ � PV IRU D ZDONLQJ VSHHG RI ��� P�V WR ��� P�V�

,Q >��@� %XOWLWXGH HW DO DOVR VWXGLHG WHPSRUDO IDGLQJ IRU D p[HG WUDQVPLWWHU DQG UHFHLYHU LQ DQ

LQGRRU HQYLURQPHQW DW �� *+]� 7KH WHPSRUDO YDULDWLRQ RFFXUUHG ZKHQ WKHUH ZDV PRWLRQ DURXQG

WKH WUDQVPLWWHU RU UHFHLYHU� 5HVXOWV VKRZ WKDW IDGLQJ LV 5LFLDQ IRU ��� RI WKH WLPH� DQG 5D\OHLJK

LQ D IHZ LQVWDQFHV� EXW GRHV QRW FRQpUP ZLWK HLWKHU RI WKHVH GLVWULEXWLRQV WKH UHVW RI WLPH�
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���� 5HVHDU FK 'LU HFWLRQV

7KH SURSHU GHVLJQ RI IXWXUH�JHQHUDWLRQ ZLUHOHVV V\VWHPV ZLOO UHTXLUH DQ LQWLPDWH NQRZOHGJH RI WKH

ZLGHEDQG PLOOLPHWHU�ZDYH FKDQQHO LQ DQ\ HQYLURQPHQW DQG XQGHU DQ\ ZHDWKHU FRQGLWLRQV� $OWKRXJK

PDQ\ FKDQQHO PRGHOV DQG PHDVXUHPHQWV KDYH EHHQ SURGXFHG IRU &HOOXODU� 3&6 DQG PLFURZDYH

IUHTXHQFLHV� EURDGEDQG PLOOLPHWHU�ZDYH FKDQQHO PRGHOLQJ LV LQ LWV LQIDQF\� 7KH GHVLUHG PLOOLPHWHU�

ZDYH FKDQQHO PRGHOV PXVW IXOO\ TXDQWLI\ VLJQDO SDWK ORVV� FKDQQHO WLPH GLVSHUVLRQ� VLJQDO YDULDWLRQ�

DQG VLJQDO DQJXODU VSUHDG XQGHU DQ\ ZHDWKHU FRQGLWLRQV�

2QH RI WKH PDLQ GLrFXOWLHV DVVRFLDWHG ZLWK PLOOLPHWHU�ZDYH SURSDJDWLRQ LV WKH UDQGRP QDWXUH RI WKH

SURSDJDWLRQ PHGLXP� 'XH WR WKH VPDOO ZDYHOHQJWK� PRVW RI WKH EXLOGLQJ RU REMHFW VXUIDFHV DSSHDU

DV URXJK VXUIDFHV� DQG YHJHWDWLRQ RU DWPRVSKHULF SDUWLFOHV �VXFK DV UDLQ RU KDLO� DSSHDU DV UDQGRP

VFDWWHUHUV� 7KH OLWHUDWXUH VHDUFK VKRZHG VRPH UHVHDUFK UHVXOWV LQ PLOOLPHWHU�ZDYH SURSDJDWLRQ�

LQFOXGLQJ VLJQDO SDWK ORVV� V\VWHP FRYHUDJH� PXOWLSDWK GLVSHUVLRQ� UDLQ DQG YHJHWDWLRQ LQGXFHG

DWWHQXDWLRQ DQG GHSRODUL]DWLRQ >�� ��� ��@� +RZHYHU� OLWWOH UHVHDUFK KDV EHHQ GRQH WR FKDUDFWHUL]H

ZHDWKHU HoHFWV RQ WKH PXOWLSDWK GLVSHUVLRQ� 7KH WLPH GLVSHUVLRQ FKDUDFWHULVWLF LV WKH GHWHUPLQLQJ

IDFWRU IRU WKH PD[LPXP GDWD UDWH� WLPH GLYHUVLW\ RU UDNH UHFHLYHU GHVLJQ� DQG PXVW EH GHWHUPLQHG

IRU ZLGHEDQG V\VWHP GHVLJQ�

$QRWKHU JUHDW FKDOOHQJH LV WKH VSDFH�WLPH FKDQQHO FKDUDFWHUL]DWLRQ� )XWXUH EURDGEDQG ZLUHOHVV

V\VWHPV H[SORUH GLPHQVLRQV RI VSDFH� WLPH DQG IUHTXHQF\� :KHQ KLJKO\ GLUHFWLRQDO DQWHQQDV DQG

ZLGHEDQG VLJQDOV DUH XVHG� VSDWLDO DQG WHPSRUDO FKDUDFWHULVWLFV RI WKH FKDQQHO EHFRPH H[WUHPHO\

LPSRUWDQW� )RU LQGRRU DSSOLFDWLRQV� WKH PXOWLSDWK FKDQQHO VWUXFWXUH PD\ YDU\ VLJQLpFDQWO\ IURP

ORFDWLRQ WR ORFDWLRQ� 5D\ WUDFLQJ WHFKQLTXHV KDYH EHHQ XVHG WR PRGHO WKH PLOOLPHWHU�ZDYH FKDQQHO�

KRZHYHU� OLWWOH OLWHUDWXUH H[LVWV WKDW FDUHIXOO\ FRPSDUHV WKH UD\ WUDFLQJ SUHGLFWLRQ ZLWK PHDVXUHG

GHWDLOHG PXOWLSDWK VWUXFWXUH�

7KH IROORZLQJ FKDSWHUV IRFXV RQ WKH DERYH PHQWLRQHG WZR DVSHFWV RI PLOOLPHWHU�ZDYH FKDQQHO FKDU�

DFWHUL]DWLRQ� &KDSWHU � SUHVHQWV DQ H[WHQVLYH PHDVXUHPHQW FDPSDLJQ DW �� *+]� 7KH ZHDWKHU

HoHFWV RQ WKH FKDQQHO WLPH GLVSHUVLRQ DQG VLJQDO YDULDWLRQ GXULQJ UDLQ DQG D KDLOVWRUP ZHUH LQYHV�

WLJDWHG� 7KH UDWLR RI FRKHUHQW SRZHU DQG LQFRKHUHQW SRZHU DW YDULRXV UDLQ UDWHV ZDV DOVR VWXGLHG�
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%DVHG RQ WKH PHDVXUHPHQW UHVXOWV� D QRYHO GHVLJQ WHFKQLTXH IRU ZLGHEDQG PLOOLPHWHU�ZDYH FKDQ�

QHO FKDUDFWHUL]DWLRQ ZDV GHYHORSHG DQG SUHVHQWHG LQ &KDSWHU �� )LQDOO\� &KDSWHU � SUHVHQWV WKH

VSDFH�WLPH FKDQQHO FKDUDFWHUL]DWLRQ DW �� *+]�



&KDSWHU �

:LGHEDQG 3 RLQW�WR�3 RLQW 5DGLR :DYH

3 U RSDJDWLRQ 6WXG\ DW �� *+ ]

7KLV FKDSWHU SUHVHQWV WKH UHVXOWV RI D p[HG PLOOLPHWHU�ZDYH VKRUW�KRS UDGLR ZDYH SURSDJDWLRQ VWXG\

DW �� *+] � $ ZLGHEDQG PHDVXUHPHQW FDPSDLJQ ZDV SHUIRUPHG XVLQJ WKUHH FURVV�FDPSXV UDGLR

OLQNV IURP $SULO WR $XJXVW ���� DW 9LUJLQLD 7HFK� 7KHVH OLQNV UHSUHVHQW W\SLFDO /0'6 OLQNV LQ

D FDPSXV HQYLURQPHQW ZLWK YDULRXV OHYHOV RI REVWUXFWLRQ GXH WR YHJHWDWLRQ DQG UHqHFWLRQV IURP

EXLOGLQJV� $ WRWDO RI ������ SRZHU GHOD\ SURpOHV �3'3V� ZHUH UHFRUGHG GXULQJ GLoHUHQW ZHDWKHU

HYHQWV VXFK DV FOHDU VN\� UDLQ� DQG KDLO�

7KH PHDVXUHPHQW FDPSDLJQ SURGXFHG D YDULHW\ RI UHVXOWV LQFOXGLQJ ZLGHEDQG SRZHU GHOD\ SURpOHV

�3'3V�� VKRUW WHUP VLJQDO YDULDWLRQ GXH WR UDLQ� DQG DWWHQXDWLRQ GXH WR UDLQ� KDLO� JODVV� DQG

YHJHWDWLRQ� 7KH UHVXOWV VKRZ WKDW WKH PHDVXUHG UDLQ DWWHQXDWLRQ �LQ H[FHVV RI IUHH VSDFH� VOLJKWO\

H[FHHGV WKH &UDQH PRGHO SUHGLFWLRQ� 6KRUW WHUP YDULDWLRQ RI UHFHLYHG VLJQDO VWUHQJWK GXULQJ UDLQ

IROORZV D 5LFLDQ GLVWULEXWLRQ ZLWK D . IDFWRU LQYHUVHO\ SURSRUWLRQDO WR UDLQ UDWH� 7KH ZLGHEDQG

PHDVXUHPHQWV LQGLFDWH WKDW PXOWLSDWK FDQ RFFXU GXH WR IROLDJH DQG UHqHFWLRQV IURP ZHW VXUIDFHV

GXULQJ UDLQ� $ WKHRUHWLFDO VWXG\ RI VLJQDO YDULDWLRQ GXULQJ UDLQ LV DOVR SUHVHQWHG� 7KH WKHRU\ VKRZV

WKDW WKH VLJQDO YDULDWLRQV DUH OLNHO\ GXH WR WKH LQKRPRJHQHRXV GHQVLW\ GLVWULEXWLRQV RI UDLQ GURSV

DORQJ WKH SURSDJDWLRQ SDWK�

���
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��� , QWU RGXFWLRQ

0LOOLPHWHU�ZDYH IUHTXHQFLHV DUH SURSRVHG WR SURYLGH /0'6� 1*,� DQG ?ZLUHOHVV pEHU� OLQNV WR

KRPHV ZLWK PXFK KLJKHU EDQGZLGWK WKDQ FXUUHQW V\VWHPV DW 8+) RU PLFURZDYH IUHTXHQFLHV� 7LPH

GLVSHUVLRQ RI WKH FKDQQHO LV WKH PDLQ OLPLWLQJ IDFWRU IRU WKH PD[LPXP GDWD UDWHV RI WKHVH ZLGHEDQG

V\VWHPV� )XUWKHUPRUH� FKDQQHO WLPH GLVSHUVLRQ FKDUDFWHULVWLFV PD\ FKDQJH GXULQJ GLoHUHQW ZHDWKHU

HYHQWV� $W IUHTXHQFLHV DERYH �� *+] � RQH PXVW FRQVLGHU WKH LQWHUDFWLRQ RI (0 ZDYHV ZLWK WKH

DWPRVSKHUH� DQG SDUWLFOHV VXFK DV UDLQ� VQRZ DQG KDLO LQ DGGLWLRQ WR RWKHU WHUUDLQ UHqHFWRUV DQG

VFDWWHUHUV >��� ��� ��@� 7KHUHIRUH� LW LV H[WUHPHO\ LPSRUWDQW WR FKDUDFWHUL]H WKH ZLGHEDQG PLOOLPHWHU�

ZDYH FKDQQHO XQGHU GLoHUHQW ZHDWKHU FRQGLWLRQV�

6RPH UHVHDUFK UHVXOWV KDYH EHHQ SXEOLVKHG IRU PLOOLPHWHU�ZDYH FKDQQHO FKDUDFWHUL]DWLRQ XQGHU FOHDU

ZHDWKHU FRQGLWLRQV� 0XOWLSDWK DQG FRYHUDJH LVVXHV IRU /0'6 DUH VWXGLHG LQ >��� ��@� 3RLQW�WR�

SRLQW WUDQVPLVVLRQV DW VWUHHW OHYHO DUH LQYHVWLJDWHG LQ >���@� %XLOGLQJ VFDWWHULQJ DQG SURSDJDWLRQ

WKURXJK YHJHWDWLRQ DUH VWXGLHG LQ >��� ��� ���@� 2WKHU ZRUNV �>��� ���@� DGGUHVV UDLQ DWWHQXDWLRQ DQG

GHSRODUL]DWLRQ HoHFWV RQ WKH PLOOLPHWHU�ZDYH FKDQQHO� +RZHYHU� OLWWOH UHVHDUFK KDV LQYHVWLJDWHG WKH

PXOWLSDWK DQG WLPH YDU\LQJ QDWXUH RI WKH ZLGHEDQG PLOOLPHWHU�ZDYH FKDQQHO LQ GLoHUHQW ZHDWKHU

HYHQWV�

7KLV FKDSWHU SUHVHQWV RQH RI WKH pUVW VWXGLHV RI ZLGHEDQG ���� 0+] 5) EDQGZLGWK� SURSDJDWLRQ

XQGHU GLoHUHQW ZHDWKHU FRQGLWLRQV DW �� *+] RYHU VKRUW�KDXO �OHVV WKDQ � NP� OLQNV� 7KH JRDO RI

WKH PHDVXUHPHQW FDPSDLJQ ZDV WR PHDVXUH QRW RQO\ WKH UDLQ�KDLO DWWHQXDWLRQ� EXW DOVR WKH FKDQQHO

WLPH GLVSHUVLRQ DQG VLJQDO YDULDWLRQ XQGHU GLoHUHQW ZHDWKHU FRQGLWLRQV�

��� 0 HDVXU HPHQW 6HWXS

����� 0 HDVXU HPHQW 6\VWHP

3'3V ZHUH PHDVXUHG XVLQJ D VOLGLQJ FRUUHODWRU FKDQQHO PHDVXUHPHQW V\VWHP ZLWK D QXOO�WR�QXOO

UDGLR IUHTXHQF\ EDQGZLGWK RI ��� 0+] � WKHUHE\ SURYLGLQJ D PXOWLSDWK WLPH UHVROXWLRQ RI �� QV

>��� ��� ���@� 7KH V\VWHP SURYLGHG DQ HoHFWLYH LVRWURSLFDOO\ UDGLDWHG SRZHU �(,53� RI �� G%P
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� D PHDVXUHPHQW VSHHG RI �� 3'3V SHU VHFRQG DQG D PXOWLSDWK G\QDPLF UDQJH RI �� G% � $

VZLWFK ZDV EXLOW LQ WKH V\VWHP WR VXSSRUW WZR PRGHV RI RSHUDWLRQ� VSUHDG VSHFWUXP PRGH IRU

ZLGHEDQG PHDVXUHPHQWV� DQG FRQWLQXRXV ZDYH �&:� PRGH IRU V\VWHP DOLJQPHQW DQG FDOLEUDWLRQ�

7KH WUDQVPLWWLQJ DQWHQQD LV D KRUQ ZLWK D PD[LPXP JDLQ RI �� G% DQG KDOI SRZHU EHDPZLGWKV RI ���

DQG ���� LQ D]LPXWK DQG HOHYDWLRQ� UHVSHFWLYHO\� 7KH UHFHLYHU DQWHQQD LV D SDUDEROLF UHqHFWRU ZLWK

D PD[LPXP JDLQ RI �� G% DQG KDOI SRZHU EHDPZLGWKV RI ���� LQ ERWK D]LPXWK DQG HOHYDWLRQ� %RWK

DQWHQQDV DUH YHUWLFDOO\ SRODUL]HG� 'HWDLOV RI WKH PHDVXUHPHQW V\VWHP DUH SUHVHQWHG LQ &KDSWHU ��

:HDWKHU 6WDWLRQ

)RU WKH PHDVXUHPHQW FDPSDLJQ� D ZHDWKHU VWDWLRQ IURP 'DYLV ,QVWUXPHQWV ZDV XVHG WR UHFRUG

ZHDWKHU GDWD LQFOXGLQJ WHPSHUDWXUH� UDLQ SUHFLSLWDWLRQ� KXPLGLW\� ZLQG GLUHFWLRQ DQG VSHHG� 7KH

UDLQ JDXJH XWLOL]HV D WLSSLQJ EXFNHW GHVLJQ� DQG WKH PLQLPXP UHVROYDEOH UDLQ UDWH IRU WKLV UDLQ JDXJH

LV ���� LQ�PLQ� RU ����� PP�KRXU� 7KH HTXLSPHQW LV VHW XS RQ WKH URRIWRS RI WKH EXLOGLQJ ZKHUH

WKH WUDQVPLWWHU RU UHFHLYHU LV ORFDWHG� )LJXUH �� VKRZV WKH UDLQ JDXJH DQG WKH ZLQG VSHHG GHWHFWRU

RQ WKH URRIWRS RI WKH -RKQVRQ 6WXGHQW &HQWHU�

7KH ZHDWKHU FRQGLWLRQV DUH DXWRPDWLFDOO\ GRZQORDGHG LQWR D SRUWDEOH FRPSXWHU HYHU\ PLQXWH� %RWK

ZHDWKHU GDWD pOHV DQG FKDQQHO UHVSRQVHV DUH VDYHG ZLWK WLPH DQG GDWH� VR WKDW WKH FKDQQHO PHD�

VXUHPHQW UHVXOWV FDQ EH H[DFWO\ PDWFKHG WR WKH ZHDWKHU FRQGLWLRQV XQGHU ZKLFK WKH PHDVXUHPHQW

pOHV DUH WDNHQ�

����� 0 HDVXU HPHQW 6LWHV

0HDVXUHPHQWV ZHUH FRQGXFWHG YLD WKUHH OLQNV DFURVV WKH 9LUJLQLD 7HFK FDPSXV� 7KH pUVW OLQN�

/�� SURYLGHG D ��� PHWHU� XQREVWUXFWHG /26 SDWK� 7KH VHFRQG OLQN� /�� SURYLGHG D ��� PHWHU�

REVWUXFWHG SDWK GXH WR WKH GHQVH FDQRS\ RI D ODUJH RDN WUHH� 7KH WKLUG OLQN� /�� SURYLGHG D ���

PHWHU� SDUWLDOO\ REVWUXFWHG SDWK GXH WR QHDUE\ RDN WUHH OHDYHV WKDW ZRXOG REVWUXFW WKH /26 SDWK

GXULQJ ZLQG\ FRQGLWLRQV�

7KH JHRPHWU\ DQG SLFWXUH RI OLQN /� DUH SUHVHQWHG LQ )LJXUHV ��� DQG ��� /LQN /� SURYLGHV DQ

XQREVWUXFWHG /26 SDWK IURP 6OXVKHU +DOO WR :KLWWHPRUH +DOO� )RU WKLV OLQN� WKH WUDQVPLWWHU LV
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)LJXUH ��� :HDWKHU PRQLWRULQJ V\VWHP RQ URRIWRS RI *%- 6WXGHQW &HQWHU�

ORFDWHG RQ WKH WKLUWHHQWK qRRU RI 6OXVKHU +DOO� WKH WDOOHVW EXLOGLQJ RQ WKH FDPSXV� DQG WKH UHFHLYHU

LV SODFHG RQ VL[WK qRRU RI :KLWWHPRUH +DOO� $V WKH pJXUHV GHPRQVWUDWH� /26 H[LVWV EHWZHHQ WKH

WUDQVPLWWHU DQG UHFHLYHU� 7KH SRVVLEOH VFDWWHULQJ REMHFWV DUH WKH %XUUXVV 7RZHU� URRIWRSV RI %XUUXVV

+DOO DQG +DQFRFN +DOO� $OO WKH REMHFWV KDYH DW OHDVW WKUHH )UHVQHO ]RQH FOHDUDQFHV IURP WKH /26

SDWK� 7KH %XUUXVV +DOO URRI ZDV LQ WKH PDLQ OREH RI ERWK WKH WUDQVPLWWHU DQG UHFHLYHU DQWHQQDV�

7KH JHRPHWU\ DQG SLFWXUH RI OLQNV /� DQG /� DUH SUHVHQWHG LQ )LJXUHV ��� DQG ��� /LQNV /� DQG /�

SURYLGHG ��� P REVWUXFWHG DQG SDUWLDOO\ REVWUXFWHG SDWKV IURP 0F%U\GH +DOO WR WKH -RKQVRQ 6WX�

GHQW &HQWHU� UHVSHFWLYHO\� 7KH WUDQVPLWWHU ZDV ORFDWHG RQ WKH VL[WK qRRU RI 0F%ULGH +DOO� DQG WKH

UHFHLYHU ZDV SODFHG RQ WKH VHFRQG qRRU RI WKH -RKQVRQ 6WXGHQW &HQWHU� 7KH VXUURXQGLQJ EXLOGLQJV

SURYLGH FOHDUDQFH RI DW OHDVW WKUHH )UHVQHO ]RQHV� EXW WKHUH DUH VRPH WUHHV EHWZHHQ WKH WUDQVPLWWHU

DQG UHFHLYHU� 7ZR RrFHV IURP WKH VL[WK qRRU 0F%ULGH EXLOGLQJ ZHUH XVHG IRU WUDQVPLWWHU ORFDWLRQV�

)RU OLQN /�� WKH /26 SDWK LV KHDYLO\ REVWUXFWHG E\ WKH WUHH OHDYHV� )RU OLQN /�� WKH /26 SDWK LV QRW

REVWUXFWHG XQGHU FDOP ZHDWKHU FRQGLWLRQV� KRZHYHU� LW FDQ EH REVWUXFWHG E\ WKH QHDUE\ WUHH OHDYHV

GXULQJ ZLQG\ FRQGLWLRQV� 0HDVXUHPHQWV YLD SDWK /� DQG /� SURYLGH LQVLJKW WR WKH UHODWLRQVKLSV

EHWZHHQ ZHDWKHU HoHFWV� VFDWWHULQJ REMHFWV DQG UDGLR ZDYH SURSDJDWLRQ DW �� *+] �
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)LJXUH ��� *HRPHWU\ RI WKH 6OXVKHU�:KLWWHPRUH OLQN� ��� P XQREVWUXFWHG /26 �/��� �D� WRS YLHZ�
�E� VLGH YLHZ�
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)LJXUH ��� 9LHZ IURP WUDQVPLWWHU RQ /��
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)LJXUH ��� *HRPHWU\ RI WKH 0F%U\GH � 6WXGHQW &HQWHU OLQN� ��� P REVWUXFWHG OLQN �/��/��� �D�
WRS YLHZ� �E� VLGH YLHZ�
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)LJXUH ��� 9LHZ IURP UHFHLYHU RQ /� DQG /��
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��� 0 HDVXU HPHQW 5HVXOWV

$ WRWDO RI ������ 3'3V ZHUH UHFRUGHG IRU WKH WKUHH FURVV�FDPSXV OLQNV� IURP ZKLFK ������ ZHUH

FROOHFWHG GXULQJ UDLQ HYHQWV DQG KDLO VWRUPV� $Q H[DPSOH RI D 3'3 LV SUHVHQWHG LQ )LJXUH ��� (DFK

3'3 ZDV SURFHVVHG WR GHWHUPLQH WKH QXPEHU RI PXOWLSDWK FRPSRQHQWV DERYH WKH QRLVH WKUHVKROG�

103 � WKH SRZHU RI WKH /26 FRPSRQHQW� 3/26 � WKH SRZHU DQG H[FHVV GHOD\ WLPH RI HDFK PXOWLSDWK

FRPSRQHQW� 303 DQG �03 � WKH PHDQ H[FHVV GHOD\� zPHDQ� DQG 506 GHOD\ VSUHDG� �� � 6WDWLVWLFDO

UHVXOWV DUH VXPPDUL]HG LQ WKH IROORZLQJ VHFWLRQV�

)LJXUH ��� 7\SLFDO 3'3 XQGHU UDLQ\ FRQGLWLRQV� 0D\ �� ��� P XQREVWUXFWHG /26 OLQN� DYHUDJH
UDLQ UDWH RI ����� PP�KU�
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7DEOH �� 6XPPDU\ RI 0XOWLSDWK 2FFXUUHQFH DQG 0D[LPXP 2EVHUYHG 0XOWLSDWK �03� /HYHO �Z�U�W�
/26�� 7KH 0D[LPXP 03 6LJQDOV :HUH 'HOD\HG E\ �� WR �� QV IURP /26�

'DWH 5�PP�K� � 3'3V � RI 3'3V ZLWK 03 ! c3 0D[ 03

7KUHVKROG�c3  303 b 3/26�G%� ��� ��� ��� ��� ��� �G%�

/� ���� FOHDU ��� � � � � � ����

�^���� ��� � � � � � ����

��� �^���� �� ��� �� �� �� �� ����

KDLO �� ��� ��� ��� ��� ��� ����

��� FOHDU �� � � � � � ����

�^���� ��� � � � ��� �� �����

/� ���� FOHDU ���� ����� ���� ���� � �� ����

�^���� ���� ���� ��� ��� �� �� ����

/� ���� FOHDU ��� ���� ���� ���� ���� ���� ����

�^���� ���� ���� ���� ���� ��� �� �����

��� FOHDU ���� ����� ����� ����� ���� ���� ����

�^����� ����� ���� ���� ���� ��� ���� ����

��� FOHDU ���� ���� ���� ���� �� �� ����

�^����� ���� ����� ����� ���� ��� �� ����

����� 0 XOWLSDWK 6WDWLVWLFV�

6WDWLVWLFV RQ 0XOWLSDWK 2FFXUUHQFHV�

7DEOH � VXPPDUL]HV WKH PXOWLSDWK VWDWLVWLFV IRU GLoHUHQW UDLQ UDWHV� 5 �PP�KU�� DQG PXOWLSDWK

WKUHVKROG OHYHOV� 303 b 3/26 � ZKHUH 3/26 LV WKH SRZHU RI WKH UHFHLYHG /26 FRPSRQHQW DQG 303

LV WKH SRZHU RI DQ\ UHFHLYHG PXOWLSDWK FRPSRQHQW�

5HVXOWV IURP 7DEOH � VKRZ WKH IROORZLQJ WUHQGV LQ PLOOLPHWHU�ZDYH SURSDJDWLRQ�

s 1R VWURQJ PXOWLSDWK RFFXUV RQ WKH XQREVWUXFWHG /26 OLQN XQGHU FOHDU ZHDWKHU FRQGLWLRQV�
7KLV LV DQ H[SHFWHG UHVXOW GXH WR WKH KLJKO\ GLUHFWLRQDO DQWHQQDV �6HH 6HFWLRQ ������ XVHG LQ

WKH OLQN DQG WKH DEVHQFH RI VFDWWHUHUV QHDU WKH /26 SDWK�
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s 6WURQJ PXOWLSDWK FRPSRQHQWV PD\ RFFXU XQGHU VHYHUH ZHDWKHU FRQGLWLRQV HYHQ RQ XQRE�
VWUXFWHG /26 OLQN� DV VKRZQ LQ WKH 0D\ �VW DQG �UG UHVXOWV� 7KHVH PXOWLSDWK FRPSRQHQWV

PD\ EH FDXVHG E\ WKH LQKRPRJHQHLW\ RI WKH PHGLD RU UHqHFWLRQ IURP ZHW VXUIDFHV�

s 2Q REVWUXFWHG OLQNV� PXOWLSDWK FDQ RFFXU XQGHU ERWK FOHDU DQG UDLQ\ FRQGLWLRQV� 7KH SUHVHQFH
RI PXOWLSDWK RQ /� DQG /� ZDV D FRQVHTXHQFH RI WKH VFDWWHULQJ E\ WUHH OHDYHV�

7KH PHDVXUHG 3'3V RQ /� VKRZHG WKDW FKDQJHV LQ ZHDWKHU HYHQWV FDQ VLJQLpFDQWO\ DoHFW WKH ZLGH�

EDQG EHKDYLRU RI PLOOLPHWHU�ZDYH FKDQQHOV� )LJXUH �� FRPSDUHV PHDVXUHG 3'3V GXULQJ GLoHUHQW

ZHDWKHU HYHQWV� 7KLV pJXUH VKRZV WKH SUHVHQFH RI PXOWLSDWK FRPSRQHQWV GXULQJ OLJKW UDLQ RQ 0D\

�UG DQG KHDY\ UDLQ RQ 0D\ �VW� 2Q 0D\ �UG� WKH PXOWLSDWK FRPSRQHQWV SHUVLVWHG DIWHU WKH UDLQ

HYHQW XQWLO WKH VXUURXQGLQJ EXLOGLQJV GULHG RXW�

)LJXUH ��� &RPSDULVRQ RI 3'3V� ��� P XQREVWUXFWHG /26� 1RWH� QR PXOWLSDWK ZDV PHDVXUHG
XQGHU FOHDU FRQGLWLRQV�

7ZR K\SRWKHVHV PD\ H[SODLQ WKH SUHVHQFH RI PXOWLSDWK RQ 0D\ �VW� 7KH pUVW RQH LV EDVHG RQ

LQKRPRJHQHLWLHV LQ WKH DWPRVSKHUH� 0XOWLSDWK FRPSRQHQWV WKDW RFFXUUHG ULJKW EHIRUH DQG DIWHU
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WKH KDLOVWRUP PD\ EH FDXVHG E\ WKH VKDUS HGJH RI WKH KDLOVWRUP FHOO� ZKLFK ZDV LOOXPLQDWHG E\ WKH

DQWHQQD PDLQ OREH RU pUVW VLGH OREH� ,Q >���@� GH :ROI DQG /LJWKDUW VKRZHG WKDW PXOWLSDWK FRXOG

RFFXU DW WKH HGJHV RI YHU\ LQWHQVH DQG FRPSDFW UDLQ FHOOV� 3UHVVXUH� WHPSHUDWXUH� DQG UDLQ FRXOG

DOWHU WKH UHIUDFWLYLW\ RI WKH DWPRVSKHUH� WKXV FUHDWLQJ YDU\LQJ SURSDJDWLRQ SDWKV�

7KH VHFRQG K\SRWKHVLV LV EDVHG RQ WKH FKDQJH RI WKH HOHFWURPDJQHWLF SURSHUWLHV RI WKH UHqHFWLQJ

EXLOGLQJ VXUIDFHV RU WKH IRUPDWLRQ RI VWDQGLQJ ZDWHU VXUIDFHV RQ WKH EXLOGLQJ URRIV DQG ZDOOV GXULQJ

UDLQ� 7KH URXJK EXLOGLQJ VXUIDFHV ZRXOG GLoXVLYHO\ VFDWWHU WKH LQFRPLQJ ZDYH GXULQJ GU\ FRQGLWLRQV�

+RZHYHU� LI WKH VXUIDFH EHFRPHV ZHW RU D VWDQGLQJ ZDWHU VXUIDFH IRUPV� WKH UHqHFWHG SRZHU LQ WKH

VSHFXODU GLUHFWLRQ ZRXOG LQFUHDVH� 0XOWLSDWK FRPSRQHQWV ZHUH REVHUYHG DIWHU WKH UDLQ VWRSSHG�

ZKLFK VHHPV WR VXSSRUW WKLV K\SRWKHVLV� $OVR� PHDVXUHPHQWV IURP >��@ VKRZ WKDW WKH UHqHFWHG

SRZHU FDQ LQFUHDVH DV PXFK DV �� G% ZKHQ WKH GU\ FRQFUHWH LV VRDNHG ZLWK ZDWHU�

6WDWLVWLFV RQ 0XOWLSDWK 3DUDPHWHUV

,Q 7DEOH ��� VWDWLVWLFV RQ PHDQ H[FHVV GHOD\ DQG 506 GHOD\ VSUHDG DUH SUHVHQWHG ERWK LQ DYHUDJH

DQG PD[LPXP IRU DOO WKH 3'3V WKDW FRQWDLQ PXOWLSDWK FRPSRQHQWV� $OVR� PD[LPXP PXOWLSDWK

OHYHO LV FDOFXODWHG ZLWK UHVSHFW WR WKH /26 FRPSRQHQW� 5HVXOWV VKRZ WKDW� GXULQJ UDLQ� WKH 506

GHOD\ VSUHDG FDQ EH DV KLJK DV ��� QV RQ DQ XQREVWUXFWHG /26 SDWK� DQG ���� QV RQ DQ REVWUXFWHG

/26 SDWK�

����� 6KRU W�WHU P 9DU LDWLRQ�

6KRUW�WHUP ZLGHEDQG VLJQDO SRZHU YDULDWLRQV ZHUH DQDO\]HG DW FRQVWDQW UDLQ UDWHV RYHU D WZR WR

WKUHH PLQXWH REVHUYDWLRQ WLPH� 7KH PHDVXUHG SUREDELOLW\ GHQVLW\ IXQFWLRQV �3')V� RI WKH UHFHLYHG

VLJQDO ZHUH IRXQG WR pW D 5LFLDQ GLVWULEXWLRQ� $Q H[DPSOH RI PHDVXUHG DQG WKHRUHWLFDO 3') LV

VKRZQ LQ )LJXUH ���D��

7KH 5LFLDQ 3') IRU UHFHLYHG VLJQDO HQYHORSH LV >��@
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ZKHUH Y LV VLJQDO HQYHORS� $� � LV WKH FRKHUHQW SRZHU DQG �� LV WKH LQFRKHUHQW SRZHU� 7KH 3')
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7DEOH ��� 0HDQ ([FHVV 'HOD\� 506 'HOD\ 6SUHDG DQG 0D[LPXP 0XOWLSDWK �03� /HYHO �Z�U�W�
/26� IURP 3'3V &RQWDLQLQJ 0XOWLSDWK &RPSRQHQWV�

/LQN 'DWH 5�PP�KU� � �QV� �PD[ �QV� � �QV� �PD[ �QV� 0D[ 03�G%�

/� ��� �� ��� ��� ��� ��� ����

+DLO ���� ���� ��� ���� ����

��� �^���� ��� ��� ��� ��� �����

/� ���� FOHDU ��� � ��� ��� ����

� ���� ���� ��� ��� ���� ����

/� ���� FOHDU ��� ��� ��� ��� ����

� ���� ��� ��� ��� ���� �����

��� FOHDU ��� ��� ��� ��� ����

�^��� ��� ��� ��� �� ����

��� FOHDU ��� ��� ��� ��� ����

�^��� ���� ��� ��� ��� ����

IRU WKH UHFHLYHG SRZHU� 3  9 � �� LV WKHQ JLYHQ E\
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ZKHUH S LV WKH UDQGRP YDULDEOH RI UHFHLYHG SRZHU�

7KH PHDQ UHFHLYHG SRZHU� zS� DQG VWDQGDUG GHYLDWLRQ� �
�
S� DUH JLYHQ E\

zS  (ISJ  �� �$� � �������

(IS�J  ��� � �$��� �$� � �������

��S  (IS�J b(�ISJ  �� �$��� �������

ZKHUH (IsJ GHQRWHV HQVHPEOH DYHUDJH RU WLPH DYHUDJH IRU HUJRGLF V\VWHPV� zS DQG ��S FDQ EH

PHDVXUHG IURP DYHUDJLQJ WKH UHFHLYHG VLJQDO SRZHU RYHU VKRUW SHULRG� 7KHQ VROYLQJ ������� DQG

������� IRU $ DQG �� FRKHUHQW SRZHU� $� �� DQG LQFRKHUHQW SRZHU� ��� FDQ EH HVWLPDWHG�

7KH 5LFLDQ GLVWULEXWLRQ FDQ DOVR EH SDUDPHWHUL]HG E\ WRWDO SRZHU DQG . IDFWRU� GHpQHG DV WKH UDWLR



&KDSWHU � : LGHEDQG 3RLQW�WR�3RLQW 5DGLR : DYH 3URSDJDWLRQ 6WXG\ DW �� *+]� ���

)LJXUH ��� D� 5HFHLYHG SRZHU 3') RYHU ��� PLQXWH LQWHUYDO� -XQH �� ��� P SDUWLDOO\ REVWUXFWHG
OLQN� 5 ��� PP�KU� E� 5LFLDQ . IDFWRU YV� UDLQ UDWH
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RI FRKHUHQW WR LQFRKHUHQW SRZHUV LQ G%�

.  �� ORJ
$� �

��
 �� ORJ

�
#

T
z�S b ��S

zS b
T
z�S b ��S

�
$ G% �������

$V VKRZQ LQ �������� WKH . IDFWRU LV LQGHSHQGHQW IURP WKH WRWDO UHFHLYHG SRZHU DQG FDQ EH HVWLPDWHG

IURP PHDVXUHG PHDQ DQG YDULDQFH RI WKH UHFHLYHG SRZHU�

7KH UHVXOWLQJ . IDFWRUV IRU GLoHUHQW UDLQ UDWHV DUH SUHVHQWHG LQ )LJXUH ���E�� $ PLQLPXP PHDQ

VTXDUH HUURU �006(� OLQHDU pW OHDGV WR

.  �����b ����5 G% �������

$V H[SHFWHG� WKH . IDFWRU �G%� LV SURSRUWLRQDO �ZLWK D QHJDWLYH VLJQ� WR UDLQ UDWH 5 �PP�KU�� ZKLFK

LPSOLHV WKDW LQFRKHUHQW SRZHU LQFUHDVHV DQG WKH FRKHUHQW SRZHU GHFUHDVHV ZLWK LQFUHDVLQJ UDLQ UDWH�

7KH 3'3V LQ IDFW VKRZ D GHFUHDVH RI WKH /26 SRZHU DV WKH PXOWLSDWK SRZHU LQFUHDVHV GXULQJ UDLQ�

$ WKHRUHWLFDO VWXG\ RI VKRUW�WHUP VLJQDO YDULDWLRQ GXULQJ UDLQ LV SUHVHQWHG LQ 6HFWLRQ ����

����� 5DLQ $WWHQXDWLRQ�

([FHVV UDLQ DWWHQXDWLRQ� $�5� �G%�� IRU D JLYHQ UDLQ UDWH� 5� ZDV PHDVXUHG DV $�5�  3 ���b3 �5��

ZKHUH 3 ��� DQG 3 �5� DUH WKH PHDVXUHG UHFHLYHG SRZHUV XQGHU FOHDU FRQGLWLRQ DQG UDLQ� UHVSHFWLYHO\�

$V VKRZQ LQ )LJXUH ��� WKH LQVWDQWDQHRXV UHFHLYHG VLJQDO SRZHU� 3 �5�� GLVSOD\V D VWURQJ FRUUHODWLRQ

ZLWK UDLQ UDWH� ([FHVV UDLQ DWWHQXDWLRQ ZDV FRPSDUHG WR WKH &UDQH PRGHO SUHGLFWLRQ >��@� $V VKRZQ

LQ )LJXUH ��� PHDVXUHG UHVXOWV XQGHUJR VOLJKWO\ KLJKHU DWWHQXDWLRQ WKDQ WKH SUHGLFWLRQ E\ WKH &UDQH

PRGHO� 8VLQJ WKH PHDVXUHPHQW UHVXOWV� XSSHU ERXQGV ZHUH GHULYHG IRU UDLQ DWWHQXDWLRQ� WKHUHE\

SURYLGLQJ D ZRUVW FDVH HVWLPDWH IRU V\VWHP SODQQLQJ SXUSRVHV� 7KH XSSHU ERXQGV H[FHHG WKH &UDQH

PRGHO SUHGLFWLRQ E\ ��� G% DQG ��� G% IRU OLQN /� DQG /�� UHVSHFWLYHO\� $ VLPSOH H[SUHVVLRQ UHODWLQJ

GLVWDQFH DQG UDLQ UDWH� RU D PDUJLQ RI HUURU PD\ EH DSSOLHG IRU VKRUW�KDXO OLQNV DV FRPSDUHG WR WKH

&UDQH PRGHO�

7KH PHDVXUHPHQW UHVXOWV JLYH ULVH WR XSSHU ERXQGV IRU UDLQ DWWHQXDWLRQ� (TXDWLRQV ������� DQG

������� SURYLGH H[SUHVVLRQV RI WKHVH XSSHU ERXQGV IRU DQ XQREVWUXFWHG /26 SDWK DQG D SDUWLDOO\
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)LJXUH ��� 5HFHLYHG VLJQDO SRZHU GXULQJ UDLQ� -XQH �QG� ��� P SDUWLDOO\ REVWUXFWHG /26� (DFK
SRLQW UHSUHVHQWV D ZLGHEDQG SRZHU PHDVXUHPHQW WDNHQ HYHU\ ���� V�
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)LJXUH ��� 0HDVXUHG UDLQ DWWHQXDWLRQ LQ H[FHVV RI IUHH VSDFH SDWK ORVV DQG FRPSDULVRQ WR WKH &UDQH
PRGHO� D� ��� P XQREVWUXFWHG /26� E� ���P SDUWLDOO\ REVWUXFWHG� DQG REVWUXFWHG OLQNV�
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REVWUXFWHG /26 SDWK�

3/26
XSSHUERXQG�5�'�  3FUDQH�5�'� � ��� �G%� �������

3 SDUWLDO/26
XSSHUERXQG �5�'�  3FUDQH�5�'� � ��� �G%� �������

ZKHUH 3FUDQH LV WKH DWWHQXDWLRQ HVWLPDWH EDVHG RQ WKH &UDQH PRGHO� 5 �PP�KU� LV WKH UDLQ UDWH� DQG

' �P� LV WKH SDWK OHQJWK� 7KHVH XSSHU ERXQGV SURYLGH ZLUHOHVV HQJLQHHUV ZLWK D VLPSOH UHODWLRQVKLS

EHWZHHQ H[FHVV SDWK DWWHQXDWLRQ� UDLQ UDWH DQG SDWK OHQJWK IRU VKRUW�KDXO OLQNV� 7KH XSSHU ERXQG

IRU SDUWLDO REVWUXFWHG /26 SDWK SURYLGHV D ZRUVW�FDVH DWWHQXDWLRQ HVWLPDWH WKDW DFFRXQWV IRU ERWK

UDLQ DQG IROLDJH�

����� + DLO $WWHQXDWLRQ�

+DLO DWWHQXDWLRQ ZDV PHDVXUHG GXULQJ D KDLOVWRUP RQ OLQN /�� 7KH KDLO KDG D VL]H RI ��� WR ��� FP

LQ GLDPHWHU� DQG UHVXOWHG LQ H[FHVV DWWHQXDWLRQ DV KLJK DV ���� G% RYHU WKH ��� PHWHU SDWK� 7KH

DWWHQXDWLRQ YDULHG E\ � G% DERXW WKH PHDQ GXULQJ WKH WZR�PLQXWH KDLOVWRUP�

)LJXUH ��� +DLO DWWHQXDWLRQ PHDVXUHPHQWV RQ 0D\ �� DYHUDJH H[FHVV DWWHQXDWLRQ RI ���� G% RYHU
WKH ��� P SDWK� VLJQDO YDULDWLRQ RI � G% �
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)LJXUH ��� 7\SLFDO 3'3 GXULQJ KDLOVWRUP� DYHUDJH UHFHLYHG VLJQDO SRZHU LV ���� G% ORZHU WKDQ WKH
/26 SRZHU GXULQJ FOHDU ZHDWKHU�

7KH UHVXOWV RI WKH UDLQ DQG KDLO DWWHQXDWLRQ IRU 0D\ � DUH VKRZQ LQ )LJXUH ��� 7KH PHDQ YDOXH

RI WKH UHFHLYHG SRZHU� z� DQG VWDQGDUG GHYLDWLRQ� V� GXULQJ WKH UDLQVWRUP DQG WKH KDLOVWRUP ZHUH

FDOFXODWHG� 7KH QXPEHU RI 3'3V� Q� LV OLVWHG WR KLJKOLJKW WKH VWDWLVWLFDO VLJQLpFDQFH RI WKH DW�

WHQXDWLRQ UHVXOWV� &RPSDULVRQ ZLWK WKH UHFHLYHG VLJQDO SRZHU RI ��� G%P XQGHU FOHDU FRQGLWLRQV

VKRZV WKDW WKH KDLOVWRUP UHVXOWHG LQ DWWHQXDWLRQ DV KLJK DV ���� G% RYHU WKH ��� P SDWK� $OVR�

WKH VLJQDO OHYHO YDULHG IRU � G% DURXQG WKH PHDQ UHFHLYHG VLJQDO YDOXH GXULQJ WKH KDLOVWRUP� ZKLOH

WKH VLJQDO YDULDWLRQ ZDV PXFK OHVV GXULQJ WKH UDLQ EHIRUH DQG DIWHU WKH KDLOVWRUP� $ W\SLFDO 3'3

WDNHQ GXULQJ WKH KDLOVWRUP LV SUHVHQWHG LQ )LJXUH ��� 7KH UHFHLYHG /26 VLJQDO SRZHU LQ WKLV 3'3

LV RQO\ ����� G%P � ZKLFK LV ���� G% ORZHU WKDQ WKH /26 SRZHU GXULQJ FOHDU ZHDWKHU�

����� 2WKHU $WWHQXDWLRQ 0 HDVXU HPHQWV�

([FHVV DWWHQXDWLRQ WKURXJK ZLQGRZ JODVV ZDV PHDVXUHG E\ FRPSDULQJ UHFHLYHG SRZHU WKURXJK

IUHH VSDFH DQG WKH ZLQGRZ JODVV� 7KH DWWHQXDWLRQ RI D WHPSHUHG� GRXEOH�SDQH� WLQWHG� VWRUH IURQW

JODVV� ZDV PHDVXUHG WR EH ���� G% � 0HDVXUHPHQWV LQ >��@ VKRZHG WKDW WKH SHQHWUDWLRQ ORVV WKURXJK
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D SODLQ JODVV GRRU ZDV RQO\ ���� G% �

$WWHQXDWLRQ RI GHQVH OHDYHV RQ DQ RDN WUHH LQ OLQN /� ZDV PHDVXUHG RQ D FDOP� VXQQ\ GD\� 7KH

DYHUDJH H[FHVV DWWHQXDWLRQ ZDV IRXQG WR EH �� G% �

��� 7 KHRU HWLFDO 6WXG\ RI 6KRU W�WHU P 6LJQDO 9DU LDWLRQ 'XU LQJ 5DLQ

7KH SRZHU REVHUYHG RQ VHYHUDO SRLQW�WR�SRLQW OLQNV GXULQJ UDLQ qXFWXDWHG RYHU VKRUW LQWHUYDOV RI

WZR WR WKUHH PLQXWHV� 7KH PHDVXUHPHQW UHVXOWV DUH SUHVHQWHG LQ 6HFWLRQ ������ 7KLV VHFWLRQ VKRZV

WKDW WKH qXFWXDWLRQV DUH SUREDEO\ GXH WR LQKRPRJHQHLWLHV LQ WKH UDLQ UDWH WKDW PRYH DFURVV WKH OLQH

RI VLJKW GXULQJ WKH VDPSOLQJ WLPH�

����� , QWU RGXFWLRQ

7KLV WKHRUHWLFDO VWXG\ LV DLPHG DW H[SODLQLQJ WKH REVHUYHG UDWLR RI LQFRKHUHQW SRZHU 3L WR FRKHUHQW

SRZHU 3F RI D ���� *+] VLJQDO SURSDJDWHG IURP D WUDQVPLWWHU RYHU D ��� P DQG D ��� PHWHU RQH�ZD\

SDWK WR D UHFHLYHU LQ WKH SUHVHQFH RI UDLQ� 7KH UHFHLYHG SRZHU ZDV REVHUYHG HYHU\ ���� VHFRQGV

GXULQJ D WZR WR WKUHH PLQXWH VDPSOLQJ SHULRG� ,WV DYHUDJH LV 3F DQG WKH GLoHUHQFH EHWZHHQ WKH

LQVWDQWDQHRXV SRZHU 3 DQG 3F LV WKH LQFRKHUHQW FRPSRQHQW �ZLWK ]HUR PHDQ�� 7KH UDLQ LQWHQVLW\

�LQ PP�KU� ZDV PHDVXUHG E\ JDWKHULQJ UDLQ GURSV DW RQH LQWHUPHGLDWH ORFDWLRQ�

7KH REVHUYHG UHVXOWV IRU �� ORJ���3UPV 3F� DUH JDWKHUHG LQ 7DEOH ��� 6HYHUDO FRQFOXVLRQV KDYH

EHHQ UHDFKHG� 7KH YDULDWLRQV LQ SRZHU DSSHDU WR EH GXH WR ORFDO YDULDWLRQV LQ WKH UDLQ UDWH RYHU

GLVWDQFHV FRQVLGHUDEO\ OHVV WKDQ WKH SDWK OHQJWK� 7KHVH YDULDWLRQV FDQ GULIW DFURVV WKH OLQH RI VLJKW

ZHOO ZLWKLQ WKH VDPSOLQJ WLPH� DQG WKXV FDXVH YDULDWLRQV LQ SRZHU� 6WDWLVWLFDO GHVFULSWLRQ RI UDLQIDOO

LQ >���� ���@ KDV VKRZQ WKDW WKH UDLQ UDWHV DUH LQGHHG LQKRPRJHQHRXV DORQJ WKH KRUL]RQWDO SDWK�

5HVHDUFK IRU VDWHOOLWH�WR�JURXQG SURSDJDWLRQ DOVR FRQpUPV WKLV FRQFOXVLRQ >���� ���� ���� ���@�

:H KDYH UHMHFWHG RWKHU K\SRWKHVHV� )RU H[DPSOH� DOWKRXJK D PXOWLSDWK UHqHFWLRQ IURP D QHDUE\

URRI DSSHDUHG WR EH DEOH WR \LHOG D VLGH�OREH FRPSRQHQW� WKLV FRPSRQHQW ZRXOG QRW KDYH EHHQ

LQFRKHUHQW� 2o�D[LV VFDWWHULQJ LQWR WKH UHFHLYHU IURP UDLQ GURSV DOVR KDV EHHQ LQYHVWLJDWHG >���@

DQG UHMHFWHG EHFDXVH WKH FRQWULEXWLRQ WR 3L ZRXOG EH WRR VPDOO�
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7DEOH ��� �� ORJ���3UPV 3F�

XU�PP KU� ��� ��� ���� ���� ���� ���� ��� ���

��� P ����� ����� ����� ����� ����

��� P ����� ����� �����

����� 6LJQDO $QDO\VLV

7KH UHFHLYHG VLJQDO LV ZHOO UHSUHVHQWHG E\ DQ HOHFWULF pHOG YHFWRU�

a(  a(�H
b� ZLWK �  q b M� �������

+HUH� a(� LV WKH pHOG WKDW ZRXOG KDYH EHHQ UHFHLYHG LQ WKH DEVHQFH RI UDLQ� � LV WKH SKDVH FKDQJH

GXH WR WKH SUHVHQFH RI UDLQ� DQG q LV WKH DWWHQXDWLRQ GXH WR VFDWWHULQJ DQG DEVRUSWLRQ RI HQHUJ\

RXW RI WKH OLQH RI VLJKW� +HQFH WKH UHFHLYHG SRZHU LV 3  3�H
b�q ZKHUH 3�  M a(�M�� :H ZLOO DUJXH

LQ WKH QH[W VHFWLRQ WKDW WKH DWWHQXDWLRQ q FDQ EH ZULWWHQ DV WKH VXP RI D VWHDG\ FRPSRQHQW zq DQG

D *DXVVLDQ UDQGRP SDUW rq ZLWK ]HUR PHDQ� &RQVHTXHQWO\ ZH REWDLQ�

3F  3�
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Hb�q
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b�zqH�Krq
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7KH ODVW VWHS IROORZV IURP D JHQHUDO SURSHUW\ RI D ORJQRUPDO YDULDEOH ZLWK ]HUR PHDQ� )RU WKH

LQFRKHUHQW SRZHU 3L  3 b 3F ZH QHHG WR FDOFXODWH D URRW PHDQ VTXDUH DV ORZHVW VLJQLpFDQW

VWDWLVWLF�

3UPV  3FH
�Krq�L

T
H�Krq�L b � �������

����� 9DU LDWLRQV LQ $WWHQXDWLRQ q

7KH DWWHQXDWLRQ LV JLYHQ >���@ E\ WKH UHDO SDUW RI
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+HUH N  �
S
z�s LV WKH ZDYHQXPEHU LQ WKH PHGLXP EHWZHHQ ]  � DQG ]  /� ,W FDQ EH WDNHQ WR

EH WKH IUHH�VSDFH YDOXH ZLWKLQ WKH DFFXUDF\ RI WKLV ZRUN� 7KH GLHOHFWULF SHUPLWWLYLW\ RI D GURS LV
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JLYHQ E\ s� 7KH SDUWLFOH GURS�VL]H GLVWULEXWLRQ Q� �JLYHQ LQ Pb�� LV JHQHUDOO\ D IXQFWLRQ RI SRVLWLRQ

] DQG GURS GLDPHWHU '� 7KH IXQFWLRQ I�'� N� s� LV WKH IRUZDUG�VFDWWHULQJ DPSOLWXGH�JLYHQ LQ P�

RI D VLQJOH VSKHULFDO SDUWLFOH ZLWK HoHFWLYH GLDPHWHU '� ,W PD\ EH SRVVLEOH WR H[SDQG WKH DQDO\VLV

WR QRQ�VSKHULFDO SDUWLFOHV EXW WKDW LV QRW HVVHQWLDO KHUH� :H VKDOO PDNH RQH RWKHU DVVXPSWLRQ WR

VLPSOLI\ WKH DQDO\VLV� WKH SDUWLFOH GURS�VL]H GLVWULEXWLRQ IXQFWLRQ LV JLYHQ E\

Q��]�'�  Q��]�S�'� �������

ZKHUH Q��]� LV WKH SDUWLFOH GHQVLW\ LQ Pb� DQG S�'� LV D SUREDELOLW\ GHQVLW\ LQ Pb��

6HYHUDO GLVWULEXWLRQV DUH FRPPRQO\ XVHG� $PRQJ WKHVH LV WKH 0DUVKDOO�3DOPHU�0�3� GLVWULEXWLRQ

>���@ ZLWK

S�]�'�  eHbe'� e  ����Xb����U Pb� �������

JLYHQ WKDW XU LV WKH RYHUDOO UDLQ UDWH LQ PP�KRXU� DQG ' LV JLYHQ LQ P� 7KH 0�3 FRQQHFWLRQ

EHWZHHQ GHQVLW\ DQG SDUDPHWHU e LV eQ��]�  ���d ��� Pb�� ,W IROORZV WKDW Q��]� LV D IXQFWLRQ RI

ORFDWLRQ ]� $V D UHVXOW�
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N
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+HUH� z' LV WKH PHDQ SDUWLFOH GLDPHWHU� ,I DOO SDUWLFOHV KDYH GLDPHWHUV ' � y �y LV WKH ZDYHOHQJWK��

WKHQ

) �N� z'� s�  
�}

�
N5H>.@ z'� ZLWK . u s s� b �

s s� � �
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$W ���� *+]� WKH ZDYHOHQJWK y } � PP� DQG WKH SDUDPHWHU N' � LV GHWHUPLQHG E\ WKH UDWLR RI '

WR y }� L�H� E\ WKH UDWLR RI ' WR ��� PP� 7KH PHDQ UDLQ GURS GLDPHWHU z' LV GHVFULEHG � DW OHDVW

IRU D 0DUVKDOO�3DOPHU GURS�VL]H GLVWULEXWLRQ >���@ E\

z' } � ���X����U �������

ZKHUH ' LV LQ PP DQG XU LV LQ PP�KU� 7KH 5D\OHLJK DSSUR[LPDWLRQ UHTXLUHV WKLV UDWLR WR EH VPDOO�

EXW WKLV LV QRW WKH FDVH IRU ODUJHU YDOXHV RI WKH UDLQ UDWH XU� (TXDWLRQ ������� LV WKH EDVLV IRU RXU

DQDO\VLV� 7KH NH\ LVVXH KHUH LV WKH DSSHDUDQFH RI D SDWK LQWHJUDO RYHU SDUWLFOH GHQVLW\�

)LJXUH �� LOOXVWUDWHV WKH VLWXDWLRQ DV ZH K\SRWKHVL]H LW WR EH� 7KH FRQWRXUV DUH WKRVH RI WKH DYHUDJH

GHQVLW\ zQ�� 3RVVLEO\� KLJKHU GHQVLWLHV DUH LQVLGH� ORZHU RQHV RXWVLGH� 7KH DUURZV LQGLFDWH ZLQG

GLUHFWLRQ�
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)LJXUH ��� 3DWFKHV RI UDLQ DFURVV WKH /26 )LJXUH ��� *HQHUDO IRUP &�]�

7KXV Q��]�  zQ� � rQ��]� ZKLFK GHpQHV WKH qXFWXDWLRQ RI WKH GHQVLW\ DURXQG WKH DYHUDJH� rQ��]��

&RQVHTXHQWO\�

rq  ) �N� z'� s�

= /

�
G]rQ��]� �������

FDQ EH FRQVLGHUHG WR EH D *DXVVLDQ YDULDEOH ZLWK ]HUR PHDQ� GXH WR WKH FHQWUDO�OLPLW WKHRUHP RI

VWDWLVWLFV �LI WKHUH DUH D VXrFLHQW QXPEHU RI VPDOO qXFWXDWLRQ FHOOV FURVVLQJ WKH OLQH RI VLJKW DW DQ\

WLPH�� 7KXV�

Krq�L  ) ��N� z'� s�

= /

�
G]�

= /

�
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8QGHU WKH DVVXPSWLRQ RI LVRWURS\ DQG RI D VORZO\�YDU\LQJ YDULDQFH� ZH PD\ VHW

KrQ��]��rQ��]��L  KrQ���]�L&�M]� b ]�M� �������

LQ ZKLFK &�]� KDV WKH JHQHUDO IRUP VKRZQ LQ )LJ� ���

$ FUXFLDO SURSHUW\ RI WKLV QRUPDOL]HG FRUUHODWLRQ IXQFWLRQ LV
5�
� G]&�]�  O DQG ZH VKDOO PDNH WKH

UHDVRQDEOH DVVXPSWLRQ WKDW O LV FRQVLGHUDEO\ VPDOOHU WKDQ /� ,Q IDFW� O LV EDVLFDOO\ D VWDWLVWLFDO

PHDVXUH RI D GLDPHWHU RI D qXFWXDWLRQ rQ��]��

8QGHU WKH UHDVRQDEOH DVVXPSWLRQ WKDW O � / �MXVW KRZ PXFK "VPDOOHU" LV VRPHZKDW XQFHUWDLQ��

ZH FDQ ZULWH�
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�
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= /

�
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&RQVHTXHQWO\ ZH REWDLQ�

Krq�L  ) ��N� z'� s��/OKrQ��L �������



&KDSWHU � : LGHEDQG 3RLQW�WR�3RLQW 5DGLR : DYH 3URSDJDWLRQ 6WXG\ DW �� *+]� ���

,I WKLV LV FRPSDUHG WR WKH DYHUDJH RI ������� ZKLFK \LHOGV ZH REWDLQ�
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5HWXUQLQJ WR ������� ZH QRWH WKDW
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8QGHU WKH DVVXPSWLRQ WKDW Krq�L LV D TXDQWLW\ VXrFLHQWO\ VPDOO VR WKDW WKH H[SRQHQWLDO LQ �������
FDQ EH H[SDQGHG LQWR RQO\ LWV pUVW WZR WHUPV� ZH REWDLQ

�� ORJ���3UPV 3L�  �����Krq�L� ���� � � ORJ��>Krq�L@ �������

7R HVWLPDWH WKLV� ZH XWLOL]H ������� WR UHZULWH � ������ DV

�� ORJ���3UPV 3L�  �����Krq�L� ���� � �� ORJ�� zq � � ORJ��
�
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)URP 2OVHQ� HW DO� >��@� ZH pQG �����zq } �����XU IRU ���� *+]� /  ��� NP DQG WHPSHUDWXUH

EHWZHHQ �r DQG ��r &� ZKLFK� ZKHQ LQVHUWHG LQWR ������� \LHOGV

�� ORJ���3UPV 3L� } b���� � �� ORJ��>XU@ � � ORJ��
�
�O

/

KrQ��L
zQ�
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� �����Krq�L �������

/HW XV QRZ HVWLPDWH WKH PDJQLWXGH RI Krq�L IURP ������� DQG WKH 5D\OHLJK � z' � y� H[SUHVVLRQ

zq  �}
� N
z'�.U/zQ�� 6RPH W\SLFDO QXPEHUV DUH N } ��� Pb�� / } ��� P� .U } ���� zQ� } ���� Pb��

z' x ����� P� ZKLFK \LHOGV zq� } ��� (TXDWLRQ ������� VWDWHV WKDW WKLV YDOXH PXVW EH PXOWLSOLHG

E\ WKH IDFWRU ��O /�>�rQ��UPV zQ�@
�� 7KH IDFWRU �O / LV SUREDEO\ QRW YHU\ VPDOO �ZKLFK UHQGHUV

DSSOLFDWLRQ RI WKH FHQWUDO�OLPLW WKHRUHP LQ ������� VRPHZKDW GXELRXV� EXW WKH IDFWRU >�rQ��UPV zQ�@
�

LV YHU\ OLNHO\ WR EH VPDOO� 6R LW LV QRW DW DOO LPSUREDEOH WKDW ZH PD\ QHJOHFW WKH ODVW WHUP LQ ��������

8QGHU WKH DVVXPSWLRQ WKDW
S
�O />�rQ��UPV zQ�@ } ���� ZH UHGXFH ���� WR

�� ORJ���3UPV 3L� } b���� � �� ORJ��>XU@ �������

7KH ODVW WHUP RI ������� ZRXOG EH FORVH WR ����� ZKLFK LV LQGHHG QHJOLJLEOH� (TXDWLRQ ������� LV

SORWWHG LQ )LJ� ���
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)LJXUH ��� �� ORJ���3UPV 3F� DV IXQFWLRQ RI UDLQ UDWH

1RWH WKDW WKH FKRLFH RI D FRQVWDQW YDOXH IRU
S
�O />�rQ��UPV zQ�@ \LHOGV D FXUYH ZLWK D VORSH WKDW DS�

SHDUV WR pW WKH GDWD LI WKH FRQVWDQW LV FKRVHQ FRUUHFWO\� 7KH UDWLRQDOH IRU FKRRVLQJ
S
�O />�rQ��UPV zQ�@ }

���� LV WKDW WKLV FKRLFH DSSHDUV WR JLYH D FXUYH WKDW pWV WKH GDWD� 2QH FDQ RQO\ VD\� LQ WKH DEVHQFH

RI PHDVXUHPHQWV RI �rQ��UPV DQG RI O WKDW WKH YDOXH ���� LV FRQVLVWHQW ZLWK UHDOLVWLF SRVVLELOLWLHV�

7KLV UHODWLYHO\ VPDOO YDOXH DW OHDVW LQGLFDWHV WKDW WKH SUHVHQFH HYHQ RI UHODWLYHO\ VPDOO qXFWXDWLRQV

RI rQ� VXrFHV WR \LHOG D 3UPV FRQVLVWHQW ZLWK WKH REVHUYDWLRQV� 5HVHDUFK IRU JURXG�WR�VDWHOOLWH FRP�

PXQLFDWLRQV KDV VKRZQ YDULDWLRQ RI UDLQ UDWH DORQJ WKH KRUL]RQWDO SDWKV >���� ���@� ZKLFK VXSSRUWV

WKH WKHRU\� 8QIRUWXQDWHO\� QR GHWDLOHG UDLQ UDWH PHDVXUHPHQWV ZHUH WDNHQ LQ WKLV PHDVXUHPHQW

FDPSDLJQ WKDW PLJKW FRQpUP WKLV SRVVLELOLW\ TXDQWLWDWLYHO\�

��� 6XPPDU \

7KLV FKDSWHU SUHVHQWV D PHDVXUHPHQW FDPSDLJQ WKDW LQYHVWLJDWHG ZHDWKHU HoHFWV RQ PXOWLSDWK

GLVSHUVLRQ DQG VLJQDO YDULDWLRQ DW PLOOLPHWHU�ZDYH IUHTXHQFLHV� :LGHEDQG PHDVXUHPHQW FDPSDLJQ

ZDV SHUIRUPHG DW �� *+] RQ WKUHH SRLQW�WR�SRLQW OLQNV� LQFOXGLQJ D ��� P XQREVWUXFWHG /26 OLQN� D

��� P REVWUXFWHG OLQN DQG D ��� P SDUWLDOO\ REVWUXFWHG OLQN� $ WRWDO RI ������ 3'3V ZHUH UHFRUGHG

XQGHU FOHDU� UDLQ DQG KDLO FRQGLWLRQV� 7KHVH UHVXOWV SURYLGH TXDQWLWDWLYH FKDQQHO LQIRUPDWLRQ IRU

PLOOLPHWHU�ZDYH FRPPXQLFDWLRQ V\VWHP GHVLJQ DQG V\VWHP LQVWDOODWLRQ�
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:LGHEDQG PHDVXUHPHQW UHVXOWV LQGLFDWH WKDW WLPH GLVSHUVLRQ FKDUDFWHULVWLFV RI WKH FKDQQHO PD\

FKDQJH GXULQJ GLoHUHQW ZHDWKHU HYHQWV� 0XOWLSDWK VWDWLVWLFV VKRZV WKDW ZKLOH YHU\ IHZ PXOWLSDWK

FRPSRQHQWV ZHUH GHWHFWHG LQ FOHDU� GU\ ZHDWKHU� PRUH PXOWLSDWK FRPSRQHQWV ZHUH GHWHFWHG GXULQJ

UDLQ� 'XH WR WKH KLJK EDQGZLGWK UHTXLUHPHQWV IRU IXWXUH /0'6 DQG 1*, V\VWHPV� VOLJKW PXOWLSDWK

GHOD\ GLVSHUVLRQ PD\ UHVXOW LQ LQWHUV\PERO LQWHUIHUHQFH� 7KH PXOWLSDWK GLVSHUVLRQ UHVXOWV IURP WKLV

PHDVXUHPHQW FDPSDLJQ� VXPPDUL]HG LQ 7DEOHV � DQG ��� SURYLGH LPSRUWDQW VWDWLVWLFV IRU WKH GHVLJQ

RI HTXDOL]HUV RU UDNH UHFHLYHUV� DV ZHOO DV IRU WKH VHOHFWLRQ RI RSWLPXP GDWD UDWH DQG PRGXODWLRQ

WHFKQLTXHV�

:HDWKHU HoHFWV RQ UHFHLYHG VLJQDO SRZHU ZHUH DQDO\]HG LQ WHUPV RI PHDQ DWWHQXDWLRQ DQG VKRUW�

WHUP YDULDWLRQ� ([FHVV UDLQ DWWHQXDWLRQ LV PHDVXUHG IURP OLJKW UDLQ WR H[WUHPHO\ KHDY\ UDLQ� 8SSHU

ERXQGV RI WKH PHDQ DWWHQXDWLRQ ZHUH SURYLGHG EDVHG RQ D PRGLpHG &UDQH PRGHO LQ ������� DQG

������� IRU ERWK XQREVWUXFWHG DQG SDUWLDOO\ REVWUXFWHG /26 OLQNV DV IXQFWLRQV RI UDLQ UDWH DQG SDWK

OHQJWK� 7KHVH XSSHU ERXQGV DOORZ UDGLR HQJLQHHUV WR GHWHUPLQH WKH DGGLWLRQDO IDGH PDUJLQ QHFHVVDU\

IRU WKH UHOLDEOH RSHUDWLRQ RI ZLGHEDQG FRPPXQLFDWLRQ V\VWHPV DW PLOOLPHWHU�ZDYH IUHTXHQFLHV�

3'3V ZHUH UHFRUGHG DW D UDWH RI �� 3'3V SHU VHFRQG� ZKLFK DOORZHG XV WR DQDO\]H WKH VKRUW�WHUP

VLJQDO YDULDWLRQ DW FRQVWDQW UDLQ UDWH RYHU D ��� PLQXWH LQWHUYDO� 5HVXOWV VKRZ WKDW UHFHLYHG VLJQDO

YDULDWLRQ GXULQJ UDLQ IROORZV D 5LFLDQ GLVWULEXWLRQ� 7KH UHODWLRQVKLS EHWZHHQ 5LFLDQ . IDFWRU DQG

UDLQ UDWH DV JLYHQ LQ ������� VKRZV LQFUHDVHG VFDWWHUHG SRZHU DW KLJK UDLQ UDWHV� $W DQ\ UDLQ UDWH� WKH

VKRUW�WHUP YDULDWLRQ RI VLJQDO SRZHU FDQ EH PRGHOHG EDVHG RQ WKH . IDFWRU� HVWLPDWH IURP ��������

DQG WKH DYHUDJH UHFHLYHG SRZHU� HVWLPDWHG IURP WKH DYHUDJH UDLQ DWWHQXDWLRQ PRGHOV DQG WKH OLQN

EXGJHW� 7KLV VLJQDO YDULDWLRQ PRGHO FDQ EH XVHG IRU $*& GHVLJQ RU V\VWHP RXWDJH SUREDELOLW\

HVWLPDWHV�

0HDVXUHPHQW UHVXOWV VKRZ WKDW UDLQ� KDLO� JODVV DQG IROLDJH PD\ FDXVH KLJK DWWHQXDWLRQ WR WKH

PLOOLPHWHU�ZDYH VLJQDO� )RU H[DPSOH� DYHUDJHG DWWHQXDWLRQ GXH WR KDLO ZDV DV PXFK DV ���� G%

RYHU WKH ��� P SDWK� 7KHVH UHVXOWV PXVW EH WDNHQ LQWR DFFRXQW LQ OLQN EXGJHW DQG V\VWHP FRYHUDJH

HVWLPDWLRQ�

$ WKHRUHWLFDO VWXG\ RI WKH VLJQDO YDULDWLRQ GXULQJ UDLQ LV DOVR SUHVHQWHG� 7KH WKHRU\ LV EDVHG RQ

WKH IXQGDPHQWDO SULQFLSOHV RI ZDYH SURSDJDWLRQ WKURXJK UDQGRP PHGLD RI VFDWWHUV� 7KH UHVXOWV

VKRZ WKDW WKH XQXQLIRUP GLVWULEXWLRQ RI UDLQ GURS GHQVLW\ DORQJ WKH SURSDJDWLRQ SDWK FDQ UHVXOW LQ
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WKH VLJQDO qXFWXDWLRQ� 7KH HVWLPDWHG YDOXHV RI . IDFWRU DJUHHV ZHOO ZLWK WKH PHDVXUHPHQW UHVXOWV�

+RZHYHU� WKH WKHRU\ pQGV WKH VLJQDO VWDWLVWLFV WR EH JRYHUQHG E\ D ORJQRUPDO GLVWULEXWLRQ� )XUWKHU

PHDVXUHPHQWV DUH UHTXLUHG WR YHULI\ WKH WKHRUHWLFDO K\SRWKHVLV�

7KH ZLGHEDQG PHDVXUHPHQW UHVXOWV SURYLGH JUHDW LQVLJKW LQWR PLOOLPHWHU�V\VWHP GHVLJQ DQG LQVWDO�

ODWLRQ� +LJK VLJQDO DWWHQXDWLRQ FDQ UHVXOW IURP UDLQ� KDLO� DQG YHJHWDWLRQ� )ROLDJH� VPRRWK UHqHFWLQJ

VXUIDFHV� DQG qDW VXUIDFHV �RQ ZKLFK D VWDQGLQJ ZDWHU VXUIDFH PD\ IRUP GXULQJ UDLQ� PD\ FDXVH

PXOWLSDWK� HVSHFLDOO\ XQGHU VHYHUH ZHDWKHU FRQGLWLRQV� 7KLV PXOWLSDWK GHOD\ VSUHDG LV D OLPLWLQJ

IDFWRU IRU WKH PD[LPXP GDWD UDWH LQ WKH PLOOLPHWHU�V\VWHPV� %DVHG RQ WKH PHDVXUHPHQW UHVXOWV�

D QRYHO GHVLJQ WHFKQLTXH LV GHYHORSHG WKDW SUHGLFWV WKH ZRUVW�FDVH FKDQQHO PXOWLSDWK GLVSHUVLRQ

XQGHU DQ\ ZHDWKHU FRQGLWLRQV� 7KLV PRGHO LV SUHVHQWHG LQ &KDSWHU ��



&KDSWHU �

$ 1 RYHO 3 U HGLFWLRQ 7 HFKQLTXH IRU

:LGHEDQG 3 RLQW�WR�3 RLQW�0 XOWLSRLQW

0 LOOLPHWHU �ZDYH &KDQQHO

&KDQQHO WLPH GLVSHUVLRQ LV D OLPLWLQJ IDFWRU WR PD[LPXP GDWD UDWH DQG UHOLDEOH RSHUDWLRQ RI

PLOOLPHWHU�ZDYH V\VWHPV� $V VKRZQ LQ &KDSWHU �� WLPH GLVSHUVLRQ LQ PLOOLPHWHU�ZDYH SRLQW�WR�SRLQW

V\VWHPV PD\ EH FDXVHG E\ REMHFWV QHDU WKH /26 SDWK� DQG LV VXEMHFW WR FKDQJH GXULQJ GLoHUHQW

ZHDWKHU FRQGLWLRQV�

7KLV FKDSWHU SUHVHQWV D QRYHO SUHGLFWLRQ WHFKQLTXH WKDW HVWLPDWHV ZRUVW�FDVH PXOWLSDWK FKDQQHO

FKDUDFWHULVWLFV IRU p[HG SRLQW�WR�SRLQW V\VWHPV XQGHU DQ\ ZHDWKHU FRQGLWLRQV� 7KLV WHFKQLTXH DS�

SOLHV FDQRQLFDO DQWHQQD SDWWHUQV DQG VLWH VSHFLpF LQIRUPDWLRQ WR HVWLPDWH ZLGHEDQG FKDQQHO FKDU�

DFWHULVWLFV LQFOXGLQJ UHODWLYH SRZHU� 72$ DQG $2$ RI HDFK PXOWLSDWK FRPSRQHQW� 1HZ PHWULFV�

ZKLFK ZH FDOO WKH H[FHVV GHOD\ ]RQH DQG UHODWLYH SRZHU ]RQH� DUH GHpQHG DQG FRQWRXU SORWV DUH

GHYHORSHG WR GHWHUPLQH SRWHQWLDO UHqHFWRUV IURP DQ DUHD VLWH PDS� 7KLV DSSURDFK JUHDWO\ VLPSOLpHV

VLWH SODQQLQJ RI HPHUJLQJ /0'6 DQG RWKHU PLOOLPHWHU�ZDYH V\VWHPV� DQG LQFRUSRUDWHV ZRUVW�FDVH

VFDWWHULQJ GXULQJ UDLQ >��� ��@�

���



&KDSWHU �� $ 1RYHO 3UHGLFWLRQ 7HFKQLTXH IRU : LGHEDQG 0LOOLPHWHU�ZDYH &KDQQHO ���

��� , QWU RGXFWLRQ

7RGD\
V PLFURZDYH OLQNV W\SLFDOO\ VSDQ ���� NP >��@� 7KHVH OLQNV XVH YHU\ WDOO DQWHQQD WRZHUV DQG

UHO\ RQ IUHH VSDFH SURSDJDWLRQ� )RU PLFURZDYH OLQNV� PDLQ UDGLR ZDYH SURSDJDWLRQ FRQVLGHUDWLRQV

DUH /26 SDWK FOHDUDQFH� HDUWK FXUYDWXUH� UHIUDFWLRQ LQGH[ FKDQJH RI WKH DWPRVSKHUH� DQG JURXQG

UHqHFWLRQ >��� ��@� )UHVQHO ]RQH FOHDUDQFH LV WKH SULPDU\ FULWHULRQ WR DYRLG GLoUDFWLRQ ORVV� 0XOWL�

SDWK IDGLQJ FDXVHG E\ UHIUDFWLRQ LQGH[ FKDQJH LQ WKH DWPRVSKHUH LV PRGHOHG LQ >�� ��@� +RZHYHU�

WKHVH PRGHOV ZHUH GHYHORSHG IRU FOHDU�SDWK ORQJ�KDXO OLQNV DQG DUH QRW DSSURSULDWH RU VXrFLHQW IRU

PLOOLPHWHU�ZDYH OLQNV� ZKHUH EXLOGLQJV RU IROLDJH DUH QHDUE\�

0LOOLPHWHU�ZDYH OLQNV KDYH VKRUWHU OHQJWK �OHVV WKDQ VHYHUDO NLORPHWHUV� DQG VXSSRUW KLJKHU GDWD

UDWHV WKDQ WKHLU PLFURZDYH FRXQWHUSDUWV� DQG PD\ EH GHSOR\HG LQ ERWK UXUDO DQG XUEDQ DUHDV ZKHUH

EXLOGLQJV DUH LQ FORVH SUR[LPLW\� )RU /0'6 V\VWHPV� KLJKO\ GLUHFWLRQDO DQWHQQDV DUH XVHG RQO\ DW

WKH UHFHLYHU� DQG D VHFWRU DQWHQQD� ZLWK D EURDGHU DQWHQQD SDWWHUQ� LV XVHG DW WKH WUDQVPLWWHU�

:LGHEDQG PHDVXUHPHQW UHVXOWV IURP >��� ��� ��@ VKRZ PXOWLSDWK LQ VKRUW PLOOLPHWHU�ZDYH OLQNV�

7KHVH PXOWLSDWK FRPSRQHQWV DUH FDXVHG E\ WKH IROLDJH RU EXLOGLQJ VXUIDFHV QHDU WKH /26 SDWK�

)XUWKHUPRUH� PLOOLPHWHU�ZDYH OLQNV DUH H[WUHPHO\ VHQVLWLYH WR ZHDWKHU HYHQWV VXFK DV UDLQ DQG KDLO

>��� ��� ��@� 3UHFLSLWDWLRQ LQGXFHV IDGLQJ DQG DGGLWLRQDO GLVSHUVLRQ LQ WKH FKDQQHO DV PRLVWXUH DQG

VWDQGLQJ SRROV RI ZDWHU FKDQJH WKH UHqHFWLYH SURSHUWLHV RI WKH VFDWWHUHUV LQ WKH HQYLURQPHQWV >��@�

5D\ WUDFLQJ LV RQH RI WKH PRVW ZLGHO\ XVHG WHFKQLTXHV WR SURYLGH VLWH�VSHFLpF SUHGLFWLRQV >����

���� ���� ���@� ,W KDV EHHQ XVHG WR SUHGLFW ZLGHEDQG FKDQQHO UHVSRQVH DW PLOOLPHWHU IUHTXHQFLHV

>��� ���� ���@� +RZHYHU� DFFXUDWH SUHGLFWLRQ RI D PLOOLPHWHU�ZDYH FKDQQHO UHTXLUHV GHWDLOHG WKUHH

GLPHQVLRQDO VLWH LQIRUPDWLRQ� :KHQ VXFK GHWDLOHG LQIRUPDWLRQ LV QRW DYDLODEOH� PLOOLPHWHU�ZDYH UD\

WUDFLQJ SURYLGHV RQO\ TXDOLWDWLYH SUHGLFWLRQV RI WKH FKDQQHO >���� ���@�

7KLV FKDSWHU SUHVHQWV D QHZ WHFKQLTXH IRU ZLGHEDQG FKDQQHO FKDUDFWHUL]DWLRQ WKDW HPSOR\V NQRZO�

HGJH RI WKH DQWHQQD GLUHFWLYLW\ DQG PLOOLPHWHU�ZDYH SURSDJDWLRQ IHDWXUHV� &RQWRXU SORWV DUH GH�

YHORSHG WR HVWLPDWH UHFHLYHG SRZHU DQG DUULYDO WLPH RI SRWHQWLDO PXOWLSDWK FRPSRQHQWV IURP D VLWH

PDS RI D PLOOLPHWHU�ZDYH V\VWHP� 7KH SUHVHQWHG GHVLJQ SULQFLSOHV SURYLGH QHZ FOHDUDQFH FULWHULD IRU

WKH GHSOR\PHQW RI PLOOLPHWHU�ZDYH OLQNV WKDW PLQLPL]H FKDQQHO GLVSHUVLRQ DQG PD[LPL]H QHWZRUN

WKURXJKSXW�



&KDSWHU �� $ 1RYHO 3UHGLFWLRQ 7HFKQLTXH IRU : LGHEDQG 0LOOLPHWHU�ZDYH &KDQQHO ���

��� �' *HRPHWU \ RI D 3 RLQW�WR�3 RLQW /LQN

$ �' JHRPHWULFDO PRGHO RI D SRLQW�WR�SRLQW PLOOLPHWHU�ZDYH OLQN LV SUHVHQWHG LQ )LJXUH ��� ZKHUH

WKH OLQH�RI�VLJKW �/26� SDWK OHQJWK LV '� DQG D VFDWWHUHU LV ORFDWHG DW �[�� \�� ]���

)LJXUH ��� *HRPHWU\ RI D SRLQW�WR�SRLQW OLQN ZLWK DQ DUELWUDU\ VFDWWHU LQ �'�

7KH VFDWWHUHU PD\ EH D EXLOGLQJ ZDOO� D URRIWRS� JURXQG� RU DQ\ REMHFW WKDW KDV D ODUJH UHqHFWLQJ

VXUIDFH UHODWLYH WR WKH ZDYHOHQJWK� ZKLFK LV RQ WKH RUGHU RI PLOOLPHWHUV IRU /0'6 �DW �� *+] � IRU

H[DPSOH� WKH ZDYHOHQJWK LV RQO\ ��� PP�� 3DUW RI WKH LQFLGHQW ZDYH IURP WKH WUDQVPLWWHU DQWHQQD

LV UHqHFWHG�VFDWWHUHG E\ WKH REMHFW WR WKH UHFHLYHU DQWHQQD� ,I WKH SRZHU RI WKLV UHqHFWHG ZDYH LV

VLJQLpFDQW ZLWK UHVSHFW WR WKH /26 FRPSRQHQW� WKLV PXOWLSDWK FRPSRQHQW LQWURGXFHV GLVSHUVLRQ

LQWR WKH FKDQQHO� ,Q D p[HG SRLQW�WR�SRLQW PLOOLPHWHU�ZDYH FKDQQHO� WKH SRZHU RI WKH PXOWLSDWK

FRPSRQHQW GHSHQGV RQ WKH ORFDWLRQ RI WKH REMHFW� WKH UHqHFWLRQ ORVV� DQG WKH DQWHQQD SDWWHUQV�

7KH DUULYDO WLPH RI WKH PXOWLSDWK FRPSRQHQW GHSHQGV RQO\ RQ WKH ORFDWLRQ RI WKH REMHFW DQG WKH

OLQN OHQJWK� �6PDOO SURSDJDWLRQ GHOD\V GXH WR UHIUDFWLYH LQGH[ YDULDWLRQV DUH QHJOLJLEOH IRU W\SLFDO



&KDSWHU �� $ 1RYHO 3UHGLFWLRQ 7HFKQLTXH IRU : LGHEDQG 0LOOLPHWHU�ZDYH &KDQQHO ���

VKRUW PLOOLPHWHU�ZDYH OLQNV��

,QVWHDG RI FDOFXODWLQJ SRZHU DQG GHOD\ RI D PXOWLSDWK FRPSRQHQW FDXVHG E\ D VFDWWHUHU LQ D JLYHQ

ORFDWLRQ� D PRUH JHQHUDO DSSURDFK XVHV QHZ FRQFHSWV RI WKH UHODWLYH SRZHU ]RQH DQG WKH H[FHVV GHOD\

]RQH� :H GHpQH D UHODWLYH SRZHU ]RQH DV WKH UHJLRQ ZKHUH D VWURQJ UHqHFWRU PD\ FDXVH D PXOWLSDWK

FRPSRQHQW ZLWK D FHUWDLQ SRZHU OHYHO UHODWLYH WR WKH /26 VLJQDO� :H GHpQH DQ H[FHVV GHOD\ ]RQH

DV WKH UHJLRQ ZKHUH D VWURQJ UHqHFWRU PD\ FDXVH D PXOWLSDWK FRPSRQHQW ZLWK D FHUWDLQ GHOD\ WLPH

ZLWK UHVSHFW WR WKH /26 VLJQDO�

��� 5HODWLYH 3 RZHU =RQH

:KHQ KLJKO\ GLUHFWLRQDO DQWHQQDV DUH XVHG� WKH SRZHU RI (0 ZDYHV LV PDLQO\ FRQFHQWUDWHG LQ

WKH GLUHFWLRQ RI WKH DQWHQQD PDLQOREHV� 6SHFLpFDOO\� ZKHQ WUDQVPLWWHU DQG UHFHLYHU DQWHQQDV DUH

DOLJQHG� WKH WUDQVPLWWHG SRZHU LV FRQFHQWUDWHG LQ WKH UHJLRQ DORQJ WKH /26 SDWK� 6WURQJ PXOWLSDWK

FRPSRQHQWV FDQ EH UHVXOW RQO\ IURP WKH VFDWWHUHUV QHDU WKH /26 SDWK� 5HODWLYH SRZHU ]RQH LV D

PHWULF WR TXDQWLWDWLYHO\ GHVFULEH WKH HQHUJ\ FRQFHQWUDWLRQ RI WKH (0 ZDYHV� DQG LGHQWLI\ WKH UHJLRQ

ZKHUH VWURQJ UHqHFWRUV ZRXOG UHVXOW LQ VWURQJ PXOWLSDWK FRPSRQHQWV�

7KH UHODWLYH SRZHU ]RQH WDNHV LQWR DFFRXQW DQWHQQD JDLQV� IUHH VSDFH SDWK ORVV DQG UHqHFWLRQ�VFDWWHULQJ

ORVV� 7KH FDQRQLFDO DQWHQQDV XVHG WR GHPRQVWUDWH WKH SRZHU ]RQH DQG GHOD\ ]RQH DUH SUHVHQWHG LQ

WKH $SSHQGL[ &�

7KH SRZHU RI WKH ZDYH UHqHFWHG E\ WKH VFDWWHUHU LV GHSHQGHQW RQ SRODUL]DWLRQ� DQJOH RI LQFLGHQFH�

GLHOHFWULF SURSHUWLHV DQG VXUIDFH URXJKQHVV >�@� :KHQ KLJKO\ GLUHFWLRQDO DQWHQQDV DUH XVHG� VWURQJ

PXOWLSDWK FRPSRQHQWV DUH FDXVHG RQO\ E\ VFDWWHUHUV FORVH WR WKH /26 SDWK� :KHQ WKH DQJOH EHWZHHQ

WKH LQFLGHQW ZDYH DQG WKH UHqHFWLQJ VXUIDFH LV YHU\ VPDOO �L�H� DW JUD]LQJ DQJOH�� WKH HoHFW RI WKH

VXUIDFH URXJKQHVV LV QHJOLJLEOH� DQG WKH UHqHFWLRQ FRHrFLHQW KDV DQ DPSOLWXGH FORVH WR � >�� ���@�

$W GLoHUHQW LQFLGHQW DQJOHV� DV VKRZQ LQ 6HFWLRQ ������ WKH VXUIDFH DSSHDUV PRUH UHqHFWLYH ZKHQ

LW EHFRPHV ZHW� )RU D ZRUVW FDVH VFHQDULR� ZKLFK LV DSSURSULDWH IRU HTXDOL]HU GHVLJQ VSHFLpFDWLRQ�

HDFK VFDWWHUHU LV DVVXPHG WR EH D SHUIHFW UHqHFWRU ZLWK D UHqHFWLRQ FRHrFLHQW RI �� 7KLV ZRUVW�

FDVH DVVXPSWLRQ DVVXUHV D GHVLJQ PHWKRGRORJ\ WKDW DSSOLHV LQ D JHQHUDO ZD\ ZLWK OLWWOH GHWDLOHG

LQIRUPDWLRQ DERXW VFDWWHUHU PDWHULDO RU VXUIDFH URXJKQHVV� 3UDFWLFDO UHqHFWLRQ FRHrFLHQWV FDQ WKHQ
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EH WDNHQ LQWR DFFRXQW EDVHG RQ WKLV ZRUVW�FDVH PRGHO �VHH 6HFWLRQ ����� $ VLPLODU DSSURDFK ZDV

DOVR XVHG LQ >���@ WR PRGHO VWUHHW�OHYHO SURSDJDWLRQ DW �� *+] �

8QGHU WKH DVVXPSWLRQ WKDW WKH VFDWWHUHU LV D ODUJH SHUIHFW UHqHFWRU� WKH UHODWLYH UHFHLYHG SRZHU�

c303 � RI HDFK PXOWLSDWK FRPSRQHQW LV FRPSXWHG DV IROORZV

c303  *W��W� vW� �*U��U� vU�b >3/�G� � G��b 3/�'�@ �G%� �������

ZKHUH G� DQG G� DUH WKH GLVWDQFHV IURP WKH UHqHFWRU WR WKH WUDQVPLWWHU DQG WKH UHFHLYHU� *W DQG

*U DUH QRUPDOL]HG DQWHQQD SRZHU SDWWHUQV IRU WUDQVPLWWHU DQG UHFHLYHU� >3/�G� � G�� b 3/�'�@

DFFRXQWV IRU WKH H[FHVV IUHH VSDFH SDWK ORVV DVVRFLDWHG ZLWK WKH SDWK OHQJWK GLoHUHQFH EHWZHHQ WKH

UHqHFWHG SDWK �G� � G�� DQG /26 SDWK �'�� DQG �W� vW� �U� vU DUH VKRZQ LQ )LJXUH ��� *LYHQ D OLQN

OHQJWK ' DQG WKH ORFDWLRQ RI WKH UHqHFWRU �[�� \�� ]��� DOO WKH RWKHU SDUDPHWHUV FDQ EH GHWHUPLQHG

XVLQJ WKH JHRPHWU\ VKRZQ LQ )LJXUH ���

)RU D FHUWDLQ UHODWLYH SRZHU OHYHO c303 � WKH UHODWLYH SRZHU ]RQH LV JLYHQ E\ �������� 7KH UHVXOWLQJ

UHODWLYH SRZHU ]RQHV IRU WKH FDQRQLFDO DQWHQQDV ^ D KRUQ DQG D GLVK ^ DUH SUHVHQWHG LQ )LJXUH ���

ZKHUH WKH FRQWRXUV UHSUHVHQW WKH SRZHU ]RQH ERXQGDULHV�

)RU H[DPSOH� �� G% UHqHFWLRQ ]RQH ERXQGDU\ VKRZV WKH UHJLRQ DORQJ WKH /26 SDWK� ZKHUH D SHUIHFW

UHqHFWRU ZRXOG UHVXOW LQ D PXOWLSDWK ZLWK �� G% SRZHU UHODWLYH WR WKH /26 FRPSRQHQW�

��� ( [FHVV 'HOD\ =RQH

,Q D PXOWLSDWK FKDQQHO� DUULYDO WLPH RI HDFK PXOWLSDWK ZDYH LV GHWHUPLQHG E\ WKH DFWXDO SDWK OHQJWK

DQG WKH VSHHG WKDW WKH ZDYH WUDYHOV �VSHHG RI OLJKW LQ IUHH VSDFH�� 7KHUHIRUH� H[FHVV GHOD\ WLPH RI

WKH PXOWLSDWK FRPSRQHQW FDQ EH GHWHUPLQHG EDVHG RQ WKH JHRPHWU\ DQG VLWH LQIRUPDWLRQ DV IROORZV

�03  �G� � G� b'� F �V� �������

ZKHUH G� DQG G� DUH WKH GLVWDQFHV IURP WKH UHqHFWRU WR WKH WUDQVPLWWHU DQG WKH UHFHLYHU� ' LV OLQN

OHQJWK� F LV WKH VSHHG RI OLJKW�

)RU D VSHFLpHG H[FHVV GHOD\� �03 � WKH ERXQGDU\ RI WKH H[FHVV GHOD\ ]RQH IRUPV DQ HOOLSVRLG� 7KH
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)LJXUH ��� 7KH UHODWLYH SRZHU FRQWRXU SORW LQ D]LPXWK IRU KRUQ DQG SDUDEROLF DQWHQQDV� IRU DQ\ '�
�DOO FRQWRXU XQLWV LQ G% UHODWLYH WR /26 SRZHU��

FORVHG IRUP HTXDWLRQ IRU WKH HOOLSVRLG LV

[��
.�

W  �
�

\��
.�

W  �b'� �
�

]��
.�

W  �b'� �
 � �������

ZKHUH .W  ' � F d �03 LV D FRQVWDQW� ,W FDQ EH VKRZQ WKDW WKH UDWLR RI [ DQG \ D[HV RI WKH

HOOLSVH FKDQJHV ZLWK GLVWDQFH ' DQG LV JLYHQ E\ .W 
T
.�

W b'�� $Q H[DPSOH RI WKH H[FHVV GHOD\

]RQHV LV GHSLFWHG LQ )LJXUH �� IRU D SDWK OHQJWK RI ���� P� 7KH FRQWRXUV UHSUHVHQW H[FHVV GHOD\

]RQH ERXQGDULHV�
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)LJXUH ��� 7KH H[FHVV GHOD\ FRQWRXU SORW LQ D]LPXWK IRU ' ���� P �DOO FRQWRXU XQLWV LQ QV��

��� $SSOLFDWLRQ ( [DPSOHV

����� ( VWLPDWH :RU VW &DVH 0 XOWLSDWK % DVHG RQ D 6LWH 0 DS

7KH H[FHVV GHOD\ FRQWRXU SORW DQG WKH UHODWLYH SRZHU FRQWRXU SORW SURYLGH D QRYHO WHFKQLTXH WR LGHQ�

WLI\ ZRUVW FDVH PXOWLSDWK FKDUDFWHULVWLFV IRU DQ\ PLOOLPHWHU�ZDYH SRLQW�WR�SRLQW�PXOWLSRLQW V\VWHP

GHSOR\PHQW� %\ RYHUOD\LQJ WKH SORWV RQWR D VLWH PDS DQG LGHQWLI\LQJ SRWHQWLDO VFDWWHUHUV� HQJLQHHUV

FDQ TXLFNO\ HVWLPDWH WKH GHOD\ DQG SRZHU RI SRVVLEOH PXOWLSDWK FRPSRQHQWV�

)LJXUH �� SUHVHQWV DQ H[DPSOH VLWH PDS� $ EXLOGLQJ ZLWK D qDW VXUIDFH LV ORFDWHG RQ WKH �� QV

FRQWRXU OLQH RI WKH H[FHVV GHOD\ ]RQH SORW DQG WKH ��� G% FRQWRXU OLQH RI WKH UHODWLYH SRZHU ]RQH SORW�

WKHQ WKH ZRUVW�FDVH HVWLPDWH RI WKH PXOWLSDWK SRZHU DQG DUULYDO WLPH IURP WKLV VFDWWHUHU DUH ��� G%

DQG �� QV UHODWLYH WR /26� DVVXPLQJ QR VFDWWHULQJ ORVV� ,I WKLV LV WKH RQO\ VLJQLpFDQW VFDWWHUHU� WKH

ZRUVW�FDVH PHDQ H[FHVV GHOD\ DQG 506 GHOD\ VSUHDG IRU WKLV FDVH DUH ��� QV DQG ���� QV� UHVSHFWLYHO\�

$QJOHV RI DUULYDO� vU DQG �U� DUH FDOFXODWHG EDVHG RQ JHRPHWU\ IURP WKH FRQWRXU SORWV�
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)LJXUH ��� ([DPSOH RI DSSOLFDWLRQ RI SRZHU ]RQH DQG GHOD\ ]RQH RQ VLWH PDS�

����� &OHDU DQFH &U LWHU LRQ IRU *LYHQ 0 XOWLSDWK 5HTXLU HPHQWV

,GHQWLFDO WR )UHVQHO ]RQH FOHDUDQFH� WKH H[FHVV GHOD\ ]RQH DQG UHODWLYH SRZHU ]RQH ERXQGDULHV WR WKH

/26 SDWK FDQ EH XVHG DV D GHSOR\PHQW JXLGHOLQH� :H GHpQH WKH PD[LPXP GLVWDQFH RI D SRZHU �RU

GHOD\� ]RQH� \PD[
S] �RU \PD[

G] �� DV WKH PD[LPXP GLVWDQFH IURP D SRZHU �RU GHOD\� ]RQH ERXQGDU\ WR

WKH /26 SDWK� 7KHVH PD[LPXP GLVWDQFHV DUH VLPLODU WR WKH PD[LPXP )UHVQHO ]RQH UDGLL DQG FDQ

EH GHWHUPLQHG DQDO\WLFDOO\ IURP OLQN OHQJWK� '� H[SHFWHG GHOD\� �03 � DQG H[SHFWHG SRZHU� c303 �

)URP �������� WKH PD[LPXP GLVWDQFH RI DQ H[FHVV GHOD\ ]RQH� \PD[
G] � LV JLYHQ E\

\PD[
G]  

T
�.�

W b'� �  
T
>�' � �03&�� b'�@ � �P� �������

ZKHUH �03 LV LQ VHFRQGV� DQG ' LV LQ PHWHUV� 7DEOH �� VKRZV PD[LPXP H[FHVV GHOD\ ]RQH GLVWDQFH

IRU W\SLFDO ' DQG �03 �
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7DEOH ��� 0D[LPXP 'LVWDQFHV RI ([FHVV 'HOD\ =RQH IRU +RUQ DQG 3DUDEROLF $QWHQQDV�

' 0D[LPXP ([FHVV 'HOD\ =RQH 'LVWDQFHV �P�

�03 �� QV �� QV �� QV �� QV �� QV

��� P ���� ���� ���� ���� ����

� NP ���� ���� ���� ���� ����

� NP ���� ���� ���� ����� �����

� NP ���� ���� ����� ����� �����

� NP ���� ����� ����� ����� �����

� NP ���� ����� ����� ����� �����

7DEOH ��� 0D[LPXP 'LVWDQFHV RI 5HODWLYH 3RZHU =RQH IRU +RUQ DQG 3DUDEROLF $QWHQQDV�

' 0D[LPXP 5HODWLYH 3RZHU =RQH 'LVWDQFHV �P�

c303 � G% �� G% �� G% �� G% �� G%

��� P � �� �� �� ��

� NP ���� ���� ���� �� ��

�NP �� �� �� ��� ���

�NP �� �� ��� ��� ���

7KH PD[LPXP GLVWDQFH RI D UHODWLYH SRZHU ]RQH� \PD[
S] � LV HYDOXDWHG XVLQJ �������� $V VKRZQ LQ

7DEOH ��� \PD[
S] LV DSSUR[LPDWHO\ SURSRUWLRQDO WR '� 7KLV LV H[SHFWHG� :KHQ GLUHFWLYH DQWHQQDV

DUH XVHG IRU VKRUW�KRS OLQNV� PRVW RI WKH HQHUJ\ LV FRQFHQWUDWHG QHDU WKH /26 SDWK� 7KHUHIRUH�

LQ �������� WHUP �3/�G� � G�� b 3/�'�� LV UHODWLYHO\ VPDOO DQG UHODWLYH SRZHU ]RQHV DUH PDLQO\

GHWHUPLQHG E\ WKH DQWHQQD SDWWHUQV� 7KH H[DFW UHODWLRQVKLS EHWZHHQ \PD[
S] DQG c303 FDQ EH

H[SUHVVHG LQ WHUPV RI %HVVHO IXQFWLRQ DQG VLQF IXQFWLRQ IURP �&����� DQG �&������ +RZHYHU�

D VLPSOH UHODWLRQVKLS FDQ EH DFKLHYHG E\ DSSO\LQJ D SRO\QRPLDO pW WR WKH H[DFW VROXWLRQV IURP

7DEOH ��� 7KLV UHVXOWV LQ WKH IROORZLQJ

\PD[
S]  

'

����
�����c3 �03 b �����c303 � ����� �P� �������

ZKHUH ' LV LQ PHWHUV� DQG c303 LV LQ G%�
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(TXDWLRQV ������� DQG ������� UHODWH WKH UHTXLUHG PXOWLSDWK GHOD\ DQG SRZHU ZLWK PD[LPXP FOHDU�

DQFH GLVWDQFHV� )RU LQVWDQFH� LI D V\VWHP UHTXLUHV QR PXOWLSDWK ZLWKLQ �� QV RI GHOD\ DQG ��� G%

RI SRZHU UHODWLYH WR /26 FRPSRQHQW� WKHQ \PD[
G] LV ���� P IURP �������� DQG \PD[

S] LV ���� P IURP

�������� 7KHQ D FOHDUDQFH GLVWDQFH RI ���� P �L�H� QR VFDWWHUHU ZLWKLQ ���� P� IURP /26 ZRXOG EH

GHVLUDEOH WR DFKLHYH UHTXLUHG V\VWHP SHUIRUPDQFH�

��� &RPPHQWV 5HJDU GLQJ WKH 0 RGHO

$ WZR GLPHQVLRQDO JHRPHWULFDO PRGHO KDV EHHQ UHSRUWHG LQ >��� ���@ WR SUHGLFW SRZHU� GHOD\ DQG

$2$ IRU WKH RPQLGLUHFWLRQDO DQWHQQDV� 7KH PRGHO GHYHORSHG LQ WKLV ZRUN LV D PRUH JHQHUDOL]HG

WKUHH GLPHQVLRQDO PRGHO� WKDW WDNHV LQWR DFFRXQW DQ\ FRPELQDWLRQ RI GLUHFWLRQDO DQWHQQD SDWWHUQV�

)LJXUH �� LV GHYHORSHG XVLQJ FDQRQLFDO DQWHQQDV IRU DQ\ OLQN OHQJWK DQG )LJXUH �� LV JHQHUDWHG IRU

D OLQN OHQJWK RI ���� P IRU DQ\ DQWHQQD W\SH� 8VLQJ ������� DQG �������� RQH FDQ HDVLO\ GHYHORS

SORWV IRU DQ\ OLQN OHQJWK DQG DQ\ W\SH RI DQWHQQD�

7KH H[FHVV GHOD\ ]RQHV DQG UHODWLYH SRZHU ]RQHV DUH VSDWLDO pHOGV LQ WKUHH GLPHQVLRQV� 'XH WR

LWV UDGLDO V\PPHWU\ DERXW /26 SDWK� WKH H[FHVV GHOD\ ]RQH FDQ EH DSSOLHG WR DQ\ SRLQW LQ WKUHH

GLPHQVLRQDO VSDFH� +RZHYHU� VLQFH WKH DQWHQQD SDWWHUQV DUH JHQHUDOO\ QRW UDGLDOO\ V\PPHWULF� WKH

UHODWLYH SRZHU ]RQH LQ D]LPXWK DQG HOHYDWLRQ SODQHV DUH GLoHUHQW� 7KHUHIRUH� RQH VKRXOG DOVR GHYHORS

UHODWLYH SRZHU FRQWRXU SORWV IRU WKH HOHYDWLRQ SODQH� )RU DQ\ JLYHQ SRLQW LQ WKH VSDFH� LW LV SRVVLEOH

WR pQG WKH SURMHFWLRQV RQWR WKHVH RUWKRJRQDO SODQHV� 7KHQ� WKH SRZHU RI WKH UHFHLYHG PXOWLSDWK

FRPSRQHQW LV DSSUR[LPDWHG E\ WKH VXP RI SRZHUV �LQ G%� LQ HDFK SODQH�

7KH UHODWLYH SRZHU ]RQH DQG H[FHVV GHOD\ ]RQH KDYH LQWHUHVWLQJ UHODWLRQVKLSV ZLWK )UHVQHO ]RQHV�

)UHVQHO ]RQHV UHSUHVHQW VXFFHVVLYH UHJLRQV ZKHUH D SDWK OHQJWK IURP WKH WUDQVPLWWHU WR WKH UHFHLYHU

LV Qy � JUHDWHU WKDQ WKH /26 SDWK >��@� ZKHUH y LV WKH ZDYHOHQJWK� ,Q IDFW� WKH H[FHVV GHOD\ ]RQH

FDQ EH YLHZHG DV D PDFUR�)UHVQHO ]RQH� ZKHUH WKH GLVWDQFH EHWZHHQ WZR VXFFHVVLYH ]RQH ERXQGDULHV

JLYHV ULVH WR D SDUWLFXODU SURSDJDWLRQ GHOD\� $ � QV GHOD\ FRUUHVSRQGV WR ��� P SDWK GLoHUHQFH� RU

�� ZDYHOHQJWKV DW �� *+] � 7KHUHIRUH� WKH H[FHVV GHOD\ ]RQH ERXQGDULHV DUH PXFK ODUJHU WKDQ WKH

)UHVQHO ]RQH ERXQGDULHV� )RU WKH VSHFLpHG DQWHQQDV DQG D SDWK OHQJWK RI ���� P� WKH PD[LPXP

GLVWDQFHV RI �� QV GHOD\ ]RQH DQG ��� G% SRZHU ]RQH DUH DSSUR[LPDWHO\ WKH VDPH DV WKH ���WK
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)UHVQHO ]RQH UDGLXV� )UHVQHO ]RQHV DUH XVHG WR GHVFULEH GLoUDFWLRQ ORVV� ZKLOH SRZHU ]RQH DQG GHOD\

]RQH DUH XVHG WR HVWLPDWH SRZHU DQG GHOD\ RI SRWHQWLDO UHqHFWHG PXOWLSDWK FRPSRQHQWV�

7KH PRGHO LV GHYHORSHG IRU WKH FDVH ZKHUH WKH UHqHFWLRQ FRHrFLHQW LV RQH� 5HDOLVWLF UHqHFWLRQ

FRHrFLHQWV FDQ EH PHDVXUHG RU HVWLPDWHG XVLQJ VLWH�VSHFLpF LQIRUPDWLRQ� ,I WKH UHqHFWLRQ FRHrFLHQW

b LV NQRZQ� WKHQ WKH UHqHFWLRQ ORVV LV JLYHQ E\ /UHIOHFW  �� ORJ�� MbM�� 7KLV ORVV FDQ EH DGGHG WR WKH
PRGHO E\ VLPSO\ DGMXVWLQJ WKH SRZHU OHYHOV RI WKH UHODWLYH SRZHU ]RQHV LQ )LJXUH �� E\ WKH YDOXH

RI /UHIOHFW�

)LQDOO\� WKH PRGHO DVVXPHV WKDW HDFK PXOWLSDWK FRPSRQHQW LV WKH UHVXOW RI D VLQJOH UHqHFWLRQ� 5D\

WUDFLQJ FDQ EH DSSOLHG WR DFFRXQW IRU KLJKHU RUGHUV RI UHqHFWLRQ� %DVHG RQ WKH V\VWHP UHTXLUHPHQWV�

WKH FRQWRXU SORWV PD\ EH XVHG WR GHpQH WKH HQYLURQPHQW QHFHVVDU\ IRU PRUH LQYROYHG UD\ WUDFLQJ

WHFKQLTXHV >���@�

��� 6XPPDU \

7KLV FKDSWHU SUHVHQWV D QRYHO GHVLJQ WHFKQLTXH WR HVWLPDWH ZLGHEDQG FKDQQHO FKDUDFWHULVWLFV LQ

PLOOLPHWHU�ZDYH SRLQW�WR�SRLQW�PXOWLSRLQW FRPPXQLFDWLRQV V\VWHPV� 5HODWLYH SRZHU ]RQHV DQG H[�

FHVV GHOD\ ]RQHV DUH GHpQHG WR SUHGLFW PXOWLSDWK SRZHU DQG DUULYDO WLPH� 5HODWLYH SRZHU ]RQH

GHVFULEHV WKH SRZHU FRQFHQWUDWLRQ RI WKH (0 ZDYHV GXH WR WKH GLUHFWLRQDO DQWHQQD SDWWHUQV� DQG

LGHQWLpHV WKH UHJLRQ ZKHUH D SHUIHFW UHqHFWRU ZRXOG JLYH ULVH WR D VWURQJ PXOWLSDWK FRPSRQHQW�

([FHVV GHOD\ ]RQH GHVFULEHV WKH GLUHFW UHODWLRQVKLS EHWZHHQ SDWK OHQJWK DQG PXOWLSDWK DUULYDO WLPH�

,W LGHQWLpHV WKH UHJLRQ ZKHUH D SHUIHFW UHqHFWRU ZRXOG JLYH ULVH WR D PXOWLSDWK FRPSRQHQW ZLWK D

FHUWDLQ GHOD\�

%DVHG RQ WKHVH GHpQLWLRQV� FRQWRXU SORWV DUH GHYHORSHG WR LGHQWLI\ WKH H[FHVV GHOD\ ]RQH DQG UHODWLYH

SRZHU ]RQH ERXQGDULHV� 6LPLODU WR )UHVQHO ]RQH FOHDUDQFH� QHZ FOHDUDQFH FULWHULD DUH GHYHORSHG WR

DFKLHYH V\VWHP UHTXLUHPHQWV RQ SRZHU DQG GHOD\ RI PXOWLSDWK FRPSRQHQWV�

6LQFH WKHVH FRQWRXU SORWV DQG ]RQH ERXQGDULHV DUH GHSHQGHQW RQO\ RQ WKH DQWHQQD SDWWHUQV DQG

WKH OLQN OHQJWK� WKH\ PD\ EH DSSOLHG WR DQ\ VLWH� %\ RYHUOD\LQJ WKH FRQWRXU SORWV RQ WKH VLWH PDS�

DSSOLFDWLRQ HQJLQHHUV FDQ TXLFNO\ GHWHUPLQH SRWHQWLDO UHqHFWRUV� 7KH SRZHU DQG GHOD\ ]RQHV DQG
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WKHLU FRQWRXU SORWV SURYLGH SUDFWLFDO JXLGHOLQHV IRU PLOOLPHWHU�ZDYH V\VWHP GHVLJQ DQG GHSOR\PHQW�



&KDSWHU �

6SDWLDO DQG 7 HPSRU DO &KDU DFWHU LVWLFV

RI �� *+ ] , QGRRU &KDQQHOV

7KLV FKDSWHU SUHVHQWV ZLGHEDQG PHDVXUHPHQW UHVXOWV DQG PRGHOV IRU �� *+] FKDQQHOV� 0XOWLSDWK

FRPSRQHQWV ZHUH UHVROYHG LQ WLPH E\ XVLQJ D VOLGLQJ FRUUHODWRU ZLWK �� QV UHVROXWLRQ� DQG LQ VSDFH

E\ VZHHSLQJ D GLUHFWLRQDO DQWHQQD ZLWK �r KDOI SRZHU EHDPZLGWK DURXQG WKH D]LPXWK� 3RZHU

GHOD\ SURpOHV �3'3V� DQG SRZHU DQJOH SURpOHV �3$3V� ZHUH PHDVXUHG LQ YDULRXV LQGRRU DQG VKRUW�

UDQJH RXWGRRU HQYLURQPHQWV� 'HWDLOHG PXOWLSDWK VWUXFWXUH ZDV UHWULHYHG IURP 3'3V DQG 3$3V�

DQG FRPSDUHG ZLWK VLWH�VSHFLpF HQYLURQPHQWV� 5HVXOWV VKRZ DQ H[FHOOHQW FRUUHODWLRQ EHWZHHQ WKH

SURSDJDWLRQ HQYLURQPHQWV DQG WKH PXOWLSDWK FKDQQHO VWUXFWXUHV� 7KH PHDVXUHPHQW UHVXOWV FRQpUP

WKDW WKH PDMRULW\ RI WKH PXOWLSDWK FRPSRQHQWV FDQ EH GHWHUPLQHG IURP LPDJH EDVHG UD\ WUDFLQJ

WHFKQLTXHV IRU /26 DSSOLFDWLRQV� )RU 1/26 SURSDJDWLRQ WKURXJK ZDOOV� WKH VWUXFWXUH RI FRPSRVLWH

ZDOOV PXVW EH FRQVLGHUHG IRU SURSDJDWLRQ SUHGLFWLRQ� )URP WKH UHFRUGHG 3'3V DQG 3$3V� UH�

FHLYHG VLJQDO SRZHU DQG VWDWLVWLFDO SDUDPHWHUV RI DQJOH�RI�DUULYDO �$2$� DQG WLPH�RI�DUULYDO �72$�

ZHUH DOVR FDOFXODWHG� 7KHVH SDUDPHWHUV DFFXUDWHO\ GHVFULEH WKH VSDWLDO DQG WHPSRUDO SURSHUWLHV RI

PLOOLPHWHU�ZDYH FKDQQHOV� DQG FDQ EH XVHG DV SUDFWLFDO YDOXHV IRU EURDGEDQG ZLUHOHVV V\VWHP GHVLJQ

RYHU �� *+] VKRUW�UDQJH FKDQQHOV�

���
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��� , QWU RGXFWLRQ

$GYDQFHG ZLUHOHVV V\VWHPV H[SORUH GLPHQVLRQV RI WLPH� IUHTXHQF\ DQG VSDFH WR PD[LPL]H WKH GDWD

UDWH DQG V\VWHP FDSDFLW\� 'HVLJQ RI VSDFH�WLPH FRGLQJ� HTXDOL]DWLRQ� DGDSWLYH DQWHQQD� DQG UDNH

UHFHLYHU WHFKQLTXHV UHOLHV RQ DFFXUDWH FKDUDFWHUL]DWLRQ RI WKH SURSDJDWLRQ FKDQQHO� &ODVVLFDO FKDQQHO

PRGHOV ZHUH GHYHORSHG IRU QDUURZEDQG PLFURZDYH V\VWHPV ZLWK RPQLGLUHFWLRQDO DQWHQQDV >��� ��@�

)RU PLOOLPHWHU�ZDYH ZLUHOHVV V\VWHPV ZLWK KLJK GDWD UDWHV DQG GLUHFWLRQDO DQWHQQDV� VPDOO�VFDOH

IDGLQJ LV PXFK PRUH GLrFXOW WR FKDUDFWHUL]H WKDQ IRU RPQL�QDUURZEDQG V\VWHPV� (rFLHQW GHVLJQ

RI WKHVH V\VWHPV GHSHQGV RQ GHWDLOHG NQRZOHGJH RI WKH PXOWLSDWK VWUXFWXUH RI WKH FKDQQHO� DQG

QDUURZEDQG FKDQQHO PRGHOV DUH QR ORQJHU VXrFLHQW�

7KH UHVHDUFK ZRUN SUHVHQWHG LQ WKLV FKDSWHU IRFXVHV RQ FKDUDFWHUL]DWLRQ RI �� *+] FKDQQHOV ERWK LQ

VSDFH DQG WLPH GHOD\� 7KH �� *+] VSHFWUXP LV SURSRVHG IRU IXWXUH�JHQHUDWLRQ EURDGEDQG ZLUHOHVV

V\VWHPV LQ LQGRRU DQG VKRUW�UDQJH RXWGRRU HQYLURQPHQWV� ZKHUH WKH UDGLR ZDYH FKDQQHO YDULHV

VLJQLpFDQWO\ IURP ORFDWLRQ WR ORFDWLRQ� ,Q SUDFWLFH� VLWH�VSHFLpF SUHGLFWLRQ WHFKQLTXHV� VXFK DV UD\

WUDFLQJ� DUH XVHG WR PRGHO PLOOLPHWHU�ZDYH FKDQQHOV >���@� +RZHYHU� OLWWOH OLWHUDWXUH LV DYDLODEOH

WR FDUHIXOO\ YHULI\ WKH UD\�WUDFLQJ PRGHO ZLWK KLJK�UHVROXWLRQ PHDVXUHPHQWV� RU WR SURYLGH GHWDLOHG

$2$ DQG 72$ SDUDPHWHUV IRU WKH �� *+] FKDQQHOV�

7KH JRDO RI WKLV UHVHDUFK LV WKUHHIROG�

s $FFXUDWHO\ PHDVXUH WKH FKDQQHO PXOWLSDWK VWUXFWXUH E\ VHSDUDWLQJ PXOWLSDWK FRPSRQHQWV E\
$2$ DQG 72$�

s 'HWHUPLQH WKH RULJLQ RI PXOWLSDWK E\ UHODWLQJ PXOWLSDWK $2$ DQG 72$ WR VLWH�VSHFLpF LQIRU�
PDWLRQ� DQG

s 3URYLGH HPSLULFDO YDOXHV RI VWDWLVWLFDO SDUDPHWHUV RI $2$ DQG 72$ IRU YDULRXV SURSDJDWLRQ
HQYLURQPHQWV�

6HFWLRQ ��� SUHVHQWV WKH PHDVXUHPHQW VHWXS� 6HFWLRQ ��� UHODWHV WKH PHDVXUHG FKDQQHO LPDJHV

WR WKH SURSDJDWLRQ HQYLURQPHQWV� )LQDOO\� 6HFWLRQ ��� VXPPDUL]HV WKH PHDVXUHG $2$ DQG 72$

SDUDPHWHUV�
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��� 0 HDVXU HPHQW 6HWXS

����� 0 HWKRGV WR 6HSDU DWH 0 XOWLSDWK &RPSRQHQWV

0XOWLSDWK FRPSRQHQWV FDQ EH VHSDUDWHG HLWKHU E\ WKHLU $2$ RU 72$� 7KH UHVXOWLQJ FKDQQHO FKDU�

DFWHULVWLFV FDQ EH UHFRUGHG DV D SRZHU GHOD\ SURpOH �3'3� RU D SRZHU DQJOH SURpOH �3$3�� $ 3'3

UHFRUGV WHPSRUDO SRZHU GLVWULEXWLRQ UHODWLYH WR PXOWLSDWK 72$� DQG D 3$3 UHFRUGV VSDWLDO SRZHU

GLVWULEXWLRQ UHODWLYH WR PXOWLSDWK $2$� :LGHEDQG PHDVXUHPHQW WHFKQLTXHV� VXFK DV YHFWRU QHW�

ZRUN DQDO\]HU RU VOLGLQJ FRUUHODWRU� DUH XVHG WR UHVROYH PXOWLSDWK E\ WKHLU GHOD\ WLPHV� +RZHYHU�

DOO PHDVXUHPHQW V\VWHPV KDYH OLPLWHG WLPH UHVROXWLRQ� (YHQ ZLWK WKH �� QV UHVROXWLRQ XVHG LQ WKLV

PHDVXUHPHQW FDPSDLJQ� WKH UHFHLYHG VLJQDO SXOVH PD\ VWLOO FRQWDLQ VHYHUDO PXOWLSDWK FRPSRQHQWV

DQG IDGH LQ D VPDOO ORFDO DUHD� 2QH PHWKRG IRU LQFUHDVLQJ PXOWLSDWK UHVROXWLRQ LV WR XVH GLUHFWLRQDO

DQWHQQDV DW WKH UHFHLYHU WR VHSDUDWH PXOWLSDWK FRPSRQHQWV� SURYLGHG WKH\ DUULYH IURP GLoHUHQW

GLUHFWLRQV�

$QJXODU VHSDUDWLRQ RI PXOWLSDWK FRPSRQHQWV FDQ EH DFKLHYHG E\ XVLQJ GLUHFWLRQ�pQGLQJ DQWHQQD

DUUD\V >���@� V\QWKHWLF DSHUWXUH UDGDU WHFKQLTXHV >���� ���� ���@� RU KLJKO\ GLUHFWLRQDO DQWHQQDV

>��� ���@� ,Q DQWHQQD DUUD\ V\VWHPV� PXOWLSOH DQWHQQDV DUH XVHG DW WKH UHFHLYHU� 6LJQDOV UHFHLYHG DW

WKH DUUD\ HOHPHQWV DUH ZHLJKWHG DQG FRPELQHG WR DWWHQXDWH UHFHLYHG VLJQDOV DUULYLQJ IURP RXWVLGH

WKH GHVLUHG GLUHFWLRQ� 7KLV WHFKQLTXH DOORZV IDVW PHDVXUHPHQWV RI WKH FKDQQHO� EXW LV SURQH WR

PXWXDO FRXSOLQJ DPRQJ DQWHQQD HOHPHQWV� 6\QWKHWLF DSHUWXUH UDGDU WHFKQLTXHV HOLPLQDWH PXWXDO

FRXSOLQJ E\ XVLQJ RQO\ RQH DQWHQQD WKDW PRYHV LQWR GLoHUHQW ORFDWLRQV RI WKH DUUD\� ,W SURGXFHV

UHVXOWV VLPLODU WR DQ DQWHQQD DUUD\� SURYLGHG DOO PHDVXUHPHQWV DUH WDNHQ ZLWKLQ WKH FKDQQHO
V

FRKHUHQFH WLPH� (OHFWURQLF EHDP IRUPLQJ WHFKQLTXHV� VXFK DV GLUHFWLRQ�pQGLQJ DQWHQQD DUUD\V�

UHTXLUH DFFXUDWH SKDVH PHDVXUHPHQWV DQG HODERUDWH SURFHVVLQJ� 3$3V FDQ DOVR EH PHDVXUHG E\

PHFKDQLFDOO\ URWDWLQJ D KLJKO\ GLUHFWLRQDO DQWHQQD� 7KH DGYDQWDJH LV WKDW LW GRHV QRW UHTXLUH SKDVH

LQIRUPDWLRQ� $W ORZ IUHTXHQFLHV� KLJKO\ GLUHFWLRQDO DQWHQQDV KDYH ODUJH GLPHQVLRQV DQG SUHVHQW

GLrFXOW\ LQ PHFKDQLFDO VWHHULQJ� +RZHYHU� DW PLOOLPHWHU ZDYH IUHTXHQFLHV� PLQLDWXUL]HG GLUHFWLRQDO

DQWHQQDV FDQ EH HDVLO\ LPSOHPHQWHG�
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)LJXUH ��� $XWRPDWHG WUDFN V\VWHP >�@�

����� 0 HDVXU HPHQW 3 U RFHGXU H

,Q WKLV PHDVXUHPHQW FDPSDLJQ� D PHFKDQLFDOO\ VWHHUHG GLUHFWLRQDO DQWHQQD ZDV XVHG WR UHVROYH

PXOWLSDWK� $Q DXWRPDWHG V\VWHP ZDV XVHG WR SUHFLVHO\ SRVLWLRQ WKH UHFHLYHU DQWHQQD DORQJ D OLQ�

HDU WUDFN� DQG WKHQ URWDWH WKH DQWHQQD LQ WKH D]LPXWKDO GLUHFWLRQ� 7KH WUDFN V\VWHP LV VKRZQ LQ

)LJXUH ��� 7KH SUHFLVLRQV RI WKH WUDFN SRVLWLRQ DQG VSLQ SRVLWLRQ DUH EHWWHU WKDQ � PP DQG ���

UHVSHFWLYHO\ >�@� :KHQ D KLJKO\ GLUHFWLRQDO DQWHQQD LV XVHG� WKLV V\VWHP SURYLGHV KLJK VSDWLDO UHVR�

OXWLRQ WR UHVROYH PXOWLSDWK FRPSRQHQWV ZLWK GLoHUHQW $2$V� 7KH VOLGLQJ FRUUHODWRU WHFKQLTXH ZDV

XVHG WR IXUWKHU UHVROYH PXOWLSDWK FRPSRQHQWV ZLWK WKH VDPH $2$ E\ WKHLU 72$V� 7KH VSUHDG VSHF�

WUXP VLJQDO KDG D 5) EDQGZLGWK RI ��� 0+] � ZKLFK SURYLGHG D WLPH UHVROXWLRQ RI DSSUR[LPDWHO\

�� QV �

7R UHSUHVHQW GLoHUHQW SURSDJDWLRQ HQYLURQPHQWV� WKH PHDVXUHPHQWV ZHUH WDNHQ LQ YDULRXV ORFDWLRQV



&KDSWHU �� &KDUDFWHULVWLFV RI �� *+] ,QGRRU &KDQQHOV� ���

)LJXUH ��� 7UDFN DQG VSLQ PHDVXUHPHQW SURFHGXUH�

�6LWH LQIRUPDWLRQ LV GHVFULEHG LQ 6HFWLRQ ������� $W HDFK ORFDWLRQ� ERWK WUDFN PHDVXUHPHQWV DQG

VSLQ PHDVXUHPHQWV ZHUH SHUIRUPHG DV VKRZQ LQ )LJXUH ���

s 7UDFN PHDVXUHPHQWV� 'XULQJ D WUDFN PHDVXUHPHQW� WKH WUDQVPLWWHU DQG UHFHLYHU DQWHQQDV DUH
DOLJQHG� DQG WKH UHFHLYHU LV PRYHG DORQJ WKH WUDFN SDUDOOHO WR WKH /26 SDWK� 3'3V DUH WDNHQ

DW �� SRVLWLRQV DORQJ WKH WUDFN ZLWK D VHSDUDWLRQ RI D TXDUWHU ZDYHOHQJWK� 7KLV DOORZV D VSDWLDO

VDPSOLQJ UDWH RI � VDPSOHV SHU ZDYHOHQJWK DORQJ WKH WUDFN ZLWK D OHQJWK RI �� ZDYHOHQJWKV�

7KH SXUSRVH RI WKH WUDFN PHDVXUHPHQW LV WR VWXG\ WKH UDQJH RI VPDOO�VFDOH VLJQDO YDULDWLRQV

DQG 72$ VWDWLVWLFV IRU W\SLFDO LQGRRU DSSOLFDWLRQV� ZKHUH WUDQVPLWWHU DQG UHFHLYHU DQWHQQDV

DUH p[HG DQG DOLJQHG�

s 6SLQ PHDVXUHPHQWV� 'XULQJ D VSLQ PHDVXUHPHQW� WKH UHFHLYHU LV PRYHG DORQJ WKH OLQHDU
WUDFN WR � GLoHUHQW SRVLWLRQV� 7KH VSDWLDO VHSDUDWLRQ EHWZHHQ WZR VXFFHVVLYH SRVLWLRQV LV �

ZDYHOHQJWKV� $W HDFK SRVLWLRQ� WKH UHFHLYHU DQWHQQD LV URWDWHG LQ D]LPXWK IURP �r WR ���r

ZLWK D VWHS RI �r� DQG 3'3V DUH UHFRUGHG DW HDFK RI WKH �� DQJXODU VWHSV� 7KHQ� D ORFDO

DYHUDJH LV FDOFXODWHG IURP WKH PHDVXUHPHQW UHVXOWV DW � GLoHUHQW SRVLWLRQV� 7KH ORFDO DYHUDJH
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KHOSV WR UHPRYH DQ\ UHVLGXDO VPDOO�VFDOH RU WLPH�YDU\LQJ IDGLQJ WKDW PD\ RFFXU DW LQGLYLGXDO

SRVLWLRQV� 7KH DYHUDJHG 3'3V DQG 3$3V DUH SURFHVVHG WR REWDLQ WKH $2$ DQG 72$ VWDWLVWLFV

RI WKH FKDQQHO� 'HpQLWLRQV RI WKH VWDWLVWLFDO SDUDPHWHUV DUH SUHVHQWHG LQ 6HFWLRQ ���� DQG WKH

PHDVXUHPHQW UHVXOWV DUH SUHVHQWHG LQ 6HFWLRQ ������ 7KH SXUSRVH RI WKH VSLQ PHDVXUHPHQW LV

WR REWDLQ WKH FRPSOHWH VSDWLDO�WHPSRUDO FKDUDFWHULVWLFV RI WKH FKDQQHO� 7KH JHQHUDO UHVXOWV

SURYLGH GHHS XQGHUVWDQGLQJ RI WKH ZDYH SURSDJDWLRQ LQ D ORFDO DUHD� 7KH PHDVXUHG UHVXOWV FDQ

DOVR EH DSSOLHG WR YHULpFDWLRQ RI UD\ WUDFLQJ FKDQQHO HVWLPDWLRQ� SRVLWLRQ ORFDWLRQ DOJRULWKPV�

DQG GHYHORSPHQW RI p[HG DV ZHOO DV PRELOH ZLUHOHVV DSSOLFDWLRQV�

����� $QWHQQD 3 DWWHU QV

)RU WKLV PHDVXUHPHQW FDPSDLJQ� DQ RSHQ�HQGHG ZDYHJXLGH ZLWK ��r KDOI�SRZHU�EHDPZLGWK �+3%:�

DQG ��� G% JDLQ ZDV XVHG DV WKH WUDQVPLWWHU DQWHQQD� DQG D KRUQ DQWHQQD ZLWK �r +3%: DQG �� G%

JDLQ ZDV XVHG DV WKH UHFHLYHU DQWHQQD� 7KHVH DQWHQQDV ZHUH FKRVHQ WR HPXODWH W\SLFDO DQWHQQD V\V�

WHPV WKDW DUH SURSRVHG IRU PLOOLPHWHU�ZDYH LQGRRU DSSOLFDWLRQV� ZKHUH D VHFWRU DQWHQQD LV XVHG DW

WKH WUDQVPLWWHU DQG KLJKO\ GLUHFWLRQDO DQWHQQD LV XVHG DW WKH UHFHLYHU� 7KH DQWHQQD SDWWHUQV ZHUH

PHDVXUHG E\ SHUIRUPLQJ WKH VSLQ PHDVXUHPHQWV LQ DQ RSHQ DUHD LQ WKH SDUNLQJ ORW� 7KH DQWHQQD

SDWWHUQ ZDV JHQHUDWHG E\ VZHHSLQJ WKH DQWHQQD XQGHU WHVW DQG SORWWLQJ WKH SHDN UHFHLYHG SRZHU DW

HDFK SRLQWLQJ DQJOH� 7KH PHDVXUHG DQWHQQD SDWWHUQV DUH SUHVHQWHG LQ )LJXUH ���

����� 6LWH 'HVFU LSWLRQ

$ WRWDO RI �� VSLQ DQG WUDFN PHDVXUHPHQWV LQ � GLoHUHQW ORFDWLRQV ZHUH PHDVXUHG DW WKH 9LUJLQLD

7HFK FDPSXV� 7KH VLWH LQIRUPDWLRQ LV VXPPDUL]HG LQ WKH PDSV DQG SKRWRV LQ $SSHQGL[ '�

/RFDWLRQV � DQG � UHSUHVHQW W\SLFDO KDOOZD\V� /RFDWLRQ � ZDV LQ WKH KDOOZD\ RQ WKH IRXUWK qRRU RI

1HZ (QJLQHHULQJ %XLOGLQJ �1(%�� 1(% LV D IRXU�VWRU\ FRQFUHWH EXLOGLQJ� ZKLFK ZDV EXLOW LQ �����

7KH KDOOZD\ GLPHQVLRQV DUH ���d ���d ��� P �,Q WKLV VHFWLRQ� DOO WKH GLPHQVLRQV DUH JLYHQ LQ WKH
RUGHU RI OHQJWK� ZLGWK DQG KHLJKW�� /RFDWLRQ � ZDV LQ WKH KDOOZD\ RQ WKH VHFRQG qRRU RI :KLWWHPRUH

KDOO� 7KH KDOOZD\ GLPHQVLRQV DUH ����d ���d ��� P� )RU ERWK ORFDWLRQV� WKH WUDQVPLWWHU ZDV p[HG
DW RQH HQG RI WKH KDOOZD\� 6HYHUDO UHFHLYHU SRVLWLRQV ZHUH FKRVHQ DW VHSDUDWLRQV UDQJLQJ IURP � P
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)LJXUH ��� 5HFHLYHU DQG WUDQVPLWWHU DQWHQQD SDWWHUQV XVHG LQ WKH PHDVXUHPHQW FDPSDLJQ�

WR �� P IURP WKH WUDQVPLWWHU� $OO UHFHLYHU SRVLWLRQV KDG /26 WR WKH WUDQVPLWWHU�

/RFDWLRQV � DQG � UHSUHVHQW VPDOO WR PHGLXP�VL]HG URRPV� /RFDWLRQ � ZDV LQ D FRQIHUHQFH URRP RQ

WKH IRXUWK qRRU RI 1(%� 7KH GLPHQVLRQV RI WKH URRP DUH ���d ���d ��� P� 7KH WUDQVPLWWHU ZDV
p[HG LQ RQH FRUQHU RI WKH URRP� 7KH UHFHLYHU ZDV SODFHG LQ WZR GLoHUHQW SRVLWLRQV� LQ WKH RSSRVLWH

FRUQHU RI WKH URRP DQG WKH FHQWHU RI WKH URRP� /RFDWLRQ � ZDV LQ D FODVVURRP LQ :KLWWHPRUH +DOO

ZLWK GLPHQVLRQV RI ��� d ��� d ��� P� 7KH WUDQVPLWWHU ZDV p[HG LQ RQH FRUQHU RI WKH URRP� 7KH
UHFHLYHU ZDV SODFHG LQ IRXU GLoHUHQW SRVLWLRQV� WKH FHQWHU DQG WKH RWKHU WKUHH FRUQHUV RI WKH URRP�

/RFDWLRQV � DQG � ZHUH FKRVHQ WR VWXG\ 1/26 SURSDJDWLRQ IURP D KDOOZD\ WR D URRP� DQG IURP

D URRP WR DQ DGMDFHQW URRP� UHVSHFWLYHO\� ,Q ORFDWLRQ �� WKH UHFHLYHU ZDV LQ D ODERUDWRU\ ZLWK

GLPHQVLRQV RI ���� d ��� d ��� P� 7KH WUDQVPLWWHU ZDV SODFHG LQ WKH KDOOZD\� 7ZR GLoHUHQW

SRVLWLRQV ZHUH PHDVXUHG� ,Q RQH SRVLWLRQ� WKH WUDQVPLWWHU DQG UHFHLYHU DQWHQQDV ZHUH VHSDUDWHG E\ D

FRPSRVLWH ZDOO ZLWK PHWDOOLF VWXGV LQVLGH� ,Q WKH RWKHU SRVLWLRQ� WKH DQWHQQDV ZHUH VHSDUDWHG E\ WKH

JODVV GRRU� ,Q ORFDWLRQ �� WKH WUDQVPLWWHU DQG UHFHLYHU ZHUH SODFHG LQ WZR DGMDFHQW URRPV VHSDUDWHG

E\ D FRPSRVLWH ZDOO ZLWK PHWDOOLF VWXGV LQVLGH� 7KH GLPHQVLRQV RI WKH URRPV DUH ���� d ���d ���
P DQG ���d ���d ��� P� 7KH PHWDOOLF VWXGV DUH VHSDUDWHG E\ �� FP ��� LQ��

/RFDWLRQV � DQG � ZHUH RXWGRRU ORFDWLRQV� /RFDWLRQ � ZDV LQ D SDUNLQJ ORW ZLWK QR FDUV� 7KH
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RQO\ SRVVLEOH VFDWWHUHUV ZHUH WKH ODPS SRVWV� 7KLV ORFDWLRQ ZDV VHOHFWHG WR SHUIRUP IUHH�VSDFH

FDOLEUDWLRQ DQG DQWHQQD SDWWHUQ PHDVXUHPHQWV� /RFDWLRQ � ZDV QHDU WKH H[WHULRU VWRQH ZDOO RI 1(%�

7KH WUDQVPLWWHU DQG UHFHLYHU ZHUH SODFHG DORQJ WKH ZDOO ZLWK D VHSDUDWLRQ RI � P WR � P EHWZHHQ

WKH DQWHQQDV� %RWK DQWHQQDV ZHUH ��� P IURP WKH ZDOO� 7KH VLPSOH SURSDJDWLRQ HQYLURQPHQWV RI

ORFDWLRQV � DQG � ZHUH FKRVHQ WR YHULI\ WKH V\VWHP SHUIRUPDQFH�

7KH PDLQ UDWLRQDO RI FKRRVLQJ WKHVH HLJKW ORFDWLRQV ZDV WR SURYLGH D YDULHW\ RI GLoHUHQW SURSDJDWLRQ

VFHQDULRV IRU WKH PHDVXUHPHQWV� DQG DOVR SURYLGH FRQWUROODEOH HQYLURQPHQWV IRU DQDO\VLV DQG VLWH�

VSHFLpF FKDQQHO PRGHOLQJ�

��� 5HODWLQJ 0 XOWLSDWK 6WU XFWXU H WR 3 U RSDJDWLRQ ( QYLU RQPHQWV

����� 3 RZHU $QJOH 3 U RpOHV

7KLV VHFWLRQ LQYHVWLJDWHV WKH FRUUHODWLRQ EHWZHHQ WKH SURSDJDWLRQ HQYLURQPHQWV DQG WKH PXOWLSDWK

$2$� 0HDVXUHG 3$3V DUH LPSRUWHG LQWR WKH VLWH�PDS WR LGHQWLI\ WKH RULJLQ RI HDFK PXOWLSDWK

FRPSRQHQW�

([DPSOHV RI WKH 3$3 UHVXOWV DUH VKRZQ LQ )LJXUH �� IRU SURSDJDWLRQ ZLWKLQ D URRP� LQ )LJXUH ��

IRU SURSDJDWLRQ LQ D KDOOZD\� DQG LQ )LJXUH �� IRU SURSDJDWLRQ LQWR URRPV�

7KH 3$3V H[KLELW VWURQJ FRUUHODWLRQ ZLWK WKH SURSDJDWLRQ HQYLURQPHQWV� 7KH IROORZLQJ REVHUYDWLRQV

ZHUH PDGH IURP WKH UHFRUGHG 3$3V�

s 3URSDJDWLRQ ZLWKLQ D URRP� $V VKRZQ LQ )LJXUH ��� ZKHQ WKH /26 SDWK H[LVWV� WKH PD[LPXP

PXOWLSDWK FRPSRQHQW LV DOZD\V IURP WKH /26 GLUHFWLRQ� 7KH YDOXH RI WKH PD[LPXP PXOWLSDWK

SRZHU LV JLYHQ DV 3 LQ G%P LQ WKH OHJHQG� 3RZHUV RI WKH RWKHU VPDOO PXOWLSDWK FRPSRQHQWV

DUH JLYHQ LQ G% LQ WKH pJXUH UHODWLYH WR WKH PD[LPXP SRZHU� /26 DQG WKH pUVW�RUGHU UHqHFWHG

ZDYHV FRQWULEXWH WKH PDMRULW\ RI WKH PXOWLSDWK FRPSRQHQWV �WKH RUGHU RI UHqHFWLRQ LV UHIHUULQJ

WR WKH QXPEHU RI UHqHFWLRQV WKDW D PXOWLSDWK FRPSRQHQW JRHV WKURXJK EHIRUH LW UHDFKHV WKH

UHFHLYHU�� ,Q WKH FHQWHU ORFDWLRQ ���� WKHUH DUH RQO\ WKUHH VWURQJ PXOWLSDWK FRPSRQHQWV� RQH

LV WKH /26 FRPSRQHQW� WKH RWKHU WZR DUH pUVW�RUGHU UHqHFWHG ZDYHV IURP WKH VLGHZDOOV� 7KH



&KDSWHU �� &KDUDFWHULVWLFV RI �� *+] ,QGRRU &KDQQHOV� ���

)LJXUH ��� $2$ PHDVXUHPHQWV IRU SURSDJDWLRQ ZLWKLQ D URRP �ORFDWLRQ ��� UHODWLYH SRZHU OHYHOV
JLYHQ LQ SRODU SORWV DQG SHDN PXOWLSDWK SRZHU �3� JLYHQ LQ WH[W� 5D\V DUH VKRZQ RQO\ IRU ORFDWLRQV
��� DQG ��� LQ WKH pJXUH� VLPLODU SURFHGXUH FDQ EH SHUIRUPHG IRU DOO WKH ORFDWLRQV�
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)LJXUH ��� $2$ PHDVXUHPHQWV IRU SURSDJDWLRQ DORQJ D KDOOZD\ �ORFDWLRQ ��� UHODWLYH SRZHU OHYHOV
JLYHQ LQ SRODU SORWV DQG SHDN PXOWLSDWK SRZHU �3� JLYHQ LQ WH[W�
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)LJXUH ��� $2$ PHDVXUHPHQWV IRU SURSDJDWLRQ LQWR URRPV �ORFDWLRQV � DQG ��� UHODWLYH SRZHU OHYHOV
JLYHQ LQ SRODU SORWV DQG SHDN PXOWLSDWK SRZHU �3� JLYHQ LQ WH[W�
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UHqHFWHG ZDYH IURP ?ZDOO �� LV �� G% EHORZ WKH /26 FRPSRQHQW� 7KH EODFNERDUG DSSHDUV

WR EH D VWURQJ UHqHFWRU� 7KH UHqHFWHG ZDYH IURP WKH EODFNERDUG LV RQO\ � G% EHORZ WKH /26

SDWK� 7KHUH DUH PRUH PXOWLSDWK FRPSRQHQWV LQ WKH FRUQHU ORFDWLRQV RI WKH URRP� ,Q ORFDWLRQ

���� WKH PXOWLSDWK FRPSRQHQWV FRQVLVWV RI /26 FRPSRQHQW� pUVW�RUGHU UHqHFWHG ZDYHV IURP

?ZDOO �� DQG WKH EODFNERDUG� DQG WKH VHFRQG�RUGHU UHqHFWHG ZDYH IURP ?ZDOO �� DQG WKH

EODFNERDUG� 6LPLODU DQDO\VLV FDQ EH SHUIRUPHG IRU ORFDWLRQV ��� DQG ���� $W ORFDWLRQ ���� WKH

VWURQJ UHqHFWLRQ RI WKH EODFNERDUG UHVXOWHG LQ D PXOWLSDWK FRPSRQHQW ZLWK FRPSDUDEOH SRZHU

ZLWK WKH /26 FRPSRQHQW�

s 3URSDJDWLRQ LQ D KDOOZD\� )LJXUH �� VKRZV WKH PHDVXUHPHQW UHVXOWV RI ORFDWLRQ � LQ WKH

KDOOZD\� )RU DOO WKH PHDVXUHPHQW SRVLWLRQV� WKH VWURQJHVW PXOWLSDWK FRPSRQHQW FDPH IURP

WKH /26 GLUHFWLRQ� )RU ORFDWLRQ ���� WKH PDLQ PXOWLSDWK FRPSRQHQWV DUH /26 DQG WKH UHqHFWHG

ZDYHV IURP WKH VLGHZDOOV� /RFDWLRQ ��� LV QHDU WKH LQWHUVHFWLRQ RI WZR KDOOZD\V� 7KH /26

FRPSRQHQW DQG UHqHFWHG ZDYHV IURP VLGHZDOOV DUH VWLOO VWURQJ� EXW EHFDPH PRUH GLoXVLYH� $

VWURQJ PXOWLSDWK FRPSRQHQW FDPH IURP WKH FRUQHU RI URRP ���� $V VKRZQ LQ ORFDWLRQV ����

��� DQG ���� ZKHQ WKH VHSDUDWLRQ IXUWKHU LQFUHDVHV� WKH UHqHFWLRQV IURP WKH VLGHZDOOV EHFDPH

LQVLJQLpFDQW� 7KH UHqHFWLRQ IURP WKH RWKHU HQG RI WKH KDOOZD\ EHFDPH VWURQJHU� 5HVXOWV IURP

ORFDWLRQ ��� FOHDUO\ VKRZ WKH /26 DQG WKH UHqHFWHG ZDYH FRPSRQHQWV�

s 3URSDJDWLRQ WKURXJK ZDOOV� )LJXUH �� VKRZV WKH PHDVXUHPHQW UHVXOWV IRU 1/26 SURSDJDWLRQ

LQWR URRPV� ,Q ERWK ORFDWLRQV� WKH UDGLR ZDYH SURSDJDWHV WKURXJK D FRPSRVLWH ZDOO ZLWK PHWDO�

OLF VWXGV� 5HVXOWV LQGLFDWH WKDW WKH PHWDOOLF VWXGV KDYH VWURQJ LPSDFW RQ WKH PLOOLPHWHU�ZDYH

SURSDJDWLRQ� ,Q ORFDWLRQ �� WKH PHWDOOLF VWXGV GR QRW REVWUXFW WKH /26 SDWK� 0HDVXUHPHQW

UHVXOWV VKRZ WKDW WKH SHQHWUDWLRQ ORVV LV � G% WKURXJK WKH ZDOO EHWZHHQ WKH URRP DQG WKH

KDOOZD\� 7KH VWURQJHVW PXOWLSDWK FRPSRQHQW LV VWLOO IURP WKH WUDQVPLWWHU GLUHFWLRQ� 2WKHU

PDMRU PXOWLSDWK FRPSRQHQWV DUH UHqHFWHG ZDYHV IURP WKH PHWDOOLF ERRNVKHOYHV� 7KH PXOWL�

SDWK HQHUJ\ VHHPV WR EH PRUH GLoXVH LQ WKHLU $2$V LQ WKLV 1/26 FDVH DV FRPSDUHG WR WKH

/26 SURSDJDWLRQ ZLWKLQ D URRP �)LJXUH ���� 5HqHFWLRQV�VFDWWHULQJ RI WKH UDGLR ZDYH IURP

WKH VWXGV DOVR FRQWULEXWH WR WKH PXOWLSDWK FRPSRQHQWV�

,Q ORFDWLRQ �� WKH PHWDOOLF VWXG REVWUXFWV WKH /26 SDWK� DQG WKH PHDVXUHPHQW UHVXOWV VKRZ

WKDW WKH SHQHWUDWLRQ ORVV WKURXJK WKH ZDOO DQG WKH EODFNERDUG LV DV KLJK DV ���� G%� 6LQFH
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WKH /26 SDWK ZDV KLJKO\ DWWHQXDWHG� WKH PD[LPXP PXOWLSDWK SRZHU FDPH IURP WKH UHqHFWHG

SDWK WKURXJK WZR JODVV GRRUV� 2WKHU VWURQJ PXOWLSDWK FRPSRQHQWV PLJKW FDPH IURP WKH

UHqHFWLRQ�VFDWWHULQJ IURP WKH PHWDOOLF SORWWHU RU WKH VWXGV�

7KHVH PHDVXUHPHQW UHVXOWV FOHDUO\ GHPRQVWUDWH D VWURQJ FRUUHODWLRQ EHWZHHQ WKH SURSDJDWLRQ HQ�

YLURQPHQWV DQG WKH PXOWLSDWK FKDQQHO VWUXFWXUH� 7KH IROORZLQJ JHQHUDO FRQFOXVLRQV FDQ EH PDGH

IURP DOO WKH PHDVXUHPHQW UHVXOWV�

s )RU /26 DSSOLFDWLRQV� IUHH VSDFH SURSDJDWLRQ DQG UHqHFWLRQ DUH WKH GRPLQDQW SURSDJDWLRQ
PHFKDQLVPV� :KHQ WKHUH DUH QR VWURQJ UHqHFWRUV LQ WKH SURSDJDWLRQ HQYLURQPHQW� WKH UH�

qHFWHG PXOWLSDWK FRPSRQHQWV DUH DW OHDVW �� G% EHORZ WKH /26 FRPSRQHQW� /26 FRPSRQHQW

DQG pUVW�RUGHU UHqHFWHG ZDYHV FRQWULEXWH PDMRULW\ RI WKH UHFHLYHG VLJQDO SRZHU� 6WURQJ PXO�

WLSDWK FRPSRQHQWV FDQ UHVXOW IURP VWURQJ UHqHFWRUV� VXFK DV PHWDOOLF IXUQLWXUH� :KHQ VWURQJ

UHqHFWRUV DUH SUHVHQW� WKH UHqHFWHG ZDYH FDQ EH FRPSDUDEOH WR WKH /26 FRPSRQHQW� ,PDJH�

EDVHG UD\ WUDFLQJ �VXFK DV WKH RQH SUHVHQWHG LQ >���@� FDQ EH XVHG WR HVWLPDWH WKH FKDQQHO

PXOWLSDWK VWUXFWXUH DW PLOOLPHWHU�ZDYH IUHTXHQFLHV� )RU LQVWDOODWLRQ SXUSRVHV RU D UXOH�RI�

WKXPE HVWLPDWLRQ� /26 DQG pUVW�RUGHU UHqHFWLRQV FDQ EH FRQVLGHUHG EDVHG RQ WKH VLWH JHRP�

HWU\� )RU PRUH DFFXUDWH SUHGLFWLRQ� UD\�WUDFLQJ ZLWK VHFRQG�RUGHU RU WKLUG�RUGHU UHqHFWLRQV

FDQ EH XVHG�

s )RU 1/26 DSSOLFDWLRQV� WKH GLUHFW SDWK FDQ EH KLJKO\ DWWHQXDWHG DQG EHFRPH FRPSDUDEOH WR
UHqHFWHG PXOWLSDWK FRPSRQHQWV� $V D UHVXOW� WKH PXOWLSDWK FKDQQHO VWUXFWXUH PD\ EHFRPH

PRUH GLoXVH WKDQ LQ /26 HQYLURQPHQWV� :KHQ UDGLR ZDYHV SURSDJDWH WKURXJK FRPSRVLWH

ZDOOV� PHWDOOLF VWXGV ZLWKLQ WKH ZDOO PXVW EH FRQVLGHUHG� 3HQHWUDWLRQ ORVV WKURXJK WKH FRP�

SRVLWH ZDOO GHSHQGV RQ WKH SRVLWLRQ DQG RULHQWDWLRQ RI WKH VWXGV ZLWKLQ WKH ZDOO� 5HVXOWV RI

SHQHWUDWLRQ ORVV PHDVXUHPHQWV DUH SUHVHQWHG LQ 6HFWLRQ ������ $V VKRZQ LQ WKH PHDVXUHPHQW

UHVXOWV IURP ORFDWLRQV � DQG �� UHqHFWLRQ DQG VFDWWHULQJ IURP WKH PHWDOOLF VWXGV PD\ UHVXOW

LQ VWURQJ PXOWLSDWK FRPSRQHQWV� 0RUH GHWDLOHG DQDO\VLV RI WKH HoHFWV RI GLoHUHQW FRPSRVLWH

ZDOOV RQ VKRUW�SDWK SURSDJDWLRQ FDQ EH IRXQG LQ >���@ IRU ��� 0+] � LQ >���@ IRU ��� *+] �

DQG LQ >��� ���@ IRU �� *+] �

,W LV ZRUWK QRWLQJ WKDW PLOOLPHWHU�ZDYH V\VWHPV DUH PDLQO\ SURSRVHG IRU /26 DSSOLFDWLRQV� 7KH
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PHDVXUHPHQW UHVXOWV DQG DQDO\VLV VKRZ WKDW VLWH�VSHFLpF SURSDJDWLRQ PRGHOV� VXFK DV UD\�WUDFLQJ�

FDQ EH XVHG WR SUHFLVHO\ LPDJH WKH VSDFH�WLPH FKDQQHO IRU /26 DSSOLFDWLRQV�

��� 6WDWLVWLFDO 3 DU DPHWHU V RI WKH &KDQQHO

6LWH�VSHFLpF SUHGLFWLRQ UHTXLUHV GHWDLOHG NQRZOHGJH RI WKH SURSDJDWLRQ HQYLURQPHQWV� :KHQ VXFK

LQIRUPDWLRQ LV QRW DYDLODEOH� VWDWLVWLFDO PRGHOV FDQ EH XVHG WR GHVFULEH JHQHUDO FKDQQHO SURSHUWLHV�

7KLV VHFWLRQ SUHVHQWV WKH VWDWLVWLFDO SDUDPHWHUV GLVWLOOHG IURP DOO WKH PHDVXUHPHQWV LQ GLoHUHQW

ORFDWLRQV� 7KH PHDVXUHG SDUDPHWHUV LQFOXGH UHFHLYHG VLJQDO SRZHU� 72$ SDUDPHWHUV� DQG $2$

SDUDPHWHUV�

����� 'HpQLWLRQ RI WKH 6WDWLVWLFDO 3 DU DPHWHU V

72$ 3DUDPHWHUV

72$ SDUDPHWHUV FKDUDFWHUL]H WKH WLPH GLVSHUVLRQ RI D PXOWLSDWK FKDQQHO� 7KH UHFRUGHG 72$

SDUDPHWHUV LQFOXGH PHDQ H[FHVV GHOD\� z� � 506 GHOD\ VSUHDG� �� � DQG DOVR WKHLU WLPLQJ MLWWHU DQG

VWDQGDUG GHYLDWLRQ LQ D VPDOO ORFDO DUHD� 3DUDPHWHUV RI z� DQG �� DUH JLYHQ DV IROORZLQJ >��@�
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ZKHUH 3L DQG �L DUH WKH SRZHU DQG GHOD\ RI WKH LWK PXOWLSDWK FRPSRQHQW RI D 3'3� UHVSHFWLYHO\�

DQG 1 LV WKH WRWDO QXPEHU RI PXOWLSDWK FRPSRQHQWV�

7LPLQJ MLWWHU LV FDOFXODWHG DV WKH GLoHUHQFH EHWZHHQ WKH PD[LPXP DQG PLQLPXP PHDVXUHG YDOXHV

LQ D ORFDO DUHD� 7LPLQJ MLWWHU� r�[�� DQG VWDQGDUG GHYLDWLRQ� c�[�� DUH GHpQHG DV >�@
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z[  
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L �
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z[�  
0;
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ZKHUH [L LV WKH PHDVXUHG YDOXH IRU SDUDPHWHU [ �z� RU �� � LQ WKH LWK PHDVXUHPHQW SRVLWLRQ RI WKH

VSDWLDO VDPSOLQJ� DQG 0 LV WKH WRWDO QXPEHU RI WKH VSDWLDO VDPSOHV LQ WKH ORFDO DUHD� )RU H[DPSOH�

IRU WKH WUDFN PHDVXUHPHQWV� 0 ZDV FKRVHQ WR EH ���

0HDQ H[FHVV GHOD\ DQG 506 GHOD\ VSUHDG DUH WKH VWDWLVWLFDO PHDVXUHV RI WKH WLPH GLVSHUVLRQ RI WKH

FKDQQHO� 7LPLQJ MLWWHU DQG VWDQGDUG GHYLDWLRQ RI z� DQG �� VKRZ WKH YDULDWLRQ RI WKHVH SDUDPHWHUV

LQ WKH VPDOO ORFDO DUHD�

7KHVH 72$ SDUDPHWHUV GLUHFWO\ DoHFW WKH SHUIRUPDQFH RI KLJK�VSHHG ZLUHOHVV V\VWHPV� )RU LQVWDQFH�

WKH PHDQ H[FHVV GHOD\ FDQ EH XVHG WR HVWLPDWH WKH VHDUFK UDQJH RI UDNH UHFHLYHUV� DQG WKH 506

GHOD\ VSUHDG FDQ EH XVHG WR GHWHUPLQH WKH PD[LPXP WUDQVPLVVLRQ GDWD UDWH LQ WKH FKDQQHO ZLWKRXW

HTXDOL]DWLRQ� 7KH WLPLQJ MLWWHU DQG VWDQGDUG GHYLDWLRQ SDUDPHWHUV FDQ EH XVHG WR GHWHUPLQH WKH

XSGDWH UDWH IRU D UDNH UHFHLYHU RU DQ HTXDOL]HU�

$2$ 3DUDPHWHUV

$2$ SDUDPHWHUV FKDUDFWHUL]H WKH GLUHFWLRQDO GLVWULEXWLRQ RI PXOWLSDWK SRZHU� 7KH UHFRUGHG $2$

SDUDPHWHUV LQFOXGH DQJXODU VSUHDG� e� DQJXODU FRQVWULFWLRQ� q� DQG PD[LPXP IDGLQJ DQJOH� vPD[�

DQG PD[LPXP $2$ GLUHFWLRQ� $QJXODU SDUDPHWHUV e� q� DQG vPD[ DUH GHpQHG EDVHG RQ WKH )RXULHU

WUDQVIRUP RI WKH DQJXODU GLVWULEXWLRQ RI PXOWLSDWK SRZHU� S�v� >���@�
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V
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N)�N� �������

q  
N)�)� b ) �� N
N)�N� b N)�N� �������

vPD[  
�

�
3KDVHI)�)� b ) �� J �������

ZKHUH

)Q  

= �}
�

S�v� H[S�MQv�Gv �������



&KDSWHU �� &KDUDFWHULVWLFV RI �� *+] ,QGRRU &KDQQHOV� ���

)Q LV WKH QWK )RXULHU WUDQVIRUP RI S�v�� $V VKRZQ LQ >���@� DQJXODU VSUHDG� DQJXODU FRQVWULFWLRQ DQG

PD[LPXP IDGLQJ DQJOH DUH WKUHH NH\ SDUDPHWHUV WR FKDUDFWHUL]H WKH VPDOO VFDOH IDGLQJ EHKDYLRU RI

WKH FKDQQHO� 7KH\ FDQ EH XVHG IRU GLYHUVLW\ WHFKQLTXH� IDGLQJ UDWH HVWLPDWLRQ� DQG RWKHU VSDFH�WLPH

WHFKQLTXHV� 0D[LPXP $2$ SURYLGHV WKH GLUHFWLRQ RI WKH PXOWLSDWK FRPSRQHQW ZLWK WKH PD[LPXP

SRZHU� ,W FDQ EH XVHG LQ V\VWHP LQVWDOODWLRQ WR PLQLPL]H WKH SDWK ORVV� 0RUH GHWDLOHG DQDO\VLV RQ

WKHVH SDUDPHWHUV LV SUHVHQWHG LQ 6HFWLRQ ������

3DWK /RVV

7KH IUHH�VSDFH SDWK ORVV DW D UHIHUHQFH GLVWDQFH RI G� LV JLYHQ E\

3/IV�G��  �� ORJ ��}G� y� �������

ZKHUH y LV WKH ZDYHOHQJWK� 3DWK ORVV RYHU GLVWDQFH G FDQ EH GHVFULEHG E\ WKH SDWK ORVV H[SRQHQW

PRGHO DV IROORZV�

3/�G�>G%@  3/IV�G��>G%@ � ��Q ORJ���
G

G�
� �������

ZKHUH 3/�G� LV WKH DYHUDJH SDWK ORVV YDOXH DW D 75 VHSDUDWLRQ RI G� DQG Q LV WKH SDWK ORVV H[SRQHQW

WKDW FKDUDFWHUL]HV KRZ IDVW LV WKH SDWK ORVV LQFUHDVHV ZLWK WKH LQFUHDVH RI 75 VHSDUDWLRQ� 7KH SDWK

ORVV YDOXHV UHSUHVHQW WKH VLJQDO SRZHU ORVV IURP WKH WUDQVPLWWHU DQWHQQD WR WKH UHFHLYHU DQWHQQD�

7KHVH SDWK ORVV YDOXHV GR QRW GHSHQG RQ WKH DQWHQQD JDLQV RU WKH WUDQVPLWWHG SRZHU OHYHOV� )RU

DQ\ JLYHQ WUDQVPLWWHG SRZHU� WKH UHFHLYHG VLJQDO SRZHU FDQ EH FDOFXODWHG DV

3U>G%P@  3W>G%P@ �*W>G%@ �*U>G%@b 3/�G�>G%@ �������

ZKHUH *W DQG *U DUH WUDQVPLWWHU DQG UHFHLYHU JDLQV� UHVSHFWLYHO\� 7KH SDWK ORVV H[SRQHQW PRGHO

DQG SDUWLWLRQ EDVHG SDWK ORVV PRGHOV DUH H[SODLQHG LQ GHWDLO LQ 6HFWLRQ ������ ,Q WKLV PHDVXUHPHQW

FDPSDLJQ� WKH WUDQVPLWWHG SRZHU OHYHO ZDV �� G%P � WKH WUDQVPLWWHU DQWHQQD JDLQ ZDV �� G% DQG

WKH UHFHLYHU DQWHQQD JDLQ ZDV ��� G% �

����� 5HVXOWV RI 0 HDVXU HG 6WDWLVWLFDO 3 DU DPHWHU V

$ WRWDO RI ����� ZLGHEDQG 3'3V DQG �� 3$3V ZHUH UHFRUGHG� IURP ZKLFK ����� 3'3V ZHUH UHFRUGHG

WKURXJK OLQHDU WUDFN PHDVXUHPHQWV DQG ����� 3'3V WKURXJK VSLQ PHDVXUHPHQWV�
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6XPPDU\ RI WKH PHDVXUHPHQW UHVXOWV LV SUHVHQWHG LQ 7DEOH �� IRU VSLQ PHDVXUHPHQWV DQG LQ 7DEOH ��

IRU OLQHDU WUDFN PHDVXUHPHQWV� 7KH SUHVHQWHG SDUDPHWHUV DUH DYHUDJHG UHVXOWV IURP LQGLYLGXDO 3'3V

WDNHQ LQ D VPDOO ORFDO DUHD� 7KH\ UHSUHVHQW WKH VWDWLVWLFDO WHPSRUDO DQG VSDWLDO FKDUDFWHULVWLFV IRU

WKH PHDVXUHG �� *+] FKDQQHOV� 6HFWLRQV ����� WR ����� DQDO\]H $2$ SDUDPHWHUV� 72$ SDUDPHWHUV�

DQG WKH UHFHLYHG VLJQDO SRZHU LQ GHWDLO�

����� $2$ 6WDWLVWLFV

s $QJXODU GLVWULEXWLRQ RI PXOWLSDWK SRZHU� $QJXODU VSUHDG FKDUDFWHUL]HV WKH DQJXODU GLVWULEX�

WLRQ RI WKH PXOWLSDWK SRZHU� ,W UDQJHV IURP � WR �� ZLWK � LQGLFDWLQJ PXOWLSDWK FRPLQJ IURP

D VLQJOH GLUHFWLRQ� DQG � LQGLFDWLQJ QR FOHDU ELDV LQ WKH PXOWLSDWK $2$ >���@� 0HDVXUHPHQW

UHVXOWV VKRZ WKDW WKH DQJXODU VSUHDG UDQJHV IURP ���� WR ���� IRU KDOOZD\ PHDVXUHPHQWV� ����

WR ���� IRU URRP PHDVXUHPHQWV� IURP ���� WR ���� IRU LQGRRU 1/26 SURSDJDWLRQ� DQG ����

WR ���� IRU RXWGRRU PHDVXUHPHQWV ZLWK IHZ QHDUE\ REVWUXFWLRQV� 7KHVH PHDVXUHPHQW UHVXOWV

VKRZ D FOHDU LQFUHDVH RI WKH DQJXODU VSUHDG IURP WKH OHDVW FOXWWHUHG RXWGRRU HQYLURQPHQWV

WR REVWUXFWHG 1/26 LQGRRU HQYLURQPHQWV� ,Q WKH KDOOZD\ ZKHUH PXOWLSDWK FRPSRQHQWV DUH

PDLQO\ FRQVWUDLQHG DORQJ WKH /26 SDWK� WKH DQJXODU VSUHDG LV VPDOOHU WKDQ WKDW LQ URRPV�

$OVR� ZLWK WKH LQFUHDVH RI GLVWDQFH DORQJ WKH KDOOZD\� WKH DQJXODU VSUHDG LQFUHDVHV� LQGLFDW�

LQJ PRUH PXOWLSDWK FRPLQJ IURP GLoHUHQW GLUHFWLRQV ZKLFK KDYH SRZHUV FRPSDUDEOH WR WKH

/26 FRPSRQHQW� 7KHVH DQJXODU VSUHDG YDOXHV DFFXUDWHO\ UHqHFW WKH FRUUHODWLRQ EHWZHHQ WKH

SURSDJDWLRQ HQYLURQPHQWV DQG WKH PXOWLSDWK DQJOH RI DUULYDO GLVWULEXWLRQV�

s $QJXODU FRQVWULFWLRQ� $QJXODU FRQVWULFWLRQ LQGLFDWHV KRZ PXOWLSDWK FRPSRQHQWV DUH GLV�

WULEXWHG DORQJ WZR GLUHFWLRQV� ,W UDQJHV IURP � WR �� ZLWK � LQGLFDWLQJ PXOWLSDWK HQHUJ\

HTXDOO\ GLVWULEXWHG LQ WZR GLUHFWLRQV� +LJK DQJXODU FRQVWULFWLRQ UHVXOWV ZHUH REVHUYHG LQ

FORVH GLVWDQFHV LQ WKH KDOOZD\ PHDVXUHPHQWV DQG LQ WKH RXWGRRU PHDVXUHPHQWV QHDU 1(%�

7KLV LV WKH UHVXOW RI GLVWULEXWLRQ RI PXOWLSDWK HQHUJ\ EHWZHHQ /26 DQG VWURQJ UHqHFWHG ZDYH

FRPSRQHQWV�

s 0D[LPXP IDGLQJ DQJOH� 0D[LPXP IDGLQJ DQJOH VKRZV WKH GLUHFWLRQ RI WKH UHFHLYHU PRWLRQ

WR DFKLHYH PD[LPXP IDGLQJ UDWH� ,Q WKH IDU VLGH RI WKH FRUULGRU �ORFDWLRQV ��� DQG ����

IRU H[DPSOH�� WKH UHFHLYHG VLJQDO FRQVLVWV RI WKH /26 FRPSRQHQW DORQJ WKH FRUULGRU DQG WKH
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7DEOH ��� 6SLQ 0HDVXUHPHQWV� 7UDQVPLWWHU�5HFHLYHU 6HSDUDWLRQV �75� LQ P� 7LPH 'LVSHUVLRQ
3DUDPHWHUV �z� DQG �� � LQ QV� $QJXODU 'LVSHUVLRQ 3DUDPHWHUV �e DQG q� DUH GLPHQVLRQOHVV� 0D[LPXP
)DGLQJ $QJOH�vPD[� DQG $2$ RI 0D[LPXP 0XOWLSDWK �PD[$2$� LQ 'HJUHH� 5DWLR RI 0D[LPXP
0XOWLSDWK 3RZHU WR $YHUDJH 3RZHU �3HDN

$YJ � LQ G%� DQG 0D[LPXP 0XOWLSDWK 3RZHU �3PD[� LQ G%P�

6LWH ,QIR � 75 z� �� e q vPD[
PD[
$2$

3HDN
$YJ 3PD[ &RPPHQWV

��� � ���� ���� ���� ���� ����� �� ���� �����

��� �� ���� ���� ���� ���� ����� � ���� �����

/26�KDOOZD\ ��� �� ���� ���� ���� ���� ����� � ���� �����
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��� �� ���� ���� ���� ���� ��� � ���� �����

��� �� ���� ���� ���� ���� ��� �� ���� �����

��� �� ���� ���� ���� ���� ��� � ���� �����

��� � ���� ���� ���� ���� ����� � ���� ���

/26�KDOOZD\ ��� �� ���� ���� ���� ���� ����� �� ���� ����� LQWHUVHFWLRQ

:KLWWHPRUH ��� �� ���� ���� ���� ���� ����� � ���� �����

��� �� ���� ���� ���� ���� ����� �� ���� �����

��� �� ���� ���� ���� ���� ��� � ���� �����

/26� URRP ��� ��� ���� ���� ���� ���� ����� � ���� ����� FRUQHU

1(% ��� ��� ���� ���� ���� ���� ����� � ���� ����� FHQWHU

��� ��� ���� ���� ���� ���� ����� ��� ���� ����� FRUQHU

/26� URRP ��� ��� ���� ���� ���� ���� ����� �� ���� ����� FHQWHU

:KLWWHPRUH ��� ��� ���� ���� ���� ���� ����� �� ���� ����� FRUQHU�" WR 7[
��� ��� ���� ���� ���� ���� ����� ��� ���� ����� FRUQHU�" WR 7[
��� ��� ���� ���� ���� ���� ����� � ���� ���� /26

+DOOZD\ WR ��� ��� ���� ���� ���� ���� ����� � ���� ����� WKURXJK ZDOO

URRP ��� ��� ���� ���� ���� ���� ����� � ���� ���� /26

��� ��� ���� ���� ���� ���� ���� � ���� ���� WKURXJK JODVV

5RRP WR URRP ��� � ���� ���� ���� ���� ����� �� ���� ����� WKURXJK ZDOO

/26� RXWGRRU ��� ��� ���� ���� ���� ���� ����� � ���� ����� 7[ SDWWHUQ

SDUNLQJ ORW ��� ��� ���� ���� ���� ���� ����� �� ��� ����� 5[ SDWWHUQ

/26� RXWGRRU ��� � ���� ��� ���� ���� ����� � ���� ����� QHDU 1(%



&KDSWHU �� &KDUDFWHULVWLFV RI �� *+] ,QGRRU &KDQQHOV� ���

7DEOH ��� 7UDFN 0HDVXUHPHQW 5HVXOWV� 75 6HSDUDWLRQV �75� LQ P� 7LPH 'LVSHUVLRQ 3DUDPHWHUV
�z� DQG �� � LQ QV� 9DULDWLRQV RI 7LPH 'LVSHUVLRQ 3DUDPHWHUV �rz� � �z� � r�� DQG ��� � LQ QV� DQG
$YHUDJH 5HFHLYHG 3RZHU �3U� LQ G%P�

6LWH ,QIR /2& � 75 z� �� rz� �z� r�� ��� 3U &RPPHQWV

��� � ���� ���� ���� ���� ���� ���� �����

��� �� ���� ���� ���� ���� ���� ���� �����

/26�KDOOZD\ ��� �� ����� ����� ����� ���� ����� ���� �����

1(% ��� �� ����� ����� ����� ���� ����� ���� ����� RSHQ DUHD

��� �� ����� ����� ����� ���� ����� ���� �����

��� �� ����� ����� ����� ���� ����� ����� �����

��� �� ���� ����� ���� ���� ���� ���� �����

��� � ���� ���� ���� ���� ���� ���� �����

��� �� ���� ���� ���� ���� ���� ���� ����� LQWHUVHFWLRQ

/26�KDOOZD\ ��� �� ��� ���� ���� ���� ���� ���� ������

:KLWWHPRUH ��� �� ����� ����� ����� ���� ����� ���� �����

��� �� ���� ����� ������ ����� ����� ����� �����

/26� URRP ��� ��� ���� ���� ���� ���� ���� ���� ����� FRUQHU

1(% ��� ��� ���� ���� ���� ���� ���� ���� ����� FHQWHU

��� ��� ���� ���� ����� ���� ���� ���� ����� FRUQHU

/26� URRP ��� ��� ��� ���� ����� ���� ���� ���� ����� FHQWHU

:KLWWHPRUH ��� ��� ����� ����� ����� ���� ����� ���� ����� FRUQHU�" WR 7[
��� ��� ���� ����� ���� ��� ���� ���� ����� FRUQHU�" WR 7[
��� ��� ���� ���� ���� ���� ���� ���� ���� /26

+DOOZD\ WR ��� ��� ���� ���� ���� ���� ���� ���� ����� WKURXJK ZDOO

URRP ��� ��� ���� ���� ���� ���� ���� ���� ���� /26

��� ��� ���� ���� ���� ���� ���� ���� ���� WKURXJK JODVV

5RRP WR URRP ��� � ����� ����� ����� ���� ����� ���� ����� /26

��� � ����� ����� ����� ���� ����� ���� ����� WKURXJK ZDOO

/26�RXWGRRU ��� � ���� ����� ����� ���� ���� ���� ���� QHDU 1(%



&KDSWHU �� &KDUDFWHULVWLFV RI �� *+] ,QGRRU &KDQQHOV� ���

UHqHFWHG FRPSRQHQW IURP WKH HQG RI FRUULGRU� 7KHVH WZR FRPSRQHQWV KDYH RSSRVLWH GLUHFWLRQV�

DQG WKH PD[LPXP IDGLQJ DQJOH LV DORQJ WKH /26 SDWK� ,Q WKH QHDU VLGH RI WKH FRUULGRU �VXFK DV

ORFDWLRQV ��� DQG ����� WKH PDLQ PXOWLSDWK FRPSRQHQWV DUH IURP /26 SDWK DQG WZR UHqHFWHG

SDWKV IURP WKH VLGHZDOOV� 7KH PD[LPXP IDGLQJ DQJOH LV LQ WKH GLUHFWLRQ SHUSHQGLFXODU WR

WKH /26 SDWK� 7KH PHDVXUHPHQW UHVXOWV VKRZ PD[LPXP IDGLQJ DQJOHV RI b��r DQG b��r IRU
ORFDWLRQV ��� DQG ���� DQG ���r DQG ���r IRU ORFDWLRQV ��� DQG ���� UHVSHFWLYHO\� 7KHVH UHVXOWV

DJUHH ZHOO ZLWK WKH H[SHFWHG YDOXHV�

s 'LUHFWLRQ RI PD[LPXP PXOWLSDWK SRZHU� 0D[LPXP $2$ VKRZV WKH GLUHFWLRQ RI WKH VWURQJHVW

PXOWLSDWK FRPSRQHQW� 0HDVXUHPHQW UHVXOWV VKRZ VWURQJ GHSHQGHQFH RI WKH PD[LPXP $2$

RQ WKH SURSDJDWLRQ HQYLURQPHQWV� )RU DOO /26 ORFDWLRQV� DOPRVW DOO PD[LPXP $2$V DUH FORVH

WR WKH /26 SDWK ZLWKLQ h� GHJUHHV� ,Q ORFDWLRQ ��� DQG ORFDWLRQ ���� WKH VSLQ PHDVXUHPHQWV
ZHUH WDNHQ ZLWK WKH WUDFN RUWKRJRQDO WR WKH WUDQVPLWWHU GLUHFWLRQ� 7KH PD[LPXP $2$V DUH

DW �� DQG ��� GHJUHHV� ZKLFK DUH WKH H[DFW GLUHFWLRQV RI WKH /26 SDWKV� )RU 1/26 ORFDWLRQV�

WKH PD[LPXP $2$ LV GHSHQGHQW RQ WKH VSHFLpF SURSDJDWLRQ HQYLURQPHQWV DV GLVFXVVHG LQ

6HFWLRQ ����

s 3HDN WR DYHUDJH SRZHU UDWLR� 3HDN WR DYHUDJH SRZHU UDWLR FKDUDFWHUL]HV WKH SRZHU RI VWURQJHVW

PXOWLSDWK DV FRPSDUHG WR WKH DYHUDJH UHFHLYHG SRZHU IURP DOO GLUHFWLRQV� 7KLV UDWLR JDXJHV

WKH LQFUHDVH RI WKH UHFHLYHG VLJQDO SRZHU E\ SRLQWLQJ WKH GLUHFWLRQDO DQWHQQD LQ WKH PD[LPXP

$2$ GLUHFWLRQ�

s 3HDN PXOWLSDWK SRZHU� 3HDN PXOWLSDWK SRZHU LV WKH SRZHU OHYHO RI WKH VWURQJHVW PXOWLSDWK

FRPSRQHQW IURP DOO WKH SRLQWLQJ DQJOHV RI WKH UHFHLYHU DQWHQQD� 5HFHLYHG VLJQDO SRZHU OHYHO

GHSHQGV RQ WKH WUDQVPLWWHU SRZHU OHYHO DQG WKH UHFHLYHU DWWHQXDWRU VHWWLQJV� 7KHUHIRUH� WKH

SRZHU OHYHO PD\ FKDQJH IURP ORFDWLRQ WR ORFDWLRQ� :H VKDOO EH FRQFHUQHG RQO\ ZLWK WKH

UHODWLYH SRZHU IRU WKH VDPH ORFDWLRQ� )RU KDOOZD\ PHDVXUHPHQWV DW ORFDWLRQ �� IRU H[DPSOH�

WKH SHDN PXOWLSDWK SRZHU OHYHO GHFUHDVHV VLJQLpFDQWO\ ZLWK WKH LQFUHDVH RI WKH VHSDUDWLRQ DW

VKRUW GLVWDQFHV� $W ODUJH VHSDUDWLRQ� VXFK DV DW ORFDWLRQV ���� ��� DQG ���� WKH SHDN PXOWLSDWK

SRZHU UHPDLQV DOPRVW FRQVWDQW� 7KH VDPH WUHQGV ZHUH REVHUYHG IRU WKH WRWDO UHFHLYHG SRZHU�

7KLV LQGLFDWHV WKH ZDYHJXLGH HoHFWV RI WKH ORQJ KDOOZD\� 'HWDLOHG DQDO\VLV RQ WKH UHFHLYHG

VLJQDO OHYHO LV SUHVHQWHG LQ 6HFWLRQ ������



&KDSWHU �� &KDUDFWHULVWLFV RI �� *+] ,QGRRU &KDQQHOV� ���

����� 7 2$ 6WDWLVWLFV

&KDQQHO PHDVXUHPHQW UHVXOWV DUH KLJKO\ GHSHQGHQW RQ WKH SURSDJDWLRQ HQYLURQPHQWV DQG WKH PHD�

VXUHPHQW V\VWHP VHWXS� 5HVXOWV IURP 7DEOHV �� DQG �� VKRZ D VLJQLpFDQW GHFUHDVH RI 72$ GHOD\

VWDWLVWLFV REWDLQHG IURP WKH WUDFN PHDVXUHPHQWV FRPSDUHG WR WKH VSLQ PHDVXUHPHQWV� )RU H[DP�

SOH� WKH PHDQ H[FHVV GHOD\ IURP WKH WUDFN PHDVXUHPHQWV LQ ORFDWLRQ ��� LV RQO\ ��� QV � ZKLOH LW LV

���� QV IURP WKH VSLQ PHDVXUHPHQWV� :KHQ WUDQVPLWWHU DQG UHFHLYHU DQWHQQDV DUH DOLJQHG� VXFK DV

WUDFN PHDVXUHPHQW DW ORFDWLRQ ���� WKH PDLQ PXOWLSDWK FRPSRQHQW LV WKH /26 FRPSRQHQW� 2WKHU

PXOWLSDWK FRPSRQHQWV DUH ODUJHO\ DWWHQXDWHG E\ WKH GLUHFWLRQDO DQWHQQD� IRUFLQJ WKH H[FHVV GHOD\

WR EH FORVH WR ]HUR� +RZHYHU� LI WKH DQWHQQDV DUH QRW DOLJQHG DQG SRLQWLQJ LQWR GLoHUHQW GLUHFWLRQV�

VXFK DV LQ VSLQ PHDVXUHPHQWV� WKH /26 SDWK LV DWWHQXDWHG DQG EHFRPHV FRPSDUDEOH WR WKH UHqHFWHG

PXOWLSDWK FRPSRQHQWV� UHVXOWLQJ LQ D VLJQLpFDQW LQFUHDVH RI WLPH GHOD\ SDUDPHWHUV�

7KHUHIRUH� IRU SURSDJDWLRQ UHVHDUFK DQG V\VWHP GHSOR\PHQW� LW LV LPSRUWDQW WR XVH FKDQQHO SURSDJD�

WLRQ FKDUDFWHULVWLFV ZLWK FRQVLGHUDWLRQ RI WKH V\VWHP VHWXSV� 7DEOH �� SURYLGHV FKDQQHO SDUDPHWHUV

IRU V\VWHPV ZLWK DOLJQHG DQWHQQDV� ZKLOH 7DEOH �� SUHVHQWV UHVXOWV IRU V\VWHPV ZLWK DQWHQQDV SRLQW�

LQJ LQ DUELWUDU\ GLUHFWLRQV VXFK DV LQ D PRELOH HQYLURQPHQW�

1H[W� ZH VXPPDUL]H WKH PHDVXUHPHQW UHVXOWV IURP 72$ PHDVXUHPHQWV�

s 506 GHOD\ VSUHDG� :KHQ WKH UHFHLYHU DQWHQQD ZDV SRLQWHG WR GLoHUHQW GLUHFWLRQV� WKH GHOD\
VSUHDG ZDV LQ WKH UDQJH RI ��� QV WR ���� QV IRU KDOOZD\V� DQG ���� QV WR ���� QV IRU URRPV�

7KH PHDVXUHG GHOD\ VSUHDGV DUH LQ DJUHHPHQW ZLWK WKH PHDVXUHPHQW UHVXOWV LQ >���@� ZKHUH

W\SLFDO PHDVXUHG GHOD\ VSUHDGV IRU LQGRRU �� *+] FKDQQHOV UDQJH IURP �� QV WR �� QV � :KHQ

WKH UHFHLYHU DQWHQQD ZDV p[HG� WKH GHOD\ VSUHDG ZDV VLJQLpFDQWO\ VPDOOHU� 7\SLFDO UDQJHV DUH

IURP ��� QV WR ���� QV LQ WKH KDOOZD\V� DQG IURP ��� QV WR ���� QV LQ WKH URRPV�

s 0HDQ H[FHVV GHOD\� :KHQ WKH UHFHLYHU DQWHQQD ZDV URWDWLQJ� WKH PHDVXUHG z� ZDV LQ WKH
UDQJH RI ���� QV WR ����� QV IRU KDOOZD\V� ���� QV WR ���� QV IRU URRPV� ���� QV WR ���� QV IRU

SURSDJDWLRQ IURP URRP WR KDOOZD\ DQG IURP URRP WR URRP� DQG ���� QV WR ���� QV IRU VKRUW

GLVWDQFH RXWGRRU PHDVXUHPHQWV� ,Q WKH KDOOZD\ PHDVXUHPHQWV� z� LQFUHDVHG VLJQLpFDQWO\ LQ

WKH RSHQ DUHD QHDU WKH HOHYDWRU� VXFK DV LQ ORFDWLRQ ���� 6LJQLpFDQW UHGXFWLRQ RI GHOD\ ZDV

DOVR REVHUYHG ZKHQ WKH DQWHQQDV ZHUH DOLJQHG DQG p[HG�



&KDSWHU �� &KDUDFWHULVWLFV RI �� *+] ,QGRRU &KDQQHOV� ���

s 7LPLQJ MLWWHU DQG VWDQGDUG GHYLDWLRQ� 'XH WR WKH VPDOO ZDYHOHQJWK RI � PP DW �� *+]� WKH

UDGLR FKDQQHO PD\ YDU\ VLJQLpFDQWO\ ZLWKLQ D VPDOO DUHD � RQ WKH RUGHU RI �� ZDYHOHQJWKV��

0HDVXUHPHQW UHVXOWV VKRZ KLJK WLPLQJ MLWWHU DQG VWDQGDUG GHYLDWLRQ IRU WKH PHDVXUHG H[FHVV

GHOD\ DQG 506 GHOD\ VSUHDG YDOXHV RI DOO ORFDWLRQV� 7KHVH UHVXOWV SUHVHQW D TXDQWLWDWLYH

PHDVXUH RI WKH FKDQQHO YDULDWLRQV LQ D VPDOO ORFDO DUHD�

����� 5HFHLYHG 6LJQDO 3 RZHU

'XH WR WKH KLJK GLoUDFWLRQ DQG SHQHWUDWLRQ ORVVHV� WKH /26 SDWK DQG WKH UHqHFWHG SDWKV GRPLQDWH

WKH PLOOLPHWHU ZDYH FKDQQHO� 7KH UHFHLYHG VLJQDO SRZHU ODUJHO\ GHSHQGV RQ WKH DQWHQQD SDWWHUQ�

DQWHQQD DOLJQPHQW� DQG SURSDJDWLRQ HQYLURQPHQWV� 7KH PD[LPXP PXOWLSDWK SRZHU IURP WKH VSLQ

PHDVXUHPHQWV VKRZV WKH SRZHU OHYHO RI WKH VWURQJHVW PXOWLSDWK LQ DOO $2$ GLUHFWLRQV� 7KH DYHUDJH

SRZHU SUHVHQWHG LQ WKH WUDFN PHDVXUHPHQWV VKRZV WKH VSDWLDOO\ DYHUDJHG SRZHU ZLWK ERWK DQWHQQDV

DOLJQHG� )RU WKH PDMRULW\ RI WKH ORFDWLRQV� WKH PD[LPXP PXOWLSDWK FRPSRQHQW KDV D SRZHU OHYHO

WKDW LV KLJKHU WKDQ WKH DYHUDJHG SRZHU� 7KH WUHQGV RI VLJQDO OHYHO FKDQJHV DUH WKH VDPH IRU ERWK

WKH PD[LPXP PXOWLSDWK SRZHU DQG WKH DYHUDJH UHFHLYHG SRZHU� 7KHVH WUHQGV DUH VXPPDUL]HG DV

IROORZV�

s :DYHJXLGH HoHFWV� )RU KDOOZD\ PHDVXUHPHQWV� WKH UHFHLYHG VLJQDO SRZHU GHFUHDVHG UDSLGO\

ZKHQ WKH WUDQVPLWWHU DQG UHFHLYHU VHSDUDWLRQ ZDV LQFUHDVHG IURP � P WR �� P� $IWHU ��

P� WKH UHFHLYHG VLJQDO SRZHU GLG QRW GHFUHDVH DSSUHFLDEO\ ZLWK WKH LQFUHDVH RI WKH GLVWDQFH�

7KLV WUHQG ZDV REVHUYHG IURP ERWK ORFDWLRQ � DQG ORFDWLRQ � KDOOZD\ PHDVXUHPHQWV� )RU

LQVWDQFH� WKH UHFHLYHG SRZHUV DW ORFDWLRQV ���� ���� DQG ��� ZHUH DOPRVW WKH VDPH� DOWKRXJK

WUDQVPLWWHU�UHFHLYHU GLVWDQFH FKDQJHG IURP �� WR �� DQG �� P� UHVSHFWLYHO\� 7KLV LV GXH WR

WKH ZDYHJXLGH HoHFWV RI WKH UDGLR ZDYH SURSDJDWLRQ DORQJ WKH FRUULGRU DW IXUWKHU VHSDUDWLRQV�

$W VPDOO GLVWDQFHV� WKH UHqHFWHG ZDYH FRPSRQHQWV DUH UHMHFWHG E\ WKH GLUHFWLRQDO UHFHLYHU

DQWHQQD� DQG WKH ZDYHJXLGH HoHFW LV QRW GRPLQDQW� +RZHYHU� DW ORQJ GLVWDQFHV� UHqHFWHG ZDYH

FRPSRQHQWV DUH FORVH WR WKH /26 SDWK DQG DUH UHFHLYHG E\ WKH UHFHLYHU DQWHQQD� 7KH WRWDO

UHFHLYHG pHOG LV VWURQJHU WKDQ LW VKRXOG EH IURP IUHH VSDFH SURSDJDWLRQ� DQG WKH WUDQVPLWWHG

ZDYH SURSDJDWHV LQ D JXLGHG IDVKLRQ� 7KH LQWHUSOD\ RI WKH DQWHQQD SDWWHUQ� VLWH JHRPHWU\ DQG

UHqHFWHG ZDYH FRPSRQHQWV FDQ EH H[SODLQHG XVLQJ WKH SRZHU ]RQH WKHRU\ >��@�



&KDSWHU �� &KDUDFWHULVWLFV RI �� *+] ,QGRRU &KDQQHOV� ���

s $QWHQQD HoHFWV DQG SRZHU ]RQH WKHRU\� :KHQ GLUHFWLRQDO DQWHQQDV DUH XVHG� WKH PDMRULW\

RI WKH UDGLDWHG HQHUJ\ LV FRQFHQWUDWHG DORQJ WKH /26 SDWK� 3RZHU ]RQH SORWV DUH GHYHORSHG

WR FKDUDFWHUL]H WKH SRZHU FRQFHQWUDWLRQ� :KHQ WUDQVPLWWHU�UHFHLYHU VHSDUDWLRQ LV UHODWLYHO\

VPDOO� QR REVWDFOHV LQWHUVHFW WKH SRZHU ]RQHV� $QG� WKHUHIRUH� WKH UHFHLYHG VLJQDO SRZHU

LV PDLQO\ IURP WKH /26 SDWK� $V D UHVXOW� ZLWK DQ LQFUHDVH LQ GLVWDQFH� WKH UHFHLYHG VLJQDO

SRZHU GHFUHDVHV ZLWK D SDWK ORVV H[SRQHQW FORVH WR �� +RZHYHU� ZKHQ WUDQVPLWWHU DQG UHFHLYHU

VHSDUDWLRQ LV ODUJH� WKH VLGHZDOOV RI WKH KDOOZD\ DQG WKH qRRU DUH FORVH WR WKH PDLQ SRZHU ]RQH�

DQG UHqHFWHG SRZHU FRQWULEXWHV WR WKH WRWDO UHFHLYHG SRZHU� 7KH UHFHLYHG VLJQDO FRQVLVWV RI

ERWK /26 FRPSRQHQW DQG UHqHFWHG FRPSRQHQWV DORQJ WKH FRUULGRU �VLPLODU WR D ZDYHJXLGH��

7KHUHIRUH� WKH WRWDO UHFHLYHG SRZHU GRHV QRW GHFUHDVH DSSUHFLDEO\ IRU ODUJHU GLVWDQFHV�

s (oHFWV RI DQWHQQD DOLJQPHQWV� 'XH WR WKH KLJKO\ GLUHFWLRQDO UHFHLYHU DQWHQQD� WKH UHFHLYHG

VLJQDO SRZHU FDQ YDU\ VLJQLpFDQWO\ GHSHQGLQJ RQ WKH DQWHQQD DOLJQPHQW� 7KLV LV FOHDUO\

GHPRQVWUDWHG LQ ORFDWLRQ ���� ZKHUH WKH UHFHLYHU DQWHQQD LV QRW DOLJQHG WR WKH WUDQVPLWWHU

DQWHQQD� 7KH UHFHLYHG VLJQDO SRZHU GURSSHG IURP ����� G%P �ORFDWLRQ ��� ZLWK DQWHQQD

DOLJQHG� WR ����� G%P �

s 3HQHWUDWLRQ ORVVHV� 0HDVXUHPHQWV WKURXJK JODVV GRRU DQG LQWHULRU ZDOOV LQ ORFDWLRQV � DQG �

VKRZHG SRZHU ORVVHV RI ��� G% DQG ���� G% WKURXJK WZR FRPSRVLWH ZDOOV� DQG D ORVV RI ��� G%

WKURXJK D JODVV GRRU� 7KHVH UHVXOWV LQGLFDWH WKDW WKH TXDQWLW\ DQG SRVLWLRQ RI WKH PHWDOOLF

VWXGV ZLWKLQ WKH FRPSRVLWH ZDOO DUH LPSRUWDQW IDFWRUV WR GHWHUPLQH WKH SHQHWUDWLRQ ORVV�

:KHQ WKH VWXGV ZHUH QRW EORFNLQJ WKH WUDQVPLVVLRQ SDWK� WKH SHQHWUDWLRQ ORVV ZDV ��� G%

� FRPSDUDEOH WR WKH ORVV WKURXJK D SODVWHUERDUG ZDOO >���@� :KHQ WKH VWXG ZDV EORFNLQJ

WKH WUDQVPLVVLRQ SDWK� WKH SHQHWUDWLRQ ORVV ZDV ���� G% � FRPSDUDEOH WR WKH ORVV WKURXJK D

FRQFUHWH ZDOO >��� ��@� 5XOH�RI�WKXPE SHQHWUDWLRQ ORVV YDOXHV DUH SUHVHQWHG LQ 7DEOH ���

s 6FDWWHU SORW RI SDWK ORVV YDOXHV� 7KH WRWDO SDWK ORVV IURP WKH WUDQVPLWWHU WR WKH UHFHLYHU ZDV
FDOFXODWHG IURP WKH PHDVXUHPHQW UHVXOWV� 7KH VFDWWHU SORW LV SUHVHQWHG LQ )LJXUH ��� $V

VKRZQ LQ )LJXUH ��� IRU /26 SURSDJDWLRQ� WKH SDWK ORVV YDOXHV DUH FORVH WR WKH IUHH VSDFH SDWK

ORVV YDOXHV� )RU 1/26 SURSDJDWLRQ� KLJK SHQHWUDWLRQ ORVV YDOXHV FDQ UHVXOW LQ KLJK SDWK ORVV

YDOXHV� )RU H[DPSOH� LQ ORFDWLRQ �� WKH SDWK ORVV YDOXH LV DV KLJK DV ��� G% IRU WKH 1/26

UHFHLYHU ORFDWLRQ� 7KLV LV FDXVHG E\ WKH ���� G% SHQHWUDWLRQ ORVV WKURXJK WKH FRPSRVLWH ZDOO�



&KDSWHU �� &KDUDFWHULVWLFV RI �� *+] ,QGRRU &KDQQHOV� ���

7DEOH ��� 0HDVXUHG 3HQHWUDWLRQ /RVVHV DQG 5HVXOWV IURP /LWHUDWXUH�

0DWHULDO 3HQHWUDWLRQ ORVV 5HI�

&RPSRVLWH ZDOO ZLWK VWXGV QRW LQ WKH SDWK ��� G%

&RPSRVLWH ZDOO ZLWK VWXGV LQ WKH SDWK ���� G%

*ODVV GRRU ��� G%

&RQFUHWH ZDOO � ZHHN DIWHU FRQFUHWLQJ ���� G% >��@

&RQFUHWH ZDOO � ZHHNV DIWHU FRQFUHWLQJ ���� G% >��@

&RQFUHWH ZDOO � ZHHNV DIWHU FRQFUHWLQJ ���� G% >��@

&RQFUHWH ZDOO �� PRQWKV DIWHU FRQFUHWLQJ ���� G% >��@

3ODVWHUERDUG ZDOO ��� WR ��� G% >���@

3DUWLWLRQ RI JODVV ZRRO ZLWK SO\ZRRG VXUIDFHV ��� WR ���� G% >���@

3DUWLWLRQ RI FORWK�FRYHUHG SO\ZRRG ��� WR ��� G% >���@

*UDQLWH ZLWK ZLGWK RI � FP !�� G% >��@

*ODVV ��� WR ��� G% >��@

0HWDOL]HG JODVV ! �� G% >��@

:RRGHQ SDQHOV ��� WR ��� G% >��@

%ULFN ZLWK ZLGWK RI �� FP �� G% >��@

/LPHVWRQH ZLWK ZLGWK RI � FP ! �� G% >��@

&RQFUHWH ! �� G% >��@



&KDSWHU �� &KDUDFWHULVWLFV RI �� *+] ,QGRRU &KDQQHOV� ���

)LJXUH ��� 6FDWWHU SORW RI WKH PHDVXUHG SDWK ORVV YDOXHV



&KDSWHU �� &KDUDFWHULVWLFV RI �� *+] ,QGRRU &KDQQHOV� ���

��� 6XPPDU \

7KLV FKDSWHU SUHVHQWV DQ H[WHQVLYH PHDVXUHPHQW FDPSDLJQ DQG D GHWDLOHG DQDO\VLV RI �� *+] VSDFH�

WLPH FKDQQHOV� 0XOWLSDWK FRPSRQHQWV ZHUH UHVROYHG LQ VSDFH E\ VZHHSLQJ D GLUHFWLRQDO DQWHQQD� DQG

LQ WLPH E\ XVLQJ D VSUHDG VSHFWUXP VOLGLQJ FRUUHODWRU V\VWHP� 0HDVXUHPHQW UHVXOWV LQFOXGH 3'3V�

3$3V� UHFHLYHG VLJQDO SRZHU� $2$ SDUDPHWHUV� DQG 72$ SDUDPHWHUV� 7KH 3$3V DUH DQDO\]HG LQ

FRQWH[W ZLWK VLWH�VSHFLpF LQIRUPDWLRQ� 5HVXOWV VKRZ VWURQJ FRUUHODWLRQ EHWZHHQ WKH PXOWLSDWK GLV�

WULEXWLRQ DQG WKH SURSDJDWLRQ HQYLURQPHQWV� 5D\ WUDFLQJ RI pUVW�RUGHU DQG VHFRQG�RUGHU UHqHFWLRQV

VHHPV WR EH VXrFLHQW WR SUHGLFW WKH PXOWLSDWK $2$ VWUXFWXUH IRU /26 DSSOLFDWLRQV� 0HWDOOLF IXU�

QLWXUH DQG REMHFWV PXVW EH FRQVLGHUHG LQ WKH UD\ WUDFLQJ PRGHO� 0HDVXUHPHQWV WKURXJK FRPSRVLWH

ZDOOV VKRZ WKDW WKH ZDOO VWUXFWXUH FDQ EH D FUXFLDO IDFWRU LQ GHWHUPLQLQJ VLJQDO SRZHU OHYHO DV ZHOO

DV PXOWLSDWK VWUXFWXUH� 6WDWLVWLFDO SDUDPHWHUV� VXFK DV DQJXODU VSUHDG� SHDN $2$� DQG PD[LPXP

IDGLQJ UDWH DQJOH ZHUH PHDVXUHG DQG UHODWHG WR WKH PXOWLSDWK PRGHOV� 7KH PHDVXUHG SRZHU� $2$

DQG 72$ SDUDPHWHUV DJUHH ZHOO ZLWK WKH WKHRUHWLFDO H[SHFWDWLRQV� 7KHVH PHDVXUHPHQW UHVXOWV QRW

RQO\ SUHVHQW LPSRUWDQW HPSLULFDO YDOXHV IRU �� *+] V\VWHP GHVLJQ DQG D IXQGDPHQWDO EDVLV IRU UD\

WUDFLQJ GHYHORSPHQW DQG YHULpFDWLRQ� EXW DOVR SURYLGH D EHWWHU XQGHUVWDQGLQJ RI WKH UDGLR ZDYH

SURSDJDWLRQ�



&KDSWHU �

6XPPDU \ DQG )XWXU H 5HVHDU FK

'LU HFWLRQV

��� 6XPPDU \ RI 5HVXOWV

7KLV GLVVHUWDWLRQ IRFXVHV RQ UDGLR ZDYH SURSDJDWLRQ UHVHDUFK DW PLOOLPHWHU�ZDYH IUHTXHQFLHV� &RP�

SUHKHQVLYH DQDO\VLV DQG H[WHQVLYH PHDVXUHPHQW FDPSDLJQV ZHUH SHUIRUPHG DW �� *+] IRU /RFDO

0XOWLSRLQW 'LVWULEXWLRQ 6HUYLFH �/0'6� DSSOLFDWLRQV� DQG �� *+] IRU 1H[W *HQHUDWLRQ ,QWHUQHW

�1*,� DSSOLFDWLRQV� &KDQQHO PRGHOV ZHUH GHYHORSHG EDVHG RQ WKH PHDVXUHPHQW UHVXOWV DQG DUH

DOVR SUHVHQWHG�

$V VKRZQ LQ &KDSWHU �� PLOOLPHWHU�ZDYH EDQGV DUH WKH EHVW FDQGLGDWHV IRU IXWXUH EURDGEDQG ZLUHOHVV

V\VWHPV� 7KH PRVW LPSRUWDQW DSSOLFDWLRQV DUH /0'6 DW �� *+] DQG �� *+] � DQG �1*,� V\VWHPV

DW �� *+] � +RZHYHU� WHUUHVWULDO PLOOLPHWHU�ZDYH SURSDJDWLRQ FKDQQHOV DUH VWLOO ODUJHO\ XQNQRZQ�

,Q &KDSWHU �� IXQGDPHQWDOV RI UDGLR ZDYH SURSDJDWLRQ ZHUH UHYLHZHG� ,PSRUWDQW FRQFHSWV� VXFK DV

SDWK ORVV� V\VWHP FRYHUDJH� PXOWLSDWK SURSDJDWLRQ� DQG VSDFH�WLPH FKDQQHO PRGHOLQJ ZHUH FRYHUHG�

(oHFWV RI UHFHLYHU EDQGZLGWK DQG DQWHQQD EHDPZLGWK ZHUH DOVR DQDO\]HG�

$ WHFKQLFDO UHYLHZ RI GLoHUHQW PHDVXUHPHQW WHFKQLTXHV ZDV SURYLGHG LQ &KDSWHU �� )LUVW� FRQWLQXRXV

ZDYH �&:� PHDVXUHPHQW WHFKQLTXHV ZHUH VWXGLHG� $ &: PHDVXUHPHQW V\VWHP ZDV GHVLJQHG� DQG

���



+DR ;X &KDSWHU �� 6XPPDU\ DQG )XWXUH 5HVHDUFK 'LUHFWLRQV� ���

D PHDVXUHPHQW FDPSDLJQ ZDV SHUIRUPHG DW ���� *+] WR VWXG\ SHQHWUDWLRQ ORVVHV WKURXJK EXLOGLQJV

DQG WUHHV� 6HFRQGO\� WZR ZLGHEDQG PHDVXUHPHQW WHFKQLTXHV ZHUH DQDO\]HG� %RWK 6&6 DQG 91$

V\VWHPV ZHUH LPSOHPHQWHG� DQG D PHDVXUHPHQW FDPSDLJQ ZDV FRQGXFWHG WR FDUHIXOO\ FRPSDUH WKH

SHUIRUPDQFH RI WKHVH WZR V\VWHPV� 7KLUGO\� DQDO\WLF HVWLPDWLRQ RI WKH WLPH PHDVXUHPHQW DFFXUDF\

IRU WKH 6&6 WHFKQLTXH ZDV SURYLGHG DQG YHULpHG H[SHULPHQWDOO\� )LQDOO\� D 6&6 ZDV EXLOW WR RSHUDWH

DW �� *+] DQG �� *+] � 7KLV V\VWHP ZDV LQVWUXPHQWDO IRU WKH PLOOLPHWHU�ZDYH SURSDJDWLRQ UHVHDUFK

SUHVHQWHG LQ WKLV GLVVHUWDWLRQ�

&KDSWHU � SUHVHQWHG D FRPSUHKHQVLYH RYHUYLHZ RI WHUUHVWULDO PLOOLPHWHU�ZDYH SURSDJDWLRQ IXQGD�

PHQWDOV� (PSKDVLV LV SODFHG RQ WKH URXJK VXUIDFH VFDWWHULQJ DQG UDQGRP PHGLD VFDWWHULQJ GXH WR

YHJHWDWLRQ DQG UDLQ� 5HVXOWV RI D OLWHUDWXUH VHDUFK RQ RXWGRRU DQG LQGRRU SURSDJDWLRQ PHDVXUHPHQWV

DW PLOOLPHWHU�ZDYH IUHTXHQFLHV DUH SUHVHQWHG� 7KH OLWHUDWXUH VHDUFK SURYLGHG YLWDO LQIRUPDWLRQ IRU

FKRRVLQJ WKH UHVHDUFK GLUHFWLRQV RI WKLV GLVVHUWDWLRQ�

&KDSWHU � SURYLGHG LPSRUWDQW PHDVXUHPHQW UHVXOWV DQG PRGHOV IRU /0'6 DSSOLFDWLRQV� 2QH RI

WKH PRVW LPSRUWDQW DSSOLFDWLRQV RI WKH PLOOLPHWHU�ZDYH VSHFWUXP LV /0'6� +RZHYHU� OLWWOH KDV

EHHQ UHSRUWHG LQ WKH OLWHUDWXUH RQ WKH HoHFWV RI ZHDWKHU RQ WKH ZLGHEDQG FKDQQHO SURSHUWLHV DW

PLOOLPHWHU�ZDYH IUHTXHQFLHV� &KDSWHU � SUHVHQWHG PHDVXUHPHQW UHVXOWV LQ WKH DUHDV RI FKDQQHO PXO�

WLSDWK SURSDJDWLRQ� VKRUW�WHUP VLJQDO YDULDWLRQ� LQWHUSOD\ RI FRKHUHQW SRZHU DQG LQFRKHUHQW SRZHU�

DQG FKDQQHO SDWK ORVV XQGHU GLoHUHQW ZHDWKHU FRQGLWLRQV �FOHDU VN\� UDLQ� DQG KDLOVWRUP�� 7KH

PHDVXUHPHQW UHVXOWV VKRZ WKDW PLOOLPHWHU�ZDYH FKDQQHOV FDQ EHFRPH GLVSHUVLYH GXH WR WKH ZHDWKHU

HoHFWV RQ WKH EXLOGLQJ VXUIDFHV� :KHQ VWDQGLQJ ZDWHU VXUIDFHV DUH IRUPHG GXULQJ UDLQ� URXJK

EXLOGLQJ VXUIDFHV FDQ EHFRPH VWURQJ UHqHFWRUV DQG SURGXFH VWURQJ UHqHFWHG PXOWLSDWK FRPSRQHQWV�

)XUWKHUPRUH� WKH PHDVXUHG VLJQDO YDULDWLRQ GXULQJ ��� PLQXWHV RI FRQVWDQW UDLQ UDWH DSSHDUHG WR

EH 5LFLDQ GLVWULEXWHG� $ 5LFLDQ . IDFWRU ZDV XVHG WR GHVFULEH WKH UDWLR RI FRKHUHQW SRZHU WR LQFR�

KHUHQW SRZHU GXULQJ UDLQ� (PSLULFDO UHVXOWV RI . IDFWRUV DW GLoHUHQW UDLQ UDWHV ZHUH SURSRUWLRQDO

WR WKH UDLQ UDWHV �ZLWK D QHJDWLYH VLJQ�� 7KHRUHWLFDO VWXG\ UHYHDOHG WKDW WKH VLJQDO YDULDWLRQV ZHUH

GXH WR WKH QRQXQLIRUP GLVWULEXWLRQ RI WKH UDLQ SDWFKHV DORQJ WKH SURSDJDWLRQ SDWK� )LQDOO\� VLJQDO

DWWHQXDWLRQ GXULQJ YDULRXV UDLQ VWRUPV DQG D KDLOVWRUP ZDV PHDVXUHG� 0HDVXUHPHQW EDVHG PRGHOV

ZHUH GHYHORSHG IRU WKH VLJQDO DWWHQXDWLRQ DQG VKRUW�WHUP VLJQDO YDULDWLRQ GXULQJ UDLQ� $ WKHRUHWLFDO

VWXG\ RI WKH VKRUW�WHUP VLJQDO YDULDWLRQ GXULQJ UDLQ ZDV SUHVHQWHG� 7KH WKHRU\ ZDV GHYHORSHG EDVHG



+DR ;X &KDSWHU �� 6XPPDU\ DQG )XWXUH 5HVHDUFK 'LUHFWLRQV� ���

RQ WKH IXQGDPHQWDO SULQFLSOHV RI ZDYH SURSDJDWLRQ WKURXJK UDQGRP PHGLD RI VFDWWHUV� 7KH UHVXOWV

VKRZ WKDW WKH QRQXQLIRUP GLVWULEXWLRQ RI UDLQ GURS GHQVLW\ DORQJ WKH SURSDJDWLRQ SDWK FDQ UHVXOW LQ

VLJQDO qXFWXDWLRQ� 7KH HVWLPDWHG YDOXHV RI WKH . IDFWRU DJUHHV ZHOO ZLWK WKH PHDVXUHPHQW UHVXOWV�

+RZHYHU� WKH WKHRU\ pQGV WKH VLJQDO VWDWLVWLFV WR EH JRYHUQHG E\ D ORJQRUPDO GLVWULEXWLRQ� )XUWKHU

PHDVXUHPHQWV DUH UHTXLUHG WR YHULI\ WKH WKHRUHWLFDO K\SRWKHVLV�

,Q &KDSWHU �� D QRYHO GHVLJQ WHFKQLTXH ZDV GHYHORSHG WR SUHGLFW ZRUVW�FDVH PXOWLSDWK SRZHU� $2$

DQG 72$ EDVHG RQ DQWHQQD SDWWHUQV DQG VLWH�VSHFLpF LQIRUPDWLRQ� 7KLV DSSURDFK LPSOHPHQWV D

VLQJOH ERXQFHG UHqHFWLRQ PRGHO� 5HODWLYH SRZHU ]RQH FRQWRXU SORWV DQG H[FHVV GHOD\ ]RQH FRQWRXU

SORWV ZHUH GHYHORSHG WR GHWHUPLQH PXOWLSDWK FKDQQHO VWUXFWXUH� 7KHVH FRQWRXU SORWV FDQ EH HDVLO\

LPSOHPHQWHG IRU PLOOLPHWHU�ZDYH V\VWHP GHVLJQ DQG LQVWDOODWLRQ�

)LQDOO\� LQ &KDSWHU �� �� *+] VKRUW�UDQJH FKDQQHOV ZHUH LQYHVWLJDWHG� )XWXUH�JHQHUDWLRQ ZLUHOHVV

V\VWHPV H[SORUH GLPHQVLRQV RI VSDFH� WLPH DQG IUHTXHQF\� +RZHYHU� OLWWOH OLWHUDWXUH LV DYDLODEOH WR

FKDUDFWHUL]H WKH VSDFH�WLPH FKDQQHOV DW �� *+] � 7KH IRFXV RI RXU SURSDJDWLRQ UHVHDUFK ZDV RQ WKH

VSDFH�WLPH FKDQQHO VWUXFWXUH DW �� *+] � 7KH PXOWLSDWK FRPSRQHQWV ZHUH UHVROYHG LQ WLPH E\ WKH

VOLGLQJ FRUUHODWRU WHFKQLTXH� DQG LQ DQJOH E\ VZHHSLQJ D GLUHFWLRQDO DQWHQQD LQ D]LPXWK� 7KH PHD�

VXUHG FKDQQHO PXOWLSDWK VWUXFWXUHV ZHUH FDUHIXOO\ DQDO\]HG DW HDFK ORFDWLRQ LQ RUGHU WR GHWHUPLQH

WKH RULJLQV RI WKH PXOWLSDWK FRPSRQHQWV IURP WKH SURSDJDWLRQ HQYLURQPHQWV� 5HVXOWV VKRZ VWURQJ

FRUUHODWLRQ EHWZHHQ WKH FKDQQHO VWUXFWXUHV DQG WKH SURSDJDWLRQ HQYLURQPHQWV� 0HDVXUHPHQWV LQ

/26 HQYLURQPHQWV FOHDUO\ GHPRQVWUDWHG WKDW LPDJH�EDVHG UD\ WUDFLQJ WHFKQLTXHV FDQ EH XVHG WR

SUHGLFW GHWDLOHG FKDQQHO VWUXFWXUH� 0HDVXUHPHQWV LQ 1/26 HQYLURQPHQWV UHYHDOHG LPSRUWDQW HoHFWV

RI WKH PHWDOOLF VWXGV RI FRPSRVLWH ZDOOV RQ WKH UHFHLYHG VLJQDO SRZHU DQG PXOWLSDWK VWUXFWXUH� )RU

DOO WKH PHDVXUHPHQW UHVXOWV� WLPH GLVSHUVLRQ SDUDPHWHUV DQG DQJOH GLVSHUVLRQ SDUDPHWHUV ZHUH FDO�

FXODWHG IURP VSDWLDOO\ DYHUDJHG 3'3V DQG 3$3V� 7KH PHDVXUHPHQWV DQG DQDO\VLV SURYLGH QRW RQO\

LPSRUWDQW UHVXOWV IRU �� *+] VSDFH�WLPH FKDQQHO FKDUDFWHUL]DWLRQ� EXW DOVR D EDVLV IRU UD\�WUDFLQJ

GHYHORSPHQW DQG YDOLGDWLRQ�



+DR ;X &KDSWHU �� 6XPPDU\ DQG )XWXUH 5HVHDUFK 'LUHFWLRQV� ���

��� 5HODWHG 3 XEOLFDWLRQV E\ WKH $XWKRU

6HYHUDO SXEOLFDWLRQV UHODWHG WR WKH PLOOLPHWHU�ZDYH SURSDJDWLRQ UHVHDUFK KDYH EHHQ ZULWWHQ E\ WKH

DXWKRU� 7KHVH SXEOLFDWLRQV LQFOXGH WKUHH MRXUQDO SDSHUV� IRXU FRQIHUHQFH SDSHUV� WZR WHFKQLFDO

UHSRUWV DQG D FRQWULEXWLRQ WR ,(((������ VWDQGDUG JURXS� 7ZR MRXUQDO SDSHUV RQ WKH /0'6

UHVHDUFK ZHUH SXEOLVKHG LQ ,((( -RXUQDO RQ 6HOHFWHG $UHD RI &RPPXQLFDWLRQV DQG ,((( &RPPX�

QLFDWLRQV /HWWHUV >��� ���@� 2QH MRXUQDO SDSHU RQ WKH �� *+] FKDQQHO FKDUDFWHUL]DWLRQ LV LQ WKH

SURFHVV RI SUHSDUDWLRQ� )RXU FRQIHUHQFH SDSHUV ZHUH ZULWWHQ� �� PHDVXUHPHQW UHVXOWV DW �� *+]

ZHUH SUHVHQWHG LQ ,((( 97&
�� >��@� �� UDLQ VFDWWHULQJ PRGHOV ZHUH SUHVHQWHG LQ $3���� >���@�

�� D FRDXWKRUHG SDSHU ZLWK -DPHV 6FKDoQHU HW DO RQ /0'6 V\VWHP GHVLJQ LVVXHV ZDV SUHVHQWHG LQ

�UG ,QWHUQDWLRQDO :LUHOHVV &RPPXQLFDWLRQV &RQIHUHQFH >��@� �� D SDSHU RQ WKH �� *+] PHDVXUH�

PHQW UHVXOWV ZDV VXEPLWWHG WR ,((( 97&
���� >���@� $ WHFKQLFDO UHSRUW ZDV ZULWWHQ WR FDUHIXOO\

GRFXPHQW WKH �� *+] PHDVXUHPHQW FDPSDLJQ >���@� )LQDOO\� D FRQWULEXWLRQ WR WKH ,((( ������

VWDQGDUG JURXS ZDV VXEPLWWHG EDVHG RQ WKH /0'6 UHVHDUFK�

$GGLWLRQDO SDSHUV ZHUH SXEOLVKHG E\ WKH DXWKRU LQ WKH DUHDV RI PHDVXUHPHQW V\VWHP GHVLJQ DQG

QDUURZEDQG EXLOGLQJ SHQHWUDWLRQ PHDVXUHPHQWV DW ��� *+] � $ SDSHU RQ WKH PHDVXUHPHQW FDP�

SDLJQ WR FRPSDUH GLoHUHQW PHDVXUHPHQW WHFKQLTXHV ZDV SXEOLVKHG LQ $GYDQFLQJ 0LFURHOHFWURQLFV

>��@� 6HYHUDO SDSHUV RQ WKH EXLOGLQJ SHQHWUDWLRQ PHDVXUHPHQWV DW ���� *+] � ZKLFK ZHUH FRDXWKRUHG

ZLWK *� 'XUJLQ DQG 7� 6� 5DSSDSRUW� ZHUH SXEOLVKHG LQ >�� �� ��� ��� ��@�

��� )XWXU H 5HVHDU FK 'LU HFWLRQV

7KHUH DUH VHYHUDO DUHDV RI WKLV GLVVHUWDWLRQ WKDW FDQ EH H[WHQGHG WKURXJK IXWXUH UHVHDUFK� 7KHVH

UHVHDUFK GLUHFWLRQV DUH RXWOLQHG EHORZ�

s $Q LQWHUHVWLQJ UHVHDUFK DUHD LV WR H[WHQG WKH PHDVXUHPHQW DQG PRGHOV IRU GLoHUHQW SRODUL]D�
WLRQV� 7KLV GLVVHUWDWLRQ SUHVHQWHG PHDVXUHPHQW UHVXOWV DQG PRGHOV IRU /0'6 DSSOLFDWLRQV�

7KH SUHVHQWHG UHVXOWV DUH IRU V\VWHPV ZLWK YHUWLFDO SRODUL]HG DQWHQQDV� (oHFWV RI YHJHWDWLRQ

RQ WKH FURVV SRODUL]DWLRQ ZDV VWXGLHG LQ >��@� KRZHYHU� WKHUH LV OLWWOH OLWHUDWXUH RQ WKH ZHDWKHU

HoHFWV RQ WKH VLJQDO GHSRODUL]DWLRQ WKURXJK /0'6 OLQNV� 7KH UHVHDUFK RQ SRODUL]DWLRQ ZLOO



+DR ;X &KDSWHU �� 6XPPDU\ DQG )XWXUH 5HVHDUFK 'LUHFWLRQV� ���

SURYLGH FUXFLDO LQIRUPDWLRQ IRU V\VWHPV ZLWK SRODUL]DWLRQ GLYHUVLW\�

s ,W LV XVHIXO WR REWDLQ UHDOLVWLF UHqHFWLRQ FRHrFLHQWV RI GLoHUHQW VXUIDFHV� 7KH GHOD\ ]RQH DQG
SRZHU ]RQH PRGHOV ZHUH GHYHORSHG IRU WKH ZRUVW�FDVH HVWLPDWLRQ RI WKH PXOWLSDWK GHOD\ DQG

SRZHU� :LWK WKH DXWRPDWHG PHDVXUHPHQW V\VWHP� LW LV SRVVLEOH WR SHUIRUP D PHDVXUHPHQW

FDPSDLJQ WR VWXG\ WKH GHSHQGHQFH RI UHqHFWLRQ FRHrFLHQW RQ WKH VXUIDFH URXJKQHVV� LQFLGHQW

DQJOH� SRODUL]DWLRQ� VXUIDFH PDWHULDO� DQG VXUIDFH FRQGLWLRQ �VXFK DV GU\ RU ZHW�� 7KH UHVXOWV

FRXOG DOVR VHUYH DV D YHULpFDWLRQ RI WKH K\SRWKHVLV WKDW WKH VXUIDFH EHFRPHV PRUH UHqHFWLYH

ZKHQ LW LV ZHW�

s 7KHUH DUH PDQ\ SRVVLELOLWLHV IRU IXUWKHU LQYHVWLJDWLRQ RI WKH VLJQDO YDULDWLRQ GXULQJ UDLQ ERWK
WKHRUHWLFDOO\ DQG H[SHULPHQWDOO\� 7KH WKHRUHWLFDO SUHGLFWLRQ RI WKH VLJQDO VKRUW�WHUP YDULDWLRQ

PDWFKHV ZHOO ZLWK WKH PHDVXUHPHQW UHVXOWV� 7KH WKHRU\ SUHGLFWV WKDW WKH VKRUW�WHUP VLJQDO

YDULDWLRQ LV GXH WR WKH QRQXQLIRUP GLVWULEXWLRQ RI WKH UDLQ GURS GHQVLWLHV DORQJ WKH SURSDJDWLRQ

SDWK� 2QH SRVVLEOH H[SHULPHQWDO YHULpFDWLRQ RI WKH WKHRU\ LV WR SHUIRUP D UDLQ DWWHQXDWLRQ

PHDVXUHPHQW FDPSDLJQ ZLWK VHYHUDO UDLQ JDXJHV DORQJ WKH SURSDJDWLRQ SDWK� 7KH DYHUDJH

UDLQ DWWHQXDWLRQ FDQ EH UHODWHG WR WKH DYHUDJH UDLQ UDWH� DQG WKH VLJQDO YDULDWLRQ FDQ EH

VWXGLHG FRQVLGHULQJ GLoHUHQW UDLQ UDWHV DORQJ WKH SDWK�

s 7KHUH LV JUHDW SRWHQWLDO WR GHYHORS D UD\�WUDFLQJ WRRO EDVHG RQ WKH SURSDJDWLRQ VWXG\ DW
�� *+] � 7KH PHDVXUHPHQWV SURYLGHG GHWDLOHG LQIRUPDWLRQ RQ WKH VLJQDO SRZHU DQG PXOWLSDWK

VWUXFWXUH LQ YDULRXV FRQWUROOHG HQYLURQPHQWV� 7KH LQLWLDO DQDO\VLV VKRZV H[FHOOHQW DJUHHPHQWV

RI WKH PHDVXUHPHQW UHVXOWV DQG WKH UD\ WUDFLQJ SUHGLFWLRQV� 7KH PHDVXUHPHQW UHVXOWV FRXOG

EH XVHG IRU UD\�WUDFLQJ YDOLGDWLRQ DQG GHYHORSPHQW� 0RUH PHDVXUHPHQWV FDQ EH WDNHQ WR

VXSSRUW VXFK D WRRO�

s ,Q WKH DUHD RI FKDQQHO PHDVXUHPHQW V\VWHP GHVLJQ� WKHUH DUH VHYHUDO UHVHDUFK GLUHFWLRQV WKDW
FRXOG EH WDNHQ� 7KHVH GLUHFWLRQV LQFOXGH FRKHUHQW GHWHFWLRQ RI WKH UHFHLYHG VLJQDO WR DFTXLUH

SKDVH LQIRUPDWLRQ RI WKH PXOWLSDWK FRPSRQHQWV� PLQLDWXUL]DWLRQ RI WKH FKDQQHO PHDVXUHPHQW

V\VWHP� DQG GHYHORSPHQW RI D PHDVXUHPHQW V\VWHP ZLWK KLJK WHPSRUDO DQG VSDWLDO UHVROXWLRQV�



+DR ;X &KDSWHU �� 6XPPDU\ DQG )XWXUH 5HVHDUFK 'LUHFWLRQV� ���

��� &RQFOXVLRQV

7KLV UHVHDUFK KDV VWXGLHG UDGLR ZDYH SURSDJDWLRQ DW PLOOLPHWHU�ZDYH IUHTXHQFLHV� 0HDVXUHPHQW

V\VWHPV ZHUH GHVLJQHG� DQG WZR H[WHQVLYH PHDVXUHPHQW FDPSDLJQV ZHUH SHUIRUPHG IRU /0'6 DS�

SOLFDWLRQV DW �� *+] DQG 1*, DSSOLFDWLRQV DW �� *+] �

)RU RXWGRRU /26 DSSOLFDWLRQV� WKH UHVHDUFK RI WKLV GLVVHUWDWLRQ VKRZV WKDW ZHDWKHU HoHFWV KDYH D

VLJQLpFDQW LPSDFW RQ PLOOLPHWHU�ZDYH SURSDJDWLRQ� 7KH UHVXOWV SUHVHQWHG LQ WKLV UHVHDUFK SURYLGH

LPSRUWDQW JXLGHOLQHV IRU /0'6 V\VWHP GHYHORSPHQW� 0HDVXUHPHQWV DQG PRGHOV ZHUH SUHVHQWHG WR

HVWLPDWH UHFHLYHG VLJQDO OHYHO� VLJQDO YDULDWLRQ� DQG FKDQQHO WLPH GLVSHUVLRQ XQGHU GLoHUHQW ZHDWKHU

FRQGLWLRQV� $ VLPSOH PRGHO ZDV GHYHORSHG WR SUHGLFW WKH PXOWLSDWK SRZHU DQG WLPH GHOD\ EDVHG

RQ WKH DQWHQQD SDWWHUQV DQG WKH VLWH LQIRUPDWLRQ�

)RU LQGRRU DSSOLFDWLRQV� WKH SURSDJDWLRQ HQYLURQPHQWV GLUHFWO\ DoHFW PXOWLSDWK FKDQQHO VWUXFWXUH�

7KH UHVHDUFK UHVXOWV VKRZ WKDW IRU /26 HQYLURQPHQWV� WKH PXOWLSDWK VWUXFWXUH FDQ EH SUHGLFWHG

XVLQJ UD\�WUDFLQJ WHFKQLTXHV� +RZHYHU� PHWDOOLF VWUXFWXUHV DQG IXUQLWXUH PXVW EH FRQVLGHUHG LQ

WKH SUHGLFWLRQ WHFKQLTXHV� )RU 1/26 SURSDJDWLRQ WKURXJK ZDOOV� PHWDOOLF VWXGV ZLWKLQ WKH ZDOO

PD\ SOD\ DQ LPSRUWDQW UROH LQ GHWHUPLQLQJ WKH SHQHWUDWLRQ ORVV DQG PXOWLSDWK FKDUDFWHULVWLFV�

7KHVH PHWDOOLF VWUXFWXUH PD\ UHVXOW LQ KLJK SHQHWUDWLRQ ORVV DQG KLJK VLJQDO YDULDELOLW\ IRU 1/26

DSSOLFDWLRQV� $V D UHVXOW� PLOOLPHWHU�ZDYH V\VWHPV DUH PDLQO\ SURSRVHG IRU /26 DSSOLFDWLRQV�

7KH HQRUPRXV DPRXQW RI IUHH VSHFWUXP DW PLOOLPHWHU�ZDYH IUHTXHQFLHV SURYLGHV WUHPHQGRXV SRWHQ�

WLDO IRU KLJK GDWD UDWH PXOWLPHGLD DSSOLFDWLRQV� 7KLV GLVVHUWDWLRQ KDV SURYLGHG VRPH IXQGDPHQWDO

UHVXOWV IRU WKH IXWXUH PLOOLPHWHU�ZDYH DSSOLFDWLRQV�



$SSHQGL[ $

0 HDVXU HPHQW 5HVXOWV IU RP 91 $ DQG

6&6 &RPSDU LVRQ

$�� 0 HDVXU HPHQW 6LWH , QIRU PDWLRQ

7KH PHDVXUHPHQW ORFDWLRQV RQ WKH ODZQ DUH SUHVHQWHG LQ )LJXUH ��� 7KH ODZQ ZDV ORFDWHG RQ WRS RI

D KLOO QHDU 0DOLEX EHDFK� 7R RQH VLGH RI WKH ODZQ LV WKH WZR�VWRU\ RrFH EXLOGLQJ� DQG WR WKH RWKHU

VLGH RI WKH ODZQ WKH JURXQG VORSHG GRZQ WRZDUGV D URDG DERXW ��� P DZD\� 7KHUH ZHUH VHYHUDO WUHHV

DW WKH HGJH RI WKH ODZQ EHIRUH WKH GRZQZDUG VORSH� DQG WKHUH ZDV RQH WUHH DSSUR[LPDWHO\ � P KLJK

LQ WKH PLGGOH RI WKH ODZQ� 7KH WUDQVPLWWHU ZDV ORFDWHG LQ WKH OHIW�ERWWRP FRUQHU RI WKH ODZQ� DQG

WKUHH UHFHLYHU VLWHV ZHUH FKRVHQ IRU WKH PHDVXUHPHQWV� 7KH pUVW RQH� 5[�� ZDV ORFDWHG RQH PHWHU

IURP WKH WUDQVPLWWHU� DQG WKLV VLWH ZDV XVHG IRU D RQH PHWHU IUHH VSDFH FDOLEUDWLRQ PHDVXUHPHQW�

7KH RWKHU WZR ORFDWLRQV ZHUH FKRVHQ QHDU DQG IDU IURP WKH RrFH EXLOGLQJ� 7KH UHFHLYHUV DW DOO

ORFDWLRQV KDG OLQH�RI�VLWH �/26� SURSDJDWLRQ SDWKV WR WKH WUDQVPLWWHU� $W ���� *+] WKH ZDYHOHQJWK

LV RQO\ DERXW � FP� VR WKH PXOWLSDWK GHOD\ SURpOH FDQ FKDQJH UDSLGO\ LQ D VPDOO ORFDO DUHD� $W HDFK

PHDVXUHPHQW VLWH� pYH PHDVXUHPHQWV DUH WDNHQ LQ WKH ORFDO DUHD ZLWK D VHSDUDWLRQ RI RQH IXOO ZDYH

OHQJWK�

$ FRQIHUHQFH URRP DQG D KDOOZD\ ZHUH FKRVHQ DV WKH LQGRRU PHDVXUHPHQW VLWHV� 7KH PHDVXUHPHQW

ORFDWLRQV DUH SUHVHQWHG LQ )LJXUHV �� DQG ��� 7KH FRQIHUHQFH URRP KDG D ORQJ ZRRGHQ WDEOH LQ

���



$SSHQGL[ $� 0HDVXUHPHQW 5HVXOWV IURP 91$ DQG 6&6 &RPSDULVRQ ���

Outdoor measurement

21 m

12.8 m

29 m
Rx.C

Rx.B

Tx

Rx.A

1 m

16 m

Office Building (HRL)

Lawn

Down Hill

trees

16.5 m

15.7 m

)LJXUH ��� 0HDVXUHPHQW ORFDWLRQV LQ WKH ODZQ�

Conference Room

10 m

8 m

Tx

Rx A

Rx B

Rx C

Rx D

Rx E

Rx F

3 m

3 m

4 m

6 m

4 m

1 m

1 m

1 m

)LJXUH ��� 0HDVXUHPHQW ORFDWLRQV LQ WKH FRQIHUHQFH URRP�



$SSHQGL[ $� 0HDVXUHPHQW 5HVXOWV IURP 91$ DQG 6&6 &RPSDULVRQ ���

Hallway

32.6 m

Tx

Rx A

13.4 m

10 m 10 m 5 m

7 m
Rx B

Rx C

Rx D

)LJXUH ��� 0HDVXUHPHQW ORFDWLRQV LQ WKH KDOOZD\�

WKH PLGGOH ZLWK FKDLUV VXUURXQGLQJ LW� 7KH WUDQVPLWWHU ZDV ORFDWHG LQ WKH FHQWHU RI WKH URRP� DQG

VHYHUDO UHFHLYHU ORFDWLRQV ZHUH FKRVHQ RQ DOO VLGHV RI WKH URRP� ,Q WKH KDOOZD\� WKH WUDQVPLWWHU ZDV

ORFDWHG DW RQH HQG� DQG UHFHLYHU ORFDWLRQV ZHUH VHSDUDWHG GRZQ WKH KDOOZD\� ZLWK RQH PHDVXUHPHQW

WDNHQ DURXQG D FRUQHU� 7KLV ZDV WKH RQO\ QRQ�/26 PHDVXUHPHQW�

$�� 0 HDVXU HPHQW 5HVXOWV

0HDVXUHPHQW UHVXOWV IRU WKH ODZQ� FRQIHUHQFH URRP� DQG WKH KDOOZD\ DUH VXPPDUL]HG LQ 7DEOHV ���

�� DQG ���

%RWK PHDVXUHPHQW PHWKRGV SURYLGHG UHVXOWV WKDW VKRZHG WKH LQqXHQFH RI WKH VXUURXQGLQJ VFDWWHUV

RQ WKH 3'3� )RU H[DPSOH� IRU WKH RXWGRRU PHDVXUHPHQW GDWD� UHFHLYHU SRVLWLRQ % KDG PRUH PXO�

WLSDWK FRPSRQHQWV WKDQ UHFHLYHU SRVLWLRQ &� DQG VXEVHTXHQWO\ KLJKHU YDOXHV RI � DQG �� 7KLV LV

SUHGLFWDEOH� VLQFH DW ORFDWLRQ % WKH UHFHLYHU ZDV SODFHG QHDU WKH RrFH EXLOGLQJ� VR WKHUH ZHUH PRUH

UHqHFWLRQV IURP WKH RrFH EXLOGLQJ� $W ORFDWLRQ & WKHUH ZHUH RQO\ IHZ VFDWWHUV QHDU WKH UHFHLYHU

�VHH )LJXUH ����



$SSHQGL[ $� 0HDVXUHPHQW 5HVXOWV IURP 91$ DQG 6&6 &RPSDULVRQ ���

7DEOH ��� 5HVXOWV IRU WKH /DZQ�

/RFDWLRQ � RI 03 ��QV� �� �QV� 3UHF�G%P�

*DUGHQ � SRV� 6&6 91$6 6&6 91$6 6&6 91$6 6&6 91$6

5[ % � �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

$YHUDJH ���� ���� ���� ���� ���� ���� ����� �����

5[ & � � �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

$YHUDJH ���� ���� ��� ��� ���� ���� ����� �����

/RFDWLRQ & LQ WKH KDOOZD\ PHDVXUHPHQW �VHH )LJXUH ��� ZDV WKH FURVV VHFWLRQ EHWZHHQ WZR KDOOZD\V�

DQG KDG D KLJKHU QXPEHU RI WKH PXOWLSDWK FRPSRQHQWV WKDQ DOO WKH RWKHU KDOOZD\ ORFDWLRQV� $W

ORFDWLRQ ' RI )LJXUH ��� ZKLFK ZDV DURXQG WKH FRUQHU IURP WKH WUDQVPLWWHU DQG WKXV QR /26

EHWZHHQ WKH WUDQVPLWWHU DQG UHFHLYHU� WKH UHFHLYHG SRZHU GHFUHDVHG E\ DERXW �� G% FRPSDUHG ZLWK

ORFDWLRQ &� ZKLFK KDG DOPRVW WKH VDPH WUDQVPLWWHU�UHFHLYHU VHSDUDWLRQ EXW ZLWK /26� $OVR� DW WKLV

ORFDWLRQ� WKH PHDQ H[FHVV GHOD\ DQG GHOD\ VSUHDG ZHUH PXFK KLJKHU WKDQ LQ WKH RWKHU ORFDWLRQV�

,Q WKH FRQIHUHQFH URRP DV PDQ\ DV �� PXOWLSDWK FRPSRQHQWV ZHUH GHWHFWHG LQ WKH 3'3 DQG WKH

YDOXH RI � ZDV DV KLJK DV ��� QV� 7KLV WUHQG ZDV REVHUYHG IRU DOO WKH PHDVXUHPHQW ORFDWLRQV LQ

WKH URRP� 7KLV ZDV FDXVHG E\ WKH JRRG UHqHFWLRQ Ro WKH PHWDOOLF ZDOOV� ZKLFK ZHUH PDGH IURP ��

JDXJH VWHHO�



$SSHQGL[ $� 0HDVXUHPHQW 5HVXOWV IURP 91$ DQG 6&6 &RPSDULVRQ ���

7DEOH ��� 5HVXOWV IRU &RQIHUHQFH 5RRP�

/RFDWLRQ � RI 03 ��QV� �� �QV� 3UHF�G%P�

&RQI� 5P � SRV� 6&6 91$6 6&6 91$6 6&6 91$6 6&6 91$6

5[ $ � �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

$YHU� ���� ���� ���� ���� ���� ���� ����� �����

5[ % � �� �� ��� ��� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� �� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

$YHU� ���� �� ���� ���� ���� ���� ����� �����

5[ & � �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

$YHU� ���� ���� ���� ���� ���� ���� ����� �����



$SSHQGL[ $� 0HDVXUHPHQW 5HVXOWV IURP 91$ DQG 6&6 &RPSDULVRQ ���

7DEOH ��� 5HVXOWV IRU &RQIHUHQFH 5RRP �FRQW���

/RFDWLRQ � RI 03 ��QV� �� �QV� 3UHF�G%P�

&RQI� 5P � SRV� 6&6 91$6 6&6 91$6 6&6 91$6 6&6 91$6

5[ ' � �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ��� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

$YHU� ���� ���� ���� ���� ���� ���� ����� �����

5[ ( � �� �� ��� ��� ��� ���� ����� �����

� �� �� ���� ���� ��� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

$YHU� ���� ���� ���� ���� ���� ���� ����� �����

5[ ) � �� �� ��� ���� ��� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

$YHU� ���� ���� ���� ���� ���� ���� ����� �����



$SSHQGL[ $� 0HDVXUHPHQW 5HVXOWV IURP 91$ DQG 6&6 &RPSDULVRQ ���

7DEOH ��� 5HVXOWV IRU +DOOZD\�

/RFDWLRQ � RI 03 ��QV� �� �QV� 3UHF�G%P�

+DOOZD\ � SRV� 6&6 91$6 6&6 91$6 6&6 91$6 6&6 91$6

5[ $ � � �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

$YHU� ���� ���� ���� ���� ����� ���� ����� �����
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5[ ' � � � ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� ���� ����� �����

� �� �� ���� ���� ���� �� ����� �����
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$YHU� ���� �� ���� ���� ���� ���� ����� �����



$SSHQGL[ %

$QDO\VLV RQ 7 LPH 0 HDVXU HPHQW

$FFXU DF\ IRU WKH 6&6

,Q RUGHU WR LPSURYH WKH DFFXUDF\ RI WKH PHDVXUHPHQW DQG HQDEOH WKH WUDQVPLWWHU DQG WKH UHFHLYHU

RI WKH 6&6 WR RSHUDWH VHSDUDWHO\ ZLWKRXW D V\QFKURQL]DWLRQ FDEOH� UXELGLXP IUHTXHQF\ VWDQGDUG

LV XVHG LQ WKH V\VWHP� 7KH DFFXUDF\ RI WKH UXELGLXP RVFLOODWRUV ZLOO GLUHFWO\ HoHFW RQ WKH WLPH

PHDVXUHPHQW DFFXUDF\ RI WKH V\VWHP� 7KLV DSSHQGL[ SURYLGHV DQ HUURU DQDO\VLV UHVXOWLQJ IURP WKH

IUHTXHQF\ RoVHW RI WKH UXELGLXP RVFLOODWRUV� 7KH DQDO\VLV UHVXOWV ZHUH YHULpHG LQ WKH PHDVXUHPHQW

FDPSDLJQ SUHVHQWHG LQ 6HFWLRQ ���� %DVHG RQ WKH DQDO\VLV� LPSURYHPHQW WHFKQLTXHV ZHUH VXJJHVWHG

DQG LPSOHPHQWHG LQ WKH PHDVXUHPHQW FDPSDLJQ >��@�

% �� , QWU RGXFWLRQ

,Q WKH 6&6 GHYHORSHG DW 035*� WKUHH 31 VHTXHQFHV DUH JHQHUDWHG� WUDQVPLWWHU 31 VHTXHQFH�

UHFHLYHU 31 VHTXHQFH� DQG D GXSOLFDWHG WUDQVPLWWHU 31 VHTXHQFH DW WKH UHFHLYHU IRU V\QFKURQL]DWLRQ

SXUSRVH� 7KH FRUUHODWLRQ RI WKH UHFHLYHU 31 DQG WKH GXSOLFDWHG WUDQVPLWWHU 31 JHQHUDWRU SURYLGHV

D VLJQDO SXOVH ZLWK QR SURSDJDWLRQ GHOD\� ZKLFK VHUYHV DV D UHIHUHQFH IRU DEVROXWH SURSDJDWLRQ GHOD\

PHDVXUHPHQWV� 7KH GXSOLFDWHG WUDQVPLWWHU 31 HQDEOHV WKH WUDQVPLWWHU DQG UHFHLYHU WR RSHUDWH

VHSDUDWHO\ ZLWKRXW D V\QFKURQL]DWLRQ FDEOH�

���



$SSHQGL[ %� $QDO\VLV RQ 7LPH 0HDVXUHPHQW $FFXUDF\ IRU WKH 6&6 ���

5XELGLXP RVFLOODWRUV �52� UXQQLQJ DW �� 0+] DUH XVHG WR SURYLGH IUHTXHQF\ UHIHUHQFHV IRU WKH

IUHTXHQF\ JHQHUDWRUV DW ERWK WUDQVPLWWHU DQG UHFHLYHU� 6LQFH ERWK 52V DW WKH WUDQVPLWWHU DQG

UHFHLYHU DUH IUHH�UXQQLQJ� WKH\ ZLOO LQGHSHQGHQWO\ GULIW� ZKLFK ZLOO UHVXOW LQ D VPDOO IUHTXHQF\

RoVHW� cI � 7KLV RoVHW ZLOO FDXVH WKH 31 VHTXHQFHV WR GULIW DQG LQqXHQFH WKH PHDVXUHPHQW UHVXOW�

7KH JRDO RI WKH DQDO\VLV LV WR TXDQWLWDWLYHO\ HYDOXDWH WKH HoHFWV RI D JLYHQ IUHTXHQF\ RoVHW �cI� RI

WKH 52 RQ WKH WLPH PHDVXUHPHQWV LQFOXGLQJ DEVROXWH SURSDJDWLRQ WLPH DQG H[FHVV GHOD\� $V VKRZQ

LQ WKLV DQDO\VLV� D VPDOO IUHTXHQF\ RoVHW RI WKH 52 PD\ UHVXOW LQ D ODUJH WLPH PHDVXUHPHQW HUURU

LQ D ORQJ PHDVXUHPHQW FDPSDLJQ�

:H GHQRWH WKH WUDQVPLWWHU 31 IUHTXHQF\ DV I7 � WKH UHFHLYHU 31 IUHTXHQF\ DV I5� DQG GXSOLFDWHG

WUDQVPLWWHU 31 IUHTXHQF\ DV I'7 � 7KH FDOFXODWLRQ LV FDUULHG RXW IRU D W\SLFDO VHWWLQJ RI WKH IUHTXHQ�

FLHV�

I7  I'7  ��� 0+] �%�����

I5  ����� 0+] �%�����

7KH JHQHUDO IRUPXODV� GHULYHG EHORZ� DUH YDOLG IRU DQ\ YDOXH RI cI � RU DQ\ 31 IUHTXHQF\ VHWWLQJ�

7KH UHIHUHQFH RXWSXW RI DQ LGHDO 52 LV �� 0+]� 6XSSRVH 52V KDYH RoVHWV RI cI527 DQG cI525 IRU

WUDQVPLWWHU DQG UHFHLYHU� UHVSHFWLYHO\� 7KHQ� WKH DFWXDO FORFN IUHTXHQFLHV DUH

I52
7  �� 0+]hcI527 �%�����

I52
5  �� 0+]hcI525 �%�����

7KH 31 VHTXHQFHV EDVHG RQ WKHVH UHIHUHQFHV DUH WKHQ ELDVHG LQ IUHTXHQFLHV�

I7  ��� 0+]hcI527 � e ��  ��� 0+]h ��cI527 �%�����

I'7  ��� 0+]hcI525 � e ��  ��� 0+]h ��cI525 �%�����

I5  ��� 0+]hcI525 � e �����  ����� 0+]h �����cI525 �%�����

% �� , QqXHQFH RQ WKH 6\QFKU RQL]DWLRQ 3 XOVHV

6\QFKURQL]DWLRQ SXOVH LV JHQHUDWHG E\ PL[LQJ WKH GXSOLFDWHG WUDQVPLWWHU 31 VHTXHQFH DQG WKH UH�

FHLYHU VOLGLQJ 31 VHTXHQFH� 7KH V\QFKURQL]DWLRQ SXOVH RFFXUV ZKHQ WKHVH WZR 31 VHTXHQFHV DOLJQ�



$SSHQGL[ %� $QDO\VLV RQ 7LPH 0HDVXUHPHQW $FFXUDF\ IRU WKH 6&6 ���

7KH GXUDWLRQ EHWZHHQ WZR V\QFKURQL]DWLRQ SXOVHV LV WKH WLPH GXUDWLRQ EHWZHHQ WZR VXFFHVVLYH DOLJQ�

PHQWV RI WKH UHFHLYHU DQG WKH GXSOLFDWHG WUDQVPLWWHU 31 VHTXHQFHV� 7KHUHIRUH� LW LV LQGHSHQGHQW RQ

WKH WUDQVPLWWHU 31 DQG WKH WUDQVPLWWHU 52� 7KH V\QFKURQL]DWLRQ WLPH LV HYDOXDWHG LQ >��@ DQG >��@

IRU WKH LGHDO 52 IUHTXHQFLHV� ,Q WKLV ZRUN� WKH V\VWHP SDUDPHWHUV DUH HYDOXDWHG WDNHQ LQWR DFFRXQW

WKH IUHTXHQF\ RoVHW�

7V\QF  q517'
7 �%�����

ZKHUH 1 LV 31 VHTXHQFH OHQJWK� 7'
7 LV WKH FKLS GXUDWLRQ RI WKH GXSOLFDWHG WUDQVPLWWHU 31 VHTXHQFH�

DQG q5 LV VOLGLQJ IDFWRU DFFRUGLQJ WR WKH UHFHLYHU 31 VHTXHQFHV ZKLFK LV GHpQHG DV

q5  
I'7

I'7 b I5
�%�����

6XEVWLWXWLQJ �%����� LQWR �%������ ZH ZLOO KDYH

7V\QF  
I'7

I'7 b I5
17'

7  
1

I'7 b I5
 

1

���� 0+]h ������cI525

} 1

���� 0+]
�%�����

7KH YDOXH RI �����cI525 LV RQ WKH RUGHU RI ��b� +] >���@� ZKLFK LV PXFK OHVV WKDQ ���� 0+]� VR

WKH LQWHUYDO EHWZHHQ WKH V\QFKURQL]DWLRQ SXOVHV LV GHSHQGHQW RQO\ RQ WKH 31 OHQJWK� )RU H[DPSOH�

ZKHQ WKH 31 VHTXHQFH OHQJWK LV 1 ���� DQG WKH FKLS UDWHV DUH ��� 0+] DQG ����� 0+]� WKH WLPH

GXUDWLRQ EHWZHHQ WZR V\QFKURQL]DWLRQ SXOVHV ZLOO EH 7V\QF  ������ VHF�

% �� , QqXHQFH RQ ( [FHVV 'HOD\ 0 HDVXU HPHQWV

7KH H[FHVV GHOD\ LV WKH DUULYDO WLPH GLoHUHQFH EHWZHHQ WKH LWK PXOWLSDWK FRPSRQHQW� WL� DQG WKH

pUVW DUULYHG PXOWLSDWK� W�� :H GHQRWH WKH UHFRUGHG WLPH GLoHUHQFH �VFRSH WLPH� EHWZHHQ WKHVH

PXOWLSDWKV DV �REVHUYH  WL b W�� WKHQ WKH DFWXDO H[FHVV GHOD\ WLPH� �DFWXDO� LV JLYHQ E\

�DFWXDO  
�REVHUYH
q7

�%�����

ZKHUH VOLGLQJ IDFWRU�q7 � LV GHpQHG DV

q7  
I7

I7 b I5
�%�����
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� :KHQ WKH 52V GR QRW KDYH IUHTXHQF\ RoVHWV� q7 LV ������ IRU WKH JLYHQ IUHTXHQFLHV IW DQG IU LQ

�%����� DQG �%������

:KHQ WKH 52V KDYH IUHTXHQF\ RoVHWV� WKH IUHTXHQF\ YDOXHV DUH JLYHQ E\ �%����� DQG �%������ )RU

WKHVH IUHTXHQF\ YDOXHV � WKH YDOXH RI q7 LV

q7  
��� 0+]h ��cI527

���� 0+]h ��cI527 i �����cI525

} ����� �%�����

7KH YDOXHV RI ��cI525 DQG �����cI525 DUH LQ WKH RUGHU RI � e ��b� +] ZKLFK LV PXFK OHVV WKDQ ����
0+] >���@� 7KH LQqXHQFH RI WKH IUHTXHQF\ RoVHWV LV QHJOLJLEOH�

1RWLFH WKDW LQ WKLV ZRUN ZH LQWURGXFHG WKH QHZ GHpQLWLRQV RI VOLGLQJ IDFWRUV q5 DQG q7 � WDNLQJ

LQWR DFFRXQW WKH GLoHUHQW IUHTXHQFLHV EHWZHHQ I7 DQG I'7 GXH WKH 52 IUHTXHQF\ RoVHW� )RU FDVHV

ZKHUH IUHTXHQF\ RoVHWV cI527 DQG cI525 DUH �� WKH QHZ GHpQHG VOLGLQJ IDFWRUV �q7 DQG q5� ZLOO

GHJHQHUDWH WR WKH VOLGLQJ IDFWRU �q� GHpQHG LQ >��� ��@�

% �� , QqXHQFH RQ WKH $EVROXWH 3 U RSDJDWLRQ 7 LPH 0 HDVXU HPHQWV

/HW
V VXSSRVH ZH VWDUW WKH WKUHH 31 VHTXHQFHV DW WKH VDPH WLPH� 7KH V\QFKURQL]DWLRQ SXOVH LV

JHQHUDWHG IURP UHFHLYHU 31 DQG GXSOLFDWHG WUDQVPLWWHU 31� 7KH DFWXDO DOLJQPHQW WLPH GHSHQGV

RQ WKH WUDQVPLWWHU 31 DQG UHFHLYHU 31� 7KHUHIRUH� LI WKHUH LV D GLoHUHQFH EHWZHHQ WKH WUDQVPLWWHU

31 DQG LWV GXSOLFDWH� WKH V\QFKURQL]DWLRQ SXOVH ZLOO RFFXU QRW DW H[DFWO\ WKH VDPH WLPH DV WKH

WUDQVPLWWHU 31 DQG WKH UHFHLYHU 31 DOLJQ� $V GHSLFWHG LQ )LJXUH ��� WKLV HUURU DFFXPXODWHV ZLWK

HDFK VXFFHVVLYH V\QFKURQL]DWLRQ SXOVH DQG FDXVH UHFRUGHG 3'3V GULIWLQJ IURP WKH V\QFKURQL]DWLRQ

SXOVH ZLWK WLPH�

$V FDOFXODWHG LQ 6HFWLRQ %��� WKH V\QFKURQL]DWLRQ SXOVH� 7V\QF� RFFXUV HYHU\ ������ VHFRQGV� 7KH

DFWXDO DOLJQPHQW RFFXUV HYHU\

7DOLJQ  q7 1 77  
I7 1 7 7

I7 b I5
 

����

���� 0+]h ��cI527 i �����cI525

 7V\QF �c7 �%�����

6R DIWHU HYHU\ DFTXLVLWLRQ� L�H� ������ VHFRQG� WKH pUVW PXOWLSDWK ZLOO VKLIW E\ c7 IURP WKH V\QFKUR�

QL]DWLRQ SXOVH SURYLGLQJ WKH FKDQQHO LV VWDWLRQDU\� 7KLV HUURU DFFXPXODWHV E\ 1c7 RYHU 1 FRGH

VHTXHQFHV� 7KH IROORZLQJ FDOFXODWLRQ HVWLPDWHV WKLV HUURU IRU WKH SUDFWLFDO IUHTXHQF\ RoVHW YDOXHV�
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(a). Sync Pulses

(c). MP Propagation Times

Time

Talign Talign

Tsync

Time

(b). Actual Alignments

Tsync

Tabsolute

Time
Tmeasured

Tactual∆Tactual 2∆Tactual

)LJXUH ��� ,QqXHQFH RI WKH IUHTXHQF\ RoVHW RQ �D� WLPH EHWZHHQ V\QF SXOVHV� �E� WLPH EHWZHHQ
DFWXDO DOLJQPHQWV RI 31V� DQG �F� DEVROXWH SURSDJDWLRQ WLPH�

)URP WKH (OHFWULFDO 6SHFLpFDWLRQV RI >���@� WKH 'DLO\ $JLQJ 5DWH �WKH HUURU DIWHU pUVW �� KRXUV RQ�

LV � e ��b�� e I � $V ZH KDYH WKH RXWSXW IUHTXHQF\ RI 52 DW �� 0+]� WKH IUHTXHQF\ RoVHW ZLOO EH
cI  � e ��b�� e �� e ���  � e ��b� +]� )RU WKHVH YDOXHV�

7DOLJQ  
����

���� 0+]h �� e � e ��b� i ����� e � e ��b�
0D[I7DOLJQJ  ����

���� 0+]b �� e � e ��b� b ����� e � e ��b�  ����������� V �%�����

0LQI7DOLJQJ  ����

���� 0+] � �� e � e ��b� � ����� e � e ��b�  ����������� V �%�����

0D[Ic7REVHUYHJ  7DOLJQ b 7V\QF  h�� QV �%�����
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c7REVHUYH LV WKH REVHUYHG WLPH VKLIW RI WKH PHDVXUHG PXOWLSDWK DW WKH RVFLOORVFRSH DVVXPLQJ WKH

GLVSOD\ UHVROXWLRQ RI WKH RVFLOORVFRSH FDQ GLVFHUQ OHVV WKDQ �� QV�

,Q RUGHU WR HYDOXDWH WKH WLPH VKLIW RI WKH PXOWLSDWK LQ WKH UHDO SURSDJDWLRQ WLPH DIWHU HYHU\ V\Q�

FKURQL]DWLRQ F\FOH ������� VHFRQG��ZH ZLOO QHHG WR GLYLGH WKLV WLPH E\ q� L�H�

c7DFWXDO  h�� QV
q

 h �� QV
�����

 h��� SV F\FOH �%�����

7KLV HTXDWLRQ SURYLGHV WKH PD[LPXP HUURU LQ WKH DEVROXWH SURSDJDWLRQ WLPH PHDVXUHPHQW RI ���

SV SHU HYHU\ ������ VHFRQGV� 7KLV JLYHV D PD[LPXP VKLIWLQJ UDWH RI ����� SV�V � RU ��� QV�PLQ � RU

����� QV�KRXU�

1RWLFH WKDW DIWHU VHYHUDO KRXUV
 RSHUDWLRQ� WKH HUURU EHFRPHV DV ELJ DV KXQGUHGV RI QV� 7KLV FDXVHV

WKH GLVSOD\ WR VORZO\ VOLGH DFURVV WKH RVFLOORVFRSH VFUHHQ� 7KH REVHUYHG GULIW RI 3'3V RQ WKH

RVFLOORVFRSH DOVR GHSHQGV RQ WKH WLPH UHVROXWLRQ� )RU H[DPSOH� LI WKH WLPH VFDOH RI WKH RVFLOORVFRSH

LV � PV SHU GLYLVLRQ� )RU 7HNWURQL[ ����$� WKHUH DUH �� VDPSOH ELQV SHU GLYLVLRQ� VR WKH WLPH

UHVROXWLRQ LV ��zV ELQ RI VFRSH WLPH RU � QV�ELQ RI UHDO WLPH� 7KLV PHDQV WKDW D UHDO WLPH VKLIW RI �

QV ZLOO UHVXOW LQ D ELQ VKLIW RQ WKH RVFLOORVFRSH� %DVHG RQ WKH DERYH ����� SV�V VKLIWLQJ UDWH� ZH ZLOO

REVHUYH RQH ELQ VKLIW RQ WKH RVFLOORVFRSH RQO\ HYHU\ ���� V DQG ZH ZLOO REVHUYH RQH GLYLVLRQ VKLIW

HYHU\ ���� PLQ�

,Q RUGHU WR DFKLHYH WKH UHTXLUHG DFFXUDF\� ZH QHHG WR FRQQHFW WKH WUDQVPLWWHU DQG UHFHLYHU ZLWK D

V\QFKURQL]DWLRQ FDEOH DQG JHW WKHLU 31 VHTXHQFH JHQHUDWRUV V\QFKURQL]HG DJDLQ� WKHQ VHSDUDWH WKHP

IRU ORQJ GLVWDQFH RSHUDWLRQ� 2U ZH FDQ FRPSHQVDWH IRU WKH HUURU E\ WUDFNLQJ WKH OLQHDU DFFXPXODWLRQ

RI c7 RYHU WLPH� ,Q IDFW� SUDFWLFDO XVH RI WKH V\VWHP VKRZV WKH VKLIWLQJ RI WKH PXOWLSDWK LV ZHOO

HVWLPDWHG E\ WKLV FDOFXODWLRQ� $ VXPPDU\ RI WKH WLPH PHDVXUHPHQW DFFXUDF\ DQDO\VLV UHVXOWV LV

JLYHQ LQ 7DEOH ��� 7KLV DQDO\VLV ZDV YHULpHG LQ WKH PHDVXUHPHQW FDPSDLJQ SUHVHQWHG LQ 6HFWLRQ ����

$V VKRZQ LQ )LJXUH ��� WKH WLPH VKLIW RI WKH 3'3V DUH LQGHHG OLQHDUO\ GHSHQGHQW RQ WKH PHDVXUHPHQW

WLPH�
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7DEOH ��� 7LPH 0HDVXUHPHQW (UURU GXH WR 6SHFLpHG 52 )UHTXHQF\ 2oVHWV DQG 31 )UHTXHQF\
6HWWLQJV�

� PLQ � KU � KU � GD\

6\QF 3XOVH 5HSHWLWLRQ � � � �

([FHVV 'HOD\ 7LPH � � � �

$EVROXWH 3URS� 7LPH ��� QV ����� QV ��� QV ����� zV

'ULIWLQJ RQ 6FRSH � ELQ � GLY ��� GLY ���� GLY



$SSHQGL[ &

&DQRQLFDO $QWHQQD 3 DWWHU QV IRU

5HODWLYH 3 RZHU =RQH 'HU LYDWLRQ

7KH SRZHU DQG GHOD\ ]RQH DSSURDFK LV GHPRQVWUDWHG IRU IROORZLQJ FDQRQLFDO DQWHQQD V\VWHP� WKH

XQLIRUPO\ LOOXPLQDWHG UHFWDQJXODU DSHUWXUH DQWHQQD DV WKH WUDQVPLWWLQJ DQWHQQD DQG WKH XQLIRUPO\

LOOXPLQDWHG FLUFXODU DSHUWXUH DQWHQQD DV WKH UHFHLYLQJ DQWHQQD� 7KHVH DQWHQQDV ZHUH VHOHFWHG WR

UHSUHVHQW DQWHQQD V\VWHPV SURSRVHG IRU HPHUJLQJ PLOOLPHWHU�ZDYH SRLQW�WR�PXOWLSRLQW OLQNV� 7KH

WUDQVPLWWLQJ �KXE� DQWHQQD KDV KDOI SRZHU EHDPZLGWKV RI ��r DQG ���r LQ D]LPXWK DQG HOHYDWLRQ�

UHVSHFWLYHO\� 7KH UHFHLYHU �VXEVFULEHU� DQWHQQD KDV KDOI SRZHU EHDPZLGWKV RI ���r LQ ERWK D]LPXWK

DQG HOHYDWLRQ�

7KH QRUPDOL]HG IDU�pHOG UDGLDWLRQ SRZHU SDWWHUQV� *W��W� vW� DQG *U��U� vU�� IRU WKHVH DQWHQQDV DUH

JLYHQ LQ >��@ DV IROORZV

*W��W� vW�  

ppppVLQ>}�D y�VLQ���@VLQ>}�E y�VLQ�v�@}��DE y��VLQ���VLQ�v�

pppp
�

�&�����

ZKHUH y LV WKH ZDYHOHQJWK� DQG D DQG E DUH GLPHQVLRQV RI WKH UHFWDQJXODU DSHUWXUH�

*U�qU�  M}U��-��|� |M� �&�����

ZKHUH |  �}�U� y�VLQ�qU�� -� LV WKH pUVW�RUGHU %HVVHO IXQFWLRQ� DQG qU LV WKH DQJOH LQ VSKHULFDO

FRRUGLQDWH V\VWHP DV VKRZQ LQ )LJXUH ��� 7KH UHVXOWLQJ DQWHQQD SDWWHUQV DUH SUHVHQWHG LQ )LJXUH

���

���



$SSHQGL[ &� &DQRQLFDO $QWHQQD 3DWWHUQV IRU 5HODWLYH 3RZHU =RQH 'HULYDWLRQ ���

)LJXUH ��� 7KHRUHWLFDO SRZHU SDWWHUQV IRU KRUQ DQG GLVK DQWHQQDV� D]LPXWK�



$SSHQGL[ '

6LWH 3 KRWRV DQG 0 DSV IRU �� *+ ]

0 HDVXU HPHQW &DPSDLJQ

���



$SSHQGL[ '� 6LWH 3KRWRV DQG 0DSV IRU �� *+] 0HDVXUHPHQW &DPSDLJQ ���

)LJXUH ��� /RFDWLRQ � ^ KDOOZD\ RQ WKH WKLUG qRRU RI 1(% EXLOGLQJ�



$SSHQGL[ '� 6LWH 3KRWRV DQG 0DSV IRU �� *+] 0HDVXUHPHQW &DPSDLJQ ���

)LJXUH ��� /RFDWLRQ � ^ KDOOZD\ RQ WKH VHFRQG qRRU RI :KLWWHPRUH EXLOGLQJ�



$SSHQGL[ '� 6LWH 3KRWRV DQG 0DSV IRU �� *+] 0HDVXUHPHQW &DPSDLJQ ���

)LJXUH ��� /RFDWLRQ � ^ FRQIHUHQFH URRP LQ 1(%�



$SSHQGL[ '� 6LWH 3KRWRV DQG 0DSV IRU �� *+] 0HDVXUHPHQW &DPSDLJQ ���

)LJXUH ��� /RFDWLRQ � ^ FODVVURRP LQ :KLWWHPRUH�



$SSHQGL[ '� 6LWH 3KRWRV DQG 0DSV IRU �� *+] 0HDVXUHPHQW &DPSDLJQ ���

)LJXUH ��� /RFDWLRQ � ^ IURP KDOOZD\ LQWR /DE � LQ 1(%� DQG ORFDWLRQ � ^ IURP /DE � WR /DE � LQ
1(%�



$SSHQGL[ '� 6LWH 3KRWRV DQG 0DSV IRU �� *+] 0HDVXUHPHQW &DPSDLJQ ���

)LJXUH ��� /RFDWLRQ � ^ RXWGRRU QHDU 1(% EXLOGLQJ�



$SSHQGL[ '� 6LWH 3KRWRV DQG 0DSV IRU �� *+] 0HDVXUHPHQW &DPSDLJQ ���

)LJXUH ��� /RFDWLRQ ��� ^ KDOOZD\ RQ WKH WKLUG qRRU RI 1(% EXLOGLQJ� QHDU WKH WUDQVPLWWHU�



$SSHQGL[ '� 6LWH 3KRWRV DQG 0DSV IRU �� *+] 0HDVXUHPHQW &DPSDLJQ ���

)LJXUH ��� /RFDWLRQ ��� ^ KDOOZD\ RQ WKH WKLUG qRRU RI 1(% EXLOGLQJ� RSHQ DUHD QHDU HOHYDWRU�

)LJXUH ��� /RFDWLRQ ��� ^ KDOOZD\ RQ WKH WKLUG qRRU RI 1(% EXLOGLQJ� IDU IURP WUDQVPLWWHU�



$SSHQGL[ '� 6LWH 3KRWRV DQG 0DSV IRU �� *+] 0HDVXUHPHQW &DPSDLJQ ���

)LJXUH ��� /RFDWLRQ � ^ KDOOZD\ RQ VHFRQG qRRU RI :KLWWHPRUH +DOO�

)LJXUH ��� /RFDWLRQ ��� ^ FRQIHUHQFH URRP ��� LQ 1(% EXLOGLQJ�



$SSHQGL[ '� 6LWH 3KRWRV DQG 0DSV IRU �� *+] 0HDVXUHPHQW &DPSDLJQ ���

)LJXUH ��� /RFDWLRQ � ^ PHDVXUHPHQWV LQ FODVVURRP ��� LQ :KLWWHPRUH +DOO�

)LJXUH ��� /RFDWLRQ ��� ^ PHDVXUHPHQWV ZLWKLQ WKH ODE�



$SSHQGL[ '� 6LWH 3KRWRV DQG 0DSV IRU �� *+] 0HDVXUHPHQW &DPSDLJQ ���

)LJXUH ��� /RFDWLRQ ��� ^ KDOOZD\ WR URRP PHDVXUHPHQWV WKURXJK D JODVV GRRU�

)LJXUH ��� /RFDWLRQ �� PHDVXUHPHQWV IURP URRP WR URRP WKURXJK D ZDOO �



$SSHQGL[ '� 6LWH 3KRWRV DQG 0DSV IRU �� *+] 0HDVXUHPHQW &DPSDLJQ ���

)LJXUH ��� /RFDWLRQ � ^ RXWGRRU PHDVXUPHQWV LQ D SDUNLQJ ORW�

)LJXUH ��� /RFDWLRQ �� RXWGRRU PHDVXUHPHQWV QHDU D VWRQH ZDOO RI 1(% EXLOGLQJ�



$SSHQGL[ (

$EEU HYLDWLRQV DQG $FU RQ\PV

$036� $GYDQFHG 0RELOH 3KRQH 6\VWHPV

$2$� $QJOH RI $UULYDO

$57� $GYDQFHG 5DGLR 7HOHFRP &RUSRUDWLRQ

$70� $V\QFKURQRXV 7UDQVIHU 0RGH

%�,6'1� %URDGEDQG ,QWHJUDWHG 6HUYLFHV 'LJLWDO 1HWZRUN

%(5� %LW (UURU 5DWH

&:� &RQWLQXRXV :DYH

'63� 'LJLWDO 6LJQDO 3URFHVVLQJ

(,53� (oHFWLYH ,VRWURSLF 5DGLDWHG 3RZHU

(0� (OHFWUR�0DJQHWLF

(76,� (XURSHDQ 7HOHFRPPXQLFDWLRQV 6WDQGDUG ,QVWLWXWH

)&&� )HGHUDO &RPPXQLFDWLRQV &RPPLVVLRQ

*60� *OREDO 6\VWHP IRU 0RELOH

+,3(5/$1� +LJK�3HUIRUPDQFH 5DGLR /RFDO $UHD 1HWZRUN

+'79� +LJK 'HpQLWLRQ 7HOHYLVLRQ

,&� ,QWHJUDWHG &LUFXLWV

,)� ,QWHUPHGLDWH )UHTXHQF\

,6,� ,QWHUV\PERO ,QWHUIHUHQFH

,60� ,QGXVWULDO� 6FLHQWLpF� DQG 0HGLFDO EDQG

���



$SSHQGL[ (� $EEUHYLDWLRQV DQG $FURQ\PV ���

,76� ,QWHOOLJHQW 7UDQVSRUW 6\VWHPV

/0'6� /RFDO 0XOWLSRLQW 'LVWULEXWLRQ 6HUYLFHV

/0&6� /RFDO 0XOWLSRLQW &RPPXQLFDWLRQV 6HUYLFHV

/2� /RFDO 2VFLOODWRU

/26� /LQH RI 6LJKW

0%6� 0RELOH %URDGEDQG 6\VWHPV

00,&� 0LFURZDYH DQG 0LOOLPHWHU�ZDYH 0RQROLWKLF ,&

1*,� 1H[W *HQHUDWLRQ ,QWHUQHW

1,,� 1DWLRQDO ,QIRUPDWLRQ ,QIUDVWUXFWXUH

1/26� 1RQ /LQH RI 6LJKW

3$3� 3RZHU $QJOH 3URpOH

3%;� 3ULYDWH�%UDQFK ([FKDQJH

3&1� 3HUVRQDO &RPPXQLFDWLRQ 1HWZRUN

3&6� 3HUVRQDO &RPPXQLFDWLRQV 6HUYLFHV

3')� 3UREDELOLW\ 'HQVLW\ )XQFWLRQ

3'3� 3RZHU 'HOD\ 3URpOH

31� 3VHXGR�1RLVH

5)� 5DGLR )UHTXHQF\

6&6� 6OLGLQJ &RUUHODWRU 6\VWHP

615� 6LJQDO WR 1RLVH 5DWLR

7,3� 7ZR�:DYH ZLWK ,QFRKHUHQW 3RZHU

72$� 7LPH RI $UULYDO

8+)� 8OWUDKLJK )UHTXHQF\

9+6,&� 9HU\ +LJK 6SHHG ,QWHJUDWHG &LUFXLW

91$� 9HFWRU 1HWZRUN $QDO\]HU

;3'� &URVV�3RODUL]DWLRQ 'LVFULPLQDWLRQ

:/$1� :LUHOHVV /RFDO $UHD 1HWZRUN

://� :LUHOHVV /RFDO /RRS 7HOHSKRQ\



5HIHU HQFHV

>�@ 2� $QGULVDQR� 9� 7UDOOL� DQG 5� 9HUGRQH� ?0LOOLPHWHU :DYHV IRU 6KRUW�5DQJH 0XOWLPHGLD

&RPPXQLFDWLRQ 6\VWHPV�� 3URF� ,(((� YRO� ��� SS� ����^����� -XO\ �����

>�@ *� '� 'XUJLQ� 7� 6� 5DSSDSRUW� DQG +� ;X� ?0HDVXUHPHQWV DQG 0RGHOV IRU 5DGLR 3DWK /RVV

DQG 3HQHWUDWLRQ /RVV ,Q DQG $URXQG +RPHV DQG 7UHHV DW ���� *+]�� ,((( 7UDQVDFWLRQV RQ

&RPPXQLFDWLRQV� YRO� ��� 1RY �����

>�@ *� '� 'XUJLQ� +� ;X� DQG 7� 6� 5DSSDSRUW� ?3DWK /RVV DQG 3HQHWUDWLRQ /RVV 0HDVXUHPHQWV

LQ DQG DURXQG +RPHV DQG 7UHHV DW ���� *+]�� WHFK� UHS�� 035* 75�������9LUJLQLD 7HFK�

-XQH �����

>�@ &� 5XWKURo� ?0XOWLSOH�3DWK )DGLQJ RQ /LQH�RI�6LJKW 0LFURZDYH 5DGLR 6\VWHPV DV D )XQFWLRQ

RI 3DWK /HQJWK DQG )UHTXHQF\�� LQ %HOO 6\VW� 7HFK� -�� YRO� ��� SS� ����^����� 6HSWHPEHU

�����

>�@ -� $� 2JLOY\� 7KHRU\ RI :DYH 6FDWWHULQJ IURP 5DQGRP 5RXJK 6XUIDFHV� 1HZ <RUN� $GDP

+LOJHU� �����

>�@ 3� %HFNPDQQ DQG $� 6SL]]LFKLQR� 7KH 6FDWWHULQJ RI (OHFWURPDJQHWLF :DYHV IURP 5RXJK 6XU�

IDFHV� 1HZ <RUN� 3HUJDPRQ 3UHVV ,QF�� �����

>�@ *� 0� :KLWPDQ� )� 6FKZHULQJ� $� $� 7ULROR� DQG 1� <� &KR� ?$ 7UDQVSRUW 7KHRU\ RI 3XOVH

3URSDJDWLRQ LQ D 6WURQJO\ )RUZDUG 6FDWWHULQJ 5DQGRP 0HGLXP�� ,((( 7UDQVDFWLRQV RQ

$QWHQQDV DQG 3URSDJDWLRQ� YRO� ��� SS� ���^���� -DQ �����

>�@ $� .DMLZDUD� ?0LOOLPHWHU�:DYH ,QGRRU 5DGLR &KDQQHO $UWLpFLDO 5HqHFWRU�� ,((( 7UDQVDF�

WLRQV RQ 9HKLFXODU 7HFKQRORJ\� YRO� ��� SS� ���^���� 0D\ �����

���



$SSHQGL[ (� $EEUHYLDWLRQV DQG $FURQ\PV ���

>�@ *� '� 'XUJLQ� 9� .XNVK\D� (� /DX� DQG 7� 6� 5DSSDSRUW� ?0HDVXUHPHQW�%DVHG

6SDWLDO�7HPSRUDO &KDQQHO 0RGHOLQJ IRU +DQGKHOG 0XOWL�PHGLD 7HUPLQDOV��� WHFK� UHS��

035*�9LUJLQLD 7HFK� 'HF �����

>��@ (� -� 9LROHWWH� 5� +� (VSHODQG� 5� 2� 'H%ROW� DQG )� 6FKZHULQJ� ?0LOOLPHWHU�:DYH 3URS�

DJDWLRQ DW 6WUHHW /HYHO LQ DQ 8UEDQ (QYLURQPHQW�� ,((( 7UDQV� *HRVFL� 5HPRWH 6HQVLQJ�

YRO� ��� SS� ���^���� 0D\ �����

>��@ .� 6DWR� 7� 0DQDEH� -� 3ROLYND� 7� ,KDUD� <� .DVDVKLPD� DQG .� <DPDNL� ?0HDVXUHPHQW RI

WKH &RPSOH[ 5HIUDFWLYH ,QGH[ RI &RQFUHWH DW ���� *+]�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV

DQG 3URSDJDWLRQ� YRO� ��� SS� ��^��� -DQ �����

>��@ 7� 0DQDEH� .� 6DWR� +� 0DVX]DZD� .� 7DLUD� 7� ,KDUD� <� .DVDVKLPD� DQG .� <DPDNL�

?3RODUL]DWLRQ 'HSHQGHQFH RI 0XOWLSDWK 3URSDJDWLRQ DQG +LJK�6SHHG 7UDQVPLVVLRQ &KDUDF�

WHULVWLFV RI ,QGRRU 0LOOLPHWHU�:DYH &KDQQHO DW �� *+]�� ,((( 7UDQV� 9HK� 7HFK�� YRO� ���

SS� ���^���� 0D\ �����

>��@ $� '� .XFDU� ?0RELOH 5DGLR� $Q 2YHUYLHZ�� ,((( &RPP� 0DJD]LQH� SS� ��^��� 1RY� �����

>��@ 7� 6� 5DSSDSRUW� :LUHOHVV &RPPXQLFDWLRQV� 3ULQFLSOHV DQG 3UDFWLFH� 1HZ -HUVH\� 3UHQWLFH�

+DOO ,QF�� �����

>��@ :� 6WDOOLQJV� ,6'1 DQG %URDGEDQG ,6'1 ZLWK )UDPH 5HOD\ DQG $70� 1HZ -HUVH\� 3UHQWLFH�

+DOO� � HG�� �����

>��@ )HGHUDO &RPPXQLFDWLRQV &RPPLVVLRQ� ?*HQHUDO $XFWLRQ 'DWD��

KWWS���ZZZ�IFF�JRY�ZWE�DXFWLRQV��

>��@ -� '� 3DUVRQV� 7KH 0RELOH 5DGLR 3URSDJDWLRQ &KDQQHO� 1HZ <RUN� -RKQ :LOH\ 	 6RQV� �����

>��@ 3� 6PXOGHUV� %URDGEDQG :LUHOHVV /$1V� $ )HDVLELOLW\ 6WXG\� 3K' WKHVLV� (LQGKRYHQ 8QLY�

RI 7HFK�� 7KH 1HWKHUODQGV� 'HF� �����

>��@ /� (� /DUVRQ�(G�� 5) DQG 0LFURZDYH &LUFXLW 'HVLJQ IRU :LUHOHVV &RPPXQLFDWLRQV� %RVWRQ�

$UWHFK +RXVH� �����

>��@ ,QGXVWU\ &DQDGD� ?:LUHOHVV %URDGEDQG � &DQDGD 3DYLQJ WKH :D\�� KWWS���LQIR�LF�JF�FD��



$SSHQGL[ (� $EEUHYLDWLRQV DQG $FURQ\PV ���

>��@ (XURSHDQ 7HOHFRPPXQLFDWLRQV 6WDQGDUGV ,QVWLWXWH� ?%URDGEDQG 5DGLR $FFHVV 1HWZRUNV��

KWWS���ZZZ�HWVL�RUJ��

>��@ /� 0� &RUUHLD DQG 5� 3� 3UDVDG� ?$Q 2YHUYLHZ RI :LUHOHVV %URDGEDQG &RPPXQLFDWLRQV��

,((( &RPPXQ� 0DJD]LQH� SS� ��^��� -DQ� �����

>��@ .� +� &UDLJ DQG -� 5� 1RUEXU\� ?,QWHUIHUHQFH 0HFKDQLVPV :KLFK $oHFW )UHTXHQF\ 5HXVH RQ

6KRUW /LQH�RI�6LJKW 0LOOLPHWULF /LQNV�� LQ 3URF� ,&$3� ,(( &RQI 3XE ���� SS� �����^�������

�����

>��@ :� 5XPPOHU� ?0XOWLSDWK )DGLQJ &KDQQHO 0RGHOV IRU 0LFURZDYH 'LJLWDO 5DGLR�� ,((( &RP�

PXQ� 0DJD]LQH� YRO� ��� SS� ��^��� 1RY� �����

>��@ :� 5XPPOHU� ?$ 1HZ 6HOHFWLYH )DGLQJ 0RGHO� $SSOLFDWLRQ WR 3URSDJDWLRQ 'DWD�� LQ %HOO

6\VW� 7HFK� -�� YRO� ��� SS� ����^����� 0D\�-XQH �����

>��@ -� +� 6FKDoQHU� +� ,]DGSDQDK� '� *UHJRULH� +� 3� +VX� +� ;X� 5� -� %R\OH� DQG 7� 6� 5DS�

SDSRUW� ?0LOOLPHWHU :DYH :LUHOHVV 7HFKQRORJ\ DQG 7HVWEHG 'HYHORSPHQW IRU :LGHEDQG ,Q�

IUDVWUXFWXUH $FFHVV�� LQ 6HVVLRQ :&&���7$�� �UG ,QWHUQDWLRQDO :LUHOHVV &RPPXQ� &RQI��

SS� ���^���� 1RY� �����

>��@ *� +HIWPDQ� ?/0'6 6HW WR &KDOOHQJH IRU /DVW�0LOH 6XSUHPDF\�� 0LFURZDYH DQG 5)� SS� ��^

��� $SULO �����

>��@ 1DWLRQDO ,QVWLWXWH RI 6WDQGDUGV DQG 7HFKQRORJ\� ?1DWLRQDO ,QIRUPDWLRQ ,QIUDVWUXFWXUH �1,,���

KWWS���QLL�QLVW�JRY�QLL�QLLLQIR�KWPO�

>��@ :� &� -DNHV�(G�� 0LFURZDYH 0RELOH &RPPXQLFDWLRQV� 1HZ <RUN� ,((( 3UHVV� �����

>��@ :� &� <� /HH� 0RELOH &HOOXODU 7HOHFRPPXQLFDWLRQV 6\VWHPV� 1HZ <RUN� 0F*UDZ�+LOO� �����

>��@ /� :� &RXFK ,,� 'LJLWDO DQG $QDORJ &RPPXQLFDWLRQ 6\VWHPV� 1HZ <RUN� 0DFPLOODQ� ,QF�

�WK HG�� �����

>��@ %� 5D]DYL� 5) 0LFURHOHFWURQLFV� 8SSHU 6DGGOH 5LYHU� 1-� 3UHQWLFH +DOO 375� �����



$SSHQGL[ (� $EEUHYLDWLRQV DQG $FURQ\PV ���

>��@ -� &��,� &KXDQJ� ?7KH (oHFWV RI 7LPH 'HOD\ 6SUHDG RQ 3RUWDEOH &RPPXQLFDWLRQV &KDQQHOV

ZLWK 'LJLWDO 0RGXODWLRQ�� ,((( -RXUQDO RQ 6HOHFWHG $UHDV LQ &RPPXQLFDWLRQV� YRO� 6$&���

SS� ���^���� -XQH �����

>��@ :� /� 6WXW]PDQ DQG *� $� 7KLHOH� $QWHQQD 7KHRU\ DQG 'HVLJQ� 1HZ <RUN� :LOH\� �����

>��@ 0� $� 3DQMZDQL� $� /� $EERW� DQG 7� 6� 5DSSDSRUW� ?,QWHUDFWLYH &RPSXWDWLRQ RI &RYHUDJH

5HJLRQV IRU :LUHOHVV &RPPXQLFDWLRQ LQ 0XOWLqRRUHG ,QGRRU (QYLURQPHQWV�� ,((( -RXUQDO

RQ 6HOHFWHG $UHD RI &RPPXQLFDWLRQV� YRO� ��� SS� ���^���� $SULO �����

>��@ 5� '� 0XUFK� -� +� 0� 6DX� DQG .� :� &KHXQJ� ?,PSURYHG (PSLULFDO 0RGHOLQJ IRU ,Q�

GRRU 3URSDJDWLRQ 3UHGLFWLRQ�� LQ ,((( ��WK 9HKLFXODU 7HFKQRORJ\ &RQIHUHQFH� �&KLFDJR�

,/�� SS� ���^���� -XO\ �����

>��@ 3� %� 3DSD]LDQ� 0� 5RDGLIHU� DQG *� $� +XoRUG� ?,QLWLDO 6WXG\ RI WKH /RFDO 0XOWLSRLQW

'LVWULEXWLRQ 6\VWHP 5DGLR &KDQQHO�� WHFK� UHS�� 17,$ 5HSRUW ������� $XJ� �����

>��@ 6� <� 6HLGHO DQG +� $UQROG� ?3URSDJDWLRQ 0HDVXUHPHQWV DW �� *+] WR ,QYHVWLJDWH WKH 3HUIRU�

PDQFH RI /RFDO 0XOWLSRLQW 'LVWULEXWLRQ 6HUYLFH �/0'6��� LQ 3URF� ,((( */2%(&20 
���

SS� ���^���� �����

>��@ +� ;X� 7� 6� 5DSSDSRUW� 5� -� %R\OH� DQG -� 6FKDoQHU� ?5DGLR :DYH 3URSDJDWLRQ 6WXG\ DW

�� *+]�� LQ 3URF� ,((( 97&
��� SS� ����^����� 0D\ �����

>��@ +� ;X� 7� 6� 5DSSDSRUW� 5� -� %R\OH� DQG -� 6FKDoQHU� ?0HDVXUHPHQWV DQG 0RGHOLQJ IRU

5DGLR :DYH 3URSDJDWLRQ DW �� *+]�� ,((( -RXUQDO RQ 6HOHFWHG $UHDV RQ &RPPXQLFDWLRQV�

$SULO �����

>��@ *� 7XULQ� )� &ODSS� 7� -RKQVWRQ� 6� )LQH� DQG '� /DYU\� ?$ 6WDWLVWLFDO 0RGHO RI 8UEDQ

0XOWLSDWK 3URSDJDWLRQ�� ,((( 7UDQVDFWLRQV RQ 9HKLFXODU 7HFKQRORJ\� YRO� ��� QR� �� �����

>��@ +� +DVKHPL� ?7KH ,QGRRU 5DGLR 3URSDJDWLRQ &KDQQHO�� LQ 3URF� ,(((� YRO� ��� SS� ���^����

-XO\ �����

>��@ +� +DVKHPL� ?,PSXOVH 5HVSRQVH 0RGHOLQJ RI ,QGRRU 5DGLR 3URSDJDWLRQ &KDQQHOV�� ,(((

-RXUQDO RQ 6HOHFWHG $UHDV LQ &RPPXQLFDWLRQV� YRO� ��� SS� ���^���� 6HSWHPEHU �����



$SSHQGL[ (� $EEUHYLDWLRQV DQG $FURQ\PV ���

>��@ 3� %HOOR� ?&KDUDFWHUL]DWLRQ RI 5DQGRPO\ 7LPH�9DULDQW /LQHDU &KDQQHOV�� ,((( 7UDQVDFWLRQ

RQ &RPPXQLFDWLRQV 6\VWHPV� SS� ���^���� 'HFHPEHU �����

>��@ '� &� &R[� ?'HOD\ 'RSSOHU &KDUDFWHULVWLFV RI 0XOWLSDWK 'HOD\ 6SUHDG DQG $YHUDJH ([FHVV

'HOD\ IRU ��� 0+] 8UEDQ 0RELOH 5DGLR 3DWKV�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV DQG 3URS�

DJDWLRQ� YRO� $3���� SS� ���^���� 6HSWHPEHU �����

>��@ '� &� &R[ DQG 5� 3� /HFN� ?'LVWULEXWLRQV RI 0XOWLSDWK 'HOD\ 6SUHDG DQG $YHUDJH ([FHVV

'HOD\ IRU ��� 0+] 8UEDQ 0RELOH 5DGLR 3DWKV�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV DQG 3URS�

DJDWLRQ� YRO� $3���� SS� ���^���� 0DUFK �����

>��@ 5� +� &ODUN� ?$ 6WDWLVWLFDO 7KHRU\ RI 0RELOH�5DGLR 5HFHSWLRQ�� %HOO 6\VWHP 7HFK� -�� YRO� ���

SS� ���^����� �����

>��@ 0� -� *DQV� ?$ 3RZHU�6SHFWUDO 7KHRU\ RI 3URSDJDWLRQ LQ WKH 0RELOH 5DGLR (QYLURQPHQW��

,((( 7UDQVDFWLRQ RQ 9HKLFXODU 7HFKQRORJ\� YRO� 97���� SS� ��^��� )HE �����

>��@ *� '� 'XUJLQ DQG 7� 6� 5DSSDSRUW DQG '� $� GH :ROI� ?0RUH &RPSOHWH 3UREDELOLW\ 'HQVLW\

)XQFWLRQV IRU )DGLQJ LQ 0RELOH &RPPXQLFDWLRQV�� LQ ,((( 97&
��� �+RXVWRQ� 7;�� 0D\

�����

>��@ 6� 2� 5LFH� ?6WDWLVWLFDO 3URSHUWLHV RI D 6LQH :DYH 3OXV 5DQGRP 1RLVH�� %HOO 6\VWHP 7HFKQLFDO

-RXUQDO� YRO� ��� SS� ���^���� -DQ �����

>��@ /� 5D\OHLJK� 7KH 7KHRU\ RI 6RXQG� /RQGRQ� 0DF0LOODQ� �UG HG�� �����

>��@ 6� 2� 5LFH� ?0DWKHPDWLFDO $QDO\VLV RI 5DQGRP 1RLVH�� %HOO 6\VWHP 7HFKQLFDO -RXUQDO� YRO� ���

SS� ���^���� -XO\ �����

>��@ 6� 2� 5LFH� ?0DWKHPDWLFDO $QDO\VLV RI 5DQGRP 1RLVH �FRQWLQXHG��� %HOO 6\VWHP 7HFKQLFDO

-RXUQDO� YRO� ��� SS� ��^���� -DQ �����

>��@ '� 5HXGLQN� ?3URSHUWLHV RI 0RELOH 5DGLR 3URSDJDWLRQ $ERYH ��� 0+]�� ,((( 7UDQVDFWLRQV

RQ 9HKLFXODU 7HFKQRORJ\� 1RY �����

>��@ -� &� /LEHUWL DQG 7� 6� 5DSSDSRUW� 6PDUW $QWHQQDV IRU :LUHOHVV &RPPXQLFDWLRQV� ,6��� DQG

7KLUG *HQHUDWLRQ &'0$ $SSOLFDWLRQV� 1HZ -HUVH\� 3UHQWLFH +DOO� ,QF� �����



$SSHQGL[ (� $EEUHYLDWLRQV DQG $FURQ\PV ���

>��@ *� '� 'XUJLQ DQG 7� 6� 5DSSDSRUW� ?$ %DVLF 5HODWLRQVKLS %HWZHHQ 0XOWLSDWK $QJXODU 6SUHDG

DQG 1DUURZEDQG )DGLQJ LQ D :LUHOHVV &KDQQHO�� ,(( (OHFWURQLF /HWWHUV� �����

>��@ *� '� 'XUJLQ� 7� 6� 5DSSDSRUW� DQG +� ;X� ?���� *+] 5DGLR 3DWK /RVV DQG 3HQHWUDWLRQ /RVV

0HDVXUHPHQWV ,Q DQG $URXQG +RPHV DQG 7UHHV�� ,((( &RPPXQLFDWLRQV /HWWHUV� YRO� ��� 0DU

�����

>��@ *� '� 'XUJLQ� 7� 6� 5DSSDSRUW� DQG +� ;X� ?5DGLR 3DWK /RVV DQG 3HQHWUDWLRQ /RVV 0HD�

VXUHPHQWV ,Q DQG $URXQG +RPHV DQG 7UHHV DW ���� *+]�� LQ ,((( */2%(&20 ��� 1RY

�����

>��@ *� '� 'XUJLQ� 7� 6� 5DSSDSRUW� DQG +� ;X� ?3DUWLWLRQ�%DVHG 3DWK /RVV $QDO\VLV IRU ,Q�+RPH

DQG 5HVLGHQWLDO $UHDV DW ���� *+]�� LQ ,((( $36 &RQIHUHQFH� -XQH �����

>��@ '� &� &R[� ?7LPH DQG )UHTXHQF\ 'RPDLQ &KDUDFWHUL]DWLRQV RI 0XOWLSDWK 3URSDJDWLRQ DW ���

0+] LQ D 6XEXUEDQ 0RELOH 5DGLR (QYLURQPHQW�� 5DGLR 6FLHQFH� SS� ����^����� 'HFHPEHU

�����

>��@ +� ;X� 7� 6� 5DSSDSRUW� -� 6FKDoQHU� DQG +� 3� +VX� ?7KH 6OLGLQJ &RUUHODWRU DQG 1HWZRUN

$QDO\]HU &KDQQHO 6RXQGLQJ 0HWKRGV IRU :LGHEDQG 0XOWLSDWK 3URSDJDWLRQ 0HDVXUHPHQWV DW

���� *+]�� $GYDQFLQJ 0LFURHOHFWURQLFV� ���� 6SHFLDO :LUHOHVV ,VVXH� YRO� ��� QR� �� SS� ��^���

�����

>��@ $� 3DSRXOLV� 3UREDELOLW\� 5DQGRP 9DULDEOHV� DQG 6WRFKDVWLF 3URFHVVHV� 1HZ <RUN� 0F*UDZ�

+LOO� �����

>��@ -� *� 3URDNLV DQG '� *� 0DQRODNLV� 'LJLWDO 6LJQDO 3URFHVVLQJ� 3ULQFLSOHV� $OJRULWKPV� DQG

$SSOLFDWLRQV� 1HZ -HUVH\� 3UHQWLFH +DOO� �UG HG�� �����

>��@ 1� 3DWZDUL� ?0HDVXUHG DQG 0RGHOHG 7LPH DQG $QJOH 'LVSHUVLRQ &KDUDFWHULVWLFV RI WKH ���

*+] 3HHU�WR�3HHU 5DGLR &KDQQHO�� 0DVWHU
V WKHVLV� 9LUJLQLD 3RO\WHFKQLF ,QVWLWXWH DQG 6WDWH

8QLYHUVLW\� %ODFNVEXUJ� 9$� 0D\ �����

>��@ 1� %HQYHQXWR� ?'LVWRUWLRQ $QDO\VLV RQ 0HDVXULQJ WKH ,PSXOVH 5HVSRQVH RI D 6\VWHP 8V�

LQJ D &URVVFRUUHODWLRQ 0HWKRG�� %HOO /DERUDWRU\ 7HFKQLFDO -RXUQDO� YRO� ��� SS� ����^�����

'HFHPEHU �����



$SSHQGL[ (� $EEUHYLDWLRQV DQG $FURQ\PV ���

>��@ :� *� 1HZKDOO� .� 6DOGDQKD� DQG 7� 6� 5DSSDSRUW� ?8VLQJ 5) &KDQQHO 6RXQGLQJ 0HDVXUH�

PHQWV WR 'HWHUPLQH 'HOD\ 6SUHDG DQG 3DWK /RVV�� 5) 'HVLJQ� SS� ��^��� -DQ �����

>��@ :� *� 1HZKDOO� 7� 6� 5DSSDSRUW� DQG '� *� 6ZHHQH\� ?$ 6SUHDG 6SHFWUXP 6OLGLQJ &RUUHODWRU

6\VWHP IRU 3URSDJDWLRQ 0HDVXUHPHQWV�� 5) 'HVLJQ� SS� ��^��� $SULO �����

>��@ 7� 6� 5DSSDSRUW DQG &� '� 0F*LOOHP� ?8+) )DGLQJ LQ )DFWRULHV�� ,((( -RXUQDO RQ 6HOHFWHG

$UHDV LQ &RPPXQLFDWLRQV� YRO� �� SS� ��^��� -DQXDU\ �����

>��@ 7� 6� 5DSSDSRUW� 6� <� 6HLGHO� DQG 5� 6LQJK� ?��� 0+] 0XOWLSDWK 3URSDJDWLRQ 0HDVXUH�

PHQWV IRU 8�6� 'LJLWDO &HOOXODU 5DGLRWHOHSKRQH�� ,((( 7UDQVDFWLRQV RQ 9HKLFXODU 7HFKQRORJ\�

SS� ���^���� 0D\ �����

>��@ /� 7DOEL DQG *� 'HOLVOH� ?([SHULPHQWDO &KDUDFWHUL]DWLRQ RI (+) 0XOWLSDWK ,QGRRU 5DGLR

&KDQQHOV�� ,((( -� 6HOHFW� $UHDV &RPPXQ�� YRO� ��� SS� ���^���� $SU� �����

>��@ 6� <� 6HLGHO� 7� 6� 5DSSDSRUW� 6� -DLQ� 0� /RUG� DQG 5� 6LQJK� ?3DWK /RVV� 6FDWWHULQJ� DQG

0XOWLSDWK 'HOD\ 6WDWLVWLFV LQ )RXU (XURSHDQ &LWLHV IRU 'LJLWDO &HOOXODU DQG 0LFURFHOOXODU 5D�

GLRWHOHSKRQH�� ,((( 7UDQVDFWLRQV RQ 9HKLFXODU 7HFKQRORJ\� YRO� ��� SS� ���^���� 1RYHPEHU

�����

>��@ '� 0� 'HYDVLUYDWKDP� ?7LPH 'HOD\ 6SUHDG DQG 6LJQDO /HYHO 0HDVXUHPHQWV RI ��� 0+]

5DGLR :DYHV LQ %XLOGLQJ (QYLURQPHQWV�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV DQG 3URSDJDWLRQ�

YRO� $3���� 1RYHPEHU �����

>��@ 5� %XOWLWXGH� 6� $� 0DKPRXG� DQG :� $� 6XOOLYDQ� ?$ &RPSDULVRQ RI ,QGRRU 5DGLR 3URS�

DJDWLRQ &KDUDFWHULVWLFV DW ��� 0+] DQG ���� *+]�� ,((( -RXUQDO RQ 6HOHFWHG $UHDV LQ

&RPPXQLFDWLRQV� YRO� �� -DQXDU\ �����

>��@ $� &UDZIRUG DQG :�&� -DNHV� -5� ?6HOHFWLYH )DGLQJ RI 0LFURZDYHV�� %HOO 6\VW� 7HFK� -��

YRO� ��� SS� ��^��� -DQ� �����

>��@ 5� /� )UHHPDQ� 5DGLR 6\VWHP 'HVLJQ IRU 7HOHFRPPXQLFDWLRQV ������ *+]�� 1HZ <RUN� -RKQ

:LOH\ 	 6RQV� �����

>��@ ,78� ?3URSDJDWLRQ 'DWD DQG 3UHGLFWLRQ 0HWKRGV 5HTXLUHG IRU WKH 'HVLJQ RI 7HUUHVWULDO /LQH�

RI�6LJKW 6\VWHPV�� WHFK� UHS�� 5HFRPPHQGDWLRQ ,78�5 3�������



$SSHQGL[ (� $EEUHYLDWLRQV DQG $FURQ\PV ���

>��@ )� .� 6FKZHULQJ� (� -� 9LROHWWH� DQG 5� +� (VSHODQG� ?0LOOLPHWHU�:DYH 3URSDJDWLRQ LQ 9HJH�

WDLRQ� ([SHULPHQWV DQG 7KHRU\�� ,((( 7UDQV� *HRVFL� 5HPRWH 6HQVLQJ� YRO� ��� SS� ���^����

0D\ �����

>��@ 5� .� &UDQH� (OHFWURPDJQHWLF :DYH 3URSDJDWLRQ 7KURXJK 5DLQ� 1HZ <RUN� -RKQ :LOH\ 	

6RQV� �����

>��@ 0� %RUQ DQG (� :ROI� 3ULQFLSOHV RI 2SWLFV� (OHFWURPDJQHWLF 7KHRU\ RI 3URSDJDWLRQ� ,QWHU�

IHUHQFH DQG 'LoUDFWLRQ RI /LJKW� -DQXDU\ �����

>��@ 7� $� 5XVVHOO� &� :� %RVWLDQ� DQG 7� 6� 5DSSDSRUW� ?$ 'HWHUPLQLVWLF $SSURDFK WR 3UHGLFW�

LQJ 0LFURZDYH 'LoUDFWLRQ E\ %XLOGLQJV IRU 0LFURFHOOXODU 6\VWHPV�� ,((( 7UDQVDFWLRQV RQ

$QWHQQDV DQG 3URSDJDWLRQV� YRO� ��� SS� ����^����� 'HFHPEHU �����

>��@ '� (� .HUU� 3URSDJDWLRQ RI 6KRUW 5DGLR :DYHV� 1HZ <RUN� 0F*UDZ�+LOO� �����

>��@ &� $� %DODQLV� $GYDQFHG (QJLQHHULQJ (OHFWURPDJQHWLFV� 1HZ <RUN� -RKQ :LOH\ 	 6RQV� �����

>��@ :� 6� $PHQW� ?7RZDUG D WKHRU\ RI UHqHFWLRQ E\ D URXJK VXUIDFH�� LQ ,5(� YRO� ��� SS� ���^����

-DQ� �����

>��@ /� %RLWKLDV� 5DGLR :DYH 3URSDJDWLRQ� 1HZ <RUN� 0F*UDZ�+LOO� �����

>��@ 2� /DQGURQ� 0� -� )HXHUVWHLQ� DQG 7� 6� 5DSSDSRUW� ?$ &RPSDULVRQ RI 7KHRUHWLFDO DQG

(PSLULFDO 5HqHFWLRQ &RHrFLHQWV IRU 7\SLFDO ([WHULRU :DOO 6XUIDFHV LQ D 0RELOH 5DGLR (Q�

YLURQPHQW�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV DQG 3URSDJDWLRQ� YRO� ��� SS� ���^���� 0DUFK

�����

>��@ '� $� .DSS DQG *� 6� %URZQ� ?$ 1HZ 1XPHULFDO 0HWKRG IRU 5RXJK 6XUIDFH 6FDWWHULQJ

&DOFXODWLRQV�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV DQG 3URSDJDWLRQ� YRO� ��� SS� ���^���� 0D\

�����

>��@ &� 0DFDVNLOO DQG %� -� .DFKR\DQ� ?,WHUDWLYH $SSURDFK IRU WKH 1XPHULFDO 6LPXODWLRQ RI 6FDW�

WHULQJ IURP 2QH� DQG 7ZR�'LPHQVLRQDO 5RXJK 6XUIDFHV�� $SSOLHG 2SWLFV� YRO� ��� SS� ����^

����� 0D\ �����



$SSHQGL[ (� $EEUHYLDWLRQV DQG $FURQ\PV ���

>��@ 6� 2� 5LFH� ?5HqHFWLRQ RI (OHFWURPDJQHWLF :DYHV IURP 6OLJKWO\ 5RXJK 6XUIDFHV�� &RPPXQL�

FDWLRQV RQ 3XUH DQG $SSOLHG 0DWKHPDWLFV� YRO� �� SS� ���^���� �����

>��@ *� 6� %URZQ� ?$SSOLFDWLRQ RI WKH ,QWHJUDO (TXDWLRQ 0HWKRG RI 6PRRWKLQJ WR 5DQGRP 6XUIDFH

6FDWWHULQJ�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV DQG 3URSDJDWLRQ� YRO� $3���� SS� ����^�����

'HF� �����

>��@ *� 6� %URZQ� ?$ 1HZ $SSURDFK WR WKH $QDO\VLV RI 5RXJK 6XUIDFH 6FDWWHULQJ�� ,((( 7UDQV�

DFWLRQV RQ $QWHQQDV DQG 3URSDJDWLRQ� YRO� ��� SS� ���^���� -XO\ �����

>��@ '� $� .DSS DQG *� 6� %URZQ� ?(oHFW RI &RUUHODWLRQ %HWZHHQ 6KDGRZLQJ DQG 6KDGRZHG 3RLQWV

LQ 5RXJK 6XUIDFH 6FDWWHULQJ�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV DQG 3URSDJDWLRQ� YRO� ���

SS� ����^����� $XJ� �����

>��@ %� /DQJHQ� *� /REHU� DQG :� +HU]LJ� ?5HqHFWLRQ DQG 7UDQVPLVVLRQ %HKDYLRXU RI %XLOGLQJ

0DWHULDOV DW �� *+]�� LQ 3URF� ,((( 3,05&
��� �+DJXH� 1HWKHUODQGV�� SS� ���^���� 6HS�

�����

>��@ $� 6HYLOOH� 8� <LOPD]� 3� &KDUULHUH� 1� 3RZHOO� DQG .� +� &UDLJ� ?%XLOGLQJ 6FDWWHU DQG

9HJHWDWLRQ $WWHQXDWLRQ 0HDVXUHPHQWV DW �� *+]�� LQ 3URF� ,&$3� ,(( &RQI 3XE ���� SS� ��^

��� $SU� �����

>��@ 6� <� 6HLGHO� 6LWH�6SHFLpF 3URSDJDWLRQ 3UHGLFWLRQ IRU :LUHOHVV ,Q�%XLOGLQJ 3HUVRQDO &RPPX�

QLFDWLRQ 6\VWHP 'HVLJQ� 3K' WKHVLV� %ODFNVEXUJ� 9$� )HEUXDU\ �����

>��@ 0� /� 6NROQLN� ,QWURGXFWLRQ WR 5DGDU 6\VWHPV� 1HZ <RUN� 0F*UDZ�+LOO� �QG HG�� �����

>��@ -� 9� 5HHV� ?0HDVXUHPHQWV RI WKH :LGHEDQG 5DGLR &KDQQHO &KDUDFWHULVWLFV IRU 5XUDO� 5HV�

LGHQWLDO DQG 6XEXUEDQ $UHDV�� ,((( 7UDQVDFWLRQV RQ 9HKLFXODU 7HFKQRORJ\� YRO� 97����

SS� �^�� )HEUXDU\ �����

>��@ )� .� 6FKZHULQJ DQG 5� $� -RKQVRQ� ?$ 7UDQVSRUW 7KHRU\ RI 0LOOLPHWHU�:DYH 3URSDJDWLRQ LQ

:RRGV DQG )RUHVWV�� -RXUQDO RI :DYH�0DWHULDO ,QWHUDFWLRQ� YRO� �� SS� ���^���� $SULO �����

>��@ 3� %� 3DSD]LDQ� *� $� +XoRUG� 5� -� $FKDW]� DQG 5� +RoPDQ� ?6WXG\ RI WKH /RFDO 0XOWLSRLQW

'LVWULEXWLRQ 6HUYLFH 5DGLR &KDQQHO�� ,((( 7UDQ� %URDGFDVWLQJ� YRO� ��� -XQH �����



$SSHQGL[ (� $EEUHYLDWLRQV DQG $FURQ\PV ���

>��@ 5� /� 2OVHQ� '� 9� 5RJHUV� DQG '� %� +RGJH� ?7KH D5E 5HODWLRQ LQ WKH &DOFXODWLRQ RI 5DLQ

$WWHQXDWLRQ�� ,((( 7UDQV� $QWHQQDV 3URSDJDW�� YRO� $3���� SS� ���^���� 0DUFK �����

>���@ 6� /LQ� ?6WDWLVWLFDO %HKDYLRU RI 5DLQ $WWHQXDWLRQ�� %HOO 6\VW� 7HFK� -�� YRO� ��� SS� ���^����

$SU� �����

>���@ '� GH :ROI DQG /� /LJWKDUW� ?0XOWLSDWK (oHFWV 'XH WR 5DLQ DW ����� *+] )UHTXHQF\ &RP�

PXQLFDWLRQ /LQNV�� ,((( 7UDQV� $QWHQQDV 3URSDJDW�� SS� ����^����� $XJ� �����

>���@ 0� $� 0RUJDQ� ?)LQLWH (OHPHQW &RPSXWDWLRQ RI 0LFURZDYH 6FDWWHULQJ E\ 5DLQGURSV�� 5DGLR

6FLHQFH� QR� �� SS� ����^����� �����

>���@ 0� $� 0RUJDQ DQG .� .� 0LH� ?)LQLWH (OHPHQW &RPSXWDWLRQ RI 6FDWWHULQJ E\ ,QKRPRJHQHRXV

3HQHWUDEOH %RGLHV RI 5HYROXWLRQ�� ,((( 7UDQV� $QWHQQDV 3URSDJDW�� SS� ���^���� �����

>���@ 6� 2� $MRVH� 0� 1� 6DGLNX� DQG 8� *RQL� ?&RPSXWDWLRQ RI $WWHQXDWLRQ� 3KDVH 5RWDWLRQ�

DQG &URVV�3RODUL]DWLRQ RI 5DGLR :DYHV 'XH WR 5DLQIDOO LQ 7URSLFDO 5HJLRQV�� ,((( 7UDQV�

$QWHQQDV 3URSDJDW�� SS� �^�� -DQ� �����

>���@ -� (� $OOQXWW� 6DWHOOLWH�WR�JURXQG UDGLRZDYH SURSDJDWLRQ� /RQGRQ�8.� 3HWHU 3HUHJULQXV /WG��

�����

>���@ 7� 3UDWW DQG &� :� %RVWLDQ� 6DWHOOLWH &RPPXQLFDWLRQV� -RKQ :LOH\ 	 6RQV� �����

>���@ :� /� 6WXW]PDQ� 7� 3UDWW� $� 6DIDDL�-D]L� 3� :� 5HPDNOXV� -� /DVWHU� %� 1HOVRQ DQG +� $MD]�

?5HVXOWV IURP WKH 9LUJLQLD 7HFK SURSDJDWLRQ H[SHULPHQW XVLQJ WKH 2O\PSXV VDWHOOLWH ��� ��

DQG �� *+] EHDFRQV�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV DQG 3URSDJDWLRQ� YRO� ��� SS� ��^���

-DQ� �����

>���@ 5� %� 3HQQGRUI� ?6FDWWHULQJ DQG ([WLQFWLRQ &RHrFLHQWV IRU 6PDOO $EVRUELQJ DQG 1RQDEVRUE�

LQJ $HURVROV�� -RXUQDO RI 2SWLFDO 6RFLHW\ RI $PHULFD� YRO� ��� SS� ���^���� �����

>���@ '� 0� $� -RQHV DQG $� /� 6LPV� ?&OLPDWRORJ\ RI ,QVWDQWDQHRXV 5DLQ 5HWHV�� -RXUQDO RI

$SSOLHG 0HWHRURORJ\� YRO� ��� SS� ����^����� �����

>���@ $� (� )UHHQ\ DQG -� '� *DEE\� ?$ 6WDWLVWLFDO 'HVFULSWLRQ RI ,QWHQVH 5DLQIDOO�� %HOO 6\VWHP

7HFKQLFDO -RXUQDO� YRO� ��� SS� ����^����� �����



$SSHQGL[ (� $EEUHYLDWLRQV DQG $FURQ\PV ���

>���@ 5� 9DOHQWLQ� ?6WDWLVWLNHQ GHU UHJHQGDPSIXQJ IXU UXQGIXQNYHUELQGXQJHQ XEHU �� JK]�� 7HFK�

5HS� ����7%U���� 7HFKQLVFKHU %HULFKW� 5HVHDUFK &HQWHU� 'HXWVFKH %XQGHVSRVW 7HOHNRP�

'DUPVWDGW� *HUPDQ\� �����

>���@ 5� .� &UDQH� ?3UHGLFWLRQ RI $WWHQXDWLRQ E\ 5DLQ�� ,((( 7UDQVDFWLRQV RQ &RPPXQLFDWLRQV�

SS� ����^����� 6HSW� �����

>���@ 5� 'DONH� *� +XoRUG� DQG 5� .HWFKXP� ?5DGLR 3URSDJDWLRQ &RQVLGHUDWLRQV IRU /RFDO 0XOWL�

SRLQW 'LVWULEXWLRQ 6\VUWHPV�� WHFK� UHS�� 17,$ 5HSRUW ������� $XJ� �����

>���@ &&,5� ?3URSDJDWLRQ 'DWD DQG 3UHGLFWLRQ 0HWKRGV 5HTXLUHG IRU (DUWK�6SDFH 7HOHFRPPXQLFD�

WLRQV 6\VWHPV�� WHFK� UHS�� 5HFRPPHQGDWLRQV DQG 5HSRUWV RI WKH ;9 ,,WK 3OHQDU\ $VVHPEO\�

5HSRUW ���� �����

>���@ *� *LOGHU� ?7KH 1HZ 5XOH RI WKH :LUHOHVV�� 7HOHFRVP $UFKLYH�

KWWS���ZZZ�IRUEHV�FRP�DVDS�JLOGHU�LQGH[�KWP�

>���@ 0LFURqHFW &RUSRUDWLRQ� ?3DVVLYH 5HSHDWHU (QJLQHHULQJ 0DQXDO ���$�� �����

>���@ /� 0� &RUUHLD DQG -� 5� 5HLV� ?:LGHEDQG &KDUDFWHULVDWLRQ RI WKH 3URSDJDWLRQ &KDQQHO DW ��

*+]�� LQ 3URF� 3,05&
��� �7DLSHL�7DLZDQ�� 2FW� ����� �����

>���@ /� 0� &RUUHLD� -� -� 5HLV� DQG 3� 2� )UDQFHV� ?$QDO\VLV RI WKH $YHUDJH 3RZHU WR 'LVWDQFH

'HFD\ 5DWH DW WKH �� *+] %DQG�� LQ 3URF� 3,05&
��� �3KRHQL[�$UL]RQD�� 0D\ �����

>���@ /� 0� &RUUHLD DQG 3� 2� )UDQFHV� ?$ 3URSDJDWLRQ 0RGHO IRU WKH (VWLPDWLRQ RI WKH $YHUDJH

5HFHLYHG 3RZHU LQ DQ 2XWGRRU (QYLURQPHQW LQ WKH 0LOOLPHWHU :DYHEDQG�� LQ 3URF� ,(((

97&
��� �6WRFNKROP� 6ZHGHQ�� -XQH �����

>���@ 3� 9DVFRQFHORV DQG /� 0� &RUUHLD� ?)DGLQJ &KDUDFWHUL]DWLRQ RI WKH 0RELOH 5DGLR &KDQQHO DW

WKH 0LOOLPHWHU :DYHEDQG�� LQ 3URF� 3,05&
��� �3KRHQL[�$UL]RQD�� 0D\ �����

>���@ *� .DOLYDV� 0� (O�7DQDQ\� DQG 6� 0DKPRXG� ?0LOOLPHWHU�:DYH &KDQQHO 0HDVXUHPHQWV ZLWK

6SDFH 'LYHUVLW\ IRU ,QGRRU :LUHOHVV &RPPXQLFDWLRQV�� ,((( 7UDQVDFWLRQV RQ 9HKLFXODU 7HFK�

QRORJ\� YRO� ��� SS� ���^���� $XJ� �����



$SSHQGL[ (� $EEUHYLDWLRQV DQG $FURQ\PV ���

>���@ $� 0� +DPPRXGHK DQG *� $OOHQ� ?0LOOLPHWULF :DYHOHQJWKV 5DGLRZDYH 3URSDJDWLRQ IRU /LQH�

RI�6LJKW ,QGRRU 0LFURFHOOXODU 0RELOH &RPPXQLFDWLRQV�� ,((( 7UDQVDFWLRQV RQ 9HKLFXODU

7HFKQRORJ\� YRO� ��� SS� ���^���� $XJ� �����

>���@ 5� -� &� %XOWLWXGH� 5� )� +DKQ� DQG 5� -� 'DYLHV� ?3URSDJDWLRQ &RQVLGHUDWLRQV IRU WKH

'HVLJQ RI DQ ,QGRRU %URDG�%DQG &RPPXQLFDWLRQV 6\VWHP DW (+)�� ,((( 7UDQV� 9HKLFXODU

7HFKQRORJ\� YRO� ��� SS� ���^���� )HEUXDU\ �����

>���@ $� *� (PVOLH� 5� /� /DJDFH� DQG 3� )� 6WURQJ� ?7KHRU\ RI WKH 3URSDJDWLRQ RI 8+) 5DGLR

:DYHV LQ &RDO 0LQH 7XQQHOV�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV DQG 3URSDJDWLRQ� YRO� $3�

������ SS� ���^���� 0DUFK �����

>���@ (� 9LROHWWH� 5� (VSHODQG� DQG .� $OOHQ� ?0LOOLPHWHU�:DYH 3URSDJDWLRQ &KDUDFWHULVWLFV DQG

&KDQQHO 3HUIRUPDQFH IRU 8UEDQ�6XEXUEDQ (QYLURQPHQWV�� WHFK� UHS�� 17,$ 5HSRUW �������

'HF� �����

>���@ /� 0� &RUUHLD DQG 3� 2� )UDQFHV� ?(VWLPDWLRQ RI 0DWHULDOV &KDUDFWHULVWLFV IURP 3RZHU 0HD�

VXUHPHQWV DW �� *+]�� LQ 3URF� ,((( 3,05&
��� �+DJXH� 1HWKHUODQGV�� 6HS� ����� �����

>���@ 7� 6� 5DSSDSRUW� ?7KH :LUHOHVV 5HYROXWLRQ�� ,((( &RPPXQLFDWLRQV 0DJD]LQH� SS� ��^���

1RY �����

>���@ '� &� &R[� 5� 5� 0XUUD\� DQG $� :� 1RUULV� ?��� 0+] $WWHQXDWLRQ 0HDVXUHG LQ DQG DURXQG

6XEXUEDQ +RXVHV �� %HOO /DERUDWRU\ 7HFKQLFDO -RXUQDO� YRO� ���� -XO\�$XJXVW �����

>���@ $� 5� 7KDUHN DQG -� 3� 0F*HHKDQ� ?,QGRRU 3URSDJDWLRQ DQG %LW (UURU 5DWH 0HDVXUHPHQWV DW

�� *+] XVLQJ 3KDVH�/RFNHG 2VFLOODWRUV�� LQ 3URF� ��WK ,((( 9HK� 7HFKQRO� &RQI�� SS� ���^

���� 0D\ �����

>���@ +� 'URVWH DQG *� .DGHO� ?0HDVXUHPHQW DQG $QDO\VLV RI :LGHEDQG ,QGRRU 3URSDJDWLRQ &KDU�

DFWHULVWLFV DW �� *+] DQG �� *+]�� LQ ,(( $QWHQQDV DQG 3URSDJDWLRQ� &RQIHUHQFH 3XEOLFDWLRQ

1R� ���� SS� ���^���� $SULO �����

>���@ :� /� 6WXW]PDQ� 3RODUL]DWLRQ LQ (OHFWURPDJQHWLF 6\VWHPV� $UWHFK +RXVH� �����

>���@ $� .DMLZDUD� ?/LQH�RI�6LJKW 5DGLR &RPPXQLFDWLRQ 8VLQJ &LUFXODU 3RODUL]HG :DYHV�� ,(((

7UDQVDFWLRQV RQ 9HKLFXODU 7HFKQRORJ\� YRO� ��� SS� ���^���� $XJXVW �����



$SSHQGL[ (� $EEUHYLDWLRQV DQG $FURQ\PV ���

>���@ 7� 6� 5DSSDSRUW DQG '� $� +DZEDNHU� ?:LGH�EDQG 0LFURZDYH 3URSDJDWLRQ 3DUDPHWHUV 8VLQJ

&LUFXODU DQG /LQHDU 3RODUL]HG $QWHQQDV IRU ,QGRRU :LUHOHVV &KDQQHOV�� ,((( 7UDQVDFWLRQV

RQ &RPPXQLFDWLRQV� YRO� ��� SS� ���^���� )HE �����

>���@ 5� 'DYLHV� 0� %HQVHEWL� 0� %HDFK� DQG -� 0F*HHKDQ� ?:LUHOHVV 3URSDJDWLRQ 0HDVXUHPHQWV

LQ ,QGRRU 0XOWLSDWK (QYLURQPHQWV DW ��� *+] DQG �� *+] IRU 6PDOO &HOO 6\VWHPV�� LQ 3URF�

��VW ,((( 9HK� 7HFK� &RQI�� �6W� /RXLV�� SS� ���^���� �����

>���@ :� &� -DNHV� ?$ &RPSDULVRQ RI 6SHFLpF 6SDFH 'LYHUVLW\ 7HFKQLTXHV IRU 5HGXFWLRQ RI )DVW

)DGLQJ LQ 8+) 0RELOH 5DGLR 6\VWHPV�� ,((( 7UDQVDFWLRQV RQ 9HKLFXODU 7HFKQRORJ\� YRO� 97�

��� SS� ��^��� 1RYHPEHU �����

>���@ $� 7XUNPDQL� $� $URZRMROX� 3� -HoRUG� DQG &� .HOOHWW� ?$Q ([SHULPHQWDO (YDOXDWLRQ RI WKH

3HUIRUPDQFH RI 7ZR�%UDQFK 6SDFH DQG 3RODUL]DWLRQ 'LYHUVLW\ 6FKHPHV DW ���� 0+]�� ,(((

7UDQVDFWLRQV RQ 9HKLFXODU 7HFKQRORJ\� YRO� ��� SS� ���^���� 0D\ �����

>���@ $� 0� +DPPRXGHK� -� 3� .HUPRDO� DQG 0� *� 6DQFKH]� ?&RKHUHQFH %DQGZLGWK 0HDVXUHPHQWV

LQ DQ ,QGRRU 0LFURFHOO DW ���� *+]�� ,(( (OHFWURQLFV /HWWHUV� YRO� ��� SS� ���^���� 0DUFK

�����

>���@ 3� 0DULQLHU� *� 'HOLVOH� DQG &� 'HVSLQV� ?7HPSRUDO 9DULDWLRQV RI WKH ,QGRRU :LUHOHVV

0LOOLPHWHU�:DYH &KDQQHO�� ,((( 7UDQV� $QWHQQDV 3URSDJDW�� YRO� ��� SS� ���^���� -XQH

�����

>���@ '� -RQHV� 5� (VSHODQG� DQG (� 9LROHWWH� ?9HJHWDWLRQ /RVV 0HDVXUHPHQWV DW ���� ����� ����

DQG ���� *+] 7KURXJK D &RQLIHU 2UFKDUG LQ :DVKLQJWRQ 6WDWH�� WHFK� UHS�� 17,$ 5HSRUW

������� 2FW �����

>���@ +� ;X� 5� %� %R\OH� 7� 6� 5DSSDSRUW� -� 6FKDoQHU� DQG 5� /RYHVWHDG� ?5DGLR :DYH 3URSD�

JDWLRQ 6WXG\ DW �� *+]�� WHFK� UHS�� 035* 75������ 9LUJLQLD 7HFK� 6HSW �����

>���@ $� 0DZLUD� -� 1HHVHQ� DQG )� =HOGHUV� ?(VWLPDWLRQ RI WKH HoHFWLYH VSDWLDO H[WHQW RI UDLQ

VKRZHUV IURP PHDVXUHPHQWV E\ D UDGLRPHWHU DQG D UDLQJDXJH QHWZRUN�� LQ ,(( &RQI� 3XEO�

���� ,QWHUQDWLRQDO &RQIHUHQFH RQ $QWHQQDV DQG 3URSDJDWLRQ �,&$3���� SS� ���^���� �����



$SSHQGL[ (� $EEUHYLDWLRQV DQG $FURQ\PV ���

>���@ '� -� )DQJ� ?$ QHZ ZD\ RI HVWLPDWLQJ PLFURZDYH DWWHQXDWLRQ RYHU D VODQW SURSDJDWLRQ SDWK

EDVHG RQ UDLQJDXJH GDWD�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV DQG 3URSDJDWLRQ� YRO� $3����

SS� ���^���� �����

>���@ 0� <DPDGD� $� 2JDZD� DQG +� <RNRL� ?3UHFLSLWDWLRQ DWWHQXDWLRQ LQ WKH ORZ HOHYDWHG HDUWK�

VDWHOOLWH SDWK�� LQ ,(&( 7HFK� *URXS $QWHQQDV DQG 3URSDJDWLRQ� YRO� $3 ������ �-DSDQ��

�����

>���@ 5� 'RYLDN DQG '� =UQLF� 'RSSOHU 5DGDU DQG :HDWKHU 2EVHUYDWLRQV� 6DQ 'LHJR� $FDGHPLF

3UHVV� +DUFRXUW %UDFH -RYDQRYLFK� � HG�� �����

>���@ 7� 6� 5DSSDSRUW DQG 6� 6DQGKX� ?5DGLR�:DYH 3URSDJDWLRQ IRU (PHUJLQJ :LUHOHVV 3HUVRQDO�

&RPPXQLFDWLRQ 6\VWHPV�� ,((( $QWHQQDV DQG 3URSDJDWLRQ 0DJD]LQH� YRO� ��� SS� ��^���

2FW �����

>���@ +� %HUWRQL� :� +RQFKDUHQNR� /� 0DFLHO� DQG +� ;LD� ?8+) 3URSDJDWLRQ 3UHGLFWLRQ IRU :LUH�

OHVV 3HUVRQDO &RPPXQLFDWLRQV�� LQ 3URF� ,(((� SS� ����^����� 6HSW� �����

>���@ 6� 7DQ DQG +� 7DQ� ?$ 0LFURFHOOXODU &RPPXQLFDWLRQV 3URSDJDWLRQ 0RGHO %DVHG RQ WKH

8QLIRUP 7KHRU\ RI 'LoUDFWLRQ DQG 0XOWLSOH ,PDJH 7KHRU\�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV

DQG 3URSDJDWLRQ� YRO� ��� SS� ����^����� 2FW �����

>���@ 6� <� 6HLGHO DQG 7� 6� 5DSSDSRUW� ?6LWH�6SHFLpF 3URSDJDWLRQ 3UHGLFWLRQ IRU :LUHOHVV ,Q�

%XLOGLQJ 3HUVRQDO &RPPXQLFDWLRQ 6\VWHP 'HVLJQ�� ,((( 7UDQVDFWLRQV RQ 9HKLFXODU 7HFK�

QRORJ\� YRO� ��� SS� ���^���� 1RY �����

>���@ 3� &KDUULHUH� .� +� &UDLJ� DQG $� 6HYLOOH� ?$ 5D\�%DVHG� 0LOOLPHWHU :DYH 8UEDQ 3URSDJDWLRQ

7RRO�� LQ 3URF� ,&$3� ,(( &RQI 3XE ���� SS� ���^���� $SU� �����

>���@ +� -� 7KRPDV� 5� 6� &ROH� DQG *� /� 6LTXHLUD� ?$Q ([SHULPHQWDO 6WXG\ RI WKH 3URSDJDWLRQ

RI �� *+] 0LOOLPHWHU :DYHV LQ DQ 8UEDQ 0RELOH 5DGLR (QYLURQPHQW�� ,((( 7UDQVDFWLRQV

RQ 9HKLFXODU 7HFKQRORJ\� YRO� ��� SS� ���^���� )HE� �����

>���@ 3� 3HWUXV� -� +� 5HHG� DQG 7� 6� 5DSSDSRUW� ?*HRPHWULFDOO\ %DVHG 6WDWLVWLFDO &KDQQHO 0RGHO

IRU 0DFURFHOOXODU 0RELOH (QYLURQPHQWV�� LQ 3URF� ,((( 97& 
��� SS� ����^����� �����



$SSHQGL[ (� $EEUHYLDWLRQV DQG $FURQ\PV ���

>���@ -� /LWYD� $� *KDIRULDQ� DQG 9� .H]\V� ?+LJK�5HVROXWLRQ 0HDVXUHPHQWV RI $2$ DQG 7LPH�

'HOD\ IRU &KDUDFWHUL]LQJ ,QGRRU 3URSDJDWLRQ (QYLURQPHQWV�� YRO� �� �&DOJDU\� &DQDQGD��

SS� ���^���� -XO\ �����

>���@ -� )XKO� -� 3� 5RVVL DQG (� %RQHN� ?+LJK�UHVROXWLRQ ��G GLUHFWLRQ�RI�DUULYDO GHWHUPLQDWLRQ IRU

XUEDQ PRELOH UDGLR�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV DQG 3URSDJDWLRQ� YRO� ��� $SULO �����

>���@ -�3� 5RVVL� -�3� %DUERW DQG $�-� /HY\� ?7KHRU\ DQG PHDVXUHPHQW RI WKH DQJOH RI DUULYDO

DQG WLPH GHOD\ RI XKI UDGLRZDYH XVLQJ D ULQJ DUUD\�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV DQG

3URSDJDWLRQ� YRO� ��� 0D\ �����

>���@ <�/�&� GH -RQJ DQG 0�+�$�-� +HUEHQ� ?+LJK�5HVROXWLRQ $QJOH�RI�$UULYDO 0HDVXUHPHQW RI

WKH 0RELOH 5DGLR &KDQQHO�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV DQG 3URSDJDWLRQ� YRO� ��� 1RY�

�����

>���@ &�0�3� +R DQG 7� 6� 5DSSDSRUW DQG 0� 3� .RXVKLN� ?$QWHQQD (oHFWV RQ ,QGRRU 2EVWUXFWHG

:LUHOHVV &KDQQHOV DQG D 'HWHUPLQLVWLF ,PDJH�%DVHG :LGH�%DQG 3URSDJDWLRQ 0RGHO IRU ,Q�

%XLOGLQJ 3HUVRQDO &RPPXQLFDWLRQ 6\VWHPV�� ,QWHUQDWLRQDO -RXUQDO RI :LUHOHVV ,QIRUPDWLRQ

1HWZRUNV� YRO� �� QR� �� �����

>���@ &� /� +ROORZD\� 3� /� 3HULQL� 5� 5� 'HO\VHU DQG .� &� $OOHQ� ?$QDO\VLV RI &RPSRVLWH :DOOV

DQG 7KHLU (oHFWV RQ 6KRUW�3DWK 3URSDJDWLRQ 0RGHOLQJ�� ,((( 7UDQVDFWLRQV RQ 9HKLFXODU

7HFKQRORJ\� YRO� ��� SS� ���^���� $XJXVW �����

>���@ :� +RQFKDUHQNR DQG +� %HUWRQL� ?7UDQVPLVVLRQ DQG 5HqHFWLRQ &KDUDFWHULVWLFV DW &RQFUHWH

%ORFN :DOOV LQ WKH 8+) %DQGV 3URSRVHG IRU )XWXUH 3&6�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV

DQG 3URSDJDWLRQ� YRO� ��� SS� ���^���� )HEUXDU\ �����

>���@ .� 6DWR� 7� 0DQDEH� HW�DO�� ?0HDVXUHPHQWV RI 5HqHFWLRQ DQG 7UDQVPLVVLRQ &KDUDFWHULVWLFV RI

,QWHULRU 6WUXFWXUHV RI 2rFH %XLOGLQJ LQ WKH ���*+] %DQG�� ,((( 7UDQVDFWLRQV RQ $QWHQQDV

DQG 3URSDJDWLRQ� YRO� ��� SS� ����^����� 'HF �����

>���@ *� '� 'XUJLQ DQG 7� 6� 5DSSDSRUW� ?7KUHH 3DUDPHWHUV IRU 5HODWLQJ 6PDOO�6FDOH 7HPSRUDO

)DGLQJ 6WDWLVWLFV WR 0XOWLSDWK $QJOHV�RI�$UULYDO�� LQ 3,05&
��� �2VDND� -DSDQ�� SS� ����^

����� 6HSW �����



$SSHQGL[ (� $EEUHYLDWLRQV DQG $FURQ\PV ���

>���@ 3� 6PXOGHUV DQG /� &RUUHLD� ?&KDUDFWHULVDWLRQ RI SURSDJDWLRQ LQ �� JK] UDGLR FKDQQHOV��

(OHFWURQLFV 	 &RPPXQLFDWLRQ (QJLQHHULQJ -RXUQDO� SS� ��^��� $SU� �����

>���@ +� ;X� 7� 6� 5DSSDSRUW� 5� -� %R\OH� DQG -� 6FKDoQHU� ?�� *+] :LGHEDQG 3RLQW�WR�3RLQW

0HDVXUHPHQWV XQGHU 'LoHUHQW :HDWKHU &RQGLWLRQV��� ,((( &RPPXQLFDWLRQV /HWWHUV� YRO� ��

SS� �^�� -DQXDU\ �����

>���@ +� ;X� '�$� GH :ROI DQG 7� 6� 5DSSDSRUW� ?([SHULPHQWDO DQG 7KHRUHWLFDO 6WXG\ RI 6KRUW

7HUP 6LJQDO 9DULDWLRQ GXULQJ 5DLQ�� LQ $3����� �'DYRV� 6ZL]HUODQG�� $SULO �����

>���@ +� ;X� 9� .XNVK\D DQG 7� 6� 5DSSDSRUW� ?6SDWLDO DQG 7HPSRUDO &KDUDFWHUL]DWLRQ RI �� *+]

&KDQQHOV�� LQ 6XEPLWWHG WR ,((( 97&
����� �%RVWRQ� 0$�� �����

>���@ ()5$720 7LPH 	 )UHTXHQF\ 3URGXFWV� ,QF�� /RZ &RVW 5XELGLXP 2VFLOODWRU� ,QVWDOODWLRQ�

2SHUDWLRQ DQG &DOLEUDWLRQ 0DQXDO� (IUDWRP 'LYLVLRQ� �����



9LWD

+DR ;X ZDV ERUQ LQ :XKDQ� 3�5� &KLQD RQ )HEUXDU\ ��� ����� +H UHFHLYHG KLV %�6�(�(� DQG

0�6�(�( LQ 0RVFRZ 3RZHU (QJLQHHULQJ ,QVWLWXWH DQG 6WDWH 8QLYHUVLW\� 0RVFRZ� 5XVVLD LQ ���� DQG

����� UHVSHFWLYHO\� ,Q ����� DV D UHVXOW RI KLV WKLUG SODFH pQLVK LQ WKH QDWLRQDO HQWUDQFH H[DPLQDWLRQ

WR XQLYHUVLWLHV LQ &KLQD� KH UHFHLYHG =KDQJ =KRQJ]KL 3ULFH $ZDUG IURP WKH 8QLYHUVLW\ RI 6FLHQFH

DQG 7HFKQRORJ\ RI &KLQD� DQG ZDV VHOHFWHG WR VWXG\ LQ 0RVFRZ� 6LQFH )DOO ����� KH KDV EHHQ D

UHVHDUFK DVVLVWDQW DW 035*� 9LUJLQLD 7HFK� ZRUNLQJ WRZDUGV KLV 3K�'� GHJUHH� +LV UHVHDUFK IRFXVHV

RQ UDGLR ZDYH SURSDJDWLRQ DQG 5) FKDQQHO PRGHOLQJ� LQFOXGLQJ WKH GHVLJQ DQG GHYHORSPHQW RI

FKDQQHO VRXQGLQJ V\VWHPV� &XUUHQW UHVHDUFK LQFOXGHV PLOOLPHWHU�ZDYH SURSDJDWLRQ DW �� *+] DQG

�� *+]�

+DR ;X UHFHLYHG KLV %�6�(�( DQG 0�6�(�( ZLWK WKH KLJKHVW KRQRUV ZLWK D *3$ RI ���� ,Q ����� KH

KDV UHFHLYHG &RPPXQLFDWLRQV 6RFLHW\ 6WHSKHQ 2� 5LFH 3UL]H 3DSHU $ZDUG� +H LV D PHPEHU RI (WD

.DSSD 1X� 6LJPD 6L DQG WKH ,(((�

���


