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&RPPXQLFDWLRQV� VDWHOOLWHV� VHHP� KLJKO\� VXLWDEOH� IRU�
WKH� GHOLYHU\� RI� DGYDQFHG� PXOWLPHGLD� DSSOLFDWLRQV� WR�
HQG�XVHUV�� � 7KLV� SDSHU� GHVFULEHV� DQ� LQYHVWLJDWLRQ� RI�
WKH� EHKDYLRXU� RI� D� UHOLDEOH� PXOWLFDVW� SURWRFRO��
VLPSOLILHG� IURP� WKH� H[SHULPHQWDO� ,QWHUQHW� SURWRFRO�
3*0�� �5HVXOWV� DUH� SUHVHQWHG� IURP� D� VLPXODWLRQ� RI� D�
ILOH�WUDQVIHU�DSSOLFDWLRQ�WKDW�XVHV�WKLV�SURWRFRO�RYHU�DQ�
,3�$70� VDWHOOLWH� OLQN� VXEMHFW� WR� EXUVW� HUURUV���
7KHRUHWLFDO� H[SUHVVLRQV� IRU� WKH� WUDIILF� YROXPHV� DUH�
SUHVHQWHG� DQG� JRRG� DJUHHPHQW� LV� VKRZQ� EHWZHHQ�
VLPXODWLRQ�DQG�WKHRU\��

���,QWURGXFWLRQ�

'HPDQG�FRQWLQXHV�WR�JURZ�IRU�WKH�,QWHUQHW�WR�VXSSRUW�
DGYDQFHG�PXOWLPHGLD� DSSOLFDWLRQV� VXFK� DV�YLGHR�DQG�
DXGLR� VWUHDPLQJ�� YLGHRFRQIHUHQFLQJ�� DQG� LQIRUPDWLRQ�
GLVWULEXWLRQ�� � &RPPXQLFDWLRQV� VDWHOOLWHV� KDYH�
VLJQLILFDQW�SRWHQWLDO� WR�VXSSRUW� WKH�JOREDO�GHOLYHU\�RI�
WKHVH� VHUYLFHV� DQG�� LQ� SDUWLFXODU�� VDWHOOLWHV� VHHP�
KLJKO\� VXLWDEOH� IRU� PXOWLFDVW� DSSOLFDWLRQV�� � $V�
EURDGEDQG� VDWHOOLWHV� DUH� GHYHORSHG� ZLWK� RQ�ERDUG�
SURFHVVLQJ� DQG� VZLWFKLQJ�� WKH� VWXG\� RI� ,3� PXOWLFDVW�
RYHU� QHWZRUNV� WKDW� LQFOXGH� VDWHOOLWH� OLQNV�
FRQVHTXHQWO\�EHFRPHV�RI�VLJQLILFDQW�LQWHUHVW��

7KH�SRWHQWLDO�DGYDQWDJHV�RI�VDWHOOLWH�EDVHG�,3�VHUYLFHV�
KDYH� EHHQ� ZHOO�UHKHDUVHG� >�@�� DQG� LQFOXGH� WKHLU�
SRWHQWLDOO\� JOREDO� UHDFK�� FRVW�HIIHFWLYH� EURDGFDVW�
IDFLOLWLHV�� HDV\� DGGLWLRQ�RI�QHZ�XVHUV�ZLWK�HTXLSPHQW�
LQVWDOODWLRQ�RQO\� UHTXLUHG�DW� WKH�FXVWRPHU¶V�SUHPLVHV��
DOWHUQDWLYH� SURWHFWLRQ� SDWKV� IRU� H[LVWLQJ� QHWZRUN�
FRQQHFWLRQV� DQG� DELOLW\� WR� DVVLJQ� EDQGZLGWK� RQ�
GHPDQG��

*HRVWDWLRQDU\� HDUWK� RUELW� �*(2�� FRPPXQLFDWLRQV�
VDWHOOLWHV� DSSHDU� WR� RIIHU� DGYDQWDJHV� RYHU� ORZ� HDUWK�
RUELW� �/(2�� V\VWHPV�� � 7KH� GUDZEDFNV� RI� WKH� ODWWHU�
LQFOXGH�WHFKQLFDO�LVVXHV�VXFK�DV�KDQGRII�UHTXLUHPHQWV�

�����������������������������������������������������������
��&RS\ULJKW��������8QLYHUVLW\�RI�6XUUH\�� �3XEOLVKHG�
E\� WKH� $PHULFDQ� ,QVWLWXWH� RI� $HURQDXWLFV� DQG�
$VWURQDXWLFV��,QF���ZLWK�SHUPLVVLRQ��

DQG� WUDQVPLVVLRQ� GHOD\V� FDXVHG� E\� LQWHU�VDWHOOLWH�
OLQNV�� WRJHWKHU� ZLWK� FRPPHUFLDO� IDFWRUV� VXFK� DV� WKH�
FRVW�� LPSOHPHQWDWLRQ� WLPHVFDOHV� DQG� PDLQWHQDQFH�
HIIRUW� RI� VXSSRUWLQJ� D� ODUJH� FRQVWHOODWLRQ�� �+RZHYHU��
*(2�VDWHOOLWHV�KDYH�GUDZEDFNV�RI�WKHLU�RZQ�LQFOXGLQJ�
WKH� KLJK� URXQG�WULS� WLPH�� OLPLWHG� WUDQVPLVVLRQ� SRZHU�
DQG� GDWD� UDWHV�� DQG� WKH� HUURU� FKDUDFWHULVWLFV� RI� WKH�
VDWHOOLWH�OLQN��

%URDGEDQG� VDWHOOLWHV� DUH� FXUUHQWO\� W\SLFDOO\� EHLQJ�
GHYHORSHG�ZLWK�HLWKHU�DQ�$70�RU�'9%�6�OLQN� OD\HU��
DQG� WKLV� SDSHU� FRQVLGHUV� WKH� IRUPHU�� � $Q� H[DPSOH�
DUFKLWHFWXUH� IRU� DQ� ,3� �� $70� VDWHOOLWH� V\VWHP� LV�
GHVFULEHG� LQ� GHWDLO� E\� <HJHQRJOX� >��@�� ZKHUH� DQ�
$70�VZLWFK�LV�ORFDWHG�RQ�ERDUG�WKH�VDWHOOLWH��ZLWK�,3�
URXWLQJ�DQG�,3�$70�DGGUHVV�WUDQVODWLRQ�FRQWUROOHG�E\�
D�JURXQG�EDVHG�³VDWHOOLWH�URXWH�VHUYHU´�� � �*(2&$67�
>�@�LV�D�VDWHOOLWH�V\VWHP�GHVLJQHG�WR�VXSSRUW�PXOWLFDVW�
WUDQVPLVVLRQ�� �7KLV�V\VWHP��SUREDEO\�EDVHG�RQ�$70��
KDV�WZR�SULQFLSDO�VFHQDULRV���

� 7KH� VDWHOOLWH� DFWLQJ� DV� D� WUDQVLW� SURYLGHU� LQ� DQ�
,63¶V�HGJH�QHWZRUN��ORFDWHG�EHWZHHQ�WKH�,QWHUQHW�
EDFNERQH�DQG�WKH�,63¶V�3R3��SRLQW�RI�SUHVHQFH���

� 7KH�VDWHOOLWH�SURYLGLQJ�FRQQHFWLYLW\�EHWZHHQ�HQG�
XVHUV� DQG� ,63V�� ZKR� DUH� ORFDWHG� LQ� HLWKHU� WKH�
VDPH�RU�GLIIHUHQW� VSRWEHDPV�� �7KLV� VFHQDULR�ZLOO�
DOVR� FRQVLGHU� GLUHFW� FRQQHFWLRQV� EHWZHHQ� XVHU�
HDUWK�VWDWLRQV�YLD�VDWHOOLWH��

$� VLJQLILFDQW� ERG\� RI�ZRUN� KDV� EHHQ� GHYHORSHG� WKDW�
DGGUHVVHV� WKH� EHKDYLRXU� RI� 7&3� RYHU� VDWHOOLWH� OLQNV���
+RZHYHU�� OLWWOH�ZRUN� KDV� EHHQ� FRQGXFWHG� WR� GDWH� RQ�
,3� PXOWLFDVW� RU� UHOLDEOH� PXOWLFDVW�� DQG� KRZ� WKLV� LV�
DIIHFWHG� E\� WKH� FRQGLWLRQV� ZKLFK� H[LVW� RQ� VDWHOOLWH�
OLQNV���7KH�FXUUHQW�SDSHU�LV�D�FRQWULEXWLRQ�WR�WKLV�DUHD���
7KH�VWUXFWXUH�RI� WKH�SDSHU� LV�DV�IROORZV��6HFWLRQ��� LV�
DQ� RYHUYLHZ� RI� WKH� LVVXHV� LQYROYHG� LQ� WKH� GHVLJQ� RI�
UHOLDEOH�PXOWLFDVW�SURWRFROV�DQG�6HFWLRQ���SURYLGHV�D�
UHYLHZ� RI� HUURU� FRUUHFWLRQ� WHFKQLTXHV�� � 7KH�
H[SHULPHQWDO� ,QWHUQHW� SURWRFRO� 3*0� LV� LQWURGXFHG�
DQG�GHVFULEHG�LQ�6HFWLRQ�����6HFWLRQV���DQG���GHVFULEH�
WKH� WKHRUHWLFDO� PRGHOV� XVHG� LQ� WKLV� SDSHU�� WKHVH� DUH�
UHVSHFWLYHO\� D� PRGHO� RI� ,3� GDWDJUDP� ORVV� RYHU� D�
VDWHOOLWH� $70� OLQN�� DQG� D� PRGHO� RI� WKH� HUURU�
SHUIRUPDQFH� RI� WKH� UHOLDEOH� PXOWLFDVW� SURWRFRO���
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)LQDOO\�6HFWLRQ���SUHVHQWV�VLPXODWLRQ�UHVXOWV�REWDLQHG�
XVLQJ� WKH� HYHQW� GULYHQ� QHWZRUN� VLPXODWLRQ� WRRO�
231(7�� DQG� FRPSDUHV� VRPH� RI� WKHVH� UHVXOWV� ZLWK�
UHVXOWV�IURP�WKH�WKHRUHWLFDO�PRGHO�RI�6HFWLRQV���DQG����

���5HOLDEOH�PXOWLFDVW�SURWRFROV�

5HOLDEOH� PXOWLFDVW� SURWRFROV� DUH� RI� LQWHUHVW� EHFDXVH�
WKH\� HQVXUH� WKDW� DOO� UHFLSLHQWV� VXFFHVVIXOO\� UHFHLYH�
GDWD� PXOWLFDVW� IURP� D� VRXUFH�� LQ� JHQHUDO� WKH\� DOVR�
HQVXUH� RUGHUHG� DQG� QRQ�GXSOLFDWHG� GHOLYHU\� RI�
SDFNHWV�WR�WKH�DSSOLFDWLRQ�OD\HU��6LQFH�WKH\�SURYLGH�DQ�
HQG�WR�HQG� VHUYLFH� WKH\� DUH� FRQYHQWLRQDOO\� UHJDUGHG�
DV�WUDQVSRUW�OD\HU�SURWRFROV�LQ�WKH�FRQWH[W�RI�WKH�26,�
5HIHUHQFH�0RGHO��

$�ZLGH�UDQJH�RI�UHOLDEOH�PXOWLFDVW�SURWRFROV�KDV�EHHQ�
GHYHORSHG�DQG�GHVFULEHG�LQ�WKH�OLWHUDWXUH���2QH�UHDVRQ�
IRU� WKLV� LV� WKDW� HIILFLHQW� PXOWLFDVW� LV� D� PXFK� PRUH�
FRPSOH[� SUREOHP� WKDQ� HIILFLHQW� XQLFDVW�� DQG�
FRQVHTXHQWO\� PDQ\� PXOWLFDVW� SURWRFROV� KDYH� EHHQ�
GHYHORSHG� IRU� VSHFLILF� FODVVHV� RI� DSSOLFDWLRQ�� � 7ZR�
H[DPSOHV� RI� GLIIHUHQW� DSSOLFDWLRQ� FODVVHV� DUH� GHOD\�
VHQVLWLYH� UHDO�WLPH� DSSOLFDWLRQV� DQG� PXOWLFDVW� ILOH�
WUDQVIHU��HDFK�RI�ZKLFK�KDV�LWV�RZQ�VSHFLILF�PXOWLFDVW�
UHTXLUHPHQWV�� �$� WD[RQRP\� RI�PXOWLFDVW� SURWRFROV� LV�
GHVFULEHG� LQ� >�@�� ZKHUH� WKH\� DUH� UHIHUUHG� WR� DV�
³PXOWLFDVW� WUDQVSRUW� SURWRFROV´�� �7KLV�ZRUN�KDV�EHHQ�
WDNHQ� IRUZDUG� LQ� WKH� FRQWH[W�RI� VDWHOOLWH�QHWZRUNV�E\�
.R\DEH�>�@��

)ROORZLQJ�WKH�VWUXFWXUH�XVHG�E\�.R\DEH��VRPH�RI�WKH�
NH\� LVVXHV� WKDW� KDYH� WR� EH� FRQVLGHUHG� E\� PXOWLFDVW�
SURWRFROV�LQFOXGH��

� 'DWD� SURSDJDWLRQ�� VXFK� DV� �D�� ZKHWKHU� WKH�
SURSDJDWLRQ� LV� RQH�WR�PDQ\�� PDQ\�WR�RQH�� RU�
PDQ\�WR�PDQ\�� �E�� ZKHWKHU� GDWD� WUDQVIHUV� DUH�
RQH�ZD\� �RXWERXQG� RQO\�� RU� WZR�ZD\� �UHWXUQ�
SDWK�UHTXLUHG���

� 6FDODELOLW\�� WKH� QXPEHU� RI� GDWD� UHFLSLHQWV� �IRU�
H[DPSOH�� RI� WKH� RUGHU� RI� D� IHZ� WHQV� RU� D� IHZ�
KXQGUHG�WKRXVDQGV���

� 5HOLDELOLW\�� ZKHWKHU� JXDUDQWHHG� GHOLYHU\� LV�
UHTXLUHG� �IRU� H[DPSOH�� ILOH� WUDQVIHU�� RU� D� FHUWDLQ�
ORVV�UDWH�FDQ�EH�WROHUDWHG��H�J��YLGHR�VWUHDPLQJ���

� )ORZ� DQG� FRQJHVWLRQ� FRQWURO�� D� PXOWLFDVW�
SURWRFRO� QHHGV� WR� EH� VHQVLWLYH� WR� WKH� GLIIHULQJ�
QHHGV� RI� DOO� UHFHLYHUV�� � 7KLV� LV� SDUWLFXODUO\�
H[DFHUEDWHG� LI�VRPH�UHFLSLHQWV�DUH�FRQQHFWHG�YLD�
WHUUHVWULDO� OLQNV� DQG� VRPH� DUH� FRQQHFWHG� E\�
JHRVWDWLRQDU\�VDWHOOLWH� OLQNV��EHFDXVH�RI� WKH�ZLGH�
UDQJH�RI�URXQG�WULS�WLPHV��

,Q� WKLV� SDSHU�ZH� IRFXV� RQ� RQH� RI� WKH� DERYH� DVSHFWV��
QDPHO\� WKH� SURWRFRO� UHOLDELOLW\� DQG� FRUUHVSRQGLQJ�
HUURU�FRUUHFWLRQ�FDSDELOLWLHV��

���(UURU�FRUUHFWLRQ�WHFKQLTXHV�

7KHUH� DUH� WZR� SULQFLSDO� HUURU� FRUUHFWLRQ� DSSURDFKHV��
IRUZDUG� HUURU� FRUUHFWLRQ� �)(&�� DQG� DXWRPDWLF�
UHWUDQVPLVVLRQ�UHTXHVW��$54����,Q�WKH�FDVH�RI�)(&��DQ�
RULJLQDO� PHVVDJH� LV� WUDQVPLWWHG� WRJHWKHU� ZLWK� VRPH�
UHGXQGDQW� �SDULW\�� LQIRUPDWLRQ� WR� IRUP� D� FRGHZRUG��
VR�WKDW�LI�SDUW�RI�WKH�FRGHZRUG�LV�ORVW�RU�FRUUXSWHG�WKH�
UHFHLYHU� FDQ� ERWK� GHWHFW� DQG� FRUUHFW� WKH� HUURU�� � 7KH�
RULJLQDO�PHVVDJH� FDQ� WKXV� EH� UHFRQVWUXFWHG� IURP� WKH�
UHGXQGDQW�LQIRUPDWLRQ�LQ�WKH�FRGHZRUG��SURYLGHG�WKDW�
WKH�QXPEHU�RI�HUURUV�LV�EHORZ�D�FHUWDLQ�OHYHO���)(&�LV�
QRW� E\� LWVHOI� DEOH� WR� JXDUDQWHH� GHOLYHU\� RI� GDWD�� DQG�
KDV� WKH� IXUWKHU� GLVDGYDQWDJHV� RI� D� FRGLQJ� RYHUKHDG�
WKDW�LV�QRW�QHHGHG�ZKHQ�WKH�FKDQQHO�HUURU�UDWH�LV�ORZ��
UHGXFHG� HIIHFWLYH� EDQGZLGWK� RI� WKH� FKDQQHO� DQG�
SRVVLEO\�DQ�HQFRGLQJ�RU�GHFRGLQJ�GHOD\���$54�RQ�WKH�
RWKHU�KDQG�LV�RQO\�DEOH�WR�GHWHFW�HUURUV�LQ�WKH�RULJLQDO�
GDWD��DQG� LI� VXFK�HUURUV�RFFXU� WKH�UHFHLYHU�UHTXHVWV�D�
IXUWKHU� FRS\� RI� WKH� GDWD� IURP� WKH� WUDQVPLWWHU�� �$54�
KDV�WKH�DGYDQWDJH�WKDW�LW�FDQ�JXDUDQWHH�GDWD�GHOLYHU\��
EXW�FDQ�DOVR�VXIIHU�IURP�VLJQLILFDQW�GHOD\V�ZKHQ�GDWD�
KDV� WR� EH� UHWUDQVPLWWHG�� SDUWLFXODUO\� RYHU� VDWHOOLWH�
OLQNV��

$54� FDQ� EH� GLYLGHG� LQWR� WZR� FDWHJRULHV�� WKHVH� DUH�
,GOH�54�DQG�&RQWLQXRXV�54�� �7KH� ODWWHU�FDQ�HPSOR\�
HLWKHU�D�6HOHFWLYH�5HSHDW�RU�D�*R�%DFN�1�VWUDWHJ\���,Q�
WKH�FDVH�RI�6HOHFWLYH�5HSHDW��LI�D�SDFNHW�RI�GDWD�LV�ORVW�
RU�HUURUHG��WKH�UHFHLYHU�UHTXHVWV�DQG�LV�VHQW�D�FRS\�RI�
RQO\� WKH�HUURUHG�SDFNHW�� �%\�FRQWUDVW��ZLWK�*R�%DFN�
1�� WKH� UHFHLYHU� UHTXHVWV� WKH� WUDQVPLWWHU� WR� UHWUDQVPLW�
SDFNHWV� VWDUWLQJ� IURP� WKH� HUURUHG� SDFNHW�� � 7KH�
6HOHFWLYH�5HSHDW�VWUDWHJ\�XVHV�OHVV�QHWZRUN�UHVRXUFHV�
WR� WUDQVPLW� WKH�GDWD��EXW� WKH�*R�%DFN�1�VWUDWHJ\�FDQ�
HPSOR\�D�VLPSOHU�UHFHLYHU�DUFKLWHFWXUH�� �:H�FRQVLGHU�
D� 6HOHFWLYH� 5HSHDW� SURWRFRO� DV� SDUW� RI� RXU� DQDO\VLV�
ODWHU�LQ�WKLV�SDSHU��

$� FRPELQDWLRQ� RI� )(&� DQG� $54� FDQ� DOVR� EH� XVHG��
DQG� WKLV� LV� FDOOHG� K\EULG� $54�� � ,Q� D� 7\SH�,� K\EULG�
$54� VFKHPH�� SDULW\� GDWD� LV� WUDQVPLWWHG� ZLWK� WKH�
RULJLQDO�PHVVDJH� VR� WKDW� HUURUV� FDQ� EH� ERWK� GHWHFWHG�
DQG�FRUUHFWHG���,I�WKH�QXPEHU�RI�HUURUV�LV�WRR�KLJK��VR�
WKDW� WKH\� FDQQRW� EH� FRUUHFWHG�� WKH� UHFHLYHU� UHTXHVWV�
UHWUDQVPLVVLRQ� RI� WKH� VDPH� FRGHZRUG�� � ,Q� D� 7\SH�,,�
K\EULG� $54� VFKHPH�� LI� WKH� UHFHLYHU� LV� XQDEOH� WR�
FRUUHFW� WKH� HUURUV� LQ� WKH� UHFHLYHG� FRGHZRUG� WKHQ� LW�
UHTXHVWV�WUDQVPLVVLRQ�RI�IXUWKHU�SDULW\�GDWD�XQWLO�LW�KDV�
UHFHLYHG� VXIILFLHQW� WR� DOORZ� LW� WR� GHFRGH� WKH� RULJLQDO�
FRGHZRUG�� � :H� FRQVLGHU� D� 7\SH� ,,� K\EULG� $54�
VFKHPH�DV�D�VHFRQG�HUURU�FRUUHFWLRQ�PHFKDQLVP�ODWHU�
LQ�WKLV�SDSHU��

:H� DOVR� FRQVLGHU� SURDFWLYH� WUDQVPLVVLRQ� RI� UHSDLU�
GDWD��DQG�KHUH�UHIHU� WR� WKLV�DV�D�7\SH�,,�K\EULG�$54�
VFKHPH�ZLWK�SURDFWLYH�)(&���7KLV�WHFKQLTXH�KDV�EHHQ�
FRQVLGHUHG� LQ� WKH� FRQWH[W� RI� UHOLDEOH� PXOWLFDVW� E\�
RWKHU�DXWKRUV�>�������@��

�

�
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)LJXUH����3*0��UHOLDEOH�PXOWLFDVW�SURWRFRO�

���3*0�

7KLV� 6HFWLRQ� RXWOLQHV� WKH� UHOLDEOH� PXOWLFDVW� SURWRFRO�
WKDW�KDV�EHHQ�VLPXODWHG�DV�SDUW�RI�WKH�ZRUN�GHVFULEHG�
LQ� WKLV� SDSHU�� � 7KH� SURWRFRO� LV� EDVHG� RQ� WKH�
H[SHULPHQWDO� ,QWHUQHW� SURWRFRO�� 3*0� >��@�� DQG� LV�
XVHG� KHUH� WR� SURYLGH� JXDUDQWHHG� RUGHUHG� GXSOLFDWH�
IUHH�GHOLYHU\�RI�GDWD�IURP�D�VLQJOH�VRXUFH�WR�PXOWLSOH�
VLQNV�� � )LJXUH� �� LOOXVWUDWHV� WKH� RSHUDWLRQ� RI� 3*0� DV�
GHILQHG� E\� WKH�5)&�� � 7KLV� VKRZV� D� GDWD� VRXUFH� DQG�
PXOWLSOH�VLQNV��WRJHWKHU�ZLWK�QHWZRUN�HOHPHQWV��1(V��
WKDW�DUH�³3*0�DZDUH´�DQG�GHYLFHV�FDOOHG�'HVLJQDWHG�
/RFDO� 5HSDLUHUV� �'/5V��� � 7KHVH� ODWWHU� GHYLFHV�
PDLQWDLQ�D�FRS\�RI�GDWD� WUDQVPLWWHG�E\� WKH�VRXUFH�VR�
WKDW� WKH\� FDQ� UHVSRQG� WR� UHTXHVWV� IURP� WKHLU� QHDUE\�
VXEWUHH�IRU�UHWUDQVPLVVLRQ�RI�ORVW�GDWD��

7KH� QRUPDO� IORZ� RI� GDWD� LV� IURP� D� VLQJOH� VRXUFH� WR�
PXOWLSOH� VLQNV�� DQG� LV� FDUULHG� DV�RULJLQDO� GDWD�� � ,I� D�
VLQN� GHWHFWV�PLVVLQJ� GDWD�� LW� LVVXHV�PXOWLSOH� QHJDWLYH�
DFNQRZOHGJHPHQWV� XQWLO� LW� UHFHLYHV� D� 1HWZRUN�
&RQILUPDWLRQ� �1&)�� IURP� D� QHWZRUN� HOHPHQW�� � 7KH�
SXUSRVH� RI� WKH� 1&)� LV� WR� QRWLI\� WKH� VLQN� WKDW� WKH�
QHWZRUN� HOHPHQW� KDV� WDNHQ� UHVSRQVLELOLW\� IRU�
UHWXUQLQJ� WKH�1$.� WR� WKH� VRXUFH�� � &RQVHTXHQWO\� WKH�
QHWZRUN� HOHPHQW� LQ� WXUQ� LVVXHV� D� 1$.� EDFN�
³XSVWUHDP´� WRZDUG� WKH� VRXUFH�� DQG� UHFHLYHV� D� 1&)�
IURP�WKH�QH[W�1(�� �1$.�VXSSUHVVLRQ�SURFHGXUHV�DUH�
LQFOXGHG� LQ� WKH� SURWRFRO� WR� DYRLG� D� 1$.� LPSORVLRQ�
ZKHQ� D� ODUJH� QXPEHU� RI� VLQNV� IDLO� WR� UHFHLYH� DQ\�
JLYHQ� GDWD�� � :KHQ� WKH� 1$.� DUULYHV� HLWKHU� DW� WKH�
VRXUFH�RU�D�'/5��UHSDLU�GDWD� LV� WUDQVPLWWHG�� �7KLV�LV�
PXOWLFDVW� WR� UHFHLYHUV��H[FHSW� WKDW� WKH�3*0�1(V�XVH�
�

�

WKH�SDWWHUQ�RI�UHFHLYHG�1$.V�WR�DYRLG�VHQGLQJ�UHSDLU�
GDWD� WR� VXEWUHHV� ZKHUH� DOO� VLQNV� KDYH� UHFHLYHG� WKH�
RULJLQDO�GDWD���

6RXUFH�SDWK�PHVVDJHV��630V��DUH�DOVR�WUDQVPLWWHG�E\�
WKH� VRXUFH�� WKHLU� IXQFWLRQ� LV� WR� HQDEOH� HDFK� 1(� WR�
LGHQWLI\� KRZ� WR� UHDFK� XSVWUHDP� 1(V� VR� WKDW� 1$.V�
FDQ�EH�UHWXUQHG�WR�WKH�VRXUFH�RU�WR�'/5V��

7KH� V\VWHP� PRGHOOHG� LQ� WKH� ZRUN� GHVFULEHG� LQ� WKLV�
SDSHU� LV� VLJQLILFDQWO\� VLPSOHU� WKDQ� WKH� IXOO�
VSHFLILFDWLRQ��DQG�LV�VKRZQ�LQ�)LJXUH�����'/5V��1(V��
DQG� 630� DQG� 1&)� PHVVDJHV� KDYH� EHHQ� RPLWWHG� WR�
VLPSOLI\� WKH� PRGHO�� � 7KHVH� VLPSOLILFDWLRQV� GR� QRW�
DIIHFW�WKH�IXQGDPHQWDO�SULQFLSOHV�RI�SHUIRUPDQFH�WKDW�
WKLV�SDSHU�FRQVLGHUV��

,Q� RXU� PRGHO�� HDFK� VLQN� PDLQWDLQV� D� WLPHU� IRU� HDFK�
QHJDWLYH� DFNQRZOHGJHPHQW� VR� WKDW� WKH� 1$.� FDQ� EH�
UH�LVVXHG� LI�HLWKHU� WKH�1$.�RU� WKH�UHSDLU�GDWD�LV�ORVW���
7KH� VRXUFH� DOVR�PDLQWDLQV�D� VHSDUDWH� WLPHU� VR� WKDW� LI�
WZR� RU� PRUH� 1$.V� IRU� WKH� VDPH� UHSDLU� GDWD� DUH�
UHFHLYHG�ZLWKLQ�WKH�WLPHU�SHULRG�WKH�UHSDLU�GDWD�LV�QRW�
UHSHDWHG����

,Q� DFFRUGDQFH�ZLWK� WKH� 3*0� VSHFLILFDWLRQ�� D� VOLGLQJ�
ZLQGRZ� LV� HPSOR\HG� WR� SURYLGH� IORZ� FRQWURO�� WKH�
VRXUFH� LQFUHPHQWV� WKH� ZLQGRZ� RQFH� QR� 1$.V� KDYH�
EHHQ� UHFHLYHG� IRU�D�SHULRG��GHILQHG�E\�D� WKLUG� WLPHU��
IRU�RULJLQDO�GDWD�ZLWKLQ�WKH�ZLQGRZ�LQFUHPHQW���3*0�
SURYLGHV� WZR� LOOXVWUDWLYH� VWUDWHJLHV� IRU� DGYDQFLQJ� WKH�
ZLQGRZ�� FDOOHG� ³DGYDQFH� ZLWK� GDWD´� DQG� ³DGYDQFH�
ZLWK� WLPH´�� �7KH� IRUPHU� LV� LQWHQGHG� IRU�QRQ�UHDOWLPH�
DSSOLFDWLRQV� WKDW� UHTXLUH� FRPSOHWH� GHOLYHU\� RI� GDWD��
DQG� LV� FRQVHTXHQWO\� LPSOHPHQWHG� KHUH� IRU� RXU� ILOH�
DSSOLFDWLRQ��
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1$.��WR�UHGXFH�QHWZRUN�WUDIILF���7KLV�)LJXUH�DVVXPHV�WKDW�
��5'$7$�LV�RQO\�IRUZDUGHG�E\�1(V�RQ�LQWHUIDFHV�ZKHUH�D�
1$.�KDV�EHHQ�UHFHLYHG�DQG�RU�D�1&)�KDV�EHHQ�VHQW��
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)LJXUH����3URWRFRO�LPSOHPHQWHG�LQ�WKLV�ZRUN�

7KH� ODWWHU� LV� LQWHQGHG� IRU� UHDO�WLPH� VWUHDPLQJ�
DSSOLFDWLRQV� DQG� LV� EDVHG� RQ� WLPHO\� GHOLYHU\� RI� GDWD�
HYHQ� WKRXJK� WKLV� PD\� LQYROYH� ORVV� RI� VRPH� SDFNHWV�
�FDXVHG� E\� WKH� WUDLOLQJ� HGJH� RI� WKH� VOLGLQJ� ZLQGRZ�
PRYLQJ� IRUZDUG� HYHQ� WKRXJK� VRPH� VLQNV� PD\� QRW�
UHFHLYHG�GDWD�WKDW�LV�ROGHU�WKDQ�WKH�WUDLOLQJ�HGJH���

)LQDOO\��D�WRNHQ�EXFNHW�WUDIILF�VKDSHU�LV�DOVR�LQFOXGHG�
�)LJXUH� ���� DV� UHTXLUHG� E\� 3*0�� WR� OLPLW� WKH�
EDQGZLGWK�XVHG�� �7KH� WUDIILF�VKDSHU� LPSOHPHQWHG�IRU�
PRVW� RI� WKH� UHVXOWV� SUHVHQWHG� KHUH� KDV� D� GXDO� TXHXH��
ZLWK�RULJLQDO�GDWD� VHQW� WR� WKH� ORZ�SULRULW\�TXHXH� DQG�
UHSDLU�GDWD�VHQW�WR�WKH�KLJK�SULRULW\�TXHXH���3DFNHWV�LQ�
WKH�KLJK�SULRULW\�TXHXH�DUH�DOZD\V�WUDQVPLWWHG�ILUVW��

7KUHH� HUURU� FRUUHFWLRQ� PHFKDQLVPV� KDYH� EHHQ�
FRQVLGHUHG��

� $� &RQWLQXRXV� 54� 6HOHFWLYH� 5HSHDW� SURWRFRO��
UHIHUUHG� WR� �IROORZLQJ�WKH�3*0�VSHFLILFDWLRQ��DV�
6HOHFWLYH�1$.�PRGH��

� $�7\SH� ,,� K\EULG�$54�SURWRFRO�� UHIHUUHG� WR� �DV�
LQ�WKH�3*0�VSHFLILFDWLRQ��DV�3DULW\�1$.�PRGH��

�

7RNHQ�JHQHUDWRU�
5DWH� �

&DSDFLW\� �

6HUYHU�

+LJK�SULRULW\�
4XHXH�$�

/RZ�SULRULW\�
4XHXH�%�

7R�ORZHU�
SURWRFRO�
OD\HU�

�
)LJXUH�����'XDO�TXHXH�WUDIILF�VKDSHU�

� $� 7\SH� ,,� K\EULG� $54� SURWRFRO� ZLWK� SURDFWLYH�
WUDQVPLVVLRQ� RI� UHSDLU� GDWD�� UHIHUUHG� WR� KHUH� DV�
3DULW\�1$.�PRGH�ZLWK�SURDFWLYH�)(&��

,Q�D�7\SH�,,�K\EULG�$54�SURWRFRO��GDWD�LV�WUDQVPLWWHG�
ZLWK�VXIILFLHQW�HUURU�FRQWURO�WR�GHWHFW�D�PLVVLQJ�SDFNHW�
�LQ�WKLV�FDVH�XVLQJ�VHTXHQFH�QXPEHUV����,I�WKH�UHFHLYHU�
GHWHFWV� DQ� HUDVXUH� WKHQ� SDULW\� GDWD� LV� VHQW� DV� UHSDLU�
GDWD�� � 7KH� PHFKDQLVP� E\� ZKLFK� WKLV� SDULW\� GDWD� LV�
JHQHUDWHG�LQ�GHVFULEHG�E\�5L]]R�>�@��

7KH� VDWHOOLWH� V\VWHP� LV� VKRZQ� LQ� )LJXUH� ��� � ,Q� WKH�
VLPXODWLRQ�� GDWD� UDWHV� RI� �0ELW�V� ZHUH� XVHG� RQ� WKH�
OLQNV��ZLWK�D����PV�VDWHOOLWH�RQH�ZD\�GHOD\�DQG���PV�
RI�WHUUHVWULDO�OLQN�GHOD\���7KH�WUDIILF�VKDSHU�OLPLWHG�WKH�
WUDIILF�WR�DERXW�����RI�WKH�QHWZRUN�EDQGZLGWK��

���6DWHOOLWH�$70�OLQN�PRGHO�

,QLWLDOO\� ZH� DQDO\VH� WKH� OLQN� SHUIRUPDQFH� E\�
FRQVLGHULQJ� WKH� ORZHU� OD\HUV�� IURP� WKH� VDWHOOLWH�
PRGHP�XS�WR�WKH�,3�OD\HU��)LJXUH�����

$� W\SLFDO� VDWHOOLWH� FRPPXQLFDWLRQV� OLQN� HPSOR\V� D�
FRQYROXWLRQDO� HQFRGHU� ZLWK� 9LWHUEL� GHFRGLQJ�� � 7KLV�
UHGXFHV� WKH� OLQN¶V� HIIHFWLYH� ELW� HUURU� UDWH�� EXW� WKH�
QDWXUH� RI� WKH� 9LWHUEL� GHFRGLQJ� PHDQV� WKDW� WKLV�
UHGXFWLRQ� LQ� WKH� HUURU� UDWH� LV� DW� WKH� FRVW� RI� UHVLGXDO�
HUURUV� WKDW�RFFXU� LQ�EXUVWV�� �7KHVH�HUURU�EXUVWV�HLWKHU�
FDXVH� ORVV�RI�$70�FHOOV� �LI� WKH�HUURUHG�ELWV�RFFXU� LQ�
WKH�$70�FHOO�KHDGHU��RU�SD\ORDG�HUURUV��LI�WKH�HUURUHG�
ELWV�RFFXU�LQ�WKH�$70�FHOO�SD\ORDG����$70�FHOOV�ZLWK�
SD\ORDG� HUURUV� LQ� WXUQ� FDXVH� WKH� $70� $GDSWDWLRQ�
/D\HU� WR�GLVFDUG� WKH�HQWLUH�,3�GDWDJUDP�RI�ZKLFK� WKH�
HUURUHG�FHOO�ZDV�SDUW�� �7KH�SUREDELOLWLHV�RI�ORVV�RI�DQ�
$70�FHOO�DQG�RI�DQ�HUURU� LQ� WKH�FHOO�SD\ORDG�FDQ�EH�
FDOFXODWHG�>�@���$Q�,3�GDWDJUDP�LV�ORVW�LI�D�FHOO�ORVV�RU�
FHOO�HUURU�RFFXUV�LQ�DQ\�$70�FHOO�WKDW�LV�FDUU\LQJ�SDUW�
RI� WKH� GDWDJUDP�� RU� LI� WKH� ILQDO� FHOO� RI� WKH�SUHFHGLQJ�
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ZKHUH�S� LV� WKH� OLQN�ELW�HUURU�UDWH��E� LV�WKH�PHDQ�EXUVW�
OHQJWK��DQG�1�LV�WKH�QXPEHU�RI�$70�FHOOV�UHTXLUHG�WR�
FDUU\� WKH� ,3� GDWDJUDP�� � $W� ORZ� ELW� HUURU� UDWHV� WKLV�
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6DW�PRGHP�
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)LJXUH����6DWHOOLWH�DQG�SURWRFRO�PRGHO�

���7KHRUHWLFDO�DQDO\VLV�RI�SURWRFRO�

7KH�SHUIRUPDQFH�RI�D�ILOH� WUDQVIHU�DSSOLFDWLRQ�RYHU�D�
UHOLDEOH�PXOWLFDVW�SURWRFRO�LV�DQDO\VHG�E\�FRQVLGHULQJ�
WKH�XSSHU� WZR�OD\HUV�RI�WKH�SURWRFRO�PRGHO�RI�)LJXUH�
���

7ZR�NH\�SDUDPHWHUV�RI� LQWHUHVW�DUH� WKH� WRWDO�QHWZRUN�
WUDIILF� XVHG� WR� WUDQVIHU� WKH� GDWD�� DQG� WKH� QXPEHU� RI�
QHJDWLYH� DFNQRZOHGJHPHQWV� �1$.V�� UHFHLYHG� E\� WKH�
VRXUFH�� �:H� XVH� WUDIILF�YROXPH� �E\WHV�� DV� D�PHDVXUH�
RI�QHWZRUN�UHVRXUFH�LQ�WKH�IRUZDUG�GLUHFWLRQ�EHFDXVH��
DV�ZH�VKRZ�ODWHU��WKH�FKRLFH�RI�SDFNHW�VL]H�FDQ�KDYH�D�
VLJQLILFDQW� LPSDFW� RQ� WKH� WRWDO� YROXPH� RI� GDWD� VHQW�
RYHU� WKH� QHWZRUN� IURP� WKH� VRXUFH� WR� WKH� VLQNV���
&RQYHUVHO\�� 1$.V� DUH� JHQHUDOO\� VKRUW� SDFNHWV�� HDFK�
SUREDEO\�RQO\�RFFXS\LQJ�RQH�RU� WZR�$70�FHOOV��DQG�
VR� WKH� QXPEHU� RI� WKHVH� SDFNHWV� �UDWKHU� WKDQ� WKH�
QXPEHU�RI�E\WHV�RI�QHWZRUN�WUDIILF��LV�DQ�DSSURSULDWH�
PHWULF�IRU�WKH�UHYHUVH�OLQN�UHVRXUFHV�XVHG��

&RQVLGHU� D� ILOH� RI� VL]H� ;� E\WHV� ZKLFK� LV� WR� EH�
WUDQVIHUUHG� XVLQJ� WKH� VDWHOOLWH� OLQN�� � /HW� WKH� ILOH� EH�
WUDQVPLWWHG�DV�D�VHW�RI�SDFNHWV�RI�HTXDO�VL]H��WKH�ILQDO�
SDFNHW� EHLQJ� SDGGHG� RXW� LI� QHFHVVDU\�� � ,I� HDFK�
DSSOLFDWLRQ�SDFNHW�KDV�D�WRWDO�KHDGHU�RI�+�E\WHV�IURP�
WKH�PXOWLFDVW�� ,3� DQG�$$/�� OD\HUV� FRPELQHG�� DQG� LV�
FDUULHG� LQ� 1� $70� FHOOV� WKHQ� WKH� QXPEHU� RI�
DSSOLFDWLRQ�SDFNHWV��RU�,3�GDWDJUDPV��XVHG�WR�WUDQVPLW�
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3DULW\�1$.�PRGH�ZLWK�SURDFWLYH�)(&�

+HUH�� V� SURDFWLYH�)(&�SDFNHWV� DUH� WUDQVPLWWHG�DW� WKH�
VDPH� WLPH� DV� WKH� N� SDFNHWV� RI� RULJLQDO� GDWD� LQ� HDFK�
WUDQVPLVVLRQ�JURXS���,Q�JHQHUDO�VRPH�SDFNHWV�ZLOO�QRW�
EH�UHFHLYHG�E\�HDFK�VLQN��EXW�D�1$.�RQO\�QHHGV�WR�EH�
LVVXHG�E\�D�UHFHLYHU�ZKHQ�WKH�QXPEHU�RI�ORVW�SDFNHWV�
LV�JUHDWHU�WKDQ�V���&RQVHTXHQWO\��IRU�WKH�FRPSOHWH�ILOH�
WUDQVIHU� WKH� WRWDO� QXPEHU� RI� 1$.V� RQ� WKH� UHYHUVH�
GRZQOLQN� LQ� WKLV� PRGH� LV�� DVVXPLQJ� RQO\� D� VLQJOH�
URXQG�RI�UHSDLU�GDWD�LV�UHTXLUHG�E\�WKH�UHFHLYHUV��
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� LV� GHILQHG� E\� 5XEHQVWHLQ� >�@� DV� WKH�

SURDFWLYLW\�IDFWRU��

���&RPSDULVRQ�RI�WKHRU\�	�VLPXODWLRQ�

7KH� VLPXODWLRQ� UHVXOWV� DUH� QRZ� FRPSDUHG� ZLWK� WKH�
WKHRUHWLFDO�FXUYHV� IRU� WKH� IRUZDUG�XSOLQN�DQG�UHYHUVH�
GRZQOLQN� WUDIILF�� � ,Q� DGGLWLRQ�� WZR� DVSHFWV� RI� WKH�
SURWRFRO� GHVLJQ� KDYH� EHHQ� LQYHVWLJDWHG� XVLQJ� WKH�
VLPXODWLRQ��

� 7KH� LPSDFW� RI� WKH� WRNHQ� EXFNHW� VFKHPH� XVHG� WR�
SURYLGH�WUDIILF�PDQDJHPHQW��

� 7KH� LPSDFW�RI� WKH�GHFRGLQJ�GHOD\�RQ� WKH�SDFNHW�
WUDQVIHU�GHOD\�ZKHQ�XVLQJ�3DULW\�1$.�PRGH���

7KH� IRUZDUG�XSOLQN� WUDIILF� LV� VKRZQ� LQ�)LJXUH���DV�D�
IXQFWLRQ� RI� WKH� VL]H� RI� HDFK� DSSOLFDWLRQ� SDFNHW��
UHSUHVHQWHG�E\�1� WKH�QXPEHU�RI�$70�FHOOV� UHTXLUHG�
WR�FDUU\�WKH�HQFDSVXODWHG�DSSOLFDWLRQ�SDFNHW���)RU�DQ\�
JLYHQ�%(5�� WKH� IRUZDUG� WUDIILF� LQ�3DULW\�1$.�PRGH�
LV� OHVV� WKDQ� LQ� 6HOHFWLYH� 1$.� PRGH�� � 7KLV� FDQ� EH�
LOOXVWUDWHG� E\� WZR� VLQNV� HDFK� RI� ZKLFK� ORVHV� RQH�
SDFNHW� ZLWKLQ� D� WUDQVPLVVLRQ� JURXS�� EXW� WKH\� DUH�
GLIIHUHQW� SDFNHWV�� � 3DULW\�1$.� FDQ� UHFRYHU� WKLV� ORVV�
E\� WUDQVPLWWLQJ� RQH� UHSDLU� GDWD� SDFNHW�� EXW� 6HOHFWLYH�
1$.� QHHGV� WR� UHVHQG� HDFK� RI� WKH� WZR� SDFNHWV� DV�
UHSDLU�GDWD��DQG�WKHUHIRUH�JHQHUDWHV�PRUH�WUDIILF��

:H� QRWH� WKDW� DV� WKH� %(5� LQFUHDVHV�� WKH� UDQJH� RI�1�
WKDW� JLYHV� DFFHSWDEOH� SHUIRUPDQFH� JHWV� QDUURZHU�� LQ�
RWKHU�ZRUGV�� WKH�ZRUVH� WKH� OLQN� FRQGLWLRQV�� WKH�PRUH�
LPSRUWDQW� LW� LV� WR� WUDQVPLW� WKH� ILOH� LQ�SDFNHWV� WKDW�DUH�
FRUUHFWO\� VL]HG�� LI� WKH� SDFNHWV� DUH� WRR� VPDOO� WKHQ� WKH�
SURWRFRO� RYHUKHDG� OLPLWV� WKH� QHWZRUN� SHUIRUPDQFH��
ZKHUHDV�LI�WKH�SDFNHWV�DUH�WRR�ODUJH�WKH�SUREDELOLW\�RI�
SDFNHW�ORVV�DQG�WKHUHIRUH�UHWUDQVPLVVLRQ�EHFRPHV�WRR�
KLJK�� � :H� DOVR� VHH� WKDW� WKH� UDQJH� RI� 1� WKDW� JLYHV�
DFFHSWDEOH� SHUIRUPDQFH� �L�H�� FORVH� WR� WKH� PLQLPXP�
IRU� DQ\� JLYHQ� %(5�� LV� ZLGHU� IRU� 3DULW\� 1$.�PRGH�
WKDQ�IRU�6HOHFWLYH�1$.�PRGH���

7KH�UHYHUVH�GRZQOLQN�WUDIILF�LV�VKRZQ�LQ�)LJXUH�����,Q�
6HOHFWLYH�1$.�PRGH� WKH�1$.�YROXPH� LV�HVVHQWLDOO\�
LQGHSHQGHQW� RI�1� EHFDXVH� IRU� UHDVRQDEO\� ORZ�YDOXHV�
RI�ELW�HUURU�UDWH�S�DQG�LJQRULQJ�WKH�SURWRFRO�RYHUKHDG�
���1!!+��HTXDWLRQ�����UHGXFHV�WR�DQ�H[SUHVVLRQ�WKDW�

LV� LQGHSHQGHQW� RI� 1��
E
S

615 5;7
��
��� - �� � 7KH�

PLGGOH� JUDSK� VKRZV� WKDW� 3DULW\� 1$.� LV� QRW� ZRUVH�
WKDQ�6HOHFWLYH�1$.��DQG�LV�EHWWHU�IRU�VRPH�YDOXHV�RI�
%(5� DQG� 1�� � 7KH� ERWWRP� JUDSK� VKRZV� IRU� 3DULW\�
1$.�PRGH� ZLWK� 3URDFWLYH� )(&� WKDW� E\� DSSURSULDWH�
VHOHFWLRQ� RI� SURDFWLYLW\� IDFWRU� r � WKH� 1$.� YROXPH�
FDQ�EH�UHGXFHG�WR�DQ�DUELWUDULO\�ORZ�YDOXH���
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Total forward uplink traffic (Selective NAK mode, R=20 receivers)
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Simulation
Theory: forward uplink traffic
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Total forward uplink traffic (Parity NAK mode, R=20 receivers)

BER = 1e−07
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Transmission group size k = 64

Simulation
Theoretical forward uplink traffic

�
)LJXUH� ��� 7RWDO� IRUZDUG� XSOLQN� WUDIILF� ±� 6HOHFWLYH�
1$.�PRGH��WRS��DQG�3DULW\�1$.�PRGH��ERWWRP��

:H� QRZ� FRQVLGHU� WKH� GHVLJQ� RI� WKH� WRNHQ� EXFNHW�
VFKHPH�� � )RU� LOOXVWUDWLRQ�� UHVXOWV� DUH� SUHVHQWHG� IURP�
WKUHH�VFKHPHV��

� 7KH� GXDO� TXHXH� WRNHQ� EXFNHW� �)LJXUH� ���� ZLWK�
UHSDLU� GDWD� VHQW� WR� WKH� KLJK� SULRULW\� TXHXH� DQG�
RULJLQDO� GDWD� VHQW� WR� WKH� ORZ� SULRULW\� TXHXH�� VR�
UHSDLU�GDWD� LV�FRQVHTXHQWO\�DOZD\V�JLYHQ�SULRULW\�
RYHU�RULJLQDO�GDWD��

� $� VLQJOH� TXHXH� WRNHQ� EXFNHW��ZLWK� ERWK� RULJLQDO�
GDWD�DQG�UHSDLU�GDWD�VHQW�WR�WKH�VDPH�TXHXH�ZLWK�
WKH�VDPH�SULRULW\���
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�
)LJXUH����5HYHUVH�GRZQOLQN�WUDIILF�±�6HOHFWLYH�1$.�
PRGH��WRS���3DULW\�1$.�PRGH��PLGGOH���DQG�3DULW\�
1$.�ZLWK�SURDFWLYH�)(&��ERWWRP��

� 1R�WRNHQ�EXFNHW�� �$OWKRXJK�WKLV�LV�QRW�SHUPLWWHG�
E\� WKH� 3*0� VSHFLILFDWLRQ� LW� KDV� EHHQ� PRGHOOHG�
IRU�FRPSDULVRQ�SXUSRVHV��

)LJXUH���VKRZV�WKH�ILOH�WUDQVIHU�WLPH�IRU�6HOHFWLYH�DQG�
3DULW\� 1$.� PRGHV� IRU� HDFK� RI� WKHVH� WKUHH� WRNHQ�
EXFNHW� VFKHPHV�� � 6HOHFWLYH� 1$.� KDV� WKH� ZRUVW�
SHUIRUPDQFH�EHFDXVH�RI�LWV�KLJK�YROXPH�RI�UHSDLU�GDWD�
�DV�VHHQ�LQ�)LJXUH������2I�WKH�WKUHH�RSWLRQV��WKH�ORZHVW�
ILOH� WUDQVIHU� WLPH� LV� SURYLGHG�� XQVXUSULVLQJO\�� E\� WKH�
QXOO� WRNHQ� EXFNHW�� KRZHYHU� WKLV� LV� RQO\� DFKLHYHG� DW�
WKH� FRVW� RI� DOORZLQJ� WKH� SURWRFRO� WR� XVH�PRUH� RI� WKH�

DYDLODEOH�OLQN�EDQGZLGWK�WKDQ�ZRXOG�EH�DOORZHG�E\�D�
WUDIILF� VKDSHU�� � 7KH� GXDO� TXHXH� EXFNHW� KDV� EHWWHU�
SHUIRUPDQFH� WKDQ� WKH� VLQJOH�TXHXH�EXFNHW�EHFDXVH� LW�
DOORZV�UHSDLU�GDWD�WR�EH�SULRULWLVHG�DQG�WKHUHIRUH�VHQW�
EDFN� WR� WKH� VLQNV� PRUH� UDSLGO\�� � ,QGHHG�� WKH�
SHUIRUPDQFH� RI� WKH� VLQJOH� TXHXH� EXFNHW� ZLWK�
6HOHFWLYH�1$.� LV� VR� SRRU� WKDW� WKH� VLQN�1$.� WLPHUV�
H[SLUH� DQG� UHTXHVW� UHWUDQVPLVVLRQ� RI� UHSDLU� GDWD��
RYHUORDGLQJ� WKH� OLQN� VWLOO� IXUWKHU�� � ,I� WKH� VLQNV¶�1$.�
WLPHU�YDOXH�LV�LQFUHDVHG�WR�FRPSHQVDWH�IRU�WKLV�HIIHFW�
WKH� SHUIRUPDQFH� FDQ� EH� LPSURYHG�� FRPSDUHG� WR� WKH�
GXDO�TXHXH�EXFNHW��WKH�RYHUDOO�ILOH�WUDQVIHU�WLPH�LV�VWLOO�
KLJKHU�� DOWKRXJK� WKH� GHOD\� SHU� SDFNHW� LV� UHGXFHG���
7KHVH� UHVXOWV� RFFXU� EHFDXVH� WKH� RYHUDOO�PHDQ� WUDIILF�
RQ�WKH�IRUZDUG�OLQN�LV�UHGXFHG��

7KHVH� HIIHFWV� DUH� OHVV� SURQRXQFHG� ZLWK� 3DULW\� 1$.�
PRGH�� EHFDXVH� WKH� YROXPH� RI� UHSDLU� GDWD� LV�
VLJQLILFDQWO\�OHVV�DW�KLJK�ELW�HUURU�UDWHV��
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File transfer time for various token bucket schemes

Single queue, Selective NAK
Dual queue, Selective NAK
Single queue, Parity NAK, k=64
Dual queue, Parity NAK, k=64
Null shaper, Parity NAK, k=64
Null shaper, Selective NAK

R=20, N=32 

�
)LJXUH� ��� )LOH� WUDQVIHU� WLPH� IRU� YDULRXV� WRNHQ�
EXFNHW�VFKHPHV��

7KH�PHDQ�SDFNHW�GHOD\�LV�RI�LQWHUHVW�LQ�GDWD�VWUHDPLQJ�
DSSOLFDWLRQV��DOWKRXJK�LW�LV�QRW�DQ�LPSRUWDQW�PHWULF�IRU�
D� ILOH� WUDQVIHU� DSSOLFDWLRQ�� � 6XFK� D� VWUHDPLQJ�
DSSOLFDWLRQ� PD\� XVH� 3*0¶V� ³DGYDQFH� ZLWK� WLPH´�
ZLQGRZ�DGYDQFH� VWUDWHJ\�� DOWKRXJK� WKLV� FDQ� UHVXOW� LQ�
ORVV�RI�GDWD���+RZHYHU��WKHUH�PD\�EH�DSSOLFDWLRQV�WKDW�
UHTXLUH� UHOLDEOH� GHOLYHU\� RI� GDWD� EXW� DOVR� UHTXLUH�
UHDVRQDEOH� WLPHOLQHVV�� � ,Q� WKLV� FDVH� WKH\� PD\� XVH�
³DGYDQFH� ZLWK� GDWD´�� DQG� WKH� UHVXOWV� IRU� GHOD\� QRZ�
SUHVHQWHG�LQ�)LJXUH���DUH�RI�LQWHUHVW���$V�ZLWK�WKH�ILOH�
WUDQVIHU� WLPH�� ZH� VHH� WKDW� WKH� QXOO� VKDSHU� FOHDUO\�
UHVXOWV� LQ� WKH� ORZHVW� SDFNHW� GHOD\�� EXW� WKLV� LV� DW� WKH�
H[SHQVH�RI�OLQN�EDQGZLGWK�XVHG�� �)RU�6HOHFWLYH�1$.�
WKH� GXDO� TXHXH� EXFNHW� DJDLQ� KDV� EHWWHU� SHUIRUPDQFH�
WKDQ�WKH�VLQJOH�TXHXH�EXFNHW�VLQFH�LW�SULRULWLVHV�UHSDLU�
GDWD�� � )RU� 3DULW\� 1$.� PRGH� WKHUH� LV� YLUWXDOO\� QR�
GLIIHUHQFH�EHWZHHQ�WKH�VLQJOH�DQG�GXDO�TXHXH�EXFNHWV��

$W�PHGLXP�WR�KLJK�%(5V��WKH�DGYDQWDJH�RI�6HOHFWLYH�
1$.�PRGH� LQ� WKDW� LW� FDQ� LPPHGLDWHO\� UHTXHVW� UHSDLU�
SDFNHWV� LV�PRUH� WKDQ�FDQFHOOHG�RXW�E\� WKH�IDFW� WKDW� LW�
UHTXLUHV�PRUH�UHSDLU�GDWD�WR�EH�VHQW���3DULW\�1$.�RQ�
WKH�RWKHU�KDQG�FDQQRW�UHTXHVW�UHSDLU�GDWD�XQWLO�WKH�HQG�
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RI� WKH� WUDQVPLVVLRQ�JURXS�� VR�VXIIHUV�D�JUHDWHU�GHOD\��
KRZHYHU�� WKH� UHSDLU� GDWD� YROXPH� LV� OHVV� IRU� 3DULW\�
1$.�PRGH� WKDQ� IRU� 6HOHFWLYH� 1$.�� �:H� WKHUHIRUH�
VHH�WKDW�LQ�WKLV�SURWRFRO�ZKHUH�WKH�QHWZRUN�EDQGZLGWK�
LV�OLPLWHG�E\�WKH�WRNHQ�EXFNHW�3DULW\�1$.�KDV�EHWWHU�
SDFNHW�GHOD\�SHUIRUPDQFH�WKDQ�6HOHFWLYH�1$.�PRGH��

)LQDOO\��ZH�FRQVLGHU�WKH�HIIHFW�RI�D�GHOD\�LQ�GHFRGLQJ�
SDFNHWV� ZKHQ� HUDVXUH� FRGHV� DUH� XVHG�� � 'HFRGLQJ�
WLPHV� RI� WKH� RUGHU� RI� D� IHZ� PLOOLVHFRQGV� KDYH� EHHQ�
UHSRUWHG� LQ� WHVWV� >�@�� � +HUH� ZH� KDYH� LPSOHPHQWHG� D�
GHOD\�IRU�HDFK�SDFNHW�ZLWKLQ�D�WUDQVPLVVLRQ�JURXS�WKDW�
KDV�WR�EH�GHFRGHG�WR�UHFRYHU�WKH�RULJLQDO�GDWD���)LJXUH�
�� VKRZV� KRZ� WKH�PHDQ�SDFNHW�GHOD\�YDULHV�ZLWK� WKLV�
GHFRGLQJ�GHOD\���([FHSW�DW�YHU\�KLJK�%(5V��������WKH�
DGGLWLRQDO� SDFNHW� GHOD\� LV� QHJOLJLEOH�� LOOXVWUDWLQJ� WKDW�
HUDVXUH�FRGHV�DUH�VXLWDEOH�IRU�GHOLYHU\�RI�SDFNHWV�LQ�RU�
FORVH�WR�UHDO�WLPH��
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Mean packet delay for various token bucket schemes

Single queue, Selective NAK
Dual queue, Selective NAK
Single queue, Parity NAK, k=64
Dual queue, Parity NAK, k=64
Null shaper, Parity NAK, k=64
Null shaper, Selective NAK

R=20, N=32 

�
)LJXUH� ��� 0HDQ� SDFNHW� GHOD\� IRU� YDULRXV� WRNHQ�
EXFNHW�VFKHPHV�

���&RQFOXVLRQV�

:KHQ�PXOWLFDVW�LV�XVHG�WR�SURYLGH�UHOLDEOH�VHUYLFHV�WR�
SRWHQWLDOO\� KXQGUHGV� RI� WKRXVDQGV� RI� UHFLSLHQWV��
WUDQVPLWWHG� GDWD� ZLOO� EH� LQFRUUHFWO\� UHFHLYHG� E\� D�
VLJQLILFDQW� QXPEHU� RI� UHFLSLHQWV�� DQG� WKH� HUURU�
UHFRYHU\� PHFKDQLVP� EHFRPHV� D� FULWLFDO� DVSHFW� RI� D�
UHOLDEOH� PXOWLFDVW� SURWRFRO�� � 7KLV� SDSHU� VKRZV� WKDW�
3DULW\� 1$.�PRGH� KDV� ORZHU� IRUZDUG� WUDIILF� YROXPH�
WKDQ�6HOHFWLYH�1$.�PRGH��DQG�LV�OHVV�VHQVLWLYH�WR�WKH�
EHVW�VHOHFWLRQ�RI�SDFNHW�VL]H�DW�DQ\�JLYHQ�%(5��3DULW\�
1$.� DOVR� UHVXOWV� LQ� D� ORZHU� ILOH� WUDQVIHU� WLPH���
3URDFWLYH� )(&� UHGXFHV� WKH� UHYHUVH� OLQN� QHJDWLYH�
DFNQRZOHGJHPHQW�WUDIILF���)LQDOO\��D�GXDO�TXHXH�WRNHQ�
EXFNHW� SURYLGHV� VXSHULRU� SHUIRUPDQFH� WR� D� VLQJOH�
TXHXH�EXFNHW��

$FNQRZOHGJHPHQWV�

7KLV�ZRUN�ZDV�VXSSRUWHG�E\�WKH�8.�(QJLQHHULQJ�DQG�
3K\VLFDO� 6FLHQFHV� 5HVHDUFK� &RXQFLO�� DQG� E\� WKH� (8�
,QIRUPDWLRQ� 6RFLHW\� 7HFKQRORJLHV� *(2&$67�
SURMHFW��,67��������
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Impact of decoding delay on packet delay

BER = 1e−04

BER = 1e−05

BER = 1e−06

BER = 1e−07

N = 32

Transmission group size k = 64

Simulation, BER=1e−04
Simulation, BER=1e−05
Simulation, BER=1e−06
Simulation, BER=1e−07

�
)LJXUH� ��� 0HDQ� SDFNHW� GHOD\� DV� D� IXQFWLRQ� RI�
GHFRGLQJ�GHOD\�

5HIHUHQFHV�

>�@�,�)��$N\LOGL]�DQG�6�+��-HRQJ��³6DWHOOLWH�$70�QHWZRUNV��
D�VXUYH\�´�,(((�&RPPXQLFDWLRQV�0DJD]LQH��-XO\�������
SS��������

>�@�0�3��+RZDUWK��+��&UXLFNVKDQN�DQG�=��6XQ��³8QLFDVW�
DQG�PXOWLFDVW�,3�HUURU�SHUIRUPDQFH�RYHU�DQ�$70�VDWHOOLWH�
OLQN�´�,(((�&RPPXQLFDWLRQV�/HWWHUV��9RO�����1R�����$XJXVW�
������SS����������

>�@�6��,\HQJDU��+��&UXLFNVKDQN�DQG�=��6XQ��³6HFXULW\�LVVXHV�
LQ�,3�PXOWLFDVW�RYHU�*(2�VDWHOOLWHV�´���WK�$,$$�,QW�&RPPV�
6DWHOOLWH�6\VWHPV�&RQI�DQG�([KLELW��������$SULO�������
7RXORXVH��)UDQFH��

>�@�0��.R\DEH�DQG�*��)DLUKXUVW��³5HOLDEOH�PXOWLFDVW�YLD�
VDWHOOLWH��D�FRPSDULVRQ�VXUYH\�DQG�WD[RQRP\�´�,QWHUQDWLRQDO�
-RXUQDO�RI�6DWHOOLWH�&RPPXQLFDWLRQV��9RO������1R�����-DQ�
������SS�������

>�@�'��/L�DQG�'�5��&KHULWRQ��³(YDOXDWLQJ�WKH�XWLOLW\�RI�)(&�
ZLWK�UHOLDEOH�PXOWLFDVW�´�3URF���WK�,QWO�&RQI�RQ�1HWZRUN�
3URWRFROV��1RY�������SS���������

>�@�-��1RQQHQPDFKHU��(�:��%LHUVDFN�DQG�'��7RZVOH\��
³3DULW\�EDVHG�ORVV�UHFRYHU\�IRU�UHOLDEOH�PXOWLFDVW�
WUDQVPLVVLRQ�´�,(((�$&0�7UDQV��1HWZRUNLQJ��9RO�����1R��
���$XJ�������SS����������

>�@�/��2EUDF]ND��³0XOWLFDVW�WUDQVSRUW�SURWRFROV��D�
FRPSDULVRQ�VXUYH\�DQG�WD[RQRP\�´�,(((�&RPPXQLFDWLRQV�
0DJD]LQH��-DQ�������SS���������

>�@�/��5L]]R��³(IIHFWLYH�HUDVXUH�FRGHV�IRU�UHOLDEOH�FRPSXWHU�
FRPPXQLFDWLRQ�SURWRFROV�´�$&0�&RPSXWHU�
&RPPXQLFDWLRQ�5HYLHZ��$SULO�������SS��������

>�@�'��5XEHQVWHLQ��-�.XURVH�DQG�'��7RZVOH\��³$�VWXG\�RI�
SURDFWLYH�K\EULG�)(&�$54�DQG�VFDODEOH�IHHGEDFN�
WHFKQLTXHV�IRU�UHOLDEOH��UHDO�WLPH�PXOWLFDVW�´�&RPSXWHU�
&RPPXQLFDWLRQV��9RO������������SS����������

>��@�7��6SHDNPDQ�HW�DO���³3*0�UHOLDEOH�WUDQVSRUW�SURWRFRO�
VSHFLILFDWLRQ�´�,(7)�5)&�������'HF�������

>��@�)��<HJHQRJOX��5��$OH[DQGHU�DQG�'��*RNKDOH��³$Q�,3�
WUDQVSRUW�DQG�URXWLQJ�DUFKLWHFWXUH�IRU�QH[W�JHQHUDWLRQ�
VDWHOOLWH�QHWZRUNV�´�,(((�1HWZRUN��6HS�������SS��������


