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,Q�UHFHQW�\HDUV��VHQVRU�QHWZRUNV�KDYH�EHHQ�XQGHUJRLQJ�D�TXLHW�UHYROXWLRQ��SURPLVLQJ�WR�KDYH�D�
VLJQLILFDQW� LPSDFW�RQ�D�EURDG�UDQJH�RI�DSSOLFDWLRQV� UHODWLQJ�WR�D�YDULHW\�RI�DUHDV� OLNH�QDWLRQDO�
VHFXULW\�� KHDOWK� FDUH�� WKH� HQYLURQPHQW�� HQHUJ\�� IRRG� VDIHW\�� DQG� PDQXIDFWXULQJ�� $� VHQVRU�
QHWZRUN�FRPSULVHV�RI�D�ODUJH�QXPEHU�RI�VHQVRUV�WKDW�FRPPXQLFDWH�ZLWK�HDFK�RWKHU�WR�DFKLHYH�
D�FRPPRQ�JRDO��,W�LV�GHVLUDEOH�WR�PDNH�WKH�VHQVRU�QRGHV�DV�LQH[SHQVLYH�DQG�HQHUJ\�HIILFLHQW�DV�
SRVVLEOH� VLQFH� WKH� VHQVRU�QHWZRUNV� UHO\�RQ� WKHLU� ODUJH�QXPEHUV� IRU� DFFXUDWH� DQG�KLJK�TXDOLW\�
UHVXOWV���

&XUUHQW�UHVHDUFK�LQ�VHQVRU�QHWZRUNV�LV�DWWHPSWLQJ�WR�GHFUHDVH�WKH�VL]H��ZHLJKW�DQG�FRVW�RI�WKHVH�
VHQVRUV�E\�RUGHUV�RI�PDJQLWXGH�VR�WKDW�WKLV�FRVW�HIIHFWLYHQHVV�ZLOO�OHDG�WR�WKHLU�GHSOR\PHQW�LQ�
IDU�ODUJHU�QXPEHUV�WKDQ�LW�LV�WRGD\��3RZHU�FRQVXPSWLRQ�LV�D�YHU\�LPSRUWDQW�DVSHFW�RI�FXUUHQW�
UHVHDUFK� LQ� VHQVRU� QHWZRUNV� GXH� WR� WKH� IDFW� WKDW� WKH� QRGHV� LQ� WKHVH� VHQVRU� QHWZRUNV� DUH�
W\SLFDOO\�XQ�WHWKHUHG�DQG�XQDWWHQGHG�DQG�KHQFH�SRVVHVV�VPDOO�HQHUJ\�UHVHUYHV��7KH�UHGXFWLRQ�LQ�
VL]H�RI�WKH�VHQVRU�QRGHV�OLPLWV�WKH�VL]H�RI�WKH�EDWWHU\��ZKLFK�LQ�WXUQ�OLPLWV�WKH�OLIHWLPH�RI�WKH�
EDWWHU\��7KH�OLIHWLPH�RI�D�VHQVRU�QHWZRUN�LV�RQO\�DV�ORQJ�DV�WKDW�RI�WKH�EDWWHULHV�WKDW�SRZHU�WKH�
QRGHV�DQG�KHQFH�HYHU\�SRUWLRQ�RI�WKH�QRGH�LQFOXGLQJ�WKH�VRIWZDUH�PXVW�DVVXPH�VRPH�RI�WKH�
UHVSRQVLELOLW\�RI�UHGXFLQJ�WKH�HQHUJ\�FRQVXPSWLRQ�RI�WKH�QRGH���

7KH� WHFKQLTXH� RI� 6RIWZDUH� 7KUHDG� ,QWHJUDWLRQ� �67,�� >��@�� ZKHQ� DSSOLHG� WR� WKH� VRIWZDUH�
UXQQLQJ�RQ�WKH�VHQVRU�QRGHV��ZLOO�KHOS�LQ�UHGXFLQJ�WKHLU�HQHUJ\�FRQVXPSWLRQ��67,�LV�D�FRPSLOHU�
WHFKQRORJ\� ZKLFK� LQWHUOHDYHV� PXOWLSOH� DVVHPEO\� ODQJXDJH� WKUHDGV� DW� D� ILQH�JUDLQ� OHYHO�� 7KH�
UHVXOWLQJ�WKUHDG�RIIHUV�ORZ�FRVW�FRQFXUUHQF\�\HW�H[HFXWHV�RQ�D�JHQHULF�SURFHVVRU�ZLWKRXW�IDVW�
FRQWH[W� VZLWFKHV�� 7KLV� DYRLGV� WKH� RYHUKHDG� WKDW� LQWHUUXSWV� EULQJ� DORQJ� ZLWK� WKHP�� 67,� LV�
H[WUHPHO\�YDOXDEOH� IRU� UHFRYHULQJ� LGOH� WLPH� IURP� UHDO�WLPH� WKUHDGV�SHUIRUPLQJ� ORZ�OHYHO� �H�J��
0$&�DQG�GDWD�OLQN�OD\HU��QHWZRUN�FRPPXQLFDWLRQ�DV�DUH�SUHVHQW�LQ�WKH�ZLUHOHVV�VHQVRU�QRGHV��
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67,�LV�XVHG�KHUH�WR�LQWHJUDWH�WKHVH�ORZ�OHYHO�FRPPXQLFDWLRQ�WKUHDGV�RQ�WKH�QRGHV�ZLWK�RWKHU�
DSSOLFDWLRQV� WKDW� DUH� UHTXLUHG� WR� UXQ� RQ� WKH� VHQVRU� QRGHV� VXFK� DV� WKRVH� WKDW� LQYROYH� GLJLWDO�
VLJQDO�SURFHVVLQJ�WDVNV�OLNH�ILOWHULQJ��7KLV�LQWHJUDWLRQ�SURYLGHV�XV�ZLWK�WKH�EHQHILW�RI�WKH�ODFN�RI�
LQWHUUXSW�RYHUKHDG�FRXSOHG�ZLWK�H[FHOOHQW�XWLOL]DWLRQ�RI� WKH� LGOH� WLPH� LQ� WKH� UHDO�WLPH� WKUHDG��
7KLV�LGOH�WLPH�LV�XVHG�IRU�WKH�'63�WDVNV�DQG�WR�VOHHS�ZKHQ�WKH�'63�ZRUN�KDV�EHHQ�FRPSOHWHG��
7KH� DPRXQW�RI� WLPH� WKDW� WKH�QRGH�ZLOO� EH� DEOH� WR� VOHHS�ZKHQ� UXQQLQJ�67,�EDVHG� WKUHDGV� LV�
JUHDWHU� WKDQ� WKDW� ZKHQ� LW� LV� UXQQLQJ� ,65�EDVHG� WKUHDGV�� 7KLV� HQDEOHV� WKH� QRGH� WR� FRQVXPH�
PXFK�OHVVHU�HQHUJ\�ZKLOH�UXQQLQJ�67,�EDVHG�WKUHDGV�ZKHQ�FRPSDUHG�WR�WKDW�FRQVXPHG�ZKHQ�LW�
UXQV�,65�EDVHG�WKUHDGV��7KLV�VDYLQJ�HQHUJ\�FRPHV�IURP�WKH�&38��ZKLFK�LV�WXUQHG�RII�GXULQJ�
WKH�LGOH�PRGH�OHDYLQJ�MXVW�WKH�FRPPXQLFDWLRQ�UXQQLQJ���

$QRWKHU�FRPSRQHQW�RI�WKH�VHQVRU�QRGH�WKDW�FRQVXPHV�D�ODUJH�SHUFHQWDJH�RI�WKH�WRWDO�DPRXQW�
RI�HQHUJ\�FRQVXPHG�LV�WKH�5)�PRGXOH��5)0���7KH�,65�EDVHG�WKUHDG�WDNHV�D�PXFK�ORQJHU�WLPH�
WR�UXQ�RQ�WKH�&38�GXH�WR�WKH�ODUJHU�QXPEHU�RI�H[WUD�F\FOHV�RI�LQWHUUXSW�RYHUKHDG�WKDW�QHHG�WR�
EH�H[HFXWHG�LQ�DGGLWLRQ�WR�WKH�FRPPXQLFDWLRQ�LQVWUXFWLRQV���7KLV�OLPLWV�WKH�KLJKHVW�ELW�UDWH�WKDW�
FDQ�EH�VXSSRUWHG�E\�WKH�QRGH�WR��

+LJKHVW�ELW�UDWH�SRVVLEOH� ���7LPH�WDNHQ�E\�WKH�&38�WR�H[HFXWH�WKH�LQVWUXFWLRQV�LQ�WKH�FRPPXQLFDWLRQ�WKUHDG�
WR�VHQG�RXW���ELW��

(TXDWLRQ������+LJKHVW�ELW�UDWH�SRVVLEOH�

6LQFH�WKH�WLPH�WDNHQ�E\�WKH�&38�WR�H[HFXWH�WKH�LQVWUXFWLRQV�LQ�WKH�FRPPXQLFDWLRQ�WKUHDG�WR�
VHQG�RXW���ELW�LV�PXFK�JUHDWHU�LQ�WKH�,65�EDVHG�WKUHDG�WKDQ�LQ�WKH�67,�EDVHG�RQH��WKH�KLJKHVW�
SRVVLEOH�ELW�UDWH�IRU�WKH�67,�EDVHG�WKUHDG�LV�PXFK�JUHDWHU�WKDQ�WKH�,65�EDVHG�RQH��7KH�HQHUJ\�
FRQVXPHG�E\�WKH�5)0�LV�GHSHQGHQW�RQO\�RQ�WKH�GXUDWLRQ�IRU�ZKLFK�LW�LV�DFWLYHO\�SDUWLFLSDWLQJ�
LQ�FRPPXQLFDWLRQV�DQG�WKH�SRZHU�ZLWK�ZKLFK�LW�LV�WUDQVPLWWLQJ��,W�LV�QRW�GHSHQGHQW�RQ�WKH�ELW�
UDWH�� %\� FRPSOHWLQJ� WKH� FRPPXQLFDWLRQV� VRRQ� DW� D� KLJK� ELW�UDWH�� WKH� 5)0� FDQ� UHGXFH� WKH�
GXUDWLRQ�IRU�ZKLFK�LW�LV�UHTXLUHG�WR�EH�DFWLYH�PRGH�DQG�FDQ�JR�WR�VOHHS�DIWHU�WKDW��7KH�VKRUWHU�
WKH�GXUDWLRQ� IRU�ZKLFK� LW� KDV� WR�DFWLYHO\�SDUWLFLSDWH� LQ�FRPPXQLFDWLRQ�� WKH� OHVVHU� DPRXQW�RI�
HQHUJ\� LW� LV� WKDW� LV� FRQVXPHG� E\� WKH� 5)0�� +HQFH�� KLJKHU� ELW�UDWHV� OHDG� WR� OHVV� HQHUJ\�
FRQVXPSWLRQ�IRU�WKH�QRGH��$V�WKH�67,�EDVHG�WKUHDG�LV�FDSDEOH�RI�WUDQVPLWWLQJ�DW�PXFK�KLJKHU�
ELW�UDWHV�WKDQ�WKH�,65�EDVHG�WKUHDG��LW�FDQ�WXUQ�WKH�5)0�RII�PXFK�HDUOLHU�WKDQ�WKH�,65�EDVHG�
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WKUHDG�FDQ��7KLV�OHDGV�WR�D�PXFK�ORZHU�FRQVXPSWLRQ�RI�HQHUJ\�E\�WKH�QRGH�UXQQLQJ�WKH�67,�
EDVHG�WKUHDG�ZKHQ�FRPSDUHG�WR�D�QRGH�WKDW�LV�UXQQLQJ�WKH�,65�EDVHG�WKUHDG���

,W�LV�SRVVLEOH�ZLWK�67,�WR�VDYH�HQHUJ\�HYHQ�E\�WUDQVPLWWLQJ�OHVVHU�QXPEHU�RI�ELWV�DV�FRPSDUHG�
WR�WKH�,65�YHUVLRQ���7KLV�UHGXFWLRQ�LQ�WKH�QXPEHU�RI�ELWV�LV�DFKLHYHG�E\�UHGXFLQJ�WKH�QXPEHU�
RI� VWDUW�VWRS�ELW�SDLUV� WR�RQH�SHU�SDFNHW� IRU� WKH�67,�YHUVLRQ� IURP�RQH�SHU�E\WH� IRU� WKH�,65�
YHUVLRQ��7KLV� LV� SRVVLEOH�GXH� WR� WKH� ODFN�RI� LQWHUUXSW� LQWURGXFHG� WLPLQJ�YDULDQFH� LQ� WKH�67,�
EDVHG�WKUHDG�GXH�WR�VWDWLF�VFKHGXOLQJ��7KH�67,�EDVHG�WKUHDG�PHHWV�DOO�WKH�GHDGOLQHV�IRU�WKH�UHDO�
WLPH�FRPPXQLFDWLRQ� WKUHDG�ZKLOH� DOVR�H[HFXWLQJ� WKH�QRQ�UHDO�WLPH�DSSOLFDWLRQ� WKUHDG�GXULQJ�
WKH�LGOH�WLPH�RI�WKH�UHDO�WLPH�WKUHDG�ZLWK�VWDWLF�VFKHGXOLQJ�RI�WKH�WZR�WKUHDGV��

:H�JR�RQ�WR�GHPRQVWUDWH�LQ�WKLV�WKHVLV�WKDW�67,�FDQ�VDYH�D�FRQVLGHUDEOH�DPRXQW�RI�HQHUJ\�IRU�
WKH�ZLUHOHVV�QRGH�WKXV�HORQJDWLQJ�LWV�OLIHWLPH��7KH�OLIHWLPH�LV�H[WHQGHG�WR�WKH�IROORZLQJ��

/LIHWLPH�ZLWK�67,� ��HQHUJ\�FRQVXPHG�ZLWK�WKH�,65�EDVHG�WKUHDG�HQHUJ\�FRQVXPHG�ZLWK�WKH�67,�EDVHG�WKUHDG��

�/LIHWLPH�ZLWK�,65�LPSOHPHQWDWLRQ�

(TXDWLRQ������/LIHWLPH�ZLWK�67,�

7KH�WKHVLV�KDV�EHHQ�RUJDQL]HG�DV�IROORZV��&KDSWHU���SUHVHQWV� WKH�EDFNJURXQG�GHWDLOV�DQG�WKH�
FRQFHSWV�RI�67,��&KDSWHU���GHWDLOV�WKH�QHZ�PHWKRGV�XVHG�LQ�WKLV�WKHVLV��&KDSWHU���JRHV�RQ�WR�
H[SODLQ� WKH� KDUGZDUH� DQG� VRIWZDUH� DUFKLWHFWXUH� XVHG� LQ� REWDLQLQJ� WKH� UHVXOWV�� &KDSWHU� ��
GLVFXVVHV�WKH�UHVXOWV�DQG�DQDO\VHV�WKHP�LQ�GHWDLO��&KDSWHU���SUHVHQWV�WKH�FRQFOXVLRQ�DQG�IXWXUH�
ZRUN��
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C h a p t e r  2   

BACKGROUND 

�
�

����:LUHOHVV�6HQVRU�1HWZRUNV�

5HFHQW�DGYDQFHV�LQ�PLQLDWXUL]DWLRQ�XVLQJ�0(06�EDVHG�VHQVRU�WHFKQRORJ\�DQG�ORZ�FRVW��ORZ�
SRZHU� GHVLJQ� KDYH� OHG� WR� DFWLYH� UHVHDUFK� LQ� ODUJH�VFDOH�� KLJKO\� GLVWULEXWHG� V\VWHPV� RI� VPDOO��
ZLUHOHVV�� ORZ�SRZHU�� XQDWWHQGHG� VHQVRUV� DQG� DFWXDWRUV� >�@>�@>�@� DOVR� FRPPRQO\� NQRZQ� DV�
:LUHOHVV� 6HQVRU�1HWZRUNV�� 7KH� LGHD� LV� WR� FUHDWH� VHQVRU�ULFK� CCVPDUW� HQYLURQPHQWV

� WKURXJK�
SODQQHG� RU� DG�KRF� GHSOR\PHQW� RI� WKRXVDQGV� RI� VHQVRUV�� HDFK� ZLWK� D� VKRUW�UDQJH� ZLUHOHVV�
FRPPXQLFDWLRQV� FKDQQHO�� DQG� FDSDEOH� RI� GHWHFWLQJ� DPELHQW� FRQGLWLRQV� VXFK� DV� WHPSHUDWXUH��
PRYHPHQW��VRXQG��OLJKW��RU�WKH�SUHVHQFH�RI�FHUWDLQ�REMHFWV����

�
)LJXUH������$�6HQVRU�1HWZRUN�

7KHVH�VHQVRUV�DUH�QRW�DV�UHOLDEOH�RU�DV�DFFXUDWH�DV�WKHLU�H[SHQVLYH�PDFUR�VHQVRU�FRXQWHUSDUWV��
EXW� WKHLU� VPDOO� VL]H� DQG� ORZ� FRVW� HQDEOH� DSSOLFDWLRQV� WR� QHWZRUN� KXQGUHGV� RU� WKRXVDQGV� RI�
WKHVH�PLFUR�VHQVRUV� LQ� RUGHU� WR� DFKLHYH� KLJK� TXDOLW\�� IDXOW�WROHUDQW� VHQVLQJ� QHWZRUNV�� 7KHVH�
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VHQVRU� QHWZRUNV� DUH� EHFRPLQJ� YHU\� SRSXODU� IRU� UHDVRQV� VXFK� DV� ORZHU� FRVW�� HDVH� RI�
GHSOR\PHQW�� DQG� IDXOW� WROHUDQFH�� (DFK� VHQVRU� KDV� ZLUHOHVV� FRPPXQLFDWLRQ� FDSDELOLW\� DQG�
VXIILFLHQW� LQWHOOLJHQFH� IRU� VLJQDO� SURFHVVLQJ� DQG� QHWZRUNLQJ� RI� WKH� GDWD�� 6RPH� H[DPSOHV� RI�
VPDUW�VHQVRU�QHWZRUNV�DUH�WKH�IROORZLQJ��

¾ 0LOLWDU\� VHQVRU� QHWZRUNV� WR� GHWHFW� HQHP\� PRYHPHQWV�� WKH� SUHVHQFH� RI� KD]DUGRXV�
PDWHULDO��VXFK�DV�SRLVRQ�JDVHV�RU�UDGLDWLRQ��H[SORVLRQV��HWF����

¾ (QYLURQPHQWDO�VHQVRU�QHWZRUNV��VXFK�DV�LQ�SODLQV�RU�GHVHUWV�RU�RQ�PRXQWDLQV�RU�RFHDQ�
VXUIDFHV��WR�GHWHFW�DQG�PRQLWRU�HQYLURQPHQWDO�FKDQJHV���

¾ :LUHOHVV� WUDIILF� VHQVRU� QHWZRUNV� WR� PRQLWRU� YHKLFOH� WUDIILF� RQ� D� KLJKZD\� RU� LQ� D�
FRQJHVWHG�SDUW�RI�D�FLW\���

¾ :LUHOHVV� VXUYHLOODQFH� VHQVRU� QHWZRUNV� IRU� SURYLGLQJ� VHFXULW\� LQ� D� VKRSSLQJ� PDOO��
SDUNLQJ�JDUDJH��RU�RWKHU�IDFLOLW\���

¾ :LUHOHVV�SDUNLQJ�ORW�VHQVRU�QHWZRUNV�WR�GHWHUPLQH�ZKLFK�VSRWV�DUH�RFFXSLHG�DQG�ZKLFK�
VSRWV�DUH�IUHH��

¾ %HVLGHV�RIIHULQJ�FHUWDLQ�FDSDELOLWLHV�DQG�HQKDQFHPHQWV�LQ�RSHUDWLRQDO�HIILFLHQF\�LQ�WKHVH�
FRQYHQWLRQDO� DSSOLFDWLRQV�� VPDUW� VHQVRU� QHWZRUNV� FDQ� DVVLVW� LQ� WKH� QDWLRQDO� HIIRUW� WR�
LQFUHDVH�DOHUWQHVV�WR�SRWHQWLDO�WHUURULVW�WKUHDWV��

2.1.1 Sensor Nodes 

(DFK�RI�WKH�QRGHV�WKDW�IRUP�WKH�VHQVRU�QHWZRUN�LV�PDGH�XS�RI�WKH�IROORZLQJ�VXE�V\VWHPV��

L� 7KH� GDWD� DQG� FRQWURO� SURFHVVLQJ� D�N�D� FRPSXWLQJ� VXEV\VWHP� FRQVLVWLQJ� RI� D�
PLFURSURFHVVRU�RU�PLFURFRQWUROOHU��

LL� 7KH� FRPPXQLFDWLRQ� VXEV\VWHP� FRQVLVWLQJ� RI� D� VKRUW� UDQJH� UDGLR� WUDQVFHLYHU� IRU�
ZLUHOHVV�FRPPXQLFDWLRQ��

LLL� 7KH�VHQVRU�VXEV\VWHP�FRQVLVWLQJ�RI�WKH�$�'�FRQYHUWHU�DQG�YDULRXV�VHQVRUV�LQFOXGLQJ�
DFRXVWLF�DQG�VHLVPLF�VHQVRUV��
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LY� 7KH� SRZHU� PRGXOH� WKDW� FRQVLVWV� RI� WKH� SRZHU� VXSSO\� WR� WKH� QRGH�� LQFOXGLQJ� WKH�
EDWWHULHV��

7KH�GDWD� LV�FRQWLQXRXVO\�VDPSOHG�DQG�VWRUHG� LQ�RQ�ERDUG�5$0�WR�EH�SURFHVVHG�E\� WKH�GDWD�
DQG�FRQWURO�SURFHVVLQJ�PRGXOH��7KH�RWKHU�WKUHH�PRGXOHV�DUH�DGDSWDEOH�GHSHQGLQJ�RQ�WKH�UROH�
RI� WKH� VHQVRU� ZLWKLQ� WKH� QHWZRUN�� DQG� DOO� WKUHH� DUH� FRQWUROOHG� E\� WKH� GDWD� DQG� FRQWURO�
SURFHVVLQJ�PRGXOH��

2.1.2 Power Consumption and its Importance to Sensor Networks 

0LFUR�VHQVRU�QHWZRUNV�FDQ�FRQWDLQ�KXQGUHGV�RU�WKRXVDQGV�RI�VHQVLQJ�QRGHV��,W�LV�GHVLUDEOH�WR�
PDNH�WKHVH�QRGHV�DV�FKHDS�DQG�HQHUJ\�HIILFLHQW�DV�SRVVLEOH�DQG�UHO\�RQ�WKHLU�ODUJH�QXPEHUV�WR�
REWDLQ�KLJK�TXDOLW\�UHVXOWV��7KHVH�QRGHV�LQ�WKH�VHQVRU�V\VWHPV�DUH�XQ�WHWKHUHG�DQG�XQDWWHQGHG�
DQG�WKHUHIRUH�KDYH�VPDOO�HQHUJ\�UHVHUYHV��6PDOO�VHQVRU�QRGHV�LPSO\�OLPLWHG�SK\VLFDO�VSDFH�IRU�
EDWWHULHV�� DQG� KLJK� GHQVLW\� LPSOLHV� WKDW� SHULRGLF� EDWWHU\� UHSODFHPHQW� ZLOO� EH� D� JUHDW�
LQFRQYHQLHQFH�DQG�PRUH�OLNHO\��LPSRVVLEOH��$�VWDWH�RI�WKH�DUW�OLWKLXP�SULPDU\�EDWWHU\�RIIHUV�DQ�
HQHUJ\�GHQVLW\�RI�DERXW���N-�SHU�FP��>��@��$VVXPLQJ�WKDW���FP��LV�DYDLODEOH�ZLWKLQ�WKH�QRGH�IRU�
WKH�EDWWHU\�DQG�WKDW�WKH�GHVLUHG�GHYLFH�OLIHWLPH�LV�RQH�\HDU��WKH�DYHUDJH�SRZHU�GLVVLSDWLRQ�PXVW�
EH�OHVV�WKDQ�

������-��
����\HDU�������'D\V��
����'D\������+RXUV��
����+RXU��������6HFRQGV�� ������ :�

$V� WKLV� YDOXH� H[FHHGV� WKH� VWDQGE\� SRZHU� RI� PRVW� GLJLWDO� V\VWHPV�� HQHUJ\� GLVVLSDWLRQ� LV� RI�
SDUDPRXQW� FRQFHUQ�� 0RUHRYHU��0RRUH·V� ODZ� VLPSO\� GRHV� QRW� DSSO\� WR� EDWWHULHV�� WKH� HQHUJ\�
GHQVLW\� RI� EDWWHULHV� KDV� RQO\� GRXEOHG� HYHU\� ILYH� WR� ��� \HDUV�� GHSHQGLQJ� RQ� WKH� SDUWLFXODU�
FKHPLVWU\��DQG�SURORQJHG�UHILQHPHQW�RI�DQ\�FKHPLVWU\�\LHOGV�GLPLQLVKLQJ�UHWXUQV�>��@��(QHUJ\�
FRQVHUYDWLRQ� VWUDWHJLHV� DUH� WKHUHIRUH�HVVHQWLDO� IRU� DFKLHYLQJ� WKH� OLIHWLPHV�QHFHVVDU\� IRU�YLDEOH�
DSSOLFDWLRQV�>��@��

$OO�FRPPXQLFDWLRQ��HYHQ�SDVVLYH�OLVWHQLQJ��ZLOO�KDYH�D�VLJQLILFDQW�HIIHFW�RQ�WKH�HQHUJ\�UHVHUYHV�
RI� WKH�QRGH��7KH� OLIH�RI� WKH� VHQVRU�QRGH�GHSHQGV� RQ� WKH� OLIH�RI� LWV� EDWWHU\��7R�SURORQJ� WKH�
OLIHWLPHV�RI�WKH�ZLUHOHVV�VHQVRUV��DOO�DVSHFWV�RI�WKH�VHQVRU�V\VWHP�VKRXOG�EH�HQHUJ\�HIILFLHQW��DQG�
GHVLJQ�VKRXOG�IRFXV�RQ�PLQLPL]LQJ�ERWK�FRPSXWDWLRQDO�DQG�FRPPXQLFDWLRQ�HQHUJ\��

�
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2.1.3 Current Research in power optimization in sensor networks 

(QHUJ\�SRZHU�DZDUHQHVV�>��@�EHLQJ�VXFK�DQ�LPSRUWDQW�WRSLF�WR�VHQVRU�QHWZRUNV��WKHUH�LV�D�ORW�
RI�UHVHDUFK�WKDW�KDV�JRQH�LQWR�WKLV�DUHD�LQ�WKH�SDVW�DQG�ZLOO�FRQWLQXH�WR�GR�VR�LQ�WKH�IXWXUH��7KLV�
UHVHDUFK�KDV� WULHG� WR�EULQJ� HQHUJ\�DZDUHQHVV� WR� YDULRXV� IDFHWV�RI� WKH� VHQVRU� DQG� WKH� VHQVRU�
QHWZRUN��7KHUH�KDYH�EHHQ�VWXGLHV�LQWR�WKH�XSSHU�ERXQGV�RI�WKH�OLIHWLPH�RI�D�VHQVRU�QHWZRUN�
DQG�WKH� IDFWRUV� WKDW�SUHYHQW�WKHP�IURP�DFKLHYLQJ�WKLV� WKHRUHWLFDO�PD[LPXP�OLIHWLPH�>�@��7KH�
VHQVRUV�WKHPVHOYHV�DUH�EHLQJ�GHVLJQHG�LQ�DV�HQHUJ\�HIILFLHQW�D�PDQQHU�DV�SRVVLEOH�>�@>�@>�@>��@���
7KH� QHWZRUN� OD\HUV�� OLNH� WKH�0$&� OD\HU� >�@�� WKH� QHWZRUN� OD\HU� >�@� DUH� EHLQJ� RSWLPL]HG� IRU�
HQHUJ\�VDYLQJV�VLQFH�FRPPXQLFDWLRQ�LV�RQH�RI�WKH�PDMRU�VRXUFHV�RI�FRQVXPSWLRQ�RI�HQHUJ\�LQ�D�
VHQVRU� QRGH�� � 3DUWLWLRQLQJ� WKH� WDVN� DW� KDQG� DPRQJ� VHYHUDO� QRGHV� LV� DQRWKHU� ZD\� RI� VDYLQJ�
SRZHU�IRU�FRPSOH[�FDOFXODWLRQV�OLNH�D������SRLQW�))7�>��@���$�ODUJH�DPRXQW�RI�FRQWHPSRUDU\�
UHVHDUFK�LQ�VHQVRU�QHWZRUN�LV�GHYRWHG�WR�WKLV�DUHD�DQG�WKH�DERYH�DUH�UHSUHVHQWDWLYH�RI�RQO\�D�
VPDOO�SRUWLRQ�RI�WKH�VDPH��

7KH� PDLQ� VRXUFHV� RI� SRZHU� FRQVXPSWLRQ� LQ� VHQVRU� QHWZRUNV� DUH� WKH� FRPSXWDWLRQ� DQG�
FRPPXQLFDWLRQ� VXEV\VWHPV� DQG� WKXV� RSWLPL]DWLRQV� LQ� WKRVH� VXEV\VWHPV� GHULYH� PD[LPXP�
HQHUJ\� JDLQV� IRU� WKH� VHQVRU�QRGHV� DQG�PRVW�RI� WKH� FXUUHQW� UHVHDUFK� LV� FRQFHQWUDWHG� WKHUHLQ��
'HWDLOHG� DQDO\VHV�KDYH�SHUIRUPHG� LQ� WKH� DUHDV�RI�SRZHU� FRQVXPSWLRQ� LQ� D� VHQVRU� QRGH� DQG�
YDULRXV�RSWLPL]DWLRQV�KDYH�EHHQ�VXJJHVWHG�WR�LPSURYH�WKHP�>��@���

2.1.4 Digital Signal Processing in Sensor Networks�

1HWZRUNHG�PLFUR�VHQVRUV� HQDEOH� D� YDULHW\�RI�QHZ� DSSOLFDWLRQV� VXFK� DV�ZDUHKRXVH� LQYHQWRU\�
WUDFNLQJ��ORFDWLRQ�VHQVLQJ��PDFKLQH�PRXQWHG�VHQVLQJ��SDWLHQW�PRQLWRULQJ��DQG�EXLOGLQJ�FOLPDWH�
FRQWURO� >��@>��@�� 2QH� SULPH� H[DPSOH� RI� D� PLFUR�VHQVRU� DSSOLFDWLRQ� LV� WKH� XVH� RI� DFRXVWLF�
VHQVRUV� IRU� HQYLURQPHQWDO� PRQLWRULQJ�� 5HOLDEOH� HQYLURQPHQW� PRQLWRULQJ� LV� LPSRUWDQW� LQ� D�
YDULHW\�RI�FRPPHUFLDO�DQG�PLOLWDU\�DSSOLFDWLRQV��$FRXVWLF�VHQVRUV�DUH�KLJKO\�YHUVDWLOH�DQG�FDQ�EH�
XVHG� LQ�D�YDULHW\�RI�DSSOLFDWLRQV�� VXFK�DV� VSHHFK�UHFRJQLWLRQ�� WUDIILF�PRQLWRULQJ��DQG�PHGLFDO�
GLDJQRVLV��0XOWLSOH� VHQVRUV� FDQ�EH�XVHG� WR�SLQSRLQW� WKH� ORFDWLRQ�RI� DQ� DFRXVWLF� VRXUFH� �H�J���
PRYLQJ�YHKLFOH��VSHDNHU��E\�XVLQJ�D�OLQH�RI�EHDULQJ�HVWLPDWLRQ�WHFKQLTXH���

7KH�ZLUHOHVV�FRPPXQLFDWLRQ�QHWZRUN�EHWZHHQ� VHQVRUV�QRGHV� IDFLOLWDWHV� VHQVRU�FROODERUDWLRQ��
DQG� WKH� GLJLWDO� VLJQDO� SURFHVVLQJ� �'63�� IRU� WKH� DQDO\VLV� RI� VHQVRU� GDWD� FDQ� EH� GRQH� ORFDOO\��
&RPPRQ�GLJLWDO� VLJQDO� SURFHVVLQJ� WDVNV� LQ� WKH� DQDO\VLV� RI� VHQVRU�GDWD� DUH� WKRVH� WKDW� LQYROYH�
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GLJLWDO�ILOWHULQJ�WR�UHPRYH�XQZDQWHG�SRUWLRQV�RI�WKH�VLJQDO�OHDYLQJ�RQO\�WKRVH�SRUWLRQV�WKDW�DUH�
UHTXLUHG�IRU�IXUWKHU�DQDO\VLV��7ZR�PDMRU�IRUPV�RI�VXFK�ILOWHUV�DUH�WKH�)LQLWH�,PSXOVH�5HVSRQVH�
�),5��DQG�WKH�,QILQLWH�,PSXOVH�5HVSRQVH��,,5��ILOWHUV���

$�)LQLWH�,PSXOVH�5HVSRQVH��),5��ILOWHU�SURGXFHV�DQ�RXWSXW��\�Q���WKDW� LV�WKH�ZHLJKWHG�VXP�RI�WKH�
FXUUHQW�DQG�SDVW�LQSXWV��[�Q���

�
7KH�ZHLJKWV��E���E���E�«��DUH�FDOFXODWHG�WR�FKDQJH�WKH�FKDUDFWHULVWLF�RI�WKH�),5�ILOWHU�WR�D�KLJK�
SDVV��EDQG�SDVV�RU�ORZ�SDVV�ILOWHU�IRU�SDUWLFXODU�IUHTXHQF\�UDQJHV����

�
)LJXUH������$Q�),5�ILOWHU�

7KH�LPSXOVH�UHVSRQVH�RI�WKH�),5�ILOWHU�LV��ILQLWH��EHFDXVH�WKHUH�LV�QR�IHHGEDFN�LQ�WKH�ILOWHU��LI�
\RX�SXW�LQ�DQ�LPSXOVH��WKDW�LV��D�VLQJOH�����VDPSOH�IROORZHG�E\�PDQ\�����VDPSOHV���]HURHV�ZLOO�
HYHQWXDOO\� FRPH� RXW� DIWHU� WKH� ���� VDPSOH� KDV� PDGH� LWV� ZD\� LQ� WKH� GHOD\� OLQH� SDVW� DOO� WKH�
FRHIILFLHQWV��

$Q�,QILQLWH�,PSXOVH�5HVSRQVH��,,5��ILOWHU�SURGXFHV�DQ�RXWSXW��\�Q���WKDW�LV�WKH�ZHLJKWHG�VXP�RI�WKH�
FXUUHQW�DQG�SDVW�LQSXWV��[�Q���DQG�SDVW�RXWSXWV��

�

7KH�ZHLJKWV��E���E���E�«�DQG�D���D���D�«��DUH�FDOFXODWHG�WR�FKDQJH�WKH�FKDUDFWHULVWLF�RI�WKH�,,5�
ILOWHU�WR�D�KLJK�SDVV��EDQG�SDVV�RU�ORZ�SDVV�ILOWHU�IRU�SDUWLFXODU�IUHTXHQF\�UDQJHV��
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�
)LJXUH������$Q�,,5�)LOWHU�

7KH�LPSXOVH�UHVSRQVH�RI�DQ�,,5�ILOWHU�LV��LQILQLWH��EHFDXVH�WKHUH�LV�IHHGEDFN�LQ�WKH�ILOWHU��LI�\RX�
SXW�LQ�DQ�LPSXOVH��D�VLQJOH�����VDPSOH�IROORZHG�E\�PDQ\�����VDPSOHV���DQ�LQILQLWH�QXPEHU�RI�
QRQ�]HUR�YDOXHV�ZLOO�FRPH�RXW��WKHRUHWLFDOO\���

&RPSDUHG�WR�,,5�ILOWHUV��),5�ILOWHUV�RIIHU�WKH�IROORZLQJ�DGYDQWDJHV��

L� 7KH\�FDQ�HDVLO\�EH�GHVLJQHG�WR�EH��OLQHDU�SKDVH��L�H��OLQHDU�SKDVH�ILOWHUV�GHOD\�WKH�LQSXW�
VLJQDO��EXW�GRQ·W�GLVWRUW�LWV�SKDVH���

LL� 7KH\�DUH�VLPSOH�WR�LPSOHPHQW��2Q�PRVW�'63�PLFURSURFHVVRUV��WKH�),5�FDOFXODWLRQ�FDQ�
EH�GRQH�E\�ORRSLQJ�D�VLQJOH�LQVWUXFWLRQ���

LLL� 7KH\� KDYH� GHVLUDEOH� QXPHULF� SURSHUWLHV�� ,Q� SUDFWLFH�� DOO� '63� ILOWHUV� PXVW� EH�
LPSOHPHQWHG�XVLQJ��ILQLWH�SUHFLVLRQ��DULWKPHWLF��WKDW�LV��D�OLPLWHG�QXPEHU�RI�ELWV��7KH�
XVH�RI�ILQLWH�SUHFLVLRQ�DULWKPHWLF�LQ�,,5�ILOWHUV�FDQ�FDXVH�VLJQLILFDQW�SUREOHPV�GXH�WR�WKH�
XVH�RI�IHHGEDFN��EXW�),5�ILOWHUV�KDYH�QR�IHHGEDFN��VR�WKH\�FDQ�XVXDOO\�EH�LPSOHPHQWHG�
XVLQJ�IHZHU�ELWV��DQG�WKH�GHVLJQHU�KDV�IHZHU�SUDFWLFDO�SUREOHPV�WR�VROYH�UHODWHG�WR�QRQ�
LGHDO�DULWKPHWLF���

LY� 7KH\� FDQ� EH� LPSOHPHQWHG� XVLQJ� IUDFWLRQDO� DULWKPHWLF��8QOLNH� ,,5� ILOWHUV�� LW� LV� DOZD\V�
SRVVLEOH�WR�LPSOHPHQW�D�),5�ILOWHU�XVLQJ�FRHIILFLHQWV�ZLWK�PDJQLWXGH�RI�OHVV� WKDQ������
�7KH�RYHUDOO�JDLQ�RI�WKH�),5�ILOWHU�FDQ�EH�DGMXVWHG�DW�LWV�RXWSXW��LI�GHVLUHG���7KLV�LV�DQ�
LPSRUWDQW� FRQVLGHUDWLRQ�ZKHQ� XVLQJ� IL[HG�SRLQW�'LJLWDO� 6LJQDO� 3URFHVVRUV�� EHFDXVH� LW�
PDNHV�WKH�LPSOHPHQWDWLRQ�PXFK�VLPSOHU��

&RPSDUHG�WR�,,5�ILOWHUV��),5�ILOWHUV� VRPHWLPHV�KDYH�WKH�GLVDGYDQWDJH�WKDW� WKH\�UHTXLUH�PRUH�
PHPRU\� DQG�RU� FDOFXODWLRQ� WR� DFKLHYH� D� JLYHQ� ILOWHU� UHVSRQVH� FKDUDFWHULVWLF�� $OVR�� FHUWDLQ�
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UHVSRQVHV� DUH�QRW�SUDFWLFDO� WR� LPSOHPHQW�ZLWK�),5� ILOWHUV��$Q�),5� ILOWHU� FDQ�EH�XVHG� IRU� WKH�
LPSOHPHQWDWLRQ�RI�PDWFKHG�ILOWHUV�WKDW�DUH�YHU\�XVHIXO�LQ�VLJQDO�SURFHVVLQJ��

,,5�ILOWHUV�FDQ�DFKLHYH�D�JLYHQ�ILOWHULQJ�FKDUDFWHULVWLF�XVLQJ�OHVV�PHPRU\�DQG�FDOFXODWLRQV�WKDQ�D�
VLPLODU�),5�ILOWHU��+RZHYHU��WKH\�DUH�PRUH�VXVFHSWLEOH�WR�SUREOHPV�RI�ILQLWH�OHQJWK�DULWKPHWLF��
VXFK� DV� QRLVH� JHQHUDWHG� E\� FDOFXODWLRQV�� DQG� OLPLW� F\FOHV�� �7KLV� LV� D� GLUHFW� FRQVHTXHQFH� RI�
IHHGEDFN�� ZKHQ� WKH� RXWSXW� LVQ
W� FRPSXWHG� SHUIHFWO\� DQG� LV� IHG� EDFN�� WKH� LPSHUIHFWLRQ� FDQ�
FRPSRXQG���$OVR��WKH\�DUH�KDUGHU��VORZHU��WR�LPSOHPHQW�XVLQJ�IL[HG�SRLQW�DULWKPHWLF��

2.1.5 Fixed Point Arithmetic 

&HUWDLQ� W\SHV� RI� HPEHGGHG� V\VWHPV� UHTXLUH� WKH� KDQGOLQJ� RI� UHDO� QXPEHUV� DOVR� NQRZQ� DV�
IORDWLQJ�SRLQW�QXPEHUV��RU�DW�OHDVW�ZKDW�DSSHDU�WR�EH�UHDO�QXPEHUV���)HZ�PLFURSURFHVVRUV�RIIHU�
UHDO�QXPEHU� VXSSRUW�� VXFK� DV� IRU� IORDWLQJ�SRLQW� GDWD� W\SHV� DQG�RSHUDWLRQV� DW� WKH� LQVWUXFWLRQ�
OHYHO��7KRVH� WKDW�GR�DUH�JHQHUDOO\� ODUJH��FRPSOH[��H[SHQVLYH��DQG�QRW� LQWHQGHG�IRU�HPEHGGHG�
DSSOLFDWLRQV��&HUWDLQO\�QRQH�RI�WKH�VPDOO����DQG���ELW�PLFURFRQWUROOHUV�VXSSRUW�IORDWLQJ�SRLQW��
HYHQ� WKRXJK� WKHVH� DUH� SUHFLVHO\� WKH� SURFHVVRUV� WKDW� DUH� JRLQJ� WR� EH� DW� WKH� KHDUW� RI� PDQ\�
DSSDUHQWO\��UHDO�QXPEHU��DSSOLFDWLRQV���

)ORDWLQJ�SRLQW�QXPEHUV�DOORZ�RQH�WR�GHDO�ZLWK�DQ�H[WUHPHO\�ZLGH�UDQJH�RI�QXPEHUV��IURP�WKH�
YHU\�VPDOO�WR�WKH�YHU\�ODUJH��7KH\�GR�WKLV�E\�VWRULQJ�WKH�QXPEHU�DV�VRPH�GLJLWV�DQG�WKH�SRVLWLRQ�
RI�WKH�GHFLPDO�SRLQW��:LWKRXW�D�IORDWLQJ�SRLQW�FR�SURFHVVRU��WKLV�VRUW�RI�DULWKPHWLF�FDQ�EH�YHU\�
VORZ��7KLQJV�FDQ�EH�VSHHGHG�XS�E\�IL[LQJ�WKH�SRVLWLRQ�RI�WKH�GHFLPDO�SRLQW�DQG�XVLQJ�LQWHJHU�
DULWKPHWLF�RSHUDWLRQV��7KLV�LV�FDOOHG�IL[HG�SRLQW�DULWKPHWLF��

,Q� IL[HG�SRLQW� DULWKPHWLF�� D� IL[HG� QXPEHU� RI� ELWV� DUH� DOORFDWHG� WR� WKH� GHFLPDO� SRUWLRQ� DQG�
DQRWKHU�IL[HG�QXPEHU�RI�ELWV�WR�WKH�IUDFWLRQDO�SRUWLRQ��7KH�SURJUDPPHU�FDQ�WUHDW�WKH�QXPEHUV�
DV�LQWHJHUV�DQG�SHUIRUP�LQWHJHU�DULWKPHWLF�ZLWK�WKHP�VR�ORQJ�DV�KH�WDNHV�FDUH�WR�QRW�RYHUIORZ�
WKH�PD[LPXP�YDOXH�WKDW�WKH�IL[HG�SRLQW�QXPEHU�FDQ�KROG��7KH�QXPEHU�RI�ELWV�IRU�LQWHJHU�DQG�
IUDFWLRQDO�SDUWV� VKRXOG�EH�FKRVHQ�VXFK�WKDW�RYHUIORZ�ZLOO�QRW�RFFXU�GXULQJ�WKH�FRXUVH�RI� WKH�
SURJUDP��$GGLWLRQ�DQG�VXEWUDFWLRQ�FDQ�EH�SHUIRUPHG�DV�ZLWK�LQWHJHUV��EXW�ZLWK�PXOWLSOLFDWLRQ�
DQG�GLYLVLRQ�FDUH�QHHGV�WR�EH�WDNHQ�WR�NHHS�WKH�GHFLPDO�SRLQW�IL[HG�DW�WKH�VDPH�SRVLWLRQ��)RU�
H[DPSOH��PXOWLSO\LQJ� WZR�QXPEHUV� WKDW�KDYH���ELWV�GHYRWHG� WR� WKH� IUDFWLRQDO�SDUW�FDXVHV� WKH�
GHFLPDO�SRLQW�WR�VKLIW�OHIW�E\���ELWV��WKXV�WKH�UHVXOW�VKRXOG�QRZ�EH�VKLIWHG�ULJKW�E\���ELWV�EHIRUH�
XVLQJ�LWV�YDOXH�LQ�DQRWKHU�DULWKPHWLF�RSHUDWLRQ��7KXV��IURP�WKH�SURFHVVRUV�SRLQW�RI�YLHZ�DOO�WKH�
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DULWKPHWLF�LV�LQWHJHU�EDVHG�EXW�WKH�SURJUDPPHU�NHHSV�WUDFN�RI�WKH�GHFLPDO�SRLQW�DQG�YLHZV�WKH�
UHVXOWV�DV�IORDWLQJ�SRLQW�QXPEHUV���7KLV�VSHHGV�XS�WKH�DULWKPHWLF�E\�����WLPHV��

2.2 Software Thread Integration 

67,� >��@� LV� D� FRPSLOHU� WHFKQRORJ\�ZKLFK� LQWHUOHDYHV�PXOWLSOH� DVVHPEO\� ODQJXDJH� WKUHDGV� DW� D�
ILQH�JUDLQ�OHYHO��7KH�UHVXOWLQJ�WKUHDG�RIIHUV�ORZ�FRVW�FRQFXUUHQF\��EXW�VWLOO�H[HFXWHV�RQ�D�JHQHULF�
SURFHVVRU�ZLWKRXW�IDVW�FRQWH[W�VZLWFKHV��67,�FDQ�EH�XVHG�IRU�KDUGZDUH�WR�VRIWZDUH�PLJUDWLRQ�
�+60���+60�LV�WKH�SURFHVV�RI�PRYLQJ�IXQFWLRQV�IURP�GHGLFDWHG�KDUGZDUH�FRPSRQHQWV�WR�UHDO�
WLPH� VRIWZDUH��+60�KHOSV� WR� LPSURYH� V\VWHP�FRVW�� VL]H��ZHLJKW��SRZHU�� IXQFWLRQ�DYDLODELOLW\��
WLPH� WR�PDUNHW��DQG� ILHOG�XSJUDGHV��7KH�PDLQ� WDUJHWV�RI�+60�DUH�HPEHGGHG� V\VWHPV��ZKLFK�
FDQQRW�DIIRUG� WKH� OX[XU\�RI�D�KLJK�SHUIRUPDQFH�PLFURSURFHVVRU�\HW� UHTXLUH� ILQH�JUDLQ� WKUHDG�
FRQFXUUHQF\���

,Q�+60�ZLWK�67,��WZR�DVVHPEO\�WKUHDGV�DUH�LQWHJUDWHG��2QH�RI�WKH�WKUHDGV�LV�D�UHDO�WLPH�WKUHDG�
ZLWK�UHDO�WLPH�GHDGOLQHV�WR�PHHW�DQG�WKH�RWKHU�WKUHDG�LV�D�QRQ�UHDO�WLPH�WKUHDG�DVVRFLDWHG�ZLWK�
WKH�DSSOLFDWLRQ��7KH�UHDO�WLPH�WKUHDG�LV�WKH�VRIWZDUH�LPSOHPHQWDWLRQ�RI�WKH�GHGLFDWHG�KDUGZDUH�
IXQFWLRQ��ZKLFK�ZH�ZDQW�WR�PRYH�WR�VRIWZDUH��7KH�UHDO�WLPH�WKUHDG�EHFRPHV�WKH�JXHVW�WKUHDG�
DQG�WKH�QRQ�UHDO�WLPH�WKUHDG�EHFRPHV�WKH�KRVW�WKUHDG��7KH�UHDO�WLPH�WKUHDG�GRHV�QRW�XVH�XS�WKH�
SURFHVVRU�WKH�HQWLUH�WLPH�LWV�UXQQLQJ��,W�KDV�D�ILQH�JUDLQ�LGOH�WLPH�EHWZHHQ�LQVWUXFWLRQV�WKDW�KDYH�
UHDO� WLPH� GHDGOLQHV� WR�PHHW�� 7KLV� LGOH� WLPH� LV� HLWKHU� XVHG� XS� LQ� H[HFXWLQJ�123� LQVWUXFWLRQ�
�EXV\�ZDLWLQJ��XQWLO�WKH�QH[W�GHDGOLQH�WR�EH�PHW�LV�UHDFKHG�RU�LV�XVHG�WR�SURFHVV�LQWHUUXSWV�ZKHQ�
WKH� UHDO� WLPH� GHDGOLQHV� DUH�PHW� XVLQJ� LQWHUUXSWV� JHQHUDWHG� WKURXJK� D� WLPHU�� 67,� KHOSV� XV� LQ�
H[WUDFWLQJ�WKLV�ILQH�JUDLQ�LGOH�WLPH�WKDW�ZDV�KLWKHUWR�ZDVWHG�GXULQJ�WKH�H[HFXWLRQ�RI�D�UHDO�WLPH�
WKUHDG�XVLQJ�LW�IRU�H[HFXWLQJ�RWKHU�WKUHDGV��7KH�H[LVWLQJ�WKUHDG��ZKLFK�GRHV�QRW�KDYH�DQ\�UHDO�
WLPH� UHTXLUHPHQWV�EHFRPHV� WKH�KRVW� WKUHDG�DQG� WKH�JXHVW� LV� LQVHUWHG� LQWR� WKH�KRVW� WKUHDG�DW�
ORFDWLRQV�ZKLFK�VDWLVI\�LWV�UHDO�WLPH�FRQVWUDLQWV���

7KLV�NLQG�RI�LQWHJUDWLRQ�LQYROYHV�D�YDULHW\�RI�IDFWRUV�DQG�PXVW�EH�GRQH�FDUHIXOO\��6WDWLF�WLPLQJ�
DQDO\VLV� LV�SHUIRUPHG�RQ� WKH�FRQWURO�GHSHQGHQFH�JUDSK�JHQHUDWHG� IRU�ERWK� WKH� WKUHDGV��7KLV�
WLPLQJ� DQDO\VLV� JLYHV� XV� LQIRUPDWLRQ� DERXW� KRZ� HDUO\� RU� KRZ� ODWH� DQ� LQVWUXFWLRQ� ZRXOG� EH�
H[HFXWHG�ZKHQ�WKH�WKUHDGV�DUH�UXQ�DQG�DOVR�WKH�GXUDWLRQ�RI�H[HFXWLRQ�RI�LQVWUXFWLRQV��7KLV�W\SH�
RI�LQIRUPDWLRQ�KHOSV�LQ�LGHQWLI\LQJ�LQVHUWLRQ�SODFHV�LQ�WKH�KRVW�WKUHDG��ZKHUH�LQVWUXFWLRQV�IURP�
WKH� JXHVW� WKUHDG� FDQ� EH� SODFHG� VR� WKDW� WKH� UHDO� WLPH� UHTXLUHPHQWV� RI� WKH� JXHVW� WKUHDG� DUH�
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SURSHUO\�PHW�� &RQWURO�'HSHQGHQFH�*UDSKV� �&'*�� IDFLOLWDWH� HDVLHU� LPSOHPHQWDWLRQ� RI� VWDWLF�
WLPLQJ�DQDO\VLV�DQG�SURYLGH�H[FHOOHQW�VXSSRUW�IRU�GHWHUPLQLQJ�WKH�LQVHUWLRQ�SRLQWV�WKDW�PHHW�WKH�
UHDO� WLPH� FRQVWUDLQWV� LQ� WKH� KRVW� WKUHDG� DQG� WKH� VXEVHTXHQW� SODFHPHQW� RI� WKH� JXHVW� FRGH� LQ�
WKRVH� ORFDWLRQV�� 5HJLVWHU� UHDOORFDWLRQ� WHFKQLTXHV� DUH� DOVR� HPSOR\HG� WR� HQDEOH� VKDULQJ� RI� WKH�
SURFHVVRU·V�UHJLVWHU�VHW�E\�WKH�WZR�WKUHDGV��ZLWKRXW�DQ\�FRQIOLFWV��

67,�LV�H[WUHPHO\�YDOXDEOH�IRU�UHFRYHULQJ�LGOH�WLPH�IURP�UHDO�WLPH�JXHVW�WKUHDGV�SHUIRUPLQJ�ORZ�
OHYHO� �H�J�� 0$&� DQG� GDWD� OLQN� OD\HU�� QHWZRUN� FRPPXQLFDWLRQ� DQG� YLGHR� UHIUHVK� IXQFWLRQV��
2WKHU� DSSOLFDWLRQV� ZLWK� VLJQLILFDQW� ILQH�JUDLQ� LGOH� WLPH� FDQ� EHQHILW� IURP� 67,� DV� ZHOO�� $Q�
H[DPSOH�RI�DQ�DSSOLFDWLRQ�LQ�ZKLFK�67,�KDV�EHHQ�LPSOHPHQWHG�LV�JLYHQ�LQ�>��@�LQ�ZKLFK�KLJK�
WHPSHUDWXUH� ���������&��&$1�QHWZRUN� LQWHUIDFH� LV� LPSOHPHQWHG� LQ� VRIWZDUH� DQG� LQWHJUDWHG�
ZLWK�EXIIHU�PDQDJHPHQW�FRGH�IRU�WKH�&$1�SURWRFRO��7KLV�V\VWHP�KDV�EHHQ�EXLOW�DQG�WHVWHG�DW�
XS�WR����� &���

$�VSHFLDO�FRPSLOHU�FDOOHG�WKULQW�KDV�EHHQ�GHYHORSHG�IRU�WKLV�SXUSRVH��7KULQW�LV�D�SRVW�SDVV��EDFN�
HQG��FRPSLOHU��ZKLFK�UHDGV�DVVHPEO\�FRGH��SHUIRUPV�FRQWURO�IORZ��GDWD�IORZ�DQG�VWDWLF�WLPLQJ�
DQDO\VLV��DQG�LQWHJUDWHV�WKUHDGV���

 

�
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C h a p t e r  3   

NEW METHODS – USING STI TO SAVE ENERGY 

�
�

3.1 Byte-level Protocol controllers and Software Thread Integration 

%\WH�OHYHO� SURWRFRO� FRQWUROOHUV� DUH� WKRVH� SURWRFRO� FRQWUROOHUV� WKDW� XVH� D� E\WH� DV� WKH� XQLW� RI�
FRPPXQLFDWLRQ�� $� JRRG� H[DPSOH� RI� D� E\WH�OHYHO� FRQWUROOHU� ZRXOG� EH� WKH� 6HULDO� 3HULSKHUDO�
,QWHUIDFH��63,���ZKLFK�VHQGV�DQG�UHFHLYHV�QR�PRUH�WKDQ���E\WH�DW�D�WLPH��

&XUUHQW� LPSOHPHQWDWLRQV� RI� E\WH�OHYHO� SURWRFRO� FRQWUROOHUV� DUH� LPSOHPHQWHG� LQ� WZR�SRVVLEOH�
ZD\V��,QWHUUXSW�EDVHG�DQG�3ROOLQJ�%DVHG��

7KH�LQWHUUXSW�EDVHG�SURWRFROV�UHFRJQL]H�WKH�FRPSOHWLRQ�RI�WUDQVPLVVLRQ�RU�UHFHSWLRQ�RI�D�E\WH�
E\�WKH�JHQHUDWLRQ�RI�DQ�LQWHUUXSW��7KLV�SURFHVV�KDV�VHYHUDO�GLVDGYDQWDJHV��

¾ +LJK�LQWHUUXSW�RYHUKHDG��7KH�LQWHUUXSW�SURFHVV�LQYROYHV�WKH�IROORZLQJ�VWHSV�EHIRUH�WKH�
,65�EHJLQV�H[HFXWLRQ��

o )LQLVK�FXUUHQW�LQVWUXFWLRQ��8S�WR���F\FOHV�

o 3XVK�SURJUDP�FRXQWHU�RQWR�WKH�VWDFN�LQ�'DWD�65$0��DV�LV�SRLQWHG�WR�E\�WKH�
63+�63/�����F\FOHV��

o 3XVK�VWDWXV�UHJLVWHU�RQWR�WKH�VWDFN����F\FOHV�

o )ROORZ�LQWHUUXSW�YHFWRU��-XPS�LQVWUXFWLRQ�����F\FOHV��

7KLV� SURFHVV� UHVXOWV� LQ� D� GHOD\� RI� ����� F\FOHV� EHIRUH� WKH� ,65� VWDUWV�� 7KH� RYHUKHDG�
LQWURGXFHG�E\� LQWHUUXSWV� FDXVH� GHOD\V� DQG� D� VL]HDEOH� IDOO� LQ� WKURXJKSXW�� 7KH� FRQWH[W�
VZLWFK� WLPH� EHFRPHV� LQFUHDVLQJO\� H[SHQVLYH� DV� FRPPXQLFDWLRQ� SURWRFRO� UDWHV� ULVH�
UHODWLYH�WR�SURFHVVRU�VSHHGV��7KLV�RYHUKHDG�PDNHV�KLJKHU�GDWD�UDWHV�LPSRVVLEOH���
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¾ 9DULDWLRQ�LQ�H[HFXWLRQ�WLPH��,QWHUUXSW�SURFHVVLQJ�FDQ�EHJLQ�RQO\�DIWHU�WKH�FRPSOHWLRQ�
RI�WKH�FXUUHQW�LQVWUXFWLRQ��ZKLFK�FDQ�EH�DQ\ZKHUH�EHWZHHQ���DQG���F\FOHV�LQ�OHQJWK�IRU�
WKH�$70(/�$95�VHULHV�RI�PLFURSURFHVVRUV�WKDW�KDYH�EHHQ�XVHG�LQ�WKLV�GLVVHUWDWLRQ���

¾ /RVV�RI�V\QFKURQL]DWLRQ�EHWZHHQ�WUDQVPLWWHU�DQG�UHFHLYHU�XQOHVV�VWDUW�DQG�VWRS�ELWV�DUH�
LQWURGXFHG�IRU�HDFK�E\WH��

¾ $PRXQW�RI�ZRUN�WKDW�FDQ�EH�GRQH�DSDUW�IURP�FRPPXQLFDWLRQ�GXULQJ�WKH� LGOH�SHULRG�
EHWZHHQ�WUDQVPLWWLQJ�WZR�FRQVHFXWLYH�E\WHV�RI�GDWD�LV�UHGXFHG��

�
)LJXUH������,QWHUUXSW�RYHUKHDG�IRU�,65�LPSOHPHQWDWLRQ�

7KH�SROOLQJ�EDVHG�E\WH�OHYHO� SURWRFRO� FRQWUROOHUV�EXV\�ZDLW� RQ� D� FHUWDLQ� HYHQW� WKDW� LQGLFDWHV�
FRPSOHWLRQ�RI�FRPPXQLFDWLRQ��IRU�H[DPSOH��D�ELW�LQ�WKH�63,�VWDWXV�UHJLVWHU�WKDW�LV�VHW�WR�LQGLFDWH�
WKDW�WKH�WUDQVPLVVLRQ�RU�UHFHSWLRQ�RI�D�IXOO�E\WH�LV�FRPSOHWH��7KH�VRIWZDUH�UXQV�LQ�D�ORRS�XQWLO�
WKHUH�LV�D�FKDQJH�LQ�WKH�VWDWXV�RI�WKH�UHVSHFWLYH�ELW�LQ�WKH�VWDWXV�UHJLVWHU��7KH�SURFHVVRU�LV�QRZ�
IRUFHG�WR�VWD\�DZDNH�IRU�WKH�HQWLUH�GXUDWLRQ�RI�FRPPXQLFDWLRQ�GXH�WR�WKH�EXV\�ZDLWLQJ���7KLV�LV�
LQHYLWDEOH� DV� WKLV� LV� WKH� RQO\�ZD\� WKH� SURFHVVRU� FDQ� DFFXUDWHO\� DVFHUWDLQ� WKH� H[DFW� LQVWDQW� RI�
FRPSOHWLRQ�RI�FRPPXQLFDWLRQ�VR�DV�WR�QRW�ORVH�V\QFKURQL]DWLRQ�EHWZHHQ�WKH�WUDQVPLWWHU�DQG�
UHFHLYHU��6\QFKURQL]DWLRQ�FDQ�HDVLO\�EH�ORVW�GXH�WR�WKH�DFFXPXODWLRQ�RI�WLPLQJ�HUURUV�RYHU�WKH�
FRPPXQLFDWLRQ�SHULRG�� )RU� H[DPSOH�� LI� WKH�SURFHVVRU� ORVHV� ����ELW�WLPH� DW� WKH� UHFHSWLRQ�RI�
HDFK�E\WH�� LW�ZLOO�EHJLQ�WR�PLVUHDG�WKH�GDWD�DIWHU� LW�KDV�UHFHLYHG���E\WHV��%XV\�ZDLWLQJ�KDV�WKH�
DGYDQWDJH� RI� PDLQWDLQLQJ� V\QFKURQL]DWLRQ� EHWZHHQ� WUDQVPLWWHU� DQG� UHFHLYHU� IRU� WKH� HQWLUH�
GXUDWLRQ� RI� FRPPXQLFDWLRQ�RI� D�SDFNHW� LI� WKHLU� FORFNV� DUH� UHDVRQDEO\� DFFXUDWH�� �$Q�REYLRXV�
GLVDGYDQWDJH�LQ�EXV\�ZDLWLQJ�LV�WKDW�WKH�PLFURSURFHVVRU�LV�ZDVWLQJ�LWV�WLPH�EXV\�ZDLWLQJ�ZKLOH�LW�
FRXOG�KDYH�JRQH�WR�VOHHS�WR�FRQVHUYH�HQHUJ\�RU�SHUIRUPHG�RWKHU�XVHIXO�ZRUN�VR�DV�WR�PD[LPL]H�
LWV�WKURXJKSXW���

ISR 
Ovh

ISR 
Ovh

Application 

Comm. 

Application 

Comm. 

Application 
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�
)LJXUH������%XV\�ZDLW�LPSOHPHQWDWLRQ�RYHUKHDGV�

�

�

3.2 Saving Energy with Software Thread Integration 

7KH� WHFKQLTXH�RI�6RIWZDUH�7KUHDG�,QWHJUDWLRQ� LQWHJUDWHV� WZR�DVVHPEO\� WKUHDGV�� WKH� UHDO�WLPH�
JXHVW� FRGH� DQG� WKH� KRVW� FRGH� LQWR� D� VLQJOH� DVVHPEO\� WKUHDG�� 7KH� UHDO�WLPH� JXHVW� FRGH� LV�
VWDWLFDOO\�VFKHGXOHG�DQG�LV�LQVHUWHG�LQWR�WKH�KRVW�FRGH�VR�WKDW�LW�H[HFXWHV�DW�WKH�H[DFW�LQVWDQWV�RI�
WLPH�DV�QHFHVVDU\�WR�FRPPXQLFDWH�DW�WKH�UHTXLUHG�ELW�UDWH��

�
)LJXUH������67,�DQG�HOLPLQDWLRQ�RI�LQWHUUXSW�RYHUKHDG�

,Q�WKLV�FDVH�WKH�UHDO�WLPH�JXHVW�FRGH� LV� WKH�FRPPXQLFDWLRQ�FRGH�WKDW�QHHGV�WR�VHQG�GDWD�DQG�
UHFHLYH�GDWD� DW� D� FHUWDLQ�ELW�UDWH� DQG� WKH�KRVW� FRGH� LV� DQ� DSSOLFDWLRQ� WKDW�SHUIRUPV� FRPPRQ�
GLJLWDO�VLJQDO�SURFHVVLQJ�WDVNV�OLNH�ILOWHULQJ��7KH�ILOWHUV�WKDW�KDYH�EHHQ�XVHG�KHUH�DUH�DQ��WK�RUGHU�
)LQLWH�,PSXOVH�5HVSRQVH��),5��ILOWHU�DQG�D��WK�RUGHU�,QILQLWH�,PSXOVH�5HVSRQVH��,,5��ILOWHU��

Busy Waiting 

Comm. Comm. Comm. 

Busy Waiting 

RT Guest Thread 

Existing Thread  

Integrated Thread Idle 

Hardware 
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7KLV� WHFKQLTXH� FRPSOHWHO\� HOLPLQDWHV� WKH� LQWHUUXSW� RYHUKHDG� GXH� WR� VWDWLF� VFKHGXOLQJ�� � 7KLV�
DOORZV�IRU�WKH�DYDLODELOLW\�RI�D�ODUJHU�QXPEHU�RI�IUHH�F\FOHV�IRU�WKH�SURFHVVRU�WR�SHUIRUP�RWKHU�
XVHIXO�ZRUN��7KHVH� IUHH�F\FOHV�FDQ�EH�XVHG� WR�VOHHS��DV�ZHOO�DV�SHUIRUP�RWKHU�XVHIXO�ZRUN� LQ�
DGGLWLRQ�WR�FRPPXQLFDWLRQ��ZKLFK�DOORZV�WKH�SURFHVVRU�WR�FRQVHUYH�HQHUJ\���

�
)LJXUH������,QFUHDVH�LQ�FRPPXQLFDWLRQ�ELW�UDWH�GXH�WR�67,�

7KH�RYHUKHDG�LQWURGXFHG�E\�LQWHUUXSWV�FDQ�EH�VR�KLJK�DV�WR�OLPLW�WKH�UDWH�RI�FRPPXQLFDWLRQ��
7KH� UHPRYDO� RI� WKLV� RYHUKHDG� HQDEOHV� WKH� QRGH� WR� FRPPXQLFDWH� DW� PXFK� KLJKHU� UDWHV�� $V�
PHQWLRQHG�HDUOLHU��PRVW�RI�WKH�HQHUJ\�LQ�D�VHQVRU�QRGH�LV�FRQVXPHG�E\�WZR�PDMRU�FRPSRQHQWV�
²� WKH� UDGLR� PRGXOH� DQG� WKH� PLFUR�SURFHVVRU�� 7KH� UDGLR� PRGXOH·V� HQHUJ\� FRQVXPSWLRQ� LV�
GHSHQGHQW�RQ�WKH�SRZHU�ZLWK�ZKLFK�LW�WUDQVPLWV�DQG�WKH�GXUDWLRQ�IRU�ZKLFK�LW�VWD\V�SRZHUHG�
RQ��,W�GRHV�QRW�GHSHQG�RQ�WKH�ELW�UDWH�DW�ZKLFK�LW�WUDQVPLWV��7KXV��WKH�SRVVLEOH�LQFUHDVH�LQ�ELW�
UDWH�LQWURGXFHG�E\�67,�FDQ�EH�XVHG�E\�WKH�QRGH�WR�WUDQVPLW�DV�IDVW�DV�LW�FDQ�DQG�WKHQ�SXW�WKH�
UDGLR�PRGXOH�WR�VOHHS�DIWHU�WKH�WUDQVPLVVLRQ�LV�FRPSOHWH��+HUH��WKH�OHQJWKHQLQJ�LQ�WKH�WLPH�WKDW�
WKH�UDGLR�PRGXOH�FDQ�VOHHS�DOORZV�IRU�LQFUHDVH�LQ�HQHUJ\�VDYLQJV��+RZHYHU��WKLV�LV�SRVVLEOH�RQO\�
LI�WKH�UHFHLYHU�LV�FDSDEOH�RI�UHFHLYLQJ�DW�WKH�UDWH�DW�ZKLFK�WKH�WUDQVPLWWHU�LV�WUDQVPLWWLQJ��7KLV�
PD\�PHDQ�WKDW�ERWK�WKH�WUDQVPLWWHU�DQG�UHFHLYHU�QRGHV�PD\�KDYH�WR�UXQ�FRGH�WKDW�LV�LQWHJUDWHG�
XVLQJ�67,��,Q�WKLV�ZD\��ERWK�WUDQVPLWWHU�DQG�UHFHLYHU�QRGHV�VWDQG�WR�EHQHILW�E\�VDYLQJ�HQHUJ\�
GXH�WR�67,���

�

Comm. Application 

After Integration 

ISR 
Ovh

ISR 
Ovh

Application 

Comm. 

Application 

Comm. 

Application 

Before Integration 

Comm. Application Comm. Application 
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)LJXUH�����DERYH�VKRZV�WKH� LQFUHDVH� LQ�FRPPXQLFDWLRQ�ELW�UDWH�GXH�WR�67,��:H�FDQ�VHH�WKDW�
EHIRUH� LQWHJUDWLRQ�� WKH� LQWHUUXSW�RYHUKHDG� WDNHV�XS�D�VL]HDEOH�SRUWLRQ�RI� WKH�&38�WLPH�DZD\�
IURP�DFWXDO�ZRUN�EHLQJ�SHUIRUPHG��$IWHU�LQWHJUDWLRQ��WKH�LQWHUUXSW�RYHUKHDG�KDV�EHHQ�UHPRYHG�
DQG�DFWXDO�ZRUN� LQ� WKH� IRUP�RI� WKH�FRPPXQLFDWLRQ�DQG�DSSOLFDWLRQ�KDV� WDNHQ� LWV�SODFH�� WKXV�
LQFUHDVLQJ�WKURXJKSXW�DQG�WKH�FRPPXQLFDWLRQ�ELW�UDWH�RI�WKH�QRGH��

�

�
)LJXUH������6DYLQJV�IURP�XVLQJ�VWDUW�DQG�VWRS�ELWV�SHU�SDFNHW�

%\WH�OHYHO�SURWRFRO�FRQWUROOHUV��ZKLFK�DUH�FRPPRQO\�LQ�XVH�OLNH�WKRVH�IRU�WKH�8$57��63,��HWF��
W\SLFDOO\�VHQG�RQH�E\WH�DW�D�WLPH�DQG�KDYH�WR�DWWDLQ�DQG�PDLQWDLQ�V\QFKURQL]DWLRQ�IRU�HYHU\�E\WH�
WKDW�LV�WUDQVPLWWHG�DQG�UHFHLYHG��,Q�FDVH�RI�63,��D�VWDUW�ELW�ZLOO�KDYH�WR�SUHFHGH�DQG�D�VWRS�ELW�
ZLOO� KDYH� WR� EH� DSSHQGHG� WR� HYHU\� E\WH� WKDW� LV� FRPPXQLFDWHG� VR� DV� WR� DWWDLQ� DQG�PDLQWDLQ�
V\QFKURQL]DWLRQ� EHWZHHQ� WUDQVPLWWHU� DQG� UHFHLYHU� IRU� WKH� SHULRG� RI� WLPH� WKDW� WKH�
FRPPXQLFDWLRQ�RI�WKH�E\WH�LV�LQ�SURJUHVV��7KLV�QHHGV�WR�EH�GRQH��VLQFH��LQ�WKH�ZLUHOHVV�ZRUOG��
WKHUH� LV� QR� ZD\� IRU� D� UHFHLYHU� WR� NQRZ� LI� LW� KDV� GULIWHG� RXW� RI� V\QFKURQL]DWLRQ� ZLWK� WKH�
WUDQVPLWWHU� RU� QRW� LI� VDIHJXDUGV� OLNH� WKLV� DUH� QRW� LPSOHPHQWHG�� 7KH� UHFHLYHU� FDQ� FRQWLQXH�
UHDGLQJ�JDUEDJH�GDWD�ZLWKRXW�UHFRJQL]LQJ�LW�DV�VXFK�XQWLO�LW�WULHV�WR�UXQ�D�SDULW\�&5&�FKHFN�RQ�
WKH�UHFHLYHG�SDFNHW��,I�WKH�SURWRFRO�FRQWUROOHU�LV�VXFK�WKDW�LW�PXVW�UHDG�WKH�SDFNHW�OHQJWK�ILHOG�LQ�
WKH�UHFHLYHG�SDFNHW��-������&$1��WR�GHWHUPLQH�WKH�OHQJWK�RI�WKH�SDFNHW��WKHQ�LW�PD\�ZDLW�IRU�D�
YHU\�ORQJ�SHULRG�RI�WLPH�ZKLOH�LW�WKLQNV�WKDW�WKH�GDWD�KDV�EHHQ�UHFHLYHG��LI�WKLV�SDUWLFXODU�YDOXH�
RI� SDFNHW� OHQJWK� KDV� EHHQ�PLVUHDG� GXH� WR� ORVV� RI� V\QFKURQL]DWLRQ��7KLV�PD\� OHDG� WR� HQHUJ\�
ORVVHV�GXH�WR�WKH�SURFHVVRU�F\FOHV�ZDVWHG�DQG�LQFUHDVH�LQ�GXUDWLRQ�WKDW�WKH�UDGLR�PRGXOH�QHHGV�
WR�VWD\�RQ��$IWHU�WKH�UHFRJQLWLRQ�RI�D�EDG�SDFNHW��WKH�UHFHLYHU�PD\�UHTXHVW�UHWUDQVPLVVLRQ�RI�WKH�
ZKROH�SDFNHW��ZKLFK�OHDGV�WR�HQHUJ\�ORVV��%\WH�OHYHO�SURWRFRO�FRQWUROOHUV�W\SLFDOO\�JHQHUDWH�DQ�
LQWHUUXSW� IRU� HYHU\�E\WH�RI�GDWD� WKDW� LV� UHFHLYHG��ZKLFK� LQWURGXFHV� WLPLQJ�YDULDELOLW\� LQWR� WKH�

After Integration 

Before Integration 

Start/Stop 

Byte 

Packet 

Interrupt 
Overhead 
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FRPPXQLFDWLRQ�DV�PHQWLRQHG�HDUOLHU��7KLV�YDULDELOLW\�PD\� OHDG�WR�WKH� ORVV�RI�V\QFKURQL]DWLRQ�
EHWZHHQ� WUDQVPLWWHU� DQG� UHFHLYHU� GXULQJ� WKH� FRPPXQLFDWLRQ� RI� WKH� SDFNHW� WKXV� OHDGLQJ� WR�
HQHUJ\�ORVVHV�WKURXJK�UHWUDQVPLVVLRQV���

,Q�JHQHUDO�WKHUH�ZLOO�EH�FORFN�GLIIHUHQFHV�EHWZHHQ�DQ\�WZR�FORFNV��&U\VWDOV�DUH�W\SLFDOO\�DFFXUDWH�
WR�DERXW��������SSP��SDUWV�SHU�PLOOLRQ���ZKLFK�PHDQV�WKDW�WKH\�PD\�GULIW�DERXW����F\FOHV�LQ�
HYHU\���PLOOLRQ�F\FOHV�WKDW�WKH\�JHQHUDWH��$�W\SLFDO�WUDQVIHU�RI�D�E\WH�WDNHV�DERXW����F\FOHV�LQ�WKH�
67,� LPSOHPHQWDWLRQ� WKDW�ZH�KDYH��7KXV��D�SDFNHW�RI�����E\WHV� WKDW�ZLOO� WDNH����
��� ������
F\FOHV�WR�WUDQVPLW�UHFHLYH�VKRXOG�EH�FRPPXQLFDWHG�ZLWKRXW�V\QFKURQL]DWLRQ�SUREOHPV�FDXVHG�
E\�FORFN�GULIW�� ,Q�WKLV� VLWXDWLRQ�� WKH�FRGH�JHQHUDWHG�E\�VRIWZDUH� WKUHDG� LQWHJUDWLRQ��GXH�WR� LWV�
VWDWLF�VFKHGXOLQJ��DQG�KHQFH�ODFN�RI�YDULDELOLW\�LQ�H[HFXWLRQ�WLPH��HQVXUHV�WKDW�WKH�WUDQVPLVVLRQ�
DQG� UHFHSWLRQ� PDLQWDLQ� WLPLQJ� DFFXUDF\� DQG� KDSSHQ� DW� H[DFW� LQWHUYDOV� RI� WLPH�� 7KH� EDVLF�
UHTXLUHPHQW�LV�WKDW�E\�WKH�HQG�RI�WKH�SDFNHW��VLQFH�V\QFKURQL]DWLRQ�RFFXUV�DW�WKH�EHJLQQLQJ�RI�
WKH�FRPPXQLFDWLRQ�RI�HDFK�SDFNHW��FORFNV�FDQ�QRW�KDYH�GULIWHG�PRUH�WKDQ���ELW�WLPH�WRWDOO\��,I�
ZH�ZHUH�WR�FKRRVH�D�FRQVHUYDWLYH�ILJXUH�RI�ó�
�ELW�WLPH�IRU�WKH�FORFN�GULIW�WR�EH�RQ�WKH�VDIHU�
VLGH�� WKHQ� WKH�PD[LPXP�IUHTXHQF\�HUURU� DOORZHG� IRU� D� FU\VWDO� VR� WKDW� WKH�QRGHV�GR�QRW� ORVH�
V\QFKURQL]DWLRQ�LV�

0D[��$OORZDEOH�)UHTXHQF\�(UURU�EHWZHHQ�FU\VWDOV�LQ�SSP� �����
�����
�ELW�WLPH����'XUDWLRQ�RI�WKH�ORQJHVW�
SDFNHW���

�����������������������������:KHUH��GXUDWLRQ�RI�ORQJHVW�SDFNHW� ���
�OHQJWK�RI�ORQJHVW�SDFNHW�LQ�E\WHV�
�ELW�WLPH�

0D[LPXP�DOORZDEOH�IUHTXHQF\�HUURU�IRU��FU\VWDO�LQ�SSP� ��0D[��$OORZDEOH�)UHTXHQF\�(UURU�EHWZHHQ�FU\VWDOV�
LQ�SSP����

(TXDWLRQ������0D[LPXP�IUHTXHQF\�GULIW�ZLWKRXW�ORVV�RI�V\QFKURQL]DWLRQ�

,Q�FDVH�ZH�FRQVLGHU�D�PD[LPXP�SDFNHW� OHQJWK�RI�����E\WHV�DQG�D�PD[LPXP�ELW�UDWH�RI�����
NESV�� WKH�PD[LPXP�DOORZDEOH�IUHTXHQF\�HUURU�SHU�FU\VWDO�HYDOXDWHV� WR�����SSP��ZKLFK� LV� IDU�
JUHDWHU� WKDQ� WKH� PD[LPXP� IUHTXHQF\� GULIW� LQ� FXUUHQWO\� DYDLODEOH� FU\VWDOV�� +RZHYHU�� ZLWK�
LQFUHDVH� LQ�SDFNHW�VL]H�EH\RQG�����E\WHV��PRVW�FRPPRQ�SDFNHW�VL]HV� LQ�VHQVRU�QHWZRUNV�DUH�
XQGHU�����E\WHV���WKH�PD[LPXP�IUHTXHQF\�VWDELOLW\�EHJLQV�WR�IDOO�EHORZ����SSP��$IWHU�WKLV��YHU\�
KLJK�IUHTXHQF\�VWDELOLW\�FU\VWDOV��������SSP��ZLOO�EH�UHTXLUHG�DQG�WKLV�FDQ�SURYH�H[SHQVLYH��
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7KXV�� LI� WKH� FORFN� JHQHUDWRUV� IRU� ERWK� WKH� WUDQVPLWWHU� DQG� WKH� UHFHLYHU� PRGXOHV� KDYH� KLJK�
IUHTXHQF\�VWDELOLW\�DQG�PDWFK�HDFK�RWKHUV�IUHTXHQF\�DV�FORVHO\�DV�SRVVLEOH��WKHQ�WKLV�WHFKQLTXH�
HQVXUHV�WKDW�WKHUH�ZLOO�EH�QR�HUURU�LQ�UHFHSWLRQ�RI�WKH�SDFNHW�GXH�WR�ORVV�RI�V\QFKURQL]DWLRQ��
7KXV��DIWHU�JDLQLQJ�V\QFKURQL]DWLRQ�DW�WKH�EHJLQQLQJ�RI�WKH�SDFNHW��LW�ZLOO�QRW�ORVH�LW�WLOO�WKH�ODVW�
ELW�RI� WKH�SDFNHW�KDV�EHHQ�UHFHLYHG��,W�EHFRPHV�XQQHFHVVDU\� LQ�WKLV�VFHQDULR�WR�KDYH�WR�KDYH�
VWDUW�DQG�VWRS�ELWV�IRU�HYHU\�E\WH�RI�GDWD�LQ�WKH�SDFNHW��7KXV��WKH�RYHUKHDG�RI�KDYLQJ�VWDUW�DQG�
VWRS�ELWV�IRU�HYHU\�E\WH�LV�UHGXFHG�WR�KDYLQJ�VWDUW�DQG�VWRS�ELWV�IRU�RQH�ZKROH�SDFNHW��7KLV�FDQ�
UHGXFH�WKH�HQHUJ\�FRQVXPSWLRQ�WZRIROG��

L� 7KH� UHGXFWLRQ� LQ� WKH� RYHUKHDG� RI� VWDUW� DQG� VWRS� ELWV� ��� ELWV� IRU� HYHU\� ��� ELWV� RI�
FRPPXQLFDWLRQ� �����RYHUKHDG�� LV� VL]HDEOH��7KH�DPRXQW�RI� UHGXFWLRQ� LV�GHSHQGHQW�
RQ�WKH�VL]H�RI�WKH�SDFNHW�L�H��WKH�ODUJHU�WKH�SDFNHW��WKH�KLJKHU�WKH�SHUFHQWDJH�RI�VDYLQJV�
WKDW�ZLOO�EH�REVHUYHG��7KH�UDGLR�PRGXOH�QRZ�KDV� WR� WUDQVPLW�DQG�UHFHLYH� WKDW�PXFK�
OHVV� DPRXQW� RI� GDWD�� WKXV� VDYLQJ� SRZHU� LQ� ERWK� WKH� UDGLR� PRGXOH� DQG� WKH�
PLFURSURFHVVRU�PRGXOH���

LL� 7KH� SHUIHFW� V\QFKURQL]DWLRQ� EHWZHHQ� WKH� WUDQVPLWWHU� DQG� UHFHLYHU� GXULQJ� WKH�
FRPPXQLFDWLRQ� SHULRG� HQVXUHV� WKDW� WKHUH� DUH� QR� ORVVHV� RI� SDFNHWV� GXH� WR� ORVV� RI�
V\QFKURQL]DWLRQ��7KLV�OHDGV�WR�D�ORZHU�QXPEHU�RI�UHWUDQVPLVVLRQV�LQ�UHOLDEOH�SURWRFROV�
OLNH�7&3��WKXV�FDXVLQJ�UHGXFWLRQ�LQ�HQHUJ\�FRQVXPSWLRQ�LQ�ERWK�WKH�UDGLR�PRGXOH�DQG�
PLFURSURFHVVRU��

67,�DOORZV�D�E\WH�OHYHO�SURWRFRO�FRQWUROOHU�WKDW�KDV�WR�SDG�HYHU\�E\WH�ZLWK�VWDUW�DQG�VWRS�ELWV�WR�
EH�XVHG�DV�D�SDFNHW�OHYHO�SURWRFRO�FRQWUROOHU��ZKLFK�RQO\�KDV�WR�SDG�HDFK�SDFNHW�ZLWK�VWDUW�DQG�
VWRS�ELWV�WKXV�DOORZLQJ�IRU�VL]HDEOH�HQHUJ\�VDYLQJV���
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C h a p t e r  4   

HARDWARE AND SOFTWARE ARCHITECTURE 

�
�

4.1 Hardware Architecture 

7KH�QRGHV�XVH�DQ�$WPHJD����PLFURFRQWUROOHU� IURP�$WPHO�� DQG�D�&KLSFRQ��&&����� IRU� LWV�
FRPPXQLFDWLRQ�QHHGV��

�
)LJXUH������6HQVRU�1RGHV�ZLWK�DQ�$WPHJD����DQG�D�&&�����

�

Atmega128 with the STK501/500 

CC1000 radio module 

Atmega 
128 

 
CC1000 

Atmega 
128 

 
CC1000 

Microcontroller 

Radio 
Transceiver 

Microcontroller 

Radio 
Transceiver Antennae 



�

����

7KH�DUFKLWHFWXUH�GHVFULEHG�DERYH�KDV�QRW�EHHQ� LPSOHPHQWHG� LQ� LWV�HQWLUHW\��7KLV��KRZHYHU�� LV�
WKH� DUFKLWHFWXUH� WKDW� WKH� SRZHU� DQDO\VLV� KDV� EHHQ� SHUIRUPHG� ZLWK�� 7KH� $WPHJD����
PLFURFRQWUROOHUV� ZHUH� FRQQHFWHG� WR� HDFK� RWKHU� LQ� WKH� ZLUHG� LPSOHPHQWDWLRQ� GHVFULEHG� LQ�
6HFWLRQ�������IRU�WKH�SXUSRVH�RI�DFWXDOO\�PHDVXULQJ�WKH�HIIHFW�RI�LQWHUUXSW�RYHUKHDG�LQ�WHUPV�RI�
WKH�QXPEHU�RI�F\FOHV�GXULQJ�FRPPXQLFDWLRQ�EHWZHHQ�WKH�WZR�QRGHV�DQG�DOVR�IRU�UXQQLQJ�WKH�
LQWHJUDWHG� WKUHDGV� WR� YHULI\� WKH� DFFXUDF\� RI� WKH� LQWHJUDWLRQ�� 7KH� FRPPXQLFDWLRQ� DQG� '63�
WKUHDGV�ZHUH� UXQ�RQ� WKLV� DUFKLWHFWXUH� WR�YHULI\� WKHLU�FRUUHFWQHVV�EHIRUH�DQG�DIWHU� LQWHJUDWLRQ��
:H� KDYH� QRW� XVHG� WKH� &&����� 5)0� VLQFH� LWV� HQHUJ\� SHUIRUPDQFH� FDQ� EH� FRPSOHWHO\� DQG�
DFFXUDWHO\�FKDUDFWHUL]HG�EDVHG�RQ�GDWD�JDLQHG�IURP�WKH�ZRUNLQJ�RI�WKH�ZLUHG�LPSOHPHQWDWLRQ�
RI�WKLV�DUFKLWHFWXUH�DQG�WUDQVIHUULQJ�LW�WR�WKH�ZLUHOHVV�GRPDLQ�XVLQJ�QXPEHUV�IURP�LWV�GDWDVKHHW�
DV�KDV�EHHQ�GRQH�KHUH���

������$WPHJD�����0LFURFRQWUROOHU�

7KH�$WPHJD�����LPSOHPHQWV�WKH�$95�DUFKLWHFWXUH��D�5,6&�DUFKLWHFWXUH�IHDWXULQJ���ELW�QDWLYH�
ZRUG� VL]H�� ��� JHQHUDO�SXUSRVH� UHJLVWHUV�� DQG� OLPLWHG� VXSSRUW� IRU� ��� ELW� RSHUDWLRQV�� 7KH�
SURFHVVRU� IHDWXUHV� D� WZR�VWDJH� SLSHOLQH�� 7KLV� SURFHVVRU� KDV� PXOWLSO\� EXW� ODFNV� GLYLGH�
LQVWUXFWLRQV��'DWD�PHPRU\�LV�E\WH�DFFHVVLEOH�DQG�E\WH�DOLJQHG��7KH�$WPHJD�����LV�FXUUHQWO\�DW�
WKH� WRS�RI� WKH�SHUIRUPDQFH� VSHFWUXP�RI� WKH�$95�GHYLFH� IDPLO\��:H�XVH�DQ�$WPHO�67.����
HYDOXDWLRQ�ERDUG�ZLWK�D����0+]�FORFN��2Q�FKLS�PHPRU\�FRQVLVWV�RI���NLORE\WHV�RI�65$0�DQG�
����NLORE\WHV�RI�)ODVK�((3520��,Q�DGGLWLRQ�����NLORE\WHV�RI�H[WHUQDO�65$0�DUH�XVHG��ZLWK�D�
RQH� F\FOH� SHUIRUPDQFH� SHQDOW\��� 1R� FDFKH� H[LVWV�� DQG� QR� FRSURFHVVRU� LV� DYDLODEOH�� 7KH� &�
FRPSLOHU� XVHG� LV� $95�*&&� ����� ,W� SRVVHVVHV� RQ�FKLS� GHEXJJLQJ� VXSSRUW� LQ� WKH� IRUP� RI� D�
-7$*�LQWHUIDFH�WR�ZKLFK�D�-7$*�HPXODWRU�FDQ�EH�SOXJJHG�LQ��,W�DOVR�SRVVHVVHV�DQ�RQ�FKLS����
ELW�$'&��7KH�IUHTXHQF\�RI�WKH�$WPHJD����FDQ�EH�YDULHG�IURP�����0+]�XS�WR����0+]���

7KH� $WPHJD���� DOVR� SRVVHVVHV� 6HULDO� 3HULSKHUDO� ,QWHUIDFH� �63,�� WKDW� DOORZV� IRU� KLJK� VSHHG�
V\QFKURQRXV�FRPPXQLFDWLRQ�EHWZHHQ�VHYHUDO�$95�GHYLFHV��7KH�63,�FDQ�EH�FRQILJXUHG�WR�UXQ�
DW�VSHHGV�UDQJLQJ�IURP�IFSX����WR�IFSX�����7KLV�PHDQV�WKDW�HDFK�ELW�ZLOO�EH�WUDQVIHUUHG�YLD�WKH�63,�
LQWHUIDFH�EHWZHHQ�WZR�GHYLFHV�DW�VSHHGV�UDQJLQJ�IURP���F\FOHV�WR�����F\FOHV�GHSHQGLQJ�RQ�WKH�
VSHHG�FRQILJXUHG��+LJKHU�ELW�UDWHV�OLNH�IFSX����PHDQ�WKDW�DQ�HQWLUH�E\WH�LV�WUDQVIHUUHG�LQ��
� ���
F\FOHV��7KXV��HYHU\����F\FOHV�D�QHZ�E\WH�ZLOO�EH�WUDQVIHUUHG��7KLV�ZLOO�KRZHYHU�QRW�EH�SRVVLEOH�
ZLWK�LQWHUUXSW�GULYHQ�LPSOHPHQWDWLRQV�RI�E\WH�OHYHO�FRQWUROOHUV�VLQFH�WKH�LQWHUUXSW�RYHUKHDG�LV�
PXFK� KLJKHU� WKDQ� WKH� ��� F\FOHV� WKDW� LV� UHTXLUHG� WR� WUDQVIHU� D� E\WH�� 7KLV� SUHYHQWV�
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LPSOHPHQWDWLRQV� XVLQJ� VXFK� KLJK�VSHHG� WUDQVIHUV� IURP� XVLQJ� ,65� EDVHG� VFKHPHV� DQG� OLPLWV�
WKHP�WR�XVLQJ�EXV\�ZDLW�VFKHPHV���

������3RZHU�&KDUDFWHULVWLFV�RI�WKH�$WPHJD�����

�
)LJXUH������)UHTXHQF\�YV��3RZHU�&KDUDFWHULVWLFV� IRU� WKH�$WPHJD����
>��@�

7KH�$WPHJD����� VXSSRUWV�YROWDJHV� IURP����9� WR����9��:H�XVH�DQ�RSHUDWLQJ�YROWDJH� IRU� WKH�
$WPHJD�����RI�����9�WR�UHGXFH�SRZHU�FRQVXPSWLRQ��7KH�&KLSFRQ�&&�����LV�DOVR�UXQ�DW�����9��
ZKLFK� LV� LWV� UHFRPPHQGHG� RSHUDWLRQ� YROWDJH�� 7KH� SRZHU� FRQVXPSWLRQ� RI� WKH� $WPHJD� ����
GHSHQGV�RQ�WKH�GXUDWLRQ�IRU�ZKLFK�LW�VWD\V�LQ�DFWLYH�PRGH��WKH�GXUDWLRQ�LW�VWD\V�LQ�LGOH�PRGH�RU�
VOHHS�PRGH��WKH�IUHTXHQF\�DW�ZKLFK�LW�LV�RSHUDWLQJ�DQG�WKH�YROWDJH�VXSSO\�LW�LV�RSHUDWLQJ�DW��7KH�
SRZHU�FKDUDFWHULVWLFV� VKRZ�WKDW� WKH�HQHUJ\�FRQVXPSWLRQ� LQFUHDVHV�ZLWK� LQFUHDVH� LQ�RSHUDWLQJ�
IUHTXHQF\�DQG� WKH� VTXDUH�RI� WKH�VXSSO\�YROWDJH��7KH� ORQJHU� WKDW� WKH�PLFURSURFHVVRU� VWD\V� LQ�
DFWLYH�PRGH��WKH�ODUJHU�LV�WKH�DPRXQW�RI�HQHUJ\�WKDW�LW�FRQVXPHV���+HQFH��WKH�PLFURSURFHVVRU�
PXVW�DWWHPSW�WR�VWD\�LQ�D�VOHHS�PRGH�OLNH�WKH�LGOH�PRGH�DV�ORQJ�DV�SRVVLEOH���7KH�$WPHJD�����
KDV�ILYH�RWKHU�VOHHS�PRGHV�DSDUW�IURP�LGOH��$'&�1RLVH�5HGXFWLRQ��3RZHU�GRZQ��3RZHU�6DYH��
6WDQGE\� DQG� ([WHQGHG� 6WDQGE\� ZKHUH� WKH� VXSSO\� FXUUHQW� UHGXFHV� WR� D� IHZ� ��V� RI� PLFUR�
DPSHUHV�IURP�D�IHZ�PLOOL�$PSHUHV�LQ�$FWLYH�DQG�,GOH�PRGHV��7KH�0&8�FDQ�EH�VHQW�LQWR�DQ\�
RQH�RI�WKHVH�PRGHV�E\�VLPSO\�ZULWLQJ�LQWR�WKH�0&8�&RQWURO�5HJLVWHU��0&8&5����

,GOH�0RGH� ²� ,Q� WKLV� PRGH�� WKH�0&8� HQWHUV� ,GOH�PRGH�� VWRSSLQJ� WKH� &38� EXW� DOORZLQJ� WKH�
65$0��7LPHU�&RXQWHUV��63,�SRUW��DQG� LQWHUUXSW�V\VWHP�WR�FRQWLQXH� IXQFWLRQLQJ�� �7KLV�VOHHS�
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PRGH�EDVLFDOO\�KDOWV�FON&38�DQG�FON)/$6+��ZKLOH�DOORZLQJ�WKH�RWKHU�FORFNV�WR�UXQ��7KH�0&8�FDQ�
EH� ZRNHQ� XS� IURP� WKLV� VOHHS� PRGH� E\� H[WHUQDOO\� WULJJHUHG� LQWHUUXSWV� DV� ZHOO� DV� LQWHUQDOO\�
WULJJHUHG�RQHV��

$'&�1RLVH� 5HGXFWLRQ� 0RGH� ²� ,Q� WKLV� PRGH�� WKH� &38� LV� VWRSSHG� DORQJ� ZLWK� DOO� RI� WKH� ,�2�
PRGXOHV� H[FHSW� $V\QFKURQRXV� 7LPHU� DQG� $'&�� WR�PLQLPL]H� VZLWFKLQJ� QRLVH� GXULQJ� $'&�
FRQYHUVLRQV��7KLV�VOHHS�PRGH�EDVLFDOO\�KDOWV�FON,�2��FON&38��DQG�FON)/$6+��ZKLOH�DOORZLQJ�WKH�RWKHU�
FORFNV�WR�UXQ��$SDUW�IRUP�WKH�$'&�&RQYHUVLRQ�&RPSOHWH�LQWHUUXSW��RQO\�DQ�([WHUQDO�,QWHUUXSW�
FDQ�ZDNH�XS�WKH�0&8�IURP�$'&�1RLVH�5HGXFWLRQ�PRGH��

3RZHU�'RZQ�0RGH� �� ,Q� WKLV� PRGH�� WKH� UHJLVWHU� FRQWHQWV� DUH� VDYHG�� WKH� ([WHUQDO�2VFLOODWRU� LV�
VWRSSHG�� GLVDEOLQJ� DOO� RWKHU� FKLS� IXQFWLRQV� XQWLO� WKH� QH[W� LQWHUUXSW� RU�+DUGZDUH�5HVHW�� 7KLV�
VOHHS�PRGH�EDVLFDOO\�KDOWV� DOO� JHQHUDWHG�FORFNV�� DOORZLQJ�RSHUDWLRQ�RI� DV\QFKURQRXV�PRGXOHV�
RQO\��:KHQ�ZDNLQJ�XS�IURP�3RZHU�GRZQ�PRGH��WKHUH�LV�D�GHOD\�IURP�WKH�ZDNH�XS�FRQGLWLRQ�
RFFXUV�XQWLO�WKH�ZDNH�XS�EHFRPHV�HIIHFWLYH��7KLV�DOORZV�WKH�FORFN�WR�UHVWDUW�DQG�EHFRPH�VWDEOH�
DIWHU�KDYLQJ�EHHQ�VWRSSHG��

3RZHU�6DYH� 0RGH� �� 7KLV� PRGH� LV� LGHQWLFDO� WR� 3RZHU�GRZQ�� ZLWK� WKH� H[FHSWLRQ� WKDW� WKH�
DV\QFKURQRXV�WLPHU�FRQWLQXHV�WR�UXQ��DOORZLQJ�WKH�XVHU�WR�PDLQWDLQ�D�WLPHU�EDVH�ZKLOH�WKH�UHVW�
RI� WKH� GHYLFH� LV� VOHHSLQJ�� 7KLV� VOHHS� PRGH� EDVLFDOO\� KDOWV� DOO� FORFNV� H[FHSW� FON$6<�� DOORZLQJ�
RSHUDWLRQ� RQO\� RI� DV\QFKURQRXV� PRGXOHV�� LQFOXGLQJ� 7LPHU�&RXQWHU�� LI� FORFNHG�
DV\QFKURQRXVO\��

6WDQGE\� 0RGH� �� 7KLV� PRGH� LV� LGHQWLFDO� WR� 3RZHU�GRZQ� ZLWK� WKH� H[FHSWLRQ� WKDW� WKH�
&U\VWDO�5HVRQDWRU�2VFLOODWRU�LV�UXQQLQJ�ZKLOH�WKH�UHVW�RI�WKH�GHYLFH�LV�VOHHSLQJ��7KLV�DOORZV�YHU\�
IDVW�VWDUW�XS�FRPELQHG�ZLWK�ORZ�SRZHU�FRQVXPSWLRQ��)URP�6WDQGE\�PRGH��WKH�GHYLFH�ZDNHV�
XS�LQ���FORFN�F\FOHV��7KLV�PRGH�LV�DYDLODEOH�RQO\�ZLWK�DQ�H[WHUQDO�FU\VWDO�RU�UHVRQDWRU��

([WHQGHG�6WDQGE\�0RGH� ��7KLV�PRGH� LV� LGHQWLFDO� WR�3RZHU�VDYH�PRGH�ZLWK� WKH� H[FHSWLRQ� WKDW�
ERWK� WKH� PDLQ� 2VFLOODWRU� DQG� WKH� $V\QFKURQRXV� 7LPHU� FRQWLQXH� WR� UXQ�� )URP� ([WHQGHG�
6WDQGE\�PRGH�� WKH� GHYLFH� ZDNHV� XS� LQ� �� FORFN� F\FOHV�� 7KLV�PRGH� LV� DYDLODEOH� RQO\� ZLWK� DQ�
H[WHUQDO�FU\VWDO�RU�UHVRQDWRU��

7KH�RYHUKHDG�LQWURGXFHG�E\�SRZHU�GRZQ��SRZHU�VDYH�PRGHV�FDQ�EH�DV�KLJK�DV����F\FOHV�IRU�
DQ�H[WHUQDO�5&�RVFLOODWRU��7R�HQWHU�DQ\�RI�WKH�VL[�VOHHS�PRGHV��WKH�6(�ELW�LQ�0&8&5�PXVW�EH�
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ZULWWHQ�WR�ORJLF�RQH�DQG�D�6/((3�LQVWUXFWLRQ�PXVW�EH�H[HFXWHG��7KH�60���60���DQG�60��ELWV�
LQ�WKH�0&8&5�5HJLVWHU�VHOHFW�ZKLFK�VOHHS�PRGH��,GOH��$'&�1RLVH�5HGXFWLRQ��3RZHU�GRZQ��
3RZHU�VDYH��6WDQGE\��RU�([WHQGHG�6WDQGE\��ZLOO�EH�DFWLYDWHG�E\�WKH�6/((3�LQVWUXFWLRQ��,I�DQ�
HQDEOHG�LQWHUUXSW�RFFXUV�ZKLOH�WKH�0&8�LV�LQ�D�VOHHS�PRGH��WKH�0&8�ZDNHV�XS��7KH�0&8�LV�
WKHQ�KDOWHG�IRU�IRXU�F\FOHV�LQ�DGGLWLRQ�WR�WKH�VWDUW�XS�WLPH��LW�H[HFXWHV�WKH�LQWHUUXSW�URXWLQH��DQG�
UHVXPHV�H[HFXWLRQ�IURP�WKH�LQVWUXFWLRQ�IROORZLQJ�6/((3��7KH�FRQWHQWV�RI�WKH�UHJLVWHU�ILOH�DQG�
65$0�DUH�XQDOWHUHG�ZKHQ�WKH�GHYLFH�ZDNHV�XS�IURP�VOHHS��,I�D�UHVHW�RFFXUV�GXULQJ�VOHHS�PRGH��
WKH�0&8�ZDNHV�XS�DQG�H[HFXWHV�IURP�WKH�5HVHW�9HFWRU��7KXV��WKH�RYHUKHDG�LQFXUUHG�E\�JRLQJ�
WR�VOHHS�LQ�DQ\�RI�WKH�VOHHS�PRGHV�DSDUW�IURP�LGOH�FDQ�EH�EHWZHHQ�������F\FOHV��ZKLFK�DUH�QRW�
LQFOXVLYH�RI�WKH�WLPH�WDNHQ�E\�WKH�,65�IRU�WKH�LQWHUUXSW�WKDW�ZRNH�WKH�0&8���

+HQFH��ZH�FKRVH�WR�XVH�WKH� LGOH�VOHHS�PRGH��ZKLFK�WDNHV�WKH�OHDVW�RYHUKHDG�DPRQJ�DOO�RI�WKH�
VOHHS� PRGHV� DQG� GXH� WR� WKH� IDFW� WKDW� LW� RQO\� VWRSV� WKH� &38� ZKLOH� DOORZLQJ� WKH� 65$0��
7LPHU�&RXQWHUV��63,�SRUW��DQG� LQWHUUXSW�V\VWHP�WR�FRQWLQXH� IXQFWLRQLQJ��7KLV� LV� VXLWDEOH� IRU�
RXU�SXUSRVHV�DV�ZH�QHHG�WR�DOORZ�WKH�63,�SRUW�WR�FRQWLQXH�IXQFWLRQLQJ�VR�WKDW�LW�FDQ�ILQLVK�WKH�
FRPPXQLFDWLRQ�RI�GDWD�ZKLOH� WKH�&38� LV�RII��:KHQ� WKH�&38�KDV�QR�ZRUN� WR�GR�� LQFOXGLQJ�
ZDLWLQJ� IRU� FRPPXQLFDWLRQ� WR� ILQLVK�� LW� LV� SXW� LQWR� H[WHQGHG� VWDQGE\� PRGH� GXH� WR� WKH� HQHUJ\�
VDYLQJV�RI�PRUH�WKDQ���RUGHUV�RI�PDJQLWXGH�ZKHQ�FRPSDUHG�WR�DFWLYH�PRGH�DQG�EHFDXVH�WKH�
RYHUKHDG� LQFXUUHG� LV� RQO\� DERXW� �� F\FOHV�� 7KH� H[WHQGHG� VWDQGE\� PRGH� LV� FKRVHQ� VLQFH� WKH�
WLPHU�FRXQWHU���FDQ�EH�XVHG�WR�ZDNH�WKH�V\VWHP�XS�DIWHU�D�FHUWDLQ�IL[HG�SHULRG�RI�WLPH��7KLV�LV�
QRW�SRVVLEOH�ZLWK�WKH�VWDQGE\�PRGH��7KH�SRZHU�GRZQ�DQG�SRZHU�VDYH�PRGHV�KDYH�KLJK�VWDUW�
XS�WLPHV�DQG�KHQFH�DUH�QRW�SUHIHUUHG���

7KH� 63,� LQWHUIDFH� LV� XVHG� DORQJ� ZLWK� WKH� UDGLR� PRGXOH�� WKH� &&����� IRU� ZLUHOHVV�
FRPPXQLFDWLRQ��

������&&�����5)�7UDQVFHLYHU�

7KH� &&����� LV� D� VLQJOH�FKLS� 8+)� WUDQVFHLYHU� GHVLJQHG� IRU� YHU\� ORZ� SRZHU� DQG� YHU\� ORZ�
YROWDJH�ZLUHOHVV�DSSOLFDWLRQV��7KH�FLUFXLW� LV�PDLQO\�LQWHQGHG�IRU�WKH�,60��,QGXVWULDO��6FLHQWLILF�
DQG�0HGLFDO��DQG�65'��6KRUW�5DQJH�'HYLFH��IUHTXHQF\�EDQGV�DW���������������DQG�����0+]��
EXW�FDQ�HDVLO\�EH�SURJUDPPHG�IRU�RSHUDWLRQ�DW�RWKHU�IUHTXHQFLHV�LQ�WKH����������0+]�UDQJH��
7KH� &&����� FDQ� VZLWFK� EHWZHHQ� 5HFHSWLRQ� DQG� 7UDQVPLVVLRQ� RU� EHWZHHQ� WZR� GLIIHUHQW�
IUHTXHQFLHV�LQ����� V�RU�OHVV��HQVXULQJ�DV�OLWWOH�RYHUKHDG�DV�SRVVLEOH�LQ�D�WZR�ZD\�DSSOLFDWLRQ��
7KH� IUHTXHQF\� V\QWKHVL]HU� RI� WKH� &&����� FDQ� EH� SURJUDPPHG� LQ� VWHSV� RI� ���+]� IRU� DQ\�
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IUHTXHQF\�EHWZHHQ�����0+]�DQG���*+]��WKXV�SURYLGLQJ�D�ILQH�JUDLQHG�DFFXUDF\�LQ�FRQWUROOLQJ�
WKH�FRPPXQLFDWLRQ�IUHTXHQF\��7KH�&&�����VXSSRUWV�GDWD�UDWHV�RI�XS�WR������NELWV�V���7KHUH�
DUH�RWKHU�ORZ�SRZHU�5)�WUDQVFHLYHUV�OLNH�WKH�&KLSFRQ��&&�����WKDW�VXSSRUW�KLJKHU�ELW�UDWHV�RI�
XS�WR�������NELWV�V��

������3RZHU�&KDUDFWHULVWLFV�RI�WKH�&&�����

7KH�&&�����KDV�D�YROWDJH�VXSSO\�UDQJH�RI�����9�WR�����9��DOORZLQJ�LW�WR�UXQ�RQ�WZR�VWDQGDUG�
$$�RU�$$$�EDWWHULHV��7KH�ORZ�FXUUHQW�FRQVXPSWLRQ�RI�OHVV�WKDQ����P$�DW�����0+]�DQG�����
0+]��WKH�FXUUHQW�FRQVXPSWLRQ�DW�����0+]�LV�HYHQ�ORZHU��HQDEOHV�DQ�DFWLYH�WLPH�RI�PRUH�WKDQ�
���� KRXUV� �XVLQJ� DONDOLQH� $$� FHOOV� ZLWK� D� FDSDFLW\� RI� ����� P$K� DQG� DOORZLQJ� IRU� FXUUHQW�
FRQVXPSWLRQ�E\� WKH�PLFUR�FRQWUROOHU��� ,Q�SRZHU�GRZQ�PRGH�� WKH�&&�����GUDZV� OHVV� WKDQ���
$��8OWLPDWHO\��WKLV�PHDQV�WKH�VWDQG�E\�WLPH�IRU�WKH�QRGH�LV�RQO\�OLPLWHG�E\�WKH�VKHOI�OLIH�RI�WKH�
EDWWHULHV�� � ,W� RIIHUV� JUHDW� IOH[LELOLW\� IRU� SRZHU� PDQDJHPHQW� LQ� RUGHU� WR� PHHW� VWULFW� SRZHU�
FRQVXPSWLRQ�UHTXLUHPHQWV�LQ�EDWWHU\�RSHUDWHG�DSSOLFDWLRQV��3RZHU�'RZQ�PRGH�LV�FRQWUROOHG�
WKURXJK� WKH� 0$,1� UHJLVWHU�� 7KHUH� DUH� VHSDUDWH� ELWV� WR� FRQWURO� WKH� 5HFHLYHU� SDUW�� WKH�
7UDQVPLWWHU�SDUW�� WKH� IUHTXHQF\� V\QWKHVL]HU� DQG� WKH� FU\VWDO� RVFLOODWRU��7KLV� LQGLYLGXDO� FRQWURO�
FDQ�EH�XVHG�WR�RSWLPL]H�IRU�ORZHVW�SRVVLEOH�FXUUHQW�FRQVXPSWLRQ�LQ�D�FHUWDLQ�DSSOLFDWLRQ��7KH�
FKDUDFWHULVWLFV�RI�WKH�&&�����DUH�DV�OLVWHG�EHORZ��
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�
)LJXUH������&KDUDFWHULVWLFV�RI�WKH�&&�����5)�7UDQVFHLYHU�

������3RZHU�&KDUDFWHULVWLFV�RI�WKH�QRGH�

7KH�RYHUDOO�SRZHU�XVDJH�RI�WKH�QRGH�LV�DV�VKRZQ�LQ�WKH�IROORZLQJ�JUDSKV��
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�
)LJXUH� �����&XUUHQW� FRQVXPSWLRQ� RI�QRGH� DW� I&38 �0+]�DQG�9 ��
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�
)LJXUH������&XUUHQW�FRQVXPSWLRQ�RI�QRGH�DW�I&38 ��0+]�DQG�9 ��
YROWV�

7KH�SRZHU� FRQVXPSWLRQ� RI� WKH� QRGH� LQ�P:�FDQ�EH� GHWHUPLQHG�E\�PXOWLSO\LQJ� WKH� FXUUHQW�
FRQVXPSWLRQ�VKRZQ�LQ�WKH�DERYH�JUDSKV�E\�WKH�VXSSO\�YROWDJH�RI��9��'XULQJ�WKH�SHULRG�WKDW�
WKH�0&8�LV�LQ�H[WHQGHG�VWDQGE\�PRGH��WKH�5)0�DOVR�KDV�WR�EH�LQ�VWDQGE\�LGOH�PRGH�VLQFH�LW�LV�
QRW�SRVVLEOH�IRU�WKH�QRGH�WR�EHJLQ�RU�FRQWLQXH�FRPPXQLFDWLRQ�ZKLOH�WKH�0&8�LV�LQ�H[WHQGHG�
VWDQGE\�PRGH��+HQFH�WKH�EDUV�FRUUHVSRQGLQJ�WR�WKH�FXUUHQW�FRQVXPSWLRQ�RI�WKH�QRGH�ZKLOH�
WKH�0&8�LV�LQ�H[WHQGHG�VWDQGE\�PRGH�DUH�DEVHQW�ZKHQ�WKH�5)0�LV�LQ�WUDQVPLW�UHFHLYH�PRGH��

4.2 Testing and verification of results 

Discrete Send 
(Reference)

Integrated Send 
(Test)

Message Log File 
(Reference)

Message Log File 
(Test)

Comparison A: 
Transmit Test Message

Integrated Receive 
(Test)

Discrete Receive 
(Reference)

Comparison B: Receive 
Reference Message

Comparison C: Receive 
Test Message

A: What bits are put 
on the bus and when?

B, C: When is the bus sampled?

Discrete Send 
(Reference)

Integrated Send 
(Test)

Message Log File 
(Reference)

Message Log File 
(Test)

Comparison A: 
Transmit Test Message

Integrated Receive 
(Test)

Discrete Receive 
(Reference)

Comparison B: Receive 
Reference Message

Comparison C: Receive 
Test Message

A: What bits are put 
on the bus and when?

B, C: When is the bus sampled?

�
)LJXUH������2YHUYLHZ�RI�YHULILFDWLRQ�DSSURDFK�
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,Q�RUGHU�WR�YHULI\�WKH�FRUUHFWQHVV�RI�WKH�FRGH�DIWHU�WUDQVIRUPDWLRQ�ZLWK�67,��ZH�VLPXODWHG�WKH�
LQWHJUDWHG� FRGH� ZLWK� $95� 6WXGLR� DQG� JHQHUDWHG� ORJ� ILOHV� WKDW� UHFRUG� WKH� GDWD� RXWSXW� RQ� D�
SDUWLFXODU�SRUW�DORQJ�ZLWK�WKH�WLPH�LQ�WKH�QXPEHU�RI�F\FOHV�RI�&38�WLPH�IURP�WKH�VWDUW�RI�WKH�
SURJUDP�DW�ZKLFK�WKLV�GDWD�ZDV�RXWSXW���7KH�PLFURFRQWUROOHU�LV�UXQ�DW���0+]��7KHVH�ORJ�ILOHV�
ZHUH�WKHQ�FRPSDUHG�ZLWK�NQRZQ�JRRG��UHIHUHQFH�RU�´JROGµ��ORJ�ILOHV�FUHDWHG�IURP�VLPXODWLRQV�
XVLQJ� WKH�RULJLQDO� �QRQ�LQWHJUDWHG�� FRGH��7KH� WLPLQJ�RI� WKH�FRGH� WKDW�JHQHUDWHG� WKH�JROG� ORJ�
ILOHV�KDG�EHHQ�VHW�WR�H[DFWO\�PDWFK�D�FHUWDLQ�ELW�UDWH��ZKLFK�LQ�RXU�FDVH�ZDV����NESV���

7KH� YHULILFDWLRQ� SURFHGXUH� >��@� ZH� IROORZHG� LV� DV� VKRZQ� LQ� )LJXUH� ����� &RPSDULVRQ� $�
GHWHUPLQHV�LI�WKH�WLPHV�DQG�YDOXHV�RI�WKH�VLJQDOV�WUDQVPLWWHG�E\�WKH�67,�LPSOHPHQWDWLRQ�PDWFK�
WKH� UHIHUHQFH�� ,Q� RUGHU� WR� SHUIRUP� FRPSDULVRQV� %� DQG� &�� WKH� ORJ� ILOHV� JHQHUDWHG� E\� WKH�
WUDQVPLVVLRQ� RI� GDWD� XVLQJ� WKH� 67,� LPSOHPHQWDWLRQ� DQG� WKH� UHIHUHQFH� LPSOHPHQWDWLRQ� ZDV�
LQSXW� WR� WKH� UHFHLYH� WKUHDGV� RI� ERWK� WKH� 67,� DQG� UHIHUHQFH� LPSOHPHQWDWLRQV�� $� KDUGZDUH�
GHEXJJLQJ�VLJQDO�RQ�DQ�RXWSXW�SLQ�RI�DQRWKHU�SRUW�ZDV�XVHG�WR�LQGLFDWH�WKH�EXV�VDPSOLQJ�WLPHV���
7KLV�GHEXJJLQJ�VLJQDO�LV�VLPLODU�WR�WKH�ELW�WKDW�LV�VHW�LQ�WKH�63,�VWDWXV�UHJLVWHU�ZKHQ�D�E\WH�RI�
GDWD� KDV� EHHQ� FRPSOHWHO\� UHFHLYHG� LQ� WKH� 63,� GDWD� UHJLVWHU�� 7KH� ORJ� ILOHV� JHQHUDWHG� E\� WKH�
LQWHJUDWHG� �XVLQJ�67,�� UHFHLYH� WKUHDG�DUH�QRZ�FRPSDUHG� WR� WKRVH�JHQHUDWHG�E\� WKH� UHIHUHQFH�
UHFHLYH� WKUHDG� �QRQ�67,�� GLVFUHWH�SDGGHG�� WR� GHWHUPLQH� WKH� WLPLQJ� DFFXUDF\� RI� WKH� EXV�
VDPSOLQJ�LQVWDQW�LQ�FRPSDULVRQ�%��,Q�FRPSDULVRQ�&��WKH�GDWD�UHFHLYHG�LV�DOVR�FRPSDUHG��XVLQJ�
ORJ� ILOHV�� WR� WKDW� ZKLFK� ZDV� WUDQVPLWWHG� XVLQJ� ERWK� WKH� 67,� DQG� QRQ�67,� �GLVFUHWH�SDGGHG��
YHUVLRQV�RI�WKH�WUDQVPLW�FRGH�DQG�WKH�DFFXUDF\�RI�UHFHSWLRQ�LV�YHULILHG��

4.3 Software Architecture and Design 

,Q�RUGHU�WR�GHPRQVWUDWH�DQG�YHULI\�WKH�SRZHU�VDYLQJV�IURP�XVLQJ�VRIWZDUH�WKUHDG�LQWHJUDWLRQ��D�
SDLU�RI�FRPPXQLFDWLRQ�WKUHDGV��7UDQVPLW�DQG�5HFHLYH��KDYH�EHHQ�LQWHJUDWHG�ZLWK�D�FRPPRQ�
DSSOLFDWLRQ� OLNH� GLJLWDO� ILOWHUV� WKDW� DUH� XVHG� LQ� VHQVRU� QRGHV� DV� SDUW� RI� YDULRXV� YRLFH�VRXQG�
UHFRJQLWLRQ�VFKHPHV�VXFK�DV�ZRXOG�EH�XVHG�LQ�WKH�WUDFNLQJ�RI�ELUG�FDOOV���

 

4.3.1 The Application 

7KH�GLJLWDO� ILOWHUV�WKDW�KDYH�EHHQ�LPSOHPHQWHG�KHUH�DUH�DQ��WK�RUGHU�)LQLWH�,PSXOVH�5HVSRQVH�
�),5�� ILOWHU� DQG� D� �WK� RUGHU� ,QILQLWH� ,PSXOVH� 5HVSRQVH� �,,5�� ILOWHU�� 7KHVH� ILOWHUV� KDYH� EHHQ�
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FKRVHQ� GXH� WR� WKH� IDFW� WKDW� WKH\� DUH� SDUW� RI� WKH� PRVW� FRPPRQ� LPSOHPHQWDWLRQV� RI� VRXQG�
UHFRJQLWLRQ�VFKHPHV��7KHVH�ILOWHUV�FDQ�EH�PDGH�WR�EHKDYH�OLNH�KLJK�SDVV��EDQG�SDVV�RU�ORZ�SDVV�
ILOWHUV�E\�PHUHO\�FKDQJLQJ�WKH�YDOXH�RI�WKHLU�ILOWHU�FRHIILFLHQWV��$QRWKHU�FKDUDFWHULVWLF�RI�WKHVH�
ILOWHUV� LV� WKDW�� WKH� KLJKHU� WKH� RUGHU� RI� WKH� ILOWHU�� WKH� EHWWHU� LV� WKHLU� DELOLW\� WR� ILOWHU� RXW� WKH�
XQZDQWHG�FRPSRQHQWV�RI�LWV�LQSXW�VLJQDO���

7KH� GLJLWDO� ILOWHUV� DUH� LPSOHPHQWHG� XVLQJ� IL[HG� SRLQW� DULWKPHWLF�� 7KHUH� LV� D� ODUJH� DPRXQW� RI�
IORDWLQJ�SRLQW�DULWKPHWLF�LQYROYHG�LQ�WKH�FDOFXODWLRQ�RI�WKH�ILOWHU�RXWSXW�YDOXHV��7KH�DWPHJD����
GRHV� QRW� KDYH� D�)ORDWLQJ� 3RLQW�8QLW� �)38�� RU� D� IORDWLQJ� SRLQW� FR�SURFHVVRU� DQG�KHQFH� WKLV�
DULWKPHWLF�FDQ�FDXVH�WKH�SURJUDP�WR�UXQ�H[WUHPHO\�VORZO\��8VLQJ�IL[HG�SRLQW�DULWKPHWLF�VSHHGV�
XS�WKH�H[HFXWLRQ�RI�WKH�SURJUDP�E\�DOPRVW�DQ�RUGHU�RI�PDJQLWXGH��,Q�WKLV�LPSOHPHQWDWLRQ�����
ELWV�LQ�WRWDO�DUH�XVHG�WR�UHSUHVHQW�D�UHDO�QXPEHU�����RI�ZKLFK�DUH�IRU�WKH�LQWHJHU�SRUWLRQ�DQG�WKH�
UHPDLQLQJ���� IRU� WKH� IUDFWLRQDO�SDUW��7KH�GHWDLOV� RI� VXFK� DQ� LPSOHPHQWDWLRQ� RI�GLJLWDO� ILOWHUV�
XVLQJ�IL[HG�SRLQW�DULWKPHWLF�DORQJ�ZLWK�WKH�LVVXHV�WKDW�DUH�UHTXLUHG�WR�EH�FRQVLGHUHG�LQ�VXFK�DQ�
LPSOHPHQWDWLRQ�VXFK�DV�RYHUIORZ�PD\�EH�IRXQG�LQ�$70(/·V�$95�����$SSOLFDWLRQ�1RWH�>��@���

4.3.2 The communication threads 

7KH�WUDQVPLW�DQG�UHFHLYH�WKUHDGV�XVH�WKH�6HULDO�3HULSKHUDO�,QWHUIDFH��63,��WR�VHQG�DQG�UHFHLYH�
GDWD��7KH\�DUH�UHTXLUHG�WR�VHQG�DQG�UHFHLYH�E\WHV�DW�D�FHUWDLQ�DJUHHG�XSRQ�ELW�UDWH��7KH�ELW�UDWH�
LV� IL[HG� E\� VHWWLQJ� WKH� 63,� EXV� IUHTXHQF\� DV� D� IDFWRU� RI� WKH� FORFN� IUHTXHQF\� RI� WKH� FKLS� DV�
PHQWLRQHG� HDUOLHU�� 7KH� WUDQVPLW� DQG� UHFHLYH� WKUHDGV� UXQ� RQ� WZR� GLIIHUHQW� QRGHV� DQG�
FRPPXQLFDWH�ZLWK�HDFK�RWKHU�DW�D�SUHGHWHUPLQHG�ELW�UDWH��7KH\�DUH�FDOOHG�E\�DQ�DSSOLFDWLRQ�WR�
WUDQVPLW�UHFHLYH�D�SDFNHW�WR�IURP�DQRWKHU�QRGH����

�
)LJXUH������:LUHG�,PSOHPHQWDWLRQ�RI�63,�&RPPXQLFDWLRQ�
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7KH�WUDQVPLW�QRGH�LV�FRQILJXUHG�DV�D�63,�PDVWHU�DQG�WKH�UHFHLYH�QRGH�DV�D�63,�VODYH�E\�PHDQV�
RI� GULYLQJ� D� VODYH� VHOHFW� SLQ� KLJK� IRU� D�PDVWHU� DQG� ORZ� IRU� D� VODYH�� 7KLV� DOORZV� KLJK�VSHHG�
V\QFKURQRXV�GDWD�WUDQVIHU�EHWZHHQ�WKH�$7PHJD����DQG�SHULSKHUDO�GHYLFHV�RU�EHWZHHQ�VHYHUDO�
$95�GHYLFHV��7KH�&38�XVLQJ�WKH�63,�RSHUDWHV�LQ�HLWKHU�WKH�PDVWHU�RU�VODYH�PRGH��$V�VKRZQ�LQ�
WKH�DERYH�)LJXUH����� WKHUH� DUH� IRXU� OLQHV� WKDW� FRQWURO� WKH�RSHUDWLRQ�RI�63,��7KH�63,�0DVWHU�
LQLWLDWHV�WKH�FRPPXQLFDWLRQ�F\FOH�E\�SXOOLQJ�ORZ�WKH�6ODYH�6HOHFW��66��SLQ�RI�WKH�GHVLUHG�6ODYH��
0DVWHU�DQG�6ODYH�SUHSDUH�WKH�GDWD�WR�EH�VHQW�LQ�WKHLU�UHVSHFWLYH�6KLIW�5HJLVWHUV��DQG�WKH�0DVWHU�
JHQHUDWHV�WKH�UHTXLUHG�FORFN�SXOVHV�RQ�WKH�6&.�OLQH�WR�LQWHUFKDQJH�GDWD��'DWD�LV�DOZD\V�VKLIWHG�
IURP�0DVWHU�WR�6ODYH�RQ�WKH�0DVWHU�2XW�6ODYH�,Q��026,��OLQH��DQG�IURP�6ODYH�WR�0DVWHU�RQ�WKH�
0DVWHU�,Q�6ODYH�2XW��0,62��OLQH��$IWHU�HDFK�GDWD�SDFNHW��WKH�0DVWHU�ZLOO�V\QFKURQL]H�WKH�6ODYH�
E\� SXOOLQJ� KLJK� WKH� 6ODYH� 6HOHFW� �66�� OLQH�� 7KLV� RSHUDWLRQ�� ZKHUH� WZR� ��ELW� VKLIW� UHJLVWHUV�
FRPPXQLFDWH� E\� VKLIWLQJ� GDWD� RQWR� DQG� IURP� WKH� EXV�� LV� VLPLODU� LQ� RSHUDWLRQ� WR� WKH�
VHULDOL]HU�GHVHULDOL]HU� IRXQG� RQ� VRPH� SURWRFRO� FKLSV�� 7KHUHIRUH� D� VWXG\� RI� WKH� 63,� VFKHPH�
SURYLGHV�D�JHQHULF�VROXWLRQ�WR�WKH�RSHUDWLRQ�RI�PDQ\�SURWRFRO�FRQWUROOHUV���

�
)LJXUH������:LUHOHVV�,PSOHPHQWDWLRQ�RI�63,�&RPPXQLFDWLRQ�

,Q�D�GLVWULEXWHG�HQYLURQPHQW��DV�LQ�VHQVRU�QHWZRUNV��ZKHUH�WKHUH�LV�QR�SK\VLFDO�FRQQHFWLRQ�DQG�
FRPPXQLFDWLRQ� LV� WKURXJK�WKH�ZLUHOHVV�PHGLXP��63,� LV�FRQILJXUHG�DV� IROORZV��6HSDUDWH�FORFN�
OLQHV� GULYH� WKH� 6&/.� OLQHV� RI� YDULRXV� QRGHV�� 7KHVH� FORFN� VLJQDOV� QHHG� WR� EH� JHQHUDWHG� E\�
RVFLOODWRUV� WKDW� KDYH� KLJK� IUHTXHQF\� VWDELOLW\� DQG�PDWFK� HDFK� RWKHUV� IUHTXHQF\� DV� FORVHO\� DV�
SRVVLEOH�� 7KLV� KHOSV� LQ�PDLQWDLQLQJ� V\QFKURQL]DWLRQ� EHWZHHQ� WUDQVPLWWHU� DQG� UHFHLYHU� GXULQJ�
FRPPXQLFDWLRQ��$Q\�QRGH�WKDW�WUDQVPLWV�EHFRPHV�WKH�PDVWHU�DQG�WUDQVPLWV�RQ�WKH�026,�OLQH��

Wireless Implementation 
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7KH�LQWHQGHG�UHFLSLHQW�LQ�WXUQ�SXOOV�LWV�66�OLQH�ORZ�DQG�RSHUDWHV�DV�WKH�VODYH�DQG�UHFHLYHV�RQ�WKH�
0,62��7KH�5)�0RGXOH��5)0��LV�FRQQHFWHG�WR�WKH�026,�DQG�0,62�OLQHV��&RQWURO�LV�JRYHUQHG�
E\�WKH�63,�&RQWURO�5HJLVWHU��7KH�VWDWXV�UHJLVWHU�LV�XVHG�WR�YHULI\�WKH�FXUUHQW�VWDWXV�DQG�WKH�E\WH�
WR�EH�WUDQVPLWWHG�LV�ZULWWHQ�WR�WKH�63,�GDWD�UHJLVWHU�ZKLOH�WKH�UHFHLYHG�E\WH�LV�UHDG�IURP�LW��$Q�
,65� FDQ� EH� VHWXS� WR� H[HFXWH� HDFK� WLPH� D� E\WH� LV� WUDQVPLWWHG� RU� UHFHLYHG� RU� WKH�PHWKRG� RI�
SROOLQJ�WKH�ELW�RQ�WKH�VWDWXV�UHJLVWHU�WKDW�LQGLFDWHV�WKH�UHFHLSW�RI�D�IXOO�E\WH�RI�GDWD�FDQ�EH�XVHG���

7KH�WUDQVPLVVLRQ�EHJLQV�ZKHQ�WKH�WUDQVPLWWHU�ZULWHV� LQWR�WKH�63,�'DWD�5HJLVWHU� �63'5��DQG�
HQGV�DIWHU�DOO�WKH�E\WHV�KDYH�EHHQ�VKLIWHG�RXW��7KH�6ODYH�PD\�FRQWLQXH�WR�SODFH�QHZ�GDWD�WR�EH�
VHQW�LQWR�63'5�EHIRUH�UHDGLQJ�WKH�LQFRPLQJ�GDWD��7KH�ODVW�LQFRPLQJ�E\WH�ZLOO�EH�NHSW�LQ�WKH�
EXIIHU�UHJLVWHU�IRU�ODWHU�XVH��7KH�V\VWHP�LV�VLQJOH�EXIIHUHG�LQ�WKH�WUDQVPLW�GLUHFWLRQ�DQG�GRXEOH�
EXIIHUHG�LQ�WKH�UHFHLYH�GLUHFWLRQ��7KLV�PHDQV�WKDW�E\WHV�WR�EH�WUDQVPLWWHG�FDQQRW�EH�ZULWWHQ�WR�
WKH�63,�'DWD�5HJLVWHU�EHIRUH�WKH�HQWLUH�VKLIW�F\FOH�LV�FRPSOHWHG��:KHQ�UHFHLYLQJ�GDWD��KRZHYHU��
D� UHFHLYHG�FKDUDFWHU�PXVW�EH� UHDG� IURP� WKH�63,�'DWD�5HJLVWHU�EHIRUH� WKH�QH[W� FKDUDFWHU�KDV�
EHHQ� FRPSOHWHO\� VKLIWHG� LQ��2WKHUZLVH�� WKH� ILUVW� E\WH� LV� ORVW�� ,Q�63,�6ODYH�PRGH�� WKH� FRQWURO�
ORJLF�ZLOO�VDPSOH�WKH�LQFRPLQJ�VLJQDO�RI�WKH�6&.�SLQ��7R�HQVXUH�FRUUHFW�VDPSOLQJ�RI�WKH�FORFN�
VLJQDO��WKH�IUHTXHQF\�RI�WKH�63,�FORFN�VKRXOG�QHYHU�H[FHHG�IRVF����+HUH��WKH�WLPLQJ�DFFXUDF\�LV�
YHU\�LPSRUWDQW�WR�QRW�ORVH�GDWD��7KH�KLJKHU�WKH�GDWD�UDWH��WKH�PRUH�LPSRUWDQW�WKH�DFFXUDF\�RI�
WLPLQJ�EHFRPHV��

$V�ZH�KDYH�GLVFXVVHG�HDUOLHU��67,�SURYLGHV�DFFXUDF\�LQ�WLPLQJ�LQ�DV�IDU�DV�WKH�WZR�FORFNV�RI�WKH�
WZR� QRGHV� JHQHUDWH� FORFN� VLJQDOV� WKDW� YDU\� LQ� IUHTXHQF\� IURP� HDFK� RWKHU� E\� D� YHU\� VPDOO�
QXPEHU�� 7KLV� QXPEHU� QHHGV� WR� EH� VR� VPDOO� DV� WR� QRW� FDXVH� D� GULIW� RI� D� ELW�WLPH� GXULQJ� WKH�
WUDQVPLVVLRQ�RI�D�SDFNHW���7KLV�DFFXUDF\�LV�SURYLGHG�GXH�WR�WKH�VWDWLF�VFKHGXOLQJ�WKDW�LV�EURXJKW�
DERXW�E\�WKUHDG�LQWHJUDWLRQ���

4.3.3 Integration 

,Q�RUGHU�WR�DFKLHYH�DOO�WKH�EHQHILWV�RI�XVLQJ�67,�WKDW�ZHUH�GLVFXVVHG�LQ�FKDSWHU����ZH�QHHG�WR�
LQWHJUDWH�WKH�FRPPXQLFDWLRQ�WKUHDGV�ZLWK�WKH�DSSOLFDWLRQ�WKUHDGV�VR�DV�WR�RSWLPDOO\�XVH�ERWK�
WKH�LGOH�WLPH�DQG�WLPH�DYDLODEOH�GXH�WR�HOLPLQDWLRQ�RI�LQWHUUXSW�RYHUKHDG��7KLV�LQWHJUDWLRQ�FDQ�
EH�DFKLHYHG�E\�XVLQJ�RXU�WKUHDG�LQWHJUDWRU�WRRO��7KULQW��>��@>��@��7KULQW� LV�D�SRVW�SDVV��EDFN�
HQG��FRPSLOHU�ZKLFK�UHDGV�DVVHPEO\�FRGH��SHUIRUPV�FRQWURO�IORZ��GDWD�IORZ�DQG�VWDWLF�WLPLQJ�
DQDO\VLV�� DQG� LQWHJUDWHV� WKUHDGV�� ,W� XVHV� D� KLHUDUFKLFDO� WKUHDG� UHSUHVHQWDWLRQ��ZKLFK� VLPSOLILHV�
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DQDO\VLV�DQG�WUDQVIRUPDWLRQV��$IWHU� WKH� LQLWLDO�GHJHQHUDWH� LQWHJUDWLRQ��FRPELQLQJ�WKH�FRGH�IRU�
WKH�WZR�WKUHDGV�LQWR�RQH�WKUHDG�ZLWKRXW�UHJDUG�IRU�DQ\�WLPLQJ�RU�RWKHU�LVVXHV���ZKLFK�LV�GRQH�
PDQXDOO\�� LW� PDNHV� WKUHDG� FRQWURO�IORZV� FRPSDWLEOH� WKURXJK� YDULRXV� FRGH� WUDQVIRUPDWLRQV�
�LQLWLDO� LQWHJUDWLRQ�� PRWLRQ� LQWR� FRGH�FRQGLWLRQDO�ORRS�� DV� ZHOO� DV� LQWHJUDWLRQ� RI� ORRSV� RI�
GLIIHUHQW�VSHHGV��IDVWHU�DQG�VORZHU����7KHVH�WUDQVIRUPDWLRQV�FUHDWH�DQ�LQWHJUDWHG�WKUHDG��ZKLFK�
FDQ�EH�RSWLPL]HG�IRU�H[HFXWLRQ�VSHHG��WLPLQJ�DFFXUDF\��RU�FRGH�PHPRU\�VL]H��:H�XVH�UHJLVWHU�
ILOH�SDUWLWLRQLQJ�WHFKQLTXHV�WR�VKDUH�WKH�SURFHVVRU
V�UHJLVWHU�VHW�ZLWK�D�PLQLPXP�RI�VSLOOLQJ�DQG�
ILOOLQJ�� 7KLV� LPSOHPHQWDWLRQ� KDG� OLWWOH� UHJLVWHU� SUHVVXUH�� DQG� KHQFH� GLG� QRW� KDYH� WR� IDFH� D�
SHUIRUPDQFH� SHQDOW\� IRU� WKLV�� 7KH� LQWHJUDWHG� WKUHDG� WKDW� ZDV� JHQHUDWHG� LQ� RXU� FDVH� ZDV�
RSWLPL]HG�IRU�WLPLQJ�DFFXUDF\�DV�WKDW�LV�RI�SULPH�LPSRUWDQFH�LQ�WKLV�FDVH���

)RXU� LQWHJUDWHG� WKUHDGV� ZHUH� JHQHUDWHG� DIWHU� WKH� FRPSOHWLRQ� RI� WKUHDG� LQWHJUDWLRQ� RI� WKH�
FRPPXQLFDWLRQ�WKUHDGV�ZLWK�WKH�),5�ILOWHU�DQG�WKH�,,5�ILOWHU�DSSOLFDWLRQV��

L� 5HFHLYH�WKUHDG�LQWHJUDWHG�ZLWK�WKH��WK�RUGHU�),5�GLJLWDO�ILOWHU�DSSOLFDWLRQ��

�
)LJXUH������5[�WKUHDG�LQWHJUDWHG�ZLWK��WK�RUGHU�),5�

LL� 7UDQVPLW�WKUHDG�LQWHJUDWHG�ZLWK�WKH��WK�RUGHU�),5�GLJLWDO�ILOWHU�DSSOLFDWLRQ��

�
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)LJXUH�������7[�WKUHDG�LQWHJUDWHG�ZLWK��WK�RUGHU�),5�

LLL� 5HFHLYH�WKUHDG�LQWHJUDWHG�ZLWK�WKH��WK�RUGHU�,,5�GLJLWDO�ILOWHU�DSSOLFDWLRQ��

�
)LJXUH�������5[�WKUHDG�LQWHJUDWHG�ZLWK��WK�RUGHU�,,5�

�

LY� 7UDQVPLW�WKUHDG�LQWHJUDWHG�ZLWK�WKH��WK�RUGHU�,,5�GLJLWDO�ILOWHU�DSSOLFDWLRQ��

�
)LJXUH�������7[�WKUHDG�LQWHJUDWHG�ZLWK��WK�RUGHU�,,5�

7KLV�UHVXOWV�LQ�VL[�WKUHDGV�LQ�WKH�V\VWHP�WKDW�FDQ�EH�H[HFXWHG�L�H��WKH�IRXU�LQWHJUDWHG�WKUHDGV�DQG�
WKH�WZR�XQ�LQWHJUDWHG��GLVFUHWH�SDGGHG��FRPPXQLFDWLRQ�WKUHDGV��5HFHLYH�DQG�7UDQVPLW���7KH�
XQ�LQWHJUDWHG��GLVFUHWH�SDGGHG��WKUHDGV�DUH�MXVW�WKH�WUDQVPLW�DQG�UHFHLYH�WKUHDGV�WKDW�KDYH�QRW�
EHHQ�LQWHJUDWHG�ZLWK�WKH�DSSOLFDWLRQ�WKUHDGV��7KHVH�WKUHDGV�KDYH�EHHQ�SDVVHG�WKURXJK�7KULQW�
DQG�KDYH�EHHQ�VWDWLFDOO\�VFKHGXOHG�VR�WKDW�WKH\�H[HFXWH�LQ�D�FRQWLQXRXV�ORRS�DQG�UHSHDW�DW�H[DFW�
LQWHUYDOV���7KH\�GR�QRW�XVH�LQWHUUXSWV�RU�EXV\�ZDLWLQJ�DV�WKH�QRQ�67,�LPSOHPHQWDWLRQV�GR��7KLV�
LV�GRQH�VR�WKDW�WKH�WLPLQJ�DFFXUDF\�SURYLGHG�E\�67,�LV�PDLQWDLQHG�HYHQ�ZKHQ�WKHUH�LV�QR�RWKHU�
H[WHUQDO�ZRUN�WR�EH�GRQH��7KH�LGOH�WLPH�LQ�WKHVH�WKUHDGV�LV�XVHG�PDLQO\�E\�WKH�&38�WR�JR�WR�
VOHHS��
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�
)LJXUH�������'LVFUHWH�3DGGHG�5[�WKUHDG��

�

�
)LJXUH�������'LVFUHWH�3DGGHG�7[�WKUHDG�

�

7KH� LQWHJUDWLRQ� SURFHVV� FDXVHV� D� FRGH� VL]H� H[SORVLRQ� GXH� WR� SDGGLQJ�� 7KH� FRGH� VL]H� RI� WKH�
LQWHJUDWHG�),5�7[�DQG�WKH�LQWHJUDWHG�),5�5[�WKUHDGV�LQFUHDVHV�E\�DOPRVW�����DQG�WKDW�RI�WKH�
LQWHJUDWHG�,,5�7[�DQG�WKH�LQWHJUDWHG�,,5�5[�WKUHDGV�LQFUHDVHV�E\�DERXW������

4.3.4 The System 

$Q\�V\VWHP�WKDW�FDQ�KDYH�PRUH�WKDQ�RQH�WKUHDG�RI�H[HFXWLRQ�WKDW�LV�UHDG\�WR�UXQ�DW�RQH�WLPH�
KDV�WR�KDYH�D�ZD\�RI�H[HFXWLQJ�WKHP�DOO�RQH�E\�RQH��7KLV�FDQ�EH�DFKLHYHG�HLWKHU�E\�VWDWLF�RU�
G\QDPLF� VFKHGXOLQJ�� 6WDWLF� VFKHGXOLQJ� LV� D� VFKHPH� ZKHUHLQ� WKH� RUGHU� RI� H[HFXWLRQ� RI� WKH�
WKUHDGV� LV� SUHGHWHUPLQHG� E\� WKH� GHVLJQHU� RI� WKH� V\VWHP�� '\QDPLF� VFKHGXOLQJ� LV� D� VFKHPH�
ZKHUHLQ� WKH� RUGHU� RI� H[HFXWLRQ� RI� WKH� WKUHDGV� GHSHQGV� XSRQ� FHUWDLQ� VFKHGXOLQJ� DOJRULWKPV�
LPSOHPHQWHG�E\�WKH�VFKHGXOHU��ZKLFK�PD\�EH�EDVHG�RQ�SULRULW\�DVVLJQHG�WR�WKH�WKUHDGV�RU�DV�
VLPSOH�DV�ILUVW�LQ�ILUVW�RXW��),)2��RU�DV�FRPSOH[�DV�D�SULRULW\�FHLOLQJ�EDVHG�VFKHPH��

7KLV�V\VWHP�KDV���WKUHDGV�WKDW�FDQ�SRWHQWLDOO\�EH�LQ�WKH�UHDG\�TXHXH��DV�PHQWLRQHG�DERYH���7KH�
ILOWHU�VDPSOHV�DUH�FROOHFWHG�VHSDUDWHO\�DQG�TXHXHG�XS�DV�ZRUN�IRU�WKH�GLJLWDO�ILOWHUV��7KH�ILOWHUV�
SLFN�XS�WKH�ZRUN�IURP�WKLV�TXHXH�DQG�H[HFXWH�WKHP�ZKHQ�WKH\��WKH�ILOWHUV��DUH�VFKHGXOHG��7KH�
FRPPXQLFDWLRQ�FRGH�WUDQVPLWV�DQG�UHFHLYHV�SDFNHWV�RI�GDWD�DV�SHU�WKH�QHHGV�RI�WKH�DSSOLFDWLRQ�
WKDW�LV�XVLQJ�LW��7KH�SDFNHWV�RI�GDWD�FDQ�EH�RI�YDULDEOH�OHQJWK�DV�LQGLFDWHG�E\�WKH�OHQJWK�ILHOG�LQ�
WKH�SDFNHW��7KH�SDFNHWV�DUH�HQFDSVXODWHG�E\�D�VWDUW�DQG�VWRS�ELW�WR�LQGLFDWH�WKH�EHJLQQLQJ�DQG�
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HQG� RI� WKH� SDFNHW�� 7KH� LQWHJUDWHG� FRGH� QHHGV� WR� EH� VFKHGXOHG� RQO\� ZKHQ� WKHUH� LV� ZRUN� WR�
SHUIRUP�IRU�ERWK�WKH�FRPPXQLFDWLRQ�DQG�GLJLWDO�ILOWHU�DSSOLFDWLRQ�FRGH���

�
)LJXUH�������6FKHGXOLQJ�7KUHDGV�RQ�&38�ZLWK�67,�

7KH� VFKHGXOHU� LQ� )LJXUH� ����� FKHFNV� IRU� ZKLFK� TXHXHV� KDYH� ZRUN� ZDLWLQJ� LQ� WKHP� DQG�
VFKHGXOHV� WKH� WKUHDGV� DFFRUGLQJO\�� ,I� WKHUH� LV� QR� ZRUN� WR� EH� GRQH� IRU� WKH� GLJLWDO� ILOWHU�
DSSOLFDWLRQV�� WKH�VFKHGXOHU�VFKHGXOHV� WKH�QRQ�LQWHJUDWHG��GLVFUHWH�SDGGHG��WUDQVPLW�RU�UHFHLYH�
WKUHDG�LQ�FDVH�WKHUH�LV�RQO\�FRPPXQLFDWLRQ�ZRUN�WR�EH�SHUIRUPHG��,I�WKHUH�LV�ZRUN�IRU�HLWKHU�
WKH�),5�RU�WKH�,,5�ILOWHU�DORQJ�ZLWK�FRPPXQLFDWLRQ��LW�ZLOO�VFKHGXOH�WKH�DSSURSULDWH�LQWHJUDWHG�
WKUHDG� WR� UXQ� RQ� WKH� &38�� � ,I� WKHUH� LV� QR�ZRUN� WR� EH� GRQH�� WKHQ� LW�� EHLQJ� D� SRZHU�DZDUH�
VFKHGXOHU��ZLOO�SXW�WKH�&38�LQ�D�VOHHS�PRGH�IRU�D�VKRUW��FRQILJXUDEOH�SHULRG�� LI�LW�ZLOO�VWLOO�EH�
DEOH�WR�PHHW�DOO�GHDGOLQHV�E\�GRLQJ�VR��$�SRLQW�WR�EH�QRWHG�LV�WKDW�WKH�FRPPXQLFDWLRQ�PRGXOH�
QHHGV�WR�EH�LQ�DFWLYH�PRGH�RQO\�ZKHQ�WKHUH�LV�FRPPXQLFDWLRQ�JRLQJ�RQ�DQG�LW�FDQ�JR�WR�VOHHS�
LQ�FDVH�RQO\�WKH�DSSOLFDWLRQ�LV�UXQQLQJ��,W�FDQ�JR�WR�VOHHS�RQO\�LI�E\�GRLQJ�VR��WKH�GHDGOLQH�RI�WKH�
QH[W� FRPPXQLFDWLRQ� SHULRG� ZLOO� QRW� EH� PLVVHG� L�H�� WKHUH� LV� VR� PXFK� LGOH� WLPH� IRU� WKH�
FRPPXQLFDWLRQ�PRGXOH�WKDW�LW�KDV�HQRXJK�WLPH�WR�JR�WR�VOHHS�DQG�ZDNH�XS�EHIRUH�WKH�VWDUW�RI�
WKH�QH[W�FRPPXQLFDWLRQ�SHULRG��,Q�PRVW�FDVHV�LW�GRHV�QRW�KDYH�WKDW�PXFK�LGOH�WLPH�EHWZHHQ�
WUDQVPLWWLQJ�E\WHV�RI�WKH�VDPH�SDFNHW�GXH�WR�WKH�ORQJ�VWDUWXS�WLPHV�IRU�WKH�UDGLR�PRGXOH��VR�LW�

 
CPU 

 
Scheduler 

Queued Up Work 

FIR 
Work 

IIR 
Work 

Transmit 
Work 

Receive 
Work 

Hints 

Tx-FIR Rx-FIR Tx-IIR Rx-IIR Tx Rx 

 

Threads in Ready Queue 
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ZLOO�QRW�JR�WR�VOHHS�XQWLO�WKH�ZKROH�SDFNHW�KDV�EHHQ�WUDQVPLWWHG�RU�UHFHLYHG��+RZHYHU��WKH�&38�
LWVHOI�KDV�PXFK�ORZHU�RYHUKHDGV�IRU�JRLQJ�WR�VOHHS�DQG�ZDNLQJ�XS�DQG�VR�LW�PD\�JR�WR�VOHHS�
EHWZHHQ�E\WHV�RI�WKH�VDPH�SDFNHW�LI�SRVVLEOH��:H�KDYH�QRW�LPSOHPHQWHG�WKH�VFKHGXOHU�LQ�WKLV�
WKHVLV�DV�SDUW�RI�WKH�V\VWHP�DV�VXJJHVWHG�LQ�WKLV�DUFKLWHFWXUH�DV�SDUW�RI�WKLV�WKHVLV�VLQFH�LW�LV�QRW�
JHUPDQH� WR� WKH� LGHDV� GHPRQVWUDWHG� KHUHLQ�� $� VLPLODU� VFKHPH� KDV� EHHQ� LPSOHPHQWHG� ZLWK�
$95;�LQ�>��@��

7KH�7LQ\�26�>�@>��@�VFKHGXOHU�LV�D�VLPSOH�IXQFWLRQ�TXHXH�VFKHGXOHU�WKDW�E\�GHIDXOW�VFKHGXOHV�
RQ�D�ILUVW�LQ�ILUVW�RXW��),)2��EDVLV��7KLV�FDQ�HDVLO\�EH�FKDQJHG�VR�WKDW�LW�ORRNV�XS�WKH�VWDWXV�RI�
WKH� YDULRXV� TXHXHV� LQ� ZKLFK� ZRUN� DFFXPXODWHV� DQG� VFKHGXOH� WKH� DSSURSULDWH� WKUHDG� LQ� WKH�
FRUUHFW�SRVLWLRQ�LQ�WKH�IXQFWLRQ�TXHXH��,W�LV�VLPSOH�WR�SHUIRUP�WKLV�PRGLILFDWLRQ�WR�WKH�7LQ\�26�
VFKHGXOHU�VLQFH�LW�LV�HDV\�WR�LQVHUW�DQG�UHPRYH�IXQFWLRQV��WKUHDGV��IURP�WKH�IXQFWLRQ�TXHXH�DV�
DQG�ZKHQ�UHTXLUHG�DQG�ILWV�LQ�YHU\�ZHOO�ZLWK�WKH�DUFKLWHFWXUH��7KHVH�WKUHDGV�FDQ�YHU\�HDVLO\�EH�
ILWWHG�LQWR�WKH�7LQ\�26�PRGHO�DV�PRGXOHV���

7KXV�� WKLV�DUFKLWHFWXUH�DOORZV�IRU�SHUIRUPLQJ� LQWHJUDWHG�ZRUN�VR� ORQJ�DV� WKHUH� LV�ZRUN� WR�EH�
SHUIRUPHG�E\�WKH�LQWHJUDWHG�WKUHDG�DQG�LI�WKHUH�LV�QRW��LW�ILQLVKHV�LWV�ZRUN�DQG�JRHV�WR�VOHHS��
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C h a p t e r  5   

RESULTS – ANALYSIS AND DISCUSSION 

�
�

7KH�WKHRU\�WKDW�WKH�FRQFHSWV�RI�6RIWZDUH�7KUHDG�,QWHJUDWLRQ�FDQ�EULQJ�DERXW�ODUJH�VDYLQJV�LQ�
HQHUJ\� ZDV� HYDOXDWHG� E\� DSSO\LQJ� WKRVH� FRQFHSWV� WR� WKH� V\VWHP� GLVFXVVHG� LQ� WKH� SUHYLRXV�
FKDSWHU� RQ� VRIWZDUH� DQG� KDUGZDUH� DUFKLWHFWXUH��:H� KDYH� DWWHPSWHG� WR� YHULI\� WKH� WKHRU\� E\�
PRGHOLQJ� KHUHLQ� WKH� IROORZLQJ� WZR� GHVLJQ� FULWHULD� IRU� ERWK� WKH� LQWHJUDWHG� DQG� WKH� QRQ�
LQWHJUDWHG�WKUHDG��,65�EDVHG�LPSOHPHQWDWLRQ���

�� &KDQJH�LQ�WKH�HQHUJ\�FRQVXPSWLRQ�RI�WKH�QRGH�DV�WKH�FORFN�IUHTXHQF\�FKDQJHV��

�� &KDQJH�LQ�WKH�HQHUJ\�FRQVXPSWLRQ�RI�WKH�QRGH�DV�WKH�FRPPXQLFDWLRQ�UDWH�RI�WKH�QRGH�
FKDQJHV��

:H�DVVXPH�KHUHLQ�WKDW��

¾ 7KH�0&8�FDQ�JR�WR�VOHHS��H[WHQGHG�VWDQGE\�PRGH��RQO\�ZKHQ�LW�LV�QRW�GRLQJ�DQ\�
ZRUN� L�H�� ZKHQ� WKH� &38� LV� QRW� SHUIRUPLQJ� DQ\� VHFRQGDU\� DSSOLFDWLRQ� ZRUN� RU�
H[HFXWLQJ� LQVWUXFWLRQV� IRU� FRPPXQLFDWLRQ� DQG�ZKHQ� WKH�5)0� LV�QRW�SHUIRUPLQJ�
FRPPXQLFDWLRQ�ZLWK�DQRWKHU�QRGH���

¾ 7KH�0&8�FDQ�JR�WR�DQ�LGOH�PRGH�RQO\�ZKHQ�LW� LV�QRW�H[HFXWLQJ�DQ\�LQVWUXFWLRQV��
KRZHYHU��LW�PD\�VWLOO�FRQWLQXH�WR�SHUIRUP�DQ\�RQJRLQJ�FRPPXQLFDWLRQ��

¾ 7KH�5)�WUDQVFHLYHU�FDQ�JR�WR�VOHHS�RQO\�ZKHQ�WKH�FRPPXQLFDWLRQ�ZRUN�LV�ILQLVKHG�
L�H��D�SDFNHW�KDV�EHHQ�FRPSOHWHO\�WUDQVPLWWHG��

7KH� UHVXOWV� KDYH� EHHQ� REWDLQHG� IRU� WKH� HQHUJ\� FRQVXPSWLRQ� RI� D� SDFNHW� VL]H� RI� ��� E\WHV�
�FKRVHQ�VR�DV�WR�PDWFK�WKH�SDFNHW�IRUPDW�RI�7LQ\�26�ZLWK����E\WHV�RI�GDWD���7KH�H[HFXWLRQ�RI�
WKH�VHFRQGDU\� WKUHDG�RFFXUV�EHWZHHQ� WKH� WUDQVPLVVLRQ�UHFHSWLRQ�RI�HDFK�E\WH�DQG�FRQWLQXHV�
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DIWHU�WKH�FRPPXQLFDWLRQ�SHULRG�LI�QHFHVVDU\��7KH�&&�����LV�DVVXPHG�WR�EH�WUDQVPLWWLQJ�DW�����
P:��$�SDFNHW�UDWH�RI�����SDFNHWV�SHU�VHFRQG�KDV�EHHQ�DVVXPHG��7KH�YDOXHV�IRU�WKH�DFWLYH��LGOH�
DQG� H[WHQGHG� VWDQGE\� FXUUHQWV� IRU� WKH�$WPHJD����KDYH�EHHQ� DVFHUWDLQHG� IURP� LWV� GDWDVKHHW�
>��@�� 7KH� YDOXHV� IRU� WKH� WUDQVPLW�� UHFHLYH� DQG� SRZHU�GRZQ� FXUUHQWV� RI� WKH� &&����� 5)�
WUDQVFHLYHU�KDYH�EHHQ�DVFHUWDLQHG�IURP�LWV�GDWDVKHHW�>��@���

5.1 Experimental Method 

:H�EHJDQ�ZLWK�WKH�,65�EDVHG�FRPPXQLFDWLRQ�FRGH��ZKLFK�ZDV�UXQ�DW�YDULRXV�ELW�UDWHV�RQ�WKH�
ZLUHG�LPSOHPHQWDWLRQ�RI�FRPPXQLFDWLRQ�WR�YHULI\�WKH�DFFXUDF\�RI�WKH�FRPPXQLFDWLRQ�EHWZHHQ�
WZR�QRGHV��7KH�QXPEHU�RI�&38�F\FOHV�XVHG�E\�WKH�WKUHDG� LQFOXGLQJ� LQWHUUXSW�RYHUKHDG�ZDV�
PHDVXUHG�XVLQJ� WKH� LQIRUPDWLRQ� DERXW� WKH� H[HFXWLRQ� WLPH�JLYHQ�E\� WKH� -7$*�HPXODWRU� DQG�
PXOWLSO\LQJ� LW� E\� WKH� FORFN� IUHTXHQF\�RI� WKH�0&8��7KH� DYHUDJH�RI� WKHVH�PHDVXUHPHQWV�ZDV�
WDNHQ� RYHU� VHYHUDO� UXQV� WR� PLQLPL]H� HUURU� DQG� ZDV� GXO\� UHFRUGHG�� 7KHQ�� WKH� FRGH� IRU� WKH�
LPSOHPHQWDWLRQ�RI�WKH�GLJLWDO�ILOWHUV�ZDV�ZULWWHQ�DQG�WHVWHG��7KH�FRGH�LQ�WKH�ILOWHUV�ZDV�ZULWWHQ�
ZLWK� ORRSV� XQUROOHG� WR� LQFUHDVH� LWV� SHUIRUPDQFH�� 7KH� ILOWHUV� FRHIILFLHQWV� ZHUH� GHVLJQHG� WR�
SHUIRUP�D�ORZ�SDVV��KLJK�SDVV�RU�EDQG�SDVV�ILOWHULQJ�RQ�WKH�LQSXW�ZDYHIRUP�7KH�WHVWLQJ�RI�WKH�
ILOWHUV� ZDV� SHUIRUPHG� E\� IHHGLQJ� WKH� QRGH� ZLWK� �VTXDUH� DQG� LPSXOVH�� ZDYHIRUPV� DQG�
FRPSDULQJ�WKH�LQSXW�DQG�RXWSXW�ZDYHIRUPV�ZLWK�D�GLJLWDO�RVFLOORVFRSH�WR�YHULI\�WKH�FRUUHFWQHVV�
RI�WKH�GHVLJQ�DQG�LPSOHPHQWDWLRQ�RI�WKH�ILOWHU��

�
)LJXUH� ����� &RQWURO� 'HSHQGHQFH�
JUDSK�RI�),5?,,5�WKUHDGV�

��

)LJXUH� �����&RQWURO�'HSHQGHQFH� JUDSK�
RI�WKH�5[�WKUHDG�

�

)LJXUH������&RQWURO�'HSHQGHQFH�JUDSK�RI�
WKH�7[�WKUHDG�



�

����

7KH�GLJLWDO�ILOWHUV�ZHUH�WKHQ�LQWHJUDWHG�ZLWK�WKH�FRPPXQLFDWLRQ�WKUHDGV�XVLQJ�67,�WR�JHQHUDWH�
WKH� LQWHJUDWHG� FRPPXQLFDWLRQ� WKUHDGV� DV� VKRZQ� LQ�)LJXUH� �����)LJXUH� ������)LJXUH� ����� DQG�
)LJXUH�������

7KH� FRUUHFWQHVV� RI� WKH� LQWHJUDWHG� WKUHDG� ZDV� YHULILHG� E\� VLPXODWLRQV� RQ� D� F\FOH� DFFXUDWH�
VLPXODWRU�DV�GHVFULEHG� LQ�6HFWLRQ������7KH�DFWXDO�HQHUJ\�FRQVXPSWLRQ�RI�WKH�QRGH�DW�YDULRXV�
YDOXHV� RI� 0&8� FORFN� IUHTXHQFLHV� DQG� FRPPXQLFDWLRQ� ELW�UDWHV� ZDV� GHWHUPLQHG� XVLQJ� WKH�
IROORZLQJ�LWHPV��

¾ 7KH�DFWXDO�QXPEHU�RI�F\FOHV�RI�FRPSXWDWLRQ�DQG�FRPPXQLFDWLRQ�FRGH�DIWHU�LQWHJUDWLRQ�
DV� PHDVXUHG� E\� VXPPLQJ� XS� WKH� QXPEHU� RI� F\FOHV� IRU� WKH� LQGLYLGXDO� DVVHPEO\�
LQVWUXFWLRQV�XVLQJ�WKULQW�

¾ 'DWD�RI�DFWLYH��LGOH�DQG�H[WHQGHG�VWDQGE\�FXUUHQWV�RI�WKH�$WPHJD����IURP�LWV�GDWDVKHHW�
DQG� WKH� DFWLYH� DQG�SRZHU�GRZQ� FXUUHQWV� RI� WKH�&&����� DW� ����P:� WUDQVPLW� SRZHU�
IURP�LWV�GDWDVKHHW�

¾ $Q�DVVXPHG�SDFNHW�UDWH�RI�����SDFNHWV�VHF�DQG�DQ�DVVXPHG�SDFNHW�VL]H�RI����E\WHV�

7KHVH�YDOXHV�ZHUH�WKHQ� LQVHUWHG� LQWR�D�VSUHDGVKHHW� WKDW�ZH�FUHDWHG�WR�SHUIRUP�WKH�QHFHVVDU\�
FDOFXODWLRQV�RI�WKH�WRWDO�HQHUJ\�FRQVXPHG�E\�WKH�QRGH�GXULQJ�WKH�FRPPXQLFDWLRQ�RI�D�SDFNHW��
7KH�UHVXOWV�DUH�DV�VKRZQ�LQ�WKH�IROORZLQJ�VHFWLRQ��

5.2 Experiments and Results 

7KH� ILUVW� H[SHULPHQW� LV� WR� REVHUYH� WKH� YDULDWLRQ� LQ� WKH� HQHUJ\� FRQVXPSWLRQ� RI� D� QRGH�ZLWK�
YDULDWLRQ�LQ�WKH�FORFN�IUHTXHQF\�RI�WKH�0&8�� 
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�
)LJXUH������(IIHFWV�RI�LQFUHDVLQJ�IUHTXHQF\�RQ�HQHUJ\�FRQVXPSWLRQ�

T 

At fcpu = f MHz 

At fcpu = 2*f MHz 

At fcpu = 4*f MHz 

CPU Comm. Work 

CPU Idle 
Time 

Total time for Transmitting/Receiving 1 byte  
of data by radio module 

CPU DSP Work 

Total time that the RFM needs to be active  

0

0

0 

T’\T 

T’\T 

T’ 

Time For 
Next 
Packet 

Time when CPU can be off 

Time when RFM can be off 

Time when RFM and CPU can be off 

Time when RFM can be off 

At fcpu = 8*f MHz 

At fcpu = 16*f MHz 

CPU ISR Time 

Time when CPU can be off 

T 
T’ 

T’\T 

T’\T 

T’\T 

T’\T 

Time when RFM and CPU can be off 

T = MAX (T’, (CPU cycles for DSP + CPU cycles for Communication)/fcpu) 

0-T’ ->Total Time that RFM needs to be active 
0-T  ->Total Time that CPU needs to be either active/idle 

ISR- Based 

STI Based 

ISR- Based 

ISR- Based 

STI Based 

STI Based 

(STI Based) 

(STI Based) 

'HVLJQ�3RLQW���

'HVLJQ�3RLQW���

'HVLJQ�3RLQW���

'HVLJQ�3RLQW���

0 

0 

0 

0 

0 

'HVLJQ�3RLQW���
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�

)LJXUH�����VKRZV�WKH�HIIHFWV�RI�LQFUHDVLQJ�IUHTXHQF\�RQ�WKH�HQHUJ\�FRQVXPSWLRQ�RI�D�QRGH�WKDW�
LV�FRPPXQLFDWLQJ�DW�D�IL[HG�ELW�UDWH��$V�FDQ�EH�REVHUYHG��GXH�WR�WKH�KLJK�RYHUKHDG�LQWURGXFHG�
E\�LQWHUUXSWV��,65�EDVHG�V\VWHPV�DUH�QRW�HYHQ�DEOH�WR�UXQ�XQWLO�WKH�IUHTXHQF\�LV�KLJK�HQRXJK�WR�
DOORZ� WKHP� WR� H[HFXWH�� 7KLV� LV� GXH� WR� WKH� ODUJH� QXPEHU� RI� F\FOHV� ����� F\FOHV� IRU� WKH�
WUDQVPLVVLRQ�UHFHSWLRQ�RI�D�E\WH�IRU�WKH�,65�EDVHG�URXWLQHV�FRPSDUHG�WR����F\FOHV�SHU�E\WH�IRU�
WKH�67,�EDVHG�URXWLQHV�� WKDW� WKH�,65�EDVHG�FRPPXQLFDWLRQ�URXWLQHV� WDNH� IRU�H[HFXWLRQ��7KLV�
DPRXQW� RI� LQWHUUXSW� RYHUKHDG� LV� VLPLODU� WR� WKDW� REVHUYHG� LQ� >��@�� 7KHVH� FRPPXQLFDWLRQ�
URXWLQHV�QHHG�WR�ILQLVK�H[HFXWLRQ�EHIRUH�WKH�GHDGOLQH�IRU�WKH�WUDQVPLVVLRQ�RI�WKH�QH[W�E\WH�LV�
UHDFKHG�� ,QFUHDVLQJ� WKH� IUHTXHQF\� KDVWHQV� WKH� H[HFXWLRQ� RI� WKHVH� URXWLQHV� VR� WKDW�� LQ� GXH�
FRXUVH��WKH�WLPH�WDNHQ�E\�WKHP�WR�H[HFXWH�IDOOV�EHORZ�WKDW�QHFHVVDU\�IRU�WKHP�WR�ILQLVK�EHIRUH�
WKH� GHDGOLQH� IRU� WKH� QH[W� FRPPXQLFDWLRQ� SHULRG�� +RZHYHU�� GXH� WR� WKH� ODFN� RI� LQWHUUXSW�
RYHUKHDG� LQ� WKH� 67,�EDVHG� VFKHPHV�� WKH\� DUH� DEOH� WR� WUDQVPLW� DW� WKH� VDPH� ELW�UDWH� DW�PXFK�
ORZHU�FORFN�IUHTXHQFLHV�DV�WKHUH�DUH�IDU�IHZHU�F\FOHV�WR�H[HFXWH��7KLV�OHDGV�WR�ODUJH�VDYLQJV�LQ�
HQHUJ\�� 

$V�FDQ�EH�VHHQ� LQ�)LJXUH������ WKH�0&8�FDQ�EH�GRLQJ�DQ\�RQH�RI�IRXU�WKLQJV�DW�DQ\�SRLQW� LQ�
WLPH���

�� 5XQQLQJ�WKH�FRGH�IRU�WKH�FRPPXQLFDWLRQ�URXWLQHV��RU�

�� 5XQQLQJ�WKH�FRGH�IRU�WKH�'63�URXWLQHV��),5�,,5�ILOWHUV���RU�

�� ,Q�LGOH�PRGH��RU�

�� ,Q�H[WHQGHG�VWDQGE\�PRGH���

7KH�0&8�QHHGV�WR�EH�LQ�DFWLYH�PRGH�IRU�WKH�SHULRGV�RI�WLPH�ZKHUH�LW�LV�UXQQLQJ�WKH�FRGH�IRU�
WKH�FRPPXQLFDWLRQ�RU�'63�URXWLQHV��,W�FDQ�JR�LQWR�LGOH�PRGH�RQO\�ZKHQ�LW�LV�QRW�UXQQLQJ�DQ\�
FRGH�EXW� WKH�0&8�KDV� WR� VWD\�RQ�GXH� WR� WKH�RQJRLQJ�63,�FRPPXQLFDWLRQV��7KH� LGOH�PRGH�
VKXWV�WKH�&38�RII�EXW�DOORZV�WKH�63,�WR�FRQWLQXH�UXQQLQJ�DQG�KHQFH�WKLV�DGGV�WR�WKH�HQHUJ\�
VDYLQJV�� �$IWHU� WKH�FRPSOHWLRQ�RI�WKH�63,�FRPPXQLFDWLRQV�DQG�WKH�H[HFXWLRQ�RI�FRGH�E\�WKH�
&38�� LW� FDQ� JR� LQWR� H[WHQGHG� VWDQGE\�PRGH�ZKHUH� WKH� HQHUJ\� FRQVXPSWLRQ�RI� WKH�&38� LV�
DOPRVW���RUGHUV�RI�PDJQLWXGH�ORZHU�WKDQ�WKDW�RI�DQ\�RI�WKH�RWKHU�PRGHV��7KH�ORQJHU�WKDW�WKH�



�

����

0&8�LV�LQ�H[WHQGHG�VWDQGE\�PRGH�WKH�OHVV�HQHUJ\�LW�FRQVXPHV��7KH�5)�PRGXOH��5)0��FDQ�JR�
RII�DV�VRRQ�DV�LW�KDV�ILQLVKHG�ZLWK�WKH�FRPPXQLFDWLRQ�SRUWLRQ�WR�VDYH�HQHUJ\���

$V� WKH� FORFN� IUHTXHQF\� RI� WKH�0&8� LQFUHDVHV�� HDFK� H[HFXWLRQ� F\FOH� WDNHV� OHVVHU� DPRXQW� RI�
WLPH��6R� WKH�SURFHVVLQJ� WKDW�QHHGV� WR�EH�GRQH�E\� WKH�SURFHVVRU� ILQLVKHV� VRRQHU� DQG� VRRQHU��
7KXV��WKH�,65�EDVHG�URXWLQH�LV�HYHQWXDOO\�DEOH�WR�H[HFXWH�DW�D�FHUWDLQ�IUHTXHQF\�DQG�WKH�67,�
EDVHG�URXWLQHV�VWDUW�WR�ILQLVK�WKHLU�SURFHVVLQJ�HDUOLHU�WKXV�OHDGLQJ�WR�DQ�LQFUHDVH�LQ�LGOH�WLPH���

'HVLJQ�3RLQW�����

,QLWLDOO\��DW�D�ORZ�0&8�FORFN�IUHTXHQF\��I���WKH�,65�EDVHG�WKUHDG�FDQ�QRW�HYHQ�H[HFXWH�DQG�RQO\�
WKH�67,�EDVHG�WKUHDG�LV�DEOH�WR�H[HFXWH��,GHDOO\��IRU�EHWWHU�WKURXJKSXW�DQG�VDYLQJV�LQ�HQHUJ\��WKH�
'63� FRGH� VKRXOG� EH� H[HFXWHG� GXULQJ� WKH� LGOH� WLPH� EHWZHHQ� E\WHV�ZKHUH� WKH� SURFHVVRU� KDV�
ILQLVKHG�H[HFXWLRQ�RI�WKH�FRPPXQLFDWLRQ�FRGH�DQG�LV�QRZ�ZDLWLQJ�IRU�WKH�FRPPXQLFDWLRQ�WR�
FRPSOHWH�VR�WKDW�LW�FDQ�VHQG�RXW�WKH�QH[W�E\WH�LQ�WKH�SDFNHW��+RZHYHU��DW�I�DQG�EHORZ��WKRXJK�
WKH�FRPPXQLFDWLRQ�FRGH�H[HFXWHV�ZLWKLQ�WLPH�IRU�WKH�67,�EDVHG�WKUHDG��WKH�'63�FRGH�LV�QRW�
DEOH�WR�ILQLVK�LWV�H[HFXWLRQ�E\�WKH�WLPH�WKH�FRPPXQLFDWLRQ�LV�FRPSOHWH�VR�WKH�SURFHVVRU�KDV�WR�
VWD\�LQ�DFWLYH�PRGH�IRU�WKH�HQWLUH�GXUDWLRQ�RI�WKH�FRPPXQLFDWLRQ�DQG�WKH�GXUDWLRQ�IRU�ZKLFK�LW�
LV�H[HFXWLQJ�WKH�UHPDLQGHU�RI�WKH�'63�FRGH��7KLV�OHDGV�WR�DQ�LQFUHDVH�LQ�HQHUJ\�XVDJH�RI�WKH�
QRGH�GXH�WR�WKH�IDFW�WKDW�WKH�WLPH�WKDW�WKH�QRGH�FDQ�JR�LQWR�H[WHQGHG�VWDQGE\�PRGH�LV�UHGXFHG�
E\�WKH�WLPH�7�7·�DQG�GXH�WR�WKH�DEVHQFH�RI�DQ\�LGOH�WLPH�ZLWKLQ�WKH�FRPPXQLFDWLRQ�SHULRG��$V�
WKH�ELW�UDWH�LV�FRQVWDQW�LQ�)LJXUH������WKH�WLPH�DW�ZKLFK�WKH�5)0�FDQ�JR�RII�VWD\V�LQYDULDQW�DW�
7·���,Q�)LJXUH������DOO�WKH�VDYLQJV�LQ�HQHUJ\�FRPH�IURP�WKH�DPRXQW�RI�WLPH�WKDW�WKH�QRGH�LV�LQ�
H[WHQGHG�VWDQGE\�DQG�LGOH�PRGHV���

'HVLJQ�3RLQW����

$W��
I��WKH�'63�FRGH�ILQLVKHV�MXVW�ZLWKLQ�WKH�WLPH�WKDW�WKH�QRGH�ILQLVKHV�FRPPXQLFDWLRQ��+HUH��
WKH�SURFHVVRU�LV�DEOH�WR�JR�LQWR�H[WHQGHG�VWDQGE\�PRGH�IRU�WKH�PD[LPXP�SRVVLEOH�WLPH�DW�WKH�
FKRVHQ�ELW�UDWH�DQG�SDFNHW�UDWH��7KH�PD[LPXP�OHQJWK�RI�WKLV�WLPH�LV�OLPLWHG�E\�WKH�GLIIHUHQFH�
EHWZHHQ�WKH�LQWHU�SDFNHW�WLPH�DQG�WKH�DFWXDO�WUDQVPLVVLRQ�UHFHSWLRQ�WLPH�RI�WKH�SDFNHW��ZKLFK�
LV�LQ�WXUQ��OLPLWHG�E\�WKH�ELW�UDWH���7KLV�OLPLWDWLRQ�LV�GXH�WR�WKH�IDFW�WKDW�WKH�SURFHVVRU�KDV�WR�EH�
LQ�LGOH�RU�DFWLYH�PRGHV�IRU�WKH�GXUDWLRQ�RI�WKH�WUDQVPLVVLRQ�UHFHSWLRQ�RI�WKH�SDFNHW�WR�DOORZ�
WKH�FRPPXQLFDWLRQ�WR�FRQWLQXH��$W�WKLV�IUHTXHQF\��WKH�SURFHVVRU�VWLOO�KDV�WR�VWD\�DFWLYH�IRU�WKH�
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HQWLUH� GXUDWLRQ� RI� WKH� FRPPXQLFDWLRQ� VLQFH� WKH� SURFHVVLQJ� WDNHV� XS� DOO� WKH� &38� WLPH� DQG�
KHQFH�LW�LV�QRW�SRVVLEOH�WR�JR�LQWR�LGOH�PRGH��7KH�,65�EDVHG�WKUHDG�LV�VWLOO�WRR�ORQJ�WR�UXQ�DW�
WKLV�IUHTXHQF\��

'HVLJQ�3RLQW����

$W��
I��WKH�,65�EDVHG�WKUHDG�LV�MXVW�DEOH�WR�UXQ�DQG�WKH�67,�EDVHG�WKUHDG�FRQWLQXHV�WR�UXQ��,Q�
WKH�67,�EDVHG�WKUHDG��WKH�'63�FRGH�LV�DEOH�WR�ILQLVK�PXFK�IDVWHU�WKXV�OHDYLQJ�D�ODUJH�DPRXQW�RI�
LGOH�WLPH�GXULQJ�ZKLFK�WKH�SURFHVVRU�FDQ�JR�LQWR�LGOH�PRGH�DQG�WKXV�VDYH�HQHUJ\�LQ�DGGLWLRQ�WR�
WKDW�ZKLFK�LW�DOUHDG\�VDYHV�E\�JRLQJ�LQWR�H[WHQGHG�VWDQGE\�PRGH��,Q�WKH�,65�EDVHG�WKUHDG��DOO�
WKH�FRPPXQLFDWLRQ�ZRUN�EDUHO\� ILQLVKHV� LQ� WLPH�DQG�DOO� WKH�'63�ZRUN�KDV� WR�QRZ�EH�GRQH�
DIWHUZDUGV��7KLV�OHDGV�WR�D�UHGXFWLRQ�LQ�WKH�WLPH�GXULQJ�ZKLFK�WKH�&38�FDQ�JR�LQWR�H[WHQGHG�
VWDQGE\�PRGH��ZKLFK�OHDGV�WR�DQ�LQFUHDVHG�HQHUJ\�FRQVXPSWLRQ�LQ�DGGLWLRQ�WR�WKDW�LQFXUUHG�E\�
QRW�EHLQJ�DEOH�WR�JR�LQWR�LGOH�PRGH��7KLV�OHDGV�WR�KLJKHU�HQHUJ\�FRQVXPSWLRQ�LQ�WKH�,65�EDVHG�
WKUHDG�RYHU�WKH�67,�EDVHG�WKUHDG��

'HVLJQ�3RLQW����

$W��
I��WKH�DYDLODEOH�LGOH�WLPH�LQFUHDVHV�IRU�WKH�67,�EDVHG�WKUHDG�DQG�LW�LV�DEOH�WR�JR�LQWR�LGOH�
PRGH�IRU�ORQJHU�SHULRGV�RI�WLPH��7KH�,65�EDVHG�WKUHDG�LV�QRZ�DEOH�WR�ILQLVK�LWV�SURFHVVLQJ�RI�
WKH�'63�FRGH�LQ�DGYDQFH�VR�WKDW�LW�DOVR�KDV�VRPH�LGOH�WLPH�DYDLODEOH�WR�JR�LQWR�LGOH�PRGH��+HUH�
WRR� WKH� ,65�EDVHG� LPSOHPHQWDWLRQ� XVHV�PRUH� HQHUJ\� WKDQ� WKH� 67,�EDVHG� RQH� EXW�� KHUH� WKH�
GLIIHUHQFH�EHWZHHQ�WKH�WZR�LV�UHGXFHG�GXH�WR�WKH�IDFW�WKDW�WKH�,65�EDVHG�WKUHDG�LV�QRZ�DEOH�WR�
JR�LQWR�H[WHQGHG�VWDQGE\�PRGH�IRU�DOO�RI�LWV�DYDLODEOH�VWDQGE\�WLPH�WRR�LQ�DGGLWLRQ�WR�JRLQJ�WR�
LGOH�PRGH�IRU�D�VKRUW�ZKLOH��

'HVLJQ�3RLQW����

$W� ��
I�� WKH� DYDLODEOH� LGOH� WLPH� LQFUHDVHV� IRU� ERWK� WKH� 67,�EDVHG� WKUHDG� DQG� WKH� ,65�EDVHG�
WKUHDG�DQG�ERWK�RI�WKHP�DUH�DEOH�WR�JR�LQWR�LGOH�PRGH�IRU�WKDW�GXUDWLRQ��+HUH�WKH�GLIIHUHQFH�
EHWZHHQ�WKH�WZR�HQHUJ\�FRQVXPSWLRQV�GHFUHDVHV�IXUWKHU���

+HQFH��WKH�WUHQG�WKDW�FDQ�EH�VHHQ�KHUH�LV�WKDW�DV�IUHTXHQF\�LQFUHDVHV��WKH�GLIIHUHQFH�EHWZHHQ�
WKH�HQHUJ\�FRQVXPSWLRQ�RI�D�QRGH�WKDW�UXQV�67,�EDVHG�WKUHDGV�DQG�RQH�WKDW�UXQV�,65�EDVHG�
WKUHDGV� UHGXFHV�� 7KLV� LV� GXH� WR� WKH� IDFW� WKDW� WKH� HIIHFW� RI� WKH� LQFUHDVH� LQ� H[HFXWLRQ� WLPH�
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LQWURGXFHG�E\�LQWHUUXSW�RYHUKHDG�EHFRPHV�ORZHU�DW�KLJKHU�IUHTXHQFLHV�DV�HDFK�F\FOH�H[HFXWHV�LQ�
D�VKRUWHU�DPRXQW�RI�WLPH�ZKHQ�FRPSDUHG�WR�WKH�LQWHU�E\WH�WLPH�RI�FRPPXQLFDWLRQ��+RZHYHU��
KLJKHU� IUHTXHQFLHV� OHDG� WR� KLJKHU� FXUUHQW� FRQVXPSWLRQ� IRU� WKH� DFWLYH�� LGOH� DQG� H[WHQGHG�
VWDQGE\�PRGHV�RI�WKH�SURFHVVRU�WKXV�OHDGLQJ�WR�DQ�RYHUDOO�LQFUHDVH�LQ�HQHUJ\�FRQVXPSWLRQ��

67,�EDVHG�VFKHPHV�DOORZ�WKH�SURFHVVRU�WR�UXQ�DW�D� ORZHU�IUHTXHQF\�ZKLOH� WUDQVPLWWLQJ�DW�WKH�
UHTXLUHG� ELW�UDWH� DQG� FRPSOHWLQJ� WKH� H[HFXWLRQ� RI� WKH� '63� FRGH� E\� WKH� WLPH� WKH�
FRPPXQLFDWLRQ� HQGV� VR� WKDW� LW� FDQ� JR� LQWR� H[WHQGHG� VWDQGE\� PRGH� HDUOLHU� �VXEMHFW� WR� WKH�
OLPLWDWLRQV� VWDWHG�HDUOLHU�� DQG� LQWR� LGOH�PRGH�ZKHQHYHU�SRVVLEOH��7KH�,65�EDVHG� VFKHPHV�DUH�
DEOH�WR�UXQ�RQO\�DW�KLJKHU�IUHTXHQFLHV�DQG�RQO\�PXFK�KLJKHU�IUHTXHQFLHV�DOORZ�WKHP�WR�ILQLVK�
HDUO\�HQRXJK�WR�PDNH�XVH�RI�WKH�VWDQGE\�DQG�LGOH�WLPHV��7KLV�OHDGV�WR�ODUJH�VDYLQJV�LQ�SRZHU�
DQG�HQHUJ\�IRU�WKH�67,�EDVHG�VFKHPHV�DV�FDQ�EH�VHHQ�LQ�WKH�UHVXOWV�WKDW�IROORZ��

�
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Clock Frequency Vs. Energy Consumed at 500 kbps
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Simplex Tx Energy without STI
Simplex Rx Energy without STI
Simplex Tx Energy without STI and No Idle Mode between bytes
Simplex Rx Energy without STI and No Idle Mode between bytes
Simplex Tx Energy with STI
Simplex Rx Energy with STI
Simplex Tx Energy with STI and No Idle Mode between bytes
Simplex Rx Energy with STI and No Idle Mode between bytes

�
)LJXUH������9DULDWLRQ�LQ�(QHUJ\�FRQVXPSWLRQ�ZLWK�&ORFN�)UHTXHQF\�
DW�D�ELW�UDWH�RI�����NESV�
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Clock Frequency Vs. Energy Consumed at 375 kbps
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Simplex Tx Energy without STI
Simplex Rx Energy without STI
Simplex Tx Energy without STI and No Idle Mode between bytes
Simplex Rx Energy without STI and No Idle Mode between bytes
Simplex Tx Energy with STI
Simplex Rx Energy with STI
Simplex Tx Energy with STI and No Idle Mode between bytes
Simplex Rx Energy with STI and No Idle Mode between bytes

�

)LJXUH������9DULDWLRQ�LQ�(QHUJ\�FRQVXPSWLRQ�ZLWK�&ORFN�)UHTXHQF\�
DW�D�ELW�UDWH�RI�����NESV�
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Clock Frequency Vs. Energy Consumed at 100 kbps
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Simplex Tx Energy without STI
Simplex Rx Energy without STI
Simplex Tx Energy without STI and No Idle Mode between bytes
Simplex Rx Energy without STI and No Idle Mode between bytes
Simplex Tx Energy with STI
Simplex Rx Energy with STI
Simplex Tx Energy with STI and No Idle Mode between bytes
Simplex Rx Energy with STI and No Idle Mode between bytes

�

)LJXUH������9DULDWLRQ�LQ�(QHUJ\�FRQVXPSWLRQ�ZLWK�&ORFN�)UHTXHQF\�
DW�D�ELW�UDWH�RI�����NESV�
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Clock Frequency Vs. Energy Consumed at 56 kbps
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Simplex Tx Energy without STI
Simplex Rx Energy without STI
Simplex Tx Energy without STI and No Idle Mode between bytes
Simplex Rx Energy without STI and No Idle Mode between bytes
Simplex Tx Energy with STI
Simplex Rx Energy with STI
Simplex Tx Energy with STI and No Idle Mode between bytes
Simplex Rx Energy with STI and No Idle Mode between bytes

�

)LJXUH������9DULDWLRQ�LQ�(QHUJ\�FRQVXPSWLRQ�ZLWK�&ORFN�)UHTXHQF\�
DW�D�ELW�UDWH�RI����NESV�
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7KH�JUDSKV�)LJXUH������)LJXUH������)LJXUH�����DQG�)LJXUH�����VKRZ�WKDW�WKHUH�LV�D�FRQVLGHUDEOH�
VDYLQJV�LQ�HQHUJ\�WKDW�FDQ�EH�REWDLQHG�E\�XVLQJ�67,��$OO�WKH�JUDSKV�DUH�IRU�D�FRQVWDQW�ELW�UDWH��
VR�WKH�SRZHU�VDYLQJV�WKDW�FDQ�EH�DFKLHYHG�E\�WXUQLQJ�WKH�5)0�RII�HDUO\�LV�FRQVWDQW�DFURVV�WKH�
DOO�WKH�OLQHV�LQ�D�JUDSK�DV�FDQ�EH�REVHUYHG�LQ�)LJXUH�����DQG�KHQFH�DOO�WKH�VDYLQJV�REVHUYHG�LQ�
WKH� JUDSKV� LV� GXH� WR� VDYLQJV� IURP� WKH� &38�� 7KH� PDMRU� VDYLQJV� LQ� HQHUJ\� FRPH� IURP� WKH�
VWDQGE\�WLPH�L�H��WKH�WLPH�XVHG�E\�WKH�&38�WR�JR�WR�H[WHQGHG�VWDQGE\�PRGH�GXH�WR�LWV�YHU\�ORZ�
FXUUHQW�FRQVXPSWLRQ�DQG�ORZ�LQFUHDVH�LQ�PDJQLWXGH�ZLWK�FORFN�IUHTXHQF\���

$OO�WKH�JUDSKV�VKRZ�DQ�LQLWLDO�VKDUS�GHFUHDVH�LQ�WKH�HQHUJ\�FRQVXPSWLRQ�ZLWK�WKH�LQFUHDVH�LQ�
IUHTXHQF\�IROORZHG�E\�D�SHULRG�RI�YHU\�VORZ�WR�QR�GHFUHDVH� LQ�WKH�HQHUJ\�FRQVXPSWLRQ�ZLWK�
LQFUHDVH� LQ�FORFN� IUHTXHQF\��7KLV�SKHQRPHQRQ�FDQ�EH�DWWULEXWHG� WR� WKDW� IDFW� WKDW� LQFUHDVH� LQ�
IUHTXHQF\�OHDGV�WR�D�GHFUHDVH�LQ�F\FOH�WLPH�DQG�WKLV�FDXVHV�WKH�ZRUN�WKDW�QHHGV�WR�EH�SHUIRUPHG�
E\�WKH�&38�WR�WDNH�D�VKRUWHU�DPRXQW�RI�WLPH��7KXV��PRUH�ZRUN�FDQ�EH�DFFRPSOLVKHG�LQ�WKH�
WLPH�EHWZHHQ�WKH�WUDQVPLVVLRQ�UHFHSWLRQ�RI�DQ\�WZR�E\WHV�RI�D�SDFNHW��7KLV�OHDGV�WR�OHVV�ZRUN�
WKDW�QHHGV�EH�GRQH�DIWHU�WKH�FRPSOHWLRQ�RI�FRPPXQLFDWLRQ�DQG�KHQFH�PRUH�WLPH�GXULQJ�ZKLFK�
WKH�&38�FDQ�VWD\�LQ�H[WHQGHG�VWDQGE\�PRGH�DQG�OHVV�WLPH�WKDW�LW�QHHGV�WR�VWD\�LQ�DFWLYH�PRGH��
7KLV�OHDGV�WR�HQHUJ\�VDYLQJV�IRU�WKH�QRGH���7KH�GRXEOLQJ�RI�FORFN�IUHTXHQF\�FDXVHV�WKH�ZRUN�WR�
EH�H[HFXWHG�LQ�KDOI�WKH�DPRXQW�RI�WLPH�LW�ZRXOG�WDNH�ZLWK�WKH�RULJLQDO�IUHTXHQF\��'XULQJ�WKH�
LQLWLDO�SKDVH�RI�VKDUS�GHFUHDVH��WKH�SHUFHQWDJH�RI�IUHTXHQF\�LQFUHDVH�LV�DOVR�VKDUS�L�H��WKH�ILUVW�
VWHS� RI� LQFUHDVH� RI� �� XQLW� EHWZHHQ� ��0+]� DQG� ��0+]� DPRXQWV� WR� D� GRXEOLQJ� �IDFWRU� RI� ��
LQFUHDVH��RI�WKH�IUHTXHQF\�DQG�KHQFH�KDOYLQJ�RI�WKH�QXPEHU�RI�F\FOHV�WKDW�WKH�&38�ZRUN�WDNHV�
DQG� KHQFH� WKH� HQHUJ\� FRQVXPSWLRQ� GURSV� VKDUSO\�� 7KH� QH[W� XQLW� LQFUHDVH� OHDGV� WR� D� �����
LQFUHDVH� �IDFWRU� RI� ����� LQ� WKH� IUHTXHQF\� DQG� D� FRUUHVSRQGLQJ� GURS� LQ� HQHUJ\� FRQVXPSWLRQ��
7KXV��OHW�WKH�ORZHU�IUHTXHQF\�EH�I���WKH�KLJKHU�IUHTXHQF\�EH�I���WKH�HQHUJ\�FRQVXPSWLRQ�RI�WKH�
QRGH�DW�I��EH�(��DQG�WKDW�DW�I��EH�(���WKHQ�WKH�UHODWLRQ�EHWZHHQ�WKHP�PD\�EH�GHILQHG�DV��

(��α����I�¼I��
(������

(TXDWLRQ������3URSRUWLRQDOLW\�UHODWLRQ�EHWZHHQ�HQHUJ\�FRQVXPSWLRQ�DQG�IUHTXHQF\�LQFUHDVH�
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:KHUH��N��LV�WKH�SURSRUWLRQDOLW\�FRQVWDQW�DQG�N��LV�D�FRQVWDQW�WKDW�LV�GHSHQGHQW�RQ�WKH�UDWH�RI�
LQFUHDVH�RI�WKH�DFWLYH�FXUUHQWV�ZLWK�LQFUHDVH�LQ�FORFN�IUHTXHQF\��

7KH�DERYH�HTXDWLRQV�DUH�YDOLG�RQO\�IRU�WKRVH�YDOXHV�RI�IUHTXHQFLHV�GXULQJ�ZKLFK�WKH�&38�ZRUN�
FDQ�QRW�EH�FRPSOHWHG�GXULQJ�WKH�FRPPXQLFDWLRQ�SHULRG���

$V�FDQ�EH�GHWHUPLQHG�IURP�WKH�HTXDWLRQ�WKH�GURS�LQ�HQHUJ\�FRQVXPSWLRQ�EHJLQV�WR�WDSHU�RII�DV�
WKH�YDOXH�RI����I�¼I���GHFUHDVHV�ZLWK�LQFUHDVH�LQ�WKH�YDOXHV�RI�I��DQG�I���7KLV�LV�ZKDW�LV�REVHUYHG�
LQ�WKH�JUDSKV�WLOO�WKH�SRLQW�ZKHUH�WKH�&38�ZRUN�MXVW�ILQLVKHV�E\�WKH�HQG�RI�WKH�FRPPXQLFDWLRQ�
SHULRG�� $IWHU� WKLV� SRLQW�� WKH� HQHUJ\� FRQVXPSWLRQ� EHJLQV� WR� LQFUHDVH� ZLWK� WKH� LQFUHDVH� LQ�
IUHTXHQF\��7KLV�FDQ�EH�DWWULEXWHG�WR�WKH�IDFW�WKDW�DIWHU�WKLV�SRLQW��WKH�&38�ZRUN�ILQLVKHV�EHIRUH�
WKH�HQG�RI� WKH�FRPPXQLFDWLRQ�SHULRG��7KLV� OHDYHV� VRPH�WLPH�EHWZHHQ� WUDQVPLVVLRQ�RI�E\WHV�
WKDW� LV�XQXVHG�ZKHUH� WKH�&38�FDQ�QRW� WXUQ�RII� �H[WHQGHG� VWDQGE\�PRGH��EXW�KDV� WR� VWD\� LQ�
LGOH�DFWLYH�PRGH��,I�WKH�&38�KDV�DQ�LGOH�PRGH��DV�LV�SUHVHQW�LQ�WKH�$WPHJD�����GXULQJ�ZKLFK�
WKH�FRPPXQLFDWLRQ�SURFHVV�FDQ�SURFHHG�ZKLOH�WKH�&38�LWVHOI�LV�WXUQHG�RII�WKHQ�LW�FDQ�FKRRVH�
WR�JR�LQWR�LGOH�PRGH�WR�VDYH�HQHUJ\�DQG�VZLWFK�WR�DFWLYH�PRGH�ZKHQ�QHFHVVDU\��HOVH�LW�KDV�WR�
FRQWLQXH�WR�VWD\�LQ�DFWLYH�PRGH��,Q�WKH�FDVH�RI�WKH�$WPHJD�����WKH�HQHUJ\�FRQVXPSWLRQ�LQ�WKH�
LGOH�PRGH� LV� DERXW� ����RI� WKDW� LQ� WKH� DFWLYH�PRGH� DV�RSSRVHG� WR� WKDW� LQ� H[WHQGHG� VWDQGE\�
PRGH��ZKLFK�LV�DERXW�WZR�RUGHUV�RI�PDJQLWXGH�OHVV�WKDQ�WKDW�LQ�DFWLYH�PRGH��$IWHU�WKLV�SRLQW�LQ�
WKH�JUDSKV��WKH�SHULRG�RI�WLPH�IRU�ZKLFK�WKH�&38�LV�LQ�H[WHQGHG�VWDQGE\�PRGH�VWD\V�FRQVWDQW�
DV�LW�LV�QRZ�DW�LWV�XSSHU�OLPLW�WKDW�LV�GHILQHG�E\�WKH�FRPPXQLFDWLRQ�ELW�UDWH��

0D[LPXP�6WDQGE\�WLPH� �7LPH�EHWZHHQ�WKH�FRPPHQFHPHQW�RI�WUDQVPLVVLRQ�RI�WZR�SDFNHWV�²�7LPH�WDNHQ�IRU�
FRPPXQLFDWLRQ�RI�WKH�SDFNHW���

(TXDWLRQ������0D[LPXP�6WDQGE\�7LPH�

6WDQGE\� WLPH� DW� DQ\� IUHTXHQF\�  � 7LPH� EHWZHHQ� WKH� FRPPHQFHPHQW� RI� WUDQVPLVVLRQ� RI� WZR� SDFNHWV� ²�
0D[LPXP�7LPH�WDNHQ�IRU�FRPPXQLFDWLRQ�RI�WKH�SDFNHW��7LPH�WDNHQ�E\�&38�WR�FRPSOHWH�SURFHVVLQJ���

(TXDWLRQ������6WDQGE\�7LPH�DW�DQ\�IUHTXHQF\�

)URP�WKLV�SRLQW�RQ�� WKH�GHFUHDVH�LQ�WKH�DFWLYH�SHULRG�LV�RQO\�SRVVLEOH�E\�WKH�&38�JRLQJ�LQWR�
LGOH�PRGH� LI� LW� KDV� QR� RWKHU� WDVN� WR� SHUIRUP�EHWZHHQ� WUDQVPLVVLRQ�UHFHSWLRQ� RI� E\WHV��7KH�
DPRXQW�RI�WLPH�WKDW�WKH�&38�LV�LQ�LGOH�DFWLYH�PRGH�LV�FRQVWDQW�DW�WKH�YDOXH�RI�WKH�GLIIHUHQFH�
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EHWZHHQ�WKH�LQWHU�SDFNHW�WLPH�DQG�WKH�VWDQGE\�WLPH��)RU�SURFHVVRUV�WKDW�GR�QRW�KDYH�WKH�DELOLW\�
WR�JR�LQWR�LGOH�PRGH��WKH�WRWDO�WLPH�WKDW�WKH�SURFHVVRU�KDV�WR�VWD\�LQ�DFWLYH�PRGH�LV�FRQVWDQW��
+HQFH��WKH�HQHUJ\�FRQVXPSWLRQ�RI�WKH�QRGH�QRZ�EHJLQV�WR�LQFUHDVH�ZLWK�IUHTXHQF\�GXH�WR�WKH�
LQFUHDVH� LQ� DFWLYH�FXUUHQW�ZLWK� WKH� LQFUHDVH� LQ� IUHTXHQF\��)RU�SURFHVVRUV� OLNH� WKH�$WPHJD����
WKDW�SRVVHVV�WKH�DELOLW\�WR�JR�LQWR�LGOH�PRGH��WKH�HQHUJ\�FRQVXPSWLRQ�VWLOO�FRQWLQXHV�WR�LQFUHDVH�
�DOEHLW�DW�D�ORZHU�VORSH�DV�WKH�LGOH�FXUUHQW�a �����RI�DFWLYH�FXUUHQW�IRU�WKH�DWPHJD�����VLQFH�
WKH�LGOH�FXUUHQW�RI�WKH�DWPHJD����DOVR�LQFUHDVHV�ZLWK�LQFUHDVH�LQ�FORFN�IUHTXHQF\��$OVR��ZLWK�WKH�
LQFUHDVH�LQ�IUHTXHQF\��WKH�DPRXQW�RI�WLPH�WKDW�WKH�SURFHVVRU�QHHGV�WR�VWD\�LQ�DFWLYH�PRGH��WDFWLYH��
GHFUHDVHV��ZKLFK� LQFUHDVHV� WKH� WLPH� WKDW� WKH�SURFHVVRU�QHHGV� WR� VWD\� LQ� LGOH�PRGH� �WLGOH�� VLQFH�
WDFWLYH�WLGOH �D�FRQVWDQW�DV�PHQWLRQHG�HDUOLHU��+RZHYHU��VLQFH�WKH�LGOH�FXUUHQW�LV�D� ODUJH�IUDFWLRQ�
�! �ó��RI�WKH�DFWLYH�FXUUHQW��WKH�RYHUDOO�HQHUJ\�FRQVXPSWLRQ�VWLOO� LQFUHDVHV��DOEHLW�DW�D� ORZHU�
UDWH�WKDQ�WKDW�LQ�WKH�SURFHVVRUV�WKDW�GR�QRW�KDYH�WKH�DELOLW\�WR�JR�LQWR�LGOH�PRGH���

$V�LV�HYLGHQW�IURP�WKH�JUDSKV�DV�ZHOO�DV�WKH�HTXDWLRQV��WKH�DERYH�GLVFXVVLRQ�DSSOLHV�WR�ERWK�WKH�
67,��DQG�WKH�,65��EDVHG� WKUHDGV��+RZHYHU�� WKH�67,�EDVHG� WKUHDGV�FRQVXPH�OHVV�HQHUJ\�WKDQ�
WKH�,65�EDVHG�WKUHDGV��7KLV�LV�GXH�WR�WKH�IDFW�WKDW�WKH�67,�EDVHG�WKUHDGV�DUH�DEOH�WR�UXQ�DW�D�
ORZHU�IUHTXHQF\�WKDQ�WKH�,65�EDVHG�WKUHDGV��ZKLFK�OHDGV�WR�HQHUJ\�VDYLQJV�DQG�WKDW�WKHUH�DUH�
IDU�IHZHU�F\FOHV�RI�FRPPXQLFDWLRQ�ZRUN�WKDW�QHHG�WR�EH�SHUIRUPHG�LQ�WKH�67,�EDVHG�WKUHDGV�
GXH� WR� WKH� ODFN�RI� LQWHUUXSW�RYHUKHDG� WKDW� IRUPV�D� ODUJH�SDUW�RI� WKH�F\FOHV�RI� WKH� ,65�EDVHG�
WKUHDG��7KLV� OHDGV�WR�ODUJHU�DPRXQWV�RI�LGOH�WLPH�DYDLODEOH�WR�WKH�67,�EDVHG�LPSOHPHQWDWLRQV��
7KLV�LGOH�WLPH�LV�XVHG�WR�JR�LQWR�LGOH�PRGH�WR�FRQVHUYH�HQHUJ\��$OVR��WKH�67,�EDVHG�WKUHDGV�DUH�
DEOH�WR�XVH�XS�DOO�WKH�VWDQGE\�WLPH�WR�JR�LQWR�VWDQGE\�PRGH�DQG�DUH�DEOH�WR�GR�VR�DW�DQ�HDUOLHU�
WLPH�E\�ILQLVKLQJ�WKHLU�ZRUN�ZHOO�LQ�DGYDQFH�RI�WKH�WLPH�VWLSXODWHG�IRU�WKH�FRPPXQLFDWLRQ�RI�
WKH�SDFNHW���

$� UHODWHG� LQWHUHVWLQJ�REVHUYDWLRQ� LV� WKDW� LQFUHDVLQJ� WKH�QXPEHU� RI�E\WHV�SHU� SDFNHW�ZLOO� DOVR�
LQFUHDVH� WKH� QXPEHU� RI� F\FOHV� RI� LQWHUUXSW� RYHUKHDG� SHU� SDFNHW�� ZKLFK� LV� XVHG� E\� 67,� IRU�
SHUIRUPLQJ�'63�ZRUN�DQG�VOHHS��+HQFH��LQ�WKLV�FDVH�WKH�67,�EDVHG�LPSOHPHQWDWLRQ�ZLOO�EH�DEOH�
WR�VOHHS�LQ�LGOH�PRGH�IRU�D�ORQJHU�SHULRG�RI�WLPH�WKDQ�WKH�,65�LPSOHPHQWDWLRQ��7KLV�LQFUHDVH�LQ�
WKH� DPRXQW� RI� VOHHS� ZLOO� OHDG� WR� D� ODUJHU� DPRXQW� RI� VDYLQJV� LQ� HQHUJ\� IRU� WKH� 67,�
LPSOHPHQWDWLRQ�� 7KH� VKDSH� RI� WKH� FXUYHV� ZLOO� UHPDLQ� WKH� VDPH� DV� LQ� WKH� DERYH� FDVH�� MXVW�
LQFUHDVLQJ�WKH�GLIIHUHQFH�EHWZHHQ�WKH�67,�DQG�,65�YHUVLRQV�LQ�WHUPV�RI�HQHUJ\�FRQVXPSWLRQ��
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$QRWKHU�REVHUYDWLRQ� WKDW� FDQ�EH�PDGH�E\� ORRNLQJ�DW� WKH� IRXU� ILJXUHV�)LJXUH������)LJXUH������
)LJXUH�����DQG�)LJXUH�����LV�WKDW�DV�WKH�ELW�UDWH�LQFUHDVHV��WKH�SHUFHQWDJH�RI�HQHUJ\�VDYHG�ZLWK�
67,�LQFUHDVHV��7KH�,65�DQG�WKH�67,�LPSOHPHQWDWLRQV�DUH�ERWK�UXQQLQJ�DW�WKH�VDPH�ELW�UDWHV��VR�
WKH�VDYLQJV�GXH�WR�WKH�5)0�WXUQLQJ�RII�HDUO\�DUH�WKH�VDPH�LQ�ERWK�WKH�WKUHDGV��+RZHYHU��WKH�
LQFUHDVH�LQ�ELW�UDWHV�FDXVHV�WKH�RYHUDOO�HQHUJ\�FRQVXPSWLRQ�WR�UHGXFH�GXH�WR�WKH�IDFW�WKDW�WKH�
5)0�LV�DEOH�WR�WXUQ�RII�HDUOLHU�ZLWK�KLJKHU�ELW�UDWHV��7KLV�DOVR�PHDQV�WKDW�WKH�FRPPXQLFDWLRQV�
HQG�VRRQHU�DQG�ZLWK�WKH�67,�LPSOHPHQWDWLRQV�LW�LV�SRVVLEOH�WR�HQG�WKH�SURFHVVLQJ�ZRUN�VRRQHU�
WKDQ�WKH�,65�LPSOHPHQWDWLRQV�FDQ�SRVVLEO\�GR�GXH�WR�WKH�RYHUKHDG�RI�LQWHUUXSWV��7KLV�FDXVHV�
LQFUHDVHG�VWDQGE\�WLPH�DQG�GHFUHDVHG�DFWLYH�WLPH�ZLWK�67,�LPSOHPHQWDWLRQV��ZKLFK�OHDGV�WR�D�
ORZHU�HQHUJ\�FRQVXPSWLRQ�WKDQ�WKH�,65�EDVHG�LPSOHPHQWDWLRQV�DUH�FDSDEOH�RI��2QH�WKLQJ�WR�
EHDU� LQ� PLQG� LV� WKDW� WKLV� SDUWLFXODU� SRUWLRQ� RI� HQHUJ\� VDYLQJV� LV� OLPLWHG� E\� WKH� GLIIHUHQFH�
EHWZHHQ�WKH�QXPEHU�RI�F\FOHV� WKDW� WKH�,65�EDVHG� WKUHDG�KDV�WR�H[HFXWH�DV�FRPSDUHG�WR� WKDW�
ZKLFK�WKH�67,�EDVHG�YHUVLRQ�KDV�WR�H[HFXWH��+HQFH��DV�FDQ�EH�VHHQ�LQ�WKH�JUDSKV��WKH�GLIIHUHQFH�
LQ�WKH�OHDVW�HQHUJ\�FRQVXPSWLRQV�RI�WKH�67,��DQG�,65��EDVHG�WKUHDGV��GLIIHUHQFH�EHWZHHQ�WKH�
ORZHVW�SRLQWV�LQ�WKH�JUDSKV�RI�WKH�WZR�LPSOHPHQWDWLRQV��LV�DOPRVW�FRQVWDQW�DFURVV�WKH�YDULRXV�
ELW�UDWHV�� 7KLV� GLIIHUHQFH� LV� GLUHFWO\� SURSRUWLRQDO� WR� WKH� GLIIHUHQFH� LQ� WKH� QXPEHU� RI� F\FOHV�
EHWZHHQ� WKH� WZR� LPSOHPHQWDWLRQV��+HQFH��ZLWK� WKH�GHFUHDVH� LQ�RYHUDOO� HQHUJ\� FRQVXPSWLRQ��
WKH� WRWDO� HQHUJ\� VDYLQJV� EHFRPH� D� ODUJHU� SHUFHQWDJH� RI� WKH� RYHUDOO� HQHUJ\� WKXV� OHDGLQJ� WR� D�
KLJKHU�SHUFHQWDJH�RI�HQHUJ\�VDYHG�ZLWK�KLJKHU�ELW�UDWHV��

�

7KH�VHFRQG�H[SHULPHQW�LV�WR�REVHUYH�WKH�YDULDWLRQ�LQ�WKH�HQHUJ\�FRQVXPSWLRQ�RI�WKH�QRGH�ZLWK�
FKDQJHV�LQ�WKH�ELW�UDWH�RI�FRPPXQLFDWLRQ��
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)LJXUH������(IIHFWV�RI�LQFUHDVLQJ�ELW�UDWH�RQ�HQHUJ\�FRQVXPSWLRQ�

Time 
For 
Next 
Packet�

0-T’ ->Total Time that RFM needs to be active 
0-T  ->Total Time that CPU needs to be either active/idle�

T = MAX(T’, (CPU cycles for DSP + CPU cycles for Communication)/fcpu )�

At bit-rate = 4*b 
kbps�

Time during which CPU can be off�

Time during which RFM can be off�

0 T ’� T�
(STI Based)�

'HVLJQ�3RLQW���

At bit-rate = 2*b 
kbps� Time during which RFM & CPU can 

be off�

CPU DSP Work�

CPU Comm. Work�
CPU ISR Time�

0� T\T ’�

T ’� T�

STI Based�

ISR Based�
'HVLJQ�3RLQW���

0�

At bit-rate = b 
kbps� 0� T\T ’�

T\T ’�

CPU Idle Time� Time during which RFM & CPU can be off�
STI Based�

ISR Based�
'HVLJQ�3RLQW���

CPU DSP Work�

0�

0�
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)LJXUH�����VKRZV�WKH�FKDQJH�LQ�WKH�HQHUJ\�FRQVXPSWLRQ�RI�WKH�QRGH�ZLWK�WKH�LQFUHDVH�LQ�WKH�
FRPPXQLFDWLRQ�ELW�UDWH�RI�WKH�QRGH��+HUH��VLQFH�WKH�IUHTXHQF\�RI�WKH�0&8�FORFN�LV�FRQVWDQW��
WKH�WRWDO�DPRXQW�RI�WLPH�WDNHQ�E\�WKH�&38�WR�H[HFXWH�LQVWUXFWLRQV�IRU�FRPPXQLFDWLRQ�DQG�WKH�
'63�ZRUN��WRWDO�SURFHVVLQJ�WLPH��LV�FRQVWDQW�DFURVV�DOO�WKH�ELW�UDWHV��7KXV��WKH�VDYLQJV�LQ�HQHUJ\�
LQ�WKLV�FDVH�GHSHQG�SULPDULO\�RQ��

�� 7KH�5)0���+RZ�VRRQ�FDQ�WKH�5)0�EH�WXUQHG�RII�DIWHU�FRPPXQLFDWLRQ��7·���

7KLV�LV�JRYHUQHG�E\�WKH�ELW�UDWH�RI�FRPPXQLFDWLRQ��7KH�KLJKHU�WKH�ELW�UDWH��WKH�VRRQHU�
WKH�5)0�FDQ�EH�WXUQHG�RII�DQG�WKH�JUHDWHU�LV�WKH�DPRXQW�RI�HQHUJ\�WKDW�FDQ�EH�VDYHG���

�� 7KH�&38� ��+RZ�PXFK� ORZHU� LV� WKH� WUDQVPLVVLRQ�UHFHSWLRQ� WLPH� �7·�� WKDQ� WKH� WRWDO�
SURFHVVLQJ�WLPH��7���

,I�WKH�FRPPXQLFDWLRQ�WLPH�LV�OHVVHU�WKDQ�RU�HTXDO�WR�WKH�WRWDO�SURFHVVLQJ�WLPH��WKH�&38�
KDV�WR�VWD\�LQ�DFWLYH�PRGH�IRU�WKH�HQWLUH�GXUDWLRQ�RI�WKH�WRWDO�SURFHVVLQJ�WLPH�VLQFH�WKH�
SURFHVVLQJ� WLPH� EHFRPHV� WKH� ERWWOHQHFN� LQ� WKLV� VLWXDWLRQ�� 7KH�PLQLPXP� DPRXQW� RI�
WLPH� WKDW� WKH�&38�QHHGV� WR�EH� LQ� DFWLYH�PRGH� LV� IL[HG� �VLQFH� WKH� IUHTXHQF\� DQG� WKH�
QXPEHU� RI� F\FOHV� DUH� IL[HG�� DQG� WKXV� WKH� SRZHU� FRQVXPHG�E\� WKH�&38�ZLOO� UHPDLQ�
FRQVWDQW�LQ�WKLV�FDVH��7KH�HQHUJ\�FRQVXPSWLRQ�LV�WKH�OHDVW�LQ�VXFK�D�VLWXDWLRQ�GXH�WR�WKH�
5)0�WXUQLQJ�RII�HDUO\�DQG�WKH�&38�LV�XVLQJ�WKH�PLQLPXP�DPRXQW�RI�HQHUJ\�SRVVLEOH�
VLQFH� LW�QRZ�GRHV�QRW�KDYH� WR�ZDLW� IRU� WKH�5)0�WR�FRPSOHWH�FRPPXQLFDWLRQ�� ,I� WKH�
FRPPXQLFDWLRQ� WLPH�ZHUH� WR�EH�JUHDWHU� WKDQ� WKH�SURFHVVLQJ� WLPH�� WKH�&38�FRXOG�JR�
LQWR� LGOH�PRGH� DQG� VDYH� HQHUJ\� EXW�ZRXOG� QRW� EH� DEOH� WR� JR� LQWR� H[WHQGHG� VWDQGE\�
PRGH� XQWLO� WKH� HQG� RI� FRPPXQLFDWLRQ�� VR� WKH� DPRXQW� RI� HQHUJ\� VDYHG� ZRXOG� EH�
UHGXFHG��7KH�ERWWOHQHFN�LQ�WKLV�FDVH�ZRXOG�EH�WKH�FRPPXQLFDWLRQ�WLPH�DQG�WKH�ODUJHU�
WKH� FRPPXQLFDWLRQ� WLPH�� WKH� ORQJHU� WKH� 5)0� KDV� WR� VWD\� RQ�� ZKLFK� DOVR� OHDGV� WR�
LQFUHDVHG�HQHUJ\�FRQVXPSWLRQ��

�
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'HVLJQ�3RLQW����

,Q�)LJXUH������DW�WKH�ORZ�ELW�UDWH�RI�E�NESV��WKH�FRPPXQLFDWLRQ�LV�MXVW�EHJLQQLQJ�WR�EH�SRVVLEOH�
IRU�ERWK�WKH�,65�DQG�WKH�67,�EDVHG�WKUHDGV�DV�WKH�ELW�UDWH�LV�MXVW�DERYH�WKH�PLQLPXP�ELW�UDWH�
UHTXLUHG�WR�PDLQWDLQ�WKH�VSHFLILHG�SDFNHW�UDWH��$W�WKLV�ELW�UDWH��WKH�&38�VWDQGE\�WLPH�LV�PLQLPDO�
DQG� VR� LV� WKH� DPRXQW� RI� WLPH� WKDW� WKH� 5)0� FDQ� JR� WR� VOHHS�� 7KLV�PHDQV� WKDW� WKH� &38� LV�
UHTXLUHG� WR� EH� LQ� DFWLYH� RU� LGOH�PRGH� IRU� D� ORQJ� WLPH��7KLV� OHDGV� WR� KLJKHU� FRQVXPSWLRQ�RI�
HQHUJ\�E\�WKH�QRGH��'XH�WR�WKH�ORZ�ELW�UDWH��WKH�RYHUDOO�WLPH�WDNHQ�WR�WUDQVPLW�D�SDFNHW��7·��LV�
ODUJH� DQG� VR� LV� WKH� WLPH� EHWZHHQ� WKH� H[HFXWLRQ� RI� WKH� ODVW� LQVWUXFWLRQ� E\� WKH� &38� IRU� WKH�
FRPPXQLFDWLRQ�RI�D�E\WH�DQG�WKH�ILUVW� LQVWUXFWLRQ�IRU�WKH�FRPPXQLFDWLRQ�RI�WKH�QH[W�E\WH�LQ�
WKH� SDFNHW� E\� WKH� QRGH�� 7KLV� WLPH� LV� FRPSOHWHO\� XVHG� XS� LQ� WKH� ,65�EDVHG� WKUHDG� IRU� WKH�
H[HFXWLRQ�RI�WKH�'63�ZRUN�DW�WKLV�ELW�UDWH�WKHUHE\�IRUFLQJ�WKH�&38�WR�VWD\�LQ�DFWLYH�PRGH�IRU�
WKH� HQWLUH� GXUDWLRQ� RI� WKH� FRPPXQLFDWLRQ�� 7KH� 67,�EDVHG� WKUHDG�� GXH� WR� WKH� HOLPLQDWLRQ� RI�
LQWHUUXSW� RYHUKHDG�� LV� DEOH� WR� FRPSOHWH� WKH� H[HFXWLRQ� RI� WKH�'63� ZRUN� HDUO\� DQG� XVHV� WKH�
UHPDLQLQJ�LGOH�WLPH�WR�JR�WR�LGOH�PRGH�LQ�RUGHU�WR�VDYH�HQHUJ\��'XH�WR�WKLV��WKH�HQHUJ\�XVHG�E\�
WKH�67,�EDVHG�WKUHDG�LV�PXFK�ORZHU�WKDQ�WKDW�XVHG�E\�WKH�,65�EDVHG�WKUHDG���

'HVLJQ�3RLQW����

$W�WKH�ELW�UDWH�RI��
E�NESV��WKH�5)0�QRZ�FRPSOHWHV�WUDQVPLVVLRQ�LQ�KDOI�WKH�WLPH�WKDW�LW�WRRN�
IRU�E�NESV��7KLV�DOORZV�WKH�5)0�WR�JR�WR�VOHHS�HDUOLHU�DQG�WKXV�FRQVHUYH�HQHUJ\��7KH�LQFUHDVH�
LQ�ELW�UDWH� DOVR� OHDGV� WR� WKH�GHFUHDVH� LQ� WKH� WLPH� �E\�KDOI�� EHWZHHQ� WKH� H[HFXWLRQ�RI� WKH� ODVW�
LQVWUXFWLRQ� E\� WKH� &38� IRU� WKH� FRPPXQLFDWLRQ� RI� D� E\WH� DQG� WKH� ILUVW� LQVWUXFWLRQ� IRU� WKH�
FRPPXQLFDWLRQ�RI�WKH�QH[W�E\WH�LQ�WKH�SDFNHW�E\�WKH�QRGH��+HQFH�WKH�LQVWUXFWLRQV�IRU�WKH�'63�
ZRUN�WKDW�ILQLVKHG�ZLWKLQ�WKH�FRPPXQLFDWLRQ�SHULRG�IRU�WKH�,65�EDVHG�WKUHDG�HDUOLHU�QRZ�PD\�
QRW�GR�VR�DQG�PD\�KDYH�WR�EH�H[HFXWHG�DIWHU� WKH�FRPPXQLFDWLRQ�KDV�FHDVHG��7KH�,65�EDVHG�
WKUHDG�LQ�IDFW� MXVW�ILQLVKHV�LWV�FRPPXQLFDWLRQ�ZRUN�E\�WKH�HQG�RI�WKH�FRPPXQLFDWLRQ�SHULRG�
DQG�LV�XQDEOH�WR�SHUIRUP�DQ\�'63�ZRUN�GXULQJ�WKDW�WLPH�DQG�KHQFH�KDV�WR�SRVWSRQH�LW�IRU�DIWHU�
WKH� FRPPXQLFDWLRQ�SHULRG��7KLV� LQFUHDVHV� WKH� WLPH� WKDW� WKH�&38� LV� UHTXLUHG� WR�EH� LQ� DFWLYH�
PRGH�� 7KH� 67,�EDVHG� WKUHDG� LQ� WKLV� FDVH� LV� MXVW� DEOH� WR� ILQLVK� LWV� ZRUN� E\� WKH� WLPH� WKH�
FRPPXQLFDWLRQ�LV�FRPSOHWHG��+HUH�WKH�&38�LV�DEOH�WR�JR�WR�H[WHQGHG�VWDQGE\�PRGH�DQG�WKH�
5)0�LV�DEOH�WR�JR�WR�VOHHS�DV�VRRQ�DV�WKH�FRPPXQLFDWLRQ� LV�FRPSOHWH�ZKLFK� LV�PXFK�HDUOLHU�
WKDQ� LV�SRVVLEOH� IRU� WKH�,65�EDVHG� WKUHDG�GXH� WR� LWV� ODUJH� LQWHUUXSW�RYHUKHDG��7KLV� OHDGV� WR�D�
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ODUJH�VDYLQJV�LQ�HQHUJ\�IRU�WKH�67,�EDVHG�WKUHDG�DV�WKH�&38�LV�DEOH�WR�JR�WR�H[WHQGHG�VWDQGE\�
PRGH�PXFK�HDUOLHU���

'HVLJQ�3RLQW����

$W�WKH�ELW�UDWH�RI��
E�NESV��WKH�RYHUKHDG�RI�LQWHUUXSWV�GRHV�QRW�SHUPLW�WKH�,65�EDVHG�WKUHDG�WR�
H[HFXWH� VLQFH� WKH� H[HFXWLRQ� RI� WKH� FRPPXQLFDWLRQ� LQVWUXFWLRQV� ZRXOG� WDNH� ORQJHU� WKDQ� WKH�
UHTXLUHG�FRPPXQLFDWLRQ�SHULRG�IRU�WKDW�ELW�UDWH��2QO\�WKH�67,�EDVHG�WKUHDG�LV�DEOH�WR�UXQ�KHUH��
+HUH��WKH�WLPH�WDNHQ�IRU�FRPPXQLFDWLRQ�LV�ORZHU�WKDQ�WKDW�IRU�WKH�WRWDO�ZRUN��7KH�KLJK�ELW�UDWH�
HQVXUHV�WKDW�WKH�5)0�FDQ�JR�WR�VOHHS�HDUOLHU�WKXV�VDYLQJ�HQHUJ\��7KH�&38�FDQ�JR�WR�H[WHQGHG�
VWDQGE\�PRGH�RQO\�DIWHU�WKH�FRPSOHWLRQ�RI�H[HFXWLRQ�RI�DOO�WKH�'63�ZRUN���

+HUH��WKH�SURJUHVVLRQ�RI�HYHQWV�VKRZ�WKDW�DV�WKH�ELW�UDWH�LQFUHDVHV�WKH�5)0�LV�DEOH�WR�WXUQ�RII�
HDUOLHU�DQG�VDYH�HQHUJ\��,W�DOVR�VKRZV�WKDW��DV�ELW�UDWH�LQFUHDVHV��&38�KDV�WR�ZDLW�IRU�OHVVHU�DQG�
OHVVHU� DPRXQWV� RI� WLPH� IRU� WKH� FRPPXQLFDWLRQ� WR� ILQLVK� XQWLO� D� SRLQW� LV� UHDFKHG�ZKHUH� WKH�
FRPPXQLFDWLRQ�DFWXDOO\� ILQLVKHV�EHIRUH� WKH�FRPSXWDWLRQ�GRHV��$IWHU� WKLV�SRLQW�� WKHUH� DUH�QR�
PRUH�VDYLQJV�WKDW�FDQ�EH�JDLQHG�IURP�WKH�&38�E\�LQFUHDVLQJ�ELW�UDWH��VLQFH�WKH�&38�GRHV�QRW�
KDYH�WR�ZDLW�IRU�WKH�5)0�DQ\PRUH�DQG�FDQ�JR�WR�H[WHQGHG�VWDQGE\�PRGH�DV�VRRQ�DV�LW�ILQLVKHV�
SURFHVVLQJ�H[SHGLWLRXVO\��$OO�WKH�VDYLQJV�KHUHDIWHU�FRPH�IURP�WKH�5)0�WXUQLQJ�RII�VRRQHU�GXH�
WR�LQFUHDVLQJ�ELW�UDWH���

+HQFH�� DV� ELW�UDWH� LQFUHDVHV�� WKHUH� LV� FRQVLGHUDEOH� HQHUJ\� VDYLQJV� IURP� WXUQLQJ� RII� WKH�5)0�
HDUOLHU��+LJKHU�ELW�UDWHV�DUH�QRW�SRVVLEOH�ZLWK�,65�EDVHG�VFKHPHV��KHQFH�WKH�DPRXQW�RI�HQHUJ\�
WKDW�FDQ�EH�VDYHG�E\�WXUQLQJ�WKH�5)0�RII�HDUO\�LV�OLPLWHG��7KH�67,�EDVHG�VFKHPHV�DUH�FDSDEOH�
RI�PXFK�KLJKHU�GDWD�UDWHV�DQG�KHQFH�FDQ�WXUQ�WKH�5)0�RII�PXFK�HDUOLHU�DQG�VDYH�PRUH�HQHUJ\��
%RWK�WKH�LPSOHPHQWDWLRQV��KRZHYHU��DUH�VXEMHFW�WR�D�ORZHU�OLPLW�RI�&38�HQHUJ\�FRQVXPSWLRQ�
GXH�WR�WKH�IDFW�WKDW�WKH�WLPH�WDNHQ�E\�WKH�&38�WR�FRPSOHWH�LWV�ZRUN�LV�FRQVWDQW�DV�PHQWLRQHG�
HDUOLHU���

7KH�WRWDO�WLPH�WKDW�WKH�&38�QHHGV�WR�EH�DFWLYH�LGOH�LV�JLYHQ�E\��

7� �0D[LPXP��7·��7ZRUN���ZKHUH�7ZRUN� �&38�F\FOHV�IRU�'63�DQG�FRPPXQLFDWLRQ��)UHTXHQF\�RI�WKH�FSX�

(TXDWLRQ������7RWDO�&38�DFWLYH�LGOH�WLPH�
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,I�7 �7ZRUN��WKH�&38�KDV�WR�EH�LQ�DFWLYH�PRGH�IRU�WKH�HQWLUH�GXUDWLRQ��EXW�LI�7 7·��WKH�&38�
FDQ�PRYH�WR�LGOH�PRGH�IRU�WKH�GXUDWLRQ�RI�7��7ZRUN�LQ�RUGHU�WR�VDYH�HQHUJ\��$W�KLJKHU�ELW�UDWHV��
7·�EHFRPHV�VR�VPDOO�WKDW�7 �7ZRUN�DQG�DW�ORZHU�ELW�UDWHV�7·�FDQ�EH�JUHDWHU�WKDQ�7ZRUN�DQG�WKHQ�
7 7·����

7KH� FKDUWV� EHORZ� GHPRQVWUDWH� WKH� EHKDYLRU� RI� WKH� HQHUJ\� FRQVXPSWLRQ� RI� WKH� QRGH� ZLWK�
LQFUHDVH�LQ�ELW�UDWH��
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SPI Data Rate Vs. Energy Consumed at Fcpu= 20Mhz
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�
)LJXUH� ������ 9DULDWLRQ� LQ� (QHUJ\� FRQVXPSWLRQ� ZLWK� 'DWD� 5DWH� RI�
FRPPXQLFDWLRQ�DW�D�FORFN�IUHTXHQF\�RI����0+]�



�

����

SPI Data Rate Vs. Energy Consumed at Fcpu= 14Mhz
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�
)LJXUH� ������ 9DULDWLRQ� LQ� (QHUJ\� FRQVXPSWLRQ� ZLWK� 'DWD� 5DWH� RI�
FRPPXQLFDWLRQ�DW�D�FORFN�IUHTXHQF\�RI����0+]�



�

����

SPI Data Rate Vs. Energy Consumed at Fcpu= 8Mhz
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�

)LJXUH� ������ 9DULDWLRQ� LQ� (QHUJ\� FRQVXPSWLRQ� ZLWK� 'DWD� 5DWH� RI�
FRPPXQLFDWLRQ�DW�D�FORFN�IUHTXHQF\�RI���0+]�
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,Q�)LJXUH�������)LJXUH������DQG�)LJXUH�������LW�LV�VHHQ�WKDW�WKH�HQHUJ\�FRQVXPSWLRQ�IDOOV�VKDUSO\�
ZLWK� WKH� LQFUHDVH� LQ� ELW�UDWH� LQLWLDOO\� DQG� WKHQ� EHJLQV� WR� OHYHO� RII� ODWHU��$W� ORZ� ELW�UDWHV�� WKH�
VWDQGE\�WLPH�LV�ORZ�DQG�WKH�&38�KDV�WR�VWD\�LQ�HLWKHU�DFWLYH�RU�LGOH�PRGH�IRU�D�ORQJ�SHULRG�RI�
WLPH��,I�WKH�&38�LV�RQH�WKDW�GRHV�QRW�KDYH�DQ�LGOH�VOHHS�PRGH��WKHQ�LW�KDV�WR�VWD\�LQ�WKH�DFWLYH�
PRGH�IRU�WKH�HQWLUH�GXUDWLRQ�RI�FRPPXQLFDWLRQ�VLQFH�WKH�FRPPXQLFDWLRQ�WDNHV�PXFK�ORQJHU�
WKDQ�WKH�FRPSXWDWLRQ��6XFK�D�&38�ZLOO�FRQVXPH�PRUH�HQHUJ\�WKDQ�RQH�ZLWK�LGOH�PRGH�IRU�DOO�
WKH�FDVHV�ZKHUH�WKH�FRPPXQLFDWLRQ�WDNHV�ORQJHU�WKDQ�WKH�FRPSXWDWLRQ�DQG�WKH�&38�LV�IRUFHG�
WR�ZDLW� IRU� WKH� FRPPXQLFDWLRQ� WR� FRPSOHWH� VR� WKDW� LW� FDQ� JR� LQWR� H[WHQGHG� VWDQGE\�PRGH��
+RZHYHU�� LQ�FDVHV�ZKHUH� WKH�FRPSXWDWLRQ� WLPH� LV�JUHDWHU� WKDQ� WKH�FRPPXQLFDWLRQ� WLPH�� WKH�
&38�LV�XQDEOH�WR�JR�LQWR�LGOH�PRGH�DQG�KHQFH�WKH�HQHUJ\�FRQVXPSWLRQ�FXUYHV�RI�WKH�WZR�NLQGV�
RI�&38V�DUH�LGHQWLFDO���

:LWK� WKH� GRXEOLQJ� RI� WKH� ELW�UDWH�� WKH� 5)0� LV� DEOH� WR� WXUQ� RII� DW� KDOI� WKH� WLPH� VLQFH� WKH�
FRPPXQLFDWLRQ� WDNHV� KDOI� WKH� SUHYLRXV� DPRXQW� RI� WLPH�� �7KLV� KDV� WKH� DGGLWLRQDO� HIIHFW� WKDW�
&38� QHHGV� WR� ZDLW� IRU� PXFK� OHVVHU� WLPH� IRU� WKH� FRPSOHWLRQ� RI� WKH� FRPPXQLFDWLRQ�� 7KH�
GXUDWLRQ� WKDW� WKH� 5)0� QHHGV� WR� VWD\� RQ�ZLWK� LQFUHDVH� LQ� ELW�UDWH� LV� JLYHQ� E\� WKH� IROORZLQJ�
HTXDWLRQ��

7UIPBQHZ�α������Q��
7UIPB0$;��ZKHUH�Q FXUUHQW�ELW�UDWH�OHDVW�ELW�UDWH�DQG�7UIPB0$;�LV�WKH�PD[LPXP�DPRXQW�RI�
WLPH�WKDW�WKH�5)0�QHHGV�WR�VWD\�RQ��ZKLFK�RFFXUV�DW�WKH�OHDVW�ELW�UDWH���

7UIPBQHZ� �N
�����Q��
7UIPB0$;��ZKHUH�N �SURSRUWLRQDOLW\�FRQVWDQW��

(TXDWLRQ������5HODWLRQ�EHWZHHQ�5)0�DFWLYH�WLPH�DQG�ELW�UDWH�

7KH�HQHUJ\�FRQVXPHG�LV�GLUHFWO\�SURSRUWLRQDO�WR�WKH�WLPH�WKDW�WKH�5)0�QHHGV�WR�VWD\�RQ�DQG�
WKH�GXUDWLRQ�WKDW�WKH�&38�QHHGV�WR�EH�LQ�DFWLYH�LGOH�PRGH��7KH�GXUDWLRQ�WKDW�WKH�&38�QHHGV�
WR�EH�LQ�DFWLYH�LGOH�PRGH�LV�GLUHFWO\�GHSHQGHQW�RQ�WKH�WLPH�WKDW�WKH�5)0�QHHGV�WR�VWD\�RQ�IRU�
WKH�ELW�UDWHV�DW�ZKLFK�WKH�FRPSXWDWLRQ�WLPH�LV�ORZHU�WKDQ�WKH�FRPPXQLFDWLRQ�WLPH��+HQFH��WKH�
HQHUJ\�FRQVXPSWLRQ�PD\�EH�VKRZQ�DV�IROORZV��
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(QHZ�α�N�
7UIPBQHZ���N�
�7FSXBQHZ��ZKHUH�7FSXBQHZ WLPH�WDNHQ�E\�WKH�&38�DW�WKH�LQFUHDVHG�ELW�UDWH��N���N��DUH�
FRQVWDQWV� WKDW�GHSHQG�RQ�WKH�FXUUHQW�FRQVXPSWLRQV�RI� WKH�5)0�DQG�&38�UHVSHFWLYHO\�DW� WKH�FKRVHQ�IUHTXHQF\�
DQG�WUDQVPLVVLRQ�SRZHU��

(TXDWLRQ������5HODWLRQ�EHWZHHQ�HQHUJ\�DQG�DFWLYH�WLPH�IRU�&38�DQG�
5)0�

+HQFH�� WKH� (QHZ� LQLWLDOO\� GHFUHDVHV� VKDUSO\� LQ� DQ� LQYHUVH�H[SRQHQWLDO� PDQQHU� GXH� WR� WKH�
H[SRQHQWLDO� GHFUHDVH� LQ� 7UIPBQHZ� DQG� 7FSXBQHZ�� ZKLFK� LV� GLUHFWO\� SURSRUWLRQDO� WR� WKH� YDOXH� RI�
7UIPBQHZ� ZKHQ� 7UIPBQHZ! 7FSXBQHZ�� :KHQ� 7UIPBQHZ�7FSXBQHZ�� WKH� YDOXH� RI� 7FSXBQHZ� EHFRPHV�
LQGHSHQGHQW�RI� WKH�YDOXH� RI�7UIPBQHZ� DV� H[SODLQHG� HDUOLHU��7KLV� OHDGV� WR� D� ORZHU� OLPLW�� EH\RQG�
ZKLFK�WKH�(QHZ�FDQ�QRW�GHFUHDVH��7KH�UHODWLRQ�EHWZHHQ�(QHZ�DQG�WKH�ELW�UDWH�IROORZV�DQ�LQYHUVH�
H[SRQHQWLDO�FXUYH�WKURXJKRXW�GXH�WR�LWV�GHSHQGHQF\�RQ�WKH�YDOXH�RI�7UIPBQHZ�DV�FDQ�EH�REVHUYHG�
LQ�WKH�JUDSKV��

$QRWKHU�REVHUYDWLRQ� IURP� WKHVH� JUDSKV� LV� WKDW� WKH�PD[LPXP�HQHUJ\� FRQVXPSWLRQ� VHHPV� WR�
GHFUHDVH�ZLWK�LQFUHDVH�LQ�IUHTXHQF\��ZKLFK�LV�GLIIHUHQW�IURP�WKDW�ZKLFK�LV�VHHQ�LQ�WKH�SUHYLRXV�
VHW�RI�UHVXOWV��7KLV�LOOXVLRQ�LV�GXH�WR�WKH�IDFW�WKDW�WKH�ELW�UDWHV�RQ�WKH�;�D[LV�RI�WKH�JUDSKV�VKRZV�
WKH�ELW�UDWHV�DV�D�PXOWLSOH�RI�WKH�FORFN�IUHTXHQF\�DQG�WKH�YDOXH�RI������IRU�WKH�63,�EXV�UDWH�LV�
DFWXDOO\�D�PXFK�KLJKHU�ELW�UDWH�IRU�IFSX ���0+]�WKDQ�IRU�IFSX ��0+]��:H�KDYH�VHHQ�WKDW�WKH�
HQHUJ\�FRQVXPHG�GURSV�LQYHUVH�H[SRQHQWLDOO\�ZLWK�WKH�LQFUHDVH�LQ�ELW�UDWH��ZKLFK�LV�WKH�VDPH�
SKHQRPHQRQ�WKDW�FDQ�EH�VHHQ�KHUH��

7KH�DPRXQW�RI�HQHUJ\�FRQVXPHG�E\�WKH�67,�EDVHG�WKUHDG�LV�DOZD\V�ORZHU�WKDQ�WKDW�FRQVXPHG�
E\�WKH�,65�EDVHG�WKUHDG�GXH�WR�WKH�ODUJHU�QXPEHU�RI�F\FOHV�WKDW�WKH�,65�EDVHG�WKUHDGV�QHHG�WR�
H[HFXWH�WR�DFKLHYH�WKH�VDPH�UHVXOW�DV�WKH�67,�EDVHG�WKUHDG���

,W� LV� DOVR�REYLRXV� IURP� WKHVH�JUDSKV� WKDW� WKH�67,�EDVHG� V\VWHP� LV� FDSDEOH�RI� D�PXFK�KLJKHU�
FRPPXQLFDWLRQ�UDWH�WKDQ�WKH�,65�EDVHG�WKUHDG�DQG�WKLV�FDQ�EH�XVHG�WR�WXUQ�WKH�5)0�RII�PXFK�
HDUOLHU�DQG�DFKLHYH�YHU\�VXEVWDQWLDO�VDYLQJV�LQ�HQHUJ\���

�

�
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C h a p t e r  6   

CONCLUSIONS AND FUTURE WORK 

�
�

6.1 Conclusions 

,Q�WKLV�WKHVLV�ZH�KDYH�VHHQ�WKDW�LW�LV�SRVVLEOH�ZLWK�67,�WR�FDXVH�D�VLJQLILFDQW�UHGXFWLRQ�LQ�HQHUJ\�
FRQVXPSWLRQ�RI�D�VHQVRU�QRGH�ZKHQ�FRPSDUHG�WR�WKDW�RI�WKH�FXUUHQW�LPSOHPHQWDWLRQV�XVLQJ�
,65V��67,�DOORZV�IRU�FRPPXQLFDWLRQ�DW�KLJK�ELW�UDWHV�DQG�WKXV�ORZ�HQHUJ\�FRQVXPSWLRQ�GXH�WR�
WKH�5)0�WXUQLQJ�RII�HDUO\��7KLV�ZKHQ�WDNHQ�DORQJ�ZLWK�WKH�HOLPLQDWLRQ�RI�LQWHUUXSW�RYHUKHDG�
OHDGV�WR�IXUWKHU�VDYLQJV�LQ�HQHUJ\��67,�PDNHV�LW�SRVVLEOH�IRU�D�QRGH�WR�SURGXFH�WKH�VDPH�UHVXOWV�
DV�DQ� ,65�EDVHG�YHUVLRQ�ZKLOH� UXQQLQJ�DW�D�PXFK� ORZHU� IUHTXHQF\�GXH� WR� WKH�HOLPLQDWLRQ�RI�
LQWHUUXSW�RYHUKHDG��7KH�QRGH�FRQVXPHV�PXFK�OHVV�HQHUJ\�ZKHQ�UXQQLQJ�DW�ORZHU�IUHTXHQFLHV��
6LQFH� ERWK� WKH� LGOH� DQG� DFWLYH� FXUUHQWV� RI� WKH� &38� LQFUHDVH� ZLWK� WKH� LQFUHDVH� LQ� FORFN�
IUHTXHQF\��DV�LV�VKRZQ�LQ�WKH�JUDSKV��&ORFN�)UHTXHQF\�YV��(QHUJ\�&RQVXPHG���WKHUH�LV�D�SRLQW�
ZKHUH�WKH�QRGH�FRQVXPHV�WKH� OHDVW�DPRXQW�RI�HQHUJ\��7KH�HQHUJ\�FRQVXPSWLRQ�RI�WKH�QRGH�
EHIRUH�DQG�DIWHU�WKLV�SRLQW�LV�KLJKHU�WKDQ�LW�LV�DW�WKLV�SRLQW��7KLV�SRLQW�PDQLIHVWV�LWVHOI�ZKHQ�WKH�
FRPSXWDWLRQ� WLPH� ILWV� H[DFWO\�ZLWKLQ� WKH� LGOH� WLPH�RI� WKH� FRPPXQLFDWLRQ��QRW�PRUH� DQG�QRW�
OHVV��7KLV�SRLQW�LV�PXFK�ORZHU�IRU�WKH�67,�EDVHG�WKUHDGV�WKDQ�WKH�,65�EDVHG�WKUHDGV�DQG�WKLV�
RSWLPXP�FORFN�IUHTXHQF\�LV�ZKDW�WKH�QRGHV�VKRXOG�DWWHPSW�WR�UXQ�DW���

$OVR�REVHUYDEOH� LV� WKDW� WKH� HQHUJ\� FRQVXPSWLRQ�GHFUHDVHV�ZLWK� LQFUHDVH� LQ�ELW�UDWH� �63,�%XV�
5DWH� YV�� (QHUJ\� &RQVXPHG�� DQG� WKDW� WKLV� GHFUHDVH� IROORZV� DQ� H[SRQHQWLDO� FXUYH�ZKHUH� WKH�
SHUFHQWDJH�RI�GHFUHDVH�LQ�HQHUJ\�FRQVXPSWLRQ�UHGXFHV�DV�WKH�IUHTXHQF\�FRQWLQXHV�WR�LQFUHDVH��
7KH�NQHH�RI�WKLV�FXUYH�ZKHUH�WKH�VKDUS�GURS�HQGV�LV�WKH�RSWLPDO�ELW�UDWH���

7KXV��LW�LV�SRVVLEOH�WR�FKRRVH�D�FRPELQDWLRQ�RI�WKH�RSWLPXP�IUHTXHQF\�IRU�WKLV�RSWLPXP�ELW�
UDWH�DW�ZKLFK�WKH�QRGH�FRQVXPHV�WKH�OHDVW�DPRXQW�RI�HQHUJ\��7KLV�SRLQW�LV�PXFK�ORZHU�IRU�WKH�
67,�EDVHG� QRGHV� WKDQ� WKH� ,65�EDVHG� QRGHV�� $OVR�� WKH� GLIIHUHQFH� EHWZHHQ� WKH� HQHUJ\�
FRQVXPSWLRQV�RI�WKH�,65�EDVHG�DQG�67,�EDVHG�QRGHV�LQFUHDVHV�HYHQ�IXUWKHU�LI�D�KLJKHU�SDFNHW�
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VL]H� LV� FKRVHQ� VLQFH� WKH�DPRXQW�RI� ,65�RYHUKHDG� LQFUHDVHV�ZLWK� WKH�QXPEHU�RI�E\WHV� LQ� WKH�
SDFNHW��

6.2 Future Work 

7KH�IXQFWLRQ�RI�D�GLVWULEXWHG�ZLUHOHVV� VHQVRU�QRGH�FRPSULVHV�RI�PDQ\�WDVNV��QRW�WKH� OHDVW�RI�
ZKLFK� DUH� URXWLQJ� XSGDWHV�� VHOI�UHFRQILJXUDWLRQ� UHODWHG� WDVNV� OLNH� HOHFWLRQ� RI� FOXVWHU� KHDGV��
FROODERUDWLYH� VLJQDO� SURFHVVLQJ��ZKLFK� UHGXFHV� WKH� VLJQDO� SURFHVVLQJ� ORDG� RQ� D� VLQJOH� VHQVRU��
SHULRGLF�VDPSOLQJ�RI�YDULRXV�VHQVRUV�OLNH�DFRXVWLF��VHLVPLF��LQIUDUHG��VWLOO�PRWLRQ�YLGHR�FDPHUD��
HWF���SHULRGLF�FRPPXQLFDWLRQ�RI� WDVN� UHVXOWV�DQG�PRUH��2I� WKHVH�PDQ\�RI� WKHP�DUH� UHDO�WLPH�
WDVNV� VXFK� DV� VHQVRU� VDPSOLQJ� DQG� RWKHUV� DUH� QRQ�UHDO� WLPH� WDVNV� OLNH� SURFHVVLQJ� URXWLQJ�
XSGDWHV�ZKLFK�FDQ�EH�TXHXHG�DQG�SURFHVVHG��6XFK�D�FRPELQDWLRQ�RI� UHDO�WLPH�DQG�QRQ�UHDO�
WLPH�LV�FRQGXFLYH�WR�WKH�XVH�RI�67,��67,�PD\�EH�DSSOLHG�WR�DV�PDQ\�RI�WKHVH�WDVNV�DV�SRVVLEOH�
DQG�WKH�HQHUJ\�FRQVXPSWLRQ�RI�VXFK�D�FRPSOHWHO\�67,�EDVHG�QRGH�VKRXOG�EH�HYDOXDWHG�ZLWK�
WKDW�RI�DQ� ,65�EDVHG�QRGH�DQG� WKH�HQHUJ\�VDYLQJV�EH� UHFRUGHG��7KLV�HYDOXDWLRQ�ZLOO�JLYH� WKH�
FRPSOHWH�SLFWXUH�RI�WKH�DPRXQW�RI�HQHUJ\�WKDW�FDQ�EH�VDYHG�ZLWK�67,�DQG�WKH�LQFUHDVH�LQ�WKH�
ORQJHYLW\�RI�WKH�QRGH�DQG�WKH�VHQVRU�QHWZRUN�GXH�WR�67,��7KH�UHVXOWV�DQG�JUDSKV�SUHVHQWHG�LQ�
WKLV�WKHVLV�PD\�EH�XVHG�DV�D�EDVLV�WR�HQYLVDJH�WKH�RXWFRPH�RI�DQG�WR�SODQ�WKLV�H[SHULPHQW��
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