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,1752'8&7,21

&RPPXQLFDWLRQ� V\VWHPV� DUH� FKDQJLQJ� DW� DQ� XQSUHFHGHQWHG� UDWH�� � 7KH� H[SORVLRQ� LQ� ZLUHOHVV
FHOOXODU� FRPPXQLFDWLRQ� LV� D� FDVH� LQ� SRLQW�� � 7KHUH� DOVR� DSSHDUV� WR� EH� QR� VWRSSLQJ� DV� VDWHOOLWH
EDVHG� V\VWHPV� DUH� DOUHDG\� RQ� WKH� GUDZLQJ� ERDUG�� � ,Q� IDFW�� VRPH� ZLOO� EH� GHSOR\HG� DQG
RSHUDWLRQDO� EHIRUH� WKH� HQG� RI� WKH� GHFDGH�� � 1R� ORQJHU�ZLOO� D� XVHU� EH� WLHG� WR� VSDUVHO\� VSDFHG
KLJKZD\�FHOO�VLWHV�

7KH�ZLUHOHVV�PHGLXP� LV� D� VFDUFH� DQG� SUHFLRXV� UHVRXUFH�� � ,W� LV� LPSHUDWLYH� WKDW�ZH�PDQDJH� LW
ZLVHO\�DQG�XVH�WHFKQRORJ\�WKDW�ZLOO�DLG�LQ�LWV�HIILFLHQW�XVH���:KLOH�8+)������WR�������0+]��DQG
69+)� ��� *+]� WR� ��� *+]�� DPSOLILHUV�� KDYH� DGYDQFHG� VXIILFLHQWO\� WR� DOORZ� XV� WR� H[SDQG� WKH
XSSHU�HQG�RI�WKH�XVHIXO�VSHFWUXP��WKH�5)�VSHFWUXP�LV�QRW�XQOLPLWHG���5)�HQJLQHHUV�KDYH�SXVKHG
WKH� XSSHU� HQG� RI� WKH� XVHIXO� VSHFWUXP� WR� ��� �� ��� *+]� DQG� EH\RQG�� � +RZHYHU�� ZH� DUH
DSSURDFKLQJ� WKH� XSSHU� OLPLW� RI� WKH� XVHIXO� VSHFWUXP�� � 6XUSULVLQJO\�� WKDW� OLPLW� LV� WKH�PHGLXP
LWVHOI���7KH�DWPRVSKHUH�LV�HIIHFWLYHO\�WUDQVSDUHQW�DW�IUHTXHQFLHV�EHORZ����*+]���%HWZHHQ����*+]
DQG� ���� *+]�� DWPRVSKHULF� DWWHQXDWLRQ� YDULHV� IURP� ����� WR� ��� G%�NP�� � %HORZ� ���� *+]�� WKH
DWWHQXDWLRQ� LV� OHVV� WKDQ� �� G%�NP�� DQ� DFFHSWDEOH� ORVV� IRU�PRVW� DSSOLFDWLRQV���� � %XW� DERYH� ���
*+]��ORVVHV�LQ�WKH�PHGLXP�PDNH�PRVW�DSSOLFDWLRQV�LPSUDFWLFDO���)RU�WKH�IRUHVHHDEOH�IXWXUH�����
*+]�LV�WKH�XSSHU�OLPLW�RI�WKH�XVHIXO�5)�VSHFWUXP�

,Q�OLJKW�RI�WKLV�OLPLWDWLRQ��LW�LV�FOHDU�WKDW�FDUHIXO�DQG�HIILFLHQW�XVH�RI�WKH�VSHFWUXP�LV�QHFHVVDU\�
7KH�)HGHUDO�&RPPXQLFDWLRQV�&RPPLVVLRQ� �)&&�� LV� FKDUJHG�ZLWK� VSHFWUXP�PDQDJHPHQW�DQG
VLQFH�WKH�PLG���V�WKH�)&&�KDV�EHHQ�VHOOLQJ�WKH�VSHFWUXP�LQ�DXFWLRQV�WR�SD\�IRU�WKH�QDWLRQDO�GHEW�

&OHDUO\�� ZH�PXVW�PDNH� WKH� EHVW� XVH� RI� ZKDW� ZH� KDYH�� � )RU� WKH� ZLUHOHVV� WHOHFRPPXQLFDWLRQ
GHVLJQHU�� WKDW�PHDQV�XVLQJ�HIILFLHQW�PRGXODWLRQ� WHFKQLTXHV�� � ,Q� WKLV�SDSHU��ZH�ZLOO� LQWURGXFH
VHYHUDO�WHFKQLTXHV�WKDW�UHSUHVHQW�WKH�SUHVHQW�VWDWH�RI�WKH�DUW�LQ�GLJLWDO�FRPPXQLFDWLRQ���$V�ZH
VKDOO�VHH��E\�XVLQJ�GLJLWDO�FRPPXQLFDWLRQ��ZH�FDQ�SURFHVV�WKH�VLJQDO�XVLQJ�DGYDQFHG�WHFKQLTXHV
WKDW�ZRXOG�QRW�EH�SRVVLEOH�LQ�WKH�DQDORJ�ZRUOG�

7+(�:,5(/(66�0(',80

7KH� DLU� LQWHUIDFH� SODFHV� HQRUPRXV� UHVWULFWLRQV� RQ� WKH� GHVLJQ� RI� D� FRPPXQLFDWLRQ� V\VWHP�
7HUUHVWULDO� ZLUHOHVV� FRPPXQLFDWLRQ� LV� D� KDUVK� HQYLURQPHQW� DQG� H[WUD�WHUUHVWULDO� HYHQ� ZRUVH�
7DEOH���KLJKOLJKWV�WKH�XQLTXH�FKDUDFWHULVWLFV�RI�WKH�PHGLXP�DQG�WKH�SUREOHPV�WKDW�QHHG�WR�EH
PLWLJDWHG�RU�VROYHG�WR�SURYLGH�D�UREXVW�FRPPXQLFDWLRQ�OLQN�

7DEOH���&KDOOHQJHV�RI�D�:LUHOHVV�0HGLXP

• 8QLQWHQWLRQDO� LQWHUIHUHQFH� VXFK� DV� OLJKWLQJ� DQG� 5)� QRLVH� SROOXWLRQ� IURP� PLFURZDYH
RYHQV�DUH�VRXUFHV�WKDW�WKH�ZLUHOHVV�PHGLXP�PXVW�RYHUFRPH�

������������������������������������������������
1Except in the O2 absorption band (53 GHz to 67 GHz) where the attenuation is as high as 16 dB/km.
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• ,QWHQWLRQDO�LQWHUIHUHQFH��MDPPLQJ��FDXVHG�E\�XVHUV�ZLVKLQJ�WR�GLVUXSW�FRPPXQLFDWLRQ
DUH� YHU\� UHDO� ZRUOG� SUREOHPV�� 7KH� DLU� LQWHUIDFH� LV� D� YXOQHUDEOH� WDUJHW�� � :LUH�EDVHG
FRPPXQLFDWLRQ� V\VWHPV� FDQ�SURWHFW� FDEOHV� WR� UHGXFH� DWWDFN�� QRW� VR�ZLWK� WKH�ZLUHOHVV
PHGLXP�

• 6ORZ�VSHHG�XVHUV��H�J���FDUV��PHDQV�WKH�FRPPXQLFDWLRQ�FKDQQHO�HQYLURQPHQW�LV�DOZD\V
XQGHUJRLQJ� FKDQJH�� � 7KHUHIRUH� RQFH� D� FRPPXQLFDWLRQ� OLQN� LV� HVWDEOLVKHG�� LW�PXVW� EH
FRQVWDQWO\�PRQLWRUHG��

• +LJK� VSHHG� VDWHOOLWHV� FDXVH� VLJQLILFDQW�'RSSOHU� IUHTXHQF\� VKLIWV�PDNLQJ� WKH�ZLUHOHVV
FKDQQHO�SDUWLFXODUO\�FRPSOH[��

• 6KRUW�WHUP�IDGLQJ�LV�\HW�DQRWKHU�REVWDFOH���7KLV�IDGLQJ�RFFXUV�IURP�PXOWLSDWK�UHIOHFWLRQV
RI�5)�VLJQDOV�VFDWWHUHG�E\�VWUXFWXUHV�VXFK�DV�KRXVHV�RU�EXLOGLQJV���7KLV�W\SH�RI�IDGLQJ�LV
UHIHUUHG�WR�DV�VKRUW�WHUP�VLQFH�LWV�GXUDWLRQ�LV�OHVV�WKDQ�D�VHFRQG���7KLV�W\SH�RI�IDGLQJ�LV
RIWHQ�IUHTXHQF\�GHSHQGHQW�

• /RQJ�WHUP� IDGLQJ�� DOVR� FDOOHG� VKDGRZLQJ�� LV� FDXVHG� E\� FKDQJHV� LQ� WKH� WHUUDLQ� DV� WKH
XVHU� PRYHV�� � /RQJ� WHUP� IDGLQJ� LV� FRQVLGHUHG� WR� ODVW� IRU� VHYHUDO� VHFRQGV� RU� ORQJHU�
3DVVLQJ�XQGHU�D�KLJKZD\�XQGHUSDVV�RU�DURXQG�D�PRXQWDLQ�UDQJH�DUH�W\SLFDO�H[DPSOHV�
/RQJ� WHUP� IDGHV� DUH� QRW� W\SLFDOO\� FRQVLGHUHG� WR� EH� IUHTXHQF\� LQGHSHQGHQW� DV� WKH\
DWWHQXDWH�ODUJH�SRUWLRQV�RI�WKH�VSHFWUXP�

• 9HU\�ORQJ�WHUP�IDGLQJ�UHIHUV�WR�SHULRGV�RI�WLPH�PHDVXUHG�LQ�GD\V�DQG�HYHQ�\HDUV���)RU
H[DPSOH�� UDLQ��SRRU�DLU�TXDOLW\�� DQG� WHPSHUDWXUH� LQYHUVLRQV�DIIHFW� WKH� FRPPXQLFDWLRQ
FKDQQHO�IRU�H[WHQGHG�SHULRGV���,Q�DGGLWLRQ��IUHTXHQF\�DWWHQXDWLRQ�LQ�WKH�+)�UDQJH����WR
���0+]�� LQFOXGHV� GDLO\� YDULDWLRQV� IURP� WKH� LRQL]DWLRQ� RI� WKH� LRQRVSKHUH� DQG� ORQJHU
WHUP�YDULDWLRQV�IURP�WKH����\HDU�VXQVSRW�F\FOH�

• )UHTXHQF\� VHOHFWLYH� IDGLQJ� SUHVHQWV� DQRWKHU� KXUGOH�� � 7KLV� IDGLQJ� LV� FDXVHG� E\
FRQVWUXFWLYH� DQG�RU� GHVWUXFWLYH� LQWHUIHUHQFH� IURP� PXOWLSDWK� VLJQDOV� DQG� W\SLFDOO\
FKDQJHV�YHU\�UDSLGO\�LQ�D�PRELOH�HQYLURQPHQW�

• 7KH�DLU�LQWHUIDFH�LV�YHU\�ORVV\���:LUH�EDVHG�V\VWHPV�KDYH�YHU\�OLWWOH�VLJQDO�ORVV��LQ�IDFW�
ILEHU� RSWLF� EDVHG� V\VWHPV� DUH� YLUWXDOO\� ORVVOHVV�� � 7KH� ZLUHOHVV� PHGLXP�� RQ� WKH� RWKHU
KDQG�� H[KLELWV� ODUJH� ORVVHV� WKDW� UDSLGO\� LQFUHDVH� ZLWK� GLVWDQFH� �H�J��� LQYHUVH� VTXDUH��
7KLV� LV� D� SDUWLFXODU� FKDOOHQJH� IRU� VDWHOOLWH� EDVHG� V\VWHPV�ZKHUH� WKH� GLVWDQFH� EHWZHHQ
WUDQVPLWWHU�DQG�UHFHLYHU�LV�PHDVXUHG�LQ�WKRXVDQGV�RI�PLOHV�

������������������������������������������������
2 The maximum change in frequency is given by F  = (2 * Vt * Fc) / c where Vt is the velocity of the source to the destination, Fc
is the transmitting frequency, and c is the speed of light.  For a car traveling at 60m/hr using a cellular phone at 900 Mhz, the
Doppler shift is 180 Hz.
3 Using the Doppler frequency shift relationship again, but this time for a fast moving satellite with a velocity of 25,000 m/hr, the
Doppler shift at 900 MHz is 75 KHz, a very significant engineering problem which must be solved.
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7+(�6+$1121�/,0,7

%HIRUH�ZH�GLVFXVV�WKH�FRPSRQHQWV�RI�WKH�GLJLWDO�FRPPXQLFDWLRQ�V\VWHP��ZH�QHHG�WR�ORRN�DW�WKH
ILUVW�ODZ�RI�WHOHFRPPXQLFDWLRQV��WKH�6KDQQRQ�/LPLW���,Q�������WKH�VDPH�\HDU�WKDW�WKH�WUDQVLVWRU
ZDV� LQYHQWHG�DW�%HOO�/DEV��&ODXGH�6KDQQRQ�� DOVR� DW� %HOO� /DEV��PDGH� DQ� HTXDOO\�PRQXPHQWDO
GLVFRYHU\�� � ,Q� ZKDW� LV� QRZ� D� FODVVLF� LQ� FRPPXQLFDWLRQ� WKHRU\�� §$� 0DWKHPDWLFDO� 7KHRU\� RI
&RPPXQLFDWLRQ¨�KH�SURSRVHG�WKDW�FKDQQHO�FDSDFLW\�FDQ�EH�GHVFULEHG�DV�

&� �%�ORJ��������6���1��

ZKHUH�
&� �FKDQQHO�FDSDFLW\��ELWV�VHF
%� �FKDQQHO�EDQGZLGWK��+]
6� �VLJQDO�SRZHU��ZDWWV
1� �QRLVH�SRZHU��ZDWWV

(TXDWLRQ���6KDQQRQ�/LPLW

DQG�
1� �1�%

1�� �QRLVH�VSHFWUDO�GHQVLW\��ZDWWV�+]
%� �QRLVH�EDQGZLGWK

(TXDWLRQ���1RLVH�5HODWLRQVKLS

7KH� 6KDQQRQ� OLPLW� LV� WKH� KRO\� JUDLO� RI� WHOHFRPPXQLFDWLRQV�� � 7U\LQJ� WR� H[FHHG� WKLV� OLPLW� LV
DQDORJRXV�WR�WUDYHOLQJ�IDVWHU�WKDQ�WKH�VSHHG�RI� OLJKW�RU�EXLOGLQJ�D�SHUSHWXDO�PRWLRQ�PDFKLQH�
7KH�VLJQLILFDQFH�RI�WKH�6KDQQRQ�OLPLW�LQ�UHDO�ZRUOG�WHUPV�LV�VXPPDUL]HG�LQ�7DEOH���

7DEOH���,PSOLFDWLRQV�RI�WKH�6KDQQRQ�/LPLW

• &KDQQHO�FDSDFLW\�LV�D�IXQFWLRQ�RI�WKH�EDQGZLGWK�DQG�WKH�VLJQDO�WR�QRLVH�UDWLR��6�1��

• ,I� WKH� GDWD� UDWH� LV� OHVV� WKDQ� WKH� FKDQQHO� FDSDFLW\�� WKHQ� HUURU�IUHH� FRPPXQLFDWLRQ� LV
SRVVLEOH�RQ�D�QRLV\�FKDQQHO�

• <RX�FDQ�VHQG�IDVWHU�WKDQ�WKH�FKDQQHO�OLPLW��EXW�LW�ZLOO�QRW�EH�HUURU�IUHH�

• 7R�LQFUHDVH�FKDQQHO�FDSDFLW\�RQH�FDQ�HLWKHU�LQFUHDVH�EDQGZLGWK��RU�LQFUHDVH�WKH�VLJQDO�
WR�QRLVH�UDWLR�

������������������������������������������������
4 The  formula applies only to Additive White Guassian Noise (AWGN).  The word additive is important here since it means that
the relationship holds true only if the noise is added rather than multiplied by the signal.  The word white means that the content
of the power of the noise is constant over the frequency range.  Theoretically, this is not possible since it would imply infinite
power, however, in practice it is accurate.  In addition, fading, interference, distortion, etc. are not considered.
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,W�LV�WKLV�ODVW�FKDUDFWHULVWLF�RI�WKH�UHODWLRQVKLS�WKDW�LV�SDUWLFXODUO\�LPSRUWDQW���7R�LQFUHDVH�FKDQQHO
FDSDFLW\�ZH�FDQ�HLWKHU�LQFUHDVH�WKH�EDQGZLGWK�RU�LQFUHDVH�WKH�VLJQDO�WR�QRLVH�UDWLR��EXW�QRW�ZLWK
HTXDO�EHQHILW���)RU�H[DPSOH��LI�ZH�GRXEOH�WKH�EDQGZLGWK��ZH�GRXEOH�WKH�FDSDFLW\���+RZHYHU��LI
ZH�GRXEOH�WKH�6�1�UDWLR��ZH�LQFUHDVH�FKDQQHO�FDSDFLW\�E\�RQO\�������7KHUHIRUH��JLYHQ�D�FKRLFH
EHWZHHQ� FKDQJLQJ� EDQGZLGWK� RU� 6�1�� DQG� RWKHU� WKLQJV� EHLQJ� HTXDO�� LW� LV� ORJLFDO� WR� RSW� IRU
LQFUHDVLQJ�EDQGZLGWK�WR�LQFUHDVH�FKDQQHO�FDSDFLW\���$V�ZH�GLVFXVV�WKH�WUDQVPLVVLRQ�RI�GDWD��ZH
ZLOO�UHWXUQ�WR�WKLV�SLYRWDO�FRQFHSW�PDQ\�WLPHV��SDUWLFXODUO\�VSUHDG�VSHFWUXP�WHFKQRORJ\�

7(/(&20081,&$7,216

7KH� FKDOOHQJHV� IDFLQJ� D� ZLUHOHVV� PHGLXP� DUH� QRQ�WULYLDO� DQG� D� VROXWLRQ� WR� UHOLDEOH
FRPPXQLFDWLRQ� UHTXLUHV� HQG�WR�HQG� RSWLPL]DWLRQ�� � (DFK� HOHPHQW� RI� WKH� V\VWHP� PXVW� EH
GHVLJQHG� WR� LQVXUH� HIIHFWLYH� DQG� HIILFLHQW� FRPPXQLFDWLRQ�� � 2SWLPL]LQJ� D� SRUWLRQ� RI� D
FRPPXQLFDWLRQ�V\VWHP�ZLOO�UHVXOW�LQ�D�OHVV�WKDQ�LGHDO�VROXWLRQ���:LWK�WKLV�LQ�PLQG��OHWªV�H[DPLQH
WKH� IRUZDUG� WUDQVPLVVLRQ� RI� D� VLJQDO� DV� LW� SDVVHV� WKURXJK� YDULRXV� VWDJHV�� � )LJXUH� �� VKRZV� D
JHQHULF�GLJLWDO�VSUHDG�VSHFWUXP�FRPPXQLFDWLRQ�V\VWHP�

ENCODERVOCODERCODEC INTERLEAVER

PN
GENERATOR

Modulo-2
addition

Summation
(Mixing)

RF Carrier

)LJXUH���*HQHULF�6SUHDG�6SHFWUXP�6\VWHP

&RGHF

7KH�ILUVW�VWDJH�RI�WKH�V\VWHP�LV�WKH�FRGHF��FRGHU�GHFRGHU����+HUH��DQDORJ�VSHHFK�LV�GLJLWL]HG���)RU
D� VWDQGDUG� WHOHFRPPXQLFDWLRQ� V\VWHP�� D� FRGHF� LV� D� ORJDULWKPLF� DQDORJ� WR� GLJLWDO� FRQYHUWHU
�$�'�� WDNLQJ� �� ELW� VDPSOHV�� � 7KH� �� .+]� VDPSOLQJ� UDWH� \LHOGV� ��� .ESV� 3XOVHG� &RGHG
0RGXODWLRQ� �3&0��� � 3&0� LV� MXVW� RQH� RI� VHYHUDO� ZDYHIRUP� FRGLQJ� VFKHPHV�� KRZHYHU�� LW� LV
ZLGHO\�XVHG�DQG�HDV\�WR�LPSOHPHQW���,Q�IDFW��LW�LV�DQ�LQWHUQDWLRQDO�VWDQGDUG��&&,77�*�����

7KH�VDPSOLQJ�UDWH�LV�EDVHG�RQ�WKH�FKDUDFWHULVWLF�IUHTXHQF\�VSHFWUXP�RI�KXPDQ�VSHHFK�DQG�WKH
1\TXLVW�WKHRUHP���1\TXLVW�VKRZHG�WKDW�WR�DFFXUDWHO\�UHSURGXFH�D�VLJQDO��LW�PXVW�EH�VDPSOHG�DW
WZLFH�WKH�UDWH�RI�WKH�GHVLUHG�VLJQDO����.+]�LQ�RXU�VSHHFK�H[DPSOH����1RWH�WKDW�WKH�1\TXLVW�UDWH�LV
D� WKHRUHWLFDO�PLQLPXP�VDPSOLQJ�UDWH�� � ,Q� WKH� UHDO�ZRUOG�ZKHUH�HOHFWURQLF� ILOWHUV�DUH� OHVV� WKDQ
SHUIHFW�� OHVV�WKDQ�RSWLPDO�UHVXOWV�DUH�DFKLHYHG�� �+RZHYHU����.+]�FDQ�EH�IDLWKIXOO\�UHSURGXFHG
ZLWK�DQ���.+]�VDPSOH�UDWH�UHVXOWLQJ�LQ�JRRG�VSHHFK�TXDOLW\�

:DYHIRUP� FRGHUV� LQ� JHQHUDO� FDQ� EH� EURNHQ� LQWR� WZR� EURDG� FDWHJRULHV�� WLPH� DQG� IUHTXHQF\
GRPDLQ� FRGHUV�� � 3XOVH� &RGHG� 0RGXODWLRQ� IDOOV� LQWR� WKH� WLPH� GRPDLQ� FDWHJRU\� DORQJ� ZLWK
'LIIHUHQWLDO� 3XOVH� &RGHG� 0RGXODWLRQ� �'3&0�� DQG� $GDSWLYH� 'LIIHUHQWLDO� 3XOVH� &RGHG
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0RGXODWLRQ� �$'3&0��� � ([DPSOHV� RI� IUHTXHQF\� GRPDLQ� FRGHUV� DUH� VXE�EDQG� DQG� WUDQVIRUP
FRGHUV�

9RFRGHU

$�YRFRGHU��YRLFH�FRGHU��LV�UHVSRQVLEOH�IRU�FRPSUHVVLRQ���7KH�RXWSXW�RI�D�W\SLFDO�VSHHFK�YRFRGHU
YDULHV� FRQVLGHUDEOH� GHSHQGLQJ� RQ� WKH� FRPSUHVVLRQ� DOJRULWKP�� � 7\SLFDOO\�� WKH� ��� .ESV� 3&0
RXWSXW� IURP� WKH� FRGHF� FDQ� EH� FRPSUHVVHG� IURP� ����� .ESV� WR� ������ ESV�� � 7KH� TXDOLW\� RI� WKH
VSHHFK� LV� WKH� SULPH� FRQVLGHUDWLRQ�� � 7KH� ORZHU� OLPLW� LV� DFKLHYHG� E\� WDNLQJ� DGYDQWDJH� RI� WKH
LQDFWLYLW\��VLOHQFH��WKDW�FRPSULVHV�����RI�KXPDQ�VSHHFK�RQ�DYHUDJH���7KH�KLJKHU�UDWH�SURYLGHV
WKH�EHVW�VSHHFK�ILGHOLW\�

1RWH� WKDW� D� YRFRGHU� LV� D� VSHFLDO� FDVH� RI� WKH�PRUH� JHQHUDO�ZDYHIRUP� FRGHU�ZKLFK�PDNHV� QR
DVVXPSWLRQV�DERXW�WKH�ZDYHIRUP���$�YRFRGHU��RQ�WKH�RWKHU�KDQG��WDNHV�LQWR�DFFRXQW�WKH�XQLTXH
FKDUDFWHULVWLFV�RI�KXPDQ�VSHHFK���)RU�H[DPSOH��LQ�DGGLWLRQ�WR�WKH�KLJK�OHYHO�RI�VSHHFK�LQDFWLYLW\�
WKHUH�LV�DOVR�D�KLJK�FRUUHODWLRQ�EHWZHHQ�DGMDFHQW�VSHHFK�VDPSOHV�� �%\�XVLQJ�WKLV�FKDUDFWHULVWLF�
RQH�FDQ�SURYLGH�DFFHSWDEOH�VSHHFK�DW�YHU\�ORZ�GDWD�UDWHV���7\SHV�RI�YRFRGHUV�LQFOXGH��FKDQQHO�
KRPRPRUSKLF�� IRUPDQW�� DQG� OLQHDU�SUHGLFWLYH�YRFRGHUV�� �9RFRGLQJ� LV� D� FRPSOH[� VXEMHFW� DQG
PXFK�UHVHDUFK�LV�GRQH�LQ�WKLV�DUHD�WR�SURYLGH�LQWHOOLJLEOH�VSHHFK�ZLWK�WKH�OHDVW�DPRXQW�RI�GDWD�
/RZHU� ELW� UDWHV� XOWLPDWHO\� UHGXFHV� 5)� EDQGZLGWK� DQG� SRZHU�� WKH� SUHFLRXV� UHVRXUFH� ZH� DUH
WU\LQJ�WR�FRQVHUYH�

(UURU�&RQWURO�&RGLQJ

%HIRUH� GLVFXVVLQJ� WKH� QH[W� FRPPXQLFDWLRQ� HOHPHQW�� WKH� HQFRGHU�� ZH� ILUVW� PXVW� XQGHUVWDQG
ZKDW�WKH�HQFRGHU�GRHV�DQG�ZK\�ZH�XVH� LW�� �$Q�HQFRGHU�SURYLGHV�HUURU�FRQWURO�FRGLQJ�ZKLFK
DGGV�LQIRUPDWLRQ�WR�D�GDWD�VWUHDP�WR�DLG�WKH�UHFHLYHU�LQ�GHWHFWLQJ�DQG�RU�FRUUHFWLQJ�HUURUV�WKDW
PD\�RFFXU�GXULQJ�WUDQVPLVVLRQ���7KLV�KDV�WKH�HIIHFW�RI�PDNLQJ�WKH�FRPPXQLFDWLRQ�V\VWHP�PRUH
LQWHUIHUHQFH�UHVLVWDQW�

7KHUH� LV� D�QRUPDOO\� D�SULFH� WKDW�ZH�SD\� IRU� DGGLQJ� LQIRUPDWLRQ�� HLWKHU�SRZHU� RU� EDQGZLGWK�
+RZHYHU��WKH�EHQHILWV�RI�WKH�DGGLWLRQDO�LQIRUPDWLRQ�LV�FRPSHQVDWHG�IRU�E\�DOORZLQJ�WKH�V\VWHP
WR�RSHUDWH�ZLWK�WKH�VDPH�TXDOLW\�RI�VHUYLFH�LQ�D�ZRUVH��ORZHU��6�1�HQYLURQPHQW�� �&RQYHUVHO\�
ZH�FDQ�ORZHU�WKH�WUDQVPLWWHG�SRZHU�IRU�D�JLYHQ�6�1�UDWLR���,Q�HVVHQFH��ZH�DUH�WUDGLQJ�SRZHU�IRU
EDQGZLGWK���7KLV�DGYDQWDJH�LV�UHIHUUHG�WR�DV�WKH�FRGLQJ�JDLQ�RI�WKH�V\VWHP���/HWªV�TXDQWLI\�WKLV
FRQFHSW�E\�UHVWDWLQJ�6KDQQRQªV�FKDQQHO�FDSDFLW\�UHODWLRQVKLS�LQ�D�VOLJKWO\�GLIIHUHQW�IRUP�

,I�ZH�GHILQH� (E� �HQHUJ\�SHU�ELW��MRXOHV��ZDWW�VHFRQGV�
5� �UHODWLYH�GDWD�UDWH��ELWV�VHF�+]��VSHFWUDO�HIILFLHQF\�
1�� �QRLVH�VSHFWUDO�GHQVLW\��ZDWWV�+]

7KHQ�XVLQJ�EDVLF�DOJHEUD��ZH�FDQ�UHVWDWH�WKDW�IRU�D�V\VWHP�WR�FRPSO\�ZLWK�WKH�6KDQQRQ�OLPLW��LW
PXVW�VDWLVI\�WKH�LQHTXDOLW\�VKRZQ�LQ�(TXDWLRQ���

�(E�1����Ø���5�������5

(TXDWLRQ���&KDQQHO�&DSDFLW\�5HVWDWHG
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7KH�UDWLR�(E�1���SURQRXQFHG�HEE�NQRZ���GHVFULEHV�WKH�SRZHU�HIILFLHQF\�RI�WKH�V\VWHP�LQ�G%��7KH
UHODWLRQVKLS�LV�SORWWHG�LQ�)LJXUH���DQG�VKRZV�WKDW�D�ODUJH�5��PDQ\�ELWV�VHF�+]��UHTXLUHV�D�ODUJH
(E�1����&RQYHUVHO\��D�VPDOO�5�DOORZV�D�VPDOO�(E�1��

)LJXUH���0LQLPXP�(E�1��YV��%DQGZLGWK

(QFRGLQJ

7KH� HQFRGHU�SURYLGHV�)RUZDUG� (UURU� &RUUHFWLRQ� �)(&��� � 7KLV�PHDQV� WKH� HQFRGHU� DGGV� HUURU
FRQWURO� FRGLQJ� WR� WKH�GDWD� VWUHDP� WR�KHOS� WKH� UHFHLYHU� FRUUHFW� IRU�HUURUV�� �7ZR�PDMRU� W\SHV�RI
HQFRGHUV�DUH�FRQYROXWLRQDO�DQG�EORFN�

([DPSOHV�RI�EORFN�FRGHV�LQFOXGH�RUWKRJRQDO��H�J���5HHG�0XHOOHU���+DPPLQJ��H�J���&5&���*ROD\�
%&+��DQG�5HHG�6RORPRQ�� �7KHVH�FRGLQJ�VFKHPHV�DUH�LQ�ZLGHVSUHDG�XVH�� �)RU�H[DPSOH��5HHG�
6RORPRQ�LV�XVHG�LQ�&'�520V�GXULQJ�GHPRGXODWLRQ���,Q�IDFW��WKH�IDPLOLDU�&\FOLFDO�5HGXQGDQF\
&KHFN��&5&��LV�D�EORFN�FRGH�� �0RUH�VRSKLVWLFDWHG�PHWKRGV�QRW�RQO\�FKHFN�WKH�LQWHJULW\�RI�WKH
GDWD��EXW�DOVR�PDNH�FRUUHFWLRQV���)RU�H[DPSOH��1$6$�XVHV�HQFRGLQJ�H[WHQVLYHO\�WR�KHOS�LQVXUH
WKH� LQWHJULW\� RI� WKH� GDWD� UHFHLYHG� IURP� GHHS� VSDFH� PLVVLRQV� VXFK� DV� WKH� 9R\DJHU�� *DOLOHR�
0DULQHU����DQG�0DULQHU����VSDFHFUDIWV�

&RQYROXWLRQDO� FRGHV� DUH� VHTXHQWLDOO\� DQG� 9LWHUEL� GHFRGHG� DQG� DUH� UHODWLYHO\� HDV\� WR
LPSOHPHQW�� � $� W\SLFDO� HQFRGHU� LV� VKRZQ� LQ� )LJXUH� ��� � 7KH� OHQJWK� RI� WKH� VKLIW� UHJLVWHU�� .�� LV
UHIHUUHG� WR� DV� WKH� FRQVWUDLQW� OHQJWK� RI� WKH� FRGH�� � ,Q� RXU� H[DPSOH��. ��� � 7KH� QXPEHU� RI� WDSV
FKRVHQ�LV�UHIHUUHG�WR�DV�WKH�FRGH�UDWH�H[SUHVVHG�DV�D�IUDFWLRQ���,Q�WKH�H[DPSOH��U ����VLQFH�WZR
VXPPDWLRQ� SRLQWV� DUH� WDSSHG�� � 7KH� ORFDWLRQ� RI� WKH� WDS� SRLQWV� LV� \HW� DQRWKHU� YDULDEOH� WKDW� LV
FKRVHQ�DFFRUGLQJ�WR�WKH�SRO\QRPLDO�GHVLUHG���)RU�H[DPSOH��LQ�WKH�ILJXUH��WKH�XSSHU�V\PERO�WDS
SRLQWV�DUH�������������DQG�����7KH�ORZHU�V\PERO�LV�GHULYHG�IURP�WDS�SRLQWV�������������DQG�����7KH
V\PEROV�DUH�FRPSXWHG�XVLQJ�PRGXOR���DGGLWLRQ�DQG�WKHQ�PL[HG�LQWR�D�VLQJOH�RXWSXW�
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)LJXUH���&RQYROXWLRQDO�(QFRGHU�

:KHQ� WKH� RULJLQDO� GDWD� ELW� VWUHDP� LV� HQFRGHG�� WKH� RXWSXW� GDWD� VWUHDP� LV� VDLG� WR� FRQVLVW� RI
V\PEROV�DQG�QRW�ELWV���7KLV�WHUPLQRORJ\�LV�XVHG�WR�KHOS�GLIIHUHQWLDWH�LW�IURP�WKH�WHUP�ELW�ZKLFK
QRUPDOO\�UHIHUV�WR�WKH�RULJLQDO�GDWD���7KH�FRGLQJ�DOJRULWKP�GHWHUPLQHV�WKH�UHODWLRQVKLS�RI�D�ELW
WR�D� V\PERO�ZKLFK� LV� W\SLFDOO\��� WR��� V\PEROV�SHU�GDWD�ELW�� � 6SHFLILFDOO\�� D� FRGH� UDWH�RI� U ���
PHDQV�WKDW���V\PEROV�DUH�XVHG�WR�HQFRGH�D�ELW���6LPLODUO\��LQ�D�U ����V\VWHP����V\PEROV�HQFRGH�D
VLQJOH�ELW���7KH�LQIRUPDWLRQ�DGGHG�E\�WKH�HQFRGHU�LV�LQ�WKH�IRUP�RI�SDULW\�V\PEROV�

,QWHUOHDYLQJ

$V� LWV�QDPH� LPSOLHV�� DQ� LQWHUOHDYHU�� VFUDEEOHV�RU� LQWHUOHDYHV� WKH� V\PERO� VWUHDP�� � 7KHUH� LV� QR
LQIRUPDWLRQ� DGGHG� RU� UHPRYHG�� � 7KH� LQWHUOHDYHU� PHUHO\� PRYHV� WKH� SRVLWLRQ� RI� WKH� H[LVWLQJ
V\PEROV�LQ�D�EORFN���,I�ZH�ORRN�DW�WKH�LQWHUOHDYHU�LQ�LVRODWLRQ��LW�LV�GLIILFXOW�WR�H[SODLQ�ZK\�WKLV
SURFHVV�LV�SHUIRUPHG���+RZHYHU��LQWHUOHDYLQJ�LV�YHU\�XVHIXO���'XULQJ�IDVW�IDGLQJ�RU�DWPRVSKHULF
OLJKWLQJ�FUDVKHV�ZH�PD\�ORRVH�D�IHZ�PLOOLVHFRQGV�RI�GDWD�ZKLFK�FRUUXSWV�VPDOO�SRUWLRQV�RI�WKH
GDWD�VWUHDP���:LWKRXW�LQWHUOHDYLQJ��WKLV�FRUUXSWHG�GDWD�PLJKW�VRXQG�OLNH�D�SRS�RU�FOLFN�WR�D�XVHU
GXH� WR� WKH� DEUXSW� FKDUDFWHULVWLFV� RI� WKH� HUURU�� � +RZHYHU�� LQWHUOHDYLQJ� VSUHDGV� WKH� V\PEROV
HYHQO\�LQ�D�EORFN��UHVXOWLQJ�LQ�WKH�FRUUXSWHG�V\PEROV�DOVR�EHLQJ�GLVWULEXWHG���:KLOH�V\PEROV�DUH
ORVW�LQ�ERWK�FDVHV��WKURXJK�LQWHUOHDYLQJ��WKH�XVHU�LV�RIWHQ�QRW�DZDUH�RI�WKH�HUURUV�

$QRWKHU� UHDVRQ� IRU� LQWHUOHDYLQJ� V\PEROV� FRPHV� GXULQJ� GHPRGXODWLRQ� ZKHQ� WKH� GHFRGHU
H[WUDFWV�WKH�VWUHDP���$�GHFRGHU�KDV�D�PXFK�EHWWHU�FKDQFH�DW�FRUUHFWLQJ�HUURUV�ZKHQ�WKH�V\PEROV
DUH�HYHQO\�VSUHDG�WKURXJK�D�EORFN�

)LJXUH� �� VKRZV� D� FRPPRQ� LPSOHPHQWDWLRQ� IRU� DQ� LQWHUOHDYHU�� � &RGH� EORFNV� DUH�ZULWWHQ� LQWR
PHPRU\�LQ�URZV�DQG�UHDG�RXW�IURP�WKH�PHPRU\�LQ�FROXPQV�� �7KH�HIIHFW�LV�WR�VSUHDG�WKH�GDWD�
$W�WKH�UHFHLYHU��WKH�SURFHVV�LV�UHYHUVHG�

$�SUREOHP�IDFLQJ�WKH�LQWHUOHDYHU�GHVLJQHU�LV�WKH�OHQJWK�RI�WKH�EORFN�WR�LQWHUOHDYH���$�EORFN�PXVW
EH�UHODWLYHO\�VKRUW�VLQFH�ZH�KDYH�UHDO�WLPH�FRQVWUDLQWV���)RU�H[DPSOH��LQ�FRPPHUFLDO�WHOHSKRQH
DSSOLFDWLRQV��LQWHUOHDYHG�EORFN�OHQJWKV�DUH����PV�

������������������������������������������������
5 Source: Error Control Coding Seminar  by Phil Karn presented at the February 1995 Tucson Amateur Packet Radio annual
meeting.  Available in post script format at: http://www.qualcomm.com/people/pkarn/ham.html.



Wireless Digital Communication Richard Parry

- 8 -

)LJXUH���,QWHUOHDYLQJ�([DPSOH�

',9,',1*�7+(�63(&7580

2XU�SULPDU\�GHVLJQ�JRDO�LV�FDSDFLW\��WKH�DELOLW\�WR�SURYLGH�D�VSHFLILF�OHYHO�RI�SHUIRUPDQFH�IRU�DV
PDQ\�XVHUV� DV� SRVVLEOH�� � 7R� LQFUHDVH� FDSDFLW\��ZH�QHHG� WR� DOORZ�PXOWLSOH� XVHUV� WR� DFFHVV� WKH
VSHFWUXP�� �/HWªV� ORRN�DW�VRPH�RI�WKH�PRUH�FRPPRQ�PXOWLSOH�DFFHVV�PHWKRGV�� �0XOWLSOH�DFFHVV
PHWKRGV� WHFKQLTXHV� LQFOXGH�� )UHTXHQF\� 'LYLVLRQ�0XOWLSOH� $FFHVV� �)'0$���7LPH�'LYLVLRQ
0XOWLSOH�$FFHVV��7'0$���DQG�&RGH�'LYLVLRQ�0XOWLSOH�$FFHVV��&'0$����)LJXUH���VKRZV�KRZ
WKH�VSHFWUXP�LV�XWLOL]HG�LQ�HDFK�RI�WKHVH�PHWKRGV�

)LJXUH���0XOWLSOH�$FFHVV�0HWKRGV

������������������������������������������������
6 Source: Error Control Coding Seminar  by Phil Karn presented at the February 1995 Tucson Amateur Packet Radio annual
meeting.  Available in post script format at: http://www.qualcomm.com/people/pkarn/ham.html.
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)'0$

)UHTXHQF\�'LYLVLRQ�0XOWLSOH�$FFHVV� LV� WKH�PRVW�EDVLF�DQG�HDVLHVW�XQGHUVWRRG�PXOWLSOH�DFFHVV
PHWKRG���([DPSOHV�RI�)'0$�V\VWHPV�DUH�FRPPHUFLDO�$0��)0��DQG�79�VWDWLRQV�

2QH�FRXOG�DUJXH�WKDW�)'0$�LV�UHDOO\�QRW�D�PXOWLSOH�DFFHVV�PHWKRG�VLQFH�HDFK�VWDWLRQ�LV�JLYHQ
LWV� RZQ�GHGLFDWHG� IUHTXHQF\��+RZHYHU�� WKH\� DUH� VKDULQJ� WKH� VSHFWUXP� DQG� WKXV� IDOO� LQWR� WKH
FDWHJRU\�RI�PXOWLSOH�DFFHVV�� � ,Q�SUDFWLFH��PDQ\�VWDWLRQV� DFWXDOO\�GR� VKDUH� WKH� VDPH� IUHTXHQF\
XQGHU�)'0$���)RU�H[DPSOH��D�79�VWDWLRQ�WUDQVPLWWLQJ�RQ�FKDQQHO���LQ�RQH�FLW\��PD\�VKDUH�WKDW
VDPH�IUHTXHQF\�ZLWK�KXQGUHGV�RI�RWKHU�VWDWLRQV�WUDQVPLWWLQJ�RQ�FKDQQHO���LQ�RWKHU�SDUWV�RI�WKH
FRXQWU\�� � ,QWHUIHUHQFH� EHWZHHQ� WKHVH� VWDWLRQV� LV� SUHYHQWHG� E\�5)� SURSDJDWLRQ� FKDUDFWHULVWLFV�
6SHFLILFDOO\�� WHUUHVWULDO�VWDWLRQV�WUDQVPLWWLQJ�RQ� IUHTXHQFLHV�DERYH�DSSUR[LPDWHO\����0+]��DUH
OLPLWHG� WR� OLQH�RI�VLJKW�FRPPXQLFDWLRQ�� W\SLFDOO\���� WR����PLOHV��� �7KHUHIRUH� WKHUH� LV�D�QDWXUDO
VHSDUDWLRQ�RI�WKH�VWDWLRQV�SURYLGHG�E\�GLVWDQFH�

7'0$

7LPH� 'RPDLQ� 0XOWLSOH� $FFHVV�� DV� LWV� QDPH� LPSOLHV�� DOORZV� VWDWLRQV� WR� VKDUH� WKH� IUHTXHQF\
VSHFWUXP�LQ�WLPH���9DULRXV�LQWHUQDWLRQDO�DQG�QDWLRQDO�VWDQGDUGV�KDYH�HYROYHG�ZKLFK�VSHFLI\�LQ
GHWDLO�WKH�QXPEHU�RI�VWDWLRQV�WKDW�VKDUH�WKH�IUHTXHQF\�VORW�DQG�WKH�GXUDWLRQ�WKDW�HDFK�PD\�XVH
LW�

&'0$

&RGH� 'LYLVLRQ� 0XOWLSOH� $FFHVV� LV� D� FRPSOH[� DQG� XQLTXH� IRUP� RI� PXOWLSOH� DFFHVV
FRPPXQLFDWLRQ� XVLQJ� VSUHDG� VSHFWUXP� PRGXODWLRQ�� � )LJXUH� �� VKRZV� WKH� FRPSRQHQWV� RI� D
&'0$�FKDQQHO�

Background
Noise

External
Interference

Other Cell
Interference

Other User
Noise

)LJXUH���6SUHDG�6SHFWUXP�&KDQQHO

������������������������������������������������
7 This is actually an oversimplification since the Maximum Useable Frequency (MUF) varies greatly during the course of the day
and even over the course of the 11 year sunspot cycle.
8 This varies greatly with the height of the antenna.  Commercial stations are almost always placed on very tall structures or
mountain tops to assure a wide coverage area.
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7KH� EDFNJURXQG� QRLVH� FRPSRQHQW� LV� WKH� QRUPDO� DPELHQW� 5)� QRLVH� IURP� QDWXUDO� EDFNJURXQG
UDGLDWLRQ�� �([WHUQDO�LQWHUIHUHQFH� LV�WKH�LQWHUIHUHQFH�IURP�RWKHU�VWDWLRQV�DQG��RWKHU�FHOO� LQWHUIHUHQFH
UHIHUV�WR�LQWHUIHUHQFH�WKDW�H[LVWV�LQ�D�FHOOXODU�FRPPXQLFDWLRQV�QHWZRUN�ZKHUH�VSUHDG�VSHFWUXP
LV�XVHG�

635($'�63(&7580

6SUHDG�VSHFWUXP��LV�D�WHFKQRORJ\�IRU�VSUHDGLQJ�WKH�GHVLUHG�LQIRUPDWLRQ�VLJQDO��KHUHDIWHU�FDOOHG
WKH� GDWD� VLJQDO�� RYHU� D� ODUJHU� SRUWLRQ� RI� WKH� EDQG� WKDQ� ZRXOG� QRUPDOO\� EH� UHTXLUHG� WR
DGHTXDWHO\�WUDQVPLW�WKDW�LQIRUPDWLRQ���6SUHDGLQJ�D�VLJQDO�RYHU�D�EDQGZLGWK�LQ�H[FHVV�RI�ZKDW�LV
UHTXLUHG�PD\�VHHP�FRXQWHU�LQWXLWLYH�WR�JRRG�HIILFLHQW�XVH�RI�WKH�VSHFWUXP���+RZHYHU��WKHUH�DUH
WZR� UHDVRQV� ZK\� VSUHDG� VSHFWUXP� LV� D� YLDEOH� DOWHUQDWLYH�� � )LUVW�� PDQ\� VWDWLRQV� VKDUH� WKH
VSHFWUXP�VLPXOWDQHRXVO\���6HFRQG��WKH�SRZHU�XVHG�E\�HDFK�VWDWLRQ�LV�PXFK�ORZHU�WKDQ�ZRXOG
QRUPDOO\�EH�XVHG�E\�D�QDUURZEDQG�VWDWLRQ�� �3RZHU�UHGXFWLRQ�VXEVWDQWLDOO\�H[WHQGV�WKH�XVHIXO
OLIH�RI�HQHUJ\�OLPLWHG�EDWWHU\�EDVHG�V\VWHPV���0RUH�LPSRUWDQW�LV�WKH�ELRORJLFDO�KD]DUG�UHGXFWLRQ�
:KLOH� WKH� OHYHO�RI� WKH�GDQJHU�FDXVHG�E\�5)�UDGLDWLRQ�PD\�EH�DUJXHG�� WKHUH� LV� OLWWOH�DUJXPHQW
WKDW�OHVV�UDGLDWLRQ�LV�EHWWHU�

6SUHDGLQJ� LV� DFFRPSOLVKHG� E\� PRGXOR��� DGGLWLRQ� RI� WKH� GDWD� VLJQDO� ZLWK� WKH� VSUHDGLQJ
VHTXHQFH��DOVR�FDOOHG�WKH�VSUHDGLQJ�FRGH���7KH�VSUHDGLQJ�VHTXHQFH�LV�D�SVHXGR�QRLVH��31��FRGH
WKDW�KDV�D�ELW�UDWH�WKDW�LV�PXFK�JUHDWHU�WKDQ�WKH�GDWD�VLJQDO�UDWH���7KH�UHVXOW�RI�WKLV�SURFHVV�LV�WKDW
WKH�HQHUJ\� LV� VSUHDG�RYHU�D�ZLGH� IUHTXHQF\�VSHFWUXP�� �7KH�DPRXQW� WKH� LQIRUPDWLRQ� VLJQDO� LV
VSUHDG�LV�UHIHUUHG�WR�DV�WKH�SURFHVVLQJ�JDLQ�RU�VSUHDGLQJ�IDFWRU���7KH�UHODWLRQVKLS�LV�VKRZQ�DV�

*S� �%W���%L

ZKHUH�

*S� �LV�WKH�SURFHVVLQJ�JDLQ
%W� �WUDQVPLVVLRQ�EDQGZLGWK
%L� �LQIRUPDWLRQ�EDQGZLGWK

(TXDWLRQ���3URFHVVRU�*DLQ�5HODWLRQVKLS

/HWªV�DVVXPH�WKDW�����.ESV�UHSUHVHQWV�WKH�GDWD�VLJQDO�ZH�ZLVK�WR�VSUHDG���,I�ZH�VSUHDG�WKH�VLJQDO
RYHU��������0+]��ZH�KDYH�D�SURFHVVLQJ�JDLQ�RI�����RU����G%�� �(DFK�ELW�RI�WKH�31�VHTXHQFH�LV
UHIHUUHG�WR�DV�D�FKLS��DQG�WKH�UDWH�RI�WKH�VHTXHQFH�LV�FDOOHG�WKH�FKLS�UDWH�H[SUHVVHG�LQ�FKLSV�IRU
VHFRQG��FSV����,Q�RXU�H[DPSOH��WKH�FKLSSLQJ�UDWH�LV��������0FSV�

6SUHDGLQJ�IDFWRUV�YDU\�JUHDWO\���7KHUH�LV�QR�WKHRUHWLFDO�OLPLW���,Q�IDFW��FRGH�VHTXHQFHV�DV�VKRUW�DV
���WR�DV�KLJK�DV��������KDYH�EHHQ�XVHG�� �+RZHYHU��LQ�SUDFWLFDO�FRPPHUFLDO�DSSOLFDWLRQV��YDOXHV
YDU\�IURP����WR�����

������������������������������������������������
9 Although spread spectrum may seem to be a state-of-the-art technology, in point of fact, the original idea was developed in
1940 by Hedy Lamarr, the actress.  A patent was issued in 1942 to Ms. Lamarr and George Antheil whom she turned to, to help
perfect the concept.  The first use of spread spectrum was in 1962 when Sylvania installed equipment on ships during the Cuban
missile crisis.  (Source: Newton’s Telecom Dictionary, Flatiron Publishing, Inc. 9th edition, 1995).
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&'0$� LV� MXVW� RQH� RI� VHYHUDO� VSUHDGLQJ�PHWKRGV�� � 6SUHDGLQJ� FRGHV� DQG� WKHLU� FKDUDFWHULVWLFV
UHVXOW� LQ� VXEVWDQWLDOO\� GLIIHUHQW� WUDQVPLVVLRQ� FKDUDFWHULVWLFV� DQG� VSHFWUXP� XVH�� � 7KH� PDMRU
DGYDQWDJHV�RI�VSUHDG�VSHFWUXP�DUH�VXPPDUL]HG�LQ�7DEOH���

7DEOH���$GYDQWDJHV�RI�6SUHDG�6SHFWUXP

• 5HVLVWDQW� WR� LQWHUIHUHQFH�� ERWK� LQWHQWLRQDO� DQG� QRQ�LQWHQWLRQDO�� � ,Q� IDFW�� WKLV� ZDV� WKH
SULPDU\� UHDVRQ� IRU� LWV� GHYHORSPHQW�� � ,W� ZDV� LQWHQGHG� DV� D� PLOLWDU\� DSSOLFDWLRQ� WR
RYHUFRPH�HDYHVGURSSLQJ�DQG� MDPPLQJ� � GXULQJ�:RUOG�:DU� ,,�� DOWKRXJK� LW�ZDV�QHYHU
GHSOR\HG�GXULQJ�WKDW�SHULRG�

• 5HODWLYHO\� LPPXQH� WR�PXOWLSDWK� GLVWRUWLRQ�� � ,Q� IDFW��PXOWLSDWK� VLJQDOV� FDQ� DLG� UDWKHU
WKDQ�KLQGHU�FRPPXQLFDWLRQ�ZKHQ�WKH�PXOWLSDWK�VLJQDOV�FDQ�EH�FRPELQHG�

• 6SUHDG� VSHFWUXP�SURYLGHV� SULYDF\�� �$OWKRXJK� WKLV� VKRXOG� QRW� EH� FRQIXVHG�ZLWK� UHDO
VHFXULW\� VLQFH� HDYHVGURSSLQJ� LV� SRVVLEOH�� � +RZHYHU�� VSUHDG� VSHFWUXP� UHTXLUHV
VLJQLILFDQW�H[SHUWLVH�DQG�IDLUO\�VRSKLVWLFDWHG�HTXLSPHQW�WR�GHPRGXODWH�

• 6SUHDG�VSHFWUXP�SURYLGHV�ORZ�SRZHU�VSHFWUDO�GHQVLW\���7KH�LQIRUPDWLRQ�LV�VSUHDG�RYHU
D� ODUJH� IUHTXHQF\� UDQJH� ZKLFK� UHGXFHV� WKH� FRPPRQ� QRLVH� IORRU� DQG� WKHUHIRUH
LQWHUIHUHQFH�WR�RWKHU�XVHUV�

• 7KH�VSUHDG�VSHFWUXP�VLJQDO�FDQ�FRH[LVW�ZLWK�QDUURZEDQG�VLJQDOV���7KLV�LV�SRVVLEOH�VLQFH
VSUHDG�VSHFWUXP�VLJQDOV�DGG�RQO\�VOLJKWO\�WR�DQ�LQFUHDVH�LQ�WKH�QRLVH�IORRU�DQG�WKXV�GR
QRW�VHYHUHO\�LPSDFW�QDUURZEDQG�UHFHLYHUV�

)LJXUH���FRPSDUHV�QDUURZEDQG�DQG�VSUHDG�VSHFWUXP�VLJQDOV���1RWH�WKDW�WKH�QDUURZEDQG�VLJQDO
KDV�D�PXFK�KLJKHU�SRZHU�VSHFWUDO�GHQVLW\�EXW�UHTXLUHV�OHVV�EDQGZLGWK�� �&RQYHUVHO\��D�VSUHDG
VSHFWUXP�VLJQDO�UHTXLUHV�PRUH�EDQGZLGWK��EXW�KDV�D�PXFK�ORZHU�SRZHU�VSHFWUDO�GHQVLW\�
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)LJXUH���6SUHDG�6SHFWUXP�YV��1DUURZ�%DQG�6LJQDO��

6SUHDG� VSHFWUXP� V\VWHPV� DUH� LQWHUIHUHQFH� UHVLVWDQW� VLQFH� WKH� UHFHLYHU� OLVWHQV� WR� D� ZLGH
EDQGZLGWK�ZLWK�D�SUHVFULEHG�FRGH�VHTXHQFH�� �'XULQJ�GHPRGXODWLRQ�� WKH�FRUUHODWLRQ� UHFHLYHU�
GH�VSUHDGV�LQFRPLQJ�VLJQDOV�UHVXOWLQJ�LQ�LQWHUIHULQJ�VLJQDOV�DOVR�EHLQJ�VSUHDG���7KH�DELOLW\�RI�D
FRUUHODWLRQ� UHFHLYHU� WR� HQKDQFH� WKH� VSUHDG� VSHFWUXP� VLJQDO� ZKLOH� UHGXFLQJ� WKH� QDUURZEDQG
MDPPLQJ�VLJQDO�LV�VKRZQ�LQ�)LJXUH���

Narrowband Interference
(Jamming)

Desired Spread
Spectrum Signal

Before Despreading

Narrowband
Interference
(Jamming)

Desired Spread
Spectrum Signal

After Despreading

)LJXUH���,QWHUIHUHQFH�5HVLVWDQW

7KH� VSUHDG� VSHFWUXP� UHFHLYHU� LV� HIIHFWLYHO\� LQWHJUDWLQJ� DOO� VLJQDOV� RYHU� D�ZLGH� EDQGZLGWK� WR
UHFRYHU�WKH�GHVLUHG�VSUHDG�VSHFWUXP�VLJQDO���7KLV�LQWHJUDWLRQ�SURFHVV�KDV�WKH�DIIHFW�RI�UHGXFLQJ

������������������������������������������������
10 Source: Spread Spectrum, web page http://www.tapr.org/ss/qexss.html
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WKH�XQZDQWHG�QDUURZEDQG�VLJQDO�ZKLOH�WKH�GHVLUHG�VSUHDG�VSHFWUXP�VLJQDO�LV�HQKDQFHG���7KLV
LPPXQLW\�WR�MDPPLQJ�LV�D�VLGH�EHQHILW�WR�WKH�WHFKQRORJ\�

,Q�WKH�DERYH�GLVFXVVLRQ��ZH�DVVXPHG�WKDW�WKH�LQWHUIHULQJ�VLJQDO�LV�D�PDQ�PDGH�MDPPLQJ�VLJQDO�
+RZHYHU��ZH� FDQ� ORRN�DW�QRLVH� DOVR� DV� DQ� LQWHUIHULQJ� VLJQDO�� DOEHLW� D�ZLGH�EDQGZLGWK� VLJQDO�
6SUHDG�VSHFWUXP�H[KLELWV�LPPXQLW\�WR�QRLVH�GXH�WR�SURFHVVLQJ�JDLQ���&RPPHUFLDO�V\VWHPV�RIIHU
SURFHVVLQJ�JDLQV�LQ�WKH�UDQJH�RI����WR����G%���7KH�VLJQLILFDQFH�RI�WKLV�SURFHVVLQJ�JDLQ�LV�WKDW�D
VSUHDG�VSHFWUXP�V\VWHP�FDQ�DFWXDOO\� IXQFWLRQ�ZLWK�D�QHJDWLYH� VLJQDO� WR�QRLVH� UDWLR�� VLQFH� WKH
SURFHVVLQJ�JDLQ�RI�WKH�V\VWHP�FRXQWHUDFWV�WKH�SRRU�VLJQDO�WR�QRLVH�UDWLR�

,W� LV� LPSRUWDQW� WR� QRWH� WKDW� DV� DGGLWLRQDO� VSUHDG� VSHFWUXP�XVHUV� DUH� DGGHG� WR� D� FKDQQHO�� WKH
QRLVH�IORRU� LV�UDLVHG�VORZO\�� �)RU�WKLV�UHDVRQ��VSUHDG�VSHFWUXP�V\VWHPV�DUH�VDLG� WR�KDYH�D�VRIW
OLPLW� WR� WKH� QXPEHU� RI� XVHUV�� � $V� WKH� QXPEHU� RI� XVHUV� LV� LQFUHDVHG�� WKH� V\VWHP� GHJUDGHV
JUDFHIXOO\�UDWKHU�WKDQ�DEUXSWO\�DV�LQ�FRQYHQWLRQDO�FRPPXQLFDWLRQ�V\VWHPV���7KH�RQO\�KDUG�OLPLW
LV�WKH�QXPEHU�RI�VSUHDGLQJ�FRGHV���:KHQ�DOO�VSUHDGLQJ�FRGHV�KDYH�EHHQ�XVHG��WKH�V\VWHP�FDQQRW
VXSSRUW�DGGLWLRQDO�XVHUV�

+DYLQJ� VKRZQ� WKH� FKDUDFWHULVWLFV� RI� VSUHDG� VSHFWUXP� DQG� LWV� DGYDQWDJHV�� OHWªV� ORRN� DW� VRPH
WHFKQLTXHV�WKDW�DUH�SUHVHQWO\�LQ�XVH���'LUHFW�6HTXHQFH��'6��DQG�)UHTXHQF\�+RSSLQJ��)+��DUH
VRPH� RI� WKH� PRUH� SRSXODU� VSUHDG� VSHFWUXP� WHFKQLTXHV�� � 2WKHU�� OHVV� XVHG�� PHWKRGV� LQFOXGH
7LPH�+RSSLQJ�DQG�3XOVHG��&KLUS��V\VWHPV�

'LUHFW�6HTXHQFH�6\VWHPV

'LUHFW� VHTXHQFH� VSUHDG� VSHFWUXP� �'666�� LV� WKH� PRVW� SRSXODU� IRUP� RI� VSUHDG� VSHFWUXP
FRPPXQLFDWLRQ�� � 7KH� WHFKQLTXH� LV� WR�PRGXODWH� WKH� GDWD� VLJQDO�ZLWK� WKH� VSUHDGLQJ� FRGH� �31
FRGH�VHTXHQFH��XVLQJ�PRGXOR���DGGLWLRQ���7KH�31�FRGH�KDV�D�IL[HG�DQG�UHODWLYHO\�VKRUW�OHQJWK
DQG�UHSHDWV�LWVHOI�

)LJXUH���VKRZV�D�'666�VLJQDO�DV�GLVSOD\HG�E\�D�VSHFWUXP�DQDO\]HU�

)LJXUH���6SUHDG�6SHFWUXP�3KRWR�RI�D�'666�VLJQDO��

:KHQ� DQ� 5)� FDUULHU� LV� PRGXODWHG� ZLWK� D� 31� FRGH�� WKH� UHVXOWDQW� VLJQDO� KDV� LWV� PDLQ� OREH
FHQWHUHG�DW�WKH�RULJLQDO�FDUULHU�IUHTXHQF\�ZLWK�D�EDQGZLGWK�RI�WZLFH�WKH�FKLSSLQJ�UDWH���(DFK�RI
WKH�VLGH�OREHV�KDV�D�QXOO�WR�QXOO�EDQGZLGWK�HTXDO�WR�WKH�FKLSSLQJ�UDWH���7KH�VSUHDGLQJ�PHWKRG�
31�FRGH��DQG�WKH�PRGXODWLRQ�WHFKQLTXH�DOO�SOD\�D�PDMRU�UROH�LQ�WKH�UHVXOWDQW�VSHFWUXP�XVHG�

������������������������������������������������
11 Source: http://sss-mag.com/ss.html, The ABCs of Spread Spectrum.
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,QKHUHQW�LQ�D�'666�V\VWHP�LV�ZKDW�LV�UHIHUUHG�WR�DV�WKH�QHDU�IDU�SUREOHP�� �7KLV�RFFXUV�ZKHQ�D
XVHU�LV�ORFDWHG�QHDU�WKH�UHFHLYHU�DQG�DQRWKHU�ORFDWHG�IDU�IURP�WKH�UHFHLYLQJ�SRLQW���7KH�UHVXOW�LV�D
ODUJH� GLVSDULW\� LQ� VLJQDO� VWUHQJWK� UHFHLYHG� EHWZHHQ� WKH� QHDU� DQG� IDU� VWDWLRQV�� � 7KH� QHDU
WUDQVPLWWHU�FDQ�WRWDOO\�QHJDWH�WKH�EHQHILWV�RI�VSUHDG�VSHFWUXP�VLQFH�LW�ZRUNV�E\�DVVXPLQJ�WKDW
DOO�VWDWLRQV�DUH�UHFHLYHG�DW�DQ�HTXDO�SRZHU�OHYHO���6SUHDG�VSHFWUXP�FDQ�FRSH�ZLWK�QDUURZ�EDQG
VLJQDOV��EXW�LW�FDQQRW�HDVLO\�FRSH�ZLWK�VWURQJ�ZLGHEDQG�VLJQDOV��H�J���VSUHDG�VSHFWUXP�VLJQDO��

7R�FRXQWHUDFW�WKH�DIIHFWV�RI�WKH�QHDU�IDU�SUREOHP��D�PHDQV�WR�FRQWURO�WKH�UHFHLYHG�SRZHU�PXVW
EH�LPSOHPHQWHG���7KLV�SURFHVV�LV�FDOOHG�SRZHU�FRQWURO���$�G\QDPLF�SRZHU�UDQJH�RI����G%�LV�QRW
XQFRPPRQ�ZKLFK�DOORZV�SRZHU�FRQWURO�IURP�D�IHZ�ZDWWV�WR�OHVV�WKDQ�D�PLFURZDWW�LQ�D�W\SLFDO
FHOOXODU�DSSOLFDWLRQ�

(TXDOO\�LPSRUWDQW�LV� WKH�VSHHG�ZLWK�ZKLFK�WKH�SRZHU�FRQWURO�DOJRULWKP�FDQ�EH�FRQWUROOHG�� �$
VORZ�PRYLQJ�XVHU��H�J���ZDONLQJ��LV�IDLUO\�HDV\�WR�SRZHU�FRQWURO���+RZHYHU��KLJK�VSHHG�XVHUV����
PSK�YHKLFOHV��PRYH�WKURXJK�HQYLURQPHQWV�YHU\�TXLFNO\���,Q�WKHVH�FDVHV�SRZHU�FRQWURO�EHFRPHV
PRUH� GLIILFXOW�� � ,Q� IDFW�� LQ� TXLFNO\� FKDQJLQJ� HQYLURQPHQWV�� SRZHU� PD\� QRW� EH� DEOH� WR
FRPSHQVDWH� ZKLFK� UHVXOWV� LQ� HUURUV�� � 7KH� HUURUV� PXVW� WKHQ� EH� FRPSHQVDWHG� IRU� E\� RWKHU
HOHPHQWV�RI�WKH�V\VWHP���7KH�LQWHUOHDYHU��ZKLFK�ZH�KDYH�SUHYLRXVO\�GLVFXVVHG��LV�YHU\�KHOSIXO�LQ
PLWLJDWLQJ�WKH�GHOHWHULRXV�DIIHFWV�RI�YHU\�VKRUW�IDGV�

)UHTXHQF\�+RSSLQJ�6\VWHPV

6SUHDG� VSHFWUXP� VLJQDOV� FDQ� DOVR� EH� JHQHUDWHG� E\� IUHTXHQF\� KRSSLQJ� �)+��� � 7KH� IUHTXHQF\
FKDQJHV� �KRSV�� LQ� VWHS�ZLWK� WKH� 31� FRGH� VHTXHQFH�� � 7KH� WUDQVPLWWHG� VLJQDO� LV�PRYHG�PDQ\
WLPHV�SHU� VHFRQG�E\� WKH� FRGH� VHTXHQFH�� �7KH� UHFHLYHU��ZKR�DOVR�KDV� D� FRS\�RI� WKH� VSUHDGLQJ
FRGH��PRYHV��OLVWHQV��LQ�VWHS�ZLWK�WKH�WUDQVPLWWHG�VLJQDO���1RWH�WKDW�WKLV�LV�GLIIHUHQW�WKDQ�D�GLUHFW
VHTXHQFH�V\VWHP�ZKHUH�WKH�UHFHLYHU�OLVWHQV�WR�WKH�HQWLUH�EDQGZLGWK�VLPXOWDQHRXVO\�

)LJXUH����VKRZV�DQ�H[DPSOH�RI�D�)UHTXHQF\�+RSSLQJ�6SUHDG�6SHFWUXP�VLJQDO�RQ�D� VSHFWUXP
DQDO\]HU�� �1RWH� WKDW� WKH�DPSOLWXGH�RI� WKH� WUDQVPLWWHG�VLJQDOV�DUH�HTXDO�ZKLFK� LV� VLJQLILFDQWO\
GLIIHUHQW�WKDQ�D�'666�JHQHUDWHG�VLJQDO�

)LJXUH����6SUHDG�6SHFWUXP�3KRWR�RI�D�)UHTXHQF\�+RSSLQJ�VLJQDO���

)LJXUH����VKRZV�D�)+�VLJQDO�DJDLQ��EXW�DGGV�WKH�PLVVLQJ�SDUDPHWHU�RI�WLPH���1RWH�DJDLQ�WKDW�WKH
DPSOLWXGH�RI�WKH�VLJQDO�LV�FRQVWDQW�DV�LW�KRSV�EHWZHHQ�IUHTXHQFLHV�LQ�WLPH�

������������������������������������������������
12 Source: http://sss-mag.com/ss.html, The ABCs of Spread Spectrum.
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)LJXUH����)UHTXHQF\�+RSSLQJ��

7LPH�+RSSLQJ�6\VWHPV

:KLOH�IUHTXHQF\�KRSSLQJ�LV�SHUIRUPHG�LQ�WKH�IUHTXHQF\�GRPDLQ��WLPH�KRSSLQJ�LV�SHUIRUPHG�LQ
WKH� WLPH�GRPDLQ�� � ,Q� WLPH� KRSSLQJ� V\VWHPV�� WKH� SHULRG� DQG�GXW\� F\FOH��� RI� WKH�5)� FDUULHU� LV
PRGLILHG�XQGHU�WKH�FRQWURO�RI�WKH�31�FRGH���(DFK�EXUVW�FRQVLVWV�RI�Q�ELWV�RI�GDWD�DQG�WKH�H[DFW
WLPH�HDFK�EXUVW�LV�WUDQVPLWWHG�LV�GHWHUPLQHG�E\�WKH�31�FRGH�

������������������������������������������������
13  Source: Jack Glas Phd student, Delft University of Technology, Department of Electrical Engineering, Delft, The
Netherlands.  Available at http://cas.et.tudelft.nl/~glas. Reproduced with permission from author.
14 Duty cycle is the term given to the ratio expressed in percent of on-time to the time of one period.  For example, if a signal is
on for 1 second and off for 9 second, it is said be have a duty cycle of 10%.
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3XOVHG�6\VWHPV

,Q� D� SXOVHG� )0� VSUHDG� VSHFWUXP� V\VWHP�� VRPHWLPHV� FDOOHG� D� FKLUS� V\VWHP�� DQ� 5)� FDUULHU� LV
PRGXODWHG� ZLWK� D� IL[HG� SHULRG� DQG� IL[HG� GXW\� F\FOH� VHTXHQFH�� � 7KH� FDUULHU� IUHTXHQF\� LV
IUHTXHQF\�PRGXODWHG�FDXVLQJ�VSUHDGLQJ�RI�WKH�FDUULHU��7KH�SDWWHUQ�RI�WKH�IUHTXHQF\�PRGXODWLRQ
GHSHQGV�XSRQ�WKH�31�FRGH���7KHVH�V\VWHPV�DUH�W\SLFDOO\�HPSOR\HG�RQO\�LQ�UDGDU�V\VWHPV�DQG
UDUHO\�IRXQG�LQ�FRPPHUFLDO�DSSOLFDWLRQV�

31�6(48(1&(6

,Q�HDFK�RI�WKH�PHWKRGV�GLVFXVVHG��WKH�VSUHDGLQJ�FRGH�LV�DQ�LQWHJUDO�SDUW�RI�WKH�V\VWHP�DQG�LWV
LPSRUWDQFH�FDQQRW�EH�RYHUHPSKDVL]HG���+RZ�D�31�FRGH�LV�JHQHUDWHG�DQG�LWV�FKDUDFWHULVWLFV�DUH
D�EUDQFK�RI�VSUHDG�VSHFWUXP�DOO�E\�LWVHOI���6LPSOLVWLFDOO\��DQ\�VHTXHQFH�FDQ�EH�XVHG�WR�VSUHDG�WKH
GDWD�VLJQDO���,Q�SUDFWLFH��JUHDW�FDUH�PXVW�EH�H[HUFLVHG�LQ�LWV�VHOHFWLRQ�

31�FRGHV�DUH�FKLS�VHTXHQFHV�WKDW�KDYH�QRLVH�OLNH�SURSHUWLHV���7KH\�PD\�EH�SRODU�����DQG�����RU
QRQ�SRODU� ��� DQG� ���� � ,W� LV� WKH� QRLVH�OLNH� SURSHUW\� WKDW� LV� UHVSRQVLEOH� IRU� WKH� ORZ�FRUUHODWLRQ
DPRQJ�FRGHV���7DEOH���VKRZV�LPSRUWDQW�FKDUDFWHULVWLFV�RI�D�JRRG�31�FRGH�

7DEOH���&KDUDFWHULVWLFV�RI�D�*RRG�31�&RGH

• 6HTXHQFHV�PXVW�EH�EXLOW�IURP���OHYHOHG�QXPEHUV��H�J�����DQG���RU����DQG�����

• &RGHV�VKRXOG�KDYH���FKLS�DXWRFRUUHODWLRQ�SHDN�WR�HQDEOH�FRGH�V\QFKURQL]DWLRQ�

• &RGHV�PXVW�KDYH�D� ORZ�FURVV�FRUUHODWLRQ�YDOXH�� �7KLV� UHIHUV� WR� WKH� VLPLODULW\�EHWZHHQ
WZR� VLJQDOV�� � 7KH� GHJUHH� RI� OLNHQHVV� LV� VRPHWLPHV� H[SUHVVHG� DV� D� YDOXH� EHWZHHQ� �
�SHUIHFW�PDWFK��XQGHVLUDEOH�� DQG� �� �QR�PDWFK�� YHU\�GHVLUDEOH��� � /RZ� FURVV�FRUUHODWLRQ
WUDQVODWHV�WR�LQFUHDVHG�FKDQQHO�FDSDFLW\��H�J���PRUH�XVHUV��

• &RGHV�VKRXOG�EH�EDODQFHG��WKH�GLIIHUHQFH�EHWZHHQ�RQHV�DQG�]HURV�LQ�WKH�FRGH�PD\�RQO\
EH� ��� � 7KLV� FKDUDFWHULVWLF� SURYLGHV� JRRG� VSHFWUDO� GHQVLW\� SURSHUWLHV� VLQFH� WKH� FRGH� LV
WKHQ�VLPLODU�WR�UDQGRP�QRLVH�

&RGHV�WKDW�PHHW�RQH�RU�PRUH�RI�WKH�DERYH�FULWHULRQ�DUH��:DOVK�+DGDPDUG��0�VHTXHQFHV��*ROG�
)RXU�SKDVH��DQG�.DVDPL�FRGHV���:H�ZLOO�OLPLW�RXU�GLVFXVVLRQ�WR�0�VHTXHQFH��DOVR�FDOOHG�0�DU\�
DQG�:DOVK�+DGDPDUG�FRGHV�

:DOVK�+DGDPDUG�&RGH�*HQHUDWLRQ

:DOVK�+DGDPDUG��KHUHDIWHU�UHIHUUHG�WR�VLPSO\�DV�:DOVK�FRGHV��FDQ�EH�WKRXJKW�RI�DV�D�PDWUL[�
7DEOH���VKRZV�D�W\SLFDO�PDWUL[�RI�:DOVK�FKLSV���$OWKRXJK�DQ\�OHQJWK�FRGH�FDQ�EH�JHQHUDWHG��ZH
OLPLW�RXUVHOYHV�WR�D����ELW�:DOVK�FRGH�PDWUL[���,Q�WKH�H[DPSOH��ZKHQ�D�XVHU�QHHGV�D�VSUHDGLQJ
FRGH�� RQH� RI� WKH� XQXVHG� FRGHV� LV� VHOHFWHG�� � $�:DOVK� LQGH[� SRLQWV� WR� D�:DOVK� VHTXHQFH� WKDW
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VHUYHV�DV�WKH�XVHUªV�XQLTXH�VSUHDGLQJ�FRGH���1RWH�WKDW�LQ�WKLV�H[DPSOH�WKH�SURFHVVRU�JDLQ�LV����
VLQFH�WKH�OHQJWK�RI�WKH�VSUHDGLQJ�FRGH�LV����ELWV�

7DEOH���:DOVK�&RGH�0DWUL[�([DPSOH

.

Walsh Chip within a Walsh Function
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0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

16
17
18
19

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

20
21
22
23

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

24
25
26
27

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

28
29
30
31

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

32
33
34
35

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

36
37
38
39

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

40
41
42
43

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

44
45
46
47

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

48
49
50
51

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

52
53
54
55

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

56
57
58
59

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

60
61
62
63

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 1

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0

W a l s h  F u n c t i o n  I n d e x

7R�XQGHUVWDQG�KRZ�WKH�:DOVK�WDEOH�LV�JHQHUDWHG��OHWªV�ORRN�DW�)LJXUH����

0 0 0

0 1

0 0

0 1

0 0

0 1

0 0

0 1

(1) duplicate
seed

2nd
generation

seed

(2) duplicate
seed

(3) compliment
seed

(1) duplicate
seed

(2) duplicate
seed

(3) compliment
seed

(A) (B) (C)

original
seed

3rd
generation

seed

)LJXUH����:DOVK�+DGDPDUG�31�&RGH�*HQHUDWLRQ

$VVXPH�ZH�VWDUW�ZLWK�D�VHHG�YDOXH�RI�]HUR�DV�VKRZQ�LQ��$����7KH�VHHG�LV�GXSOLFDWHG�KRUL]RQWDOO\
DQG�YHUWLFDOO\��DQG�WKH�FRPSOLPHQW�RI�WKH�VHHG�EHFRPHV�WKH�GLDJRQDO�YDOXH��%����7KLV�QHZ�PLQL�
PDWUL[� EHFRPHV� WKH� QHZ� VHHG� IRU� WKH� QH[W� LWHUDWLRQ�� � $JDLQ� WKH� SURFHVV� RI� GXSOLFDWLRQ� DQG
FRPSOLPHQWLQJ�LV�DSSOLHG�WR�WKH�QHZ�VHHG��WKH�UHVXOWV�DUH�VKRZQ�LQ��&����7KLV�SURFHVV�FRQWLQXHV
XQWLO�ZH�KDYH�GHYHORSHG�WKH�QXPEHU�RI�FRGHV�UHTXLUHG�

0�6HTXHQFH�&RGH�*HQHUDWLRQ
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$� VHFRQG� PHWKRG� XVHG� IRU� 31� FRGH� JHQHUDWLRQ� PDNHV� XVH� RI� D� OLQHDU� VKLIW� UHJLVWHU� �/65��
)LJXUH����VKRZV�D�WKUHH�����ELW�VKLIW�UHJLVWHU�ZKLFK�PRYHV�WKURXJK���VWDWHV�EHIRUH�WKH�VHTXHQFH
LV�UHSHDWHG���,Q�WKH�LQLWLDO�VWDWH��$���WKH�RXWSXW�RI�WKH�VKLIW�UHJLVWHU�LV���� �'XULQJ�WKH�QH[W�FORFN
F\FOH�� ELWV� DUH� VKLIWHG��PRGXOR��� DGGLWLRQ� LV� SHUIRUPHG� DQG� WKH� RXWSXW� LV� �� �%��� � 7KH� SURFHVV
FRQWLQXHV�WKURXJK�VWDWHV�&�WR�*�\LHOGLQJ�D�VSUHDGLQJ�FRGH�RI�����������,Q�WKLV�H[DPSOH��WKH�FRGH
OHQJWK�LV�XQUHDOLVWLFDOO\�VKRUW���,Q�SUDFWLFH��OHQJWKV�VXFK�DV�������ELW�/65��RU��������ELW�/65��DUH
XVHG�

0 0 1 1

1 0 0 0

1 1 1 1

0 1 0 0

1 0 1 1

1 1 0 0

Sequence = 1001011 1001011...

0 1 1 1

Time

A

B

C

D

E

F

G

Modulo-2 addition

Tap point
Alternative
Tap point

)LJXUH����31�&RGH�*HQHUDWLRQ

,Q�WKLV���ELW�/65�H[DPSOH��QRWH�WKHUH�DUH�WZR�SRLQWV�WR�WDS�RII�WKH�YDOXH�WKDW�ZLOO�EH�XVHG�IRU�WKH
PRGXOR���DGGLWLRQ�� �7KH� WDS�SRLQW�PD\�EH�YDULHG�DFFRUGLQJ� WR� WKH�GHVLUHG�SRO\QRPLDO�ZKLFK
DIIHFWV�WKH�FKDUDFWHULVWLFV�RI�WKH�UHVXOWLQJ�VHTXHQFH��$VVXPLQJ�WKH�OHQJWK�RI�WKH�VKLIW�UHJLVWHU�LV
Q��WKH�SHULRG�FDQ�EH�GHVFULEHG�DV�VKRZQ�LQ�(TXDWLRQ���

1GV� ��Q����

(TXDWLRQ���/65�5HODWLRQVKLS

$�FXUVRU\�LQVSHFWLRQ�RI�WKH�UHODWLRQVKLS�VKRZV�WKDW�WKH�RXWSXW�IURP�D�/65�DOZD\V�FRQWDLQV�DQ
RGG�QXPEHU�RI�ELWV���,Q�FRPPHUFLDO�V\VWHPV��WKLV�VRPHWLPHV�FDXVHV�SUREOHPV�DQG�DQ�DGGLWLRQDO
ELW� LV� DGGHG� WR� VLPSOLI\� WLPLQJ�� �:LWKRXW� IXUWKHU� H[SODQDWLRQ�ZH�PRYH� RQ�� KRZHYHU�� WKH� WDS
SRLQW�� WKH� OHQJWK�RI� WKH�/65�� DQG�RWKHU� IDFWRUV� RI� WKH� VHTXHQFH�SOD\� D�PDMRU� UROH� LQ� WKH� ILQDO
VSUHDG�VSHFWUXP�VLJQDO�DQG�FDUHIXO�FRQVLGHUDWLRQ�LV�QHFHVVDU\�
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:DOVK�+DGDPDUG�YV��0�6HTXHQFH

:DOVK�FRGHV�DOVR�KDYH�OLPLWDWLRQV��WKH\�GR�QRW�KDYH�D�VLQJOH�QDUURZ�DXWRFRUUHODWLRQ�SHDN��RQH
RI� WKH� FULWHULRQ� IRU� D�JRRG�31�FRGH� VHTXHQFH�� � ,Q� DGGLWLRQ�� VSUHDGLQJ� LV� OLPLWHG� WR� D�GLVFUHWH
QXPEHU�RI�IUHTXHQF\�FRPSRQHQWV�DV�VKRZQ�LQ�)LJXUH����

)LJXUH����:DOVK�+DGDPDUG�DQG�0�6HTXHQFH�&RPSDUHG��

6LQFH�WKH�/65�SURGXFHV�DQ�RGG�QXPEHU�RI�ELWV�� LW� LV�QRW�SRVVLEOH�IRU�WKH�QXPEHU�RI���VWDWHV�WR
HTXDO�WKH�QXPEHU�RI���VWDWHV�� �5HFDOO�WKDW�RQH�RI�WKH�GHVLUHG�WUDLWV�RI�D�JRRG�31�FRGH�UHTXLUHV
WKDW�]HURV�DQG�RQHV�EH�HTXDO���'HVSLWH�WKLV�OLPLWDWLRQ�WKHUH�DUH�VWLOO�JRRG�UHDVRQV�WR�XVH�D�/65�WR
JHQHUDWRU� 31� FRGHV�� � )RU� H[DPSOH��0�DU\� FRGHV� H[KLELW� IHZHU� SHDNV� DV� FRPSDUHG� WR�:DOVK
FRGHV�DQG�VSUHDG�WKH�GDWD�VLJQDO�PRUH�VPRRWKO\�RYHU�D�ZLGHU�EDQG�RI�IUHTXHQFLHV�

)RU� WKHRUHWLFDO�DQG�SUDFWLFDO� UHDVRQV��ERWK�FRGHV�DUH�YLDEOH� VROXWLRQV� WR� WKH�JHQHUDWLRQ�RI�31
FRGHV�GHVSLWH�WKHLU�OHVV�WKDQ�SHUIHFW�FKDUDFWHULVWLFV�

6SUHDGLQJ

:KHWKHU� ZH� XVH� :DOVK�� 0�DU\�� RU� RWKHU� PHWKRGV� IRU� WKH� JHQHUDWLRQ� RI� WKH� 31� FRGH�� WKH
VSUHDGLQJ� RI� WKH� GDWD� VLJQDO� LV� DFFRPSOLVKHG� LQ� WKH� VDPH� PDQQHU�� � 6SHFLILFDOO\�� ZH� DGG

������������������������������������������������
15 Source: Jack Glas Ph.D. student, Delft University of Technology, Department of Electrical Engineering, Delft, The
Netherlands.  Available at http://cas.et.tudelft.nl/~glas.  Graph developed by using DFT and computer program MatLab.
Reproduced with permission from author.
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�PRGXOR���DGGLWLRQ��WKH�31�FRGH�ZLWK�WKH�GDWD�VLJQDO�WR�JHQHUDWH�WKH�VSUHDG�VLJQDO���)LJXUH���
VKRZV�KRZ�D�GDWD�ELW�����LV�VSUHDG�XVLQJ�:DOVK�FRGH�LQGH[����IURP�WKH�:DOVK�WDEOH�SUHYLRXVO\
GHYHORSHG���7KH�UHVXOWLQJ�GDWD�VWUHDP�IURP�WKH�RSHUDWLRQ�LV�VKRZQ�LQ�WKH�ORZHU�SRUWLRQ�RI�WKH
ILJXUH���,W�VKRXOG�EH�HDV\�WR�VHH�IURP�RXU�GLVFXVVLRQ�WKDW�WKH�SURFHVVLQJ�JDLQ�LV������$OWKRXJK�ZH
DUH� OLPLWLQJ� RXU�GLVFXVVLRQ� WR� WKH� JHQHUDWLRQ� RI� VSUHDG� VSHFWUXP� VLJQDOV�� LW� LV� DSSURSULDWH� WR
QRWH�WKDW� WKH� LQIRUPDWLRQ�LV�UHFRYHUHG�DW� WKH�UHFHLYHU�E\�PRGXOR���DGGLQJ�WKH�UHFHLYHG�VLJQDO
ZLWK�D�ORFDOO\�JHQHUDWHG�UHSOLFD�RI�WKH�31�FRGH�VHTXHQFH�

1001100101100110011001101001100101100110100110011001100101100110

0110011010011001100110010110011010011001011001100110011010011001

1

PN code

Resulting
Spread

Data bit to be spread

)LJXUH����6SUHDGLQJ

02'8/$7,21

,I�ZH�UHIHU�EDFN� WR� WKH�JHQHULF�VSUHDG�VSHFWUXP�EORFN�GLDJUDP��)LJXUH�����ZH�VHH� WKDW�ZH�DUH
QRZ� UHDG\� WR� PRGXODWH� WKH� GLJLWDOO\� VSUHDG� VLJQDO� ZLWK� DQ� 5)� FDUULHU� VR� WKDW� LW� FDQ� EH
WUDQVPLWWHG���7KHUH�DUH�D�SOHWKRUD�RI�PRGXODWLRQ�WHFKQLTXHV���%HVLGHV�HYHU\GD\�WHFKQLTXHV�VXFK
DV�$0�DQG�)0��WKHUH�DUH�PRUH�HVRWHULF�PHWKRGV�

7R�XQGHUVWDQG�ZK\�VRPH�PRGXODWLRQ�WHFKQLTXHV�DUH�XVHG�RYHU�RWKHUV��LW�LV�XVHIXO�WR�VWDUW�DW�WKH
YHU\�EHJLQQLQJ�RI�GLJLWDO�FRPPXQLFDWLRQ��0RUVH�&RGH�� �0RUVH�FRGH�LV�D�FRPELQDWLRQ�RI� WRQHV
DQG�WKH�DEVHQFHV�RI�WRQHV���(OHFWURQLF�FLUFXLWV�VXFK�DV�SKDVH�ORFNHG�ORRSV��3//��FDQ�HDVLO\�ORFN
WR�D�VLJQDO��WRQH���KRZHYHU��WKH�DEVHQFH�RI�D�WRQH�LV�PRUH�GLIILFXOW� WR� ORFN�WR�� �)RU�WKLV�UHDVRQ�
WZR�VWDWHV�DUH�PRVW�RIWHQ�XVHG�WR�UHSUHVHQW�GLJLWDO� LQIRUPDWLRQ� ���DQG����DQG�WKXV� WR� LQFUHDVH
UHOLDELOLW\�RI�WKH�GDWD�

7DEOH� �� VKRZV� VRPH� PRGXODWLRQ� WHFKQLTXHV� WKDW� DUH� XVHG� IRU� WKH� WUDQVPLVVLRQ� RI� GLJLWDO
LQIRUPDWLRQ�
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7DEOH���0RGXODWLRQ�7HFKQLTXHV

Item Description

)6. )UHTXHQF\�6KLIW�.H\LQJ�LQ�ZKLFK�D�VLJQDO�FKDQJHV�EHWZHHQ�WZR
IUHTXHQFLHV�

$)6. $XGLR�)UHTXHQF\�6KLIW�.H\LQJ�LV�LGHQWLFDO�WR�)6.�ZLWK�WKH�GLIIHUHQFH
EHLQJ�WKH�ZD\�LQ�ZKLFK�WKH�WZR�IUHTXHQFLHV�DUH�JHQHUDWHG�

36. 3KDVH�6KLIW�.H\LQJ�FKDQJHV�WKH�SKDVH�RI�D�VLJQDO�DJDLQVW�D�VSHFLILHG
UHIHUHQFH�

%36. %LQDU\�3KDVH�6KLIW�.H\LQJ

'36. 'LIIHUHQWLDO�%LQDU\�3KDVH�6KLIW�.H\LQJ�FKDQJHV�WKH�SKDVH�ZLWK�UHVSHFW
WR�VXFFHHGLQJ�SXOVHV�LQ�WKH�VDPH�GDWD�VWUHDP�

436. 4XDGUDWXUH�3KDVH�6KLIW�.H\LQJ�DOVR�FDOO�4XDG�����3KDVH�6KLIW�.H\LQJ�

2436. 2IIVHW�4XDGUDWXUH�3KDVH�6KLIW�.H\LQJ

&�)0 8VHV�D�1\TXLVW�5DLVHG�&RVLQH�)LOWHU�FDVFDGHG�ZLWK�VKDSLQJ�ILOWHU�
FDVFDGH�ZLWK�D�IUHTXHQF\�PRGXODWRU��)0�

&436. &RQVLVWV�RI�D�WDEOH�ORRN�XS��WKH�WZR�RXWSXWV�RI�ZKLFK��,�DQG�4��DUH
1\TXLVW�ILOWHUHG�DQG�WKHQ�DPSOLWXGH�PRGXODWHG��LQ�SKDVH�DQG
TXDGUDWXUH�SKDVH��EHIRUH�VXPPLQJ��7KH�LQIRUPDWLRQ�ELWV�DUH
SURFHVVHG�E\�WKH�ORRN�XS�WDEOH�WR�\LHOG�D���OHYHO�,�VLJQDO�DQG�D���OHYHO
4�VLJQDO��7KH�,�DQG�4�VLJQDOV�DUH�ILOWHUHG�ZLWK�WKH�1\TXLVW�5DLVHG
&RVLQH�)LOWHU�SUHYLRXVO\�GHVFULEHG��7KH�,�VLJQDO�LV�WKHQ�PXOWLSOLHG�E\
WKH�FDUULHU�DQG�WKH�4�VLJQDO�LV�PXOWLSOLHG�E\�WKH�FDUULHU�DIWHU�LW�KDV
EHHQ�GHOD\HG�E\����GHJUHHV��7KH�PRGXODWHG�,�DQG�4�FDUULHUV�DUH�WKHQ
VXPPHG�WRJHWKHU�WR�\LHOG�WKH�PRGXODWRU�RXWSXW

��4$0 ���OHYHO�4XDGUDWXUH�$PSOLWXGH�0RGXODWLRQ����WKLV�LV�WKH�PRGXODWLRQ
WHFKQLTXH�RU�VLPLODU�IRUP�LV�XVHG�LQ�HYHU\������.ESV�PRGHP�

7ZR�VWDWHV�PD\�EH�DFKLHYHG�XVLQJ�DPSOLWXGH�PRGXODWLRQ� �$0��ZKHUH� WZR�DPSOLWXGH� OHYHOV
UHSUHVHQWV� GLJLWDO� YDOXHV� ��� DQG� ���� � +RZHYHU�� LW� LV� D� SRRU� VROXWLRQ� VLQFH� LQ� D� ZLUHOHVV
HQYLURQPHQW��FKDQJHV�LQ�SURSDJDWLRQ�QRUPDOO\�FDXVH�FKDQJHV�LQ�DPSOLWXGH�� �7KHVH�XQZDQWHG
YDULDWLRQV� LQ� DPSOLWXGH� ZRXOG� HUURQHRXVO\� EH� LQWHUSUHWHG� DV� GDWD�� � 7KHUHIRUH�� $0� LV� QRW� D
YLDEOH�VROXWLRQ�IRU�D�UREXVW�FRPPXQLFDWLRQ�V\VWHP�

)UHTXHQF\�PRGXODWLRQ��)0��LV�DOVR�D�SRRU�VROXWLRQ�VLQFH��DV�LWV�QDPH�LPSOLHV��WKH�IUHTXHQF\�LV
FRQVWDQWO\�FKDQJLQJ�PDNLQJ�LW�GLIILFXOW�IRU�DQ�HOHFWURQLF�FLUFXLW�WR�ORFN�WR�WKH�IUHTXHQF\���7KLV�LV
SDUWLFXODUO\� WUXH� RI� VDWHOOLWH� FRPPXQLFDWLRQ� ZKHUH� 'RSSOHU� IUHTXHQF\� VKLIWV� FDQ� EH
PLVLQWHUSUHWHG�DV�SDUW�RI�WKH�GHVLUHG�GDWD�

:H�QRZ�PRYH�WR�D�YLDEOH�VROXWLRQ��SKDVH�VKLIW�NH\LQJ��36.����,Q�WKLV�PRGXODWLRQ�VFKHPH�RQO\
WKH�SKDVH�RI� D� VLJQDO� FKDQJHV�� � )UHTXHQF\� DQG� DPSOLWXGH�PD\�YDU\� VOLJKWO\�ZLWKRXW� FDXVLQJ
HUURUV�� � )RU� WKLV� UHDVRQ�� 36.� LV� DQ� HIIHFWLYH� PRGXODWLRQ� WHFKQLTXH�� QHLWKHU� DPSOLWXGH� RU
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IUHTXHQF\�YDULDWLRQV�DIIHFW�GHPRGXODWLRQ���1XPHURXV�36.�PHWKRGV�DUH�XVHG��VRPH�RI�WKH�PRUH
SRSXODU�WHFKQLTXHV�DUH�%36.��436.��DQG�2436.�

%36.

,Q�%LQDU\�3KDVH�6KLIW�.H\LQJ��%36.���DV�LWV�QDPH�LPSOLHV��ZH�VKLIW�D�VLJQDO�LQ�SKDVH�EHWZHHQ
WZR�OHYHOV���:KLOH�ZH�FDQ�VHOHFW�DQ\�SKDVH�VKLIW��HOHFWURQLF�FLUFXLWV�EHFRPH�PRUH�FRPSOH[�DV�WKH
SKDVH�VKLIW�PDJQLWXGH�LV�UHGXFHG���%36.�FLUFXLWV�DUH�QRUPDOO\�GHVLJQHG�WR�GLVWLQJXLVK�EHWZHHQ
WKH�H[LVWHQFH��H�J������RU�QRQ�H[LVWHQFH��H�J������RI�D�SDUWLFXODU�SKDVH���)RU�SUDFWLFDO�V\VWHPV��WKH
SKDVH�GLIIHUHQFHV�DUH�ODUJH�WR�HDVH�GHWHFWLRQ�� �9DOXHV�RI���DQG�����GHJUHHV�QRUPDOO\�UHSUHVHQW
WKH�WZR�ELQDU\�VWDWHV�

PN
GENERATOR

Modulo-2
addition

Summation
(Mixing)

RF Carrier

symbol
stream in

DSSS
RF out

)LJXUH����%36.

436.

4XDGUDWXUH�3KDVH�6KLIW�.H\LQJ��436.��LV�PXFK�OLNH�%36.��EXW�WKH�QXPEHU�RI�SKDVH�VKLIWV�LV
GRXEOHG���(DFK�SKDVH�FRUUHVSRQGV�WR�WZR�ELWV�RI�LQIRUPDWLRQ���3KDVH�VKLIWV�RI�������������DQG����
GHJUHHV�FRUUHVSRQG�WR�GDWD�RI����������������������DQG�������UHVSHFWLYHO\���8VLQJ�D�TXDGUDWXUH�VLJQDO
DOORZV�WKH�ELW�UDWH�WR�EH�GRXEOHG��ZKLOH�RQO\�VOLJKWO\�LQFUHDVLQJ�FRPSOH[LW\�RI�WKH�V\VWHP�

,W�ZRXOG�DSSHDU�WKDW�ZH�FRXOG�FRQWLQXH�WR� LQFUHDVH�WKH�QXPEHU�RI�SKDVH�VKLIWV� LQ�DQ�HIIRUW� WR
FRQFHQWUDWH� PRUH� DQG� PRUH� LQIRUPDWLRQ� LQ� WKH� WUDQVPLWWHG� VLJQDO�� XQIRUWXQDWHO\� WKHUH� LV� D
OLPLWDWLRQ���7KH�DELOLW\�RI�D�UHDO�ZRUOG�HOHFWURQLF�FLUFXLW�WR�UHOLDEO\�GLIIHUHQWLDWH�D�ODUJH�QXPEHU
RI�SKDVHV�EHFRPHV�WKH�OLPLWLQJ�IDFWRU���436.����SKDVHV��DQG��36.����SKDVHV��DUH�WKH�JHQHUDOO\
DFFHSWHG�OLPLW�
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PN
GENERATOR

PN
GENERATOR

symbol
stream in

Summation
(Mixing)

RF Carrier

RF Carrier

Modulo-2
addition DSSS

RF out

)LJXUH����436.

2436.

2IIVHW�4XDGUDWXUH� 3KDVH� 6KLIW� .H\LQJ� LV� D� VOLJKW� YDULDWLRQ� RI�436.�� � 7KH�PDMRU� GLIIHUHQFH
EHLQJ�WKDW�LQ�2436.�RQH�RI�WKH�WZR�TXDGUDWXUH�VLJQDOV�LV�RIIVHW�LQ�WLPH���7KH�RIIVHW�YDULHV�ZLWK
V\VWHP� LPSOHPHQWDWLRQ�� EXW� LV� RIWHQ� LQ� WKH� RUGHU� RI� D� KDOI� FKLS� WLPH�� � )RU� D� FKLSSLQJ� UDWH� RI
�������0+]��FKLS�UDWH� �����QV���DQ�RIIVHW�PD\�EH�RQ�WKH�RUGHU�RI�����QV�� �7KH�UHDVRQ�IRU�WKLV
RIIVHW�LV�VWULFWO\�SUDFWLFDO���%\�RIIVHWWLQJ�WKH�VLJQDO��WKH�SRZHU�HQYHORS�LV�PRUH�FRQVWDQW�PDNLQJ
LW�PRUH�IULHQGO\�WR�SRZHU�DPSOLILHUV�

PN
GENERATOR

PN
GENERATOR

symbol
stream in

Summation
(Mixing)

RF Carrier

RF Carrier

Modulo-2
addition DSSS

RF out

Delay

)LJXUH����2436.
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&21&/86,21

7KH� 5)� VSHFWUXP� LV� D� YDOXDEOH� DQG� OLPLWHG� UHVRXUFH� WKDW� PXVW� EH� FDUHIXOO\� PDQDJHG�� � 7KH
VROXWLRQ� WR� HIIHFWLYHO\� DQG� HIILFLHQWO\� XVLQJ� WKLV� UHVRXUFH� OLHV� LQ� DOORZLQJ� PXOWLSOH� XVHUV� WR
DFFHVV� WKH�PHGLXP�� � 7RZDUG� WKDW� HQG�� VHYHUDO� PHWKRGV� DUH� SUHVHQWO\� LQ� ZLGHVSUHDG� XVH� RU
XQGHU�GHYHORSPHQW���8QIRUWXQDWHO\��WKHUH�LV�QR�FOHDU�PHWKRG�WKDW�LV�VXSHULRU�WR�DOO�RWKHUV�LQ�DOO
FLUFXPVWDQFHV��HDFK�KDV�LWV�RZQ�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�� �+RZHYHU��WKHUH�LV�DJUHHPHQW
WKDW� E\� GLJLWL]LQJ� WKH� LQIRUPDWLRQ�� PRUH� FRPSOH[� PHWKRGV� IRU� FRPPXQLFDWLRQ� FDQ� EH
GHYHORSHG�

:H�KDYH�VWHSSHG�WKRXJK�HDFK�RI� WKH� LPSRUWDQW�HOHPHQWV�RI�D�ZLUHOHVV�GLJLWDO�FRPPXQLFDWLRQ
V\VWHP���7KH�FRGHF��YRFRGHU��HQFRGHU��LQWHUOHDYHU��WKH�31�JHQHUDWRU��DQG�5)�PRGXODWRU�DOO�SOD\
D� NH\� UROH� LQ� SUHSDULQJ� WKH� GDWD� EHIRUH� LW� HQWHUV� WKH� KDUVK�ZLUHOHVV�ZRUOG�� � ,W� LV� WKH� FDUHIXO
DWWHQWLRQ�WR�RSWLPL]LQJ�HDFK�RI�WKHVH�HOHPHQWV�WKDW�DOORZV�XV�WR�LQFUHDVH�FKDQQHO�FDSDFLW\�DQG
DSSURDFK�WKH�6KDQQRQ�OLPLW�
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635($'�63(&7580�7$/.6�$1'�35(6(17$7,216

7KH� IROORZLQJ� DUH� 5HDO� $XGLR� SUHVHQWDWLRQV� DYDLODEOH� IURP
<http://www.tapr.org/ss/ss_audio.html>. 7KLV� SDJH� SURYLGHV�PDQ\� DGGLWLRQDO� OLQNV� WR
RWKHU�DXGLR�SUHVHQWDWLRQV�

6SUHDG�6SHFWUXP�DQ�2YHUYLHZ��*UHJ�-RQHV��:'�,9'��DQG�7RP�0F'HUPRWW��1�(*�IURP
7356�'LJLWDO�)RUXP��+DP&RP��$UOLQJWRQ��7H[DV������

+DP� 5DGLR� DQG� 0RUH� 6KRZ�� ��������� *XHVW�� 'HZD\QH� +HQGULFNV�� :$�'=3�� &(2
:DUS�6SHHG�,PDJLQHHULQJ�7RSLF��6SUHDG�6SHFWUXP�&RPPXQLFDWLRQV�1DWLRQDO�+RXU

+DP�5DGLR� DQG�0RUH� 6KRZ�� ���������*XHVW��'HZD\QH�+HQGULFNV��:$�'=3�� &(2
:DUS�6SHHG�,PDJLQHHULQJ�7RSLF��6SUHDG�6SHFWUXP�&RPPXQLFDWLRQV�/RFDO�+RXU

6SUHDG�6SHFWUXP�7HFKQRORJ\�DQG� FXUUHQW� LVVXHV� LQ�$PDWHXU�5DGLR�3KLO�.DUQ��.$�4�DQG
6WHYH�%LEOH��1�+35�IURP�7$35�'LJLWDO�)RUXP��'D\WRQ�+DPYHQWLRQ�����

+DP�5DGLR� DQG�0RUH� 6KRZ� ��������*XHVW�� -DFN� 7LOH\��1�5:-� �RQ� 6SUHDG� 6SHFWUXP
&RPPXQLFDWLRQV��1DWLRQDO�+RXU

635($'�63(&7580�:(%�3$*(6

�� 85/V�IRU�PRUH�LQIRUPDWLRQ�RQ�6SUHDG�6SHFWUXP
http://www.cdg.org/a_ross/index.html/

http://www.tapr.org/ss/smith/smith.html#contents/

http://olt.et.tudelft.nl/~glas/ssc/techn/techniques.html/

�� 85/V�IRU�PRUH�LQIRUPDWLRQ�RQ�WHOHFRPPXQLFDWLRQV�LQ�JHQHUDO
http://www.qualcomm.com/people/pkarn/voicedemo/index.html/
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$1127$7('�%,%/,2*5$3+<

%LEOH��6WHYH��1�+35��§6SUHDG�6SHFWUXP���,W
V�QRW�MXVW�IRU�EUHDNIDVW�DQ\PRUH�¨�4(;
PDJD]LQH��7KH�$PHULFDQ�5DGLR�5HOD\�/HDJXH��1HZLQJWRQ��&7�������

7KH�SDSHU�LV�LQWHQG�IRU�DPDWHXU�UDGLR�XVHUV�ZKR�KDYH�D�WHFKQLFDO�EDFNJURXQG��EXW�QRW�LQ�VSUHDG
VSHFWUXP�FRPPXQLFDWLRQ���,W�GLVFXVVHV�WKH�EDVLF�W\SHV�RI�VSUHDGLQJ�VXFK�DV�IUHTXHQF\�KRSSLQJ�
DQG�GLUHFW�VHTXHQFH�

)OHHWHU��5��*��+XIIPDQ��§6DWHOOLWH�5DGLR¨��7KLUG�LQ�D�WKUHH�SDUW�VHULHV��1HZ�6SDFH
1HZVOHWWHU��$XJXVW������

$� GRZQ� WR� HDUWK� DUWLFOH� �QR� SXQ� LQWHQHG�� RQ� VDWHOOLWH� FRPPXQLFDWLRQ�� � ,W� � H[SODLQV� LQ� VHPL�
WHFKQLFDO�WHUPV�VRPH�RI�WKH�SUREOHPV�IDFLQJ�VDWHOOLWH�FRPPXQLFDWLRQ�DQG�ZK\�VRPH�RI�WKH�PRGHV
RI�RSHUDWLRQ�DUH�XVHG�DQG�ZK\�RWKHUV�DUH�QRW���)RU�H[DPSOH��ZK\�36.�LV�XVHG�RYHU�FRQYHQWLRQDO
PHWKRGV�VXFK�DV�$0�DQG�)0�LV�H[SODLQHG�

+HQGULFNV��'HZD\QH��:$�'=3��6SUHDG�6SHFWUXP�DQG�WKH�$PDWHXU�5DGLR�6HUYLFH��
5HFHQW�'HYHORSPHQWV�365�����)DOO�������7$35��7XFVRQ��$=�������

7KH� SDSHU� LV� D� FDOO� WR� DUPV� WR� WKH� DPDWHXU� UDGLR� VHUYLFH� WR� H[SHULPHQW�ZLWK� VSUHDG� VSHFWUXP
WHFKQRORJ\���)RU�GHFDGHV��PDQ\�FRPPHUFLDO�SURGXFWV�KDYH�KDG�WKH�LQIDQF\�LQ�WKH�DPDWHXU�UDGLR
FRPPXQLW\�� � +RZHYHU�� VSUHDG� VSHFWUXP� GRHV� QRW� IROORZ� WKLV� UXOH�� � 7KH� FRPPHUFLDO� VHFWRU� LV
HPEUDFLQJ�VSUHDG�VSHFWUXP�WHFKQRORJ\�DQG�PDQ\�SURGXFWV�DUH�FXUUHQWO\�DYDLODEOH�IRU�XVH���,W�LV
WKH� DXWKRUªV� LQWHQWLRQ� WR� EULQJ� WKH� VXEMHFW� RI� VSUHDG� VSHFWUXP� WR� WKH� IRUHIURQW� LQ� WKH� KRSHV� RI
FKDOOHQJLQJ�DPDWHXUV�WR�H[SHULPHQW�ZLWK�VSUHDG�VSHFWUXP�

.DW]�5��+���$GDSWLRQ�DQG�0RELOLW\�LQ�:LUHOHVV�,QIRUPDWLRQ�6\VWHPV���,(((�3HUVRQDO
&RPPXQLFDWLRQV��SS��������)LUVW�4XDUWHU������

7KH� SDSHU� LV� D� KLJK� OHYHO� RYHUYLHZ� RI� WKH� SUREOHPV� IDFLQJ� � PRELOH� FRPPXQLFDWLRQ�� � $OVR
GLVFXVVHG�LV�WKH�IXHO�WKDW�GULYHV�WKH�HYROXWLRQ��VSHFLILFDOO\��PRELOLW\�ZKLFK�LV�FRQVLGHUHG�D�QDWXUDO
HYROXWLRQ�RI�FRPSXWLQJ�� �,QFOXGHG�DUH�GHILQLWLRQV�VXFK�DV�XELTXLWRXV��QRPDGLF��DQG�GHWDFKDEOH
FRPSXWLQJ�� HDFK� EHLQJ�GULYHQ� E\� D� VOLJKWO\� GLIIHUHQW� QHHG� RU�PDUNHW�� \HW� DOO� UHTXLUH�PRELOLW\�
7KH� SDSHU� DOVR� GLVFXVVHV� WKH� FRPSRQHQWV� WKDW� PDNH� XS� D� ZLUHOHVV� QHWZRUN� VXFK� DV� WKH� XVHU
WHUPLQDO��WKH�ZLUHOHVV�OLQN��WKH�EDVH�VWDWLRQ��QHWZRUN�SURWRFRO�

.RKQR��5XML��5HXYHQ�0HLGDQ��DQG�/DXUHQFH�%��0LOVWHLQ���6SUHDG�6SHFWUXP�$FFHVV�0HWKRGV
IRU�:LUHOHVV�&RPPXQLFDWLRQV���,(((�&RPPXQLFDWLRQV�0DJD]LQH��SS���������-DQ�
�����

$Q� H[FHOOHQW� SDSHU� WKDW� SURYLGHV� ERWK� D� ORZ� DQG� KLJK� OHYHO� GHVFULSWLRQ� RI� VSUHDG� VSHFWUXP
WHFKQRORJLHV�� �7KH�SDSHU�FRQFHQWUDWHV�RQ�WZR�PHWKRGV�IRU�VSUHDGLQJ��)UHTXHQF\�+RSSLQJ��)+�
DQG� 'LUHFW� 6HTXHQFH� &'0$�� � $� FRPSDULVRQ� LV� PDGH� LQGLFDWLQJ� WKH� DGYDQWDJHV� DQG
GLVDGYDQWDJHV�RI�HDFK�
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3LFNKROW]��5D\RPQG�/���'RQDOG�/��6KLOOLQJ��DQG�/DXUHQFH�%��0LOVWHLQ���7KHRU\�RI�6SUHDG�
6SHFWUXP�&RPPXQFLDWLRQV���$�7XWRULDO���,(((�&RPPXQLFDWLRQV�0DJD]LQH��SS������
�����0D\������

$OWKRXJK� WKH� SDSHU� VWDWHV� LW� LV� D� WXWRULDO�� LW� LV� IRU� JUDGXDWH� OHYHO� VWXGHQWV� DQG�RU� WKH
WHOHFRPPXQLFDWLRQ� HQJLQHHU�� � ,W� SURYLGHV� D� WHFKQLFDO� DQG� PDWKHPDWLFDOO\� ULFK� GLVFXVVLRQ� RI
VSUHDG� VSHFWUXP�� �7RSLFV� LQFOXGH�GLVFXVVLRQV� RQ� SURFHVVLQJ� JDLQ�� DQG�SRZHU� VSHFWUDO� GHQVLW\�
0XFK�RI�WKH�SDSHU�LV�GHYRWHG�WR�WKH�JHQHUDWLRQ�RI�31��SVHXGR�QRLVH��FRGHV�ZKLFK�DUH�WKH�EDVLV
IRU�VSUHDGLQJ�

6KDQQRQ��&ODXGH��§$�0DWKHPDWLFDO�7KHRU\�RI�&RPPXQLFDWLRQ¨��%HOO�6\VWHP�7HFKQLFDO
-RXUQDO��9RO������SS����������DQG����������-XO\�DQG�2FWREHU�������

7KH� FODVVLF� ZRUN� LQ� ZKLFK� &ODXGH� (OZRRG� 6KDQQRQ� ILUVW� SURSRVHG� WKH� 6KDQQRQ� OLPLW� ZKLFK
GHVFULEHV�WKH�UHODWLRQVKLS�EHWZHHQ�FKDQQHO�FDSDFLW\��EDQGZLGWK��DQG�WKH�VLJQDO�WR�QRLVH�UDWLR�

6KHSDUG��7LPRWK\�-DVRQ��§'HFHQWUDOL]HG�&KDQQHO�0DQDJHPHQW�LQ�6FDOHDEOH�0XOWLKRS�6SUHDG�
6SHFWUXP�3DFNHW�5DGLR�1HWZRUNV¨�3KG�WKHVLV��0DVVDFKXVHWWV�,QVWLWXWH�RI
7HFKQRORJ\��0,7�/&6�75������-XO\������

$Q�H[FHOOHQW�DQG�YHU\�UHDGDEOH�SDSHU�RQ�WKH�VXEMHFW�RI�VSUHDG�VSHFWUXP�SDFNHW�UDGLR�QHWZRUNV�
7KH� VWXG\�RI� WKH�SDSHU� LV� � D� ORRN� WKH�SUREOHPV�RI�PDQDJLQJ� WKH� WUDQVPLVVLRQV� RI� VWDWLRQV� LQ� D
KLJK�GHQVLW\�SDFNHW�QHWZRUNV�� �+LJK�GHQVLW\� LQ�WKLV�FDVH�UHIHUV� WR� WKRXVDQGV�RI�QRGHV�ZLWKLQ�D
UHODWLYHO\�VPDOO�DUHD���7KH�ILQGLQJ�RI�WKH�SDSHU�LV�WKDW�LI�WUDIILF�LV�OLPLWHG�WR�D�IHZ�KRSV��WKHQ�IRU�D
ODUJH�V\VWHP�WKH�WHFKQLTXHV�SUHVHQW�LQ�WKH�SDSHU�DUH�VXSHULRU�WR�WLPH�GLYLVLRQ�PXOWLSOH[LQJ�RI�D
FOHDU�FKDQQHO�

6PLWK��'DUU\O��9.�7'6�§$�6SUHDG�6SHFWUXP�3DFNHW�5DGLR�1HWZRUN¨�5HSRUW�VXEPLWWHG�LQ
3DUWLDO�)XOILOPHQW�RI�WKH�5HTXLUHPHQWV�IRU�WKH�'HJUHH�RI�%DFKHORU�RI�(QJLQHHULQJ
�876��LQ�(OHFWULFDO�(QJLQHHULQJ��$FDGHPLF�6XSHUYLVRU��$�3URI��6DP�5HLVHQIHOG�
81,9(56,7<�2)�7(&+12/2*<�6<'1(<��6&+22/�2)�(/(&75,&$/
(1*,1((5,1*���������

�$Q� XQGHUJUDGXDWH� OHYHO� � WKHVLV� RQ� 6SUHDG� 6SHFWUXP� DQG� DPDWHXU� SDFNHW� UDGLR�� � 7KH� SDSHU
FRQFHQWUDWHV� RQ� D� SURMHFW� WR� EXLOG� D� VSUHDG� VSHFWUXP� SDFNHW� UDGLR� VWDWLRQ�� � ,W� GHVFULEHV� WKH
SUREOHPV� DQG� VROXWLRQV� IRXQG� GXULQJ� WKH� SURMHFW�� � 7KH� DXWKRU� SURYLGHV� PDQ\� TXRWHV� DQG
UHIHUHQFHV�IRU�IXUWKHU�VWXG\���$OWKRXJK�WKH�RXWFRPH�ZDV�QRW�DQ�DFWXDO�ZRUNLQJ�VSUHDG�VSHFWUXP
V\VWHP�� WKH� SDSHU�ZDV� XVHIXO� DV� D�+2:72� IRU� D� VLQJOH� XVHU� WR� XQGHUVWDQG� VSUHDG� VSHFWUXP
FRPPXQLFDWLRQ�DQG�KRZ�LW�PD\�EH�XVHG�IRU�DPDWHXU�FRPPXQLFDWLRQ�

9LWHUEL��$��-�����������:LUHOHVV�'LJLWDO�&RPPXQLFDWLRQ��$�9LHZ�%DVHG�RQ�7KUHH�/HVVRQV
/HDUQHG��,(((�&RPPXQLFDWLRQV�0DJD]LQH��6HSWHPEHU�������5HSULQWHG�LQ�0XOWLSOH
$FFHVV�&RPPXQLFDWLRQV��)RXQGDWLRQV�IRU�(PHUJLQJ�7HFKQRORJLHV��1RUPDQ
$EUDPVRQ��HGLWRU��,(((�RUGHU�QR�3&�������

7KLV� SDSHU� LV� DQ� RYHUYLHZ� RI� WKH� VLJQLILFDQFH� RI� 6KDQQRQ� 7KHRU\�� DQG� VSHFLILFDOO\� WKH� WKUHH
OHVVRQV� WKDW� FDQ� EH� OHDUQHG� E\� H[DPLQLQJ� WKH� UHOHYDQFH� RI� WKH� WKHRU\�� �0RUH� VSHFLILFDOO\�� WKH
DXWKRU�VKRZV�KRZ�HDFK�RI� WKH�WKUHH� OHVVRQV�KDYH�UHDO�ZRUOG�VLJQLILFDQFH�VXFK�DV� MDPPLQJ� LQ�D
PLOLWDU\� DSSOLFDWLRQ� DQG� PRUH� UHFHQWO\� VDWHOOLWH� FRPPXQLFDWLRQ�� � 7KH� SDSHU� HPSKDVL]HV� WKDW
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GLJLWDO� FRPPXQLFDWLRQ� SURYLGHV� DGYDQFHG� WHFKQLTXHV� IRU�� PXOWLSOH�XVHU� DFFHVV�� PXOWLSOH� FHOO�
VLWHV��PXOWLSDWK��DQG�PXOWLSOH�PHGLD���7KH�SDSHU�HQGV�ZLWK�LQGLFDWLQJ�ZK\�&'0$�LV�VXSHULRU�WR
RWKHU�PRGXODWLRQ�WHFKQLTXHV�VXFK�DV�7'0$�DQG�)'0$�� �6SHFLILFDOO\�� WKH�UHDVRQ�VWDWHG�LV� WKDW
&'0$� KDV� OHDUQHG� IURP� DOO� WKUHH� OHVVRQV� WKDW� 6KDQQRQªV� OLPLW� VKRZV�� ZKLOH� WKH� RWKHU
PRGXODWLRQ�WHFKQLTXHV�KDYH�QRW�

%,2*5$3+<

5LFKDUG�3DUU\��KROGV�D�%6�LQ�(OHFWULFDO�(QJLQHHULQJ�IURP�WKH�8QLYHULVLW\�RI� ,OOLQRLV�
�8UEDQD��,OOLQRLV���DQ�0%$�IURP�1RUWKHUQ�,OOLQRLV�8QLYHUVLW\���'HNDOE��,OOLQRLV��DQG�D
06&6�IURP�1RUWK�&HQWUDO�&ROORJH��1DSHUYLOOH�� ,OOLQRLV��� �+H�LV�FXUUHQWO\�DWWHQGLQJ
WKH�8QLYHUVLW\�RI�&DOLIRUQLD�6DQ�'LHJR�ZKHUH�KH�LV�VWXG\LQJ�FRPSXWHU�VFLHQFH����+H
LV�D�OLFHQVHG�3URIHVVLRQDO�(QJLQHHU��7H[DV��DQG�KDV�DXWKRUHG�SDSHUV�LQ�YDULRXV�DUHDV
LQFOXGLQJ��:LUHOHVV�3DFNHW�1HWZRUNV��2[\JHQ�0RQLWRULQJ�6\VWHPV��3URJUDPPDEOH
(OHFWURQLF� 6DIHW\� 6\VWHPV�� &RPSXWHUL]HG� 6HFXULW\� 6\VWHPV�� VSHHFK� V\QWKHVLV� DQG
UHFRJQLWLRQ��PDQDJHPHQW� WRROV�� DQG�DPDWHXU� UDGLRWHOHW\SH�� �+H� LV� D�ELJ� IDQ�RI� WKH
/LQX[�2SHUDWLQJ�6\VWHP�ZKHUH�KH�VSHQGV�HQWLUHO\� WRR�PXFK� WLPH�� �2WKHU� LQWHUHVWV
LQFOXGH�DPDWHXU�UDGLR�DQG�PRUH�UHFHQWO\�VDWHOOLWH�FRPPXQLFDWLRQ�


