
JSV Vdwhoolwh Vljqdo Dftxlvlwlrq dqg Wudfnlqj

Iuhguln Mrkdqvvrq/ Udkpdq Proodhl/Mrqdv Wkru/ Mùujhq Xxvlwdor

Dxjxvw 54/ 4<<;



Devwudfw

Wklv uhsruw ghvfulehv wkh dtxlvlwlrq dqg wudfnlqj ri JSV vdwhoolwh vljqdov xvlqj Pdwode1 Wzr
phwkrgv iru dftxlvwlrq duh suhvhqwhg 0 olqhdu vhdufk dqg IIW vhdufk1 Wkh frgh wudfnlqj
orrs lv d vlpsoh ghod| orfnhg orrs dqg wkh fduulhu wudfnlqj orrs lv lpsohphqwhg dv d skdvh
orfnhg orrs1
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5 JSV VSV Vljqdo Fkdudfwhulvwlfv 8

514 Iuhtxhqf| dqg Prgxodwlrq Irupdw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 8

515 F2D Frgh Jhqhudwlrq dqg Surshuwlhv 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 9

6 Vdwhoolwh Vljqdo Dftxlvlwlrq ;

614 Vhuldo vhdufk 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ;

615 IIW vhdufk 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 43

7 Vdwhoolwh Vljqdo Wudfnlqj 47

714 Frgh Wudfnlqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 48

715 Fduulhu Wudfnlqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4;

8 Frqfoxvlrqv 55

D Pdwode Frgh 57

D14 F2D Frgh Jhqhudwru 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 57

D15 Vhuldo vhdufk 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 58

D16 IIW Vhdufk 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 59

D17 Dftxlvlwlrq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 59

D18 Fduulhu Sxoo0lq 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5:

D19 Wudfnlqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5;

D1: Dftxlvlwlrq dqg Wudfnlqj 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 63

D1; Vdpsoh Vfulsw 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 64
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Fkdswhu 4

Lqwurgxfwlrq

414 Klvwru|

Wkh odxqfk ri Vsxwqln 4<8: zdv wkh vwduw ri d qhz hud lq qdyljdwlrq1 Wkurxjk prqlwrulqj
wkh Grssohu vkliw lq udglr vljqdov eurdgfdvw iurp Vsxwqln/ shrsoh ghwhuplqhg wkdw wkh|
frxog wudfn wkh vdwhoolwh1 Vrrq qdyljdwruv fdph wr wkh frqfoxvlrq wkdw wkh uhyhuvhg frqfhsw
frxog khos wkhp orfdwh wkhlu rzq srvlwlrq1 Wklv lghd ohg wr wkh ghsor|phqw ri vsdfh0edvhg
qdyljdwlrq v|vwhpv1 Iluvw/ wkh X1V1 Qdy| ghyhorshg d vdwhoolwh qdyljdwlrq v|vwhp/ fdoohg
Wudqvlw dqg wkhq wkh Uxvvldqv fdph zlwk wkhlu vsdfh edvhg qdyljdwlrq v|vwhp Wvlndgd1
Wudqvlw dv zhoo dv Wvlndgd zhuh wzr glphqvlrqdo srvlwlrqlqj v|vwhpv zlwk kljk dffxudf|1 Lq
4<97 Wudqvlw ehfdph ixqfwlrqdo iru X1V1 vxepdulqhv dqg wkhq lw fdph dydlodeoh frpphufldo
xvh 4<9:1 Wkhvh v|vwhpv zhuh vxlwhg iru orz yhorflw|/ vxuidfh yhklfohv/ exw glg qrw zrun
yhu| zhoo iru kljk g|qdplf/ kljk yhorflw| yhklfohv vxfk dv dlufudiwv1 Erwk v|vwhpv uhtxluhg
dssur{lpdwho| 43 wr 48 plqxwhv ri uhfhlyhu surfhvvlqj wr ghwhuplqh srvlwlrq �{1 Zlwk d
surmhfw fdoohg Wlpdwlrq/ dwrplf suhflvlrq forfnv zhuh lqwurgxfhg rq wkh Dphulfdq qdyljdwlrq
vdwhoolwhv1 Wkh vdwhoolwhv qdyljdwlrq zhqw wkurxjk ixuwkhu ghyhorsphqw xqghu wkh 4<:3v zklfk
ohg wr wkh JSV Qdyvwdu dqg Jorqdvv v|vwhpv1

415 Olwhudwxuh vwxg|

Suhylrxvo| wkhuh kdv ehhq pxfk zrun grqh uhjduglqj phwkrgv dqg whfkqltxhv lq wkh jhqhudo
duhd ri wklv surmhfw/ exw errnv wuhdwlqj wkh wrwdolw| ri JSV/ iurp d vljqdo surfhvvlqj srlqw
ri ylhz duh txlwh ihz1 Wkhuh duh errnv derxw JSV/ exw wkh| ghdo zlwk hlwkhu vshfl�f
sduwv ri JSV ru rwkhu dvshfwv ri JSV olnh qdyljdwlrqdo/ iruhvwu|/ pds/ fkduw/ vxuyh| hwf1
Krzhyhu wkhuh duh wzr errnv wkdw duh ghdolqj zlwk wkh wrwdolw| ri wkh vljqdo dvshfwv ri
JSV1 Wkrvh errnv duh Xqghuvwdqglqj JSV/ ^4`/ iru zklfk Hoolrw H Ndsodq lv wkh hglwru dqg
Joredo Srvlwlrqlqj V|vwhp= Wkhru| dqg Dssolfdwlrqv/ Yroxph 4/ ^5` hglwhg e| Eudgirug Z1
Sdunlqvrq dqg Mdphv M1 Vslonhu Mu1 Wkhuh lv d vhfrqg yroxph wkdw lv ghdolqj zlwk gl�huhqwldo
JSV/ pdulqh xvdjh ri JSV/ JSV dssolfdwlrqv lq dyldwlrq dprqj rwkhu wklqjv1 Xqghuvwdqglqj
JSV lv d jrrg vrxufh iru uhihuhqfhv/ ehfdxvh lq vrph fkdswhuv wkh ixqgdphqwdov ri krz
hyhu|wklqj zrunv lv wuhdwhg dqg wkhq rwkhu fkdswhuv duh ghdolqj zlwk wkh vxemhfw rq d
kljkhu ohyho/ iru shrsoh wkdw duh pruh idploldu wr lw1 Wkh dxwkruv kdyh ehhq ghvfulelqj
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wkh vsuhdg vshfwuxp whfkqltxh/ frgh glylvlrq pxowlsoh dffhvv +FGPD,/ xvhg iru wkh SUQ
frghv ri wkh vdwhoolwhv dqg wkh uhfhlyhuv lq wkh JSV v|vwhp1 Wkh| kdyh dovr ehhq wuhdwlqj
vhuldo vhdufk wkdw lv xvhg lq wkh dftxlvlwlrq vwdjh/ dv zhoo dv orrs �owhuv dqg orrsv xvhg
lq wkhp/ olnh iuhtxhqf| orfn orrsv +IOO,/ skdvh orfn orrsv +SOO,/ ghod| orfn orrsv +GOO,
dqg Frvwdv orrsv/ zklfk zhuh xwlol}hg lq frgh dqg fduulhu wudfnlqj1 Wkh Joredo Srvlwlrqlqj
V|vwhp= Wkhru| dqg Dssolfdwlrqv/ Yroxph 4 kdv dq hyhq pruh wkhruhwlfdo dssurdfk wkdq
^4`1 Wkh JSV Lqwhuidfh Frqwuro Grfxphqw lv dovr d ydoxdeoh vrxufh ri uhihuhqfh ^6`1 Rwkhu
vrxufhv ri uhihuhqfh zh zrxog olnh wr srlqw rxw duh rxu lqvwuxfwru Gu1 Ghqqlv P1 Dnrv*v
Sk1G1 wkhvlv ^7`/ wkdw lv wuhdwlqj wkh wrwdolw| ri JSV lq wkh uhfhlyhu dvshfw/ Frkhuhqw Vsuhdg
Vshfwuxp V|vwhpv e| Mdfn N1 Krophv ) Fkdqj F1 Fkhq ^8` dqg Vsuhdg Vshfwuxp V|vwhpv
zlwk Frpphufldo Dssolfdwlrq e| Urehuw F1 Gl{rq ^9`/ Gljlwdo udglrnrppxqlndwlrq e| Oduv
Dkolq ) Mhqv ]dqghu ^:`/ wkdw duh ghdolqj zlwk ixqgdphqwdov ri vsuhdg vshfwuxp ru FGPD
dvshfwv1 Ixuwkhu wkhuh duh Skdvh0Orfnhg Orrsv e| Urodqg H1 Ehvw ^;` dqg Skdvh0Orfnhg
Orrsv e| Mrkq O1 Vwhqve| ^<`/ wuhdwlqj SOO dqg Frvwdv orrsv1 Sdshuv rq wkh vxemhfw ri
vhuldo vhdufk duh Dqdo|vlv ri Vwudwhjlhv iru Vhuldo Vhdufk Vsuhdg Vshfwuxp Frgh Dftxlvlwlrq
Gluhfw Dssurdfk e| Y1 P1 Mrydqrylf ^43` dqg Vsuhdg Vshfwuxp Vljqdo Dftxlvlwlrq= Phwkrgv
dqg Whfkqrorj| e| Vwhskdq V1 Udssdsruw ^44`1

416 Krz JSV zrunv

Wrgd|/ qdyljdwlrq lv grqh/ zruogzlgh/ zlwk wkh dlg ri wkh Joredo Srvlwlrqlqj V|vwhp +JSV,1
Wkh vdwhoolwhv lq wkh v|vwhp duh duudqjhg lq vl{ ruelwdo sodqhv zlwk irxu vdwhoolwhv hdfk/ lq
doo 57 dfwlyh vdwhoolwhv1 Hdfk vdwhoolwh lv wudqvplwwlqj lwv rzq srvlwlrq +lq wkuhh glphqvlrqv,
dqg wlph1 Lq rughu iru wkh uhfhlyhu wr ghwhuplqh lwv rzq srvlwlrq lw zloo qhhg gdwd iurp
irxu gl�huhqw vdwhoolwhv1 Doo JSV uhfhlyhuv duh sdvvlyh/ l1h1 wkh| gr qrw wudqvplw dq| vljqdov
dqg ghshqg vroho| rq wkh uhfhlyhg vljqdo iru wkh qhfhvvdu| surfhvvlqj1 Wkh uhfhlyhuv pdnh
xvh ri rqh zd| Wlph Ri Duulydo +WRD,/ zklfk phdqv wkdw wkh| phdvxuh wkh wudqvplvvlrq
wlph iurp vdwhoolwhv wr wkh uhfhlyhuv1 Wkh frqglwlrq ri wkh vdwhoolwhv duh ehlqj prqlwruhg
e| d jurxqg frqwuro qhwzrun zklfk kdv lwv �yh frqwuro vwdwlrqv vwudwhjlfdoo| sodfhg durxqg
wkh hduwk/ +rq Kdzdll/ Dvfhqvlrq Lvodqg/ Glhjr Jdufld/ Nzdmdohlq dqg Frorudgr Vsulqjv,1
Srvlwlrq dqg wlph gdwd duh ehlqj xsgdwhg iurp wkh qhwzrun wr wkh vdwhoolwhv vhyhudo wlphv
hyhu| ruelw1 Rqo| wzr O edqg iuhtxhqflhv/ O4 +48:8175 PK}, dqg O5 +455:19 PK},/ duh
xvhg iru eurdgfdvw ri qdyljdwlrq gdwd dqg udqjlqj frghv iurp wkh vdwhoolwhv/ e| wkh xvh ri
frgh glylvlrq pxowlsoh dffhvv +FGPD, dqg hdfk vdwhoolwh xvhv d gl�huhqw udqjlqj frgh1 Wkh
qdyljdwlrq gdwd surylghv wkh uhfhlyhu wkh vdwhoolwh orfdwlrq dw wkh wlph ri wudqvplw1 Wkh
udqjlqj frgh pd| eh xvhg e| wkh uhfhlyhu wr ghwhuplqh wkh sursdjdwlrq ghod| ri wkh vdwhoolwh
vljqdo1 Rqo| wkh O4 fduulhu iuhtxhqf| lv xvhg e| wkh vwdqgdug srvlwlrqlqj vhuylfh +VSV,/
zklfk lv dydlodeoh wr doo xvhuv dqg lw surylghv wkh xvhuv zlwk qdyljdwlrq dffxudflhv/ lq wkh
krul}rqwdo sodqh/ ri 433 p dqg lq wkh yhuwlfdo sodqh zlwk dffxudflhv ri 489 p1 Wkh suhflvh
srvlwlrqlqj vhuylfh +SSV, lv rqo| dydlodeoh wr X1V1 jryhuqphqw dqg plolwdu| xvhuv1 Wkh SSV
lv xvlqj erwk wkh O edqg iuhtxhqflhv dqg lv surylglqj dffxudflhv/ lq wkh krul}rqwdo sodqh/
ri 55 p dqg lq wkh yhuwlfdo sodqh ri 5:1: p1 Wr suhyhqw sxeolf dffhvv wr wkh JSV SSV/
wzr fu|swrjudsklf ihdwxuhv duh xvhg/ Dqwlvsrr�qj +DV, dqg Vhohfwlyh Dydlodelolw| +VD,1 DV
lv xwlol}hg wr suhyhqw ghfhswlrq mdpplqj/ zklfk lv d whfkqltxh iru wkh hqhp| wr uhsolfdwh
vdwhoolwhv SUQ frghv/ qdyljdwlrq gdwd dqg fduulhu iuhtxhqflhv wr frqixvh rqh*v rzq uhfhlyhuv1
VD lv xwlol}hg wr glplqlvk dffxudf| dydlodeoh wr VSV xvhuv1 VD ghfuhdvhv WRD dffxudf|/
e| glvwruwlqj wkh vdwhoolwh*v wlph1 VSV zdv dydlodeoh iru xvh lq Ghfhpehu 4<<6/ +wkh vhw
ri 57 vdwhoolwhv frqwdlqhg vrph surwrw|sh xqlwv, dqg SSV kdg jdlqhg ixoo fdsdflw| zlwk 57
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surgxfwlrq vdwhoolwhv lq vsulqj 4<<81 Wkh idfwv duh ghulyhg iurp ^4`1
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Fkdswhu 5

JSV VSV Vljqdo Fkdudfwhulvwlfv

Lq wklv fkdswhu wkh prgxodwlrq irupdw dqg wkh udqjlqj frgh iru JSV VSV zloo eh ghvfulehg1
Dv suhylrxvo| phqwlrqhg JSV vdwhoolwhv wudqvplwv dw wzr iuhtxhqflhv/ O4 dqg O51 Wkh O5
fduulhu lv vsuhdg lq iuhtxhqf| e| d suhflvlrq frgh fdoohg S+\, frgh1 Wkh O4 fduulhu lv
prgxodwhg e| wzr udqjlqj frghv> wkh S+\, frgh dqg d frduvh2dftxlvlwlrq +F2D, frgh1 Wkh
S+\, frgh lv dydlodeoh iru SSV xvhuv/ zkloh wkh F2D frgh dovr lv dydlodeoh iru VSV xvhuv1
Rqo| wkh O4 fduulhu dqg wkh F2D frghv zloo eh ghvfulehg khuh1

514 Iuhtxhqf| dqg Prgxodwlrq Irupdw

D vlpsol�hg prgho ri wkh O4 VSV prgxodwru frq�jxudwlrq lv vkrzq lq �jxuh 5141 Wkh
O4 fduulhu lv prgxodwhg e| wkh prgxor05 vxp ri wkh F2D frgh dqg wkh qdyljdwlrq gdwd1
Wkh prgxor05 vxp lv wkh vdph rshudwlrq dv wkh h{foxvlyh0ru rshudwlrq/ ghqrwhg e| �= Wkh
qrplqdo fklsslqj udwh ri wkh F2D frgh lv 41356 PK} dqg rqh frgh shulrg lv 4356 fklsv orqj
ru 4 pv1 Lw lv lpsruwdqw wr qrwlfh wkdw wkh wudqvlwlrqv ri gdwd elwv duh v|qfkurql}hg wr frgh
shulrgv/ exw dw d pxfk vorzhu udwh +83 K},1

Ehiruh elskdvh vkliw nh|lqj +ESVN, prgxodwlrq lv hpsor|hg/ wkh deryh ghvfulehg prgxor05

10.23 MHz

x 154

C/A Code

Data

÷ 10

÷ 20

1000 Hz

50 Hz

1.023 MHz

Carrier  1575.42 MHz

L1 SPS Signal
BPSK

Iljxuh 514= Vlpsol�hg JSV VSV prgxodwru frq�jxudwlrq1
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vxp zlwk ydoxhv i3> 4j/ duh pdsshg wr i�4> 4j1 Wkh wudqvplwwhg O4 VSV vljqdo lv gh�qhg
e|

Ol +$4w, @ D ^FDl +w,�Gl +w,` vlq +$4w, > +514,

zkhuh= Ol eurdgfdvw vljqdo iurp wkh lwk vdwhoolwh
l lqglfdwhv vdwhoolwh qxpehu
D vljqdo dpsolwxgh
FDl F2D frgh iru wkh lwk vdwhoolwh
G qdyljdwlrq gdwd iru wkh lwk vdwhoolwh
$4 O4 udgldq iuhthxqf| +5�4=8:875 � 43< udg2v,1

515 F2D Frgh Jhqhudwlrq dqg Surshuwlhv

Hdfk vdwhoolwh xvhv d xqltxh F2D frgh wr lpsohphqw wkh FGPD whfkqltxh1 Wkh F2D frghv
ehorqj wr wkh idplo| ri Jrog svhxgrudqgrp qrlvh +SUQ, frghv1 Jrog frghv duh xvhg ehfdxvh
ri wkhlu dxwrfruuhodwlrq dqg furvv0fruuhodwlrq surshuwlhv1 Wkh dufklwhfwxuh ri d F2D frgh
jhqhudwru lv vkrzq lq �jxuh 5151 Wzr 430elw olqhdu ihhgedfn vkliw uhjlvwhuv +OIVU,/ J4 dqg
J5/ jhqhudwh pd{lpxp ohqjwk svhxgr udqgrp frghv zlwk d ohqjwk ri 543 � 4 @ 4356 elwv1
Lqlwldoo|/ erwk J4 dqg J5 duh doo vhw wr rqhv/ vlqfh wkh doo0}hur vwdwh lv loohjdo1 Wkh J4 dqg
J5 OIVUv ihhgedfn wdsv duh gh�qhg e| wkh jhqhudwru sro|qrpldov

J4 +[, @ 4 .[6 .[43

J5 +[, @ 4 .[5 .[6 .[9 .[; .[< .[431
+515,

Wkh vdwhoolwh vshfl�f F2D frgh lv jhqhudwhg e| wdnlqj wkh h{foxvlyh0ru rxwsxw ri wkh J4
OIVU dqg d ghod|hg yhuvlrq ri wkh rxwsxw iurp wkh J5 OIVU1 Wkh ghod|hg h�hfw iru wkh
J5 OIVU rxwsxw lv rewdlqhg e| wkh h{foxvlyh0ru ri wzr vhohfwhg vwdjhv iurp wkh J5 OIVU1
Wklv zloo zrun vlqfh dgglqj d skdvh0vkliwhg yhuvlrqv ri d SUQ vhtxhqfh wr lwvhoi zloo vkliw
wkh skdvh ri wkh frgh/ zkloh qrw fkdqjlqj wkh frgh ^4`1 Wkh JSV frgh skdvh dvvljqphqwv
duh grfxphqwhg lq ^6`1 Vhh dsshqgl{ D14 iru wkh Pdwode lpsohphqwdwlrq ri wkh F2D frgh
jhqhudwru1

Wkh dxwrfruuhodwlrq ixqfwlrq ri d F2D frgh lv

UFD +�, @

4]
�4

FDl +w,FDl +w. �,gw> +516,

zkhuh FDl lv wkh F2D frgh iru wkh lwk vdwhoolwh dqg � lv skdvh ri wkh wlph vkliw1 D qrupdol}hg
dqg vlpsol�hg dxwrfruuhodwlrq ixqfwlrq ri d w|slfdo F2D frgh lv vkrzq lq �jxuh 5161 Wkh
fruuhodwlrq shdnv uhshdwv hyhu| frgh shulrg dqg wkh fruuhodwlrq lqwhuydo lv wzr fklsv1 Dv
phqwlrqhg wklv lv d vlpsol�hg prgho ri wkh F2D frgh dxwrfruuhodwlrq ixqfwlrq vlqfh wkhuh
duh vkliwv zklfk surgxfh qrq0}hur ydoxhv ehwzhhq fruuhodwlrq shdnv1 Wkh surshuwlhv ri wkh
dxwrfruuhodwlrq ixqfwlrq lv xvhg wr v|qfkurql}h wkh uhfhlyhu uhsolfdwhg frgh zlwk wkh uhfhlyhg
frgh1 Lw lv lpsruwdqw wkdw wkh furvv0fruuhodwlrq ri dq| wzr F2D frghv duh plqlpdo iru dq|
skdvh ru Grssohu vkliw ryhu wkh hqwluh frgh shulrg1 Wkh lghdo furvv0fruuhodwlrq lv gh�qhg e|=

Ulm +�, @

4]
�4

FDl +w,FDm +w. �,gw @ 3 +517,
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1 2 3 4 5 6 7 8 9 10

1 2 3 4 5 6 7 8 9 10

All ones 
decode

G1 register 

Satelitte select logicl

G2 register

C/A Code

Set

Clock 

1.023 MHz

÷20
1 kHz

Data clock

50 Hz

Iljxuh 515= F2D frgh jhqhudwru1

1

-1 0 1 1022

1023

1024 chips

-1

1023

Iljxuh 516= Qrupdol}hg dqg vlpsol�hg dxwrfruuhodwlrq ixqfwlrq ri d w|slfdo F2D frgh1

zkhuh FDl lv wkh F2D frgh iru wkh lwk vdwhoolwh dqg FDm F2D frgh iru wkh mwk vdwhoolwh
zkhuh l 9@ m1 Gxh wr wkh idfw wkdw pxowlsoh vdwhoolwhv vljqdo duh uhfhlyhg zlwk gl�huhqw ghod|v
dqg Grssohu r�vhwv wkh furvv0fruuhodwlrq surshuwlhv ri F2D frghv duh qrw lghdo/ dqg pd|
xqghu fhuwdlq frqglwlrqv fdxvh idovh dftxlvlwlrqv1 Iru ixuwkhu lqirupdwlrq derxw F2D frgh
surshuwlhv uhihu wr ^5`1
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Fkdswhu 6

Vdwhoolwh Vljqdo Dftxlvlwlrq

Wkh surfhvv ri uhfhlylqj JSV vljqdov pd| eh glylghg lqwr wkuhh vwhsv1

41 Dftxlvlwlrq1 Wkh vljqdo dftxlvlwlrq surfhvv frqvlvw ri d wkuhh0glphqvlrqdo vhdufk lq
wlph +frgh skdvh,/ iuhtxhqf| dqg vdwhoolwh0vshfl�f SUQ frgh1 Lq wkh iroorzlqj vhfwlrqv
wzr gl�huhqw vhdufk phwkrgv zloo eh ghvfulehg= vhuldo vhdufk ^44` dqg IIW vhdufk ^45`1

51 Wudfnlqj1 Diwhu wkh dftxlvlwlrq surfhvv lv dffrpsolvkhg wkh uhfhlyhu hqwhuv wkh wudfn0
lqj prgh1 D ghod|hg orfnhg orrs +GOO, lv xvhg wr wudfn wkh frgh skdvh +ru iuhtxhqf|,
dqg d skdvh orfnhg orrs +SOO, ru d iuhtxhqf| orfnhg orrs +IOO, lv xvhg wr wudfn wkh
fduulhu skdvh ru iuhtxhqf|/ uhvshfwlyho|1 Wkh Pdwode lpsohphqwdwlrq xvhv d vlpsoh
GOO iru wkh frgh wudfnlqj orrs dqg d Frvwdv SOO iru wkh fduulhu wudfnlqj orrs1 Qh{w
fkdswhu ghdov zlwk wudfnlqj1

61 Gdwd ghfrglqj dqg srvlwlrq vroxwlrq1 Zkhq erwk wudfnlqj orrsv duh lq orfn lw lv
srvvleoh wr ghfrgh wkh 83 esv gdwd dqg ghwhuplqh wkh uhfhlyhuv srvlwlrq1 Krz wkh gdwd
elwv duh rewdlqhg zloo eh vkrzq/ exw dv wr krz wr lpsohphqw wkh sdulw| dqg srvlwlrq
vroxwlrq dojrulwkpv uhihu wr ^5`1

Uhdo JSV gdwd zdv xvhg wr whvw wkh Pdwode uhfhlyhu1 Wkh O4 fduulhu lq wkh gdwd lv grzq0
frqyhuwhg wr dq lqwhuphgldwh iuhtxhqf| +LI, ri 4159 PK} dqg lv vdpsohg dw 8 PK}1

614 Vhuldo vhdufk

Vhuldo vhdufk lv wkh vlpsohvw dqg prvw iuhtxhqwo| xvhg dftxlvlwlrq dojrulwkp1 D qrq frkhuhqw
fruuhodwru/ vkrzq lq �jxuh 614/ lv xvhg vlqfh wkh skdvh ri wkh uhfhlyhg vljqdo lv udqgrp1 Iluvw
wkh gljlwdo LI/ { ^q`/ lv pxowlsolhg e| wkh uhsolfdwhg FD frgh/ FD ^q.p` = Khuh q uhsuhvhqwv
wkh qwk vdpsoh dqg p uhsuhvhqwv wkh qxpehu ri vdpsohv wkh uhsolfdwhg FD frgh lv skdvh
vkliwhg1 Vlqfh zh kdyh d vdpsolqj udwh ri 8 PK} wkh ohqjwk/ O/ ri rqh F2D frgh shulrg lv
8333 vdpsohv qrplqdoo|1

Diwhu wkh frgh uhprydo wkh lq0skdvh +L, dqg txdgudwxuh +T, frpsrqhqwv duh jhqhudwhg1 Wkh
L dqg T frpsrqhqwv duh dffxpxodwhg iru rqh ru pruh frgh shulrgv/ Q 1 Wkh dffxpxodwhg
vxp lv vtxduhg1 Qh{w N fruuhodwlrqv duh dffxpxodwhg wr surgxfh dq dyhudjhg fruuhodwlrq

;
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Iljxuh 614= Qrq frkhuhqw fruuhodwru lq wlph grpdlq1

srlqw1 Li wkh fruuhodwlrq srlqw lv odujhu wkdq d fhuwdlq wkuhvkrog lw lv dvvxphg wkdw wkh
vdwhoolwh lv dftxluhg1 Wkh fruuhodwlrq lv dssur{lpdwhg e| wkh glvfuhwh vxp=

U5 ^p` @
N�4[
m@3

3
EC
5
7+m.4,QO�4[

q@mQO

{ ^q` � FD ^q` � frv ^
q`
6
8
5

.

5
7+m.4,QO�4[

q@mQO

{ ^q` � FD ^q` � vlq ^
q`
6
8
5
4
FD >

+614,
zkhuh 
 lv udgldq iuhtxhqf|1

Lq wkh Pdwode lpsohphqwdwlrq/ dsshqgl{ D15/ Q @ 4 dqg N @ 4/ vlqfh wklv surylghv wkh
idvwhvw dftxlvlwlrq1 Krzhyhu fkrrvlqj odujhu ydoxhv iru Q dqgN zloo lpsuryh wkh dftxlvlwlrq
ri zhdn vdwhoolwh vljqdov dqg zloo dovr uhgxfh wkh suredelolw| ri idovh dftxlvlwlrq1 Rqh sureohp
zlwk fkrrvlqj odujhu ydoxhv iru Q lv wkdw lv srvvleoh wkdw d gdwd vljqdo wudqvlwlrq fdq rffxu
gxulqj wkh fruuhodwlrq surfhvv1 Fkrrvlqj d odujh Q zloo krzhyhu lpsuryh wkh vljqdo wr qrlvh
udwlr vlqfh wkh dffxpxodwlrq lv d orz sdvv surfhvv1 Wkh gdwd wudqvlwlrqv duh v|qfkurql}hg
wr wkh frgh shulrgv dqg fdq rffxu dw pd{lpxp hyhu| 53wk frgh shulrg1 Li Q lv hyhq lw lv
srvvleoh wkdw d gdwd elw wudqvlwlrq zloo fdxvh wkh gxpshg vxp wr eh rqo| qrlvh1 Fkrrvlqj
N A 4 zloo qrw eh vhqvlwlyh wr gdwd elw wudqvlwlrqv/ exw wkh h{shfwhg ydoxh ri wkh qrlvh zloo
qrw eh }hur vlqfh wkh qrlvh lv vtxduhg1 Wklv pxvw eh frqvlghuhg zkhq wkh ghwhfwlrq wkuhvkrog
lv vhohfwhg1

Xvxdoo| zkhq vhuldo vhdufk lv shuiruphg wkh frgh skdvh lv lqfuhphqwhg 4
5 fkls4 zkhq rqh

frgh skdvh kdv ehhq whvwhg1 Vr wkhuh duh 5� 4356 @ 5379 frgh skdvhv wkdw pxvw eh whvwhg1
Wkh Pdwode lpsohphqwdwlrq krzhyhu/ vkliwv wkh frgh skdvh e| rqh vdpsoh ehwzhhq hdfk
gxps1 Rqh vdpsoh fruuhvsrqgv wr dssur{lpdwho| 4@8 fkls vr khuh 8333 frgh skdvhv duh
whvwhg1 43333 vdpsohv ri uhfhlyhg gdwd lv fruuhodwhg e| volglqj wkh uhsolfdwhg frgh ryhu wkh
43333 vdpsohv/ dv looxvwudwhg lq �jxuh 6151

Frpsolfdwlqj wklqjv/ wkh Grssohu h�hfwv rq wkh fduulhu pxvw eh wdnhq lqwr dffrxqw1 Iru d
vwdwlrqdu| uhfhlyhu lw lv frpprq wr dvvxph d 	43 nK} Grssohu r�vhw rq wkh fduulhu1 Wkh
dftxlvlwlrq surfhvv iru hdfk frgh shulrg lv vwhsshg lq wkh Grssohu udqjh lq 833 K} iuhtxhqf|
lqfuhphqwv1 Fkrrvlqj 833 K} vwhsv lv d frpsurplvh lq dffxudf| dqg vshhg1 Li wkh vwhs zdv
4 nK} wkhuh zrxog eh ohvv iuhtxhqf| elqv wr whvw/ exw zlwk wkh srvvlelolw| wkdw wkh uhvlgxdo
fduulhu ri wkh L dqg T frpsrqhqwv fdq fdqfho rxw wkh fruuhodwlrq/ vlqfh 4 nK} fruuhvsrqgv
wr wkh frgh shulrg ri 4 pv1

4Wkh uhdvrq iru fkrvlqj d 425 fkls lqfuhphqw lv reylrxv zkhq h{dplqlqj wkh dxwrfruuhodwlrq ixqfwlrq ri
rqh w|slfdo F2D frgh

<
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Iljxuh 616= Fruuhodwlrq pdwul{ iru vdwhoolwh 4:1

WkhPdwode lpsohphqwdwlrq xwlol}hv dq h{kdxvwlyh vhdufk/ wkdw lv/ doo srvvleoh frpelqdwlrqv
ri frgh skdvhv dqg Grssohu r�vhwv duh whvwhg dqg d fruuhodwlrq pdwul{ lv jhqhudwhg1 D uhdo
uhfhlyhu zrxog vhw d wkuhvkrog dqg wudqvlwlrq wr wudfnlqj zkhq wkh wkuhvkrog lv furvvhg1

Li wkhuh duh vrph d sulrul lqirupdwlrq derxw hlwkhu wkh fduulhu ru frgh skdvh glvwulexwlrq
lw lv srvvleoh wr xvh rwkhu pruh h!flhqw vhuldo vhdufk phwkrgv ^43` wkdq/ lq wkh Pdwode
lpsohphqwhg/ olqhdu vhdufk dojrulwkp1 Olqhdu vhdufk vlpso| lqfuhphqwv lq wkh frgh skdvh
dqg Grssohu iuhtxhqf| olqhduo|1 Iljxuh 616 looxvwudwhv d vpdoo vxevhw ri wkh fruuhodwlrq pdwul{
wkdw zdv rewdlqhg zkhq vdwhoolwh 4: zdv vhdufkhg iru1

615 IIW vhdufk

Wkh olqhdu vhdufk dojrulwkp fdq dovr eh shuiruphg dv looxvwudwhg lq �jxuh 6171 Khuh 8333
vdpsohv ri wkh uhfhlyhg gdwd duh fruuhodwhg zlwk wkh uhsolfd frgh e| flufxoduo| vkliwlqj wkh
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Iljxuh 617= Flufxodu vhdufk dojrulwkp1

uhsolfd frgh1 Wklv uhvhpeohv wkh flufxodu frqyroxwlrq dqg pd| eh h{suhvvhg dv

U ^p` @
O�4[
q@3

{ ^q` � FD ^++q.p,,O` = +615,

Wklv zdv qrw grqh lq wkh vhuldo vhdufk lpsohphqwdwlrq vlqfh lw lv srvvleoh wkdw d gdwd elw
wudqvlwlrq pd| rffxu lq wkh 8333 vdpsohv ri uhfhlyhg gdwd1 Krzhyhu wkhuh lv rqh dgydqwdjh
zlwk wklv dssurdfk1 Wkh flufxodu frqyroxwlrq lv d pxowlsolfdwlrq lq wkh iuhtxhqf| grpdlq1
Lq idfw zh fdq zulwh

U ^p` @ { ^q`
 FD ^�q`� ~} �
Fl ufxodu frqyroxwlrq

@ I�4 �I +{ ^q`, � I +FD ^q`,�
�

+616,

zkhuh wkh glvfuhwh Irxulhu wudqvirup +GIW, dqg lwv lqyhuvh lv xvhg wr fdofxodwh U1 Wklv fdq
eh dgrswhg wr wkh dftxlvlwlrq ri JSV vljqdov dv vkrzq lq �jxuh 618 dqg wkh Pdwode frgh
olvwhg lq dsshqgl{ D161 Khuh wkh lqfrplqj vljqdo lv pl{hg wr edvhedqg dqg wkh lq0skdvh
dqg txdgudwxuh frpsrqhqwv duh xvhg dv wkh uhdo dqg lpdjlqdu| lqsxwv zkhq fdofxodwlqj
wkh GIW1 Wkh uhvxow lv pxowlsolhg e| wkh frpsoh{ frqmxjdwh ri GIW ri wkh F2D frgh1 Wkh
flufxodu frqyroxwlrq lv rewdlqhg e| wdnlqj wkh pdjqlwxgh ri wkh lqyhuvh GIW dv vhhq lq �jxuh
6181 Wkh idvw Irxulhu wudqvirup dojrulwkp lv xvhg wr lpsohphqw wkh GIW dqg LGIW/ khqfh
wkh dftxlvlwlrq phwkrg pd| eh fdoohg IIW vhdufk1

Qhh hw do ^45` fodlpv wkdw IIW vhdufk vkrzv d wkhruhwlfdo uhgxfwlrq lq dftxlvlwlrq wlph ri
derxw 5333 wlphv1 Krzhyhu vhuldo vhdufk lv prvwo| xvhg lq frpphufldo uhfhlyhuv ehfdxvh ri
wkh vlpsoh lpsohphqwdwlrq1

Wkh IIW vhdufk dojrulwkp lv xvhg lq wkhPdwode lpsohphqwdwlrq/ ehfdxvh ri lwv vljql�fdqw
idvw dftxlvlwlrq vshhg/ frpsduhg wr vhuldo vhdufk1 Wkh sdudphwhu N/ zklfk lv vlplodu wr wkh
N ghvfulehg lq wkh suhylrxv vhfwlrq/ zdv �uvw vhw wr 6 dqg wklv uhvxowhg lq wkdw vl{ vdwhoolwhv
zhuh irxqg lq wkh dydlodeoh gdwd1 Zkhq N zdv lqfuhdvhg wr 43/ wzr pruh vdwhoolwhv zhuh
irxqg dv zhoo1 Iljxuh 619 looxvwudwhv krz wkh vljqdo wr qrlvh udwlr lquhdvhv dvN lqfuhdvhv1 Iru
fodulw| wkh fruuhodwlrq srzhuv lq �jxuh 619 duh qrupdol}hg dqg wkh dftxlvlwlrq lv shuiruphg
dw d �{hg uhsolfd fduulhu iuhtxhqf|1

Dsshqgl{ D17 vkrzv d Pdwode ixqfwlrq wkdw jhqhudwhv d fruuhodwlrq pdwul{/ F/ e| shu0
iruplqj wkh IIW vhdufk ryhu wkh Grssohu udqjh dqg N vhtxhqwldo fruuhodwlrqv1 D phwulf/

44



FFT 2

Digital IF

x[n]
cos[Ωn]

sin[Ωn]

I

Q

∑ 
j=0

K-1 R2[m]

CA[n]

FFT

IFFT |  |

Iljxuh 618= Qrq frkruhqw fruuhodwru lq iuhtxhqf| grpdlq1
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Iljxuh 619= Dtxlvlwlrq ri vdwhoolwh 57 dw LI 415778 PK}1

45



P / lv fdofxodwhg e| glylglqj wkh pd{lpxp ydoxh ri F e| wkh dydudjh ydoxh ri doo hohphqwv lq
F1 Wklv phwulf/ P / lv whvwhg djdlqvw d wkuhvkrog/ W / dqg li P A W wkh vdwhoolwh lv dvvxphg
wr eh dftxluhg1 Vlpsoli|lqj wklqjv/ wkh h{shfwhg ydoxh ri P lv/

H ^P ` r
N �H ^Q ` .N � H ^V`

N � H ^Q `
@ 4 .

H ^V`
H ^Q `

> +617,

li d vdwhoolwh vljqdo lv suhvhqw/ dqg

H ^P ` r
N � H ^Q `

N � H ^Q `
@ 4> +618,

li d vdwhoolwh vljqdo lv qrw suhvhqw1 H ^Q ` lv wkh h{shfwhg ydoxh ri wkh vtxduhg qrlvh dqg H ^V`
lv wkh h{shfwhg ydoxh ri wkh fruuhodwlrq srzhu/ zkhq wkh vdwhoolwh vljqdo lv dssur{lpdwho| lq
skdvh zlwk wkh uhsolfd frgh dqg fduulhu1 Dv N lqfuhdvhv wkh yduldqfh ri P ghfuhdvhv/ wkxv
P fdq eh xvhg wr ghwhfw wkh vdwhoolwh vljqdo1

Wdeoh 614 vkrzv wkh frgh skdvh dqg fduulhu iuhtxhqflhv iru wkh vdwhoolwh vljqdov wkdw zhuh
irxqg lq wkh dydlodeoh gdwd1 Wkh sdudphwhuv N dqg P zhuh vhw wr 43 dqg 9/ uhvshfwlyho|1

Vdwhoolwh Fduulhu +PK}, Frgh Skdvh +vdpsohv,
9 415793 5;;7
43 415783 6;47
4: 415838 79<
56 415833 5533
57 415778 7469
59 4157:8 5997
5: 4157:3 5;77
5; 415833 659<

Wdeoh 614= Vdwhoolwh Dftxlvlwlrq
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Fkdswhu 7

Vdwhoolwh Vljqdo Wudfnlqj

Dv zh vdz lq wkh suhylrxv fkdswhu wkh Pdwode uhfhlyhu shuiruphg dq dftxlvlwlrq vhdufk wr
�qg wkh iuhtxhqf| dqg wkh skdvh ri wkh SUQ frgh iru d vshfl�hg vdwhoolwh1 Wkh iuhtxhqf|
dqg wkh skdvh duh wkh sdudphwhuv wkdw duh qhhghg wr ghfrgh wkh FGPD vljqdo dqg jhw
dffhvv wr wkh vdwhoolwh gdwd1 Vrph sureohpv fdq dsshdu wkrxjk1 Wkh prvw reylrxv sureohp
lv zkhq xvlqj d qrq0vwdwlrqdu| uhfhlyhu1 Li wkh xvhu v|vwhp lv prylqj lq d frqvlghudeoh
vshhg dqg lv iuhtxhqwo| fkdqjlqj gluhfwlrq/ kh zloo h{shulhqfh d Grssohu vkliw zklfk zloo
dowhu wkh h{shulhqfhg fduulhu iuhtxhqf| ri wkh vdwhoolwh1 Wklv pd| fdxvh wkh uhfhlyhu wr orrvh
wkh vdwhoolwh vljqdo1

D vlplodu/ wkrxjk udwkhu pruh vwdwlf sureohp lv wkh jhrjudsklfdo Grssohu vkliw lqgxfhg e|
wkh vdwhoolwh1 Dv wkh vdwhoolwh pryhv dfurvv wkh vn| lw zloo lqgxfh d Grssohu vkliw ri lw*v rzq1
Wkh pd{lpxp ghyldwlrq vhhq iurp wklv skhqrphqd rq d vwdwlrqdu| uhfhlyhu lv dssur{lpdwho|
	43 nK}1 Li wkhvh iuhtxhqf| ghyldwlrqv duh qrw fruuhfwhg iru/ wkh uhfhlyhu zloo hyhqwxdoo|
orvh wudfn ri wkh vdwhoolwh dqg qr gdwd zloo eh ghfrghg1

Wkh rwkhu uhfhlyhu sureohp lv wr nhhs wkh skdvh lq SUQ frgh doljqhg1 Vlqfh wkh SUQ frgh
lv xsvdpsohg �yh wlphv/ hdfk fkls frqvlvwv ri �yh htxdo wdsv1 Li zh kdyh d SUQ frgh ri 4344
wkh xsvdpsohg vljqdo zrxog eh dv looxvwudwhg lq �jxuh 714

� � ��

Iljxuh 714= Vdpsohg F2D frgh1

Qrz/ li wkh skdvh lv frpsohwho| doljqhg zh zloo kdyh pd{lpxp fruuhodwlrq1 Exw hyhq li
zh duh zurqj zlwk d ihz wdsv zh zloo vwloo kdyh d frqvlghudeoh fruuhodwlrq1 Wkhuhiruh zh
kdyh uhdvrq wr eholhyh wkdw wkh skdvh irxqg lq wkh dftxlvlwlrq pd| qrw dozd|v jlyh xv wkh
h{dfw skdvh wkdw vkrxog eh dssolhg wr wkh SUQ frgh1 Vwloo/ kdylqj d shuihfwo| doljqhg SUQ
frgh/ wkh skdvh zrxog vrrq fkdqjh dv d uhvxow ri Grssohu vkliw dqg zlwkrxw dq| fruuhfwlrqv
zh frxog hdvlo| zlwklq 533 pv eh frpsohwho| rxw ri skdvh1 Wklv zloo rffxu zkhq wkh frgh
gl�huhqfh lv odujhu wkdq rqh fkls1
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Wkhvh wzr sureohpv/ wkh iuhtxhqf| vkliw dqg wkh skdvh vkliw kdv wr eh fruuhfwhg iru zkloh
uhfhlylqj dqg ohdgv xv rq wr wkh qh{w vwhs 0 Wudfnlqj wkh vljqdo1

Vlqfh wkh wudfnlqj sduw frqvlvwv ri ghdolqj zlwk wzr/ hyhq wkrxjk ghshqghqw rq hdfk rwkhu/
gl�huhqw sureohpv zh kdyh glylghg wklv fkdswhu lqwr wzr sduwv/ Frgh Wudfnlqj dqg Fduulhu
Wudfnlqj1 Zh zloo vwduw zlwk Frgh Wudfnlqj vlqfh wklv zdv wkh �uvw sduw zh lpsohphqwhg1

714 Frgh Wudfnlqj

Lq wkh frgh wudfnlqj zh zdqw wr frpshqvdwh wkh skdvh vkliw lq wkh SUQ frgh iru dq|
glvwxuedqfhv wkdw pljkw rffxu1 Uhphpehu wkh �yh wlphv xsvdpsohg SUQ frgh wkdw zh
kdyh1 Vxssrvh wkdw zh kdyh d wrwdo v|qfkurqrxv uhfhlyhu wkdw vxgghqo| orvhv skdvh ri rqh
wds>

� � ��

Iljxuh 715= Uhfhlyhg F2D frgh dqg uhsolfd frgh rxw ri skdvh1

Wklv zloo fdxvh wkh fruuhodwlrq wr gurs/ exw wklv lqirupdwlrq dorqh lv qrw hqrxjk wr frpshq0
vdwh iru wkh skdvh vkliw wkdw rffxuuhg11 Hyhq li zh nqhz wkdw wkh fruuhodwlrq gurs zdv rqo|
ehfdxvh ri d skdvh vkliw zh zrxog qrw nqrz zkhwkhu wr vkliw wkh SUQ frgh ohiw ru uljkw1
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PHASE ERROR (SAMPLES)

-5 50

Prompt

Iljxuh 716= Surpsw Uhsolfd Frgh Fruuhodwlrq Sorw

Dv zh fdq vhh lq wkh �jxuh 716 deryh/ wkh fruuhodwlrq lghdoo| volghv grzq olqhduo| iurp
pd{lpxp fruuhodwlrq wr }hur fruuhodwlrq dw �yh vdpsohv/ wkdw lv zkhq wkh skdvh huuru lv rqh
ixoo fkls1 Li wkh skdvh huuru ehfrphv rqh ixoo fkls wkhuh vkrxog qrw eh dq| fruuhodwlrq vlqfh
wkh SUQ frgh lv vxssrvhg wr dfw olnh zklwh qrlvh zklfk lv xqfruuhodwhg1

Vr li d vkliw rffxuv wkh pdun zloo volgh wr wkh uljkw ru ohiw/ ghshqglqj rq wkh qdwxuh ri wkh
vkliw1 Lq rughu wr eh deoh wr ghwhuplqh wkh gluhfwlrq ri wkh volgh zh lqwurgxfh wzr dgglwlrqdo
SUQ frghv dffruglqj wr +4,1 Wkh qhz SUQ frghv duh fdoohg hduo| dqg odwh/ wkh ruljlqdo
SUQ frgh lv iurp qrz rq fdoohg surpsw dqg lv wkh rqh zh zloo wu| wr nhhs skdvh doljqhg1

Wkh hduo| SUQ frgh lv wkh surpsw SUQ frgh vkliwhg 6 vdpsohv wr wkh uljkw dqg wkh odwh
SUQ frgh lv vkliwhg 6 vdpsohv wr wkh ohiw1 Wklv jlyhv xv d fruuhodwlrq2skdvh0huuru sorw olnh
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lq �jxuh 7171
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Iljxuh 717= Surpsw2Hduo|2Odwh Uhsolfd Frgh Fruuhodwlrq Sorw

Li wkh lqfrplqj SUQ frgh vkliwv lq dq| gluhfwlrq/ dv looxvwudwhg lq �jxuh 718/ wkh pdunv zloo
doo pryh wr wkh vdph gluhfwlrq dqg wkh gl�huhqw fruuhodwlrqv zloo whoo xv zklfk zd| wr vkliw
rxu surpsw SUQ frgh1
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Iljxuh 718= Fruuhodwlrq Sorw Zlwk Skdvh Huuru

Wkh glvfulplqdwru dojrulwkp lv wr jlyh d fdofxodwhg qxpehu rq wkh skdvh huuru wkdw lv suhvhqw
lq wkh uhfhlyhu wkdw lv lpsohphqwhg1 Wkh glvfulplqdwru rxwsxw vljqdo/ �> lv fdofxodwhg>

� @
Hduo|

Odwh
+714,

Wklv glvfulplqdwru zloo jlyh xv

� @ 4> zkhq zh duh shuihfwo| doljqhg/
� A 4> li zh vkrxog vkliw wkh frgh wr wkh uljkw/
� ? 4> li zh vkrxog vkliw wkh frgh wr wkh ohiw=

Vlqfh zh nqrz wkdw wkh wkh gdwd jlyhq wr xv lv iurp d vwdwlrqdu| uhfhlyhu dqg kdyh d
pd{lpxp grssohu vkliw ri dssur{lpdwoh| 	43 nK}2v/ zh fdq fdofxodwh wkh pd{lpxp skdvh
ghyldwlrq shu frgh shulrg dv/

�iFDpd{ @ �ifpd{
if
iFD

� 	9=8 fklsv2v/ +715,

zkhuh �ifpd{ lv pd{lpxp Grssohu vkliw rq fduulhu/ if lv fduulhu iuhtxhqf| dqg iFD lv wkh
frgh fklsslqj udwh1 Vr wr dyrlg mhun| fruuhfwlrqv/ gxh wr qrlfh/ zh dyhudjh ryhu wzhqw| frgh
shulrgv/ zklfk vkrxog eh riwhq hqrxjk wr fruuhodwh wkh skdvh ghyldwlrq ehiruh lw uhdfkhv d
ixoo fkls1 Wkh zruvw fkls ghyldwlrq zh fdq rewdlq shu wzhqw| frgh shulrgv lv 3=35 �9=8 @ 3=46
fkls1
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Wkh Vwuxfwxuh1

Zh �uvw frqvwuxfwhg wkh frgh wudfnlqj zlwkrxw fduulhu wudfnlqj1 Wkh eorfn vfkhpdwlf iru
wklv frgh0rqo| wudfnhu lv vkrzq lq �jxuh 719

Code Generator

Σ

Σ

Σ

Σ

Σ

Σ

(   )2

(   )2

(   )2

(   )2

+

+

Discriminator

E / L

Code Loop
Filter

LPE

IF

SIN

COS

Iljxuh 719= Frgh Wudfnlqj Vfkhpdwlfv

Wkh LI vljqdo lv �uvw grzqfrqyhuwhg e| wkh fduulhu iuhtxhqf| wr wkh edvhedqg lq L dqg T
frpsrqhqwv1 Wkh L dqg T duh pxowlsolhg e| wkh hduo|/ odwh dqg surpsw SUQ frghv wr jhw wkh
fruuhodwlrq ydoxhv1 Wkh ydoxhv duh vxpphg dqg dyhudjhg ryhu 53 frgh shulrgv ru 53pv1 Wkh
fruuhodwlrq ydoxhv duh wkhq ihg lqwr wkh glvfulplqdwru dojrulwp zklfk jlyhv wkh hduo|2odwh
uhodwlrqvkls wr wkh frgh orrs �owhu zklfk ghwhuplqhv li wkhuh vkrxog eh d skdvh fkdqjh lq
wkh orfdo surpsw SUQ frgh1

Wkh L dqg T frpsrqhqwv duh pdgh e|>

L @ gdwd � vlq+if5�w,
T @ gdwd � frv+if5�w, +716,

Zkhuh if lv wkh fduulhu iuhtxhqf|1 Wkh surpsw SUQ frgh lv jhqhudwhg zlwk rxu rzq fdfrgh
jhqhudwru1 Wkhq wkh hduo| dqg odwh duh pdgh e| vkliwlqj wkh surpsw vljqdo 6 vdpsohv1

Wkh vxp lv �uvw pdgh ryhu rq frgh shulrg dqg wkhq wkh hqyhorsh ri 53 shulrgv lv vxpphg1
Wkh htxdwlrqv ehorz duh iru hduo| rqo|1

Lh @
S

+hduo| � L,
hh @

s
+Lh5 .Ts5,

+717,

Wkh vxp ri wkh hqyhorshv lv ihg lqwr wkh glvfulplqdwru dqg wkhq wkh frgh orrs �owhu wdnhv
wkh ghflvlrq li d skdvh fkdqjh vkrxog rffxu1

� @
H

O
+718,

4:



Lq wkh iroorzlqj �jxuh/ zklfk lv d sorw iurp Pdwode/ zh vhh krz wkh frgh wudfnlqj orrs nhhs
wkh surpsw vljqdo dw pd{lpxp fruuhodwlrq1 Zlwkrxw wklv frgh wudfnlqj orrs wkh surpsw
vljqdo zrxog txlfno| idoo grzq wr }hur fruuhodwlrq1 Wkh lpsohphqwdwlrq grqh zloo dffhsw d
vpdoo ghyldwlrq lq wkh skdvh dqg zloo qrw fruuhfw lpphgldwho|1 Wklv lv zk| zh vhh lq wkh
sorw d vpdoo ghyldwlrq lq wkh surpsw vljqdo/ wkh vljqdo lv doorzhg wr idoo d fhuwdlq dprxqw
ehiruh lw lv fruuhfwhg1

Iljxuh 71:= Fruuhodwlrq srzhu ri hduo|/ surpsw dqg odwh fkdqqho zlwk ghod|hg orfnhg orrs1

Qrz wkdw wkh frgh orrs lv zrunlqj vx!flhqwo|/ zh irfxvhg rq nhhslqj wkh iuhtxhqf| orfnhg
lq wkh Fduulhu Wudfnlqj1

715 Fduulhu Wudfnlqj

Zkhq wkh fduulhu iuhtxhqf| fkdqjhv wkh uhfhlyhu zloo orrvh wudfn ri wkh vdwhoolwh vljqdo1 Wkh
fduulhu wudfnlqj orrs wulhv wr nhhs skdvh orfn ri wkh vdwhoolwh dv orqj dv wkh iuhtxhqf| guliw
lv zlwklq d jlyhq erxqgdu|1 Wkh dftxlvlwlrq zloo jlyh wkh fduulhu iuhtxhqf| zlwklq 	833 K}/
wkh fduulhu wudfnlqj pxvw wkhq �uvw eulqj wkh fduulhu iuhtxhqf| lqwr orfn1 Zh dssurdfkhg
wkh fduulhu wudfnlqj sureohp e| lpsohphqwlqj d SOO/ Skdvh Orfn Orrs1 Wkh edvlf SOO
vwuxfwxuh lv vkrzq lq wkh �jxuh ehorz>

Krzhyhu zh pdgh vrph fkdqjhv wr wkh dufklwhfwxuh1 Vlqfh zh kdyh dq lqwhjudwru wkdw
lqwhjudwhv ryhu rqh SUQ frgh shulrg zh jhw wkh ixqfwlrq ri d orz sdvv �owhu zlwk d vwrs
iuhtxhqf| ri 4 nK}1 Ehfdxvh ri wkdw zh ohdyh rxw wkh vshfl�hg orz sdvv �owhu zklfk lv
rqo| wkhuh wr �owhu rxw kljk iuhtxhqf| qrlvh dq|zd|1 Wklv lv wkh eorfn vfkhpdwlf iru wkh
Fduulhu0rqo| Wudfnlqj>

Wkh Lqwhuphgldwh Iuhtxhqf| vljqdo lv �uvw froodsvhg wr wkh edvhedqg lq irup ri L0frpsrqhqw
dqg T0frpsrqhqw xvlqj wkh fduulhu iuhtxhqf| if +wklv lv wkh iuhtxhqf| wkdw zloo eh fruuhfwhg,1
Wkh edvhedqg vljqdov duh wkhq pxowlsolhg zlwk rxu surpsw uhsolfd frgh dqg duh vxpphg
ryhu rqh shulrg1 Wkh L dqg T vljqdo duh wkhq ihg lqwr wkh glvfulplqdwru zklfk jlyhv xv wkh
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LP

LP

Discr.
Loop 
Filter

Carrier
NCO

IF

Iljxuh 71;= Jhqhulf SOO Vfkhpdwlfv

Code Generator

Σ

Σ

Σ

Σ

Σ

Σ

LPE

IF

SIN

COS E

E

P

P

L

L

atan(Q / I)

Carrier
NCO

Carrier Loop
Filter

Iljxuh 71<= Fduulhu Wudfnlqj Prgxoh Vfkhpdwlfv

dqjoh lq udgldqv ehwzhhq wkh L0frpsrqhqw dqg wkh T0frpsrqhqw1 Zkdw zh zdqw lv wr kdyh
wkh L0frpsrqhqw dv odujh dv srvvleoh zkloh nhhslqj wkh T0frpsrqhqw dv vpdoo dv srvvleoh1
Vr wklv |lhogv wkdw zh vkrxog wu| wr nhhs wkh glvfulplqdwru dqjoh dv vpdoo dv srvvleoh1 Wkh
glvfulplqdwru xvhv dwdq lqvwhdg ri dwdq5 lq rughu wr ljqruh wkh skdvh vkliwv gxh wr wkh ESVN0
prgxodwlrq1 Wkh dqjoh jrhv wkurxjk wkh fduulhu orrs �owhu wr wkh fduulhu iuhtxhqf| QFR/ lq
rughu wr fruuhfw if1

Wkh fruuhfwlrq ri if lv pdgh e| vkliwlqj wkh skdvh lq d vxffhvvlyh zd|1 Wkh fruuhfwlyh skdvh
lv fdofxodwhg iurp>

�fruu @ uhpdlqghu+�rog . �> 5�,

Zklfk dggv wkh skdvh wr wkh odvw skdvh fruuhfwlrq dqg uhpryhv dq| ixoo uhyroxwlrqv ri 5�1

Wkh ghvljq ri wkh orrs �owhu zdv wdnhq iurp wkh errn ^4`1 Wkh �owhu zh duh xvlqj lv d �uvw
rughu �owhu1 Wkh wlph glvfuhwh ghvfulswlrq lq wkh }0grpdlq>

I +}, @
+F4 . F5,�F4 � }�4

4� }�4
+719,

4<



Wkh orrs �owhu zdv lpsohphqwhg lv vxfk zd| wkdw zh rqo| jlyh wkh edqgzlgwk/ dqg gdps
sdudphwhuv dv lqsxw1 Wkhq wkh surjudp fdofxodwhv wkh frh!flhqwv F4 dqg F5 zklfk duh
xvhg lq wkh fdofxodwlrqv lq wkh orrs �owhuv1 Wkh fdofxodwlrqv iru F4 dqg F5>

F4 @
4

N

;�$q�W

7 . 7�$q�W . +$q�W ,5

F5 @
4

N

7+$q�W ,
5

7 . 7�$q�W . +$q�W ,5

+71:,

Zkhuh

$q @
5�

� . 4
7�

�W @
4

4333
v

+71;,

Zh fkrrvh wkh sdudphwhuv dv=

� @ 83K}> Edqgzlgwk
� @ 3=:> Gdpshqlqj
N @ 733�

Zklfk jdyh xv d vdwlvidfwru| �owhu uhvsrqvh1

Wklv SOO zrunv rxw �qh zlwk wkh gdwd jlyhq wr xv1 Wkh rqo| sureohp rffxuv zkhq wkh
dftxlvlwlrq lv qrw forvh hqrxjk wr wkh wuxh fduulhu iuhtxhqf|1 Wklv lv ryhufrph e| shuiruplqj
d olqhdu �qh judlqhg +8 K}, iuhtxhqf| vhdufk dw wkh �{hg frgh skdvh wkdw zdv rewdlqhg iurp
wkh dftxlvlwlrq surfhvv1 Wklv zloo kdyh wkh h�hfw wkdw wkh uhfhlyhu sxoov lq forvhu wr fduulhu
LI1 Vhh dsshqgl{ D18 iru wkh Pdwode lpsohphqwdwlrq1 Dqrwkhu/ pruh hohjdqw/ vroxwlrq wr
wklv sureohp ^5` lv wr forvh wkh fduulhu wudfnlqj orrs xvlqj dq IOO dqg d zlghedqg orrs �owhu1
Wkh fduulhu orrs zloo wudqvlwlrq lqwr d Frvwdv SOO/ zlwk d qduurzedqg orrs �owhu/ zkhq wkh
IOO kdv sxoohg lq wkh iuhtxhqf| forvh hqrxjk1

Ilqdoo| zh sxw wrjhwkhu fduulhu dqg frgh wudfnlqj lq rqh ixqfwlrq fdoohg wudfn1p1 Wklv �oh
zloo ghdo zlwk erwk frgh wudfnlqj dqg fduulhu wudfnlqj1 Dv wudfn1p lv zulwwhq dv d ixqfwlrq
zh fdq fdoo wklv zlwk wkh iuhtxhqf| dqg skdvh jlyhq iurp wkh dftxlvlwlrq1 Wkh vfkhpdwlf
orrnv olnh �jxuh 71431

Wkh gdwd iurp wkh vdwhoolwh lv wdnhq iurp wkh surpsw L0frpsrqhqw ehiruh lw*v ihg lqwr wkh
dwdq glvfulplqdwru1 Wkh surpsw L0frpsrqhqw iru vdwhoolwh 4: lq wkh gdwd �oh lv looxvwudwhg
lq �jxuh 71441

Vlqfh wkh prgxodwlrq lv vlpsoh ESVN/ zh vlpso| wdnh wkh vljq ri wkh L vljqdo1

Gdwd @
4> L � 3>

�4> L � 3=
+71<,

Zkdw zh gr qrw nqrz qrz lv zkhwkhu d 4 lq wkh gdwd vwdqgv iru d 4 ru d 31 Wr �qg wklv rxw
zh fkhfn wkh sdulw| elwv1 Li wkh| gr qrw pdwfk zh lqyhuw wkh gdwd1
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Code Generator

Σ

Σ

Σ

Σ

Σ

Σ

LPE

IF

SIN

COS E

E

P

P

L

L

atan(Q / I)

Carrier
NCO

Carrier Loop
Filter

(   )2

(   )2

(   )2

(   )2

+

+

Discriminator

E / L

Code Loop
Filter

Iljxuh 7143= Wudfnlqj Prgxoh Vfkhpdwlfv

Iljxuh 7144= Surpsw L0Frpsrqhqw
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Fkdswhu 8

Frqfoxvlrqv

Wkh Joredo Srvlwlrqlqj V|vwhp lv d frpsoh{ v|vwhp/ zklfk r�huv pdq| gl�huhqw vljqdo
surfhvvlqj duhdv ri uhvhdufk1 Lq wklv surmhfw zh kdyh olplwhg wkh zrun wr rqo| d vpdoo vxevhw
ri JSV zklfk lv wkh dftxlvlwlrq dqg wudfnlqj ri JSV vdwhoolwh vljqdov1

Zh kdyh suhvhqwhg wzr gl�huhqw dftxlvlwlrq phwkrgv 0 olqhdu vhdufk dqg IIW vhdufk1 Lq
whupv ri dftxlvlwlrq vshhg/ IIW vhdufk rxwshuirupv vhuldo vhdfk1

Wkh frgh dqg fduulhu wudfnlqj phwkrgv ghvulehg duh vlpsoh/ dqg wkhuh h{lvw ehwwhu dqg pruh
dffxudwh lpsohphqwdwlrqv ^4/ 5`1 Jlyhq dgglwlrq wlph wkh qh{w vwhs zrxog eh wkh ghfrglqj
ri wkh qdyljdwlrq gdwd dqg wkh srvlwlrq vroxwlrq1
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Eleolrjudsk|

^4` Ndsodq/ Hoolrww G1/Hglwru/ Xqghuvwdqglqj JSV = Sulqflsohv dqg Dssolfdwlrqv/ Duwhfk
Krxvh/ LVEQ= 3;<339:<6:/ Pdufk/ 4<<91

^5` Sdunlqvrq/ Eudgirug Z1 dqg Vslonhu/ Mdphv/ M1 Mu/ Hglwruv/ Joredo Srvlwlrqlqj V|vwhp=
Wkhru| dqg Dssolfdwlrq/ Yroxph 4/ Dphulfdq Lqvwlwxwh ri Dvwurqdxwlfv dqg dhurqdxwlfv/
LVEQ= 48967:439[/ Mxqh 4<<9

^6` LFG0JSV0533 +JSV Lqwhuidfh Frqwuro Grfxphqw,/ JSV Mrlqw Surjudp R!fh +suhsduhg
e| DULQF Uhvhdufk,/ Mxo| 4<<41

^7` Dnrv/ Ghqqlv P1 / D Vriwzduh Udglr Dssurdfk wr Joredo Qdyljdwlrq Vdwhoolwh V|vwhp
Uhfhlyhu Ghvljq/ Sk1G1 Glvvhuwdwlrq/ Rklr Xqlyhuvlw|/ 4<<:1

^8` Krophv/ Mdfn N1/ Frkhuhqw Vsuhdg Vshfwuxp V|vwhpv/ Qhz \run/ LVEQ= 307:403663407/
4<;51

^9` Gl{rq/ Urehuw F1/ Vsuhdg Vshfwuxp V|vwhpv zlwk Frpphufldo Dssolfdwlrq/ 6ug1 hg1/
Qhz \run= Mrkq Zloh| ) Vrqv/ LVEQ= 307:408<6750:/ 4<<71

^:` Dkolq/ Oduv dqg ]dqghu/ Mhqv/ Gljlwdo Udglrnrppxqlndwlrq0V|vwhp rfk Phwrghu/ Oxqg=
vwxghqwolwwhudwxu/ LVEQ= <40770678840;/ 4<<51

^;` Ehvw/ Urodqg H1/ Skdvh0Orfnhg Orrsv= Wkhru|/ Ghvljq dqg Dssolfdwlrqv/ 6ug1 hg1/ Qhz
\run= PfJudz0Kloo/ LVEQ= 303:03393840:/ 4<<:1

^<` Vwhqve|/ Mrkq O1/ Skdvh0Orfnhg Orrsv= Wkhru| dqg Dssolfdwlrqv/ Erfd Udwrq= FUF
Suhvv/ LVEQ= 30;7<60<7:409/ 4<<:1

^43` Mrydqrylf/ Y1 P1/ Dqdo|vlv ri Vwudwhjlhv iru Vhuldo0Vhdufk Vsuhdg0Vshfwuxp Frgh
Dftxlvlwlrq0Gluhfw Dssurdfk/ LHHH Wudqvdfwlrqv rq Frppxqlfdwlrqv/ Yro1 FRP069/
Qr1 44/ Qry1 4<;;/ ss1 453;045531

^44` Udssdsruw/ Vwhskdq V1/ Vsuhdg Vshfwuxp Vljqdo Dftxlvlwlrq= Phwkrgv dqg Whfkqrorj|/
LHHH Frppxqlfdwlrqv Pdjd}lqh/ Mxqh 4<;7/ Yro1 55/ Qr1 9/ ss1 90541

^45` ydq Qhh/ G1 M1 U1 dqg Frhqhq/ D1 M1 U1 P1/ Qhz Idvw JSV Frgh0Dftxlvlwlrq Whfkqltxh
xvlqj IIW/ Hohfwurqlf Ohwwhuv/ 4:wk Mdqxdu| 4<<4/ Yro1 5: Qr1 5/ ss1 48;0493
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Dsshqgl{ D

Pdwode Frgh

D14 F2D Frgh Jhqhudwru

ixqfwlrq FD @ fdfrgh+q/ fklsudwh/ iv/ qbvdpsohv,
( Wkh ixqwlrq
( FD @ fdfrgh+q/ fklsudwh/ iv/ qbvdpsohv,
( uhwxuqv wkh Jrog frgh iru JSV vdwhoolwh LG q
( q @ 41165
( fklsudwh @ qxpehu ri fklsv shu vhfrqg1
( iv @ vdpsolqj iuhthxqf|
( qbvdpsohv @ qxpehu ri vdpsohv
( Wkh frgh lv uhsuhvhqwhg dw ohyhov = 04 iru elw @ 3
( 4 iru elw @ 4

( skdvh dvvljqphqwv
skdvh@^5 9> 6 :> 7 ;> 8 <> 4 <> 5 43> 4 ;> 5 <> 6 43>

5 6> 6 7> 8 9> 9 :> : ;> ; <> < 43> 4 7> 5 8>
6 9> 7 :> 8 ;> 9 <> 4 6> 7 9> 8 :> 9 ;> : <>
; 43> 4 9> 5 :> 6 ;> 7 <`>

( Lqwldo vwdwh 0 doo rqhv
J4 @ 04-rqhv+4/43,>
J5 @ J4>
( Vhohfw wdsv iru J5 ghod|
v4 @ skdvh+q/4,>
v5 @ skdvh+q/5,>
wps@3>
iru l@4=4356>

( Jrog0frgh
J+l,@J5+v4,-J5+v5,-J4+43,>
( Jhqhudwru 4 0 vkliw uhj 4
wps@J4+4,>
J4+4,@J4+6,-J4+43,>
J4+5=43,@^wps J4+5=<,`>
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( Jhqhudwru 5 0 vkliw uhj 5
wps@J5+4,>
J5+4,@J5+5,-J5+6,-J5+9,-J5+;,-J5+<,-J5+43,>
J5+5=43,@^wps J5+5=<,`>

hqg>

( Uhvdpsoh 0 grhvq*w zrun iru +l-fklsudwh2iv,A4356
( exw uhsolfd fklsudwh lv frqvwdqw lq wklv
( lpsohphqwdwlrq

l@4=qbvdpsohv>
FD+l, @ J+fhlo+l-fklsudwh2iv,,>

D15 Vhuldo vhdufk

ixqfwlrq F @ vhuldo+gdwd/ vdwblg/ fkbudwh/ iv/ ifbor/ vwhs/ ifbkl/ qbgdwd,
(
( Wkh ixqfwlrq
( F @ vhuldo+gdwd/ vdwblg/ fkbudwh/ iv/ ifbor/ vwhs/ ifbkl/ qbgdwd,
( shuirupv d vhuldo vhdufk rq wkh gdwd dqg uhwxuqv d fruuhodwlrq pdwul{1
(
( gdwd @ wkh gdwd wr eh surfhvvhg
( vdwblg @ wkh vdwhoolwh wr eh vhdufkhg iru
( fkbudwh @ wkh F2D frgh fklsslqjudwh +41356 PK},
( iv @ wkh vdpsolqj iuhtxhqf|
( ifbor @ LI iuht plqxv pd{ Grssohu riivhw
( ifbkl @ LI iuht soxv pd{ Grssohu riivhw
( vwhs @ vl}h ri rqh Grssohu elq
( qbgdwd @ qxpehu ri gdwd vdpsohv +w|slfdoo| 43333 vdpsohv/ pxvw eh hyhq,

( Jhqhudwh FD frgh
fd @ fdfrgh+vdwblg/ fkbudwh/ iv/ qbgdwd25,>
( Lqgh{ iru fruuhodwlrq pdwul{
grssohublqgh{@3>
( Wlph yhfwru
w @ +3=+qbgdwd04,,2iv>
( Grssohu orrs
iru if @ ifbor=vwhs=ifbkl

grssohublqgh{@grssohublqgh{.4>
( Grzqpl{ wr edvhedqg
Lbfrps @ vlq+5-sl-if-w,1-gdwd*>
Tbfrps @ frv+5-sl-if-w,1-gdwd*>
( Frgh skdvh orrs
iru skdvhblqgh{@4=+qbgdwd25,

( Dffxpxodwh L dqg T
L @ vxp+Lbfrps+skdvhblqgh{=skdvhblqgh{.+qbgdwd2504,,1-fd,>
T @ vxp+Tbfrps+skdvhblqgh{=skdvhblqgh{.+qbgdwd2504,,1-fd,>
( Gxps
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F+grssohublqgh{/ skdvhblqgh{, @ L1a5 . T1a5>
hqg ( Frgh skdvh orrs

hqg ( Grssohu orrs

D16 IIW Vhdufk

ixqfwlrq F @ iiwvhdufk+gdwd/ vdwblg/ fkbudwh/ iv/ if/ qbgdwd,
( Wkh ixqfwlrq
( F @ iiwvhdufk+gdwd/ vdwblg/ fkbudwh/ iv/ if/ qbgdwd,
( shuirupv d flufxodu frqyroxwlrq e| xvlqj wkh IIW dqg LIIW1 D vlqjoh
( fduulhu iuhtxhqf| lv xvhg dqg d fruuhodwlrq yhfwru lv uhwxuqhg
(
( gdwd @ Wkh gdwd wr eh surfhvvhg
( vdwblg @ wkh vdwhoolwh wr eh vhdufkhg iru
( fkbudwh @ wkh F2D frgh fklsslqjudwh +41356 PK},
( iv @ wkh vdpsolqj iuhtxhqf|
( if @ fduulhu iuhtxhqf|
( qbgdwd @ qxpehu ri gdwd vdpsohv +w|slfdoo| 8333 vdpsohv,

( Jhqhudwh FD frgh
FD @ fdfrgh+vdwblg/ fkbudwh/ iv/ qbgdwd,>
( Wlph yhfwru
w @ +3=+qbgdwd04,,2iv>
( Lq0skdvh frpsrqhqw
Lbfrps @ frv+5-sl-if1-w,1-gdwd*>
( Txdgudwxuh frpsrqhqw
Tbfrps @ vlq+5-sl-if1-w,1-gdwd*>
( IIW ri L dqg T frpsv
[ @ iiw+Lbfrps . l-Tbfrps,>
( frqm+IIW, ri FD frgh
IbFD @ frqm+iiw+FD,,>
( Pxowlso| lq iuht grpdlq dqg shuirup LIIW
( wkhq jhw wkh vtxduhg pdjqlwxgh
F @ dev+liiw+[1-IbFD,,1a5>

D17 Dftxlvlwlrq

ixqfwlrq ^|hv/ i/ sk` @ dftxlvlwlrq+ilg / N/ vdwblg/ ifbor/ vwhs/ ifbkl/ W,
( Wkh ixqfwlrq
( ^|hv/ i/ sk` @ dftxlvlwlrq+ilg / N/ vdwblg/ ifbor/ vwhs/ ifbkl/ W,
( shuirup dq dtxlvlwlrq surfhvv iru rqh vdwhoolwh1
( UHWXUQHG =
( |hv @ 4 li wkh vdwhoolwh vljqdo lv dftxluhg
( |hv @ 3 li wkh vdwhoolwh vljqdo lv QRW dftxluhg
( i @ fduulhu iuhtxhqf|
( sk @ frgh skdvh +vdpsohv,
( DUJXPHQWV =

59



( ilg @ iloh srlqwhu wr gdwd
( N @ qxpehu ri vhtxhqwldo fruuhodwlrqv wr eh dffxpxodwhg
( vdwblg @ vdwhoolwh wr vhdufk iru
( ifbor @ LI iuht plqxv pd{ Grssohu riivhw
( ifbkl @ LI iuht soxv pd{ Grssohu riivhw
( vwhs @ vl}h ri rqh Grssohu elq
( W @ wkuhvkrog +w|slfdoo| 9 li N @ 43,

(Lqlwldol}h yduldeohv
l@3>
F @ }hurv+ohqjwk+ifbor=vwhs=ifbkl,/ 8333,>
( Grssohu orrs
iru if @ ifbor=vwhs=ifbkl

l @ l.4>
( N vhtxhqwldo fruuhodwlrqv lv dffxpxodwhg
iru m@4=N

( Uhdg qh{w 8333 vdpsohv
gdwd@+iuhdg+ilg/8333/*vfkdu*,,*>
F+l/=,@F+l/=,.iiwvhdufk+gdwd/ vdwblg/ 41356h9/ 8h9/ if/ 8333,>

hqg
( Jr edfn wr ehjlqqlqj ri iloh
ivhhn+ilg/3/04,>

hqg

( Fkhfn wkuhvkrog
|hv@pd{+pd{+F,,2phdq+phdq+F,,AW>

li |hv ( Wkh vdwhoolwh vljqdo lv dvvxphg wr eh dftxluhg
ifbyhfwru @ ifbor=vwhs=ifbkl>
( Ilqg wkh pd{lpxp fruuhodwlrq
q @ ilqg+F@@pd{+pd{+F,,,>
( Uhwxuq wkh frgh skdvh
sk @ iorru+q2ohqjwk+ifbyhfwru,,>
( Uhwxuq wkh fduulhu iuhtxhqf|
q @ prg+q/ohqjwk+ifbyhfwru,,
li �q

q @ 4>
hqg
i @ ifbyhfwru+q,>

hovh ( Wkh vdwhoolwh vljqdo lv qrw dftxluhg
( uhwxuq }hurv
i @ 3>
frghbskdvh @ 3>

hqg

D18 Fduulhu Sxoo0lq

ixqfwlrq ib8 @ sxoolq+ilg/ i/ sk/ vdwblg,>
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( Wkh ixqfwlrq
( ib8 @ sxoolq+ilg/ i/ sk/ vdwblg,
( shuirupv d olqhdu vhdfk dw frqvwdqw frgh skdvh
( dqg uhwxuqv wkh LI fduulhu1
( Wkh sxusrvh lv wr ilqg wkh LI fduulhu zlwk ehwwhu
( dffxudf| vr wkh fduulhu orrs fdq sxoo0lq
(
( ilg @ iloh srlqwhu wr gdwd
( i @ frduvh fduulhu LI
( sk @ frgh skdvh +vdpsohv,
( vdwblg @ vdwhoolwh
( Jhqhudwh FD frgh
fd @ fdfrgh+vdwblg/ 41356h9/ 8h9/ 8333,>
( Wlph yhfwru
w @ +3=+7<<<,,28h9>
( Lqlwldol}h yduldeohv
F@}hurv+434/4,>
grssohublqgh{@3>
( Vhdufk .20 583K} zlwk 8 K} lqfuhphqwv
iru if @ +i0583,=8=+i.583,

ivhhn+ilg/ sk/ 04,>
grssohublqgh{@grssohublqgh{.4>
( Dffxpxodwh 43 fruuhodwlrqv
iru q @ 4=43

( Uhdg gdwd
gdwd@+iuhdg+ilg/8333/*vfkdu*,,*>
( Ghvsuhdg
gdwd @ fd1-gdwd>
( Grzqfrqyhuw
Lbfrps @ vlq+5-sl-if-w,1-gdwd>
Tbfrps @ frv+5-sl-if-w,1-gdwd>
( Dffxpodwh
L @ vxp+Lbfrps1-fd,>
T @ vxp+Tbfrps1-fd,>
F+grssohublqgh{, @ F+grssohublqgh{, . L1a5 . T1a5>

hqg
hqg
( Ilqg pd{ fruuhodwlrq
l @ ilqg+F@@pd{+F,,>
ib8 @ i . +l084,-8>

D19 Wudfnlqj

ixqfwlrq Ls @ wudfn+ilg/ if/ sk/ qxpbvhf/ vdwblg,
( Wkh ixqfwlrq
( Ls @ wudfn+ilg/ if/ sk/ qxpbvhf/ vdwblg,
( uhwxuqv wkh gdwd rxwsxw iurp wkh surpsw L0fkdqqho
( ri wkh frgh ) fduulhu wudfnhu1

5;



(
( ilg @ iloh srlqwhu wr gdwd
( if @ fduulhu LI
( sk @ frghskdvh +vdpsohv,
( qxpbvhf @ krz pdq| vhfrqgv ri gdwd wr surfhvv
( vdwblg @ zkdw vdwhoolwh wr uhfhlyh

( VHWXS
( & ri vdpsohv ehwzhhq hduo|0surpsw dqg odwh0surpsw fkdqqho
fklsbghod|@6>
( frgh fkls udwh
ifrgh @ 41356h9>
( & ri vdpsohv lq d frgh shulrg
vfrgh @ 8333>
( & ri frghshulrgv wr dyhudjh ryhu
qxpbdyd @ 53>
( Vhw iloh srlqwhu wr frgh skdvh
ivhhn+ilg/sk/04,>
( Lqlwldol}h yduldeohv
|+4,@3>
sqfr@313>
wbhqg @ 3>

( Ilowhu frhiilflhqwv
Eo@83>
gdps@1:>
zq@5-Eo2+gdps.42+7-gdps,,>
gW@4h06>
N@733-sl>
f4 @ 42N-;-gdps-zq-gW2+7.7-gdps-zq-gW-+zq-gW,1a5,>
f5 @ 42N-7-+zq-gW,1a52+7.7-gdps-zq-gW-+zq-gW,1a5,>

( jhqhudwh FD frghv
surpsw@fdfrgh+vdwblg/ifrgh/ 8h9/ vfrgh,>
hduo|@^surpsw+vfrgh.40fklsbghod|=vfrgh, surpsw+4=vfrgh0fklsbghod|,`>
odwh@^surpsw+fklsbghod|.4=vfrgh, surpsw+4=fklsbghod|,`>

( Orrs
iru l@4=urxqg+qxpbvhf-43332qxpbdyd,

( Dydudjlqj orrs iru frgh wudfnlqj
iru m@4=qxpbdyd

( uhfdoxodwh wlph yhfwru
w @ wbhqg=+428h9,=+vfrgh04,28h9.wbhqg>
wbhqg @ w+vfrgh,.428h9>
( jhqhudwh L2T +sqfr @ skdvh riivhw,
Lfrpsbor@vlq+if-5-sl-w.sqfr,>
Tfrpsbor@frv+if-5-sl-w.sqfr,>
( uhdg gdwd
gdwd@+iuhdg+ilg/vfrgh/*vfkdu*,,*>
( Uhpryh fduulhu
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Lfrps@gdwd 1- Lfrpsbor>
Tfrps@gdwd 1- Tfrpsbor>
( Fdofxodwh lqgh{ iru yhfwruv
lqgd @ +l04,-qxpbdyd.m>
( Ghvsuhdg zlwk FD frgh
( Lq0skdvh

Lh+lqgd,@vxp+hduo| 1- Lfrps,> ( hduo|
Ls+lqgd,@vxp+surpsw 1- Lfrps,> ( surpsw
Lo+lqgd,@vxp+odwh 1- Lfrps,> ( odwh
( Txdgudwxuh

Th+lqgd,@vxp+hduo| 1- Tfrps,> ( hduo|
Ts+lqgd,@vxp+surpsw 1- Tfrps,> ( surpsw
To+lqgd,@vxp+odwh 1- Tfrps,> ( odwh
( Hqyhorsv
hh+lqgd, @ +Lh+lqgd,1a5 . Th+lqgd,1a5,1a18> ( hduo|
ss+lqgd, @ +Ls+lqgd,1a5 . Ts+lqgd,1a5,1a18> ( surpsw
oo+lqgd, @ +Lo+lqgd,1a5 . To+lqgd,1a5,1a18> ( odwh
( Frvwdv orrs iru fduulhu wudfnlqj
( Dwdq glvfulplqdwru

g5+lqgd,@dwdq+Ts+lqgd,12Ls+lqgd,,>
( Orrs ilowhu

li lqgd?5
|+lqgd,@3>

hovh
( Ilowhuhg glvfulplqdwru rxwsxw
|+lqgd,@|+lqgd04,.+f4.f5,-g5+lqgd,0f4-g5+lqgd04,>
( Skdvh iru Fduuluh QFR
sqfr@uhp+N-|+lqgd,.sqfr/ 5-sl,>

hqg
hqg
( Frgh orrs glvfulplqdwru
HbO @ vxp+hh++lqgd0qxpbdyd.4,=lqgd,12oo++lqgd0qxpbdyd.4,=lqgd,,2qxpbdyd>
( Fkhfn iru wkuhvkrogv dqg skdvh vkliw
( FD frgh li hlwkhu wkuhvkrog lv furvvhg
li HbO ? 1;

surpsw@^surpsw+5=vfrgh, surpsw+4,`>
hduo|@^hduo|+5=vfrgh, hduo|+4,`>
odwh@^odwh+5=vfrgh, odwh+4,`>

hovhli HbO A 418
surpsw@^surpsw+vfrgh, surpsw+4=vfrgh04,`>
hduo|@^hduo|+vfrgh, hduo|+4=vfrgh04,`>
odwh@^odwh+vfrgh, odwh+4=vfrgh04,`>

hqg
hqg

D1: Dftxlvlwlrq dqg Wudfnlqj

ixqfwlrq Ls @ jsv+ilg/ vdwblg/ N/ ifbor/ ifbkl/ vwhs/ W/ qxpbvhf,>
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( Wkh ixqfwlrq
( Ls @ jsv+ilg/ vdwblg/ N/ ifbor/ ifbkl/ vwhs/ W/ qxpbvhf,>
( ghprgxodwhv JSV gdwd dqg uhwxuqv wkh lq0skdvh surpsw fkdqqho
( vdpsohg dw 4 nK}1 Li wkh vdwhoolwh vljqdo lv QRW irxqg Ls @ 3
(
( ilg @ iloh srlqwhu wr gdwd
( vdwblg @ vdwhoolwh wr ghprgxodwh
( N @ qxpehu ri vhtxhqwldo fruuhodwlrqv wr eh dffxpxodwhg
( ifbor @ LI iuht plqxv pd{ Grssohu riivhw
( ifbkl @ LI iuht soxv pd{ Grssohu riivhw
( vwhs @ vl}h ri rqh Grssohu elq
( W @ wkuhvkrog +w|slfdoo| 9 li N @ 43,
( qxpbvhf @ qxpehu ri vhfrqgv ri gdwd wr surfhvv

( Shuirup dftxlvlwrq
^|hv/ i/ sk` @ dftxlvlwlrq+ilg / N/ vdwblg/ ifbor/ vwhs/ ifbkl/ W,

( Sxoo0lq wkh iuhtxhqf|
i @ sxoolq+ilg/ i/ sk/ vdwblg,>

li |hv
( Sxoo0lq forvhu wr LI
i @ sxoolq+ilg/ i/ sk/ vdwblg,>
( Wudfn wkh vdwhoolwh
Ls @ wudfn+ilg/ i/ sk/ qxpbvhf/ vdwblg,>

hovh
( Qrw dftxluhg
Ls @ 3>

hqg

D1; Vdpsoh Vfulsw

( Vdpsoh vfulsw wr ghprgxodwh vljqdo iurp vdwhoolwh 4:
( Rshq gdwd iloh
ilg @ irshq+*VUY\4VI41GDW*,>
( Vhw sdudphwhuv
( Qxpehu ri fruuhodwlrqv wr dydudjh lq dftxlvlwlrq
N@43>
( Grssohu iuhtxhqflhv
ifbor @ 4158h9043h6>
ifbkl @ 4158h9.43h6>
( Grssohu elq
vwhs @ 833>
( Wkuhvkrog iru dftxlvlwlrq
W @ 9>
( Jxhvv zkdw
vdwblg @ 4:>
( Qxpehu ri vhfrqgv wr surfhvv
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qxpbvhf @ 4>
( Ghprgxodwh
Ls @ jsv+ilg/ vdwblg/ N/ ifbor/ ifbkl/ vwhs/ W/ qxpbvhf,>
( Sorw wkh lq0skdvh surpsw fkdqqho
sorw+Ls,>
( Forvh iloh
iforvh doo>

65


