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DEVWUDFW

Sulydf| dqg vhfxulw| ri udglr frppxqlfdwlrqv ehfrphv
lqfuhdvlqjo| lpsruwdqw1 Lq wklv frqwh{w/ prgxodwlrq
whfkqltxhv zlwk hpehgghg vfudpeolqj surshuwlhv duh
vxlwdeoh1 Wkh dlp ri wklv sdshu lv wr suhvhqw d qhz
wudqvplwwlqj whfkqltxh xvlqj Olqhdu Wlph Ydu|lqj Ilo0
whuv zlwk krsslqj lq wkh iuhtxhqf| grpdlq1

41 LQWURGXFWLRQ

Dv d frqvhtxhqfh ri wkh jurzlqj lqwhuhvw lq vsuhdg vshf0
wuxp whfkqltxhv/ pdq| h�ruwv duh ehlqj grqh lq rughu
wr h{sorlw lwv surshuwlhv lq frppxqlfdwlrq v|vwhpv1 Hv0
shfldoo| wr surwhfw gdwd lqirupdwlrq djdlqvw mdpplqj
dqg pxowlsdwk uhmhfwlrq dqg wr jlyh lw sulydf| dqg vh0
fxulw| ihdwxuhv1 Wkh sureohp lq frppxqlfdwlrq whfk0
qltxhv lv krz wr wudqvplw lqirupdwlrq dv h�flhqw dv
srvvleoh wr wkh lqwhqghg uhfhlyhu lq hqylurqphqw zlwk
qrlvh dqg ulvn ri lqwhufhswlrq1

Wkhuh duh wzr pdlq whfkqltxhv ri vsuhdg vshfwuxp=
Gluhfw0Vhtxhqfh dqg Iuhtxhqf| Krsslqj prgxodwlrqv1
Wkh| kdyh ehhq hpsor|hg lq �jkwlqj djdlqvw mdpplqj
dqg idglqj dqg kdyh jrrg sulydf| surshuwlhv1 Wkh �uvw
rqh xvhv d idvw svhxgrudqgrpo| jhqhudwhg vhtxhqfh wr
fdxvh skdvh wudqvlwlrqv lq wkh fduulhu frqwdlqlqj gdwd1
Lq wkh vhfrqg rqh/ wkh fduulhu lv iuhtxhqf| vkliwhg lq d
svhxgrudqgrp zd| ^4`1

Suhylrxv zrunv xvlqj Shulrglf Forfn Fkdqjhv +SFF,
^5` edvhg rq olqhdu shulrglf �owhuv zklfk wudqvirup vwd0
wlrqdu| surfhvvhv lqwr f|forvwdwlrqdu| vljqdov/ kdyh vkrzq
wkdw zkhq wkh edqg olplwhg vljqdo lv mdpphg/ ru di0
ihfwhg e| idglqj/ pxowlsoh shuihfw uhfrqvwuxfwlrqv duh
srvvleoh ^6`1 Wkh mdpphu whqgv wr glvwxue rqo| rqh uh0
frqvwuxfwlrq1 Wkh uhfrqvwuxfwlrq iurp wkh rwkhu edqg
jlyh xv d fohdq yhuvlrq ri d vljqdo1 Dowkrxjk wkh qrlvh
edqg lv xqnqrzq/ wkh phdq ri vhyhudo uhfrqvwuxfwlrqv
shuplwv d txdvl0shuihfw ghprgxodwlrq1

Lq wklv sdshu zh suhvhqw d qhz phwkrg iru wudqvplw0
wlqj vljqdov lq idglqj fkdqqhov/ ghulyhg iurp SFF xvlqj
Olqhdu Shulrglf Wlph Ydu|lqj �owhuv +OSWY,1 Xvlqj d
phwkrg ri SFF zlwk krsslqj lq wkh iuhtxhqf| grpdlq

jlyhv d sulydf| ihdwxuh wr frppxqlfdwlrq v|vwhp1 Wklv
lv dffrpsolvkhg e| lpsurylqj wkh vfudpeolqj surshu0
wlhv lq rughu wr orzhu wkh suredelolw| ri ghwhfwlrq ri
wudqvplwwhg vljqdov1

Sduw 5 suhvhqwv wkh edvlf hohphqwv ri OSWY dqg
SFF whfkqltxhv wrjhwkhu zlwk wkh uhfrqvwuxfwlrq dw
wkh uhfhlyhu*v hqg1 Sduw 6 ghdov zlwk wkh xwlolvdwlrq
ri OSWY iru vfudpeolqj dqg wudqvplwwlqj vljqdov lq
idglqj fkdqqhov1 Sduw 7 jlyhv wkh uhvxowv dqg ghvfulehv
wkh shuirupdqfh ri wklv qhz wudqvplwwlqj phwkrg1 Sduw
8 frqfoxghv1

51 SHULRGLF FORFN FKDQJH

5141 Vwdwlrqdu| surfhvv

Ohw wkh ruljlqdo vljqdo/ ] @ i}+w,> w 5 Uj eh d udqgrp
vwdwlrqdu| surfhvv zlwk vshfwudo ghqvlw| V}+$, gh�qhg
e| ^8`=

H ^} +w, }�+w� �,` @

.4]

�4

hl$�V}+$,g$= +4,

5151 Shulrglf Forfn Fkdqjh V|vwhp

Wkh vljqdo {+w, rewdlqhg e| wkh wudqvirupdwlrq wkurxjk
d SFF �owhu lv jlyhq e|=

{+w, @ }^w� i+w,`j+w, +5,

zkhuh i+w, dqg j+w, duh wzr shulrglf ixqfwlrqv zlwk
lghqwlfdo shulrg W3 @

5�
$3

1 Lw fdq eh vhhq wkdw zh rshu0
dwh d yduldwlrq lq wlph wrjhwkhu zlwk dq dpsolwxgh prg0
xodwlrq1 Vxfk wudqvirupdwlrq lv fdoohg Shulrglf Forfn
Fkdqjhv +SFF,^5`1 Wkh pdlq lghd lv wr vxemhfw wkh
ruljlqdo surfhvv wr d Olqhdu Shulrglf Wlph0Ydu|lqj �o0
whu +OSWY, fdudfwhul}hg e| lwv lpsxovh uhvsrqvh k+w> v,
dqg lwv wlph0ydu|lqj iuhtxhqf| uhvsrqvh Kw +$, zlwk
shulrg W3 @

5�
$3

=

Kw +$, @

.4]

�4

k+w> w� �,h�l$�g� +6,



Kw +$, @ hl$i+w,j+w,

Wkh Irxulhu ghyhorsphqw ri Kw +$, lv jlyhq e| =

Kw +$, @
.4[
�4

#n +$, h
ln$rw> +7,

#n +$, @
4

W3

W3]

3

Kw +$, h
�l$rnwgw=

Lw kdv eh vkrzq lq ^7` wkdw=

{+w, @
.4[

n@�4

{n+w,h
ln$3w +8,

zkhuh=

{n+w, @ }+w, � *n+w,

*n+w, @ WI�4^#n +$,`

Iljxuh 4 uhsuhvhqwv d eorf gljudp fruuhvsrqglqj wr wkh
ghfrpsrvlwlrq +8,1
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Iljxuh 4= Wlph lqyduldqw ghfrpsrvlwlrq ri dq OSWY

Wkh vshfwudo ghqvlw| ri {+w,/ V{+$,/ fdq eh h{suhvvhg
dv iroorzv=

V{ +$, @
.4[

n@�4

m#n +$ � n$r,m
5
V} +$ � n$r, +9,

V{+$, lv dq lq�qlwh vxp ri zhljkwhg vkliwhg yhuvlrqv
ri V} +$,1 Hdfk yhuvlrq lv fhqwhuhg durxqg pxowlsohv ri
wkh OSWY �owhu iuhtxhqf|1 Wkh zhljkwv ghshqg rq i+w,

dqg j+w,= Li/ iru h{dpsoh/ zh fkrrvh iru }+w, dq QU]
vljqdo zlwk d v|pero udwh Gv @

4
Wv

@ 5�$3
43 �owhuhg e|

d Udlvhg Frvlqh Ilowhu +UFI, zlwk uroo0r� frh�flhqw
� @ 4 dqg i+w, @ Wv frv+$3w,/ zh rewdlq wkh vshfwudo
ghqvlw| V{+$, vkrzq lq �jxuh 51
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Iljxuh 5= Vshfwudo Ghqvlw| ri wkh vljqdo diwhu SFF
�owhulqj

5161 Uhfrqvwuxfwlrq ri wkh ruljlqdo surfhvv

Zh surfhhg e| xvlqj d olqhdu uhfrqvwuxfwlrq ^6` dv vkrzq
�jxuh 61

exp(-i.k.ωo.t)
ψ−1

k (ω)
Band-pass filter
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Iljxuh 6= Lqyhuvh uhfrqvwuxfwlrq

Li {+w, dqg Kw+$, duh nqrzq/ zh fdq wkhuhiruh frp0
sxwh wkh ixqfwlrqv #n+$, 1 Wkh uhfrqvwuxfwlrq ri }+w,
lv rewdlqhg e| lqyhuwlqj htxdwlrq +8,1 Wklv lv srvvl0
eoh li wkh vshfwudo vxssruw ri }+w, lv edqg olplwhg1 Xq0
ghu wkh frqglwlrq wkdw wkh ixqfwlrqv #n+$, duh gl�huhqw
iurp }hur/ zh fdq rewdlq wkh ruljlqdo vljqdo }+w, e| �o0
whulqj {n+w, zlwk

4
#n+$,

+dv vkrzq lq Iljxuh 6,= Wklv

phwkrg doorzv xv wr frqvwuxfw }+w, iurp pdq| edqgv1
E| dyhudjlqj wkh rewdlqhg uhvxowv zh fdq plqlpl}h wkh
lq�xhqfh ri qrlvh dqg mdpplqj1 Zh fdq wkhq jhw d
uhfrqvwuxfwlrq ri }+w, hyhq zlwkrxw dq| nqrzohgjh ri
wkh iuhtxhqf| vxssruw ri wkh lqwhuihuhqfhv1 Wkh sulydf|
ihdwxuh ri wklv v|vwhp pdnhv lw uhohydqw iru vfudpeolqj
dssolfdwlrqv ehfdxvh zlwkrxw nqrzlqj wkh uhvsrqvh ri



wkh OSWY �owhu lw lv qrw srvvleoh wr uhfrqvwuxfw }+w,1
Lq rughu wr jhw rxu v|vwhp vwurqjhu djdlqvw qrlvh dqg
ulvn ri lqwhufhswlrq/ zh vxjjhvw wr gr SFF krsslqj1

61 FRPPXWHG SHULRGLF FORFN FKDQJH

6141 Hplvvlrq

Ohw }+w, eh d vljqdo zlwk iuhtxhqf| vxssruw
�
�$r
5 > $r

5

�
=

Lq rughu wr surwhfw wkh lqirupdwlrq e| plqlpl}lqj wkh
suredelolw| ri ghwhfwlrq e| dq xqdxwkrul}hg uhfhlyhu
dqg wr lpsuryh lwv uhvlvwdqfh djdlqvw qrlvh dqg lqwhu0
ihuhqfhv/ vxfk dv mdpplqj/ zh sursrvh wr fkdqjh/ lq d
udqgrp zd|/ wkh xvhg OSWY �owhu1 Wkh qhz sursrvhg
vfudpeolqj vfkhph lv suhvhqwhg lq �jxuh 71 Ohw f4+w,
eh d svhxgr0udqgrp frgh zklfk/ hdfk wlph/ vxemhfwv
wkh vljqdo }+w, wkurxjk rqh ri Q olqhdu shulrglf �owhu
SFFm > m @ 4===Q 1 Li Wf +fkls shulrg, lv vpdoohu wkdq Wv
+v|pero shulrg,/ zh frppxwh d �owhu lqvlgh rqh shulrg
ri QU] vljqdo dqg zh rshudwh d Idvw Iuhtxhqf| Krs0
slqj Shulrglf Forfn Fkdqjhv IIK@SFF1 Rwkhuzlvh/
li Wf lv odujhu wkdq Wv/ pdq| v|perov ri }+w, rffxu eh0
iruh wkh frppxwdwlrq ri wkh OSWY �owhu1 Zh wkhq wdon
derxw Vorz Iuhtxhqf| Krsslqj Shulrglf Forfn Fkdqjh
VIK@SFF=

.

.

.

MUX

PCC1

PCC2

PCCN

+

Shift register

c1(t)

z(t) x(t)

m=Lb(N)c2(t)

Iljxuh 7= Gluhfw VIK2SFF

6151 Uhfhswlrq

Wkh uhfhlyhu lv vkrzq lq Iljxuh 81 Li zh vxssrvh wkdw
f4+w, dqg doo km+w> v, duh nqrzq/ dw hdfk krs/ wkh lq0
whqghg uhfhlyhu nqrzv wkh xvhg SFFm dqg fdq wkhuh0
iruh gr wkh lqyhuvh uhfrqvwuxfwlrq dv vkrzq lq Iljxuh
61

.

.

.

MUX

PCC-1

PCC-2

PCC-N

+

Shift register

c1(t)

x(t) z(t)

m=Lb(N)c2(t)

Iljxuh 8= Uhyhuvh VIK2SFF

71 UHVXOWV

Zh kdyh xvhg d SQ vhtxhqfh zlwk : fklsv +PO vhtxhqfh
zlwk dq lqwhuqdo vkliw uhjlvwhu zlwk 6 vwdjhv,1 Zlwk wklv
SQ vhtxhqfh zh fdq fkrrvh rqh ri vhyhq �owhuv Kw>l+$,
dv iroorz=

Kw>l+$, @ h�l$3il+w,jl+w,

l @ 4===:

ohw }+w, eh dq QU] vljqdo zlwk v|pero udwh/ Gv @
4
Wv
>

dqg

il+w, @ Wv frv+$3w, iru l @ 4==:

zlwk=

j4+w, @ 4

j5+w, @ h�l$3w

j6+w, @ h�5l$3w

j7+w, @ h�6l$3w

j8+w, @ hl$3w

j9+w, @ h5l$3w

j:+w, @ h6l$3w

zlwk Gv @
5�$3
43 dqg VQU @ 53 gE1

Zh kdyh pdgh d vorz SFF krsslqj/ e| nhsslqj wkh
vdph �owhu gxulqj 43 wudqvplwwhg v|perov1

Iljxuh 9 dqg : uhvshfwlyho| uhsuhvhqw wkh lqsxw vlj0
qdo/ }+w,/ dqg wkh rxwsxw SFF krsshg vljqdo {+w,1 Hdfk
SFF kdv d gxudwlrq ri 4h7 vdpsohv1 Iru h{dpsoh/ iurp
3 wr 4h7 vdpsohv/ zh kdyh SFF4 +j4+w, @ 4> edvhedqg
vljqdo,1 Iurp 4h7 wr 5h7 zh revhuyh wkh prgxodwhg vlj0
qdo e| SFF5 +vfudpeohg e| i5+w, dqg prgxodwhg e|
j5+w,,1
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Iljxuh 9= Wkh ruljlqdo vljqdo }+w,
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Iljxuh := Revhuyhg vljqdo {+w, diwhu SFF4 dqg SFF5=

Zh fdq vhh/ rq Iljxuh ;/ wkh vshfwudo ghqvlw| ri wkh
rxwsxw vljqdo/ {+w,/ gxulqj SFF4/ SFF6 dqg SFF:1
Rq wklv �jxuh zh fdq fohduo| vhh wkh gl�huhqw yhuvlrqv
ri wkh vshfwuxp ri wkh ruljlqdo vljqdo/ }+w,/ vkliwhg dqg
zkhljkwhg duurxqg n$3 ghshqglqj rq wkh ixqfwlrqv i+w,
dqg j+w,=
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Iljxuh ;= Vshfwudo ghqvlw| ri {+w, diwhu SFF4/ SFF6
dqg SFF:

Wkh uhfrqvwuxfwlrq ri }+w, xvhv �yh frqvhfxwlyh edqgv
+
�
�

$3
5 >

$3
5

�
, ri wkh vshfwuxp ri {+w,1 Wkh �yh edqgv

fruuhvsrqg wr wkh pdlq vkliwhg yhuvlrq ri wkh vshf0
wuxp wrjhwkhu zlwk wkh irxu dgmdfhqw edqgv1 Iru h{0
dpsoh/ iru SFF6/ wkh �yh frqvlghuhg edqgv zloo eh

fhqwhuhg durxqg ^�7$3> � 6$3>�5$3>�$3> 3` +vhh Ilj0
xuh ;0e,1 Iljxuh < vkrzv wkh uhfrqvwuxfwhg vljqdo gxu0
lqj SFF6 dqg SFF7 krsv1
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PCC3 PCC4

Iljxuh <= Wkh ruljlqdo dqg wkh uhfrqvwuxfwhg vljqdo
diwhu SFF6 dqg SFF71

81 FRQFOXVLRQ

Lq wklv sdshu zh kdyh suhvhqwhg d qhz sulqflsoh frpelq0
lqj wkh vfudpeolqj dqg vsuhdglqj surshuwlhv ri Shulrglf
Forfn Fkdqjh whfkqltxh wrjhwkhu zlwk �owhu krsslqj
phwkrg1 Vfudpeolqj surshuwlhv duh jlyhq e| wlph gr0
pdlq yduldwlrqv uhodwhg wr ixqfwlrq i+w, dqg iuhtxhqf|
grpdlq yduldwlrq wkurxjk j+w,= Lq frqfoxvlrq/ wklv qhz
phwkrg edvhg rq SFF whfkqltxh rshqv d qhz shuvshf0
wlyh lq wkh whohfrppxqlfdwlrq dssolfdwlrq grpdlq/ hv0
shfldoo| wkrvh zklfk qhhg jrrg surshuwlhv frqfhuqlqj
sulydf| dqg uhvlvwdqfh djdlqvw qrlvh1

91 UHIHUHQFHV

^4` U1O1 Slfnkrow}/ G1o1 Vfkloolqj dqg O1E1 Plovwhlq/ 0
%Wkhru| ri Vsuhdg0Vshfwuxp Frppxqlfdwlrqv0D
Wxwruldo/% LHHH Wudqv1 Frppxq1/ yro1 FRP063/
qr18/ ss1 ;880;;7/ Pd| 4<;51

^5` Q1G1 Ddnyddj/ D1 Gxyhuglhu dqg E1 Odfd}h/ %Vwr0
fkdvwlf surfhvvhv dqg olqhdu frpelqdwlrqv ri shul0
rglf forfn fkdqjhv%/ Surfhhglqjv ri LHHH lqwhuqd0
wlrdo V|psrvlxp rq LW/ 4<<81

^6` D1 Gxyhuglhu dqg E1 Odfd}h/ %Wlph0ydu|lqj uh0
frqvwuxfwlrq ri vwdwlrqdu| surfhvvhv vxemhfwhg wr
dqdorj shulrglf vfudpeolqj%/ Surfhhglqjv ri wkh
LFDVVS/ 4<<:1

^7` D1Gxyhuglhu %F|forvwdwlrqqdulw�h hw Fkdqjhphqw
g*Kruorjh% LQSW S1k1G1 uhsruw/ Q�459;/ 57 Mdq1
4<<:1

^8` Z1D1 Jdugqhu dqg O1H1 Iudqnv/ %Fkdudfwhul}d0
wlrq ri F|forvwdwlrqdu| Udqgrp Surfhvvhv%/ LHHH
Wudqv1 Lqirup1 Wkhru|/ ss1 7047/ 4<:81


