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A  tl(’w a])])](m(tl  fo] t  li( :Il(llit((tllt(  ()[ ;III ;111  (Ii{ ’,ilill  1110(1(111 (lcsif’,tl  i s  1)1(s(111(’(1

ill this illli(’1(’. ‘1’li(’ k(y f(’atulc  of t h i s  il})[lloil(”ll i s  a l(IW(l ]J]()((ssill[~,  1:1(( tlIiI II (11(’

Ny(ll]isl ]at(’  (111(’ il]])ul  salll]~liti{’, lilt(’) :111(1  (1’(’1[ 111(’ Sylllllol  lill(’. ‘1’tl( low(i]  ])]()((ssi]l{~,
lilt(’ i s  :l(l]i(~vc~(l Ily 1 11(’ 11S(’ of d ]):11 :111(,1  s~l 11(1 111(’, I)as((] 011 ]Illlltirat(  [ilt(] lI:IIIk S

(’()[!(’(’1)1s. I l l  0111  ])101)os(’(1”  S(’1l(’1  11(’, IIlilt(’11(’(1  [ill(titl{’, is itllj)l(~ttl(,llt(,(l  ill  tll(’ sI]l)l):i II(ls

of all :ltl:llysis/sy  lltll(,sis filt(, t l)a IIk. ‘1’11(’ 111()(1(111  :Il(llil((tu](’  is ]Ja]ti((lla]ly  sliil ((l 1 0 1

Ilif’,11 (lilt tllilt(’  il])])li(”dt  i(lll  S, WII(JIC  tlI(, })lo(-(~:)sitlf: tat(, (all  1)( I (110s(’11  illd(’j)(’lldcllt  ofll Ic

hl)(’(’(1 of tll(’ illl(’{’,lill (’(1 (il((li(  t(,(lI]Iolo~I,y,” I’ossil)]c  ;I])l)licatiolls  o f  tlI(I  I’l{X iIIcl  II(l(,

[~,ip,:\-l)i(/se(oll(l  s;llcllil(’(11:11111(’ls, ]Ill]llil)l(’ ;!(((’ss (()]llt]ll]]li(;lli()ll  Syst(’]lls,ol)ti(:il li]lks

;1]1(1 illt(’l’il(’ti\)(’  C:tl)](’ ‘ l ’ \ ’ .

\l)iitl  ill(’(’\’oll  ltioll”  oflli{~,ll  s])(’((]  S;ll(>llit(iill(l 1( ’ll(SII’iill (()]111 lll]lli(’illi()ll, tll(} il])])li(’iltioll  S fol”

Ili[),ll (Iiltd l;ll(’ollvi(l(’-l):lll(l  (ol]llt l(llli(  ;ltiotlsjs  l(ttls~ll(” 1)( ’( ’olllil  l{:ill)  llll(l;  llll. l;xislill[),(:l!lll

oll)ital  l)lissiollss(l(ll  :IS (It( ‘I’(l((ol)lll  )lllli(;  ltioll”  illl(l  l);It;I l{(lt Iy S;lt(llit(SJsl(lll  (’I’I)I{SS)

“’1’llis  \volk iv;is  ])(rforl[l((l  ill  III( ,1[,1 l’lol)lllsi(,li  l,:il)ol:ll(,ly, (;;ilifolllla  IIlsti(llt(  or’] ’(c] It I(I](Ip,y, [III(I \\il<

SI)OII<OI(. (l” IIY (11(,  Kl:itio)l;ll  A(,]ollil(]ti(.s iitl(l Sl)ii((, A(ll[iillis[r:lti(~ll.

I



sll]Jl)olt  S (]:lt:l  1<1(  (’S  of 1 1 ] )  10 :;(](]  hll)]JS. (:ollll lllllli(’;  liioll”  S) ’St(’lll  S 11111  St to(]tlj” ] ) 1 0 ( ’ ( ’ S S  fdSi (’1

;III(I Ililll({l(’  :111 (’\’(’l  lisit l{’, (Itlt?l llllo~l{’,ll]jllt.

A(l\I:III((ss  ill (Ii{’)iial  illt(~,tat(d (il(l]it (1(1)  t(XIIIIOl C){I,y II;IS IIIatl( s\vil(llitl~,  SI)(((IS (I(JSCS to

1(;117 l)(x+il)l{. ll(j\\(\’(t  , tlI(s  ui(l(sl)l(:i(l  Ilst’ of IIi:’,11  Slj(((l colIIIJolI(’lIts”  is (ostl) IIC)lII ill I)li(f

iIIItl ])()\v(Il (’ollslltlll)tiotl.” (jlI(’ ()[ tll( Ii(’J’ I)oltl(’ll(cks ill I)SI’ (I(sif’,11 f(ll al) iill(li~’,it;ll l(x(i\(t

i s  111(’  il\’tlil;llJility  of (01111)011(’IIIS” ((’.~$,. 11]1111  il)ly-:l((llllllll /llol)  llIiIt j)lo((w  (’; I(II sal IIj)l(’ tit

tli( ill])lll sallll)litlp,  I: I1(L, \Yll(!ll  [11(’ 1;111(’1  ( ’x( ’( ’( ’( Is  ?()() Mllz 01” so. ‘III( ol)j(xli\(  II(I( is 1( I

(xl)lo I(” d (ost (11(’(li\r(  sollltioll”  to this ])101)1  (’111. ‘1’1[( i(l(al s(~llliioll  i s  10 (IIJ])I(JJ  10W(I  SI)(((I

(:)() 70 MIIZ) ( ( ) ] ]  ]1)()]1(’])1S  Ilsill{: 1(; (((llllolo{~i(s”  S11(”11  il’i 111(’ (~olll])l(ll)(l]tilty  Ll([; ll oxi(l(

S(llli(ollflll(tol”  ((; NIOS) t,ccl ItIolop,y. (~hloS  IId!i Illilllj’ l<llo\t’11  tl(l\’il  lltil/’,(’S  Sll(’11  ilS lo\\”  (’OSt,

lo\’J  l)oiv(’1  ,  :IIICI IIif),ll (I(,]lsily. ‘1’11(’  (I:t(:t  :Ic(lllisitioll  l((lItIolo{I,y”  also  )I:IS IIIItlfI{:OII( raj)ic]

;I(ll’; lll(’(’111(’llt!s,  M’11(’l”c  tmlily, O1l(. ~,, il,,il  S;lllll)I(,  1)(1 s(,(OII~l  ill[;llofj,-to”  (li~, it:il (A/1)) (()]  I\ ’(. It(’Is

1)( ’(0111(1 ;ivailal)l(’.  IIy usitlp,  a sill~,l(’  Ilif’,11 Sl)(’(’(i  I\/l) (’olll})oll(llt”  ;III(I <I Slllilll 11111111)(1  of IIi{’,11

Sl)(’(’(1 (“0111 ])011(’II(S”  (( ’.~,. IIllllti})lcx(’h+ only)) il j’llll(l illll(’ll till (l(](stio]l  is  ]) OS(’(1:

1,< ii ]~os.<iLl( lo (Ilrllil((l  (I (li~/i/f[l  )( ((iv( } ,$ (/(’// ///0/ 1//(’ ))l”O(’(’s,$;  )/ (/ )’(// (’ ?,s ,do’wf  1’ ///(/)/

/)()///  ///( “’i(/)  //pli//,(/ 0)/(/ ///( Sylllhd  7’(//( ‘?

‘1’11( ;IIIsw(l to tlI( al)ov(: (It](stio]]  i s ‘(y(,s”.  ]11  (Ilis  \fJOIl<, \\’(’ (1( ’vis( a 11(’w’  ;i])l)]();lcl] 10]

(I(,si{},llillp, :1 (Iif;i{,;ll l(,((~i\J(:l  {,]];11, {, I; I(lcs of[ l)lo((~ssill{,,  1 <11(’ \vitll  ])ar:lll(’lislll.  0111” })l(’S(>lltiltioll

i s  I:IIII,(:IJ’ I)as(x] 011  tlI(: cvol\~iII~,  (liscil)lill(~s of ]I]l}ltiratc si{’,llal  ])l(xt’ssitl~,  :111(1 dif)ital filh’1

l)il Jll{ 111( ’ol”~. (;lassical]y,  tll(’ filt(l I)allks II;IV(’ I)(YII 11s((1 fol slll)lJalI(l  (()(lill~~  ;I])])lic;ltiolls.

(Isitlp, 111(1 fill(j) lJaIIlf  tlIcoIy foI (1(’sif’,llill~’,  {II( (li~’,ital r(wi\’cl , tlI(o ()\’cIall  syslcI II ICII(IS ils(lf

((j a 111(1(1111:11  sl 1 IIC1 111(’ \\lticlt  Cdtt l)~lt(iit llif’ [I[si{’,lt  illl(l ftll)li(:i!lioll  ])10(’(’ss of flll]ctiollill

Ilal(lwal”c. ‘1’llis  IIlo(llllality  i s  (111( (() tlI( Ill](i(llyill}’,  stl Ll(tlll( of 111( t(:((i\(l  COIII])OS((I”  of

fillit( itlll)lllsc r(sl)olIs(”  (l’’1 1 { )  fillcls ;III(I  lIYC) 1“1’”1’  I)lo(lts. ‘1’11(’ ~,(’1l(’l ill :1])]  )1’():lcll  lids 1)( ’(’1[

s(I(((LsslIIlly al)})li(~(l  to w’i(l(’  l)alI(l  (li~l,ithl lJIItIst’ I()(l; I()(J1)s  ill [1). ‘1’llis  I\OIl< foltll[(l  (lIc I)tlsis

01” (11(’ 1( ’s(111!s  ]) I”(W(’II((YI IIclc, aII(l i t  \v:Is (xpalI(l((l 10 l]lo\’icl(  d coll(si\(  a])})lolI(lI to tlI(



(I(,si{,,tl of (Ii f,, ii:il  l(~c(*i\J(*rs. ollr  II I(tl I()(l()l(){I,y  i s  als(J sllil ((l 1“01 ]Ill]lti-(ll:itlll(l  (olllllllllli(tltioll”

;Ij)l)li(”;ltiotls Sll(”ll il+  tlilllti(’:ll]i(*]  tllo(llllali(~ll  s ~ ’ s t ( ’ i l l s , llllllti}~l(’ sl):I((’(tall  (ollllllll]li(:ltioll”

((,, I,s(IIs), a,)(l sj,l(:i(l S]J(X(ILIII}  ((,]l]]],ill]i(:~li(,l  sjst(,,,s.

‘1111( i(l(dl coll(l(’lIt I(((:ii(] foI (I(((xlic)ll  of si[l,]lals  ill A(l(litii( \Vllil( (l;lllssi;lll Nois(

(A\4’(;N) i s  ,\[Il I;I,,JJv,, [!)]. A] I ;lll~li~,iti,l ,,lsi,,]) <)1 tliis ]t{ti!{] i s  ])I(s(IIII)’ [IS(YI ill NASA’S

l)(Yi)  S])a((,  P!(lMIOII< (I)SN) [;;]. A  si]]]l)lifi(xl tIio(l(l rot [Ilis (Iip,i till l(((i\(l  i s  (I(]) ict((l ill

l“i~,.  I , :111(1 is (11(: I)asis f(jl tll(’ (1(’\(lol)lII(lIt  of III(I j)ill”iill(’1  l(x(i\(t. ‘1’11( (Iip,il ill r(((i\’(]  ;Il(lli

l(I(t III( \vlli(ll  \\’ill  I)( (l(\’(l(j])(xl  11(1(, 1(’r(II(d 10 as tllc lm]dllc] ](wit’ct (I) I{ X), (lcl]i(d(llatrs

;111(1  ( l ( > l ( ’ ( ” lS  tll(: ](m’iv (xl  SJ’llll)ol  Sll(’illll ,  :111(1 l)lol’i(l(>s  Ila(kitl[’,  fol 111(’ (dlti(’1 ])llil <(’ ;111(1  tll(’

sjIIIIl)(Jl  li]]]illfl,. ‘1111(  l]; iIIl)IIt sifl]l:ll  i s  S; II II1)I((I  I)y a Ilip,]) Sl)(x’(l A/l) (OII\r(SI((I ol)(rttti]l~~ iii

il 1  /11(’  .[,$ dll(l III(! Sill 111)1  (’S  ill(’ f(’(1  1 0  ~1 S(’1’iil I  1 0  ])ill”illl(’1 (“OIIV(’1(  (’I o f ”  siz( A’1. ‘1’11(’  si(,l]al 111(]1

(()]lsists of a S(:(ll  I(’ll((’  of 1(’11:,(11  Al JrcctoIs  saIIII)l(Yl ai tlI(L  Iat(, ,/S/Al. 1I 1 lC I %  I \VU (olls(x”(ltil’(~

\’(YtoIs  of si~r Al ar(~  (OII(iIt(’IIiIt(~(l  to fOIIII  it l(]lp,i  II I?AI v e c t o r . ‘ll l l(’s(’ \’(’(’tol”s  ?11(’ 111( ’11

( ’ o i l \ ’ ( ’ l  1(>(1 to d \ ’ ( ’ ( ’ t o ]  S(’(111(’11(’(’  of S111)1)<111(1  Si[~,  ]lill S (; I \’(Ttol”  S(’(]11(!11(’(’ ill wllicll  (Jacl I vccl  o r

Colll])oll(’llt” (’OI’1”(’s ])011(1s” to 011(” SIII)IJ:III(I  si[l)lldl)  l)}’ aII  a n a l y s i s  filt(’]  1):1111<. ‘1’11(’  011{] )111s of

111( })alallcliz (xl 111~11(’11(’(1  filt(v is 111(’ syllll~ol stl’(’dll] l)y (1( ’llol(’(1 (Ii. ‘I’]]( OLI1])LIIS  :11( d\21ilal~lr

ill IJ;II all(.1 (t II(J si~w 9A? v(wt(~rs  al(. t I allsf{)l ]])((1 I);\(l: to si~r A; \Ic(to]s),  \\l~i(ll  cat] 1)( ~Is(xl

fo] (Ilttli(:r lml:lllcl  l)mcssi]l[~ i]] cd]li(t  ])1 Ias(I illl(l l)il Iitlli]lp, sy]l(ll]()]liz~ili()ll.

‘1’11( s\llJl)dlI(l  1(ali7,atioll of 111(: lIIat(lI(:(l fill(’1 i s  :1 s])((:i;ll (.;Is(: of a I)l(J;I(I(I  (011((])(,

}vl]i(tl  W(’  ](:f(’1’ to ilS Sfll)hll<d  C()) I’lJ()lu/io71;  S(’(! l“ifl,. :/. 111 t h i s  fi[’,11](~, two  si~,]lals,  :r(71) atl(l

f~(?l) al( 1)011] (Iiii(l((l il]t,o 2A! SIII)l);III(IS  ljy s(ljd]at( a]]alysis  fil((’1  l)?lllli S {///,(2)}  :111(1

{) ’,, [i’)}, k: o , . . . , 7AI’ 1 ‘1’11(  fil((l I): II II; 11s((1 11(1(1 i s  all Ll]l(l(l-(l((ill)ttt((l  (Iloil-lll;ixi]tl;)lly

(1(’(iltl;lt(’(1)  filter  I)dllli sill(.(’ tllcl(. 211(’  2,41 Slll)ljalI(lS) lJ1ll tlI( (I((ill)tltioll  :111(1  (x]);lllsi(jt}  1:11(

i s  OIIly A7. ‘]1]1(  OII[j)IIl  of 11]( fill($l ])alIk i s  f(,rlll(d ]Jy III(: s([ of syllt]l(sis  (iltcls {]’)(z)}.

‘1’JI(, filt(] l~:tlll{s :IM (l(si~,ll(yl  ill  s(I(]I  ;I I\J;Iy tlI; Ii 111(  0111] )111, ()(7/), i s  ((111:11  10 {II( r(:slllt  of

111(1 ( o i l \ ’ o l l l t i ( ~ l } ”  of .r(71) \vittt (1(7~).  Slll)l)alI(l  (otl\rollltioll  Ilsillp, IIl;ixill]a]ly (l((il]lat(xl fill(r



si{l,]lals  (l((~~[l(ri(d  Lj/ Af. II I  0111

{11(’  sytllll(wis  I)illlli ollt])llt.

A s  a l)yl)m(lllct  of tl]c filkt

IIS(>S SIICII :IS: I(xi(lIIdl  ((JI ]Jilot )

\’illioll  S Slll)l)illl(l S, lil(lio  s(i(’llc(

1)1”()])()s(’(1  111( ’tllo(l, (11(’ 1111(  1( ’(’ii

I)alll(  Sllll(’( 111(’, 111(’ Slll)l)all(ls  :

l)IIt is III( to]]loll]lio]l  of tl!()

Ial (xl (t)]li’ollltioll”  aj)IN’:Ils  :It

i~,ll;ils cal I lill(l i’dli(jl]s  0111(>1

(aII  i(’1 ~la(killj’,l (xi ract ioII aII(l 01 ](((jl(lill[’,  01 si[’,tliils  frol[l

fol (“oll(’lil(ioll”  of \l’i(l(:l)ittl(l  Solll(’(hs.

‘1’11(1 rw(iv(xl  \vtl\(for]ll  7({) is  (OIII])OS((I”  of sif’,lldl ,s(1) ])IIIS  IIois(> 7/(1), aII(l (;I]I I)(’ \\ ’li(tc]l  ;Is

(1)
(, )

\\’lI(t(’  CIi i s  ttl(’ SJ’1111)01 s{s{lll(JIIcc  ill ((JIIIl)l(’x folll] , J< is III( (~(l)ict {I((III(II(J’, O is 111( cdlti(l

I)II:Is(’  aII(l ‘1’ i s  111(~ syIIIIN)l  (Illraliotl. l’kluntiotl (1 )  :Il)])lies to alIy  t\vo  dilll(llsiollal  llIodIlliI-

tioII, e . g .  0Ah4 ((jIItI(l I-tItIII(I  Alll])litl]dc h40(llllatio]l),” h41’Sli  (A4-:i  Iy l’l Iase Sl)if( li(yitlp)).

‘1’11(’  ]II(J(l(I  fol III(I (Iit,ital m(’i\(l lI(r( i s  ti(}ji(t((l ill l“i{’,. 1 .  \4~( iISSIIIII(I  111( a\ailal)ilitj

of iIII illl(’llil(’(li:it(’  sta$}(: fol OJ)(’11 loo])” (JI (IOS((I  I()()I) (lo\~’ll(otl\r(*lsioll  of tlI(J 1{1” si~’,llal to a

(x)ll\’t’lli(llt  ftc(l~l(’ll(y fol tlI( A/l) ((Jll\r(’lsioll, I(f(I I((1 1( I as 111( illt(’ttll((li:lt(  fl(xjll(ll(y (1 l“).

‘1’llis  i]lll)li(s  lllal  l)all(l])ass  sdlll])li]lp,  [4] i s  11s((1,  ;it Iat( .~,,. I I I  I):III({IMSS sa]lll)lill[’,,  a si]lp,lo

A / l )  (OIIV(SI((I  is  IISC(I aII(l  tlI(s  si{l,llal  is  (1(111()(11 II; I1(>(I  1 0  I);ls(l)al)(l  l)y (Iip,i  tally IIl(llti])lyilip,

it \villl  illl csti]ltat,c of tlI(: ca r r ie r  with flc(jll(’llry k)~ aIId ])llasc 0 ])]()(11](  (’(1 I)y a INulllcrically

(h)IItIoll(’(1  oscill  ate] (N(; ()). ‘1’11(’  OLI1])II1 of tlI(I l’1(~() lt]ix(xl  Ivitll 111( sip,llal  i s  follofv((]” lIy it

IOWIHISS  fillet f~(2) to Ixjwt tlIc dout)lr  fMxlu(sII(y (OIII])OII(IIts.” A  [I(cillltltioll  l~y two  01 IIIOIC

i s  orl(II l)ossil)lc  at t h i s  ])oillt  [ G ]  1 0  r((lll((’  tll(’ 1)]()((’ssillp,  rat(’. \V’( \\rill olllit ll)is  (I(cilllatioll

ol)(latioll”  sill((’ it i s  not ](:l(~\’<iII{  t o  01]] slIrII(t  LII(J. A  ~l~r(I~~~l{I/{11~~~  II(SI( (ollsis(s of (11( Illix(’1

:111(1 tlI(’ (ilt(.1 11(2).  ‘llll(.  sy]IIl)ol Iat(’ i s  1/’/’ s((OII(IS, all(l  tll(’ 11111111  )(’r or Sdllll)l(’s  1)(’1 Syllll)ol

(l(ltatiol)  i s  ((I(I;II ( ( )  I) : ‘1’.~.,,  a]l(l  i s  assI]It I(Yl 1 0  I)(, all itlt(p,(t. II] 111(’  a(”tllal  Syst(vll,  111(’



s;ll[lljli]lp,  clock ;I]I(I  {II(* syIIIl)(Jl (10(1; tIIa J’ II()( 1)( syll(lllotli7f((l.  III tl]is (as(-,  111(1  SyIIIIJ(Jl

titllillfl,  sj’l](lllo]liz:itiol]”  III:IJ’  (lII]Jl(~j  tilll(  viilj’i]l~’, ill; lt(’11(’(1  fill(>l [!)]. ‘I II(’ IIlilt(”ll(’(1  fill(~t i s

1(’])l(%t’llt(’(1  :1S :1 filic] ~j(2) follolt’(’(1”  1)~ :1 (1( ’( ’ill  liltol 1)~’ ~~. A l l  otll(]  I((l\Ii  I(’(l f(lll([iolls  ((. {),.

l(si(llldl  IJII:IS(’  (]lor, 10( ’1< il](li(ators, ])OIV(’I  (sli]lldtols)  11s(’ 111( 01111)111  of 111( !11/1((”11((1  filt(l .

1“()/  111(’  ])111])OS(”  of (11( Sj’l]ll)ol  titlli]lf, 100]),” ]Ildt(l]r(l  [i It(’l ollll)llls  at llli(l-s~’llll)ol  lx)silio]l

;II( l(xl(liml  fol 111(’ IJif’, ital ‘1’rallsilioll  ‘1’l;l(”liill[’,  Ix)()])  (l) ’ll’l’ll)[!l].  ‘1’llis  (dl  I 1)(’ :I((olll])lisll(’(1

I)y sill)})ly lla\’itl~, l) ‘I’.(,, /2 as tl]c (I(xillldlioll  ];llio. \~~(, (;~]l (OIIIl)iII(  {II( ]oiv])ii<s  filt(l

/1(:. )  atI(l 111( lllatcll((l  filt(] CJ(2)  to ()]1(1 fill(l (~(:) : H(2)(J(2)  i f  (I(>sir(xl.  11 i s  (xlliljil((l

II(I(’ t Ildt  t l(atillp, lII(W fill(]s s(l)r]dt(’ly )’i(l(ls :i I(ISS (OIII})I(X  ](;lliz;lt  ion.

2.1 I)(?S(:l>i])irioll  of 1111(:  I’I{X

‘1’11(  I)I{X I)locl{  (Iiap,];llli i s  SIIOWII ill l“i[:. ~i. A l l  tll( (Iip, ital {ill(’]s IIl(lltioll(xl  ill lllis :Il[i(l( al(’

l“iilil( Ill]l)llls(>  1{(s1)011s(  (1’11{) filt(:rs. ‘1’11(’  illl)llt  Si[’,lli]l  to tll(’  1’I{X (ollsists  of il S ( ’ ( ] 1 1 ( ’ 1 1 ( ” ( !

( ) [  1( ’t I/, tlI Af \’(x:to  Is S;lllll)l(xl ill l’ilt(’ ./,, /Al. l’; \’(>l”~  t\i’() colls(xllti\’(~ \’(’(’t 01 S of sin’ AI ;(l’(>

(011( :1[(’11/It(d to a 1( ’1l~, [11 ~~~ v(xto]. l’lil(’11  (olll})oll(llt”  i s  IIlix(xl \vitll  a tl](’ (iilli(’1 I(f(l(llc(s

1 “ 0 1  (’il(’11  S\ll)l)illl (l, illl(l tll(’11 Iilt(l(cl  1)~ 011(” of 111(’  ])ol~])llilS(” (’0111  ])O1l(’l  I(S” of”  111(’  2111ill~Si  S

fill(i  /1(2)  (l(-llot(’(l  1 1 (  ’ 1  ’ ( ’  1)~ l’~j. (22).  ‘1’11(’  r(sllltill[’,  S(’(111(’11(”(’  of V(’(’10IS  ill(’ 1)1”()(’(’SS(’(1  l)J’

;Ill II’’l’’rl’ (Illvcl’s(’ l“ilSt l“ouricr  ‘1’rallsfolltl)  I)IOCI<. 11~ al)l)ro})li;it( S(’1(’(’t io]l of S(ll)l)illl(l  S

(1(1111 [ II(S alla]ysis  f i l l e r  I)alll<,  il l(I\\’lJass  fr((l(l(’ll(y cllala(l(:]  is(i( (~ill 1)(’ r(illiz  ((l, ilS f i l l ’ t  11(S7

d(’s(lilwd ill Scctioll :~. 111 l“ip,. ~t, tll(: filt(l (f’/,(2),  l)(slfo]]]l S tl](’ Slll)l)illl(l IIiilt(’11(’(1  filtclillf;,

21s olltlitlml  ill S(xtiol}  ~. ‘1’11(’  01111)111  \’(>(’tolS 111(! ] ) 1 0 ( ’ ( ’ S S ( ’ ( 1  1)~ i l l ] 1“1’”1’ l)lo(”li illl(l (’il(’11

(’ollll)oll(’llt”  i s  ])1”()(’(’SS(’(1  1)~ tll(’ ])ol~J)llilS(” of 111(: sytltl)(sis  filt(l, (I(tlot((l  I]cI( I)y ){ K(22),

‘1’11(>  ol]t])llt \~((toI  of l(]l~,tl]  2.A4 \~’(71) i s  (ollll)ill((l  to forlil ii l(llp,(ll  Al \J(xto]  ,  \T(7/), I)y

VJ, (YI) : V’A.l~f  (7/) -1 V’J. (7/ 1 ). ‘1’11(’ S(!(]ll(’11(”(’ of \’(’(’tol”s  V(?/) forllls  111(’  ]Ml”illl(’1  mlt])lll of

{1]( ttliil(ll(({ {ill(t, ;III(I  it i s  p,(II(]:it(>(l  iit (11( lo\\(]  ]ilt( .~,</Af. It i s  IIot((l (Ililt i f  Af i s  I](J{

ii Itlllllil)l(t  of 1), tl](’lt (11(’ coIII1)OII(~]Its”  o f  this s[ll)s(’i  as \v(~ll  :is tlI(: (;lr(iili;llit~  of 111(* s(ll)s(’t



:11(’ I)CI io(ll(” ally li]])(~ i’alyitlp,. ‘1’1)( (Lx]):illsioll (I((illl:ltioll (J]xlali(jl] at 11]( ollt])lll s((tioll  of

11’if’,.  1{ (:111  I)(I 1“(’gylr’dcd  :1s all itll(’]lcav (’r dtt(l 1  11(’1(0 i s  :1 OII(L- t (j OI)(L (oll(’.sJ)[)lI(l(LJI(’(  1)(’lIV(YJII

111( ((Iltll)(Jll(:llts of {v(71)} :111(1  tlI( (l(sil ((l s(’(111(11((  of syl])l)ols, \~~ll(’11 .lf i s  il Illlllti])l(

o f  /), 111(’ Syllll)ol  S(’qll(’tl(”(’  (/; IIas a 011(” to 011(” (()]t(,sl)()l](l(]l((  \villl  a slll)s(t of t II( ]):11 all(’]

olltl)llts.  otll(’ill’isc, l(~f(r (() S(>((ioll 4.Y for a (lifl(l(~llt r(’alizatiol]  of t 11(’ illl(>t  1(’di’(’r ill tf’lli(ll a

(:(~111  llllllillol”  (J)iirall(’] 10 s(’rial (()]I\’(’lt(’l  ) (at I I)(’ 1]s(’(1  illsk:i(l of (’x]):ill(l(’ls.  ‘1’llis  is (Icsiral)l(’

WIIC]I a s(riill syl))lwl  ol]t])llt strca]l]  i s  I(x]llit  ((l.

‘1’11(’  (1(1) 10(1111 ;1101” collsisls of il lJJix(r  fol l]]ixill~,  tlI(’  itl])llt iYillJ tll(: carti(r sif(lldl,  folloJ\’((1”

1)~ il lo\ V])ilSS filt(t fl(2) to r(:j((t  tlI( (1011111( fr((lll(ll(~  illl;lf)$s. (~oll  S;(](>J  a [ilt,(>J ])illl l<,

(OV(’I  i]lf, tll(> fllll l)illl(l ( ( ) ,  27[ ], 1,(!(  (>il(’ll Slll)l)illl(l I)(’ IIllllli])li(xl  1)~ il co(lli(i(llt  fi~ wllicll

( ’ i I l l  till((’  111(’  I’i-Jlll  (’S O 01” 1 . \17(’  (“illl  (Iis(al (] il S ( ’ 1  o f  Slll)l)illl(l S, l)J’ cll(x)sill~~  ($1,  ~ ( )  fol” tfli S

S(’1 ‘1’11(’  1(’lllilillillp,  S111)S(’1 collstitllt(w  tll(’ l)ilSSl)illl(l of tll(’  ( ) \ ’ ( ’ l ” i I l l  S~St(’llll  illl(l  t 11(’ (li S(’itl(l(’(1

S(:1 (ollstilllt(,s  111(:  Sl,ol)l)illl  [l. \41(’  1“(’f(’l to 0111” fill(li]][l,  ])101)1(’111  1 ) (  ’1”(’  iiS il “])ill”ti  ill 1)2111(1

l(h(ollsi](l(tio]l”” [’(] il$i (J])]JCMXI  1(}  ],(]  f((t l((c)llst  ]rll(ti(,ll i], wliicll  (i[S(!  tl,( [,l)j(cti,c i s  to

1( ’(011  S[1’(1(’(  tll(’ Sip,lliil  iil”ollll(l  ~]J(’ WI IOI(: (Illit (it(l(’. \I~( illl])os(: ]1(>1(,  till ;l(](];  t; OJlil]  (’(Jll S{l{lillt

lllilt  tll(’  Si~,llill olltsi(lc tll(’ l“(X’()]l  StJ 11( ’{(> (1  I)iill(l is ill”l)itl”ill ily S1l])})l’(:SS(:  (!. 0111 ] )101)1( ’111 is  ii

S l ) ( ’ ( ’ i i i !  (’ii  S(: of ii lJJll]til(’\7(’]  {Jllltl~)](’  fi]t(’J  ({( ’Sip,ll, \\’ll(~l(s  (’;1(’11 Slll)llilll(l  i s  ~,ii’(:1) illl  ill’l)itl’ill~

w(’if:ltl  (Al..).

‘1’j’])i(’illl~,  tll(!l’(’ ill’(’ tlll(’(’ S0111’( ’ ( ’S Of (Iistol ti(~lJ  it] filt (1 1):1111  (S, (11(’S(!  ill”(’: aliiisill~), illll])li-

111(1(’  (Iislortioll,  illl(l ])llil  S(’ d i s to r t ion . A S  S] IOIVII ill [’(), iilids (’illl(’(’]]i(tioll  is  ]Iot ])(JSS; ])](’  ill ii

lllil  Xilllilll~  dccillliit(xl  fill(’1  l~illlli i f  olll~r :1 s(ll)s($t  of tll(” S(lt]l):lfl(ls  iil’(’  [1s(>(1  it) sif;t]iil  J’(’(’oll

sttll(tioll. Aliilsi]  l{’, ( ’ l ’ J ’ ( ) ] ’  (]11(’  (() dl”oj)])i!l~j,  o f  SIJ])]);III  (IS ill d ]l);iXi])lii]l~  (1(’cilllat(x]  fi][(:l I)a]lk

i s  illllsliat(~(l ill l“i~~,.  4. l]! th i s  fif),(ll(~ ,  d Slll)s(t of r(>al s~’]ltll(sis  filt(~ts I’J(2), fo] wlli(]l  7  <  /:

(i



01 i >  /: I :? al(’  (Iis(:ar(l ((l. ‘1’11( :lli:isill~, (ttc)l itl 111(1 sip,llal  i s  II(J1 (; II I((’1(’(1 ill tlI( fl(’(111(’]i(y

1);111(1s  wtl(l( tll( a(lja((]lt  syl)lll(’sis  fill(ts al( (lis(;ll(l((l. ITI OLII ]) I()])()s(’(1  stl(](t(]t(, aliasillp,

i s  s(]l)l)t(~ss(xl  (110{ ca]lc(~l(d)  l)JT tli(~ IIs(~  of [111(1(1  (1( ’(it llat(>(l filt(~t  I):i]tl(. 1]] t h i s  SJ’SI(I]I, l~Af

slll)l)all(ls  ar(~ IIS(J(l,  C:ICII (l(xilllat(~(l  l)jI Af, so tlI(~I(* i s  a]tl])l(~  s]ja((’ fol tli( r(jr(t ion of t tl(

itllap,(s. Atlll)lit(l(l(  (Iistortio]l  aII(l ])tlas(  (Iistol(ioll”  (ill tli( l)arti;ll  1):1])(I)  aw II]illitlliz(d  I)y a

l)Iol)(t (lioi(( of allal~’sis a])(l sylltll(sis filt(ls.

I,(t, {}11,(~)}  a]l(l {1~.(z)},  1; ~ (), . . . ,2 AI- 1 I)(* ii~os(tsof” II’]]{ filt(]s. ‘1’ll(filt(ls  {//A(~)}

;11’(’ (dll(’(1 analysis filt($ls,  {l’’A (?)} :11(’ Callc(l  s~’11111(’sis  filt(’ls,  illl(l 1(’1 11’’IA/ ~ (’xl){- j;,}.

‘I’])( fi]t,(l I); III]; is ciIll((] a (]is(t(,t ]’()~lri(.] tlal Isl’01111 ( 1 ) 1 ’ ’ ’  1 ’ )  :llliilJsis/s~tllll(sis filt(t lJdlll;  i f

///.(2) IIo(2PI’}A,) all(l I’;,(2) ~ l’~)(213~~Af),  i.(., :111 [ilt(ts a]( a fl((lll(l)(y sllift(d t(lsioll of

011(”  ])lololy] )(’,” /)(,(%) 01” )’},(:).

III [1,( ’]1(’1211, III(, SIII)l):III(l filt(’r l)airs {11A(2), l’j,(~)}  II?iv(: (0111])1(’X  ((j(fli(i(llts.  lloL\’(1’(’1,

it (a]] I)(> slIolvII  that fol  a 1 ) 1 ’ ” 1 ’  Iill(’r  lJa IIli) co]]li~,llt(xl  for l)dltidl I); I]I(I Ic’(ollstt  (I(tio]l, \vitll

d syll)]ll(.tli(. ;III; III f,(*III(~IIt of lII(J SLII)I); II I(IS aIOIIII(l  tlI(’ z(’lo lr(>(]ll(’t I(y r(’slllts illlo d l(’al -

\’illll(’(1 illl])llls(~  1’(’S])011S(” fol” t)ll(’ O\ ’( ’l”iill S~St (’111, If ~1(,(2) i s  rcdl, ~Y(, CtIII  1<(x:I) aII  ()(1(1  II UIIIINI

[)1’ s(Il)l IaII(ls Y.AY p,2Al 1) -I I , . . . ,2A? 1,0, 1, . . . ,~) a])(l (Jl)taill a r(’a-vtilllml Ioivlmss

r(>sl)ollsc writ])  clltofl”  fr(’(]11(’llcy of ;I])l)loxi]lltit(’ly

NO(C  1 Iii(t, tllc cutoff frcqucIIcy  CaII I)(, easily tull(x] (Ivit II a coalsc l(wllllioll) l)y cll(msi  tip, j).

lot X(2) 1)(’ tll( 2- trallsf(~rlll of tll(: ill])lll ,r(7/)  of tll(: filt(~vl)dl)k,  all(l  ~~(:) I)(, 11)(’

/? t] allslor]l)  of its out])utl. ‘1’]1( (l((ill l~(t,ol-(~])  :111(1(1  aft(l (::1(’11 fi]t(’1 n@) #,( ’ll(!l’ilt(’S  illiaf~s

of 11](:  SLII)l);III(I si~,llal  )lk(z)X (z.). ‘I’]](: Af -  I  itllap,(~s ar(’ r(l)li(as  o f  tll( si~,lial, sl)ift(>(l  ill

fl((lll(ll(y  I)y IIllllti])l(s of 271 /A’l. ‘1’11( filt(:l- l’i(2) tll(tl ])ass(s only tll( si~,llal  11~(2).Y  (2) all(l

1“(’](’(1s 111(’ Illlap,(’s. I,(’t 111 ~ (’xl){-  .~~; } .  1“01 Ill;lllj’, tll(’ Si~’,ll  ill  tit tll(: olltl)llt  of tll(’ filtcl



1):1[11<  (’all 1)(’ (’XI) I’(W(’(1  as [8]

Al-  1

()(2)  ~ ); A,(.?).Y(:  w’),
i (1

\i’lIfIt.  A,(2)  i s  tl](’ alias tral)sf(~r full(tioll , ;!])(I is (l(fill ((l as

(3)

(4)

‘1’11(  fili(]  1):1111< i s  (iIll(Kl  alias fI((I if Ai[~)  ~ O  f’(jt i / O .  A s  sIIOIY]I ill lip,. ~):1  (tlI(  Ii It(’t }’(z)

ill 111( fif,llr(’ tvill I)(’ 11s(’(1 lat(~]),  )’~,(:) all(l  1/[)(2) (all I)(’ (l(xi~,ll(’(1 sLI(II Illat 111(’ sto])l)all(l

of }’~1(2)  (O J’(’Is 111(. fl-(xlll(’]](.y  s(]])l~olt of 111(s illl:l~l,(s }1[,(2 W’), i 1, . . . . Al 1. \Yilll a

stlfli(’i(’llt  Slo])l)illl(l :ltt(:ll~l~tioll, W’(’ (’iIll  dSSlllll(’

//{, (2w’)/’i,(;.  ) :“ o (:))

S i t  Ic(: al l  111(:  f i l t e r s  arc sl)iftc(l rc])licas or a sillp,l( })1 ototylw, it i s  (Ivi(lctit tlI:It Ai(~) :<’

( ) ,  7 :/ (), 1)( ’11((’  tlI(’ sysl(’111  i s  ?l])])loxillltit(l~”  ali;ls fl((. ‘1’1]( :111101]11[  o f  alias  (Iistoltioll”

(till  1)(> as Slllilll  as (I(wir(xl l)y (l(~si~,llill$, filt(ls ifitll s[lfliciclltly IIip,ll sto]jl)itll(l  t(tl(tl(lttlioll.

l“llttll(llllol (’, IIlc)llotolli(;illy”  ill(r(asillp, stol) 1):111(I attell~l:ltioll  (I)oll-(xl(ltil  ril)l)l(  Slo])l)ill l(l) i s

a (Iwiil(xl ])lo])eIty, sill(x) it ]csult,  s i]]to fllrtl]cr r(’j(~ctio]] of disttillt illla[’)cs fro]ll tlIr f i l ter  cut-

(){I fl(xltl(ll(y.  ‘1’llis  l)Iol)crty ills(lrcs tl}at o]lly tli(s  ll(i~,tll)olill~)  f i l ters  (wlltril)llt(,  10 (11(: aliasill~,

(Iisiortioll. I I I  tlIc ltlaxill)ally (I(x:il]lat(xl  filt(:r Im]ll{,  aliasillg  is (li]l]illat(d  I)y (:;tll((ll;itioll  o f

tlI( alias (OIIII)(~Il(IIts, WIICII a(l(li]lp,  lII(s  out])l]ts of tllc sy]ltlt(~sis  filt(’]s. Sill(’(~ tli(’lc i s  IIo

SII(II tilias  (’till((~lltitioll  ill H 1)011

(10 ]lot c;il  Is(I (Iistortioll,”  i.(~., tll(

llsill~, tll( ilss(lltl])lioll tl]at

Ilaxillliilly  (1(’(:ill)dt((l  filt(~r I)allk, (lis(dl(lill~~  sylllll(~sis  fill (’is

1)1 I(LIIOIII(IIa  illtlst I at((l ill I“i/,. 4 (10(s lIot ()((( 11.

11( sj’st(sIII  i s  ali;ls  fl((, tlI( ill])l]t-olltt)l]t trdllsf(’t futl(lioll

‘/’(2) is

((i)



lvll(’1(~ c i s  a collstal)t  a]l(l fi(7/)  i s  III(: l<I()]I(J(I;(’I  (1(’lld flltl(tiotl. 1}(’1  (1s asslllll(’  c  ~ l / M .

[II(II A’(z) is a Ny(luist(2A4),  tll(ti

I I I  111(  fr((Ill(II(y  r(~,ioll \\’ll(!l’(’  )\’(2w}Af)  all(l  /+w)~’f’) o\J(’lld ]), i t  i s  ass II II Ic(l  tlIat tlIc

(11:11  ill 111(: syst(:l]l ])assl)all(l,  wlI(:l(:  fiL. : 1 ,  tllc  fI(xlII(II(y r(slm]]s(:  i s  flat.  l“ll]tll(]lii(~](’,  i f

wc a]c illl])l(’lll(:lltill~,  a l)lllltil(w’(~1 filtct, ill tllc r(~p,ioll  wl]cw tll(: sul)ljallds ()\’c]la\)  \v(’  Ilavc

‘1’1111s,  i f  tllc Rai]l o f  K(2) i]] i t s  (rallsitioll  lmI](l i s  IIloll(jtolli(::llly”  (I((r(asi!l  p,, [II(II tll(’  :,ai]l

of tlI(. Itlllltil(’v(:l filt(’r at tllc transition w~,ioll  1)(’tw((.]1 tll(’ lev(,] fi~ aII(l  tlI(’ 1(.\’(’l  AL. I 1 i s  also

ttlollotollic.”

3.1 ]{;f]icicnl,  1)1’”1’ ]{’; ]l,cr IJanks ]1-1-1]  )]c!l-]”l(!lll,:~  {,;[)ll

‘1’11(1  111’”1’  f i l ler  Iml]l< is (Ifli(i(:ll tlyilll ])l(:lll(:]lt((l as fo]lolvs. \Y(:(x]Jl(:ss  tll( ])lototyl)(’”  fili(rs

ill ])c)lyl)l]as(: l(~])l(:s(~llt;ltiolls  a s

2AI - 1
f),,(z): } ;  L’,(.P)N, ( l o )

t: ()
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(k)llsi(l(’1  t’11(’ l’lix I)lock (Iiilp,ralll  Sllowll  i l l  Fir,. ;;. II] t h i s  s((tio]l \\( fil](l a  sot of fill(’ls

(J’()(2), . . ..(2AIAI.  ](2), 10 ()})(’l”i(  ((’ ()]I tlI(> slll)lmII(l sip,] lolls , Sll(’11  lllitt  [II(’ ()\ ’( ’l”all  1( ’s})ollsc” o f

tlI( syst(III :I])l)lt)xi]]lii((s  111( II IalclI(s(l  filt(l Q(z) (aj)drt ftolt]  111( ]Ilixitlf,  o]j(’]atio]l).  \4’c

l)(’~,ill  l)y ;iss~]]l]illg,tl]iit  llo]l(of”  tll(:slll)l)dllds :11( CIisctt](l(xl. Alt(’t i]]]])l(’tll(’]ltill[~ Q(z) iII tl}(’

sIII)IJ;I]I(Is,  111(. a(l(litiollal Iowl)ass r(Y+]joIIs(” ~{(~) CaII lx: lcaliz((l I)y droj)l)il)~,  sLll)l)alIds,  a s

(Iescril)c(l ill tlIc l)reviolls  s(xtioll. NO(C  tlI:It  i t  i s  ]mssil)](  to  CII(XW  Q(z) ~ ~T(z)  aIId  I;w1)

all tllc slll)l)alIds. IIowcvcrj  t,llis clIoi(x: miults into a si~,]lifi(a]lt]y  IIip,l]r] (()]]11)1(’xity,  si]lcc

Q(2) wou](l  lIaw: lIIuclI  lli~,l]rr o r d e r  tlId II tllc oti~,ill:ll  lIIatclIr(l  filtct, and fllltll(llllolc, all

tl]c filkrs {f;k(z)}  wolIld  tllcl) lI:IVC to I)c illlj)l(’111(’tlt(’(1,  illstca(l of a slll)sct of (II(SCI filt(:rs.

‘1’IIc systcIII of l“ig. ;+ i s  (l(~\’(’lo])(’(1  :1S /1 S])(’(’iii l(;is(oftl}(’sllljl):(ll(l  col]volutio]i  assl IowII ill

l“i~,.  Y. III OIII c a s e ) .f/k (7/)1  ~11(’ d(>(-illl~lt(~(l sllljl)~lll(ls of q(?j)  Colls(itllt(: (11(’  illll)~lls(’  1“(’s1)011s(’s

of 11](. Iilt(’ls  C;K(2.)  slI()\vtI it) l>ip,.  3 .  Silicc ~/(2) i s  l;]IOWII  a ])lio]i,  {II(. ill]~)l]ls(  ltSl)ollC(’S

gL(71) a]c l)I(:cc)IIIIJIIt(’(1  aIId  stoml f o r  US(S iII r(~al-ti]]lc. I t  r(]]lail]s to slI()\v tl]af with al I

it])])rol)riat(’  clloicc of tJII(: filt(:ls ill tll(: syst(:II] o f  l“ig. 1 ,  \v( cal I d])j)]oxilllat( tl](:(()]l\()l~]ti()]l

r(:sult  o f  q(71) dlI(l 2“(?/) at tll(: out])ul,  wit]] a]l)itraly ac(’ura(y. I/((all tlldt ~v(llsc 111’’’lilt(:r:r

I)iIIIl;S) i.(:., ]/~(~): ]f[,(~~~7:*,),]’~(~): ff;,(zw;Af)iilld ~)k(~):  ~’(](~~~’:~f)

‘1’}It  dcci]]]atcd  sul)l)aIIds  o f  2(71), 71~(71)  aII(l tllc  dcci]llatc(l  sut)lmllds  o f  q(71),gk(7/),  C: III

I)(:(,xl)l(:ss(:(l  ill  tll(: 2-(lolllaill  as

] A l - l
u~(z):  j, >; x(2’/* ’1i/i)llk(2’  /Afl~),  ), (15)

1: 0

;111(1

‘I’l  I(Is,  111(:  ollt])ut  o f  tll(  syst(lll  i s

(16)
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(k)ll[litiol]  ([21  )  i s  satisfi(d iI])])IOXiII  I: It(l~” I)y (l(v+ip,llill~, //()(:)  t o  1)( Nj(lliist(:Jh~),  aIId

(I(sip,llil)  {’l f’;)(:) alI(l  1{)(2)  t o  lIa\’( lill(ar 1)1 I;is( all(l  wi(lc  ])dssl):]ll(]  \villl  lo\t ri])l)l(, }f’]licli

i s  wi(l(’  (’11011{1)11  to co~’cr III(’ lrallsitioll  1):111(1 o f  / / ( ) ( 2 ) .  III 111(’ cd(isal fotrJi  of 111(’  t)rotc)t,yj)(:

[ilt(]s, (/Ir(s II IIISt  I)c t:lli(]]  to foIc(:  tl]c [I,IOLI])  (1(1/Ijr  of tl)(s(’ filt (1 s  to  1)( a IIl(llt i])lc o f  Al. All

(’xa))}j)](’  of a filt(:r })ill)li (I(>sigl)  fol Jj : ~; i s  slI()\sJI  ill l“ig. f)]). ]11  ttliS  (> Xil JJl])l(>,  t}l(’ 0 1 ” ( ] ( >] of

//()(2)  i s  JIF) a]I(l Lllc  ()](l(:r  of l’~,(z) : 1{,(2)  i s  2:{. ‘1’11(  aliasi]if,  (JIO1 flo]]l (19)  ciIII I)(’  (I(fi]]c(l

a s

wit,l) 71 1 7// :/ 0 .  III tll(: (sxal J)])lc  of l“i~,, 51), III(* llldxilll(Jl)l i s  ol)tai J)(~(l  at 7/ : 7//  = 1, all(l

tlI(s aliiisi Jl~,  (,rtor i s S)4 (Iii \\’lli(l)  i s  w(II  t)(low (11( (](lalltizdtioJl  Jlois( fl(K)J  foJ aJI  ~-l)it  A / l )

COJIVCJ’t(’l’.

4 ,2!  symbol Sil l ’caln Gcncratliol] }’}’0111 Ilhc 1 ‘arallcl ollll])lltl

‘1’11( (xl)i\tlsiol]-cl  (’(iltlatiI)J]  ()])cratio]]  at tll( ()[lt })llt srctio]l  o f  l“ip,.  3 slIo\vs  t,]l( ((jII(s})OII{l(:IICf:

I)(>twc(’11  tll(’ colJ]J)(J]I(’lIts  of {V(7/)}  alI(l  tl]c (Icsi]c(]  s(:(]llclIc(: o f  Sy]Jll)olS. }4~lJ(JI  Al i s  a

lJlll]{i])](~  of ]), t]l(! S~Jll] )()] S(J(]LI(;J  ICC (/1 ])/1 S ii 011(>-(()  011(!  COJI(’S])OII( ](.ll (’(S” \Vit]l tl S(l})S(.t o f  t,]l(!

]Nll”dll(:l  ollt,])uts. \!~]l(’Jl A4 i s  IIot a IJlulti])](’  o f  ]), aJI a]tel”Jja(iv(’ rc;ili7,atioll  of tllc ]’]{X

olJt])llt is (I(:rivcd lI(IJc  it I \vl]i(:ll a (()]]ll]lllt:(t()] (I)arall(:]  to sc]ial collv(ut(~r)  cil(llit  CaJI  I)(;

11s(s(1  alI(l (w])ansioli  to a IIip,ll(:r r a t e  i s  II(){, rc(jllid. ‘1’lJis is (s]xx:ially i]ll])ortallt if a smial

~,c(l) of Ai a]l(] 1). ‘i’]1(:1], tti(!J’(> (’xists A~

Al aIJ(l 1) aw l(lativ(ly ])ri]tte, t))(vc e x i s t

t call tllcll 1 ) ( ’  Sllow’11 ttlat tll(’ 1’I{X Out])ut,

(1(’fitl(~  ?’1 : i?/j 1110( I Al ;111(1  Ii : ~ ‘~~ J , i.(:.,
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tll(’ il)tq,cr ])al’t o f  ~;; ; tlI(II,  tlI( follo~villp,”  i(ltlltity i s  valid

-l, A-l 7, ., i,)]
2 A. (26)

allcl ii routi]lp, switc]].

5 S i m u l a t i o n s  a n d  ‘lk?sts

‘1’IIc sysl(III  lIas IM:CII sill) ulatc{]  fot tlIc c:lscofsixtctlt  Im]]ds  (A’1 ~

l’lt)((xsillg, \I~c)ll{sttitlioll  software  wl)ic]l  s(i]~])orts  tllr sillllllatioll

syst(llls.  ‘1’lIL: (iltcrs were (lmi~,l)cd  according  to S(c(io]l  4.1.

‘1’IIc a])])roacll  takc]l  IIcrc  for (I(:sig,]li]lg, }/(,(2)  is windowing tllc

filtcl . ‘1’llc window  clloswl IIC]C is  tllc IIallllilil)f, willdolv, wlli(]]  ])r(J\’i(l(:s d SIII(mt)lI r(xlmIIsc

aII(l a IIoII-ulual ri])])l(:  sto])  lml I(l. It IIlllst I)c IIot((l t]lat I)y clloositlg tllc I)all(lwidtll o f  tllc

i(leal filt(:r to I)c n /2A4, tlI(: rcsllltillp, f i l t e r  i s  forcc(l  to I)e Ny(]llist(2h4),  illd(:])clldcllt  of tllc

witldow slla])c  llsul for (lcsigllill~ tllc f i l te r . ‘1’IIc filter 1’:)(2)  = l’o(z) \vas (lcsig,l](xl  as lill(>ar

])l}asc and a w i d e r  l)assl)a]l(l Lllal) j){)(z). [~7itfl  filt(:r ](:IIF,(]Is  of 12A7 ] for J’/L)(z) aIId 8~4 -  1

foI  l’~)(z) (llIc IIlaxil]lal  order of l’~~(z) is 6 alI(l  tllc I]laxil]]a]  OI(IC1 of /i’A. (2) i s  4 ) ,  I)cttcr  tl]all

(Xl d]] attclluatio]l i s  acliic\’cd  ill tile sIo])l):III(I.

IN(IIII1)(>I  o f  (:x])clil]lcltt,s IIdvc  1)(x:11  ull(l(~rtakcll to verify  111(! ])(:]follll:illc(~  o f  1’l{X  tiIId arc

(lisc~lsscd  all(l ])rcsclltcd  ill dct, ai] ill [1 1]. A  l))i(>f (Iescri])tioll  of i\vo of tllcsc~ cx])clilllcllts  i s

(I(wri I)(d lterc  as  follow’s:  a. Mco?t ,Squo?c l<t’~r)~  (l’I!CYI<)  A~c.[I,$717><II!  t71t: III 01”[1(’1” to (]llaJltify

tllc illl])l(’ltl(:lltatioll  (’rror, ill  illis  silll(llati(]ll  (11(1  h4(’alI S(lllarc II;lror (h’l S]’;)  clit(~tia i s  usul.

‘1111( filh’r l)al Ik iltll)l(’]]l(]lt:ltioll  c:rtor of tl](’ IIIat(lI((l  filt(r  i s  ]IImsI]lcd  l)y silll[llatiol].  II I  this

1!)



‘l’a])l(.  ] :  h4S];  h4(:ISIII(III(IItS

01(1( ’1- 11 (;: ) 01’(1(’1’-1’’(2 ),})(2) N4SI’:
I? Al- 1 8A’! ].:)’/ * ]()” :)
16Atf - 1 I“?A’I 8,1’/’4 10”6

(,xlJ(*IiIII(’IIt,  IIOIIC o f  tlI(’ sul)tmll(ls  aI(’  (lis(atd(xl.  A  raII(lOI  II I)i])olar  j)ulsr strcdl II i s  d])])licd

sill)(lltal)ollsl~~toti”  sliclillg,l~ill(loiv  filtcl (Q(;:) I ‘1 ~“ 1 I :- 2-1 %-:3 )  al,(l t o  (1,( filt(vl,al,k

i]l]])l(:lll(’tlttltio]l  o f  tlt(’  sal II(.  filt(:l. ‘1’]1(  (li~l’(:t(,llc(  si~,l!;il  1)(’tw(x’rl  tll(’ Iivo ()(lt~)l]t  sip, IIals  i s

(’olll])uk  (l, all(l (411(:  av(’1’a~c  ]) OWCI°  of tll(’  ( ’1’1’01” S(’(]11(’11(”(’ i s  II IC:ISUI(XI.  ‘1’llis  ])mvid(s  a h4Sl;

II I(;iSIII(~III(~IIt  (tlI(:  outj])lltl ]Nw(:r o f  tll(’ lIIat(lI(xl  f i l l e t  i s  ]Iorltlaliz(d  to Il]litly).  ‘1’11(:  vcly

sII~;Ill  h4Sl+: aflirll)s tllc Ilcp,ligil)lc  l o s s  i]] tlI(: I)it (Ir I(Jr ratr (1111]/) ltlc::ls(ll(~lll(llt.  ‘1’IIc h4Sl{~  i s

tal)l]lat(xl  ill ‘1’al)l(:  1 .  1).l\lJl{  Mc(I.svl(:711c?I~  vJil~I  l;({ll(ljj(l.s<$  ,$(ll)t~~lil~fl.’ I I I  ll]issilll(llatic)ll,all

II” II I(dulatc(l 1 ] 1 ’ S 1 {  signal  wit]] I(:ctaIIg I,ulaI  ])IIIs( sII{I])(’ OV(:]  tlIc a(l(litiv(:  w]lit(:  (;aussiall

]Ioisc  cllallllcl is siltlulatlul.  ‘ill IC IllrJ1/  r e s u l t ,  i s  co])]l)are(l  k tllc i d e a l  lllcoretical  111111 WIICII

foul colII])lcx  sal]l])les])cr sy]]ll)o]  arc l]sml  f o r  (I(t((tillp,ill( syIIIlwls. ‘I’]](> II:ill(li$i(ltll-l)it-

lit]le(ll’1’)  ])1()(11  l(t()ftll (:sillll llat4(:(l:\ll  ti-illia  sing,? itlal()~,  filtclis 1.5. ‘ill I(I(SIIltSt II(SlIC)\\’ll  ill

lip,. ‘(. Not(:tllat tl]c (I(::,]ti(l;ttio]l  slIowlI ill I’Tip,. ‘( i s  (Ill(:ollly  to tllc lo\V IIullll)(’]of  S:IIII])ICS

1)( I syIIIl)ol (tll(:s 2ili)c( lc:~t;lc\:i  tic)]] rcsllltsi]l tll((()]l\’(]lti( )]}{ililll] )l(:]ll(:tlt21t i()ll [5]).

G A  IImmativc Architccturcs

OUI dmi~ll  ])rol)lclII  CaII  lw rcduaxl  to tllc ]mrallcl i])l])lcltl(tltatioll  o f  a systci]l  co]]l])oscd  o f

a b’1 I{ filter {;(2) follo\vcd  I)y a dccilllator  o f  r a t e  l), at a  lowcl’ rat c tllall tjllc ollt])ut  ]atc.

Ilct(: wc illvcstigat(:  two  fid(litiollal .+i])l)rodcllcs  to this ])rol)lclll, aIId ]Ilakc  d coltll)arisoli  olI

(11( rclatiw colll])lcxity of al l  tllrec al)roiI(lIes.

1,(:1 A4 dctlotc  tllc (Iccilllatiol) ratio I)((w(x]l tllc ill])llt  salll])li]]f,  1:1(( alId tllc l)roccssillg
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I s le .  l“or sitll])l icity wc aSSIIIIIC tlIat Al i s  II]ulti])lt> of” l). IJ(’t // (1( ’110((! (11(’ 01(1( ’1” of (:(.7).

I I(M,, wc collsidcl  (llrcc 0])( ions, ]IatIicly:

1 .  l]lockcd  l)igita] IJiltcr [ 8 ] :  tllc  ill])ut  i s  \’c(totin’(1  to 1( ’I IF,ilI  A4 \(ct(Jrs at a r a t e  .~s/A4

I)y a strial to  ]Jaliillcl  colIv(l  1(1 . ‘1’lIc  \J(xtors  arc 111(11 ])10((ss((1 I)y a I)lo(k filt(r I I ( z ) ,

ivllicll  i s  a A4 x  A4 ~tlat,rix  trallsfcr fullctiollj  tllai i s  cac]l  co]]]])o]lc]lt,  o f  tl)r ]I)atrix i s

a filkr. ‘1’llc dccilllatioll  I)y f) at, tlIc oul])ull Iral]slatcs to tllc ill]])l(ltlf:l]tiitioll  o f  o]lly

A4/1~ rows of  tl)c IIlatrix. ‘1’1](: IIlatrix 11(7)  i s  l)s(~l(lo(il(l]l;~llt [8] wllic])  ltlcalls tl]dt

a l l  tflc r o w s  arc cyclic  rotjatiolis  of 111(’  first row,  \vitll  2’ ] IIlulti])li(s  tll(~  cl(~III(v It 1W1OW

tllc diagolla]. ‘1’llc first row  i s  p,i\(ll  l)y 11[,,/(2) : /;/(2), WIICIC 11/(2) drc tll(:  l)oly])lItIs(:

(Wlll])ollcllts of (;(.?).

1?. lrrrqllrllcy  dolll?lill collvo]ut io]l: usillp;  a 1 )1’”1’ to ])rrfolltl  tll(’ convolution  lJctwcclI 2(7/)

aII(l c(?t).  ‘1’llis al)l)I(m(.11  lIas I)(YII  (ltissi(ally IIS((I 10 colll])ut(:  lillcar ( o i l \ ’ o l ~ l t i o l l s  ?Il](l

i s  ] (: fcrr(xl  10 as tjl IC ‘t C)\7(’1’lil]) ZIIIC1  S;l\J(S” 111( ’tl I()(l [ 1 0 ] .  ‘1’11(, iill)(lt  str(alll i s  cli\’iclccl  to

ov(>rla])])illf;  l~locks o f  siz(, A4 -1 1, 1  willi  1, 1  S; II II I)I(W ov(:rlal),  aII I“lJ’J’  is  ])(vfol]]](x]

011 tllc block. ‘1’IIc out])ui i s  IIlulti])licd  wit])  tllc tr:illsforlll o f  c(7/) and tl~illsfollll((l

I)ack to tllc till)c doll)aill I)y 11’11’’I’.  ‘j’llc f i r s t  A4 corflicictlts a r c  llscf~ll  ]csIIlts, a]ld t,lic

] CS1 arc discarded.

N e x t ,  tllc cc)lllj)lltatic)l)al collll)lcxity of cacl I o])tiotl is  s tated ill tcrllls of tflc IIUIIII)CI  o f

]Il(]l{i])li(aiio]]  o]matio]ls  ]mr sfilI)])lc  at tl]c low sdlll])lillp, rak.

II] o])tioll 1 ,  tllc IIlatrix filtcrilig  m)tails  a total of A4 1 ,  llllllti])lic~ltiol)s  \\itl) I]o]]-zclo

(“ollstilllts, A s  IIlc]ltiollcd,  oIIly 1 /)) o f  tlIc ro\vs  II(W1 to I)( i]l]])l(~]ll(:]lt(:(lj lcddillp,  to a

IC’(ILI( (ioli of (lIC colll])lcxitly  l)y tllc sall]c fac to r .

III ()])ti()il 2, tllc ~Ic(]II(JIIcy dolllaill collvol~itioll  r(:(]~lir(w two  ll’1l’’I” S of si~r A4 t 1,, arl(l

A’f + 1, a(l(litiollal  IIlllltil)li(.zit,iol]s. ‘1111(: 1“1+”11  rcquir(w  :I])])tc)xilll:it(’ly 1(A4 -I l,) log2(Al  -1 /)

1 ‘(



‘1’aljl(  2: (lO1ll])\ll;lti(Jlliil  r((](lil(’ll](llls  of s(v(ral  (j])tiolis.

(Jl)tioll ()])(’rat  i(jl)s

1 .  IIlock l)igital l“iltcrillg [)M/l)
:2. ]’IC(lII(,IICy l)olllai)l (M -1 l,)lop,2(M  -1 //) -1 !11 -1 1/

3 .  l“iltrl l\al Il{ 2(IA4  -I 8A1/f~ I Al 10
!,22A4 -1 2A1/lj IW2 :2A~/lj  -I 1’

IIllllti])li(tltiol)s.

III ol)tiol] 3, ‘1’l)c col[ll)lcxit,yof  lIIC filt(r l)a IIl: aj)I)r(jaclI  is :Il)l)loxilll:lt((l  I)y assu II Iil Ig tlIat

tlIc order  o f  l;,(z) aIId  ft~(z)  i s  8~1 aII(l tlIc oIdcI of 11(,(%)  i s  12A]. ‘I’l  I(ss(’ ;i})ljloxil]l~itiolls”

lIav(: I)(Y:II dcri\cd  c:ll]])irically  aIIcl  I(l)r(s(lIt a  lollp,lI fi~;lll(: for (1}( 01(1(’1 o f  llI(\ f i l t e r  l)alIli

(0 lIavc very lo\v distortion). ‘1’11( total colll])lcxil~  of tlIc ])oly])lias(”  (OIII])OII(IIIS”  of If[l(z)  i s

(J(lI]al  to tlIc  co)l]])l(:xity  of il]ll)l(~lll(~lltill~, 1/(1(2) its(~lf llIat i s  12AI IIlllllil)lici((iolls. ‘I IIIC SaIIIC

al)l~lics  to l’tl(.z)j  l)IItJ oIIly  1 II) of  tll IC ImlyI)lIasc  co II I]) OII(:IIts”  lIc(d to I)c illlj)l(!lll(:lltc(l.  ‘1’IIc

or(l(~I of cacl I sulJlmlIds  filkr is almut  if 1,’-1 8A!f, \\l Icrc 1/’ is tjlic or(lcu of Q(2) alId is slIIall(:r

lllall  1/. ‘1’llcrc  arc al)out  M  SUCII  filt(rs (tllc I’M( o f  tlIc 2AY sIIl)l)a II(ls aw (Iis(:ar(l(:(l). ‘1’IICIC

i s  ()]1(’  ll’l~’rl’ of siz( 2A4 aII(l OIIC of s i z e  2AY/1~. ‘III( Irslllt for tllc tllt(( ol)tiO1ls”  is suttllllaliz(:(l

ill ‘1’al)lc  2.

II) l“ig;. 8, cacl I o])tiol)  i s  I(])IcsfIIt(:{l  a s  a  SIII)S1)ZICC  ill tlIc two (lilllcllsic)llal  ])laIIc IVIIOSC

(wordil)atcs aIc 1, aIId A4. III  t h i s  coltll)arisoll) IJ’ : 1, (ill favor  o f  ol)tioll  3 )  aIId 1) : 2. l?aclI

su~wlMcc rcl)I’cscIIt, s t,]lc I’a IIp;c o f  varial)]cs  f ,  aIId A4 t,]lat yic]d IIlillilll?i] colll])]cxity  aIIIOIIf;

lIIC tl]wc o])tiolls. l“or a slIlall  1,, tlIc I)]ock digi tal  filtcril)g resul ts  it)to tllc loww+t lIulIIlm o f

I)ut, tlIc l)cIIcfi(s of t,l I( f i l t e r  l)a IIl<  str(](t(lrc  arc lost.  A l so  ]Iotc  that tllc c a s e  of()])clat)iollsj

Al II IlIlt4i])lC of 1) is ill favor  o f  ()])tioll 1 .
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[ 6 ]  Sa(ll’ Ii, IIllrd W . , “(kirrier l)(ltlc)(ll]l:ltio]l fol  tlI( A(lva]lcd lleceivcl”l  ‘1’I)A  l)rogms

]lcl)ort 42!]3 Jot l)rol){llsio))  l,;tl)orato]~’,”  (~A, ()(t. I!JN

1’(] Np,uy(vl ‘ 1 ’ .  ()., ‘(l’artia]  S])cctrlll)]  ll(to))stlll(:ti(jl)  (Isillg l)igita] l~iltcl lla IIks”, ll~,l~,lt

‘I’Ia  IIs. Sigtlal  l’roccssill~;, 1/(),  41, N(). 9, S(q)t(’1111)(’l’  I{)!):\.

[2+] l’:iicly:,]l:,tl);t]l 1 ‘. 1’,, flJ?/lli7’(11(  s’ysl(. ///,s  (/ 1/ (1 I“?//(’l’ 1)(/ 7//;s, N,]: ])l(lltic(  II:(II, 1993.

[11] Sa(lr  1/., l{a])llacli  1).,  \)ai(lyal,atl,arl  1 ’ . 1 ’ . ,  IIillcdi S . , “1’a]allc]  l)igital hdo(le]t)  llsill~,

Mlllliratc  l{’ilt(:r  IIal)ks”,  J ] ) ] ,  lI;xt(rIIal  ]{r])o~l  , N,4SA, No. 941 ;?, AuII,. I(N4.
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