IIpeodpa3zoBanne @ypne

IIpeodpaszoBanne ®Dypbe — ITO CEMEHCTBO MATEMATHYECKHMX METO/IOB,
OCHOBAaHHBIX Ha pPA3JIOKEHHHM HCXOJAHOM HENPEepbhIBHOM (PYHKIMH OT BpPEMEHHM Ha
COBOKYITHOCThH 0a3MCHBIX FAPMOHUYECKHX (DYHKIUH (B Ka4eCTBE KOTOPHIX BBICTYTAIOT
CUHYCOMJaJIbHbIC (DYHKUMH) pa3IMyHOM dYacTOThl, aMILIMTYAbl W  (a3bl.

[IpeoOpazoBanue Oypre SBISETCS OCHOBOIIOIOKHUKOM CIIEKTPAILHOIO aHAJIM3A.
CrnexTpanbHbli aHau3 — 3T0 crnoco0 o0pabOTKH CHUIHANIOB, KOTOPBIM I103BOJISET
0XapaKkTECPU30BaTh YaCTOTHBIM COCTAB U3MCPACMOI0 CHrHaja. B 3aBUCMMOCTH OT TOTO,
KakduM 00pa3oM MPEACTABICH CHUTHAJ, MCIONb3YHT pasHble mpeobOpazoBanua Pypsbe.

PazinyaioT HecKkolbKO BUIOB ITpeodpa3zoBanust Oypre:

— HenpepeiBHoe npeodpaszoBanie Oypoe (B anriog3bi4Hoi aureparype Continue Time
Fourier Transform — CTFT wiu, cokpamenno, FT);

— JInckpernoe npeodpazoBanne Oypre (B aHMI0A3bIYHOM JJuTeparype Discrete Fourler
Transform — DFT);

— beictpoe mnpeoOpazoanue Dypbe (B aHmioA3blv4HOM JtTeparype Fast Fourier
transform — FFT).



HenpepsiBHoe npeodpasoBanne Dypobe

[IpecoOpazoanne  Dypre  ABIACTCA  MATEMAaTMUYCCKUM  MHCTPYMEHTOM,
MPUMCHACMBIM B PA3IMYHBIX HAyYHBIX 00JaCTAX. B HEKOTOPBIX Clydasx €ro MOXHO
MCIIONIb30BaTh KaK CpPEACTBO PEIICHUs CJIOKHBIX YpAaBHEHUM, OMMCHIBAIOIIHNX
AUHAMAYECKHUE TPOLECCHl, KOTOPBbIE BO3ZHUKAIOT IO BO3IEUCTBUEM 3JIEKTPHYECKOIM,
TEIJIOBOM MJIM CBETOBOWM JHEPrud. B Apyrux ciydasx OHO TO3BOJISIET BBIAENSATH
PETyJIipHBIE COCTABIAKOIINE B CIOKHOM KoieOaTelbHOM curHane, Onmarogaps udemy

MOKHO MPAaBWIBHO HHTEPHOPETHUPOBATH  HKCIECPUMEHTAJIbHBIE  HAOIIOACHHS B
aCTPOHOMHMH, MEIUMIIMHE M XHMHHM. HenpepwsiBHOE mnpeoOpazoBaHue (aKTUUECKH
spisiercst 00o0neHueM psijioB Oypbe Npu YCIOBUH, YTO NEPUO]] paziiaraeMoi (pyHKIMH
ycTpeMHTh K OeckoHedHocTH. Takum o0Opa3zom, Kiaccuueckoe npeodpazoBanue Oypbe
MMEET JICJI0 CO CIEKTPOM CHIHaja, B3ATBIM BO BCEM JIMANa30HE CYyIICCTBOBaHHUSA
MCPEMCHHOM.

CyniecTByeT HECKOJILKO BHJIOB 3alIMCH HENPEepbIBHOTO Npeobpa3oBanusi Dypobe,
OTIUYAIOIIUXCS APYr OT JApyra 3Ha4yeHWeM Ko3(duimeHTa mepen UHTErpajoM (IBe
(GopMBbI 3a1THCH):
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CrenyeT OTMETHTB, 4YTO Pa3Hble BHJIbl 3aMKMCU BCTPEHAIOTCS B Pa3IMYHBIX
00macTaX HaykKM M TCXHUKH. HopmupoBO4YHBIH KOX(QPUIMEHT HEOOX0aMM 1A
KOPPEKTHOTO MacluTaOMpOBaHMA CHUIHAJAa M3 4YaCTOTHOM 00JacTM BO BPEMCHHYH.
HopmupoBouHblii  KO3((UIIMEHT YMEHBIIAET AaMIUIATYY CHTHaJla Ha BBIXOJE
oOparHOTO npeodpa3oBaHus ISl TOrO YTOOLI OHA COBIIA/IAJIa C AMIUTUTYAOW UCXOJHOTO

curHaia. B mareMaTH4eCKOM JUTEparype npsaMoe u oopatHoe npeodpasoBaHue Pypoe
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YMHOKATCA Ha MHOMKHUTCIIb e T , B TO BpEMsdA KaK B @HBHKE Hamie BCCro IIpH

[PAMOM HpEDGpﬂS{}BHHHH MHOXHTCIIb HE CTaBAT, a IIPH DGpﬂTHDM CTaBAT MHOKHTCIIb
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2-7 , Ecnu mocieioBarelbHO paccuuTaTh MpsMoe npeodpazoBanue Oypbe HEKOTOPOTO
CUI'Hala, a TMocie B3sATh oOpaTHOE mpeoOpasoBanne Pypee, TO pe3yabTar 00paTHOro
npeo0pa3oBaHus JODKEH MOJTHOCTBIO COBNAAATh C HCXOAHBIM CUTHAIIOM.

* Ecniu pyHKIMA HeUeTHad Ha MHTEpBase (—oo, +oo), To npeodpa3zoBaHne Pypbe MOKET
OBITh MPEACTABICHO YePe3 CUHYC-(PYHKIIHUIO:

)

F,(W)=—- |‘f(r)-si11(u' t)-dt
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* Ecnn pyHK1IMA YeTHas Ha uHTepBale (—oo, +00), To npeodpazoBaHuec Pypbe MOKET
ObITh MPEICTABIEHO Yepe3 KOCHUHYC-(PYHKIIHIO:
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Fo(w)=—— -_j‘f(r) : cos(n' -1)-dt
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HenpepsiBHoe npeodpasoBanue @ypne

Takum oOpa3om, HenpepbsiBHOE npeodpaszoBanue @ypbe MO3BONISET NPEACTABUTH
HENEePUOIMIECKY0 (DYHKIIMIO B BHJIe MHTErpasia (yHKIIUHU, IPEACTABIAIONIEH B KaK 101
cBoel Touke ko3 duiment psijia Oypbe 11 Henepuo uYeckoi GyHKIMH,

[Ipeobpaszosanue Oypoe SBISETCA 00PaTUMBIM, TO €CTh €CJIH 110 QYHKIuKU [ ()

Obl1 paccuntaH ee Pypbe-00paz £ (W), To Mo Dypbe-00pasy MONKHO OJHO3ZHAYHO

BOCCTAHOBUTb HMCXOJIHYH (DYHKLIHMIO f(@). Toxn obpaTHbIM mpeoOpa3zoBanuem Dypbe
MOHMMAKT MHTErpas Buaa (ABe GopMbl 3anIMCH):

f; (I) = 3 : TF(H) : e-'i'“"" - aw WIH f (I) = l F(H) € - dw

i 'JT :-J: —-;.L B

* Eciiu byHKIms HedeTHas: Ha HHTEpBajie (—oo, +00), To 0OpaTrHOe npeodpa3oBaHue
Dypbe MOKeT OLITh [IPEICTABIEHO Yepe3 CUHY C-(PYHKLHIO:

- |F (w)-sin(w-1)-dw

fO=-5

» Eciiu gyHKIIMS yeTHas HA uHTEpBaje (—oo, +oo0), To obpaTHOEe npeodpazoaHue Dypre
MOXKET OBITh MPECTABICHO Yepe3 KOCUHYC-(PYHKIHUIO:

f(f)—— |F (W) - COb(*n t) dw
\F- 0



Jduckpernoe npeodpasosanue Oypne

HenpepriHoe npeodpaszoBanue Oypbe UCTIONL3YIOT, KaK MPaBUIIO, B TCOPHUHU TTPH
PaCCMOTPEHUH CHUTHAJOB, KOTOPbIE H3MCHAKTCA B COOTBETCTBUM C 3aJaHHBIMH
(GYHKUMAMH, HO HA MPAKTHUKE OOBIYHO HMEIOT ACI0 C pE3yabTaTaMHd HM3MEPCHMH,
KOTOPBIE TMPEACTABIAOT CO00M JIMCKpETHbIE [aHHbIE. Pe3ynbrarel H3MepeHui
(GUKCUPYIOTCA 4Yepe3 paBHbIe IPOMEKYTKH BPEMEHU C OIPEIEIEHHON 4YacTOTON
auckperusanuu, Hanpumep, 16000 I'm wmm 22000 .

JAuckpernoe npeodpazopanue ®ypbe — 5T0 0HO M3 npeodpaszoBanumn Oypee,
HIMPOKO TIPUMEHSIEMBIX B aITOpUTMax HU(PPOBOH 00pabOTKM CUTHAJIOB.
» [Ipamoe muckpetHOoe mpeoOpazoBaHue Dypbe CTAaBUT B COOTBETCTBHE BPEMEHHOM
dbyuxim f (77) , xoropas onpezeneHa N-ToukaMu W3MEpPECHHUI HA 3a7aHHOM BPEMECHHOM

uHTEpBaie, Apyrywo ¢Gynkmuro F (L), KoTopas onpejeieHa Ha YaCTOTHOM MHTEpBaJe.

dopmyna npamoro npeodpazoBanus Pypbe B AUCKPETHOM BPEMEHH MOKA3BIBACT
CTEMEHb CXOJCTBA CMIHAja ¢ KOMIUIEKCHBIMH AKCIIOHEHTaMM pa3/IMYHOM 4YacTOTHI, a
COOTBETCTBYIOIEE 0OpaTHOE Npeodpa3oBaHKe MO3BOJSET «COOpPaTh» CHIHAI M3 ATHX
KOMILIEKCHBIX 3KCIIOHCHT.



IIpeodpazoBanne @ypbe B JUCKPETHOM BpeMeHH

B 3aBHCHMOCTH OT TOro, SIBJSETCS CHIHAN (DYHKIHEH HEIpPEphIBHOIO BPeMEHH
MM JHCKPETHOH IIOCIIeI0BaTe/IbHOCTRIO, a4 TaKkKe OT TOro, SBJISETCS JIH OH
[IEPHOAMYECKHM, HCIIOJIB3YIOTCS Pa3Hble BapHaHThl peoOpasoBanus Dypee.

Ceiiyac MBI paCCMOTPUM BapuaHT npeoOpazoBanug Pypne, KOTOPHIM padoTaeT ¢
OCGCKOHEYHBIMH BO BPEMCHH JUCKPETHBIMH IIOCJICI0BATEIBHOCTAMH. JTa BEPCHA
Ha3bIBaeTCs npeodpazosanuem Dypve 8 ouckpemuom epemenu (Discrete-Time Fourter
Transform, DTFT) wuHOorma Takke  Ha3blBaGMbIM  JUCKPETHO-BPEMEHHBIM
npeodpazosanrem Oypoe (JIBIID).

Crnexktp Pypbe — 3TO Mepa CXOACTBA CHIHANA ¢ KOMIUIEKCHBIMH YKCIIOHEHTaMH
pﬂBHDﬁ HaCTOTEI, @ MCpa CXOJICTBAa CHI'HA/IOB, KdK MBI BHAC/IH PAHCC, H3MCPACTCAH HX
83AUMHOU Koppeniyuel, Wik, 4To TO JKe CaMOe, CKaIApHbIM npouzsedenuem. [1oaromy
pacuer npeodpazoBaHuss Pypbe B JUCKPETHOM BPEMEHU CBOJUTCA K BBIYHCIICHUIO
B3aMMHOH KOPPEJIALHN MEKAY aHAJIM3UPYEMBIM CHTHAIOM  x(k) W KOMILJIEKCHBIM
JTUCKPETHBIM FTAPMOHHYECKHM CHTHAIIOM:

o

X(@)= ) x(k)e ™.

k==t



IIpeodbpazoBanue @ypbe B JTHCKPETHOM BpeMeHH

X(w)= i x(k)e ™™

k==t

Beuncnenne 3Tol KOppeISIMOHHOM CyMMBbI JaeT (YHKIMIO HENpEepbIBHOM
nepemMeHHOH @ — Dypbe-cnektp X (®). DTOT CHEKTp MOKA3BIBAET, KaK AaHHAsA
KOPpEJISILIUAS 3aBHCUT OT YacCTOTHI. BelienCTBHE HEOJHO3HAYHOCTH IOHATUS 4aCTOTHI
JIUCKPETHOTO T'apMOHMYECKOro curHasa @Dypbe-cnekTp SBJISETCS IepHOANYECKHi
(GyHKIMEH YaCTOTBI C NEPUOJIOM 2T paj/OTCyUeT.

Jlanee pe3ynbraT BEIMMCIACHUA MTpeoOpa3oBanus Oypee B TUCKPETHOM BPEMEHH

OyJ1eT Ha3bIBATLCSA MIPOCTO CHEKMPOM OUCKPEMHO20 CUSHAN.

Ycnosue cymecrsoBanus. YtoObl npeoOpazoBaHue @ypbe B JIUCKPETHOM
BPEMEHH CYILECTBOBAJIO, HEOOXOAMMO, UTOObl OeCKOHeUHbIH  paa  cxoauics. OH
CXOMTCA Ha BCEX 4acTOTaX. €CIIM MOCIEAOBATENBLHOCTE {X(k)} ABIACTCA abcoIOmHO

- s
CYMMUPYEMOou. < oo,
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Oopammnoe npeoopazosanue Dypve ¢ OUCKPEeMHOM epemen

dopmyna npaMoro npeodpazosanus Oypue B AUCKPETHOM BPEMEHH TTOKA3BIBAET
CTEMNEHL CXOJACTBA CHTHAJIAa C KOMILICKCHBIMH AKCIIOHEHTAMH Pa3jIMYHOM 4acTOTHI, a
COOTBETCTRYHOIIEE 00paTHOE nMpeodpazoBaHKE MO3BOJISET «COOpaThy» CHIHANl U3 ATHX
KOMILIEKCHBIX SKCIIOHECHT.
®opmyna obpatHoro npeoOpazopaHusi @ypse B JUCKPETHOM BpPEMEHH HUMEET
CIEAYIOLLAN BUJL;

x(k) = ﬁix@neﬁ“d{h.

Jlokaxkem, 4TO B pe3yabTaTe MPUMEHEHHS JTOM (DOpMynbsl AEHCTBHTEILHO
nojydarcs orcuerhl curtana x(k). Jlnsg sroro noacrasum B Hee crektp X (),

pe/ICTaBJICHHBIA B BUJE MpAMoro rpeodpazoBaHus Oypee B JUCKPETHOM BPEMEHH
(mepemeHHass &k wcnonb3yercs Ui 0003HAUYEHMs HOMEPA PACCUMTBIBAEMOIO
OTCYeTa CHUrHaja, [MOITOMY HMHJAEKC CYMMHPOBAaHHS  MPHUIETCS 3aMECHHUTb,
HATIPUMED, HA M): | ) [ % o
— j X(0)e™do=— j Z x(m)e”’"e’™ do .
2 e 2n
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Oopamnoe npeodpazosanue Qypove 6 OUCKPeMHOM 8peMEHU

1

5 jX{m}e‘"““a’m-—j Z X m)e“"’”" ok @ .
s

Jlamee MmeHseM MecTaMH CYMMHPOBAHME M WHTEIPUPOBAHUE, OCTABJIAS IO/
MHTETPAJIOM  TOJIBKO T€  MHOMMUTE/HM, KOTOpbIE 3aBUCAT OT  IEPEMEHHOM

MHTETPUPOBAHUA O

IX(m)ef”"r‘ do = Z ¥ m) Jﬁ-f‘;’{k"”}d{?}.

m=—x —r
HHTEF[JELH OT KOMIUIEKCHOM YKCIIOHEHTBI JIETKO BBIYHCIISACTCS:

ke L. K
2i [ e mdiy= - =8(k —m).
T , k#m

=T

C y4eToM 3TOro MoJiy4aeM, 4To Pe3yiabTar ACHCTBUTEIBHO paBeH X(K):

— [ X@e™div= Y x(m)d(k - m)=x(k).

n — mM=—a



Ceoiicmea npeoopazosanua @ypove & ouckpemnom epemeni

PaccmoTpeHHble cBOMCTBa mnpeodpa3zoBanuss Dypbe B JIUCKPETHOM BPEMEHH,
Kacaroluecs npeodpa3oBaHuii CUrHANIOB, CBEJICHBI B Ta0JI.

HazBanue Bpemennas o0J1acTh Yacrornas 0dacTb

JInneiHOCTh yv(iky=ax,(k)+bx,(k) Y(w)=a X, (0)+bX,(0)

Jajepxka y(k)=x(k-k,) Y(®) =X (@)e ™

r s

Ceeprka y(k)= Z x,(m)x,(k—m) | Y(w)=X,(0)X,(®)

H=—00

[Mpouseenenue | y(k)=x,(k)x, (k) - I X, ()X, (0-o)do'

-1

3HAHUE ITUX CBOMCTB M CIEKTPOB HEKOTOPBIX JIEMEHTAPHBIX CUI'HAJIOB MOKET

[MO3BOJIMTE INMOJIYYHTE CIICKTP HCKOMOTO CHTHAJIA 0e3 SBHOTO MCITOJIB30BAHHS [prM}'JIB].



KomnnekcHoe OAMN®

JIo cux mop MBI paccMarpuBatd JAII® oT meHCTBHUTENBHBEIX CHTHATOB. O000mHM
Tereps JII® Ha cTyualfi KOMIDIeKCHBIX curHaiaoe. Ilycte x[n]. n=0.....N-1 —
HUCXOIHBIH KOMILUTEKCHEIH CHTHAT, COCTOSAIMUH H3 N KOMIUIEKCHBIX YHCell.
Oo6ozmaunMm X[k], k=0....N-1 — ero KOMIITeKCHBIH CIIEKTP, TaKKe COCTOMAIIMI H3 N
KOMIUIEKCHEIX uHceldl. Torga chopapeAIMBBRI CleAviomue (GOpMyIbl IMPAMOro H

oOpartHoro mpeoOpazopanuii Oypre (31eck j=4+/—1):

N-1 o
X[K]= § afn] e e

n=[

1 _‘._I.'_l | -[:q o
dn]=— X[k] ™
x| 7] VZD k]

Ecmu o sTuM dopmyIaM pazIoKUTE B CHEKTP JeHCTBHTETRHEIN CHTHAIL, TO IIepPBEIE
N/2+1 KoMIIIeKCHBIX K03(h(PHIIHEHTOR CIeKTpa OYIVT COBIAZarh (C TOUHOCTBIO 0
HOPMHPVIOITHX MHO:KHTEIeH) CO CIIEKTPOM «OOBIYHOrO» AeHcTBHUTENsHOro 110,
IIpeaCTaRIeHHEIM B «KOMILIEKCHOM» BHIE, a OCTaTbHBIe KO3((HITHEHTE OVIVT HX
CHMMETPHUHBEIM OTpa:keHHeM OTHOCHTe/IBHO MOJOBHHEI YACTOTHI JUCKPETH3AIlHH.
J1711 KOCHHYCHEIX K03(p(DHIIMEHTOR OTpaKeHHe UeTHOe, a 1 CHHYCHBIX — HeueTHOe.



OuckpeTHoe npeobpasoBaHue Pypbe

BrrauciieHue mnpeoodpazopaduii Oypee TpedyeT 04eHb OO0IBIIOr0 YHCIA VMHOKEHHH

(okomo /N°) M BBIUHCICHHH CHHYCOB. CVIIECTBYeT CHIOCO0 BBIIOIHHTE 3TH
MpeoOpa3oBaHHA 3HAUHTEIBHO OFBICTpee: mnpuMepHO 3a N -log, N omneparmii

VMHOKEHHA. JTOT CIIOCO0 HA3RIBAeTCH Osicimpsim npeoopasosariiem Dypse (IO,
FFT, fast Fourier transform). OH OCHOBaH Ha TOM, 4YTO CpeIH MHOXKHTeTIeH
(CHHYCOB) eCTh MHOI0 MOBTOPSKIIHXCA 3HaueHHH (B CHIIV., HalpUMep.
IepPHOJIUYHOCTH cHHyca). Anroput™ bII® rpymmupyer ciaraemele ¢ OJHHAKOBBEIMH
MHOKHUTEIAMH, 3HAUHTEIbHO COKpamlasd 4YHCI0 VMHOXKeHHH. B pesyisrate
OvicTpopeiicteue bIID Moxer B 3aBHCHMOCTH OT N B COTHH pa3 IIPEBOCXOIHTEH
OBICTpOEHCTRHE CTAHIAPTHOTO aIroputMa. [IpH 3TOM clienveT IMOAYepKHVTh, UTO
anroput™M bII® sapngerca TounsiM. OH Jake TOUHee CTAHIApPTHOTO, T.K. COKpalas
YHCIIO OMepallnii, OH IIPHBOINUT K MEHBIIHM OIMHOKAM OKPYIIEHH.

OpgHako v OoipIHMHCTBA anropuTMOB bII® ecTh 0OCOOEHHOCTB: OHH CITOCOOHEI
pabdoTtaTe IHINB TOrA, KOIJa [IHHA aHATH3IUPYEeMOro CHrHaia N ABIdercA
CTemeHbr0 MBOHKH. OOBIUHO 3TO He IIpeIcTaBiIAeT OOIBIION IIpoO/IeMBI, TaK Kak
AHATH3UPVEeMBIH CHIHAT BCerjga MOJKHO IOIONMHHTH HVIAMH 10 He0OXOIHMOTO
pazMepa. Hucao N HazpIBaeTcd pazvepor Win 01uHoil bIIQ (FFT size).



bbicTpoe npeodpazoBanue Pypbe

Kak yxe Opu10 ckazaHo, aMcCKpeTHOe¢ mnpeoOpaszoBanue Dyppe N-Toukam
nuckpetHoro curnana J(77) ctaButr B cooTBeTcTBUE N-KOMIUICKCHBIX CIIEKTPAIbHBIX

orcuetos curnana F (k) . J171s BBIYMCIIEHHS OJTHOIO CTIIEKTPAJIBHOTO OTCYETa TpeoyeTcs
N onepaumi  KOMIUICKCHOTO  YMHOMKEGHHMST M CHOKCHHA. Takum  oOpa3om,
BBIYMCIIUTENIbHAS CIIOKHOCTh aJrOpUTMa JHUCKpeTHOro mnpeoOpazoBanusi Dypee

SBIISIETCS KBAJApPATUYHOM, APYrUMHU cloBaMu TpeOyercs V™~ ornepanuii KOMILIEKCHOTO
YMHOKCHUS U CIIOKCHHUA.

beictpoe mnpeobOpazoBanue @Dypoe (bIID, Fast Fourier transform - FFT)
IpeACTaBIsieT cOOOM OINPEAEECHHBIH AJTOPUTM BBIYUCIECHHUS, KOTOPBIA II03BOJISIET
YMEHBIIUTh KOJIMYECTBO MPOM3BOJIMMBIX JEHUCTBUNA OTHOCUTENIBHO TMPSAMOro (1o
(opmyne) BerukuciaeHus AIIP. B ocHoBe anropurMma 3aj0KeHO pazOHMEHME 3aJaHHOH
NOCJICA0BATCILHOCTH OTCYCTOB JAMCKPETHOTO CHUTHAJIA HAa HECKOJIBKO MPOMEKYTOUHBIX
nocneaoBarensHocTeil. Cienyer otMeTuTh, 4To anroput™ bIID tounee cranmaprHoro
JIID, T.K. Ipy COKpaNIEHUH ONEPAIAi CHUAKAKOTCS CYMMapHbIE ONTHMOKU OKPYTJIEHHUS.

B  Hacrosmiee BpeMs  M3BECTHBI  HECKOJIBKO  aJrOPUTMOB  OBICTPOTrO
npeoOpa3zoBaHus Pypbe, KOTOPBIE ABIAKTCA YACTHBIMH CIYYasiMU €IUHOIO aJlTOPUTMA,
0a3upyloIIerocs Ha 3ajade pa3OUeHUs OJJHOIO MAacCUBa YUCEJ Ha JIBAa C MOCIEIYIONIHM
PEKYPCUBHOM  BBIYMCJIEHHMM  KaXJOT0  MacCHBa  YHCEl 110  JUCKPETHOMY
npeoOpa3zoBaHui0 Pypbe U OObCANHEHHUH PE3YJIBTATOB PACUCTOB.



OsymepHoe OMN®

U114 m300pakeHHH, MpeJcTaB/AKIIHX COOOH JIBYMEpHBIH CHIHAal, CIEKTPOM
ARIAeTCS TakKKe ABVMEpPHBIH curHal. basucHele QpyvHKIHU mpeoOpazoBaHus Dypre

. 2mkn, . 2Tk,n,
. p3n " (7 n,) =sin——2L-sin ——=
HMEIOT BHI IIPOH3BEIeHHIT 12 : N
! Vs
H
o8 21k, n, 21k, n,
(”1- n,) = COS——— COs ———=.
M

<M1 2

31ece N1xN, — pasMep HCXOJHOrO CHTHalIa, OH :Ke — pa3Mep crekrTpa. k; u ko — 310
HoOMepa OazuCHBIX (yHKIMET (HoMepa Kodhduimentor apymepuHoro AII®. mpu
KOTOPBIX 3TH (PYHKIIMH Haxomarcd). [ToCKOTBKY pa3Mep CcHeKTpa paBeH pasMepy
HUCXOJHOTO cHrHaia, To k; =0,...,.N;-1;: k» =0,... . N»-1.

n; H N, — TepeMeHHBIe-apIyMeHThl Oa3sucHBIX (YHKIUH. [TocKoaIpKYy 0071acTh
ompeaeneHus 0a3UCHBIX (PVHKITHH COBMagaeT ¢ 00IacThIO OIpe/ielIeHHs CUTHaTa, TO
111 — '3':.. . .:Nl-l; 11y — 0:.. . .,Nj-l.

Ieymeproe JIII® ompegenserca cieayiomuMH ¢opMmyiamu (3gecsk X[np.ny| -
HuexoaubIit curuat, a X[ki.ks] —ero cnextp):

N, -1V,
k[ﬁrlnﬁr ]_ ZD ZD ”1"”"‘] & -J 1-51': T"'ljg__.'” h (2 "." :I

N, -1N, -1

_/k_ R_‘]{,] 'wl'l‘l[ ‘T l:lg_l.?i'hl: N, 5
4 ;\f ZZD 1

n,n|=



OBymepHoe OMN®P

N, -1N,
Xk k] Z Zwl‘[ul n,]- € RCT g Q)
N, -1N, -1

; Z ZX[ k. k] e BTN gink 2T
AMIJ 2 -“:1: .E'l"z =

HemocpencteenHoe BeIUHCIeHHe ApyMepHoro II® mo mprHeeaeHHBEIM (opMyIaMm
TpeOyeT OrpPOMHBIX BBIYHCIHMTEIBHBEIX 3arpar. OJHAKO MOXKHO [J0Kazarh, 4YTO
neymepHoe JIII@® o0mamaer cBOHCTBOM cellepadelIbHOCTH, T.€. €ro MOKHO
BBIYHCIHTE OTAEIBHO II0 ABYM H3MepeHHAM. [[1d BeIUHCIeHHd AByMepHoro /(IO
IOCTATOYHO  BBIUHCIHTL OJHOMepHBle KOMIUIeKCHBle JIIID Bcex  CTpOK
H300pakeHHd, a 3areM BBIUHCIHTE B PEe3VIABTHPVIOIIEM  «H300paKeHHH»
omHOMepHBIe KoMIUIeKCHbIe J[IID Bcex cronlOmor. IIpu 3TOM pe3vyviaeTarel Beex
OJHOMEPHBIX KOMILTeKCHBIX J[II® HYKHO 3allHCBIBAaTh HA MECTO HCXOJHBIX JAHHBIX
n1da 3tux 11O, Hanpumep, opH BerduciaeHHH ogHOMepHOro 11D mepeoH CTpoKH
H3o0pakeHHd HY:KHO pesyiabrar J[II® 3ammcarb B IepBVED CTPOKY 3TOIO
H300pakeHHd (OH HMeeT TOT :Ke pasMep). J1Id 3TOro Hy:XKHO KaKIBIH <IIHKCeIb»
XPaHHUTh B BHIE KOMIUIEKCHOTO UHCIIA.

xn.m]=

Takum oOpazoMm, >¢deKTHBHBEI anmropuTM BeHCTIeHHS IO m00pakeHHI
3aKIK0YaeTcs B BEIUMCIeHHH oJHOMepHEIX bII® cHadama oT BceX CTPOK, a IIOTOM —
OT BCeX CTOJIOILIOB H300paKeHH.



NpumeHeHusa AIN®

CnekTpanbHbIX aHanus

Yacto JII® npumeHdercd 114 HAOIOIeHHA H aHA/IM3a CIIeKTpa CHrHaia. [Ipu sTtom
00BIYHO Hau0oOllee HHTEPEeCHBIMH ABIIAKOTCA UMb aMIUIMTYABl (. OTJelbHEIX

rapMOHHK, a He HX (ha3pl. B 3TOM ciIydae clekTp OOBIUHO OTOOpakaeTcs B BHIE
rpadHKa 3aBHCHMOCTH aMIUIHTYABL OT 4acToTHl (pHc. ). YacTo mKaza aMILIHTY]
rpagvupverca B genudenax. /leyuodeis: M3MEPAOT He CaMH aMIUIMTVIBL, a HX
oTHomeHus. Harmpumep. pasuuna Ha 20 b o3HauaeT pazmmune aMILTuTya B 10 pas,
pazHuiia Ha 40 g1b o3Hauvaer otHOmIeHHe amIUIUTyA B 100 pa3. Pa3zmuumroo aMILIHTY I
B 2 paza OTBeuaeT pazHHIA OpuMepHO B 6 1b. IlIkama 9acTOoT Takke dYacro
rpagyupyercs B 1orapupMHIECKOM MacmiTade.

[lepen BBIUMCIEHHEM CIEKTpa CHIHAlIa HYKHO BBIOparbk OTpPe30K CHIHATA, Ha
KOTOPOM OVIeT BBIYHCIATBCA CIEKTp. /[JIHHA oTpe3ka OKHA OBITh CTeleHbBH
nBOoHKH (ama padotel bII®). [Haue cHrHam HAamO JOIMOJIHHUTE HVIAMH 0 HY/KHOI
muHel. [locme 3TOro K BEIOpAaHHOMY VUACTKy CHrHa1a MOpUMeHART bIIO.

Ko3duimenTs ammury g cantarT 1o popmyite C, = \/ A - +B, .



Puc. @pazvernmet paznuuneix cuzHanog (oxoiao 800 moyex). Ceepxy eHuz: Homa Ha
gopmenuaro, 2onoc (nexue), dbapadar (0oura), mapeixa (OMmKpPwimslil X3m).
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Puc. Cnexmpuol 601ee onunnvix ompesxkog smux cueuaiog (4096 mouex).




Ilepen BRIUHCIEHHEM CIIeKTpa CHIHAla HYJKHO BBIOparh OTpPe30K CHIHalIa, Ha
KOTOPOM OVIeT BBIUHCIATHBCA CHeKTp. JIHHa oTpe3ka HoKHA OBITh CTEMEeHBIO
nBo¥ikH (a1 padotel bII®). MHade cHrHal HamO OOMOIHHTE HVIAMH 10 HYKHOMH
miuHEL.  [locme 3Toro K BEIOPpAHHOMY VUACTKY CHrHana ImOpuMeHART bIIO.

KoaddummeHTE aMIiIuTY g cauTaroT o ¢popmyie C, = \/ A" +B. .

IIpp BRIUHCICHHH CIIeKTpa VKa3aHHBIM OOpa3oM BO3MOKeH CIEIVIOIIHE
HeskelaredbHBIH 3¢ ¢ekT. [Ipu pazmtoxkennn GyHKIHH B paag Ovpbe MBI HoIaraeM,
gTO (DPVHKITHSA IMepHOIHUYecKasd, ¢ MepHoaoM, paBHEIM pasMepy BII®. Brruucigercs
CIIEKTP MMEeHHO Takoif (PYHKITHH (a He TOH, U3 KOTOPOH MBI M3BJIeKTIH Kycok). [Ipu
3TOM Ha TIpaHUIaxX MepHOJOB Takad (PVHKIHMA HaBepHIKAa OvIeT UMeTh Pa3phIBEHI
(Benb HcxoaHasA (PYHKITHA He ObLTa MepHOIUUECKOH). A pazphIBEl B (DVHKIIHH CHIBLHO
OTpPaKaIOTCA Ha ee CIIeKTpe, HCKakasd ero.

Jl1a yerpaHeHus 3Toro 3¢ddgexkta mpHMeHAITCA TaK HA3BIBaeMble 638ellsaroljue
oxHa. OHH TUIaBHO CBOIAT Ha HeT (VHKIHIO BOIH3H KpaeR aHATH3IHUPVEMOTO
ygacTKa. BecoRble OKkHa HMerOoT (opMmy, ITOXOKVI0O Ha ravcecHaH. BEIOpaHHEBIN 1714
aHAIH3a VYacTOK CHIHaZa JOMHOJKAeTCcd Ha BeCOBOE€ OKHO, KOTOpOe YyCTpaHser
paspeIBBl  (PVHKIIHH [IPH  <«GalUKJIMBAHHH» JAHHOIO  VYacTKa  CHIHaja.
«3amukauBaHue» mpoucxoguT mnpH IO, tak kaxk anropurM JII® momaraer, 4ro
¢yHKIHMA mepuoandeckasi. CyImecTByeT MHOKECTBO BECOBBIX OKOH, Ha3BaHHBIX B
yecTh HX co3jarelleil. Bce OHH HMeIOT MOX0KYI0 (POPMY H B 3HAUHTETHHOH CTeleHH
VCTPaHAIOT PacCMOTpPeHHble HCKaKeHHA CIIeKTpa.
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Puc. B3seuuearwiyue oxna Xavwvunaed (eepxuee) u biskmana (HudxcHee).

37eck OKHO HpHMeHsdeTcsd K cHrHany ¢ HHaekcamMH oT 0 mo N. OxHo XsMMHHTa
HanOoOlIee dYacTo Hcmoiab3verca. OKHO biaskmaHa oOmamaer ©Oolee  CHIBHBIM
OeHCTBHEM II0 VCTPaHEeHHK pPacCMOTPeHHBIX HMCKAKeHHH, OJHAKO HMeeT CBOH
HeJ0CTaTKH.



lMpumeHeHusa OMN®

CneKkTpanbHbIX aHanus

BaxHoe CBOMCTRO CHEKTPATRHOIO aHAIH3a 3aKIKYAeTCd B TOM, UTO He CVIIeCTBVeT
OTHOTO, eIHHCTBEHHO IPABHIBHOIO CIeKTpa KaKoro-1H00 curHana. CIekTp MOXKHO
BEIUHC/IATE C MPHMeHEeHHeM pPa3IMYHBIX pasMepoB bII® H pa3IHUHBIX BECOBBIX
OKOH. /[ Ka:KIoro KOHKPeTHOrO IMPHIOKEeHHS IIPeANOUYTHTEIRHO HCIIOIB30BATE
CBOH CITOCOOBL.

Eme ogHO BaiKHOe CBOHCTBO 3aKI0YAEeTCA B TOM, UTO IIPH Pa3I0KeHHH B CHEKTP MEI
HaXOHUM He Te CHHYCOHJATbHEIE COCTAB/IAKIIHE, U3 KOTOPBIX COCTOAT HCXO/IHEIH
CHTHAI, a JHIIb HAaXOAHM, ¢ KaKHMH aMILIHTYJAMH HY:KHO B3ATh OIpeeIeHHEIE
KpaTHEIE YacTOTEI, YTOOBI IIOIYYHTH HCXOJHBIH CHIHAT1l. J[pYyTHMH CIIOBaMH,
pazIo0keHue MMPOBOJUTCH He M0 «JacToTaM HCTOYHHKAY, a [0 «4acTOoTaM alrOpHTMa
bII®». OgHako OOBIYHO (O0COOEHHO MPH MCIIOIB30BAHHH BeCOBBIX OKOH) 3TOIO
IOYTH He 3aMeTHO 10 IpadHKy CIeKTpa, TO eCcTh I'padHK CIEKTpa JOCTaTOUHO
aJleKBaTHO 0TOOpakaeT HMeHHO YacTOTHI HCXOJHOTO CHTHATA.



BoicTpaa cBepTKa U Koppensauua. TeopeMa CBepPTKM.

CBepTKa — OCHOBHOM ITporecc B IHQPOBOii 00padoTke cHUTrHAIOB. [[03TOMY BaKHO
yMeTbk 3(peKTHBHO ee BBRIUHCIATE. [Ipamoe BriuHCIeHHe CBepTKH Tpedyer N*M
VMHOKeHHH, T71e N — [JIMHAa UCXOJHOTO CHrHana, a M — J1iHHa sapa cBepTKH. Jacro
IUTHHA Sipa CBEePTKH JOCTHTaeT HeCKONBKHX TBICAY TOUEK, H YHCIO VMHOKeHHH
CTAHOBHTCSA OTPOMHBIM.

OmHaKO CyIecTByeT aIrOPHTM, IMO3BOISIOIIHN BEITHCIHTE CBEPTKY 3HAUHTEIBLHO
OBICTpee. DTOT AITOPHTM OCHOBAH Ha CIeIVIONIeH BaKHOH TeopeMe:

Teopema CBepTKH: CBEPTKa BO EpEMEHHDﬁ 00JIaCTH SKBHBAJIEHTHA VMHOXKCHHIO B
JaCTOTHOH DﬁﬂaCTH; VMHOARCHHE BO EpEMEHHDﬁ 00J1aCTH 3>KBHBAIEHTHO CECPTIKE B

JACTOTHOH 00/IaCTH.

JTO 3HAYHWT, UTO 1A BHIIOTHEHHA CBEPTKH IBYX CHTHAJIOB MOKHO IEpPeBECTH HX B
YAaCTOTHVIO 00JacTh, VMHOXHTBR HX CIIGKTPEI H IepeBecTH HX 00parHO BO
BPeMEeHHVI0 0011acTh. ['akad orepaliid BRIITIAIHT TPOMO3AK0. OTHAKO C ITOABICHHEM
anropurMoB bII®, MHO3BOMAKINHX OBICTPO BBEIUHCIATE IIpeodpaszoraHud Dypbe,
BEIUHC/ICHHE CBEPTKH Uepe3 YacTOTHYVK 00JacTh CTAT0 IMHPOKO HCIOIb30BATHCH.
[Ipn 3HaAUMTENBHBIX JIHHAX AApa CBePTKH TaKOH IIOAXO IIO3BOIAET B COTHH pa3s
COKPaTHTh BpeMsA BEIUHCIIEHHSA CBEPTKH.



BricTpas cBepTKa M Koppenauus

Kpatko ommimeM airopuTM BBIYHCIeHHS OBICTpOH cBepTku. CHadala HCXOTHBIH
CHTHaI JUIHHBI N W A1p0 CBepTKH MIHHBI M TOmoIHARTCA (CIpaRa) HYIAMH 10
mmmHel L (I — cremeHp [Boliku), mpuueM TakK, uto L2 N+ M -1. 3arem
BeIUHCIIAIOTCA (11D 3THX IBYVX CHUTHAIOB. 3aTeM CHEeKTPhl CHTHAIOB HeOOXOJHUMO
[IePEMHOKUTE KaK COCTOAIIHE M3 KOMIUIEKCHBIX UHCeld, T.e. 00pa3oBaTh HOBBIH

. - 4}?{?'11- B?’?{?'lf . .
CHeKTp H3 KO3(p(UIIHEHTOB A, H ., MoAydarmuxca 1mo dopMye:
new -y HgW o g0id] poldly ¢ gold2 -y 0dd 2 _ - - _ | _

A7 +iB.” =(A;7 +iB." ) (4.7 +iB""), rae k=0...., Se 17 v —1. Barem u3
[IOJIVUEHHOTO CIIeKTpa ¢ OoMolmbio oOpaTHOro JIII® BEIUHCIAETCA CHIHA,

cocTOoAIMI U3 . TOUeK. DTOT CHTHAal M COIEP:KHUT pe3vIbTaT CBepTKH M3 N+M-1
TOYEK, JOITOJTHEHHBIH HYIAMH /10 L ToUex.

Yacto BO3HHKaeT HNOTPeOHOCTh BBIUHCIHTBL CBEPTKY OYEHb JJIMHHOTO CHIrHATA, He
IIOMENIA0NIEr0 B MaMATH KOMIIBIOTEPa, ¢ OTHOCHTEIBHO KOPOTKHM SAIPOM CBEPTKH.
B Takux ciayuadx npuMeHsAeTcs TaK Ha3blBaeMad cexyuoHHaa ceepmid. CyTb ee
COCTOHMT B TOM, UTO UIMHHBIH CHrHan pa30HBaeTcad Ha 0ollee KOPOTKHE YacTH H
KaKJad M3 3THX dYacTell CBOpPAuyHBAaeTCid C AAPOM OTAEIbHO. 3aTeM II0yUeHHEIe
yacTH OOBETUHAIOTCH U1 IIOIVUeHHA OKOHUATelIBHOro pe3yabrara. (s
00BeIHHEeHHI MONYUEeHHBIX YacTell JOCTATOUYHO HX Pa3MecTHTh IPVI 3a JPVIOM C
HalokeHHeM (mepexkpeitheM ) B M-1 Touky, roae M — 11mHa g1pa cBepTkH. B MecTax
[IepeKphITHA HeoOXOIHUMO IIPOM3BeCTH CYMMHpoBaHHe. OOBMUHO I VCKOPEHHH
BEIUHCISHUH pa3Mep CeKIMH BXOJHOTO CHIHAIA BEIOHpaeTcs OJHOTO MOpsAaKa C
TTHHOH CBEPTKH.

OTMeTHM, UTO HOCKOTBKY KOPPEeIAIIHIO MOKHO BEITHCIATE C IIOMOINBIO CBEPTKH, TO
PACCMOTPEHHBII ATTOPHTM OBICTPOH CBepTKH TOAXOAHT H I8 OBICTPOIO
BBEIUHCIIEHHI KOPPeTAIIHH.



PunbTpauma

O¢gdexkt 0T VMHOXKEHHI COEKTPOB CHTHAIOB TMPH CBepTKe Ha3BIBaeTCsd
gurempayueti. Koraa clieKTpbl YMHOKAIOTCA KaK KOMIUIEKCHEIE UHCIA, MIPOUCXOIUT

VMHOKCHHE aMILTHTVI I'dApMOHHK C{- HCXOIHOI'O CHTHAIa H AdpPa CECPTKH (B_ (bEiSBI

CKIaapiBaroTcd). Taxum oOpa3oM, MBI IIOJIVUaeM BO3MOKHOCTE MEHATH CIIEKTP
CHTHaja. JTO OYeHb II0JIe3Hasd omeparud. Hampumep, B 3BYKO3allHCH H3MeHEHHe
CIIeKTpa CHrHaTa II03BOISeT OYHINaTh 3alHchk OT IIVMOB, KOMIIEHCHPOBATh
HCKAKeHHSA CHIHAJIA Pa3IHYHBIMH VCTPOHCTBAMH 3BVKO3aIlHCH, MEHATH TeMOPEI
HHCTPYMEHTOB, aKIleHTHpPOBaTh BHHMaHHe CIyIIarelsd Ha OT/JeldbHBIX IapTHAX. B
o0paboTke mH300pakeHHH (HIBTpAIMA IIO3BOISeT HPHMEHITh K H300pakeHHIO
paszuble 3(peKTH: pasMBITHe, MOJUEpPKUBAHHE IPaHHI], THCHEHHe H MHOTHe JpyTHE.
B napyrux obmacTax ¢HIBTpaug YacTo CIVEHT I14 pa3deleHHd pa3IHUYHBIX
CHTHATIOB, CMeIIaHHBIX B OJHH, OUHINEeHHS CHTHAada OT ITyMoB. Takske (PHILTpaIlHs
ABIAETCS COCTAaBHBIM KOMIIOHEHTOM MHOTHX JIPYTHX, O0JIee CI0KHBIX ITPOIIECCOB.

SAapo ceepTkH mpH (HUIBTPAIMH OOBIYHO HAZBIBAIOT Puismpon. YacTto (GHILTPOM
HA3bIBAETCA TaKKe BCe VCTPOHCTBO, KOTOPOe OCVINECTRIAET mpoliecc (GHIbTPAIlHH.
Hnuna (pasmep) ursmpa — 3T0 JUTHHA SApa CBEPTKH.

B obmem ciavuae, GHIBTP MeHSET B CHEKTPe CHIHATA H aMILTHTVIBI TAPMOHHK, H HX
dazel. OgHAKO QUIBTPEI MOKHO HPOEKTHPORATH TaK, UTOOBI OHH He MeHATH (azy
curHamta. Takue GHIBTPHI HA3BIBAIOTCA uismpaviu ¢ JuHeliHoll pa3zoil.



PuneTpaums

B obmeMm ciavuae, GUIBTP MeHSAET B COEKTPe CHTHATa H aMIUTHTVIL TAPMOHHK, H HX
dazpl. OgHako GUIBTPEI MOKHO ITPOEKTHPOBATh TaK, UTOOBRI OHH He MeHsSIH a3y
curHana. Takume GUIBTPBEI HA3BIBAIOTCA Quismpami ¢ JuHelHol Gazoii. 1O
O3HauaeT, UYTO €CIH OHH M MeHdIT (a3y curHaiza, TO AelaroT 3TO TakK, YTO BCe
TapMOHHKH CHIHA/Ia CIBHTAKOTCA II0 BpeMeHH Ha OJHYV H TV K€ BelIHYHHY. |aKuM
obpazom, (HUIBTPEI ¢ auUHeHHOH (azoii He HCKakawT (a’y CHIHATa, a JTHIIE
CABHUTAIOT BeCh CHIHAI BO BpeMeHH. SIpo CcBepTKH Takoro (QIIbTpa CTPOro
CHMMETPHYHO OTHOCHTEIBHO CBOEH LEHTPaTbHOH TOUKH (XOTA OBIBAIOT THIIEI
(IIBTPOR ¢ IHHEHHOH (a30H, rae Sap0o aHTUCHMMET PHUHO).

OcHOBHOe CBOHCTBO Tr000T0 (PHIBTPA — 3TO €ro yacmomuaa (frequency response) u
Pazoeaa xapaxmepucmuxiy. OHH MOKA3BIBAIOT, KaKoe BIMAHHe (PUILTP OKazbIBAET
Ha aMILUTHTYAY H a3y pasaTHuHBIX TapMOHHK 00padaTelBaeMoro cHrHada. Eciau
GuUIBTp HMeeT HHeHHYIO a3y, TO paccMaTpHBaeTcd TOJBKO YacTOTHAS
xXapakTepucTHKa (GuibTpa. OOBIUHO YacTOTHAS XapaKTepPHCTHKA H300pakaeTcsd B
BHUIe IpadHKa 3aBHCHMOCTH aMIUIHTVIBI OT YacTOTHI (B IJenudernax). Hampumep,
ecTH GHIBTP mpoIycKaeT Bce CHrHATREI B moioce 0...10 xk['11 Oe3 M3MeHEHHA, a BCe
curHanel B ronoce Beime 10 kl'11 momaeiasger B 2 paza (Ha 6 1b), TO YacToTHadA

) ) 005, f <10xIy o)
XdPaKTCpHCTHRA OVICT BBRIITIAICTE Tak. £ = PHC. ).
- 605, f > 10xy



PunbTpaumsa
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Puc. [lpumep wacmomuoil xapaxmepucmuxiu guismpa.
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YacToTHaa xXapakTepucTuka B 0 1b mokazeiBaeT, UTO JAaHHEIE YACTOTHI (DHIBTP
[IPOIIVCKaeT Oe3 H3MeHeHHdA. [e dYacTOTBL aMIUIUTVIa KOTOPBIX OcCIaldidercs
GUIETpOM B 2 paza, JOTKHEI HMeTh aMILTHTYAV Ha 6 a1b Mewbine. ITosTtomy HX
aMILTHTYa cocTapiadeT -6 1b. Ecau Ov1 QHIBTP VCHIHBAT KaKHE-TO YaCTOTEL, TO €0
yacTOTHAsA XapakKTepUCTHKa Obllla OBl HA ASTHX YacTOTaX MOJIOKUTEIRHASA (B
Jeluoesnax).



dunbTpaumsa

B 3apucumocTH 0T 00mero BHaa 94acTOTHOH XapaKTEPHCTHKH MOKHO BBIJIETHTH
CIeaVIOIIHe paclpocTpaHeHHble THIEI (GUIbTpoB: HUY-pumwtper (low-pass filters),
BY-gunemper (high-pass filters), noiocogvie @uienmpsi, KOTOpBEIE MIPOITYCKAKOT
(band-pass filters) wim mnomapaaoT (band-reject filters) cUrHal TOIBKO B

omnpeaeaeHHOH 4acTOTHOH moaoce. CYMIECTBYIOT H APVIHe THIBI (PHIBTPOR ¢ Homee
CTOKHBIMH YaCTOTHEIMH XapaKTepHCTHKAMH.

Ob0pruHO B 3a7auyax (QUIBTpAIMH CHTHaTa 119 (WikTpa 3amaeTcad TpeOvemas
JacTOTHAS XapaKTepUCTHKa. llenpio ABIgeTCA IIOCTPOHUTE (PHIBTP, OTBeUarOUIHi
3aJaHHBIM TpeOOBaHHAM M TpoeecTH (uibTpario. YacTto ObIBaeT HEBO3MOKHO

IIOCTPOHUTH B TOUHOCTH 3adaHHBIN PuibTp. Torga crpoutes GUIbTp, OTHM3KHIE IO
XapaKTepUCTHKAM K 3aJaHHOMY.

Hamnpumep. HeBO3MOKHO IIOCTPOHTE UOCATbHBIN (DUILMP HUSKUX YACIOM, TO €CTh
Takoi, KOTOPBIM MpPOITyCKaeT Oe3 H3MeHeHHs BCe CHIHATbl HIKe OMNpeleleHHOH
4acTOTHI (B nooce nponyckanud, pass band) 1 MOTHOCTEIO MOJABISET BCe CHTHAEI
BEIIIE 3TOH YacToTel (B 1OI0OCEe NOOAleHus WIH Henponvckawua, stop band).
PeanpHple QHIBTPEI HH3KHX dYacTOT 0071a7ar0T 0Oolee IUIABHOH YacTOTHOM
XapakTepUcTHKOH (puc. ). OHH He ABISAIOTCA UACATbHBIMH. JTO 3HAUHUT, YTO OHH
CJIeTKa U3MeHSI0T CHTHAT H B MOJ0Cce MPOMVCKaHHd. A B IoJ0ce MOJaBIeHH OHH He
COBEPIIEHHO IIOaB/IAT CHIHAT, a JellaroT 3To, ckakeM, B 1000 pa3. Hx gacroTHas
XapakTepUCTHKA OOBIYHO BEIIVILAHUT MPHMEPHO TakK: 0 UYacTOTHI cpe3a OHa
mocTtaTouHo poBHad (0 1b moutn 0e3 OTKIOHEHHI ), HAa yacToTe Cpe3a OHa HauHHaeT

IUIaBHO cIafgark. KpyTH3HA CIaga W 3HAUYeHHd IIocIe CIaja oIpeIeIsroTcs
KOHKPETHEIM (DHJIBTPOM H TpeOOBaHHSAMH K HEMY.
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Puc. Yacmomnuvie xapaxmepucmuri udedibHo20 (ceepxy) i 00H020 U3 pealbHbIX
HY-ghurempos.



®duneTpayun

Hampumep, TpeSorannd K peatsHOMY HY-GHIBTPY MOTVT OBITE TAKHUMH: B ITOJIOCE
mponyckaHud oT 0 10 9500 I’ oH Jo/KeH HMeTh YaCcTOTHVH XapakTepHeTHKY 0 ab
¢ MaKCHMAaJIbHO BO2MO:KHBIM OTKI0HeHHeM £0.5 gb. Ot 9500 I'm g0 10500 I'mx (B
nepexooHoil noloce) 4acToTHadA XapakKTepHUCTHKA J0KHA cnaaark. Beimre 10500 '
(B momoce mogarIeHHA) QUILTP JODKEH MOJAaBIAThL BCe UACTOTHI He MeHee UeM Ha
50 gb. DT0 3HAYMT. YTO YACTOTHAA XapaKTepHCTHKA (PHILTpPa B MOJI0CE MOJaBIeHH
IOKHA JekaTh HiKe -50 a1b. Takoit (HILTP BIIOIHE BO3MOKHO CIIPOSKTHPOBATE.

Yacto k (uibTpaM NOpeIbaBIA0TCA 00ee ClI0kHbIe Tpebopanmusa. Hampuwep,
GUIBTp MOKET HMeTh HeCKOIbKO YacTOTHEIX MOJI0C IIPONVCKaHHA H
HenpoIlycKaHuA. IlpudeM 1718 mOI0C MOPOIYCKAHHA MOTYT OBITB 3a7aHbl pa3HEIe
Koa(pdummenTsl yeliIeHHd. A I8 TOJI0C HEMPOIYCKAHHA MOTYT OBITH 3aJaHbI
pazHele  Ko3(pGHIMEeHTH  moaaeideHud.  IlHorma  TpeOyeMad  dacToTHad
XapakTepHCTHKa QHILTpa 3a7aeTcsd BooOIe MPOU3BOIBHOH KPHBOH.

CymiecTeyeT MHOKeCTBO CIIOCOOOB IMOCTpOeHHA (PIIBTPOBR ¢ 3aJaHHOH UacTOTHOR
XapakTepUCTHKOH. MBI KpaTKo pacCMOTPHM OJHH M3 HHX. JTO IMPOeKTHPOBAHHE
GUIBTPOR ¢ JHHeHHO# (a3ol ¢ MOMOIIBEI0 B3BEIIHBAIOIIHX OKOH. DTOT CIIOCO0
ABISAETCA VHHBEPCATbHBIM, T.K. IO3BOIAET IMOIVUHTL (GWIBTP ¢ 000N 3amaHHOMH
YacTOTHOH XapakTepHCTHKOH. B To 'Ke BpeMsA OH [OCTAaTOYHO MPOCT H MIHPOKO
npuMeHseTca. HemocTarok MeToa B TOM, UTO € IMOMOIIBIO APYTHX MEeTOI0B HHOTIa
yaaeTca MOCTPOHTEL (PHILTP HEMHOIO MEHBIIeH IIHHEL, VIOBIETBOPSIONIUI TeM Ke
TpeOOBaHHUAM K YAaCTOTHOH XapaKTepHCTHKE.



dunbTpaumna

ITycTh yacTOoTHAd XapaKTepHCTHKa TpedyeMoro ¢mibTpa 3amaHa. [lepBrrii mar nopu
MOCTpOeHHH (QHIETPpa — 3TO OIpefeleHHe ero pasMepa. Pasmep ¢HIbTpa
ompenensdeTcs MPHOIMIHTEIRHO H3 CIeIVIONIHX cooOpaxkeHuil. Ecim dacToTHad
XapaKTepHCTHKA IUIaBHAs, 0e3 CHIBHEIX H3TOMOB HIH Pa3pEIBOB, TO pasMep (GHILTpa
MOKHO B3fATh HeOOIBIIOH, HHade — O00bIIoH. Eciu TpeOyercd TOYHO ClIeJ0BAarh
JacTOTHOH XapaKTepHCTHKe, TO pasMep (GHIbTpa JOTKeH OBITh OOIBIIOH, eciH
JOIMYCKAKOTCA OTKIOHEHHA OT YacTOTHOH XapakTepHCTHKH, TO pa3Mep (QHIbIpa
MOKHO yMeHBIIHTh. OOBUHO CHauada CTOHT IIONPOOOBaTh IMOCTPOHTE (PHIBTP
pasMepa mopanka 1000 M OIEHHTH ero COOTBETCTBHE 3aTaHHOH YacTOTHOMH
XapakTepHUCTHKe. ECIH COOTBEeTCTBHE [OCTarO4yHOe, TO MOKHO ITONBITAThCA
IIOCTPOHTE Oo0Tee KOpPOTKHH PuIpTp. ckakeM — u3 501 Touku. Ecau xe QuibTp
[UIOXO OTBEYAeT YaCcTOTHOH XapaKTepHCTHKe, HVKHO IIOCTPOHTE Oojee I THHHEBIH
¢uieTp. MTak, mMycTe MBI OHpeleqiIH, 94To OyJeM CTPOHThE (HILTP ATHHEI N.
/KenarensHO, 4TOORI N OBLIIO HEUETHEBIM UHCIOM.

oes mMeToma COCTOHT B TOM, YTOOEI MHOIYVYHTE TpedyeMoe fAOp0 CBePTKH Kak
oOpaTHOoe mpeoOpazoepaHne Dyppe 0T TpeOveMoH UACTOTHOH XapaKTepHCTHKH.
Pasmep obpaTtHoro mpeodpazopaHud BEIOHpaeTcd He MEHBIIHM, UeM JTHHA (UIBTpa,
H paBHBIM CTeleHH JBOHKH.



duneTpaumsa

Haes meToma COCTOMT B TOM, YTOOBI IOJIVUHTE TpelOveMmoe AApO CBEepTKH Kak
oOparHOe 1peoOpazopaHue Dypbe OT TpeOyeMOH 4YacTOTHOH XapaKTepHCTHKH.
Pazmep obpaTHOro mpeodpa3zopaHud BEIOHpaeTCa He MEHBITHM, YeM ITHHa QHIbTpa,
I PpaBHBEIM CTeIleHH ABOHKH. IIycTk MBI BRIOpanu pazmep bII® L. {14 BEIIIOIHEHHA

L
oOpaTtHOro TpeoOpaszopaHus D ypbe HEOOXOIHMO HMeTh CHeKTpP CHIHalIa Ha ?+1

st

qacToTax, pPaBHOMEPHO paclpelelleHHBIX Mexay (0 M II0OJTOBHHOH YacTOTEI
TUCKpeTH3alui. [ 3TOro caelaeM COOTBETCTBVIONIVIO BEIOOPKY M3 3aJaHHOI
JaCcTOTHOH XapaKTepHCTHKH. ECTH 9acTOTHAA XapaKTepHCTHKA 3ajaHa B Jermdenax,
€e 3HAUeHHsA HVYKHO IIePeBeCTH B «OOBIKHOBEHHBIe» 3HaueHHA aMIUIUTVI: 0 1b — B
1.0, -6 1b — B 0.5 u 1.1. B momoce HempomyCKaHHA MOKHO MOJOKHUTHE aMILTATVIBI
CTPOTr0 paBHBIMH HVJIHO.

Tenepp, Korga 3HaueHHA YACTOTHOH XapaKTepHCTHKH Ha 3aJaHHBIX YacToTax
BEIOpaHBI, MOXKHO II€peBeCcTH 3Ty YacTOTHYI0 XapakTepHCTHKY BO BpPeMeHHVEIO
oOmnactb. /lna BeimonHeHua oOpatHoro JII@ HyKHO KpoMe aMILTHTY TapMOHHK
3a7aTh uX ¢azpl. Tak Kak MBI XOTHUM HOIVUHTE QHIBTP ¢ JuHedHO# ¢dazoif, To
nmo1araeM Bce (pa3bl paBHBIMH HYTH. [locie 3TOTo MmepeBoIHM CIIeKTP H3 HOTAPHOTO

peacTaBleHua («aMILIHTyda-¢dasza») B mpamoyroipHoe (A4, +iB.). Tak kKak Bce
da3bl HyIeBHle, TO BCe TOUKH CIIeKTpa MpeACTAaBTIAI0T CcOO0H <« IeHCTBHTEIbBHEIE
gpciIa». To eCTe B MacCHB 4, 0e3 H3MeHeHH] 3arpy:KarTcAd aMIIHTY/IbL, 4 B MAcCHB

B, — nymu. Ilocne sToro BeIONHSeTcA oOparHoe mnpeoOpazoBaHue Dypre, B

g

pe3viabTare KOTOPOro MelI mmoiayuaeMm curHaid x[n], n=0,...L-1, umeronuii 3am1aHHbIH
CITeKTP.



PduneTpauma

OmHaKo IMOTy4IeHHBIH CHIHAT He OYeHb XOPOIIO MOIX0IHT B KauecTBe A/Ipa CBepPTKH.
UToORI MOIVUHTE U3 HEro MOAXOdIee SApPO CBEPTKH, HY/KHO BBIIOTHHUTE 2 IIara.
[leppbrii mar 3akiqrouaeTcsd B TOM, UYTOOBI BEIOpaTe APYIOH IIepHOI CHIHAIA,
IOJYUEHHOT0 B KadecTBe Ampa ceepTKH. Koraa Mel mpojenann ooparHoe JI1®, MEI
OJVUIIH OJHUH IepHoJ OeCKOHEUHOr0 IMepHOINYeCKOro CHIHala. |emeps Hamma
3a7aua «pa3BepHYTb» 3TOT HEPHOI B IMEePHOJAMYEeCKHH CHTHAT H BBRIOpaTh ApPYIHe
TPaHHIEI TTepHoIa. | PaHHUITEI JOTKHEI OBITH TAKHMH, UTOOBI IIEHTP HOBOTO OTpe3Ka
coermanat ¢ X[0], ¥ JTHHA HOBOrO OTpe3Ka ObLIa paBHA BHEIOpAHHOMN IHHE (GHIBTPa
N. Curmat ¢ 3TOro HOBOTO OTpe3Ka H HpHHHMaeTcd 3a AApo (uibTpa. Ecou Bee
OBLTO cIeTaHO MPABHILHO, AP0 MOIYUAETCI CHMMETPHUHOE OTHOCHTETBHO TOUKH
x[0]. Ha mpakTHke a718 «pa3popauHBaHHI» A1pa JOCTATOUHO CKOIHPOBATH MACCHB
x[0.....L-1] B w™maccup X|[-L....-1] u BeIOpaTh H3 5TOr0 MacCHBa OTPe30K
N-1 N-1
x- | " 1.

2 2
e e

ITocaeqHHIT AT IIPH MOCTPOeHHH (PIIBTPa 3aKTH0YaeTCsd B TOM, UTOOBI IIPUMEHHTE K
APV B3BelllHBarwIlee OKHO. CMBICI 3TOH omepamlid B TOM, YTOOBI VIIVUIIHTE
cpoficTea ¢uibTpa. BriOop B3pelIHBaloOmero OKHa oOIpedeldeTcd HeoOXOTHMOIH
CTelleHBI0 MMOJaBIeHHd B I0JI0caxX HellpomyckaHHs (pHiIbTpa. PazHble BeCOBBIe OKHA
IIO-pa3HOMY BIHMSAKOT Ha 3ToT mapameTp. Cpoiictea H (GopMyIEl BeCOBEIX OKOH
MOKHO HAaWTH B KHHrax mo Iudporoii o0paboTke cHrHamop. OOBUHO XOPOIIHM
BEIOOPOM fABJIAeTCA OKHO XAMMHHra. IIpH HeoOXOogHUMOCTH elle OOIbIIero
I[I0/IaBJICHHUA IIPHMEHAeTCA OKHO biskmaHa.



®PuneTpaums

[Tocmeanmit mar MpH DOCTPOeHHH (PIIBTPa 2aKTF0UAETCA B TOM, UTOORI IPHMEHHTE K
APV B3BelHBaroIee OKHO. CMBICI 3TOH oOIepallid B TOM, UTOOBI VIVUIIHTH
croiicTea (HIbTpa. BrIOOp B3BelmIHBAIOIIEr0 OKHA OIpedensdeTcd HeoOXOTHMOH
CTeIleHbIO IIOJABIeHHd B II0JI0CaX HellpoIlycKaHHd (PHIBTpa. PasHbele BeCOBBIE OKHA
IO-pa3sHOMY BIHAKOT Ha 3TOT mapamerp. Cpolictea H (OpPMVIEI BECOBEIX OKOH
MOKHO HaliTH B KHHrax mo IH(poroii 00padoTke cHrHaIoB. OOBUHO XOPOIIHM
BEIOOpOM ABIAeTCA OKHO XoMMHHra. IIpw HeoOXOOHUMOCTH eme OOJIBIIEro
IOJABIEeHHS IPHUMeHsAeTCs OKHO biskmaHa.

[Tocae I[IPHMCHCHHA OKHa., MOKHO OHOEHHTE PCallbHVH) HAdCTOTHVIO XdPAaKTCPHCTHRY
I[TOJIVHEHHOI' O (];)ELFIBT}JB_. ,,[[.']H JTOI0 IIPHMEHACTCA MCTOO CIICKTPAIbHOI'O dHATH34.

Pasmep bII® preiOupaercd, Kaxk mpaeBwio, INpuMepHO B 4 pasa Oolblne pasMepa
¢buIeTpa, PUIBTP JOMOTHAETCA OO HYKHOTO pa3Mepa HVIAMH, H IIPOH3BOIHTCA
JIII® (BecoBble OKHa IIPHMEHATH He HYXHO). Ilo rpaduky crmekTpa MOKHO
OlpeleTUTb CTelleHb COOTBETCTBHA (HIbTpa TpedoBaHMAM K  YACTOTHORH
XapakTepHcTHke. EcCIH COOTBeTCTBHe HMeeTCs, TO HpPOeKTHpoeaHHe (HIBTpa
3aKOHUYEHO (XOTSA MOKHO IOIEBITAThCA IMOCTPOUTE (PHIBTP MEHBIIEro pazMepa, UTOOk
COKpaTHThH BEIUHCIEHHA Ha Tame (PUIETpPalHH). ECTH COOTBeTCTBHE HeJ0CTaTOuHO,
TO HY’KHO TIOIBITATECS TIOCTPOHTE (PHIBETP OOIIBIIETO pazMepa.



Ilocme monydeHHS TOTOBOTO sfApa (HIBTpa, €ro MOKHO HCIOIB30BATh 1A
OpoBelieHHs omnepamuu cBepTku (puabrpaimu). [Ipumep aeficteua QuibTpa Ha
CITEKTp CHTHaIa MOJKHO VBHIETh Ha pHC. 3aMeTHM, uTO 3(d¢eKT oT (PHIbTPAITHH,
3aK/TIOUAOIIHICSH B MePEeMHOKEHHH CIIeKTPOB, IPH JorapudmuueckoM Macmrade

dMILTHTVI COOTBCTICTBVET CIOKCHHIO dAMILTHIVI B JelHOe1ax.

Puc. @Et?hm‘pﬂlﬁﬁ JEVKOE020 CUSHAT.
C@epxy GHU3. cCRexmp HCXOOHOZ0 ClieHd1d,
HACMONMHAA XAPAKMePUCcuRa qbummpﬂ.

CHeEKMP CliZRAId Hocle L‘plﬁbiﬂpﬂﬂﬂli.



HdekoHBONOLUMUSA

YacTo BO3HHKaeT HeOOXOJHMOCTE BOCCTAHOBHTL CHTHAT IOCIE HCKAKEHHI €ro
KaKoi-THO0 THHeHHOH cHcTeMoi. /I TaKoro BOCCTAHOBISHHSI HeOOXOIHMO XOTH
Obl OPHOIHAHTEIRHO 3HATh YAaCTOTHYK XapaKTepPHCTHKY HCKAKAIIeH CHCTEMEL
Hampumep, mmociie 3aIlliucH 3BYKa HETOCTATOYHO KAaueCTBEeHHBIM MHKPO(OHOM MOJKHO
MOMNBITATECA HCIPABHTE 3aIHCAHHEIN 3BYK. [l 3TOro HYKHO 2HATH YacTOTHYIO
XapaKTepPHCTHKY MHKPOGOHa (TO €CTh TO, KaK OH MeHSAeT aMIUIHTYIbI TapMOHHK B
3aBHCHMOCTH OT HX YacTOTHI). HacTO OHA VKazbIBaeTcsd B ImacmopTe MHKpodoHa. Tak
KaKk MHKPOGOH MBI CUHTAeM JIHHEHHOH CHCTeMOH, TO OH OCYIIECTBIAET CBEPTKY
HCXOJHOTO CHTHATa ¢ HEKOTOPeIM  aapoM. Boccranoeiaenne (XoTs Okl
MPHOIMKEHHOe) HCXOJHOIO CHIHAjIa II0 CBEPHYTOMY HA3BIBAETCH OEKOHEOIOYUET
(deconvolution).

BoccraHoBIeHHe HCXOJHONO CHTHATa BO BpeMeHHOH o007JacTH mpojenarh OYeHb
CTO0KHO. 3aTO YaCTOTHAs 00JacTh ITO3BOJISET BBINTOTHHTE JIeKOHBOTIOITHEO BIIOTHE
ecTecTBeHHO. J/[0CTaTOUYHO YVUeCTh, YTO CBePTKa B YaCTOTHOMH 0071aCTH COOTBETCTBYET
MepeMHOKeHHIO CIIeKTPOB CHTHaTOB. I[IpHueM cCIeKTp Aapa CBepTKH MHKpodoHa
H3BeCTeH (3TO ero uacTOoTHad XapaKTepHUCTHKa). 3HaUUT, BOCCTAHOBHTH HCXOIHBIMH
CHTHA MO’KHO TI0IeJTHB CIEKTP CBEPHYTOTO CHTHATA Ha CIIEKTP AApa CBEepPTKH.

I‘ITELK:. A BBIIIOTHCHHA JCKOHBOIHIHH HVAHO ITOCTPOHTH (blE-L']BT]J (H&BDE cM €TI0
BOCCT EJ_HEIB.TIHEHIDLL[HM): C YacTOTHOH XAPAaKTCPHCT HKDfI:. DﬁpﬂTHDﬁ HCKaKAIICMY., H
BEIITIOJTHHTE CECPTRY HCKAAKCHHOI'O CHI'HAIA € 3THM (];)PL']E-T]JGM.



HekoHBONMOLUNA

Htak, A7 BBHITOIHEHHS J1eKOHBOIIOIHMH HYKHO IIOCTPOHUTEH (GHIBTP (HA30BeM ero
BOCCTAHAB/IHMBAKIIHM ), C YACTOTHOH XapaKTePHCTHUKOMH, 00pPaTHOH HCKaKarIleMy, H
BBIMTOTHHUTE CBEPTKY HCKaKeHHOT'0 CHTHAA C 3THM (QHIBLTPOM.

OTMETHM: UTO ITIOCTPOHTE TakoH (];)PL']BT}J He BCeIJda BO3IMOXKHO H He BCerja
HEHECDDﬁp&?HD. Ecom HCKAKAK I (bH.']BTp KaKHC-TO YaCTOTBEI ITOJIHOCTEIO
[IOJABIACT, TO, OUHECBHIHO, BOCCTAHOBHTE HX HEC VIACTCAH. K}JDME TOTO, TApMOHHKH,
KOTOPEIE OBLITH I[MOJABJICHEI JOCTATOYHO CHIBHO., MOI'VI OKa3aTbCAd HHZKE VPOBHA
OryMa OﬁpﬂﬁﬂTHBﬂED[[[EfI CHCTeMBL. B sTOoM ClIVHac IIOIIBITKd HX BOCCTAHOB/ICHHA
I[IPHBCICT K SHAYHTC/IEHOMY VCHIICHHIO IITVMA Ha JaHHBIX YaCTOTAX.

Kpome Toro. moxka MBI He 3aTparHBaTId Bompoc (a3oBBIX HCKakeHHil, a ITojIarasiH,
YTO HCKakaromas cHcTeMa oOlagaeT THHeHHOH (pa30BOH XapaKTepHCTHKOH, H
CTPOMIH BOCCTAaHABIHMBAIOIHH (QHIBTP Toke ¢ auHeliHoH ¢dazoii. Ho ecam
HCKAKaloIiad CHCTeMa BHOCHT B CHTHAT W (pa30Bble HCKaKeHHs, TO I HX
HCITPaBIeHHS ITPUXOIUTCS CTPOUTE (PHIBTP, KOTOPHIH HX KOMIIEHCHPYET.

OmHako He Bcerga Tpedyerca H30aRIATBECI H OT (pa30BBIX HcKaKeHHit. Harpuwmep,
IPH BOCCTAaHORIEHHH CHTHAIa ¢ MHKpo(oOHa 3TO 0OBIYHO HeoOf3aTelIbHO, TaK Kak
Hallle YXO ITOYTH HeUYBCTBHTETRHO K (pa30BBIM HCKaKeHHIM 3BYKa.

TakuMm DﬁpﬂSDM, MbI BHIHM., YTO JaJdCKO HE BCCI'Ja VIACTICA ITOJHOCTBRHO
BOCCTAHOBHTEL HCXOJHBIH CHIHAI II0 CBCPHVTOMY. Ho l'[pHﬁ.f]H?HTBCH K HCXOOJHOMY
CHIHA/ITV B HECKOJIEKO Pas BIIO/IHE BOZMOMKHO.



IIPEOBPA3OBAHHE JAILTACA

IIpeodpasosanne /Iammaca — 370 HHTerpaTbHOE IpeodpasoBaHIle, CBA3BIBAKOIIEE
pyukuio  Fl p) KOMIIEKCHOIO IepeMeHHOro (uzobpaxcerue) ¢ (QyHKIein f1f

Belle CIBCHHOTI O IICPEeMEHHOTI O [{}P HOUH ﬁ'.-?) :

F'p':L[‘f‘lrl]:ll‘e_p‘ff'r'dr, e p=c+jw.
0

(' ero IOMOIIBI IICCIE AVIOTCA CBOIICTBA IHAMIIYECKIIX CIICTeM II PeIIarOTCA

middepeHnNIaTbHEIE 1T HHTETPaTbHEIe VPABHEeHIL
OHOII 113 0COOGHHOCTEI Ipeodpasopaniid Jlannaca, KOTopble IIpeoIIpe eIl ero
IIIIPOKOE PACIPOCTPAHEHIE B HAVUHBIX II ITHAEHEPHBIX pacuérax, ABIeIcAd TO, UTO

MHOTIIM COOTHOHICHI[AM II OIIepalllXdM HAd OpPITIHATAMII COOTBEICIBYIOT Oolee

IIPOCTLIE COOTHOINEHIII HaJ IIX M300pakeHIsMIL Tak, cBépTKa ABYX (PYHKUIIT CBOMIITCA

B IIpOCTpaHCTBe IMo0pakeHHII K  Omepallll  YMHOKEHIA, a  JIHelHEe

i dpepeHIIaTbHEE VPABHEHILI CTAHOBATCA alred pallye CKIIMIL



JACKPETHOE IIPEOBPA30OBAHMUE JIAIIVIACA

Ilpamoe quckpeTHoe npeodpasosanue JIamnaca

B teopiill HeIpepEIBHELX CIICTEM Ilepexo] 0T HEMPEPHIBHOIO OPITIHATA f(f) K 11300pakeHIHo

F(p) ocyllecTRIsSeTCS ¢ TIOMOMIBIO Mpeodpaszopanid Janmaca:
FElpl=L|F| :"]:J fltle®dt. (1)
0

9T0 MO3BONSET OCVIIECTBIATH Ilepexod OT ICXOTHBEIX MI(pepeHLIATbHE VpaBHEeHIIT K
nepedaTouHbIM (pyHEIIM. [Ipir sToM. obecnedliBaeTcsa Oollee HATTLLIHOE IpecTaBlIeHIe 00beKTa
Il BO3MOKHOCTb IHCCIEJOBAHILA CIICTeM B YacTOTHOII OOTacTIH IIPH 3aMeHe oleparopa p
KOMITTIEKCHOIT YacTOTOIl (.

B Tteopimi MICKPeTHBIX CICTEM Iepexol OT pelleTdalblX (VHKIUHOI K JICKPETHOMY
I300paKeHI0  OCYIIeCTRIAeTCa aHaIorIiIHo.  [JICKpeTHOe Mpeodpas’oBaHIle  peleTdaToil
(pyHKIRINI MOKHO paccMaTpIBaTh Kak OOBMHOE IpeoOpasopaHile Jlaraca HellpepBIBHOIL (pyHKIIIIL,
MOZYIIIPOBAHHOIL ITOCTIEI0BATETBHOCTHIO IMIIVILCHBIX (DYHKIILL:

o]

F'pi=L[f*[nTN]=] 2 fl0)d(t—nT)e " dr (2)
0

n=I0



JUCKPETHOE ITPEOBPA3OBAHMUE JIAIIJIACA

[Ipamoe JucKpeTHOE Ipeodpasopanne JIamnaca

Kparko amckpetHoe npeodpasopanne Jamnaca (o D-npeodpasoBaHie) 3amicHEaeTCA

CITe Y IOIIIM 00Pa3oM:
F*l pl=Ll Fld)|=DLf [HT]]— f[nT)e™ ™. (4)

nlil

[To cpapHeHmI0 ¢ OGEMHEIM mpeoGpasopanieM Jlammaca L4 HENMPEPHIBHELX  OPHITIHATOR,
IHTETPal 3aMeHeH Ha CYMMY, 4 HEIIPEPHIBHAL IepeMeHHAA { Ha MICKPeTHVI0 nl.

[Tpumep 1.
OmpesemITh JUCKPeTHOE Ipeodpasoraniie Jlammaca ILd e QIHITMHON (VHEIQOL f (1) = 1 (1),

Pemenne:  IIpmverme  dopMyay  mickpeTHoro mpeoGpasopamma  Jlammaca,  IOMYUIIM:

Ffip ‘:if[.”?]i’_'ﬂ Y w1
n=I

1—{1_"&{-



JUCKPETHOE ITPEOBPA3OBAHMUE JIAIIJIACA
N Z-1IIPEOBPA3OBAHUE

[Ipamoe nckpeTHOE Npeodpasopanne Iamiaca

Ecmm II?Dﬁl}H}EE}HI}[ HETIPEPRIBHLLYX CHIHATOR ABTLAOTCA CTEIICHHBIMIT VPABHEHIDIMIT - f ; rp”:.

TO I['iDlle AAREHIE THCKPETHBLX {l}i}ﬂ\lﬂm ABIAHTCA  ITOKA3ATEIIbHBIMIT VPABHEHILAMIT - f 1eP TI.
CIeJOBATENBHO, K HIIM HEIER3A IIPHMEHATE allllapal TeOpPIIl HEIIPEPRIEHEBIX CIICTEM.
el

EcCI BBeCTH HOBVIO IlepeMeHHVE) = =¢ Tor7a EMecTO (4) OvaeM IMeTs:

Flz)=F"| p:_l—_hl: I=Z[f[HTH:;f[H[:_”, (5)
T n=I[

IJe J/LI COKpAIleHId 3antcl BeieHo  f[n]= f[nT].

3TO BHIPaKeHIe MpeJcTaRIdeT co00ll Z-npeodpaopanne. KOTOPOe IIIHPOKO HCIOME3VEeTCA B
TMHTeparype HMITYIIBCHEIX CHcTeM. (JCHOBHOE ero ITpeHMVINeCTBO — KOMITAKTHAA (popMa 3aImicH.
ITpnt HCIOMB30BAHIN  Z-T[Pe0o0pa3oBaHId TONVUaeM CTelleHHEIe VPABHEHHd, YTO II03BOIIeT
MPHMEHATH METOJIEI HCCTETOBAHIIA HETPEPBIBHEIX CHCTEM JIA I CKPETHRIX CHCTEM.

JduckperHoe mpeodpasopanne Jlammmaca (D-mpeoopasopaHmne) oO©omee VIOOHO 4

TIPOBEIEHITT aHATTOITOT MEEKTV CROIICTEAMI HETIPEPRIBEHEBLY IT IIMITVIIECHBIX CIICTEM, TAK KaK B TOM II

JIPVIOM CIIVUae M300pakeHIn pellie TYaroll ABILar0Tcd (VHKIIell KOMILIeKCHOII e eMeHHOIL.



Ceouicmea -npeobpazosanus

CBoJIKa pacCCMOTPEHHBIX CBOMCTB z-npeoOpa3oBaHus npusejieHa B Tadil.

Tabauya. Ceoticmea z-npeobpaszosanus

Haszsauue Bpemennas odaacrs Z-001aCTh

JInneinocts v(k)=ax,(k)+bx,(k) Y(z)=aX,(2)+bX,(2)
Janepika y(k) =x(k - k) Y(z)=X(2)z™"

Ceeprka y(k)= Z x,(m)x,(k—m) | Y(z)=X,(2)X,(2)
Yepenosanne snakos | y(k)=x(k)(=1)" I'(z)=X(-2)

Uusepens Bo pemenn | (k) = x(—k) Yiz)=X(z")

CpoiictBa  z-nmpeoOpa3zoBaHMs  IOKa3bIBAOT,  Kak  npeodpasoBaHus
MOCJIE0BATEILHOCTEH OTCUETOB BO BPEMEHH OTPAKAKOTCA B HX z-TNPeo0pa3oBaHHIX.
DTH CBOHCTBA MO3BOJAKT CHILHO YIPOCTUTH BBIYHCICHHS z-TpeoOpa3oBaHmii
CUTHAJIOB, €CJIH Y/JAeTCs MNpeACTaBHTh MX B BHAEe KOMOMHALMH npeoOpa3oBaHHBIX
EMEHTAPHBIX «KHUPITHYUKOBY, MPUYEM ITH CBOHCTBA MOMOTAlOT B BBHIYMCICHHUH HE
TOJIBKO TIPAMOT0, HO U 00paTHOIO z-MpeoOpa3oBaHuA.



HUDPPOBbBIE ®UJIBTPbI

Lugpposou Gursmp — 310 1udpoBoe ycTpoicTBo WM criocob obpa-
Ooriku 1uposrx curanos Ha IBM, ¢ noMOmBIO KOTOPEIX OCYIIECTBIIS-
€TCS BBIJIEICHHE TI0/IE3HRIX CHTHAJIOB B ONpE/e]CHHOM JHana3oHe YacToT.
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W UHGpoBsie QUIBTPH, peaNH30BaHHHE B BHAE MPOrPaMME! 415 YHUBED-
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TNIOMMHAIOIKE YCTPOHCTBA H HECKOJNBKO apH(METHKO-IOTHYeCKux 010K0B
CIOXKEHUSA M YMHOXKEHUA. YHuBepcansHue DBM, Hanpotus, kak npasuio,
CTPOATCA Ha OAHOM OHICTpOEHCTBYIOMEM TpoLIECCOpe.



HADPPOBbLIE ®OUJIBTPbI

M B nepsoM, ¥ BO BTOpOM CIOy4adX MOXHO BHIIEIMTE TPH 0a30BEIX
37CMEHTA, C HCIIOIE30BAHUEM KOTOPHIX CTpoutcs 1udpoBolt GuneTp: s1e-
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3HAYEHHUA 3THX JIEMEHTOB NPUBEJEHH Ha pHcC. 1, a, 6, B, COOTBETCTBEHHO.
B 3aBucumocTH oT peaymzauuy 1P noxa s3nemMeHTOM NOHUMAETCS HIIM CIie-
I{HAJTH3HPOBAHHAN MHKPOCXEMA, WIIM olleparop B mporpamme. st npocTo-
TH LIyMaMH KBaHTOBAHHs B 3THX JJIEMEHTAax B jJanpHeHueM Oyaem npe-
HeOperars. BMecTo 1uMpPOBHX CHrHANOB B 3TOM CIy4ae MOXHO
HCIOJIE30BATh JHCKPETHRIE CUTHAJIHL.




HADPPOBbLIE ®OUJIBTPbI

JMCKpeTHEIH CHTHAN )(R7;)Ha BHXoae HH(POBOro 3jeMEHTa NaMSITH

(3aAepxKH) paBeH 3aep)KaHHOMY Ha OJJHH TAKT BXOAHOMY CHTHANYy:

}’(kf,u)=3(kf — 1), (1)
rae Homep orcdeta k=0, 1, 2, ...; #5 — nepHoa auckpeTusauuu. B ymHO-
AKHTCIC YPOBCHE BXOJHOI'0 CHI'HaJIa U3MCHACTCA B g pas:

y(kty ) =as(kty). - (2)
CyMmarop ocymecTBiIsieT CYMMHPOBaHHE HECKONABKHX BXOHEIX CHIHAJIOB:
y(kty) = 5,(kty) + sy (ktg) + oot 5, (Rtp). (3)

Ha puc. 2 B kavecTBe npuMepa npuBejeHa cxeMa uudpoBoro puisTpa
HHM3KHX 4acToT IepBoro nopsinka. Ilopsaox nudposoro duasTpa onpeae-
JIAE€TCA YMCIIOM JIEMECHTOB [IAMSTH.

s(k) k)

Puc. 2



HADPPOBbLIE ®OUJIBTPbI

o cpaBHeHHIO ¢ aHaNOTOBRIMH QHUISTPaMH HHDPOBEE GUIETPH MMe-
0T CIEYHINKE npeuMylnecTsa. Ha Hu3kuX vacrorax mMacca H rabapurhl
uppoBoro (unsTpa MeEHbIE, YeM Macca H rabapuTH aHANOrOBOTC
¢unstpa. HanpuMep, Bee Tpu anemenTta nudpoBoro GHisTpa, cxema KOTo-
poro NpHBEJEHA HA PUC. 2, MOXHO H3TOTOBUTL B OJHOM MHKpouune. B To
K€ BpeMs aHAJOroBEH (QHIBTD JOJDKEH BKIIOYATH KOHAECHCATOPH MIIM Ka-
TYLIKH, HMEIOIHE HAa HU3KUX YacroTax Oonsline Bec ¥ rabaputst. Ludpo-
BOH QHJIBTD B OTJIMYKE OT AHAIOTOBOTO (QUIBTPa MMeeT CTaOMJIBHEE Ma-
paMeTpHI, KOTOPHIE HE 3aBUCAT OT TeMIepaTyphi, BHOpallui, BAaXHOCTH U
1. 1. Hakonen, uudpoeoii GuneTp npakTHueckd He Tpebyer HacTpOHKw
CBOMX IapAMETPOB H IIpH NPaBHIFHOM MOHTAXE Cpasy roros k pabore.



HADPPOBbLIE ®UJIBTPbI

Jna yudpoBoro GUAsTPa OCHOBHEIM CHTHJIOM NPH aHAJNHM3E €r0 9ac-
TOTHBIX XapaKTEPUCTHK SABJIACTCH JHCKPETHRIH TrapMOHHYECKHH CHIHAN

s(kty) = 5, cos(wkty +9,)=Re{S,e™ "}, k=0, 1, 2,.. . (4)

Ileprnon muckperusanuM 3 rapMOHMYECKOr0 CHTHaia BRIOHpaeTcs rax,
yTOOK YacToTa AUCKpEeTH3alMH KaK MHHHMYM B [IBa pa3sa NpeBhIlIana yac-
TOTY FapMOHHMYECKOro CHTHana: oy 22w. U3 dopmyan (4) cieayer, uro

JUCKPETHEIH TapMOHHYECKHH CHIHAJL, KaK M aHAJNOTOBRIH, MOXKHO Xapakre-
PH30BaTh KOMILICKCHOH aMILUIHTYJOH S, .

PaccmMoTpum npeoOpa3oBaHue rapMOHHYECKOTO CHIHAJA H E€r0 KOM-
IUICKCHOH aMIIMTYAR B 3neMenrtax uupposoro ¢unstpa. Ilpu nonaue

curaana (4) Ha BX0J YMHOXKHMTENIS CHTHaN Ha BEIXOJE YMHOXHTEJS B COOT-
BETCTBHH C (2) uMeeT BH]

y(kt,) =aRe{S, e} =Re{¥, "}, (5)

rae KOMIUIEKCHas amiuiutyna Y =as, .



HADPPOBbLIE ®UJIBTPbI

CnenoBareIbHO, KOMIUICKCHAs AMIUIMTYJla TapMOHMYECKOI0 CMrHana
IIPH NPOXOKACHHH Yepe3 YMHOXKHTEIs U3MEHAETCst B @ pa3. B coorsercr-

BHH ¢ (3) npH nojade rapMoOHHYECKMX CUIHAJIOB HA CyMMaTop CHTHaja Ha
€rc BBIXO0/I€ 3alIHCHIBAETCS B BHJIE

y(kt,)=Re{S, e} +Re{S e} +..=Re{(S,, +S,, +..)e""™}.
A m2 ml

CrnezoparenbHO, KOMIUIEKCHAS aMILUIMTYa CMTHAJa HAa BEIXOAE CyMMa-
TOpa ¢ # BXOJaMH pPaBHa

Y =8 +8_,+..+S_. (6)

IIpn nopaue rapMoHMYEecKoro cMrHana (4) Ha BXOJ 3JIEMEHTA MaMATH
Ha er'c BRIX0Je B COOTBETCTBHH C (1) monyyum

y(kty) = s(kty —t,) = Re{S, "™} = Re{¥, """}, (7)

" L] _ i
rJe KOMIUIGKCHAs AMIUIATY/a BEIXOJHOTO curHana pasHa Y, =S e ™.

CnenopareisHo, FaPMOHWYECKHH CHIHAJI NPH NPOXOXJACHHH 4Yepe3 Jlie-
MEHT 3aJepXKH Ipuobperaer JONOMHUTENRHEH Ga30BEIH CABMT.



HADPPOBDLIE ®OUJIBTPbI

W3 nonyqennnx ¢opmyin (5), (6) u (7) caenyer, uto Bce basosme ane-
MeHTH UH(poBoro QuibTpa He U3MEHSIOT GOpPMY rapMOHHYECKOTO CHI-
Hasia. VI3MEHsI0TCH TONABKO KOMILIEKCHEIE aMIUIMTY a6l Tak kak 1M poBoi
GuasTp M060H CIOXKHOCTH COCTOMT TOJILKO H3 TPEX PACCMOTPEHHEIX Jlie-
MEHTOB, TO IIPH Mojaye Ha Bxo4 HU(poBOro PUIRTPA TAPMOHHYECKOTO
CHTHa/ia Ha €r0 BRIXOAE TAKKE I0JyYHM TapMOHHYECKHH CHIHAJL.

OtHONIeHMe KOMILIEKCHBIX AMIUIMTYJ BXOJHOIO0 MW BRIXOAHOIQ CHUIHA-
JIOB HA3RIBAETCH OUCKDEMHLIM KOMNIEKCHYIM KO3 duyuenmom nepedayu
uudposoro GuiaksTpa

, Y
Ky=2 (8)

ITOT KOMIIIEKCHEIH kK030 (uiueHT nepesayd — OCHOBHAA XapaKTepH-

ctuka pudposoro pwisrpa. Io ero 3HaYeHMAM MOXKHO ONPEACIHTE 10JI0-
Cy NpONyCKaeMEIX 9acToT H THI QHIBTPA.



HADPPOBDLIE ®OUJIBTPbI

Hcnons3sys (8), HaliaeM AMCKpeTHHE Ko3(pOHIMEHT Nepeaaqn UHPpo-
BOro (HILTpa HEpBOro MOPs#IXa, CXeMa KOTOPOTO NpHBEAEHA Ha puC. 2.
Brixoaso¥ cMrHan 3roro QHJIbTpa NOCTYNAEeT HAa BXOJ 3JEMEHTa 3aJACPiK-
ku. KoMinexkcHas aMIuIMTyza CUTHaa Ha BEIXOJIE 3JICMEHTA NNaMATH UMECT

pug Y e ’* . C anemenTa MaMsTH CHTHAI B CBOK 0YEPEas NOCTyNaeT Ha
YMHOXHMTEeI6. Ha BRIX0Ae YMHOXHTES MMOJTYYHM KOMILUIEKCHYIO aMIIIIHTY-
ny aY e’ . BuxoaHO# CHIHAN ¢ YMHOXHMTENS H BXOZHOH curHan s(kiy)
NOCTYNalOT Ha JBa BXxoaa cymmaropa. CienosarebHO, KOMILIEKCHAS aM-
IUIKTYyAa  BBEIXOJAHOTO  CUTHasa  Iubpooro  OQuiasTpa  paBHa
Y, =8, +aY e ™. Paiienus neBylo B NpaBylo 4acT 3TOr0 PaBeHCTBA HA
KOMILIEKCHYI0 aMIUIMTYIy BXOJHOTO TapMOHMYECKOTO CHTHAja Iocie
npeobpa3oBaHui, NOIYYUM AMCKPETHEH KOMILIEKCHEIH K02(Q(HIHEHT ne-
peaa4du 1H(poBoro GuIsTPa NEPBOTO NOPAKA:
Y 1

il . -l "
S l1-ge’™*

Moayne atoro xoadpouuuenra gaer AYX uudposoro duiasTpa.



HADPPOBbLIE ®UJIBTPbI
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HADPPOBDLIE ®OUJIBTPbI
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HADPPOBDLIE ®OUJIBTPbI
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npeobpa3oBaHui, NOIYYUM AMCKPETHEH KOMILIEKCHEIH K02(Q(HIHEHT ne-
peaa4du 1H(poBoro GuIsTPa NEPBOTO NOPAKA:
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il . -l "
S l1-ge’™*

Moayne atoro xoadpouuuenra gaer AYX uudposoro duiasTpa.



HADPPOBDLIE ®OUJIBTPbI

Moayns storo koagoduunenra gaer AYX uudposoro dunsrpa. I'pa-
¢ux AYX nudpposoro punstpa npu a = 0,5 npuseaer Ha puc. 3. Kak su-
JIHM, PaCCMaTPHBAEMEIR QUALTP ABIAETCH OHIRTPOM HM3KHX 4Yactotr. OT-
METHM, 4YTO B COOTBETCTBHH C TteopeMoit KorensHukoBa dacrora f
BXOJHOI'0 TAPMOHHYECKOr0 CHTHAJIA, IPUBEICHHAA HA PHC. 3, H3MCHACTCH

B JIMaNa30HE OT HYJIA JO [OJOBHHE 9acTOTH JHCKPETH3ALMH.
Kn
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Puc. 3




HUPPOBbLIE ®UJIBTPbI

Iudpoesie PHILTPHI NpeaHAZHAYCHEI IIPEXIe BCETO OIA pelleHHA OIBYX OCHOBHBIX 3aa4:
* pazaeneHHdA OBYX U 00Jiee paclpOCTPaHAIINECA COBMECTHO CHTHANOB:
* BOCCTAHOBIIEHHA CHTHAIIOB, KOTOPbIe OBUIH HCKAKEHEL.

JInsA pellieHHd NAaHHBIX 3a0a4 MOXKHO BOCIIONIB30BaThCH aHANOTOBBIMH (DHIBTPAMH, OOHAKD
[ poBble GHUIBTPE! MO3BOJAKT NOCTHYL HAMHOIO Jolee BBICOKONH (B THICAYH pa3) TOYHOCTH.
ITpH 3TOM HYKHO VYHTBIBATH, HYTO UHGpPOBbIe (QHILTPE padoTardT TOpa3d0 MeLleHHee
AHAIIOTOBEIX M HMerT Oonee Vy3KHIl (OrpaHH4YeHHBIH) OHHAMHYECKHI OHAMa30H Kak II0
AMIUIHT YO, TAK U 10 9acTOTe.

CymecTByeT TpPH OCHOBHBIX XapaKTepHCTHKH (GUILTPOB: HMNOY.IbCHASA, MepexodHas H
yacToTHasa. Kaxknas W3 HHX NOJMHOCTBH OMNpedenfdel CBOICTBA JHHeHOro (uikIpa, T.e.
COIEPKHT MCYEPIBIBAIIYI0 HHOOPMALHI O ero QHILTPYIONIHX CBOlicTBaX. OTNH4YalTCA OHH
b Gopmoil mpencrapneHna wHbopManuu. ECIH 3agaHa ogHA H3 3THX XapaKTepHCTHE, TO
BCEerfa MOKHO PacCHMTaTh ABe OpYTHE.

Camblil mpocToii ciocol peanuzauuy HHGpoeoro GHIETpa — CBEPTKA BXOMHOTO CHIHANA C
UMITYIBCHONH XapaKTepHCTHKOH. JlaHHBIH crocol MO3BONAeT MOCTPOHTE JNHOO0H NpakTHYeCcKH
peamn3yeMelil MHHeHHBIH QIIsTp. Takue UUGpPOBble QHILTPEl HAZBIBATCA HEpPeKYPCHBHBIMH
wH KHX-OHJIBTpaAMH.

Hpyrasa dopMma nocTpoeHHs MUGPOBBIX GHIETPOE — peKypcHBHBIe WIH BHX-QHILTPSLI.
OHH npencTaendaoT cofoil Jonee MWHPOKHHE Kiacc GWIBTPOB H, KpPOMe OTYETOB BXOIHOTO
CHTHANA, VYHTEBIBAKOT TAKKEe OT4YeTHEl BBIXOOHOIQ CHIHANA, IIONy4YeHHEBIE HAa MPEeObBIOVIIHX
HTepaIHax.



XAPAKTEPUCTUKHA HUDPPOBbLIX ®UJIBTPOB

HMnyIbCcHAaA XapaKTePHCTHKA ABIAETCH peakieil cHCTeMbl ((HIbTpa) HA eOHHHYHEI
HMITYIBC. FIMIIYIBCHAA XapaKTepPHUCTHKA PEKYPCHBHOTO (PHIBTPA MOXKET OBITH NPENCTABIIEHA B
BHIE CYMMBI CHHYCOMIOANBHBIX CHTHANOE C YOBIBAKOIIEll II0 3KCIOHEHIHAILHOMY 3aKOHY
AMILTHTYOOH. 3TO 03HA4aeT, 4TO PEeKYPCHBHBIH GUILTP HMeeT HMIVIBCHYI XapaKTepHUCTHKY
OeckoHedHOH nAnuHBl. OOHAKO, HAa4YMHAad C HEKOTOpPOro MOMeHTa BpeMeHH (B 15-20 pas
PEBBIIAIIHH MOCTOAHHYK BpPEMEHH) aMIUINTyOa CHHYCOMOANBHBIX Kole0aHMIl 3aTyxaer
HACTOJIBKO, YT0 CTAHOBHUICH HIDKE VPOBHA IWIVMOB OKPY:KEHHA, [O3TOMY IOCHEOVIOLIHMH
OTCYETAMH HMITYILCHOMH XapaKTePHCTHKH MOKHO IpeHeOpedb.

BT1opoil Ba:kHOH BpeMeHHOH XapakTepUCTHKOH HQpoBoro GUIbIpa ABIAETCA NepeXoaHas
XApAKTEePHCTHKA, KOTOpad ONpelendAeTcd KaK peaklud Ha eIHHHYHBIH CKa40K (eOIHHHYHYIO
CIYIeHYaTy0 (YHKUHIO). Tak Kak eOWHWYHBIH CKA9O0K [peAcTaBisgeT co0OH HHTerpal oT
eIHHHYHOTO HMMIYJIbCca, TO IIepeXONHAad XapakTepHCTHKA CBfA3aHa C  HMIIYIBCHOM
XapaKTepPHCTHKOH  HHTErpalbHOH  3aBHCHMOCTBK. DTO  03Ha4ael, HTO MepeXOOHVE
XapaKTepPHCTHKY MOKHO MONVYHTh ABYMA CIIOCOOaAMH:

1) momate Ha BXOO (UIBTPa CHTHAN B BHAE eOHHHYHOTO CKavka M 3a(HKCHpPOBATH €T0
BRIXOMHVI0 PeakIlHIo;

2) TPOHHTETPHPOBAThH HMIYIBCHYIO XapaKTepHCTHKY.

YacToTHad XapakTepucTHka (AUX mnu JIAUX, npu stom ®UX HepakHa. T. K. B
CONBIIHHCTEBE MPAKTHYECKHX MPWIOKEeHHIH, CBA3aHHBIX ¢ 00pa0OTKON CHTHANIOE B YacTOTHOM
o0nacty, ¢aza He wurpaeT ponH) uudpoeporo GHUIBIpPa CBA3HA C €T0 HMIIYILCHOM
xapakTepucTHroH [I1®, 04 BEIMHCIEHHA KOTOPOTO Hemonb3yeTced bBITd.



HUPPOBbLIE ®PUJIBTPbI

[TepexonHad XapakTepHCTHKAa OIMCBEIBAET BIHMAHHE CHCTEMBI ((QHIBIpa) Ha
HH)OPMALIHIO, 3aJ0’KEHHYH) BO BpeMeHHOH oO0/IacTH, a 4acTOoTHAd XapaKTepHCTHKa
OINCBIBAeT IpeolpasoBaHHe HHPOPMALHH, 3aI0KEHHON B 4acTOTHOH obmactH. OG
3TOM HYKHO TIOMHHTEL NPH pacydere (HIBTPOB, MOCKOIBKY VIAVUIIEHHE BPEMEHHBIX
XapakTepHUCTHK QIIBIPa IPUBONNT K YXYIIIEHHI0 eT0 YaCTOTHBIX CBOICTE.

Eciy 3agmada cOCTOMT B yCTpaHeHHH IWyMOB Ha JKI (M3MepAeMBIil CHIHAN
MpeOcTaBleH BO BpeMeHHOH oO0mactH), TO OoOlee BaKHBIM ABIAECTCA TOYHOE
BOCIIPOM3BENIEHHEe  [epeXONHOH  XapakTepHuCTHKH — (HIkIpa, a YACTOTHAA

XapaKTepHCTHKA MIpaeT BIOPOCTENEHHYH poOib. EcCIH ke (QHIBTP IIAHHpPYeTCH
HCTIONB30BATE B CIYXOBOM ammapare (HHQOpMAIlHi CONepKUTCA B YaCTOTHOH 00IacTH),

T0 BdaAkH4 TOIBREC YaCTOTHAA XAPAKTCPHCTHEA, a4 IICPEXOOHAA XAPARKTCPHCTHEA HE
MPEOCTABIACT HHRKAROTO HHTEPECA.

[[py TOpOeKTHPOBaHMH LHAPOBEIX BBICOKOYACTOTHBIX, MO/JOCOBBIX H
PEREKTOPHBIX  (3arpa:kIalomux) QIIBTPOE TNPENBAPHTIENBHO  PacCUHTEIBAKOT
HH3K04YaCTOTHBIH QUIBTP, a 3aTeM Ipeolpas3yroT ero K :KenaeMoMy BHOY. FIMEHHO 10
3TOH TIpHYHHE, TOBOPA O pacdere (WIBTPOB, Yallle BCETO OMMCHIBAKT Tolbkko ©HU.
CymecteyeT nea Merona mpeodpazopanna @HU e ®BY — ungepcua AYX U odpauerue
AYX. O0a MeTOIa HALIITH IIHPOKOE PaclpoCTpaHeHHE.



HNPPOBbBIE ®UJILTPbI

[To obnmacTH mpHMeHeHHA Bce UUGpoBble GWIBTPHI MOKHO pasOeldTh HAa TPH
CONBIIHE TPYIIIILL:

1) puasTpel BpeMeHHOH 00padoTkH (ogHOpomHele KHMX-QHIBTPEI U
ONHOIONIKCHEIE PeKYPCHBHEBIE (HIBTPEl HCIONB3VIOICA IPH pelleHHH TakHX 3a7ad,
KaK CITakKHBaHHe, YyCcTpaHEeHHe TMOCTOSHHOH cocTaBlgwmell, (opMHpOBaHHE
orudaromiei H T.1.):

2) QHALTPEI YacTOTHOH 00padoTKH (OKOHHEIe KHMX-QHIBTPEI H peKyYpPCHBHEIE
QsTpel UeGbIMEBa HCIIONBIVIOTCA 1A Pa3IeleHHs] YaCTOTHBIX IHAMa30HOB);

3) cmenHaIbHBIE (PHIBTPEI (PEKYPCHBHBEIE QHILTPEL C HTEPATHBHONH CTPYKTYPOH
H cnenuansHele KHX-(QIIETPE HCIONBE3VIOTCA IS KOoppeknuH AUX kKaHana CBA3H
IIH OPYTOH HCKAKAKIIEH CHCTeMEL, ONTHMANBHON QHIETPALIHH).

ITo BHVIpeHHeH CTPVKIVpe PasIIHYar0T!

1) KHX-@uabTpsl (OCHOBAHEI HA OIEpallil CBEpPTKH) XapakTepH3VIOICH O4YeHb
BEICOKOH TOYHOCTEIO PalOTHI;

2) BUX-puasTphl (peKypcHBHBIE (GWIBETPHI) 3HAYMTENBHO BRIMTPhIBaOT KIX-
GUIETPEI B OBICTPONEHCTBHH.



Onnopoaasie KUX-QpHILTPHI

Oanopoanbsle KHX-QHABTPBI NOMYYHIH Haulolee NIHPOKOE PACIpPOCTPAHEHHE B
IIOC, Onaromapa mpocToTe peanu3zaluid. KpoMme TOro, OHH ABIAKTCA ONTHMANbHBIMH IIPH
pelleHNH Takol kiaccHdeckod 3amadu I[JOC, Kak monaBleHHe aIIWUTHBHOTO IIyMa IIpH
ONHOBPEMEHHOM COXPaHEHHH CKOPOCTH HApAacTaHHH IepeXONHOH XapaKTepHCTHKH. ODTH
QUIBTPEl IPEBOCXONAT BCE OCTaNbHBIE BHIBI LHGpPOBBIX GUIETpOB IpH o0paboTke
HHbOpPMAaLUK, TPeNCTABIEHHON BO BpeMeHHOH o0macTH. B To Xe BpeMms 3TH (QWIBIPEI
OKa3bIBaroTCA Mano3(ddeKTHBHEI pH o0paboTke MHGOpPMAUHMH B YacTOTHOH OONacTH, Tak
KaK HEe CIOCOOHBI pasmendTh Me:XOy co0oil CHrHAJBI, JIeKallie B pPasHBIX OHAa30HAX
4acTOT. FIMeercd HeCKOJIBKO MONH(HKALHI ONHOPONHBEIX (PHIBTPOB, B KOTOPBIX 4acTOTHAA
H30HpaTeNbHOCTh MOBBIIIACTCA 3a CYeT YBellHdeHHd BpeMeHH o0paboTku: dumesrp Iaycca,
buneTp bskmana 1 QUIBTP ¢ MHOTOKPATHOIM 00paboTKOIA.

OnnoponHele KM X-(HIETPEI 9YaCTO HAZEIBART QHABTPAMH CKOJIL3AMEr0 CPEIHEro.
IOTOMY 4YTO OHH OCHOBAHEI HAa VCpPeOIHeHHH HEKOTOPOTrO MHOMECTBA OTCYETOB BXOOHOTO
CHTHAMNA, YTO OIHCEIBASTCH CIEI VIO M ‘_DESHGCTHBIM VPABHEHHEM !

M-
Z [i+ f],
me x|| — exomHoil curHan, y[| — BEIXOmHO# cHTHAN, M — 9HCIIO YCpPeIHASMBIX OTCUETOR.

B maHHOM YPABEHCHHH BCC HCIIONIB3YEMBIC OTCHCTBI PACIIONOARCHBI IIO OOHY CTOPOHY OT

PEe3VIBTHPVIOIIETO BEIXOMHOTO OTCHETA.



OxHopoanbie KUX-pHABTPHI

OnHoponHble KM X-GUIETPEl 4acTO HA3BIBAKT (PHIBTPAMH CKO/IL3AIMEr0 CPeJHEro.,
IOTOMY 4YTO OHH OCHOBAHBEI HA YCPEeOHEHHH HEKOTOPOTO MHOMKECTEA OTCYETOE BXOIHOIO
CHTHANA, YTO OMHCEIBASTCA CIENVIOIHM Pa3HOCTHEIM YPaBHEHHEM !

M-1

plil=== Y xli+ ]

A i=0
me x|| — exommoii curHan, y|| — BEIXOmHOI cHTrHAI, M — 9HCIIO YCpPENHAEMBIX OTCUETOB.
B nmaHHOM YpaBHEHHMH BCE MCIIONb3yeMble OTCHYEThl PACIONOKEHBI IO ONHY CTOPOHY OT
PE3YIBTHPYIOIIETO BRIXOMHOTO OTCYETA.
Bo3MOXeH OPYroil BapHaHT MOCTPOEHHA ONHOPOTHOTO HEPEeKyPCHBHOTO (GHIEIpa, MPH
KOTOPOM BBICHpAeTCHd pPABHOE YHCIO OTCYETOB BXONHOTO CHIHANA Mo 00e CTOPOHEI TEKYLIETO
BBIXOMHOTO OTCHETa: M

ylil= Y., x[i+j].

M -

B atom CIIydae M Nom:xHO OBITE HeYe THEIM YHCIIOM.

HMIyIbcHASA XapaKTepHCTHKA ONHOPONHOTO HEepeKypCHBHOTO LHQpoeBoro ¢uikIpa camas
IpocTas, HanpuMmep, Wi GuneTpa 5-10 mopsnka oHa Oymer uMmers Bum: h = {..., 0, 0, 1/5, 1/5,
1/5, 1/5, 1/5, 0, 0, ...}. To ecTb B OCHOBE ONHOPONHBIX HEPEKYPCHBHBIX (IIBTPOE IJIEKHT
ANTOPHUTM CBEPTKH BXONHOTO CHTHANA C MPAMOYTONBHEIM HMITYILCOM eIHHHYHOMH IITOMmanu.



OxoHHBbIE QHIABTPDI

OkoHHBIE (HIBLTPBI HCIONB3VIOTCH [IA PelIeHHd 3a0a4 4YacTOTHOH CeleKIHH
CHTHaNOB. OHH 00IagarT BBICOKOH YCTOHYHBOCTBK)., CTA0MIBHOCTBH) XapaKTepHCTHE H
OKA3bIBAKOTCH  Ype3Bbl4aiiHO 3G @eKTHBHBEI [ONI4 YacTOTHOH GVHKIMH. Bricokas
30 EKTHBHOCTE B 4YacTOTHOH oOOMacTH CONpPOBOKOAETCH VXVOWIEHHEM BpeMeHHBIX
XaPaKTEPHCTHE (YBEIIMYHBAKICA MEpEeperyIHpoBaHHe H KoIeGaTelbHOCTE IEPEXOOHOIO

[poLecca).

B ocHOBe paloOTel OKOHHBIX (HIBTPOB JIEKHT ONepauusd cBepTkH. IlosToMy HX
MpOrpaMMHAad pPean3alia MpocTa, HO OHH TpeGOBaTeNbHEl K BEIYHCIHTENBHBIM 3aTpaTaM.
JI1a yMeHbIIeHH A BEIYHCIHTENBHOH CIOKHOCTH HCTIONB3YVIOT BITD.

OcCHOBHas HIesd NOCTPOeHHA OKOHHBIX (QWIbTpoB: HueanbHell ®HY nomkeH HMeTh
eIMHIYHBIH K03 (QGHUIIHEHT Nepenads BO BCeM OHANa30He 9acTOT HIDKE YacTOTHI cpe3a fr U
IOTHOCTRR) TTONABTIATE BCE OCTANBHEIE YACTOTHRIE KOMIIOHEHTEL.
sin( 27 fo1)

Tl

VMIVIECHAA XapaKTepHCTHKA HaeansHoro ®HU: hfi|=

YroObl yOpaTh BBICOKHE HacTOTHI H3 CHTHANA HY/KHO BBITIOMHHTE CBEPTKY 3TOTO
CHTHala ¢ HMIIYJIBCHOH XapaKTepHCTHKOM A.



OxoHHBbIEe QHILTPHI

Ho Ha mOpakTHKe Henb3d peannsoparh uaeanbHell ®HUY, 1. k. komeGaHus
dyaxkmmu  sin(x)/x He 3aryxawT mo HymeBoro 3Hadenus. OGOITH ykasaHHEIE
TPYOHOCTH IO3BONANT CIeNYIOINE IBa npeodpasopanus GyHKmmH  sin|x)/x:

1) ycedeHHe (VHKIHH 10 (M+1) OTCYHETOB IO OCH alCIMCC, PacIONOKEHHBIX
CHMMETPHYHO OTHOCHTENBHO HYMIA, BCEM OCTANBHBIM OTCHeTaM IIpHCBAHBAKOTCS
HYIIEBBIE 3HAYEHUA (T. €. OHH IIPOCTO OTOPACKIBAOTCA):

1) momy4eHHad IIOCIENOBATENbHOCTh CIBHTaeTCH BIpaBO Tak, 4YTOOBI HOMepa
OTCYEeTOB H3MeHANHCH B Ipenenax oT O mo M, B pesynbTaTe HHIOEKCH BECOBBIX
K03 O HIHEHTOB CTAHOBATCA HEOTPHLIATEIEHEIM L.

Takne mpeoOpa3oBaHWA MPHBOOAT K TOMY, 4YIO0 (QHIBTP CTAHOBHTCHA
HeHIealbHBIM H HMeeT Opyryio AUX (MoxHO HaiTH AUX NONy4YeHHOTO (IIBTpA,
BRIIOMHUE JIT1® ero uMmyneCcHOH XapakTepucTHEH). Ha AUX nosemArTcA JONbIIHE
KoyleGaHHA B IIOJIOCE MPOIMYCKAHNA (GHIBTPA, 4 ONABIEHHE B 30HE HEIPO3PadHOCTH
CTAHOBHTCA MaJbIM. 3TO BBI3BAHO HAIWYHEM pAa3peIBOE Ha KpadxX VCedeHHOI
HMITYIBCHON XapakTepUCTHKH. YBEIHYeHNE IHHBI HMIYILCHON XapaKTepUCTHKH He
pemaeTr mpolGIeMBL T. K. HE YCTpaHAeT Pa3phIBOB.






OKoHHBbIe QUIBTPHI

CymecTByeT MIpPOCTOH MeTON KOMIIEHCAIlHH BO3HHUKIIMX HCKAKeHHH — MCIOIb30BaHHE
OKOHHBIX (VHKIHI. B pe3ynbrare MMOyIbCHAf XapakTepHCTHKA OKOHHOTO (UIBTpa MpeacTapaseT
coGoii  pe3VIsTaT MO3IEMEeHTHOTO  VMHOMKEHHMS  YCeUeHHOH  HOealbHOH  HMIIYIBCHOH
XapakTepUCTHKH Ha OKOHHVI0 (QVHKIHEK. [71aBHON [eNbl HCIOIL30BAHHA OKOHHOH (QYHKIIHH
ARNAETCA CITIAXKMBaHHE YCe4YeHHOH HMIIYJIBCHOH XapaKTepUCTHKHM Ha Kpasx. OIHOBpeMeHHO
VIVYIIAKTCA H 9acTOTHEIE cBOficTBa dmnnsTpa: AUX B mosoce MpONMyCKaHHA CTAHOBUTCSH IUIOCKOI,

d 3dTYXdHHC B 30HC HCIIPO3PATHOCTH SHAYHTCIIBHO YBCIIHYHEBACTCA.




OKoHHBIE (PUIBTPHI

Haubonee mupokoe pacmpocTpaHeHHe Oy YIIH OKOHHBIE QYHKIIME X3MMHHTa U BiskMana.

w(i]=0,54—0,46- E{}S( 2; : ) — okHO X3MMHHIA;

w[i]=042-0,5 -{:0-5( %)—FU,US -{:0-3(%) — okHOo B.3kvaHa.

[TpennodTHTIENbHEEe HCIONB30BATE PUIBTP (0KHO) BI3kMaHa,

NOTOMY 9TO MeUIeHHBIH cnan ero AYX mnpencrasndeTca MeHee
cephe3HBIM HelOCTAaTKOM, 4YeM ciaboe 3aryxanue (Kak IIpH

HCIIONBI0EAHMH OKHA XBM]'UI]-[[-I['E.) B OHAIIA30HE IT0TaBIIACMBIX

(G UIBTPOM YACTOT.




OKoOHHBIE (PHIBTPHI

HmeroTca W OpyrHe OKOHHBIE (VYHKIN, HAOPHMeEp, TPEYTONbHAA OKOHHAA (QYHKIIHA

2mi X
EHHHHTA U OpPYTHE,

Bapnerra, ¢yHKIIA npHnogHATOTO KocuHyca w/|i|=0,5—0,5-cos

i
i
Ll

HO BCC OHH YCTYIIAKOT OFKHaM ASMMHHTAa H birskMana mo JATYXAHHED.

JnA pacueTa OKOHHOTO (DHIBTpa HYKHO MPEOBAPHIEIBHO 3a0aTh OBA [TapaMeTpa — YacTOTy
cpesa fo u mopanok dwunerpa M. UacToTa cpe3za MoKeT OBITh 33a7]aHA OTHOUICHHEM K YaCTOTE

OUCKpEeTH3alHL, B 3TOM ClIy4ae OHa BeIOHpaeTca B auanasoHe 0...0.5. Bemmuunay M ceaseiBaeT c
KpyTH3HOIT dopmyna: M =4/B, roe B — mmpuHa nepexomHoi 30HBI QHIETPa, KOTOpas
OTIpeIe/AcTCA KaK OHANAa3oH, pPasaeliAomuit obnacte ¢ ormmskuM K 1 kosdduimeHTOM Nmepenadn
m obmacte ¢ OmmskmMm k (O (rpaHmisl obmacTeil coOTBETCTBYHOT ypoBHAM 99% u 1% ot
MaKcHManbHOTo KosdduimeHTa ycuneHHA) DBepxHAA TpaHWYHAA YaCTOTA OMPENEIACTCA IIO
ypoeHio 0.5 ammnuryas! (a He 0,707 Kak 014 AaHATOTOBBIX (HMIIETPOE). YTO OAET BO3MOMKHOCTH
IpUM eHeHHA MeToaa nHBepenn AUX mpH pacueTe OKOHHBIX QIIETPOE. BecoBble K03 HITHEHTHI
KITX-bunerpa CcOBMANAOT ¢ OTCUETAMH €70 HMITYIBCHOM XapakTepHCTHEH (IEpEBBII OTCUeT

HMIIVIIBCHOH XapaKTepHCTHKH PAa3MENIaeTcA B HYIIEBOH Auetike ).

OxonHBle GHIBTPE MO3ZEOIAIT OOCTHTATH HEBEPOATHOH TOUHOCTH B YACTOTHOIH obmactn,
HO mimA obpaboTkn wHbOpPMAIMK EBO BpeMeHHOH o0mactm oM HempuromHbl. CepbesHBIH
HEIOCTATOK OKOHHBIX (DHIBTPOE CEBA3AH C BHICOKOH BBIYHCIHTENBHON CIOMKHOCTBIO HX
peanusalHi, T. K. B HX OCHOBE NEHKHT TPYIOEMKad ONEpalHid CBEPTKH. JHAYHTEIbHO COKPaTHTb
BEIYUHCITHTENBHEIE 3aTPAaThl TO3BOIAET HCIIOIB30BAHIE ANTOPHTMA OBIC TPOH CBEPTKH.

ANBTepHATHBY OKOHHBIM (MHITBTPaM MPEOCTABIAIOT PEKYPCHEHBIE DHIETPBL



PerypcuBHbie QHIALTPBI (bBUX-DHIBTPHI)

PexkypcHBHBIe QHILTPLI, B OTIHYHE OT HEPEKYPCHBHBIX, HE HCIONB3YVHOT OIEpallHio
CBEPTKH BPEMEHHBIX I[IOCIENOBATEIBHOCTEH, TPeOVIOIIVI0 3HAYHMTENBHBIX BEIYHCIHTENEHBIX
3arpar. [lo3ToMy HX IPHMEHEHHE MNOBBIMIAET BBIYHCIHTENBHYH 3(Q@eKTHBHOCTh alITrOPHTMOB
QWILTpallMH, HO IPH 3TOM MOTYT BO3HHKATh 3HAYHTENBHBIE OIPaHHYEHHA [0 PealbHO
DOCTIDKHMOM TOYHOCTH BOCIIPOH3BENSHNA JKellaeMbIX YaCcTOTHBIX XapaKTepHCTHK. PeKypcHBHEIE
(QIIBTPEI OTHOCATCH K KIIACCY Lenel ¢ OeCKOHeYHOH HMIVILCHOH XapakTepHc THROH (BHX).

Pa3HOCTHOE YpaBHEHHE PEKYPCHEHOTO QUIETpa HMeeT B!
v(n|=—a,v[n—1]-ayv[n-2]—..+byx[n]+b,-x[n—1]+byx[n-2]+..,
rme x|] — exomsoiicurran, y|| — BeIXomHOIl cHrHam, a4, M b, — BecoBble KO3()UIHEHTEL

[TopAnoK PeKypCHBHBIX (IWIBTPOB, KAK MPABHIO, HE MPEBbINAsT 12, 49TO CEA3AHO C
npodneMoi YCTOHMYHBOCTH (HA BBIXONE (IUIBTPAa MOXkET BOZHHKHYTH HEKOHTPOIHPYEMBIH poCT
CHIHala WIH CBOGOIHEBIE KoleOaHus ).

[MaBHOE MOpPEeHMYIIECTBO PEKYPCHBHBIX (HIBTPOB 3aKIK9aeTcd B TOM, 4YTO MpPH HX
peanm3alil ymaercd H30ekaTh HCIONB30BAHHA OIEpaIH CBepTKH, Tpelyiomeil GombIIOTO
KOMH9ecTBa apHdMeTHUeCKHX OMepaliii. B3aMOCBA3h MeKIY HMIVIBCHOH XapaKTepHCTHKOM
(bHIIBTpa H eT0 BeCOBEIMH KO3 QHITHEHTAMH OIpefendeTca IpH MOMOIIH Z-peoGpa3oBaHHA.




PexypcuBHbie QHABLTPEI (BUX-PHIALTPEHI)

Becopsle wosdduimieHTEI a; ® b, MOTYT OBITE EBIpaMKEHBI Yepe3 CAEOVIONIHE TPH
mapaMeTpal 1) mocTOAHHYED BPEMEHH T ;
2) gacToTy cpesa fc :
3) OTHOCHTENBHOE 3aTYXaHHE X=¢€

lir

UToOBI MONMYYNTE YACTOTHYID XapakTEpHCTHKY PEKYPCHEBHOTO (DHIBTPa, CHAYATA HAXOOAT
€T0 HMITVIIBCHVH) XapaKTepHCTHRY KAK PEaKIIHi0 Ha eAHHHYHOE HMITVIIBCHOE BO3OEHCTEHE. 3aTEM
npuMeHAT bIID, uToOBl NepeliTH OT HMITYIIBCHOI XapaKTEPHCTHKH K 4acTOTHOH. TeopeTHueckH
HMIIVIBCHAA XapaKTEpPHCTHKA PEeKYPCHBHOTO OHIBTPa HMeeT OECKOHEUHVIO UIMHY, HO B
pealbHOCTH Yepes HHTepBal, B 15-20 pas npepblllIaoNIHi [IOCTOAHHYIO BPpEMEHH, OHA 3aTyXaecT
HIDKE VpOBHA INYMOB OKpyxkeHHA. Hanpumep, mona 71=6.63 oTcdeTa B HMIOYIBCHOH
XapaKTepHCTHKE 3HAYAIHMH OCTal0TCA TOIbKO oKomo 128 oTcueTos.

OcobeHHOCThP OOHOMOMIOCHBIX PEKYPCHEHBIX  (QUIBTPOE 3aKIIOYAETCA B ClIa0BIX
BO3MOMHOCTAX PA3Oe/IcHIA YACTOTHRIX AHAIMA30HOE, 3TH QHIBTPEI OTIHYHO MPOABIAIOT cebA mpH
0obpaboTKE CHTHAIOE BO BpeMcHHOHN obmactu. HeroToporo yiIyumieHHA  9acTOTHBIX
XapaKTEPUCTHK MOKHO OOCTHYL IIYTEM HCIIOJIB30BAHNA IIOCIEIOBATENBHOTO (KACKATHOTO)
COEIMHEHHA HECKOJIBKMX OTHOIOMIOCHEIX QMUIBTPOB. 3IeCh BOZMOMKHEI IEA CIIOC00a VIVUIIEHHA
YaCcTOTHBIX XapaKTepHCTHK:

1) eurHAT MOXKHO IIPOMYCKATE YePE3 OOHH H TOT e (QHIBTP HECKOIBKO pas (Tak mpole);

2) BOCMONB30BABLUIMCE Z-TPeo0OpazoBaHMEM. MOMXKHO HafTH BecoBble KO3(DGhHIMEHTEH
IMGPOBOr0 PEKYPCHBHOTO QHIBTPA, SKBHBAICHTHOTO [0 CBOHM CBOICTBAM ITOCIIEIOBATEIBHOMY
COENMHEHHI HECKOIBKHX 3BEHBEE.




HNPPOBbLIE ®UJIBTPbI

IlepeaatouHas Q VHKIHA IHCKPeTHOro pHIbTpa

J'{F:]z—ia,,_r(k—;rr:')-kibmx{k—m). Y(z)=-17Y(z) Zﬂ’ 2L 1{;}22} i

=

IlepemaTo Han () VHRIIA PHILTPA HMEET BHA!

H= TE) bbb b e g b
X{:z'] 14 Gezl Ltag 2 fennlolings M

r1e nopAnoK (pueTpa — Gombluee N M B 1aHHOM criyvae 1o gopmyina BIIX-¢pub1pa.

Ecmi 3HaMeHaTeNb papeH emiHILe, To momyaaeMm (gopaymy KIDN-drmeipa (Ge3 ofparHoi
CBST3H).



HADPPOBbLIE ®OUJIBTPbI

ITepegaTosHaA (JYHKITHA PHIETPA HMeeT BHI:

_ F{ E} - IE'0 + blz_l + ng_E +o 4 bNE—N
X{E} 1+ a.lz—l + "I'EE_E 4o+ E_ME_M

H(z) (10)

1€ MopATOK (MUbTpa — Oonbliiee NV HH AL B gaHHOM ciydae 510 (poparyiia BITX-(pHBTpa.

EcmH 3HAaMeHATeT: paBeH eqUHHIle, To momydaeM dopantry KITK-gpumeipa (Ge3 obpaTHOH
CBA3H).

KHX-piisTp (¢ KOHeTHOH HMITYIL CHOH XapaKTepHCTHKOH, HepeKyp CHEHBIH (JHIBETP) — OTHH
H? BHIOB 9IEKIPOHHBLEX (PHIBTPOB, XapaKTepHOH OCOOEHHOCTBI0 KOTOPOTO SABIFIEICH
OTPAHHMEHHOCTE [0 BpeMeHH €ro HMITIBCHOH XapaKTepHCTHKH (¢ KaKOTO-TO MOMEHTA

BpeMeHH OHA CTAHOBHTCA TOMHO PaRHOH HYMO). 3HAMeHATelb MepeJaTotdHo (VHKITHH TaKoTo
(pHIBETPa — HeKasd KOHCTAHTa.

BHX-umeTp (¢ GeCKOHEIHOH HMITVIECHOH XapaKTepHCTHKOH, PeKyPCHBHBIOT (PHIBRTP) —
WIEKTP OHHLIA (PHITBTP, HCIOB3VIOIIHE 0JHH HITH 00Jlee CBOHX BBIXOIOB B KaueCcTBe BX0Ja, TO
ecTk o0pasyer oGPaTHYH CBA3b. (OCHOBHBIM CBOFICTBOM TAaKHX (PHILTPOB ABTAETCA TO, UTO HX
HMITYTIECHAA [TepexXoTHad XapakTepHCTHKA HMeeT §eCKOHEYHYH) JITHHY B0 BpeMeHHOH 00IacTH,
a nepenaTouHad (PYHKLHA HMeeT JpodHO-palHOHATLHEIH BHI. TakHe (PHILTPRI MOTYT ObIB KaK
AHAJIOT OBBIMH, TaK H ITH() OBBIMH.



HNPPOBbLIE ®UJIBTPbI

LlnppoBoK QUILTD HA3KIBACTCH pEeKYPCUBHLIM, ECIIH B €r0 CTPYKTYpe
ecTh X015 OB ojHa oOpatHas cBs3k. OOpaTHEIM CBS3SM COOTBETCTBYIOT HE
paBHEE HYIKO KO3QOuuMenT 4@,, i=1, 2, ..., M, B pa3HOCTHOM ypaBHe-
Huu (10). Ecimu Bce xoadpdummentsr a,= 0, To GUABTP HAKIBAECTCH Hepe-
KYPCUBHBIM.

3Has MMIYIECHYI0 XapaKTEPHCTHKY, MOXHO OLICHHTh YCTOHYHBOCTH
uudposoro Gpunsrpa. Ecin cymma MoayneH 0TC4€TOB HMITYJIBCHOH Xapak-
TEPHCTHKH CTpeMHTCsi K OeckoHeynoctH, To uudpoBoit Gunstp Oyzer He-
yctoituusrM. Ecim 312 cyMMa KoHewHa, To GuisTp ycroiuus. Hanpumep,
JETKO 3aMeTUTh, 4YT0 MMITYJbCHAs XapaKTepHCTHKAa HEpeKypCHBHOIO
dunsTpa KOHEUHa ¥ MO3TOMY 3TOT QHIBTP Beerda ycroHuus. s uudpo-
Boi 0OpaboTku cHrHanos Heo6XoAUMO MCMONB30BaTh YCTOHIHBEIE LHPpO-
BEIE QUIBTPHL.



[IJPL—IBT]] Ha3BEIEACTCA _]’C???GI?T-EHEE'LH, SCJIH IIPH JIHOOBIX KOHeYHBIX HadalbHEIX YCIIOBHAX H
JTHOOOM OI'PaHHYCHHOM BXOIHOM CHIHAMC BEIX OII-HOH CHIHAJI TaK#ke ocTasTcd OT PaHHYCHHEIM.
Heo0xooguMEIM H 1OCTAaTOYHBEIM YCIIOBHEM }’CTﬂﬁT-IHEGCIH Gi)PL—IBTpE_ ABIACSTCA TpEﬁ OBdHHE.

YTOOBI MOIVIIH IIOJIKCOR 0 MepelaTovYHOH XapakTepUCcTHKH H (z) ObUTH MeHbHIE 1.

Hanpumep, mmpu

H(z)=- E_fl .
T (2+0,5)(2-0.4)

buapTp OyIeT yCTOHYHMBEIM, T. K. OH MMeeT nBa noitoca, Z=—0,5 u z=0,4, no Mmoxnymato

MeHBIIHe eIHHHIIEL. OQYeBUIHO, YTO HePeKVPCHBHEIH (QHIBTP Beeraa VCTOHYHE.

HeycTofiuuesiii GuisTp HepaboTocmocol0eH B TOM ciIyyae, KOTIA BXOOHOMH CHIHAT OeHCTBVET
HeOrpaHH4YeHHO NOAT0, T. K. B KOHIZ KOHIIOB, BEIXONHOH CHTHAan NepecTaHeT 3aBHCET:E OT
exonHoro. OnHako oH padoTocnocoleH M MCIONb3VeTed B TeX olydadx, KOoTrla BXOMHOH CHrHa
nefdicTByeT B TedeHHe OIPaHHYeHHOTO HHTepBala BpeMeHH. [IpuMepoM Takoro QuiIbTpa
ABI4eTca HHGPOROH HAKOMHTENE, KOTOPOMY COOTBETCTBYET Pa3HOCTHOS VPaBHEeHHE

y(k)=x(k)+y(k-1).

B TepMuHax z-npeo0pa3zoBaHHa OHO HMeeTBHIO [ (z)=X(z)+ Z'Y (z).

[Nepenarounad byHKIHA MHGPOBOTO HHTET paTopa Y(z) 1

H(z)

X(z) 1-z7
HMeeT MOMKe B Todke z=1, buieTp HevceToiuueeld. OnHako nudpoBol HAKOMHTEIE

padoTocrocodeH H HCIIONB3yeTcA B TeX Ciaydadx, KorJa BXOOHOH CHrHal OeHCTByeT B TedeHHe
OTpaHHYeHHOT O HHTEPEala BpeMeHH, HallpuMep, korga 0 =k =N —1, mocne dero aienyetT cOpoc,

T. €. BOCCTAHABJIIHEAKYTCA HVIICERIC HAYA/IBHEIC VCIIOEHA.



HADPPOBbLIE ®OUJIBTPbI

ITepemaTosHAA ) VHKIIA (PHILIPa HMeeT BHI:

H{z) _ }'[z] - IEI’O g b]_z_l —+ EJEE_E . bnl_z—ﬂ"
_m 1-|—£I-1z—1_|_ﬂ_23—2_|_ "'—|—EI-ME_M

e nopAToK pHkTpa — Sonbliee N W M. B maHHOM ciydae 510 (popinyia BIIN-(purm1pa.
EcmH 3HAMEHATe: paepeH eqHHHIle, To noaydaeMm Qopaniry KIDK-guneipa (Gez odpaTHOI
CBST3H).

Ipumep [To 3ananueiM sxoauoii x(n) = {1,0,1,2,0,0,0, ...}
M seixomHoit y(n) = {0, 1,2,3,0,0,0, ...}
MOCHAETOBATENRHOCTAM 1GIHTH NEPEAATOUHYIO PYHKIHIO (PHILTPA.
N I
i ! Ff o L 1 49272 4327 25 +2243
H(z) Z{y(m; ¥Y(z) _ k=0 22 T8 =l e
=5 & i o M e R T i N
‘?:IL-TI:”}IT X{:l' ‘S‘”‘ _—m 1+ 2 +22 z'+z+2
1+ 2 ay,z

m=]

MMpumep HaiiTi NepeaaToHylo (pYHKLUHIO AnA PEKYPCHBHOTO (pubT-

pa, ONUCHIBACMOIO Pa3sHOCTHEIM YPABHCHHEM y(n) = ay(n— 1) + x(n).

1 2
H(z)= _ =



x (k|
— o> e el e o —;

VARV VARV \/ b

ylk]

FPrc | CmpycmypHas cxema weperypeustoze KHY-dunvmpa

Pue BHX-hrunvmp



HMnyabcHAA H 9ACTOTHASA Xap AKT€PHCTHKH JHCKPeTHOro GHIBTpa

Venoesue _]:C??EGI?‘-EHEGG??EH (I—IEDEKD,[I;HMDE H .[I;DCTHTDT-II-IDE) JARJIK0T4CICcd B TOM, HTO

HMMIYJIBCHAA XapaKTepHCTHKA h(ﬁc) ABIAeTCA a0COMIOTHO CYMMHpPYEMOH, T. .

§|h(ﬁc)|{m.

Ecnu t(ﬁn) OTpaHH4YEeHO [0 BeIH4YHMHe, T. €. |x(k)‘£)f

mx ¢, TO TaK0oc BXOIOHOE

BO3[eHCTBHe [IOPOAROACT GI‘PHI—]}IT—IEHI-IE:IF:I BEIXOIHOH CHTHAM.

B Iﬂ'i;?_],.‘(_"ffi'f}f-:‘u.!l'{s'f?i[ CHCTEMC NpH HEKOTOPBIX OIPAHHYCHHBIX BXOAHBX CHIHamax th?{{],'liiﬂii CHIHan
HCOI'PAHHYCHHO BO3PACTacT.

HeoGxoaumoe yeiaosue  yeroitsusoct  JIJD:  lim A(n) =0.

=i

KHX-bunbTphl Beeria yCTOHYHBDI.

-

[Mpumep Onpepenuts N0 nepenatoyHoi GyHkum Hz)=——o,
T=d

NpH KakKHX 3HAYMEHHAX NapaMeTpa a (PUABTP, ONHCBIBACMOH . PAZHOCTHBIM YPABHCHHEM y(n) = ay(n = 1) + x(n),
ABJIACTCHA YCTOHYHMBBIM.
EnuMHcTReHHAs ocodad ToUKA NepetaTodHOR (PYHKUMH — NOMOC NEPBOTo Nopiika = = a.

Taxum o0bpazoMm, |a| e



CHEJIHI['EI{HH HCTPYRTYPHLIE CXCMEI q]H.I'ILTpﬂB

1. Tocaenosareasnoe coeauHeHne QUILTPOR

Xz)

- — ]

x(n)

2. [MapanneapHoe coeinHcHue GUIBTPOB

A(z)
x(n)

3. Cocaunenne ¢ oDpaTHoil CBAILIO

X(2)

i (z)
hy(n)

Viz)
vin)

I f(z)
hy (n)

Hy(z)
ha (m)

.x{nid

Lz
uin)

H;(2)
ha(n)

H(z) L—

hz(n)

Hy(z)
ha (n)

¥{z)

e

yin)

Y(z)
yin)

e

¥{z)
y(n)

H(z) = HA2)W(z) = Hal2)H (2)X(2),

Otcioaa nepeaarounas QyHKIMA:

H(z) = Hy2)H\(2).

Y(z) = H\(z)X(z) + H:(z)X(z).

Otcroaa nepegarounad QyHKIMA:

H(z) = H\(z) + Ha(=)

(z) = Hi(z)(A(z) + Ul(z)) =

= Hi(2)(X(2)+HxA2) Y(2)).

Otciona

H(z)

H(z})=

1=H(2)H,(z)



ITpernvyine cTEaMI AP POBLIX (PHILTPOB Mepe] aHATOT OBBIMH ABTLIHOTCA:

* BpICOKAA TOUHOCTE (TOYHOCTE AHANOIOBBIX (PINLTPOR OIpaHHMeHa JOITYCKAMH Ha
SIEMEHTRI).

* CTafHMEHOCTE (B OTMHMHE 0T AHATOTOBOTO (HILTPa MepeqaTotHad (PYHKITHA He 2aBHCHT
0T Aper{a XapaKTePHCTHE 31eMeHTOR ).
* THOKOCTE HACTPOHKH, TETKOCTE H3MeHEeHHA.

+ KOMITAKTHOCTE — AHATOTOBBIH (PIVLTP Ha O4YeHh HH3KYVH YacToTy (JOMH Teplia,
Harpinep) rmoTpedopan  Obl  4pe3BBMAFHO  ITPOMO3IKHX  KOHIEHCATOPOB  HIH
HHIVKTHBHOCTEL.

HegocTATRAMH ITHPPORBIX PHILTPOR IT0 CPABHEHHK ¢ AHATIOTOBBIMH ABITOTCA:

* TPyIHOCTE PadoThl ¢ BBICOKOUACTOTHRIMH CHIHATaMH. Ilommoca YacTOT oIpaHHYMeHa
yacTtoToH HalKBHCTA, paBHOH MMOJIOBHHE YacTOThI JHCKpPeTH3alHH cHrHaga. ITostomy
I BBICOKOUACTOTHRIX CHIHATOB MPHMEHAHT aHAIOTOBBIE (MIMLTPBL, JTHOO, €cTH Ha
BBEICOKIX YACTOTAX HeT II0JIe3HOI0 CHIHATA, CHAIATA I[I0JABILROT BBICOKOUACTOTHBIE
COCTABJLAIOIIHE C IIOMOIIBK AHATOTOBOTO (PHIBETPa, 3aTeM o0palaTbBakdT CHIHAT
LIHPPORBEIM (PUTETPOM

* TPYIHOCTE PAdOTRI B PeaTbHOM BpeMeHH — BBIHCIeHHA JOLEHEI ObITEH 34BepIIeHbI B
TeueHHe ITepHoaa JHCKD eTH32 aLHH.

« TImA GOMBUIOH TOUHOCTH H BEICOKOH CKOPOCTH 00padoTKH CHTHATIOB TpedyeTca He TONBKD
MOITHEI TIpolleccop, HO H JONOTHHTENRHOE, BO3MOKHO JOpOorocTodilee, armIapaTHOe
o0ecIIetdeHHe B BHIE BLICOKOTOUHBLX H ObICTPBIX ITATL 1 ATTIL



BU/bI HUDOPOBbLIX ®HUJIBTPOB

Pa3mrial0T JBa BHIA PEATIBAIH LH(pPOBOTO (GINEIPA: AMMIAPATHRET H MpOrpaMMHBIL
ArmapaTHbIe ITH(POBLIE (PHMLIPRI PEATHIVIOTCA Ha ‘WIeMeHT AX HHTerp AMbHBLX cXeM, TOIIa Kak
NpOTpaMMHBIE PEAH3VIOTCA ¢ TOMOINBKY TPOTPAMM, BBOIOMHAEMBLX IIPOIPAMMHPYeMOH
HHTeTparbHOH JTOTHMeCKOH cxXeMOIT, [P OLec CopoM HITH MUK OKOHTpOoITepod IIpeHnyIecTs oM
MpOTPAMMHBLY Iepel] aImIapaTHRIM ARMTAeTCA JETKOCTh BOIUIOMIEHHT, a TaKKe HACTPOHKH H
H3MeHeHHI, a Takke To, UT0 B CefecTOMMOCTh TAKOTO (HIBTPa BXOJHT TOMBKO TPV
nporpaMMHcTa. HeTocTaToK — HH3KaA CKOPOCTD, 3aBHCAINAA 0T OBICTPO/eHCTBHA P OLIEC COPa,
A TAKGKE TPYIHAA PeanHzyeMocTh HH(PPOBLI (JHIBETPOE BBICOKOT O IOPAIKA.

[THpporbIe PIILETPEI HA CETOIHALHHI JeH: TPHMEeHA0TCA MPAKTHIecKH B e31e, [ae Tpedyerca
00pa00TKa CHIHATOB, B YacTHOCTH B CIIEKTpaIBHOM aHaIHze, 00paloIke H300pakeHHI,
odpaboTke BHI€0, 0GpadoTKe pevH H 3BYVKAa H MHOTHX JPYTHX MPHI0KEeHHAL



[TupoBele PHILETPEI HCIONLE3VIOT B CHCTEMAX VIPABIEHHA Pa3THIHBIMH
00BLEKTAMH H TIpOLIecCaMH, TJe ATMTOPHIMBEI 0OpadoTKH MOTVT OBITE HACTONBKO
CTIOAHBIMH, UT0 AHATIOTOBBIMH VCTPOHCTBAMH PeaH30B aHbl ObITb He MOIYT. [pyrad
BaAkHasd o0NMacTh IPHMEHeHHA LH(POBBIX (PHILTPOB — 3T0 00padoTKa HH3KO- H
HH(PAHH3KOUACTOTHRIY CHIHATIOB, KOTJA HCIIONB30BAHHE aHAJIOTOBBIX VCTPOHCTB
3ATPYIHEHO H3-3a OOJBIIHX [a0apHTHBIX Pa3sMEPOB KaTVIIEK HHIVKTHBHOCTEH H
KOHJeHCaTopoB. OOMacTH IPHMEHEHHA LH(POBBEX (HIBTPOR GyIVT HEINPEPLIBHO
PACHIPAIBCA B CBASH ¢ IIOABRTIEHHEM H HIHPOKHM  Pacrpoc TpaHeHHEeM
MHEPOIPOLIECCOPOB, CIeHAMHpoBaHHR, BIIC H T, VyMeHBINEHHeM HX

CTOHMOCTH H ITOBBIIITEHHEM ﬁLICTlJL"b,I[EﬁCTEI[H.

Ha :xemesHOZOPOAHOM TPaHCHOpTe LH(POREIE MeTOIbI 00padoTKH CHIHAMIOR,
H B YaCTHOCTH LH(PORBIe (PHIBLTPLI, CMOTYT HAHTH MpHMeHEeHHE B ITepCHeKTHBHBIX
CHCTEMAX CBA3H, HAOPHMEP B VCIPOACTRAX COMPSKEHHI CHCTEM MepeladH

TaCTOTHBRIM H BPEMEHHBIM PasTelcHHAMII EaHAIOB 'I:TIJ' AHCMYIIbTHITTICRC O] ax), BO

BHOBB PazpadaThIRaeMbIX VCTPOHCTRAX sKelle3HOT 0P O:KHOH ABTOMATHKH.



HUPPOBASA OUJIBTPALIUA

l

AHanNoroBwIA

$HY = ALM

(antialiasing)

H(f)

f | Unhposoi
®HY

y(n)

T

LLAI

ma

AHANOroBLIA
@HY (anti-

imaging)
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