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HNPUHATBIE COKPALLIEHUSA

AA — aanTUBHBINA aITOPUTM

AAP — aganTuBHas aHTECHHAs pelIeTKa

AK® — aprokoppensuonHast GyHKINs

A® — aganTuBHbIH QUIBTP

AYX — aMIIUTYJHO-4aCTOTHAS XapaKTEPUCTHKA
AIIIT — ananoroBo-1ndpoBoit mpeodpazoBarenb
BBII — 6sicTpoe BeiiBneT-mpeoOpa3oBaHue

BI'ILI — Genblii TayCCOBCKHIA LIyM

BUX — GeckoHEeUHas MMITYJIbCHAS XapaKTEPUCTHKA
BII® — 6picTpoe mpeobpazoBanue Oypre

BK — Becosble k03 pumreHTsI

JBII — nuckperHoe BeWBIET-IPpeoOpa3oBaHue

JH — nuarpaMMa HanpasIe€HHOCTH

HI® — muckpernoe npeobdbpazopanne Dypobe

NX — umnynbcHas XxapaKTepUCTUKa

KUX — koHeuHasi UMITYJIbCHASI XapaKTEPUCTHKA
KMA — xpaTHOMacIuTaOHBIN aHAIN3

JIIIIT — nuneitHas (1enb) ¢ HOCTOSIHHBIMU ITapamMeTpaMu
JINC — nuHeliHas MHBapUaHTHAS K CABUTY (1IETIb)
JIC — nmuHetinas cranmoHapHast (IIeTIb)

MCH — MexCcUMBOIIbHAS HHTEP(EPEHITHS

HBII — HenpepriBHOE BeiBIET-IpeoOpa3oBaHme
HII® — nenpepsiBHOE peobpazoBanune Oypbe
OJITI® — obpaTHOE nUCKpeTHOE npeobdpa3oanne Dypbe
OI1® — oxonHoe mpeodpazoBanme Dypbe

13 — monoca 3aaepxuBanus GUIbTPa

[13Y — nocTosiHHOE 3aTOMHUHAOILEE YCTPOHCTBO

I1IT — mostoca mpomyckanust puirbTpa



[1® — nosocoBoit GUIBTP

[IX — mepexonHas XxapakTepuCTHUKa

P® — pesxxexkTopHBIA GUIBTP

CKO — cpenaHexBaipaTHIeCKOE OTKIOHEHHE
OBY — GunbTp BEpXHUX YaCTOT

OHY — ¢punbTp HIDKHUX 9acTOT

DOYX — dazovyacToTHAS XapaKTEPUCTHKA

UX — yacToTHast XapaKTEPUCTUKA

HAII — mudpoananorossrii mpeodpasoBaTesb
HOC — uudponas 06paboTka cUTHAIOB

D — mudporoit GpuIbTp

LS (Least Squares) — HauMeHBIIHE KBAAPAThI

LMS (Least Mean Square) — aaropuT™ IO KPUTEPHIO HAMMEHBILIETO
CpeIHero KBajpara

MSE-¢pynakuns (Means Square Error) - ¢byHKITHSA
CPeIHEKBAAPATHIECKON OINOKH

NLMS (Normalized LMS) — nopmanuzoBanublii LMS-anroputm

QR RLS-anroputm — RLS-anroputm Ha ocHoBe QR-pasnoxkenus
MaTpHUIbL

RG — peructp

RLS (Recursive Least SquareS) — pEKYpCHBHEIM aJrOPUTM II0
KPUTEPHUIO HAUMEHBIIINX KBAaJApPaTOB

WLS (Weighted Least Squares) — B3BellleHHBIE, HAWMEHBIINE
KBaJpaThl
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BBEJEHUE

Jlaii, 2cocnoou, scenanus u 60u,
umo0OvL HAYKY MPYOHYIO NOCUYD

CocTosiHME Y TEpPCHEKTHBBI Pa3BUTUA HHPOPMALMOHHBIX
TexHoyiornid B Hadanme XX| Beka XapaKTEepHU3YIOTCS IIHPOKUM
MIPaKTHYECKUM HCIOJIB30BAHUEM TEXHHUKH mHppoBoii 00paboTKH
curHaioB (IIOC) — onmHON M3 caMbIX JWHAMHUYHBIX U OBICTPO
Pa3BHBAMOIIUXCS TEXHOJIOTHH B MHpEe UWHPOKOMMYHHKAIMA U
paguorexHukd. Metoasl U TexHuka [{OC BBI3BIBAIOT TOBBIIICHHBIH
WHTEPEC VYYEHBIX M CICHUAINCTOB, pPadOTAIOMMX B Pa3IMYHBIX
00J1aCTAX, TAKUX KaK CBS3b M CHCTEMBI VIIPABJICHHS, PATUOTCXHUKA U
JNIEKTPOHMKA, AaKyCTUKA H  CEWCMOIIOTHS, paauOBEIIaHWE U
TENEBUICHUE, W3MEPUTENbHAs TEXHHKA W  NPUOOPOCTPOCHHUE.
EskeromHo B MHUpE TPOBOIATCS ACCATKH MEXKIYHAPOIHBIX HAYIHO-
TEXHUYECKINX KOH(PEPEHINA U CEMHUHAPOB, IMOCBSIIEHHBIX PEIICHUIO
aktyanpHbIX Tpobsem 1[OC. M3naroTcsi MHOTOYHCICHHBIE KHUTH H
JKypHAITBI, OCBEIIAIOIINE ITOCICIHUE JOCTIKEHIS B 00JIACTH TEOPUH U
MPaKTUKH 00pabOTKK IU(GPOBBIX CUTHANIOB. [IOCTOSHHO pacTeT Yuciio
NPEINPUATAN, OpPraHU3alil ¥ HAYYHBIX [IEHTPOB, HCIIONB3YIONUX B
cBOMX pa3paboTkax MeToas! u TexHonoruu L{OC.

Bea ucropmst passutus teopum U TexHukd L[OC Hampsamyro
CBs3aHA C JOCTIDKCHUSIMHU B 00JACTH IUCKPETHOH CXEMOTCXHUKU H
KOMITBIOTEPHBIX ~ TEXHOJNOTWHA.  JlUCkpeTw3amuss  HENPEepHIBHON
vH(pOpMAIIMK BO BPEMEHH M KBAaHTOBAHHE II0 YPOBHIO SIBIISTIOTCS
OCHOBOI e¢ 3((HEKTUBHOTO KOJIUPOBAHHMS, TIPeoOPa30BaHUs, TepeIadm
u apxuBauuu. C noseireHueM B 1940-x rogax mepsbix DBM crano
peasbHBIM BO3HHUKHOBEHHE HOBOTO (DYHIAMEHTAIBHOTO HAYYHOTO
HATPAaBJICHUS BBIYHCIUTEILHON MATEMAaTUKW, OJHHM W3 pa3JelioB
KOTOPOTO MOXXHO CYHTATh MAIIUHHBIE alTOPUTMBI  [U(GPOBOI
0o0paboTkn  maHHbIX. OAHAKO OTPAaHWYCHHBIC BBIUYUCIHUTENBHEIC
pPECYPCHl UCTONB3yeMbIX B Te Toapl OBM He MO3BOSUIM MPOBOIUTH
00paboTKy JaHHBIX B pEAIbHOM BPEMEHH.

[lomoxxeHne cTamo paguKaIbHO MEHATHCS C IMOSIBICHHEM B
1960-x  romax  kmacca Maimeix  OBM,  opHeHTHpOBaHHBIX
MPEHMYIIECTBEHHO Ha pEIICHHE 3a7ad YIpaBJeHUs u 00paboTKH
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JAaHHBIX B peaqbHOM BpeMeHH. C 3Toro MoMeHTa (OopMUpPYETCS KPYT
npobieM u 3amau Teopuu L[OC kak camMOCTOSTEIBHOTO HAy4YHOTO
HaNpaBJICHHUS, KOTOPOMY B  JalbHEHWIIEM  MPEICTOUT  CBOM
MHOTO3TAIHBIN IyTh CTAHOBIICHUS U Pa3BUTHSL.

Iepssiit kpynHbii Bkiax B Teopuro LJOC BHecnu amepuKaHCKUE
yaenbie b. Tomm u Y. Pofimep. Mx wmoHorpadust crama mnepBoi
HacTONbHON KHUTOH crnenuanuctoB mo I1OC. ®dyHpameHTanbHON
paboTOl, OABOAIICH UTOTH HAYaIbHOTO cTaHOBIeHUs Teopuu [1OC
KaKk HOBOTO HAyYHOTO HampaBJcHHs, sBisieTcss kaura JI. Pabunepa,
Bb. T'oynpa. Ilpaktudecku 0AHOBPEMEHHO MOSIBISETCS OJHO U3 MEPBBIX
yaeOHbIx mocobmit mo I[OC aBropoB A. Ommenreiima u P. [ladepa.
3ameTHbpld BkJIang B pasButue Teopun L[[OC BHecnum Takxke H
OTEYECTBEHHBIC yUCHBIC.

Juctmmmmaa  «OCHOBEI  ITMPPOBOM  00pabOTKH  CHUTHAIOB)
SBIISIETCSI 0A30BOM JIT W3YyYEHUS CBI3UCTAMH W PaJHOTEXHUKAMH.
31eck paccMaTpPHBAIOTCS CHEKTpajbHas TCOPHUS MEPUOAMYECKUX U
HETICPUOINICCKIX CHTHAJIOB, JIMHEHHAS TEOpHUsS IIETed ITHUCKPETHOTO
BpPEMEHH, CIIOCOOBI TOCTPOSHHMSA IM(POBHIX IIeTel, YacTOTHBIE H
BPEMCHHBIC XapaKTCPUCTHKH Oa30BBIX 3BCHBHEB IIEPBOIO M BTOPOTO
MOPSIKOB, W3y4daroTcs S(PQGEKTH KBAHTOBAHUS W TEPETIONHECHUS B
IUGPOBBIX CHTHAJIAX M LEMSIX. BoNbIIylo 4YacTe 3TOro Marepuaia
MOKHO HaWTH B HM3BECTHBIX KHuUTax 3. AWduuepa, b. [xkepsuca,
C. Murtpsr u M. Xaifeca.

[Tocobue cocrout u3 aBeHamnaTd pasaenoB. OHO o0000IIaeT
MHOTOJIETHUH OIBIT aBTOPOB M UX KOJUIET MO MPENOJaBaHUIO JaHHOTO
Marepuajia  CTyJIeHTaM pPaJUWHO-CBSA3HBIX  CIEHHAIBHOCTEH U
HaMpaBJICHUN (bu3nIECKOro ¢bakynpTeTa SIpocnaBckoro
rocynapctseHHoro yHupepcutera um. II. I'. Jlemmmoa. Marepuan
MOXXKET OBITh WCHIONB30BAH TIPH PEHICHWH 3a7ad KypCOBOTO U
OUIUVIOMHOTO  IPOCKTHUPOBAHMS, a TakXke [  BBIIOJHEHUS
CTYJICHUECKUX HayUHBIX paboT.

Conmepkanne  y4eOHOTO  1MOCOOMS  pAaCHpenesieH0  MEXAy
COAaBTOpaMHU  CICAYIONIMM  oOpa3oM: BBEJICHHE HaIHICaHO
A. JI. ITpuoposeiM, paznenst 1-5 — 0. A. BproxanoBsiM, pazaens 6—11
— A.JI. IlpuopoBeiM u B.B. XpsmeBsIM IOpU akTHBHOM Y4acTHUU
B. B. Bonoxoga, pazaen 12 — B. . [Ixuranom.
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Bripaxkaem Ti1y00Kyr0 OarogapHOCTh WIEHY-KOPPECTIOHAEHTY
PAH 10. Bb. 3ybapesy, npogeccopam B. I1. IBopkoBu4y,
A. B. JIBopkoBuuy, B. B. Butszeny, A. A. IletpoBckomy,
b. A. Annarotosy, 10. C. bextuny, B. I'. Kapramesy,
B.T. EBcrurneeBy, M. A. lllep6akoBy, A. K. bepHIOKOBY, KaHIHUIATy
TexHU4YeckuXx Hayk A. M. JlaBpeHTbeBYy, KOTOpbIE  OKa3ajiu
3HAUYNTENFHOE BIUSHWE Ha (QOPMHPOBaHWE B3IJIOB aBTOPOB B
JTAHHOM Hay4HOM HAIIPaBICHUHU. DTH B3MIIAABI (DOPMHUPOBAIHCH TAKKE
B COBMECTHOM paboTe ¢ HAIMMM KOJUIETaMH C Kadeapbl TUHAMHKH
JIeKTpOHHBIX cucteM Spl'Y, cpenmt KOTOpBIX OCOOEHHO XO4YeTCs
ormetuth A. H. Tapakanora, W. B. AmanekoBa, H. C. Mouasoga,
M. A. Jly6oBa, A. W. Tomaukora, C. A. HoBocenosa, E. B. Cepreega.
Bcem wuM aBTOpBl OYeHb TpHU3HATENFHBI M 32 COBMECTHYIO
HCCIIeIOBATENBCKYIO paboTy, M 3a IOMOIIs B 00ECIIEYeHNH Y4eOHOTO
mpoiiecca.

OtnensHBle croBa OmaromapHoctd npodeccopy M. K. Hobany u
CTapiieMy  IpernojaBaTeNio, KaHAuAaTy  TEXHHYECKHMX  Hayk
B. A. BoioxoBy 3a npeloCTaBJI€HHbIE MaTEPHaIIbl, a TAKXKE BEAYLIEMY
anektporuky 1O. A. JlykameBuuy wu crymeHtam Kadeapsl J1DC
A.HockoBy, B. AxtunoBy u K. TymaHOBY 3a aKkTUBHOE ydacTue B
CO3JJaHUM OpPUTHHAJI-MaKeTa oCOOHs.
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1. MATEMATUYECKHWH ATIITAPAT

Teopus nUQPOBBIX CHUTHAIOB M JIMHEHHBIX CHCTEM CBs3aHa C
ormMcaHneM W 00pabOTKOW BpEeMEHHBIX MocCieoBaTeNbHOCTEH. B
HACTOSIIIEM pasjiesie W OOJNbIIeH 4YacTW KHWTH OyAeM CYHTaTh, YTO
KBaHTOBaHHE  JJIEMEHTOB  IIOCICHOBATENBHOCTH MO  YPOBHIO
OTCYTCTBYEeT. JTO NPEAINOJIOKEHHE O OECKOHEYHO MajioM Imare
KBaHTOBaHMs, OTHOCAIIEeCs Kak K OTcYeTaM CHrHajla, Tak U K
ko3 purenTam TMHEHHBIX 1enel (cucTeM), OyIeT UCTIOIb30BaHOo TPU
W3ydeHHH OOIIell Teopur AWUCKPEeTHBHIX (110 BpEeMEHH, HO He TI0
ypoBHIO) curHajgoB u muenei. Ilocme 3toro OyayT paccMOTpeHBI
pasnuuHble 3QQEKThl, BO3HUKAIOIIE B HU(POBBIX CUTHANAX U LEISX C
OTIpEIeNICHHOM TOYHOCTHIO KBAaHTOBAaHUS IO YPOBHIO M3-32 KOHEYHOM
JUTMHBI MAIlITHHOTO CJIOBA.

1.1. ITociexoBaTeILHOCTH

LludpoBble MOCIEAOBATENBHOCTH ONPEACIAIOTCS JIMIIL VIS
OUCKPETHBIX 3HA4YeHWI HEe3aBHCHMOW IepeMeHHOH (BpeMeHn).
OObIYHO BpeMsi KBaHTYeTCsI paBHOMEpHO, T. €. t=KT, rae T — uHTepBan
MEXIy ~ OoTcueTamHu.  MaTeMaTWdecKu  LUQPOBBIE  CHUTHAJBI
NPEACTAaBIISIOTCS B BUAE HENPEPHIBHON IOCIEAOBATEILHOCTH YHCEI.
Jns ommcaHMA TOCIENOBATENIBHOCTEH MOXET OBITh HCIIOIB30BAHO
OJIHO U3 CIEYIOIUX 0003HAUCHHI:

{x(n)}, N1<n<Ngy, (1.1a)
{x(nT)}, N1=n<Njy, (1.16)
x(n), Ny<n<N,, (1.18)
x(nT), N;<n<Ns. (1.1r)

O6o3nauenns (1.1a) u (1.1B) MOTYyT TpPUMEHATBCS W TIpU
HEPaBHOMEPHOM PaCIOJIOKEHUH OTCYeToB, Toraa kak (1.16) u (1.11)
SBHO TIPEIIIONaraloT UX paBHOMEpHOe pa3melieHue. Ecimu oTcueTs
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pachojoKeHbl  PaBHOMEPHO, TO  TaKas
HA3bIBACTCS PEIICTYATON (DYHKITUCH.

[NocnenoBatebHOCTh MOXET OBITh IIOJlyYeHa HECKOJIBKHMHU
cnocobamu. [Iporie Bcero B3sATh HAOOp YHCEN M PACHOIOXKHUTH UX B
Buje mnocienosarenbHocTH. Hampumep, uwmcma 0,1,2,...,(N-1)
00pa3yrT «IuII000pa3Hyo» nocienaoBarebHoCTh X(N)=n, 0<n<N-1.
Hpyroii  cmoco®d  COCTOMT B  HCHONB30BaHHH  HEKOTOPOTO
peKkyppeHTHOro  cooTHorieHus. Hampumep, X(n)=x(n-1)/2 ¢
HavanbHbIM ycnoBueM X(0)=1 maet mociie10BaTenbHOCTh

IIOCJICa0BATCIIBHOCTD

x(n)=(1/2)", 0<n<oo.

Eme  omue  cmoco0:  B3SATh  PaBHOOTCTOSIIIME — OTCYETHI
HEMPEPBIBHOTO  KOJe0aHWs W W3 WX BEIWYMH  00pa3oBaTh
[IOCJIENOBATENBHOCTS, T. €. HOJI0KUTh X(NT)=X(t)|t=nT, -00<N<00, TIE
T — unTepBan muckperusanuu. Ousnueckn st mowydeHust X(N) aTum

@) B BHJIC OTPE3KOB COOTBETCTBYIOLICH
IUTHHEL; 6) — B BUJIE OTMOAIOIIEH

CrocoOOM  HCIIOJIB3YIOTCS  JAMCKPETH3aTOPhI, a I MOJydYeHUS
U (POBBIX MOCIIEI0BATEILHOCTEH - aHAJIOTOBO-1IU(POBEIE
npeobpazoBatenu (ALIIT).
n IlepBeie nBa cmocoOa
MOJIYYCHUS  TTOCIICIOBATEIb-
HOCTEH HE CBS3aHBI CO
BPEMEHEM, TOT/Ia KaK TPETHU
] ] l ‘ CYIIECTBEHHO oT HETo
| ¢ i ] »  3ABHCHT. OTcroga BUIHO, YTO
012 N-1 »n n4nd  ONMCaHWs IIOCJENOBA-
a) TEJILHOCTEH MPUTOTHBI B TOM
h(n) WIM MHOM CMBICIE  BCE
o6o3nauenms (1.1).
YacTto MONE3HBIM |
WH(OPMATUBHBIM  SIBIISIETCS
rpagudeckoe  H300pakeHHE
» IocienoBarelnbHOCTe. s
012 N-1 n nonysenns  rpaduueckoro
0) H300paKeHUs (puc.1.1)
Puc. 1.1. [Ipumepst nzo0pakeHust 6
IOCJIEI0BATEIbHOCTCH YACM ~ MCHOMB30BATh  /1Ba
croco0a.
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IMokaxxem »5TO Ha TmpUMepe H300paKEHHs MOCIENOBATEILHOCTH
x(n)=n, 0<n<N-1. Tlpu HCHONB30BaHUHM MEPBOrO crmocoba No-i
3JIEMEHT MOCJIeI0BAaTEILHOCTH n300paXkaercs OTPE3KOM
COOTBETCTBYIOIICH JUIMHBI, TPOBEJICHHBIM OT OCH a0CIIMCC M3 TOYKU
N=ng (puc.l.la). B HeKOTOpBIX ciydasx HET CMbICIA H300pa)KaTh
KaXIyl0 BBIOOPKY, JIOCTaTOYHO TIPOBECTH TOJBKO OTHOAOIIyI0
nocienaoBaTeabHoCcTy (puc.1.16).

1.2. uckperHblii psag @ypbe

Ecin KOMIUIEKCHBII CHEKTP NPOU3BOIBHON MOCIEN0BATEILHOCTI
X(N) MOXeT OBITH BEIPAXKEH (YHKITUCH

X(e¥*)= i x(n) e, (1.2)

TO CYILIECTBYeT M 06PAaTHOE NPeoOpa3oBaHNe, II03BOISIOLIEE BBIPA3UTH
x(n) uepes X(e'),

:in joyajon
x(n) zn_jn X(el*)el"dow. (1.3)

31ech ¥ HWXKE, 3a MCKIIOYCHHEM 0C000 OTOBOPEHHBIX CIIyYacB,
o=nT.

1.3. Z-npeoGpa3oBanue

OnuuM  u3 Haubosiee TMOJIE3HBIX METOMOB  MPEICTaBICHHS
H0CJIEI0BATENLHOCTEH U PabOThl C HUMH SIBJISIETCS Z-TIPe00pa3oBaHue.
Hnst  mocnenoBarensHOCTH  X(N), 3amaHHOW TpH  BCeX N, OHO
OIpeesIsIeTCs CIIEYIOIINM 00pa3oM:

X(z)= i x(n) z™", (1.4)

r7ie Z — KOMIUIEKCHas IiepeMeHHas. SICHO, 4YTO KOMIUIeKCHas (QyHKIUsS
(1.4) onpenenena UG UIA T€X 3HAYCHUH Z, TPH KOTOPBIX CTETIEHHOH
psiI CXOIUTCS.
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1.3.1. ITocneoosamenvnocmu KOHEUHOU ONUHBL

Ecmu x(n) ormwuna ot Hynas Toiapko B mHTepBane Ni<n<N,
(N1<N,), rme N; u N, xomeunsl, To X(Z) CXOOWTCSA B Z-IJIOCKOCTH
BE3JIE, 38 UCKIIIOUYECHUEM, MOKET ObITh, TOUeK Z=0 wim Z=o0.

Ha mocremoBaTebHOCTSIX KOHEYHOW JUTMHBI OCHOBAH BasKHBIM
kimacc mudpoBeix mernedl. Turnmanas mociemoBaTeabHOCTh  {X(N)}
KOHEYHOM JUTHHBI UMEET clieayrommuit Bux (puc. 1.2):

---M 1‘1%)--:
m ll N2

n

Puc. 1.2. TunnyHas nmociaeaoBaTeIbHOCTh KOHEYHOM JTJIMHBI

ITocnenoBaTenbHOCTH OSCKOHEYHOMN JIMHBI COCTABIISIOT OCHOBY
Jpyroro O0JBIIOro Kiacca MU(PPOBHIX IETIei.

1.3.2. @u3uuecku peanuzyemovle noc1e006ameabHOCHU

dusnuecKkn peanu3yemble MocieaoBareNbHOCTH — ecnd X(N)
orminyaercst oT Hyns Tonbko mpu 0<N<n<oo. Ilpu srtom psa X(z)
CXOJUTCS Be3lle BHE Kpyra paamyca R;. Bemmuumna R; 3aBHCHT OT
noJjoxeHus: nonrcoB ¢pyukuuu X(z). Huxke Oyner mokasaHo, 4TO Ipu
R;<1 cootBercTByIOmas cucTeMa SIBIAETCS yCTOWIMBOH. PUIHMUECKH
peanm3yeMble IOCIIeIOBaTeIbHOCTH BeChMa BaKHBI, TaK KaK Ha HX
OCHOBE CTPOUTCS OOJBIIUHCTBO PEATLHBIX CUCTEM.

1.3.3. Hepeanusyemvie nocnedosamenvnocmu

dusnyecku Hepealn3yeMble MOCie0BaTeIbHOCTH — eciu x(N)
HUMeeT HeHylieBble 3HaueHus: B oomactu —o<n<N;<0. IIpu 3ToM psig
X(z) cxomumrcs BO BCceX TOYKax, JCKAIIUX B Kpyre pammyca Ry,
npuuem R; ompexmensercs monoxkeHueM mnoidrocoB  X(z). B
MPAKTHIECKHUX 3a/1auaX Hepealn3yeMble MOCIE0BATEIPHOCTH OOBIYHO
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HE BCTPEYAlOTCS, HO MPH PACCMOTPEHHH HEKOTOPBIX TEOPETUUYECKUX
BOIIPOCOB OHU MOT'YT IIPEJICTaBIATh UHTEPEC.

1.3.4. Z-npeobpazoeanue Hekomopwix nocinedosamenbHocmell

a. [ludpoBoit eAMHUYHBIN UMITYIIHC

x(n)=6(n)=1, n=0; x(n)=0, n=0.

Ha ocuoBanuu (1.4) umeem X(z)=1. Dra QyHKIMS CXOIUTCSI HA
BCEH Z-TUIOCKOCTH, Tak Kak x(N) SBISETCS IMOCIIEI0BATEIBHOCTHIO
KOHEYHOH JJIUHEL.

0. EquHAYHEIA cKadoK

x(n)=1(n)=1, n=0; x(n)=0, n<O.

IMockonbky X(n)=0 Be3zae, kpome N>0, rae x(n)=1, To

X(z)= iz’”z !

1
n=—ow 1_ z

npuuem X(z) cxomurcs npu |Z|>1, Tak Kak UMeeT €IMHCTBEHHBI
momoc Z=1.

B. KoMILIeKCHast 9KCIIOHEHTA

x(n)=0, n<0; x(n)=e'"", n>0.

Brruncnss Z-npeoOpa3oBaHue, MOITyIuM

X(z)=>) ez =" (k) =1 i leejw,

N=—o0 N=—o00

npuueM X(2) cxomutes mpu |z|>1, Tak KaK €AWHCTBEHHBIM MOIIOCOM
X(2) sasnserca z=¢'®.
r. [IpocTas mokasarenbHask IIOCIEI0BATEILHOCTD

x(n)=0, n<0; x(n)=a", n>0.
IMoacrasus X(N) B (1.4), noayuum
o0 o0 1
X(z)=> a"z7"= azt) =———.
( ) n;o n;c( ) 1-&271

3necs X(z) cxomurcst mipu |Z|>a, Tak Kak MMeeT TOJBKO OJUH
HoJTroC Z=a.
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1.4. CooTHOIIEHHME MEKAY Z-TIPe0OpPa30BaAHHEM
U @ypbe-npeodpazoBaHUEM MOCJIEA0BATEIbHOCTH

Z-npeoOpazoBaHue MOCIIEI0BATEIIEHOCTH MOYXKHO pacCMaTpUBaTh
KaKk Ccrmoco0d ee OJHO3HAYHOI'O0 MPEJCTaBICHUS B KOMIUIEKCHOM
z-mockoctu. U3 onpenenenus (1.4) BuaHo, 4To Z-npeoOpasoBaHue,
BBLIYMCIIEHHOE HA eIMHUYHON OKPYKHOCTH, T. €. Ipu Z=¢e'®, naer

o0

X(2)],_yi = X (&)= D x(n)e ",

N=—o0

4TO  CcOBMajaeTr C  mpeoOpasoBanumeM  Dyppe  HCXOAHOM
mocnepoBatenbHOCTH  (cM.  Qopmyny (1.2)). Tlostomy enmHWYIHAs
OKPY>KHOCTb B Z-TIJIOCKOCTH UTPAET CYIIECTBCHHYIO POJIb.

OOBIYHBIM CITIOCOO0M TpaduIecKoro H300paskeHusT HHPOPMAITIH,
coJieprKalleiics B Z-ipeoOpa3oBaHuUM, ABISIETCS 3alaHie 0COOBIX TOUEK
— momocoB W Hyined ¢yskmmum  X(z). Tak, Hampumep,
Z-npeoOpa3oBaHWEe MPOCTONW ITOKA3aTEJIbHOW MOCIEN0BAaTENILHOCTH
MOKET OBITh IPEACTABIEHO CIEAYIOmUM oopazoM (puc. 1.3a).

r
\ b
Fany N »
A\ %4 /N >
a) 0)

Puc. 1.3. NU306paxeHus Z-peoOpa3oBaHus:
@) IPOCTOH MOKa3aTeNbHOMN MOCIeI0BATENLHOCTH;
6) TOCTIEIOBATENBHOCTH C Mapoii KOMIUIEKCHO COMPSKEHHBIX MOJIOCOB
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3nech 1 HUKE KPECTHKOM M300paXKeH MOJIIOC, a KPYKKOM - HYJIb
¢yaxmun X(z). C MOMOLIBIO Takoro W300payKEHUs PaCIOJIOKCHHS
HyJIell W TIOJIIOCOB, a TaKXKEe IMPH HUCIOIB30BAHUU JTOTOJIHUTEIBHOTO
NPEANONIOKEeHNUsT O (QHU3MYECKON peaTm3yeMOCTH CHCTEMBl MOXHO
OJHO3HAYHO (C  TOYHOCTBIO OO  TIOCTOSHHOTO  MHOMKHTENS)
BOCCTaHOBUTH Z-IIpeoOpa3oBaHHe.

Ilpumep. Haiinem Z-npeobpa3oBaHue MOCIEI0BATEILHOCTH

r"sin[(n+21)b]
x(n) = sinb '
0 , h<O.

n=0,

Pewenue. Vlcrionb3ys olpeenenne Z-npeodpazoBaHusl, MOTyUYUM

X(z)=>r"

sinb = sinb

T 2jsinbl1-rz%e® 1-rzle

1

X(2) = )
2) 1—2r(cosb)z’1+r22’2

3neck X(z) cxomutcs mpu |z|>r. PacnonoskeHue Hynell W MOJHOCOB
TakoW (DyHKIMM B Z-TUIOCKOCTH TNOKa3aHO Ha puc. 1.36. Ona mmeer
Mapy KOMIUIGKCHO CONPSKCHHBIX TONIOCOB B Toukax z=re*l’ y
IBOWHON Hysb TipHu 2=0.

Kak yxe ynoMHHanoch, 3Hasi pacroyioKeHHe HyJeH U TOJ0COB
¢byukimu X(z), ee MOKHO BOCCTaHOBUTH. Tak, €ClM HM3BECTHO, YTO
¢yuxrms X(z) umeer N momrocoB B ToYKax Z=pPi, Pz, ..., PN
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U M Hyneii B TOYKax Z2=21, Z3, ... , Zy, TO OHA MOXKET OBITH BBINIKCAaHA
B BHUJI€ OTHOLUEHUS IPOU3BEACHUN

[Ta-z2%

— i=1
X(2)= AL ~ (1.5)
[Ta-pz"
i=1
rac A — HpOI/I?;BO.]'H)Haf{ IIOCTOJAHHAAA. HepeMHO)KI/IB COMHOXUTCIIN,

HOJIy4HuM, 4TO Haubomee obOmieil dopmoit X(z) sBasercs apoOHO-
pamuoHaNbHasT QYHKITHS OT 7l e

M .
Daz!

X(z) =—=4%—. (1.6)

1+> bz
i=1

[TomyyeHHOE BBIPAKCHHE YACTO MCIOJB3YETCS TIPU CHHTE3¢
Heneun.

1.5. O6paTHoe Z-nipeodpa3oBaHue

Baxxno ymeTh mepeiiTi He TOIBKO OT IMOCIEIOBATEIFHOCTH K €€
Z-npeo0Opa3oBaHHI0, HO M OOpaTHO OT Z-mpeoOpa3oBaHUs K
mocnepoBatenbHocTH.  Croco0 o0paTHOTO Tepexoia Ha3bhIBAeTCs
oOpaTHBIM  Z-TIpeoOpa3oBaHUEM M (POPMAJIBHO  OIpeaessaeTCs
COOTHOIIICHAEM

X(n) = Z_qus X (2)2"dz. (17)
)

B mpaBoii yacTi 3TOr0 paBeHCTBA CTOWT KOHTYPHBIH UHTETpal B
Z-TIIOCKOCTH 1O  JIIOOOMY 3aMKHYTOMY KOHTYpPY B  001actu
CXOJMMOCTH, OXBAaTHIBAIONIEMY Hayalo KoopauHar. Hampumep,
KOHTYPOM HHTECTPUPOBaHHS MOXET OBITh OKPYXXHOCTh pajuyca
C1>R;, tne R; — pagmyc cxommmoctu Z-mpeoOpasoBaHus (T. €.
OpEANOIaracTcs, 4YTo  IoclemoBarenbHocts  x(N)  u3Hyeckn
peanmzyema).
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OOparHoe Z-mpeoOpa3oBaHWE MOXHO HANTH HECKOJIBLKUMHU
crocobamu:

1) npssMeiM BeMuCIHEHWEM uHTerpana (1.7) ¢ mcmomp3oBaHEEM
TEOPEMBI O BBIUETAX;

2) paznoxxeHueM X(z) Ha npocThie APOOH;

3) 00BIYHBIM JiesieHreM nciuTeltst X (Z) Ha ero 3HaMeHaTeNb;

4) pa3noXKeHUEeM B CTETICHHOM PSII.

[lepBbIif croco06 OCHOBaH HAa H3BECTHOH TEOpeMe W3 TEOpUH
(GYHKIMI  KOMIUIEKCHOTO  TEPEeMEHHOTO,  YTBEp)KJAloOImeH, dTo
KOHTYpHbIi nHTerpan (1.7) MOXeT ObITh BBIYHCIIEH HETOCPEICTBEHHO
Yyepe3 BHIYETHI

x(n)=> resX(z)z"* (1.8)
Pi

p; srympu Cy

Paccmorpum npumep X(z2)=1/(1-az™'). U3 pasencrsa (1.8) upu
n>0 moxy4anm

Zn—l
x(n) =res ——| ,
l-az
p=a
1. e. x(n)=a", n>0. Ipu N<0 kpaTHBIi NOJIOC Z-NMPeoOPa3OBAHMS
Haxonutcs B Touke Z=0. [Ipsimoe BbuucieHre BbiueTa B noiroce =0
naet X(n)=0 npu n<0.
IIpn wucmonp30BaHMU BTOPOTO crmocoba  Z-mpeodpa3oBaHUE
3alUCHIBAIOT B BUE Ipodu (1.5) v mpeacTaBIsSoT CyMMOKR

X NG
(Z)_; 1- piz_l .

-1
C yuerom TOrO, uTO Kaxkmoe cimaraemoe «i/(1—p;z”~) wumeer
obpaTHOE Z-peodpa3oBaHue BUAA ;P ", TOIYYUM

N
o,p! , n=0,

x(n)= ,Z:;
0 , h<O.
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Crocobsr 3 u 4 paccMmarpuBaTh He OymeM. C HUMH MOXHO
MTO3HAKOMHUTHCS B TIOCOOUSX TIO Z-TIPe00pa30BaHHIO.

1.6. CBoiicTBa Z-npeodpa3oBaHus

Z-nipeoOpazoBaHWe BeCchbMa IIOJIG3HO TMPH  HCCIEAOBAHHUH
OUQPOBBIX CHTHAJIOB W JHHEHHBIX 1ieneil. YToOBl MONHOCTBIO
WCTIONIB30BaTh €ro BO3MOXKHOCTH, HEOOXOAWMO 3HaThb OCHOBHBIE
CBOHCTBa Z-TipeoOpa3oBaHMs, CBSI3aHHBIE C JIMHEWHOCTHIO, 33aJePIKKOI
MOCIIENOBATENILHOCTEH, CBEPTKOM, MEPEMHOKEHUEM I10CJIEJ0BATENb-
HOCTEH, 3aIep>KKOH (GU3NIECKH PEeaIU3yEMbIX I10CIEA0BATEILHOCTEH.

1.6.1. Jluneitnocmo

Z-mipeoOpaszoBanne JTHHEHHO. DTO 0O3Ha4aeT, 4ro ecau Xy(Z) u
X,(2) sBastoTcst Z-TipeoOpa3oBaHUIMH MOCIEI0BaTENbHOCTEN Xx1(N) U
x»(n), To mpu MOOBIX IEHCTBUTENBHBIX @ M D Z-mpeoOpasoBaHue
nocienoBatTenbHocTh axy(N)+bx,(N) paBuo aX1(z)+bX,(z).

1.6.2. 3aoepicka

Ecnu nmocnenoBarensHoOCcTh X (N) uMeeT Z-nipeodpaszosanue X(z),
TO Z-mpeoOpa3oBaHue MOCaen0BaTebHOCTH X(N-Ng) mpu JHOOBIX N

n .
paBHo Z ° X (Z). D10 CBOICTBO Z-TIpeoOpa30BaHusi OCOOCHHO IIOJIE3HO

IpH TEPEXo]ie OT MPEACTABICHUS ITHHEHHON CHCTEMBI Pa3HOCTHBIM
ypaBHEHHEM K IPEACTaBICHHIO ee Z-Tpeodpa3oBaHNeM H HAa000POT.

1.6.3. Céepmka nocnedosamenvHocmeil

Ecmu x(n) u y(N) cBsA3aHbI 3aBHCMOCTBIO

y(n)= mZ‘wx(m)h(n—m) = mi::ooh(m)x(n—m),

TO

Y(2)=X(z)H(z), (1.9)
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rne  X(2), H(z) wu Y(2) sBIjfIOTCA  COOTBETCTBEHHO
Z-npeoOpazoBanusiMu  mocneoBatenbuocteir x(n), h(n) wm y(n).
Takum 00pa3oMm, omepanusi CBEPTKH IOCIEIOBATEIFHOCTEH MPUBOIHUT
K TIEPEMHOXKEHHUIO UX Z-IPeoOpa3oBaHuil.

Herpyano 3ameruth, uro FH(Z) MOXHO BBIPA3UTh U3
cootHomenus (1.9) B Buze

H(2)=Y(2)/X(z). (1.10)

PaBencTBo (1.9) BakHO Kak MPaKTHUECKOE CPEJICTBO, MO3BOJIIOMICE
0e3 BBIYHCICHUS CBEPTKH HAWTH BBIXOIHYIO ITOCIEIOBATEIEHOCTD
CHUCTEMBI TI0O €€ HUMIyJIbCHON xapaktepuctuke (MUX) m BxomHOHU
MOCTIEIOBATEIFHOCTH. PaccuuteiBast  otkimk  Y(N) myTeM
MEPEMHOKEHUS ABYX Z-NPeoOpa3oBaHUA W BBIYUCICHUS OOPAaTHOTO
Z-nipeo0Opa3oBaHusl, YacTO yJaeTcsl CBECTH CIOXKHYIO 3afady K Oojee
IIPOCTOM.

1.6.4. Ilepemnoscenue nocinedosamenvrnocmeil

Ecmu  mocnemoBarensHOocTH  x1(N)  u  xp(N)  umeror
z-peobpazoBanus  X;(z) u  Xp(zZ), TO TOCIEIOBATEIBHOCTD
x3(n)=x1(N)x,(n) umeer z-upeobpazoBanue:

X4(2) =2injq’> X, (V) X, (z /v)vidv. (1.11)
C

B o6macte cxomumoctd X3(Z) BXOmAT BCE Z, OIS KOTOPBIX
CMpaBeJJIMBO CICAYIOIIEe YCIOBHE: ©CIIM HEKOTopas Todyka V
IpUHAUIEXKHUT o0nactu cxomumoctd X;(Z), To Z/V mpuHAIIEKHUT
obmactu  cxomumoctd  X»(z). B dopmyne (1.11)  koHTYp
UHTETPUPOBAHUS SBISIETCSI 3aMKHYTOM KpHMBOHM, Jiexallell BHYTpH
nepecedyeHus obnacreit cxoaumoctd Gynxmii X1(V) u X, (z2/v).

CootHomenue (1.11) Ha3piBalOT TeopeMOl O KOMILIEKCHON
CBEpTKE, TaK KaK OHO MPE/ICTABIISET Z-TIPe0dpa3oBaHKe MPOU3BEICHUS
[X1(N)xX2(n)] B BHAe KOMIUICKCHOH CBEPTKHM Z-IpeoOpa3oBaHUi
COOTBETCTBYIOIIMX ~ TIOCNENOBaTenbHOCTeH.  Bocmonk3osasmmch
nozncranoskamu z=e'® u v=e!, BrIpasum npeoGpasosanne Dypbe 0T
MPOU3BE/ICHUS MOCIIEOBATENFHOCTEH uepe3 mpeobpazoBanie Dypbe
OT Kax o u3 Hux. OHO UMeET BUJL
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Xo(e) =5 [ X,(e) X (61 do

W SBIACTCA IIUPOKO H3BECTHOW CBEPTKOW JBYX mpeoOpa3oBaHUi
®yppe. DOTO0 cooTHOmIeHHWE TpedyeTcs TpH MPOSKTHPOBAHHU
IUQPOBBIX PUIBTPOB METOIOM BECOBBIX (DYHKIHHA.

1.6.5. Oonocmoponnee Z-npeodpazosanue. 3adepiicka uuuecku
peanuzyempix nociedosamenbHocmen

HpI/I pemiCHun OOJIBIIMHCTBA MNPpaKTUYCCKUX 3aJayd 00BIYHO
HUMCIOT €TI0 C (bH3PI‘16CKPI peain3yeMbIMU TOCICAOBATCIBHOCTIAMMU,
MO3TOMY IOJIC3BHO BBCCTH «OAHOCTOPOHHEC» Z—npeo6pa3OBaHHe,
OIIPEaACIIAICMOC KaK

X (z)=3Y x(n)z". (L12)

n=0

[pu 3TOM mpenonaraercs, YTo MOBEACHUE MOCICI0BATEIILHOCTH
x(n) mo Toukm N=0 HEWU3BECTHO M €r0 MOXHO HE YYUTHIBATH. J[JIs
MHOTHX MocCJIeI0BaTENbHOCTEN CBOICTBa OJHOCTOPOHHETO
Z-nipeoOpazoBaHus AHAJIOTMYHBI CBOMCTBaM OOBIYHOTO
Z-tipeobOpazoBanus. OCHOBHBIM HCKJIFOUCHHEM SIBIISIETCS CBOMCTBO,
CBSI3aHHOE CO CJIBUTOM (3aepKKOM ) TOCIIEI0BATCILHOCTEH.

PaccMmoTpumM,  Hampumep, —mocieaoBarenbHOCcTh  X1(N) ¢
OJHOCTOPOHHUM  Z-TipeoOpazoBanueM Xi1(Z) W  3ajepkaHHYIO
MOCJIE0BATEIBHOCTD Xo(N)=x1(n-1). OnHocTOpOHHEE
Z-nipeobOpaszoBaHue OT X,(N) paBHO

Xz(z)zixz(n)z‘n =ixl(n—1)z‘“.

n=0 n=0

ITonoxuB M=N—1, mOIXy4nM paBEHCTBO

X,(z)=D  x(m)z "z,
m=—1
KOTOPOE€ MOXKET OBITH NEPENMUCaHO CICAYIOIUM 06pa30M:
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X, (2) =77 % (1) z+ Y x (m)z™ | =27 X, (2) ]+ %, (-2).
(1.13)

3azepkka Ha OJMH OTCYET TIO-TIPEKHEMY MPUBOAUT K
YMHOKEHHIO OJTHOCTOPOHHETO Z-TpeoOpa3oBaHusl Ha Z -, HO MPU 3TOM
HEOOXOMMO y4YecTh 3HauYeHHs MocienoBaTeabHOCTH X1(N) mpu N<0,
T. €. BOKHYIO POJIb HAYMHAIOT UTPATh HAYAIbHbBIC YCIOBHSI.

B kadecTBe Ipyroro mpumepa paccMOTPHM Z-NpeoOpazoBaHHe
MOCIeIOBATENBHOCTH X2 (N)=X1(N—2), paBHOE

X,(2) =27 X, (2) |+ % (-2)+x (-1)z. (1.14)

N3 Beipakenwit (1.13) u (1.14) MOXHO TONYyYUTH QOPMYITY JUISA
cllydasl 3afepXKKH I0CIEIOBATEIILHOCTH Ha IIPOM3BOJIBHOE YHCIO N
orcuetoB (Ng>0). OHa uMeeT BH

X, (2) =2 X, (2) ]+ % (=1 )+ % (N +1) 27+ 4% (-1) 2™,
npuaeM X, (N)=X(N—no).

1.7. InckperHoe npeodpasosanue ®yphbe

PaccMOTpUM TIepHOMYECKYIO MOCTEA0BATENbHOCTE Xp(N) ¢
nepuosoM N, T. e. X,(N)=X,(N+KN) mms moboro nenoro 3Hauenus K.
Takue mOCIENOBAaTENIPHOCTH HE MOTYT OBITh  IPEACTABIICHBI
Z-mipeoOpazoBaHUEeM, TaK KaKk HE CYHICCTBYET HH OIHOTO 3HAYCHUS Z,
UL KOTOpOTo OBl  CXOOWIOCH  Z-TipeoOpa3oBaHWE  TaKoOM
nocienoBaTeabHOCTH. OHAKO UX MOXKHO MPEICTaBHTH panoM Dypbe,
T. €. CyMMOH CHHYCOHIATBHBIX u KOCHUHYCOHTATbHBIX
MOCJICIOBATEILHOCTEH ¢ YacTOTaMM, KPAaTHBIMH OCHOBHOW YacTOTe
21t/ N neproauuecKoii mocie 0BaTeNbHOCTH.

B nportuBomonoxHOCT,  psigamM  Dypbe  HENPEPBIBHBIX
MEPUOANICCKIX (YHKIIMHA 3]IeCh JOCTATOYHO TOJNBKO N pasimaHbIX
KOMIUIEKCHBIX OKCIIOHGHT C TICPUOJIOM, paBHBIM IEJOH YacTH
ocHoBHoro meprnona N. DTo sBISeTCS CIEACTBHEM TOTO, HYTO
KOMILIEKCHAs SKCIIOHEHTa
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.2m

e (n)= e'n" (1.15)

neproanyHa 1o K ¢ mepuogom N. Tak, eg(n)=en(n), e1(n)=en+1(N) u
TaK Janee.

CrnenoBarensHO, MHOKeCTBO N KOMITIIEKCHBIX 3KcroHeHT (1.15) ¢
k=0, 1, 2,..., N-1 ompenmenser BCce pa3IUYHbIE KOMIUIEKCHBIE

27
OKCIIOHCHTBI C YaCTOTaMH, KpaTHI)IMI/I W HO3TOMy HpeI[CTaBJ'IeHI/Ie

TNIepHOAMIECKOl MOCIe0BaTENbHOCTH X,(N) psgoM Dypbe cOmepKUT
TONbKO N 3THX KOMIUTEKCHBIX SKCIOHEHT W, CIIEJ0BATENBHO, HUMEET
BUJ

1\ 2% nk
X, (n) = WZ X, (Ke N (1.16)
k=0

MHoxuTeNb W BBEeIEH AN yHOOCTBa M HE BIUSET HA XapakTep

IpEICTABIEHHS.

YroObl BBIPA3UTh KOB(b(bI/IHI/IeHTH Xp(K) gepe3 Xy(n), yMHOXHM
o6e uactu pasencta (1.16) Ha i2ifymn ¥ [POCYMMHpYEM
pe3yJIbTaThI 10 N

ZTr N-1N-1
Zx me " =L X (ke Figtemn
N n=0 k=0

Mensss B 1IpaBOM  4acTH 3TOTO  BBIPAXECHHA  IOPANOK
CYMMHPOBAHUS U UCTIONB3Ys HOPMYITy

N-L 2% m N, k=m,
Yl e (1.17)
p—ry 0, mpu K # m,
HOTy4HUM
N-1 i2%m N-1
X, (n)e o :pr(k)S(k—m): X, (m)
n=0 k=0
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wi (Tocye IePeCcTaHOBKHU JICBOH W MPaBOW YacTel STOTO paBEHCTBA U
3aMeHbI HHIeKca M Ha K)

X, (k) = Exp(n)e"?ﬂ”k . (1.18)

Coornomenne  (1.18)  HocuT  Ha3zBaHWE  IUCKPETHOTO
npeobpazoBanus Oypre (AI1D), a (1.16) — obpatroro AID (OATID).

1.7.1. Ceazv mexicoy ouckpemnuvim npeoopaszoeanuem Dypuve
u Z-npeodpazosanuem

N3  ompemenenuit  (1.16) wu (1.18) BuaHo, utOo 00¢
nocnenoBaTenbHOCTH Xp(N) 1 X,(K) mepuommynsl ¢ mepuogom B N
orcueroB. SlcHo Takke (cm. (1.18)), uro X,(k) momHOCTBIO
ompezienseTcs  OAHMM  IepuogoM  Xp(n). OTcroma  BO3HMKAeT
WHTEPECHBIM BOMPOC: KaK CBA3aHBl Z-Mpeo0pa3oBaHHe KOHEUHOM

MOCJIEA0BATEIbHOCTH, 00pa3zoBaHHOM u3 OJIHOTO nepuoaa
MIEpUOANYECKON mocnenoBaTenbHocTH, U 11D Bcel mepuogudyeckoin
MOCIICIOBATEILHOCTH? HMnaue roBOpS, paccMOTpuM

IIOCJICA0OBATCIIBHOCTD KOHCUHOM JJIMHBI

x(n) :{Xp(n), mprn0<n< N -1,

(1.19)
0, mnpu apyrux N,

IpUYeM MOCIEA0BATEILHOCTb X, (N) uMeeT nepuoa B N oTcueros, T. e.
x(n)  nmpexcraBusier  cobOW  OAMH  IEPHON  IMEPUOIMYECKOM
T0CJIEIOBAaTENLHOCTH Xp(N). Z-npeobpa3zosanue X(N) paBHO

X(2)= g‘fx(n)z’n :

j(2r/N)k .
Beruucisas 3ty cymMmy npu Z=¢€ J@r/NK 1 e, B Touke HA eIMHHYHOIL
OKPY>KHOCTH € MOJISIpHBIM yritoM 27tk/N, Haxomum

2—Tcnk

X@| = fo(n)e” N

z=e N 0
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CpaBHuBas mocneHol cymmy c (1.18) u yuuThiBas, 4TO
Xp(n)=x(n) na unreprane 0 <n<N-1, nomyyaem

.21

X, (k)= X (@',

Urak, KO3 OUITHCHTEI Ad Bcei MEPUOIUYECKON
MOCJICIOBATEIbHOCTA ~ PaBHBI  3HAYCHHUSAM  Z-TIPeoOpa3oBaHUS
MOCIIE/I0BATeIbHOCTH KOHEYHO# uinHbl B N TOYKaX, paBHOMEPHO
pacrpeeNIeHHbIX 110 AMHUYHON OKPYKHOCTH.

JJis  WUTIOCTpaliil  TPUBEACHHBIX IOJIOKEHUH PacCMOTPUM
MEPUOAMUYECKYIO TOCIeI0BaTeNbHOCTE ¢ mepuomgoMm N (puc. 1.4a),
OTIpeIeNsIeMYI0 KaK

Xp(n)=a", 0sn=<N-1,

Xp(N+mN)=x,(n), m=£1,£2,...

Cormacno ompenenenuto (1.18), ee I1D pasHO

N-1 2n N-1 2n \" N
-j<=nk -j==n l-a
X,(k)y=>a% N =>la N -
n=0 n=0 1—ae N
0<k<N-1.

Monymu u da3el sneMeHToB nocinenoBarenbHOCTH X, (K) mms cmydas
a=0.9, N=16 uzobpaxxeHsl Ha puc. 1.46.
IocnenoBatenbHOCTh KOHE4YHOH imHBL x(N) (puc. 1.46)
OTIpe/IeNsaeTCs KaK
X(n)= a" mpu 0<N<N-1,
O nopm gpyrmx N,
T. €. OHa COCTOMT M3 OJIHOTO IepHoja mocienoBareabHOCTH X,(N). Ee
Z-tipeoOpa3oBaHuE PaBHO
~1-a"z™"
1-az!

N-1
X(z)=) a"z"
n=0
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Beruncisis X(z) Ha eTUHUYHON OKPYKHOCTH, TIOJIYYHM

) __ aNa-joN
K =

Monyne u ¢asza stoii ¢ymkumm i 0<o <27 wn3o0paxkeHbl Ha
puc.1.42. 3nauenns X, (k) n X('®) B Toukax wy=2nk/N cosnanaror.

x, (1)

X, ()| arg X, (k)
| i ‘“IIE‘ N-1 k
N-1 k
x(n)
0 ) N-1 >n
IX(ef“’)l arg X(e/®)

Puc. 1.4. Cazp mexny AI1P u Z-npeodpa3oBaHHeM:
a) TocenoBaTebHOCTB ¢ nieprogoM N 6) MOy i (a3l HIEMEHTOB
nocnezosarensHoctd X, (K); 6) mocnenoBatenbHOCTh KOHEUHON JUIMHBL,
2) Moayib u (aza pyuxiuu X(Z) Ha eAMHUYHON OKPYKHOCTH
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Haiinem z-mpeoOpa3oBaHHEe IOCIEIOBATEIILHOCTH KOHEYHOM
JUTAHBL yepes K03 PUITUEHTHI HAI1D NEePUOANUYECKON
nocienoBareabHocTd. U3 cootHomrenuii (1.16), (1.19) u onpenencuus
Z-nipeoOpazoBaHUs TOIyYaeM

N -

X(z)=N21x(n)z’” =Z Zx (K)e' v nz’” -

n= 0

n

s X (k) -z

N-1

k=0

1N
X _E
N <

Borancsist X(Z) Ha eTMHAYIHON OKPYKHOCTH, TIOJTYUHM

. 1-aNe N
X(e'")=—-=->—
l-ae™!
:‘)TO paBeHCTBO IIOKa3bIBAcCT, qTO Z—npeo6pa3013aHHe

[IOCJIEJOBATEIbHOCTH HETIOCPEICTBEHHO CBA3aHO ¢ Kod(duimentamu
eé JIIID. Jlia Touek Ha €NIUHUYIHON OKPY>KHOCTH OHO IIPUHUMAET BUJ

. N-1
N-1 X (k) emZSin((DNj
o — 2
XEM =27 o™ o 7k
e N s'n(—j
2 N

. (oN . (o 7k
rae  GyHkuum  Buma  Sin — /sin 5N MHTEPIOIUPYIOT

snavseHnss koddduumenro IO Xp(K) Ha BCro oce wacror.
CrnenoBaTenbHO, € TOMOLIbIO  TOcieAHed  (GopMynbl  TIO
kod¢ppunmentam 11D mocnenoBaTeNbHOCTH KOHEYHOH JITUHBI MOKHO
HalTH €€ HENPEPHIBHBIA YACTOTHBIN CIIEKTP.
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1.7.2. luckpemnoe npeoopazosanue @ypve
nocneoosamensHocmeit KOHEYHOU OUHbL

W3 Beipakenuit (1.18) u (1.19) cimemyeT, 4TO KO3 DHUIUCHTHI
JAII®d  mocnemoBaTeNbHOCTH  KOHEYHOM  JTMHBI  OJTHO3HAYHO
MPECTABIAIOT caMy IOCIEeIOBAaTENbHOCTh, TaK KaK MO HUM MOXXHO
TOYHO BOCCTAHOBUTH HCXOJHYIO IOCIEIOBATEIBHOCTh, HCIIOJIB3YS
OAIID. Urak, xora AIID u OUIID BBOasATCS A MEPUOAUYECKUX
MOCJIEAOBATEILHOCTEH, BaXKHO, UYTO 4Yepe3 HUX MOKHO IPEICTABISATH
[IOCJICA0BATEIbHOCTY KOHEUHOU JJTUHBL.

IIpencraBneHre KOHEYHBIX MOCIEIOBATEILHOCTEH C MOMOIIBIO
AII® ynobHO Takxke sl TOJMyYeHHs 3HAYCHHH MpeoOpa3oBaHUS
Oypbe B L ToOUkax, paBHOMEPHO pacHpeleleHHbIX Ha CIUHUYHOU
OKpY>KHOCTH. {7151 mosmydeHust TpeOyeMoro 4acToTHOTO pa3perieHus L
MOXET ObITh BBIOPaHO 3HAUNTEIHHO OONBITUM, ueM N.

PaccmoTpum koHeuHy0 mociemosarensHocTs {x(N)}, 0<n<N-1
¢ Z-npeoOpa3zoBaHUEM Ha €AUHUYHON OKPYKHOCTH

X(e"“’)=§l x(n)e’en,

Brranciras X(ej‘”) Ha wactorax o =(2n/L)I, 1=0,1,...,L-1, moxyuum
2™ N T
X t)=>x(ne t . (1.20)
n=0

Beenem HOByI0 mocnenosarensHocth X(N) mmuuet L touek (L>N):

x(n), 0<n<N-1,

x(n) =
") 0, N<n<L-1

" Haiaem ee L-toueunoe AI1D:

n L1 ~i%% ik
X(z)=> %(n)e 't
n=0
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[Tockombky X(N)=0 mpu N>N, 5T0 paBEHCTBO MOXKHO 3aIiCcaTh B
BHJIE

N-1n 2%k
L

X (k)= x(n)e (1.21)

Cpasnubas (1.21) u (1.20), monyunm

2n

X(K) =X t.

Takum o00pa3oM, NPOCTOE MOMONHEHHE IIOCIEIOBATEIFHOCTH
KOHEYHOW JJIMHBI HYJIEBBIMH OTCUETAMHU ITO3BOJIIET JOCTHUYD JIFOOOTO
paspemieHuss Tmpu  pacyere  mpeoOpazoBanms — Dypbe  ITOMH
MOCJICIOBATEIBHOCTH  JUII  COBOKYITHOCTH  TOYEK, PaBHOMEPHO
pacmpeesIeHHbIX TI0 eMHUYIHON OoKpy)kHOCTH. (BMecTe ¢ TeM ciemyer
UMETh B BHIY, YTO YAacCTOTHOE pAa3IOKEHHE 3aBHCHUT TOJBKO OT
mmrtensHocT curHana N. Beidbop L>N nume ymydmaer yciaoBus
pa3IUuCHUsT CHUHYCOMJAIbHBIX KOMIIOHEHT). IIpu CIeKTpaJbHOM
aHaJM3¢ KOHECUYHBIX IOCIICOBATEIILHOCTEH 3Ta HECIIOKHAS OIEPaIns
ABJISICTCS OJHOU U3 Hanbojee MOJIe3HbIX.

Urak, Obi1o0 mokazano, uyto JII® omgHO3HAYHO MpeaAcTaBIseT
MTOCTIETOBATEIFHOCTh KOHEYHOW JIMHBI, coaepikamryio N 3IeMeHTOB,
npudem koddp¢urmentsr 11D paBHBI 3HaYCHUSAM Z-TIpeoOpa3oBaHUs
TOCJIeIoBaTeNbHOCTH B N TOYKaX, paBHOMEPHO paCIpPEICICHHBIX I10
SVHUYHON OKPYKHOCTH. AHAIOTHYHO Z-mpeoOpa3oBaHUe OO0
(B ToM uyucie M OECKOHEYHOM) TIOCIeI0BATEIBHOCTH OJHO3HAYHO
MIPEICTABISET ATY HOCIEOBATEIEHOCTb.

1.7.3. ¢hhexmut nanoxncenusn

PaccmoTpuM, Kakash TOJXYYHTCS TOCIEIOBATEIBHOCTh, €CIU B
kauecTBe Kod(hdumuentoB AIID B3ATh 3HAUEHUS Z-TIpeoOpa3OBaHUS
NPOM3BOJILHOM TMOCIEA0BATENFHOCTH, BBIYMCICHHOIO B N Toukax,
PaBHOMEPHO paclpeieeHHbIX 110 eJMHUYHON OKPYKHOCTH.
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Jlnst GombIIIeH SICHOCTH MPEAMOIOXKHM, YTO MOCIEI0BATEIBHOCTD
x(Nn) (ue obs13aTeIBHO KOHEUHAS) MMEET Z-MPeoOpa3oBaHme

o0

X(z)= Y x(n)z™".

N=—o

Omnpenennm Habop kodddurmentor AI1D xax
il —jz—nnk
X, (k) =X(2) 2y = D x(nye N (1.22)
z=¢e h=—c0

ITo otuM  KodpHUIHEHTaAM  MOXKHO HAWTH  MEPHUOIMUYECKYIO
TI0CIIEIOBATENBHOCTD X, (N), paBHYIO

1 N 2%k
X, (N)==> X, (k)e'N .
N =

[Moncrasnss 3HaueHws K03hGuiueHToB (1.22) B MOCIESAHION GOPMYITY
W 3aMeHsIs HHAEKC CYMMHPOBaHU Ha M, IOIXy4YUM

N-1| o Zi2mk 12Tk
XM =3 3 xmpe W [
N k=0| m=-w
0 N-1 —'Z—Hk _ 0 0
= > x(m) %Z T D x(m) > d(m-n+rN),
m=—o0 k=0 m=—o0 r=—oo

0

X,(N) = x(n—rN).

r=—o0

DTO COOTHOIIICHHE SBIACTCSA BeCchbMa BaKHBIM. OHO MOKAa3bIBACT,
YTO MEPUOAUYECKAsl IOCIEAOBAaTENBHOCTh, MNoiydaemas u3z OJIID
Habopa 3HAYCHUN Z-nipeoOpa3oBaHus HETIEPUOTNYECKON
MOCTIEIOBATEIFHOCTH, BBIYUCICHHBIX B N TOdYkax, paBHOMEpPHO
pacnpeneneHHbIX 110 €AMHUYHONW OKPYKHOCTH, COCTOUT U3 CIBUHYTBIX
u HaJI0XKECHHBIX KOIIHi HCXOHOM HETIEPUOINIECKON
MOCIIENOBATENBHOCTH. EciaM uMHa mociemoBarenbHocTd X(N) He
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npesbimaer N oTcyeroB, TO HajmoxkeHHe B Xp(N) dakTHyecku
OTCYTCTBYEeT. DTO PABEHCTBO TAK)KE IMMOKA3bIBAET, YTO HCKAKCHHS,
CBSI3aHHBIE C HAJOXEHUEM, KOTOPHIC BO3HUKAIOT MPU OIMHMCAHUU
OECKOHEUYHON IOCJIEAOBATEIHLHOCTH KOHEYHBIM YHUCJIOM N
kodddurmentos 11D, ymensimatorcs npu yBenndeHud N.

Ha puc. 1.5 uzobpaxens! mocienoBarensHOCTH X1(N) u Xo(N) u
COOTBEeTCTBYONME UM N-TOUYeUHbIE MEPUOANICCKUE SKBUBAICHTHI. B
MEpBOM MpUMeEpe JUIMHA MocieaoBaTeabHocTH Xq(N) Omm3ka k N,
no3ToMy X,(N) moBTOpseT ee moutH 0Oe3 HMckaxeHHH. Bo BTOpOM
npumepe mHa  X(N)  3HauutensHo  Oojbiie N,  mo3TOMY
MEPUOJMYEecKasl — MOCICOBATEIILHOCTh  3aMETHO  OTJIMYAETCS  OT
HCXOJIHOM.

|- Ml

Puc. 1.5. JIBe nocnenoBaTeaIbHOCTH pa3HON UIMHBI U COOTBETCTBYIOIIUE UM
N-TodedHBIE TEPHOTNUECKUE SKBUBATICHTHI

1.8. CpoiicTBa nuckpeTHoro npeodpasopanus ®ypne

Hexotopsie cBoiictBa 1D urparoT B MpakTUYECKUX BOMPOCAX
00pabOTKH CHTHAJOB BaXXHYI poib. B OCHOBHOM oOHH OynyT
MIEPEYUCIICHBI, a AeTanu OyIyT PacCMOTPUBATHCS TOJIBKO B CITydae
HEOOXOINMOCTH.
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1.8.1. /Tunenrnocmeo

Ecmn Xp(n) m y,(n) — mepuomuueckue MOCIeN0BaTENLHOCTH
(c mepuomom B N orcueros kaxnas), a X,(K) u Yp(k) — nx JAIdD, To
npu o0bIX AedcTBuTenbHBIX a u D JI[I® mociemoBarenbHOCTH
axp(n)+by,(n) paBHo aX,(k)+bY,(k). DTo monoxenne crpaBeuTHBO
U JUTS TIOCJICIOBATEIBHOCTH KOHEUHOM JJTHHBI.

1.8.2. Cosuz

Ecnu mocnenoBatenbHOCTh Xp(N) meproanyeckas ¢ MepuoioM B

N orcueroB, a ee HAIID paBHo X,(k), To AP nepuomuueckoii

—j(2nIN) ngk
TIOCIIe/I0BAaTebHOCTH BHAA Xp(N—No) Oyzer paBHO Xp(k)e (@nIN)mok

Ilpu aHanm3e MOCIEIOBATENHLHOCTEW KOHEYHOW ITHHBI HEOOXOIUMO
YVUUTEIBATE  CIENU(PUIECKHHA  XapakTep  BPEMEHHOTO  C/IBUTa
nocienoBarebHocTH (puc. 1.6).

x(n), xp(n) x(n-ng), xp(n-ny), ng= -2
0 N-1 2N-1 n 0 N-1 2N-1 n
a) 0)

Puc. 1.6. Cnenuuueckuii XxapakTep BpeMEHHOTO CIBHUra KOHEYHOU
HOCJIEI0BATEIbHOCTH X(N) M SKBUBAICHTHOMN HEPHOIMIECKON
HOCJIEI0BATENBHOCTH Xp(N):
@) NCXO/IHBIC TIOCIICIOBATEIBHOCTH; 6) CIABHHYTHIC MOCICA0BATEIBHOCTH

Takx, ©Ha puc.l.6a KpyxoukamMu u300pakeHa KOHEYHAS
mocienoBarenbHocth  X(N) gnmHOM B 5 oTcueroB. 3mech ke
KPECTHKAMH OTMEYEHBI OTCUETHI JKBHBAICHTHOW MEPHOAUIECCKON
IOCNIEI0BATENBHOCTH Xp(N), umeromed To xe D, uro m x(n).
Yrober waiith JII® caBuHyToii mocienoBarenbHocTH  x(N—Ng),
npuueM No<N (puc. 1.66), ciemyer pacCMOTPETh CABHHYTYIO
TIEPUOIMYECKYIO  TIOCIEI0BATeNbHOCTh  Xp(N—Ng) H B  KadecTBe
OKBUBAJICHTHON  CIABMHYTOW  KOHEYHOHW  MOCJEI0BATEIbHOCTH
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(umeroreit AlD X (k ) g (2rN) Mk ) MPUHATH OTPE30K

IOCIIENOBATENBHOCTH Xp(N—Ng) B mHTepBane 0<N<N-1. Takum
obpazoMm, ¢ Toukd 3penus JII® mnociaemoBarebHOCTE x(N—Ng)
TOJIy4aeTCsl ITyTeM KPyrOBOTO CIBHIa SJIEMEHTOB MOCIICIOBATEIbBHOCTH
Xp(N) Ha Ny oTCUETOB.

1.8.3. Ceoiicmea cummempuu

Ecnu nepuoaudeckas mocie0BaTenbHOCTh Xp(N) ¢ mepuomom B
N orcyetoB sBmserca neiicTBurenbHOi, TO ee JID  Xp(K)
YIOBIICTBOPSIET CICAYIOIINM YCIOBHIM CHMMETPHU:

Re[Xy(K)]=Re[X,(N-K)], Im[X,(k)]=-Im[Xp(N-K)], (1.23)

IXp(K)[=|Xp(N=K)|, argX,(k)=—argX,(N—k).
CHCZ[OBaTeHBHO, UMECT MECTO CI/IMMeTpI/IH CHCKTpa
OTHOCHUTEIILHO ? . Hcnonb3ys yCIIOBUE CUMMETpPHUH,

TIOCIIEN0BATENBHOCTE Xp(N) MOXHO NpPEACTaBUTh B BHJE KOHEUYHOH
CYMMBI:

1 2 2
% (M) = X, (0) + | Xp(1)|cos[Wnn+arg xp(l)}
+%| Xp(2)|cos{%n+argxp(2)}+...

...+%|Xp(N/2)|cos[nn+arg X,(N/2)] .

AHanornyHple PaBEHCTBA CIPAaBEUIMBHI M JUII  KOHEYHOMW
JIEHCTBUTENBHOM MmocienoBaTeabHocTH X(N), mMeromeil N-Todyeunoe
III® X(k). Ecnu BBeCTH MOMONHUTEIBHOE YCIOBHE CHMMETPHH
TI0CIIE0BATENBHOCTH Xp(N), T. €. CYUTATD, YTO

Xp(N)=Xp(N-n),

TO OKaXeTcs, 4To Xp(K) MOXKeET ObITh TONBKO JIEHCTBUTENBHOM.
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Ilockonmpky dWame Bcero MPHUXOOUTCS HMETh JEN0 ¢
JIEUCTBUTEIBHBIMU MOCIEA0BATEIBHOCTSMHU, TO, BBIYUCINB O0HO I1D,
MOXHO mnonyuuts JIID 7AByX mnOCnenoBAaTEIbHOCTEH, HCHONb3Ys
ceoiictea cummetpun  (1.23). PaccmMoTrpuM  AeHCTBUTENbHBIE
HEePUOIMIECKUE MOCIe0BaTeNbHOCTH X, (N) 1 Y, (N) ¢ mepuogamu B N
orcuetoB u N-toueunsimu JIID Xy(k) u Y,(k) coorBercrBeHHO.
BBezieM KOMIIEKCHYIO TTOCTIEIOBATENBHOCTD Zp(N) BuIa

zp(N)=xp(n)+jyp(n).
Ee JI1® paBHO

2n

2,003 %0+ iy, Je

Z,(K)=X,(0)+ Y, K).

Brigensss A€MCTBUTENBHYIO M MHHUMYIO YacTH IOCJIEAHETO
paBEHCTBA, NOJYyYUM

Re[ Z,(K)]=Re[ X,(K)]-Im[Y, (K],

Im|Z ,(K)] = Im[X ,(k) |+ Re]Y,(K)].

HeiictButensusie yacTu Xp(K) n Y, (K) cuMmeTpuynsl, a MHUMBIE
ACHMMETPHYHBI, TTOITOMY HX JIETKO Pa3IeNTh, UCIIONB3Ys ONEpani
CIIOKCHUSI ¥ BBIYUTAHUS

Re[Z,()|+Re[Z,(N-k)]

Re[ X, (k) |= -

Im[ Z,(k) |-Im[ Z,(N—K)]
2

Im| X, (k)] =
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Re[Y, (0] Im[ Z,,(k) |+ |2m[zp(N —k)]’

~Re[Z,(k) |+Re[ Z,(N -K)]
; .

Im[Y, (k) |=

Wrak, Berumcnss oguo N-touewnoe D Zy(k), ymaercs
npeobpa3oBaTh cpasy JBE JACHCTBUTEIbHBIE MOCIIEAOBATEILHOCTH
Xp(N) n yp(n) mnmunoit mo N orcueros. Eciu 3T nocnenoBaTeIbHOCTH
SBISIIOTCSL  €II€ W CHMMETPHUYHBIMH, TO YHCIIO OIEpalui,
HEOOXOMUMBIX Ui TosydeHuss ux JII[ID, MOXHO COKpaTHTh eIe
OouIbIIIE.

1.9. CBepTKa nepuOANYECKHUX MOCIe0BATEIbHOCTEMH

PaccMOTpuM J1Be MepHOAMYECKHE MOCIEN0BATENBHOCTH X,(N) 1
ho(n) ¢ mnepmomamm mo N  orcueroB. CBepTKoi  TaKmx
MocJieZIoBaTeIbHOCTEH  (KPYroBOM, IIMKIMYECKOH, MEePUOIUYECKOM
CBEpPTKOH) HAa3bIBAIOT MOCJIEIOBATENBHOCTE Y,(N), oIpeneniemMyro
COOTHOIIEHHEM

y, ()= x,(hh (n-1). (1.24)

[osicaum monsTre KpyroBod ceepTku. Ha puc. 1.7a m 1.76
1300pakeHbl IIePHOJNYECKHE TociIeoBaTenbHOCTH X,(N) n hp(n), a
Ha puc. 1.7¢ moka3aHo, KaKk BBIYUCISCTCS 3HAUYCHHUE KPYTOBOM CBEPTKH
(1.24) mpu n=2. B cuily nepHoOAMYHOCTH HOCIenoBaTenbHOCTeR X, (1)
u hp(n-1) mocrarouno paccmarpuBath ux Ha uHTepBane 0<I<N-1.
C wu3menenmeM N  mocienoBatenbHocTh  hp(n—l)  cmemaercs
otHOocuTenbHO X,(l). Korma orcuer hp(n—I) Bexogur 3a Touky
I=N-1, TouHo Takoii e orcuer mosBasercss B Touke 1=0. ITosToMy
KPyroBasl CBEpTKa ONpEAENISeT CBEPTKY IBYX IIOCIEI0OBATEIBLHOCTEMH,
3a[aHHbBIX 10 OKPYKHOCTH.
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Xp (n)

|||110|l|;m||lh>

Iy (1)

1,

W)
¥ X X
15
|

0

N—l /

=]
1
S

=

g e e

\ 4

6)
Puc. 1.7. KpyroBas cBepTKa: @) MOCICA0BATENLHOCTD X,(N);
6) nocnenoBarensHOcTh Np(N); 6) BBIUKCICHNE 3HAYCHHUA KPYTOBOH CBEPTKH

pu N=2

Cornacno BeIpakeHuto (1.18) mocnenosarensHOCTH X,(N) M
h,(n) umetor coorBercTBytomme JAI1D:

Nt -2
Xp(K)=2 X, (me N,
n=0

40



N2 -2
H,(k)=> h (ne ™.
n=0

Onpenenum JII1D KpyroBoii CBEpTKHU:

N-1[ N-1 _jgkn
N

Yp(k):Zyp(n)e_ijn:Z 3 x, (O, (n-1) [e N =

n=0[_I=0

N-1 N-1 2n 2n
—j—k(n-I) —j=—kl
=> x| D_h,(n-1e N e VN =
1=0

n=0

Hp (k)

_ Hp(k)fxp(l)e_wﬂkl = X, (H, (K). (1.25)
1=0
Xp (k)

Takum oOpasom, mnepemHoxkas JI[I® aAByx meproaUIECKUX
nocnenoBatensHocTed U Haxons OJIII® mpousBeneHus, Mmoiydaem
Takol K€ pe3yJpTaT, KaKk I@pUd KpPYrOBOM CBEPTKE TaKuUX
[IOCJIE0BATEIbLHOCTEH.

Gopmyna  (1.25) crpaBeJiuBa M A8 KOHEYHBIX
HOCJIEIOBATENBHOCTEH, ecnu  paccMarpuBaTth Xp(N) um hp(n) kak
SKBHMBAJICHTHBIE UM IMEPHOJUUECKUE MOCIEIOBATEIBHOCTH C TEMHU K€
JAII®. Opnako 11t KOHEYHBIX MOCIEN0BaTeIbHOCTEH OOBIYHO HY>KHA
TUHEHHas (ee Ha3bIBAIOT allepHOANYECKOH), a HE Kpyromas CBEpTKa,
MOSTOMY B TIpUBEJIEHHBIE ()OPMYIIBI CIIeyeT BHECTH YTOUHEHUSI.

1.10. JInHeliHasi cBePTKAa KOHEYHBIX IOC/IEA0BATEIbHOCTEMH

PaccmoTpum n1Be KOHeuHble mociienoBarenbuoctd X(N) u h(n)
mmaael o Ny um N, orcueroB, T.e. X(N) OTAMYHA OT HYISA INPH
0<n<N;-1, a h(n) - mopu 0<n=<N,-1. JluneiiHoH, wuIH
amnepuoIMIecKol, CBEPTKON IJTHX TMOCIEI0BATEILHOCTEH HA3BIBAIOT
MOCJIE0BATEILHOCT Y (N), ONpeAeIsIeMy 0 COOTHOIIICHHEM
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y(m=Y x(mh(n-m), (1.26)
m=0

rae X(m) u h(n—m) paBHBI HYII}O BHE COOTBETCTBYOLIMX HHTEPBAJIOB.
Ha puc. 1.8 npuBeaensl nmpuMeps! nocieaoBareabuocteit X(n), h(n) u
y(n). IocnenoBarenpHOCTh Y(N) SBISETCS KOHEYHOM M MMEET IIHHY
(N1+N,—1) orcueToB. Beiiie 66110 J0Ka3aHO, 4TO, epeMHoxas AT1D
JIBYX TEPUOJUYECKUX IMocienoBaTenbHocTed u  Haxonms OJIIID
MPOU3BENICHHS, MOJYYMM TaKOW >Xe Pe3ysibTaT, Kak MpPH KPyroBoi
CBEPTKE TAKUX MOCIICA0BATEIBHOCTEH.

AX(M)
N, =7
l I ] (11 ...,
0 6 n
Ahm)
N,=4
0 3 n
AY(m)
| N, +N,-1=10
‘ ] I le,
0 9

= N

Puc. 1.8. Jluneitnast cBepTka mocienosatenpHoctei X(N) u h(n)
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Hcxons m3 storo (cM. Takxke mpumep Ha puc. 1.7) MOXHO
JOBOJIBPHO TIPOCTO TONYYUTHh JIMHEHHYIO CBEPTKY IBYX KOHEUHBIX
MOCJIeIOBATEIFHOCTEH. CeepTka MIEPUOANYECKUX
MOCIIeZIOBAaTEIbHOCTEH TEepHOANYHA U UMEET TOT )K€ IMEepUoJ, 4TO U
CaMH MOCIEA0BaTENFHOCTH. [TOCKONBKY JUTHTENLHOCTE cBepTKH Y (N)
(puc. 1.8) paBua (N;+N,—1) orcyeram, TO I MOJYYEHHS TAKOrO
neprosa Npu KpPyroBoil cBepTke HeoOxoammo, 4toOsr X(n) u h(n)
coaepxkamu 1o (N;+N,—1) oTc4yeroB, YTO AOCTUTACTCS JOTIOJHEHHUEM
KaXJIOW M3 JIBYX IIOCIIEOBATENBHOCTEH COOTBETCTBYIOIIUM YHCIIOM
HyJeBbix orcuetoB. [Tocie sToro moxuo Haiiti (N;+N,—1)-Toueunsie
JAII® nomoNHEeHHBIX TIOCHIEIOBATEIbHOCTEH, NEPEMHOXUTh HX H
BoinmonHUTE OATI® npousBenenus. B pesynbrare nonydaercst uickomas
ceeptka y(n).

Ha puc. 1.9, wumocTpupyromeM 3TH ONEpaIuH, H300paKEHBI
9KBHBAJIICHTHBIE TIEPHOINIECKHE TIOCIEI0BATEIbHOCTH, UCTIONB3yEeMbIe
IpU BBIYMCICHUM KpPYroBOM CBEpTKU. JlOomOJHEHHME HCXOIHBIX
nocieoBaTeabHOCTe KoHeuHOM ummHbl x(N) u h(n) HyneBbIMU
OTCYETaMH JOBOIWT TIEPHOZ A0 HYXHOW BEITUYUHBI W TI03BOJISIET
YCTPaHUTh KPYI'OBbIE HAJNOXKEHUS, XapaKTEepHble [UId KpYroBoil
CBepTKH. B pesynbpTare Kaxablil Mepuoj MOCIETOBATEILHOCTH Yp(N)
(puc. 1.9) coBmazmaet ¢ y(n) (puc. 1.8).

PaccMOTpeHHBIM METON BBIYMCIICHUS CBEPTKH JIBYX KOHEYHBIX
rocieAoBaTeabHOCTEN ¢ npuMmeHeHueM anroputma JIID HazbiBaeTcs
OBICTPOH  CBEpTKOW B  TPOTHBOIOJOXHOCTE METOAY  HPSMOTO
BEIUMCIICHUST cyMMBI (1.26), Ha3pIBaeMOMY TPSIMON WU MEIICHHOU
cBepTtkoi. TepMmuH «ObICTpas» ymoTpebnsercs moromy, uro JIID
MOXXHO BBIYUCIUTH OBICTPO M O3(PQPEKTHBHO, WCIOIB3YS OOHH U3
anropuTMOB  ObIcTporo mpeoOpaszoBanus Dypee (BIID). Moxuo
[OKa3aTh, YTO Jake mpu yMmepeHHbIx BenuunHax (Ni+N,-1)
(manpumep, okoso 30) ObicTpasi cBepTKa OKaspiBaeTcs 3((deKTHBHEE
npsimoii. IloaToMy paccMOTpeHHAass METOOUKA SIBISICTCS BaKHBIM
BBIYHCIIMTEIEHBIM CPEJICTBOM ITPH 00pabOTKE CUTHAJIOB.

Jns mpakTUYeCKWX NPWIOKEHWH BAaXXHO OTMETHTh, YTO B
MpUBEJACHHOM BbIlle mpumMepe pasmep JAIID He oOs3aTensHO
orpannunBath BenuauHOi (N;+N,—1). Bemonusare AP mMoxHO MO
mo0OMy  YHMCIy OTcueToB L, ymoBieTBOpsmOmIeMy — yCIOBHIO
L>N;+N,—1. Ecnu 310 ycioBue yIOBIETBOPSETCS, TO, B OTIIMIHE OT
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ONHCAHHOW  MeTomuKH, mocienoBareasHocT  X(N) uw  h(n)
JIOTIOJTHSIIOTCSL IPYTMIM YHCJIOM HYJEBBIX OTCYETOB. B pesymbraTe
SKBHBAJCHTHAs MEPHOAUYECKas IOCIeN0BAaTeNBHOCTh Yp(N) Oyner
uMmetrs B KoHie mepuogoB (L-Ni-N,+1) wnymeii. SlcHo, 4ro 3TH
OTJIMYMSI HUKAK HE UCKAXKAIOT XKEJIaeMOro pe3yJibTara.

x(n), xp(n)

HHTWOHHNT_l AT

*hm) hy ()
0

N,-1

hf[ Hmln L1

SN

=2 4

SY

Puc. 1.9. Beraucnenne mTuHEHHON CBEPTKH MMOCIIEA0BATEIBHOCTEH
C IIOMOIIIBIO KPYTOBOM CBEPTKHU

Bo3moxxHOCTH  Tmpou3BOJBHOTO BhIOOpa L cymiecTBeHHa,
MOCKOJIbKY MPAKTHUYECKUE aaropuTMbl BeluuciaeHus 11D npu pasHbix
L wumMeroT HeogmHakoBylO0 3(ddextuBHOCTh. Tak, Hampumep, AL
HEKOTOPBIX aJITOPUTMOB HEOOX0AMMO, YTOOKI L paBHsTOCH cTeneHu 2.
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B sTOoM ciydae B kadecTBe L mpuxomuTcs BHIOMpATh YKCIIO, PABHOE
creneHu 2 u He MeHbiee, ueM Nq+No—1.

1.11. Pa3HocTHBIC ypaBHEHHA

PasHOCTHBIE =~ ypaBHEHMs  INMPOKO  MCIOJB3YIOTCS I
UCCIENOBaHUs TpoleccoB B nudpoBelx cucremax. OmnucaHue
JMHEWHBIX CUCTEM Pa3sHOCTHBHIMH YpaBHEHHMSMH OYEHb BaXKHO, TaK Kak
OHO 4YacTO TIO3BOJSIET HAWTH 3(PQEeKTUBHBIE CIIOCOOBI IMOCTPOSHHS
Takux cucreM. bomee TOro, mo pasHOCTHOMY YPaBHEHHIO MOKHO
ONIPEAEINTh MHOI'ME XapaKTCPUCTHKH paccMaTpUBAEMON CHCTEMBI,
BKJIfO4asi COOCTBEHHBIE YACTOTHI, MOPSNOK CHUCTEMBI, YacTOTHI,
COOTBETCTBYIOIINE HyJIeBOMY K03()(DUIEHTY Iepeiadu u T. 1.

B camom o0mieMm ciydae JIMHEHHOE HEOJHOPOIHOE PAa3HOCTHOE
ypaBHeHHE M-TO TIOpSAAKa C TIOCTOSHHBIMH KO3 HIHNEHTaMH,
oTHocsiIeecs K GU3MIECKH peann3yeMoil cucteMe, UMeeT BUJL

y(n)=i aix(n—i)—i biy(n-i), n=0, (1.27)

rae KodhGHIUEHTH @; U D OMHCHIBAIOT KOHKPETHYIO CHCTEMY,
npuuem by=0.

Vpasuenne (1.27) 3ammcaHo B BHIE, YAOOHOM Ui peIICHHS
METOJIOM MpPSMOH MOACTaHOBKH. MMes Habop HavalbHBIX YCIOBUI
(mampumep, x(i), y(i) ansa i=-1,-2,...,—M) u mocnenoBaTeN-HOCTh
x(n), mo dopmyne (1.27) MOXHO HEMOCPEACTBEHHO BBIYUCIUTH
nocienoBaTeapbHocTh  Y(N) g n>0. Hampumep, pasHOCTHOE
ypaBHEHHe

y(n)=x(n)-3y(n-1) (1.28)

2
¢ HavyanpHbIM yciaoBueM y(—1)=0 u X(n)=n°+Nn MOXHO pPELIUTH
[O/ICTAHOBKOI, 4TO J1aeT

y(0)=x(0)-3y(-1)=0,
y(1)=x(1)-3y(0)=2,
y(2)=x(2)-3y(1)=0,
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y(3)=x(3)-3y(2)=12,
y(4)=x(4)-3y(3)=-186,
y(5)=x(5)-3y(4)=78,

y(6)=x(6)-3y(5)=-192,

XOTs pelleHHe pa3HOCTHBIX YpaBHEHUH NpPsIMOM IOJACTAHOBKOM u
[enecoo0pa3sHo B HEKOTOPHIX —CIyYasX, 3HAYUTEIBHO IIOJIe3HEE
MIOJTyYUTh PEUICHUE YPaBHEHHS B SBHOM (aHanuTuueckoM) Buze. [lpu
S9TOM OCHOBHasg UJAES CBOJUTCA K TOIYYCHUIO JABYX pELICHHI
Pa3HOCTHOTO YpaBHEHUS: OJHOPOIHOTO M YACTHOTO.

Opnopoanoe pemienne Yo(N) mody4aercs IyTeM IOICTaHOBKH
HyJeli  BMECTO  BCEX  WICHOB, COZICpIKAIUX  DJICMCHTHI
mociaenoBaTeabHocTH x(N), W HaxoxIeHus pemenus Yo(n) mnpu
HyJeBON mociemoBareibHOCTH x(N). VIMEHHO 3TOT KJacC peIieHHi
ONHUCKLIBAET OCHOBHLIE CBOWCTBA 3aJaHHOI cHCTEMBLI. YacTHoe
peliieHre MOay4aroT, moa0upas BHI MociexoBaTeapHocTH Y(N) mpu
nocienosatensHocT  X(N).  Jlias  onpepenieHuss  MPOM3BOJIBHBIX
[IOCTOSTHHBIX ~ OJHOPOJHOTO PEIICHUS HCIONB3YIOTCS HaYdallbHBIC
yCIIOBUSI.

B kadectBe mpumepa pemmM 3THM MeTojoM ypaBHeHue (1.28).
OIHOPOAHOE YPaBHEHUE HMEET BUJT

y(n)+3y(n-1)=0.

U3BeCTHO, YTO XapPaKTEPUCTHUECKUMHU PEIIEHHSIMH OJHOPOIHEIX
ypaBHEHMH, COOTBETCTBYIOIIUX JIMHEHHBIM Pa3HOCTHBIM ypaBHEHHAM
HepBOro MOpsAAKA C TIOCTOSHHBIME KOd(D(HUIMEHTaMH, SBISIOTCS
pemenus Buna Aq". ITosToMmy, MoOACTaBMB B TOCIENHEE ypaBHEHME
Aq" Bmecto y(n), momyunm

Agq"+3Aq" =0, Aq"*(q+3)=0,

— —_ n
q=-3, Yo(n)=A(-3)".
Yacrroe pemenue, COOTBETCTBYIOLLIEE [IOCIEN0BATEILHOCTH
x(n)=n+n, MorpoOyeM HaWTH B BUJIC
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y.(n)=Bn?+Cn+D.
N3 ypaBuenus (1.28) monyvyaem
Bn?+Cn+D+3B(n-1)?+3C(n-1)+3D=n?+n.

[Tockompky KOA(GGUIIMEHTH TPH pPaBHBIX CTEMEHAX N TOJKHBI
cosmanath, B, C u D momkHEI OBITH paBHEL:

B=1/4 , C=5/8 , D=9/32.
Taxum 06paszomM, oOIriee pernieHue UMEeT BUT
y(n)=n?/4+5n/8+9/32+A(-3)".

Koaddumuent A ompenensercs u3 HadanbHoro yciaosus Y(—1)=0,
orkyna A=-9/32n
y(n)=n?/4+5n/8+9/32[1-(-3)"].

Bribopounas npoBepka 3Toro peiieHust mpu N>0 mokasplBaeT MOJIHOE
€ro COBIAJCHUE C TPUBCACHHBIM BBIIIC TPSIMBIM PEIICHUEM.
O4eBHIHOE TPEUMYIIIECTBO AHATUTUIECKOTO PEIICHUS COCTOUT B TOM,
4TO OHO IIO3BOJIIET BEChMa MPOCTO ompeaeants Y(N) mis arboro
KOHKPETHOTO N=Ng.

MeToap1 HaXOXKIEHUS PEIICHHH TOAO0HBIX YpaBHEHUH TOAPOOHO
OCBEIIICHBl B JIHTEPAType IO PA3HOCTHBIM YPaBHEHHAM. boibImoe
3HAYCHWE PA3HOCTHBIX YpPaBHEHUH COCTOMT B TOM, 4YTO OHH
HETIOCPEACTBEHHO  OMNpPENENAI0T Ccrmocod TmocTpoeHus IudpoBoi
CUCTEMBI.

1.12. Pemienue pa3HOCTHBIX YPABHEHHUI ¢ IPHMEHEHUEM
OJHOCTOPOHHEI0 Z-1peodpa3oBaHust

Pa3zHocTHBIE ypaBHEHHUS OOBIYHO ompeseneHs! mpu N=0 u uMeroT
Habop HayanbHbIX ycioBHH. I[lo3TOMYy HETpPyZHO MOHSTH, KAaKUM
00pa3oM MOKHO HCIIOJB30BAaTh OJHOCTOPOHHEE Z-TpeoOpa3oBaHuUe
JUIS peIIeHHsI TAKUX YPaBHEHHH.

B xauecTBe mpuMepa paccCMOTPUM pa3HOCTHOE YpaBHEHHE
[IEpPBOro NopsiaKa

y(n)=x(n)-by(n-1)
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¢ HauansHbM yeroBueM Y(—1)=K. Hycts x(n)=e'*". Uto6s! Haiitu
OZIHOCTOpPOHHEe Z-mpeoOpazoBanue Y(N), yMHOXHM 00€ dacTH
ypaBHeHHs Ha Z ' M HpocyMMHUpyeM oT 0 10 oo:

0

i y(nyz"=>y’ X(n)Z'”—bi y(n-1)z™".

n=0

Bocnons30BaBmmich CBOMCTBOM, CBS3aHHBIM c 33 PIKKOM
MOCIEI0BATENLHOCTH, UMEEM

Y(z)=X(z)-bz 'Y (z)-by(-1),

OTKyJa
X(z)-by(-1
v(z)= 2O
1+bz
ITockonbky
1
X(2)=———,
(2) 1-eloz?t
TO
—bK 1

Y(z)= + . )
(@) 1+bz  (@A+bzhH(A-elzh)

Brruucnnm o6patHoe Z-nipeoOpa3oBaHue:
e jo(n+1)

b+el’

1
b+el®

y(n) = (K- )(=b)" +

IlepBoe crmaraemoe mpezcTaBisgeT co00H CBOOOAHYIO COCTABIISIOIIYIO
OTKIIMKA, OIpEAeTsIeMyl0 HadalbHBIMUA YCIOBHSMH, a BTOpPOE —
BBIHY)KIECHHBIE KojiebaHus cuctemsl. Ilpu |b|<1 cBoGogHBIE
KoJeOaHMs SKCIIOHCHIINATBHO YOBIBAIOT.

WznoxeHnHoe HETpyAHO 00OOIINTH HA CHCTEMBI OOJIee BBICOKOTO
nopsiaka. Hampumep, pasHocTHOe ypaBHeHHE L-To mopsaka MoxeT
AMETH BHT

y(n)=Y ax(n-i-2 biy(n-i)
i=0 =
¢ HavanpHbiMU yenoBusimu {Y(-1), y(-2), ..., y(-L)}.
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3ameuanue. 30ecv npeonoaazaemcs, Ymo nocie008amenbHOCHb

x(n)=0 npu n<0.

Beramciss oqHOCTOpOHHME Z-TipeoOpa3oBaHus OT 00eHX dacTeil

MIOCJIEAHETO YPABHEHHUSI, ITOJIYIUM

Y(2)= i aiz'iX(z)—i bi[z'Y (z)+

+y (i) +y(i+1)z L +y (1))

Tenepp MOXHO TONY4YHTh BeIpakeHue mis Y(z) uepe3 X(z) m

HavalbHBIE YCIOBMS U, B3IB 00paTHOE Z-1peoOpasoBanue, Haitu y(Nn).

w

1.13. KoHTpoJbHBIE BONPOCHI

Jist kakux 3HAYeHWM HE3aBHUCHMOW IEepEeMEHHON (BpPEMEHH)
OIIPE/ICISIIOTCS. U(POBBIE MTOCIEIOBATEIEHOCTH?

I'ne B z-maockoctu cxomurcest X(z), ecnu X(N) OTIMYHA OT HyJIs
TosbKo Ha uHTepBajie N;<n <N, mpuuem N; u N koHEUHBI?
Korna mocnenosarensHocTh X(N) OyAeT Gpusnyuecku peaansyemoii?
Z-nipeoOpa3oBaHue, BEIYMCICHHOE HA €AMHIUYHON OKPYKHOCTH. ..
a) coBmamaeT ¢ mpeobpazoBanueM Dypbe;

0) IepeBOANT MOCTIEIOBATEIIFHOCTH BO BPEMEHHYIO 00JIacTbh;

B) COBIIaJaeT ¢ 00paTHBIM IpeodpazoBanueM Dyphe;

') THBEPTHPYET 3HAK Y 3HAUCHUH OTCUETOB MCXOIHOM
MOCJIeJ0BATeIbHOCTH.

Kaxkoe z-mpeobpa3zoBanue HMeeT MOCIEI0BATEIbHOCTH X(N—Np),
ecid Z-peobpasoBanue mocienosaresHocT X(N) paBuo X(z)?
JID u OJII1®D BBOAATCS A IEPUOTAIESCKUX
MOCJIEA0BATENILHOCTEN. ..

a) IOATOMY 4Yepe3 HUX HeJIb3s [IPEJCTaBUTh MOCIEeJ0BATEIbHOCTH
KOHEYHOM JTNHBI,

0) HO TOJIBKO s mocienoBarenbHoctei X(N)>0, mpu N>0;

B) HO 4epe3 HUX MOXHO MPEJCTaBUTh MOCIIE0BATEILHOCTH
KOHEYHOM JUTHHBI,

') HOATOMY JUTs PAa0OTHI C MOCIIE0BATEILHOCTIMH KOHEUHON
JUTUHBI He00XO0IMMO HCIIONB30BaTh Z-NIpeo0pa3oBaHue.
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10.

11.

Hcxonnple KOHEUHBIE MOCIIEAOBATEIBHOCTH UMEIOT UIUHBI N; U
N,. Uemy paBHa [UIMHa y TOCJIEIOBAaTEIBHOCTH, IOJNy4YEHHOH B
pe3yabpTaTe CBEPTKH UCXOJHBIX TOCIEA0BATEIBHOCTEN?

1.14. JIutepatypa

Bbproxanos, 0. A. Lludpossle nienn u curHansl: yued. mocodue /
1O. A. bproxanos. — SIpocnasins: Apl'Y, 2005.

Cononnna, A. 1. OcHOBBI nu()poBOii 00pabOTKM CHTHAIIOB: Kypc
nexiuii / A. W. Cononuna u ap. — CII16.: BXB-IlerepOypr, 2005.
Pabunep, JI. Teopus u mnpumeHeHne nuppoBOH 0OpabOTKH
CUTHAJOB: Tiep. ¢ anri. / JI. Pabunep, b. 'oyna. — M.: Mup, 1978.
Omnmnenreiim, A. B. Ilupposas o6paboTka curHanoB: mep. ¢ aHril. /
A. B. Onmenreiim, P. B. Illadep. — M.: Csi3p, 1979.

Kammenuan, B. Ludpossie ¢GmibTpel 1 UX NPUMEHEHHE: IIep.
c auri. / B. Kannenunu, A. Jx. Koucrantunuauc, I1. DOMunuanu.
— M.: Dueproatomusaat, 1983.

Backakos, C. W. PagumorexHudeckue IeNd W CHUTHAIBL /
C. U. Backakos. — M.: Beiciras mxomna, 2005.

I'onoposckuii, M. C. PagumorexHWYecKue IENMA W CHTHAIBI /
H. C. T'onoposckuii, M. II. [lemun. — M.: Paguo u cBssb, 1994.
Kaprames, B. I'. OcHOBBI TeopHH IHCKPETHBIX CHUTHAJIOB H
mudpoBeix GuiabTpoB / B. I'. Kaprames. — M.: Briciias mkona,
1982.

TlNonpnentepr, JI. M. [ludpoBas 00paboTka CUTHAIOB: CIPABOYHUK
/ JI. M. Tompnenbepr, b. [I. Martomkun, M. H. Ilomax. —
M.: Panno u cBs3b, 1985.

Tlonmpnentepr, JI. M. IudpoBas o0OpaboTka cHUTHAJIOB: y4eO.
moco6wue / JI. M. I'ompen6epr, b. JI. Matromkun, M. H. TTomsk. —
M.: Panno u cBs3p, 1990.

bupkran C. E. PasHocTHble ypaBHeHHs: y4eb. mocobue [/
C.E. bupkran, lO. A. Bbproxanos; Sfpocn. roc. yH-T UM.
II. T. Jemunosa. — Apocnasns: Apl'Y, 1994.
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2. IUD®POBBIE CUT'HAJIbI U UX CIIEKTPBI

W3BeCcTHO, YTO BCE CHTHAIIBL, ONpPEJEIEHHBIE HA KOHEUHOM HIIU
OECKOHEYHOM  HWHTEpBajlaXx, MOXKHO  KJIACCH(QHUIMPOBATh  Kak
HENPEPBIBHBIE U JUCKPETHBIE.

HemnpepeiBHble curHamsl X(f) XapakTepU3YIOTCS HENPEepHIBHBIM
W3MEHEHHEM apryMeHTta t M mosToMy ompezeneHsl Ha OeCKOHEYHOM
KOJINYECTBE BPEMEHHBIX TOUYEK JI000T0, JaXke KOHEYHOTO, WHTEpBaja
[0, T,]. Takue curHambl TaKKe HA3BIBAIOTCS KOHTHHYAIbHBIMH WITH
aHaJIOroBbIMU. HenpepblBHbIE CHTHANBI, IIOJIyYEHHBIE HA BBIXOJE
peaJbHOTO  YCTpOWCTBa — JUCKpeTH3aTopa, OylneM Ha3bIBaTh
JUCKPETU3UPOBAHHBIMU. JIUCKpPETHBIE CUTHANBI, B OTJIAYHE OT
HETIPpepBIBHBIX, OTIPE/IeNIeHbl B (PMKCHPOBAaHHBIE MOMEHTHI BpeMeHH NT
U, CIIEJOBATENBHO, HA KOHEUHOM HMHTEPBAJle UMEIOT KOHEYHOE YHCIIO
TOYEK ONpeaereHus, a Ha OecKoHeuHOM — OeckoHeuHoe. Lludpooit
CUTHal OT JWCKPETHOrO OTIMYaeTcs TEM, 4YTO €ro 3Ha4YeHHs
ANNPOKCUMHUPYIOTCS KOHEUHBIM YHCIIOM JBOUYHBIX Pa3psioB.

2.1. BzaumHasi CBSI3b HEIPEPBLIBHOI'0 CUIHAJIA U ITOJYYECHHOI0 M3
HEro IMCKpPEeTU3MpoOBaAaHHOI0O CUTrHAJIa

PaccMoTprM mporiecc mpeoOpa3oBaHUsi HEMPEPHIBHOIO CHIHAIA
Xsx() B IMCKPETU3HUPOBAHHBIA Xy (t), KOTOpBIA  (QH3HYECKH
peanusyeTcs TPH TIOMONIM YCTPOWCTBA, HAa3bIBAEMOTO  KIHOYOM
(puc. 2.1).

xgx(t) > \I\ xgblx(t) _

T[1[0

(]

Yr(t)

T

Puc. 2.1. luckpeTu3amus HENPepHIBHOTO CUTHAIIA

CurHaj, ToABEpraecMblii MpeoOpa3oBaHUIO, MONAETCA HAa BXOJ
KJII04a. Ha YIPABJISIOIINNA BXOJ KJIIo4Ua MOCTYIaeT
IIOCJIEN0BATEILHOCTD JTUCKPETUIUPYIOIIHX HUMITYJIbCOB Y.(1),
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o0ecreynBalOIUX 3aMbIKaHUE KIII0Ya HA BpeMs ACHCTBUS MMILYJIbCA.
Ecnu 3nauenne Y. (i) B mayse paBHO HYJIO, a aMIUIUTYa UMITYJIbCa —
€MHULIE, TO CUTHAJI HA BBIXOJE KIII0Ya MOXKHO NPENCTAaBUTh B BUJIE

Xaurx () =Xex () Y(1). (2.1)

PaccmoTpuM BpeMeHHBIE AuarpaMMbl cursHanoB. Ha puc. 2a
M300pakeH HeMPEPBIBHBINA CUTHAN Xu(t), onpenenéHublit Ha HHTEpBae
[0, T¢] u mocTymaroruit Ha BXOM KJf04Ya. BBIXOMHON CHTHA 3aBUCHT
oT JUTUTENBHOCTH UMITyJIbCa JUCKPETU3UPYIOLIEH
mocieioBaTeIbHocTH T (puc. 2.26), B TEYCHHE KOTOPOTO KITIOY
3aMKHYT, U oTHOMICHUS T/T. OCTaHOBHMCS Ha YaCTHOM Cilydae, Koraa
TJT=N, rme N — HekoTopoe nenoe yrcio. CUrHaI Ha BBIXOJE KITHOYA,
COOTBETCTBYIOIIMI 3TOMYy cCilydaio, H300pakeH Ha puc. 2.28.
Breixognoit curnan wa unrepsaine [0, 7] MOXHO 3ammcaTs depe3 rect—
(YHKIMIO — MaTeMaTH4YecKyld MOJENb  JUCKPETU3UPYIOIIETO
HMITyJIbCa:

i t— 1/2 nT

Xy (1) = xgx(t)Zrect( ). (2.2)

Ha untepBanax Bpemenu [NT, NT+7], T. €. KOTa KJIOY 3aMKHYT,
MTHOBEHHOE  3HAY€HHWE  BBIXOJHOTO  CHUTHaJ]a  COBMamaeT ¢
COOTBETCTBYIOIIMMH 3HAYCHUSIMHA BXOTHOTO.

Ecmm 0<z<T, To KII0OY, a CIACHOBATCIBLHO, M BBIXOJHOW CHTHAI
(2.2), pusnuecku peanusyem. Ipu 7—0 umeem rect(z/t)—ug(t). 3mech
Ug(t) — eTMHUYHBIN UMITYJIBC, ONPEACIIEMBIN BHIPAKEHUEM

1 mpu =0
Up(T)= :
0 mpu 7T#0
Torna (2.2) npumMeT BUI
N-1
X3b1x2 (t) = Xex (t)zuo (t - nT) (23)
n=0

52



0 T 2T | NT=Tc g t

yr(t)

, 1 M1 ri >
0t T 2T Tc t
L)Cebml(t)

T (N-)T Te ¢
6)
xgbIXZ(t)
Ve o
/ \ P -

/ [ [ [
0 T 2T (N-1)T Te t
2)

x(n)
HEEE :
0 1 2 N-1 N n
0)

Puc. 2.2. TIpeoOpa3zoBaHue HEMPEPHIBHOTO CUTHAJIA B TUCKPETHBIN:
@) HEMPEePBIBHBII CHTHAIT; 0) AUCKPETU3UPYIOLIAs TOCIIEA0BATENbHOCTS;
6) CUTHAJI Ha BBIXO/IE KIII0YA; &) aOCTPAKTHBIM CUTHA, 0) BBIXOIHAS
MOCJIeJOBATEILHOCTD



B (2.2) 1 (2.3) Xgux1 (1), Xeun2(t) — AMCKpPETU3UPOBAHHBIE CHTHAIEI,
oTIpesieNIcHHEIe B M000# Touke mHTepBana [0, Tc]. OgHako, B oTiamdue
or (2.2), Beipaxenue (2.3) sBISETCS MaTEeMaTHYECKOW MOEIBIO
(¢u3uUecKy Hepeamu3lyeMoro curHana. Bce W3BecTHbIE (HU3MUYECKHE
MIPOIIECCHl UMEIOT MPOTSHKEHHOCTh BO BPEMEHH, MOITOMY HMITYJIBC C
HYJIEBOM [IUTEIHHOCTBIO SIBISICTCS MAaTEMaTHUECKOW aOcTpakmuei.
AOCTpaKTEH U caM CHUTHAN Xy,0(t), onpenensemsrii Bepaxkenuem (2.3)
1 YCJIOBHO M300pakeHHBIN Ha puc. 2.22.

3amMeHa  HENpEepHIBHOTO  CHUTHajJa  KOHEYHOH  YHCIIOBOM
MOCJICIOBATEILHOCTRIO MOJYYHJIa PACIpPOCTPaHEHHE B TEOPHUU U
TEXHHUKE TUCKPETHBIX M Iu(poBbIx memneil. I[Ipu o6paboTke 4ncioBbIx
MIOCIIEAOBATEIIEHOCTE MHTETPUPOBAHNE 3aMEHSICTCSI CYMMHUPOBAHHUEM,
a nauddepeHINpPOBaHHE — BBIYUCIEHHEM KOHEYHBIX pPa3HOCTEH.
Martemarndeckass MOJENbh AWCKPETHOIO CHTHANA TIOIY94aeTcs W3
BeIpaxeHwust (2.3):

x(nT) =X, ()uy(t—nT) (2.4)

B  Belpaxkennn (2.4) ¢opMarbHO MOXHO IIEpedHTH K
0e3pa3MepHOMY BpeMEHHU N, IMEIOIIEMY CMBICI HOMEpa BEIOOPKH MM
HOPSAKOBOTO HOMEPA YHCIIa B [IOCJIEA0BATEILHOCTH:

X(n) =x_ (tu,(t—nT). (2.5)

IMocnenoBatenbHOCTH X(N) M300paxeHa Ha puc. 2.20.

Ilpomecc  mpeoOpa3oBaHMS ~ HEMPEPHIBHOTO  CHTHajda B
JIUCKPETHBIN Ha3bIBA€TCS JUCKPETH3allMei, a YCTPOHCTBO, €ro
peanusyroniee — AUCKpeTU3aTopoM. IIOHSATHO, 4TO IUCKPETU3aTOp,
BBIMOJIHAIOIUE  mpeoOpazoBanus (2.4), (2.5), dusuuecku He
peanu3yem, MMOCKOJBKY Ha €ro BBIXOJE MOXKET PUCYTCTBOBATH TOJIBKO
OUCKPETH3WPOBAHHBI  CHUTHAJl C  KOHEYHOH  JUIMTEIEHOCTHIO
nMmnynbcoB. OmHAaKo UQPOBOI CHTHAJN, TOJNydaeMblii Ha BBIXOJE
AIIII, peasibHO CYIIIECTBYET.

2.2. CrieKkTp AMCKPETU3UPOBAHHOIO CUTHAJIA

3amuimeM TEepHOANYECKYI0 TI0CJIEA0BATEIbHOCTh JAMCKPETHU3HU-
pyfomux umiyiscoB Y. (t) B Buze psga ypoe:
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n(ol

Y(t)=—+ Z sin(

)cos(not+¢,),

rae o=2w/T, @, XapakTepu3yloT 3aJePXKKy IOCIeI0BATEIEHOCTH
umiyscoB Y. (t) Ha 0,57.

YunteBast, uTo N®,T/2=N7t/T, a Takke UMes B BUAY PaBECHCTBO
(Unm)sin(znt/T)=(t/T)sinc(nrt/T), morydum

Y, (t) _—[1+ ZZSInC(—)COS(n(Dlt+¢ )].

Torma Beipakenue (2.1) mpumer BUI
. n
X, () = Ti[xgx (1) +2x,, (t)Zsmc(%) cos(nayt +¢,)].
n=1

IlepBoMy cllaracMoMy B IPaBOil 4aCTH COOTBETCTBYET CIEKTP Xy (m)
MCXOJIHOTO HETPEPHIBHOTO CUTHANA, a KaXIOMY W3 IMPOM3BEIECHHIA
Xe()os(Noit+e,) — cmektp  A[Xp(o-Nmy)  + X (o+no)].
Crie1oBaTesIbHO, HCKOMBIN CIIEKTP ONPEAEIIAETCS BHIPaKEHHEM

X, () = {Xex(m)+Zsmc( = jxex(co—nml)

—Zsinc(@J X, (o+ ncol):|.
n=1 T )

ITockoneky SiNC(0)=1, TO OKOHYATETHHO MOTYIUM

X e (@) = Z smc( ngx (0—nw,). (2.6)

N=—0

I'paduku moayiei pynkuuit X, (o) u X,,,.(®) npusencHsl Ha puc. 2.3a
1 6, B COOTBETCTBEHHO.

Wrak, cnektp X,n.(®) IMCKPETHM3MPOBAHHOIO  CHTHAJA,
MOTyYSHHOTO u3 HETPEPHIBHOTO, TPE/ICTABIISET coboi
MOCITETOBATEIBHOCTh  CIIEKTPOB X, (®) HMCXOMHOTO cHUTHANA X (1),
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CIBUHYTHIX OJMH OTHOCHTENFHO APYroro Ha ®1=27/T U yOBIBAIOIIMX
o 3axony sinc(nwt/7).

Ko@)
>
-0, 0 o, ®
a)
sinc(nm) ,m(@)
=TI
-2/t -0, —0, 0 o, o 2n/t ®
0)
X?blx(w)
T=T2<T1
! 0]
10
1 1 1 1 :
=2, -0, -0, 0 o, o 20, ®

2)
Puc. 2.3. CBs13p MEX/ly CIIEKTpaMU HENPEPLIBHOTO U AUCKPETU3UPOBAHHBIX
CHUTHAJIOB:
@) MOZYJIb CIICKTPa HEMIPEPBIBHOTO CUTHAJA,
0) MOJIyJIb CIIEKTPa JUCKPETH3UPOBAHHOTO CHIHAJIA IPH T= Ty,
6) MOJyJIb CIICKTpPA JUCKPETH3UPOBAHHOTO CUTHAJIA IIPH T= Ty;
2) MOAYJIb CHIEKTpa AUCKPETU3UPOBAHHOIO CHIHAA Ipu T— 0
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Muoxwutens T/T B (2.6) oTpaxkaeT YMEHBIIEHHE MOIYJIS CIIEKTpa
Xewe(®) cHTHAMA X, (1) MO cpaBHeHHIO ¢ MomyJieM coekTpa X,(o)
curHaia X (t), IOCKOJbKY BHEPrUsi CUTHANA X, (1) MeHbIe 3HEpruu
curHaina X, (t) B /T pa3. ITosToMy H300paskeHHbIE HA PHC. 2.3 MOMYIIH
CIIEKTPOB MOXKHO PACCMaTPUBATh KAK HOPMHUPOBAHHEIE.

C yMeHbIICHHEM OTHOIIEHUs T/7T JIETECTKHA CIEKTpa YOBIBAOT
MeayieHHee, W B mpenene npu T—0 CHEKTp HIPHOOPETET CTPOro
MEPUOJIMUYECKYIO0 CTPYKTYPY C HYJICBBIMH YPOBHSMH JICTIECTKOB, YTO
COOTBETCTBYET CIIEKTPY AUCKPETHOTO CHTHAJIA.

Ha puc. 2.36-c mpuBeneHBl CIEKTPBl CHUTHAJIOB JUIS  TpPEX
MTOCIIEIOBATEIEHO YMEHBIIAIOIINXCSI 3HAYCHHH T.

2.3. CooTHOLICHUSI MEKAY CNIEKTPAMHU HeNPepPbIBHBIX
U JUCKPETHBIX CHTHAJIOB

PaccMOTpUM MaTeMaTHYECKYH0 MOJIENb JAUCKPETHOTO CHTHAIA €
x(nT).  VCTaHOBUM  CBsI3b  MEXKIY  CIECKTPOM X (eT)
nocnegoBarensHocTH X(nT) u mpeobpasosanmem Dypoe X, (j€2)

HETPEepBIBHOTO CHTHANA X(t) M OOCYAWM CIIEICTBHUS, BHITEKAIOIINE U3
Hee.

[Tapa nmpeobpaszoBannii Pypre 111 HENpepbIBHOTO CUTHaia X(t)
UMeeT BUJ

X,(jQ)= j x(t)e ot

—00

17 : jot
x(t):E‘L X, (iQ)e?dQ. 2.7)

AHaNOTHYHBIE COOTHOIICHUS JIsl JUCKPETHOTO CHUTHAJIa UMEIOT
BUJI

0

X(el°N)= z x(nT)edenT,

N=—o
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/T
KM=~ [ x@m e do. (2.8)
-n/T

IMockoIbKY X(nT):X('[)|t:nT , To Moxuo cemare X, (JQ) u

X ("), Borumciue muTerpan (2.7) wns t=nT, IpEYeM HHTErpan ¢

OCCKOHEYHBIMHU TIpelIeIaMH CIIeyeT 3aMCHHUTh OSCKOHEYHOW CyMMOM
HHTErpajioB Ha UHTEpBaiIax AIUHON 27t/ T.
Takxum o0pazom

o minmT
x(nT)==- > j' Xn(jQ)e"TdQ.
2T 0 om T

2n . .
3amenuB Q Ha co+?m W U3MCHHB TMOPSAOK JIEHCTBUH,
MOJTyYUM

x(nT) T n'/fT ! i X (j(o+j27T m) |el°"Td
=— — — o.
2n | T2 T

CpaBHuB 9T0 BbIpakeHne C (2.8), moiaydyuM HCKOMOE
COOTHOILICHUE:

X(e"‘*’T):_I_l z X, (jo+ j%m). (2.9

N3 1ol hopMysBl BHIHO, YTO HEPHOIUYECKAs CIICKTpalIbHAS
(YHKIMS TOCIEIOBATENFHOCTH COCTOMT W3 CYMMBI OECKOHEYHOTO
YHCJIA CIEKTPaIbHBIX KOMIOHEHTOB HENPEPHIBHOTO CHTHAA.

Ecnn cnexTp HeNpephIBHOIO CUTHaja OrpaHW4eH IO I0Joce
nuanasoHoM vactor |QIK /T, r.e. X, (jQ)=0 npu |Q>n/T, u3

cooTHomeHuss  (2.9) crmegyer, YTO B  JAMAma30HE  YacTOT
| 0 |< 7t/ T umeem

X(ej“’T):%X”(jQ). (2.10)
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B sTOM ciydae criekTp mocie0BaTeIbHOCTH CBSI3aH CO CIICKTPOM
HEMPEPBHIBHOTO CHrHaja CiaeayonmmM oopazom (puc. 2.4).

Xu(GQ)

=5 /T =3n /T -n/T 0 =n/T 3n /T 5t /T
0)

Puc. 2.4. Ca3b Mekay ClIEKTpaMH HENTPEPHIBHOTO U AUCKPETHOI'O CUTHAJIOB:
@) MOJyJIb CIIEKTPa HEIPEPHIBHOTO CHIHANA; §) JUCKPETHOTO CUIHATA

Ecimu ke X, (j€2) ne orpannuen pumanasonom |Q|<w/T, To

COOTHOIIICHHE MEXIy CIHEKTpaMH JHUCKPETHOTO U HEMPEepPBIBHOTO
CUTHAJIOB OKa3biBaeTcs Ooliee cIoKHbIM. [lokakeM TUIMYHBIN pUMEp
(puc. 2.5a—6). CriekTp HeNpepHIBHOTO CUTHANA (pHc. 2.5a) OrpaHuYeH
nosocoii | Q< 3n/ 2T .

U3 dpopmyns (2.9) crenyert, uro wieHsl ¢ m=0, 11 garoT BKIAa B
X (e'") B nmanasome wacror |@|<7/T (puc. 2.56). Hostomy B
OTJMYKME OT MPEIbIAYIIEro MpUMepa CHEKTP MOCIeI0BATEIbHOCTH
(puc. 2.56) cBs3aH €O CIEKTPOM HCXOJHOTO CHTHAla 3HAYUTEIHHO
bosee CIOXKHBIM 00pa3oMm. IIpudrHa 3aKTI0YaeTCs B TOM, YTO 4acTOTa
JUCKPETH3AIUT /T ObLIa HEI0CTAaTOYHO OOMBIION u
BBICOKOYACTOTHBIe ~cocraisomue  crektpa X, (j€) momamu B

joT
obnacTs Gonee Huskux uyactor B cnekrpe X (e'”"). Takoe cmemenue
CHEKTPATBHBIX COCTABIAIOMIMX W3 OJHOTO [Hara3oHa B JPYroi
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Ha3bIBAIOT  HANOKEHHEM  CIIEKTPOB, a  IOCJIENO0BATEILHOCTD,
COOTBETCTBYIOILYIO CHEKTPY puC. 2.56, — MpPEACTaBIEHUEM CHUTHAJa
X(t) ¢ manoxenuem. HanoxeHus MOXKHO U30€kKaTh, IUCKPETH3UPYS
HETPEPbIBHBIC CUTHAJIBI C JOCTATOYHO BBICOKOW 4aCTOTOIA.

X,G9)

-3n /2T 0 32T Q

a)

Ty

X(el®

=2 /T - /T 0 /T 2n/T
0)
X(e)®

N\ /

Ty

L )
—-2n/T -n/T 0 n/T 2n /T ®

6)

Puc. 2.5. CBs3p MeX/1y CIIEKTpaMH HEMPEPHIBHOTO U TUCKPETHOTO CUTHAJIOB MIPH
HaJIOKEHHH CIIeTpoB. MOYITH CIIEKTPOB: d) HEMPEPBIBHOTO CHTHATIA,
6) uneHoB pasnoxenus ¢ M=0,11; ¢) AUCKPETHOTO CHrHATA

2.4. BoccTaHOBJ/IEHHE HEMPEPBHIBHOIO CUTHAJIA U3 IMCKPETHOI0

W3 puc. 2.46 Bugno, uyto ecnmu Q <m/T, T.e. ecaum yacrora
JIUCKpETU3AINKU, 10 KpahHen Mepe, BIBOE OOJIBIIIE HAMBBICIIEH
qactotsl crnektpa X, (jQ), 1o X('®") comamaer ¢ X,(jQ) Ha
uarepane —T/T<w<n/T. DrTa dYacTOoTa AUCKPETU3ALMH WHOIrIA
HasbiBaeTca yactorod HailikBucta (KoTenbHukoBa). B 3ToM ciyuae
MOXHO OXKHJIaTh, 9TO (YHKIUS X(t) MOXKET ObITh BOCCTAHOBJICHA IO
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BbIOOpKaM X(NT) TOpu MOMOIIM MOAXOJSIICH HHTEPIOIIIUOHHOMN

(hopMymbIL.

UroObl BRIBECTH HHTEPIIOALUOHHYIO (OPMYITY, MPEIMOI0KUM,

yt0 Q<1 T (puc. 2.46), Toraa cornacHo (2.10) umeem

X (€17 le X, (jQ), /T <Q<m/T.

B cootBercTBuu ¢ mpeobpazoBanreM Dypbe B HENMPEPHIBHOM BPEMEHH

/T
X(t) zzi [ X, (i) 0.
nfn/T

OOBeauHssI TBA TIOCIETHIX BEIPAKCHUS, MOXHO 3aITUCATh!

/T
x(t):zi [ TX() e,
-/T

Ucnonesys popmyiny auckperHoro psga Oypoe

0

X (@)= > x(nT) e},

3alrLICM. -
T /T 0 ) )
X = [ (X x(Tye ™) edQ
—n/T N=-o

WM, U3MEHSS IOPSIA0K CYMMUPOBAHUS U UHTEIPUPOBAHUS,

© /T
xt)= Y x(nT)[Zl [ emaqy,
N=-—o0 —nl/T

BrinosHUB UHTETPUPOBaHUE, IOTYUYUM

; sin(= (t—nT))
x(t)= Y x(T{———}.
N=-0 ?(t _nT)

(2.11)
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Breipaxenne (2.11) maer HWHTEPHONSIHOHHYIO (GopMmyty s
BOCCTAaHOBJIEHUs aHanoroBoro curHama X(t) mo ero BeIGOpKam.
3aMeTHM, 9TO 3TO BBIPA)KEHHE ONMCHIBACT CBEPTKY BXOJHOI'O CHI'HAJIA
u NX ¢unptpa HmwkHUX dvactor (DOHY) ¢ npsaMoyroibHOM
aMIUTHTYIHO-4aCTOTHOH Xxapakrepuctukoir (AYX). Ilpencrasienue
aHamoroBoro curHaga B Buzme (2.11) cmopaBemnmBO TONBKO IS
(¢yHKIMI ¢ OrpaHUYEHHBIM CIEKTPOM HPH JIOCTATOYHO MajioM T, T. €.
IIpH OTCYTCTBHH 3(h(hexTa HaIOKEeHHSL.

Bripaxenue (2.11) MOXHO TOHMMATh KaK pa3joKEHHUE CHTHaja C
HeTIpepBIBHBIM BPEMEHEM B PsiJI BUIA

xt)= 3 C., (). (2.12)

N=—o0

rae  kodpoummenter C, wu ¢Qyukuun D,(t) ompemensoTcs
BBIPOKCHUSIMU

C, =x(nT) (2.13a)

sin(= (t—nT)
o t)=—T — (2.136)

%(t—nT)

CymiecTByeT MHOTO KiaccoB (yHkimit @p(t), KOTOpble MOXKHO
UCIIONIb30BATh JUIS TpEACTaBICHUS (QYHKIHMH C HENPEePhIBHBIM
BpemeHeM B Buzae (2.12), BKIOYas CHHyCOWAANbHBIE (YHKINH,
¢ynkumn Jlareppa u mommHoMbl Jlexanapa. Ilpum mobGom Takom
NPEe/CTaBJICHUH I10CIIEI0BATENbHOCTE KodQduumentoB C, MOXHO
paccMarpuBaTh  KaK  JIHCKPETHBId  CHUTHAN, NPEACTABISIONINN
ananoroBeiii curnan X(t). OmHako He BCe Takue IMPEICTABICHUS B
paBHOH CTeNeHW TOJNE3HBL.. bONBIIMM TNperMyIIecTBOM BBIOOpa
¢byukuuu @, (t) Buma (2.1306) sBisieTcst TO, 4TO KOIGPHUIIUEHTHI JTIETKO
NOJYy4aloTCs IMyTeM JUCKPETU3allMd CHTHalla C  HeNpephIBHBIM
BpeMeHeM. [IpuMepbl AMCKPETHOrO M BOCCTAHOBJIEHHOTO CHTHAJIOB
MIPUBEAEHBI Ha pHC. 2.6 a M 6 COOTBETCTBEHHO.
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x(n) o

a)

A
X()

ax(l
=0

-
J s

Puc. 2.6. BoccranoBiieHre HEMTPEPHIBHOTO CUTHAJIA!
@) UCXOJHBIA JMCKPETHBIN CUTHAI,
6) BOCCTAHOBIICHHBIN HETIPEPBIBHBIH CHTHAI

0)

2.5. TunoBele NepuOgUYECKHE CHTHABI

PaccmMoTpuM  psA 4YacTO  BCTpEYAIOMIMXCS  IH(POBBIX
MEPUOJUYECKUX CUTHAJIOB BMECTE C MX CIEKTpaMH, MOJYyYaeMbIMH C
nomotisio JT1D.
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2.5.1. IlocnedosamenvHochb ROKA3AMETIbHBIX UMNYAbCO8

%, (1)
05 .o,
ST
0 1 2 3 4 5 n
a)
A
| X, (k) |
(T3 S
1 P S,
0.5 ”1 .......

0)
A argXp(k) /m
()_()g ..... g %
005 b penn I ..... 3.k
01 b
015 b
6)

Puc. 2.7. IlocneqoBaTeabHOCTE
MOKa3aTeJIbHBIX UMITYJIbCOB!
a) rpadUK CUrHalla HA OJTHOM TIEPHOJIE;
6) aMITUTYTHBIA CHICKTP; 6) (pasoBbIi
CHEKTp

Hudposoit curHan Ha
OJIHOM TiepHoJie T BBIpakaeTcs
3aBUCUMOCTBIO

Xp(n)=a" npu n €[0; T-1].

I'paduk curnana Ha 3TOM
untepBane npu a=0.4, T=6
MOKa3aH Ha puc. 2.7a.
Cormacio  dopmyine (1.18)
crieKTpanbHas QyHKIIMS paBHA

2n

i —j—=kn
X,(ky=>a%"e T =
n=0

n
S % 1-a’
=) lae T | =——
_if™
n=0 l-ae T

ke[0;T -1].

I'paduxn  mMomynms w
apryMeHTa 3Toi (QyHKImMU s
CHTHANa €  YKa3aHHBIMH
napamMeTpaMd Ha HHTEpBaje
ke[0;T/2] mokazaHbl Ha puC.
2.76 n 2.76 COOTBETCTBEHHO.

2.5.2. Kocunycouoanvnoe Konebanue

2n
Ilycth xp(n):cos?n. I'paduk sTOH (YHKIHH Ha OJHOM

nepuose npu =6 mokazad Ha puc. 2.8a. Iy onpeneseHus: CreKkTpa

IpeICTaBUM
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21 1
COS—N=—
T 2

Haiinem criekTpanbHyo (QyHKIHUIO:

1& (%
Xy (0=33 ¢

n=0

Puc. 2.8. KocunyconganbHoe konebaHue:

a) rpaduK CHTHaIA Ha OJHOM IIEPHOIE;
0) aMIUINTYHBIN CIIEKTP

(2.14)

Ha ocHoBanuu Qopmymsl
(1.17) umeem

e’

pard 0 mpu k =m.

= j@n(k—m) {T pu k=m
[MepBast cymma B (2.14) paBna T
npu k=1, a Bropas cymma
pasra T  nmpu  k=T-1.
CreoBaTenbHO, CIIEKTpaIbHAS
GyHKIMS ~ BEHICCTBEHHA U
paBHa:

X, (k) = %[8(k 1)+ 5k —T +1)]
I'papux »sr1oli  yHKIMHM Ha

unrepsane  ke[0;T/2]  npu
T=6 noka3zaH Ha puc. 2.86.
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2.5.3. IlocnedosamensHoCmb RPAMOY201bHBIX UMNYIABCOG

x,(n udposoit curHan Ha
) P OJTHOM TIEpHOJC 1 3amluilmeM B
s ’ . [ _________________ R
> 1 npn nel0;n, —1],
01 2 3 4 5 6 7 n X, (n) =
a) 0 mpm ne[nu;T —1].
5 0 | Xp(k) | ______ I'padux »>T0M yHKIUM Ha
OHOM Tepuone npu N,=5,
Afe T=8 moxka3zan Ha puc. 2.9a.
3o Haiinem  cnexTpaibHYyIO
200 (GYHKITHIO
1 n, -1 ,jzlkn
> n=0
0 1 2 3 4 &k ITpu k=0 umeem
6) n,—1
A arg X, (k) /n Xp(0)= nZ(; Xp(n)=n,.
08 |-~ o =
IMpu k=0 momy4nm
04 | oo, LN
l1-e T
I (e a
4 k l-e T
04 L.
08 t--¢. .. e T 2 @T 2_p T2
6) T _jamk T oamk _oamk
e JT 2 eJ T2 —e JT 2
Puc. 2.9. ITocnenoBarenbHOCTh kn
[IPSAAMOYTOJIBHBIX UMITYJIbCOB: -t sin S
@) TpaduIK CUTHANA HA OJHOM MIEPHOJIE; - 67J T (2.15)
0) aMIUTUTYHBIA CHEKTP; . Tk
6) (a3oBbIii criekTp sin ?

[epBoIit IEpexo/ Yepe3 Hylb OTHOAIONIeH CIEKTpa MPOUCXOTUT
mpu K=T/n,. T'paduku MOIy/Is M apryMeHTa CIIEKTPaIbHOM ()YHKIIMH
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Ha wuHrepBaie Ke[0; T/2] curnama ¢ yka3aHHBIMH mapameTpamu
nokaszaHbl Ha puc. 2.96 u 2.96 COOTBETCTBEHHO.

2.5.4. IlocneoosamenvHocms NPAMOY201bHBIX PAOUOUMNYILCOB

IlndpoBoit curaan Ha OXHOM TMepuoje | 3alWIIeM B BHIC
GyHKIIH

S

2n
— O;n, -1},
() = COS(n n+¢OJ npu ne[ n, ]
0 npu ne[nu;T—l].

3nech Ng—MEepHOA  3amoiHEHHs, N, — AJIUTEIbHOCTh HMITYJIbCA.
OcumnorpaMMma CHrHajda Ha OJHOM mepuoje mpu Ng=6, n,=13,
T=24, ¢o=0 nmoka3ana nHa puc. 2.10a.

Haiigem criekTpanbHy0 QYHKIUIO:

“ (2n ~i%%a
Xp(k)=2cos(—n+¢o)e T =
n=0 ns

| 2n | 2n
1l J{*”*’%} —J{*”*'%} —jﬁkn
==>let™ Jie t® e T =
2
n=0
= X (K) + X, (k).
[Monmy4nm BeIpaXkeHHe TSI IEPBOH U3 3TUX (QYHKIIUIL:
1 { 2 J(zj77kj
~ | *'”4’0} -jF 1 5 1-e
Pl(k)_ Ze * ! :_e1¢0 2n 2 ’
R
1_e\n T
1 Kk
Beengem o, = | ——— |, TOorma
ng T

S

i, sin(a,n,) zlei%eiak(”rl) sin(a,Nn,) '

(k) = eJ¢o _ \ |
Ko el sina, 2 sinay,

67



0.5

os UL 7L 316 19 22
N 1 S
a)

A X, (k) |
Thooe o
5 AR
3 ' .........
g
tLLEITTst,
01 4 7 10 k
6)
A arg X, (k) /n
154 .o ...
| K I
o5tV
os| AT TS k
I 1 PP
A5b e
6)

Puc. 2.10. [TocnenoBaTeabHOCTH
MPSAMOYTOJIBHBIX PaJNOUMITYJIECOB:
@) rpad¥K CHTHAJIA HA OJTHOM TIEPUO/IC;
6) aMIUTUTYAHBIA CIEKTD;
6) $ha3oBblil CIIEKTP

AHayornyHble  TIpeodpaso-
BaHUsI  MpoJeNaeM ©  JI
ynxmmn Xp2(K):

Xp2(k) =

(2n 2m
Beemem P, =7 i+5
K n T)
TOr 1A
XpZ(k)_

:le_ld’o efj[%knu SIn(Bknu) —
2 e P sinB,

_ 1 ibgimen,o SINGBN,)
2 sinB,

Pesynbrupyromuii cnexkTp

paBeH

X, (k) = 11 i v SN | ooip ey SINEBLN) |
2 sinB,

sinay,
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I'paduky aMmiuTyaHOro W (a3oBOro CHEKTPOB HA HHTEPBaiC
ke[0; T/2] curHana ¢ yka3aHHBIMH TapaMeTpaMHd TMOKa3aHbl Ha
puc.2.106 u 2.106 coorBercTBeHHO. OOpaTHTe BHHMaHHE Ha
OTCYTCTBHE CHMMETPHHU CIIEKTPAa OTHOCHTEIBHO HECYIECH 4acTOTh (B
pacuetHOoM ciydae 310 K=T/ng=4). Cummerpus oTHOCUTENBEHO K=T/2
COXPAaHSETCs, TAK KaK CUTHAJ BELIECTBEHHBIM.

2.6. TunoBble HenepuoOIUYECKHE CHTHAJBI

PaccmoTpuMm  OocHOBHBIE  IH(POBBIE  CHUTHAIBl  KOHEYHOM
JUIUTENBHOCTH, a TAK)KE €IMHUYHBIN CKaYOK BMECTE C UX CIIEKTPaMH.
2.6.1. IlokazamenvHolii UMBYIbC

3amaHa mocieg0BaTeIbHOCTh KOHEYHON JIMHBI

n . _
X(n) = a" mpu ne[0;N-1],
0  nopu mpyrux N,

T.€. OHAa COCTOUT U3 OJHOTO MEepHuoJa COOTBETCTBYIOIIEH
HOCIIE0BATENbHOCTH Xp(N). I'padyk mOKa3aTeqbHOrO MMITYIIbCA UL
a=0.4, N=6 noxka3an Ha puc. 2.11a.

3nauenue npeodpazoBanust @ypee B L Toukax (L>N), paBHOMepHO
pacrlpeneNieHHbIX 10 eAWHUYHOHW OKPY)KHOCTH Ha Z-IUIOCKOCTH,
HaxoxuTcs no dopmyre (1.21), T. e.

N
,jﬁk

n l—|ae t
A N-1 S N e

%00 =Sxtme T =S e | L
n=0

| —j=—k
l-ae t

>

k e[0;L—1].

AMIIUTYAHBIE W (a3oBBIH  CHEKTPHl HMMITYJbca C YKa3aHHBIMH
napamerpamu Ha unHTepBane Ke[0; L/2] mns L=12 npuBeneHsl Ha
puc. 2.116 u 2.116 COOTBETCTBEHHO.
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a)
X(k
AIXCL
15F g -
[ I 0
ost L1111 -0.05
R 01
0 2 4 6 k -0.15
0)

Puc. 2.11. [Toka3zaresnbHbII UMITYJIBC:
@) rpadMK CUTHANA; ) aMIUIUTYAHBIA CHEKTP; 6) (a3oBbIi CrIeKTp

2.6.2. IlpamoyzonbHblii umMnyise

O):[PIHO‘IHLII?I pr[MOYFOJILHBIﬁ MMIIYJIbC JJMTCIBHOCTBIO N,
BbIpaXXacTCs 3aBUCUMOCTBIO

1 npu ne(0;n —1f,
(= {2 o nelon -]
0 mpu apyrux n.
OcummorpamMma UMITyisca mpu N, =5 nokasana Ha puc. 2.12a.

CriextpanbHas ¢GyHKIUS B L Toukax eIMHUYHON OKPY>KHOCTH Ha
Z-TJIOCKOCTH HaxoauTcs 1o ¢popmyie (1.21), 1. e.

A n-1 —jgn
XK)y=>e t .
n=0

Mo ananoruu ¢ BeipakeHueM (2.15) mpu k=0 3anumiem
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s
X(k):eﬂnk - S|r-1[nknu/L]' kelLL-1]
sin(rk / L)

Tpu k=0 umeem X (k) = n,.

ITepBbIii mepexo Yepe3 Hyilb Orubaromieil CreKkTpa MpOUCXOJUT
npu k=L/n,. W3mensst BenuuuHy L, mpu pacdere crekTpa MOKHO
JOCTHYL JIFOOOTO paspemieHus. ['padukun MOAyls W apryMeHTa
CHIEKTPaIbHOW  (GYHKIHH  HMITYJIbCAUIUTENRHOCTRIO  N,=5  Ha
unrepBanie Ke[0; L/2] mpu L=12 mnpexacraBnensl Ha pwuc. 2.126
n 2.126 COOTBETCTBEHHO.

x(n)
14 g gepogevcn-n-
os b1
0 »
1234567 n
a)
A | Xl
B e
_____________ arg X(k) I
3 ............. OT 12 4'
""""" l3ls56 Tk
1 IIII 05 }-b---
z L
O 2 4 6 k _1 ..........
6) 6)

Puc. 2.12. [IpaMoyroabHbIi UMITYJIBC:
a) rpaduk curHaa; 0) aMIUTUTYIHBIN CIICKTP; B) (ha30BbIH CIIEKTP

2.6.3. Ilpamoyzonvublii paououmnyivc

AHaTUTHYECKOE  BBIpAXEHHE OTOr0  IUGPOBOTO  CHTHAIA
JUTATETBHOCTBIO N, UMEET BUJ
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21
Ccos| —n+ ne|0;n -1,
x(n) = {ns ¢Oj e neloin, -

0 npu apyrux N.

3nech Ng — nepuof 3anonHeHns. OciuiuiorpaMmMa CUrHana npu Ng=6,
n,=13 u3o0paxeHa Ha puc. 2.13a.

C nomomipio popmynst (1.21) nalinem 3HaUeHUS TTpeoOpa3oOBaHUs
@Dypbe B L Toukax eqUHUYIHON OKPY>KHOCTH:

, = (2n ~i%%kn
X(k)=> cos| —n+¢, [e - .
n=0 n

S

BrimonauB npeobpazoBanus, Kak U B 1. 2.5.4, 1 0003HA4YHB

A 1 Kk
ax=n| ——— |,
nS
n

MIOJIyIHM TI0 aHaIoTHu ¢ (2.3)

X (k) L ej<dk<”u-1>+¢o)si”(&—km+e—i(m (n,~1)+6o) Sin(ﬁﬁnu)
2 sin &'k sin Bk

Hecymeii wactore cootsercrytor ke{L/n;L—-L/n;}. Ha

puc. 2.136 u 2.136 moka3zaHbl COOTBETCTBEHHO I'pa)MKH aMILUTATYIHOTO
u (azoBoro CIEKTpOB CHTHAJIA C YKa3aHHBIMH IIapaMeTpaMH Ha
unrepsane ke [0;L/2] npu L=36.
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.......... N
........ $ arg X(k) /m

Puc. 2.13. TIpsMOyTOJIBHBIN PagHOUMITYIIBC:
a) rpadUK CUrHala; 6) aMILTUTYTHBIH CIEKTP; ) (pa3oBbIil CIIEKTP

2.6.4. Hugpposoit eounuunvlii umnyinsve

HudpoBoii eqUHUYHBIA WMIYIbC (MIH CAWHUYHBIA OTCUET)
3aJaeTcs CIeaYIONIMM 00pa3oM:

1 n=0,
5(n) = npu
0 mpu n=0.

B 1nu¢poBbIX cHCTeMaxX 3TOT UMITYJILC UTPAaeT TaKyK XKe pojb, KaK
AHAJIOTOBBIA E€MUHWYHBIN uUMIyiIbc (Wiu genbra-QyHKIus Jlupaka)
O6(t) B aHAIOrOBBIX CHCTEMax. BaKHOE pa3Inude MEXIy HHUMHU
COCTOWT B TOM, YTO IEPBBIA pean3yeTcs B BHIE KOHEYHOTO 9IHCIIA,
TOT/1a KAKBTOPOH paccMaTprBaeTCs TONBKO Kak 0000IIeHHAsT (PYHKITHSI.
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OcummiorpamMma nu(poBOro eTUHHYHOTO UMITYJIbCa Tpe/ICTaBlieHa Ha
puc. 2.14a.
CrektpanbHast GyHKIHS STOTO CUTHAIA HaXOAUTCS IO hopMyiie

2n T

>2(|<):§fx(n)e’jT LZS(n)e T " Z1(k), k e[0;L-1].

I'paduk sroit ¢ynkuun Ha unTepBane Ke[0; L/2] mpm L=5
n300paxeH Ha puc. 2.146.

0 1 2 Kk
0)

Puc. 2.14. ITudpoBoii eAUHUYHBIN UMITYJIbC:
a) rpaduk curHana; 6) aMIUTUTYHbIA CIIEKTP

2.6.5. EOunuunwlit ckauok

OT0 HeHepI/IOI[I/I‘IeCKI/Iﬁ CHUI'HAJI, BBIpa)KaIOH_II/II\/'ICH 3aBUCHUMOCTBIO

mpu N >0,
x(m)=1m) = {O npu N<0.

OcuniorpaMma eIMHIYHOTO CKavKa MpeacTaBieHa Ha puc. 2.15a.

CrexkTpalbHy0 (DYHKIMIO 3TOTO CHUTHalla OyleM HaxOoIUTh IO
(hopMyIie KOHEUHOH TIOCIIe0BATEIHHOCTH:

74



01 2 k
0)

Puc. 2.15. lludpoBoit eAMHUIHBII
UMITYJIbC: @) OCLUILIOrPaMMa;
0) aMILIUTYHBIHA CIIEKTP

Ha ocHOBaHUM COOTHOIIEHUH
(1.17) nomyunum

X (k) = L8 (K).

I'pagpux »ortofi  PyHKIUM Ha
unrepsane Ke[0; L/2] opu L=5
[IOKa3aH Ha puc. 2.156.
CrnenoBaTtenbHO, B OTIIMYHE OT
CIIeKTpa HEIPEPHIBHOTO
€IMHUYHOTO CKayka JID
IU(GPOBOTO €TUHHYHOTO CKadKa
COICP)KHT  TOJILKO  HYJIEBYIO
(TTOCTOSIHHYIO) ~ COCTaBIISAIONIYIO,
T.€. JTOT CHTHAl aImlapaToM
HAII® «BocnpuHUMAETCS» Kak
noctossHHBIM TOK. Ilociennee
00CTOSATEIECTBO  OOYCIIOBICHO
TeM, uro JII® wu3HAYaIBEHO
MpeqHa3HAueHO JUIL — aHan3a

CHEKTPOB TIEPUOJUUECKUX TIOCIEAOBATEIFHOCTEH (CHTHANIOB), T. €.
10JIaraeTcs, 4To UccaeLyeMblil curaan uMeet nepuon N (umm L).

2.7. KoHTpO/IbHBIE BOIPOCHI

1. J[laiite ompenaeneHue

HEIPEPBHIBHOTO,

JUCKPETU3UPOBAHHOTO,

JIHMCKpeTHOTo u IudpoBoro curuaios. [IpuBeanTe nmpumepsl.

2. B uem 3akmrouaeTcs mpolLeAypa IUCKPETH3alMH aHAIOTOBBIX
CUTHAJIOB BO BPEMEHHOM M YaCTOTHOM 00J1acTsAX?

3. Uro o3HayaeT BBIpAKEHHE «CIIEKTP CHTHaja JIOKAJIW30BaH B
HeKoTopoi obnactu»? Yem ompesensercs BEpXHSAS YacToTa
cnektpa? Uto Takoe mupuHa criekrpa? [lpuBenure mpuMepsl.

4. Kakne HempepbIBHBIE CHTHAJIBI HUMEIOT CIUIOIIHOH, a Kakue —
JTUCKpEeTHBIN crieKTphl? OOBSICHUTE TOYEMY .
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10.

11.

12.

13.

14.

15.
16.
17.
18.
19.

Kak cBs3aH CrieKTp JUCKPETU3UPOBAHHOTO CUTHAJA CO CIIEKTPaMU
HCXOJIHOTO HEMPEPBIBHOIO CUTHAJIAa U JIUCKPETU3UPYIOLIEH
nocienoBarenbHocTH? [IpuBeuTe NpuMepsl.

Yem omnpeaesieTcs 3aK0H oruoaroniei CIIEKTpa
JTUCKPETU3UPOBAHHOTO CUTHANA?

Kak crnexTp AMCKpeTU3WPOBAaHHOTO CUTHAJIA 3aBUCUT OT YacCTOThI
TUCKPETU3ALNN u TUTATEITHHOCTH JUCKPETU3UPYIOLTUX
umnyiascoB? [IpuBenure npuMepsl.

Kak cnekrp [OUCKpPETH3HpPOBAHHOIO CHTHaJa 3aBUCUT  OT
rnapameTpoB HUCXOJIHOTO KOHTHUHYaJIbHOT'O CUTHaJa
(mepuoaudeckuii, Henmepuoanueckuii)? [IpuBeanuTe mpuMepsI.
Kakue orpannveHus HajlararoT Ha TUCKPETU3UPYEMbIA cUTHAN?
Kak u3MeHUTCS CHEKTp JUCKPETU3UPOBAHHOTO CUTHANA, €CId B
KauyecTBe MOCIEAOBATENIbHOCTH JUCKPETU3UPYIOIINX HMIIYJIbCOB
HCIIONB30BaTh MMITYJIECH (JOPMBI, OTIMYHOW OT MPSMOYTOIBHOMN ?
Wwmeer u 310 cMbICn?

Chopmymupytite teopemy KotenmpaukoBa (HaiikBucra) B
YaCTOTHOH M BPEMEHHOH 00JIacTsX.

UeMmy paBHO MUHUMAJIEHO BO3MOXKHOE YHCIIO AUCKPETHIUPYIOIINX
HMITyJIbCOB Ha IMEPUOJIE€ HCXOJHOTO KOHTHMHYaJhbHOTO CHUTHala,
9TOOBI MOXKHO OBLIO €T0 BOCCTAaHOBUTH?

[lomyunTe BBIpaXKECHHE [UISI CIEKTpa JUCKPETU3HPOBAHHOTO
curnana. [lpuBeaute npuMepsl.

Uem omnpenensieTcsi TOYHOCTh BOCCTAHOBJIEHHUS HENPEPBHIBHOTO
curxana?

3amumute Gopmyry OAIID, BeiBeaute popmyiy mpsimoro AIID.
[Mokaxwure cBsa3b Mexay 1D u z-nipeoOpaszoBaHueM.

Kaxk maiitu JIT1® nmocnenoBaTenbHOCTH KOHEUHON JTUHBI?
ITosicauTe ocHoBHEIE cBOVicTBa J(I1D.

BreiBemute QoOpMynBl CIIEKTPOB NEPUOIMYECKHX JHCKPETHBIX
CUTHAJIOB!

[IOCJIEA0BATENBHOCTD SKCIIOHEHIIUATIBHBIX UMITYJIBCOB;
KOCHHYCOHJIATBHOE KoJicOaHue;

MIOCIIEAOBATEIBHOCTD MPSIMOYTOJIbHBIX UMITYJIBCOB;

MEaH/Ip;

CHTHAJI TI000Pa3HOH (HOPMET;

CUTHAJ TPEYTOJBHON (OPMBL;
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20.

10.

MOCJIEIOBATENBHOCTD MPSIMOYTOJIBHBIX PaAHOUMITYJIbCOB.
BriBeaute (opMynBl CHEKTPOB HEMEPUOIUYECKHUX JHUCKPETHBIX
CUTHAJIOB:

IUQPPOBOI €IMHUYHBINA UMITYJIBC;

9KCIIOHEHLUAJIbHBIM UMITYJIbC;

MPSIMOYTOJILHBIA UMITYJIbC;

MIPSAMOYTOJIBHBIN paJuOUMILYJIbC;

€IMHUYHBIN CKaYyOK.

2.8. JIuteparypa

Bproxanos, 0. A. Lludpossle niernn u curHaisl: yded. mocodue /
IO. A. bproxanos. — fpocnasns: Apl'Y, 2005.

Cononuna, A. Y. OcHoBBI I(pOBOI 00pabOTKH CHTHAJIOB: Kypc
nekiuii / A. W. Cononuna u ap. — CI16.: BXB-Iletepoypr, 2005.
Jlanms, A. A. OcHoBel mugpoBoii o6pabotkm curnamos. Y. 1:
yueb. mocobue / A. A. Jlauno, b. JI. Marromkus, JI. A. Yiaxosud.
— CII0.: Boennas akagemus cBsizu, 1995.

Pabunep, JI. Teopus u mnpumeHenne unudpoBoH 00pabOTKH
curHanos: nep. ¢ auri. / JI. Pabunep, b. I'oyna. — M.: Mup, 1978.
Onmnenreiim, A. B. I{udpoas 06paboTka CHTHAJIOB: TIEp. ¢ aHII. /
A. B. Ommenreiim, P. B. Illadep. — M.: Cesi3p, 1979.

Kannemunau, B. udpoBele GUIBTPE U UX MPUMEHEHHUE: TEp. C
aurn. / B. Kannenunn, A. JIx. Koucrantuauguc, I1. OMunnanu. —
M.: Dueproatomuzaat, 1983.

Backakos, C. W. PaagwmorexHuyeckue IMeNd M CHTHAIBI /
C. H. backakos. — M.: Bricmas mikoia, 2005.

lonoposckuiti, U. C. PammorexHudyeckue IeNd W CHTHAIBI /
. C. T'onoposckuii, M. I1. [lemun. — M.: Paagno u cBsi3b, 1994.
Kaprames, B. I'. OcCHOBBI TeOpHHM IHUCKPETHBIX CHTHAJOB M
mudposeix ¢unbTpoB / B. I'. Kaprames. — M.: Breicmas mikoura,
1982.

l'ompaenbepr, JI. M. Ludposas oOpaboTka curHamoB: ydeo.
nmoco6wue / JI. M. T'omsaen6epr, b. JI. Matromkwun, M. H. TTomsk. —
M.: Pagmo u cBsa3b, 1990.
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3. IU®POBBIE LIENH

HudpoBeiMu  HA3BIBAIOTCS IENH  OUCKPETHOTO  BPEMEHH,
MpenHa3HAYCHHbIC UTsI 00paboTKU MUGPOBEIX CUTHAIOB. [Iporecch B
TaKHX EMNAX OMUCHIBAIOTCS PA3HOCTHBIMU YPABHEHUSMHU.

3.1. Iludporbie NUHeiiHbIE LiENHU ¢ NOCTOSIHHBIMYU NapaMeTPaMHu

Hudposas mens Mo CymecTBY OCYIIECTBISIET MpeoOpa3oBaHue
OJTHOM TIOCIIEIOBATENbHOCTH (Ha3bIBaeMOM BXOIHOW) B JPYryHO
(Ha3BpIBaEMYTO BHIXOTHOM).

[Ipoctoe npencrasienne nupoOBOH HETH BEIIAANT CIEAYIOIINUM
obpazom (puc. 3.1)

x(n) y(n)

— > F TN

Puc. 3.1. O0iee npeacrasieHue MUPPOBOI Lenu

BxoaHas mocieaoBaTelbHOCTh 0003HadeHa depes X(Nn), a
BeIxomHas — gepe3 Y(N). DyHKIWOHAILHO OHH  CBS3QHBI
COOTHOIIEHUEM

y(n)=Fx(n],

e Buj oneparopa F(+) 3aBUCHT OT CBOHCTB KOHKPETHOM TIETIH.

JIuneiiHas 1ienb onpeaensiercs cienyoomum odbpazom. Ecmu X1 (Nn)
U X»(N) — HEKOTOpPBEIE BXOAHBIE CHIHANBI (TIOCIEIOBATENLHOCTH,
Bo3zeticTus), a Y1(N) u Y,(N) — COOTBETCTBYIOIIHE MM BBIXOJHBIC
CUTHANBI (MOCIIETOBATEILHOCTH, OTKIMKH, PEAKIUU) THHEHHON IenH,
TO Tpu Tmojade Ha Bxonm curHama axi(n)+bx,(n), na BBIXOIE
obpasyercs curHan ay;(n)+by,(n) (@ w b — mnpousBombHbIE
TOCTOSIHHBIE).

[lers ¢ MOCTOSHHBIMU TapameTpamu (MHBApUAHTHAS K CIBHLY)
XapaKTepU3yeTCsl TEM, YTO €CIIM BXOMHOM mociemoBaTenbHocTH X(N)
COOTBETCTBYET BBIXOAHAS TMOCIEIOBATENLHOCTE Y(N), TO BXOIHOM
HoCleI0BaTeIbHOCTH X(N-Ng) mpu J000M Ny COOTBETCTBYET Ha
BBIXO/IE [TOCIIEI0BATEIILHOCTH Y (N—Ng).
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ITokaxkeM Temepb, YTO B JUHEWHOW WEMNHU C TOCTOSHHBIMHU
mapaMeTpaMy BXOJHAs W BBIXOIHAS IOCITEIOBATCILHOCTH CBSI3aHBI
COOTHOIIICHHEM THIIA CBepTKH. JlomycTum, uto X(N) — BxoaHas, a y(n)
— BBIXOJHAs IOCJIEIOBATEIBHOCTH U IycTh h(N) — OTKIMK nenu Ha
IUQPOBOIT eAMHUIHBINA UMITYJIIBC.

IMocnemoBatenpHocTh  N(N)  HA3BIBAIOT TaKKe WMITYJIBCHOMN
XapaKTEePUCTUKOM LeMny. JIuneitnyio LeIb, UMITYJIbCHAS
XapaKTePUCTUKA KOTOPOH SBISETCS IOCIENOBATEIHHOCTHIO KOHEYHOM
JUTUHBI, HA3bIBAIOT IENbI0 C KOHEYHOW MMIYJIbCHOW XapaKTepUCTUKOM
(KUX), umm, aro 1o xe camoe, KUX-memwto. [locmenoBarensHOCTH
OECKOHEYHOH JJIMHBI COOTBETCTBYET IIETb ¢ OECKOHEYHON UMITYJILCHOM
xapaktepuctukoit (bUX), wim BUX-1ens.

®ynkuuio X(N) MOXKHO 3amKcaTh B BUIE

x(n)= i x(m)&(n—m).

m=-—o0

IMockonbky h(n) SIBIISICTCS OTKJIMKOM enu Ha
MOCIIe0BaTeILHOCTE O(N), a mapaMeTpsl ey MOCTOsAHHEI, To h(N-m)
Oy/IeT OTKIIMKOM Ha TIOCIIeN0BaTENFHOCTE &(N—m).

N3 CBOWCTB JNHMHEHMHOCTH CIEOYET, YTO OTKIMKOM Ha
OCIEeN0BaTEIBHOCTE X(M)3(N—M) moiKHA OBITH IOCIEN0BATEILHOCTD
x(m)h(n—m). ITosTomy otkiuk Ha X(N) OyaeT paBeH

y(n)= i x(m)h(n—-m). (3.1a)

m=-—oo

OH uMeeT BUJ CBEPTKH, UTO ¥ TPeOOBAIOCH TOKA3aTh.
[Ipocroii 3ameHOl TepeMeHHBIX paBeHCTBO (3.1a) MokeT OBITh
npeo0pa3oBaHo K BUIY

y(n)= i h(m)x(n—m). (3.106)

Takum obpazom, MX h(n) MOJHOCTHIO OMUCHIBACT JHUHEUHYIO
LIETTb C TIOCTOSTHHBIMH ITapaMeTpaMH, 4TO OTpakaeTcs Ha puc. 3.2.
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x(n) y(n)

- h(n) L,

Puc. 3.2. Tlpeacrarnenue 1udpPOBOIA MU ¢ TTOMOIIBIO UMITYJILCHOM

XapaKTCPUCTHKU

Ha puc. 3.3 nokazaHo, Kak MpolecC BbIYUCIEHUS JIMHEHHON

CBEPTKH OCYLIECTBIISIETCS HA IPAKTHUKE:

x(mn)

0 4 n
h(n)

----Omlll;--‘-;

0)

x(m), h(0-m)

X X X X

Puc. 3.3. TIporiecc BBIMUCIICHUS TUHEWHOI CBEPTKU:
@) BXOJHAsI TTOCJIEIOBATENBbHOCTD; 6) X 1iemnw;
6) BBIUHCIICHHE CBEPTKH mpu N=0
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x(m), h(2-m)

X X X X
[ ]

012 4 m
2)

x(m), h(10-m)

X X X X °

x(m), h(11-m)

X X X X °

X
Sy

0 11

orc)

Puc. 3.3. TIporiecc BBIYUCIIEHHS TUHEHHON CBEPTKHU (TIPOIOHKEHHE):
2) BBIYHCIIEHHE CBEPTKU TP N=2; 0) BBIYKCIICHUE CBepTKH mpu N=10;
€) BBIYHCIICHHE CBEPTKH MpH N=11; oic) BEIXO/HAS TOCIIEN0BATEILHOCTh
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Ha puc. 3.3¢ u300pakeHa BXOJHas IOCIeq0BaTENLHOCTH X(N),
ormuynast o1 Hyas npu 0<n<4. Ha puc. 3.36 npusener npumep UX
h(n), ommmunoit or wmyns npu 0< n< 7. Ha puc.3.36 — 3.3¢
npencrasienst X(M) u h(n—m) ana n=0,2,10 u 11. OueBugno, uro
npu N<O0 wu n>11 nocnenosarensroctn X(M) w h(n-m) wue
nepekpbiBatorcs 1 Y(N) pasHo uymo. Ha puc. 3.3x¢ npusenena
nocienoBareabHocThb Y (N), ABIAOMIAsACS MCKOMOM CBEPTKOM.

3.2. ®duznyeckas peaau3yeMocTb. Y CTOHYUBOCTh

JIuneiinyro niens ¢ nocrossHHBIME Mapamerpamu (JITII, nureinas
unBapuantHas k casury (JIMC), nuneiinas cramuonapHas (JIC))
Ha3bIBAIOT (DM3NYECKH peaTn3yeMoi, eciM BeTMYMHAa OTKIHKA TIpH
N=N( 3aBHCHT TOJBKO OT OTCUETOB BXOJHOH ITOCIIETOBATEIHFHOCTH C
HoMepamu N<Ng. Jliis JuHEWHHOM memu 310 o3Hawaer, yto UX h(n)
pasHa Hyiro pu N<0.

JluneiiHasg memb Ha3bIBaeTCA YCTOHYMBOW, €CIM TIpH JIIOOOH
OTpaHUYCHHOMN BXOJHOMU MIOCJIEAOBATEILHOCTH BBIXOHAS
MOCIEOBAaTeNFHOCTh  Takke  orpaHwdeHa. HeoOxomnmmbeiM  ©
JOCTaTOYHBIM YCIIOBHEM YCTOHYHMBOCTH LEMH SBISETCS CIEAyIoIee
TpeboBanue k ee UX:

o0

D Ih(n) <. (3.2)

N=—0

HeobxoaumocTh W moctaToyHOCTh ycioBusl (3.2) HeTpyIHO
JI0Ka3aTh.
IIpeamonoxxum cHavama, 4yTo yciaoBue (3.2) He yAOBIETBOPSETCS,

S | h(n)| = oo.

N=—0
PaCCMOTpI/IM OrpaHNYCHHYTO IMOCICA0BATCIBHOCTD

+1 mpu h(-n)>0,

XM=14 mpu h(-n) <O0.
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Cornacnao ¢opmyne (3.1a) mpu N=0 OTKIIMK paBeH

0 0 0

y(0) = Z x(m)h(-m) = Z |h(—m)| = Z |h(m)| =00,
m=—w m=—o0 Mm=—0
Takum o6pasom, nocnenosarensHoctsh Y(0) He orpannuena, Tak
yro HepaBeHCTBO (3.2) sABnseTcs HEOOXOIWMBIM  yCJIOBHEM
YCTOWYMBOCTH LIEMH.
Jns  noxasarenscTBa  JOCTATOYHOCTH — MPEANOIO0XKHM, HUTO
ycioBre (3.2) BBIMOJNHAETCS, a Ha BXOJA IOCTYMAeT OTpaHUYCHHAsS
nocienoBareabHocTh X(N), T. €.

[X(n)|<M.

U3 popmyner (3.1a) momygaem

o0

> x(m)h(n—m)

m=—w

0

< 7 x(m)||h(n—m)| <

m=—w

<M i |h(n—m)| < 0.

y(n) =

h(n)

s

n

h(n)

sl

Puc. 3.4. ImnynbcHas XapaKTepUCTHKA!
@) yCTOWYMBOM 1IETH; 6) HEYCTOHYMBOH LIENH
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Takum oOpasom, nocnenosarensHocts Y(N)  orpanudveHa,
TIO3TOMY IIeTIb YCTOHYMBA, YTO U TPeOOBAJIOCh I0KA3aTh.

ITpusenem npumepst X ycToiunBOil ¥ HEYCTOMYMBON LEMEH.
WmnynbcHast XapakTepHCTHKA, IPUBEACHHAs Ha puc. 3.4a, UMeeT BUI
h(n)=a"1(n), mpuuem 0O<a<l, mnodromy ycioue (3.2)
YIOBJIETBOPSIETCS M 1eNb ycToWunBa. Beipaxenue manas NX Ha
puc. 3.46 wmMeeT TOT e BHI, HO a>1, mostomy ycnoeue (3.2) He
BBIIIOJIHSIETCS U IIETIb HEyCTOWYMBA.

3.3. YacTroTHas xapakTtepucruka. ['eomerpnueckas
HHTepHpeTanus

PaccMoTpuM Kitacc BXOHBIX IMOCIEI0BATENBHOCTEN
—Ajon
x(n)=e'*", —co<n<oo.

Ecnu Takas mocienoBaTeNbHOCTh MOCTYMAET HA BXOJ JIMHEHMHOU
nemn ¢ UX h(n), To ma BeXOme (cm. (3.16) m (1.2)) mosBuTCS
MOCJIE0BATENHLHOCTD

y(n) = i h(m)ele™ =gl i h(m)e ™ = x(n)H (e').

Takum  oOpasom, Jias  BBIOpAaHHOTO  Kjacca  BXOJMHBIX
MOCIIeIOBATEIIFHOCTEH OTKJIMK COBITaJa€T C BXOJIHOM
MOCJIEIOBATEIBHOCTRIO ¢ TOYHOCTHIO JIO KOMIUIEKCHOTO MHOMKUTEIIS
H(e'®), xotopsiit Beipaxkaercs uepes UX cnemyromum o6pazoMm:

HEe)= 3 h(ne . (3.3)

N=—00

TTocKoIbKy MOCHEeNOBaTeNbHOCTh Buaa €°"  (yHKIHOHATBHO
SKBUBAJIEHTHA JUCKPETU3MPOBAHHOW CHHYCOMIE C 4YacTOTOH ®, TO
muoxutens H(e!®) HasbiBaroT wacToTHOH xapakrepucTukoil (UX)
HenM, T.K. OH MNPEACTABISET KOI(POUIMEHT Iepenadd LEemu s
KaKJI0T0 3HAYCHUS KPYTOBOi 4acToTel . Momxyms H (&) naspiaercs
AMIUINTYIHO-4aCTOTHOM  XapakTEPUCTHKOM, a  apryMeHr  —

(ha3oyacTOTHOW XapaKTEPUCTUKOM ISTH.
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Bruncnum B kauectBe mpumepa UX nmneitHodt menu ¢ MX
h(n)=a "1(n). Oua umeer Bux

H(e)=> a"e " => (ae)".
n=-0 n=-0
Tax kak |@|<1, To cymMMa reoMeTpu4eckoil mporpeccuu OyaeT
paBHa

ploy = .
HEe™)= 1-—ae
IMoxaxem tpaguxu MX h(n), a Take momyns u aprymenta

(paser) UX H(e'®) kax pynkuum yactotsl @ B auanasone 0<m<27
(puc. 3.5).

hw
HHHHHH"
H(e’®)
0 arg H(e™) o

/_\
—""

Puc. 3.5. Xapakrepuctuky menu:
@) IMITyJIbCHAST; O) aMIDTUTYIHO-4acTOTHA; 6) (ha304acTOTHAS
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OtmeruM  HekoTopele  cBoMctBa UX. Owna  sBisgercs
nepuomuueckoil QyHkiuedl ®, mpudeM ee mepuoj paBeH 2m. OTa
MEPUOANIHOCTh CBsI3aHA CO CHEeNU(UKON JAHCKPETU3UPOBAHHOTO
KosebaHus: BXOJHAS IOCIENOBATENBHOCTE € YacToToM (®+2M7)
(m=+1, £2,...) He omMyYaeTcs OT BXOJIHOM MOCIIEIOBATENBLHOCTH C
JacTOTOM M, T. €.

R(n) = (@F2mON _ajon _ )

Hockonbky H(e'”) — nepuoauueckas $yHKIMS, TO AN TOTHOTO
OIMUCAHMS JIOCTATOYHO 33J1aTh €¢ Ha JI000M WHTEpBaie UTHHOW 2T.
OOBIYHO AJIST ATOM 1M UCHONB3YIOT HHTepBal 0<<27.

Jpyrum BaxHbIM cBoicTBoM UX sBusercs TO, 4YTO JUId
neiicteurenbabix UX h(n) (kak oObMHO M OBIBAET HAa NPAKTHKE)
momyns H(e'®) cummerpuuen, a aprymeHT acuMMeTpUUeH
OTHOCHTENbHO =Tt Ha wuHTepBaie O0<®<27. AHAJIOTHYHO
neficteutensHas  wacte  H(e'®) cummerpumuma, a wMHHMas —
acMMMETpHYHA Ha TOM ke HHTepBaiie. [loaToMy Npu e CTBUTEIBHBIX
WX wmHTEpBan 9acToT, Ha KOTOpOM 3amaroT UX, 0OBIYHO COKpamaroT
10 0<w<r.

®ynkuuu (3.3) B Z-mnockoctu coorBeTcTByeT H(Z), HasbiBaemas
nepenaTouHoil ¢GyHkuen (cuctemMHol (pyHKIMel) nemm. BripaxkeHue
JUTS Hee B 001eM ciiydae uMeeT BU npaBoi yactu (1.5), (1.6). B m. 1.4
O0TMEYaNoch, 4YTO U1 TpaduyecKoro H300paKeHHsT HWHGPOPMAIIH,
coJiepKalieiicst B Z-npeodpa3oBaHNM, MCIIONB3YeTCsl H300pakeHne Ha
Z-IUIOCKOCTU HyJEed U MOJIIOCOB, HAa3bIBAEMOE HYJb-IIOJIOCHOU
JliarpaMMon. _

C nomomsio 3amenst X=H, z=e'® ¢pynxkuus (1.5) npuBogutes k
BUJTY

M

I_I(ejoJ _Zi)

He*)=A—

N

[1E"-p)

i=1
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[Tocnennee BBIpAKEHHE HCMONB3YETCS [IJII T€OMETPUUYECKOUN
WHTEPIPETAIINN YaCTOTHBIX CBOWCTB mudpoBoil memu. [Ipm sTom Ha
Z-TJIOCKOCTH  HM300paKaroTcs €OUHWYHAs OKPY)XKHOCTh, HYJIH U
nmojtocel. s OLICHKH CBOMCTB LeN¥ Ha 4acTOTe () Ha IUIOCKOCTh
HaHocutcs Bektop €'%; u3 Toukn z=€'®, maxopsuieiics Ha eMHUUHOM
OKPY’KHOCTH, BO BC€ HYJH H IOJIOCH MPOBOAATCSA BEKTOpPHL. Ilo mx
BEJIMYMHE OIpeNeNsIeTcs MOAYNb IepeJaTodyHod (QYHKIWHM Ha
3aJ]aHHOM YacToTe M, a MO yriaMm — apryMmexr ((hasa).

Jns ompexnerneHus XapaKTepHCTHKH Ha Beex yactotax 0<w<n
HEOOXOMMO TOBOPAUMBATL BEKTOp €'° MpOTHB YacOBOM CTPENKH OT
touku Z=+1 10 Toukm Z=—1. [Ipu 3TOM CJeAyeT UMETH B BHJY, YTO
naumenpiie 3Hadenns |€/°— zj| wm |€'°—p;| coorBercTBYyIOT
yacToTaM (», Korjga BekTop €'° mepecekaeT Hymb MIM TMOIIOC
COOTBETCTBEHHO.

A B mpomomxenme  pac-
CMaTpUBAEMOrO npuMepa
3aMuiIeM BhIpaKeHHE

H(z)=——.

o\ z—-a
1 Ota GyHKIHS UMEET HYNb B
Havaie KOOpAMHAT u
BEILLECTBEHHBII moMOC Pi=4a.
I'eomerpuueckas uHTEpHpeTa-
IIAsI CBOWCTB OTOM IleNM Ha

a

JacTore BBIIIOJIHCHA  HaA

Puc. 3.6. Hynb-nomocHas puc. 3.6.
JMarpamMma 1enu

3.4. Crioco0bl nmocTpoeHusi undppoBhIX Henei

Ilpn paccMoTpeHMHM pa3HOCTHBIX ypaBHeHWH B 1. 1.11
OTMEYaJoCh, 4YTO OHM HENOCPEACTBEHHO OINpPEAEIA0T  CIOcOo0
noctpoeHust 1udpoBoid menu. IlokaxeM 5TO Ha ClIEXyIOMIUX
npuMepax. Pa3HOCTHOe ypaBHEHHE MEPBOrO MOpsAAKa caMoro oOIIero
BHUJA

y(n) =-by(n-1) +ax(n) +ax(n-1)
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MOXXHO PEaIn30BaTh C TIOMOUIBIO CXeMBI, N300paxxeHHOW Ha puc. 3.7.
bnok «3amep)kka» OCYIIECTBISET 3aJepXKKy IH(PPOBOTO CHUTHajla Ha

OJWH OTCYCT.
x(n-]) a

1
3anepkka

x(n) 0 y(n)

N
P » -+ >

b1, y(n-1)

3anepkka

Puc. 3.7. CtpykrypHas cxema nugpoBoOii ienH NepBOro MopsaKa

Paccmotpennas ¢opma MOCTPOCHUS 1ETH, B KOTOPOW IS
BXOAHOM H  BBIXOJHOM  TMOCIEAOBATENBLHOCTEN  MCHOJIB3YIOTCA
paszienbHBIC DJIEMEHTHl 3aJIePKKH, HasbiBaeTcs mpsmon dopmoi |.
Huxe OyayT obcyXmaTbCsl pa3IMYHBIE METOIBI IMOCTPOCHUS 3TOM U
JIPYTUX IA(POBBIX HETEH.

PaszHocTHOE ypaBHEHHE BTOPOrO MOPSAKA CAMOTO OOIIEro BUAA

y(n) =-by(n-1)-by(n-2)+ax(n) +ax(n-1) +a,x(n-2)

MO’KHO PEali30BaTh C IOMOIIBIO cieayromel cxeMsl (puc. 3.8).

3anepxka |« 3anepiKka

b, b,

x(n)

N
> + >
v y(n)

3anepxka

Y

3agepxka

Puc. 3.8. CtpykrypHas cxema HU(ppPOBOii LIeNH BTOPOTO MOPSIIKa
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B sT0i1 cxeme Ju1st BXOJAHOW M BBIXOJHOM MOCJIEIOBATEIBHOCTEN TAKXKE
UCTIONIB3YIOTCS Pa3JieNIbHbBIE JJIEMEHTHI 3aJICPIKKH.

Ludposbie nenu mepBoro U BTOPOTO TOPSAKOB MOTYT OBITh
WCIIOJIb30BaHbI MPH peasii3alny Lened 0osee BHICOKOTrO MOpsiIKa, TakK
KaK ITOCJIEHHE MOTYT OBITh NPECTaBJICHBI B BHJIE TOCIEIOBATEIHHO
WY TapajIeIbHO COeAMHEHHBIX eTIel TIEPBOTO U BTOPOTO IMOPSIKA.

Hudposrie memu ¢ 3aMaHHON TiepenaToyHOW  (QyHKIHeH
MOXKHO TIOCTPOMTH pa3NUuHBIME cmocobamu. IIpexxae Bcero,
Bce OU(POBBIC LEMU MOXKHO pa3felNUTh Ha JBa OONBIIMX Kiacca:
PEKypCHBHBIE ¥  HEpeKypcHUBHBIE. [l PEeKypCHBHBIX Iemel
COOTHOIIICHHE MEXIy BXOIHOM mocnenoBarenabocThio {X(N)} wu
orksmkoM tienu {Y(N)} MoKET ObITh 3aMUCAHO CIEAYIOIIUM 00pa3oM:
y(n)=F[y(n-1), y(n-2), ..., x(n), x(n-1), ...], T.e. Texkymmuii
orcuer orkimka Y(N) ompenensercss He TONBKO TEKYIHM |
MIPEANIECTBYIOIINMH 3HAYEHUSIMH BXOIHOH 1OCIeJ0BAaTEIbHOCTH, HO U
MPEIIECTBYIONMMY 3HAUYCHUSAMU OTKIMKA. B HEpeKypCHBHBIX METISIX
CBSI3b MEXIY BXOJHOH ITOCIIEI0BATEIbHOCTHIO M OTKIMKOM MMEET BHJ]
y(n)=F[x(n), x(n-1), ...], T.e. TeKyumii OTCYET OTKIMUKA 3aBUCHT
OT  TEKyIlero W  MpPEeIUIeCTBYIOUIEr0  3HAYeHWH  BXOIHOM
MOCJIEI0BATENEHOCTH.

[lpuBeneM HECKOIBKO BO3MOXXHBIX CHOCOOOB  MOCTPOEHHS
muppoBeix 1eneil. Kak  yxe oTMedanoch, Z-TpeoOpa3oBaHUE
(mepenatovHy0 (QYHKIHIO), COOTBETCTBYIOIIEEe ITU(PPOBOM IIemH,
MOXKHO BBIPa3UTh B BHUAE IPOOHO-PAIIMOHATIHHOTO MOJMHOMA OT
HEepPEeMEHHOM 7t (cmotpu popmyay (1.6)), T. e.

ZN:aiz"
H(z) = Z(((ZZ)) S R (3.4)
Zbiz’i

rae aj, bi — xodddunmentsr (mapamerpsl nenu), npudem Dp=1.
(Ilpeanonaraercsi, 4YTO CTENEHM YUCIHMTENS W  3HAMEHAaTeJs
OJTMHAKOBBI, XOTSI B OOIIEM Ciydyae OHM MOTYT OBbITh Pa3IMYHBIMH.)
[TpuBenast paBeHCTBO (3.4) K 001IEMy 3HAMEHATEIO, TOJTYYUM
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Y(z)ibizi =X(2)Yaz",

W

ibiziY(z) iaizix (2).

Ecin  paccMaTpuBaTh wieHbl Buia ZY(Z) Kak mpsmble
Z-ipeobpazoBanus nocnenosarenbHocteli  Y(N—K), To, BBITOIHMB
oOparHble Z-Tpeobpa3oBaHusl 00€MX YacTeW TMOCIENHETO PABEHCTBA,
MOYHO TIOJTyYUTh HCKOMOE Pa3HOCTHOE ypaBHEHHE:

ZN:biy(n—i) = ZN:aix(n—i).

IMockonbky D=1, 510 ypaBHEHHE MOKHO Pa3spemIUTH OTHOCHTEIHLHO
Heu3BecTHOM QyHkimu Y(N):

y(n) = Zaix(n—i)—Zbiy(n—i).

IIpocTast cTpykTypa peaiu3alMd JaHHOTO  Pa3HOCTHOTO
ypaBHEHHS MMEeT BHJ, MOKa3aHbli Ha puc. 3.9. Kak ynommnaioch
BBIIIIE, OHA HOCHUT Ha3BaHUE NMpsMoit ¢opmel |. B Helt 1t oOpa3oBanus
Hered, COOTBETCTBYIOIIMX YHCIHTENI0O W 3HaMEHaTelro (opMyJbl
3.4, HCITOJIB3YFOTCS paszenbHbIe 3JIEMEHTBI 3aJICPKKH.
XapakTepHbIMU YepTaMH 3TOH CTPYKTYpHI SIBISIOTCS €€ MPOCTOTa U
HETIOCPE/ICTBEHHAs CBSA3h C PA3HOCTHBIM YpaBHEHHEM.

Onnako, kak OyjgeT mOKa3aHo Huke, ecau nomocsl H(z)
pacronoxeHsl OJIM3K0 JAPYT OT APYyra WM OT €IUHUYHON OKPYKHOCTH,
KaK 3TO HMEET MECTO JUI YaCTOTHO-M30MpaTeNbHBIX (GMIBTPOB, TO MIPH
HCIIOJIb30BAHUH nenei JAHHOMU CTPYKTYPBI BO3HHMKAET
TpyZAHOpa3pemmmasi MpobjeMa YyBCTBUTEIBHOCTH XapaKTEPUCTHK
¢wipTpa K morpemHocTd koddduumentos. Ilo sTol mpuumHEe B
OOJILIITMHCTBE MPAKTUYECKUX CydaeB Npsamyro dopmy | cTaparoTcs He
MIPUMEHSATE.
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Puc. 3.9. Ilpsimast hopma |

Ecmu 3ammcates dopmyny (3.4) B HECKOJBKO WHOM BHUIEC, a
MMEHHO

H(z)%(((zz)):(il ) Qaz),

bz' =

i—0 H,(2)
Hi(2)

TO MOXHO TOJIYYUTH JOPYTYIO CTPYKTypy mmdpoBoit memu. Lludposas
LIelb, COOTBETCTBYIOINASA IOCHAeaHEH (GopMysie, COCTOMT W3 ABYX
MTOCIIEIOBATENILHO COCTMHEHHBIX TeTiel ¢ Kod((OUITMeHTaMHU TIepeIadu
cootserctBerno Hi(z) u Hy(2).

IlepBasg u3 neneil UMeeT TOJBKO IMOJIOCHI, & BTOpas — TOJBKO
HYJIH.

Ecnu 3ammcats

W (2) _ 1
X (Z) ib_zfi

Hl(z) =

91



H,(z) :V%:Zaizi :

TO TOJIy4aeTcs Mapa Pa3HOCTHBIX YpPaBHEHUU (B MPENIONIOKEHUH, UTO

bozl):
w(n) = x(n)— ibiw(n —i),
Y=Y aw(n-),

KOTOpBIE MOKHO peajn30Barh cieayrommm obpasom (puc. 3.10).
Takyto cTpykTypy Ha3bIBatoT mpsiMoii ¢popmoii || (HekaHOHUYECKOM).

x(n) w(n) a ymn

Puc. 3.10. [Ipsamas popma Il (HekaHOHUUECKAST)
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[MTockonbky B 1ensx coorsercrByromux Hq(z) u Hy(z) curnan
w(n) 3amepKuBaeTCs OAMHAKOBO, TO JUI MOCTPOEHHS LEIMH
JOCTATOYHO WCIIOJNIB30BAaTh OIWMH HAOOp DIEMEHTOB  3aJCPIKKH
(puc. 3.11). Takyro CTpyKTypy Ha3bIBalOT mpsmoi ¢opmoir |l wmu
KaHOHHYECKOW CTPYKTYpOH, T. K. B HEH HCIIOJB3yeTCs MUHHUMAaJIbHOE
KOJJMYECTBO CYMMATOpPOB U AJIEMEHTOB 3aaepkku. (HekoToprie npyrue
CXeMbl Takke OOJIaJaloT 3THUM CBOWCTBOM, IOSTOMY Ha3bIBaTh
CTpyKTYpy puc.3.11 kaHoHWYeCKOil He pexoMmeHayercs.) IIpsmas
¢dopma |l mumeeT Takme ke JOCTOMHCTBA M HEJOCTATKH, KaK M MpsMast

¢dopma .
x(n) a y(n)

Puc. 3.11. TIpsimas popma Il (kaHOHMUECKAsT)

3ammcas ¢popmyiy (3.4) B Buze

H(2) =%=%H H, (2), (35)

NOAy4UM  TPETBIO  CTPYKTYPY IOCTPOEHHS HU(POBOM  LEMH.
Muoxurenmn Hy(Z) coorBercTByroT 160 610KamM BTOPOTO MOPSIKA,
T. €.
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-1 -2
l+a,z" +ay,z

H. (2) = , 3.6
(2) 1+b,z " +b, 27 (3.6)
60 OJI0KaM MEPBOTO MOPSIKA, T. €.
1+a,z™
H, () = o (3.7)

1+b, 2zt

a K pasno uenoii uactu yncia (N+1)/2.
Cxemy, peanusymwouryto (opmyny (3.5), Ha3bpIBalOT KacKaIHOM
(unu mocnenoBarenbHO) Gpopmoit (puc. 3.12):

x(n) y(n)
—> Hl(z) Hz(z) [Qrra— HK(Z) EEEEEES

Y.

Puc. 3.12. Kackannas (nocnenoBarenbHas) popma

Kaxnerii w3  OJOKOB  BTOpPOrO  MOpsiAKa, 0Opasylomux
MOCJIeIOBATENbHYI0 (HOPMY, MOKHO peann3oBaTh B mpsMoi dopwme |
unu B pssmont popme 1.

Hcnionp3oBanre 6JI0KOB BTOPOTO MOpsiIKa (M, BOZMOXHO, OJJHOTO
0JIOKa TMMEepPBOTO TMOPSJIKA) MPU MOCTPOCHUH M OINPEACIICTCS TEM,
4TO IS TOJYYEHHUS KOMIUICKCHOTO TIONIOCA WM HYINsS Lelb C
JNEeWCTBUTENBHEIMA  KOd((QUIIMEeHTaMH  JTOJDKHA — BKJIIOYaTh  OJIOK
BTOPOI'0 TIOPSIIKA.

B mpenmnonoxeHun HEOTPaHWYEHHOH TOYHOCTH MPEICTABICHUS
BCeX IEPEMEHHBIX TOPSI0K OJIOKOB M CIIOCO0 TPYIIIHPOBAHUS HYJIEH C
MOJIOCaMU He UMEIOT 3HaueHus. OHAKO i peallbHbIX YCTPOMCTB, C
yuetoM 3(QEeKTOB KBAHTOBAHHWsS, 3TH BOIPOCH HMEIOT OOJIBIIOE
3Havenue. [logpoOHee oHM OyIyT pacCCMOTPEHBI HIKE.

Eme oaHa  TpyaHOCTh, CBsS3aHHasT C  OCOOCHHOCTSMH
MoCJIe0BaTeIbHON (DOPMBI, COCTOMT B HEOOXOIUMOCTH BBEICHHUS
MacIITaOMPYONMMX MHOXKHUTEIEH MeXAy OTHENbHBIMH OJOKaMH. JTH
MHOXXUTENIM HE TMO3BOJIIOT NEPEeMEHHBIM (MIbTpa MPUHUMATH
CJIMIIKOM OOJIBIIINE WIIM CIUIIKOM MaJible 3HAUCHHSI.
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YeTBepTyl0 CTPYKTypHYIO CXeMy LU(POBOH IIETH MOXKHO
MOJIyYUTh, PA3JI0KUB TMpaBylo 4Yacth (opmyisl (3.4) Ha TPOCThIC
JIpodu:

H(z):C+ZK:Hk(z),

rie cnaraembie Hy(Z) cooTBeTCTBYIOT MK 610KaM BTOPOTO MOPSIIKA:

By + A2
H, (z) = ,
(2) 1+b, 27t +Db, 27

WK OJI0KaM IEPBOTO IMOpSAAKA:

_ Gy
Hk(z)_l+blkz‘1’

npuuem K pasuo uenoii yactu umcna (N+1)/2 u, kak ciexyer us
dopmyisl (3.4), C=ayn/by.

[oka)keM  CTPYKTYpPHYIO  CXEMY,  pPEAIM3YIOIIYKD  3TO
coorrotenue (puc. 3.13).

NG
Vv

Y

H,@)

x(n) Y y(n)

H,(@) N —

\ 4

\ 4

H, ()

Puc. 3.13. IapannenbHas popma
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Ee HazpiBaroT mapasiensHo# ¢opmoii. biioku mepsoro u BTOporo
MOPSIIKOB CTPOSITCA IO CXEME ONHOW W3 PACCMOTPEHHBIX BBIIIEC
npsMbIX GopM. XOTS pacCMOTPEHHBIE CTPYKTYPHBIE CXEMBI IIeTiel He
WCUEPITHIBAIOT BCEX BO3MOXKHBIX CTPYKTYpP, IPH MOIEIHPOBAHUH Ha
OBM wu ammapartypHOil peanu3alliii OHU TPUMEHSIOTCS HamOolee
9acTo.

Jpyrue CTpyKTypbl MOXHO TOJYYUTh MHOXECTBOM CIIOCOOOB.
Tak, HampuMep, MOKHO MOCTPOUTH MAPAIIIETHHO-IOCIEAOBATEIEHYIO
CTPYKTYPY, B KOTOPOH 4acTh NMEpeaaToYHON (PYHKIIUU peau3yeTcs B
napanenbHoit popMme, a ocTanabpHas 9acTh — B OCIIEA0BATEIBHOI.

Bribop Hammywmmeid W3 3THX MHOTOYUCICHHBIX CTPYKTYPHBIX
CXeM, KaK IpH anmnapaTypHOU pealn3alny, TaKk U MPU MOACTUPOBAHUH
Ha OBM, omnpexensercsi HSKOHOMHYECKHMH  COOOpa)KEHHSIMHU.
Ilocnennue, B CBOIO oOdYepenpb, 3aBUCAT OT CBOWCTB CTPYKTYp TpH
OTPAaHWYCHHON  TOYHOCTH  NPEACTABICHUS  IMEPEMECHHBIX U
kodddurmenTos nenet (GuiabTPOB).

3.5. CTpyKTypHBIe cXeMblI Leneii 6e3 MoJIcoB

B BaxkxHOM uacTHOM cilydae 3HaMeHatenb apobu (3.4) MoOxeT
OBITH MOCTOSHHBIM (IJIs1 IIPOCTOTHI MIPUPABHSIEM €ro K eauHuLne). [Ipu
3TOM pa3HOCTHOE YpaBHEHHE, OIMCHIBAIOIIEE CHUCTEMY, CTAHOBHTCS
HEPEeKYPCHUBHBIM, T.€. TeKyllee 3HadeHue oTkmuka Y(N) 3aBucHT
TOJIEKO OT TEKYIIEro ¥ KOHEYHOI'0 YMCIIa MPEANISCTBYIOIINX 3HAYCHHUH
BXOJIHOH IIOCJIEI0BATEIBHOCTH.

B sTom cirygae npaByto 9acts (3.4) 00BIYHO MPeoOpa3yroT TaKHUM
o0pasom, utoObl Bbipasuth H(Z) HemocpencrBenno uepes UX nenu

(pumpTpa):

H(2) :% _ Zh(n)z‘“. (3.8)

3nech BepxHHil mpenmen cymmupoBanus 3ameneH Ha N—1, 4rtoGbr
ypaBHEHHUE OIMHUCHIBAIO (PU3UUECCKH peann3yeMbiid GpuiasTp, mmHa X
koroporo paBHa N orcyeram.

Pa3zHocTHOE ypaBHEHHE, COOTBETCTByIOIIee BhIpaxkeHHio (3.8),
HUMeeT BUJ
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y(n)=h(0)x(n)+ h(1)x(n—-1)+...+h(N-1)x(n—N+1),

T. €. SIBJISIETCS HEPEKYPCHUBHBIM YPaBHEHHEM.

Jns moctpoenns nenert (¢pmnstpoB) ¢ KUX paccmarpuBaemoro
TUMa 00BIYHO MPUMEHSIOT HECKOIBKO CTPYKTYPHBIX cxeM. Yare Bcero
UCIIOJNIB3YIOT NPsIMYI0 (hOpMY, PaCCMOTPEHHYIO B II. 3.4.

Jl1s JaHHOTO YacTHOTO ClTy4ast CyIIECTBYET TOJIBKO O/IHA IpsAMast
dbopma (puc. 3.14). Nz-3a cxomcTBa OTOM CTPYKTYphl C JHHUEH
3aJepKKH C OTBOJAMH €€ YacTO HA3bIBAIOT IENbI0 C MHOTOOTBOIHOM
TUHUEH 3aJIep>KKY (MJIH HHOT/Ia TPaHCBEPCAILHBIM (QUIBTPOM).

x(n)

h(0) h(2) h(3)

Puc. 3.14. Ctpyxrypnas cxema KUX-nienn

[Ipu mocTpoeHMH Iemel, HE WMEIOMHX IIOJIOCOB, yIOOHA
OKa3bIBae€TCs M IOCIEIOBaTeNbHAs CTPyKTypa. B sToM ciydae
z-tipeobpazoBanue WX muenu (3.8) mpexacraBisieTcss B BUJE
MIPOU3BEICHHS Z-TIpeoOpa3oBaHUii, COOTBETCTBYIOIIMX IIEISAM IIEPBOTO
¥ BTOPOT'O TIOPSIIKA, T. €.

H(Z)ZHHK(Z),

rae

H, (2) =2y, +a, 2" +a,2 " — (11enb BTOPOro mopsiika),
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WM
H, (2) = a, +a,z " - (uen» mepporo nopsxa),

npuuem K pasro nenoii vactu (N+1)/2.

[Ipu mocTtpoeHHH Tiemedl 0e3 TMONIOCOB  JIOBOJBHO — YacToO
MPUMEHSIOT €1lle HECKOJIbKO CTPYKTYP, KOTOPhIE HE UMEIOT aHAJIOTOB C
[ensMu oOIIero BUAa, COMCPXKANIMMU W HYJIH, W MONIOckl. Hamboiee
pacnpocTpaHeHHas M3 HHMX OCHOBaHa Ha TaK Ha3bIBAGMOM METOJIC
OBICTPOIi CBEPTKH, KOTJa CBEpTKa BBIYHCIACTCA C TOMOIIBIO
obpartHoTo MIpeobpazoBanus Oypre OT MPOU3BEACHUS TPEOOPA3OBAHI
®dypbe BXOAHOMU nocnegoBaTeabHocTu 1 UX cucteMsl.

3.6. HepexypcuBHas 1enb BTOPOro Nopsigka

CTpyKTypHas cxeMma Ienu npu ao=1 m3o0paxkeHa Ha puc. 3.15.
BrIxoaHOM cUTHAI TIeH ONHUCHIBAIOTCS PA3HOCTHEIM YPaBHEHUEM

y(n)=x(n)+a;x(n-1)+a,x(n-2). (3.9)

Lenp ycroiiyrBa npu MOOBIX 3HAUSHUSIX KOIPPHUINESHTOB a7, a;.

-1 -1
z z

a a

x(n) O\ y(n)
»( 4 > +

>

Puc. 3.15. CtpykTypHas cxema HEpEKypCHBHOI LIS BTOPOTO MOPSIIKa

3.6.1. Yacmommnuie ceoiicmea

BbImomHNB OJHOCTOpOHHEE Z-TpeoOpa3zoBaHMEe OOCHX dYacTel
ypasuenust (3.9), nonaras X(—1)=0 u x(—2)=0, nonyunm

Y(2)=X(z)+a1z*X(z)+a,z %X (2).

[lepenaTounas GyHKIUS ENH BBIPAXKAETCS 3aBUCUMOCTSIMU
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)

Y(z 4 L Z*+az+a,
H(z)=—2%=1+az'+a,z7° =—2 2 3.10
(2) X (2) & 2 2 (3.10)

Ota GyHKIHS UMEeT ABYKPATHEIHN IONIOC B Hayalle KOOPAUHAT U
JIBa HYJIs B TOUKaxX

B 3aBHCHMOCTH OT COOTHOIIICHHS MEXIY BECIMYMHAMU d; 1 ap
BO3MOXKHBI YE€TBIPC BapHaHTa.

2
Bapuanr . 0< &, <a17, a;>0.

IIppu 53TOM Hynu BEUIECTBEHHBIE, OTPULATEIBHBIE, pa3HbIE.
Jumarpamma Hynmeilih W TONMIOCOB  MOKa3aHa Ha  puc. 3.16a.
PaccmarpuBaemas 1ienp sBJsieTCS (QUIBTPOM HIDKHHMX 4acToT. B cuy
BEIIIECTBEHHOCTH HYyJIEH W TOJIIOCOB €€ MOXXHO MpPEICTaBUTh B BHUJE
nocienoBaTesnbHoro coeauHenuss aByx @OHY mepBoro mnopsaka,
nepenatovyHple  (QYHKIMM KOTOPBIX HWMEIT HYJIM 273 W I
COOTBETCTBEHHO.

2
Bapuant II. 0 < a, <a17, a <0.

Hynu nepenarounoil GyHKIMM BEIIECTBEHHBIE, TOJIOKUTEIbHEIC,
passble. Jlnarpamma HyJel U IOJIOCOB IOKa3aHa Ha puc. 3.166. Llens
spigercs @OBY. Ona SKBUBAJEHTHa [JBYM IIOCJIEJOBATENBHO
coenuHeHHBIM ®PBY mnepBoro mnopsaka, nepeaaTouHble (YHKIHUH
KOTOPBIX UMEIOT HYJIN Z1 ¥ Z3 COOTBETCTBEHHO.

Bapwuanr I11. a,<0, a; — npou3sBosbHOE.

Hynu mnepematounoil (yHKIUM BEIIECTBEHHBIE, C pPa3HBIMHU
3Hakamu. Jlmarpamma Hyneil u momrocoB mis a;>0 mpuBeneHa Ha
puc. 3.166. llemp sBmsercss monocoBeiM QuasTpoM (I[1D). Omna
SKBUBAJICHTHA TMociedoBaTenbHoMy coequHennio OHY u ®BY
MIEpBOTO MOPSIIIKa, TepeAaTOYHbIe (PYHKIIMNA KOTOPBIX UMEIOT HYJH Z1 U
Z, COOTBETCTBEHHO.
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2
Bapuant IV. a, > % a1 — IPOU3BOJIBHOE.

Hynu nepenatoynoil GyHKINN KOMIUIEKCHO CONPSKEHHBIE!

Juarpamma Hysel u mosocoB n3obpakena Ha puc. 3.162. Llems
SIBIIIETCS. PEXKEKTOPHBIM QribTpoM (PD).

A A
oo > — % oo >
zZ, 7, T 5,
a) 0)
A A
z
‘0
N
0' e
—o—%o—>» x—\ »
Z, Z .
20
6) 2)

Puc. 3.16. luarpamMMsl HyJIel U IOJIIOCOB
HEpPEeKypCUBHOI LIEIU BTOPOTO MOPsIIKaA:
a) BapuanT I; 6) Bapuant 1l; ¢) Bapuant I1I; 2) Bapuant IV

[Toxaxxem Ha puc. 3.17 pa3OueHne MIOCKOCTH TapaMeTpoB LN
(a1, a2), COOTBETCTBYIOIIEE PACCMOTPEHHBIM YETHIPEM BapHaHTaM.
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3amennB B (3.10) z=el®, MOJydYuM BbIpakeHue g UYX
HEPEKYPCHBHOMU IIEIIH BTOPOTO MOPSAKA:

H(e®)=1+a e ’+a,e’?°.

a, a,=a 12/4

| 2] | %
PexxexTopHBIH /

bunsTp ./ /
N, ’ //

\ll J,/'/ o ai
-3 2 -1 0 1 2 3

TTonocoBoii
¢unbTp

Puc. 3.17. YacroTHbIe CBOICTBAa HEPEKYPCHUBHOM LIEMTH BTOPOTO MOPSIIKA

Ee AUX xapakrepusyercsi 3aBUCMOCTBIO

H (o) = \/af +(1-a,)* +2a,(1+a,)cosw+4a, cos’ o, (3.11)
a dUX

a,sinm+a,sin 2o

. (3.12)
1+a, cosm+a,cos2m

¢o(w) = arctg —

Kak u y mo6oit mudpoBoit nenu, AUX u @YX HepekypcHBHOU
LIEH BTOPOTO TOPS/IKa MEPHOIUYHBI (TIEPHOT (O=2TT) ¥ CHMMETPUIHBI
OTHOCHTEILHO M=TT.

Brllie  yka3wpIBamoch, YTO HEPEKYPCHUBHBIC IIEMHA 0O0JIAgar0T
koHewHOM X u mosromy nx oOsraHO HazbBatoT KU X-nersivu (KUX-
(dbunbTpamn).

B o6mem cinygsae KUX-tiems mopsimka N—1  (mmaaer N)
OIKCHIBACTCS NEPEAATOUHOHN PyHKIINEH
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N-1
H(z)=)az™",
n=0
KOTOpOU cooTBeTcTBYeT UX:
N-1
h(n)=>"a3(n-i).
i=0

OunpTp ¢ KUX 06namaeT yHUKaIBHBIM CBOMCTBOM — JHMHEHHOM
DYX, ecnu ero UX (1. e. k03 bHUIHEHTH! &, MEPEAATOUHOMH HYHKIIUH)
CUMMETpPUYHA, T. €.

h(n)=h(N-1-n), a,=an-1-n,
WM aCUMMETPUYHA, T. €.
h(n)=—h(N-1-n), a,=-ay-1-n-

Otcrofia clienyroT ueThpe BO3MOXHBIX Buaa KUX-puastpos c
muHerHo ®UYX B 3aBHCHMOCTH OT CHUMMETPUYHOCTH WU
acummetpuuHocti X u yetHocTH ik HedeTHocTh N.

Ounprp Buaa 1: cummerpuanas UX u neuetnoe N.

Ounprp Buaa 2: cummerpuanas UX u gyernoe N.

@unbtp Buga 3: acummerpuunas UX u neuernoe N.

Ounbtp Buna 4: acummerpuynas UX u uetnoe N.

B paccmarpuBaemoii nermm N=3, ag=1, mo3TomMy MOTYT OBITH
peanu3oBaHbl GUIBTPHL:

Buga 1: ap=1, a,=1, a; — mpoM3BOJILHOI BEIINYUHEI,

Mpu 3TOM 1ienb MoxkeT BisiTbest DHY, ®BY u PO;

Buga 3: ap=1, a,=-1, a;=0,
pu 3TOM Tienb siBnsiercs [1D.

KUX-ttenb, y KOTOpO#l Bce KOAPQOUIMEHTH d, OJIMHAKOBHI,
Ha3bIBaeTCA OJTHOPOJHBIM (PUIBTPOM.

3amenoii B (3.11) cosw=Db, 4a,=A, 2a;(l+a,)=B,
a,2+(1-a,)?=C ripaxenne AUX npeobpasyercs K BULY

H(b) =+ Ab*+Bb+C . (3.13)

PaccmoTtpum kaxasnii THI GuibTpa 60s1ee moapoOHoO.
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@Mﬂbmpbl HUDICHUX U 6EPXHUX Yacmom

IMoxaxem AUX u ®UX ¢unsTpoB HIKHEX (puc. 3.18a, 3.180) n
BepxHUX (puc. 3.19a, 3.196) wacToT, BBMHCICHHBIE IO (OpPMyJIaMm
(3.11) u (3.12) my1st TpeX COUYETAHHI TApPAMETPOB IIETIH.

0 025 05 075 1 o/r

02 b . ‘/ o/n

04 t----- L.y S~ TR :
06 |ooee L L S :
08 " ...... ...... .. .

O PRI

0)

Puc. 3.18. XapaxrepucTiku GUIbTpa HIXKHAX YacTOT:
@) aMIUTMTYJHO-4aCcTOTHAs; 6) (ha3oyacToTHas,
(xpuBas 1: a;=0.5, a,=0.05; kpuBas 2: a;=1, a,=0.2;
kpuBas 3: 8;=2, a,=0.08)
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o(w)/r
| e e RITI _
08 |-\ - m..... e .
3 . .
06 - N e :
0-4 . .2. .: ..... - ...... - ......
02 /- .. e :

Puc. 3.19. XapakrepucTiku QUIBTpa BEPXHUX YaCTOT:
@) aMIUTUTYAHO-9aCTOTHAs; 6) (ha304acTOTHAS,
(xpuBas 1: a;=—-0.5, a,=0.05; xpusas 2: a;= -1, a,=0.2;
kpuBas 3: a;= —2, a,=0.08)

Hopmuposannas AUX BbIpaxaercss 3aBUCUMOCTBIO

H (b) _\/Ab2+Bb+C_\/Ab2+Bb+C

H (D), A+|B|+C a,+1+|a |
BOCHOJ’ILBOBaBH_II/ICB COOTHOLICHUEM
Ab%?+Bb+C

(a, +1+|a, ) 2’

IMOJY4YHM BBIpA)XCHHE IJIS1 YaCTOTHI Cpe3a.
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—B+,/B2-2A[2C —(a, +1+| & |)?]

®, = arccos oA

Tlonocosoii u pescekmopuvlil Purbmpsl

IMokaxxem AUX u ®UX mus Tpex codeTaHUH NDapaMeTpoB
(a;, ap) M® na puc.3.20a u3.206 u PO na puc.3.21a u3.216
COOTBETCTBEHHO.

0 025 05 075 1 o

Puc. 3.20. XapakTepruCTHKH MTOJIOCOBOTO (DUIIETpPA:
@) aMIUTATY/IHO-4aCTOTHAs;, 6) (a304acToTHAS,
(xkpuBas 1: a;= -1, a,= —1; kpuBas 2: a;=1, a,= —1;
kpuBast 3: a;=0, a,= -1)

IMomygaemas u3 (3.13) pyHKIHA
H?(b)=Ab®+Bb+C
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ABJIACTCA KBA/IPATHBIM TPCXYJICHOM, KOTOpLIfI MPUBOAUTCS K Hapa60ne

[Ipn

2 2
H2(b) = A(b+£j _B -4AC
2A 4A

_ _R2
¢ koopauHaramu Bepumusl M (o; ) = M (—Bﬁ

2A"  4A

a,>0  (pexeKkTopHBIH  (GHIBTP) BETBH

J.

mapaboTbl

HampaBJeHbl BBepX, a mpu ;<0 (mosocoBoit GuibTp) — BHU3. ITO
03HA4aeT, 4TO PE30OHAHCHAs 4YacTOTa II0JOCOBOTO M PEKEKTOPHOIrO
(GUIBTPOB BBIpaXKaeTCs 3aBUCUMOCTBIO

106

-B
®, = arccosb, = arccos— =arccos
2A

a,

H(o)

0.3
0.1
-0.1
-0.3

Puc. 3.21. XapakTepuCTUKH PEKEKTOPHOTO QUIIBTpa:

a) aMILTHTYTHO-4aCTOTHAs; 6) (pazouacToTHas,
(xpuBas 1: a;=—0.5, a,=0.5; kpusas 2: a;=0, a,=0.5;
kpuBast 3: a;=0.5, a,=0.5)

—al+a,)
4

. (314)



[oxaxxem Ha puc. 3.22 rpaduku 3aBUCHMOCTH Mp(81) a1 PP
(a2:1) ul1d (a22—0.5).

o,/

4 2 0 2 4 aq

Puc. 3.22. 3aBUCHUMOCTh pE30HAHCHOM YaCTOTHI PUIBTPOB
oT k03 durMeHTa a;

Pe3onancHoe 3HaueHue kBaapata AUX paBHO

- 2
4AC-B =C- BZA:C—prA. (3.15)
4A 4A

2 —R=
H(b,) =B =
HopmupoBannas AUX BeIpakaeTcsl 3aBUCUMOCTBIO

Hb) _ ’Ab2+Bb+C. (3.16)
H(b,) p

Pe3zonancubie cBoiictBa P® u I[I® npuHATO OIEHUBATH C
MTOMOIIBIO TOOPOTHOCTH, BRIYHCIIIEMON TI0 (hopMyITe

o) arccos bp

Q= p

w,—®, arccosh, —arccosh,

(3.17)

311eCh BEIMYUHBI ©1 2, D1 2 COOTBETCTBYIOT IpaHULIAM:

momockl mporryckanust  (IIII) B II® 1o ypoBHIO 1/ \/E oT
MaKCHMaJbHOTO YPOBHH,
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nonockl nojasneHus (3anep:xusanus) (I13) 8 PO no yposHio /2 ot
MUHHMAJIBHOTO YPOBHSL.
Bocnoap30BaBmINCE COOTHOIIEHUEM

Ab ,?+Bb,+C 1

B 2
noxyuum s [d
2
B+ B —24 AC
= . 3.18
by, A (318)
W3 cooTHOIIEHH
Ab,?+Bb,+C )
B - ]

J1st PO nomyunm

—B++/4AC — B2
b, = oA . (3.19)

3amerum, uyto B P® mpu a,=1 mousTHE AOOPOTHOCTH HE
cyuiecTsyer, T. K. mpu 9toM H(b,)=0. ITokaxem na puc. 3.23 rpadpux
zapucumoctu Q(a,) mis PD.

Pe3oHaHCHYI0 KpPHBYIO YZOOHO WPEACTaBUTb KakK (QYHKIHIO

OTHOCHUTEIHHOMN pacCTPOUKHU:
® arccosb
y=—=—-". (3.20)
®, arccosh,

Ha I'paHul€ I1OJIOCHI IIPONYCKAHWA 3HAUYCHUS Y PaBHBI

@, arccos b,

Yipo=—2= -
" @, arccosh,
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10

0 1 2 3 4 5 6 a,
Puc. 3.23. 3aBUCHMCTh JOOPOTHOCTH PEXKEKTOPHOTO (pribTpa
oT ko3 durmeHTa a,

HopmupoBannas AUX depes y BeIpaskaeTcs CIeLyOnM 00pa3om:

H(y) Acos®(w,y) +Bcos(w,y)+C
H () B |

dopmyna J0OpPOTHOCTH Kak (GYHKIHMS Y BBIJSIUT CICAYHOIMM
obOpa3zom:

Q= L . (3.21)
Yo—V1

3.6.2. Bpemennbvie xapakmepucmuxu

K BpemenHBIM Xapaktepuctukam otHocsatTcsa: X u 11X, peakuus
Ha BO3JAEHCTBHE mpsiMoyronbHoro ummyisca (it ®HY u OBY),
peakuus Ha BO3AEHCTBHE MPSMOYTOIBHOTO panuonmiryibsca (s 1D u
P®). Brepaxenuss i1 XapaKTEPUCTUK  IONYYAIOTCS  MPSIMOM
[0JICTAHOBKO# BXOJHOTO BO3IEHUCTBHS B pa3HOCTHOE ypaBHeHHe (3.9).
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Hmnynecuas xapakmepucmuka
OHa OHpGZ[GJ'IﬂeTCSI 3aBUCUMOCTBHO
h(n)=4(n)+a;6(n-1)+a,56(n-2).

Ha puc. 3.24a-3.242 npusenens! rpadpuku X coOTBETCTBEHHO
®HY ¢ mapametpamu a;=1, a,=0.2, ®BY ¢ mapamerpamu a;=—1,
a,=0.2, TI® ¢ mapamerpamu a;=1, a,=—1, P® ¢ mapamerpamu
a;=1, a,=1.

h(n) h(n)
IR R BRI IE R I
0‘5 .....................
|
..................... 0 .
0.5 2 3 4 5 n
05 b
| I
0 1 2 3 4 5 n
a) 0)
h(n) h(n)

Puc. 3.24. VimnynbcHbIe XapaKTEPUCTUKKU HEPEKYPCUBHOU L€ BTOPOTO
nopsiaka: a) GUIbTpa HIKHUX YacToT; 6) QUIBTPa BEPXHHUX YacTOT;
6) IIOJIOCOBOTO (PUIIBTPA; 2) PEXKEKTOPHOTO (GUIbTpa

Ilepexoonas xapaxmepucmuxa
B nanHOM cinyuae oHa paBHa

g(n)=1(n)+a;1(n-1)+a,1(n-2).

110



Ha puc. 3.254-3.252 npusenens! rpaduku 11X cooTrBeTcTBEHHO
®OHY, ®BY, [1® u PO c ykazaHHbIMU TapaMeTpaMu.

g(n) g(n)
T R
2 e . DI SRR IR M )
0.5 .....................
1 ...................
0 1 2 3 4 5 0 1 2 3 4 5 n
(1) 6)
g(n) g(n)
2 h s o« @ ox s ox e e w ma e a e e w o oaw 3 .......
2 o
1 e e e e g
‘ | I | N
0 1 2 3 4 5 0 1 2 3 4 5 n
6) 2)

Puc. 3.25. [lepexomnpie XxapakTepUCTUKN HEPEKYPCUBHOMU IIETIH BTOPOTO
nopsiika: a) puibTpa HUKHUX YacToT; 6) GUIbTPA BEPXHUX YaCTOT;
6) TOJIOCOBOTO QUIIBTPA; 2) PEKEKTOPHOTO (PUIBTPA

Peaxyus gpunompoe HusicHux u 8epxuux yacmom
Ha 8030elicmeue NPamoy2oibHO20 UMNYIbCA

BxogHoii curHan B BHUAE
BBIPAYKAETCS CIETYIONIIM 00pa3oMm:

x(n)=X[1(n)-1(n-n,)],

MpAMOYTOJBHOTO HUMITYyJIbCa
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rae N, — JUIMTeTbHOCTh UMITYJIbCA, T. €. YACIO OTCYETOB B UMITYJIbCE, a
X — aMIUIUTY]a UMITyJIbca. BBIXOHOM CHUTHAN paccMaTpUBAacMOU METH
y(N) HaxomuTcs MpAMOM MOACTAHOBKOM 3TON (PyHKLIMH B ypaBHEHHE
(3.9). Ha puc.3.26a u puc.3.266 npHBEICHB OCHUILIOTPAMMEI
BBIXOAHBIX cUTHaANOB cooTBeTcTBeHHO DHY u ®BY c ykazaHHBIMHU
napamMeTpaMd  Ha  BO3JEHCTBHME  NPAMOYTOJIBHOIO  HMITYJIbCA
JUTMTENLHOCTRIO N,=4 mpu X=1.

Y, y,(m)
Foh e ) K ORI I A AP
R DU AR 05F- -

ol 11 4
1¢--f- -1 -] 1. ... 1 2 5 n
‘ 05 b
1 T
0 1 2 3 4 5 n
a) 6)

Puc. 3.26. Peakuust Ha BO37€HCTBHE IPSIMOYTOJIBHOTO HMITYJIbCA!
a) GuapTpa HIKHKUX YaCTOT; O) PUIETPa BEPXHUX YaCTOT

Peaxyus nonocosozo u pesicexkmopnozo ¢punompos
Ha 8030elicmaue Npamoy20ibHO20 PAOUOUMNYIbCA

BxomHoi#i curHam B BHAC MPSIMOYTOJBHOIO PAaTUOUMITYJIbCA
BBIPAKACTCS CICTYIOUIMM 00pa3oM:

x(n)=Xsinon[1(n)-1(n-n,)].

Peaknun ¢unbTpa HAXOAMTCA MNPSIMOH IOJCTAHOBKOW 3TOM
¢byakiuu B ypaBHenue (3.9). OcmwniorpamMma MOAYJS OrHOaromeit
BbIXOHOro curHana [1d ¢ yka3aHHbIMH apaMeTpaMu Ha BO3ACHCTBUE
IPSIMOYTOJILHOIO PagMOMMITYIbCA UIHTENLHOCTRIO N, =4 mpu X=1 Ha
PE30HAHCHOM YacToTe IoKa3aHa Ha puc. 3.27.
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Puc. 3.27. Moaynp orubaroiie peakiyu mojocoBoro GuibTpa
Ha BO3/JIEHCTBHE MPSIMOYTOJIEHOTO PAJHOUMITYIIbCA

3.7. PekypcuBHasi enb BTOPOro nopsiaka

x(n) y(n) CTpyKTypHas cxemMa Lenu
_’® | » uzobpakena  Ha  puc. 3.28.
A Komnebanus B e oJ
z -1 JIECUCTBUEM BHCIIHEH CUJIBI
-b, OITHCBIBAIOTCS Pa3HOCTHBIM
<} YpaBHEHHEM
S| Y(m=x(n)-byy(n-1)-boy(n-2).
b2 | (3.22)
\J [ems» ycroWumBa, ecnu ee
rmapaMeTpbl HaXOIATCS BHYTPH
Puc. 3.28. CtpykrypHas cxema TpPEYTroJIbHUKA, OTPaHUYCHHOI'O
peKprHBHOﬁ IEMH BTOPOro nopsAakKa OTpeSKaMI/I pr[MLIX:
b, =1
b, =b -1
b, = b 1.

[Mokaxem sTOT TpeyroiabHUK Ha puc. 3.29. [laHHywo durypy
Ha3bIBAlOT TPEYrOJILHUKOM YCTOWYMBOCTH. Huke monaraercs, 4To
napameTphl el BEIOUPAIOTCS] BHYTPH ATOI'0 TPEYTOJIbHUKA.
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Puc. 3.29. TpeyronbHUK YCTOHYMBOCTH PEKYPCUBHOM LIEX BTOPOTO HOPSIKA

BrInonHUB OJHOCTOPOHHEE Z-TIpeoOpa3oBaHUE OO0EUX YacTei
ypaBrenus (3.22), nonaras Y(—1)=y(-2)=0, noxyuum

Y(2)=X(2)-b1z" 'Y (2)-bz%Y(2).
IMepenaTounas QyHKITUS IEMTH BBIPAXKAETCS 3aBUCUMOCTBIO

Y(2) 1 B z°
X(z) 1+bzt'+b,z? z°+bz+b,

H(z) (3.23)

Ona wumeer Z[BYKpaTHLIﬁ HyJIb B HadaJle KOOpAWHAT Z]_:O n JBa

IIOJIIOCAa B TOYKax
2
P, :—%J_q/bl?—bz. (3.24)

3.7.1. Yacmommnuie ceéoiicmea

B 3aBHCHMOCTH OT COOTHOIICHUSA MCXKAY BCIMYMHAMH bl nu b2
BO3MOJKHBI YCTBIPC BapuaHTa.

Bapuanr |. 0<b, < %blz, b,<0.
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[Ipu 3TOM MOMIOCHI BELIECTBEHHBIE, MOJOXKUTEIbHBIE, Pa3HBIE.
Juarpamma Hynae#th ©  moigrocoB  mokasaHa Ha - puc. 3.30a.
PaccmarpuBaemas 1nens sBiasiercs @HY. B cuily BeliecTBEHHOCTH
HyJIeH U TOJIFOCOB €€ MOXHO IMPEJACTaBUTh B BUJIE MOCIEI0BATEIHHOIO
coenunenns nByx ®HY mepBoro mopsiaka, mepemaTodHbie (pyHKIHUU
KOTOPBIX MMEIOT ITOJIFOCHI 01 M P2 COOTBETCTBEHHO.

Bapuanr 1l. 0<b, < %blz, b,;>0.

IIpu »TOM MOMIOCHI BEIIECTBEHHBIE, OTPHUIATEIBHBIC, Pa3HbIC.
Juarpamma Hynmeli W ToONIOCOB  MokasaHa Ha  puc. 3.300.
PaccmaTtpuBaemas uens sBusercs @BY. OHa SKBUBAJEHTHA IBYM
OCJIEN0BATEIHLHO COEIUHEHHBIM dBY TepBOro MOpsIIKa,
nepesaToyHble  (GYHKIUH KOTOPBIX HMEIOT TMOMIOCH P1 H P2
COOTBETCTBCHHO.

A A
,° .. L ..
. . . .
' “ ,' “
' ' ' '
— XX ———o—— >
-1 1 -1 1
: BB . D n ,
. . . .
a) 0)
A A
L’ r X . L’ R
. N . . .
i . e . ] '
' & \ ' ! 3¢ D¢ I,
g Ly
A - 1 B D 1
‘\ * ,' ‘\ :'

6) 2)
Puc. 3.30. luarpamMmsl HyJIel 1 IOJIIOCOB
PEKYpCUBHOH LIeTI BTOPOT'O MOPSIIKA:
a) BapuaHr I; 6) Bapuanr Il; ¢) Bapuant I11; 2) Bapuant [V
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1
Bapuanr 1. b, > Zblz, b1 — npoussonbHOE.

TTomock! IepeIaToYHoOl (yHKIMH KOMIUIEKCHO COTPSIKEHHEIE:!
P __E+j b ——b12 = re*i®
o = x ) = :
2 4

Juarpamma Hynell u montocoB mpuBeneHa Ha puc. 3.30s. Llenn
sisiercst [1D.

Bapuanr V. b,<0 , b; — npoussonsroe.

INTomocsl mepemaTo4YHONH (QYHKLMHM BEIIECCTBEHHBIE, C pPa3sHBIMU
3Hakamu. [luarpamma Hysei u nomocoB s D;>0 npusenena na
puc. 3.302. Llemns sBisiercs PO.

IToxaxem Ha puc. 3.31 pazOueHue MIOCKOCTH MapaMeTPOB LEMH
(b1, by), cootBeTcTBYIOIIEE PACCMOTPEHHBIM YETHIPEM BAapHAHTAM, C
y4ETOM TPEYTOJIbHUKA YCTOHUMBOCTH.

b,
1
P
ITonocoBoit .
bunsTp ®BY
L R
/1 2 b
PexextopHbIit
-1 busTp

Puc. 3.31. YacTroTHbIE CBOICTBAa PEKYPCHBHOM IIETTH BTOPOTO TOPSIAKA

3amenuB B (3.23) z=el®, MOJly4uM BbIpakeHue g UYX
PEKypCHBHOH LIEMH BTOPOTO MOPSIIKA!

1
1+be @ +he i’

H(e') =
Ee AUX xapaktepusyeTcsi 3aBUCHUMOCTHIO
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1

H (o) = , (3.25)
JbZ +(L-b,)* + 2, (L+b,) cos @+ 4b, c0s? ©
a @YX paBHa
b, sinw+Db, sin2m
= arct . 3.26
o) g1+b1c05m+ b, cos2m (3.26)

CpasauBas 3ty Boipaxenus ¢ (3.11) u (3.12) g HepeKypCHBHOM
Leny BTOPOro nopsaka, BuauM, uto AUX u @YX pexypcuBHON Lenu
BTOPOTO TOPSIIKA TaKXKe MePHOANIHBI (TIEPHUOIT O=2T) I CHMMETPUIHEI
OTHOCHTEIBHO O=T.

3amMeHol COS ®=a, 4b2:A, 2b1(1+b2):B, b12+(1—b2)2:C
BeIpakeHne 11t AUX npeoOpasyercs K BUAY

1

JAa?+Ba+C '

PaccmoTrpum kaabii Tl puinbTpa 6osiee moapoOHoO.

H(a) = (3.27)

@Mﬂbmpbl HUJICHUX U 6EPXHUX Yacniom

IMoxaxxem nHa puc. 3.32a u 3.326 AUX u ®UX COOTBETCTBEHHO
®HUY, a na puc. 3.33¢ u 3.336 — ®BY, BeiuKciaeHHbIe 10 GopMynam
(3.25) u (3.26) my1st ABYX COYETAHHI TApAMETPOB LIEIH.

HopmupoBannast AUX BbIpaxaeTcs: 3aBUCUMOCTBIO

H(@) ’A—|B|+C b +1-|Db |
H(a)max Aa2+Ba+C '\/Aa2+Ba+C'

LIB.CTOTy cpeia Hafl]leM, BOCITIOJIb30BABIINCh COOTHOIICHNECM

(b, +1-Ib )" 1
Aa’+Ba +C 2’

OTCIOa

—B+/B?—4Alc-2(b, +1-| b, |)?]

®, = arccos m
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Puc. 3.32. XapakTepucTUKN QUIbTPa HIKHHUX YacTOT:
@) aMIUTNTYIHO-9aCTOTHAs; 0) (a309acToTHAS
(kpuBas 1: b;=-1, b,=0.2; kpusas 2: b;=-0.5, b,=0.05)
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0)

Puc. 3.33. XapakTepucTuku QUIbTpa BEPXHUX YaCTOT:
a) aMIUTATYTHO-9aCcTOTHAsT; 0) (ha309acToTHAS
(xpuBas 1: b;=1, b,=0.2; kpusas 2: b;=0.5, b,=0.05)

Ionocogotl u pesicekmopHulii hurbmpovl

IMokaxxem Ha puc. 3.34 u 3.346 cootBeTcTBeHHO AUX m ®UX
mosocoBoro ¢mieTpa, a Ha puc. 3.35¢ u 3.356 — P® mis aByx
coueranuii mapameTpos by, b,.

TTonyuaemas u3 (3.27) byHkmmst

1
2
H"(a)
ABJACTCSA KBAAPAaTUYHBIM TPEXYJICHOM, KOTOpLIfI MMPpUBOAUTCA K

mapaboie

=Aa’+Ba+C

f%(a) =

B2—4AC

B
f?(@)=Ala+—)" -
@ ( ZA) 4A
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0.6
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-0.6

0)
Puc. 3.34. XapakTepuCTHKH MTOJIOCOBOTO (DUIIBTPA:
@) aMIUIMTYJTHO-4acTOTHast; 6) (pa304acToTHAS
(xpuBas 1: b;=—1, b,=0.9; xpusas 2: b;=1, b,=0.9)

Bepunnaa napa0oisl ©MeeT KOOpAWHATEHI

B 4AC-B?
M a! = M R R
@B =M ")
KOTOpBIC COBIIAAIOT ¢ KOOPAMHATAMH BeplmHbl mapadonst HA(D) B
HEPEKYpCUBHOM wenmu Broporo mnopsaka. Ilpu b,>0 (TI®) Bersu
napaGoibl HaIpaBIeHbl BBEPX, a mpu by<0 (P®) — BHU3.
Pe3onancHas yactora I1® u PO BeIpaxaeTcst 3aBUCUMOCTBIO

®, =arccosa, = arccos(—E) — arccos(— M)_
2A 4b,
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Puc. 3.35. XapakTepucTuku pexxeKTOPHOTo (PUIIbTpa:
@) aMILIUTYAHO-4acTOTHas; 6) (a304acTOTHAS
(xpuBas 1: by;=-0.4, b= —0.4; kpusas 2: b;=0.4, b,=-0.4)

Orta popmyna ornuuaercs ot (3.14) s HepeKypCHBHOH IIETIH BTOPOTO
MOPSJIKA TONEKO 0003HAUYCHUEM apaMeTPOB.
2
Pesonancnoe 3nayenue pyukuuu f “() pasno

9 B _4AC—BZ_ Bz_ B? B 2
f (ap)_B_T_C_ﬂ_C_WA_C_aPA'

Ono otinygaercs oT (3.15) Toapko 0003HaYECHHEM TIEPEMEHHOM.
HopmupoBannast AUX BbeIpaxaeTcs 3aBUCUMOCTBIO

H(@) _ / p
H(a,) VAa*+Ba+C

(cpaBHuTe ¢ popmynoii (3.16)).
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Pesonancusie cBoiictBa II® wu P® xapakrepusyrorcs
JIOOPOTHOCTBIO, BEIYKCIISIEMO# 10 (hopMyite, ananoruunoii (3.17), T. e.
® arccos ap

Q= p

®,—  arccosa, —arccosa,

Kak um B HepekypcHUBHON IIeMH BTOPOTO TOPSAKA, 3/ECh
BEJIMYMHBI (D1 2 COOTBETCTBYIOT TPAHUIAM HOJIOCHI:

nponyckanus B II® mo ypoBHIO 1/ \/E OT MAaKCHUMAaJlbHOTO
YPOBHS,

3ajepkuBanus (momasieHus) B P® mo ypoBHO /2 oT
MUHUMAaJIBHOTO YPOBHSI.
Bocnonp3oBaBmIKMChE COOTHOLIEHUEM

B 1
AaZ, +Ba,+C 2’
noxyuum s [P
—-B++4AC -B?
B2 2A '

IIpaBast 4acTb 3TOro BBIPAKEHMS COBHAIA C INPABOM YacTbO
¢dopmymnst (3.19) s PO, peanmusyemoro Ha 6a3e HepeKypCUBHOW LIETH
BTOPOTO MopsiaKa.

W3 cooTHOmMEHNS

B

Aa’, +Ba,,+C B
st PO nomydnm
2
B+ B —24AC
= 2A

[IpaBasi 4acTh STOr0 BBHIPAXKCHHS COBIANA C IPABOW YaCTHIO
dbopmyier (3.18) ms [1D, peanusyemoro Ha 6a3e HEPEKYPCUBHOM HIETTH

BTOPOI'0 MOpsKa. 3aMeTuM, uto tpu 0,=1 nmeem f Z(ap) =B=0.
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o ananoruu c (3.20) BBegeM OTHOCHUTENBHYIO PACCTPONKY:

® arccosa

®, arccosa,

Ha rpanunax nosnocs! NponycKaHusl 3HaYE€HUS Y PABHBL:

@, arccosa,

’Yl,z = — =
o, arccos ap

HopmupoBannas AUX gepe3 y BeIpaskaeTcs CIeLyOIIM 00pa3oM:

H() _ p
H(@) Y\ Acos’(w,y)+Bcos(w,y)+C

BenuunHa 100pOTHOCTH BhIpaxkaeTcst uepe3 ¥ ¢yHkuuei (3.21).

3.7.2. Bpemennuvie xapakmepucmuxu

K BpemeHHBIM XxapakTepuctukam otHocsTes: UX u I1X, peakmus
Ha BO3JeHcTBHE mNpAMoyroapHoro mmmyinbca (uia @HY u dBY),
peakuuss Ha BO3JAEHCTBUE MPSIMOYTOJBHOTO paguoUMITyibca (AJs
H0JI0COBOTO u PEXKEKTOPHOTO ($UIBTPOB). Bpemennsie
XapaKTePUCTUKH HAaXOJWM C MOMOIIbI0 00paTHOTO Z-TpeoOpa3oBaHuUs
MIPOM3BEIEHHS M300paKEHHS B Z-TUTOCKOCTH BXOJHOTO BO3ZCHCTBHA H
nepeaarounoil gpyukmu (3.23).

Hmnynecnas xapakmepucmuxa

Omnpenenum MX ¢ momomipio o0paTHOTO Z-mpeodpa3oBaHUs
¢byukimu (3.23):
2n-1 !

h(n)=ZresL 221: — | =

i z +b12+b2 (Z_ pl)(z - pz)

pn+l n+1 n+1 n+1
1

_ L P P TP
P, — P, P, — P P, — P,
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1 R 1 .......................
0.5 ‘l ...............
ost. |- ] 1 ®
S
‘||| _05\11 .............
l l l T 1 I L S
012345678910 n 012345678910
a)
h(n)
h(n)
1 .......................
L I 08 b
o5ty - 060 g
0, e 0 ‘ ..................
05 b 0.2 [H“““”””

0 2 4 6 8 10 12 14 16 n 0 2 4 6 8 10 12 14 16 n
6) 2)
Puc. 3.36. ImnynbcHbIe XapaKTEPUCTUKU PEKYPCUBHOM LIENM BTOPOTO MOPSIIKA:

a) GuIIBTpa HUKHUX YacTOT; 6) HUIBTPA BEPXHHUX YACTOT;
6) TIOJIOCOBOT'O (PUIIBTPA; &) PEIKEKTOPHOTO (BHIBTpa

3neck Pi = P12 Haxomsres u3 (3.24). Ecom p; = pl*, OyIeM cUuTaTh
P =—at j(Do. Torna

n+1 n+1 n+1
h(n) =2Rep1—:2lm jp_l—z Impl—.
P — P, 2 joy, My

Ha puc. 3.36a—3.362 npuseaensl rpaduku MX cCOOTBETCTBEHHO
®HY ¢ napamerpamu b;=—1, b,=0.2, ®BY ¢ napamerpamu bi=1,
b,=0.2, TI® ¢ napamerpamu b;=-1, b,=0.4, P® ¢ napamerpamu
b;=-0.4, b,=-0.4.

124

n



Ilepexoonas xapaxmepucmuxa

Omnpenenmnm 11X ¢ momompio o0paTHOrO Z-mpeoOpa3oBaHU
NPOU3BEICHHS M300paKeHUS eAMHUYHOTO ckauka ¥ (3.23). B obOmem
cllydae MPOM3BOJIBHBIX MOJIFOCOB MEPeAaTOYHON (QYHKIIMN HMeeM

n-1

3 z-zz-Z
g(n) = iZlereS (z— pg)(z _ pl)(Z— pz) D

_ 1 . p1n+2 . p;1+2 _
1+b1+b2 (pl_ ps)(pl_ pz) (pz_ pg)(pz_ pl)
n+2 n+2
__r 1 ( ™ P j (3.28)
1+b1+b2 PL=P\ Pi—=P2 P2—Ps

rae Ps=1. Eciu P2 = p1, TO

n+2

g(n):—l +2Re ot =
1+b1+b2 (p1_1)(p1_p2)

n+2 n+2
1 omj—R 1 R
1+b +b, 2joy(p,=1) 1+b +b, 0y (P, —1)

Ha puc. 3.37a¢-3.372 npuBenens! rpaduku [1X cooTBeTCTBEHHO
OHY, ©BY, [1® u PO ¢ ykazaHHBIMH TapaMeTpamH.
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2 ........ N R B DR P
1¢-1-4-1 1] B I PO P P

012345678910

a)
g(n)

3 b
2
1

L i rrrrrirrrrrrr s

0 2 4 6 8 10 12 14 16
6)

n

4 6 8
2)

10 12 14 16 n

Puc. 3.37. IlepexoHble XapaKTEPUCTUKN PEKYPCUBHON LTI BTOPOTO MOPSIIKA:
a) GUIbTpa HIDKHUX 9aCTOT; 6) GUIBTPA BEPXHUX YACTOT;
6) TIOJIOCOBOTO (DMITBTPA; 2) PEKEKTOPHOTO QUiIbTpa

Y
1 |H||IIII
0123450)67 8 9 10

y(n)

012345678910 n
0)

Puc. 3.38. Peakius Ha Bo3eHCTBYE NPSIMOYTOJIBHOTO UMITYJIbCA:
a) GuIbTpa HMKHUX YacToT; 6) (GUIBTPa BEPXHUX YaCTOT;
) TIOJIOCOBOTO (PUITBTPA; 2) PEKEKTOPHOTO (PUIBTPa
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Peaxyus punompos Hudsichux u eepxuux uacmom
Ha 8o30elicmaue NPAMOY20abHO20 UMNYIbCA

Peakimss ®HY wu ®OBY nHa BO3melcTBHE NPSIMOYTOIBHOTO
ummyabca X(N)=X[1(n)-1(n-n,)] (mpu stom Py u P, BelIeCTBEHHBIE)
BBIPAKAETCS CIICITYIONIIM 00pa3oM

y(n)=X 23: res{Z[1(n)-1(n—n,)]

zZZn—l
G-,

n+1

=X Z[A(n)]———
Zm“[m”(—ma—mfi

Zn+1
(Z_ pl)(z - pz)} P

-X i res{Z[1(n—n,)]

= Xg(ML(n)— Xg(n—n,)i(n—n,),

rae g(n) naxomures us (3.34).

Ha pwuc.3.38¢ wu 3.386 mpuBemeHB  OCIHILIIOTPAMMBI
coorBerctBeHHO PHY m ®BY ¢ ykazaHHBIMH MapaMeTpaMu Ha
BO3/ICHCTBHE MPSIMOYTOJILHOTO HMITYJIbCA JUIMTENBHOCTRIO N, =4 1mpu

X=1.

Peaxyus nonocosozo u pesxxcekmopnozo gurompos
Ha 8030eticmaue NPsAMOY201bH020 PAOUOUMNYIbCA

IIpsiMmoyToNBbHBIN pagUOUMITYNIbC, BO3AeHcTBYOmM Ha [ID u
P®, npencrarisieM B KOMILIEKCHOU hopMme:

x(n) = Xe*"(n)-1(n-n )] =

= Xe!*"1(n) — Xe/*"Welon1(n—n ) = % (n) — X, ().

3mece X,(N)=e!"% (n—n). @ymxmms  Xy(n)  umeer
n3o0paxkeHne
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2 1 z
X (2)=X)) e"z7"=X =X :
:(2) n; 1-z7%el z—ek

¥ mozoc P3=e'®.
Haiizem peaxuuto Y, (N) Ha Bosaeiicteue X, (N) B o0wem ciydae:

3 7 Zzzn—l |
y,(n)=X> res — =
' 1 g (z-p)(z-py)|,
jo(n+2) n+2
=X { 2e + jril +
P +bpy+h, (P —€")(p—py)

p2n+2 1 _
T (p—e")(p, - pl)} ")

jo(n+2) n+2 n+2
= x{ ze + 1 { Py - P, — }}1@)
P +bp;+b, p—p, | p - p,—e

Ecnu p,=p z (310 xapaxtepHo st [1D), To

ejm(n-¢—2) p n+2
1

+ : _
P+, +b, (P —e*)(p—p)

Y1(n) =X {

p;(n+2) } ( )
—_— —¢1(n) =
(pl _ejw)(pl_ P )

jo(n+2) n+2 *(n+2)
= X{ ze + 1 { Py - Fil = }}1@)
Py +bps+b, 2jo,| p,—e p,—€
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CoorBercrBenno peakuust Y,(N) Ha Bo3meiictBue X,(N) umeer
BHJI

y,(n)=e*™y,(n—n,).
ITonnas peakus enu paBHa
Y(n) = Y1(n) - yz (n),

a peaNbHbIN cUurHan

y(n) =Imy(n).
Monyns ero orubaroriel BEIpaxxaeTcsl CIeIyIonIM 00pa3oM
Y (n) = y(n)|.

OcummorpamMma Mofyist ormbaromield peakiun [1® ¢ ykazaHHBIMH
napaMeTpaMl Ha BO3JCHCTBHE TNPSIMOYTOJBHOTO paIlOMMITYJIbCa
anurensHOCThIO N, =8 mpu X=1 Ha pe3oHaHCHOI uacToTe (GHUIBTPa
mokazana Ha puc. 3.39.

Y (n)
Bof oo e
o."?
L T I I |
2 evai e
L 2 T T R R B BPY
1:::::::: .............
A X
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0 2 4 6 8 10 12 14 16 n

Puc. 3.39. Moayns orubaroiiiei peakiiuu mojgocoBoro GuibTpa
Ha BO3/ICHCTBHUE MPSIMOYTOIBHOTO PaAHONMITYJIbCA
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N

10.
11.

12.
13.

14.

15.

16.
17.
18.

3.8. KoHTpOJIbHBIC BOIIPOCHI

[HaiiTe onpeneneHne peKypCUBHON U HEPEKYPCUBHOM IIEMTH.

JatiTe onpeneneHne ycTOWINBOCTH U(POBOHA TIeTIH.

Jokaxxute ycrnoBUsl YCTOMYMBOCTH HEPEKYPCUBHOM, PEKYypPCUBHOM
U PEKYpPCUBHO-HEPEKYPCHBHOH 1Iiemeid MepBOro U  BTOPOro
MOPSKOB.

JlaiiTe onpenenenye nepeaTouHol GyHKINUN ITU(POBOM TICTIH.
[onmyunre s mepenaTodHod  (QYyHKIMM — BBIpaXEHHE IO
M3BECTHOMY Pa3HOCTHOMY YPaBHEHHUIO.

Ilo nepenaTo4yHO (HyHKINH 3aNUIINTE Pa3HOCTHOE ypaBHEHHE.

C mnoMompi0 HYNb-TIONIOCHBIX JMarpaMM oOOBACHUTE 4 TuIa
¢WIBTPOB, peamu3yeMblXx Ha 0a3ze PEKypCHBHOH HENH BTOPOTO
nopsiaka. ITokaxxuTe COOTBETCTBYIOLIYIO KapTUHY Ha IJIOCKOCTU
napametpoB memu (0q, b,).

Jaiite onpenenenue U BeiBeauTe Gpopmyasl AUX peKypCUBHBIX U
HEpeKypCHBHBIX Iiereil BToporo mopsaka. IlpuBennTe rpaduku
IUTS HECKOJIBKUX CITy4aeB.

Maiite onpenenenue u BeiBenuTe Gopmynsl UX pekypCHBHBIX H
HEpeKypCHBHBIX Iiereil BToporo mopsaka. IlpuBennTe rpaduku
IUTS HECKOJIBKUX CITy4YaceB.

B uem otiimune AUYX pekypcHUBHOM M HEPEKYpPCUBHOU 1ienen?
KakoBo BimsiHHE peKypcHBHOW (HEpEKypCHBHOI) YacTH LEMH Ha
AUX?

B uem otnnune ®UX pekypcuBHOI U HEpEKYPCUBHOM 1iemeit?
KakoBo BimsiHHE peKypCHBHOW (HEpEKypCHUBHOI) YacTH LM Ha
OYUYX?

Nzo0pa3ure HyNb-TIOJIOCHYIO JUArpaMMy pEeKypCHBHBIX U
HEPEKYPCUBHBIX II€ME BTOPOro TMOpSAAKa, €CIM HM3BECTHA
nepeaaTrodHas GyHKIUS (JaCTOTHAS XapaKTEPHCTHKA).

[Haiite onpeaenenue pezoHancHoW dacTtoTel [1® u PD. BreiBenute
(bopmyy ®, 11 PEKypCUBHOM LU BTOPOro nopsika. Ilokaxure
0071aCTh CyllecTBOBaHMA ,. Kak 3aBucuT , OT mapamerpoB
nenu?

Maiite onpenencuue 106poTHOCTH [1D 1 PD.

Brieaute dpopmyny Q Ans peKypCHBHOH 1T BTOPOTO MOPSIKA.
[Tokaxkute obnacte cyuiecTBoBaHuUs Q.
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19.
20.

21.

22.

23.

24,
25.

26.

27.
28.

29.

30.

31.

32.

Kak 3aBucut Q ot mapamerpos uemnu?

CpaBHUTE YaCTOTHBIE CBOMCTBA HEPEKYPCHUBHBIX U PEKYPCHUBHBIX
LIETIEW BTOPOTO MOPSIAKA.

Haiite onpenenenne UX nenu.

BblunciuTe HECKOJIBKO OTCYETOB [0 Pa3HOCTHBIM YpPaBHEHUSIM
PEKYpPCUBHBIX M HEPEKYPCUBHBIX II€led BTOPOro MOpsSAKa.
[MocTpotiite rpaduxw.

B 4em npunnunuansHoe otiauuve MX  pekypcUBHOH WU
HEpPEKYPCUBHOM LIeTIei?

Kaxosa cBsi3p Mexxny UX u UX nenn?

Haiite onpenenenue [1X nenu. Kak onpenenuts ee, eciii U3BECTHA
nepenarouHast yHKIUS ern?

B uwem mpunnummaneHoe otmmune I[IX pexkypcuBHOW U
HEPEKypCUBHOM Leneu?

Kaxoga cBsi3p Mexay UX u I1X nenn?

ITo oaHOI U3 N3BECTHBIX XapaKTEPUCTUK

- Pa3HOCTHOE ypaBHEHHUE,

- mepeaTovHas pyHKIHS,

- HyJIb-TIOJIIOCHAS AMarpamma,

- CTPYKTYpHas cXema

MIOJIyYUTE BCE OCTAJIbHBIE.

OOBsICHUTE 3aBUCUMOCTh MCKKEHUH MPSIMOYTOJIBHOTO HMITYJIbCa
B UCCJIELYEMBIX LIETIAX OT IapaMeTPOB LIETIEH.

O0bsicaute cBsa3p Mexay UX, UX u [1X uccrenyempix neneit u
HUCKaKEHUSMHU MPSIMOYTOJIBHOT'O UMITYJIbCA.

[NokaxwuTte 00MacTH CyIIECTBOBAHUS YaCTOTHI Cpe3a PEKYPCHUBHBIX
Y HEPEKYPCHUBHBIX IIeTIei BTOPOTO MOPSJIKA.

Nzobpazute rpaduku 3aBHCHMOCTH YaCTOTHI Cpe3a OT MapaMeTpa
HEPEKYPCHUBHOHU U PEKYPCHBHOMU LIECH.

3.9. JIuteparypa
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4. 9OD®EKTBI KBAHTOBAHUSA B HU®POBbIX
CUTHAJIAX

B peanpHBIX YCIOBHSX TEXHHYECKOW peaM3allid 3HAUYCHHS
IUQPPOBBIX CUTHAJIOB KBaHTYIOTCA 10 YPOBHIO. OTO 0O0YCIOBJIECHO
KOHEYHBIM YHCIIOM pa3ps/ioB B MpeACTaBlIeHHH 4ucel. PaccMmoTpum
BOIIPOCHI TIPENICTABICHUSI YHCEJl, KBAHTOBAHHS CHTHAJIOB, aHAJIOIOBO-
dpoBoro 1 nUppPoaHaIOroBOro Mpeodpa3oBaHUs CUTHAJIOB.

4.1. IlpeacraBieHue Yuces

OOBIYHO TPUMEHSIIOTCS TBA TIPEACTABICHUS — ¢ (PUKCUPOBAHHOM
U mnaBaromeld 3ansaTod. [Ipu (UKCHUpOBaHHON 3amaTOH BO3MOYKHO
HECKOJIbKO BapHaHTOB MPEACTABICHUS, OTIMYAIOMUXCS IMOJIOKEHUEM
3amaToil (Ymcia, BBIPABHCHHBIC CIpaBa M ClIeBa) W CHOCOOOM
MIPEJICTABICHUS OTPHULIATEIBHBIX YHCEN.

Korna ucronb3yercst popMa ¢ BeIpaBHUBAaHHEM CIIPaBa, KaxIoe
YHCIIO TPEACTABISICTCS B BHJIE TOCTEIOBATCIFHOCTH TOJIOKUTEITHLHBIX
cTeneHeldl yncna aBa. Jlnas mosiCHEHUS paccMOTpUM apudMeTHueckoe
NpeCTaBieHHe ¢ MOMOIIBI0 YETHIPEX JBOUYHBIX paspsamoB (3 — mis
BennuMHbl, 1 — is 3Haka). JloGas u3 g=2°% HOCJIEAOBATEILHOCTEN
TPEX MBOWYHBIX pa3psloB, WMEIOMMX IIOJIOKUTEIBHBIN  3HAK
(3HAKOBBIA pa3psaA paBeH HYIIO), MPEACTABISACT YHCIO, 3HAYCHUE
KOTOPOTO MOYKHO BBIPa3UTh (hopMymoi

M-1 ]
X=>1d?2,
i=0

rae d; — ABoMYHAs mepeMeHHAsl, KOTOpask MOXKET NPUHUMATH 3HAUEHHUS]
tonbko 0 u 1, a M=3 — xonmMuecTBO ABOMYHBIX Pa3pA/IOB, T. €. YUCIO
naxoxutes B unrepsane [0, 2M-1] ¢ marom 1.

[py (QUKCHPOBAHHONM 3alATON M BHIDABHUBAHWU CJIEBA, KOT/a
[PE/IIONATaeTCs, YTO 3alsTas HAXONUTCS CJIeBa OT CTapliero
3HAYAIIETO Paspsa, KaKAas U3 MOCIEN0BATENLHOCTEH MPEICTABIAET
YKCII0, 3HAYEHHE KOTOPOTO PABHO
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M .
X=>d2",
i=1

T. e. uncino maxomutes B uutepsane [0, 1-2°M] ¢ warom 2. Urax,
MOJKHO CKa3aTh, YTO BBIpAaBHEHHBIE CIIpaBa YWCIa ¢ (UKCHPOBAHHOI
3aISITON SIBJISIFOTCS LIEJIBIMH, 8 BBIPABHEHHBIE CJIEBa — IPOOHBIMHU.

OcHoBHOE paznnane MEXTY MpeCTaBICHUSIMH,
OTIMYAIOIIIMUCS TIOJIOKEHUEM 3aIlsiTOH, OTpeeNsieTCs BEITOJHEHNEM
olepany yMHOXXEHHA. Pe3ynapraT yMHOXKEHHS [IBYyX ApoOed ecTb
TaKke Jpo0b, ¥ MO3TOMY HEBO3MOXKHO IPEBBICHTH IIMHY PETHCTPOB,
€CITM B TMpollecce BHIMOJIHEHHS OIlepalii OTOpachiBaTh MIIAJIIINE
3Havamme paspsapl. O4eBUAHO, YTO TEPENOTHEHNE TPH BBIOIHEHUH
Ollepaly CIIOKEHHS MOXET HMMeTh MeCTo mpu o0eux Qopmax
npencrasinenus. [lostomy npu peanmuzanun IHQPOBBIX CHUCTEM C
(bUKCHPOBAaHHOH 3aIATON BONIPOCAM MEPEIOTHEHHS JOIDKHO YAETIAThCS
0co00e BHUMaHHeE.

Ilpu npeacraBneHuMM  4ucia ¢ [JIaBarolled  3amsaToi
[IOCJIEJ0BAaTEIFHOCTh COOTBETCTBYIONINX ABOMYHBIX Pa3psiOB AEITUTCS
Ha JBe TocieAoBaTeabHOCTU. [lepBas, Ha3piBaeMas MAaHTHCCOIA,
SBJISI€TCS, KAaK MPaBWIO, BBIPAaBHEHHBIM  CJIeBAa  YHCIOM  C
(PMKCHPOBAHHOHM 3amATON M 3HAKOM, KOTOPOE IIPENCTaBIsAeT cOOOM
HOpPMaJIM30BaHHOE 3HaYeHHe 4ucia. Bropas, HazpiBaeMas MOPSAKOM,
MIpeNCTaBIsIeT coO0OW IMOKa3zaTeNb (CO 3HAKOM) CTENEHU (OCHOBaHHWE
CTENIEHW — J[BA), Ha KOTOPBI HAI0 YMHOXWTh MAaHTHCCY, YTOOBI
NOJYy4YUTh 3HAUeHHE 4YHucia. B 3ToM ciiydae uucio 3ajmaercs
COOTHOIIIEHEM

X=+m2*',

[IpencraBnenue ¢ miaBaromel 3amsroi Oosiee ynoOHO, Koraa
UCTIONB3yeTcsl OOMBIION TUana3oH MpPEeACTaBICHHUSA YUCENl, TTOCKOIBKY
HECKOJIBKO JOMOTHUTENBHBIX Pa3psaoB MOpAAKa MOXKHO MCIOJIb30BaTh
JUIS COTIacOBAHMS OOJIBIINX JIMANIa30HOB MIPECTaBICHUS YUCEIL.

Jpyroii Bompoc, mojuIexantuii 00CY)KIEHHI0 — Tpe/ICTaBICHNE
OTpULATEIbHBIX YHcel. bonee MpOCThIM sBIsETCA NpPEICTaBICHUE B
BU/ie a0COJIIOTHOI'O 3HAYEHHs CO 3HAKOM (T. €. B IPSAMOM KOZAE CO
3HakoM). B aToM crmywae onuH W3 pa3pAnOB MpenHa3zHadaeTcs I
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sHaka (00sraHO O — TIONOKHUTENBHBIM 3HAK, 1 — OTpHIATENHHBIN),
ocTaJbHBIE K€ 00pasyloT abcomoTHOEe 3HaueHue umcia. [pyroit
Croco0 TpeACTaBIeHHWS OCHOBaH Ha NPUHIMIE JOTIOJTHEHHA:
IIpeJICTaBIeHNE B BU/IE OOPATHOTO U IOTIOTHUTEIBHOTO KOJIOB.

PaccMoTpuM mpencTaBieHHE 4YMCIA B BHJE JOTOJHUTEIBHOTO
KoJa Kak HauOollee dYacTo WHCIoib3yemMoe. B atom ciyuae
TTOJIOKUATENBHBIC YUCIIa TIPEICTABIIIOTCS TaK e, Kak U OOBIYHO, T. €.
abCONMIOTHBIM ~ 3HaueHWeM co 3HakoM (3Hak 0), Torma Kak
OTpHILIATEIIbHBIC [EJIbIC YMCIIA BHIPAKAIOTCS B BUJIC

M-1
X =2"=>"d,2", (4.1)
i=0
a IpoOHbBIE YKCIIa
M .
X, =1->.d,27, (4.2)
i=1

rae M — 9rciio IBOMYHBIX paspsiioB CUCTEMBIL

[TosToMy, Hampumep, B CHCTEME C YETHIPbMS pa3psiaamu,
paccMoTpeHHo# Boimre, uncio 1 mpencrasnsercs B Buge 0001, Torma
KakK 4yucio —1 — kak 2M—l, T.¢. B Buge 1111. MOXHO OTMETHTB, YTO B
9TOM Cly4yae OTJIMYUTENIBbHBIM TPU3HAKOM OTPHUIATEIBHBIX YHCEIN
SBJISIETCS 3HAKOBBIN pazpsn 1.

MoxHO TIOKa3aTh, 4YTO TaKO€ TMPEJCTABICHHE  SBIIACTCA
IUKJTAYECKAM, T. €. €CJIM HayHeM ¢ HyJs u OymeMm mpuOaBiate 1 k
KKJOMY TMPEANISCTBYIONIEMY YHUCITY, TMOJIYYUM BCE IMOJIOKUTEIbHBIC
yucna or 0 go 2Y-1. ITpubaBuB eme 1, MONyYUM OTPHUIATEIHLHOE
YKCIIO, TIOCKOJIbKY 3HAKOBBIA paspsi CTaHET PaBHBIM 1, a 3HAYEHHE
guciia OyleT COOTBETCTBOBATh 21, [Iponomxkast mpuOaBIATh CIUHUILY,
MoJIydaeM BCe OTPHUIIAaTeNbHBIE YHCIIA BILIOTH 10 —1, a 3aTeM MOIyYnuM
0, T.e. 4ncmo, ¢ KOTOPOro ObLIa HAyaTa IOCIENOBATENLHOCTDL (IUIs
JOPOOHBIX YHCEN CM. puc. 4.1).
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CinencTtBueM  DJTOro  SIBISETCS

BaKHOE CBOMCTBO TaKoH
CUCTEMBI 3aIllCH  4YHCeI, a
HMEHHO eclu pe3yiabTaT

clnokeHuss Ooiee  YeM  IOBYX
MOJIOKUTENbHBIX W OTpHULA-
TENBHBIX YHUCENT TAaKOB, YTO €ro
MOYKHO MpPEICTaBUTh
AMEIOIIAMCSI KOJIMYECTBOM
JIBOMYHBIX Pa3psaoB, TO OTOT
pe3yiabTaT  ABISETCS  TOYHBIM
HE3aBHCUMO oT nopsiiKa
BBIITOJTHEHUS onepanun
CIIOKEHUsS,  Jaxe eciu B
Mpoliecce 3TUX ONepaluid UMEeIo
MECTO MEPEIOJIHEHHE.

Hpyrum BaKHBIM
CBOMCTBOM  TMIPEJCTaBIICHUA B
JIOTIOTHUTEITLHOM KOJIE SIBISIETCS

» TO, UTO peE3yJbTaT BBIYUTAHUSA

0 1 2 3 X MO>KHO MOJIYYUTh yTeM
_____ 1 CJIO)KEHUS  YMEHBLIAeMOIo C
JOTIOJTHUTEIILHBIM KOJOM

Puc. 4.1. TlpencraBnenne yucen B Buje BBIUMTACMOIO.
JIOTIOJIHUTENBHOTO KO/Ia

JelcTBUTENBPHO, pPACCMOTPHUM, HAaNpUMEp, LEnble  Yucia:
CIIOXEHHe X; C JOTMOJHUTEIBHBIM KOJOM Xy, ONMpPEICICHHBIM B BHIC
(4.1), COOTBETCTBYET TMOJIYYCHHIO YHUCIIA X1 +2Y-X,, a MTOCKOJIBKY
MIPEJICTABIICHUE BENETCSI IO MOIYITEO 2V To sT0 3KBHBaNEHTHO
MOTy4eHn o pasHocTh X1—Xo.

Takum 00pazoM, HCTONBL3Ys apuMeTHueckoe MpeacTaBiIcHUE B
BUJIE TOTIOJHUTEIBHOTO KO/Ia, MOXHO BBITIONHATH KaK CIOXKEHHE, TaK U
BEIYMTAHUE C IPUMEHEHHEM TOJEKO CYMMATOPOB. OTKPBITBIM OCTAETCS
MOKa BOIPOC O BBIYKCICHUU AOMONHUTENBFHOrO Koma uwucia. M3
onpenenennii  (4.1) wm (4.2) cneayer, YTo IS TOMy4YEHUS
JTOTIOJTHUTEIEHOTO KOJa YHUCIIa HEOOXOIMMO BBHIMIOJIHUTH BBEIYUTAHHE.
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Ho cymectBytor ©Oomee »>ddextuBHpie wmeronel. Hampumep,
JIOTIOJIHUTENBHBIA KOJA YHCIa MOXHO TIONYy4YUTh, B35IB OOpaTHBIC
3HAYCHUS BCEX JIBOMYHBIX Pa3psAaoB (BKItoUas 3HAKOBBIN) U MpruOaBUB
€MHUILY K NTOJIyYEHHOMY PEe3yJbTaTy.

W3 nByX pacCMOTPEHHBIX CIIOCOOOB TPEACTABICHHUS YHCEI
croco0 ¢ (UKCHUPOBAHHOM 3amaToOd Tpolle C TOYKA 3PEHUs
TeXHUYECKOH peanusanuu. lIpocTo peanusyercs clokeHHE IBYX
YHUCEN, 1 MOKHO HOJYYUTh YMHOXCHHE O€3 MEPEroNHEHUS, eCIH s
NpeACTaBIeHUS € (DUKCHPOBAHHOW 3aIsITOH HCHOJIB3YIOTCS APOOH.
OCHOBHBIE CIIO)KHOCTH TPUMEHEHUS apHU(PMETHKH TaKOTo THIIA TIPH
peamu3anuu  IU(PPOBBIX YCTPOWCTB CBA3AHBI C OTPAHHMYCHHBIM
OIUHAMHYECKUM JHama3oHoM mpeactaBieHus. [lostomy criemyer
oco0oe BHMMaHHE YJAENATH 3ajJade MacIITaOMpOBAaHUS TMEPEMEHHBIX,
WCTIONB3YeMbIX B CTIPyKType  ¢umibTpa, dYTOOBI  n30eXaTh
TEePETOTHEHUM.

Hcnone3yss mnpencraBieHHE C IJIABAIOLICH 3amsTOM, MOXKHO
n30exaTh HEKOTOPBIX TPYAHOCTEH, CBA3aHHBIX C OrPAaHHMYCHHUIMHU
OUHAMHYECKOTO [HANa30Ha, BBIIEISISL ISl 3TOT0, caMoe OoibIiee,
HEKOTOpBIE [JOTMOJIHUTENBHBIE pa3psiasl B IpeAcTaBieHud. OnHako
peanm3anus apuPMETHKH TaKOTO THIA ABISETCS Ooyiee TPyAHOU
3amadeif, W Takas apudMeThka OoJee MeUICHHAs, 4YeM C
(uKcrpoBaHHOM 3ansATOl. JleficTBUTEIBHO, YTOOBI CIIOKUTD JIBA YHCIIA
B CHCTeME ¢ IUIaBaIOIIEH 3amsaToi, HeoOXOJUMO CHadala
HOPMaJIM30BaTh MX, YTOOBI BBIPABHATH MOPSAKH, a 3aT€M BBIOJIHHUTD
cioxxenne. Eciim HeoOXoanMo, pe3yabTaT CI0KEHHUs CileayeT elle pas
HOpMali30BaTh. Kpome TOro, yMHOXEHHE C IIaBarOIIed 3amaTod B
NEHCTBUTEIBHOCTH SIBIISIETCA OOBEJUHEHHEM ABYX apH(QMETHYECKHX
orepanuii, a UMEHHO NEPEMHOKEHUSI MAaHTHUCC U CIIOKEHUS TIOPSIIKOB.

BaxHO Taxke OTMETHTb, YTO MHCIOJB3Yysl IPEACTaBICHUE C
(DUKCHpPOBAHHOM 3amsATOM, MyTeM MOIXOJAIIEI0 MaclITaOMPOBAHUS
MOYXHO U30€XaTh OMTACHOCTH MEPETIOTHEHNUS B OIEPALUsIX CIOKEHUS U
ommuOKa OyAeT BHOCHUTHCA JIMIIb TP YMHOXEHHH. MeXITy TeM, eciu
HCTIOJIB3yeTCs MPEICTaBICHUE C IUIABAIOIIEH 3amaToi, ommbka OyaeT
BHOCHUTBCSI TaKXKE B ONEpaIUsIX CIOXKEHHsI, MOCKOJIBKY B IpOLEcce
HOPMAaJIU3alUY HEKOTOPBIE pa3psiibl OAHOIO U3 YUCEI TEPSIOTCA.

VYBeauueHHe CIONKHOCTH apu(PMETHKH C IUIABAOIIEH 3amsToi
4acTO MPUBOJIUT K BBIOOpPY apudMeTHKH ¢ (PUKCUPOBAHHOW 3amsToM
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pu pa3paboTKe TEXHUYECKUX CPEACTB Ul BBIMOJHEHUS ONepanui
nudpoBoit ¢unbTpanuu. B 3TOM cioydae JOCTYNMHBIA BBIMTPHII B
00beMe TEXHHUYCCKUX CPEICTB, CMKOCTH TaMSITH U TOBBIIICHUS
OBICTPO/ICHCTBUS MOXKET OKa3aThCsl OoJiee BaXKHBIM, YeM YCIIOKHEHHE
paboThl IO cHHTE3Y (DUIBTPaA, KOTOpas B 3TOM CiIy4ae BKIIOYACT, BO-
MEPBBIX, BHIOOP HAWIYYIIEH CTPYKTYpBl (QUIBTPa, BO-BTOPHIX,
BEIUMCIICHUE OTPAaHWYCHHWU B CIydac IEPEIONHEHUS W, B-TPETHUX,
UCCIICIOBAaHKE TIOBEJICHUS ONTHOKH JJTs1 BBIOPAaHHON CTPYKTYPHL.

4.2. YcedyeHHe M OKpYIJIEHUE

IIpu r000M mpenctaBieHUM Yucea X BHOCHUTCS OIIMOKa
e=X—-X"’, sBisOIAsCS CIEACTBUEM aIlpPOKCHMAIUH MEePEMEHHBIX
KOHEYHBIM YHCJIOM JIBOMYHBIX pa3psjoB. JTa OMMOKa 3aBHCUT OT
YHClIa HWCIONB3YEMBIX TPH TaKOM MPEACTABICHHUH paspsmaoB M,
cnocoba mpencraBnerus (¢ (QHUKCHPOBaHHOW WM TUIaBaromIeH
3amsToil), crioco0a NpeCTaBIeHNs] OTPULIATENBHBIX YHCEN U, HAKOHETl,
MeToJla, MCIOIb3YEeMOT0 ISl UCKIIIOYEHUS Pa3psiliOB, MPEBBIIIAONINX
JUTUHY PETUCTPOB.

JIs BBIIOMHEHUST TOCIEAHETO NEHCTBHS MOYKHO PacCMOTPETh
JIBa Pa3IMYHBIX MeToja. [1epBhIid COCTOMT B MPOCTOM OTOpPACHIBAHUHU
JMITHAX pa3psaoB, BTOPOH — B alMpOKCHMAlMK Ha HHU3IIEM YPOBHE, a
UMEHHO: YKCJIO IPUHUMAET TO YK€ 3HAUCHHE, YTO U B IMIEPBOM METO/IE,
ecnu oTOpachiBaeMasi ApOOb MEHbIIE ITOJIOBUHBI I[EHBI MJIA/IIETO
paspsjia [pPEACTABICHUS WIM K€ YBEIHUYMBACTCS HA CAUHUILY
MJIAQJIIETO paspsaa B HOpoTUBHOM  ciywae. IlepBwlii  Meron
anMpoKCHMAaIK Ha3bIBACTCS yCEUSHUEM, a BTOPOH — OKPYTJICHHEM.

Oxpyrienne (cM. puc. 4.2, rie Q — mar ksanrtoBanus, Q=2""
IpH HKCMOJB30BaHUK JpOOHBIX wncen, Q=1 mnpu ucnomp30BaHUU
HeNBIX YUCeN), OYEBHIHO, SBIAETCS 0OJiee TOYHBIM CIOCOOOM, YeM
yceueHHe, MOCKOJIBKY MPU OKPYIJICHUH MaKCHMallbHas OIIMOKa paBHA
MIOJIOBHMHE IIIara KBaHTOBaHMA. [10TOMy, €Cly 4HciI0 mpeicTaBiseTcs
B Buae apobu u3 M nBomuHbx paspsgoB (6e3 3Haka), ommOKa
anMpoKCHUMaIK OyIeT HAXOJUThCS B IIpeienax

~Ql2<e<Q/2. (4.3)
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Puc. 4.2. XapakTeprcTika KBaHTOBATeNs C OKPYTIIEHUEM

Ilpn yceyenun MakcuMmanabHas OmMOKa OOJbIIE M paBHa IIary
KBaHTOBaHMA, a e€ 3Ha4yeHue (N0 3HAKY) 3aBHCUT OT NpPEACTaBIICHUS
OTpHLATENbHBIX Yrcen. Eciiu ucmonp3yercs npeacTaBieHle B IPSIMOM
Kome co 3HakoM (pwuc. 4.3), To ommOKa OyneT ompenensiTbcs Kak
Pa3HOCTh MEXIy TOJYYEHHBIM M HCTUHHBIM 3HAYCHUSMH U OyneT
u3MeHsAThCs B mpenenax ot 0 mo —Q, eciit YmCIO MONOKUTENBHO, U B
npeznenax or Q mo 0, eciu 4KMCIIO OTPUIATENBHO, T. €. 3HAK OIIMOKH
BCerJa TPOTHBOMOJOXKEH 3HaKy u9uciaa. Ecom  wcmoib3yeTcs
MIPEICTABICHNUE B JOIMOJHUTENFHOM Kone (cMm. puc. 4.4), ommbka He
CBsi3aHa CO 3HAKOM KBAaHTYEeMOI'0 4YHMCIIa U BCerja OTpHLATe]bHA MPH
u3MeHeHnu B nanHom auanasone [0, —Q].
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Puc. 4.3. XapakTeprcTrka KBaHTOBATEIIS C YCEUCHHEM
Y TMIPEJICTABICHHEM YHCEN B IPSIMOM U 0OpPAaTHOM KOJax

’ MHH

Puc. 4.4. XapaxTepucTHKa KBAHTOBATENS C yCEICHHEM
U NIPEJCTaBJIECHUEM YHCEIl B JONOJIHUTEIBHOM KOJIE



Eciu BEIOpaHO mpencTaBieHre ¢ IDIABAIONICH 3aMsaTOH, CUTyaIus
ycrmoxHseTcs. B aTomM chmywae ammpoxcumanms (YCEUCHHE WU
OKPYIJICHHE) BBITIONIHAECTCA TOJIBKO JJIi MaHTUCCHI 4Yucia. ITO
O3Ha4YaeT, YTO aOCOIIOTHOE 3HAYEHHE OIIMOKHU 3aBHCHUT OT YHCIa, T. €.
B OTOM cIyyae BakHa OTHOCHTENbHas omuOka, a He abCONIOTHAS.
CrnenoBaTenbHO, B ClIydyae ¢ IUIABAIOIICH 3aIlATOW ONTUOKH, BHOCUMBIC
anmpoKCUManueld, MyJbTHUIUTMKATABHBL, a HE aJIUTUBHBEL [loTomMy

ecm O’ — anmpoOKCHMHPYEMOE YHCIIO, Ol — MOJYYEHHOE YHCIIO ¢
IUIABAIOIIEH 3aIITOM, € — OTHOCUTEIbHAS OIINOKa, TO
(o—a)a =g (4.9)

H, CIIeZI0OBATEIbHO,
o=a +eo '=a (1+e).

Ecmn  wucmonme3yercsi, Hampumep, OKpyIJieHHWe, OmunOKa B
MaHTHCCe OyAeT onpeaesaThes popmyioi (4.3) u moaTomy

22 Mp<o—ar<2'27M2,

rae | — nopsgok. Mcnons3sys (4.4) ¥ HEPaBEHCTBO 2" 1<q ’<2', MOYHO
MOJYYHUTh TPAHULIBI JUIA E:

2 Meg<o™™

4.3. KBanToBanue curHaJjia

Omnepaiuio KBaHTOBAHHS CHUTHAlla MOXKHO paccMaTpHBaTh Kak
NpENCTaBICHHE ero BhIOOPOK M JBOMYHBIMH pa3psiiaMd OTHHM W3
paccMoTpeHHBIX B TyHKTe 4.2 cmocoboB. IlosTtomMy Kakmas
KBAaHTOBaHHAs BEIOOPKA MOXKET OBITH MPEICTaBJICHA B BUC

x(n)=x’(n)+e(n),

s
rae x’(N) — uctunHOE 3Ha4YeHue BBIOOPKH, a €(N) — COOTBETCTBYIOMIAS
el ommoKa.
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UroObl  NPOOOIKUTH  aHaMW3, HEOOXOIUMO  BBIIBUHYTH
HEKOTOpBIE TIPENIOI0KEHUSI OTHOCHTEIBEHO MOBEJCHUS 3TUX OIIMOOK.
[IpuHUMaeTcst cTaTHCTHYECKash MOJeNb, OCHOBAaHHAs Ha CIEAYIOMINX
YETHIPEX TIPEINONIOKEHUAX: BO-NEPBbIX, ommbka €(N) sBisercs
MOCJIEZ0OBATEIbHOCTEI0  BBIOOPOK  CTAllMOHAPHOTO  CIy4YaiHOTO
mpoIiecca; BO-BTOPBIX, 3HAYCHHWS OMIMOKHM HE KOPPEITHPOBAHBI C
TOYHBIMHA 3HAYCHHUSMU CUTHANA;, B-TPETBHUX, 3HAUCHUS OIMIMOKHA HE
KOPPEIUPOBaHbI MEXIAy co00H (MpeacTaBistoT coOol Oemnblil mym), u
B-4ETBEPTHIX, pacIpeielieHre BEPOSITHOCTEH OMMOKH paBHOMEPHO BO
BCEM JMaNla30HE OMTMOOK KBAHTOBAHMS.

Pazymeercs, 3TH TNpPEANONIOKEHUS, 10 HEKOTOPOH CTENeHH,
TIPOM3BOJIBHBI M JIETKO MOXKHO TIOCTPOUTH HPUMEPHI, A1 KOTOPBIX 3TH
MIPEITONIOKEHUST HEBEPHBI, HANPUMEpP TIOCTOSHHBIA CHUTHAT WIIH
CUHYCOMJANbHBIM  CUTHAJ, JAMCKPETHU3UPOBAaHHBIH C  YacTOTOM,
palMoHANBHO KPAaTHOW YacTOTe CHHYCOMABL. B mepBoM ciydae Bce
omuOku €(N) OymyT OJMHAKOBBI M PABHBL, a BO BTOPOM — OHHM
00pa3yroT MEepUOAMYECKYIO IIOCIIEI0BATENbHOCTh, MMO3TOMY B 00OMX
CIIy4asix BBIABUHYTBIC NMPEANOJIOKEHUsI OynyT HeBepHbl. OnHAKO Iis
OONBIIMHCTBA CHUTHAJIOB, C KOTOPBIMH MPUXOAWUTCS BCTPEUATHCS, ITH
NPEINOJIOKEHUsST NpPaKTUYeCKH IpuMeHuMBL. [losTomy sTa Monenb
OIIMOKM KBAaHTOBAHUS HMEET OrPOMHOE IPAKTHYECKOE 3HaueHHE.
MOXHO CKa3aTh, YTO MOJAEIh MOXKHO HCIIOJIb30BaTh, KOTJa TIOBEACHHUE
CUTHAJIa TAKOBO, YTO MPHU MEpexoje OT OJHON BBIOOPKH K APYrod ero
3HAYEHHE MEHSETCS Ha HECKOJIBKO YPOBHEW KBAHTOBAHMS U B TO XK€
BpeMs YHCJIO YpPOBHEH KBaHTOBAaHUS, WM, YTO TO K€ CaMOE, YHCIIO
pa3psIoB B IPEACTABICHUM YHCIIA HE OUEHb MaJIo.

Ha puc. 4.5 nokazaHbl MJIOTHOCTU paclpeAeeHUs, OTyYCHHbIE
Ha OCHOBaHMS UYETBEPTOTO IPeNNoioXKeHus; Ha puc.4.5a — mis
OIUOKK OKpyTJIeHus, Ha puc.4.56 — g omMOKH yceueHUs ¢
NPEICTABICHUEM OTPULIATENIBHBIX YKCEN B JIOMONHUTENBHOM KOJE, a
Ha puc.4.56 — g ommMOKKM ycedeHHWs C IpeACTaBICHHEM
OTPHULIATETbHBIX YHCEN B MPSIMOM M oOpaTtHOM koxax. Jlnmsa 3tux
pacripeqiefieHuii BEpOSTHOCTH JIETKO BBIYHCIUTH Cpe/Hee 3HAaUYeHHE U
JUCTIEPCHIO OITHOKH
IUTSL OKPYTJICHHUS:

mMe=0, (4.5)
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(=)=, (4.6)

Q/2 3 3 2
Gezz Ie2£d621 Q Q):Q
Q 3Q 8 8 12

-Q/2

JJUIA YCEUYCHHUA ¢ NPEACTABICHUEM YMCECII B JOIIOJIHUTCIIBHOM KOJIC:

m.=—Q/2, (4.7)
c=Q%/12, (4.8)

I ycequH;I C HpCI{CTaBHCHI/ICM YUCECI B HpﬂMOM nu O6paTHOM Koaax:
me=0, (4.9)
o?=Q?3. (4.10)

p(e) 4 p(e) 4
1Q 11Q
. Q 0 Qe Q 0 e
2 2
a) 6)
pe) 4
1/2Q
'Q 0 Q 'e

Puc. 4.5. TInotHOCTH pacnpeneneH s BEpOSITHOCTEH OIMOOK KBAHTOBAHUSI:
@) IpY OKPYTJICHUH; 0) TIPU YCEUECHHH C IPEACTABICHUEM OTPULATEIbHBIX YHCEIT
B JIOIIOJTHUTEITBHOM KOZIE; 6) TIPH YCEUESHHH C MPeICTaBICHUEM UHCEeT
B TIPSIMOM M 0OpaTHOM KOJlaX

U3 npeuiecTBYIOMWEro CleAyeT, YTO MPOLECC KBAHTOBAHMS
MOXHO PacCcMaTpuBaTh KaK HajoxeHue Ha curHan X(N), 3amaHHbIM ¢
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OECKOHEYHOM TOYHOCTBIO, Imyma €(N), HMEIONIETO CPEHNE 3HAYEHHS
U JucHepcuu, ompenenseMsle BblpaxkeHusamu (4.5) — (4.10) (cm.
puc. 4.6).

e(n)

Puc. 4.6. HpCZ[CTaBJIeHI/Ie nponecca KBAaHTOBaHUA CUTHAJIa

Bxmaxg oTOH OmMOKM MOXXHO YCIOBHO W3MEpATh B BHIE
OTHOULIEHUS MOIIHOCTH CHUTHaJa K MOIIHOCTU IIyMa (OTHOILEHUS
curHan/mym). Hampumep, B ciydae OKpYIJICHHS APOOHBIX YHCEN
MO>KHO HaIlUCaTh

clu=c’lc:=c21(2%" 112) =12(2*" 5%);
MCTIONB3YS JIOrapH(MUUECKYIO MEpPY, TIOTy4aeM
¢/ w(05) =101g12+ M 201g2+10lg 2.

MHTEpecHO OTMETUTH, 4TO, Tockoibky 2019226, noGasnenue
OJTHOTO pa3psAna B apu(hMETHKE YBEIMINBAET OTHOIICHUE CUTHAJ/IIYM
MpUOIM3UTETRHO Ha 6 1b.

OnwucaHHBI pollecC KBAHTOBAHUS HYXKJACTCS B OOCYKIACHUH
BEIOOpA IIIara KBaHTOBAHUS, WCIOIB3YEMOTO B TPHIOKCHUSIX. DTOT
BEIOOp OmpeenseTcs HEOOXOMUMOW TOYHOCTHIO IIPEICTABICHUS,
HaJM4MeM IiyMa B 00pabaThiBAEMOM CUTHAJIC M MIPOLIEAYpOH, KOTOpas
MIpUMEHSIETCS T 00pabOTKH CUTHAIA.

Copep:kaimuiicsi B CHTHAJIE TIYM OIpPENeNsieT BEPXHIOW TPaHUILY
yrciaa ypoBHe#l kBaHTOBaHMs. OuYeBUAHO, HET 0OCOOOr0 CMEICIA
WCIIONTB30BaTh MAJIBIH IIar KBAHTOBAHUS, KOTJa B CHUTHAJIE COJICPIKUTCS
OompmIoi ImyMm, T. K. B 3TOM CiIydae OyZeM KBaHTOBATh IIyM, a He
curHai. JloctaTodHo BBIOpATh CTOJNBKO YpOBHEH, YTOOBI BKJIAJ IIymMa
KBaHTOBaHUS OBUI Mall 1O CPABHCHHIO C IIYMOM, COJCpKaIMCS B
CHUTHaJe.

B npotuBHOM ciydae, Korja IIyM OYeHb Mall, [Iar KBaHTOBAHHUS
ClieyeT BEIOMpaTh TaKUM OO0pa3oM, YTOOBI TOIYYUTH JKeTaeMoe
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Ka4eCTBO BBIXOJHOTO cHrHama. (PakTHyeckW yXyIIIeHHEe KadecTBa
BXOJHOT'O CHTHajla MOXET OBITh BBI3BAHO OIMMOKAaMH, BO3HHKAIOUIIMMHU
B mporecce oOpaborku. Mrak, KBaHTOBaHWE CUTHAJlAa U CTPYKTYPY
npouecca 00pabOTKH B YaCTH UCIIONB3YEMbIX aJITOPUTMOB, TOUHOCTH
MpeACTaBIeHNsT W T.J. CJleayeT BHIOMpaTh TaK, dYTOOBI OHH
COTJIACOBAIINCH C TPEOOBAHMAMH K TOYHOCTH 00pabOTKH CHTHAJIOB.

4.4. Ananoroso-undposoe npeodpazoBaHue

OmauM w3  Hambojee BaXHBIX CHOCOOOB  (POPMHUPOBAHUS
IU(QPOBOTO CHUTHANA SBIAETCS JUCKPETH3allsl W KBAaHTOBaHHE
HENpepbIBHOTO  KoJeOaHus. YCTpOHCTBO, NpeJHa3HAuYE€HHOE JUIs
npeoOpa3oBaHMs HEMPEPHIBHOTO KOJIEOAHUS B TIOCIIEAOBATEIBHOCTH
OTCYETOB, KaKIBIH W3 KOTOPHIX SIBIACTCS  alpPOKCHMAIIHEH
COOTBETCTBYIOIIIETO OTCYeTa BXOJHOTO KoJeOaHWs, Ha3bIBaeTCs
aHAIOTOBO-ITU(POBEIM ITpeodpazoBaTeneM (ALIIT).

ITpusenem crpykrypryio cxemy ALIII (puc. 4.7).

——— | JIuckpeTusarop »| Ksanrosarenp [

Puc. 4.7. CtpykTypHas cxeMa aHaJoTroBO-IIH(POBOro Mpeodpa3zoBaTesis

Ero paboTy MOXHO TIpenCTaBUTh B BHIE IBYXITAITHOTO
nponecca. Ha mepBom »stame dopmupyercss MHOCIEA0BaTEIbHOCTh
X’(N)= X()|i=nt, B xoOTOpOMi oOTCUeTHI X'(N) TpemcTaBiIEHBI C
HEOTPAaHWYEHHOM TOUYHOCThIO. Ha BTOpOM 3Tame 3HaueHUE Kakoro
orcuera X’(N) MpeACTABISAETCS YHUCIOM, COCTOAIIMM H3 KOHEYHOIO
9YHUciIa JBOWMYHBIX paspsiioB. B pesynprate mosydaercs HOBas
nocyenoBarTensHoCTh X (N) — nudpoBoi curHal.

B peansupix ALIT 00e onepanyy BEITOTHSIOTCS COBMECTHO, T. €.
MMeeTCsl eUHBIN OIIOK, Ha BXOJ KoToporo mocrymaer konebanue X(t),
a Ha Beixozie Qopmupyercs curnan X (n). Pasuocts e(n)=x(n)—x’(n)
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Ha3bIBaCTCS NTYMOM KBAaHTOBaHUS MM IIYMOM aHAJIOTOBO-IIU(POBOTO
peoOpazoBaHUsL.

Kak Obuto 0TMEdYeHO B pazjenie 2, Tojioca BXOJHOTO KojieOaHus
JOODKHAa OBITH OTpaHM4YeHa, T.K. uHade curHaa X(n) He OymeT
omHo3HauHo npexactaBiaTh X(t). Ilosromy AIIIl mpenmecTByeT
ananorossid ®HY s Buneocurnanos win 11D qyis paguocuryHaios.

4.5. IndpoananoroBoe npeodpasoBanne CUrHAJIOB

I{udpoanamorosoe nmpeoOpazoBaHue HEOO0XOAMMO TUTSE
npeoOpazoBanus nudposoro curuana X(N)=x(nT) B ananorossrii X (t).
[TokaxeM TeOpeTHYECKH BO3MOKHOCTh TAKOH ONepaluu.

U3 puc. 2.46 scHo BuanHo, uto ecmu Qe<n/T, T. e. ecnu yactora
JIMCKPETU3AllMK, MO KpaiiHed Mepe, BaBoe OoJblle HaWBbICHICH
gactotsl crektpa Xu(jQ), 10 X('°T) comamaer ¢ Xu(jQ) Ha
uarepBaie —m/T<®<n/T. Dra dYacToTa IUCKPETH3AIUH HHOTIA
HaspiBaeTcs yactotod Haitkeucra (KorempHmkoBa). B 3Tom cmydae
MOHO OXKHAaTh, 4TO (GyHKIMsS X(t) MOMkKeT ObITh BOCCTAHOBJICHA IO
BbIOOpKaM X(NT) mpH MOMOIIM MOAXOSNICH HHTEPIOMSIIIHOHHOMN
(hopMyIBIL.

YroObl BBIBECTH UHTEPIOSAIMOHHYIO (OPMYITY, MPEAOI0KHUM,
gt0 Q<1 T (puc. 2.40), Torga cornacuo (2.10) numeem

X (ejQT) :% X, (JQ), —n/T<Q<n/T.

B cootBercTBumM ¢ mpeobpasoBaHneM @Dypbe B HEMPEPHIBHOM
BpPEMEHU

/T
XO=— | X, (i) e dQ,
ZTC —nlT

O6’I)CIII/IH$I$I JBa NOCJIIEAHUX BBIPpAXKCHUA, MOYKHO 3allMCaThb

/T
X(t) zzi [ X" eda,

—/T
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Tak kak cornacuo (1.2) (muckpetHsiii psin Pypre) nmeem

o0

X(ejm) — Z x(nT) g ianT ,

N=—o0
TO
T /T 0 ) )
X(t) = — j (> x(nT)e ™) e¥dQ2
2 —n/T N=-o
WJIv, U3MCHSA MOPAJOK CYMMUPOBAHUA U UHTCTPUPOBAHUA,
© T /T )
X(t)= Y x(n"T)[— [ e ™dq].
N=—o0 2 —nlT
BbINONHUB HHTErPUPOBAHUE, OTYUYUM
. sin(= (t—nT))
x(t)= > x(nT)| ———|. (4.12)
= Tt-nT)
T

Breipakenue (4.11) maeT HHTEPHOJALMHOHHYIO (GOpMYTy IS
BOCCTAHOBJICHHs aHanoroBoro curHama X(t) mo ero BeIOOpKaM.
3aMeTuM, 9TO 3TO BEIPAKCHHE OIMCHIBACT CBEPTKY BXOJHOTO CHUTHAJA
U uMIyibcHOH xapaktepuctuku ®OHY c npsamoyronpHoi AUX.
[IpencraBnenne anajoroBoro curHana B Buae (4.11) cmpaBemiuBo
TONBKO ISl (DYHKIUH C OTpaHUYCHHBIM CIIEKTPOM IPH JIOCTATOYHO
MaJIoM T, T. €. IpH OTCYTCTBHHU 3(PeKTa HaJTOKEHUS.

Bripaxxenue (4.11) MOXHO MOHMMATh KakK Pa3ioKEHUE CUTHAJIA C
HENpPEPHIBHEIM BPEMEHEM B PsIZT BUAA

xt)= 3 C,a,(0). (4.12)

N=—o0

rne  kodpouumentst C, u o¢ynkuun @Dq(t)  ompenemnsrorcs
BBIPKCHUSIMH
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C, =x(nT) (4.134)

sin(X (t—nT)
() e E— (4.136)
TE(t—nT)

CymecTByeT MHOIO KiaccoB ¢GyHKiui @ (t), KOTOpbIE MOKHO
WCTIONB30BaTh JUIA TPEACTaBIEHUS (QYHKIHUH C HEPEephIBHBIM
BpemeHeM B Buzae (4.12), BKiIoYas CHHYCOMAANbHBIE (YHKITHH,
¢byakiun  Jlareppa w  monmuHOMBI  Jlexanmgpa. Ilpu  mroGom
npencTaBieHuu Buna (4.12) mocienoBarenbHOCTh K03 dummenTo Cy
MOXXHO paccMaTpuBaTh KaK AWCKPETHBIA CHUTHAN, MPEICTABIISIONIHIA
ananoroBeiii curhHan X(t). OmHako He Bce TakWe MPEACTABICHHS B
pPaBHOM CTeNEHW TMOJIe3HB. bBOoJbImIMM MpenMyInecTBOM BBIOOpa
¢yukuun @, (t) Buga (4.136) sBisercs TO, YTO KOIPPHUIUEHTHI JIETKO
MONyYaloTCsl IIyTeM JAWCKPETH3allid CHTHajla C HeNpephIBHBIM
BpPEMECHEM.

[udpoananoroBoe mnpeodOpazoBaHue MoscHsIeTCs Ha puc. 4.8 —
4.9. Bxomno#t curnan X(nT) yepe3 mpeasaputenbHbii GunbsTp ¢ UX
g(n) mocrymaer Ha BxOA IH(POAHAIOrOBOrO MpeobpasoBaTens
(ITAIT). D10 yCTpOHCTBO COMEPIKUT MHTEPIIOISATOP HYJIEBOTO MOPSIKA,
npeobpasyronmii  uudposoit curnan  X(NT) (cm. puc.4.9a) B
HeKOTOpbIN aHanoroseiit curnan X(t) (cm. puc. 4.96), KoTOpbIl Mmocie
MpOXOXKJIeHUA 4vepe3 aHaioroBeldi @HY mpeobpaszyercs B HyXHBIH
curnan X(t).

[Ipeobpaszosanue udpposoro curaana X(NT) B ananorossii X(t)
B HHTEPIONATOPE HYJIEBOTO TIOPAAKA CONPSDKEHO C HCKAKEHHEM
crnekrpa. YacToTHas  XapaKTEpPHUCTHKAa OTOr0  HHTEPIONATOpa
BbIpa)kaeTcs QyHKIeH

Zsin9
H(w)=—2
()]

YToObI CKOMIIGHCHPOBATh STH HMCKAKEHUS CHEKTpa, HU(PPOBOH
curran X(NT) vacto mpenBapurenbHO npomnyckaot yepes LD ¢ UX,
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omuceiBatouieiics  pyuxumeii G(°)=1/H(w). Takum oGpasom,
nocIIeoBaTeNbHOE coeuHenne yerpoiicts ¢ UX G(e'”) u H(w) B
1esoM obecrieunBaeT paBHOMEpHYO UX.

(nT) X(nr X(t (t)
L» g(n) N Ii‘:;l; (): dHY x—»
jm — 1 Kmax(m)
|G(e )| il
/21
1, 4
2T 2T

Puc. 4.8. CtpykrypHas cxema mudpoaHaIoroBoro
peoOpa30BaHus CUTHAJIOB

{(nT) o)

t ] [l -
-y

l‘\’J t

I I S I

\4

0)

Puc. 4.9. Curnains! nudpoaHanoroporo npeodpazopaTess:
a) BXOJIHOM; 0) BBIXOJTHOM
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Cnenmyer WMeThb B BHIY, UYTO IM(PPOBON KOMIEHCHUPYIOUIHHA

GbuNbTp, MOKa3aHHBIA Ha puC. 4.8, He 00A3aTEIBHO BHINIOJIHATH B BUJC
OT/IENILHOTO YCTPOWCTBA; €ro MOXKHO BKJIIOYUTh B COCTaB caMoi
cuctemsl [1OC.

10.

4.6. KontpoJbHbIe BONPOCHI

DopMBI TIpeICTABICHUS YKCeT B IU(PPOBBIX CHCTEMAX.
[MpenmymiecTBa ¥ HEJOCTATKU PA3TUYHBIX (OPM TIPEACTABICHUS
YHUCEIL.

Crnenudpuka  apuMETHUSCKHUX  OMepalMid ¢ YHCIaMH,
MPEICTABIICHHBIMU B Pa3HBIX (hopMax.

Koamposanwue urcen nmpu aHaI0roBO-mu(ppoBoM IpeoOpa3oBaHUH.
OCOOCHHOCTH ~ JBOWYHBIX KOJIOB (TpssMOM, oOOpaTHBIA W
JIOTIOJTHUTETHHBIH ).

ATmmpokcuMaIus 9ucesl CIocoO0OM OKPYTIICHHUS. XapaKTepUCTHKA
KBaHTOBaTeNsl. [ITOTHOCTH BEPOATHOCTH OLIMOKH OKPYTJICHUSI.
AmnmpokcuMans 9ucea CrocoOOM YCeYeHHs. XapaKTepUCTHKA
KBaHTOBATENs JUISI PasHBIX KOAOB. [IJIOTHOCTH BEPOSTHOCTH
OLINOKN yCeUeHHUS.

CratucTryeckas MOJICNTb ONTHOKYM KBAHTOBAHHS CHTHAJIA.
[IpeanonoxkeHus, TMOJOKEHHbIE B OCHOBY CTaTUCTHYECKOM
MOJICJIH.

CTaTUCTHUYECKHE XApaKTEPUCTHKH IIyMa KBAHTOBAaHHS IS
Pa3IMYHBIX KOJIOB M CIOCOOOB KBAHTOBAHMS.

4.7. JIutepatypa

Bproxanos, 0. A. Lludpossie nenu u curHajisl: yued. mocobue /
10. A. bproxanos. — Spocnasns: Apl'Y, 2005.

Cononuna, A. 1. OcHOBBI u(ppoBOii 00pabOTKU CHUTHAIOB: KypC
nexmuit / A. W. Cononnna u ap. — CI16.: BXB-Iletepoypr, 2005.
Pabunep, JI. Teopus u mnpumeHeHHe THUGPOBOH 00pabOTKH
curHaioB: nep. ¢ annt. / JI. Pabunep, b. Toymnn. — M.: Mup, 1978.
Omnmnenreiim, A. B. Llupposas 06paboTka cUTHAIOB: IIep. ¢ aHT. /
A. B. Onmenreiim, P. B. Illadep. — M.: Cps3b, 1979.
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Kannenunu, B. HHudpossie GuabTpsl 1 UX NpUMEHEHHUE: Iep. C
aurn. / B. Kannenunu, A. x. Koncrantuauauc, I1. DOMunmnanu. —
M.: DHeproatomuzaar, 1983.

Kaprames, B. I'. OcHOBBl TeOpHH AWCKPETHBIX CHIHAJIOB H
upposeix GuasTpoB / B. I'. Kaprames. — M.: Beicmas mkona,
1982.

Tonbaentbepr, JI. M. IludpoBas 06paboTKa CUTHATOB: CIIPABOYHUK
/ JI. M. Tonpaenbepr, b. JI. Martromkun, M. H. Ilomak. —
M.: Pagno u cBs3b, 1985.

lonpnenbepr, JI. M. IludpoBas o0paboTka CcHUTHAIOB: yueO.
nocobue / JI. M. Tonpaen6epr, b. JI. Marttomkun, M. H. ok, —
M.: Pagno u cBs3b, 1990.
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5. 9ODPEKTbI KBAHTOBAHUSA B HU®POBbIX LHEIAX

LudpoBsie 1menn OTIMYAIOTCS OT AWCKPETHBIX KOHEYHOMH
TOYHOCTBIO TIpEACTaBICHUSA (KBaHTOBaHHUEM) KOI(PPUINECHTOB U
pe3ynbTaToB apupMETHUESCKUX ONepalrid, BHINOTHAEMBIX B HUX. [Ipu
peanu3anuy MuQPPOBLIX Ieneil TOYHOCTh KA HUITUEHTOB (KOTUIESCTBO
OBOWYHBIX Pa3psAAoB) [MODKHA OBITH COTJIacoBaHa C  JUIMHOU
MalIMHHOTO  CJIOBa  WJIM € Pa3pAJHOCTBIO  CIEHUATbHBIX
BBEIYHCIIUTENFHBIX CPEJICTB, UCIIOIb3YEMBIX B ONepansax QUIbTpan.

Hexortopoe mnpuOmmwkeHne TOSBISETCS TaKke B Ipolecce
BBITIOJTHEHUS omepanuii puiabTpanun. J[eHCTBUTENBHO, pealn3amus
anroputMa paboTsl MH(POBOI LEMH COCTOUT B TOCIEIOBATEIEHOCTH
YMHOKEHUH U CIIO)KEHUH, U, KOTJa IBa YUCJIa YMHOXKAIOTCA, PE3yJIbTaT
uMeeT OONBIIYI0 JUIMHY, 4eM omepaHjbl. I[1ockonbKy O4eBHAHO, YTO
IPAaKTUYECKH HELEeNecooOpa3Ho KOHCTPYHpPOBATH  ammaparypHbIe
CPEICTBa C YBEIMUYCHHOH ITUHON PETUCTPOB, HEOOXOIMMO BBOIMTH
HEKOTOPYIO alIIPOKCUMAIIUIO PE3YIbTaTOB TaKUX ONEPALUH.

3ajaya WCCNENOBAaHUS TOBEJCHHS OHIMOKM B  OIEpaLusIx
IUQpPOBOA (QHUIBTPAIlMM OYEHb CJIOXHA W SBIAETCS CYIIECTBEHHO
HEJIMHEMHOM,  IMOCKOJBKY  YMHOXHUTENnH, cymmaropsl,  AIlll,
BBITIOJTHSIOIINE ONKMCAHHOE BHIIIE KBAHTOBAHUE, MPEICTABIISIOT COOOH
HeJIMHEeWHbBIe ycTpoiicTBa. Ho eciii kBaHTOBaHWE HE OYeHB Tpydoe, Kak
UisT  OONBINIMHCTBA CHTHAJOB, BCTPCYAIOIIUXCS B TPIIOKCHUSIX
(GUIBTpPaALNH, TO MOXKHO UCIIONBb30BaTh JIMHEHHYIO MOZEIb MOBEACHUS
CHUCTEMBI U CTATUCTUYCCKYIO MO/JICJIb OIIHOOK.

B nacTosmiem pasjene paccMaTpuBaloTCs TOJIBKO T€ HETMHEWHbBIE
3¢ EKTHI, KOTOPbIE CBA3aHBI, BO-NIEPBBIX, C SBICHHEM IPENEIHFHOTO
UKJIa, KOTOPOE MOXKET BO3HUKHYTH, KOT/Ia BXOJAHOM CHUTHAN QuiIbTpa
CTAaHOBUTCA DPAaBHBIM HYJIO, U, BO-BTOPBIX, C MYJbCALUSIMH,
BBI3BAHHBIMU [1EPENIOJHEHUEM.

5.1. Peaknus uaeanbHol nU(ppPoOBOi Leny Ha IIYM KBAHTOBAHUS

B 0. 4.3 omucan mpoiiecc KBaHTOBAaHMS M PACCMOTPEHA MOJIETh
myma. Termepb paccCMOTpPUM, YTO IPOM30MAET, €CIIM IIIyM KBAHTOBAHHUS
OyZzer momaH Ha BXOA IM(poBod memu. B stom ciydae Oymem
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MpeAronarath, 4YTOo apU(QMETHYECKHe OIlepalii B  IPOIEIype
¢WIbTpany  BBIIOJMHSIOTCA C OECKOHEYHOHW TOYHOCTBIO. Takoi
MOAXO0 A MPaBOMOYEH, T. K. pACCMOTpPEHHas B II. 4.3 MoJieib JUHEiHa.
DTO O3HAyYaeT, YTO pa3NUYHbIC HMCTOYHHKH OIIMOOK B JIMHEWHBIX
CHCTEMaX MOKHO M3y4aTh OTIEIBHO.

BnusiHre BXOIHOTO IIymMa KBAaHTOBAaHHMS Ha BBIXOA LENH JIETKO
OIPE/ICUTD MMyTEM BBIYUCICHUS PEAKIMU SN HA BXOTHOM IIyMOBOU
curran €(n). IMostromy ecim h(n) — MUX nuHeliHON cucremsl, a
HOCIIEI0BATENBLHOCTE omuOku €(N) sBiseTcs ee BXOJOM, TO BBIXOJ
CHCTEMBI 3aJ1a€TCsI BEIpaKEHHEM

n
g(n) = > _h(m)-e(n—m).
m=0
Jucniepcuto Bennurubl €(N) MOKHO 3anucarh B CIEAYIOUIEM BUIE:

G4 (m) = -3 h(m)-e(n-m)>()-e(n -] -

=" h(m)h(l)- E[e(n—m)-e(n—1)],

m=0 1=0

rne E — maremarnueckoe oxunanue. ITockonbky €(N) mpenmosa-
raercs OeIBIM IITyMOM, MOXXHO HaNWCaTh

ol(n) = anzn:h(m)-h(l)ﬁ(l -m)-c’ zci-zn:hz(m).

B cnygae BUX-punsTpa, ecim momocel (MIBTpa JIeXaT B
obnactu ycroiuusoctu, h(nN) >0 mpu N-—>oc0 u gucnepcuro B

YCTaHOBUBHIECMCA PCIKUME MOXKHO IMPEACTABUTH B BUAC

o? =o2- 3 h(n), (5.1)

n=0
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torna kak B ciuydae KUX-pumsrpa B (5.1) cienyer cymMmupoBaTh
muiis nepbie N HenyneBbix 3HaueHnit MX. Mcrnonb3yst paBeHCTBO
ITapceBans, 3TOT pe3yabTaT MOKHO TAKXKE 3aIMCATh B BULE

2
of="%-[ [H(e")F do,
T o

rae H(e'®) — UX paccmaTpupaeMoii cHCTEMBI.
PaccMOTpHUM, Hanpumep, PEKYPCHBHYIO CHCTEMY IIEPBOTO
HOPSIIKA, OMMCHIBAEMYIO PA3HOCTHBIM yPaBHEHHEM

y(n)=x(n)-byy(n-1), (5.2)
¢ UX

h(n)=(-b1)".

N3 (5.1) MOXHO HENOCPEJICTBEHHO BBIYHCINUTh BEINYHHY
JUCIIEPCUY B YCTAHOBUBIIEMCS PEXKUME:

2

(e}
ol = 1_b92 . (5.3)
1

MOXHO 3aMETHTh, YTO, KOTrJIa bl ~1, T. e. IOIIOC LIENH JIEKUT

BOJIM3H €IUHUYHON OKpPY>KHOCTH, BXOJHOW IIYM MOXKET 3HAUUTEIHHO
YCHWJIMBATbCSl CUCTEMOM.

JU1s  peKkypCHUBHOrO 3B€Ha BTOPOrO MHOpPSAKA, OMUCBIBAEMOTO
YpaBHEHUEM

y(n)=x(n)-b1y(n-1)-bay(n-2),
C IByMsS TMOJIOCAMH TIEPEAATOYHON (QyHKIIUU P, = r-e“e, rae

r=.b,,acos 0= by , UMeeM
2,/b,

o2 = G§(1+ r?)
® (@-r?)(r?+1-2r%cos0)’
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Ecmu r =1, nmocne 3ameHsl p=1—I MOXHO Hamucath

2
2 Ge

Oy =—"—_.
® 4psin?e

U3 sToro BBIPpaXXCHHUA CJIICAYET, YTO BBIXOJIHOM IIyM 3aBUCUT OT
pacCTodHUsA MOJKOCOB 110 eIMHIIHOM OKPY>KHOCTHU U OT UX YTJIOBOT'O

PAacIoNIOKeHusI, T. €. OOJIbIIe IIIyMa BHOCST moJjroca, onuskue k 0 u 7.

5.2. KBanToBaHue apudpmernueckux onepanuii B BUX-uensax

Kak ObIIO OTMEYEHO BBINIE, BCerga ObIBACT HEOOXOAMMO HE
TOJBKO aNMpPOKCHMUPOBATH BXOJHEIE JaHHBIE W KOI(PPHUIMESHTHI, HO U
YUUTHIBAaTh KBaHTOBaHHE PE3YJIbTATOB apU(METUYECKUX OINEepaluil B
CTpykType  menu. llpomemypa  GuiIbTpalMud  COCTOMT U3
MOCJIeI0BAaTEIbHOCTH ONIEPALIUN CIOKEHUS U YMHOKEHHUSL.

PaccmorpuM  peanmuzamuio ¢ (QUKCHPOBaHHOM 3amaTodl U
MIPEIIOI0KUM, YTO KOIPPHUIIMESHTHI MACIITAOMPOBAHBI TaK, YTO B ICTIH
HE BO3HUKAET IEpENoJIHeHHUs. B 3ToM ciyyae cieayeT BBIIOJHSTD
aNMNpOKCUMAIIMIO Ppe3ylbTaTOB yMHOXKeHHs. IlpousBeaeHue ABYX
qucen, cocTosiux cootBercTBeHHO W3 N u M nBoWvHBIX paspsios,
cogepskut camoe Oonbiiee N+M paspsimos. HTak, ciieayeT BBIIOIHUTD
HEKOTOPYIO  aNMpOKCHUMAaNHI0, YTOOBl ~ yMECTUTh  PE3yIbTaThI
YMHOKEHWH B TYEHKH, JirHa KOTOpeix Menbite N+M paspsiaos.

Teneprs KpaTko pacCMOTPUM BOIPOC O TOM, KaK MOXKHO PEIIUTh
3amaqy IpencKa3aHus CYMMapHOH OIMMOKHM B BBIXOJHOM CHTHAJE
(bunbTpa, SBISIONICHCS CIICACTBUEM ONEpallMd KBaHTOBaHUS. B Takoi
o011eil MOCTaHOBKE 3Ta 3a/1ada OYCHb CIOXHA M MPEACTaBISIET cO00i
Mo-TIpeXHEMY HeNuMHeNWHyro 3amauy. OpHako, €ciu JJuHA YHCed,
KOTOpBIE HCHOJB3YIOTCSI B YMHOXKEHHH, HE OYCHb Majla, MOXKHO
IPUMEHATH JTHHEWHYIO CTATHCTUYECKYI0 Moaeis. [Ipeanonoxum, 4ro
B CTPYKType LENU MPUCYTCTBYET HECKOJbKO HCTOYHUKOB IIyma, IO
OJTHOMY Ha KXKIBIN y3eJ YMHOKEHHS CTPYKTYPHOH CXEMEI.

[Ipu TakOoM MOAXOIE MOXXKHO H3yYUTh MOBEICHHE OLIMOKH,
BBIYMCIISISI CYMMAapHBIN 1IyM, IPUCYTCTBYIOIIMNA B BBIXOJIHOM CHUTHAJIE,
KaK pe3yJbTaT KBAHTOBAHUS MOTYYCHHBIX TPOU3BEICHHH.
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Ha puc. 5.1 nokaszaHo, kakoil BHJ HUMEET y3€l YMHOXXEHUS B
CTPYKTYpE LIelM; OH COCTOMT M3 JOOGABICHHOIO HCTOYHHKA OEIoro
IIyMa, IOCIIEI0BATENBHO COEANHEHHOTO C HEHCKAKEHHBIMH IIyMaMH
pE3yJIbTaTOM yMHOXEHHUS. DTOT WCTOYHHK TMPEACTABISIET CO0Oi
omMOKYy KBAHTOBAHMS, WMMEIOIIYI0 aucrepcuio G- =Q /12, mua
OKDYIJICHHSI U YCEUYEHHWs B JONOJHUTEIbHOM Kone. OTMETHM, dTO
YUCIO pas3psAnoB M B NPEACTABICHUH MPOM3BEICHUS MOXET OBITh
0OJIbIle, YeM YHCIIO PaspsioB B MPEICTABICHHH BXOIHOTO CHTHAIA.
DTO 03HAYACT, YTO MPH HEOOXOAMMOCTH MOKHO JOCTHYb MEHBIIMX
3HAUCHHIl JMCIIEPCHU OIIMOKH, BHOCHMOM TIPH allpPOKCHMAIHH
NPOM3BEICHHH, 110 CPAaBHEHHIO C OIIMOKAMH KBAHTOBAHUSI BXOIHOTO
CUTHAJIA U JIEJIAETCSl 9TO MPOCTHIM YBEIMYCHHEM PaspsiIHOCTH SYeeK
IAMSTH.

Puc. 5.1. TlpencraBnenue y3ina yMHOKEHHUS C YI€TOM OLIMOOK KBAHTOBAHUS

Korja mpuUBENEeHHOE BhINE TIPEICTABIECHHE MOKHO CUMTATh
BEPHBIM, JUCIEPCUIO [IyMa B BHIXOJHOM CHTHAJE, COOTBETCTBYIOLIYIO
K@XKJIOMY MCTOYHUKY IIyMa B CTPYKTYpe LEMH, MOXHO JIETKO
BBIYHCIUTL C MOMONIBIO METOAa, paccMoTpeHHoro B 1. 5.1
EauHCTBEHHAs pa3HULIA B TOM, YTO B 3TOM CIIy4ae Hy>KHO OIpPEeNsTh
UX oTmenbHBIX YacTel IEnd OT TOYEK, IJ€ BKIIOYEHBI HCTOYHHUKH
IIyMa, 70 BBIXOJA. JTO 3HAYMT, YTO €CIU uMeercs L ucrounukos
wyma u yepes h, (N) o6o3nauena UX gactu uenu ot K-ro ucrounuka
myMa J0 BBIXOJa, TO JWCIEPCHsS OIIMOKA B BBIXOJHOM CHUTHAJIE,
COOTBETCTBYIOIAs KaXKJIOMy HMCTOYHMKY IIyMa B YCTAHOBUBIIEMCS
pexuMe, paBHa
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G(Z)k = nghkz (n),
=0

2
rje G, — JUCIEepCHsl BHECEHHOTO IIyMa, U, CJIEI0BATENIbHO, AUCIIEPCHUS]
MIOJTHOM OIIMOKY B BBIXOJHOM CHTHAJE OyIeT paBHa

L
> 2
Gy = ZGOk .
k=1

31ech MOKHO cliellaTh HeCKOJIbKO o0Immx 3amevyanuil. IlepBoe u3
HUX CBS3aHO C TEM, YTO IIOBEJCHUE IIyMa B PEKYPCUBHOU CTPYKType
CHJIBHO 3aBHCHT OT OCOOCHHOCTH CTPYKTYpBI, BBIOpaHHOW JUIA
peanu3anuu mpoueaypsl ¢uisTpanuu. /[ledctBurensHo, WX wactu
ey OT TOYKM BBEACHHS MCTOUHHMKA IIyMa JIO BBIXOJA 3aBHCHUT OT
MIPUMEHSIEMON CTPYKTYpPbI. DTO O3HAYAET, YTO MPH BBEIOOpPE CTPYKTYPHI
LeN¥ Haj0 MPOSBIATH 0COOYI0 OCTOPOKHOCTH. BTopoe 3ameuanme,
UMEIOIIEeEe OTHOUICHHE K NEPBOMY, 3aK/IIOUAeTCsl B TOM, YTO HE BCE
WCTOYHHUKH IITyMa, BBEAECHHBIE B CTPYKTYPY LEMH, UMEIOT OJUHAKOBYIO
Ba)XHOCTh. J[eWCTBUTENBHO, PAaCCMOTPUM, HAMpPUMEP, 3BEHO BTOPOTO
NOpsAKa B KAHOHUYECKOM BUJIE.

Ha puc. 5.2 mokasaHo, yto Tpu HCTOYHMKA ommOok: €1(n),
e>(n), esz(n) — HemocpeaCTBEHHO MOOABIAIOT OMMOKY Ha BBIXOJE
nenu, Torja kKak uctounuku €4(N), €s(N) BBexeHbI B 1€Nb 0OpATHOM
CBSI3U IIETIN U, KaK CIIEJICTBHE, CYIIECTBYET BO3MOKHOCTD YCUJICHHS UX
myma nenbio. [lomoc nepenarounoll GyHKIMH IETIH 1aeT PE30HAHC B
YX, 9T0 MOXKET PUBECTH K YCHIICHHUIO MIyMa, KaK 3TO OBIIIO MOKa3aHO
B 5.1.

Tenepp CHOBa PacCMOTPUM pPEKYPCHUBHBIE 3BEHbS IEPBOrO U
BTOPOTO OPSAIKA, YTOOBI U3YUNTH UX NOBEJCHHUE C YUETOM 3TOH HOBOM
OIIUOKH.

Ha puc. 5.3 nokazaHa 5KBHBaJIEHTHasl CTPYKTypa PEKypCHUBHOIO
3BEHA IEepPBOTO IOPSAAKA ¢ MCTOYHHUKOM Iyma. BuaHo, dro ommbka
KBAaHTOBaHMs IPOU3BEACHHUS IMPOXOIUT IO TOMY XK€ IIyTH, 4YTO H
BXogHOM curHai. [loatomy X, cooTBeTcTByIONas 3TOMY MCTOYHUKY
myMma, comagaer ¢ X Bcero 3BeHa M cHUCTeMa BeAeT cels Tak, Kak
OyT0 BXOMHOM 1ryM €(N) U3MEHEH U UMEET BH/I
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e,.(n) =e(n)+e,(n).

Ha puc. 5.4 moka3aHa 3KBHUBaJCHTHAsI CTPYKTypa C YUIE€TOM IIIyMa
JUIs PEKYPCHBHOTO 3BE€Ha BTOPOrO MOPsAAKA. B 3ToM ciyuae Taxke
omOku €1(N), €2(N) mpoxoasT 10 BHIXOAA MO TOM KE IENH, YTO U
BXOJHOM CUTHAI W JUISl HaXOXKIEHHUS JUCIIEPCHH ITyMa KBAHTOBAHHS
Ha BBIXOJE PpEATbHOM LEMd MOXKHO MCIOIb30BATh PE3YyJbTATH,
HOJIy9EHHBIE B IIyHKTE 5.1, C U3MEHEHHBIMH 3HAYECHUAMU [MCIIEPCHU.

- b2

+
s

Puc. 5.2. CtpykTypHas cxema 3BeHa BTOPOrO MOPs/IKa B KAHOHUYECKOM BUJIE C
y4EeTOM HCTOYHHKOB OIIMOOK KBAaHTOBAHUS

y(n)

e - e

Puc. 5.3. DxBUBaNeHTHAs CTPYKTYpHAs cXeMa peKypCHBHOTO 3BEHA
MIEPBOTO MOPSAIKA C HCTOYHUKOM LIIyMa KBaHTOBaHHUS
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F.o

Puc. 5.4. DxBuBaeHTHAS CTPYKTYPHASI CXeMa PEKYPCHBHOTO 3BE€HA
BTOPOTO TOPSIIKA C HICTOYHHKAMH ITyMa KBaHTOBaHHUS

5.3. OrpanuyeHus, BbI3BaHHbIE IlepenoJTHEHUEM,
U OTHOIIIEHHEe CUTHAJI/IIYM

Hcnonp3ys pazpaboTanHyro B yHKTax 5.1 u 5.2 Mozaenb, MOXHO
BBIYHCIINTE JIUCIICPCHI0 BBIXOJHOTO IIyMa B 3aBUCUMOCTH OT
JUCTIEPCHY BXOJHOTO IITyMa W IITyMa, BBEJICHHOTO B CTPYKTYpY IIETH B
pe3ynpTaTe ammpoKCUManuu apudMeTHueckux omnepanuil. OmHako
gaie ObIBACT HY)KHO 3HATh 3aBUCHUMOCTH OTHOIICHHSI CHTHAJ/TIIYM Ha
BBIXOJIC CHCTEMBI OT BXOJHOTO OTHOIICHHS cuTHAI/myM. [lpum
BBIYUCIICHHH 3TOTO OTHOIICHUSI HEOOXOAMMO MIPUHATH BO BHUMAaHHE HE
TONBKO IIIyM, TEHEPUPYEMBIH CHCTEMOW, HO ¥ OTPAHUYCHUSA,
HakJIaJbIBa€MbIE CUCTEMON Ha BXOJHOM cHTHaJ. J[eHCTBUTEILHO, €Cln
HUMEIOTCS pETHCTPhl JUIMHOW M paspsiioB, TO, BOOOIIE TOBOpS,
HEBO3MOXKHO  HCIIONB30BaTh  JJIsl  BXOJHOTO  CHUTHaJla  BECh
TUHAMHYECKUH THana3oH, 00eCIeunBaeMbIil TaKOH pa3psIHOCTBIO, TaK
KaK clefyeT n3beraTh NepernoNHeHni B mporecce QriIbTparny.

Ecnu 3anana cucrema ¢ UX h(n), To MakcuManbHO BO3MOXKHBIN
YPOBEHB BBIXOJIHOTO CHTHAJa

Yoo = X S [N(N) |, (5.4)
n=0
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r1e Xmax — MAKCHMAJbHOE 3HAYEHHE BXOJHOrO curHana. Ilostomy,
€CIIM  MCIMONb3YeTCs MPEACTABICHHE C (DUKCHPOBAHHOW 3aIsTOM,
HEOOXOMMMO ISl KaXIOro y3jia CyMMHPOBaHUs Bbruuciuth UX mo
KaXI0My BXOJy 9TOTO y3lla ¥ HOPMAIHM30BaTh €r0 BXOJbI TaK, YTOOBI
M30eXKaTh MEPENONHEHNS. DTO, OUEBUIHO, IPUBOIUT K YMEHBIICHUIO
MOIIHOCTH  BXOJHOTO CUTHAJA W  YMEHBUICHUIO  OTHOIIEHHUS
CUTHAI/IIYM 0P 3aJaHHOW JUIMHE MAIIMHHOTO CJIOBA U TIPH
(PMKCHUPOBAHHOM JMCIIEPCHHU BBIXOJHOTO LIyMa.

K coXaleHuio, OrpaHuYeHHUs], BBI3BAHHBIC MEPEIONHEHUEM U,
CIIeI0BATENIbHO, MAKCUMAIILHO BO3MOYKHOE OTHOIIEHUE CHIHAJI/IYM Ha
BBIXOJIE CHCTEMBI 3aBUCAT OT BHMJA CTPYKTYPHOM pealu3alMd MENu.
[To3TOMYy HEBO3MOXKHO MPHUBECTH OOIIHME PE3YJILTATHI 1JIsi OTHOIIECHHUS
curHan/uyMm. OTMETUM, 4YTO YyKAa3aHHbIEC BBIIE OTPAHMYECHHSA BO
MHOTUX TIPHIOKEHUSX ABJAIOTCS OYEHb JKECTKUMH. B psije ciydae
MOXHO CJ€eNaTh HEKOTOPHIE MPEANONIOKEHH O BHIE BXOIHOIO
CHIHANa W WCIIONBb30BaTh MEHEE KECTKHME orpaHuuenus. Hampumep,
€CIIM BXOJIHOW CUTHAJ SIBISETCS CHHYCOMIANBHBIM WM MMEET OYEHb
Y3KYIO [OJIOCY YacTOT, MaKCUMAJILHOE 3HAYEHHE CUTHAJIA HA BBIXOJIE
CHCTEMBI TIPH aMIUIATY/IE BXOJHOTO CHTHAJIA, PABHOM €/IMHUIIE, MOKET,
camoe GoIbliee, PaBHATHCS YCHIICHUIO CHCTEMBI HA PACCMATPUBAEMO
4acTore.

Yro6bl  MOSCHUTH  NPUBENEHHBIE  3/1€Ch  PACCYKJIEHUS,
pacCMOTpPUM 3BEHO TIEPBOTO MOpsAKa Buaa (5.2), Ha BXOJ KOTOPOTO
[OJaeTCsl CUHYCOUIANbHBIA curHan. Bo u30exaHue IMepernoHeHust
BXOJHOW CHTHAJT HYKHO HOPMAJM30BaTh, BHIOPAB AMILUIMTYIY €ro
pasroit 1—|by| (ans ycroiumsoctn mHeobxomumo |Di|<1), uroGwl
AMILTATY/a BHIXOJHOTO CHUTHAIA HE TPEBBIIANA €IUHMILy (Toyaraem,
YTO MCIMONB3YIOTCS YUCNA, BBIPABHEHHBIE ciieBa). Torpa aucrepcust
BXOJIHOTO CUrHana OyIeT paBHa

2 2
o, =(-Ib )°/3.
Hcnoneays (5.3), momyynM AUCHIEPCHIO BEIXOTHOTO CHI'HAJA:

o2, = (1-|b )*/3(1-b?),
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eme pa3 wucmons3ys (5.3) s 1mryma KBaHTOBaHWSA (B ciydae
OKPYTIICHHSI ¥ YCEUCHHWS B [OMOJHUTEIBHOM KOJE), IOIyYUM
BBIXOJ{THOE€ OTHOILIEHHE IIIyM/CUTHAJI, paBHOE!

Gin /0(2)5 = Qz /4(1_ | b1 |)2

B wurore 3ameruM, 4TO B cllydae KacKaJgHBIX peaM3alui
OTPaHUYCHMSI, BBI3BAHHBIC TIEPETIOTHEHHEM, W TIOBEJCHHUE IIyMa
3aBUCAT TaKKe OT MOpsiIKa PAaCMOJIOKEHHUS] 3BEHbEB W MPOLEAYPHI
CrlapviBaHUsl HYJICH W TOJIOCOB. B OONBIIMHCTBE METOJOB CHHTE3a
(UIBTPOB 32 OCHOBY CTPYKTYpPHI NMPUHHMAIOT OWKBAJpPATHBIC 3BCHbS,
T. €. 3BCHBS, KOTOPHIC TOJIYYArOT IyTEM BEIOOpa NMBYX KOMILICKCHO-
CONPSYKEHHBIX, HO B OCTAJIbHOM IIPOM3BOJIbHBIX MAp HYJEH U MOJIOCOB.
OdeBHIHO, TMOBEJACHHUE IIIyMa PAa3JIMYHO TMPHU Pa3INdHOM BBIOOpE Map
HYJIEH U IIOJIFOCOB.

5.4. KpanTtoBanue apupmerndeckux onepaunii B KUX-uensx

PaccmoTpenHble  BbIIE MPOONEMBI HE TaK CIOXHBI IS
KUX-ueneit. Hampumep, mpu cuHTe3e CTPYKTYyp B IpsSMO# ¢dopme
IIyM, BHECEHHbI KBAHTOBAaHHUEM IPOU3BEJECHUM, HE MPOXOJUT Yepe3
BCIO CTPYKTYPY ILICTIH, a IPOCTO MpHuOaBisieTcs K ee Bbixoay. IlosTomy
€CIIM B KXKIOM y3JIe yMHOXKEHUs 100aBnseTcss ucrounuk myma e(n) ¢

o 2
AUCIIEPCUEH G, TO AMCHCPCHA IIyMa B BBIXOAHOM CHI'HAJIC paBHA

Ncrs (N-1 — mopsimok ¢uabTpa) U HE 3aBHCHT OT KOI(D(PUIMEHTOB H,
CJI€MOBaTeNbHO, OT THMNA Lend (HAalmpuMmep, HH3KOYAaCTOTHBIMH,
BBICOKOYACTOTHBIM (WIIBTP W T. JI.), KOTOPYIO CIEAyeT pealn30BarTh.
Ho 3naueHust k03()(GHIMEHTOB BIHUSIOT Ha BBIXOJHOE OTHOIICHHE
CHTHAJ/IIyM 4Yepe3 OrpaHUYCHHUS, BbI3BAHHBIC [CPEIIONHEHHEM,
KOTOPbIE MOXKHO BBIPA3UTh C TIOMOIIBI COOTHOIIICHHS

N-1
Yiax = Xrax 2, | ().
n=0

3ajaya  HECKOJBbKO OCIOXKHSETCS, €Cli paccMaTpUBaeTcs
kackagHas peanuszanus KMX-nenu. JlelicTBUTENbHO, IIIyM Ha BBIXOJE
KaKIOro 3B€HA B 3TOM Ciydae OyJeT IOCIIeIOBAaTEIbHO MPOXOIUTH

161



4yepe3 OCTalbHble 3BeHbs Kackama. Ecmu hy(n) — peakums ua
eqUHMYHBIA uMIyabc O(N), Npomemmuii OT TOYKHM BKIKOYEHHS
uctounnka myma €x(nN) B K-m xackame g0 BeIXOma, TO A
TI0CJIEOBATENLHOTO COEMHEHHUS 3BEHBEB BTOPOTO MOPSIKA AUCTIEPCHS

BBIXOJHOTO  IyMa,  COOTBeTCTBYIomero  €x(N),  BeIpaxkaercs
3aBHCHMOCTBIO
N-3k
2 2 2
Ok = 3Ge Z | hk (n) | ! (55)
n=0

(3mecy N — mmuua WX Bceii rienu). Torma qucriepcus MOJHOTO IyMa
) K
_ 2
Go = Z Gok »
k=1

rme K — uncmo 3BenseB BTOpoOro mopsaka. M3 (5.5) ciemyer, uro
BBIXOJHOH IIyM 3aBUCHT OT MOPSIKA PACIONIOKEHHUS 3BEHBEB. JTHU
pacCcyXIeHusi, OYEBUAHO, BEPHBI Ui HEPEKYPCUBHBIX peanu3anuit
mudpposeix  KUX-memeit.  Ecnm mcmonmb3yercst  peKypcuBHas
peanmuzanusi, HaAIpUMEp CTPYKTypa C YaCTOTHBIMH BBIOOpKaMU,
HEOOX0IMMO HCCIIENI0BATh MIOBEJICHUE nryma MeTOoJaMH,
M3JI0’KEHHBIMU B MPEABIAYIINX ITYHKTaX.

5.5. IlpeneibHble HUKJIBI U ITYJIbCALINH,
BbI3BAHHbIE MEPENnoJTHeHHeM

Metoas!l aHanM3a, PacCMOTPEHHBIE B MPEABINYIIUX IIyHKTaX,
OCHOBBIBAJIUCh Ha MPEATIONOKEHUU 0 B3aUMHOM
HEKOPPEIUPOBAHHOCTH OMMOOK MeXIay co0oH, a Takke II0
OTHOILEHUIO K BXOJHOW MOCJIEJOBATENBHOCTH. DTH MPEANOIOKEHUS
BEpHBI, KOIJa JUHAMHUYECKHH JUana3oH CUTHAJIOB TaKOB, YTO
U3MEHEHHUE 3HAUCHMs CHUTHANA NP IEepexoJe OT OJHON BBIOOPKH K
JpYrofl COCTaBISIET HECKOJBKO YpOBHEH KBaHTOBaHUs. OpHAako B
HEKOTOPBIX CIIydasx 3To He Tak. OJUH U3 TaKUX CIy4aeB UMEET MECTO,
KOTJja CUTHAall Ha BXOJ€ LEMHM CTAaHOBUTCSA paBHBIM Hyno. Toraa
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OIMMOKY, CBS3aHHBIC C KBAHTOBAHUEM PE3yNETATOB apH()METUICCKUX
onepauydid BHYTPM LENHM, MOTYT HPHUBECTM K IIOCTOSHHOMY
MO/1JIeP>KaHUI0 HEHYJIEBOTO BBIXOIHOTO CUTHAIA.

st mpuMepa pacCMOTPUM PEKYPCUBHYIO L€Ib, ONMCBHIBAEMYIO
Pa3HOCTHBIM YpaBHEHHEM MEPBOTO MOPSJIKA BUIA

y(n)=x(n)+0.9y(n-1)

¢ HyneBbIM curHaaom Ha Bxoge X(N)=0 u HavanbHBIMH YCIOBUAMU
y(-1)=10. Tlonaras, uTo pe3yibTaThl APUYMETUUECKHMX OIEPAIIUii
OKPYTJISIOTCS 0 ONMKAWIIero Mejoro, NOoJdydaeM CICIyIOIIyIo
MOCITETOBATEIBHOCTh BBIXOAHBIX BhIGOpOK: 9,8,7,6,5,5,5,5,..., u B
JaJTbHEUIIIEM BBIXOJHONM CHUTHAJl HE CMOXKET MPHUHATh 3HAYEHUHU
MeHbIIe 5.

OO11ee ucceIoBaHue IBICHUN MOJ00HOTO POoJIa MPEACTABIIACTCS
JIOBOJIBHO CJIOXHBIM. HO HEKOTOpBIE TMOJIE3HBIE PE3yNbTaThl MOXKHO
MOJyYUTh IyTEM IPOCTOr0 KA4eCTBEHHOrO aHaiu3a. PaccMoTpum
Pa3HOCTHOE YpaBHEHHE MIEPBOTO MOPSIIKA BUAA

y(n)=x(n)+byy(n-1),

rze pesynbrat npoussenenus Dy (N—1) oxpyrasercs o Gkaiiniero
uenoro. Ecim kospduument by pasen 1, T.e. momoc cucrembl
MIEPBOTO TOPSIKA JIKHUT Ha €MHUYHONW OKPYXHOCTH, CHCTeMa OyneT
COXpaHaATh BbixoAHOe 3Hauenue Y(N—1), korma BXOIHON cHrHAI
CTaHeT HyJNEBbIM. 3aTeM HaJ0 OTHICKATh [HAala30H HavalbHBIX
snauennil Y(N—1), s kotopeix koddduiment by Oyaer npakTuuecKu
paBer 1 ¢ yuetom OKpyrieHHs. DTOT UHTEpBal OOBIYHO HA3BIBACTCS
MEpPTBOH 30HOH QHIBTpA.

B paccmarpuBaemMom cityyae MEPTBYIO 30HY JIETKO MOXHO HaWTH,
3aMETHB, YTO, JUI1 TOIO YTOOBI BBHIXOJHOW CHTHANI Y HE YMEHbIIAJCH,
OH JIOJDKEH YIOBJIETBOPSTH HEPABEHCTBY

y<|b|y+0.5, (5.6)

TaKk Kak B 3TOM CIIydae BBIXOJHOH CHTHAJ IOCIe OKPYTJIEHHUsS PaBeH
BXOJTHOMY CHTHAIy, T. €. mpaBod dactu (5.6), 1 HE MOXKET IPUHATH
snauenne Y+1, mockonbky |D;| momkHo ObiTe Menbime 1, uToGBI
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¢wreTp ObT  ycToiumB. W3 (5.6) BHOHO, YTO MepTBas 30HA
onpenessercss npoMexxyTkom mexay —Y u Y, rae Y — Haubosbliee
LIEJIOE YHCIIO, yIOBIETBOPAIOIIEE COOTHOUIEHUIO

Y <05/(1-|b, ).

Ecnu 3HaueHue D; oTpuuarensHO, NpelenbHBIA LUKI HMEET
HOCTOSIHHBIE AMIUTMTY LY M 3HAK; ECJIU %K€ MOJIOKUTENBHO, TIPEIeIbHbIH
LMKJI UMEET MOCTOSHHYIO aMIUIUTYJy M depeiyroluiica 3Hak. Ilpu
|b1]<0.5 npenenbHbIi MK HE MOKET CYIIECTBOBATD.

[TonoGHBEIA aHAIU3 MOKHO BBIIOJHMTH W JUIS 3BEHA BTOPOTO
nopsaKa Bujia

y(n) =x(n)-by(n-1)-b,y(n-2)

C HCIIONB30BAHUEM OKpYTJICHHSA Pe3yIbTaToB. B 3TOM ciydae Takxke
CYIIECTBYET MEpPTBas 30HA, KOTOpasi paBHA MPOMEKYTKY Mexay —Y H
Y, tme Y — Haubonplee IeNOEC YHCIO, YIOBICTBOPSIOIIECE
COOTHOIIICHHUIO

Y <05/(1-b,), 0<b, <1,

KOTOPOE SIBIIIETCSI YCIOBHEM JIJISI TOTO, YTOOBI IOJIFOCH TPAaKTHICCKH
JIeXKaNU Ha eIUHUYHON okpyx)HOCTH. Koodduuuent b, u oxpyrinenue
COOTBETCTBYIOIINX MPOU3BEICHIHA BIMSCT HA BUJ MPEACTHHOTO IIUKIIA,
a UIMEHHO Ha €ro YacToTy.

Emre omua 2@ dexT HeMMHEHHBIX KoeOaHnii MOKET UMETh MECTO,
KOTJIa BHYTPH IIeTIH IPOUCXOAUT mepenonaenne. Korna ucmonb3yercs
NpPEICTaBICHUE YHUCEN B JONOJHUTEIHHOM KOJE, M3-3a IUKINYHOCTU
apu(MeTHKN BBIXOJ] COOTBETCTBYIOIIETO y3ia IETH MEPECKAKUBACT C
MaKCHMAJIbHO TOJIOXKUTENBHOTO 3HAYCHHS AMAIla30Ha MPEICTaBICHUS
HAa MHHHMMAajJbHOE OTPHIATENbHOE WM HA000pOT. OTO BBI3BIBACT
0OJBIINE MyTHCAIINH B BBIXOJHOM cHuTHaNe menu. s 60pb0sl ¢ ATHM
SIBJIGHUEM MOYXHO HCIIONIB30BaTh JABa croco0Oa. [lepBriii 3akimouaeTcs B
TOM, 4TOOBI BBIYUCIUTH OTPAaHUUYCHUS, BBI3BAHHBIC MEPEMOTHECHUEM B
Hamboee xecTkoit gopme (5.4) U TMPOBECTH HOPMAIM3AINIO, YTOOBI
n30ekaTh BO3MOXKHOCTH  TEpEINOJIHeHHS. BTOpol  COCTOMT B
WCIOJB30BaHUM apU(METHKH C HACHIIIEHHEM, a HMEHHO KOorja B
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apu(METHIECKUX OTEPaAIMsIX HACTYIAeT IEperoSHeHne, B Pe3ysbTar
MOJICTABIISIIOT MaKCHUMalbHOE IO aOCONIOTHOMY 3HAUEHHUIO YHCIIO,
UMEIOIIIEEe TOT )K€ 3HAaK, YTO U cyMMa (IPOU3BEICHHUE).

5.6. KBanToBanue k03 QuiiueHToB

OtriioHeHne KO3 GHUINEHTOB (GMIBTpa OT WX HOMHHAIBHBIX
3HAQUCHHWH BBI3BIBAET OTKJIOHEHHE XapaKTePHCTHK IepedaTOYHBIX
¢yHkumii. B eHCTBUTENBHOCTH, 3TO MOXKET BBI3BaTh JIOBOJIBHO
HETPUATHBIC SBJIICHHS, KOTJa O3TH KOX(PQHUIHUEHTH CBA3aHBI C
MOJIFOCaMu TiepeaTouHor pyHKkuuu. [loscHIM ckazaHHOE ClieTyFONM
npuMepoM. PaccmoTpuM nepenatouHyro QyHKIHWIO, 3aJaHHYIO B BUJIE

+azt+az?
H(Z)Z a0 a171 272
1+bz " +b,z

Ecnmn momiockl 3TOH (DYHKIMH KOMILIEKCHO CONpSDKEHHBIE,
+j0
o0o3HaynM ux gepe3 €™ (cMm. myHKT 5.1). [Ipu mManmbeIx n3MeHeHHAX
b, u b, KoOpaAMHATEI MOTFOCOB U3MEHSATCS Ha BETHYNHBI

A=At + A, 40=LAp + D ap,.
ob, ob, ob, ob,
[Mockonbky rz\/b_ , C0sO= b , TOJTyYlM
2.b,
o g M
2r 2rsin®  2r<tgo

MoXHO 3aMeTuTh, YTO BenuuuHa Al Pe3KO HM3MEHSEeTCs HpU
3HayeHusx I, a AO — npu 3HayeHusx O, ONu3KUX K Hyar0. BaxHO
OTMETHUTbH, YTO U3MEHEHHSI B PACTIONOXCHHUHU ITOJIFOCOB CHIILHO 3aBUCST
OT CTPYKTYPHI, BRIOPAaHHOW JUIA pealln3alii 3aJaHHON NepeqaToIHOM
(GyHKIUH.

KBanToBanue x03(h(HUIMEHTOB NPUBOJUT K TOSBICHUIO OMINOKH
AUYX nemnu:
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AH(m):I:I(co)—H(oa),

rae H (o) — AUX ¢ kBanToBanmbME Kodduimentamu, H (o) — AUX
C HEKBAHTOBaHHbIMHM Kod(Qduuuentamu. Bemuunmna |AH(w)| nHe
JO/DKHA — TIPEBOCXOOMTH  JONyCTUMYK  BeamuuHy | AH |

max ?
olpesieNsieMyl0 OOBIYHO W3 YCIIOBHS, YTOOBI OTKJIOHEHHS peabHOM
AUX 0T ujeansHO 3aJaHHON OBUTH B JOMYCTUMBIX MpEeax.

Heob6xomumoe YHCII0 paspsioB B KBaHTOBAaHHBIX
KOO(QGHULIMEHTaX LEeNM MOXHO ONpENeNUTh ITIyTEM BBIYHCICHHS
| AH (®) | mis mocnenoBaTeibHO BO3PACTAIONIErO YUCiIA Pa3psioB B
KoJax K03 GUITHESHTOB npu BBIMIOJTHCHUH YCIIOBHS
| AH (@) [<] AH |

Bonee mpocTto (c TOYKH 3pEeHHS BBIYUCIMTEIHLHOW CIIOKHOCTH)
BIMSHAE KBAHTOBaHUS KOA(QQUIMEHTOB MOXKET OBITh YYTEHO, €CIH
peaNpHYI0 Lelb MNPEACTaBUTh B BHAE MapajuIeIbHOIO COCIHHEHHUS
uneansHoil tenu H(z) (¢ HekBaHTOBaHHBIMU KO3(GdHUMEHTAMH 8;,

b.) u mapasutHoit nenu H,(z), ko3dduumeHTs KOTOPOI 3aBUCAT OT
norpemHocteil Ag; u Abi KBaHTOBaHMS HCXOMHBIX K03()HUIINEHTOB,

paccMaTpuBaeMbIX KaK CTAaTHCTUYECKH HE3aBUCHMBIC BEITUYHHBI C
paBHOMEpPHBIM pactnpeneieHueM (puc. 5.5). [Ipu 3ToM MOXKHO OILICHUTH
CpEeIHEKBaAPATHUIECKOE OTKJIOHEHUE AUX (mu pyroi
XapaKTEPUCTHKN) PEATBHOM MEMH OT XapaKTePUCTUKH HICATEHON IeTn
U OINpEeNeiuTh YHCIO pa3psioB, OOECIEYUBAIOUICE OIIYCTHUMOCTD
YIOMSIHYTOTO OTKJIOHEHUSI.

\4

H(z)

x(n) y(n)

\4

H ()

Puc. 5.5. IIpencrasnenue peaqbHOM LENH ¢ y4eTOM
KBaHTOBaHUS KOA((HUITMEHTOB
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B03MOXXHBI U MpPakTU4YECKH HMPUMEHSIOTCS U JpyTrue METOAbI, B
YaCTHOCTH METOJbl, OCHOBAaHHBIE Ha MPEABAPUTEIBHOM H3yYEHUU
YYBCTBUTEJIBHOCTH XapPAKTEPUCTHK LEMM K MajbIM H3MECHEHUSIM €€
KOO (PUIIMEHTOB, a TakXKe MEeTOJbl, YYHTHIBAIONINE KOHKPETHBIE
CTPYKTYpHI IIU(PPOBBIX HEMEH.

5.7. Texun4eckast peanu3anus HUQPPOBLIX LeNeH

Peanuzanust anroputma paboThl HHUQPOBOH IENMM COCTOUT M3
NOCTIEI0BATEIbHOCTH yYMHOKEHUH BBIOOPOK BBIXOAHOIO U (WIIN)
BXOJHOTO CHTHAJOB U CIIOKEHHUS TIONYYCHHBIX IIPOW3BEIACHUH.
[looToMy OCHOBHBIMH CTaHAAPTHBIMH MOIYJSIMH  amIaparypbl
SIBIIIIOTCS: 3aIIOMUHAIONICE YCTPOHCTBO; CYMMATOPBI; YMHOKUTEIIH;
YCTPOKCTBO, YIPaBJISAIOLIEE TOCIEA0BATENbHOCTHIO ONEepaluid.

Ha puc. 5.6 mokazana o01miasi CTpyKTypHasi cXxemMa TeXHHYESCKUX
CpeAcTB Ui peanu3anud LOUGPOBOW LENH, KOTOpas BKJIHOYAET
CJIeIyIOIINE CTaHJapTHBIE MOTYJIH:

a) TIaMATh BXOJHBIX BBIOOPOK;

0) mamMsATh BBIXOJHBIX BBIOOPOK, €CIIM BBIMIOJIHSIETCS MpOIeaypa
BUX-dunsrpanny;

B) MaMsATh KO3 PHUIHECHTOB;

r) apudMETHYECKOE  YCTPOHCTBO, CIOCOOHOE  BBIMOIHATH
CIIO)KEHUE ¥ YMHOXKCHHE;

1) YCTPOHCTBO yIpaBJICHUS MOCIEAOBATEIFHOCTHIO OTICPAIIHii.

YerpoiicTBo -~ ITamsTh
YIIPABJICHUS "| xoadduumenton

, v

[TamsaTh | Apudmernaeckoe
BBIOOPOK "l ycrpoiicteo

X

Bxoo Buixoo

»
'

Puc. 5.6. O0mas cTpyKTypHas cxema TEXHUYECKHUX CPEJICTB
A7 peanusanuy uudpoBoit uenu
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s peanuzanyy OTAENIBHBIX OJIOKOB 3TOH CTPYKTYPHOM CXEMBI B
HACTOAIllEE BPeMs MMEIOTCS pas3lIndHble BO3MOXKHOCTH, KOTOpBIE
OTINYAIOTCs OBICTPOJCHCTBIEM, YPOBHEM MHTETPALINH, TOTPEOIeHHEM
MOIIHOCTH U T. 1.

ITocne pacuera K03GGUIMEHTOB M BBIOOpA CTPYKTYPHI LENu
pemaroTcs BOMPOCH BbIOOpa KOAWMPOBaHMA dYHCeN (IPAMON WM
JOIOJIHUTENBHBIH ~ KOX), CIOCO0OB  HMX  IIpeAcTaBieHus  (c
(PUKCHPOBAHHON WM IUIABAIONIEH 3amsaTol) W BBIOOpa 3JIEMEHTHOU
6a3pl. BpiOop TOro MM MHOTO BapHaHTa almapaTypHOH peaTn3aliiu
OIIpesensieTCs TIaBHBIM 00pa3oM TpeOOBAHUSIMH K OBICTPOAEHCTBUIO U
00BeMy ammapaTypHBIX 3aTparT.

BbeictpoaeiictBre mmdpoBoi Ienmy OmpenessieTcss HanOOoJbIIeH
BPEMEHHOHN 3alePKKON tmax TPH MPOXOKICHWM CHUTHANA 33 OIUH
HEPUOJ, AUCKPETU3AINHY, B TEUCHHE KOTOPOTO BBIYUCIISAETCS OUepeaHas
BBIOOpKa  BBIXOJHOTO curHama. BemnmumHa tp,x  HaxoauTces
HETIOCPEACTBEHHO 10 CTPYKTYpPHOH CXeMe Ienu; TpH 3TOM
paccMaTpHUBaIOTCSl BCE BO3MOJKHBIE ITyTH MPOXOXKAEHUS CUTHAJOB, U
BBIOMpAeTCsl TOT MyTh, TI0 KOTOPOMY 3aJiepyKKa CHTHaIa HauOOJbIIasl.
Ot0 BpeMs 1 mpuHUMAaETCS 32 tmax

Bemnmunna t,,x ompenmenseTrcs B OCHOBHOM  BpeMEHEM
BBINOJIHEHUSL ONEpallid YMHOXEHHS JBYX OIEpPaHIOB U YHUCIOM
orepanii YMHOXEHHUS, KOTOphIEé HEOOXOIUMO BBHIMONHUTH IS
BBIYUCIICHHS OJHOTO OTCYeTa BBIXOAHOTO curHama. [lostomy dmcio
onepanii yMHOXXEHHMS 4YacTO paccMaTpuBaeTcd Kak OCHOBHOM
KpuTepuii  OBICTPOAEUCTBHA W BOOONIEe KadecTBa pealn3alluu
nnpoBoil memu.

JpyruM BaXHBIM peaIU3aLMOHHBIM KPUTEPUEM SIBISIETCS, Kak
y)Ke YIOMSHYTO, OOBEM ammapaTypHbIX 3aTpaT W, HpeXae BCero,
00BeM ONepaTHUBHOW ¥ TIOCTOSHHOH IaMsATH, HEOOXOTUMON s
xpaneHus: kod(ddunueHToB (mapameTpoB) (UIBTpa W Pe3yIbTaTOB
BHIMIOJIHEHHST ~ apu(MeTHYecKHX W JIOTHYECKHMX  OIepanui,
HEOOXOIMMBIX AT pean3aliyl aIropruT™Ma Iem.

B xkauecTBe mpocTeiiliero mpuMmepa pacCMOTPUM pean3aIfio
HepeKypcHBHOW 1MdpoBoil memu B mpsMoil ¢opme (puc. 5.7a),
OIKUCHIBAEMON YPaBHEHHEM
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y(n) = iaix(n —1) =a,x(n)+ax(n-1) +a,x(n—2) +
7 +a,x(n—-3)+a,x(n—-4)

Y TIepeIaTOuHON (QyHKITHeH

H(z):iaiz“.

Y
N
Y
N
Y
N
Y
N

Pecucmp cosuca % |«
Vmnoorcumenw D 1
a
______ 4
] 5]
: [ [ 5 |
I . | a,| 1my
axkanauearouuli : =
cymmamop : I a,
1 | RG ! a,
1 I
! |
L

0)

Puc. 5.7. Peanmuzanus HepeKypcHBHOM LM(POBOI LienH B pIMoit popme:
a) CTPYKTYpHas cxeMa LielH; 0) IPOoCTeIas cxema Clelualu3upOBaHHOTO
yCTpoOMcTBa
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IMpocTeiimias  cxemMa  CIELHANTU3MPOBAHHOTO  YCTpoiicTBa
mpuBelieHa Ha pHC. 5.76. OHa COJEPKUT PETUCTP CABUTA MJIA
MOJyYeHHsS CIUHUYHBIX 33JepiKeK, MOCTOSHHOE 3allOMHUHAOIIEe
yctpoiictBo (I13Y) mns xpaneHus: kod(QPHUIIMEHTOB, YMHOXHUTEIb IS
MOJTyYeHHS POU3BEICHUI U HAKAIUIMBAIOIIUI CyMMATOp, B BHIXOJHOM
peructpe RG KOTOPOro 1 HAKAIUTMBASTCS CyMMa POM3BEICHHH.

IMocnenoBaTensHOCTh PAbOTHI CIACAYIONIAS:

1-1 maxm: peructp RG ounniaercs;

2-1 makm: Ha BXOJI PETHCTpPa C/IBUTa MOCTYNAET BXOJAHOW CHUTHAI
X(N), OJHOBPEMEHHO B 3TOM pETHCTPE MPOUCXOAUT casur Ha M
paspsimoB (M — 4mciao pa3psaoB B BBIOOPKE BXOTHOIO CHTHAla) U
BoitankuBaercss  uucno  X(N—4). Tlocmennee yMHOXKaercs —Ha
kodpuuuent a4, u  pesyabrar agx(N—4) mocrymaer B
HAKAIUTHBAIOIINH CyMMAaTop;

3-ii makm. B PETHCTPEe  COBHTa  TPOUCXOMUT  COBHT H
BBITAIKUBaeTCs 3Hadenne X(N—3), KOTopoe 0THOBPEMEHHO TTOCTYIAET
HA BXOJI PErHCTpa CABUTa M HEPBbII BXOJ YMHOXKUTENS, BBIYUCIIACTCS
asX(n—3), w® B HaKaIMBAWOIIEM CyMMmarope oOpasyercs
asx(n-4)+azx(n-3);

4-ii makm: B~ pEruCTpe  CABHIa  MPOMCXOAUT  CIOBUT U
BBITAJIKUBaeTCs 3HayeHne X(N—2), KOTopoe OJHOBPEMEHHO TOCTYIIAET
Ha BXOJ] PETUCTpa CABUTA U MEPBBII BXOJ YMHOKHUTEIS, BBIYUCISIETCS
a,X(n—2), u B peructpe RG HakammmBaromero cymmaropa Oymer
asX(n—4)+azx(n-3)+a,x(n-2);

5-ii makm: B perucrpe  COBHra  TPOUCXOAUT  CIOBHT H
BBITAJIKUBaeTCs 3Hadenne X(N—1), KOTopoe 0HOBPEMEHHO TTOCTYIAET
Ha BXOJI PErHCTpa CABUTA M HEPBbII BXOJ YMHOXKUTENS, BBIYUCISACTCS
a1X(n—1), u B peructpe RG o6pasyercs
asx(n—4)+azx(n-3)+axx(n-2)+a;x(n-1);

6-i makm: B~ perucTpe CABHra  IPOHCXOAUT  CIOBUT U
BBITANKKMBaeTCs 3Hauenue X(N), KOTopoe 0JIHOBPEMEHHO MOCTYIAET HA
BXOJl PETHCTPA CIBHIa M TEPBBIA BXOI YMHOXHTENS, BBIYUCISCTCS
aoX(n), u Ha BeIXOJE HakaruMBaromero cymmaropa RG oGpasyercs

4
y(n):Zaix(n—i), a B pPErHCTpe  CIBHTA  OKa3bIBAIOTCS
i—0

sancannbMu Koaet X(N),...,X(N-3).
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Jlaee BBIYHCICHUS IHUKIMICCKH MOBTOPSIFOTCS IS CIICITYIOIINX
momenToB: (N+1), (N+2) u 1. 1. TakuM 00pa3oM, KaXK/Iblii BHIXOIHOM
OTCYET BBIYMCIsIETCA 32 6 TakToB. JUIMTENHHOCTH TakTa T JOJDKHA
OBITb HE MEHbIIe BpEMEHH, HeO0OXOAUMOIro Ui pealn3aliu
COBOKYITHOCTH OTIEPANIA: CABUTA, YMHOXKCHWSI, CIIOKCHUS.

Ha npaxtuke mopsimok ¢mmsTpa N MOKeT mocTHraTth MHOTHX
COTEH, ¥ MaKCHMallbHas CKOPOCTb 0Opa0OTKH CUTHANOB fmax MOXKeET
OKa3aTbCs HEJOCTATOYHOH ISl WCIONB30BaHHA B  CHCTEMax,
(YHKITMOHUPYIONIMX B PEATHEHOM MAacIITade BpeMEHHU.

Juis pa3nuuHBIX OOMacTeil mpuMeHEeHHsT TPeOYIOTCS pa3luIHbIC
YacTOThl AMCKpeTu3auuu. Tak, B cHCTEMax CBS3U fy;=8 kl'm, B
spykorexuuke fy,= 40-48 xI'u, B cucremax o6paGorku TB
uzoopaxenus fy,=14 MI'u. Jlns obecrieueHnss HEOOXOIMMON TOYHOCTH
YHCIIO PAa3psAIOB B JAHHBIX pPa3IMIHO B Pa3IMYHBIX 00JaCTAX
MPUMEHEHUS, HAIPUMED, B TEXHHUKE CBSI3H, OOBIYHO, YUCIIO PA3PSIOB B
naunbix M=8, B muposoii 3eykorexuuke M e[14, 16].

B HEKOTOpBIX Cilydasx WCHONB3YIOTCS IUGPOBBIC IeNMH Ha
ocHoBe I3V, B sYeiiKi KOTOPOT'O 3aHOCHTCS BECh BO3MOXHBIH HAOOP
3HaUYCHUU TPOM3BEACHHUM WM Jake CyMM mnpousBeneHuid. C Ienbro
yckopenusi npoueccoB LHOC, napsany ¢ nmpuMeHEHHEM COBPEMEHHOM
OBICTPOJICHCTBYIONIEH  AIEeMEHTHOW  0asbl, HCIONB3YeTCS P
ANTOPUTMHUYECKUX M APXUTEKTYPHBIX METOJIOB.

5.8. KoHTpo/IbHBIE BOIIPOCHI

1. VYkaxuTe UCTOYHHUKH ONIMOOK KBAHTOBAHUS B U(PPOBBIX IETISIX.

2. Haiigure peakmuio wuaeadbHON IMGPOBOM MemM HA IIyM
KBaHTOBAHMSI BXOJIHOTO CUTHAJIa B 00IIEM ciyyae.

3. Haiimute peaknuio uacaabHOW pPEKypPCHBHON HH(POBOH Iemu
MEepBOTr0 TMOpsiAKAa Ha IIyM KBAaHTOBAaHUS BXOAHOIO CHUTHAja.
IIpoBenuTe aHaNN3 MOJIYYEHHOTO BBHIPAKCHHUS.

4. HaiimuTe peaknMio HACATbHOW pPEeKypPCHBHON HH(POBOH Iemu
BTOPOrO0 TOpSAJKAa Ha IIyM KBAaHTOBAHMUS BXOJHOIO CHUTHAaA.
[IpoBenuTe aHANN3 MOIYIEHHOTO BEIPAKCHHS.
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10.

11.

12.

13.

14.

15.

16.

Haiinure JIACTIEPCHIO MHOJHOM OIINOKHU KBAaHTOBaHHS
apudmMeTnyecKkux onepanuii B BUX-1emnu.

Kak BrnusieT cTpyKTypa Ilenu Ha BBIXOJHOU IIIyM KBAaHTOBaHUS?
Kakue orpanuueHusi cinefyerT HakjIaJblBaTh Ha BXOJHOM CHUTHA
nupoBO 1enu, YTOObI U30€KATh NIEPETIOTHEHUS, U TIOYeMY?
Yaxxute 0COOEHHOCTH KBAHTOBaHUS apu(hMETUUECKUX OTIepalluii B
KUX-nemnsx.

[MomyunTe BBIpa)KEHWE AN OTHOIICHHUS CUTHA/IIYM Ha BBIXOJE
WJeaqbHOM  PEeKYpCHBHOM  IleMM  NEpBOrO  MOpsjKa TpHU
BO3JICEUCTBUM KBAHTOBAaHHOI'O TAPMOHUYECKOTO CUTHAJIA.
[MomyunTe BBIpa)KEHUE AJSL OTHOIIEHHUS CUTHA/IIYM Ha BBIXOJE
PEKypCUBHOW LIEMU IEPBOTO MOPSAKA C YIETOM KBAaHTOBAHHUS
pe3yibTaTOB  YMHOXXEHMsI MPH BO3JEMCTBUM HEKBAaHTOBAaHHOIO
TapMOHHUYECKOIO CUTHAJIA.

[TomyunTe BBIpa)KEHWE AJISL OTHOIICHHUS CUTHAI/IIYM HA BBIXOC
PEKypCUBHOM IIeMM MEPBOro MOpAJKA C y4eTOM KBaHTOBAaHMS
pe3yibTaTOB YMHOXXEHMSI [pU BO3JECUCTBUM KBAHTOBAHHOI'O
TapMOHHYECKOTO CHUTHAJIA.

[TomyunTe BBIpaKEHUE JJIS OTHOIICHUS CUTHAI/IIYM HA BBIXOJE
UICANbHOM  PEKYPCHBHOM  LemM  BTOPOrO  MOpsiAKa  IpH
BO3/ICIICTBUY KBAHTOBAHHOI'O TAPMOHUYECKOI'0 CUTHAJIA.
[TomyunTe BBIpaKEHUE JJIS OTHOIICHUS CUTHAI/ITYM Ha BBIXOJE
PEKYpPCUBHOM L€NM BTOPOro MOpSAAKAa C Y4YE€TOM KBaHTOBAHMS
pEe3yNbTaTOB YMHOXEHHUS TPH BO3ACUCTBUU HEKBAHTOBAHHOTO
TFapMOHHUYECKOTO CUTHAJA.

[MomyunTe BBIpa)KEHWE AJIST OTHOIICHUS CUTHA/IIYM HA BBIXOC
PEKypCUBHOM LIENIM BTOPOTO MOpPsSAKA C YYETOM KBAHTOBAHMSI
pe3yibTaTOB YMHOXXEHMSI TMpPU BO3JIEHCTBUM KBAHTOBAaHHOTO
TapMOHHUYECKOTO CUTHAJIA.

Uro Takoii mpemenbHbI 1ukia? Kak on obpasyercsa? Uro
MOHUMAIOT TIOJT «MEPTBOM 30H0I»? [IpuBenTE IPUMEPHI.

Yro Takoe ImyJIbCauy U Kak ¢ HUMU OOpOThCsT?
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6. BBICTPOE IIPEOBPA3OBAHUE ®YPbHE

Panee ObuTO MOKa3aHO, YTO AMCKpETHOE MpeoOpazoBanne Dypbe
MOXeET OBITh WCIIOJIb30BAHO JUIS BBIMOJHEHUS CBEPTKH. 37eCh OyayT
paccMoTpeHsI BeraucuTenbHble TpedoBanus 1D u OymyT momyyeHs!
HECKOJBKO ObICHPbIX AN20PUMMOE €TO BBIUUCICHHSA. JTH aJTOPUTMEI
W3BECTHBI KakK Ovicmpoble npeobpazosanusi Pypve (BI1D). PaccMorpum
ITOPUTM TPOPEKUBAHMA 1O OCHOBaHHUIO 2. OH OBUI OMYyOJMKOBaH B
1965 romy amepukanckumu ydeHeiMH Kymun u Teroku. OrmeTnm
TaKXe, YTO CyIIecTBYIOT anroputMel bBIID co cMmemaHHbBIM
ocHoBaHueM U BII® npocThIX Yucesn, HO UX PACCMOTPEHUE BBIXOJIUT 3a
paMKU JaHHOUM KHUTH.

6.1. Aaroputmsbl BII® no ocHoBanuio 2

C uCrosbp30BaHHEM YIPOIICHHBIX 0003HaueHuit N-rodeuHoe
JII® or N-toyeuHoii mocienoBarenbHOCTH X(71) MOXeT ObITh
HaWICHO CIeAYIOMHM 00pa3oM:

N

X (k)=> x(n)wy, (6.1)

n=0

LN

rone W = g 120N,

[Tockonmeky X(n) MokeT OBITh W BEIIECTBEHHBIM |
komruiekcHbM, uist oerku X (K) Tpebyercs nopsinka N KOMILIEKCHBIX
yMHOKEHUH ¥ N KOMIUIEKCHBIX CIOXKEHMH JUIs KaKI0ro 3HaueHus K.
Takum o6pazom, mockonbKy cymectsyer N 3nagennii  X(K),
porancienne  N-Toueunoro JII® TpeGyer N?  kommekcHbix
YMHOXECHHU U CIIOKEHUH.

OcCHOBHas cTpaTerusi, KOTopasi HCHOIb3yeTcs: B anropurme bIID,
BKIOuaeT B cebs  pasnoxkenus  N-toueunoro  JII®  Ha
nocnenoBatebHo MeHbinue [AI1®. UtoOsl yBUAETH, Kak 3TO paboTaer,
HPEANoNoKUM, 9To jyuHa X(72) — uétHoe uncno (1. e. N genurcs Ha 2
Oe3 ocrarka). Ecim X(7) pasmennTs Ha aBE IIOCIENOBATENHLHOCTH
nmusbl N/2, To Ha Beruncnenue N/2-toueunoro TP kakmoi U3 9TUX
JBYX mocregoBarenbHocTell Tpebyercs mpumepto (N/2)? ymuoxkenuii
U Takoe XK€ KOIWYEeCTBO cjokeHud. Takum oOpasom, aa JI1D
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1

tpebytor Beero 2(N/2)? = ENZ YMHOXEHUM M CIIOKEHHIL.

[Ipogomxkas mogo6HbIe pa3dueHus, yaaéTcs MOIYIHTh CYIICCTBEHHYIO
SKOHOMHIO.

6.2. BII® ¢ npope:xUBaHHEM MO0 BPeMEHHU

Anroputm BII® ¢ mpopexuBaHuEM IO BpPEMEHH OCHOBAaH Ha
pacweriennn  (npopexuBanun)  X(n) < Ha  Gonee  MelKHe
nocnenosarenbHoctd U Haxoxaenud  X(K) w3 JJI®  otux
NPOpPEXXEHHBIX  IIOCienoBaTenbHOCTe. PaccMorpuMm, Kak — 3TO
MPOPEIKUBAHUE MPUBOIUT K 3P (HEKTUBHOMY aIrOpUTMy, KOTIa JITUHA
MOCIIEI0OBATEIbHOCTH SIBIISICTCS CTETIEHBIO YrcIia 2.

Hycts  X(n) —  mocnenosatembHocTh  amumubl  N=2'.
IIpeanonoxxum, uYTOo OHa pazbuBaercs (MPOPEKUBACTCI) HA JIBE
MOAMOCIIEIOBATENIbBHOCTH, JUIMHA KaXXJI0H M3 KOTOPBIX N/2. Kak
nokasaHo Ha pwuc. 6.1, mnepsas moanociexoBareabHoCcTh  J(71)
(opmupyeTcs U3 YETHBIX YJICHOB ITOCIIEI0BATEIIEHOCTH:

g(n)=x(2n) n :0,1,...,%—1,

a sropas — h(n) — u3 HeyéTHBIX:

h(n)=x(2n+1) n= 0,1,...,%—1 )

B Takom ciiydae N-toueunoe 1D ot X(#) Oyaet uMeTh BHJ

N-1
J=Sx(WiE = T X+ K =
n=0 n uémmu n HeuémH

=z

N N,

ZZZ:g(I)W’fIk +ZZ:h(I)WN(2I+1)k (62)
=0

1=0

20k
Tax kak W2 =W{,, To Bepakemme (6.2) moxer ObiTh
HPEJICTABICHO B BUJIE
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N, N,
2

X (K) = S g (W%, + W SSh(1w, .

1=0 1=0

3ameTbTe, uTo nepBblil wieH — 310 N/2-toueunoe 1D or g(n),
a BTopoii — N/2-toueunoe I ot h(n):

X (k)=G(k)+WyH (k) k=01...,N-L (6.3)

YéTHble 4IeHBI HeuérHble unenst

N h(n)
=(7)
z(3) z(5)
T
2 -1 l 1 2 3 4 5
z(6) z(1)

Puc. 6.1. TIpopexxuBanue mociea0BaTenbHOCTH AIUHBI N = 8
10 OCHOBAHHUIO 2

Xorss N/2-toueunsie JII® or g(rn) u h(n) ssusorces
[OCIIEN0BATENLHOCTAMI JiuHbl N/2, mepuoauuHOCTh KOMILIEKCHBIX
SKCIIOHEHT MO3BOJISIET 3aMCATh

G(k):G(k+%j H(k):H(k+%j.

176



Takum ob6pasom, X(k) wmoxer ObiTh BbuHCICHO u3 N/2-
toueunbix AI1® or G(k) u H(k). 3amernm, uto

Wk+N/2 W WN/2 ——W]]\; ,

TOr1a
N

W H (k+];j=—W§H(k) ,

9TO SBISETCA HEOOXOAMMBIM JUIsi (DOPMHUPOBAHUS PE3YJIBTUPYIOIINX
3HAYECHUH W]\l,‘H(k), rne k=0, 1,..., N/2—1. KomruiekcHble

okcrioHeHTl  mpu  H(k) B Belpakenun (6.3)  Ha3bIBAIOTCA
nosopomuviMu  (nogopauugarowumu) MHodcumenamu. brok-cxema
BBIYHCIICHUH, HEOOXOAMMEIX UIS IEepBOTO dTama Bo3aeticteus BIID c
MPOpPEKUBAHUEM IO BpeMeHU Ha BocbMmuTO4YeuHoe 11D, nokazana Ha
puc. 6.2.

Q

(0)

z(0) O—— e X(0)
o /
2(2) O———e—o,| X(1)
YeTtnipéx-
TOYECYHOEC G(Q) \_//
z4)O—— o Q X(2)
z(6) O——rl Q x(s)
z(1) O——— X(4)
z(3) Herbipéx- \ X(5)
TOYECYHOEC H/(//\\
JID
z(5) O——— X(6)
”V \
z(7) O——r] —f X(7)

H(3) wi

Q

Puc. 6.2. JlefictBue anroputma BII® ¢ mpopexnBaHneM 1Mo BpeMeH! Ha
BocbMuToueuHoe J{I1d nocie nepBoro npopexuBaHus

Ecnu N/2 uetno, To g(n) u h(n) MOryT ObITh POPEKEHBI €I
pa3. Hanpumep, G (k) MoxeT GBITh MPEACTABICHO KaK
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N, N—l

2
Zg Wan/{z Z ( )Wan/cz + z g W]\rfd/{z .

nuému n HeuémH

Kak u IpEeXKAC, 9TO IPUBOJUT K TOMY, UTO

N_ E_l
Zg 2" WN/4 + WN/Z Zg 2” + 1) W1:;1;4 >
n=0

rae nepsoe ciaaraemoe — N/4-toueunoe JI1® uéTHbIX 4ieHOB g(n), a
Bropoe — N/4-toueunoe JI[I® HeuETHHIX 4IEHOB. bBIOK-cxeMa,
WUTIOCTPUPYIOIIAsl 3TO Pa3iioKeHHe, IMoKa3aHa Ha puc. 6.3. Eciu N
SBISIETCS CTEIEHBIO 2, IPOPEKUBAHUE MOXET OBITh MPOJOIKEHO M0
TE€X MOp, MOKa HE OCTAHyTCs ToybKo AByxTouyeuHele /1D Buna,
MOKa3aHHOTO Ha pucC. 6.4.

z(0) O———s——i
HByx-
TOYCYHOC
iy
2(4) O——o
z(2) C )—.—.—.|
HByx-
TOYECYHOEC
o
2(6) oo

Puc. 6.3. [IpopexuBanne yetsipéxroueunoro JI1d Ha na
aByxroueuHsix AI1D ¢ momombto bIID ¢ npopexuBaHueM 110 BpeMEHH

q(0) O Q(0) = ¢(0) + (1)

q(1) & : Q(1) = q(0) — q(1)

Puc. 6.4. [IByxtoueunoe 11D
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OcHOBHasg BpMUHCIATEIbHAS enuanna bII® moka3ana Ha
puc. 6.5a. OHa Ha3bIBaeTcs 6aboyka. DTa CTPYKTypa MOXKET OBITH

yIpolIeHa IyTeM (axkropusauuu wieHa W, ¢ HIKHEH BETBH, Kak
o N/2
nokazaHo Ha puc. 6.560. OctaBmmiics dakxrop W, '~ =—1. IlomHoe

npopexxuBanue BocbMuTOueyHOTO JIII® ¢ momompio BIID ¢
[IPOPEKMUBAHUEM 10 BPEMEHU 110 OCHOBAHMIO 2 MMOKa3aHO Ha puc. 6.6.
Beruncnenne N-toueunoro JII® ¢ ucnombpzoBanwem BIID ¢
MPOPESKMUBAHHEM TI0 BPEMECHH M0 OCHOBAHWIO 2 SIBISETCS TOPasiio
oonee 3 dexruBHbIM, yeM BoruncieHus JI1d nanpsmyro. Hanpuwmep,
ecin N=2", To Heobxoaumo log, N = v sranos Beraucienuil. Tak kak
Ka)kaplil otam Tpedyer N/2 KOMIUIEKCHBIX ONepaidii yMHOKCHHUs Ha
HOBOPOTHBIE MHOXKUTENN W, 1 N KOMIUIEKCHBIX CIIOXEHHIT, TO BCErO

1
HE00XOTUMO EN log, N xommiexkcHbix ymHOXenuin u N log, N

KOMIIICKCHBIX CJIOKCHUM.

rr
Wx

N

FrENy2 T -1
Wa Wy

a) 0)

Puc. 6.5. Oneparuu 6a6ouka:
a) 6aboYKa — OCHOBHOW BBIYHMCIIUTEIBHBIN 3JIeMeHT ainroputma bBI1D;
6) ynpoiénnas 6abouka, cofiepKalias TOJIbKO OHY OIEpaIiio KOMIIJIEKCHOTO
YMHOXKEHHUSI
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z(0) QO— - X(0)
wy ; ;
X))

z(4) O F O \/
- e
wy
z(2) F O
J/\‘
-1

Puc. 6.6. [lonHoe npopesxxuBanne BocbMutodednoro [AI11® ¢ momomnrsio BITD
C NIPOPEKUBAHUEM 110 BPEMEHH 110 OCHOBAHHIO 2

OOparuTe BHMMaHHE, YTO KaK TOJBKO B CTPYKType alropuTMa
BII® ¢ mpopexnBaHHEM II0 BPEMEHM ObITa BBIIIONHEHA OIeparys
0a00YKM HaJa Mapoil KOMILIEKCHBIX YHCes, Hcye3lla HeO0OXOIUMOCTh
COXpaHEHHUS MUCXOAHOH maphl. TakuM 00pa3oM, BEIXOAHAS Iapa YHCe
MOKET OBITH COXpPaHEHa B TOM JK€ PETHUCTPe, YTO M BXOAHAs Iapa.
CrnenoBarensHo, TpeOyeTcs TOJNBKO OAWH MaccuB pasmepoM N u
BBIYHCIICHHS B 3TOM CIy4ae MOTYT OBITh BBITIONHEHBI «HA MECTEe».
OnmHako A7l 9TOrO BXOMHAS MOCIIENOBATEIBHOCTh X(#1) MOJDKHA
XpaHUThCS (MJIKM TIOCTYyNaTh B 00pabOTKYy) B HEIMOCIENOBATEIHHOM
MOpsiIKE, Kak IMOKa3aHO Ha puc. 6.6. Takas yJoBKa C BXOJHOMU
MOCIIEIOBATENbHOCTBIO  MPOMCXOAUT  W3-3a2  TIOCIIEA0BATEIHHOTO
npopexkuBanuss  x(n). Ilomy4aromuiicss B pes3yibrare MOPSIOK
COOTBETCTBYET oOpatHOit HHIEKCAIUU our HCXOTHOM
MOCJICI0BATENIHOCTU. [IpyruMu ciioBamMH, €Clid MHIEKC 7 3alucaH B
JBOWYHON (opMe, MOPsIOK, B KOTOPOM BXOAHAS IMOCIEI0BATENHLHOCTD
JIOJDKHA TIOCTYNarh B 00pabOTKy, onpeaessieTcsi YTeHHEeM JIBOMYHOTO
TIpECTaBICHUS # B 00paTHOM IMOps/IKe, KaK MOKa3aHo B Tabm. 6.1 s
N=§.
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Tabnuna 6.1
OOpatHast nHAeKcalus OUT UCXOTHOM MOCIEI0BATEILHOCTH

O6patHoe
JlBonuHOE s
n JIBOUYHOE n
MPEICTABIIEHNE
MIPEe/ICTaBJICHHE
0 000 000 0
1 001 100 4
2 010 010 2
3 011 110 6
4 100 001 1
5 101 101 5
6 110 011 3
7 111 111 7

AnprepHaTuBHBIE (GopMbl  anroputMoB BIID wmoryr ObITH
nonyyeHel u3  BII® ¢ mpopexuBaHMeM [0 BPEMEHH,
MaHHITYJTUPOBaHNEM OJIOK-CXeMOM M N3MEHEHHEM TTOPS/IKa, B KOTOPOM
XpaHATCS Pe3yNbTaThl KAKIOT0 dTama BeIYHCIeHui. Hampumep, y3im1
OJI0K-CXeMBl MOTYT OBITh TI€pECTaBIE€HBI TAaKHUM O0Opa3oM, YTOOBI
BXOJIHAs TOCNIEN0BATENFHOCT X(#) HaAxXOAWiIach B HOPMAaIbHOM
nopsiike. OHAKO C TaKOH IepecTaHOBKOM yTpadnBaeTCs CIIOCOOHOCTh
BBITIOJIHATH BEIYUCIICHHS Ha MECTE.

6.3. BII® c npope:xuUBaHHEM 10 YACTOTE

Hpyroit xkinacc aaroputMoB BII® MoxkeT OBITH MOMY4YCH IyTEM
NPOPeXUBaHKsT BBIXOAHOW mocnenoBarensHocTn  X(k) Ha Bee
MEHBIIIME ¥ MEHBIIHME ITOIIIOCIEA0BATEIFHOCTH. DTH aJrOPUTMbI
HaspBatoT BII® ¢ mpopexxnBanmeM mo wacrtore. OHH MOTYT OBITh
HOJy4eHBbI cleayomuM oopasom. ITycts N sBisieTcs: CTENEHBIO YHCia
2, N=2" u oreHKa 4éTHBIX M HEYETHHIX WieHOB X (k) mpousBomuTcs
paszenbHO. Toraa YéTHbIe YICHBI MOXKHO 3allUCaTh B BUIE

X(Zk) zgx(n)Wink .

Paznenss 9Ty cymmy Ha mepBble N/2 Touek u mocnenunue N/2
2k k
TOYeK, a TaKKe HCIOoIb3ys paseHcTBo W™ =W, BbIpaxeHue
MOYKHO TIPUBECTH K BUJLY
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771
N-1
Zx(n) .+ Z x(m)WE,

n=0 n=N/2

Co cMEHOI MHJEKCOB BTOPOH CYMMBI HMEEM

——1 7—1 v
(n+—)k
Zx(n) N/2 + Zx L + Wyi?

n=0

(n+ )k nk
Haxownern, Tak xak Wy, > =Wy,,

=

% N
X(2k)=>"|x(n)+x n+=- W,

n=0

a DJTO ecTb He 4Yro wuHoe, Kak N/2-toueunoe JIID
MOCIIEN0BATENBHOCTH, (opMHUpyeMOl [qo0aBieHreM mepBBIX N/2
Touek X(7) K ee mocieaHuM N/2 ToUYKam.

BrInosHsAs CXOAHBIC ONEepalliy Hal HeYéTHBIMU wieHamMu X(k),
MTOJTy9IUM
P N
X(2k+1)=>Wy| x(n)-x nt= Wi (6.4)

n=0

biok-cxema, WILTIOCTpUpYIOIIAash MEPBBIA 3Tall MPOPEKUBAHUS,
nokasaHa Ha puc. 6.7. Kak u B BII® ¢ mpopekuBaHueM 1O BPEMEHH,
MIPOPEKUBAHUE MOXKET OBITH MPOAOJDKEHO, TIOKa HE OCTAHYTCS JIHIIH
nByxrtoueunsbie JIID. [TonHoe npopexuBanre BocbMuToueuHoro JI1D
¢ nomornipto BIID ¢ mpopexuBaHHEM IO YaCTOTE MO OCHOBAHUIO 2
[I0Ka3aHO Ha puc. 6.8. BeluncauTenbHas CII0XKHOCTb €ro Takasl ke, Kak
C MPOPEKMWBAHUEM II0 BPEMCHH, IMOITOMY BBIYUCICHUS MOTYT OBITH
BBIIIOJIHEHBI «HA MecTe». HakoHen, OTMETHM, 4YTO, XOTA BXOJHAas
MOCJIEI0BATEBHOCTE X (#1) HAXOIWTCS B HOPMATBLHOM TIOPSIKE, YICHBI
gactoT X(k) mpeacTaBieHbl ¢ UCTIONL30BAHUEM OOPATHOM HHIEKCAIINH
owur.
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z(0) 9]
z(2) Y

z(3)

x(d)

1
W
1(5) L
1
wg
z(6)
1
w3
z(7)

————0 X(0)

-1

———0 X(2)
YetbIpéx-
TOYEUHOE
Biis e ——0 X (4)
————0 X (6)
———0 X(1)
————O0 X(3)
YetbIpéx-
TOYEYHOE
e ——O0X(5)
F——Q X(T)

Puc. 6.7. [leiictBue anropurma BII® c npopexuBaHUEM IO 4aCTOTE
Ha BocbMuTOoueuHoe J{I1®P nocie neporo npopexuBaHus

0 X(0)

0O X(4)

0 X(2)

© X(6)

0 X(1)

0 X(5)

O X(3)

z(6)

=(7)

0 X(7)

Puc. 6.8. ITonnoe npopexuBanne BockMuToueqHOTo 11D ¢ momomipio BIID
C MPOPEKUBAHKUEM [0 YACTOTE 10 OCHOBAHUIO 2
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Noagak~wpdpE

© ®

10.
11.
12.
13.
14.
15.
16.
17.

18.
19.

20.

6.4. KOHTpOJIbHBIE BOMPOCHI

Haiite onpenenenue AI1D.

Haiite onpenenenne 6pICTporo npeodpazoBanus Dypre.

B uem 3axntouaercs cBsazb AP u BIID?

OneHuTe BEIYUCIUTENBHYIO CII0KHOCTD JI1D.

OneHuTe BEIYUCIIUTENBHYO CJI0KHOCTE BIT®.

Hazosute croco6s! npumenenus bITO.

[losicuure, B 4eM 3aKJIHOYaeTCs OCHOBHAs HJesl, UCIOJb3yeMas B
anroputrme bI1D.

Hasosute npeumyiiecrsa ucnonb3zoBanus bIID.

HaszoBute Buael anroputMoB bII® ¢ mnpopexuBaHueMm 1o
OCHOBAHMIO 2.

Pacckaxure npo anroputM BII® ¢ npopexrBaHueM 10 BpEMEHHU.
Uro Takoe NOBOPOTHBIE MHOKHUTETH?

N306pa3ute OIOK-cXeMy BBIYHCIACHHH mepBoro stama BIID ¢
MPOPEKUBAHUEM 10 BPEMEHU.

Y10 TaKkoe OCHOBHAS BBIUUCIUTENbHAS equHnna BI1D?

Kakue cymecTByIOT cl1oco0Bb!I yIPOIIEHHUS CTPYKTYPBI «0a00uka»?
B uem npeumymecTsa ucnosb3oBanust bI1® ¢ npopexuBanueM o
BPEMEHHU MO OCHOBAHHUIO 2 MO CpaBHEHMIO ¢ BhluucieHueMm J[I1D
HanpsMyro?

Pacckaxure o mpencTaBlIeHUU JaHHBIX B CTPYKTYpe aJIrOpUTMa
BII® ¢ npopexuBaHUEM IO BPEMEHHU.

Kak MoryT OBITh HOy4YeHBI aJbTepHATHBHBIEC (YOPMBI aJITOPUTMOB
BII® u3 BII® ¢ mpopexuBaHUEM 110 BpEMEHU?

Pacckaxure npo anroputM BII® ¢ npopexuBaHueM o 4acTore.
N306pasure O0K-CXeMy BBIYHMCICHHM, TepBoro stama bIID ¢
IIPOPEKUBAHUEM T10 YACTOTE.

Kakue enie cymecTByroT Bubl alroputMoB bI1D?
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7. CUHTE3 HU®POBbBIX KUX-®UJIbTPOB
METO/10OM OKOH

7.1. OcHoBHbBIE OMpe/IeJIeHusl

Hugpposoii unemp (L) 6 wuporxom cmwicie — 3T0 I0das
mudpoBas CcHCTEMa WIM Ielb, KOTOpas COTJIaCHO 3aJaHHOMY
AITOPUTMY OCYILECTBISIET M3BJICUCHHE ITUPPOBOTO CHTHANA OO ero
rmapaMeTpoB W3 JAEHCTBYIOIIEH Ha BXOAE CHCTEMBI (LIENH) CMECH
CUT'HaJIa C IOMEXOil.

Lugposoti  unomp 6 y3kom cmuicie — 3TO YaCTOTHO-
n30mMparenbHas Iienb, KOTOopas o0ecHneuMBaeT CEeNeKIUI0 IH(POBBIX
CUrHaJIOB 10 yactote. K TakuM (uibTpamM OTHOCSATCS PacCMOTpPEHHBIE
paHee (QWIBTPHI HWKHAX M BEPXHUX YaCTOT, IIOJIOCOBOH U
PEKEKTOPHBIH (UITBTPHL.

Hudpossie GunbTphl, Kak u Jrobas mMudpoBas cCUCTEMa, MOTYT
OBITh peaju30BaHbl alMapaTHO, IMPOTrPaMMHO MM alnapaTHoO-
MIPOTPaMMHO. DTO OMpEAeIsIeTCs Ieblo, Ha3HauYeHneM u MectoM L[
B IPENOJIaracMoi cucTeme.

Annapamnas  peanusayus — TOAPa3yMeBacT  HCIOJIb30BaHUE
pPa3HOOOpa3HEIX OJIOKOB (PETUCTPOB, CYMMATOPOB, YMHOXXHTEICH,
YCTPOUCTB MAMSTH, TOTHYECKHIX DIEMEHTOB U T. 11.).

Ipoepammnas pearuzayusi 03Ha4aeT, YTO QUILTP MPEACTABICH B
BHAE TIPOTpaMMbI, HAIMCAHHOW Ha  ONPENENeHHOM  SI3BIKEe
porpaMMupoBanusi. Tak, Ui IEPCOHAIBHOTO KOMIBIOTEpA 3TO OyeT
Mr000# W3 S3BIKOB BBICOKOTO YPOBHS, a Ui MHKpPOIpOLECccopa,
MHUKPOKOHTpPOJIIEPa MU IIU(PPOBOTO CUTHAIBHOTO MPOIIEccopa — S3bIK
COOTBETCTBYIOIIEr0 accemOuepa.

Annapammno-npoepammuasn peaiuzayusi IPEIIoNaraeT, 4YTo 4acThb
¢yHKIMI GUIBTpa BBIMOTHAETCS amNIapaTHO (aHaJOro-IM(poOBOE H
nudpoaHanoropoe MpeoOpa3oBaHUs, YMHOXEHHE, IpHeM/Iepenada
JaHHBIX U T. J1.),  Ipyras 4acTb (YHKIWH BBITOIHAETCS HPOTPaMMHO.

Ion npoexmuposanuem L{® nonumaemcs npoyecc, B pe3yipraTe
KOTOPOTO  CO3/aeTcs MporpaMmMa WM  LUPPOBOE  YCTPOWCTBO,
OTBEYarolIee 33/IaHHBIM TPeOOBaHMSIM U OTPAHUICHUSM.

[pomecc mpoektupoBanus LD BrIowaer B cedsl CleAyIOIHE
ITaIlbL
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1. Cunmes, pe3ynbTaTOM KOTOPOTO SIBISETCS (DYHKIMOHAIbHAS
cxema GuiabTpa ¢ Kodppunmentamu. [Ipoueaypsl cuaTe3a GUIBTPOB C
KOHEYHON W OECKOHEYHOW WMITYJIbCHBIMH  XapaKTePUCTHKAMHU
CYIIECTBEHHO  pPa3JMYalOTCi,  OJHAKO  HMEIT  OJUHAKOBYIO
[IOCJIEI0BAaTENFHOCTD: 3aJjaHne TpeOOBaHWH K (HUIbTpaM; peLIeHHe
3alaud  anmpoOKCHMALUU XapaKTepPUCTUK (QHUIBTPa, B pe3yibTare
KOTOPOH  pPacCUUTHIBAIOTCA KOI(PQHUIMEHTH €ro MepeiaaTOYHOM
¢byHKIHH (pa3HOCTHOTO ypaBHEHN); KOHCTPYUPOBaHHE
¢ysxronansHo# cxemsl L.

2. Buibop unu  paspabomka  payuoOHATbHLIX  ANCOPUMMO8
8bIUUCAEHUN C YIETOM apru(METHKH, HCIOIb3yeMOW IIPH 3aJaHHOM
METOJIe peanu3alui — IUIaBaroIas Wil (pUKcHpoBaHHAs 3amsTas (B
AHIJIOA3BIYHOM  JIUTEpaType — TO4YKa). AJTOPUTM 3aBUCHT OT
Pa3psAOHOCTH PETHCTPOB MPOIECCOpa, KOINYECTBA aKKyMYJSTOPOB,
BO3MOXKHOCTH paclapaUIeTuBaHusl OINEpalnii, HaJU4us yCTPOUCTB,
BBITTOJTHSFOIUX OIEpaldio YMHOXEHHUS C HaKOIUICHHEM, W JPyrux
ocobenHocTeld mpomeccopa. KoHeuyHOW menpi0 JAHHOTO —dTama
SIBIIIETCSL oOecredeHne (YHKIMOHUPOBAHHUA (WIBTpa B peaIbHOM
BpEeMEeHH NP MHUHUMAJIbHBIX TIOTEPSAX KauecTBa 00paOOTKH CUTHAJIOB.

3. Ilposepxa modenuposanuem TIPOCKTHPYEeMOro (UIbTpa B
HEepealbHOM BPEMEHHU IO CTaHAAPTHBIM CUTHANAM C HUCIOJIb30BaHUEM
MPOTPaMMHBIX AMYJIATOPOB. 3afada TPOBEPKH MOJETHUPOBAHUEM
COCTOMT B OOHAapy>KeHHHM W YCTPAaHEHHH BO3MOKHBIX JIOTHYECKUX H
IOPOYMX  CKPBITHIX  OIIMOOK, HCHBITAHUM HAa  COOTBETCTBHE
CKOHCTPYHMPOBAaHHOTO (HIIbTPA 3aJJaHHBIM XapaKTePHCTUKAM, BKITIOUas
4aCTOTHBIE, BDEMEHHBIE, IITYMOBBIE H .

4. Ilpaxmuueckas pearuzayusi u OmiadKka B peaJbHOM BPEMEHH C
TIOMOIIBIO OTIAJOYHBIX MOIYJICH.

Pe3ynbTaTel TPOBEPKHM MOJEIMPOBAHMEM M OTIAJKH MOTYT
oKa3aTh BIIMSHHE Ha W3MEHEHHE psAJa peuieHuii — oT BhIOOpa
CcTpyKTypHOU cxembl L{® 10 3a1aHus HOBBIX TpeOOBaHUH.

7.2. Cunte3 nH(POBBIX PHILTPOB

Kaxnpiit u3 xinaccoB L|® nmeeT cBOM NPUHITUITAATIBHO OTIUYHBIE
METOJbl CHUHTE3a, KOTOPhIE PACCMaTPUBAIOTCA OTAEJIBHO JUIS KaXXAO0ro
KJlacca, a caMU METOABl CHHTE3a MOTYT OBITh KaK ONTHMAaJIbHBIMH
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(«onTHMaNbHBI» O3HAYAaeT HAWIYYLIMM B HEKOTOPOM 3apaHee
OTIPEJIeNICHHOM CMEBICIIE, HalpUMep IO 3aJaHHOMY KPHUTEPHIO), TaK H
HE ONTHMANBHBIMH. B CBA3M ¢ 3TUM BBIIENSAIOT (QUIBTPBHI, B KOTOPBIX
pea30BaHbl TPUHIMIBI ONTUMAJIBHOTO CHHTE3a, M (QHIBTPHI, NPH
CUHTE3€ KOTOPBIX NPHUHIUIBI ONTUMAIBHOCTH HE HMPHHUMAIOTCS BO
BHHUMAaHHUE.

7.2.1. 3a0anue mpebosanuii k yugposvim ghunvmpam

TpeboBanns (cnenn¢ukanuy) K IUQGPOBEIM (QHIBTPAM MOTYT
(hopmynupoBaThCS KaK BO BPEMEHHOMW, TaK U B YaCTOTHOM 001acTsX,
YTO ONpe/eNIeTcs Ha3HaueHHeM (QHIbTPa U 00JIACTHIO €0 OIHCAHHMS.

Bo epemennoii obnracmu TpeOOBaHWS MOTYT 3aJaBaThCs K
uMmnyinbcHot h(n) u mepexonHoi g(n) XapakTepUCTHKaM TIPHU
IIMPOKHX JOMYCKaxX K YaCTOTHBIM CBOMCTBaM (DUIBTpA.

YacToTHO-N30MpaTenbHble (QUILTPHl OOBIYHO CHHTE3HUPYIOTCS B
4acTOTHON oOmactu. Ilpm 3TOM B mpollecce CHHTE3a CaMH YacTOTHI
MOTYT 3amaBathes Kak aeiicturensubiMu ( f [Ty], o[pad/c]), Tak u
HOPMHMPOBAaHHBIMM Ha 4acTOTy JUCKpeTU3alUd & [pad], dYTO
oTpenensieTcs yaq00CTBaMy 1 TPaIULIHSIMU.

B uacmommnotii o61acmu TpebOBaHUSI MOTYT MPEABSABISATHCS:

1) TonpKkO K aMIUIMTYAHO-YAaCTOTHBIM XapaKTepUCTUKaM 0e3
KaKHX-JTHO0 OrpaHMYeHNH Ha ()a304acTOTHBIE XapaKTEePUCTHKY,

2) Tonpko Kk O®UX, Korga BasKHO COXpaHeHHE (a3oBEIX, a IIOTOMY
u BpPEMEHHBIX COOTHOIICHUH MEXTY rapMOHHYECKHMU
COCTaBIISIOIINMH ITPUHAMAEMOT0 CHTHAJIA;

3) ognoBpemenHo u K AUX, u k PUX.

PaccmoTpuM 3amaHue TpeOOBaHHMH K YacTOTHO-M30HpaTEIHHBIM
L®. UneansHble yacToTHO-M30MpaTenbuble L@ aBnsroTes Gusmyaecku
Hepean3yeMbIMHU, TIOATOMY HEOOXOAUMO aNMpPOKCUMUPOBaTh UX AUX
IpU 3apaHee OMpEJeNIeHHBIX JIOMYyCKaX, 3aBHCAIIMX OT psAda
MIPAKTUYECKUX OTPAHMYEHUH. OTH OrPaHMYCHHS CBSA3aHBI, IPEXIE
BCEro, ¢ Ha3HAUCHUEM CHHTE3UpyeMoro guisTpa. Bee orpanndyenus u
JIOTTYCKU COCTAaBJISIOT TPeOOBaHMSA, IPENbIBIIsIEMbIE K (PHIbTpY.
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Tpebosanuss Kk 4acmomHoO-u3OUpamenvHolM  PUILMPam
sKIOYAIOM 8 CceDs:

1) 3aganue  4acTOTBl  JUCKpeTH3aLMH &y [padl W THnA
N30MPaTeNbHOCTH;

2) 3amanue TpeboBanmii kK AUX ‘H (e j‘b)

3) BeIOOp MeToma annpokcumMariiu AUX.

7.2.2. Tunvt yacmommuo-u3oupamenbHolx uiompos
u 3a0anue mpedoBaHuIl K HUM

Juarpammbl TpeboBanuid Kk AUYX CHHTE3UPYEMBIX YaCTOTHO-
n3ouparenbHbix KM X-punpTpoB npencraBnenst Ha puc. 7.1.

chlbmp HUDICHUX Yacmom

Peampupiiit ®HY umeeT TpH YacTOTHBIX moyiockl (puc. 7.1a):
TMI0JIOCY TPOITyCKaHUsl, IEPEXOTHYIO TI0JIOCY U TI0JIOCY 3a/IePKUBAHUSL.

Ilonoca nponyckanusi OTPaHUYUBACTCS SPAHUYHOU 4ACMOMOU B
MIT &,,; mupuna I Ady = ®,; 8, — orkaonerne AYX ot 1 B I1I1,
9acTO BBIpakaeMoe B b C HCHONB30BAaHWEM BEIUYUHBI 0O,
MOJTy4MBIIEeH Ha3BaHUE MaKCHMAaIBHO J0mycTHMoro 3atyxanus B 111

o, =-20lg(1-5,)

Ilepexoonas  nonoca  pacmojaraercsi MEXAYy  II0JIOCaMH
NPOIyCKaHUS M 3aJep)KUBaHMA; IIUPUHA MEPEXOJHON IIOJIOCHI
Ad =&, —d,. [Tockonbky B 3T0il mojoce TpebGoBaHUS HE 3aJal0TCH,
VO081IeMBOPUMENbHBIM — OKAdICEmCs  1000e  peuienue, eciu  OHO
coomgemcmeyem — mMpebosaHusM 6  HONOCAX — NPONYCKAHUA U
3A0ePAHCUBAHUSL.

Ionoca 3adepoicusanuss (MOAABIEHUS, OCNAOJCHHS) JICKUT B
npenenax oT epanuynou yacmomol B 113 &, 10 TOTOBHHBI YacTOTHI
JUCKpeTH3aluu &, /2; mupuHa II3 Adz =dy/2-b,; 6, -
otkmonenne AYX or 0 B II3, wacto BeIpaxkaemoe B ab ¢
WCIIOJIb30BaHNEM BEJIMYHHEBI O ,, TTOJYYHBIIEH Ha3BaHHE MUHHUMAJIBHO
JIOIyCTHMOT 0 3aTyxaHus B I13:

o, =-201g(3,)
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Dunbmp eepxHux wacmom

Peanpubiit ®BY umeer, kak 1 ®HY, Tpu 4acTOTHBIX MOIOCHI,
KOTOpBIE PAacIoJIOKeHbl B 0OpaTHOM, oTHOcuTensHOo DOHY, mopsake

(puc. 7.16).
Ionoca 3adepoicusanus nexut B npenenax ot 0 10 &,; MUpUHA

I3 Adz =05

Ilepexoonas nonoca NEXUT B Ipefenax oT G, A0 &,; IIHPHHA
NIEPEXOJJHOM TIOJIOCEI A® = &, — O ;.

Ilonoca nponyckanus NEXWT B Tpenenax oT &, OO0 ®y/2;
mmpuHa [T Abp = &y /2 - 0,,.

HE)

1+3, .
lp=—==== g i
T o«
1=9, I § 2) :
=
o 42g, m
66 ______ 1= s g
T ] —
0 ®, O, Dy /2
a)
— — — =D .
————— = |
T r i T’ M W 1 1
[ |
o |
I 13
| J o
________ — —
nH /(’I)ne CPIOR /2
Ilepexonnsie Ilepexonusie
TTOTOCHT TTOJTOCHT
6) 2)

Puc. 7.1. Inarpammsel TpedoBanmii kK AUX 4acTOTHO-U30MpaTENbHBIX
KUX-uibTpoB: a) GUIbTp HIKHUX 9aCTOT; 6) GUIBTP BEPXHUX YaCTOT;
6) TIOJIOCOBOM (PUITBTD; 2) PEKEKTOPHBIM GUITBTP
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Ionocosoti unvmp

Peanbusblit 1o, HMHa4ye MOJIOCHOIPOITYCKAOLIHH,
XapaKTepU3yeTcsl IATHI0 YAaCTOTHBRIMH moiocamu (puc. 7.1s6), u3
KOTOpBIX OJlHa — LEHTpaJlbHasl — I10J0Ca INPOIyCKaHHs, ABE IOJIOCHI
3ajepXKUBaHUA M JABE IepexonxHsle mnonocel.  OOo3HaueHus,
NpuBeeHHBIE Ha puc. 7.1, cnemyromue:

&, — TPaHUYHAsI YacTOTa MepBOi nmosockl 3anepxusanus (1131);
mupuHa [131 Abrz =0y,

®,, — HWKHAA rpaHn4yHasg dvacrora IIIl; &,, — BepxHaAd
rpann4Has gactora IIT; mupuna I Ad =@, — 0,

&4, — IPAaHUYHAS YAaCTOTa BTOPOH monockl 3aaepxuBanus (1132);
mupuHa 1132 Abpzy =0y /2—® 4.

Ilepexonnsle monockl 1 U 2 UMEIOT WHUPHHY A®q =D, —Oy, U

A®o = M35 — 0y

Peocexmopuwiii hunomp

Peanpuprit PO, wHade momocHo3arpaxmaromui, mogooHo [1D,
XapakTepu3yeTcss IAThI0 Tojocamu (puc. 7.12), W3 KOTOPBIX [BE
MOJIOCHI IIPOITYCKaHUs, OHA TI0JI0Ca 3aAePKUBAHUS U JBE IEPEXOHbIC
nonocel. O003HaueHus, IpUBEACHHbBIE Ha puc. 7.le, cnenyromue:

®,,, — TPAaHWYHAs YacToTa NepBoi mosiockl nporyckanus (I1111);
mpuHa 11 Adrm = &y,

®j;, — HWKHAA TrpaHudHasg wacrora II3; &, — BepxHad
rpannyHas dyacrora [13; mupuna I13 Abz = @y — Oy,

®,, — TPaHUYHAas 4acTOTa BTOpOH monockl npomyckanus (I1112);
mpuHa [1I12 Abm = ®y /2 — 0,

Ilepexonusle monocsl 1 U 2 UMEIOT MUPUHY A®] =Dy, — Dz R
ADo =@ 5 —Dyyp-

3ameuanue. [lpu cunmese I{D emecmo uacmom &, u &, , O, U
Dpyr Dy U By MOZYM 300A6AMBCA HACMOMbL CPE3A B, Opyy Dpg
coomgeemcmeenno. B cayyae cunmesa KUX-punompos memooom oKoH,
ApU 3a0AHHBIX YACMOMAX O, U B, Oy U By, O,y U B, HACTHOMBL
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Oy, Bppyy Bpg MOZYmM ObIMb HALIOEHBL C UCHONB30BAHUCM CACOVIOWUX
MameMamuiecKux ulpalceHull:
AWyt ®y o Oyt Opy o O T Oy
W = v Oy = 1 Wcg = .
2 2 2
3uauenue genuuunvt AYX na yacmomax cpeza &., @y, Opg V

PUILMPOB,  CUHMEUPOBAHHBIX C UCHONB30GAHUEM MemoOd OKOH,
cocmasnsiem 6 no2apupmuieckom macumabde —6 Ob.

7.3. Cunre3 KUX-GpuiIbTpoB MeTOA0M O0KOH

Cpemn  mocTaTO4HOro  pa3HooOpa3us  METOAOB  CHHTE3a
KUX-punptpoB  Hambomplree  MpUMEHEHHWE B Pa3IMYHBIX
MPWIOKEHUAX TONYYHIIU JBA «KIACCHYECKUX» — METOJl OKOH H METOJ
ontuMaibHOTO (110 YeOrIeBy) cuHTe3a.

7.3.1. Oowan xapakmepucmuxa 3adauu cunmesa
KHUX-ppunvmpos memooom okon

bes morepu oOmHOCTH 3amamuMcs LEIBI0  PACCUMTATh
KO3((PUIIMEHTBI OMHOTO M3 YacTOTHO-M30MpPATENbHBIX (HIBTPOB,
MpeAcTaBIeHHbIX Ha puc. 7.2, Hanpumep ®HY. [lns HepexypcuBHON
¢ueTparn kK03 uIMeHTsl QUIBbTpa SABISAIOTCA W OTCUYETAMH €ro
nux.

PaccmarpuBaemslii punbTp nmeer upeansHyto AUX, a motomy
ero UX H,(e!®) Moxer GbITh MpenCTaBIEHa TONBKO GECKOHEYHBIM
psanoM Dypsee:

0
joy _ —jén
H, (€)= > h, (ne . (7.1)
N=—o0

Torma wnmeanpHas MX Moxker OBITh paccyWTaHa Kak
ko urments psaga Oypee:

h,(n) == [ H, (") do. (7.2)
2n *

ScHO, 9TO 3TO — (Qu3mueckn Hepeamnzyemblii bUX-¢pumstp,
nmockosibky WX OeckoHeyHa M Ha4yMHAeTCI B —oo, T.€. peaKius
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MPEALIECTBYET BO3AEHCTBUIO. IIpocTedni IyTh KOHCTPYUPOBAaHHUS
(du3HUecKH pean3yeMon nepenaTodHoi GyHKIuu (GUIbTPa COCTOUT B
UCKJIIOYEHUH BceX wWiIeHOB psna (7.1), MMEUMX OTpUIATeNbHBIN
unaekc n < 0. B pesynbrare nomnyuyaercst X, coorsercrByromas bUX-

GUIBTpY.

4 Hu(ejm) A Hu(e](b)
1 1 1 l _______ I I— |
| | | |
| | | |
III1 : 3 : 3 : o
| I A | I A
(O] ()]
0 | — 0 ! >
0 O 0y/2 0 o by/2
a) 0)
4 Hu(eja)) 4 Hu(ejd))
1 - 1 i 1 1 | p— |
| | | | | |
| | | | I I
31, III1 132, III11 : 13 : T2, :
| | I ~ | | I ~
0o —t > 0 >
0 Ocy WOcg B9 / 2 0 Ocy WOcg W9 /

Puc. 7.2. Uneansapie AUX 4acTOTHO-U30HPATEIBbHBIX (UIBTPOB:
@) QUIBTP HIDKHUX YacTOT; 0) GHUILTP BEPXHUX YaCTOT;
6) TIOJIOCOBOM QHIIBTP; 2) PEIKEKTOPHBIN HHIIBTP

Jns momyuenns umMiynscHOM Xapaktepuctukn KW X-duiprpa
HeobxoauMo orpaHuyuTh psan (7.1) ceepxy mo N +1 unenoB. C Touku
3pernst IX h, (n) paccmarpuBaemast ornepanus nMpeacTaBisieT coboil ee
yceuenue B Tperenax or 0<n<N, T.e. ymHoxeHnue HMNX Ha
IIOCJIEOBATEIIBLHOCTE W, (N) BHIA

1, 0<n<N,

0, mpu apyrux n.
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t hy,(n)

a)
t w,(n)
1= 2= —epee0000000000e — — — — — — —
05 F—-——-- HHIHHIHHY - - - — — ==
0 eeee >
0
0)
% h(n)
1r——————=—=--  — — —— ——— —— =
05 k=== e
0 e ! T T Te R
0 ‘1 l l I n
6)

Puc. 7.3. IIpouenypa yceueHHs UMITYIECHON XapaKTePHCTUKH:
a) «upeanpHas» UX; 6) nocnenoBarenbHOCTH (7.3); 6) pe3yibTaT yceueHuUs

IIponenypa yceuenus c¢ wucmosnb3oBanueM (7.3), B pesynbTare
KOTOpOil 0Opasyercs yacToTHas xapakrepuctika KNUX-pumsrpa
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H(e®) = ih(n)e‘j‘b“, (7.4)

JeMoHCTpHpyeTcs Ha puc. 7.3. U3 (7.4) mocne 3amensl el® =z umeem
MepesaToYnyio (GyHKIHIO:

H(z) :ih(n)z’“ : (7.5)

rae peanbHas UX (1. e. koadduimentsr H(Z)) paBHa npousBeaeHUIO
uneansroit X (7.2) na pyuxumto (7.3):

h(n) =w,(n)h,(n). (7.6)

Kazamoce Obl, permenue HaiimeHo. JleWcTBUTENBHO, MOIOHMpast
3HaueHuss N u KoHTponupys mnoBedeHue AUX, 3a HECKONBKO
uTepannii MOXHO HaWTH Takoe N, TpH KOTOpPOM TpeOOBaHHUS K
3aaHHOMY (QWIIBTPY OYAYT BBIITOTHEHBI.

Opnnako yceuenue psana Dypwe BeaeactBue paspeiBHOCTH AUYX
MIPUBOJUT K CYIIECTBEHHBIM OLIMOKaM.

7.3.2. Aeénenue I'uooca

[osBnsromuecst ommMOKH CBSI3aHBI C XapaKTEPOM CXOTUMOCTH
psana dypre B TOUKe pa3pbiBa MEPBOTO poja, KAaKOBOM U SBISETCS
To4Ka &, (puc. 7.2a).

Bo-nepBbIX, B TOuke pa3pelBa (&, MEpPBOro poma pad Dypve
CX00UMCsL K CpeOHeMy NPeOelbHbIX 3HAYEHUU YHKYUU Clle6d U CNpasd.

[Ipenen cnesa paBusercs 1, a cipaBa — 0, mO3TOMY ‘H (e J-G)C) =0.5.

Bo-BTOpBIX, B TOYKE pa3pbiBa cxodumocmsv psoa Dypve He
A61emcsl  paéHOMepHOU W HOCHT OCOOBIH  XapakTep, KOTOPBIH
BBIPAKAETCs B MOSBICHUM ITyJbCallMil BOIM3M TOYKH pas3phlBa,
MaKCUMyM KOTOpBIX clieBa M cmpaBa cocTtaBisieT 9% or AUX u
0CTaeTCsl TAaKOBBIM BHE 3aBUCHUMOCTH OT N. DTOT (heHOMEH MOTydHI
Ha3BaHMe Ag1eHus [ uboca.

B pesynbrare (opMHpYIOTCS IyJdbCallMM Kak B  II0JIOCE
3aJiep)KUBaHMA, TaK U B T0JIOCE MPOITyCKaHUS (HIBTPa; KpOME TOrO,
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oOpasyercst iepexoiHasi 1MoJIoca, IUPUHA KOTOPOH TeM MEHbIIE, YeM
Oompire 3HaueHuE N .

Paccmotrpum sBienme [mbb6ca Oosee mompoOHO, ANA  HETO
oOpaTtuMcs K BeIpaxeHuto (7.6). 3mech U najnee orpaHnIMMCs YCTHBIMU
3HayeHusAMH N .

Beipaxenne (7.6) mpencTaBisgeT Cco0OH yMHOXEHHE JABYX
¢yHKIMI BO BpeMeHHOH oOnactu. [l mepexoga B YacTOTHYIO
00JIacTh BOCIOJB3yeMCSI TeM CBOMCTBOM, UYTO YMHOXEHHE JIBYX
(GyHKIIMA BO BpPEMEHHON OONACTH COOTBETCTBYET CBEPTKE UX
npeoOpa3oBaHMA ®Dypse. [IpeobpaszoBanue dypre

nocnenosarensHoctu hy, (n) coorserctByer UX H, (e!®) umeanshoro
¢wieTpa, a mpeobpasoBanue @Dypbe BecoBo GyHKIHH W, (N)

cootsetctByeT W, (1)

sin ®(N +1)

A N A - ™
W, (') =D w,(n)e " =g N2 (7.7)
n=0

sin| —
2
Oynkius (7.7) u3BecTHa 1o Ha3BaHUEM s0pa Jupuxie. Eciu He

YYUTBIBAaTh MHOXXHTEIb, XapaKTEePHU3YIOINH JIHHEHHBIA (a30BbIHA

CIBHT, TO TpauK (YHKIIHN

®(N +1) ®

W (e') =sin sin 5 (7.8)
Oyzer umeth (opMy, TOKazaHHYIO Ha puc. 7.4a, a ee MOAYJIb — Ha
puc. 7.46. D10 OBICTpOKOJIEOMIOMIAsICS (GYHKIHUSA C MaKCHMaIbHBIM
3HaueHneM N mpu & =0, pe3ko cmagaromas no ammmryae. Ooaacme
C MAKCUMANbHOU AMIAUMYOOU HA3bIBAEMCA 2NAGHBIM EeNeCmKOM, a
ocmanvHble obnacmu — OOKOBbIMU 1eNeCKAMU.

®ynkuus W, (e /) npunuMaer HyneBble 3Ha4€HHs HA YACTOTaX

o=k 2" k=12 ..N,
N +1

a NIMpHUHA BCEX JICMICCTKOB, BKJIIKOYas FHaBHBIfI, OIWHAKOBAa U paBHa
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21

Ad = ,
N +1

(7.9)

IpU4YEM C YBCIIUYCHUEM N HIMPpUHA TTIABHOT'O JICTICCTKA YMCHBIIACTCH
" YBCIIMYUBACTCS YUCIIO HyJ'II:CElI.[HfI.

4 Wn ) 4 ’Wn &™)

I'maBHBII I'maBHBII
JIETIECTOK 1

JIETIECTOK
BoxoBrie
JIETICCTKH

BokoBrie
JIENECTKHU

0y/2

|
I
0 ®y/2

a) 0)
Puc. 7.4. Tlpumepsi rpadukos: a) yukiuu (7.7) mpu N =14 ;
6) dpynxuun (7.8) mpu N =14

3amedanue. B HexomOpuIX UCMOUHUKAX WUPUHA 2NABHO20
JAenecmia evloupaemcs 806oe bobuLe Motl, KOMOPAask ONPeodesiemcs C
ucnonvzosanuem gvipadicenus (1.9). Dmo ceazano ¢ mem, umo 2naeHwiil
Jenecmox Mo0yas YaCmomHoul Xapaxmepucmuxu OKHA
Mamemamuiecku onpedeieH KAk 6 NOJOJCUMENbHOU, MmaK u 8
ompuyamenvHol 061acmax YAcmom.

Takum o6pa3zom, yceuenue psiga Dypoe (7.1) 1o N unenos (7.4)
SKBHBaNIEHTHO cBepTke UX uneanpnoro ®HY H, (e JCLA’), AUYX xoTtopoit
umeer ¢GopMmy npsMoyroimbHuka (puc.7.2a), ¢ sgpom [upuxie
W, (e 19y 310 03HAUACT, UTO KONCOAHMS ¢yskumu W, (e 1) nonanaror
B 007aCTh YaCTOTHOTO NPSAMOYTOJbHUKA, B KOTOPOH CBEPTKA TOYHO
BOCTIPOM3BOJUT JTH KojeOaHusa. B pesymbrare momydaercs AUYX
peanpHOrO (PUIIbTpa, Y KOTOPOU BOJM3HM TOYKH pa3pbiBa HabOII01aeTCs
nBa s dexra:

1) BO3HMKAIOT OIIMOKK anmpoOKCHMAIMU B BHAe Mynbcanuid X

H(e!®), koTopble 06ycnOBIEHBI GOKOBBIMH JIEHECTKAMH (DYHKIUH
W, (e1);
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2) obpasyeTcsl CIIaXHBAIOIIUK pa3pblB — IMEpEeXojaHas I10J0ca,
IIMPUHA KOTOPOIi 3aBUCHT OT IIaBHOTO Jienectka pynkimu W, (e1°) un
MPUOTU3UTETHHO PaBHAETCS €ro MHpPHHE.

7.3.3. Okna u ux ocrnogHble napamempol

SBnenne ['mOOca o0OOBsACHAETCSA, Kak YyxXKe OTMEYaloch,
HEpPaBHOMEPHOM CcXOauMOCThIO psiga Dypbe B TOUYKE pa3phiBa.
VYrpasmate cxoguMocteio psima ®Pypee (7.1) MOXHO ¢ TOMOMIBO
BECOBOI IOCIIEIOBATENHLHOCTH KOHEUHOM JUIMHBI W(N), Ha3bIBaeMOU
OKHOM WU 8eco8oll ynxyuel. MeTOI COCTONT B TOM, YTO
kodddurmentsr psga Pypee, T.e. UX h,(n) mnmeamsHOTO (HMIBTPA,
yMHO)awTcs Ha W(n). B pesyabrate mnomywaercs WX peanbHOro
(dbunbTpa

h(n) =w(n)h, (n) (7.10)

W mepenaTouHas GyHKIHS
N N
H(z)=) h(n)z"=> w(n)h,(n)z ™", (7.12)
n=0 n=0

rae N +1— gmuaa dyHKomg w(n).

OrpannuenHass Ha wHTepBale 0<N<N w© paBHas HYJIO BHE
3TOr0 WHTEpBaJia MOJOXKHUTENbHAsE CUMMETPUYHAs BECOBas (QYHKIIHS
Ha3BIBACTCS OKHOM.

w(n):{W(N_n)’ 0<n<N, (712)

0, mpu apyrux n.

MeToa KOHCTPYHpPOBAHUS MEpeaaTOYHONH (PYHKIHUU C MOMOIIBIO
orpannueHus pspa (7.1) oxaom (7.12) gacto HazbIBaeTCs Memooom
OKOH, WU MEMOOOM B36EUUBAHIA.

H3BecTHO OOMBIIOE KOIMYECTBO OKOH, NMPHUMEHEHHE KOTOPBIX
OTIpEJIeIISIeTCS XapaKTepoM TOCTAaBJICHHON 3a/laui CHUHTe3a (DMIIBTPOB.
Hwmwxe paccMmaTpuBaroTcs TpH W3 HHUX: IIPSAMOYTOJIbHOE OKHO,
0000meHHoe okHO X3 MMuHra M okHo Kaiizepa. JlaHHBIE OKOHHBIE
(¢yHKIMM 00JIaal0T CBOWCTBAMH BCEX BO3MOXKHBIX BHIOB OKOH H
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TIO3BOJIAIOT JOCTATOYHO XOPOMIO MOHATH NPEUMYIICCTBA U HEAOCTATKH
METO/Ja B3BCIIIMBAaHUA.

Ipsimoyeonvroe oxno (okno Jupuxie)

1, 0<n<N,

w, (n) =
0, mpu apyrux n.

Nmenno mpsmoyrompHOe OKHO  (puc. 7.30, 7.4) ObUIO
WCIIONB30BAHO TIPH MPOCTOM yceueHWH psiga Dyppe W HU3yUCHUH
sereHus ['n66ca. Panee Obuta momydena UX 3TOro okHa:

. (O(N+1
sin[ @(N+1)
joy _ a-iNG/2
Wn (e “’)—e R o ——
sin| —
2

Y UCCJICJIOBAHO €€ TIOBEJCHHE. Y CTAHOBJICHO, UTO 4YeM Oombiie N, Tem
y)K€ TJaBHBIH JIEECTOK W TMEpPexXOJHas I0JIoca CHHTE3HPYEMOTO
¢wIpTpa, a TakKe MEHbIIE aMIUINTY/a ITyJIbCallii B 00JIACTH II0JIOC
NpOMyCKaHWA MW 3aJep>KUBaHUS [pPH  HEU3MEHHOH  BEIHYHHE
aMILIUTY 16l MyJbcaluii ~ 9% BOJIN3M YaCTOTHI Cpe3a G,..

Takum 00pa3oM, NpPSIMOYTOIBHOE OKHO ITO3BOJISIET ClHENaTh
BBIBOA O TOM, HYTO «XOpOIIEEe» OKHO JMOJDKHO O0JafaTh ABYMS
CBOMCTBaMHU:

1) mmpuna rnaBHoro jenectka YX okHa J0HKHA OBITH MO,

2) sHepruss OOKOBBIX JierecTKOB UYX OKHA JIODKHA OBICTPO
YMEHBIIATHCS C YBETUICHUEM YaCTOTHI .

Orti nBa TpeOOBaHUS HECOBMECTHMBI, IO3TOMY Ha IIPaKTHKE
HE00XO0MM KOMITPOMHUCCHBIN BapHUaHT.

Obobuennoe oxno Xommunea

Btopoe u3 paccMaTpuBaeMbIX OKOH, Ha3bIBaeMOe€ O0OOIIECHHBIM
OKHOM X3MMUHTa, UMEET CIIETYFOIIUI BUI:
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o—(l—a)cos 2mn , 0<n<N,
w,(n) = N

0, mpu Apyrux

rae o JexuT B npexpenax [0,1]. Coyuait a.=0.5 cOOTBETCTBYET OKHY
X5HHMHrA, a ciy4dail o = 0.54 — okHy X3MMUHTra.

YacToTHYI0 XapaKTEpUCTUKY paccMaTpUBAEMOIO0 OKHA MOXKHO
MOJYYHTh, €CITH TPEACTaBUTH €ro BO BPEMEHHOW 00JacTH B BHIE
IIPOU3BEIECHUS

w, (n)=w, (n)| o —(1—oa)cos % ,

rae W, (n) — OpsMOYroJbHOE OKHO, AIuHa KoToporo N +1 paBHa JuiMHE
OKHa W, (n).

Hna nmepexoga k UX 3aMEHHM KOCHHYCHI 3KCIIOHCHLIHATbHBIMHU
(YHKIMSAMH, UCTIONB3YS GopMyny Diiepa, U ydTeM, 9TO YMHOKEHHE
1ocJe10BaTeNbHOCTH X(N) Ha e l®on JaeT B YaCTOTHOHM 00JacTu CIBUT

Ha Qq: X(ej(‘”—wO)). OxonuatensHo YX 00OOIIEHHOTO OKHA
X5MMHUHTa UMEET CIEYIOMUMA BULT:

wx(ei&’)=awn(e15’)+l‘7“vv RE J‘T‘*Wn o)

n

(7.13)

Bumgno, uto UX 0000IIEHHOr0 OKHAa XAMMUHTA IIPEACTaBISACT
c000#f CyMMy CIIBUHYTHIX IO YaCTOTE XapaKTEPUCTUK MPSIMOYTOIEHOTO
okHa W, (eJ‘b). [Ipu 3TOM BTOpast U TPEThsI KOMIIOHEHTHI CYIIECTBEHHO
YMEHBIIAIOT aMIDIUTYAy OOKOBOIO JIEMIECTKAa BOJHM3U TJIABHOTO
JIenecTka (Tak Kak OOKOBBIE JIEMIECTKH BTOPOM M TPEThel KOMITOHEHT
(7.13) maxomsrcss B mpoTHBOGa3e ¢ GOKOBBIMH JIETIECTKAMH ITEPBOM
KoMIoHeHThl). CrejoBaTeNbHO, YPOBHH OOKOBBIX JenecTkoB (7.13)
OKa3bIBAIOTCSI 3HAYMTENILHO HWXKE, 4YeM Yy MPSAMOYTOJIBHOIO OKHA.

200



OjHako MHpHHA TJIABHOTO JIeTIeCTKa 00OOMIEHHOr0 OKHa X3MMHUHTA
OKa3bIBaeTCsA B JBa pasa OoJjblle, YeM MIMPHHA TJIABHOTO JIETIECTKa
MPSIMOYTOJILHOTO OKHa.

Ha puc. 7.5 npuBeneH npuMep BpeMEHHON W MOZIYJS YaCTOTHOM
XapaKTePUCTUK OKHa XomMmuHra (o = 0.54).

N Mx(e"“’)

I'maBHBII
1 JIETIECTOK
BoxoBrle
JIETIECTKU
/ \4 &
0 ——>
0 (0P / 2
a) 6)

Puc. 7.5. Ilpumeps! XapakTepUCTHK OKHA XOMMHUHTA:
a) BpeMeHHO xapaktepuctuky ipu N =14 ;
0) MOIyJIsl UaCTOTHOM XapakTepuctuky npu N =14

3ameuanue. [Ipumenenue napamempa o=0.54 ¢ ewvipasicenuu
(7.13) noszsonsem cxonyenmpuposame 99.96% obwei nepeuu
CNeKmpa 6 21d6HOM Jienecmke, Npu 9MOM MAKCUMAIbHBIL YPOBEHb
bokosbix 1enecmkog Ha 40 OB Hudice 21a6HO20 MaKCUMYMA.

Oxno Katizepa

YCcTaHOBIICHO, YTO 3a/la4a pacueTa «XOPOUINX» OKOH (DaKTHUECKH
CBOJMTCS K MaTeMaTHYeCKOM 3ajaue OTHICKAHUS OTPAHUYECHHBIX BO
BpeMeHH (GYHKIUH, mpeoOpazoBanus Dypbe KOTOPHIX HAWIYYIINM
00pa3oM anmpoKCUMUPYIOT (QYHKITUK, OTpaHUYEHHBIE 110 YacTOTe, T. €.
UMEIOT MUHUMAJIBHYIO PHEPTHUIO 3a IpeleslaMu 3aJaHHOTO MHTepBaja
gactoT. [lpm pemeHWHM MaHHOW 3amauW B 3aMKHYTOH ¢opme s
HENPEepBIBHBIX (DYHKIUIT BpeMeHH ObLT BBEJIEH KJIACC TaK HA3BIBAEMBIX
BBITSHYTBIX C(EpOHIATbHBIX (YHKIUI, KOTOphIE UMEIOT JOCTATOYHO
CJIOJKHBIN BHJI.
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IToaTomy Kaiizep B kadecTBe «HAWIYyYILIEro» OKHA MPEIIOKHUI
OTHOCUTEIIFHO  TPOCTYI0  aNIpOKCUMAIUIO  OTUX  (YHKIUH,
NOJIYYMBIIYIO Ha3BaHUe okHa Katizepa 1 UIMEIOLLYIO CIEIYIOUIUHA BUA:

LBA-[-)[al)"]
1,() T

rie a=N/2, a lg() — momudunmpoBanHas QyHkums beccens
MepBOTO poAa HYJIEBOTO TOpAAKA, KOTOpas MOXKET OBITh JIETKO
TOJIydeHa U3 CIIEAYIOIETO BBIPAKCHUS:

1,(X) = 1+Z (XL'Z)

w, (n) =

[lapamerp B ompenenser ¢GopMy OKHa M KOMIPOMHCC MEXTY
MaKCHUMAaJIbHBIM YPOBHEM OOKOBBIX JICIIECTKOB M IIMPHHOM INIABHOTO
nenectka YX okHa. Oxno Kaiizepa saenisemca no cywecmey
ONMUMATILHBIM OKHOM, 6 MOM CMbICAe, YMO OHO UMeem MAaKCUMYM
JHepeuu 6 21A6HOM Jjenecmke OAs OAHHO20 YPOBHS OOKOBLIX
JIenecmKoa.

3Hauenuss § w N BBMHCIAIOTCS TO TOJXy4deHHBIM Kaifzepom
SMITUPUIECKUM (HOPMYJIaM IIPU YCIIOBHH, YTO OTKIIOHEHHE OT €INHHIIBI
B I1I1 u orknnonenue ot Hyns B [13 punbrpa oguHakoBH 5, =8, =3§.

B mpuBeneHHbIE HIDKE MaTeMaTHYECKUE BBIPAKEHUS BXOJISAT
3aryxanue B [13 o, =—-2019(3,) u mmpuHa nepexonHOH MOJIOCH A,
IIpUYeM napameTp f3 3aBHCUT OT TPEOOBAHUHI K o,

0.1102(a, -8.7), a, >50,
B=40.5842(c, — 21)** +0.07886(cr, — 21), 21<a, <50,
0, a, <21

Oxkno Kaiizepa o6namaet 0THAM 3aMeUyaTeIbHBIM CBOMCTBOM: JIJIS
(PMKCUPOBAaHHOTO  OTKJIOHEHUS d MPOU3BEACHUE  TOPSIKa
KUX-punpTpa N Ha mMHpHUHY €ro MEpEeXOMHOW MOJIOCH A® SBIIETCS
MPUMEPHO  MOCTOSHHOM  BEJNMYMHOM,  KOTOpas  Ha3bIBaeTcA
D-daxropom:
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D=N-AQ| ~ const .
d=const

D-dakTop MOXHO BEIYHCIUTE 10 (hopmyJie

o, —7.95
—
D=1 22855 '’
57944, o, <21,

>21,

YacTtoTHast xapaktepuctuka okHa Kaiizepa B 3amkHyTOH (hopme
HE TIOJYyYCHA, OJTHAKO C OYCHb XOPOIIUM IMPHOIIKCHHEM €€ MOXKHO
BEIYUCIIHATE C IIOMOIIBIO CICAYIOMIETO BEIPAKCHHUS:

N -sh[JBZ —(Nf /2)2}
1,2 —(Nf /2)?

e f = ®/(2-m), a sh(x) — rumepboTHUECKUil CHHYC:

W (f)=

sh(x) = %

7.3.4. Memoouka cunmesa KUX-gunompos
Ha 0CHOB8e OKOHHbBIX PYHKYUIL

Kak BumHo wu3 BblpaxkeHus (7.5), OTCUYETHl HMITYJbCHON
xapakTepuctukn KU X-hunbTpoB  OJHOBPEMEHHO SBIAIOTCS |
koddureHTaMn  ero  mepegaToyHod  (QYHKIUH  (Pa3HOCTHOTO
YpaBHEHUS), IOTOMY 33/ada CHHTE3a B JIAHHOM CJIy4ae CBOJUTCS K
MOJTY4YEHHUIO UMITYJIbCHON XapaKTEePUCTHKH.

Meroarka cuHTe3a BKIIIOYAET B ce0sl:

1) 3apanue TpeboBanuit kK GUALTPY (CM. 1. 7.2);

2) BBIUUCIICHHE HWMITYJIbCHOM  XapaKTEePUCTHKH  HJCaTbHOTO
¢bunbTpa hy, (n) (em. m. 7.3.1);

3) BbIOOp OKHA M AIHHBI PribTpa (eM. . 7.3.2, 1. 7.3.3);
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4) pacyeT HMMMYJNBCHON XapaKTepHUCTHKH pPEabHOro (HIbTPa
(em. m. 7.3.1);

5) npoBepKy BBINOJIHEHUH 331laHHBIX TpeOoBaHuid. {1 mpoBepKu
BBIMTOJTHEHNS 33/IaHHBIX TpeOoBaHMi paccumThiBaeTcs AUX: ecim
TpeOGOBaHUsI BBINOJIHAIOTCA, TO HA 3TOM NPOLEAYpPY KOHCTPYHUPOBaHUS
nepeJaToyHol (YHKIMH MOKHO 3aBEPILHMTh; €CJIM TpeOOBaHUS He
BBITTOJTHSAIOTCSA, He00X0ANMO yBenunTh N ¥ OBTOPHTSH 1I. 1-5.

MoxeT cIyduTbcs M TakK, 4TO TpPeOOBaHUS BBIMOIHAIOTCS C
OOJIBIINM 3aI1aCOM — TOTJA CIEAYET IPOBEPUTH, HEMb3S JIN YMEHBIIUTD
N . Wmu MoXeT oKa3aThCs, 4TO NP BRIOPaHHOM OKHE JJIMHA (ribpTpa
OKa3bIBae€TCS CIMIIKOM OOJBIIOH, a GUIBTP TO KaKUM-JIH0O
cooOpakeHmsiM  (obecrieueHue paboOTBl B peajbHOM MaciTabe
BpEMEHH, dJIEMEHTHast 0a3a | T. I1.) He MOXKeT ObITh peann3oBaH. Torga
BBIOMpAETCs APYroe OKHO H MPOIieypa MOBTOPSAETCS.

7.3.5. Ocobennocmu ucnonb3o6anus Memooa OKoH

Meton  B3BEIIMBAaHHUA  SBISETCS BeCcbMa  YHAOOHBIM  JIJIs
npoektupoBannd KNUX-¢mibTpoB, oqHako oH 0051aaeT HEKOTOPBHIMH
0COOEHHOCTSMH, KOTOPBIE OTPAHUYNBAIOT €T0 HCIOIb30BAHUE.

1. UmnynbcHast XapakTepUCTHKa uaeanbHOro ¢uiastpa hy, (n)
JIOJKHA TPEJCTaBIATh 3aMKHYTOE MaTeMaThdeckoe BbIpakeHue. He
UMesl €ro, JUIS BBIYMCIICHHWS B3BEUICHHBIX KO3((HUIHNEHTOB, TPYAHO
BOOOIIE TOBOPUTH 00 HCIOIb30BAHNY METO/A OKOH.

2. ]l 4acTOTHO-U30MpaTeNbHbIX (GHIBTPOB METOH B3BELIMBAHUS
OJIMHAKOBO alMPOKCUMUPYET NEPEXOJHbIE MOJIOCHl U Iynabcanuu B 1111
u I13.

3. Meton OKOH He SIBISIETCSI ONTUMAaJIbHBIM B TOM CMBICIIC, YTO
OH HE MO03BOJISIET MOJyYUTh HAUMEHBINYIO 110 aMIUIUTYJE ITyJIbCALUI0
Ul 3aJaHHOTO THopsaka ¢uiabTpa N U 33aaHHOI'O MHOKECTBA 4acTOT
cpesa.
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9.

10.
11.

12.

13.

14.

15.

7.4. KoHTpOJIbHBIE BONPOCHI

Haiite onpenenenne 1mmdpoBoro (GuibTpa B HIMPOKOM H Y3KOM
CMBICITE.

Hatite onpenenenne KNX-punprpa.

Kakwue criocoOb! peanu3anu MUQPPOBLIX GHIETPOB CYIIECCTBYIOT?
Yro cobo#i mpencTaBiseT MpoIecCc IPOSKTUPOBAHUS LHU(PPOBBIX
(unsTpOB?

Kakne cymecTByroT crocoObl 3amaHus TpeOOBaHMHA K IH(POBBIM
¢mteTpam?

Kakue tpeboBanus mpenbssistorcs mpu cuntese KMX-¢punptpos
HIDKHHUX YacCTOT?

Kakne tpeGoBanus mpenbsaeisaiorcs npu cuHTese KUX-punbtpos
BEPXHHX 4acTOT?

Kaxkue TpeboBanus NpeabABIASIOTCSA MPU CHHTE3E MOJ0coBbIx KUX-
¢bunpTpoB?

Kakne TpeGOBaHUS TpPEABABIAIOTCS INPH CHHTE3€ PEXKEKTOPHBIX
KUX-dunsTpos?

Uro takoe «okHO»? [IpuBeauTe MPUMEPHI «OKOHY.

[lepeuncinTe mapaMeTpbl OKOH, KOTOPBIE OKa3bIBAIOT BIMSHHE Ha
cunte3 KU X-punpTpos.

Kak cBs3aHBI MexIy co00ii MMPHHA ITIABHOTO JIENIECTKA U YPOBEHb
OOKOBBIX JIENIECTKOB C INUPWHOM II€PEeXOJHOW TIONOCH U
myJbCcallsIMM  YacTOTHOM  xapakrtepuctukun B IIII wn 113
cuntesupyemoro KUX-punprpa.

Jaiite ompeneneHue Merona OkoH (B3BemmuBaHuUs). Ha mpumepe
yacToTHO-M30uparensHblx  puiastpoB (OHY, OBY, I1D, POD)
nepeunciute dtanbl cuHTe3a KUX-QunbTpoB ¢ Hcnosiap3oBaHHEM
METO/1a B3BEIINBAHHUS.

Kakwe ommOKkM BO3HHMKAIOT TIPH  WCIIOJIB30BAHUM  METOAA
B3BEILHBaHUSA?

KakoBbl OCHOBHBIE OCOOCHHOCTH HCIIOJIB30BAHUS METO/Ia OKOH IIPH
cunareze KUX-¢pumpTpos?
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8. CUHTE3 HU®POBBIX BUX-OPUJIBTPOB
METOJIOM BUJIMHEWMHOTI'O Z-TIPEOBPA3OBAHUSA

8.1. OcHOBHBIE onpeieIeHUus

Cunte3 L® mo 3agaHHBIM TPEOOBAHHUAM K €TI0 XapaKTEPUCTHKAM
CBOIUTCS K 3aJaue AamIpOKCHUMAalLMM, KOTOpasi pEeLIaeTCs YHCTO
MaTeMaTHYECKUMHU METO/IaMH B 00J1acTH, ONpeIesIieMO Ha3HAUCHUEM
¢unprpa. Ecnu anmpokcumanus MpOU3BOAMTCS B P-00macTH, T. €. B
obnactu npeobpazoBanus Jlammaca, Monxy4uM aHAJIOTOBBIN (DUIBTP, a
eciu B Z-o0iacTH, T.e. B oOyacTu Z-mpeoOpa3oBaHUs, — IUPPOBOU
¢wieTp. B 00omMx ciaywasx MaTeMaTHYeCKHWil ammapar JOJDKEH
COOTBETCTBOBAaTh OCOOCHHOCTSAM BBIOPaHHBIX 00JAacTel CHHTE3a.
OpHako TpM  CHHTE3€ CTAaHJAPTHBIX  JUHEWHBIX  YacTOTHO-
nsbuparensubix BUX-punsrpoB (OHY, ©BY, [1®, PD) ymobHee
BCETO BOCIOJB30BAThCS XOPOIIO pa3BUTHIM aIlapaTOM pacydera
AQHAJIOTOBBIX (WIBTPOB M METOJAaMH OTOOpakeHHs [P-o0jacTu B
Z-007acTh, T. €. METOAAMM MPEeoOpa30BaHUS aHAIOTOBBIX (DHUIBTPOB B
nudpossie. Takoil CHHTE3 BKIIIOYAET B ceOs:

1) BeIOOp MeTOa OTOOpaXkeHus P-00IacTH B Z-00J1aCTh;

2) pacyeT aHAJIOrOBOro (HUJIBTPA MO TPEOOBAHUSAM, 3aJaHHBIM K
Ho;

3) nmprMeHEeHHEe K aHaJOoroBoMYy (HIIBTPY BBIOPAHHOTO METOMA
oToOpakeHusI P-001acTu B Z-007IaCTb.

PaccuntreiBaempii 1m0  TpeOoBaHmWsM, 3amaHHEIM K LD,
AHAJIOTOBBI  (UIBTP HA3BIBACTCS  PUIbMPOM-NPOMOMUNOM, WIIA
IIPOCTO NPOMOMUNOM.

OCHOBHBIMU OTpaHHYCHHSIMH JJIs1 MeToloB cuHTe3a LD mo
(UIBTPaM-TIPOTOTHIIAM SIBISIOTCS:

1) coxpanenue  cywecmeennvix  ceoticme AYX  Qurvmpa-
npomomuna 6 AYX [[®, 94T0 03HAYaeT HEOOXOIUMOCTh OTOOPAKCHHUS
MHHUMOH OCH j() P-00J1acTH Ha SAMHUYHYIO OKPYKHOCTh Z-00J1aCTH;

2) npeobpazosatniue YCMOUYUB020 ¢punvmpa-npomomuna
6 ycmouyuevii [[®@, 4TO O03HA4YaeT HEOOXOAMMOCTH OTOOpAKCHHS
MIOJTFOCOB YCTOWYHMBOTO MPOTOTHIIA U3 JIEBOU P-TIOIYILIOCKOCTH BHYTPb
€IMHUYHOTO Kpyra Z-00JacTy,;
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3) omobpascenue  p-obnacmu 6  Z-061acmb  QOAHCHO
npeoCcmasisimg PAYUOHAILHYIO (QYHKYUIO, ¢ UCNONb308AHUCM KOMOPOU
payuonanenas — nepedamounas — Qyuxkyus  H,(p)  ananocogozo
Gurvmpa-npomomuna omobpadicaemcsi 8 PAYUOHANBLHYIO
nepeoamounyto gynxyuio H(z) yugposozo urempa:

H(2) = K (z-2)(z-12,)...(z—2)
(z—=p)(z—p,)---(z—py)

rae zj — I-id Hynb, pj — i-ii momoc, K — kodhpHUIHEHT ycuieHus, a
M <N, nmns toro utoObl GuUIbTp C mepenatouHod QyHkmuern H(z)
OBUT (QU3HYECKH PeaTn3yeMbIM.

U3 psana u3BECTHBIX METOAOB IPEoOpa3OBaHHs aHAJOTOBBIX
¢MIBTPOB-TIPOTOTUIIOB B 11D MOKHO BEIICTHUTE CIIEIYIOIUE:

1) vHBapUAaHTHOIO MPeOOPa3OBaHMsI UMITYJILCHOM
XapaKTEPUCTHUKH;

2) cOrnacoBaHHOTO Z-MPeOOPa3OBaHMUS;

3) oTobpakenus audhhepeHInaNoB;

4) GunuHEHHOTO Z-Tpeodpa3oBaHHus.

Heobxomumo ormeTuth, uTo cuHTe3 L[® c wmcmoiap3oBaHuEeM
aHaAJIOTOBOTO  (DMIBTPA-IIPOTOTUIIA  HAYMHACTCA C€  IOCTPOCHHMS
ananoroporo @HY. [loaToMy B crieayrolieM pasziene ONUCBIBAKOTCS
kiaccuueckue aHanoroBele ®HY, paccmarpuBaemble B paboTe, M nX
OCHOBHBIE XapaKTePUCTHKH.

3ameuanme. [lpu OanvHeliuem u3nodiceHUU mamepuana Oyis
0003HaUeHUsi XapaKmepucmux aHaio208bix QuiIbmpos 6800UMCs 8
paccmomperue ananozosasa wacmoma Q [pad/c], a ona 0b6o3Hauenus
xapakmepucmuk yu@posvix ¢uibmpos — yugposas uacmoma ©

[paod/c].

8.2. AnajioroBbie GUIBTPHI-MPOTOTHIBI HUKHUX YACTOT

HcTopuueckn CIOXHUIOCH Tak, YTO OONBITUHCTBO METOIOB
anmpoOKCUMAIIMM aHAJIOTOBBIX (DUIBTPOB SBIAIOTCS Pa3BUTHIMHU IS
CHHTE3a MACCUBHBIX CHUCTEM, T. €. CUCTEM, COCTOAIIMX W3 MAaCCUBHBIX
KOMIIOHEHTOB, TaKMX Kak, HalpuUMep, KOHAEHCATOPbl U PE3UCTOPBHI.
[laccuBHBIE cHCTEMBI HE TPeOYIOT MUCTOYHHKA SHEPIHH JUII CBOETO
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(YHKITMOHUPOBAHUS, ¥, B OTIHYHAE OT AKTHBHBIX CHCTEM, B HUX HE
MPOUCXOANT YCHUJICHHWSI CHTHala Mo MomHoctdu. I[losTtomy, ecmu
0003HauynTh uepe3 H, (jQ) UX anamorosoro ®HY, crnenudukanuu Ha
€r0 CHHTE3 MOTYT OBITh 3aIIMCAHHBIMHU B CJICYIONIEM BHJIC:

1
V1+¢€?
. 1
OS|Ha(jQ)|SZ, Q>Q,,

rae € — napamMmerp, onpeaensoomui nynscauu B I, 4 — napamerp,
onpenensaomuil nynscauuu B [13, Q, u Q, — rpaHUYHBIE YaCTOTHI B
IIT un II3 cooTBeTcTBEHHO, H3MepsieMble B [pad/c]. Jmarpamma
TpeboBanmii k AYUYX anamorosoro ®HY B TepmmuHax € u 4
npeacrabiieHa Ha puc. 8.1a. JIoMOTHUTEIEHO HEOOXOIUMO OTMETHTH,
4TO

. 1 . 1
H,(iQ,) " IH, (i) =
+g
H, (j0) H,(jQ)
1 ‘g 1 ‘§
e TR e LI
= 1 15 51
‘n 111 :éﬁl gl 13 ‘:Q 5 11 :r;:% S 113 IQ
N T__w e Jp=—=-- T--w 0
0 Q, Q, 0 Q, Q,

a) 6)

Puc. 8.1. lnarpammsl TpeboBanmii k AUX ananorosoro ®HY:
@) B TepMHHAX ¢ U A; 0) B TepMUHAX O, U O,
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Ha puc. 8.16 npuBeneH npyroii cnoco0 3amaHus TpeOOBaHUI Ha
cunTe3 aHajgorooro ®HY B Tepmunax orkimonennit AUX B I (§,) u

I13 (8,). BzammocBsasn wmexay mnapamerpamu §,, &, U &, A
OIIPEACIIAIOTCS CIEIYIOIUMHU BBIPAKECHUAMHU:

R SIS

N1+ g?

M3BecTHBI ~ 4YeThIpe  CTAHJAPTHBIX  BUJA  KJIACCHYECKHUX
anajoroeix ®HY, momyymBmIMX CcBOe Ha3BaHWE IO BHAY
anmpokcumanuu:  barrepBopra, YeOpmméBa Tmmal w  Tmmall,
3JUIMNTHYECKHE, nin 3onotapeBa-Kayspa.

[IpenBapuTenbHO OTMETHM, YTO B IPHBOAUMBIX HIDKE METOHAX
amNMpOKCUMAaNMK HWCIIONIB3yeTCs KBajapaT Momayis UYX aHaloroBoro

L
"

¢bunsTpa \Ha(jQ)\z, T. e. kBaapar AUX. D10 00BACHAETCS TEM, YTO

dyrxmms  [H, (jQ)| 2 MBIAICH  BEWlECTBEHHOH  (yHKuneil

BEIIECTBEHHOIO apTyMEHTa, CYIIECTBEHHO YIPOLIAET PELICHUE 3a0a4H
HaWIy4Ilei annmpoKCUMAaIH.

8.2.1. @unvmpur bammepsopma

Oyukuusa kBagpara AUYX mnopsaxka N ananorooro ®HY B
JIAHHOM cllydae UMeeT BUJ]

|Ha(jQ)|2= 2N’

1+ —
Q

c

rae Q. — ydacrora cpesa. IIpumep xBaapata AUX ananorosoro ®HY
BarrepBopra mpuBeneH Ha puc. 8.2.
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A\

Puc. 8.2. KBagpar AUX ananorosoro ®HY barrepBopra

OcHoBHBIC ~ CBOWCTBAa KBampata Moxyms UX |H, (jQ)\2
ananorosoro ®HY BbarrepBopTa cneayroiue:
1. \Ha(jO)\2 =1 nns Bcex 3HaueHui N |

2. ‘Ha(ch)‘Z =% s BeeX 3HaueHuit N ;

3.|H a(jQ)\z SBIISIETCS. MOHOTOHHO yObIBaromieil QyHKImen
4acToThI Q]

4. H,(jQ) 2 crpemutest k uaeansaomy ®HU pu N — oo

5. |H a(jQ)\z ABISETCS MaKCUMAIbHO IIJIOCKOM Ha YacToTax
Q=0 u Q=c, TaK Kak B 3THX To4ykax (yHKIUA KBagpata AUX
anasorooro ®HY barrepsopra N -ro nopsiaka UMeeT paBHBIMHU HYJIIO
nepseie N mpomsBogHbIX. [losTomy ¢mmeTp BarrepBopTra Ha3bIBarOT
ONMUMATLHLIM 1O KPUMEPU0 MAKCUMAIbHOU NIOCKOCMU QYHKYUU
\Ha(jQ)\2 6 moukax yacmom Q=0 u Q=o.

Jnst  nmanmpHeiimero  aHanW3a  BBEIEM B PacCMOTPEHHUE
nepexarouynyto ¢ynkmuto anamnorooro ®HY barrepBopra H,(p),
KCII0JIb30BAaHUEM KOTOPOI MOXHO 3aIUcaTh CIIEYIOIIEe BhIpaXKEHHE:
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1 _ (o)™

acli ( 0 TN T (i)
1+ —
JQC

H.(p)H,(~p) =|H, (i)’

Kopuu nonuHoma 3HaMeHartens, win nomockl Hg(p)Ha (—p),
MMEIOT CIEAYIOUIUN BHU:

1 = (2k+N+1)
P =(-DN(jQ,)=Qe N , k=0,1,...,2N -1. (8.1)
Wurtepriperanus BeipakeHus (8.1) aBusieTcs clemryromei:
1) dpynkums Ha(p)Ha(—p) wuMeer 2N TOMIOCOB, KOTOPBIC

SIBIITIOTCS. PaBHOMEPHO PACIIPENIEICHHBIMA Ha OKPY)KHOCTH pajuyca
Q. c yrnoBeM maroM nt/N [padl;

2) st HedeTHOro 3HaueHuss N BeipaxkeHue (8.1) mpuHUMaeT BH

ik

p=Qe' N, k=01... 2N 1;

3) msst yetHoro 3HaueHuss N Boipaxenue (8.1) npuHUMAET BUJ

[ moomk

P, =ch'(2“+“), k=0,1...,2N —1:

4) nomocel GpyHKIHKH Hy(p)H4(—p) SBISIFOTCS CHMMETPUYHO
pacmooXEeHHBIMU OTHOCUTEIHFHO MHUMOM Ocu Q2 ;

5) nomtocel pynkumu Hy (p)H4(—p) mpu mo0bix 3HadeHusx N
He JieXaT Ha MHUMOW OcH O, a B cly4yae HEUYeTHOro 3HaueHus N
JIeXaT Ha JEHCTBUTEIBHOM OCH P-TIIIOCKOCTH.

IIpumep pacnonoxenus nomtocoB GyHKuuU H, (p)Hg(—p) At

HEYETHOTO U YETHOro mopsiaka (GuisTpoB barTepBopTa mpeacTaBicH
Ha puc. 8.3.
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AJQ AJQ
T T~ X T
/X 7’ N
/ QC \ x/ Qc )E:O
1 \k:0 1 |
* > [ >
’\( 0 I o \ 0 I o
\ / ;{
\ / X\ —9N -
e , N /,k_ZN 1
S~ L -"k=2N-1 *_l-X
a) 0)

Puc. 8.3. Ilpumep pacmnonoxenus nomocos GyHkmua H, (p)H, (—p)

Ui GuibTpoB bartepBopTa: @) HeueTHbli nopaaok N ¢unbTpa;
0) ueTHbI! opsinok N ¢GuibTpa

Ilepematounas ¢yaxkuns Hy(p) ycToiumBoro, (U3NIECKH
peanuzyemoro ananorooro @®HY barrepsopra coctoutr u3z N
MOMOCOB  (pyHKITHH Ha(p)Ha(—p), 7dexammx B JIEBOH
P-IOTYIUIOCKOCTH:

Q/
H,(p) == : (8.2)

H(p_ Py)

. T
—(2k+N+1
JZN( )

rae p, =8 ,k=01,..,N-1.
OcHoBHBIE 3Tansl cuHTe3a a”anorosoro ®HY barrepBopra npu
3aJaHHbIX 3Ha4eHUsX 2, Q, u 0., O, (e, A) BKIIOUAIOT B cels:

1) onmpenenenue nopsinka GuisTpa bartepBopTa, MO3BOJISIOIETO
BBINOJTHUTS 3a/laHHbIE CrIenU(UKAlUY HAa CUHTE3 (QuibTpa:
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2

9 1-35,)°-1 gl

,2_ 2
N> 6 -1 _ WAL ;

lg| 222 lg| 222

Ia Ia

3 3
2) OMMPEACIICHNUEC YaCTOThI CpE3a Qc U3 MHOXKECTBA 4aCTOT:

2N

Q, [(1—6,1 )* —1]7]/” <o <q[52-1];

3) cunTes mepenarodHoil HyHKUUH (HIBTPA C UCIOIb30BaHHEM
BeIpakenus (8.2).

3ameuanune. [Jocmouncmeom  guirbmpos  bammepsopma
aensemces ux oauzxas xk aunetinoud @YX ¢ I1I1. C smoii mouku 3penus
OHU  UMEIOMm  CYWECMBEHHOe NPEeUMYWEeCmeo neped  OpyeuMi,
paccmampusaembimu danee, KAACCUYeCKUMU AHAN0208bIMU
punempamu.

OcHosHoe ceoticmeo ®HY Bammepeopma — pasencmeo AYX
eenuuune N2 na wacmome cpesa Q. — ecosopum o mom, umo
npoyedypa annpoKcuMayuu cocpe0onoyuUsaemcs Ha O8yxX Yacmomax —
Q=0 u Q=c. [losmomy eduncmeennvim napamempom st 3a0anusl

DyHKyuu \Ha(jQ)\2 ®HY bBammepgopma aensemcs NOPAOOK
gurempa N, onpedenarowuil cmenenv nrockocmu AYX na yxasaunvix
KPAtHuX 4acmomax.

Qunvmpsl bammepsopma npumeHsoOmcs npu HeobXooumMocmu
COXpaHEeHUs. COOMHOUEHUT COCMABNAIOWUX CUSHANA NO AMAAUmMYOe U

dase.

8.2.2. unvmpur Yeovuuésa

VYnoenerBopeHne TpeOOBaHMH K  (QHIBTPY MOXKET OBITH
00eCreyeHo MpHu MEHBIINX MOPSAKaX, €CIM OMMNOKY ampoKCUMAaIUN
paBHOMepHO pactpenenuts 1o [T win mo [13 unu, uto eme mydme, —
mo obeuM yKa3aHHBIM mojocaM. Toraa MOJyYUM PaBHOBOIHOBYIO
aNMpoKCHUMAalMI0 W TOPAIOK (UIbTpa, CYIIECTBEHHO MEHBIINH
nopsinka QuibTpa bartepBopTa. Takumu cBOWCTBaMH O00Jagar0T
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¢unpTpel  YeObimiéBa. B 3aBHCMMOCTH OT 0OJIACTH, B KOTOpOI
MHUHAMH3UPYETCS OIMMOKA amMpOKCUMANWH, pPas3IHdaroT (UIBTPHI
YeOpimésa tumna | u Tuma 1:

1) dunerper Yebpmména tuma | B IIII MMEOT paBHOBOIHOBBIM
xapakrtep ammpokcuMmaru, a B [13 AUYX MOHOTOHHO yOBIBaeT;

2) dunptper YebsiméBa Ttuma Il B 13 uMeEr0oT paBHOBOJIHOBBII
xapakTep ammpokcumanuu, a B IIII AUX sBusercs MaKCUMaJIbHO
TUTOCKOH (o00HO puiapTpaM baTTepBopra); T. €. BHI anpoOKCHMAITHH
¢wieTpoB  YeOpmméBa THma |l sBusercs oOpaTHBIM K BHAY
annpokcumanuu uiabTpoB YeObimeBa tHmna |, mostoMy (UIBTpEI
YeoOrmmesa tuma |l qacTo HA3BIBAIOT uHEepCHbIMU.

Qurvmper Yebviuésa muna |

Kak yxe ormeuanoch, ¢misTper YeOsiméBa Trma | obmamator
paBHoBOHOBOM AUX B IIIT u MmonoToHHOH AUX — B I13. ®yHKIUA
kBanpara AUX N -ro mopsaka ®HY Yeopmépa tuna | umeer Bug

. 1
IH,(jQ) =———,

1+&T2| —
Q

c

IJIe & — MApaMeTp, YIPaBISIONUNA BeTMIUHON mynbcamuit B [T, Ty (x)
— mommHOM YeOniméBa N-To mopsaka, KOTOPBIH ONpeaesseTcs
CIIEYIONIUM BBIPAKEHHEM:

cos(N arccos(x)), 0<x<1,

Ty (X)=
v (%) cosh(N cosh™(x)), 1< x < oo,
Q eX+e7 % 1 2 2
e x=o-, cosh()=SF— u cosh (9 =lgx+ (2 -1)¥2|

Heobxomumo oTMETHUTH, 9TO TOMMHOMBI YeOwIméBa MOTYT OBITH
MOJTyYeHBI PEKYPCHBHO:

T (X) =2XT (X) T 4 (X), k=1, Ty(x) =1, T,(x) =x.

OCHOBHBIE CBOMCTBa MOJIMHOMOB YeObIéBa MpuBeIcHbI HIKE.
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1. Ecim [X/ <1, o [T\ (X)|<1. Ecim [X/>1, To Ty (X) MOHOTOHHO
YBEJIMYHBACTCS C POCTOM X.

2. Ty (@) =1 nuns mo06bIx 3HaueHmd N .

3. Ty (0) =41 mns wetHeix N u Ty (0) =0 most HedeTHBIX N .

4. @ynkuwust Ty (X) obparaercs B 0 Tonbko mpu x| <1.

[Tpumeps! ¢pyHKINH \Ha(jQ)\2 s punsTpoB YeObimésa Trma |
MpHUBeIEHBI Ha puc. 8.4.

\Ha(jQ)\2 Ha (i)

Puc. 8.4. Ilpumeps! kBagpatoB AUX ¢unsrpoB UeObimésa tumna |
@) HeueTHBIN mopsAnok N (QuibTpa; 6) 4yeTHbIN nmopsok N GuibTpa

OCHOBHEIE CBOICTBa KBaJpara MOZYJIA 4acTOTHOU
XapakTepucTukn |H a(jQ)\z ananoroporo ®HY YeObnuésa tuma |

CIeYIOIIHE:
1

+82

1. \Ha(jO)‘2 =1 JU1st HEYETHBIX 3HaYeHUH N, Ha(jO)‘2 =

IS Y€THBIX 3HaueHui N ;

. 1
2. [Ha(iQ)% =
1+¢

5 A Bcex 3HaueHuit N ;

- S‘Ha(jﬂ)\z <1lupu 0<Q<Q,;
+g2

3.
1

4. \H a(jQ)\Z MOHOTOHHO yMeHbIaeTcs 10 0 mpu Q> Q,.;
1

5. [H, (i) ==
A
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s onpenenenns nepeaatodHoil pyHkun Hy(p) ycroitumsoro,
¢usnyeckn peammsyemoro anamoroporo ®HY YeOwpmmésa tuma |
HeoOXxonuMo HalTH noirocel GyHkuun Hy(p)H4(—p) u BeIOpats u3

HUX Te€, KOTOpBIE JIeKaT B JIeBOM pP-moiiymuiockocTu. [lomrocel
Ha(p)Ha(—p) Haxomarcs IMyTeM BBIYMCICHMS KOpPHEH Cleyrolei

(GyHKITIH:
147 (J%j (8.3)

c

MoxHO mOKa3aTb, 4YTO €ClIM Py =ok + jQk, k=0,...,N-1
ABISFOTCA ~ KOopHsAMHU  ¢yHKumuu  (8.3), nexammMmMu B JIEBOM
MTOJTYTUIOCKOCTH, TO

o, =aQ, cos E+M , @, =bQ_sin E+M ,
2 2N 2 2N
k=0,...,N-1,

rnue a=%(%—N\/1/a), b=%(W+N\/1/a) u oc:1+ /1+i2.
€ €

OTH KOpHH JIeXaT Ha 3JUIUICe ¢ OONbIIONH ochio b, M Manoif
ocelo aQ).. C ydeToM CKa3aHHOTO BBIIIE MepenaTodHas (QyHKIUA
Ha(p) ycroitumBoro, ¢usmueckn peanusyemoro axamorosoro ®HY
Yeonména tumna | nmeer Bun

N-1
H, (p) = H, (jO)] [ —2, (8.4)
k=0 P — Py
1, mpu HeueTHOM N,
Ha(jo)= 1

, ipy ueTHoM N.

V1+¢€?

OcHoBHBIE dTanbl cuHaTe3a a”Hajgorosoro ®HY YeoOwimuésa tuma |
IPH 33IaHHBIX 3Ha4eHUsIX Q, =Q., Q, u §,, 8, (&, A) BKIOYAIOT B
ceost:
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1) ompenenenne  mopsaka — ¢uiabtpa  YeObmmuéBa  THma |,
MO3BOJISIIOLIETO  BBIIOJIHUTH 3aJlaHHbIC CIENMQHUKALUM Ha CHHTE3

¢meTpa:
) 12 / 2
cosh™ 537_21 cosh 1| VA1
1-8)° -1 g
N > n = :
cosh™ Q, cosh™ Q,
Q

n n

2) cuHTE3 TepenaToYHoNd (QYHKIMHA (QUIBTPA ¢ WCIOJB30BAHUEM
BeIpakeHus (8.4).

3ameuanue. Qunompor Yebviuésa munal nauboree wupoko
NPUMEHAIOMCA 8 PAOUOCUCTEMAX O NOOABNEHUSL NOMEX OM COCEOHUX
paouocmanyuil.

Qurvmpur Yebviuésa muna 1l

OuneTphl YeoObimésa tuna Il odmamator moHotonunot AUX B IIIT u
paBHOBOHOBOH — B [13. ®dynknus kBagpara AUX N-ro mopsaxa ®HY
Yeopimépa tuna 11 umeer Bun

; 1
IH,(jQ) =

1

1+| T2 (Q”
Q

OTKyZa cienyeT, 4ro (uabTpel YeObrmeBa Ttuma |l obmamaror He
TONBKO IIOJFOCAMH, HO W HYJISIMH. JIONOTHHUTENFHO HEOOXOIMMO
OTMETUTb, YTO BbIpakeHHe I kBaapata AUX ¢umbTpa YebOniméra
tuna |l akTHuecKn MOMy4eHO W3 aHAJIOTHYHOTO BBIPAXKEHUS IS
¢ueTpa YeOsméBa Trmna | myTeM 3aMeHbI B MOCIETHEM KOMITOHEHTA

-1
82TN2 Q Ha sZTN2£ch :
Q. Q

YpaBHeHus cunTe3a i QruisTpoB YeOnimépa Tuma |l saBisroTcs
AQHAJIOTUYHBEIMHA TEeM, YTO OBUIM BBEICHBI s (GMIBTPOB YUeObImIéBa
tuna |, 3a uckimovyennem toro, 4to 2, = Q,., Tak Kak myabcaun AUX
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s ganHoro Thma ¢QmibTpoB Habmomatores B I3, Ilpumepsr
kBaapatoB AUX ¢unsTpoB Ueobiména tuna |l npusenens: Ha puc. 8.5.

A

Ha (i) Ha ()P

1
Y@+e?)

s

Puc. 8.5. Ilpumeps! kBagpatoB AUX ¢unsrpoB UeObiména tumna I1:
a) HeueTHBIN mopsAnok N ¢GuibTpa; 6) YeTHbIi mopsimok N GuiabTpa

3ameuanue. Quibmpour Yebviuéea muna ll npumensiomcs
3HAUUMeENbHO pedice, wem urbmpsl Yebviwésa muna I, nockoavky oHu
mpebyiom  peanuzayuu  Hynenl. IOmo He MOALKO  YCAONCHAEM
NPOSPAMMHYIO U ANAAPATHYIO Pearu3ayuio, HO U YEeauduedem
cobcmeeHHbll  WyM uibmpa 3a cyem 68e0eHUs] YMHOJICEHUL 6
yucaumens nepeodamoytol pynkyuL.

8.2.3. dnnunmuuecxkue gpunvmpol
(punempor 3onomapesa-Kayspa)

OmmnTuaeckue (QUIBTPBI  XapaKTEPHU3YIOTCS PABHOBOIHOBON
AUX kak B IIII, Tak u B I13. OHU ABAAIOTCS ONTUMAIBHBEIMH B TOM
CMBICJIC, YTO CPEIU BCEX IPYrHX (QHIBTPOB HMMEIOT HAMMEHBIIYIO
HIMPUHY NEPEXOAHOM MOJIO0Ckl Al 3aAaHHoro nopsiaka N, Q, =Q. u
nynscauuit 5, 5, (g, A) B IIII u 13 cOOTBETCTBEHHO.

Oyukiusa kBagpatra AUX N-ro mopsaka ®HY 3onortapea-
Kayspa nmeer Buz

) 1
H,(jQ) = ——,

1+ —
Q

c
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rie € — mapaMerp, YOpaBisiomMii BenuduHod mynbcauuid B III,
Up (X) — ammuntaueckast pyHkuus Sxkob6u N -ro mopsiaka.

I[Ipumepsr  kBagparoB  AUX  sunTHYeckux — (HIBTPOB
MIpHBEAEHBI Ha pHC. 8.6.

Ha (i)

a) 0)

Puc. 8.6. TIpumeps! kBaapaToB AUX 3/UTUHNTHYECCKUX (PHIBTPOB:
@) HeyeTHBIN mopsaaok N ¢uibTpa; 6) ueTHbI nopsaok N duibrpa

Teopust smmunTHYeCKUX (QYHKIMA OYEHb CIOXKHA W 3]IeCh HE
paccMmarpuBaeTcs. 3aMeTUM TOJBKO, YTO MPH BBEIYHUCICHUH ITOFOCOB
¢ueTpoB  3onorapeBa-Kayspa  HeoOxomumo — oOpamatbcs K
JJUTMITHYSCKUM ~ MHTErpajgaM, JUIS  BBIYHCICHHS KOTOPHIX B
IporpaMmax CHHTE3a (PUIBTPOB UCIOIB3YIOTCS YUCICHHBIE METO/EI.

3ameuanune. Qurvbmpwul 3onomapesa-Kayspa npumensromcs 6
3a0auax, mpebyouwux 6blCOKOU U3OUPAMenIbHOCMU U HeKPUMUYHbIX K
suoy @YX,  JlonorHumenbHo  He0oOX00UMO — OmMMemumv,  YMO
INNURMUYECKUE PUILMPLI ABIAIOMC 04eHb MPYOHbIMU OJIA AHAIU3A U,
credosamenvio, 0aa  cunmesza. QOHako NOpAOOK  uibmpos
3onomapesa-Kayspa npu 3a0auHbix cheyuguxayusx Ha Guiomp
MOJICHO  OYEHUmMb C UCHOIb30BAHUEM CPAGHUMENIbHO NPOCHIO20
BbIPANCEHUA:

—2_ 2_
Ig 16155_31 (162 1
N > (_ n) - _ € ’
1 1
g lg

q, + 295 +15q; +1500;° q, + 295 +15q; +1500°
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8.3. buiuHeiiHoe Z-MpeoOpa3oBaHue

bununeitHoe zZ-mpeoOpa3zoBaHnE TPEACTABISIET METOJ CHHTE3a
muppoBbix BUX-GUIbTpoB 1O aHAIOrOBOMY MPOTOTHITY. MeTox
OCHOBaH Ha MpPEACTaBICHUU KOMIUIEKCHOTO OIleparopa P Kak
(yHKIMM KOMIUIEKCHONH miepeMeHHON z. Takoe mpencraBieHue
orepatopa p, UMeloIIee B APOOHO-pAlMOHATIBHON (QYHKIMHU OT 271
MIEPBOTO MOPS/IKA, M Ha3bIBACTCS OMIIMHEHHBIM Z-pe0oOpa3oBaHUEM.

8.3.1. Onpeodenenue oununeitnozo -npeodpasosanusn

Jns mepexoma oT P-o0MacTH, KOTOPAasi OMHICHIBACT aHAJIOTOBEHIIM
(GUIBTP-MPOTOTHII, B Z-00JaCTh, KOTOpas OMUCBHIBaeT LU(POBOI
(UIBTP, MOXKHO BOCTIONB30BATHCS CIICTYIOIIUM COOTHOIIICHHEM MEXITY
KOMILIEKCHBIMU NIEPEMEHHBIMU P U Z:

z=e"" ym p = iln(z), (8.5)
0

rae T, — mepuoj auckperusanuu. dopmanbHO € HCNOIB30BAHUEM
BelpakeHus (8.5), KOTOpoe mOJIy4aeTcs U3 MNPSMON B3aMMOCBS3H
Mexnay mnpeoOpazoBanmeM Jlammaca m z-ipeoOpasoBaHHEM, MOXKHO
OCYyLIECTBUTh  OTOOpakeHHe mepenatodHoit  dynkmuum  H,(p)
aHaJIoroBoro (hUILTPA-MPOTOTUIIA B MepeAaTouHyr QyHKuoo H(z)

1
udposoro ¢puasTpa. OJHAKO TOACTAHOBKA BRIPAKCHHUS P = — In(z) B
0

panroHaIbHy0 QYyHKIUI H,(p) MPUBOJHUT K MOJTYYCHUIO HHUIMUESCKU
HEpean3yeMol IepelaToYHOl (YHKIUHK, TaK KakK MOCIEIAHSS He
MPEJICTABIISIET OTHOIICHHS JIBYX MOJTMHOMOB OT Z.

B cBsi3u ¢ 3TUM HEOOXOIMMO BBOAUTH B PACCMOTPEHHE IPYTHE
oToOpakeHUsT  P-obmacT B Z-00JIacTh,  KOTOPHIE  JTOJKHEI
YIOBJIETBOPSATH TPEM OCHOBHBIM CBONCTBAM, IEPEUHCICHHBIM B T1. 8.1.
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OmHO W3 TakuX OTOOpaKEHUH MOXKET OBITh IIONYYEHO, €CIH
BEIpakeHue (8.5) mpencTaBuTh B CIEAYIONIEM BUJIE:

PTy T
o, _ €% 1+%
Z=¢€ :_—p%zl_—pil (86)
¢ 2

U3 BeIpaskenus (8.6) MOKHO MOIYYHUTH CIEAYIONIYIO B3aUMOCBS3b
MEXIYy KOMIUIEKCHBIMU NIEPEMEHHBIMU P U Z:

-1
_21-7 )
T,1+7°
I[lepenarounas ¢pyuxius H(z) mupposoro punsrpa MoxkeT OBITH
nonydeHa u3 nepenarounoit pynxiuu H, (P) amanorosoro dumstpa
IyTeM 3aMEHbl [IEPEMEHHO P Ha [EPEeMEHHYI0 2 & COTJIACHO
BeIpaxkeHuio (8.7), T. e.

H(2)=H,(p)|,_222*. (8.8)

o142t

Ipeobpazosanue (8.7), npeocmasnsiiouee coboi KoHGoOpMHOE
omobpadicenue P-obracmu 8 Z-001acmb U ACIAOUEEC PAYUOHATBHOLL

Qyukyueil nepgoco nopadka om 27l naseieaemcs Gununesinbim
Z-npeobpaszosanuem. DTOT THI TpeoOpa3oBaHUS 0OECIECUYNBACT
OJITHO3HAYHOE 0TOOpa’keHHE P-IUIOCKOCTH Ha Z-TFIOCKOCTh U IO3BOJIIET
peammzoBath 3 dexTuBHBIA  MeTon  cuHTe3a L@, KoTOpbIi
YIOBJIETBOPSIET TPEM OCHOBHEIM CBOMCTBaM, IMepeUNCICHHBIM B 1I. 8.1.

8.3.2. Ceoiicmea dununeiinozo -npeodpazoeanus

1. Bununetinoe z-npeobpaszosanue obecneuusaem O0OHOZHAUHOE
omobpadicenue P-niockocmu Ha Z-naockocms (puc. 8.7).
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YactoTHast ock j OTHO3HAYHO OTOOpa)kaercs B EAMHUYHYIO
OKPYXHOCTb.  JleliCTBUTENbHO,  €IMHUYHAs  OKPYXXHOCTh  Ha
KOMIIJIEKCHOM IIJIOCKOCTH OIMCBHIBAETCS PABEHCTBOM Z:eJ(”T", a
ornepaTop pP=o+ JQ [II1 4YacTOTHOW OCH HUMeeT Bui p= jQ,
nockonbKy o = 0. Tornma u3 (8.7) moiydaem cieaytolee BEIpaKeHHE:

LT+ Qe _

_ (2/T,)* +Q° Q1@
2/T() - JQ .

(2/T,)° +Q°
[ —

r=1

(8.9)

TTockonbKy pamnyc OKPYKHOCTH F =1, CTAHOBUTCS SCHBIM, YTO
BeIpakeHne (8.9) ommMCBIBaeT EOWHUYHYIO  OKPYXHOCTh  Ha
KOMINUIEKCHOM MJIOCKOCTH.

PaccmoTpuM, kakuM 00pa3oM OTOOPaKAIOTCS TMOJNOKHUTENbHAS U
OTpHUIaTeNIbHAST 00JIACTH YaCTOTHOW OCH jQQ Ha Z-TIOCKOCTh, JUISl 4ero

OIIPEEINM apryMEHT z 13 BeIpakeHus (8.9):

arg(z) = () = arctg (%) —arctg (— Q;-f’ J = 2arctg (%)

PaccMoTpuM  0oTOOpaXkeHHE HEKOTOPBIX TO4YeK p= jQ Ha
Z-TUTOCKOCTB!

Q=0; ¢(Q)=0; z=e"® =1;

Q = +o0; $(Q) = +2arctg () = izg =tn; z=eM® =g =1;

Q=+ ;(I)(Q):iZarctg(l):J_ng:i z7=el@ —gti"2 _ 4

2 T
T, 2’

HO.]'Iy‘leHHI)Ie COOTBCTCTBUA YKa3aHbI B Tabma. 8.1.
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Otobpaxenue ocu jQ Ha Z-INIOCKOCTh

Tabmuna 8.1

Yacrora 3uauenne ¢(Q) 3HaueHue Z
0 0 1
+ oo 7 -1
+2/Ty +7/2 +]
[Mpomomkass TOMOOHBIE  BBIYMCICHHUS, MOXHO  YOCIUTHCS

(puc. 8.7), uto och jQ2 OAHO3HAYHO OTOOPAKAETCA B CAUHUIHYIO
OKPY)KHOCTh Ha Z-TUIOCKOCTH, IIPUYEM IIOJIOKUTENbHAs 00JacTh
YaCTOTHOH ocu jQ oToOpa)kaeTcst Ha BEPXHIOIO, a OTPUIIATENIbHAS — Ha
HIDKHIOIO TTOJTYOKPYYKHOCTb.

P-TIIIOCKOCTH L-TITTOCKOCTH
s JQ 4 jIm(2)

]

1 Re(2)

-]

Puc. 8.7. OroOpaxeHne P-MI0CKOCTH Ha Z-TUIOCKOCTh
1py OWIIMHEHHOM Z-TIpeoOpa3oBaHuU

JleBass P-MOIYIUIOCKOCTh OJHO3HA4YHO OTOOpa)kaeTcsi BHYTPb
€IMHUYHOTO KPYTa, a IpaBast P-MOIyIIOCKOCTh — BHE €TO.

Jns mokas3aTenbCTBa TOTO YTBEP)KICHHUS JTOCTAaTOYHO 3HATh, B
KakMX TIpelenax JexkaT 3HaueHus paauyca r. Bocnoms3yemcs
BeIpakeHHeM (8.7), B KOTOpoe MOACTaBHM oOmIeparop p=oc+ jQ, u
uccnenyeM I =|z|
3HAYCHUSIX G

npu IOJIOKUTCIIbHBIX u OTpHULATCIIbHBIX
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B 2/T0+cs+jQ|_ (2/T, +c)* +Q?
2T, -o-jQ| \(2T,-0)?+Q*’

K

Uncnurens TOAKOPEHHOTO BHIpakeHUs mpu o <0, dUTo
COOTBETCTBYET JICBOW P-TIONYIUIOCKOCTH, OKA3bIBACTCS MEHBIIE
3HaMEHATes, O3TOMY I <1 U JeBas P-TOIYIUIOCKOCTh 0TOOpaskaeTcs
BHYTpb €IMHUYHOrO Kpyra Z-tuiockoctu. Ilpy o >0, d4ro
COOTBETCTBYET MPaBOH P-MOMYIUIOCKOCTH, YHCIUTENb OKa3blBaeTcs
Oonpoie 3HaMEHATENs, MOATOMY I >1 W TpaBas P-TOITYIUIOCKOCTH
oTo0paXkaeTcst Ha BCIO Z-TUIOCKOCTh BHE €IUHIYHOTO KPYTa.

2. []® ycmotiuue, eciu ycmouuug e2o amano208vli Ouibmp-
npomomun, NOCKOIbKY HOMOCbl NOCAeOHe20 Jedcam 6 Jegoll
p-noaynaockocmu, omoobpaxdcaemol  6HYmpb  eOUHUUHO20 Kpyed
Z-NJIOCKOCHU.

3. Coomnowenue medxncoy auanozogvimu € u yupposvimu
yacmomamy  APUHYUNUATILHO —HEeNUHElHOo, M. e. WKAId 4acmom
Odeghopmupyemcsi.

HaiizeM 510 cooTHomenue u3 (8.7) mpu p=jQ u z=el®00,

MOCKOJIbKY PAaCCMATPUBAIOTCA TOJIBKO YaCTOTHAsA OCb W CAWMHHUYHAA
OKPYXKXHOCTb:

2 1_e*j‘”To . 2 (ej“)Ta/z _efjcoT,,/Z)
= = J —_ - - ,
T, L+e b T, (e 4 e oh/?)

iQ

OTKY/Ia CIeAyeT

Q:Titg % , (8.10)
0
m:TEarctg % . (8.11)

0

IIpu  ©<03/T, nomywaercs Q=~w. CrenoparensHo,

OPUOJIM3UTENFHO JJII OJHMX W TeX JK€ 4YacToT NuppoBOd u
AHAJIOTOBBIN GUIBTPHI UMEIOT oauHakoBbie AUX. OnHako s Oonee
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BBICOKMX YacTOT COOTHOIICHHE MeXay (2 U «© CTaHOBHTCS
HEJMHEHHBIM M, KaK IOKa3aHo Ha puc. 8.8, B mkamy uactor LD
BBOJTCS MCKQXEHHMS MO OTHOIICHHIO K YacTOTHOM IIKaje
aHanoroBoro ¢miabTpa. OTOT 3(Q(EeKT H3BECTeH Kak Jdedhopmayus
WIKATbL YaACMOm.

QA AQ

I

ve

Ha (i)

H(erTa)

v

Puc. 8.8. Biusnue nedopmanun mkainsl yactot Ha AUX LD

Brnuszue nedopmarum HIKAJTbI 4acToT MOHO
NPOJIEMOHCTPHPOBATh IPH PACCMOTPEHUHM aHAJIOTOBOTO (HIBTPA,
MMEIOIIET0  HECKOJBKO  MOJOC  TPOMYCKaHWs,  PaBHOMEPHO
pacnpeneleHHBIX Ha 4acTOTHOH mmikaine (cM. puc. 8.8). ITomydyaembrii
L® Oymer mMeTh Takoe K€ YMCIIO MOJOC MPOMYCKaHWs, OJHAKO B
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BBICOKOYACTOTHOW YacTH INKAJIbl @ IOJOCHI MPOIYCKaHUs OymyT
MMETh TeHICHIINIO K HEMPOIIOPIIMOHAIEHOMY YMEHBIIICHHIO.

Ecimu umnTepecoBathcs Tompko AUX, TO medopmanus mIKamsl
4acTOT MOXKET OBITh CKOMIICHCHUPOBAHA BO BCEX MPAKTHUECKU BaXKHBIX
Cly4asx C TIOMOIIBI0 BBEACHUS NPEABICKAKCHUA B aHAJIOTOBBIMA
¢weTp. Ilycts O, Qy, ..., Qp — IPaHUYHBIE YaCTOTHI (4aCTOTHI Cpe3a)
MOJOC TPOMYCKaHWs W 3allepKUBAaHUS aAHAJIOTOBOTO  (HIBbTpA.
3HayeHWss TPAHUYHBIX YacCTOT COOTBETCTBYIOIMX Tmonoc LD
OTIPEICTISIOTCS BRIPAKECHIEM

mizgarctg T, , 1=12,...n. (8.12)
T 2

0

Takum o6pasom, ecnu y 11® H0omKHBI OBITH MOTYYEHBI 3a1aHHBIC
3HAUEHUSI I'PAaHUYHBIX YaCTOT M1, ®2,..., ®p IOJIOC NPOIYCKAHUI U
3a7epKUBaHMs, TO IO MPUMEHEHHUS! OMIMHEWHOTO Z-peoOpa3oBaHus B
HIKQJTy YacTOT HCXOAHOI'O aHalIoroBoro (GUIbTpa JOJDKHBI OBITH
BBE/ICHBI ITPEBICKaKEHHS, 00ECIICUNBAIOIINE BHITIOIHEHHE YCIIOBHIA:

0 =2tg( O ) i12,.n. (8.13)
T

Ilpn BBIMOTHEHNWH ATHX YCIOBHH B cOOTBeTCTBHH ¢ (8.12) m
(8.13) momyyaem Tpebyemble COOTHOIICHHS ®j =®j. BIusHHe
nedopmarmy mKaimsl 9acToT Ha PUX MOKHO MPOAEMOHCTPUPOBATH HA
IprMepe aHalu3a aHajuoroBoro ¢uiasTpa ¢ JuHeHHONH OUX

arg(H,(jQ?)). Kax mnokazano Ha puc.8.9, dUX arg(H(eJmT@ )
paccuuThiBaeMoro mudpoBoro GuibTpa HeluHeHHa. Takum oOpazom,
ecmu B L{® tpebyercst coxpanuts nuHeiHOCTE OUX, TO HE0OX0aMMO
UCIIOJIb30BATh JIPYTHE METO/IbI pacyeTa.

4. B yughposoii obracmu COXpaHAOMCs ceoticmea
onmumanehocmuy  AYX  awmanoeo6ozo  nmpomomuna  eciredcmeue
OOHO3HAYHOCIMU  OMOOPAdICEHUS HYACMOMHOU OCU 8 eOUHUYHYIO
OKPYIACHOCH, YUMo uckmouaem s¢pghexm nanoscenus A4X.
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»

arg(H (i)

ve

arg(H (e1”7))

Puc. 8.9. Bnusinue nedopmanuu mikans gactoT Ha UX [[D

8.3.3. Yacmommnuwie npeodpazosanusn

[Ipu pacuere nudposeix ®HY, ®BY, 1D, PO wucnoms3yrorcs
JIBa TIOJIX0/1a, TIpeacTaBieHHbIe Ha prc. 8.10.

Paznuuue mexay HUMH 3akKilodaeTcsl B cieayromieM. B nepsom
Cllyyae aHaJIOTOBBIH (MIBTP-TIPOTOTUI HWKHUX YaCTOT C 4YacTOTOH
cpeza (), TmpeaBapUTeNbHO IpeoOpasyeTcs B JPYroil aHallOTOBBIH
¢wreTp (PHY, OBY, [1d, PD), n3 koroporo 3areM myTeMm
TUCKPETU3alUU, OCYIIECTBISIEMON, HAmpUMep, C HCIOIb30BAHUEM
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OwIMHEeHOro Z-mpeoOpa3oBanus, paccuuThbiBaetcs LD ¢ 3agaHHBIMU
XapaKTEePUCTHKAMHU.

YacroTHOE Hudporoit
Cunres npeoOpasoBaHme Jluckpe- busTp
amasioroporo |—» anaiorosoro ®HY |[—P| Tusauus |[—P ¢ 3a7aHHBIMA
dHY B aHasioroBbrii ®HY, ¢dmisTpa Xapakre-
®BY, [10, PO pUCTHKaMU
a)
YacrtoTHOE Liudposoii
Cunre3 JHuckpe- npeodpa3oBaHue hueTp
ananoroporo —p| Tusamus |—p| 1udposoro PHY |—P ¢ 3amanHBIMH
dHY ¢upTpa B nudposoit ®HY, XapakTe-
O®BY, [10, PO pHUCTHKaMU
0)

Puc. 8.10. YacrorHsle npeodpasosanmst PHY

Bo BTOpoM cny4yae aHamOroOBBI (UIBTP-IPOTOTHIT HIKHUX
YacTOT C YacTOTOM cpe3za . IUCKPETH3HPYETCs Cpas3y Ke, a 3aTeM
MmyTeM TpeoOpa3oBaHus ero mosockl popmupyercs LD (PHY, ®BY,
II®, PD) ¢ 3agaHHBIMU XapaKTEPUCTUKAMHU. PaccMOTpUM pa3inyHbIC
METOJIbI IPEe0OPa30BaHUS IJIs AHAJIOTOBBIX U IIU(PPOBBIX (PHILTPOB.

Ilpeobpazosanue nonocsl Yacmom 015 AHAI0208bIX PUNLIMPOS

Hawnbosee mpocteie npeoOpa3oBaHMs aHAJIOroBoro QuibsTpa-
NPOTOTHIIA HIDKHUX YacTOT C 4YacTOTOM cpe3a €2, B JApyroi
ananoroBeiid puneTp (PHY, OBY, [1D, PO) rmMeroT ciexyronuii BUA.

1. IIpeobpazoBanne PHY c¢ uacroroii cpeza Q. B OHY c

4

Q¢

4acTOTOM cpe3a Q¢! p — p.
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2. IIpeobpazoBanne ®HY c¢ wactoToit cpesa Q. B PBU ¢
v ' QCQZ:
4acTOTOM cpe3a Q¢ p > ——.
3. Ilpeobpazosanne ®HY c wactoToit cpesa Q. B IID ¢ HmxHEH
p? + Q0,00
P Qs — Q)
4. IlpeobpazoBanne ®HY c yacrortoii cpeza Q. B PO ¢ HuxHel
P(Qes —Qcn)
2 ’ ! '
p +QCSQCH

Q..,, U BepxHEH Q. 9aCTOTOH cpe3a: p — Q

Q7. ¥ BepxHEH Q.. 4aCTOTOH cpe3a: P —> Q.

Ipeobpazosanue nonocel yacmom 015 YUPPosvIX Gurbmpos

o anamoruu ¢ puIABTPaMu HETIPEPHIBHOTO BPEMEHH CYIIECTBYET
HECKOJIBKO HPOCTHIX, IPEI0KEHHBIX Koncrantuanaucom
npeoOpaszoBannii mudposoro ®HY ¢ wactoToit cpesa o, B ®HY,
OBY, I1®, PO. IIpusenem popmMys! st STHX TpeoOpa30BaHHA.

1. IIpeobpasoBanne P®HY c wactoroit cpesa o, B PHY c
-1 - ’
- sin —og)Ty /2
1,2 Oi,rzleoc=_[(®° m,C)a ]’
1-az™ sin[(o¢ +0¢)Ty /2]
Ty — mEpUOT AUCKPETU3ALIUH.
2. [IpeobpazoBanne ®HY c wacroroir cpesa o, B ®PBY ¢
-1 !
- cos —0e)Ty/2
JacTOTON cpe3a ! 771, 2 ¢ , TIe o= (0 mf) 0 ]
1-az 7t cos|(w¢ + )Ty /2]
rae T, — nepuoj JTUCKPeTH3alnH.
3. IIpeobpazosanne ®HY c gacroroii cpe3a o, B I1D ¢ HmkHEH

4acTOTOH cpe3a wg: Z rae

, . . -1 2_2—a12_1+oc2
®,, ¥ BepXHeill , YacTOTOH cpe3a: Z ~ —> — > T, Tae
0(22_ —(XlZ_ +1
o = 2B 1ol _ cosf(@g, + 05Ty /2]
U 275 COs[(@y — @iy )Ty /2]’

ce — 0T, T
Y= ctg((wcg 2(%”) 9 jtg[wcz 9 ], rae T, — NepUOA JUCKPETU3aLUU.
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4. Ilpeobpazosanne ®HY c gacTtoTOi cpe3a o, B PO ¢ HkHEH

' o . -1 772 —oclz_1+a2
®,, W BEpPXHEH ), YacTOTOW cpe3a: z ~ — - - e
aoZ —0oqZ +1
o 2B I _ cosf(@pg + 0, )Ty /2]
1 1+y' 2 1+y’ COS[(wgg—w&H)Ta/Z]’
Op, — Oy )T, el
y = tg(( Ce 5 cu)To jtg( 02 9 j, e T, — IepHOJL IUCKPETH3ALIN.

3ameuanue. B naxeme Matlab ¢ xauecmee pynxyuit
npeobpazoéanuss  NONOCLL  YACMOM  UCHOAL3YIOMCSA  (DYHKYUU,
npeocmasnenuvie 6 n. 8.3.3. [Ipumenumenvno Kk OUIUHEUHOMY I-
npeobpazo8anuio pe3yibmam, Noayyaemvlii npu cummese yupposozo
Quibmpa ¢ UCNOTB308AHUEM — HACMOMHBIX  NPeobpa308aHuUil,
uznosicennvix 6 n. 8.3.3, Aengemcs UOEHMUYHBIM NpU  OOUHAKOBO
30A0aHHbIX mMpebosanuax Ha curmes @uivmpa. OOHAKO nocieoHee
ABNAEMCS HECNPABEOIUBbIM, Hanpumep, 0asa cunmesa BUX-punvmpos
C  UCNOAb308AHUEM  MEMOOd  UHBAPUAHMHOZ0 — Npeodpa3’o8anus
UMNYIbCHOU XAPAKMEPUCTIUKU.

8.3.4. Memoouka cunmesa yugposvix unompos
Ha OCHOBe OUTUHENH020 I-RPeopa3oeanus

C ncronb30BaHUEM OCHOBHBIX IIOJIOKECHHUH, CHOPMYIHPOBAHHBIX
B 1. 8.3.3, onumiem aBa Metoza cunresa Lld Ha ocHOBe OMIMHEHHOTO
Z-ipeoOpa3zoBaHusl.

Memoouka cunmesa L{® na ocrhose bununetno2o
Z-npeobpazoéanusi ¢ UCNOIb30BAHUEM MPAHCHOPMAYUU NOTIOCHL
yacmom 0751 AHAI0208bIX (PUILMPOs

1. Onpenenuts u 1eOPMHUPOBATH TPAHUIHBIC YACTOTHI (4ACTOTHI
cpe3a) Hy>KHOTro (pHJIBTPa ¢ HCIOJIb30BaHreM BhIpaxenus (8.13).

2. Ha ocnose crerudukaruii 11d n Habopa rpaHUYHBIX YacToOT,
MOJIyYeHHbIX Ha ware 1, ompenenuTb MOAXOASIIUNA aHaOTOBbII
(GUITBTP-TIPOTOTHIT HIDKHHUX YacTOT C repeaaTtoynoit pyunkuumeit H, (p).
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3. C wucnomp30BaHWEM I[ONXOJa, IpHBeneHHoro B 1. 8.3.3,
OCYIIIECTBUTH IpeoOpa3oBaHHe aHaJOroBOro (MIBTPa-TIPOTOTHUIIA
HIDKHUX YacTOT C YacTOTOW cpe3a (). B IPYroi aHaJOTOBBIH (HIBTP
(®HY, ®BY, [1D, PD).

4. TIpuMeHuTH OuMHelHOe Z-ipeoOpa3zoBaHne c
WCTIONB30BaHNEM BbIpakeHUs (8.8) K mepenatouHol QyHKINH
aHajioroporo (uIbTpa, TMOJYYEHHOM HA mare3, W TMOJYy4YUTh
niepenaTouHyto ¢pyakmuio H(z) Tpedyemoro LD.

5. I[IpoBepHTh BHIIOTHEHUE 3aTaHHBIX TPEOOBAHMIA.

Memoouka cunmesa []® na ochose bununelno2o
Z-npeobpa3zo8anus c UCNOIbL30BAHUEM MPAHCHOPMAYUU NOLOCHL
yacmom 075 Yupposvix Purbmpos

1. Onpenenuts 1 1eOpPMUPOBATH TPAHUYHBIE YACTOTHI (4aCTOTHI
cpesa) Hy)KHOTO (HIBTPa C UCTIOIb30BaHNueM BhipakeHus (8.13).

2. Ha ocuoBe crenudukanuii 1{d u Habopa rpaHUYHBIX YaCTOT,
MOJIYYEHHBIX Ha Mare 1, ompenenuTh MNOAXOMSAIIMA aHAJIOrOBBIN
(WIBTP-TIPOTOTUI HIXKHUX YacTOT € TiepenaTodHor ¢pynkuuei H , (p).

3. llpumennTs OwnmHeiiHOe Z-TipeoOpa3zoBaHWe K (YHKIUH
H,(p) c¢ wucnons3oBanueM BbIpaxeHus (8.8) u  momy4yuTsh
nepenarounyto gpynkmuro 11D.

4.C wucmonp30BaHUEM TIOAXOJa, TNpHUBeneHHOro B 1I. 8.3.3,
OCyIEeCTBUTH NpeoOpas3oBanue mudposoro ®HY ¢ yacTtoToit cpesa ..,
MOJIyYeHHOTO Ha 1iare 3, B Tpebyemsiil LD (PHY, ®BY, [1D, PD).

5. [IpoBepuTh BHIIOTHEHUE 3a/TaHHBIX TPEOOBAHMIA.

8.3.5. Ocobennocmu ucnonvzoseanus memooa
OunuHelno20 Z-npeodpazoeanus

OCHOBHEIM  (haKTOPOM,  CO3HAIOIIAM  OTPAHWYCHHE  Ha
HCIOJIb30BaHUE OuuHeHOTO Z-ipeobpa3zoBaHusl, SBIISIETCS
nedopmanys mIKaiel 9acToT. [locineaHee o3HagaeT ciueayroree.
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1. bunuHeliHoe Z-mpeoOpa3oBaHWE NPHUTOAHO JIMIIL B TeX

cllydasx, korga TpebosaHusa K AUYX duipTpa-mporoTHna 3agaroTcs
CTyneH4aroil (yHKIHEH YacTOTbl, YTO CBOMCTBEHHO YaCTOTHO-
n3buparensHeM ¢unsTpam (OHY, ®BY, 11D, PO).

2. bunuHeliHoe Z-mpeoOpa3oBaHWE HE NPHUTOTHO IS CHUHTE3a

KOPPEKTUPYIOIUX (QUIbTPOB (QUIBTPOB ¢ mpou3BoidbHbIMH AUX),
¢mteTpoB ¢ nuHeiHON PUX, a Takxke UIA COXpaHEHHS MMITYJIbCHOM
XapaKTEepUCTUKU (GuIbTpa-npoToTumna. Muade roops, Hu OUX, Hu
NX aHanoroBoro NpoTOTHIA HE COXPAHSIOTCS.

r

10.

11.

12.

8.4. KoHTpoJbLHBIC BONPOCHI

UYro Takoe aHaNOroBbIi GUIBTP-IpoTOTUN?

Haiite onpenenenne bBUX-punbrpa.

Kakne ocCHOBHBIE OTrpaHWYCHHS HAKJIAAbIBAIOTCA HAa METOMBI
cuntesa L{® mo aHanoroBeM GpuibTpaM-npoToTHIAM?

[IpuBeanTe mpumepsl MeTonoB cuHTe3a BUX-GunsTpos.

Kakne cymiecTByroT crocoObI 3aaHus TpeOOBaHUHA K ITU(PPOBHIM
BUX-punprpam?

Kakyto pomp wurpaioT (uibTpsl HENpephIBHOTO BpPEMEHH IPHU
npoexktupoBanuu L{D?

[IpuBeaure mpuUMeEpsl  aHAJIOTOBBIX  (PUIBTPOB-TIPOTOTHUIIOB,
MEPEYNCIINTE UX OCHOBHBIE MTapaMeTpPHI.

OOBsiCHUTE CYITHOCTH METO/1a OMIIMHEHHOTO Z-TIpeoOpa3oBaHusL.
[TepeuniciuTe W TMOSCHUTE OCHOBHBIC CBOMCTBAa OWIMHEHHOTO
Z-ipeoOpa3oBaHHA.

Uro Takoe 3¢ddexr nmepopmanum momocsl dactotr? IlpuBemmre
MIPUMEPBI.

Iloscuure nBa mnoAXona, NHpPUMEHAEMBIE B 3aJadye CHHTE3a
mudpposeix  BUX-punbTpoB 1Mo aHamoroBeiM  puiIbTpaM-
MIPOTOTHIIAM.

KakoBbl OCHOBHBIE ~OCOOCHHOCTM HCIONB30BaHHS  MeETOIa
OWJIMHEWHOTO Z-TipeoOpa3oBaHus?
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9. CUHTE3 OIITUMAJIbHBIX I1O YEBBIIIEBY
OUPPOBBIX KUX-OUJIBTPOB

9.1. OcHoBHBIE OTIpeeTeHus

IIpocrota pacdera KOI(QQHUIMEHTOB IepenaTouyHON (YHKIUH
KUX-punpTpoB METOAOM OKOH CONPOBOXKIAECTCS  IOITyYEHHEM
(MIBTPOB, KOTOPBIE 00JIANAIOT PAAOM HETOCTATKOB:

1) pacnionoxeHre  TPaHUYHBIX  YaCTOT  CHHTE3UPOBAHHOTO
¢mIBTpa HE COOTBETCTBYET 33JaHHBIM Ha HETO CIEIU(HUKAINAM,;

2) myJibcalyu B pa3IMuYHBIX HOJIOCAX ¢unbTpa
aNMpOKCUMHPYIOTCS OIMHAKOBO;

3) ommbKka anmpoKCHManuy, T. €. Pa3HUIA MEXAY UACATHHOW H
peansHOM UX ¢uiabTpa, pacnpenencHa HEPaBHOMEPHO 110 Pa3IHIHBIM
4acToTHBIM mosiocaM. [Tpudyem mynbcarmu AUX ¢unbTpa Bo3pacrarot
mpH TOpUOMIDKEHWH K  TpaHUIAM  COOTBETCTBYIOIIMX  MOJOC.
Heo6xommumMo 0TMETHTE, 9TO paBHOMEPHOE pacIipeiesieHne MyIbCaluii
AUYX B pa3muuUHBIX TONOCAaX (HIbTPa IO3BOJISIET 3HAYUTEIHHO
CHHM3HTH €TO0 HOPSIJIOK.

B teopum IIOC pa3paboraHa MeTOAWKA, IO3BOJSIOMIAS
YCTPaHUTh OTMEYEHHBIC BBINIE HEIOCTaTKH CHUHTe3upyembix L.
OnHako OHa SBISAETCS [OCTAaTOYHO CJIOXKHOW Ui TOHHMAaHUS H
TpebyeT MporpaMMHOI peann3anny.

B kmacce KUX-punprpoB ¢ muHeiHoit PUX cymectByer
BO3MOXHOCTb  TIOJyYHTh MHOXKECTBO YCJIOBHM, JUII KOTOPBIX
JIOKa3blBaeTCsa, 4YTO pelieHue 3agaun cuHTeza L@ daBnsercs
ONTHUMAaJbHBIM 10 YeObImEBy, T.€. ONTHMAalIbHBIM B CMBICIE
MHHMMyMa MAaKCHUMaJbHOW OIIMOKHM  almpoOKCHMAanuu (MHOTIA
Ha3pIBa€MOW MHHHUMAaKCHOW oOmuOKoH, wim ommuokoi YeOwiméra).
OunpTpsl, 00JamalOIKe CBOWCTBOM ONTHMAJIbHOCTH, OTMEUSHHBIM
BBIIIIE, HA3BIBAIOTCA (PUIBTPAMU C PAaBHOMEPHBIMH (pPaBHOBOJIHOBBIMN)
IIyJCAIMSIME, ITOCKOJBKY OIIMOKA ammpoKCHMAaIui JaHHOTO THIIA
(WIBTPOB ABIAETCS PAaBHOMEPHO PACHpeAeeHHON 10 €ro 4aCcTOTHBIM
nonocaMm. Kak ciencreue mociexguero, LI®, onTtuMmanbHEIC B CMEICIIC
MHHAMYMa MaKCHUMaJbHOW OIIMOKH ammpoKCHUMaIuK, OyIyT HUMETb
Ooinee  HHM3KUH  mopsAnok, deM I[®, CHHTE3WpOBAHHBIE C
WCTIONIG30BaHWEM  METoJa OKOH, IpH OIWHAKOBO  3aJaHHBIX
crienuUKaInIX Ha CHHTE3 (PUIBTPOB.
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Hanee Oyner copmynupoBaHa 3ajavya CHHTE3a ONTHMAIIBHBIX
¢GUIBTPOB B CMBICIE MHUHUMYMa  MaKCHUMAalbHOW  OIITHOKH
anMpoOKCUMaNy W MPOAHAIN3UPOBAHO OOIIee YHCIO MAKCHMYMOB H
MHHAMYMOB ~ aMIUIMTYIHOH xapaktepuctuku KUX-dunprpoB c
muaeiinor OUX. C wucmomb30BaHUEM STOU (HOPMYITHPOBKH MOMKET
OBITH paccMoOTpeH 0000mieHHbIi anroput™ cuHTe3a KUX-hunstpos ¢
PAaBHOMEPHBIMHU ITyJIbCAL[USIMK, HCIIOJB3YIOIMY NOJUHOMUAIBHYIO
VHTEPHOJSALUI0 HPU HAXOXKACHUU ONTUMAIBHOTO PEIICHHS. OJTOT
aIropuTM TONYy4YWsl Has3BaHue anroputma Ilapkca-Makkiennana,
BKJIIOYaromiero B ce0sf  anropuT™M  3aMeHbl  Pemesa s
MTOJIMHOMHUATBHBIX PEIICHIH.

9.2. KUX-uasTpsl ¢ muneiiHoit @UX

®unbTphl ¢ MuHEHHON ®YX MOTryT OBITH KIacCCU(PHUITUPOBAHBI HA
YeThIpe THUIA B 3aBUCUMOCTH OT CUMMETPHUH Wi aHTHcuMMeTpun UX
h(n), a Takxe dyeTHOCTH UK HeueTHOCTH N . Kaxknpiil U3 3THX TUMNOB
UMeeT COOCTBEHHBIC OTPAaHHYCHHUA HA PACIHOJOXKCHHE HyJei
nepenarounoii  ¢yHkiuu  H(z), Kkoropas, B CBOK OYEpelb,
HaKJIaJIbIBAaET OrpaHUuEHuUs Ha Xapaktep UX

H(el®) = eIBe=INO/2 7))

rne B — xoHcraHTa, 3aBucsAmas oT tuna KUX-dunerpa ¢ nuneitHoM
OUX, A(®) — aMIUIATYJHAS XapaKTEPUCTHKA, TPEICTABIIAIONAs co00M
JEHCTBUTEIBHYIO (DYHKIMIO YacTOTHl & [paa] U MpUHUMAIOIAs Kak
NOJOXKUTENbHBIE, TaKk M OTpHULATENbHbIE 3HadeHus. Momyns

amruTytHON xapaktepuctuku ectb AUX KUX-dpunptpa ¢ nuHeiHOM
DUX.

9.2.1. @unvmput muna | — cummempuiHas UMRYIbCHAA
xapaxmepucmuxa, N — uemnoe

Hentp cummerpun UX mpoxomutr B Touke oo=N/2, a UX
¢unpTpa Tumna | ¢ muaeitHoit GUX BBIpa)aeTcs CIEeAYIOMUM 00pazoM:
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N/2
H(e’) =e 2> a(k)cos(kd),

k=0

N N N
rae a(k):2h£3—kj, k=12, a(0)= h(;j.

AMIUTATYTHAS. XapaKTEPUCTUKA UMEET CISAYIOIIUNA BHI:

N/2

A®) = a(k)cos(ka).

9.2.2. @unemper muna |l — cummempuunan umnynbcnas
xapaxmepucmuxa, N — neuemmnoe

Lentrp cummerpunm MX mpoxomur B Touke a=N/2, a UX
¢unbTpa Tuna |l ¢ muHeitHON OYX MOXKeT ObITh MPECTaBICHA B BUJIC

o _J_N&/Z(N+l)/2 _1 )
H(e®)=e > b(k)cos|| k > @

k=1

N +1 N +1

—k), k=12, .., :
2

rae b(k) = 2h[
AMIIIUTYIHAS XapaKTEPUCTHKA UMEET CIEAYOLINM BU:
(N+1)/2 1
A(@)= Y. b(k)cos [k ——]63 :
pa=} 2
[MocnenHee BIpakKeHUE MOKET OBITH TIPEJICTABICHO B BUIC
S YND/2
A(®) = cos (Ej > b(k)cos(ka),
k=0

rne kodpdummentsr b (k) ABIAIOTCA JIMHEHHO CBSA3aHHBIMH C
ko3 urmentamu b(k). MoxHO Moka3aTh, 4TO 3Ta B3aUMOCBS3bh HMEET
CIEAYIOUUN BU:
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5(0) = %b(l),

b(k) = 2b(k)-b(k -1), k=1 2, NT_?’

o557

9.2.3. @uavmpor muna |11 — anmucummempuunan umnyabcnas
xapakmepucmuka, N — uemnoe

Ilentp arTucuMmMmeTpun MX mpoxoauT B Touke a=N/2, a UX
¢wmnerpa tumna Il ¢ nuaetinor ®UX MoxeT OBITH IPEACTABICHA B BUIC

N/2

H (') = je '3 c(k)sin(ka),

N N
ck)=2h| X k| k=12 ..
e (k) (2 J 2

AMHJ’II/ITYILHaﬂ XapPaAKTCPUCTUKA UMCET CJ'Ie,I[YIOH_II/Iﬁ BUIO:

N/2

A@) = > c(k)sin(ka).

Ilocnegnee BBIPAKCHUEC MOXET OBITH npeaACTaBJICHO B BUJC

A(®) = sin(cb)(Nf/zé(k) cos(k®),

k=0

rae  kodpduuueHTthl C(K) SBISIOTCS JIMHEHHO CBSI3aHHBIMH C
koa(ppurmentamu (k). MOXHO IMOKa3aTh, YTO ATa B3aUMOCBS3h HMEET

CJIeIYIOIIUHN BUI;
( N — 2) ( N J
C =C| — |,
2 2
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{7 {%)

ok -D)-c(k+D) =20(k), 2<k<— =,

&(0) —%5(2) = c(D).

9.2.4. @uaempor muna |\ — anmucummempuuHas UMRYIbCHAA
xapakmepucmuka, N — neuemnoe

Ilentp amtcummerpun MX mpoxomuT B Touke o= N/2, mpu
3TOM o HE sBIseTcs LenbiM 4uciaoMm, a UYX ¢wumstpa THma IV c
nuHerHor @UX MokeT ObITh IpelicTaBlIicHa B BUJIE

- (N2
H(e‘“’): je—JNwlz Z d(k)sin{(k_lj(b]
1 2

N +1 N +1

rie d(k):Zh( —k), k=12, ..,

AMIUIIUTYIHAS XapaKTEPUCTUKA UMEET CIEAYIOIIUNA BUI:

(N+1)/2 1

A(®) = z d(k)sin (k ——jfo .
Pt 2

[TocnenHee BbIpakeHWE MOXKET OBITH MPEACTABICHO B BUJIE
O YND/2
A(®) =sin (Ej > d(k)cos(ka),
k=0

rae  kodpdurmmentor  d(k) SABAAIOTCA JMHEHHO CBSI3aHHBIMH  C
kosp¢unuentamu  d(k). MoOXHO TMOKa3aTh, YTO 93Ta B3aUMOCBS3b
HMeEET CIeNYIOIUN BU;

%5 (%)
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N-1
2 1

d(k-1)—d(k) =2d(k), 2<k<

d~(0)—%d~(l)=d(1).

B 3aknroueHne paccCMOTPEHHOTO BEINIE HEOOXOANMO OTMETHUTH,
9T0 o0mee BBIpaXKEHHE JUIS  TPEICTABICHHS  aMIUIMTYAHBIX
xapakrepuctuk KHUX-¢punprpoB ¢ nmHeriHOH ®UX MoxeT OBITH
3alMCaHO B BUIE

A(®) = Q(®)P (),
e BeipaxeHus s Q(®) u P(®) mpuBenens! B Tadu. 9.1.

Tabmuma 9.1
Q(w), L, P(®) nns KUX-punstpos ¢ mmueiinoi GUX

Twun KUX-
¢unbTpa ¢ Q(®) L P(®)
nuHerHor OYX
N L R
i 1 1 > > a(n) coskd)
k=0
. B L
U 2 COS(?) N-l > b(n)coskd)
2 k=0
N -2 L N
Tvn 3 sin(®) — IE(;: (n) cos ko)
g N-1 L - .
THn 4 s 'n((;j — > d(n)cosk)
2 k=0

9.3. Teopema 4epenoBaHus

Jns nanpHemero paccMOTpeHHs MaTepuana MmoMuMo (GyHKInm,
OIMCHIBAIONICH AMIUIUTYIHYIO XapakTepUCTHUKY A(®) peasbHOro
¢buibTpa, BBeAeM  (QYHKLUHMIO, ONUCHIBAIOIIYIO  aMIUIUTYIHYIO
XapakTepuctuky A, (®) ureaabHOro (GuiIbTpa W BECOBYIO (PyHKIHIO
W(®),  perymupymomyr  OTHOCHTEIBHBI  pa3Mep  OMIMOKH
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anMpoOKCUMAaINUU B Pa3IMYHBIX YaCTOTHBIX MOJOCaX CHHTE3UPYEMOTO
¢wipTpa. AMITIMTYTHas XapakTtepuctuka A, (&) maeansHOrO GriIbTpa
npuauMaet 3HadeHue 1 B 111 ¢punpTpa u 3navenne 0 B [13 ma xiacca
YaCTOTHO-U30MpaTenbHblx  puasTpoB (OPHY, ©&BY, IId, PD).
Becoryro ¢dynkmuio W (®) HeoOXomuMo BBIOMpATH TaK, YTOOBI
CYIIIECTBOBala BO3MOXKHOCTh HE3aBHCHMOTO KOHTPOJSA OIIMOKH
anmnpoKCUMAallMM B  Pa3IMYHBIX YaCTOTHBIX Tojocax (uibTpa.
Hampumep, mis ®HY Becosas dyukmms W (®) MoXKeT ObITh BEIOpaHa B
CIEYIOLEM BUJIE:

. i, qors I,
W(®) =19, (9.1)
1, moaII3,

rae 6, — orkiaoHeHne AUX ot 1 B IIII, §, — otknonenne AUX ot 0 B

I13.

OnpenenvB  aMIUINTYAHBIE XapaKTEPUCTUKU  PEATBHOTO U
WaeanbHOro (UIBTPOB, a TaKke BECOBYIO (YHKIHIO, BBEIEM B
paccMOTpEHHE B3BEUICHHYIO OIIMOKY alllpOKCHMAIIHH:

E(®) =W (&)[A, (&)~ A@)] =
—W (@A, (&) -Q@)P(&)] =
i A@ o
—wmmm{q@ m@}

Jus ynoGctBa BBeeM MOAM(UIIMPOBAHHYIO BECOBYIO (DYHKITHIO
W(d) ¥ MOZu(HIUPOBAHHYIO AMILUIATYIHYIO —XapaKTEPHCTHKY
ueansHoro GpusTpa A, (d) B BUIE

W (@) =W (®)Q(®),
A @) =20
' Q(®)
Torma B3BelICHHAs OINMMOKA ANIPOKCUMAIMH JUISI YETHIPEX THUIIOB
KUX-dunprpos ¢ muaeiinorr @UX MoxeT OBITh IPEICTAaBICHA B BUIC
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E(&) =W(O)A, (&) - P(@)].

B pesymprare mpouenypa pacdera LD 3akmodaercs B
HaXO0XACHUU KO3 PHULHUEHTOB ¢upTpa a(k), KOTOpbIE

MUHHMHU3HUPYIOT MAaKCUMyM aOCONIOTHOW OMIMOKM anmpOKCHMAIHH
E(®):

min[max|E(o>)|J min max‘W(oa)[A,(m) Za(k)cos(km)] (92)

a(k) ®eS

rae S — COBOKYNHOCTh MHTEpBaNOB annpokcumanuu. [lo cymectBy S
COJIEP’KUT MHOXKECTBO II0JOC TPOMYCKAaHUS M TOJIOC 33/ KUBAHUS
¢dunbTpa.

[IpuMeHHUTENBHO K PAcCCMOTPEHHOW BHINIE MPOOJeMe CHHTE3a
uudpoBslx GuiabTpoB Ilapkc um Makkiennan nepedopMyIHpOBaIH
TEOpeMy TEOPHUHU aIllIpoKcUManuu YeObléBa, MONIy4YnuB B pe3yJsibTare
CJIEAYIOIIYI0 (OPMYIIUPOBKY.

Teopema 4epemoBanus. [lycms S — awboe 3amxHymoe
noOMHOdCecmeo 3akpuimozo unmepsaira 0< ®d< n. [na mozo umobws
¢ynxyus P(®), npedcmasnennas 6 euoe

P(®) = ZL:oc(k)cos(kd)), 9.2)

Ovlia  eOUHCMBEeHHOU U Haudyuwiell — annpokcumayuei  Ha
noomHodcecmee S 0nst ynkyuu Au(d)) HeoOX00UMO U OOCMAMOYHO,
umobwl Qyurxyus owubku E(®) umena na S, no xpaiineii mepe, L+ 2
yepedosanuti. T.e. cywecmgyem, no kpatinen Mmepe, L+2
IKCMPEMATbHBIX 4acmom ®f HA NOOMHOdCecmee S, MAKUX 4Ymo
by <bp <-<bpyp  E@)=-E@j) u ‘E@i)‘:@es

i=12...,L+2.
J71s KOHKPETH3alMH TEOPEMBI YEPEIOBAHHS PACCMOTPUM CHHTE3
OHY ¢ IIII 0<o<d, u I3 &, <®<n. Tak kak amINIUTyAHAsA

XapaKTepUCTHKa WAeambHOro ¢miabTpa A, (®) u BecoBas (QyHKIUSI
W (&) SBJISAIOTCS KYCOYHO-TIOCTOSHHBIMM, MOXHO 3aIucaTh
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dE(oo) d
do

I A dA(oo)

=0.

[TosToMy wyacTOTBl ®j, COOTBETCIByIOIIME NHKaM E(®), Takxke
COOTBETCTBYIOT NTHKaM, B KOTOPBIX A(®) YIOBIETBOPSET AOIYCKacMOH
ommbOke. Tak kxak A(®), Hanmpumep mnsi KUX-¢puasrpoB thma 1l c

nuHelHor @YX, mpeacTaBiseT co00i TPUTOHOMETPHUCCKUHN TTOTHHOM
crenenu L

Alw) = ZL:oc(k)cos(k(b) -
Z:a(k) ZBnk (cos())" (9.3)

= Z a.(k)(cos(®)),

TO OHa WMeeT He Oombiie yeM L —1 JOKaJIbHBIX MaKCHMyMOB H
MUHUMYMOB Ha OTKpBITOM HHTepBane 0<d<m. JlONOIHUTEIBHO
MOKHO OTMETHTH, YTO 4YacTOTBl O =0 W O =7 OOBIYHO SIBIISFOTCSA
SKCTpEeMyMaMH aMIUIUTYIHOW XapakTepucTuku A(®d), a Takke
B3BCIICHHOW OmUOKK ammpokcumarmu  E(®). CremoBaTenbHO,
¢byakmus A(®) uMmeer He Ooibie 4eM L +1 3KCTpeMalIbHBIX 4acToOT.
Kpome Toro, rpanmunsle vacrorsl B IIII m II3, ®, u &, Takke
SIBISIOTCS 9KCTpeMyMamn Gyukimn E(®), Tak kak |E(®) sBisercs
MakCHUMajJbHBIM Ha 3TuX 4yacrorax. C(ienoBaTenbHO, JOJIKHO
cymecTBoBaTh L +3 sKkcTpemanmpHBIX dacToT ¢yHKiun E(®) mms
€IMHCTBEHHOU U HanIydIel annpokcuManuu uiaeansaoro GHY.

C 1pyroif CTOpOHBI, TeOpeMa YepelOBaHUS YCTaHABIMBAET
CyIIECTBOBAaHUE, IO KpaiHed Mepe, L +2 OSKCTpeManbHBIX YacTOT
E(®). Takum 0o06pazoM, eMHCTBEHHAS M HAWIydllas aripOKCHMAaIlHs
JUIS UA€ANBHON aMIUTUTYAHOW XapakTepucTuku ¢pmibTpa A, () nMmeer
mbo L+2, mubo L+3 dYepemoBaHWN B3BEIMICHHOW OIIMOKH
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anmpokcumarmu  E(®). CunHTe3mpoBaHHBIE (QHIBTPHL, COICPIKAIINC
L+3 uepenoBanuii, Obiim Ha3zBaHel [lapkcomM u MakkiemTaHoM
¢GunbTpaMu ¢ IOONOJHHUTENBHOM mmynbcauueld. IlocienHee cBs3aHO ¢
TeM ()aKTOM, YTO JAHHOTO THMa (GHUIBTPHI 00Janand OoNBIIMM, YeM
MUHMManbpHOEe 4uHcino L+2 depemoBanmii (QyHKIMH  ommOKH,
TpeOyeMbIM JUI ONTUMATIBHOCTH.

Teopema depenoBaHUS TapaHTHPYET €AWHCTBEHHOCTH PEIICHHS
Ui JOCTMKEHHUS  3aJaud  ONTHMHU3AlMM,  IpPeACTaBIIEHHOM
BelpaxxeHneM (9.2). U3 Teopembl uepemoBaHHs CIEAYET, YTO I
3aJJaHHOTO MHOXKECTBA SKCTPEMAJIBHBIX YAaCTOT ®j MOXKHO 3aIHCaTh

WA @) -P@®)] = (-1, i=0,1,..., L+1,  (9.4)

rme 8 — MakCHMaJibHas BeJNWYHMHA  B3BEIIEHHOH  OMIMOKH
anmpokcumarnmu E(®). daxtmuecku, ecau BecoBas QyHKmus W (D)
BbIOpaHa Tak, Kak MpeJICTaBIeHO B BeIpaykeHnH (9.1), To 8 =9,

MmuoxecTBO JIMHEWUHBIX ypaBHEHUH, MPEICTABICHHBIX
BbIpakeHHeM (9.4), MOXKHO 3arucarth B BHJIE
D s
P(mi)+% =A (o), 1=0,1,..., L+1,
W (o)

NI

(-1’5
W (@)

Bripaxxenne (9.5) Moxer OBITH 3ammcaHO B MATPUIHON (opme
OTHOCUTEJIPHO HEW3BECTHBIX Kodpduuuentop ¢uabrpa o(k) u
MaKCHMAJIbHOW BEIIMYMHBI & B3BEIICHHON OMMOKM anmpoKCHMaIluH
E(®):

Zoc(k)cos(kco )+ =A(®), i=0,1,...,L+1. (9.5)
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_ A A -
1  cos(m, -+ cos(Lay, — | _

(&) (L) W (&) |[a(0) A ()
L ocos@) o ooslay | O] | 4@y

1 YoW@) | = A",l .(9.6)
)| |

A R 1 o A4(6‘)L+1)
1 cos(@.,) - cos(Lody ) ——— |- -
- W(O‘)L+1)J

Ipu 3agaHHBIX BKCTpeMalbHBIX dYacToTax Bbipaxkenue (9.6)
MOXXHO DCIIATh OTHOCHTEIILHO HEHM3BECTHBIX  KO3(PUIHUECHTOB
¢unprpa o(k) ¥ MakCUManbHOW BEJIMYWHBI & B3BEIICHHOW OIIMOKH

anmpokcumanyuu E(®).

9.4. Aaroputm 3amennl Peme3a

PaccmatpuBast TeopeMy depefoBaHHs, HEOOXOAUMO CKa3aTb, 4TO
OHa rapaHTupyer i MUHHMMaKCHOH anmnpoKcUMalluy,
MPEICTABICHHON BBIpaKEHUEM (9.2), CYILIECTBOBAaHUE u
€IMHCTBEHHOCTh pEIIEHMs, OAHAKO OHA HE JaeT IpeICTaBIeHUs 00
ITOpUTME, C HCIOJIb30BAHMEM KOTOPOTO ONTHUMAJIbHOE pELICHHE
MOXET ObIThb monydeHo. Ilapkc u Makkiemial NpeIoKUIn
UTEPALIMOHHYIO IPOLEAYPY, OCHOBAaHHYI0 Ha alrOPUTME 3aMEHBI
PeMesa W MNO3BONAIONIYI0O HAWTH ONTUMAIBHOE pEHICHHE 3ala4dl
MUHUMAaKCHOM  aNNpOKCHUMAalMM  aMIUIMTYJIHOM  XapaKTepUCTHUKU
¢wipTpa. JlaHHasg mpouexypa Ipeanojaraer, 4ro HOpsIoK (HiIbTpa
N, rpaHuYHBIE 4YacTOTHl ®,, &, ¥ OTHOIUCHHE &,/8, SBIAIOTCS
u3BecTHBIMU. OJTHAKO BO BpeMsl MPOIEAYpPHI CHHTEe3a (QHIBTPOB Oostee
€CTECTBEHHO TOYHO 3aJaBaThb TIpaHUYHbIE YacTOThl ®,, ®, U
nmynscatyu  §,, O,, 3Has KOTOpbIE Jajlee ONPENENATh IOPIIOK
¢wiptpa N, yZOBIETBOPSIOUMHA  3aJaHHBIM  CHEIHU(UKALHUIM.
CpaBHHTEIBHO TpocTast hopMyia, IpUMeHseMas Ul OLCHKH MOPSIKa
N ®HY ¢ paBHOMEpHBIMH MyJIbCALMAMH 10  3aJaHHBIM
cerupuKanusM &,, ®,, 8, u J,, Obua mpemIoxkeHa Kaifzepom u
HMeEET CIETYIOINN BU:
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~10log,,(5,5,) —13

N = , (9.7)
14.6Af
rre Af — mmpuHa TnepexomHOW TMOJOCH, OmpeaenseMas Kak
Af :% Bomee Tounas Qopmynma ObIa  MpeIIOKEHA
XeppMaHHOM:
- D00:0)- (@, 8,)(af)° ©8)

rae Dy (38,,0;) u f(3,,9,) onpenensatoTcs cleAyOIUM 00pa3oM:

D, (8,,8,) =[0.005309(log,, (5,))* + 0.07114(log,,(5,)) —
—0.4761](log,,(3,)) —
—[0.00266(log,, (5,))* +0.5941(log,, (5, )) +0.4278],

£(5,,5,) =11.022 +0.51244(log,, (5,) — 10g,,(5.)).

n!

Hwxe mnpuBeseHbl OCHOBHBIE JTalbl CHHTE3a IU(PPOBOTO
(¢buIbTpa ¢ UCIOIH30BAHUEM AIITOPUTMA 3aMEHBI PeMe3a.

1. llpubnu3ntenbHas oneHka L+2 SKCTpeManbHBIX YacTOT
®j -

2. Belunuciienne MaKCUMaJbHOM BETMYUHBI O  B3BEIICHHOU
OIMMOKYN ammpokcuManuu E(®) ¢ HUCIONb30BaHHEM  CIEAYIOMIETO

BBIpAXKCHUA:

> 1A, (0,)
D)
5 W@,

(9.9)
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L+1 1
e y(k)= ]

n=0, nzk

. ®opmyna (9.9) caegyer wus
cos(dg ) —cos(dp) puyaa (9.9) o

BeIpaxkeaus (9.6). Takum oOpa3oM, 3amaBas HadaJIbHBIC 3HAYCHIUS
3KCTpeMajbHBIX YacTOT Ha Iiare 1, BbIUKCISEM O C MCHOJIb30BAHHEM
BeIpakerus (9.9).

3. Berancrienre B3BEMICHHOHN OmMMOKM ammpokcuMarmm E(®) Ha
TCYCTOH CeTKe 4acToT.

ITockonbky byHKIUS P(®) MPEACTaBISACT cobon
TPUTOHOMETPHUYECKHIA ITOJTMHOM BHJIA

P(®) = id(k)xk , X = cos(d)

U TOCKONBKY B TOYKax Xj =cC0s(®j), 1=0,1,...,L+1 wu3BecTHHI
3HaueHus QyHKIU P(®), NPUHIMAOIINE BUT

(-D)'s

—~——, 1=0,1...,L+1, (9.10)
W (o)

P(@)=A (&)~

MOJKHO OCYIIECTBHUTh HMHTepnomsnuio Jlarpamka ¢yskimm P(®) mo
3HaYeHUsIM P(®j) ¢ UCIONBb30BaHUEM CIEAYIOLIET0 MaTEMaTHUYECKOTO
BBIPAKCHUSL:

D P@)IB)/(x—x)]
P(®) ==~ , (9.11)
Z[B(i)/(x_xi)]

rne  P(®j) ompemenstorcs  Beipakenumem  (9.10),  x =cos(d),

L 1
xi =cos(@) u Bi) =[]

i=0,izk Xk ~Xi

3uHas ¢ynkumio P(®), ompemensemyro Bbipakenuem (9.11),
MOYKHO BBIYHCIIUTD B3BEIICHHYIO OIINOKY anmnpokcumanuu E(d):

E(®) =W(®)[A, (®) - P(®)]
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Ha TycToi cerke 4yacToT. OOBIYHO YHCIIO TOYEK Il BBIYUCIICHHS
OmMOKN aNNpOKCHMalMK BbIOMpaeTcs paBHBIM 3HaueHWio 16(N +1),
rae N — mopsiok puisTpa.

4. Ecnu cpeau 3HaYeHUH B3BEIICHHON OLIMOKM aNIpOKCUMAIIUH,
BBIYNCICHHBIX Ha wiare 3, Haiixyrcs Takue, 4ro |E(®) =8, To0
HE00X0IMMO BBIOpaTh HOBOE MHOXKECTBO L + 2 3KCTpeMalbHBIX 9acTOT
®j, KOTOpBIE COOTBETCTBYIOT L + 2 HanGonbmmM 3HaueHmsM |[E(®)], u

3aTeM MOBTOPUTH IMPOIEAYPY HAXOXKICHHS €IWHCTBEHHOTO W
HAMITy4IIero pelleHns, HaunHas ¢ mara 2. Ecmu |[E(®) <8 mis Beex
TOYEK Ha TYCTOM CETKE 4YacTOT, TO TMpOoleaypa HaXOKIACHUS
CIMHCTBEHHOTO W HAWIY4IIero pPEIIeHHs 3aJadydl armpOKCUMAITUH
3akaHunBaeTCs. TeM caMbiM KO3 uIueHTsl QyHKIuN P(®) SBISIOTCS
HaWJICHHBIMH W, KaK CIIEACTBHE, SBISIETCS MOJIYYCHHON YacTOTHAas

XapaKTepuCcTHKa peanbHoro guibtpa H(el®).

brok-cxema ONHMCaHHOTO BBIIIE ANTOPUTMa, NPHUBEICHHAS Ha
puc. 9.1, BepBsle Obl1a ipecTaBiieHa Pemesom.

B 3akmroueHne HEOOXOIMMO OTMETHTH, YTO MPHUBEACHHBIN BbIIIE
OIITHUMAJIbHBIH METOA CHHTE3a — 3TO HNPOCTOH M 3(GEKTUBHBIA IyTh
BeruncieHus: koaddummentos KUX-¢punprpa. i  OonpmmHCTBa
MPUWIOKEHUN ONTHUMAJbHBIM MeToJ cuHTe3a naaeT xopomue AUX
¢unbTpa mpu ero pasymHom mnopsiake N. OngHako, XOTs MeTon H
MO3BOJIIET MOJHOCTBIO KOHTPOJIHUPOBATH CHENM(UKAINH, 3a/aBacMble
Ha QUIBTP, HEOOXOAWMBIM TpeOOBAHHWEM U1 €r0 BBIIOJHEHHS
SBIAETCS HAJIMYUE INPOrPaMMHON peajm3anuu pa3pabaTblBaeMOro
¢wsTpa.

9.5. KOHTpoJIbHbIE BONIPOCHI

1. Kakwue cymectByroT Meto sl cuaTe3a KUX-¢pumstpos?

2. UYto Takoe oNTUMalIbHbIE METO/Ibl CUHTE3a IUPPOBBIX GUIBTPOB?

3. Cdhopmymupyiite u nokaxute ycnmosus nuHeliHOCTH DUYX KUX-
¢ueTpa.

4. Hazopute npuunnsl cuaTe3a KUX-punbTpoB ¢ iunelinol OUX.

5. 3anumunre o0rree MaTeMaTHYECKOe BBIpAXCHHUE, c

MCIIOJIb30BAHUEM KOTOPOIO MOXHO TMPEJICTaBUTh BCE THIIBI
¢bunbTpoB ¢ uHeitHoH OUX.
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3aganue crienuuKayui
Ha QuIbTp

v

[NepBoHavaIbHOE 3a1aHKE
L+2 skcTpemanbHbIX
4acToT

~

Pacuer ontuManbHOTo
0 Ha PKCTPEMaNbHBIX
4acToTax

!

Pacuer ommbku E (M)
U HAXOXKJIEHHUE JIOKAJTBHBIX

MAaKCUMYMOB, B KOTOPbIX
E(®)|>5

Bonee gem L+2
JKCTPEMYMOB?

OcraButs L+2
HauOOJIBIINX
KCTPEMYMOB

[IpoBepuTh, HM3MEHHUITICH

M3MmeHnmmch
JIY DKCTpeMasbHbIE
YaCTOTHI
He I/IBMeHI/IHI/ICIi
Haunyumas
anmpOKCUMAITUS

Puc. 9.1. briok-cxema anropurma 3aMeHsI Pemesa
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7.

8.
9.

Uro Takoe B3BENICHHAS ONMIMOKA aIpOKCUMAITIH?

UYro oznavaeT onTuMaibHOCTh KUX-OUIBTpOB IO MUHIMaKCHOMY
KpUTEPHIO?

ChopmynupyiiTe TeopemMy 4epeoBaHUS.

Tlosicuute ocHOBHBIE ATanbl anroputMa [lapkca-MakknennaHa.

10.IlosicHATE OCHOBHBIE JOCTOMHCTBA M HEIOCTAaTKH aJIrOpuTMa

ITapkca-MakkiennaHna.

11. IIpousBenure cpaBHeHHE anropuTMoB cuHTe3a KUX-punbTpoB Ha

OCHOBE MeTO0/1a OKOH U Metoja [Tapkca-Makkiennana.

9.6. Jlutepatypa

Bproxano, 10. A. Ludposbie ¢mipTper: yuebd. mocodme /
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ITpuopoB, A. JI. OcHoBbl 1H(ppoBOH 00pabOTKH CHUTHAIIOB!
naboparopubiii npaktukym / A. JI. Ilpuopor, B. A. Bomoxos,
A. M. JlaspeateeB. — BVYHII BBC «BBA wum. mnpodeccopa
H. E. XXykosckoro u lO. A. Tarapuna» (pwimman, r. Spocnarib),
2012.

Anipuuep, D. LludpoBas o0paboTka CHrHaNIOB: NPaKTHYECKUIt
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Cepruenko, A. b. IludpoBas o6paboTka curHamsoB. — 3-¢ usmd. /
A. B. Cepruenko. — CII6.: BXB-ITurepOypr, 2011.
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10. MHOT'OCKOPOCTHASA IU®POBAS
OBPABOTKA CUT'HAJIOB

10.1. OcHoBHBIE OTIEPATOPHI N3MEHEHHS YACTOThHI THCKPETH3ANHH

JIByMsT OCHOBHBIMM BHUJAMHU OIEPATOPOB H3MEHEHUS YaCTOTBHI
JUCKPETH3allMM  SIBJISIIOTCA  AELUMAaTop u UHTEPHOIATOP,
COOTBETCTBCHHO  IOHIDKAIONMH M MOBBINIAIONUI  4acToTy
IuckpeTu3anuy. AHanu3 ux UX mokaxer, Ho4eMy JaHHBIE YCTpOicTBa
OOBIYHO HCIOJIB3YIOTCS COBMECTHO C JIOIOJHUTEIBHBIMU (HIBTPAMU.
Kpome TOro, 9acTOTHBIM aHATM3 MOMOXET MOHATH PadOTy APYTHX
MHOTOYPOBHEBBIX CUCTEM, PACCMATPUBAEMBIX HHXKE.

10.1.1. Bpemennoie coomnowenus
Yeenuuenue uacmomui ouckpemuzayuu

PaccMoTpuM BpeMeHHBbIE XapaKTEPUCTUKH JBYX OCHOBHBIX
YCTpOMCTB mpeoOpa3oBaHus LHU(POBOrO CUTHANA. Y CTPOKCTBO
YBEIUUYCHHUST  YacTOThl  JUCKPETH3allh B L  pa3, rme
L — moJoXuTenbHOE IeJloe, UMEET Ha BBIXOJIE IOCIIE0BaTEIbHOCTD
X, (N) ¢ marom AMCKpeTu3anuu B L pa3 MeHbIe, YeM BXOJHOW CHIHA

x(n). Omepanus yBEJIWYEHUS YACTOTHl JTUCKPETU3ALUU 3aJaeTCs

BBeJeHUEM L —1 HyJIEeBBIX OTCYETOB BO BXOAHYHO IOCJIEA0BATENBHOCTD
U BBIpaXaeTcs GopMyIoi

x(n/L), n=0,£L,+2L,...,
x, (n) = (10.1)
0, AHAYe.

[lpuMep  BBHIOMHEHUS  ONEpAIlMM  YBEJIWYCHUS  YaCTOTHI
JUcKpeTu3anuu B 3 pasza (L =3) 1 nponu3BOIbHOTO EPHOIUYECKOTO
curHana (puc. 10.1a), npencraBmern Ha pwuc. 10.16. Ha pwuc. 10.16
npeicTaBlieHa  OJIOK-CXeMa  OMEpaldd  YBEJIMYEHHS  YacTOThI
JICKpeTH3auu B L pas.

Ha npakTHke 0OOBIYHO C TOMOIIBIO OINPENENICHHOTO Ipoliecca
GuIBTpaLMU BMECTO HyJIEH, He HeCYylMX MH(POPMAIMOHHON HATPY3KH,
BCTAaBJSIFOTCS HEHYJIEBbIE OTCYETBL. OTOT MPOLIECC HA3bIBACTCS
UHTEepIoNAnKeil n OyeT pacCMOTpPEH Jaee.
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1 x(n)
R S e ————————— - — —
3 Fk===-= [ERRE [P - _——e e — _—f -
/3] ISR R NP R I R S
0 1 2 3 4 5 7 8 9 10 11n=
a)
t %, (n)
A b __ e ———————
3 k- | = —— —
3] SN R
I S B S T
0 1 2 3 4 5 6 7 8 9 10 11 »

Puc. 10.1. YBenuueHune 4acToThl TUCKPETU3AIUH B 3 paza:
a) BXOJHOW CHrHas; 0) BEIXOJHOM CHUTHAJ MPH YBEIHMYCHUH YaCTOTHI
JICKPETH3aliK B 3 pa3a; B) OJOK-CXeMa YBEIUUCHHUS YaCTOTHI
JUcKpeTn3anyu B L pa3

Ymenvuenue yvacmomot ducxpemus’auuu

IIpu yMeHblIeHUH 4acTOTHI AMCKpeTu3auuu B M pas, roe M —
MIOJIOKUTENIBHOE LEN0E, IMOJNYyY4aeM BBIXOIHYIO IIOCIEI0BATEIbHOCTD
Xy (n) ¢ marom muckperm3anuu B M pa3 Oomblie, 4eM y BXOIHOTO

curHana x(n). IloHmwkeHwe dYacCTOThl JUCKPETH3ALMU TOJTydaeTcs
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IyTEM COXpPaHCHHUA OAHOI'0 OTCUCTa BXO,HHOﬁ II0CJICA0BATCIIBHOCTU U
YAaJICHUEM M -1 NOCJICAYIOIINX OTCUCTOB CHUI'HaJId, YTO BbIPAXKACTCA
clenyromei GopMyIou:

X, (n) = x(nM). (10.2)
“X(n)
p=——————p—— e ————— . ———————— —- - -
3 _____ _——)— —————— ——f e —— ———— —_——f— ——
2__ R —_ —_——— — —_ _——)— —_ —_ = —_ _——— — —
0 1 2 3 4 5 6 7 8 9 10 11 »
a)
Axa(n)
4 F—9————————— . ———————— —_———————
3_____ _______ —— @ —— — —— ———— —— ) —— — ———
2_____ — ) — — —— ] —— — —— — —— — — ——
Trrrrrrrrrri
0O 1 2 3 4 5 6 7 8 9 10 11 n

Puc. 10.2. YMeHblIeHHE YaCTOTHI JUCKPETU3AMH B 3 pa3za:
a) BXOJHOW CHTHAIT; 0) BBIXOJJHOM CHTHAJ TPU YMEHBLIEHHH YacTOTHI
JIICKPETH3aliy B 3 pa3a; B) OJIOK-CXeMa YMEHBIICHHUS YaCTOTHI
JIUCKpeTHn3anuu B M pa3



B pe3yibTare mar JIUCKPETU3AIUU BBIXOTHOM
MOCJIeI0BAaTEILHOCTH Bo3pacTaeT B M pa3. Ilpumep BBIOTHEHUS
OIEpalii YMEHBIICHHUS YaCTOThI JUCKpeTH3anuu B 3 pasa (M =3) ms
MPOM3BOJIBHOTO TMepHoauueckoro currana (puc. 10.2a) npencrabieH
Ha puc. 10.26. Ha pwuc. 10.26 mpencraBineHa OJOK-cxema OIepaIiuu
YMEHBIIICHUS YaCTOThI UCKpeTU3alu B M pas.

10.1.2. Coomnowenus ¢ uacmommnoii oo6racmu
Veenuuenue uacmomul duckpemuszayuu

OmnpenenuM COOTHOUICHUS CIEKTPOB BXOJHOTO M BBIXOJHOTO
CHTHAJIOB TIPH yBEJIMYEHHH YacTOTHI AWMCKperm3anuu B L pa3. s
9TOTO BBIYMCINM Z-TIpeoOpa3oBaHME IIOCIIEI0BATENBHOCTH X, (N),
ornmceIBaeMoi hopmyoit (1),

o

X, (2) = ixu(n)z‘n = ix(n/L)z‘n = > x(m)z™ = X(z"),

m=—o0
n—xparso L

(10.3)

rae X(z) — z-mpeoOpa3oBaHHe BXOJHOHN MoOciemoBaTeabHOCTH X(N).

Bemmonnsst B Belpakenun  (10.3) 3ameny Z=ej‘b, MOy IYUM
COOTHOILIEHHWE I CBs3W 1peodOpasoBaHuii Dypre (CreKTpoB)
CHTHAJIOB Ha BXOJE M BBIXOJEC OJOKa YBEIMYEHHS YaCTOTHI
muckpernsaun (puc. 10.16):

X (e1®) = X (e). (10.4)

3nece 4actorTa @& ABISETCS HOPMHMPOBAHHOM Ha 4acTOTy
JUCKPETHU3aluK, U3MepseMylo B [y, W u3Mepsercs B pajuaHax.
Boeipaxkenrne (10.4) daxkTuueckud mMoOKa3bIBaeT, YTO IS IMOJYUCHHUS
npeoOpazoBanus @Dypbe cHrHaNla Ha BBIXOAE OJOKAa TTOBBIMICHUS
YacTOThl  JUCKPETH3allMd  HEOOXOIMMO  BBINOJIHUTH  OINEPAIHIO
MacmTabMpoBaHUs IO YacToTe MpeoOpasoBaHus Dyphe cUrHajga Ha
BXOJIE€ JAHHOI'O OJIOKA.

Ha pwuc.10.3 mnokazan mnpumep mpeoOpa3oBaHus (YHKIUU

‘X(ejm)‘ B (yHKIHIO ‘Xu(ejm)‘ JUId Cllydasi yBEJIMYEHHs YaCTOTBI
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JaucKpeTr3aiuy B 2 pasza (L =2). dyHkiun ‘X (e j‘b)‘ U ‘Xu (e jd’)‘ ObuH

HOJTy4eHB! JUIs MociefoBaTenbHOCcTe X(N) U X, (N) COOTBETCTBEHHO,
SIBIISTIOIINXCS.  KOMIUIEKCHBIMH. ACHMMETpHYHOe (HecTaHIapTHOE)
penieHue OBLIO BBIOPAHO IUISL TOTO, YTOOBI OoJiee AETaabHO ITOKA3aTh
pe3yJbTaT yMEHBIICHHS [1ara JUCKPETU3AIHH.

A

J(D)‘

AVAVAN

&
a)
A J(b)‘
-2n -T 0 n/2 = 6;

0)

Puc. 10.3. Pe3synbrat yBenuueHus 4YacTOThI TUCKPETU3ALNH
B CIIEKTPAJIbHOM 00J1acTh B 2 pasa:
a) IS BXOJJHOTO CHTHaJIa; 0) JUIs BBIXOAHOTO CUTHAJIA

Kak mokazano Ha puc. 10.3, mpn L =2 moxyns npeoOpa3oBaHUS
®ypse curHana X, (N) cxumaercs B 2 paza. ITOT IpoIlecC Ha3bIBACTCS
«popmupoBaHneM U300paKEeHUS», TaK KaK B pe3yJIbTaTe IOJIydaeTcs
JOTIOJTHUTENIFHOE M300pakeHHe BXOJHOTO CIEeKTpa. B cioywae c
ko3 duIeHTOM WHTEPIIOJISIUH, paBHBIM L, MOy YHM
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JOTOJTHUTENNFHO L —1 «#M300pa)keHuil» BXOJHOTO CIIEKTpa CHTHAIA.
Jannbie «n300pakeHus, HE HECYIINE JOTOTHUTEIHHON HHPOPMAIIHH,
MOXHO YCTPaHUThb C TIOMOIIbIO HHM3KOYACTOTHOW  IU(POBOM
¢uIBTpaHH.

Vmenvuwenue uacmomsr ouckpemusayuu

PaccunutaeM cooTHoOIIEHUE CIICKTPOB BXOJHOI'0 MW BBIXOAHOI'O
CUTHAJIOB TIIpHU YMCHBIICHUU YaCTOTbl AUCKPETU3AIUU. I[HSI 9TOTO
BBIYHCIIUM Z—npeoGpaaoBaHI/Ie noCICa0BAaTCIIbHOCTH Xo (n) y

npezacraeneHnoi B (10.2):

o0 o0

X,(2)= D, x,(Mz"= > x(nM)z™". (10.5)
N=- n=-—w
BBenem mpoMexyTO4YHYIO IOCIEI0BATENBHOCTE X, (N), KOTOPYIO
MOXHO TIPEICTaBUTh Yepe3 OTCUCeTHl curHaia Xx(n) Ha Bxoxe OJoka
YMEHBLIEHHS YaCTOThI AUCKPETHU3ALMHU B BULIE
x(n), n=0,+M,+2M, ...,

X, (n) = (10.6)
0, HHaYe.

Hanee momyuum

X,(2) = i x(nM)z™" = i X,(nNM)z™" =
" i (10.7)
= > %,z M =X, @),
k=—0

3neck X, (z) — z-npeoOpa3zoBaHue MOCIEAOBATENBLHOCTH X,, (N).
[MocnemoBaTensHOCTE  X(N) MOXKET OBITH TpUBEICHA K
MOCJICIOBATENIbHOCTH X, (N) €  HCHOJNB30BaHHEM  BBIPAXKCHUS
X, (N) =c(n)x(n), rae c(n) ompenensercs Kak
, N=0,=xM,+2M, ...,

1
c(n)= (10.8)
0, unaue.

Bouee ynoOHoe npesicTaBieHne Mociie0BaTeNbHOCTH ¢(N) UMEET BH]]
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1 M 2,
c(n=—>eM . (10.9)
M =

Ucnons3ys 3ameny X, (n)=c(n)x(n) u BOCHOIH30BABIINCH
ypaBHenueM (10.9) npu z-npeobpazoBanuu X,,(N), MOIyIUM

0

X, (2)= i x,(Mz "= cnx(n)z" =

N=-c0 N=-—0
1 & (M J-ZJ
=— eM |x(nz"=
v Z(Z j
M-1( oo 2n n M -1 _.2n
_ L D x(ne ™Mz _ L Sx|etn;
M k=0 \ n=— M k=0

(10.10)

B3aumocBs3p MexIy Z-nmpeoOpa3oBaHUAMU CUTHATIOB Ha BXOAC U
BBIXO/Ie OJIOKa YMEHBIIEHUS YacTOTHI Auckperusarnuu (puc. 10.26), ¢
yaeToM mosictanoBkH Belpakerns (10.10) B Beipaxkenue (10.7), umeer
BUJL:

X,(2)=— ZX[eJMz J (10.11)

Bomonusis B Beipakennn (10.11) sameny z=el®, nonyuum
COOTHOILCHUE ISl CBA3M NpeobpazoBanuii @yphe CHUTHATIOB HA BXOIE
W BBIXOZIe OJI0Ka yMEHBIICHHS 4acTOThI AuckpeTn3aimu (puc. 10.26):

. 1 M o
X, (@) ==>" X(e!2M), (10.12)
M i
Bripaxxenne (10.12) mompasymeBaer, uto X,(e j6’) SBJISIETCS

cyMMoii M charaemblx cMemeHHBIX QyHkmmii X (e)®) ¢
YBEIMYEHHBIM MEPUOJIOM, KOTOpas IOMOJHHUTEIbHO YMHOXAeTCs Ha
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1/M. B cuny yMeHBIIEHHS YacTOTHI JMCKPETH3AIMH BO3MOXHO
BO3HHKHOBEHHE J(PQPeKTa HAIOKEHUS CIEKTPOB. OTOTO MOXHO
n30eXKaTh, €CIIA MPH YMEHBIIEHUH YaCTOTHI TUCKpeTH3anud B M pa3
curaan X(N) orpaHryeH MoI0coi 4acToT 10 7t/ M .

Bo3moxHbIi  Bua  QyHKIHH ‘Xa(e J“))‘ MpU  OTCYTCTBHUH H
Hamau# 3P QeKxTa HATOKEHUS CIEKTPOB KaK CICACTBHS BBITOTHCHUS

oliepaluyl IOHMKEHHS 4YacTOTHl JAWUCKPETHU3AllMM NPEJICTaBIeH Ha
puc. 10.4 u puc. 10.5 COOTBETCTBEHHO.

4 X(ejd))‘
-2n - 0 T 27 6;
a)
-2n - 0 T 27 6;
0)

Puc. 10.4. D¢ddexT HaNOKEHHS B YaCTOTHOW 00JIaCTH, BEI3BAHHBIN MIOHHKEHUEM
YaCTOTHI AUCKPETH3ALHUH B 2 pa3a:
@) CIIEKTP UCXOJHOTO CHTHAJIA; 0) CyMMApHbIN CIIEKTP BBIXOJHOTO CUTHANA
MOCJIe TOHMKEHHS YaCTOTHI TUCKPETH3aIMH B 2 pa3a
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A

X (ej‘b)‘

1A

-2n -T 0 n/2 = 2n 6;
a)
&

0)

Puc. 10.5. OTcyTcTBHE HAIOKEHNUS TIPH MTOHM)KEHUH YaCTOTHI
JIUCKPETHU3AIUH B 2 pa3a: @) CIEKTP UCXOJHOTO CUTHAJIA; 6) CyMMAapHbIil CIIEKTP
BBIXO/IHOTO CHT'HAJIA MTOCIIE TOHIKESHUS
YaCTOTBI IUCKPETU3ALIUH B 2 pa3a

10.1.3. Muozockopocmmuusie mosicoecmea

1. Kommymamuenocme usmeHenus yYacmomol OUCKDEMU3ayuu.
Cxemsbl, mpenctaBieHHble Ha puc. 10.6a, SKBHBAIEHTHBI, €CIU
KOO(POUITMCHTHl TOBBIIICHUS L W mOoHWKeHHS M 9acTOTHI
MUCKPETU3ANNN SIBISIOTCS B3aMMHO IPOCTBIMHA YHCIAMH, T.€. C
y4eToM TOro, 94to0 L W M SBISIOTCS TOJOXHUTEIHHBIMU IIEITBIMU
YHCIIAMH, OHH HE UMEIOT OOIIMX AenuTese, 6ompmux 1.

2. Yepeoosanue onepayuu purbmpayuu u noSbIUEHUsL YACTONMbL
ouckpemuzayuu. Kackamnoe coemuHeHne (QUIbTpa ¢ NEpeIaTOTHOM
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¢yakmueir H(z) u 00ka MOBBIMICHUS YaCTOTHI AWCKpeTH3ammu B L
pa3 SBISIETCS DKBUBAJICHTHBIM KAaCKaTHOMY COCAMHEHHUIO OJOKa
MOBBIIICHNSI YacTOTHl JUCKpeTH3anuu B L pa3 u ¢uibrpa ¢
nepeaatoyHoi Gpynkmmeii H (ZL) (puc. 10.66).

3. Uepeoosarnue onepayuu hurbmpayuy u NOHUNMCEHUS YACMOMbl
OJuckpemuzayuu. Kackannoe coequHeHUE OJIOKA MOHIKEHUSI 9aCTOTHI
IUCKpeTu3auuu B M pa3 u QuiasTpa ¢ nepenatodHoit GpyHkiueir H(z)
SBJSIETCS. DKBUBAJICHTHBIM KAaCKaJHOMY COCIHHEHHIO (HIbTpa C
nepeaatroyHor QyHkmuen H (ZM) n OJIOKa TOHWKCHHUS YaCTOTHI
nuckpernsaiuu B M pas (puc. 10.66).

x(n) . . y(n) x(n) . . y(n)
@»}L HH(ZL):—y(E) = ﬂP[H(z)]—»Z?L —y@

O, v )|—>ruv|‘—y(2)

—VX(n) r¢M H H(z)‘—y(E)

6)

Puc. 10.6. MHOrocKOpOCTHBIE TOKAECTBA: a) KOMMYTATHBHOCTh H3MEHCHHUS
94aCTOTHI AUCKPETU3ALMHU BBIIOHSACTCSI, €CIH 1eible uncia L u M siprsrorest
B3aMMHO TIPOCTHIME; 0) YepeoBaHKe Onepaii HHIBTPALMH U MOBBILICHHS
9aCcTOTHI AUCKPETU3ALNH; B) YEPEIOBAHIE Olepaliii (ZHIbTPALMA U TOHIKCHUSI
JaCTOTHI TUCKPETU3ALUH

10.1.4. Muozockopocmuuie cucmemsl 011 nPeoOPA306aAHUSA
Yacmomol OUCKpemu3ayuu
[Ipouecc yMeHbIIEHHS 9aCTOTHI JUCKPETH3ALMK CUTHAJIOB Ooliee
W3BECTEH KaK «ICIHMAIUs», a MHOTOCKOPOCTHBIE YCTPOWCTBA,
UCIIONIb3yEeMbIe  JUIsl  JICHUMAlliK, Ha3bIBAIOTCS  JEHUMATOPaMH.
OOpatHBIi TpoIIeCcC MOBBIMIEHUS YaCTOTHI JUCKPETH3AMH CUTHAIIOB
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HA3bIBACTCS «UHTEPIOJAIMCH», a YCTPOWMCTBA, HUCIOJIb3yEeMBIC IS
WHTEPIONSAIUN, HA3BIBAIOTCA  HMHTEPHONATOpamMH. Bwime  ObLIO
MOKA3aHO, YTO HEJB3S MPOU3BOJIBHO CHIKATh YaCTOTY JUCKPETHU3AIINU
CUTHAJIa TaK, YTOOBI HPU 3TOM OTCYTCTBOBAN 3P (PEKT HaJOKEHUS.
[ostomy mist TpenensHO AUCKPETH3UPOBAHHOTO CHUTHANA B TIEPBYIO
odepens HeOOX0aUMO TpeodpazoBath ero ¢ momomrsio ®HY, a Tompko
3aTeM YMEHbBLIATh YacTOTy JucKpeTH3auuu. [lomoOHBIM 00pazom
Moclie BCTaBKHA HYJEBEIX OTCUETOB B IIOCIEAOBATEILHOCTD TIPU
VBEIMYCHUH YacTOTBHl JUCKPETH3AIlMM CHUTHANT JIOIDKEH  OBITh
nponyiieH uepe3 OHY.

B cBsi3u ¢ Tem, 9TO MpeoOpa3oBaTENN YaCTOTHI TUCKPETH3AINH C
KOd(pOUIMEHTaMH  AWCKPETU3AIlNH,  SBILTIONUMIUCS  ITPOOHBIMU
YHCIaMH, MOTYT OBITh pEATU30BaHbl C IOMOIINBIO KAacKaJloB
WHTEPIONSAIMN W JEIUMAalud, B MHOTOCKOPOCTHBIX CHCTEMax
HEOOXOOMMO  HCIIONB30BaTh  IMpoBbie  ¢(uibTpel. PaccMmorpum
MOPSIOK MCIIOJIb30BaAHUS TAKUX (PHIBTPOB.

B mepByo ouepenp onpeneiarM COOTHOIICHUS MEXTYy BXOIHOW U
BBEIXOJIHOM TIOCJIEOBATEIFHOCTIMIA MHOTOCKOPOCTHON CHCTEMEI, B
KOTOPO# MCHOJIB3YIOTCSI MPE0Opa30BaTENU YACTOTHI. 3aTeM OIPEIeTUM
JaCTOTHBIC XapaKTEPUCTUKH MOHIKAIOMIUX (PIIBTPOB, HCIIOIB3YEMBIX
B MHOTOCKOPOCTHBIX CTPYKTypax. Jlanee paccMOTpUM ACHUMAIIUIO H
UHTEPIIONISAIUIO  OCICOBATEILHOCTEH M ONPENCSIIUM  BBIXOHBIC
XapaKTEPUCTUKY TTOHMKAIOIINX U(DPOBHIX (YHUIBTPOB.

10.1.5. Ocnosnvie cmpyxkmyput

[Ipu mOBBIIIEHNH YaCTOTHI TUCKpEeTH3anud B L pa3 mpoucxomuT
MOBTOPEHHUE CHUTHAJIOB OCHOBHOro cmekrpa (puc.10.3), mostomy
UHTEPIONATOP AN LENbIX 3HAYCHUM  HM3MEHEHUS  YacTOTHI
muckpernzanuu conepxutr ®HY ¢ nmepemarounoit pynxmment H, (z),
HMMEIOIIETO 9acToTy cpe3a n/ L, kak moka3aHo Ha puc. 10.7a. JlanHbrit
OHY, Ha3biBaeMbIii (GUILTPOM WHTEPMIOJANWHU, mepeMeniacT L —1 He
HeCcyInX HWH(POPMALMOHHONW Harpy3kW HYJIEBBIX OTCUETOB X, (N) B
CIIEKTpP CUTHAJIa C MOBBIIIEHHON YaCTOTOH.

C [pyrodl CTOPOHBI, YCTPOHCTBO TOHIKEHHS YacTOTHL C
WHACKCOM M, paBHBIM IIEJIOMY YHUCITy, MOXXET MPHUBECTH K 3P deKTy
HanoxeHusa. IlostoMy B OCHOBHOM  CTpyKType JenuMaropa

261



npumensercs ®HY c¢ nepemarounoit ¢ynkumeir H,(z), nmerommii
gactoTy cpe3a m/M, KOTOpBI pacmnoiokeH Iiepen OJIOKOM
TOHIDKEHHUST YacTOTHl JMCKpPEeTH3alu Hu  (OPMUPYET HEKOTOPBIH
curHan v(n), kak mokasano Ha puc. 10.76. Jlanusiii ®HY Ha3siBaeTCs

GunbTpom permmarmu. OH OrpaHHYMBAET MOJOCY YACTOT BXOIHOTO
curana X(n) o |@<7/M Tmepexn HadaaoM HPOLECCA yMEHBIICHHS

YaCTOTHI JUCKPETHU3AIMH, YTOOBI HE NOMYCTUTh d(h(deKTa HATOKCHHS

CIIEKTPOB. - o -
X(n X (N n
O )

a)

x(n) v(n) y(n)
—{ro}—{u}=

0)

Puc. 10.7. ITpumenenune ®HY: a) mis ycrpanenust L1 xomuii cxxaroro crexrpa
CHUTrHana; 0) A yCTPAHEHUs HAJIOKEHUS

_.._{X(” ) e () e v

a)

0)

Puc. 10.8. DxBuBaneHTHOE NPeoOpa30BaHUe PH U3MEHEHUH
JaCTOTHI AUCKPETU3ALUH B JPOOHOE YHUCIIO Pa3:
a) MCXOJHAs CTPYKTYpa; 0) CTPYKTypa mociie mpeodpa3oBaHus

H3MmeHeHue YacTOTHI JUCKpPCTU3alluu B ,Z[pO6HO€ YUCJIO pas

MOYXeET ObITh MTOJIy4€HO COBMECTHBIM KCIIOIBb30BAaHHEM HHTEPIIOIATOPA
¢ koadodummrentor L u genumaropa ¢ koddpduiuenrom M, rae L u
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M — monoXxuTenbHbIE ILenble uHcia. VHTepmomsuus AODKHA
MpeecTBOBaTh JeNuMalny, Kak Ioka3aHo Ha pwuc. 10.8a. O6Ga
¢weTpa — naTepnoAuN H,, (z) n nemmmarm H,(z) — MoryT OBITH
obbenuHeHsl B oauH GuibTp H(z). TeM camMbiM MOXHO H30€XKaTh

s dexTa HANOKEHUS, KOTOPHIM MOXKET BO3HMKHYTHh NMPHU MOHMKCHHUH
YaCTOThl JUCKPETH3AlMH M IMOBJIUSATh HAa HCUE3HOBEHHE (IHIIHUX)
COCTABIISIIOIIMX CHTHAJa NPU YBEIUYEHHH YaCTOTHI JUCKPETH3AIUH.
Pesynprar Takoro o0bearHeHU (GUILTPOB Moka3aH Ha puc. 10.86.

10.1.6. Cea3b 6x001020 U 66IX00H020 CUZHAIOE6

Omnyckasi MaTeMaTHIECKUE BBIKIIAIKHU, OMPEICINM COOTHOIICHUS
BXOJI-BBIXOJI JUIsl CHCTeM, TIpe/icTaBlieHHbIX Ha puc. 10.7 u puc. 10.8.

PaccMOTprM COOTHOIIIEHHE BXOJI-BBIXOJ JUISI WHTEPIOIATOPA,
n3zobpaxennoro Ha puc. 10.7a. Ilycts h, (n) ob6o3nawaer UX dumbTpa

UHTEpHONAUKY ¢ nepenaToyHoil ¢ynknueit H, (z). Bo BpemeHnHoi

obmacTi jkenaeMasi CBsI3b BXOI-BBIXOJ] MOXKET OBITh OITHCAHA
CIIEYIOIUM 00pa3oM:

y( =3 h,(n—Lm)x(m), (10.13)

a B Z-00J1acTH
Y(2) =H(2)X(z"). (10.14)

PaccMoTpuM  COOTHOIIEHWE BXOX-BBIXOJ Uil  JeIUMaTopa,
n3odpaxxenHoro Ha puc. 10.76. ITycts hy(n) o6osznavaer UX ¢unsrpa
JenuManuu ¢ TnepenarodHoi ¢yHkmued H,(z). Bo BpemeHHOI
obOjacTh KemaeMmas CBS3b BXOJ-BBIXOJl BBITJBIIUAT — CIICAYIONIIAM
obpazom:

y() = 3 h,(Mn—m)x(m), (10.15)

a B Z-o0mactu
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2n 211

Y(z)=— ZH e MM x| g | (10.16)

PaCCMOTpI/IM COOTHOHIICHHEC BXOI-BBIXOQ JUIA CHCTCMBI
WU3MCHCHUSI YaCTOThl TUCKPETH3AMK B JAPOOHOE YHCIIO pas,
m3o0paxennoit Ha puc. 10.86. [lycte h(n) o6oznawaer UX ¢unbTpa ¢

nepenaTouHoit pyuknueit H(z). Bo BpemeHHOU oOmacTu xenaemas
CBSI3b BXO/JI-BBIXOJ OITUCHIBAETCS CICIYIOIIIM 00pa3oMm:

y(n)= > h(Mn—mL)x(m), (10.17)
a B Z-o0mactu
1 Sy Sy
Y(Z):MZH e M zZ/™IX|e ™ Y™ (10.18)
k=0

10.1.7. Tpebosanusn k yugposvim ghunvmpam

Paccmotpum ocobennoctn ®HUY, mokazanubix Ha puc. 10.7 u
puc. 10.8. B mepByro odepeap paccCMOTPUM HWHTEPHOJSIMOHHBIC
¢unpTpel.  Ilycth x(N) — TOCHEAOBATENLHOCTh, IIOJYYCHHAS B
pe3ynbTaTe JUCKPETH3alNH ¢ 4acToToM HallkBuCTa OrpaHUYEHHOTO BO
BpeMeHH curHama Xg(t). Ecm Xa(jQ) m  X(e J-d’) SIBJISIFOTCS
pe3ynbraToM npeoOpasoBanusi Oypbe X4 (t) U x(N) COOTBETCTBEHHO,
TO TOJyYUM, YTO 3TH TPEOOPa3OBaHHBIC (YHKIIMH CBS3aHBI MEXKIY
c000¥ CIIeTYIONTIM BBIPaKCHUEM:

X (1) = Z X ( Jznk} (10.19)

a k=—o0 TO

rae T, — Iepuoa IUCKpeTH3anu. Eciam BMecTo TUCKPeTHOH (yHKITNH
x(n) moncrtaBuTh (yHKIHMIO Y(N) € MEHBIIUM mepuogoM T, /L,

npeobpazoBanne Pypre (HyHKIUU Y(ejfo) MOJKET OBITh BBIPAXKEHO B
BHJIE
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Y(eié)ZL Z X, M _
T, = T,/L

(10.20)

C apyroil CTOpPOHEI, eciu curHan X(n) OyoeT MpomyIieH 4epes
HUHTEPIOJISATOP c KO3 UITICHTOM YBEJIUUCHUS YacCTOTbI
nuckpetuzannu L u @HY ¢ yacroroit cpe3a n/L, u ycuinenuem L,
BBIXOJHOH CHTHAJl HHTEPIOJTOpa OYyJIeT TOYHO COOTBETCTBOBATH
curHany Yy(n), mnpeoOpasoBanne @Dypbe KOTOPOTO OMUCHIBACTCS
BeipakeHneM  (10.20). B pesynbrare ONKMCAaHHWE  HICATHLHOTO
uHTepnoysiuonHoro ®HY Oyzaer ciemyromum:

L, |€o| <n/L,

(10.21)
0, uHaue.

H, ()=

AHaJOTMYHO  3a7af0TCcs  cHenupUKaMu I HICATHHOTO
nenumanuronHoro ®HY, koToperit OyaeT 3a1aH BEIpaKEHUEM

1, |6)|S7£/M,

(10.22)
0, uHaye.

‘Ho(ejd’)‘ =

B cnyyae npeoOpa3oBatensi 4aCTOThI TUCKPETH3ALUH C APOOHBIM
MHOXXUTEJIEM, Kak TMokazaHo Ha puc.10.86, cmemudukanmm Ha
nneansHpiid ®HY MoryT OBITE 337aHBI B BUJIC

ol L |&|£min(£,£j,
HE")| = L' M (10.23)

0, wmHaye.

Tem caMblM TOAABISIOTCS  «U300paXKCHUS», BBI3BAHHBIC
HHTEPIONISATOPOM, W OTHOBPEMEHHO O00CCHEYMBACTCS OTCYTCTBHE
HaJIO)KEHHs, BbI3BaHHOE nenumaropom. Cunte3 ¢uistpoB (10.21) —
(10.23) — crammaptHas 3agada paspabotkn ®HU ¢ KOHEYHOH WM
6ecxoneunoit UX.
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10.1.8. Banku uyugposvix unrvmpos

B HOC cymiectByeT psan NpUIOKEHHH, B KOTOPHIX HEOOXOAUMO
pa3fenaTh CHUTHAl Ha MHOXECTBO IOAJHWANA30HHBIX CHTHAJOB,
3aHUMAIONIIX OOBIYHO HEMIEPEKPHIBAIONUECS YaCTH UCXOIHOHN MOJIOCKH
4acToT. B Jpyrux NpHIOKEHUSAX HEOOXOAMMO OOBEIUHSATH MHOI'O
MIOJAMANA30HHBIX CHUTHAJIOB B OJUMH COCTaBHOM curHan. Taxkum
00pa3oM, B JaHHBIX MPAKTHUCCKUX MPWIOKCHUAX OAHKH IHPPOBBIX
(UIBTPOB UTPAIOT BAKHYIO POJIb.

Ocnosuvie onpedenenus

bank 1uGpPOBEIX (GHIETPOB sBIIETCS HAO0OpPOM IU(POBBIX
MOJIOCOBBIX (HIBTPOB ¢ OOIIMM BXOAOM WA CYMMHPYHOIIUM
BBIXOJIOM, Kak mokazaHo Ha puc. 10.9. YcrpoiicTBo, TOKa3aHHOE Ha
puc. 10.9q, Ha3piBaeTcsi M-KaHAJIBHBIM OaHKOM (DHILTPOB aHAIU3a C
¢wieTpamu  Hy (z), w3BecTHBIMH Kak (uibTpbl aHanmm3a. baHk
GWIbTPOB aHamM3a HEOOXOIMM Ui PA3IOKEHHUs] BXOJHOTO CHUIHAjA
x(n) B Habop M moAnMama3oOHHBIX CUTHAJOB Vi (N), TAe KaKIbId

MOAJMANa30HHbIM CUTHAJI 3aHUMACET YacTh MCXOJHOM MOJOCHI YacTOT.
Tem caMbIM cHUTHAN OyET «IIpOaHAM3UPOBAHY, KOT/Ia OYACT pa3ieicH
B YaCTOTHOM 001acTH Ha HA0OP Y3KUX CHEKTPAIbHBIX MOJIOC.

x(n) Vp(N) Vo (n)
O )

v, (n) V7 (n)
1

v

a) 0)

y(n)

Puc. 10.9. banku GuibTpoB: a) aHaKM3a; 6) CHHTE3a
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JIBOMiCTBEHHOW  omepamuell  aHaiu3a  SBISETCA  CHHTES,
MOCPEACTBOM KOTOpPOTO HabOp IOJ/IMAlia30HHBIX CHUTHAJOB Vi (N)
obweaunsiercs B omuH curHan  y(n). Ha pwuc. 10.96 mnoxkasan
L-nmuana3oHHBIA CUHTE3UPYIONMA OaHK (QUIBTPOB, THE KaXKIbIHA
¢ueTp Fy (z) Ha3pIBaeTCS CHHTE3UPYIONIUM (PHIBTPOM.

Pasnomepnvie banku gurvmpos

Hike onmceiBaeTcs TeXHUKA CO3AaHUS Kilacca OaHKOB (HIBTPOB
C paBHOH mWMpHHOW mMONOCH mpomyckanus. [lomyctuMm, ato Hg(z)
IpeacTaBisieT coOoi (u3muecku peanusyeMmblil nugposoit @HY c
neiictButensHoi UX hg(n):

Ho(2) =3 hy(m)z™, (10.24)

I7e  JIONyCKaeTrcs, dYTo (QWIBTP MOXKET HUMEeTh OeCKOHEUHYIO
UMITyJIbCHYIO XapakTepuctuky. Ilycte Hg(z) wnmeer rpaHu4HbIe
YacTOTHl B TIOJIOCE MPOIMYCKAaHUS @, U ITOJNOCE 3aJepKUBAHUSI @,
cocpefioTodYeHHbIe BOKpyr dactotel w/M  (puc. 10.10a), rae
M — HeKoTOpoe MpPOW3BOJIFHOE IEeNI0e YUCIO. Termepb paccMOTpHM
(U3MUECKH peaNn3yeMblii UMIYNbCHBIH OTKIMK hy (n), 0<k <M -1,

MOJTyYEHHBIH MOJYJIMPOBaHHEM ho (n) 9KCIIOHEHIIHAEHOM
MOCJIEI0BATEEHOCTHIO
.2m
j—kn
h.(n)=hy(n)e M . (10.25)
CooTBercTByrOmas nepenaTodHas GyHKIUSA paBHA
0 0 .2n -n 2%
_iftk _jct
Hk(2)=zhk(n)27”=zho(n) e Mz =Hgle g ,
n=0 n=0
(10.26)
rae 0<Kk<M =1 TIpu 5ToMm UX MoXeT GBITh MpeCTaBICHA B BUIE
Hy (e1) = Hg (e @2/ M)y o<k <M —1. (10.27)

Takum obpazom, UX Hy (e J-‘b) nojiyyeHa cMmeleHueM Hg(e J-d))
Ha 27k/M (puc. 10.106). CootBerctBytomue MX hy(n) B oOmem
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cjIydac SABJAIOTCA KOMIUICKCHBIMH, HW, CJCA0OBATCIIBHO, (bYHKHI/IFI

‘Hk(ejm)‘ HEo0s13aTeNbHO SBIAETCS CHMMETPHUYHONW OTHOCHUTENIFHO

HyneBoii uactotel. Ha pwuc. 10.106 npencraBnensl oTkimuku M —1
(WIBTPOB, KOTOpPHIE TMONYyYEHBI CABUTOM HH3KOYACTOTHOTO (HIBTpa-
MIPOTOTHIIA.

Ormerum, uyrto M ¢uabtpoB Hy(z), omIpeneneHHbIX B
BeIpakeHnH (10.26), MOTYT OBITH MCIIOJIB30BAaHbI KaK aHAJIN3UPYIONIUE
¢wieTpEl B O6anke ¢mibTpoB aHamm3a (puc. 10.9a) wnm xak GUIBTpPEI
Oanka cuHTe3a Fi(z) (puc.10.96). [NonmydyeHHblli OaHK LUPPOBBIX
(UIBTPOB B JaHHOM CITy4ae Ha3bIBAIOT PABHOMEPHBIM.

10.2. KoHTpoOJbHBIE BONPOCHI

1. Yrto coboil mpencraBiseT MpoOlECC YBEIMYEHHS YacTOTHI
JUCKpPETH3aluH BO BpeMeHHO# obnactu? [IpuBenure mpumepsl.

2. UYrto co0oif mTpeacTaBISET MPOIECC YMEHBIICHHS YaCTOTHI
JICKpETH3alu BO BpeMeHHOH obnactu? [IpuBenure mpumepsl.

3. Onummre Tmpolecc YyBETWYEHHsS YacTOTHl JUCKPETHU3AlMH BO
BpeMeHHOi1 o0iactu. [IpuBeanTe mpuMepsl.

4. Bsmonuute BoiBoA Gpopmysl (10.4).

5. Onmmmre mnporecc YMEHBUIEHHS 4YacTOTHl AMCKPETHU3AIMH BO
BpeMeHHOI1 o0nactu. [IpuBeanTe mpuMepsl.

6. Bomonaute BbiBoA Gopmyssl (10.12).

7. YTO Tako€ MHOTOCKOPOCTHBIE TOKAECTBA?

8. Kak yctpoen unrepnonsrop?

9. Jlma Kakux Leled B CTPYKTYype HHTEPIOIATOpPA HUCIOJIB3YeTCs

OHY?

10. Kakme TtpeboBanmsa 3amatorcss Ha OHY, wucnonas3yembrii B
CTPYKType MHTEpIOIATOpa’?

11. Kak ycTpoen nerumarop?

12. Jnd xakux 1efneil B cTpykType AenumaTopa ucnoissyercs @HY?

13. Kakme tpeOoBanms 3amatorcsi Ha OHY, wncnons3yemsiii B
CTpYyKType nenumaropa?

14. Onumurte mnpouecc U3MEHEHHUs YacTOThl JHUCKPETH3alluk B
IPOOHOE YHCIIO pas.
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15.

16.

17.
18.
19.
20.
21.

Kakue tpeOoBanms 3amatorcsi Ha OHY, wcmoms3yeMmbrii B
CTPYKTYpPE CXEMbI U3MEHECHHUS YacTOTHI JUCKPETH3AIUU B IPOOHOE
quCcIo pas?

OnpenenuTe COOTHOMICHHS BXOI-BBIX0]] BO BPEMEHHOH 001acTH U
B 00nacTu Z-mpeoOpazoBaHHs IS CTPYKTYP, M300paKCHHBIX Ha
puc. 10.7 u 10.8.

Yro Takoe 6aHK GrILTPOB?

Kakwue ¢hyHKIIMH BHITIONHSAET OaHK aHaIm3a?

Kakune yHKUMM BBITONIHSET OaHK CHHTE3a?

Uto Takoe paBHOMEPHBIN OaHK QUILTPOB?

Kaxk moctpouts paBHOMEpHBIN OaHK (HUIBTPOB?

10.3. JIutepatypa

Bproxanos, 10. A. LudpoBpie ¢uipTpsr: y4ebd. mocodme /
1O0. A. bproxanos, A. JI. IIpuopos. — Apocnasns: SApl'Y, 2002.
[Ipuopo, A. JI. OcHoBbl 1HbpPOBOH 00pabOTKH CUTHAJIOB:
nabopatopHslii npaktukym / A. JI. Tlpuopos, B. A. Bomoxos,
A. M. JlaBpentheB. — BVYHI[ BBC «BBA wuM. mpodeccopa
H. E. Xykosckoro u 1O. A. 'arapunay (¢punman, r. fpocinasib),
2012.

Yobany, M. K. IludgpoBbie MHOTOCKOPOCTHBIE CUCTEMBI 00Pa0OTKH
curHanoB: y4de6. nmocobue / M. K. Yobany. — M.: M3narensckuii
nom MBH, 2009.

Anipuuep, D. Ludpoas o0paboTka CHrHaIOB: NPAKTUYECKHUIt
nmonxox. — 2-¢ u3a. / 3. Atiduuep, b. [xepBuc. — Bunbsmc, 2004,
Cepruenko, A. b. Lludposas obpaborka curHamoB. — 3-¢ m3x. /
A. b. Cepruenko. — CI16.: BXB-ITurepbypr, 2011.

Hesxonos, B. II. MATLAB 6.0/6.1/6.5/6.5+SP1 + Simulink 4/5.
OOpabotka curHajgoB u wu3obpaxenmid / B. II. JIpsikoHOB. —
M.: COJIOH-IIpecc, 2005.

Cononmaa, A. W. Ludposas  oOpaboTka  CHIHAJIOB.
MonenupoBanue B MATLAB / A. U. Cononunna, C. M. ApOy30B. —
CII6.: BXB-ITetrepoypr, 2008.

Ingle, V. K. Digital Signal Processing using Matlab V.4 /
V. K. Ingle, J. G. Proakis, PWS Publishing Company, 1997.
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11. OBPABOTKA CUT'HAJIOB
HA OCHOBE BEUBJIET-IIPEOBPA3OBAHUSA

11.1. OcHoBHBIE onpeaeIeHnsl

HenpepeiBHOe mpeoOpazoBanne Dypre (HIID) sBusercs
BaOXHEHIINM CPEICTBOM aHAIW3a CTAallMOHAPHBIX HENPEPBIBHBIX
CUT'HAJIOB, KOTOpHIE IIUPOKO MHCIOJIB3YIOTCS B PAJAUOTEXHUKE H
nHpOoKOMMYHHKanusaxX. Ilpm 3ToM curHam packianeiBaeTcst B 0asuc
CHHYCOB U KOCHHYCOB Pa3lNYHbIX 4acTOT. KommuecTBO 3TUX QyHKIMH
OeckoHeuHO OombIIOe, a KO3(Q(UINEHTH IPeoOpa3oBaHusl HAXOAATCA
MyT€M  BBIYMCICHHS  CKASIPHOTO  MPOM3BENEHHWS CHTHAJIa C
KOMIUIEKCHBIMHU SKCIIOHEHTAMH:

F(Q) = T f (t)e dt, (11.1)

rae f(t) —curnan, a F(Q) — ero npeodpazoBanue Oypbe.

C No3WIUM TOYHOTO TPEJCTABICHUS MPONU3BOJIEHBIX CUTHAJIOB U
¢ynknuit HII® nmeer psig HerocTaTKOB.

1. JTaxxe uist ogHOW 3aJaHHOW 4YacTOTHI TpeOyeTcs 3HaHue
CHTHajla HE TOJBKO B MPOIIIOM, HO M B OyIyIieMm, 4TO SBISETCS
MaTEeMaTHIECKOW aOCTpaKITHEH.

2. B ycrnoBusx mpakTHYecKd HEM30€KHOTO OTPaHMYCHHS YHCIa
TapMOHHK WJIM CHEeKTpa KoJieOaHMH TOYHOE BOCCTAHOBJIGHHE CHTHAJa
IocJie mPSIMOTO U 00paTHOTO NpeodpazoBannii Pypre TeopeTudecku (1
TeM OoJiee MPAKTUYECKU) HEBO3MOXKHO, B YACTHOCTH, U3-32 MOSBICHUS
a¢dexra ['nbOCa.

3. basucHoit ¢yHkuueit npu pasnoxenun B psag Oypbe sBiseTCs
TapMOHHMYECKOE KoJieOaHHe, KOTOpOe MaTeMaTHYECKH ONpEAeNiCHO B
HMHTEPBAJiC BPEMEHU OT —oo JI0 o0 M UMEET HEM3MEHHbBIC BO BPEMEHH
mapaMeTpel.

4. OtnenbHbIE  OCOOCHHOCTH  CHUTHaNa  (pa3pbiBbl,  ITHKH)
BBI3BIBAIOT HE3HAUWTEJbHBIE W3MEHEHUS YacTOTHOrO o0pasa CHrHaja
BO BCEM HHTEPBAJC YacTOT, KOTOPHIE «pPa3Ma3bIBAIOTCS» IO BCEH
YaCTOTHOH OCH, YTO JeNacT UX OOHAPYKEHHE IO CIIEKTPY MPaKTHIECKU
HEBO3MOKHBIM.

5. Takas mnaBHas OasucHas (yHKOMSA, KaKk CHHYCOWJAA, B
NPUHLUIE HE MOXET MPEACTaBIATh Iepenanbl CUTHAJIOB C
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OCCKOHEYHOH KPYTU3HOH (IIPSIMOYTOJIHBIC HMMITYJIBCHI M JIP.), XOTS
o100HBIC CUTHAJIBI IPUMEHSIOTCS] BEChMa [IHPOKO.

6. Jlns  HecTalMOHAPHBIX  CHTHAJIOB  TpyaHocTtd  HIID
MHOTOKPATHO BO3PacTaloT.

7. ENVHCTBEHHBIM  IPHUCIIOCOONIEHHEM K  IPEICTABICHUIO
OBICTPBIX W3MEHEHHH CHUTHAJIOB, TAKMX KaK MHKH HIH Iepenaibl,
SIBIIICTCSI PE3KOC YBEIMUCHHUE YHCIA TAPMOHUK, KOTOPHIC OKA3bIBAIOT
BIUSHHE Ha (opMy CHTHaIAa W 33 TMpenelaMH JIOKAJTbHBIX
0COOEHHOCTEH CHUTHAJIA.

8.Ilo cocTaBy BBICIINX COCTABIISIONINX CIEKTPa MPAKTHUCCKU
HEBO3MO>KHO OLIEHUTH MECTOMOJIOKEHIE 0COOCHHOCTEH HA BPEMEHHOM
3aBHCHMOCTH CUTHAJa U UX XapaKTep.

[IpoGyeMBl  CIIEKTPAILHOTO aHaliM3a W CHHTE3a CHUTHAJIOB,
OTPaHWYCHHBIX BO BPEMEHH, YACTUYHO PEIIAIOTCS MEePEeXOoioM K TaK
Ha3bEIBaeMOMY OKOHHOMY IipeoOpazoBanuio Oypee (OI1D):

F(Q,b) = T f (t)w(t —b)e dt, (11.2)

—0

KoTopoe mepen wucnoibp3oBaHneM HIID, Bwipaxkaemoro ¢opmyoi
(11.1), mpuUMeHsET OMEPAlMI0 YMHOXCHHS CHUTHAlIAa HAa HEKOTOPYIO
BECOBYIO (DYHKITHIO MM OKHO. OKHOM W(t—b) Ha3bIBaeTCS JOKaIbHAS
(GyHKIHSI, KOTOpas TepeMeIIaeTcss BIOIb BPEMEHHOW OCH IS
BBIUKCIICHUSA TpeoOpa3oBaHusi Dyphe B HECKOJBKUX MO3MLUAX b.
Takum oOpazom, mpeoOpa3oBaHHE CTAaHOBUTCS 3aBUCHMBIM OT
BPEMEHH, U B PE3yIbTaTe IMOIYIACTCS JACTOTHO-BPEMEHHOE OTIMCAHUE
CUTHAaJA.

Henocratkom OIID sBnsieTcss TO, YTO NPH €ro BBIUUCICHUU
WCIONB3yeTCsS (UKCUPOBAHHOE OKHO, KOTOpPOE HE MOXET OBITh
aJanTUpPOBaHO K JIOKAIbHBIM CBOWCTBaM curHana. BeiiBner-
npeobpa3zoBaHue, pacCMaTpUBacMOe Jajiee, PeUIaeT 3Ty U HEKOTOpPhIE
IpyTHe TIpoOIeMbl, CBsI3aHHBIE ¢ 00pabOTKOM CUTHAIOB.

11.2. BBeaeHue B TEOPHIO BelBJIET-IPe00pa3oBaHusA

3a mocneaHWe HBa-TPU JACCATWICTHS B MHPE BO3HHUKIO H
oQOopMIIIOCH HOBOE HAy4YHOE HANpaBJICHHE, CBI3aHHOE C TakK
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Ha3blBAGMBIM  BelBieT-nipeoOpazoBanueM.  CrnoBo  «wavelety,
sBISIIOICECsS  TepeBogoM  (panirysckoro «ondelette», o3nauaer
HeOoJIbIIMe BOJHBI, CICAYIOIIUE APYT 3a JIpyroM. B y3koMm cwmeicie
BEHBIETH — OJTO CEeMEHCTBO (YHKIMH, TIONydalOMIUXCs IyTeM
MacIITaOMpPOBAaHUS M CIBUIOB OAHOW MaTrepuHCKOW ¢(yHKunu. B
ITUPOKOM CMBICJIE BEUBIETHI — 3TO (DYHKIMH, 00JIaal0IIe XOPOIIeH
YacTOTHOH JIOKaJIM3anyel, Ybe Cpe/iHee 3HaYeHNE PaBHO HYITIO.
Beiignem-npeobpaszoganue OJHOMEPHOTO CHTHalla — O3TO €ro
Npe/CTaBIeHHE B BUAEC 0000LICHHOTO psiia WM uHTerpana Oypwe 1o
cucreMe 0a3uCHBIX (QYHKINH (B HACTOSIIEH paboTe OPTOrOHAIIBHBIX )

_ t—b
v =|a "y — (11.3)

CKOHCTPYHPOBAaHHBIX W3 Mamepuncko2o (TMOPOXKIAIOIIETO) BEUBIETA
y(t), obagaromiero onpeaeaeHHBIMH CBOWCTBaMHU, 3a CUET OMepaluii
CABHra BO BpPEMEHH — b M H3MEHEHHMsS BPEMEHHOIro Macirada — a.

‘a‘—l/Z

MHOXUTENb 0o0ecreynBaeT HE3aBUCHUMOCTh HOPMbI 3THX

(GyHKIMI OT MacmTa0HpYIOUIero 4ucia a. TakuM oOpas3oM, s
3aJaHHBIX 3HAYCHWH mMapameTpoB a W b ¢yHKmuS (1) # ecTh
BEUBJIET, NOPOKIaEMbII MAaTEPUHCKUM BEHUBIETOM W(t).

11.2.1. Henpepoienoe seiteiem-npeoopaszosanue (HBII)

CkoHcTpyupyeM ©0asuc  y,p(t) ¢ IOMOIIBIO HENPEPHIBHBIX
MaciITabHbIX MPeoOpa30BaHuii U MEPEHOCOB MATEPUHCKOIO BeiBiieTa
y(t) ¢ MPOM3BOJILHBIMY 3HAYCHUSMHU Oa3MCHBIX MMApPaMETPOB a U b B
¢opmyne (11.3). Torma 1O ONpEHCICHHUIO MPSIMOE BCHBIET-
npeoOpaszoBanue curaana f(t) OymeT mpencTaBiIcHO B BUIE

0

W, (ab) =[] [ @)y’ % t. (11.4)

—00
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Ecmm [ mopokparomero BedBnera  w(t)  BBIMOIHAETCS
7 (@)
pasencto  C,, = ITdQ<oo, TO BO3MOXHO oOpaTHOe
—0o0

npeoOpa3zoBaHue:

(=2 Wi @b

Y —00 —0

dadb
— (11.5)
a
3necy W(Q) — npeobpasosanue Oypbe GyHKIUA (t).
U3 (11.4) cnenyer, uro BeiiBier-ciektp Wt (a,b), B oTimmuune ot

criektpa Dypwe, sBIseTcs (QyHKIHMEH HIBYX apryMEHTOB: IIEPBBIN
apryMeHT a  (BpeMeHHOH wmacmTalb) aHaJOTHYeH  IEepHOIY
OCHWUTAIAH, T. €. ABIAETCSI OOPaTHBIM YacTOTE, a BTOPOH apryMeHT b
AQHAJIOTUYEH CMEUICHUIO CUTHANa 10 ocH BpeMeHH. ClielyeT OTMETHUTh,
gyro W; (ag,b) xapakrepusyer BpeMeHHYIO 3aBUCHMOCTh TIPH

(UKCHPOBaHHOM 3HAYCHUM a = ap, Toraa Kak 3aBucumoctu Wi (a,bg)

MO>KHO IIOCTaBUTh B COOTBETCTBHE YAaCTOTHYIO 3aBHUCHMOCTH IIpH
(UKCHPOBaHHOM 3HaueHUH b = byg.

[Ipu HEnpepbIBHOM MU3MEHEHHUHU MapaMeTpoB a U b i pacyera
BEUBIET-CIIEKTPa HEOOXOAWMBI OOJIBINNE BBHIYUCIUTEIHHBIC 3aTPaTHI.
MHoxecTBO GYHKIMH 5 (t) sBuseTcs u30bITOuHBIM. [loaTOMy
HeoOXOJMMa JUCKPETH3AIMs IapaMeTpoB a W b TIpu COXpaHEHUU
BO3MOJKHOCTH BOCCTAHOBIICHUS CHWTHalla M3 €ro TpaHC()OpMaHT.
Jduckperuzanusi, Kak IPaBUJIO, OCYLIECTBIAETCS Yepe3 CTEleHH
JIBOMKH:

t-b

a:2jlb:k2ji\vjk(t):a_l/2\l" =2_j/2\v(2_jt—k),

rae j u k — menele ynciia, a | Has3pIBaeTCs mapaMeTpoM Maciuraba. B
otrinnuue ot HBII B janHOM cityuae paccMaTpUBarOTCs HE BCE CABUTU U
pacTspKkeHusl 0a3sHCHOM (YHKLIMH, a TOJBKO B3AThIC Ha HEKOTOPOH
JVICKPETHOW ceTKe (O0OBIYHO JIorapu(MHUUecKoil). 3aeck HEOOXOIMMO
OTMETHTB, YTO €CIIH CUTHAJI OCTAETCs HENPEPHIBHBIM, TO Ha3bIBATh 3TO
npeoOpa3oBaHUE AUCKPETHBIM HEBEPHO. B nmTeparype, MOCBAIIEHHON
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BEUBIIET-aHAIIU3Y, ero Ha3bIBAIOT J1aHBIM BEUBIIET-
mpeoOpa3oBaHueM, IPSMO W 0OpaTHBIN BHI KOTOPOTO IIPEJCTABIEH B
BHJE!

dy = j f (D)’ (bt (11.6)

f(t)= i i djk‘lfjk (t). (11.7)

jz—oc k=—c0

Ecmm ke curHan QUCKpETHBINA, TO aHAJOTHYHOE MPeoOpa3oBaHIe
MIPaBUIIBHO HAa3BIBAaTh JUCKPETHHIM BeiBieT-ipeodpasoBanueM (/IBII).

11.2.2. Ilpusnaxu eeiiénema

1. Jlokanuzayus. BeiiBaer-npeobpazoBaHue, B OTJIMYHE OT
npeoOpazoBanus @Dypbe, HCHONMB3YEeT JIOKAIN30BAaHHBIC Oa3UCHBIC
¢yakun. BeiiBiaer gomkeH OBITH JOKaTU30BaH KaK BO BPEMEHHOM
o0llacT, Tak ¥ B 4YacTOTHOH. [l 9TOro JOCTaTOYHO, 4YTOOBI
BBITIOTHSUTUCH YCITOBHUS

lw®] < CA+]e)™, [P(Q)| < CA+|Q) ™, mpm &> 0.

Hanpumep, nenpra-QyHKIMS W TapMOHWYecKas (QYHKIHUS He
YIIOBIETBOPSIOT HEOOXOJUMOMY YCIIOBHUIO OJTHOBPEMEHHOM
JIOKAJIN3aIiX BO BPEMEHHOM M YaCTOTHOM 00JIaCTSIX.

2. Hynegoe cpeonee. I'padux  BeWBIET-QYHKINH  JOJDKEH
OCHMIUTHPOBaTh (OBITh 3HAKONIEPEMEHHBIM) BOKPYT HYJIS Ha OCH
BpPEMEHH 1 IMETh HYJIEBYIO TUTOMIA/Ib!

T w(t)dt =0.

M3 3TOro yciaoBHsl CTaHOBUTCS IIOHATHBIM 3HAYCHHE CIIOBA
«wavelety — nebosbInas BosiHa. YacTo I NPUIOKEHUNA HEOOXOIMMO,
4TOOBI HE TOJILKO HYJICBOM, HO U BCE MEPBbIe N MOMEHTOB ObLIH PABHBI
HYIIIO:
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Tt”\y(t)dt - 0.

Takoil BeHlBIET Ha3bIBA€TCA BEUBIETOM N-TO  TOPSIKA.
OO6nanaromue OOJBIIMM YHCIOM HYJIEBBIX MOMEHTOB BEHBJICTHI
MMO3BOJISAIOT, WTHOPUPYS Haumboliee pEryasIpHbIC ITOJIMHOMHATHHBIC
COCTaBJISIIOIIME  CHTHANA,  aHAJIW3UPOBAaTh  MEJIKOMACIITAOHbIC
(GiykTyanuu ¥ 0COOEHHOCTH BBICOKOTO MTOPSIKA.

3. Ozpanuuennocms. KBanmpar HOpMBI (pyHKIHH JOIDKEH OBITH
KOHEYHBIM:

j|w(t)|2dt <.

4. AsmomodenvrHocms 6asuca. XapakTepHBIM MIPU3HAKOM Oa3uca
BeitBneT-npeoOpa3oBaHus sBISETCSA ero camononobue. Bee BeliBneTh

nmanHOTO ceMmeiictBa Vab (®) HMEIOT TO XK€ YHMCJIIO OCHHUJUIAIUM, U4TO M

6asucnsiii seiiner V(1) TIOCKOJIBKY TTOJTyYeHBI U3 HEro IT0CPEJICTBOM
MacIITaOHBIX Pe0Opa3oBaHNi U CABUTOB.

11.2.3. IIpumeput getienemoodpasyromux Qynxkuui (MamepuncKkux
6eile1emoe)

BeiiBner-npeobpa3oBaHie  €cTh  CKIAPHOE  IPOW3BEICHUE
aHANIM3UPYIOIIEr0  BeHBIEeTa  Ha  3aJaHHOM  Macmrabe W
aHanm3upyemMoro  curHama.  BeiliBner-xoapdunmentsr Wi (a,b)

comepxar KOMOMHUPOBaHHYIO HMHGOpPMAaIMI0O 00 aHaIM3UPYIOIIEM
BEHBIETE W aHATU3UPYEeMOM CHTHaje (Kak W KOd(QHUINCHTHI
npeoOpazoBanusg Dypre, KOTOpbIE coaepKaT MH(POPMALIUIO O CUTHAJE
U CUHYCOUJAJIbHOM BOJIHE).

Br10op aHanu3upyomero BeMBIeTa, Kak MPaBHiIO, OMPENENIeTCs
TeM, KaKyro HH(popMannio HeoOX0ANMO U3BJI€Ub U3 cUrHana. Kakmprii
BEIBIIET HMeeT XapaKTepHble OCOOEHHOCTH BO BPEMEHHOH U B
9acTOTHON 00J1acTH, MOITOMY MHOT/JA C IIOMOIIBIO PAa3HBIX BEHBJIETOB
MOKHO TIOJIHEE BBIIBUTH M TOAYEPKHYTh T€ WJIM HHBIE CBOWCTBA
aHanu3upyeMoro curHaia. lIpuMepsl Haubonee pacIpOCTPaHEHHBIX
BelBneT-pyHKIMi npuBeneHs! B Tadn. 11.1.
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Ta6muma 11.1

IMpumeps! BeiiBner-Gyukmit y(t)

BeiiBnerst AHanuTH4YecKas 3amuch CrexTpanbHasi III0THOCTh
w(t) ¥(Q)
BeliecTBeHHbIC HENPEPBIBHBIC OA3KCHI
Tayccoswi: ) )
HEPBOro HopsIKa _tem b2 (iQ)2ne” @ /2
nm WAVE-
BEUBIIET
_¢? 2
BTOPOTO TOPSIKA - tz)e vz (iQ)2 2me” /2
nmn MHAT-
BEUBIIET
(«MeKcuKaHCKast
LIS —
mexican hat),
d" [ _2 2
N-To mopsIKa " diﬂ [e t /ZJ D" (iQ)"2ne ¥ 12
t
DOG - difference —t?/2 -t%/8 -0%/2 -20°
of Gaussians € —05e Jan e —05e
LP-Littlewood & A, : —1/2
(nt) L (sin(2nt) — sin(nt)) (2m)~ "%, m<o<2m,
Paley
0, HHaYe.
BemecTBeHHbIC AUCKPETHBIE Oa3HCHI
1, 0<t<1/2, L,
Betisnem Xaapa -1, 1/2<t<1, ¥(Q)= jSin_2274) (Q74) iar2
Q/4
(Haar)
0, wmnaue.

KommekcHbie 0a3uchl

. 2 2
Mopae (Morlet) g hlg /2 s(Q)2me (@7 %) /2
n
1 _
Hayns (Paul) r(n+)——— S(Q)V2nQ e
(1-n)

276



Haubonee  pacmpocTpaHeHHBIE  BEIIECTBEHHBIE 0a3ucel

KOHCTPYHUPYIOTCS Ha OCHOBE IPOM3BOAHBIX (pyHKIMH ["aycca:
w(t) = e—t2/2.

OT0 00YCIIOBIIEHO TeM 00CTOATENLCTBOM, 4TO (yHKIMs [aycca
MMeeT HaWTy4lIre MOKa3aTel! JIOKAIM3ali KaKk BO BpEMEHHOU, TaK U
B uacToTHOW obmactsx. Ilpu n=1 nomgyyaem BeHBJIET NEPBOTO
nopsnka, HaspiBaeMbli WAVE-BeiiBieToM, ¢ paBHBIM HYJIIO HYJIEBBIM
momeHToM. Ilpm n=2 mnomywaem MHAT-BeiiBieT, Ha3pIBaeMBbIil
«MeKCcHKaHcKas nusima» (mexican hat — moxosx Ha comOpepo). ¥ Hero
HYJIEBOM W TepBBIi MOMEHTHI paBHHI Hymo. OH HMeeT Jydiiee
paspemrenue, ueM WAVE-geiiBmer.

Haunbonee mpocToil mpumep ouckpemHoeo BeWBIeTa — 3TO
BEUBIIET Xaapa (Haar). Henocratkom ero SIBJISIFOTCS
HECHMMETPHUYHOCTh ()OPMBI W HETJTaJKOCTh — PE3KHE TPAaHUIBI BO
BPEMEHHOM o00JacTd, BCIEACTBUE YEro BO3HHMKAeT OECKOHEYHOE
Yepe0BaHNE «JIETIECTKOB» B YaCTOTHON OONAaCTH, XOTS M yOBIBAIOIINX
Kak 1/ o.

Cpenu xomnaexchvix BEUBIETOB HaUOOJIEEe YaCTO UCTIONB3YETCS
0a3muc, OCHOBaHHBIM Ha XOPOIIO JIOKATN30BAHHOM U BO BPEMEHHOM, 1
B YaCTOTHO# oOmacTsx BeiiBiaere Mopiie (Morlet). XapaxrepHsiit
napameTp g MO3BOJIAET M3MEHATh HM30UpATENbHOCTh Oazuca.

BemectBennas u MHMMasg vactu () — 3TO aMIUIUTYAHO-
MOJYJHPOBAaHHbIE KOJIEOaHUS.

Bpime Obul mpencTaBieH HEOONBIION TiepeueHb BEHBIETOB,
OIMCHIBAEMbIX AHATUTHYECKH B SIBHOM BHIe. OMHAKO OOIBIIMHCTBO
BeiBIeT-QyHKIMHA HE NMEIOT aHAJTMTUIECKOT0 ONMCAaHMA B BUJIE OIHOM
¢dopMynbl, a 3aJalOTC WTEPAMOHHBIMH  BBIPRKEHHSIMH, JIETKO
BBIUHCISIEMBIMU  KOMIbIOTEpamMu. IIpuMepoM Takux BeHBIETOB
serstrorest pyukimu Jlo6ermu (Daubechies).

BbeiObop KOHKpeTHOro MarepuHCKoro BeiBiera (Oyap TO
HEeTPepBIBHBIA WJIM JWUCKPETHBIN) IEMTUKOM 3aBUCHT OT XapakTepa
[IOCTABICHHON 3aJa4d U OT KOHKPETHOT'O aHAIU3UPYEMOro CHrHAla.
Pa3nble curHansl ynaeTcsl aHaIM3UPOBATh TEM WM UHBIM CIIOCOO0OM, U
KpUTEpHEM ycliexa OOBIYHO CIYXXHT IPOCTOTa  IIOJy4aeMoro
pasnoxkenusa. Ilpm »3ToM pemarommM  (HaKTOPOM — OKa3bIBAIOTCA
UHTYULUS U IPAKTUUECKUH OIBIT UCCIIEA0BATENS.
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11.2.4. Ceoiicmea eeitenem-ananusa

Kak yxe oTMmeuanoch, mpsMmoe BeiBier-npeobpaszoBanue (11.4)
COJCP)KUT KOMOMHHMPOBaHHYI HWHpOpPMaLUio 00 aHAIU3UPYyEeMOM
CUTHAJIe M aHalu3upylouieMm BeiiBiere. HecMoTps Ha 3TO, BeilBieT-
npeoOpa3oBaHKe MO3BOJSIET MOJYYHTh OOBEKTUBHYIO HH(OPMAIHUIO O
CHTHaJle, IOTOMY YTO HEKOTOpPBIE CBOMCTBa BeHBIIET-NPeoOpa3oBaHUs
HE 3aBHCSAT OT BEIOOpa aHATM3UPYIOMIETO BeiBiera. HezaBuCHMOCTS OT
BEMBJIETA JEIAET ITU NPOCThIE CBONCTBA OUEHb BAKHBIMHU.

1. Jluneiinocms. OHa cienyeT W3 CKaJspHOTO MPOU3BEICHUS
(11.4):

W (af, (t) + Bf, (1)) = aW, (a,b) + BW, (a,b).

2. Cosue. CMeleHne curHaiza BO BPEMEHHOHW obOmacté Ha by
BEJIET K CIIBUTY BeliBiIeT-00pa3a Takxke Ha bg:

W(f(t—-b,))=W,(a,b-b,).

3. Macwmabuposanue. PacTsokeHne (cxaTne) CUTHAIA PUBOIUT
TaKKe K pacTsHKEHHUIO (CKaTUIo) ero BeliBier-obpasa W+ (a,b):

1 a b
W(f(t =—W,|—,—|.
(f(t/a,)) PPy

4. Jlugpgpepenyuposanue:
W (@ f () = (D" [ f (O Ty,, (D]t

rae dt” f(t)=d"f(t) / dt", n>1. 13 sToro cmoiicTBa ClEAYyeT, UTO
MIPOUTHOPHUPOBAThH, HAIIPUMEP, KPYIMTHOMACIITA0OHBIE COCTABISIONINE 1
MIPOAHAIM3UPOBATh ~ OCOOCHHOCTH  BBICOKOTO  TOpSAKA  HIIU
MEJTKOMACIITa0HbIE BapHaIuu CHUTHaja f(t) MOYXHO

muddepeHpoBaHNEM HYXHOE 4YHCIO pa3 Jubo BeiBiera, mrbO
CaMoro CHrHaja.
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5. Macwmabno-epemennas noxanuzayus. OHa 00yCIOBIECHA TEM,
4TO  JJIeMEHTHl  0a3mca  BeHBIET-TIpeoOpa3oBaHMsA  XOPOIIO
JOKaNW30BaHbl M O0O0NafaroT MOABIDKHBIM YacCTOTHO-BPEMEHHBIM
OKHOM.

3a cyer m3MeHeHMs MacmrTaba (yBelIW4YeHHE a NPUBOIUT K
CyXeHuio crekrtpa Dypbe GYHKIUH ,p(t)) BEHBIETH CIIOCOOHBI
BBISBIIATH pa3livide B XapaKTEPHCTHKaX Ha pasHbIX IIKalax
(dacTorax), a 3a CUET CIBHUTA — MTPOAHAIM3UPOBATH CBOMCTBA CHTHAJIA B
pa3HBIX TOYKAaX Ha BCEM HccieaxyeMoM HHTepBajie. lloatomy mpu
aHaJIN3e HeCMAayUuoOHApHbIX CUSHAN08, 32 CUET CBOWCTBA JIOKAILHOCTH
BEHBIIETOB, yJaeTCs MOJYYHTh CYIIECTBEHHOE MPENMYIIECTBO Mepes
mpeoOpasoBanneM @Pyppe, KOTOpoe JaeT TOMBKO TIJI00aIbHbIE
CBelleHHs O YacToTax (MaciuTabax) aHaJM3HMPYEeMOIr0 CUTHANA, TaK Kak
WCTIONB3yeMas TIPH 3TOM cucTeMa (PyHKIUH (KOMITJIEKCHAs SKCIIOHEHTa
WM CHHYCHI U KOCHHYCHI) OTIpe/ieieHa Ha OECKOHEYHOM MHTEpPBaJIe.

ITo 5TOM NMpUYMHE MHOTHE KCCIIEAOBATENIM HA3bIBAIOT BEWBIIET-
aHAIN3 (MAMeMaAmu4yeckumM MUKpPOCKONOMy». OTO Ha3BaHHE XOPOIIO
OTpakaeT 3aMeuaTelbHBIE CBOICTBA METOAA COXPAaHATH XOpoIlee
paspelieHre Ha pa3HbIX MacmTabax. [lapamerp capura b Qukcupyer
TOYKY (POKYCHPOBKM MHKPOCKOIA, MacIITaOHBIA KOI(PQHUIUMEHT a —
yBEIMYECHHE, ¥, HAKOHEI, BBIOOPOM MAaTepHHCKOro BeiBiera (t)
OIPEEIISIOT €0 ONTUYECKUE KauecTBa.

11.2.5. Jluckpemnoe seiienem-npeodpazoeanue

CraTby, KacaroIlMecss MPAKTHUYECKOro HCIIOJIb30BAaHUSI BEUBIIET-
peoOpazoBaHus, COIEpKaT B OCHOBHOM CBOEM Macce pe3yJbTaThl
KOMIIBIOTEPHBIX PacyeToB, B KOTOPHIX HcHoib3oBano [IBII, xotopoe
no a”anoruu ¢ JII® mumpoko ucnonssyercs B LIOC. Ilpu sTom He
TOJIBKO TapaMeTphl a U b, HO ¥ CUTHAJIBI TaKXKe TUCKPETU3UPYIOTCA BO
BPEMECHHU.

[Mlomobro Tomy, kak kodpdummentsr JIID  oObrgHO
BBIYMCIIAIOTCS Tipu momoinu bBII®, BeitBaeT-kodpdunuentsr JBII
MOKHO BBIUHCIHTH C [OMOIIBIO HTEPALlMOHHON  MpOLEIypHl,
M3BECTHOM 1O HAa3BaHHEM ObICINPO20  Geligiem-npeodpazo8aHus
(bBII). Aunroputm BbBII mnpuBenen nanee. Ilpu sTom, ecnm
HEOOXOJMMO, MOXHO Cocams TOJyYeHHblE JaHHbIE, OTOPOCHB
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HEKOTOPYIO HECYIECTBEHHYIO YacTh 3aKOJUPOBAHHON TaKUM 00pa3oM
unopmanuu. OCyIIECTBIAETCA 3TO KGAHMOGAHUEM, B IIPOLECCE
KOTOPOTrO HMPUIIKCHIBAIOTCS PA3HBIE BECOBBIE MHOMKUTENIN Pa3IU4YHBIM
BeiiBeT-koopuimentaM. AKKypaTHO TpOBEAEHHas MpoIeaypa
MO3BOJIIET HE TONBKO YJAINTh HEKOTOpBbIE  CTAaTUCTUUYECKUE
(IyKTyalquu W TIOBBICHTH pPOJNb JWHAMHUYECKHX XapaKTEePUCTHK
CUTHAJNA, HO U CYIIECTBEHHO COKPAaTUTh KOMIIBIOTEPHYIO MaMATh M
TpeboBaHMA K mepenade WHPOPMAIMH H, CIEIOBATEIbHO, CHU3UTH
pacxopl.

11.2.6. bvicmpoe geiienem-npeodpazoeanue

[Ipu uccneqoBaHUK CUTHAJIOB TTOJIC3HO WX MPECTABICHUE B BUJE
COBOKYITHOCTH MOCJIEI0BATENIbHBIX TPUOIVDKEHUH rpy06oit
(anmpoxcumupyromeit)  Aj (t) u yTOYHEHHOW (AeTanusupyrouleii)

Dj (t) cocraBusrOIIMX
o
f(t)=A, )+ D), (11.8)
=1

C MOCTEAYIONIMM HX YTOYHEHHEM HTEPallMOHHBIM MeTomoM. Kaxmprit
IIar YTOYHEHHsI COOTBETCTBYET OIPEACICHHOMY MaciTady, T. e.
YPOBHIO jy aHanm3a (AEKOMIIO3WIMH) M CHHTe3a (PEeKOHCTPYKIIWH,
BOCCTaHOBJICHHS ) CUTHAaa. Taxoe MIPEICTaBIICHUE KaXXJI0H1
COCTaBJISIOIICH CHUTHAjla BEHBJIETaMU MOXKHO paccMaTpUBaTh KaK BO
BPEMCHHOW, TaKk W B 4YacTOTHOW oOmactax. B asrom cyTh
KpaTHOMacmTabHoro ananusa (KMA).

Kak yxe oTMedanoch, Ha NPAaKTHKE B OOJBIIMHCTBE CIIy4aeB
MPUXOJIUTCS CTaJIKUBaThCsid ¢ ucrnonb3oBanuem JIBII. Opnaxo
dbopmyner ans BelBieT-ipeoOpa3oBaHus AMCKPETHBIX CHUTHAJIOB HE
MOTYT OBITh MOMYYEHBI TPOCTOMN MUcKpeTu3anuei popmyr (11.6 —11.7)
IUAHOTO BEHBIIET-IPEOOPa3OBaHUs Ui HEMPEPBIBHOTO CHUTHAIIA.
ITosyunm ux u3 npeanocenok KMA.

Ilycts umeeTcs HempephlBHBIA curHain f(t) eVy. JuckperHslii
CHTHAQJI MHTEPIPETHPYEeM KaK MOCIeO0BaTEeIbHOCTh KO3 HUIHEHTOB
agk , momy4eHHyto B xone KMA curnana f(t) mpu macmraOupyromumx

(byHKIUAX Qg
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f(t)=A ) =D agdoc (1), (11.9)

8o = F (1), b0 (©) = | f o, (D,

re agk — K03 UIMEHTHI allpOKCUMAINH Ha ypoBHE jg =0.
Ilo xkonuenuuu KMA curman f(t) pasnaraercs Ha JABE
cocTapJIsIoIIKe (IPHHAUISKAIINE TOAIpOCTpaHcTBaM Vq U Wy ):

f() = A0 +Dy(t) = D aydy () + D dywy (1) (11.10)

CrnenoBaTenpHO, HOTY4EHBI JBE HOBBIE MTOCIEI0BATEIILHOCTH &y
u dy. OTMeTuMm, 4TO IOCHIENOBATENBHOCTH 85k M O1x  HMEIOT
MOJIOBUHHYIO JUIMHY @O CpaBHEHHIO C agk. Janee mporecc
JEKOMIIO3HMIIMK MOXET OBITh MPOROIDKEH 1o Ay (t) (moampocTpaHcTBa
Vo u Wy). Curnan f(t) Ha ypoBHE pa3lioXKeHUs jg OyAeT mpencTaBieH
COBOKYITHOCTBIO KOA((PHIIMEHTOB a jok ¥ d ik

OI[HaKO BBIYHCIICHUA ajok u djOk HOo-NIpCKHEMY 3aBUCAT OT

HETPEepPBIBHBIX 0a3WCHBIX GYHKIUH o) u (). Ot dyHKIUH
OJIHO3HAYHO OMpeAestoTces K03 duurentamu h :

o(t) =2) ho(2t-1), (11.11)
w(t) =2 g(2t-1), (11.12)

hy = (o(t), (2t —1)) = [ (t)$(2t—1)dt,

9, = (—1)| Nyt 1
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rae 1=0,1,...,2n-1, n — nopsA0K BeliBiera. BeiiBiersl n-ro nopsiaka
CYIIECTBYIOT TOJIbKO Ha HHTEpBaje [JIMHOW 2n—1 ¥ HUMEIT 2n
OTJIIMYAIOLIUXCS OT Hy sl KoadduimenTos h;.

N3 (11.11) u (11.12) MOXHO TOJYYHUTh CIEAYIOIINE
COOTHOUICHHUS:

Ak = < f(t), ¢j0k (t)> = lehpzk <¢(t): q)jo—l,l (t)> ZIZhI—Zkajo—l,l '

dj = < ORI (t)> = legpzk <¢(t), o (t)> :ZI: G2k @y -1, -

HrepannonHas mporenxypa OBICTPOro BeHBIIeT-aHAN3a MOy dHIa
Ha3BaHME aHAJIM3a OT KTOHKOTO» K «TpyOoMy» MacmTaly.

Ha npakTuke HauMEHBIIMK BO3MOXKHBIH MacmTad (HauOOIBIIHMI
YPOBEHb paspemlieHusi) ompenensercs ducioM N JIHCKPETHBIX
3Ha4yeHui curHana. Ha camom «ToHkom» 3HaueHWH macmrabda jo =0
3a anmpoKCHUMHUpYIOmue Ko3(p(UIMEHTs agy NPUHUMAIOTCS CaMH
OTCYETHl TUCKPETHOTO curHanma. Ilpm mepexome OT TEKyLIETo
MacmTaba jg K CIeAyIomeMy jg+1 4HciIo BEeHBIET-KOA(PQHUIMEHTOB
YMEHBIIIACTCA B JBAa pa3a M OHH ONPEACISIOTCS 10 PEKyPpPESHTHBIM
COOTHOIICHUSIM:

Ajirk = ZhI—ZkajO,k , (11.13)
|

djo+1,k = Zgl—ZkajU,k : (11.14)
[

IIpu BoccraHoBieHNH (PEKOHCTPYKIMH) CHTHaja IO €ro
BEHBIIET-KOA(QPHUIIMEHTAM IPOIecC HAET OT KPYNHBIX MacITaboB K
MEJIKMM M Ha Ka)KJJOM LIare OIMHCHIBAETCS BEIPaKCHUEM

qj, 1k = Z (2@, + G2y 1), (11.15)
i

KOTOpOe mosyuaercs u3 cootnomennit (11.11) u (11.12).
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Takum 00pa3oM, B IPAKTHUECKUX MPHUIOKEHUIX C TPUMEHEHUEM
BBII ucnione3ytores ToabpK0 K03()GUIMEHTH! ), caMu jke BEHBIETHI HE
BBIYMCIIIIOTCS U B pacdyerax He MCIOJb3YIOTCA, YTO, KaK U B CIyYae C
BII®, cokpamaeT BBEYHUCIHTENBHBIC 3aTpaThl IpH  00paboTke
CUTHAJIOB.

11.2.7. Yacmommnotit n00x00 K éeiigiem-npeoopaszosanuio

Jo cumx TOp paccMOTpeHHE  BeHBIET-TIPeoOpa3OBaHMUS
0a3upoBaNIOCh HA BpeMEHHOM moaxoje. OIHaKo Takke IUIOJIOTBOPHA
TPaKTOBKa BEHBIET-MpeoOpa3oBaHus B 4YAaCTOTHOM oOjacTu Ha 0Oase
gactoTHOH  ¢wmmbTpamn. B stom  cmywae KMA  curnama
paccMaTpuBaeTcs Kak Mo3TamHast mporeaypa GruibTpalium.

O6parumcst kK cxeme, mpezacTtaBieHHod Ha pwuc. 11.1. Curnan
f(k) momaercs Ha HU3KOYACTOTHBIA (BEpXHSS YacTh CXEMBI) H
BBICOKOYACTOTHBIA (HIKHSSI YaCTh CXEMBI) (PHIBTPHI JAEKOMIIO3UIIHN
LoD u HiD cooTBEeTCTBEHHO, B KOTOPBIX BBIYHCISETCS CBEPTKA
(undporast punbTpais) o Gopmyiie

2n-1

y(k)=> f(hack-1), (11.16)

rae 2n —aucno otcuetoB UX q(k) duibTpa.

B cootserctBun ¢ (11.8) u (11.16) Ha BEIXOAE PUIBTPOB OyAYT
BbIcOKOUacTOTHast Yp (K) u Hu3kouactoTHas Y| (K) KOMIIOHEHTBI
CUTHAaJA.

Cekius aHanu3a Cekius cuHTE3a
(mexoMTO3UIINN) (pPEeKOHCTPYKIINN)

Yk

LoD]—>[ 2 —»[ +2 ‘—b[LoR]—; )
fi J / fi
HiD]—»[n ‘—>[¢2 —»[HiR

Ay
Puc. 11.1. BeimonHeHue BeiBieT-mpeodpa3oBaHus
Ha 0a3e yacToTHON QrutbTpanun
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W3 comocrasnenus (11.13), (11.14) u (11.16) cuenyer, 4ro mis
BBIYKMCIICHUS KOA(PDUIMEHTOB a jok 1 d ik (na mepBoM dTame jg =1)

apryMEHTBI BeCOBBIX KOA((OHUIIMEHTOB (GUIBTPOB AOKHBI OBITH B3SITHI
¢ o0paTHBIM HOpsSAKOM ciegoBanud, T.e. h_j =h(-l) u g_j =g(-1).
Taxue GUIBTPBI HA3BIBAIOTCS TPAHCTIOHUPOBAHHBIMH.

Bo BTOpBIX 0JI0KaX cXeMBI BRIIOTHICTCS deyumayusi ¢ HakTopom
2, T. €. IPOPESIKMBAHKUE CUTHAJIOB Ha BbIXOJe (DUIBTPOB B JBa pasa (u3-
3a MHOXHTENS 2 pu aprymente K B hopmynax (11.13) u (11.14)).

[IpaBass vacth cxemMbl puc.11.1 ocymecTBiaseT BeHBIeT-
PEKOHCTPYKILIMIO CHTHajla. JTa WPOLEAypa HCIOJIb3YyeT OIlepaluu
HHTEPHONAH ¥ GuiibTpanun GuibTpaMu pekorctpykuun LOR u HiR.
Omnepanust unmepnoasayuu ¢ (akropom 2, obpaTHas AeUUMAINH C
(akTOpoM 2, OCYILECTBISCTCS IMyTeM YBEJIWYCHHUS B JBa pa3a 4ucia
COCTaBIISIOMINX J00aBJICHNEM HYJIEBBHIX KOMITIOHEHTOB BIIEPEMEXKY C
uMmeroImuMucs. [Ipu CIIOKEHHH CHUTHANIOB, MOJYYEHHBIX Ha BBIXOJE
¢wistpoB LOR u HIR, momyunm curnan f (k), Gmsknit k HUCXOJTHOMY
f(k), T. e. MpOM30IIET €T0 PEKOHCTPYKIIUS HA HAYAJIBHOM YPOBHE.

Jng mocnenyromeid UTEpalUU  jo =2 HCIOJIB3YIOTCS 3HAYEHUS
ajk C TMpenbIayneld UTepaluy 1 T. JI.

CxeMa MHOTOIIArOBOM WTEPAIllMOHHOW NpOLEAypbl aHalu3a-
CHHTE3a TMOKa3aHa Ha pwuc.1l.2, roe mpencraBieHa CTPYKTypa
MHOTOIIATOBOTO  aJTOPUTMAa  JCKOMIIO3MLUM M  PEKOHCTPYKIHH
CHTHaNa, Ha3biBaeMoro anroputMoM Maita (Mallat).

Takum  oOpa3om, ObIcTpoe  BeUBIET-IpeoOpazoBaHUE  BO
BPEMCHHON M 4YacCTOTHOH 00JacTsIX — 3TO JBE CTOPOHBI CIUHOU
MHOTOIIarOBOW CTPYKTYPBI, TMO3BOJISIONIEH OBICTPO OCYIIECTBUTH Kak
JICKOMIIO3HITUIO, TAK U PEKOHCTPYKIUIO U(POBOrO CHTHAIA.
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Cekuus aHanmnsa
(IeKOMITO3HITHH)

91HOUIHPPeor
-1orauaog

Cekiusa cuHTEe3a

(pexoHCTPYyKIMN)
ak
—{2)—

do

BeiiBner-
K03 OUITUECHTHI

Puc. 11.2. BeinonHeHue BelBIeT-peoOpa3oBaHus Ha 6ase
4acTOTHOM (riibTparyy (MHOroOLIaroBasi UTepaliMoOHHas MpoLeaypa)

11.3. Yaanenue mryMoB U3 CHTHAJA ¢ UCNOJIb30BaHHEM BeliBJieT-
npeodpa3oBaHus

OCHOBY [aHHOHM  METOJIMKH  COCTaBISieT  MCIOJb30BaHHE
MOPOTOBBIX (YHKIUN pa3IudyHOW (POpPMBI, HAa OCHOBE KOTOPBIX
NPOHUCXOAUT OTPAaHHMYCHUE YPOBHS JETATU3UPYIOMINX KOAPPHIIUEHTOB.
3amaB  OMpeNelCHHBI TMMOpOT JUII WX VYPOBHI M «OTCEKasD»
KO3 QHUIUEHTBI HIDKE 3TOr0 IOPOTa, MOKHO 3HAYUTEIBHO CHU3UTh
YPOBEHb IIyMa W CXaThb CUTHaN. [IpuMepbl MOpPOroBbIX (YHKIIWH,
paccMaTpuBaeMbIX B JaHHOW paboTe W 3a4acTyi0 HCIOJIb3yeMEIX B
COBPEMEHHBIX  QITOPUTMax  (UIbTPAIMH,  OCHOBaHHBIX  Ha
KpaTHOMAcCIITaOHBIX CXeMaX MpeoOpa3oBaHUsl, IPEICTABICHbI Ha
puc. 11.3.
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a) 6)

Puc. 11.3. TToporossie QpyHKIMU 00pabOTKA
k03 HHUIHeHTOB TPeoOpa3oBaHHUS:
a) ’XecTKasi moporoBast GyHKLUS; 6) MATKast HOPOroBast GyHKIHS

Ha puc. 11.3a¢ mpencraBiieHa ogicecmkas hnopo2osas (QYHKYus
(orcecmran  nopoeoeas  oyenxa),  ONHCHIBAGMas  CIICAYIOLIUM
BEIPKCHHUEM:

X, ecuu |x| >T, (11.17)
X) = .
Y% 0, eciu |x| <T.

31ech B KaueCTBE BEIMYMHBI T BBICTYIIAET HEKOTOPOE 10p02080e
3HaYeHue, O BO3MOXXHOCTH ONpEAEICHUS KOTOPOTro OYyIeT CKa3aHO
HUKE, B Ka4eCTBe X M Y BBICTYNAIOT BXOJHOE W BBIXOJHOE 3HAUYCHHUS
K03 PUIEeHTOB peoOpazoBaHusI.

Ha puc. 11.36 npencraBneHa msekas nopoz2ogas @OyHKyus
(msierasn nopoeosas oyenxa), onuchiBaeMas CIICIYOIIAM BbIPAKECHHEM:

sign(x)(|x|—T), eciu |x| >T,

X) = 11.18
y(x) 0, ecmu |x|<T. ( )
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O6o3Hauenus, npencrasieHHble B BelpakeHue (11.18), te xe,
9YTO W ONHWCaHHBIE BBIMIE. B kawectBe ¢yHKIEH  Sign(x),
oTpefensiomei 3HaKk koddduimenta X, BRICTyHaeT (QyHKIHS BUAA

1 eciu x>0,
sign(x) =3 0, eciu x =0, (11.19)

-1, ecamu x<0.

OCHOBHOE OTIMYHME MATKOH IOPOroBOH (YHKIUH OT >KECTKOH
3aKIII0YaeTCs B TOM, YTO ITE€PBas M3 HUX HE COJEPXKHUT Pa3phIBa B TOUKE,
OIIpe/IeNsAeMO MOPOTroBbIM 3HaueHHeM 7. VHBIMH cloBaMu, MArKas
moporoBasi  QyHKIMA ~ sBugeTcs — HempepeiBHOW.  [locmenmmee
00CTOSITETBCTBO, B CIIydae MATKOW MOPOTOBOW 0OPaOOTKH, IMO3BOJISAET
Ty4IITIM obpazom 00pabaThIBaTh 3aITyMJICHHBIN CHUTHA
(1300paskeHne) B OKPECTHOCTH TOUKH €T0 Pa3phIBa.

HyXHO OTMETHTH, YTO MOHI)KEHHE 3HA4YEeHUS KOd(PPHUIMEHTOB
pas3noXeHHs Ha BEJIMYUHY [IOPOTOBOTO 3HAYEHUs, B ClIydae MATKOM
IOPOTOBOM 00PAa0OTKH, B IEIOM JIJIsl OOJBIIOTO KOJUIECTBA CUTHAIOB
OKa3bIBAaeT HEOJArompHsATHOE BO3JCHCTBHE HAa WTOTOBYIO OLEHKY
KauecTBa BOCCTAHOBJIEHHOIO curHajga. [lo3ToMy B LeJlOM, Kak
MTOKa3BIBAIOT OKCIEPHMEHTHI, JIydIIed C TOYKH 3pPEHHS UYHCICHHOM
OLIEHKM KadecTBa BOCCTAHOBJIEHHOTO CHTHANa SBISETCA JKECTKas
HIOpOTOBasi OLICHKA.

Jns Toro uroObl B cCilydyae MATKOW IOPOTOBOW 00pabOOTKH
YHCICHHas  OIeHKa  KadecTBa  BOCCTAaHOBJIEHHOTO  CHTHaja
npubmmwkanach K IOCIeIHEH B cilydae JKECTKOH IOpOTOBOH
00paboTKH, HEoOXOAMMO BHIOMpATh 3HAU€HHWE Iopora T, paBHOE
[TOJIOBHHE 3HAYEHUS ITOPOTa KECTKOH 00padOTKH CHUTHAIA.

OcHOBHOH ITPo0JIEMAaTHKOH UCIIOIb30BaHUS IOPOTOBBIX METOJIOB
00paboTKN SBISETCS BBHIOOP MOPOTOBOTO 3HAUYCHWs. B Oombimom
KOJIMYEeCTBE HAy4YHBIX pPa0dOT BBIOOP IMOpOra OCYIIECTBISUICH C
UCIIOIb30BAHUEM CIIEIYIOIIETO BBIPAKCHHUS:

T =c2In(N). (11.20)

®opmyna (11.20) 3anmcana 1u1st cirydast OJHOMEPHOTO cUrHaina. B
HEH WCIONB30BAaHEI cleayiomme obOo3Hauenms: N — oOmiee
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KOJIMYECTBO OTCYETOB 00pabaThiBAEMOT0 CHUTHAda, G — CpEIHe-
KBaJpaTUYECKOE OTKJIOHEHHE LIyMa, OLIEHUBAEMOE C MCIIOJIb30BAaHUEM
CIIEYIOUIETO BHIPAXKEHUS:

M
c=—2=— (11.21)
0.6745
rae MX — MeaWaHa aOCONIOTHOTO 3HAYEHUA  MHOXKECTBa

koo duumento {X}. B kadecTBe {X} B JaHHOM Cilydyae BBICTYNAKOT
JeTANM3UPYIOIME KOAPPUIIMEHTHI, JIekKAIIHNe Ha CaMOM HH3KOM
YpOBHE Pa3I0KEHHUSL.

3ameuanue. Buipasicenue (11.21) xopouo nooxooum ons oyenxu
cpeonexeadpamuueckoeo omxnonenuss (CKO) 6enozo eayccoéckozo
wyma (BII) ¢ nynesvlm mamemamuyeckum 0xXCUOaHuem, KOMopblil
AB1AeMCsL AOOUMUBHO NOOMEUWAHHBIM 8 HEKOMOPbIIL NOE3HbIU CUSHAL.

11.4. KoHTpoJbHBIE BONIPOCHI

1. B dYem 3aKkifOYarOTCS OCHOBHBIC MPOOJIIEMBI MPAKTHYECKOTO
WCTIONIb30BaHMs peodpazoBanus Pypoe?

2. Uto Takoe okoHHOE TIpeodpazoBanue Dypbe?

3. Ilepeuncnure OCHOBHBIE HENOCTATKH OKOHHOTO IpeoOpa3OBaHUs
dypnbe.

4. Yro Takoe BeiBieT?

5. TlpuBeauTte mpuMepbl BEHBIET-QYHKINHA.

6. Kak ocymecTiseTcs mocTpoeHue BeiBieT-0asmnca’?

7. Uto Takoe HENMpephIBHOE BeHBIIET-TIpeoOpa3oBaHue?

8. Uro Takoe nuagHOE BelBIET-TIpeoOpa3oBaHms?

9. KakoBbl OCHOBHBIC PU3HAKH BelBIIETA?

10. Ilepeuncinre OCHOBHBIE CBOMCTBA BEMBIIET-aHAIN3A.

11. Yro Takoe TUCKPETHOE BEUBIET-TIpeoOpazoBanme?

12. Kak JIBII cBsi3aHO ¢ KpaTHOMACIITaOHBIM aHAJTU30M?

13. Kak mosy4uTh anmpoKCUMHUPYIOIIME U JIeTaJu3upyIolue
K03 PUIMEHTHI TIPH BBITIOJHEHWH KPAaTHOMACIITAOHOTO aHAIN3a.

14. Yro Takoe MacmTabupyromas GyHKIus?

15. Yro takoe BeiiBneT-QyHKINA?
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16.
17.

18.
19.

20.

21.

Uro Takoe ObICTpOE BEeWBIICT-TIpeoOpa3oBanue?

B deM 3axirouaeTcst 9aCTOTHBIN MOAXO]] K BHITOJIHEHUIO BEHBIIET-
npeoOpa3oBaHus?

Uro Takoe Oenblii TayCCOBCKHUM MIym?

Kak  mocrtpouts  amroputM  QUIBTPALUM  CHTHAJIOB  C
WCIIONIb30BaHUEM BEeHBIIET-TIpe0Opa3oBaHms?

B gem coctout ornmune o0paboTKK BeHBIeT-KOI(PGHUINEHTOB Ha
OCHOBE MATKOH U JKECTKOH MOPOrOBBIX (PYHKIIHIA?

Kak omeHHTh 3HaUe€HHE TIOpOTa, WCIOJIh3yeMOTro MpH 00paboTKe
BeliBiIeT-K03(QPUIIMEHTOB, HAa OCHOBE MSTKOH H  IKECTKOH
MOPOTOBBIX (DYHKITHI?

11.5. JIutepaTypa

AxosneB, A. H. Bsenenwe B BeliBneT-npeoOpa3oBaHus /
A. H. fdxosnes. — Hopocubupck: HI'TVY, 2003.

Cononnna, A. W. IudpoBas o0paboTka  CHUTHAJIOB.
MonemupoBanre B MATLAB / A. U. Cononnna, C. M. Ap0Oy30B.
— CII6.: BXB-IletepOypr, 2008.

[Ipuopos, A. JI. OcHoBbl 1H(POBOH 0O0PaOOTKH CHTHAJIOB:
nabopatopHslii mpaktukym / A. JI. Ilpuopos, B. A. Bonoxos,
A. M. JlaBpeatbee. — BYHI] BBC «BBA wum. mnpodeccopa
H. E. Xyxosckoro n 1O. A. I'arapunay (¢punman, r. Spocnasis),
2012.

Iesikonos, B. TI. MATLAB 6.0/6.1/6.5/6.5+SP1 + Simulink 4/5.
OO6paboTtka curHanoB U uzoOpaxenuit / B. I1. JIpskoHoB. — M.:
COJIOH-IIpecc, 2005.

Cmonenues, H. K. OcHoBbl Teopuu BeiiBiaeTOB. BeliBaeTs
B MATLAB / H. K. Cmonennes, — M.: JIMK, 2005.

Majna, C. BeiiBnetsl B 00pabotke curnasioB / C. Mamma. —
M.: Mup, 2005.

Jooemn, U. Jlecars nexkumii mo BedBieram / M. JloGemm. —
Mocksa-xesck: HULL «PerynspHas u XxaoTudeckas AUHAMUKAY,
2004.

Bnarrep, K. BeiiBner-anamms. OcHoBbl Teopun / K. Brmattep. —
M.: Texnocdepa, 2004.
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10.

11.

12.

KopoHoBckuii, A. HenpepbiBHBIM BEUBIETHBIA aHAIM3 U €ro
npuioxenus / A. Kopornosckwii, A. XpamoB. — M.: ®u3MaTiur.,
2003.

Hedenos, B. N. OcHOBBI paguo3JEKTPOHUKA M CBS3H: Yy4eO.
nocobue / B. . Hedenos, A. C. Curos. — M.: Briciias mixodna,
2009.

Uywn, K. Beenenne B BeiiBnets: nep. ¢ aurit. / K. Uyn. — M.: Mup,
2001.

backakos, C. WM. PaguorexHuueckue IE€NM M CHUTHAIBI /
C. U. backakoB. — M.: Beicmas mkoJta, 2005.
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12. OCHOBBI AI[AHTHBHOﬁ OBPABOTKHU CUTHAJIOB
12.1. BBoaHble 3aMeYaHus

Ceroansi amantuBHas 00OpabOTKa CUTHAIOB SBISICTCS OJHUM W3
HampaBJICHUN UQPOBOit 00paboTku CUTHAJIOB, LIUPOKO
BOCTPEOOBAaHHBIM B COBPEMEHHBIX PAJHOTEXHHYECKHX CHCTEMax.
Yacto mox TEPMHHOM  «aJanTalisy  MOHUMAETCs  MPOLEecC
NPUCTIOCOOJICHNST JKUBBIX OPraHW3MOB WIJIM WX OPTaHOB K YCJIOBHSM
OKpy>Karomiei cpeapl. OHaKO aJalTHBHBIMH MOTYT OBITh HE TOJBKO
JKUBBIE OpPTaHU3MBI, HO M HCKYCCTBEHHBIC YCTPOWMCTBA U CHUCTEMEI,
KOTOpble B TIpOLleCCe  CBOEro  (YHKIMOHHPOBAHUS  MOTYT
camooOy4arscsi. B ocHOBE 3THX YCTpOHCTB OOBIYHO HAXOAUTCA
aganTuBHBIA QuIbTp (AD).

OuipTpalus CUTHAJIOB — 3T0 00paboTKa, IENbI0 KOTOPOif
SBISETCS W3BJICUCHWE HWHTEpecyeMod WH(OpPMAaIUK, HalpuMep
CUTHAJIOB, O0JIaJAIOIINUX OMPEACICHHBIMU XapaKTePUCTHKAMHU.

Korma TtpeOyercst wucronp3oBaTh  aAanTHBHBIE  (QHUIBTPHI?
WzBecTHO, 4TO CBOMCTBA IM(PpPOBOTO PHUIBTPA C (UKCHPOBAHHBIMH
napaMeTpaMy ONpPEICNIAIOTCS ero mnepeaarouynoil (yHkiuer. Ecmau
cnenupuKanuio K HepelaToyHOW  (YHKIMH  HEBO3MOXKHO
chopMyIIMpoBaTh 3apaHee WM OHA MOXET MEHSTHCS B IIpoIecce
paboTel  ¢GuUIBTpPa, TO BMeCTO (QWIbTpa ¢ (PUKCHUPOBAHHBIMU
rmapamMeTpaMu HEeoOXOJIMUMO HCIIONIb30BaTh (PUIBTP C HM3MEHSEMBIMH
rnapameTpaMu, Hampumep — agantuBHbIA.  OmnpeneneHwe  ITHX
apaMeTpoB BO MHOTOM 3aBHUCUT OT KPHUTEpHs pabOTHl aZalTUBHOTO
¢mwipTpa. DTUM KpUTEPHEM YacTO SBISETCA JOCTHIKEHHE MHUHHMYyMa
HEKOTOpOH 1eneBoil (yHKINH, KaKk MPaBUIIO, KBAAPATUIHON (YHKIIUH
OIMOOK MEXIY TaK Ha3bIBACMBIM «TpEOYEeMBIM» U BBIXOJHBIM
CHTHAJIAMH aIalTHBHOTO (QHIIBTPA.

Brexomnoit curaan A® npubmmkaercs K TpeOyeMOMy CUTHATY 32
cYeT U3MeHeHUs BecoBbIX Kor(pduirento (BK), paccunteiBaeMbix Ha
OCHOBe 00paboTkm TpeOyeMoro © BXONHOTO (BXOJHBIX B
MHOTOKaHaJIbHOM Cllydae) CHrHajoB. B ycTaHOBHBIIEMCS peXHMeE
3HaueHuss BK COOTBETCTBYIOT MHUHHMYMY I1I€J€BOW (YHKIMH WIH
HaxXoIATCS B HEOOJBIIONW OKPECTHOCTH A3TOr0 MHHHUMyMa. Tak Kak
cocrosiuue AD Mmensiercs B npouecce Hactpoiiku BK, To cuuraercs,
YTO OH MPUCIIOCAONMBACTCS WM AJaNTUPYETCs K HMMEIOLIUMCS
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YCHOBUSIM (PYHKIIMOHUPOBaHHs. [103TOMY Takoil (GUIBTP M AITOPUTM
BhIuKclieHnst ero BK Ha3bIBaIoTCS aanTHBHBIMH.

OnnokaHanbHbIE  A®  mpencraBisieT coOOW  yCTPOMCTBO,
npexncrabiennoe Ha puc. 12.1. 3nece X(K) — BxoaHoii curman,
d(k) — tpeGyemplii curHan (MCHOAB3yEMBIH B 0003HAYEHHH CHMBOJ
«d» mpoucxoauT OT aHrMiickoro cinoBa «desiredy, 1. e. Tpedyembiii),
y(k) — Beixomuoit curnan, ok)=d(k)—y(k) — curman omubku,
K — WHEEKC [OMCKPETHOTO BPEMEHM HIM HOMEpP OTCYETA
o0pabaThIBaeMOTO CHTHaJa. OTH OTCYETHl OOBIYHO pPaBHOMEPHO
pacnpenenensl Ha ocu Bpemenn kak t(K) =KTg =k/Fg, rme Ty —
[epHox  AWCKpeTH3aumum, a Fg — d9acrora JMCKpEeTH3aluu
00pabaThIBAEMBIX CUTHAJIOB.

d(k)

\

k
AJANTHEHBI QHIETD EIE

Y \ Y

AanTHBHBINH ANrOPHTM

x(k)

Y

Puc. 12.1. CtpykTypHas cxemMa aganTUBHOTO GHIbTpa

Jis paboter AD, kak NpaBWiIO, HEAOCTATOYHO HH(OPMAITUH,
MOAYy4aeMOi  TONBKO M3  BXOJAHOTO  CHUTHaua.  VICTOYHHKOM
HelocTaroneii nHpopMalMd OOBIYHO CIIY)KUT TPEOYeMBIH CHTHAI
d(k), ¢usmueckas npupoma KOTOPOTO ONPEAETAETCS KOHKPETHBIM
npunoxeraneM A®D. [lpunoxenue SBIsIETCS ONHUM U3 (HAKTOPOB,
OTIPEeNENAIOMUX TPeOOBaHUS, TPEABIBISIEMbIE K  aJalTHBHOMY
(GUIBTPY HA ATAIE €0 MPOCKTHPOBAHUS.

12.2. TpeOoBaHus K afanTUBHBIM (PUJILTPAM

OcHoOBHBIE TpeOOBaHUS K aJIalTHBHOMY (DHIIBTPY OIPEEIISIOTCS
TaKUMH COCTABJISIOIINMHU, KaK MPHIIOKEHHE, CTPYKTYpa U aJTOPUTM.
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1. Ilpuaoxkenusi. Tun TPUIIOKCHUS OMNpPENCTSAETCS CUTHAIIAMU,
MOCTYMAIOLIMMH M3 OKpPY’Kalowlei cpeibl B kKauectBe BxoaHoro X(K) u
tpebyemoro d(K) curnamos. HauGosee H3BECTHHIMH U LIMPOKO
WCTIONB3YEMbBIMH NPHIOKEHUIMH AP SIBIAIOTCS 3X0-KOMIIEHCATOPHI,
9KBaJlal3ephl, AaJalTHBHBIC PEIIETKH M pPsI JAPYTMX aJalTHBHBIX
YCTPOMCTB.

2. CTpykTyphl aganTuBHbIX ¢uiabTpoB. IlogobHO dunbTpam c
¢ukcuposanusiMi BK, cymecTByroT 1Be OCHOBHBIE CTPYKTYpbl AD.
OT0 — QUIBTPHl C KOHEYHOW MMIIYJILCHOM XapaKTEPUCTUKOH, WM
TpaHCBepcalbHble, M (UIBTPEI ¢ OECKOHEYHOW HMITYJIHCHOM
XapaKTePUCTUKON, MM PEKYPCHUBHBIE.

Hanee OymyT paccMaTpuBaTbCsi OJHOKaHANbHBIC aJalTHBHbIC
KUX-punerpel ¢ aeiictBurensusiva BK. Boixoanoii curnan  Y(K)
amantuBHOoro  KUX-¢pmmetpa  dopmupyercsts  Kak  JMHEHHas
KOMOMHAIMSA 33/IEp’KaHHBIX OTCUETOB BXoAHOro curnana X(K—n+1),
B3satbix ¢ Becamu N (K—1), BblumMCHseMBIME Ha NPEABIIYLIMX

uTepanugax (k —1) 10 OTHOIICHHUIO K TEKYIIUM UTEPALUIM k , T. €. KaK
N

y(k) = > h (k=Dx(k —n+1) = Y, (k—1)x, (k) (12.1)
n=1

rae N — gucno BK pumbrpa,
hy(k-1)= [hl(k -1),...,hy (k-1),h, (k —1)] T BekTop BK.
Hcnonp3yss BBIXOIHOW cHrHan amantuBHoro ¢mietpa (12.1),

MOXHO BBIYMCINTh CHTHAJ alpHOPHOH OIMMOKH MOJAEITHPOBAHHS
TpeOyeMOoro curHaa:

(k) = d (k) — y(k) = d (k) ~hT, (k~2)x,, (K). (12.2)

Cursan anocTepHopHO# ommoOku onpexaensercs npu BK, paBHbIX

hy (K), kax
e(k) = d(k) - y'(k) = d (k) —hy (K)x (k). (12.3)

TepMUHBI «alPUOPHBII» U «AMOCTEPUOPHBIN» CBSI3aHBI C
ucronb3yeMbiMH  3HaueHusMu ~ BK  amantuBHOrO  QuibTpa,
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BEIUMCISIEMBIME  COOTBETCTBEHHO Ha TMpPENbIIymed W  TEKymel
UTEpalusiX ArOpPUTMa aAaNTHBHON (QrIbTpalum.

B  OonpmivHCTBE  MPWIOKEHUH  Hcmoib3yloTcs AD ¢
neiicreurensHbiMu BK. OpgHako cymectByroT AD U ¢ KOMIIIIEKCHBIMU
BK, xotopbie 0OBIYHO NPHUMEHSIOTCS NMPH HOCTPOCHUHM aJaNTHBHBIX
aHTEHHBIX penieTok (AAP), 5X0-KOMIEHCAaTOPOB W SKBallall3epoOB B
MUGPOBEIX CHCTEMaxX CBS3M C KBAJIPATYpPHOH MOAYJSIIHMEH, Tak Kak
CUTHaJbI, oOOpabaTbiBaeMble OTHMH  YCTPOMCTBaMH,  SIBISIOTCS
KOMIIJIEKCHBIMH.  DTO  €CTECTBEHHBIM  00pa3oM  MPUBOAWT K
HeoOxoanuMocTH ucroab3oBanug AD ¢ kommexkcHeIMU BK.

3. Anroputmbl. AnantuBHb anroput™ (AA) — 3To mpoueaypa
Beruncienus BK, obecrieunBarommx MUHIMH3ALHIO LIETICBOU (PyHKITUN
aJanTHBHOTO (MIBTpPA, T. €. BBINOJHEHUS KpHUTEpHs pabOTBI 3TOro
¢unpTpa. BONBIIMHCTBO BEMHCICHUN B QNAlTUBHBIX alTOPHUTMAaX
MPENCTaBILIIOT  co00i  WTepammoHHBIE Tporenypbl. I[lpm  3TOM
BBIUNCIISIEMbIE IEPEMEHHBIE OOHOBIIAIOTCA HA KAXKJIOM UTEpaLiu IIyTeM
npuOaBICHUS HEKOTOPHIX J00ABOK K MPEIBIIYIIAM 3HAUCHUSM WU
BEIUMTAHUS STUX JOOABOK M3 MPEABIAYIINX 3HAUCHUH.

Hampumep, B AA TI0 KpHUTEpUIO HAHWMEHBILETO CPEAHETO
kBanpara (Least Mean Square, LMS) BK Brraucnstorcst kak

mexyujee npeovloyujee 8eKmop
wae

3HaueHUe =< 3HaueHue + 6x00HbIX | {owubKa).
cxooumocmu

sexmopa BK eexmopa BK CUCHATIO8

B peKypcHBHBIX aJropuTMax MO KPUTEPHIO HAUMEHBIINX
kBajparoB (Recursive Least Squares, RLS) BK BeraucnstoTest kak

mexyujee npeovloyuee 8eKmop
3HayeHue =4 3HayeHue + 4 K02¢hpuyuenmos {omu6}<a} .
eexmopa BK eexmopa BK Kanmana

Beibop AA 00bIUHO OOYCIOBICH psSaOM  TpeOOBaHUM,
MPeIbIBIIeMbIX K AD.
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12.3. Kputepuu GpyHKUMOHUPOBAHUSA AJANITHBHBIX (PUILTPOB

B mpomecce paborei AA  OCyHISCTBISIETCS TIOMCK — TaKHX
napaMeTpoB AD, Mpu KOTOPHIX 3HAUCHHE 3aJaHHON [IEJICBON (HYHKIHH
SBIISIETCS MHHUMAJIbHBIM. B KadecTBe Taknx mMapaMeTpoB OOBIYHO
soicrynaer Bektop BK h(K), a B xauecrBe wneneoit dynkuum
HEKOoTOpast (PYHKIUS BXOTHOTO, BBIXOJHOTO M TpeOyeMOro CHTHAJOB,

Te. F=1 { x(k), y(k),d(k)}. LleneByro  QyHKIMIO — MOXHO
paccMaTpuBaTh W Kak (QYHKIHIO OMHOOK, T.e. F = f{e(k)}. Omna

JI0JDKHA OBITh JCHCTBHUTENBbHOM M HeoTpHIaTeabHOM, T. e. F >0 mis
Beex X(K), y(k) u d(k). TIpu paGore A® Bexrop ero BK
hy(k) >hy,, rtme hy, - Bekrop KoopaMHAT MHHEMYMa
MHOTOMEpHOH 1eneBoii GpyHkiuu B npoctpanctBe BK. Jloctmxenue
MHHHMYMa IeTIeBOH (PYHKIMHK SBISETCS KpuTepreM padotsr AD.

CyIecTBYIOT pa3Hble CIIOCOOBI ONpeAesIeHus eeBOl (QYHKIUH
A®, BiusgmOmUe, B KOHEYHOM CYETe, Ha CJIIOKHOCTh AITOPHUTMOB €

muHuMu3aud.  LleneBbiMu  QyHKuMsMH, — Haubojee — 4acTo
MCIIOJIB3YEMBIMH B aIalITUBHOM (UIIBTPAIUH, SBIISIOTCS:
1) F="f{ e(k)} = E{ e?(k) } —  CpeIHEKBaJpaTHyYecKas

omubOka (Mean Square Error, MSE),

)F =" e(k) Ze (i) — wnaumenbmme xBampars (Least
Squares, LS),

)y F="1 {e(k)} = Zk:kkfiez(i) — B3BELIEHHBIE HAUMEHBIINE

i=1
kBazgpatel (Weighted Least Squares, WLS),

HF=f1 { e(k)} =e?(K) — kBazpaT MrHOBEHHO# OMHOKL.

Ha mnpakTtuke w#CHonp3yloTcss W JApyrHe LeleBble (DyHKINU.
OpnHako BBIOOp KBaZpaTHYHBIX LENeBbIX (pyHKIMHA B AD BO MHOTOM
0o0yCJIOBJIEH TE€M, YTO B pE3ylbTaTeé MX HCIOJIb30BaHUA MOKHO
MOJy9aTh aJTOPUTMBI AN THBHON (PHIbTpaIliyl B BUAE UTEPALMOHHBIX
BBIYUCIUTEIBHBIX MPOLEAYP, HE COAEPIKAIINX JIOTHYECKHX OMeparui,
YTO OTJIMYACT TAaKUE AITOPUTMBl OT BBIYMCIMTENBHBIX MPOLELYD
ontuMm3anuu obmero Bupa. Kpome Toro, 3TH (GYHKIUH SBISIOTCS
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YHAMOJANBHBIMH, YTO TapaHTHPYeT CXOJMMOCTh  aJrOPHUTMOB
aJanTHBHOW (UIBTPalMM HAa WX OCHOBE K EIWHCTBEHHOMY
ONTUMAJIbHOMY PEICHHIO.

Crporo roBops, MSE-pynkmms 1) Ha mpakTHKEe peako
MPUMEHSIETCS, TaK Kak JJisi €€ BBIYUCICHHs TpeOyercs Haludue
OeckoHeYHOTo 00bheMa JaHHBIX. B To ke Bpemst 3Ta (QpyHKIHS ITUPOKO
HCIIOoNb3yeTcs npu aHanuze AD.

Henebie QyHkmuu 2), 3) u 4) OTINYAIOTCA KaK CIO0XKHOCTBIO
peaiu3anyy aNrOPUTMOB Ha WX OCHOBE, TaK M XapaKTepUCTUKAMHU
CXOIMMOCTH W OCTaTOYHBIMH ONIMOKAaMH 3THX aJTOPUTMOB B
YCTAHOBUBIIEMCSI COCTOSHMM. Tak, KBagpaT MIHOBCHHOW OIIHMOKH
SIBJISIETCS CaMOW TPOCTOM C TOYKM 3PEHHUsI peau3alluy alropuTMOB
neseBor pynxmmer. OmHAKO aNrOPUTMBI HA OCHOBE 3TOH (YHKITUH
XapaKTepPU3YIOTCS MEIJICHHOW CXOJMMOCTBIO, MTOCKOJBKY ATO CHJIBHO
yropoieHHas 1eneBas ¢yHkius. llemeBas LS-pyHkius 0OBIYHO
HCIIONB3yeTCs PU 00pabOTKe CTaMOHAPHBIX CUTHAIOB, a WLS — mpu
00paboTKe MEeIJICHHO MEHSIOIIMXCS CUTHAJIOB.

12.4. TIpuiioxkeHHs1 AJANTHBHBIX (PUILTPOB

CymiecTByeT psj M3BECTHBIX npuioxkeHuir AD. Hawubonee
MPOCTBIM W3 HUX SBJISETCS TpsAMas WACHTH(PHKALUS HEW3BECTHOM
cuctemsl (puc. 12.2), 6asupyromasicss Ha ONpeaeIeHUH HMITYJIbCHOTO
OTKIHKa 9ToM cuctemsbl. [lpum pemeHnn 3agadu WASHTUQHUKALUN
curnan X(K) siBisercs BXOAHBIM 1 JUIS HACHTHOUIUPYEMON CHCTEMBI,
u g AD. llosToMy MUHHMHU3AIMS HEKOTOpOH (YHKIHUH OMIMOOK
o(K) mexny BbxomueiM curnanom HeussectHoM cuctembl d(K) n
BbixoaubiM curnaniom A® Y(K) osnauaer, uro amanTuBHBIA QUILTP
MOZeIupyeT HeusBecTHyH cucremy, T.e. hy(K) > Wy, Tak kak
(GuIBTp «BOCIPOU3BOAUTY BbIXOAHOM curHan cucrembl Y(K).

KommeHcanusi CHTHaIOB 3JIEKTPUYECKOTO HIHM aKyCTHYECKOTO
9Xa SABIAETCS NPUMEPOM 3aJayd HWICHTU(QUKAIMU HEH3BECTHOM
CHCTEMBI.

Hpyrum npumepom wucnonb3oBanus Ad sgBusercs 3amada
oOpatHoli uaeHTH(UKanun o0bekTa. Pemenne 3Tol 3a7auu IMIMPOKO
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WCIIONB3YETCS Il BBIPABHUBAHUS XaPaKTEPUCTHK DIICKTPHUUECKUX
KaHaJIOB CBs3M (puc. 12.3) ¢ MOMOIIBIO aJalTUBHBIX YKBaJIali3epOB.

d(k)

HewussecTnas cuerema

x(k)

AnanTueHsii PUIBT

Puc. 12.2. AnantuBHas HISHTU(PUKALUS HEU3BECTHON CUCTEMBI

z(k) d(k)

x(k)

Kanan ceasu @ ANANTHEHBIL (HIBTD
+

Puc. 12.3. BoipaBHUBaHUE 3JIEKTPUUECKOr0 KaHaa CBA3N

HeobxomumocTs BeIpaBHUBAHHS KaHAla CBSI3UM BO3HHUKACT H3-32
TOTO, YTO MpU Tepenadye HUPPOBBIX ITaHHBIX 0 KaHajlaM CBS3U C
OTPAaHWYCHHON  TIOJOCOW  MPOIMYCKaHWS  BO3HHKACT  SIBJIICHUE,
HaszpIBaeMOe MEKCHMBONBHOU uHTepdepennueit (MCHU). Hapsamy c
mymom  Z(K) (puc. 12.3) MCHU ckaspiBaeTcs Ha NPaBHILHOCTH
pelIeHHsT O COOTBETCTBUU IPHHATOTO HH()OPMAIMOHHOTO CHMBOJIA
X(k) cumBony X(K), nepenannomy mo kanany cesisu. Eciu Gbl kanan
CBSA3M TIPEJCTABII COOOM MPOCTO JIMHUIO 3aJIEP:KKU Ha Bpems i, To
MPUHUMAEMBIN CUTHAJ (MHGOPMAIIMOHHBIE CHMBOJIBI) MOYKHO OBLIO OBI
JIETKO OIIEHUBATH (pasnuyath). OJHAKO OOJBIIMHCTBO KAaHAJIOB CBSI3HU C
MaTeMaTHYECKON TOUYKH 3pEeHHS MpeAcTaBisiioT coboit KUX-bumetp ¢
MMITYJIbCHOW XapaKTepUCTUKON W.

B xaxzaslii oTcueT BpeMeHH k, coBmamarommii ¢ MOMEHTOM
CMEHBI HH(POPMAIMOHHBIX CHMBOJIOB, CIEAYIOIINX C TIEPUOIOM 1 , Ha
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BBIXOJIC KaHajga oOpa3yeTcsi B3BEIICHHAs CyMMa II€pelaBacMbIX
HOAPS CUMBOJIOB:

Kt + KT ) = W(ty)X(t, +KT) + > W(t, + KT —nT)x(t, —nT). (12.4)

n=k

B 3T10i cymMe TONBKO OAMH CHMBOJ HECET TEKYIIylo MH(popMammio, a
OCTaJbHBIC SBIAIOTCS IIyMOM (MEKCHMBOJIBHON wuHTepdepenuueii),
KOTOPBIN HE MO3BOJISIET NPABUIBHO Pa3inyaTh CUMBOJIBI HA IPUEMHOMN
cropoHe. [{ns ymensmennst MCH nucnons3yroT SKBaai3epsl.

OkBanaiizep (QYHKIHOHHPYET TakuM oOpasomM, uro ero AUX
cTaHOBHTCS Onu3koil k oOpatHoii AUX kaHama cBszu. [losTomy
coBMectHas AUX kaHasa CBSI3M M 3KBajlai3epa CTAHOBUTCS OJIM3KOH K
paBHOMEpPHOH.  DTO  O3HA4aeT, 4YTO  CBEpPTKAa  UMIIYJIbCHOHU
XapaKTePUCTHKM KaHaja CBsI3W W U JKBajaiizepa N B MoMmeHThI
Bpemenn KT Onuska x nensra-gyHkiuu, B pesynsrate yero MCU
yMEHbIIAETCA. B 3TOM ciydyae BBIXOJHOW CHUTHaJI 3KBajnaisepa
omnpenemsieTcs Kak

y(t, +KT) =8(t,)x(t, +KT) +0, (12.5)

T. €. MOXKET OBITH MPaBHIBHO OOHApYKeH (OLIEHEH U JEKOJMPOBaH).

Ecnu cpaBuuth puc. 12.2 u 12.3, To MOXHO 3aM€TUTh, YTO B
IOCIeHEM ciIydae TaKXKe pellaeTcss 3ajada HACHTU(HMKALIH
JTMHEWUHOU CHUCTEMBI, ONpEAENSIOmEN 3aJEPIKKY npuema
nepegaBaemMoro curxana. Mssecrno, uto VX vHUM 3aepKKH paBHA
nenbTa-pyHKnuu (T. €. comepkuT oauH Henyleroi BK), a AUX, kak
CIIECTBHE, SBIIICTCS PABHOMEPHOH. OTO 03HA4aeT, 4TO CBEpTKA
¢ukcupoBanHOi MX KaHama CBS3M C H3MEHSIEMBIM HMITYJIbCHBIM
oTkkoM A® mnpubimkaercs B Ipolecce aaanTalud K JienbTa-
¢ynknun, a AUX cTaHOBUTCS paBHOMEPHOM.

Eme ozHMM IIMpPOKO HCHONBb3yeMbIM mnpuioxkeHueM A
aiusiercst  AAP  (puc. 12.4), koTopas  mpeAcTaBiseT  coOoif
mHorokaHalbHBIH A®D ¢ oguuM BK B kaxkaoM U3 KaHaIoB.
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x, (k) hy
g
)
A
'z vk h,
% z ( :] = Brixoamod curnan
.‘; AHTCHHOMN PCIICTRH
(k)
E
s x, (k)
g
g LE 2] e e
%, (K)
OnoprBIi cHrHan
HHTEHHOA PI:IIIC TKH
AnanTHeHEIH npoueccop }47 d(k:l
Puc. 12.4. AnanTiBHas aHTEHHAs peleTKa
AmnTenHast pereTka XapakTepu3yeTcst JiuarpaMMon

HanpaiaeHHocTH ([IH), T. e. aMIIMTYJHO-YTJIOBOM XapaKTepUCTUKOMN
F(0), xoropas ¢ momompio BK MoxkeT MeHATH CBOKW (Hopmy,
obecrieunBasi TpeOyeMble 3HAYEHUs YCHICHHS B HANPABICHHAX HA
MCTOYHHKH TIPUHAMAEMBIX CHIHAJIOB, HAlpuUMep €AMHUYHOE B
HAIPABJICHUU HA UCTOYHHUK IOJIE3HOTO CHTHANIA ¥ HYJIEBOE MIIH «OYEHb
MaJIEHbKOE» B HATIPABJICHUSX HA MCTOUHUKHU [IOMEX.

[Inpoko ucmoab3yeMbIM MpHIOKeHHEM AD Takke SBISETCS
IIYMOOYKCTKA (KOMIIEHCAIUS LIyMOB, IIyMOIOaBieHue). B 3agaue
mymoounctku (puc. 12.5) B kaudectse curnana d(K) wmcmomssyercs
sarymieHHbI nosesnsiit curnan X(K) +z,(K), a B kauecte BXOJHOTO
curHana — curHan Z,(K), xoppenupoBaussii ¢ cursaiom z,(K) wu
HekoppenupoBanubiid ¢ X(K). AxantuHbiii Guinbtp u3 curnana Z,(K)

Boiessier curnan Z(K), 1. e. Y(K) = z,(K), nostomy curaan ommoku

(k) =d(k)—y(k) = x(k).
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x(k) + z, (k)

haN k) =z kfi\_otk ~ x(i
z,(k) ——p| ANANTHEHEL (UIET] I ® 1(_)@ ) zx®

Y \ ¥

| AJATITHBHEL A1T0PHTM ‘

Puc. 12.5. AganTuBHas IIyMOOYUCTKA CUTHAJIOB

ApnanTuBHbIE (QUIBTPHI HCHONB3YIOTCS W AN JTHHEHHOTO

mpefcKa3aHusi — HaOMoJaeMblx  cuTHaNoB.  [lpu  nuHeiHOM
MpencKka3aHnnd B KadecTBe TpeOyemoro curHama Ad HCIONb3yeTcs
Ha6HIOHaeMLIﬁ CHTHAJI, 4 B Kad4€CTBC BXOAHOIro cCurHajla — €ro

3ajepkanHas Korus. [10 OKOHYaHMM TIEpexoqHOro mnporecca Ad
NPEJICTABISIET COOON MOJIEh MCTOYHUKA CHIHANA, & TIOTOMY MOMKET
ObITh HUCIOJB30BAH Ui MPEACKA3aHusi JTOro curHana. JluHeitnoe
Tpe/ICKa3aHue, B YaCTHOCTH, UCTIONB3YETCA IPH KOJUPOBAHUH peuH (B
BOKOJIEPax), TIPU TIOCTPOEHUH OBICTPbIX AD, a TakKe JUIs BbIICIECHHUS
y3kononocueix  curHanoB  X(K)  (cmektpansmeix  numwmii, «line

enhancement») Ha ¢omne mupokonosnocHsix nomex Z(K) (puc. 12.6).

x(k) + z(k)

x(k-D)+2(k=D)  w
"y ~
Sanepxka }— AnanTHBHBIN (PMIBTP

Y ﬁ Y

ANANTHBHEIA AITOPHTM

vik) = xk) X ouk) =z (k)

Puc. 12.6. AnantuBHas GUIbTPAIMs Y3KOIOJIOCHBIX CUTHAJIOB

[lpuHuun  paboThl 3TOM CXeMbl 0asupyercs Ha pasinyun
KOPPEISIHOHHBIX  CBOMCTB LIMPOKOIOJIOCHOTO M Y3KOIOJIOCHOTO
CHrHANOB. 31ech BenurHa 3a1epxkn D B orcuerax oOpabaTbiBacMbIX
CUrHamoB BbIOMpaercs Takod, uro K, <D <K,, rme K, — mmpuna
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OCHOBHOTO  JIETIECTKAa  aBTOKOppersiuoHHOH  ¢yHkumn  (AKO)
mpokomnosnocHoro cursana Z(K) u K, — mmpuna ocHoBHOTO JeniecTka
AK® yskononocuoro curnana X(K). Bynyun sanepxanneiM wa D
orcueros, curHan X(K —D) ocraercst KOppenHpOBaHHBIM C CHIHAJIIOM
X(k), mosromy B mpouecce amanraiuu Ha Beixoge AD dopmupyercs
curHan, Omuskmii k yskomosocHomy curHany X(K), a ma BeIxOzmE
CHTHajla OIMOKH — CHTHAJN, ONM3KHI K IIMPOKONOJIOCHOMY CHTHAITY
Z(k). B 3aBHCHMOCTH OT TOr0, KaKOH H3 00pabaThIBAEMbBIX CHIHAJIOB
SIBIISIETCSL  TIOJIE3HBIM» — Y3KOIOJIOCHBIH WIIM IIMPOKOIIONIOCHBIH, B
Ka4ecTBE «ITOJIE3HOT0» BBIXOJHOTO CHTHAJa MCIIOIB3YETCs] BBIXOIHOM
curnan A® uiu CUrHaJ OIIHOKH.

Cpemu  nmpyrux  npuMeHeHndH A®  MOXHO  OTMETHTH
IIUPOKOTIOJIOCHBIE aKyCTHYECKHE PEeLIeTKH, KOMIIEHCATOPEI OOKOBBIX
JIETIECTKOB HAIPABJIEHHBIX aHTEHH, aKTHBHBIE KOMIIEHCATOPHI IIyMOB,
MHOTOKaHAJIbHBIE SKBaJlaii3ephl aKyCTHYECKUX KAaHAJIOB B amIiaparype
BBICOKOKaYEeCTBEHHOTO BOCIHPOM3BEICHUS 3BYKa, OJHOKAHAIBHBIE U
MHOTOKaHaJIbHBIE KOMIIEHCATOPbl CHUTHAJIOB AaKyCTHYECKOTO 3Xa B
ammaparype O3BYUYHMBaHUS TIOMEIIEHHH, MOJIMHOMUATbHBIE
(menuueitabie) A® u psag npyrux ycrpoictB. VX ommcaHme MOKHO
HaWTH B COBPEMEHHOW HayYHO-TEXHUYECKOW JTUTEpaType.

12.5. KoppeasiumoHHasi MaTpuua

ApnantuBHas (QUIBTpalMa CHTHAJIOB OasupyeTcd Ha paae
MPUHIMIIOB,  BHITEKAIONIMX W3  ONTHMAJbHOW  BHHEPOBCKOM
¢wipTpanuu.  Pemmenme  3amaum ONTHMAaiIbHOM — BHHEPOBCKOM
¢unpTpauu (Bexkrop BK dunbrpa) mpencrasisier co0oil penieHue
3agaud MUHUME3anud MSE-QyHKIMN IUCKPETHBIX WIH HU(PPOBBIX
¢mwipTpoB. DTO pelleHrne 3aBUCUT OT KOPPEISIIMOHHOW MAaTpPHIIBI
BXOJHBIX CHTHAJOB CyMMaropa M BEKTOpa B3aHMMHON KOPpEIALUH
BXOJIHBIX M TpeOYyeMOT0 CUTHAJIOB.

B A® ucnonp3yloTcs BXOJHbIE CUTHaJbl JUHEHHOTO CyMMaropa
(puc. 12.7), u3sMepeHHbIE B TUCKPETHBIE MOMEHTHI BpeMeHH K.
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x (k)

BrxogHoil cHrams
x, (k) @ I——— T (.

-~

Xy (k) — ()

DEHJUP BXOAHBX CHIHIIIOR

BexTop Recorkx koaddnmneAToR

Puc. 12.7. Jluneiinsnii cymmaTtop

Pe3ynbTaTel 3THX H3MEpeHWil 00pa3yloT BEKTOpP OTCUYETOB
BXOJIHBIX CUTHAJIOB:

X (K) = %K), X, (K), -, % (K)] (12.6)

Eciu A® no cBoeil cTpykType siBiseTcsi ogHokaHanbHbIM KIX-
(GUWIBTPOM, TO BEKTOP

X (K) =[x(K), x(k =2),...,x(k =N +1)]" (12.7)

MIPeNICTaBIIeT COOON 3aJepKaHHbIe OTCUETHl BXOAHOTO CHTHAJIA 3TOTO
¢bunpTpa, T. €. AMCKPETHBINA CTOXAaCTHYECKUI TpOIieCe.

KoppensiimonHass MaTpuiia CHUTHAJIOB JIMHEWHOTO CyMMaropa
oTpenenseTcs Kak
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Ry =E{xy (k)x} (k) } =
E{ ()}  E{x)xK} - E{x®x k)]
E{uKx K}  E{X® ]} - E{xK)x K]

E{x0x M)} E{x @0} - E{xK)] |
(12.8)
rae E{ 0} — omepauus YCpeIHEHHS IIO aHcaMOJIIo peanmam/lﬁ

Bekropa X, (K).

Koppensuuonnas MaTpuia  ABJIAETCS TI0JIOXKHUTEIBLHO
HOJTyonpeeeHHoN.  Ecnv Uil TIPOM3BONIBHBIX  KOMILUIEKCHBIX
BektopoB X, (K) m hy #0, ompenenuts cramspHyIO NEpPEeMEHHYO

Y(K) xax ckansgpHOe IpOM3BENEHUE ITUX BEKTOPOB, T. €.
y(K) =hy X, (K), (12.9)

TO  CPEOHEKBAApPaTUYECKOE  3HAYEHUE ITOM  MEPEMEHHOM  —
HEOTpULaTCIIbHAasA BEJIMUYMNHA

E{ yz(k)}=E{hTNxN(k)xTN(k)hN}=

12.10
=hLE K)xL (k)Y h, =hlRh, >0 ( )
VE{ Xy (x4 ()} hy =hiRyhy > 0.

HepaBenctBo  (12.10)  o3Hagaer, 4dYro  Marpwuia Ry

H
IOJIOXKHUTEIBHO Honyonpenenennas. Ecoim hyRyhy >0, To marpuua
R\ TOIOXHTEIBHO OpeeneHHas.

12.6. CoOcTBEeHHBIE YHCJIA U COOCTBEHHbIE BEKTOPBI
KOPPeJISMOHHOH MATPUILIbI

OnHO U3 BaXKHBIX CBOMCTB KOPPEIALIMOHHON MaTPUIIBI COCTOUT B
TOM, YTO 3Ta MaTpHUIla MOXET OBITh pa3lokKeHa 10 COOCTBEHHBIM
YHCIaM U COOTBETCTBYIOLIMM 3THM YHCIaM COOCTBEHHBIM BEKTOpPaM.
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Yucno A HasbiBaeTCss COOCTBEHHBIM YMCJIOM MATPHUIIbI Ry, ecmu
BBITIOJIHSETCS YCIOBHE

Rydy =20y, (12.11)

rae Qy #0y — COOCTBEHHBII BEKTOp, COOTBETCTBYIOLIMH JTOMY
COOCTBEHHOMY UHCITY.
VYpauenwue (12.11) MOXXKHO MPECTaBUTh KaK

Ryay —Ady =( Ry —Aly )y =0y. (12.12)

Vpasuenue (12.12) umeer HetpuBuanbHoe peutenue (y # 0y, TOIbKO
€CIIM OIIPEJEIUTEND

det{ Ry —Al}=0. (12.13)

VYpaBuenue (12.13) Ha3zpIBaeTcs XapaKTEPUCTHYECKHUM YpaBHEHUEM
matpuusl R\ u npeacrasmser coboii momuaoM N -if crenenu:

p(A)=A" +a, A" +---+ar+a,=0. (12.14)
Vpasuenue (12.14) umeer N kopHeit (HeoOs3aTeqpHO Pa3sHBIX) A,
Ay ...y Ay, HA3bIBAGMBIX COOCTBCHHBIMH YHCIIAMU MATPHIEl R .

Kaxnapiit BEKTOP Oy, # Oy > rie n=12,...,N,

YIOBJIETBOPSIOIINN YPABHEHUIO
RyGnn =240y (12.15)

Ha3bIBACTCA CcOOCTBEHHBIM BEKTOPOM, COOTBETCTBYIOIIUM
COOCTBEHHOMY YHCIY A,.

CoGcTBeHHBIe 4mCIa A, H COOCTBEHHBIE BEKTOPHI ( ,

KOPpE/SIIMOHHON ~ MaTpuipl R,  CcranMoHapHOro  JUCKPETHOTO

CTOXACTHYECKOTO IpOIecca XapaKTepPU3yIOTCS PSIOM  CBOWCTB,
OCHOBHBIC M3 KOTOPBIX HPUBOISTCS HIXKE.
CeoiictBo 1. Ecnn A, A,, ..., Ay — cOOCTBEHHbIC dYHCIa

KOppeIsuioHHOi Matpuisl Ry, To mwist moboro nenoro uncna K >0
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k
cobcTBeHnble uncna Matpunsl Ry = R Ry ---Ry pashsI kf, k;, e
%/—/
k

k
Ay -

CaoiicTBO 2. Henyneseie COOCTBEHHBIE BEKTOPBI
On 1Oy 2o 0NN KOPPEISLIOHHOM MAaTPHIIBI Ry,
COOTBETCTBYIOIIHME PABIHMYHBIM COOCTBEHHBIM YHCIAM Ay, Ay, ..., Ay,

SIBJIIFOTCS JIMHEHHO-HE3aBUCUMBIMU.
Bekropel (] ,, JUHEHHO-3aBUCHMBIC, €CIIH CYIIECTBYIOT TaKhE

a, # 0, mpu KoTopBIX

N
Ay, Ty, +--taydy y :ZanqN,nzoN‘ (12.16)
n=1
Ecin pasenctso (12.16) Beinosssiercst Tonbko npu Beex @, =0,
TO BEKTOPBI (] | ABJISIOTCS JTMHEHHO-HE3aBUCHMBIMH.
CpoiictBo 3.  CoOcTBeHHBIE uyMCIa Ay, A,, ..., Ay
KOPPEISIIUOHHON ~ MaTpuibl Ry SABIAIOTCS HEOTPHUIATEIbHBIMU
JICHCTBUTEIbHBIMU YUCIIAMH.

CpoiicrBo 4. CoOctBeHHbIe BEKTOPBI (i, Oy, ---» Oy
KOPPeJSIMOHHOW  Matpuil Ry, COOTBETCTBYIOIIME pPA3IHIHBIM
COOCTBEHHBIM 4HCIaM A, A,, ..., Ay, SIBISIOTCS OPTOTOHAIBHBIMU
ApyT pyry.

OpTOTOHANBHOCTE 03HAYAET, UTO

H =0 12.17
qN,nqN,m — % ( . )
ecim N#=Mm.

Tak Kak KakIOMy COOCTBEHHOMY YHCIy A, COOTBETCTBYET
OECKOHEYHOE MHOXKECTBO COOCTBCHHBIX BEKTOPOB, TO 0e€3 MHOTEepH
OoOImHOCTH B  JanbHeHImeM OyzeM  paccMaTpuBaTh  TOJBKO
HOPMHPOBAHHbBIE COOCTBEHHBIE BEKTOPHI, T. €. TAKHE, YTO

1 npu n=m

N
)
— 0. = 12.18
AN O m Zqu 0, mpu nm (12.18)
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it Becex N=1...,N u m=1...,N. BekTopsl, yI0BIECTBOPSIOIINE
ycioBumo (12.18), Ha3pIBalOTCSI OPTOHOPMHUPOBAHHBIMH.
CaoiictBo 5. Ecinu coOGcTBeHHbIE BEKTOPBL Oy 15 Oy 25 -+ Oy

KOPPEIIIMOHHON Matpuibl Ry, COOTBETCTBYIOIME Pa3IHYHBIM
COOCTBEHHBIM 4HMCIaM A, A,, ..., Ay, HPEACTABUTb MaTpHLEH

Qu = [qul, Oy.2r--Onn ] OpPTOHOPMHPOBAHHBIX BeKTOpoB (12.18), a
COOCTBEHHBIC qucia - MAarOHALHON MaTpuieit
Ay = diag{ Ay Aoy Ay }, To Matpuna R, Moxer ObITh mpuBescHa
K IMarOHAJILHOMY BHJLY:

QLR\Qy =Ay. (12.19)
W3 3TOro cBOHCTBa TAaKXKe CIIeoyeT COOTHOILICHUE
QLQN :QNQL = IN ) (12.20)
OTKyJa
QL =Qy. (12.21)
Marpuna,  obnanmatomass  coiictBom  (12.21),  Ha3wIBaeTcA
OPTOHOPMHUPOBAHHOM.
Hcnons3ys (12.20) u (12.21), MO>XHO MOKa3aTh, 4TO
Ry =QuA,Qy (12.22)
"
Ry = QuAVQyL. (12.23)
CeoiictBo 6. CymMma COOCTBEHHBIX 4HMCel A, A,, ..., Ay

KOppeJ’[fIHHOHHOﬁ MaTpuIbl R N PaBHa CJICoy 3TOM MaTpulbl:

tr{Ry}=>2,. (12.24)
n-1
CoiicTBo 7. IIpou3BeieHNe COOCTBEHHBIX YHCET Ay, Ay, ...y Ay

KOppeIILHOHHON MaTpuubl Ry paBHO ompenenurtento SToi MaTpHIIEL,
T. €.
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N

det{ Ry} =] ]2 (12.25)

n=1

PaccMoTpeHHble  CBOICTBA  KOPPENSILMOHHOM MAaTpUIbl, €€
COOCTBEHHBIX YHMCEN M COOCTBEHHBIX BEKTOPOB HCIIONB3YIOTCS MpHU
aHa/u3e MIPOLECCOB aNANTUBHON (QUIBTPALIK CUTHAJIOB.

12.7. BunepoBckas puiabTpanus

OpHOli W3 meneBbIX (YHKIWH, WCHOIB3YEMBIX B TEOPHH
ajanTHBHOM  (QWIBTpalliW,  SABISETCA MSE-byskmust, — wim
CpeIHEeKBaJpaTHIECKast ommuoKa, ompexesnsiemMas KaK

2
&) =E{ o]} -
Hna  nueeiiHoro cymmaropa (puc. 12.8)  MSE-¢dyHkuus
OTIPEEIISCTCS CISAYIOIUM 00pa3om:

g=E{ (k) | =of —hyry —rih, +h{Ryhy (12.26)

e e(k)=d(K)-y(k), yKk)=hix,(k), of=E{d*K)}-
JTUCTIEPCHSI (cpemnss MOIITHOCTB) TpebyeMoro CUTHAaJA,

ry = E{ Xy (k)d (k)} — BEKTOP B3aUMHON KOPPEISIIIHU  MEXITY

BXOJHBIMH M TpeOyeMbIM cHrHamamu, Ry = E{ X, (K)Xy, (k)} -

KOpPpEISIIMOHHAs MaTpHlla BXOAHBIX curHanos (12.8). Bektop I
OIIpeJeNnseTcs Kak

X, (k) E{ x(k)d(k) |
r,=E Xsz) d(k) = E{XZ(k:)d(k)} . (12.27)
Xy (k) E{ xy(k)d(k) |
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Xl(k) @ Tpe6yeéwzx§ )cm-Han

e(k)

X (k) (o

Xu(K) (|

Beixonnoii Curnan
CHUrHAJ OIINOKH

BCKTOp BXO/IHBIX CUTHAJIOB

BekTtop BecoBbIX KOIDGUIHEHTOB

Puc. 12.8. JIuneiinslit cymmarop: (OpMUPOBAHUE CUTHANA OLIMOKH

Bekrop rpaguenta MSE-¢ynkmun (12.26) onpenensercst Kak

.
o | o8 o8 8
V E=—=|—=>,—,...,—| =-2r,+2R h,. 12.28
o oh,, {ahl oh, " ohy N w. - (1228)

I[Tonaras, yro Matrpuna R sBisercs o6paTumon, ycinosue
VhNiz—ZrN +2Rh, =0, (12.29)
M03BOJISIET HANTH onTUManbHbIA BekTop BK
hyo =RyTy, (12.30)

COOTBETCTBYIOIINIT MUHUMYMY 1ieJieBoi ¢yHkuuu (12.26). YpaBHeHue
(12.29) nas3eiBaercs ypaBHeHueM Bunepa-Xondga, sextop BK (12.30) —
ONTHUMAaJbHBIM BHHEPOBCKHMM permeHneM, a ¢misTp (puc. 12.8), BK
KOTOporo ompenesitorcs ypaBHeHuem (12.30), — oNTHMaIbHBIM
BUHEPOBCKUM (HIIBTPOM.

Ucnonb3ys (12.30) B ypaBHeHuu (12.26), MOXHO ONpeEIENUThH
MUHUMaJIbHOE 3HaueHne MSE:
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Ein = E{ °(K) } = 0% —h} 1y —rihy o +hi Ryhy, = (12.31)

_ 2 T _ 2 _ TIp-1
_Gd_rNhN,o_Gd rnRyry -

BexTop rpaguenta ¢pynakmwm (12.26) MOKHO BEIPa3HUTh U KaK

& aE{ e?(k) }

V. E " - = 2E{x,(Kek),  (12:32)

Ecnu TpeOyeMblii CUTHAT OIPEeIAeTCS KakK
d (k) =hy g%y (k) +&,(K), (12.33)

T. €. B HEM IPUCYTCTBYeT afquTiBHBIHA yM €, (K), uacto HasbiBaeMmblii
m3meputensHbiM, u gucio BK N mumeitnoit cucremsr ¢ BK hN’O,
nopoxparomeri curnan d(K), cosmamaer umcnom BK nmueitnoro
cymmartopa (puc. 12.8) hy, To mpu h =h = Ry, ommbka e(k)
ONIpEIENSAETCS KaK

e(k) = d (k) - y(k) = hy ,x, (k) +e&,(k) —hy . (k) =&, (),
(12.34)
a, coryacHo (12.28) u (12.32), rpanueHt
v, & = —2E{ Xy (K)&, (k)| =21, + 2Rhy =21, + 2R Rr, =0, .
(12.35)

Vpasuenne (12.35) osmawaer, uyro mpu hy = hN,o CHUTHAJ
OIMOKN OPTOTOHAJIEH KOMIIOHEHTaM BEKTOpa BXOJHOTO CHTHAja, T. €.
E{ Xy (K—n+1e, (k)} =0, n=12,..,N, a rakke BBIXOZHOMY

CUrHaimy (I)I/IJ'[LTpa, TaK KakK

hy o E{xy (K)e, ()} = Efhy ox, (K)e, (K)} = E{y, (k)e, (k)} = 0.
(12.36)
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VYpaBuenuss (12.35) w (12.36) wu3BecTHBI Kak MPHUHIAI
OPTOrOHAJIBHOCTH, O3HAYaromui, yro npu hy =hy , curnan ommndku

(uIBTPa OPTOrOHANEH M K €r0 BXOJHBIM U K BBHIXOJHOMY CHTHAIIAM,
T. €. CUTHAJI OIUMOKHM U OTU CHTHAJIBI SABJIAIOTCS HEKOPPETUPOBAHHBIMH.
Ipupoma  myma  €,(K)  ompemensiercs — npuioxeHHEM

aganTuBHOro (uiubTpa. HampuMep, B KOMIEHCATOpax CHUIHAJIOB
aKyCTHYECKOIO 5Xa — JTO IyM OKDPYKAIOIIEH CPEIbI, B KOMIIEHCATOPaX
3JIEKTPUYECKOro 5xa — tyM Juaui cesisu. Lym €,(K) rakxe moxer

OpOXKIaThes B ciaydae, ecnu uncio BK amanrtuBHOTO dmnmbTpa, T. €.
nuHeHoro cymmaropa (puc. 12.8), me coBmamaer ¢ umciom BK
AMITYJILCHOT'O OTKITUKA WICHTUDHUITIPYESMOH THHEHHON CHCTEMBI.

12.8. IloBepXHOCTH CpeIHEKBAAPATHYECKOI OIIUOKH

MSE-¢pyrkuuns (12.26), T.e. cpemHeKBaapaThieckas OIIHOKa,
sBiseTcst  kBanaparmudodl ¢ynkumeit BK hy. Ona o6pasyer B

N-mepHoMm mpoctpanctBe BK asmmunrudeckuit mapabonowma. Ero
MIOBEPXHOCTh BOTHYTA U COAEP>KUT TOJIBKO MOJIOKUTEIbHBIC 3HAUCHMUSL.
Ipumep MSE-dynkuun mpu N = 2 nokasan na puc. 12.9.

200
150
=00

50+

Puc. 12.9. [ToBepXHOCTb CpeIHEKBAIPATHUECKON OIIHOKH
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ITpu HCCICAOBAHNN CBOMCTB IIOBEPXHOCTH
cpemHeKBapaTuieckoi ommbkun MSE-dyHKIn0 ynoOHO BBIpaKaTh B
TEPMUHAX, CMELICHHBIX OTHOCHTeNbHO N,  BekropoB BK

Ahy :hN—hN’o, T.€. B CHCTEME KOOPJWHAT, HAYaIOM KOTOPBIX
SBJISIETCSL  TOYKaA hN'O. B ostom cnywae ypaBHenuwe (12.26)

npeoOpasyercst K BUIY:

E=¢&., +Ah R AN . (12.37)
Ucnonb3ys (12.22), ypaBaenue (12.37) MOXKHO TakXe BBIPA3HUTh
KaK
T - 2
E=Epin + VANV =Ein + D A [Val (12.38)
n=1
re
v, =QpAh, (12.39)

— BekTop BK B moBepHyTOI U CMelIeHHON CUCTEME KOOPIUHAT.

I[Ipy wuccienoBaHuMM  CBOMCTB  aJalTHUBHBIX  aJTOPUTMOB,
Oasupyrommxcs Ha  HCIoiab3oBaHWM ~ MSE-yHKIMH, TONIe3HO
UCIOJIB30BaTh IPadMKK JMHHUA MOCTOSHHOTO YpoBHS & = CONSt. Dtu
rpadMKi TPEACTABISIOT COOON THUIEPAIUINICH], TaK KaKk ypaBHEHHE
(12.38) mpu & = CONSt — 310 ypaBHEHHUE THUIEPIILIHIICA

‘ 2 2 2
wl” el
1 2 N

> + 3 + o4 > :11 (1240)
& & ay

N rimaBHBIX Oceil KOTOPOro ONpeAeISIOTCS Kak 23, 2a,, ..., 28y, T1e

aile(é_»_émin)ﬂL y 8y :\/(E.a_imin)/x‘ s eees By = (g_gmin)/x’N .

Ceuennst MSE-(QyHKIMH JUIs pa3HbIX 3HAYEHHUH & MPEICTaBIISIOT
co0OH OOHM W T€ IK€ KOHIEHTPHUYECKHE THIEPILIUICH B
npocrpancreax BK h, Ahy u VvV, (cm. nmpumep na puc. 12.10 s
caygast N = 2).

311



< N‘\k _\hz ' ' V.,

30
20

2
>

Puc. 12.10. Ilpoekmuu cedeHuit TOBEPXHOCTH
CPEIHEKBaAPaTHIECKON OIHMOKI

Ha  puc. 12.10 MOKa3aHBbI Ce4eHus MSE-¢dynxunmn,
npenctaBieHHod Ha puc. 12.9. Iludper wa mome puc. 12.10
NOKa3bIBalOT 3Ha4deHus MSE-QyHkimn & Ha JHHHSX MOCTOSHHOTO
ypoBHA. B MCX0nHO# cucTeMe KOOpAWHAT IIEHTPHl KOHIEHTPUIECKUX
THIIEPIJUIMIICOB HAaXoasATcs B Touke Ny ;. B cMemenHol, a TakKke B

HOBEPHYTOH M  CMCLICHHOW  CHCTEMaX  KOOPJAMHAT  LCHTPBHI

THIIEPAJUTHIICOB PACIIONIOKEHBI B HaYajle KOOPANHAT STHX CHCTEM.
Pa30poc cOOCTBEHHBIX YHCEN KOPPEeISIHOHHOM MaTpumsl R,

XapaKTepPU3yeMbIii TIapaMeTpoM ¥, = A /A ompeznenser GpopMmy

min 2
TUIICPIJIIMIICOB §= const. I'mmep3JuUTHIICHl BBITATHBAOTCS BIOJIb OCH
MOBEPHYTOI M CMEUICHHON CHCTEMBl KOOPIMHAT, OINpeaesieMoi
MEHbBIINM 3HAYCHHEM COOCTBEHHOTO YHCNa A, U CY)KAlOTCs BIOJb OCH,
orpeeNsieMoit GONIBITUM 3HAUYCHHEM COOCTBEHHOTO Yncia A .

Takum o6pa3oM, IpH CTalMOHAPHBIX BXOIHBIX M TpeOyeMoMm
curHamax ~ MSE-yHkmms  nuHeWHOro - cymmaropa  SIBISETCS
KBaJpaTUYHOM, 4YTO IO3BOJIAET HAUTH KOOPAMHATHI MHUHHMMyMa 3TOH
GYHKIMH, COOTBETCTBYIOIIME BHMHEPOBCKOMY peleHuro. J[lanee

312



paccMaTpuBarOTCS JBa METOJa IOWCKA BUHEPOBCKOTO DEUICHHUS B
2
ciay4ae, korna mapamerpsl MSE-dynkumn Ry, ry u Gy saBusrorcs

M3BECTHBIMH. DTO anroputM HpIOTOHa M anropuTM HAMCKOPEHIIETo
CITyCKa.

12.9. Asaropurm Herorona

Anroputm HproToHa mns moucka muHEMyMa MSE-¢dyHKInm
MOXET OBITh MOJy4eH clieayromuM obpasoM. Ecim o6e wactu
ypaBHeHusi rpaxuenta (12.28) MSE-pyHkiuu yMHOXKHTH Ha
00paTHYIO KOPPENSIUOHHYIO MaTPHILY

Ry (<2ry +2Ryhy ) = R;jvhN g,

TO, WCIOJB3ys YPABHEHHE ONTHUMAIBHOTO BHMHEPOBCKOTO pEIICHHS
_p-i
(12.30), moxHO nomyuuth ypasHenne —2hy  +2hy = RNVhNEJ' U3

3TOro ypaBHeHust cuegyer, uro BekTop BK, coorBercTByromuit
BUHEPOBCKOMY PEILIEHHIO, MOKHO BBIUUCIUTD KaK

1

hy, =hy -3 R;ﬁvhNg, (12.41)

,0

rae hy — Bexrop nponssonsubix BK nuHeiiHoro cymmaropa.
-1
Onnako Ha npaktuke Ry u Vh & pe/Ko SABISFOTCS M3BECTHBIMHU.
N

ITostomy ypaBHenue (12.41) oObruHO MOgUBHUIIUPYETCS KaK
hy(K)=hy(k-1)-u RV, E(k—1), (12.42)

rae | — mapaMeTp, Ha3blBa€MbI IIaroM CXOJUMOCTH. YpaBHEHHE
(12.42) mnpencraBnser coboif anroputM HprOTOHa, € MOMOIIBIO
KOTOPOTO  WTEPAlMOHHO  HAXOIATCS  KOOPAWHATHI ~ MHUHHMYyMa
MSE-¢dynaxunn.

Ucnonb3ys ypaBHEeHHE rpajJueHTa (12.28)
VhNéz -2r, +2Rhy, ypaBuenue (12.42) MOXHO mpeobpa3oBaTh K

BUJY
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hy (k) = (1-2u) hy (K=1)+2u h,, . . (12.43)

Ha puc. 12.11 noka3zan npumep noucka aeiicreurensHbix BK ¢
momomipio  ypaBHeHus (12.42) w3 Tpex HadambHBIX 3HAYCHUI

neiicteurensieix - BK: hy(0) = [0,0] " h, (0) = [—6, Z]T u

T o
h,(0) = [1,8] . Ha «xaxngoi wrepauuu anroput™Ma HblooToHa
nu3MeHennss BK HampaBlieHbl HEMOCPEACTBEHHO B CTOPOHY MHHHMYyMa
MSE-dyHKkuum.
®Oyukius E(K), Boruucnsemas ¢ nomonpo ypasuenus (12.26)
2 W T T
kak E(K) =o; —hy(K)ry —ryhy (k) +hy (K)Ryhy (K), HassBaercs
oOywaromieii kpuBoW. Takas KpuBas I IBIDKEHHUS alropuTMa
. T
HeroTona u3 HaYaIbHOM TOYKH h, (0) = [0, 0]
(puc. 12.11) npexacrtasiena Ha puc. 12.12. BugHo, 4to oOyuaromias
KpHBas HMMEET YYacTOK, UMEHYEMbIH MEPEXOIHBIM MPOLECCOM, TJIE
E(K) MeHseTcs «3aMeTHO» OT WTEpAllMM K WTEPAllid, M y4acToK,
MMEHyeMBbIil ycTaHOBUBIIMMCS coctosiHueM, rae E(K) or urepammu
UTEPALMU OCTAETCS MOCTOSHHBIM MM «IIPAKTHYECKH MTOCTOSHHBIMY.

Puc. 12.11. HaxoxxneHrne BUHEPOBCKOTO PEIISHUS
¢ moMouipko anroput™a HeroroHa
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k, HOMEp WTEPaUMK

T
Puc. 12.12. O6yyatomas kpusas amroputma Hetorona: Ny (0) = [O, 0]

[lepexomuple mporecchl 4acTo oToOpakaroT B TepmmHax BK.
I'paduxu Takux MepexoAHBIX MPOIECCOB A PACCMOTPEHHOTO CITydast
npuBeeHsl Ha puc. 12.13. Buano, uro nBuxeHue BekTopa BK

. T
ocyuiectsisiercs u3 HavanpHoi Toukn hy (0) = [0, 0] B HaIpaBJICHUH

T
BEKTOpa BUHEPOBCKOToO pemenus Ny , = [2,3] .

2penennee s : . . j
= A P P P pr :
0 H H H H i
0 10 20 30 40 50
k, Homep uTtepaunn
T T -
e P
J:N ' ' : 1 '
7 2 e S
0 i i H i i
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k, Homep wTepaumn

Puc. 12.13. Ilepexonnsie mpoueccs! Beraucienus: BK B anropurme Hetorona
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MoxHO mnokasath, 4ro ypaBHenue (12.43) ma K-it urepanmu
HMeEEeT BUJT

hy (k) =hy o +(1-21) [ hy (0)=hy, |- (12.44)

YroGsr mpu K —> oo 3mauenme hy(K) = hy ,, Heobxomumo,

K
YTOOBI (1—2u) — 0, I 9ero MOMKHO BBINONHATHCS YCIOBHE
|1—2u |<l, OTKylla JOIMyCTHMbIC TpaHHIBI mHapamerpa |
OIIPEMIENAIOTCSA KaK

O<pu<l. (12.45)

12.10. ITocTosiHHbIe BpeMeHu anroputma HeroTona

CKOpoCTh JIBIKEHHSI airoputMa HbIOTOHA B HAlpaBICHUH
h, (k) >hy, MOXHO OLEHHTH C TOMOIIBIO IOCTOSHHOW BpPEMEHH

[IEPEXOIHOTO Tpoliecca BbIYMCIeHus d1eMenToB BekTopa hy (K). U3

ypaBHeHus: (12.44) crnenyer, 4YTO STOT MEPEXOJHOM mpoIliecc
k

OTPECIIACTCS MHOXKHUTEIEM (1— 2]4) BO BTOPOM cjiaraeMoM. Tak Kak

JQHHBI TPOIECC HOCHT 3aTyXaloWMi XapakTep, TO €ro MOXHO

TPaKTOBATh KaK AKCIIOHEHIIUAILHO 3aTyXarollui, T. €.
k _kL

(1— 21 ) [ hy (0)— hN’O] =Ce ™, e k, — mocTosinHas BpeMeHn

[EPEXOIHOTO MPOIIECCA B TEPMUHAX YKMCIIA OTCYETOB 0OPadATHIBAEMBIX

curnanos, a C =[h (0) —h  ]= const.

ITocTostHHas BpemeHu ypaBHeHus (12.44) kTh onpenesaeTcs Kak

k, =1/(2u). (12.46)
ITocTosiHHYI0O BpEeMEHH MEPEeXOJHOro mpolecca 00ydaromiei

kpusoit §(K) anroputma HpIOTOHa MOXKHO OLIEHHTH CJIELYHOIIMM
obpazom. U3 (12.44) onpenenum
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Ahy (K) =hy (K)=hy o =(1-20) [ hy () =hy, | =(1-2u)" Ah,(0)
(12.47)

W 3areM Hcroias3yeM B ypaBHeHHMH MSE-dynxmmm (12.37). Torma
HOJTYyYUM, YTO

E(K) = & + AN (K)RyAB (K) = & +(1—20)  ART ()R A, (0).
(12.48)

W3 (12.48) BumHO, YTO MepexomHBIN mporecc oOydaromeit
. 2k
xpuBoit  &(K) ompenensiercs muoxurenem (1-2p)° . Tostomy

TIOCTOSIHHASI BpEMEHH 00y4Jaromieil KpuBoi kh OMpeAesieTcs] KaK
k., =1/(4n). (12.49)

Takum obpazom, u3 (12.45) cnenyer, uro B anroputMe HproToHa
3Hau€HHE IIara CXOJUMOCTH, TapaHTHPYIOLIee yCTOWYUBOCTH ITOrO
QITOPUTMA, HE 3aBHCUT OT COOCTBEHHBIX YHCET KOPPEISIUOHHOM
matpuibl R, 00pabarsiBaeMbIx cUrHayoB. I1OCTOSHHBIE BpeMeHH
(12.46) m (12.49) Taxxke HE 3aBUCAT OT COOCTBEHHBIX YHCEN
KOpPEJALIMOHHOM MaTpPUILIBL.

12.11. Anroput™m Hauckopeiiliero cnycka

Hpyrum criocobom noucka Bexkropa BK agantuBHOrO IrHEHHOTO
cyMMaropa, COOTBETCTBYIOIIero MUHUMyMY MSE-pyHkiun, sBusercs
QIrOPUTM HAUCKOPEMILEro Cmycka, KOTOpPBIM TakKe MpeICTaBlIeT
co00if HTEpalMOHHYIO mpoueaypy. JlaHHBIH alroOpuTM Ha KaXIOH
uTepanuu u3MeHser Bektop BK B HampaBieHHM, IPOTHBOIIOIOKHOM
TPagueHTy 3TOM (YHKIHM B TOYKE MHOTOMEpPHOTO IIPOCTPAHCTBA,
ompexaensiemMoil Texkymumu 3Haduenusimu BK. Jlpyrumu crnoBamu,
IBIDKeHHEe K MuHUMyMy MSE-pyHKkmmM  ocymiecTBisieTcs B
HampaBlCHUH, OOpaTHOM MAaKCUMAIILHOW CKOPOCTH W3MEHCHUS
LeneBoi (YHKIMH, YTO U OINPENETHIO €ro Ha3BaHUE, aJTOPUTM
HaUCKOpEHIIero CIycka.

Boruncnienne BK B anroputme  HaumcKOpeHIiero — crycka
OCYIIECTBIISIETCS B COOTBETCTBUHU C YPaBHEHUEM
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hy (k) =hy (k=) -pV, &k-1). (12.50)

Hcnonezyst  ypaBHenne rpagueHta MSE-¢ynkumm (12.28),
(12.50) mpeobpazyercs kak

hy(k)=hy(k-1)+2ur, —2u Rh, (k-1). (12.51)

st aHanm3a ycnoBuii cTaOMIIBHOCTH aliTOPUTMa HAaHCKOPEHIIero
cnycka, ypaBHerume (12.51) HEBO3MOXHO TPHUBECTH K BHUAY,
nono0HoMy ypaBHeHuto (12.44), tak xak marpuna R, He sBusercs

JIMaroHaJIbHON. B TO ke BpeMs 3TOT aHajIM3 MOYKHO BBITIONHUTD, €CIIH
ypaBHenne  (12.51) BeIpasute B  TepmmHax BK  (12.39)

v (K)=QuAh (K) B moBepHyTOii M CMEIIEHHOH cHCTEMe
KOODJIMHAT, T. €. KaK

v, (K) =[ I, —2uA, } vy (k=1) . (12.52)
VYpasuenue (12.51) Taxke MOXHO MPUBECTH K BHILY

Ve (K)=(1y —21 Ay ) v (0) =

(1-2u2,)" 0 0o |

_ ko (12.53)
o L )}
0 0 e (1-2u0)" ]

U3 (12.53) cnenyer, 4o st TOro 4ro0bl mpu K — 00 3Hauenue
Vy (k) >0y mpu v (0) # 0y um, uro Toxe camoe, hy (k) >hy
n=L2,..,N

Yero JOJDKHO BBINOJNHATHCS ycioue |1—2pd, |<1. Obwee ycnosue

HEOOXOAUMO, YTOOBI (1—2u7»n)k — 0 ma Beex . U1

TS BCEX 3HAUCHUH A, MOXKHO c()OPMYIHPOBATH KaK

O<p<l/A, - (12.54)
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12.12. ITocTosiIHHbIE BPEMEHHU AJITOPUTMA HAUCKOPEHIIEro cmycKa

CKOpOCTb JIBM)KEHUS QIrOPMTMA HAHUCKOPEMIIEro CIycKa B
manpapnennn  hy(K) >hy,  MoxHO omeHuT ¢  TOMOIIBIO

NOCTOSIHHBIX ~ BPEMEHHM  MEPEXOJHBIX  IPOLECCOB  BBIYMCIICHMS
anementoB Bektopa V, (K) B ypaBmenmu (12.52). Dta mocrosHHas

Bpemenu uist BK V, onpenensercs kak

k.., =Y/(2un) (12.55)

npu P <<1.
ITepexon K MCXOJHOW CHCTEME KOOPIUHAT MOXHO OCYIIECTBHTH
crenyromuM oopazom. [Tokaxem, 9To

hy(kK)=hy,+ i:qmvm (k). (12.56)

m=1

Taxk kak, cormacho (12.52), v, (k) =(1-2u 1, ) “ v..(0), To

N
k
hy(K)=hyp + D Ann(1-202,) v, (0), (12.57)
m=1
rae (,, — 970 N-i snemeHT M-ro COOCTBEHHOrO BeKTOpa (),

KoppessiuuoHHoit Matpunsl R . U3 ypasuenus (12.57) ciaexyer, uto
kaxapiii BK h, (K) B anropurme nanckopeiimero criycka cXxoaurest K

coorBerctByromieMy ~ BK  BunepoBckoro  pemenns  h, (K)

N
k .
[PONOPLIMOHAILHO Z(l—Zu km) . OnpenenuTs U3-3a 3TOM CyMMBI
m—1

nocrosuuyto Bpemenn K nma BK h (k) ne npencrapnsercs
BO3MOXHBIM. TeM He MeHee, ISl KOPPEISLMOHHOW Marpuusl Ry ¢
pa3sHBIMH  COOCTBEHHBIMH dYHCIaMH W L =CONSt  cxogmmMocTh

ypaBHeHusi (12.57) Oyaer ompemensiTbCs 3HAYCHHEM A TaK Kak

min >

k
claraemoe (1— 2u kmin) — 0 MenneHHee BceX APYTHX aHANOTHYHBIX
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CIaraeMbIX, CoiepXkamux A, # A, B 3TOM ypaBHeHUH. Jpyrumu

min
cioBamu, corjgacHo (12.55) wu (12.57), 3HaueHuWe KaxIAOW U3
MOCTOSIHHBIX BpeMeHH K_ . HAXOJUTCS B Ipefenax

n,

1o <1 (12.58)
20l T 2ph

max min

TakuM oOpasoMm, eci KoppensnuoHHas Marpuma Ry nmeer

pasHble, CHJBHO pa3jMYalollyecs COOCTBCHHbIE YHCNIa, T. €.
X =Mpax /Ao >>1,  TO  UIMTENBHOCTH  MEPEXORHOrO — IpoLecca

BBIYHUCIICHASA BK aJalTUBHOTO JIMHEWHOTO cyMMaropa,
UCIIOJB3YIOIETO  aJrOPUTM  HAWCKOpelIuero  cmycka,  Oyner
OTIpENeNAThCA HANMEHBITUM COOCTBEHHBIM YHCIIOM.

[lepexonupiii mporecc B TepMmuHax oOyuwarormen kpusoit &(K)
MOXHO OIICHUTh clieayromuM oOpa3oMm. Eciu B ypaBHeHnuu (12.38)
WCTONB30BaTh ypaBHeHue (12.52), To

600 =&y + 3 (1 200,) P4, V2 0) (1259

[Moatomy amamormvno ypaBHeHHIO (12.58) MOXXHO OIpENENUTH, UTO
3HAYCHUC

_ <k, < L (12.60)
4H}\‘max " 4“7" min

Takum o6pazom, cormacHo (12.58) u (12.60), cxomgumocts BK u
MSE-pyHKkMM K ONTHUMAIbHBIM  3HAYCHHSAM  OINPEICIIICTCS
MUHHMAJIBHBIM COOCTBEHHBIM YHCIIOM KOPPEIAIIMOHHONH MaTpHIIBI
BXOJIHBIX CHTHAJIOB R azanTHBHOrO JIMHEHHOro CyMMaropa, a TakKe
3aBHCHT OT IIara cxXoamMocTd L. UeM MeHbIIE |, TeM OOJbIie
MIOCTOSIHHBIE BPEMEHU IIEPEXOAHBIX IPOLIECCOB M TEM MeEAJICHHEe
NPOMCXOANT JABWXEHHWe BekTopa BK B cropoHy onTuManbHOrO
BHHEPOBCKOTO PEIIeHNS.

Pe3ynbTaTel MOJENMPOBAHUS AJITOPUTMA HAUCKOPEHIIIETO CIIyCKa
B YCJIOBUSIX, aHAJIOTHYHBIX anroputMy Hetorona (cMm. noapazaen 12.9),
mpezcTaBieHs! Ha puc. 12.14 — 12.16.
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Puc. 12.14. HaxoxaeHre BUHEPOBCKOTO PEIICHUS

C IOMOIIBIO aJITOPUTMA HAMCKOPCUILIETO CITYCKa
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k., Homep uTepaunn

Puc. 12.15. OGy4aromast KprBasi airOpUTMa HAUCKOPEHIIETO CITyCKa:
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v (0)

h
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Puc. 12.16. ITepexonnsie npouecchl Beruncienus: BK B anropurme

Hauckopeiimero cycka: hy (0) = [0, 0] T

12.13. LMS-aaroputm

AnroputMbl HbIOTOHa W HaMCKOpEHIEro CITycKa SBISIOTCS
nmpooOpa3aMu aIrOPUTMOB aJaNnTHBHOW (uibTpanuu. Ha mpakTtuke
OOBIYHO HCIIONB3YIOTCSl YIPOIICHHBIE BEPCHU JTHX AITOPUTMOB,
Hanpumep LMS-anroput™, npuHamIeKauid K KIacCy alropUTMOB
CTOXaCTUYECKOTO T'PaJUEHTHOTO MOUCKA. TEePMHUH «CTOXaCTHUECKHII»
WCIONB3yeTCs JJIsl  TOro, 4droObl otnuvate LMS-amroputm ¢
VIPOIIEHHBIM TPAaTUCHTOM, OT alTOpPHUTMa HAWCKOPEHIIEero CITycKa,
WCIONB3YIONIEr0 TOYHOE 3HA4YCHHWE TrpagueHta 1eneBoir MSE-
GbyHKIIIH. YTIPOIIEHUE TPaTUeHTa SBISICTCS CICICTBHEM YIIPOICHUS
neneBoi ¢yHKUuH. I[10CKONBKY YNPOIIEHHBIN TpaJUeHT sBIAETCS He
TOYHBIM, OH TIOJBEPXKEH CIIy4alHBIM (QUykTyarusMm. IlosTomy
IBIKeHHE BekTopa BK K onTHMaNbHOMY pEHMICHHIO HOCHUT B
HEKOTOPOM CMEICIIC CIIy9alHBIA XapakTep, OT Yero M HCIIONIb3YeTCs
TEPMHUH «CTOXacTU4ecKuit». [Ipn 00paboTke cTallMOHApHBIX CHUTHAJIOB
U COOTBETCTBYyIOIIEM BBIOOpe mmiara LMS-anroputm cxomumrcs K
BUHEPOBCKOMY PELIEHUIO.

Ecnn Ha k-M BpeMEHHOM OTCUYeTe HWMEIOTCS OICHKH MATPHIIBI
R\ # Bektopa Iy, NOIydYeHHbIC HAa OKHE BCEro B OJHH OTCYET
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00pabarblBaeMBIX ~ CHIHAJIOB,  T. €. IfQN (K)=xy(K)xy(K) u
fy =Xy (K)d(K), To rpaguent @h* E(k —1) (12.28) MOKHO BBIPa3HUTh

KakK
ﬁhNg(k ~1) = -2x,, (K)a(k) (12.61)

rne oK) — ampuopHas ommuOKka MomenUpoOBaHUs (OLEHUBAHNS)
curnana d(K) (cm. ypasuenue (12.2)).

Ucnonb3ys ypaBuenus (12.61) B ypaBHenuu (12.50), momyunm,
470 BekTop BK MOXXHO ompenensTs kKak

hy (k) =hy, (k=1)+ 20, (K)ou(K) . (12.62)

VYpaBuenne (12.62) — o310 LMS-amroputm mnoncka BK
amantuBHOTO (hmibrpa. HazBanme Least Mean Square mpoucxomur ot
TOTO, YTO aJTOPUTM MHHUMM3HPYET CPEIHMN KBaIpaT MIHOBEHHOM
OmMMOKH, T.€. OIIMOKH, ONpenenieMod 10 OJHOMY OTCYETY
00pabaThIBaeMbIX CHTHAJIOB.

IMockonpky B ypaBHeHuu (12.62) HCIONB3YIOTCS HE TOYHBIC
OLIEHKH TpajMeHTa, TO B aJalTHBHOM IIpOIlECCe BO3HUKAET IIyM, B

pesynbrate 4ero Tpaekropus asmkenus Bekropa Ny (K) k Bexropy
hy, He coBmazaer ¢ TpaeKTOpHMEl [BIKEHHS B AalrOPUTME
Hauckopeimero cmycka (12.50). DTOT mIiyM yMeHBIIaeTcs MO Mepe
JIBHKEHHS K CTallMOHApHO# Touke Ny ., Tak Kak mpupamienns BeKTopa

BK, paBHbIe u[—@h E(k —l)} , BOim3u Touku Ny , ymeHsmaroTcs
N :

10 CPaBHEHHIO C NpHpalleHHsMH B HadanbHOi Touke hy (0)=hy ..
DTO TPOMCXOMUT H3-3a TOrO, YTO 3HAYEHHS TPAJMUEHTA BOIM3H
cTanMoHapHoi Touku Ny | cTpemsaTcs K HyJIO, T. €. VhN E&(k-1)—0,
a 3HAYUT, ¥ 3HAYCHHS OLIEHOK JTOr0 IPAJMEHTa TAKKE CTPEMSTCS K
HYIIIO, T. €. ﬁhN E(k—-1) — 0.

LMS-anroputm sBIsieTCs caMBIM TIPOCTBIM CPEAH alTOPUTMOB
aIanTUBHOM (UIBTpAalMM C TOYKUM 3PEHUS BBIYUCIUTCIBHOM H
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AICOPUTMUUYECKON CII0KHOCTU. Ol€HKa BBIYUCIUTENBHON CIOXKHOCTU
sroro anroputma pasHa 2N ymuoxennii u 2N cinoxenuii Ha ogHY
UTEepaIuio.

12.14. Ilepexoaubie mponecchl B LMS-anropurme

OCHOBHOM XapaKTEpUCTUKOM BCEX aJrOPUTMOB aJalTUBHOU
¢buipTpanuu SBISETCS CXOAMMOCTh BekTopa BK K onTmmamsHOMY

sHayennto Ny ,, mpu kortopom MSE-(yHKumsS HOCTHraeT CBOEro
muauMyMa. BK LMS-anroputma, HecMOTpst Ha €r0 IPOCTOTY, TaKXKe B
cpensem cxomiates k Ny .

B LMS-anropurMe OLEHKa TpajdeHTa @h E(k—1) npu
N

MIOCTOSIHHOM 3HaueHuu BekTopa BK sBisercs HecMeleHHol, T. €.

E{ ﬁhNg(k—l)} =V, €. (12.63)

CormacHo (12.51), ypaBHenme BbramciieHHs BekTopa BK ¢
MIOMOIIIBIO aJITOPUTMa HAUCKOPEHIIEro CIlycKa IIPEeACTaBUMO B BUIE

hy(K) =[1y —20 Ry [hy (k=1 +2ur, . (12.64)

MoskHO MmoKa3aTh, 4YTO B cpeHeM ypaBHeHue (12.62) cxoautes K
ypaBHeHwuto (12.64), 1. e.

E{hy(K)}=[1y —2uR JE{hy(k-D}+2ur,. (12.65)

Takum obpasom, cpeanee 3naueHnne Bekropa BK (12.65) B LMS-
aNropuT™Me coBnaaaer co 3HaueHueM BekTopa BK (12.64) B anroputme
Hauckopeniero crmycka mpu 0 < <1/ Amax (M. (12.54)). ITosToMy B

cpenieM BK LMS-anroputma cxomuTcs K BHHEPOBCKOMY pEIICHHIO,
€CJIM BBIIIOJIHAETCS yCIOBHE

O<pu<lA,, - (12.66)

Ha mpakruke npu ucnosnb3oBanuu AP onpenensite cOOCTBEHHBIE
9HUciaa KOPPENSAIHMOHHON MaTpHIlbl OOBIYHO HE MPEACTaBISIETCS
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BO3MOJXHBIM. OI[HaKO M3 CBOMCTBA IIECTH COOCTBEHHBIX YHCEN

N N
KOppEIAMOHHOM ~ MaTtpuisl  (12.24) tr{ Ry } = Z R, = Zk N
n=1 n=1

max —

N
cluemyer, 9r0 A, < tr{ RN} = Z R,. C yderom 3roro
n=1

cooTHotIeHus, (12.66) MOKHO TIPEJCTaBUTh B BUJEC HECKOJIBKO Oolee
JKECTKOT0 ycoBHs ycroiiunBocTr LMS-anropurMma:

0<H<L. (12.67)

N
Z Rnn

n=1

IlocTosiHHAS BPECMCHU kr- " Cp€OHETO 3HAYCHUA HeﬁCTBHTCHLHLIX
i

BK LMS-anroputma HaXOAuTCs B Tpeeiax

N (12.68)
2UA oy m2uA

min
T.€. COBINQJET C AaHAJIOTMYHBIMH 3HAYCHHWSMH IS alIropuTMa
HaWCKOpEHIIEro ciycka.

CrnenoBaTenpHO, MOCTOSIHHBIE BPEMEHHU NMEPEXOAHBIX IMPOIIECCOB
cpenHero 3HadeHus BK B LMS-amroputme coBmamaror
COOTBETCTBYIOIUMHU MTOCTOSTHHBIMHU BpEMEHHI aJITOpUTMA
HaWCKOPEHIIEro CIrycKa.

Ha puc. 12.17 nokazaHbl pe3yJIbTaThl MOJISIIMPOBAHHUS aJITOPUTMA
HaucKopeimero cmycka u LMS-anroputMa mpu pemieHuM 3amadu
JIMHEHHOTO TPEeACKa3aHus aBTOPErPECCHOHHOIO Ipolecca mpu Y = 9.
TemHoll nuHMEH ©OKa3aH nNepexogHOM mpouecc B TepMmuHax BK
ITOPUTMa HAaUCKOPEWIIIEero CIycka, a ceemioil — LMS-anroputma npu
IBYX 3HAUYCHUAX Iapamerpa |, YAOBICTBOPSIOMUX yciaoBusaM (12.54)
u (12.66).

Ilocrosnnas Bpemenu oOydwatomeid kpuBoid LMS-anropurma

&(k) = E{ |0L(k)|2} OmpeIesieTcs: Kak

1 <k 5#

A, " A

max

. (12.69)

min
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Puc. 12.17. Iepexoausie mpoueccs Boraucienus BK mpu pL = 0.025
(omHa peanuzarus)

Takum obOpaszoMm, B cpenneM BK LMS-anropurma cxomstes k
BHHEPOBCKOMY pemernio Ny . OxHako, qaxe Haxomsice BOmm3u Ny,

BK na Ka)KI[Oﬁ HUTCpallly OTJINYAIOTCA OT 3TOTO PECHICHHA KaK

Ahy, (k) =hy (K)=h,, . (12.70)

910 O00YCJOBICHO TpyOOW OIleHKOW BekTtopa rpamumeHTa (12.61),
colepxkallled IIyMOBYHO COCTaBJSIOLIYI0. OJTO, B CBOIO OYE€pEb,
00yCIIOBIIMBAET HAJW4He JOMOJNHUTEIBHOW CpeIHEeKBaIPaTUIECKOM
ommbku &, T. €.

E=Emin T Eexc (12.71)

12.15. KavecTBO aganTHBHOi GUIbLTPANINH
¢ nomouibio LMS-anropurma

OnHMM U3 MapaMeTpoB, HCIONB3YEeMbIX IS OLEHKH KadecTBa
aIanTUBHOW (mIbTpanmuu ¢ momompio LMS-anroputma, sBisercs
OTHOCHUTEIBHOE 3HAYCHHWE [OTONHUTENBHON CpeIHEKBAAPATHIECKON
ombku (misadjustment):

M = See _ 5~ Gmn (12.72)
E_vmin émin
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Ha mnpaktuke mar cxomuMocTH |L OOBIYHO BBIOHMpaeTcs Tak,
uro0bl 3Hayenue (12.72) ne npespmmano 10%, 1.e. M <0.1. 3ro
3Ha4YeHWe jgocTuraercs, ecimu W<<1l. B arom ciyuae ypaBHeHHe
(12.72) ompenensiercst Kak

N
A
LM (R,
N |
1_“27% 1—utr{RN}
=1

(12.73)

Panee yXe OTMEYANOCh, YTO YCJIOBHE CXOAMMOCTH B CpPEIHEM
Bekropa BK agantusroro dunsrpa h (K)na 6aze LMS-anropurma k

BUHEPOBCKOMY PEIICHUIO hNY0 ompenensercs ypaBHerueMm (12.66).
OnmHako B CWiy TOro 4TO OIEHKa BekTropa rpaaueHta (12.61)
VhN E(k —1) =-2x, (k)o(k) momsepxena ciaydailHbIM (GIIyKTYyarusm,
BEpXHs TPpaHUIIA [Iara CXOAWMMOCTH L, TIPH KOTOPOH TapaHTHPYETCS

ycroitunBoe moBeneHne LMS-anropurma, 1omKHa OBITh HECKOJIBKO
MeEHbIIIe. ITa rpaHHUIIa ONPEaeIIIeTCs KaK

A S
e 3%‘% 3tr{Ry}
=1

(12.74)

12.16. NLMS-aaroput™m

LMS-anroputM ucmons3yercss B TNPHIOKEHUSX, TIEe MOMXKHO
anmpuUoOpH  OLEHHUTh MPEASIbHO  JOMYCTHMOE  3HAYCHHE  Iara
CXOIUMOCTH |\, TapaHTHpyIOllee CTaOdWIbHOCTh airopurMa. Kak
cienyet u3 (12.74), Takas OILIGHKa BO3MOXHA, €CJIM W3BECTHBI
cratuctuueckue  xapakrepuctuku BxoxHoro curnana  X(K). B
MPUIOKEHUSIX, [JI€ 3TH XaPaKTEPUCTUKUA HEU3BECTHBI MIIA MEHSIOTCS
CO BpeMeHeM (Harpumep, pu o0paboTKe HeCTAlMOHAPHBIX CHTHAJIOB),
4acTO MCIOJB3yeTcss HopManu3oBaHHbd LMS-anropurm (Normalized
LMS, NLMS), sBnstommiics omHON wu3 pasHoBHaHOCTEH LMS-
AIrOpUTMA.
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CymecTByeT HECKONBKO TOAXoAoB K monydeHuto NLMS-
aNropuTMa, OIMH M3 KOTOpPHIX 3akiroyaerca B ToMm, 4ro NLMS-
QICOPUTM MOXHO paccMaTpuBaTh M Kak YIPOUICHHE aJIropuTMa
HerotoHa. B pe3ynbrare 3TOro ympouieHUs MOXET OBITh IOJIYYEHO
ypaBHeHne Berancienns BK agantuBHoro ¢umsTpa:

A

—h. (k- 20
hy (k) =hy (k=1)+ 0, ()55 oa(k),  (12.75)

rae, cormacuo (12.45), 0<(i<1 — macmrabupyOmmi MHOXHUTEIb

-1
JIMHAMHYECKOTO [1ara CXOJUMOCTH [XL (K)xy (k) + SZJ .

Takum ob6pazom, w3 (12.75) cnemyer, dUYTO TpagWeHT B
npupameHuu Bektopa BK B NLMS-anroputme HopManu3yeTcs K
smavennio Xy (K)Xy (K), 9TO MOCTYXHIO HCTOYHHKOM —CIIOBA

«HOPMAJIM30BaHHBIA» B Ha3BaHHW OTOro amroput™a. OleHKa
BBIYHCIIMTEBHON CIOXHOCTH anroputMa (12.75), BKiIrouas onepariio
poruncnenuss  o(K) (em. (12.2)), pasma 3N ymuoxenusm, 3N
CJIOKEHHUSIM U OJJTHOMY JICJICHHIO Ha OJIHY UTEPAIIUIO.

B ciydyae 06paboTKH HeCTAalMOHAPHBIX CUTHATIOB BeKTOp Xy (K)

MOXKET CHUJIBHO BapbUPOBATLCA OT UTCpallUd K UTCpAlLlUH, T. €. MOXKET
MCEHATLCA HOpMa 3TOT'0 BEKTOpa:

|y (&) |, = ’sz(k—n+1) ,

a 3Haunt, U rpaguent —2X (K)o(k) u npupauwenue Bexropa BK:
Ahy (k) =—-2p x, (K)a(k) (12.76)

B LMS-anroputme (12.62).
B NLMS-anroputme 3T0 OpUpaILEHUE ONPEAEIIeTCs KaK

o _ 20
()= 0040 = 0 (9060,

(12.77)
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T.€. OHO O0OpaTHO NPOIOPIHUOHATHLHO ||XN (k)”; Hopmuposka

IPaJMENHTa «CIJIAKMBAET» €TO PE3KUE MEpPenaibl M3-3a H3MEHEHHS
Xy (K). ITostomy mpu pUKCHPOBAHHBIX 3HAYCHUSIX TAPAMETPOB [ U [1

noBeneHue NLMS-anroputma mnpu  o0paboTkKe HecTalMOHAPHBIX
CHUTHAJIOB  sBJsieTCss  Oojiee  yCTOWYHMBBIM, 4eM  IIOBEICHUE
LMS-anropurma.

K ©Oonee  ¢yHkimuoHambHO  3(G(EKTUBHBIM  aJIrOpUTMaM
aIanTUBHOM (QUIBTPAIMK OTHOCHTCS Takxke RLS-aaroputm.

12.17. 3apaya HaMMeHbIINX KBA/APATOB U ee pelleHue

AnantuBHas RLS-dunprpamms curnamoB  Gasmpyercss Ha
MHUHUMHU3AIMN KBaJpaTHYHOW UeneBodl ¢yHkumu. s nomydeHus
pemIeHusT JTOW  3aJadd  WCIONB3yeTcsl  OOOOMICHHBIH  METO[
HaMMEHBIINX KBajpaToB — LS. ®unpTpanms mo MeToay HauMEHBIIHX
KBaJIpaToOB SIBISIETCSI AETEPMUHHPOBAHHBIM aHAJOrOM BHHEPOBCKOM
¢wreTpanum. Ilocnennsas Gasupyercss Ha YCpeIHEHHWH IO aHCaMOITo
peanu3anuii CTaMOHAPHBIX B IIMPOKOM CMBICJIE CTOXaCTHYECKUX
IIPOLIECCOB, B TO BpeMs Kak LS-dunpTpanus ucnons3yer ycpegHeHue
[0 BpeMeHH, B pe3yiprare duero Haxomiarcs BK onrumanmsHOTO
¢wipTpa, KOTOpBIE pa3IMYarOTCAd I8  KOKIOW  peann3aiiuu
CTOXaCTHYECKOT0 IIpolecca.

Panee ObIIO IMOKa3aHO, YTO aJaNTUBHBIE AITOPUTMBI MOTYT OBITH
MOJy9YEeHbl IyTEM peaNn3allii CTPAaTeTHH TPATUEHTHOTO TIOMCKa
MHUHUMyMa IejeBod (yHKuuH. J[OCTOMHCTBOM TakuX aJTOPUTMOB
SIBIIIETCSA WX MPOCTOTA, HEJOCTATKOM — ME/JICHHAs ¥ HEePaBHOMEpPHAs

cxomumocts Bektopa Ny (K) k ontumansHOMYy BekTopy hy o, a TakKe
TO, YTO Ja)e 10 Mepe NPUOIMKEHUS K ONTHMAIBHOMY DEIICHHIO
Bekrop Ny (K) 0OBIMHO XAOTHYHO IBHMIKETCS B OKPECTHOCTH 3TOTO
PELIEHNs, & HE CXOUTCS K HEMY.

PaccmatpuBaeMblii  31ech  cmoco6 momcka Bektopa  hy o

Oasupyercs Ha Apyrom noaxoze. OH 3aKII0YAETCS B TOM, UTO PEIICHHUE
o0ecreunBaeTcs He TOJNBKO [UIS TEKYIIEro oTcdeTa K, HO u sBiseTcs
ONTUMAJIBHBIM U JIJI BCEX MPEbIIYIINX OTCUETOB.
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Onenka Bextopa hy ,, T.e. Bextopa hy, Haxomurca myTem

PEIIeHHs CUCTEMBI JINHEHHBIX YpaBHEHUI
hLXN M =d(), (12.78)

rne i=N,N+L...,k. TIpu k=>2N  sBoipaxenne (12.78)
mpencTaBisger co00il  IepeonpeneNeHHyl0 CHUCTeMY  JIMHEHHBIX
ypaBHeHMH, Tak Kak uucio ypaBHeHuii K—N+1 Gombie umcna
HeusBecTHbIX N . Pemienue cucremsl ypaBuenuii (12.78) mMoxeT ObITh
[IOJTy4EHO B CPETHEKBAIPATUICCKOM IPUOIMKEHUN OLIEHOK

y(i) = hy x(i) (12.79)

K 3HadenusMm curdana d(i), T.e. myreM pemeHus 3amauu
MHMHHAMU3ALHUU CPEIHEKBAIPATHIECKOTO 3HAYEHHUS OIIHOOK:

e(i) =d (i) - y(). (12.80)

Ilepemennsie (12.79) n (12.80) MOXHO MHTEPHPETHUPOBATH Kak
curHansl KUX-punsrpa (puc. 12.18). [loatoMy 3amady HaxOXIEHHS

Bekropa N, , momyctnMo chopMmyampoBath Kak 3aady HaxOXKACHHE

Bekropa BK hy ¢unsrpa (puc. 12.18), npu KOTOPBIX €ro BBIXOAHOM
curnan Y(I) Hamnmydmmm o0pa3oM BOCIIPOU3BOMIUT, T. €. MOJAEIHPYET,
curnan d(i). B sToii mocranoBke mpeamnosaraercs, uro uucno BK N

MOJICIIH JTHHCHHONW CHCTEMEI H3BECTHO, 1 OHO coBmazaet ¢ urciaom BK
(unbTpa.

x(i) x(| x(| -2) x(| -N +2) x(| -N+1)

N
K @y(l) "

Puc. 12.18. Pemenue LS-3anaun ¢ nomorupto muHeriHoro KUX-punsrpa
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12.18. PexypcuBHasi 3a1a4a HaMMEHbIINX KBA/IPATOB

B m 122 orMewanoch, 4YTO aalTHBHBIC alrOPHTMBI, Kak
[PaBWIO, HOCAT DPEKYPCUBHBIM Xapakrep. PexypcuBHOE pelieHue
3aJa4d HAMMCHBIIMX KBaJpaToB, T.e. moucka Bekropa BK hy (K),

MO>KHO HaWTH IMyT€M MUHUMM3ALUU 1IEJIEBOM (byHKL[HH:
k
Ey(k)=>ei (). (12.81)
i=1

OO0pabaTteiBaeMble CUTHaJBI B 1ieseBor pyHkmuu (12.81) yacto
B3BEIINBAIOTCS € MOMOIIBIO Tlapamerpa A (cM. puc. 12.19), 1. e. kak

E, (k)= zk:xk“ef, (i). (12.82)

A kel ()

\J

01 K, K,

Puc. 12.19. DxcnioHeHIMaIbHOE B3BEIINBaHHE 00pabaThIBAEMBIX CUTHAJIOB

31eck U Jajee mapamerp A He CIeXyeT MyTaTh ¢ COOCTBEHHBIMU
YHCIIAMH KOPPEISLMOHHON MaTpuusl A, rae N=12,...,N.

B3BermmBanne CHTHAIOB C MTOMOIIBIO MapaMeTpa A TO3BOJISET
YYUTHIBATh HEOOJBIIINE U3MEHCHHS B CTATHCTHKE CHUTHAJIOB, €CIIH TH
CWIHAJIbI HECTAIHOHAPHBIE, T.€. WX CTATUCTUYECKHE MapaMeTphI
MEHSIOTCS BO BpeMeHHW. IlapameTp A Ha3bIBaeTCS MapaMeTPoOM
9KCIIOHEHIIMAIBHOTO B3BEUIMBAHKS, WM IapaMeTpoOM «3a0bIBaHUsD
(«forgetting factor»). Ero 3HaueHHe OOBIYHO OrpaHHYEHO Kak

(1-0.4/N)<A<1.
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12.19. Pemienue pekypcuBHOM 32/1a4 HAUMEHbIIMX KBAPaTOB

IleneByro pynkumro (12.82) MOKHO MPEACTaBUTh KaK

£, (0= D076 ) =
= E, ()13, 00, () -, (0, + L (OR, (0, (1),

(12.83)

rae

E, (k) = Zk:kk’ldz(i) =AE (k=1 +d?*(k), (12.84)

i=1

r, (k) = Ek;xk-lxN ()d (i) = Ary, (k 1) + X, (K)d (K), (12.85)

i=1

Ry (K) = 22, (0L () = R, (k =)+ x, (X ().
- (12.86)

Beipaxxenns (12.85) u (12.86) OyzmeM HMEHOBaTh «BEKTOPOM
B3aMMHOH  KOppeIsiLun» 51 CKOPPEIALMOHHON MaTpuuLen
COOTBETCTBEHHO.

3navenue pyaxnnn (12.83) MEHUMATBHO IPH

OBy (k) B 3
v, Ev(k)= o) 2r (k) + 2R (K)h, (k) =0,, (12.87)
OTKyZa
hy (K) = R (K)ry (K). (12.88)

Pexypcunoe pemienue LS-3agaum Munmmuzanum - QyHKIHHA
(12.83), T1.e. Recursive Least Squares (RLS) ocymiecTiseTcs
crenyromuM obpasoM. Hcmone3ys (12.85) um (12.86), MoxHO s
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KaXXJI0ro k pearb LS-3anauqy, T. €. BBIUUCIIITD
hy (K) = Ry (K)r  (K), se Boramcnsis Ry (K) kasbiii pas 3aHOBO.
-1
JUist storo, ucmons3ysi ypasrerue (12.86), marpuma R (K)
IPECTaBUMA B BUJIE:

Ry () =1 [RY(k-D)-g, ()xi (KRG (k-1)],  (1289)
rac

Ry (k —1)x, (k)
A+ xy (KRY (k=1 ()

gy (K) = R (K)x, (k) = (12.90)

— BekTOp K03 dunmento Kammana.

Ucnons3zys (12.85), (12.89) u (12.90), Bmecto ypaBuenus (12.88)
MOXHO TIOJIYYUTh YPaBHEHHE DPEKYPCHUBHOTO BBIYHCIICHUS BEKTOpa
hy (k). 3t0 ypaBHeHune nmeer Bux

hy (k) =hy (k=) +gy (K)o (k), (12.91)

rae o (K) — anpropHas onmmbka ouenuBanus npouecca (cm. (12.2)).

Takum o6pasom, RLS-amroput™m Bhrumcnenust Bektopa BK
amanTuBHOro (GUIbTpa, MHUHUME3HpYtomero ¢yHkmomo (12.83),
OMpEIENSIETCS KaK MOCIIEI0BATENLHOCTh BHIYUCIEHUI B COOTBETCTBHU
¢ ypasHenusamu (12.90), (12.89), (12.2), (12.91), BeruncnsieMbIMu Ha
KakI0M urepanuu K.

Wunnmanuzamus Bekropa BK B RLS-anropurMe ocymiectsisercs
kak h(0)=0,, tak xak mpu K =0 nepemennsie X, (0)=0, wu
d(0)=0 Bekrop r,(0)=x,(0)d(0)=0,, a 3Haunr, wu

1
hy(0) =Ry (0)r(0) =0

HavanbHoe 3HaueHne (nHuumanmsanms) marpuisl Ry (K) moxer
ObiTh 3a1aHo, Hampumep, kak R (0)=8%l,, cremoBatensHo, u
HayaJbHOE 3HAUeHHEe 0OPATHON MaTPHIIbI — KaK

Ry (0)=871,. (12.92)
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Ilepexon B RLS-anropurMe oT KOMILIEKCHOW apU(pMETHKH K
apupMeTnKe JeWCTBUTEIBHBIX YHCEN SBISETCA TPHUBHAIBHBIM H
CBOJUTCA K HCKIIOUYEHHIO OIEpalii KOMIUIEKCHOTO COTPSDKEHHS
NEpEMEHHBIX B YPaBHEHUAX allTOPUTMA.

BremuncnutensHas  cnoxkHocth  RLS-anropurma  mpomoprm-

2

onameHa O(N®) apupmernueckum omeparusM. BeluucnurenbHas
2

cnoxHocth  RLS-amropurma  pama  2N°+4N oreparysIM

ymuoxenns, 1.5N? +3.5N omepauusm COXKEHHS ¥ OJHOH Onepariy
JCIICHHSI.

12.20. KavecTBO aganTHBHO GUIbLTPAIITH
¢ momomrbio RLS-anropurma

RLS-anroput™ xapakTepu3yeTcst pa3HbIM KauyecTBOM Ipu A =1 u
npu A <1. MoxHo mokaszatk, 4rto npu A =1 u Gompummx K, T.e. B
YCTaHOBUBLIEMCSL COCTOSIHUM, CpenHekBaaparuueckas omuOka &(K)
OIpeIeIsIeTCs] Kak

E(K) =Epmin +% N. (12.93)

[Tosromy npu K —> o0 3HaueHne
E(0) =&, (12.94)

DTO 03HAYACT, YTO

_ gexc — ‘tv(oo) _&min — &min _émin =0 (12.95)
&min gr’ﬂin E"mi” |

T.e. mpu A =1, oTHocurembHOe 3HaueHue momonHutenbHoit CKO
Eexe =E(0) =&, RLS-amroputMa B yCTAQHOBHBIIEMCS COCTOSHHH

PaBHO HYJIIO.
ITpu A <1 u Gompmux K

Eo0) =E,, [1+ N%} (12.96)

DTO 03HAYaeT, YTO
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‘gmin &min 1+ 7\' .

Takum o6paszom, B RLS-anroputme 3nauenne &, =&(©)—E& .

M = aexc _ é(oo)_émin =N ﬂ (12_97)

B YCTaHOBHUBILEMCsI pexuMe W 3HadeHue M He 3aBucaT OoT pazbpoca
COOCTBEHHBIX YHMCE] KOPPEISALMOHHOW MATPHIIBI BXOJHBIX CHTHAJIOB
A®. Dro ornmmyaer RLS-anroputm or LMS-anropurma, B KoTOpom
Takas 3aBUCUMOCTh Habmromaercs (cMm. (12.73)).

IlapamMeTp 9SKCIOHEHIMAJIbHOro B3BemmBanus A B RLS-
anropuT™Me ObUI BBEIEH C 1IEJbI0 O0CCHECUYCHUS] BO3MOXKHOCTH
CITe)KEHUS 3a «MEJJICHHO MEHSIOIIEHCS CTaTHCTHKO»
00pabaThIBaeMBIX aJalTHBHBIM (PHIBTPOM CUTHANOB. D(H(PEeKTUBHOCTD
HCIIONB30BaHUsSI  TapaMerpa A Jjuis  00paGOTKH  CHTHAOB  C
MEHSIFOLIEHCSl CTATUCTUKOM yMeHbInaercs mo mepe pocra N, T. k. mpu
A —1 yBemuuuBaeTcs «IaMsATh airoput™ay. Ilosromy, eciu A —1
10, coriacHo (12.95) u (12.97), M — 0, uTo X0pomIo ¢ TOUKH 3pEHUs
«HYJIEBOW» JOMOJHUTEIILHON CpeIHEKBAAPATUICCKON OUTHOKH iexe B

yCTAHOBUBIIEMCS ~ cocTostHMH.  OnHako  TakuM — oOpa3oM  He
00eCreunBaeTCsl BO3MOKHOCTD CiekeHus] AD 3a M3MEHSIONMMHCS
YCIOBUAMH (DYHKITHOHUPOBAHHSL.

ITosTOMY Ha MPAKTHKE 3HAYEHHS A BBIOMPAIOT M3 KOMIPOMHCCA,
MCXO/ISl U3 BBIIICH3JIOKEHHBIX CBOWCTB RLS-anropurma, a Takke ero
YCTOWYHMBOCTH, KOTOpash TapaHTUPYETCs, €CIM  mapaMerp A
YIOBIETBOPSET COOTHOIICHHIO (1—0.4/ N ) <A L1, szaBucsameMy OT

uyncina BK agantuBaoro ¢umsrpa N. Ilpu 3HaueHMsIx A, MEHBIIHX
yKa3aHHOM rpaHunbl, RLS-anroputM u ero pasHOBHUAHOCTH, Kak
[IPABUJIO, SIBIISIFOTCSI HEYCTONYMBBIMU.

12.21. 3akjaounTebLHbIC 3aMeYaHus
10 aJaNTHBHOI 00padoTKe CUTHAJIOB

B nacTosimee BpeMs U1 BBIYUCICHUS BECOBBIX KO3 (OHUIIEHTOB
aJIaNTHBHBIX (WIBTPOB B OCHOBHOM HcCIONb3yfoTcs LMS-anropurm,
ero HopMmanu3zoBaHHas Bepcus — NLMS-amroputMm, a Taxke RLS-
QITOPUTM.

I'pammentasie LMS-, NLMS-anroputmel u  pasnuysble WX
MOIU(UKALNN SBIAIOTCS OYEHb TOIMYJSPHBIMH B CHIIy HX HHU3KOH
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BBIYUCITUTEIBHON CIIOKHOCTH (HaWMEHBIIEeH Cpean BCEX aJrOpUTMOB
aJlanTHBHOW (WIIBTPAIN) U MPOCTOTHI MAaTEeMAaTHYECKUX BBIPAKECHUII,
OTIMCBHIBAIOIIUX 3TH aJITOPUTMBI.

Kpome  paccmorpenHoro  RLS-amroputma, — CyIIecTBYIOT
pasHoBunHOCTH RLS-anroputmoB agantuBHON ¢mibTpanuu Ha 0Oase
QR-pasnoxxeHuss MaTPUIIBI BXOJTHBIX CHUrHANOB AD. DTH ajiropuTMsbl
XapaKTepU3yIOTCsS BBICOKOW ycToHumBOCThIO. Kpome Toro, QR RLS-
QITOPUTMBI  Takke 00NafmaroT KBaJpaTUYHOW  BBIYUCIUTEIHHOM
CJIOKHOCTBIO.

BrraucnurenpHas CIIOKHOCTh YMEHBIAETCS 0 JIMHEHHOH B Tak
Ha3bIBaéMbIX  OBICTPHIX (BeruMciaMTENbHO 3 ¢dexTuBHBIX) RLS-
QITOPUTMAaxX, K KOTOPHIM OTHOCSITCA M TaK Ha3bIBa€MbIE JIECCTHUYHBIE
(wacTo BCTpeuaeTcss W Ha3BaHHE «pelIeT4aThie») aJalTHBHBIC
QITOPUTMBI, TOJIYYMBIIME CBOE HA3BaHHE M3-3a  CTPYKTYPHI
BBIUHCIICHUHN IEPEeMEHHBIX, HATOMUHAOLIEH JIECTHUILY (peIleTKy).

IMpomexyTtounbiM kiaccom Mexay LMS- n RLS-anropurmamu
SIBIIIOTCS alTOPUTMbI aQGUHHBIX POEKLHH, IPeICTABIAIONNE CO00H
pasHoBunHocTh  OmoyHoro NLMS-amroputma. Ilpum  obpaboTke
HECTAI[MOHAPHBIX  CUTHAJIOB  aNropuT™ auHHBIX  mpoeKIuii
IEMOHCTpUPYET J(P(GEKTUBHOCTE (B TEPMHHAX  JIUTEIFHOCTH
IepexofHoro mporecca), Onuskyo k RLS-anmropurmam. Brictpas
Bepcus anropuT™Ma apUHHBIX MPOEKIUA, B Cllydae HWCIOIb30BaHHS B
AD ¢ OompmuMm uymcaoM BK, xapakrtepusyercs JHHEHHOU
BBIYMCIUTEILHON CIIOXKHOCTBIO, ONm3koi K  ciioxxHoctd NLMS-
aJITOpPHUTMA.

N3BectHO, uT0 ecnmn BMecTo KUX-punsTpoB ¢ noctosHEbIME BK
ucnojiabp3oBatb bBUX-bunbtpel, To yrcio BK MoXHO CyIIECTBEHHO
YMEHBIINTh, YTO 3aMETHO CHW)KaeT TPeOOBaHMs K BBIYHCIUTEIHHBIM
pecypcam mpu peanusanun bBUX-¢uasTpoB. OTO0 B paBHON Mepe
OTHOCHUTCA M K amganTuBHBIM BUX-QuiabTpam, KOTOpbIE CEronHs He
HallUIM HU HIMPOKOTO MPaKTUYECKOTO HCIIOIB30BaHUS, HU OOIBIIOTO
TEOPETHYECKOTO HMHTEpeca, UYTO OOYCIOBIEHO HE CTOJIBKO UX
MNOTEHIUAILHON HEYCTOMYMBOCTBIO, CKOJIBKO MHOTOIKCTPEMAJIbHBIM
XapakTepoM  IeleBod  ¢GyHKOMH B Takux  (QUIbTpax, He
TapaHTUPYIOIIUM  HAaXOXAEHHWS TJ00aJbHOTO MHHHMyMa 3TOH
(dbyHKIIMH.
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Takum o6pa30M, aJariTUBHasA O6p ab0TKa CHTHAJIOB Kak

COBPEMEHHOE HAYYHO-TEXHHYECKOE HAIPABICHHUE W TUCIHUIUINHA B
HOC, pamuoTexHHKEe W CBS3M TOpa3fo INHPE, YeM KPYT BOIPOCOB,
PACCMOTPEHHBIX BBIIIIE.

w

No ok

®©

10.
11.
12.

13.
14.

15.

16.

17.

18.

12.22. KoHTpO/1bHBIE BONIPOCHI

Korna tpebyercs ucIionb30BaTh ajantuBHble QUIBTPHI?

B wem cocrosT [nBa TPHUHIUIUAIBHBIX OTIHIUS MEXKIY
aJaNTUBHBIM U HEaJalTUBHBIM (QHIbTpaMu?

UeMy paBHa JAIUTEIBHOCTh HTEpAlMM BBIUMCICHUS BECOBBIX
kod(pPurmenTos B AD?

Kakue ocHOBHBIE TpeOOBaHUS IPEABSIBIAIOTCS K AD?

Kakumu 1o ctpykrype ObiBatoT AD?

Uemy paBeH BBIXOHOU curHan AD?

B uwemM cocroMT paznuuMe  MEXAy ~ AmpUOPHBIMU U
arlOCTePHOPHBIMU ~ OLIMOKaMH ~ MOJIENIUPOBaHUS  TpeOyeMoro
curnaina AD?

UTto Takoe aTanTUBHBIA aITOpPUTM?

UYro Takoe nenesas pyHknus AD?

Kakwue mieneBbie QyHKINK HAXOIATCS B OCHOBE paboTer AD?

Uro Takoe alanTUBHAs UACHTU(QHUKALUS HEU3BECTHOM CHCTEMBI?
Kaknm o6pasom ¢opmupyeTcs TpeOyemblii CHUTHaJI B 3ajade
UICHTU(OUKANN HEM3BECTHON CHCTEMBI?

UYro Takoe MEeKCHMBOJIbHAsE HHTEp(EepeHLINs?

Kak  pemaercs 3a1a4a aJanTHBHOTO BEIPaBHUBAHUS
XapaKTePUCTUK AIEKTPUICCKUX KaHAIOB CBS3H?

UeM 00BSICHSIETCS CIIOCOOHOCTH aJalTHBHON aHTEHHOW pPEUIeTKH
MOJIaBISATh CUTHAIBI NCTOYHUKOB BHEIITHUX TOMEX ?

Kaxkoii curnan o0pasyercs Ha Bbixoje AD B 3a7adue IIyMOOYNCTKH
cUrHajoB?

Kakoii curnan oOpasyercss Ha BBIXOJle CHTHAJa OMIMOKK B 3ajade
LOIYMOOYHMCTKH CUTHAJIOB?

Ha xakoM cBOHCTBE OCHOBaHa BO3MOYHOCTH aIallTUBHOM
(UITBTpaMK Y3KOMOJIOCHBIX CUTHAJIOB?
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19.
20.
21,
22,
23.

24,
25.

26.
217.

28.

29.

30.

3L

32.

33.

34.
35.

36.
37.

38.
39.

Kakoii curnan obpasyercst Ha Bbixoge A®D B 3amade aganTHBHOM
(UIBTpaK Y3KOMOJIOCHBIX CUTHAJIOB?

Kakoii curnan oOpasyercs Ha BBIXOJIE€ CHTHaja OIIMOKH B 3agaue
aJaNTUBHON (QMIBTPAIIAN Y3KOIOJIOCHBIX CUTHAJIOB?

Urto Takoe JIMHEWHbIH cyMMaTop?

YTo Takoe KOppessuoHHas MaTpuna’?

Yro TakKoe MIOJIOXKUTENIbHAS OIIPEIENICHHOCTh 3178
MOJTyOIPEAEIEHHOCTh KOPPEISALIUMOHHON MaTPULIbI?

UYro Takoe XapaKTepUCTHYECKOEe YpaBHEHHE?

Uro Takoe COOCTBEHHBIE 4YHCIIAa W COOCTBEHHBIE BEKTOPHI
KOPPESILIMOHHON MaTpHUIlbI?

CKOJIBKO COOCTBEHHBIX UMCENl UMEET KOPPESILIMOHHAs MaTpuLa?
UeMy paBHBI COOCTBEHHBIE YHCIIA KOPPENSAHMOHHONH MaTpPHIH,
BO3BEJICHHOH B CTEIIEHB MOJOXKHUTEIHHOIO [EIOT0 Yncia’?

UTto Takoe JIMHEWHAas HE3aBUCHMOCTh COOCTBEHHBIX BEKTOPOB
KOPPESILIMOHHON MaTpUIlbl?

Uro o3HauaeT OpPTOrOHAIBHOCTH COOCTBEHHBIX  BEKTOPOB
KOPPEIAIMOHHON MAaTPHUIIbI?

Uemy paBHa JuaroHaqbHas MaTpulla COOCTBEHHBIX YHCET
KOPPEISILIMOHHON MaTpULIbl?

UeMy paBHO pazioKEHHE KOPPESIMOHHONW MaTpUIBl IO
COOCTBEHHBIM BEKTOPaM U COOCTBEHHBIM YHCIaM?

Uemy paBHO pasiokeHHE OOpaTHON KOPPENAIMOHHON MAaTpPHIIBI
M0 COOCTBEHHBIM BEKTOPaM M COOCTBEHHBIM YHCIaM?

UeMy paBeH cliel KOPPEISIMOHHON MaTpHUIIbI?

UeMy paBeH OIpeenuTeNb KOPPEISIIMOHHON MaTpUIIbl?

Uepes KaKme MEpPEeMEHHBIC OTIpeeIsIeTCs GbyHKIISA
CpeIHEKBaIPAaTUIECKON OMUOKH MEKIY TpeOyeMbIM U BBIXOIHBIM
curHasamMu (QUIIBTpa JIMHEWHOT0 cymmaropa?

UYemy paBeH rpauieHT (pyHKIMN CpeTHEKBAAPATHIECKOM OmOKN?
Kak nas3piBaeTcsi M 4eMy paBeH BEKTOpP BECOBBIX K03(pHIHEHTOB
JMHEHHOTO CyMMaTopa B TOYKE MHOTOMEPHOTO MpPOCTPaHCTBA,
COOTBETCTBYIOIIEH MHUHMMYMY (YHKIMH CpPEIHEKBaApaTHIECKOI
OImmOKu?

Uro Takoe ¢punabTp Bunepa?

Yemy paBHO MHUHHMAJIbHOE 3Ha4YeHHUE ¢$yHKIIH
CpemHEeKBaIpaTHIeCKON OImuOKu?
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40.
41.
42,
43.
44,
45,
46.
47.
48.

49,
50.
51.
52.
53.
54.
55.
56.
57.

58.

59.

60.

61.

Uro Takoe TPHHIMI OPTOTOHAIBHOCTH CHIHAIOB B (UIbTPE
Bunepa?

Uro cobotii mpencTasisieT moBepxHOCTh GyHknnn CKO?

UYro Takoe cucTeMa CMEUIeHHBIX KOOpAWHAT?

Uro Takoe cucTeMa NOBEPHYTHIX M CMELIEHHBIX KOOPAUHAT?

UYro Takoe JIMHUK ypOBHS mMoBepxHOCcTH PpyHKIKH CKO?

Kakas ¢opma y nmuumii yposHs noBepxaoctu ¢pyHkimn CKO?

Ot uero M Kak 3aBHCHT (opMa JHMHHH YPOBHS IOBEPXHOCTH
¢ynkm CKO?

Uro takoe anroputMm Herorona?

Kak BBIIIAOUT TpaeKTOpHUS OBMKEHUS BECOBBIX KO3(M(GHIMEHTOB
A®, BeIUMCISIEMBIX C MOMOIIBIO anroputMa HproToHa, Ha rpaduke
TMHAR ypoBHS QyHKINN moBepxHocTH CKO?

Uto Takoe oOy4aroriast Kpupasi?

UTto Takoe nepexoaHbIN Tpollecc 00yJaroIie KpuBon?

Yro Takoe yCTAaHOBUBIIEECS 3HAUCHIE 00yJAOIIei KpUBO?

UYeMy paBHO IpeeNbHOE 3HAYEHHUE I1ara CXOAUMOCTH alropuT™Ma
Herorona?

UeMy paBHa TIOCTOSHHas BpeMeHHM anroputMa HpioToHa B
tepmuHax BK?

UeMy paBHa IIOCTOSHHas BpeMeHH anroputMa HploToHa B
tepmuHax CKO?

Uro Takoe aJIrOPpUTM HAUCKOpEHIIero cuycka?

Kak BBIIIAOUT TpaeKTOpHUS IBMXKEHHUS BECOBBIX KO3((GHULMEHTOB
A®, BBMUHUCIAEMBIX C IOMOILBIO AITOPUTMa HAMCKOPEHIIEro
CITyCKa, Ha rpaduke THHAH ypoBHS QyHKINH nmoBepxHoctd CKO?
UeMy paBHBI IIpe/ieIbHbIE 3HAUEHH 11ara CXOAUMOCTH aIropuT™Ma
HaNCKOpEHILero crycka?

Kax Beirmagutr  Tpaektopus JBwkeHus BK  anroputma
HaWCKOpeHIiero cmycka Ha rpaduke JTUHUH ypoBHSA (DYyHKIHH
TTOBEPXHOCTH CPETHEKBAAPATHICCKON OITHOKHN?

Yemy paBHa TOCTOSHHas BPEMEHH aITrOPHTMa HAMCKOpPEHINIEeTo
crycka B TepmuHax BK?

Uemy paBHa MOCTOSHHAs BPEMEHM ajrOpUTMa HAWCKOPEWILEro
crycka B repmuHax CKO?

Uro takoe LMS-anropurm?
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62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.
74.
75.
76.
T7.

78.

79.

80.

B uem cocroutr pasznmuuume Mexay LMS-aaroputmMoM U
JIrOPUTMOM HaMCKOpEHIIero cimycka?

Kax ompenensiercss U 4eMy paBHA BBIYUCIUTENBHAS CIOXXHOCTD
LMS-anropurma?

Kak cooTtHOoCcsTCS B cpenHeMm rpamueHTsl LMS-anroputma u
aNropuTMa HaucKopemiiero cnycka?

Kak cootHocsaTcss B cpemHeM oOydatomme KpuBble LMS-
aNropuTMa U aTOPUTMa HaMCKOpeiiiero cimycka?

Uemy paBHO TMpeielibHOE 3HAYCHHE Inara cXoauMoctd LMS-
anroputma?

UeMy paBHa mocTosiHHas BpemMeHH LMS-anroputma B TepMHHaX
BK?

Uemy paBHa mocTosiHHas BpemMeHu LMS-anropurma B TepMUHax
CKO?

Kak BeITIAIAT Ha omHOM pHCyHKe oOydaromme KpuBble LMS-
aITOPUTMa U aJIFOPUTMA HAaUCKOPEHIIero cinycka B TepMuHax BK?
Uro Takoe M30BITOYHAS CpeAHEKBaapaTHUeckas ommbOka B LMS-
anroputme?

Uro takoe otHOocutenbHas n3opirounas CKO B LMS-anroputme?
Kak ompenensercst otHocutensHas u30biTouHass CKO B LMS-
anroputme?

Uemy paBHO yTOouHEHHOE ¢ ydeToM u30brrounorr CKO mpenensHO
JOMyCTUMOE 3HaueHue mara cxoaumoctu LMS-anropurma?

Uro takoe NLMS-anroputm?

Kaxk onpenensiercs mar cxoaumoctu B NLMS-anroputme?

Kax dopmynupyercs 3amada HaMMEHBIINX KBAJAPaTOB B TEOPUHU
ajanTUBHON QuiIbTpanuu?

Kak  ¢opmymupyercs pekypcuBHas  3aja4a  HaWMEHBIIHX
KBaJpaTOB B TEOPUH aAANTHUBHON (pripTpanuu?

Uro Takoe TmapaMerp HKCIOHCHIHAILHOTO  B3BEIIMBAHUS
curHasioB? 3a4eM OH HCIIOJIb3YeTCsS MPU PEIICHHH PEKYPCUBHOMN
3aJla4d HAUMCHBIITUX KBaIPaToB?

KaxoBbl mpenensHbIe 3HAYCHHS MapaMeTpa dKCIOHEHITMAIEHOTO
B3BEILIMBAHUS CUTHAJIOB?

Kak ompenensercss neneBas (QYHKIHUS B PEKYPCHBHOW 3amadye
HaUMCHBIIUX KBaIPaTOB?
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81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

Uemy paBHBl KOOpDAMHATHEI MHHHMyMa LENeBOH (yHKIHU B
PEKYPCHUBHOH 3a/1aue HAMMEHBIIUX KBaAPaTOB?

Uro Takoe BekTop kodpduuuentos Kanmana?

3ageM M Kak 3aJaeTcsl HayalbHOE 3HAUY€HHE KOPPENSILMOHHOU
MaTpUIBl TP PEKYPCHBHOM pELICHWH 3aJadll HaMMEHBIINX
KBa/IpaToB?

UeMmy paBHa OIIGHKAa BBIYMCIMTENBHOM croxkHocTH RLS-
aIropuT™Ma aJaNnTUBHON QUIBTpAITUN?

Yro takoe orHOcHuTenbHas n30bpTouHas CKO B RLS-anropurme?
Kak ompenensercst oTHOocutenbHas wu3obiTouHass CKO B RLS-
anropurme?

CylecTByeT 1M pasiuyve B ONPEJEICHHUH OTHOCUTEIbHOMI
n30eTounor CKO mig AD ¢ 1elicTBUTENBHBIMA U KOMIUIEKCHBIMU
BECOBBIMH K03 duirenTamu?

W3 kakmx XapakTepHBIX y4YacTKOB COCTOHMT OOydaromas KpHuBas
RLS-anroputMa u uem onpenensercs popMa 3THX YIaCTKOB?
Uemy paBHa NHOCTOSHHAas BpeMeHHM oOywaromieid kpuBoil RLS-
alropuTMa ¥ Ha KakoOM YYacTKe €€ MOXHO KOPPEKTHO
OTIPEICIATH?

Kakne ObiBaror pasHoBumHOCTH RLS-anroputmMoB amanTHBHON
¢usTpanny.

12.23. JInTepatypa

. Yunpoy, b. AganrtuBHas 06paboTKa CHTHAJIOB: TIEp. C aHIJ. MOJ

pen. B. B.Illaxrmmsasna / b. Yuapoy, C. . Crupes. —
M.: Paguno u cBs3n, 1989. — 440 c.

. Haykin, S. Adaptive filter theory. — 4-th edition / S. Haykin. —

Prentice Hall, 2001. — 936 p.

. Diniz, P. S. R. Adaptive filtering algorithms and practical

implementation. — Third edition / P. S. R. Diniz. — New York:
Springer Science + Business Media, 2008. — 627 p.

. JIxuraH, B. H. AnantuBHas o00paboTka CHUTHAJIOB

B paJHOTEXHUYECKUX cHcTeMax: yueb. mocobue / B. M. [Ixuran.
—M.: MUDT, 2012. — 148 c.
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3AKJIIOYEHHUE

B xuure paccMorpeHsl 6a30BbIe MeTOABI NH(POBOH 00pabOTKH
CUI'HAJIOB, BKJIIOYasi MHOTOCKOPOCTHYIO M aJalTHBHYIO 0OpaboTKy,
KOTOpble B  IOCIelHee BpeMs IIUPOKO  HCIONB3YIOTCS B
pPanuOTEeXHUYECKIX u MH(POKOMMYHHKAIIMOHHBIX crcTemMax
Pa3NIUYHOrO Ha3HAUCHHUS.

Jlano oOmee mpeacTaBicHHEe 00 aJanTHBHBIX —(QIIBTpPaXx,
oTpeneNieHsl TpeOOBaHMSA K HHUM, a TaKKe PAacCMOTPEHBI MpPUMEPHI
NPUMEHEHUS afalTUBHBIX QUIBTPOB B PaIHOTEXHUYECKUX CUCTEMAX H
cHCTeMax CBs3W. VX WCIONIb30BaHME NMPHIAET 3TUM CHCTEMaM paHee
HEIOCTI)KUMBIE (QYHKI[HOHAJIBHBIE U TIOTPEONTENHCKIE Ka4eCTBa.

PaccmoTpenHble MaTepuanbl MOT'YT OBITH PacHpOCTpaHEHBI Ha
Cllydall aJanTUBHBIX GWIBTPOB C KoMiulekcHeIMH BK, xortopsie
HaxomaT mpuMeHeHne B AAP, skBamaif3epax MOIEeMOB IH(POBBIX
CHCTEM CBf3H, I'le KOMIUIEKCHas (opMa o0pabaThIBAEMBIX CHTHAJIOB
TpeOyeT MpUMEeHEHHs aanTUBHBIX (QHIBTPOB ¢ KOMIUTEKCHBIME BK.

Martepuan mOCOOMS MOXKET TaKKe SIBIATHCS OCHOBOHM IS
U3y4eHHS BOIPOCOB IHM(poBOH 00pabOTKM pPEUYEBBIX CHIHAJIOB,
n300pakeHnH, BHUIeomocienoBaTensHocTel. Kpome toro, mmgpossie
METOABI YaCTO UCTIONB3YIOTCA IS PpeaoOpaboTKu 1 MOCcTOOpaboTKH B
CHCTEMax paclo3HaBaHUSA OOBKTOB pa3nu4HOW npupoxasl. K HuM
MOYXHO OTHECTH CHCTEMBl pACIO3HaBaHWSA pPEYH, HACHTH()UKAINH
JUKTOpPa ¥ COBPEMEHHBIE CHCTEMBI BUACOAHATUTHKH.

TpamuunoHHo nMGpPOBbIE METOAB INMPOKO IMPHUMEHSIOTCA B
CHCTEMax TEXHHYECKOTO 3pPEeHHs, B TOM 4YHCIE 3peHHs poOOTOB,
KOTOpbIE B TIOCJIEAHEE BPEMsI HCIONB3YIOTCS B OTPOMHOM KOJIMYECTBE
HPUWIOKEHHUH, BKIIIOUasi KOCMMYECKHE U MEAUIIUHCKHE CUCTEMBI.
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