FMABA 1. BAbl CUTHANOB.
MATEMATUYECKOE ONMMCAHWE CUTHAJIOB

1.1. AHanorosble 1 LM(POBbIE CUTHA/bI

Cang? - 3To m3myeckuin npouecc (Hanpumep, U3MEHSAOLLEECS BO BPeMEH

BEeKe WM TOK), 0TO6paXatoLLMin HEKOTOPYHO MH(opmauuto [16,24].
J1BasiaroBbIil CUrHas I ONUCHIBAETCA HEMPEPBLIBHOM (MM KYCOUYHO-HENpPepbIBHOW)
BpemeHun Xjt). AprymMeHT v (yHKUMA MOTYT NPUHUMATbL MPOU3BOJIbHbIE

B onpedeneHHom uHTepBane: t e [/142], Xa(t) e \xI, XI\.

"'rcTema undpoBoii 06paboTKN BUOMEANLIMHCKMX CUTHAN0B HE3aBNCUMO OT ee
COZEPXUT MuKponpoLeccop, 9BM unu crneumnanbHO paspaboTaHHoe ans
KOHKPETHOW 3afauyn BbIYMCNTENIbHOE YCTPOMCTBO. BX0AHOM curHan
MMeTb  BWA, MPUrOAHbIA  AnA  06paboTKW, W MpeAcTaBnsATh
NBHOCTb YWCen B Koge MawuHbl [13,14]. B OCHOBHOM CWrHasbl,
C  MeaMKO-TEXHUYECKMX YCTPOWNCTB, U3MEHATCA  Mef/1IeHHO,
MX nepefasaTb OAMH, ABa pasa 3a CeKyHAy. Takum 06pa3oM, MOXKHO
Tb UM(ppoBOM CcurHan u3 HenpepbiBHOro (puc. 1.1,a), npouecc
KOTOPOro COCTOMT U3 ABYX 3TanoB: AMCKPETM3aLMU MO BPEMEHU U
A N0 YPOBHIO (KBaHTOBaHWUA). CUrHa, AMCKPETU3NPOBAHHBIA TONLKO
AKMEHW. Ha3blBatoT AMCKPeTHbIM (puc.1.1, 6). OH elle He NpUrogeH aAns
B LM(POBOM YCTPOICTBE W MNPEACTaBNsAeT MNOCNeA0BaTENIbHOCTb,
KOTOpO/ B TOYHOCTU PaBHbl COOTBETCTBYIOLLMM 3HAYEHUSM BXOAHOrO
[ns  npeobpa3oBaHWsi aHaNOroBOro CuUrHana B LM(POBOWA nocne
MO BPEMEHM LO/MKHA CNefoBaTh AUCKPETU3aLMs N0 YPOBHIO, TakK Kak
r«4MCMTENIbHOE YCTPOWCTBO MOXET OMepupoBaTh TOMbKO C YWCNaMW,
KOHeuHoe uucno paspsgos [1]. Takum 06pa3om, KBaHTOBaHWe
co6O0I OKpyrieHue nepeaaBaeMbiX 3HaUYEHUIA C 3aJaHHON TOUYHOCTBHO,
[OMCKPETU3MPOBAHHBIA MO BPEMEHMW, U MO YPOBHIO, Ha3blBAOT LU(POBLIM

_-LLICKPETHbIA curHan ((h13nyeckn peasnsyemblid) OMUCLIBAETCS peLleTvaTol
x(nT),n =0,1,2,..., 3Ha4YeHUs KOTOPOI OMpeaeneHbl TOMbKO Npu

3TOM npeganonaraetcst, 4to X(NT) = 0 npn n<0.
3HaueHVs AMCKPETHOro curHana X(NT) HasblBalOTCS oTcyeTamu curHana [1].
NpeACcTaBAstoT CO6OIA BbIGOPKM MCXOAHOrO aHaNOroBOr0 CUrHana B MOMEHTbI
t- nT,n=0,1,2,
(19
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Puc. 1.1. Buabl CUrHanoB (Ha NpMMepe CUrHana ¢ atynka faBneHus):
a - HeMnpepbIBHbIiA; 6 - ANCKPETHbIN; B - LU(POBOIA.

[vckpeTHbIA curHan (M3nMYecKn peann3yemblil) OMMCLIBAETCA PELLeTHaToM
tyHkymein x(nT),n =0,1,2,..., 3HaYeHMsi KOTOPOI OMpPeAeneHbl TOMbKO MpK
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[OMCKPETHBIX PaBHOOTCTOSALLMX APYT OT ApYyra 3Ha4eHUsX He3aBUCUMMOL NepeMeHHOI.
11pn aTom npegnonaraetcs, Yto X(NT) = 0 npu n<O.
3HaYeHNs AMCKPeTHOro curHata X(NT) HasbiBatoTca oTcyeTamu curHana [1].
OHUW npeacTaBnsAloT co60M BbIGOPKM UCXOLHOMO aHa/IoroBOr0 CUrHana B MOMEHTHI
BpemeHn t=nT,n —0,1,2,...;
x{nT) = xalll =nT,n =0,1,2,... (1.1)

OTCYeTbl AUCKPETHOrO CUrHaNa MOryT NPUHUMAaTL NPOU3BO/IbHbIE 3HAYEHUS B
onpegeneHHoM wuHTepBane: X(NT) G[X[,x2]. OHu OTCTOAT fpyr OT Apyra Ha

BENMUMHY [, Ha3blBaeMylo VMHTEPBaNOM AMCKpeTM3aLUMK. MOCKO/bKY AUCKPETHbIN
CUrHan  OMMUCLIBAETCA MOCNefOBATENbHOCTLIO  UMCEN, TEPMUH  «pelleTyaTas
thyHKUSt X{NT)» MOXHO 3aMeHWUTb TEPMUHOM «AVNCKPETHAs MOCNeA0BATENbHOC T

Xn»:
xn=x(nT),n=0,12,..., (1.2)

cunTasi, uto napameTp T IMKCMpOBaH.
Bbibopkun curHana 6epyTcsa ¢ uHTepBasiom T, T.e. C OMpPEeAENeHHOW YacToToM,
Ha3bIBaEMOI YacTOoTOl AnckpeTusayun fD:

fD=yr - (1-3)

MpaBWNbHLIA BbIGOP MHTEPBA/IOB AUCKPETU3ALMN MO BPEMEHW M MO YPOBHIO

OYeHb BaXKEH Mpu paspaboTke LUDPOBbIX CUCTEM 06paboTKM CUrHaioB. UeM Bbille

yacToTa AMCKPEeTMU3aLmK, TeM TOYHEE AWUCKPETU3MPOBaHHbIA CUrHan COOTBETCTBYET

MCXOHOMY HEeMnpepbIBHOMY, HO BO3pacTaeT YMCI0 OTCYETOB, YTO MPUBOAUT K
YBE/IMUEHUNIO CKOPOCTY 06paboTku [4,24].

BaXHbIM NapaMeTpoM rapMOHWMYECKOr0 CUrHana SIBASETCS HOPMMPOBaHHas

yactota f , onpepgendemMas Kak OTHOLIEHWE YaCTOTbl K HaCTOTE ANCKPETU3aLnN:

MocnepoBaTenbHOCTU  6bIBAOT  KOHEYHOW W GECKOHEYHOW A/inHbL. WX
Ha3blBatOT COOTBETCTBEHHO KOHEUHbIMU 1 6ECKOHEUYHbIMY NOC/1eA0BATE/IbHOCTAMM.
OTcueTbl XM He3aJepXaHHOW  (JM3MYECKM  peanu3yemoll  KOHEYHO
nocnefoBaTeNbHOCTU AMHbI N MOTYT NPUHUMATb HEHYNEBbIE 3HAUYEHWS TO/IbKO NPy
M=0,1,2,...,N —1, a 6eckoHe4HOI" NOCcNea0BaTeNbHOCTW - AN1S BCEX .

Ona onucaHuA I'IOCI'IE,D'OBaTBI'IbHOCTeVI MNCNosib3yKTCA pPas/iNyHble Crnocoobl.
Hanpumep, nocnegoBartesisHOCTL MOXHO NPeACTaBUTbL B aHAIMTUYECKOM BUAE WK B

BuAe nocnefoBaTe/lbHOCTM OTCYeTOB. [py 3TOM npegnonaraeTca, 4to X = 0 npum

H<DO0.
3aflepkaHHOM Ha M WHTepBanoB AMCKPeTM3auMm T MOoC/iefoBaTeNlbHOCTbIO

Ha3bIBaeTCA MOCNefOoBaTe/IbHOCTb yn —Xn_T. Mpn 3Tom yn=0 npu n< T
(pnc. 1.2).
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L
0 1 2 3 4
Puc. 1.2. 3afiep>xKa nocnefoBaTeslbHOCTU

BaxxHoe 3HaueHMe B TEOPMM U NPaKTUKe LMPOBOIA 06paboTKM CUTHAIOB UMEKOT
[iBe nocnegosatenbHOCTK (puc. 1.3):
eAVNHUYHBIA UMMY/IBC:

5 = [lnppn=Q (15)
0npu ndO;
eAVMHWYHbIA CKaYoK:

1 ~.0
npw N0, (16)

Onpu n<0.
1 1 1 1

il 0 1 2 3 4 0

Puc. 1.3. EAMHUYHBIA umnynbe () 1 e4UHUYHbIA CKavoK (6)

[poun3Bo/bHYIO NOCNef0BaTe/IbHOCTL B psde ClyyaeB MOXKHO MpefcTaBuTh C
MOMOLLBbIHO €ANHNYHOIO MMnybCa B BUAE

X, = 2>A-*»=<nn-~ 1.7
k=0

Cuctema LuMpoBoil 06paboTKM CUrHANOB C BMOCEHCOpa AO/MKHA CofepXXaTb
YCTPOCTBO ANs Npeobpa3oBaHWs aHaNoroBOr0 CUrHaia B LM(POBONA - aHanoro-
umcpoBoii npeobpasosatenb (ALLM), KOTOpbIA NpeBpaLiaeT BbIGOPOYHbIE 3HAYEHNS
CUTHaMa B LUM(POBYK MOC/EA0BATENbHOCTb, 3/1EMEHTbI KOTOPOM - 3T0 u4uMCAa,
MpefcTaBfeHHble B Kofe BblumcnuTens. [anee  cnefyet 3NEKTPOHHOE
BbIUMCIUTENIBHOE YCTPOCTBO, B KOTOPOM MPOMCXOAMUT 06paboTka LMppoBOro
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CMrHana no 3agaHHomy anroputmy [24]. LindpoBbie YCTPOICTBa, NpousBogsLLme
NNHEHY0 06paboTKy CMrHana, HasblBatoT LM(POBLIMK (IbTPaMW.

1.2. OcHOBHbIe NapamMeTpbl aHaI0ro-LM(PoBLIX NpeobpasoBaTeneli

AHanoro-umposble NpeobpasoBaTenv XapakTepusyoTcs psaoM napameTpos,
NpeacTaBnseMbIX B BUAE YMC/OBbIX BEMYMH, W PSLOM CBOWCTB, OMpefenstoLmx
BHELLHME CBSi3K Npeobpa3oBateneii B cuctemax. K umcny Hambonee BaXHbIX U3 3TUX
CBOWCTB OTHOCATCA (POPMbl MPEACTaBNEHNUS BXOAHbIX W BbIXOAHLIX aHanoroBbIX
BE/IMYMH 1 KOZOB.

Hanbonee pacnpocTpaHeHHbIMWU BXOAHbIMU BefnuuHamy AL sBnstoTea
BPEMEHHON MHTepBan, cABWr a3, 4acToTa, YrnoBOe WM NUHEliHOe nepemeLLeHme
(N nonoxXeHue), HanpsbkeHre wam ToK. JlOBOMBLHO YacTO BCTPeYatoTCs ciyyau,
Korga B AL aHanorosas BefMuMHa npefBapuTeNibHO MpeobpasyeTcs M3 CBOEro
MCXOAHOro BUAa B ApYyroi, 6onee yao6HbIi 4151 OCYLLECTBEHNS aHaN0ro-LugpoBoro
npeobpasosaHmsa [13,28].

B npeobpasoBatensx MOryT WCMOMb30BaTbCA Pas/fMuHble BUAbl KOAOB.
CnefyeT OTMeTUTb, YTO MPY PacCMOTPEHUM BOMPOCa O KOAax CneayeT yuuTbiBaTb
He TOMbKO BUL KOAa, HO W ero opmy (nocnepoBatesibHyl0 UK
napaniesibHyto).

PaccmoTpmm BaxkHeiLwmne napametpbl ALM. K uncny ux npuHagnexar:

1) aManasoH U3MeHeHW BXOAHbLIX 1 BbIXOAHbLIX BENNYNH;

2) BpeMeHHble napameTpsbl:
a)  nepuoj KBaHTOBaHWS,
6) [AUTeNbHOCTb uMKna npeobpasoBaHWs —  3afepXkKa
«BXO[,— BbIXO/»;
B) Bpems NpeobpasoBaHus;

3) TOUHOCTb NpPeobpa3oBaHUsl, XapakTepusyemas CrefyoLnMMn BefIMYMHaMU:
a)  MOrpelHOCTbH0  KBaHTOBaHWA MO  YPOBHIO, ONpefensemoi
4yMCNOM pa3psfoB B BbIXOAHOM KOJE;
6)  WHCTPYMEHT&IbHON  MOrPeLlHOCTbI0  KaXAoro  OTAeNbHOro
npeobpaszoBaHus;
B)  AMHaMWYeCKOl MOrpeLlHOCTbIO0, CBA3aHHOW C KBAHTOBaHWEM MO
BPEMEHY;

4) HafeXHOCTb.

[nanasoH u3MeHeHWs1 BXOAHBLIX W BbIXOAHbIX BenW4MH. Mpu BbliGope Tuna
npeo6pa3oBaTenss Heob6XOAMMO YUWUTbIBaTb Mpefe/bl W3MeHeHUiA aHanoroBbIX
Be/IMYMH. py 3TOM MOTYT UrpaTh Po/b Kak MakcMMaibHOe XMAC U MUHUMAbHOE
XMH 3HAYEeHMA aHaNoroBoM BENMYMHBI, TaK U AMHAMWUYECKUIA AMana3oH U3MeHeHUiA
ee

B cnyyae, Korga XmH= 0, ,CI'I/IHaMVILIECKI/IVI AnanasoH paBeH:
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rge 8 — ponyctumas abcontoTHas NOrpeLHoCcTb NpeobpasoBaHus, BblpaXeHHas B
aHasoroBoii hopme.

BpemeHHble  nmapameTpbl. Mpn  BbINO/HEHUW  aHaOro-UUhpoBOro
npeo6pa3oBaHNs BXOAHOW CUrHai KBaHTYeTCSl MO BPEMEHW; MpU 3TOM 4epes Of-
pefenieHHble NPOMEXYTKM BPeMeHW, Kak NpaBuio, ofuHaKoBble, 6epyTcs BbIGOPKY,
T. . OMpeaensoTCcs TeKyLIMe 3Ha4YeHUs BXOAHOro curHania [18]. Monyyaembiii npu
Ka)X[10/ BbIGOPKE BbIXOAHOW ko AL cOOTBETCTBYET 3HaUYEHMIO BXOAHOMO CUrHaa
B ONpeAeNneHHbI MOMEHT BPEMEHM, Ha3biBaeMblii MOMEHTOM — Npeobpa3oBaHuUs.

Pa3nnmuyaloT Tpm BpeMeHHbIX napameTpa ALLM (puc. 1.4):

- nepvof  KBaHTOBaHMA Tk, T. € WHTepBan MeXiy ABywms
nocnefoBaTe/ilbHbIMUA  Peobpa3oBaHUAMU; BENUYMHY, O6paTHYK Nepuogy KBaH-

TOBaHWA, Ha3bIBAKOT YacTOTON KBaHTOBaHus f= 1/ Tk

- OMTENBHOCTb  UMKNa  NpeobpasoBaHuss, Onpefensiowas  3afepXxky
MEX/Y MOMEHTOM MOAAuM BXOAHOM BeMUMHbI HAa ALLT 1 MOMEHTOM Bblaumn Koga,
Ty,

- BpemMs Npeobpa3oBaHus, T. €. BPEMEHHOI UHTePBa/1, B TeYEHWE KOTOPOro
BXOJHOW CWUrHas HEemnocpefCcTBEHHO B3aumogelicTByeT ¢ ALM, Tnp. B nepsom
NPUBIMKEHUN MOXKHO CUMTATb, YTO BHe MHTepBana Tnp BXOAHaA BENMUYMHA He OKa-
3blBaeT BAWSAHNA Ha pe3ynbTaTbl NpeobpasoBaHns [22]. Mpwn 6onee CTPOroli OLEHKe
Tnp cnepyeT yunTbiBaTh CTPYKTYPY ALLM 1 xapakTep BXOAHOrO curHana.

Puc. 1.4. BpemeHHble napameTpbl AL

MorpelwHocTs  Mpeo6pasoBaHus. BK/lOUeHWe  aHanoro-LugpoBoro
npeo6pasoBaTesi B CUCTEMY, BXOAHbIM 1 BbIXOAHbIM CUTHANaMU KOTOpOIA
ABNSAIOTCS  HEnpepbiBHbIE (YHKUWW BPeMeHW, NPUBOAWUT K MOSIBNEHUIO
MOTFPELLHOCTY Ha BbIXOAE CUCTEMbl. 3Ta MOFPELUHOCTb COCTOMT W3 [BYX Pasniuy-
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MbiX No npunpoae KOMMOHEHT: norpewHoOCTn BCneacTBMe KBaHTOBaHUA
BXOJHOI0 CUrHana Nno BpemMeHW  (AMHAMUYECKOW MOrpeLuHoCcTH) WU
CTaTMYecKoi MOrpeLwHoCcT OTAenbHOro otcueta [19]. MocnegHss B CBOKO
oyepefp COCTOMT M3 ABYX YacTeil: MOrpellHOCTM LMMPOBOro npeacrasieHUs
WM OKPYTNeHWs,, OGYCMOBNEHHOW Ha/lMuMeM KBaHTOBaHUA MO YPOBHIO, WU
MHCTPYMEHTa/IbHOV MOrpeLIHOCTM Npeobpa3oBaTens.

Ecnu  paccmoTpeTs mpouecc npeo6pa3oBaHUS HEW3MEHHON  BXOLHOW
HEIMUYMHDBI, T. €. EeCAN MUCKIUYNUTb LMHAMWYECKYH0 MOrpelHoCcTb, TO OCTaeTcs
CTaTWYecKas MorpeLiHoCcTb OTAeNbHbLIX OTCYETOB. DTa MOrPeLHOCTb COCTOUT U3
[BYX uacTeil: MOrpelHocTM UM(POBOro NPeACTaBNEHNS WAN  OKPYTNeHUs,
06YCNOBNEHHOW HaM4YMEM KBAHTOBAHUA MO YPOBHIO, U WHCTPYMEHTASbHON Mo-
rpewHocTM npeobpasoBatens. BHayase BbIABUM OCHOBHblE XapaKTepPUCTUKM
MOrpPeLLHOCTA, CBA3aHHOW C KBaHTOBaHMEM MO YpPoBHIO [13,14]. Mpwn KBaHTO-
BaHUU MO0 YPOBHIO TeKyllee 3HayeHWe BXOAHOW BENUYUHBLI 3aMeHseTcs
6nKallLIMM OUCKPETHBIM  3HAYeHMeM, Bbl6GpaHHbIM Ha LUKane paspeLleHHbIX
YPOBHe. Takum 06pa3om, BXOHas BeIMUMHA NPU KBAHTOBAHWW MO YPOBHIO Kak
Obl HAKNaAbIBAETCA Ha CETKY FOPU30OHTANbHbIX NMHUIA, PA3HECEHHbIX HA  KBaHT
<. ECnM 0fHOBPEMEHHO MPOWU3BOAMUTCA KBAHTOBaHWE MO BPEMEHWU, TO BXOAHas
BE/IMUMHA HAKNafblBAETCH Ha CETKY, MMEILLY N0 FOpW30HTaNbHOW ocu (ocu
BpemMeHu) fgeneHus TK a MO BepTMKanbHOW Ocu (OCWM YpOBHEN) — AeneHus q.
BennumHa KBaHTa XapakTepu3yeT MOTeHUManbHY paspeLuatoLLlyo CcrocobHOCTb
npeobpa3oBatens No YpoBHK (aMnauTyge), T. e. and AU — HaumeHbluee
pasnMuMMoe MpupalleHne BXOLHON BennMuuHbl. CneayeT OTMETUTh, YTO B HEKOTO-
pbix Tunax ALUM ang yBenmueHus ObICTPOLEWACTBUA MPU COXPaHeHUW TOW ke
CpefiHei TOYHOCTM UCNOMb3yeTCA MepeMeHHas BeMWMYMHA KBaHTa; Npu 3TOM B
MepBbIX TakTax npeobpa3oBaHUs KBAHT MMeeT 6OMblUOEe 3HayeHue, a 3aTeM
MPOUCXOLUT €ro CHUXKEHNE.

Mpy yMeHbLUEHWN BeNWYMHbLI KBaHTa YBENMUMBAETCA UMCMIO pa3psfoB B
BbIXOAHOM Koge AL n ymeHbLlaeTcs owmnbKa M3-3a KBAHTOBaHMA MO YPOBHIO.
1pn oveHb 6GOMBLLIOM umMc/e pPa3psfoB B BbIXOAHOM KOfe, T. €. MpW O4YeHb Masioi
BE/IMUMHE KBaHTa, [MCKpPETHas Be/WYMHA MO CBOWM CBOMCTBAM CTaHOBUTCSH
6/13KOI K HEMpepbIBHOM BennunHe [19].

CeTKa ypOBHeil KBaHTOBaHWUS W AyMana3oH U3MeHeHWn BXOAHON BeNUUYMHbI
BCerga CBsA3aHbl MeXay Co60ii. JTa CBSI3b MOXET ObITb XECTKOW U CNyYaiiHONA.
11pn XecTKOW CBS3W Hanbosbllee NPUMEHEHNE UMEIOT [1Ba BapnaHTa UCMOHEHMS,
nokasaHHble Ha puc. 1.5.

Mpu nepeom BapuaHTte (puc. 1.5, a) ceTka YPOBHEN CABMHYTA OTHOCUTENBHO
Havasa AuanasoHa U3MepeHnin BXOAHOM BEMUMHBI Ha /2.

Mpu BTOpOM BapuaHTe (puc. 1.5, 6) 3TOT cABUr paBeH Hyno. [pu
CNydJaliHOW CBA3W CETKM YpPOBHEW M AnanasoHa u3MepeHuWidi X OHU ByayT
CLOBWHYTbI Ha C/lyYaiHyt0 BenMuMHy ¢. YUnMcno BO3MOXHbLIX KOMOUHaLMi B
BbIXOAHOM Koge ALLM paBHO uucny YpOBHE KBaHTOBaHWS, €CiN YUYUTbIBaTb U
HYNEBO YPOBEHb.
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NS npefcTaBneHnss BCeX KOAOBbIX KOMGUHaLWi Heo6XOAMMO MMETb KOf,
COCTOSILLMIA U3 M ABOMNYHBIX PaspsgoB, rae  Nn>log2NwkC

Puc. 1.5. BapuaHTbl CBA3M MEXAY CETKON YPOBHel KBaHTOBaHWS
¥ [Uana3oHOM U3MEepeHUs BXOLHOW BEIMYMUHBI

B ngeanbHom AL, T. e. nNpu OTCYTCTBMM CyYailHOM MOrpeluHoCT K3-3a
LUYMOB M MOMEX, UMEETCA OAHO3HAYHasA CBSA3b MeXAy BXOAHOW X W BbIxogHoW N
BeMUMHaMW. Takmm 06pa3oM, 3Has BXOAHYKO Be/MUMHY, MOXHO BCerja
onpeAennTb 3HaYeHne Koga.

M3-3a TOro, Yto BCe BXOAHbIE BE/IMYMHBI, KPOME COBMafatoLmX C OAHUM U3
paspeLLeHHbIX YPOBHel, M306paXaloTcs B BMAe KOAa C OLWMOGKaMW, BbI3BAHHLIMU
KBAaHTOBaHWEM YPOBHA, faxe B upeanbHOM AL HeT 04HO3HAYHOCTM B
obpaTHOIi CBA3WN MeXay BbIXOAHOW N M BXOAHON X BenuunHamu. CneposaTesibHO,
3HasA KOA, MOXHO rOBOPUTb TO/MILKO O BEPOATHOCTW TOFO WM MHOTO 3HAYeHWs
BXO/JHOI aHa/I0r0BOI BENMYMHBI B Mpejenax A4aHHOro KeBaHTa [21,22].

Ecnu n3BecTHO pacnpefeneHne naoTHOCTY BEPOATHOCTY BXOAHON BEIMUMHDI,
TO MOXHO OMnpedenuTs AN NO60ro  3HayeHust  BbIXogHOro Koga N,
COOTBETCTBYHOLLYH YCNOBHYHO BeposTHOCTb P (Xj/Nj) .

Mpy 60MbLIOM YKC/e PaspsLoB B BbIXOAHOM KOAe paccesiHue BO3MOXHbIX
3HayeHnn X1 MOXET 6bITb ONUCAHO MPAMOYTO/bHLIM 3aKOHOM pacnpefeneHusi, YTo
COOTBETCTBYET PaBHOW MNAOTHOCTU BEPOSTHOCTWM MOrPELUHOCTY KBAHTOBaHWS B
npegenax +q/2 (puc. 1.6). B aTom cnyyae Aucnepcus NOrpeLlHocTy KBaHTOBaHWS No

YPOBHIO
WK cpefHeKBagpaTMyeckas NOrpewwHoCTb
_ 4
K~T£-
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CnepoBatenbHo, ans YKa3aHHOT0 3aKoHa pacnpeaeneHus
cpeaHeKBapaTueckas MOrpellHocTb GYAeT B /U3 pa3 MeHblUe MaKCUMasbHOM, a

MpM HOPMaSIbHOM 3aKOHe pacnpefeneHns oHa B 3 pasa MeHblUe MakCUManbHOR (ans
[oBepuTenbHoO BeposTHOCTH 0,997).

Puc. 1.6. 3aKoH pacrnpeaeneHunsi NorpeLlHoCTY KBaHTOBaHMS

Kak y)e yKasblBas0Cb, BTOPOI/ COCTaBMAOLLE/A CTATUYECKOW MOrpeLuHoCcTy
AB/IAETCA MHCTPYMEHTANIbHAA norpelHocTb AL, koTopas BO3HMKAeT M3-3a LYMOB
M MOMeX, Kak BO BXOAHOM CurHane, Tak v B y3nax AL, obpasosaBLumxcs npu
M3roToB/EHMM 1 aKkcnyaTaumm ALLM [20].

Hapgé>kHocTb  npeobpasosaTens. HagéXHOCTb  ABNAETCA  OCHOBHbIM
Tpeb6oBaHWEM, MpedbsBNseMbIM KO BCeM npubopam, B TOM uucne K
npeobpasoBatensam. OHAKO N0 CpaBHEHWIO, CKakeM, ¢ IBM Bonpoc 0 HaféXHOCTH
AN npeobpa3oBaTeneil CTaBUTCA 3HAUMTENbHO LUMpe. 3TO CBA3AHO C TeM, YTO Ans
npeobpasoBareneii Noj HafEXHOCTbIO CrefyeT MOHUMATb He TO/IbKO BEPOSTHOCTb
6e30TKa3HOl pPaboTbl B TeyeHWe OMpefeNeHHOro BPEMEHW, HO U COXpaHeHue B
TeueHVe 3TOro BpemMeHu 3aiaHHOM TOUHOCTH.

[puHATO pasgenaTb oTkasbl B AL Ha Tpu BuAa:

KaTacTpodMyeckMe WM BHe3anHble OTKasbl, MNPUBOAALLME K HApYLUEHUIO
HOPMa/IbHOr0 (DYHKLMOHUPOBAHUS;

cbou, T.e. BPEMEHHblE OTKasbl, 06bIYHO CBSA3aHHbIE C BAWSHWEM LUYMOB U
MOMEX ¥ NPUBOAALLIME K JIOKHOMY pesy/bTaTy npeobpasoBaHus;

nocTeneHHble UKW AerpajauyoHHbIe 0TKasbl, He NPUBOAALLME K HapyLUeHUHo
HOPM&/IbHOTO  (OYHKLMOHMpOoBaHua AL 1 BO3HMKaoWye Wn3-3a  WU3MEHeHUs
napameTpoB y3nos AL, Takum o6pasoMm, npu [erpajayuMoHHOM OTKase
CoXpaHsieTcs HOpManbHaa paboTocnocobHocTb AL, HO OH 6yfeT uMeTb
MOBbLILUEHHYH) MOrpeLIHOCTb, T.e. MNPOM30AAET YBENMYEHUE WHCTPYMEHTaSIbHOM
MOrpeLUIHOCTU M3-3a HeCTabWIbHOCTU XapaKTepUCTUK OTAeNbHbIX Y3108 ALLM [16].
">T0 3MEHEHWE XapaKTePUCTUK B CBOKD 0Yepefib SBSETCA CNeACTBMEM BO3AENCTBUSA
pasMuHbIX (PAKTOPOB: CTapeHUst AeTaneil, WM3MEHEeHUs HamnpsXXeHWUs nuTaHua,
TemnepaTypbl, BNXXHOCTU UMW LaBNEHWUS B Cpede, oKpyxatowein ALLM n T.4.
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[ns oueHkn HapéxHocTn AL no katacTpoduueckuM OTKasam U cbosm
MOXET ObITb MPUMeHeHa 06blYHas MeToAMKa. Mpu 3TOM HY>KHO Y4YMTbIBaTb, YTO He
BCAKWIA OTKa3 NPUBOAMT K TakuM 60/bLIMM MOrpeLiHOCTAM, 4TO6bl HapyLumnnach
HopmManbHas paboTa ALM. Tak, Hanpumep, BCe OTKasbl, NPUBOASLLME K UCKAKEHUIO
MMafLLero paspaga BbIXOAHOrO KoAa, ABNAOTCA gonycTuMbiMu. OTCloga cnegyer,
YTO ANA 3TOW rpynnbl OTKAa30B HE06XOAWMM CTaTUCTUYECKUA MOAXOL K OLEHKe
Haf&XXHOCTK, T.e. HY)XXHO BbISBUTbL pacrnpedesieHve norpewiHocT B Koge ALLM B
(hYHKLMM OT MecTa NPUIOXKEHUA 1 BUAA KaTaCTPO(UECKOro oTkasa.

Haunbonee npakTUYecKn LenecoobpasHblii Noaxod K YYeTy  BAMSHUA
KaTacTpoMueckmx OTKa3oB M COHOEB COCTOMT He B BbIYMCIEHWM BEPOSTHOCTM
BO3HWMKHOBEHWS 0TKa3a, a B KOHCTPyMpoBaHum AL, ncxoas m3 ycnosus, 4Tobbl npu
BO3HWKHOBEHWMW OMpefeNnéHHOro Yncna (0AWH, ABa) KataCTPOPUUECKMX OTKA30B MU
c60eB B nt06ol yactTn AL oH coxpaHun paboTocnoco6HOCTb U ero MorpeLHocTb
He npeBbILwana 6bl 3aaHHON BENYMHBI. VIMEHHO Takoi noaxog v 6yaeT NpUHAT npu
JaNbHelLeM U3NOXEHUW MaTepuasia no HagexHoctn AL u metogam ee
MOBbILLEHNUS.

3HAUUTENBHO CNOXKHee 06CTOUT AeNo C YYeTOM BAMSHUA [erpafalyoHHbIX
0TKa30B WK, MHa4ye roBOPs, C MNapameTpPUYecKOi HafeXHOCTbH. Kak yxxe 6bu10
CKas3aHo, noTeps TOYHOCTWM Mpeobpas3oBaTens, CBA3aHHas C YBE/MYEHWEM WH-
CTPYMEHTAIbHON NOrpeLLHOCTY U3-3a HECTabWUMbHOCTY XapakTepucTuk y3nos ALLM,
onpefenseT MapaMeTpPUYECKY HafeXHOCTb. Bce dakTopbl, onpegenstoLve
napaMeTpUYecKyo HafleXXHOCTb, SABAAKOTCA ClydaliHbIMK npoueccamu (CTapeHve
[eTanei, N3MeHeHWe BHELUHUX YCNOBUWA W Ap.), U AN yyeTa UX BAUAHWA LOMKHbI
MCMONb30BaTbC BEPOSTHOCTHLIE MeTOAbl. B CBA3WM C 3TUM U MHCTPYMEHTabHble
MOrpeLLHOCTA, 1 NapameTPUYECKyI0 HafeXHOCTb MOXHO paccMaTpuBaTh TOMbKO C
BEPOSTHOCTHbIX No3uLmii [16].

VccnepoBaHne NCTOYHUKOB MHCTPYMEHTASbHBIX MOrpeLLuHoCTeld 1 MeTOA0B UX
YMEHbLLUEHUS MOXET BbITb CBEAEHO K WCCMef0BaHUI0 UCTOYHUKOB HECTabWIbHOCTM
OCHOBHbIX OMpejeNsatoLLIMX napameTpoB y3nos AL n MeTogos cTabunmsaumm aTux
napametpoB. [lpy Takoli MNOCTaHOBKE 3afayu OLUEHKW WHCTPYMEHTa/IbHbIX
MOrPeLLUHOCTEN, a 3HaYNT, U NapameTPUYECKOR HafeXHOCTU MOXHO MCMOMb30BaTh
CTaTUCTUYECKNE XapaKTepucTHKM y3n08 ALIM. B fanbHenweM MMEHHO Takoin MeTos,
OLLeHKM BYAeT NPUMEHSTLCS.

BusHve napameTpoB AL Ha kayecTBO cucTeM. UTO6bI 3aKOHYUTb
paccmMoTpeHue OCHOBHbIX MapameTpoB ALLM, crnegyeT ykasaTb, YTO €4UHCTBEHHO
npasW/bHbIM MOAXOAOM K OLEHKe NapameTpoB fBMSETCA CUCTEMHbIA NOAXO4, KOTO-
pblii NpeAnonaraeT OLEHKY BAMSAIHWA W3MEHeHWs TOro WAM MHOro napameTpa Ha
KayecTBO paboTbl CUCTEMbI B LiefIoM [19].

AHanoro-uupposble NpeobpasoBaTeNiM He SBASIOTCA  CaMOCTOSTE/IbHLIMU
YCTPONCTBaMMK, a SBMAKOTCA COCTABHOW 4YaCTbl0 MeAMKO-TEXHUYECKUX W Apyrux
MH(OPMALMOHHO-U3MePUTENbHLIX  CUCTEM. B nocnefHee BpeMs OHW BCTPamBatoTCs
HEeMnocpefCTBEHHO B MUKPOKOHTPOMNepbl. LLIMpokoe pacnpocTpaHeHue UMgpoBbIX
MeTOf0B 06paboTKM CUrHaNoB onpedensieTca 60/bWIMMMA  BO3MOXHOCTAMU B
MOCTPOEHWUMN CMOXHbIX aNrOpUTMOB, KOTOPbIE HEBO3MOXHO Peann3oBaTb, UCMOMb3Ys
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aHasoroByto TeXHUKY. LlMcpoBble (UALTPLI, HanpuMep, MOFYT aHaIM3VMPOoBaTh
MapaMeTpbl CUrHaMa ¥ MPUHUMATbL Te WM WHbe PEeLeHs, HO AN UX pa3paboTKu
Heo6XoAMMO, WCMONb3yst WX MaTeMaTW4eckoe OnucaHue, NPOBOAWTL aHaIn3 W
060CHOBaHHbI CHUHTES,

3AIAHVIE AN TABOPA TOPHOW PABOTbI
PacueT 0CHOBHbIX MapaMeTPOB CepAeH4HO-COCYANCTON CUCTEMbI MPK
06paboTKe CUrHasa ¢ AaTunka YacToThbl ny/bca

Lenb paGoTbl:  HayuuTbcsi OMPeAensTb MapaMeTpbl CepAeUYHO-COCYAMCTOM
CUCTEMbI MO LIMGPOBOMY CUTHATY, MOJTyYeHHOMY C aTYMKa YacToThbl My/bCa.

TEOPETUNYECKWE CBEAEH/A
OfHUM M3 OCHOBHbIX NapameTpOB, KOTOPbLIA MO3BONSET OLEHUTL COCTOSHME
CEepAEYHO-COCYAMCTON  CUCTEMbI, SIBASETCA 4acToTa MNynbca, a Takke ee
M3MEHSIeMOCTb C TeYeHMEeM BPEMEHW MpY MPOBEAEHUWN Pa3/IMUHbIX Harpy304HbIX
NCUXOMU3NONOrMYeCKNX TecToB. CbeM [UCKPETHOrO CUrHana 4acTtoTbl Mynbca
4enoBeKa OCYLLECTBASETCA MPU MOMOLUY YCTPOCTBA, CTPYKTYPHas CXeMa KOTOporo
npvBeaeHa Ha puc. 1.7, nocne Yero oH obpabaTbiBaeTcst Ha MOBM.

Puc. 1.7. CTpyKTypHasi CXeMa yYCTPOCTBaA A5t U3MEpPeHUs nynbca

B CTPYKTYpHOI1 CXeMe AaTuvK CAeNaH Ha CBeToAmone U otoamode. MpuHumn
ero paboTbl OCHOBaH Ha pasfIMYHOM BEIMUMHE OTPAXKEHUS WH(PaKPACHOro
WLIYYEHUS MpU HaMo/IHEHUW apTepuasibHOM KPOBbHD TKaHW. CuWrHan ¢ jatuuka
ycunmBaeTcs, UNbTpyeTcs, npeobpasyeTca B ABOMYHBIA KO C NMOMOLLbIO aHanoro-
uncpoBoro npeobpasosatens, 3atem nogaetca B M3BM no nopty RS-232 u
3anucbIBaeTcs B (haiin B BIAE NOCeA0BaTeIbHOCTM OTCHeToB (puc.1.8).

Mo puc. 1.8 BWMAHO, 4YTO, 3HAA YacTOTYy AMCKPETM3ALMMW, MOXHO OMNpemenunTb
BpeMs MeXay ABYMS CepAeyHbIMU COKPALLEHUSAMU, UCXOLA U3 PAcCTOAHUSA MEeXay
COCefHUMM  Makcumymamu  (MAM MUHUMyMamu).  [lonyyeHHas  BenMumHa
MEPEBOAMTCA B KOMMYECTBO YAapoB B MUHYTY M 0TOGpaXkaeTcs Ha MOHWUTOP. JaHHas
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BE/IMUMHA CUWTAETCS PaBHOM PacCTOSHWIO Mexay [AByms R-R  3y6uamu
3M1eKTpOKapaVorpaMmbl.

5400 5500 5600 5700 5800 5000 6000 6100 6300 6300 6400 6500 i
Puc. 1.8. BHelWHWI1 BUA CUTHaNa C AaTymKa YacToTbl My/ibea,
i - HOoMep oTcueTa, Lj -amnanTyga curHana ¢ AL

BaxHeiiluve cBefeHMs 0 GyHKLUMOHAILHOM COCTOSHMM cepfua AatoT npobbl ¢
(hM3MYECKOIn HArpysKoil Mpu onpefeneHnn No pUTMorpamMMme XapakTepa peakuum
Ha npoBy. PUTmMorpamma — 3T0 NMOCNeA0BaTeNbHOCTL BEPTUKANTbHBIX IMHUIA, ANMHA
KOTOPbIX COOTBETCTBYET A/IMTENbHOCTM MOCNeA0BaTeNbHbIX J1/1-MHTepBasioB. Ha ocu
abCuyce OTKNaAbIBAIOTCS NOpsAKoBble HOMepa RR-HTepBanos N . Mo puTmorpamme
MOXHO MCCefoBaTh (DYHKLMOHALHOE COCTOSHME CepALa U ero BereTaTuBHYHO pe-
TyNsuyio MyTeM aHann3a nepuoAnMYeckoit CTPYKTYpbl CEpAeUHOro putMa.

tilts H
Puc. 1.9. MpumMepbl MOCTPOEHUSI PUTMOrPaMM Mo KapauorpaMme

OrNMNCAHME NABOPATOPHOI'O CTEHOA

CbeM curHana OCYLUeCTB/SETCA YCTPOWCTBOM, CTPYKTYpHas CxemMa KOTOporo
nokasaHa Ha puc. 1.7. BBog gaHHbIX B M3BM 1 3anuchb B (aiin 3HaueHuid 4acToTbl
CepleyHbIX  COKpalleHWn  OCYLLEeCTBASETCA  CMeuuanbHo  paspaboTaHHbIM
nporpaMMHbIM  06ecriedeHneM. locne CHATUS CUrHana 4acToTbl Mynbca paboTa
BLIMO/THSAETCS Ha MEPCOHaIbHOM KOMMbOTEpe. B KauecTBe MpUKNafHON NporpamMmbl
ncnonb3yeTcs nporpaMmHoe obecneyeHve Mathcad, KOTOpoe MOXHO 3arpysuTb C
paboyero cTofia KOMMbIOTepa.

MOPAAOK BbIMNOJIHEHNAPABOTDI
1 BKOUYMTL KOMMNbLIOTEP.
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2. Vi3mepuTb CUrHan 4acToTbl CepAeYHbIX COKPALLEHWI, UCMONb3ys CTEHA W
cneumanbHo pa3paboTaHHYH NporpammMy. 3HaYeHWs 3anucathb B aiin puhe.txt.

3. 3anyctutb nporpammy MathCAD.

4. CumTaTb faHHble 13 hanapulse.txt npu nomowm gyHKumMn READ,
wim READPRN.

5. PesynbTaT npeacTaBuTb rpadmuecku (rpadvk [JOMKEH ObITb aHanornyeH
npuBeAeHHOMY Ha puc. 1.8).

6. OnpeaenuTb YacToTy Mysbca (YA/MUH) MO ABYM MaKCUMyMaM, 3Hasi, YTo
yacToTa guckpetusaumm / 1=100Iy. oapo6HbI pacyeT ¢ BbIBOAOM (hOpMYy bl
nepeBofia KONMYeCcTBa AMCKPETHBLIX OTCUETOB BYA/MUH  3anncaTh B TETpagb.

7. Paccuutath 15 3HAYeHWIA YacTOTbI My/bca MO MOC/EeA0BATENbHO 3anvcaHHbIM
MakcMMymaMm.  3anmcaTb  3HayeHMs B MacCMB B BuAe  BEKTOpa.
\h- 85, V] = 81,..., Vi4 = 82 (B oT4eTe 0hopMuUTb B BIAE TaBIULbI).

8. MocTpouts putmorpammy (puc. 1.10), T.e. 3aBUCMMOCTb 4acTOThbl My/bca OT
HOMepa neproda, Ha KOTOPOM OHa Oblna paccumTaHa (B ¢hopmate rpaduka
YCTaHOBWTb TVN ANHMK bar).

Puc. 1.10. Putmorpamma
9. MpoaHan13MpoBaTb NOMYYEHHbIA rpaduK.

KOHTPO/IbHbIE BOMPOCHI K HABOPA TOPHOW PABEOTE
1 ina Yyero HyXXeH MUKPOKOHTPosep 1 N3BM B cxeme nameputens?
2. YT0 obecneumsaet ALIM?
3. UT0 Takoe YacToTa AMCKPETU3aLMN, ANCKPETHBbI/A CUTHAN, aHaI0rOBbIiA

curHan?
4. Kak NocTpouTb pUTMOrpaMmy, ee HasHayeHue?
5. Kak ocyLLecTBNSeTCA pacyeT 4acToTbl nynbca (Y4/MuH)!
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1.3. MaTemaTu4yeckoe onucaHne CUrHaI0B

1.3.1. iuckpeTHOe npeobpasoBaHue Jlannaca

MeTogbl onuvcaHWUA HEMpepbiBHbIX WM AWCKPETHbIX CWUrHa/I0OB BO MHOMOM

aHanornyHbl Apyr Apyry. [ns aHanu3a UMApOBbIX (DUALTPOB B OCHOBHOM
NCNonb3ytoT z-nNpeobpasoBaHue [1].

3anuwem npeobpasoBaHue Slannaca Ans HenpepbIBHbIX CUTHAOB:
F(p) = g(ty’\ dt.

3TO COOTHOLLIEHVE CMPABEAIMBO A/ CUTHA/IOB, TOXAECTBEHHO PaBHbIX HY/HO
npum t< 0. TOCKONbKY BCE peaslbHO CYLLECTBYHOLIME CUFHaIbl WMEKT Hauaso,
npeobpa3oBaHye Slannaca MOXHO NPUMEHSTL MPAKTUYECKN A/151 BCEX CUTHAJIOB.

MpumeHUM npeobpasoBaHue Jlannaca K AuckpeTHomy curHany f(KT),
3anmcaHHOMY B Bufe MOCNeA0BaTeNbHOCTY S -(DyHKLMiA

f(t) =+f(kT)8(t-kT);

(18)

F(p) =%6(kT)e-'*r. 1.9

BoipaxxeHue (1.9) npeactasnsieT coboi AgUCKpeTHOE NpeobpasoBaHue Jlannaca.!
dopmyna AMCKPETHOro mnpeobpasoBaHust Jlaniaca MOXeT ObiTb HECKO/bKO

YNpoLLEeHa, ecnu Monoxute epT =z. B pe3ynbTaTe Takoil 3aMeHbl MPUXOAMM K
Z -Npeo6pasoBaHNid, KOTOpPOe O6bIYHO MPUMEHSIOT NpY  aHaIn3e AWUCKPETHbIX!
CUTHA/I0B BMECTO AMCKPETHOro Npeo6pasoBaHus Slannaca [16].

1.3.2. Z-npeobpa3oBaHue 1 €ro posib B 06paboTke CUTHAOB.
Z-npeobpasoBaHue
coboiA

Z-npeo6pa3oBaHue Moau(VKaLMIO  AUCKPETHOIO

npeo6pa3oBaHus Jlannaca:

npeacTasnset

F@)=£f(nT)z-\ (1.9)

dyHkuns  F(z) ABNSIETCS  aHaAMTMYeCKOW  (hyHKUMeld  KOMMIEKCHOro
NepemMeHHOro z . Z-npeobpas3oBaHue MOXHO NPUMEHUTb U K aBCTPaKTHbIM YMCI0BbIM
nocnefoBaTenbHOCTAM [24].

B kayecTBe MpMMepPOB pPacCMOTPMM Z-MpeobpasoBaHMe NPOCTEMLLINX CUrHA/I0B.
Mpwn aTom Bcrogy 6yfem nonararb, YTO curHan /(1M ) TOXAECTBEHHO PaBeH Hy/O
[1] npn n<o0.

1. EQMHWYHBI MMy bC
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INe ={* ° F(z)=I.

onu>Q
2. [AMCKPEeTU3NPOBAHHBIV eAVHNYHBIA CKa4OoK

FM=T =@ Lz z1
3. 3KCNOHeHUMa/IbHO YObIBAOLLMIA ANCKPETHBIV CUTHA

f(nT)=e'dT, F(z)=te-T-"=— L—
(nT) (2) t T el
4, KomnneKcHas 3KCMoHeHTa
f(nT ) =elT;
=+eN
F(2)=ten T l-ez° z1 z-eJ

5. [apMOHMYecKas PyHKUuA
f(nT) =sinnbIT ="~ (eJ"T- e~d);

2j
F2)=5y0 ceav1 l-e-nv
6. CrteneHHas (yHKUMA
f(nT)—K";

MockonbKy Z-npeo6pasoBaHuWe - 3TO CTEMeHHOW psag nepemMeHHol I *, To

«/OKHO pacCMOTPETb BOMPOC 0 ero cxogumocTtu [1,4].
Pag (1.9), onpegensawowmii  Z-npeo6pasoBaHue, 2| > 12,

1o R - pagumyc CXOgMMOCTW, 3aBuUCALMIA OT BMaa (yHkumu / (nT). Hambonee
MPOCTO paAuyc CXOAMMOCTM onpedensieTcs ana nocnegosatensHocTn f(nT) = K™.
Il Hom cnyvae F(z) =zj(z- K). 31a dyHKuma umeeT nontoc npu z =K. BHe
OKPYXXHOCTW |zl = AT (yHKuma F(z) ABNAETCA  aHaIUTUYeCKOn  (hyHKLMei
KOMMNMEKCHOM MNepemMeHHONW , U onucbiBaowmii ee pag (1.9) cxogutcs.
(NoposatensHo, and / (nT ) = K" paguyc cxogmmoctn R= K.

cxogmuTea  Ans

Ob6paTHoe z-nNpeobpasoBaHye

K-1
YMHOXMM 06e uyacTh BblpaxeHus (1.9) Ha z , MpOVHTerpupyem mno
OKPY>KHOCTW C paguycoM, MpeBbilLatoLleM paguyc cxogmmoctu R psaga ana F(z), n
MOMEHSIEM MeCTaMmM CYMMIPOBaHMe 1 MHTerpupoBaxme [1,4]:
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Sf(m) = $,(<0)S,((d). 1-12)

JF(z)zk-"dz= Zf(»T)izk- n~Xiz. 0-f0)  [InA AMCKPeTHbIX curHanoB Xk=X(KT) 1 yk=y(kT) no aHanorum c
/1=0
o M-MpepbIBHBIMM CUTHATaMM BBOAMUTCS LUCKPETHas CBepTKa, KOTOpas onpeaenseTcs
BbIUnCIMM UHTErpaa B NpaBoi YacTu BblpaxxeHus (1.10): Pep A Anckp pTka, P PeA
MOpaXKeHWEM
lzk-n-1dz=\>npuk4tn’ f(NT) = £x(KT.)y(nT - KT)=£ x(nT - KT)y(kT) (1.13)
21y MUK = Nn. op
Takoli peaynbTaT 0OBACHAETCS TEM, UTO 3HAYEHWE MHTerpasa no 3aMkHyTOMYy
KOHTYpPY B KOMMIEKCHOI NIOCKOCTY PaBHO MPOW3BEAEHUIO 2T Ha CYyMMY BbIYETOB (1-14)
NOABIHTErPaIbHON (DYHKLUMW; eAUHCTBEHHbIA Bbl4eT nMpu z=0 nonayyaetcs TOMbKO *p *p
npu K=n, Korpazk”=~1/z. 3anuiieM ans AUCKPETHBIX CUTHAMOB XK, Y K1 /,, UX Z-Npeo6pa3oBaHust
CnepoBartesnbHo,
. = -1 = - = N
F(KT) == JF (2)2 k-2 iy X@ERdedh Y@ mgyled F(z)= 217
zi
) " MpyMeHUM z-npeobpa3oBaHue K hopmyne ceepTkn (1.13)
MonyunBlueecs BblpaXKeHWe MNpeAcTaBAseT coboit dopmyny ob6paTHOro z
npeo6pa3oBaHUsi, HO Hafo TOMbKO YTOUHUTL (POPMY KOHTYpa MHTErpupoBaHus. [ns F(z)=tfs" - YL Ay~ 2"
atoro nonoxum f,,=Kn. Torga F(z)=z/(z-k). MpumeHnm o6paTHOE z-Npeobpa3oBaHme 0 100
K 37O/ hopMyJe: MpeobpasyeM MpaByld 4acTb 3TOr0 BbIPKEHWSI TaK, YTOObI MOMYYUTh
Lon3eeseHne /.-npeobpa3oBaHuid. [ns 3TOr0 HY>XHO, B YacTHOCTW, UTOBbI XK
2npz-K YMHOX&/10Cb Ha z~K, a V,,_K Ha r-""*'. Crpynnupyem COOTBETCTBYHOLLVM 06pa3oM
MopgbiHTerpasibHas (hyHKLMA nmMeeT K-HeHmr [1]:
eMHCTBEHHbI nontoc npu z=K. WHTerpupoBatb F(2) - %Y, xkynke-kednie
MOXHO BfAOfIb /H060r0 KOHTYpa, OXBaTblBAHOLLEro oo ’
Touky z=K (puc. 1.11), HO ypaoGHee BAOMb Moy k>n y,, K=0, NO3TOMYy MOXHO BO BTOpOI CymMMe BEpPXHWIA mMpegen
OKpYXHocTy pagmyca R>K [16]. YMMMPOBAHUS CAeNaTb PaBHbIM co. [anee 0603HaYMM M-K=T 1 NOMy4nM
[na  curHanos, abconMOTHOE — 3HaueHwe
KOTOpbIX y6biBaeT BO BpeMeHW, K<1, noatomy B f(z) = x i, X2~*yz-m
KauyeCcTBe KOHTYpa UHTErPUPOBaHUA MOXHO MCMOMb30BaTb  MHTErpuMpoBaHns npu HUOKHUT IDERE T --K MOSKHO 3a|:né:|KvTJTb Hal =0, TaK KaK [pu T<0 BCe VT—0
OKPYXXHOCTb paguyca R=I. BbIUMC/IEHUN 06paTHOro PEA ' P yT=s.
Z-npeo6pasosaHis 1 pesynbTate NOAYUUM
CsoiicTBa z-NpeobpasoBaHUs Fz) =1, . .
[na z-npeobpa3oBaHus CMpaBef/MBbl HEKOTOPbIE TEOPEMbI, aHa/IOMMYHbIE™ 1>0.
TeopemMaM O CMeKTpax HerpepbIBHbIX CUTHaN0B. [NaBHas U3 HWX - TeopeMa O F(2) =X(2)Y(2). (1-15)

CBEPTKE. BbipaxkeHue (1.15) aHanormyHo dopmyrie, OnKChIBatoLLel TeopeMy 0 CBepTKe
Teopema 0 CBepTKe in 06bIYHbIX HEMpPepbIBHbIX CUrHaMoB. TakMM 06pa3oM? CBepTKa CUIHaloB BO
B Teopui HenpepbIBHbIX CUrHAN0B 3Ta TeopemMa (hopMyNMPYeTCs CleayoWuM BpeMeHHOI 061acTh 3KBMBaIEHTHa YMHOXEHUIO z-06pa3os B z-06nacTu [1].

o6paszom [24]. MycTb 3aaaHbl 4Ba HenpepbIBHbIX curHana X(t) Ky ft) n nx ceeptka:
Teopema 0 3ana3ablBaHNN

/(0 :(%VT)y(t' X)dngjx(t' Xjytxjdx. CaBUHEM [AUCKPeTHbIA curHan x(NT) No BpeMeHW Ha BenWyWHy neproja
VSLLINPEHWS T. MonyuuBLLMiACS HOBbII CUrHan y{nr)
Torpa crnekTpasibHas NAOTHOCTb CBEPTKM S/(a) CBsizaHa CO CMEeKTpasbHbIMU .
mitoH ¢ X(NT) NpOCTbIM COOTHOLLIEHNEM
NNoTHOCTAMM Sx (at) n Sy(co) curHanos X(t) ny(t) COOTHOLLEHMEM y(nT) =x(nT - T).
27
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MycTb U3BeCTHO z-NpeobpaszoBaHme curHanax(nT)\
X(z) =£x(nT)z-\
120]
Haingem z-npeobpasoBaHue curHana y{nT):

Y(2)=%y(nT)z- =xx(nT-T)z- =xx(mT)z">»=z"X(z).
n=0 n=0 =0
Takum 06pa3oM, 3anasfblBaHue [AUCKPETHOrO CUrHana Ha OAWH 3feMeH

COOTBETCTBYET YMHOXEHWIO Z-Npeobpa3oBaHns Ha z"1 [24].

Mpuwmep.
PaccmMOTpUM  OUCKPETHYHO CBEPTKY [ABYX MPOCTbIX CUrHAIOB:

MMetoLLero ABa HeHynesbix otcueta [x(0)=1 u x(T)=1] n yk=y(KT), cocTtosiiero!

gipimioro npeo6pasoBaHus ®ypbe [1,14]
Xa(t) =+*\S(j<o)ej(otdco .
2n0

UTobbl NepeiiTi K AUCKPEeTHOMY Mpeobpa3oBaHnio dypbe (AMP), 3HaueHus
)K'KTpa HY>XHO BBIYMCAATb HE ANS BCEX 3HAYEHWIA YacTOTbl, a ANS AMCKPETHbIX

||6opouHbIX) [16]:

0= niﬂ =m2,
T
|oe TO- Bpems uMnysbea.
u B %@ plfdfe nmonyunm OKOHuaTeNbHYHO QOpMYyny AN AUCKPETHOro
xt =x(* * 1 ||H,06pa30BaHnsa dypbe
iV _1

3 Tpex otcyeToB [y(0)=2 ; y(T)=2 u y(2T)=2]. HenocpeAcTBeHHbI/i MoAcHeT Mo S(n0.)=T £ f(kT)e~jnknT
thopmyne (1.13) NpuBOAUT K CNeAyHOLEeMY pe3ynbTaTy: k=0
£(0) =x(0)y(0)=2; I
f(T) =x(T)y(0) +x(0)y(T)=4; N-1 -jink 2" (1.17)
£(2T) =x(T)y(T) +x(0)y(2T) = 4; S(n)=TE fkT)e N '
f(3T)=x(T)y(2T)=2; O6paTHOe AVUCKPETHOE npeobpasoBaHne Pypbe
f(4T)=0.
CurHan f(nT) asnsietca ceepTkoii X(KT) un y(KT). N2' 1 ink 2n
Haingem z-npeobpasosaHue curHanos X(KT), y{kT) n f(nT): F(*T)=Y is(nQ)e N (1.18)
X(z) =1+z~1,
Y(2)=2(\+2-142~2), i U k NpUHUMaeT 3HaueHms oT 0 4o IV-1
F(z) =2(\+22 1+22~2 +22-3). , WHorga pnns  ypobcTBa  3ammcu,  UCMOMb3ys  CBOWCTBO — MEPUOAUYHOCTY
MepeMHOKMB  BoipakeHus ans X(2) W Y(2), HeTDyaHO YBeAuTacA B M1 KPOTHOTO Npeo6pasoBaHust Pypbe, 3aNUCHIBAKOT B BuAe [16]
CcrpasefnMBOCTY BblpaxkeHns (1.15). 1 Mim ink—
f(kT)=— 1 S(nQ> N. (1.19)
‘Cn=0

1.3.3. [nckpeTHoe npeobpa3oBaHue Pypbe 1 ero CBOKCTBa

Mpsimoe npeobpa3oBaHne ®ypbe aHanoroBoro curHana X,,(t) onucbiBaercs
thopmynoii [7,9]:

S(j<o) = **\Xa(t)e-JIm,dt, (1.16)
0]

rae - I'IOI'Iyl—IEHHbIVI CNeKTp, KOTOprVI OMUCLIBAET CUrHan B YaCTOTHOW

0onacTu.

Takum  06pasom,
npeo6pa3oBaHnin Pypbe:

McXofHbIii  CUrHan MOXHO OMpPeAennTb MO ero CrnekTpy C MOMOLLbHO

CMEKTP W CUrHan CBsi3aHbl MeXAy CoGoi mapoii

28

MoXHO YBUAETb, YTO Mpeobpas3oBaHne Pypbe NPeAcTaBNAeT COO0l YaCTHbINA
| vyunia z-npeo6pa3oBaHus:
X(en)y=X(r™ ejote
in ecTb npeobpa3oBaHMe ®Pypbe npeacTaBaseT CcoboN
vKL MCneHHoe Ha eJMHNYHON OKPY)XXHOCTU Z-MA0CKOCTM (Npun z = eJ<at) [24].

(1.20)
Z-Npeo6pasoBaHme,

CBoiicTBa cneKkTpa AVCKPeTHOTo CUrHaa
» CBOilCTBa CreKTpa AMCKPETHOTO CWUrHana CreaytoT U3 CBOWCTB  z-

WpcobpasosaHust.
*  (KItoBHble CBOICTBA CMNEKTPa AUCKPETHOTO CUrHana npmeeaeHbl B Tabn. 1.3.
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Tabnuua 1.3.
OCHOBHbIE CBOWCTBa CNEKTPa ANCKPETHOIO CUrHana

CsoIcTBO MocnegoBaTenbHOCTb CnekTp
JvHeliHoCTb an, +azy, are-T2"N)+a2y(e-2")
Cpasur X e-j2nfin X(e>2")
CeépTka
X(e-2")H (e ™)
MepeMHOXeHWe M,
°J X(ej2nB)D(eJ2n(f~B))(Ne
-0.5
. CnekTp fBSETCA NepUoANYECKO'(YHKLMER Mo YacToTe C NepuogomM,

paBHbIM YacToTe AMCKpeTu3aumm <ac = 24 /T. 310 cnegyet wu3  (1.16),
nockonbKy exp(jtoT) = exp[j(co+k2a/T)], k=0,+1,+2....

. Mogynb 1 aprymeHT CrnekTpa Takke SBAATCA MepuoguyecKumm
(DYHKUMAMU C TEM XXe neprogom [4].

. [N BelLecTBEHHOr0 CUrHana Moay/b CnekTpa — YeTHas yHKUmMA, a
apryMeHT — HeyeTHas (DYHKLUS:

X (eJmth = X (e T (121)

arg X (eJmt) = —arg X(e~i<ot. (1.22)
310 cnegyetr u3 (1.16) nocne nogcTaHoBku exp(jcoT) = cos(coT) +
jsin(oaT) n exp(-jcoT) = cos(ioT) - jsin(<nT).

CBsi3b Me>K/ly aHa/IOr0BbIM W AVMCKPETHBIM CUTHA/IOM
LMCKpeTHbIA cuMrHan npeAcTaBnsieT co6oit mocnefoBaTenbHOCTb BbIGOPOK
aHaIoroBOro CUrHasa ¢ UHTepBasioM AuckpeTusauumn T [16].
COOTHOLLIEHWE, YCTaHAB/IMBAIOLLEE CBA3b MEXY CMEKTPaMy aHasoroBoro U
AVCKPETHOTO CUTHAMOB, UMEeT BUA

1 ™
S(ha>)=— Y Xa[j(()+m(aD) ]t (i.23)
¢ m~—e0
rae (oc =24/T.

WHbIMM  cnoBamu, CMEKTP [OUCKPETHOTO curHana (C TOYHOCTBIO [0
MOCTOSIHHOTO MHOXMTEeNs 1/T) paBeH CyMMe CMeKTPOB MCXOAHOr0 aHaoroBoro
CWUTHaNa, CMELLEHHbIX APYr OTHOCUTENIbHO Apyra Ha BCe BO3MOXHbIE 3HAYeHust
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OrpaH/MyeHVeM UHTepPBa/a HabMOAEHUS aHaNM3UpPyemoro curHana [45]. O6bIYHO 3TO
MOAENMPYETCS  MpyM NOMOWW  MPSIMOYTOfibHOW ~ BecOBOM  (oyHKUMM  ax(f)-
MPSMOYro/fbHOro OkHa. ycTb curHan x(t) onpefeneH Ha WHTepBane re(-ooja>) W
XapaktepusyeTcs npeobpasoBaHvem Pypbe A(ja>). Ecnm Bpems HabnopeHus
OrpaHNYEHO NPOMEXYTKOM <e(-772;772), TO (PaKTUYECKM HabNIOAAETCa CUTHa
«()=*()a>(). Mepexoh K KOHeEYHOMY WHTepBasly T MpPUBOAWUT K CBEPTKE
npeobpas3oBaHus Pypbe UCXOAHOMO curHana X(t) 6ecKOHeYHON A/INHbLI C (hYHKLMEN
anga  sinex =(sinX)/X. BcnegctBue 3TOro cnektp curHana X(t) oOkasblBaeTcs
NCK&KEHHbIM, YTO CHWXAaeT TOYHOCTb M3MEPEHUS U MPUBOAMT K MOrPELLHOCTSM 3a
BET  C/MAHUA  3HEPTUiA  COCEAHWMX TapMOHMK — aHa/M3UPyeMoro  CUrHana,
nonagatoLLero B nonocy yHKUMK sinc(«772) [13,14].

Takvm 06pa3oM, OLEHKW CMEKTPabHOM MAOTHOCTW ClyyvaiiHOro npoLecca,
MOMTy4eHHOr0 Ha OCHOBE aHa/M3a BbIGOPOYHLIX MEPUOAOrpaMM, He SBMSKOTCS
[OCTOBEpHbIMW.  [M03TOMYy /11 AOCTMXKEHWS!  SPEKTUBHOCTM  OLEHMBaHWA
MPUMEHSIIOT Pas/IMuHble METOZAbl CIIaXUBaHUSA C MOMOLLBK BECOBLIX (DYHKLMIA No

thopmyne
G.(f)= ZW(hAf)Gx (f-hAt)= £Gx (hAt)W(f-hAf), (1-38)
X —

h=-00 h=-co
ige G.(/) - crnaxeHHast OUeHKa CMEKTPa/bHOM MAOTHOCTM Kak thyHKumn; W(F) -
X
®

yeTHas (PyHKums, obnagatowas csoiicteom  ~WThAf) =\ 1n Ha3sbiBaemas

CMEKTPa/ibHbIM  OKHOM, COOTBETCTBYIOLLIEE €My KOPPEeSSILMOHHOE OKHO  <Y(T)
HaxoAuTCA C MOMOLLbIO 06paTHOro npeobpasoBaHus Pypbe [86].

CyLUEeCTBYIOT pas/iNyHble TWMbl CNEKTPabHbIX OKOH. Tak, MpsiMOyrofbHoe
VKHO MPUHMAET Kak MONOXWTENbHbIE, TaK U OTpuLaTebHble 3HaueHus (puc. 1.15, a)
V1 MpeACTaBnseT coboii ToMbKO rpyboe NpubMmKeHNe K UaeanbHOMY Y3KONOIOCHOMY
(UILTPY C NPAMOYTONbHBLIMU (DPOHTaMMU.

Puc. 1.15. CneKTpa/ibHble XapaKTePUCTUKM NPSIMOYTO/IbHOIO OKHa ()
1 okHa bapTneTTa (6)
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Bbl6pocoB (puc.1.15, 6). B vactHocTm gna”~08"10 MYHKULLD ®3 oTpuuatebHbI*W roThl, KPaTHbIE YacTOTe ANCKPETM3aALMK, T. €. Ha 3Ha4YeHns NKon, T= 0,+1,+2...

KOPpensLMOHHan XxapaKTepucTrka UMeeT cnegytowmiitendO OKHa "OKHD ~aPTneTTa CooTHoleHne (1.23) nonyyaetcs nytem Bbluncnenns (1.16) gng | = 0T,
fow B/ 1]'mucm uHTerpan ¢ 6ecKoHeYHbIMM npesesiaMy 3aMeHseTcs 6eCKOHEYHOM CyMMON
a(m)= 1_ " (1 19»1lerpanoB Ha MHTepBanax BenMUMHON 2n/T [24].
"N CneKTp BeLeCcTBEHHOr0 CUrHana NosIHOCTLI0 OMMCLIBAETCA B OCHOBHOM MO-
OueHka Joee yactot [0, /,,/2]. CocTaBnsitoLme CnekTpa, pacrnofioXXeHHbIe B 3TOI Monoce
NpUHUMaET BUg, LLIveroT, Ha3bIBalOT OCHOBHbLIM CMEKTPOM.

o Benn aHanoroBblii CUrHa! UMEET QUMHUTHBIA CMEKTpP, T. €. TakoW, 4YTO ero

G (/) -1 .V.V'(J/\rf J (L 40i sBnawowme paBHbl Hyn npu |/| >/ T,,, Npuuem

X njti  nLAt

o 1 N -
ripeaenserca no * MY Yuactky peanusalui, nony4aroLiemces .U.GHEHV'G-F]IL Kak cnegyeT u3 (1.23), cne&rppagvfgl)(p{e%ﬁoro CUrHana B OCHOBHOW ngngé%

eanu3aumm x(t) Ha N paBHbIX YacTell ¢ YNCNOMK _
P 4 ( ) P TCYETOB L—T/(I/IA/) . Unk 10T NPUMeT BUL,
OueHka @ (/), nonyyeHHass TakMm 06pa3oM, He npUBOAMT K]

X(eda,)=xXa(jv). (1.25)
OTpVLAaTENbHLIM 3HaYeHUsM. OAHAKO CMeKTPalbHOE OKHO MMEET OTHOCMTE/bHA
60/blUe 6GOKOBbIE MAKCUMYMbI, 4YTO BbISIBNSET JIOKHbIE TAPMOHWMKM  pW Ecnn rpaHnyHas yactoTa CrekTpa He yAoBneTBopseT ycnosuto (1.24), To
WCCNENOBAHNN CUTHANA AbIXaHnA nauneHTa. [>M HHCKpPETM3aUMM MPOUCXOAUT HalIOXKEHWE CreKTPoB [1].
Mostomy npu 06paboTKe CUrHaNOB Ba3n|/|qu|x npubopoB U cucTe] Ona  wnniocTpaumyM  MpUMEHUM  JUCKPeTHOoe npeobpasoBaHue ®ypbe K
PEKOMEHYeTCS 1CMO/b30BaTh OKHO XeMMuHra [20]: M1 KPCTU3MPOBAHHOMY ~ TPEYrOlbHOMY — MMMY/bCY,  OMWCHLIBAEMOMY  MATbIO
MbIrFOPOYHbIMW 3HAYEHUAMMU:
a(T) = [0:54 +0:46 cos npu [T|<TE/ f(0) =Lf(xT) =1 2; f(x2T) =0. (1.26)
R (141 1loAcTaBUMM 3TO BbIpaXKeHUE AWUCKPETHOMO CUrHana B OpMysy AUCKPETHOMO
npu - [1]> xL |1 nOpasoBaHus Pypee (1.17)
AanHeit TMn OKHa o6ecneqm3aeT9;€§TmH€ 3HadUTeMRhbix  Gokosb S(NQ.)=M1+1 T = T(1+cos n—),
akcumymoB (puc. 1.16) u 06nagaeT cpaBHUTELHOW MPOCTOTOW 2
Enl,4,1|%%|. BblYMC/IEH
n(f) Inu<yna
5(0) =2T; S(x£1) =T; S(+20.) =0, (1.27)
lge Y -2n/Tc=n/(2T).
[ns cpaBHeHWst HaliileM CMEKTPabHYHO MIOTHOCTb WCXOLHOTO TPEYrosbHOro
UMMYNbCa:
(©T. \2
B _ o Sin~ (T 1.98
sfC =\ e 2T (<oTf - (1.28)
UMM
Puc. 1.16. CnekTpasibHas XapakTepucTKa OKHa XeMMUHra. Sf (0) =2T; Sf (a) =0.831IT; Sf (2Q>=0.

. 6 6 J1erko yBuaeTb, UTO AUCKPETHBIA CMEKTP HETOUHO OMKCHLIBAET CMEKTPa/bHYIO
OCHOBOW Ans MO/y4eHusi JOCTOBEPHOTO CMeKTpa Mnpu paboTte MpueOpoB hl .. .. rocr TPeyronbHoOro uMnynbca [16]. 3HadeHns S(+Q) HECKOMbKO OTNMYAKTCA

CUCTEM SBSETCA pauMoHanbHas MeToamka LudpoBoii 06paboTkn curHana. Beibop bl o EA(+£2
ONTUMa/bHOW  YacTOThbl  AMCKPETM3aLnK, HEoBXOAMMON  MPOAO/KUTENLHOCTU i 1UOTBETCTBYIOLLIAX SHAHEHUI CNEKTPA TREYrONLHOrO UMY ICaS"(+£2).
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Tenepb MOACTaBMM [AWCKPETHblE 3HAYEHWS CreKTpa
06paTHOro0 ANCKPETHOro npeobpasosaHnsa dypoe (1.18):

NkT) =1 £\S(na)e” =W \+cos«]|j (1.29j
0TKyAa

/(0)=1:/(£) =1/2;/(x2T) =0.

HecMOTps Ha OT/MUME 3HAYeHWi [UCKPETHOTO CreKTpa OT 3HauyeHus
MONMyYeHHbIi pe3ynbTaT MOMHOCTbIO COBMagaeT C  (hopMyoii

HenpepbIBHOTO,
MCXOJHOT0 ANCKPETHOO CUTHaa.

PacCcMOTpeHHbI MpUMep MOKasbIBaeT,
®ypbe He BCerga TOYHO OMUCHIBAET MCXOAHbLIA HEeMpepbIBHbIA CUrHaI, nofo6Lu
TOMY KaK AMCKPETU3MPOBaHHbI/ CUTHA/I He BCErja TOYHO OMMUCbIBAET WCXOAHbM
HenpepbIBHbIA curHan. OfHako CBA3b MEXAY [AWUCKPETHbIM CUrHaMoOM 1 er<
OVCKPETHBIM Npeobpa3oBaHMeM ®ypbe Bcerfa HOCUT B3aUMHO OfHO3HAYHbI
XapakTtep, U (opMy/bl NPSMOro M 0bpaTHOro npeobpasoBaHuii dypbe ABASKOTC)
CTPOrMMU NpU IIO60M UmMC/e AUCKPETHBIX 3HAYeHWIA. Mo3ToMy annapaT AUCKPETHbI]
npeobpasoBaHWii Pypbe MMEET CaMOCTOATENIbHOE 3HayYeHWe U MOXeT ObIT
MPUMEHEH K NIH06bIM YMCIOBLIM MOCEA0BATE/ILHOCTAM [24].

B 3ToM cnyyae (hopMy bl AUCKPETHOTO Npeo6pasoBaHust Pypbe A0MKHbI ObIT]
HECKO/bKO M3MeHEHbl, TaK KaK 1 abCTPakTHOM YKCNOBOW NOCNeA0BaTENbHOCH
3HaueHUs WHTepBasa AUCKpeTu3auuMn T U AAUTENBLHOCTM CUrHana Tc He VMERo:
cMbicna. Moatomy KoaduumeHT T nepes cymmoit B hopmyne (3.4) onyckatot, TQ1
3aMeHsIOT Ha N, OTCUEeTHbIe 3HauYeHWsi CUTHana U cnekTpa obosHavaroT vepes fk u

Sn 1 hopMmyny AMCKPETHOro Npeo6pa3oBaHiis Pypbe 3annChbiBaloT B BUE:

. N-1 -jnk~
Sn=2Z f ke N (n=01...N-1). (1.30)
k=0
Mpwn aToM 06paTHOE AUCKPETHOe NpeobpasoBaHue Pypbe UMeET BUL
IN-1. jnk2~
fk=TIl.Sne N f«=0,...N-I). (1.31)
N k=0
3HaueHnsi S,,, BblUWCNEHHble no ¢opmyne (1.30), oTaAuualoTCa  OT
BbIOOPOYHbLIX 3HaYeHuWii cnektpa S/ (uLl) HenpepbiBHOro KonebaHus /(/) B T pas
[ns  onpegeneHnss BbIGOPOYHBIX 3HAYEHWI S/(«Q) Hago 3HayeHus S,\
BblUMC/IEHHble N0  ¢opmyne (1.31), YMHOXWUTb Ha BEAUYMHY WHTepBanr
[OMCKpeTM3aLmMm Nno BpeMeHU T:
Sf(nil)-T Sn-
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B BblpaXXeHne n[ns

uTo [AMCKpeTHoe npeo6pasoBaHiie

Mokaxem, 4To npeobpasosaHus (1.30), (1.31) saBnAOTCA B3aMHO 06paTHLIMY.

JH/ 3TOro Bo3bMeM Mpoun3BO/bHYIO YMC/IOBYIO MOC/NeL0BaTe/lbHOCTb fk,c NnomMoLlbO

MK KPETHOro npeob6pasoBaHus dypbe (1.30) Hailgem nocnegoBaTeNbHOCTL S, U

NPUMEHNM K Heli 06paTHOe AMCKpeTHoe npeobpasoBaHue ®ypobe (4.12) [22].
MonyumBLLYIOCS NMpW 3TOM MOCAeL0BaTeNIbHOCTb 0603HAYUM gp

1 M-1A-l -jnk— jnl~—
x fke Ne »
N n=0k=0

MoMeHsieM MOPSLOK CyMMUPOBaHWS Y HECKONbKO NpeobpasyemM 3To
BbIpaXeHMe:
IN-1 N-1jn(l-k)2n
2/=T(X N Xe N
n=0 4=0
BHyTpeHHss cymMMa BblpaxkeHus (4.13) paBHa Hynto, ecim 17k, n paBHa N,
-min 1=« CnepfoBaTenbHO, g; =/~npu 1=K, T.e. YNCMOBbIE MOCNEA0BATENLHOCTY g, U
/, coBnagaloT apyr c¢ gpyrom [1]. Takum 06pasom, npu nocnefoBaTeslbHOM
npUMeHeHUW K IH0BOIA 4MCNOBOW MOCNefOBaTeNbHOCTUM MPSMOr0 U 06paTHOro
MHKPETHOro  npeobpasoBaHus  Pypbe nonyyaloT B pe3ynbrate Ty ke
WeHeA0BaTeIbHOCTb.

(1-32)

1.3.4. Peanu3aums anropmutma GbICTPOro npeo6pasoBaHus dypbe

HepocTtaTkoM AMCKpeTHOro npeobpasoBaHuss ®ypbe ABNsSeTC 60MbLIOE
PO TUECTBO MaTEMATUYECKUX OrMepaumid, KOTopble Heo6X0AVMMO MPOU3BECTM MpU
npumeHeHun opmynbl (1.17). Ecam uncno cteneHeld cBob6oabl curHana paBHo N, To
ipin pacyeTa Mo (opMynam AMCKPETHOro npeobpasoBaHus ®ypbe HE06X0AUMO
BbINO/HUTE N2 yMHOXeHWA U N2CNOXEeHUA KOMMAEKCHbIX 4mMcen -  BCEro
'N apudmeTndeckux onepauunid. Mpu 6onbwioM N Takas 06paboTka CUrHaIoB
HKa (bIBaeTCS CAMLLKOM TPyAoeMKoiA [1,13].

[ns  obneryeHus BbIYWUCNEHWS  AUCKPETHOro npeobpasoBaHus  Pypbe
MPUMEHAIOT CreLnabHbIe anropuTMbl, KOTOPbIE MO3BOIAIOT BO MHOTO pa3 CoKpPaTUTh
hi¥.cm HEoGXOAMMbIX BbIUMCIEHWA. Takue anropuTMbl HasblBAHOT GblCTPbIM
npeobpaszoBaHnem dypsbe.

CyLLeCTBYET HECKOMbKO Pas/iMuHbIX aropuTMOB GbICTPOro npeobpasoBaHWs
®ypbe. Kaxablil U3 HUX NPUMEHSIOT B OMNPeAENeHHON CUTYalUmMn B 3aBUCMMOCTY OT
[0, Ha KakMe MHOXWTENIM MOXET ObITb Pa3fioKEHO UMCNO cTeneHein cBo6ogbl N.
Haunbonee nNpocTble anropuTMbl MOAYYarOTCs, eCiM NABASETCA CTEMEeHbIO yucna 2.
I'mcMOTpUM OAMH M3 TakMX aIropuTMOB, OCHOBAHHbLIA Ha TakK Ha3blBaeMOM
NpopeXmBaHnn No BpemeHn [4,9].

MycTb TpebyeTcs BbIMUCINTL AMCKPETHOE MpeobpasoBaHuie Pypbe YMCNOBON

nocnenosaresibHOCTU ft:
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Fn=11 YgkW2nk +hkW(2k+X)n] =

- jnk2? 33
N = * _ K~° 1.
o N N2 yil (33
= Z gkfv2nk *Wn £ = hkW2n =Gn+WnHn.
MockoMbKy — 4ucno OTCUETOB  CUrHania N ueTHoe, NcxXoaunyto| k=0 *=0

nocnegosatenbHoOCTh ft MOXHO pa3buTh Ha ABe: g,, B KOTOpyto BoiayT Bce /,(

YETHbIMM HOMepaMK, U M} B KOTOPYHO BolayT Bce ft ¢ HeueTHbIMM HOMepamMu (puc
1.12), TaK uT0

Takum 06pa3oM, 3HauYeHUst Fn MOXHO BbIYMCAIUTL MO U3BECTHLIM 3HAYEHUAM
| ( 1 Hn. OgHako ¢opmyna (1.33) cnpaBefivea ToNbko A N<N/2 -1, noatomy
|r n HN He onpeaeneHbl Ana 60nbWNX 3HaveHnin n. Ana n> N/ 2 3HaveHus Fm
MOXHO  BbIMUCIUTb,  WCMOMb3yS  CBOWCTBO  MEPUOAMYHOCTM  [UCKPETHOrO
thcobpasoBaHms Pypbe [16]:

Fn~Gn-N/2 +w"Hn-N/2- (1-33)
an YunutbiBad, 4yto W'=W'~-N2 mW"2= NnonyynMM  OKOHYaTesNbHYHo
G = N |/2-18 J Nm IoH yeTHyt0 (hopmyny ans F npu n> N/2:

T o K€ Fn=Gn-N/2-W n-N/2Hn_N/2. (1.34)
N2l -jkn 45 MpoLecc BbIMUCMEHNS AUCKPETHOrO MpeobpasoBaHus ®ypbe no opmynam
= 1 hke 5 (%,13), (1.34) cxemaTmueckn n3obpaxkeH Ha puc.1.13 ¢ NOMOLLBH0 HampaBIeHHOro
k=0 inManbHoro rpaga. 3aecb Kaxaoe M3 YMHOXeHUA Ha W' npefcTaBfieHbl B BUAE
Lb rpenkn, MOof KOTOPO 3anmMcaH COOTBETCTBYHOLIMIA MHOXUTENb [16]. Kpyxouku
M MaTWUYECKMN U300PaXKAIOT CNOXKEHUE (BbIYMTAHUE), MPUYEM IMHKS, OTX0AsLas OT

1w KPY)KOUKOB BMpaBO BBEPX, COOTBETCTBYET CyMMe, a OTXOAsllas BrMpaBO BHU3 -
PULIOCTM ABYX 3HAUYeHWi, MOABOAMMBIX K KPYXKOUKY cnieBa. Hanpumep, cymma

nwyeHniA G2 v H2W 2 paBHa F2, pa3HOCTb 3TUX 3Ha4yeHnini— F6.

gi=fn; » =f2Ma=o0x...,N/2-i). .
MprMeHNM aMCKPeTHoe NpeobpasoBaHie Oypbe K NOCNefoBaTeNbHOCTAM gt W

A,; npu aToMm yutem [9], uTO MocnegoBaTenbHOCTM @, M W cogepxat no N /2
U/IeHOB:

»

SR - ]:———-.[)' I‘

Puc. 1.12. Pa3bueHmne NcxoaHow nocnefoBaTensHOCTH

[ns cokpalyeHms 3anmcy 06o3Haumm W =e~J2n/N . Torga nony4nm

N-1 Yy
Fn=1 fkwnk;
bl O
Y21 [IBYMSl UEThIPEXTOUEYUHBIMM
<= | gkw?2
k=0 ~
/21 [N BbluMCNEHWs 3HaUYeHUA Gn U H,HY)XXHO BbINOMHWUTbL f1Ba AWUCKPETHBIX
a,= Ink AoBpa3oBaHna dypbe. OHAKO YMC/IO AMCKPETHBIX 3HAUYEHUI B KaXKAOM U3 9TUX
=0 « DeQOpazoBaHi  OKa3wkIBAaeTCA B JiBa pasa MeHbllle; YeM B UCXOAHOM

Hallieit KOHeYHOI Lienblo SBNSIETCS BblUMCNEHME 3HaUYeHMIA Fn. YunTbiBasi, 4To! npeo6GpasoBaHun dypbe M paBHO N /2. [Mpu 3TOM Ans BbluMcneHus G,

BCE Y/1EHbI NOC/1EA0BATE/NILHOCTU ft npuHagnexart g, nnn h,, MOXXHO 3anucatb
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//,,Heo6x0AMMO BbINOMHUTL MO 2(N/2)r apudmeTnyecknx onepauuii, un ewy|
N +N /2 onepauuii He06X0AMMO MPOM3BECTU B MPOLIECCE pacyeToB 3HaueHUn R
no dqopmynam (1.33), (1.34). Takum o06pa3om, 06LLEe YWUCNO apuUPMeETUYEC;
ornepaumu, Heo6XOAMMbIX A5 BbIMUC/EHUA AUCKPETHOro npeobpasoBaHus Pyp:
oyget paBHo N +3/2 N, uTo npm 60MbWOM N 0Ka3blBAaeTCS 3HAUNTENIBHO MeHbLLE!
4yem Npu BbluMCNEHMU Fnno o6Leit hopmMye AUCKPETHOrO npeobpasoBaHns ®ypm
[4,16]. f

Ecnn uncno cTeneHei ceobofbl curHana N siBASETCA CTeneHbi uucna 2,
yucno N/ 2ToXe ByfeT YeTHbIM. B aTOM cnyyae Ans BblUMCEHUA 3HadeHuin G, |
HremecTo 06Lieint dopmynbl  AUCKPETHOro npeobpasoBaHus  Pypbe  mMoxH<
NPUMEHUTbL ANTOPUTM, aHANIOTUYHBIVA TONIbKO YTO PacCMOTPeHHOMY. Mpu aTom 06LL;
npoLenypa pacyeTa MOXeT 6blTb CXeMaTUYECKM NPeacTaBeHa CUrHaIbHbIM rpadob
npeacTaBneHHbIM Ha puc. 1.14.

e
W2 "' W3 'R
Puc.1.14. 3aMeHa YeTbIPEXTOUEUHbIX AVCKPETHLIX MPeo6pasoBaHuii Pypbe
ABYXTOY€YHbIMU

1.3.5. AMNAUTYAHbIA CAEKTP W CAEKTP MOLLHOCTM

DHeprvsi  HenpepbIBHOTO CUrHafia MOXET ObiTb BbIYMC/IEHA MOCPEACTBOM
VHTErprYpOBaHKst B GECKOHEUHBIX Npejenax Wiu Keagparta BPEMEHHON yHKUMA, Un
KBagpata eé crekTpa. AHaIMTMYECKM  3TO  3amMuChbiBalOT B BUAE TEOPEMbI
Mapcesans [4,9].

AHaNOrMyHoe COOTHOLLEHME MOXHO MOMyYuTb AN AUCKPETHbIX CUTHA/IOB
[9,14]:

36

£ LI FQF (2= B 2(7T),

IN-1 0 N-I 12
frs x2(h)= £ \Cx(k f
A n=0 k=0

Ecim x(t) - dopma HanpsXKeHWs MAM TOKa, a Harpy3ka YMCTO aKTWBHas, TO
MWK 4acTb - CPefHs MOLLHOCTb, paccerBaemas pefyKTOpOM C COMPOTMB/IEHMEM
I Om. Kaxxpgas senuumHa \Cx( k f  npefcTaBnsieT co60i MOLHOCTb, COfepyKalLlytocs
M TapMOHUKe, MWMeLLeli 4acToTy C HomepoM K. CrekTp MouwHoct AMNd
»npogenaetca kak P (K)=\Cx(k)\2,k=0,1,...,N-1. [1,24].

AMNAUTYAHbLIA CNEKTP Nerko onpefenuTb C MOMOLLUBKO CMEKTpa MOLLHOCTY
. Irgytowimm obpasom:

A(K) =\Cx{k)\, k=0Q4..N -1

CreKTpa, OMnpefeneHHble B pesynbTaTe
T0

Ecnv npeacTaBUTb  KOMTMOHEHTb!
X.nonb3oBaHus anroputma BMd® wam AN kak F = FRelc+jFjmfr,
aMMANTYAHbIA CeKTp _

A=A '""Fek(k)+FImk2 (k)-
[Lins 3anaHHOM nocnefoBaTeNbHOCTM (ha30BbIiA CMEKTP OMpesenseTcs:

arctg(+n),XRe =0,XIm> 0
"W (k) =-arctg(-n),XRe <0, X Im =0

arctg(XIM% R k)~Re —0, k-0\..,N 1
V13 BbIpakeHus 41s (ha30BOro CMeKTpa CedyeT , UTo TOUYKM (Da30BOro CreKkTpa

Cx(k
0TO6paXKAOT OpUEHTALMIO (K) & ABYMEPHOM NPOCTPAHCTBE, Kak

nokasaHo Ha puc. 1.14a.

Puc. 1.14a. 'eomeTpuryeckas UHTepnpeTaums (ha3oBoro cnekTpa
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1.3.6. MeTognka u napameTpsl
[O0CTOBEPHOrO crekTpa. CrnaxmsBaHue ¢ NOMOLLBHO BECOBbIX PYHKLMNA

MpyY NPaKTUYECKOM MOYYeHUN HEOBXOANMbIX XapaKTePUCTUK C MOMOLLbHO!

aHafloroBbIX Y LM(POBbIX annapaTypHbIX CPeACcTB HeoOXoAMMO Y4uTbiBaTb psg!
0cobeHHoCTeRn. ITo onpeaenseTca POpMOin NpeacTaBneHns curHana (HernpepbIBHOW!
3a CWUrHanos

AW OUCKPETHOI), BO3MOXHON [A7MTeNbHOCTbIO  HabnogeHus
(KpaTKOBpeMEHHOW WM MPOLO/KUTENbHOM), BPEMEHEM W TOYHOCTbIO aHam
[4,18].

OCHOBOV 15 NOMYYEHUS1 HEMCKAKEHHOrO CMeKTpa AUMCKPETU3MPOBAHHOMO
CUTHa/a SIBNSIETCA BbIOOP OMTUMaIbHOM YacTOThl AMCKpeTU3auMn. Kak M3BECTHO,

06paboTkn curHana Ana nony

" [MHMYEHNEM MHTEpBaNa HabMIOAEHNS aHaNM3MpyeMoro curHana [45]. OBbIYHO 3TO
MOAENMPYETCA  MpM MOMOWM  MPAMOYFOMbHOA  BecoBOW  (pyHKuum  aX(/)-

ueHis
n?,'imo rosbHoro okHa. IMycTb curHan x(t) onpegeneH Ha uHTepBane re(-°0;°0) u

||>nkrepusyetcsa npeo6pasoBaHvem ®Pypbe A(ja>). Ecnm Bpems HabnopeHus
0||<aHM4YeHO NPOMEXYTKOM te (-772;772), TO (DaKTUYECKU HAOMOAAETCA CUrHanN
«() x()a>(t). lNepexoq K KOHEYHOMY WHTepBanly T NPMBOAWUT K CBEpPTKe
M|"-06pa3oBaHust dPypbe UCXOAHOTr0 curHana x(t) 6eCKOHeUHON AnMHbI ¢ DYHKLMER
noau sine X—sinx)/x. BcneacTBMe 3TOro cnekTp curHana X(t) OKasblBaeTcs
W, TOKEHHbIM, YTO CHWXaeT TOYHOCTb M3MepeHust U NPUBOAUT K MOrPeLUHOCTSAM 3a
s\l cavsHMA  3Hepruidi  coCefHMX  FAPMOHUK — aHa/IM3MPYeMOro  CUrHana,
nonagaroLLero B Nosiocy MYHKLUMN sinc(a>r/2) [13,14].
TakyM 06pa3oM, OLEHKM CMEKTPaTbHON NAOTHOCTM CyYaiiHOro mpolecca,

CMEeKTP HEMPepbIBHOTO CUTHasa MOXHO HaiiTi MO CMeKTPY AUCKPETU3MPOBAHHOTO] oHayueHHOro HAa OCHOBE aHaM3a BbIGOPOUHBIX MEPUOLOTPAMM, He SBASIOTCS

CUTrHasna B nosoce i®0/2, ecnu war gnCcKpetTusaumnn no BpemeHu St<wlcom=0.5/m Ly |O|'|€prIMV|. |_|03T0|V|y 4na  JOCTUXeHMs 3¢](heKTVIBHOCTVI OLIeHMBaHUA
4YTO TMONHOCTbKDO COOTBETCTBYET Teopeme KoTenbHnKoBa [13] npaKTVI‘-IE‘CKVI] MPUMEHAIOT pasNnvHble MeTOAbl Cr/iaXKMBaHWA C MOMOLLbIHO BECOBbIX (hyHKU'I/IVI no
NPUHNMaKOT CbOpMyI'IE‘
N/=a/(1.5-2>u. (1.35), A o
YMeHbLLIEeHne ,D'/SHa‘—IVITe}'IbHO 0CcnabnaeT WCKaKEHUS BbICOKOYACTOTHOM GX (f)_ //:(\)Aol(hhf)GX (f- h tl)_ //:Y_&;X (h b tw (f~ W )’ (1_38)

YacTU CMeKTpa, BbI3bIBaEMble HANOXEHWEM 4YacTOT, HO AWNCKPETHble OTCYET
0Ka3bIBAOTCS MPU 3TOM CUMBbHO KOPPENMPOBaHHbIMM, a UX YMC/O0 - GOMbLLNM.

OOHVM M3 OCHOBHbIX MapaMeTPOB, HEOOXOAMMbIX ANs UCCNeaoBaHUs]
CMEKTPOB CUTrHANMOB C [aTUMKOB PasMYHbIX NPUOOPOB M OMOCUCTEM SIBNSIETCS
paspeluarolas CnocobHOCTb aHanmM3a, KoTopas OnpefAensieTcs rnaBHbIM 00Pa3oMm
NPOAO/IKNTENBHOCTBIO HAONOAEHNST (hYHKLMX. Y CNOBMEM pa3nunums AByX 4vacTtoT ft
nfi aBNgeTCA COOTHOLLEHNE

lvr (iX(/) - CrNaXeHHas OLEeHKa CreKTpasibHOW MNOTHOCTU Kak yHKummn; W()) -

0

£ W(hAf)=1 w»n HasbiBaeMas
/z=-00
0, UrPaIbHbIM  OKHOM, COOTBETCTBYHOLLEE €My KOppensumoHHOe OKHO L(T)
WH/MTHC nomoLLbo 06paTHOro npeobpasosaHus dypbe [86].

CyLLECTBYIOT pas/iyHble TUMbl CMNEKTPaIbHbIX OKOH. Tak, MpAMOYrofbHoe

unlit> IMHUMAET KaK NOMOXUTENbHbIE, TaK U OTpULaTeNbHbIe 3Ha4YeHns (puc. 1.15, a)
1 NpeLcTaBnseT coboi TOMbKO rpyboe npubmxeHne K naeanbHOMy Y3KOMO0CHOMY
(M AbIpy C NPSMOYTOMbHBIMU (POHTAMM.

YwHas  (yHKUMS, 0bnafaloLlias CBOWCTBOM

T>\/(f2-fo.
Mpn 3KcnepuMeHTabHOM OMpeAeneHn CNeKTPabHOW MAOTHOCTM MOXKET]
6bITb 1CMOMb30BaHa OLeHKa [14]
x(jaj\2

A (1.36)

SX (<)
N-1
(roe x(j«>) =At £ x(LL)e~"alll - cnekTp AMCKPeTN3MpPOBaHHOI peanm3aumm X(t)),
/=0

KOTOpas IBNSETCS HECTNIAKEHHOA.
Bo MHOIUX cy4as yaobHee paccMaTpuBaTb CMEKTPabHYO NNAOTHOCTb HE B

BUAE (PYHKUMM SX (&) Kpyrosoi 4acTOTbl C pasmepHocTbi |W=T~1, a B BUAe

(hYHKUMM YacToTbl / =@/ 21, BbIPAXKEHHO B repuax, T.e. Kak G x (f) =Sx(2nf) m
HecrnaxeHHas OLeHKa CNeKTPabHOM NNOTHOCTW MPUHUMAET BUf,

5x (f)M(,.37) Puc. 1.15. CnieKTpaibHble XapakTepuUCTUKM NPSMOYTo/IbHOro OKHa (a)
ANAt 1 OkHa BapTnetTa (6)
Tak Kak MOCTOSIHHO BO3HWMKAeT BOMPOC 06 OrpaHWYeHHOM BpPEMEHY
HabnogeHns,  akTyalbHbIM — SIBASETCA  aHaimM3  3dipekTa,  06YCMNOBMEHHOro

39
38



Mo3ToMy >KenaTeNbHO BbiGMpaTb BECOBYID (YHKUMIO 6e3 OTpuuaTtenbHbI®
BblbpocoB (puc.1.15, 6). B yaCTHOCTU ANs TPeyronbHOro okHa (OkHa bapTtnetTa)
KOpPenaLMOHHas XapaKTepucTKa UMEET CneayoLmin BUa;

HaGntoaeHWIA, MeeT GO/bLIOEe 3HAYEHME [S1 MOMYyYEHUS] HEMCKAKEHHbIX OLEHOK
*hi MAMI0B, CHUMAeMbIX C Pa3/IMYHbIX [ATYNKOB. YUeT BUSHUS KOHEYHOCTM
VHTEpBa/ia Hab/loaeHNs NO3BOMSET (C MPUMEHEHWEM BECOBOW (YHKLMM XeMMUHTa)

ero-r"1? m w* i 0-39) MOMy4mTH [OCTOBEPHbBIA CMEKTP C LieNbI0 MOCTPOEHUS BbICOKOTOUHbIX MPYBOPOB W
mu TEL *METEM MEMLIMHCKOrO Ha3HaueHus.
OueHKa NpUHYMAaeT BUA 3AIAHME NS CAMOCTOSATE/IbHOW PABOTbI

(Kaxxablii CTyAEHT BbINOJIHSET CBOW BapuaHT)
1 HaliTu anCKPeTHYH CBepTKY (HEmocpeACTBEHHO M C  MOMOLLbHO

X Mol kL&l (1-40) npeobpazosaHns) curHaios X(KT) My(KT), COCTOALWMX U3 0TcueToB. M306pasuTb
rae xt(J2jf) onpegensercs no i-My yyacTKy peasn3aLim, NoyyatoLieMcs AefeHne]  TTofHbIe CUrHabl Mpe3y s TUPYIOLLMIA.

peann3aLmm X(t) Ha N paBHbIX YacTell ¢ Yncnom otcuetos L= T/UAS). X(0)=1 x(T)=1 X(2T)=1 X(3T)=5 MO=2y(T)=3 y(2T)=4 y(3T)=2;
OueHka G.(/), nNONyYeHHas TakuM 06pasoM, He NPUBOANT x(0)=2 x(T)=3 x(2T)=2 x(3T)=4:  y(0)=2 y(T)=3 y(2T)=4 y(3T)=4;
x(0)=3 x(T)=1 x(2T)=2 x(3T)=3 M0)=2 y(T)=4 y(2T)=4 y(3T)=1
OTpULATENbHBIM  3HAYEeHNAM. OfHaKO CMeKTPanbHoe OKHO VMMEET OTHOCUTENb» x(0)=1 x(T)=2 X(2T)=3 x(3T)=2 Y(0)=1 y(T)=2 y(2T)=3 y(3T)=4:
6ONblIME BGOKOBbIE MaKCUMyMbl, YTO BbIIBNAET JIOXKHbIE TaPMOHUKM )] x(0)=2x(T)=1 x(2T)=1 x(3T)=1 y(0)=2 y(T)=3 y(2T)=4 y(3T)=2
WNCCE0BaHINN CUTHANA AbIXAHNA NaLeHTa. %(0)=2 x(T)=1 x(2T)=2 x(3T)=5  y(0)=4 y(T)=3 y(2T)=4 y(3T)=4:
MosToMy npu 06paboTKe CUrHanoB  PasfNuHbIX MPUGOPOB M cucTe] x(0)=3 x(T)=1 x(2T)=1 x(3T)=4 Y(0)=3 y(T)=3 y(2T)=4 y(3T)=1
PEKOMEH/YeTCA MCNO/b30BaTh OKHO XeMMuHra [20]: %(0)=2 x(T)=3 X(2T)=1 x(3T)=3 Y(0)=3 y(T)=4 y(2T)=4 y(3T)=4
10.54 + 0.46 cos mpu x(0)=3 x(T)=3 x(2T)=2 x(3T)=2 y(0)=3 y(T)=2 y(2T)=1 y(3T)=4
<M=\ ’ xL x(0)=4 x(T)=1 x(2T)=1 x(3T)=1  y(0>=1y(T)=3y(2T)=4y(3T>=1
(1.41) x(0)=4 x(T)=2 x(2T)=3 x(3T>=5  y(0)=1 y(T)=1 y(2T)=3 y(3T)=2
mpt > Y, x(0)=4 x(T)=2 x2T)=3 x(3T)=4  M0)-1 ¥(T)=1 y(2T)=1 y(3T)=4.

[JaHHblll TN OKHa 06ecrneunBaeT OTCYTCTBME 3HAUMTENbHbIX GOKOBbIX! 2. HaiiTu auckpeTHoe npeo6pasosaHune dypbe (AMD) nocneaosaTensHOCTY,

MakcuMymoB (puc. 1.16) u 06n1agaeT CpaBHWUTENbHOW NPOCTOTON BbIYMCNEHWA!  «TyCLIBAEMO CrIEAYIOLLMMU BLIGOPOUHBIMM 3HAYEHNAMM (M306pa3UTh rpatinuecKm
heal MCXOJHYIO NOCNeaoBaTeNbHOCTb MMOAYSb ee ANCKPe THOro NpeobpasoBaHus):

1 x0=1 Xi=2 X2=2 x3=1 7. x0=1 Xi=2 x2=1 x3=3
2. Xo0=2 X|=l X2-1 x31 8. Xo=1 x34 x2=1 x3-4;
3. X0=1 X1=2 x2=1 x3=3 9. x0=2 xi=2 x2=1 x3=1;
4, xX0=4 x,=4 x2=1 x3=1 HO.X0=1 xt=2 x2=2 x3—1;
5. x0=1 Xi=4 x2=4 x3-1 11. X0=1 X]=1 x2=3 x3=1;
6. Xo=l Xi=1Xr=2 x3=2 12. X0=1 Xi=3 x2=3 x3=1;

3AIAHVE 415 NABOPATOPHOW PABOTbI
CnekrpanbHbIil aHanu3 curHanos. OYunLLeHNe CUTHANOB
OT LUYMOB C NOMOLLbIO NpeobpazoBaHus Pypbe
Puc.1.16. CnekTpanbHas XapakTepucTKa OKHa XeMMUHra.
Llens paboTbl:  MccnefoBaHWe CMEKTPOB PasNMYHOrO TWMa CUTHaIoB U

OcHoBOVi Anst Moy4eHs J0CTOBEPHOIO CheKTpa npu paboTe MpuGOPOB K M|»pLUefeHe (MNbTPaUMM  CUABHO 3allyMJIEHHOrO CMrHasia Ha OCHOBE aHanu3a
CUCTEM SIBNISIETCA paLMOHaNbHas MeTOAMKA LMgpoBoli 06paboTkM curHana. Belbop | CK TPasbHbIX KOMMOHEHT

ONTUManbHOM  YacTOTbl  AUCKPETW3ALUMM, HEoBXOAUMOW  MPOAO/IKUTENLHOCTY
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TEOPETNYECKWME CBEAEHNA.
B AMCKpeTHOM npeo6pa3oBaHii Pypbe 3HAUEHUs CMEKTPa BbIUMCISETCS He

ONS BCEX 3HAYeHWA 4acToTbl, a ANA AUCKPeTHbIX =n— =n0. (rge Tc m
Tc
[ANMTENbHOCTb MMMy bCa (CUrHana)).
dopmyna Ans LUCKPETHOro npeobpa3oBaHMs ®dypbe MOXET ObITb 3anucaHa
cnegyoLwmm 06pasom

N-1
S(nQ)=T Y. f(kT)e~JInkCLT.
bio

nnm, ecim cumtatb C1-2n/N

N-1 -jnk~
S(nCl) =T X f(kT)e N.
k=0
AnnapaTt AUCKPETHbIX Mpeobpa3oBaHUli UMeeT CaMOCTOSTENbHOE 3HAYeHue 1
MOXET ObITb MPUMEHEH K IHO6GLIM YMCNOBLIM MOCNEA0BATENLHOCTAM. B 3TOM cryyae
KoathuumeHT T nepen CymMMoil B hopmyne onyckatoT, Tc /T 3ameHsoT Ha N,
OTCYErHble 3HaYeHWst curHana M cnekTpa o6osHayatoT uepes fk u Sn u dopmyny
[VCKPeTHOro npeobpasoBaHnst ®ypbe 3an1chbiBaloT B BUAE
1 A-1 - jnk—
Sn=-ILfke N(n=01 N-1).
N k=0

AMMAUTYAHBIA CNEKTP HAXOAWUTCS MO hopmyne
An = >

CMEKTP MOLLHOCTM HAaXxoAUTCs No dopmMyne

Pa3noxkeHue curHanos B pag Pypbe 6b110 Ha3BaHO CNEeKTPas/ibHbIM aHa/IN30M,
a BOCCO3gaHne CUrHasioB CyMMmMpoBaHWEM rapMOHUK - CNEKTPa/ibHbIM CUHTE30M.

OuuLLEHMEe CUrHana 0T LLUYMOB C MOMOLLIbIO Mpeobpas3oBaHuin dypbe

PUAbTPALMIO CWUMBbHO 3aLlYM/EHHbIX CUTHa/I0B C MOMOLLbLIO [LUCKPETHOrO
npeo6pasoBaHus ®Pypbe MOXHO paccMaTpuMBaTb Kak OfMH U3  METOLOB
MaTeMaTU4eckol 06paboTKM CMOXHBIX CUrHanoB. DakTUYecKW OH SBASETCA
pa3HOBWAHOCTLIO PErpeccum, Korja B kauyecTBe (PYHKUMM Perpeccum BbICTyNaeT pag
dypee.

370 npeobpasoBaHMe OCYLLECTBASET rapMOHUYECKUI aHann3 curHana. CmMbicn
npoueaypbl uabTpauum curHana Ha 6ase NPUMEHeHUs 06pPaTHOro AWMCKPETHOrO
npeo6pa3oBaHua Pypbe 3aKNOYaETCS B BbILENEHUN ONpefeNieHHOW YacTu crnekTpa
curHana u ero obpatHoM npeobpasoBaHUM Dypbe BO BPEMEHHYHO 3aBUCUMOCTb.
dunbTp BbILENAET MWL Te 06/1aCTU YacTOT, KOTOpble 6/IM3KM K FapMOHUYECKUM
COCTaBNAIOWMM WUCXOLHOrO CWUrHana, W ocnabnset (TouHee roBOPs, MPOCTO
OTCEeUBaEeT) Apyrue coCTaBMsoLLME.
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MOPALOK BbIMNO/IHEHVA PABOTDI

1 BKIHOUATb KOMMbIOTEP, BBECTM WMS MO/b30BaTENss U Maposib, OTKPbITh
nporpavmy Mathcad.

2. HaliT cnekTp MOLLHOCTM W aMMAUTYAHbIA CMEKTP CUrHa/I0B, KOTOpbIe
»aaHbl B hainax (z:\signall.txt; z:\signal2.txt). YactoTa gnckpeTtusauymum 1000 Iy,
2.1 [ina 3TOro cuMTaTh JaHHbIe U3 YKa3aHHbIX ()aliioB KOMaHAON YTeHus, B

LUNMCMMOCTU OT Bepcuu nporpammel Mathcad, y4ecTb, UTO KOJIMYECTBO OTCHETOB -
1(1% OT06pa3nTb Ha rpadmke.

(‘inHabl 11 2 n3o6paxkeHbl Ha puc. 1.17

[ |
a 6
Puc. 1.17. VcxofHble curHanbl: a) - curHan 1, 6) curHan 2

2.2. Wcnonb3ys komMaHay 6bICTPOro npeo6pasoBaHus dypbe

I 11(X)5HaiiTM amnanMTYAHbIA CNEeKTp curHana. BoiBecTn Ha rpadmke. Mpu aTom

him JIMHAN YCTaHOBWUTb Stem (pe3y/nbTupyloline rpauku, KOTOpble [OMKHbI
NOMy4YnTbCSs, N300paXkeHbl Ha puc. 1.18).

Puc. 1.18. AMNAUTYAHbIe CNEKTPbI CUTHANOB: &) - CUrHan 1, 6) curHan 2

3. MpoaHanuM3npoBaTb M CPaBHWTL Pe3yNbTaT, Y MepBoro daiina BblaennTb
OCHOBHYIO COCTaB/SItOLLYIO B CMEKTPE, HaliTW 4acToTy, Ha KOTopoli 6bln 3aaaH
VCXOAHbIN cyrHan. CaenaTb BbIBOAbI.
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4. MpoBecTn (GMNbTPaLMIO CUrHana B 4aCTOTHOM 06nacTu. ]
4.1. CuutaTb curHan u3 dpaiina z:\signal2.txt, konmyecTBo oTcyeToB 4098
OTo6pa3unTb ero Ha rpaguke (puc. 1.19).

. X > >

Puc. 1.19. VcxofHblii curHan

4.2. cnonb3ys KoMaHZy npsMoro npeo6pasoBaHus Oypbe

" HANTU KOMMMEKCHbI BEKTOP F 1 aMMiUTYAHbIA CnekTp

(pl/lc. 1.20). BbiBecTn Ha rpadJVIKe. [py 3TOM TUN IMHUKM YCTaHOBUTL Stem.
CocTtas/isiowas
nonesHoro curHana

curHana!

OCHOBHYIO 1 LLIyMOByIOI
no KOTOPOMY  onesnal

4.3. TpoaHanM3npoBaTb pe3ynbTaT, BbIAENNUTb
COCTaBMAOWLYI0 B CMEKTpe M YCTaHOBUTb MOpOr,
COCTaBNAOLLAsA [0/MKHA BbITh BbILLE €r0, a LLYMOBast HUXe.

4.4. HanucaTb nporpaMmHbIi 6/10K (UbTPaLMmn: KaXKablid 31eMEHT
6bITb paBeH F (B 4acTOTHOM 061acTh), €ciM aMnanTyaa CnekTpa Bbille
HY/t0, €C/IN amMNINTYa CNeKTpa HUXKe nopora.

4.5. Hap pesynbTMpytoWmUM BEKTOPOM V - OTAUALTPOBAHHBIA oy yan
YaCcTOTHOW 06n1acTX MPOBECTM 06paTHOe npeobpasoBaHite Pypbe MO | oo, ne
U := iffi(K)

4.6. BbIBECTU MOMyYEHHbIV CUTHAN BO  BPEMEHHO 06/1acTy
C UCXOfHbIM (Ha OfHOM rpadiuke). MpoaHaM3MpPoBaTh PesynbTart.

V [o/mKeH
ropora, u

n CpaBHUTb
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Puc. 1.21. NcxopgHblii curdan (XI1;), oTthunbTpoBaHHIA curHan (U)).

COLEPXAHVE OTYETA
OTyeT 0 nabopaTopHoi paboTe fABNSETCA y4ebHbIM AOKYMEHTOM, KOTOPbIA
M/H'DXUT OCHOBHble CBEfleHWs O BbINOMHEHHOW paboTe. OT4YeT COCTaBNSETCA
{\ LeHTOM VMHAMBMAYANIbHO WU HE3aBMUCKMMO OT TOrO, Kak BbIMO/HEHA nabopaTopHas
M/loru.
()TYéT pOMKEH copepXaTh CreLytoLme MyHKTbI:
1 HasBaHue u Lenb paboTbl.
2. OCHOBHble hopMy/ibl NPSIMOTO 1 06paTHOro Npeobpa3oBaHnii dypbe 1
HUM nageva CMEKTPOB.
. PesynbTupytoLLme BbIBOAbI MO aHaNM3y CNeKTpa CUHYCOMAANBHOIO 1
MPAMOYTO/IbHOTO CUTHAMIOB. BHELUHUI Buf, CMEKTPOB 3TUX CUTHASOB.
4. MeToguka (hnbTpaLmm B 4HaCTOTHON 061aCcTW U OCHOBHbIE Pe3y nbTarbl.
5. BbiBogbl Mo paboTe, 0606LLEHNE 1 OLEHKA pe3yNbTaToB UCCEeA0BaHWIA.
KOHTPO/IbHbIE BOIMPOCHI
I o rpadmkam CKaxuTe, B Kakoi 06/1aCTU HapvcoBaHbl (YHKLUMN -
UK MV HOI NI BPEMEHHO?
2. ins yero Heo6XoAMM Nepexof B YaCTOTHYH0 06/1acTb?
3. B yem 3akntoyvaeTcq METOAUKA (PUNILTPALLIMM B YAaCTOTHON 061acTn?
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2. ULNOPPOBAA dNNBbTPALUNA CUTHANOB,
MONYYEHHbLIX C MPNBEOPOB

2.1. JIMHelHble ANCKPETHbIE CUCTEMbI C MOCTOSHHLIMI NapamMeTpamm
N X CBOICTBA

PaccMOTPUM OAVH KNAcC AUCKPETHBIX CUCTEM — JIMHEWHbIE AUCKPETHbIE
CUCTEMbI C MOCTOSHHLIMW MapameTpaMu. B fanbHeiiem Ans kpaTtkocTu Gygem
HasblBaTb WX SIMHEMHLIMW AMCKPeTHbIMMU cucTemamu (JIAC) wam npocto Auc-
KpeTHbIMu cuctemamu (AC) [16].

NAC ocywecTBnseT npeobpasoBaHMe BXOAHON MOCMEA0BATENIbLHOCTY XM
B BbIXOZHYHO MOC/Ie40BaTENLHOCTb YN N0 ONpeAeieHHOMY anroputmy (puc. 2.1).

Jli'e

Puc. 2.1. iuckpeTHasa cuctema
CsoiicTBa U UCXOAHbIE XapakTepucTvkn 14C

Ona  NAOC cnpasefiMeB  MPUHUMN  CYMeprnosvuun:  ecnm  BXOAHBIM
rnocnefosaTeNlbHOCTAM  Xj ,, U X2, ~ COOTBETCTBYIOT peakuuu (BbIXOAHblE

nocneaoBaTenbHoCcTM) y| ,, M y2,, TO BXOAHOI nocnefoBaTe/IbHOCTM

xn = B\X\ n+ a2x2,n cooTBeTCTBYET peakuns yn = a\yY\>n+ tf2 \2,,(cnegcrene
NIMHEAHOCTN CUCTEMDI).

Ecnn BxofHoOW nocnefoBaTeslbHOCTM XM COOTBETCTBYET peakuus y M, TO
3aflePXXaHHON Ha LI WHTEepBasiOB AMCKPETM3aLMM BXOAHOW MOCnefoBaTe/lbHOCTM
XM-T COOTBETCTBYET peakuus yn T (CMeACTBME MOCTOSHCTBA MapamMeTpoB

cucTembl) [24].
VIMNynbCHOW  XapaKTepucTMKOM g, HasbiBaeTcs peakuus J14C Ha
€AVNHUYHBIA UMMYNLC <§ NPY HYNEBbIX HaYabHbIX YCNoBUSAX (pUC. 2.2).

nac

Puc. 2.2. ImnynbCHas xapakTepucTuka
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MepexodHO XapakTepucTukoii h, HasbiBaeTcs  peakums  JIAC Ha
| MLUMYHBIA CKA4YOK W, MPU HYNEBbIX HauasbHbIX YCMOBUSX (puc. 2.3.).

Puc. 2.3. NMepexogHas xapakTepncTuka

BbixogHas nocnegoBatenbHocTb JIAC npefcTaBnsieT coGoi  CBEPTKY
niofHOI NocneoBaTeIbHOCTM 1 UMMY/LCHOM XapaKTepUCTUKM:

YK :*"8 KXN-K . 0.1.2.... (2.1)

Ons  pokasatensctBa  (2.1) npeAcTaBMM BXOAHOW CWrHan B BuAe
ML HE[JOBAaTENbHOCTW S- YHKLMIA:
co
Xn ~ M1AKXM-K
K=0
3aTem, 1CMob3ys PaCCMOTPEHHbIE BbILIE CBOWCTBA 1 XapaKTEpPUCTUKM
HOC, nomyusm peakumyM CUCTEMbl Ha MOCNEA0BATENIbHOCTb  BO3AENCTBUIA,

Mp1BEEHHbIX B Tabn. 2.1.

Tabnuua 2.1
BxopgHoe Bo3aelicTBue Peakups
8K 8K
8KXn-K 8KXT-K
@® @®
T,8KX,,-K=Xn b EKX,,-K ~ YN
k=0 k=0

[LeicTBnTenbHO, peakumei TMHERHON AUCKPETHON CUCTEMbI HA eAVHUYHBII
mmllynbe 8K, K =0, 1,2,... ABASETCA MMMNY/bCHAs XapaKTepucTuka gt, K

- 0,12, .. . Peakuymeii Ha B3BeLUEHHYI NOCAefoBaTeNnbHOCTL 5jX,, | 6ygert

nocnefoBatenbHOCTb gkx ek [24].
B cooTBeTCTBMM C  MPUHUWMOM  CYNepnosuumMu  peakuuveidn  Ha

00 00
nocnegosatensHocTb  L,8kxn-k 6yaeT nocnegosatenbHocTe Hgkxn-k m
k=0 k=0
00
MockonbKy B cooTBeTCTBUM C (1.7) nocnegoBaTenbHOCTb ecTb
k=0
HYUMOHas MOCNefoBaTe/bHOCTb XM, BbIXO4HAA  MOCNELOBATENbHOCTL Y 1
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JINHEHOM AUCKPETHOM cUcTeMbI BYAET ONpPeAensTLCs BbipaxkeHueMm (2.1).

2.2. MeTo[ CKOMb3ALWEro cpefHero.
MprMmep CrnaxmBaHWs CUrHaa C AaTumKa AaBneHus.

OfiHUM 13 CaMbIX MPOCTbIX METOAO0B LM(POBO/ 06paGOTKM, MO3BOASHOLLE
TeM He MeHee, TMOMYYTb  MOJMOXUTENbHbIE PE3y/bTaThl,

CNyYaliHbIX  OTK/IOHEHWIA  TOYeK
npegnonaraeMoro TpeHaa npoLecca.

Hawvbonee pacnpocTpaHeH
COBOKYMHOCTY OKPY>KatOLLWX TOUeK, Np1yem 3Ta onepauys nepemeLLaeTca BLoNb pag!
TOYEK, B CBAA3N C YeM 0ObI4HO Ha3bIBaeTCA CKoMb3ALas cpeaHas [11]. B camom npocto]!
BapuaHTe CriaxuBatollas yHKUWS NMHEAHa 1 CraXMBaoLLas rpynna coCTOUT Wi
npeabiayLLei 1 NOCNeLyOLLEe TOUeK, B 60ee CNOXKHBIX — (QYHKUMA  HenvHeliHas |
1CMonb3yeT rpynny MpOU3BO/LHOMO YACIATOYEK.

CrnaxusaHue Npou3BOAMTCA C NMOMOLLBLI0 MHOIOUY/IEHOB, MPUOAMKAIOLMX K
METOAY  HauMMeHbLUMX  KBadpaToB  rPymnbl  OMbITHbIX  ToueK. Hawmnyuw
CTN@XMBaHWe MOMy4YaeTca Ans  CPegHUX  TOYeK Fpynrbl, NO3TOMY >XenaTtenbl
BbIOMPATb HEUETHOE KOMMUECTBO TOUEK B CrIaXMBaeMoii rpynne. Camu rpymrbl Toue
GepyT Mo coCTaBy CKOMb3ALLMMM MO BCei Tabnuue. Hanprmep, Mo nepebIM TOUKa
YnYo, ¥3, YA Ys CraaxvBatoT CpeaHIo0Y 3, 3aTeM No CregyoLleli natepkey2 ys, y4ys,)
CrNKMBAOT Y* 1 T. f. OcTatolumecs KpaiHWe TOUKM CrIaXMBakoT Mo crneLnanbHbl
thopmynam.

Hanbonee pacnpocTpaHeHHOW (DOPMOWA CrNaKNBaHWS SIBMSETCS IMHEWHOE, T. €.
C UCMO/b30BaHMEM MHOIO4/IeHa NepBoii cTeneHn [25].

Lna crnaxxmBaHus no Tpem Toukam (hopMy/ibl UMEKOT Takol Bug;

psga OT  HEKOTOpOl  rnaaKoi

N) = ~{y~1 + Yo + "+I)’

Y-\ +2y0-y 0\

YH =% (= Y-\ +2y0 +5y+i)

rae yg yA— 3HayeHuUs UCXOAHOW W CrAaXEHHON (YHKUWUA B CpefHel TOUK<

—3Ha4YeHMs1 UCXOOHOW W CrNaXEHHOW (YHKUWIA B NEBO OT cpefHe
TOUKe;y +1,y +1— 3HauYeHMsi MCXOAHON W CrnaxeHHoW (yHKUWA B MNpaBoil O
CpefHeli TouKe.

®opMmynbl AN Y., M yANPUMEHSIOTCS, KaK MpaBUio, TOAbKO Mo Kpas!
VHTEpBaNa.

AHafornyHble (bOpMyﬂbI NMEKTCA ANnA CrnaXmnBaHUA pAaoB Mo NATU TOYKaM:
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ABNSETCA  MeToN
CKOMb3ALLEro cpepHero. [pouedypa CriaxyBaHWs HampagfeHa Ha MWUHUMMW3ALWN
KpWBOIA

Croco6 OCPEeAHEHWS YPOBHS MO HEKOTOpoe

Yo~~{¥Y-2 +Y-1+Yo+J'l +

Y-1=— (4Y-2 +3Y-1+2Y0 + Y \\
Y+l = — (j-i +2N0) +3.1 +4Y2Y
Y-2 ~~NSY-2 +2Y-1+Yo~Y2 )y
YR =~ Y-2+1 +201 + )

Takym 06pa3om, 06X0AWTCA BeCb MacCMB BXOAHOr0 curHana u hopmupyertcs
HbIKO[HOW CraXKEHHbIV CUrHan.

CrnaxueaHue faxe B NPOCTOM /IMHENHOM BapuaHTe SIBMISIETCA BO MHOIMX
I |\ vasix BecbMa 3(h(heKTUBHLIM CPEACTBOM BbISIBIEHMA TPEHAA MPU HAIOXKEHUN Ha
(MMMPUYECKWIA YMCNIOBOI pAf CyYaiiHbIX NMOMEX M OIMOOK M3MepeHns. Ons psaos
W 3HAYMTENIbHOM  amMnAMTY4OW MOMEXM MMEETCA BO3MOXHOCTb MPOBOAUTH
MB>LOKpaTHOE CriaXmBaH1e UCXOAHOM0 YMCNOBOro paga. Yncno nocnegosartesibHbIX
MVK HOB CrNaXKMBaHMS AO/MKHO BblGUpaThLCA B 3aBUCUMOCTYM OT BUAA MCXOAHOIO psija,
hi CTeneHW MpeaAnonaraeMoin ero 3allyM/IeHHOCTU MOMEXOW, OT Lenu, KOTOpyto
npecnefyeT crnaxueaHue. Hago MMeTb Npu 3TOM B BUAY, UTO 3(h(PEKTUBHOCTb 3TOW
npoueaypbl  ObICTPO yMeHbluaeTcs (B 6OMbLUMHCTBE CllyyaeB), TakK 4TO, Kak
MMNMMbIBaEr OMbIT, Lie/1eCO06pa3HO MNOBTOPSATL e 0T OAHOM0 A0 Tpex pa3 [25].

B KayeCTBe HEKOTOPOro OOGBLEKTMBHOIO KpUTEPUSA, MO KOTOPOMY MOXHO
lyini Ib 0 HeLlenecoo6pa3HOCTX NOBTOPHOIO CraaXMBaHWs, BO3MOXHO MCMO/b30BaTh
BhIpaxeHne

Tax{ly,- -»*
I/, — nonoxwurenbHoe 4WCNO, BbIGMPaEMOE M3 COOBPaXKEHUA TOYHOCTU
npeac raBneHns faHHbIX M TOYHOCTM NOCMeyoLWwmX anroputMos o6paboTky; i= 1,2,
» 1L HOMepa TOYeK B UCXOAHON NOC/ef0BaTe/lbHOCTH.
B obwewm Buge opmyna CriaaxvMBaHMs AN CpeAHeil TOYKU CKOMb3ALLEN
IpymHbl M3 m =2p+1 TOYeK MOXET ObITb 3anmncaHa Kak
1 t+p
Ti=t-P
11pv 60MbLLIOM YKCe TOUEK UCXOAHOIO0 pAda 3Ty NpoLesypy MOXHO NPUBECTU
A PEKYPPEHTHOM, UCMOMb3YIOLLEN Kaxabli pa3 npegplayLiee 3Ha4eHUe CriakeHHOro
wpiinitH [11]:

_ yt+p  yt-(p+i)
yE=yELE
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MpuMeHUM faHHbIA MeToZ 06paboTKU K CrNaXWBaHWIO CUMHaNa ¢ AaTumka
faBnexuns (puc.2.4).

Kak BngHo u3 puc. 2.5, 2.6 crnaxunsaHue y>xe no 15 Toukam obecrneymsaeT
KauYeCTBEHHbI/ pe3ynbTaT, U AanbHeiillee yBeIMYEHNE KOMYeCTBa TOUEK MKLUb
npyBegeT K noTepe vHhopmMaumm.

CrnaXeHHbli no 5 toukam, no 10 Toukam, no 15 Toukam

Puc. 2.5. YBennueHHbI (hparMeHT pe3ynbTaTa CriaxmBaHWs MeTOA0M
CKOMb3ALWEero cpegHero no 5,10 u 15 Toukam (ans HarnsgHoCTH rpadmkm
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pacnonoXeHbl nocneposaten bHO)

vic. 2.6. BbIXoaHOI CUTHAN € flaTuvKa AaBNneHus,, NoyyeHHbli B pesynbTtare
06paboTKM METOIOM CKO/b3ALLEr0 CPEAHEro No 15 Toukam

3AIAHUE 119 NABOPATOPHOW PABOTBI
O6paboTKa peasibHOro 3/1eKTPOKAPANOCUTHaNA METOO0M CKO/b3SILLIEr0
cpeaHero
Lenb paboTbl:  MUcCnenoBaTb METOAMKY 06paboTKM METOAOM CKOMb3ALIEr0
| praHero Ha NpUmepe aneKTpoKapanocurHana.

TEOPETUNYECKWE CBEAEHNA

dopMmMpoBaHie HOPMasTLHOW 3IEK T POKaPANOrpaMMbl
dopma KkpuBoli anekTpokapanorpamMmbl (3KIM) nNpu CMHXPOHHOI 3anuncu ¢
|LLMMYHbIX y4acTKoB Tena 6yfeT pasnnuHoii. 3y6ubl wim BonHbl IKI (puc.2.7)
XapaKTepusytoT BeNWYMHY, HanpaBneHue W IoKanusaumio NOTEeHLMaIoB cepaua.
(Bpeskn 3K, Haxopswmecs mMexay 3y6uamu, HasblBalOTCA CErMeHTamMu, a
1M|HsKKM, COCTOALLME U3 CErMeHTa 1 MpueratoLLero 3yblua,—nHTepBanamu.

OpY30HTaNbHbIE YYAaCTKU CErMEHTOB YKa3blBatOT Ha OTCYTCTBME PasHOCTM
TUCHUMANOB Ha MOBepPXHOCTM Tenma. OHM  M306paxaroTcs  M303M1eKTPUYECKON
nuHmeli [6].

3y6Ubl 1 BOMHbI, HanpaBfeHHbIe BEpLUMHON BBEPX OT W303/1EKTPUYECKOl
MAHWKY, Ha3bIBAKOTCA MOMOXKMTENbHLIMM, BHW3 — OTPULATENbHbIMA. BepLumHa
Kaxxaoro 3y6Lia 06pa3oBaHa BOCXOAALLMM 1 HUCXOAALLMM KOJleHaMMU.

Bbicota  (amnanMTyga)  3y6uoB n3mepseTcs B MUIMMETPAX.
MMHVIOMKUTENBHOCTL  CErMEHTOB M MHTEpBa/oB kpuBoi IKIT no ropusoHTanu
TMepseTca B CekyHfgax (4onax  cekyHabl). 3ybubl UMET  6YKBEHHble
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HaMMeHOBaHUs, BBeAEHHble elle itHTXoBeHoM: P, Q, R, S, T, U. 3ybubl Q, R,
paccMaTpuBarOTCs KakK efuHbli Komnnekc QRS. BCsKuMiA NONOXUTENbHbIA 3y6
BXOAALMIA B 3TOT KOMMNJeKC, 0603HaYaloT Kak 3y6el R, 1 ecnv 3aperncTpmpo
HECKO/IbKO MOJIOXMTE/bHLIX 3y6L0B, TO OHM MMEHYHTCA Kak 3ybubl R (npur
o06o3Havatb R', R", R" nT. a.).

3ybuy R npegwectByeT oTpuuaTesibHbi 3y6ey, Q. OTpuuatenbHble 3y6
cnefytoLime 3a NofoXnTenbHbIMKU 3ybuamm R, 0603HavatoTes kak S', S", S" u .,
Ha 9KI 3y6eL, Q Bcerga oTpuuaTeNibHblii U MOXET 6bITb TObKO OAMUH, 3y6Lbl R
TOMbKO MONOXWTENbHble, a 3ybel, S — Bcerga oTpuuatensHblid [8]. Ana o6
3HaueHUs 3y6L0B, MEIOLLMX Masble aMMUTY/pl, MPUHATO UCMOMb30BaTb CTPOUHbIE
6YyKBbI Q, I, S. 3y6ubl P, T 1 U MOryT 6bITb NONOXKUTENbHBIMK, OTPULATENbHBIMY |
OByxasHbiMu.  BenmuumHa ¥ HanpaeneHuwe 3y6LOB  3aBUCAT OT  BEKTOP
MOTEHLMAN0B MpPasbIX Y N1EBbIX OTAENOB Cepaua.

PaznuyatoT cermeHTbl: PQ, ST u TP, uHTepBanbl: P — Q, COCTOALMIA 1
cermeHTa PQ 1 3y6ua P; S— T, cocToswmin u3 cermeHta ST 1 3ybua T; NHTepB~
QT n3mepsieTcs OT Havana 3y6ua P ao koHua 3ybua T.

3ybel, P BO3HWMKAeT NpU pacrnpocTpaHeHUW BO36YXKAEHUS M0 MUOKap
npeacepauid. MoaToMy OH HasblBaeTcs npeacepiHbIM 3youom K. BosbyxaeHu
[BVDKETCA OT CUHYCOBOTO K aTPUOBEHTPUKYNSPHOMY Y3ny. [NpaBoe npeacepave, ra
HaXOAUTCA CWMHYCOBbIA Y3e/, HauMHaeT W 3aKaH4uBaeT BO36YXxaeHue Ha 0,01
paHblue nesoro. OAHAKo 3Ta pasHMUa Ha 3anucu 3ybua P He oTpaxaertcs
Bos6yxaeHne npeacepanii npMepHo Ha 0,05 ¢ npefLecTByeT UX COKpalleHuo. B
HOpPMasbHbIX YCNOBUAX 3y6el, P umeeT OKpyrnyt ¢opmy, AUTENbHOCTL ero He
npesbiwaeT 0,10 — 0,11 cn amnamTyga — 2—2,5 mm [6].

WHTepBan P — Q u3MepsieTca OT Hayana 3ybua P fo Havana 3ybua Q,
cerMeHT PQ u3mepseTca OT KoHua P o Havanal), npu otcyTtcTBum 3ybua
n3MepeHne Mpou3BOAMTCA [0 Havana 3ybua R. CermeHT PQ COOTBETCTBYe
BPEMEHM PABHOMEPHOrO OXBaTa BO3OYXAEHMEM MWOKapfa npeacepauii 1
MPOBedeHNs  UMMynbca MO aTPUOBEHTPUKYNSPHOMY Y31y,  MpeacepiHo-
XKEeNy[oUYKOBOMY My4Ky, €ro HOXKaM W BOSIOKHam [lypkuHbe. OCHOBHOE Bpems
cerMeHTa PQ 3aHMMaeT 3aflepXkka NpoBeAeHWs UMNYbCa B aTPUOBEHTPUKYNSPHOM
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In "ho BO3HMKaeT BCMEACTBUE TOrO, YTO Y3en paboTaeT No NPUHLMMY CUHAMCa: ero

W hoi CYMMUPYHOT 3HEPrMI0 MMMY/IbCOB MbILLIEYHbLIX BOMOKOH Mpeacepanii, u
LLM.KO MO JOCTVKEHWN HEKOTOPOrO MOpora B KETKax y3/a OTHOCUTENIbHO Mef/1IEHHO
bl MLLCT pa3BMBATLCA BO30YXKAeHWe. Takas 3afepXka MpPoBedeHWs BO36YXAEHWA
MVAICH hm3K0N0rMYecKoin, oHa HeobxoamMa 15 NOCNefoBaTeNbHOr0 COKPaLleHus
..... wia npeacepavii, a 3ateM XenyaoykoB. OTCYTCTBUE 3afepXXKu BO3BYKAEHWS
1|1mBno 6bl K 0AHOBPEMEHHOMY COKPALLIEHWIO 3TUX OTAE/NO0B cepaua, ¥ nepemMeLLeHme
V... 13 npeacepamii B XXeyA04KM CTasio 6bl HEBO3MOXHbIM [6].

CermeHT PQ pacrnofniodeH Ha YpPOBHE W303MEKTPUYECKOA NIMHUM U MMeeT
Inpy toHTaNbHOE HampasneHne 3anucy. JnnTenbHOCTb MHTepBana P— Q B Hopme
.11 0,20c.

Komnnekc QRS ABMSIETCA HaYa/bHOM YacTbiO >Kenya04KOBOro KOMIJIEKCa,
I. lveHT ST 1 3ybeu T — KOHeYHast YacCTb >KeNnyA04KOBOro Kommnnekca. Komnnekc
)KN obpasyetcss B pesynbTaTe BO3GYX[EHUS MWOKapAa >enypaoykos. [lepsoii
MWwbyaaeTcs MexOKenyfoukoBas MNeperopojka, 3aTeM >Kenyfouku. BonHa Bo3-
ihiiiTeH1s No neperopogke [ABWXKETCA CneBa HampasBo, MO >Kenyaoukam — OT
HLLOKapJa K anvkapgy. B pe3ynbTare Takoro pacnpocTpaHeHus BO30OYXAeHWs B
MHUMbIX OTBEEHMUSAX OT CepAua B MOMOCTW IEBOr0 >Kenygouka Komnneke QRS
HWMOT chopmy QS, B NOAOCTY MPABOrO XenyAouka — (opMy S, Ha HapyXXHOI no-
MEPXHOCTU NEBOr0 >kenygouka — (R, Ha HapyHOW MOBEPXHOCTWM NpaBoro
»ITyfo4Ka — rS. 3TN OCHOBHble (hopMbl IKI M0 M30MNOTEHUMANBHBIM JIMHUAM
(puc. 2.8) NnepeparoTCs Ha NOBEPXHOCTL Tena [6,8].

OnvtenbHocTe Komnnekca QRS He pomkHa npesbiwats 0,07 — 0,11 c. B
HOpME AWNTENbHOCTb 3y6bua Q He gomkHa npesbiwatb 0,03 ¢, rnybuHa B
MoMMUMHCTBE OTBELEHWI He JO/MKHA ObITh 60MbLLe A BbICOThI 3ybLa R B TOM Xe

lonageHnn. Bpems oT Hauvana komnnekca QRS [0 BeplwHbl 3y6ua R (ecnn
Iy6HOB R HECKO/bKO, TO [0 BepPLLIMHbI MOC/IEAHEr0) Ha3bIBAeTCA BPeMEHEM BHYTPEHHENO
olbbHeHws. CermeHT ST COOTBETCTBYET TMepuoLy pPaBHOMEPHOIO oOxBara
LUMBYXIEHEM MUOKapaa 060MX >KenyfoukoB. Tak Kak npu 3TOM pasHOCTU
WMKLWILMAIOB HET, TO B HOPMa/IbHbIX YCNOBUAX CermeHT ST pacrnofiaraetcs Ha
,/inane  M303neKTpUYeCKOA NMHMK. [1aTONOrMYECKUM  CUMTAETCA  CMeELLeHue
w1 MeHTa ST Ha 1 MM U 60/blUe OT YPOBHSA U303/1EKTPUYECKON SIMHUW BBEPX UK
nHm | [8].

3y6ey, T COOTBETCTBYET MPOLIECCY BbIXOAA XXENYAOYKOB M3 COCTOSAHMA
NWOYXOeHNs, T.e. npoueccy penonspusaumn. [autensHocTb 3y6ua T He
OnpegenseTcs, ero BbiCOTa B HOPMa/bHbIX YCNOBUAX BapbunpyeT oT 2 40 10 mm. OH
VIMEEr 3aKpyr/neHHYI0 BEpLUMHY, MOMOTY0 BOCXOLALLYIO U KPYTYHO HUCXOZALLYHO
‘Teru.

3y6el, U nHorga pernctpupyetcs B gnactonmyeckom uHtepsane SKI nocne
|y6ua T. Ero npoucxoxieHue CB3bIBAOT C 3anasfblBaHMEM peronspusaluu
hi Lie/IbHbIX YHaCTKOB MUOKapa XenyLoykos. Ero amnantyga coctaBnseTt 2—3 MM.

WHTepBan Q — T YCNOBHO Ha3blBAETCA 3MIEKTPUYECKON CUCTOMON cepAua.
[nutensHocTb ero m3MmepsieTcss OT Havana 3ybua Q (mpu oTcyTcTBMM Q — OT
nrHana 3ybua R) fo KoHua 3y6ua T. [MTeNbHOCTb 3TOrO MHTepBasa 3aBUCUT OT
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yacToTbl PUTMa Cepaua: Yem pUTM yallle, TeM AnnTenbHOCTb Q — T Kopoye. Bec
cepaeUHbI LyKN 3NeKTPUYECKON aKTUBHOCTU PErMCTpUpyeTcs UHTepBaioM R-R.
TuMbl MCKa>KeHWH, BOHUKAIOLLYIX MPU PErncTpaLvn aNeK TpoKapaMocurHam

Mpn peructpaumn SKI BO3MOXHbI WCKaXKEHUS ee KPUBOWA Mof, BMsHME!
MHOIMX NMPUYMH. 1

Puc. 2.8. UckaxeHns SKC nog Bo3gericTBUEM NOMEX:
a— HaBOfKa HanpsHKeHUs CceTn; 6— MbllleyHble LyMbl; B— apTedaKTbl
Bbl3BaHHble ABWKEHWAMU MauMeHTa; I — Apeid M30AMHUM NpU U3MEHeH
HanpsXeHWs nonspusalmm

1 HaBefieHHble Ha 06BEKT HAMPSHKEHUS OT CETW MEePEMEHHOr0 ToKa 3HaumMTeN]
nogaenstoTcs ycunutenem  3OKC ¢ 6GonblMM 3HadeHueM Kom  OcTaroLypiic)

MpOTVBO(a3HbIi CUTHAN JONOIHUTENLHO 0CNabnseTcs B TPaKTe BblaeneHns R-3y6u,
PEXEKTOPHbLIM aHaN0roBbIM MAN LUPOBLIM (ULTPOM, HACTPOEHHLIM Ha 4acToT
50"y [6]

2. IMnynbCHbIE NOMEXU, NMOMajatoLLme B Kapamorpag vepes CeTb MpUW BK/OUEHU
MOLLHO/ MeAMLMHCKON annapaTypbl (PEHTreHOBCKON, (PU3MOoTepaneBTUYeCKoi
4p.), YaCTUYHO 0cnabnAlTcA MNPUMEHEHWEM 3SKPaHMPOBaHHbIX T-06pasHbix LC
¢unbTpoB B ceTeBoi Lenu KI. OAHOBPEMEHHO (MLTPLI OFPaHUYMBAOT CMek]
yacToT, nomagarowmx us KI B cetb, [0 AOMYCTUMbIX HOPM Ha WMHAYCTpUasibHbI
MoMexwu.

3. MblweyHble LWYMbl, BbI3BaHHbIE 6GMOMOTEHUMANaMKU PABOTAIOLMX mbie
MMEHT MPOTSHKEHHbIA CMEKTP YaCTOT U KX 0cnabfeHre BO3MOXHO OMTMMa/bHbI»
pasMeLLeHMeM 3/1eKTPOAOB B MECTax, rfje Masio CKEIETHbIX MbILLLL, U OrpaHuYeHne”
f , Ha Bxoge BblgennTens R-3y6ua [8].

4. Tomexu, BO3HMKAKOLME MPU ABWXKEHWUSIX 6OMBHOrO, 3a CYET W3MEHEHUM
HarpsHKEHNS MONAPU3ALMM OT CMELLLEHNS 3EKTPOLOB MMEHOT CMEKTP YacToT oT 10
10 Ty [Ona  ocnabneHnss  3TUX  MOMeX  HEOOXOAMMO  MPUMEHEHWe
€nabononapu3yoLLMXCA ANEKTPOSO0B U HaeXKHOE UX KPeneHue.

5. CwelweHne wu3onMHUM 3KC u3-3a MeANEeHHOro Apeida HanpskeHLL
nonsipusaumn, KoTopblid Habmogaetca B nepsble 10— 15 MUH nocne yCTaHOBW
3NEKTPOAOB 1 ANPPY3NM 3NEKTPONTA MOS KOXY.

6. HanpsbkeHne CcOBCTBEHHbIX LWYMOB 31eKTpodoB W ycunutens OKC E
HM3KO4aCTOTHOM Anana3oHe 3HaYMUTEe/IbHO MeHbLLE Nopora 06HapyxeHus R-3ybua u
CKa3bIBaeTC TO/MbKO Ha KayecTBe u3obpaxeHns IKC.

54



1 VmnynbcHble HampsbkeHWs, nonafalowye Ha Bxopd ycunutens 3KC, npu
WIMDKPEMEHHOM BO3AECTBMM Ha  6O/LHOrO0  MMMynbCcaMy  AembpunnstTopa u
MPAVOCTUMYNATOPA NPUBOLAT K UCKaXEHUIO KapAVOKOMMIEKCa M3-3a NeperpysKku
i|KTa  YyCWNeHUs W MOAAPU3ALMOHHBIX  SIBNEHWA  MOA4  3/EKTPOAOM
MpavocTumynaTopa. mnynsc fedmbpunnatopa 3HauMTeNbHO OrpaHUYMBaETCA
....... yennutens 3KC [6], a Bpemst neperpysku MOXET ObITb  YMEHbLLEHO
I''inwm W  aBTOMATMYECKMM YCTOKOeHVeM. onoxeHue obneryaeTca elle u
MM. YTO B 3TOM C/ly4ae MMeeT 3HayeHuWe TOMbKO BO3MOXHOCTb  6bICTPOro
H/OHIOZeHA  QKC (athchexTmBHOCTM  AedhmnbpunnaLmK), a He ero
LUIMOMATUYECKMIA  aHann3. ChnoxHee 06CTOMT [eno ¢ apTethakTom CTUMYyna
rVPOMOCTUMYNATOPA, KOTOPbIA MOXET 6biTb MPUHAT 3a QRS-KOMMNAEKC npu OT-
| yn lumm cokpaweHns cepgua B OTBET Ha  CTUMY” (HeaththeKTMBHAS
lwvynaumus).  Ana  ycTpaHeHUs  NOXHOrO  BblgeneHns R-3y6ua HY>KHbI
........ Mepbl, KOTOpbIe BYAyT PaCCMOTPEHbI HIDKE.

H VickaxkeHnsi KapAMOKOMI/IeKca, CBA3aHHble C orpaHuuyeHvem SKC npu ero
MbIKOfE 33 AMHAMMYecKuid amana3oH ycunutens 3KC wau aHanoro-uugpoBoro
npkobpazosatenst (ALLM). 3TU ucKaXeHWsi MOTYT ObITb YCTPaHeHbl MPUMEHEHWEM
ACY 1n aBTOMaTWuyeckoi LeHTpoBKOW OKC OTHOCUTENLHO —AWHAMMYECKOro
[VMNa3oHa.

Y TMMomexu, onpeaensieMble CTPYKTYpOW KapAMOKOMMMeKca, T. €. TeMu €ro
........ LUNIOLLMMK, KOTOpble He nogsiexxar aHamsy (3ybubl PMT), HO MOryT 6biTb
npuHsaTel 32 QRS-KOMMMEKC W [aBaTb OLWMGKM  JIOKHOFO  OBHapyXeHus.
M tpaHeHne [8] 3TWX OLWMOOK BO3MOXHO MNyTEM YacCTOTHOW (uAbTpauun wu
MV LIEHHOM ceneKLmm, a B CNOXHBIX CyYasax — LONOMHUTEbHbIM aHa/IM30M (hOpMbl
WHMT OOHapy>XeHHbIX KOMMJ/IEKCOB, WX CPaBHEHWEM C HOPMaSbHbIMU 1
(HV1 HCOYHOLLIMM VICKJTHOUEHWEM JTOXKHOTO.

MeToaVKa Crna>KyBaHKs 3MeKTPOKapANOCUTHaIa
1poLieaypa CrNaXKMBaHWs Hanpas/ieHa Ha MUHUMU3ALWIIO CyYaiiHbIX OTKMOHEHNIA
..... K psifa 0T HEKOTOpOUi FNafKoi KprBOiA MpearnonaraemMoro TpeHaa npoLiecca.
Il cnyyae paboTbl ¢ IKC YCTAHOB/EHO, YTO HaUMyULLIME Pe3y bTaTbl 4OCTUTAIOTCA
....... 0paboTKe METOZ0M CKO/B3SLLErO CPEAHETO.

MOPALOK BbIMNOJIHEHNA PABOTbI
I CumTaTb anekTpokapauocurHan wu3 gaiina Ha gucke Z\CARD.TXT (unm Ha
[MCKe, yKa3aHHOM npenojasaTesem),
1 MalhCAD 2000 npu nomoLum (pyHKuum - READ,
1 MathCAD 2001 -READPRN, npu 3TOM y4ecTb, YTO KO/IMYECTBO OTCHETOB 4996.
1»0prsuTb Ha rpadnke curHan (puc. 2.9). BblgenuTb OCHOBHbIE CTPYKTYpHble
UM NHWsoWWe curHana (Q-R-S komnnekc).

55



2. O6ecneunTb 06pPabOTKY CWrHana MEeTOAOM CKOJb3SILLEro CPefHero no
TOUYKaM. BbIBECTM pe3ynbTaT Ha rpadvik 1 CPaBHWUTbL C UCXOAHbIM CUTHAIOM.

3. BblgennTb (parmMeHT B yBEIMYEHHOM MacluTabe (Mo ocn X my) ¢ 1825 n
1845 OTCYET Ha WCXOAHOM W CrNa&XeHHOM curHane. OTo6pasutb. CpaBHWUTL K
MpoaHan“3MpoBaTh NapaMeTpbl CUrHA/I0B. 3apKNCOBaThb U 3anMcaTb B CPaBHUTENMbHY!
TabnuLy 3Ha4YeHMa ITUX OTCHETOB.

McxopgHble CrnaxunsaHue
Ne oTcueTa JaHHble no 5 Toukam
1825 -38 -28,7
1826
1845

4, Cpenatb BbIBOAbI.

5. KOHTPO/JIbHbIE BOIPOCHI
1. YTo Takoe aneKTPoKapAMorpamma?

2. Kak onucbiBaeTcs METOAUKa CrNaXmnBaHUa MeTOA0M CKOJb3ALLEro cpejHero!

3. Kakoe BnnsiHMe 0Ka3blBaeT KOMMUYECTBO TOUEK CrIaXKMBaHUS Ha CUrHa?
4, Kakue napameTpbl CUrHa/Ia U3MEHSIIOTCS B pe3ynbTaTe 06paGoTKU MeTOA®

CKO/b3ALLEro cpefHero?

2.3. Pa3HOCTHble ypaBHEHMWs U MepeaaToyHble (yHKLMM LM(POBbLIX (MILTPOB

BaxHeiiLLMM nogMHoXecTBoM Knacca J1AC SBASOTCS TaKue AWUCKPETHbIe
CUCTEMbI, BbIXOfHAs W BXOAHAs MOCNE0BATENIbLHOCTM KOTOPbIX [1] CBA3aHbI
JINHEWHBbIM  PEKYPCUBHLIM  PA3HOCTHLIM  ypaBHEHMEM € MOCTOSHHbIMY

KoahhmumeHTaMu:

N -\ M-1
Yn= 1 ~kxn-k ~ Xakyn-k, 0,12, ..., (2.2)
k=0 k=1
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tno Vv M — NOCTOSiHHbIE Lienible uncna, B 1 aj - NOCTOSHHbIE KOIPMULMEHTDI, a

\H 1L ¥Yn “ oTCYeTHI BXOAHOTO M BbIXOAHOI0 CUIrHasioB COOTBETCTBEHHO.

Pa3sHOCTHOe ypaBHeHMe BUAa (2.2) OMWCbIBAET anropuTM PeKYPCUBHOIO
tnnbTpa (PP). Kak BugHO 13 (2.2), u-ii 0TCHYeT BbIXOAHOM NOCNeA0BaTEIbHOCTM

I,, onpegensietcs N oTcueTamy BXOAHOW MOCNeA0BaTeNbHOCTU (X, , Xy j, .oy
"a Nin) w7  npegblgywmy  oTCcYeTamy  camoii  BbIXOAHOW

no. MefjoBaTesibHoCTV (Y,,_b y,,_2,  Yn-M+l)

B uacTHOM cnyyae ypaBHeHue (2.2) WMeeT HEepeKypCUBHbLIA BUL U
OMMCbIBAET aNrOpPUTM HepeKypcmBHOro (unbTpa (HP®): [14].

yn = W bkxn-k >=0,1,2, eee (2.3)
k=0
Kak BugHo wu3 (2.3), K-l OTCYET BbLIXOAHON MOCNEA0BATENIbHOCTM

I,,onpeaensietcs Tonbko N oTcUeTaMu BXOAHOI NocneaosatenkHocTH (X,, X,, |,

e *n-N+|)e
Mpumep.
Mpn N =3, M = 3 ypaBHeHue (2.2) nmeeT BUA;
2 2
yn = /1 _bkxn-K ~ 'B*akyn-k =
A0 k=1

= boXn + B\Xn x + B2xn 2 - a\yn \ - a2ym-2-

Mpumep.

MpuN =2, b0=b2=0.25, b, =0.5 ypaBHeHue (2.3) nMeeT BUL;

2
Yn= T,hxn-k =0-25x,, + 0.5x,,_, +0.25x,_2.
k=0

PasHOCTHOe ypaBHeHWe OnpegenseT alropuTM BbIYWC/IEHWS OTCYETOB
BbIXOAHOW MocnefoBaTeslbHOCTW. [N pekypcuBHOro duabtpa (2.3) 3atn
BbIYMC/IEHNS MOXHO BbINONHUTL TO/ILKO B TOM C/ly4yae, ec/im U3BECTHbI HaYalbHble
V'SPim(y_1,Y 2. Y-AT+l>

Mpumep.

PeKypCUBHbIA ~ (UbTP  OMWCLIBAETCA  Pa3HOCTHbIM  ypaBHEHUEM
M ' xn~a\yn-\mHeo6xo41M0 onpeaenuTb UMMYNbCHYIO XapakTepuctuky (MX)
I'lini.ipa.

MocKoNbKy MMMY/bCHas XapaKTepucTMka — 3TO peakuus Ha eAMHWUYHBIN
UMNYySbC AN, NPU HYNEBbIX HaYalbHbIX YCM0BMAX, HE0OXOAMMO MOMOXMTb

I | 0 BbluKCAEHNS OTCUETOB BLIXOAHOTO CUrHana ym=gn npuBegeHbl B

infill, 2.2.
Tabnuua 2.2
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n BbluncneHus Y,

0 Yo=x0~aly 1=1-av 0 1

1 ST 3 o=°-0 ~a\

2 y2=x2-axx=0-ax (-aj) (-*i)2

3 y3=x3-aly2=0-al-(-ax)2 (-ai)3

N »
Yn=xn~a\yn-\ =0- ax(a, )"-1 (-«!)

Mpumep.

HepeKypCrBHbIA  GUALTP OMMUCLIBAETCA Pa3HOCTHLIM YpPaBHEHUEM
yn = bycn + b,xni + b2n_2 . Heobxogumo onpeaenvTb WMMYNbCHY!
XapaKTepucTMKy (ubTpa. BblMMCNEHNA OTCYETOB BLIXOAHOrO CUrHatayn = h
npvBefeHbl B Tab. 2.3.

Tabnuua 2.3
N BbluncneHus v
0 yo=  *l+ 0+Z2%0 0]
1 Y\ — *0\nNel+ %o bx
¢ Y2=10"0+ *0+62* b2
3 Y3=b0 0+bx-0+b2-0 0

OTMETWM, 4YTO OTCYeTbl MMMY/bCHON XapakTepucTUkM HP® paBHbI
Koathh1LMEeHTaM Pa3HOCTHOTO YPaBHEHMS.

Ecnm  umnynbcHass — xapakTepuctuka — ¢unbTpa  [10]  onwvcbiBaeTcs
MoCNef0BaTE/IbHOCTbIO C KOHEYHbIM YUC/IOM Y/IEHOB, TO (UALTP MOXET ObIT
peasM30BaH B BUAE CXeMbl, M300paXkeHHON Ha puc. 2.9, rae 6yksoli T 0603HaYeH
3neMeHTbI 3aflepXKKU curHana Ha Bpems T (Ha ofHy adeiiky); g(0),g(T), ..., g(NJ
3M1EMEHTbI, YMHOXAIOLLME CUTHA HA COOTBETCTBYHOLLMIA KOI(MULIMEHT.

Cxema, M306paKeHHasi Ha puc. 2.9, He SABSETCA 3NEKTPUYECKON CXeMOM |
uncpoBoro unbTpa; 3Ta CXema NpefcTaBnsieT coboi rpaguyeckoe M306pakeHne
anroputMa  UMpoBOA  (MAbTPaUMKM M NOKasblBaeT nocnegosatenbHoe
apumMeTYeCKUX onepauuii, BbINOMHAEMbIX NpU 06paboTke curHana [24].
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Puc. 2.9. Cxema HepeKypcuBHOIo LpoBoro uasbTpa

[ns yndposbix GuabTpoB, 06pabaTbiBalOLMX CUTHA/LI B BUAE abCTPaKTHbIX
YMCNOBbLIX MOC/IeA0BATENbHOCTEN, MOHATUE «3aflepXKKa Ha BpeMsi 75> ABMAETCA He
COBCEM KOPPEKTHbIM. [103TOMY 3/eMeHTbl, 3afepXXMBaloLLMe CUrHan Ha OfHY
MYeiiKy, Ha cXemax LMPPOBbIX (UALTPOB O0ObIMHO OTMEYaloT CUMBOIOM  Z
0603Ha4aloLLIMM 3a8J€epXKY CUrHana Ha a3blke z-npeobpasoBaHuii.

BepHemcs K cxeme UnpoBOro ¢mnbTpa, 1306paxeHHOW Ha puc. 2.9. Takue
(WUNbTPbl, T4e AN pacyeTa MCMOMb3YHTCA MWL 3HAYEHUs BXOAHOTrO CUrHana,
Ha3bIBalOT NPOCTLIMU WY HEPEKYPCUBHBIMU. ANTOPUTM HEPEKYPCUBHOIO (mabTpa
NErKO  3anucatb, €CAM WU3BECTHA WMMYNbCHAs XapakTepucTuka ¢uibTpa. [ns
MPaKTUYECKO  peasmsauum  airoputma  HeobxoAumo, 4To6bl  MMMY/bCHasA
XapaKTepuCTMKa Ccodepxana KOHeYHoe 4mucno  uneHoB. Ecnim  umnynbcHas
XapaKTepnCTUKA COLEPXUT BGECKOHEYHOE YWCO YSIEHOB, HO OHU BbICTPO Y6bIBAOT
D BeNUYMHE, TO MOXHO OrpaHU4MTLCA KOHEYHbIM YMCNOM 4feHOB, O0T6poCKB Te,
TeYeHMs KOTOpbIX Masbl [7]. B cnydae ecnm  aneMeHTbl  MMMY/bCHOM
XapaKTepUCTUKN He yObIBAOT MO BeSMUMHE, airTOPUTM HEPEKYPCUMBHOIO (n/bTpa
OKa3bIBAETCA Hepeann3yembiMm.

B kKayecTBe npumepa pPacCMOTPMM NPOCTEAWWiA  UMpoBOi  QubTp,
aHanornyHeld J1IC-uenmn (puc. 2.10). MimnynbcHas XapakTtepuctuka RC -uenu

NMeeT Bna

2.3)
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x(®) c y(t)
» ‘)

Puc. 2.10. NC-uenb

Utobbl  3anuWcaTb  WMMY/bCHYHD — XapaKTepPUCTMKY  COOTBETCTBYHOLLE:
uMpoBoro unbTpa, B BblpaxeHUn (2.3) t cnegyeT 3aMeHUTb Ha KT. OpHa:
UMMY/bCHasA XapakTepucTuka J1IC-uenu mmeeT pasmepHocTb 1/c, a UMMY/bCH
XapaKTepucTuka UMpoBOro ¢unbTpa AO/MKHA ObiTb  6e3pasmepHoid. [Mostom
onyCTUM MHOXWTeNb 1/r B BblpaXeHUU (2.3) n 3anvwem MMMyNbCH)
XapaKTepucTuKy umdgposoro uasTpa B Buge [9]

g{kT)=é~kr7T (24

Takaa MMNynbCHaa XapaKTepucTMKa COAepXUT 6eCKOHEYHO MHOTO Y/IEHOB, H
NX BeIN4YMNHa y6bIBaeT Mo 3KCMOHEeHUWa/IlbHOMY 3aKOHY, U MOXHO OrpaHU4nTbLCA '}

yneHamu, Bblbmpas N Takum, 4Tobbl e -NT/x « 1
Tenepb MOXHO 3anMcaTh BblpaXKeHWe A/isi CUrHaia Ha BbIXOfe GubTpa:
y{nT) = x{Al)+e~/Tx{mlT-T)+e~2T/Ax(mT- 2T )+....
x{nT-NT\

3T0 BbIpaXeHWe SBNSETCA OfHOBPeMeHHO [10] anropuTMoM  LmcpoBo!
(unbTpa. Cxema aToro (MnbTpa NpedcTasneHa Ha puc. 2.11.

(21

Puc. 2.11. Cxema HepeKypCMBHOIO L(poBOro ubTpa,
aHanornyHoro J1C-venm
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MepeaaTouHble YHKLUMN AUCKPETHBIX (IUbTPOB

MepepatouHoin  yHkumeld H(z) dwunbtpa (puc. 2.12) HasblBaeTCs
MHOWeHVe  Z-npeobpa3oBaHUs BbIXOJHO nocneaoBaTeNlbHOCTN K
' Npeo6pa30BaHWI0 BXOAHON MOCMEA0BATE/ILHOCT MPU  HYNEBLIX HaYalbHbIX
1moHusix [24]:

HE 20 Y@
Z{x,,} ~X(z)
Xn yn
H(Z)
X(z) Y(2)

Puc. 2.12. MNepegaToyHas yHKUUSA

MepeaaToyHyro (YHKUMIO MOXHO MOyYnTh, NPUMEHNB Z-npeobpa3oBaHue K
PUMIOCTHOMY ypaBHeHWtO. Tlpu 3TOM LenecoobpasHo WCMONb30BaTh CBOMCTBA
i npeobpa3oBaHms.

B kayecTBe npumepa Haingem CUCTEMHYIO (DYHKLUMIO LMGPOBOro quastpa
IVMpHOro NopsiAKa, aHanormyHoro J1C-uenu:

H(z)= £ e-kT/'z~k = ----- r 2-7)
k=0 1-e z
BaxxHyt0 posb B cucTemMax 06paboTKM  OGMOMEAWLMHCKUX CUFHAN0B UrpatoT
I" KypcuBHble (WUMLTPLI 1-r0 M 2-ro NOPSLKOB, MO3TOMY 3TUM (uabTpam 6ygeTt
YArHCMO 3HaUMTEeNIbHOE BHUMaHMe [16].
» ba3oBblIli pekypcuBHbIA GuabTp 1-ro nopsgka. basosbim PP 1-ro nopsaka
HATIMHAIOT PULTP, OMUCIBAEMbIIA PA3HOCTHLIM YPaBHEHVEM BUAA:

yn=xn -alYu-l. n=0,1,2,... (2.8)
llpumMeHuB z-nNpeobpa3oBaHyie K NeBON 1 NPaBOI YacTsM YpaBHEHUS, NOYUUM
Y(2) =X (z)-ax~X(z2).

Otcropa
H(z) = ---- L _ (2.9)
1+ax
» PekypcuBHbIn punbTp 1-ro nopsigka. PasHOCTHOE ypaBHEHME UMEET BUA:
Yn=b0xn+ M «-1 -LL1Yn-1> n=o0,12,.. (2.10)

llpumMeHuB z-nNpeobpa3oBaHie K NeBO 1 NPaBO YacTAM YpaBHEHUS, NOAYUUM
V(z) = bOX (z) + bxe~1X (z) - ax~1Y(2).
OTcroga
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-1
b0 + byz
#(z) = ar (2.11)
1+ ajZ
e bBasoBblii peKypcuBHbI (UALTP 2-ro Nopsiika. PasHOCTHOE ypaBHEHW:
1 nepefaToydHas (PYHKLUS UMEKOT BUA;

Yn=xn-alMr-\-a2yn-2’ n=0,1,2,..., (2.12)
#00 = ---—-- lrg----—--- =b-* (2-13)
14-qyz + (x2z
* PeKypCcuBHBbIA (UNbTP 2-ro NopsigKa. PasHoCcTHOe  ypaBHeHU™
1 nepefaTtoyHas QyHKUMS UMetoT Bug [24]:

yn = bOxn + + B2xn-2 ~a\yn-\ ~aryn-2> n=0,1,2....(2.14)

b0 4-byz "4<b2z
#00 =-. -1, P (2.15)

1+ajZ =~ +82z

e HepeKypcuBHbIN (UNLTP 2-T0 MOPsiAKa. Pa3HOCTHOE ypaBHeHWEe U
nepeAaToyHas (hyHKLMs MMET BUA;

yn = boxn +b\xn-\ +b2xn-2, n=0,12,.., (2.16)

H (z) = b0 +byz~Ib2z ~2. (2.17)
Ha ocHOBe npuBefeHHbIX MPYMEPOB MOXHO C(OPMY/IMPOBaTh NpaBumA:
onpeaeneHns nepefaToyHon yHKL MM NO pa3HOCTHOMY ypaBHEHWIO (1 Hao60pOT):
. KO3(PMLMEHTbI Pa3HOCTHOIO YpaBHEHWS ABASKOTCS KoadpuumeHTam!
nepesaToyHON yHKUMK [16];
. KO3(h(PMLIMEHTbI Pa3HOCTHOrO ypaBHeHWs B npu paBHbI

KoahpuLMeHTaM YNCAIMTENS NepesaTouHON yHKumn npnz~k, k=0, 1,... N - 1,
. KO3(h(PMLUMEHTbI Pa3HOCTHOTO YpaBHeHMs -a”> npu Yy, £ paBHb
Ko3(phmumeHTam 3HaMeHaTens nepesaTovHon (yHKUMKM (C 06paTHbIM 3HAKOM) Mpuv

Ko k=01.. M-1.

MpuMep. N3BecTHa NepegaTouHas GyHKLUMUSA PEKYPCUBHOMO (MNbTpA:
2
Hy=. 02708

1-0.4z']1 +0.64z-2"
HeobxoayMo 3anucatb pasHOCTHOE ypaBHEHME:
Pa3HOCTHOe ypaBHeHWE NMEeT BUL!

yn =0-2xu —0.5m;, 2 +0.4y,, 1-0.64yn 2.

* B obwem cnyyae nepefatouHas PYHKUMA AUCKPETHOrO (MIbTPa MOXET
ObITb  NosyyeHa [24] nyTeM NpUMeHeHWst Zz-nMpeobpa3oBaHMsi K Pa3HOCTHbIM
ypaBHeHuaM (2.2) un (2.3).

PeKypcuBHbIA (NNbTP:
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] *hKx
i--—--- 7- 79-18)
1+ X «4*
4=1
HepeKypCcrBHbIA hunbTp
H (z)=Z b kz~k. (2.19)

4=0
2.4. CTPYKTypHbIE CXEMbI LIMGPOBbLIX (DUNLTPOB 1 X YCTOWUNBOCTb

PaccmoTpum  undpoBOi  (mnbTp 06WEro BuAa, KOTOPbLIA  OMWCLIBAETCS
YpaBHEHMEM
y(nT)- a\y(nT - T)- azy(nT - 2T)~...- amy(nT-MT) =
=b$r{nT)+ b\x(nT)+... + bflx{nT - NT).
3TO ypaBHEHVE MOXHO paccMaTpuBaTb M KaK pasHOCTHOe ypaBHeHue N-ro
nopsigKa, W Kak anroputm uudpoBoii dunbTpauum [16], ecnv ero nepenucatb MHaue:
y(NT)= b(X(NT)+ B\X(NT - T ) + ... + bNx(nT - NT)+
+aly(nT - T)+azy(nT-2)+..+amy{nT - MT\
Anroputmy (2.21) cOOTBETCTBYET CTPYKTYpHas CXeMa, M306pakeHHast Ha
puc. 2.13

(2.20)

(2.21)

Puc. 2.13. CxemMa peKypCMBHOIO LM(POBOro (hmnbTpa N-To nopsiaka

Haiigem nepefaTouHyto (YHKUMIO Takoro dwunbTpa [24]. Ans  3Toro
NPUMEHUM K ypaBHeHMto (2.21) z-npeobpasoBaHue:

r(z)- ae~'Y{z)-a2z~2Y (z)-..- aMz~MY{z) =
= buX{z)+ b\z~X{z)+... + bNz~NX{z),
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0TKyda

HMCHTbI [10], To nomyunMm cxemy (UAbTpa, KOTOPYH Ha3biBatOT KaHOHUYECKO

H{z)= Y(2) but+byr 1+..+bNz N
X@Z) l-ax *«22 2-...-aMz M
CxeMa peKypCMBHOIO LMPOBOro (mnbTpa, NpescTaBieHHas Ha puc. 2.13, He

ABNAETCA €4UHCTBEHHO BO3MOXHOIM (DOPMOI peanm3aumn UMGPOBOro (unbTpa C
nepeAaToyHol PyHKUmeli Buaa (2.22).

3anuem Bblpa>XeHne, CBA3bIBaloLLEe Z-I'Ip€06pa30BaHVlﬂ CUTHaN0B Ha BXo4e U

Iprc. 2.15).
Qo " )

BbIXO/e peKypcuBHoro gunbTpa [9]:

Y(z)= bo+blz-1+b2Z-1 +..+bNz- N {2n
a0-cuyr l-a2z 2-...-aMz m
BBegeM NpOMEXYTOYHYK nocnefoBaTenbHocTb  W(NT), Ans  KOTOPOA
onpefenum Z-npeobpasoBaHue cregyoLmMm 06pasom:
W (z)=--=-------= F--—- (2.24)

Takoe Npeo6pa3oBaHiie OCYLLECTB/SETCS C MOMOLLbLIO PEKYPCUBHOTO (UIbTpa

N-ro nopsigka [7]. CBfi3b MeXay BbIXOAHbIM cUrHanoM y(nT) n MPOMEXYTOUHb
w(nT) onpeaenseTcs BblpaXXeHNEM

P(z) = JV(zib0 + biZ~l +b2z~2 +... + bNz~N) 1

dopmyna (2.25) onpenensieT HepeKypCcUBHOE Mpeobpas3oBaHMe  curHan!
KOTOPOE MOXET ObITb MPOM3BEAEHO MOCNe PEKYPCUBHOIO, OMpeaensiemMoru
BblpaXeHnem (2.24). O6waa cxema (uUAbTpauumK, BKIOYas peKypcuBHoe J
HepeKypcMBHOe Npeobpa3oBaHus, NpejcTaBneHa Ha puc. 2.14.

Puc. 2.14. K BbIBOQY KaHOHMYECKON CXeMbl UMKPOBOro uabTpa

B cxeme puc. 2.14 HECKOMbKO 3/IEMEHTOB 3aflepXKKM ABNSIOTCS MULLHAMU, TaK
Kak oy6nmpytoT Apyr apyra. Eciv nonapHo o6beanHUTbL Ay6nmpytoLume Apyr apyra
64

Puc. 2.15. KaHoHM4YecKas cxema LudpoBoro gunbtpa N-ro nopsiaka

B oTnnume oT Hee cxemy puc. 2.15 Ha3bIBarOT NPSMOI UM OCHOBHOW (hopMoii

LmcpoBoro unbTpa. .
MpenMyLLeCTBOM KaHOHWMYECKON CXeMbl (PUAbTpa SBASETCA MWUHUMAIbHOE

uncno 3NEMEeHTOB 3aiepXKKW, paBHOe NopsaKy (unbTpa. bnarogaps aToMmy yaaeTcs

EOKPaTUTL 06LLMiI 06BbEM BbluMCEHNIA [16].
Kpome npsiMoii M KaHOHWYEeCKOW (hopM peanu3auuy LdpoBbIX (UILTPOB
| yILeCTBYIOT W [Apyrve BapuaHTbl. Pas3foXuM MHOroYeHbl B uUCUTENe W

LLameHaTene CUCTEMHOM (yHKUMM (2.22) Ha MHOXuTenu Buga (a, +p,z_1) wu
(Hy +P,z~1+y,-z~2) TaK, 4TOOblI KOI(PPULUMEHTbI a,, P,, Y,0bINN AEACTBUTENBHBIMM

uncnaMu. ITO BO3MOXHO, TaK KakK Bce KOI(MUUMEHTbI a, M B YUC/UTENe U
llameHaTene BbIPaXeHUs (2.22) Takke SBAAOTCS AeNCTBUTENbHBIMK UMCTaMu.

TTem, rpynnupys COOTBETCTBYIOLMM 06pa3soM 3TV MHOXWUTENM, MNpeAcTaBuM
WICTEMHYIO (YHKLMIO (UNbTPa B BUE NPOM3BeaeHNS
H{z) = HX(2)H2(2)...Hk{2), (2.26)
/ al+PpP, a,tP,r~'+8*' n
rhe COMHOXUTENN Hi2) wveior  eup Y- [+yz~+ 2

MLISKOTCS,, TaKUM  06pa3oM,  NepefaTouHbIMM (YHKUMAMU  LMQPOBLIX (DUILTPOB
Iro n 2-ro nopsgkoB. Takum 06pa3om, UMPOBOIA (UALTP C MepeaaToyvHON
dyHKkuyein Buaa (2.26) MOXET ObiTb peann3oBaH MOCPEACTBOM  KackKafjHOro
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COeAMHEHUs! LMGpPOBbIX (UNLTPOB 1-r0 M 2-ro nopsgkos [24], Kak nokasaHO Ha
puc. 2.16. Takyio QopMy peanmsauum  UMPOBbIX (UILTPOB  HasbliBato!
nocnegoBaTelbHON UK KacKagHoiA.

Puc. 2.16. MNocnepoBatenbHas cxema LMgpoBoro hunstpa

MepegatouHyto  dyHKUMO  ¢unbTpa (2.26), nNpeacTaBleHHyH B Buge
MPOW3BEIEHUS 3NEMEHTAPHbLIX COMHOXUTE/ENR, MOXHO NOCPeCTBOM Pa3/ioXKeHMs Ha
npocTble 4po6y Npeobpa3oBaTth K BUAY

A(r)= £ Hj(2), (2.27)
=1
rae nepegaToyHble OYHKUMKM LUADPOBLIX  (MNLTPOB 1-r0 1 2-ro NOpPsAKOB. |

Takoe npefcTaBneHue nepefaTtouHoii [16] (yHKLMM COOTBETCTBYET CXEMHON
peaimzaumMy B BUAE NAPaIIENbHOIO COEAMHEHUS  3/IEMEHTapHbIX  LMPOBbLIX
thunbTpos (puc. 2.17).

Puc 2.17. MapannenbHas cxema LugpoBoro unstpa

PaccMOTpeHHble  YeTbipe Tvna QUILTPOB COBEPLLUEHHO 3KBUBAIEHTHbI APYT
OPYTy W [alOT OAWH W TOT >Ke pe3ynbTaT, €ClM He YYWTbiBaTb KBaHTOBaHWE
CUTHAIOB W CUMTATh, 4yTo  napameTpbl (UMLTPOB, T. €. KO3(M(PULMEHTHI
a,, [}y, »n gpyrue, 3afaHbl abCOMOTHO TOUHO.

B peanbHbIX LMGPOBLIX (KUALTPAX MPOUCXOAUT OKPYT/IEHWe 3HAYeHWi
BXOAHOIO CUrHana M pe3ysbTaToB MPOMEXYTOUHLIX BbIYWC/IEHUIA, a napameTpsbl’
(hUbTPOB 33JaK0TCA C KOHEYHON TouHOCTblo [10]. B pe3ynbTaTe 3TOr0 BO3HMKAKOT
MOrpelHoCT 06paboTKM CWUrHaMOB, a B OTAE/bHbIX CAyYasiX HapyLlaeTcs
yCTONYMBOCTb  (PUAbTPOB. Hambonee CUNbHO 3TV  HeXenaTesbHble  3GEKTbI
MPOSBASAIOTCA MPW peanun3aumy GUILTPOB B BUAE MPSMOA M KaHOHWYECKOW hopm:



NpUMeHeHVe NOCNef0BaTENbHOM WM NapannefibHoW OpPM MO3BOIAET HECKO/bKO
*MLUMTb OLUINGKIN 06paboTKM CUrHA/OB.

Mpumep.

ANnropuT™ UMhpoBoro unbTpa 3anmcaH B BULE:

y (NT) =x (AT) + b/x (nT-T) +a,y(nT-T) +ap>(nT-2T).
| 'lpyKTypa, COOTBETCTBYIOLLAS 3TOMY anropuTMmy, NpescTaBneHa Ha puc. 2.18.

Puc. 2.18. Cxema LnhpoBOro uabTpa 2-ro nopsaka, aHanornyHoro
KonebateflbHOMY KOHTYpY

VIMnyNbCHasi Xapak TepUCTIKA M NepefaTouHast (yHKUms!

YCTaHOBMM  CBS3b  MeXAy [ABYMS — XapaKTepuCTUKaMW:  nepeaaToyHON
dyHkuvelri H(z) [24] v MnynbCHOI XapaKTepUCTUKONM g n.

Tak Kak nepefaToyHass (YHKUWUSI - 3TO Z-COOTHOLLEHME BbLIXOAHOTO U
MKOAHOTO CUTHA/IOB MPY HY/IEBBIX HAaYa/bHbIX YCMOBUSIX, TO MOMYUMM:

H (*)=ZT£;kr}\:2{KK}-
Takum 06pa3om, nepefaToyHas PYHKUMSA - Zz-Npeobpa3oBaHune UMMY/bCHOM
XapaKTepucTMKM:

H(z)= Xgkz~k-
k=0

VIMMy/bCHYIO  XapaKTEPUCTUKY MOXHO OMpefenuTs Mo  nepefaToO4HONA
(hyHKLMM C MOMOLLbHO 06paTHOro z-npeobpasoBaHus.

VIMNy/nbCHast XapakTepucTuka MOXET WMETb KOHEYHYH W 6GeCKOHEUYHYIo
LWHbI [16].

VIMnynbCHast XapaKTepMCTMKa HepekypcuBHOro dunbtpa (HP®) unmeet
KOHEYHYHO 4JIMHY M paBHa KO3h(hnLMeHTaM nepeaaTouHon hyHKLMN.
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MMNynbCHasi XapaKTepucTKa PeKypcrBHOTO (mbTpa (P®), Kak NpaBun, AaHHbIA QUILTP VIMEET OAVH MOMIOC U OAMH HYNb. [ins “X/HaXO)’;'”fT"”
TT

nveet 6€CKOH€LIHyIO AnnHy. B 3aBMCMMOCTY OT BMAA UMMY/LCHOW XapaKTepusOT/KA M|6aBI/IMCFI B nepe,anquon quHKLl.VII/I 0T OTpULATENbHBIX cteneHen H (X) = 1,
BbIAENAKOT: '

1)  KUX-hunbTpbl (PUALTPLI C KOHEUHON UMMY/IbCHON XapaKTepUCTGai), _ .. =1.2.ToCcTpouUM KapTy Hyneii 1 nontocos (puc.2.20).
2)  BUX-dunbTpsl (vnbTpbI c GECKOHEUHO uMnynbcHom ' =-15 21
XapaKTepuCTUNKONA).

P®, Kak npaswuno, ABastoTca BUX-punbtpamu.
YCTORUMBOCTb AUCKPETHbIX /b TPOB

MepegaToyHas QyHKUMS LnhpoBoro unbTpa (2.22) MOXET 6bITb MOMHOCTHO
OXapakTepu3oBaHa MOMOXEHMEM CBOWMX Hyfeli W MOMOCOB B M/0CKOCTU!
KOMM/EKCHOTrO MepemMeHHOro X. B obuiem cnyvae ¢unbTp iV-ro nopsigka [10] ¢
nepeaaToyHol PyHKUmeld (2.22) xapakTepudyetcs M -nontocamu n N- HynsamMu.

LincpoBoli (punbTp Ha3bIBAeTCS YCTOMYMBLIM, €CM MpU  MPOU3BOJBHBIX"

Haya/lbHbIX YC/OBMSIX Peakuys Y M Ha /1l060e OrpaHUYeHHOe BO3AEICTBME XM Takok< TaK Kak MostoC HaxOAMTCS 3a EAVHUYHONM OKPYXHOCTBIO, TO (MILTP GyaeT

orpaHMueHa, T.e. ecim max|x,| < Rx, To max]y,|<R , rge RXRY <co_ HEYyCTO/UMBbLIM, YTO OTPa3NTCA Ha MMMYNbCHOW XapakTepucTuke [16], amnauTyaa
abCconTHAN KOTOPOV Pe3KO MOBLILLAETCS C YBE/IMYEHNEM HOMEPA BbIXOAHOMO OTCYeTa.

Puc. 2.20. KapTa Hyneli 1 nonocoB

KpuTepuem  yCTOWUMBOCTM  AMCKPETHOro  (uibTpa  SIBMSETCS
CXOAMMOCTb Psifja OTCUETOB UMMYNbCHO XapaKTePUCTUKIA:

1]A*x <@
bl O
Opyroii, Gonee npocToli AN NPUMEHEHWS, KpUTEpUiAi  YCTONuYMBOE
(pnc.2.19): BCce nontoca NepesaTouHOl (DYHKUMW [OMKHbI HAaX0AWUTbCA BHYTP:

eVNHNYHOTO Kpyra z-nnockocTn [24] ,Te. <1

Puc. 2.21. iMnynbCcHas XxapakTepucTmka.

2.5. YaCTOTHbIe XapaKTepUCTUKU AUCKPETHBIX (IMNLTPOB

Puc. 2.19. MosicHeHe KpUTepyst yCTORUMBOCTH YacToTHOIN XapakTepucTmkoin H(ej 2’r™) uncpoBoro ¢unbTpa HasbiBaeTCA
hi HOLLEHWe  MpeobpasoBaHWs  ®ypbe  BLIXOAHOW  MOCMEAOBATE/IbHOCTN K
Mpumep. [MepesaToyHas  (yHKUMS  LMGPOBOTO  ubTpa  MMeeT  BUY |¢é‘o6pasoBaHmo dypbe BXOAHON MOCNeA0BaTENIbHOCTM MPWU HYMEBLIX HaYaslbHbIX
| + 2z~ o o .
H(x) = 4> Wccneposatb Ha  yCTOM4MBOCTb M HaliTh  UMNY/bCHYHS yenosusix:
- 12z j-on-fypiyny V(@ ) (2.28)

H(e

XapakTepucTuky (7 nepebIxX OTCYETOB). F{xn} x(eJ2e6f)
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UacToTHas XapaKTepucTMKa MpefcTaB/isieT Co60M KO3(MLMEHT nepeaauun
hunbTpa ANs Kakaoro 3HaueHus yactoTbl [10]. YUacToTHas xapaKTepucTMKa paBHa
nepeaaTodHon (yHKUMM (PUAbTPa, BbIMUCASEMON Ha €AMHUYHOW OKPYXXHOCTU b

MI0CKOCTM Mpun z = eN2n'A =
H(eJ2*?) = H (z)\z=gJ2If . (2.29)

YCTaHOBMM CBA3b MeXAy 3HayeHusMu HOpMVIpOBaHHOVI yactotel / u
COOTBETCTBYHOLLVM YT/IOM PB Z-M/10CKOCTU.

ej' n'f —os2n-f +j minin f =e/q
2vi=p
B
/- 2n
MoKaxkeM CBsi3b TOUEK eVUHUYHOW OKPYXXHOCTM 1 YacToT / (puc.2.22):
TOuke z=1=cosy+j mimp=cos0+j minO cooTBeTcTBYET / =0,
TOYKaM z =) = cos(iﬂ—) +]j -;in(in% cooteercTBytar f = 0,25,

Touke z - —+=cos(xn)+j-sin(xn) cootBetcTBytOT / =105,

Puc. 2.22. CBs3b TOYEK €AMHWNYHOI OKPYXXHOCTM 1 YacToT

YacToTHbIe XxapakTepncTukn KX n X ¢mnnbTpos

YacToTHas xapaktepuctmka H (e2” ) — KomnaekcHas (hyHKUms. Ee MOXHO
npescTaBuUTL B BUAE

H(ej2n?) =HRe(e W )+jHIm(e ™ )=A(f)e**?> (2.30)
AMMNANTYHO-4aCTOTHOM XapaKTepucTukoi (AUX) HasblBaeTcs (hyHKLWS
A (f) = H(ej2*fir= YH&EE §27* ) +HII(EeI2¥ ) )m (2.32)

®a30-4acTOTHOI XapakTepucTukoli (PUX) HasbiBaeTCs PYHKLMS
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<?(flargH (e™ ) =tanl(HIm(eJ2™ )/ HRe(e>IT* )). (2.32)
AUX ycTaHaBNMBAET CBS3b MEXAYy aMrnmTygamn, a ®UX — mexay asamm
HMXOAHOT0 M BXOAHOI0 CUrHa/10B nnbTpa. Ecnn
xn =asx mos(2nfh+gBX ),
LU YCTAHOBMBLLEMCH PeXXUME
Y =asblix mosdnfn + ([BX ),

rae ABbIX ~ ABX A(f)> (2.33)
Pepix =Pex +¥?2)m (2.34)

O6wye opmynbl AUX KNX-dmnbipa n BUAX-unbTpa nomyyaroTes u3
HblpaxkeHms (2.30) n (2.31):

"(N-1 ,)2 fN-1 2
1£ bkeos2ufkk ~+ £ 6 yw2siE (2.35)
U=o "3 u=o )
'N-1 2 'N-\ 2
cos2nfk  _ Xbirsin2nfk
X U=o ) u=o0 J (2.36)
e ‘2 (M-1 )2
1+ Yjakcos2nfk + T.aksinInftc
{ «l /I uU=1 J

CBOICTBa YaCTOTHbIX XapaK TepUCcTUK
UaCcTOTHYHO XapaKTepUCTVKY MOXHO pacCMaTpuBaTb Kak CMEKTP MMMY/bCHOM
HPAKTEPUCTUKN [24]. OelicTBUTENbHO, 13 (2.28) K (2.29) cnefyeT, 4TO YacCTOTHas
UnpaKTeprCTVKa ABNSETCA NpeobpazoBaHeM ®ypbe MMNYAbCHON XapaKTepUCTUKN:

(2.37)

Cnepfosarte/ibHO, cBoicTBa UX huibTpa BO MHOTOM COBMAaZatoT cO CBOMCTBaMU
lueHTpa AWCKPETHOro curHana. OCHOBHble CBOWCTBA 4aCTOTHbIX XapakKTepucTUK
LM KPETHbIX (PU/IbTPOB:

*  4aCTOTHas XapaKTepuUCTUKa SBNSETCSH MepUoLMYecKOin (yHKLIMER No yactoTe C
NepMoaoM, paBHbIM YacToTe AUCKPETU3ALIMN;

B AYX 1 dYX TaKoke ABAATCA NEPUOANYECKMMUN DYHKLUAMMN C TEM XKE NEPUOLOM;
e MHA (MALTPOB C BELECTBEHHbIMM  KosthdmumeHTamn AYX — yeTHas qyHKLm,
NOUX — HeueTHaa hyHKums [16];

* [/17 MOHOIO OMMUCaHUA YaCTOTHOM XapakTepUCTUKX (DUNbTPa C BELLEeCTBEHHbIMU

SMU>rLMEHTaMM JOCTaTOMHO 3a4aTh ee B OCHOBHOI nonoce yactot / e [0,0.5].
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HopmupoBaHHble UbTpbI

[VCKpeTHbI  (UNbTP  Ha3blBalOT HOPMMUPOBAHHBLIM, E€CIN  MaKCUMaslbH
3HaueHne AYX paBHO egnHULe [16].

HopmupoBKa (uibTpa [OCTUraeTcs MNyTeM YMHOXEHWUS Ko(hduLmeHTe
yncnuTens nepeaaToyHol yHKUMM Ha HOPMUPYOLWMIA MHOXMTeNb qH = VA TX,
rae ATa— makcumanbHoe 3HaveHne AUX Ha nHtepsane f e [0,0.5].

Mpumep. PaccmoTpum BNX-(mnbTp 1-ro nopsigka ¢ nepeaaToqHon qyHKumer

1+ajz 1
[Jonyctum, 4TO nNpW  JaHHbIX  KO3(UUMEeHTaX Hambosnbluee 3HauveHue
AUX Ha wuHTepBane /e[0,0.5] paBHo AT HopmmpoBaHHbIi unbTp 6yaes
MMETb NepeaaToUHyo (yHKLMIO
bb+byz ' _Vp+hyz '
1+ayz 1 | +ayz -1
rge bo=gqHbQ by =qHb{, gH =1/Amex

A vopu = UH (2.38;

YacTOTHbIE Xapak TepucTUKKN 13bunpaTensHoro BUX dmnbTpa J-e0 nopsigka

dopmynbl 4ns nepepatouHoi yHkuum (Me), yactotHol (UX), amnantyg»
yacToTHOM (AYX) n haso-yacToTHOM (PUX) xapakTepucTmk BUX-thunbtpa 1-ro|
nopsiaka c yuetom (2.10), (2.30), (2.31) n (2.32) umetoT Bug,

AfrM)=*o0xm1,
l+ayz 1

+ale (2.39)

(fp+bycos2n/f +(f[sinw f
% +aycos2nfY +(a] sin2nf)“
. i . _ oo
qff)\:tan—' bismlnL tan-1 a\sin 2k

bu+by cos 2nf ftp + aii COS 2nf

Bug AYX n ®YX dmnbTpa MOXXHO onpefenuts [24] nyTem pacyeta Ha SBM
no (2.39). Mone3Ho 3HaTb, YTO 3HaYeHMss AUX nerko onpefenstoTcs Ha rpaHMLax

OCHOBHOIA nonockl YacToT (ana /=0 wu/ =0,5). 13 (2.39) nonyunm

_ fp+tl A05:b0~b\
A(0)= 1+3i (0.5) Lay [ (2.40)
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Mpumep. PaccmoTpum BNX-(unbTp ¢ NnepeaaToUHoi (yHKL e
0.15+0.15r-1

1-0.7z 1
e (unbTp umeeT oguH Hynb zf = —1 noguH nonoc 2\ = 0.7;

» 3HauyeHnsi AYX Ha rpaHmuax ocHoBHol nonockl YactotT A(0) - 1, A(0.5)
= O;

e rpadukm AYX n ®YX npusedeHbl Ha puc. 2.23. duAbLTP OTHOCMTCS K
Knaccy m3bmpaTesibHbIX (UIbTPOB HMKHMX YacToT (PHY).

al2)-

Puc. 2.23. AUX n dYX BNX-thunbtpa 1-ro nopsgka (a/ < 0)

Mpumep. PaccmoTpum BNX-(unbTp ¢ nepegaTouHon yHKUMel

A (2= 0:02:0.022"
1+0.6z 1
e (WbTP MMEET OAMH HyNb Z® = 1n oguH nontoc z| =-0.6;
¢ 3HayeHus AUX Ha rpaHuuax ocHoBHol nonockl YactoT A(0) = 1,A(0.5)

=0
* rpauky AYX n ®YX npusedeHbl Ha puc. 2.24. dUALTP OTHOCUTCA K
Knaccy m3bupatenbHbIX PUALTPOB BEPXHUX YacToT (PBY);e

Puc. 2.24. A4X n ®UX BNX-thunbTpa 1-ro nopsaka (a,>0)

» u3bupatensHblii BUX-hnnbTp 1-ro nopsaka sensetca 6o ®HY (npu
a,< 0), m6o PBY (npm aj > 0);
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e ®OUX mnbTpa — HeNMHenHas;

e Mpy  npubamXeHUM  nomoca K eAWHWYHOM  OKpYXXHOCT!
(yBennueHun fa, |) unbTp CTaHOBUTCA 6O/ee Y3KONOMOCHbIM [16,24]  *

YacTOTHbIE XapaK TePUCTUKY 13GUpaTeNbHOr0 BUX-tmnbTpa 2-ro nopsigka

dopmynbl 41 nepegaTouHolit GyHKumm (Md), yacToTHoM (UX), amnanTyda
yactoTHo (AYUX) n aszo-uactoTHON (PUX) xapakTepuctnk BUX-punbtpa 2
nopsigka ¢ yyetom (2.15) (2.30), (2.31) v (2.32) nmetoT BUA '

1+a\z |+a2Z 2
Jo+he-"W+be~M
l+cue~"+ax'M -’

j_ 1+ coslitf+bico.<A-nff +{b[sinbifr-b VTt

(u
| [fo+aycosInf+o2 CosANff +(«] sir&f'+o 2 SinXiff
¢ fr-tand tarj-1 °Isirhtnf+ajsirAif Q4
bo+o\ co&nf+6& cos\Tth i~+ai coslixf+05 cosXnf

Bug AUX n ®UX dunbTpa MOXXHO onpefenutb NyTeM pacyeta Ha OBM no
(2.41) n (2.42). MonesHo 3HaTb, YTO 3HayeHUs AYX Nerko onpeaenstoTcs Ha

rpaHuLax OCHOBHOW nonockl YactoT [16] (gnsa/=0;/=0,5). 3 (2.41) nonyunm

A(0)= 0+ + A(0.5)= *0- 61+62
1+O] +02 ( ' )_ 1_0] +02 (243)|
Mpumep. PaccmoTpum BNX-(mnbTp € NepeaaTouHon QyHKUmen
ﬁ‘%zf‘: 0.0951-0.0951z-2
1+0.9z_1+0.81z~2 |
o (MNbTP MMeeT [Ba BeLECTBEHHbIX Hynd z° =1 u z°=-1, a Takke A"
KOMIM/IEKCHO COMPSIXXEHHbIX nonoca 2.2=redy e

r~=09, ¢p*=24a/3;
¢ AYX Ha gpaHMLax ocHoBHoM nonockl YactoT A(0) = Q A(0,5) - 0;
e yry < =24/3, Ha KOTOPOM PacnosioXeH
cooTBeTcTBYeT yactota /* = 1/3 (puc. 2.25);

e rpagmk AYX npuBegeH Ha puc. 2.25. PuabTp OTHOCUTCA K Kna
n36upatenbHbIX N0M0CcoBLIX (unbTpoB (MdP).

nonwc B Z-NMJI0OCKOC
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Puc. 2.25. AYX BUX-unbTpa 2-ro nopsiaka

PacueT AUX MOXHO BbIMOAHWUTL C MOMOLLBIO /HOBLIX, MMEKLMXCA B

pacnops>XkeHnn, CpeacTs.
%TMGTI/IM 'ELIEKOTOpre 0C06eHHOCTYU

n3bupatenbHbix BUX-hunnbTpoBs 2-ro nopsgka [24]:

. n3bupatenbHbli BUX-hmnbTp 2-ro nopsigka MOXeT ObiTb AM6GO MOMOCOBLIM
(11d), Mm60 pexxkekropHbiM (PP);

. DYX uabTpa - NMHelHas [21]; .

e Npy NPUBAVXKEHWUN NOMOCA K €AMHWUYHOW OKPY>KHOCTU (OUNLTP CTaHOBUTCS

6oriee Y3KOMo/OCHKIM;
e MaKcMMyM AYX MOM0COBOrO (M/bTpa HaXoAWUTCS NPUBIM3UTENBHO Ha YacToTe

/ , KoTopasi COOTBETCTBYET YI/ly <p* MO/MOXKEHWS NO/OCA B Z-LLUIOCKOCTM.

YaCTOTHbIX XapaKTepUcTuk

YacTOTHbIE XapaKTepUCTVIKN (b TPOB C CUMMETPUYHBIMU KOSh(MLEH TamMu

PaccmoTpum KMX-tmnbTp ¢ nepesaTouHoONn (hyHKUMeR
N -

H(z)= £ 6*z " (2.44)

KWNX-thmnbTp faHHOTO BUAA MOXET 6biTb (MMALTPOM HMKHMX YacToT (PHY),
BepxHUX 4YactoT (®BY), nonocoebim (MP) wnam  pexekropHbiMm  (PD),
COOTBETCTBYHOLLMM YETHOMY MM HeyeTHOMY N 1 TUMY CUMMETPUM KO3(PULIMEHTOB

1.

2.6. AHanu3 UMpoBOro unsTpa

PaccmoTpum npumep aHannsa BUX-thmnbTpa 2-ro nopsaka.
Mpumep. WM3BecTHa nepegatodHas (YHKUMS HEHOPMMpOBaHHOro BUX-
(hunbTpa 2-ro NopsiAka, KOTOPbIA NpUMeHsNcs K 06paboTke curHana c gaTyvka

[laBneHuns:
5+4z 1-z 2

1-0,9z *+0,lz

bn+b\z 1+62Z 2
tf(z) = .
1+0jz 1+a2z 2
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TpebyeTcs BbINOHATL aHa/IM3 AaHHOrO UbTPa:

1. 3anucaTb pa3HOCTHOE ypaBHEHNe.
2. V1306pasnTb CTPYKTYpY (hunnbTpa.
3. PaccunTaTb 3HaYeHWs Hyneld 1 MOJHOCOB.
4. N306pa3nTb KapTy HYNei 1 Nontcos.
5. OUeHUTb YCTONYMBOCTb (MNIbTPA.
6. Paccuutarb 5 0TCUYETOB UMMY/LCHOW XapakTepUCTUKMA Mo opmyne u
pasHOCTHOMY YPaBHEHMIO.
7. 1306pasunTb rpauk MMNynbCHON XapakTepucTukuy (5 0TCUETOB).
8. 3anwucaTb hopMy/y YaCTOTHOI XapaKTepucTUKU. 3anmucatb opmyny AUX.
9. Paccumtath 3HaueHus AYX Ha vactotax / =0,/ =0
/- YacToTa, COOTBETCTBYIOLLASA yrny ® ., Ha KOTOp

nonc B Z-1UKCKOCTU.

10. BbINOMHUTL HOPMUPOBKY (hUNLTPA, AONYCTUB, YTO ATIX = A

11.

MocTponTb (KayecTBeHHO) rpadmk AUX HOpMUpOBaHH

nHTepsane Yactot / e [o,0,5]

Takxe TpeGyeTcs NPOBECTY MCCMEf0BaHMe Pe3ybTaTa MPOXOKAEHUs curHan!

C AaTumKa AaBneHns Yepes AaHHbIA LM(POBOM (IUILTP HXKHMX YacToT.

1

2.

3.

4.

PeLuenve
Pa3HOCTHOe ypaBHEHNWE LM(poBOro hunbTpa:

Y, =5xH +4xn-1- xn-2 +0,9y,, i - 0,1y,, 2.
CTpyKTypa (hmnbTpa npvBefeHa Ha puc. 2.26.

>T) y(nT)
>

Puc. 2.26. CTpykTypa thunibTpa

3HaueHVs Hyfein 1 NOMKOCOB CReaytoLme:
zl°=-1,22 =0,2; z* =0,13,
z2 =0,77.
KapTa Hyneli 1 NoNoCcoB MoKasaHa Ha puc. 2.27.
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5. ®unbTp yCTOYMB, MOCKO/bKY
r - ZI,2 <1

6. PacueT OTCUETOB  WMMY/bCHOIA XapaKTepPUCTUKMU. Pe3ynbTaThbl
pacuyeTa (C TOUHOCTbIO 10 2-X 3HAKOB MOC/e 3ansAToii NpuBeaeHs! B Tabn. 2.4,

Tabnvua 2.4

n 0 1 2 3 4 5 6 7
5 85 615 468 360 277 213 164

7. Tpatvk UMNY/bCHOI XapaKTePUCTMKM NPUBEAEH Ha puc. 2.28.

Puc. 2.28. ImnynbCHas XapakTepucTnka

8.UacToTHas xapakTepucTmka
j2nf\ 5+4e~j2T? -e ~ janf
1-0,9e~j21? +0,le~j4*f
[Janee nepexogmm K aHanmdy AYX 1 HoOpMMpoBKe hnnbTpa.
dopmyna AUX:
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(0.6+4cos2nf - cosw f +(sindnf- sininfy

_(
4/)_ (1-0.9cos 271"+ OAcosANnff + (0.9sin2nf-() Asin Anf'f
9. Pacuet 3HaueHnin AUX.
N(0)=40, 40,5)=0, Jirax=/(0)=40.
HO.HopmupoBka dunbTpa
0,125 +0,lz-1 -0,025r~2
1-0,9z-'+0,1z~2
11.I'padimk AYX unbTpa NpmBegeH Ha puc.2.29.

gn=1/40=0,025, 4A(r)=

Puc. 2.29. AUX yudposoro dunbTpa

MpoBogs aHanu3 AYX faHHOro (wbTpa, MOXHO CAeNnaTb BbIBOA, YTO 3TOT
UnbTP - OUABLTP HMXKHMX YacToT.

[aHHbIli anropyTM MOXHO peann3oBaTb MPOrpamMMHbIM 06pa3oM, COrnacHo!
CTPYKTYpe B M. 2, TaK Kak OH fIBASETCA YCTOWYMBLIM, U NPOBECTW WUCCNef0BaHUE]
pesy/nbTaTa NPOXOX/AEeHUs CUrHana ¢ AaTyuka AaBieHus yYepe3 LUMpoBOi (ubtp
HWKHMX YacToT.

Cnepyet OTMETUTb, YTO PUALTP (puc. 2.29) AOCTAaTOYHO 3((EKTUBHO Craaams]
LLYMOBble BbIGPOCHI, HECNOXEH B peanu3aumMm U MOXeT OblTb WUCMOMb30BaH B
npakTuke (puc.2.31). MNpu HW3KOM COOTHOLLEHWWU curHan/wym (puc. 2.30) cTout
3a/laya B NPOEKTUPOBaHWN 6Oee CNOXKHOIO (UNbTPa.
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Puc. 2.30. MpumMeHeHWe unbTpa K 06paboTKe CUrHaMa ¢ AaTuymKa AaB/eHus.

Puc. 2.31. MNpumeHeHne nnbTpa K 06paboTKe cUrHana ¢ gatymka Xonna
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