KOHCHEKT JEKIUA
no nucuuniaude «udposasi 00padoTka CUrHAIOBY»

PA3AEJI Nel Beenenue

1. JIEKIIUSA Nel

Tema: BBenenune

Y4eOHbIe BOPOCH: 1. Oco6ennoctu cucrem LHOC.
2. 3agaun, pemraembie Haykor o LIOC.
3. Cnoco6s! peanuzamuu LOC (mporpaMMHBIiA, anmnapaTHbIi
BPEMEHHOM, CIIEKTPAIIbHBIN ).
4, Knaccudukarus 1iu@poBbIX CUCTEM.

1.1. Bompoc Nel
Ocobennoctu cucrem HOC

B o0mem cnydae cucTeMa — COBOKYIMHOCTh B3aUMOCBSI3aHHBIX M B3aUMOICHCTBYIOIINX
anemenToB [COCT P MCO 9000-2008.

Jlisl TEXHHYECKUX CHCTEM B OIPENENICHUH JIOJDKHO MPUCYTCTBOBaTh Hanmmuue nenu. [lo-
TOMY CHCTEMAa — MHOKECTBO (COBOKYITHOCTH) MaTe€pHAIbHBIX OOBEKTOB (9JIEMEHTOB) JIOOOH, B
TOM YHCJI€ PA3TUIHON (HU3NIECKON MPHUPOJIBI, a TAKKe HHPOPMAITMOHHBIX 00BEKTOB, B3aNMOCBSI-
3aHHBIX U B3aUMOJICMCTBYIOIIUX MEXIY co00il s gocTwkeHus oOuel nemu. [[OCT P 43.0.2-
20086].

Jro0as 3azada O6pa6OTKI/I CHUTHAJIOB B TCXHHYCCKHUX CHCTEMAaxX CBOIUTCA K npeo6pa30Ba—

xe X

IIpasuno G, o KOTOPOMY BBITIONHSETCS 3TO peobpazoBanue X 4 Y, Ha3bIBAETCS One-
pamopom Wiu aneopummom npeodpazoBanus (00paboTku), a GU3NIECKU 00BEKT, peaTu3yOIui
3TO MPABUIIO, — cucmemou 00pabOTKH CUTHAJIOB.

B 3aBucuMocTH OT CpeiacTB (3JIEMEHTHOM 0a3bl), ¢ TOMOIIbIO KOTOPBIX pealu3yercs CHu-
creMa 00paOOTKH, CUTHAJIBI HA BXOJI€, BBIXOJE U BHYTPH CHUCTEMbI yJOOHO INPEJICTaBISATh B TOM
i uHou ¢opme. [lpu sTom knaccuduxanust TUIOB 00pabOTKK CUTHAJIOB MOXKET ObITh IPOBEACHA
10 BUJy CUTHAJIOB HAa BXOJI€, BBIXO/I€ U BHYTPHU cucTeMbl. OJHOPOAHbIE CUCTEMBI MO TUIY 00pa-
OOTKM CUTHAJIOB MOXHO Pa3AeNuTh Ha YEThIPE IPYIIIbL:

— QAHAJIOTOBBIE CUCTEMBI 00PaOOTKU B HEMIPEPHIBHOM BPEMEHH (aHAJIIOTOBBIE CHCTEMBI);

— QAHAJIOTOBBIE CUCTEMbI 00pabOTKH B AUCKPETHOM BPEMEHU (IUCKPETHO-aHAJIOTOBBIE CHU-
CTEMBI);

— 1u@poBbIe cUCTEMBI 00PaOOTKU B AUCKPETHOM BpeMeHU (LIU(PPOBBIE CUCTEMBI);

— 1u@poBbIe cUCTEMBI 00PaOOTKH B HEMPEPHIBHOM BPEMEHHU.

— undposble cucteMbl 06paboTKN B HENPEPLIBHOM BPEMEHMW.

HaunGounpiiee pacnpocTpaHeHHEe TOMYYMIIA aHAJIOTOBBIE U U(PPOBBIE CUCTEMBI 00pabOTKH
CUTHAJIOB, IPUUYEM B PATUOIIEKTPOHUKE U JAPYTrHUX 00IACTAX TEXHUKU B MOCIEIHUE JIECATUICTUS
HaMETHUJIaCh TEHJICHIIUS TTePEX0/ia OT aHAJIOTOBOM K udpoBoi 06padotke curaanos (L{OC).

Bospacratomuii uatepec k LIOC o0ycnoBiieH psoM BaXHBIX MPEUMYLIECTB TaKo oOpa-
OOTKH IO CPaBHEHUIO C aHAJIOTOBOM M IMCKPETHO-aHAJIOTOBOW. DTH MPEUMYIIECTBA MOXKHO pas3fie-
JMTh HA TPH TPYIIBL: APUHYUNUATbHBIE, PeATU3AYUOHHbIe T MEXHUKO-IKCnIyamayuonHule [45].

HHI0O MHOXeECTBa X BXOJHBIX CHUI'HAJIOB BO MHOXECTBO Y BBIXOJHBIX CHUT'HAJIOB -ve Y


http://www.complexdoc.ru/lib/ГОСТ%20Р%20ИСО%209000-2008
http://www.complexdoc.ru/lib/ГОСТ%20Р%2043

IMpunounuaabubie npenmymecrsa [HOC:

— MHO20(DYHKYUOHATLHOCTb 00pabomKi, T.€. BOSMOXXHOCTb MCIIOJIB30BaHUS OJHOTO U TO-
o K€ TMpoIeccopa Ui BHIIOJIHEHUS Pa3IMYHBIX ONEpPaTopoB 0OpabOTKU IMyTEM U3MEHEHHS MpPO-
IrPAMMBI;

— MYIbMuniekcuposanue, T.e. BO3MOKHOCTh 00pabOTKH CHUTHAJIOB OT HECKOJIBKHUX IaT4h-
KOB (eCJIM IO3BOJISIET OBICTPOJICHCTBHE MPOLIeCcCOpa) B MPOMEKYTKAX MEXKy CMEKHBIMU TaKTaMU;

— cHAmue ozpanmuyeHull Ha 6udvl 0Opabomku, CBOWCTBEHHbIE aHAJOrOBOW TEXHUKE, U
o0ecrnieunBaeTcs peanusanus J0bIX (OPMAIBHO OMUCHIBAEMbIX IPEOOPa30BaHMUIA;

— omcymcmeue NPUHIUIHAAIBHBIX 02PAHUYEHUU HA CTLOACHOCMb 00pabomKu, T.e. UMEETCs
NPUHIUIHATIBHAS BO3MOXXHOCTh OOECIeYnBaTh TPeOyeMyl0 TOYHOCTH OOpabOTKH MpHU CKOJBKO
YTOJHO CIIOKHBIX AJITOPUTMAX.

Peasmmzannonnsie npeumymecrsa [OC:

— BBICOKAs CTAOMJILHOCTh XapaKTEPUCTHUK;

— TOBTOPAEMOCTh XapaKTEPUCTUK (OTCYTCTBUE UHANBUAYAIbHBIX IPU3HAKOB);

— YHHUKaJIbHbIE BO3MOKHOCTH JUIsl alanTaluu (yrpaBieHHE XapaKTepUCTUKAMHM);

— BBICOKasi TOYHOCTh BOCIIPOU3BENICHHS OTiepaTopa 00padOTKH;

— peanuzanus ¢ nomousto BUC u CBUC, orcyrcTBue anementoB L u C;

— MPaKTHYECKH CKBO3HAS «IIU(POBU3AIUS) AllIIapaTypHl.

Texnuko-3xcmiayarannonubie npeumyuiecrsa LHHOC:

— BBICOKasl HaAEKHOCTb;

— Majble Macca v rabapuThl;

— BO3MOXHOCTH JIUarHOCTHKU;

— MaJioe SHEPronoTpedIeHuE;

— I[IMPOKHE BO3MOXHOCTH YHU(DUKALINY;

— ocna0eHHOe 3JIEKTPOMAarHUTHOE BIMSIHUE U y100CTBA 3alUTHI.

Cpenu HexocTaTKoB 1U(GPOBOM 00pabOTKE CUTHATIOB MOKHO Ha3BaTh CJIECTYIOIIHUE:

— BO3MOYKHOCTh OOpaOOTKM OTHOCUTENIBHO HHU3KOYAaCTOTHBIX CHUTHAJOB (B HAacTosIIee
BpeMs LIOC ocyiecTBiIsAIOT Ha BUJEO- U MPOMEXYTOUHOM YacToTax, a 00paboTKa CHUTHAJIOB Ha
BBICOKOU TTPOU3BOJAMUTCS CPEJCTBAMH aHAJIOTOBOM TEXHUKH);

— UIyMbl KBAaHTOBaHUS, HEJMHEHHBIE () ()EKThI epernoNTHEeHNs U MPEIETbHbIX IIUKIIOB;

— 3aBHCHUMOCTBH CKOPOCTH 00pabOTKH CUTHAIOB OT TpeOyeMoil TOUHOCTH;

— BJIMSHUE MPOHMKAIOUIEH paguanuu, 0COOEHHO JUIsl MHTerpanbHbX cxem N-MOII texHo-
JIOTHUHU.

Paznmnuator LIOC B wupokom W B y3Kk0oM CMBICIE CIOBA.

[HOC B mMpoKOM CMBICIE BKIIIOYAET BCE BB 00pabOTKHU, yIOBIETBOPSIOUINE JAHHOMY
BBIIIIE ONPEAEIECHUIO, B TOM YHCJIE U NOSIBUBLIMECA B CBA3M C PA3BUTUEM KOMIIBIOTEPHBIX TEXHO-
JIOTUH omepanuy HajJ MacCUBaMHM JIaHHBIX, TaKUE KaK apXuBauus ¢ailioB, MoJIeIMpOBaHUE BUPTY-
anbHOM peanbHOCTH U Jp. LIOC B y3KOM CMBICIIE BKJIIOYAET TPaJAULMOHHBIE U1 PAAUOTEXHUKH,
TEXHHUKHU CBS3M M 3KCIEPUMEHTAJIbHBIX UCCIIEI0OBAaHUI Olepaliy HaJl CUTHAJaMU, BBIIOJIHSIEMbIE
U(GPOBBIMU METO/IaMHU.

C nomompto [JOC MoryT OBITH OCYITIECTBIICHBI BCE M3BECTHBIC ONEPAIIMU HAJl CUTHAJIAMH.
Hanpumep, Ha ocHoBe 1u(ppoBoif 00pabOTKM CUTHAIOB B PAJAMOTEXHUKE U TEXHUKE CBSI3U pellia-
I0TCA CIIEAYIONIME 33Jaud: TeHepauus, MOIYyJsALus, pasleneHue, (OpMUPOBAHHE M KOPPEKIIHS
CUTHAJIOB, (GMIIBTPALIUS U OLICHUBAHUE, aHAJIU3 CIIEKTPOB, CXKATHE CUTHAIOB BO BPEMEHHU M IO Ya-
cToTe, OOHApPY)KEHHE M paclo3HaBaHWE CUTHAJIOB, KOAUPOBAHHE W JIEKOIWPOBaHHE, 00paboTKa
n300pakeH, CHHTE3 PEUEBBIX CUTHAJIOB U T.1.

Bpemennas cenexiusi, KOMMyTalus HUQPPOBBIX MOTOKOB, CIOXKEHHE U YMHOXEHHE IOCIIe-
JI0BaTeNIbHOCTEH, MHTEPIOJISLNSA, NeUMAaLUs, MaclITabupoBaHue (yCUIEHNE) OTHOCITCS K YUCITY
HECJIOKHBIX 00pabOTOK, B KOTOPBIX BBIXOAHON OTCUET MOJIY4aeTCs B Pe3yJbTaTe BHIMOIHEHUS OJl-
HOMW - ABYX omepauuii. OUIbTpanus, KOppeKIus, ckaTue UHPOPMALUU, CHEKTPaIbHBIN aHAIU3,
KOppeJssius, OLICHUBAaHNUE, HEJIUHEHHbIe MPeoOpa3oBaHUs OTHOCSTCS K YMCIY CIIOKHBIX BHIOB
(onepanuii) 06paboTKu. J{7s1 BBIUMCIIEHUS BBIXOJHOTO OTCUETA 3/1€Ch MPUXOJUTCS BBITOIHHUTH



3HAUUTEIBHOE YUCIIO ONEepaluii YMHOKCHHS M CIOXCHHUS (MPaKTHYECKH HECKOJBKO JECATKOB U
naxe coreH). HOC B y3KkOM CMBICIIE BKIIIOYAET YIIOMSHYTBIE CJIOXKHBIE Onepannu 00paboTKu CHUT-
HAJIOB.

1.2. Bompoc Ne2
3apaun, pemaembie Haykoii o LHOC

Hayka o LIOC u3y4aet npyHIMIIBI U METO/IbI IIOCTPOEHUS aITOPUTMOB, IPOIPaMM U TeX-
HUYECKUX cpelicTB U poBoit 00padoTku curHanoB. E€ nmpoliemarrka nopoxaaercss orpaHuyeH-
HOCTBIO PECYPCOB BBIYMCIUTEIBHBIX CPEACTB, ¢ MOMOIIBIO KOTOPbIX L{OC MOkeT ObITH BBINOJIHE-
Ha. OCHOBHBIE 3a/1a4M, pelaeMble pu npoektupoBanuu cucremsl LIOC [45]:

— MHccnenoBanme n pazpaboTka METOJOB CHHTE3a (PM3MYECKH BO3MOKHBIX oreparopoB G
JUIs Pa3sHOOOpa3HbIX NPUKIAIHBIX 3a1a4. Hanpumep, KOHCTpyUpOBaHNE UMITYJIbCHBIX XapaKTepu-
CTHK U MepelaTOYHBIX QYHKIUN JTUHEWHBIX (QUIBTPOB, ONEPATOPOB OLICHUBAHUS TAPAMETPOB CHUT-
HaJa, OIepaToOpOB CIIEKTPAIbHBIX IpeoOpa3oBaHUi U Jp.

— Pa3zpaboTka U onTUMU3aLKs BBIYUCIUTENBHBIX anropuTMOB. CyTh 3THUX MHPOIEAYp CO-
CTOUT B MOCTPOCHUU 3(H(HEKTUBHBIX ANTOPUTMOB BBHIYHUCICHHS CHHTE3UPOBAHHBIX orepatopoB G.
Hanpumep, noctpoeHue anropuTMoB U CTPYKTYPHBIX CXEM JIMHEMHBIX (PUIBTPOB, a TaKKe HENU-
HEHHBIX Mpeobpa3zoBaTelieil, aNrOPpUTMOB KOPPEKIUH U AP.

— AHanu3 KadecTBa ONEPAaTOPOB, AITOPUTMOB U CTPYKTYPHBIX CXEM (3a/laya aHalu3a).
Hanpumep, omeHka JOCTHKUMOW TOYHOCTH BBIMOJTHEHUS ONEPATOPOB M AITOPUTMOB, BIMSIHUS
JUTMHBI CJIOBa (Pa3psaHOCTH) JaHHBIX U K03(duimeHToB Ha (QUHANBHBIE MapaMeTphl CUCTEMBI,
aHaJIN3 YCTOMYMBOCTH, YYBCTBUTEIBHOCTH K M3MEHEHHMIO MapaMeTpPOB, PA3JIMYHBIX HEITUHEHHBIX
3(PeKTOB, BEIUUCIUTETHLHOMN CIIOKHOCTH, TPEOYEMOH TPOU3BOAUTEIBHOCTH TIpolieccopa u Jip.

— Pazpabotka npunnmnos peanuszanuu anroputMoB [IOC. B 3aBucuMocTH OT CpeCTB pe-
anu3aluy (anmapaTHble, IPOrpaMMHBIE MO0 CMELIaHHbIE) pelarTcs 3a1a4l pa3paboTKH U OIl-
THMHU3AlUY TPOTpaMM, apXUTEKTYphl, CTPYKTYphl U PYHKIMOHANIBbHBIX y3510B cucteMbl LJOC. Uc-
CIIETYIOTCS BOIIPOCHI OTJIAJIKU MTPOTPaMM, AUATHOCTUKH, UACHTU(DUKAIIUHN OIIHOOK U JIp.

— Pa3palboTka mMakeToB MNPUKIAAHBIX MPOTrpaMM — D3JEMEHTOB CHCTEM aBTOMATU3H-
poBanHoro npoektupoBanHus (CAIIP) ammaparypsl paanodIeKTPOHMKH W CBS3M Ha MPHUHIMIIAX
[OC. CymecTBEHHBIM 311€Ch SBISIETCA TO, KAKHE CPEICTBA MCIIONB3YIOTCS ISl PEaIM3allii allro-
putmoB [{OC, rak kak UMEHHO OHM pemarIrM o0pa3oM BiusAoT Ha opueHTtanuto CAIIP, oco-
OEHHOCTU MAaTeMaTUYEeCKOIro M MPOrpaMMHOI0 00eCIeYeHUsI 1 METOJUKHU POEKTUPOBAHMSL.

1.3. Bompoc Ne3
Cnoco0b1 peammsanun HHOC

B kauectBe cpenctB peanuzanuu anroputMoB [[OC Moryt MCmonan30BaThCs MPOTPaMMBbI
VHUBEPCATBHBIX JIMOO CIIenaIn3upoBaHHbIX DBM, crieruaibHble anmapaTHbie THO00 KOMOWHAITUN
anmapaTHO-TIPOrpaMMHBIX cpencTB. Ha mepBbeix mopax passutus [{OC mpumeHsiach UCKIIOYHU-
TENBHO MPOrpaMMHasi peanu3anus. Takas ke peanu3aius NPUMEHSIeTCS U B HACTOSIIee BpeMs B
TeX ClIydasx, eCii He TpeOyeTcsi 00paboTKa CHTHAIOB B pealbHOM BpeMeHH. Mcmonp3oBaTh ke
yHuBepcaiabHble OBM s 00paboTKH CHTHAJIOB B peajlbHOM MaclITabe BPEMEHU HE MPeICTaBIIs-
€TCs BO3MOXKHBIM [45].

Pa3BuTHE BBIUMCIUTETHHOW TEXHUKH, KOMITBIOTEPHBIX TEXHOJIOTHHA, METOJOB U CPEICTB
CAIIP, Beicokux TexHonoruit npousBoactsa bBUC n CBMC npuBeno k MosSBICHUIO MPOILIECCOPOB
nudposoit 006padoTku curHaioB (IIIIOC), wame Ha3pIBaeMBIX CHUTHAIBHBIMH TIPOIECCOPAMHU
(DSP). CurnanpHbie mporieccopsl, obmamas mnpucrnocodmentoi it [[OC apxXuTekTypoid, mo3Bo-
JISIOT co3/1aBaTh 3((HEKTUBHBIE CUCTEMBI 00pa0OTKH U TepeAadn CUTHAJIOB B pealbHOM BPEMEHHU.

— Mmuoroo6pasue apxutektyp IILIOC, anroputmoB [1OC, MHCTpYMEHTAIBHBIX CPEACTB



MOJICJINPOBAHUS U MPOCKTUPOBAHUS BBIBUTAET CETOHs Ha MEpeIHUll MiaH mpobiaeMy CO3IaHMs
CKBO3HOM TEXHOJIOTUHU ONepaTUBHOro KoHcTpyuposanus cucteM LIOC. Takas TeXHOJIOTHS JOJKHA
IPEJCTaBIATh COOON MAaKCUMaJIbHO aBTOMAaTU3MPOBAHHYIO NOCIEI0BATEIBHOCTD 3TAIIOB MPOEKTH-
pPOBaHUS OT aHAJIM3a APXUTEKTYPbl CUTHAIBHOTO MpoIeccopa J0 aHaIM3a XapaKTePUCTUK MOIY-
yeHHOU peanuzanuu cucteMbl [IOC [7].

Kak mporpamMMHBIif, Tak u anmapatHsiid crioco6 peanuzamun LHOC moxet 6a3upoBatbes
1100 Ha BpeMEHHOM, JTUOO Ha CIEKTPAIbHOM MOJIX0/€ (TIOCIICAHUN UCTIONb3YEeTCS IS JIMHEHHBIX
anroputmoB L1OC).

BpemenHoii moxo 1o cBoeii CyTH sIBisieTCst 0ojiee «U3NIHBIMY», OH HalIOMUHAET (hr3H-
4ecKuil mporecc 00pabOTKHU CUTHATIOB B aHAJIOTOBOM cucteme. [Ipu BpeMEeHHOM MOAX0/1e pealu-
3yercs aroput™ oopaboTku (7, B KOTOPOM IO OTCUETAM BXOJHOIO curnana ] pprancnsiores
OTCYETHI BBIXOJIHOTO CUTHAJA yin]

ITpu ciekTpaibHOM MOJIX0/1€ AIrOpUTM 00paboTKu G ycTaHaBIMBAEeT CBSI3b HE MEXY ca-
mumu curnanamun X2 ny[7] ) a Mexay ux cnekrpamu X (k) u 'Y (K), moigydaeMbIMU TIOCPEICTBOM
TMCKPETHOTO peodpazoBanust Dypoe.

[TpoexTrpoBanue ycTpoiicTB 1udpoBoit 00padoTku curnainos (LIOC), B wactHOCTH, 1T }-
poBbIX GuIbTpoB (LIP) MOKET OCYIIECTBIATHCS P HATMYHUN Pa3pabOTaHHBIX METOIOB, COOTBET-
CTBYIOIIMX MAaTEMaTUYECKOTO M MPOTPaMMHOT0 00ECTIEYeHUH, a TAK)KE TEXHUUIECKUX CpeacTB. Beé
3TO COCTAaBJISIET OCHOBY CUCTEM aBTOMaTU3HpoBaHHOIO npoektuposanus (CAIIP).

1.4. Bompoc Ned
Kaacenpukanusi uuppoBbIX cUCTEM

[T poBble cCTEMBI MOXKHO KJIAaCCU(UIMPOBATH MO Pa3IMYHbIM PU3HAKAM:

— 1o 00JacTu NpUMEHEeHHsI — HU(PPOBbIE CUCTEMbl ABTOMATUYECKOI'O YIPaBIeHUS U LU(-
POBBbIE CHCTEMBI NpeoOpa3zoBaHus U 00pabOTKU MH(OpMAlMK, B CBOIO OYepenb, LHU(POBbIE CH-
cTeMbl IpeodpazoBanus U 00padboTku nHGopmanuu (cucremsl [{OC) MoryT SBIATHCS MOJACHCTE-
MO# 1T POBBIE CUCTEMBI aBTOMaTUYECKOTO YIIPABIICHHUS;

— 110 IPUMEHUMOCTH MpHHLIMMNA cynepno3unuu — cuctembl [IOC MoXHO paznenuTh Ha
JIMHEWHBIE U HEJIMHEUHEIE,

— IO CTENIEHU U3MEHEHUs IapaMeTPOB BO BPEMEHU —CTAllMOHAPHBIE U HECTAL[IOHAPHBIE,

— 0 HAJIM4MIO OOpaTHBIX CBs3ell — 6e3 oOpaTHbIX cBa3el, HanpuMep KUX-buibTpsl, u ¢
o0paTHBIMU CBsI3siMH, Hanipumep BUX-punbTpl,

— 110 IpUHIUIAM 00paboTKU MH(POpPMALMK — TUHEHHAsT GUIIbTpaLysl, ONTUMANIbHAS (PUIIb-
Tpauus, ajanTuBHas QUIbTpaLus;

— IO COCTaBYy BBIYMCIHMTEIBHBIX YCTPOMCTB — MpOrpaMMHBIE YCTpPOHCTBa, T.€. paboTaro-
1[Me 1MoJ| yrpaBieHHeM Mporpammsl (MUKpoIpoleccopbl, MUKpo-OBM), ycTpoiicTBa ¢ mporpam-
MHPYEMOU CTPYKTYpPOH

— IO IPYTUM NpU3HAKAM (TEXHOJIOTHYECKUM, KOHCTPYKTUBHBIM).



Tema:

2. JIEKIUASA Ne2

O060o0menHas cTrpykTypHasi cxema ycrpoiicts HHOC

Y4eOubie Borpockl: 1. O606mienHas cTpykrypHas cxema ycrpoiicts LIOC.

2. Bunpl anroputmosn 11OC.
3. Ctpykrypa npoueccopa [{OC.

2.1. Bompoc Nel
O0001IeHHAS CTPYKTYPHASl CXeMa JUCKPETHOM CHCTEeMBbI

HcTouHuK
CHTHAaJIa
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@HYL ¢ wacmomoti cpesa fcp< f5=0.51,=1/(2T),

fy — vacmoma Haukeucma,

y(t) — ebixoonot cucnan.

f7 — wacmoma ouckpemuszayuu,
T — nepuoo ouckpemuzayuu, .

PucyHok 1 — O0o0011eHHas CTPYKTYpHasi cXeMa IUCKPETHOU CUCTEMBI

Omnepanuu, peanusyemble aHaT0ro-IM(pPOBBIM peodpazoBaTeIeM:
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Pucynok 2 — Ananoro-iudpooe npeoOpa3zoBaHue



2.2. Bomnpoc Ne2
Buasb1 aaropurmos HOC

Anzopummot yugposoit punempayuu

Cpenu mudpoBhIX GUIBTPOB Pa3IUYAIOT /IBA THIIA:

KUX-huabTpsl - ¢ KOHEYHON UMITYJIBCHOM XapaKTEPUCTHUKOM;

BUX-pmibpsl — ¢ 0ECKOHEYHON UMITYJTbCHON XapaKTePHUCTUKOM.

2.2.1. Ob6a tuna GUIbTPOB OTHOCATCS K JJMHEHHBIM CHCTEMaM C MOCTOSIHHBIMU TTapaMeT-

paMu, B KOTOPBIX BXOJHasl X, W BBIXOJHAs IIOCIEAOBATEIBHOCTU Y, CBSI3aHbI BbIPA-
JKEHUEM JUCKPETHON CBEPTKHU:

o0
Vo= MXp g, n=011..., (2.1)
k=0
rae X,, Y, - OTCYEThbl BXOJAHOI'O M BBIXOJHOI'O CUTHAJIOB; X,_k - OTCYCThI BXOJHOI'O CMrHaja, 3a-

JACPKAHHOI'O Ha Kk HHTCPBAJIOB JUCKPETU3 AN, hk - UMITYJIbCHAsl XapaKTCPpHUCTUKA CUCTCMBIL.

KU X-buiapTphl.

MmnynbcHas XapaKTEpUCTUKA HUMEET KOHEUHYIO JUTMTEIbHOCTD.

BpIXomHOM cUTHAN OIIPENEIAeTCs TONBKO BXOIHBIM CUTHAJIOM M HE 3aBUCHUT OT BBIXOJHOTO
cUrHasia GuiIbTpa.

PasnoctHoe ypaBHenne KUX-dunpTpa numeer Bua:

N-1
Yn= zbkxn—k (2.2)
k=0

BUX-buisTpEl.

HNmnynbcHas XapakTepuCcTHKa UMeeT OECKOHEUHYIO JUIUTEIbHOCTb.

OTcueTsl BBIXOJHOTO CUTHAJIA ONIPEAEIAETCS KaK OTCUETaMHM BXOJAHOIO CUTHAjA TaK U OT-
CYETaMM BBIXOJHOT'O CUTHAJIA.

PasznoctHoe ypaBHenne KUX-puibTpa umeer Bua:

N-1 N-1
Yo = D bXo k= D akXn_k (2.3)
k=0 k=1

CnexmpanvHulil (capMOHUYHBIL) AHATU3
[Tpu rppoBOM CIIEKTPATLHOM aHATN3e CUTHAJIOB UCITOJIB3YETCS TMapa JUCKPETHOTO Mpe-
obpazoBanus Oypee (AI1D) — npavoe npeobpazosarue Pypue:

. 1 . 27-nk
Xy == % -exp(—j =) (24)
N = N
U 0bpamHoe TUCKpETHOE npeodpazoBanne Dypre:
L . 21 nk
b= 3 X, o( | 250K
k=0

a TaK)Ke PaIMOHAJIbHBIN CIIOCO0 pean3aliuu AUCKPETHOTO peodpa3oBanus Dypbe — ObICTpoE
npeodpazoBanue Oypne (BI1D).

), (2.5)



2.3. Bomnpoc Ne3
Crpykrypa npoueccopa HHOC

Ha pucynke 3 npeacrasiena o600ménnas ctpykrypa DSP, oTpakatromias ocCHOBHEBIE Or1e-
parmoHHble ocodeHHocTH TporieccopoB [IOC B ToM umcne HaTU4He:

— omepalud yMHOXKEHHsI C HAaKOIUICHHEM H 3aJepXKKH JUIsl peaji3allid JIHCKPETHOM
CBEPTKH IPHU peal3aIlii aJITOPUTMOB IU(PPOBON (DHUIbTpAIUH;

— omepanuiin «6abouka» AJis pealn3aluy aIropuTMOB ObICTpOro mpeodpazoBanus Dypre

(BII®D);
— omeparuy, obecrednBaoe 06paboTKy crektpa arctg(), log2(), \ " u ap.
DunbTpauus
- x
D BUX-pwibrp
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Pucynok 3 — OnepannonHslit 6a3uc mporeccopoB DSP




PA3EJI Ne2 JluckpeTHble CHTHAJIBI

3. JIEKIHSA Ne3

Tema: AHAJIOTOBBIE U IUCKPETHBIE CUTHAJIBI
Y4eOHbIe BOIPOCHI: 1. AHaJIOTOBBIC M TUCKPETHBIC CUTHAJIBI.
2. Amnanoro-umdpoBoe u nudpo-aHAIOroBoe Ipeodpa3oBa-
HUE.

3. CnekTp auckperHoro curHanta. CBs3b MEXKIy aHAIOTOBHI-
MU U JUCKPETHBIMHU CUTHAJIAMHU.

3.1. Bompoc Nel
AHAJIOTOBBIE H INCKPETHbIE CHTHAJIBI

CymHocTh 11(poBoit 00pabOTKM COCTOUT B TOM, UTO (hu3uyeckutl CUTHAN (HaIpsHKeHHE,
TOK U T. JI.) IpeoOpa3yeTcs B OCIE0BATENbHOCTD Yicesl, KOTOpas 3aTEM IOJIBEpraeTcs mamema-
muyeckum IPeoOpa3OBaHUsIM B BBIUMCIUTEILHOM ycTpoicTBe. TpanchopmupoBaHHbIi HH(poBOH
cUrHaJ (II0CJIe0BATENbHOCTD YUCEN) MPU HEOOXOIMMOCTH MOXET OBbITh MpeoOpa3oBaH 0OpaTHO B
HaIpsDKEHNE WIN TOK.
B nanHoil nexkuuu 6yayT pacCMOTpPEHbI MPUHLUIIBI MATEMAaTHYECKOTO OMMCAHUS U aHAJIN3a
JUCKPETHBIX CUTHAJIOB.
Vcxonnblil pu3nuecKuil CUrHai sIBIsieTCs Henpepuvienol GpyHKIMeH BpemeHH. Takue cur-
HaJIbl, OTIPEJICIICHHbIC BO BCE MOMEHTHI BpPEeMEHH, Ha3bIBaloT aranocosvimu (analog). IMocnenosa-
TEITLHOCTh YHCENI, MPEJCTABISAIONIAs CUTHAT Mpu 1U(PpoBOil 00paboTKe, SBIACTCS OUCKDEMHbIM
psaoom (discrete series) u He MOXKET MOJHOCTHIO COOTBETCTBOBATH aHAJIOTOBOMY CHUTHATY. Uwmcia,
COCTaBJISIIOLIUE MTOCIIEI0BATENIbHOCTD, ABIISIOTCS 3HAUEHUSIMU CUTHAA B OT/AEIbHBIE (IUCKPETHBIE)
MOMEHTBI BpEMEHH U Ha3bIBAIOTCS omcuemamu curHana (samples). Kak mpasuio, orc4erst 6epyT-
Csl yepe3 paBHbIE MPOMEXYTKU BpeMeHH 7, Ha3bIBaeMble nepuooom ouckpemusayuu (WA unmep-
eanom, wiazom ouckpemusayuu — sample time). Benuuuna, oOpatHas nmepuoay AUCKPETH3AINH,
HasbIBaeTcs yacmomot ouckpemuzayuu (Sampling frequency): fn = 1/T. CootBeTcTBYyIOIIas €if Kpy-

roBas 4acTOTa OMpeNIeNAeTcs CeAyommM obpasom: @, =27 /T

ScHo, uTO B O0IIIEM CiTydae MpeCcTaBiIeHUe CUTHAIA HAOOPOM JMCKPETHBIX OTCYETOB MpPU-
BOJUT K ITOTEPEC I/IH(i)OpMaI_[I/II/I, TaK KaK Mbl HUYErO0 HE 3HACM O IOBCACHUHN CUTHAJIa B IMPOMEKYTKax
Mexy orcueramu. OHAKO, KaK OyJeT mokaszaHo jaajiee B paznuene «Teopema KorensHukoBay, cyie-
CTBYET KJIaCC aHAJIOTOBBIX CHTHAJIOB, JJIs1 KOTOPBIX TaKoOW motepu MH(OpMaLMK HE TPOUCXOIUT U KO-
TOpPbIE MOT'YT OBITh 710YHO BOCCTAHOBJICHBI 110 3HAYEHUSM CBOMX TUCKPETHBIX OTCUETOB.

[porecc mpeoOpa3zoBaHus aHATIOTOBOTO CHTHAIA B TIOCTIEIOBATEIFHOCTh OT CYETOB HA3hIBACT-
cst duckpemuzayueti (Sampling), a pe3ysbrar Takoro peoopasoBaHus — OUCKPEMHBIM CUSHATIOM.
IIpu 06paboTke cHrHaNa B BHIYUCIUTEIBHBIX YCTPOHCTBAX €0 OTCYETHI IPECTABISIIOTCS B BUJIE JIBO-
HWYHBIX YUCCII, UMCIOIIUX OI'PaHUYCHHOC YHMCJIO Pa3psa0B. BCJICI[CTBI/IG 9TOr0 OTCYCTHI MOT'YT ITPUHU-



Marth JINTh KOHEYHOE MHOKECTBO 3HAUCHHH M, CJIEIOBATEIILHO, NPH MPEACTABICHUM CHUTHANIA HEU3-
OSKHO TIPOUCXOUT ero OKpyrieHue. [Iporecc mpeoOpa3oBaHus OTCUETOB CHUIHAJIA B YMCIIA HA3hIBACT-
¢ Kkeanmosanuem no ypoeuro (quantization), a BO3HMKAIOIIME NPH TOM OIIUOKH OKPYIJICHUS —
owmokamu (uiu wymamu) keanmosanus (quantization error, quantization noise).

CurHas, TUCKPETHBIA BO BPEMEHH, HO HE KBAaHTOBAHHBIN 110 YPOBHIO, HA3bIBACTCS QUCKpEN-
noim (discrete-time) curnagom. CurHal, AMCKPETHBIA BO BPEMEHHM M KBAHTOBAHHBIA 110 YPOBHIO,
HasbIBalOT yugposvim (digital) curnamom. CurHaiisl, KBAHTOBAHHBIE 110 YPOBHIO, HO HEIIPEPHIBHBIE BO
BPEMEHHM, Ha TPAKTUKE BCTPEUAIOTCS PeaKO. PasHHILy MEKIy aHATOTOBBIMH, JUCKPETHBIMHU U IU(PO-
BbIMH CUTHAJIaMU WJUTFOCTPUPYET puc. 1.
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Puc. 1—Ananoroew (cnegd), aMckpeTHeiA (8 enTpa) W undposel (CNpaBa) curHans

BeruucnuTenbHble yCTpOCTBa, peIHa3HAUCHHBIE JJ1s1 0OpaOOTKMU CUTHAJIOB, MOTYT OIEpH-
pOBaTh TOJIBKO NU(POBBIMU cHTHAIAMH. CyIIECTBYIOT TaK)KEe YCTPOMCTBA, TOCTPOCHHBIE B OCHOBHOM
Ha 0a3e aHaJIOroBOM CXEMOTEXHHUKH, KOTOpbIE PadOTAIOT C AUCKPETHBIMU CUTHAJIAMHU, IPE/ICTABIIEH-
HbIMH B BHUJIE MMIIYJIbCOB PAa3IMYHON aMIUIUTY[bl WM JUIMTEIbHOCTH. YTOOBI MOAYEPKHYTH OTCYT-
CTBUE KBAHTOBAaHMs IO YPOBHIO, TAaKHE YCTPOMCTBA MHOTAA HAa3bIBAIOT OUCKPEMHO-AHANIO208bIMU

(JAY).
MBI TOBOPHM O OUCKpemHbIX CUTHATIAX U METO/IaX UX 00pabOTKH, MOCKOIBKY 3(P(deKThl, CBS3aHHbIE C
KBAaHTOBAHHEM I10 YPOBHIO, B OOJIBILIMHCTBE CITy4aeB He OyyT IPUHUMATbCS BO BHUMAHUE.

3.2. Bomnpoc Ne2
AHaJjyioro-uudposoe 1 nuPppo-aHaJIOroBoe nNpeodpasoBanne

OO6o0mieHHass CTpYKTypa CUCTeMbI ITU(BPOBON 00pabOTKM CUTHAJIOB NMPUBEAECHA HA PUC.
3.2. Ha Bxoj mocTtymnaet aHajaoroBbiii curHai Sg(t). Ero BpeMeHHas auckpeTu3anus U KBaHTOBa-
HUE 10 YPOBHIO MPOU3BOIATCS B aHAl020-yupposom npeoobpazosamene (ALlll; aHrnuiickuii Tep-
mua — Analog-to-Digital Converter, ADC). Boo0iiie 3Ti 1Ba mporiecca — AUCKPETH3AMS U
KBAaHTOBAaHUE — SIBJIAIOTCS HE3aBUCUMBIMU JPYT OT Jpyra, HO OHH, KaK MPaBHIIO, BHIMOIHAIOTCS
BHYTPH OJHON MuKpocxeMbl. BeixonubiM curnaniom ALII sBisieTcss mociie1oBaTeaIbHOCTh YHCEI,
noctynaromias B udposoit nporeccop LI, Beimonnstomuii Tpedyemyto oopadotky. Iporeccop
OCYIIECTBIISICT Pa3IMYHbIC MaTeMaTHUECKUE ONEpaldy Haj BXOAHBIMH OTCYETAMH; paHee TOJy-
YEHHBIE OTCYETHI U MPOMEKYTOUHBIE PE3YIbTAThl MOTYT COXPAHATHCS B MaMATH IpoLeccopa s
UCTIOIB30BaHUS B TIOCJIEAYIONINX BBIYUCICHHIX. Pe3ynpraToM paboThI mporeccopa sBIseTcs HO-
Basi MOCJIEZOBATEILHOCT YUCEIl, MPEICTABIISIONINX COOOH OTCUETHl BHIXOAHOTO CHUTHAjda. AHalo-
TOBBIN BBIXOJHOM CHUTHAN Sy (f) BOocCTaHABIMBAECTCS MO 3TOW MOCIEIOBATEIBHOCTH YHCET C T10-
MOIIBIO Yughpo-ananoeosozo npeovpazosamens (11AIl; anrnuiickuit Tepmun — Digital-to-Analog
Converter, DAC). Hanpsokenue Ha Boixone LIAIT umeer crynenyaryro Gopmy (3TO Takke mokasa-
HO Ha pHC. 2); IpU HEOOXOAUMOCTH OHO MOXKET OBITh IPEe0OPa30BaHO B IJIABHO MEHSIOIUICS BbI-
XOJIHOW CHUTHAJI C TIOMOIIBIO CTIIaXuBaroIiero GpuiabTpa .
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X(t) — nepeoasaemoe coobwenue;
Xn — OyuUhposanivle omcuemsl 6Xx. CUSHANA,

— 8bICOKOUACMOMHBIU ULYM,
sV M, Yn — oyughposanivie omcuemsl 6bixX. CUSHANA,

®HY1 ¢ wacmomoii cpesa fcp<f4=0.5{,=1/(2T),

fy — wacmoma Havikeucma
f7 — wacmoma ouckpemuszayuu,;

T — nepuoo ouckpemuzayuu,;

y(t) — evixoonoi cuenan.
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Puec. 2 -CTpykTypHan cxema cuctems: uadposoil obpabGoTkw CurHanos
a— noz[p06Ha;1 cXeMma, = YHIpOoICHHAaA CXeMa

VYcTpoiicTBa, peainzyeMble ¢ MOMOIIbIO CTPYKTYphl THUIA PUC. 2, MOTYT UMETh CaMbId
pa3HooOpa3HbIil xapaktep. B mudpoBoit popMe MOKHO co3/1aBaTh (PUIBTPHI, aHATH3ATOPHI CIEK-
Tpa, HeJIMHEWHbIe IPeoOpa30BaTeNId CUTHAJIOB U MHOTO€ JIPYTO€.

1.1 Yacrora HaiikBucra
[MapMoHMUecKHii CUTHAI MOXKET ObITh a/IEKBaTHO MPEACTABIEH JUCKPETHBIMH OTCUETAMU,
€CJIM ero 4acToTa HE MPEBBIIIAeT MOJOBUHBI YACTOTHI AMCKPETU3AlNU (3Ta 4acTOTa HAa3bIBACTCS

wacmomoti Haiixeucma (Nyquist frequency) — f =f,/2=1/(2T),0y =, /2= 7IT). TIpo-

MCXOKJIEHHUE 3TOr0 OrPAHUYEHHUS OSICHAET pucC. 3.3. B 3aBUCUMOCTH OT COOTHOIIEHUSI MEXKYy Ya-
CTOTOM JTUCKPETH3UPYEMOI0 TapMOHUYECKOTO CHUTrHana M yactorod HaiikBucTta BO3MOXHBI TpU
CiIydas.

1. Ecnu yactoTa TapMOHHYECKOTO CUTHANA MeHbule 9acTOThl HalkBHUCTa, TUCKpPETHBIE
OTCYETHI IIO3BOJISAIOT MTPABUJIBHO BOCCTAHOBUTH aHAJIOTOBBIN curHai (puc. 3, a).

2. Ecnu yactoTa TapMOHHYECKOTO CUTHANIA pasHa 4dacToTe HalkBuCTa, TO AUCKPETHBIC
OTCYETHI MO3BOJISIIOT BOCCTAHOBUTH aHAJIOTOBBIM MAPMOHMYECKUM CUTHAJI C TOM k€ 4aCTOTOH, HO
amruintyna u ¢aza BOCCTAHOBJICHHOTO CUTHalla (OH MOKa3aH MyHKTUPHOW JTUHHUEH) MOTYT OBITh
nckaxensl (puc. 3.3, 6). B xyamewm ciydae BCce JUCKPETHBIE OTCYETHl CHHYCOHUIBI MOTYT OKa3aTh-
Csl paBHBIMH HYJIIO.

3. Ecnn wactoTa rapMOHHUYECKOTO CHTHANIA 60/1blle 9acTOThl HallkBrCTa, BOCCTAaHOBIICH-
HBIA 1O AUCKPETHBIM OTCYETaM aHAJOTOBBIN CHTHaN (Kak W B MPEAbLAyIIEeM clydae, OH MOKa3aH
MYHKTUPHOHN JMHMEN) OylneT Takke TapMOHUYECKHUM, HO C MHOM 4acTtoToi (puc. 3, g). JlaHHbIii
3¢ GEKT HOCUT Ha3BaHUE noseieHust 10xcHbIx yacmom (aliasing).

4. Eciu 9acToTa TapMOHUYECKOTO CUTHANIA Oo/ibuie 9acTOThl HallkBHCTa, BOCCTAaHOBIICH-
HBIM 1O JMCKPETHBIM OTCYETaM aHAJIOTOBBIM CHUTHAN (KaK W B MPEIbIAYIIEM Ciiy4yae, OH MOKa3aH
MYHKTUPHOHN JIMHUEH) OyAeT Takke TapMOHWYECKHM, HO ¢ WHOHM yacToTod (puc. 3, ). JlaHHBII
3¢ GEeKT HOCUT Ha3BaHUE noseieHust 10xcHbIx yacmom (aliasing).



Puc. 3.— AuckperHIaluna rapMoHuNeckuy CUrHanos ¢ PA3HOR 4YacToToR

3.3. Bompoc Ne3
CnexkTp AUCKPETHOT0 CUTHAJIA.
CBsI3b MEXK1Y AaHAJOTOBBIMH U JUCKPETHHIMHU CUTHAJIAMH

[IpeobpazoBanne @ypbe MO3BOISAET BHIUUCINUTD CIIEKTPAIBLHYIO IUIOTHOCTh CUIHANA, Hpes-
CTaBJISIIOIIETO CO0OM hyHkyuro (Kak MpaBUIIO, BPEMEHH JMOO MPOCTPAaHCTBEHHBIX KoopauHar). Jluc-
KPETHBII )K€ CUTHAJ SIBISCTCS NOCIe008AMebHOCMbIO Yucel, TIOITOMY Ul aHalu3a €ro CIeKTpa
OOBIYHBIMU (@HAJIOTOBBIMM) CPEACTBAMH HEOOXOJMMO COMOCTaBUTH ATOM MOCIIEO0BATEILHOCTH HEKO-
TOPYIO (PyHKIIHIO.

TpaauLIMOHHBIM CIOCOOOM TaKOTO COMOCTAaBIICHUS SBJISAETCS MPECTaBICHUE OTCUETOB B BH-
Jie enbTa-(pyHKIUI ¢ COOTBETCTBYIOIIMMHI MHOXHTEIISIMU U 3a/iepKKaMu. [IJ1s1 mocieaoBaTenbHOCTH
orcueroB {X(K)} momyuurcs criemyromnuii CurHat:

.
s(t) = > x(k)s(t—k) (3.1)
—

[IpeoOpasoBanue Dypbe JUHEHHO, CIIEKTp JeTbTa-(QyHKIMHU PaBEH €IUHUIIE, a 3aJepiKKa
CHUTHaJjla BO BPEMEHU MPHUBOJUT K YMHOXKEHUIO CIIEKTpa Ha KOMIUIEKCHYIO 3KCIOHEHTy. Bce 310 (cM.
paznen «CaoiicTBa npeoOpazoBanusi Oypbe» 171aBbl 1) MO3BONIAET Cpasy Ke 3alKucaTh CHEKTP JHC-
KPETHOTO CHUTHAJA:

S(@) = 3 x(k)e (3.2)

k=-0

W3 s10it popmynbl BUAHO TIIAaBHOE CBOMCTBO CIEKTpa JIFOOOTO AUCKPETHOTO CHTHAJA: CIIEKTP
SIBIISIETCS TICPUOIMYECKIM, M €ro MEepHoJl B TAHHOM Cllydae paBeH 277 (TO €CTh KPyroBOH 4acToTe
JMICKPETU3AIMH, TTOCKONIBKY, COCTABIISsl CUTHAN W3 JIeNbTa-(DyHKIMH, MBI BBIOpAIN €IMHUYHBIA WH-
TepBaJl MEAKJLy HUMH, 4TO JIaeT @, = 277 ).

S(w+27)=S(w)

Crenyer Takxe oOpaTuTh BHUMaHHUE HA Pa3MEPHOCTH CIIEKTPATLHON (DYHKIIMU JUCKPETHOTO
CHTHAJIA: OHA COBIMAJAET C Pa3MEPHOCTHIO OTCUETOB. JTO CBS3aHO C TE€M, UTO JeNbTa-(PYHKIIUU BpeMe-
HU, U3 KOTOPBIX ObUT cocTaBiieH curHai (3.1), UMEIOT pa3MepHOCTh YacTOThI (cM. pazaen «Kaccudu-
KaIysi CHTHAJIOBY TJIABHI 1).



@opmyina (3.2) mo3BOSET BBIYUCIUTD CHEKTPATbHYIO (DYHKIHUIO TI0 M3BECTHBIM OTCYETaM
X(K). [Tpu KOHEUHOM YKCIIe HEHYJIEBBIX OTCYETOB ATOT PACUET HECIIOKEH; OH MOXKET OBITh BBITIOJIHEH C
nomoineio pyakimu MATLAB freqz (moapobuee 00 310t GyHKIMU cM. pazaen «PacueT 4acToTHOM
XapaKTEPUCTUKNY IJIaBBI 4).

Teneps paccMOTPHM HECKOJIBKO MHYIO 331ady. [lycth 3HadeHus X(K) sSBISIFOTCS OTCYETAMU
anayoroBoro curxaia S(t), B3areiMu ¢ nepuojom I

x(k) = s(KT).

BbisicHuM, Kak B 3TOM CiTy4ae CIIEKTp IUCKPETHOro curHana (3.2) cBs3aH co CIIEKTPOM aHaJIo-
roBoro curana S(w).

Hrak, Mbl pacCMaTpUBAEM OUCKPEMUSUPOBAHHbLIL CUTHAT B BHJIE TTOCIICIOBATEIBHOCTH JICITh-
Ta-()yHKINH, «B3BEHICHHOW» 3HaueHUsIMU 0TcueToB S(KT) aHasoroBoro curnana Sy(t) (puc. 4):

s, ()= 3 sKT)5(t—kT) (3.3)

sl

"'a

A b,

0 rar !

Puc. 3. — JUCEDETHIMDOEAHHEIR CHrHAN B Blans
NOCABACBATENSHECTA ABALTA-YHKLEA

Tak kak ¢pynkuus O (t-kKT) paBHa Hymr0 BCroay, kKpome MomeHTa t = KT, MOXKHO 3aMEHUTH
B BeipakeHuH (3) koHcTaHThl S(KT) Ha MCXOHBIH HenpepbIBHBIN curHai S(t):

5, (1) =) Y 5(t—kt) (3.4)

Jlanee 3aMeTuM, 4TO CymMMa, BXOZsIasl B BeIpakeHHe (4), ABJIIETCS MEPUOIUIECKIM CHUT-
HaJIOM, a MOTOMY MOXKET ObITh npejactaBieHa B Bujae psna dypre. Koadduumentsr storo psana
pPaBHBI

lT/Z ) 1 35
_ —jonty _
C,=7 [oe dt=— (3.5)

-T/2

B ¢opmyne (5) Obuto yuTeHO, 4TO B WMHTepBal uHTerpupoBanus (-7/2, 7/2) momamaer
TOJILKO OJIHA JIebTa-QyHKIIHsS, COOTBeTCTBYIOMIas K = 0.

Takum oOpa3om, MepHOAMYECKas IMOCIEIOBATEILHOCTD NeNbTa-(QOYHKIUNA MOKET OBITh
IpeJICTaBlIeHa B BUJIE KOMIUIEKCHOTO psiia Dyphbe:

3 5(t—kT) :Tl 3 et (36)
K=o =0

rne @, =2/ T . Moxacrasus (6) B (4), moayuum



51020 Tert = Fsfget (37)

T N=-m N=-0

VMmHOXkeHUe curHana Ha exp( jo,t) cOOTBETCTBYET CABUIY CHEKTPAILHON (YHKIUH Ha

@, , IO3TOMY CIICKTP AUCKPECTU3UPOBAHHOIO CUTHAJIA MOXKHO 3alIUCaTh CICAYHOIIUM O6p&30MI

S, (@) =% 3 S(a)—sz) (3.8)

N=—o0

Takum 00pa3om, CHEKTp IUCKPETH3MPOBAHHOI'O CHUTHANA IPEACTaBiIAeT co00M Oecko-
HEYHBII Psi/I CABUHYTBIX KOIUIA CIIEKTPa HCXOAHOrO HenpepbiBHOTO curnana S(t) (puc. 5). Paccro-
SHME II0 4YacTOT€ MEXKJIy COCEJHUMHU KONMSMH CIEKTpa pPaBHO 4YacTOTE€ JUCKpPETU3a-

UK @, = 21T .

o

h
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Pure. 5. CRexTp OMOKPETHEMPOBEHHOTC CUrHANA

Crnenyer Takxe OTMETUTh, YTO M3-3a Haauuus B (opmyne (7) mHoxwurens 1/7 cnektp
JUCKPETU3UPOBAHHOIO CHTHAa MMEET Pa3MEpPHOCThb, COBMAJAIOLIYIO C PA3MEPHOCTBIO CUTHAJIA
(KaK y»ke TOBOPUJIOCH, 3TO CBSI3aHO C TeM, YTO GyHKIHMA O (t) UMEeT pa3MepHOCTh YaCTOTHI).

XapakTep CreKTpa JUCKPETH3UPOBAHHOTO CUTHANA €Ile pa3 JEeMOHCTPHPYET YacTOTHO-
BPEMEHHYIO AyalbHOCTh IpeoOpa3oBanust Dypre:

Q HePHOAMYECKMH CHTHAT ~» FUCKPETHBIH CIEKTD;

Q mepHOHVHYECKHI CMeKTP —> AMCKPETHBIE CHIHAN.

B nauane manHoro pasnmena Mbl moydmwd Gopmyny (2), TO3BOJISIIONIYIO pacCuUTaTh

crekTp mocienaoBatenbHoctd oTcueToB {X(K)}, HHUKaK He CBA3BIBAas 3TH OTCYETHI C AHAIOTOBBIM
curHajgoM. Tonbpko 4To mosydeHHas gopmyna (7) npeamnonaraet, uto orcueTsl {X(K)} momydensr
NyTeM JAUCKPETU3aIMU aHaIoroBoro curxaina S(t), 1 mokasbIBaeT CBS3b MEKIY CIIEKTPAMH JHCKpe-
TU3UPOBAHHOTO M aHAJOroBOro cUrHaioB. ClieayeT MOTYepKHYTh, YTO ATU JIBE (OPMYIBI JAIOT
OOUHAKOBbILL pe3yTbman.
Otcrona cienyer emie oauH BaxkHbii ¢akt. Coenuuuth orcuetsl {X(K)} mis momydenus anamoro-
BOT'O CHTHaJIa MOKHO TIPOM3BOJILHBIM 00pa3oM. B KakoM cilyuae aHAJIOTOBBIN CHTHAN OyeT, pa-
3yMeeTCs, IMETh CBOM CrieKTp. OHAKO Pe3yIbTaT CYMMUPOSAHUS CIBUHYTHIX KOIHUI CIIEKTPOB TI0
dbopmyne (7) Bcerna OyeT OMHUM U TEM XKe, TOCKOIBKY OMPENEIAeTCs TOJBKO 3HAUYCHUSIMH T C-
kpetHbIX orcuetoB {X(K)} = {s(kT}} u bopmymnoii (2).

PucyHok 5 HarmsiHo JEMOHCTPUPYET U CII0CO0 BOCCTAHOBIICHUSI HENPEPHIBHOTO CHTHAJIA
10 IMCKPETHBIM oTcueTaM. [1Jisi 3TOro HeoOXOIUMO MPOIYCTUTh JUCKPETHBIA CUTHAI Yepe3 Hlie-
anbHBIN punbTp HIKHUX YacToT (DHY) ¢ yacToToif cpesa, paBHOW MOJOBHHE YaCTOTHI AUCKPETH-
3anuu. AUX Takoro ¢puiIbTpa nokasaHa Ha pucC. 5 MyHKTHPOM.



O4eBHIHO, UTO TOYHOE BOCCTAHOBJIEHHUE CUTHAJIA BOSMOXHO, €CJIM CABUHYTBIE KOIIMH CIIEKTPa HE
nepekpbiBatoTcs. M3 puc. 5 BUIHO, YTO Ui 3TOrO HEOOXOJMMO, YTOOBI YaCTOTa TUCKPETU3ALUH
Kak MUHHMYM B JIBa pa3a MPEBbIIIAJIa BEPXHIOK I'PAHUYHYIO YaCTOTY B CIIEKTPE CUTHAJIA:

;> 2wy (3.9

CrexTpaiabHOE NPEICTAaBICHUE TUCKPETHOTO CUTHANA MO3BOJIAECT OOBSCHUTH IMOSIBICHUE
nooicnuvix wacmom (aliasing). IlycTs quckpeTH3alMu MOABEPracTcsi rapMOHUYECKHI CHTHAI C Ya-
CTOTOH (), IPEBbILLIAONIEH YacToTy HalkBucTa, HO MEHBbILEN YacTOThI AUCKpeTn3auuy. CIeKTp Takoro
CUTHajla TIOKa3aH Ha puc. 6 ceepxy. CIBUHYTbIE KOIUU CHEKTPA, BOZHUKAIOLINE NIPU AUCKPETU3alNH,
CO3/1at0T NOMA/IAIOIIKE B TIOJIOCY BOCCTAHOBJIEHH (OT HyJIs 10 yacToThl HalikBuCTa) crieKTpasbHble CO-

CTaBIISIONIME C YaCTOTOH @, — @, (puc. 6, cHuzy). CHEKTPbI, MONYYAIONIMECS TIOCIE TUCKPETH3ALMH

TapMOHHUYECCKNX CUTHAJIOB C 4aCTOTaMHi Wy, U @ '~ @), , OKa3bIBAIOTCSI UWICHTUIHBIMA. I[aHHI)If/JI PHUCYHOK

WUTIOCTPUPYET B YaCTOTHOW OOJIACTH IMPOLIECC AUCKPETH3AIMK TapMOHHYECKOTO CUTHAJIA, MOKa3aH-
HBII paHee Ha puc. 3.
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Puc. 6. — Cnekrpol aHanoroeoi (Ceepxy) M QWMCKRETUINDOBAHHORA (CHWaY)
CHMHYCOMAR G YacTOTOR, npessiwaoien vactoTy Halkencta

B CJIy4ac IMPOU3BOJIBHOI'O CUTHAJIA, €CJIN YCIIOBUC (9) HC BBIIIOJIHACTCHA, CABUHYTBIC KOIIMH

crieKTpa OyIyT HaKJIaJbIBaThCs JIPYT Ha JIpyra, YTo MPHBEAET K HEM30EKHBIM UCKaXEHUSM IPH BOC-
CTaHOBJIEHHH HETIPEPBIBHOTO CUTHAaNA (puc. 7).
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Puc. 3.7. MepekpuTne CABKHYTLIX KONKMKA CNekTpa NPW HenocTaTOqHE BelCOKON
YACTOTE OUCKPeTHaaLM

OTH WCKa)KEHUS BBI3BAHBI TEM, YTO CHEKTPAIbHBIE COCTABISIOIIME CHUTHANIA C YaCTOTaMH,
TPEBBINIAIONIMMA YacToTy HalikBucTa, paBHyo @ ; /2, HE MOTYT ObITh BOCCTAHOBJICHBI MPABUIIHO —
BMECTO 3TOrO OHH BBI3BIBAIOT HAJOXKEHHE «XBOCTOB)» COCEAHUX CIBHHYTBIX KOMUN CHEKTPa U MOSB-
JICHUE JIOKHBIX YaCTOT.

Ecmm HOIUIG)K&H.[I/Iﬁ AUCKPCTHU3allNU CUTHAII MOXKCT COACPKATH CIICKTPAJIBHLIC COCTABJIAIOIINC
C 4aCTOTaMH, IMPCBLIIITAIOMINMA YaCTOTY HaﬁKBHCTa, MOJIC3HO NPCABAPUTCIIBHO MPOITYCTUTH €I0 4YC-



pe3 ®HY c wacroroii cpesa, paBHoii yactore Haiiksucra (puc. 2 u puc. 8). [Ipu 3ToM Bce paBHO Oy-
ZyT MOTEPSIHBI BBICOKOYACTOTHBIE COCTABIIAIOIINE — COXPAHUTh UX MOYKHO JIMLIb ITyTEM ITOBBIILICHUS
4acTOThI JcKpern3anuy. OHAKO B 3TOM ciiydae Onarofaps OTCYTCTBUIO HAJOXKEHHUS «XBOCTOBY HE

IPOU30MIET MOSBJICHHS JIOXKHBIX YACTOT U IUana3oH 4actot 0... @ /2 Gy/ieT IPEICTABIEH B IUCKPET-

HOM CHUTHaJIE 0€3 MCKAKEHUH.
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Pue. 3.8. MNpu QUCKRETHUIaLMI CUrHaNa, COABMKALEND BLICOKOLYSCTOTHLIE cocTasnnowme (&),
NORESHO NPONYCTHTE ero Yepe3 HY (6), yTobe M3BexaTh NOABASHWA NOXHEIX YaCTOT (8)



PA3EJI Ne3 MaTtemaTH4ecKkre 0CHOBBI HU(POBOii 00padOTKH CUTHAIOB

4. JIEKHUS Ned
Z-npeodpa3oBanue

Y4eOHbIe BOPOCH: 1. Ilpamoe Z-nipeoOpa3zoBaHue.
2. CBs13b ¢ mpeoOpazoBanuem Jlarraca.

4.1. Bompoc Nel
IIpsimoe Z-npeobpa3oBaHue

Y 100HBIM CITIOCOOOM aHaJIH3a JIMCKPETHBIX TIOCIISIOBATEIILHOCTEH SBIISIETCS Z-TIPeoOpa3oBaHue
(z-transform). Cmbicit ero 3akimoyaercst B TOM, 4To nocienoBarenbHocTd unced {X(K)} craButcs B
COOTBETCTBHE (DYHKITHSI KOMITIEKCHOM MEPEMEHHOM Z, ompeiesisiemMast CIICAYIOIUM 00pa3oMm:

o
X(z) = D> x(k)z ™ (4.1)
K=—o0

Pasymeercs, Gpynkuus X(z) onpezeneHa TONbKO I T€X 3HAYCHUH Z, TIPH KOTOPBIX psia (1)
CXOIUTCSL.

Z-nipeoOpazoBaHue UTPpaeT Al JUCKPETHBIX CUTHAIOB U CHCTEM TaKyo e poJib, KaK Mpeodpa-
3oBaHue Jlammaca — it aHanoroBbix. ONpeeN oM IPU 3TOM SBIIETCSA TOT (aKT, YTO, KAK MBI
YBUIHMM B T71aBe 4, Z-peoOpa3oBaHUe UMITYIILCHON XapaKTEPUCTUKU JUCKPETHOW CUCTEMBI SIBIISIETCS
JpOoOHO-palMOHATILHON (PYHKIIUEH IepeMeHHOM Z.

IIpumepsl BbluKMC/IeHHSA Z-TIPe00pa3oBaHus
Bbruncnum z-npeobpaszoBaHue I HEKOTOPBIX YaCTO BCTPEYAIOIIMXCS Ha MPAKTUKE TUCKPET-
HBIX CUTHAJIOB.

Eyuauynas uMiny/ibcHast PyHKIUS
Envanunas uMmiynbcHass (QYHKIMS SIBISIETCS JUCKPETHBIM aHAIOTOM JIenbTa-QyHKIHH (CM.
paznen «Knaccudukaims CUTHAIOBY TJ1aBbl 1) U mpeAcTaBisieT co00i OMMHOYHBIA OTCUET C eTUHUY-
HBIM 3HAYEHUEM:
xg (K) = 1,k =0,
0,k = 0.

Pacuer ero Z-Hpe06pa3013aHI/1;1 HC IIPEACTABJIACT CIIOKHOCTH:

C -k -0
Xo(z) = D %K)z -1-27° =1.
k=—00
Oynkus Xo(Z) cxomuTes Ha BCel KOMITICKCHOM TUIOCKOCTH.

EayHuYHbBIE cCKAYoK
JIMCKpeTHBIN €AMHUYHBIN CKAYOK 110 CMBICTY MOJTHOCTBIO COOTBETCTBYET CBOEMY aHAJIOTOBOMY
pooopasy.



1,k >0,
Xo(k): Ok=>0

Hcnons3yst onpenenenue Z-peodpazoBanus (3.16), momydaem

a0 o0
Xo(2)= D x (K)z“=>17"
k=—o0 k=0
Psin (3.18) siBisiercst cymMmmoii OECKOHEUHOM TeOMETPUYECKOM MPOTPECCHH C TIEPBBIM WICHOM |-
2% = 1 u 3namenatenem z . Kak u3BecTHO, Takoii psj cxoautes npu |2+ | < 1, To ecTh npu | Z |
> 1, u ero cymma paBHa
1

1-z

X(z2) =

- "

JuckperHast SKCIIOHeHIMAIBLHAS (PyHKIMS
JluckpeTHas SKCIIOHEHITMATbHAs PYHKIUS ONIPENeIseTCs CIASAYIOMUM 00pa3oMm:

0,k <0,
a k>0.

Jl1st BBIUMCIICHUS Z-TTpeoOpa30BaHMs HY)KHO BBIUUCIUTh CYMMY CIEAYIOIIETO psijia:
-k

x(K) =

o0 o0 o0
X(z)= Y x(K)z*=> a2 => (a"z)
k=0 k=0
Kak u B mpezpiayiiem ciryyae, 3TOT psfl IpeAcTaBiIseT co00i cyMMy reoMeTpru4ecKoil npo-
rpeccun. IlepBblil uieH paBeH 1, 3HaMeHaTenb paBeH az . TakuM 06pa3oM, psJ CXOAUTCS IPH

|az™* | <1, To ectb mpm \z\ > \a\, a ero cymma pasna

1
X(z2) = ———.
(2) 1-az?

k=—00

JluckperHas 3aTyxaroias CHHycouaa

[locnenHsas U3 paccMaTpUBaeMBbIX 31€Ch AUCKPETHBIX IMTOCIIEI0BATEIBHOCTEN IPEICTABIISAET
c000i1 OTCUEThI CHHYCOUIBI C TPOU3BOJIBHBIMU YAaCTOTOM U HAYalbHOU (a30if U SKCIIOHEHIIMATBEHO
MEHSOIICICS aMILUTUTY IO

x(k) = a* cos(ak + @).
JInst BEMUCIEHUS Z-TIpeo0pa3oBaHusl MOKHO TPEICTaBUTh KOCHHYC 10 GopMmyre Diiepa B

BHJIE TTOJIYCYMMBI JIBYX KOMIUIEKCHBIX 3KCIIOHEHT, a TTIOTOM BOCIIOJIb30BaThCS YK€ TOTOBBIM pe-
3yabTaToM (3.20):

cos @ —acos(w—@)z™
X (z) = 59 ( - Q) -
1-2acos(w)z™ +z

Tak ke Kak U B ciy4ae JUCKPETHOM 3KCIIOHEHTBI, PsiJ CXOauTes npu [r| > \a\.
Ces13b Z-ipeobpazoBaHus ¢ mpeodOpazoBanusmu Jlammaca u Oypoe.

4.2. Bompoc Ne2
Cas13b ¢ npeodpasoBanueM Jlamiiaca

JluckpeTrHoe Z-npeoOpa3oBaHKE OYEHb MPOCTO CBA3aHO C MpeoOpazoBaHusMH Jlammaca u
dypbe. PaccMoTpUM TOCIEI0BATEIBHOCTD, OnpeneacHHyto pu K > 0, u comocraBum eii BpeMeH-
HOM CUTHAJI B BUJIe Ha0opa JeinbTa-(yHKIIHA:

s(t) = 3 (k)5 (t — kT) @2)

rae T =1/f — unTepBan muckpernsanuu. [IpeoOpasoBanue Jlamnaca uis curHana paBHO:



S(p) = Ts(t)e“f"dx - fo(k)a(: - kT)e™ df = fjx(k)f 8t — kT)e™" dt.
0 b=0 0

g k=0
Bocmons3oBaBmmch (bl/IJ'IBTPYIOIHI/IM CBOWMCTBOM ,I[eJ'IBTa-q)YHKLII/II/I, IMOJTYYHUM

S(p) = kz_(;x(k)e‘p” . (4.3)

Ora (hopMmyIa mpelcTaBisieT duckpemuoe npeodopasosarnue Jlanraca (A1) peméraaroit GpyHKINM
X[n], B xotopoii g=pT=c+joT — KOMILUICKCHas MepeMeHHas. OT1a GopMysa MepexouT B BhIPaXKe-
e (1), OIpeselIsIONyI0 Z-IPe0bpa3oBaHIe, CCIIU BBIIOIHUTS I0ACTaHOBKY z=e =eP'.

XapaktepHoit ocooeHHocThio JII1JI siBiIsieTcst TO, YTO KOMIUIEKCHBIM apryMeHT (| BXOJIUT B
uzobpaxenue X(() B Bue nokasarens skcronenTs €. Ho komruiekcHas skcrionenta €% spisiercs
NepUOANYECKO GyHKIMEH B Q-IUIOCKOCTH ¢ MEPHOIOM, PaBHBIM 2T , T.€. e =ed e k —
MIPOU3BOJILHOE I1€JI0€ YHUCIIO, MO3TOMY H300pakenue X(q) peméruaTort GyHKIMU X[N] MOJTHOCTHIO
orpezensercs B J000i nonoce Q-mI0CKOCTH MIUPUHON 27 , apauieIbHOM BEIIeCTBEHHOM OCH.
OOBIYHO 3Ta 1MOJI0Ca BHIOUPAETCS CHMMETPUYHO 110 OTHOIICHHUIO K BEIIECTBEHHOW OCH, KaK IMOKa-
3aHO Ha puC. 1,0, U Ha3BIBACTCS OCHOBHOILL.

a ) o 4 jwT e 4 jIm{z}
tjw J JIm{z}
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Puc.1. PacrionoxeHne KOMITJIEKCHO-CONMPSHKEHHBIX MOTIOCOB N300paKEHUI BEIIECTBEHHBIX CHTHA-
708 X(t) u X[n]: @ — P-muiockocTh; 6 — Q-II0CKOCTh; 6 — Z-TIOCKOCTh

IMpu Re(q) < 0oT dynkuus X () MOXKET UMETh 0COOBIC TOUKU — NO/IFOCHL, B KOTOPBIX X(Q)
obpamiaercsi B OeckoHeuHocTh. Ecnmu peméruartas ¢yHkiwst X[N] siBIsieTcss BEIIECTBEHHOW, TO B
CUMMETPHYHON OTHOCHUTEIBHO OCH Ol IMOJOCE KaXKIOMY KOMIUICKCHOMY MOJIOCY (i=oil+jwiT
byukun X(Q) COOTBETCTBYET KOMIUIEKCHO-COMPSKEHHBIN Motoc Qi*=aiT-joiT. JIas KoMImiekc-
HBIX penérdaThix QYHKIHA X[N] 3TO yTBEpIK/ICHHE HE CIPABEIUBO.

JILT no3BossieT Mpou3BOANUTE Ha/l pa3HOCTHBIMHU YPaBHEHUSIMH TaKHe ke alredpanyeckue
NEUCTBUSI, KakWe JIomyckaeT oObIYHOe  mpeoOpazoBanwe Jlammaca  Hajg — WMHTErpo-
muddepeHManbHbpIMU ypaBHeHUIMHA. OJTHAKO TpoBeAeHHe anreOpanyeckux aevictBuid Hag JITJI
HEyI00HO M3-3a TOTO, 4TO B BhIpaxkeHUH X (() (haKkTHYECKUM apryMEHTOM SIBISICTCS SKCIIOHEHTA
ed.

Jl51g ycTpaHeHHs 3TOT0 HeJI0CTaTKa BBOJUTCS HOBas KOMIUIEKCHAs IIepeMeHHast
z=e%=e" =exp(cT+jwT). (4.4)
3aMeHa KOMITJIEKCHOM MepeMeHHON MPUBOAUT K OTOOPaKEHUIO OJTHOM KOMILIEKCHOH TuIoc-
KocTH B Jipyryto. Ilpu 3amene (2) neBasi moayriiocKOCTh P-TUIOCKOCTH U JieBask 4acTh OCHOBHOM
moJIockl Q-TUTOCKOCTH MPeoOpa3yroTesi B KPYyT €AUHIUYHOTO pajJnyca ¢ IEHTPOM B Havaje KOOPIH-
Har (puc. 1, 6).
C yuérom o603Hauenus (4) hbopmyny (3) TEPEIHIIEM B BH/IC

X(2)=Z {x[n]} = Z dn] z7".
n=({ . (4-5)
Ilomy4eHHOE BBIpaKEHME SBIIACTCA IJIABHOW 4YacThio psna Jlopana, Jlopana, nmpencrasiis-
forero ¢pyuknuo X () B Z-mockoctr. DyHKIMS KOMILIEKCHOTO aprymenTa X (Z) ecTh 0JJHOCTO-
pOHHee Z-npeobpa3oBaHKe WK IPOCTO Z-Tipeodpa3oBanue pemeTuaToi GpyHkuuu X[n].



Eciu opurunanst X(t) u X[N] sSBASIOTCS BEHICCTBEHHBIMH (DYHKIHSAMH, TO KOMILICKCHBIM
noJirocam ux uzoopaxkenuit X(p) B P-rmiockoctu, X(Q) B Q-mutockoct ¥ X(Z) B Z-TUIOCKOCTH COOT-
BETCTBYIOT KOMIUIEKCHO-COTIPSDKEHHBIE TOJIFOCHI B 3TUX TUIOCKOCTAX (Ha puc.l.l moirocse! p; u pj,
Qi 1 g%, zi u 2%). B ciydae e komiuiekcHbIX opurnHaioB X(t) u X[N] 3TO CBOMCTBO HE BBHIMOJIHSCT-
csl.

Kak BumHO u3 conocraBnenus Beipaxenuit (1.13), (1.14) u (1.15), Z-npeobpazoBanue Tec-
Ho cBsizaHo ¢ JII1JI u npsimo BeITekaeT u3 Hero. BeaeacTBue 3amensl nepeMennon (1.14) Beipake-
Hust X (2) eIt npouie, 4eM X (() , K ToMy ke n3o0paxenus X (Z) oHO3HAYHBI U B OOJIBIIVH-
CTBE MPAKTHYECKU BAKHBIX CIIy4aeB UMEIOT JpOOHO-pannoHanbHbIN Bua. [1o 3T0i npuunHe arra-
par Z-nipeoOpa3oBaHuil NOMyYms1 0oJiee MIMPOKOE PacIpOCTPAHEHHE JUIsi ONMCAHUS JAMCKPETHBIX
cucrtem, yem anmnapat AI1JI.

Takum 00pazoM, B3aMMHOE COOTBETCTBUE MEXKIY Z-TipeoOpa3oBaHueM X(Z) u npeodpa3oBa-
uueM Jlaraca S(P) onuchIBaeTCs CIACIYIONMM 00pa3oM:

X(z) = S(l%ln zj,

S(p)=X(e").

[Toxoxumu (hopMysIaMd ONUCHIBAETCS U CBSI3b Z-TipeoOpazoBanus X(z) ¢ mpeobpasoBaHreM
Oypre S(w) (3aMeTuM, UTO MPH PACCMOTPEHHUH ITOM CBSI3U HET HEOOXOIUMOCTU CUMTATh TMOCTe-

JOBAaTCIBbHOCTD O,HHOCTOPOHHGIZ):

1
X(2)=S 1j—_|_|nz :
S(w) = X (/).

B 1a6:1. 4.1 npuBeieHbI HEKOTOPBIE BCTPEUAOIINECs Ha MPakTUKe peréryarsie GyHkiwn X[N] u
ux Z-npeodbpazopanus X (z) .
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5. JIEKIUS NeS
CpoiicTBa Z-npeodpa3oBaHus

Y4eOHbIC BOITPOCHI: 1. JIuneHHOCTD.
2. 3ajepxka.
3. Ceprka.
4. O6parHoe Z-nipeoOpa3oBaHue.

5.1. Bompoc Nel
JInHeiiHOCTDL

Tecnas cBsi3p Z-mipeoOpaszoBanust ¢ npeodpazoBanmsiMu Dypre u Jlamnaca 00yciioBIMBaeT U
nonobue CBOMCTB 3TUX MpeolOpa3zoBaHuil. OHAKO UMEeTCS U HEKOTopas crenuduka, BO3HUKAIO-
I1as U3-3a IUCKPETHOTO XapaKTepa pacCMaTPHUBAEMbIX CHTHAJIOB.

Z-nipeoOpaszoBaHue, COTIIaCHO ompeencHuto (3.16), sBiseTcs TMHEHHON KOMOMHAIMEH OT-
CYETOB TOCJICIOBATEIILHOCTH, IO3TOMY OHO TIOTIMHSCTCS PUHITUITY CYTIEPIIO3UIIHH:

ecmmn {x(B)) > Xi(2) u (k) > Xa(2),
0 {axi(k) + baxh)} o aXi(z) + bXo(2).

5.2. Bomnpoc Ne2
3anepxka

Ecnu z-nipcobpazosanue mocienosateabroctu {X(K)} pasro X(z), To z-npeobpazoBanue mo-
CIIeIOBATENILHOCTH, 3a/iepkanHoi Ha Ko TakToB (1(K)=X(K-Ko)), OymeT umets BUA

iy(!e)z"’* = ix(knku)z’k: ,

o — e} =

— ix(k—kg)z_”‘"‘“ =zh ix(’ﬂ)z'"' = X(z)z™.

k=—m =

Takum 06pa30M, IIpHU 3aJICPIKKE IMOCICAOBATCIIBHOCTHU HA ko TaKTOB HCO6XOI[I/IMO YMHOXHUTb

Y(z)

K K .
ee z-npeoOpasoBanue Ha Z ° . MHOXHTENb Z ° ABISETCS 0NepamopoM 3a0epiucKi TACKPETHOM
[IOCIEN0BATEIBHOCTH Ha Ko TAaKTOB.

5.3. Bompoc Ne3
Caeprka

Teopema 00 yMHOkeHHHU H300pa:keHHii (TeopeMa 0 CBEPTKe OPUTHHAJIOB)

Wwmetorest Z-npeodpazoBanus X(z)=Z{x[n]} u H(z)=Z{h[n]} nByx peméruarsix GyHKIHIi
x[n] u h[n]. Bosuukaer 3amaua ompexenenus peméruaroil pymxumu Y[n]=Z{X(z) H(2)}, Z-
n300pakeHre KOTOPO paBHO MpousBeacHuI0 Z-npeodpazoBanuii X (z) u H(z), t.e. Y(2)=Z{y[n]}=
X (2)H(2) .

B coorBercTBum ¢ (4.5) 3amumem
|

k] zF b0 3 Am]z ™ |-=T

Y(z)=1> > xk]Afm] zE
k=0 J Lm=0 | fiar’ (5.1)



Cnenaem B (5.1) 3ameny nepeMeHHbIX N=K+m, rae n u3mensercs ot 0 g0 oo. Torma, mosna-
rast m=n-K, mosy4um

— S—

F(z)= {_' SN Ak Hn-k]z "= il \1 kA —k]!- z ",
-0 n=0 | k=0 | (5.2)

-
|

1]
(=]
e

n

CpaBHuBast 3T0 BbIpakeHHe ¢ hopmyoii (4.5), IpUXOAUM K HCKOMOMY PE3yJIbTaTy

Mn]=>" x{k]hn—k].
E=0 (5.3)

Ecmu B BeIpaxkennu (5.1) monoxuts K=n-m, To Oynem UMeTh

F(z)=2 > x[n—mlhfm]z" =>4 > xn—m]h[m] z7"
n=0 :'1.1_=||:| n=0 L. m=0 J (54)

Cpasnugas (5.4) ¢ (4.5), npuxoauM K Apyromy BeipakeHuro s y[n]:

yn]=">" x{n—m]h[m].
- (5.5)

Cootromenus (5.3) u (5.5) HaswiBaroTCs GopMyaaMu AMCKPETHON CBEPTKU PEHIETUATHIX
¢bynkuuid. OOpariaeM BHUMaHHWE Ha CHMMETPHUIO OINEpaldu CBEPTKH OTHOCHTEIBHO CBEPTHIBAC-
MBIX (QYHKIUH.

TakuMm oOpa3om, omepanuu yMHOXKEHUS JBYX Z-U300pakeHUH COOTBETCTBYET ONepanus
CBEPTKH MX OPUTHHAJIOB (pelETUaThiX (QYHKIUN).

_ Teopema 06 yMHOKEHHH OPUTHHAJIOB (TeopeMa 0 CBEPTKe H300pasKeHMil)

Nmerorcs nee peméryareie pyukiuu X[N] u h[n], Z-uzobpaxenus kotopbix X(2)=Z{x[n]} u
H(z)=z{h[n]}. Bo3Hukaer 3amada HaXOXACHUS Z-U300pa)XCHUS MPOM3BEICHUSA PEHIETUATHIX
bynkuuii Y(2)=Z{y[n]}=Z{x[n] h[n]}. 1o onpenencuuto Z-npeodbpazopanus (4.5)

Y(z)= vn]z™" =% nlHn] =" .
nz-n o (5.6)
B dopmyne (5.6)) Beipasum dynkiuio h[n] gepe3 obpatHoe Z-mnpeobpa3oBaHHe OT KOM-
IIJIEKCHOU NIEPEMEHHOM V.

N N pqen| 1 el
Y(2)=) x[nlz { T jSH{v; v m}_
"= c (5.7)
Uzmenss B (5.7) mopsiiok cieqoBaHKs ONEpaldii CyMMHPOBaHHSI U MHTETPUPOBAHHMS, T10-
JIy4UM

- Cm
¥(2)= ;{ § Sanl 2] Hm)vav.
R = (5.8)
BeipaxkeHre B GUIypHBIX CKOOKax sBIsSETCs Z-MpeoOpa3oBaHUEM pemérdyaToil GyHKIMU
X[Nn] oT KOMIUTEKCHO# MepeMeHHoM Z V , mo3tomy H v v dv

. 1 [ 4z -
}{.—):hj g;,lg:]H(v)v tdv.

(5.9)
U3 popmyisr (5.7) creayet, uto KoHTYp nHTerpupoBanus C B Beipaxkenuu (1.63) oxBaThI-
BaeT TOJIBKO MoItockl pyHKImK H(V) V-1, HO He oxBaTbIBaeT Motochkl PyHKIMU X (Z V) .
Beipasum tereps B hopmyite (5.6) ¢pyukumio X[n] gepe3 obparHoe Z-npeobpazoBaHHEe OT
KOMILUIEKCHOU IIEPEMEHHOM V !

Y(2) = Z& {ﬁ i XO) v"'la'v—‘ M =" -



Wzmenss B (5.10) mopsmok ciaemoBaHus ONEpaIiii CYMMHPOBAHUS U HHTETPHUPOBAHHUS, 1O~
JIyYUM

F(z) =

[ = P
l  -r | =z [ |
X(v)- hn] = v dv.
2;{;‘? }iz[]|.1;l i
c L n=0 ) (5.11)
Beipakenue B (UTYpHBIX CKOOKax SIBJISETCS Z-TpeoOpa3oBaHHEM pemérdaroil (GyHKIu
h[n] oT KOMIUIEKCHOM TEPEMEHHO Z V , TI03TOMY

¥(2)=— bxeH Z|vav.
Jr E_- WV

2z
(5.12)

U3 dopmyast (5.10) cienyer, uto kouTyp unterpuposanus C B Boipaxenuu (5.12) oxsa-
THIBAET TOJIBKO MOIOCH PyHKIMU X (V)V-1, HO He OXBaThIBACT MOJOCH QyHKImu H(Z/V) .

®opmyiel (5.9) u (5.12) HazbBaOT KOMnIEKCHOU c8épmiou (CBEPTKON Z-M300pakeHHIA).
OO6parniaemM BHUMaHHE HA CUMMETPHUIO ONEPALUU KOMITJIEKCHOM CBEPTKH OTHOCUTENBHO CBEPTHIBA-
eMbIX (DYHKIIHH.

Takum o0pa3om, omepaluu yMHOXKEHUS JBYX OPUTHHAIIOB (peméTyaThlX (YHKIIMIA) COOT-
BETCTBYET ONepalusi KOMIUIEKCHON CBEPTKHU UX Z-U300pakeHUM.

3AMEYAHUME PaccmarpuBaemasi 31ech CBepTka OECKOHEUHBIX AMCKPETHBIX TIOCIeOBATENBHOCTEH

Ha3bIBACTCS JUHElHOU CBEPTKOM; ee He CIeyeT MyTaTh C KPy208oll CBEPTKON nepuoouteckux ToCcIea0Ba-

TENBHOCTEH.

5.4. Bomnpoc Ne4
OopaTtHoe z-npeodpa3oBaHue

CooTBeTCTBHE MEX]y TUCKPETHOW MOCIIeJOBATETFHOCTBIO YHCEN U €€ Z-TIpeoOpazoBaHUEM
SBIISIETCS B3aMMHO-0/THO3HauHBIM. DopMyna epexoia ot Z-npeoOpa3oBaHusl K TOCIE0BATEEHO-
CTH YHCET Ha3bIBACTCS 00pamuuiM Z-npeodpazosauuem U GOPMAIbHO 3aMUCHIBACTCS CIEAYIOIIIM
o0OpazoM:

(k) = %SEX(z_)z”‘“dz.
Jer (5.13)
Wurerpan B (5.13) Gepercst o mpou3BOIbHOMY 3aMKHYTOMY KOHTYPY, PACIIONIOKEHHOMY B 00-
JACTH CXOAUMOCTH (DYHKIMH X(Z) 1 OXBATHIBAOIIEMY BCE €€ TOJFOCHI.
IIpaxTdeckoe BbMUCIEHHE O0OPAaTHOrO Z-IPeoOpa30OBaHUs Yallle IPOU3BOIUTCS IIyTEM pasiio-
enus pyHkumn X(z) Ha mpoctbie apodu. TlosicHnmM 310 Ha HecoxHOM puMmepe. ITycTh

1
- X z =
® 12 340
2 (5.14)
[MpencraBum X(z) B BUIe CyMMBI IPOCTBIX JPOOCH:
1 2

X(z) = S S 1‘
(1—2—1)(1- z‘lj =27 g2
2 (5.15)

W3 cpaBHenus cnaraembix (5.15) ¢ Tabnuieit z -npeodpasosanuii (Tabmn. 4.1) BuaHO, 4TO TIEp-
BOE CJIAra€MOE COOTBETCTBYET CKaUKy C aMIUIUTY/IOM, PaBHOM 2, a BTOPOE — AUCKPETHOM TOKa3aTelb-

Hoit pyrKImn -2, k >0. MTak, HCKoMast ITOC/IeI0BaTeIbHOCTh HMEET BU/I

2-2%, k=20,
0, k<0

=T

x(k) =



6. JIEKLIAS Ne6

Tema: JIuHeiiHbIe IMCKPEeTHDbIE CUCTEMBbI € MOCTOSIHHBIMM NapaMeTpaMu
VY4eOHbIE BOIPOCHI: 1. TlonsTHE TUHEHHON NUCKPETHOW CUCTEMBI C IOCTOSSHHBIMU
rapamMeTpamH.

2. ImmynbcHast XapakTepUCTHKA.
3. YCTOMYMBOCTh TUCKPETHBIX CUCTEM.

6.1. Bompoc Nel
IMonsTHE JIMHEITHON TMCKPETHOI CHCTEMBbI ¢ MOCTOSIHHBIMH NMapaMeTPaMu

B nmpuHIune «IucKpeTHas CHCTeMay U «IHCKPETHBIN (QHIBTP» — 3TO OJHO M TO XK€, OJTHAKO
NOHATUE «(DUIBTP», CO3HATEIBHO MJIM IOJCO3HATENIBHO, JOBOJIBHO TECHO CBSI3bIBAETCS C CUCTE-
MaMH, KOTOpBIE OJHU YaCTOThl nponyckarom, a Ipyrue sadepowcusarom. Takoi moaxoa MOXKET Co-
371aTh JIO)KHOE, OTPAHUYEHHOE IPEJICTABICHHE O HA3HAUYEHUH U BO3MOXKHOCTSAX JHUCKPETHBIX JIH-
HEHHBIX CUCTEM, KOTOPBIE CIIOCOOHBI BBIIIOJIHATD U MHBIE 33/1a4U, HEXKEIIU BbIIEICHUE U3 CUTHAIA
orpeJieIeHHON 1oJ1ockl 4acToT. [1o 3Toii npuunHe B Ha3BaHUM AAHHOW JICKI[MH MCIIOJIb30BaH TeP-
MUH «IUCKPETHBIE CHCTeMbI». OHAKO B TEKCTE CJI0BA «(DUIBTP» M «CHCTEMa» OyIyT UCIIONb30-
BaTbCsl KAK CHHOHUMBI.

Boo6me, nuckpeTHbit PUIBTP — 3TO MPOU3BOJIbHASI CUCTEMA 00PAaOOTKU TUCKPETHOTO CHT-
HaJla, o0Jajiarolias CBOMCTBAMH JIMHEHHOCTH U cTtanoHapHocTu. [lox 3TumMu cBoiicTBaMu MoHU-
MaeTcsl TO K€, YTO U B aHAJIOTOBOM CIIy4ae: JuUHelHOCMb O3HAYaeT, YTO BBIXOJHAS peaklus Ha
CYMMY CUTHQJIOB paBHAa CyMME€ PEaKLMil Ha 3TH CUTHAJIBI, IOJaHHbIE HA BXOJ MO OTAEJIBHOCTH, a
CmMayuonapHocms — 4YTO 3aJiep’KKa BXOJHOTO CUTHAja MPUBOJUT JIMIIb K TaKOH ke 3aJepiKKe
BBIXOJIHOTO CUTHAJIa, HE MEHSISI €r0 (OPMBI.

JIro6oit GpunbTp 00s1aaeT ONMpPESICHHOW YaCTOTHOM XapaKTepucTukoil. UToOsl oHa Oblia
HETPUBUAIBHOM, TO €CTh YTOOBI KOA(PGUIMEHT nepeaayn GuIbTpa Ha pa3HbIX YacTOTax ObLT pas-
HBIM, BBIXOIHOM curHan ¢puibTpa Y(K) J0/mKeH 3aBUCETh OT HECKOJIbKUX OTCUYETOB BXOJHOTO CHI-
Hana X(K). Takum 00pa3oM, TUCKPETHBIH (GUIBTDP TODKEH 001a1aTh naMsamuio.

Urob6sl 00ecrednTh JIMHEHHOCTh U CTallMOHAPHOCTD, MMPOU3BOJUMBIE (PUIBTPOM MaTeMaTH-
YECKHUE OINEPALNU JOJKHBI OTPAaHUYMBATHCS CJI0KEHNEM U YMHOKEHUEM Ha KOHCTAHTBHI.

Paccmotpum mpocreitmmii npumep. IlycTh BbIXOAHON cuUTHaN (UIBTpa paBEH CyMME ABYX
MIOCJIEAHUX OTCUETOB BXOJIHOTO CUTHAJA:

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

Ybenumcs B TOM, 4TO 3Ta CUCTEMA MTO-Pa3HOMY MPOITYCKAeT Ha BBIXOJ CUTHAJIBI Pa3HbIX Ya-
CTOT: MOJaJUM Ha BXOJ (HJIbTPa CEPUIO OJMHAKOBBIX OTCYETOB (TO €CTh CUTHAJ HYJIEBOM 4acTo-
ThI):

Bxon, .| Boixop
1

1 1+1=2
1 1+1=2
1 [1+1=2




Kak Buaute, ypoBeHb MOCTOSIHHOTO CUTHAJA GUIIBTP YBETUYMI B JBa paza. Tenepb nogaaum
Ha BXOJI OTCYEThI, OJJMHAKOBBIC IO MOAYJIO, HO C YEPEAYIOIUMHUCS 3HAKaMU (TO €CTh OTCUETHI
rapMOHHMYECKOT'0 CUTHaJa ¢ yacToToil HaiikBucTa):

Bxog lﬁump;

1 - -
-1 -1+1=10

1 1+ (=1) =0
-1 =1+1=0

- B

B omimuie ot moCTOSHHOTO CUIrHajia, CUT'HaJ C gactoror HalikBucra Ha BBIXO/I IIPOCTO HE IIPO-
mren. [lanee monpoOyem 4To-HUOYIb MPOMEKYTOUHOE, HAPHUMEP CUTHAI C 4aCTOTOM, paBHOM MOJI0-
BUHE yacToThl HalikBucra:

]onp. ' Buxop, ‘ '

Ha BbIXO/Ie B JaHHOM ciTydae Mojy4aroTCsi OTCUEThl CUHYCOM/IbI, UMEIOIIEH OOJbIIYI0 aMILIU-
TYAy ¥ HEKOTOpPBIi (ha30BbIil CIBUT MO CPAaBHEHHIO CO BXOJHBIM CUTHATIOM. PaccMOTpeHHSBIH npumep
MIPEJICTaBIIsIET COOOM MPOCTEHIINI ClTy4dail HepekypcusHozo puibTpa. Takue GUiIbTpbl CyMMUPYIOT HeE-
KOTOPOE YHCIIO BXO/IHBIX OTCUETOB, YMHOXKasi UX MPU 3TOM Ha ITOCTOSHHbIE BECOBbIE KOI((HUIINEHTHI.

Tenepp 3aMeTHM, YTO TOMUMO BBIXOJIHBIX OTCUETOB MbI MOKEM HUCIOJIb30BaTh JJIs1 BBIUYMCIEHUN
U paHee pacCUMTaHHbIe 3HAYEHUS 8b1x00H020 cUrHana. IlonpoOyem mpocTo cyMMHpOBaTh BXOJHOM OT-
CYET U NPEIBIYIINN BEIXOIHOW OTCYET:

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

[Tomaem Ha BXOJ] MOCTOSTHHBIN CUTHAJ (HA9aIbHOE COCTOSTHUE (DUIIBTPA CUMTAEM HYJICBBIM):

_wa:. PBL-mn-,q
1 1+0=1
1 1+ 1=2
1 1+2=23
I1 : 1+3=4d
|

Tak, oueBHIHO, OyJeT MPOIOIHKATHCS U Jjajiee — BBIXOJHOM curHan OyzeT JMHEeHHO Hapac-
TaTh, YTO PAHO WJIM IMO3IHO IPHUBEAET K IMEPENOJHECHUIO PA3PAIHON CETKH BBIYMCIUTEIBHOTO
yCTpOMCTBa. DTO Cpasy k€ JIEMOHCTPUPYET HaM IJIaBHYIO OTJIMYUTENbHYIO YepTy (PUIBTPOB, UC-
MOJIB3YIOIUX MPH BBIYUCICHUSX MPEAbIAYIIHE OTCUETHI BBIXOJHOTO CHUIHAja (MX Ha3blBAIOT pe-
KypcusHuiMy (PUIbTpaMu) — M3-3a HATUYIHUSA OOPATHBIX CBA3EH OHU MOTYT OBITb HEyCHOUYUBLIMU.

[TormpoOyemM yMEHBIIHNTH BIMSHUE OOpPAaTHOM CBSI3U, Pa3[eiIvB MPEABIAYITUNA OTCUET BBIXO-
HOT'O cCUTHaJjIa Ha 2:

y(k) = x(k) +0,5y(k -1

CHoBa noaacM 1ma BXOo[ MOCTOSSHHBIM CUTHAT:



Bxon Bwixon

1 1+053-0=1

1 1+05-1=15

1 1+05-1,5=175

1 C[1+05-1,75=1875

i 1+05-1,875 = 1,9375
B

Kak Bunum, cuTyanus pagukajlbHO MU3MEHUIACh — TENepb BBIXOJHON CHTHAJI C YMEHbINA-
IOLIEHCs CKOPOCTBIO CTPEMUTCS K 3HaUeHUIo 2. Takum 0O6pa3oM, NepexoaHbIi nporecc B puibTpe
ABIISICTCS OeCKOHeunbiM. ITO ellle OJHA OTIMYUTEIbHAsl YepTa PeKypPCUBHBIX (DPUIIBTPOB.

Wtak, pekypcuBHBIE (PHIBTPHI CYMMHPYIOT IIPH pacyeTax He TOJBKO BXOAHBIE, HO U HEKOTO-
pO€ KOJIMYECTBO MPEAbIAYIUX BBIXOAHBIX OTCUETOB CUTHANA, YMHOKasl UX MPH 3TOM Ha ITOCTOSIH-
HBIC BECOBBIC KOA((DHUIIMEHTHI.

Pasznocmnoe ypasuenue I[D

B obmem cinydae quckpeTHBId GUIBTP CyMMHpPYET (C BECOBBIMH KOd(PHIIMEHTaMU) HEKO-
TOpPOE KOJMYECTBO BXOJHBIX OTCUETOB (BKJIIOYAs MOCJIEIHUI) U HEKOTOPOE KOJINYECTBO MpEabl-
IOYIIUX BBIXOAHBIX OTCYETOB:

i’j(k) = box{k) + bl X(k - 1) + ...t me(k - m) —
~ay k- 1) —ayk-2)— .~ ay,ylk - ny,

rae a;u bi - BeIeCTBEHHBIC KOI(PPHUIIUEHTHI.

(1) (6.1)

HNannrass Gopmyrna Ha3BIBACTCS @I2OPUMMOM OUCKpemHou urbmpayuu. Eciu mo-mwHOMY
CTPYIIUPOBATH ClIaraeMble, YTOOBI C OJJHOM CTOPOHBI OT 3HAKA PABEHCTBA OBLIU TOJLKO BXOIHBIE
OTCYETHI, & C APYTrOM — TOJIBKO BBIXOAHBIE, TOJyUYUM (POPMY 3aITUCH, HA3BIBAEMYIO PA3ZHOCHHbIM
VpasHeHuem:

Yk +ayuth =1y +ag gyl — 2) + .+ a, ylh — n) =
=hygxlk) +bix(k -1+ ..+ bk —m) (6.2)

CrTpyKTypa pa3sHOCTHOTO YpPaBHEHMsI MOXO0XKa Ha CTPYKTYpY AMQPQPEpeHLnanbHOro ypaBHe-
HUS aHAJIOTOBOM JIMHEWHOM CUCTEMBI, TOJIBKO BMECTO onepaiuu 1uddepeHupoBanus B popmyie
GuUrypupyroT 3a1ep>KK1 TUCKPETHBIX IMociiefoBareabHocTed. Kak Mbl yBUIUM Jlanee, 3TUM OIpe-
JensieTcs U OOIIHOCTh MOAX00B K OMMCAaHUIO aHAJIOTOBBIX M AUCKPETHBIX cucTeM. OJJHaKO BeCh-
Ma CYIIECTBEHHBIM SBIISETCS TO, YTO B JIUCKPETHOW CHCTEME HE CYHIECTBYET KaKHX-TMOO MpHH-
LUITHAIBHBIX OTPAHUYEHUI HA COOTHOIIEHUE MEXKAY M U 1 — KOJIMYECTBAMHU BXOJHBIX M BBIXOJ-
HBIX OTCYETOB, UCIIOJIB3YEMBIX MPU BBIUHUCICHUSIX.

6.2. Bompoc Ne2
NMnybcHasi XapaKTePUCTHKA

B ciyvae TMHEHHBIX CHCTEM C TIOCTOSIHHBIMU MTAPAMETPAMH ISl aHAITU3a TPOX OXKICHHUSI JTFO-
00ro curHaga JAOCTaTOYHO 3HATh PE3YJbTAT MPOXOKIACHHUS DJIEMEHTAPHOTO HUMIIYJIbCa B BHJIE
nenbra-GyHKIuA. sl TUCKPETHBIX CHCTEM TAaK)Ke MOYKHO BBECTH B PACCMOTPEHHE CIUHUIHYIO
UMITyJIbCHYIO QyHKIHIO Xo(K).

Bbixo/Has peakiiys Ha eIMHUYHBIN UMITYIIBC Xa(K) HAa3bIBACTCS UMNYIbCHOU XAPAKMEPUCMUKOU
JUCKPETHOM crucTembl 1 0003Hauaetcs h(k).

Kak u B ciiydae THHEHHBIX CUCTEM C MOCTOSHHBIMHU MapaMeTpaMu, 3HAHUE UMITYJILCHOM Xa-
PaKTEPHCTHKH MO3BOJISICT IPOAHATM3UPOBATH MPOXOXKICHUE Yepe3 AUCKPETHYIO CHCTEMY JTFOO0T0
curHana. JIeWCTBUTEIBHO, MPEKIC BCEro 3aMeTuM, 4to npou3BosbHbI curHain {X(k)} mMoxHO
NPEACTaBUTh B BUJE JIMHCHHOW KOMOMHAIIMN CTUHUYHBIX OTCYETOB:

x(k) = ix(m}xu(k - ).

m=—ut



BrixogHOM cUrHaN, UCXOMs U3 TUHEMHOCTH U CTAllMOHAPHOCTH PACCMATPUBAEMOI CUCTEMBI,
JIOJKEH MIPEICTABIATh COOON THHEHHYI0 KOMOMHAIIMIO UMITYJIECHBIX XapaKTEPUCTHUK:

5
y(ky= D x(m)h(h—m).
mee (6.3)
Bripaxxenue (3) Ha3bpIBaeTCsl OucKkpemuou ceepmkoil (TOUHee, TUCKPETHOU JIUHEeliHOl CBEPT-
KOI — ee He CJIeNyeT MyTaTh C KPY208oll CBEPTKOM, KOTOpasi pacCMaTPUBACTCS NMPU 00CYKICHUU
CBOMCTB IUCKpeTHOro mpeoOpasoBanus Dypwe. s ¢usuuecku peanusyemoii cucremsr h(k)=0
npu k<0, mosTomMy BepXHHil pesena cyMMUpoBaHusi B popmyiie (3) MOXKHO 3aMCHUTH Ha K.

y(k) = ix(m)h(k —-m).

m=—ot

DTO 03HAuYaeT, YTO CHCTEMa INPHU BBIUKUCICHHHM OYEPEIHOr0 OTCUYETa MOXKET ONEpHUpPOBATH
TOJBKO IIPOUUTBIMUA 3HAYEHHUSIMU BXOJIHOT'O CUTHAJIA U €1lle HUYETO HE 3HaeT 0 OyAYyIOIHNX.
[Ipumep BbIUMCICHHS AUCKPETHOM CBEPTKU, MOIPOOHO WMIUTIOCTPUPYIOUIUI BBITOIHSEMbIC
MIPU ATOM MAaTEMAaTHYECKHUE OIepalvu, IpuBeAeH Ha puc. 1.
Kak nns 11060 AMCKPETHOM CUCTEMBI JUJIsl AUCKPETHOTO (pMIIbTpa CIPaBEIJIMBO BbIpaxe-

HUE OUCKPEMHOU C8ePMKU
o0
Yo =2 Ny
k=0

rac Yn — OTCYECTBI BBIXOJHOI'O CHUIHalia, Xn—k — OTCYCTBI BBIXOJHOI'O CUTHAJIA, 3aJICPKaHHBIC Ha k
IEPUOaAOB JUCKPETU3AINU, hk — OTCYCTHI HMHy.]'IBCHOﬁ XApaKTCPUCTUKHU.

Hmnynochotl xapakmepucmukou ITUCKPETHOW CHUCTEMbl HA3bIBACTCS PEAKIUsl CHUCTEMBbI Ha

CUTHAJI TUTIA O-UMITYJIBC
5,={10,0, ..., 0,

IIpH HYJICBbIX HAYAJIbHBIX YCIIOBUAX.

)
I I | Tmmwam T | I ‘

o 1 2 k )
oy [1]3]2] weeye. [ ]2]3f4]
Mpouanypa BurWCNaHHA
dee= 0 xfm 1 3[2| o _—
A -my: [ 4032 1] e A =11=
FE R F x{mh: 113 zl - -
A1 — mY% [aTa]z2] 1] mepp MI)=12+ 3] =35
k=2 x(m): 1|3 |2
B2 = mY. HEEEEE . o WZI= 13 +32420=11
k=3 ximy: i =D
A3~y alalz] 1] e M3 =14+33+22=17
k= amy | 1]2]2
R — ) aalz] 1] wege #d) =34+ 2.3 = I8
e oo [1]512 5)m2dmg
(5 —m) 4|3 I 2 ‘ 1 | +.P( ) =2
Peaynusrar '
. =
9 1 2 3 4 5 &

s [ ] s]uf]as] 5]
Puc. 6.1 Bolunciienue 1UCKpETHOM CBEPTKU




OTcueTsl UMITYJIBCHOM MOCIEeI0BAaTEIbHOCTH MOKHO TIOJTYYUTh, MOJjaBasi Ha BXOJ JUCKPET-
HOM CHCTEMBI O-UMITYJIBC (PUCYHOK 1).

6.3. Bompoc Ne3
YCcTOMYMBOCTD IMCKPETHBIX CHCTEM
[Ipy OTCYTCTBHMM BXOAHOTO CHTHAJa B JUCKPETHOM CHCTEME MOTYT CYIIIECTBOBATH C80000HbIE
Konebanus. VIX BUI 3aBUCUT OT HAYAIBHBIX YCIIOBUH, TO €CTh 3HAYCHWA, XPAHAIIUXCS B DJIEMEHTAX
MaMSTH CUCTEMBI B MOMEHT OTKJIFOUEHHS BXOIHOTO curHasa. CucTemMa Ha3bIBaCTCS YCMOUYUBOL, €CITH

IPH JTFOOBIX HAYabHBIX YCIOBHSAX CBOOOIHBIC KOJEOAHUS SIBJSIOTCS 3aTyXaroOlIMMH, TO €CTh €CIIH
mpu X(K) - 0

limy(ky=0.

f—om

JIro0oii curHain Ha BbIXOJI€ JIMHEWHON CTallMOHAPHOM CUCTEMBI MPEJICTABISIET COO0M JIMHENHYIO
KOMOMHALIMIO €€ 33/IepXKAHHBIX BO BPEMEHU MMITYJIbCHBIX XapakTepucTuk. [losTtomy Juis 3aTyxaHus
CBOOO/IHBIX KojeOaHMil HE0OXOIUMO, YTOObI OblIa 3aTyXarolllell MMITYJIbCHAsI XapaKTepUCTUKA CH-
cremsr h(k):

limA(k) =0,
ko
ﬂHCerTHBIﬁ q)HHBTp HAa3bIBACTCs YCTOﬁqHBLIM, CCJIM IIpU IIPOU3BOJIBHBIX HA4YaJIbHBIX
YCIOBHSIX Peakuusi y Ha JIF000e OrpaHHYCHHOE BO3ACHCTBHE X, TAKXKE OrPAHMYCHA, T.C. CCIH
n
max|xn|g R,»> TO max|yn| < Ry, riae RX’ Ry <00,

Kpumepuem ycmotiuusocmu ouckpemnoco guivmpa SBISICTCS aOCOJIIOTHAS CXOJIUMOCTb
psiJia OTCYETOB UMITYJILCHOM XapaKTepPUCTHKH [2]:

o0
D | <o (6.4)
k=0
JlefcTBUTENBHO, €CIIM MPEJICTABUTE Y|, B BHJE CBEPTKH BXOJHOI'O CHI'HAJIa U MMITYJILCHOM
XapaKTCpI/ICTI/IKI/I
o0
Yo =2 MeXn ko
k=0
TO

o0 o0 o0
[Vl = 22 Xk | < 20 P[xa k] < Re D[]
k=0 k=0 k=0
otkyna cienyet (6.4).
Cy1ecTByeT Apyroi KpuTepuil yCTOWIUBOCTH JUCKPETHOTO (QUIIBTPA: BCE NOMOCA Nepedd-
MOYHOU YHKYUU OOJIHCHBL HAXOOUMBCS BHYMPU eOUHUYHO20 Kpyea z-naockocmu (PUCYHOK 2), T.
e [or|<1- 2) (65)

J

7
Pucynox 2 — [losicHeHue Kputepus yCTOMUYNBOCTH



JIeCTBUTENILHO, TAaK KaK (2) = i hy 7~k [2], TO MOXKHO TIOITYy4UTD

. k=0 .
H(@)|=|> hz™¥|< Z‘hk“z_k‘ (6.6)
k=0 k=0
JlomycTum, 4T0 Z_l‘ <1,te. |Z| > 1. Torna Z_k ‘ <1 u u3 BeIpakenus (6.6) monyuum
o0
IH(2)|< > |h]
k=0

I[J'ISI YCTOfIqHBOFO (bl/IJ'IBTpa JOJIKHO BBIIIOJIHATBECA YCJIOBHUEC (64), T. €.
o0
IH(z)|< Z|hk|<oo-
k=0

CnenoBatenbHo, H(z) nomkHa ObITh KOHEYHA BO BCEX TOYKaX Z-IUIOCKOCTH, rae |z| > 1.

*
OueBuHO, uTO B Momoce (mpu Z = Zy ) H(z)=co. OTciona ciefyer, 4To nepeaaToynas GyHKIUs

HE JIOJDKHA MMETh IOJFOCOB Ha CAWHUYHOW OKPYKHOCTH M BHE €€, T. €. JOJDKHO BBINOIHSTHCS
ycioBue (2).
NmiysbCHas XapaKTEPUCTUKA CUCTEMBI B O0ILEM CITy4ae COJCPIKHUT claraeMble BHIa

Forn
A pit FY,
eae P; — MOMOCH! (PYHKIMH MEPENauu CUCTEMBI, 77 — HEOTPHULIATENIbHBIE LEJIbIE YMCIIa, MEHbBIINE
KpaTHOCTH noyiroca P;, 4 — HeKast KOHCTaHTa.

Takwe cnaraemble npu K — 00 3aTyXaror, ecliv IoJoc P , 10 MOJTYJTFO MEHBIIIE S/IHHHLIBL:

[pi] < 1.
Teneps MbI MOKEM OKOHYATENBHO CPOPMYIIMPOBATH YCIOBHE YCTOHUMBOCTH: 4moObl OUCKpent-
Hasl cucmema ObLia YCMouuusd, NOMOChL ee PYHKYUU nepedayu OOMHCHbL HAXO0OUMbCSL NA KOMWIEKCHOUL
NIOCKOCMU 6HYMPU KPY2a eOUHUYHO20 PAOUYCal.



Pa3nea 4 udgpossbie puabTpoI

7. JEKIUA Ne7

Tema: Hudposbie GuabTPLI
Y4eOHbIC BOIIPOCHI: 1. Anroput™m nuHelHO#N 1udpoBoit punsTparuu. Pasnoctaoe
ypaBHEHHE.

2. Knaccudukarus uudpoBbeix GHIBTPOB

7.1. Bompoc Nel
AJITOPUTM JINHEeHHON uuppoBoi puiabTpauuu. PasHocTHOE ypaBHEeHHe

Jlunetinviii ananoeoswviil puremp MPEACTABILET COOON YSTHIPEXTIONOCHUK, B KOTOPOM pea-
JM3yeTcs TMHelHoe nmpeodpasoBanue BXxoaHoro curana X(t) B Beixoanoii curaai y(t). Maremaru-
YEeCKH 3TO MpeoOpa30BaHUE OMUCHIBACTCS OOBIKHOBEHHBIM JIMHCWHBIM QU @epeHyuaibHvim ypas-
HeHnuem N-TO TIOpAIKA

y()= Zm- x(r) Zﬁk_‘(’) M<N,
1) (7.1)

e %k {‘Ef =0, M } u B (k =1 N ] — KO3 PHUIIUEHTHI, ABISAIONIMECS JINO0 KOHCTAaHTaMH, THO0
¢ysakusamu Bpemenu t; N — nopsnox ¢punbtpa.

Jlunetinwviil Ouckpemuulii unbmp MPEICTaBISET COOOM TUCKPETHBI BapUaHT aHAIOTOBOTO
JTUHEWHOTO (MIBTPa, B KOTOPOM KBAaHTOBAHHOH (AMCKPETH3MPOBAHHOW) SIBISIETCS HE3aBHCHUMAs
nepemenHass — Bpems t=nT (T=1/f — mar muckperusanun). [Ipu 3TOM HENTOYHUCIICHHAS TIEPEMEH-
Hasi N MOXET PacCMaTpHUBaThCI KaK <«JIMCKPETHOE BpeMs», a curHaibl X[N] u y[n] kak QpyHKIMN
«IMCKPETHOI'0 BpeMeHN» (Tak Ha3bIBaeMble pelIéTyaTbie (PYHKIUN).

MaremaTtruecku paboTa JIMHEHHOTO JUCKPETHOro (PUIIbTpa ONMUCHIBAETCS JTUHEHHBIM pa3-
HOCMHBIM YypasHeHuem BUJa

ben_I ZQMH, ) (7.2)
i=1
e a;, by — koapdunmenTs! GUIBTPA; Xn-i, Yn-i — OTCYETHI BXOJHOTO U BBIXOAHOTO CUTHAJIOB, 3a-
Jiep >KaHHBIC Ha | IEPUOJIOB TUCKPETU3AIUH.

Anroput™m  dunbtpanun (7.2) MoXeT ObITh peaiM30BaH CPEJCTBAMH aHAJIOrOBOM JIHOO
muQpoBoil TexHUKU. B mepBoM ciaydae oTc4€Thl BXOAHBIX X[N] M BBIXOAHBIX Y[N] cuTHAIOB 1O
YPOBHIO HE KBAaHTYIOTCS M MOTYT NMPUHUMATH JIFOObIC 3HAUCHUS B JMAMa30HE UX U3MEHEHHS (T.e.
MMEIOT MOIIHOCTh KOHTHHYYMa). Bo BTOpoM cityuae oTcu€rsl curnanos X[N] u y[N] moaBeprarorcs
KBaHTOBAHHMIO 110 YPOBHIO, B CBSI3M C YeM OHU MOTYT MPUHUMATH TOJBKO «pa3pelI€HHBIC» 3HAUEC-
HUSI, OTpe/IeIsieMble Pa3psiTHOCTBIO MU(PPOBBIX YCTPOHCTB. Kpome TOro, KBAHTOBaHHBIE OTCUETHI
CHTHAJIOB KOJUPYIOTCS, TIOATOMY apr(pMETHYSCKHE OTEPAIUH, BBIMOIHsIeMbIC B BhipakeHuu (7.2),
OCYUIICCTBIISIOTCS HE HAJl CAMUMH CUTHAJIAaMH, 2 HaJl X TBOUYHBIMHU KOJaMHU.

W3-3a kBaHTOBaHHUsA 110 YpOBHIO curHanoB X[N] u y[Nn], a Taxke koaddunuenros a; (=0, M)
u b; (i =1, N) paBenctBo B anroputme (7.2) HE MOXKET OBITH TOUHBIM U BBITIOJIHSICTCS JIUIID TIPU-
ommkéano. Takum oOpazom, nuHelHbIi [[D npencraBnser coboit 1udpoBoe YyCTPOUCTBO, MPH-
OMmKEHHO peanusyroniee aroput™ ¢ustparmu (7.2).

Orneparuss KBaHTOBAHMSI CHUTHAJIOB IO YPOBHIO SIBIIIETCS CYry0O HEIIMHEWHOM, MOATOMY
LD, peanusyromuye TUHEHHBIN anroput™ (7.2), CTporo roBopsi, MPEICTABISIOT COO0I HEINHEHHBIC



YCTPOMCTBA, K KOTOPBIM HE NMPUMEHUMBI MATEMATUYECKUE METOMBI aHAIM3a U CUHTE3a JINHEHHBIX
cucreM. OHaKO B OOJBIIMHCTBE CIYYaeB YHUCIO Pa3psioB HUGPOBBIX KOAOB JUIs MPEICTABICHUS
curHasioB B 1{d BeIOMpaeTcs AOCTATOYHO OOJIBIIMM, YTO MO3BOJSET CUUTATh CUTHAIBl MpUOJIHU-
KEHHO JTUCKPETHBIMU, a HU(PPOBBIE QUIBTPHI, peaU3yonue anroputM (7.2), — mnpuOImKEHHO
JUCKPETHBIMHU JTMHEHHBIMU (pUIbTpamMu. ITO Aa€T BO3MOKHOCTh HCIIOJIb30BaTh BECbMa Pa3BUTHIN
anmapar TeOpHH JUCKPETHBIX JIMHEHHBIX CUCTEM JIJISl aHAIM3a U CHHTE3a IU(POBBIX (DHUITBTPOB.

D¢ dexTbl KBaHTOBaHMUS, CBS3aHHbIE C KOHEYHOM Pa3psIHOCTBIO MPECTABICHHS CUTHAIOB
u kodpdunmentos LD, MoryT OBITH YUTEHBI CIIEHUAIBHBIMU MPHEMAMH, IIPU 3TOM PE3yJIbTaThl
GbuibTpanuyu yaaércsi CKOPPeKTUPOBATh € YYETOM 3(PPEKTOB KOHEUHOW pa3psIHOCTH (KBaHTOBA-
Hus). Takol MoaXo/ OKa3alcs IIOAOTBOPHBIM U IPUMEHSETCS NpU NpoeKkTupoBaHuu L{D.

7.2. Bompoc Ne2
Knaccupukauus mudppoBbix GUJIbLTPOB

Knaccudukanus [{® moxer ObITH IPOBEJCHA B PA3IMYHBIX acnekmax. B KaxIoM U3 HUX
ClIeAyeT BBLACIATh ONpEAeNEHHbIE yposHu (KIACCU(PUKALMOHHBIE MPU3HAKW). YPOBHU HHOIIA
pasnendroTcs Ha nodyposHu, Ha KoTopbix LIdD paznuuarorces 1o xapakmepHuim c80UCMEAM.

MoxHo Ha3BaTh ciexyromue acnekTsl kiaccupukanuu Ld: GyHKIMOHATBHBIN, aNropuT-
MHYECKHM, peaTn3allMOHHBIN U JIp.

[Tpu sToM 10601 LD Gyner «pacnonaratbCsi» Ha OJJHOM U3 YPOBHEH 1700020 acneKTa.

Pacecmotpum knaccudukamuio LD B arcopummuueckom acnekre. Ilpu 3ToMm ypoBHHU orpe-
JEJISI0TCST 0OCOOCHHOCTAMU 00pabaThIBa€MBbIX CUTHAJIOB, CTPYKTYpPOW alropurMa (QpUiIbTpaluu, a
TaKXe «BHYTPEHHUMUN» CBOMCTBamMu ainroputma [1, 3].

B panuonokanuu, paguoHaBUTraluy, THIPOAKyCTUKE M IPYTUX 00JacTAX TEXHUKU MpUMe-
HSAIOT KaK OJHOMEpHBIE, TaK U MHOTOMEpHbIE CUTHaJbl. IlepBble SBISAIOTCS QYHKUMSIMH OIHOTO
apryMeHTa (Jarie BCero BpeMEeHHM), a BTOpble — (DYHKIMSIMU HECKOJIBKMX apryMeHTOB (JInOO mpo-
CTPaHCTBEHHBIX KOOPAMHAT, INOO MPOCTPAHCTBEHHBIX KOOPANHAT U BPEMEHH).

I[To sTomy npusnaky L{® paznenstorcs Ha 00HoMepHble 1 MHO2OMEPHDLE.

Cpeau mHoromepHbix L@ Hambonblliee MpPaKkTUUYECKOE 3HAUEHUE HMEIOT JBYMEpHBIE
¢unbTpsl [8, 12].

WHupopmaninoHHble CUTHAJIBI (OTHOMEPHBIE U MHOIOMEPHBIE) MOIPA3EIIAIOTCS Ha CKaJsp-
HbIE ¥ BEKTOpHbIE. [IpuMepaMu CKalsIpHBIX CUTHAJIOB SIBJISIOTCS OJHOMEPHBIN TUCKPETHBIN «Bpe-
MEHHOI» Tiporiecc X[N] U ckaysipHOE ToNe B S-MepHOM npoctpancTBe X[N]=X[N1, Ny, ..., Ns]. [Ipu-
MepaMH BEKTOPHBIX CUTHAJIOB MOT'YT CITY>KUTh OJHOMEPHBIN R-KOOpAMHATHBIN BEKTOP U S-MEpHOE
R-koopanHaTHOE BEKTOPHOE I0JIE:

xi[n] )
x;[n]

x[n]= ;

L xg[n] ) (2.3) (7.3)

x[m] nlny, ny, ... ngl |

x;[n] X[my, my, .. ng]

x[n]=

L xg[n] ) \ xplm, ny, ., ngl) 2.4) (7.4)

[To aTromy npusnaky LI® MOKHO pa3ieNnuTh HA CKAIAPHbIE U GEKMOPHDBIE.



Kpome Toro, ckansipusie curnansl X[n] u X[Nn] , a Taxke Bxomsmue B (7.3) u (7.4) KOMIOHEHTBI
BEKTOPHBIX cUTHAIOB X[N] 1 X[N] MOryT OBITH BEIIECTBEHHBIMHU JTHOO KOMIUIEKCHBIMH. [10 3TOMY
npu3Haky L{® MOXHO pa3/ienuTs Ha ewyecmeentbie N KOMNIEKCHbLE.

Ha3BaHHbIE BBIIIEC OJHOMEPHBIC U MHOTOMEPHBIC, CKAJIIPHBIC U BEKTOPHBIE, BEIICCTBEHHBIC
1 komiutekcHbie [{D mo tumy anropurmMa 00paboTKH CUTHATIOB MOAPA3ISISIIOTCS Ha CTAl[MOHAP-
HBIC ¥ HECTAIIMOHAPHBIE, PEKYPCUBHBIC U HEPEKYPCUBHBIC, TMHEHHBIC 1 HEIIMHEHHBIC.

B camom 00miem Buie alnroputM padOThl OTHOMEPHOTO BeKkTOpHOTO [P MOXKHO 3ammcath
CIICAYIOIIAM 00pa3omM

v[n]= ﬁ(x[n‘]__ x[n—1], . x[n—M], v[n—1], , y[n— N1, n), 25) (7.5)

rae R(...) — HekoTopasi BEKTOpHAsT (PYHKIIMS MHOTHUX EPEMEHHBIX.
AHAJOTUYHO MOXET OBITh MPEACTaBIEH alTOPUTM PabOThI MHOTOMEPHOTO BEKTOPHOIO

LD:

yIn]=R(x[n], xin—p; 1, ., xfn—py ) yn—v;] . yIn—vyL n). (26 (7.6)
rae Wi = He1s Mias e Hgs ) {_'I": L M] u Vi = (Vits Vizs - Vis }(ﬁ'ZL N)
HEHYJIEBBIC BEKTOPBI-CTPOKH «3alla3/IbIBaHU», KOMIIOHEHTBI KOTOPBIX ABJISIFOTCS HATYPaIbHBIMH
gyrcnamu. CoBokymnHoctu BekTopoB 1 k (k=1,M ) u v k (k=1, N ) o6pa3yrot MmaTpuiib

Wy | M M o Mg v ([ Yir Vi Vg |
M=l M2 || Hn Hn o Ms | N=| V2 ||V Voo o Vs
VMag VMM My o Mg ) ¥y WVn Ve o Vs

KonmyecTBo cTpOoK B 3TUX MaTpHUIAaX OMPENENIeT YUCIO 3aa3/IbIBAIOIINX CUTHAIOB
X[n— zk] k=1, M)ny[n— vk] k=1, N), ucronp3yembix B aqroputme (2.6) 1 BEIYUCICHHSI
odepenHoro orcuéra y[n].

AnropuT™M OIHOMEPHOHN QuiIbTpanuH (7.5) sBISETCS YaCTHBIM CIIy4aeM alroOpuTMa MHO-
romepHoi ¢punbTpanuu (7.6).

Ecnmu @ynkius R(...) 3aBUCHUT SBHO OT «JIUCKpPETHOro BpeMeHn» N, To LD sBnsercs ne-
cmayuonapuvim. Ecim sxxe Gynkius R(...) He 3aBUCUT SIBHO OT NMEPEMEHHOM N, T.€.

y[n]=R(s[n], xfn—p;]. ., x[n—py ], yin-v],, yn-vy1), @.7)(7.7)
x(n—p, ] (k:L MJ

to LI® Oyner cmayuonapnvim (MHBApUAHTHBIM K BPEMEHHOMY HJIM MPOCTPAHCTBEHHOMY CIBUTY
curHaia). B ciayyae MHOroMmepHsIx (UIBTPOB JUIsi 0003HAUYEHHUsI CBOICTBA MHBAPUAHTHOCTH IO
OTHOIIEHHIO K CIIBUTY BJIOJIb IIPOCTPAHCTBEHHBIX KOOPAMHAT HCIOJB3YETCSI TEPMHUH «OIHOPO-
HOCTb». CTanmoHapHble GUIbTPHI HA3bIBAIOT (PUIBTPAMU C MOCTOSIHHBIMU MapaMeTpamu, a HecTa-
LIUOHAPHbIE — (UIBTPAMU C IEPEMEHHBIMH ITapaMeTPaMHu.

®ynxnus R(...) B BeIpakeHUX (7.6) u (7.7) MOXKeT 3aBUCETh MJIU HE 3aBUCETh OT OTCUETOB

vin—v,]

BBIXOJIHOTO CHUTHAJIa E=LN) 110 sTomy npusHaky L{® noapasnenstorcs Ha pekyp-
CHBHBIE U HEPEKYPCUBHBIEC.

AnropuT™M paboTHl HEPEKYPCHBHOTO MHOTOMEPHOTO BekTopHOTo LD 1o anamoruu ¢ (7.6)
MO>KHO 3aIucaTh B BUJIE

y[n] =RX[n], x[n — u 1], ... X[n — M ], n). (2.8) (7.8)

B pexypcuBHBIX anropuTMax (puUiIbTpalMy MpoLecc BIYMCICHHUS BBIXOJHOIO CUTHAjA B N-
i MOMEHT y[n] OCYIIECTBIISETCS C UCTIOJIB30BAHUEM IMPEIBIIYIINX OTCYETOB BHIXOAHOTO CHUTHAJA
y[n— v« ] (k =1, N). OcobeHHO HarIsITHO 3TO BUAHO B aJIrOPHUTME OJHOMEPHOW PEKYPCHBHOM
¢unbTpanuu (2.5), B KOTOPOM BBIYHMCICHNE BBIXOJHOTO CUTHAJA B N-if MOMEHT BPEMEHH IPOU3BO-
JUTCS C MCITOJb30BaHueM N Mmpeablaynmx orcuéToB Beixoanoro curaana Y[n — K] (k=1, N ), rae N
— rayOuHa pexypcun. Takum o6pazom, B pekypcuBHbIX [IdD nmeetr mecto oOpaTHas CBSI3b.



B HepekypcuBHBIX ke anroputMax (7.8) BeranciaeHune oTcuéra y[n| mpou3BOAUTCS TOJIBKO
10 COBOKYITHOCTH O0TC4ETOB BXoaHOro curuana X[N — u k] (k=1, M), 1.c. oOpaTHas CBsI3b OTCYT-
CTBYET.

Otcuérel Bxomuoro X[n— u ] (k =1, M ) u Beixognoro y[n— v ] (k =1, N ) curnanos L{®
MOTYT BXOAHUTH B aJITOPUTMBI (pusbTpanuu (7.5) — (7.8) nuHeiiHBIM WM HETMHEHHBIM 00pa3oM.
NupiMu crmoBamu, GyHKius R(...) MOXKET ObITh JIMHEHHOW WM HENMHEHHOW. B 3aBHCHMOCTH OT
aroro L{® noapa3aensrorcs Ha TMHEUHbIE U HEJIMHENHBIE.

B camom obmem Buzae anroput™m (7.6) kayszanbHOH JNHMHEHHON peKypcuBHON HU(POBOIL
(GWIBTpallUU ONHMCHIBACTCS JIMHEHHBIM BEKTOPHO-MATPUYHBIM YPaBHEHHEM B KOHEYHBIX Pa3HO-

CTAX:
A N

yinl=Y a;[n]xn—p; 1= by[nlsln-v,].
=0 i=l (2.9) (7.9)

rae koo duruentsr aaropurma ak [n] (k=0, M) n bk [n] ( k=1, N ) sBasroTcst KBaapaTHBIMK
marpunamu pasmepa R x R (R — konmdecTBo koMnoHeHT B BekTopax X[N] v y[n]).

N3 obmiero anroputMa MHOTOMEpPHOW BEKTOPHOW pPEKYpCHBHOW JHMHEHHOW (UiIbTpamuu
(2.9) MOXHO MOTYYHTH CICAYIOMINE YACTHBIC CIYYau:

— eciu B ypaBHeHUU (7.9) BEKTOPHBIH apryMeHT N MMEET TOJBKO OIHY-CIMHCTBEHHYIO
KOMITOHEHTY N , TO pUIBTP OyAET OHOMEPHBIM, HHAYE — MHOTOMEPHBIM;

— ecnu B ypaBHeHuu (7.9) Bekropsl X[N] , Y[N] u matpuisr kodddummento ak [n] (k=0,
M), bk [n] (k =1, N) umeroT TONBKO O OAHOM KOMIOHEHTE, TO LID Oyner ckaasipHbIM, HHAYE —
BEKTOPHBIM;

— ecnu B ypaBHeHuu (7.9) curnamsl x[n] , y[n] ¥ MaTpuIibl K03)PHUIMEHTOB HUIbTpa ak [n] (k

=0, M), bk [n] (k =1, N) SABJIAIOTCA BEUICCTBEHHBIMU, TO I_[CD 6yz[eT BEIICCTBEHHBIM, UHAUE — KOM-
TJIEKCHBIM;

— ecnu B ypaBHenuu (7.9) Bce matpuibl ko dunuentos 1P ak [n] (k=0, M) u bk [n]
(k =1, N ) He 3aBHCAT OT «IUCKPETHOTO BPEMEHU» N, T.e. DJIEMEHTBI ATUX MATPHI] SBJISIOTCS KOH-
cranTamu, To L1® Oyzaer ctannoHapHbIM, HHAY€ — HECTAIL[HOHAPHBIM;

— ecnu B ypaBHeHuu (7.9) oTcyrcTByeT BTOpas cymma, 1.e. bk [n] (k =1, N ), ro LI® Oy-
JIET HEPEKYPCUBHBIM, NHAY€ — PEKYPCUBHBIM.

VYpaBHEeHHE B KOHEUHBIX pa3HOCTAX (2.2) mpeacTasiser co00il YacTHBIN ciydail ypaBHEHUs
(2.9) n onuchIBaeT OJHOMEPHBIN CKATSIPHBINA CTAllMOHAPHBINA PeKYpCHBHBIN TuHelHb LD (Bemie-
CTBEHHBIN UM KOMIUICKCHBIH ).

Jns nuneitnpix 1@ crpaBeyinB NpUHIMIT CYTIEPHIO3UINN (HAIOXKEHUS), T.€. IPUHLIUI He-
3aBHCHMOTIO JEMCTBHS IPUYMH, BBI3BIBAIOIIMX TO WJIM HHOE CIIE/ICTBUE.

s nenuuelinsix [P npuHIMI Cyneprno3uLuy He CIIpaBeUIMB.

Hanpaemyro kinaccudukanuio [{d MoxHO poBeCcTH IO «BHYTPEHHUM) CBOMCTBAM aJir0-
putMa ¢unbrparmu. lemo B ToMm, urto LI® mpu OAMHAKOBBIX aJrOpUTMax (HIBTPALUU MOTYT
MMETh pa3IMyYHble COYETAHUS TapaMeTPOB, ITUM OOBSACHSAETCS KaueCTBEHHOE pa3sinyhe CBOMCTB U
XapaKTepUCTHK Takux (GuiIbTpoB. Hampumep, ogHOMEpHBIE CKalIpHBIE BEIECTBEHHBIE CTAIHO-
HapHble nuHelHble L{D, onuckiBaeMble anropuTMoM GuIbTpanuu (7.2), Mo pactoiIokKeHUIo Hylei
nepenaToyHo (YHKIUMU Ha Z-TUIOCKOCTH MOXHO pa3/ieMTh Ha JBE TPYIIbl: MUHUMAJIbHO-
¢da3oBble 1 HEeMUHUMaIbHO-(a3oBbie. Pasnuune cBoiicTB LI® »THX rpymnm onpeaensercs pacroo-
JKEHHEM HyJIel rmepeaaToyHoi GyHKIuKu Ha Z-TIOCKOCTH, YTO CBsi3aHO ¢ Koddduimenramu ak (K
=0, M )anropurma (7.2). B kiacce OIHOMEPHBIX CKaISPHBIX BEIIECTBEHHBIX CTAI[MOHAPHBIX
HEPEKYPCUBHBIX JTUHEHHBIX HEMHUHUMAIBbHO-(a30BbIX [P cymecTByOT GUIABTPHI C JTHMHEHWHBIMU
($ha309aCTOTHBIMH XapaKTEPUCTUKAMH U (DUIBTPBI C HETMHEHHBIMU (Pa304aCTOTHBIMU XapaKTepHU-
CTHKaMH.

Hemunetinpie 1I® MOXHO KiaccHpHUUUpPOBATH MO THUIY HeduHEHHOCTH (yHKImu R(...),
HanpuMmep GUIBTPHI CO CTETIEHHON XapaKTePUCTUKOW, PHIBTPHI C Jorapu(pMUUECKON XapaKTepu-
cTUKOi U T.A. Ha nmpakTuke HenmuHelHble (QUIBTPBI OOBIYHO PEAIM3yIOT B BUJE COUETAHUS HEIU-
HEIHBIX O€3BIHEPLIUOHHBIX U JTUHEHHBIX HHEPIIUOHHBIX TUHAMUYECKHX 3BEHBEB.



AnTopuT™M pabOTHl HEJTMHEHHOTO OE3BIHEPIIMOHHOTO 3BEHA B OOIIEM Cllydae MOXKHO OIH-
catb Gpopmymoii
y[n] =R(x[n], n) . (7.10)
Kak gacTHbIl cityyail 0TcIo/1a ClieIyeT alropuT™ paboThl CTAIIMOHAPHOTO HETMHEHHOTO
0€3bIHEPIIMOHHOTO 3BE€HA
y[n] =R(x[n]). (7.11)
Paccmotpennas knaccudukarus L{D, 6azupyromascs Ha BpeMEHHOM MOIX0/€ K H(POBOii
obpaboTtke curnanos [1, 3], mpeacrasnena Ha puc.7.1.

MO POBBIE ©ITTETPHI
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MusnvaneHo CMIHIMATEHO ceoficimeau
thazossie (asossie ancopUmMI0e

Puc. 7.1. Kinaccuduxanms nuppoBsix GUIbTpoB

OTtmeTuM HeKOTOpble 0ocoOeHHOCTH kiaccupukanuu [P B anropuTMHUECKOM acHeKTe.
[TepBbIit ypOBEHH (THUIT CUTHAJIOB) UMEET MPUOPUTET, MOCKOJIBKY OT THUIA 00padaThIBAEMbIX CHT-
HAJIOB 3aBUCHUT THUI aJrOPUTMOB (BTOPOil ypoBeHb). IloypoBHU mEpBOTro M BTOPOro ypOBHEW HE
SIBJIAIOTCSI UEPAPXUUYECKUMHU, [TI03TOMY, B IPUHLIUIIE, UX MOXKHO MEHATh MecTaMu. OJHaKo Ha Tpe-
ThEM YPOBHE MMEET MECTO Hepapxus MOAypoBHEH: (uibTpsl ¢ JuHeiHbIME PUX cylniecTByrOT
MOolbKO B KJIaCC€ HEPEKYPCHBHBIX JIMHEWHBIX HEMHUHHMaTbHO-(Pa30oBbiX LD (3T momxypoBHU
HEJIb3s1 IOMEHSATh MECTaMH).

[Tpunsitoe Ha puc. 7.1 pacrnonoxeHue MOIYpOBHEH fABIsETCS HanboJiee eCTECTBEHHBIM.
JIrob6ast knaccuukanus ¢ uepapxueil ypoBHEH NpeACTaBIsSETCA B BUAE «IPEBOBUIHOU CTPYKTY-
peI». OTCYTCTBHUE Ke UepapXuH MOAYPOBHEH Ha IEPBOM M BTOPOM YpOBHSX Kinaccudukamnuu [[D B
QITOPUTMUYECKOM aCIEKTE IO3BOJIMIIO «BETBSLIEECS NIEPEBO» CBEPHYTh B «IMHEHKY». Takoe
MpEeACTaBICHUE MEHEe TPOMO3JIKO, Ooiee HarsigHO U 0003pumo. U3 Hero BuaHO, kakue Turbl LD
SBJIAIOTCSI MEHEE N3YUYEHHBIMH.

Knaccudukanus [P B qpyrux acmekrax aBTOpOM JeTalbHO HE mpopadareiBaiack. OHAKO
HEeKoTopble ocobeHHocTH Kinaccupukanuu [P B QyHKIIMOHAIBHOM U peal3alliOHHOM aCIEeKTax
cle1yeT OTMETUT.



[Tpu xnaccudukanuu D B @hynxyuonarvrom acnexkTe MOXHO OOO3HAYUTH CIEAYIOIIHE
YPOBHU:

— pobacTtHOCTh (pobacTHbIe U HepoOacTHbIe L[D) ¢ BbIIETIEHUEM ITOyPOBHEH:

— s pobacmuuix 11d — aganTuBHBIE U HealanTuBHbIC, aganTuBHbele L{D, B cBOI0O Oye-
penb, pa3uyaloTCcsl CTpaTeruen ajantanuu; s Hepobacmusix 1{® — onTumanbHble U1 3a/1aH-
HOTO BUJa (GUIBTPYEMOT0 IpoIecca U HEONITUMAIIBHBIE,

— KOJIMYECTBO YaCTOT JUCKPETH3aluu (0THOCKOPOCTHBIE U MHOTOCKOPOCTHBIE) C BbljIEje-
HUEM MOJYPOBHS TOJIBKO JUIsi MHOTOCKOPOCTHBIX L|® — 610 npeoOpa3oBaHus 4aCTOTHI AUCKPETHU-
3auuy (MHTEPHOJISINA, AeUMAalKs, TPOU3BOIBHOE TPeodpa3zoBaHue);

— muana3oH QuibTpyembix yactoT (OPHY, ®BY, mosocoBbie, peKEKTOPHBIE, MHOTOIIO-
nocHsle, rpedenyarsie L{D) ¢ Beigenenuem noxypoBas — mun AUX (Tnagkue U ¢ myibCalusMHu).

W3 paccMOTpeHHOro mepevHsi MpOCMaTPUBAETCS «IPEBOBUAHAS CTPYKTypa» Kiaccu(puKa-
uuu 1P, koTopast HE MOXKET OBITH CBEPHYTA B «JIUHEHKYY.

[Tpu knaccudpukanuu LD B peanuzayuonnom acrekre 0003HAYUM CIEAYIOUINE YPOBHU:

— TOJXOJ K peajau3anuy (BpeMEHHON W YaCTOTHBIH, T.¢. Ha ocHOBE BIID);

— cnoco0 KBaHTOBaHUS (PaBHOMEPHBINM U HEPAaBHOMEPHBIA).

Kax1p1i1 13 HUX MOKHO pa3JeluTh Ha NOAYPOBHM, IPUYEM I pa3HbIX TUIIOB L{D Ha aTHX
YPOBHSIX MOAYPOBHHU OyIyT Pa3IUYHBIMHU, UTO OOYCIOBIMBACT «JIPEBOBUIIHYIO CTPYKTYpPY» Kiac-
cudurarmu L1, koTopast He MOKET OBITH CBEPHYTA B «JIHHEIKY».



8. JIEKIIHS Ne8

Tema: Hudgposbie puiabTpsol IleperaTouynbie XapaKTEePUCTHKH PEKYPCUBHBIX H
HEPEeKYPCHUBHBIX QUIBLTPOB

YueOHble BOIPOCHI: 1. Onpenenenue nepenatoyHoit pyHkuuu. CBA3b MEXy pa3HOCT-
HBIM YpaBHEHHEM M nepenaTounor Gpyukmueit [[D.
2. Ilepenarounsie GyHKIMH GUIBTPOB MEPBOTO U BTOPOTO MOPSI-
KOB.
3. Hynu u noxitocel neperaTouyHoi GpyHKuum

8.1. Bompoc Nel
Omnpenesnenne nepeaarouHoil pynxkuun. CBa3b MeKAy Pa3HOCTHBIM YPAaBHEHHU-
eM M nepenaroyHoi pynkuuei [{d

Ilepeoamounoii ¢pynkyueri H(z) ¢unprpa (Puc. 1.) Ha3piBaercs

X, Y, OTHOIIICHHE Z-TIPEOOPA30BAHUS BBIXOTHOW TOCIICIOBATEIILHOCTH K
X—> H(2) Y—> Z-npeoOpa30BaHUIO BXOTHOW MOCIEAOBATEIHLHOCTH TIPH HYJIEBBIX
@ @ yavamembix YCIIOBHUSX:
YA Y(z
Puc. 1. Ilepenarounas H(z) = 200 = Y@ (8.11)
byHKIISA Z{Xn} X(2)

[epenarounyro GyHKIIHMIO MOKHO MOJIYYUTh, IPUMEHHB Z-
npeoOpa3oBaHUe K Pa3HOCTHOMY ypaBHEeHHIO. [Ipu 3TOM 11e5ecoo6-
pa3HO UCTIOJIB30BaTh CBOMCTBA Z-MPEOOpa3OBaHHSI.

To onpesenenuo Z-nmpeoGpazoBaHue MOCIENOBATENBHOCTH X, OMPEIENSIETCS KaK
e 0]
Z(X,)= > X 27X Torma z-peo6pasosarue & -nmmymsca - Z( d,)=1.
k=0

U3 (8.11) cnenyer, 4to Z-mpeoOpa3oBaHUE UMITYIbCHOM XapaKTEPUCTHKHU ONPEICIIeTCs Kak
Z{h,}=H(z)2{3,}=H(z)-1=H(z), (8.22)
T.€. lepeaTouHas QyHKIUS SABIsSETCs Z-NMpeo0pa3oBaHUEM UMITYJILCHOM XapaKTepUCTHKHU (CM
Tabmuiy 1).
Haiiném BoIpaykeHue 15 nepegaToyHol GyHKIIMH OJJHOMEPHOTO CKAJIIPHOTO CTaIl[MOHAp-
HOTO pekypcuBHOTrO JHEeHHOTO LID. [l aTOoro Bo3bMéM Z-npeoOpa3zoBaHue OT 00EUX YacTel JIu-
HEWHOI'0 Pa3HOCTHOTO YPaBHEHMUS:

[ M ol
ZOHWM =2 N apx[n—k] - Z byy[n—k] | .
= ] J
nosiaras BXoAHoi curnan X[n]=0 npu N<0, a HavanbHele ycnopus B LD HyneBbIMHu:

H-nl=0{n=1 N } Bocronb3yemcst TeopeMoii TMHERHOCTH Z-TIpeo0pa3oBaHust U TEOPEMOI 3a-
nasapiBaHus. B pesyabrare nonyunm

M N
¥i(z) :F' nk:_kX{:)— ) bk:_kf{:}
=0 =1 . (3.6) (8.33)

Ortcrona, uCronb3ys onpeeneHne nepeaaTounon Gpyakuun (3.3), HaxoauM



5 -k
L dCh &
H(z)= S T
1+E{_ j ].+‘:T| b*.___k
=) , (8.43.7)
rae A(ZY) u B(zY) — nomunoMsI KOMILIeKCHOTO aprymenrta z -1. Kosdduuments! nonmHomoB A(Z

1) ax [-k =0. M } 51 B(Z'l) by (k=1 "") SIBIISIFOTCSL BEIIECTBEHHBIMHA YHCIAMH JUIS BEIECTBEHHOTO
CKQJISIPHOTO CTAallMOHAPHOI'O0 PEKYPCUBHOIO JUHEUHOTO [P M KOMIUIEKCHBIMU YUCIAMH JJI1 KOM-
miekcHoro 1®.

Takum oOpa3om, nepeparounas GpyHkius H(Z) oqHOMEPHOTO CKaIIPHOTO CTAIHOHAPHOTO
pekypcuBHOrO JuHelHoro LD sBisercs npoOHO-parmoHaAIBHONW (PYHKITMEH KOMILJIEKCHOTO apry-

MeHTa Z -1, a mapameTpsl nepenatoynoil Gpyakmun (3.7) paBHB KOdppHUIHEHTaM ak \k=0. M } u

by k=1 "") aJIropuTMa JIMHeHHo! nudpoBoit punbTpanuu (2.2).

8.2. Bompoc Ne2
IlepenaTounbie pynkuuu GuabTpoB 1-ro U 2-ro NOPsAKOB

Baxxayro poinb B cuctemax o0pabOoTKH CUTHATIOB UTPAIOT PEKYPCUBHBIE (GUIBTPHI 1-T0 U 2-
ro OPSIKOB. PaccMoTpuM nepenaTounbie GYHKINUN dTHX (QUIBTPOB.

* bazoewtii pekypcuenwiit punomp 1-20 nopaoka. bazosiM PD 1-ro nopsjika Ha3pIBalOT
(GUIBTP, ONUCHIBACMBIN Pa3HOCTHBIM YPaBHEHUEM BUJIA:

Vo=x,—ay,, n=012.. (8.54)
[TpumeHuB z-ipeoOpa3oBaHuUE K JICBOW U NMPABOM YACTSIM YPAaBHEHHS, TTOTYIHM
Y(2)=X(2)-a,z7'Y (2). (8.65)
CrnenoBartenbHO, iepenaTovHas GyHKIHs QUIbTpa UMEET BU]I
H(2) :;_1- (8.76)
1+az
* Pexypcuenutii punomp 1-20 nopaoka. Pa3HOCTHOE ypaBHEHHE UMEET BU:
y,=bx,+bx, ,—ay,,, n=012.. (8.87)
[TpumMeHuB z-ipeoOpa3oBaHue K JICBOW U MPABOW YaCTSIM YpaBHEHHS, TOTYyIHM
Y(2) =b,X(2) +bz X (2)-az7Y (2). (8.98)
Otcrona
H(z) :t)(’+—blzj. (8.109)
1+az

* bazoentii peKypcueuwlit punomp 2-20 nopaoka. Pa3HOCTHOE ypaBHEHHE U TepeaTOuHas
(GyHKIMS UMEIOT BU:
Vo =X, =YV — AV, o B=0,12,... (10)
1

H(z) = = — . E (8.1111)
1+az" +a,z

* Pexypcuenstii punomp 2-20 nopaoka. PazHocTHOE ypaBHEHUE U niepeaaTouHas OyHKuus
UMEIOT BH/I:

Yy =byx, +bx,  +bx, ,—ay,,—a,y,,, n=012.. (8.1212)
b, +bz " +b,z7?

H(z)= :
(@) 1+az ' +a,z?

(8.1313)



* Hepexypcuenuwlit punvmp 2-20 nopsioka. PazHocTHOE ypaBHEHUE U TiepeaaToyHas QyHK-

IMsl UMEIOT BH:
Yy =bx,+bx, ,+b,x, ,, n=012,..

H(z)=b,+bz " +b,z7.

(8.1414)
(8.1515)

dopMaTbHOE COOTHOIICHHE MEX/ITY Pa3HOCTHBIM YPaBHEHUEM U TIEPEAATOYHON (DYHKITUECH:
* K03(hpuyuenmovl pazHOCMHO20 YPABHEHUsL AGTAIOMCS KOIDhuyuenmamu nepeoamodHou

@yuryuu;

* k0o uyuenmol paznocmnozo ypasuenus b, npu X, , pasnel kosppuyuenmam wuciu-

meJis nepedamoyrol YyHKyuu npu z¥ k=0,1,... N -1.

* K02aghpuyuenmul paznocmuoeo ypasnenus by npu Xnx pasuvl kosgpuyuenmam 3namena-
mes nepedamouHol hyHKyuu (¢ 00pamusvim 3HAKOM) npu z¥ k=0, I,.., N~1.
Ilpumep. N3BecTHa iepeaaTouHas QyHKIUS pEKypPCUBHOTO (GHIBTPa

_ -2
H(2) = 0.3-0.3z

Pa3HocTHOe ypaBHeHue UMeeT BH/:

v,=0.3x,-0.3x, ,+0.8y, ,-0.64y. ,, n=012,..

1-0.821+0.64272"

(8.1616)

(8.1717)

* B o6mem ciiydae nepenarounas GyHKIUS JUCKPETHOTO (PUIIbTPA MOXKET OBITH MOJTyueHa
IyTeM MPUMEHEHUS Z-1IpeoOpa3oBaHusl K pa3HOCTHBIM yPaBHEHHUSM PEKYPCHUBHBIX H HEPEKYPCHB-

HBIX (GUIBTPOB. PexypcuBHBbIi GpUnbTp:

N-1
bz ™"
H(2) =S5 (8.1818)
1+ az™
k=1
HepexypcuBHblil puiibTp:
N-1
H(z)=> bz " (8.1919)
k=0
Tabmmma 1
SumLTp MepeaatouHan Gy HIMA KisanynbCHASE X ADEK TEDUC TIAKE
Basonui PO 1 n
1-ro nopaaxa 1ta,z0 h,=(-a)", n=012, ..
kn = hO,n + hl,n '
Po B, +bz?
10 NOpRAKA 1+ a, 71 how = Bo(~a))", n=0,12 ..
B =b(-a)"", n=123, .
Eazosulit PO ]/(1 +“sz’l +“222). b= (r')“ sin[(n+l)q).] 2=012
2-ro nopszka . . n no. R R
ap: a, =—2r‘ccsq) gy =( )2 sing
hn = ho,n + hl.n +h2.n '
-1 2 R . .
b, +b'7l, +b224 ’ Fom = bl Sln[(f.l"*i)(P I‘ n=012 .
l+az7" +a,2 sing
Po .
2-ro nopRAka . . . _ * 1 Sinfne ] _
@ =-2r'cosq , a, =(r')’ =B (r) “s“in#cp'_u' n=123, ..
. by = by 2SN ] gy
sing
N-1
HP® bnz‘" hn = {b()v bl: bZ' halt} bN«i}
n=0




8.3. Bompoc Ne3
Hynu 1 moJirocel nepeaaToyHoi pyHkuuu

[Tpu ananu3e AUCKPETHHIX QHILTPOB MMEET 3HAYECHHUE ONPEJCIICHUE TOJIIOKEHHS TOII0COB U
HyJeH nepeaaTouHoi (PyHKIMH B Z-TIFIOCKOCTH.

[Toxroc — 3TO KOpEeHb MOJIMHOMA B 3HAMEHATEIE, a HYJIb — KOPEHb ITOJMHOMA B YHCIHUTEIIE TIe-
penaToyHoi GpyHkuuu. Ecim monnHOM MMeeT BelecTBEHHbIE KO (HUIIMEHTHI, TO €r0 KOPHU MO-
T'YT OBITH BEIIECTBEHHBIMH H/HIIH KOMITJIEKCHO-COIIPSKCHHBIMHU.

[Tpu onpeneneHny 3HAUYCHU HyJEH W IMOJIIOCOB B Z-TUIOCKOCTH 1€J1€CO00pa3Ho mpeodpazo-
BaTh NEPEaTOUHYI0 QYHKIUIO K BUIY 0€3 OTPUIATENbHBIX CTEIICHEH Z.

[lonvHOM BTOpOH cCTENEHU 22+alz+a2 umeer MO0 2 GewecmeeHHbIX KOpHA TPU

\/alz —4a, >0
-3 J_r«/alz —-4a,

2
MO0 2 KOMNIEKCHO-CONPANCEHHBIX KOPHS TIPH [a2 — 4ay <0

1=

21’2 = reij(p
raer = Jaz , @=arccos(ay / 2r).

HeﬁCTBI/ITeHBHO, €CJIN Pa3JIOKUTD ITOJIMHOM Ha ITPOCTBIC MHOXKUTEIIN, TO IMOJTYUUTCA

=7° - 21 CoS Z + r’
Ba3oBblii pexkypcuBHbIi GuiabTp 1-ro nopsiaka. [Ipeobpasyem k Buay, 6€3 OTpULIATENBHBIX

CTeNeHen Z H(z)=z/(z+4a,)- [lepenaroynas (GYHKIUS UMEET OJMH HYJb B TOUKE z) =0 ¥ OJIMH 10~

* (3
JHOC B TOYKE 77 =—a;. Ha puc. 2 u300paxkeHsl KapThbl HyJIEH U TOJTIOCOB (PUIBTPA B Z-TIJIOCKOCTh
npu a; <0 1 gy >0.

a,<0 a, >0

-

Pucynox 2 — Kaptel Hynelt u nomtocos 6azoBoro P® 1-ro nopsiika

PexypcuBnblii puiabTp 1-ro nmopsinka. /[ns onpexneneHus Hynedl ¥ MOJIIOCOB MpeodpasyeM
nepenaTouyHyo (QyHKIUIO peKypcuBHOro ¢uiabTpa l-ro mopsaka K BHIY, 0€3 OTpHUIATEIbHBIX
CTeneHen Z

Z+b /by
H(z)=by———"
(2)=by Z+q
[epenarounas dynkims H(z) nmeer omuH Hyilb B TOUKE ) by /ly, ¥ OJHMH MOJIOC B TOUKE
Zy ==
Ha puc. 3 uzobpakena kapra HyJied u morocoB puabTpa mpu by = 0.2, by =- 0.2, a; = 0.8.

Pucynok 3 — Kapra nynei u nomtocoB P® 1-ro nopsaka



ba3oBblil pekypcuBHbIT (QuiabTp 2-r0 mopsiaka. PaccmMoTpuMm ciydaid KOMIUIEKCHO-
CONPSDKEHHBIX MOJ0CcoB. [lepenaTounas ¢yHKIHS

2
H(z) = 1 -t

1+ alz‘1 + azz_2 22 + MZ+ay

HMeeT 0 * * ij(ﬂ* * * *
J1Ba HYJISL B TOUKE 0, _o M JIBA IIOIIOCA 7, , =1 €17 , THC 1" = [a, s " =arccos(a, /2r7)-

Ha pucynke 4 u3o0OpakeHa Kaprta HyJed M MOJIOCOB (MIBTPa B Z-ITIOCKOCTH mpHu a;=-0.8,
a,=0.64. Ilpu 5TOM " =064 =08, ¢ =arccos(0.8/2-0.8)=7/3"

Pucynok 4 — Kapra nyneit u nomtocoB 6a3zooro P® 2-ro nopsiaka

PexypcuBHblil GuiabTp 2-10 nopsaka. PaccMoTpum ciyyail KOMIUIEKCHO-COIPSIKEHHBIX T10-
mocoB. [lepenarounast pyHKIms
by + bz +byz 2
HO =" %
l+aqz ~ +ayz
* * +j(p* * * *
HMCCT JiBa I10JIFOCa Zyp=r e " =Ja,r @ =arccos(ay /2r ) -

HBa BCIICCTBCHHBIX HYJIA Z:(L) u 2(2) OIIPCACIIAIOTCA BhIPAXKCHHUEM

2
oot [0

JI71s1 KOMIUIEKCHO-COTIPSKEHHBIX HYJIEW BBIPAKEHUS HMEIOT BUJ

0
282 =0t ,

TRC (0 = [b, /by » ¢° =arccos(-by /2,fyby ) -

Ha pucynke 5 n3o0pakeHa Kaprta HyJIeH U TOTIOCOB PUIBTPA B Z-TUIOCKOCTH IS IBYX Clyda-
€B.

a) b,=0.2, b;=0, by=-0.2, 8;=0.9, a, = 0.81 (sewecmsennvie nymu).

BoToMm enydae 20 —1 20 =1, 7}, =r"e*¥ 1" =09, " =27/3.

b) b, =b,=b,=0.2, a,=-06, a,=0.36 (KOMNIEKCHO-CONPAINCEHIHDLE HYILL).

i * * [P *
B oTom ciyuae 0, _1.¢t1¢° o0 —27/3, 2}, =r"¢" 1 1" =06, ¢ =7/3.

Pucynok 5 — Kaptel Hyneit u nomtocos PO 2-ro nopsiaka



9. JIEKIIHSA Ne9

Tema: YacToTHBIE XaPAKTEPUCTHKH JUCKPETHBHIX PUILTPOB
VY4eOHbIC BOITPOCHI: 1. Onpenenenue yactoTHOM XapaktepucTuku [[D. AUX n OYX.
2. CpoiicTBa 4aCTOTHBIX XapakTepucTuk. HopmupoBanubie Quiib-
TPBL.

3. Hacrotnsle xapakrepucTuku L{® 1-ro u 2-ronopsakos.

9.1. Bompoc Nel
Omnpenesnenne yacToTHoi xapakrepuctuku @, AUX u @YX

Onpeodenenue wacmomnoii xapakmepucmuxu L{D
YactoTHON Xapakrtepuctukon H (ej’z’) JMCKPETHOTO (DUIIbTpa Ha3bIBACTCSI OTHOIICHHE

npeobpazoBanusi Pypbe BHIXOAHOH MOCIEA0BATEIFHOCTH K Ipeodpa3oBannio Oypre BXOAHOM 1M0-
CJIEOBATEIBbHOCTH IIPYU HYJIEBBIX HAYAJIbHBIX YCIOBHAX
oy F V(") Y(e*
H (elfu): {yn}: ( j@) _ ( — f) 91 (01)
F{x.} X(€') X(@E"*")
UYacroTtHas xapakrepuctuka (UX) nmpencrasisier codboit koadduuueHT nepeaadu GuiabTpa

IS KaKI0ro 3Hauenust yacTotel ().

U3 cpaBuenus (0.1) u H (Z) BUJHO, yTOo UX paBHa nepenarouyHoil GyHKIUU GUIbTPA, BbI-

YHUCJIEHHOW Ha EAMHUYHONW OKPYXHOCTH Z-TUIOCKOCTH (TIpU Z = el =gi?rl —glv ):
H(e')=H(2)|,_io 9.2 (0.2

MoxHo YCTAaHOBUTH CBA3b MCKAY 3HAYCHUAMH HOpMHpOBaHHOﬁ gactoTtel f ¥ coorBeT-

CTBYIOILIMM YTJIOM (¢ B Z-TIJIOCKOCTH. HOCKOHBKy

el =ei?*" —cos2xf + jsin2zf =cos@+ jsin@=cosp+ jsing 9.3  (0.3)

TO
f=pl2r=0l2x 9.4  (0.4)
Ha puc. 1.25 noka3zaHna cBsi3b TOYEK €IMHUYHON OKPYKHOCTH

M 4aCTOT /:

e Touke z=1=cos0+ jsin0 coorBerctyer f =0, @=27-0;

. T . . V4
e TOuYKaMm Z =1 ] =CO0S (J_r E)+ Jsin (J_r EJ COOTBETCTBYIOT

f =40.25, & =i§ :
Puc. 7. CBsI3b TOUYEK €IUHNY-

e touke Z=-1=cos(+x)+ jsin(+z) coorBercTByIOT HOI OKPYXKHOCTH 1 UacToT f
f =405, @=+7 (puc. 7).
YacTo BO3HUKAET HEOOXOMMMOCTh MPEICTABMTH YaCTOTHYIO XapaKTEPUCTUKY (DHIbTPA UK
CTIEKTPabHBIA COCTAB JMCKPETHOM MOC/IEI0BATENLHOCTH HE B Ge3pa3MepHbIX eMHUIAX HOPMH-

POBaHHOM YaCTOTHI, @ B AMHMIAX YACTOTHI, CBI3AHHOM C MEPUOIOM JHCKpeTH3auu [,. B aTom



f

Clydae TIOJB3YIOTCS COOTHOIICHHEM JUIi HOPMAIM30BaHHOW YacToThl @ =27f =27—=
fq
@ f

=27 fT, =T, c ero momompto @ = — win f =—. Hanpumep, npu T, =1msec =0.001sec qa-

-

d
CTOTHAs XapaKTepPHCTHKA MNEPUOAMYHA C 4acToToil auckpermsaumu f, =1/ 10 =1000Hz, a

w=2-2.10°7 ¢t
Td

Hcnone3ys (0.2), pasnoctusie ypaBuerus u (0.1) MokHO 3amucaTh oOmue GopMyIibl Iist
YaCTOTHBIX XapaKTEPUCTUK HUPPOBBIX (PUIHTPOB.

KUX-dpunsTp:
N-1 .
H(j@)= > bz ok 95  (0.5)
k=0
BUX-punbTp:
N-1 »
Z bke—ja)k
H(jo)=—"0—— 9.6 (0.6)
1+ ae ™
k=1

Amnﬂumyono-qacmomnaﬂ u ¢[m3o-lmcm0mmm xapakmepucmuku

Yacrothas xapaktepuctuka H(e1?”) - xommnexcHas ¢pynkims. Ee MOXHO IpeicTaBUTh B
BUJIE

H(e)?) = Hre (61?) + jH m (e1?) = A(@)e1#@). 9.7  (0.7)
Amnaumyono-uacmomuoii xapakmepucmuxou (AYX) Ha3piBaeTCs G yHKIIHS
A(@):‘H(ejé’)‘z\/H 2 (€17)+H2 (@1). 98  (0.8)
@Dazouacmommnoti xapakmepucmukou (OUX) Ha3biBaeTCs QyHKIUSA
Him(e j@)

o(w) =arg(H (ej‘a )) =arctan 9.9 (0.9)

Hre(e'”)
AYX ycTaHaBIMBaeT CBA3b MEXAy aMmIuuTynamu, a @YX — mexay ¢a3zamu BBIXOJAHOTO
Yn M BXOZHOTO X, curHaioB ¢uibTpa. Eciom
Xq = Ay -cos(@n+¢,,) 9.10 (0.10)
TO B YCTAHOBUBILIEMCS PEKUME

Yn = Ay -COS(@N+ 9, 911 (0.11)

rae
A = A - Al@) 912 (0.12)
P = Pox +P(@) 4 913 (0.13)

O6mme popmynsl AUX KUX-punbtpa u BUX-punstpa monyqarores u3 (1.61) u (1.62):

N-1 2 (N-1 2
Ay (@) = [ > b cos(aﬁk)} +[ > b sin(a?k)] 9.14 (0.14)




N-1 2 N ?
> by cos(ak) | +| Y. bysin(ak)
Agypy (@) = |~X=0 k=0 9.15 (0.15)
N-1 N-1
D agcos(wk)| +| D aysin(aok)
k=1 k=1

9.2. Bomnpoc Ne2
CBoiicTBa yacTOTHBIX XapakTepucTuk. HopmupoBanubie puiabTphl
Ceolicmeéa uacmommuuix XapaKmepucmuk
YacTOTHYIO XapaKTepUCTUKY MOKHO paccMaTpUBaTh KaK CHEKTP MUMITYJIbCHOW XapaKkTepu-
ctuku. JlelicrBurensbHo, u3 (1.59) u (1.53) cnemyer, yTo YacTOTHAs XapaKTEPUCTUKA SBIIAETCS
npeobpazoBanueM Oypbe UMITYJIbCHON XapaKTEPUCTUKU:

HEel”)=> he o 9.16 (0.16)
k=0

CrnenoBarenbHo, cBoiicTBa UX (huiabTpa BO MHOTOM COBIANAlOT CO CBOMCTBAMH CIICKTpPA
JMCKpeTHOro curHaiga. Huke mpuBeJeHbI OCHOBHBIE CBOMCTBA YAaCTOTHBIX XapaKTEPUCTHK JHUC-
KPETHBIX (HIBTPOB.

YacToTHast XapaKTepUCTHUKA SBISIETCS nepuooudeckoli (hyHkyuetl o 4acToTe, ¢ IMepHOIoM,
PaBHBIM YacTOTE AUCKPETU3ALINH.

AYX n @YX Takxke ABIAIOTCS NepUOOUYecKUMU QYHKYUAMU C TEM K€ TIEPUOIOM.

Jns unbTpoB ¢ BemecTBeHHbIMU Kodpdunmentamu AUX — uvemnas dynkuus, a @UX
— HeuemHas QYHKINS.

J171s TOTHOTO ONUCaHMs YaCTOTHOM XapaKTePUCTUKH (UIIbTPA C BEIIECTBEHHBIMU KOAhDU-
[[MEHTaMH J0CTATOYHO 33/1aTh €€ B 0CcHO8HOU nonoce ywacmom @ €[0, 7] wm f €[0, 0.5].

Hopmupoeannbvie gpunvmpol

[{udpoBoit pUIBTp HA3BIBAIOT HOPMUPOBAHHBIM, €CITU MaKCUMalibHOE 3HaueHne AUX pas-
HO 1.

Hopmuposka guiibTpa qocturaercs myreM YMHOXKEHUS KOA(P(GUIUMEHTOB YUCIUTENS Iepe-

NaTouHON (YHKUMHM HA HOpMupyromuid MHOXHUTenb 0, =1/ A, roe A, — MakcHMaibHOE
3Hauenue AUX Ha unrteppane o €[0, z].
Ilpumep. Paccmotpum BUX-¢punbtp 1-ro nmopsiaka ¢ nepeaarouyHolt pyHKIuei
b, +bz™
H(z)=—>—+
1+az
Jomnyctum, 4to npu JaHHBIX Kod(dduurenTax Haubosbiiee 3HayeHne AUX Ha uHTepBaje
@ €[0, 7] paBHO A, . HopMHpOBaHHBII GUIBTP OYyAET MMETh MEPEIATOUHYIO (QYHKIIUIO

b,+bz?' b +bz™
HHopM(Z)_ ° =

- Ml+az?t 1+az’
e b; =q,b , bl' =q,b, 9, =1/ A

9.3. Bompoc Ne3
YacrorHblie xapakTepucTuku L{® 1-ro u 2-romopsiaikos

Yacmomnwie xapakmepucmuku bUX-gunompa 1-20 nopsaoka



®Dopmynsl s nepenarounon pyakuun (I1dD), gacrornoit (UX), aMmIMTy1HO-4aCTOTHOM
(AYX) u dazo-uacrotroii (PUX) xapakrepuctuk bBUX-dunbrpa 1-ro mopsaka ¢ yderom (0.6),
(0.8) u (0.9) umerot Bu

-1
I H(z)=2tB2
1+az
—jo
4o H(jo)= 2B "
1+ae™
N2 L \2
AUX AG) = |Potbucose)” +(bsina) 9017 (0.17)
(1+a1c05a3)2+(alsinc?))2
DUX ¢(@):—arctanM+arctanm 9.18 (0.18)
by +Dy cos 1+acosw

Bug AUX u ®UX duibTpa MOKHO OnpeaeauTh myTeM pacyera Ha I9BM mo (0.17) (0.18).
[Tone3no 3Hath, yto 3HaueHUst AUX Jierko onpenesnstoTcss Ha IpaHUIaX OCHOBHOM' MTOJIOCHI YaCTOT
(s ®=0 u w=r). U3 (0.17) nomayuum

A@) =| 221 AGr) =[2 )
1+ a1 1- d
Ilpumep 1.11. Paccmorpum BUX-bunbtp ¢ nepeaarounoit ¢pyHKIue
0.1+0.1z7"
P(Z) - 1-08z° i
* OWIBTP UMEET OJIUH HYJIb A(F) @ f)
z) =—1 v ommm momoc z; =0.8. 1 7
* 3Hauenusst AUX Ha rpaHunax oc- ‘{, 035 Q _4
HOBHOI1 mostockl yactor A(0) =1 ' '
A(r) =0.
* I'padukn AUX n ®UX npuseje- ' T
HbI Ha pHc. 8. DUILTP OTHOCUTCA 0 023 05
K KJIacCy H30MpaTebHBIX (HITb- Puc. 8 AUX u @YX BUX-punbrpa 1 ro mopsiaka (84 <0)
TpoB HKHUX YacToT (PHY).
Mpumep 1.12. Paccmotpum bUX-dpunbTp ¢ nepegatoyHon GpyHKUmeln
-1
H(2) = 0.05 —0.0iz
1+0.9z
» uIbTp HMeeT ouH Hyb 2y =1 u oguH momoc z, =—0.9.
* 3nauenus AUX Ha rpanunax ocHoBHO# nosnocsl yactor A(0) =0, A(r)=1.
. fpadukn AYX n ®YX, npuseaeHbl Ha puc. 9. PUNLTP OTHOCUTCA K Knaccy nsbupa-
TeNbHbIX PUNLTPOB BepXHUX YacToT (PBY).
IToBTopute mnpumep 1.11 Al }F ) @ f/]
(mu a=-05a8=-035) u P
npumep 1.12 (npu a, = 0.5 u a, =
0.8). Ilpu sTom cnenyer npenBa-
PUTEIBHO BBINOJHUTH HOPMH-
poBKy ¢uasTpoB (cMm. 1.12.5). | | i .
Pacyer AYX MOXHO BBINIOJIHUTH 0 0.25 05 0 025 s

C IMIOMOIIBIO JTIO0OBIX, HMEIOIIUXCS
B pacropsvkenny, cpeacts (naxe Puc. 9 AUX n ®UX BUX-dunbrpa 1-ro nopsnka (8 >0)

Ha Kanbkynstope). Llens pacuera
— noctpoenue rpapukoB AUX u kauecmeennas oyenxka 6IuUAHUA GeTUUUHbL KOIDDuyuenma aq



*
(nonooicenusa nontoca 1, 6 z-naockocmu) na 6uo AYX. Ilonesno ons kascooeo ciyuas uzobpa-

acams Kapmy Hyael u noaocos (cm. 1.8).
Oco0EHHOCTH YaCTOTHBIX XapaKTepUCTHUK M30uparenbHbix BUX-punbTpoB 1-ro mopsiaka.
. N30uparenpHblii N
BUX-punstp 1-ro mopsaka A( f )
apserca 6o ®HY (mpm
a, <0), mub6o OBY (mpm

a, >0).
« ®UYX ¢Puibtpa — ! .
HelMHeWHas. ~— o s S
* Ilpu npuGIvKeHUH 0 025 05 ° 015 03
HOIIOCA K e IMHUYIHOM Puc. 10 AUX u @YX BUX-dpunasTpa 2-ro mopsiaka

OKPY>KHOCTH (YBEJIMYECHUU |a1|) (GUIBTP CTAHOBUTCS 0O0JIEE Y3KOMIOJIOCHBIM.

Yacmommuwie xapakmepucmuku uzoupamenvno2o bBUX-gunempa 2-20 nopsaoka

®opmynsl ans nepeaaroynon Gyukuuu (I1D), gacrotHoit (UX), aMmiuTyaHO-4aCTOTHOM
(AYX) u dazo-gacrornoit (PUX) xapakrepuctuk BUX-¢punprpa 2-ro mopsaka ¢ yuerom Ouuod-
ka! Ucrounuk cepliikn He Haiiaen.(0.6). (0.8), u (0.9) umeror Bua

b, +bz ™" +b,z7
l+az'+a,z”
b, +be 1 +b,e 12
1+ae” +ae®

11D H(z) =

ux H(j@) =

2
(bg +by cos@+b, cos 26?))2 +(bysin@+by sin2w)

AUX A®) = :
(1+a Cos@+ay C0S2@)” +(@ay Sin @+ a, Sin 2@)
(0.19)
_ sin® + Dby sin 2 & Sinw+aysin 2w
®dUX ¢(®) =—arctan by 00N | arctan—2MN@ SN0
by + Dy cos @ + Dby cos 2a 1+ 3 cosw +ay CoS 2
(0.20)

Bug AUX n ®UX ¢uiabTpa MOKHO onpenenuTh myreM pacuera Ha I9BM mo (0.19) u (0.20).
[Tone3Ho 3HATh, 4TO 3HaUeHUsT AUX JIerko onpeessiFoTCes Ha TPaHUIAX OCHOBHOMW TOJIOCHI YaCTOT
(it @ =0 u @w=rm). U3 (1.75) noay4uum

bo +by +by

1+a1+a2

bo —by + by

A0) =
1- q +ay

, A(r) =

Ilpumep 1.13 Paccmotpum BUX-bunbTp ¢ nepenatouHoit pyHkiuein
0.0951-0.0951z*
1+0.9z7'+0.81z7

® cDI/IJ'II:Tp HNMCECT IBa BCUICCTBCHHBIX HYJIA Z](_) =1lm Zg = —1, a TaK)XKEC IBa KOMIIJICKCHO-

H(z) =

COMpSKEHHBIX TONTIOCA Z,, =€  rie 1" =,[a, =0.9, ¢  =arccos(-a,/2r")=27/3 (cm. 1.8).
* 3nauenus AUX Ha rpanunax ocHoBHO# monockl yactot A(0) =0, A(z) =0.
*Vriay @ =2x/3, Ha KOTOPOM PACIIOIOKEH MOMIOC B Z-TIIOCKOCTH, COOTBETCTBYET YacTOTA

f"=1/3=0.33....

* 'paduxkn AUX u @YX npuBenens! Ha puc. 10. OUIBTP OTHOCUTCS K KJIACCY H30MPATEIIbHBIX
1oJ10coBbIX (pubTpoB (I1D).
Ilosmopume npumep 1.13 (usmenssn eenuuuny kodgpuyuenmos a; u a, ). Pacuem AYX mooncno



6bINOJIHUMb C NOMOULbIO JZIO6blx, UMENUWUXCA 6 PACNOPAIICEHUL, cpe()cme (()aafce Ha KanvKyJisAmo-

pe).
Lenv pacuema — nocmpoenue epaguxos AYX u kauecmeennas oyeHKa 6IUAHUA BETIUYUH KOIGD-

*
puyuenmos a; u d, (NON0JNHCEHUSA NONIOCOE I; 5 B Z-nnockocmu) Ha eud AYX. Ilone3no ons kaoic-

0020 Cyyas uzobpadxcamo Kapmy HyJetl u noacos.
HekoTopbie 0COOEHHOCTH YaCTOTHBIX XapaKTepUCTUK u30HupatenbHbix BUX-hunbsTpoB 2-ro
nopsKa.
* U36uparensupiii BUX-Gunstp 2-ro mopsiika Moxet ObITh 1100 nonocoBeiM (I1D) nmubo pe-
XKeKTOpHBIM (PD).
* ®UX QunpTpa — HETMHEHHAsL.
* [Ipu npubnm>xeHNH NOM0ca K €AUHUYHON OKPYKHOCTH (YBEIUYEHUH a, ) PUIABTP CTAHOBUTCS

Ooiee Y3KOITOJIOCHBIM.
%

* Makcumym AUX mosiocoBoro GpuiabTpa HaXOAUTCS npubauzumenvho Ha 4actore f , kotopas

*
COOTBETCTBYECT YIJ1y (¢ IIOJOXKCHMS II0JIF0CA B Z-TITTIOCKOCTH.

Hamamka

N YacmomHvle XapakmepucmuKku OUCKPemHbIX Quibmpos AGIAI0Mcs NePUOOULecKUMU QYHKYUS-
MU C NEpUOOOM, PABHbIM YACHOMme OUCKPEeMU3ayUuu.

NAYX u @YX purompa yemanasiusaiom cesi3b Mexicoy amMniumyoamu u ¢azamu 8blxo0H020 U
8X00H020 2APMOHUYECKUX CUSHALO8.

 Jlns punbmpos ¢ sewgecmeenuvimu ko3ppuyuenmamu AYX — wemnas ¢yuxyus, @YX — ne-

uemHas QhyHKYus.
N BUX-¢hunvmpol umerom nenunetinyro @YX
N KUX-gpunompor ¢ cummempuynvimu kodghguyuenmamu umerom auretinyo @YX



10. IEKIUSA Nel0

Tema: CrpykTypsl 1M(ppoBbIX GUILTPOB

VY4eOHbIC BOITPOCHI: 1. ITpsmas popma peanuzaruu L[D.

2. Kanonuueckas crpykrypa LI® 1-ro Buna.
3. Kanonuueckas crpykrypa Ll® 2-ro Buza.
4. Kackannas gopma L[D.

10.1. Bompoc Nel
Peanusauus uudposeix puiasTpoB B npsimMoii popme

PeKprI/IBHOC paSHOCTHOG ypaBHeHI/Ie BHU1a
N N
Vo= BX =D by, n=012,.. 10.1  (20)
k=0 k=1

OIMCHIBACT AJITOPUTM BBIYHCIICHUHN B pEKYPCUBHOM IH(PPOBOM PHIIBTpE (C 0OpaTHBIMU CBSI3IMHU).
HepekypcuBHOe pa3HOCTHOE ypaBHEHHUE BUIA

N
Vo= BXy, n=012,.. 102  (21)
k=0

OIMCHIBAET AJTOPUTM BBIUMCIEHHH B HEpEeKypcUBHOM LiuppoBoM ¢uibTpe (0€3 oOpaTHBIX CBS-
3eif).

3HaueHUe Pa3HOCTHBIX YPaBHEHUIN COCTOMUT TAK)KE B TOM, UTO OHU HEMOCPEACTBEHHO OIpe-
JENSI0T CTPYKTYPY HUGPPOBBIX (PUIBTPOB.

PasHocTHOMY ypaBHEHUIO COOTBETCTBYET cTpykTypa LI® B mpsimoii popme. PazHocTHOMY
YPaBHEHUIO 1-ro nopsaka

1 1
VY, = Z:bkxn_k —Zalyn_k =byx, +bx,,—ay,,, n=012,..103 (22)
k=0 k=1

COOTBETCTBYET CTPYKTYpa peanu3aiuu B npsmoit popme (Puc. 2.).
PazHocTHOMY ypaBHEHHIO 2-TO OPsIKa

Yo = b0 X+ b1Xn—l + b2 oo =Yg — Y0 10.4 (23)
COOTBETCTBYET CTPYKTYypa peanu3aiuu B npsimoit popme (Puc. 4.).

CrpykTypHBIE CXeMBbl HepeKypcuBHBIX [{dD XapakTepHbl HAJIMYUEM TOJIBKO MPSIMBIX CBSA3EU
U oTcyTcTBHEM o0partHbixX (Puc. 3.).

Puc. 3. [Ipsimas ¢opma peanu-
Puc. 2. Ilpsimas hopma peanuza- sauuu HepeypeusHoro 11D 2-

upn L@ 1-ro mopsizxa. Puc. 4. TIpamast hopMa peannsa- rq nopska
uuu H® 2-ro nopsnka

10.2. Bonpoc Ne2



Kanonnueckasi crpykrypa Lld 1-ro Buaa

[IpencraBum nepenatounyio ¢pynkuuto PO 2-ro nmopsaka
H{z)= b, + b,zn]1 +bzz_‘22 - B(z)
1+a,z27 +a,z AlZ) 10.5 (24)

B BHJIE
1
H(z)= H\(2)- Hy(z) = —— B(z)
P! 106 (25)
Takoe npencraBieHre H(z) COOTBeTcTBYeT mocieaoBaTeibHoMy coeaunenuto (Puc. 5. )
P® ¢ nepenarounoit pyHkImen

Hi(z2)=1/(1+a,z7 +a,77%) 107  (26)
u HPO® ¢ nepenarounoit pyHkumei
Hy(2)= by + bz 4 byz ? 108 (27)\
xﬂ yﬂ
—»| Mz} |—»
X(z) H2)
X Y. ¥n
—»  Hiz) »  H(z)
H(z)

Puc. 5. [Ipeobpa3zoBanue nepenaToyHon GyHKIUU

Hepenarounsiv pynxuusv Hy(2) u Hy(Z) cootsercTytor pasnocTHble ypasHeHus

Puc. 6. Kanonunueckas ctpykrypa 1 PD

Vo =% — @1V, — 43V, 3,

Yu=byvy By, by, 109 (28)
Cucrema ypaBHeHwuii (28) omuceiBaet kanonuueckyio cmpykmypy 1 P® 2-ro nopsiaka, mo-
Ka3aHHyI Ha Puc. 6. CTpykTypy Ha3bIBalOT KAHOHUYECKOH, TTOCKOJIBKY OHA CICPKUT MUHUMAJIb-
HOE KOJINYECTBO JIEMEHTOB MaMSATH.
AHaJIOTUYHBIN BUJ UMEIOT CTPYKTYPhl MEHBIIETO (TIEPBOT0) U OOJIBIIETO MOPSIAKOB

10.3. Bompoc Ne3
Kanonuyeckas crpykrypa I{® 2-ro Buga



[IpencraBum pazHocTHOE ypaBHeHUE PD 2-ro mopsaka

Yn =BpXy +01X0 1 +00X0 5 —a3 Y1 —aYn 2 01 (29
B BHUIIC
Y =Xy + Vi1 0.2 (30)
"
Vi = blxn - alyn + dn 0.3 (31)

rac Vn_l — 3aJICpKaHHaA Ha 1 HHTEPBAJI JUCKPECTU3AUHU ITOCJICA0BATCIBHOCTD

IocnenosarensHocts 0,_1 B (31) — 970 3ameprkanHas Ha | MHTEPBA AMCKPETH3ALUH T10-
CIICIOBATEIILHOCTh
d, =X, -y, 04 (32
HetictBurtensHo, nmoactasus (0.1) B (31), a 3arem B (30), MOTyYUM HCXOAHOE PA3HOCTHOE
ypaBHenue P® 2-ro nopsaxka.

Xn

Puc. 7 Kanonunueckas crpykrypa 2 PO
Cucrema ypasaenwuii (30) - (0.1) omuceiBaet kanonuueckyio cmpykmypy 2 P® 2-ro nopsia-
Ka, moKa3aHHyio Ha Puc. 7 CTpyKTypa COAEP HUT MUHUMAIBHOE KOJIMYECTBO 3JIEMEHTOB 3aICPIK-
KU. AHAJOTHYHBINA BH] UMEIOT CTPYKTYPbI MEHbBIIIETO (IIEPBOT0) U OOJBIIETO MOPSIIKOB.

10.4. Bonpoc Ne4
Kackannas crpykrypa H®

PexypcuBHble (QUIBTPHI OOJBIIUX MOPSAIKOB CTPOST, KaK MPaBUJIO, B BHJE KacKaJHOM
cTpykTyphl. [IpencraBum nepenatounyio gynkuuio (1.44) PO B Bune

N-1 K
> bz
H(z)=—52 = [1Hi(2), 05 (33)
1+ Y a7k =t
k=1

rae H;i(Z) - nepenarounsie gpynxuun PO 1-ro wiiu 2-ro NOpsKOB, PEATH30BAHHbIE, B CBOK) OYe-

pelb, B BUJIE IPSIMOM MIIM KAHOHWYECKOH CTpYKTyp. Takoe npeacrasienune H(z) coorBeTcTByeT
MOCJIEZI0BATEILHOMY COEMHEHHIO R peKypCcuBHBIX (GUIBTPOB 1-ro WK 2-T0 MOPSIIKOB.

Xn b01 b02 Yn




Puc. 8 Kackagnas crpykrypa P® 3-ro mopsinka
Ha Puc. 8 nmoka3zana xackaanas crpykrypa P® 3-ro mopsaka. Ona mpexacraBiser co0oii
nocjenoBarenbHOe coefnHeHne GuiabTpa 2-ro nopsaka u ¢uibtpa 1-ro nopsaka. Kaxasiii us
(GUIBTPOB peann30BaH B BUJE KAHOHMYECKOW CTPYKTYpHI 1.



11. IEKIUSA Nell
Tema: Onucanue LI B npocTpaHCcTBE COCTOSIHUM

Y4eOHbIe BOPOCH: 1. MarpuuHoe npeacraBiieHue pa3HOCTHBIX ypaBHeHUM LD.
2. Ctpykrypa LI® B ipoCTpaHCTBE COCTOSIHHIA.

11.1. Bompoc Nel
MarpuyHoe npeacTaBjJieHHe pa3HOCTHBIX ypaBHenui [{®D

Meron npocmpancmea cocmosinuii [61 — 64] sBsIeTCsI COBPEMEHHBIM HHCTPYMEHTOM
aHaJIM3a U CUHTE3a CI0KHBIX CUCTEM aBTOMATHYECKOTO PETYJIMPOBAHUS U YIIPaBIeHUs. MeTo
MIPUTOJICH ISl UCCIEN0BAaHUS KaK CTAlMOHAPHBIX, TAK U HECTALIMOHAPHBIX cucTeM. OH eCTeCTBEH-
HBIM 00pa30M yUHTHIBAET HAYAIbHBIEC YCIIOBHUSI, IO3BOJIAET «CIIMBAThY» PEUICHUS 110 HEMPEPHIBHO-
CTH B MOMEHTHI KOMMYTallU{ TapaMeTPOB CUCTEMBI

_. Meton mpocTpaHcTBa COCTOSTHUM Pa3BUT Kak JUIsl aHAJIOTOBBIX, TaK U JJI TUCKPETHBIX
CHCTEM, B HEM HCIIOIb3YETCS Pa3BUTHIN MaTeMaTUUECKHI anmapar — MaTpUYHOE UCUUCIICHUE
[47]. UmeroTcs Takke MoAM(UKALIMKM METOIA JJI HEMMHEWHBIX cucteM [61]. MeTon npoctpancTBa
COCTOSIHMI SIBJsIeTCSl epcleKTUBHBIM U J1s1 LD [3].

PaccMoTpuM cuctemy pasHOCTHBIX ypaBHEeHUH (4.1)
' N
| v[n]=x[n] - E bpv[n —k];
| k=1

(4.1)

M
y[n]= E av[n—k].
E=0 ,11.1
OTHCBIBAIOIIUX AJITOPUTM PabOThI pEKYPCUBHOTO CKaJISIpHOTO BemecTBeHHoro [{d npu kaHoHHUUe-
ckoil popme peanuzanuu. [IpercTaBuM pasHOCTHBIE YpaBHEHHUS BHICOKOTO MOPSIKA CUCTEMAMHU
Pa3HOCTHBIX YPaBHEHUI MEPBOro Nopsiaka. s 3Toro BBEIEM B paCCMOTPEHUE BEKTOP COCTOSTHUM
s[n], rae s1[n] = v[n], u 3anumem nepBoe ypaBHeHue (4.1) B cieayromiem BUIE:
sa[m]=vn -1];
sz[n]=v[n-2]:

i sy[n]=v[n-3]: 42)

N
: Syaln]=- : byv[n — k] + x[n]
11.2! o=

HIIN

5[n+1]=35,[n]:
5,[n+1]=s550n]:

| si[n+1]=154[n]: (43)
¥
| Spln+1]=- E by s [m]+ xn].

| k=1 11.3



Cuctemy ypaBHeHu# (4.3) yn1o0HO IpeICTaBUTh B BEKTOPHO-MATPUIHOHN (hopme:
s[n +1] = As[n] + Bx[n], 114 (4.4

rae S[n] — Bekrop-crosben coctosuuit pazmepa N 1;

0 1 0 0
o 0 1 0 0
o o 0 0 i
A=y 0 (43)
o 0 0 . 0 1 |
b —by —by . —by, —by) 115

— kBaapatHas marpuina pasmepa N * N (marpuma ko unuenros L{D);
B=(00..01)" 116 (4.6)
— BekTop-crosber pazmepa N "1, Ha3pIBaeMblii BEKTOPOM YyIIpaBICHUS; ( ... )T — CHUMBOJI
TPaHCIIOHUPOBaHHUs; X[N] — CKAIAPHBIA BXOAHON CUTHAL.
Bropoe ypaBHenue cucreMsl (4.1) Takke 3aMuiieM B BEKTOPHO-MATPUIHON dopme, 100a-
BUB IIpu 3TOM ciaraemoe Dx[n] :
y[n] =Cs[n] + Dx[n] , 11.7  (4.7)
rae
C=(apaa..an0..0) (4.8)
— BeKTop-cTpoka pazmepa 1XN (BekTop Beixoaa); D — ckamsp, oToOpakaronuii mpoxoxK-
JIEHUE BXOJ/IHOT'O CUTHAsa Ha BBIX0J B 00x0/ cuctemsl (pu M<N oH umeeT HyneBOe 3HaUCHUE,
T.c. D=0).
Takum 06pa3om, B IPOCTPAHCTBE COCTOSIHUM OJTHOMEPHBIN CKAJIIPHBIN BEIIECTBEHHBII
cranuoHapHbIi TMHENHbIA [[D onuckIBaeTcs ciuenyromenl CuCTeEMON BEKTOPHO-MaTPUYHBIX ypaB-

HEHUIL:
' 11=A Bx[n]:
sln+1]=As[n]+ Ban] (4.9)
| ¥nr]=Cs[n]+ Dafn]. 11.8

AHaJOTUYHBIMHU YPAaBHEHHUSIMH OMTHCHIBAETCS B IPOCTPAHCTBE COCTOSIHUI OHOMEPHBIN
BEKTOPHBIN Hecmayuonapuwii muHennbi LD [cp. ¢ (4.9)]:

s[n +1]= A[n]s[n] + B[n]x[n]; (4.10)
v[n]=C[n]s[n] + D[n]x[n]. 11.9

rne S[n] — BekTop-cTonben pazmepa N "1 (BekTop coctostHus); X[N] — BekTOpCTOIOLI BXOIHBIX
curHajoB pasmepa R “1; y[n] — BekTop-cTonber BBIXOAHBIX curHasioB pasmepa L '1; A[n] —
kBagparHas Matpuia pazmepa N ~ N (marpuna ko dunuentos cucremsl); B[n] — npsmoyross-
Hast Matpuia pasmepa N * R (marpuna ynpasnenus); C[N] — npsmoyronbHas MaTpuiia pazmepa L
"N (matpuna Beixozaa); D[N] — npsimoyronpHas Matpuia pasmepa L ~ R (MaTpuia o6xona).

11.2. Bonpoc Ne2
Crpykrypa L1® B npocTpaHcTBE COCTOSIHUI

CrpykTypHasi cxema JUHEHHON CUCTEMBI B POCTPAHCTBE COCTOSIHUM, ONTUCHIBAEMO BEK-
TOPHO-MaTPUYHBIMH YpaBHeHUsIMH (4.10), n300paxkeHa Ha puc.4.4.



Puc.4.4. CtpykTypHas cxeMa HECTallUOHAPHOM JINHEHHOW TUCKPETHON CUCTEMBI B IPOCTPAHCTBE
COCTOSIHHH, ONTMChIBaeMOl ypaBHeHHAMU (4.10)

B cnygae cranronapaoro L{® Bce matpunst A[n] , B[n] , C[n] u D[N] umeroT mocTosiHHbIe
SIIEMEHTBI, KOTOPBIE HE 3aBUCST OT «IUCKPETHOr0 BpeMeHu» N . I[Ipu 3TOM crcTeMa ypaBHEHUI
(4.10) mpuHMaeT O6oJiee MPOCTOM BU/I:

[s[n+1]=As[n]+ Bx[n]; @11
v¥[n]=Cs[n]+ Dx[n]. 1110

Cucremamu BEKTOPHO-MAaTPUYHbIX ypaBHEeHUH (4.9) — (4.11) MOXHO onuchIBaTh B IPO-
CTPaHCTBE COCTOSIHUH KakK BEILleCTBEHHbIE, TaK U KomIuiekcHble LId. B nocieanem ciryuae BeKTo-
PBl U MaTPULIbI, BXOJSLIUE B 3TU YPaBHEHUS, UMEIOT KOMITJICKCHBIE SJIEMEHTHI.



12. IEKIIUSA Nel2
Tema: @ ¢ KOHeYHOH MMITYJIbCHOI XapaKTepUuCTUKOM

Yyeonsie Borpockl: 1. CBorictBa KUX-bunsTpos.
2. YcnoBue TMHEHHOCTH (ha30BOM XapaKTEPUCTUKH.

12.1. Bomnpoc Nel
CaoiicrBa KUX-¢uiabtpos

Jns KUX-punsTpoB pa3HOCTHOE YpaBHEHHUE UMEET BHU]I
N
Y = Zbi Xn_j ’ 121 (1)
i=0

nepenaToyHas QyHKIIHS —

Y@ Sy,
H(z) = X(z)_g(:)b'z

122 (2)

Otmerum, uro KUX-¢punbtp (1) Bcerma ycrolumB, Tak Kak €ro MMITYJIbCHAs XapaKTepH-
CTHKa UMEET KOHEUHYIO JUINHY.

@parMeHT KJ1accupUKaluy HepeKypCUBHBIX JTMHEHHBIX L[D 10 «BHYTpeHHUM) CBOHCTBaM
anropuTMa npuBeaEH Ha puc.S.1.

OxmoMepHEIe CEATIPHEIE BEITECTEEHHELR
CTANHOHAPHEIE HEPeKYPCHEERE THHeHHREe 1D

MHHEMATEHO- HeMBEHEMATEHO-
tazopele dazopne
r
C menHEeHHERIME $UX C mHEeHHRIME U
L 4 I -
TEIETp TEIETP THIETp THIETP
EHaa l EHIA 2 EHIA 3 EHTa 4

Puc.5.1. Knaccudukammst HepekypcuBHbBIX THHEHHBIX [[D Mo «BHYTpEeHHHM) CBOWCTBAM aJro-
putMa

[lepeuucnum ocHo6Hble 00CHOUHCIMEa ITUX (PUITETPOB:

1. Jlerko co3maBath KUX-puibTphl co cTporo IuHeHHON (ha30BoM XapakTepucTHKON. Bo
MHOTHX CITy4yasiX, KOTJAa MPOEKTUPYETCs PUIBTP C MPOU3BOIBHON aMIUIUTYTHON XapaKTepUCTH-
KOM, 3TO YIpOIIAeT 3aa4y arnmnpokcuManuu. uiabTpsl ¢ TMHEHHON (a30BOI XapaKTEPUCTUKOM
OCO6€HHO Ba’XHBI B ClIy4asaX, KOTrAa IpUXOAUTC YYUTLIBATb JUCIICPCUOHHBIC HCKAKCHH A, CBA3aH-
HBIE C HEIMHEWHOCTHIO (ha30BOM XapaKTEPUCTUKH (HampuMep, Ipu o0paboTKe peyu U mepenade
JAHHBIX).



2. KUX-bunbtpel MOXHO 3PGEKTHBHO CTPOUTH KaK IO PEKYPCUBHOM, TaK U IO HEPEKYP-
CUBHOH CXEMaM.

3. KUX-bunbtpsl, peanu3yemMbie HEPEKYPCUBHO, T. €. C TOMOIIBIO MPSIMON CBEPTKH, BCE-
I'/1a YCTOWYHUBBI.

4 . Ilpum HepekypcuBHOU peanuzanuu KUX-QribTpoB mrymMbel OKpyTriieHUs, BO3HUKAIOIITHE
3a CYeT BBINOJIHEHUS apu(PMETHUECKUX ONEepariii ¢ KOHEYHOH TOYHOCTBIO, JIETKO MHUHHMHU3UPO-
BaTh.

[Tepeuncium Hedocmamxu KUX-hunbTpos:

1. Ins annpoxcuManuu (GUIbTPOB, YACTOTHBIE XapaKTEPUCTUKU KOTOPBIX UMEIOT OCTpPbIE
cpe3bl, TpeOyeTcst UMIyJIbCHAs XapakTepucTuka ¢ Oonpimmm ynuciaom: orcaetoB N. Ilostomy npu
WCIIOJIb30BaHUU OOBIYHOM CBEPTKU HEOOXOUMO BBIIOIHATEH O0JBIION 00beM BBIUHCICHHH.

2. 3agepxka B KUX-¢punprpax ¢ nuneitHON (a30BON XapaKTEepUCTHKON He BCErnaa paBHA
L[EJIOMY YHUCITY MHTEPBAJIOB AMCKPETHU3alUU. B HEKOTOpBIX MPHUIOKEHHUSAX Takas HEKpaTHas 3a-
JIEp’KKa MOKET BbI3HATH OIPE/IEIICHHbIE TPYIHOCTH.

12.2. Bonpoc Ne2
YcaoBue guHeiiHOCTH (a30BOH XapaKTEePUCTUKH

ITycts {h (n)} — dusuuecku peanuszyemast Mociae0BaTeIbHOCTh KOHEYHON UTHHBI, 3a/1aH-
nas Ha uatepBane 0 <N < N —1. Ee z-nmpeoGpaszoBanue paBHO

N-1
H(z)=> hz". 123 (34)
n=0
npeobpasopanue ypobe OT {hn}
. N_l .
H(e'”)=> he 12.4 (35)
-0
SABIISIETCS TIEPUOIMIECKUM T10 YaCTOTE C TIEPHOJOM 277 , T. €.
H(e )=H(e ™), m=0, +1, +2, ... 125 (36)
Jns neictBuTeNnbHBIX ocienoBarenbroctei {h (n)} dyHnkuums
H(e*jw):i‘H(e*jw )‘.e’j@(a’) 126 (37)

UMEET MOJIYJIb ‘H(efjw )‘ =‘H(ejw)

, CAMMETPUYHYIO (PYHKIMIO YaCTOThI, U a3y, acCuM-

MCTPUYIHYIO (I)yHKI_II/IIO YaCTOThI.
H(e )| =|H(e), 0<w<m, 127 (38)
O(w)=-0(-w) (39)

PaccMoTpuM, nipu KakuX YCIIOBHSX UMITYJIbCHAs Xapakrepuctuka h, ¢punstpa Oyner obec-
Me4YnBaTh CTPOTYI0 JIUMHEHHOCTh ero ¢a3oBoil xapakrepucTuku. TpeboBaHue JMHEHHOCTH (Da3bl
¢unbTpa 03HaYaeT, 4to (azoBas xapakrepuctuka G @) UMeeT BUL

ONw)=—aw, —T<w<r 12.8 (40)
rZle O — TOCTOsIHHAs (ha30Basi 3aJep)KKa, BRIPAKEHHAS Yepe3 YMCIIO0 MHTEPBAIOB JHCKpe-
tuzanun. Mcnonesys Beipakenus (37) u (40), Beipaxenue (35) 3anuiiem caeIyronum o0pa3om:

H(e ) =%[H(e*)-e . 129 (41)
[NpupaBHKBas A€HCTBUTEIBHBIE U MHUMBIE YaCTH, TIOJYYHM
_ N-1
J_r‘H(e"“’ )‘-cos(aw):Zhn cos(awn), 12.10 (42)
n=0

*[H(e )\-sin(aa)):Nz‘fhn sin(wn). 1211 (43)
n=0



Pasnenum npassie ¥ JeBbic yacTu ypaBHeHui (42) u (43):

Nzlhn sin(wn)

sin(aw) =

= = . 12,12 (44)
cos(aw) &
D h,cos(wn)
n=0

OTKyJa
N-1

D h,sin(wn)
tg(aw)=—"22 12.13 (45)

N-1

h+ ) ncos(a)n).

n=1
CyliecTBYIOT JBa BO3MOXHBIX perieHust ypaBuenus (44) wmm (45). IlepBoe momyuaercs,
ecyu nonoxuth & =0, uro maer [¢ yuerom (45)]

N-1
D h,sin(awn)
n=0

0=—10_ |
hy + > h,cos(wn)
n=1

D710 ypaBHEHHE MMEET €AMHCTBEHHOE PEIICHUE, COOTBETCTBYIOIIEE MPOU3BOIBHOMY Ny 1
hn=0 mpu N #0, T. e. UMNyIbCHAS XapaKTEPUCTHKA QHILTPA COCTOUT M3 OJMHOYHOIO MMITYJIbCa
— pe3ynbTar, He MPEICTABISIONINI nHTepeca. J[pyroe BO3MOXKHOE PEIICHHE COOTBETCTBYET CITy-
varo o # 0. U3 Beipaxkenus (44) nonydum

N-1 N-1
D h,cos(wn)-sin(aw)=>_h, sin(wn)-cos(aw), 1215 (47)
n=0 n=0

Otkyna Ha ocHOBaHMHU opMysl sin(a — ) =cos(B)-sin(a)—sin( B)-cos(«)

Nihn cos(a)n)-sin(oza))—Nihn sin(wn)-cos(am) = thn sin[(a—n)w]=0

12.14 (46)

ilhn sin[(a—n)w]=0. 12.16 (48)
n=0

Tlockonvky ypasnenue (48) umeem 6ud psioa @ypve, mo peutenue 3mo20 ypagHeHus, eciu
OHO cyujecmeyem, sA6Jsemcs eOUHCMEEHHbIM.
Jlerko 3aMeTuTh, 4TO peleHne ypaBHeHus (48) ynoBIETBOPSET YCIOBUSIM:

~N-1
2

h,=hy ., 0Sn<N-1 12.18 (50)

VYcnosue (49) o3Havaer, yto aist Kakaoro N CymiecTByeT TOJIbKO ojHa (a3oBas 3a7epiKKa

O, IpU KOTOPOH MOJKET JOCTUTAThCs CTPOras JMHEHHOCTh (ha30BOM XapaKTEpUCTUKH (PUIIBTpA.

U3 ycnoBust (50) ciemyer, 4To mpu 3aJJaHHOM (X , YIOBIETBOPSIOIIEM YCIOBHIO (49), uMynbcHas
XapaKTepUCTHUKA JJOJDKHA 00J1a1aTh CUMMETpUEH.

a 12.17 (49)
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Puc. 2. TunuuHas uMnyabcHas XapakTepucTuka pu yeTHOM N (4eTHast CUMMETpHSL)

Eciu N — neuerHoe, TO (N —1)/ 2— uenoe, T. €. 3a1epKKa B (PUILTPE paBHA LETOMY

YHUCIY WHTEPBAIOB AMCKpPETH3AIMU. THIHWYHAS MMITYJIbCHAS XapaKTepPUCTHKA (QUIbTpa C JTUHEH-
HO#t dazoit mast cimydas N=11 (umu @ =9) npusenena ua puc. 1. L[eHTp cuMMeTpUu XapakTepu-
CTHKH MPUXOJUTCS Ha MATHIA OTCYET.

TunuyHas UMIyJIbCHAs XapaKTepUCTHKA GUIbTpa ¢ JIMHEeHOH ¢da3oii npu yetHoM N moka-
3ana Ha Qur. 2. B arom npumepe N=10 u, kak cienyer u3 (49), a« =0/ 2 =4.5. Takum obpazom,
3ajepxKa B punabTpe cocrapiser 4.5 HHTepBana AUCKPETH3alMU. DTO O3HAYAET, YTO LIEHTP CUM-
METPUU UMITYJIbCHON XapaKTEPUCTHKH JISKUT MOCPETMHE MEXKTY IBYMsI OTCUETAMH, KaK MOKa3aHO
Ha ¢ur. 2.

Cornacuo ycnosuto (40) nuHeitHOCTH (a30BO XapaKTEpUCTUKU QUIIBTPA, TPEOYeTCs, YTO-
Obl (UIBTP MMEI NOCTOSHHBIE KaK IPYNIOBYIO, Tak M (a3oByro 3aaepkku. Eciu, kak 310 yacto
OBIBACT, JIOCTATOYHO, YTOOBI TOIBKO TPYIIOBAs 3aCPXKKH  ObUIA TIOCTOSHHOM, MOXHO OIpese-
JUThH elle OJUH TUIl (QUIbTpa ¢ JUHEWHOH (a3ol, (a3zoBas XapaKTepUCTUKA KOTOPOIO SIBISETCS
KYCOYHO-JTMHEWHOM (pyHKIMEH 4acToThl @, T. €.

H(e_jw)Zi‘H(e_jw )‘.e‘j(ﬂ_‘m’) 12.19 (51)

Y Ipynnosas sadepacka durompa pasna npouseodnoii om ¢azoeoli Xapakmepucmuxu Ho
yacmome 6 omauyue om Qazoeoll 3a0epIHCKU, PAGHOU OMHOWEHUIO (ha3zbl K uacmome.

Paccyxmas Tak ke, kak u npu nepexoje ot (48) x (49) u (50), MOXHO TOKa3aTh, YTO HOBOE
€IMHCTBCHHOE PEIICHHUE YIOBJIETBOPSIET CICAYIOUINM YCIOBUSIM:

it
T_u ’ 1220 (52)
p=% 1221 (53)
h(n)=—h(N—1—n), 0nN—1. 12.22 (54)

OunwsTpsl, yaosaerBopsromue yernoBusam (52)-(53)(54), cHosa coszmarot 3aaepkky B (N —
1)/2 uHTEPBAIOB AUCKPETH3AIMHU, HO HX UMITYJIbCHBIC XaPAaKTEPUCTHKU B OTIIMYUE OT IPEIBIIY-
IIEro ciy4as aHTHCUMMETPUYIHBI OTHOCUTEIBHO IeHTpa. [y mprMepa Ha puc. 3, a u 0 ToKa3aHbl
UMITYJTbCHBIC XapaKTEPUCTUKU (DUIIBTPOB C HEUCTHBIM M YeTHBIM N, YIOBIECTBOPSIOINIHE YCIOBUSIM
(52)-(54). Cnenyet oTMETHTSD, 4TO [UIs HeueTHBIX 3HaueHuid N, cormacho (54), h[(N-1)/2] = 0.
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Puc. 3. UmnynbcHast XapakTepUCTUKA TP HEUETHOM

(a) n yetHoM (0) 3HaueHusx N (HedeTHas CHMMETPHSI)



Wrak, B 3aBUcHMOCTH OT 3HaueHusi N (HeYeTHbIE WM YETHBIE) U BUAA CHMMETPUU UM-
IIyJIbCHOM XapaKTepUCTUKU (CUMMETPUYHAS WM AaHTUCUMMETPUYHAS XapaKTEPUCTUKA) BO3MOXK-
HbI yeThIpe pa3anuHbiX Bujga KUX-bunbTpoB ¢ muHeHbIMU (ha30BBIMH XapaKTEPUCTHKAMHU.



13. IEKI U Nel3

Tema: PasznoBuanoctu KUX-puiabTpos ¢ JinHeiiHOH (a3oii
VYyeonsie Bonpochl: 1. KUX-bunbtp ¢ muneitHon da3zoii Buga 1.
2.  KUX-punbTp ¢ nuHEiHOM (a3oi Bua 2
3. KUX-punbTp ¢ nuHeitHOM (a3oi Buga 3
4. KUX-punbTp ¢ nuHEiHOM (a3ol Buaa 4.

13.1. Bompoc Nel
KHUX-¢punbtp ¢ muHeiinoi ¢asoii Buaa 1

3anuieM 4acTOTHYIO Xxapakrepuctuky KUX-gunbTpos ¢ nuHeiinoi $pa3oii B Bue
H (EJW) = H* (ei@) gj(ﬁ-&‘ﬂ},

rae H*(e’*) - neficrBurenpHas ¢dbyHKIMS, a 0 1 B onpenensoTes Gopmynamu

PR
_2:" 13.1  (55)
p==x7 132 (56)
h(p)=—h(N—1—n), 0nN—1. 13.3  (57)

Beipasum ¢yHkmuio H*(ejw) depe3 3HaueHUs KO3PHUIUMEHTOB UMITYJIbCHON XapakTepu-
CTHKH JJISl K&KIO0TO YeThIpeX BUAOB (PUIBTPOB ¢ JUHEHHOM ¢a3oil. CooTBeTCTBYIONIME (HOPMYIIBI
OyayT moay4yeHsl B JaHHOM paszene. [lozke oHn OyAayT MCHOIb30BaHbl MIPU U3JI0KEHUU pa3iny-
HBIX MeT0J10B pacueta KUX-QuiabTpoB ¢ 3aJaHHBIMU YaCTOTHBIMU XapaKTEPHUCTUKAMHU.

edunbmp suda 1. Echm N — HedeTtHoe, TO (N-1)/2 — nienoe, T. €. 3aiep’KKa B QUIBTpE paBHA
LIEJIOMY YMCIIy HUHTEPBAJIOB JTUCKPETU3ALIAH.

Jlst aToro ciyvas H(ejw) MOXKHO TIPEJICTaBUTh B BUIE

) (N-3)/2 ) N =1 N2 N-1 .
HEe")= > h(n)e"“’“+h(T)e"”’( P24 h(n)e ™ 134 (58)
n=0 n=(N+1)/2

Henast 3ameny T=N-1-11 BO BTOpOii cymMe, OIy4IrM (TOPSIIOK CYMMHPOBAHHUSL BO BTOPOi
CyMe€ CTaHOBHUTCS OOpPaTHBIM)

) (N=3)/2 (N=3)/2
He )= > h(n)e’“’”+h( )e joMND2 1% (N -1-m)e MM 135 (59)
n=0 m=0

[Mockonbky h(n) = h(N-1-n1), nBe cymmbI B (59) MOKHO 00BETUHUTSD, a WieH e-jw(N-1)/2
BBIHECTH 3a CKOOKH, YTO JACT

H (ejw) — eja)(Nl)/2|:

(N=3)/2 )
D h(n){ glelN-vrzen] e"‘“[(N’l)’z’”]}+h(N —1)/2)}13.6 (60)

n=0

HIIN

H (el g Jotn 12 {(“Zs”zzrm(n)cos[ - )} (NZ 1}} 137 (61)

n=0

[MoncraBuB m = (N-1)/2-n nosyuaum



_ _ (N=3)/2 _ _
H(e‘”’):e“”‘Nl”z{ > 2h(NTl—m)cos(a)m)+h(NTlJ} 13.8 (62)

m=0

OxonuatenbHo 1pu a (0) = h[(N-1)/2] v a(n) = 2h[(N-1)/2-n], rne n =1, 2, ..., (N-1)/2, BbI-
pakenue (62) npruHUMAET BU/I

‘ _ (N-1)/2
H(e’“’):e““’(N‘“’{ > a(n)cos(a)n)} 13.9 (63)
n=0
YTO U JIaeT UCKOMYIO YaCTOTHYIO XapaKTepUCTUKY. Takum oOpa3omM, uist GpuiibTpa Buaa 1
_ (N-1)/2
H*@E”)= > a(n)cos(wn) 13.10 (64)
n=0
| [IesTp CHMMETDHE
‘ R[] A :
|H HHs‘l I‘H‘ H Hl :
o 201+« 6 | win | 1 1s|m n
6 A(aT) 4 R(al)

m=3
I, .
1 1 1 ."“"—| l
Lo ! ! ! i ool
g || ‘ ! ! P
.o : ' telwl)+am : P
i | i
—r 0 L k] el

]
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Puc.5.2. Xapakrepuctuku uudponoro punstpa Buaa 1 ¢ nuneinoit @YX:
a — umiynbcHas xapakrepuctuka h[n]; 6 — nceBnoAUX R(wT ) u AUX A(wT);
8 — dUX ¢ (oT)+mm
T.e. AUX ¢unbrpa Buma 1 Ha rpaHuIax OCHOBHOM 1o1ockl (ipu @7 = 0u @T =) MOXKeT
MIPUHUMATD MTPOU3BOJIHHBIC (B TOM YHCIIC U HYJIEBBIC) 3HaueHus. OTCIOa CIeayeT, YTO HEpeKyp-
cuBHbIN nuppoBoit punsTp Buna 1 ¢ muHelHoit ®UX MoxeT ObITh GUIBTPOM HHKHUX YaCTOT
(®HY), Bepxnux yactot (PBY), nonocossim (I1D) unu pexxekropusim (PD).

13.2. Bonpoc Ne2
KUX-¢puabTp ¢ muneiinoi ¢a3zoii Buaa 2

Ecau N —ueTHOE, TO (N-1)/2
YHCITy HHTEPBAIOB JUCKPETH3AIIHH.
B stom cnyuae H(ejw) mpuauMaeT BU

H(e') = g o072 {NZIZZh(n) cos[a)[%—nﬂ} 13.11 (65)

— IpoOHOe, T. €. 33epKKa B (UIBTPE paBHA HE LIETIOMY

n=1



HOI[CTaBJ’IfIfI B OTO BBIPAXKCHHUEC
by =2h({F—n), n=1,2, ..., L,
[Tonyuum

H (ejw) _ g le(N-D/2 {NZIZ b(n) cos[a)(n _%j}} 13.12 (66)

n=1
Niz

H (e70) = =ity =132 { 2 b(n) cos[m (n-—%)J} . {3.28)

n={

Takum o6pazom, s GpuUIbTpa BUAA 2
N/2

H* (¢9)= 3, b(weos [@(n—73) . (3.29)
n=1

Heo6xomumMo oTtMeTuTh, uTo H*(ejw)= 0 npu w = 7T HE3aBUCUMO OT 3HAYCHHWU b(n) wiu
h(n). Otcrona ciaeayeT, 4YTO HENb3s UCIOIB30BaTh (UIBTPHI ATOTO BUAA AJIS alMIPOKCHUMAIIUU Ya-
CTOTHOM XapaKTEPUCTHK, OTIMYHBIX OT HYJIS IPU W = 7T (Hampumep, Ipu MPOSKTUPOBAHUU (PHITb-
TPOB BEPXHHX YaCTOT).

a h[n]

L Ll LT
|4 6 | 1w nlwu 16 | 20 '

HenTp crymeTpEE

R "
p A(ewT) T R{wI)

- m=0 - m=21, _3
SN NN,
i 0 N
1 [} [} [} 1 1| 1 Eb:!r
' ' ' ' 1 m= 1 1 :

5: . E E 4 (al)+xm '
: : b
e 0 : : ,TI : al

Puc.5.3. Xapakrepuctuku uudponoro punstpa Buaa 2 ¢ nuHeiHo GYX:
a — ummnynbcHas xapakrepuctuka h[n] ; 6 — nceBnoAUYX R(w 7 )u AUX A(wT );
6 — OUX ¢ (0T ) +7 u
T.e. AUX ¢unbrpa Buaa 2 npu oT = 0 MokeT mpUHUMATh POU3BOJIBHOE (B TOM YHUCIE U
HYJIEBOE) 3HaYCHHE, a P O] =T — TOJILKO HyJIeBOoe 3HaueHne. OTCIo/1a CIIeAYyeT, YTO HEPEKyp-
cuBHbIi L{® Buna 2 ¢ nuneiinoit ®UX moxer O0bITh punabTpoM HIKHUX YacToT (PHY) nubo mo-
nocoBbM (I1D).

13.3. Bompoc Ne3
KHUX-¢puabTp ¢ auHeiliHoi ¢a3oii Buaa 3

AHmucuMMempuqHaﬂ UMnNnyYynvCHasA xapakmepucmuka, Hedemnoe N.



B sToM cityuae BbBoa hopMyibl Ui H*(ejw) mouTH Takoi ke, Kak U JUIst GHIBTPOB BUIA
1, 3a UCKJIIOUYEHHEM TOTO, YTO M3-3a aHTHCUMMETpuH {h (n)} cyMMa KOCHHYCOB 3aMEHSETCS Ha
CyMMY CHHYCOB, YMHOXKEHHYIO Ha j, T. €. BMecTO Gopmyisl (3.24) creqyer 3anucath

(=32
. ..-.)=e—im(N—t){2eJ'n!2[ Z Qh( N;"l —m) cos (mm}] ,  (3.30)
m=0 13.13

rae h(N — 1)/2]=0, xak ObL10 1MOKa3aHo Bhie. Jlenas moacranoBky c(n)=2h[(N-1)/2-n] npu
n=1,2,..., (N-1)/2,

(N—-1)72
H (6i0) = g=io(N-D2gimiz | 3 ¢ (n) sin (on)]. (3.31)
n=1 13.14
Taxum oO6pazom, ais GpuabTpa Buaa 3
(N=1)/2
H*(eioy= ) ¢(n)sin (on). (3.32)
! 13.15
a f[n] + Lentp coaneTpus
1IN AT
t:-2|4r5|10?||14H|“‘|n,
5 A(aT) t R(wT)

Puc.5.3. Xapaxrepuctuku nudposoro ¢puiabTpa Buja 3 ¢ auHenHon OUX:
a — uMnynbcHas xapakrepuctuka h[n] ; 6 — nceBnoAUX R(w7 )u AUX A(wT );
6 — OUX ¢ (0T ) +2m
T.e. AUX ¢unbrpa Buna 3 Ha rpaHUIaX OCHOBHOM MOIOCH! (TIpH @ 7= 0 1 ® 7'=T) MOKET
MIPUHUMATD TOJIKO HyJIeBble 3HaueHus1. OTcro/1a CleyeT, YTO HepeKypCUBHBIN IIU(PPOBOI PHIIBTP
Buja 3 ¢ nuHeiHoi @YX MoxkeT ObITh TOJIBKO MOI0COBBIM (ubTpoM (I1D).

13.4. Bonpoc Ne4
KHUX-¢uabTp c auHeiiHoi Ppa3oii Buaa 4

Dunvmp éuoa 4. AHMmucCUMMEMPUYHASL UMNRYIbCHASL XAPAKMepUucmuxa, yemuoe N.
B sTOM ciyuae ecTh aHanorus ¢ puiabTpamu Buaa 2. 3aMeHsis CyMMY KOCHHYCOB CYMMO#
CHHYCOB, YMHOXXEHHOM Ha J, BMecTO (3.27) moay4uum



H (65"’) =

(N/2)-14
=emiot-tizgimz {3 ohmysinfo(5-—n—3)]}. (3.3
MopacTaHOBKA B 3TO BbipaXkeHne
N N
d(n):Q&(T'—n)g II'=1., 2, ‘..’-_2_’
naet
N/2 _
H (¢0) = e~ioi-izginta [ 5 d(mysinf o (n—2) |}, (3.3
' = 13,
17
Taxum o6pazom, s punbTpa Buaa 4
N2
H* (¢iv) = >\ d(n)sin [m(n—%)], £3.35)
n=i 13.18

Npuuem H*(e!)=0 npn ©=0. CneposaTenbHO, 3TOT BUA dUAbTPa BoNblue BCero NoAxoauT
ANna annpokcumaummn auddepeHumaTopos 1 npeobpasosatenen MMabbepTa.

a hn]
R I 1 6 |

Ueatp CHMMeTPHE

el

5 -..\l : >
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Puc.5.5. Xapakrepuctuku mmudpooro ¢uiabTpa Buaa 4 ¢ muaeitHon OYX:
a — umnyibcHas xapakrepuctuka h[n]; 6 — nceBnoAUX R(w7 )u AUX A(wT );
6 — OUX ¢ (0T ) +mm

T.e. AUX ¢unbtpa Buga 4 npu ®7 = 0 MOXKET MPUHUMATh TOJILKO HYJIEBOE 3HAYCHHE, a
npu ® 7' =1 — Ipou3BOJILHOE (B TOM UKCIE U HyJeBoe) 3HaueHue. OTcroa clielyeT, 4To HEpeKyp-



cuBHblil 1D Buaa 4 ¢ nunaeitHOM OUYX MoxeT ObITh GriibTpoM BepxHUX dacToT (PBY) nubo mo-

nocoBbiM (I1D).
OuibTpsl ¢ uHEHHOW OUX MPUMEHSIOTCS B KAaUeCTBE H30MPaTEIIbHBIX (QUIBTPOB, TPE00-

pazoBateneii ['unsbepra, muddepeHIaTopoB 1 KOPPEKTOPOB AMILTUTYTHO-YACTOTHBIX XapaKTe-
PHCTHK.



14. JEKIUSA Nel4

Tema 5 llndposasi 00padoTKa CUTHAJIOB B YACTOTHOM 00J1aCTH
Tema: JAuckperHoe npeodpa3oBanue Oypbe
Yyebnsie Bonpockl: 1. CrieKTpajabHBIN aHAIIN3.
2. uckperHoe npeobpa3zoBanue Oypee
3.  CsoiicTBa AucKpeTHOro npeodpaszoBanus Oypoe
4. BoccTaHOBJIEHHME HENPEPBIBHOIO CHUI'HAjJda C I[OMOIIBIO
HAII®. Matpuua JI1OD.
5.  Csazp JII® u cnekTpa IUCKPETHOTO CUTHANA

14.1. Bonpoc Nel
CrnekTpajbHbIi aHAIU3

IIpu muckpeTn3anuy aHAJIOrOBOIO CUTHAJA €r0 CIIEKTP CTAHOBUTCS NIEPUOJAUYECKUM C IIEPHO-
JIOM MIOBTOPEHUS], paBHBIM 4acTOTe AUCKpeTH3auyu. OAHAKO OJHOIO TOJIBKO 3TOT0 COOTHOILIEHHS OKa-
3bIBACTCS HENOCTATOYHO JJI PELICHHs BCEX IPAKTMYECKUX 3a7ad CIEKTPAJIBbHOIO aHamm3a. Bo-
MEPBBIX, B KAYECTBE UCXOAHBIX JAHHBIX BBICTYIIAET MIMEHHO MOCIEI0BATEIbHOCTh IUCKPETHBIX OTCUE-
TOB, a HE aHAJIOTOBBIM cUTHAJ. BO-BTOpPBIX, B OOJBLIMHCTBE CIy4acB aHAIM3UPYEMbIE CUTHAJIBI SBJIS-
I0TCSl CIy4aHBIMU TPOIIECCaMU, YTO TPEeOYyeT BBHIMOJHEHHS KaKOTro-TMOO YCpeIHEHUs MPH pacyere
ux crnekrtpo. Kpome Toro, B psize ciiyyaeB HaM U3BECTHA HEKOTOpPasl AOMOJIHUTENbHAs. HHPOPMaLHs
00 aHAIM3UPYEMOM CHUTHAJIE, U 3Ty MH(OPMALIUIO JKENATEIbHO YYECTh B CIIEKTPAIbHOM aHAJIM3E.

JuckperHoe npeodpazoBanre dypre JeKUT B OCHOBE PA3INYHBIX TEXHOJOTUH CHEKTPAIILHOTO
aHaIM3a, IPEeIHA3HAYCHHBIX JUIsl HCCIIEI0BAHMUS CIIy4YalHBIX MPOLECCOB. Jle10 B TOM, YTO €CIIM aHAJIH-
3UpyeMBIil CUTHAJ MIpeCcTaBIseT co00i cimydaitHbli mpotiecce, To nmpoctoe Bbruuciaenue 11D o6braHo
HE MpEeJCTaBIIsAeT OOIBLIOr0 HHTEPECa, TaK Kak B PE3yJIbTaTe MOy4aeTCsl JIUIb CIEKTP €MHCTBEHHON
peanu3zanuu nporiecca. [loaToMy Ui CIEKTpaIbHOTO aHaIM3a CIYYaiHbIX CUTHAJIOB HEOOXOAUMO HUC-
M0JIb30BaTh YCPETHEHUE CIEKTpa. Takue MeTofbl, B KOTOPBIX MCHOJIb3YEeTCsS TOJIBKO HH(OpMAaIus,
U3BIICUCHHAS M3 CAMOTO BXOJIHOTO CUTHAIIA, HA3bIBAIOTCS Henapamempuyeckumu (NoOnparametric).

Hpyroii Kj1acc METOJIOB TIPEoiIaraeT HaTMuMe HEKOTOPOH CTaTUCTUYECKOW Moldenu Ciiydai-
Horo curHana. [Tporecc cnekTpalbHOro aHali3a B JaHHOM CITy4yae BKIIIOYAeT B ceOsl orpeseeHue na-
paMeTpoB 3TO MOJENH, U TIOTOMY TaKHe METOJIbl Ha3bIBAIOTCS napamempuyeckumu (parametric).
Hcnonb3yetcs Takxke TepMUH "MOJIENbHBIN criekTpayibHbiid aHamu3" (Model-Based Spectrum Analy-
sis, MBSA).

14.2. Bonpoc Ne2
JuckperHoe npeodpasosanue Oypoe

PaccMOTpUM CIIEKTp JMCKPETHOTO nepuoduyeckoeo curHaia. I1ycTh MOCIeq0BaTeIbHOCTh
orcueroB {X(k)} sBisiercst mepuoandeckoii ¢ meprogom N:
X(K+N)=x(k) nns moboro k.

Takast mocie0BaTeIbHOCTh TOJHOCTBIO ONUCHIBACTCS KOHeuHblM HAOOPOM dHCeN, B Kade-
CTBE KOTOPOTO MOKHO B3SITh MPOHM3BOJbHBIN (pparment amunoit N, Hampumep {x(k), k = O, 1,...,N
— 1}. IocrapieHHBIIl B COOTBETCTBUE ITOM IOCIIEIOBATEILHOCTH CHTHA M3 CMEILCHHBIX 110 BpeMe-
HU JeTbTa-()yHKIMI:

()= X, -5(t—kT) 141 (67)

k=—o0

Takxe, pazymeercs, 0yaeT NepuoANUYeCKUM ¢ MUHUMAaJbHBIM niepuoiom N T.



Tak xak curHan (5.1) aBisieTCS TUCKPETHBIM, €0 CIIEKTP JTOKEH OBITh nepuooUtecKuM C
nepuoaoM 27/7T. Tak Kak 3TOT CHTHAI SBJSETCS TaKXKe U MEPHOJMYECKUM €ro CIEKTP JOJDKESH
OBITh OUCKpemHbIM C PACCTOSTHUEM MEX Ty rapMoHuKamu, paBHbIM 27t/ (NT).

Wrak, nepuogu4ecKuii TUCKPETHBINA CUTHATI UMEET NIEPUOJUIECKUNA TUCKPETHBIN CIIEKTP, KO-
TOpBIA TaKKe OMUCHIBACTCS KOHEYHbIM HabopoM u3 N uyucen (OOUH MEPUOJ CHEKTPa COJEPKUT
2n / 2n

T/ TN

PaCCMOTpI/IM npoucaAypy BBIUHUCICHUA CIICKTPAa HEPUOAUYCCKOro AUCKPETHOrO CHUTHAJIA.

=N rapmonux).

Tak kak curHan mepuouuecKuii, OyneM packiangbsiBaTh €ro B psao @Pypve. KoadduumeHTs! X,

3TOTO Psia, COTIIACHO 061uep”1 dopmyne (1.9), paBHbI
NT N-1

:—js(t) g i dt_—jzxk S(t—KT )-e7 it .dt =
0 k=0
-1 NT 1 -1 )
=—Zxk j S(t—KT)-e 1ot .dt = Zxk Ll 142 (68)
-0 0 T k=0
1 N-1 Znn
_N_kz
nk
Zxk exp(— ZZ ),

Taxum 00pazoM, GopmMyra Jiisi BBIYMCICHHST KOMIUICKCHBIX aMILTUTY]] TAPMOHHK MPEICTABIISCT
co00¥ JTMHEIHYI0 KOMOMHALIMIO OTCYETOB CUTHAIA.

B Beipaxenun (68)(68) peanbHbiii MaciiTad BpeMeHH (GUTYpHPYET TOJIBKO B MHOXKUTENE 1/T
nepes1 oneparopoM cymMmmupoBaHust. [Ipy paccMOTpeHNH TUCKPETHBIX MOCIEI0BATENFHOCTEH OOBIYHO
OINIEPUPYIOT HOMEpPaMH OTCYETOB M CIEKTPAJIbHBIX TApPMOHUK O€3 MPHUBS3KH K JICHCTBUTECIBHOMY
Macitady BpeMeHH  4actoThl. [loaTomy MuHOXHTenb 1/T 3 (68) yaanstor (4acToTa AUCKpeTH3a-
UM paBHA eauHHIE). [lomydeHHOEe BBIpaKCHHE HA3BIBACTCS OUCKPEMHbIM Npeodpas’osanHuem
Dypve:

N-1
=iz -exp(— 12“ LSY 143 (69)
k=0
CymiecTByeT u o6pamHoe HUCKpeTHoe mpeoOpasoBanue Dypre. Ilepexoq oT AUCKPETHO
CIEKTpa K BPEMEHHBIM OTCUETAaM CHUTHaJIa BBIpAXKAETCs Ceayrome popmMyoi:

Zx exp( 12“ LS 14.4  (70)

14.3. Bomnpoc Ne3
CaoiicTBa qMcKpeTHOr0 npeodpazosanus Pypne

B nenowm cpoiictBa JIII® anamoru4nsl cBOMCTBaM HeMpephIBHOTO MpeolpazoBanus Dypee,
OJIHAKO JIMCKPETHBIA XapaKTep aHaJIU3UPYEMOr0 CUTHAJIA IPUBHOCUT HEKOTOPYIO CHEU(UKY.
JIuneiHoCTH
U3 dopmyier (2.4) oueBunHo, uro JIID sBisercss TUHEWHBIM, TO €CTh €CIH MOCIEI0Ba-
tenbHOCTM {X(K)} 1 {y(K)}! ¢ omHUM 1 TeM ke nieprogom JI" COOTBETCTBYIOT HAOOPHI TApMOHUK X(1)
u Y(n), To mocnenoBarensuoctr (ax(k) + by(k)} 6ymer coorBercrBoBath criekTp aX(n)+ bY(n).
3anepikka
Ecnu 3amepskath ucxoanyro nocnemoarenbHocTh Ha oauH TakT (Y(K) = X(k - 1)), To, cormac-

21N
N ):

HO (2.4), crieKTp HEOOXOMMO YMHOKHTH Ha eXP( — |



. . 21N
Y =X -exp(—j=——
n =X, -exp(—] N )

[TockonbKy MBI curtaeM mocienoBareabHOCTh (X(K)} meproamueckoii, paccMarpruBaeMblii
3nech caBur spisieTcs nukiaundeckum: Y(0)=x(-1 = x(N - 1).
CummMmeTpust
Kak yxe 0TMe4aaoch, CIIEKTP JAUCKPETHOTO MEPHOANIECKOTO CHTHAIA SBISCTCS MTEPHO/IH-
yeckuM. Kpome Toro, coxpaHsieTcst U CBOMCTBO CHMMETPHHU, KOTOPBIM 00JIaaeT CIIEKTP HEMPePhIB-

HOro geujecmeennozo curana (S(—w)=S"(—)). [osromy
Xyo =X, =X; 145 (71)
[apMOHUKA C HYJIEBHIM HOMEPOM (HOCTOHHHa}I COCTaBISIONIAs), KaKk BUAHO u3 (2.4)
IpejcTaBiseT coboil cpeHeapupMeTHIECKOE OTCUETOB MOCIEHA0BATEILHOCTH Ha OIHOM IIEPUO-
ne:

l N-1
= 3 X, - 146 (72)
k=0

Eciu N 4yetHo, To ammuintya rapMoHuKu ¢ HomepoM N/2 siBiisieTcsi CyMMO# OTCUETOB C 4e-
peayIOLUMUCS 3HAKaMU:

Xy o= Zxk( —1)<. 14.7  (73)

CornacHo (71), criekTp SIBISIETCS «COIPSHKEHHO-CUMMETPUYHBIM» OTHOCUTENbHO N2, TO
€CTh COJICP)KUT POBHO TaKOE K€ KOJIMYECTBO MH(OpMAIMH, YTO U caM curHaiI. B camom nerne, uc-
XOJIHasl TOCIIeA0BATENbHOCTh NpezcTaBisieTcss HabopoM u3 N eewecmeennvix uucen. CHekTp
npeacrasisiercs Habopom u3 N/2 (BTopas MoJOBHHA B3aMMHO-OJHO3HAYHO CBSI3aHA C TEPBOM)
KOMNIEKCHBIX YUCET, KaXKJJ0€ U3 KOTOPBIX C MH()OPMAIIMOHHON TOYKU 3pEHUS SKBUBAJIEHTHO JIBYM
BelecTBeHHbIM. Ecim ke ucxomnas mocienoBatenbHocTh {X(K)} He sBiiseTcs BElIECTBEHHOM,
CUMMETpHUS CHEKTpa OTCYTCTBYeT U N KOMIUIEKCHBIM OTCUETaM BO BPEMEHHOM 00JIaCTH COOTBET-
ctByeT N KOMIUIEKCHBIX OTCUETOB B CIIEKTPAJIbHOI 00s1acTy.

JAII® npousBeaeHUs1 MOCAe10BATEILHOCTEH
Bosemem nse nocienosarensroctr orcuetoB { X, (K)} u {X,(K )} omunakosoit mmasr N

W BBIYUCJIHM PE3YJIbTAT UX IMOIJICMCHTHOI'O YMHOXCHUA:

Y ={x (K} {x,(k)} 148 (74)

Ecnu npuMenuts k 31oit popmyne npsimoe AP, noayuurtcs ciaeayromiee BelpakeHHe:
N-1

Y, = Ii-l X X2n—i 149 (75)

i=0
3AMEYAHME [Ipu eéviuucaenuu no popmyne (715) moeym nonaoobumucs snavenus X(i) ¢ Home-
pamu, evixoosuumu 3a pamiu ouanasona 0...N — 1. B smom cnyuae creoyem ucnonvzosams ceoii-

cmeo nepuodutmocmu cnekmpa. X2 i = X2 i+N

D10 BEIpAKEHNIE IPECTABIseT coGoit kpyzosyio ceepmiy criektpos X, (i) u X, (i). Wrak

KaK W JUIS HENpPephIBHOTO MpeoldpazoBanus Dypbe, CIEKTP MPOU3BEACHHS SIBISCTCS CBEPTKOM
CIIEKTPOB.
[Mpu n=0 w3 (75) nonyyaercst TUCKPETHBIN aHAIOT meopembl Pones (cM. pasaen « DHepreTu-
YeCKHE pacyeThl B cneKTpanLHoﬁ obmacTi» riassl 1):
LSy e o LSy vy
Y(0)= Z (kDo) == > X(D)Xo( ) == X X (DX (1) 140 (76)
i=0 i=0
[1Tpu BBIBOZIE (popMynbl (76) O6buTH UcTionb30BaHkl cooTHOMeHus (72) u (73).
Ecmu, kpome toro, mocienoBarenpnoctr {X1(K)} u {X2(k)} coBmanaror, To ectb X1(K) = X2(k)=
X(k) s Bcex K =0 ... N - 1, u3 (76) monmy4aercst AUCKPETHBIN aHaor pagencmea llapcesansi (cM.
paznen «HepreTUYECKUE pacueThl B CIEKTPATbHON 00macTi» riaBkl 1 u hopmyny (1.24)):



N2 1 N=1 2
> X (k)= 2 [Xu(i)
k=0 i=0
Kpyrosas cBeprka
Tak kak MBI paccMaTpuBacM IMEPUOIUICCKUEC ITOCTICAOBATEIIBHOCTH, TO U CYMMHUPOBAHUE IIPpU

BBIUMCJICHUU CBEPTKU TaKUX IMOCIEIOBATEIBLHOCTEH CIelyeT MPOU3BOAUTE MO OJHOMY miepuoxdy. Ta-
KYIO OIEpalnIO HAa3bIBAIOT KPY20B0L CEEPMKOUL.

y(k)= Nz_:lxl(i X (k—1)= NZ_:lxl(i)xz((k —i)mod N) 1411 (77)
i=0 i=0

3AMEYAHHUE
Y =X, (n)-X,(n) 14.12 (78)
B smoit gpopmyne svipasicenue (K - i) mod N osznauaem ezsmue (K - i) no mooyno N, mo
ecmo sbiuucienue ocmamka om oenenust (K - i) na N.

IToxncrasus Beipaxenue (77) B (2.4), nerko yoenuThCs, 4TO KPyrosas CBEPTKa IIEPUOIAYE-
9 b
CKUX BPEMEHHBIX ITOCIIC0BATEIILHOCTEH COOTBETCTBYET IEPEMHOKCHHIO UX CIICKTPOB:

14.4. Bonpoc Ne4
BoccraHoBJIeHHE HENPEPBIBHOTO curHaja ¢ moMoubio AI1d®. Marpuna AP

SIBISISICH TIO CBOGH CYTH CHEKTPOM OUCKPEnHO20 TIEPUONIECKOTO CUTHAJIA, TUCKPETHOE TIpe-
obpazoBanre Dypbe MO3BOJSET JIETKO BOCCTAHOBUTH HENPePbleHbI TIEPUOANICCKUN CUTHAT, 3aHH-
MarOIHH OrPaHUYEHHYIO MMOJI0CY 4acToT. J{ist aToro B opmyie ooparnoro AP (2.5) Heobxomumo
3aMEHHTh JUCKPETHBIN mapaMeTp (Homep orcuera K) Ha HempepbIBHBI — HOPMHPOBAHHOE BpEMs
t/T, rne T— niepro TUCKPETU3AIHH

1 NET . 27wnt
X(t)=— X(n)-ex ———— 14.13 (79
()NH%Z()p(JNT) (79)

Crienyer oOpaTiTh BHUMaHKE Ha €lle OJHO OTJIMYHE ITOr0 COOTHOIICHHS OT (opMyisr (2.5):
JIMana3oH WHICKCOB CyMMupoBaHus cMenieH BHu3 Ha N/2 (pu yetHom N) nipu HeueTHOM N cymmu-
poBanue npousBoautcs ot n=-(N-1)/2 1o (N-1)/2. 310 HE0OX0ANMO, YTOOBI MMOTYUHTH AHATOTOBBIH
CHUTHaJI, 3aHUMaroluii nosocy yactoT oT 0 1o n/T. Koaddurments! X(n) ¢ oTpuiatenbHBIMI HOMEpa-
MH MOT'YT OBITh OJTY4YEHBI U3 COOTHOLICHHUS cummeTpui (71).

Pe3ynbraTr BoccTaHOBIEHHS HEMTPEPHIBHOIO NMEPUOINYECKOT0 curHaia ¢ nomouisto 1D, pa-
3yMEETCs, COBMAJAET C pe3yabTaTaMH, OJy4aeMbIMU MTPU UCHONIb30BaHNU psifa KorenbHukosa (3.12).
Onnaxo ucnons3obanue JI1® B taHHOM cityyae oka3bIBaeTcsi 00jiee NpeoYTUTENbHBIM, TaK KaK PsJI
KotenbHrKOBa AJIs1 TEPUOANYECKOTO CUTHAIA COIEPKHUT OECKOHEUHOE YUCIIO ClIaraeMbIX, a (hopmyra
(79) — xoneuHoe.

Marpuna JIIP

JII® sBnserca nuHEHHbIM MpeoOpa3oBaHUEM, TPAHC(HOPMUPYIOLIUM BEKTOP BPEMEHHBIX OT-
CUYETOB B BEKTOP TAKOW e JUTHHBI, COJIEPXKAILINi OTCUEThI CIIEKTpalibHble. Takoe mpeodpazoBaHue Mo-
XKeT OBITh PeaTM30BaHO [S] Kak YMHOXXEHHE HEKOTOPOH KBaJpaTHOW MAaTPUIIBI HA BXOTHOW BEKTOP-
cromoerr:

y = Ax,
rie A — mampuya npeobpazosanus. B ciydae JII1®D sta marpuiia uMeeT BHT
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OOmast (hopMyna Juis 37€MEHTa MaTPHUIIbl, PACTIONOKEHHOTO B N-M CTOJIONE M-I CTPOKH, BBI-
TJBITAT TakK:
(m-1)(n-1)
N
Beruncnenne IO myreM yMHOKEHHSI MATPHIIBI HA BEKTOP MOJHOCTBIO COOTBETCTBYET (op-
Mmyse (5.3). Otor meron TpeOyer OOJNBIIOTO KOJMWYECTBA BBIYMCIUTENHLHBIX OMNEpaIlHii, MO3TOMY Ha
MPAKTUKE BMECTO HETO MMPUMEHSIFOTCSI OBICTPBIC aJITOPUTMBI, pACCMATPUBACMbIE JaJiee.

Am_-r(mn)=exp£—j2n J. l<msN, 12ashN

14.5. Bompoc Ne5
Cas3pb 1P u ciekTpa IMCKPETHOI0 CUTHAJIA

Mmest 01MH 1 TOT 7K€ KOHEYHBI Ha0OP YHCEN, MOYKHO PACCUUTATh JINOO CHeKMPAalbHYIO (DYHK-
Yuio ATOTO AUCKPETHOTO curHaia mo gpopmyie (3.2), mobo ero JAI1D mo dhopmyne (5.3). Pazymeercs,
BO3HHKAET BOIPOC O TOM, KaK CBS3aHBI JIPYT C JPYrOM 3TH JIBa CHEKTPAIBHBIX MPEICTABICHNUS, 110-
Jy4eHHBIE HA OCHOBE OJTHUX M TE€X K€ OTCUYETOB CUTHAJIA.

Cpasuenue dopmyn (3.2) u (5.3) nokaseiaer, uro TP npencrasnser coboil mpocto duc-
KpemHvle omcyemsl CIEKTPATBHON (QYHKIIMH JUCKPETHOTO CHTHAJIA, COOTBETCTBYIOIIUE YacTOTaM (,

:oz)nﬂﬂ:
. _S[QLJ =s[mﬂ 33.]
NT N

npuurHe 3Ha4eHus 11D uHoraa Ha3bIBAOT CHEKMPATbHBIMU OMCUEMAMU.

N3 cootHomrenus (5.12) ciemyer emie OAMH BaKHBIN BBIBOJ: €CITU J100aBUTh K KOHEUHOMY
HabOpy OTCUETOB HEKOTOPOE KOJUYECTBO HYJIEH, CIEKTpalibHas (PYHKIMS AMCKPETHOTO CHTHAJIa,
€CTECTBEHHO, He u3MeHuTcs, Ho 1D nact Gomnbliiee YMCIO CHIEKTPATbHBIX OTCUETOB, COOTBETCTBYIO-
me 4acToTaM, 00JIee TECHO PacIioIOKEHHBIM B MHTEPBAJIE OT HYJIS 10 YaCTOThI TUCKPETU3AIINN.

14.15 (5.12)

. = [omes(8. 1) zeros(8,.13): % 16 oTc4eToB
o= FRE(xl): ¥ 00® currana x1
2= [xl: zZeros(16.1}]: % poctasnfem 16 Hynei
D= Fft(x2): % ONd curuana x2
L.oplot(2, 2. 1), stem{0:15, x13 % rpaguk curnana xl
Tom(L0 311
Luoplotd2, 2, 23, stem{{0:15)}/16, abs(yl}) % wmoayne AN® curHana x]
s.oplot(2, 2. 3). stem{0:31, x2) % rpagwd curwans x2
am(po 3113
ruaplot(2, 2, 4)
mem{(0:31)/32, abs(y?)) % moayns ON® curuana x2

ITosicauM ckazaHHOEe Ha pocToM npumepe, Bbrancaus JIIID s oTcueToB MpsSMOYIroJbHO-
ro UMIYJIbCa IIPU pa3sHOM KOJIMUECTBE KOHIIEBBIX HyIei (puc. 5.1):

T????T
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Puc. 1. IloBsiienue cnexrpanpHoro paspemenus AI1® npu 10noIHEHNN CUTHANIA HYJISIMHU:
CBEPXY — MCXOJHBIA CUTHAI U MOAyJb ero JI1D,
CHU3Y — CHUTHaJI, AONOJHEHHBIN 16 Hynamu, u moayns ero AP

['opu3oHTaNbHBIE OCH Ha CIEKTPAJbHBIX IpadHuKax MPOrpagydpoBaHbl B JOJSIX YaCTOTHI
auckperusanuu. M3 puc. 5.1 BuaHO, 4TO 1ocie yBeauueHHs! JIMHBI CUTHAJIA BABCT 3a CUeT 100aB-
JieHus HyJeBbIX oTcueToB pe3ynbrar JIID cran comepkaTh BABOE OOJIT T€ 3HAYEHUU, COOTBET-
CTBYIOIIMX B JIBa pa3a 4Yallle pacHoj0XEeHHbIM yacToTaM. Takum oOpa3oM, JONOJHEHHE CUTHala
HYJISIMH TIO3BOJISIET MIOBBICUTD CIIEKTPAJIBHOE paspelieHue npu spraucienuun AI1O.



15. JIEKIUSA Nel5

Tema: AJuroputMsbl ObICTPOro npeodpasosanus Pypwe

VYuebnble Bompocsl: 1. AIropuT™sl ObICTpOTro npeodpazoBanus Oypbe.
2. BII® ¢ npopexuBaHUEM 110 BPEMEHU.
3. BII® c npopexxuBaHueM 110 4acToTeE.

15.1. Aaroputrmsbl ObIcTPOro npeodpazoBanus Oypoe

[TosryueHHOE BbIpa)K€HUE HA3BIBACTCS c)ucxpemnbm npeobpaszosanuem Pypuve:

Zxk exp(— jzn nk) 15.1 (80)

CymectByeT U obpamuoe nuckpeTHoe mpeoOpazoBanne Dypoe. Ilepexon OT AUCKPETHO
CIEKTPa K BpEMEHHBIM OTCUETaM CHTHaJa BhIpaXKaeTcs cleayromeit hopMymnoii:

= . 2m-nk
xk=2xn-exp(J“T) 152 (81)
k=0

Jliis Beramcienus: ognoro koadouiuenta D wo dopmyne (2.4) He0OXOIUMO BHITION-
HUTh N KOMIUIEKCHBIX YMHOXKEHUH U cnoxeHuil. Takum oOpasom, pacuet Bcero HAIID, conepxa-
mero N ko3¢ dunmenTos, norpedyer N? rap omnepanui «yMHOKEHHE-CIOKEeHHe». Yucio onepa-
Ui BO3pacTaeT MpONOpLHUOHAIBHO KBajpary pazmepHocTh [IID. Onnako, ecan N He sBisercs
MPOCTHIM YHCIIOM U MOKET OBbITh Pa30KEHO HAa MHOXHTENIH, MPOLIECC BHIYUCICHUN MOXHO YCKO-
PHTh, pa3/ielluB aHAIN3UPYEeMbIii HaOop OTcYeToB Ha yacTH, BeuMciauB ux 1D n o6beauHus pe-
3ynbTathl. Takue crnocoObl Beraucienus 1D nHazwiBatoTcs Ovicmpuim npeoopasosanuem Dypwve
(BII®; anrnmiicku Tepmun — Fast Fourier Transform, FFT) u moBceMecTHO HCHONB3YIOTCS Ha
MIpaKTHKE

ITpu peanuzauuu BII® BO3MOKHO HECKOJIBKO BApUAHTOB OpPraHU3allM BBIUMCIICHUS B 3a-
BUCUMOCTH OT cIlocoba JeJeHHs] MOCeI0BaTeIbHOCTH OTCUETOB Ha YacTu (mpopedcusauue TO
BpPEMEHH JIMOO 10 YaCcTOTE) U OT TOr'0, HA CKOJILKO ()parMEHTOB NMPOU3BOJAUTCS pa3OUeHue mocie-
JIOBATEJILHOCTH Ha KaXJIOM 1are (ocHosanue BI1D).

15.2. Bonpoc Ne2
BII® ¢ npope:xxuBaHueM 10 BpeMEHH

Paccmotpum uaero BIID ¢ npopescusanuem no épemenu (decimation in time, DIT) na npu-
Mepe JieJieHnsl Habopa OTCYETOB MOMOoJaMm.
Utak, mycts N — yetHoe uucno. Beigenum B hopmyse (5.3) nBa ciaraeMbix, COOTBETCTBY-
IOIUX JIEMEHTaM HCXOJHOHN MOCTIEA0BATEILHOCTH C YSTHBIMU U HEYSTHBIMU HOMEPAMI:
N/2-1 2;r2mn N/2-1 j2;:(2m+1)n

Z X, & N+ Z X,...6 N . 153 (82
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0011 MHOKHTEIL €
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Xo= D | Ve N [+e N> lze N | 154 (89



JBe cymmbl B (83) mpencrasnstor coboit JIIIP mocnenoarensHoCTEH {y(m)} (OTCUETHI C
yeTHBIMU HOMepaMu) U (Z(M)} (orcueTsl ¢ HedeTHBIMU HOMepam#u). Kaxmas u3 stux JIIID umeer
pasmepHocTh N/2. Takum oOpazom,

.27zn

X =Y +e N .7 155  (84)

n )

rae Yn ,Zn )— JII®D cooTBETCTBEHHO MOCIIEIOBATEIBHOCTEH OTCUETOB C YSTHHIMA M HEYCTHBHIMH HOME-
pamu:

N/2-1 . 2zmn
. -] N
Yn - Z yme ,
m=0
N/2-1 _j27rmn
7 _ N
Z,= > | z.e
m=0

Tak kak JI1® pasmeproctu N/2 maer jminb N/2 crieKTpaiabHBIX KOI(PQPHUIIUEHTOB, HEMOCPEI-
CTBEHHO HCIOJIB30BaTh opmyiy (84) moxuo Tonbko mpu 0 <n< N/2. octanshbix 1 (N/2<n<N) ciemyet

BOCIIOJIb30BAThCS TIEPUOAMYHOCTHIO CIEKTPA AUCKPETHOTO CUTHANIA (M, COOTBETCTBEHHO, MEPUOIUUHO-
CcThIO pe3ynbTaToB JI1D):

Yn+N/2 :Yn’ Zn+N/2 :Zn

C yuaerom sroro ipu N 2> N/2 dopmyna (84) npencraBisiercs B BUIE

X(0)
X(1)
X(2)
X(3)

An®-4

X(4)
X(5)
X(6)
X(T)

ande-4

_2m
X =Y +e N .Z =
“N/2 “N/2
noon " , 156  (85)
) —jZN—”(n—N/Z)
=Ynns2 tE€ “LnNg2

[Tponiecc Bbruucnenus 8-toueuHoro JAII® nmyrem pazbuenus ero Ha asa 4-toyeuHsix . O -
JIOCTPUPYETCS Ha puC. 1.

broku, BemonHsromue Ha puc. 1 oObenuHenue pesynbraroB AByx HIID, TpeOyroT monoiHu-
TEeJIbHBIX KOMMeHTapHeB. Kax/1plit Takoii OJIOK MMeeT /1Ba BXOJHBIX M JIBa BBIXOJHBIX CHUrHana. OfuH U3

c Ky
BXOJIHBIX CHTHAJIOB YMHOYKAETCS Ha KOMIUIEKCHYT0 sKkcronenTy W W', rmocite yero cyMMHpyeTcst CO BTO-
PBIM BXOJIHBIM CUTHAIIOM M BEIYMTACTCS U3 HETO, (POPMUPYS TAKUM 00pa30M JiBa BBIXOJHBIX CUTHAA. DTO

COOTBETCTBYET peanu3anuu Gopmyi (84) u (85). [lannas omeparus moayunia HazBanue "6abouxu” (but-
terfly). PacumdpoBka ee cTpyKTyphI IpecTaBieHa Ha puc. 2.
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Puc. 2. YcnoBHoe o603HaueHne «6ab0ukm» BIID ¢ mpopexuBaHreM 1o BpeMeHH (CJIeBa)

U €e CTPYKTYypHas cxema (cripaBa)

OrneHrM KOJIMYECTBO oreparuii, HeoOxomumoe yisi Beraucienus J[1d ykazaHHBIM CIIOCOOOM.
Kaxnoe u3 apyx JAI1® monoBuHHON pa3MepHOCTH TpeOyeT N%/4 onepanuii. Kpome Toro, mpu BbIuMc-
JICHUW OKOHYATEIIbHBIX PE3YJbTATOB KXl CHEKTPaTbHO KO3 duipeHT Z(N) yMHOMXKAETCS Ha SKCIIO-
HCHIMAJIBHBIA KOMIUIEKCHBIH MHOXKHUTE,-. JT0 mobaBisier eme N/2 oneparmii. Mrtoro momydaercs
2N?/4-+N/2=N(N+1)/2. -Te o4ty BIBOE MEHbIIE, YeM rpH BbrarcaeHnd J{IID mpsMbIM CIIOCOGOM.

Ecau N/2 toske siBisieTcst 4eTHBIM 9HCIIOM (TO ecTh ecii N geiautest Ha 4), MOXKHO IPOJOKUTH
OIMHMCAaHHYIO MPOIEAYPY, BbIpa3uB pe3ynbraT depe3 derbipe 1D pasmeprnoctu N/4. Dto mo3Bomser
erie OOJIbIIIe COKPATUTh YHCIIO TPEOYEMBIX BBIYMCIUTENBHBIX OMEPaLUil.

Haubonpias creneHs yCKOpEHHs BRIYUCIICHHI MOXKET OBITh IOCTUTHYTA IPH N=2% B sTOM CITy-
Yae JIeNieHue MOCIIeI0BAaTebHOCTEN Ma JIBE YaCTH MOXKHO MPOJOJDKATH JI0 T€X IMOp, MOKa HE MOTydaTcs
JBYX3JIEMEHTHbIE TocienoBarenbHocTy, 11D koTophix paccuuThiBaeTcsi BOOOIe O3 HCIIOIb30BAHUS
orepanuii YMHOXKEHHS (JI0CTaTOYHO BBIYHUCIUTH CYMMY U Pa3HOCTh JIBYX OTCUETOB). UUCIO TpeOyeMbIxX
P 9TOM T1ap OIepalmii «yMHOKEHHE — CII0xeHne» MOKHO olieHUTh Kak N 10gx(N). Takim o6pazom BbI-
YHCITUTEIIbHBIC 3aTpPaThl 10 CPABHEHUIO C HEMOCPEICTBEHHBIM HCIOJb30BaHieM (hopmyibl (2.4) ymeHb-
marorcss B N /logy(N) pas. [pu Gombumax N 3TO OTHOIIGHHME CTAHOBHUTCS BEChMa BEJIHMKO (HAIpUME,
1024/10g2(1024) = 102,4, To ectb iprt N=1024 _-nocturaercst 6oiee uem 100-kpaTHOE yCKOPEHHE).

15.3. Bonpoc Ne3
BII® ¢ npope:xxuBaHueM 0 4acTOTE

®opmysl ipsimoro u obparaoro D (2.4) u (2.5) oTnuYaroTCs TOIBKO 3HAKOM B IOKa3aTele
HKCIIOHEHTHI M1 MHOXHTENIEM Tiepe]] CyMMoH. [109TOMy MOXKHO TTOJTy4YHTS €Ilie OIMH BapHAHT arOpuTMa
BI1®, BeinonHMB MpeoOpa3zoBaHys, TOKA3aHHbIE HA CXeMe pHC. 5.2, B 00paTHOM MOpsiIKe. DTOT criocod
BBIYMCIICHUI Ha3bIBaeTCs MpopekuBaHueM 1o dactote (decimation in frequency, DIP). ITokaxem, kak
HOJTYYHTh OMUCAHUE ITOrO METoIa Ha 0cHOBE (opmyisl psimoro JAT1D (2.4).

Paznennm HCXOIHYIO IMOCICA0BATCIIbBHOCTD { Xk } Ha ABC CICAYIOIINE APYT 3a APYTI'OM ITOJIOBUHBI

(xax ¥ B mpeapLtynieM ciydae, N J0IKHO ObITh YETHBIM YHCIIOM):
N/2-1 _.272mn N/2-1 _j27r(m+N/2)n

. j
Xp= D X N+ D x e N 157 (86)
m=0 m=0 ™5

N3 BTOpOI1 CyMMBI MOKHO BBIJIEIUTH MHOYKUTEITb.

DTOT MHOXUTENb paBeH | min -1 B 3aBUCMMOCTU OT YETHOCTH HOMEpa BBIUMCIISIEMOIO CIEK-
TPaAJTLHOTO OTCYETA 71, TIO3TOMY JaJIbIlIe pacCMaTPUBAEM YETHBIC M HEYETHBIE 71 10 OTaenbHOCTH. [loce
BBIJICTICHNS] MHOXKUTENS £1 KOMITJIEKCHBIE SKCTIOHEHTHI B 00EMX CyMMax CTaHOBSTCSI OJJMHAKOBBIMH, T10-
ATOMY BBIHOCHM HX 32 CKOOKH, OOBETUHSIS IBE CYMMBI:
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N/2-1 .2zmk

sz = Z (Xm Jer+N/2)e_JN/2

m=0
N1 _J.27rmk _jZLm' 15.8 (87)
. _ N/2 N
X2k+l - Z (Xm _Xm+N/2)e €
m=0

Durypupyromye 371eCb CyMMBI IIPECTaBIAIOT co00i JIIID cymMMBbI 1 pa3HOCTH MTOJIOBUH MCXOTHOM

MOCJIEAOBATEILHOCTH, TIPU 3TOM PAa3HOCTh repen BouucieHueM 1D ymMHO)Kaercs Ha KOMIUIEKCHBIE

~j 2zm
skcrionentsl € N Kaxioe u3 JBYX HCIONB3yeMbIX 371ech 1D umeer pasmeprocts N/2.
WTtak, npu npopeKMBaHUH IO YaCTOTE BHIYMCICHHUS OPraHU3YIOTCS CICAYIOIIUM 00pa3oM:

1. VI3 ucxonHoM 1nocie1oBaTeIbHOCTU {Xk } JuinHOM N 1osy4aroTcsi ABE MOCIEI0BATENbHOCTU

{ ym} u {Zm } qutnHo# N/2 corntacHo ciaeayronmm GopMysiam:

ym :Xm +Xm+N/2

.2zrm
Zm - (Xm - Xm+N/2)e
2. JIT1® nocneaoBaTeIbHOCTH { ym } JTAET CIIEKTPAIbHBIE OTCYETHI C YETHBIMU HOMepamu, 11D

IIOCIICA0BATCIIBHOCTHU { Zm } — C HCUCTHBIMMU:

N/2-1 _j27rmk
( _V _ 2
o =Y = Z e M
m=0 | 159  (89)
N/2-1 . 2zmk

. . ]
— —_ N/2
X2k+1 - Zk - Z Zme
m=0

Bce ckazanHOe B mpeaplIylIeM pasliene O BO3MOKHOCTH AEJIEHUS IOCIIEN0BATEIbHOCTH Ha
MHOE, OTIIMYHOE OT JIBYX, YHACJIO YacTell 1 00 YMEHBIIEHUHU YKcia olepanyii, TpeOyeMbIX Ul pacue-
TOB, OTHOCHUTCS U K aJITOPUTMY C IIPOPEKUBAHUEM T10 YACTOTE.

[Iponecc Boruncnenus §-roueuHoro 1D myrem pa3zduenus ero Ha asa 4-toueunbix D c
IIPOPEKUBAHUEM 10 YACTOTE MOKA3aH Ha pUcC. 4.

¥i
x(0) »0) | ‘(0) .
¥(1) X(0)
=D ITd-4 X1l
x(2) ‘( )
x(3) X(2)
X(3)
x(4) X(4)
x(5) X(s)
Jrd-4 X(6)

x(6)
x(7)

[z X

Puc. 4. Beruncnenue 8-roueynoro JI1®P ¢ nomompto aByx 4-roueunsix 11D myrem npopexu-
BaHUS 110 4aCTOTE
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[TockoNTbKY KOMIUIEKCHBIN SKCIOHEHIUATBHBIN MHOXKHTEIb B IAHHOM AJITOPUTME MPUMEHSIETCS K
pe3yibmamy BbIMUTAHUS JIByX CUTHAJNOB, «0aboukay» BIID c mpopexuBaHHEM IO 4acTOTE UMEET He-

CKOJIBKO MHYIO CTPYKTYpPHYIO cxemy (puc.S).

x(m) ¥(m) x{m) na Pow)
™
O A O

Puc. 5.5. YcnoBHoe o06o3naueHne «0abouku» BIID ¢ mpopexxnBanueM mo 4actore (cieBa) u ee
CTPYKTypHasi cxema (crpaBa)

3AMEYAHHUE -

st momywenus anroputma oopatHoro bIId noctatodyHo MOMEHSATH B MPUBEAEHHBIX (JOPMYITaX 3HAK B I10-
Ka3aTeIsTX KOMIUIEKCHBIX SKCITOHESHT M TOOABHUThH Ha BBIXOZC (WM Ha BXOJIE) JeICHHEe Ha jaBa (B Oolee 00-
IEM CITydae — Ha HCTIONb3YyeMbli KOAQQUIIMEHT IpOpEKUBAHHU).
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