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BBenenue

ExxenHeBHO B cBO€i ObITOBOM M MPO(ecCHOHANBHOMN AeSTENHbHOCTH YEIOBEK
BcTpedaeTcss ¢ nudposoit obpabotkoi curnama (I[OC). Metonbr mudpoBon
00pabOTKM CHUTHAJIOB HAlUIA CBOE€ NPUMEHEHHE OT COTOBOM CBs3H, (OTO H
BUJICOCBEMKHA JO CHUCTEM MEAUIIMHCKOM KOMIBIOTEPHOM JUATHOCTUKH U
JVCTAHIIMOHHOTO 30HAMPOBaHUsA 3emiid. OAHAKO UCIOJIB30BAHUE METOJIOB TEOPUU
[HOC HeBO3MOXHO 0€3 MOHMMAaHUS OCHOB MPEIMETHOM 00JIacTH, a WMEHHO
KITFOUEBBIX TIOHATHA — CUTHAJ, aHAJIOTOBBIA M IU(POBON CHTHAIBI, CTPYKTypa
CUCTEMBI IU(POBON 00pabOTKH, TUCKpETU3AIMsl CHUTHAla, a TaKXKEe METOOB
MaTeMaTUYECKOT0 OMUCAHUS JUCKPETHBIX CUTHAJIOB U AJITOPUTMOB UX 00paOOTKH.
B cBs3U ¢ 3TUM B JJaHHOM JIEKITMOHHOM Martepualie OyAayT pacCMOTPEHbI OCHOBHbIC

dbynnamenTanbhbie onoxenus [{OC, a umenHo:

— aHaJOrOBbIE, TUCKPETHBIC U U(POBBIC CUTHAIBI U CUCTEMBI. MEeTOTbI
MaTEMaTHYECKOTO OMKCAHUs U aHalIu3a JUCKPETHBIX CUTHAJIOB,

— 0OazoBble CHOCOOBI TpeoOpa3oBaHus IUGPOBBIX CHTHAJIOB: Z-
npeobpazoBaHue U npeodpazoanue Oypre;

— QJIrOPUTMBI pacuera HU(POBBIX GUIBTPOB;

— ¢ POBON CIIEKTPATBHBIN aHAIN3.

B pesynbrare mnonydeHHbIE 3HAaHUS U YMEHHS cQOpMUPYIOT 0a3y s
M3YUYEHHUS YK€ CIECHHUAIBHBIX Pa3eioB AUCIUILIMHBL. MaTepuan Kypca pa3OouT Ha
8 Jexkuuii, CaMOCTOATEIbHOE 3aKpeIlUIeHHe MaTepuaia  OCYIIECTBISICTCS
MOCPEJICTBOM BBITIOJTHEHUS KOHTPOJIBHBIX Pab0T € TOMOIIBIO MPOTPAMMHOIO

nakeTa JiIs pelIeHHs 3a7ad TeXHUYeCKUX Berurcienuii Matlab.

Kypc nexmuit pekomenayercs 6akanaBpaM, 0OyJarOIIMMCS TI0 HAIPABICHUIO
«ABTOMaTH3aIIUS MMPOU3BOJACTBEHHBIX MPOIIECCOBY, «YTPABICHUE TEXHUYECKUMU
CUCTEMaMU», a TaKXe CTyJACHTaM JPYyTrUuX HaNpaBiICHUM U CHEHHAIBHOCTEH, B
o0pa3oBaTeNbHBIX MPOrpaMMax KOTOPBIX MPEITYCMOTPEHO M3YYCHHE TUCIUATITUHBI

«OcHOBBI Teopur UGPOBOH 00paOOTKKU CUTHAJIOBY.
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1. AHaJIOTOBBIC, AMCKPETHbIE U HU(PPOBbIE CUTHAJBI

OC — ogna u3 Hanbosee OBICTPO Pa3BUBAIOILNXCS OTPACIIEl COBPEMEHHOM
anekTpoHnkd. OHa TpuUMeHseTcs B 000 0071acTH, T/A€ MPUCYTCTBYET
B3aMMOJEHCTBUE C LUPpoBOMl uHPopManuell, HauOosiee MOMYISIPHBIMU U
IIPUOPUTETHBIMU I TEXHUYECKOTO pa3Butus Poccuiickon denepanuu sBISIOTCA

CIICTYIOIINE HATIPABIICHUSI.
O6paboTka peun / ayuo:

— pacro3HaBaHUE PEUH;
— CHHTE3 peuu;
— O3BYYHBAaHHE TEKCTA;

- I.[H(l)pOBBIC AyIUOCUCTCMBI.

O6paboTka n300paKEHUM:

— pacro3HaBaHue 00pa3oB;

— MAaIIMHHOE 3PECHHUE;

— yJIydlIeHuE U300paKeHuUs;

— penpoaylupoBaHue rpaduueckoro pyKOmMCHOI0 MaTepuania,
— aHUMAIUSs;

— 00paboTka CIyTHUKOBBIX CHUMKOB.
HNHcTpyMeHTalIbHBIE CPEICTBA/KOHTPOJIb!

— CHEKTPAJIbHBIA aHAJIN3;

— KOHTPOJIb MOJIOKEHUS U CKOPOCTH;
— CHIDKEHHME 1IyMa;

— o0OpaboTka uadopmaruu;

— (0e3o0macHas CB3b.

Cronp mupokast 00JacTh MPUMEHEHUS 3HAHUN TUCIUILIMHBI CBS3aHa C KITIOYEBBIM
nousitueMm B Teopun [{OC — cuenan. OO11iee onpeneneHue cueHala paccMaTpruBaeT

€ro, Kak Jro0oi (M3MYECKUi MpOIeCcC, MepeAarouii HeKYH HH(POPMAIIUIO O
5



SBJICHUM WU OOBEKTE, COOTBETCTBEHHO CHUTHAJbl MOTYT OBITH IPEICTaBJICHBI
MHOTHMH CHOocoOaMu: TEIJIOM, HaIpsbKEHHEeM, aKyCTUKOHM, BUOparusMu U T.J.
Onmnako B pamkax [IOC wmbl aOcTparmpyemcsi OT KOHKPETHOM (Qu3uueckon
BEJIMYMHBI M PACCMAaTPUBAEM CuUcHAN KaK (YHKIHMIO OAHOM WM HECKOJIBKUX
MEPEMEHHBIX OT HEKOTOPOTO HEMPEPHIBHOTO MJIM AUCKPETHOTO apryMeHTa (Bpems,
paccTosiHie, MOPSIKOBBIA HOMEp, OTCYETHI M T.A.) BHE (PU3MUECKOTO KOHTEKCTa

SBJICHUS.

B »TOol rnaBe paccMarpuBarOTCS OCHOBHBIE TOHSITHS, CBSI3aHHBIE C
aHAJIOTOBBIM U LU(PPOBBIM CUTHAJIOM, MX CBS3bI0 M OOLIAsi CTPYKTYpa CUCTEMBI
uuppoBoil  oOpaboTku  curHanoB.  lleHTpambHOE  MECTO  OTBEIEHO
MaTEMaTUYECKOMY OINHUCAHMIO JHCKPETHBIX CHTHAJOB, Kak Croco0y ero

TCOPCTUYUCCKOI'O N3YUCHUAI.

— CurnanoM HasbiBaeTcsl (PM3MYECKHUI MpoLecc, mapaMmeTpbl KOTOPOTO
U3MEHSIOTCS. B COOTBETCTBUHM C IEPEAABAEMbIM MOTOKOM JAHHBIX O
¢uznyeckom siBneHUH. CUTHAI SIBISIETCS MaTepUaIbHBIM HOCHUTEIEM
uHpopmanuu. Ilo cnocoOy npeacTaBieHNs CUTHANBI pa3IeaIOTCs Ha

JIBE TPYIIIbI — CAVHAlHblE U OeMePMUHUPOBAHHbIE.

CnyuatiHblM CUeHAIoM UIH CTOXAaCTUYECKUM Ha3bIBaeTCs (PYHKITUSI BPEMEHH,
3HAYCHUS KOTOPOH JOCTOBEPHO HE M3BECTHBHI, a JIUIITh MOTYT OBITh MPEJCKa3aHbI C

HEKOTOPOH BEPOSITHOCTHIO, KOTOpasi Bcera OyeT MEHbBIIE €IUHULIBI.

Jlemepmunuposannvim WM PETYJISAPHBIM CUTHAJIOM HA3bIBalOT TaKUE
CUTHaJIbl, 3HAYEHMUS] KOTOPHIX B JIOOOW TOUKE HHTEpBAJa BPEMEHH MOXKHO
ONpENENIUTh WIM PACCUUTATh 3apaHee, UMes MaTeMaTHYeCKyl0 Mojelb. B cBoro
ouepeqlb JCTEPMUHUPOBAHHBIC CHUTHAJIBI JICJATCS Ha MEPUOJUYECKHE U
HEeMepuoanyeckne curHanbel. Kriaccudukarusi CUTHAJIOB Ha TEPHOIUYECKUE U
HEMEePUOINYECKUE JIMITh YyKa3biBaeT Ha (opmy curHana (puc. 1), To ecTb
MOBTOPSIETCS JIM OH 4Yepe3 HEKOTOPHIA MPOMEKYTOK BpeMeHHU (Mepuoj CUTHaa)

WJIN HET.



s(t)=s(t+kT),

riae K — modoe menoe uucio, T — Iepruo1 MOBTOPCHHMS.
KosaeOauue,

rapMOHUYECKOE

[Ipumep nEPUOAMYECKOTO CHUTHajNa
OIINCBIBACMOC CIICAYIOIIUM BBIPAKCHUCM!
s(t)=A-cos(2x t-T+¢),

rjae A — aMIuiuTya KojaebaHus, ¢ — HadajabHas ¢asa.
CUTHaJl MOXET OBITh

N3BecTHO, YTO JIOOOW CIOXKHBIA  MEPUOIUUCCKUN
MPECTABICH B BUJIE CYMMbl TAPMOHUYECKUX KOJEOAHUN C YaCTOTaMHU, KPAaTHBIMU

OCHOBHOM vactore ® = 27/T.
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Pucynox 1 — Knaccuduxkanus curnanos no ¢popme

B 3aBucuMoCTH OT MaTEMaTHUYECKOTO OITMCAHHE CI)YHKI_[I/II/I CHUTHaJla €ro

MOJKHO Pa3JIeIHUTh €Ille Ha TPU KIFOYEBBIE TPyMITBI (pHc.3):

— AaHaJIOI'OBBIC,
— JAHUCKPCTHBIC,

— 1U(pOBbIE.

AHanozo6vbim WA KOHTUHYAJIbHBIM Ha3bIBAIOT CUTHAJ, MPOU3BOJIBHBIA 10
BEJIMYMHE W HENPEPHIBHBI BO BpeMeHH. AHANOroBblii curHan X(t) omuceiBaercs
HEIPEPHIBHON WJIM KYCOYHO-HENPEPHIBHOM (PYHKIMEN BpEMEHU. APTryMEHT U caMa

GyHKIMS MPUHUMAIOT JIF0ObIE 3HAaYEHUSI HA MHTEPBAJIE:
Xmin <X < Xmax,
thin <7 < fmax-
Hanpuwmep: X(t) = exp(-az), 0 <t < o,

Jluckpemubiii MM UMIYJIBCHBIM CUTHAJI MOKET NMPUHHAMATh MPOU3BOJIBHBIE
10 BEJIWYMHE 3HAYEHMS B JUCKPETHBICE MOMEHTHI BpEMEHHM. [[MCKpETHBIM CHUTHAI
x,(t) onmceiBaeTcs penieTdaTolt GyHKIMEH — MOCIEA0BATEIBHOCTHIO BEIOOPOYHBIX

3HaYEHUM (0OTCUETOB) B COOTBETCTBYIOIINE MOMEHTHI BPEMEHHU:
Xo = X(to), X1 = X(ty), ..., Xn = X(t,).
IIpH IMOCTOAHHOM MHTCPBAJIC JUCKPCTU3 AN
M=ti-tig =tig-ti,=... =T,
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rie 1, — nepuod oOuckpemuzayuu, a BeIWYuHA oOpaTHas €Ml uwacmoma

ouckpemuzayuu.

B sTom cimydae 3HadeHus pemieTdaTod (QYHKIMH 3aIUCHIBAIOTCS Kak x(nTy), x(n)
WIA TPOCTO Xn. TakuM o00pa3oM, AMCKPETHBINM curHai 3amaercs kKak Xq(f) =
{(X(nT,)}, a mepexox OT aHAJIOTOBOTO CHUTHAJA K JUCKPETHOMY, TIPU KOTOPOM H3
3aJJAHHOTO aHAJIOTOBOTO CUTHAJIA BEIOOPOYHO OTMPENEISIeTCs TOCIeIOBATEIBHOCTD
3HAYCHUH, B3sTas B ONpPEJCICHHBIC PaBHOYAAJICHHBIC APYr OT ApPyra MOMEHTBI
BpPEMEHH

X()—X,(ty), mpuuem X,(nT,)=X(nT,), Ha3pBaeTCsA omepalnuell ouckpemusayuu.
PaccmarpuBas mpumep, korma X(t) = exp(-az), 0 < t < oo, omneparus
JTUCKpeTU3aIu OyIeT UMETh cieayromuit Bua X;(N) = X, (nT,) = exp(—anTy), n =
0,12,...

OOpaTHbIli mepexoj — omepanusi BOCCTAHOBJIEHUS — COCTOMT B TOM, YTO
3aJJaHHOMY JUCKPETHOMY CHUTHANy CTaBUTCS B COOTBETCTBHE aHAJIOTOBBIM CHUTHAI:
X, (th)—X(t), mpuaem X(NT)=x,(NT,). Oneparuu TUCKPETU3AIMH U BOCCTAHOBJICHHUS
SBIISIIOTCS B3aMMOOOPATHBIMU B CITy4ae BBIMIOJIHEHUS yCIOBHI TeopeMbl 0TCYETOB
VYurrakepa — HaiikBucta — KortenbHukoBa — IllenHona (taxxe Teopema
KorenbHnKOBA).

Teopema 1. J1060i1 HENpPEpPHIBHBIA CUTHAJ C OTPaAaHUYEHHBIM CIEKTPOM
MOKET OBITh BOCCTAHOBJIEH OJIHO3HAYHO U 0O€3 MOTeph MO0 CBOUM JHCKPETHBIM
OTCcUeTaM, B3ATBIM C YacTOTOM CTPOro OOJbIlI€ yIABOCHHOW BEPXHEW 4YacCTOTHI
CTIEKTpa HEMPEPHIBHOTO CUTHATIA!

fiz2 f (1)
rae f, — MakcumaibHas (BepxHss) dYacToTa HempepbiBHOro curHaia X(t) c
OrpaHUYEHHBIM MO0 4YacToTe ((UHHUTHBIM) creKTpoM, TO ecTh |X(w)| = 0 BHe

nuana3ona —2nf, < o < 2nf,,.



B peanbHbIX 3a7a4ax COEKTP CUTHAjIa MOXKET JIEKATh B JIFOOOM Juana3zoHe 4acToT,
HAUYMHATbCS W 3aKaHYMBAThCs Ha JI000HM 4dactoTe. B cBs3u ¢ yem ompenerneHue
Teopembl KoTenbHMKOBAa NPAaBUIBHO PACCMATPUBATh HE OTHOCUTEIBHO BEPXHEU
YaCTOTBl HENPEPHIBHOIO CUTHajia (ero abCONIOTHOIO 3HAYEHUs), & OTHOCUTEIIBHO
IIMPUHBI clieKTpa Af Takoro cursana, rjae JoJisi SHEpru (MOIIHOCTH) CUTHAJIa

cocraisieT He MeHee 90% (puc.2)

fo =2 (fy — fu) unu f; = 2 - Af. (2)

Aa
/

0,1

'frfu

Pucynoxk 2 — [Ipumep onpeaeneHus: IIMPUHBI CIIEKTPA M0 YPOBHIO aMIUIUTYAbI:
0,1Amax
L{ugpposoti cucnan — 3To TUCKPETHBIA CUTHAJI, K KOTOPOMY ObLila TPUMEHEHA
omepanusi KBaHTOBaHUSA MO YPOBHIO, TO €CTh JWANA30H OTCYETHBIX 3HAYEHUU
JUCKPETHOI'O CHTHala pa30MBaeTcs Ha KOHEUHOE 4HMCIO ypoBHei dg, di, ... dy,
3aT€M IPOUCXOJUT OKPYTJICHWE 3HAYEHMSI Ka)KJIOr0 OTCYETa JO0 OJHOrO0 M3 IBYX

ONKalIMX K HEMY ypoBHel (puc.3).

CBs13b MeIy perrerdatoit ¢pyHkimen X,(NT,) 1 KBAHTOBAHHOM peleT4aToi
bynkmueit X, (NT,) ompenenseTcs HEIMHEWHONH (YHKIHMEH — aMIUIUTYIHOU

XapaKTepUCTHKOM KBaHTOBaHUS Q(X):

rne 4, = d, — d,; — mar kBanToBanus (YpOBHH); &, — MOpOTr KBaHTOBaHUs; 1(X)

— euHNYHas ctynenyaras Gpynkuus; K + 1 — yucno ypoBHeil KBaHTOBAaHUSI.

10
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Pucynok 3 — MnmrocTpannsi KBAHTOBAHUS TUCKPETHOTO CUTHAJIA C IIarOM

kBaHToBauus 0,2

[Tpu 3TOM 3HAUEHHE CHUTHAIA MOXET OKPYTJIATHCS MO0 10 OIMKANIIETO YPOBHS,
JM00 O MEHBIIETO WM OOJBUIEro U3 ONMXKAMIIKMX YPOBHEH B 3aBUCUMOCTH OT
crocoba koaupoBaHusi. B pesynbTaTe mporecc KBaHTOBAHUSA CBOJMUTCS K 3aMEHE
J1000T0 MTHOBEHHOTO 3HAYCHHS IUCKPETHOTO CHUTHAJA OJHUM W3 KOHEYHOTO
MHOECTBA YPOBHEH KBaHTOBaHUA. [Ipy 3TOM BO3MOKHBI JIBa THIIA MCKAKCHUU
CUTHAJla — 3a CYET JUCKPETH3allMM W 3a CUYeT KOHEYHOIO YHClia YPOBHEH
KBaHTOBaHUs. BbIOMpast 1ocTaToOuHO OO0JIBIIOE YUCIIO PA3psAA0B, MOXKHO YBEITUIUTh
TOYHOCTh TIPEJICTABJIICHHUS] CHUTHAJa, HO OJTO MPHUBOAUT K YCIOXKHEHUIO U
YIOPOKaHUIO OO0pabOTKH. YCTPOMCTBA, OCYIICCTBISIONINE AUCKPETHU3AMUIO TIO
BpEMEHH U KBAHTOBAHHWE II0 YPOBHIO, HA3BIBAIOTCS aHAIOTO-IIHU(PPOBHIMU
npeodpazoBarenssmu (ALIT). YcrpoiictBa, mepeBojsmie mUppPOBON CHUTHAT B

aHaJIOrOBBINA Ha3bIBAOTCS LU (Dpo-aHaoroBeiMu npeodpazoBarensimu (LIAI).

11



2. Knaccupuxkanus nuudppoBbix cucrem. CTPyKTypa cucTeMbl
nu(@poBoil 00padOTKH CUTHAJIOB
[udpoBbie cUCTEMBI MOXXHO  KIAacCHU(PHUIMPOBATH IO  Pa3TUIHBIM

IIpU3HaKaM:

— no oOjmacTH TPHUMEHEHHS — UUQPOBBIE CHCTEMbl aBTOMATHUYECKOTO
yhOpaBieHuss W UU(pOBBIE CHUCTeMbl mpeoOpa3oBaHus U 00pabOTKU
uHdopMaIui, B CBOIO OYepellb, HU(PPOBBIE CUCTEMbI MPEOOpa3oBaHUs U
ob6pabotkn mHPopManuu (cuctembl [{OC) MOTYyT SBIATHCS MOACUCTEMOM
1U(POBBIE CUCTEMBI ABTOMAaTUYECKOTO YIPABICHUS;

- 0 NPUMEHMMOCTH IpuHUMIA cynepno3unuu — cuctemsel [HOC MoxkHO
pa3leNINTh HA JIMHENHBIE U HEJTMHEHHBIC,

— [0 CTENEHH HW3MEHEHUs NapaMeTpoB BO BPEMEHM — CTallMOHApHbIE U
HECTAallMOHAPHBIE;

- [0 HAJIMYUIO OOpaTHBIX CBsA3€l — 0e3 oOpaTHbIX cBs3eil, Hampumep KUX-
(UIABTPBI, U C 0OpATHBIMU CBA3sAMU, Hantpumep BUX-hunbtpsl,

- no mnpuHOHUNaM oO0paboTkM uHOOpMAIMU — JWHEHHas QUIbTpalus,
onTUMaJIbHAsI PUIbTPALIUS, aJaNTUBHAS (PUIIbTpAIUS;

— M0 COCTaBY BBIYMCIHUTENIBHBIX YCTPOMCTB — MPOrpaMMHbBIE YCTPOMCTBA, T.€.
paboTamKe Mol ynpaBiI€HUEM MPOrpamMbl (MUKpPOIPOLECCOPHI, MUKPO-
OBM), ycTpolicTBa ¢ MporpaMMUPyeMOn CTPYKTYPOif;

— 10 APYTUM MPHU3HAKAM (TE€XHOJOTUUECKUM, KOHCTPYKTHUBHBIM).
B nudpoBoit 00paboTke cUrHaIa MOKHO BBIJICIUTH TP OCHOBHBIX dTarla:

1. ®opmuposanue nudpoBoro curxHana X,(NT,) U3 HCXOMAHOTO aHAIOTOBOIO
curnana X(t);

2. IlpeobOpasoBanue 1mudpoBoro curnaia X,(nT,) B nudposoii curran Y, (nT,)
0 33JJaHHOMY QJITOPUTMY;;

3. ®opmHupoBaHHME PE3YJNBTHPYIOLIETO aHAJOrOBOTO curHama y(t) wu3

dposoro curnana Yy, (nT,).

12



B o00o6mennoit cxeme IIOC »aTuM »53TamamM COOTBETCTBYIOT TpH

(YHKITMOHATBHBIX YCTPOKCTBA: Kojaep, yeTpoiictBo LIOC, nexonep (puc.4).
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Pucynox 4 — O60011eHHast cXemMa ¥ BpeMEeHHbBIC JUarpaMMbl TIOTAIHOTO Mpoliecca

110C

Ha mepBom »sTame kojep U3 MCXOJHOTO aHAJIOrOBOro curHaia (puc. 4, a)

dbopmupyeT uudposoit curnan (puc. 4, B), 6€3 4ero NPUHIMIHAIBHO HEBO3MOKHA
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nudposas obpaboTka. B cocrtaB Kojepa BXOIAT aHAJIOTOBBIM (PUIBTP HUKHHUX
yactoT (PHY) nns orpaHuyeHHs] CIEKTpa MCXOAHOIO aHAJOTOBOTO CHUTHAJIAa U
ALIl. HeobxomuMoCTh OrpaHMYEHHUS] CIEKTpa BBITEKAET U3  TEOPEMBI
KoTenbHUKOBA, B COOTBETCTBUHM C KOTOPOM 4acTOTAa NUCKPETU3ALMU BBIOMPAETCS

u3 ycnoBuit (1) wmm (2).

HeoOxomuMocTh  OrpaHudeHHs CIEKTpa CBs3aHA C OCOOEHHOCTSAMU
YaCTOTHOTO pACIPENCIICHNs JHEPrUy CHUTHala: OCHOBHAs 4YacThb €ro JHEPrUu
cocpenoToueHa B oonactu f < f, T.€. aMIUIUTYIbl CIIEKTPAJIbHBIX COCTAaBJISIIOIIMX,
HauMHasg C HEKOTOPOH YacTOThl CYLIECTBEHHO CHIXArOTCsA. BbIOOp 3HaueHus
OmpeIeIAeTCsl KOHKPETHBIM TUIIOM CUTHAJIAa U pemaemoit 3anaueit. [Ipu o6paboTke
ayJIMo- U BUJCOCUTHAJIOB BbIOOD f; 3aBUCUT OT OCOOCHHOCTEHN MCUXO(YU3UUECKOTO
BOCHPUATHUS 3TUX CUTHaI0B. Hampumep, 11t cTaHIapTHOTO TE€IE(POHHOTO CUTHAJIA
BepxHsAs dvactora paBHa 3,4 kI, a MUHMManpHas CTaHAapTHAs 4YacToTa

AUCKPCTHU3allru, COOTBCTCTBCHHO, 8 KFI_I.

Ha Boixome ®HY mnonyyaroT aHaJIOrOBbIA CUTHAN C  (DUHUTHBIM
(orpaHMYeHHBIM 1O yYacToTe) cnekrpom  (puc. 4, 0). AnHanoro-uugppoBon
npeodpaszoBarenb GopMupyeT MUGPOBON CUTHAI TOCPEICTBOM JIHUCKPETU3ANNHN U
KBaHTOBaHMWs curHaiga (puc. 4, B). YPOBHU KBAHTOBAHUS TPAJAUIIMOHHO
KOAMPYIOTCSI TBOMYHBIMH YHCIIAaMU Pa3psiAHOCTH b, 3aBUCALIEH OT 4yKciia ypOBHEH

KBaHTOBaHUA R:

R < 2P, (3)

Ha BTopom stane ycrporictBo LIOC npeobpasyer nudpoBoit curuan (puc. 4,
B) B IU(PpoBo#i curHan (puc. 4, T) Mo HEKOMY 3aJJaHHOMY aJITOPUTMY. Y CTPOHCTBO
[HOC moxkeT ObITh peaii30BaHO aIllapaTHO WK MporpaMMHoO. B epBoMm citydae —
B BHUJE CICIHAIM3UPOBAHHOTO IMGPOBOTO YCTPOHMCTBA, BO BTOPOM — B BHIIE
porpaMMbl Ha KOMITbIOTEpE WM HUGPOBOM Mpolieccope 0O0pabOTKH CHUTHAJIOB
(LIIIOC). Tlporpammuas peanuzanusi npeodnagaer. Ycrporcra [[OC wmoryr

paboTaTh B peaibHOM WUJIU HEPEAIbHOM BpeMeHHu. B peanbHOM BpeMeHn 00paboTKa
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CUT'HAJIOB JAOJDKHA BBIIMOJHATHECA B TEMIIC IIOCTYIINICHHUA OTCUCTOB BXOAHOI'O

CUTrHaJIa W OTBCYATH CICAYIOIINM Tp€6OBaHI/IHM:

* BpeMs LUKIa At, npu BbelYMCIeHMH oTcuera Y,(NT,) He OIKHO
NPEBHIIIATh UHTEPBAJIA MEXKIy ABYMS coceHIUMHU oTcueTamu X,(NT,) T.e. mepuoaa

nuckperuzanuu 1t Aty < T,

¢ TAKTOBasA 4YaCTOTa IpoHecCCOopa AOJIKHA OBITh MHOT'O BBIIII€ YaCTOTHI

AUCKPCTHU3AllU CHUT'HAJIA.

B peanbHOM BpeMeHHU BBIMOJHSAETCS 00pabOTKa CHTHAIOB, CBSI3aHHAS C UX
nepegave o KaHajiaam CBsI3U, B TOM 4yuciie, o cetu Internet. K TunoBeiM 3a1auam
[HOC B peaJlbHOM BpPEMEHH OTHOCSTCS: OOHapyXeHHE, (PUIbTpALMs, CXKATHE,
pacro3HaBaHHe CUTHAJIOB U Jp. B HepeaabHOM BpeMEHHU BBIMONHSIETCS 00paboTKa
CUTHAJIOB, CBsI3aHHas, MPEXJE BCEro, ¢ UX ucciaeaoBanueM. K TUoBbIM 3aayam
[HOC B HepeanbHOM BpPEMEHM OTHOCATCA: CTyAuiiHas o0OpaboTkKa ayauo- u
BUJICOCUTHAJIOB: 00pa0OTKa JAaHHBIX pa3IU4YHON  (U3NYECKOM NPUPOAHI,

IIOJIydCHHAaA OT JaTYUKOB, U P.

Ha tpetrbem nstane aexonep ¢GopMupyer pe3yJbTUPYIOMIHMN aHaIOTrOBBIN
curnan Y(t) u3 mudposoro curnana y,(nT,). B cocraB nexomepa Bxomsar LAII u
crnaxuBaronmii uibtp. Ludpo-ananoroseiii npeodpazoBaTenb (OpPMHUPYET H3
mudposoro curnaiga Y, (nT,) (puc. 4, T) CTyNEeHYAThIi AHAJIOTOBBIA CHTHAI
(puc 4, n). Crinaxuparonuii GuabTp (HU3KOYACTOTHBIN) YCTPAHSET CTYIECHUYATHIN
ahdext (ckauku) B BboixogHOM curHaie [[AIl, m Ha BBIXOJE CIJIaXXUBAIOIIETO
¢wibTpa mosiydyaeM aHajmoroBbiii curHan (puc. 4, e) Yy(t) — pesyabrar

npeoOpa30BaHUs HCXOAHOTO CUTHATIA.
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3. MaTtemaTu4eckoe onucaHue JUCKPETHBIX curuajoB. Teopema
Yurrekepa — KoreabuukoBa — lllennona—HaiikBucra.
JIMCKpEeTHBIE CUTHAJbl, KaK W AHAJOrOBBIC, IOJHOCTBHIO OMNPEACISIOTCS
MaTeMaTUYeCKUMH (QYHKUUSIMH M OleparopamMH, YCTaHABIMUBAIOUIUMHU CBS3b
Mexay ee  BbeIXogHBIM  Y(N)  w  BXomHBIM  X(N)  CHUTHAJAaMU WA

IHOCJIACA0BATCIIbHOCTAMMU.

y(n) = @[x(n)],
rae @[x(n)] — oneparop, NPeACTABISIIONINNA COOOU anrOpUTM 00pabOTKHU CUCTEMBI
curHasna. ImenHo omnepatop @/x(n)] ykasbiBaeT Ha KJIACC JUCKPETHON CHUCTEMBI:
JIMHENHBINA, HEJIWHEWHBIN, WHBAPUAHTHBIA U T.J. DTOT € OMNEPATOP OINPEICIIUT
dbopMy ¥ 3HaueHMs CUTHajga B TMay3ax. PaccMOTpuM crleayronme MpUuMephl
MaTeMaTUYECKOTO0 OMUCAHMS CTAaHAAPTHBIX AUCKPETHBIX MOCIEA0BATEIbHOCTEN U
UX MpeoOpa30BaHMil B 3aBUCUMOCTH OT KJlacca IUCKPETHBIX cucteM. [lpu ananusze
JIUCKPETHBIX CUTHAJIOB M B CHCTEeMaxX OOpabOTKHM CHUTHAJIOB MPOCTEUIIUMU

npeoOpa30BaHUAMU HAJI MOCIIEA0BaTeILHOCTAME X(N) U Y(N) CUUTAOTCS:

a) cymma JaByX mociiefoBareiabHoctei: V(n)=x(n)+y(n);
b) npousBenenue nocnenoBatenpHoctei: z(n)=x(n)y(n);
C) mpou3BeIeHHUE MOCIeI0BATSIIBHOCTH Ha yrcio o: Z(n)=x(n)- a;

d) 3amepikka mocienoBareabHOCTH WK ee caBur: Y(N)=x(n- Ny).
Oc000 BaKHBIMH MOCJICIOBATEABHOCTSIMH CYMTAIOTCS:

a) Eounuunstit umnyisc

0, n+0,
6(n) = {1 n =0.

B Teopuu qUCKPETHBIX CUTHAJIOB €IMHUYHBIA UMITYJIbC UTPAET Ty K€ POJib,
yto u JnensTa-bpyHkuus Jupaka (puc. 5). DTO TOCIETOBATEIBHOCTH C
CIMHCTBEHHBIM HEHYJIEBHIM OTCYETOM, M TOJO0OHBIE MOCJIEI0BATEILHOCTH
NPUHATO HA3BIBaTh OUCKPEMHbIM UMNYIbCOM. VI3 3TOTO MONOXKEHUs CIAeAyeT, YTO

mr00asi  TIOCIIeIOBATeIbHOCTh MOXKET OBITh BBIpaX€HAa B BHJIE KOMOHWHAIIMH
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CABUHYTBIX CIWHHWYHBIX HMIIYJIBCOB, TO €CTb IIOCICAOBATCIIbLHOCTD X(n)

NpeaAcCTaBLACTCA B CICAYIOIICM BUIC!

(0]
x(n) = Z x(K)8(n — k). (4)
— 00
e ® o & @ o & o & e © @ & o @ @ o o 00060 [I TT?,.O
9 -8 -7 -6 -5 -4 -3 -2 -1 0 2 3 8 5 58789 -9 7B'~7 =6 -5 -4 ~3F~2 =%, 0 3 ' 2 3. & 5 6 T 9§
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Pucynox 5 — Busibl cTaHIapTHBIX MOCIEI0BATENBHOCTEN: a) €AUHUYHBIA UMITYJIbC,

o
o
~
E

L

6) GHHHHHHBIﬁ CKa4oK, B) BCIICCTBCHHAA 5KCIIOHCHTA, F) HepI/IOI[I/I‘-IGCKI/Iﬁ CHUIrHall

0) Eounuunbsiii ckauok

1, n >0,
u(n) = {O n < 0.

)

EAVHUYHBIN CKauOK Tak)Ke Ha3bIBAIOT (yHKUMEN BKIIOYeHUs. Peakuns oObexTa Ha
eIMHUYHBIA CKauOK — 3TO MepexojHas (PYHKIIMsS, OHAa ONHMCHIBAET MEPEXOJd OT
OJIHOTO COCTOSIHUSL B JpPYroe IpU €JUHUYHOM CTYIIEHYaTOM BO3JCHCTBUMU.
EAVHUYHBIA CKAYOK MOXET ObITh BBIPAKEH M3 E€IWHUYHOTO HMITYJbCca

CIICTYIOIINM 00pa3oMm:

u(n) = zn: 6 (k).

k=—o0
6) 3Kcnoueuuuaﬂbnaﬂ noc1e006amenbHOCHb

z(n) = Aa™
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Ecnu A u o — BelecTBEHHbIE YUCIIO, TO COOTBETCTBYIOIIAS MOCIEA0BATEILHOCTD
TOXe HaszpiBaeTcs BenlecTBeHHON. Ecnu 0<a<l u A mojoXuTenbHO, TO 3HAYEHUS
MOCJIEA0BATEILHOCTH TOJIOKUTENbHBI U yObIBatOT mpu pocte N (puc.5). Korna
-1<0<0, 3HaKM YJIEHOB TOCJEIOBATEIBHOCTU YEPEAYIOTCS, HO MX aOCOJIOTHBIC

3HAYEHHUS BCE PABHO yOBIBAIOT.
2) Cunycouodanvnasn nocied06amenbHOCmb
x(n) = Acos(won + @),Vn € Z

CI/IHYCOI/II[aJ'IBHaﬂ MMoCJaCA0BATCIIbHOCTL CJIICAYCT U3 BKCHOHCHHHaHLHOﬁ npun a,

UMCIOIIEH BEIIECTBEHHYI0O M MHHMYIO0 dacTd. To ecTh, eciu a = |a|e'®? wu
A = |Ale'®, To mocaemoBaTeabHOCTh Aa™ MOXET OBITH 3amucaHa CieTyIONUM

oOpazom
x(n) = Aa™ = |Ale'?|ale'®™ = |A]|a|mei@wonte
= |Al||a|"*Acos(won + @) + |Alla|*sin(won + @)

OTa MOCIENOBaTENbHOCTh  OCHWJUIUPYET C  OKCIIOHCHIMAILHO  pacTyIlel
orubaromieit, ecau |a|>1, WM C DKCIOHCHIMAIBHO YMEHBINAIOIICHCS
orubarotei mpu || < 1. BaxxHbIM 3aMeyaHueM Mpu pabOTe ¢ CHHYCOUTATbHBIMH
CUTHAJIAMU SIBJISIETCSI TO, YTO YBEIMYCHHUE YACTOTHI JUCKPETHON CHHYCOWIbI HE
00s3aTeNIbHO BJIEYET 3a CcO0OM yMeHbIlIeHHe ee mnepuona. g HariasgHoro

MOSICHEHUSI ~ JAHHOTO  3aMedyaHuss  paccmoTpum  npumep. Ilycte  ecth

I0CJIEI0BATEIBHOCTH
x;(n) = cos(3nn/8) u x,(n) = cos(2mn/8).

Yacrorta x;(n) 0ojbile, yeM y MOCIEAOBATEILHOCTH X,(n). Ilpu sToM mepuon
x,(n) paBen N=8, tak kak x,(n+ 8) = cos(2n(n+ 8)/8) = cos(2nn/8 +

2m) = cos(2mn/8) = x,(n). A nepuox x,(n) N=16, tak kak
x,(n+8) = cos(3w(n+8)/8) =cos(3nn)/8 + 3n) = —x;(n) # x,(n),

x;(n+16) = cos(3n(n+ 16)/8) = cos(3nn/8 + 6m) = x,(n).
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N3 ortoro criemyer, 4TO yBENMYEHHME YACTOTHI OT fp, = 2nn/8 no
fn1 = 3mn/8 Bezer k yBenudeHuro nepuoja curianga. OTMETHM, YTO 3/€Ch HET
peyb Mpo MEepUOj JUCKPETU3AlMHM, a HE NMEPUOJ MHTYUTUBHO TOHSTHBIA HaM B
aHAJIOTOBBIX CUTHAJIOB. DTO MPOUCXOJIUT H3-3a TOTO, YTO IJUCKPETHBIA CHUTHAI

ONPEAEIIEH JIMIIb JIJIA LEIbIX 3HAYCHUH N.

4. CrieKTp AMCKPETHOr0 CUTHAJa

3HAUWTENbHAs  YacTh  aHAJIM3a  BPEMEHHBIX  PSIOB  CBs3aHa  C
npeoOpazoBanueM Dypbe WIM pa3IOKEHUEM CHUTHANA, TO €CThb BPEMEHHOM
(GyHKUIMU B psasl 0 Oa3ucHbIM QyHKIUsAM. Takoe pa3nokeHHeM MO3BOJISET CBECTH
aHaJlu3 CJIOXHOIO CHUTHajla K aHajgu3y ero 0ojee MPOCThIX COCTaBJISIOLIMX,
HaIllpUMeEpP, YaCTOTHBIX XapakKTEpUCTHK. B 3ToM ciiydyae mpeoOpasoBanue Dypbe
UTPaeT poJib HEOOXOAUMOTO MPOMEKYTOUHOTO IIara B OMPEIEICHUH TUIOTHOCTEH
CHEKTPa, MOLIHOCTH, KPOCC-CIEKTPAIBHBIX MIIOTHOCTEH, MepeaTOUHbIX (YHKIHI
(II®D), cBepTok M KOPPETALUMOHHBIX (YHKUMHA. I B CBSI3U C T€M, YTO MacCHUBBI
oOpalaThIBa€MbIX JaHHBIX JUISI CIIEKTPAJIbHOIO aHalIM3a SBISAIOTCS 3a4acTylo
OonpmIMMU M TpeOyIOT BpEMEHU i NpeoO0pa3oBaHUs, aKTyaJIbHOW 3a1adeit

aBisieTcs Takxke Y PexTuBHOE BhIuKcieHue npeodpazoranus Dypre.
NHTerpanpbHOE NpEeACTaBICHUE CUTHAJIOB

W3 Wu3BECTHBIX HWHTErPAIbHBIX MPEOOpa30BaHW TpPH aHAJIM3€ CHUTHAJIOB
HanOoJIee YacTo UCTOJIb3yeTcs peodpazoBanue Dypoe:

S(w)=| s(t)e /@tdt

- 00

EMy COOTBETCTBYIOT 00paTHOE IPe0Opa3oBaHue:
l 0
s(t) =— | S(w)e/“dw
() =5 f (@)
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Wuterpan @ypbe gaeT ONHMCAHUE CHUTHAIA B BHAE CYNEPIO3UIUH
rapMOHUYECKUX COCTABISIONIMX C HEMPEPBIBHOM IMOCIIEA0BATENFHOCTHIO YaCTOT.
CriekTpanbHbIIl aHalN3 CHUTHAJOB KC HCIOJIb30BAHMEM TAaKOTO IPEACTABICHUS
Ha3bIBaeTCss TapMoHm4eckuM. ODyHkius S(W) Ha3plBaeTCs  CHEKTPAIBHOM
IUTOTHOCTBIO WK criekTpoM curHana S(t). MHaterpanpaOoe npeoOpasoBanue Oypbe

BO3MOXXHO OJIsA (I)YHKHI/II\/'I, OIMUCBIBAIOIMX CUT'HAJIBI C KOHCUYHOU SHGPFHeﬁ.

®Oyukius, onuckiBaromas curHan S(t), MoxeT ObITh MpEICTaBlicHA B BUJIC
B3BEIICHHON CyMMBI OoJiee MPOCThIX (0a3ucHBIX) pyHkuid ¢(t):

(0]

SO= ) npal®

n=-—oo
raie C, — xo3hdUIHUEHTH pa3loKeHHs. Takoe MpeCTaBICHUE CHUTHAJIOB
O3HayaeT, 4TO OH PACCMATPUBAETCA KaK COBOKYIHOCTh KOJICOAHWM, B3SATHIX C
COOTBETCTBYIOIIUMH Kod(duimentamu. Pasnoxenue curaanga S(t) B Takom Buje
10 OPTOTrOHAJIBHOM cucTteMe (YHKLIHH Ha3bIBaeTCsi 0000LIEHHBIM panoM Dyphe.
CoBOKYIHOCTh KOA((PHUITMEHTOB Pa3lIOKEHUS HA3bIBACTCS CHEKMPOM CUSHANA B

BBIOpaHHOM cucTeMe 0a3uCHBIX (PYHKITUHN Wik 0000IIIEHHBIM CIIEKTPOM (pHC. 6).

Pucynok 6 — Ilpumep pasnoKeHUsT CIOKHOCOCTAaBHOIO CHUTHAJIA Ha

HECKOJIbKO MIPOCTHIX U UX OTOOpaXKEHUE B CIEKTPAIbHOM XapaKTePUCTHKE
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B npaktuke aHanuza nepuOIUYECKUX (PYHKIUN HAuOOJblIee MPUMEHEHHE
MOJIYYHJI TpPUTOHOMETpuueckuil psan dypbe, B KOTOPOM B KadecTBe Oaszuca

BbIOpaHbI TPUTOHOMETPUYECKUE (PYHKITHH:
x(t)=a,+ z a, cos(kawt) + Z:bA sin(kar)
k=1 k=1

Koaddurmentst paznoxxkenus B pajg Oypbe onpeestoTcs BBIPaKECHUSIMU:

T/2

f.\'(t )dt

-T2

~N|r

1/2
!

lf.\'(l )sin(ker )t

)

x(1 Jeos(kat )dt

Y

a, =

N

b, =

~N o

rne T=2mn/w; — mepuop curHana. TpuroHomerpudeckuii psg Dypbe maet
Pa3JIOKEHNE CUTHAJIA MO TAPMOHUYECKUM COCTABIISIOIINM, ITO3BOJIAET IPOBOJIUTD
aHaJlu3 CUTHaja B YaCTOTHOM 00jacTH. AHANU3 C €ro HUCIOJIb30BAHUEM, KaK U C
UCIIOJIb30BAaHUEM  MHTErpajbHOro  mpeoOpa3zoBaHus  Dypbe,  Ha3bIBaeTCH

rapMOHHYCCKHM.

HuckpetHoe mnpeoOpa3oBanue Dypbe WM NMpeoOpa3oBaHWE HA KOHEUHOM
WHTEpBAJie JIMCKPETHBIX 3HAYCHWH BPEMEHM BBIUYHCISETCS, KaK MPaBUJIO, TPHU
oMoty ObicTporo mpeodpazoBanus Pypwe. OnpenencHue npeodpa3oBaHus s
KoMIIekcHoro curHana X;=X(tj), 3agaHHOrO Uil AUCKPETHBIX PAaBHOCTOSIIUX

OTCUETOB BpeMeEHH 1o, ty,...,In.1 UMEET BU:

N—
X(k) = Z a’(nT) . e(—27rj-~n.k/N)
n= ) rac k:O’I’“.’N_l.

[y
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JlanHoe mnpeoOpa3oBaHMe OOpaTMMO M TO3BOJIAET MO U3BECTHOMY

AUCKPCTHOMY CIICKTPY OAHO3HAYHO BOCCTAHOBUTL CaM I[I/ICKPGTHLIﬁ CHUIHall:

N-1
B(nT) = N E X(k) - g\2nnk|N)
N
n=0
AMIUTMTYIHBIA CHEKTP — 3TO AucKkpeTHas GyHKIus A, = f(nwl ), n=0; 1;
2;..., OTpaxKawolas 3aBUCHMOCTb AMIUIMTYJ TapMOHHUK OT 4acTOTbl. Da30Bbli
CIEKTp — aHaJoru4Has (YHKIHs, MOKa3bIBAIOIIasi, KaK 3aBUCSAT OT YacCTOTHI

HavajbHbIe (ha3bl TapMOHUK CUTHaNA (puc. 7).

Cuenan T b S
0 - 7 < t <0,
S(=1U, 0<t<T,,
0 T,<t< % »
-T 0 Ty 4 !
Amnnumyonwiii cnekmp A4 Cnexmpansnasn ouazpamma

aAMRAUMYOHO20 Chekmpa

= sin nw, % 4
Ay =gl =1 204
Ty 2
nmi 7 |
o/,
l||||||||||~
0 2 4 6 8 10 12
Dazoeawiil cnexkmp C‘neKana."IbHaﬂ ()llaz’p(lvw.\fa
4)0 308020 chekmpda
@
o 2 T,,) gl 4 6 8 10 12 o/
=—arct nw| — >
n ggl2 |l|||||||||||
-7
Pucynok 7 — Ilpumep pasmoxeHHss MPSAMOYTrOJbHOIO CHUTHajla B

aAMIUTUTYJHBIN U (pa30BBIi CIEKTP

UToOBl MOMYYUTh «IPABWIBHBIN» CHEKTP CUTHANA, SBISIOMIETOCS CYyMMOM
HECKOJIbKUX CHUHYCOWJ C Pa3HbIMH IMEPUOJaMU, HEOOXOIMMO YTOOBI Ha MEPUO/Ie

N3MCPCHUA CUTHAJIA YKIIAAbIBAJIOCH MECJIOC YHUCJIO0 IICPHOA0B Kﬁ)KI[Oﬁ CUHYCOUJBI.
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Ha ITPAKTUKEC OTO YCJIOBHC MOXXHO BBIIIOJIHUTE IIpH OOCTATOYHO OO0JIBIIION

MJIIATCIIbHOCTH U3MCPCHUA CUI'HAJIA.

[Ipu nuckpeTH3aluu aHAJIOTOBOTO CHUTHAA C (DUHUTHBIM CIEKTPOM,
OTPaHUYEHHBIM MAaKCUMAaJbHOW YacTOTOW My, OTBEUAIONIEH YCIOBHIO TEOPEMBI
KotenbHukoBa. CrieKTp AUCKPETHOTO CUTHaia S;(j®) B OCHOBHOW MOJIOCE YACTOT
+m,/2 (Mpu ©< ®A/2) TOYHO COBHajaeT (0 MOCTOSHHOTO MHOXHUTES Ta) co
criekTpoM aHanoroBoro curHana: TnXna(jo) = Xa(jo). Eciu curnan ¢ GUHUTHBIM
CHEKTPOM JUCKPETUZUPYETCS C YACTOTON ®,< 20y, CIIEKTP AUCKPETHOTO CUTHAJA
B OCHOBHOM I0OJIOCE YaCTOT O=< ®,/2 OTINYAETCS OT CIIEKTPa aHAJIOTOBOT'O CUTHAJIA.
[Mepuoau3amus crnektpa S(jo) Mpu IUCKPETU3ALMU MPUBOANUT B JAHHOM CIydae K
NEPEKPBITHI0O U CYMMHPOBAaHUIO €r0 C COCEIHUMHU CMEIIEHHBIMA IO YacTOTe
CHEKTpaMUu. DTO SBJIICHHE HAa3bIBAIOT HAJIOKEHUEM CIIEKTPOB IMPHU JUCKPETU3ALNH
WA anmuacuHroM (puc. 8). CBsi3aHHBIE ¢ HUM MOTPEITHOCTH JUCKPETHU3AINN TAKKe
HA3bIBAIOT TMOTPEIIHOCTSMHU, WIM HCKaXCHUSMU HajoxkeHuda. [lpu HanmoxeHuu
HEBO3MO>KHO TOYHOE BOCCTAHOBJICHHE aHAJIOrOBOI'O CUTHAJA IO €r0 JUCKPETHBIM
BBIOOpKaM.
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Pucynox 8 — D¢ dekt HanmoKeHHs CIIeKTpa CUrHaja

CormacHo puc. 8 TpU JUCKPETHU3AlMU CUTHAJIIOB C YacTOTOM, HeE
OTBEYAIOILIEW TeopeMe OTcueToB KOTenbHMKOBA, NPOUCXOAUT CBOpPAYMBAHUE

IMOJIOC CIICKTpa aHAJIOIOBOTO CHUI'HAJId, BBIXOAAIIMWX 3da OCHOBHYIO ITOJIOCY YaCTOT
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JAUCKPETHOTO CHUIHAJIa icoﬂ/2, BHYTPb 3TOU MOJOCHI IIyTEM OAHOKPATHOI'O HJIN
MHOTI'OKPATHOT'O HX 3CPKAJIBHOI'O0 OTPAKCHHA OT €C I'paHUl, T.C. BCPTHUKAJIbHBIX

JMHUAN, COOTBETCTBYIOIIMX TPAHUYHBIM YaCTOTaM + /2.

5. iIBymepHoe npeodpa3zoBanue ®ypobe

[MudpoBas 06paboTka MPUMEHSIETCS HE TOJBKO JJIS aHAJIM3a OJHOMEPHBIX
MAacCCHUBOB JaHHBIX. AJTOpUTM MpeoOpa3oBanus Dypbe MOXKET OBITh MPUMEHEH
UisE 00pabOTKM N-MEPHOTO MAacCHMBa JAHHBIX C MOMOIIBIO MOCIEAOBATEIHLHOTO
BBIUHCIICHHSI TIpeoOpazoBanus Dypbe, CBOIAIIETOC K IPeoOpa30BaHUI0 MCHBINCH
pa3MepHoCTH  (OAHOMEpPHOM) MO  KaXJ0H IOCIEeI0BaTENbHOCTH  JaHHBIX
MHOTOMEpPHOTO MaccuBa. 10 ecTh AJii MaccuBa pPa3sMEpHOCThIO NxM Oyxer
peann3oBaHo-N npeoOpa3zoBaHuil Pyppe MO CTpoKaMm, a MOTOM MOJYyYEHHBIN

pe3yabTat OyAeT npeodpazoBaH MO0 M CTOIOIAM.

Haubonee pacnpocTpaHeHHBIM HPUMEPOM N-MEPHOTO MpeoOpa3oBaHus
®dypre sBHsieTcs 00paboTka M300paKEHUNW M COOTBETCTBYIONLIEE €l JIByMEpHOE
npeoOpazoBanua Pypbe WM npocTpancTBeHHOe Dypbe npeodpazoBanue: Dypbe-
CHEKTp MPOCTPAHCTBEHHBIX YAaCTOT H300paXKEHUsS SIBISIETCS €ro 4YacTOTHBIM
NPEJCTaBICHUEM B OPTOHOPMAJIbHOM 0a3mce, COCTOSIIEM W3 KOMIUIEKCHBIX
aKcroHeHT. lIpenctaBneHne W300pakeHWsi B TaKOM MPOCTPAHCTBE JaeT
BO3MOXKHOCTh HaOJNIOJaTh €ro CTPYKTYpHbIE OCOOEHHOCTH, CBSI3aHHBIE C
NEPUOANYHOCTHIO TIOBTOPEHUS AIIEMEHTOB, HATMYUEM MEJIKUX JeTallel, KAYeCTBOM
n3o0paxenus u Ap. [IpocTpaHCTBEHHBIE YAaCTOTHI UMEIOT Pa3MEPHOCTh, OOPATHYIO
eIMHULAM HM3MEpPEeHUs pacCTOSHUM Ha wu300paxenuu. Torma, mpeacraBieHUE
n300pakeHnsi B 0a3rce KOMIUIEKCHBIX JKCIOHCHIMATbHBIX (YHKIUN 3a1aeTcs

napoii npeoOpazoBanuii Dypee:
Fwy, wy) = [[7, a(x,y)e 2@+ ey Y dxdy (1)

a(x,y) = [[° F(w,, w,)e2m@xx+0y ) dydy )
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rae (1) mpsmoe mpeoOpazoBanue Dypore, (2) obOparHOe mpeoOpazoBaHue, X,y —

KOOPpOIWHATLI B IINIOCKOCTH I/1306pa)K€HI/IH, Wy, a)y — IIPOCTPAHCTBCHHBIC YaCTOTHI.

Kak u B ogHOMEpHOM ciiy4ae, MOHSATHE O OECKOHEYHO HEMPEpBHIBHBIX CHTHAIAX
MOKET OBITh PAcCHpPOCTPAHEHO M U1 CIIy4aeB CHUTHAJIOB C OrPaHUYEHHOMH
IPOTSKEHHOCTBIO, Kak, Hampumep, wuzoOpaxkenue. [lns 3Toro paccMoTpum

nzo0paxxenue mupruHoi N u BeicoTolt M (puc.9).

Wsobpamenne . -5 t"-$ z
-~ "

CnesTporpamma

Pucynok 9 — JIsymepnoe npeoOpa3zoBanue Oypbe n3o0paxeHue u

BOCCTAHOBJICHHC €T'O U3 CIICKTpPa

[IpeoOpazoBanne Oypbe TAKOTO U300paKEHUS UMEET BU/L:

M/2 (N/2 —i * *
F(wxwy) = [_ ), [y, a(x y)e 2@ rerdxdy 3)

[TpeobpazoBanne dypbe OrpaHUICHHOTO B MPocTpaHcTBe curHaia (a(X,y)=0
npu |x|>N/2 u [y|>M/2), ecau ero NpecTaBUTh MEPUOUYECKU PA3MHOKEHHBIM 10
BCEH IIJIOCKOCTH, SIBJISIETCS JUCKPETHBIM, T.€. COJEPKHUT JIMIIb CYETHOE
KOIIMYECTBO TapMOHMK Ha 4YacTotaX [wy /N,w, /N], —0 < w,,w, < o,
CIeKTp HEOTpaHWYECHHOTO B IMPOCTPAHCTBE JUCKPETHOTO M300PaKCHHSI SBIISICTCS
nepuoauyeckor (Gyukmmer. Ecmu paccTosHHMS MeEXITy TOYKaMH, B KOTOPBIX
3a7aHbl oTcueThl M300pakeHus 1mo ocsaiM OX u OY paBHBI COOTBETCTBEHHO AX U

Ay , To mepuoabl npeodOpazoBanus Dypwre paBubl 1/Ax u /1/Ay . Ecnu Hagamo
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OTCUCTa IIOMCCTHUTD B HCHTpaHBHOﬁ TOYKEC MaTpUIbI NEPpUOIUICCKHU
IOBTOPAOIICTOCS Q)ypbe—06pa3a, TO MAKCUMAJIBbHBIC ITPOCTPAHCTBCHHBIC YaCTOTHI

OyayT paBubl £ 1/2 Ax u £ 1/2Ay.

N3o06pakeHue I I l

Cnektporpamma

Pucynox 10 — ITpumep n300paskeHHs U €ro CIIEKTporpaMma

MakcuMalibHasi 4acToTa, KOTOpas MOXKET OBITh IMOJydeHa MpH 3aJaHHOM
mare JUCKpEeTU3allui CUTHaja, Ha3biBaeTcs yactorod HaikBucra. B momydeHHOM
nepuoAuveckoM IpeobpazoBaHun  Dypre aydnupyromuecss CHEKTpajbHbBIC
COCTaBJIAIOIINE MOXHO OTOPOCHTH M CUYHTATh, YTO JHUCKPETHBIM CUTHAT HMEET
OTpaHUYEHHBIA 1O YacTOTe CHEeKTp. Takum o0pa3oM, NPOCYMMHPOBAB
MIPUBEJICHHBIC PACCYKJICHUS, MOXHO CJIeJaTh BBIBOM, uTO IIpeobpazoanue dypre
OTPAHUYECHHOTO B TPOCTPAHCTBE JUCKPETHOTO HU300paXKEHUS SIBISCTCS TaKXKe
JACKPETHBIM M OTPAHUYEHHBIM MO 4acToTe. MakCUMallbHbIE TPOCTPAHCTBECHHBIC

YaCTOTBI OIIPCACIIAIOTCA IIaroM JUCKPCTHU3allun H306pa)KCHI/I$I.

OrpaHMy4eHHOCTh CHEKTpPa AUCKPETHOTO M300pa)K€HUs MO YacTOTE MOKHO
MPOJIEMOHCTPUPOBATH, PACCMOTPEB MpocToi nmpumep. CaMblii MAJICHbKUN MEPHOT
MOBTOPEHUS HAa HM300paKEHUU MBI MOXKEM IMOJIY4YUTh, €CIH OyaeM depenoBaTh
Oenible ¥ YepHbIE TOYKH, Hampumep, BAoJdb ocu OX. DTOT mepuon OyneT paBeH
2AX, a COOTBETCTBYIOIAs MPOCTPAHCTBEHHAsI yacToTa paBHa 1/2Ax. JluckpetrHoe
npeobpaszoBanne Dypoe ([AI1D) m3obpaxenus, 3aganHoro B Toukax f(k, 1),k =

0..M—-1,l=0,...,N — 1 onpenensercs o ¢popmyJe:
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, km In
Fnn = ENo Zi6' fire TN (4)
CeromHsi TPyAHO TPEICTAaBUTh 00JACTh NEATEIHHOCTH, B KOTOPOH MOXKHO
o0oiTHCh 03 KOMMBIOTEPHON 00paboTKM u300pakeHui. VHTEpHET, COTOBBIi
TenedoH, Bujeokamepa, ¢poroanmnapar, CKaHep, IPUHTEP, TaK MPOYHO BOLIEIIINE B
Haiml OBIT, — HEMBICIMMBI 0€3 KOMIBIOTEPHOM 00paboTku u3obpakeHuil. [Ipu
KOMIBIOTEPHON 00paboTKe M300paKEeHUI peraeTcs MUPOKUA KPYyT 3a/1ad, TaKuX

KakK

e yIy4IlIEHHE KauyecTBa U300paKCHUMH;

® U3MEpPCHHE IMapaMeTPOB;

® CIICKTPaJbHBIN aHAJIN3 MHOTOMEPHBIX CHUTHAJIOB;

® pacrio3HaBaHHE U300PAKCHUN;

® CXKaTHe U300paKCHUM.
JIro6oe n300pakeHre MPEACTABISACTCS IBYMEPHBIM MAaCCUBOM, B KOTOPOM Ka bl
AJIEMEHT SBIIACTCA (YHKIIMEH TpeX MEPEMEHHBIX TPEX3HAYHBIX YHUCEN, KOTOPHIC
MPEACTABIISAIOT COOOM 3HAUEHUS JJIsg Kaxaoro IBeroporo kaHaia RGB. 3nauenue
I[BETOBOTO KaHAJIa TaK)KE€ XapaKTEPU3YETCS TAaKUM TOHSITHEM KaK MHTCHCHUBHOCTH
1BeTa. B maHHOM cilydae 1moj MHTEHCUBHOCTBIO TOHUMAETCS «KOJIUYECTBO OEII0ro
CBETa» B IUKcene. Ecii HCTOYHMKA CBETa HET, TO MOJIydaeTcss abCOTIOTHO YePHBIN
RGB (0, 0, 0) uBeT, eciau Xe MPOUCXOIUT TOCTEIICHHOE I00aBJIEHUE «CBETa» B
kaxaeli kanan RGB mo makcumyma, To momydaem Oenbiii 1Betr RGB (255, 255,
255). To ecTh MHTEHCUBHOCTD ILIBETA MUKCENS OMPEACNISIeT KOJIUYECTBO «CBETa» B
KaKJIOM KaHaJle, TOTJa KK bl KaHaJl MOKET UMETh IPaJIalliio I[BETa, OT YEPHOTO

A0 MaKCHUMAJIbHO CBCTJIOT0, MCKY KOTOPBIMU HAXOJATCA IIOJIYTOHA CCPOro mBCTa

(puc.11).
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CHANNELS

PI/IC}/HOK 11- Hpe,I[CTaBJIGHI/IC AruarpaMMbl BCCX OTTCHKOB IIBCTOB U UX

HHTCHCUBHOCTD B IIOJIYTOHOBOM IIPCACTABIICHHUU.

Ha ocHoBe TIOHATHS HWHTECHCHUBHOCTH OBCTa IMPOHUCXOANT OCHOBHAA 4YacCTb

oneparuii nudpoBoit 06padbOTKH N300paKEHUH.

6. Z-npeoOpa3oBaHue M ero CBOICTBA

Z-nipeoOpa3oBaHUE JUCKPETHBIX CHUTHAJIOB IIUPOKO MCIOJNB3YIOT MpH
aHaJIM3€ U CUHTE3€ JUCKPETHO-AaHAJIOTOBBIX M IU(POBBIX YCTPOMCTB 00pabOTKH
curHayioB. 1lo OTHOIEHWIO K AMCKPETHBIM CUTHAJIAM OHO MIPAET Ty K€ POJb,
KaKylo UrparoT UHTerpajibHble npeoOpa3zoBanus Pypre u Jlamnaca mo OTHOLIECHUIO

K aHaJIOT'OBBIM CHUI'HAJIaM.

[Tycth ecTh aHanoroBwiii curaan X(t) mpu mepexoje K ero U300pakeHHUIO T10

Jlantacy HE0OXOIMMO BOCIIOJIB30BATHCS CIIEAYIOIINM BBIPa)KEHUEM
>
X(p)= I.\‘(t)e Pt <o
0
IlycTh Tenepb X(t) TUCKPETU3UPYETCS c 11arom At

x(n) = X%, x(k)d(n — k). Torna IlpeoOpa3zoBanue Jlammaca mis JUCKPETHOTO

CurHajia IipuMcT BUJ
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x

X.(p)= Alz.\'(/\'Ap) o Pk

k=0

A Z-tpeobpaszoBanue mocieaoBaTebHOCTH unces {X(K)} mpoucxoauT Ha OCHOBE
nepexojia K HOBOM IepeMeHHOM Z=eXP(S*At), U MCXOIHBIA CHTHAJ IMPHHUMAET

BUJI:

X(z)= Ari x(k)z™*

k=0
Jpyrumu ciioBaMu AUCKpETHOE mpeoOpa3zoBanue Jlamnaca Ha KOMIUIEKCHOM
MJIOCKOCTH MEPUOJUYHO MO MHUMOM OCH, TaK Kak X(z) SIBIIETCS KOMILICKCHOM
GbyHKIHEW HENpepbhIBHOTO KOMIUIEKCHOTO apryMeHTa, KOTOPBIA  SBIISETCS

nepuouyeckon dhynkuuei (puc. 12).

*
X

Pucynok 12 — I'padmueckoe npecraBiieHus CBsI3U Z-TpeoOpa3oBaHus U
npeobpazoBanus Jlammaca
[lepexon OT MEpeMEHHON P K MEPEMEHHON Z COOTBETCTBYET OTOOPAKEHUIO
IJIOCKOCTU P Ha IUIOCKOCTh Z, B PE3YJIbTATE KOTOPOTO JIMHUU, NapaJlIeIbHbIE OCU
JW, OTOOpaxaroTcsi B KOHIICHTPUYECKHE OKPYKHOCTH C LEHTPOM B Haudaje

koopauHat. Cama och jw OTOOpakaeTcsi B €IUHUYHYIO OKPYXHOCTb, MPUYEM,
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Korjga w MeHsieTcst oT -m/ At 1o m / At, oToOpakarolias TOYKa COBEpPIIAET OJUH

000pOT Ha €NMHUYHOU OKpYKHOCTH (puc. 13).

jw () m
()

Pucynoxk 12 — PacrniosnoxeHue KOMIIJIEKCHO-CONPSKEHHBIX MOTIOCOB U300pasKeHUM

BEIIIECTBEHHBIX CUTHAIOB X(t) 1 X[n] B P-my10ckoCcTH U B — Z-MJIOCKOCTH

CoiicTBa Z-npeoOpa3oBaHMUs:

1) JIuHeHHOCTE.

Z-nipeoOpa3oBaHre, COTJIACHO OMPECIICHHIO, SBISETCS JIMHCHHON KoMOWHaIuen
OTCYETOB  TOCJIEAOBATCIBHOCTH, TOITOMY OHO MOJYMHSETCS  MPUHIUITY
CYNEepHO3ULINH:

x(k)<Eo X, (2) n x,(k)eZ> X, (=)
2) 3ama3apIBaHUE.

Ecou z-ipeoOpazoBanme mocinenopatenpbHocTH {X(k)} paBHo X(z), TO 2Z-

npeoOpa3oBaHue MOCIICI0BATeILHOCTH, 3a1ep)kanHoi Ha M takToB (y(k)=x(k-m)),
OyJieT UMETh BU/T

x(k)e«Z> X (z), 10 x(k—-m)«Z>z"X(z)

Z™ gBusercs omepaTtopoM 3aJepiKKH AUCKPETHOM IIOCIENOBATEILHOCTH Ha M
TaKTOB.
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3) CaeprKa.

Onepaiysi YMHOXKEHUSI ABYX Z-U300paK€HUI COOTBETCTBYET ONEpallMi CBEPTKU

WX OPUTHHAIIOB (pemeéTIaThiX QyHKITUN).
x(k)e«">X(z) n h(k)«<"—>H(z) Y(2)=X(z)H(z)

4) OrnepallMOHHBIC OTOOpPAKCHHS MAaTEMaTHYCCKHX OIepalii ¢ CHUTHAJIOM Ha

Z-ipeoOpa30BaHUE U OCHOBHBIEC IPUMEPHI Z-TIPe0Opa30BaHUN

YMHOKEHNE kx(k)et—-z d‘ti(': )
VMHOXEHUE HA SKCIIOHEHTY x(k)et® M Ly x [ :e:“A’]
1 z
k Z)= —
Bosseznenue B creneHnb x(k)za _ X(2) T
l. k=0
.'k:lk:l' ‘ X(z)=1
()=10={7 " o (2)
l, k=0, 2 1 z
x(k)=1 X(z)= —p—
10, k<0, -z~ z-1

(1 ] Z o E gec, YO e
5) Onepeskarouuii CIBUT x(k+1) 5“[X(") "(O)J

[Mpumep Z—nipeodpazoBanus i nocienosarenproct X(NT) = {1,2,3,4,5}:
X(2)=1+2z '+3z *+4z %+57°*

[Ipumep Z-mpeoOpa3oBaHus JUisl MOCIEAOBATEILHOCTH B BUJE E€AUHUYHOIO

ckauka o(nT):

X(2)=1+z 4z %+ %+ . =1(1-2 ).

7. llpumeHenusi Z-npeodpa3oBaHus
OpnHoil W3 3a7a4 TEOpUHM ABTOMATUYECKOTO PETYJIUPOBAHUS U YIPABICHUS
ABJIAETCS 3aJa4a U3YUEHUS PEaKIMM THHAMUYECKOM CUCTEMBI HA BXOJHOM CUTHAI,

TO €CTh HAXOXKIACHHUC BBIXOAHOI'O CHUI'HAJIA.
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B 3aBucumoctu ot (1)0pr1, B KOTOpOﬁ OIIMCBIBACTCA MaTCMaTHYCCKad

MOJIeb TUHAMUYECKON CHCTEMBI, BRIJCISAIOT JUHAMHUUYECKUE CUCTEMBI:

- HeTIPEPBIBHBIC, KOTOPHIE OMUCHIBAIOTCS MU(depeHITHATHHBIMA YPABHEHUSIMU;
- TUCKPETHBIE — OMUCHIBAIOTCSI PA3HOCTHBIMU YPABHECHUSIMU;

- JIMHEUHBIC U HEIUHEHUHBIC — OMMUCHIBAIOTCS JUHESHHBIMU 1 HEIUHEHHBIMHA
YpPaBHEHUSIMU,

- CTaUOHApHBIC MW HCCTAIMOHAPHBLIC —  OIIMCBIBAKOTCA YpPAaBHCHUAMHU C

MOCTOSTHHBIMU WJIM TIEPEMEHHBIMU KO3 PHUITEHTaMU;

- OOJHOMCPHBIC 1 MHOI'OMCPHBIC — Y MHOI'OMCPHBIX CYMMApPHOC YHCJIO BXOJOB H

BBIX0JIOB OOJIBIIIE ABYX.

[Ipumenenue mnpeoOpazoBanusi Jlarutaca it pelieHUs TakuxX 3ajaad
NoAPOOHO H3Yy4YaeTcss B TEOPUU aABTOMATUYECKOTO YIIPABICHUS, PaCCMOTPUM
NpUMEHEHUE Z-Tipeo0pa3oBaHusl JIg pEUIeHUs 3ajJad aHajiu3a JIMHEWHBIX
JMCKPETHBIX OJTHOMEPHBIX CTAIIMOHAPHBIX TUHAMUYECKHX cucteM. IlycTh 3amaHa
OIHOMEpHAsl JIMHEWHas [HWCKPETHAas CTallMOHApHAs [WHAMHUYECKas CHCTEMA,

MOBEJACHUE KOTOPOM OMUCHIBAETCA B OOILIEM cllydae pPa3sHOCTHBIM YpaBHEHUEM

BHUJIA
aX(n+k)+ac_x(n+k-1)+ ... +agx(n) =
=bpg(n + m) + by _1g(n + m—1) + ... + bog(n); ©)
rae g(n), n=0, 1, 2,... — BXOJHOW CHTHAI, a, a1, ..., ak ; Do, D1, ..., by — uncna,

3ajanHble Koddduimentsl, k > m, HavanbHble ycnoBus X(0)=Xo, X(1)=Xi,...,
X(K-1)=Xy.1. TpeOyercss HalTH BBIXOAHON cHUTHAI X(N) MpH yciaoBuUH, 4TO X(N) |
g(n) sBisrorcs opurnHanamu. [IpumeHuM Z-mpeoOpa3oBaHHe K OOCHM YacTIM

ypaBHeHus (6)

(a2 +...+ a0)X(2) — Xo(@Z“ + ax_ 12 ...+ a12) — xL(aZ .. +az) —.. —

~Xg_1aZ = (bmz "+ ... +bo)G(2) — g(0)(bmz " +...+ bsz) —...— g(m — 1)byz. )
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O603HaYNM KaX[Ibli U3 MOIMHOMOB coOTBeTCTBEHHO D(Z), M(z), Dn(z), Dy(2),

toraa Beipakenue (7) npumer Bua D(z)X(z) = M(z)G(z) + Du(z) — Dy(2).
W3 nocnenHero ypaBHeHHsI HAXOAUM Z-1peoOpa30BaHKE BBIXOJIHOIO CUTHAJIA:

vy = 2% 4 Wiy 6o - ) 8
T D(2) 7T D) (8)

rae W(z) = M(z)/ D(z) — mnepenarouHas pyHKIMS CHCTEMbI. BBIXOAHON CHTrHAI
X(n) ompenensiess w3 ypaBHeHHUsS (8) ¢ MOMOIIBIO 0OpaTHOrO Z-TPeoOpa30BaHMUS,

h1%(00) MOACIUPYCTCA C IOMOIIBIO CIICHUAJIM3UPOBAHHBIX ITPOI'PAMMHBIX ITAKCTOB.

8. ®UuabTpbl B ATUCKPETHBIX CHCTEMAX

[Tox muckperHsiM unbtpom (D) B oOmiem ciydae MOHUMAIOT CUCTEMY,
npeoOpasyronlyr0  OAHY JUCKPETHYIO  IIOCJIENIOBAaTeILHOCTH B JPYTYIO.
CootBerctBenHo, nudpooit hmibtp (LID) ecth cucteMa, npeodpasyromas OauH
uuppoBoil curnain B apyroi. Ludposoit GpuneTp peanmsyercs Kak nporpaMma Hid
anmapaTHbIM CIIOCOOOM B BHJIE MH(PPOBOH CXEMBI, COJEP)KAIICH PETHUCTPHI,

CYMMATOPBI, YMHOXHUTCIIN U JPYI'HC BCIIOMOTI'aTCIIbHBIC 3JICMCHTBI.

[1® Ha3bIBaE€TCSA J1 M H € ¥ H bl M, €CJIM BBIXOJHAS MOCJIEI0BATEILHOCTH y(1)

IIpHU HYJICBBIX HAYAJIbHBIX YCJIIOBHAX IIPH BXOOAHOM BOBI[CﬁCTBHH BHUaa

x(n) = a,x,(n) + a,x,(n) onuceisaerca kax  ¥(n) = ay,(n) + a,y,(n)

Jlunennpii Lld Ha3piBa€TCAd CTALMOHAPHBIM WJIM HWHBAPUAHTHBIM BO

Bpemenu (JIMB), ecu oTKIMKOM Ha BO3/IEHCTBUE

x(n)=x,(n—n,) Oymer y(n)=y,(n—n).

CBs3pb MeXZy BXOJHOM X(n) M BBIXOJHOM y(n) MOCIEIOBATEIBHOCTSIMH B
crauvoHapHoM I[d omnuceIBaeTCs JMHEUHBIM pPA3HOCTHBIM YPAaBHEHUEM C

MOCTOSTHHBIMU KOd(purieHTaMmu Bua

i a, y(n—m)= ib{x(n —i). 9)

m=A =0
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OTkyaa, HOPpMHUPYS OTHOCHUTENIBHO ), MOJy4aeM aJroput™m paboThl 1U(POBOro

buabTpa BO BpeMEHHOM 00JIaCTH PeKypCUeHOo20 muna:

y(n)= Zv:b,.x(n —i)— i a y(n—-m), n=0. (10)

m=1
B wactrOM ClIy4dac, Koraa TCKYHII/Iﬁ OTCUCT BBIXOHHOﬁ IMOCJICAOBATCIIBHOCTHU
ONpCaACIACTCA TOJIBKO OTCUCTAMM BXOJHOI'O CUTHAJIA (KOFI[EI BCE€ am — O), aAJIropuTM
pa6OTI)I HI/I(prBOI‘O (I)I/IJIBTpa IIPUHUMACT BU HC PEKYPCUBHO20 dmﬂbmpa:

y(n)= Z\: b.x(n—1i). (11)

i=0

PexypcuBHblil GUIBTp MMeET OECKOHEUYHYIO MMITYJIbCHYIO XapaKTepUCTUKY, a
HE PEKYPCUBHBIN QUIBTP — KOHEUHYIO, IOATOMY UX €Ille TPUHATO Ha3biBaTh BUX
u KX ¢unastpsl coorBeTcTBeHHO. B o0miem ciyyae AMCKpPETHBIA (QUIBTP
CyMMHUpYeT (C BECOBBIMH KO3(pPHUIIMEHTaMU) HEKOTOPOE KOJIMYECTBO BXOJHBIX
OTCUETOB (BKJIOYAas TOCIEIHUN) M HEKOTOPOE KOJMYECTBO MPEABIIYIINX
BbIXOJHBIX 0TcueToB (11). CtpykTypa pazHoctHoro ypaBHenus (11) moxoka Ha
CTPYKTYpY Iu(dhepeHINAIbHOTO YpPaBHEHHUS aHAJIIOIOBOM JMHEWHOW CHUCTEMBI,
TOJIBKO BMecTO onepauuu AuddepeHuupoBanuss B (opmyne GuUrypupyror
3aJIep’)KKU JUCKPETHBIX MOCIEI0BATEIbHOCTEH. DTUM ONpeAeNnseTcss U OOIIHOCTh
MOJXO/JOB K OINHMCAaHUIO AHAJIOTOBBIX MU JUCKPETHBIX CUCTEM. TpeOoBaHHS K
buIbTpaM MOTYT 337aBaThCS KaK BO BPEMEHHOM, TaK U B YaCTOTHOM 00JIACTAX, UYTO
onpeneNnsieTcss Ha3HaueHHeM QuibTpa W yYIJOOCTBOM ero omnucaHus. Tak,
COrjacoBaHHbIe (PUIIBTPHI Yalle 3aJal0TCAd HMITYJIbCHOM XapaKTepUCTUKOW, a
u3OuparenbHble (UIBTPHl — YACTOTHBIMH XapaKTEPUCTHKAMU. B yacTOTHOMU
obnactu TpeOoBaHus npeabaBisioress kK ADUX, nubo Kk ee COoCTaBISIONMM —

AUX u @YX (puc. 13).
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Pucynox 13 — ITpumepst AUX TUIOBBIX (PUIBTPOB: a) PUIBTP HUZKUX YACTOT —

B

®HUY; 6) punbTp BbicOKMX yacToT — @BY; B) mosocoBoii Gpuietp;

I') PEKEKTOPHBIN (HUIBTP

3aBUCHUMOCTH OT B3aMMHOI'O pPACIIOJIOKCHHUA IIOJIOC IIOAABJICHHUA H

MPOITYCKAHMS Pa3INYaIOT CIEAYIOIINE TUITbI (PUIBTPOB:

1.

Ounbtp HIKHUX YacToT (PHY) — ¢uubtp ¢ monocoit npomyckanusi ot 0

JIO YaCTOTHI (OC U MOJIOCOM MOIABICHUS OT 3 10 OECKOHEYHOCTH (M€ < M3 ).

®uibTp BepxHuX 4actoT (PBY) — (uiibTp ¢ monocoil mpomyckaHusi OT
4acTOThl  ®OC  J10  OECKOHEYHOCTM M  TMOJIOCOM  TOJABJICHHS

oT 0 10 ®3 (¢ >m3).

[Tonocoroit ¢unstp ([IP) — o00€e TrpaHUIBI TOJIOCH MPOIMYCKAHUS
MPECTABIIAIOT CO00I HEHYJIEBbIE YaCTOTHI (CH, (OCB, & C KAXKIOW U3 CTOPOH
OT TIOJIOCHI MPOMYCKAaHUSI UMEETCs 10 OAHOM mosioce nmonasieHus: (ot 0 go

®3H U OT 3B JI0 ).

Pexxexktopubiii  (3arpaxpatomui) ¢unetp (PO®) — ¢unstp ¢ aByms
noyiocamMu mpomnyckanus (0T 0 10 ®OCH U OT ®OCB JO o©) U OJHOM TMOJIOCOU

IIoJaBJICHU .
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5. I'pebenuateii  ¢unptp (I'®P) — OGUWIBTp € HECKOJBKMMH IOJOCAMU

MOJIABJICHUS] U HECKOJILKMMHU T10JI0CaM MpoIryckanus (puc. 14).

|Hie*))

w (rad/s)

Pucynok 13 — Ilpumep AUX rpebenuaroro ¢puibTpa

Htorosas kinaccudukanus GuibTpOB MPeICcTaBlIeHa Ha pUCYHKe 14

LI1PPOBBIE ®ILIBTPHI

A4 A
OzrOMEpHBIE MHuoromMepHBIE )
{ * IIo mum
Cranapable BexTopasie > CUSHAIO08
BemecTeenHBIE KoazmiekcHbIe )
CraunosapHsie Hectaunonapusie )
P H ITo mum
CKyPCHBHBIE ePEKyPCHBHBIE > arcopmsos
JIuneitsbre Hemunelinsle
= - ITo «wenvmperHim
MusmaTeHO- SMHHHMATBHO- el
basossie dasosre aopPUMMoe

Pucynok 14 — Knaccudukanus GuibTpos
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CrpykrypHble cxembl noctpoeHuss BUX— u KUX—puasTpoB B COOTBETCTBHUH C

WX PA3HOCTHBIMHU YPAaBHEHUSIMU PEJICTABIIEHA HA PUCYHKE 15

x(k) yik)

x(k)

y(k)
0)
Pucynox 15 — CTpyKkTypHBIE CXEMBI peau3aiuu GUIbTPOB: a) MpsMast

peanuzauus bBUX-¢punsTpa (kaHOHHUYECKas); 0) CTPYKTypHasi cxema He

pekypcuBHoro KUX-dunptpa

[Mudposoit puabTp 3amaeTcss CBOM MepenaTouyHol xapaktepuctukon H(z),
KOTOpasi MPeICTaBISET OTHOIIIEHNE Z-00pa30B BBIXOJHOTO CUTHAIa KO BXOJIHOMY.
Jlns ee HaxoXAeHUS HEOOXOAMMO TIpojenaTh psja onepaumid. s pacuera

uudpoBoro ¢GuiIbTpa HU3KUX YACTOT (Hampumep, barrepBopra) HEOOXOIUMO
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MIPOU3BECTH TNepecueT napamerpoB kopuaopa AUX (puc. 16) mudposoro ¢unbTpa
B mapameTpbl kopumopa AUX ananoroBoro ¢uiabTpa HEOOXOAUMO HCXOJHbIE
JIaHHbBIE 3a7aTh OTHOCUTEILHO HOPMHUPOBAHHOM 4acTOThl B MHTEpBaiie oT 0 10 @
pan/c. Tlockonbky puibTp mudpoBoit u ero AUX sBIsSEeTCS NMEPUOAUYECKON C

Ineprnoaom 2nu CUMMCTpHUYIHA OTHOCUTCIIBHO HOpMHpOBaHHOﬁ HaCTOThI.

AA

O, (g M n

Pucynox 16 — Mcxoaublie nannblie ais pacuera uudposoro @HY

OTHOCHUTCIIbHO HOpMHpOBaHHOﬁ qaCTOTHhI

JIist mony4yeHuss AUCKPETHOro (QuibTpa C 3aJaHHBIMH YacTOTaMHU cpesa
HEOOXOJMMO CKOPPEKTHPOBATH YAaCTOTHI CpEe3a aHAJIOrOBOTO MPOTOTHUIA, YTOOBI
KOMIIEHCUPOBAaTh HMCKA)XXEHUSI YaCTOTHOW oOcH. VCKaXeHHe WIKalbl 4acTOT MpHU

OMJIMHEWHOM TTPeo0pa30BaHUU MTPOUCXOIUT COTJIACHO BHIPAKEHUIO:
2
Q= ?tan(wn /12) (12)

-1
rne T=1/F,, ¢"— wunHTepBan (mar) AUCKpeTH3aluu, ) — IIKajga 4YacToT
anaimoroBoro Guiabtpa, W, =W, =2nw,/F, — HOpMupoBaHHas IlKaja YacTOT

uudposoro ¢uasrpa (W, =Wy, =2nw, /F;). Ilo 3toit dopmyne paccUuTHIBAIOT
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CKOPPCKTHUPOBAHHBIC YaCTOThI JJIA IIPOCKTHUPOBAHWA aHAJIOTOBOI'O IIPOTOTHIIA. B

YaCTHOCTH, YaCTOTA FAPaHTHPOBAHHOTO 3aTyXaHUs ONPe/eNsieTCs
Q, =2F, tan(w,, / 2) = 245.1203 pan/cex .

Yacrota IIOJaBJICHUA:

Q, = 2F, tan(w,, / 2) ~ 785.0442 pa/cex .

ITopsnox ®HY pasen

N = In(e, /¢,)
In(Q,/Q,)’

e 85 — /10RS/10 _1’ g = lORpllo _1

p

Pacuer xoadpdunuenros I1d 1P u ero momenuposanme B III1 Matlab
noApOOHO PACCMOTPEHO B pacueTHOM TIpaduyeckoil padoTe, B UTOre pabOThI
GbuIbTpa HU3KUX YAaCTOT MbI HAOJFOMaeM W3MEHCHHE CHUTHAJa BO BPEMCHHOW W

4acTOTHOM obactu (puc. 17).

Pucynok 17 — CpoiicTBa HCXOAHOTO U OTHUILTPOBAHHOIO CUTHAJIA
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U3 IIPHUBCACHHBIX I/IHJ]IOCTpaIII/Iﬁ MOJXHO caciaaTb BBIBO/, qTo
BBICOKOYACTOTHBIC KOJICOAHHS BO BXOAHBIX AAaHHBIX ITOJHOCTBIO (1)I/IJII>pr}0TCSI C

noMoIne papadoranHoro GHY.
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9. Koppeasinnonnasi o06padoTka CUrHAJIOB

B nmanHoii Teme OyayT pacCMOTpPEHBl JIMIIb OCHOBHBIE MOHSATHUS
KOPPEJSIIIMOHHOTO aHallM3a CUTHAJIOB, TaK KaK B MOJHON MEpe UX CTAaTUCTUYECKUIN
aHamM3 OTHOCUTCA K JuciuiuimHe «Teopust  ciydallHBIX — MPOIIECCOBY.
N300paxeHne TUIIOB KOPPENIALNUA U KOT€PEHTHOCTH TMpEeCTaBlIeHa Ha pUCyHKe 18.
KoBapuanus 1 Koppemnsius — 3TO JIBa TEPMHUHA, KOTOPbIE OJTHOBPEMEHHO OJIN3KH
U TIPOTUBOIIOJIOKHBI JAPYr JPYyry, OHM 00a HCIOJB3YIOTCS B CTAaTUCTHKE U
pPErpecCHOHHOM aHalu3e, KOBapHalMs MOKa3bIBa€T HaM, KaK JIBE TEpEeMEHHBIC
CHTHAJIa OTJIMYAIOTCSA JAPYr OT Apyra, TOTAa Kak KOPPEJsIHs MOKa3blBaeT HaM

B3aMMOCBA3b MCKAY ABYMs IICPEMCHHBIMH U KaK OHU CBs3aHBI.

Oroyrcrane Oroyrcrene
KOPFHNALGIN KOPH AN
-
-
v ® - z - v |
-8 82
\\_ * —
x x
-
-
-
-
'-\‘ /
-
W .
ol S .
Y - y
~g .
.\\ Cnotas
- ¥
CHALNAR, OTPUUATENLIAS p nfng::‘l:cr:unﬂ
KOPPENS LM > KORPanALMWe
x x
-
-
~ -
* T,
-~ -
- .
- - - -
-
y / y - -0\"‘\
/ CHnbHan | Cnataw, = -
.- . AONOMA TGS | oTpruaTenBIaR . \\,.
- KOPPENALAR | Oppansiums ~e
| -
x x a)

nasep

najephbii nyd
' ; NPOCTPEHCTBEHHAS
KOTEPEHTHOCTS

BpEMEHHAan
KOTEPEHTHOCTh 6)

Pucynok 18 — MmmtocTpanus TUIOB KOPPEIALMU U KOTEPEHTHOCTU CUTHAJIOB
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Koppemsannst 1 koBapuanuss — 3TO JABE CTAaTUCTUYECKHE KOHIICTIIUM,
KOTOpPbIE HUCHOJIB3YIOTCS JUIsl  ONpPENENICHHs] B3aMMOCBSI3U MEXKIY JBYMS
Cilly4ailHpIMM BennuuHamu. Koppensuus onpenenser, Kak H3MEHEHHE OJHOU
NIEPEMEHHON MOBIUSAET Ha JIPYTyI0, a KOBapHalKsl ONpPEAEIAeT, KaK JiBa 3JEMEHTA
U3MEHAI0TCd BMecTe. KoBapuanus n3MepsieT, Kak JBE IEPEMEHHBIC JBHIKYTCS
OTHOCUTEJIBHO JAPYT JApPYyra, W SBISAETCA PACIIMPEHUEM KOHLENIMUHU JUCIEPCHH
(KOTOpast TOBOPHUT O TOM, KaK U3MEHSETCA OJIHA epeMeHHas). MoXeT NpuHUMATh
J000€ 3HaueHue OT -0 A0 + oo, Yem BhIllIe 3TO 3HAUEHUE, TeM 00Jiee 3aBHUCHUMBbI
oTHouleHUs. [loN0XKUTENBbHOE YKCIIO O3HAYAET MOJOKUTEIBHYI0 KOBapHaIUIO U
YKa3bIBa€T HA MPAMYIO CBA3b. DAKTUUECKU 3TO O3HAYAET, YTO YBEIMYECHHE OJAHOU
NIEPEMEHHON TaK)X€ NPUBEAET K COOTBETCTBYIOLIEMY YBEIWYECHHUIO JPYTroOd
IIEPEMEHHOM, €CIIM IPYTUE YCIOBUSA OCTAHYTCS MOCTOSHHBIMU. C Ipyrou CTOPOHHI,
OTPULIATEIBHOE YHUCJIIO O3HA4YaeT OTPHULATENbHYI0 KOBApUALMIO, KOTOPAs
YKa3bIBa€T Ha OOPAaTHYIO CBSI3b MEXKIY ABYMS NEPEMEHHBIMH. XOTs KOBapHUalus
UJCANbHO MOAXOAUT IJIsi ONpPENEJICHUsl TUIAa OTHOILICHUW, OHA IUIOXO MOJXOJIUT
JUISL  MHTEpIpeTauuyd UuX BeaudnHbl. OLEHKa CTENEeHW CTaTHCTHYECKOU
3aBUCHUMOCTH  MTHOBEHHBIX 3HA4eHUM  Kakoro-nmbo mpomecca X(t) B

MIPOU3BOJILHBIE MOMEHTHI BpeMeHHU t1 u t2 3aaerca PyHKIMEH KOBapUalu:

cov(X1,X2)=M{(X;-M{X:})( Xo-M{X,})}, rnie M — maTemaTtudeckoe OXHIaHHE

CHUT'HAJIOB.

Koppensauus — 3T0 KOJMYECTBEHHOE ONPEACIICHUE B3aUMOCBI3U MEXKIY
JIBYMs CIIy4aliHBIMHU BennurHaMmu. [Ipoie roBops, 370 eAMHuYHas Mepa TOro, Kak
T TIEPEMEHHBbIE HM3MEHSIIOTCS OTHOCHUTENIBHO Jpyr Apyra (HOpMajJu30BaHHOE
3HAYEHHE KoBapuanuu). B oTinune oT KOBapuanuu, y KOppesiiUA €CTh BEPXHUN
Y HIKHUH nipenen auana3oHa. OH MOKET NpUHUMATh TOJIBKO 3Ha4YeHus oT +1 1o -
1. Koppensinus +1 yka3pIBaeT Ha TO, YTO CIyYalHbIE BEJIMYMHBI UMEIOT MPSIMYIO U

CWIbHYIO0 CBsi3b. C NIpyroil CTOpOHBI, Koppenaunus -1 yka3blBaeT Ha TO, 4YTO
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CYILIECTBYET CUJIbHAsI OOpaTHasi 3aBUCUMOCTb, U YBEJIMYEHHE OJIHON MepeMEeHHOU
MPUBEAET K PABHOMY U IIPOTUBOIOJIOKHOMY YMEHBIICHUIO IPYroi nepeMeHHou.

O3Ha4yaeT, YTO ITH JIBA YKMCJIA HE3aBUCUMBI.
dopMyIia B3aMMHON KOPPETSIUU JBYX CUTHAJIOB!

N—-1
1

T2 = o Z z1(n)za(n) (13)

n—0
Hopmupyromuii MHOX)uUTENb 1/N mpuMeHseTcss il UCKIIOYCHHS BIIASHUS
JJINTCIIBHOCTHU HOCHCHOB&TGHBHOCTGﬁ. B TCPMHUHAX Q)YHKHI/IOHEUH)HOFO
IMPOCTPAHCTBA CUTHAJIOB KOPPCIIALINA MOKCT OBITH BbIpa’X€HAa KaK KOCHHYC YyrIJIa
MCIKIY BCKTOpPAMHM. CJIGI[OBaTeHBHO, IIpHU IIOJIHOM COBIIAACHHUHN CHUI'HAJIOB CTCIICHDb
HUX CBA3HU 6y,[[€T IIPUHUMATD ITOJIOKHUTCIbHOC CANMHUYHOC 3HAYCHUC, IIPH ITOJIHOM
IMPOTHUBOIIOJIO’)KHOCTH CHIHAJIOB - OTPHULOATCIBbHYIO CAWMHHIY, a4 IIpU IIOJIHOM

HCCOBIIAICHHUHU - HYJICBOC 3HAYCHUC.

AstokoppensaironHas GyHkiusa (AK®) - moka3pIBaeT 3aBUCUMOCTh MEXITY
CUTHAJIOM M €T0 KOIHEW, CIBUHYTOU 1O BpeMeHUu. AK® HaxoauT nmpuMeHeHue B
KojupoBaHun uHMopmanuu. Bpibop Koaupyromiel MociaenoBaTeIbHOCTH 10
napamMeTpaMm  JUIMHBI, 4YacTOThl W  (GOpMBI BO MHOIOM  OOYCIIOBJIEH
KOPPEIALMOHHBIMU CBOMCTBAMM 3TOM IOCIIENOBATEIbHOCTU. Hamryumas kogoBas
MOCJIEIOBATEILHOCTh 00J1a/1aeT HAaWMMEHBIIUM 3HAYEHHEM BEPOSTHOCTH JIOKHOTO
oOHapyXeHus wWid cpabaTbiBaHus (711 JETEKTUPOBAHUS CHUTHAJIOB, JIJIs
MOPOTOBBIX YCTPOMCTB) WJIM JIO)KHOW CHHXPOHHU3AIMHU (M1l TIepeadyd U MpuemMa
KOJIOBBIX TIOCJIEOBATENIbHOCTEN). ABTOKOppEISUUMOHHAS (PYHKIHUS MOMOTraeT
HaXOJUTh TOBTOPSAIONIMECS YYACTKA BO BPEMEHHOM IOCJIEIOBATEIbHOCTH, C
nomoiplo AK® M0OKXHO HaxXOAMTh HECYLIYIO 4acToTy curHaia. I[lockonbky AKD
€CTh MPOU3BEJICHNE CUTHAJA U €r0 KOMuu, To pusnyeckuid cmbicn AKD - sneprus
curHana. B gactHoctH, B HyneBoir MoMmeHT BpemeHH (N=0) AK® paBnHa sHepruun

CHUIrHalia.
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Ceolicmea aemoKoppenayuoHHou YynKyuu:

e CumMmeTpu4Has.

e YerHas.

e MakcumMyM (QPyHKITUH OTHOCUTCS K HYITIO.

e AK® mnepuoaudyecKkod MOCIEIOBATEIBHOCTH - TMEPHOJUYECKas
byHKIUS.

e AK® cymMM™mBl IBYX HEKOPPEIMPOBAHHBIX CUTHAIOB - cymma AKO®
9THX CUTHAJIOB.

o AK® GeckoHEYHOTO BO BpEMEHHM O€JIOro IIIyMa UMeeT MUK B HYJICBOM

3HAa4YCHHUHU U HYJIHN BO BCCX OCTAJIbHBIX.

KorepentHocts —  QyHKIMS, OOBEOUHSIONAS  CHEKTPaJbHBIE U
KOPPEIALMOHHBIE XAPAKTEPUCTUKH IMPOLIECCOB U XapaKTEPU3YIOLIasi KOPPEISALHUIO
MEXIY MpOLECCaMH OTIAEIBbHO B KAXAOW CHEKTpalbHOM Tojoce. PDyHKIuUA
KOTEPEHTHOCTU SBJIsIETC Mepor (HopmupoBaHHOU (..1) AuMHEHHOM CBSI3M NBYX
CUTHAJIOB Ha 3adaHHOW uactote f. B ciydae nuHeHbIX cucteM (QyHKIUSA
KOT€PEHTHOCTU JOCTUTAET CBOETO TEOPETUUECKOTO MAKCUMYMAa, PABHOTO €IMHULIE

Ha BCCX 4AaCTOTax. CDYHKHI/ISI KOI'CPCHTHOCTH HAXOJHUTCS KaK

6 (o) 130
TS, (@5,

rae S, (®) = Z—J;EZ(” r (n)e" — kpocc-crekTpanbHas MIOTHOCTS, S, (®)S,, (o)

m=—co Xy
— aBTOCTIEKTPHI CUTHAJIOB X U Y COOTBETCTBEHHO.

Ecnu e QyHKIUsS KOr€peHTHOCTH MEHbINE €IUHUIIBI, TO OJHONW M3 BO3MOKHBIX
IPUYHAH DTOTO MOXET CIYKUTh OTCYTCTBUE JIMHEMHOW 3aBUCUMOCTH BBIXOJA OT
BXOJla PacCMaTPUBAEMOM CUCTEMBI, TO €CTh HEJIMHEWHOCTh CUCTEMBbI. BpemeHHas
(GyHKIHUST KOTEPEHTHOCTH TIO3BOJISIET CYAWTh O KOPPEIAUUA CHEKTPATbHBIX

KOMIIOHEHT CHTHAJIa BO BPEMEHH, NPOCTPAHCTBEHHAs — O KOpPpPEISALUU
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CIICKTPAJIbHBIX KOMIIOHCHT CHIHAJIOB B IIPOCTPAHCTBC. HpOCTpaHCTBCHHaSI
q)YHKHI/I}I KOI'CpCHTHOCTHU HCIIOJIB3YCTCA IIpu aHaJIN3¢C AKYCTHYCCKHX

XapaKTepUCTHK TMOMEIICHUH UM B METoJaXx 0O0pabOTKH CHUTHAIOB MUKPO(OHHBIX

PCHICTOK.
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10.

KoHnTpoJibHBIE BOIPOCHI IO TeMaM AMCHHUIIJIHHBI
Knaccudukanms  uudpoBbix  curHaioB.  JIuHelHble,  HEJIUHEWUHBIE,
CTal[MOHAPHBIE, CTOXACTHYECKHE.
AHaNoroBble, JMCKPETHbIE M HU(PPOBbIE CUTHANIBI. THUIBI U HUX OCHOBHBIE
XapaKTEPUCTUKHU.
Jluckpern3anuss W KBAaHTOBAaHHWE CHUTHaja. MaremMaTHyecKkoe ONUCAHUE
npeodpazoBaHuil.
KBanToBanue curnana. CriocoObl KBAHTOBaHMS.
[Ipocreiiie mpeoOpa3zoBaHus HAJl JUCKPETHBIMU MOCIEA0BATEIbHOCTIMU
CtpykTypa cucteMbl HUPPOBOK 00paOOTKU CUTHAJIOB.
Matematuyeckoe OMKCaHUE CTaHAAPTHBIX JTUCKPETHBIX
IIOCJIEIOBATEIBbHOCTEM.
Heobxoaumbie ycioBust st 1UGpoBOil 0OpaOOTKM CHUTHAJIIOB B PEXKHUME
peaIbHOro BpEMEHHU.
CBepTKa IUCKPETHBIX CUTHAJIOB. 3aJa4y NpUMEHEHUs. JInHeHas cBepTKa.
Teopema Yurrekepa — Korenpaukoa — lllennona—HaiikBucra.
CrniekTpanbHOE NMPEeACTaBIIEHNE CUTHANA. AMIUTUTYAHBINA U (a30BbIN CLIEKTP.
Paznoxenne curnana B psg Oypse.
Anuacunr. [IpyuynHbl BOSHUKHOBEHHMSI M CIIOCOOBI €r0 MPeI0TBPAICHUS.
JIBymepHoe npeoOpa3zoBanne Oypbe. CeKkTpanbHbIA aHATU3 U300paKeHUI
OCHOBHbBIE THUNBl HCKAKEHUN NpU aHaIoro-uu@poBoM MpeoOpa3OBaHUU.
CriocoObl UX yCTpaHEeHHUSI.
OuibTpanus curianoB. OCHOBHbBIE BUbI (DHIIBTPOB.
[ToHsTUS KOppENSLMs, KOBapUallUsi U KOT€PEHTHOCTh CUTHANOB. DyHKIMM 11
BBIUKCJICHHSI TpeX mapaMeTpoB B Matia0e.
Z-nipeobpa3zoBaHUE AUCKPETHBIX CUTHAJIOB.

CaoiicTBa Z-mipeoOpa3oBaHus.
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— Ounbtparus curdanos: BUX u KUX ¢unsTpel. MaTematnueckoe onvcanue u

CTPYKTypHas cxema QpuibTpa.
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