MoAyJb 1. OCHOBHbIE NMOHATUA U ONPEOENEHUA

[lenp Momyns — M3yYeHHE CTYACHTaMHU OCHOBHBIX MOHATHH IU(GPOBOIH
00paboTKu CUTHANOB, BKIoYas mojenb cuctembl [{OC, TUOBbIE JTUCKpPETHBIE
CUTHAJIBI M IX MaTEeMaTHIECKOE OTTMCaHUE.

B pesynbraTe u3yueHust MOyJisi CTYJAECHTBI Q0IHCHbL 3HAMD:

® [IPUHITUI MOCTPOSHUS CXeMbI IU(ppoBO 00PabOTKN CUTHATIOB,

e ocHoBHbIe dTanbl [HOC 1 ux 0coO0eHHOCTH;

® OCHOBHBIC THIIBI CUTHAJIOB.

CTyAeHTBI 0019/CHbI yMemb:

® MaTeMaTHYECKH ONMUCATh TUCKPETHBIA CUTHAI;

® mnpuMeHATh TeopeMy KoTeapbHMKOBa ISl OTMPEACIICHUsI YaCTOThI JUC-
KpPETH3aIlUU CUTHAJIOB;

® 3 TaKXe UMETh IPEICTABICHUE O HOPMHUPOBAHUH YaCTOTHI CUTHAJIOB.

1.1. O6o0mennasi cxema HU(PPoOBOii 00PAOOTKH CHUTHAJIOB M OCHOB-
Hble TUIIbI CHTHAJIOB

1.1.1. O606mennas cxema ungpoBoii 00padOTKU CUTHAJIOB

Cucrempr HOC HemocpencTBEHHO ONEpUPYIOT HU(DPOBBIMU CUTHAJIAMH,
KoTopeie oOpabateiBatoTcsi mpoueccopom LOC. Ilosromy, anropurMmuueckas
00paboTKa aHAJIOTOBBIX CHUTHAJIOB IH(PPOBBIMH CPEACTBAMH IPEAINONAracT Ux
npeaBapuTesbHoe peodpa3zoBanue B UGPoBy0 (GopMy, a B CUCTEMAX C aHAJO-
TOBBIM BBIXOJIOM — M U3 LIU(PpoBOH (hopMbl B aHAIOTOBYI0. OO0ILIEH CTPYKTYPHOM
cxeme cucteMbl 1udpoBoit 00pabOTKM aHAIOTOBBIX CUTHAIOB (puc. 1.1) oTBe-
yaeT I1enoyka (QyHKIUOHAJIBHBIX TMpeoOpa3oBaHuii curHaiga Buga [11]:
AlA= A/ =01/ =1/A= A/ A («aHanor/aHanor», «aHajuor/uudpa»,

«uudpa/uudpar», «uaudpa/aHaior», «aHAJIOT/aHAIOT»), pealu3yeMbIX COOTBET-
CTBEHHO aHaJNOroBbiM (priibTpoMm HikHMX yacToT @HYI1, ananoro-uudpoBsiM
npeobpazoBarenem AL, npoueccopom LHOC, nudpoananorossim mnpeodpazo-
BatesneM LIAII u ananoroBeiM punsTpom HIKHUX yacToT DHY2.

CoBokymHocTh dnemenToB @HU1, AIIII, [HAIT u ®HY2 cucremsr 1mud-
pOBOIl 00paOOTKM aHAJIOTOBBIX CHUTHAJIOB, BBIMOJHSIOMIUX TMPEeoOpa3oBaHUs
curHanoB Buga A/ A, A/ L] v 1]/ A, 06pa3yrOT MOJACUCTEMY €€ aHaJOTOBOIO
BBO/Ia-BbIBO/IA WJTM aHAIOTO-IU(PpOBOI MHTEPPEIiC.

C npeoOpa3oBaHUsIMH CUTHAJIOB MpHU IUGPOBOI 00pabOTKE CBA3AHBI UC-
KaKEHUSI U MOTPEITHOCTH, KOTOPHIE 3aBUCAT OT MapaMEeTPOB COOTBETCTBYIOIINX
npeoOpazoBareneil. OneHka U BbIOOP MX OCHOBBIBAIOTCS HA MaTeMaTHYECKUX
MOJIeIIsAX M onucanusx curHanoB cuctem L{OC.
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OO6o06menHas cxemMa M BpPEMEHHBIE AHAarpamMMmbl IMO3TAIMHOTO Mpolecca
LOC npencrainensl Ha puc. 1.1.
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Ha nepBom 3Tane xojep, BKIIOYAIOMINN aHATIOTOBBIN (DMIBTP HIKHHUX Yac-
toT (OHY) u ananoroso-mudposoit nmpeodpazosarens (ALIT), bopmupyet u3 uc-
XOIHOro aHajorooro curHana s(t) (puc.1.1,a) uudposoii curnan s,(nT)
(puc. 1.1, 6). AHasioroBplii GUIBTP HIKHUX YacCTOT MPEIHA3HAYCH JUIsI OTpaHU-
yeHusl crekTpa F(jo) ucxogHoro aHamoroBoro curuana s(t). HeooxonumocTs or-
paHUYEHUS CIIEKTPA BhITEKAET U3 TeopeMbl KOoTebHUKOBA, B COOTBETCTBUU C KO-
TOPOM 4YacTOTa AMCKPETU3alMu f; BbIOMpaeTca u3 ycnoBus: f;>2f, tae f, —
BEPXHS YaCTOTa CIEKTpa CUrHasla. BO3MOXKHOCTh OTpaHUYEHUS CIIEKTPa CBA3aHa
C OCOOCHHOCTSIMU YaCTOTHOT'O PaCIpeeSICHUs] SHEPTHH CUTHAJIA: OCHOBHAS YacCTh
€ro SHEpPruM cocpenoToyeHa B obnactu f, < f, T. €. aMIUTUTY/bl CIIEKTPAIbHBIX
COCTABJISIFOLIMX, HAYMHASL C HEKOTOPOU 4acToThl f > f,, CYIIECTBEHHO CHUXAIOT-
cs. BeiOop 3HaueHus f, onpenensieTcss KOHKPETHBIM TUIIOM CUTHAJIA U PEIIaeMOi
3amadeid. [Ipum 0OpaboTKe aymo- U BUICOCUTHATIOB BBIOOD f, 3aBUCUT OT OCOOCH-
HOCTEW NCUXO(U3MYECKOTO BOCIIPUSATHUSL 3TUX CUTHaioB. Hampumep, mist crau-
JApTHOTO TeJIe(OHHOTO CcUTrHaJla BepxHss uyactora f, paBHa 3.4 klT,
a MUHMMaJIbHas CTaHJapTHas 4acToTa AUucKpeTnzauuu f— 8 kl'm.

Amnarnoro-mudpoBoil  mpeodpazoBaTenb GopMuUpPyeT HHUPPOBONW CHUTHAT
s,(nT) MOCPEACTBOM NUCKPETH3ALMU U KBAHTOBAHUS CUTHANA S(7)C MHTEPBAIOM

BPEMEHHU, PaBHBIM MepUoAy AHCKpeTu3auuu 1. 3HaueHus: orcuetoB s(nT) coB-
Majial0T CO 3HAYEHUSAMM CUTHaNa §(¢) B MOMEHTHI BpeMeHu ¢ = nT:

s(nT)=5()|,_r -

CoBokynHocTb oTcueToB s(nT), n =0,1,... Ha3bIBAIOT JUCKPETHBIM CUTHAJIOM.

KBanToBanue mo ypoBHIO (KBAaHTOBAHME) MPOU3ZBOAUTCS C IIECJIbIO MPE-
CTaBJICHUS TOYHBIX 3HAUCHUM OTCUYeTOB s(n1) B BUJE JBOWYHBLIX YHCE]I KOHCU-
HOW Pa3spsIHOCTH — KBAHTOBAHHBIX OTCYETOB s,(n7). [y 3T0ro 1TMHaAMUYECKUI
Jara3oH JUCKpeTHoro cur”ana s(nT) pa30uBaeTCs Ha KOHEYHOE YMCIIO JHC-
KPETHBIX YPOBHEU — ypOBHEW KBAHTOBAHMS — M KKJAOMY OTCYETY IO OMpeie-
JICHHOMY TIPaBIJTy TIPUCBAWBACTCS 3HAUYCHUS OJTHOTO W3 OJIMKAWIIUX YPOBHEH,
MEXK]ly KOTOPbIMH OH OKa3bIBA€TCSl. YPOBHU KBAaHTOBAHUSI KOAUPYIOTCS JBOUY-
HBIMH YHMCJIaMU PA3PSATHOCTH b, 3aBUCAIICH OT YMCJIa YPOBHEW KBaHTOBaHUS R:

R<?2’,

rae b = int(log; R).

Ha BpemenHnoit quarpamme (puc. 1.1, ¢) a1 npumepa noka3zaHo 5 ypoB-
Hell KBaHTOBaHHUs (0e3 ydera 3HaKa), modtomy b = 3 u orcuetsl s,(nT) KOaAH-
PYIOTCS YeThIpEeXpa3psAHBIMA TBOMYHBIMHM YHUCJIAMH: OJMH pa3psii 3HAKOBBIH,
TpHU 3HAYAIIUX.
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COBOKYITHOCTb KBaHTOBaHHBIX KOAMPOBaHHBIX oTcyeToB s,(nT), n=0,1,...
Ha3bIBAIOT LU(POBBIM CUTHAJIOM.

Ha Bropom stane ycrpoiicteo IIOC npeobpasyer mmdpoBoii curnan s,(n1)
(puc. 1.1, ) B nudposoii curnan y,(nT) (puc. 1.1, 2) 10 3a1aHHOMY aJITOPUTMY.

YerporictBo HOC MoxkeT ObITh peaii30BaHO anlapaTHO WM IPOTPaMM-
HO. B mepBoM ciyuae — B BHUjI€ CIIEIUATN3UPOBAHHOTO MHU(PPOBOTO YCTPOMCTRA,
BO BTOPOM — B BHJIE NMPOTPaMMbI Ha KOMITbIOTEpE WM IU(POBOM IpoLieccope
o6pabotku curnanoB (LIIIOC). B Hacrosiiee Bpemsi mporpaMMHasi peaau3aius
[HOC 3HaunTeNnbHO MpeodiagaeT Haj arnapaTHoM.

Yerpoiicta LIOC mMoryT paboTaTh B pealbHOM WM HEPEATTbHOM BPEMEHHU.

B peanbHOM BpeMeHM 00pabOTKa CUTHAJIOB JOJKHA BBIOJTHATHCS B TEM-
1€ IOCTYIUIEHUS OTCUETOB BXOoAHOro curnana s,(n1), n = 0,1,... u orBeuarts
CJIeIYIOIUM TPEOOBAHUSIM:

® BpeMms 1UKAa Af, IpU BeIYUCIEHUU Y, (nT) HE TOJDKHO NPEBBINIATH UH-
TepBajga MEXAY IBYMs COCENHHMH OTcueTamu S,(nT), T. €. Iepruoaa JUCKPETH-
sauuu T (At, <T);

® TaKTOBAs 4acToTa f, MpoIleccopa JIOJKHA ObITh MHOTO BBIIIE YACTOTHI
nuckperusauuu f; curnana s, (nT) (f, >> fi).

Bropoe tpeboBanue BbI3BaHO TeM, 4yTo B airoputmax [[OC kommnuectBo
onepauuii B LUKJIE, HEOOXOAMMOE A BBIYMCICHHA OfHOro orcuera y,(nT),
BeCcbMa Benmko. Hampumep, miis ctaHgapTHOTO TenedOHHOTO CHTHAJA C 9acTo-
TOM muckperu3anuu 8 K[ 11 TakTOBas 9acToTa AOHKHA OBITh HE MeHee 6 MI 1.

B peanbHOM BpemMeHU BBITIOJHAETCS 00pab0OTKa CUTHAIOB, CBSI3aHHAS C MX
nepegayeit o KaHajiaM CBS3U, B TOM 4ucie, 1o cetd Internet. K TunoBeIM 3a1a-
gam [[OC B peanbHOM BpeMEHU OTHOCSTCS: OOHapyXkeHue, GuimpbTparus, cxa-
THE, paCliO3HaBaHUE CUTHAJIOB U JIp.

B HepeasbHOM BpeMEHU BBITIOTHIETCS 00paOOTKa CHUTHAJIOB, CBsI3aHHAS,
npexae Bcero, ¢ ux ucciuenopanueM. K tunossiM 3agadam LIOC B HepeaibHOM
BPEMEHU OTHOCSTCS: CTyAMitHas 00paboTKa ayiMo- U BUIEOCUTHAIOB; 00paboT-
Ka JJAHHBIX Pa3TuIHON (PU3NYECKON IPUPOIBI, IOTYUYCHHAS] OT JATYUKOB, U JIP.

Ha tpetrem 3tane nexomep GhopMHUpYET pe3yIbTUPYIONINN aHAJIOTOBBIA CHT-
Han y(f) w3 mudposoro curHana y,(nl). B cocraB pexonepa BXomAT wLudpo-
a”ajioroBbiii  mpeoOpazoBatens (LAID) u crnaxuBarommit  dwietp. L{udpo-
AHAJIOTOBBIM IpeoOpaszoBatend (opMmupyeT u3 LudpoBoro curHana y,(n1)
(puc. 1.1, 2) ctyneHuaThli aHAIOroOBBIM curHan y(r) (puc. 1.1, 0). CriaxuBaromnyii

GunbTp (HU3KOYACTOTHBIN) YCTpaHSET CTyHeH4aThlil 3(h(eKT (CKaukn) B BHIXOTHOM
curHase LIAIT y(¢). Ha Bbixone criaxuBaromiero ¢GpuibTpa noaydaeM aHaJOrOBbII

curHan y(f) (puc. 1.1, ) — pe3yabTat mpeodpa3zoBaHus KCXOIHOTO cUTHAmA S(1).
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1.1.2. OcHOBHBIE THIIBI CHTHAJIOB U X MaTeMaTH4YecKoe ONUCAHNE

JIJisi aHaTUTUYIECKOTO OMMCAHUs CUTHAJIOB M MPOIIECCOB UX MpeoOpazoBa-
HUM UCTIONB3YIOT MaTeMaThuieckue Mojenu. Eciu curnansl paccMaTpuBarOT Kak
GbyHKIMY, 3a1aHHbBIe B (DU3MYECKUX KOOPAMHATAX, TO TOBOPAT 00 OJHOMEPHBIX
CUTHAJIAaX (HAmpUMep, 3aBHUCAIIMX OT BPEMEHH), IBYMEPHBIX, 3aJaHHBIX Ha
IJIOCKOCTH (HAMpUMep, M300paKeHUIX), TPEXMEPHBIX (XapaKTepU3yIOIIUX, Ha-
puUMep, TPEXMEPHBIE MPOCTPAHCTBEHHBIE 00BEKTHI). B Teopuu curHaaoB B Ka-
YeCTBE MATEeMaTHYECKUX MOJEJECH CUTHAJIOB UCIOJIb3YIOTCS: CKalisipHbIE, KOM-
IJICKCHBIE W BEKTOpHBIC (PyHKIMU. Hampumep, mjis onucanus SIEKTPOMArHUT-
HOTO MOJS Kak CUTHaja yAOOHO HCIOJIb30BaTh KOMIUIEKCHbIE (DYHKIUH, IS
OTIMICaHUS I[BETHBIX M300paKEHU — TPEXKOMIIOHCHTHBIE BEKTOPHBIC (DYHKITHH,
JUTsl OTIMCAHMS JaHHBIX MHOTOCIEKTPATbHON ChEeMKH — 4 — 6-KOMIIOHEHTHBIE
BEKTOPHBIE (PYHKIUU.

BaxxHpIMU OOIIMME XapaKTEPUCTUKAMH CUTHAJIOB KaK MaTeMaTHUYeCKHX
GyHKUMNA SBISIOTCS MHOXKECTBA 3HAYEHUM, KOTOPbIE MOTYT MIPUHUMATh OHU Ca-
MU U uX aprymeHThl. C 3TOM TOUYKH 3pEeHHS IeIeco00pa3Ho pa3nudaTh GUHUT-
Hble U UH(UHUTHBIE, OTPAHUYEHHbIE U HEOTPAHWYECHHBIC, HENPEPHIBHbIE, TUC-
KpEeTHBIC, KBAHTOBAHHBIE ¥ MIU(POBHIC CUTHAIIHI.

OUHUTHBIMU HA3BIBAOTCSl CUTHAJIBI, 00JIACTh OMPEEICHUS KOTOPBIX OT-
panunuena [16]. Hampumep, (GUHUTHBIM SIBJISIETCS CUTHAJ, XapaKTepU3YHOITUN
Kaap (OTOCHWMKA, 3HAYCHHUE SJIEKTPOMATHUTHOTO TOJISI B PACKPHIBE AHTEHHBI
U T. 1. UTHUHUTHBIE CUTHAJIBI UMEIOT HEOTPAHUYEHHYIO 00JIacTh ONpeeIeHUsI.
OUHUTHBIA CUTHAJ MOXKHO TMPEBPATUTh B WH(ODUHHUTHBINA, €CITU TOOMPEICTUTh
€ro 3HaueHus 3a IpenesiaMu 3aJlaHHoro uHTepBana. OgHako Jr0boe Joomnpese-
JICHUE JIOJDKHO BBITIOJNHATHCS TaK, YTOOBI Mpu 00pabOTKe CUTHAJIAa HE W3MEHS-
JINCh €T0 CBOMCTBA BHYTPH O0JACTH ONPEACIICHHUS.

Ecnu orpannyena o61acTh 3HaYEHUI CUTHANA, TO CUTHAJ HAa3bIBAETCS OT-
paHu4YeHHBIM. Tak, HampuMmep, OTPAHUYCHHBIM SIBIISIETCS CUTHAJ, XapaKTepH-
3YIOIIUA CTENEeHb MOYEpHEHMs] (POTOHEraTHBa WM paclpenesieHue SPKOCTH
CBEUEHUS dKpaHa TEJICBU3MOHHOTO MOHUTOpA. DAKTUUECKH BCE BCTPEUAIOIIHECS
B MPUPOJIE CUTHAJBI SIBISIIOTCA OrpaHUYEHHbIMU. HeorpaHWyeHHBIM cUTHAN —
ujeanu3aiys, MIpuHuMaeMas B TeX clydasx, KOrja OrpaHHueHre 00JIacTu 3Ha-
YeHUI CUTHaJa HECYILIECTBEHHO sl TaHHOM 3aJ1ayl WM MPOCTO HEU3BECTHO.

C TOYKM 3peHHs1 MATEMATUYECKOTO ONUCAHNSI CUTHAJIOB PA3INYaloT TAKXKE Jie-
TEPMUHUPOBAHHOE M BEPOSTHOCTHOE oOmucaHus. [Ipy neTepMUHMPOBAHHOM OTHCA-
HUU CUTHAJIbI PACCMATPUBAIOTCS MHAUBUAYATIBHO, HE3aBUCUMO APYT OT APYTa, U CUM-
TAETCsl, YTO 3HAUYECHHUE CUTHAJIAa MOYKET OBITh 337]aHO B KaXKJIOW TOYKE, TJIC OH OTpee-
neH. OHaKo WHOTJA MHIMBUAYAJIbHOE PACCMOTPEHHE XapaKTEPUCTUK (PU3MYECKUX
00BEKTOB HEBO3MOXKHO, & MOKHO W3MEPUTh M Y4YECTh TOJHKO HEKOTOPOE YHCIIO
«MaKpOIapaMeTPOB», XapaKTEPU3YIOIMX OOBEKThl B cpeHeM. B 3Tux ciydasx uc-
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MOJIb3YETCSl BEPOSATHOCTHOE OMUCAHUE, T. €. CUTHAIBI PACCMATPUBAIOTCS KaK BHIOO-
pouHbIe (DYHKIIUH, WM PEUTU3AIMN U3 HEKOTOPOTO aHCAaMOJIsl CHTHAJIOB, U CTPOUTCS
MaTeMaTUYECKOE OMMCAHUE HE KAKIOT0 OTAEIBHOIO CUTHAJIA, a aHCAMOJIS B IIETIOM.

Curnaiiel TaKKe MOJPa3ACISIIOT HA JUCKPETHBIE, HEMPEPBIBHBIE U JUCKPETHO-
HenpepbiBHbIE. CUTHAT CUMTAIOT TUCKPETHBIM MO JAHHOMY INapameTpy, €CIIM YUCIIO0
3HAUYEHHUH, KOTOPOE MOKET NMPUHUMATH 3TOT MapamMerp, KOHEYHO (Wi cuetHo). He-
NPEPHIBHBIMU HA3bIBAKOTCS] CUTHAJIBI, O0JIACTh ONPEAEIEHHUS U 00JIaCTh 3HAYEHUI KO-
TOPBIX HEMPEPBIBHBI, T. €. JUIS KQKIOW TOUKH 00JIACTH OIpEACICHHs U 00JIaCTH 3Ha-
YEHUS] MOYKHO HATH TOUKY, yJAJICHHYIO OT Hee Ha OECKOHEYHO MAJIOE pacCTOSHHE.

CursHan, TUCKPETHBIN 1O OJIHOMY MapaMeTpy W HEMPEPHIBHBIN MO APYro-
MY, Ha3bIBaIOT JUCKPETHO-HETPEPHIBHBIM.

Kak MaTemaTnueckast MOJENb HCHOIb3YIOTCS:

— HempepbIBHAsA PYHKIIUS HEMPEPHIBHOTO apryMeHTa (puc. 1.2);

— HempepblBHAA (PYHKIMS TUCKPETHOTO apryMeHTa, Hampumep (QyHKIus,
3HAYEHMSI KOTOPOH OTCUMTHIBAIOT TOJILKO B OMpPE/IESIEHHbIE MOMEHTHI BpEMEHU
(puc. 1.3). BpemeHHOI HHTEpBAT MEXAY COCEAHUMHU OTCUETAMU Ha3bIBAECTCS
1aroM AUCKpETU3allNU;

— JTUCKpeTHas (YHKIUS HEMPEPHIBHOTO apryMeHTa, HanmpuMmep (QyHKIUS
BpPEMEHH, KBaHTOBaHHAas 10 ypoBHIO (puc. 1.4);

— AUcKpeTHast QYHKIMS AUCKPETHOTO apryMeHTa, MpUHUMAIOIIasi OIHO U3
KOHEYHOI'0 MHOKECTBA BO3MOXKHBIX 3HaYEHUH B JUCKPETHBIE MOMEHTHI BpeMe-
Hu (puc. 1.5).

U a U a
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T 2T nT ¢
Puc. 1.2. Moaens HEnpepbIBHOTO
CHTHAJIA Puc. 1.3. Mogens TUCKpETHOro 1o BpeMEH!
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Uk+l _II Uk+1 II
Uk ’II Uk y !
Ul """""" = Ul ............ .i/’
t »
T 2T nT !
Puc. 1.4. Monaens KBaHTOBaAaHHOTO Puc. 1.5. Mogelnb AMCKPETHOro
CHTHaJja cHIHATA

15



I[HCerTHBIfI CHT'HAJ MOJKET OBITh KakK BCIICCTBCHHBIM, TaK U KOMIIJIICKC-
HbIM. B MMOCJICAHEM ClIydac Cro BCHICCTBCHHAA U MHHMAA 4aCTU OIIMCBIBAIOTCA
BCIICCTBCHHBIMU ITOCICAOBATCIIbHOCTAMMU:

s(nT) = s1(nT) + jso(nT).
[Ipu onucaHuM AMCKPETHBIX M LU(POBBIX CUTHAJIOB MCIOJIB3YIOT TaKOE

IIOHATHE, KAK HOPMHUPOBAHHOE BPEMH [ :

At
f=—

T

9

KOTOpPOC IIpH I = nT UMEEeT CMBICII HOMCpa OTCUCTA 7:

~ t nT
t=—=—=n, (1.2)
T T
1 03HAYaET, UTO OTCYET B3ST B MOMEHT n7l.
DTO MO3BOJISIET OMUCHIBATH JTUCKPETHBIN CUTHAT (QYHKIIMEH 1EeTOYHNCIICH-
HOUM MEPEMEHHOU §(1) U CUUTATh TOXKJIECTBEHHBIMU O0O03HAUEHUS JUCKPETHOTO

curHana s(n) u s(nT):

s(nT) = s(n).

1.2. TunoBble TUCKpPETHbIE CUTHAJBI M UX MaTeMaTH4YecKoe OIuca-
Hre. OCHOBHAS MM0JI0CA YACTOT M HOPMHUPOBAHUE YACTOTHI

1.2.1. TunoBble TUCKPeTHBbIE CUTHAJBI [11]

HudpoBoit eAMHUYHBIN UMITYJILC (JACTbTa-UMITYJIBC), ONMUCHIBAEMBIN IO-
CJIEIOBATEIBHOCTBIO:

1,n=0;

U =10 20

T. €. 3TOT CUTHAJI PaBeH €auHULE IpU 1 = () U HYJIIO MPHU BCEX OCTAIBHBIX 3HA-
yeHusx n (puc. 1.6, a).

3agepkaHHBIN ITUGPOBOM €IMHUYHBIN UMITYJIBC OMMCHIBACTCS TOCIIE0-
BaTEJIbHOCTBIO:

I,n=m;

to (n=m) = O,n#m

T. €. 3TOT CUTHaJ, B OTJIMYKME OT HE3aJIEPKAHHOTO, PABEH €UHUILIC NIPU 1 = M U
HYJIIO TIPU BCEX OCTaJIbHBIX 3HaueHusX n (puc. 1.4, 0).
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u,(n) u,(n-m)

n

-10123
Puc. 1.6. [ludposoit equHNYHBIN (@) 1 3a1ep>KaHHBIA IUPPOBON SAUHUIHBIN (O) UMITYIIHCHI

[udpoBoit eAMHUYHBIN CKaYOK, OMUCHIBAEMBbII TIOCJIEI0BATEIBHOCTHIO:

) ,n=>0;
ul n)=
0,n<0,
T. €. 3TOT CUTHAJl PaBEH €JAUHUIIE NPU BCEX HEOTPULIATEIbHBIX 3HAYEHUSIX N
(puc. 1.7, a).
3agepkaHHbIN UPPOBON SAMHUYHBIA CKadok (puc. 1.7, 6) omuchIiBaeTcs
MOCJIEA0BATENBHOCTBIO:
1,n=>m;
u(n—m)=
0,n<m,
T. €. 3TOT CUTHAJ, B OTJIMYUE OT HE3aJEPKAHHOIO, PABEH €IWHUIIEC IIPU BCEX
3HAYCHUSAX 1 = M U HYJIIO IIPY OCTAJIBHBIX 3HAYCHUSX 7.

u(n) a uy(n-m) m-2 6
e “H ..........
-10123 -10123

Puc. 1.7. Ludposoit equanuHbIi (@) 1 3aaepKaHHbIN U(YPOBOI eTUHUYHBIHN (6) CKAUKH

I[I/ICerTHaH OKCIIOHCHTA, OIInuchiBacMasd 1oCjaca0BaTCIbHOCTBIO!:

a",n>0;

0,n<0,

s(n) =

rac d — BCIICCTBCHHAsA KOHCTAHTA.
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B 3aBuCHMOCTH OT BETMUYMHBI ¥ 3HaKa a IUCKPETHAs SKCIIOHEHTAa OyIeT:
|a|<1 u a>0 - yobIBaromieii 3HakomnocrossHHoi (puc. 1.8, a);

|a|<1 u a <0 — yOriBaromieit 3HakonepemeHHou (puc. 1.8, 6);

|a|>1 — Bo3pacraromieit;

® |a|=1wu a>0— uudpoBbIM CIUHUIHBIM CKAYKOM;

® |a|=1 u a <0 — 3HaKOIEPEMEHHOM MOCIIEOBATENBHOCTHIO CIHHHII.

JIMCKpETHBIN TapMOHUYECKHI CHTHAJ, HAIPUMEp, JUCKPETHAas KOCHHY-
comyia, OTMCHIBAEMast TIOCIIEI0BATEIBHOCTBIO:

s(nT)=s(n)=Acos(2nfnT) = Acos(®wnT),
rae T — nepuoj IUCKpPETU3aluu;
A — aMIUIATY 13;

® — KpyroBasi 4acTOTa, CBsI3aHHAsl C 4acTOTOW f KO3 UIMEHTOM Mpo-
MOPUUOHAIBHOCTHU 27 (= 27f ).

s(n)

B —

Puc. 1.8. 3nakonocrosiHHas (a) ¥ 3HaKONIEpEMEHHas (6) TUCKPETHBIE SKCTIOHEHTHI

JluckpeTHass KOCMHYCOU/a MOJTY4YaeTcsi U3 aHAJIOTOBOM B pe3ysbTaTe 3a-
MEHBI HEMPEPHIBHOTO BPEMEHU AUCKPETHBIM (puc. 1.9):

s(t) = Acos(2mft) = Acos(mt),
s(nT)=s(n)=Acos(®t)|,_,;= Acos(0Tn).

I[I/ICerTHaﬂ CUHyCOHnAa OIMMCBbIBACTCS aHAJIOTHUYHO.

s(nT)

!

\ J)/h I'\( ﬂ

Puc. 1.9. JluckpeTHast KOCUHyCcOH1a

(=}
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JINCKpETHBI KOMIUJIEKCHBI TapMOHWYECKHM CHUTHAJ, ONWCBHIBAEMBIN
KOMIUIEKCHOU IOCJIEI0BATEIHLHOCTRIO:

VT
s(n)=Ae’"",
WM JIBYMsl BEIECTBEHHBIMU IMOCIIEN0BATENLHOCTAMM: KOCUHYCOMIOM (BEIIECT-

BEHHAsI 4aCTh) U CUHYCOUJ0M (MHMMAsI 4acTh):
s(nT) = Acos(wTn)+ jAsin(®wTn).

1.2.2. OcHoBHasi moyioca yactor. HopmupoBaHmne 4acToThl

CornacHo Teopeme KoTenpHUKOBa, BEpXHSS YacToTa f, aHAJIOTOBOTO
CUTHajla HE JIOJKHA MPEBBIIATh [IOJOBUHBI YaCTOThl JUCKPETU3AUUH f;; ITOTO
curHana. CrenoBaTeiabHO, UCKPETHBIE CUTHANBI IE€JIECO00pa3HO paccMaTpu-

BaTh B 00JIaCTH O,Tﬂ , KOTOpast Ha3bIBACTCA OCHOBHOM IOJIOCOM YacCTOT WU

OCHOBHBIM JAMaIa3oHoM JacTtort [11].
DTO MO3BOJISIET BBECTH MOHATHE HOPMUPOBAHHBIX YaCTOT:

1) f — oTHOUIEHHE TEKyIIEeH 4acTOThI f K YaCTOTE JUCKPETU3aLuH f:

s
ffg IT;

2) ® — OTHOILIEHHE TEKYIIEN YaCTOTHI ® K YaCTOTE JUCKpETU3aLUH f .

3) HOpPMHPOBaHHUE YaCTOTHI f M (O CBSI3aHBI OTHOIICHHEM:

e 02

fn Ix
B 3dBUCUMOCTHU OT BBI6paHHOI>'I mMIKaJIbl 4aCTOT OCHOBHAMA I10JIOCA COOTBCT-
CTByeT O6HaCTﬂM:

T
0,—=|;
f—- 5
f‘—)[O;O.S];
0— O;(D—ﬂ =[O;£}
2 T
o—[0;7].
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Hcrons3yroTcest abCOMFOTHAS YacTOTa f M HOPMHUPOBaHHAs yacToTa (.
JInst KoCUHYCOUJbl B 00J1aCTM HOPMUPOBAHHBIX YACTOT BBIPAXKEHHE
UMEET BUJI:

s(n) = Acos(27fn) = Acos(dn).

BBeneHre HOpMUPOBAHHOM YacTOTHI yKa3bIBaeT Ha TO, yTO B LIOC BaxHBI
He a0COJIIOTHBIE 3HAYEHUS YaCTOT CUTHANA U JTUCKPETU3ALINH, a UX OTHOIICHHE.
ITpumep AByX quCKpeTHbIX Kocunycoun [11]:

s51(n) =cos(2nf,T;n) = cos 2nin npu f1=4Tn, fn=1611;
a1

s, (n) = cos(2nf,T,n) = cos 2nLn pu f, = 10 k[, £ = 40 k1.
72
[loscTaBuB 3HA4YEHUs f| ¥ f, TOJTyYUM B 00JaCTH HOPMUPOBAHHBIX YacC-
TOT OIMHAKOBBIE JUCKPETHBIE CUTHAIBI:

s1(n) = cos(Zn% n) =Ccos (gnj,

10000 T
- YUYy = Zal
s,(n) =cos(2m n) cos( n)

1.3. Bonipocsl 1 3a1aHus1 AJ1s1 CAMONIPOBEPKH

1. HazoBute 1 o0ocHyiiTe OCHOBHBIEC TIpenmyiecTBa u Hepoctatku [{OC
110 CPAaBHEHHIO C CUCTEMaMH aHAJIOTOBOM 00pabOTKM CUTHAJIOB.

2. Uto Takoe CHTHAl M YTO MOHUMAKT 1OoJ IUu(poBoil 0O0pabOTKOMH
CUTHAJIOB?

3. IIpencraBbTe cTpykTypHyr cxemy L[OC u mosicHuTe NpUHIUN €€
paboTHI.

4. Chopmymupyiite Teopemy KoTenbHUKOBA M €€ Ha3HAYCHHE.

5. Kakue curnaibl Ha3pIBalOT OJJTHOMEPHBIMHU, TBYXMEPHBIMU U TPEXMEP-
HbiMu? [IpuBeauTe IpUMEPHI.

6. Jlaiite ompeneneHre AUCKPETHOMY, HENPEPHIBHOMY U JUCKPETHO-
HEMPEPHIBHOMY CUTHATY, IPUBEAUTE TPUMEPHI.

7. Ha3zoBuTe TUNOBBIE NUCKPETHBIE CUTHAJBI U OMHUIIUTE UX MaTEeMa-
THUYECKHU.

8. Mnsa xakux ueneit B HOC ncnosnb3yeTcss HOpMUPOBAHUE YACTOTHI?

9. B xakux 00macTsax ucnoib3yercs nudposas 00paboTka CUTHAIOB?
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MoayJb 2. AMCKPETHBIE MPEOBPA3OBAHUA
N ANITOPUTMbI LLOC

Lenps Moayns — M3ydeHUE CTYyAEHTaMU JUCKPETHBIX NpeoOpa3oBaHUi
IPUMEHSAEMBIX MPHU pa3pabOTKe aJropuTMOB HU(PPOBO 00paOOTKH CUTHAJIOB.

B pe3ynbTaTe u3ydeHust MOYJIsl CTYAEHTBI 00I)CHbI 3HAMD:

® nuckpeTHble mpeoOpasoBanus: Pypre, Anamapa, Xaapa, BeHBIET-
peoOpa3oBaHuUE;

® OBICTPBIE AITOPUTMbI JUCKPETHBIX TPEOOPA30BaAHNUI;

¢ ximoueBslie onepaunu L{OC.
CTyIeHTBI 00./10/CHblL YMemb:

® pa3pabaTeiBaTh 3()PEKTUBHBIE AITOPUTMBI HUPPOBOKA 0OpaOOTKU CHTI-
HaJIOB Ha OCHOBE JMCKPETHBIX IPEOOpa30BaHU;

® OLCHUBATh BBIUMCIUTEIBHYIO U IPOCTPAHCTBEHHYIO CIIOXKHOCTh aJro-
pUTMOB LIU(PPOBOK 0OPaOOTKU CUTHAJIOB;

® a TaKKe UMETb MPEACTABICHUE O BUJaX BEUBIIETOB U BOZMOXHOCTH UX
IIPUMEHEHUS I pelieHus] KOHKpeTHBIX 3aaa4d [{OC.

2.1. TuckperHoe npeodpaszoBanne Oypbe U ero cBOiiCTBA

2.1.1. OcHoBbI peodpazoBanus Pypobe

BeipaxkeHue peryssipHOro CHrHajia ONpeleNIeHHON (DyHKIMEH BpEeMEHHM Ha-
3bIBAIOT BPEMEHHBIM MPE/ICTABICHUEM CUIHAJA. B 4acTHOCTH, IPU HEKOTOPBIX OI-
paHUYEHUSX, PYHKLMS BPEMEHH, 3aJaHHAsl HA HEKOTOPOM OTPE3KE BPEMEHU, MOXKET
OBITh MPEJCTABICHA B BUJE TPUTOHOMETPUUYECKOIO PsAa, KaXIblil YiIeH KOTOPOro
SBJISIETCS. IPOCTEHMILIEN TAPMOHUYECKON (DYHKIMEN BpeMEHH (KOCHHYC, CUHYC). DTH
(YHKUMHM Ha3bIBAIOTCS TAPMOHMKAMU M KaKIOM M3 HUX MPUHAIJIEKAT ONpEIEIICH-
HbIE aMIUIATY/IA, YaCTOTa U (ha3.

MHO0XXECTBO aMIUIATY, 4acTOT U (pa3 Ha3bIBAIOT CIEKTPOM paccMaTpHu-
BaeMoro curuanga. @yHKIuUsl BpeMEHH HaXOJAUTCS B OJJHO3HAYHOM COOTBETCTBHUHM
C MPUHAJUIeKAIUM €l criekTpoM. Ha 3ToM OCHOBaHMM BpEMEHHOE MpeJICTaBIIe-
HUE CHTHaJIa MOXKET ObITh 3aMEHEHO TaK Ha3bIBAEMBIM YAaCTOTHBIM MpEJICTaBIIe-
HueM. O0a npeacTaBiIeHus aJIeKBaTHBI.

[IpencraBiieHne MEPUOAUYECKOTO CUTHAJA CYMMOW TapMOHHYECKUX CO-
CTaBJIIOLIMX OCYIIECTBISETCS C IOMOIIBIO €ro pasyiokeHus B psag Pypse. Ecnu
dbyukius (curnan) f(f) 3a1ana Ha UHTEpBaJIe BpeMeHU 1) < t < t, ¥ TTIOBTOPSETCS C
nepuopoM T, =21/®, T0 TpUroHomMeTpu4eckas (popma psina Dypbe st Hee

MO>KET OBITh 3aIlMCaHa CIEAYIOLUM 00pa3oM:

f()= % + Z(an cosn®T +b, sinnwT).

n=1
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AMHJII/ITy,IIbI KOCHMHYCOUOAJIIBHBIX U CUHYCOHUAAJIBbHBIX YJICHOB OIIPCICIIA-
IOTCs BBIPpAKCHUAMMU:

T
2 V4
a, == [ f(t)cos(nord;
T
p 0
2
b == j £ (t)sin(nwt)dt .
T, )
TP
a, A, . .
Cnaraemoe ?:7:— J f(t)dt sBRIAETCA MOCTOSIHHOW COCTaBIISAIOLICH
p 0

CUTHaJIa, KOTOPasi paBHA CpeAHEMY 3HAUEHUIO (DYHKLMH f(f) 3a IEpUOA.

YacToTel n@ HaA3BIBAIOT 71-MU FAPMOHUKAMM 4acTOThl @. Clle10BaTEIbHO,
OECKOHEUHBIN PsAJI COJAEPKUT 3aBUCALIME OT YaCTOThl CUHYCOUIAIbHBIE U KOCH-
HYCOWJIAJIbHBIE WICHBI C PA3JIMYHBIMU aMIUIMTYJaMU Ha IOJIOKUTEIbHBIX 4ac-
TOTaX FapMOHHK.

Ammuntyna D, v gasa Y, n-oil TaApMOHUKU CBS3aHBI C BEIWYUHAMHU d, U

b, COOTHOILIEHUSAMU:

D, =\a +b>, vy, =arctg(b,/a,).

Becbma ynoOHOH sBisieTcss KoMIUlekcHas gopma 3amucu psiga Dypse,
K KOTOPOU JIErKO NEPEUTH, €CIIU BBIPA3UTh TPUTOHOMETPUUECKUE (PYHKLIHUU Ye-
pe3 MoKa3aTesbHbIE, BOCIOJIb30BAaBLIIMCh U3BECTHBIMU (pOpMyJsiamMu Dilepa:

1. »
COSnmt = E(e”“’” +e ")

inot — jnot
A

: 1
sinnwt =— (e
2j

B pesynbrare nosyuum:
_a 1< jnor £ _inot
) —7+EZ(Ane +Ae ",
n=1

rac An u A; — KOMIUICKCHBIC aMIIIMTYbI, CBA3aHHBIC C a, U bn COOTHOIIC-

HUSMU
—jyn _ o
Ae =a,— jb,

Ae =a +jb,.
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Takum 06p330M, KOMIIJICKCHBIC aMIIIIMTYAbI An 141 An ABJIAIOTCSA KOM-

IIJIEKCHO-COIPSKEHHBIMY BEJIMYMHAMHU. /[€eHCTBUTENBHO KAXKI0E ClaraeMoe psi-
Jla MOXKHO IIPEICTaBUTh KaK BEKTOP Ha KOMIUIEKCHOMW IUIOCKOCTH (puc. 2.1),
BpaLIAlOUIUICSA ¢ 4aCTOTOM n® (T. €. B IOJOKUTEIBHOM HAIPABJICHUHM OTCYETA
YTJIOB — IIPOTUB HANIPABJICHU IBUKEHUS 4acOBOU cTpesiku). Kaxoe cnaraemoe
BTOPOI'O psiJia — BEKTOP, BPAIIAIOLINIICS B 00OpaTHOM HalpaBJICHUH.

naw A

\'/

_ hw

Puc. 2.1. BekTopHas quarpaMMa KOMIUIEKCHO-COMPSIXKEHHBIX BEJIMYMH

*
Tak kak An 141 An — KOMINICKCHO-COIIPS’KCHHBIC BCJIIMYWMHBI, TO CyMMa

BEKTOPOB B JII0001 MOMEHT BPEMEHH JIa€T BEKTOp, HAIIPABJICHHBIN 1O BEIECT-
BEHHOW OCH, T. €. n-10 TapMOHUYECKYIO COCTAaBJISIONIYIO BEUIECTBEHHON (PYHK-
uuu BpeMeHu f(t). OTpunarenbHas yacToTa (—n() TOJBKO YKa3bIBA€T HAIpaB-
JICHHE BPAILICHUSI BEKTOPA.
Taxkum oOpa3oM, KOMILIEKCHAsE aMIUIUTy1a D, MOKET ObITh ONpeAcIcHA
COTJIACHO BBIPAXKEHUIO
1 f — jnot
DnzT—jf(t)e dr .
po

CrnenoBartesibHO, B 9KCITOHEHIIMAIBHOU opme psix Dypre numeeT BU/I:
f(®=> D,
n=1

IIpn Takou 3amucu psiga DPypbe NEPUOIMYECKHN CUTHAT 3aMEHSETCA
CyMMOM MPOCTBIX TAPMOHUYECKUX KOJIEOAHUN KaK C MOJOXKHUTEIbHBIMU YaCTO-
tamu (n > 0), Tak u ¢ orpunarenbHbiMi (n < 0). KoHeuHO, oTpHIIaTENbHBIE Yac-
TOTBI HE UMEIOT 3/1€Ch (PU3MUECKOTO CMBICIIA, a ABJISIOTCS (POPMaTBHBIM CJIEICT-
BHEM MPOU3BEJIEHHOIO0 MaTEMAaTUYECKOT0 MPeoOpa30BaHMUs.
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2.1.2. /lucKkpeTHbIe IKCIOHEHIMAJIbHbIC (PYHKIIUH
JIucKkpeTHbI curHan s(n), 3aJlaHHbIil Ha UHTEpBaJie [0,00) MOXXHO 3aIu-

caTh B Buze [8]:

o0

s(n)= 2. c(k)ng(n),

k=0

N-1

e c(k)=E;" Y s(nm(n).
n=0

3nech {n(n)} — cOBOKYMHOCTh Oa3MCHBIX (DYHKUIHH, ONMpEAENCHHBIX Ha
TOM xe uHTepBane; {c(k)} — koahPuIKeHTH pa3nokeHus CUrHaiza mo 0asucy
{n(n)}, Ha3pIBaeMbIE CIIEKTPOM CUTHAJIA; E; — sHeprus k-ii 6a3ucHON QyHKIIUH.

W3 BBIpaXkeHM cleayeT, YTO CUTHAI MOKHO 3aJaTh JIMOO €ro oTcueTaMu
B JIUCKPETHBIX TOUYKAX, JIMOO HAOOPOM CHEKTPaIbHBIX KOI(PPUIIUEHTOB, TPUUYEM
CHEKTpaJIbHOE TMPEACTABICHUE HEOJHO3HAYHO U 3aBUCHUT OT BBIOpAaHHOI cucTe-
MbI 0a3ucHbIX (yHKIMH. Be160p cucremsl {7,(n)} onpenensercs cooOpakeHUs-
MU MIPAKTUYECKOTO WM MaTeMaTH4YEeCKOro yJ100CTBa.

MatemaTtnueckue npeoOpa3oBaHusl MPUMEHSAIOTCS K CUTHANIY Ui TOTO,
YTOOBI MOJYYUTh O HEM KAKYIO-TO JOTOJHUTEIbHYIO MH(GOPMAIIUIO, HEJOCTYII-
HyI0 B ucxogHoMm Buje. Cpenu psga M3BECTHBIX MpeoOpa3oBaHUIl CHUTHAIIOB
HanOoJIee YacTo UCIOJIb3YETCs Ha MpaKTHKe peodpa3zoBanue Dypee.

HuckpeTHoe npeobpazoBanue Dypbe onepupyeT TUCKPETHOU MO Bpe-
MEHH BBIOOPKON TEPUOAMYECKOTO CHUTHAlla BO BPEMEHHON oOiacTu
{s(m)} ={s(0),s(D),...,s(N —=1)}. st Toro, 4robbl OBITH MPEACTABICHHBIM B

BHUJI€ CYMMBbI CUHYCOWJI, CUTHAJI IOJDKEH OBITh mepuoanyeckuM. Ho B kaue-
cTBe HaOOpa BXOAHBIX JaHHBIX Ay JIID mocTymHO TOJBKO KOHEYHOE YHUCIIO
otcueToB (N).

B nuckpetnom npeoOpazoBanuu Oypbe UCIOJIB3YETCS CUCTEMA TUCKPET-
HBIX DKCIIOHEHITMAIBHbIX QyHKIUH (J[OD), koTopas onpeaesieTcs: CleTyomuM
BBIPAKECHUEM:

27 27 27
def (k,n)=exp(—j—kn)=cos| —kn |— jsin| —kn |,
=25 o i s )

rne  j=+-1;
k m n — npuHUMaroT 1enourciaennusie 3Hauenus (0,1,2,...,N —1).

[TepeMeHHyI0 k OTOXIECTBISIOT ¢ HOMEPOM (YHKIIMH, a MEPEMEHHYIO
n — C HOMEPOM OTCUETa.
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2T :
Ecin 0603na4nts W =exp(—j——), 1o def (k,n) =W = WI(C, "
N
Bctro cucremy JID® moxkHO 3amucath B BUJE MaTpUllbl V , CTPOKK KOTO-
poil HyMepyloTCsl epeMeHHO k , CTOJIOLBI MEPEMEHHON 7, a B MEPECCUCHUN

. k
k -i1 cTpoku U n-ro cronbua 3amucana Benuuuna W' . Takoe mpeicTaBieHHE
Ha3bIBACTCS] MATPUYHBIM NpezcTaBieHueM 2.

01 . n . N -1

woe wo w® w® w® w® w® wO]
w' wto w2 owdowt ow owb w

OcHoBHbIe cBoMcTBa DD [8]:
1. Opmoconanvrocms:

]VZ_lwkl’lW—ln —

n=0

N,ecau(k —1)=0mod N;
0,ecnu(k —1)#0mod N.
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CBOMCTBO OPTOTOHAJIbHOCTHU IMOKA3bIBACT, YTO CKAJLAPHOC IMPOU3BCACHUC
JTFOOBIX ABYX CTPOK MaTpHUllbl 1% , OIHA U3 KOTOPHBIX B34ATa C KOMIIJICKCHO COIIPA-
JKCHHBIMU JJICMCHTAMHU, paBHO HYJIIO, CCJIN CTPOKHU pa3JINYHbI, 1 PABHO N , CCJIN
OHH COBIIaarOT. ManI/I‘{Haﬂ 3aMMCh ATOrO CBOMCTBA UMEET CHCI[YIOHII/Iﬁ BU:

vvhy =NI,

rae  3HaK * — 03HAYaeT B3ATHE KOMIIJIEKCHOTO CONpSKEHHs Ul BCEX DIIEMEH-
TOB MaTpuibl (I — eAMHUYHAS MATPULIA).

2. Ilepuoouunocms. Ecim kn=NIl+r, o W =W"W’" =W", uro no-
3BOJISIET 3aMMCATh JJIEMEHTBI MATPUIILl V ¢ MUHUMAIBLHBEIMU cTeneHsmu ((asa-
mu). Hanpumep, miist N = 8:

WO wo wo w® w® w® w° wO]
we whow?r ow?owt oweowe w
we w2 w* we w® w* wt we
Vo we wPowe owhowt owow?ow?
we wt w® owt wb owt w® w?
we w> owr owl owt wh owe w?
we we wt wr w' wé wt w?
we wh owe owowt owrow?ow!
3. Cummempuynocms:
v=vT.

CBOWCTBO CUMMETPUYHOCTH TO3BOJISIET JIETKO HAWTH OOpPAaTHYIO MAaTpPUILy
JUIst MaTpuLbl V . MaTpuyHOE BBIpaXEHUE AJI1 OPTONOHAJIBHOCTH 3aIIAILETCS:

VV*=NI.
YMHOXUB 00€ 4aCTH 3TOT0 PABEHCTBA CIIpaBa Ha V_l, IMOJTYYHM:
v l=N"V*.

4. MynemunaukamusHocmy:
— 110 HOMEPY (QPYHKIIMU:

def (k;,n)def (k,,n) =def (k; + k,,n);
— 110 HOMEPY OTCYETA!

def (k,n))def (k,n,) =def (k,n, +n,).
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CBOICTBO O3HAYAET, YTO MIPU YMHOKEHUH JIFOOBIX JIBYX CTPOK (CTOIOLIOB)
MaTpulbl V' 1OJy4yaeTcsi COOTBETCTBEHHO CTPOKA (CTOJIOEI) TOM K€ MaTpHIIbl,
IpUYeM HOMEp CTPOKH (CTOJIONA) paBEH CyMME HOMEPOB COMHOKUTENEH.

Im

v{ef(k,n)

n=1

2nk/IN n=0

Re

=N-1
/ n

def (k,n)

Puc. 2.2. IIpencraBnenune 12 B Buse BeKTOpa

[10100HO OOBIYHBIM KOMIUIEKCHBIM 3KCIIOHEHIUAIBHBIM (YyHKIUAM, DD
MOKHO HM300pa3UTh Ha IJIOCKOCTU B BHJIE BPALIAIOIIETOCs BEKTOpa €AMHHYHOM
JUTMHBI, POEKIIMN KOTOPOT0 Ha OCH aOCLKMCC ¥ OPAMHAT JAAI0T JIEHCTBUTEIIbHYIO U
MHUMYIO YacTu GyHKIMH (puc. 2.2). Paznuna Oyaer 3akio4aTbCsi B TOM, UTO €cC-
7M1y OOBIYHBIX (DYHKLIMI 3TOT BEKTOP BpallaeTcsl HEMPEPBIBHO, TO B cirydae 0P
OH BpaILlaeTCsl CKauKooOpa3HO, MPOXOJAs IPH MU3MEHEHUU 1 Ha €AUHMILY YIoJ
2nk/N pan. B oOmieli ciio)KHOCTH Ha UHTepBaje N BEKTOp MPOXOJIUT yroy 2wk
paz, T. €. COBEpIIAET POBHO kK 000pOTOB. J[BHKEHHE KOMIIEKCHO-COIPSHKEHHOTO
BekTopa def (k,n)=def (N —k,n) npu U3MEHEHUU n HA €IUHUILY MOXKHO MpE.I-
CTaBUTh KaK MOBOPOT Ha OJMH OOOPOT M BO3BpaT oOpaTHO Ha yroia 2mk/N pafn,
TaK, YTO CO3JAETCA WLIIO3US BpallleHUs B MPOTUBOIOJIOKHYIO CTOPOHY (CTpOOO-
ckonuueckuit 3 dext). TakoMmy NMpeCTaBICHUI0 COOTBETCTBYET 3aMKUCh CUCTEMBI
JID® B BHzie MaTpULbl C MOJIHBIMU (pa3aMu, a MaTpULla C MUHUMAaJIbHBIMU (pa3a-
MU HE JIaeT NPEeCTaBICHNUs 00 HICTUHHOM CKOPOCTHU BpalleHus BekTopa. [loatomy
BenmanHy W HasBIBAIOT 1060paUUBAIOUUM MHONHCUMETEM.

[To ¢popmyne Diliepa MOKHO BBIPa3UTh 3HAYCHUSI BEUIECTBEHHON U MHHU-
MOM YacTell MOBOPAYMBAOIINX MHOXHUTENEH 4epe3 KOCUHYC U CHHYC yrja Io-
BOpOTa 6 COOTBETCTBEHHO:

e/ = cos(0) — jsin(0).
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N
Bonee Toro, npu 3HaueHusx k > ? 3HAYEHHS MOBOPAYMBAIOIINX MHOXKH-

TeJe MOXKHO HAMTH U3 COOOpaKEHUSI CHMMETPHUU:

Brruncnenne nmoBopaumMBarOMIErOCs MHOXKHUTENA JJIs 8-MU TOYEYHOM IO-
CJIEIOBATEILHOCTH TOKa3aHO Ha puc. 2.3, a 3HAUYCHUS MOBOPAYMBAIOIIETOCA
MHOYHUTEJIS MPUBEACHBI B Ta0J. 2.1.

N=38 ImWw

A
S

Puc. 2.3. HpeI[CTaBJ'IeHI/Ie IMOBOPAYUBAOLICTOCA MHOXKUTCIIA
JJIsL BOCBMHUTOYCUHOH IMOCIEIOBATEILHOCTH

Tabmumna 2.1

3HayeHusn MOBOPAYHUBAKOIIETr0CA MHOKHUTECJIA
JIJIS1 BOCbMHUTOYEYHOM MOC/1e10BaTeIbHOCTH

3HaueHus k [ToBopaunBaronUii MHOKHUTEIb
0 1
1 cos[’i—j—151n(4—j
2 J
3 —cos(’i—)—jsin(i—j
4 -1
5 —cos(’i—j+j51n(72—]
6 J
7 cos(i—)+j51n[2—]




2.1.3. luckpetrHoe npeodpazoBanue @ypbe u ero cBOicTBa
[Tapa nmuckperHoro mpeoOpa3zoBanusi @Dypbe MOCIEAOBATEIHLHOCTH

{s(n)} ={5(0),s(),...,s(N —1)} onpenensercs cnenyommumu paBeHcTBamu [8]:

N-1

= smW* k=012,.,N-1; 2.1)
n=0
Nt k
s()=N"'Y fFOWw™, n=0,12,.,N—-1; (2.2)
k=0

rne  {f(k)} — auckperHslii ciekTp.

Boipaxkenue (2.1) Ha3zpIBaeTcs MPSMBIM IIPeoOpa3oBaHUEM, a BhIpAKEHUE
(2.2) — obpatueiM. PaBenctBa (2.1) u (2.2) mpeacTaBistOT cOO0M 3KCIOHCHITH-
anpHyt0 Qopmy 3ammcu JIID. Kak yxe Obuto otmeueno, JII1D ycranaBmuBaer
CBSI3b MEXIY BPEMEHHBIMH M YAaCTOTHBIM IMPEICTABICHUSIMU CUTHAJIA MPU pa3-
JIO’KEHUHU B 0a3uice rapMOHUYECKUX (PYHKITUH.

B maTpuunoit popme JII1D umeer Bu:

F=VS§,
S=N"V'F.
Martpurisl ipsimoro u oOpaTHoro npeoOpa3oBanuii V u V* cooTBeTCTBEH-
k
HO COCTOSAT U3 KOMIUIEKCHO-COIPSIKEHHBIX 2JIEMEHTOB W u W Huak=n=0

CTPOKH OOEHX MAaTpPHI] COBMAJAIOT M COCTOSAT TOJIBKO M3 eAuHHIl. IlosTomy
1
s(0) =N f0). dns k #0 MoxkHO 3anucaTh CIEAYIOIIEE PABEHCTBO:

W(N—k)n — WNnW—kn — W—kl’l .

W3 Hero cnenyer, 4To CTPOKH MaTpHIlbl V* cOBNAAAIOT CO CTPOKAMU Mat-
puisl V, HO 3anricanbl B 0OpatHOM mopsiike. [losToMy i BeraucieHust oopaTHo-
ro JAI1®d Bmecto V* MOXKHO MCMOIB30BATh MATPHUILy MPSIMOTO MpeoOpa3oBaHUs
V, HO pe3ysbTaT yMHOXKEHUS Ha 3Ty MaTPHUILy CJIEyeT MPOYeCTh B 0OpaTHOM IO-
psAIKE M YMEHBIIUTE B N pas.

OcnoBuble 06mactu npumenenus A11D:

1) urdpoBoil CrieKTpaIbHBIA aHAIH3:

— aHaJIM3aToOphI CIEKTPA;

— 00paboTKa peuu;

— 00paboTka U300pakeHu ;

— pacno3HaBaHHe 00pa3oB;

— IPOEKTUPOBaHUE (PUIBTPOB;

— BBIYUCJIEHUE UMITYJIbCHOW XapaKTEPUCTUKH 110 YACTOTHOM;

— BBIYHCJIEHUE YaCTOTHOM XapaKTEPUCTUKH MO UMITYJIbCHOM;
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2) osicTpoe mpeoOpazoBanue Pypore (BIID) — mpocToil anroputm s
s dextrBHOTO BhIuKcHeHus J(I1D.

Hpumep A nas {s(n)} ={1,0,0,1} .

Marpuna 2P nius BeinosnHeHnus JI1® BXogHOro curHajiga ¢ KOJAYECT-
BOM oTcueToB N = 4 UMeeT BU:

[ToBopaunBaromuiics MEOXuUTens W 11 N = 4 Ha KOMIUIEKCHOM ILIOC-
KOCTH TIPEJCTABJIEH Ha puc. 2.4.

Im W3=j

W' =

dhY

Puc. 2.4. [IpencraBieHue noBOpadrBarOIEroCsi MHOXKHUTENS
U1 BOCBMUTOUYEUHON IIOCIIEJ0BATEIbHOCTU

CnenoBaTeibHO:
11 1 1Ny 27
1 —j -1 0 1+
Fe J J| _ J
1 -1 1 =110 0
i 1 j -1 —=j _1_ _l—j_
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Takum oOpaszom, Bpemennomy psay {1,0,0,1} coorsercrsyer ero JIID
o6pas Buaa {2,1+ j,0,1— j}.
JII®D npuHITO MpeACTaBiIsITh B BUIAE IPa(pHUKOB 3aBUCUMOCTU ‘ f (k)‘ OT HO-

Mepa FTapMOHUKH k WM OT 4acTOThl (. YTOOBI OMPEaeuTh (O, HEOOXOAUMO 3HATh
3HaUYE€HUE MHTEpBaJia JUCKpETHU3alui. Eciau npearnosoxkuTb, YTo Mpe/iCTaBIeHHAS
BBIIIIE TIOCTIEIOBATEILHOCTh ObUla JUCKpeTH30BaHa ¢ yactotod 8k, TO

T=1/8-10°)=125mxc. Torma ®=27/(NT)=271/(4-125-107%)=12,57-10°

pan/c. CnenoBareibHO, 20 = 25,14-103 pazn/c, 3(x)=37,71-103 pan/c.
CsoiictBa I1D[8]:
1. Ilepuoouurnocms. B cuny nepuoguunoctu 12D dynkuuu f (k) u s(n)

TAaKKC IICPUOANYHEI, T. €.:
F(NI£k)= f(£k); s(NI £n)=s(tn).

2. Cea3b ¢ koappuyuenmamu psioa Pypwve. Eciu yactoTa TUCKpPETU3ANN
BbIOpaHa B COOTBETCTBUM C Teopemoil KoTenbHUKOBA, TO NpHU JUCKPETU3ALMNU
nepuoauyeckor ananoroBod ¢ynkmuit s(r) JAIID mnos3Bonsier mo BbIOOpKaM

s(n) naiitu cniektp f(k), koropblii Ha uHTEepBase 0 <k < N —1 paBeH cnekTpy
. N

ucxogHoil pynkuuu s(t) . [Ipu aToM nepssie > —1 | Touek ¢pynkuun f (k) co-

OTBETCTBYIOT CHEKTPAJIbHBIM JIMHUAM Ha MOJIOXKHUTEIBHBIX YaCTOTaX, a MOCIEI-

N
HUE (?_lj Touek f (k) — CHEKTpaJbHBIM JIMHUSM Ha OTPULIATEIBHBIX 4acTO-
N .
Tax. B oOpaTtHOM mpeoOpa3oBaHUM TEpBbIC ?—1 auHuN GyHKUMA s(n) co-

N .
OTBCTCTBYIOT 00J1aCTH TTOJIOKUTEIIBHBIX BPCMCH, a4 ITIOCJICIHHC (? —1 | nuHwM —

00J1acTH OTPULIATEIIBHBIX BPEMEH.
3. Jluneiinocmeo. 1lycTh nanbl Mocien0BaTENbHOCTH Xx(n) W y(n), I KO-

Topbix JIII® paBHbI cootBeTCTBeHHO f, (k) 1 f| (k). PaccMOTpUM B3BELICHHYIO

CYMMY 3THUX TMocieaoBatesnbHocTel z(n)=ax(n)+by(n). Cnekrp mnoclienosa-
TEJIbHOCTU Zz(n) paBEeH aHAJIOTUYHOW B3BEIIEHHOW CYMME CIEKTPOB MOCJIEA0BA-

TenpHOCTEN X(n) uy(n),T.e.:

f.(k)=af (k) +bf (k).
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4. HUneapuanmnocms OMHOCUMENbHO CO8USA NO BPEMEHU U YdACmOme.
[TycTh mocienoBaTeIbHOCTD z(1) 00pa3oBaHa CIBUTOM 110 BPEMEHHU IOCIIeI0Ba-
TenbHOCTH s(n), T.e. z(n)=s(nxth). Torna:

[ =W f (k).

JlaHHOE€ CBOWCTBO MOKAa3bIBaeT, YTO IPH CIABUTE MO BPEMEHHU aMILIU-
TYJIHBIM CHEKTp (BEIMYMHA aMIUIMTYJ OTICJIbHBIX TapMOHHMK) HE MEHSETCS.
V3MeHeHusAM TOABEPraroTcss TOJIBKO (a3bl TAPMOHHYECKHX COCTABIISIOIIUX
(a3oBblii criekTp).

AHaJIOTUYHOE CBOMCTBO CIIPaBEIJIMBO M sl 00paTHOro Mpeodpa3oBaHusl,
a umeHHo: eciim [(k) = f(kx h), To:

Sp(n)=W*"s,(n).

5. Teopema o ceepmre. Ilycts {f,(k)} u {f,(k)} — cnekrpsl nocnenosa-
TensHOCTER {s(n)}u {h(n)} coorBeTcTBeHHO. Teopema O CBEPTKE yTBEPIKIAET,

YTO CIICKTP CBCPTKH PAaBCH IPOU3BCACHUIO CIICKTPOB CBOPAYMBACMBIX ITOCICAO-
B&TCHLHOCTCﬁ, T. C.:

[y (k) = f(k) f (k). (2.3)
ManHI'IHOC HpeI[CTaBJIeHI/Ie CBepTKI/I HUMECT BU.
) WOy R o wv—n]| 2V
y(D) L s(N-1)
M hQ) e o h(O)
(N =2)
- h .
' RN =1) h(©) .. .. .. h(N-2 '
yv-n| L ( ) h(0) ( )| s()

Teopema no3BosseT BEIUUCIUTH CBEPTKY Iipu oMot AIID no popmyne:

{y(m)} =411~ (A1{s(n)} - ATD{h(n)}.

6. Teopema o koppersyuu. CIEKTP KOPPENAUNOHHON YHKIUH MOCIIE-
nosarensHocTed {s(n)}u {h(n)} paBen mpou3BeNEHUIO UX CIIEKTPOB, PUYEM

OJIMH U3 CIICKTPOB 6epeTC$I B KOMIIJICKCHOM COIIPSAKCHUU, T. C.:

[ (k) = fy (O f, () = f,() £, (k).
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ManH‘-IHOC IMPpCACTABICHUC KOPPCIIALINHA:

r(0) | [ 5(0)
r(1) [ hO0) A1) ... KN=-D]| s
_|MN-=D h©) ... h(N-2)

. A1) R(2) ... k() | .
| r(N-1) | s(N-1) |

7. 11D sewgecmsennvix nociedosamenvuocmeti. Onpenensercs corjiacHo
BBIPAKECHUIO:

N-1

21 Nl
fk)y= "> s(n)cos(=—kn)— j>_ s(n)sin(
n=0 N n=0

Ekn) .
N

OTtcroga 0coOOEHHOCTH:
a) CIeKTpaibHble KOADPHUIIUCHTHI KOMIIJIEKCHO COMPSIKEHBI OTHOCHUTEIb-

HO cueta N/2,T. e.:
f(%ﬂj = f*(%—lj, (=0,1,..,N/2,

a koadpdunuent f (N / 2) nis yeTHBIX N BCeraa JCMCTBUTEIICH;

6) eciu TOCIENOBATENLHOCTD {s5(n)} derHas, T. e. {s(n)} ={s(-n)}, 10 ee
JI® { f(k)} — BelecTBeHHAs OCIEAOBATEIBHOCTD. AHATIOTHYHO, eciu {s(n)]
HevertHas, T. e. {s(n)} =—{s(-n)}, To ee ATID f (k) ecTb uncTO MHUMAS TTOCIIE-

JIOBATEIIbHOCTb.
8. Pasencmeo llapcesans:

N-1 ) _]N—l 2
Y st m=N" Y |f k)|
n=0 k=0

IIaHHOG COOTHOUICHUC ITOKA3bIBACT, YTO SHCPIruA CUIrHaJIa paBHa CyMMap-
HOU 9HCPIUU CIICKTPAJIBbHBIX KOMIIOHCHT, T. €. SHCPIUs CUTHAJIA OoJIbIIIEe HUKYyIa
HC pacxoaycCTCA.

2.2. Knrouensblie onepanuu IHHOC: cBepTka u koppeasiuust
2.2.1. UmnyJjibCcHAs U epexXoaHAsl XapaKTePUCTHKH
JluckpeTHasi cucteMa npeoOpaszyeT BXOAHOW AUCKpeTHBIN curHan s(nl)B

BBIXOJHOW JTUCKPETHBIN curHan y(nT'):

y(nT)=F[s(nT)],
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rie F — omeparop, onpenensomuii MaTeMaTHIecKoe mpeoOpa3oBaHue (Ju-
HEWHOE WM HeTMHENHoe alredpanyeckoe, 1uddepeHuaibHoe U T. 1.).
JluckpeTHasi cucteMa Ha3bIBae€TCs CTAIMOHAPHOM, €CIIM €€ Peaklusl HHBa-
pUAHTHA MO OTHOUIEHUIO K Hayally OTCYeTa BPEMEHH (CBONCTBO MHBapUAHTHO-
CTH BO BpeMeHM), T. €. Juid peakuuu y(nT) u y,(nT) = y[(n—m)T] npu nobdom

LEJIOM M CIPABEIIIMBO paBEeHCTBO [11]:
y(nT)=y[(n+m)T].

[TapameTpsl cTaMOHAPHON CUCTEMbI HEM3MEHHBI BO BPEMEHH.
B cranmonapHoy cucreMe 3anepxka Bozaenictsus nna Bpemss m1 (m > 0) mpu-

BOJIUT K 3aJICP’KKE PEAKIIMU Ha TO KE BPEMSI:
slin=m)T= y[(n—m)T].

B nuckperHoil cucTeMe HadanbHBIC YCIOBUS MOTYT OBITh HYJIEBBIMU WA
HEHYJIEBBIMH.

JIns HyJIeBbIX Ha4YalbHBIX YCIIOBUM SIBISIETCA OTCYTCTBHE PEAKLUU
y(nT)=0 npu orcyrctBun Bo3aeuctBus s(nT)=0. JIjnsi HEHYJIEBBIX Hadallb-
HBIX YCIIOBUU SIBIISICTCS HAJIMYME 3HAUYCHWUU peakiuu (CBOOOMHBIX KOJICOAHUHA)
IIPU OTCYTCTBUU BO3AECHCTBHUS.

Bo BpemenHO#l 00jlacTU OCHOBHOM XapaKTEPUCTUKON JIMHEHHON aucC-
KPETHOU CHCTEMBI SIBIISICTCSI UMITYJIbCHAsA XapakTepucTuka (MX).

NmnynbcHOM XapakTepucTukon h(nT) TUCKPETHOW CUCTEMBI Ha3bIBACTCA
ee peakuys HUPPOBON €IVMHUYHBIA UMITYJIbC u,(nT) NpU HyJIEBBIX HAYaIbHBIX
ycnoBusix [11].

NMIynbCHYIO XapakTepucTuky h(nT)CUUTarOT OCHOBHOM XapaKTEPHUCTH-
KOM CHCTEMBbI, TOTOMY 4YTO, 3Hasl €€, MOXKHO OMNPECIUTh PEaKIHI0 Ha JI000e
(TpOU3BOJILHOE) BO3JEHCTBUE.

ITepexonHoi XapakTepuCTUKON g(nT) TMHEHHONW IUCKPETHOW CHUCTEMBI
Ha3bIBACTCS €€ Peaklys Ha HU(POBOI €IMHUYHBIN cKadoK u,(nT') MpHU HYJIEBBIX

Ha4yaJbHBIX YCIOBUSX.
Ilepexonnas XapakTEepUCTUKA JIMHEWHON TUCKPETHOM CHCTEMBI CBSI3aHAa C
€€ UMNYJIbCHOM XapaKTepUCTUKOU cooTHOIIeHUeM [11]:

g(nT)= Zn: h(mT).
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Hanpumep, ecim uMIlysnbCcHasi XapakTEpUCTUKAa UMEET BUJ yObIBaroIIEH
JUCKPETHOMN DKCIIOHEHTBI:

h(n)y=a",|al<1,

TO TIEPEXOJIHAS XapaKTEPUCTUKA OMpPEACISIETCS KaKk CyMMa KOHEYHOUW YOBbIBaro-
el TEOMETPUYECKON TPOTPECCUM M UMEET CICAYIOIIUN BUI:

l—a

n
1—a

g(nT)= i h(mT) = i a” =

m=0 m=0

3Has NMEPEeXOIHYI0 XapakTepuctuky g(nl'), Takke MOXKHO ONPEACIUTH

pPEAKLMIO Ha TPOU3BOJILHOE B3aUMO/ICHCTBHE.

Bo BpeMmeHHO# 001aCTH COOTHOIIICHUE BXOJI/BBIXOJI JIMHEHHON TUCKPET-
HOW CHCTEMBI OMKUCHIBACTCS JUHEMHBIMHA YPABHECHUSIMU:

— (bopMynoil cBepTKH (CBEPTKOI), €CIIM MCIOJIb3YETCS MMITYJIbCHAs Xa-
PaKTEpUCTHUKA;

— Pa3HOCTHBIMU YPaBHECHUSIMH, €CIIH UCIIOJb3YIOTCS MapaMeTpPbl JUCKPET-
HOM CHUCTEMBI.

2.2.2. J/Iuneiinasi cBepTKAa

CBepTka — 3TO MaTeMaTH4YECKUH cocoO0 KOMOWHHUPOBAHUS JBYX CHUIHA-
J0B 115 (popMUpOoBaHMs TpeTbero curtana [11]. DTo oauH U3 caMbIX Ba)KHBIX
meronoB [IOC. CepTka CBs3bIBa€T TPU CUTHAJIA: BXOJHOW CUTHAJ, BBIXOJHOU
CUTHAJI U UMITYJIbCHYIO XapaKT€PUCTUKY CUCTEMBI.

@opMyJION CBEPTKH (CBEPTKOW) HA3BIBAIOT JINHEMHOE YPABHEHUE BUIA:

y(nT)= i h{(n—m)T |s(mT), 2.4)

m=0

rae  h[(n—m)T] — uMnyJbCHAs XapaKTEPUCTUKA, 3a/iep>KaHHAsl HA M TIEPUO-

JIOB TUCKPETU3ALINH.
Takum oGpazoM, peakiiust cuctembl y(nT) BBIYUCISAETCS KaK JUCKpPETHAs

cBepTKa Bo3aeicTBus s(nT)U UMIyILCHOM XapakTepuctuku h(nT).

BrmonnuB B (2.4) 3aMeHy IEpEMEHHBIX, MOKHO 3alMCaTh IPYyrol Bapu-
aHT 3anKucH (pOPMyIIbl CBEPTKHU:

y(nT) = i h(mT)s[(n—m)T]. (2.5)

m=0
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Jlist HopMupoBaHHOro BpeMeHu (opmydsl (2.4) u (2.5) npuHUMArOT BUJ

COOTBCTCTBCHHO:

y(m) =Y h(n—m)s(m).

y(n) = Y hm)s(n—m).

[Ipu crangapTHOM 0003HAYEHUU ONEpalMU CBEPTKU, QopMmyinbl (2.4) u

(2.5) 3anmuchIBalOTCS B KOMILUIEKCHOM BUJIE

y(n)=s(n)*h(n).

Paccmotpum aBe anepuoguyeckue mocieaoBaTeIbHOCTU §(n) MIUHBL L,

s(n)=0 npu L—-1<n<0 u nociuenosarenbHocTh h(n) nmuuel M, h(n)=0

npu M —1<n<0. Anepuoandeckasi Wid JIMHEWHAs] CBEPTKA ATUX IOCIE0Ba-

TelpHOCTeH uMmeeT Hy L+ M —1 u onpenenserc

L+M -2

S KaK:

ym)= >, h(m)s(n—m),n=0,1,...L+M —2.

m=0

B marpuunoii popme cBeptka npu L =M = N noaydyum

y(0) h(0)
y() h(1) h(0)
h(2) h(1) h(0)
=|W(N-1) h(N-2) h(N-3)
h(N—-1) h(N-2)
Y2N-2)| |

h(0)
h(1)

h(N-1) h(N-2)

5(0)

s()
s(2)

h(N 1) |

| s(N —1) |

B GonblIMHCTBE aNTOPUTMOB BBIYUCIICHUS CBEPTKH BXOJHAs IMOCJEIO0Ba-
tenbHOCTh {A(l)} nmenuTcs Ha mocieaoBaTeNIbHBIC OJIOKM 1O N — OTCUCTOB H

y(n) BBIUKCIAETCA KaK CyMMa JIMHEHHBIX CBEPTOK Ka)JI0ro M3 3THX OJOKOB C

L — ToyeuHOM MOCJIeA0BAaTEILHOCTRIO S(1m) .

[Tpumep [11]. Beruucauth peakuuio JUHEHHONW NUCKPETHON CUCTEMBI 10
dbopmysie CBEpTKH MpU HYJIEBBIX HaYaJbHBIX YCIOBUsX. IMITynbcHas xapakre-
pUCTHKA U BO3JCUCTBUE 3a/1aHbl Tpaduuecku Ha puc. 2.5 u puc. 2.6. Tpedbyercs

ONPENEIIUTH / OTCYETOB PEAKLIVH.
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h(n) s(n)

j H _____ | i I

0 2 0 2

Puc. 2.5. UmnynbcHas Puc. 2.6. BxoaHoi curuan
XapaKTEPUCTUKA CUCTEMBI

JIluHeiHas  CBEpTKAa ATUX MOCIECAOBATEIBHOCTEW HMEET  JUJIMHY
L+M —1=5+3—-1="7. BeiuncneHnue CBEpTKU MPEACTABICHO B Ta0I. 2.2.

Tabnuma 2.2
BblunciieHne cBepTKHU
n Peakuuu cucteMbl
0 ¥(0) = h(0)s(0) + A(D)s(=1) + h(2)s(=2) +...= h(0)s(0) =2-2 =4

1 | yAO)=h0)s)+h1)sO)+h(2)s(=D) +...=h(0)s(1)+ h(1)s(0)=2-4+4-2=16

v(2)=h(0)s(2) +h(1)s(1) + h(2)s(0) + h(3)s(=1) +...=
=h(0)s2)+h(D)s(1)+h(2)s(0)=2-4+4-4+4-2=32

y(3)=h(0)s(3)+h(1)s(2) + h(2)s(1) + h(3)s(0) + h(4)s(=1)...=
=h(0)s(3)+h()s(2)+h(2)s(1) +h(3)s(0)=2-0+4-4+4-4+4-2=40

(@) = h(0)s(4) + h(1)sB3) + 7(2)s(2) + h(3)s() + h(4)s(0) + h(5)s(—1) +...=
4 = h(0)s(4) + h(1)s(3) + h(2)s(2) + h(3)s(1) + h(4)s(0) =
=2.0+4-0+4-4+4.-4+2.2=36

y(5) = h(0)s(5) + h()s(@) + 1(2)s3) + h(3)s(2) + h(4)s(1) + h(5)s(0) +
51 +h(6)s(=1)+..= h(0)s(5) + h(1)s(4) + h(2)s(3) + h(3)s(2) + h(4)s(1) +
+h(5)s(0)=2-0+4-0+4-0+4-4+2-4+0-2=24

y(6) =h(0)s(6) + h(1)s(5) + h(2)s(4) + h(3)s(3) + h(4)s(2) + h(5)s(1) +
+h(6)s(0)=2-0+4-0+4-0+4-0+2-4+0-4+0-2=8

Brrancnenne orcuetoB peakuuu y(n),n=0,1,2... mo hopmyisie cCBEpTKU

MOXHO MpEACTaBUTh KaK BBIYMCIECHHUE CYMM JIOKAJIbHBIX MPOU3BEICHUI
JBYX MOCJIEJ0BATEIbHOCTEN — UMITYJIbCHOW XapaKTEPUCTUKHU U BO3IEHCTBUS.
[Ipu 3TOM O/AHA W3 MOCIENOBATENbHOCTEN (DUKCUPOBAHA, a pyras 3epKalb-
HO OTOOpaKaeTcs OTHOCUTEIBHO OCH OpPAMHAT M 3aT€M CKOJIb3UT CJeBa Ha-
IIPaBoO IO OCH BPEMEHH.
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2.2.3. [lukanvyeckas CBepTKa
[Mukinyeckass CBEpPTKa OMNPEACISIETCS JIsi MEePUOJUYECKUX IOCIIEq0BaA-
TEJIbHOCTEN NIMHBI N BbIpaxkeHueM [8]:

N-1
y(m)= > h)s(n—-1), n=0,1,.,N-1.
1=0

B crty meproauaHOCTH MOCIeI0BaTeILHOCTEH HOMepa OTCUETOB OEpyTCs
no monynto N, modtomy s(—n)=s(N —n), h(-n)=h(N —n). MarpuuHas 3a-

II1UCh HHKJ’IH‘-I@CKOIZ CBCPTKHU UMCCT BU/I:

) WOy R o wv—n]| 2V
y(D) s(N-1)
WD) hQ) o o o R(O)

(N =2)

) .
' RN =1) h(©) .. .. .. h(N-2 '
v_p| VD RO -2

[Tpumep. BrrunciaeHne TpEXTOUEYHON [IUKINYECKOW CBEPTKHU:
y(0) = 1(0)s(0) + A(1)s(2) + h(2)s(1);
y() = h(1)s(0) + h(0)s(2) + h(2)s(1);
v(2)=h(2)s(0)+ h(1)s(2) + h(0)s(1).

2.2.4. BorunciieHre CBePTOK MPH MOMOILIH IMCKPETHBIX MPeodpa3oBaHuii

CormacHo TeopeMe O cBepTke M mpeoOpa3zoBaHus Dypbe, CHEKTP
CBEPTKH pPaBEH IPOU3BEJIECHUIO CIEKTPOB CBOPAUMBAEMBIX IOCIEI0BATEIbHO-
cteil. IlockonbKy Bce paccMOTpeHHbIE NMpeoOpa3oBaHMs O0JIAaJAI0T aHAJIOIMY-
HBIMHU CBOWCTBAMH, TO UX MOXHO OOBEIUHUTH MOHATHEM 000OIIEHHOTO TIPE00-
pazoBanusi Oypee. Toraa cBepTka AByX BEKTOPOB [8]:

S =[s(0),s(),...,s(N =DI', H =[h(0),h(D),...,h(N =D]",
y(n) = AID~ (JID{s(n)} - AID{h(n)} .

Takum 00pazoM, /Ui TOJYyYEHUS! CBEPTKU CIEAYET BBIIOJHUTH CIEAYIO-
1€ JIeHUCTBUS:

1) naiitn npeoOpazoBanust Oypbe (00001IEHHBIE CIEKTPBI) BXOAHBIX IO-
CJIeIOBATCIILHOCTEH,

2) BBIUNCIUTH IOTOYEHYHOE MPOU3BEICHUE ITUX M1OCIEI0BATEIbHOCTEN;

3) BeIUMCIUTH OOpaTHOE mnpeoOpazoBaHue dypbe OT Npou3BenEHUs
CIIEKTPOB.
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MoskeT mokas3aTbCs, YTO TAKOW METOJ BBIYHMCIECHUS CBEPTKU JOBOJIb-
HO CJIOKE€H, OH TEM HE MEHEE MO3BOJIIET BO MHOTHMX ClIydasgX COKPATHUTh
00bEM BBIYHUCIEHUH. DTO MPOUCXOIUT BCIEACTBHE TOrO, YTO JUIS BBIMOJI-
HeHus: BII® cymecTByOT OBICTpPBIE aJITOPUTMBI C YHCIIOM ONepalui, mpo-
NOpUUOHANBHBEIM Nlog, N. Jlnd MHOrMX NPUIIOKEHUU OJHMH U3 BEKTOPOB
(Hannpumep, H ) u3BeCTEH 3apaHee, 4TO IMO3BOJISIET NMPEABAPUTEIBHO BBI-
YUCHUTH CIEKTp H . B 2TOM cilydyae BBIYMCIEHHE CBEPTKHU 3aKJIIOYAETCS B
BBITIOJIHEHUHU JIBYX OBICTPBIX MPeoOpa3oBaHUM U MEPEMHOKEHUU N YHCE].
Hns BII® s1o mukInyeckue CBEPTKH, AJs mpeoOpa3oBaHus Ajgamapa Bbl-
YUCISETCS NUaJHasi CBEPTKA.

JI71s1 BBIUKMCIICHUS JINHEMHON CBEPTKH JIBYX MOCJIEIOBATEIIBHOCTEMN JIITMHBI
N, 1 N, UCXOIHBIE JAHHBIE IIOCIEI0BATEILHOCTH CIEAYET HOIOJIHUTH HYJIE-

BBIMU OTCUETaMH TaK, YTOOBI MX JUIMHA cTajla paBHOH N,+ N, —1, u paccmar-
pUBaTh KaK NEPUOJNYECKHUE.

[Tprmep. BerancnTs TMHEIHYIO CBEPTKY MOCIIEA0BATENbHOCTEN S =[2,—2, 1"
u H=[12]".

Tak xkak N;=3 u N,=2, 0 N+ N, —1=4, cinenyer BbIYUCIUTH LIUK-
JIMYECKYIO CBEPTKY MOCIEA0BATEIBHOCTEMN S =[2,-2, I,O]T u H=|[1, 2,O,O]T.

[Ipsimbie mpeoOpazoBanusi Pypre MOCIeI0BATEILHOCTEH PABHBI:

1 1 1 1 2 1
1 -7 -1 g -2 1+27
F, = J J | _ J ’
1 -1 1 -1 1 5
_1 j -1 —J _O_ _1—2j_
1 1 1 11[1] [ 3 ]
1 -5 -1 2 1-2
F, = J J | _ J
1 -1 1 -=-1(1]0 -1
1 j -1 —=j||0] [1+2/]

[ToToueunoe IMPOU3BCACHUC CIICKTPOB:

3 v 31 ] 3]
1-2j | [1+2j| |A=2)1+2;
FF = J| J|_|A=2pd+2)) | _
-1 5 -1-5 -5
1+2 ] [1-2j] |a+2)pa-2/)] |5
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O6patHoe npeoOpazoBanue Oypbe Aa€T 3HAUYCHUS CBEPTKHU:

I 1 1 1 3 8 2
Y=ll j -1 —j. 5 =l 8 _ 2
411 -1 1 1|5 4|-12 -3
1 - -1 j||5] 8 | [ 2]

B Tex ciyyasix, Korjia ojiHa MOCI€A0BaTEIbHOCTh HAMHOTO JUIMHHEE JIPY-
roil, UICIOJIB3YIOT pa30MEHUE NJIMHHON MOCIEA0BATEILHOCTA HA KOPOTKUE CEK-
[IUU. 3aTeM BBIYUCIISIFOTCS KOPOTKHUE CBEPTKU U U3 HUX (DOPMUPYETCST KOHESUHBIH
pesyabTar. Takas cuTyauusi BCTpeuyaercs B UU(poBoW QuibTpanuu, Korja
buIbTpyeMbIe MOCIE0BATEILHOCTH HAMHOTO JUIMHHEE 110 CPAaBHEHUIO C KOPOT-
KOW UMITYJIbCHOM XapaKTEPUCTUKOM.

Cy1iecTByeT Ba METOJIa CEKIITMOHUPOBAHUS — METOJl IEPEKPBITUS C CYyM-
MHUPOBAHHEM M METOJ MEPEKPBITHS C HakoruieHueM. [Ipenmonoxum, 4to 6osee
JUTMHHOM SIBJSIETCA MOCJeN0BaTebHOCTh s(n). OHa pa3douBaeTcs Ha OJIOKH IO

N orcueros. [locnenoBarensHocTs A(n) umeer nnuHy L. JIuHeiliHas cBepTka
Ka)XJI0T0 M3 OJIOKOB IOCJIEAOBATEILHOCTH §(71) € IOCIEIOBATEIHLHOCTRIO /(n)

umeeT pasmep N +1—1 U mepekpbIiBaeTCs CO CBEPTKOHM Cleayrolero 0Jioka B
L—1 orcuerax. [ToaToMy Ha y4acTKe MEPEKPBITHUS HUX OTCUETHI CIEIYET CJIO-
#UThb. Takum oOpa3oMm, Ha Kaxable L BXOJHBIX OTCUYETOB BBIUUCIISIECTCS
N + L —1-ToueyHas UMKINYECKas CBEPTKA U BBIMOJHAETCS L — CIOKEHUM.

B Merone mepekpsITHs ¢ HAKOIUIEHWEM JUIMHHAS TOCJIEN0BATEIBHOCTD
s(n) pazOuBaeTcs Ha CEKIIMU MO0 N OTCYETOB TaK, YTO COCEIHHUE CEKIIMH Iepe-

KpPBIBAKOTCA B L —1 orcuerax. HOCJICI[OB&TCJILHOCTB h(l’l) OOIIOJIHACTCA HYIJIC-

BBIMHU 3HAYEHUSIMU J10 JJIUMHBI N , U BBIYUCIAIOTCS IUKINYECKHUE CBEPTKHU Kax-
JIOM CeKIMU C JOMOJHEHHOW nociieoBarebHoCTh0 h(n). IlepBoie L —1 oTcue-

TOB Ka)XJI0M CEKLIMOHHON CBEPTKHU OTOPACHIBAIOTCS, a OCTAJIbHbIE MPHUCOEIUHS-
I0TCS K OCTaBIIMMCS OTCUETaM IPEABIAYIIEH CEKIHs. AJITOPUTM IEPEKPHITUS C
HakoruieHueM gaetr N —/+1 oTcueroB CBEpTKH 0€3 JONOJHUTEIBHOTO CyMMHU-
POBaHUsI, IOITOMY €T0 peanu3anus Mpouie.

Ecin pnuua 6iioka yBelIMYMBaeTCsi, TO oOOLIee KOJUYECTBO OJIOKOB
ymenbaetcs. [Ipu 3ToM uncio npeoOpa3oBaHUil CTAHOBUTCS MEHBIIIE, HO Bpe-
M5l BBIIIOJIHEHUS KaKI0ro npeoOpa3zoBanus BozpacTtaeT. C Apyroil CTOpoOHsI, CO-
KpalieHue JJIMHbI 0JI0ka noTpedyeT OOMbIIero yuciaa KOPOTKUX IpeoOdpa3oBa-
HUH, TO3TOMY CYILIECTBYET ONTUMYM MEXIYy JJIMHOM O10Ka N W JJIMHOU KOpPOT-
KOW IOCJIEN0BATENBHOCTH L.
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2.2.5. Koppeasiuus

[Tpu peuieHuu psjga NpakTUUYECKUX 3a/1ad HEOOXOIMMO OINpPEAENATh CTe-
IIEHb CXOJICTBA CHUTHAJIOB, HANPHUMEDP, NP OOHAPYKEHHH OJHOIO CHUTHaJa B
apyrom. s HaneKHOTO OOHApYKEHUS NMEPEKPHIBAIOIINXCS CUTHAJIOB U CHUI-
HaJIOB CMECH C IIIYMOM IIPUMEHSAETCS METO KOPPEIISILUN.

IlycTh natuuk reHepupyer curHai s(n), 1 Mbl XOTUM OOHApYXUTh B
HEM IIOCJIEIOBATEIbHOCTh g(n) HEKOTOPOW KOHEYHOM JIWHBL. s moucka
ATON MOCIENO0BATEIBHOCTH BBIYUCIAIOTCS CKAJSIPHBIEC IPOU3BEICHUS CUTHA-
70B s(t+n) u g(n) nus paznudHbix t. Takum oOpa3oMm, HEOOXOAUMO «IPUIIO-
KATb» UCKOMBIM CUTHAJ BO BCEX BO3MOXHBIX ITOJIOKEHUSIX K CUTHAJY C JaT-
YUKa U HAWTH UX «CTENEHb IMOXOXKECTH» (CKAJIAPHOE MPOU3BEACHUE) IJs
KaXJI0ro mnoJioxkenus. TakuMm oOpa3om, Ha BeIXoJie (popmupyercsi curuain r(t),
IIOKA3bIBAOIINI, HACKOJIBKO CUTHAJI C AaT4YMKA S(n) B MO3ULIMHU f IIOXO0XK Ha HC-
KOMBIN CUTHAI g(n).

Cwmblcn cursana r(f) B TOM, 4TO €0 BEJIUYMHBI I KaXA0T0 /7 IIOKa3bIBa-
10T, HACKOJIBKO BXOJHOW CHTHaJ B MO3HUIMH k TIOXO0K Ha UCKOMBIN curHai. Ecnu
BO BXOJHOM CHUTHAJIE IIPUCYTCTBYET TOJBKO IIyM, TO U 3HAYECHUS KOPPEIALHUH
OyayT IIyMOM HEeOOJbIION aMIIUTyIbl. HO Kak TOJBKO B IIyMe€ BXOJHOIO CHUT-
Hasla nosiBUTCS (opMa, IOX0Kasi Ha MCKOMBIA CUTHAJI, TaK 3HAYEHHE KOppess-
LIUN B 3TOU TOYKE CTAHET BBICOKUM.

Koppessnuio MOXHO BBIYUCIIATH KAK CBEPTKY, IIOJIOKHUB B KAUECTBE SApa
CBEPTKM MCKOMBIM CHTHAJI, Pa3BEPHYTHI OTHOCUTEIBHO HYJIEBOM TOYKH. MHO-
rja KOPpEesLMIO Ha3bIBAIOT KPOCC-KOPPENALNUEN WM NEPEKPECTHOU KOppens-
nuen. TepMuH «aBTOKOPPEISALMS» MPUMEHSIETCS, KOT1a HAXOIUTCS KOPPEALUs
CUTHaJIa ¢ caMUM co00i. CMBICIT 3TOI onepanuy B TOM, 4TOObI HAWTH Hanbosee
BEPOSATHBIE N1EPUO/IbI TOBTOPEHUS (POPMBI HCXOJHOTO CUTHAJIA.

B3aumuas koppemsiironHas pyHkuus (BK®) pa3HbIX CUTHAJIOB ONKCHIBAET
KaK CTETEHb CXOJICTBA (POPMBI IByX CUTHAJIOB, TaK U UX B3aUMHOE PACIIOJIOKEHNE
JIPYT OTHOCUTENBHO JAPYyTa MO KOOPAUHATE (HE3aBUCUMOM IIEPEMEHHOMN).

ABTtokoppensunonnbsie ¢yHknuu (AK®D) curnanoB. AK® curnana
s(n), ABASETCSA KOJUYECTBEHHOM XapaKTEpPUCTUKON (hOpMBI CUTHANA, U OIpe-
JEIAETCS CYMMOM OT IPOU3BEICHMS IBYX KONMW CUrHazna s(n), CABUHYTBIX
OTHOCUTENBHO Apyr napyra. AK® gBisercs CKalSIpHBIM IPOU3BEAECHUEM
CUTHaJIa U ero KONuU B (PYHKIMOHAIBHON 3aBUCUMOCTHU OT IIEPEMEHHOM Be-
JIMYMHBI 3HAYEHUS CIABUTA .

JI1st BBIYMCIEHUS KOPPEIALNUNA B OCHOBHOM MCIIOJIB3YIOT J1Ba MOAXOAA.
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1. Ilpamoti memoo. Bpruncienne KOppeasiuuu JByX CUTHAJIOB BBINOJIHS-
€TCsl BO BPEMEHHOM OOJacTM M B JAHHOM CIIy4yae BBIIOJHSETCS BEKTOPHO-
MaTpPUYHOE MPOU3BEJEHUE BXOJHOIO BEKTOpa Ha MAaTpPHILy, CTPOKH KOTOPOM
IPEJCTaBISIIOT COOOM BCEBO3MOKHBIE CIIBUTM UCXOAHOro curraina. CooTBerct-
BYIOILIEE MATPUYHOE MPEICTABICHUE UMeEET BUL [8]:

r© | [ g0 g . . . gN=D|[ 500
r(D gN=-D g . . . gN=-2) s()
r((N=Df e g2 ..o g(0) | [s(N=D]

2. Buiyucnenue xoppensyuu Ha 0CHO8e O08YKPAMHBIX NPeoOpa308aHui.
[Tpomemypa OTHICKaHUS KOPPENSIIIMKN JBYX CUTHAIOB BBITIONHSIETCS B 9YaCTOTHOM
00J1acTH, UCTIOJIb3YsI CBOMCTBO:

r(n) = QIO (AID{s(n)} - D {g(n)} =
= 10~ (D {s(n)} - ATD{g(n)}.

Takum oOpa3zom, Uil MOTYYEHUSI KOPPEJSIIIUU CIEIYyeT BBIIOJIHUTH Clie-
OYIOLIUE TEUCTBUSA:

1) naiitu npeo6pazoBanus Oypbe (0000IIEHHBIE CIIEKTPhI) UCXOIHBIX TT0-
CJIEA0BATEIbHOCTEN;

2) BBIYMCIUTH MOTOYEYHOE IMPOU3BEACHUE 3TUX MOCIEA0BATEIBHOCTEN,
MpUYEM OJIHA U3 HUX JOJDKHA OBITh B3ATa B KOMILIEKCHO-CONPSKEHHOUN (hopMme;

3) BbIYMCIUTH OOpaTHOe mpeoOpa3zoBaHue Dypbe OT MPOU3BEICHUS
CIIEKTPOB.

[Ipy BBIYUCIEHUU KOPPENALMU MOXKHO JTIOOUTHCS 3HAYUTEIBHOTO COKpa-
IICHUS BBIYUCIIUTEIIbHBIX 3aTPaT, MPUMEHSS ObICTPhIE AIITOPUTMBbI TUCKPETHBIX
npeoOpa3zoBaHUM.

2.3. Anroput™mbl ObICTPOro npeodpa3oBanus Oypbe
Brraucnenne auckpetHoro npeodpazoBanus Oypbe TpeOyeT BHITIOTHEHUS

N? YMHOXEHUA U N (N —1) omnepanui cioxeHus s curHana JiuuHel N . Cy-

HIECTBYET CIIOCOO CHU3UTH BHIYUCIUTEIBHYIO CIIOAKHOCTD JI0 BEIMUYUHBI TOPSIJIKA
Nlog, N . O10T cnocob Ha3bIBaeTcsi OBICTPBIM ITpeoOpa3zoBanueM DPypoe (BIID,

FFT(fast Fourier transform)). OH oCHOBaH Ha TOM, YTO CP€IX MHOKUTEJIEH €CTh
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MHOT'0 OBTOPSIOIIMXCS 3HAYCHUH (B CUITY, HaIPUMEpP, CBOCH MEPUOJIUYHOCTH).
Anroputm BII® rpynnupyer ciaraemble ¢ OJUHAKOBBIMU MHOYKHUTEIISIMU, 3Ha-
YUTEIBLHO COKpalllas YMCiI0 YMHOXKeHUH. B pesynbraTe ObicTpojeiicTBue bBIID
MOXET B 3aBUCUMOCTH OT N B COTHHM pa3 MPEBOCXOAUTH OBICTPOJICHCTBHE
cranjgaptHoro airoputMma. IIpu stom anroputm BII® sBnsercss TouHbiM. OH
JaK€ TOYHEE CTAHAAPTHOTrO, T. K. COKpAIllas YWCIO OINEpalnyii, OH IPUBOIUT
K MEHBIIIUM OITMOKAM OKPYTJICHUSI.

Opnnaxko y OonbimHcTBa anroputMoB BIID ectb ocobennocts [11]: oHM
crocoOHbI paboTaTh JIUIIBL TOT/A, KOTJIa AJTMHA aHAIM3UPYEeMOro curiaina N siBiisi-
eTcs CTEeNEeHbI0 MBOMKU. OOBIYHO ATO HE MPENCTABISIET OOJIBIION MPOOJIEMBI, TaK
KaK aHaJIM3UPYEMBI CUTHAJI BCET/1a MOKHO JIOTIOJIHUTh HYJISIMU JJO HEOOXOAMMOIO
pazmepa. Hucno N HazbiBaeTcs pazmepoM win 1iuHoi BII® (FFT size).

Haubonwiiee pacnpocrpanenue mnoiyuwn ainroput™ bII® c¢ ocHoBaHu-
em 2, n3BecTHbIN Kak anroputM bII® Kymu-Teroku (110 mMeHu pa3pabOoTUYUKOB)
u BIiepBbie onyOnnkoBanHbld B 1965 roay B CILIA. CymiecTByroT ABa SKBUBa-
JeHTHBIX 10 3dexTuBHOCTH anroputma bII® ¢ ocHOBaHueM 2: ¢ MpopexKUBa-
HUEM I10 BPEMEHHU U C IPOPEKUBAHUEM 10 YACTOTE.

2.3.1. AnroputMm BII® ¢ npopexuBaHueM 1o BpeMeHH
OcHoBHas uaesa anroput™ma bII® ¢ npopexuBaHuEeM MO BPEMEHU 3aKJIIO-

YyaeTcs B [OA3TAIHOM BhunuciaeHuu N-toueunoro JI1® (N =2") Ha v sranax, Ha
KakxaoM u3 KoTopbix Tekymee JIID ompenensiercs kak komOunamwmst 1D
BJIBO€ MEHbBIIIEU Pa3MEPHOCTH.

Anroputm BII® ¢ mpopexuBaHueMm Mo BpeMEHH B OOIIEM BUJE Tpe-
craBasgercs [11]:

— 33JIaHM€ HAYAJIBHBIX YCJIOBUM: OTCUYETHI N-TOUEYHOW MOCIEI0BATENb-
HOCTH PaCCTaBJISAOTCS M0 ONPEACICHHOMY IPaBUITY;

— Ha nepBoM 3tane onpexaensercs 2-toueyHoe JIID kaxnoil mapel oT-
CUYETOB IOCJIEOBATEIbHOCTH;

— Ha BTOpOM dTamne onpenenstorcs: 4-roueynnie 1D kak koMmOuHarus
2-toueunbix I1D;

— Ha [-OM JTare ONpeaeIIsIIOTCA 2-toueunsie JIIID kak KOMOUHALUS 2L
ToueuHbix AI1D;

— Ha (v — 1)-om atane onpenenstorcss N/2-toueunsie JIIID kak komOuHa-
uust N/4-toueunbix [I1D;

— Ha v-oM (IIocleIHEM) ATane onpeaensercs uckomoe N-toueunoe 11D

kak komouHanus N/2-toueunsix 11D, orcuetsr JAIID cienyroT B ecTeCTBEHHOM
nopsake k=0,1,...,(N-1).
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Takum oOpazom, misa peanusauuu anroputMa BII® HeoOxomumo 3HATH
MIPAaBUJIO HAYAJIbHOW PACCTAHOBKH OTCYETOB N-TOUEUHOMW MOCIIEIOBATEIBHOCTH
u o61yro ¢popmyiy pacueta JI1D a1 mponu3BOIBHOTO i-T'0 JTara.

[ToayuuTh UX MOXKHO cieAyrIuM oopazom [11].

HauanbHabie ycnoBus ogHostanHoro airoputma bII® ¢hopmupyrorces B
pe3yiabTaTe OJHOKPATHOTO pa30ueHus HUCXOoAHOW N-ToueyHOWl mocie-
JIOBATEJILHOCTH HA JABE NN/2-TOUYEUHBIE, BBIACIUB OTJACIbHO YETHBIE U HEYET-
HbIE OTCYETHI:

{s(2n)} ={s(0),5(2),...,s(N = 2)};
{s2n+1} ={s(1),53),...,s(N —=1)}.

Takum o0pa3oM, HadalibHasi pacCTAaHOBKA OTCYETOB MPOU3BOAMUTCS HO
npaBuiny — N/2 uemnwix oTcuetoB, N/2 neuemublx OTCUETOB:

{500),5(2),...,s(N = 2);5(1),5(3),...,s(N = 1)} .

OT10 1o3BoJIsIeT pazouth cymmy B J{I1D Ha nge:

E—l E—l
2 2
fly=> s(2n)WA2,”k + > s(2n +1)W1£]2n+1)k _

n=0 n=0

E—l E—l

% 2nk k % 2nk

= Y s@uW™ +Wy X sQn+DW™ k=0,1,...N —1.
n=0 n=0

[IpencraBuM MOBOpauYMBAIOIINNA MHOKUTENb W, B BUJE:

2nk —j%an _j]\?;tznk nk
Wy™ =e =€ = WnNi2-

JII1®D mMoxHO 3anucaTh Kak:

N N
2 2

f) =3 sCnWis, +We S s@n+ D)Wk, k=0,1,..,N —1.
n=0 n=0

AHanu3 BeIpAXKEHUS MMOKA3BIBAET, YTO KAXKJAs U3 CYMM NPEACTABISET CO-
6oit N/2-toueunoe JIIID: neppas cymma — JIIID mocnenoBaTeIbHOCTH YETHBIX
OTCYETOB, a BTOpasi — HeueTHbIX. [IpuueM kaxaoe uz N/2-toueunbix [I1D on-
penensierca npu k =0,1,..., N— 1.
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Hcnonb3yem 0003HaUEHUS:

fo k)= fk),

Ny
v—1 Z nk
0 ()= sCn)Wyj,,
n=0
N
v—1 Z nk
7= s@u+ Wik,
n=0

II€ 6epxHull NUHIEKC — yKa3bIBaeT HOMep drana anropurma bl1d;

nHudxcnuu — Homep JII®, yeTHsiit (yetHoe [IID) U HeueTHBIN (HEUET-
Hoe JII1D).

C yuerom BBeAeHHbIX o00o3HaueHuil [(I[IP, moxHO paccuurarb N-
toueuHoe /1D, ono ompexpensiercs kak KoMmOuHaus ABYX N/2-TOUYEUHBIX

JII® — yeTHOTO fov_l(k) 1 HEYETHOTO flv_l(k):
i) = fy ) +we 77 k), k=0,1,...,N—1.

N/2-toueunsie III® f, (k) u f""'(k) — nepuonmueckue PpyHKIMM Ie-

peMmeHHoi k ¢ mepuomoM N/2, HET HEOOXOIUMOCTU OMNpPENESATh UX NpH k =

N
0,1,..., N— 1, tocTaTo4HO TOJBKO onpeneauTs ux npu k =0,1,.. .,3 — 1, a3arem

MOBTOPUTH TpH k :%,%H,..., N-1,T1.¢e.:

Ov_l(k):fov_l(k-l_%)’ k=0’1,“°’ﬂ_1;

e . N N
17N k) = 1(k+3), k=0,1,...,?

[loBopaunBarONINil MHOKUTEIb IPH Kk =

E,EH,..., N — 1 paBeH
2 2

k+N 2T N N

WN ? :WZGWK]V/Z :‘4/11\56_.]WE = _W]I\;’ k :0’1""’7_1 .

N
CiienoBatesibHO, U €ro JI0CTATOYHO OMNPEACIUTh MPU kK = 0,1,...,? —1,a

N N
3aTE€M, U3MEHUB 3HAK, IOBTOPUTH MpHU k :E,EH,. oN-1.
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PaccmoTpennbie cBoMCTBA O3BOJAIOT nipeactaButh 11D B Buze:

fo (k)= fo 7 o+ Wiy £ (k)

N _ _
fo e+ 0= f ™ (o) = Wiy £ (e (2.6)

k =O,1,...,E—1.
2
AHanu3 MOJYyYEHHOTO BBIPAXKEHUS MOKa3bIBaeT, 4To pacuer HIID ympo-
. N

njaeTcs 3a CUeT pacnapajuiesiuBaHusi BbluuciaeHud mpu k = 0,1,...,3—1 u

NN

k +1,...,N-1 1o BepxHell 1 HIKHEN PopMysIaM COOTBETCTBEHHO.

Ecmm anroputm BII® cocrout u3 aByx, v-ro u (v —1)-ro stanos, TO Ha4aJIb-
HbIC YCJIOBHS aJropuT™Ma (POPMHUPYIOTCSI B PE3yJbTaTe IOCIEA0BATEILHOIO JIBY-
KpaTHOro pa3dueHusi N-TOUeHYHOM IMOCeI0BaTeILHOCTH: cHavana N-TodedyHas To-
CIICIOBATEIBEHOCTh pa3OmBaeTcs Ha J1Be N/2-TOUYEUHBIE, a 3aTeM KaKIas U3 dTHX TI0-
CJIeZIOBaTEIIbHOCTEH BHOBb pa3duBaeTcs Ha JBe N/4-TouedHbIE — YETHBIX U HEYET-
HBIX OTCUYETOB 14 MOPSAJKY UX CIICAOBAHMS, CUMTAsI OT HYJISL:

® N/2-ToueyHas MOCIEAOBATEIbHOCTh YETHBIX OTCYETOB, MOJIYYEHHAs
st BIID, cocTosimero w3 omHOTO dTama, pazduBaercs Ha 1Be N/4-TodedHbIE
MMOCJICOBATEILHOCTH YETHBIX M HEUECTHBIX OTCUCTOB:

{5(0),5(4),....,s(N —4)},
{5(2),5(6),...,s(N —2)} ;
L4 N/2—T0qe‘lHa$I IIOCJICA0BATCIIbHOCTh HEUYCTHBIX OTCUECTOB, HOJ_IyT—IeHHaH

st BIID, cocrosimero w3 omHOro 3Tama, pazduBaercs Ha nBe N/4-TOuedHBIC
MMOCJIEAOBATEILHOCTH YETHBIX U HEYETHBIX OTCUETOB:

{51),5(5),....s(N =3)},
{5(3),5(7),....s(N =D}.

Takum oOpa3oM, HauyajgbHas PAacCTAaHOBKA OTCUETOB MPOU3BOJIUTCA TIO
MpaBUILY:

{5(0),5(4),...,s(N —4);5(2),5(6),...,s(N —2)},
{s(l),s(S),...,s(N -3);5(3),s5(7),...,s(N —1)}.
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Ha (v — 1)-M stane onpenenstorcs aBa N/2-toueuynwix 11D, npuuem ka-
KJ0€ U3 HUX — KaKk KoMOuHauus AByX N/4-roueunbix JI1D:

e N/2-toueunoe JII® fov_l(k) — Kak KoMOuHanusa N/4-ToyedHbIX
JII® — yeTHOTO fov_z(k) 1 HEYETHOTO flv_z(k);
e N/2-toueunoe JII® flv_l(k) — Kak koMmOuHauus N/4-TOUYeUHBIX

JII® — yeTHOTO fzv_z(k) 1 HEYETHOTO f3v_2(k).
N/2-toueunbie 11D fov_l(k) u flv_l(k) onpeaessitores HO (popmyrie

(2.6), B KOTOpOW MHAEKC V YMEHBIIIAETCA Ha eauHuly, a pazmepHoctu 11D u
MOBOPAYMBAIOIIETO0 MHOXHUTENSI MOHUXKAIOTCS BJIBOE, ClIeI0OBAaTENIbHO JBa N/2-

ToueuHbIx JI1D fov_l(k) u flv_l(k) OIIPENENSAIOTCS:

V) = £y TR ) W, £ (),
Sk + %) = 1200~ W R ),

k =O,1,...,ﬂ—l;
4

fN ) = 72 W £ (),

£kt %) = 120 - WE fE 2K,

k =0,1,...,E—1.
4

Ha v-m stane N-toueunoe JII® f (k) onpenensercss kak KOMOMHALMS

N/2-toueunsbix [I1D.

Ecnu anroputm BII® coctout u3 tpex, v-ro, (v — 1)-ro u (v — 2)-ro sra-
OB, TO aHAJOTMYHO HAydaJIbHbIE YCIOBUS (DOPMHUPYIOTCS a pe3ysbTaTe Tpex-
KpaTHOTO pa30ueHusi N-TOUeuHON MOoCleJ0BaTeNbHOCTH, Ha (Vv — 1)-M 3Tane Ka-
x o€ u3 uerbipex N/4-toueunbix JIID onpenensiercss Ho popmyne (2.6), B Ko-
TOPOW MHIEKC Vv YMEHbIIAeTCs Ha JBa, a pasmepHocTH [I1P u moBopauusaro-
IIEr0 MHOXHUTEJSI OHWXKatoTcs B 4 pa3za Ha (v — 1)-M u v-M sramax nBa N/2-
ToueuHbIX U N-ToueuHoe 1D ompenensrorcss COraacHO ABYXATAITHOMY aJro-
putMy. [lomoOHBIA MOAXOA MOKHO MPUMEHUTH W JUIsl V-3TAlHOTO alrOpUTMa
BII® ¢ npopexnBaHneM O BpEMEHMU.

HauanbHble ycnoBusi popMHUPYIOTCS B pe3yJIbTaTe V-KPATHOTO pa30ueHHUs
N-Toue4yHOW TMOCJENOBATEILHOCTH, a C(HOPMHUPOBAHHAS IOCJIEI0BATEIbHOCTh
Ha3bIBAETCA MPOPEKEHHON IO BPEMEHH.
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IIpouenypa MHOrOKpaTHOTrO

IIPOPEKUBAHUS NIPUBOJUT K TOMY, YTO HCXOM-

HBIC TAHHBIC PACIIOJIAraroTCs HC B CCTCCTBCHHOM, 4 B 6I/IT-pCBCpCI/IBHOM IMOPsAIKE.

Hanmpumep, qyist N =8 e€CTECTBEHHBIM U OUT-PEBEPCUBHBIN MOPSJIOK pac-
MOJIOKEHUSI OTYETOB 3AMUILETCS CIASAYIOIIUM 00pa3oM:

EcTtecTBEeHHBIN NTOPSIOK bur-peBepcuBHBIN MOPSIIOK
000(0) 000(0)
001(1) 100(4)
010(2) 010(2)
011(3) 110(6)
100(4) 001(1)
101(5) 101(5)
110(6) 011(3)
111(7) 111(7)

O6mas ¢opmyna pacuera [[I1D Ha mpon3BOJIBLHOM i-M dTaIle, MOJyYCHHAs

Ha OCHOBE (2.6), UMEET BU/I:

Fuly= fo )+ W £l (ks
i L i— i—
i=1,2,..,v; 2.7)
m=0,1,...M —1;
k= 0,1,...,£ —1;
2
rae i — HOMEp dTana;
m — nomep JI1D;
k — nomep orcuera JII1D;
M — xonmyecTBO L-toueuHbix I1D:
1%
Mzﬂ.zz—.=2v"; (2.8)
2t 2
L — pa3mepnocTts JI1OD:
L=2" (2.9)

fi(k) — L-roueunoe JI1®;
2ir:ll (k) , i—1

2m+1

(k) —uyerHoe 1 HeueTHOE L/2-Toueunoe JII1D cooTBETCTBEHHO.
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Cornacuno (2.7), L-toueunoe 1D ompexpensieTcs mapajjieiabHO: NEpBas
1mojioBMHA OTCYeTOB L-TodyeuHoro JIII® — mo BepxHeu dopmyiie; BTOpas MOJIO-
BUHA 0TcueTOB L-ToueuHoro I1® — mo nmxuen Gpopmyse.

st nepsoeo stana anroputrma (i = 1) mo ¢popmyne (2.9) pasmepHOCTD
L J11® paBHa:

L=2'=2,
a o ¢opmyie (2.8) — konudyectBo 2-toueyHbix [I1D:

M:2V—l.:2\/—1:ﬁ-
2

O6mas popmyna pis JT1D:

Fn(0)= f, (0)+ W5 £, 1 (0);

e e (2.10)
S D= 12, 0) =W, f3,,41(0);

I7ie MOBOPAYMBAIOIINN MHOXKHUTEIh W2O = 1 coxpaneH i equHoo0pa3us ¢ oo1ei
dbopmynoit (2.7). B mpaBoit wactu (2.10) corylacHO MPUHATHIM 0003HAYCHUSIM
f20m O) n fz(:n +1(0) — orcuerst AIIP nynesoro srana (i = 0), 0OJHAKO TAKOI'O dTara
HET, MOATOMY JiJ1s1 BerunciieHus: 2-touedHbix JI1D mo obmieit popmyne (2.7) nepen
BBIINIOJIHEHUEM MIEPBOTO 3Tala 33Jal0TCsl HaYaJIbHbIE YCIOBHS: KaXKIOW Nape oTcye-

ToB JIIID yeTHOMY M HEYETHOMY IPUCBAUBAIOT 3HAYEHUS IIapbl OTCYETOB IIPOpE-
YKEHHOM IOCJIEI0BATEIILHOCTA YETHOI'O M HEUETHOI'O OTCUYETOB COOTBETCTBEHHO:

Fon (0) = s2m,

0 . (2.11)
f2m+1 (0) = s2m+1,

rIe Som M Somel — yCJIOBHBIE 0003HAYEHHUS YETHOTO M HEYETHOT'O OTCUETOB 2-
TOYECYHOW MOCJIEAOBATEIIBHOCTH, IMOJYYEHHBIE B PE3yJIbTaTE€ V-KPATHOTO pas-
OueHunsa UCXOQHOU N-TOUEYHOH TOCIIEN0BATEIILHOCTH.

Bripaxenune (2.7) nokassiBaet, uto anroputMm bII® ¢ npopexuBanuem
0 BPEMEHU TPECTABISIET COOOM V-3TaHYIO MPOIEAYPY TUTA «IIHKJ B ITUK-
ae», rae [11]:

® BHEIIHUUN IIUKJI OPraHU3yeTCs Mo NepeMeHHom i: i =1, 2, ... ,v;

® [IepBbIi BHYTPEHHUN MUK (TpH (PUKCUPOBAHHOM i) — IO MEPEMEHHON
m:-m=0,1,. . M-1;

® BTOPOU BHYTpEHHHI LUKI (IpU (PUKCUPOBAHHBIX [ U M ) — MO TEpe-
MeHHoH k: k=0,1,..., (L/2 — 1). B uukie Beruucasercs k- orcyeT L-TOUYeUHOTro
JII®D o hopmye (2.7).
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Ha Beixone anroputma BII® ¢ npopexuBaHueM 1o BpEMEHH ONIPEAETACT-
ca N-toueunoe [IID, orcyeTbl KOTOPOIrO CIEAYIOT B €CTECTBEHHOM ITOPSIKE:
k=0,1,..,(N-1).

OcHoBHoOM omnepanueit anroputMma bII®, Ha3piBaeMoi 0a30BOM, SIBISETCS
OJIHOBpEMEHHOE (IapajuiesnibHoe) BbruuciaeHue nByx orcueroB D — k-ro u
(k + L/2)-ro no nBym BepxHuUM (popmynam (2.7). Ha puc. 2.7 npuBeneH Hanpas-
JeHHBIN rpad 6a30BOI onepanyu, MOJYYUBIINN Ha3BaHHE «0abOUYKa» MO acco-
nuanuu ¢ uzodpaxenuem rpada. Kpyxokx obo3HayaeT apudMeTruuecKyro ore-
palldIO CJIOEHUSI/BBIYUTAHUS, BEPXHUNM BBIXOJ COOTBETCTBYET CYMME, a HUXK-
HUM — pa3HOCTH; CTpesika 00O3HAYaeT OMEpalMi0 YMHOXEHHUS Ha MOBOpPaYH-
BaIOIINN MHOKUTEJb, CTOSIIUIN HAJl HEM.

Anroputm BII® 006bYHO MpeaCTaBISIIOT B BUAEC HaIpaBieHHOTro rpada —
COBOKYITHOCTH «0a00UeK»:

(k) fitk)y= fol+ W) fil)

Ful k)= fo =W ok

Puc. 2.7. I'pad 6a3oBoii oneparuu anropurma bITD
C MPOPEKUBAHUEM 110 BPEMECHH

KonmdectBo «6abouek» T. €. 6a30BBIX OlepaIuii aaropuTMa, Ha JJFOOOM i-
M 3Tare OJUHAKOBO: corjacHo (2.7), Ha i-M 3Tane npu (GUKCUPOBAHHOM 3Haue-
Hua m u k = 0,1,...,L/2 tpebGyercs L/2 «6abouek», ciaenoBarensHo, npu m = 0,
I,..., (M — 1) HeoOxomumo ML/2 «6abouek». KonmduecTBo «6abouek» Ha IFOOOM
[-M JTare ONpPeIeISIETCs KakK:
L 2v—i 2_l — N

2 2 2

Anroputm BII® ¢ npopexuBaHreM MO BPEMEHU TPAIULMOHHO paccMaTpu-
BAETCS HA IIPUMepe BbIanciIeHus 8-touedroro JIID ms N=2"=2’=8, v =3.

Anroput™m BII® npencraBiseT co0oi TpexdTamHy MPOIEIYypy OIpe-
nenenust J[I1® nmo obmeit popmyne (2.7) mpu i = 1,2,3. HauanbHubie ycroBus
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anroput™ma (GOpPMHUPYIOTCS B pe3yibTaTe TPEXKPATHOrO pa3OMEeHUs UCXOJHOU
8-TOUEeYHON MOCJIEA0BATEIbHOCTH HA YETHBIE M HEYETHBIE OTCUETHI M IPEJI-
CTaBJISAKOTCS B JBONYHO-UHBEPCHOM IOPSJIKE:

{50),5(4),5(2);5(6),s(1),5(5),5(3),s(7)}.

Ha nynesom sramne kaxaoi nmape orcyeto 11D — yetHOMY fzom (0) u He-

qetHOMY fy),4;(0) mpu m = 0,1,2,3 MPUCBAMBAIOTCS 3HAYCHUS YETHOTO M HEUET-

HOT'O OTCYETOB MPOPEKEHHOM 8-TOUEUHOMU MOCIEI0BATEILHOCTH.
Ha nepBom stane, (i = 1), onpenensitorcst yetbipe 2-toueunbix AI1D npu
m=0,1,2,3 c ydeToM HayaJIbHBIX YCIOBHII:

£o(0) = 5(0) + Wy s(4); £1(0) = s(2) + Wy s(6);
fo D)= 5(0) =Wy s(4); A (D) =5(2)=Wys(6);
£(0) = s(1) + Wy s(5); £2(0) = s(3) + Wy's(7);
£ D)= s()=Wys(5); £ 1) =53)=Wys(7).

[ToBopaunBaromMii MHOKHUTENb B TAHHOM CIIy4ae W20 =1.

Ha BTopowm atarne (i = 2) onpeaessitores asa 4-touednsix 1D npu m = 0,1:

fo (k)= fo (k) + W, £ (k);

fotk+2)= fo (k) =W} fl(k);
k=0,1;

N

fE) = fo (k) + W, £ (k);

fEk+2)= fy (k) =W £ (k);
k=0,1.

Ha tpetpem stane (i = 3) onpenensercs §8-toueunoe 1D npu m = 0:

fo (k) = fi (k) + W 7 (k)
fok+4)= £ (k) =Wy f2 (k)
k=0,1,2,3.

[Tonyuennsie oTcueTbl BocbMuTOUeYHOrO JI1D crenyroT B €CTECTBEH-
HOM IOPSIKE.
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I'pad BocemuToueunoro bI1® ¢ npopexxuBaHnemM Mo BpeMEHU MOKa3aH Ha
puc. 2.8.

Hauanbnbie ycnoBus Breixon
15 (0)=5(0) f0)
w,

(O 1)

RO =5 3 W

W
£20)=5(2) s
W) (O
w,
£2(0)=s(6) ;{ % 13)

[ O=s0)

- " \ fi4)
W 0
. (O
ﬂ@q@/ wo f5)
4 . ‘ y
f(0)=1s(3) - 1(6)
w,
w,
£ 0)=s(7) 7 A7)

Puc. 2.8. I'pad anropurma BII® ¢ npopexuBaHueM 1o BpeMeHH
It BocbMuTodeqHoro JI1®

2.3.2. Anroput™M BII® ¢ npopexuBaHueM 1o 4acrore

OcHoBHas unes anroputma bII® ¢ npopexuBaHHEM MO YaCTOTE 3aKIIHOYAET-
Cs1 B IO9TAHOM BbranciieHnu N-toueunoro JI1®D ma v sranax, Ha KaX1I0M U3 KOTO-
pbix AI1®D onpenensiercs uepe3 11D BaBoe Oosblueit pazmepHoctH [11].

Anroput™m BII® ¢ npopexuBaHUEM 0 YACTOTE B OOIIEM ciyyae Tpedyer
BBIIIOJIHEHHUSI CIIEAYIOIIMX UTEpaluil:

® 33]]aHME HAYAJIbHBIX YCJIOBUN — €CTECTBEHHBIN NOPAJIOK CIEAOBaHUS
OTCUYETOB BXOJIHBIX OTCYETOB;
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® Ha nepBoM dtane onpexaesnstorcss N/2-toueunsie 11D N/2-toueynbix
MOCJIEIOBATENBLHOCTEN (ABYX MOJOBHUH UCXOJHOM MOCIEA0BATEIBHOCTH);

® Ha BTOpoM 3Tane onpeaestorcs N/4-roueunsic 11D kak komOunHarus
N/2-toueunsix [AI1D;

® Ha i-OM 3Tall€ ONPEAECIAOTCS 2" royeunmie JIH® kak komOuHAIus pin
toueuHbix I1D;

® Ha v-OoM (mocieaHeM) JTare omnpenensarorcs 2-toyeuynblie JIID kak
koMmOuHanus 4-roueynbix JI1®. Beixonusie orcuerst 1D crnenyror B OUT-
PEBEPCUBHOM TOPSIAKE TBOUYHBIX HOMEPOB.

Ananu3 anroput™MoB BII® ¢ npopexuBaHreM MO BPEMEHU U YaCTOTE MO-
Ka3bIBaeT, uTo o6O11as popmyna pacyera bIID ¢ mpopexuBaHueM 1Mo 4acToTe Ha
MPOU3BOJIBHOM i-M 3Tarl€ MOXET ObITh MOJIyYeHa MyTEeM 3aMEHbl BX0J1a U BBIXO-
71a, a TAKXKe OOpaIlleHUsl CTPEJIKH HaIlPaBJIEHHOro rpada — «0abouku» ajIropur-
Ma bII® ¢ npopexuBannem no BpemeHu (puc. 2.9).

1) 2";}<k>=f,;;<k>+f;;<k+§>

L =LA - fk+ %)]WL"

Puc. 2.9. I'pa¢d 6a3oBoii onepamuu anroputma bII® ¢ nmpopexxnuBaHueM 10 4acToTe
O6mas popmyna pacuera JIID nnsa npousBosibHOro i-ro 3tamna [11]:
i—1,,\_ /i i L.

Fam (0=, () + £, G20

i —1 ' ' Lok,
Fam w10 =0 (00 = £ (K + W

i=v,v—1..1; (2.12)
m=0,1,...M —1;
k = 0,1,...,£—1;

2
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rae [ —Homep dtama (i =v,v—1,...,1);
m — Homep AI1D;
k — nomep orcuera JII1D;
M — xomuectBo JIII®, onpenensemoe o hopmyie M = 2"
L — pasmepuoe JII®, onpenensemoe mo popmyne L = 2';
fni (k) — L-toueunoe JAI1D;

. -
fir(k), f5,., (k) —uertnoe n meuerrnoe L/2-Toueunoe I1M coOTBETCTBEHHO.

Cornacno (2.12), L-toueunoe 1D onpenensieTcs napauiesibHO:

® orcuetbl yemnoco L/2-toueunoro 1D — no gepxueti hopmyuie;

® orcueThl Heuemnozo L/2-troueunoro 1P — no nuorcnen popmyne.

Anamm3 BeipaxkeHus (2.12) onucsiBaet anroput™ bII® ¢ npopexuBannem
10 4YaCTOTE — V-ITAIIHYIO IIPOLENYPY TUIIA «HUKJ B LUKIIE», T/E:

® BHEUIHUM IIUKJI OPraHU3yeTCs MO NEPEMEHHOM i: [ = V...1;

® TIepBbIM BHYTPEHHUN UK (MPU (PUKCUPOBAHHOM i) — IO TIEPEMEHHOMN
m-m=0,1,2,...M-1;

® BTOpPOIl BHYTPEHHMI LUK (IIpH (PUKCUPOBAHHBIX I U M) — 110 IEPEMEH-
Hout k: k = 0,1,...,(L/2 — 1). B mukie Beruucnsercs k-ii orcuer L/2-TOUeUHOIrO
JAII®D no popmyiie (2.12).

Ha BbIXOzie anroput™a (B pesyibraTe BerancieHuii mpu i = 1 u L=2" = 2)
coryacHo (2.12) momyuyaem N-toueuynoe JIIPD, orcuersl KOTOPOro CIEAyIOT B
OUT-pEBEPCUBHOM MOPSJIKE IBOUYHBIX HOMEPOB.

Ha npaktuke anropurm BII® ¢ npopekMBaHUEM IO YACTOTE MPUMEHSIOT
pexe, UeM € NMPOPEKUBAHUEM T10 BPEMEHH, T. K. IOCIEAHUI 00ecrieynBaeT ecre-
CTBEHHBIU NMOPSIOK cienoBanns orcueToB 11D Ha BbIXOIE.

Kak u B anroput™Me ¢ mpopeXMBaHUEM IO BPEMEHHU, B JAHHOM ajro-
PUTME BBIYMCIUTENBHBIE 3aTpPaThl cOCTAaBISIOT Nlog,N onepanuii cioxeHus
u 0,5Nlog,N onepauuii yMHOXKEHHS, @ BBIYMCIECHUS MOXHO BBINOJIHATH C 3a-
MelmieHueM. BenuunHa «0abouku» 1Mo Mepe MPOABMIKEHHUS K KOHIY BBIYHC-
JICHUW yMEHBIIAETCH.

Ecou N = 8, anroputm BII® npencrapisieT coboil TpeXdTAMHYO MPoIie-
nypy Beruucienus A11® no odweit popmyne (2.12) mpui =3, 2, 1.

HauanbHble yCIOBUS anropuTMa 3aJarTcs Kak:

fo (k) = s(k);
k=0,1,...,7.
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llepsviti sman: i = v = 3.
Omnpenensitorcs n1Ba 4-toueunbix D (o gopmyne 2.12) npu m = 0 ¢
y4€TOM HayaJlbHBIX YCIOBUM:

fo (k)= s(k)+ s(k +4);

f2 ) =[s(k) = s(k + )Wy
k=0,1,....,3.

Bmopoii oman: i=v—1=2.
Onpenenstorcs yerbipe 2-toueunbix 1D mpu m = 0,1:
Fam(K) = () + for (K +2);

fah () =[f20k) = f2(k+2)W);
k=0,1.

Tpemuti sman: i=v-2=1.
Onpenenstorcs 8-toueynoe 11D npum =0, 1, 2, 3:
{fz?n 0)= £10)+ £ (D)
Fanst OV =Lf0 (0= £ (DIW5.

3HAYCHUS fz(jn(()) u fz(jnﬂ(()) npu m=0,1,23 u ecTb HCKOMOE

BOCBMHUTOYCYHOC I[HCD, OTCYCTBI KOTOPOI'o CJICAYIOT B 6I/IT-pCBCpCI/IBHOM I10-
pAAKE IBONMYHBIX HOMCPOB!:

£(0)= £(0);
f@) = £20);

f(2)=£,(0);
£(6)= £(0);

f)= £ 0);
f5)= £2(0);

f3)= 0y
F(=f(0).
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0)= 120
HO=50 FORO

. W20 f(4):f10(0)

£0)=5(1)
O
LO=52) 1\ H , f@)=£0)
.

£0)=50) .Q FO)=£20)
[ 0)=s(4) “‘ fO=1©0)
0. WO
2 5 — 0 0
£0)=5(5) . . f®)=£0)
JOT .w’. ‘}
£(0)=5(6) H

fB®=1(0)

0

" r(=£0)

INOER)

Puc. 2.10. I'pad anroputma BII®D ¢ npopexnBannem
10 4acTOTe AJ11 BocbMuToueyHoro I1®

2.3.3. Aaroputm aeiicTBuTe IbHOTO BII® (AIBIID)

beicTpeit anroputm ana pacuera 11D peiictButenbHOM N-TOUYEUYHOU

nocnenoatensHoctu {s(n)} npencrasnen B [7]. C UeNbl0 CHUKEHUS BbI-
YUCJIUTEILHON CIOXKHOCTU ainroputma bII®D ¢ npopexuBanueM no BpeMeHU
N-TOYE€UYHOW NEUCTBUTEIBHON MOCJIEI0BATEIBHOCTH HMCIOJIB3YIOT CBOMCTBO
SPMHUTOBOM CUMMETPUU CHEKTpaidbHbIX KodhduiuentoB AIID u BecoBbIX

MHOXUTEJIEN:

ES
fk :fN—k

3
fk sz/Z—k
Wzkv :_(W]I\\;/Z—k) ’

k=1,.,N/4-1.
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S0 e—— Fo
s, &———— N/2 Fy
L]
SNpo @ | TOUYeu- | SN
HOC F
SNy e———t JITID N/4
L]
SN o—— Fnian
SN-2 *r— FN/2-1
s [ Fni
s; 1 N2 A+B A A+B
® | Toueu-
SN2l @ [ Hoe
SN+l &1 AIID
[ ]
SNz &
SN-1 & A"-B’
B A-B B

Puc. 2.11. Ilepssiit aTan paznoxenus B AJBIID

N3 cootHomennit (2.13) cnemyer, 4ToO Ha TANe B3BEIIMBAHUS JIOCTATOYHO
BBIITOJIHUTH TOJILKO N/4 -1 KOMIIJICKCHBIX YMHOXEHUM

fi = s Wy (k=1..,N/4-1), nockomsky f, ,=—f,. VuursmBas cBoiictBo (2.13),

TpaJWIMOHHAs oreparus «b6abouka» mpeoOpazyercss B «MOAUHUIIMPOBAHHYIO Oa-
00YKy», KOTOpasi MOMHUMO CYMMHUPOBAHHUSI COJIEPKUT OMNEPAIUI0 PA3HOCTH KOM-
TUTEKCHO-CONPsDKEHHBIX uncell. Ha puc. 2.11 mpencraien rpad, WLTIOCTPUPYIO-
nmil pasnoxkenue N-toueyHoro 1D nelcTBATENBHONM MOCIEAOBATEILHOCTA HA
nBa N/2-toueunbix J[I1® ¢ momorpio anroputmMa AeHCTBUTEILHOTO OBICTPOTO TIpe-
o0Opa3oBaHus Dypbe (AIBIID). Ucxonnas MOCJIEA0BATEIBLHOCTD
{s(n)} (n=(),],...,N—1) paszieneHa no YeTHbIM U HEYETHBIM OTCYETAM, a MOCIIECI0BA-

TenbHOCTh Kodbdummentos IO f, (k=01,..,N/2) pacnonoxeHa B IPIMOM IIO-

paake. Kaxnpii atan AJIBII® cocront u3 cnenyronmx onepauui (puc. 2.11):

1. Bemonnenne nByx N/2-todenslx AIIP nencTBUTENBHBIX NOCIEI0BA-
TEIbHOCTEH.

2. Breimonnenne N/4 — 1 KOMIUIEKCHBIX B3BEIIIMBAHUMN.

3. Beoruncnenue N/2+1 koaduimienroB N-toueunoro [I1D na ocHoBe N/4 — 1
MONAPHBIX CIIOXKEHUA W BBIYUTAHUNA KOMILIEKCHBIX YMCENl U OJHOIO CJIOKEHUS U BbI-
YUTAHMS TIapbI AEHCTBUTENBHBIX YMCET TP BBIMOIHEHUH ABYX 0A30BbIX OMEPAIHA.

s AJIBII® xapakrepHo:

1. Hanuume oOpaTHOW JBOMYHOM IEPECTAHOBKH BXOJHOHM IOCJENI0BA-

TENBHOCTH {s(17)} (n =0,1,..,N—1; N= 2V) .
2. Ilpsamoii nopsanok koadduumentos ypee f, (k =0,1,...,N/ 2) Ha BBIXOJIE.

3. PekypcuBHas CTpyKTypa, coJiepKaliasi v 3TaroB.
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4. JlBa Buma 0a3oBBIX omeparuii: «0adbouka» U «MoauduImpoBanHas Oa-
00YKa», COCTOSIIAs U3 OTEPAIMK CYMMHPOBAHHUS JBYX KOMIUICKCHBIX YHCEN H
Pa3HOCTH ABYX KOMITJICKCHO-COTPSHKEHHBIX YUCEN.

5. Bemonnenue (N/4 — 1) KOMIIEKCHBIX B3BEIIMBAHUM Ha W‘V (k=1,..,N/4—1)

Tt Kakoro atamna AJIBII®.
£0)

s(0)

AD
5(8)
(2

® f2)
— IO
s(12) -

d )

s(6)

/
() ‘ / A7)
-0 i
s(14) -j
s(1) S f(8)
(D
5(5) 2 2‘

s(13) E:é -j

s(3)

s(11) E:é
s(7) '

(D
s(15) ;{ -j

Puc. 2.12. I'pap AJABIID na N = 16
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2.4. [Ipeodpa3zoBanue Yoama-Axnamapa

2.4.1. ®ynkuuu Youma

Oynkuun Yomma o0pa3yloT MOJHYI0 OPTOHOPMUPOBAHHYIO CHCTEMY C
KOJIMYECTBOM (YHKIIUI 2 1=1.23 .., v 3HaueHUsAMH + 1 [8]. Hucno pyHkuumid,
BKJIIOYAEMbIX B CUCTEMY, OOBIYHO PAaBHO YUCIY OTCUETOB KaXX0il (hyHKIMHU, TaK
KaK MpU AUCKPETHOM CIEKTPAJIbHOM aHall3€ CUTHAJIOB ¢ N OTCUETaMHU YHUCIIO
CIIEKTPAJIbHBIX COCTABJISIONMIMX TAKXKE JOJIKHO ObITh paBHO N. Ilockosbky HY-
Mepauus (ynopsaodeHue) QyHkuuii Yoiia MOKeT ObITh MPOU3BE/ICHA Pa3HbI-
MU crioco0amMu, TO BO3MOXHBI pa3auyHbie cuctembl GyHKui Yomnma. Haubo-
Jee MIHUPOKO UCIOJIB3YETCS MPEACTaBICHUE TaKMX CUCTEM B BUJE KBAJIPATHBIX
MaTpHL], B KOTOPBIX Ka)KJ1asl CTPOKa-3TO GyHKLIHMS Y OjIlla.

Anlamap mokasaj, 4YTo 3T MaTPUIlbl IPUHAJJIEKAT KIACCy MATPUIl C MaK-
CUMAJIbHO BO3MOXHBIM ornpeaenuTeneM. [[o3ToMy OHM MOMy4yusivd Ha3BaHHE
Marpun Anamapa [8].

Martpunein Anamapa nopsiaka N Ha3bIBaeTCs OpPTOTOHAJIBHAS MAaTpULA
pasmepoM N X N, 3JIeMEHTaMU KOTOPOM SIBIAIOTCA JCHCTBUTENIbHBIE YHUCIA
«x 1» [8]. Marpuia Anamapa nopsiika N o6o3Hadaercst Hy.

[Ipocreiieit matpuieid Axamapa sBISIETCS MaTpULia BTOPOro MOpsAIKa BUA:

H_l 1
20 <1

Ecmu Hy — matpuna Anamapa nopsiaka N, To MaTpuia

ABJSAETCA MaTpuLer Anamapa nopsaka 2N.
Hanpumep, MaTpHIbl 4€TBEPTOrO U BOCBMOIO IMOPSIIKA UMEOT COOTBET-
CTBEHHO CJICIYIOIIUN BU:

1 1 1 1
*"|H, -H, 11 -1 -1

1 -1 -1 1
111 11111
1 -1 1 -1 i 1 -1 1 -1
1 1 -1 -1 i 11 -1 -1
H, H, I -1 -1 11 1 -1 -1 1
Hy=1y H, |71 1 1 175104
4 —H4 - - - -
1 -1 1 -1'-1 1 -1 1
11 -1 -1 i—l 1 1 1
1 -1 -1 -1 1 1 -1]
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B Oonee komnakTHOM BUE MaTpuily AgaMmapa MOXKHO MPEICTaBUTD:
Hy=H, ® H,,

II€ ® — 3HaK MPSMOro WM KPOHEKEPOBA YMHOXKEHHUSI MATpPUII, KOTOPOE BBIYHC-
JIETCS IMyTEM YMHOKEHHS KaXKJI0T0 dJIeMeHTa MaTpullbl H, Ha Matpulyy H,.

Jnst QyHKIMH, MpUHAUIeKAIIMX CUcTeMe Youma-Aiamapa, HCIOIb3yeTcs
obo3Hauenue had(k,n), rae k-HOMep CTPOKH, a n — HOMEpP CTOJI0LA MaTpuLbl Ana-
mapa. [IponymepyeM cTpoKd U CTONOLBI MaTPHILIBI AZlaMapa JBOWYHBIMH YUCTAMH
ot 0 o N — 1. Toraa sneMeHT MaTpHILIbl, CTOSIINIA Ha IEPECEYEHNH CTPOKH C HOME-
POM k ¥ CTOJIOIa C HOMEPOM 7, BEIYUCIISIETCS 110 (popMyIie:

had(k,n) = (-1)*",

/-1
rae  (k-n) =) kn, — CKalsApHOE MPOM3BEICHUE BEKTOPOB K U 71;
i=0

k — IBOWYHBII HOMEP CTPOKH;

n — IBOUYHBIA HOMEp CTOJIOIIA.

[lycts k — ABOMYHBIA HOMEp CTPOKH, a n — JIBOMYHBI HOMEpP CTOJIOIA
(k,ne 0,...,N —1). Toraa 3jeMEHT MaTpHIIbl, CTOALINI HA TIEPECEUCHUN CTPOKH C

HOMEPOM k 1 cTOJI0Ia C HOMEPOM 71, BBIYUCIIAETCA IO (popMyIie

had (k,n) = (-1)*, (2.14)

I-1
rae  (kn) = ) k;n;, — cKaIsIpHOE MPOU3BEICHHE BEKTOPOB k M 7.
i=0

Hanpumep, nns marpunst Hg ¢ yaetoMm (2.14):

_ - [had(©000,n)]
had (001,7)
had(010,n)
| had(011,n)
| | had(100,n) |
| had (101, 1)

| had (110,n)

- | 4 | had(111,n) |
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Crpoku matpun Agamapa had(000,n),had(001,n),...,had(k,n) moxxHo pac-
CMaTpuBaTh Kak (YHKIHUU AUCKPETHBIX MEPEMEHHBIX 7 U k , ONpE/CIICHHbIE B
nenouncieHHbix Toukax 0,1,2,...,N — 1 unrepBana [0, N). Otu QyHKIIUM HA3bI-
BalOTCS AUCKpeTHbIMU QyHKIusMu Younma [8]. [lepBas nepemennast k 0603Ha-
yaeT HoMep (YHKIIMH, BTOpas TIepeMeHHast # — TUCKpeTHOEe BpeMs. B kadecTBe
HOMEpa (PyHKIMU OepeTcss HOMEp COOTBETCTBYIOMIEH CTPOKH MaTpHIIBl Agama-
pa. IIpu 3TOM TOBOPSAT, YTO (PYHKIIMU YHOPSAIOUYEHBI IO AJlamMapy.

Baxneiimmu cBorictBaMu pyHKIMA Youma sBisitores [8]:

1) opTOroHambHOCTB:

N had k. mhad (kymy = R =R
ad (k;,n)ha ) =
n=0 : ? 0,k; # ky;
WIIK B MATPUYHON 3aIIMCH:

HyHj = NI,
rae [ — eqMHUYHAS MaTpUIa;

2) CUMMETPUYHOCTD:
Hy=Hp;

HCIIOJIB3YA CBOMCTBA OPTOIrOHAJIBHOCTH M CHUMMCTPHUYHOCTH, JICTKO IIOJYYUTD
H'=N"H;
3) MYJIBTUIUIMKATUBHOCTH IO HOMEPY (PYHKITUH:

had (k,,n)had (k,,n) = had (k; ® k,,n)

¥ HOMEpY OTCUeTa:
had(k,n,)had (k,n,) = had(k,n, ® n,).

IToctosiHHas QyHKUMA M (QYHKIMUM MEAHJPOBOTO TUIA C OAHON HEHYJIe-
BOI mo3uuuedl B JABOWYHOW 3alMcH HOMEpa Has3bplBaroTCs (QyHKIMsAMu Pane-
maxepa. st N = 8 OHM paBHBI:

Ry = had (000,n); R, =had(010,n);
R, =had(100,n); R; = had(001,n).

W3 cBoiicTBa MyJIBTUIUIMKATUBHOCTHU CIIEAYET, 4TO JIt00as PpyHKIMs Youma
MOXKET OBbITh MOTy4eHa nepeMHoxkeHneM pyHkimid Panemaxepa. Hanpumep:
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B mnpakTuyeckux NPUIIOKEHUSIX HCIHOIB3YETCA W Jpyras HyMepauus
(GYHKIUH, YTO COOTBETCTBYET JIPYrOMY CIOCOOY paH)XHpOBaHHUs 000OIIEHHBIX
rapmoHuk. Hanbosnee ynoTpeOUTENbHBIMU U3 HUX SIBJISIIOTCS YIIOPSOUYCHUS TIO
[Tsnu 1 mo Yoy [8].

B HEKOTOpBIX MNPAKTUYECKUX NPUIOKECHUAX, HAIPUMEpP B aHAJIOIO-
UQPPOBBIX MPEeOOpPa30BaAHUAK, JKEJIATEILHO HCIOJIb30BaTh KOJbI, Y KOTOPBIX
BCE CIJIEAYIOIIHNE APYT 32 APYTOM KOJOBBIE CIIOBA Pa3JIWYAOTCS TOJBKO OJTHOU
nudpoit B HekoTopoM paszpsiae. Koapl, obmamaromnye TakuM CBOMCTBOM, Ha3bl-
BArOTCS IIUKJINYECCKUMH.

OueHb BaXHBIM LMKIAYECKHUM KOAOM sBIAeTca Kox I'pes. J[BomuHoe
MpeCTaBICHUE YHC]Ia MOXKET OBITh JIETKO IpeoOpa3oBaHo B koj ['pest ¢ momo-
B0 TTOJTyCYyMMATOPOB.

ITycTe MOCNENOBATENBHOCTD &, 1,8, 25> 8o ABIAETCHA KOJOBBIM CIOBOM
B 1 pa3psIHOM JABOUYHOM Koje I'pesi, COOTBETCTBYIOIIEE JBOUYHOMY YHCIY
b,_1.b,_5,....by.

n n

Toma &; MOXKECT OBITH OIIpCACIICHA COIJIACHO:

gi:bi®bi+1’ gn—lzbn—l’ 0<i<n-2.

Tabnumna 2.3
Tpexpaspsaubiii koa I'pes
JlecaTuuHOE JIBOMYHBIN KO Kon I'pes

9HCII0 b, | b by 2 | & | g
0 0 0 0 0 0 0
1 0 | 0 1 0 0 1
2 0 1 0 0 1 1
3 0 1 1 0 1 0
4 1 0 0 1 1 0
5 1 0 1 1 1 1
6 1 1 0 1 0 1
7 1 1 1 1 0 0

Cucrema IIsnu oOpasyercss U3 cucreMbl AjaMapa JBOMYHOW MHBEpPCUEN
HOMEpOB (QYHKIUH, T. €. IyTEeM 3allCH pa3psAoB JBOUYHOIO IPEACTABICHUS
HOoMepa k B oOpatHoM mnopsiake. Cucrema Youia pacnojiaraetT (yHKUUU B I0-
psKE BO3pAacTaHUs YMCJIa CMEH 3HAKa Ha MHTEpBaJe (110 «4acTOTaM» CJIEI0Ba-
Hus) (puc. 2.13), 4TO COOTBETCTBYET PACIIOIOKEHUIO UX HOMEPOB B JBOWYHO-
uHBEpCcHOM Kozxe ['pest.
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Jist N = 4 B pacCMOTpPEHHBIX CIIOCO0axX yHOpsI0UYEHHsI CTPOKH PACIIOo-
KEHBI CIIEIYIOIINM 00pa3oMm:

1o Anamapy o [1sm 1o Yoy
00 00 00
01 10 10
10 01 11
11 11 01
0 05 10

o 05 ot
Puc. 2.13. ®yuxuuu Y osnmia

CooTBeTcTBYOIIME MATPHUILBI TP ynopsaxodeHuu 1o [Isnm u no You-
11y paBHBI:

1 1 1 1] 1 1 1 1]

P={pal(k,n)} = b=t W ={wal(k,n)} = bbb
1 -1 1 -1 1 -1 -1 1

1 -1 -1 1 1 -1 1 -1

2.4.2. llpeoOpa3oBanue Youa-AgaMapa v ero cBoicTaa

Ilycte {s(n)} = {s(0), s(1),...,s(N — 1)} — COBOKyHOCTh PAaBHOOTCTOSIIUX
otrcuetoB curHana. [lapa nuckpernoro npeodpazoBanus Yodia-Anamapa B 1o-
Ka3areJqbHOU opMme mpencrapisercs B Buae [8]:
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N-1

b(k)="Y s(n)(-D*, k=0,1,..,N —1; (2.15)
n=0
N-1 (kn)
sm)y=N"3 b)) , n=0,1,..,N—1. (2.16)
k=0

PaBenctBo (2.15) Ha3bIBaeTcs npsamviM npeobopazosaruem W JaeT
CIIeKTp curHaia B Oazuce Youma. PaBeHctBo (2.16) Ha3bIBalOT 06pamHvim
npeoobpazoeanuem.

Hcnons3ys matpuily Anamapa nopsiaika N, MOXKHO 3amucarh mpeodopaso-
BaHME B MaTpUYHOU Popme:

B=HS;
s=N'HB,

rie s = [5(0),5(1),....s(N=1D]", B = [b(0),b(]),....b(N-1)]" — BexTOpHI-
CTOJOLIBI OTCYETOB CUTHAJIA U CIIEKTPAIBbHBIX KOA((UIIMEHTOB COOTBETCTBEHHO.
OCHOBHBIMHU CBOMCTBaMH MPe0Opa30oBaHUs ABISAIOTCA [8]:
1. Jluneunocms. Ecmu {x(n)} u {y(n)} — nBe mocieaoBaTeJIbLHOCTU CO
cuektpamu {b(k)} n {b,(k)} COOTBETCTBEHHO, TO CIEKTP MX B3BELICHHON CyM-

mel {z(n)} = {A«(n)}+{By(n)} paBen:
{b(k)}={Ab.(k)}+{BDby(k)}.

2. Unsapuanmuocmov k ouaonomy cosuey. PaccmoTpum QyHKIHIO $(7)
TUCKpeTHOM nepemeHHou n. Oyukius s (n @ T) Ha3bIBaeTCS AUAJAHBIM CIIBUTOM
byakuun s(n). CylmHOCTh TUATHOTO CABUTA 3aKIHOYAECTCS B MEPECTAHOBKE OT-
CUYETOB UCXOIHOW (YHKIUMHU. B yacTHOCTH, Ha MECTO OTCUETa C HOMEPOM 71 CTa-
BUTCS oTcueT ¢ HoMepoM (n @ T). Hanpumep, nycts {s(n)} = {0011) u 1= 2.

3navenus (n @ 1) msa n =0,1,2,3 paBHbI:

n nodr
00 @ 10 = 10
01 @ 10 = 11
10 @ 10 = 00

11 @ 10 = 01

N3 »Toi 3amnucu CIICAYyCT, UYTO OTCUHECT C HOMCPOM HOJIb CTAaBUTCA Ha
BTOpOﬁ OTCYCT, 4 HA MCCTO OTCUCTAa C HOMCPOM OJUH — TpeTI/Iﬁ nT. O. B pe-
3YJbTATC IMOJIYUNM:

{s(m)} ={0011};
[s(n®1)} = {1100).
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N3 cBOMCTB MYJIbTUIIMKATUBHOCTH CIEAYET, YTO IPU PUKCHPOBAHHOM T
had(k,n ® t ) = had (k,n) had(k,t) = Thad(k,n),

T. €. CIIEKTPAJIbHBIE COCTABIISAIOIIME NCXOAHOTO U THATHO-CABUHYTOIO CUTHAJIOB
MOT'YT OTJIMYaTbCS TOJBKO 3HAKOM. AMIUIMTYJIHBIA K€ CIEKTP MPU AHATHOM
CIBUIE HE MEHSIETCH.

3. Teopema o ceepmre u koppensayuu. IIoHsITHE TUATHOTO CIABUTA MO3BO-
JsieT 0000IIUTh MOHATUSA CBEPTKH M KOPPEISIIMOHHON QyHKIMH. Tak Kak cyM-
MHPOBAHHUE U BBIYMTAHHUE IO MOAYJIIO JIBA COBIIANAIOT, TO JUAJHAs CBEPTKA COB-
NaJaeT ¢ JMaJHON KOPPEISIUMEN U ONIPENEISIETCS BBIPAXKEHUEM

N-1
ymy=r(n)= 2 h()s(n@D),
=0

rne n=0,1,....,(N-1).
Teopema 0 CBEpTKE YTBEP)KJIA€T, UTO CIEKTP CBEPTKU PaBEH IPOU3BEJIE-
HUIO CIIEKTPOB CBOPAYMUBAEMBIX MOCIIEI0BATEIIBHOCTE:

b, (k) = b, (k)b, (k).

OTO MO3BOJISIET I BBIYHCICHHS JAUAJHOW CBEPTKH M KOPPEISLIMOHHOU
(yHKLIHH UCTIOIB30BaTh MpeoOpa3oBanue Anamapa:

R = H '(B,B,) = N"'H(B,B,).

2.4.3. boicTpoe npeoOpa3oBanue Youma-AgamMmapa

Beluucnenue npeodpa3oBaHus NPSIMbIM CIIOCOOOM TPeOYET BBITOIHEHUS
N(N —1) onepaumii cinoxenusi. CyIeCTBYIOT ObICTPbIE aJrOPUTMBI, KOTOPBIE Tpe-
OyroT ToJIbKO Nlog,N omneparuid.

JUst mocTpoeHust OBICTPOro alropuTMa pacCMOTPUM MATPUYHOE PABEHCTBO
B = HS. 3anumem B BUJE:

b(0) ] [ s(0)
b(1) s(1)

b(l-l) _|:HN/2 HN/2:| s(l—l) ’
2 Hy; -Hyp 2

b(N /2) s(N 12)

| b(N -1) | | S(N -1) |

YTO IMO3BOJIMT OTACIIbHO BBIYMCIUTD IICPBYIO U BTOPYIO ITIOJIOBHHEBI CIICKTPA.
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B pesynbrare:

b0) | [ s(0)+s(N/2) | [b(N/2) ] [ 5(0)—s(N/2)
b(1) s()+s(N/2+1) b (% . s()—s(N /2)
=Hy ), . : =Hy,
N N : N
_b(;—l)_ _5(3—1) +s(N —1)_ N1y _s(?—l) —s(N —1)_

W3 311X BBIpQKEHUH CIIETyeT, YTO BbIYMCIIEHHE N-TOUEUHOTr0 NpeoOpa3oBaHus
CBOAMTCS K IPEABAPUTEIIEHOMY CYMMHUPOBAHHIO (BBIYUTAHUIO) BXOJHBIX JAHHBIX U
NOCJIEYIOILEMY BBIUMCIIEHUIO IBYX N/2-TOueuHbIX IIpeodpa3oBanuil (puc. 2.14).

[Tpouenypy cHrbkeHHs, pa3MEPHOCTU IIPEOOPA30BAHUAMU MOXKHO IIPOJIOJDKUTD
710 IOJTy4Y€HHUS! JIBYXTOUYEUHOro IpeodpazoBanust. st atoro notpedyercs logyN maros.
Ha xaxxnom 1mare npousBogutcst N CIIOKEHHH, IO3TOMY 0011ee KOJIMYECTBO OIEpalnii
crokeHus paBHO Nog,N. PaccMOTpeHHbIi aropuT™ Ha3bIBaeTCsl ObICTPhIM IpeoOpa-
3oBanueM Anamapa (BITA). Ha puc. 2.15 npuseneH rpad) BBIMUCIUTENBHOIO MPOLIEcca
it N = 8. BIIYA npunsTo Takke TpakToBaTh KaK pasjoxkeHue ((pakTopu3aluio)
MaTpulpl AjjamMapa B IPOU3BE/ICHHUE C1a003al0IHEHBIX COMHOXKHTEIEH.

5(0) b(0)
s(D) b(1)
BITYA g N/2 b(2)
Q) I
x ¢
N
)
s(%+ 1)
Q)
BITYA s N/2
b(N -1)
s(N -1)

Puc. 2.14. Ipunmumn nocrpoeHus aaroputma bITY A
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b(0)

s(0)
@
s(1) b(D)
()
5(2) ’ b(2)
) Q (e —
(]
b3
53) "’ 3
b(4)
s(4) -
)
- b(5)
s(5) S
—_— ®
O
s(6)

- -
>:< b(7)
s(7)

Puc. 2.15. I'pad anroputma BITYA mns N = 8

Bo3MoXHOCTh mpencTaBieHuss MaTpUIl Ajlamapa B BUJE MPOU3BEICHUS
ciabo3arnoaHeHHbIX MaTpull nokazan ['ya. dakropuzanus merogom ['yaa ms
MaTpHI], TPEICTABISIONNX COO0N KPOHEKEPOBCKOE MPOU3BEICHUE HECKOIBKUX
OJIMHAKOBBIX MATPHII, OCHOBAaHA Ha CJIEIYIOIINX TEOPEMax.

1. Ecnn E,[; ] MIPOU3BOJIbHAS MAaTpHULIA Pa3sMEPOM m X m, TO

EM-E ®FE ®..®FE, =B",.

m

v

n pa3

JIpyrumu CcJI0BaMu, 1n-s KPOHEKEPOBCKas CTENEHb MaTpHuilsl E,, pasmMepom
m X m paBHa OOBIYHOM n-1f CTETIIEHN MaTpHIlbl B,," pasmepom m" X m".

2. Ecnu E,[n"] MIPOU3BOJIbHAS MATPUIIA PA3MEPOM m X 1, TO

EM-g ®E,®.®E,=c!.c? "

m m

n pas

e V=g ®1,®.01,;c?=1,0F ®. .01, c"=1,01,0. 0k,
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3nech 1,-enuHWYHAs MaTpulla pasMepoM m Xm, a  MaTPHILBI

) )

n’ PRI
m m

C (nn) — BCe pasmepom m’ X m’".
m

1 2 n
Ocob6ennocteio Matpuil B,," u matpui; C ( ,1 ,C ( n),...,C ( n) SIBJIICTCS TO, YTO
m m m
1
OHM HMEIOT He Gonbiue 7" OTIMYHBIX OT HYJIS DIEMEHTOB, MO3TOMY OOIIEe
YHCIIO OTEePaNUil TUIIA CII0KEHHE-BBIYUTAHUE HE TPEBBINIACT BEJTMUMHbI 1 X m’".
Jlns matpun Anamapa:
_ gl
Hz” =E5",
I 1
I -1
CornacHo teopeme 1, maTpuiia Agamapa pasMepoM 8 X 8 pacKiia/IbIBaeT-
Csl HA IPOU3BECHUE TPEX C1a003aOTHEHHBIX COMHOKHUTENCH:

Hy=H,® H,® H,= B’,

e EV=fllele. ole. o £ { } I=12,...n.

rne B=

CornacHo teopeme 2, Marpunia Anamapa MOXKET ObITh (pakTopu3OoBaHa
CJIeYIOIUM 00pa3oM:

o=,

riue Cél) = b )
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BrrunciieHne BEKTOPHO-MATPUYHOTO MPOU3BEIAECHUS IIPU MCIOJb30BAHUU
PacCMOTPEHHBIX METOAOB (paKTOpU3aLUU MATpUL] Afamapa TpeOyeT BBINOJIHE-
HUA 24 onepannil TUIIA CIIOKEHUE-BbIYMTaHue. [IpsaMoi MeTOT YMHOKEHHS BEK-

Topa Ha Matpuily Hg npeamnosiaraetr 56 BoIYUCICHU.

2.5. [Ipeodpa3zoBanue Xaapa

Oynkuun Xaapa { har(r,k,t) } 6pun moctpoensl B 1910 r. Onu 06pa3zyrot

HOJIHYIO CUCTEMY OPTOHOPMHUPOBAHHBIX (YHKIUI, ONPENEICHHbIX HA UHTEpBa-
I
ae [0, N), N=2,[ = 1,2... 1 ONUCBIBAIOTCA CIEAYIOLIMMU PEKYPPEHTHBIMH CO-

OTHOIICHUIMH [8]:

har(0,0,t) =1, te x[0,1);

har(r,k,t)=

(22 (k=12 <t<(k—-0,52""

272 (k=0,52"<t<k2";

0, npu ocmanvnvix te x[0,1);

0<r<log, N 1<k<2".

NmaN=4re0,1, kel,2

har(0,0,¢) =1,

-

har(1,1,t) =

22, 0<1<0,25;

te x[0,1); har(0,1,f)= { %(())SSI<O<?;

-

2"2,0,5<t<0,75;

2%, 0.2551<0.5  p10.n=4 2. 0.7551<1;

0, nna apyrux ft; 0, ona oOpyeux t.
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4 har 0,00 4 har 019

v
~ Vv

Y harap har (1,2,1)
N e IRV B V2 |_ !
V2 V2 | 12

Puc. 2.16. ®ynkuun Xaapa qia N = 4

[Ipu nuckperusaruu cucteMbl GyHKIMKA Xaapa, IpeJAcTaBICHHON BBIIIE,
MOJTYyJarOTCs JUCKpETHhIE (yHKIMU Xaapahar(r,k,t), onpeneneHHbIE B IIEN0-
yuciaeHHbIX Toukax 0, 1, 2,.... N - 1.

s N = 4 matpunia yHkiuii Xaapa uMeeT BHUI:

1
1
Mizlp _ 2 o o
0 0

V2 =2

Hrg =

(e}
(@)
(e}
owoos\oLH
5
|
5
|
5

-2

Tak xak QyHkuuu Xaapa OpTOroHajIbHbBI, TO HrNHrlg = NI . MHOXecTBO

dbyukiuii Xaapa, B omimure OoT PyHKUMA Yooia, He SBISETCS MYJIbTUILIAKA-
TUBHBIM, T. €. Ipou3BeJeHrne PyHKIMN Xaapa He MPUBOJUT BHOBb K (YHKIUU
Xaapa. C yBeIMYEHUEM MEPEMEHHON I YMEHBIIAETCA MHTEPBal, HA KOTOPOM
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¢yHKIMsA Xaapa OTJIMYHA OT HYyJs. DTO 0OCTOSTENBCTBO MO3BOJIIET HCIOJIB30-
BaTh pa3jokeHHe Xaapa JJisl MOJyYEeHHs CIIEKTPAIbHBIX KO3(PPUIUEHTOB, YUH-
THIBAIOILIKX JIOKAJIbHOE TIOBEACHUE (PYHKIIUU.

4 har 000 4 har.10
I ] ;
f . f
; I
Y haraln Y hara2.n
2 M e 1 V2 |_ 1
N 2 i
A A
har (2,1,t) har (2,2.t)

v
v

_| 1/4 1 |_| i 1
U U

-2

har (2.3.6) Y har 240

2 |—| 1 2 |—|1
-2 1/2|_|7 3/4|_| ”

Puc. 2.17. ®ynxuuun Xaapa qjst N = 8

v

[Tapa auckpeTHOTO TpeoOpa3oBaHMs Xaapa CUTHaja S ompenenseTcs
CIEAYIOIIMMU COOTHOIIEHUsIMH [8]:

Y =HrS,
e
S=N Hr'Y.
IlepBoe BhIpaskeHHE Ha3bIBACTCS MPSIMBIM IpeoOpa3oBaHHeM Xaapa, a

BTOpOE BBIpaK€HHE — 00paTHBIM ITpeoOpa3oBaHrneM Xaapa.
Hanpumep, nns curnana Bunma S =(2,4,1,4) cnekTp curHaiga B Oasuce

Xaapa onpenensercs:

[E—

1
-1

0|1
2] =] [-32

~
[l
Os‘r—tr—
|
Os‘»—t»—»
S o
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B pe3ynbrare BhINOIHEHUSI 0OpaTHOTO Mpeodpa3oBaHus Xaapa Mnoiayyaem
MCXOJIHBIN CUTHAJI:

1 1 2 o|[ 11 87 2]

G 11 1 /2 of | 1 |_1j16|_|4|
411 -1 0 2| |-2v2| 4|4 1

1 -1 0 =2 -3z L6] 4]

JIyist BBITIOTHEHUS TIpeoOpa3oBaHusl Xaapa CyIIECTBYET P OBICTPBIX all-
TOPUTMOB, Ha PUCYHKAaX, MPEJCTABICHHBIX HWXKE, MOKa3aHbI Tpadbl OBICTPOTO
npeoOpazoBanusa Xaapa st N =4 (puc. 2.18) u N = 8 (puc. 2.19).

s(0) s(0)+ s(1) y(0)=s500)+s(1)+ s(2)+ s(3)

y)=5(0)+ s() = s(2) = s(3)

s(2)+s(3)

s(0) = s(D) ¥(2) =2(s(0) - 5(1)

5(2) = s(3) y(3) =~2(s(2) - 5(3))

Puc. 2.18. I'pad GvicTporo npeobpazoBanus Xaapa st N = 4

5(0) ¥(0)

y()

V2y(2)

J2y(3)

2y(4)

2y(5)

2y(6)

2y(7)

Puc. 2.19. I'pad ObicTporo npeoOpazoBanus Xaapa N = 8
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2.6. DieMeHTBI BeliBJIeT-IPe00Pa30BaHUs CUTHAJIOB

2.6.1. OcHOBBI BeliBJeT-IPe0Opa3oBaHus

Beiipnersl (wavelet — KOpoTkass BOJIHA, HMHOTA IMEPEBOJUTCS Kak
BCIUIECK) — (DYHKIMH OMpEeAeIeHHOW (OpPMBI, JIOKAIM30BaHHBIC 1O OCH apry-
MEHTOB (HE3aBUCHUMBIX MEPEMEHHBIX), HHBAPUAHTHBIC K CIIBUTY U JIMHEHHBIE K
ornepanuu MaciutabupoBanus (cxaTtusi/pacTspkeHus). OHU CO37al0TCA C MOMO-
IBI0 CTIEIUATBHBIX 0a3UCHBIX (PYHKITUN, KOTOPBIE OMPEISISIOT UX BUJ U CBOM-
cTBa. BriepBble 3TOT TepMUH Hcnosib3oBanu ['poccman 1 Mopie (A. Grossmann,
J. Morlet) npu aHanu3e CBOMCTB CEMCMUYECKUX U aKyCTUYECKUX cUrHaioB [10].

OcHoBHast 007aCTh MPUMEHEHUST BEUBIIETHBIX MTPEOOPa30BAHNUN — aHAIH3 U
00paboTka CUTHAJIOB M (YHKIUH, HECTAIMOHAPHBIX BO BPEMEHU WJIM HEOJHO-
POAHBIX B MPOCTPAHCTBE, KOTJA PE3yJbTaThl aHAM3a JOJKHBI COAEPKATh HE
TOJIBKO OOIIYI0 YaCTOTHYIO XapaKTePUCTHKY CUTHaja (pacrpeneiicHue SHEPTUuu
CUTHAJIa M0 YaCTOTHBIM COCTAaBIISIIOIMM), HO M CBeJIeHUsI 00 OMpEeeIeHHbIX JI0-
KaJIbHBIX KOOPJMHATAX, HA KOTOPBIX ce0s MPOSIBISIIOT T€ UM WHBIE TPYMIIbI Yac-
TOTHBIX COCTABJISIONINX, UM HA KOTOPBIX MPOUCXOISAT OBICTPHIC N3MEHEHHS Jac-
TOTHBIX COCTaBIIIOIIMX cUTrHaya. [lo cpaBHEHHIO ¢ pa3l0KEHWEM CUTHAJIOB Ha
psaapl Dyphe, BEUBIIETHI CIIOCOOHBI ¢ TOPa3Ao 0oJiee BBICOKON TOYHOCTBIO TIPE/I-
CTaBJISITh JIOKAJbHBIE OCOOEHHOCTH CUTHAJIOB, BIUIOTH 10 Pa3pbiBOB 1-ro pojaa
(ckaukoB). B otnuune ot npeoOpazoBanuii dyphe, BEHBIET-IPeoOpa3oBaHUE O1-
HOMEPHBIX CUTHAJIOB 00ECIICUNBAET JBYMEPHYIO Pa3BEpPTKY, MPU ITOM YacTOTa U
KOOpJIMHATAa PAacCMATPUBAIOTCSl KaK HE3aBUCHMbIC MEPEMEHHbIC, YTO JAET BO3-
MO>KHOCTh aHAJIM3a CUTHAJIOB Cpa3y B JBYX MPOCTPAHCTBAX.

OpnHa 13 TIaBHBIX U OCOOCHHO TIOJOTBOPHBIX HJICH BEUBICTHOTO TPE/ICTAB-
JICHUSI CUTHAJIOB HA PA3IMYHBIX YPOBHSIX JEKOMIIO3UIUM (Pa3I0KeHHs) 3aKII0YaeT-
csl B pazJiesieHH (PYHKIMM MPUOMMKEHUsI K CUTHATY Ha JIBE TPYIIIbL: alllPOKCUMU-
PYIOIYIO — Tpy0yI0, C JOCTATOYHO MEJICHHON BPEMEHHON JMHAMUKON N3MEHEHUH,
U JICTATU3UPYIONIYIO — C JIOKATBHOW U OBICTPON JMHAMHUKOW W3MEHEHWH Ha (oHe
TUIABHOW JIMHAMUKH, C TOCIEIYIOIUM UX APOOJICHUEM U JeTaln3allue Ha APYTUx
YPOBHSIX JIEKOMITO3UIIMU CUTHAJIOB. DTO BO3MOKHO KaK BO BPEMEHHOM, TaK U B 4ac-
TOTHOM 00JIaCTSAX MPE/ICTABICHUS! CHTHAJIOB BEUBIICTAMHU.

B nacTosiiiee Bpemsi BeiiBiIeT-npeoOpa3oBaHus U BEHBIETHBIM aHAIU3 HC-
MOJIB3YFOTCSI BO MHOTHX OOJIACTSX HAYKHU M TEXHUKH JJISI CAMBIX PA3IMIHBIX 3a-
Jad: JIJIsl pacrio3HaBaHusl 00pa3oB, Jisl YUCIEHHOTO MOJICTUPOBAHUS TUHAMUKU
CJIOKHBIX HEJMHEHHBIX MPOIECCOB, NJIsi aHajJu3a anmnapaTtHoil MHGOpMAaIUU U
M300pKCHUI B MEIUIIMHE, KOCMHUYECKOW TEXHHUKE, aCTPOHOMHUU, TeOo(PHU3HUKE,
JUtst 3G(GHEKTUBHOTO CXKATUSI CUTHAJIOB U Mepenayr MHGOpMAaIKU M0 KaHalam C
OTPaHUYEHHOW MPOMYCKHOM CTIOCOOHOCTHIO U T. 1.
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Bo3MokHOCTH BEMBIIETOB €II€ HE PACKPBITHI MOJIHOCTHIO. OJJTHAKO 3TO HE
03HAYaeT, YTO UX Pa3BUTUE NPUBEAET K MOJHOM 3aMEHE TPAIULMOHHBIX CPE/ICTB
00paboTku U aHanu3a WH(GOPMALMU, XOPOIIO OTPabOTAaHHBIX U MPOBEPEHHBIX
BpeMeHeM. Ho OHO MOXeT CylecTBEHHO paclIMpUTh MHCTPYMEHTAIbHYIO 0a3y
UH(GOPMAIIMOHHBIX TEXHOJOTHI 00pabOTKH TaHHBIX.

HenpepsiBHoe BeiiBner-npeodpazoanne (CTWT) ecTh ckaisipHOE Ipo-
M3BEJICHUE CUTHANA s(r) U Oa3uCHBIX BelBneT-Qynkuit y, , [10]:

~+oco
CTWT,(a,b)= [ vy, -s(t)dt,

II€ a — 3HayeHue MacuTada BeHBIET PyHKINU;
b — 3HaueHME CABHUra BeHBIIET PYHKLINU OTHOCUTEIHFHO CUTHAA;

x_
W, (1) ZT .\V(T), ae R*,be R, R— MHOXECTBO BEILIECTBCHHBIX YHCEI.
a

basucuble (QyHKUIMU SABISAIOTCS BEIIECTBEHHBIMH M KOJEOIIOTCS BOKPYT
ocu abcuucc. OHM ompeieNIeHbl HAa HEKOTOPOM MHTEpBAJIe.

[TapameTp b mOKa3bIBaET pacHoJIOKEHHE BO BPEMEHH BeiBieTa, a a — Ma-
pamerp Macmrada. bospnivie 3Ha4eHUs a COOTBETCTBYIOT HU3KUM 4acTOTaM, Ma-
Jble — BhICOKUM. Oriepaliis YMHOXKEHHSI Ha OKHO KakK Obl COJIEP>KUTCS B caMoi Oa-
3UCHOM (PYHKIIMH, KOTOpas MO3BOJISIET CYXaTh M PAaCHIUPATH 3T0 OkHO. OTcrona
MOSIBJISIETCSI BOBMOKHOCTD a/IalITUBHOTO K CUTHATY BHIOOpA MapaMeTpoOB OKHA.

Pe3ynbraToM BeliBieT-nmpeoOpa3oBaHusl OJHOMEPHOTO YUCIOBOTO psijia (CUT-
Hajia) SIBJISICTCS] IByMEPHBIA MAaCCHB aMIUIMTYJ — 3Ha4eHui koaddurmenton. Pac-
npeesieHue ATUX 3HAYeHWM B MPOCTpaHCTBe (a,b) = (BpeMEHHOM MaciiTad, Bpe-
MEHHasl JIOKaJIM3alus) JaeT WHPOpMaIMI0 00 M3MEHEHUH OTHOCHTENIBHOTO BKJIA/IA
BEHBIIETHBIX KOMIIOHEHT PAa3HOr0 MaciiTaba BO BPEMEHHM U HA3bIBAETCS CIIEKTPOM
k03((pUITMEeHTOB BeHBIIET-TIPEOOPa30BaHMs, MAaCIITAOHO-BPEMEHHBIM (4aCTOTHO-
BPEMEHHBIM) CIIEKTPOM WJIM ITPOCTO BEUBIIET-CIIEKTPOM (Wavelet spectrum).

! ﬂ 0296

-0,0238

1o

-10

[u] 100 200 300 400

Puc. 2.20. Ilpumep BeiiBieT npeoOpa3oBaHus CUTHAIIA
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BbI0OOp KOHKPETHOTO MAaTEPUHCKOIO BEWBIIETA 3aBUCUT OT XapakTepa Io-
CTaBJICHHOM 3aJ]a4¥ U OT KOHKPETHOTO aHaJIU3UpyeMoro curHaia. Pa3zHele cur-
HaJbl YJAeTCsl aHAM3UPOBATh TEM WJIM MHBIM CIIOCOOOM U KpUTEpPUEM ycIexa
MOXET CIYKHUTh, HAIPUMEP, IPOCTOTA MTOITYYAEMOT0 Pa3I0KEHUS.

[Tpu BeiiBieT-IpeoOpa3oBaHUU HET YACTOTHOTO MapamMeTpa, Kak 3T0 ObLIO
npu JI1®. BMmecTo Hero ucmonb3yercs mnapamerp mMacirada, KOTOPbIH MOKHO
OTpEeNEINTh Kak BeIWYUHY, oOpaTHyto yactote. [lapamerp maciitaba B BeilB-
JeT-aHallu3e UMEET aHaJOrui0 ¢ MacmTaboM reorpaduueckux kapt. bosbioe
3Ha4YeHHE MacIITada COOTBETCTBYIOT MaJIOMY KOJIMYECTBY JeTajnel, rmo0daibHO-
My MpPEACTABICHUIO CUTHAJIA, & HU3KUE 3HAUYECHUS MacluTada IMO3BOJISIOT pa3iiu-
YUTh JETaNId. AHAJIOTMYHO, B TEPMUHAX YACTOThI, HU3KHE YaCTOThl COOTBETCT-
BYIOT IJ100ajbHOM MHGOpMAIMK O CUTHaJe (KOTOpasi COJEPKUTCS Ha BCEU €ro
MPOTSKEHHOCTH), @ BBICOKHE YacCTOThl — JETalbHOW WH(MOPMAIUHU, CKPBITHIM
0COOCHHOCTSIM, KOTOPBhIE UMEIOT OOBIYHO MANyI0 MPOTSKEHHOCTh. Maciitau-
pOBaHHE, KaK MaTeMaTH4eCKas OIlepalusi, PAaCIIUPAET WA CKUMAECT CHUTHAIL
[TosTomy, ipu a > 1 pacmpsieT curHai, a npu a < 1 cxKuUMaer ero.

Haubonee mnpocroit mnpumep auckperHoro BeiBiaeta — 510 HAAR-
BeiiBieT. PaccmoTpum BeiiBieT-peoOpazoBanue N -TOUEYHOM TMOCIIEA0BATEb-
HOCTH OTCUETOB MHM(POBOro curHaiza. B kadecTBe mnpumepa BO3bMEM §-
TOYEYHYIO IIOCJIEN0BATENBHOCTB!

s(n)=1{20,16,14,10,8,6,4,2} .

Ha mepBom sTame nmmsi KaxAaoW mapbl COCETHUX OTCYETOB BBIYMCIISIFOTCS
UX CpeJHUE 3HaYeHUs (IIOJIyCyMMbI) U TIOJIYyPa3HOCTH:
20+ 16)2=18; (14 +10)/2=12; (8 +6)/2=T7; (4 +2)/2 =3;
20-16)2=2;(14-10)2=2;(8-6)2=1;(4-2)2=1.

IlomydeHHyI0 TOCIENOBATENBHOCTD, COCTOSIIYI0 W3 YEThIpEX IOIYyCYyMM
Y YETBIPEX MOIYPA3HOCTEW, MOYKHO HCIOJIB30BaTh JUII BOCCTAHOBIICHUS OTCUETOB
VICXO/IHOT'O CUTHAJIA:

s°(n) = {18,12,7,3,2,2,1,1}.

OnucanHasg npoueaypa NPUMEHSETCS K YEeThIpeM MEPBBIM (KPYITHBIM)
AJIIEMEHTAaM I10CIJIEI0BATEIbHOCTH:

(18+12)2=15;(7+3)2=5; (18 -12/2=3;(7-3)/2 =2.

3
OcTalbHbIC DJIEMEHTHI IIOCJICOAOBATCIbHOCTH § (n) OCTaBHM 0O€3 H3MEHE-
HUA. HOHy‘{I/IHaCB IMMOCJICAOBATCIIbBHOCTD CJIICAYIOIICTO BHUA:

s*(n) = {15,5,3,2,2,2,1,1}.
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[locnenHsss urepauus npeoOpasyeT MEpBbIE JBa 3JIEMEHTA IOCIENI0BA-
2
TEJBHOCTH S (71) B OIHO CPEHEE U OJIHY MOITYPa3HOCTb:

(15+5)/2 = 10; (15-5)/2 = 5.

O4eBUHO, YTO MOCHEAHSS TMOJyCyMMa SIBJISIETCS CPEIHUM 3HAYCHUEM
BCEX BOCHBMH OTCYETOB HMCXOJHOTO IU(POBOTO curHana. B wrore momydmnach
npeoOpa3oBaHHas §-TOUEUHAsI MOCIEI0BATEIbHOCTD:

s'(n) = {10,5,3,2,2.2,1,1},

KOTOpasi COCTOUT M3 OOILEro CPeHEro U CeMU MOJTYpPa3HOCTEH, BhIpAKAIOUIUX
pa3lIMuHbIC YPOBHU JACTAIN3AIMKU UCXOIHOTO CUTHAJIA.

PaccmoTpennas mporieaypa npenctaBisieT co0oil BeiBeT-mpeodpa3oBaHue,
a pe3yJbTUPYIOIas MOCIEI0BATEIbHOCTD SIBJISIETCSI BEMBIET-00pa30M UCXO/I-
HOT'O CUTHAaJja.

2.6.2. MaTpuuHoe npeacTaBJjIeHue
PaccmoTpuMm 4-ToueuHyr0 MOCIEA0BATEIbHOCTh OTCUETOB IU(POBOTO
CUTHaJa:
[5(0) ]
s(1)
s(2)
[5G

CoriacHO pacCMOTPEHHOM BhIIIE TPOLEAYpe BEHBIET-MPeoOpa3oBaHUS
JUJIs1 BOCBbMUTOYEYHOM MOCJIEI0BATEIbHOCTH, B IAHHOM CJIy4ae Ha MEepPBOM JTare

s(n)=

npeobpa3oBaHue, COCTOSAIICE U3 BBIUMCICHUS ABYX MOJIYCYMM H JBYX MOJypas-
HOCTE! B MaTpU4YHOU (hopme, onpeaenseTcs ClIeIyoIuM 00pazom:

r 1 00
2 2 L
o 0o 1 1 |50
5 5 | sa
sz(n)szsz 2 2 s()
VI 1 000 |52
2 2 | 5(3) |
o o0 1 1
i 2 2]

BepxHue aBe CTpOKM MaTpHULIbI HVZV YCPEIHSIOT J1Ba COCEHUX OTCUETa CHI-
HaJla, a HIWKHUE ABE — ACTAIM3UPYIOT UX. ECaM KaxkIyro CTpOKy (MM KaKIbIi
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CTOJI6CLI) MaTpHIbl H‘%/ CUUTATh YCTBIPCXMCPHBIM BCKTOPOM, TO MOXHO 3aMC-

TUTh, YTO CKAJSIPHOE MPOU3BEACHUE JTH000M Mapbl BEKTOPOB, KaK CyMMa MPOU3Be-
JIEHUI COOTBETCTBYIOIIUX KOMIIOHEHTOB, paBHO HYJIIO, T. €. OHH O00pa3yloT OpTO-

roHaJbHYIO0 cucteMy. Hopma (myMHa) kaxkioro Bekropa paBHa 1/ J2. Jlns yno6-
CTBa TpeoOpa30BaHNil HOPMBI BEKTOPOB MPHUBOIAT K CIUHUIIC, YMHOXas BCE KOM-

MOHEHTHI Ha /2 . B aTOM citydae ¢popmMupyercsi OpTOroHaibHasi MaTpHIla:

1 1 0 0

J2
0

o 5

1 1

V22

Hy =

A S B
NN
0 0

1
V2o 2
Ha nocnennem stane HCO6XOI[I/IMO COXPAHUTDH ITIOJIYPA3HOCTHU H Hpeo6pa—

30BaTh ABC IIOJIYCYMMBI. HCXOI[}I N3 aHaJIOTHYHBIX paccymz(eHI/Iﬁ, MOKHO 3allu-
CaTb MaTpuny BUaa:

(11 0 0]
2 2
Lol 1 0 0
H, =|—= —F .
V22
0 0 10
0 0 0 1]

[lepBas cTpoka 3TOM MaTpHUIbl YCPEAHSET OTCUETHI, BTOpAst — JI€TAIU3U-
pYyeT, TpeTbsl U 4YeTBepTas, 00pa3ys €AMHUYHYIO MATPHILY, COXPAHSIIOT MPEIbI-

nyuye noiypasHoctu. [IpousBenenue marpuil Hvlv U HV2V JTaeT UCKOMOE JUC-
KpPETHOE BEHBIIET-MPe0Opa3oBaHNE UCXOTHOM MOCIEI0BATEILHOCTH:

1 1 1 1
2 2 2 2
T
2 2 2 2
EL 10 o
NERRNG
0 0
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Marpuna Hy, Taxke SBISETCS OPTOrOHAIBHOM M IPEACTaBIsIeT COOOi
HOPMHUPOBAHHYIO MaTpuIly Xaapa.

B 6asuce ¢ynkiuit Xaapa BO3MOXKHO Pa3JIOKEHHE HEMPEPHIBHOTO BO
BPEMEHHM CHTHAJa, 33JIJaHHOr0 TaK)Xe Ha eIMHUYHOM uHTepBaiue. Ilpu yBenu-
YEHUHU TOpAAKa MaTpuilbl N OyneT MpOUCXOIUTh ckaTue (PyHKUIMI BO Bpe-
MEHM (MacmTaOMpOBaHHWE), @ CaMH OHHM CTAaHYT HAIOMUHATh KOPOTKHE
BCIUIECKH, TIEpEMEIaeMble 10 OCH abcIuccC.

ITonoOHBIN mponecc COCTaBIsAET CYLUIHOCTh HENPEPBIBHOTO BEMBIET-
aHaJM3a, OCHOBAHHOTO Ha MaclITaOMpOBaHUU U clBUTrax. OrpaHUYEHHBIE 110
JUIUTENBHOCTH U MEpEMEIaeMble BO BPEMEHHU BEWUBIIETHI B PE3YJIbTATE CBEPT-
KM C OTpPE3KaMM CUTHaja IMO3BOJISIOT BBISIBUTH UX JIOKAJbHbIE OCOOEHHOCTH,
Yero He MPeIoIaraloT Apyrue MeToAbl aHaIn3a.

JIUCKpPETHBIM aHAJOrOM OIIMCAHHOTO Ipolecca SBISETCS BO3JEHCTBUE
Matpuubl Hy, Ha BEKTOp OTCYETOB BXOJIHOIO CHIHaua S(n).

O06006uMM MaTPUYHBIA AJITOPUTM YCPEIHEHUS M JIeTalu3aly Ha Ipo-

M3BOJIBHYIO N -TOYEUHYIO MOCIEI0BATEIBHOCTE, Koraa N =2" mpu mosTar-
HOM Mpolecce npeodbpazoBanusi. Ha mepBoM mare MCnosib3yeTcsi OpTOro-

HaJbHAs KBaJpaTHas MaTpuia mopsake N =2":

s & -
s & -

0 0 0

DI
NN

o &-

os“_
-
-

-
-

-
-
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Ananuz H“,;/ IMMO3BOJIACT BBIACIUTDL ABC HOBBIC MATPUILIBI, BXOAAIINC B CO-

craB Hy,:
110 0] [1L _1 o 0]
2 V2 2 2
0 0 1 10 0 0 0 1 10 0
A= 2 42 D,= 2 2
0 o1 1| o 01 1

TakuMm 00pa3oM, MOXXKHO YTBep)KAaTh, uTo Hy, sBisiercs OJIOYHOW Mart-

pHIIEH, COCTOAIEH U3 ABYX moaMaTpull A, u D, pasMepoM 2oV Kakaas:

A,

D

1%

Vo
Hy, =
[Mogmatpuiy A, MOXKHO Ha3BaTh IPe0Opa30BaHUEM yCpeIHEeHus, a D, —

npeoOpa3oBaHUEM JeTalu3alnui. BBeneM BEKTOPHI-CTOJIOIBI PE3yNbTaTOB MO-
3TAIHOTO MpeodpazoBaHUs

v—1

v
L “v—1

vl

a,

KOTOpBIE cofepKkaT 2’ HIEMEHTOB M COOTBETCTBEHHO SBISIOTCS BEKTOPAMH
KOA(P(UIMEHTOB YCpeIHEHUs! (HU3KOYACTOTHbIE KOA((ULUEHTH) U AeTanu3a-
U (BBICOKOYACTOTHBIE KO3PduipeHtsr). C y4eToM MNPHUHATHIX 0003HauYeHUM
BEUBIIET - IPE0Opa30BaHUE HA IIEPBOM dTaIle MPUMET BU!

Hys=

Ha xaxxgoM miare BelBieT-npeoOpa3oBaHUsl COXPAHSAIOTCS BBICOKOYAC-
TOTHbIE KOA(uLMeHTs d, a 00padaTbiBalOTCA HU3KOYACTOTHBIE KOYPPUIHCH-
Tel a. Takum oOpa3om, ouepeaHOH IIar BEHBIET-PeoOpa3oBaHUs COCTOUT B

79



IPUMEHEHUU K BEKTOPY a ONEpALMI yCpEeOHEHUs M AeTaau3aiuu. YToObl mo-
CTPOMTBH YacTh BEHBIIET-NPEOOPa30BaHus, BEKTOP d,_, COXpaHIETCS BMECTE C

dv—l . OTOT IMponcCC IMPOAOJIKACTCA A0 3aKIIIOYUTCIBHOIO IIara, Ha KOTOPOM IIO-

Jy4YarTCsl CKaJApHbIE BeIWYUMHBI a U d. VTOroBelii pe3ysbTaT BEWBIIET-
npeoOpa3oBaHusl MOXKHO IPEJICTaBUTh BEKTOPOM-CTOJIOLOM, COAEpKALUM

N =2V 3J1eMeHTOB:

d

1%

B npakTudyeckux mpuIOKEHUSX BBIJBUTAETCS TPAJUIIMOHHOE TpeOOBaHUE
00paTUMOCTH BEHBIET-MpeoOpa3oBaHusi, Kak U J1I0boro npeodpa3zoBanus. s
o0paTHOTro BelBIET-IpeoOpa3zoBaHusl HEOOXOAUMO IPUMEHUTD BHIPAKECHHE:

S=HWTW.

O4eBUHO, UTO PE3yNbTAT BEUBIET-IPEOOPA30BAHUS CHIIBHO 3aBUCUT OT
0a3uCHBIX (DYHKINN, BPEMEHHBIX CABUTOB M OT Tuma BelBieTa. Ha mpaktuke
MacCIITa0UPYIOIINEe MHOXKHUTENHU, CKUMaromue Oa3ucHble (YHKIUHU, TPUHAMA-
IOTCSl paBHBIMU OTPHIIATEIBHBIM CTENEHSIM ABOMKH. COOTBETCTBEHHO, BPEMEH-
HbI€ CABUTH BBIOMPAIOTCS PABHBIMH TOJOXKHUTEIbHBIM CTEMeHsAM ABOMKU. Oc-
HOBHOE HaIpaBJICHHE B UCCIEAOBAHUM TUIIOB BEUBJIETOB COCTOUT B MOMCKAX Ta-
KHX CEMEHCTB, KOTOphle 00pa3zyloT OpPTOTOHAJbHBIM 0a3zuc (OPTOTOHAIBHYIO
MaTpHILy TpeoOpa3oBaHMiA).

Camplii TPOCTOM CITOCOO OMMCAHUS BEUBIIET-IPEOOPA30BAHIN HCTIONB3YET
POM3BEIEHUE MaTpUIl. Y CIIOKHEHHWE KOHCTPYKIMU BEHBJIETOB OCHOBAHO Ha
MOCTPOEHUU B3BEUICHHBIX CPEIHUX U B3BEIICHHBIX PA3HOCTEH AJisi N -TOYEUHbIX
MOCJIEIOBATEILHOCTEH OTCYETOB BXOJHOTO curHaia (N >2) U HEKOTOpOro
MHOKeCTBA KOI(Y(MHUILMEHTOB C(),Cy,...,Cp_; . [110100HBIIA BEIOOP NIPUBOIUT K ClIE-

JYIOIIEMY CBOWCTBY:

CoC1 — CoCy +CrC3 —Cre3 +...=0.
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[To TakoMy OPUHUHKINY MMOCTPOEH OJWH M3 CaMbIX HUCIOJIb3YEMbIX BEIB-
JeToB — BeiBieT [JoOenu, KOTOphIil TpUHATO 0003Ha4YaTh D4, T. K. OH OCHO-
BaH Ha 4eThIpex KodpduuueHTax c,,c;,c,,c;. MaTpuna storo npeodpasona-

HHUSA UMCCT BUA:

co ¢ ¢ ¢ 0 0

;3 —¢ ¢ —¢ O 0

0 0 ¢ ¢ ¢ ¢ 0 0
D, - 0 0 ¢ —-¢ ¢ —¢ 0 O

0 0 ¢ ¢ ¢ o

0 0 ¢ - ¢ -—¢

o ¢ 0 . .0 ¢ ¢

q —¢ 0 . .0 g

Ecnu 3Ty Matpuily yMHOXHUTH Ha BEKTOP-CTOJOCI OTCUETOB BXOHOTO
CUTHaNa, TO €€ MepBas CTPOKA JMAET B3BEIICHHYI0 CYMMY IEPBBIX UETBIPEX
OTCUYETOB. TpeThsl CTpOKa OMPEACITUT TAKyIO XK€ CyMMY, HO CABUHYTYIO Ha
7B BPEMCHHBIC MO3WIHH. Bce CTPOKM C HEUETHBIMH HOMEpaMU 3aJaiayT
aHaJOTHYHBIC B3BEIICHHBIE CyMMBI (ycpemHeHwms). Takum oOpa3zom, Kod(]-
(UUUEHTBI C3,C,,C; U €y ONPEIENSIIOT (GUIbTP, BBIXOJHOW CUTHAI KOTOPOIO
MOJJICKUT ACHUMANNU ¢ KOdPhHUImeHToM 2. AHAJIOTUYHO YETHBIE CTPOKH
MaTpHUIIBl MOPOKAAIOT B3BEIICHHBIE Pa3HOCTH (BBICOKOUYACTOTHBIE KOX(DPU-
uueHtsl). Ilpm srom 3agaercs apyroit ¢umbTp ¢ KodhPUIHCHTAMH
—C(,C],—Cy U €3 ¥ J€LUMallel BBIXOJHOTO CUTHAJIA.

TpeboBanne OpTOTOHATBFHOCTH MATPHULBI JUISI €€ JIETKOTO OOpaIieHHs
(TpaHCTIOHUPOBAHUS) IPUBOJIUT K COOTHOLIEHHUSIM:

2 2 2 2 _ 1.
¢yt to +eym =1,

OpmHIM U3 BO3MOXKHBIX PEIICHHUH, YAOBIETBOPSIOMINX YPABHEHUSIM, U SIB-
JseTCsl CIIeyomui Habop Ko PUIIMEHTOB:

1+43 3443 3-3

o= =~0483; ¢ =—==0837; ¢;=—7==0224; 3= et
42

412 42 N

OOpatHoe BelBIIEeT-TIpeOOpa30BaHUEe IMOJIYyHYaeTCsl TPAHCIIOHUPOBAHUEM
MaTpPHIIBI IPSIMOTO MTPeoOpa30BaHUS:

=—0.129.
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(¢ ¢ O 0 ¢ ¢ |
¢q -¢ 0 0 ¢ —¢
¢, ¢ ¢ ¢ 0 0
D%, |G G a o 0 0
0 0 ¢ ¢q ¢ ¢ 0 0
0 0 ¢ —¢ ¢ —-c 0 0
0 0O . 0 0 ¢ c
0 0O . 0 0 ¢ -¢]

Takum oOpazoM, B omimuue OT mnpeoOpasoBaHusi Dypne, BeiBieT-
npeoOpa3zoBaHue ONPEEICHO HEOJHO3HAYHO: KaK/IOMY BEUBIIETY COOTBETCTBY-
€T CBOe mpeoOpazoBaHue. B kauecTBe aHAIM3UPYIOMUX BEHBIECTOB OOBIYHO BhI-
OuparoTcs PYHKITUH, XOPOIIO JOKATH30BAHHBIC TAKXKE U B «IIPOCTPAHCTBEHHOM
obmactu» (T.e. mo Bpemenu). Ha puc. 2.21 uzo0pakeH TUNUYHBIN Tpaduk
BeiiBieTa u ero dypre-obpasa.

y (%/2)

05

§(20)

(@)

Puc. 2.21. BeiiBner B mpoCTpaHCTBEHHOM M YaCTOTHOM 00JIaCTSIX

BeiiBner-npeoOpazoBanue IMMPOKO HCIOJIb3yeTCs st o0paboOTKH pac-
TPOBBIX M300paxeHuil. [lockonbky pacTpoBoe H300pakeHUs SBISETCS IByMEp-
HBIM JTUCKPETHBIM CUTHAJIOM, TO K HEMY NMPUMEHUMBI JBYMEPHBIE TUCKPETHBIC
BeliBiieT-nipeoOpa3zoBanud. OQuH IIar ABYMEPHOIO BeUBIET-peoOpa3oBaHUS
BBIICJISIET OJIHY HU3KOYACTOTHYIO U TPU BBICOKOYACTOTHBIX KOMIIOHEHTHI HC-
XOJIHOTO CHrHaja-u3o0paxeHus. Eciu He Npou3BOANTh HUKAKUX JTONOJHUTEIb-
HBIX JIEUCTBUI C 3TUMU KOMIIOHEHTaMH, TO IO HUM C IOMOLIBIO I1ara 00OpaTHo-
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ro BEeWBIET-MPeoOpa30BaHUS MOKHO MOJHOCTHIO BOCCTAHOBHUTH MCXOJIHOE H30-
Opaxenue. CrnenuaibHbIM 00pa3oM 00padaThiBasi HU3KO- U BBICOKOYACTOTHBIE
KOMIIOHEHTBI TAKOTO Pa3JIOKEHUS U OCYIIECTBIISAA (€CIM HY)KHO) OOpaTHbIE Tpe-
o0pa3oBaHMsl, MOXKHO JOOMBATHCS PAa3INYHBIX PE3yIbTaTOB 00PaOOTKH.

Jlnis BelBieT-mpeoOpa3oBanust HUGPOBBIX U300paXKEHUN MPUMEHSIOT IHU-
pamuny Mamnara: ans Kaxaod CTpOKU HU(PpoBoro uzodOpaxkeHus f (i, j) BbI-

HOJIHSIOTCA onepanus GUIbTpaluu ¢ MOMOUIBI0 OJTHOMEPHBIX HU3KOYACTOTHOTO
¢uiabTpa L (C UMIIyIbCHOM XapaKTEPUCTUKOMN [/, ) U BBICOKOYACTOTHOIO (hUIIbTpa

H (¢ uMIyIbCHOM XapaKTEpPUCTUKOMN A, ) ¥ omepalnys JenuManuy B 1Ba pasa. B
L,. .
pesynbrate GOpMUPYIOTCS MAaTpHUIa HU3KOYACTOTHBIX K03 PuumeHTos f (i, j)

U MaTpHIla BBICOKOYACTOTHBIX KOI(PHUIIMEHTOB f H (i,j). 3aremM sl Kaxjaoro
cTOJIOIA MOJYYEHHBIX MATPHUIl BBIMOJHSIOTCA OIepanuu (QpuiabTparuyd u AeIu-

Malu, B UTOre (OPMUPYIOTCS UYEThIpE MaTpHILl (M300pakeHus) f LLg, 7,
G0, ™G, ) u 7, j). Usobpaxernne f1E(i, j) npencrasiser co6oi
anmpoKcUuMaIuoo uzoopaxenus f (i, j), a uzoopaxenus f LH 5, f L, j)u
f HH ;. J) coaepkar JeTalu3upyoIyo nHpopMaluro.

Hns u3obpaxenust f(i,j) pasmepoMm N; XN, OAMH IIar BEWBIET-

HpCO6p&30BaHI/IH BBIIIOJIHACTCA HA OCHOBC BBIp&)KCHHﬁ:

L-1( L-1
FHED G gy = 22 fLL(g)(2i+k1’2j+k2)'lk2 dy s
k =0\ kp =0

L-1[ L-1

SN G = Y fLL(g)(zi"‘kpzj""kZ)'hkz by
ky =0\ k=0

L1 L-1
FHED G )= 22 fLL(g)(2i+k1’2j+k2)'lk2 T
k =0\ kp =0

L-1[ L-1

FUEG = X Qi k2 k) By |y
k1 =0\ kp=0

rne [, ) - annpOKCUMUPYIOLINE BEUBIET-K03()PUIIMEHTHI
(SO =F6 D)
g -dTaln BEUBJIET-PA3JIOKECHUS — g = 0,n (n=log, |_min(N1,N2)J ),

L*J — HauboJIbIIee OIMKAMIIee MejIoe;
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Ly >, 1 Iy s by, — KOD(OUINEHTE! HU3KOYaCTOTHOTO U BEICOKOYACTOTHO-

1 1
ro GUIBTPOB UIMHON L COOTBETCTBEHHO, MPUYEM le, =, Z[T’ —} 51
2 2

1 1
by =l =| 5= = ||
k] kz |:\/§ \/§i|

i=0,N,/28" —1,j=0,N,/28* —1.

a) 0)

Puc. 2.22. Tlpumep 1ByMEpHOTO BEHBIET-MIPEOOPA3OBAHNS:
@) OIVH 1Iar C UCIOJIb30BaHUEM BeWBIIET Xaapa;
0) nBa mara ¢ UCIoJIb30BaHueM BelBieT Jlooermun

2.7. Bonipocsl ¥ 3a1aHUSA VISl CAMONIPOBEPKH

1. Yrto moHMMarOT mOJ CIEKTPOM CHUTHAJIA?

2. 3anuummure BhIpaXKEHUE JUIsl TPUTOHOMETpUIEcKoi popmbl psiga Dypoe.

3. Ha ocHoBe Kakux BBIpaKEHHI MOYKHO OIPENETUTh aMIUIUTYAy U a3y
n-0¥l TApMOHUKHU?

4. Kakum 00pa3oM MOXXHO BBIPa3uTh TPUTOHOMETpUYECKHE (HYHKLIUU
yepes Moka3aresibHble? 3anumuTe GopMyJIbl.

5. 3anummute BeIpakeHue 1 cucremsl J[ID.

6. IlpencraBpre maTpuiry 23D s N = 5 ¢ MUHUMAaNTbHBIMU (ha3amu.
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7. ChopmynupyiiTe u 3anumuTe cBoiicTra J[20.

8. I'padnyeckn mnpencTaBbTe MMOBOPAYMBAIOIIMNA MHOXKHUTEIb IS
N=4(N=6,N =38).

9. Banummure napy JAI1D B nokazarenbHON (MaTpU4HOI) popme.

10. [oka3atb, uTo @ypbe-0a3uc ABISIETCS OPTOTOHATBHBIM.

11. 3amummre cBorictBa JII1D.

12. CdopMymupyiTe aJlrOpUTM BBIUMCIICHUSI CBEPTKU (KOPPEISIIUN) C HC-
noab3oBanueM J(11D.

13. Tloctpotite matpuity 19 nns BeIMOIHEHUS 00paTHOrO Mpeodpaso-
BaHusa Oypee 11 curHana aauHou N = 6.

14. Haznauenue u ocoOCHHOCTH aIrOpuTMOB BIID?

15. Kakyto onepanuto anroputma bII® HaszsiBatoT 6a30B0ii?

16. Yrto noHMMAETCS MO YUCIOM 3TanoB npopexuBanus bIID?

17. Kak ompenensieTcsi BBIYUCIUTENIbHAA CI0KHOCTh anroputma BIID ¢
MIPOPEKUBAHUEM MO BPEMEHU (4aCTOTE) MO OCHOBAHUIO 27

18. IlpencraBpTe curHaiabHBIN rpad 6a30Boil oneparuu anroputma bI1O
C MIPOPEKMUBAHUEM I10 BPEMEHH (4acTOTE)?

19. KakoB mopsiiok CJIeIOBAHUS BXOJHBIX M BBIBOJHBIX OTCUETOB B aj-
roput™Me BIID ¢ npopexxruBaHueM Mo BpeMeHH (4actote)?

20. Iloxaxwure, kak ¢ nomouipto anropurma bIId ¢ npopexuBanuem mo
BpeMeHH (4actore) noayuuTh bII® BOCEMHUTOUEUHON MOCIEA0BATEIBHOCTH ITy-
TeM 00beuHeHus bII® nByx 4eThIpeXTOYEUHBIX MOCIEA0BATEIbHOCTEMN ?

21. HazoBute 0cOOCHHOCTH aliropuTMa AeicTBUTENbHOTO BI1D.

22. C ucnonb3oBaHueM rpada anropurma neictButenbHoro BIID BbI-
yucuTh criekTp curnana {s(n)} ={1,2,2,2,-2,-2,-2,-1}.

23. JlanTe onpeneneHne UMITYJIbCHOM XapaKTEPUCTUKE JIMHEMHON TUCKPET-
HOU cucTeMbl. Kak onpenenuTs UMITyIbCHYIO XapaKTEPUCTUKY CHCTEMBI?

24. Jlaiite onpeneneHne NepexoqHON XapaKTepUCTUKE JTUHEHHONW TUCKPET-
HOW CUCTEMBI.

25. Yro Takoe cBepTKa M IS Kakux Leineil ona ucnossdyerca B LOC?
Kakue BuIbpl CBEPTKA MOKETE Ha3BATh U B YEM UX OTJINUKE?

26. Bprancnuth JIMHEWHYIO CBEPTKY JBYX CUTHAJIOB
s(n)=(10,10,8,6,8,10,10) u h(n)=(-2,5,-2).

27. Yto Takoe KOppeIsuus U KaK OHa MOYKET BBIYUCISATHCS !
28. Bprunciure BK® ¢ nomompro BIID ¢ npopexnBaHneM 1o BpEMEHU

mist AByX curHanos s(n) =(2,2,-2,-2) u w(n)=(3,2,-2,-2). Onpenenure BbI-

YUCIINTCIIbHYIO CJIIOKHOCTD.

85



29. Hoxaxute, 9To (yHKIUUA Yoima o0pa3yoT OpTOHOPMHUPOBAHHYIO
CUCTEMY.

30. [aiiTe ompezaeneHue martpuile Anamapa U 3alUIIMTE CIOCOOBI IO-
CTpoeHUs MaTpull Anamapa.

31. CdopmymupyiiTe v 3aUIINTE OCHOBHBIE CBOMCTBA QYyHKIIMIA Y OJIIIa.

32. Jlaiite ompenmenenue dyHkiusaM Panemaxepa W TOCTpOWTE WX IS
N=16.

33. IlpeacraBbTe B3aMMOCBS3b PA3IMYHBIX CUCTEM (QYHKIMMA Y ouia.

34. 3anummrte mapy AMCKPETHOTO MpeoOpa3oBaHus Youma-Agamapa B
MOKa3aTeJIbHON (B MAaTPUYHOM) hopme.

35. Tlo xakoMy mpaBuiTy 00pasyercs TuaaHbId CABUT QyHKIIUN?

36. CdopmynupyiiTe aaropuTM BbIYUCICHUS AUAJHON CBEPTKU HA OCHO-
Be npeoOpa3zoBanus Y oiia-Anamapa.

37. CkoyibKO C1a003allOTHEHHBIX MaTpHI oOpaszyercs mpu (GaKkTopu3a-
MY MaTpuLbl Anamapa, ynopsgodeHsou no [Ismum, pazmepom 128x1287

38. Ha ocHOBe Kakoro BbIpRXXEHHsSI MOKHO TIOCTPOUTH QyHKIMU Xaapa?

39. 3amummTe napy AUCKPETHOrO MpeoOpa3oBaHus Xaapa U chopMyIupyii-
T€ €ro 0co0EHHOCTH 10 cpaBHeHMIO ¢ JT1D?

40. B dwem 3awmodaeTcss CYIIHOCTh H  OCOOCHHOCTH  BEHBIICT-
npeoOpa3oBaHUs CUTHATIOB?

41. IlpencraBbTe MATpHUIBl JJIS BBINOJIHEHUS MPSMOTO M OOpPaTHOTO
BelBIIeT-TIpeoOpa3oBanus il curHaga N =8 C HUCHOJIb30BAaHUEM BEIBJIETOB
Xaapa u Jlo6emu D4.

42. Ha oCHOBE KaKuX BBIPAJKEHUN MOKHO BBIIIOJHUTH JBYMEPHOE BEUB-
JeT-mpeodpazoBanHue?
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MoayJib 3. ULUOPOBbLIE ®PUTIbTPbI

Llenv moOynsa — N3ydeHHe CTyJACHTAaMH METOJOB MAaTeMaTHYE€CKOTO OIu-
CaHUs, OCHOBHBIX THUIIOB (UIBTPOB M OCOOCHHOCTEW pearn3ariui MU(pPOBHIX
bunbTPOB.

B pe3ynbTaTe u3ydeHusi MOJyJIs CTYACHTBI 00I)CHbI 3HAMD:

® [IPUHIIMI IOCTPOCHUS CTPYKTYPHI IU(GPOBOTO PUIBTPA;

e ocHoBHbIe TUITBI L[D, nx MaTemMaTH4eCKOE OMMCAHUE U OCOOEHHOCTH.

CTyAeHTBI 001CHbl yMemb:

® OmnpenesITh OCHOBHBIE MapaMmeTpbl (UIBTPOB IO 3aJaHHBIM HCXOJ-
HBIM JIaHHBIM;

® a Takke uMeTh npexacrasienue o npoieccopax [HOC u ocobeHHOCTAX
peanusanuu anroput™moB [1OC.

3.1. MeToabl MaTeMaTH4eCKOro onucanus M Tunsl [P

3.1.1. OcHoBBI Z-npeodpa3zoBaHus

B ominume ot aHanoroBeix (GUILTPOB B HU(PPOBBIX QUIBTPAX UCHOIB3YIOT-
Csl AJIEMEHTBI, KOTOPBIC BBIMOIHAIOT (PYHKIIMH, OTIMYAIOIIHUECS OT PYHKIUI pe3u-
CTOPOB, HHTyKTUBHOCTEH U eMKOcTel. K Takum 35ieMeHTaM OTHOCSITCS. YMHOKHTE-
JIM, CyMMATOPhl W DJIEMEHTHI 3aJIEP’KKU Ha MEPHOJ| IUCKPETU3ALMHU, XapaKTePH-
3YIOIIHECS 3aBUCHMOCTBHIO MEXITY BXOIHBIMUA M BBHIXOJHBIMH TapaMeTpaMu, a He
COOTHOILIEHUEM MEXKIy TOKOM W HampsbkeHueM. PU3NYEeCKU DJIEMEHT 3aJepKKU
NPEJCTABISET COOOM PErucTp, XpaHsIIMiA OJIWH MPEAIIECTBYIOUIMMN (3a1epiKaH-
HBIM) OTCUET CUTHAJIA.

Ln)» z E) s(n) bys(n)
a) 5
s1(n)
s,(n)_’ ﬂ’ s{n)+...+sy(n)
su(n) )

Puc. 3.1. DnemenTs! nuppoBoro puibTpa:
@) DIIEMEHT 3aJIeP’KKU; 6) YMHOXKUTEIb; 8) CyMMaTOp
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Oynkunonuposanue L{® onuceiBaeTcs pa3HOCTHBIM ypaBHEeHUEM [11]:

N-1 M-1
y(n)= 3 blk)s(n—k)— >, a(k)y(n—k), (3.1
k=0 k=1

rne  b(k), a(k) — nocrosiHHbIE KOYPHULIUEHTHI;

s(n), y(n) — oTcueThl BXOAHOTO U BBIXOJHOT'O CUTHAJIA COOTBETCTBEHHO;

k — 3HauYeHUE 3aIEPKKH;

N, M — KOHCTaHTHI;

Koaddutmentst b(k) n a(k) Ha3pIBAIOT BHYTPEHHUMH MapaMeTpaMu UITH
npocto napamerpamu LO.

L®, cooTHOIIEHNE BXOJ/BBIXO KOTOPOTO OMMUCHIBAECTCS B BUJIE PA3HOCTHOTO
ypaBHeHusi (3.1), oTBe4aeT ycioBUSM (PU3HMUECKON peaM3yeMOCTH: TPH HYJIEBBIX
HAYaJIbHBIX YCIIOBUSX PEAKIMS HE MOXKET BO3HUKHYTh PAHBIIE BO3JICHCTBUS. 3HaUE-
HUS peakuuu y(7) B KaXIblii MOMEHT BPEMEHU 1 3aBUCAT OT TEKYILETO U IMpeIie-
CTBYIOIIMX 3HAYEHUMN BO3ACUCTBYS, HO HE 3aBUCST OT €r0 MOCICAYOIINX 3HAYCHNN.

OnHako MOCKOJIBKY Pa3HOCTHBIE YPABHEHHS HE MO3BOJIAIOT CYAUTh O Ie-
penaTounoil xapakrepuctuke L{D, nis ee onpenenenuss npuMeHs0T Z — npeo0-
pa3oBaHUE PA3HOCTHOTO ypaBHEHHUs. [lo3TOMy KpaTko paccMOTpUM JaHHOE
npeoOpa3oBaHue U €ro 0COOEHHOCTH.

OnHocTtopoHHEE Z -TipeoOpa3oBaHKE OMPEAEIISICTCS BHIPAKCHUEM:

(o]

X()=Y s(mz™", (3.2)

k=0
rac Z — KOMIUICKCHAaA IICPpEMCHHAA, KOTOpAasA MOKCT OBITH ImpcacTraBJICHA B

nByx dopmax: B anrebpauueckoit (z=E&+ jn) u B nokazarensHoi (z=re’?),
IJI€ paiuycC Z SIBIIIETCS MOAYJIEM, & YTOJ () — apryMEHTOM NEPEMEHHOU Z:

r=\z\=\/§2+n2 , @=arg(z) =arctg %

COOTBETCTBEHHO MOJIOKEHUE MPOU3BOJILHON TOUKH Ha KOMIUJIEKCHOU Z -
IJIOCKOCTH MOXET 337]aBaThCS:
— koopauHaramu (&;1) — B J€KapTOBO# CHCTEME KOOPIUHAT;

— MOJISIPHBIMU KOOpJIMHATAMU (7;() — B IOJISIPHOW CHCTEME KOOPAUHAT.
Z -ipeoOpa3zoBaHre OJTHO3HAYHO CBSI3BIBACT MOCJIECIOBATEIBHOCTE §(71)
c ee Z-uzobOpaxxkenneM X (z) W CIPaBEIIUBO TOJIHKO B 007aCTU aOCOTIOTHOM

CXOJTMMOCTH Psijia Z ‘s(n)z_"
n=0
CTH Z -U300paKeHMUS.

< oo, KOTOPYIO HAa3bIBArOT 00J1aCTBIO CXO0AUMO-
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Ha xomrekcHoM Z -TIOCKOCTH 3TO 00J1acTh BHE Kpyra paauyca R = ‘a‘.

A7
JR

Z-TIMOCEQCTE

CBIACTE CHONHMOCTH
R 2| = R

Puc. 3.2. O6nactb cxomumocTu Z -u300paKeHust

OO6nacThb CXOUMOCTH OIIPCACIEACTCS CBOMCTBaMH IIOCJICAOBATCIIBHOCTH § (I’l) .

Ecnu cpaBHUTH BeIpakeHus i Z -nipeoOpa3zoBaHus U 1S mpeoOpa3oBa-
U Oyphe, TO MOXKHO YBUIETh, 4TO TIpeodpa3zoBanne Oypre mpeacTaBiseT co-
00if yacTHBIN ciydail Z -mpeoOpaszoBaHus, T. €. mpeoOpazoBanue dypre npea-
CTaBJIsIeT cOO00 Z -nipeoOpa3oBaHue, BEIYUCICHHOE HA €AUHUYHON OKPYKHOCTH
(R =1) xommekcHON Z -TIJTOCKOCTH.

Ilpumep [2]. Halitu Z -nipeoOpa3zoBaHre U 00JIACTH CXOAUMOCTH TOCIIC-
JIOBATEIBbHOCTH TUCKPETHOTO BPEMEHU, MPUBEACHHOM HA puc. 3.3.

s(1) ‘

-

-4 -2 n 2 4 »

Puc. 3.3. [locienoBarenbHOCTh JUCKPETHOI'O BPEMEHH

[TocnenoBaTenbHOCTh MMEET KOHEUHYIO [JIMHY, 3HAY€HHUS IOCJeI0Ba-
tenbHOCTH $(-3) =0, s(-2) = 1, s(-1) =3, s(0) =5, s(1) =3, s(2) =1, s(3) =0.
JIByXcTOpoHHEE Z-TIpeoOpa3zoBaHue OMPEIEsIeTCs Kak:

X(z)=).s(m)z "= 2 43z245+377 + 772,
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-1
OOpartHoe Z -mpeobOpaszoBaHue (Z ) MO3BOJISIET BOCCTAHABIMBATH TOCIIE-
JI0BaTEeILHOCTh JUCKPETHOTO BpeMeHH s(n) 1o ee Z -obpa3y. B cuMmBoimdeckoi

dbopme obpatHOEe Z -Tipeodpa3zoBaHre OTPEASIISTCS KaK:
s(in)=2""(X(2)).

Jliis onpeneneHuss oopaTHOro Z -mipeoOpa3oBaHusl CYIIECTBYET PsJl CIOCO-
OO0B: C UCMOJIH30BAHKUEM TAOJIUIIBI COOTBETCTBUI; METOJIOM Pa3JI0KEHUS Ha AJIEMEH-
TapHBIC IPOOU; METOJIOM PA3JI0KEHHUS B CTETICHHOM PSIIT; METOJIOM BBIYCTOB.

PaccmoTpum HaxokeHne oopaTHoro Z -mpeoOpa3oBaHuUs ¢ UCIIOJIb30BAHUEM
TaOJIUIIBI COOTBETCTBHI.

Ilpumep [11]. Haittu nocinenoBaTenbHOCTh S(n) 1O ee z-00pa3y:

by +bz!

X(z2)= -

1—alz

Yucnurens X (z) — MHOTOWIEH HEHYJIEBOM CTENEHH, MOATOMY CIEIyeT

MPEACTAaBUTh B BUJIC CYMMBI JPOOCH:

bO
1— alz

-1
bz

1—alz_

X(2)= +

T

B Ta6JII/ILIC COOTBETCTBUU HaxXoauTCsA Z-I/I306pa}KCHI/IC C TaKHUM KC 3Ha-
MCHATCJICM U 3aIIMChIBACTCs COOTBCTCTBHUC!

X (2) =;_1 —s(n)=a".
1- alz
Tabnuma 3.1
Tabuuua nocjiexoBarebHocTeil M UX Z -npeodpa3oBanus
ITocnenoBaTeIbHOCTH Z -n300paxeHue
1,n=0;
”0("):{0,#0, Uo2)=1
1,n=m; ~ ~
uo(n—m)={0’n¢m. 7"Uy()=2"
1,n=>0;
”1("):{o,n<0. Vi= 5
1,n=m; -m
ul(n_m>:{0,n<m. V(@77 = 1-z"
s(n) = (xa)" 1
|a|<1 X(Z)zliaz_1
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CornacHo CBOMCTBY JIMHEWHOCTH:

-1 -1
S(I/l)ZZ_1 b—o_l +Z_1 L—l ZbOZ_l ;_1 +b1Z_1 Z—_l .
l-az I-az l-az l-az

Ha ocHoBaHuM TeopeMbl O 3aJ€p>KKE U COOTBETCTBUS Uil Z -Ipeodpa-
30BaHMSI M1OJYyYaEM IOCIIEI0BATEIbHOCTD:

s(n)=bhya" +ba"".

B uwmcno oGnacreit IMPUMCHCHUA z—npeo6pa3013aHH;I BXOOAT. OIIMCAHUC
CUTHAJIOB U CUCTCM JUCKPCTHOI'O BPCMCHHU, ITO3BOJIAIOIICC oe3 Tpyda peryjanupo-
BaTb CTCIICHb HUX YCTOﬁqHBOCTH U BU3YAJIM3UPOBATH UX YACTOTHBIC XAPAKTCPH-
CTHUKH; aHaJIN3 OIMOOK KBAaHTOBAHUS HI/I(i)pOBBIX (1)I/IJILTpOB N BBIYHCJICHHUC YacC-
TOTHBIX XaPAKTCPUCTUK CUCTEM NJUCKPCTHOI'O BPCMCHHU.

3.1.2. PexypcuBHble U HepekypcuBHbIe LID
[1® Ha3bIBaeTCsl peKypCHBHBIM, €CIIH XOTS ObI OJUH U3 KOA((OUIIMEHTOB
a(k),k =1,2,..M —1, paznoctHoro ypaBHenus (3.1) He paBeH Hymto [11].

[Topsnok pexypcuBHoro L{® (PL{®) onpenenseTcs Kak:
max{(M —1),(N —-1)}.

Cornacno (3.1), peakiua y(n) PLI® B kaaplii MOMEHT BPEMEHHU 711 OII-
penensercsa: TEKyIUM OTCUYETOM BO3JIEUCTBUA S(71); NMPEIBICTOPUEN BO3AECHCT-
BUSA s(n—k),k=12,..,.N—1; PEIBICTOpUEH peaKuuun
yvin—-k),k=12,...M —1.

[Tpumepsl pa3zHOCTHBIX YpaBHeHUU PLIOD:

— niepBoro nopsaka ( y(n) =bys(n) +bis(n—1)—a,y(n—1)),

— BTOpPOTO nopsanka ( y(n) =bys(n) +bs(n—1)+b,s(n—2)—aqy(n—1)—a,y(n—-2)).

[{® nazbiBaetrcs HepekypcuBHbiM (HLID), ecu Bce koaddunuentsr a(k)

pazHoctHoro ypaBHenus (3.1) paBubl Hymto. Jns HI{® paznocTHOE ypaBHEHUE
OPUHUMAIOT BU/I:

N-1
y(m) =Y blk)s(n—k). (3.3)
k=0

[Topsnox HII® onpenensiercs kak (N — 1).

Cornacno (3.3), peakuusi y(n) HII® B Kaxaplii MOMEHT BPEMEHU 1 OII-
penensercs: TeKyIUM OTCYETOM BO3JACHCTBUS s(7); MpeabICTOpUEH BO3IEHCT-
Busg s(n—k),k=12,...N—1.
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IIpumep paznoctHoro ypasaenust HI{® Broporo nopsaka:
y(n)=bys(n) +bs(n—1)+b,s(n—2). (3.4)

Jna PLHHO® n HII® MOXHO ONpeeIuTh UMITYJIbCHYR XapaKTEPUCTUKY 10
Pa3HOCTHOMY YPaBHEHMIO U CPABHUTH PE3yJbTaThl HA IpuMepax [11].

JInst BeIYKCIIEHNs] UMITYJIbCHOU Xapaktepuctuku HIID Broporo mopsaka
NOJIaM Ha BXOJ IMU(PPOBON €TUHUYHBIN UMITYJIbC, COOTHOLIEHHE BXOJ/BBIXO]
KOTOPOT'O ONMUCBIBAETCSA Pa3HOCTHBIM ypaBHeHUEM (3.4).

PemnMm ypaBHenue (3.4) METOAOM IOJACTAHOBKH IIPU HYJIEBBIX HAYaJIbHBIX
YCIIOBHUSX:

y(0) =bys(0) + bys(=1) +bys(=2)=by -1+ b, -0+ b, -0=1b;
y(1) =bys(1) +b;s(0) +bys(=1)=by-0+b, -1+ b, -0=1b;;
y(2)=bys(2)+b;is(1) +b,5(0)=by-0+b, -0+ b, -1=b,;
y(3)=bys(3) +b;s(2)+bys(1)=by-0+b,-0+b,-0=0.

OueBuano, yto y(n)=0 npu n>?2.

Takum o6pazom, 060011as1 momydeHHble pe3ynbTartel Ha HI{® npousBonbHO-
IO NOPAAKA, MOKHO CIENIaTh BBIBOJBI, YTO UMITYJIbCHAA XapakreprucTuka HLID nmve-
€T KOHEYHYIO JJIMTEIBHOCTD; 3HAYECHUS OTCYETOB HMITYJIBCHON XapaKTEPUCTHKH
paBHBI KO3 PULIMEHTAM Pa3HOCTHOTO YPaBHEHUS!.

[TosTromy HII® Ha3zbIBaOT puiabTpaMu ¢ KOHEUHOM WUMITYJILCHOM Xapak-
tepuctuxkoit (KUX-dpunsrpamn).

Tenepp BbMMCIMM UMIYJIbCHYIO XapakrepucTuky PLI®D mepsoro mopsixa,
COOTHOLIEHNE BXOJ/BBIX0OJ] KOTOPO OIMCBHIBAECTCS] PA3HOCTHBIM YPAaBHEHUEM:

y(n)=bys(n)+bs(n—1)—ay(n—1).
IIpu b, =0 nomyyum:

y(n)=byx(n) —a;y(n—1).

I[J'IH JaHHOI'O YpaBHCHHA MCTOAOM HpHMOﬁ IMOACTAHOBKHU IIPH HYJICBBIX
HaYaJIbHBIX YCJIIOBUAX NMCCM:

y(0) =bys(0) —a;s(=1) = by;
V(1) =bys(D) = ay y(0) = —a,by;
V(2) = bys(2) — ayy(1) = —a; (=ayby) = a%by;
Y(3) = bes(3) — ayy(2) = —ay(a’by) =—a;’by.
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AHanu3upysl BBIPAXKECHHsI, MOKHO 3amucaTh OOIIyI0 (HOPMYITy BBIUHCIIE-
HUS UMITYJIbCHOM XapaKTEPUCTUKHU JUIsl TAHHOTO CITydas:

y(n)=(-1"a,"by,n=4,5...

Takum 00pa3oM, OYEBHIHO, YTO UMITYJIbCHAs XapakTepuctuka PLID nme-
eT 0eCKOHEYHYI0 JIuTeNbHOCTh. [TloaTomy PII® HaswiBaroT dunbrpamu ¢ Oec-
KOHEUHOM umnylbcHOU xapakrtepuctukod (BUX-punbrpamu). Ognako PLOD
MOT'YT UMETh U KOHEYHYIO UMITYJIbCHYIO XapaKTEPUCTHUKY.

A
hn) hny |
a) 0)
> n > n
0O 1 2 3........ o1 2 3...... N-1

Puc. 3.4. Bunpsl umnynbcHbIX XapakTepuctuk: a) BUX; 6) KUX

[To uMIyIbCHOM XapaKTEPUCTUKE MOXKHO CYAUTh 00 ycToiunBocTr PLID.
YcronunBomy PIL[D oTBeuaeT 3aTryxaroiiasi Co BpEMEHEM UMITYJIbCHAsA XapaKTe-
PUCTHKA, UYTO MATEMATUYECKHU BBIPAKAECTCS KaK:

5 |h(n)| < oo

n=0

3.1.3. IlepenaTounasi pyHkums
Ilepenatounoit ¢yukuueit H(z) L@ Ha3biBaeTcsd oOTHOwEHUEe Z-

npeoOpa3oBaHusl BBIXOJAHOM MOCIIEI0BATEIbHOCTH K Z -IPe0Opa30BaHUIO BXO/I-
HOM IIOCJIENOBATEBLHOCTH IIPU HYJIEBBIX Ha4aJbHbIX yCIOBUX [11].

_z{Hym} _ Y2
Z {x(n)} X (2)
Taxum obpazom, nepenatounas Gpynkuus LD moxeT ObITH MoTyueHa 1y-

TEM MpUMEHEHHs Z -TipeoOpa3oBaHusi K pa3HOCTHBIM ypaBHeHus. s PLID me-
penarodHas (pyHKIHS UMEET BUA:

H(z)

N-1 ;
Z bz

H(z2)=—515

1+ Z akZ_k
k=1
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s HPLI nepenatounast GpyHKIUS UMEET BU:
N-1 L
H()=) bz .
k=0
AHanu3 NpeACTaBIECHHBIX BBIPAXXEHUM M Pa3HOCTHBIX YPAaBHEHMH IOKa-
3BIBAET, YTO:
— K03(h(UIKUEHTHl Pa3HOCTHOTO ypaBHEHHUs SBJISIOTCS KoddduumreHtamu
nepesaTouyHo GyHKINN;
— k03 durmenTs pa3HOCTHOTO ypaBHeHus b(k) npu s(n—k) paBHBI KO-

o —k
sbdunrieHTaM  YuUCIMTENs ~ NepelaToyHod  GyHKUMM Opu Z -, TpH

k=0,1,.,N—1;

— K03 PUIMEHTHl pa3HOCTHOTO ypaBHeHHs —a(k) mpu y(n—k) paBHBI
ko3 dunreHTaM 3HaMeHaTeNs MepeaaTouyHol GyHKIMH (C 0OOpaTHBIM 3HAKOM)
npu z_k, npu k=1,....M —1.

Ilpumep. N3BecTHa nepenaTounas ¢pyHkuus PLID:

0,871 -0,3z72
1403z -0,55z72% "

H(z)=

PasnoctHOE ypaBHeHune nis nanHoro PLI® umeer Bun:

y(n)=0,8s(n)—0,3s(n—1)-0,3y(n—-1)+0,55y(n—-2).

3.2. Crpykrypsl HP

3.2.1. OcHoBHbIe cTPYKTYpPHI PLID

[H® MoxeT OBITH peaqu30BaH amnmnapaTHO WU MporpamMmHoO. B mepBom
CiIydae — B BHJIC CIEIUAIN3UPOBAHHOTO MU(PPOBOTO YCTPONCTBA HA WHTETPAITh-
HBIX JIOTHYECKHUX 3JIEMEHTax, BO BTOPOM — B BUJE MPOrpaMMbl HA KOMITBIOTEPE
Wi IUQpoBOM Tpolieccope oOpabOTKM CUTHANOB. B mocnemHee Bpems mpo-
rpaMMHas peanu3aius sBIsSeTCs mpeo0Iaaaroniei.

st PLI® onpenensioT Tpu OCHOBHBIE CTPYKTYpHI [11]: mpsimyro; kackan-
HY10; IAPAJUIECTIBHYIO.

[Ipsimas cTpykTypa onpenensercs nepeaarounoi pyukuen H(z):

N-1 .
Z bz

H(z)=—45) :

1+ Z akZ_k
k=1
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¥ 0TOOpakaeT pa3sHOCTHOE YPaBHEHUE:

N-1 M-1
y(n)= 3 blk)s(n—k)— > a(k)y(n—k).
k=0 k=1

Ha puc. 3.5 npuBenena npsiMas CTPyKTypa 3B€HA 2-TO MOPSAKA, OMUCHI-
BaeMOTO MepeaaTOuHON QyHKITUEH:

-1 -2
by+bz +byz

H(z)=

b

-1 -2
1+ Cllz + a2Z
M pa3sHOCTHBIM YPABHCHUCM:

y(n)=byx(n)+bs(n—1)+bys(n—-2)—a;y(n—-1)—a,y(n—2).

W N N )
N

-1 -1
4 4
| b1 -aq _L
|
-1 -1
4 <
| I b2 -a) |

Puc. 3.5. IIpsimas ctpykrypa PLI® 2-ro nopsnka

B o6miem ciyuae npsimas ctpykrypa PLL® conepxut [(N - 1) + (M — 1)]
AJIEMEHTOB 3aAEPKKH, 3 HUX: (N — 1) — 11 mpeamecTByOMMUX OTCYETOB BO3-
nenctBus U (M — 1) — a1t npeAeCTBYIOIIMX OTCUETOB PEAKIIUH.

JIJisi yMEHbIIIEHUS 4Yucia 3JIEMEHTOB 3a/IepKKHU pa3paboTaHa KaHOHHUYE-
ckast cTpykTypa. CTpyKTypy Ha3bIBaIOT KAHOHUYECKOM, €CIIM YUCIIO 3JIEMEHTOB
3aJIep’)KKM B HE MUHUMAJIBbHO M PABHO MOPSAKY NEPEeNaTOYHOW (YHKIUU —
max{(M-1),(N-1)}.

IIpssmasi kaHOHHMYECKas CTpyKTypa | omnpenensercd SKBUBAJICHTHBIM
IpeCcTaBICHUEM TepeaaToyHol GpyHkuuu H(z) B BUIE MPOU3BEACHUS ABYX Iie-
penaToOuHbIX (QYHKIU:

98



N-1
SR N Y T Ay N O AR

X@ L5, s X@ V@
k=1

H(z)

0JIHA U3 KOTOPBIX OMHUCHIBAET PEKYPCUBHYIO yacTh L[D:

H(2)= ;(Z) = M_} ,
(2) 1+ > az7"
k=1

a BTOpas — HEPEKYPCUBHYIO:
Y(z N-1 B
Hz(z)=L= > bk
V(2) =0

[lepenatounsiM Qynkuusm H,(z), H(z), corinacHo UX ONpeAeseHHIo, CO-
OTBETCTBYIOT PA3HOCTHBIC YPABHEHHUS:

M -1 N-1
V() =s(n) = 3. av(n—k), y(m)= Y, bv(n—k),
k=1 k=0

0TOOpakaeMble MPSIMBIMU CTPYKTYPAMH.
Ha puc. 3.6 noka3ana npsimasi CTpyKTypa 3B€Ha 2-ro mopsiiKa.

T : :}(H)

Puc. 3.6. IIpsimast kanonnueckas ctpykrypa 1 PLI® 2-ro nopsiaka

AHaJIOTMYHbIE KAaHOHNYECKUE CTPYKTyphl 1 Tuna nmeror PL{® mensbiiero
1 OOJIBIIIETO TOPSIAKOB.
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Kanonnueckas crpykrypa 2 (puc. 3.7) onpeaensercss IpyruM SKBUBAJICHT-
HBIM TNpeACTaBlICHUEM nepenaTouyHor GyHkuuu H(z) U cUCTEeMOM Pa3HOCTHBIX
YPaBHEHUU:

1 _ _
H(2)=hy+— P [(b1 —bya)z "+ (by —byay)z 2] :
{y(n) =bys(n) + (b, —bya))v(n—1) + (b, —bya, )v(n—2);

v(n)=s(n)—ayn-1)—a,v(n-2).

&

s(n) (n)
()

-a (b1-boay)

-ay (bs-boay)
— |

Puc. 3.7. Kanonnueckas crpykrypa 2 PLI® 2-ro nopsaka

Ha puc. 3.8 npuBenena kanonunueckas crpykrypa 3 PLI® 2-ro nopsiaka. B
ATOM cllydae nepeaaTounast GyHKIUS U Pa3HOCTHOE YPaBHCHHE UMEIOT BUJI:

H(z)=b, +z'H,(2);
H,(z)=|b,—aH()]+z"H,(2);
H,(z)=b, —a,H(z2).
y(n) =bys(n) +v(n—1);
vi(n)=bis(n)—a;y(n)+v,(n—1);
v, (n) =bys(n) —a,y(n).
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s(n)

] v(n)
Puc. 3.8. Kanonuueckas ctpykrypa 3 PLH® 2-ro mopsiaka

3.2.2. KackagHasi CTpyKTypa
Kackagnas cTpykrypa ompenensercs nepemarodHoir ¢yHkumenn H(z),
MIPEICTaBICHHON B BHJIC TPOU3BEICHUS MHOKHUTEICH BTOPOTO TOPSIKA:

K K ( by bz +by27°
H(Z):HH/C(Z):H[ 0i 1i 20 — |
i=1

1 _
i=1 1+allZ +ale

rae  bo;, by, by, a1, ay; — BeNIeCTBEHHBIE KOA(DPUITUCHTHI;

K — xonunuectBo PLI® 2-ro nopsaka.

[Ipu mpsiMoOli CTPYKType BCEX 3BEHBEB JAHHOMY BHAY I€peIaTOYHOMN
(YHKIIMHU COOTBETCTBYET CHCTEMA Pa3HOCTHBIX YpaBHEHMIA:
vi(n)=bys(n) +by;s(n—=1)+by;s(n—2)—a;vy(n—1)—a,,v,(n-2);

V2 (n) = b02V1 (n) + bl 2V1 (n - 1) + bzzvl (n - 2) - al 2V2 (n - 1) - a22V2 (n - 2);

y()=by g v (W) +by g Vg (=D +by g _vg_(n=2)—a, x_;y(n—1)-
—dy g_1y(n—2),

13 KOTOpPOW CIEenyeT, 4yTo peakuus i-ro 3BeHa — [ =1,2,...,(K — 1), ciayxur
Bo3jeHcTBUEeM 11 (i + 1)-TO 3BeHA, MOATOMY JaHHAasl CUCTeMa OToOpa)kaeTcs

KackaJHbeIM coeguHeHueMm PL® 2-ro nmopsigka — kackagHoM (TTOCae0BaTeNb-
HOM) CTpyKTypoii (puc. 3.9).

s(n) Hi() vi(n) o) va(n) Hy2) y(n)

A\ 4

A

Puc. 3.9. Kackagnas ctpykrypa u3 tpex PLI® 2-ro nopsnka
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3.2.3. [lapanjienibHasi CTPYKTYypa
[TapamtenpHas CTpykTypa ompeaensercs mnepenatouHor dyHkiumert H(z),
NPEACTaBICHHOM B BUIE CYMMBI IpoO€ei BTOPOro Nopsijika (B 4acTHOM citydae) [11]:

K K( by + bz +byz”!
H(z>=ZH,-(z)=Z[ 0 T
i=1 -1\ 1+a;z +ayz

rae  bow, b, b1, Ay @z — BellleCTBEHHBIE KO PUITUCHTHI,
K — xonm4uecTBO 3BEHBEB 2-TO MOPSAKA.
Pa3zHocTHOE ypaBHEHHE ONIpEAEseTCs:

K
y(”) = zvi(n) s
i=1

rae  v;(n)=byx(n)+b;s(n—1)+by;s(n—=2)—a,v;(n—1)—a,,v,(n—2).

N3 pa3HOCTHOrO ypaBHEHUS ISl MApaUICIbHOM CTPYKTYpBI CIEAYET, YTO
BoszaeucTeue s Bcex PLID ommHakoBoe, a peakius paBHa CyMME PEaKIUh OT-
nenbHbIX PL®D, mostomy ganHoe PY otoOpaxaeTcst mapajiebHbIM COSTUHEHUEM
PEKYPCUBHBIX 3BEHBEB 2-TO NOPsJIKa — NAapAIUIENbHON CTPYKTYpoH (puc. 3.10).

H,(2) vi(n)
s(n) H2) va(n) - (n)
Hy(2) V(1)

Puc. 3.10. ITapannenbHas ctpykrypa u3 tpex PLI® 2-ro nopsaka

3.2.4. Crpykrypsl HII®D

[Tepenarounas ¢ynkuus HIID moxer paccMaTpuBaThCs KaK YaCTHBIM
cay4dait H(z) obmero Buna npu a; = 0, k = 1,2,..., M — 1. B aToM city4yae 3Hame-
Hartelb H(z) oka3pIBaeTCs paBHbIM 1.

HI[® cooTBETCTBYIOT 1Ba OCHOBHBIX THIIA CTPYKTYP: IPsAMAasi U KaCKaIHas.

[Ipsimast ctpykrypa (puc. 3.11) ompenensercss nepenaTodyHoi (yHKIHen
H(z), npencraBneHHON B BUE PAllIOHATIBHON (DYHKIIUH:

N-1 .
H(z)= ) bz ",
k=0
N-1
1 0TOOpakaeT pa3HOCTHOE ypaBHEHHE: y(n) = z b.s(n—k).

k=0
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Kackamnast cTpykTypa ompenensercs nepeaaTrouHol (QyHKIMen, mpeacTaB-
JIEHHOW B BUJIE MPOU3BEACHUS MHOXKHUTEICH BTOPOTO MOPSIIKA:

K K
H()=]]H(2)=]]®y+ bz +byz ),
i=1 i=1

rne by, by, by; — BemeCTBEHHBIE KO (DUITUCHTHI,
K — kommuectBo HL® 2-ro nopsiaka.
Cucrema pazHocTHbIX ypaBHeHH HI[®D 3BeHBEB 2-T0 MOPsI/IKA ONTUCHIBACTCS:

(vl(n) =by;s(n) + b s(n—1)+ by s(n—2);
Vv, (1) =byv, (1) + by (n—=1) + by v (n —2);

y()=by g_1Vg_1 (M) +by gk _vg_(n=1)+Dy g_jvg_1(n—2).

s(n)

y(n)

Puc. 3.11. IIpsimas ctpykrypa HILID

[TockonbKy OJfHA U Ta K€ mepeaaTouHas (PyHKIUsS MOXKET OBbITh MPEICTaB-
JIeHa B Pa3HbIX BUAX, BOZHUKAET BOIPOC O BbIOOpe cTpyKTypbl LID, muis penienus
KOTOPOT'O MPEXK/IE BCETO UCTIOIB3YIOTCS CIIELYIOIIME ITOJIOKEHUS:

— i 11 Bua mepenatouHol (QyHKIMU OMpEAENseTcss METOJOM CHHTE3a,
TEM CaMbIM CTPYKTypa IO CYILIECTBY OKAa3bIBAETCSI aBTOMATUYECKU BBIOPAHHOIM:
JUISL PEKYPCUBHBIX (PHIBTPOB OOBIYHO OHA KACKaHAsS WU MapasuiesibHas, a i He-
PEKYPCHUBHBIX — IIPSMasi IPUBEICHHAS;

— mpH BbIOOpE CTPYKTYphI OTAenbHBIX LD 1 mocnenoBaTebHOCTH HX pac-
HOJIOKEHUS! B KACKaJTHOM COEIMHEHMH HEOOXOJUMO MMETh B BUIY, YTO OT 3TOr0
3aBUCHUT MOTPEIIHOCTh BBIYUCICHUN — COOCTBEHHBIE IIIyMbI CUCTEMBI.
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3.3. HacToTHBIE XapaKTEePUCTUKHU U dJIeMeHThI cuHTe3a LD
3.3.1. Oomue cBegeHud
YacroTHoit xapakrepuctukoi (UX) H (e’ 2 ) AUCKpEeTHOTO (UIbTpa Ha-

3BIBACTCS OTHOIIIEHUE TIpeoOpa3oBanus Pyphe BHIXOTHOW MOCIEI0BATEILHOCTH
K npeoOpa3zoBanuio Dypbe BXOJHOW IMOCIIECAOBATEILHOCTH NPH HYJEBBIX Ha-
YaJabHbIX yciaoBusx [11]:

Fly,) _ Y{e!™)
F{x,} X{eﬂnf}.

H(e™ )=

YacTtoTHasg XapakTepUCTUKA MPEJCTaBIseT co00r Ko3phuIMeHT nepeaa-

f

9 QUIbTpa ISl KaXKI0TO 3HAUEHUS YaCTOTHI f =——=fT.
A
N3 cpaBHEHUs BBIpaKEHUN U1 4aCTOTHOW XApAaKTEPUCTUKU M Iepena-
TOYHOM (PyHKIIMM BUJIHO, uTO UX paBHa mepenatouyHol GyHKIMH QUIBTpaA, BbI-

YHUCIICHHOMN HA SIMHUYHOM OKPYKHOCTH Z-INIOCKOCTH (1pu z = e’/ *¥ = ¢/?):

H('*™)=H(z)
r=el?

MoxHo YCTAaHOBUTL CBA3b MCK/Y 3HAYCHUSAMUA HOpMHpOBaHHOﬁ q9aCTOThbI

A

f ¥ COOTBETCTBYIOILIUM yTJIOM @ B Z-TuiockocTu. [lockomibKy:
e’ =cos2nf + jsin2nf =e’® =cos@+ jsin,
TO f=0/27.
Ha puc. 3.12 noka3aHa cBsi3b TOUEK €AUHUYHON OKPY>KHOCTH U 4acTOT f :

—Touke z=1=cos0+ jsin0 coorBercTByeT f =0;

—ToukaM z =1 j=cos(xm/2)+ jsin(X®w/2) COOTBETCTBYIOT f =10.25.

f=-025

Puc. 3.12. CBs3b TOYEK CAUHUYHON OKPYKHOCTH M 4acToT f
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[ToncraBiisist 3Ha4€HHs] HOPMUPOBAHHOM YaCTOTHI, TOJTYyYaEM:
JZTCJ?‘ 1 . . 1 .
e =Cos2T| £— |+ jsin2w| £— |=17],
4 4
Touke z=—1=cos(xm)+ jsin(x®) coorBeTcTBYIOT f ==10.5.

3.3.2. Xapakrepuctuku KUX-puastpoB u BUX-puiabTpos

Hcnonb3yst BbIpaKeHUs I MEepeNaTOYHbIX (PYHKIUN )i HEPEKYpPCHB-
HBIX W PEKYPCHUBHBIX (DUIBTPOB, MOXHO 3amucaTh oOmme (HOpMyIbl IJs dac-
TOTHBIX XapaKTePUCTHK AUCKPETHBIX GUIbTpoB [11].

KUX-punbtp:

A N-l o
HE* )=y pe /2™, (3.5)
k=0
BUX-punbtp:

N-1 .
Z bke_ﬂnfk
H(e/?™) = ’73 (3.6)

-1 A
(1+ > ake_ﬂnﬂ‘]

k=1

2%y _ koMmruteKkcHas

Kak yxe u3BecTHO, yacToTHas xapakrepucrtuka H (e
byukius. Ee MoxHO IpeicTaBUTh B BUJIE:

H(e™™) = Hy (1) + jHy, (7)) = A(f)-e /.

AMIUTUTYTHO-4aCTOTHOM Xapaktepuctukoi (AYX) Ha3piBaeTCs GyHKIIUS

AGH =[H P = HE 27+ B )
®dazo-yactoTHOM XapakTepuctukoil (DYUX) HazpiBaeTCS PyHKIMS

(/)= argH(ejan) = tan_l(th(ejznf )/HRe (ejznf ).

AYX ycTaHaBiIMBaeT CBSI3b MEXIYy aMIuiuTyaamu, a @UX — mexnay ¢asa-
MU BBIXOJHOTO Y(7) W BXOJHOTO (1) CUTHAJIOB (UIbTpA.

Ecmu s(n)=A,, -cos(27tfn +@,, ), TO B yCTAHOBUBILEMCS PEKUME!
Y1) = Ay COSTI+ Q).
F'He A@blx = Aex ) A(J?) >

Py = P + O(f).

105



O6mue hopmynsl AUX KUX-bunbrpa u BUX-punbstpa umerot BUI:

2 2

. N-I . N-l .
A (F)=4|| D b cos2nfk | +| D b, sin2nfk |
k=0 k=0

2

N-1 N N-1 N
> b, cos2nfk | +| D b sin2nfk
A o — k=0 k=0 .
EHX(f) M1 R ) N1 R )
1+ D a,cos2mfk | +| D a; sin2nfk
k=1 k=0

YacTOTHYIO XapaKTEpUCTUKY MOXHO pPacCMaTpuBaTh KakK CIIEKTP HM-
IyJIbCHON XapaKTEPUCTUKMU:

H(ejznf) = i hke_jznfk .
k=0

CrnenosarenbHo, cBoiicTBa UX (QuiabTpa BO MHOTOM COBITQJIalOT CO CBOM-
CTBaMHU CHEKTPa AUCKPETHOrO curHaia. Huxe npuBeaeHbl OCHOBHBIE CBOMCTBA
YaCTOTHBIX XapaKTEPUCTUK TUCKPETHBIX (priibTpoB [11]:

— YacTOTHasl XapaKTEPUCTHKA SIBISETCS MEPUOIUYECKON (yHKIMEH Mo
4acToTe, C MEPUOAOM, PAaBHBIM YaCTOTE JUCKPETU3ALINY;

— AUX u ®UX Takxe ABISIOTCS MEPUOTUICCKUMHU (PYHKITUSIMU C TEM KE
IIEPUOJIOM;

— s puIbTPOB ¢ BelleCcTBEHHbIMU Kod(pduimentramu AYX — derHas
bynkuus, a PUX — HedyeTHast PyHKIUS;

— JUJISl TIOJTHOTO OIMMCAaHUsl YaCTOTHOW XapaKTEPUCTUKHU (DUIIbTpa C Bellle-
CTBEHHBIMU KO3 PUIIMEHTaMU JOCTATOYHO 33/1aTh €€ B OCHOBHOM I0JIOCE Yac-

tot f€[0,0.5].
JluckpetHbIii GUIbTp HA3BIBAIOT HOPMHUPOBAHHBIM, €CIIM MaKCUMAJILHOE 3HA-

yenue AUX pasno 1. HopmupoBka (uibTpa mocTuraercs myreM YMHOXKEHHUS KO-
(P PUIIMEHTOB YUCIUTENS MePeIaTOuHON (PYHKIIMU HA HOPMHUPYIOIIUNA MHOXKHUTEIb

q, =1/ Ay » TIC A, — MaKCUMaiIbHOE 3HaueHne AUX Ha HHTepBase f €[0,0.5].

Paccmotpum TpeGoBanus k yacToTHO-u30OupatenbHbiM L{D. Ha puc. 3.13
npeactasiensl uaeanbupie AUX dunsrpos: HYU, BU, moiocoBoro u pexexTop-
HOT'0, KOTOPBIE, BCJIEACTBUE UX (PU3NYECKOM HEBO3MOXKHOCTU, HEOOXOIUMO arl-
MPOKCUMHPOBATh MPU 3apAHEE OMPEACIAEMBIX JOIMYCKaX, 3aBUCAIIMX OT psaa
MPAKTUYECKUX OTPAHUYCHUN. DTH OTpaHUYEHUS CBS3aHBI, MPEXK]IE BCEro, ¢ Ha-
3HAYCHHEM CHUHTE3upyeMoro (uibTpa. Bce orpanndeHust u JOMYCKH COCTaBIIS-
10T TpeOOBaHUS, IPEIBABIIICMbIC K (PHIIBTDPY.
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f[’H fﬂ/z f fFH fﬂ/2 f

0
’ f f fﬂ/2 f ffﬂl fmz fa/2 f

Puc. 3.13. Uneanbasie AUX GuiabTpos:
a) HY, 6) BY, &) moyiocoBoro, ¢) pe:;KeKTOPHOTO

OcHogHble mpebosanus K hunompam exnrouarom 6 ceos [11]:
— 3aJ]aHue 4acToThl Auckpetusaunu [, [['n] u TMna u3dupareabHOCTH

¢bunperpa (HY, BUu 1. 1.);
— 3aanue TpeGoBanuii K AUX A( f) mim K XapakTepucTUKe OcnabueHus
(saryxanus) a( f), npeacrasnsomeii co6oit norapudmuueckyro AUX.

[Tpu 3TOM HEOOXOAMMO TIOMHHUTD, YTO:
— 3a/1aHne TPeOOBAHNI HAUYMHACTCS C YCTAHOBKU BCEX TPAHUYHBIX YAaCTOT
(ubTpa TONMBKO B OCHOBHOIA mosioce wactor 0< f < f / 2;

— TpeOoBaHUA B MEPEXOJHBIX MOJIOCAX M30MPATENBHBIX (DUIBTPOB HE
3a/1ar0Tcs;
— TpeOoBaHUs (POPMYIHMPYIOTCS B BUAE AONYCTHUMBIX OTKJIOHEHHH OT

ropmuposarHoit AUX A(f) [mwmm ot a(f)] B monocax mporycKaHus U 3axep-

KUBaHUS U 0TOOpAX)AIOTCA Ha TUArpaMMe JIOIyCKOB;
— AUX A(f) sBnsercs Ge3pa3MepHOI BEIMUMHON W BBIpaXkaeTcs B abco-

JJFOTHBIX CANMHHUIAX,
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— XapakTEpUCTUKU OCNA0JICHUs U 3aTyXaHUsi 0003HAYAIOTCS OJAMHAKOBO
a(f), pasmepHocth a(f) BeIpakaercs B nemmbenax, cBs3b MEXIY A(f) m xa-

paKTepucTHKOif ocnabnenns a( f) onpenensercss GopMyIoii:

a(f)=201gfl(f),

a TIpU 0TOOPa’KeHUH TPEOOBAHUIA B BUJIE XaPAKTEPUCTHKH 3aTyXaHUs:
a(f)=-201gA(f):
— BBIGOP MeToa anmpokcuMammn AUX A(f) (umm a(f)).

PaccmoTpum npumep peanuzanuu nosocoBoro KUX-dunstpa [11].

HavanpHble yCITOBUS: THI — MOJOCOBOM; armIpoKcuMaIus — 1o YeObIIIeBy;
yactoTa auckperusaiuu f; = 48 xl'1; rpaHudHble 4actoThl fo,=7,2 Kl
Ln1=9,6 kI'1; f,0=12,96 kl'i; f., = 15,36 kI'1; nomycku Ha otkioHeHue AUX ot

HOMHHAJIBHOTO YPOBHs B monoce mnpomyckanus €, =0,05 u B monoce 3anep:KuBa-
Hus €, = 0,01; xoaddunuenTs! kBanTOBaHBI 10 24 6UT, N = 35.

BaxHbIM siBAsieTCSI TO 0OCTOSATENBCTBO, YTO B COOTBETCTBUH C METOJOM
cunteza KUX-bunbtpoB otkimonenne AUX 3amaercs CHUMMETPUYHO, a JUIs
BUX-uibTpoB OTKIOHEHHUE 3a/1a€TCsl TOJIBKO B OJIHY CTOPOHY Tak, 4ToObl AUX
HE IpeBbIlana eAMHUIBL. [lepexoHas mosoca pacnoiaraercst Mex1y nojiocamu
MPOIYCKaHUs U 3a[CPKUBAHUS, e¢ HpuHa Af s = fi — f, .

Tlonocosou puremp (I1D) xapakTepusyercs MAThIO YaCTOTHBIME TOJIOCAMHU
(puc. 3.14), U3 KOTOPBIX LIEHTpPaJbHAs MOJ0CA MPOMYCKAHUS, BE MOJIOCHI 3a1ep-
YKUBaHUS U JIBE NepexoAHbIX nosockl. Ha puc. 3.14 o6o3navens! [11]:

— fr31 — TPAaHM4YHAs 4aCTOTA IIEPBOU IOJIOCHI 3aJ1€PKUBAHNUS;

— [ — IeBas 4acTOTa Cpe3a MOJI0CH] IPOIYCKaHNUS;
— fr7o — IIpaBas 4acToTa Cpe3a MOJIOCHI NPOIYCKAHNUs, IIIMPUHA I10JIO0CHI
— fF32 — I'PaHU4YHasd 4aCToOTa BTOpOﬁ ITOJIOCHI 3aACPKNBAHUA.

Pacuet xoapduirienToB GuiibTpa BeinoiaHseTcss Ha 9BM ¢ moMoIIbIo Crieru-
aTBHBIX TPUKIAAHBIX TakeToB, HanpuMmep MATHLAB. Jlns 3amanHoro duisTpa
K03 buIeHTsI npecrarieHsl B Tadiuie 3.2 [11], AUX — Ha puc. 3.14 [11].

A(f)
I+e, L . _
LT
P
1131 1132
86|=' —
fF3l fI73l fH32 ff32 f/—l/2 f

Puc. 3.14. [lnarpamma tpe6oBanuii k AUX [1D
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Paccuurannbie k03 puuMeHThl PUILTPA

Tabmua 3.2

) b, k=i+j
’ j=0 j=1 j=2 j=3 j=4
0 | -0,0058384 -0,0002581 0,0186806 0,0069064 20,0268698
5 -0,0114828 0,0221347 0,0109901 20,0019101 0,0148118
10 | -0,0294373 -0,0680606 0,0525404 0,1389393 20,0501657
15 | -0,2012113 0,0208654 0,2256697 0,0208654 20,2012113
20 | -0,0501657 0,1389393 0,0525404 -0,0680606 -0,0294373
25 | 0,0148118 20,0019101 0,0109901 0,0221347 20,0114828
30 | -0,0268698 0,0069064 0,0186806 20,0002581 20,0058384

CornacHo 3aJlaHMiO, TpaHUYHbIE 4acTOThl f., =72 kl'w; f.,;=9,6 kl'L;
Ffor= 12,96 KI'1t; fop = 15,36 k[

AUYX

Puc. 3.15. Paccuntannas AUX ¢unbtpa

3.4. Peanu3anus aaropurmoB HHOC Ha nmpoueccopax

[udpoByto 00pabOTKy CUTHANIOB B pealbHOM BPEMEHHM MOXHO PazOUTh Ha
JIBE Kareropuu [2]: motokoBasi 00paboTKa, Harpumep, nudpoBast GuiIbTpaiuys, rie
JTaHHbIE 00pabaTHIBAIOTCS IO BBIOOPKE 3a TaKT, U OJIOKOBas 00pabOTKa, HAIIpUMeEp,
Haxoxienue bI1® u koppemsiimu, T/ie 3a TaKT 00padaThIiBacTcs OJI0K JaHHBIX (PUK-
CUpOBaHHOM AyMHBI. J[1s1 peanmuzanuu anroputMoB [{OC B peasibHOM BpeMeHH Tpe-
OyeTrcst U IporpaMMHOE, U armapaTHoe odecrieueHne. B kauecTBe anmaparHoii 1mo-
JEPKKK MOXKHO MCIIONIb30BATh MAaTPHIIBI MPOLIECCOPOB, CTAHIAPTHBIE MUKPOIPO-
ueccopbl, uniibl [IOC umm MuKporporpaMMupyemMbie CHEUATU3UPOBAHHBIE YCT-
porictBa. [IporpamMmmHON OAIEPKKON CITy’KaT KOZbI WJIM MUKPOKO/BI Ha SI3bIKE ac-
ceMOJiepa HU3KOTO YPOBHS, «poHoM» st anmapatypbl LHOC, w/umm koael Ha 3¢-
(EKTUBHOM $I3bIKE BBICOKOTO ypoBHs, TakoM kak C umu C++. B Hactosiiee Bpemst
OOBIYHO MCMOJB3YIOT UMEHHO SI3bIKH BBICOKOTO YPOBHS, OCOOCHHO C HOBEHIIIMMU
npoueccopamu LIOC, nMerommmMu CoKHYI0 CTPYKTYpY.
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B uncno pacnpoctpanennsix mporeccopoB LIOC BXonsT Takue ycTpoiicTBa ¢
¢duxcupoBanHo 3amsaToi, kak TMS320C55x ot Texas Instruments u DSP563x ot
Motorola, 1 Takue ycTpoicTBa ¢ miaBatomieit 3amstou, kak TMS320C4x (Texas In-
struments) u ADSP21xxx SHARC (Analog Devices).

3.4.1. KoMnib10TepHbIE APXUTEKTYPbI 00Pa0OTKH CUTHAJIOB

BOoJIBIIMHCTBO TOCTYMHBIX CeMYac YHUBEPCAIBHBIX MNPOLIECCOPOB OCHOBA-
HBI Ha apxuTekType ¢on Helimana, mpu KOTOpOI Omepanuy BBIMOIHIIOTCS MO-
cleIoBaTeNbHO. YTPOILICHHAsT apXUTEKTypa CTaHAapTHOrO mpoieccopa (poH
Hetimana nokasana Ha puc. 3.16 [2]. [Ipu 06paboTKe HHCTPYKITUU B TAKOM TIPO-
reccope 0JIOKU Mpoleccopa, He 3a1eCTBOBAaHHBIC B KAXKION (a3e MHCTPYKIIUY,
HaxOoJATCSA B XOJIOCTOM COCTOSIHUHU 10 Nepefayu UM yrpasieHus. [loBbilieHne
CKOPOCTH TIpOIIecCOpa JOCTUTAETCS 3a CYET YCKOpPEHHUS paboThl OTAENIbHBIX
OJIOKOB, XOTSl CYLIECTBYET OIpPEACIICHHbIN Mpees, OTPaHNYMBAIOIINNA UX BO3-
MOXKHYIO CKOPOCTB paOOTBHI.

Ecnu ycTpoiicTBO 0KHO paboTaTh B pealbHOM BPEMEHU, apXUTEKTYPY
nporneccopa L{OC HyxHO onTtuMusupoBaTh moja BbimoidHeHue (ynkuuii [OC.
Hampumep, Ha puc. 3.17 nmokazana o01ias anmapaTtHasi apXUTEKTypa, MOIX0s-
miast st nupoBoit 00pabOTKK CUTHATIOB B pEaTbHOM BPEMEHH.

Omna xapakTepusyercs CIeAyIMMMU 0COOEHHOCTIMHU [2]:

I. MHoOromwvHHass CTPyKTypa C pa3AeibHOM MaMITBIO JJd JaHHBIX
U UHCTPYKUUU mporpaMMbl. OOBIYHO MaMATh JJIsI XPAHEHUs JAHHBIX COJAEp-
KUT BXOJHBIC JIaHHBIC, MPOMEXYTOUHbIE 3HAYEHUS W BBIXOJHBIE BBIOOPKH,
a Tak)ke (PUKCUpOBaHHBIE KOYPDUIIUEHTHI, HaTpUMeD, I uppoBor PuUIbT-
pauuu unu bBII®. KoMmanael nmporpaMmbl XpaHsTCS B CIIENUAIBHO OTBEJECH-
HBIX Y€Kax MaMsTH.

2. Tlopt BBOJA-BBIBOJA MO3BOJISIET OOMEHUBATHCS JTAHHBIMU CO BHEII-
Humu ycrporictBamu (AL, IHAIT) wiu nepenaBath mudpoBble TaHHBIE IPY-
ruM nporeccopam. [Ipsamoit goctyn k namsatu (Direct Memory Access — DMA)
(ecnu OH €CTh) TIO3BOJIIET OBICTPO OOMEHUBATHCS OJIOKAMU JJAHHBIX C TAMSITHIO
(O3Y) ansa xpaHeHHs JaHHBIX, IPUYEM OOBIYHO 3TO MPOUCXOAUT MO BHEIIHUM
yIPaBJICHUEM.

3. Apudmerndeckue yCTpONCTBa ISl JIOTUYECKHX W apU(PMETUYECKUX
omnepanui, B 4ACIO KOTOPBIX BBIXOAAT AJIY, anmapaTHble yMHOXKUTEIN U CXe-
MBI CABUTA (MM YMHOKHUTEIU-HAKOIIUTEIIN).
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Puc. 3.17. CrannapTHas yHUBEpCaJIbHAs almapaTHasi apXUTEKTypa 00pabOTKH CUTHAJIOB
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BbomermmacTBo anropurMoB 1{OC (dbumnbrpanus, Koppensius, mpeodpa3oBa-
Hre Dyphe) BKIMIOYAIOT MOBTOPSIONIHECS apU(PMETUIECKUE OTepariy, TaKue Kak
YMHOKEHHE, CIOKECHHUE, OOpallieHre K MaMsITH ¥ WHTCHCHBHAS Tepefada JaHHBIX
4yepe3 LEHTPAIbHBIN Iporeccop. ApXUTEKTypa CTaHAAPTHBIX MHKPOMNPOLIECCOPOB
HE MpeaHa3HaueHa Juisd Takoro Tumna jaestenbHocTd. [Ipu paspaboTke armapaTypbl
HOC Baxxno ontumusupoBats oA ornepaunu LOC u anmapaTtHyro apXUTeKTypy, U
cucreMy komana. B npoueccopax [1OC st 3TOro mmpoko UCHob3yeTCs: KOHIIET-
sl apajuieI3Ma.

B wacTHOCTH, NPUMEHSIOTCS CIIEYIOIIUE CpeicTBa [2]:

— rapBap/icKas apXuTEKTypa;

— KOHBelepHas 00paboTka;

— OBICTpBIE CMIEMATM3UPOBAHHBIC AIIAPATHBIE YMHOKUTEIN-HAKOIUTEIH;

— CIIeHHAJIbHBbIE KOMaH/IbI, peaHazHaueHHble 11 [OC;

— KOIHUPOBAHMUE;

— BCTPOCHHAs MaMSTh/KAIII;

— pacIIMpEeHHBIN Mapajjiean3M — BeKTopHas apxurekrypa (SIMD), apxu-
TEKTypa ¢ KOMaHJIHBIMU clioBaMH cBepxOombioi mmabl (VLIW) u craTtnue-
CKas cynepckajsipHas oopadboTka.

3.4.2. Peasmzanusa KUX-¢puabTpos

B nporpamme 3.1 npeacrasnen ¢pparmedT peannzanuu Ha si3bike C o0111ero
KUX-dunbrpa [2]. [Ipu duibTparuu B peaalbHOM BpEMEHHU MPE/IoiaraeTcs, 4To
JaHHBIE U KOA(PDUITMEHTHI XpaHATCS B MaMsITH, Kak IMOKa3aHo Ha puc. 3.18, a.

a) 0)
KOBC?I?SHH_ JlaHHEIE Koae?l?gun_ JlaHHBIE
b(0) s(n) b(N —1) s(n)
b(1) x(n—1) b(N -2) x(n—1)
b(N —2) An—(N=2)] b(l) An—(N=2)]
b(N —1) x[n—(N —1)] b(0) x[n—(N —-1)]

Puc. 3.18. KapTbl namsaTi K03 (HUIIMEHTOB U JAHHBIX:
a) TpaauIMOHHBIC; O) ATbTEPHATUBHBIC

IIpoepamma 3.1. Ilceedokoo C onsa evinonrnenus KUX-gurempayuu.

mnl=N-1;
yn=0);

112



for (k=0; k,mn1; ++k) {/* maHHbIC CMEIIAIOTCs, YTOOBI OCBOOOIUTL MECTO
JUTSI HOBOM BBIOOPKH */

x[mnl-k]=x[mnl1-k-1];

x[0]=xn;
}
for (k=0; k,N; ++k) {
yn=yn+b[k]*x[k]; /* nanHble QUIBTPYIOTCS U BRIYUCIIACTCS
BBIXOJIHAs BEIOOpKa™/
}
return (yn); /* BBIXOZHAS BEIOOpKA (huimbTpa */

[Ipenmnonoxum, 4To gaHHBIE Ha TpexkodPpdunmentHbiii KUX-punbstp mo-
crynatot ¢ ALIIL IlepBoe, 4To HY)KHO cenaTh — BBIICIUTH JIBa HAOOpa coce/l-
cTByromux siueek mamatud (B O3Y), oauH [Jid XpaHEHHUsS BXOJHBIX JaHHBIX
(s(n),s(n—1),s(n—2)), a apyroi s xpaHeHus: Ko>PpGUUMEHTOB (GUIBTPA,
(0(0),b(1),b(2)) , Kak MOKA3aHO HHKE:

(0X)% ITamsaTh
JTAHHBIX ko3 dunreHToB
0 b(0)
0 b(D)
0 b(2)

Bo Bpemsi nnuimanmzanyu 3HadeHus sueek O3Y, B KOTOPBIX TUIAHUPYETCS
XpaHUTh BBIOOPKH JAHHBIX, OOHYJISIFOTCS, TIOCKOJIbKY (DWIIBTP BCET/la HAUMHAET pa-
00Ty, HEe UMesl TaHHBIX. 3aTEM BBITIOHSIOTCS CICIYIOIIHE oneparuu [2]:

1. Ilepeviti momenm evibopxu. CamtbiBaeTcs BbIOOpKa maHHBIX ¢ ALIII,
O3V naHHBIX CMEIMIAETCS HAa OJIHY TMO3UINI0 (4TOOBI OCBOOOUTH MECTO JIJIsi HO-
BBIX JAHHBIX), COXPAHSIETCS HOBasl BXOJHASI BHIOOPKA, BBIUUCISETCS BBIXOIHAS
BbIOOpKA, a 3aTeM BbIXOAHAs BbIOOpKa nocbutaercsa LIAIL:

o3y ITamsTh
JTAHHBIX kod(pdunreHTOB
— s(1) b(0) y(1) =b(0)s(1)+b(1)s(0) +b(2)s(—1)
0 b(1)
0 b(2)
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2. Bmopoii momenm evioopku. TIOBTOPSIOTCS OINMCAHHBIE BBHINIEC CHUCT-
BHsI, M1 HOBasl BBIXOIHAs BEIOOpKa mockutaercs L[AIL:

O3V nannbix | [lamate koaduimenToB
— 5(2) b(0) y(2) =b(0)s(2)+b(1)s(1) + b(2)s(0)
s(D) b(1)
0 b(2)

3. Tpemuii momernm 6v160pxu. [10BTOPSIOTCS OMUCAHHBIC BBIIIE JCHCTBUA,
¥ HOBas BbIXOJHAs BbIOOpKa nockuiaercs [{ATIL:

O3V nannbix | [TamsaTs K03 dULIMEHTOB
— 5(3) b(0) y(3) =b(0)s(3) +b(1)s(2) + b(2)s(1)
s(2) b(1)
s(1) b(2)

4. Yemesepmoiii momenm 8v160pxu. I10BTOPSIOTCS ONMMCAHHBIE BBIIIE JEH-

CTBHUSI, M1 HOBas BBIXOJHAsI BEIOOpKa mockutaetcs [IATIL:

03Y [Tamatb ko3 durmeHToB

JTAaHHBIX

— s5(4) b(0) y(4)=b(0)s(4)+b(1)s(3)+b(2)s(2)
s(3) b(1)
s(2) b(2)

Crapeiiias BxoHast BEIOOpKa yAajieHa U3 HaMsITH.

5. Momenm evibopku n. I1OBTOpSIOTCS OINMCAHHBIE BBIIIE IEHCTBUS, U
HOBas BbIXOJIHAsA BbIOOpKa nockutaercs LIAIL:

o3y ITamaTh
JTAHHBIX ko3 dunrieHToB
— s5(n) b(0) y(n)=b0)s(n) +b(1)s(n—1)+b(2)s(n—2)
s(n—1) b(1)
s(n—2) b(2)

AJbTepHATUBHBIM MMOJX0/I0M K peaym3aiuu KUX-humsTpoB Ha mporecco-
pax LHOC sBnsiercs ucnoiab30BaHUE KPYroBeix OydepoB. OueBuanHo, uto B KMNX-
dbunpTpauu CoAEPKUMOE MaMsATH KOI(PQPHUIIMEHTOB CTAaTUYHO, & BOT MaMsTh
JAHHBIX MEHSIETCS C MOCTYIUICHUEM KaXJ0W HOBOM BXOJHOHN BbIOOpKH. C TOYKHU
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3peHust 3(HHEKTUBHOCTH BBHITOJHEE TMO/IAaBATh MOCJICAYIONINE BBHIOOPKH JAaHHBIX
B Pa3BIXKHOE OKHO, YJAJIsisl cTapeiiime BHIOOPKK u3 mamsatu. J[ins oOpadoTku
W3MCHEHUI B OJIOKEe BXOIHBIX JAHHBIX, HCIONb3yeMblX npu KUX-dunbTparuy,
MOKHO TIPUMEHSTH KpyTroBO# Oydep, mpu 3TOM JaHHBIC HE TIPHUIETCS CABUTATH,
KaK B TUHEHHBIX Oydepax [2].

3.4.3. Pacuer BI1®
Ha Bxox 6a004Yku ¢ MpOpEKMBAHKEM 10 BPEMEHH B O0IIIEM CiTydae moja-
I0TCS JIBa 3HA4YCHUs A M B, 10 KOTOPBIM BBIYHCIISECTCS TIapa BbIXO/IOB:

A'=A+BW;,
B'=A-BW,.

BxoaHbie 1 BBIXOJHBIC BBIOOPKH JAHHBIX, a TAKXKE HACTPOCUHBIC Tapa-
METpPBI SIBIISIOTCS KOMIUIEKCHBIMH W B OOIIEM BHJIE€ UX MOKHO BBIPAa3UTh Clie-
JTYIOIIAM 00pa3oM:

A=A+ jA,,
B = Bre + -] im?

Wi =e?"" =cos(2mk / N)— jsin(21k / N).

rIe  re — UHACKC, KOTOPBIH 0003HAYAeT ACHCTBUTEIHHYIO YaCTh BEIMUNHEI,

im — WHJIEKC, KOTOPBIA 0003HaUYaeT MHUMYIO YaCTh BEJIMYUHBI.

Omneparust «6abodka», KaKk W3BECTHO, BKIIFOYAET JIEHCTBUS ¢ KOMILIEKC-
HOM apu(METHKOM, HO Ha MPAKTHUKE OHA YaCTO BBIMIOJIHIETCS C UCII0JIb30BAaHHEM
nerHcTBUTENbHON apudmMeTrky. YToObI BRIPpA3UTh ATy ONEparuio B Gopme, MmojI-
XONSIIEH I MeHCTBUTENbHON apudmernku, mpousBenaenue B u W umeer
CJICIYIOIINM BUL:

BWj = B,,cos(X)+ B,,sin(X)+ j[ B, cos(X)— B, sin(X)],

rne X =2nk/N.
Hcnonb3ys moACTaHOBKY, MOTy4YaeM:

A'=A,, +[B,, cos(X)+ B,,sin(X)]+ j{A,, +[B;, cos(X) - B,,sin(X)]},
B'=B,, —[B,,cos(X)+ B,,sin(X)]+ j{A,, =B, cos(X) - B, sin(X)]} .

Teneps BbIXONBI «0abouku» A' M B' mpencTaBiieHbl B HY>XKHOU (opme.
CrnenoBaTenbHO, AJIs1 JAHHON Mapbl KOMIUIEKCHBIX TOUYeK A U B B MOXXHO BBI-
YUCJIUTH BBIXO]T «0a00UYKM», HCTIOIB3YS TOJBKO IEHCTBUTEIbHYIO apU(DMETHKY.
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Brruucnenne cuHyca u KocuHyca B JOpMyJie SIBISETCS TPYJIOEMKOH OIie-
panueii. B BII® peansHoro Bpemenu 3¢ deKTUBHEE 3apaHee BBIUUCIUTD JEHCT-
BUTEJIbHYI0 1 MHUMYI0 YaCTH HACTPOEYHOI'O NapaMeTpa U COXPAHUThH JTAHHBIC
3HaueHMsI B Tabiuie cooTBeTcTBUU. IIpenBapuTenbHbIl pacyeT 3HaYeHUN Ha-
CTPOEYHOI0 MapaMeTpa UWUTKOCTPUPYETCS B mporpamme 3.2.

Ilpoepamma 3.2. Ilcesookoo C 0nsi npedsapumenbHo20 pacuema 3Hade-
HULL HACMpPOoeuHo2o Kodppuyuenma [2].

pi=6.28315307179586/N; for(k=0; k<N/2; ++k){
X=k*pi;

w.real[k]=cos[X];

w.imag[k]=sin[X];

}

B mporpamme 3.3 mpuBoautcs nceBaokon C s TBOMYHOM «0a00UKM»,
3HAa4YeHHs HACTPOCYHOTO ITapaMeTpa KOTOPOU BBIUYMCIICHBI 3apaHee U 3aHECEHBI B
TaOJIUILy COOTBETCTBUIA.

IIpoepamma 3.3. Ilcesookoo C ona pacuema «6abouxu» [2].

t.real=br*w.real[k]+bi*w.imag;
t.imag=bi*w.real[k]-br.w.imag[k];
b.real[j]=a.real-t.real ;

b.imag[ j ]=a.imag-t.imag ;
a.real[j]=a.real+t.real;
a.imag[j]=a.imag+t.imag;

Takum o6pazom, anroputmel LIOC nogpasymeBaroT Tpy1oeMKHe apudmeTu-
YeCKHe OMEepalii, B YaCTHOCTH, YMHOKEHUE U CIIOKEHHUE C MHTEHCUBHBIM IIOTOKOM
JIAHHBIX Yepe3 LIEHTPaJIbHBIA Mporeccop. DPPEKTUBHOE BHITOIHEHNUE MOAO00HBIX
aJITOPUTMOB B PEaJIbHOM BpeMEHH TpeOyeT armapaTHoi apXUTeKTypbl 1 Habopa Ko-
MaHJI, PAAMKAIFHO OTJIMYAIONIMXCS OT apXUTEKTYphbl U KOMaH/I CTAaHJAPTHBIX MUK-
pornporieccopoB. B 1udpoBbIx mpolieccopax CUIHAJIOB AJISI 3TOTO HCIIOIb3YHOTCS
rapBap/IcKas apXUTEeKTypa, KOHBeHepHas 00padoTKa M CHelUaTu3NpOBAaHHOE arlma-
paTHOe obOecrieueHre, HarpuMep, OBICTPhIE aIapaTHbIe YMHOKHTEIH-HAKOTUTEIH
M CXEMBbI C/IBUTa, CKOPOCTHAsI BHELIHSS MAMSITh, TAKXKe B IPOLIECCOPHI BHEPSAETCS
MHO>KECTBO KOMaH[I, opueHTHpoBaHHbIX Ha [IOC.

YrtoObl yAOBIETBOPATh TPEOOBAHMSAM TaKUX MHOTOKAHAJIbHBIX, BBIYUCIIH-
TENbHO-MHTEHCUBHBIX TPUJIOKEHHUH, KaK COBPEMEHHBIE MOJIEMbI YAJICHHOTO J0C-
TyHna K CepBepy, CUCTeMbl MOOWIIBHOHM CBSI3M TPETHEro MOKOJEHUs, 0OpadoTka
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MYJbTUMETUIHON MH(POPMAITNH, BBOISTCS HOBBIE apXUTEKTYpPHI. B wacTHOCTH, 3TO
apxurektypa VLIW (very long instruction word — ¢ KOMaHIHBIMU CJIOBaMHU CBEPX-
OOJIBLION JUIMHBI) U CTATUYECKAs CYNEePCKAISIpHAs apXUTEKTypa, KOTOPbIE UCTIONb-
3yloTcsi B mociieineM nokojienun mporeccopoB LHOC. B obeux apxuTekTypax
MIPUMEHSIOTCS. MHOXKECTBEHHBIC TPAKThl 0OpaOOTKM JMAHHBIX M apUPMETHUECKHUEC
YCTPOWCTBA, TAKKE JIJIST TTOBBIICHUS 3(PPEKTUBHOCTH UCTIOIB3YETCS MapauIeIn3M
Ha YpOBHE KOMaH/I.

3.4.4. Ctpykrypa u onucanue npoueccopa TMS320VC5510/5510A

[udpoBble cHUTHATIBbHBIE MPOLECCOPHl C (PUKCUPOBAHHOM TOUYKOU
TMS320VC5510/5510A Gazupyrotes Ha sape TMS320C55x. Jannas apxu-
TEKTypa 00JIalaeT BBICOKOW MPOU3BOAUTEIHHOCTHIO MPU HU3KOM HEPIOIO-
TpebsieHnu Oarofaps MOBBIIIEHUIO MMapajuieu3Ma U CHIKCHHUIO TTOTpeOsieMoit
morrHocTH. [IITY obGnamaer BHyTpeHHEH IIMHHON CTPYKTYpOW, COCTOSIIEH W3
MPOTPaMMHON IIMHBI, TPEX IIMH YTEHUSA NAHHBIX, JBYX IIMH 3alMCU JAHHBIX
¥ BCIIOMOTATENbHBIX IHWH IS Nepuepur U KOHTPOJUIepa MPSMOTO JOCTyTa
K mamsatd (DMA). DTo MO3BOJISIET BBINOJIHATH BILUIOTH 0 TPEX OINEpaluil uTe-
HUS JIaHHBIX W JIBYX ONEpaluii 3amucy JaHHBIX 3a oAuH IukiI. [lapamnensHo
aTOMY, KOHTpOJuiep DMA MOXeT OCyIIeCTBUTh 10 ABYX OIEpaluil mepemenie-
HUS JaHHBIX Oe3 3ameiicTBoBanus L{ITVY.

SAnpo LCIT C55x obnamaer AByMsI MOAYJSIMH YMHO>KEHUSI-HAKOTUJICHUS
(MAC), kaxaslii 13 KOTOPBIX CIIOCOOEH BBIMOJHATH OMEPAIMN THIIA «yMHOXe-
Hue 17-6ut x 17-6ut» 3a ogun nuki. LleatpanpHoe 40-6uTHOE aprubMETHIECKO-
jgoruueckoe ycrpoiictBo (AJIY) compoBokaaeTcsi BCIOMOraTelabHbIM 16-0UT-
HbeiM AJIY. Cuenapuii coBMecTHOTO HMcnolib3oBanus AByx AJIY omnpenensiercs
HAa0OPOM MHCTPYKIIUM, 0OOecCieunBasi ONTUMAIIbHYIO TapalieNIbHyI0 paboTy U CHU-
KeHHe sHepronoTrpedieHus. PacnpeneneHue pecypcoB BO3JIOXKEHO Ha aJpPECHOE
ycTporctBo (AY) u ycrporictBo ganubIX (Y1) sapa LICIT C55x.

CemeiicTBOM IIU(PPOBBIX CUTHAIBHBIX MporieccopoB C55xX moanep >KUBarOTCs
WHCTPYKIIMU C TIGPEMEHHBIM YHCIOM OaWT, YTO MO3BOJISET YBEIWYHUTH TUIOTHOCTH
koma. Moayns unctpykumii (M) ocymectsisier 32-0MTHYIO BBIOOPKY MHCTPYK-
Ui U3 BHYTpeHHEN MO0 BHELIHEH MaMsTH W ONpeAeNsieT ouepe/lb UHCTPYKIHUA
s nporpaMMHoro moaynst (IIM). B cBoro ouepenp, [IM nekomupyeT MHCTPYyK-
uuu, onpenenser 3anaun At AY u Y] u ynpasisieT 3alUIIeHHBIM KOHBEHEPOM.
Jlns npenoTBpanieHus NEPETNOTHEHNs] KOHBENEpa NP BBITIOJIHEHUH YCIIOBHBIX T1e-
PEX0JI0B UCTIONB3YyeTCs mpenckazanue nepexoqoB. [Iponeccopst S510/5510A Tak-
e MMEIOT BCTPOEHHBIN KJII MHCTPYKLIUH pasMepoMm 24 KOaWT ansi CHMXKEHHUS
YHClia onepanuil 10CTyna K BHEIIHEW MaMsTH, MOBBIIICHUS TPOU3BOIUTEIBHOCTH
Y CHIDKCHHSI YHEPTONOTPEOICHNS.
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HabGop mnepudepmitabix ycrpoiictB mporeccopoB 5510/5510A Brimovaer
B ce0s nHTepdetic BHemHel namsatu (EMIF), oGecnieunBaromnuii HemocpeacTBeH-
HOE MOAKIIOYEHHUE PA3IMYHBIX THUIOB ACUHXPOHHOW MaMsTH, Takux, kak EPROM
u SRAM, a Takxke BBICOKOCKOPOCTHBIX 3allOMUHAIOUIMX YCTPOMCTB BBICOKOM
IUIOTHOCTH, TaKKX, Kak cuHXpoHHbIe DRAM 1 SRAM c naketHo#t Be160pKoit. Tpu
MOJTHOTYTIIIEKCHBIX MHOTOKaHAJIBHBIX 0y(epru30BaHHBIX MOCIIEI0BATEIbHBIX TOPTA
(McBSP) obecrieunBaroT HETOCPEACTBEHHOE MOAKIIOUEHUE OOJBIIOrO psija yCcT-
POWCTB CO CTaHIAPTHBIMHU TOCIICAOBATEILHBIMA HHTEP(EcaMi U MHOTOKaHATb-
HBI 0OMeH (10 128 kaHallOB ¢ MHIMBUYaNIbHBIM 3aripeToM). [lopT ynpasmsitoiiie-
ro kontposiepa (EHPI) npencrasnsier coboii 16-OMTHBIN napayuienbHblii HHTEP-
deiic, oOecrieunBaroINil BHEITHEMY YIIPABISIOUIEMY MPOIIECCOPY TOCTYII K BCTPO-
eHHoi nmamsaTH npoieccopoB 5510/5510A. TTopt EHPI moxeT ObITh ckOHGUTYPH-
POBaH KaK B MYJITUIUICKCHBIN, TAK U B HEMYJIBTUIUIEKCHBIA PEXKUM, YTO TIO3BOJISI-
€T HCIOJIb30BaTh €r0 COBMECTHO C CaMbIMHM Pa3IUYHBIMU YMPABJISIOUIUMU TPO-
nieccopamu. Kontpostep npsimoro aoctymna k namatu (DMA) oGecrieunBaer Iie-
peMellieHre TaHHBIX MO IIECTH He3aBUCUMBIM KaHanaM Oe3 BMmemarenscra LIITY,
€ro CyMMapHasi IpOIyCKHasi CHOCOOHOCTh COCTAaBJISIET /10 ABYX 16-OUTHBIX CJIOB 3a
k1. Kpome storo, Habop nepudepuitHpIX YCTPONCTB BKIIIOYAET B ce0s1 2 Taiime-
pa oO1ero Ha3HayeHusl, BoceMb BbIBOZIOB 0011ero HazHadyeHus (GPIO) u renepa-
Top ¢ ®AIIY u nudpossiM yrnpasinenuem (DPLL).

ITpoueccoprr 5510/5510A noaaepKuBarOTCs MPOrPaMMHBIM 00€CTIeUeHUEM
eXpressDSP™, koTopoe COCTOUT M3 MHTErpUpPOBaHHOM cpenbl pazpadotku (IDE)
Code Composer Studio™, PTOC DSP/BIOS™ u nokymentaiuu TMS320™ DSP
Algorithm Standard, kpoMe 3TOr0, CyIIecTByeT OOJIBIIIOE KOJIMUYECTBO Pa3paboOTOK
croponnux npousBoautesieid. IDE Code Composer Studio cOCTOUT U3 KOMITHIIATO-
pa s3pika C, muakepa Visual Linker, cumyisitopa, HOJIEp>KKH OOMEHa JaHHBIMU B
peambHOM pexxuMe BpeMeHM Real-Time Data Exchange (RTDX™), npaiiBepoB
amynstopa XDS510™ u 6ubmotexk Chip Support Libraries (CSL). DSP/BIOS
NpeaCcTaBisieT co00il pacimpsieMoe MOAYJIbHOE MPOrpaMMHOE o0OecrieueHune, oec-
TUTATHO JOCTYITHOE TIOJIh30BATENSIM ITU(MPOBBIX CUTHAILHBIX MPOIIECCOPOB (hDUPMBI
Texas Instruments 1 cocrosiiiee B OCHOBHOM M3 IUIAHUPOBIIMKA 334a4 U CPEICTB
NOJICPKKU CUCTEM PEATbHOTO BPEMEHH C BEChbMa SKOHOMHUYHBIM PACXO00BAHUEM
naMsATH U Ipyrux pecypcoB npoueccopa. TMS320 DSP Algorithm Standard — sto
HaOop crienuduKauii, BEINIOJHEHUE KOTOPBIX 00ECIEYUBAET COBMECTUMOCTD KO-
714, CO3IaHHOTO PA3IMYHBIMU Pa3pabOTYMKaMH, YTO 3HAYUTEIHHO OOJIErdaer ero
JANBHEUITYI0 HHTETPALIUIO B MPOEKTHI.

SAnpo nporteccopoB TMS320C55x GazupyeTcss Ha OTKPBITON apXUTEKType C
No0aBIeHUEM CHeUU(pUUECKUX MOJYJIeH, MO3BOJISIONIMX 3HAYUTENILHO YCKOPUTh
00pabOTKy HEKOTOPBIX AITOPUTMOB. J[aHHBIE MOy I 00ECTICUYMBAIOT MPOIIECCOPAM
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5510/5510A onTUManbHOE COOTHOIIIEHUE MPOU3BOAUTEIBHOCTH, MPUCYIIEH Mpo-
1ieccopam ¢ (PMKCUPOBAHHOW TOYKOM, HU3KOTO SHEPrONOTPEOICHUS U IIEHBI, UTO SIB-
JSIETCS YHUKAJIbHBIM COYETAHUEM Ha PBIHKE BUACONPOLECCOPOB. JlOMOIHUTENBHBIC
MoJTysI oOecrieurBaroT rporieccopam 5510/5510A BBICOKYIO MPOU3BOAUTEIHHOCTD
BUJICOKO/IEKA, B TO K€ BPEMs OCTABIISIS HE3a ICHICTBOBAHHBIMU 00Jiee TIOJIOBUHBI pe-
CYPCOB sijipa, YTO TIO3BOJISIET PEAIM30BHIBATH MapaUICIbHO Takue (YHKITUH, KaK
npeoOpa3oBaHKe IBETOBBIX CXEM, OpraHU3allMs IOJIb30BATEILCKOr0 HHTepdeiica,
¢byukuum 6e3onacnoctu, crek TCP/IP, pacno3naBanue rosoca, npeoOpa3zoBaHue
TEKCTa B TOJIOC W T.A. B pesymprare, IUQPpPOBON CUTHAIBHBIA MPOIECCOP
5510/5510A cniocoGeH B OAMHOYKY PEIIAThH TIPAKTHUECKH BCE 3a1a4H, CTOSIIITUE TIe-
pea MOOWIIBbHBIMU BUAEOYCTpOiicTBamu [14].

OTnuuuTenbHble 0COOEHHOCTH:

1. BBICOKOTIPOM3BOAUTEIBLHOE SAPO LISl Oomepanuii ¢ (GUKCHPOBAHHOMN
TOYKOM ¢ HU3KUM 3HepronoTpediaeHueM TMS320C55™:

a) BpeMs nukia 6.25/5 uc;

b) TaktoBasg yactota 160/200 MI11;

C) BBINOJHEHHUE OJJHOM MJIM ABYX UHCTPYKLUH 3a TaKT;

d) nBa yMHOXuUTeNs (MPOU3BOAUTENBHOCTH /10 400 MUJTMOHOB YMHOXKeE-
HUM ¢ HakoruieHueM B cekyHny (MMACS));

e) JBa apu(pMeTHUIECKO-JIOTHIecKuX ycTpoicTra (AJIY);

f) BHYTpeHHSss MporpaMMHas IIMHA;

g) TpU BHYTPEHHUX LIWHBI YTCHUS JAHHBIX/ONIEPaHI0B;

h) nBe BHyTpEHHUX IIMHBI 3aIIMCH TaHHBIX/OMIEPAHIOB.

2. Kom unctpykiuii (24 Kbaiita).

3. Berpoennoe O3V 160Kx16 our, cocrosiiee u3:

i) 8 6moxoB mo 4Kx16 6ut nByxmoproBoit O3Y (DARAM) (Bcero 64

j) 32 6mokoB o 4Kx16 6ut omHonoptoBoit O3Y (SARAM) (Bcero 256 Kbaitr).

4. Bcerpoennoe [13Y 16Kx16 6ut (32 Kbaiir).

5. OO6muit 06beM agpecyeMoit mamsatu SMx16 Our.

6. 32-Outnblii unTepdeiic BHemHed namatu (EMIF) ¢ Bo3MOXHOCTBIO
MOAKITFOUCHUS TaMSITH TUIA!

k) acunxponnoe craruueckoe O3V (SRAM);

1) acunxponnoe EEPROM;

m) cuaxpoHHoe quHamudeckoe O3Y (SDRAM);

n) cuHxpoHHoe cratuueckoe O3V ¢ maketHoi BIOOpKOH (SBSRAM).

7. TlporpaMMHBII KOHTPOJIb SHEPTOMOTPEOIeHHUs HIeCTH (HYHKIMOHAIb-
HBIX OJIOKOB M3 BHYTPEHHHUX YCTPOMNCTB.
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8. Bctpoennsie nepudepuiinbie ycTpoiicTsa:

0) nBa 20-OMTHBIX TaliMepa;

P) LIECTUKAHAIBHBIA KOHTPOJUIEP NMPAMOro aocrymna K namatu (DMA);

q) TP MHOTOKaHaJIbHBIX Oy(epH30BaHHBIX IMOCIIEIOBATEIBHBIX MOPTA
(McBSP);

r) 16-OuTHBII nDapaJIeNbHBIA MOPT  YHOPABIIOMIET0 KOHTPOJUIEpPA
(EHPI);

S) MporpaMMHUpPYyEMbIi TakTOBbIN reHepatop ¢ GAIIY;

t) mopToB BBOAa-BhIBOAA oOmiero HazHaueHUs (GPIO) u Bwixox oOiero
HazHaueHus (XF).

9. BCTpOEHHBIH SMYJIATOP.

10. Tlonmepxka nepudepuitHoro ckanupoBanus o ctanaapty JTAG.

11. Iluranue sapa 1,6 B.

12. Tlutanue mopToOB BBOJA-BbIBOJA 3,3 B.

[TamaATs mporeccopa COCTOUT U3 AAPECOB PETHCTPOB U AJIPECOB JTAHHBIX
IPOrpaMMBbl, COJEpKalleld KOHCTAHTBI U TeJlo porpamMmbl. OOpalieHue K nams-
TH TIPOIIECCOPA MOKET OCYIIECTBISITHCS 10 aapecaMm. ANmapaTHo JOCTYII K OJ10-
KaM, OTIMCAaHHBIM B Tabymiie 1, MOXKET OCYIIECTBIATLCSA MapayuienbHo. T. e. nBa
JOCTyNna 3a OJWH LMKJI (Ba YTEHMS, [BE 3alMUCH WJIA YTEHUE U 3aIHCh).
DRAM - Dual-Access RAM (Ilamamuo ¢ 0gotinbim docmynom) [15].

3.5. Bonpocskl ¥ 3ajaHKs VISl CAMONIPOBEPKH

1. IlpencraBpTe pa3HOCTHOE YpaBHEHHUE, KOTOpoe onuchiBaeT LID.

2. JIns Kakux 1eied UCToab3yeTcs: Z -mpeodpa3oBaHe U KaKUM 00pa3omM
OHO orpeaensercs?

3. [IpuBenute npuMep NpsIMOTO ¥ 0OPaTHOTO Z -TIpeoOpa30BaHUs CUTHAJIA.

4. ITo xakomy npaBuity onpezensercs nopsgok PLID?

5. ITpuBeauTe npumepsl pa3HOCTHBIX YpaBHeHui PLI® (HIID).

6. Moxet 11 PLH® nMeTh KOHEUHYIO UMITYJIbCHYIO XapakTepuctuky? Ilo-
SICHUTE OTBET.

7. Kakum 00pa3oM MOXKHO OTIPEIENIUTh UMITYJIbCHYIO XapakTepucTuky LD?

8. UTo moHUMAIOT oA nepeaarounoi ¢pyukiueit L{dD?

9. N3BecTtHO pa3HOocTHOE ypaBHeHue LD y(n)=0,5s(n)—0,3s(n—1)—
—0,7y(n—1)+0,55y(n —2) . 3anuiure nepeaaTounyro QyHKIHO.

10. ITpuBeaute knaccudukaruio crpykryp L{D.

11. Jns LD u3 3apanus 9 npeacraBbTe NpsIMYIO CTPYKTYPY GUIbTpA.

12. B yeM npeumyniecTBO KaHOHUYECKOUW CTpyKTyphl LID 110 cpaBHEHUIO
C npsiMOii?
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MOLYIb 4. CNEKTPANbHbIA AHAITU3 CUTHAINOB

Lenv moOynsi — M3ydeHNE CTyJICHTaMH METOJIOB U aJITOPUTMOB CIIEKTPAIIh-
HOTO aHAJIM3a U OLICHKH MapaMeTpOB CUTHAIA.

B pesynbraTe u3yueHuss MOyJisi CTYJAEHTBI 00IHCHbL 3HAMD:

® METOJIbI CIICKTPAIPHOTO aHAJIN3a U OIIEHKH ITapaMeTPOB CUTHAIA;

® OCHOBHBIC XaPAKTEPUCTHKHA BECOBBIX (DYHKIIMA, MPUMEHSICMBIX IPHU
CIEKTPAIbHOM aHaJIH3e.

CTyAeHTBI 00./1(CHbI yMemb:

® CIIOJIB30BAaTh AJITOPUTMBI CIEKTPAIBLHOTO aHaln3a s 00paOdOTKH
CUTHAJIOB,

® a TaKXe MMETh MPEJCTaBICHNE 00 00JACTIX MCIOIB30BaHUS METOOB
CHEKTPAJIbHOTO aHaJIN3a CUTHAJIOB.

4.1. AHaau3 cnekTpa Ha ocHoBe JII1M

4.1.1. IlapameTpbl AHAIU3ATOPOB CIEKTPA

CrekTpalIbHbIM aHAJIW3 3aKJF0YAETCs B PA3JI0KEHUU CUTHAJIA HA €ro yac-
TOTHBIE WJIM CIIEKTPAJIbHBIE COCTABJISAIOIINE U OLUEHKE MM U3MEPEHUH UX CIICK-
TPAJIbHBIX XapaKTEPUCTHK — aMIUIMTYAbI, (a3bl, MOIIHOCTH, CIIEKTPalIbHON
IJIOTHOCTH MOIITHOCTH U 1Ip. [4].

K 3amauam, perraembIM METOIaMU CIIEKTPAJIBHOTO aHAIIN3a, OTHOCAT [4]: 00-
Hapy>KEHHE, pa3pelIeHUe W OLEHWBAHUE MApaMETPOB CHTHAJIOB, CKATHE JIAHHBIX,
BbIJIeJICHUEe MH(GOPMATHBHBIX MPHU3HAKOB, UACHTU(HUKALIUS OOBEKTOB, pacro3HaBa-
HHe 00pa3oB U zip. 1Sl CiTydaliHbIX CUTHAJIOB C ITOMOIIBIO CIIEKTPAIILHOIO aHaIN3a
pelaercs o0uias 3a1a4ya BbISBICHNS CKPBITBIX NEPHUOANYHOCTEN U CTAaTUCTHUYECKUX
(KOppessMOHHbIX) CBs3eil. CreKTpaibHbI aHAIN3 JETEPMUHUPOBAHHBIX NEPUO-
JMYECKUX CUTHAJIOB M CUTHAJIOB KOHEYHOW JUTMTEIBHOCTU HA3bIBAIOT TAKKE rapMo-
HUYECKUM aHAITM30M.

K MeromaMm CHEKTpaJIbHOTO aHaJM3a OTHOCAT [2,4]: METOIBI MOJIOCOBOIO
aHaJM3a Ha OCHOBE LM(poBOM punbTpau, Meroasl Ha ocHoBe /11D, mapamer-
pUYECKHE METOJbI (Ha OCHOBE MapaMETPUUECKUX MOJENEH CIydalHBIX MPOLEC-
coB). Kpome 3T0oro paccMaTpuBaroT METOIbI TEKYIETO, CKOJB3AIIEr0 U CKavyIle-
IO CIIEKTPaJIbHOIO aHAJIN3a, ITOCIIEI0BATEIBHOTO U MapauIeIbHOIO, OJHOKaHAIIb-
HOT'O ¥ MHOTOKaHAJILHOTO, B PEAJIbBHOM U HEPEAIIbHOM peKUMax 0OpabOTKH.

K mapamerpam aHanu3aTOpoOB CIIEKTpa OTHOCATCS [4]:

— YHCJIO KaHAJIOB aHAJIN3a;

— Bpemsl HAOJFOZIeHNsT WK aHanu3a (wmpuHa okHa) T, = NT; W COOTBeTCT-

BYIOIICC CMY YMCJIO OTCYCTOB WJIN JIJIMHA N O6pa6aTLIBa€MOﬁ pcali3ali CUI'HaJIa,
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— moJjioca aHanusa =t f 7 / 2, HE IPEBBIIIAONIAA ISl JUCKPETHBIX CUTHAJIOB
OCHOBHOIi MI0JI0CHI cTiekTpa * f; /2;

— pa3penieHune Mo 4acTore, 00OpaTHO MPOMOPIIMOHATIBPHOE BPEMEHH aHaJIH-
3a:Af, ~1/T, u COOTBEICTBYIOIIEC PA3HOCTH YACTOT ABYX COCCAHUX paspe-

IaeMbIX (pa3aeasieMbIX) YACTOTHBIX COCTABIISIFOIIMX CUTHAJIA.

Oco6eHHOCTH CIeKTpallbHOro aHanm3a Ha ocHoBe J[I1D cBs3aHbI ¢ OlCH-
KOM CIIEKTpa CUTHaJa M0 €ro peain3alusiM KOHEUHOU JJIMHBI, T. €. HA KOHEUHOM
uHTepBasie HaOmoneHus. [Ipu 3TOM mosaraercs, 4To 3a mpeaeiaMu 3TOTO WH-
TE€pBaja CUTHAJI PABEH HYJIO WU SIBJISIETCS NEPUOAUYECKHAM IPOJIOJIKEHUEM
cuhTaHHOM peanuzanuu. [[lupokoe npuMeHeHHE aHAIM3aTOPOB CHEKTPA HA OC-
HoBe J{I1®D o6ycnoBieHo Hanmnuuem anroputmMoB BII1O.

4.1.2. ba3oBasi cTpyKTypa aHaju3aTopa crnekrpa Ha ocHose AI1PD u BII®

B ocHoBe ananmm3atopoB criekTpa, ucrnonbdytonmx 1D, mexur 6azoBas
CTPYKTYpa, npuBeacHHas Ha puc. 4.1 [4], koTopas peanu3yer onepaluu B3BeIlIBa-
Hus ¥ Bbruncienus [I1®. Beixomom cxemnl siBisiercst Bekrop 1D BxoaHOM, B 00-
IIEM CJIy4Yae HE OTPAHUYECHHOM M0 JUIMHE, MOCJIEI0BATEIIBHOCTH §(71), YCEUEHHOM

BECOBOM (yHKIIMEN w(n) KOHEUHOM JUIMHBI N :

N-1 N-1

X (jop)= X smwme " =3 §mye ICHVN = Mo, [5(m)],
n=0 n=0
rne k=0,1,....N—1;
n=0,1,.,N-1;

s(n) — BXOJIHOM CUTHAJ;
w(n) — BecoBas PyHKIIHS;
5(n) = s(n)w(n) — npeoOpazoBaHHas BXOIHAs MMociieaoBaTeIbHOCTD JI1D;

W, =k®, /N umn fi =kf; /N — 4acToTsl aHann3a, Ha3bIBACMbIC TaK-

e ounamu JII1D [2]: 1 OuH paBeH mary AUCKpETU3aIlMUd CUTHAJIAa B 4aCTOT-
HOM obnactu f; /N.

Ananm3arop nuMmeetT N pasHECCHHBIX 10 YacTore Ha 1 OuH (f;/N) kaHa-
JOB aHaJM3a C UEHTPAJbHBIMH 4YacTOTaMH ) (f,), NpU 3TOM 3HAYEHUA
k=0,1,...,N —1 cOOTBETCTBYIOT HOMEpY KaHaja, HOMEpPYy OWHA WU HOMEPY
gacToTHOW BBIOOpKH J[IT1D X( JjO, )= X( Jjk). BecoBast (hyHKIMS TIpencTaBIIseT

OKHO, Yepe3 KOTopoe HabJt0/1aeTCcsd BXOJAHOW CUTHAJ, JJIMHOM €€ OINpeAeseTcs
Bpemsi aHanmu3a T, = NT; nmm Bpems HaOJII0/ICHHS CUTHAJIA.
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$0) XG0, o
~ - @, [— > haxail
§(m) | s 3 X(j)

[s(n)] —— Kanan 1

A 4

s(n)

A 4

SIN=D | BH®) | XN -1)
Kanan Y =D

A 4

W(n)N

Puc. 4.1. CtpykTypHas cxema aHaiM3aTopa crekrpa Ha ocHose 11D,
IPEeCTaBIEHHAs €ro 0a30BBIMU JIEMEHTAMU

YMHOXEHHMIO WJIM B3BEUIMBAHUIO BO BPEMEHHON 00JaCTH COOTBETCTBYET
CBEpPTKa B YaCTOTHOM, MOATOMY Bhruncisiemoe 11D daxtudecku siBisieTcs quc-
KPETU3UPOBAHHON CBEPTKOM HCTHUHHOIO CHEKTpa aHAJU3UPYEeMOI0 CHUTHaja
X (j®) ¢ 4aCTOTHOM XapaKTePUCTUKOM (CrieKTpoM) BecoBor GyHKIuu W (jm) :

X (jo,)=X(jo)*W(jo)|o=a,,

rae  * — CHMBOJI CBEPTKH.

Brruucnsiemoe 11D conepKUT CUCTEMATUUECKYIO (METOJIUYECKYIO) MO-
IPEIIHOCTh aHAJIN3a, KOTOpas SBJISAETCS CIEACTBUEM OTPAHUYCHMSI CUTHAJA 1O
JUIATEIIbHOCTH, UCKAXKAIOIIETO PE3YJIbTAThl CHEKTPAIbHOIO aHAJIN3a.

[IpumeHeHne crHenuaabHbBIX BECOBBIX (YHKIIMH WM OKOH IT03BOJISIET
CTJIAUTh WM OCJIAa0UTh BBI3BIBAEMOE BPEMEHHBIM YCCUYCHHEM BIIHSHUE WIIH
s dekT pa3prlBOB CUTHANA Ha Kpasx. KpoMe 3Toro, B3BelIMBaHKUE MO3BOJISET [4]:

— YCTpaHATh HexenmaTenbHbie d(D(EKThI, CBs3aHHBIE C sBIcHWEM [ nOOca,
BBI3BAHHOI'0 HAJIMYHMEM PAa3pbIBOB HA T'PAHUIIAX HUCCIEAYEMBIX OTPE3KOB CHUTHANA;
B3BEIIIMBAOIICE OKHO IJIABHO CBOJMUT Ha HET (PYHKIIMIO BOJU3U KpacB aHAIU3U-
PYEMOT0 y4acTKa, yCTPaHsIs Pa3phIBbI (YYHKITHH;

— TOOUTHCS 3HAYUTEILHOTO CHUKEHUS BEIYMCITUTEIBHON CI0KHOCTH TPO-
necca 00padoTku, Tak kak [(I1® BeruucisieTcs He HA BCEW JJIMHE CUTHAJIA, a HA
WHTEpBaJIaX, Ha KOTOPbIC pa30MBaETCs CUTHA,

— okoHHOe JIII®D naer BO3MOXKHOCThH MOJIYYUTh HE MPOCTO YAaCTOTHOE, a
YaCTOTHO-BPEMEHHOE MPEICTABICHUE CUTHAJIA, YTO JIEJIAET BO3MOXKHBIM MPUME-
HEHUsI ero JJIsl aHaju3a HEeCTAIIMOHAPHBIX CUTHAJIOB C JOBOJIBHO OBICTPHIM H3-
MCEHEHHEM YaCTOTHOT'O CUTHAJIA.

Onnako y okxoHHoro JIII® ecTh 0oauH HEAOCTATOK, OOYCIIOBJICHHBIN
NPUHLKUIIOM HEOoIpeaeaeHHOCTH ['eif3eHOepra, KOTOpBIA TJACUT, YTO HEBO3-
MOKHO TOJYYHTh HPOHU3BOJIBHO TOYHOE YaCTOTHO-BPEMEHHOE MPEICTABICHUE
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CHUTHAJIA, TO €CTh HEIb3S1 ONPEACIUTD Ui 3aJaHHOTO0 MOMEHTA BPEMEHHU, KAaKUE
CIIEKTPAJIbHBIE KOMIIOHEHTBI MPUCYTCTBYIOT B curHaiie [4]. OmHaKO MOXKHO y3-
HAaThb BPEMEHHBIE UHTEPBAJIbI, B TEUCHUE KOTOPHIX B CUTHAJIE CYIIECTBYIOT IO-
JIOCHI 9acTOT. DTa mpobiieMa Ha3bIBaeTCA MPOOJIEMON pa3pelieHus, U CBi3aHa
OHA C MIUPUHON UCIIONIH3YeMOW OKOHHOW (YHKIIMH. ¥Y3K0€ OKHO 00ecreunBacT
Jy4dIlIee BPEMEHHOE pa3pelieHue, a IMUPOKoe — JIyulee yacToTHoe. K Tomy ke
JUI. KOPPEKTHOTO aHaJn3a HEOOXOIMMO 3HATh AlpPHOPHYI0 HHGOPMAIUIO 00
AHAJIM3UPYEMOM CHUTHAJIE (B YaCTHOCTH, HACKOJBKO JIMHAMHYHBIM SIBJISICTCS
curHai). Eciy curHans cocTOUT U3 TAJIEKO OTCTOAIIMX APYT OT APYra 4aCTOTHBIX
KOMITOHEHT, TO MOYXHO IMOXEPTBOBATh CIIEKTPAIBHBIM Pa3pEIUICHUEM B IOJIb3Y
BPEMEHHOTO, M HA00O0POT.

JanpHelimass 06padoTka BbIXOAHBIX JMaHHBIX JIIID ocymecTtBisercs ¢
YYETOM U3MEPSEMBIX WM OLEHUBAEMBIX ¢ nomomibio JAI1D crnekTpanbHbIX Xa-
PAKTEPUCTHUK, 3aBUCAIINX OT BUJAa AaHAJTM3UPYEMBIX CUTHAJIOB.

J{ns IepuoIMYECKUX CUTHAJIOB § » (n)y € mepuoxoMm NTﬂ OILICHUBAIOT

amMruTyasl A, (0;) 1 ¢a3sl G(M;) FApMOHUK C YaCTOTOH if T / N unu ux cpen-

HUE 3a IIEPUOJ MOIIHOCTH [A, (®; N2 /2.
JUI1 1eTepMUHUPOBAHHBIX CUTHAJIOB KOHEUYHOM JIIUTEIBHOCTH $(11)y (HE-

MEPUOIMYECKUX) OLICHUBAIOT [4]:
— CHEKTPAJIBHYIO IUIOTHOCTh X (j®), ONpEnesieMyr0 €€ MOIYJIEM

‘X ( jco)‘ U apryMeHToM ¢O(®), T. €. aMIUIUTYHBIM U (pa30BBIM CIEKTpaMU WU
peanpHON Xy, (jO)U MHUMON X (j®) YaCTAMHU U BBEIUUCIIAEMYIO HA 4aCTOTAX
aHanmm3a O = o, uau ounax JI1D;

— DHEPreTUYECKUN CIEKTP WK CHEKTPAIBHYIO IIIOTHOCTh 3HEpPTruu S, (M)
N
(‘X ( ](x))‘ )paSMepHOCTB}O, MOKAa3bIBAIOIIYI0 pacHpe/ieieHue SHEPru CUrHaia

10 4aCTOTC U TAKKE BBIUYUCIIAEMYIO Ha TUCKPETHBIX YaCTOTax @, .
)_—[J'ISI CJIy"IaI\/'IHLJX CHUI'HAJIOB S(I’l) OLCHUBAIOT CIICKTPAJBHYIO IIJIOT-
HOCTb MOIIIHOCTH PS((D) , ABJIAKOIOYIOCA CTATUCTHYCCKHUM PACIIUPCHUCM I10-

HATHUS CHEKTPAJIbHOM MIOTHOCTH SHEPTUM HA CHydyalHbIE€ CUTHAJBI, T. €.
CUTHAJIbI ¢ OECKOHEUHON SHEPTUEeH U TAK¥KE BBHIUMCIISIEMYIO Ha JTUCKPETHBIX
gacTtoTrax ;. s CTOXaCTMYECKU CBA3AHHBIX CIIyYaWHBIX CHTHANOB s(n),

y(n) ¢ nomoupro JI1D n3MepsroT UX B3aUMHYIO CIIEKTPAJIbHYIO IIIIOTHOCTD

MOIITHOCTH Psy(j(x)).
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IIpu peanuzanuy KOHKPETHBIX aITOPUTMOB CHEKTPAIBHOTO aHAIW3a pas-
JIMYHBIX CUTHAJIOB BaXXHOE 3HAYEHHE UMEET IMPaBUIbHOE MaciITabupoBaHuE pe-
3yJIbTaTOB aHAJIN3a U YUETA UX PA3MEPHOCTH.

Tak, no Beruucinennomy JI10:

N-1 .
. _ —joynT
X(jo) =Y 5,(me ">
n=0
BCIICCTBCHHOI'O IIEPUOJUUCCKOIO CUTHAIA Sp (Vl)N C ne€puoaom NTﬂ H 4acCTo-

TaMu TapMOHUK If ﬂ/N , copnagarommmu ¢ ounamu 1D, ammauTyasl rapmo-

HUK A, (0;) ONpPENENIIOTCs KaK:

b

A, () =2/ N)|X (jo,)

(asbl O(®,) Kak:
A, (@) =arctg[ Xy, (jo,) / Xg (jo,)];
H CPpCIHNEC MOITHOCTH KaK:
. 2
P, (0)=2|(1/ N)X (jo,)|".

ITo AII® X (jo,) AETEpMUHUPOBAHHOIO CUI'HAJIA KOHEYHOM JJINTENBHO-

CTH NTﬂ aQHAJIOTUYHBIM 00pa30M HAXOJMSITCS aMIUTUTYAbI, (pa3bl U MOIIHOCTH

k -i1 4acTOTHOM BBIOOPKH CIIEKTpa CUTHAJA.

Jpyrue CrnekTpajabHbIe XapaKTEPUCTUKU TAKOTO CUTHAJa CBSI3aHBI C €ro
JIID cnegyrominmMu BeIpaXeHUsIMU [4].

CrekrpanbHas INIOTHOCTh DHEPTUU HA YaCTOTE () :

) 2
S, (k) =[T X (jo)| -
CHCKTpaJ]BHaH IJIOTHOCTH MOIITHOCTH HA 4aCTOTEC ('Ok .
. 2
P(k)=T, / N|X (joy)|".

[TonmHas sHeprus curxana:

L
S.=—— 3 S.(k).
NT ) =o
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CpenHsisi MOIITHOCTh CUTHAJA:

1 Nz—l
P.=——> P.(k).
YUONT S

[Ipumep paboThl crnekTpoaHanu3zaTopa. Ha BXoJ cHekTpoaHanau3aTtopa
MOJAETCS CUTHAJI, BJIAOLIMKCS cyMMOil cuHycoB ¢ yactotamu 5 KI'n, 10 KI'q u
15 KT’ (puc. 4.2)

¢(n) := 0.06sin(27T n-5000) + 0.08 sin (27T n- 10000 + 0.06 sin(2xT-n-15000)

cm) 0

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320

n

Puc. 4.2. BxogHoii curgain

HETepEan (N=128-191)

SoOSoOOOSOoS
o b S g8 L e

0 063125188 25 313375438 5 5636256838 75 813 875938 10 106311.2511.8812.513.1312.7514.38 15 15.6316.2516.8817.518.1318.7519.38 20
=gacTora (KI'm)

Puc. 4.3. CnexTpanbHas INIOTHOCTh SHEPTUU CUTHAJIA HAa nHTepBaie (N =128 — 191)

Ananu3 puc. 4.3 MOKa3bIBAECT, YTO DHEPTUsI CUTHANIA COCPEIOTOYECHA Ha
gactorax 5 KI'm, 10 KI'm u 15 KI'u. BokoBwie cocTaBmstoniye 00YCIOBICHBI
BIMAHUEM OKHAa XommuHra (7, =64 ).

Tak, kak BbIXOJHAs MOCJEIOBATEIBLHOCTh IPEACTABIsET COOOM CIEK-
TpaJIbHYIO TUIOTHOCTh SHEPTUM CUTHAJIA, TO TJIABHYIO POJIb UTPAET JI0JIEBOE yya-
CTHE COOTBETCTBYIOIIEH MOJIOCHI YacTOT B 0Opa3oBaHuu curHana. [losTomy Ha
rpaduke 3Ha4€HUs 110 OCH Y MpeCTaBIeHbl B HOPMUPOBAHHOM BH/JIE.

4.1.3. YacToTHasi XapaKTePUCTHKA AHAJIN3ATOPA CIieKTpa Ha ocHoBe 1P

CymectByeT TecHas cBs3b Mexay AIID u uudposoit punprpanueit. s
ee ycraHoBieHus 3anuiieM oTKIMK HI{D ¢ koHeuyHON UMITYyJIbCHON XapaKTepu-
cTukoi h(n) mnmuHoW N Ha aHamu3upyeMblil ¢ nomomubio JIID curnan s(n) B

MOMEHT BpEMEHU ”Tﬂ =(N —l)Tﬂ (mpu n=N -1) [4]:

N-1 N-1
y(n)= z h(m)s(n—m) = z s(m)h(n—m).
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N3 comocTtaBieHus BbILIE MPEACTABICHHBIX BBIPAKEHUW CIEAYET, 4YTO
BbIxoa Kanana JII® X (jo,) coBmanaer ¢ BeixogoM H® ¢ ummnynbcHOM Xapak-
TEPUCTUKOM, OTBEHAOLIEH YCIOBHIO:

—j(,l)ka
h(N —1—m)=w(m)e A
158105
— joog (N=1=m)T
h(m) = w(N —1—m)e '* "

DTO O3HayaeT, 4To k -l kaHan [II® skBuBaneHTeH nonocoromy HIID ¢
MMIYJIbCHOM XapaKTEPUCTUKOU h(m), COTIIACOBAHHOM CO B3BEIICHHBIM KOM-

jOkaTﬂ
IUIEKCHBIM TapPMOHUYECKUM CUTHAIIOM W, (m) = w(m)e B COOTBETCTBHH C
YCJIOBHUEM COTJIaCOBaHUs: h(n) = W;:(N —1-m), (* — KOMIUJIEKCHOE COIpsIKE-
Hue). Takoil PuIbTp UMEET YaCTOTHYIO XapaKTEPUCTHKY:
. —JON=DT 7% .
H(jo)=e AW Lj(o-wop)], (3.9)

SBJLIFOLIYIOCST  KOMIUIEKCHO-CONPSDKEHHOM YaCTOTHOM XApPaKTEPUCTUKE BECOBOM
x ., o o
Gysxku W (j®), cMEIEeHHOH BIpaBo K 4acTore ), >0 (UeHTpanbHON YacToTe
kaHaya k >(0) mm BaeBo K 4acTore M, <0 (ueHTpalbHON YacToTe KaHana k <0).
YactotHyto xapakrepuctuky H® MOXHO ONpeAesnTs Takke 10 €ro oT-
) ) j(DnTﬂ
KIUKY V(N —1) Ha KOMIIJIEKCHBIM TAPMOHUYECKUN CUTHAI S(1) =e , OTHE-

CEHHOMY K 3HAUYEHUIO 3TOro curnana npu n=N —1 [4]:
H (jog,®) = T {10 = TN (- )],

YTO COBMAAAECT C BHIPAXKEHUEM JJIsl YACTOTHOW XAPAKTEPUCTUKH.
AHanOrHYHBIM 00pa30M MOXKHO OMNPENEIUTh U YaCTOTHYIO XapaKTepH-
cTuKy kaHana JII1®D, o6o3Hauaemyro H (j®,,®), B BUJI€ OTHOLIEHHS €T0 OTKJIH-

o o jonT
Ka Ha KOMIIJICKCHBIM TapMOHHNYCCKUH CUTHAJII S(I’l) = eJ A K 3HAQUYCHUIO CHUTHaA-

nanpu n=N —1:
H(jo,,0) =IO, {e"“’”Tﬂ w(n)} /TN Z T ION DT i — )]

MakcuMyM 9acTOTHOM XapaKTEpUCTUKHM KaHaJla UMEET MECTO Ha 4acToTe
= O , IpY 3TOM Ha 4acToTel M >0, coBnagatomme ¢ ounamu 11D, oTkimkaror-

Cs1 KaHaJIbl QHAIM3aTOpa CIIeKTpa ¢ HoMepamu k >0 B mosoce gactoT (0..0,/2),

—j(DnTﬂ
a Ha 4acToThl W< (0 (MHaue Ha curHail s(n)=e ), COBITAJIAIONINE C OMHAMU

JII®, oTknMKaroTcs KaHasbl ¢ HoMepamu k < (0 B mosoce 4actot (— Ve /2-0).
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Takum o0Opazom, aHanmuzatop criektpa Ha ocHoBe JIII® obGecmeunBaeT
pa3pellieHre KOMIUIEKCHBIX TAPMOHUYECKUX CUTHAJIOB KaK M0 4acTOTe, TaK U IO
3HaKky 4dactoTel. Ilpn Beramciaennn AP B nuanasone wactor (0...f;), mpu
k=0,1,...(N —1), orpuuarenbHbiM 3HaueHUsIM k _ =—1,-2,...— N /2 coOTBETCT-
BYIOT 3HaueHust k =k _+ N .

B kauecTtBe npuMmepa MOXHO OINPENEIUTh YACTOTHYI) XAPAKTEPUCTUKY
aHaJIM3aTopa CIEKTpa C MPSAMOYroIbHOM BeCOBOM (DyHKLUEH Wy (n) AIUHON N .

Ee npeobpazoBanne Oypre:
Wi (jo) =e /N D2 sin(@NT ; /2] /[sin(@T; /2)].
Kananet k£ =0,1,...(N —1)/2 ananuzaTopa CHEKTpa, OTKIUKAIOIIUECS Ha

jonT o o o
curnan s(n)=e’ 4, 15 1aHHOH BeCOBOM (DYHKIMH OMUCHIBAIOTCS YaCTOTHOI
XapaKTEPUCTUKOM:

—io(N-1)/2 sin[(®W— O)k)NT,Z] /2]

H,(jo,,m)=e¢ .
R (JO ) sinl(@— )T, /2]

BoipakeHue aj11 4aCTOTHBIX XapaKTEepUCTHK KaHalloB k_=—L-2..—(N-1)/2
nm k=(N-1)/2,.(N-1), oTrkamkarommxcs Ha curHaix s(n)= e_j onty ,

UMEET BU:
jov-1y72 Sinl(@+ @ )NT; /2]
sin[(®0+ ;)T /2] '

HR(jO‘)ka(D):e

['paduku Momynelt YacTOTHBIX XapaKTEPUCTHK KaHAJIOB aHaiIu3aTopa
CIIEKTpa MpencTaBiieHbl Ha puc. 4.4 [4]. YacToTHas XapaKTepUCTHMKA KaHaja
MMEeT TJIABHBIN JICTIECTOK mpuHoit Af, = 2f, /N = 2 Ouna u G0KOBbIC JIe-

MECTKH WHPUHON 1 OuH (f; /N ) ¢ OTHOCHTEIBHBIM YPOBHEM MAaKCHMAIBHOTO

OoKkoBoOrO Jenectka O, ., =—13,605 (OOKOBBIC JICIECTKH Ha PUCYHKE MTOKa3a-

HbI TOJILKO JIJIs OJHOTO KaHasia).

Kak BuanHo u3 puc. 4.4 [4], 4aCTOTHBIE XapaKTEPUCTUKHU BCEX KAHAJIOB Iie-
pekpbiBatoTca. OAHO3HAYHOE Pa3pelIEHHE KOMIUIEKCHOTO TaPMOHUYECKOTO CHUT-
HaJla UMEET MECTO TOJIBKO Ha 4acTOTaX = @, COBIAJAIOLIUX C YaCTOTAMHU

aHamm3a [(I1®D, korna HAa MHTEpBaAJE aHAIN3a YKIIAABIBACTCS LEI0E YUCIO Ie-
PHUOJIOB CUTHAJA:

T,=NT; =kT,

(dacTora ®; Ha puc. 4.4).
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B 3TOM cnydae curHait MpuUCyTCTBYET TOJIBKO HA BBIXOJIE OJHOTO KaHAJA WIIH
roBopsT — npoermpyercs Ha 1 6un J{I1D. TIpy 3TOM BO3MOXKHBI OOHAPYKEHUE U
OLIEHKA IIapaMETPOB CUTHAJIA 110 BBIYMCIIEHHOMY 3HaueHuro 1D X (jw, ).

N HH(ay o) N=8

>
a,
4 5 k
|
x i »
7 8 k

Puc. 4.4. YactoTrHas xapakTepucTuka N-KaHaJIbHOTO aHAJIM3AaTOpa CIIEKTpa C MPSAMOYTOJIbHOM
BecOBOW (DyHKIIMEH M YaCTOTHAs XapaKTepUCTHKA OJHOTO KaHaja

Ha curnansl ¢ gacrotoit ®# @, (4acrora M, Ha puc. 4.4) OTKIMKAIOTCS J1Ba

COCEHMX KaHaJla Ha YPOBHE IJIABHBIX JICTIECTKOB HMX YACTOTHBIX XapaKTEPUCTHK,
a Ha ypoBHE OOKOBBIX JICMIECTKOB OTKJIMKatoTcsi Bce kaHaiwl JIID, 1. e. mpucyrct-
BYET Ha BBIXOJIaX BCEX KAHAJIOB. JTO SIBIICHUE HA3bIBAIOT PA3MbIBAHUEM CIEKTPA,
JpoOJIeHUeM WM TIPOCAYMBAaHUEM CIIEKTpa MEXIy KaHanamu. [Ipu 3Tom 3atpyaHu-
TEJIbHBI OJJHO3HAYHOE OOHAPYKEHUE CUTHAJIA U OLIEHKA €ro MapaMeTpoB.

BaxxHoU niis mpakTUKA SBISETCS 3aada OOHAPY)KCHHUSI W OIICHKU Tapa-
METPOB BCILECTBCHHBIX IapMOHMYCCKHUX CHUTHANIOB s(n)=(coswnl;). Takoi

CUTHAJl MOXXHO TIPEJCTAaBUTh B BUJE CYMMBI JIByX KOMIUJIEKCHBIX TrapMOHHUYE-
CKHUX CUTHAJIOB ¢ YyacToTo W>0 nu w<0:

s(n) =%[e"‘°”Tﬂ +e""°’”ﬂ]=%[s1<n>+s2<n>].
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B cooTBeTcTBUM ¢ npuHIMIIOM cynepro3uiuu, JI1® curnana s(n) takxke

MO>KHO HAWTH Kak CYMMY OTKIIMKOB Ha €T'0 KOMIIJICKCHO-COIIPSAKCHHBIC COCTAB-
JIIOIHUEC, OIIPCACIIACMbBIC YaCTOTHOM XapaKTepHCTHKOﬁ dHaJIn3aTopa CIICKTpPaA.

4.2. BecoBbie pynkuun. Cesazp AP nupposoii puiabTpanueii npu
aHaJIM3e CIeKTpa

4.2.1. BecoBble (pYHKIIUM /1JIsl TAPMOHUYECKOI0 CIIEKTPAJILHOI0 aHAIH3A

Bbicokuil ypoBeHb OOKOBBIX JIEIECTKOB U O0YCJIOBJIEHHOE UM B3aUMHOE
BIMSIHUE KAHAJIOB aHAIM3aTOpa CIEKTpa SBISETCS OCHOBHBIM HEJOCTATKOM
IpSIMOYTOJIbHON BecoBOM (yHKIMU. OCOOCHHO OHO CYIIECTBEHHO INpHU paspe-
[IEHUH HECKOJIBKUX OJHOBPEMEHHO JIEUCTBYIOMIMX CUTHAJIOB WJIU MPU HATHYUU
COCpPEIOTOUEHHBIX MOMEX. DTH HEAOCTAaTKU IPEOA0JIEBAIOTCS MPU UCIOJIb30Ba-
HUU BECOBBIX (DYHKLINH, UMEIOIINX MEHBIINNA YPOBEHb OOKOBBIX JIETIECTKOB [4].

JInst moziaBieHus MPOCAaYMBaHKUs OOBIYHO HCHOJIB3YIOT BPEMEHHBIE OKHA,
CIIIQKMBAIOIINE UCXOTHYIO PEaM3allii0 TaKUM 00pa3oM, YTOOBI MOJABUTH PE3KHE
BapHalliy Ha €€ HA4YaIbHOM M KOHEYHOM ydacTkax. OJHAaKO MpH 3TOM BO3pacTacT
IMpyHa rmaBHoro nenectka Af,, = Df, /N, D>2. 310 npuBoauT K yBeInde-

HUIO YHCJIa KaHAJIOB C MEPEKPHIBAIOIINMHUCS TJIaBHBIMU JICTIECTKAMH YaCTOTHBIX Xa-
PaKTEPUCTUK W YXYIUICHUIO pa3pelaroieil CriocOOHOCTH aHaau3aTopa CHEKTpa.
Hanpumep, y aHanmMzaropa CHeKTpa C BECOBOM (pyHKIMEH X3MMHHIra, UMEIOIICH
napamerpst Af, = 4f, /N , Opymax = 4105, TIEPEKPHIBAIOTCS IJIABHBIC JITIe-

CTK{ YaCTOTHBIX XapPAKTEPUCTHK TPEX COCETHUX KaHAIOB (puc. 4.5) [4].
Haxe npu ®O=®, (4acrora f; Ha puc. 4.5) CUTHAI OZHOBPEMEHHO

MPUCYTCTBYET HA BBIXOJaX TpeX KaHaJoB (mpoenupyercs Ha Tpu ouna JI1D),
a npu W# o, (4acrora f, Ha puc. 4.5) 6e3 yuera OOKOBBIX JIEIECTKOB IIPO-

erupyertcs Ha 4 ouna J(I1D.

4 |Hjw . o)
- r- e e
\\ = / -
0 N 2f/N 3N 4N YN K
S

Puc. 4.5. YacToTHbIE XapaKTEPUCTUKH KaHAJIOB aHAJIM3aTOpa CIEKTPa ¢ BECOBOU
¢bynkuueit XaMMuHTa

137



Viry4ienue paspelieHns aHalIu3aTopa CIeKTpa C BECOBBIMHU (DYHKIMAMH,
MMEIONIMMH IIUPOKHH TTIaBHBIN JIENECTOK, 00ECIIEYNBAETCA IyTEM YBEIHYCHUSA
gmrcna touek JAIID N, 1. e. yBenudeHneM BpeMeHu anainu3sa curuana T, = NT ;.

Ot mapaMeTpoB BECOBOH (PYHKIIMH 3aBUCST Takxke (DUIBTPYIOIINE CBOMCTBA
aHaJIM3aTopa CHEKTpa Mpu OOpadOTKE 3allyMIIEHHBIX FApMOHWYECKUX W MOJMrap-
MOHHYECKUX CHTHAJIOB. BOJBIIYIO pOJib UIparoT BECOBbIE (DYHKIMU U TPH CIHEK-
TPAJIBbHOM AHAJM3E CIYYalHBIX CUTHAJIOB. B TO XK€ BpeMsl yMHOKEHHE HA BECOBYIO
(GYHKIMIO, OTIIMYHYIO OT IPSMOYTOJILHOM, IPUBOIUT K YBEIUYEHHIO 001Iero 00be-
Ma BBIYMCIICHUN TIPH CHIEKTpaIbHOM aHamnm3e. JIJis psiga BeCOBBIX (DYHKIMN YMHO-
’KEHHE BO BPEMEHHOM 00JIaCTH MOXKET OBITh 3aMEHEHO CBEPTKOM B YaCTOTHOU 00-
JaCTU C JUCKPETU3UPOBAHHON YACTOTHOM XapaKTEPUCTUKOW BECOBOM (DYHKIIWH.
Hanpumep, nmst BecoBbIx (yHKIMI XaHHA 1 X3MMHHTA Takasi CBEPTKA BBIUHCIIACT-
Csl TIyTEM CKOJIB3SIILIET0 BECOBOTO YCPEIHEHHUS TPEX COCEAHUX YaCTOTHBIX BHIOOPOK
¢ Becamu cootBeTcTBeHHO 0,25; 0,5; 0,25 1 0,23; 0,54; 0,23.

4.2.2. OcHoBHBbIe MapaMeTPbl BeCOBbIX (PDYHKIUI NMPHU CHEKTPAJb-
HOM aHaJImu3e
DOKBUBAJICHTHAs IIyMOBasi Mojioca BecoBOM (PyHKuuu AF,

w > BbIpAZKacMas B

ounax. HaxonuTcst mpu NeicTBUM HAa BXOJE aHAJIM3aTopa CIEKTpa Oenoro Iryma,
MMEIOLIETo monocy *f, /2, n3 ycrnoBus paBeHCTBA MOIIHOCTY 1iyMa k., Ha BBI-
XO0/1€ SKBUBAJICHTHOTO II(PPOBOro (PUiIbTpa HWHKHUX YAaCTOT C YACTOTHOM XapakTe-
puctHKoi BecoBoi pyHkimu W (jm) u MomHOCTH niymMa P, Ha BBIXOJE UJIEallb-
HOTO (PMIIBTPA, UMEIOILETO M0JI0Cy Npomyckanus AF,, 1 MakcuMyM kBaapata AUX

WO (puc. 4.6) [4]:

-07/2
N, 7% 2 N, NI
Pup =20 | WG do=—EN T w (),
T oy Ty n=o

rie N, — cHeKTpajbHas IUIOTHOCTb MOILIHOCTH O€J0ro IIyma Ha BXOJIE
bunpTpa (MM KaHaa).

a0y S

/1

Z AFu

- -3 =2 -1 0 1 2 3 4k, oun

Puc. 4.6. Onpenenenne SKBUBAJICHTHON IITYMOBOM TTOJIOCHI BECOBOM (DYHKITUH
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MakcuMabHOE yCHIIEHHE BECOBOM (DyHKIMH Ha yactote M= onpenenser-
N-1 , (N 2
csikak W(jO)= D w(n) — 1o ypoBHro, 1 ‘W(jO)‘ =| > w(n) | - o MOLHOCTH.

MomHocTb IyMa Ha BBIXOZE uzeansHoro ¢uisrpa P, = %‘W( jO)‘2 AF,.
A

IIpnpaBuuBas MomHoCcTH F,.;=F,, , MOXXHO HAaUTH BBIPOKCHHE JUIA SKBH-

wu
BAJIEHTHOM IITyMOBOM TOJIOCHI BECOBOW (DYHKIIMU M, COOTBETCTBEHHO, YKBUBAJICHT-
HOM [ITyMOBOM MOJIOCHI KaHaJIa aHAIM3aTopa criekrpa [4]:

2

N-1 N-1
AF, =N Z wz(n)/ z w(n) | ,oun.
n=0 n=0

[Ipu 3TOM MOIIHOCTbH JEUCTBYIOILIETO HA BXOJE aHAIM3aTOpa CHEeKTpa OesIoro
(LIMPOKOMOJIOCHOT'0) IITyMa YMEHBIIIAETCs Ha BBIXOE aHAIM3aTOpa CIIEKTPa B YUCIIO
pas, pasHoe N /AF,.

[InpuHa rIaBHOTO JIENMeCTKa YaCTOTHOM XapaKTEPUCTUKU BECOBOM (DYHKIIUH
no ypoBHsM 3 u 6 1b, B Ounax: AF,, 3 . 3HaueHne AF, 4 onpenenser paspe-

IIarONUIyrO CIIOCOOHOCTD dHAJIN3aTopa CIICKTpa I10 4aCTOTC:
Eciu Af,, 3a51aH0, TO 110 HeMy HaXOJIUTCS HEOGXOMMOE BPEMs aHAIIH3A:

2l

CoBOKyNHOCTB IapamMeTpoB AF,

13y (IIOJIOCBI TI0 YPOBHIO MOJIOBUHHOH MOLLI-

HOCTH) W AF,, Ompeenser KadecTBO BecoBod QyHkumu 9= (AF,
AF,, ) AF,, 3, B cilydae, KOTJia BXOJHAs OCIIE/I0BATEIBHOCTD [PE/CTABIIET CYMMY
FapPMOHUYECKUX COCTABIIIIOIINX C YaCTOTaMH, HE KpaTHbiMU [, / N, T. €. He COB-

nanatormmu ¢ ouaamu JT1D, u Gemoro nryma.
KorepentHoe ycunenue BecoBoit pynkumu: K, , = ‘W( JjO)/' N ‘ Onpenensier

HOopMHupoBaHHOE K N ycusnenue kanana JII1® ¢ nanHo# BecoBo# (yHKIMEH HA 1IeH-
TpaJIbHOM 4acTOTE KaHana f; .

MakcumabHBIH ypoBEeHb OOKOBBIX JIETIECTKOB O, ., 1b.

[apa3zuTHas aMIUTUTYAHAS MOAYJALMS criekTpa. Onpenensercss OTHOIEHHEM
3HAYCHMs YaCTOTHOH XapaKTEPUCTHKHU BECOBON (yHKIMHU Ha wactote f = f, /2N

K MaKCHUMAaJIbHOMY 3HA4YCHUIO 4aCTOTHOM XApPaKTCPHUCTHUKHU HA YaCTOTC:

f=0:4, 5= ZOIgUW( jm)\(w:wﬂ ) /W (j0) J
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3HayeHHne A, XapakTepusyeT HCKakeHHs win norepu oueHok JIID B

ciydae camblx HeOmaronpusiTHbIx juist JAIID wactor curHana f = f, £ f; /2N .

3HavyeHUs mapamMeTPoB JJIsi HEKOTOPHIX BECOBBIX (DYHKIMH MPEICTABICHBI
Ha puc. 4.7[4].

Tun BO AF,,, OuH | AF .,i35, 0UH | K, 0 5., OB Ap.ob
[IpamoyronpHas | 0.89 /1,21 | -13.6 -3,92
TpeyronpHas 1.33 1,28 /1,78 0,5 =27 -1,82
XeMMHHT 1.36 1,30/ 1,81 0,54 -41 -1,78
Bxmana 1,73 1,68 /2,36 0,42 -57 -1,1

Puc. 4.7. 3nauenue napaMeTpoB BECOBBIX (PYHKITUI

4.2.3. dnemenThl aHagu3za crnekrpa ¢ nomomblo JIIIP u undporoii
puabTpanuu

Hapsiny c olienkoii ciekTpa Ha 3aJjaHHOM MHTEpBajie HaOIIOECHUS, CYIIECT-
BYIOT 33/1a4M aHAIN3a U3MEHEHUS CIIEKTpa BO BPEMEHHU WM TEKYILEro CIEeKTpalib-
HOTO aHaJIN3a, OTHOCAIIETOCS] K HECTAI[MOHAPHBIM JETEPMUHUPOBAHHBIM U CITy4aid-
HBIM CUTHaJIaM. J[J1s1 3TOM 1€/ MPUMEHSIIOT CKadyle U ckonb3sme 11D [4].

Ckauymmmu HasbiBatoT AI1® ¢ HenepeKphIBAIOIIMMUCS (CTHIKYIOILIMMUCS)
WIM YaCTUYHO TMEPEKPBIBAIOIIMMUCS WHTEpBaTaMy HaOIIOACHUS ¢ KOAPPHUIMEH-
tamu niepekpeitus 0, 0,25, 0,5, 0,75 u gpyrumu.

Ckounp3siniee 11D Beruucnsercs no tekyuemy N-ToUedHOMY Habopy WUin
BEKTOPY AaHHBIX {s(n — N + 1)-s(n)} npu 3nauenussx s =N—-1+1,1=0, 1, 2,....
OueBunHo, yto ckauymue JIID SBIAOTCA JAUIIL OTCUETAMHU CKOJIB3SILIETO
JI1® npu 3Hauenusax n = N — 1 + IN (ckauymee 1D 6e3 nepekpoitus), n = N —
1+ IN/2 (cxauymiee JI1®D c nepexkpoituem 0,5) u T. 1.

Cxauymue JIID ¢ xordpdunuentamu nepekpuitus 0,25, 0,5 u Gonee
UCHOJIB3YIOTCS U JJI YCPEIHEHHS IIyMOBOM COCTABJISAIOLIEH MOTPEIIHOCTH
aHaliM3a CTallMOHAPHBIX CUTHAJIOB NpHU OOIlEeM OrpaHMYEHHOM BPEMEHU Ha-
OJIIOJICHUS CUTHAJIA.

Kanan ckauymero JI11® skBuBanenTen cormacoBanaoMy LD, ¢ BeIxoaa ko-
TOPOr0 CHUMAETCS KAl N-il win Kaxkabiid (N/2)-i1l ¥ T. A. OTCUEThI CUTHAJIA, YTO
COOTBETCTBYET MOHMKEHUIO YaCTOThI JUCKPETU3AIUN BBIXOIHOTO CUTHAJIA (DUIIbT-
pa B N, N2 u 1. 1. pa3. [Ipu 3TOM nepuoanvecKku NOBTOPSIOMIUICS C YaCTOTOU
JMCKPETU3AINH CTIEKTP BBIXOJHOTO CHTHANA (MIBTpa TIEPUOTUZUPYETCS C MEHB-
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LI B COOTBETCTBYIOLIEE YUCIO pa3 yactoront f'y=f,/N,f 'y =2f,/N, B

pe3yabpTaTe Yero MpOMCXOIUT HAIO0KEHHE CIIEKTPOB B OCHOBHOM IOJIOCE YaCTOT
0% f';. B oty monocy n TpaHC(HOPMHUPYIOTCS. MM 3aBOPAYMBAIOTCS. BCE BHEIIO-

JIOCHBIE YaCTOTHBIE COCTaBIIsIIONIE 00pabaThiBaeMoro curHaina. Hanbomnee cuibHO
ad ekt HanoxeHus nposisisercs y LD, skBuBasieHTHBIX ckauyiiemy 11D Ge3
NEPEKPHITUS (C IOHMKEHUEM YacTOThI TUCKpeTu3anuu B N pa3). Harmsannoe npen-

CTaBJIEHUE O HEM JIA€T HAJIOKEHNUE B OCHOBHOM MOJIOCE YaCTOT (O *fy /2N ) paz-
HCCEHHBIX Ha kf ; / N 4aCTOTHBIX XapakTepHCTUK KaHanoB JIIID. Tpanchopma-

st 9acToThl f; =Kkf '+ Af; i -4acTOTHOM COCTABIISIFOLICH CHTHANA B 9acTOTy f;'

OCHOBHOW MOJIOCHI (Oi fal 2) OCYIIECTBIISICTCA B IAHHOM CITy4ae B COOTBETCT-
BUM C cooTHoUIeHUEM [4]: f;'=Af;, ecim k —detHoe u f;'=—Af, , ecniu k — He-

YeTHOE, TIE k=[ il f ﬂ] =0,%1,....,£N /2 — nemas 4acTb OTHOIIECHUSA
Yu.0Kp.

fil [y ¢ oxpyrnenuem; Af;=f—kf'y, —f ;/2<Af;<f';/2. Kparnocrs
HAJIOXKEHUS B TAHHOM CITy4ae COCTaBIISIET V.

[Ipu kosddunmente nepekpbitus 0,5 (koddduimeHTe MnpopeKUBaHUSI
N/2) wactora aucKpern3anuu BbIxogHoro curHana L@ cocrasiser

f'y=2fy/2, a ocHOBHas moyioca 4acToT (Oi Sfu!N ) OHa COOTBETCTBYET

HIMPUHE TJIABHOTO JIETIeCTKAa 4acTOTHOM XxapakTepuctuku L{D ¢ npsamoyroiabHoit
BECOBOM (MMITYJIbCHOM) XapaKTEPUCTUKOM, JIIT KOTOPOro MEPUOIU3UPOBAHHBIC
¢ meprogoM 2 f; / N 4acTOTHBIC XapaKTePUCTUKH HE [IEPEKPHIBAIOTCS HA yPOB-

HC TJIaBHBIX JICTICCTKOB, a HX IICPCKPBLITHC B OCHOBHOHM MIOJIOCE YacTOT

(Oi Sfqg !N ) TaK)Ke XapakTepusyeT 3P(PEeKT HaNOKEHUS U CBSI3aHHBIE C HUM

4acTOTHBIE TpeoOpazoBanus. TpaHcpopmalis YacTOT 37€Ch OCYIIECTBIACTCS B
COOTBETCTBUM C TEMH K€ COOTHOLICHHSMH, YTO M B MPEIBIIYIIEM CIyYae.
KpaTHOoCTh HanoXXeHus Ipu 3TOM cocTaBisieT N/2.

Oddekt HanoxkeHUs MPU CHEKTPATHLHOM aHAJIM3€E C MEPEKPHITHEM MOMKET
OBITh CYIIECTBEHHO OCIA0JIEH HCIIOJIb30BAHUEM BECOBBIX (DYHKIUN C MallbIM
yYpOBHEM OOKOBBIX JIEMIECTKOB. B TO ke BpeMsl MepEeKphITUE OKOH (MHTEPBAJIOB
HaOJIIOICHUS) BEJIET K YBEIMUYECHHUIO 00beMa BBIYMCICHUN U B KaXXJOM KOHKpET-
HOM CJIy4ae JI0JKHO ObITh 000CHOBAHHBIM.

Cronp3smiee 1D tpebyer oueHb 00JIBIIOTO 00BEMa BBHIYUCIICHUH, TO-
TOMY B OOJIBIIMHCTBE CIIy4aeB €ro 3aMEHSIOT rpeOeHKOoN U POBBIX (PUIBTPOB,
cocrosiiel u3 rpedeHyaToro GuibTpa U HabOpa KOMILJIEKCHBIX HU(MPOBBIX pe-
30HaTOPOB (puc. 4.8) [4].
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Takoif aHanM3aTop CIEeKTpa ¢ MPSIMOYTOJIbHOW BecoBOM (GyHKIMEH Tpedy-
eT N KOMIUJIEKCHBIX OIEpalfil yMHOXEHHUS Ha OJIMH OTCYET curHaina. Yucmio ka-
HaJIOB €ro omnpejensercs TpedyeMoil mojiocoit aHanu3a curana. Kaxapeiii kanan
aHAJIN3aTOpa CIIEKTPA OMKCHIBAECTCS CICIYIOIIUM PEKYPPEHTHBIM YPABHEHHUEM:

X(j(x)k,n)=e_jmknTﬂX(ja)k,n—l)+s(n)—s(n—N).

s(n)

Z J » X(jay, n)
J ;X(]‘(UI . n)

Y » X(jowy_; , n)
Lo 7

e-jcuN,IJrT;[

e-jwlwﬂ';l

Y

Puc. 4.8. CtpykTypa aHanmu3aTopa CleKTpa Ha OCHOBE ITpeOCHKH (PHIBTPOB

4.3. KoppeasinuoHHbIEe XAPAKTEPUCTHKH IMCKPETHBIX CJAYyYaWHBIX
CHTHAJIOB M UX CTATHCTHYECKHUE OLEHKH

4.3.1. KoppeasiiuoHHbIe M CHEKTPaJbHble XaPAKTEPUCTHKHU JHUC-
KPETHBIX CJIYYallHbIX CHTHAJIOB

JIMCKpEeTHBIE CITydalHbIE CUTHAJIBI XapaKTEpU3yrOTCs [4]: 3akoHOM pacmpe-
JIeJIEHNs, CPETHUM 3HAYEHUEM, CPEAHUM KBaJpaToOM WJIM JTUCIIEPCUEH, aBTOKOppE-
JSILMEN WIM aBTOKOBapUALMEN, B3AUMHON KOPPEISLMEN (KpOCC-KOPpEISILUEN) WIN
B3alMHOW KOBapHalel, CIEKTPAIbHON IUIOTHOCTBIO MOIIIHOCTH M B3aMHOM CIIEK-
TPaJIbHOM IUIOTHOCTBIO MOIITHOCTU. J[J1s1 paccMaTpUBaeMbIX Jajiee CIydailHbIX Ipo-
LIECCOB CTALMOHAPHBIX B IIMPOKOM CMBICIIE M SPrOJMYHBIX IOJIAraeTcs, YTo HMX
CperiHee 3HaYCHHUE SIBISICTCS [IOCTOSIHHBIM, HE 3aBUCSIIMM OT BpeMeHH 1Ty, T. €. 0T

HOMEpPa BBIOOPKH 71, @ ABTOKOPPETIALNA U B3AUMHAs KOPPENSLIUS 3aBUCAT TOJIBKO OT
pasHocti MOMeHTOB Bpemenu m1; =n,T; —mT;, T. €. OT 3HAYCHUS HUCKPETHOH

3a7iepKk m. OHU OMPEAETISIOTCS KaK MaTeMaTUYeCKue OKUIaHusi E {} (cpennue

1o aHcamOJIr0) WM Kak CpelHUE MO BPEMEHHU (110 OHOW pean3aliM) COOTBETCT-
BYIOUIMX JUCKPETHBIX (PYHKITUH.
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CpC,Z[HCG 3HAYCHUC TUCKPCTHOT'O CUTHAJIA s(n) .

— ) 1 N
s =E{s(n)}=11mN_>oom > s(n).
n=—N

AptokoppensanronHas Gpyukiusa (AK®) nquckperHoro curnana s(n):

N

> s(n+ m)s (n),

r, (m)= E{s(n + m)s*(n)} =limy_,., oNT1
n=—N

I1€ CHUMBOJ * — O3HadaeT ONEpaluI0 KOMIUIEKCHOTO CONpskKeHHs, 0000-
HIAIOUIYI0 JAHHBIE CTaTUCTUYECKHUE XAapAKTEPUCTUKHU Ha CIIydail KOMILJIEKCHBIX
JVCKPETHBIX CUTHAJIOB.
Bzaumnas xoppemsiumonnas Gpynkuus (BK®) aByx AuckpeTHBIX CHrHa-
J0B s(n) u y(n):
N

> s(n+ m)y (n).

1y (m) = E{s(n+m)y"(m} =limy_,. 2N +1,5

[To makcumymy BK® HaxonmsT oTHOCUTENbHOE BpeMs 3aJep:KKU oOpabda-
THIBA€MbBIX CUTHAJIOB.

AK® u BK® neHTpupOBaHHBIX CIIy4alHbIX CI/IFHEUIOB[S(VL) —E] U CUTHA-

JIOB C HYJICBBIM CPCIAHHUM 3HAUYCHHUCM HA3BIBAIOT aBTOKOBapHaHHOHHOﬁ Ces (m) u

B3aMMHON KOBapPHALMOHHOM ¢, (m) byHKIUAMH:
¢, (m)= E{[s(n +m)— E] [s* (n)— E]} ;
Coy (m)= E{[s(n +m) —E][y* (n) —f}}

2 ——k
i Csy(m)zrsy(m)_sy *

IIpu stOM ¢ (M) =r1,,(m) — ‘E
AK® r, (m) npu m=0 COOTBETCTBYET CPEAHEMY KBaIpATy CIy4allHOTO
CUTHAJA:
N

> s(n)s (n),

) . .
=r. (0)=F =lim S
s* =1,,(0) = E{s(m)s"(m)} =lim  _,., TS

a aBTOKOBAapUallMOHHAsA QYHKIMS ¢, (m) — IUCNEPCUs CUTHAJIA!

¢, (0)=D_=0>.
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—2
OHM cBsA3aHBI COOTHOIICHUEM: Dx =S2 —‘S‘ U onpecaAcaAr0oT CPpCAHIOIO

MOUIHOCTbH cily4aiHOro cur”ana. CperHuil KBajgpaT U JMCIEPCHUS SIBISIOTCS
MAaKCHMaJbHBIMUA 3HAYEHUSMHU COOTBETCTBEHHO ABTOKOPPEJSIUMOHHOW W aB-
TOKOBapuanMoHHOW (yHKiui. TepMmunHbl (CpeaHHIl KBaapaT — AUCHEPCHs),
(aBTOKOppEIALMS — aBTOKOBApUALMs) UCIIOJIBb3YIOTCS KAK CHHOHUMBI.

CrekTpasibHy!0 MIOTHOCTH MoIIHOCTH (CIIM) ciywaitHoro mpouecca B
COOTBETCTBUHU C TeopeMoil Bunepa-XuHUMHA OINpeAeNsioT MpeoOpa3oBaHUEM
Oypre AKD (nmocienoBarenbHoCTH 7, (m)) [4]:

Pss(f) — Tﬂ Z rss (m)e_jZTCfmTﬂ ’

m=—oo

JUIS 3HAYEHUU 4acCTOTHI, 3aKIIIOUEHHBIX B OCHOBHOM ITOJIOCE YacTOT (O tf 7 / 2) .

CIIM noka3bIBaeT, Kak MOLIHOCTh CIIYYalHOIro MpoIecca pacmpeaesieHa
ES ()
1o yacrore. Tak Kak r,, (—m)=r,, (m), To CIIM sBiIs€TCSA CTPOrO AEHCTBUTEID-

HOM monoxkutenbHOM  PyHkumert. Ecou AK® - jgeiictButenbHa, TO
r,(—=m)=r, (m) u Beipaxkenue mi1 CIIM npuBoaUTCS K BULY:

P (f)=2T, Y. Iy (m)cos(2nfmT ).
m=—o0
[Tpu aToM P(f) obmamaeT cBoicTBOM deTHOU cumMeTpun: Py(f) = Pg(-f).
AK® cnyyaiiHOro curnanga MokeT ObITh OIpejesieHa M0 €ro M3BECTHOU
CIIM c nomorbto o6patHOro npeodpazopanus Dypoe:

~frl2 .
re(my= [ Py(fre” ™A
~frl2
~fn2
IIpu m=0 r,(0)= I P (f)df M COOTBETCTBYET CpEIHEN MOIIHOCTH
~fnl2

CUTHaJIa WIH €ro JUCIEepCHUU. AHAJOTHYHBIM 00pa3oM BBOJUTCS ONpeiesieHue
B3aMMHON cHeKTpanbHOU MIO0THOCTU MomHocTH (BCIIM) ABYX cTanmoHapHbBIX
CIly4allHbIX curHaioB s(n) U y(n) kak npeodpazoBanue Pypre ux BKD:

. - —j2nfmT
Pyf)=Ty 3 ry(mpe ¥

m=—oo
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Jlaxxe 11si IeMCTBUTENBHBIX MOCIEA0BATEIbHOCTEN S(n) U y(n) BCIEIACT-

Bue HecumMmeTpuu ux BK® BCIIM sBnsieTcs B o0mieM ciydae KOMILICKCHOM.
. N s
B T0 xe Bpems ona obnagaetr cBoiicTBoM P (jf) = Py *(jf).

4.3.2. CrarucTuyecKkne OLECHKH KOPPEJSIIHOHHBIX XApPAKTEPHCTHK
AUCKPETHBIX CJIYYalHbIX CUTHAJIOB

[Ipu cnexTpalibHOM M KOPPEJSIUOHHOM aHaju3€ CIy4YallHbIX CHUTHa-
710B BMecTO ucTuHHbIX AK®, BK®, CIIM, BCIIM wucnosibs3yroTcsa UX CTaTH-
CTUYECKUE OIEHKH, MOJIydyaeMble MO0 KOHEYHOMY HAaOOpy HaHHBIX WM IO
peanuzauusaM curHana koHeuHou mnuHbl, a ajasa CIIM u BCIIM - u koHeu-
HOMY YHUCIly YCPEIHSEeMBIX peanu3anuii curHaia. OHU OnpenenstoTcs clie-
ayomuM oopazom [4].

Ouenka aBrokoppesinuu (AKD):

~ N—-m—1 N
l’ss(m)=i > s(n+m)s (n),0Sm<N -1,
N n=0
_ 1 N—|m—1 .
rss(m) = ~ s (n+|ms(n), -(N-1)<m<0.
n=0

JlaHHasi OLIEHKA SIBJISIETCS CMEIICHHOW, €€ MaTeéMaTHU4eCKOe OXKHUIaHUE
(npousBenenne uctuHHo AK® u TpeyroiapHON BeCOBOM (hyHKI[MEH) HE PaBHO
r,,(m). OnHako, oHa 6osee > PeKTUBHA, YEM HECMELICHHAs OLICHKA.

Ouenka B3aumHoi koppensiuun (BKD):

= N-m—1 .
rsy(m)zi Z s(n+m)y (n),0<m<N -1,
N n=0
- 1 Nml-t .
rss(m)=ﬁ Y sy (n+|m), -N-1)<m<0.
n=0

OHa Takxe SBJIIETCS CMEIICHHOM.
IIpu oneHKEe aBTO M B3aMMHOM KOBApHALMU MCIIOJb3YETCA OLIEHKA CPEl-
HEro 3HA4YEHHUs CIIy4anHOoro mporecca:
= 1 N-1

sy =— ) s(n).
n=0
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4.3.3. CraTucTH4YeCcKHe OLEHKH CINIEKTPAJIbHOM MJIOTHOCTH MOIIHOCTH
AUCKPETHBIX CJIy4YaliHbIX CUTHAJIOB

Cratuctuueckumu onenkamu CIIM u BCIIM kak npeoOpa3oBaHuil
®ypbe AKD 1 BK® ciyyailHbIX MpOLECCOB SABISIIOTCS COOTBETCTBEHHO Ipe-
00pa3oBaHUsI.

@Dypbe BBEJICHHBIX BbIllIe cTaTUCTUUECKUX OLICHOK AK® n BK®, BbIunC-
JISIEMBIX TI0 pealiu3alysIM CUTHaIa KOHEUHOU JInHbI N [4]:

_ N-l B
P“(f):Tﬂ Z rSS(m)e ]ZTCﬁ’l’lTﬂ ‘

m=—(N-1)
N-1 ;
= . - —j2nfmT
Polf)=T; Y. roGme 27"
m=—(N-1)

AHanoruyasiM 06pazom omnpeaesitores onenku CIIM (BCIIM) T’SS( ),

P (if ) mo cmemenHpIM orieHkaM AK® n BK® Fss (m) ;sy(m). OO0e o1eHKH

CIIM (BCIIM) sBAsitOTCSI CMELIEHHBIMU: UX MAaTEMAaTHUYECKUE OXKHUAaHUS TIPE-
cTaBisitoT coboit ceepTku uctuHHOU CIIM (BCIIM) P((f) (P (jf) ¢ yacToTHOM
xapakrepuctukoir W(jf) BecoBoil ¢yHKIMU (OKHA) w(m), OTpaHHUYMBAIOIIETO
nmHy 1npeodopazyemoit AK® (BK®). Ilpu nHecmemenHoir orenke AKO
(BK®) — 3170 ipsAMOYTOJIbHOE OKHO Wg(m) U

E{Pss ()} = Py () *Wr(f), E{Psy(if)} = Py G ) * Wi (f),

nipu cMmeleHHo# oneHke AK® (BK®D) — 310 TpeyrosibHOE OKHO Wy{(m) ¢ 4acTOT-

HOW xapakTepuctukon Wi (f)= WR2 (f/2)n

E{Pu()} = By () =21 NWL(f),
E{Pu(if)} =P, (P * 21 NYW(f),

re WR (f)= sin(anTﬂ) / sin(chTﬂ) .
Hucnepcusa (norpemnocts) oneHok CIIM (BCIIM), kak u oneHok AK®

(BK®), BO3pacTaer ¢ yMEHBIICHUEM [JIMHBI peanu3anuu N; U yBEIUUYCHUEM
MaKCHMAJIBHOTO BBIYUCIIIEMOTIO UHIAEKCA My, =M — 1, tne M < N, 4to 00y-
CJIOBJICHO YMEHbIleHHeM 3(dekTa ycpennenus. MakcumaiabHas MOTPEIIHOCTh
ouenku CIIM (BCIIM) umeer mecto npu M = N,. OHa cousmepuma co cpea-
HuM 3HayeHueM CIIM (BCIIM) u sBiisieTcs MpakTUYECKH HEMPUEMIMMON. BbI-
yucnenne CIIM (BCIIM) cnyyalinbix curHaiioB 1o omeHkaM ux AK® (BKO)
HAa3bIBAIOT KOCBEHHBIM METOJIOM CHEKTPAIBHOIO aHAIM3a CIIyYalHbIX CUTHAJIOB
WJIA METOJ0M KOPPEIOTPAMM.

146



4.3.4. KoppenorpaMMHBbIi MeTOJ BbIYMCJICHUS CTIEKTPAJIBLHOM IUIOTHO-
CTH MOLIHOCTH JUCKPETHBIX CIyYalHbIX CHTHAJIOB

Brraucasas ¢ nomonipro J11P aBTOKOppENAMOHHBIE U B3aUMOKOPPEIs-
LHOHHBIC IOCICNOBATENbHOCTH i (m), 1y, (m) AN 3HAYCHHH 3aJCPHKKU

—(M -1)< <m<(M -1), tne M < N,, B3BeIINBas UX KOPPEIALUOHHBIM OK-
HOM (m) TOM ke MiIuHbI U BeINOIHSSA ux JAI1®D mo yucny touek N = 2M — 1,

MOXHO HailTu koppesiorpammubie onieHku CIIM Pss(k)(f) u BCIIM Psy(k)(jf)
Ha JUCKPETHBIX yacTtoTax fk = kfn/N [4]:

= M1 - jonfemty M
Pswo)(fi)= D, r,(me =2 r,(m)cos(2nf,mT);
m=—(M -1) m=0
M-1 .
= : — jomfymT
Pow(if)= Y ry(mpe 7",
m=—(M-1)

rne k=0,..,2M —1.

Yucno N BeraucnsieMbix Touek J[I1D MoxeT ObITh yBETUYEHO T00aBICHU-
eM K mpeoOpaszyemMoil mocieaoBaTelbHOCTH N( HYJIEBBIX OTCYETOB C IIEIBIO
ymeHbplieHuss mara auckpernsanuu oueHok CIIM  (BCIIM) no wacrore

( f i /N ) Uy npuBefeHus N K 1enoi crenenu nBonku: N =2M —1+ N, He-

00xouMOM 11 IpuMeHeHus anroputMa bI1d.

4.3.5. BpluucjieHne CNeKTPAJbHOH NMJIOTHOCTH MOIIHOCTH METOI0M
Mepuoa0rpamMmm

HNcxonHbIiMU JaHHBIMM JJISI CIIEKTPAJIbHOIO aHali3a METOJOM MEPUOAO-
rpaMm sIBISItOTCS [4]:

® YacTOTa AMCKPETH3ALUK CUTHANA f ]
e Tpebdyemoe pasperieHue o yactore Af ;

® o01ee JOCTYIHOE BpeMsl HaOIroAeHus (perucTpauuu) cursana 7, .

CriekTpaJIbHBIM aHAIU3 BKIIIOYAET B CE€0s CIEAYIOLINE ITABI.
Bri6upaercs tun BecoBoil pyHKuMH w(n), UCXOJs U3 OCOOEHHOCTEN pe-

11aeMou 3aJadr, 1 HAaXOAUTCA HCO6XOI[I/IMO€ BpPCMs aHAJIM3a W JJIMHA pCalini-
3allin (CCKHI/II/I) CHUTHaJla Nl N3 YyCJIOBUA HEKOPPCIUPOBAHHOCTHU COCCAHUX CCK-

HHﬁ CquaﬁHOFO CUTHaja 1 00ecIIeueHUs Tpe6yeMor0 JaCTOTHOT'O Pa3pCIICHHA:

Af, =AF, 6 g [ N1t Ny =AF,6f 1 1A -
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BriOupaercs croco® pa3OueHusi CUTHala Ha peaan3alnvu (CeKIMU) KOHEed-
HOUM nyuHbl N1: 0e3 mepekphIThs CEKIUI WK ¢ MEePEeKphITUEM cekiuii (puc. 4.9)
[4]. KoadpduuuenT nepexpsitus K, MoxkeT ObITh paBHbM 0,25; 0,5; 0,75. Yame
BCEro ucnonb3yercs 3HaueHue K, = 0,5. IlepekpbiTue ymeHbIaeT o0luee BpeMs
aHaJM3a M BIMSHUE Pa3phIBOB CUTHAIA HA KPasiX CEKLMH, HO HECKOJIBKO YXy/IIaeT
TouHOCTH O1leHOK CIIM, KkoTopast Tak:ke 3aBUCUT OT THIIA BECOBOM (DYHKIIUU.

bez nepexpuimus

)y i > o L

s¢(n)

Y

-
|

-

%

Vi

Y

LY e

\J

Ty

o
-

L

A

L )

L |

-
-

Rl

-

C nepexpuimuem (.5
Puc. 4.9. Cioco0b1 pa3ouenust 00padaTbiBa€MOT0 CUTHAJA HA CEKIIUU

BriOupaercst uiam HaxOAUTCS YUCIO YCPEAHSEMBIX peanu3anuil (CeKIui)
L w3 crneayromux BO3MOKHBIX YCIOBUM: U3 OOINEr0 JOCTYIMHOTO BPEMEHH Ha-
omonenus curnana 7,: L={[(T,/T5)-KyepN11/(N1-KyepN1) } 4, TAE (11.4) — CHMBOI
1[EJI0OM YacTH OTHOIIEHUS, 3aKJIIOUEHHOTO B CKOOKH; M3 CTAIlMOHAPHOCTH CITy-
yaiHOro curHana Ha unrepBane T.=LNT;; u3 HEOOXOIUMOH CTENEHH ¢

yMmenbleHus gucnepeuu ouenku CIIM, 1. e. adpdextuBHOCTH yepeanenus. [Ipu
Kiep = 0 (0€3 mepekppITHs) CTENEHb YMEHBIIEHU aucnepcun g = L, ipu K, =

0,5g=L/ [1 + 20(20’5) (L-1)/ L} <L, rne cgs — KodpOUUMEHT, onpenesseMblii

BUJIOM BECOBOW (hYHKIIHH: C0.5) = 0,5; 0,25; 0,235 cOOTBETCTBEHHO UISI BECO-

BbIX (DYHKLMH MPSAMOYTOJIBHOM, TpeyroiabHOM 1 X3Mmmunra. Hanpumep, npu uc-
NOJIb30BaHUM BecoBOM (yHknun XommuHra, K., = 0,5 u L = 10 crenens
YMEHBUICHUS JUCIIEPCUU COCTABISIET ¢ = 9.
Beruucnsrores  Ni-toueunble I gna L peanusanuii  curHasia

s (M) =s[n+I-1D1A=K,,)/ N, |, n=0,..N,~1:

- N1 .

SiGky="Y s;(mw(n)e 7™V k=0, ,N,~1,1=12,..,L.

n=0
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Bpruucnsarorcs 3HaueHus L nepuogorpaMm:

2
s

Lo, .
1y (k)= =I5, j%)

Ny -1
e U= ), w?(n).
n=0
Haxonutcs ycpeanenHas nepuoorpamma uim omneHka CIIM:

— 1L
Ps(k)= —ZIS, (k).
L5

Howmepy wactotnoi#t BeiOOpKku k CIIM cOOTBETCTBYIOT 3HAUEHHS YaCTOTHI
Je =k g [ Ny

IIpy HETOCTATOYHOM pa3pelIeHUH IO YACTOTE PEATM3ALMU JOTOJIHSIIOTCS
HYJIEBBIMH OTCUE€TaMH NNy, a TIpU OOJIBIIION THUCIIEPCUN YBEIMYUBACTCS YHUCIIO YC-
penusieMbix peanuzanuii CIIM — L. CTpykTypHasi cxema aHaJIu3aTopa CIIeKTpa Ha
OCHOBE METO/Ia IEPUOIOTPaMM TpuBeieHa Ha puc. 4.10 [4].

1, (k) _
s,(n) P (k)

+N |\ J1ID,, > ||2 HCt+—

W(n)Nl 1/LU

Puc. 4.10. CtpykrypHas cxema aHanuzatopa CIIM ciydaliHbIX CUTHAJIOB
METOZIOM MEePHOJ0rpaMM

Ha cxeme o0o3Hauensl: N — njivHa cexuuu (BecoBoi GyHkiuu); N = Ny +
Ny — uncio touek (4acToTHbIX BbIOOpOK) AIIdD; HC — HakamMBaomui cymma-
TOP, OCYIIECTBIISIIOIINI HAKOIICHHUE (YCPEIHEHHUE) NEPUOJOTPAMM.

[Ipu Berunciaenun BCIIM meronom nepuogorpamm (puc. 4.11) [4] cek-
[IMOHUPOBAHKE U B3BELIMBAHUE BBIMOJHAETCS PAaCCMOTPEHHBIM BBIIIE 00pa3oM
st obeux oOpabaThiBaeMbIX moclieoBaresbHocTeil s(n) u y(n). llepuomo-

rpamma a1t BCIIM onpenensercs Kak:
1 |
Ly (k)EﬂH@N [w(n)s; (m)] ATD * [w(n)y,(n)] =USz(Jk)Y’ (Jk),

a ycpeaHeHHas nepuoaorpamma niu ouenka BCIIM:

— 1 L
Psy(k) =_ZIsyl(k).
L5
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s, (n)

+N, || gD,
Wi HC —f
y,(n) 1/LU

+N, 1 JTID,,
w(n)

Puc. 4.11. CrpykrypHas cxema ananuzatopa BCIIM cinydailHbIX CUTHAI0B
METOJIOM MEPUOIOTPaMM

4.4. Bonipocsl 1 3a1aHUSA VISl CAMOIIPOBEPKH

1. B kakux o0JacTsx UCHOIB3YETCs CIIEKTPAIbHbBIN aHAIN3 CUTHAJIOB?

2. HazoBuTe OCHOBHBIE METO/IBI CIIEKTPAIIBHOTO aHAJIU3A.

3. OTHOCHTCS M 4acTOTAa JAMCKPETHU3AlMUd CUTHAJIA K OCHOBHBIM Mapa-
METpaM €ro crekrpa?

4. Ha30BUTE OCHOBHBIE NapaMETPhl AHAIU3ATOPOB CIEKTPA.

5. IlpencraBbpTe CTPYKTYpY aHanu3aTopa cnekrpa Ha ocHoBe [I1D.

6. Jlns pemieHus Kakux 3a/1a4 B CIEKTPOAHAIU3ATOPax MPUMEHSIOTCS Be-
coBble (QyHKITUN?

7. llpencraBbTe 3HAYEHUS OCHOBHBIX MApAMETPOB M3BECTHBIX BaM BECO-
BBbIX (DYHKIIUH.

8. B yem oTnuune Mexly CKauylluM U CKOJIb3smum JI1D?

9. IlpencraBbTe CTPYKTYpYy aHalM3aTopa CIIEKTpa HA OCHOBE IpeOEHKHU
(bUIBLTPOB.

10. HazoBuTe OCHOBHBIE XapaKTEPUCTUKU JUCKPETHBIX CIy4alHBIX
CUTHAJIOB.

11. 3anummrte Boipaxkenus s onpenencauss AK® u BKO.

12. Yro xapaktepuzytoT CIIM u BCIIM u Ha OCHOBE KaKuX BbIPAKCHUMN
Y X MOKHO OIPEAETUTH?

13. 3anumwute BbIpakeHUs Uisi cTaTUCTUYECKUX OLEeHOK AK®, BKO,
CIIM, BCIIM.

14. B yeMm CymIHOCTh KOPPEJIOrPaMMHOIO METOAA BBIYMCIIEHUS CIEK-
TPajJbHOM MJIOTHOCTH MOIIHOCTH TUCKPETHBIX CIyYAHBIX CUTHAIOB?

15. HazoBuTe OCHOBHBIE IIar¥ AJITOPUTMA CIEKTPAIBHOTO aHallu3a CUT-
HAJOB METOJOM MEPUOAOTPAMM.
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