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Jlexkuusa Nel
1. IMCKPETHASA (HU®POBAS) PAIMOTEXHHUKA

1.1 JlucKkpeTHbIE CUTHAJIBLI M KX AHAJIN3

JIUCKpeTHbIE CHTHAlbl E€CTECTBEHHO BO3HUKAIOT B TeX ClydYasX, KOrjaa
UCTOYHHUK COOOIIEHUH BbIAAET HHPOPMAINIO B (PUKCUPOBAHHBIE MOMEHTHI BPEMEHH.
[IpumepoM MOTyT CHYXHUTh CBEACHUS O TEeMIIepaType BO3lyXa, IepelaBaeMble
panroBemaTeIbHBIMU CTAaHIIMSIMU HECKOJIBKO pa3 B CyTKH. CBOHCTBO AHUCKPETHOTO
CUTHaJla MPOSBISIETCS 3[€Ch MPEAETbHO SPKO: B MMay3ax MEXIY COOOIIEHUSIMU
HUKAaKHX CBEICHUH O TemrepaType HeT. DakTHUeCKH Xe TeMIeparypa BO3ayXa
U3MEHAETCS BO BPEMEHH IUIABHO, TaK YTO Pe3yIbTaThl H3MEPEHHS BOSHUKAIOT 3a CUET
OuCKpemusayuy _HenpepuleHo20 CcucHala _— onepayuu, Komopas _gukcupyem

omc4eninvle 3HAd4YeHUA.

JluckpeTHbie curHajbl IpUoOpen 0cob0e 3HaUYCHUE B MTOCIICTHNAEC IECATUICTHS
MO/ BJIWSHUEM COBEPIICHCTBOBAHUS TEXHUKH CBSI3M W Pa3BUTUSA  CIOCOOOB
00paboTKH uHopMamu OBICTPOJCHCTBYIOIUMU BBIYUCIUTEILHBIMU
ycTpoiictBamu. bompiime ycmexw JOCTHTHYTHI B pa3padOTKe W HCIOJIb30BAaHUH
CHEIMAIM3UPOBAHHBIX YCTPOUCTB [UIs OOpaOOTKH JTUCKPETHBIX CHTHAJIOB, TakK
HA3bIBAEMBIX YUPDPOBLIX PUILIMPOS.

B Hacrosimiee Bpemsi Onarojgapsi OypHOMY pPa3BUTHIO MHUKPOMNPOLECCOPHOM
TEXHUKU TOJIyYWJia IIUPOKOE pacmpocTpaHeHue LudpoBas oOpabOTKa CUTHAJIOB.
[Ipu sTOoM Qusuyeckuri curHan (HampspKEHUE, TOK U T. MI.) TpeoOpasyercs B
NOCJIEIOBATEIBHOCTD  Yucenl, KOTOpas 3aTeM IOABEPraeTcs MamemamuiecKum
npeoOpa3oBaHUsIM B BBIYUCIUTEIBHOM  YCTPOMCTBE. TpaHCPOpPMHUPOBAHHBIN
mudpoBoil curHan (MOCIENOBATEILHOCTh YHCETI) MOXKET OBITh MpeoOpa3oBaH
00paTHO B HANPSKEHHUE UITU TOK.

Hacrosiumii pazaen mocBAIEeH pacCMOTPEHHUIO NMPUHLMIIOB MAaTEMAaTUYECKOTO
OMHCAaHUS JAMCKPETHBIX CHUTHAJOB, a TaKXK€ TEOPETUUYECKUX OCHOB IOCTPOCHHUS
JMHENHBIX YCTPOMCTB 7151 X 00pabOTKH.



1.1.1 AnaJjioroBble, TMCKpPeTHbIE M HU(PPOBbIE CUTHAJIBI

Ucxonupiit pu3nyeckuii CUTHAN SIBISIETCS HenpepulHot (HYHKIMEH BpPEMEHHU.

Takue CUT'HaJIbI, OIIPCACIICHHBIC BO BCC MOMCHTBI BPCMCHU, HA3bIBAIOT AHA/10206bIMU.

[TocnenoBaTenbHOCTHh YMCEN, MPEICTABISIONIAas CUTHAN Tpu nudpoBoit oOpadoTKe,
SBIISIETCSI  QUCKpemHbiM PSAOM M HE MOXET IOJHOCTBIO COOTBETCTBOBATH
AHAJIOTOBOMY cCHUI'Hajy. Ywucria, COCTaBIIOLIME IIOCIEI0BATENBHOCTD, SIBIISIFOTCS
3HAUYEHUSIMU CHUTHAJIa B OT/ENbHbIE (AUCKPETHBIE) MOMEHTHI BPEMEHU U HA3BIBAIOTCS

omcuemamuy curHana. Kak npaBuio, orcueTsl OepyTCsi yepe3 paBHbIE MPOMEXYTKH

BPEMEHHUA, Ha3bIBaEMble nepuodom ouckpemusayuy (WM UHMEPBATOM, ULA2OM

ouckpemuzayuu). BenuunHa, oOpaTHasi NepUOAY AMCKPETU3ALMH, HA3bIBAECTCS

yacmomou_ouckpemusayuu: f; = 1/A. B o0mem ciaydae npencTaBieHUE CUTHaja

HaO0OpPOM JUCKPETHBIX OTCYETOB MPHUBOIUT K MOTepe MH(POpMALUU, TaK KaK Mbl
HUYETO HE 3HAEM O NOBEJCHUM CUTHAJIA B IPOMEXYTKax Mexay orcyeramu. OaHaxo,
Kak OyJeT MoKa3aHo Jlajee, CyIIeCTBYET KJIacC aHAJIOTOBBIX CUTHAJOB, /ISl KOTOPBIX
Takol morepu HHOpPMALIMM HE NTPOUCXOAUT U KOTOpPHIE MOTYT OBITh MOYHO
BOCCTAHOBJIEHBI 110 3HAYEHUSIM CBOMX JIUCKPETHBIX OTCYETOB.

Hpouecc HpCO6p3.30BaHI/IH AHAJIOIrOBOro CHrtHajgda B IIOCJICAOBATCIBHOCTD
OTCYETOB HA3BIBACTCI Ouckpemusayuell, a pe3yJIbTaT TAKOI'O Hp606pa3OBaHI/I$I —

()MCKl?emelM CUCHAJIOM.

e ; ; : 8

Pucynoxk 1.1 - AHanoroBslii (@), TUCKPETHBIN (6) 1 IUPPOBOI (B) CUTHAIIBI

[Ipu 00paboTke curHaza B BBIYMCIUTEIBHBIX YCTPOWCTBAX €ro OTCUETHI
IPEACTABIIOTCA B BUJE JBOWYHBIX 4YHUCEJI, HMMEKIUX OTIPAaHUYEHHOE YHCIIO
paspsanoB. BcenexncrtBue 3TOro OTCYETHI MOTYT IPUHUMATh JIMIIb KOHEYHOE
MHO>KECTBO 3HAYECHUM U, CICJOBATENBHO, IIPU MPEICTABICHUN CUTHAJIA IPOUCXOAUT
ero okpyriienue. [Ipouecc npeobpa3oBaHusl OTCUETOB CUI'HAJIAa B YMCJIAa HA3bIBaeTCA
K6AHmMOBanueM HO Ypoenio, a BO3HMKAIOIIME IPU ITOM OUIMOKU OKPYIJICHUS —

ouuoKamu (MJZM WVM(IMM) K6AaHMOBAHUA.




CurHan, JOUCKPETHBIA BO BpPEMEHHM, HO HEKBAHTOBAHHBIH IO YPOBHIO,
Ha3bIBaeTCs OJuckpemuviM curHaioM. CurHai, JTUCKPETHBIH BO BpPEMEHU U
KBAHTOBAaHHBIM [0 YPOBHIO, Ha3bIBAIOT yu@dpogvim curHaioM. Cursansl,

KBAHTOBAaHHBIE II0 YPOBHIO, HO HENPEPHIBHBIE BO BpPEMEHH, Ha IPAKTUKE
BCTpeUaroTcs peako. PazHulily Mexay aHaJoroBBIMHU, NUCKPETHBIMU U IU(PPOBBIMH
CUTHAJIaMH WJUTIOCTPUPYET pUCyHKe 1.1.

BrruucnurenbHbie yCTPOICTBA, MpeIHA3HAYCHHBIE 1T 00paOOTKH CHUTHAJIOB,
MOTYT OMNEPUPOBATH TOJBKO IUGPOBEIMU cuTHanmamu. CyIIeCTBYIOT —Takxke
yCTpPOMCTBa, MOCTPOCHHbIE B OCHOBHOM Ha 0a3e aHaJlOrOBOM CXEMOTEXHUKH,
KOTOpbIE paboOTalOT ¢ JAUCKPETHBIMH CHUTHAJIAMH, TPEACTABICHHBIMA B BUJC
UMIYyJTBCOB Pa3IUYHON aMIUTMTYABl WIA JUIUTETHHOCTH. YTOOBI MOAYEPKHYTH
OTCYTCTBHE KBAaHTOBaHHS IO YPOBHIO, TAaKHE YCTPOWCTBA HMHOT/A Ha3bIBAIOT
ouckpemuo-ananocogvimu (JJAY).

3ameuanue 1

B oannou xypce mepmunsbl «uuchposou cdurompy u «ouckpemuwviil hurbmpy 6y0ym

UCnoib306anvCia KAK CUROHUMbBL, XOmMA, Cnipoco 2060pPA, peldb notioem o OuCermezx

CUCHAIAX U d)uﬂbmpax, NOCKOJIbKY QGb(beKWZbl, CBA3AHHblIE C KBAHMO6AHUEM, 6

DonbUUHCIEE ciayuaes He 6}/0)/]7’1 NPUHUMAMBbCA 60 BHUMAHUE — O HUX JIUULb KDAIMKO

nouoem peusb 8 Cieoviouem noopazoeie.

O06o0611eHHast CTPYKTYpa CUCTEMBI IUPPOBOIM 00paOOTKH CUTHAJIOB MPHBEACHA
Ha pucyHke 1.2. Ha Bxon moctymaeT aHanmoroBwlid curHan Spx(t). Ero BpemeHnHas
TUCKpeTH3alysi ¥ KBAHTOBAaHUE IO YPOBHIO TPOU3BOIATCS B aHAN020-Uu@dposom

npeoodpazosamene (ALIT). Tlpomecchl AMCKpeTH3allMd W KBAaHTOBAHUS SIBIISIOTCS
HE3aBUCUMBIMH JPYT OT APyra, HO OHH, KaK MPABWUJIO, BHITIOJHSIOTCS BHYTPH OJHOTO
omoka. Bexomaeim cumraamom ALl sBiIseTCs MOCIENOBATENBHOCTh YHCET,
noctynampmias B 1udposoit mpormeccop LIl ocymecTBastonuii  Tpedyemyro
00pabotky. Ilporeccop ocymiecTBaseT Haja BXOJHBIMU OTCYETAMU Pa3JIMYHbBIC
MaTeMaTHYECKHE OIepalliy; paHee IMOJIYyUYCHHBIE OTCUEThl U IPOMEKYTOUYHBIE
pe3yJbTaThl MOTYT COXPAHATHCS B IMaMSATH IIpoIrleccopa [Jisi HUCIIOJIb30BaHUS B
MOCJICTYIONTNX BBIUUCICHUAX. Pe3ympTaToM paboThl Tpolieccopa SIBISETCS HOBas
MOCJICTIOBATEILHOCTh YHCEIN, TPEICTABIISIONMNX COOOM OTCUETHI BHIXOIHOTO CHTHAJIA.
AHQJIOTOBBI  BBIXOJHOM  curHaid  Sppx(t) BOCCTaHaBIMBAEeTCS 1O  ATOM
MOCJICTIOBATEIFHOCTH YHCENI C TOMOIIBI0 UUPDPO-AHAN0208020 Npeodpazosamelis

(LIAIT). Hanpspkenue Ha Bbixojae LIAIl mmeer ctynendaTtyro ¢hopMy (CM. pUCYHOK



1.2); mpu HEOOXOAMMOCTH OHO MOKET OBITh MPEOOPA30BAaHO B TNIABHO MEHSAIOIIUNCS
BBIXO/IHOM CUTHaJ ¢ IOMOLIBIO CrilaXkuBaroiero gpuiasrpa .

YcerpoucTea, peamuzyeMble € [IOMOLIBIO  CTPYKTYPbI, AaHAJIOTUYHOH
NpeACTaBIeHHOW Ha puc. 1.2, MOTYT MMETh caMblii pa3HOOOpa3HbI XapakTtep. B
udpoBoil popMe MOKHO CO3/1aBaTh (PUIBTPHI, AHAIM3ATOPBI CIIEKTPA, HEJIMHEHHBIE
npeoOpa3oBaTeIy CUTHAJIOB U MHOTOE JIPYTo€.

SBX(t) thlX(t)

——{ ALIN urn

{yo, Y1, Y2, ...}

Pucynok 1.2 - CtpykTypHas cxema cucteMbl Iu(ppoBoi 00pabOTKU CUTHATIOB

3amMeuyanue 2

Cneoyem ommemums, YMO UCHOJIb30BAHUE 6XOOHbIX U BbIXOOHLIX CUSHAIOE 8
anano2oeou opme (u, cieoosamenvro, Haauuue ALl u [[AIIl) ne ecezoa asisemcs

HEe0OX0O0UMbBIM. TCZK', npu _peaiuzauuu uud)poeoeo cenepamopa CucHalo8 HE HYMHCEH

6X00HOU_aHAI0208blil cucHayl, a HAH MOoHcCeEM omceymemeosanib, eciu KOHeYHblll

pe3yvabmam Heobxooum 8 uudpoesou hopme.

K noctounctBam 1u@poBoii 00paOOTKM CHUTHAJOB OTHOCSITCS BBICOKAs
rMOKOCTb W TOYHOCTh BBIMOJHEHUsI TNpeoOpa3zoBaHuil curHaia. OCHOBHBIM
HEJOCTAaTKOM SIBJIIETCA OrPAaHUYEHHOE OBICTPOACIHCTBUE; BIPOYEM, IO MEPE
pa3BUTUSL TEXHOJOTMHM padoune YacTOThl IUGPPOBBIX YCTPOMCTB MOCTOSHHO
BO3PACTAIOT.



1.2 Moaesin AUCKPETHBIX CHTHAJIOB

Ecnu aHanoroBblii curHan Xx(t) MMeEeT MaTeMaTHYeCKyl0 MOJENb BHJIA
HENPEPBIBHON WM KYCOYHO-HETPEPHIBHON (YHKIIMH, TO COOTBETCTBYIOIIMNA €My
JMCKPETHBIN CUTHAN X4(T) TPEACTABISICT CO00M MOCIen0BaTEIbHOCTD (..., X -1 Xo, X
X2,...) OTCUETHBIX 3HaueHWW curHaiza x(t) B Toukax (.., t 1 , to, t;, to, ..)
COOTBETCTBEHHO.

1.2.1 IuckpeTn3upyomas nocjaea0BareJbHOCTb

Ha mnpaktuke, kKak mOpaBuiIO, OTCYETHl JUCKPETHBIX CHUTHAJIOB OEpyT BO
BPEMEHU 4epe3 paBHbIA NPOMEKYTOK A , Ha3bIBa€Mblil ummepsaniom (wazom)

c)uc:<pemu3auuu:

A=t _—t =t ,—t ,=.. (1.1)

Omnepanutoo  Juckpemusayuu, T.€. TEPEeXoA OT aHAJIOroBoro curHama x(t)
JTUCKPETHOMY CHUTHAIY Xj(t), MOXKHO OIKCATh, BBEASI B PACCMOTpPEHHE 000OIICHHYIO

(byHKIHIO

n@) = > 8(1 —kA) (1.2)
k=—c0
Ha3bIBACM YO 0uc:<pemu3upw0med HOCJle()OGCImeJZbHOCn’ZbIO.

n

=40 A

Pucynox 1.3 - Jluckperusupytoiias nocjaea0BaTelbHOCTh



O4eBHIHO, JUCKPETHBIH CHUTHAN X,(T) TMpeAcTaBiIsieT Cco0ol  (PYyHKIMOHAM,
OIpE/IeNICHHBI HA MHOKECTBE BCEBO3MOKHBIX AaHAJIOTOBBIX CUTHAJIOB X(t) U paBHBIN
CKaJIsIpHOMY Tpou3BeAeHUI0 pyHkuuu X(t) u n(t):

x, () = (x,m) = I x(2) iS(f — kA)dt (1.3)

®opmyna (1.3) yka3plBaeT MyTh NPAKTUYECKOM pealn3aluu YCTPOMCTBA I
JUCKpETU3allMM aHAJoroBoro curHaia. PaboTta OJuckpemuszamopa oOCHOBaHa Ha

omnepanuu cmpoouposanusi — TEPEMHOXKEHHsT 00pabaThiBaeMOro curtana x(t) u

«rpedenuaroit» Gynkuuu 1(t). [IoCKONIbKY IIUTENTFHOCTh OTACIBHBIX UMITYJIECOB, U3
KOTOPBIX CKJIA/bIBACTCS QUCKPEMUUPYIOWAs NoC1e008amenbHOCHb, PABHA HYJIIO, HA

BBIXOJZIC HACAIBHOIO AUCKPCTHU3aTOpa B PABHOOTCTOAINNC MOMCHTBI BpPCMCHU
BO3HHKAIOT OTCUYCTHBIC 3HAYCHHUA 06pa6aTHBaeM0r0 AHaJIOI'OBOI'O CHMI'Hajia.

X " X0 (D
MMy AbCHbIH MHn
x G g Mon};nsrop P Xl
¢ I'eHepaTop _ nn“" ¢
MMI1YJTIbCOB UL
0 | CHHXpOHHM3aLUH E I

Pucynok 1.4 - CTpykTypHas cxema UMITyJIbCHOTO MOJYJIATOpa

1.2.2 Moay/JiupoOBaHHbIE HMITYJIbCHbIE MOCJI€10BATEILHOCTH

JIucKpeTHbIe CUTHAJIBI Hayalld UCIO0JIb30BaTh elle B 40-X rofax mpu CO3AaHUU
PaIMOTEXHUYECKUX CHUCTEM C HMITYJIBCHOM MOIYISUMEH. DTOT BHUJ MOIYJISLIMHA
OTJIMYAETCS TEM, YTO B Ka4ECTBE «HECYIErOo KoJIeOaHHSI» BMECTO TapMOHHUYECKOTO
CUTHAJIA CIYXXKUT TMEPUOJMYECKasi IMOCJIEeI0BATEIbHOCTh KOPOTKUX HMITYJIbCOB.
NmnynbcHbl MOAyaaTop (pucyHok 1.4) mpeacraBisieT co00M yCTPOMCTBO ¢ ABYMSI
BXOJIaMH, Ha OJIMH W3 KOTOPBIX TOJAETCS MCXONHBIN aHamoroBbii curHan x(f). Ha
JPYTOM BXOJ IMOCTYIMAKOT KOPOTKHME CHUHXPOHU3HPYIOLIME UMIYJIBChl C HHTEPBAIOM
noBTOpeHuss A. MoaynsTop HOCTPOEH TakuM OO0pa3oM, YTO B MOMEHT IOJayu
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KOKJIOTO CUHXPOHU3HUPYIOUIETO HMITYJIbCA MPOUCXOJUT H3MEPEHUE MIHOBEHHOIO
3HaueHust curHana x(f). Ha Bbixole mMomaynsiTopa BO3HUKAET IMOCIIEI0BATEIbLHOCTD
UMITYJIbCOB, KaXJbli K3 KOTOPHIX HKMEET IUIOIa/lb, MPONOPIUOHAIBHYIO
COOTBETCTBYIOIIEMY OTCUETHOMY 3HAUYEHUIO aHAJOTOBOTO cUrHaia. CUTHAN Xy (1)
Ha BBIXOJIE HUMIYJbCHOTO MOJyJsiTOpa OyAeM Ha3blBaTh MOOVIUPOBAHHOU

umnyabchou nociedogamenvrhocmoio (MUII). EcTecTBEHHO, UTO TUCKPETHBIN CUTHAT

SIBIIIETCS MaTeMaTu4ecKou moenbro MUIT.

OTMeTuM, 4TO € NPUHLMIHAIBHON TOYKH 3PEHUSl XapaKTep HMITYJbCOB, U3
KOTOphIX ckiaabiBaeTcss MUII, 6e3pasnuyueH. B 4acTHOCTH, 3TH UMITYJIbCBI MOTYT
UMETh OJMHAKOBYIO JUIMTENBHOCT, B TO BpeMs KaK HX aMIUIATyJa
IIPONOPLMOHAIBHA OTCYETHBIM 3HAYEHHUSIM TUCKPETU3UPYEMOIO curHasia. Takoil Bun
npeoOpa3oBaHUsl HENPEPBIBHOIO CUTHAJNA TOJYYWJI Ha3BaHUE aMAIUMYOHO-

umnyavcuou _mooyuayuu (AVM). Bo3moxkeH aApyroil crnocod — wupomHo-

umnyavcuas mooyuayua (IIWM). 3pech amMmuTyabpl HMITYJIbCOB Ha BBIXOJE

MOJYJATOpPa TMOCTOSIHHBI, a WX JUJIMTEIbHOCTh (IIMPUHA) MNPONOPLIHMOHATIbHA
MTHOBEHHBIM 3HAYCHHUSM aHAJIOTOBOTO KOJICOAHMUS.

Bre16op TOro mim MHOTO crnocoba UMIMYJIbCHOW MOIYJISIIUN AUKTYETCS PSIOM
TEXHUYECKUX COOOpa)KeHWi, yJOOCTBOM CXEMHOW pealu3allid, a TaKxke
XapaKTepHbIMA  OCOOCHHOCTSIMH  TEpEeaBacMbIX  CHTHAJIOB. Hampuwmep,
HerenecooopasHo ucnons3oBaTh AMM B ciaywae, eciaM TMOJIE3HBIM CHTHANI
U3MEHSETCS B OYEHb IIMPOKUX IIPeneiiax, T.€., KaK 4acTO roBOPAT, UMEET IUPOKUM
JUHAMHYECKUN aMana3oH. /[ HenckaxxeHHOW Iepeadn TaKoro CUrHaja Tpedyercs
IIEPENATUNK CO CTPOrO JIMHEHHOM aMIUIMTYJHOM Xapakrepuctukon. Co31aHue Takoro
nepesaTInKa - CaMOCTOATEIbHAs, TEXHUYECKHU clloxkHas nmpobiema. Cuctems 1HINM
HE TPEIbABISAIOT TpeOOBaHUMM K JUHEHHOCTH aMIUIMTYAHBIX XapaKTEPUCTUK
nepeaaromero ycrpoiuctsa. OJHAKO HMX CXEMHas peau3alMs MOMXET OKa3aTbCs
HECKOJIBKO CJIOKHEE 0 CpaBHEHMIO ¢ cuctemMamMu AVM.

Maremarnueckyro moaens uacanbHod MUII MOXHO MOMYy4YUTH ClELYIOIIMM
obpazom. PaccMoTpum opMyity AUHAMUYECKOTO TIpeacTaBieHus curnana x(f):

(00

s(t) = f s(0)6(t — 1)dt (1.4)

— 00

[Tockombky MMUII onpenenena numb B Toukax fr = kA (kK = 0, £1, £2, ..),
UHTEerpupoBanue B popmyne (1/4) cnexyer 3aMEHUTH CYMMUPOBAHUEM IO UHJEKCY K.
Ponp muddepenumana ds 6yner urpars uHTepBan (war) auckperuszauuud A. Torga
MaTeMaTHyecKkass MOJENb MOJYJMPOBAHHON HMIYJbCHOM IOCIEI0BAaTENbHOCTH,
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00pa3oBaHHONW OECKOHEYHO KOPOTKMMH HWMITYyJIbCAMH, OKQXKETCS 3aJaHHOU
BBIPOKEHUEM:

X (£) = A z x.8(t — kA) (1.5)

k=—o0

rae x; = x(k-A) — BIOOpOYHBIC 3HAUCHHS AHAIIOTOBOT'O CUTHAJIA.

1.2.3 CunexkrpaabHas IUVIOTHOCThH MOAYJIMPOBAHHOM HMI1YJ1bCHOM
MOCJ1e/10BAaTeILHOCTH

HccnegyeM CHEKTp CUTHAQJIA, BO3HHUKAIOLWIEIO HA BBIXOAE HJI€AJBHOTO
UMITYJIbCHOTO MOJYJISITOpA M ONUChIBaEMOro BbIpakeHuem (1.5). 3amerum, 4TO
curHan suaa MUII ¢ TOUHOCTBIO 10 KO3 PUIIMEHTA TPONOPLUOHAIBHOCTH A paBeH
npou3BeieHn 0 QYHKIUHU X(t) ¥ TUCKPETU3IUPYIOLIEH MOCIeI0BaTeNbHOCTH 1| (t):

Xyun (8) = Ax(t)7(t) (1.6)

I/ISBCCTHO, 4TO CIHICKTp IMPOU3BCACHHUA [IBYX CHIHAJOB IIPOIIOPHHUOHAIICH
CBCPTKE HX CIICKTPAJIbHBIX IUIOTHOCTEH. HOBTOMy €CJIN U3BCCTHBI 3aKOHBI
COOTBCTCTBHA CUTHAJIOB U CIICKTPOB!

x(t) & Sx(w),n(t) & §y(w)

TO cniekTpaiibHas i1oTHoct MUII — curnana:

A (0]
Sun(@) = 5= | 5,50 - £)dg (1.7)

UtoObl HaWTU CHEKTPAIbHYI0 IUIOTHOCTh Sy(®) JUCKpPETU3HPYIOLIEH
MOCJIEIOBATEILHOCTH, PA3JIOKUM MEPUOANYECKYI0 (PYHKIMIO M(t) B KOMIUIEKCHBIH
psn Pypee:

n(t): z CneiZHnt/A

n=—oo
Koadduumentsr atoro psana (n =0, £1, £2, ...):

1 A2 _i2nnt 1

Cn=—j 6(t)e” A dt:Z

AJ a2
11



Oo6patuBmmch k popmyre (4.40 Yacts 1), momyqaem:

Sn(w)zzfn i 5(0)—2%) (1.8)

n=-—oo

T.C. CIICKTp ,ZII/ICerTI/I?)I/Ipy}OHICﬁ MoCjacao0BaTCIbHOCT COCTOUT H3 OCCKOHEYHOM
COBOKYIIHOCTH JOCJIbTA-UMITYJIbCOB B YacTOTHOM OOJIACTH. I[aHHa}I CIICKTpaJibHasd

. . -1
IUIOTHOCTB SBJIIETCS [IEPHONIECKON (QYHKIHEH ¢ meprogom 277 /Alc™]

Haxownern, nmoacrasuB ¢hopmyiny (1.8) B (1.7) 1 u3BMEHUB MOPSAIOK CIICIOBAHUS
oTepaIii HHTETPUPOBAHMS U CyMMHUPOBAHUS, HAXOIUM:

Sun(@) = Y Sy~ (19)

Wrak, CHexTp curHana, IIOJIYYEHHOTO B pE3yJIbTaTe WACAIBbHOM JIUCKPETU3aluu
0ECKOHEUHO KOPOTKUMH CIpoOUpyiowumu uMnyibcamu, IpeCcTaBiIseT coooil cymmy

OECKOHEYHOTO YHCJIa «KOIHW» CIIEKTPAa MCXOJHOTO aHaIOroBOTrO curHajia. Kormwn
pacrmonaraloTcs Ha OCH YacTOT dYepe3 OIMHAKOBBICE HWHTEpBANbI 27/A, paBHBIC
3HAYEHUIO YTJIOBOW YacTOTHI MEPBOM TApPMOHHUKH TUCKPETH3IUPYIOUIEH WMITYIIbCHOM
nocJjea0BaTeIbHOCTH (pUCYHOK 1.5 a, 0).

S:mm
/ m
—2n/A —m/A u/A /A
a
A"n S /’\
/x
1 | | | a
—2nfA  —n/A 0 niA n /A
/]

Pucynok 1.5 - CnekTpanpHas IJI0THOCTh MOAYJIUPOBAHHOW UMITYJILCHOM
IIOCJIEIOBATEIbHOCTH IIPU PA3IIMYHBIX 3HAYCHUSIX BEPXHEH I'PAHUYHOM YaCTOTBI: d —
BEPXHsIs IPaHUYHAs YACTOTA BEJIMKa; O — BEpXHss IPaHUYHAas 4acTOTa MaJa
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1.2.4 BoccraHoBjeHHE HeNpPepPbIBHOIO CHTHAJA 1O  MOAYJHPOBAHHOMN
HMIIYJIbCHOM MOC/IeA0BATEIbHOCTH

B nmanpHeiimem OymeMm mosarath, 4TO BEIIECTBEHHBINM CHTHAI X (1 ) UMeeT
HU3KOYaCTOTHBIN CIEKTP, CUMMETPHUYHBIA OTHOCHUTEIBHO TOYKH ® = 0 wu
OTPaHUYCHHBIM BepXHEW I'paHUYHON 4YacToTOM ®s. M3 pucynka 1.5, 6 ciemyer, 4To

ecimu @, <TT /A , TO OTAENbHBIE KOMUU creKTpa Sy (®) HE HAKIIAJIbIBAIOTCSA JIPYr Ha
Jpyra.

[TosTOMy aHAIOTOBBIN CUTHAJ C TAKUM CHEKTPOM, MOJABEPTHYTHIM UMITYJILCHOM
JTUCKPETU3AIMH, MOXET OBITh COBEPIIEHHO TOYHO BOCCTAHOBJIEH C IIOMOIIBIO

uneanbHoro @HY, Ha BXOJ KOTOPOTO MOJaHAa MMITYJbCHAs MOCJIEI0BATEIBLHOCTD
Buga (1.5). Ilpm »>TOoM HAMOONBIIUN JOMYCTUMBIA WHTEPBAl JAUCKPETU3AIMNH

A</ @, , yto cornacyetcs ¢ Teopemoii KorenpHukoBa.

JleicTBUTENBHO, MyCTh (UIBTP, BOCCTAHABIUBAIOLIUN HEMPEPHIBHBIN CUTHAT,
UMEET YaCTOTHBIN KA (DULIMEHT mepeaayu:

0,w < —w,,
K(iw) =K, —w; < W < Wy,
0, w> w,.

HNmnynscHas XapaKTepUCTHUKA 3TOTO (PUIBTPA OMUCHIBAETCS BHIPAKECHUEM:

Kyw, sin(wgt)

1 [@s :
h(t) = —f K(iw)e'tdw =
21 )_,,, wgt
[Ipunumass Bo BHUMaHue, utro MUII-curnan Bunma (1.5) ecte B3BelieHHAas cymma
JeNbTa-UMITYJILCOB, HAXOMM OTKJIMK Ha BBIXOJE BOCCTAHABIMBAIONIETO (DUIBTpA:

_ Kyw,A - sin[w,(t — kA)]
y(®) = Z Xk o (L= kD)

(1.10)

k=—c0

I[aHHLIﬁ CHUraaljl ¢ TOYHOCTBIO JO MacHITabHOTO KOS(I)(I)I/IHI/ICHTEL MMOBTOPACT UCXOJHOC
KoJicOaHMe ¢ OI'paHUYCHHBIM CIICKTPOM.

Nneanbupiii. ®HY  dusmdeckn Hepeam3dyeM UM MOXKET CIYXXUTh JIUIIb
TEOPETUUYECKOW MOJEINbI0 JUIsl OOBSICHEHUSI TPUHIIMIA BOCCTAHOBIIEHUSI COOOIICHUS
M0 €ro JUCKPETHbIM HMMIYJIbCHBIM OTcueTaM. PeasibHbIl (UIBTP HUKHUX YACTOT
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umeer AUX, kotopas nuOO OXBaThIBAET HECKOJBKO JICTIECTKOB CHEKTPAIbHOU
nuarpammel MUIL, 1100, KOHIEHTPUPYSACH BOIM3U HYJIEBOM 4aCTOTHI, OKa3bIBAETCS
3HAYUTEIIBHO YK€ LIEHTPAJIBLHOTO JIENIECTKA CIeKTpa. /[ nmpumepa Ha pucyHke 1.6,
0—e¢ mnpuBeIEHBl KpHUBBIE, XapaKTepusyrollue CcurHan Ha Bbixoge RC-menu,
WCITOJIb3yeMOM B Ka4eCTBE BOCCTaHaBMBatomero Gpuibrpa (pucyHok 1.6, a).

T A
lxm(f) CI l}'“’

K1 a 6

I [4}] t
K| L

—\\T\:m &kkkékk f

n/A

Pucynox 1.6 - BoccraHoBieHHE HENPEPHIBHOIO CHUTHANA MO €ro HMITYJIbCHBIM
orcueraM ¢ nomouipto RC-mienu: a - cxema QuibTpa; 6 - JTUCKPETHBIA BXOJTHOM

curHaim; 6, 2 - AUX ¢unpTpa u curHaji Ha ero Beixoze B ciaydae RC >> Ao, e-10

xke, 1 cirydasd RC « A

N3 mnpuBeneHHbIX TpaUKOB BHUIHO, YTO PEATbHBIA BOCCTAHABIMBAIOLIUN
buabTp HEM30EXKHO MCKaKaeT BXOJHOE KojeOaHue. 3amMeTuM, UTo s
BOCCTAaHOBJICHUS] CHTHAja MOXHO HCIIOJIb30BaTh KaK LEHTPaIbHBIA, TaK U JIO0OM
OOKOBOM JIEMECTOK CHEKTPAIbHOW JUArpaMMBbl.

1.2.5 Onpepesienne aHAJIOTOBOI0 CUTHAJIA M0 COBOKYITHOCTH OTCYETOB

Pacrionaras MUII-npeocmagienuem, MOXKHO HE TOJBKO BOCCTAaHOBUTH

AHAJIOTOBBIM CHUTHAJI, HO U HAUTHU €ro CHEKTPAIBHYIO INIOTHOCTh. I 3TOrO0 Ciiemyer
MPEXKJE BCEr0 HEMOCPEACTBEHHO CBA3aTh CIHEKTPalbHYIO IUIOTHOCTE MUIIL ¢
OTCUETHBIMHU 3HAUEHUIMU:

14



[00]

Swun(@) = j xMI/m(t)e_iwtdt = (1.11)

=A z x(£)6(t — kA)e ' tdt = A z xy e " twkA
k=—o0 k=—0o0

C npyroit CTOpPOHBI, CIEKTpaIbHAs INIOTHOCTD S,y () ObLIA HAMIEHA paHee APYyTUM
criocobom [cM. popmyay (1.9)]. [TosToMy cripaBeITTUBO COOTHOIIICHUE:

[00] (00]

—iwkA 2mn
A Z Xye = Z Sy (a)—T> (1.12)
K

=—00 n=-—oo

HN3BECTHOC B MAaTECMATUKEC KaK d)ODMV]ZCl cymmuposanus Ilyaccona.

Opnno3nayHo Haitu QyHKIHMIO ) (), 3HAs JEBYIO 4acTh paBeHcTBa (1.12) u3
pe3ynbTaTOB U3MEPEHUM, BOOOIIE TOBOPS, HEBO3MOXKHO BBHUIY 3 (eKTa HaIOKEHUS
KoM crekTpa. VCKIIIoueHHe COCTaBIIsIeT Clay4yaid, KOrjJa 3apaHee H3BECTHO, YTO
UCXOJHBIN cUTHANI X (t) UMEeT CIEKTP HU3KOYACTOTHOTO BHUJA, YJIOBJIECTBOPSIOUIUN
ycioButo TeopeMbl KorenbHukoBa. Torga oO4eBUAHO, YTO CIHEKTP aHAJIOTOBOIO

CHUIHaJia.
( T
0, <z
@STh
. T T
S (w) =1{A z xpe Tk, — 2 <0<, (1.13)
k=—o0
w
L O, w > Z

Jannas opmyna ucuepnbiBarolle pellaeT MOCTaBICHHYIO 3ajadyy MpU yKa3aHHOM
BBIIIE OTPAHUYCHUH.

1.3 JluckpeTru3anus nNepuoau4eCKuX CUrHAJI0B

Mogens auckpetHoro curHaida Buja (1.5) mpenmonaraer, 4To OTCUYETHBIE
3HAUCHHUS aHAJOTOBOTO KOJICOAHUS X(?) MOTYT OBITH MOJYyYeHBI B HEOTPAHUUCHHOM
YuCJie TOYEK Ha OCH BpeMeHU. [IpakThuecku MoJIyduTh CTOJIb OOIIUPHBIE CBEACHUS O
curtasie, Oe3yCIOBHO, HEBO3MOXKHO, IOCKOJbKY 00OpaboTKa Bcerja BeAeTcs Ha
KOHEYHOM MHTEpBaJie BPEMEHHU.
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N3yuumM 0COOEHHOCTH CIIEKTPAIILHOTO MPEACTABICHUS TUCKPETHOTO CUTHAJIA,
KOTOpBIM 3amaH Ha otpeske [O, T] cBouMu oTcUeTaMu Xo, Xi, X2, ..., XN-1 B3SITBIMHU
COOTBETCTBEHHO B MOMEHTHI BpeMeHu O, A, 2A, ..., (N—1)A; noaHoe 4uCiI0 0TCYETOB
N = T/A. MaccuB 5THX 4YHCE], BEIISCTBEHHBIX WM KOMIUIEKCHBIX, SBIISICTCS
€MHCTBEHHBIM UCTOYHUKOM CBEJCHUMN O CIIEKTPAJIbHBIX CBOMCTBAX CUTHAJIA X(1).

MeTtoauka H3ydyeHUs TAKUX JAMCKPETHBIX CHUTHAJIOB COCTOMT B TOM, YTO
NoJlydyeHHasi BBIOOpPKA OTCYETHBIX 3HAUYEHUH MBICIEHHO MOBTOPSETCS OECKOHEYHOE
4YuCIOo pa3. B pe3ynbrare curaana CTaHOBUTCS NEPUOANYECKUM (pUCYHOK 1.7).

o! '3 |

[E X XN

1.

01234....N-1

Pucynoxk 1.7 - JluckpeTrHoe npeacraBiieHUe NEPUOIUIECKOTO CUTHATIA

ComnocTaBUB TaKOMY CHUTHAJIy HEKOTOPYIO MAaTEMaTHUECKYI0 MOJEIb, MOXKHO
BOCTIOJIb30BaThCSl pazioxeHueM B psan Dypbe U HAWTH COOTBETCTBYIOIIME
aMIuIuTyiHble K03 uiueHTsl. COBOKYMHOCTh ATHX KO3((UIMEHTOB 0O0pa3yer
CHEKTP AUCKPETHOTO NMEPHOANYECKOTO CUTHAIA.

1.3.1. InckperHoe npeodpa3oBanue Dypbe

Bocnons3yemcsi MOieNbi0 B BHJIE MOCIIEIOBATEILHOCTH JIETbTa-UMITYJICOB U
COMOCTaBUM MCXOJTHOMY KOJIEOaHUIO X () ero auckpetnoe MUII-npedcmasnenue:

X (8) = A ) x,6(t — kA) (1.14)
,Z:o ‘

[IpeacraBum auckpeTHyto mojensb (1.14) kommuekcHbIM psigoM Dypbe:

Xy () = A Z C,et?™t/T (1.15)
n=-—oo
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¢ K03 ppurreHTamu:

i2mnt

1 (T _iznnt
anT_AfO Xyun(t)e T dt (1.16)

[Toacrasmsist popmyny (1.14) B (1.16) m BBOas Oe3pa3sMepHYIO TMEPEMEHHYIO

5 =t/A , IOJIyYHUM:

i2nnt

1 NAN_l
C,=— Zxk(S(t—kA)e_ T dt =
NAJ, L
1 N _i2nmné
=5 | Dl - e W g =
0 ¥=o

1 = N _i2nmné
=—Z xkj 5(F—k)e™ N dE
N k=0 0

Hakonel, ucnonb3yst GpuiabTpyroliee CBOMCTBO AeNbTa - GYHKIUU, UMEEM:

N-1
1 .
C, = N Z x e ~t2mnk/N (1.17)
k=0

®opmyna (1.17) ompenensieT mociaeAoBaTEAbHOCTh KOI(DPHUIIMEHTOB, 00pa3yIONINX
ouckpemuoe npeoopazosanue Pypve (AI1D) paccmarpuBaemoro curnana. OTMeTUM
HEKOTOpbIe oueBuAHbIE cBOMCTBA [(I1D:

1. luckpetHoe nmpeobpazoBanne Oypbe eCTh TUHEHHOE TTpeoOpa3oOBaHue, T.€. CYMMeE
CUTHajoB oTBeyaer cymma ux JI1O.

2. Yucno paznmuyabix k03pduiueHToB Co, C; Cy, ..., Cn.1 BBIUUCIAEMBIX 110 (opMyIie
(17), paBHo uncity N otcuetoB 3a nepuo; npu # = N . koahdummert Cy = C,.

3. Koappunuent Cy (mocTrossHHAsE COCTaBIISIIONIAs) SBISAETCS CPEIHMM 3HAYE€HUEM
BCEX OTCUETOB:
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5. IlycTh OTCUeTHBIE 3HAUEHMSI X; — BELIECTBEHHbIE Yucia. Toraa Ko3¢hdUIreHTs
JII®d, HoMepa KOTOPBIX paclojiaraloTcsi CHMMETPUYHO OTHOCHUTENbHO N/2,
00pa3yroT COnpsiKEHHbIE MaPhI:

N-1 -1
1 .
Cyop = Nz Xe —i2n(N-n)k/N _— N xkeLZnnk/N =C:
0

2

&
I

[ToaToMy MOXHO cuutaTth, 4TOo KO3pbuumentor Cypoii, ... ,Cnx.1  OTBEHAIOT
OTpHULIATENIBLHBIM YacToTaM. [Ipy M3ydyeHun aMIUIMTYJHOIO CIIEKTpa CUTHaja OHU HE
JIa¥OT HOBEIX CBEJIEHUMN.

Ipumep 1.1 Juckpemmuwui cuecnan nHa unmepeane ceoell NepuoOUYHOCmU 3A0aH
wecmoto pagnoomcmoswumu omcyemamu {xit = = (1, 1, 1, 0, 0, 0). Haumu
koaghpuyuenmor 11D smoeco cuenana.

Hcnonp3ys ocHOBHYO Gopmyay (1.17), HEemocpenCTBEHHO BBIYUCIISAEM:
Co=3/6=0.5,

Ci = 1/6(1 + e~ /3 +e=2/3) = 1/6(1-iV/3),

Co = 1/6(1 +e~127/34g=i4m/3) —

Cs= 1/6(1 +e~ % +e~27) =1/6.

[Tocnemyromue K0O3PPUIHUEHTH HAXOAAT HA OCHOBAaHUH CBOMCTBA 5:

Cy=C, =0,Cs= C; =1/6(1+i\/3)

111

0123435

Pucynoxk 1.8 — Koaddurmentst AI1D curnana npumepa 1.1

I/ITaK, pacnojiarad JMCKpETHbBIM CUTHAJIOM C YHMCJIOM OTCUCTOB N = 6, MO>KHO HAWTH
INOCTOSAHHYIO COCTABJIAIOINYIO, 4 TAKIKE KOMIIJICKCHBIC aMIIIINTYAbI nepBoﬁ, BTOpOﬁ )41
TpeTBCﬁ rapMOHHMK HCXOJHOI'O HCEIIPCPBLIBHOIO CHUIHAJIA. ﬂCHO, 4TO IIpu JTFO00M
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4yeTHOM N YHCJIO HAXOJAUMBIX TAPMOHMK COCTABJISIET MIOJIOBUHY YUCJIA OTCYETOB. ITO
TMOJIOKEHHE  HEMOCPEJCTBEHHO  BBITEKaeT M3  TeopeMbl  KoTelbHHKOBA.
JleCTBUTENBHO, BEPXHIOI T'PAHMYHYIO YACTOTY B CIIEKTpe AUCKPETHU3UPYEMOTO
CHTHAJA cleyeT HaxoauTh u3 cootHomenus fp =1(2A)=(N/2)f, tne f, = UUT

— YacToTa IMepBOM TAPMOHUKH.
1.3.2 BoccTaHoBJIeHHEe MCXOAHOTO curnaja nmo JId

Ecnu Ha ocHOBaHMHM COBOKYIMHOCTH OTCUETOB Xg, X| X2, ..., XN-1 HEKOTOPOTO
curnana HaugeHsl koddpduruentor IO Cy, C; C,, ..., Cyp, TO IO HUM BcCeraa
MOHO BOCCTAHOBUTH MCXOAHBIN CUTHAJ X (t) C OTpaHUYEHHBIM CIIEKTPOM, KOTOPBIN
ObUT TMOJABEPrHYT JAUCKpeTu3auuu. Psg @Dypbe TaKoro curHajga MPUHUMAET,
OYEBUJIHO, BUJ] KOHEUHOU CYMMBI:

2mt

x(t) = Cy + 2|C4| cos( 7

4 gol) + (1.18)

+2|C,| cos ($+ <p2) + 42 |CN/2| cos ($+ <p1v/2),

rae ¢; = argC;, - pazoBsiii yron kodpdunuenta AI1O.

t/T

Pucynok 1.9 - Curnan, BoccTaHOBJICHHBIN 110 Kodpdunnentam AI1D

B kadectBe nmnpumepa Ha pucyHke 1.9 wu300paxkeH curHam  Xx(1),
BOCCTAHOBJICHHBIH 10 CBOMM OTCYETaM B COOTBETCTBHUH C JaHHBIMU npumepa 1.1. Ha
ocHOBaHUM (opmyJbl (1.18) 3TOT cUTHAT UMEET BUI:

1 2 2nt w1 67t
x(t) = 5 + §COS(T — §) + ECOS(T)
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Crnenyer mMOAYEPKHYTh, YTO BOCCTAHOBJICHHE HEMPEPHIBHOTO CHUTHANIA IIO
dbopmyne (1.18) ectp He mnpuOIMKEHHAs, a TOYHAs OIepalys, IOJHOCTHIO
HKBHUBAJICHTHAS TIOJYYEHHUIO TEKYIIUX 3HAYCHUN CUTHAJIA C OTPAHUYEHHBIM CIIEKTPOM
no ero orcueraM. OmHako mpoueaypa, ucnonp3ywomas IID, B psge ciydaes
npeamnoyTuTenbHa. OHAa MPUBOAUT K KOHEYHBIM CYMMaM TapMOHHK, B TO BpeMs Kak
psin KorenpHuKOBa mJif TEPUOIUYECKOTO CHUTHAjda MPUHIMIHAIBHO JIOJDKECH
Co/IepKaTh OECKOHEYHOE YK CIIO YICHOB.

1.3.3 O0paTHoOe nucKkpeTHOE nMpeodpa3oBanue Pypbe

3amaya AUCKPETHOTO CHEKTPAIbHOTO aHaJIM3a MOKET OBbITh MOCTaBJIEHA U TO-
uHoMy. Jlonmyctum, uto kodpdunuentsr C, oopaszyromue AI1D, 3agansl. [Tonoxum B
dopmyne (15) ¢ = kA u yureMm, 4TO CyMMHUPYETCs JHIb KOHEYHOE YHUCIIO YJICHOB
psla, KOTOpbIE OTBEYAKOT T'apMOHMKAM, COIEPXKAIIMMCS B CIEKTPE MCXOIHOIO
curHana. Takum oOpazoMm, mnomydaem QOpMyTdy Ui BBIYUCIECHUS OTCUYETHBIX
3HAYECHUMN:

N-1
Xy = z C, e ?Tmk/N, (1.19)
n=0

BBIPXKAIONIYIO aIrOpUTM 00pPaTHOTO AMCKPETHOTO npeobdpazoanus Oypoe (OATID).

Bzaumno pomonustouine apyr apyra ¢opmynst (1.17) u (1.19) sBastorcs
JTUCKPETHBIMH  aHAJIOTaMH  OOBIYHOW mapbl  TpeoOpasoBanuil  Dypee  Is
HEIPEPBIBHBIX CUTHAJIOB.

B HacTosiliee Bpemsi THCKPETHBIN CHEKTPAIBHBIA aHAIU3 SABJSETCS OJHUM W3
HamOoJiee pachmpOCTPAaHEHHBIX METOJOB HWCCIICIOBAHUS CHUTHAJIOB C TIOMOIIBIO
KOMIBIOTEPOB. Anroputmel BbruucieHus [(II® wu BIID peamus3oBaHbl B Takux
IIMPOKO PACIPOCTPAHCHHBIX TMPHUKIIAJHBIX MaTeMaTHYECKUX TakeTax, kak Maple u
MathCAD.

1.3.4 I'eomeTpuyecKkasi TPAKTOBKA JMCKPETHOIO npeodpa3zoBanus Pypbe

Cnenyer momuepkHyTh, uro MMUII-curnan Buma (1.5) mpencraBiseT coboit
JUIIb OAHY U3 BO3MOXKHBIX MOJIENIEN TUCKPETHOTO curHaia. Takue MOAyJIMpPOBaHHbIC
MOCJIEAOBATEILHOCTA €CTECTBEHHO MPUMEHATH JUISI ONUCAHUS HMMITYJIbCHBIX
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konebanuit AVIM nmu LLIUM. Tlpu oOpaboTke ke paanOTEeXHUYECKUX CUTHAJIOB C
MOMOIIBIO BBIYMCIUTEIBHBIX YCTPOMCTB AMCKPETHBIM CHTHAJ BBICTYNAET HE Kak
M0CJIeI0BATEIbHOCTh UMITYJILCOB, a KaK YIMOPSAA0YeHHAs TOCIEeI0BATEIbHOCTD YHCET.
Ponb BpeMeHM IpW 3TOM WIrpaeT Lienas MepeMeHHass — HOMEpP COOTBETCTBYIOIIETO
oTcYerTa.

Huckpemuomy npeobpazosanuto @Dypve MOXKHO TNPUIIATh HHTEPECHYIO U

rIyOOKYyI0 HMHTEpPHPETALUI0, €CIU IOCIEN0BAaTeNbHOCTh X = (Xg, X1, ", XN_1)
paccMaTpuBaTh Kak BEKTOp B N-MEpHOM €BKIMJOBOM IPOCTpaHCTBe. B Takom
npocTpaHcTBe uMeeTcst N JIMHEHHO-HEe3aBUCUMBIX BEKTOPOB:

eo = (1,0,0,,0),
e, = (0,1,0,-+,0),
(1.20)
en_1 = (0,0,0,-,1),

o0Opa3yronux 6a3uc, KOTOpbI OyJ1eM Ha3bIBaTh ecmecmeenHvim bazucom. Ilpu s3Trom
OYEBUHO, UTO:

2
i\

X = X €k,
0

&
1l

T.C. OTCUCTHBIC 3HAYCHHS X; CIIY’KAT MPOEKIUSMHU BEKTOpa X Ha COOTBETCTBYIOIIHUE
0a3uCHbBIE BEKTOPHI.

[TockonbKy paccMaTpUBaeMOe MPOCTPAHCTBO SIBISETCS €BKIMIOBBIM, HOpMa
ITOTO BEKTOPA:

B TO BpeMs KaK CKaJSIPHOE MPOW3BEICHHE JBYX BEKTOPOB X K V BBIYUCIISETCS TIO
dbopmyre:

N-1

() = ) 1

k=0

BexTops! x 1 y oproroHanbhsl, eciu (X, y) = 0. Hapsiny ¢ ectectBeHHbIM 0a3ucoMm B
N-meprom esknudosom npocmpancmee MOKHO BBECTH MHOIO JIPYTHUX Oa3HCHBIX

CHCTEM.
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Cpenu HHX 0coOyi0 poiib Urpaetr oasuc Pypve, dAE€MEHTaAMU KOTOPOIO CIIyKaT

BCKTOPBLI:
fO - (1,1, ,1),
2m 4w i2(N-Dm
f1:<1,eN,eN,"',e N )1
iam  ism i4(N-1D)m
f2:<1,eN,eN,---,e N ), (1.21)
i2m(N-1)  i4m(N—-1) i2m(N—1)2
fN_1:<1,e N ,e N ,--,e N )

CkansipHO€ IpOU3BEAECHUE 3JIEMEHTOB 0a3nca Dypee:

N-1
N Nm=1 (1.22)
— i2n(m-Dk/N _— ’ ’
s D kz e o =
=0

3mech BepxXHEE PaBEHCTBO OYEBHIAHO; CyMMa OOpamaercs B Hylnb Opu m # I,
MIOCKOJIbKY BCE CllaraeMble SBJISIOTCS KOMIUIEKCHBIMH YHCIAMH C EAWHHYHBIM
MOIyJIeM U JIMHEHHO HapacTalommMm aprymeHToMm. llpm  cymmmpoBaHUH
COOTBETCTBYIOIIME BEKTOPHI BCerla OO0pa3yloT Ha KOMIUIEKCHOW TUIOCKOCTH
NIPABUJIbHBIN 3aMKHYTHI MHOTOYTOJIBHHUK.

Utak, 6a3uc @ypbe OpTOroHasieH, HO He HOPMUPOBAH HA €IUHUILY, TOCKOJIBKY:

Ifall=N,m=0,12,---,N — 1 (1.23)
Hailinem koad@uiimenTsl pa3iokeHusi HEKOTOPOro BEKTOpa X MO 3JeMeHTaM Oasuca
dypee:
N-1
X = Cx f k (1.24)

0

S
1l

Jly1st 3TOTO YMHOXHUM 00€ yacTu paBeHCTBaA (1.24) ckanspHO Ha Oa3MCHBINA BEKTOD f,
¢ GUKCUPOBAHHBIM HOMEPOM 7.

N-1
o f) = ) Culfeo o)
k=0
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Taxk kak Oazuc Dypbe OPTOrOHANICH, TO B MPABOH YacTH OTIWYHBIM OT HYJIS
OKa)KETCs JIMILIb CllaraeMoe ¢ HomepoM k=n:

(xrfn) = Cn”fn”2

Otkyna:

1

N-1
1 .
Cn = 2 (x f) =% xpe tHm /N
7l )

YTO TMOJHOCTHIO coBmnagaer ¢ dopmynoi (1.17), mosmydyeHHOH Ha OCHOBE MOJIETHU
MUII-cuenana.

1.3.5 Aaroputmbl 6b1cTPOro npeodpasosanus Pypoe

Kak Bugno uz ¢opmynsl (1.17) wim (1.19), uyro6sr Beruuciauts D wnmum
OJITI® nocnenoBarenbHOCTH U3 N 3IEMEHTOB, TPEOYETCS BBINOIHUTE N onepaiuii ¢
KOMITJIEKCHBIMU yuciaamMu. Ecim nimmHbI 00pabaThiBaéMbIX MAaCCUBOB UMEIOT TTOPSIIOK
THICSTYM WM OOJIee, TO MUCIOJIb30BaTh 3TH AJTOPUTMBI JUCKPETHOTO CHEKTPATHLHOTO
aHajM3a B peajJbHOM MacuiTabe BpPEeMEHHM 3aTPyIHUTENbHO HU3-3a OTPaHUYEHHOIO
OBICTPOICHCTBHS BBIYMCIUTENBHBIX YCTPOMCTB.

BpIx0/10M U3 MOJOKEHUS SIBUJICS AITOPUTM Oblcmpoco npeobpazosanus Oypwve
(bII®), npemnoxenupii B 60-x romax. CylIeCTBEHHO COKPAaTUTh YHUCIIO
BBITIOJTHSIEMBIX OTEpaIuil 371eCh yIaeTcs 3a CYeT TOro, 4yTo o0paboTKa BXOJHOTO
MaccuBa cBoautcs K HaxoxaeHutro [IID (unu OJIIID) mMaccMBOB ¢ MEHBIITUM
YHMCJIOM YJICHOB.

byaem mnpenmnosarate, U 3TO CymecTBeHHO i Metoaa bII®, 4ro ywucio
orcueroB N = 2F, rne p — nenoe uncio. Pazo0beM BXOIHYIO IOCJIEN0BATENLHOCTD
{X;} Ha IB€ YACTH C YETHHIMU U HEYCTHHIMA HOMEPAMHU:

X1 tur = {x21 b {3y = X2k41) (1.25)
k=0172-,~—1
2

U nipeacTaBuM n-i ko3¢ dunuent AI1D B Buze:

23



1 _i4mnk _i2mn(2k+1)
Cp = _z (kae N+ Xop41€ N ) =

N
k=0

N N

5-1 -1

2 _.2mnk 2 .2mnk
_ 1 lN/ _i21m —LW
= N( Xgyre /2 +e N Xny€ /2 ).

k=0 k=0

HenocpeactBeHHo BUAHO, 4TO nepBast nojoBuHa kodpduuuentos JIIID ucxogHoro
curnana ¢ Homepamu ot 0 1o N/2—1 Beipakaercs uepe3 kodpduunentsr 1D nByx
YACTHBIX MOCJIEIOBATEIBHOCTEM:

,2TTn

Cn = Cpur + €N Cpyy, (1.26)

N
n=2012-,=—1
2
Tenepp yuTeMm, 4TO MOCIEIOBATENILHOCTH KO3()(PHUIIMEHTOB, OTHOCAIIUXCS K YETHOU U
HEYETHOM 4acTsIM BXOJAHOI'O MAaCCUBA, SIBJISIFOTCS MIEPUOINIECKUMU C TTepruoaoM N/2:
Coyr = C Copy = C
nYT Ny “nHY N
(n+5)uT (n+3)Hy
Kpome toro, Bxomsaumii B popmyny (1.26) MHOKUTENs TPU MOXKHO MPeoOpa3oBaTh
TaK:
N
2n(5+n) 21N _.2mn

e N  =e e

OTcroma HaXOAUM BBIpAXXEHHE JJI1 BTOPOM MOJOBUHBI MHOXECTBA KO3(P(PUIIUECHTOB
JI1D:

2TTn

C%Jrn = Cpur — €N Cppy, (1.27)

=0,1,2 N 1
n_IJ) ;2

®opmynsl (1.26) u (1.27) nexar B ocHoBe anroputma bIID. Jlanee BbluncieHuUs
CTPOSIT MO UTEPALUMOHHOMY MPUHLIMITY: MOCIEA0BATEILHOCTH OTCUYETOB C YETHBIMH U
HEYETHBIMM HOMEPAMHM BHOBb pa30MBaIOT Ha JABe yacTu. [Iporecc mpomomkaroT 10
TEX MOp, MOKa HE MOJYYUTCS MOCIENOBATEIBHOCTD, COCTOSIIAA U3 €IMHCTBEHHOIO
snemenTa. Jlerko Buaetrh, 4to JIID sTOro sneMeHTa COBIAZA€T C HUM CaMMM.
MosxHO TOKa3aTh, 4YTO YHCIO OIepaluii, HeoOXOAUMBIX s BeruucieHus BIIO,
oueHuBaercsa kak N logy V.
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Botuzpoiuu ¢ cxkopocmu ewviuuciaenuii no cpasemnenuro ¢ mpaouuuonnovim 1D
oocmuzaem COmMen u 0a)ce MmulcAY Rnpu  O00CMAMOUHBIX OJIUHAX 6XO0O0HbBIX
MACCUBOEB

1.3.6 lnckpeTHas cBepTKa

[1o ananoruu ¢ OOBIYHON CBEPTKOM ABYX CUTHAJIOB:

FO) = f x(@)y(t — Dd

— 00

BBOJSIT JUCKPETHYIO CBEPTKY - CUTHAJ, OTCYETHI KOTOPOrO CBA3aHbI C OTCUETAMM
JUCKPETHBIX CUTHAJIOB X1(?) ¥ Yyi(?) COOTHOLIEHUEM

fm = Nz XkYm—k» m = 0r1;2f”'1N -1 (128)

Haiinem cBs3p mexny kodddunmuentamu muckpetHoit ceeptku u J(I[1D curnamos
Xn(t), ya(t). s 3TOro BhIpazuM TEKYIIUE 3HAUYEHUS OTCYETOB Xi U Y-k Kak OAI1D ot
COOTBETCTBYIOIIMX CHEKTPOB:

— i2mnk/N

N-1

Yo g = Z C, e 2T m—HN,

a 3aTeM IOJICTAaBUM 3TH BEJIMUYUHBI B popmydy (1.28):

N-1N-1 N-1
f — l C eiZnnk/N C lei27'cl(m—k)/N
m xn y ’
N Z Z
k=0 n=0 1=0

N3meHuB MMOpAI0K CYMMHUPOBAHUA, ITIOJITYUUM!

N-1

£ Z Z gi2ml /N Z ei2n(n-Dk/N (1.29)
k=0 [=0

=0
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HetpynHo 3amMeTuTh, 9TO BHYTPEHHSSI CyMMa MOKET ObITh BHIYMCIICHA HA OCHOBAHHH
dbopmyinbl (1.22), oroOpaxkaroiieid CBOMCTBO OPTOTOHAJIBHOCTH 3JIEMEHTOB 0Oasuca
®ypre. Bocmonb30BaBmIKCh ATHM, MTOJTydaeM

N-1
fin = Z CynCyne?™m /N (1.30)
n=0

[Tockonbky popmyna (1.30) ecte OAII®D, npuxoaum K BBIBOIY, YTO KOG PHUITUEHTHI
npeobpaszoBanus Oypbe CBEPTKH SIBISIFOTCS TTpou3BeaeHusIMU kodddummenton 11D
CBEPTHIBAEMBIX CUTHAJIOB:

ka = kaCyk, n = 0,1,2,"',N -1 (131)

OTOT pe3yabTaT UMEET OOJIBIIIOE 3HAYCHHUE B TEOPUH JUCKPETHBIX CUTHAJIOB U
upoBeIX (GUIBTPOB. OKa3bIBa€TCS, YTO €CIM CHUTHAIBI JOCTATOYHO JIJTHHHBI
(HampuMep, COAEpKaT HECKOJIbKO ThICAY OTCYETOB), TO ISl BBIYMCIICHHS] CBEPTKU
nenecoobpasHo BHavasne HaWTu ux JIID, nmepeMHOX)UTh KOIPIUIIMEHTHI, a 3aTEM
Bocmnoab3oBatees Gopmynon (1.30), npumenuB anroput™m bBII®D. Takoit cmocob
BBIYMCIICHU YacTo Oojiee SKOHOMUYEH, YE€M MPSAMOE HCIOJIb30BaHUE (DOpMYIIbI
(1.28).

1.4 Teopusi Z-npeodpa3oBaHus

[Ipn aHanm3e W CHUHTE3e AMCKPETHBIX M LHU(PPOBBIX YCTPOHCTB IIMPOKO
UCMONb3YIOT TaK Ha3blBAEMOE z - npeobpasosanue, Urparollee M0 OTHOLICHHIO K

JMCKPETHBIM CUTHAJIAM TaKYyIO e POJib, KaKk MHTErpalibHbIe MTpeodpa3oBanus dOypre
u Jlamiaca mo OTHOIIEHUIO K HETPEPhIBHBIM curHajiaM. B manHom maparpade usna-
raloTCsi OCHOBBI TEOPUH 3TOr0 (PYHKIIMOHATIBLHOTO IPeoOpa3oBaHus U HEKOTOPHIE €ro
CBOMCTBA.

1.4.1 Onpenesienue Z-npeodpa3oBaHusA

ITycth {Xx} = (X0, X1 X2, ...) — YUCJOBas MOCJIEAOBATEILHOCTh, KOHEUHAS WJIU
OecKoHEeUHasl, COZIepIKaIas OTCYETHBIEC 3HAYCHUS HEKOTOpPOoro curaana. [loctaBum e
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B OJHO3HAYHOE COOTBETCTBUE CYMMYy pPsAla IO OTPULATEIBHBIM CTEIECHSIM
KOMILUIEKCHOU MIEPEMEHHOM Zz:

X(Z) :x0+£+2+...:z_xkz_k (132)
z  z? ]

HazoBem 53Ty cymmy, ecid OHa CYIIECTBYET, z-npeodpazosanuem
nocyenoBaTeabHOCTH {Xi}. LlenecooOpa3sHOCTh BBEIEHUS TAaKOrO MAaTeMaTHUY€CKOIro

o0BeKTa CBsi3aHA C TEM, YTO CBOMCTBA JHCKPETHBIX IMOCIIEIOBATEIBHOCTEN UHCEN
MOXXHO H3y4yaTb, HCCIEAys HX z-peoOpa3oBaHUsA OOBIYHBIMM  METOJAMHU
MaTEMAaTUYECKOrO aHaIU3a.

Ha ocHoBanun ¢opmynsr (1.32) MOXKXHO HEMOCPEACTBEHHO HAWTH Z-
npeoOpa3oBaHusl TUCKPETHBIX CHUTHAJIOB C KOHEYHBIM YHCIOM OTcueToB. Tak,
IPOCTEUIIEMY JUCKPETHOMY CUTHAIIy C €IMHCTBEHHBIM oTcueToM {Xx} = (1, 0, 0, ...)
cootBercTBYeT X(z)=1. Ecnu ke, nanpumep, {xx} =(1,1,1,0,0,0,...) To:

1 z+z+1

1
X(Z)=1+—+—2= >
zZ Z VA

1.4.2 CxoaumocTh psijia

Ecmu B psanme (1.32) yucno ciaraeMpix O€CKOHEUHO BEJIHMKO, TO HEOOXOIUMO
WCCJIEIOBATh €r0 CXOAUMOCTh. M3 Teopun GyHKIHMA KOMILIEKCHOTO TEPEMEHHOTO
u3BecTHO  craenytomiee. Ilycte  ko3duimeHTsl  paccMaTpuBaeMoro — psijaa
YIOBIIETBOPSIIOT YCIOBUIO:

x| < MR (1.33)

npu J10061X £ > 0. 3gecs M > O u R, > 0- mocTosiHHBIE BEIIECTBEHHBIE yucia. Toraa
pan (1.32) cxoauTcst mpu BCeX 3HAYEHUAX Z, TaKux, 4To |z| > Ry. B atoii obnactu
CXOAMMOCTH CyMMa psijia MPEACTaBIAeT COOOM aHATUTUYECKYIO (DYHKIIHIO epeMEH-
HOM Z, HE UMEIOIIYIO HU MOJIOCOB, HU CYIIECTBEHHO OCOOBIX TOUEK.

PaccmoTtpum, Hampumep, aucKpeTHBIM curHan {x¢} = (1, 1, 1, ..),
0o0pa30BaHHBIA OJMHAKOBBIMU €IWHUYHBIMU OTCUETAMHU M CIY)KAIUH MOJAEIBIO
00bIYHON (PyHKIMKM BKIOYeHUs. beckonweunslt psang X (z) = 1 + 1/z + 1/22 + ..
SABIIACTCS CYMMOWM Ir€OMETPUYECKON MPOTPECCUH M CXOAUTCS MPH JIOOBIX Z B KOJIBIIE
|z| > 1. CyMMHpYys IPOTPECCHI0, IOJTydaeM:
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X(2) -

Z) = =

!
VA

z—1

Ha rpanune oOnacty aHaIMTHYHOCTH mpu z = 1 3Ta (QyHKIUA HMeEeT
€IUHCTBEHHBIN ITPOCTOM MOJIIOC.

AHaANOTHYHO TIONMy4yaeTcsl z-mpeolOpa3oBaHUEe OECKOHEYHOIO TUCKPETHOTO
curnana {x;}=(1, a, a’, ...), T1€ a - HEKOTOPOE BELIECTBEHHOE YUCIIO. 31ECH:
1 z

X = =
) 1-2% z-a
z

JlaHHOE BBIpa)K€HHE UMEET CMBICI B KOJIBIIEBOM 00JacTH |z| > a
1.4.3 Z — npeoOpa3oBaHus HeNpepbIBHBIX (PYHKIUH

[Tonarasi, 4TO0 OTCYETHI {Xx} €CTh 3HAUCHHS HEMPEPHIBHON (YHKIUU X(?) B
TOYKax ¢ = KA, 1r000My CUTHay X (7) MOKHO COTIOCTaBUTH €ro z-mpeoOpa3oBaHue
IIPY BRIOPAHHOM IIIare TUCKPETU3AIINN:

[00]

X(z) = z x(kn)z* (1.34)

k=0

Hanpumep, eciu x(t) = exp(at), To COOTBETCTBYIOIICE Z-TIPeoOpa3oBaHue:

©o

X(2) = Z exp(akA) z7F =

k=0

z
z —exp(akl)

SIBIISICTCS] aHAMTHYECKON QyHKIHen npu |z| > exp(aA).

1.4.4 O0paTHoe Z - npeoOpa3oBaHue

Ilycte X (z) - dyHKIUS KOMIUIEKCHOM MEPEMEHHOW Zz, aHAJIUTHYECKas B
KOJIbLIEBOM 00nacTu | z | > Ry. 3aMeuarebHOE CBOMCTBO Z-TIpeoOpa3oBaHUsI COCTOUT
B TOM, 4TO (QyHKIUsA X (z) ompenensieT BCIO OECKOHEYHYIO COBOKYITHOCTh OTCUYETOB
(X0, X1 X2 ...).
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JleicTBUTENILHO, yMHOKHMM 00€e yacty psna (1.32) na muoxutens z™1:

z™ X (2) = x0z™ P+ 2 2™+ e Xz (1.35)

a 3aTeM BBIYUCIMM HHTErpajbl OT 00€MX YacTell MOJyYeHHOI'O0 PaBEHCTBA, B3SIB B
KauecTBe KOHTypa MHTETPUPOBAHUS MPOU3BOJIBHYIO 3aMKHYTYIO KPHUBYIO, JIEKAIIYIO
LEJIMKOM B 00JIaCTH aHAJTMTUYHOCTH M OXBATHIBAIOIIYIO BCE MOIIOCH! PYyHKIUU X(Z).

00x00 KOHmMypa_uHmezpupo8anus_npoeoOUNLCS_8 NOJI0NCUMETbHOM _HAnpaesJe-
HUU, m.e. RDOMUB YACOBOU CIMPEJIKU.

[Ipu sTOM BOCHONB3yeMCSl (PYyH/IAMEHTAIIbHBIM MOJ0KEHUEM, BHITEKAIOIUM U3
teopembl Komu:

2mi,ecaun = —1
n — ) )
jéz dz-{ 0,ectun # —1.

O‘IGBI/II[HO, HHTCTPAJIbI OT BCEX ClIaracMbIX HpaBOfI qacTHu O6paT$ITCSI B HYJIb, 3a
HNCKIIOYCHHEM ClIaracMoro ¢ HOMCpom m, 1Mod3TOMY:

1
- m—1
X = 5— ff 2™ X (2)dz (1.36)

JanHast popmysia Ha3bIBACTCSI 0OPAMHBIM Z-NPeoOPA308AHUECM.

Ipumep 1.2 3adaro z-npeobpazosarnue suoa X(z)=(z + 1)/z. Havimu xos¢hgpuyuenmoi
OUCKPEMHO20 CUsHANA {Xi}, omeeuaioueco 3mou YyHKyuu.

[Ipexxae Bcero oTMeTuM, 4TO (QYHKUMS X(z) amOJUTHYHA BO BCEHl IIOCKOCTH, 3a
UCKIIIOYCHHEM TOYKM z=(), TMO3TOMy OHa JCHCTBUTEIHHO MOXET OBITh Zz-
npeoOpa3oBaHuEM HEKOTOPOTO AUCKPETHOIO CUTHAaJIA.

Oo6pamasich k popmyse (1.36), Haxoaum, 9TO

_ 1 Z+1d —1
xO_Zm’ z2 Z2=5
_ 1 z+1d —1
xl_Zni VA Z= 5
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1
Xm = 5 zZ" Y (z+1)dz=0

npu J00bIXx m > 2. TakuM o0Opa3oM, UCXOAHBIA AUCKPETHBIN curHan umeer Buf (1,
1,0,0,0,..).

1.4.5 Cea3b ¢ npeodpazoBanusivu Jlaniaca u @ypse

Onpenenum nipu ¢ >0 curnan Buaa uaeansHout MUIL:

Ko (£) = A Z %, 8(t — k)
k=0

[IpeobpazoBas ero no Jlariacy, momydaum nu3o0paxeHue:

F(p) =A Z x;, exp(—pkA), (1.37)
k=0

KOTOpO€ HETOCPEACTBEHHO TMEPEXOJUT B Z-IpeoOpa3oBaHME, €CJIH BBITIOJHUTH
noACTaHOBKY Z = exp (pA). Ecnu xe monoxuth z=exp(imA), To BhIpakKeHHE:

S(w)=A4 ) x,exp(—iwkA) (1.38)
kz .

Oyznet npeobpazoBanueM Oypbe UMITYIHCHOM MOCIEA0BATEILHOCTH.

YcTaHoBNIEHHBIN 3/1€Ch (PAKT JaeT BO3MOXKHOCTh MPOBOJIUTH (DOPMATIbHYIO aHAJIOTHIO
MEXy CIIEKTPAJIbHBIMU CBOMCTBAMU HEIIPEPBIBHBIX U JUCKPETHBIX CUTHAJIOB.

1.4.6 BaxcHeiimue cBOWCTBA Z-Ipe0dpa3oBaHus

PaccMoTpuM HEKOTOpBIE CBOMCTBA Z-MPeoOpa3oBaHusl.

1. Jluneunocmo. Ecnu {Xx} W {yx} - HEKOTOpbIE JUCKPETHBIC CUTHAJBI, MPUUYEM
U3BECTHBI COOTBETCTBYIOIIHUE Z - NpeoOpa3zoBanus X (z) u Y(z), To curHainy {uy} =

{oxtPyx} Oymer orBeuarh mpeoOpaszoBanme U(z) = aX(z) + BY(z) npu mo0bIx
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MOCTOSTHHBIX o ¥ [3 . JloKa3aTenbCTBO MPOBOJUTCS IMyTEM MOJCTAHOBKHA CyMMBI B
bopmyny (1.32).

2. Z - npeobpazosanue cmeujenHo2o cueHana. PaccMOTpuM TUCKPETHBINA CUTHAT {yk},

MOJIyHYArOUIUICS U3 JNUCKPETHOIO CUTHANIA {Xyx} MyTEM CABHUIa Ha OJHY IMO3UIIHIO B
CTOPOHY 3amna3/bIBaHus, T.€. KOTJA Yk = Xk-1. HEmoCpeJICTBEHHO BBIUMCIAA Z-TIpe-
o0pa3oBaHue, MOTy4aeM CIEIYIOUUN pe3ybTar:

[00]

Y(2) = Z Xp_1Z2 K =271 Z X,z " =2z"1X(2) (1.39)

k=0 n=0

Taxkum oépazom, cumeon 77! cayaycum onepamopom edunuunoii 3adepricku (Ha
00UH UHMEPEal OUCKDEemU3auuu) 6 7-001acmu.

3. Z-npeobpazosanue ceepmiu. Ilycth x (1) u y (1) - HENPEPHIBHBIC CUTHAJIBI, IS

KOTOPBIX OIpE/IESIEHA CBEPTKA

(00

f() = f x(D)y(t —1)dt = j y(©)x(t —1)dt (1.40)

— 00 — 00

[IpuMeHUTENBHO K JUCKPETHBIM cHUTrHanaMm no aHaioruu ¢ (1.40) npuHATO BBOAMUTH
JTMCKPETHYIO CBEPTKY {fx} - mociienoBaTebHOCTh YHCEN, OOITUI YWIEH KOTOPOH:

(00 [ee]

fm= z XkYm-k = Z VeXm—k, M = 0,1,2,- (141)

k=0 k=0

Boruucnum z-npeoOpazoBaHue TUCKPETHON CBEPTKU:

F(z) = Z X Ym-kZ = Z Z XkZ K yy_gz= M = (1.42)
m=0 k=0 m=0 k=0
= Z Xz Z .z " = X(2)Y(2)
k=0 n=0

Hmak, ceepmke 08VX OuCermetx CUZHA/106 _omeevuaem np0u33e0euue Z-

npeoopazoeanuil.
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1.5 HIndposbie pUIbLTPLI

B HacTtosdmiee BpeMs IIMPOKO HCIOJB3YIOTCA  METOJbI  00paboTKU
PaIMOTEXHUYECKUX CHUTHAJIOB C IMOMOIIBI0 MUKPOAJIEKTPOHHBIX BBIYMCIUTEIbHBIX
yCTPOMCTB H cucTeM. B maHHOM maparpade paccMaTpuBaeTCsl MPOCTEHIINH,
HauOosee W3Y4YEHHBIH M BHEIPEHHBIM KJIacC CHUCTEM JAMCKPETHOM 00paboTku
CUTHAJIOB - TaK HAa3bIBAEMbIE JUHElHble CMAyuoHapHvle yugdposvie Guibmpol.
BbimonHss, noJoOHO aHAJOrOBBIM ILEMSM, ONEPALMI0 YaCTOTHOM (MIbTpaluu,
nudpossie GunbTpel (L{P) o06manarT psSAOM CyllecTBEHHBIX npeumyinecTB. Croaa
OTHOCSITCSI, HAPUMEP, BBICOKAsI CTAOMIIBHOCTh MapaMeTPOB, BOZMOKHOCTh MOJIy4aTh
camble paszHooOpasnbie Gopmel AUX u ®UX. Hudpossie GunbTpel HE TpeOyIOT
HACTPOWKH U JIETKO peanu3yrorcs Ha DBM nporpaMMHBIMU METOIaMH.

1.5.1 Ilpyunuun undpoBoii 00padOTKU CUTHAJIOB

Ha pucynke 1.10 mpuBemeHa OCHOBHasl CTPyKTypHas cxemMa u(poBoii
00paOOTKH CUTHAJIOB.

[ludpposon
YcTponcreo npoueccop
NaMATH :}////
-\;(i): . | ApudmMeruyeckoe y (1)
] AU e YyCTPOMCTBO - Han
[eneparop
- HMDYAbCOB .

CHHXPOHMIGL I

Pucynok 1.10 - CtpykTtypHas cxema 1iuppoBoii 00pabOTKH HETPEPHIBHBIX CUTHAJIOB

HenpepbiBHBIE BXOJHOM CHUTHaNA X(¢?) TMOCTymaer B aHAJIOro-mudpoBoi
npeoOpazoBarenb (ALIl), ynpaBisgemblii CUHXPOHM3UPYIOIIMMH HUMITYJIbCAMH OT
reHepaTopa, 3aJarollero  4acTtoTy  JuCKpetuzanuud. B MoMmeHT nonxaum
CUHXPOHM3HPYIOIIETO  uMIyjiabca Ha Bbixojge AIIll Bo3HuKaeT  curHaim,
OTOOpaKAIOIIHMKA pe3yabTaT U3MEPEHUS MTHOBEHHOTO 3HAUYCHUS BXOJHOTO KOJIeOaHUs

B BHAC ABOMYHOIO 4YHucCja C q)HKCHpOBaHHBIM KOJIHMYCCTBOM pa3psAaa0B. B
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3aBUCUMOCTH OT OCOOCHHOCTH MOCTPOCHHS YCTPONUCTBA ITOMY YHUCITYy COOTBETCTBYET
aM00 TOCEA0BATEIbBHOCTh KOPOTKUX HMMITYJIBCOB (TIepeaada B IOCIEI0BATEILHOM
KOJI€), THOO COBOKYITHOCTh YPOBHEH HANPSODKCHUH Ha CUTHAIBHBIX IITMHAX OT/ICIBHBIX
paspsmoB (mepemada B mapaiuiebHOM Koje). IIpeoOpa3oBaHHBIN TakuM 00pazoM
CUTHAQJI TIOCTyHaeT B OCHOBHOHM OJIOK YCTpPOWMCTBA, TaK HA3bIBAEMBIN yugposot
npoyeccop, COCTOSIIAN W3 apu(PMETUIECKOTO YCTPOMCTBA M YCTPOMCTBA MAMSITH.
ApudmMernueckoe yCTPONUCTBO BBITIONHSCT HAJ MUbpaMu P OTIEPAIHi, TaKUX, KaK
YMHOXXEHHE, CIIO)KCHHE W CIBUT BO BPEMEHHM Ha 3aJaHHOE YKCJIO WHTEPBAJIOB
TUCKpeTH3ali. B ycTpoHCTBe MaMiITH MOXKET XPAaHHTHCSI HEKOTOPOE YHCIIO
MPEAIICCTBYIONINX OTCYETOB BXOJHOTO M  BBIXOJHOTO CHTHAJIOB, KOTOPBIC
HEO0OXOIMMBI JIsl BBITIOJTHEHUS OTepaluii 00paboTKu.

[udposoit mnporeccop mnpeodpasyeT NOCTYMAOIIME B HEro Yucia B
COOTBETCTBUM C 3aJlaHHBIM QJITOPUTMOM (UIbTpAlMd M CO3JIa€T Ha BBIXOJE
MOCJIEIOBATEIBHOCTD IBOMYHBIX YUCEI, TPEACTABISIONINX BbIXOIHOM curHai. Eciu B
TanbHEHIIeM HEOOXOAUMO WMETh WH(POPMAIMI0 B aHAJIOTOBOW ¢Gopme, TO
ucnonp3zyetrcss  1udpo-aHanoroseii  mpeodpaszoBarens  (LIAII). Opnako 3TO
YCTPOMCTBO MOXET U OTCYTCTBOBaTb, €CJIM CHUTHAJbl TOJBEPraloTcsi TOJIBKO
1M (PpoBBIM MPpeoOpa3OBaAHUSM.

OcHoBHOM TexHMUYecKHil oka3aTenb LD — ObicTpoaeiicTBHE - 3aBUCHUT KaK OT
CKOpPOCTH NMPOTEKaHUS NEPEXOAHBIX IIPOLIECCOB B MUKPOIJIEKTPOHHBIX KOMIIOHEHTAX,
TaK U OT CJIOXHOCTH aJIFOPUTMa (PUIIBTPALHH.

Ecnu B Hawane 70-X TO10B MpeeabHBIE YaCTOTHI CUTHAJIOB, 00padaThIBAEMBIX
¢ nomotplo [P, cocTaBisAan HECKOJIBKO KUJIOTEPL, TO JTOCTUKEHUS COBPEMEHHOM
MUKPOAJIEKTPOHUKH  HENPEpPhIBHO  pACIIMPSIOT  ATOT jauama3oH. Ludposas
buabTpalMs CUTHAJIOB TOJIyYHJIa HOBBIM CTUMYJ pa3BUTHUS C TOSBJICHUEM
OTHOCUTEIBHO HEIOPOTMX W HAAECKHBIX MHUKPOIIPOLIECCOPOB, a TAKXKE YCTPOWCTB
MIaMSTH, BBITIOJIHEHHBIX 110 TEXHOJIOTUU 00NbIuX HHTETpanbHBIX cxeM (BUC).

1.5.2 KBanToBanue curiaJjios B I{®

Crnemuduka mo00r0 1UGPOBOTO YCTPOMCTBA — MPEACTABICHUE CUTHAJIOB B
BUJC IMIOCJICJIOBATEILHOCTH YHCET C OTPaHUYCHHOW pa3psaHocThio. IloaTomy
MTHOBCHHOE 3HAYCHHME CUTHAJIA JUCKPETH3UPYETCS MO YPOBHIO TAKMM 00pa3oM, 4TO
UHTEPBAJIOM JTUCKPETU3alui (MUHUMAIBHON Pa3HOCTBIO MEXKAY IBYMSI COCETHUMHU
YPOBHSIMH) CITY)KUT €TUHHIIA MITAJIIIICTO IBOUYHOTO paspsiia.
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TouHoe 3HaueHue OTcUeTa CUTHAJIA B IBOMYHOU (DopMe nMeeT BU/I:

[00]

X = z a,2™ ", (1.43)

n=0

rae o, = 0 wiu 1. IIpu orpaHMyeHUM JUIMHBI YHMCIA X HEKOTOPBIM KOJIHMYECTBOM
paspanoB N BMECTO TOUHOrO 3HAYEHHs MOJydaeTcsi ero OKpyrjeHHoe (MaIlMHHOE)
Tpe/ICTaBJICHUE:
N-1
X = E a,2 "+ 27N (1.44)

n=0

npudeM KodhduimeHt By paBeH aubo oy, 100 o, + 1 B 3aBUCUMOCTH OT TOTO, HYJIb
uiu eqununa coaepxurcs B (N + 1)-M paspsize.

B pammorexHuke IUCKPETHBIE CUTHAIBI, YPOBHH KOTOPBIX MOI'YT IIPUHHMATh
JUIIb CYETHOE MHOXKECTBO 3HAYCHWM, HA3BIBAIOT KEAHMOBAHHLIMU CUSHAIAMU.

KBanTOBaHME CUTHAJIOB MPUBOJIUT K CHEIM(PUIECKON MOTPEIIHOCTH Mpu 00paboTKe,

KOTOpasl MOJIydwsa Ha3BAHUE wyma keanmoeanus. [IpAMON IyTb CHUKEHHUs ITON
HNOTPEIIHOCTH - HCIOJIb30BAHWE [JBOMYHBIX 4YHUCEN C OOJIBIIMM KOJIMYECTBOM
pa3psaoB. OpHako mpH 3TOM HEn30eXHO CHIKaercs ObicTpoaeiictBue LD wus-3a
YBEJIMYEHUS] BPEMEHM BBINIOJIHEHUSI ONEpalUil HaJd MHO20PA3PAOHLIMU HUCTAMU.
[ToaToMy Ha NMpakTUKE B MUKPOIPOLIECCOPHBIX CUCTEMAaX JJisl HMPPOBOil 00pabOTKU

CUTHAJIOB U JUCKPETHOTO YMPAaBIEHUS OOBIYHO NPUMEHSIOT IABOMYHBIE YHCIA C
KOJIMYECTBOM pa3psAI0B oT 4 1o 16.

X

Pucynok 1.11 — KBaHTOBaHHBII cUrHan
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1.5.3 Aaroputm JuHeitHoi nudpoBoi puiabTpanuu

MartemaTtuueckas Teopusi IUQPPOBBIX (UIBTPOB TMEPEHOCHUT HA Clydai
JUCKPETHBIX CUTHAJIOB BCE€ OCHOBHBIE IIOJIOKEHUS TEOPUM JIMHEMHBIX CHUCTEM,
peoOpasyIoUINX HEMPephIBHBIE CUTHAJIBL.

Kak u3BecTHO, MMHENHAs CcTallMOHApHAs cUCTeMa IpeoOpazyeT HENpEPbIBHBIM
BXOJHOM curHam X(t) TakuM oOpa3oMm, YTO Ha €€ BBIXOJE BO3HHKAET Kojebanue y(t),
paBHOE cBepTKE (YHKINH X(t) U UMITYJILCHOM XapakTepucTHku h(t):

y(t) = f x(D)y(t —1)dt (1.45)

Jluneninovtit_uugposoii_gpuiomp, no_onpeoejieHuro, ecmb _OUCKDEMHAA _CUCHEMA
(dpuszuueckoe _ycmpoiicmeo _unu__npozpamma__ 0 __KOMHbIOmepa), Komopas

npeoopazyem nocj1e006ameabHOCmb {Xi! YUCI06bIX OMCUCHIO8 6X00HO020 CUZHANA

6 HOC1e0068AMEJIbHOCHLD Vil OMCYUEem 06 bIX00H020 CUSHAA:

(X0, X1, %2,*) = (Yo, Y1, Y2 ") (1.46)
WA COKPAIIEHHO:
{xi = e}

JIuneinplil UQppoBoil GUIBTp 001anaeT TEM CBOWCTBOM, YTO CyMMa JHOO0Tro
Yycila BXOJHBIX CHUTHQJIOB, YMHOXKEHHBIX Ha IPOU3BOJIBHBIE KO3(PPUIMEHTHI,
npeoOpa3yeTcsi B CyMMY €ro OTKJIMKOB Ha OTAEJbHBIE CclaraeMmple, T.. U3
COOTBETCTBUIA:

1
(xPt = o P s o)
CJIEITyeT, 4TO:
1
a, {x,(c )} + -+ ay {x,EN)} = {ayi + - +ayy}, (1.47)
pu JTHO0BIX KO3 DUITUEHTAX Aq, Ay, ***, Ay -

Jlst Toro yToObl 06001TUTE popmyny (1.45) Ha cimyyail TUCKPETHBIX CUTHAJIOB,
BBOJAT MNOHATHE umnyavchou xapaxmepucmuxky 11P. Ilo onpeaenenuro, oHa
MIPEICTABIISIET COO0M TUCKPETHBIN curHaN {hy}, KOTOpHI siBIsieTcs peakiueit [{D Ha
«enuHU4HBIN ummynse» (1, 0, 0, 0, ...):
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(1,0,0,0 "') = (ho, hll hz, h3 "') (1.4’8)

1 - .
\ 3
0

11
12 ..

Hudgposon
SUABTp

i

{me}

Pucynok 1.12 — UmnynscHas xapakrepuctuka [P

Jlunevinpii 1P craumoHapeH, €Ciid NpPU CMELIEHUH BXOJIHOTO €IUHUYHOTO
UMITyJIbca Ha JIF00OO€ YHCJIO  HMHTEPBAIOB  JUCKPETU3ANMH  WMITYJbCHAS
XapaKTEPUCTHKA CMEIIAETCSI TaKUM K€ 00pa3oM, HE U3MEHssICh 1o (opme.
Hanpumep:

(0;1;01()'0 ) = (Or hO; hl; h2; )
(OIOJ 1;0 ) = (OrO;hO;hlthJhB'") (1)49)

PaccmoTpum, KakuM 00pa3oM M3 CBOMCTB JMHEHHOCTH M CTallMOHAPHOCTHU
BBITEKaeT Haubosiee OOUIMU aNropuTM JIMHEWHOW mudpoBod duubrpanuu. Ilycts
{xk} = (X0, X1 X2, ...) - HEKOTOPBIK curdan Ha Bxoje 1{d ¢ m3BecTHON MUMIYJIbCHOM
xapakrepuctukoi. Mcnonb3ys cootHomenus (1.47) u (1.49), moxHo 3anucats m-i
OTCYET BBIXOJHOTO CUTHAJA {Yk}:

m

Vm = Xohy + X hyyq + -+ X0 = Z Xihm—k (1.50)
k=0

Dopmyaa (1.50), uzparowas eeoyuwiyro poib 6 meopuu JIUHEUHOU UUDPOEOoll

d)uﬂbmpauuu, nokKasvleaem, umo 6bIX0OHASL __NOC1e008AMEIbHOCHLL __eCHLb

0uc1<pemua;1 ceepmkKa 6X00H020 CUZHANA U UMNYJIbCHOU _XapPAKmepucmuKu

_dgu.llbmga.
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Cwmpbica 3TON (opMynbl IPOCT M HATIISACH: B MOMEHT Kaxjaoro orcuera LD
MPOBOAUT ONEPALMI0 B3BEIICHHOTO CYMMHPOBAHMS BCEX NPEABIAYIIMX 3HAYCHUI
BXOJIHOTO CHUTHaJIa, PUYEM POJIb MOCIEAOBATEIbHOCTH BECOBBIX KOA(D(PUIIMEHTOB
UTPAIOT OTCYETHl MMITYJIbCHOM XapakTepucTHku. MubimMu cioBamu, L{® oOnamaer
HEKOTOPOU «HaMSThIO» MO OTHOIIEHUIO K MPOILIBIM BXOIHBIM BO3JAEHCTBUSM.

[TpakTyeckunii HHTEPEC MPEACTABIAIOT JUIIb (u3nuecku peanmnsyembie 1D,
UMITYJIbCHASl XapaKTEPUCTHKAa KOTOPBIX HE MOXKET CTaTh OTIMYHOW OT HYyJIs B
OTCYETHBIX TOYKaX, MNPEAMIECTBYIOUIMX MOMEHTY IOJa4d BXOJHOI'O HMITYJIbCA.
[Tosromy ana ¢dusmuecku peannzyeMbix GUIBTPOB KO3PPUIHMEHTH h_q, h_,,
oOpamjatorcs B HyJlb M cymMmupoBanue B (1.50) MOXXHO pacnpOCTpaHUTh Ha BCE
NOJIOKUTENIbHBIE 3HAUEHUS UHJEKCa k.

m

Ym = z xkhm—kim = 0; 1; 2; (151)

k=0
1.5.4 JluckpeTHbie rapMOHUYECKHE MOCIEeI0BATEIbHOCTH

Kak wu3BecTHO, B TeOopuM JIMHEHHBIX CHUCTEM OCOOYI0 pOJb HUIPaIOT
KOMIUIEKCHBIE cUTHaJIbI BUja X(t)=Aexp [i(wt + ¢)], oToOpakarole rapMOHUYECKUE
koneOanus. Ilpu auckperusalmu TAKOTO CHUTHajla MO BPEMEHHM IOJYy4YaeTcs TakK
Ha3blBaEMasi 2APMOHUYUECKAA NOCAEO08AMETbHOCHIb:

{xx} = {Aexpli(wkA + )]}, (1.52)

Takasl, 4To:
Re{x;} = {Acos(wkA + @)} (1.53)

Cnenyer uMmeTh B BUAY, 4To mocienoBaTeiabHocTd (1.52) m (1.53) mpeactaBisitoT
JTUCKPETU3UPOBAHHBIE TAPMOHUYECKUE CUTHAJIBI HEOTHO3HAYHO. J[eCTBUTENBHO, ITH

MMoCJICA0OBATCIbHOCTH HE HM3MCHATCA IMPHU 3aMCHC YaCTOThI ® HA + 27T7’l/A =w+

Tl(,()ﬂ, rac n - JF000¢e eJI0€ YUCJI0, Oy — YIJIOBasA 4aCTOTa AUCKPCTHU3AlMH.
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1.5.5 Hacrorubiii ko3 punuent nepexayu LD

[Ipeamnomnoxxum, 9TO HA BXOJI JIMHEHWHOTO CTAIMOHAPHOTO IU(POBOTO PUIHTPa
nojaHa TapMOHHUYECKas MOCIEAOBAaTEIbHOCTh {Xx} Buaa (1.52), HeorpaHWYEHHO
POTSDKEHHAS] BO BPEMEHH, T.€. ¢ MHAEKcoM k, mpuHMMaronum 3Hadenus 0, =1, + 2,
st Toro 4yToObl BBIYMCIUTH BBIXOAHOW cUTHAN (QUiIbTpa {yk}, BOCIOJb3yeMCS
dbopmynoii ceeptku (1.50) u HalieM m-i OTCUYET Ha BBIXOJIE:

m m

Ym = Z XM = Ae'? Z eikahm—k-

k=—o0 k=—o0

Brimonnus TOXACCTBCHHBIC HpGO6p&30BaHI/I$I, IMOJIYyHYHM:

m
¥, = Aei@mdt ) Z gio-mAp

k=—o0

BBenem HOBBIM nHACKC cyMMupoBanus n = m — k. Toraa:

Vi, = Aeiloml+o) Z e—iwnAhn. (1.54)

n=0

B cootBerctBuum ¢ Qopmynoit (1.54) BBIXOAHON CHTHAlT HUMEET CTPYKTYPY
JACKPETHOM TapMOHUYECKOM MOCIEAOBATEIIBHOCTA C TOM K€ YacTOTOM, 4YTO H
BXOJHOM CHUTHaJl. BBIXOAHBIE OTCYETHI MOJYYAIOTCS U3 BXOJHBIX YMHOXEHUEM Ha
KOMIUIEKCHYIO BEJIUYUHY:

oo

K(iw) = z giondp (1.55)

n=0

Ha3bIBACMYIO HacmomHbiM Koad)d)uuueﬂmom nepeéalm uq), 3dBUCAIIYIO OT

YacTOTHI ®, @ TAKXKE OT LIara JUCKPETU3auuu A U OT COBOKYITHOCTH KOA(P(PHUIIUEHTOB
{hx} nmmynscHoi xapakTepuctuku L{D.

®dopmy.ia (1.55) no3BoJasgeT ¢1eJaTh BLIBOABI:

1) gactoTHbI KO3pdunmeHT nepenaun LD sapiasercs nmepuoanveckor ¢GyHKIIUEH
YaCTOTHI C TIEPUOJIOM, PABHBIM YaCTOTE AUCKPETU3ANNU My = 27/ A;
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2) ¢pyuknus K (iw) ects npeobpaszoBanne Dypbe UMIyIbCHON xapakrepuctuku 1D,
IpEeCTaBICHHON B (JOpMe MOCIIeI0BATEIBHOCTH JI€IbTa-UMITYIbCOB:

[cp. ¢ dopmymoit (1.38)].

1.5.6 Cucremuas pyaxuus LD

Pacuem eaxcuenwien  xapakmepucmuku  uugpoeozo duirvmpa -
Yacmommno2o Korhduuuenma nepeoauu - YOOOHO RPoeoOOUmMb, UCHOJ1b3VI MEMOObL
Z-npeodpazoeanuii. CONOCTaBUM IUCKPETHBIM CHTHaiaM {Xx}, {Vk}, {hx} uX z-

npeodpazoBanus X(z), Y(z), H (z) coorBercTBeHHO. BbIXO/mHOW curHan ¢uiabTpa
{yx} ecTb cBepTKa BXOJHOTO CHUTHAJIA U UMITYJILCHOW XapaKTEPUCTUKH, TIOITOMY [CM.
dbopmyisl (1.42), (1.50)] BBIXOAHOMY CUTHATy OTBeYaeT (DYHKITUS:

Y(z) = Hz)X(2). (1.56)

Cucmemnoii_gpynkyueit ctaiuoHapHOTO JuHEHOro 1{® Ha3pIBalOT OTHOIIECHUE Z-

npeoOpa3oBaHusl BBIXOJHOTO CHUTHaja K Zz-peoOpa30oBaHMIO CUTHAjJa Ha BXOJE.
Cootnomienue (1.56) ycranaBnuBaer, 4To cucteMHas QyHKIus, QUIbTpa

Y@ N,
H() = 35 = kZohkz K (1.57)

eCTb Z-IIPeoOpa3oBaHre UMIYIbCHONU XapaKTePUCTHUKH.

CpasuuBas Bbipakeaus (1.55) u (1.57), npuxoauM K CJeAYIOHIEMY BBLIBOIY:
YT00bI NOJVYUTHL YACTOTHBIN KOY(Ppdumuent nepexauu P u3 ero cucreMmHom

GVHKIMHI, B TOCIeIHel HY;KHO CIeJAThL HOACTAHOBKY Z = e @A

Mpumep 1.3 [ugposoii Guivmp umeem UMNYIbCHYIO —XAPAKMEPUCMUK),
cocmosiyyro uz 08yx nemynesvix omcuemos: {hi} = (1,—1,0,0,-+). Boruuciumeo
yacmomuvlil Ko3gguyuenm nepedavu K(1w) purompa.

3neck cuctemHas Gpynkuus H(z) =1 —z~ L.

Otkyna: K (iw) = 1 — e 2 = [1 — cos(wA)] + isin(wA).

VYpapaenue AUX punbtpa UMeeT BU/I;
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wA
K(iw) = /[1 — cos(wA)]? + sinZ(wA) = 2 sin(T)‘.

B TO Bpems Kak DYUX onuchIBAETCS BBIPAXKEHUEM

sin(wA) T wA

— cos(wA) 2 2

¢x(w) = arctg

AMIUIUTYHO-4aCTOTHASI XapaKTEPUCTHKA (PUIbTpa SBISETCS MEPUOIUIECKOM
(GyHKIMEH, HO MPAKTUYECKH OHA MUMEET CMBICI JIUIIb B MHTEpBase yactoT oT 0 10
w = 7T/ A- Ha BepxHeil yacToTe HHTepBaja KaxI0My HePHOLy AUCKPETH3HPOBAHHOIO
rapMOHUYECKOIO CHTHaja COOTBETCTBYIOT nBa orcuera. 1lo Teopeme KorenbHukoBa

9TO €CTb NPCACIbHOC 3HAUCHHMC 4YaCTOThbl CHUIHAJIA, KOTOpLIﬁ MOJKCT OJHO3HA4YHO
BOCCTAHOBJICH II0 CBOUM OTCYCTaM.

3aMeTHM, YTO €CJIM Ha BXOJl TaKOTO (HIBTPa TOCTYIAeT TapMOHHYECKHUI
CUTHAJI C 4aCTOTOM, 3HAUYMTEIHHO OOJiee HU3KOM, YeM YacToTa JTUCKPETH3AIUHU, TaK
yT10 WAL 1, TO:!

1 1
K(iw) = [1 -1 +§(wA)2 — ] + i [wA —g(wA)3 + - | = iwA.

IToaTOMYy TaKafd CHCTEMA NnpuoJINKEeHHO BbIINNOJIHACT ornepanmnio
auddepeHINPOBAHUS OTHOCUTEIbHO MeJIEHHbIX BXOJHbIX CHTHAJIOB

1.6 Peaqm3zanus aJaroputMoB nudpoBoi pujabTpanumn

dusznuecku ocymectsumbie L[®, koTopbie paboTaioT B pealbHOM MaciuTade
BpPEMEHH, ISl (OPMHPOBAHUS BBIXOJHOTO CHUTHAajda B i-W JMCKPETHBHIH MOMEHT
BPEMEHHU MOTYT HCIIOJIb30BaTh CICIYIONIUE TaHHbBIE:

a) 3HaUYCHHE BXOJIHOTO CUTHaja B MOMEHT i- 'O OTCYETA, a TAK’KE€ HEKOTOPOE YUCIIO
«TIPOLUIBIX» BXOAHBIX OTCYETOB Xj_1, Xi_2, Xi—3, """ » Xi—m

0) HEKOTOpOoe€ YHCJIO TMPEAIISCTBYIOIIUX OTCUETOB  BBIXOJIHOIO  CHTHaja
Yi-1Yi-2oYi-n-

[enblie uncna m 1 n ONPEAEHsAtoT nopsadok L D.

KHaCCI/I(bI/IKaI_II/IH HCD IMPOBOAUTCA TIIO-PAa3HOMY B 34aBUCHUMOCTH OT TOI'O, KakK
HCIIOJIb3YCTCA I/IH(l)OpMaI_[I/IH O IMPOIIJIBbIX COCTOSAHUAX CUCTCMbI
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1.6.1 TpancepcaabHble HM(PPOBBIE GPUIBTPHI

Tax npuHATO Ha3bIBaTh (UIBTPBHI, KOTOpPbIE pabOTalOT B COOTBETCTBUH C
AJITOPUTMOM:

Vi = QoX; + A1X_1 + AxXi_5 + -+ AQpXi—m, (1.58)
TIe ag, A1, Ay, ***, Ay~ TOCIIEAOBATEILHOCTL KO3 HUITMEHTOB

Yucno m sBasercs I’lOD}ZaKOM mpaHceepPCcAdibHO20 uud)poeoeo d)uﬂbmpa. Kaxk

BugHO U3 (opmynsl (1.58), TpaHcBepcanbHBbI (UIBTP MNPOBOIUT B3BELICHHOE
CYMMHpPOBAHHE MPEIIIECTBYIOUIMX OTCYETOB BXOJHOTO CHUTHajda W HE HMCHOJIb3YET
IPOIUIbIE OTCYETHl BBHIXOAHOTO curHana. [IpumenuB z-mpeoOpa3zoBaHue K 00eUM
yacTsM BeIpakenus (1.58), yoexxpaemcs, 4To:

Y(2)=(ag+a;z7 ' +a,z72+ -+ a,,z27™)X(2).
OTcrona ciemyert, 9To cucTeMHast YyHKITHS:

Hz)=ag+az ' +a,z72++a,z™=

_apz™ + a1 z™ T+ apz™ T 4 et ay, (159)

Zm

ABIIAETCS JPOOHO-PALMOHATBHON (PYHKIMEH z, UMEIOIIed M-KPaTHBIN MOJIOC NP Z =
0 u m Hyne#, KOOpaAUHATHI KOTOPOTO OMpeAestoTcs koddduiurentamMmu GuibTpa.

Aaroput™ (QpyHKIMOHUpPOBaHUS TpaHcBepcaidbHOro LMD mosicHsSeTCs CTPYKTYpHOIl
CXEMOM, MpUBEJICHHOW Ha pucyHke 1.13.

———*— "vk

Pucynok 1.13 - Cxema noctpoenus TpanceepcaibHoro P
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OCHOBHBIMH 3JIEMEHTaMH (QWIbTPA CIyKaT OJIOKM 3aJepPKKH OTCUETHBIX
3HAYEHUH Ha OJMH MHTEPBAJ AUCKPETU3ALMK (IIPAMOYIOJBHUKA ¢ CUMBOJIAMU Z™'), a
TaK)Ke MacIITaOHbIe OJIOK BBINOJHSAOLIME B HU(POBOH (hopMe Onepaluy yMHOKEHUS
Ha COOTBETCTBYIOLIME KOIPPuIMeHTsl. C BBIXOJ0B MacCIITa0HBIX OJOKOB CHUTHAJIBI
NOCTYNalT B CyMMAaTop, TJ€, CKIaIbIBasiCh 00pa3ylOT OTCYET BBIXOJHOTO CHUTHAJA.
Bun nmpencraBneHHON 3/1€Ch CXeMbl OOBACHSAET CMBICI TEPMHUHA «TPaHCBEPCANIbHBIHI
¢GunbTp» (0T aHTIIMHCKOTO transverse — MONnepeyHbIi).

IIporpamMmMHuas peajauszanus TpaucsepcajabHoro HHd

Cnenyer UMeTh B BUAY, YTO CTPYKTYpHasi CXxeMma, M300pakeHHAasi HA PUCYHKE
1.13, He ABIsIETCA NPUHLMIUAIBLHON CXEMOM AJIEKTPUUYECKOMN LEMHU, a CIY)KUT JHUIIb
rpaduueckuM M300pakeHueM aaropuTMm oOpaboTku curHana. Mcnonb3ys cpencrsa
s3pika  @OPTPAH  paccmoTpum  gparMeHT  OporpaMMbl,  peayiu3yrolen
TpaHCBEPCANTBHYIO IUPPOBYIO (PHIHTPAIIUIO.

[Iyctp B omepaTMBHON MHamsITH KOMIbIOTEpa 00pa3oBaHbl JBa OJHOMEPHBIX
MaccuBa JJIMHOM M sYeeK KaKIblM: MACCUB C MMEHEM X, B KOTOPOM XPaHSITCS
3HAUEHUs BXOJHOI'O CHUTHaja, U MAacCHB C HMEHEM A, coaepXauluil 3HA4YeHHU
KO3 GUIUEHTOB PUIBTP:

Copnepxxumoe siueek MaccuBa X MEHSIETCS KaKIblid pa3 ¢ MOJIYyYEHUEM HOBOIO
OTCYeTa BXOAHOrO curHana. lIpeamosoxuM, dYTO 3TOT MAacCuB  3aIOJIHEH
OPEABIIYIIMMHA  OTCYETAMH  BXOJHOW  IIOCJHEAOBATEIBHOCTH, M  PAaCCMOTPUM
CUTYallMI0, BO3HUKAIOIIYI0 B MOMEHT IPUX0Ja OYEPEIHOI0 OTCYETa, KOTOPOMY B
IIporpamMme MpPUCBOCHO UMs S. [[aHHBIM OTCYET NOJDKEH Pa3MECTUTHCS B SYEHKE C
HOMEpOM 1, HO JIUIIb MOCJE TOTO, KaK NpeAblAylIas 3auch OyeT CABUHYTAa Ha OJHY
IIO3ULIMIO BIPABO, T. €. B CTOPOHY 3aIla3bIBAHMS.

OneMeHThl c(HOPMUPOBAHHOTO, TaKUM oOO0pa3oM MaccuBa X TOYJICHHO
YMHOXKAIOTCSl Ha 3JIEMEHTHI MacCuBa A U pe3ysbTaT 3aHOCUTCS B STUEHKY C UMEHEM Y,
I7Ie HAKaIUIMBAETCsS OTCUYETHOE 3HA4YeHHE BBIXOAHOTO curHana. Hwke mpuBoguTcs
TEKCT IPOrpaMMbl TpaHCBEPCaIbHON ITUGPOBOI PUIIbTpALNH:

DOIK=1,M-1
1 XM-K+1)=XM-K)
X(1)=8
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C  MACCUB X COOPMUPOBAH
Y=0.
DO2K=1,M

2 Y=Y +XK)*AK)

NMnyjabLCcHAS XapaKTepUCTHKA

Bepuemcs x ¢opmyne (1.59) u BBUHMCINM HMITYJIbCHYIO XapaKTEPUCTHUKY
TpancBepcanbHoro 1{d, ocymecTBuB obpatHoe Z - mpeodpa3oBanue. JIerko BUIETS,
4TO KaX7oe ciaraemoe (QyHkuuu H(z) maer BKJIaJ, paBHbI COOTBETCTBYIOLIEMY
KO3 PUIIMEHTY an, CMEIIEHHOMY Ha 7 MO3MIMK B CTOPOHY 3ama3ibIBaHus. Takum
00pa3oMm, 3/71eCh:

{he} = (ao, ay, az, -+, a). (1.60)

K Takomy BbIBOJY MOXHO IPUMTH U HEMOCPEICTBEHHO, PACCMATPUBasi CTPYKTYPHYIO
cxemy ¢uiabTpa (cM. pucyHok 1.13) u monarasi, 9To Ha €ro BXOJ MOJIaH «SIUHUIHBINA
umnyasc» (1,0, 0,0, ...).

Baorcno ommemumbs, UmoO __ UMNYJAbCHAA XapadKmepucmuka mpaHceepcailbrhoco

d)wzbmpa CO()@DOfCMm KOHEYHOE HYUCJIO HYJIEHO86.

YacToTHAsA XapaKTEPUCTHKA

Eciu B dopmyne (1.59) mpoBectu 3ameny mepemeHHodt z = exp(iwA), To
HOJYYHM YaCTOTHBIM KOA(PPHUIIMEHT MepeiavH:

K(iw) = ay + a;e'? + a,e??®? + ... + q,, e'™m@A (1.61)

Ilpeononazaemcs, umo omcuemovlt 6X00H020 CUZHANA U KOIDDuuuenmol huiompa

npe()cm aeJIAIOmMCA 6euleCmeEeHHRbIMU HUc1amMU

[Ipu 3amaHHOM MIare AUCKpETH3alud A MOXXHO peaan30BaTh CaMble pa3HOOOpa3HBIC
dbopmbel AUX, moadupast JOJDKHBIM 00pa3oM BecoBbIe KOG UITMEHTHI (UIIbTpA.

43



Ipumep 1.4. Hccneoosamsv uacmommuvie Xapakmepucmuku mpaHceepcalbHO20
yugposoeo guiempa 2-e0 nopsAOKa, GbINOIHAIOWE20 YCPeOHeHUe MeKyue2o
3HAYEeHUs BXOOH020 CUSHALA U O8YX NPeOuleCmayouux omcuemos no gopmyne:

1
i =30+ xig +xi-2). (1.62)
CucrtemHasi GyHKIHS 3TOr0 GUIbTpa:
1
H(z) = 3 (1+z1+2z72).

OTKyJla HAXOJUM YaCTOTHBIA KOA(PPUIIUEHT Nepeaayu:

K (iw)| = §(1 + eTIwA 4 gTi200) = g{[l + cos(wA) + cos(2wA)] — i[sin(wA) +
sin(2wA)]}.

DnemMeHTapHbIC PEe0OPa30BaAHUS MPUBOIAT K CISTYIONINM BhIpakeHUsIM i1t AUX u
dYX maHHOU CUCTEMBL:

1
|IK(iw)| = §‘/3 + 4 cos(wA) + 2 cos(wA),

. sin(wA) + sin(Zwd)
arteg + cos(wA) + cos(2wA)

P(w) = —wA.,
CootBeTcTByIOIIME TpapuKu TpeacTaBieHbl Ha pucynke 1.14 (a, 0), roe mo
TOPU30HTAJIBHBIM OCSIM OTJIOKE€HA BeIMYMHA WA - (Qa30BbId yros HHTEpBaia
JUCKPETU3ALMH NPU TEKYIIEM 3HAYEHUHU YaCTOTHI.

| K 0 90 180 270 wA,rpan
| ] § I
- 180 |~
=360
; ¢..Tpan
0 60 120 180 240 300 iy
a

Pucynok 1.14 - HactoTHble XapakTepUCTUKHU TpaHCBepcaibHOTO LID 13 npumepa 1.4:
a- AUX; 6 — ®UX
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[Ipeanonoxum, Hanpumep, uro wA = 60°, T.e. HA OJUH MEPUOJ FAPMOHHYECKOIO
BXOJHOTO KOJeOaHWs MPHUXOAUTCA IecTb otcueToB. I[lpum sTOoM BXOjaHas
MOCIIEA0BATEIBHOCTh OYAET UMETh BU/:

..0,1,1,0,-1,-1,0, 1, 1,...

(a0contoTHBIE 3HAYEHUS OTCUETOB HE WIPAIOT POJIM, MOCKOJBKY (UIBTP JIHUHEEH).
Hcnonbiys anroputm (1.62), Haxo1uM BBIXOAHYIO OCIEA0BATEILHOCTB:

.y 2/3,2/3,0,-2/3,-2/3,0,...

MoO>KHO 3aMETUTH, UTO €M OTBEYAET FTAPMOHUYECKUN BBIXOJIHOM CUTHAJI TOM K€
4acTOThl, YTO U HA BXOJE, C aMIUIMTYIOH, paBHOM 2/3 = (.66 OT aMIUIUTYJIbI
BXOJHOTO KoOjie0aHuWs U ¢ HayajapHOM (ha3oil, cmemieHHOH Ha 60° B CTOpOHY
3amna3IbIBaHuA.

I[Ipu wA < 120° paccmatpuBaeMblii (QUIBTP CIVIAKUBAET BXOJAHYIO
nocyienoBaTeIbHOCTh U MoOeT wurparb ponb OHY. Opnako yacToTHas
XapakTepucTuka (uiabTpa TMepuoJMYHa M HEMOHOTOHHA. Eciu  ucXoaHbIH
aHaJIOTOBBIM CUTHAJ HE ObUT MOABEPTHYT MPEIBAPUTEIBHON YACTOTHON (PUIBTpALIUU
U B HEM IIPUCYTCTBYIOT COCTABJISAIONINE, TSI KOTOPhIX wA > 180° (yciioBUS TeOpEeMbI
KoTrenbHukOBa HE BBIMOJHAIOTCS), TO OHU HE OYyayT ocnadnustbes AaHHbIM L[[D.
bonee Toro, u3-3a HaAJIMYUS BHICOKOYACTOTHBIX COCTABIISIOIIUX IU(PPO-aHATOTOBBIM
npeoOpa3oBareib BOCCTAHOBUT HEKOTOPOE HU3KOUACTOTHOE KoJieOaHUE, KOTOpOe
COBCEM HE COJEpPXaJIOCh BO BXOJHOM CHUTHaJjie. DTO mapa3utHoe sBieHue (3¢pdeKt
CHAJIOKEHUS» WM «MACKUPOBKH» BBICOKOYACTOTHBIX COCTABJISIIOIIUX CIEKTpPAa) B
MPUHITUIE TPUCYIIE JIOOBIM TUCKPETHBIM cucTteMaM. OHO 3acTaBsieT YACNATH
CEephE3HOE BHUMAHUE TMPEABAPUTEIBHON 00paboTKe CHUTHAJA, TOJBEPracMoro
rdpoBoit GpunbTparu

1.6.2 PexypcuBHbIe HM(PpPOBHIE GPUIBTPHI

OToT BUJ UUPPOBBIX PUIBTPOB XapakTEepeH TeM, 4To sl (POPMHUPOBAHUS I -
IO BBIXOJAHOTO OTCUETA UCIOJIb3YIOTCS MPEbIAYIINE 3HAUCHUS HE TOJIbKO BXOIHOTO,
HO ¥ BBIXOJIHOT'O CUTHAJIA:

Vi = QX+ a1Xiq + QX+ QX F
+b1Yi—1 + byYi—z + - bpYin (1.63)
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npudaeMm kodpdutnmentsl  (by, by, -, b,), oONpenensomre PEKypPCUBHYI YacTh
anroput™Ma (QUIBTpAIlK, HE pPaBHBI HYJIIO OJHOBpPEMEHHO. UTOOBI MOJYEPKHYTH
paznuuune cTpykryp AByx BunoB LD, mpanceepcanvuvie gpuromposl Ha3bIBAIOT TaKKE
HEepPeKYPCUBHLIMU PUIbMPAMU.

CucremHuas bvuknusg pekypcupaoro 1{d

BreimonHuB z-npeobpasosanue 00enx dYacTeid PeKyppeHTHOTO COOTHOIICHUS
(1.63), HaxoauM, 4TO cUCTeMHAas (PYHKIIUS:

Y(2) ap+az7t+ -t apz™
X(2) 1-bz7t—--—byz

apz™ + az" 1t + -+ azt™m

z" —byz" 1 —..—b,

(1.64)

ONMCHIBAIONIAs YAaCTOTHBIE CBOMCTBA peKypcUBHOro [P, mMeer Ha Z-NJIOCKOCTH 7
nositocoB. Ecian ko3¢ uiineHTsl peKypCUBHOM 4YacTH ajiropuTMa BEIIECTBEHHBI, TO
3TH TOJIOCHI JUOO JIeKaT Ha BEIIECTBEHHOM OcH, JH00 00pa3yloT KOMILIEKCHO-
CONPSKECHHBIE TIAPBI.

CrpvykTypHasa cxemMa pekypcusHoro IH®

Ha pucynke 1.15 nzobpakeHa cxema aqropuTMa BBIYUCICHUH, TPOBOJUMBIX B
cootBeTCcTBUH C hopmyJoi (1.63).

BepxHsisi 4WacTh  CTPYKTYpHOM  CXeMbl  OTBEUaeT  TpPaHCBEPCAIbHOU
(Hepexypcusnoul) yacTu anroput™ma ¢uiabTpanuu. s ee peanusauuu TpeOyeTcs B

obmeMm ciydae m + 1 MacmTaOHBIX OJOKOB (Omepamuii yMHOXKCHHS) U m STUEEK
NaMSTH, B KOTOPBIX XPAHATCS BXOJHBIC OTCYCTHl. PEKypCHBHOW YacTH ajlTrOpHTMA
COOTBETCTBYET HIDKHSS YacTh CTPYKTYPHOH CXEMBl. 3J1eCh HCIIONB3YIOTCS 7
IOCJICI0BATEIbHBIX 3HAUCHUH BBIXOJHOTO CHUTHAJIA, KOTOpPHIE B TpOIlecCe PabOThI
(GUIBTpa IEPEMEIIAIOTCS U3 SIUCHKHU B SIUCHKY MTyTEM C/IBHTA.
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Pucynok 1.15 - CrpyktypHas cxema pekypcuBHoro [[D

HenoctatkoM JaHHOrO MpUHIMIA pealu3aldyd SBISETCS MOTPEOHOCTh B
OOJBIIOM YHCJE S4YEEK MaMsITH, OTACNbHO /Jii PEKYpPCUBHOM U HEPEKYypCHUBHOM
yacter. boisiee COBEpIIEHHBI KaHOHUYeckue cxemwvl peKypcuBHbIX LD, B KOTOpBIX

UCIIOJIB3yEeTCSI MUHHUMAJIBHO BO3MOXKHOE KOJUYECTBO SYEEK MaMSITH, PaBHOE
HauOOJIBIIIEMY W3 YHCEN m U n. B kKadecTBe mpumMepa Ha pucyHke 1.16 m3o0OpaxkeHa
CTPYKTYypHasi cXxeMa KaHOHUYECKOTO PEKYPCHUBHOTO (GUIBTpA 2-TO MOPSAKA, KOTOPOM
OTBEYaET CUCTeMHast (DYHKITHUS:

ap+a,z t + a,z7?

1 - blz_l - sz_Z

H(z) = (1.65)

dy

Pucynok 1.16 - CtpykTypHas cxema KaHOHUYECKOTro peKkypcuBHoro LD 2-ro
nopsjika
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Jlist Toro 4yToOBI yOEMUTHCS B TOM, YTO 3Ta CHCTEMa peaiu3yeT 3aJaHHYIO
(GyHKIHIO, paCCMOTPUM BCIIOMOTATENbHBIA AUCKPETHBIM CHUTHAN {Wg} Ha BBIXOJIE
cymMmaropa | u 3anuiiemM J1Ba OYEBUIHBIX YPABHEHHUS:

Wy = X + bywyi_q + bywy_,, (1.66)
Vi = Qg+ A Wg_1 + aQyWg_5 . (1.67)
Brinonnus z-npeodpa3oBanue ypaBHenus (1.66), HaXoauMm, 4To:
W(z)=X(2)/(1—biz7t —bz72). (1.68)
C npyroii cTOpoHbI, B COOTBETCTBHH € BbIpaxkeHHeM (1.67):
Y(z2) =W(2)(ay + a;z7t + a,z72). (1.69)

O6benuauB cootHommeHust (1.68) m (1.69), mpuxogum K 3aJaHHONW CHUCTEMHOM
bynkiun (1.65).

YceTonunBoCcTh pekKypcuBHBIX D

Pexypcusnui I{D ssnsemces ()MCerl’I’ZHblM AHAN020M OUHAMUUECKOU CUCTEeMbL

C O6DCZI’I’ZHOIZ CBA3bl0, NOCKOJIbKY 6 AYeuKax _namsimu XPDAHAMCA 3HAYCHUS €20

npedmecmewomux COCMOSIHUIL.

Ecnu 3amanbpl HEKOTOpPBIE HAayajbHBIE YCIIOBHS, T.€. COBOKYINHOCTh 3HAYECHUI
Yi—1,Yi—2,"**» Vi—m TO B OTCYTCTBHE BXOJIHOTO CUTHaNa QUIbTp Oy/1eT 00pa3oBbIBAThH
JIEMEHTHl OECKOHEYHOW MOCIEAOBATEIBHOCTH V;, V41, Vit ***» HUTPAIOMIEH POJbH
€80000HbIX KOICOAHUL.

Lugposoti uremp Hazvieaemcsa ycmouyugviM, €CIM BO3HUKAIOIIUA B HEM
CBOOOJIHBIN MPOLIECC €CTh HEBO3PACTAIOIIAsl MOCIEA0BATEIbHOCTD, T. €. 3HAUCHHUS |y

IIPU 1 —> 00 HE MPEBBILIAIOT HEKOTOPOI'O MOJIOKUTEIBHOIO Yucia M He3aBUCUMO OT
BbIOOPA HAYAJIbHBIX YCIOBHIA.

CBoOoaubie kojebanus B pekypcuBHoM L@ Ha ocHoBanum anroputma (1.63)
SIBJISIFOTCSL PELLIEHUEM JIMHEWHOTO PA3HOCTHOIO YPABHEHHUS:

Vi =b1yi1+byio+ o+ bpyip. (1.70)

[lo amamormu C TPUHIMIIOM PEIICHUS JIUHEHHBIX Au(hepeHITuaTbHBIX
ypaBHeHU# OyneMm uckarp pemnienue (1.70) B Bume mokazarenbHON (HyHKITUN:
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y; =a'. (1.71)

C HeU3BeCTHBIM Toka 3HaYeHueM o. [loxcrarus (1.71) B (1.70) u cokpatuB Ha 00U

MHOXUTENb, YyOeXnaeMcsa, YTO O SBISETCS KOPHEM XapaKTEpUCTUYECKOTO
YPAaBHEHHS:

a, —bja" ' —ba"?—.-—b, =0 (1.72)

Ha ocHoBanuu (1.64) 310 ypaBHEHHE B TOYHOCTH COBIIAJIa€T C YPABHEHUEM,
KOTOpPOMY YAOBJIETBOPSIOT MOJOCHI CUCTEMHOM (yHKIMU pexypcuBHoro LI®. ITycts
cucTtemMa KopHed aq,a,,-:+,a, ypaBHeHnus (1.72) naiinena. Torma oOiee perieHue
pasHoctHoro ypaBHeHus (1.70) Oynet umeTh BUA:

y; = Ajab + Ayab + - + Ay al. (1.73)

Koadduumentsr T0KHBI OBITh MOAOOpPAaHBI TakK, 4YTOOBI YJAOBJIETBOPSUINCH
HaYaJIbHBIC YCIOBUSI.

Ecnu Bce momtochl cuctemHou (ynkuumu H(z), T.e. uucnma z; = aq,z, =
a,, ", Zp = Qp, TO MOIYIIO HE NPEBOCXOAAT EIUHHIIBI, pacHojiarascb BHYTpPHU
€IMHUYHOTO Kpyra c IHeHTpoM B Touke z=0, To Ha ocHoBanuu (1.73) mroOoi
cBoOOmHbEI mporiecc B I[®d OymeT omMCHIBATBCS WICHAMH — YOBIBAIOIIUX
reOMEeTPUUECKUX mporpeccuii U GuibTp OyAeT ycToiumB. SICHO, UYTO MPaKTUUYECKH
NPUMEHATHCS MOTYT TOJIBKO YCTOWYMBBIE TU(DPOBBIE (PHIIBTPHI.

Tpanceepcanvuvie uugpoevie Quiompol He ACAAIOMCA  OUHAMUYECKUMU
CUCIEMAMU U YCHIOWYUEBL BPU JII0OOM 6blOOPe KOIhhuuuenmos

IMpumep 1.5 Hccreoosams ycmouuusocmos pekypcueHo2o yu@dposoco guibmpa 2-20
Qo
(1—b12_1—b22_2)'

nopsioka ¢ cucmemmou Qynxyueti H(z) =

XapakTepucTHieckoe ypaBHeHue z2 — b;z — b, = 0 ©MeeT KOpHHU:

2
b, 4 <b1> )
Z1p ==X - + 2+
’ 2 2
Kpusas, onuceiBaemas ypaBHeHueM b7 + 4b, =0, ma mnockoctu (b; by)
KOA(pUIIMEHTOB €CTh TPaHMIA, BBIIIE KOTOPOH TMOJIOCHI CHCTEMHON (QyHKIHMU
BEIIECTBEHHBI, & HUKE - KOMIUIEKCHO COTIPSIKEHBI.
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2 o
Jns cnydass KOMIUIEKCHO-COMPSKEHHBIX MOJIFOCOB |zl,2| = —b,, TO3TOMY OJHOU U3

rpaHuI] 001acCTH YCTOMYMBOCTH SBJSIETCS MpsiMast by = - 1.

-1

Pucynok 1.17 - O6sacth yCTOWYUBOCTH PEKYPCUBHOTO (PrIIbTpa 2-T0 MOpsIKa

PaccmartpuBast BellleCTBEHHbIE MOJIOCKH TP by > 0, ©MeeM yCIIOBUE YCTOMYMBOCTH B
BU/IE:

b by\2
?11 (—1) +b, <1,

niu:

2

by b

BO3BCILSI B KBaapar 00€¢ 9acTH 3TOrO HEpaBCHCTBA, BUAHUM, YTO FpaHHHCﬁ obOnactu

YCTOMYMBOCTH sIBiIsieTCs nipsiMast b, = 1 — b;. AHanoru4Ho uccienyercs ciayyai b <
0.

B pesynbrare mpuxoauM K BBIBOAY, YTO JAHHBIM PEKypPCUBHBIA (DUIBTD
YCTOMYMB, eclii 3HaueHus KodhduiueHtoB b, u b, nexaT BHYTPH TPEYTroJbHOU
obJtactu, n300pakeHHOM Ha pucyHke 1.17.
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Kpurepuii veroiunBoct pekypcuBHoro 1Hd

3anauy 00 yCTOWYMBOCTU peKypcuUBHOTO LD mpon3BOIBEHOTO MOPsAIKa MOXKHO
pelInTh, CBSI3aB JaHHYIO MPOOJIEMY C PacrlojOKE€HHEM KOpHEH MHOrowieHoB. [[is
3TOr0 3aMETUM, YTO TpeoOpa30BaHUE BHUJIA:

_W+1

=— 1.74
Z=7 (1.74)

B3aMMHO-OJIHO3HAYHO  OTOOpa)kaeT  JIEBYID  MOJYIUIOCKOCTh  KOMIUICKCHOU
MIEPEeMEHHOW W Ha €JIMHUYHBIA KPYT B KOMIUICKCHOM MIIOCKOCTH Z C IEHTPOM B TOYKE
z = 0. JleiictBuTeNnbHO, TOuke W = -1 cooTBercTByeT Touka z = 0. B TO e Bpems
MHHMas OCb B W-IUIOCKOCTH, T. €.. COBOKYITHOCTh TOUEK C KOOPIUHATAMU W = ia (a -
IPOU3BOJILHOE BEIIECTBCHHOE YHUCIO), OTOOpakaeTcs B MHOXKECTBO TOYEK
eIMHUYHOMN OKpY)XHOCTH Z = —eXp[i2artg(a)].

Bo3bMeM xapakrepuctuueckoe ypasaenue L{D:
z" —byz" = bz — o= ph, =0 (1.75)

Y MOJICTAaBUM B HETO MEPEMEHHYIO Z, BRIPAXKEHHYIO Uepe3 MEPEMEHHYI0 W, COTJIaCHO
dbopmyne (1.74):
n n—1 n-—2
<w+1) b<W+1> b<W+1> b 0
w—1 Nw-1 2\w—-1 n '
[IpuBenss »3TO BBIpaKEHHWEe K o0meMy 3HaMmeHaremo (w—I1)", moydnm
XapaKTEePUCTHYECKOE YPaBHEHUE OTHOCUTEIIBHO MTEPEMEHHON W:

w+D"=bw—-DWwW+ 1" —b,(w— 12w+ 1" 2% — e —
b, w=—D"Iw+1D)-b,(w—1D"=0 (1.76)

Ecnu MHOTOUJIEH 1O cTeneHsM w, o0pa3ylouuil JIEBYI0 4acTh Mociaeaneil popmyisl,
MMEET KOPHU JIMIIb B JIEBOM IOIYIUIOCKOCTH, TO MCXOJHBIM XapaKTEPUCTUUECKUU
MHorouJieH Buja (1.75) uMeeT KopHH, pacnoyiararoniuecs Jullb B €IMHUYHOM Kpyre
Ha z-TlockoctH. Kak criexctBue, aHanmm3upyembli pekypcuBHbii (D Oyaer
YCTOWYHBBIM.

Ommemum, umo_mnozouien (W — 1)" He_umeem_KOopHel 8 _J1e8oll_NJ10CKOCHU.

TIloomomy npueeoenue K 0d0wemy 3namename o NPagoMepHo
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Ipumep 1.6 Hccreoosams ycmotivugocmos pekypcusnoco yugposoo gurompa 3-2o
nopsaoka ¢ xapakmepucmudeckum ypasnenuem z°> + 0.4z*> — 0.5z + 1 = 0.

B cootBeTcTBUU ¢ hopmyrtoit (1.76) momydaem npeoOpa3oBaHHOE YpaBHEHHUE:
w+1)3+04w—-1DWwW+ 1?2 -05w—-1D*w+1)+1=
=09w3 +39w? + 31w+ 1.1 = 0.
3nech Bce KOAPPUITMESHTHI TIOJOKUTEIBHBI U B TO YK€ BPEMSI:
a,a, —aza, =11.1 > 0.

Ilo kpumepurw Payca-lI'ypeuua, Oanuwlii MHO20UJIEH YCMOUYUE. 3IHauum,

YCHOUYUUE U AHATUUPYEMBLI UHDPOoeoll huibmp.

NMnyjabLCcHAs XapakTepucTuKa pekypcuBHoro 1HHd

XapaxkrepHas yepTa, OTiauJaromas peKkypcusHoii LID, coctout B TOM, 4TO U3-
32 HaJauuMsl OOpaTHOM CBSI3M €ro HUMITYJIbCHAs XapaKTepUCTUKAa HUMEET BUJ
HEOTPaHWYEHHO-TIPOTSDKEHHONW MocieoBaTesibHOCTU. [IokaxkeM 3TO Ha Ipumepe
npocteiero ¢puiabTpa 1-ro nopsaka, ONMCbIBAEMOro CUCTEMHON (PyHKLIHMEH:

H(z) = a _az
z T 1—bz1 z-b

Jannbiit punbTp ycroituus, ecnu | b | < 1.

N3BectHO [cM. popmyiy (1.57)], UTO UMITyIbCHYIO XapaKTEPUCTUKY MOKHO HAWTH C
MOMOUIbI0 OOPATHOTO Z-IPeo0pa3oBaHUs, MPUMEHEHHOTO K CUCTEMHON (YHKIUH.
Ucnone3ys hopmysny (1.36), Haxoaum m-i wieH B MOCISI0BATEILHOCTH {hy }:

1 az™

hm =559 770

dz. (1.77)

WuTerpupoBaHre OCYILIECTBISETCA MO €JUHUYHOU OKPY>KHOCTH, BHYTPH KOTOPOM
pacroJiaraercsi Touka rnojtoca z = b.

[TockonbKy BBIYET MOJBIHTETpANbHONW (YHKIIMHU B TOUYKE IMOJIIOCA PABEH, KaK JIETKO
BUICTh, ab™, WCKOMasi MMITYJIbCHASI XapaKTePUCTUKA (QUIIbTPA MPEICTABISAET COOOM
yOBIBAIOIIYI0 T€OMETPUUECKYIO MPOTPECCHUIO:

{h} = (a,ab,ab?, ) (1.78)
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1.7 CuHre3 iuHeHBIX HM(PPOBHIX GUILTPOB

BaxHoe mpakTMueckoe 3HA4Y€HME UMEKT  MeroAbl  cuHTe3a LD,
oOecrieynBarOINe 3apaHee 3aJaHHbIE CBOICTBa, Hampumep, TpeOyeMblil BUA
UMIYJIBCHOM WM YaCTOTHOW XapakTepucTuku. Hwmxke Oyaer uatu peubs o Tex
IpUEMax CHHTE3a, KOTOpbIE CYIIECTBEHHBIM OOpa3oM ONMpPAIOTCS HAa CBOMCTBa
AHAJIOTOBBIX LIETIEH, CIYXAIIUX MOJAEIbHBIMYU aHAJIOraMHU (MPOTOTUIAMM) LIUPPOBBIX
YCTPOMCTB.

1.7.1 MeTox MHBAPMAHTHBIX MMITYJIbCHBIX XapPAKTEPUCTHK

B ocnoBe 3T0r0 npocreimero Mmeroga cunresa L{® nexuT npeamnosioxeHne o
TOM, 4TO cuHTe3upyembli [{®d nomkeH o0sagaTe UMIYJbCHOM XapaKTEPUCTUKOM,
KOTOpasi SABJISAETCA pe3yJbTaTOM JMCKPETHU3ALUUA WMIYJIBCHOM XapaKTEPUCTHUKHU
COOTBETCTBYIOILIETO aHAJoroBoro (uupTpa — mportotumna. Mmes B BuIy cHUHTE3
(U3NYECKN peaM3yeMbIX CHUCTEM, i KOTOPbIX MMIIYJIbCHAs XapaKTEpHUCTUKA
oOpamaercss B HyJdb Npu ¢<(, MNOJIYy4UM CIEIYIOIIEE BBIPAXKEHUE HMIIYJIbCHOU
xapaxkrepuctuku L{D:

{hi} = (h(0), h(A), h(2D), ") (1.79)

Cnenyer 0o0OpaTuTh BHUMA@HUE Ha TO, YTO YHUCJIO OTIEIbHBIX UJIEHOB B
BBIPXEHUH UMIYIbCHOM XapakTepucTuku L{® MoxxeT ObITh KaKk KOHEYHBIM, TaK H
OEeCKOHEYHBIM. DTO OMpEENsieT CTPYKTYpy CUHTE3UPYEeMOro GuibTpa: UMITYIbCHON
XapaKTePUCTHKE C KOHEUHBIM YUCJIOM OTCYETOB OTBEYAET TPAHCBEPCATbHBIN (PUIBT,
B TO BpeMs Kak Uil peaju3allid HEOIPAaHWYEHHO MPOTSHKEHHOW MMITYJIbCHOM
XapaKTepUCTUKHU TpedyeTcs pexypcuBHbIi 1.

CBsi3p MEXIy KOIP(PUIIMEHTAMH UMITYJILCHON XapaKTePUCTUKU U CTPYKTYpOU
[H® ocobenHo mpocta ajsi TpaHcBepcaidbHOTOo (uibTpa. B obmiem ciayyae cuHTe3
CTPYKTYpbl (UIbTpa OCYLIECTBISETCS MyTEM NPUMEHEHHUsS Z-NpeoOpa3oBaHUs K
nocienoBateabHocTd Buaa (1.79). Haiing cuctemuyro ¢ynkuuo H(z) dunbstpa,
CIeMyeT CPaBHUTH ee ¢ oOmmM BeipakeHueM (1.64) u onpenenuts Kod)PUITUEHTHI
TPAHCBEPCAIBHOU U PEKYPCUBHON YaCTEH.

CreneHb HpI/I6HI/I)K€HI/IH aMHHHTy,Z[HO-‘IaCTOTHOfI XapaKTCPUCTUKHU
CUHTC3UPOBAHHOTO L[(D K XapaKTCPHUCTUKE aHAJIOTIOBOI'0 IIPOTOTHIIA 3aBUCUT OT
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BbIOpanHOro mara auckperuzauuud A. [lpu HEOOXOAMMOCTH CleIyeT BBIYUCIHUTH
yacToTHBIN Kod(durment nepeaaun 11D, ocymecTBuB B cuctemuoit ¢pynkumu H(z)
3aMeHy nepeMeHHOl mo ¢opmyne z = exp(iwA), U 3aTeM CPaBHUTH PE3YJIbTaT C
JaCTOTHBIM KOA(P(DHUITUEHTOM TIEpeIadyl aHAJIOTOBOM IIETIH.

Ipumep 1.7 Paccmompems cummes mpanceepcaibHo20 yu@dposoco guivmpa,
Nn000OHO20 OUHAMUYecKol cucmeme 1-20 nopsoxa (nanpumep-, unmezpupyroweti RC-
yenu) ¢ UMNYIbCHOU XAPAKMEPUCMUKOU 8UOA:

0,t <0,
exp(— t/T) ,t>0.

(HecywecmgeHnblll 01 3a0a4u CUHmMe3a AMIJIUMYOHBIU MHONCUMENb 8 UMNYIbCHOU

h(t) = { (1.80)
Xapakmepucmuke noJ0HCeH PAGHbIM eOuHUYe).

HYCTB HMIIYJIbCHAs XapaKTCPUCTHKA alllIPOKCUMHUPYCTCA IMOCICAOBATCIbHOCTLEIO U3
TPEX PAaBHOOTCTOAIHUX OTCUYCTOB!:

(hi} = (1e7Yr,e72%1). (1.81)

TpanceBepcasnbabli [ ¢ TakoW HMMITYJIBCHOM XapaKTEPUCTHKOM OIMCHIBAECTCS
PA3HOCTHBIM YPABHEHUEM:

Ve =X +e 2 x_ +e P x, . (1.82)

[IpumenuB z-npeoOpazoBanue K nociaeaoBaTenbHocTH (1.81), HAXOOUM CHCTEMHYIO
¢ynkuio L{D:

H(z) =1+ e 8/Tz71 4 ¢728/7772, (1.83)
OTKYJIa YaCTOTHBIN KO3 PUIIMEHT nepenadn:

K(iw) = 1+ e 8/Temiwhd 4 g=28/Tp-120A (1.84)

Ilpumep 1.8 Paccmompems cayuail, kocoa umnynvcras xapaxmepucmuxa (1.80)
AHAN020801l yenu annpoKcuMupyemcs beckoHeuHOll OUCKpemHOU
noCc1e008amenbHOCMbIO.

(i} = (Le8/7, 7207 ), (1.85)
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BoinmonuuB  z-mpeoOpa3oBaHue HUMMIYJIbCHOM xapakTepuctuku (1.85), momyunm
CUCTEMHYIO (DYHKIIHIO:
1

— A/t -1 =2A/t,-2 4 ... —
H(z)=14e*"z7 +e zZ7°+ Py (1.86)

JlaHHOM cucTeMHON (QYHKIIMKM oOTBeuaeT pekypcuBHbli [[d 1-ro mopsaka,
coJepXkaluii, TOMHUMO CyMMaropa, OJMH MaclITaOHbIA OJOK W OAMH 3JIEMEHT
3aJIEPKKH.

YacTtoTHbIi K0o3huimeHT nepenaun GuibTpa:

1

K(iw) = 1 — o-A/To—iwh

(1.87)

1.7.2 CpaBHeHMe TPAHCBEPCAJIBbHBIX U peKypcuBHBbIX LD

Kenarenbno, uytoObl AUYX cunTe3upyemoro [ld mocrarouyHo TOYHO
annpokcumupoBasia AUYX aHamoroBoro mnporotuna. BpiOop TOro wuiM HMHOrO
BapuaHTa CTpykTypel I[ld B pamkax MeTOJa WHBAPUAHTHOW HMITYJIbCHOU
XapaKTEPUCTUKHU CYIIECTBEHHO CKA3bIBAETCS HA TOUHOCTH MPUOIMIKEHHUS.

CpaBHUM 4aCTOTHBIC XapakTepucTuku AByX 1D, paccMOTpeHHBIX B pUMepax
1.7 u 1.8. O6a 3Tu GpuUIbTPa COOTBETCTBYIOT aHAIOTOBOMY MPOTOTHITY C YAaCTOTHBIM
Koa(hpurreHTOM Mepeaun:

K(iw) = (1.88)

1+iwt
[Tomoxum 111 KOHKPETHOCTH, YTO OTHOmIeHHe wT = 5. Ha ocHoBanuu ¢opmymn
(1.88), (1.84) u (1.87), cnenaB HeCIOXHBIC MPEOOPA30BAHUS, 3AMUIIEM BHIPAKESHUS
HOpMHpOBaHHBIX AUX aHamoroBoro u AByX MUQPPOBHIX PUIBTPOB, PEKYPCUBHOTO H

TPAHCBEPCAIBHOTO:
K(iw) _ 1 (1.89)
K(lO) AHAJL \/1 + 25w?A? .
K (iw) ~ 0.1811 (1.90)
K(i0)lpekyp,  /1.6703 — 1.6375cos(wA) '
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K(iw) B \/2.1201 + 2.7531 cos(wA) + 1.3606 cos(2wA) 191
K@0) lpancs 2.4890 1)
K(iw)
Pe3ynbTaThl pacueTra BeIMYUH |m| 0 JTaHHBIM (hopMyJaM CBeieHbI B Tabmuiry 1.1.
Ta6nuna 1.1 — Pe3ynbratsl pacyera |%
| K (jw)/ K (j0) |
Tun ¢dpunbTpa
wA : ;
y undpoBoi uudpoBoi
dHa;10roBbIH pexypguanmﬁ Tpaﬂcigcaﬂbumﬁ
0.0 1.0000 1.0000 1.0000
0.5 0.3714 0.3754 0.9201
1.0 0.1961 0.2046 0.7005
1.5 0.1322 0.1454 0.3990
2.0 0.0995 0.1182 0.1305
2.5 0.0797 . 0.1050 0.2234
3.0 0.0665 0.1000 ’ 0.3360

M3 nmpuBeIeHHBIX JaHHBIX BHIHO, YTO KaK PEKYPCHBHBIW, TaK W TPAHCBEPCATHHBIN
[Id peiicTBUTENbHO O00NANAOT XapaKTEPUCTHKaMU (UIBTPOB HWKHUX YaCTOT.
OIHaKO pEeKYpCHBHBIA (MIBTP 1O CBOMM YacTOTHBIM CBOWCTBAM OKa3bIBACTCS
ropaszzio 0Jke K aHaJIOTOBOMY MTPOTOTHILY.

1.7.3 Cunte3 LI® Ha ocHOBe auckperusanuu 1 depeHunATbHOr0 YypaBHEeHUS
aHAJIOrOBOM LeNH

K crpykrype LD, nmpuOamkeHHO COOTBETCTBYIOIIETO M3BECTHOW aHAIOTOBOM
LHeNM, MOXXHO MPUNTH, OCYHIECTBUB JUCKpPETH3aLUI0 AUPPEpeHnaIbHOro
YPaBHEHHs, OIMCHIBAIOIIETO AHAJIOIrOBbIM nporoTun. Kak mpumep HCMOiIb30BaHMS
3TOro  Meroaa paccMoTpuMm  cuHte3 LD, oTBewaromero  KoJsieOaTeNbHOM
JTUHAMUAYECKOM CHUCTEME 2-TO MOpSAKa, JUIsl KOTOPOM CBSI3b MEXKJY BBIXOJHBIM
Kojnebannem  y(1) W BXOAHBIM  Koyie0aHWEM  X(1)  yCTaHaBIIMBAETCS
g epeHInaTbHbIM YPaBHEHUEM:
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& + Zad—y + wiy = x(t) (1.92)
dt2 dt = ° '
[IpenmonokuM, dYTO IIAr JUCKPETH3AIMM paBeH A W paccCMOTPUM
COBOKYMHOCTH JHCKPETHBIX OTCUeTOB {yx} W {xx}. Ecim B (1.92) 3ameHutsh
NIPOU3BOJHBIC WX KOHEYHO-PAa3HOCTHBIMU BBIPAXKCHHSIMH, TO IU((HEpeHIIHATBLHOES
ypaBHEHHE TIPEBPATUTCS B pa3HOCTHOE ypaBHEHHE:
Yn — Zyn—l + Yn—2 Yn = VYn-1

Az + ZaT + Wiy, = x, . (1.93)

[leperpynnupoBas ciaraeMble, MOTYYUM:

A2xn + 2(1 + aA)yn—l — Yn-2
1 — 2aA + wiA?

In = (1.94)
PasnoctHoe ypaBHenue (1.94) 3amaer anroputMm pekypcuBHOro QuibTpa 2-r0
MopsiKa, KOTOPBIM MOJEIUPYET aHAJOTOBYIO KoyiebaTenbHy0 cuctemy. Takoi 1[D
MPUHATO HA3BIBATh YUPDPOBLIM PE3OHAMOPOM.

Ilpu coomeemcmeyroutem evioope KoI(pduuuenmoe uudpoeou pezonamop
MOMCEM GbINOJAHAMD POJb YACHOMHO-UZOUPDAMeEIbH020 duibmpa, nodo0OHO20

KoJieoamei bHOMY KOHmMYypy.

1.7.4 MeTox MHBAPMAHTHBIX YaCTOTHBIX XaPAKTEPUCTHK

[IpuHMNIMankHO HEBO3MOXKHO co3aath [P, yacToTHas XapakTepUCTHKA
KOTOPOTO B TOYHOCTH TNOBTOpsuia Obl YACTOTHYH) XapaKTEPUCTUKY HEKOTOpPOH
aHasioroBord wnenu. I[IpyumHa COCTOMT B TOM, YTO, KaK HU3BECTHO, YaCTOTHBIU
kodppunment mnepenaun LD sBusgercs mnepuoguyecko ¢GyHKIMEH YacTOThI C
NIEPUOJIOM, ONPEACIIIEMbIM IIArOM JUCKpPETU3alu (pucyHok 1.18).

loBopss o momoOun (MHBAPMAHTHOCTH) YACTOTHBIX  XapaKTEPUCTHK
aHAJIOTOBOTO M IH(POBOTO (PUIBTPOB, MOXKHO TpeOOBaTh JIMIIL TO, YTOOBI BECh
OECKOHEYHBI WHTEPBAJ YacCTOT (0,, OTHOCSIIMXCS K aHAJIOTOBOM CHUCTEME, ObLI
npeoOpa3oBaH B OTPE30K YacTOT Oy HHUGPOBOTO (GMIBTPA, YIOBICTBOPSIONIUX
HEPaBEHCTBY:

—Z<a)u<z , (195)

57



npu coxpaHeHuu odmero Buga AUX.

" . - -

IK]

i ! I

—-2n/A —n/A 0 n/A 2nlA
_ . 5 .

Pucynok 1.18 - AMIIMTYAHO-4aCTOTHBIE XapaKTEPUCTUKH (PUIBTPOB: @ —
aHaJIOTOBOT0; O — IU(POBOTO

IIycts K,(p)— mepenarounas GpyHKIMS aHAIOroBoro (GUibTpa, 3a1aBaeMas
JIPOOHO-pAllMOHATBHBIM BBIPAXKEHUEM IO CTENEHSIM KOMIUIEKCHOM 4acToThl p. Eciu
BOCIIOJIB30BAThCS CBSI3bI0 MEXKIY MEPEMEHHBIMU Z M P: z=eXp(pA), TO MOXKHO
3amucaTh:

1
p = Zlnz. (1.96)

OpHako C TOMOIIBIO ATOTO 3aKOHA CBSI3M HENb3sl TMONYYHUTh (DU3HUECKU
peanm3yemyro cucteMHyio Qysakmuio [P, mockonbky moxacrtanoBka (1.96) B
BbIpaxkeHne K,(p) mpuBeneT K CHUCTEMHON (PYHKIMM, HE BBIPAXKAIOIIEHCS B BHUJE
YaCTHOTO JBYX MHOTOWIEHOB. TpedyeTcss HaAWTH Takyl0 ApoOHO-parOHATIBHYIO
GyHKIUIO OT Z, KOTopas 00J1a1aia ObI OCHOBHBIM CBOMCTBOM mpeoOpaszoBanus (1.96),
a IMEHHO TepeBoAnIa Obl TOUKU €TUHUYHON OKPYKHOCTH, JIeKallel B TUIOCKOCTH Z,
B TOYKHM MHUMOM OCH Ha IJIOCKOCTH p.

Cpenu mpo4yux Croco0OB IS CHHTE3a (HIBTPOB HIIKHUX YacTOT MOJIyYHIIa
pacrnpocTpaHeHHUE CBSI3b BU/A!
2z—1
Az+1’

p (1.97)
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YCTaHABIMBAIOMIAs OJHO3HAYHOE COOTBETCTBUE MEXKIY TOYKAMH €IUHUYHON
OKPY)KHOCTH B Z-TUIOCKOCTH CO BCEd MHHMMOW OCBIO B P-IUIOCKOCTH. XapaKTepHas
0COOEHHOCTh 3TOTO 3aKOHA TpeoOpa3oBaHus COCTOUT B cieayromieM. Ilycts B (1.97)
BBHITIOJIHEHA 3aMeHa nepeMeHHou Z = exp(imA). Torna:

2 exp(iqu) -1
 Aexp(iwA) +1°

lw,

OTKy/a BBITEKACT COOTHOIICHHE MEXIYy YaCTOTHBIMU TEPEMEHHBIMH M, U Oy
aHaJIOTOBOU U IU(PPOBOU CUCTEM:
2 wA (1.98)
w, = —tg —. .
@~ 29
Ecnu yacroTta auckpeTru3anuu JOCTaToOYHO Bennka (o A << 1), TO, Kak JIeTKO
BuneTh U3 Gopmynsr (1.98), w, ~ w,;. Takum 00pa3om, Ha HHU3KMX 4YacTOTax
XapaKTEPUCTUKN aHAJIOTOBOTO U IMU(PPOBOTO (PHIIBTPOB MPAKTUUECKHA COBMANAIOT. B
o0111eM cllydae HY>KHO MPUHUMATh BO BHUMaHUE TpaHchopmaluio MacmTadba mo ocu
gacToT HudppoBoro GpuibTpa, onucsiBaeMoro Gopmyoii (1.98).

[IpakTuecku npouenypa cunre3a LId coctout B ToM, uto B QpyHkunu K,(p)
aHAJIOTOBOM LleNM  BBINOJIHAETCA 3aMeHa MepeMeHHod 1o ¢opmyne (1.97).
[Tomyuennas npu otom cucreMHas ¢Qynkuusa L@ oxaspiBaeTcs apoOHO-
palMOHAIbHOW M IO3TOMY IIO3BOJISIET HEMOCPEACTBEHHO 3alMCcaTh aJIrOPUTM
G poBOi GUIBTPAIIH.

Ipumep 1.9. Cunmesuposams yughposoii punremp ¢ 4acmomHou Xxapaxmepucmurxol,
no0o6HoU xapakmepucmuke ananoeosoeo ®HY 2-ro nopsioka muna bammepsopma.

Yacmoma cpesa onsa LD o., = 1500 ¢'. Yacmoma ouckpemuzayuu o, = 10000 ¢,

I[Ipex e Bcero onpeeiseM mar auckperusanuu A = 2/w, = = 6.2832- 10 c.
[To ¢popmyne (1.98) Haxoaum 4YacTOTy cpe3a aHAJIOroBoro ¢uiabTpa, MOJI00HOTO
cunresupyemomy LD:
2 WA

Wey =1 tg 2“ =16219c L.

Kak u3BectHo, nepenatounas ¢pynkuus anaisoroporo ®HY 2-ro mopsnka tuma
barrepBopTra, paccmarpuBaemas OTHOCHUTEIIBHO HOPMHMPOBAHHOM KOMIUIEKCHOU
4acTOThl py umeeT Bun [ 1, ra. 13]:
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1

K,(py) = , 1.99
NJiIn HpI/I HCpCXOI[e K I/ICTI/IHHOﬁ KOMHHCKCHOfI qacToTe:
(1)2
K,(py) = = (1.100)

P? + V2weqp + weq

BeimonnuB B (1.100) 3ameny nepemenHod Buaa (1.97), HaxoguM CHCTEMHYIO
¢ynkiuio LD:

H(z) = w&(z + 1)? {[(3)2 + \/E(%) Weq + wcza] z?+ 2 [wcza — (3)2] z+

A A

+ (3)2 — \/E(E)z Weq + wcza}_l. (1.101)

A A
[ToncraBuB B 3Ty (HhOpMyIly UUCTOBBIE 3HAYCHHUSI, TOJTYUYUM CIIEIYIOIINNA PE3yIbTaT:

72 +2z+1

H(z) =
(2) 7.6272z% — 5.7033z + 2.0761

(1.102)

1.7.5 BausiHue KBaHTOBaHUS HA padoty uudposoro puiabTpa

IIpn npoextupoBanmn I[d B psge cioydaeB  cienyer  y4HTHIBaTh
creru@puUecKrue MOrpeliHOCTH UX PabOThl, BO3HMKAIOIIME 32 CUET KBAHTOBAHMSI
CUTHAJIOB, T.€. BCIECACTBUE NPEICTABICHUS BCEX BEJIMYMH, KaK IOCTOSHHBIX, TAK U
M3MEHSIOIMXCS BO BPEMEHU, B BUJE IBONYHBIX YUCEJ ¢ KOHEYHOU Pa3psIHOCTBIO.

KBaHTOBaHHBIN XapakTep CHUTHAJIOB MPUBOAUT K LIEJIOMY pSAy SBICHUH,
OMHMCAHHBIX B JUTEpaType No HudpoBod QuibTpanuu. 3nech OyneT paccCMOTPEH

npocTeHni 3PPEKT - BOSHUKHOBEHUE TaK HA3bIBAEMOI'0 WUYMA KEAHMOBAHUS.

[1ycTh Umax - HauOoJblllee 3HAYEHHE aHAJIOroBoro curHaina Ha xoge AL
KOTOpPOE €Ill€ HE BBI3bIBAET IMEPENONHEHUSI apuMETUYECKUX YCTPOUCTB (UIIbTpa.
Ecaim m - 4ucino JBOUYHBIX pa3psaoB, OTBOAUMBIX IJis MPEJICTABICHHUS YHUCEN B
buIbTpE, TO OYEBUTHO, YTO KBAHTOBAHHUE CUTHAJIA MPOUCXOUT C IIArOM:

_ Umax

qKB - Zm

(1.103)
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KBaHTOBaHHBIE OTCYETHI ONMCHIBAOT MI'HOBEHHBIE 3HAYEHHs AHAJIOIOBOIO
CUTHaJIa HE TOYHO, a C HEKOTOPOU MOrPEIMIHOCTBHIO, TEM MEHBIIIEH, YEM MEHBIIIE IIar
KBaHTOBaHUS. IHBIMM ClIOBaMH, OTCUYETHI BXOJHOIO CUTHaNA Xj (UIBTpa SBISIOTCS
CyMMaMHM MWCTHUHHBIX 3HAQYEHUU X), H OTCYETOB MNj HEKOTOPOrO0 IHUCKPETHOTO
CIIy4alHOT0 IpolLiecca, Ha3bIBAEMOT0 ITyMOM KBaHTOBAHUS:

Teoperndecku U SKCIEPUMEHTABHO TTOKA3aHO, YTO B OOJIBIIMHCTBE CIIyYacB,
MHTEPECHBIX IS MPAKTHUKH, MOCIEA0BATEIILHOCTD {n,} 00pa3oBaHa CTaTHCTUYCCKH
HE3aBUCUMBIMHU CIIyYalHBIMU BEJIUYMHAMH, KaXKJasi K3 KOTOPBIX PaBHOMEPHO
pacnpeneiieHa Ha HWHTEPBAIC OT —(yxz/2 10 (yp/2 W TIOITOMY HMEET HYJIEBOE
MaTeMaTH4ecKoe OKUIaHKe U UcIepeHIo o2, = g2,/12 [1, ru. 6].

[IIym kBaHTOBaHUs, MPUCYTCTBYIOMUK Ha BXoje LD, mpeobpazyercs 3Tum
ycrpoiictBoM. ITycth {ngy,} - AUCKpeTHAs MOCIIEA0BATEILHOCTh, COOTBETCTBYIOIIAS
BXOJIHOMY IIyMYy KBaHTOBaHUs. JIJisi TOro 4ToObl HAMTH i - @ OTCUET BBIXOJHOM
TOCIIEZI0BATEBHOCTH {Nppix ), CACAYET BBIUUCIUTD JUCKPETHYIO CBEPTKY BXOJHOTO
IITYMOBOT'O CUTHAJIa ¥ UMITYJIbCHOM XapaKTePUCTUKH (PIIIBTPA:

Nppixi = z hingx;—;. (1.105)
i=0

OTCI-OI[a onpeacisicM (I)YHKLII/IIO KOppeJsiIruU IIyMa KBAHTOBAHUA HA BBIXOC:

Rppx(m) = ZanIXianlxz—i = Zz hjnBXi—jhj—mnBXi—j—m =
i=0 =0 j=0
i=0

Ionoxus m = 0, IMOJIy4YuM ,Z[I/ICHCpCI/IIO ImrymMa Ha BBIXOC:
KB
OBy = Rex(0) ) h =223 h? (1.107)
j=0 j=0

Taxkum 06DCZ30M, BbIXOOHOLL WyM K6ARMOBAHUSA OKA3bleademci mem 60]lbLLl€, yem

MeoneHHee VYMEHbULAIOMCA OmMCcUeNnibl lleI’lV]leHOlj XapakmepucmuxKu d)uﬂbmpa.
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