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OT NMEPEBOJUYHKA

PasBuTHe BHIYHCJHTEJAbHON TEXHHKH H YHCJeHHBIX MeETOA0B aHaJH3a
OTKpHLIO WHPOKHE NEepCHeKTHBH HCMOJIb3OBAHMSA WX IJIsi NOBBINIEHHA
sdpexTuBHOCTH pemuenusi oOpaTHbLIX 3ajau reodusukn. Moxno Ges
npeyBeJUYeHHs] CKasaTh, 4TO JaJbHeHlIHi mOporpecc pasBeJOvHON
reo(PH3HKH HeBO3MOKeH Oe3 IIMPOKOTO BHEIPEHHsI B NPAKTHKY pas-.
BeIOYHEIX pabOT caMblX COBPEMEeHHLIX METOJ0B MaIUWHHOH 06paboTKu
reo(u3uuecKux JaHHBIX.

C MoMeHTa BHIX0Ja NepBHIX HA PYCCKOM s3blKe KHUT 1o obpaboTke
ceficMuueckux 3anuceii na DBM! npoumio okoso BocbMH Jer. 3To
6Li0 BpeMst OYPHOTO PAasBHTHA MeTOJ0B 06paboTku reo(H3HYECKHX
it ocobenno ceficMuyeckux sanuceii na 9BM. Hopule BesHusa B Teopuu
¥ TpaktHke 00pabOTKH reodH3HuecKHX [AaHHBIX HAULIH OTPaMKeHHe
B psijle OTEUECTBEHHLIX M NepeBOAHBIX paboOT, BHILIEIUIHX B TOCJAeN-
wue roasl. Cpean Hux cienyer orMmeruth Monorpacdun Il. Pabuuepa
u B. Toyana «Teopus u npumenenue undporoii 06paboTki CHIHAJIOB»
(Mup, 1978), H. K. KonapateeBa «J/Iuneiitnbie o6pabarLiBaioniie Ccu-
creMul B ceficmopassenake» (Heapa, 1976), 10. B. Tumownna «HMm-
nyJbcHas ceiicMuueckas rogorpacusi» (Heapa, 1978) u ap. Ilpepaa-
raemMasi BHHMAaHHIO uUyTaTels KHHUTA H3BECTHOTO aMEepHKaHCKOIo
yuenoro dxona ®. Knaepboyra npeacrasisier cof0oil 10CTaTOYHO CHC-
TeMaTH3HPOBAHHOe H3JIOXEeHHe COBPeMeHHBIX MeToA0B 00paboTKn aan-
Holx reoduznuveckux HalmofeHuin wHa IBM.

B kuure nocaeloBaTeNbHO H3JaralTcAa HIAEH W METOAbl JHCKpeT-
HOI'0 aHaJH3a W MaTPHYHOTO HCYHCAEHHA, a Takxe crnocolw o6paboT-
KH FCO(bHBH‘-IECKHX JAaHHBIX: OT pPa3JHYHOTO poAa OJHOMEDHBIX H
JABYXMepHBIX (QUAbBTpalMil 10 pelleHus 0GpATHOH 3aadu ¢ MOMOIIbIO
AvddepeHnHasbyblX ypaBHEHMI B UacTHHX ITIPONM3ABOAHBEIX H HX KO-
HCYHO-PA3HOCTHHIX aHanoros. OrpaHuveHHbli o06beM KHHTH H 00Jib-
Ildasi HAcHIUIEHHOCTh €e pa3HoobpasnbiMH (aKTaMmu, ecTecTBEHHO,
NpHBEMN K TOMY, 4TO MHOTHe yTBepXKJeHHs B Hell maubl Ge3 jpokasa-
Teabnct, OAHAaKO 3TO, MO-BHAHMOMY, eIMHCTBEHHHl crnocol6 co3jarth
AOCTATOYHO TOJIHOEe PYKOB@ICTBO N0 MeToAaMm o0paborki reogusnye-
ckoit HHdopMauuu B ueaoM. KpoMe Toro, KHHra OUeHb NMoJie3HA /15
uMTaTeass, KOTOPHIl MOMKeT CAMOCTOSTENbHO aHANH3UPOBATH MpejJa-
raeMmble MeTO[bI, HAEH H J0Ka3aTeabcTBa. DTOH ke IeJH CAVKAT
MHOTOYHCJIEHHbIE YUPAXKHEHHS, NPUBOJUMBIE B KOHIE IOYUTH KaxJ0To
pasgena. Cpean HHX eCTb M OYeHb NMPOCTHe, H BechbMa Tpyauble. [Ias
nocjeaunx OOBIYHO JalOTCH YKasaHus, obJaervaipomme pemenns. He-
CMOTpst HA CPABHUTENLHO HeOOJbLIOH 00beM H KOHCIEKTHBHHII BO
MHOTHX MeCTaX XapaKTep H3JOMKEeHHA, B KHUIe Hapsily ¢ JAOCTATOYHO

{1, Hugpposas oGpaGorka ceificMuueckHx nanmmx. M., Hempa, 1973.
2. 0. B. Tumowur. OCHOBH AHQPAKUHOHHOrO npeospasoBauis CellcMHYECKHX
sanuceft. M., Hexpa, 1972.
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TOMHBIM OCBEIIeHHEM COBPEMEHHOTO COCTOSIHHSI TEOPHH W MPaKTHKH
o6paboTkn reodusHyeckux nanusix na IBM Goaeiioe sauManue yie-
JIeHO paccMOTPeHHI0O MaTeMaTHYeCKHX METOJ0B: TEOpHH AHCKPETHOrO
d4HaM3a W CTATHCTHKH, TEOPHH MATPHI[ ¥ MeTORa HAUMEHBIUIHX KBaJI-
paroB u T. n. Bece 370 mogroraBanBaer untaress K nonumanuio Oosee
CJIOXKHBIX MAaTEeMAaTHUYECKHX 3ajau 00paboTKu reodpmuamvecknux NaHHBIX
Ha 9BM.

Kunra uMeer I0BOJIBHO IPKO BLIPAXKEHHYIO HHYKEHEDHYIO Hanpas-
JleHHOCTh, B Hell npupoauTcs 11 MammuEbX nporpamm Ha @opTpakne,
peanusyloliHX OCHOBHHE Tponeayphl oGpaGoTKu JaHubix. B Hed
YAaYHO COYETAIOTCH JOCTOHMHCTBA ydyeOHHKA W MoHOrpaguu. DT1o mo-
3BOJseT HanesTbCHA, 4TO OHA MNpPHBJEYET BHHMAaHHe IIHPOKOro Kpyra
CNelHaJuCTOB-Te0H3NKOB: HHIKEHEPOB, HayuyHbIX PabOTHHKOB, Mpeno-
laBaTeJied H CTYAEHTOB BYy30B.



MPEAVCJIOBHE

2ta KHMra paccqu;raﬂa Ha WHIKEHEPOB M HAyyHbIX paboruukon. Ham
onerr paGorbi B CrenOpACKOM YHHBEDCHTeTE MOKasas, uTO OAHOCe-
MECTPOBBIif KypC MO TEOPHH HHIKEHEDHBIX CHCTEM JIerKO YyCBaHBaercs
i Oyler MOJIe3¢H KaMAoMy, KTO MHTepecyercs MAHMHHBIM MOAENHPO-
paHHeM W AHAJAW30M JaHHBHX B (u3ndecknx Haykax. EcrectBento,
yTO 3Ta KHHra OTpaiKaer HayuHble HHTEDECHl aBTOpa, KOTOpHle Ha-
npap/enbl TWABHBIM 0GpasoM Ha CeHCcMOJIOrHYecKHe HCC/eL0BaHHA.
BMecTe ¢ TeM 3a BOCHBMHJIETHHIl MepHOL HCCJAEA0BATEJLCKOH H Mpeno-
JAaBaTeabCKOll JIeSITENbHOCTH MEHsi WHTepecoBaJH MHOrHe 3ajaun 006-
pabotkn reousnueckux Aanubix. [Ipeamosaraercs, ato Kuura Oyaer
ckopee yueGHHKOM, yeM HayuHo# mounorpadueit. [Tpusoxnmeie BO Bcex
pasjenax YmpaxHeHHMs JOCTYNHBI JHIAM, HeNaBHO OKOHYHBIIHM
HHCTHTYTH. DOJBIIHHCTBO YNPakKHEHHi JO0JIKHO OBITB JOCKOHA/ILHO
NpoBepeHo.

1 B A0ATY y OTPOMHOTO MHOJKeCTBa ApYy3eil, KOJJer M TPexHHX
yumTeseii 32 MHOTO®, YeMy s HayuuJacs, Sl uMea MHOro IJOJOTBOPHBIX
Gecen co CruoMm Cumnconom, duapio PobGunconom u M:konom Byp-
roM 1o aHanniy BpeMeHHbIX psjaoB. Tex MsjaieH Hayuual MeHs MHO-
roMy w3 TOIO, UTO HAMHCAHO B 3TOH KHHIe O CJOHCTHX Cpefax, HO
BaikHee BCero, 4TO OH YBJEK MeHs TOH MBICJABIO, UTO TPHILIO Bpems
3anATLes cJaoHcTHIMH cperamu. Jizxon Illepsyn u  Ppencuc Miop
IIO3HAKOMHJIH MEHSl C TeopHeil cellcMHYecKoH pasBelKH METOHOM OT-
PaKeHHbLIX BOJIH W HEKOTOPLIMH HEOPTOAOKCAJbHBIMH CrmocobaMu
MblllIennss O Hed. MHoOro cryaeHToB oKka3ano MHe GOJbINYI0 NOMOIllb
B OOHapyKeHHH HeTouHOcTeH B Tekcre n ynpaxuenuax. Oua Ulyasn,
Moun K. Puneit u Crus JlorepTn NOArOTOBHAH PHCYHKH B SaKJIOUH-
TeabHbix raBax. Muccuce Cioszana DpauH orneuarana NOYTH Bech
TPYA # OpHJAOKHJZ OoJiplipe YCHIHA Ul OKOHYATeJbHOro odopmie-
Hus pykomucu. Mos zena, Jluana, BIOXHOBASIA MeHs BCe 3TO BpeMs
Ha OCYIUECTBJCHHE 3aMBICaa.

§1 Gnarojapen 3a (DMHAHCOBYIO MOAAEPHKKY, NOJYYEHHYIO 3a 10-
cjaeinne BOCEMb JeT, I1aBHBIM o6Gpasom Crendopackomy yHuBep-
cutery u Komnawam no passeake uedremocusix pafionos (Chevron
Oil Fild Research Company), a Takxke ®ouay neTanbX HccaeioBa-
HHil AMepHKaHCKOro Xumuueckoro obuiecrsa (Pefroleum Research
Fund of the American Chemical Sosiety), Hauunonanbiomy ouny
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no nayke i eaomctsy BBC no mayunsiv meenenoeanuam (Air Force
Office of Scientific Research). Hegasuss noMoump ot pupwm, cybeuan-
pylownx crendopackyio nporpammy ucenenosaunit (Stanford Explora-
tion Project — SEP), nosponuia 6mcrpo passutb 06paboTky ceficMi-
YECKHX AAHHHX HAa OCHOBe BOJIHOBOTO YypaBHEHHs; 3TOMY BONPOCY
nocBsIleHa NOC/eAHss riasa. DTu bupMbl caefyiomue: Amoco, Arco,
Chevron, Continental, Digicon, Dutch Shell, ELF (France), Exxon,
GSI, INA (Yugoslavia), Mobil, Petrofina (Belgium), Petty Pay,
Preussag (Germany), Seiscom Delta, Seismograph Service, Shell,
Sun, Teledine, Texaco, Total (France), Union, U. S. Geological
Survey, United Geophysical, Western Gegphysical.



BBEJAEHHE

O6paGoTka reo@H3HYECKHX NAHHBIX — 3TO NpPHMEHEHHE 9BM npn
anajnse pesyJabTaToB reopusnyeckux HaOuwonenuit. OcHoBHOW 3ana-
ueil reopusnKu sBjifercs Oojee TOYHOE ONpefesieHHE BHYTPEHHEro
crpoenusi 3eMad. Tam, rae Oypenne HepauHOHAILHO HIIH HEBO3MOXKHO,
NpOBOAATCS CefiCMHUECKHe, 3JeKTPOMArHHTHHIE H TIpPaBHTALHOHHbIE
H3MepPEeHHs C Ue/IbI0 MONYYEHHS HEOOXOAUMBIX CBeJEHHH HA OCHOBAHMH
JAAHHBIX 9THX H3Mepenuil. CucreMaTHyecky NPHMeHsAs 3aKOHB QU3HKH
H CTATHCTHYECKHE METOABI, MOXHO pPellIMTb HEKOTOpbie 3a/aduH HHTep-
nperalun JaHHBIX reodusnveckux Habuofennit ¢ momompio IBM.
Korpa koauuecTBO HAOJIIONEHHMHI HEBEJHKO, TO HX MOXKHO CUMTATh
COBNAfAIIUMH C NepeMeHHBIMH napaMeTpaMi B M3BECTHBIX aHaJu-
THYECKHX pelleHHsX ypaBHeHHi KiaccHyeckKoil ¢usukk. Oanako B Ha-
CTOsililee BpeMsi MOJy4ar0T OrPOMHble MAacCHBEI JaHHBIX HabJaioleHui,
KOTOpble COAEPHAT HaMHOro GoJpule cBeleHHii 0 3emie, ueM Te, KO-
TOphle MOTYT MOJeJHPOBATHCA MOCPEACTBOM AHAJNHTHYECKHX pelleHwuii.
Tax, oGbiunblil MOPCKOii KopabJb, BeLyLHi HCCHENOBAHHS METOIOM
OTPaKEHHBIX BOJH, MoxXeT cofupaTh okojo TpuaawoHa (10'%) 6Gut
HH(popMauuu B MecsilL

Takne Goabimue O6BeMHl AAHHBX TPeOyIOT KaK CTaTHCTHYECKOH
06paboTKH, TAK H BO3MOXKHOCTH MOJYY4eHHS TEOpeTHYeCKHX pelieHuil
AJs MHOTOnapaMeTpHYeCKHX Mojelleil 3eMHOoH Kophl. HMcmonbszoBanue
1ndposuix IBM 1as cTaTHCTHYECKOro aHaan3a reodH3WUECKHX HaH-
HBIX Hauya/joch rpynnoii reodusnueckoro amanusa (GAG) B 1953—
1957 rr. npu MaccauyceTcKoM TexHoJoruueckoM uuctutyte [1]. Teo-
peTHuecKHe pacyeThl B reodu3MKe Hauadd I[UHPOKO MPHMEHATHCA
¢ 1954 r, xorpa Hopmen Xsckean [2] onybamnkoBan wu3BecTHyio
CTaTLio, B KOTOPOil H3J0XKHJ BO3MOXKHOCTL BEIYHCJEHHS 1T0OJS ceHcMH-
uecKHX BOJH IS 3€MHOH KODBI, MOJe/HPYeMOil PpOU3BOJILHEIM YHCIOM |
MJOCKHX Mapajl/ieJbHBIX CJI0eB, Kax/Ibiii H3 KOTOpHX obnanaer mpo-
I3BOJIbHBIMH YUPYTHMH TapaMeTpaMu. 3TO MO3BOJHJIO HCHOJIL3OBATH '
noJHyio ¢GopMy CHrHaja CefCMHYECKO BOJHBL NDPH HCCJIEAOBAHHH
MOJIeNIH 3eMHON KODBI C NPOH3BOJIbHOH CJHOHCTOCTBIO (MOA «CJOHC-
TOCTBIO» MOHHMAETCH, 4TO CBOHCTBA MNOPOABI NBAAIOTCH (PyHKUHEN
TOJIbKO OAHOH KOOpAnHATH, 0OBIYHO raybunbl uau paiwyca). Meroabl
X3CKenna WHTEHCHBHO pasBuBajuch Gonee 20 nocaeIHuX JeT, Tak
‘ITE) Telepb MOXKHO JIETKO ONpeaesyuThb pesyJabTaTt pacnpocrpauemm
CEACMHYECKHX H _3JeKTPOMATHATHBLIX HMMMY/JILCOB OT NPOH3BOJILHOTO
HCTOUHHKA B JI0GOH €JIOMCTONl MOJean 3eMHON Kopel. Bmecte ¢ Tem
OKa3aJoch, YTO CJOHCTBIE CPEABI JErKO 3aMEeHSOTCS OXHOPOAHBIMH
cperamMu, ABJAAIOUIHMHCH Hanboaee INPpOCTHIMH MOJENIAMH B I'EO(pH-
3HKe.

CeilcMoOrpaMMBl 4acTo COAEpPKAT 3aNUCH COTEH KoJaebGanuli, npo-
HCXOXKeHne GOJBUIMHCTBA U3 KOTOPLIX HEBO3MOMKHO OOBACHHTb., BHIIH
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Pa3sBuTHl M AETAaJbHO paspaloramsl MeTOAMKH pacyera ceilcMorpaMm
AJs MOAEJIEH CJOHCTBIX cpen co cayyaiiHbIMH H3MEHEHHsIMH Tnapaver-
POB mnJjaacTos. yﬂHBHTe.ﬂbHo, HO TpH TOBTOPHOM BOSGYJKJIGHHH KoJge-
Gauuii CeHCMOrpaMMbl TOJIHOCTBIO MOBTOPAIOTCS €O BCEMH CBOHMH
CJOXKHBIMH, Heoﬁ'bHCHHMbIMH neraasMu.  Jlaxe ceﬁcmorpammu oT
semJaeTpsceHHil BOCNPOH3BOASITCS B TOM cjyuae, KOraa 006MmacTh HC-
TouHnka mana. Taknm obGpasom, BBOA cAy4yaiHbIX MepeMeHHBIX B aHa-
JiH3 JaHHBIX YacTO CJAYIKHT [JIaBHBIM 00pa3oM MAJs YCHJEeHus COOT-
BOTCTBHA A&HHBLIX pPeaJibHbIM CJOHCTHIM MOLENAM.

B npoTHBOMOJOMXKHOCTL HAlIHM XOPOLIO pa3pabGoTaHHbIM METOAaM
U3YYeHHS| CJOMCTHIX cpell Hanbojee MHTEPECHH B HacTOsllee BpeMms
HCCAEN0BAHHS OTKJIOHEeHHH CTpoeHHs 3eMJH OT CJOHCTOH MOJEJIH.
CCHOBHBIMH BONPOCAMH TPH 3TOM SBJAAIOTCHA: KOHTPOaL 3a apeiidom
KOHTHHEHTOB, NOHMMaHHe NPHYHH 3eMJETPACEHHH M MOHCK 3azexei
HeTH ¥ MHHepasoB. Takum o6Gpa3oM, sagaun o6pabOTKH reodusuue-
CKMX JAHHBIX JeXar B 00JacTH COrJacoBaHHsA MOJEBHX JAaHHBIX
C JBYX- M TPEXMEPHLIMH HEOJHONPOJHLIMH MOAEJSAMH 3eMHOH KOpbL.

O6Gpa6oTKy reodnsnuecKux NaHHbIX MOMKHO HauaTb C H3YUYeHUR
BPEMEHHOro NpeACTaB/J€HHS CHIHAJ0B OHpeleJeHHOH (OpMBEI C 1MO3H-
Uil TeopuH QHALTPOB M CIEKTPaJbHOIO aHaln3a. 3Jech OUeHb BaZKHbI
MaTeMaTHYecKHe OrpaHHYeHHsl, HaKjaajblBaeMble TPHHIMIIOM MpHYHH-~
HocTH. B JagbHefiiieM Moze/n 3eMHOH KOphl Pa3JHYHON CJ0MHOCTH
CTPOATCS € YUETOM 3TOrO MPHHUHAA. YCTOHYHBOCTL BBIYHC/AEHHH 4acTo
cnpefeasercs CTPOroCTbi0 MX BHIMOJHEHHA. 3aTeM paccMaTpHBAIOTCA
OCHOBHble TNOHSTHA paspellalonleli cnocobHOCTH, CTATHCTHKH H TEOPHH
MaTpHl, CO MHOMKecTBOM IpHMepoB. DTO NOArOTABJHBAET YUTATe]A
K NOHMMaHuio obulefl TeOpHH METOAa HAMMEHbIIMX KBaJApaToB, Mrpa-
ionero, 6e3yc/oBHO, NPHHUHNHAJBHYIO POJb IPH COIMIACOBAHHH IKC-
NEPpUMEHTAJbHBIX JAHHBIX C TeopeTHYecKuMu MoReasmu. [loka ou
HIpAaeT eule BazxKHYI0 PoJb, HO €My HPOTHBOCTOST METOJLI C BHICOKHM
paspeniednem (MakKcHMyMa SHTponuH) u Gojee TOUHBIE METOABI
(L,-HopMa u JuHEIHOE TIPOrpaMMHpOBaHHe).

CorjlacHo TakoMy pasBuTHIO HAell (yHIaMeHTa/bHOH 006paboTkn
JI@HHBIX TOCJAEAYIONIAs YacTb KHHMH MOCBSILIEHA MOJAENsM 3€MHOM KO-
pBHl C TOCTeNEHHO BO3pacTamuled choxuocTblo. PaccMmarpusaloTcs
mpejie BCEro MHOrOKPAaTHO-OTParKeHHbe NJOCKHE BOJIHBI B CJOHCTBHIX
cpellaXx HA OCHOBE MPHHIHIIOB HENPEPBIBHOCTH, NPHYHHHOCTH U COXpa-
HeHus SHeprun (Ge3 MpHBJIeYeHHA APYrHX npuHuunos). Boaunosble
noss Moryt ObITh paccyuTaHbl Ha OCHOBE 3HAHHS CTPYKTYPH u mapa-
METPOB Cpej, a CTPOEHHe cpeibl OmpejAejeHO HA OCHOBE BOJHOBOIO
rosisi. 3ateM paccMaTpuBaerca Gosiee ofmias TeopHI (H3HKO-MaTe-
MaTHYECKHX METONOB pelleHHs 3ajay JAJs CJOHCTHIX CpPef H HCeJe-
LYIOTCS OCHOBHBEIE XapaKTepHbie 4epThl KOHEYHO-Pa3HOCTHOIO MOAEJH-
poBaunsl Au(depeHUNaNbHEIX YypaBHeHHII B UYACTHBIX [POH3BOAHBIX.
3aKIIOUHTEJbHEIE TJ1aBbl NOCBALIEHBE! pAaclpOCTPaHEHHI0 BOJH H 00-
paboTKe AAHHBIX HA OCHOBe AH((PepeHUHaNbHbIX ypaBHeHHii B vacT-
HBIX TpoH3BOAHBIX. 51 paspabaThiBal 3TH BONPOCH CO CBOHMH NOMOII-

. HAKaMH B TedeHmne MOC/]eAHHX liecTH JerT B CreHd)opacKOM YHHBEpCH-

tere [3—8, 36, 37]. B nacrosilee BpeMs 3TOT MaTephal B CYLMIHOCTH
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HEH3BEeCTeH VUeHBIM W MHKeHepaum, He paboralomuMm B 006J4CTH reo-
duauku. OcHoBHAs 3ajava cXoka ¢ 3agaveii rojorpaduu. Boanosoe
noje ua6jofderes Ha NJOCKOCTH (NMOBEPXHOCTH 3eMJH) € 1eablo
co3pauus IOBYX- WIH TPeXMepHOIl MOJIeJH pacCedBalOIMUX OOBEKTOB,
PACIIOIOKEHHBIX TI0 OAHY cTOPOHY (cmu3y) mnuockoctH. OcHoBHbIE
BOTPOCH H HCHOJb3yeMasi TeXHHKa COBEPIIEHHO OTJAHYAlOTCS OT NpH-
MeHseMulX B onTnueckoil rojorpagpuu. CKopocTHasi HEOZHOPOAHOCTH
cpeabl, nudpakuus, HHTEpdEpeHuHs H MHOTOKPaTHOE OTpaKenne —
XapakTepHBIe 4epTHl [MpoOlecca pacnpocTPaHeHHs — CeHCMHUeCKHX
BOJIH — TIPAKTHUECKH HE BCTPeuaroTcs B MNOBcejHEBHOM onbite. Ha-
npuMep, rja3 Jerko obMaHbiBaeTcsi B 3€DKajJbHOM KOMHATE WJH NPH
B3IJisiZle B AKBAPUYM.

Marepuan no o6pa6oTKe AAHHBIX HA OCHOBE BOJHOBOTO YpaBHeE-
s GLICTPO ycTapesaer H €ro HeoOXOAMMO IepenuchiBath. [Ipo-
rpaMMa CT3H(QOPACKHX HCC/AEI0BAHHA B 00/1aCTH pasBelKH HbIHE
noAfepKHBaETCs AecsaThbio nedTsAubiMu KoMmnauuaMmu CIIA, socembio
pa3sBelOYHbIMH OPTaHH3AUUSAMH, YeTHIPEMA He@TAHBIMH KOMIIAHHAMH
B EBpore 1 ux ¢uinaszamu. MHOrHe M3 3THX TPYynm caMu NPOBOJST
uccaenosanus. Ilostomy B nocieanux paspenax a npupasan ocoGoe
3HaueHne OCHOBHHIM BOIIpOCcaM, npeHe0peras JeTajisiMH.

Haneemcs, uto Korga-HuGyAb Mbl GyAeM B COCTOSHHH MCIOJIb30-
BATb BOJIHbI, BO3HMKAIOUIHe IIPH 3eMJETPACEHHAX, JAAA TOJYYeHHS
ceilcMuyecknx u300pamenuii. Torma MBI CMOXKEM YBHIAETH TepBHE
YeTKHe KapTHHH 3eMHOH KOpH Ha raybunax 10 kv u GoJgslre.



1. TIPEOBPA3ZOBAHNUSA 3

[lepBuifi mwar aHainsa AaHHbIX — H3YUYEHHE CIOCOGOB NMPEACTABIEHHS
BOJIHOBBIX CHTHAJOE M 06paboTKa HX uHu(POBOH BBIUYHCAHTENBHOI
MawpHOW. BpeMsi u mpocTpaHeTBo 0GbiuMO paccMaTpHBAIOTCH  Kak
HENpephiBHbIE BEJHYHHBL, HO JJs aHalH3a $BJEHHA W [POLEeCccoB
¢ nomouiplo IBM HeoGX0AHMO AHCKPETH3HPOBATH HX. DTa onepauus
HaspiBaeTcss Takixke mpeolpasoBanneM HX B uugpposyio dopmy, HIH
KBaHTOBaHHEM. JluCKpeTHsanusi HenpepbiBHOH (YHKUMH BHauaje CuH-
Tajach BBIHYXKAECHHO MepoH, yxyamwaoueid pesyabTaTel U Heo0X0AH-
MOl JIHIIb TOCTOJIbKY, NOCKOJbKY JaHHble HaG/a0deHnii He Bceraa
SIBJISIIOTCH M3BCCTHBIMH aHaduTHuecKuMn (Qynxknusmu. OJHAKO nocne
HAKONJIeHHsT HEKOTOpOro onkra paGoThl ¢ JAMCKPETHBIMH (PYHKIHAMH
CTaJI0 fICHO, YTO MHOTHE MaTreMaTHUecKue INOHATHA Jerue BOCHPHHH-
MaiTCA NMPH OMHCAHHH HX B JHCKPETHOM BpeMeHH, YeéM B HenpepbiB-
nom. Hanpumep, B 370ii ruaaBe paccmarpusaercs Z-npeobGpasoBanue
U [OKa3biBAe€TCS €ro 3KBHBAJEHTHOCTh mnpeoGpasoBanuio Pypoe.
Z-npeobpasoBanye JerKo MOHATL HAa OCHOBe 3JeMEHTapHOH ajaredpwl,
Toraa Kak mnpeoGpasoBanue Pyphe TpeGyer 3HAYHTENBLHOTO OIBITA
B BBLIYHCJICHHAX.

1.1. JUCKPETHBIE JAHHBIE H Z-NIPEOBPA30OBAHHE

Paccmorpum (yHKUHIO BpeMeHH, n3o0pamenuyio na puc. 1.1. Hdas
aHajan3a 3Ty HAa6JIOJeHHYI0 QYHKIHIO ¢ noMmollbio IBM HeobGXxoaumo
annpoOKCUMHPOBATh KakuM-THO0 oGpasom Ttabauneit yunces. OObunbiii
AYTh [Js1 3TOr0 — BLIPa3HTh B HH(PPaAX HJIH H3MEPHTb 3HAYeHHs (YHK-
wan b(!) B paBHOylaJsieHHBIX APYr OT JApyra TOYKaX Ha OCH BPEMCHHU.
Ilns pauwero npuMepa uH@poBOe npejcTaB/eHHE HENPEpPLIBHOH (QYHK-
1M MOJKHO 3aMHCaTh B BHAE BEKTOpa

R TTIROT. h te1.0, 0, )

EcrecTBeHHO, 4TO NPH B3ATHH OTCUeTOB B OoJee GJIM3KHMX ApYr K Apy-
Iy TOUKax, MBI NOJAYuYHAH Obl GoJiee TOYHYIO aNlIPOKCHMANMIO QYHKIHH.
Tlownmo BekTOpa ,GYHKUHIO BpeMeHH MOXKHO MPeACTaBHTL TaKiKe
B BHIe TOJHHOMA, KOIPGHUYUEHTAMU KOTOPOro SBJISITCA 3HAYCHHA
b(¢) B nmocienOBATeNIbHBIX TOYKAX no ocH Bpemenu. [las paccemar-
pHBAEMOTO NMPUMEpa HMeeM

B(Z) =1+2Z402*—Z3—Z24, (1.1.1)
Aror noauHoM peaaunsyer Z-npeobpaszoBanue ¢ynkuuu b(f). Kakoit
CMBblC) HMEeT BequuuHa Z B 3TOM noaunHoMe? Bennunna Z He NpHHH-

MaeT YHC/JCHHBIX 3HAUYCHHI; CMBICA B@JHYHHH Z COCTOHT B TOM, 4TO
OHa fIBJIfieTCs ONMepaTopoM eAMHHUHON 3ajep:kkH. Has npumepa pac-
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CMOTPHM NOJHHOM
ZB(2)=2Z+-22*>—7*—1Z5,

k03 puIHEHTE KOTOPOro H300paKeHbl rpaduyeckd Ha puC. 1.2, 310
70T JKe cHTHAaJ, 4To u Ha puc. 1.1, HO 3ajepkKaunblfi Ha eLHHRIY
BpeMenu. Kak BHAHO, BpeMeHHas QYHKUHA by 3a2jepiKHBAeTCs Ha
f euHHL BpeMmenu, ecau nojuuoMm B(Z) ymHoXaercs Ha BeJHYHHY

b(t)

PHUC. 1.1. IuckpeTHoe npencrapiaenue PHC. 1.2, KosddwiHeHTs nOAHHOMA
HenpepuBHOIl PYHKIHM BpeMenH uepes ZB(Z) cABHHYTBL HA OAMH OTCHET KO-
OIHHAKOBLIE BPEMEHHbe HHTepBaJbl appuuuentamn nomunoma B(Z)

Zn. Onepartop samepxKu Z nMmeeT Ooablioe 3HaUeHHe B aHaJH3e BOJ-
HOBBIX IIPOIIECCOB Yy¥Ke TOTOMY, YTO BOJHBI 3aTPauyHBAIOT HeKOTOpOe
BPEeMs Ha NMPOXOXK/EHHE OT OJHOM TOYKH NMPOCTPAHCTBA K JIPYroi.

Onepatop 3ajepiKKH IO3BOJSIET TaKike CTPOuThb Gojee CAOKHBIE
(¢yukuuu BpeMeHu H3 GoJsee mpocrhiX. IIpeamonoxum, uro b(f) BH-
pamaer (YHKIHIO AKYCTHUECKOrO AABJEHHS HJH CceHcMOrpaMmy, Ha-
GJI0/leHHYI0 TocJie OTjaajdenHoro BapoiBa. Torma b(f) waswsiBaercs
umnyavcror peaxyueil. Ecan depes =10 BpeMeHHHX eIWHHI[ MOCIE
NepBOro TMPOHCXOAHT BTOPOM B3PHIB, TO CJAeAyeT OXHAATh (DYHKLHIO
nasgenns y(f), nzobpaxennyio Ha puc. 1.3.

C mnomoueio Z-npeobpa3oBanusi 3TY (QYHKIHIO MOXKHO 3amucaTth
B BH]Je

Y(Z)=B(Z) +Z"B(Z).

Econ Obl 32 NepBHIM HCTOUHHKOM BKJIOUHJCH OB CTOK NOJOBHHHOI
CHJIBI, TO

Y(Z)=B(Z)—— Z°B(Z).

Ecan curna/ibl HCTOUHHKOB MepeKphiBalOT APYr APyra BO BPEMEHH
[uro 6810 GBI Tpu crenenu B(Z), Gonbiedt 10], To curnanm makna-
AblBalOTCA APYr HA Apyra B o0jacT mepekphiTHs. [lpeamonoxeHnwe,
4TQ OHH CYMMHApPYIOTCA 6e3 Kakoro-auGo B3auMoeficTBHS, HA3LIBAETCS
donyujernuesm AuHednoCTw'. DTO HONMYUIEHHE OUEHb YACTO HOATBEP-
XKlaercss mMpakTHKoil. B ceficMosorun, HecMoTps Ha Goabmyio Heon-

! B oremecTBeHHOM JHTEpATYPe ITO HA3BIBACTCH NPHHURIOM JHHERHON Cynepno-
3HIHH WJIH NMPOCTO NPHHUMNOM cyneprnosuuuu ([Tpum. nepea.),
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HOPOAHOCTL 3€MHOIl KODHl ¥ pasimuHe CAaraplluX ee MOPOJ, ceificMH-
HEeCKHe BOJIHBEI, NPOXOJAs uepes 3eMaio, He B3auMOJEHCTBYIOT APYT
C JApyroM, T. €. OHH YJIOBJIETBOPAIOT MPHHIHITY JHHEeHHOH cynepro-
suuud. HennneliHoCTH nposiBasioTes JMINb MPH BO3MYUIeHHAX 00Jb-
woit amnautyabl. Henunelinoets He BO3HHKaer TNpH YCNOXKHEHHH
TeOMETPHH CPeLbl, '

Tenepb NPeANOJOKHM, UTO B MOMEHT BpeMeHH [=0 BKJIOUHJCH
HCTOYHHK, @ B MOMEHT {=1-— cjoK mNOJOBHHHOH CHJb, a 3aTeM
b(t)

PHUC. 1.3. Curnaa OT HBYX B3PHIBOB,
/\ pasfie/ieHHEIx npomexytkom B 10 Bpe-

0 \/ i \/Tt MEHHBIX eTHHHIL

B MOMEHT BpeMeHH [=3-— BTOpOii HCTOUHHK B 4YeTBEPTb CHJBI Nep-
BOro. 3Ta INOCJAENOBATEJbHOCTh COOBITHH ONMpefenseT <«HCTOYHHK®
HMITYJIbCOB

| 1
Xy = (l’ _"T, OI _4’)
Z-npeo6paszoBanne AJis TAKOTO MCTOYHHKA HMEET BHJ
X (Z)==t — g T4 2"

HaGmonennsiit cHrHAN y; AJ8 3TOf NMOCAeNOBATENBbHOCTH HCTOYHHKOB
W CTOKOB, MPHHATH ceficMOnpueMHHKOM, Hmeer Z-npeofpa3oBaHue
Y(Z), sanannoe caeayouuMm o6pasom:

Y(2)=B(Z) — 273(2)4- i—’B(Z):

=(1 _é+~?)8(2)=X(Z)B(Z). (1.1.2)

ITocneanee ypaBHeHHEe HJIOCTPUPYET TPHHLAMN, JieXkKallHil B OCHO-
 /Be TeOpHH JHHEHHBIX CHCTEM, KOTOpPHIi riacut, yto BHXoa Y (Z) Mo-
/ xer GHTh BHIpa)Ken Kak BXon X (Z), YMHOMNEHHBII HAa HMMIYJLCHYIO
. peakunio B(Z) cpensl.

CyuiecTByeT MHOrO nNpHMepoB JHHefHBIX cHcTeM. K JHHEAHBIM CcH-
cTeMaM OTHOCHTCS, B YaCTHOCTH, IIHPOKHH KJIacC 3JEKTPOHHBIX lLened.
Cil0KHLIe JHHEHHbIe CHCTEeMBI COCTABAAIOTCS [MOAKJIIOUEHHeM BBEIXOAA
O/HOii cHcTeMBl Ha BXoa apyro#. Ilpeanosokum, uro uMeloTcs JBe
JHHeHHbIE CHCTEMBI, XapakTepusyemule mnouunomamu B(Z) u C(Z)
COOTBETCTBEHHO, Bo3HHKaer Bonpoc, aBJsloTcs JH JB€ KOMOGHHHPO-
BaHHbBIE CHCTEMBI, NpHBEAEHHHle Ha puc. 1.4, skBuBajeHTHHIMH. [Ipu-
Mmenss Z-npeo6pasoBaHne, Jerko MN0Ka3aTe, 4TO 3TH QABe CHCTEMM
9KBHBAJIEHTHBI, TAK KaK NPOH3BeJeHHE TOJIHHOMOB KOMMYTATHBHO, T. €.

Y.(2)=[X(2)B(Z)]1C(Z)=XBC:; (1.1.3)
Y2(Z)=[X(Z)C(2)]B(Z)=XCB=XBC. (1.1.4)
14
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PaccMOTPHM CHCTEMY ¢ HMmyJabcHON peakiuei B (Z)=2—Z—Z2
DT0T NOJAHHOM MOXKHO pa3JOXHTh Ha MHOXKHTeNH 2—Z—Z2=
= (2+Z)(1—Z), BBHLY uero BOIMOXHBI TDH SKBHBAJIEHTHHE CHCTe-
Mbl, moKa3aHnble Ha puc. 1.5. Tak Kak /r00oit MOJHHOM MOXKHO pas-
J0KUTL HA MHOMKHTENH, TO MIO0YI0 HMIYJBCHYIO pPEeaKIHI MOMKHO

Brod = Buizod
1 2-Z—Z
(HhES =7

Zt) —= 6(Z) C(z)f—=y, (%) ! 242 o 17
Bxod Brizod
x(t)— C(z) B(2)——=1y,(t) §i7 2+7
PHUC. 1.4, [Ipe sxkBHBaNeHTHbC (QHILT- PHUC. 1.5, Tpn SKBHBaJeHTHHE QHIb-
PYIOIIHE CHCTEMBL TPYIOILHE CHCTEMBI .

CMO/leTHpOBaTh 10CJAe10BaTeNbHOCTIO ABYXUJCHHEX (PUIBTPOB, JH-
HEHHBIX OTHOCHTEJIBHO Z.

Yro posKHa Aesats DBM, 4ToOR NepeMHOXKHTH ABa Z-mpeobpa-
3oBanna? Ouabtp 24+ Z Mor 6wl OGBITH 3aaH B MallliHEe IyTeM 3aIo-
MuHaHus Kosbouumento (2, 1). ITogo6umm oGpasom aas ¢uabTpa
1—Z sanomunaiorcs uucaa (1, —1). [TporpamMma yMHOMKeHHS [TOJIH-
HOMOB J0JXHa NpeoGpasoBaTh 3TH HCXOJHEIE NaHHBIE B TOC]EA0Ba-

renbHocTh (2, —1, —1). IlocmoTpuM, Kak NpPOMCXOAHT mNpOLECC
BBIUHCJICHHSI B oOuleM caydae, HanpHMEP, JAJsi BHIPAXKEHHS
X(Z)B(Z)=Y(Z); (1.1.5)

(vo+x:1Z+x2224 ...) (bo+b, 240,22+ .. )=

= (Yo+91Z+y:22+ ...). (1.1.6)

[IpupaBuuBas KO3(QOHUHEHTH NPH MOCAEL0BATENAbHBX CTENEeHAX Z
MONYYHM:
yﬂ — xﬂbﬂ;
yi = xlbo + xobi:
Y — xzbn + xlbl + xobz;
Y, :xsbn +xzbr + x,b,;
y& = xcbo + x:bl + x:bz;
2

yk:z xk_,-b;. (1'18)

i=0

(1.1.7)

e e e o e g e’
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Buipaxenne (1.1.8) nasniaercs ypaenenuem ceeprxu. Takum 06-
pa3oM, npousBeleHHe JABYX NOAHHOMOB BHIDAXKAETCS TaKiKe I0JH~
HOMOM, KOS(Q@HIUHEHTE KOTOpOro HaXOAATCA C TIOMOIIbIO CBepPTKH.
[Ipocras mamuunas nporpamma na Qoprpake, KOTopas genaer cBepT-
Ky, legloqaa Kpaesble s(dekTHl Ha OOOMX KOHNAX, NpHBEAeHA HA
puc. 1.6.

DIMENSION X(LX),B(LB),Y(LY)
-

LY = LX+LB-1
PHUC. 1.6. Mamuunas nporpamma

DO 10 I=1,LY
AJA peaJiH3allHH CBEpPTKH

10 ¥(1) = 0.

PO 20 I=1,LX

Crnenyer ormeTuTb, 4To X(Z) u Y(Z) ne o06si3aTeqbHO AOJK-
Hbol OBITH CTPOro MOJHHOMaMH; OHH MOTYT COAEpKaTh KaK IOJIOXH-
TeJibHBIe, TAK H OTPHIIATE/JbHbIE CTeNeHH Z, T. e.

X2 = .+t +xZ+ .
(1.1.9)

Y (@) =.. 045 e+ v Z+ ...

Hcnoabsopanne orpunartenshuix crenedeii Z B X(Z) u Y(Z)
NO3BOJISET ONpEeAeNsTh CHrHAJB 0 MoMeHTa (=0 (a3 oTpuuaTeb-
HBIX BpeMeH). dddeKT HCNoNb30BaHHS OTPHIATENbHHX creneHell Z
B (uabTpe coBepllieHHO oOTaHyeH. Bruipaxenue (1.1.8) mokaswiBaer,
4TO BBIXOAHOR CHTHAJ Yk, KOTOPHI NOABJSETCS B MOMEHT BpeMe-
HH R, — 3TO JHHeHHadA KOMOMHALHA TEKYIIMX W NpeAbAYUIHX BXOAHBIX
CHTHAJOB, T. €. (xi, i<Ck). Ecau 6w ¢uaptp B(Z) BKMOUaA uieH
THna b_;/Z, TO BHIXOHO Y, B MOMEHT BpeMeHH k Oblnl Ohl JUHEHHOH
KomOuHauHel TeKyIHuX W NpeAbIAYLIHX BXOJO0B, a TaKikKe Xp4, BXOXa,
KOTOPbIi B AEACTBHTENbHOCTH ellle He NMoJydeH B MoMeHT k. Takoit
GuabTp HashBaeTcs (U3HUYECKH Hepeaausdyemoim (HILTPOM, TAK Kak
B peajlbHbIX YCJOBHAX B JIaHHBIi MOMEHT OH HE MOXET pearHpoBaTh
Ha BO3OyXK/AeHHe, KoTOpoe eule He BO3HUKI0. OIHaKo Hepeajn3yeMbie
GuabTpLl H3peAKa NOJe3Hh B MallWHHOM MOJEJIMPOBAHHH, TAe BCE
JladHble NpelBapHTeNbHO 3aMHCAHBL.

YnpaxkHeuus

1. Mycrs sanan noaunom B(Z) =14Z42Z%4-Z3+Z% HaoGpasnte rpaduyeckn kosd-
¢unuenter B(Z) B Qynxaun crenmenelt Z, a Taxxe xosppuunentw noannoma B2(Z).
2, Ecan x;==cos 0yf, rae { onpefleneio B oflleM BHAE BeaHUHHOH by= (by; by)
H Y(Z)=X(Z)B(Z), kaxost A u B B Qopmyne y=A cos wol+B sin wot?
3. Ilokasath, 4To ecan X;==¢o0s Wyl u by=(bo, by, ..., ba), TO Yy, Beerga HMeer
dopuyany A cos @oi--B sin wl.
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1.2. CBA3b Z-MPEOBPA30OBAHHA
C ®YPbE-NPEOBPAZOBAHHEM

Mul onpejednan Z-npeoGpasoBanne Kak

B(Z)= 6,2 (1.2.1)
i

Ecan caenats sameny Z =e’, 10 nonyunM ,cymmy QPypbe*:
B(Z) = B (e*") = D) be™". (1.2.2)
t

Jto noxoxe Ha HHATerpasa @ypbe, H, OYEBHAHO, MOMKHO CAeNaTh Npe-
NeNbHBI Mepexoix AJs NMOJYUYeHHA ero W3 cyMMhul uHrterpana. C apy-

rofi ctopousl, HuTerpan ®ypee

B (w) = +Tb{t) e'“'dt (1.2.3)

npusogutcsi K cymme (1.2.2), ecan b(f) ne sBasercss HenpepbIBHOMN
(yHKIHEe#H BPEMEHH, a OTpejessercs BhbipaMeHHeM

b(t)y= b8 (t — k), (1.2.4)
k

rae 8 — neabta-pyukuns upaka. ‘
B npeapiaylieM pasgesie Mbl BHIENH, YTO LJIS MEPEMHOKEHHS ABYX

NOJUHOMOB HeoOX0AUMO cBepHYTh uX Koadduuuents. Taxoit xe npo-
ecc Ha si3biKe Pypbe-npeoOpaszoBaHHs 03HAYAET, YTO NPOH3BEJEHHE
B 4acToTHO# 00J1aCTH COOTBETCTBYET CBEPTKE BO BpPeMEHHOI obiacTH.
Xots o npeobpasoBanun Pypnre 06BIUHO AyMalOT Kak o0 HHTerpade,
KOTOPHIfi TPYAHO HJH HEBO3MOXKHO BBIYHCIHTb, Z-npeoGpa3oBanue
Bcerja npolle, NPAKTHYECKH OHO TPUBHAJIBLHO. YTOGH NOJYYHTH
Z-npeobpasoBaHue, AOCTATOYHO TNPHCBOHTH MOCJELOBATENbHBIM TOM-
KaM jauubie crenedu Z. Hmest momunoM B(Z), MOXKHO cchlnaThed Ha
HEro KakKk Ha BpPeMEHHYI0 HJH YaCTOTHYIO Q)YHKIRH!O, B 3aBHCHMOCTH
OT TOro, MOCTPOEHHl JH KO3(pGhHIHEeHTH NOJHHOMA JHOO BHIYHCJIEHBI
# MOCTPOEHKI 3HAUEHHUS B(Z=¢e"") ans pasangHblX gactor w. Caexyer
OTMETHTb, UYTO, NMOCKOJBKY  MEHsleTcss OT HyJas [0 27, BeKTop
Z=e'"" =cos o+isinw menaer ofuH 06OPOT MO eNHHHUHON OKPYK-
HOCTH B HanpasJcHHHU NIPOTHB 4acoBOH CTPEJIKH.

Ecau ocymectsienne Z-npeo6pa3oBaHusi paBHO3HAYHO IPUCBOEHUIO
cTeneweil Z TOCJe0BATeIbHBIM TOUYKAM BpeMeHHOH GYHKIHH, TO
ofipathoe Z-nipeoGpasoBanie XOJNHKHO OBITh NMPOCTO MHACHTHQHKAUHEH
KO3((MHIHEHTOB NPH PA3JHYHBIX CTeNeHAX Z C Pa3JHYHBIMH TOUKAMH
Bo Bpemenn. Kak Moxer sta mpocrasi uaeHTHOHKauna Kosdduumuen-
TOB JNaBaTh TAKOl JKe pesyJbTar, Kak, oueBHIHO, GoJiee CcJIOKHAs
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«onepanus obparroro npeobpasosauns Pypve? OGpaThoe mpeobpaso-
Banne Pyphbe HMeeT BHJ

o
bl = 53 (o) e~ do, (1.2.5)
—0

2n

[Ipexnae Bcero omemm, yto urTerpupoBanne Z" BAOMbL €TUHHYHOM
OKpyRHOCTR Man '™ p HHTEpBAJlg — T<o < -~% JdeT HyJb, €CJH

4170, MOTOMY 4TO KOCHHYCOHJAa H CHHYCOMAA SBJSIIOTCSA KoJjebarelb-
HBIMH QYHKUHAMH, T. €.

=
1
2n

—x

={‘ ol (1.2.6)
0 n — ueJoe 4YuCJIO, HEpaBHOE HYJIO.

e’ dw :—2% S(cos ne -+ i sin nw) do =

B Tepmumax malreit AuCKpPeTHOH BpeMeHHOH (yHKuuH obpaTHoe
npeobpasosanue Pypoe (1.2.5) umeer BHI

b= 5= S (o b7 b, b ) e A, (1.27)

Kak BuaHo, u3 Bcex uieHoB uuterpasa (1.2.7) npu yuere dopmy-
abl (1.2.6) ocraercst TOibKO OAHH uJeH c Koa(guuHentoMm b;, a Bee
OCTaJbHble OCHHJJIMPYIOT H YHHUYTOXKaloTcA. JIpYrHMH CJOBamH,
HMEeTCsi TOJNbKO OJMH KO3(DOHIUIEHT NpPH WieHe ¢ HYJAeBOil CTEeNeHLIO,
KOTOpBI Jaer BKJIaj B HHTerpaJi, npusoisa seipaxende (1.2.7) k Buny

+=
by = -;;b,j' do =b,. (1.2.8)

310 mokasniBaeT, yTo oGparHoe npeobpasopanue Pypbe coBepLIEHHO
HAEHTHYHO Bbipaikaercs Kos(huuuenTaMu npu cremensax Z.

B 9TO0fl KHuMre, Kak MW BO MHOIHX JPYIHX, NPHHATO, 4TO BpeMs,
npoxojsiilee Mexay oTcueraMu AaHHLX Af=1, fBasercs eAHHULEI.
s npuMeHeHHs JIAHHOTO BbipayKeHHsi K APYTHM 3HauyeHuaM At HeoO-
XOAMMO 3aMEeHHTh @ Ha wAl, T. e.

mk=mkAtk—_=mgAfg, (129)

C nomoumbio Z-npeo6pasoBaHusi MBI TOJyYaeM CIEKTp, 3afaHHBI
B JAHanasoHe OT 2m A0 . B npenene BednynHa Alg crpeMuTcs K HY-
JI0, @ wg HMeeT, KaK u unterpan @ypoe, Te e GecKOHeUHbIe Npeaesbl.
IIpn annpokcuMaluy HeNpepbIBHOH AHCKPeTHOH (yHKUuH Heol-
X0oAMMO BHIGpaTh HHTEpBan BLIOOPKH (AHCKperusammn) Af, nocra-
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Touyno MmaauM. MaBecTHBIN pe3ysanTaTr 3akjalouaeTrcs B TOM, YTO €C/H
cHeKTpasbHble COCTaBJSIOIIME CHIHAJNA HA 4YacToTaX, NPeBbllaionux
HEKOTOPYI0 YaCTOTY Wmax, HE HECYT 3aMETHOH SHEPTRH, TO He byaer
omyTuMoil noTepa WHPOpMALHH, eC/IH HHTEPBAN BHOOPKH (wrar xBau-
TOBAHHS NO BpeMeHH) paBeH Al==n|®max. [PyruMu caoBaMmil, KOCH-
HyconAa H0MKHa ObITh KBaHTOBAaHA MO KpaiHed Mepe B ABYX TOUKax
na nepuox (Anuny Boansl). Puc. 1.7, mokassiBaer, 4To HeAOCTATOUHO
yacToe KBAHTOBAaHHE CHHYCOHAHI YacTo ObIBaeTr NpHYHHOR TOrO, 4TO
OHa KaxeTcsi CHHycoujoil ¢ Oonee Hu3KOH uacroroif. [lostomy Mak-

d

bos
18 e RE

AN A F=n
io #sin ™\ I0
PHUC. 1.7. Ipumep HeZOCTaTOMHO YacTOrn KBAHTOBAHHA CHHYCOWAH MO Bpemenn (a)

H MHeMmOHHYecKast TabaHua, WATIOCTPHPYIOmAS BIHSHHe Dyphe-npeofpazoBaHus Ha
CBOHCTBA 4YETHOCTH (HEYEeTHOCTH) H AelCTBHTENBHOCTH (MHMMOCTH) Qyukunit (6)

= a

CHMAaJibHAs YACTOTA KBAHTOBAHHA Wmax==m/Al, N03BOJAAIOLIAN BOCCTa-
HOBHTh CHIHAJI MCTHHHOH 4YacTOTH, HAa3bLIBAeTCS YacTOTOH cBepTKu!.
Bocnpoussesnenne 6ojiee BBICOKHX YacTOT OCYUIECTBAAETCA C MNOHH-
ZKeHueM yacTOTH. Ha npakTuke KBa3uCHHYCOHAAJbHBIE CHTHAJIbI BCEr-
JAa KBaHTyloTcsi Gojlee ueM B ABYX TOYKax Ha mepuof. COOTBeTCTBYIO-
liee TeopeTHYeckKoe 0OOCHOBaHHE JIJIsT KBAHTOBAHHA B BOCBMH M 00Jee
TOYKaX Ha NepHoJ NPHBOAHTCA B pasnene 2.8.

B naapnefillleM kKeJlaTeIbHO PACCMOTPETH HEUETHO-UETHBLIE CHMMET-
PHH C LeJIbl0 OLEHKH HX BJIHSIHHA Ha npeoGpasosanue Pypoe. Ueruyio
YacTh &; (pyHKUMH BpeMeHH b; OnpejesnM BHIpaKeHHeM

e =2t0t (1.2.10)
2 HCYeTHYIO 4YaCTh
0y =20t (1.2.11)

Pyuknus ABAAETCH CYMMOit 3TuX ueTHOHl H HeyeTHo#l uacrell, Ck.a-
auiBast BuipaxKenns (1.2.10) u (1.2.11), noayuum

bt=€g+01. (1212)

Pacemorpum npocTyio, AeficTBHTENbHYIO, YETHYIO (YHKUHIO BpeMeHH
suna (b, by, b1)=(1, 0, 1). Ee npeo6pasopaune Z+1/Z=2cos @
ABJIACTCA YeTHOH (YHKUHeH ®, Tak Kak c0s @=cos(—a). Paccmor-
PHM JlefiCTBHTENbHYIO, HeueTHylo Gynxuuio Bpemenu (b—;, by, b)) =
=(—1, 0, 1). Ee npeoGpasoBanne Z—1/Z=2(sinw)/i aBasercs
MHHMBIM H HEYeTHHIM, TaK Kak sin @=-—sin(—w). Anajaoruuso mpe-

"Yacroroit Hafikeucra (MTpum. nepes.).
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©ofpasoBanne MHEHMONK dwernoit ¢Qynkuuu (i; 0; i) aBasercs umuumoﬁ
ueTHOil QyHKIHel { oS ®, a npeoGpa3oBaHHe MHHMOI HEYeTHOH QyHK-
unn (—i, 0, i) sBAseTcs NeficTBHTENbHON W HedeTHON (yHKumei.
Tlyers r um i oTHOCAITCA K [AefCTBHTENbHBIM H MHHMBIM BEJHYHHAM
(puc. 1.7,6), e u 0 OTBEYAIOT YETHBIM H HEUETHHLIM BEJHYHHAM, 2 HHK-
HAS M BEPXHAsSl CTPOKH COOTBETCTBYIOT BPEMEHHOi W 4acTOTHOH (yHK-
IHAM.

Bonee ciioxnble BpeMeHHble @YHKIHH MOMKHO TOJAYYHTh CJIOZKEHHEM
JIBYX PaccCMOTpPeHHBIX HAMH paHee AucKpeTHbix GyHKuMiA. Tak Kak
CYMMBI 4eTHBIX OYHKIMA SBJAAIOTCA YeTHBIMH H T. 4., TO TabJnua,
npeicraBienHas Ha puc. 1.7,0, NMpUMeHHMa KO BCeM BPEMEHHBIM
yuxiuam, OTMeTnM, 4TO NPOH3BOJBHAS BpeMeHHAas (YHKIHA NPHHH-
maer Bua b= (re--ro)qi(ie-t-io). Ilpn npeobpasosanun b; Kaxnas
H3 ueTHIpex uacTeii mpeofpasyercs OTAeJbHO B COOTBETCTBHH ¢ Tal-
JIHILEeH.

YnpaxneHnue

O6buno Gynkuus onpeleisercs TOJbKO BO BpeMenHofl JHGO TOABKO B YacTOTHOM
obnacti. Ecnn oano H3BecTHO, TO ApYyroe ofpefetserca ¢ momoulsio npeobpasoba-
uus. Tlyere Tenepb mosoBuHa uHGOPMAIUHH ONpe/leieHa BO BpeMeHHOW obnacTu npu
yenopHd, 4to by=0 npu (<0, a nosoBHHA — B 4aCTOTHOH OGAACTH NYTEM 33jaHus
B Helt aeficteurensHoii wactH RE-4RO. Kak MoxKHO onpeaenauTh OCTaNbHYIO HaCTh
ADYHKLHR?

1.3. BBICTPOE NPEOBPA30OBAHHE $¥YPbE

3anucap Bhpaxmenne

B(Z)=by+biZ+ ..., (1.3.1)
NOJYIHM KakK BpeMeHHYI0 (PYHKIHIO, TaK U ee IpeodpasoBanue Dypbe.
Ecau rpaduaeckn w3o6pasuts Kozpuunents (bo, by, ...), TO noay-

UMM BpeMeHHyI0 OQYHKUuIO. Ecau BBHIYHCAHTE H MOCTPOMTB TpadHkK
poipaxkenusa (1.3.1) Ha MHOXKecTBe NEHCTBHTENBHHIX ®, TO MOJIYYIHM
pesyasrar npeoGpazosanua. OTMeruMm, uTo AJas AefCTBHTENbHBIX
YaCcTOT @ BEJHUYHHA Z HMeeT CAHHHYHY IO AMIIIHTYAY, T. €. HAXOJHTCS
Ha EIMHHYHOH OKpYXHOCTH. Tak Kak @ HemnpepblBHas NepeMeHHasd,
a B OBM ona Bcerja KoHeuHa, TO BO3HHKaeT BOMPOC: KaK BHOpPATh
KOHEUHOe YHCJIO 3HAYEHWH 4YacTOTHl @y NS NOCTPOeHHst rpaduka?
OGuivHo BHIOHPAOT paBHOMEPHO pacnpeAeleHHBle yacToThl. CaMas
HHJKHASL 4acToTra MoXeT ObThb pasna Hymwo. [Ormerum, uro
Z(w=0)=ei°=1]. Bbicokas uactora 0=2n[Z(0=2n)= e *=1]
MOZKET HE paccMaTpHBATbCS, TaK Kak Bepaxenue (1.3.1) naer ans
Hee TO Ke 3HAYeHHe, YTO H JJIf HyJeBOi uacTOThl. BeiGHpas pasHO-
MEpHO pacnpefeseHHbie B ITOM HHTepBaJe 4YacTOThl, HMeeM:

(1l M M~—1)2n ’ (1.3.2)

Wy =

rie M — nexoropoe menoe uncno. OGosnaunm B(Z(wy)) uepes B.
20



Nas uactHoro cayuas N-toueunoft @yHKuuH BpeMeHHd, Koria
N=4, poipaxenne (1.3.1) MOXHO MPeACTABHTL B BH/E MPOH3BEACHHH

MaTPHIL

T B, TE =t ¥ BT %
B, § W b, .
B’ e I W,, ‘x/‘ W. b’ ’ (] .3.3)
i B, Ll w2 wewnlil o, |
rae -
W =", (1.3.4

Heobssarteabno Bubupate N=M, Kak 3710 /jesjaloch B BbLipaxe-
uun (1.3.3), HO 370 yaoOno. IIpu 3TOoM He Gyier moTepu OGLIHOCTH,
Tak Kak Bcerga MOXHO NPpuHOABHTL HYJH K (YHKIHH BpPeMeHH Tnepen
moacTanoskoil ee B dopmyay (1.3.3). YapoberBo BhiGopa N=M 3a-
‘KJjouaetcst B TOM, 4To MaTpuua B Beipaxenun (1.3.3) 6yzer ksazpar-
Hoii w Touno oOpatumoil. B camom Jese, JlerKko 10KasaTb, 4TO
Bopaxenue, o6patHoe dopmyae (1.3.3), Gyler umers BHA

T b7 il 1 1 I TEBeS
b, |__ 1|1 yw ywr ywe B, 135
by N1 b ywe yws 1)we B, (1.3.5)
s, | Loooywoyws ywe 1B, |

Tak xaxk Beauuunsl 1/W n W spasioTcs KOMMIEKCHO-CONMpANKEH-
HBIMH, TO H MaTpHUB! B BhlpaxkeHuax (1.3.3) u (1.3.5) — KOMIJIeKCHO-
conpsKennble. [IpakTHUeCKH HeT CYULIeCTBEHHBLIX MaTeMaTHYecKuX
pasiuunii Mex/1y BpeMeHHBIMH H YaCTOTHBIMH (DYHKUHHSMHK. ITa «ABOH-
CTBEHHOCTB» Oblia Obl GOJiee BLIpAXKeHHOM, ecju OBl HCMOJbL3OBAJCH
Macwitabublit Kosdduuunent N-V2, B Kamzaom u3 Bhipamenuit (1.3.3)
H (1.3.5), a ue 1 B ¢opmyse (1.3.3) u N-! B popmyne (1.3.5). Orme-
THM, HYTO BpPEMEHHhle H YacTOTHBle (QYHKIHH MOTYT 3aMeHsTb HApYyT
Jpyra B MHeMOHHYECKOi Tabjuie, onuchipawouieid cumMmerpun. Heict-
BHTEJLHO, NPHBEAEHHOE paHee YTBEpPMKIAEHHE O TOM, UTO MNpPOH3Beje-
Hue ABYX (YHKIMH 4acTOThl PaBHO CBEpPTKe COOTBETCTBYIOLUHX HM
ABYX (yHKUHIT BpEMeHH, HMeeT MBOHCTBEHHYIO (OPMYJHPOBKY, KOTO-
pas riacut, UTO NpousBedeHHe ABYX (QPYHKIHH BpeMeHH paBHO CBEpPTKe
COOTBETCTBYIOUIMX HM JABYX (YHKHHI 4wacTOThl. Mbl He NPHBOAHM
3/1eCh JOKa3aTeabCTBA 3TOH .lIBOﬁCTBEHHOCTH, NOCKOJMLKY OHa COCTasB-
JsieT TpeaMeT KHUT 110 MareMaTHKe u Teopuu cucreMm. OAHaKo mpej-
JlaraemM 4YHTaTe/JIO MO BO3MOZKHOCTH yﬁemnbcn B TOM, 4YTO B A060#H
TeopeMe IMOHATHA <«BpeMf» H <«4acToTa» MABJAKTCA B3auMo3laMmelde-
MBIMH.

Ilpu nocrpoenun rpaduka npeobpasdopauns B, ana (k=0, 1, ...,
..., M—1) 3naveHus ®p HA OCH YACTOT H3MEHSIOTCS B JHAMA30HE
0<<w,<<2x. Yacro Gojiee eCTeCTBeHHLIM OKa3biBaeTCs Npe/ACTABJCHHE
€ro B uHTEpBaJe —n<<w<n. Tak Kak npeoGpa3oBaHde MNepHOIHYHO
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¢ nepuojgoM 2m, TO 3HAYeHuHst By B HHTepBaJe A< 2K MOXKHO
NPOCTO NMEPEMECTHTL B HHTepBal —a<<w<(.
Takum o6pasoM, npu N=8 MOKHO HaHECTH NOC.]JeI0BaTEAbHO

B.BsBgB7B,B\B;By
COOTBETCTBERHO M1 SHANEHHIl ©, PABHBIX

3=
A

™ o W
=g g STRES S

[TpenmymecTBo paceMaTpuBaeMOro WHTepBaJia COCTOHT B TOM, 4TO
AJISi HeNMPepBIBHBIX BO BPEMEHH CHTHAJOB, KBAHTOBAHHBIX [10 BpeMeHH
AOCTATOYHO YAaCTO, 3HAUeHHs Bj TMOJYYalOTCs MajeHbKHMH Ha O00HX
kKoHIaX. Eciu curuan ABasiercss NeHCTBHTEJNbHBIM, TO AelicTBHUTE/NbHAA
uacth Bj, HMeeT YETHYI0 CHMMETpPHIO OTHOCHTENbHO By, a MHuMan
yacTh — HeueTHY. IlpH 3TOM [OCTATOYHO BBIBECTH JIHIIb TMOJOBHHY
anavenuil. BuiGop HeueTHOoro 3sHauenus N mno3Boaua Obl NOMECTHTH
=10 cTporo B cepeauny unreppaja. OAHaKO YHTaTeJb BCKOPE YBUIHT,
noueMy MBI HCIOJb3yeM HeTHOe YHC/JIO OTCYeTOR JaHHBIX.

Omnepaunsi yMHOMKEHHst MATPHIL Ha BPEMEHHOI BEKTOp B BbipaXKe-
nun (1.3.3) tpebyer N? mepemHOMXKeHuil W caoxenuit. [lanee B sToMm
pasjiesie ONHChLIBAeTCH OCTPOYMHHIl MeTO], Ha3BaHHBI OLICTPEIM mpe-
obpaszosanneM @ypbe, nNO3BOJNAILKI BHNOJHATL NEpPEMHOKEHHE
martpul 3a N log; N onepauuii yMHOXKeHHA H cyMMHpPOBaHus. Tak Kak,
nanpumep, log; 1024 pasen 10, TO 3TO jgaer OTPOMHYI0 3IKOHOMHIO
MAUIHHHOIO BPEMEeHH.

Ocuosroit cranpapthelii 610K B 6bicTpom npeobpasosanny Dypue
Has3blBaeTcs yABOeHHeM. 3ajaB Pl (Xo, Xy, ..., Xx—)) H €ro JAUCKpeT-
Hoe npeo6pasoBanue Pypoe (Xo, Ay, ..., An—1), @ TakxKe Apyroit paa
(Yo, Y1,...,Yn—1) u ero npeobpasopanne Pypve (¥, ¥i,...,¥x11),
HaiilemM npeoGpasoBanue psila YABOEHHOI JJIMHBI, NOJYYeHHOTO Yepe-
JOBAHHEM YJIEHOB 3TUX ABYX PSAOB:

2r= (X0, Yo, X1, Y15 - . .y XN—1, YN-1).

[Tpouecc yaBoeHusi HCMONB3YeTCs MHOTO pa3 BO BpeMsi npoliecca Bhi-
upcdenuss Ouicrporo npeofpasoranns Pypee. Kak npeanonaraercs
nz cuaopa ydeoenue, Gyner ynoGHO cuuTaTh, uTo N SBJSIETCS IEJTBIM
YHCJIOM, KOTOpOe o0pasyercs BO3BeJCHHEM 2 B HEKOTOPYIO IEJNYIO cTe-
neus. Ilycts N=8=23. Haunem c pasGuenns Halllero 8-TOueyHOro
paaa Xxo, Xi,...X; Ha BOCeMb DPa3HYHBIX OAHOTOUEUHHIX psAAoB. [Ipu-
MeHenne npeoGpaszoBanHus Pypbe K KaxKAOMY OIHOTOYEHHOMY pPAAY
naer Touky. Ha caefyioliem mare yasoenue nmpuMeHnsiercs 4 pasa aas
noJiyuenus npeoOpasoBaHuil YeTHIpeX Pas3aHUHLIX PSAOB U3 ABYX TOYEK
(%0, x4), (%1, X5), (X2, Xg) W (X3, X7). 3aTem NPHUMEHHM yHBOEHHE ellle
ABAXKAB A MOJydYeHus npeo6pa3oBaHuii ABYX Pa3jHYHBIX PAJOB H3
YeTHIpeX TOUEK (Xp, X, X4, X5) W (x5, Xa, X5, ¥7). Haxoneu, npumenus
yIBOeHHEe ellle pa3, MOJYYHM NpeoOpasOBaHHE HCXOAHOTO psla H3
BOCbMH TOYeK (Xo, X1, Xo, ..., X1).

22



Ocraercsa paccmoTpeTb AeTaju mnpouecca yasoenus. [lyctb

-2 V::emlm:: Wm; (1.3.6)
VW=e"=-—1. (1.3.7)
b TlpeoGpasoBaHnaAMH JBYX N-TOUeYHBIX PAJOB 10 ONPEAENEHHIO HB-
Af0TCHA
N1

Xk:-z x‘-V‘jk (k:-—o; an-I .N-—l),

=0
N1 ‘
Yy=> yV¥* (k=0,1,.., N—1).
j=0

IIpeoGpasoBanieM psjfla € YepeAyOUIMMHCH uJdeHaMu 2= (Xo, Yo,

X1, Y1, « o Xn—1, YN—1) 1O ONPELEICHHIO, TOAYTHM
A 2N—1
Zy= 3 zV* (k=0, 1,.., 2N —1).
=0

Hans noayuennsi Z, u3 X u Y, norpeGyiorca ase popMyabl: ofiua A
k=0, 1, ..., N—1 u apyras aaa =N, N+1, ..., 2N—1.
Bo-nepshiX,
28—1 -
Z,=3 zV* (k=0 1, ..., N—1).
=0
Pazo6beM CYMMy Ha JB€ 9acTH, YKa3elBasg, 4TO X; YMHOXaercsa Ha
yeTHbie crenedu V, a y; — Ha HeuyeTHBIE: .
' N—1 N—1
Zy= ) xf'/”"+ v* > y Vik= X, 4 VY, (1.3.8)
=0 i=0
OcraBliyiocsi NOJOBHHY YJAEHOB Zj MOJy4YHM cJaeayomuMm o06pasoM:

2N —1 2NM—~1

Z, = Z z, Vit — 2 g 5 )
=0 =0
(k=N,N+1,..,2N—1; k—N=m=0, 1,..., N—1);
2v_1] 2N—1 N
Z, = 2 zlvlnz(va)!= 2 zlvfn-:(_l)lz 2 x’_vlim__
=0 =0 =0
N—1
'S g vy
/=0

Boea Xy o~V . =N N bies =1, - (149
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Ileproe BLIYHC/EHME HA MallMHe TO 3TOMY AJTOPHTMY NPOH3BEIEHO
Bepuom I'epGepToMm, KOTOpBIi IIHPOKO NMPHMEHAJ ero IpH HHTeprpe-
TAlMH JAaHHBIX CeHCMHYECKOro MeTola OTpazKeHHBIX BoJH. O 3anpo-
rpammupoBan ero na 3BM IBM 1401 s 1962 r. B. I'epbepr HuKoraa
He ny6auKoBaJ cBoero Meroga. Oun ObJ 3anoBO Haiilen u onyGauKo-
Ban Kyan u Toloku B 1965 r. Takum 06pa3om, OH cTaj H3BECTEH Kak

SUBROUTINE FORK(LX,CX,SIGNL)
C FAST FOURIER 2/15/69
G X
C CX(K) = SQRT(1/LX) SUM (CX(J)®EXP(2*PIXSIGNI*T* (J-1)#* (K-1)/LX))
c J=1 POR K=1,2,..,, (LX=2**INTEGER)
. COMPLEX CX(LX),CARG,CEXP,CW,CTEMP
R L §
SC=SQRT(1./LX)
DO 30 I=1,LX
IF(1.6T.J) GO TO 10
CTEMP=CX (J)*SC
CX(J)=CX(I)*SC
CX(1)=CTEMP
10  M=LX/2
20 IF(J.LE.M) GO TO 30
J=J-M
M=M/2
IF{M.GE.1) GO TO 20
30 J=J4M
L=1
40 ISTEP=2AL
DO 50 M=1,L
CARG=(0.,1.)*(3,14159265*SIGNI* (M-1)) /L
CW=CEXP (CARG)
DO 50 I=M,LX,I1STEP
CTEMP=CW*CX (1+L)
CX(I+L)=CX (1) -CTEMP
50  CX(I)=CX(I1)+CTEMP
L=ISTEP
IF(L.LT.LX) GO TO 40
RETURN
END

PHC, 1.8 Tlporpamma Grictporo mpeoGpasopanus ®ypbe

anroput™ Kyam — Toioku [9]. Ilporpamma, Bunonusiomas GeicTpoe
npeobpazopanue ®Pypne (B Moaudukaunun BpenHepa), mpuBefeHa Ha
puc. 1.8. TloBTOpHBIH BHI30B 3ITOR NpPOrpaMMhbl NPHBOAHT K BOCCTAa-
HOBJIEHHIO MCXOAHBIX jaunbiX. Ilpym nepBoM ofpaulerun onepaTop
SIGNI nonxen ObTbL pased +1, a npn BropoM obpautennu —1. One-
parop LX nomxen GHITH CTENEHbIO JNBOHKH.

YnpaxHeHue

Tlposepkre, ABAsETCSE AM B CAy4Yae NPOH3BOJALHOH pasmepoctn NXN maTpuua B pH-
paxennn (1.3.5) B camom Jene obpaTHoll 10 OTHOWIEHHIO K MATPHIle B BBIpaXKe-
Han  (1.3.3).
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1.4. PA3OBAA H PYNNOBASA 3ALEPXKH

Muoryne GuIbTPH CHJIBHO H3MEHAIOT CHTHAJM, IPOXORALLKE YePes HuX.
Hpyrue xe QUAbTPbI He3HAYHTENbHO HIMEHSIOT CHFHAJABI HJIH BoOGIle
KX He H3MenaloT. KO BTOPOil B3 yNOMAHYTHIX KaTeropuit npuHajiesxar
npeobpazoBaTten (MPUEMHHKH) M perHcTpatopsl. B Takmx cayuasx

Bzad Buwzod

PHC. 1.9. Cunycouaga sinwf Ha Bxole
$uanTpa U 3ajepHKAHHAT CHIHYCOHAA
sin(wfi—@p) Ha ero BhIXOJe

OCHOBHBIM BHIOM H3IMEHEHHS CHIHAJa ABJAAETCA 3aJepXkKa ero BO
Bpemenn. OJQMH H3 cnoco0GOB ONpefeJNeHHs 3a4epHKKH (QHIALTPA 3a-
KJloyaercs B Mogade Ha BXOA (HAbTPA CHHYCOMJAAJbHOTO CHrHaja H
cpaBrenns ero (aspi ¢ (pas3oil BuIXogHOro cursana (puc. 1.9). Ecau
CHTHAJ HA BXO/e sin wf, a Ha BHXoje sin(wf—¢), TO TaK HasbHBaeMas
¢dasosas 3agepKKa fp, HAXOAMTCA CaeAylOHM 00pasom:

sin (of —@)=sinm (f —1,);

of —p=—=uof — of ;

’ b (1.4.1)
?

fpﬂ?_

MurtepecHee Tak HasbiBaeMas rpynnosas 3ajgep:xkka. Ona spiasercs
aHaJIOTOM TPYIMIOBOH CKOPOCTH B TEOPHH PpAacnpOCTPAHEHHA BOJH.
B camom jJene, NMpH MOMENHPOBAHHH BOJIHOBHIX MpoueccoB Ha DBM
pacnpocTpaHeHue BOJH, CKaxeM, oT ToukH A 2o toukn B, MoXeT GHITH
HMHTHpOBaHO ¢ nomoubio (uabtpa. Korna gopma curnana, uabiio-
Jensoro B ToukKe A, oTaHyaercsi Or (OpMLl cHrHana B TOuKe B, HO
orubapiias 3Hepruu B TOYKe A noxoxa Ha 3ajepKaHHYl0 oruGaio-
Llyl0 Hepruu B Touke B, TOrja BO3HHKAeT CHTyalusd, AJA KOTOPOil
HNOHSITHE TPYINMIOBOMl CKOPOCTH, XapaKTepusylleil CKOpocTh pacnpo-
cTpaHeHusa orudaiolleil IHEPruH, MoKeT OBITL OYeHb I0Je3HbIM.

Ilpn cyMMHpOBaHHH [BYX KOCHHYCOH/aJ/IbHBIX CHIHAJOB C OJu3-
KHMI 4acTOTaMu BO3HMKAIOT Onenus (nmysnbcauuu) (pue. 1.10). Koraa
CHTHAJ TaKoil (OpMBI NPOXOAHT yepe3 GUALTP, TO KaxKJAad H3 YACTOT
MOxKeT npuoGpecTH pasAHUHYIO 3alep:KKy, B pe3yJbTdre 4ero Oru-
Oaomas unn KoseGanus OyAyT HMETh 3aJepXKKYy, KOTOpas OTIHYAETCS
or «a3oBbix 3ajepxkex obeux yacToT. 3amepkka orubaoileil HJIH
rpynnoBas 3alepiKa He MOXKET paBHATLCA CpejHeMy 3HaueHHw ¢a-
30BBIX 3a/lepiKeK 3THX ABYX 4YacTOT. DTO MOXKHO MOHATH M3 CJEAYIO-
mwero. [Tpeanonoxum, 4to Gopma BXOZHOIO HMNYJbCA X; HMEET BHLI

Xt=c0s @f+cos wst. (1.4.2)
Henoabsys TPHIOHOMETPHYECKOE TOXAECTBO, 3aNHUIeM

W, —

Xpe=21008 t cos ——

t. (1.4.3)

W, @,
2
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BuauM, uTo cymMMa JABYX KOCHHYCOB MNpeicTaB/sieT cO00H npousBeae-
HHe KOCHHYyca cpeJHell 4acTOThl HAa KOCHHYC MOJIOBHHLI PA3HOCTH 3THX
yacror. Tak KakK YacTOTHl B3AThl OJH3KHMH APYr K ApYyry, TO COMHO-
MHTeNb PA3HOCTHON YaCTOTHL MEJICHHO H3MEHSeT aMIIHTYy CpelHed
yactoTel. Temeph mnoTpeOGyem, uTOOLI BHIXOAHOH CHIHaA ¢HJIBTPA

Y1=c08 (01—, ) +c0s (wgf—q2). (1.4.4)

Ipu 3TOM Jenaercs Aomyluende, uto KojeGaHns oOeHx 4acToT He
3aTyxaloT. Yuer 3artyxaHua no AuddepeHumaJbHOMY 3aKOHY I

: PHC. 1.10. TpadK aMmimTyano-Momy-
: JHPOBAaHHHX KojefaHHH BHAa COS wit+
-+ cos waf

2% ‘
—~— S
@y,
OJeHX YacTOTHBIX KOMIIOHEHT 3HAYHTEJbHO YCITOXKHHA O6bl anaaus. Hc-
0/15:3ysl TPHTOHOMETPHYECKoe TOXKAecTBO B dopmyae (1.4.4), moay-
UHM

ot o, + @, P11+ %2 W, — @, P1— %2
y,_i’cos( v e 5 )cos( TS 5 ) (1.4.5)

[Tepenucas MHOXKUTENb, XapaKTePH3YIOIIHA MYJbCAUHIO aMIHTY-
Abl KoseGanuil, B 0003HAaYeHHSIX BPeMEHHOIl 3allepXKHu fg, HMeeM

0, —® $1—92 \_ @, —
cos( 18y B ’)—cos[%(t—tg)]

HJIH
(0, — ®,) tg= i Ps

Torja rpynnosas 3ajepiKKa ONPEeJHTCS BHIPaXKeHHeM
R Lk L S (1.4.6)

Ha npaxrtike o0bIYHO HaGJIOAAIOTCS HE ABE YHCTHIE KOCHHYCOHIHI,
a KoseOanusi, 3aHMMalOllHe HEKOTOpPYy0 moJocy uacTor. [losromy
rpyNIoBas sajepikKa sIBJIfeTCH 4ACTOTHO-3aBHCHMOH (yHKLHei u 3a-
jAaercs BblpaxKenueM fg=dp/dw. Pa30BbIl yroa ¢ MOMKHO ONPEIECIHTD
KaK apKTaHTeHC OTHOIIEHHS MHHMOH M AelCTBHTEJbHONR uacTtell mpe-
o6pasoBanus Pypne: ¢(w)=arctg[Im B(w)/Re B(»)]. Unoraa yno6-
HO HCIIONIL30BaTh ONpejleieHHe KOMIIEKCHOTO Jiorapudma.
Torma

B=re'%; mB=In|r|+Ine*=In|r|+ip.
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Hrak,
¢=ImInB;

1 dB

d d
t, = jo-=Im = [InB (0)] =Im 5.

g

(1.4.7)

Yao6ubiM npuGaHKeHHeM B BLIUHC/JACHHAX JJIS ANCKPETHBIX 3HAYEHHH
B sBaserca opmyaa

~ 2 Bk-!-l‘—Bk
tg = T Im HB&-Q—gﬂI . (148)
BakublM acnmeKTOM TeOopHH pachnpocTpaHeHus BOJH ABJAAETCA pas-
audne Mexay ¢asosoil u rpynnosoil ckopoctaMu. Onu cXoaubl ¢ da-
30BOIi H rpymnoBoil 3ajgep:kamu. Hanpumep, ecan BoaHbl pacnpo-
CTPaHsioTCa B/0JbL JABYXMepHOi NMOBEePXHOCTH, TO (dasoBas (QyHKLHA
MOKeT ObITh 3a/laHa Kak

¢ (¥, y) =ke(x—2x0) +ky(Y—Yo)- (1.4.9)

3aech KOODAMHATHL (Xo, Yfo) ONPEAEAIOT MECTOMOJOMNKeHHe BXOJHOrO
curiana ¢uabTpa, a (x, y) — mecto HabmojeHus ¢asbnl (MoAOGHO
Boixoay ¢uiabTpa). Beanunnsl ke u R, 03HAYAIOT «NPOCTPaHCTBEHHbIE
YacTOTHI», T. €. Ry €CThb 27, JeJIeHHOe Ha NJIHHY BOJIHBI, H3MEPEHHYIO 1O
ocu x. CooTHOMCHHE MeXAYy ®, Ry H R, ycTaHaBJNBAeTCs MeTOJaMH
TeopeTnueckofi (usuku. OGBHIYHO OHO MOXKeT OBITh 3aJaHo B (opMme

0=0 (ks, k). (1.4.10)

ITockoabKy CKOpOCTh €cTh paccTosiHHe, Jle/leHHOe Ha BpeMs, TO (a3o-
BYIO CKOPOCTb IO HAllPaB/JEHHIO X MOMHO ONpEeReNHTb Kak

X — Xq w
(V¢33)x S —W—"’_=E ?

[pynnoBasi CKOpPOCTB AN X-KOMIOHEHTH

X — X, dw
(V,p)x_—:md;=(x—x,) 'a;‘ (1.4.11)
ITonoxkuM, uto Y=y, Torpa copmynaa (1.4.9) npuBoauTCE K BHAY
p="Fkx(x—xp).
Otkyza (B auddepenuuansHom BuIe)
oky 1
dp =~ x—x, °
C yuerom dopmyasl (1.4.11) sto paer
dw ok o
(Vrp)x=(x_ xn)%_df'=%. (1412}

Takum oOpasoM, BeKTopHasi TrpyImioBas CKOPOCTb ecTh (0w0/0kx,
Ow/dk,). Uunoraa du3uyecKkasi TeOPHs TAK CJIOXKHA, UTO COOTHOLICHHE,
nopobuoe BblpaxKeH® (1.4.10), nenb3s waiith B siBHOH ¢opmMe H
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BMECTO Hero HCMoJb3yercsi HesiBHasi 3aBHCHMOCTb F(w, &, Ry). B Ta-
KOM CJydae B COOTBETCTBHH C H3BECTHbHIM COOTHOIIEHHEM H3 TEOPHH
YAaCTHLIX MPOH3BOJAHBIX HMeeM

Jw o OF /oky

Okx 0F /0o *

B 3xcnepuMeHTa bHOM reou3dKe NOHATHE CKOPOCTH MOYTH BCErla
cBsi3blBaeTcs ¢ TPYNMOBOH CKOPOCTbIO, € KOTOPOH mepemeliaercs

PHC. 1.11. Ilpumep AByx Boan I m
P 2 3BYKOBOTO JaBJeHHN, KOTODHE
CYUMTAIOTCA Pe3yJLTaTOM  SAePHOro
B3puBa B A3uH (0HH GELTH 3aperH-
x cTpHpoBanbl B Kaandopuun OJHHM
f“‘-ﬁcﬂ n3 muxpoGaporpados asTopa)

[MTepboe
Gcmynnenue

Mepboe
Bemynnenue

sHeprus. Ha puec. 1.11 npucyrerByer usauumuuii «uym» (0OGbIYHBIA
B 3KCMepHMEHTAJbHON TreoH3uKe), OAHAKO MOMHO BHJAETb, 4TO BO3-
MyllleHHe MPOSIBJASETCS CHauaja B BHAe KoJeGaHuil ¢ GOJBIIHM MEpHO-
IOM, a 3aTeM yiKe B BuJe KoJebaHHii ¢ KOpoTkuMm mepuoioM. I'pyn-
noBas CKOPOCTh HaXOAHWTCHA NyTeM JAeJICHHSA paccToaHHs Ha BpeMd
pacrnpocTpaHeHus BOJHb. PazoBble CKOPOCTH MOMKHO H3y4arb, HMes
IBe CcTaHUMM HaOJI0eHHs HejaleKo Apyr OT Apyra H H3Mepad Bpe-
MEeHHYI0 3aJepKKy HEKOTOPbIX crnelHduuecKnx nepecedyeHHi HYyJeBOMH
guund. [Ipuinna, no KOTOPOH CTaHLHH pacnojaraloT HefallekKo Apyr
OT Apyra, 3aKJl04aercss B TOM, 4TO (opMa BOJHBl HENPEPBIBHO H3Me-
HAETCHA W eCJH CTAaHIHH OTCTOAT CJAHIIKOM JAaJeKo Apyr OT Apyra, To
He Oymer BO3MOMKHOCTH ONpeleleHHsi TeX I[epeceuyeHHH HyJeBOH
JIHHHH, KOTOpbIe A0JXHbI CPABHHBATbHCH.

1.5. KOPPEJISILILUS U CNEKTPBI

CrnekTp BpeMeHHOH (DYHKIHH eCTb BO3BeleHHOe B KBajapaT mnpeobpa-
3zoBaHne @ypre 3T0Hl (QyHKIHH. B cayuae neHcTBHTebHOH (QYHKUHH
npeoGpaszoBanue Pyppe HMeeT 4eTHyI0 AeficTBHTeJbHYI0 dacTh RE n
neveTHyio MHuMYyIo uacth 0. BasB kBaapaTe moayJeil, nMeeM:
(RE+i10) (RE—i 10) = (RE)2+ (10)2.

Ksajpat HedueTHOH (DYHKIMH TaK JKe KaK H KBaJpaT YeTHOH (yHKUHH
siBJII€TCs, OYeBHAHO, ueTHOH ¢yHKuueid. Takum oGpasoM, crekrTp
JeACTBHTEeIbHOR (PYHKIHH BPEMEHH €CThb ueTHas (YHKUHA, TaK 4TO €ro
sHauYeHHs B OOGJacTH MOJOXKHTENBHHIX 4YaCTOT COBNOAAAKOT C €ro 3Ha-
yeHHAMH B 00JaCTH OTpHIATeJbHHX uwacTor. Ilostomy Her ocoforo
CMBICJIa BHIIENSITD OTPHIATeNbHBIE 4YacTOThl. XOTsi GOJBLILHHCTBO
BCTPEUAIONIHXC HA NpakTHKe (YHKUHH BPEMEHH SBJSIOTCS AEHCTRH-
TeJbHLIMH, PACCMOTpPeHHe KOppeJfllHH H CHeKTpoB He Oyler marema-
THYECKH NOJHHM 0e3 GYHKUHH BPEMCHH C KOMIJIEKCHBIMH 3Haue-
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puamu. KpoMe TOoro, KoMIiLieKCHble (YHKIHH BpeMeHH BEChbMa I10J1e3HbY
BO MHOTHX (H3HYecKHX 3ajavaXx. B KawectBe nmpuMepa paccMoTpum
BEKTOPHbIA JBYXKOMNOHEHTHBI/i HHJMKATOP CKOPOCTH BETpa: OjHa
KOMIIOHEHTA, HANpaB/eHHash HAa CeBep, perHcTpupyer ny, a JApyras,
HampaBJeHHas Ha 3anaj, sanuchBaerT ;. Tenepp, ecanm COCTABHTL
BpeMEHHOHl PSi/l C KOMIJIEKCHBIMH 3HAUCHHAMH Up== ¢+ iws, TO MOAYJIH

View)

PHUC. 1.12. CnekTp KOMIIEKCHOTO Bpe-
Mennoro pama e " (@of+¥)

1] w o)

n ¢asoBble YI/bi KOMIUIEKCHBIX UHCE] HMEIOT OYeBHIHYIO (DH3HUYECKYI®
unrepnperanuio. Ilepsas yactb npeoGpasoBauusa (RE+i10) ortho-
cureds K n;, a Bropags (RO+iIE) —x w, Opauako cnekrp
(RE+RO)?+ (IE+10)? He saBasercs HH YeTHLIM, HH HEYeTHBHIM, a He-
pasenctBo V(+4w)s#=V(—o) nomxkHO HMeTb Kakoe-ToO 0ObICHeHHe,
JlelicTBHTENIBHO, OHO HMeEeTCs, H CMbIC/J ero COCTOHT B TOM, YTO + O
COOTBETCTBYET BPANIEHHIO 1O YacoBOil CTpPeJKe, a —@ — BPAUIeHHIO
B NPOTHBOINOJIOKHOM HampasJeHHH. UTOOH YBHIETb 3TO, NOJOMKHM,

uto ny=cos (wef+¢) u

Wy = — sin (o, +¢). Torna v,=e™" “'*¥  a npeobpaaopanse Dypbe
HMeeT BHJ
+0o s
V)= (e ™" e!a, (1.5.1)
—
V(0)=25 (0 — o)e " (1.5.2)

Cnekrp 8?(0—wo) moxkasan Ha puc. 1.12. M, nmaoGopor, ecin 6B we
HMes0 BHA Sin(wof+¢), To cnekrp 6bl1 Obl jAeabTa-QYHKIHEH InpH
—g, 03HAYAIOUIEH, YTO BEKTOP CKOPOCTH BETPA HANpPAaBJeH B APYryio
cTopony. B reodusuke umeloTcss W Apyrue NpHMEpH KOMIIEKCHBIX
BpEMEeHHBIX PAMLOB.

1. Buansinue rpaBHTalMOHHOrO NpuTsKeHHs JIyHbl Ha yHnpyrywo:
3eMJi0 BBI3LIBAeT JIOKaJbHBIEe HAKJOHBI MOBepXHOCTH 3eMaud. Hakiow
B HampaBJIEHHH CeBep — Ior MOT Gbl ONpejensTh BPeMEHHOH pfim Xi,
a HAKJIOH B HANpaB/IeHUH 3anaji — BOCTOK — BpeMeHHO! paj y: Toraa
PAR X¢+i Yy cTpeMHACA Obl HMETb OAHO 3HaYeHHE BPAlleHHS B CeBep-
HOM TOJYIIaPHH H NPOTHBOMOJIOXKHOE 3HAYEHHE — B IOXKHOM TOJY-
HIapHHu.

2. BeprukaiabHble H TOPH3OHTaJbHBle JBHIKEHHA ceficMorpada
TaKzKe COCTABJISAIOT KOMAJEKCHbBIH BpeMeHHOi psa.

3. Hyramun ocu 3eMHOro Hiapa BOKDPYT YIVIOBOH MTHOBEHHON OCH
(Yennnep Yob6un).

4. KpyroBast NOJAPM3aUHs 3JCKTPOMArHHTHON BOJIHEL



ITocmMoTpuM, Kak Bbipaxaercs cmeKTp depe3 Z-npeoGpasopaHue.
Ilycrs cnekTp

R(©)=|B @)['=B(v) B(@). (1.5.3)

Bripasum 310 B nOHATHAX Z-mpeo6pasoBanus Mo TPeM TOYKAM:
R(©) = (b, +-bie ™ 4-b,e ™) (b, +-b,e™* +-b,e™);  (1.5.4)
R(w)= (B, + 2+ 32) 6 +5,2 +5,2); (1.5.5)
R@)=B()B®. (1.5.6)

Hns onpenenenns koadouunentoB R (Z) HHTEPECHO NepPeMHOXKHTD
nosuHomMut B(1/Z) u B(Z):

R (Z) P b_ga: +@L§M+ (_Eubo + Elbl —]_b-abz) + (‘b_ﬂbl + bsz) Z+Bnbzz

(1.9.7)
R(Z)="Z+F+r,+rZ+r2. (1.5.8)

Koaddpuuuenr ry npu Z* onpegensiercss BHPpaKeHueM
£ =2bib,+k. (1.5.9)

Ypasnenue (1.5.9) uH3BeCTHO KaK a8TOKOppesfyuoOHHas GdopMmyJa.
3uavenne (QYHKIAH aBTOKOPpeNsiME rp TpH 3ajepxkKe, pasHo# 10,
ecThb ryo. OHa saBasieTcss Mepou nogobus BenuuuHB b; camol cefe IpH
«chiBure Ha 10 eaunun BpeMeHH. B OONBIUHHCTBE cC/y4YaeB BeJH4YHHA
by npefictButespuas. [Ipu 3TOM ¢ MOMOMIBIO BHYHCAECHHH 1O dopMynam
(1.5.7) mmm (1.5.9) MoxHO yGeIHTBCR, HTO aBTOKODPEJNANMOHHHIE
KOa(pQHUHEHTL TaKiKe HABJASIOTCA JAeHCTBHTEIbHBIMH BeJIHUHMHAMH,
a rp=r—y. Torma, OrpaHHvYHBasichb JEfCTBHTEJbHLIMH BPeMeHHBIMH
DAAAMHU, HMEEM:

R@O=ro4r(24+ 7)1+ (2+5): (510
R(Z)=r,+r, (" 47+ r, (™ e7™); (1.5.11)
R(Z)=r,-} 2r,cos o+ 2r, cos 2u; (1.5.12)
R(Z)= Dr, cos ko, (1.5.13)

k

R (Z)=xocunyc-npeobpasopanuio Pypoe OT rp. (1.5.14)

Takum 0Gpa3oM, pasioxenue QYHKIHH aBTOKOPPENSALHH IO KOCH-
HycaM paBHO Kpajpaty Mmoayas Pypbe-npeoGpasoBanns. Peuienue
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570fl 3agaud AJsA HeNPepHIBHOTO BpeMeHH OTHOCHTCA K HanbGouee
TpyAusM TeopemaM. Fl3BecTHBI ABA Pa3/IHYHBIX BEIUHCAHTEJNbHBIX Me-
TOja pacyera Crmekrpa: 1) cHauana BHIYHCAAIOT KOIPOHUHEHTH 7y
¢ momoubio BHpaxenus (1.5.9), a 3ateM GopMupyiOT cyMMY KOCHHY-
cos B coorBercTBHH ¢ Qopmydaoit (1.5.13); 2) BBHUKCAAIOT BeJHUHHEL
B(Z) nas HeKOTOPHIX 3HaueHWH Z Ha E€IHHMYHOH OKPYXKHOCTH H
YMHOMKAIOT NOJYyYeHHble UHC/IA HA KOMILIEKCHO-CONpsAXKeHHble. Bbiunc-
JIeHHs TOBTOPAIOT A MHOMXKECTBA 3HAYEHHH Z HA eIHHHYHON OKPYK-
Hoctd. Bropoii meron 6oJiee BLIrOfeH, TaK KaK INPH BBLIYHCJIEHHAX
MOIKHO HCTOJIB30BaTh ObicTpoe npeoGpasoBanne Pypbe.

TTOHATHS ABTOKOpPpeNALMH M CheKTpa Jerko ob6ofumaloTes Kak Ha
NOHATHS B3AaHMHOH KOPpeJsillid W B3aUMHOTO cnekTpa. Pacemorpum
asa Z-npeobpasosanus A(Z) n B(Z). Torpa s3aumnnlii cnekrp C(Z)
onpeensieTcs BuIpaxKeHHeM

C(Z)=A(-_,§-)B(Z). (1.5.15)
Ecan xaxoii-inGo us Koaddunuentos ¢x B C(Z) mnpepulluaer Bce
OCTaJbHLIE, TO F'OBOPAT, uTO (OPMEL BOJIH @; H O AOCTATOYHO MOXONKH,.
€c/H OIHA M3 HHX HMeeT 3a/(epXKKy HAa R eIHHHIL BpEMEHH IO OTHO-
HIEHHIO K APYTOH. ‘

Yopaxuenus

1. Tlpennosnoxnm, urto cefiCMHYECKHH HMNYJbC O6PA30BAH KOMIAEKCHBIMH YHCAAMH,
Cl'lpaBEJ],IIHBD JdH NPH STHX YCJOBHAX aBTOKOPpPENAlHOHHOE COOTHOLIeHHe n.==r_h?-
SlpasioTcss AH OPH 3TOM BENHYHHEl rp H R(@) RellCTBHTEABHBIMH HJIH KOMILIEKC-
HBIMH?

2. Ilyers x¢ — HexoTOpas AeficTBHTeNbHAsE (YHKUHA ppeMenn. IIycrb yi=—X145 —
Apyras @ynkuus Bpemend. Ilocrpofite @(aswl B3aNMHOTO CrEKTpPa NpPOH3BELeHHS
X(1/Z2)Y(Z) B Qymxkunn wacToTh, BhUHCJeHHOro Ha 3BM, B npeanonoeHHH, uyTO-
ApKTaHreHcH JeXaT B OCHOBHHIX KBajJpaHrax —mn/2<<arctg<+mn/2. Hanecure mac-
wrabl 1o ocaM.

3. Ecin  B3aHMHO NOMCHATbD TNOHATHA BPEMCHH H 4YacTOTHl, TO KAKHM cCTaHer
CMBIC/ clieKTpa?

1.6. NTPEOBPA30OBAHHE I'HJILBEPTA

QuabTp, NpeoOpPa3OBHIBAIOWIKA CHHYCHl B KOCHHYCHI, HA3HIBAeTCH:
GuisTpoM co caphroM (asw Ha 90° MaM KBaapaTYPHBIM duabTpoMm.
Bosee KOHKpeTHO, ecau BXOAHOMN HMIIYJIbC TpeJcTaB/sier coGoH
cos(wi+g), TO BLIXOAHOA CHPHAX HOJKEH HMeTh BHR C€OS(wf+
+¢1+n/2). Taxoit ¢uabrp nosesen npu mocrpoenun ornbaroumell Bpe-
MenHo# ¢QynKund. Ilycte X(Z) osmauaer Z-npeoGpasosanme psija
AeHCTBHTENIbHBIX sHAUCHUH, 8 Q(Z) — KBalApaTypHH GUALTP, K MyCThb.
Y(Z)=Q(Z)X(Z) onucbiBaer curia;m uHa BHXOZe KBaJpaTypHOro-
¢uabrpa. Torga ornbaomyio GYHKUHH BpeMeHH MOMKHO OnpeeuTh
BbIpaxkeHueM e;== (¥*+y%)'/2. C Apyroii CTOPOHB, MOKHO MOCTPOHTD.
KOMIVIEKCHYI0 QYHKIHIO BPeMEHH Uy==1X;+ 1y, Z-npeoGpa3oBaHne Ko-

TOpO#H HMeeT BHJ
U(2)=[1+iQ(2)]X (Z).

Toraa wid; npeacrasasier coboit kBanpar ornGaromeii dyHkuuu, Ana-
JIOTHYHO Qasy @, ABAAOLLYIOCS (GYHKLHeH BpeMeHH, MOXKHO onpeje-
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JIWTh BHIpakeHuem ¢¢=arctg(yi/x;). Mruosennas yacrora ects d/dt.
Ona moxker OBTH NOJyYeHa CAEAYIOWHM crnocoboM:

o, = Im In u,;

de 1 du 2 wp—up-,y
T el T

Tenepnb, umes: HEKOTOpOe MpeacTaBJieHHe 06 HCMOJB30BAaHHH (HIBTPA
< ¢asoBbiM caBHroM Ha 90°, maiimem uuc/oBble 3HaueHus ¢ Omnepa-

n
\

iQ(w) dedcmbumensuoe

!

—_———

o
PHC. 1.13. YacTtoTHas XapakTepHCTH- PHC. 1.14. KosbduunenTs Knagpartyp-
Ka ¢uabTpa, cMewalouero ¢asy sHa 90°, HOro (uaLTpa

1ua nuddepennuporanus no BpeMenn obGiajnaer TpefyeMbiM CBOHCT-
BoM caBHra ¢asel Ha 90°, Kotophiii Mbl HiieM. [Torpemnocts audde-
PEeHUMPOBAHHA 3aKJ04aeTcsi B TOM, 4TO 0osiee BBICOKHE WHaCTOTHI
VCHAKBAIOTCH NO CPaBHeHHIO ¢ Ooslee HH3KHMH. B YacTHOCTIH,

flt) = j’F (0) " do;
%=5 — ioF (w)e™"*'dw.

Taxkum o6pasoMm, AuddepeHuupoBaHHe [0 BpeMeHH COOTBETCTBYET
BECOBOMY MHOMKHTE/IIO — (@ B YacTOTHOH ob6aactH. MHoOXKHTeNb — i®
HMeeT HYKHYI0 HaM (asy, HO HCKaKeHHYIO aMmauTyay. TpeOyeMbli
BeCOBOIT MHOKHTENb paBed Q(®w)=—iw/|w|. On sBAsercs cTynenua-
Toill hyHKuueil, NoKazaHHoi# Ha puc. 1.13

[TpeoGpasyem Q(w) BO BpeMeHHYI0 00/1aCTh

L] 0 =
! —{wn i —iw —ian
- — a

i e.—:‘mn ™

28 \ —in

0 e—-fw!l

e
_

1 = —inw
B e T B
{0 JINs M 4YeTHBIX

!

—

2
—— JJIs1 11 HeYeTHBIX
wn

Pesyabrar nokasad Ha puc. 1.14.
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Tak Kak cpoiicTBa (HALTPA COXPAHAIOTCA JJH OTPHUATENBHHIX M, TO
OH, OYeBHAHO, sBJAETCH (HIHYECKH HepeanHayeMbiM (QHIBTPOM
(dpuabTpom, KOTOPHIH TpeOyeT GYAYUIHX BXOJAHBLIX CHFHAJOB Ajsi Hop-
MHPOBAHHS TEKYILLEro BLIXOLHOTO curnagaa). Ecau 6bl HccnegoBanHe
NpOBOAKAOCH /ISl HENPEPHBHOTO BPEMEHH, a He AN AHCKPETHOro,
10 pUALTP MOr Gbl HMeTh dopmy 1/f, T. e. DyHKUHIO, KOTOpas HMeeT
&t

£ @ 2 f 3
RE——> 12

N Akl

MAINNa. % 0 IE—>ie
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{ iq Bedcmﬁun;e:rmae r; \ IUO I 0>< ::

NN

AN “‘

Re

8
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PUC. 1.15. ®unbrp 14iQ(Z) neficTBHTENbHBIE H OJAHOCTOPOHHHH B uacToTHON OG-
JIACTH, HO KOMIJIEKCHBIN M JBYXCTODOHHHA BO BpemeHHO# ofmacTH

PUC. 1.16. IIpeoGpasosanne I'ninGepra maH KsaapamypHas GHALTPALHA cO CTYNEH-
yaToil BecoBOil (QYHKIHeii B wacToTHOH o6JacTH.

! — Becosar (ysruus; 2 — ®ypre-npeoGpasosanre (PI1); 3— obpaTHoe @Yypbe-npeobpasoBa-
nue (OIT-)

PHC. 1.17. Hmnyase mmoc i, npowexmuii yepes GuiIbTp, casurawolikii ero Ha 90°
ABJAETCHA AEHCTBHTENbHON CTYNEHLKOH B 4acTOTHeil obsacTH

ocobennocth mpu =0 u uHTerpan KoTopoii mo -+{ pacxomuTcH.
Cpeptka ¢ Koa(duuueuraMu (UIbTPA §n NMOITOMY OUeHb HeYyAOOHA,
TaKk Kak OecKOHeuHas NOCJeA0BaTeJbHOCTh CXOAHTCA OUYeHb MeJJIeH-
Ho. CBepTKa ¢ GUALTPOM g Ha3mBaeTcsi npeobpasosanuem ['urvbepra.

Bosspatumest k ¢unantpy 14iQ(Z). Kak nokasano na puc. 1.15,
10T QHALTP fABJSETCS cTyneHuaToil QyHKuUHell B yacTOTHOH o00JjacTH.
Onepaunio dasoporo casura Ha 90° npolle Bcero ocyllecTBATh B gac-
TOTHOI o0JsacTn. JIns 3TOrO CHrHAJ 3amnuchiBaeTcss B BHAe X¢+i-0 H
npeoGpasyercsi B 4acTOTHYI0O o06J/acTb, 3aTeM YMHOXKAeTrcsi Ha CTY-
TeHLKY, MoKasauuylo Ha puc. 1.15. Hakonen, obpaTtnoe npeoGpasona-
Hue jpaer X;+iy,. IlpeobGpasoBanue 4YeTHON, HeYeTHOH, MeHCTBUTENb-
HOil 1 MHHMOIi yacTeil nokasaxo Ha puc. 1.16.

®ynkuus 14iQ wurpaer ocobyio pojb B aHAJH3E TEOPETHUECKHX
BPEMEHHBIX P#AJIOB, KOTOPBIH, Kak Oy[eT MoKa3aHo B TOCAeAYIOLIHX
pasjenax, cBf3bBaerca ¢ npuHuunoM npuuynsnoctu. Ha pue. 1.17 no-
Ka3aHbl OCHOBHbIE CBOHCTBA 3TOH (QyHKUHH,
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Ynpaxueuus

1. Ceepuure curHan suia (2/m) ( e T 0, e 0, —1, 0, 1,0,

1 1
a0 g e ) ¢ camuM  coGoii ¢ neMOWLI0 wacTHYHEX Apobeil. Kak oGbAcHNTE

TOT (aKT, 4TO pesv.iLTaToM cBeprTkd sBagercs (..., 0, 0, —I, 0, 0, ...)? (Ymaa-

1 | 1
me. n2/8=14 5 +795 +q§+ b ) 3
2. Hcnoapaya marpruy Owicrporo npeoOpasoBaiis Pypbe, MOMKHO NpeLCTaBHTb
KBaipaTypHuil ¢puasTp Q(®) BekTOp-cTONOLOM:
—i(0,1,1,1,..,0, —1,—1, —1, ..., —1)T

YMHOMKEHHEM ero Ha MaTpuuy olparTHoro npeo6pasoBands MOKa:KHTe, uTo mnpeobpaso-
BaHHe MPOMOPUHOHANBHO OTHOUeHHIO (cos mk/N)/(sin wk/N). Hemy pasen macuirad-
Helil MHOXHTeap? ITofcunraiite ero aas kK<< N, nonaras, uro B npegeie N-—»oo,
[Vkasanue. 14x+4x*4 ... +25 = (1—x¥-1) /(1—x)].



2. OIHOCTOPOHHHE ®YHKIINH

Bece ¢uauueckne cHCTeMBbl MMelOT To ofllee CBOfiCTBO, 4TO OHH He
nposBaAOT cebs a0 Bo3Oyxuennsa. Takum o6pasoM, uMmyJbcHas pe-
akups 1000 PU3HYECKOH CHCTEMBI SIBAAETCH OAHOCTOpPOHHel (YyHK-
uueil BO BpeMeH (oHa ucuesaer npu t=0). B Teopun cucreM Takas
(yHEnMs GEALTpanHW Ha3paHa (uanvecku peanusyemoil. Ilpu pac-

[pocTpaHeHHHn BOJH 3TO CBOHCTBO CB3aHO C MPpHHUHIIOM HPH‘{HHHO-‘

CTH, COIJIACHO KOTOPOMY HHM OJHY BOJIHY HE/Jb3sl HAUAThb PErHCTPHPO-
BaTh JI0 MOMeHTa ee Bo3Oy:kaeuus. Touka 3anasibiBaHHA BpeMeHH
{=0 wurpaer ocobylo u BaxHyi0 po.b. [Ipu sTOM MHOrHE TOHKHE
Bonpocul Oy/lyT HAMHOrO MOHATHEE IIPH PAcCMOTPEHHH MX HA OCHOBE
JAHCKPETHOTO BpeMeHH, ueM NpH HenpepblBHOM BpeMenu. Koraa peak-
st GuJabTpa npoaBasercs B MOMeHT BpeMend f=0 u noc.e nero, To
MBl TOBOPUM O (HJLTpe, UTO OH sABJAseTcs (PH3HYECKH peasiu3yeMbIM
win npuuuHHEbIM (KaysaasubiM)'!. Cil0BO «Kay3aabHolii» CBOWCTBEHHO
(hu3uKe, rje HanpsiZKeHHe MOMKeT BbI3bIBATh (NMPAaKTHYECKH) OJHOBpe-
mMeHHyio Aedopmaunio u HaobopoT. Oanako cireayver pepHyThes K Go-
Jlee TOYHLIM CJOBAaM <«peajH3yeMblit» ((QH3HYECKH) H «OAHOCTOPOH-
HHii», KOrga TeopHsa (GH/ILTPOB NPHMEHsieTCsl /5l ONHCAHHS 3KOHOMH-
YeCKHX H COUMAJbHBIX . CHCTEM, B KOTOPHIX OJHOBPEMEHHOCTh
JIOCTAaTOUYHO OTJIHYAETCH OT NMPHUYHHBI H CJAeACTBHA.

2.1. HHBEPCHBIE ®HJILTPHI

Yro06bl Jyulie NOHATL NPHYHHHBIE (DHJABTPLI, PACCMOTPHM 3ajavuy onpe-
Jfenennst Gpynkiuy rakoro ¢uabrpa. JonycTuMm, 4TO BHIXOZHOH CHIHAJ
Yi GuabTpa b u3BeCTeH, a BXOAHOH curuan X; Heussecten (puc. 2.1).

dra 3a/a4ya 4acTo BO3HHKAET B INPHEMHO-PErHCTPHPYIONLed CHCTe-
me. Hanpumep, BHIXOAHOI CHPHAM cefcMONpHeMHHKa sBJseTCs HaHe-
cennoil na Jauct OyMmarn JHHHEH, 0 KOTOPOH CceitcMOJ0r MOiKer
OnpejeuTh CMelleHie, CKOPOCTh MW ycKopeHne mousbl. Has Toro
YTOOB YHHUTOKHTL (uabTpHpYyloliee jeiicTBie ¢uavtpa B(Z), no-
reitaemcest HaiTh apyroit ¢uabtp? A(Z), KOTOpHII BOCCTAHOBHT Ha
BLIXO/le HCXOAHBIT CHTHAJ, KaK 3TO NOKa3aHo Ha puc. 2.2,

Jlas  naxoxienns koadpunnentos ¢uastpa A(Z) jocrarouno
cnpeieauth KodhbuuueHTH  NPH  cTeneHsX Z B BHIPaXKEHHH
P(Z)A(Z)=1. Ecau B(Z) tpexunennwit ¢uabrp, 10 OyIeM HMEThH

(ag+a1Z—§—a222+a323+ - ) (b0+blZ+b2Z2) =1. (2]1)
1 BepHeue, YAOBJETBOPSIOUIHM NPUHHUHNY mpHunHHocTH. ([Tpum. nepes.).
* Takoit (HALTD OOBIUHO HA3LIBAIOT OGPATHLIM HJH HHBepcHbBIM (MO OTHOUIE-

HHIO K npeasiaymemy). (Mpus. nepes.)
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Koa¢pduunenrst npu Z° Z', Z2, ... B Bblpaxenuu (2.1.1) umeior BHA

ab, =1; (2.1.2)
ab,+agb, =0; (2.1.3)
ab,+ab, +a.b, ==0; (2.1.4)
ab,~+ab, +ab, =0; (2.1.5)
abo—%-abr}—ab =0; (2.1.6)
a,,b —| Qp_ b, +ay_,b,=0. (2:1:7)

s cdopmyast (2.1.2) MoxkHO BHIpasuTh ag 4epes by, 3artem ua (2.1.3)
MOJKHO BHIPA3HTh @) uepes do H by, a u3 (2.1.4) naiTu a, uepes a,, do

X(z) Y(z)
, z ¥(z) [ X2
B(2) X2, Ta A az)
PHC. 2.1. ®uabTp ¢ HEH3BECTHHIM BXOJ- PHUC. 22 Husepcuuit (oGpaTHblii)
HBIM CHTHAJIOM. ¢uabtp A(Z) no orHomenHio K GHILT-
X(Z) — nenspecTHEI cHrHam; Y(Z) — HaBecT- py B(Z)

uuiff curuaj

u bp. Ananoruyno B obuiemM ciayyae gp MOMKHO HAHTH dYepe3 Gp-;, Gp—
H bp. B wactHocTH, Ko3(QHIHEHT a; MOMKHO ONpefeHTb H3 BLIpaxKe-
Husa (2.1.7) mo peKypcHBHO#H cpopmy.ne'

—Z g - ib;

a’k:—_ b (21.8)

0

Paccmorpum npumep, kKorga B(Z)=1—Z/2. Hcnoab3ys ypaBHeHHs
puga (2.1.2)—(2.1.7), GHHOMHHAJBHYIO TEOPEMY, JejieHHe MOJHHOMOB
Hau ¢opmyay Teitnopa pasnoxkeHus (YHKUHI B CTENEHHblE pS/bI,
MOJTYUHM:

AQ=-—zr=1+ 7+ 5+5+.. (2.1.9)

Kak BuaHo, uyncao koadduiuenToB ¢uabTpa GeCKOHEUHO, HO OHO
GuicTpo yObIBaer, BBHAY Uero annpokcHMalusi 3THX psaos ma IBM
He upeicrasJsier TpyaHocTedt. OJAHAKO CHTyauUHs He Tak npocra AJs
¢uabTpa Buna B(Z)=1-2Z:

A(Z)= 482 4 162* - 32Z° ... (2.1.10)

Koatpduunents 3toro psiza GesrpaHHYHO BO3pactaioT. Bbixoxnble
curHanasl ¢puabtpa A(Z) HeorpaHHYeHHO CHJIBHO 3aBHCAT OT BXOJHBIX
CHTHAJIOB, GECKOHEeYHO OTCcTalIMX BO BpeMmeHH. [Hamommum, uto
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rekymuii BuixonHoii curaan ¢uastpa A(Z) ectb @y, yMHOMNKEHHOE HA
TeKyuiil BXOJHON CHTHAJ X, TUIIOC @1, YMHOXKEeHHOe Ha TpelBAyIIHi
BXOJHON CHIHAJ X¢—, H T. A., TaK YTO @, cOXpaHAeT MaMATb O CHI-
Hanax, AeHCTBOBABIIHX B NMPeABAYIHX 7 efuHHI BpeMeHn]. CMbica
9TOr0 3aKJIoYaercss B TOM, UTO HeKoTOopble GuiabTpw B(Z) He HMEIOT
NPATOAHBIX JAJSl HX AaniPOKCHMAUHH KOHEUHEX 06paTHBIX (PHALTPOBR

B(Z) A(Z)
X Y 1 1 1 X
i 6 s N
1 7

PHC. 2.3. Pazioxenue MOJMHOMHAIBHOrO TNpejcTaBaenns ¢uabtpa B(Z) na pax
ABYXUJEHHHX (HJILTPOB, KaxIbii H3 KOTOPHIX HMeeT CBA3aHHBIA ¢ HAM oGpaTHhli
(puIBTP.

I—B?%?dmuﬂen'm noamuoma B(Z); 2 — xoadduuuents, obpatHnle KosdhUUHEHTaM MNOJHHO-
Ma

A(Z), onpenensieMblx u3 coortHourenuii (2.1.2)—(2.1.8). Mb Hiuiem
NyTH NOJYYeHHs XOpouHX (GuILTPOB H3 MJoXHX. Jad ABYXHMOYJbC-
HOro (JAByuJieHHOro) ¢GuabTpa KpHTepHii 3akJlodyaercs B TOM, uTO
nepBeii wien B B(Z) Goaswe BrOoporo. Bosee crporoe maremarnue-
CKOe ONHCAaHHEe CHTYyalluy onpejeisercs Kopusmu B(Z), T. e. 3maue-
HusiMu Z,, npu Kotopslx B(Z)=0. Hdaa cayuas 1—Z/2 naxoaum, 4to
Zo=2. CoorBerctBeHHo aas 1—2Z umeem Zy=1/2. Ecau kKopuu Z,
ypaBHeHus B(Z)=0 B ofiemM caydae 3JeMEHTAPHOro ceficMHYECKOro
HMIIYJIbCa ¢ KOMILIEKCHBIMH KO3(dHIHeHTaMH JeXaT BHYTPH eAHHHY-
HOro Kpyra Ha KOMILIEKCHOH NJocKocTH, To ¢yHKmus 1/B(Z) Oyner
pacxojsieiica. Ecaiu KopeHb JIeXKMT BHe eIHHHYHOrO Kpyra, To obGpa-
mennas ¢ynkuus 1/B(Z) Oyaer orpannyeHHa.

Hanomuu™m, uto noawnom (Muorounen) B(Z) crenenn N MoKHO
PasyioRHTh Ha MHOXKHTean B N MOACHCTEMaxX M YTO B3aMMHOe pac-
0JI0KeHHe 3THX MOJCHCTeM He uMeeT 3HayeHus (puc. 2.3). BepositHo,
ecau npH 3ToM Jai060it u3 N Kopueil ¢pyHkuuu B(Z) okaxkercs BHYTPH
eIHHHYHOr0 KPYyra, TO MOXKHO TNPEANOJOXKHTb, YTO BO3HHKHYT TPYA-
HocTH ¢ peanusauueii A(Z). DTo mnpeanosoXx,eHHe CTPOro A0Ka3bi-
Baetcs TeopeMoii 06 adcOMIOTHOH CXOZHMOCTH PSJOB B TEOPHH KOMII-
JIEKCHOTO TNepeMeHHOro. Jrta TeopeMa IJIacHT, YTO HNpoH3BeleHHe abco-
JIOTHO CXOASIUIHXCS pSAOB CXOAHTCH H, HAoG0pPOT, TNpPOH3BEIEHHE
J00LIX CXOASIIErocss H pacxojsllerocss psAoB pacxoautcsa. Ipyroe
JIOKa3aTeqbCTBO OCHOBBIBA€TCH HA TOM, UYTO CTEMEeHHOH psA AJd
1/B(Z) cxoauTcs BHYTPH OKPY#HOCTH BOKPYI Ha4aJbHOI TOYKH C pa-
JAHYCOM, PaBHBIM PAcCTOSIHHIO OT Ha4YaJbHOH TOYKH [0 mepBoro (G6Jn-
XKaiiurero) nouioca [Hyab dyskunn B(Z) ¢ HauMeHbUIHM MOAYyJeM).
Cxoanmocts Qynkunu A(Z) B eIHHMYHOM Kpyre O3Ha4YaeT B TePMH-
HaX TeopHH OuabTpoB, uto Koadpduuuentn oynkuun A(Z) ymeHb-
maworcs. Takum obpasom, ecan Bce HyJAH B(Z) nexar BHe eIHHHY-
HOro Kpyra, TO H3 cooTHouweHus (2.1.8) moayumm cXoAsuiuiics pea-
JH3yeMBblii 06paTHBIH QHILTP.
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MozkHo Jin uTo-HHOV/IL BOOOIIE CAeNaTh, ec/H OAUH HJAH HECKOJAbKO
KopHeil B(Z) HaxoAuTcsi BHYTPH eJMHHuUHOro Kpyra? OTBer Ha 3TOT
BONpPOC MOJACKA3BIBAET CJe/lyIolHil IPHMeEp:

1 1 1 1 | I
"1—22“"_E’1ﬁl,uz:_Qz'll+2z‘+’(ézﬁ+---]- (2.1.11)

Ypasnenne (2.1.11) sBasiercs pasnoxenueM B psig no crenensm 1/Z,
T. €. paaoMm Teiliopa oTHOCHTENBHO GECKOHEYHO YAaJeHHOil TOUKH.
On cxoputest npu Z==o0 J0GBIM cliocoboM K Kpyry ¢ paguycom 1/2.
3TO 03HAYAET, YTO OOpAIUEHHBIl PAA AOJKEH CXOJHTHCA Ha eIHHNHY-
HOM Kpyre, ecau KO3()(HIUHEHTH OrpaHH4YeHbl. B TepMHHAX TeOPHH
GbuabTpos 370 03HAuaeT, UTO OOpATHBIl (QHALTP AOJKeH OLITH TAKHM
¢uabTpom, KoTtopHii pearupyer Ha OyayliMe MO BpPeMEHH BXOJHBIC
CHTHaJbl H, CJIeJ0BaTeJNbHC, SBJASETCH (PHIHUECKH Hepeasu3yeMBIM, HO
MOMeT OBbITb HCNONL30BAH NMPH MAUIHHHOM MOJENHPOBAHHH.

[TosTomy B ofiiem ciayuae mago pasnomutsh B(Z) HA MHOMKHTEJH,
cooTBercTBYfOUHe AByM 00aactsaM: B(Z) = Buue(Z) Bea(Z), rie B
COAEPKHT KOPHH, JekKallHe 3a NpefeaMH eJIHHHYHOrO Kpyra, a B
COJIePIKHT KOPHH, pacnoJiodKeHHble BHYTPH Hero. Torpa obOpalieHue
yacTH (QUAbTPA Bgre BhIpaxKaercs Kak psaja Tefiiopa B OKpPecTHOCTH
Hauana orcuera, a obpaulleHue YacTH (puabTpa By, BHIpaxKaeTrcs Kak
pan Teiiiopa na Geckoneunoctu. [losmHoe Buipaxkenue aas 1/B(Z)
HasbiBaeTcs pasnaoxennem Jlopanma aas 1/B(Z); ono cxomutcsa Ha
KOJIblle, OKpyaoiiem eAunnunelii kpyr. Cayuan ¢ HyJaMH Ha caMoif
€/IMHHYHOH OKPYJKHOCTH MNpeACTaBJAIOT Onpeael]eHHY0 npobiemy.
B HeKortopblX cayuasx TpyJAHOCTeH He BO3HHKAaeT, HO HHOrAa pacio-
JioJKeHHe KOpHell Ha OKPYMKHOCTH MJIH Jaike BOJH3N Hee O3HAUaeT, YTO
onpejeJeHHAst BEIUHCJAHTENbHAS cXeMa Ha NpakTHKe He OYJerT XOpouio
paboTarh.

Haxkonen, pacemorpum npumep n3 mexawuku. Hanpsikenmwe (nas-
JleHHEe) B MaTepHaje MoOKeT OBITb NpeACTaBJeHO uepe3 X, a jedop-
Mauus (H3Menenwe obbema) — uepes y,. Caenyollue ABa yTBepKie-
HHS IKBHBAJIEHTHbLI, T. €. B HEKOTOPBIX CHTYauusX oHu oba crnpases-
JIUBBI, @ B APYruX — 00a HeBepHHI.

Vreepadenue I. Hanpaxenne B marepnaie MOMHO NPeICTaBHTh
JnHeliHofl KomOGuHalHell TeKVIHX # npouibix Aedopmaunii. Anajo-
ITHYHO [eOpMAaLHIO MOZKHO ONPEeeJHTb HA OCHOBE TEKYUIMX H NpO-
UiBIX HANpAKeHni.

Yrgepacdenue 2. OuabTP, KOTOPHIH CBA3LIBAET HANpAKeHHs ¢ Je-
dopmanusaMu 1 Ha0OOPOT, HMEeT BCe MOJIOCH 1 HYJ/IH BHE eIHHHUYHOTO
Kpyra.

YnpaxkHeHus

I. Haiinure ¢uaprp, obpartueiii 00 orxomeniio K ¢uaptpy (2—5Z4-27%). Maowuno
cpa3y YMEHBIUHTL KOJHYeCTBO cTelleHeil Z BLICOKOTO IOPAAKE, HO TOMHOE BLIPAMKECHIE
Ana Kosdouuuentos moboit crenewn Z TpeAnouTHTEIbHee (paszfueHde Ha YacTH —

noJeanbiil, xora n He obAzareabublii npuem). Cpenaiite HabpocoKk HMIYIALCHOH peak-
i huasrpa.

2. IMoxkaxuTte, uto ymuoxendne ua (1—Z) B AMCKPETHOM BPEMCHH aHAJIOrHYHO
AU bepeHUHpPOBAKHIO N0 BpeMenn npu HenpepsiBHoM spemend. [lokaxure, uto aene-
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age Ha (1—Z) AaHaJOrHYHO HHTerpupoBaHHio. Kaxue npefensr [OAKeH HMETh
HHTErpAE? :

3, Onumunte OOwWHi MeToj dnpefeneHns A(Z) v B(Z) no pa3aoikKeHHI0 B PR

~ - . A w0 -

Tefinopa B (2)/A(Z)=Co+CZ +C 22+ ... +C Z%, tae B(Z) u A(Z) n=

NOTCH  MHOrOWJeHAMH HeH3pecTHnX cTenenefi n m m coorsercTsenro. [lpumennte

1 3 3 . 3 3
stor MeToA K ciaydaio C(Z) = 5 4 L—= 8 LP— g LP— a9 Z*— ... He mm-

Tafitech pemmTb 3TY 3a1a1y JO TeX nop, MNOKA Bbl HEAOCTATOYHO 3IHAKOMHL C Ompelle-
saressvn. [Ykasanwe. Onpelemmte Koagduuuentsr QuabTpa B(Z) = A(Z)C (Z)].

2.2. MUHHUMAJIBHO-®A30BBIE ®YHKLUHH

B pasgene 2.1. nokasaHo, 9To cxoauMocth psia Teiinopa aas QyHK-
unn 1/B(Z) B kpyre |Z|=1 3KkBHBaJeHTHA OTCYTCTBHIO Y QYHKIHH
B(Z) wopweii BHyTpu emunuynoro kpyra. [fokaxewm, u4ro sTH yc/a0BHS
SKBHBAJCHTHB TaKiKe OMpeLe/]eHHOMY MOBeleHHI0 (asel (QYHKIHH
BE(Z) B enmnnusoM Kpyre. Paccmorpum (a3osblil cABAT, BHOCHMBIA
ABYUJIeHHDIM QUALTPOM:
BN _Zz:z —p ™ =1 p 'cos (@ —w,) — ip~'sin (o — o)
(Zo:pemn)
Ilo onpenesenuio, (asoii ABIAETCH AaPKTAHIeHC OTHONIEHHs] MHHMOH
4yacTH K JeflCTBHTeIbHOM.
Fpauk dasel Kak QYHKIMH YACTOTH BBI[VIIAHT COBEPLICHHO pas-
auuHo aas p<<l1 u mas p>>1. Ha puc. 2.4. nan caywai p>1.

ImB

\ s
| Rk w=27
L S w=gny
0 w; T 258w
ImB ReB
[ TS g / &
N\ e

Puc. 2.4. IlefictBuTeabuass ® MHHMas PUC. 2.5. Tlosemenne (pasel ABYXUJICH-
uacth  Z-mpeoGpazopaun  yHKuMM HOro (uALTPa, TPEACTABNCHHOTO Ha
I = 27125875~ puc. 2.4, B KOMIIeKcHOi ofaacTd

@asa aBasieTcst apKTaHreHcoM Beanuunsl Im B/Re B. Tlpoue Bcero
caelnThL 3a TOBejleHneM (asbi Ha KOMIJEKCHOH IJIOcKocTH B. It10
NOKa3aHo Ha pHc. 2.5.

®asza Kak (QyHKnusa dacToThl u3oOpaxkeHa Ha puc. 2.6. OTMmeTHM,
uro (asa ¢ MpH 0=10 HMeeT Takoe iKe 3HAYEHHe, KAK H NPH ©@=2.
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10 caepyer H3 TOrO, YTO JAeHCTBHTENbHAS H MHHMAas yacTH (GYHKIHH
nmeT nepuoA 2m. CuTyauusi M3MEHHTCH, €CJH BHYTPH €JAHHHUHOTO
Kpyra HOSIBUTCA HYJb, T. e. Korga p<<l. HeiicTBuTenbHas H MHHMas

Re B
i ey 2% w
@ ImB
’\v
' Pl Bt ] . e
: \_V g \./
PHUC. 26. (asoBas xapakTepHCTHKA Puc. .2.7. ﬂeﬁcmme.nbuan H MHHMas
JBYXUJIEHHOTO MHHHMAaNbHO (ha3oBoro YacTH 4acT1oTHON XapaKTepHCTHKH ABYX-
tduapTpa [p=arctg(Im/Re)] YJIEHHOTO HEMHHHMAJIbHO (pasoBoro

¢duabTpa | — 1,25Z¢—12%13

yacTH (PYHKUHH JJIs 3TOrO ciaydas u3obpazkenbl Ha pHc. 2.7, a KOMI-
JIEKCHAs MJIOCKOCTL Ha pHc. 2.8,

®aza ¢ yBequuuBaeTcs Ha 27, B TO BpeMs KakK ® H3MeHFETCHA
B HHTepBaJie oT 0 10 2n, MOCKOJNBKY OKPYXKHOCTH OXBATHIBAET HA4aJIo

Zﬂ'fse,,

2% w
PUC. 2.8. Ilosenenue (asst B KOMM- PHUC. 29. QasoBas xapakTepHcTHKA
JIEKCHOH MJIOCKOCTH IBYX4JICHHOrO HeMHHHMa/IbHO (hasosoro

¢uabrpa [p=arctg(Im/Re)]

Koopannat. ®a3oBasi XapaKTepHCTHKA paccMaTpHBaeMoil QpyHKuuu no-
kasana Ha puc. 2.9. Cayuait p=>1, Kor1a ¢ (o) =¢(0+27), HaskBaOT
MUHUMAABHO (pa308bim (OH COOTBETCTBYET MUHUMYMY 3a0epicKu).
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Tenfpb paccMOTPHM CJIOKHBIT (GHABTP

(Z—c¢)) (Z—u¢,) ...
(Z—a) (Z—ay) ... *

B(Z)— 2.2.1)

[To npaBuiaM NepeMHOMKEHHS KOMIUIEKCHHX uucea (asoBas Xa-
paktepuctuka Qyukuuu B(Z) pasHa cymMme (a3oBHIX XapaKTepHCTHK
COMHOMKHTEJIEH YHCJIHTENs] MHHYC CYMMY (asoBHX XapaKTepHCTHK
coOMHOXHTesell 3HaMeHaTess. [locKoJbKy MBI paccMarpuBaeM (usH-
YyecKH peaJiudyeMble GuUJILTPH, TO BCe COMHOXHTENH 3HaMeHaTess
JO0JKHB ObITh MHHHMaJbHO (pa30BBIMH H, CJel0BaTelbHO, (hasoBas
XapaKTepHCTHKA 3HaMeHarteas Oyaer cyMMOH KpHBHIX, NOMOGHBIX
n3o6paxkeHHbIM Ha puc. 2.6. COMHOMKHTEJNH YHCJHTEJIS MOryT OBITh
HIH He OBITh MHHHMaJabHO ¢a3oBbiMH. [loaTomy ¢asoBasi xapakre-
pucTHKa uucanTens Oyaer cyMMONl KpPHBBHIX, MOAOOGHBIX H3o0paKeH-
HBIM HJAH Ha puc. 2.6, uan Ha puc. 2.9. Ecau kakue-mu60 COMHOMKH-
TeJH UMeloT (ha30oBble XapaKTepHCTHKH, Nojo0HBle H300pazKeHHEM Ha
puc. 2.9, To cymmapHasi ¢asopasi XxapakTepHcTHKa Oyaer moxoxa Ha
XapaKkTepHCTHKY, MpeiacTaBJeHHYyl0 Ha puc. 2.9, TeM, uro ¢asa
B TouKe w=2mn OoJblle (a3bl B Touke w=0. Torpa ¢uapTp Oymer
HEMHHHMaJbHO (ha30BBIM.

23. MAPAJIJIEJIbHOE BKJIOYEHHE @®HJbLTPOB

HsBecTHO, 4TO NpH mOCJeJ0BAaTeJbHOM BKJIKYEHHH (UALTPOB MOJIH-
HOMBI, ONHCHIBAIOIHe HX XAapAKTEPHCTHKH, INepeMHOXKalTcs. MoxKHO
NPeANoNoKuTh, uto ABa nojunoMa A(Z) u G(£) cyMMHPYIOTCH, €CJIH
OHH COOTBETCTBYIOT (PHIBTPAM, BKJIIOUEHHBIM mapaJienbHo (puc.2.10).

Bzod nz)= [A (2)+ G(ZD x(z) Boizod

PHUC. 2.10. IapanjensHoe BKIOYeHHe (GHILTPOB

Koraa ¢unanTphl BKIOYEHH NapajelbHO, HX Z-npeoGpa3oBaHHSA
cymMHpyioTcsi. Mbl BHAeNH, YTO NOCJA€LOBATENbHOCTh (HJILTPOB SHB-
JsieTcsi MHHHMaJIbHO (pa30BOil TOrAa, M TOJLKO TOTAA, KOTJa KaKiIbli
ulleH IPOH3BEJeHHs MHHHMAaJbHO ¢pasoBwlii. [losyuuM pocratodnoe
(Ho He HeoOxoanmoe) ycaoBHe, mpH Kortopom cymma A(Z)-G(Z)
Gyaer muHuMmanbHo ¢asosoil. Ilpexae Bcero mnpeanmosoxKum, 4TO
buaprp A(Z) — muHEMaAbHO (as3oBbll. TOrga MOXKHO 3amHcaTh

A(Z)+G(Z)=A(2) [1 ]

(£)
CsienoBaTenbHO, BONPOC O TOM, ABJSETCS JH CyMMa A(Z)+G(2)
MHHHMaJIbHO (a30BOH, NMpeBpaTHJC B BOMPOC O TOM, SBJSIOTCH JH
oba ¢uastpa, A(Z) n 14+ G(Z)/A(Z), muaumanbro dasopbiMu. Panee
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Mbl npeanonaradu, uro A(Z) muuumadabHo (asoblii. Ilepen Tem, Kak
3azlaBaTbCd BONPOCOM o Tom, sBasgerca Ju (uastp 1+G(Z)/A(Z)
MHHHMAa/IbHO (Da30BbIM, HyKHO yOeauTbCs B TOM, UTO OH peaJjusye-
metii. [lockouibky ¢uabtp 1/A(Z) mnpeacrasisiercs (M0 YCJIOBHIO)
TOJNBKO NOMOKNTEABHEIMI cTenensaMu Z, To puastp G (Z) |A(Z) Takxke
SIBJsIETCH peanin3dyeMbiM. B naabheiimeM Oyaer nokasaHno H0OCTaTOYHOE

VIm(1+G/A)

PUC. 2.11. Tosejenne (assl NOJOMHH-
TeJbHON  JeficTBHTeALHON  QYHKILIH B
unTepsate —-m/2

Re(1+C/A)

yCAOBHE MHHHMAJLHOI (asoBoctn (uabrpa 1+ G(Z)/A(Z), sakioya-
jonieecss B TOM, 4TO cHeKTp (uabTpa A npeBOCXOAHT crnekTp (uabTpa
G aa Bcex gacrorax'. Ipyrumu cioBamu, Anas ai060H AeiicTBHTENbHON
uactoTel @|A|>|G|. Takum oGpasoM, eciu H300pa3suTh KPHBYIO
G(Z)/A(Z) wa KOMIJIEKCHOH IIOCKOCTH JJsi JIEHCTBHTEJBHBIX
B8 ananasoHe O<<w<C2m, To ona Oyler JexaTh BCIOAY BHYTPH elH-
Huunoro Kpyra. Ecam tenepp npuOaBuTh ejuHuiy, 4ToObl nepedTH
K 1+G(Z)/A(Z), To cooTBeTcTByIOIlasi KpuBas Bcerja OyJeT HMeThb
NOJOKHTENbHYIO JeHCTBHTeAbHYI0 uacTk (puc. 2.11). [Tockoanky ata
KpHBas HE MOMKEeT OXBaThlBaTb HAyaJ0 KOOPAHHAT, TO (a3a 3TOM
(GyHKLHN JoszKHa OBITh Tako#l Ke, KaK M YV MHHUMAaJabHO (a3oBoi
ynkuun. HMrak, MoxkHO 1006aBJASAATh AOMOJHHUTENLHYK) HH(GOPMAaLHIO
(ymM) K MHHEMaJbHO (ha30BOMY CeHCMIUECKOMY HMITYJbCY, HO J0-
06aBasATL ee yMepeHHO. JTa HecKOJbKOo abCTpaKTHasi TeopemMa HMeeT
HenocpeAcTBeHHOEe (usnueckoe caeiactsue. IlpemcraBum cebe BOJHY,
XapaKTepH3yULylocs MHHHMAJIbHO ¢asoebiM curHanoMm A(Z), unzay-
UEHHYH HCTOYHHKOM M 3apCrHCTPHPOBAHHYIO NPHEMHHKOM ‘epe3 He-
KoTOpoe BpeMsi. B eie 6osee nmosaHee BpeMs NPHXOAHT OTparKeHHBIH
or Gamnanexanux o0bEKTOB CHTHAJA H TaKiKe pemcz&mgyemﬂ npHeM-
nukom. [TpueMmuuk perucrpupyer Y (Z)=A(Z)+ZraA(Z), raen onpe-
JejsieT  3a/epiKKy OTPayKeHHOr0 CHTHaJla OTHOCHTENbHO MNpHX01a
(bpoHTa npsSMON BOJHBL, a o INPEACTABJSET YMeHbIIeHHe AMILIHTYLEI
oTpaxkeHHoro curHazaa. YroGel yBuperh, uto Y (Z) saABnsercs MHHH-
MaabHO (Pa30BHIM CHTHAJOM, 3aMETHM, YTO MOAVJb Z™ paBeH ejaH-
Huue 1 Ko3(Q(HIMEHT OTPayKeHHs « JOJKeH OLITh MEHbIIe €THHHIL
(utoGbl n3besxarh Beunoro AsHiKenus). Ilpu srom ZngA(Z) wurpaer
poab (yukuman G(Z). Takum o6pasoM, MHHEMaJbHO (PasoBblii CHIHAJ

1 B oreuecTBEHHON NHTEpaType BMECTO TEPMHHA «CHeKTp GHabTpa» o6LIYHO ynoT-
pebaseTcss TePpMHH «uacToTHAsm Xapakrepuctuka (pHabTpa». ([Ipum. nepes.)
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BMECTE CO CBOHM OTPaXKEHHBIM CHIHAJIOM TOXKe sB/IAETCS MHHHMAaJbHO
(aszop#m. B nasbreiinieM paccMaTpHBAIOTCs CHTYAlHWH PacnpocTpaHe-
HH5 BOJH, B KOTOPbIX YUHTHIBAIOTCA MHOTOKPATHO-OTpajKeHHblE CHI-
Hanabl (10 OECKOHEUHOCTH).

YnpamxHeHus

1. Hajinute ABa HEMHHHMaZbHO (DA30BBLIX CCHCMHYECKHX HMNVJbCA, CyMMa KOTODPBIX
Oyaer MHHHMAJbLHO (a30BOH.

2. Mycre noamnom A(Z) crenenn N spasercs MunuMmaabio ¢asopwm. [lycrs
A’(Z)=Z~¥A(1/Z). Haiiante Ha xommaekcHoll Z mauckoerH kopam (ynkunn A’(Z),
KOTOpas HA3LIBACTCS MaKcuMaabHo aszosbiM curnagsoM. [Ykasande, Pacemorpure
cHauana npocroit cayuaii A(Z) =ao+a1Zyax].

3. Tlpeanoaoxkus, uro noaumnoMm A(Z) — makcumaabio (aszosbifi, a crenelb no-
annoma G(Z) menbwe auGo papha cremenn nomuoma A(Z). Honycruw, uto |A|>
= |G|. TMokaxure, uto cym™ma nomiHomos A(Z) n G(Z) aBaseTcA MaKCHMAJbHO
thasopoit dyHkuHEr.

4, Ilycte noannom A(Z) — munnmajibio dasossii. e naxoasTes KOpun GyHKIHH
A(Z)4-cZ¥A(1/Z) B tpex cayuasx: |[c¢|<l; |e|>1; |e|=1? [¥kasauue. Kopuu
MOJHHOMA SABASIOTCA HenpepuiBHoOil (GynkuHell KoaddHuukenTos noannoma.]

2.4. OJIOKHUTEJIbHBIE NENCTBUTEJILHBIE ®YHKILHH

JBe nomotuble (yukiuH, HasbiBaeMble @QyrKyiel noaHod nposodu-
socru Y(Z) n pynkyued noanozo conporusaenus (mmnepaunca) [(Z),
BCTpeyaloTcs BO MHOTHX (PH3nYecKuX 3ajavax. B 3JeKTpoHuHKe OHH
SIBJIAIOTCA OTHOLICHHSIMH TOKa K HANPAMKCHHIO M HANpPSIKEHHS K TOKY;
B daKyCTHKE MOJIHBIM CONPOTHB/IEHHEM Ha3blBaeTcsl OTHOIIEHHe [AaBJje-
HHsL K cKopocTH. Ecam B paccMaTtpuBaeMoil 3JICKTPHYECKOH CeTH HJIH
aKycTH4eckoii 006J1acTH He COAEpIKHTCS HCTOUHHKOB 3HEPTHH, TO pac-
cMaTpHBAaeMble BeJHYHHBl FABJSIOTCA JACHCTBHTEJNBHBIMH H IIOJIOKH-
TeJbHBIMH. YUTOGH YBHAETb 3TO Ha TNpHMepe H3 MEeXaHHKH, MOMKHO
CUHTATh M3BECTHHIMH TPHIOXKeHHYIO cuay F(Z) n nabmogaemyo pe-
avabTHpylowyio ckopoers V(Z). B reopuu ¢puanbTpos -nogobuoe pac-
CMOTpeHHe 3aKJuaercs B TOM, 4T0 F(Z) siBjseTcs BXOJHBIM CHIHA-
qaom ¢uabrpa Y(Z), naomero va Beixofe curnaa V(Z). Toraa

V(Z)=Y(2)F(Z). (2.4.1)

Quaprp Y(Z) sasasiercd, oueBMAHO, peasuszyembiM. Ecau 310 BepHO,
TO MOXKHO c/lesaTh Hao6opoT, T. e. 3a4aTh CKOPOCTh M HalJI0gaTE

CHJly, TaK KaK /J0JKHA CYUIeCTBOBATh CXOAfLlasics peajusyemas
dyukuns [ (Z):

F(Z)=1(Z)V(Z). (2.4.2)

[Mockoabky ¢yuxkmuu Y u [ npexnoaaraiorcs oOpaTHLIMH 110 OTHOIIe-
HHIO JApYr K JPYTY, a TaKMe OrpaHH4YeHHbIMH M peaju3yeMbIMH, TO
00€ OHH J10/UKHDLI OBITh MHHIMAaJbHO (ha30BBIMH.

[Ipeiie uem paccMaTpuBaTth (H3HKY ABJACHHIT OTMETHM, UTO €C/H
KOMIIJIEKCHO® 4HCI0 a-+ib uMeeT MNOJIOKHTENbHYIO AeHCTBHTENLHYIO
Yactb @, TO JeHCTBHTeNbHAsA yacTb uuena (a+-ib)~!, . e. af(a*}-b2)
1aKiKe sBJAsieTcss nosoxutenvnoit. Menonnsys a+ib pas npeacrasne-
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Husa Beauunnbl Y (Z) wau [(Z) na eluHAYHOM KPyre, BUAHM, U4TO €CJH
OfHAa u3 3THX BeJHuYHH (/Mubo Y, aubGo I) ssasercs AeficTBHTENbHON
¥ TOJOXKHTENbHOH, TO M Apyras BeJuunHa 006JajaeT TeMH e CBOIi-
CTBAMH.

Paccesinnas mommocts W BBIpakaeTcss npousBeeHHEM CHJbI Ha
CKOpOCTh, T. €.

W= ... +fovo+fiv)+fav2+ ... (2.4.3)

OTO MOXKHO 3anmucaTh B TePMHHAX Z-npeoOpasoBaHHd B CAENyIOUIEM
BHIE:

W= -;ﬁ Koapduunenta npu Z° [V( })F(Z)»{-—F(LZ)V(Z)];
W= T [V(—})F(Z)+F(—;-) V(z)] ST A

Hcnoabsys seipaxenue (2.4.1) naa samewsl V (Z), nonydum

+ ®
1 1 1 1
W=y o SF(T)[Y (7)—1—1’(2)]1-‘(2) do.
Beipaxenue B ckobkax Y (Z) +Y(1/Z) BHrAsSiAMT BHElIHe KaK CHNEKTP,
MOCKOJbKY KO3(QOHIHEeHT Npu uaeHe ZF paBeH KO3(pdHIHEHTy TNpH
Z~k 41O YKa3blBaeT HA CHMMETPHIO ABTOKOPPEJIALNHOHHON (GYHKINHH.
Beenem ob6o03HaueHnue

R @y iF (T 1Y (%) (2.4.5)

u npeoGpa3syem Bupaxkenue (2.4.4) K BuAY
+ =
1 1 Ll
W= g SR(Z)FKT)F(Z)dm. (2.4.6)

[Moauinterpanbuas (ynkuus B Gopmyae (2.4.6) sBaserca mnpo-
H3BEJEHHEM CIeKTpPAa NPOH3BCJBLHON NOJOXKHTEJNBHOH HCXOAHOH CHJBI
u R(Z). Ecin paccesiHHe MOIIHOCTH CUHTAETCH MOJOMKHTENbHBIM Ha
BCeX yactorax (Aast Bcex FF), To, oueBnaHO, QyHKUHS R(Z) nonxua
6BITH NMOJIOXKHTEJNbHOH Ha BCceX yacTorax; TakuM obpasom, R(Z) B ca-
MOM Jlesie sIBJIsieTCs CTeKTpoM. ITOCKOJIBKY TOJNBKO 4TO YCTaHOBJIEHO,
aro cymma Y(Z)+Y(1/Z) ponxua 6GHTL MOJOXKUTENbHOH HA BCeX
yacToTax, TO OKa3biBaeTcs, uro BeauunHa Y (Z) He sBAAETCH NPOHS3-
BOJIbHBIM MHHHMaJbHO (pa3oBHM (uabTpoM. [leficTBuTeNbHAA YaCTh
dyurunit kak Y (Z), tak u Y(1/Z) umeer BHR

Re [Y (Z)] = Re [Y (—é-)]:—_yn -y, cos -}y, cos 2w+ ...

[lockonbKy AeficTBUTEAbLHAA YACTh CYMMBI JOJXKHA OBITb NOJOXH-
TeJIbHOf, TO, OYEBHAHO, AEHCTBHTEJLHAS YACTh KaXXA0H H3 paBHHX
yacTeil Takme HoJKHA OBITH MOJMOMKHTEIbHOH.

——




Ecau n3yuyaemblii npeamMeT WJH MeXaHH3M SBJIHETCS MaCCHBHBIM
(e cojepialliM HCTOUHHKOM = SHEPrHH), TO paccessHHE 3HEpPruu
JIOJZKHO ObITH NOJIOXKHTENbHBIM B JI060M NpOMEXyTKe BpPeMeHH OT
Munyc GecKOHEYHOCTH a0 Joboro MOMenTa Bpemend f. Omnpenenum
BelpasKeHHe JJsi IHEPTHH, paccesHHOH B 3TOM HHTepBaJie BpeMeHH.
Jas npocToThl OyaeM CYHTATh CHJAY H CKOPOCTh HCYe3AIOUIHMH TPH
i=0. Ilyctb KOHel BPeMEHHOro HHTEpPBaJa BKJIOYaeT TOUKY [=2 n
He BKJICUaeT TOuKy {=3.

Onpepenum

. npn t<2;
fy= 2.4.7
' {0 npu ¢ > 2. ( )

Ilist onpejie/ienus coBeplLieHHO# 3a Bce BpeMs pabOTEl MOMHO NPOHH-
verpupoBath BhipaxKenue (2.4.6) nmo Bcem uacroraMm. YUrtoGnl HafiTH
paGoty B BLIODaHHOM BpeMEHHOM HHTepBaJie, HeOOXOZHMO 3aMEHHTh
F na F’ u npounrerpuposath Bhipaxenue (2.4.6) mo BceM yacroram,
4 UHMEHHO:

W, = i J‘ F (;—) R(Z)F' (2) do. (2.4.8)

Kak mbl yXe BHJIEJH, B 3TOM HHTerpaje HCHOJb3YeTCHs TONbKO KO3(-
¢unpent npH Z° B NOABIHTErpaJbHOM BHIpaXKeHHH. BuiBeleMm 3TO.
[Ipexnae Bcero cobepeM Ko3(ppuUHEHTH NPH CTeneHAX Z B NpoH3Beje-
uun R(Z)F'(Z). Torna

Z: iAo
2l ol
Z%: kit td e

Ias noayuenus: kosppuuuenta npu Z° B Baipaxenun F’(1/Z) X
X [R(Z)F'(Z)] Heo6X0oHMO YMHOXHTH BEPXHHH H3 NpPENCTaBJEHHBIX
BHILIEe PsAOB Ha f’o, BTOPO# pAR HA [’y u TpeTHH psAx Ha [';. Pesyabrar
MOJKHO NPEJCTaBuTh B OYeHb KOMIAKTHOM BHJE:

grpe [0 r=x s Ll B I 20 v W[ o
W=:=T[i“,'izl[rl Fo - h =_erof1le[!)': 2y, Ul][fl]-
fa

ra Iy o fa Y 4 24
(2.4.9)

Ksagparnunas ¢opma pasMmeproctd 3X3 B ¢opmyne (2.4.9) moikua
6uiTh nosoxuTenpHoit (1. e. Wy>>0 ana npoussoJbHO# ;). Bwmecrte
¢ TeM nojgo0Hble KBaApaTHUHBIEe (OPME pasmepHocTH {X{ B BhIpaxe-
uuax aaa Wy Takie AOKHB BEHITH IOJOXKHTETbHBIMH,
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B 3akjoueHHe OTMETHM: CBOHCTBO MOJIOXKHTEIbHOCTH H JefiCTBH-
TeJALHOCTH B 4acTOTHON oOsactu o3nayaer, uto cymma Y (Z)+Y(1/Z)
NOJIOMKHTENbHA JIIs1 JI060H HelicTBHTEJNBHOH YacToThl ®, a CBOHCTBO
1HOJIOKHTEJLHOCTH H AEfCTBHTELHOCTH BO BpeMeHHOH 06JacTH 03Ha-
uder, uTo BCe MATPHIBI pasMepHOCTH [X{, mnojo6GHble NpHBELEHHOH

2 PHC. 2.12, Ocnosuuie (YHKUHH BpeMeHH.

- | —Bce (YHKUHH  BpeMeHH; 2 — OAHOCTOPOHHHE
3 A bynkuun BpeMmeHH (YAOBJAETBOPsIOUIHE TIPHHILHOY
| APHYHHHOCTH); J — MYHKUHM ¢ OrpaHHuenHofl SHep-
rueft  (dbHsuveckuw  peanusyembie): 4 — diyHKILIH
5 ¢ GecKoHewHON sHepruefl: 5 — MUHHMAALHO (asoBLIe;
o el 6 — noanawuiecs o6pallleHHI0; 7 — MOJAHas MPOBO-
AHMOCTE HJH MOJHOE CONPOTHBAEHHE, & — LOJM0MKI-

7 TeabHBEE, AeHCTBHTeNbHLIE

B (opmyae (2.4.9), aBasiorcs IMONOXKHTEJNBHO ompejenenHbiMi. Ha
puc. 2.12 npuBeaeHB pe3yJbTATH PAacCMOTPEHHS CBOHCTB 3THX KJjac-
coB (yHKIHH.

Ynpaxuenus

1. B MexaHHKe cHJa H CKOPOCTb CBOOOJIHOH eAHHHYHOH MAacChl BbIPayKalorcs 3aBHCH-
t
voctamu dv/di=] pam v= ‘ fdt. Buluncante paccesiHHYIO MOULHOCTh KAk (GYHKIHIO
o 2o

qACTOTHL, €C/H HHTErpan annpokcHMHpyeres ceptkoit w3 (0,5, 1, 1, 1, ...). [Ykasza-
nue. Pasnoxure (14Z)/2(1—Z) no nonoxureabHbim crenensv Z.]

2. Tlpuseaure npuMep mpocToil (YHKUHH, KoTOpas Oblia Obl MHHHMAJBHO (aso-
BOil, He OYAYYH NOJIOKHTEJIBHON M JeACTBHTENbHOIM,

2.5. Y3KOMOJIOCHBIE & HJIbTPbI

@uAbLTPH YACTO HCMOJB3YIOTCS JJISI H3AMCHEHHSI CIEKTpPa perucTpupye-
MbiX cursaqos. [as sxoxuoro curiana X (Z) ¢uavtpa B(Z) u BuIXOA-
noro curnasa Y (Z) umeem Y(Z)=B(Z)X(Z) u coorBeTcTBEHHO /]
conpsizenHoro no Pypee BuiXoaHOro curiana Y (1/Z2) =B(1/2)X (1/Z).
IlepeMHOXKHB 3TH [Ba BblpaKeHHS, IOJYYHM COOTHOIIEHHE

YY= (BB) (XX),

KOTOpOe I0Ka3biBaeT, UTO CHEKTP BXOAHOIO CHIHAJa, YMHOKEHHBIH Ha
CreKTp (uanTpa, paBeH CHeKTPy BbhIXoAaHOro curuana, OGLUHO
GuabTpHl XapakTtepusylores ¢opmoii ux cnekrpa. IIpumepsr crmekTpos
HEKOTOPBLIX (PHJILTPOB MOKasannl Ha puc. 2.13.

B naapHeiilneM HaM 4acTo NPHIETCS HMETh AEN0 ¢ CHHYCOHIAJb-
HLIMH BpeMeHHBIMH OYHKUHAMH, Z-npeobpasoBaHue KOTOPHIX HMeeT
B

=1 Ze"™ 2% | . (2.5.1)
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dyH KIS BpeMelH, COOTBeTCTRYIOULAsA 3TOMY Z-1ipe06pa3oBanuio, HMeeT
iwgt

pua e'™, Ho ona ,BKmoyaerca* B MomenT Bpemenu t=0. JleficTBu-

TeJbHO, JeBas 4acTh Bhipaxkenus (2.5.1) coaepXHT moaioc TOYHO HA
eMHHYHON OKPYXKHOCTH, TaK 4TO Psi/l HAXOAHTCH HA TPaAHHIE MeXAay
06JaCTSIMH CXOAHMOCTH H PAcXOAHMOCTH. TO MOZKeT TPHUBECTH K na-
pajOKcaJbHLIM CHTYalnsM [MOxHO OblIO OBl Pas/NOKHTL (QYHKUHIO
(2.5.1) B psaa Tak, uroOBl CHHycOHMAa BbIKJIiouadach npu {=0], koro-

Yakonanocusii
punbmp

®BY

Monocobor
QHY
boxoBou
ﬂeng
PHC. 2.13. CrexTpsl pasiHuHbix GHILT- T
noB Punsmp_c ntikom
' - wa needecrmane
BB
Pexcexmopupiii jL
PuRLITH
)

puix Mbl OGyaem n3beraTh NyTeM CMeIleHHS NOJIOCa € eIHHHYHOH
OKpYIKHOCTH Ha Heboablloe paccTosHHe € 3a ee mpeaens. Ilycts

Z° =(14-e¢)e’™, Toraa
z zZy :
Bly=gp=1—zz =117 +(7;) +es (2.5.2)

@YUKIHA  BpeMeHH, CcooTBeTCTBylomasa BeawunHe B(Z), pasHa nymo
npn =0 u pasua e (] ~+¢)' npu ¢ >>0. J10 — 3aryxaoumasn ciu-

fnycouganbHas (YHKIHS, KOTOpas NOCTENeHHO YObIBaeT cO BpeMeHeM
no saxkony (l+e)~% Koadduunenrs ee moxkasanel Ha puc. 2.14. Be-
POSITHO, XOTs Io3/JHee 370 Oy/ler JOKa3aHo, cBepTKa ¢ Kos(pdHuHeH-
Tami Bhipazkenus (2.5.2), naoOpaxeHHBIMH HA puc. 2.14, ecTh onepa-
LHA  y3konosaocHol ¢uabTpauud. Ecau mosioc nepemelniaercss Bee
Cinzke K eJMHHYHOH OKDPY/KHOCTH, TO MOJIOCA NPONycKaHus ¢HAbTPA
C1aHOBHTCH YiKe, a Koadduuuentsl B(Z) cnamawr Bce MelJeHHee.
Jlas BLINOJIHEHHsI CBepTKH HeoOXoAWMO ycekaTh psg (2.5.2), T. e.
o10paceiBaTh cTerneHd Z Bhblllle ONpeeJeHHOTO TPaKTHYECKOTo Tpeje-
Ja. ITO NPHBOIHT K TOMY, YTO CBEPTKA C NMOMOLIBI0 KO3(p(PHIHEHTOB
¢unavrpa B(Z) okazbiBaeTcsi HeBHINOJHOH. 3HAUHTEJNbHO 0OoJee 3KO-
HOMHYHBIM clnocs00M  Y3KOMOJIOCHOH (HABTPALHH SBJSETCS AeJeHHe
nioannomos Ha Qyukuuio A(Z). das soixopsoro curnana Y(Z) sanu-

LreM
Y(Z)=B(2)X(2); (2.5.3)
X (Z
Y()="1 (2.5.4)
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YMHoxan obe yacTn Bhipaxenus (2.5.4) na dynkuuio A(Z), umeem:
Y(2)A(Z2)=X(2). (2.5.5)
Jlas onpeieseHHOCTH IOJIOKHM, YTO X M Y¢ paBubl Hymo npu {=0.

Teneps onpepenum Ko3GdUILHEHTHI npH Mnoc/jefoBaTebHBIX CTene-
usax Z:

Y., = X,:
ylan+yoa| =X, (2-56)
Ya@o+ 1@, + U@, = X}
Y, _l"y:a: +yta‘z +yuas = Xy
Re
, l ”,[ ll l Il 1 I
0 | | 2z lr 1||H| T
= = PUC. 2.14. KospduureHTH BpeMeHHO
dyHKUHH, HMelomeil NPOCTOH mnoJIOC,
Jgexauuit BOJH3H eIHHHYHOH OKpYHK-
HOCTH 32 ee MpejeNaMu B TOUKe
Im Zy=1,1e!*5

‘l i Al

|
o

OO6uee BHpaxeHHe HMeeT BHJ

(e 2]
Ur, Zyk—iai = Xp. (2.5.7)

Pemwasi mocanenunee BbIpaXKeHHe OTHOCHTEJbHO Yy, MOJYUYHM

@
Xp— 2 Yep-idi
Y=g (2.5.8)

YpaBuenue (2.5.8) MOXKHO HMCNONL30BATH AJs ONpPEIENEHHS Yr, €CJH
H3BECTHBl Yi—y, Yk—s,... lakuM o6pazoMm, 3TO pelleHHe PeKyPCHBHO
H OHG He OylerT pacXOAuTbCH, €CJAH a; SABAATCS KoadduiuneHTaMH
MHHHMaJabHO (hasoBoro mosuxoMa. ITpakThHuecku Geckoneunasi Bepx-
HASl TPAHHIlA CYMMBI yceKaercs,, KaK TOJLKO HCTOLIaeTcs 3amac Koad-
¢uuuentoB y A(Z) nan y Y(Z). s npuMepa paccMOTPHM YHKIHIO
B(Z)=1/A(Z)=1/(1—Z2/Z,;), cymMa KOTOPOH HMeeT TOJLKO OJHH
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yjed. OUALTPANHS TAaKHM cloco6oM HasbiBaercs (uasTpayueil ¢ 06-
patxod cea3vt0. Jlna y3komonocuoH $uabTpamuu 3TOT €Nocob 3KOHO-
MHYHee (HJABTPAIlHH C NMOMOWIbIO CBEPTKH, Tak Kak moaudom A(Z)
lMeeT HAaMHOTO MeHblle KO03((QHUHEHTOB, wem mnoauHoM B(Z)=
—1/A(Z). Hakonen, paccMOTpPHM CHeKTp noaunHoMma B(Z). Hwmeem

- ef® - el (0—m)
H

— 1 et (w—awy)

4 (—Z_) =1 1 +¢
Cite toBaTeJIbHO,

—i (w—wg)

Al )A(z’:(‘ —EIT)(l - 3_:'»_;1):

1 1 —i (w— i (w—
=14 T¥e)7 —1___*_5(3 : Wol+e( %)):1_!_

1 2cos (@—a,) 1 W
+(]+e)"'_ 1+« = (1T +¢)? 1+s+
i I AL g TR T
-+ I_EII —cos(m—m,)]:(l— l+s) +l+esm < 2");
i g (1 4=
B (-Z-_) B(Z)= - 2.5.9)
4 4 (1 4¢)sint ——

21y QYHKIHIO MOXKHO JOCTAaTOYHO TOYHO AaNNPOKCHMHDOBATh BHIpaxe-
udeMm 1/[e’+ (0—wo)?]. T'padux oyskuuu (2.5.9) nokasan Ha
puc. 2.15.

Tenepp NOHATHO, MOYeMY 3Ta (QYHKIHA Ha3biBaeTcs Y3KONOJOCHLIM
¢uabTpOM. IJTOT (GHIBTP MPONYCKaeT OYeHb Y3KYyK0 MOJOCY YacToT H
ocaabasier Bce apyrue. llIWpHHa mosochkl nponmyckaHHs (4acTOTHOTO
oKkHa) 3Toro ¢HAbTpa paBHa Aw=2e. Bpemennoe okao Afi=l1/e, 1. e.
PABHO IOCTOSIHHOH BpeMeHH 3aTyxaHHSl CHHYCOHIB by

[NpakTHYeCKHM HeJOCTAaTKOM paccMaTPHBAaeMOro (GHJIbLTpA SIBJSAET-
¢ TO, YTO TIPH NMoOJaye HA €ro BXOJ AeHCTBHTEJNBLHOIO CHIHAJIA CHTHAJ
Ha BHIX0Ze OGy/aeT KOMNJeKCHBIM. B TO ke BpeMsi BO MHOTHX IIPHJIO-
JKeHHSIX (GHABTDP C HeHCTBHTeIbHBIMH KO3(p@dHUNEHTaMH OKasblBaeTcs
6osee MPeATNOYTHTEIbHBIM.

Oano u3 npubmaKeHWH 3akmodaercd B ToM, YroObl 3aMeHHTH

dumstp [1, e'™/(1 +-¢)], 3amannui BO BpeMeHHOH O06MACTH, KOMIJIeKC-
Ho-conpskerusM [uastpos (1, e /(1 -4-¢)]. Caoxusit cocrasrofi
onepaTop BO BPeMeHHOH ob6sacTH Tenepb HMeer B [1, (2 cos @) /(14
+e), 1/(1+4¢€)?] n sBnsercs AeficTBHTeAbHBIM, [OTMeTHM, YTO KOM-
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IJIEKCHO-CONPAKeHHasas QYHKIHA 3TOro (PUabTpa B 4acTOTHOH 00JacTh
umeer Bua1 B(1/Z), a Bo sBpemennoit — B(Z)=by+8,Z-...]. Cocras-
HOi (HABLTP MOXKHO 3anHcath B BHJAe npoussenennss B(Z)B(Z).
Cnektp aroro ¢guabtpa pasen [B(Z)B(1/Z)][B(Z)B(1/Z)]. Moxuo
JIerKO YA0CTOBEPHTBCA B TOM, uTO cnekTp B(Z) nonoben cnexktpy B(Z),
HO MAKCHMYM €ro HAXOAHTCH B TOYKE —@y BMECTO TOUKH —@o. TakuM

Cnexmp
\
f =
GA 8(7)B(1/z)
oy A~ 2e
A e
l;cnszwufz: 4sin!wu/2
1 i SO,
- T w =0 0 7 w
PHC. 2.15. Crniektp, cooTBeTCTBYIONIH PHC. 2.16. CnexTp ABYXNOJIOCHOTO
GYHKUHH € MpOCTHIM MNOJIOCOM B TOUKE ¢bHALTpa, B KOTOPOM OJMH MOJIOC Ta-
Zl= (1 +-¢)e'™ KOR ke, Kak y (HJAbTpa, MOKa3aAHHOTO
: Ha puc. 2,15, a BTOpOIt — compsAKeH

¢ MepBHM

006pa3oM, COCTABHON CNEKTp SBJASETCH NPOH3BEAEHHEM CIeKTpa, NMoKa-
3aHHOro Ha pHc. 2.15, Ha TOYHO TaKOH Xe cneKTp, oOpalleHHbIi BAOIbL
OCH 4acToT. JTO MoKa3aHo Ha puc. 2.16,

VnpamxHenusn

1. Tlpocroit oncpaureii ¢ o6paTHoil cBA3bI0 ABAsieTcs = (1—&)yi—1-+x,. Ira one-
pauus HasuiBaercd HHTErPHPOBaHHeM C yTeuko# (3aryxaunem). [lpemnosure Buipa-
JKeHHe JUIS onpejle]ieHHsl BBIXOAHOTO CHTHAaJa Y; B 3aMKHYTOH (opMe, ecan x, — He-
KOTOPHIH HMnyabe. HeMmy paBHO BpeMms 3aTyXaHHA T B BalleM PelleHHH (BpeMs, KOTO-
poe tpebyercs AAA TOro, 4Tolbl BLIXOAHOH CHrHAJ §; YMEHbIIWJCA 00 3HAYCHHUA
e 1yp)? YUemy paBHO T and manawix e, nanpumep e=~0,1; 0,001 nau 0,0001?

2. Kakossl yaanemnss nomocos seipamenus 1/(1—0,1Z4-0,9Z%) or eanununoii
okpyxHocTH? UeMmy paBHbl 3HAYeHHA BpPeMEHH 3aTyXaHusi (PHAbTPA W ero pesoHac:
HOH 4acTOTHI?

3. Haiignte tpexwiennblfi fefictenreNbHBR duabTp ¢ obpaTtHoll cBA3bio, npomyc-
Kalowni Hurepeaa vacror 49-—51 Ty jganHbX HaOModeHHidl, KBaHTyemwix B 500 Tou-
kax/c. T'1e pacrmonaratores noaocH? KakoBo speMs 3aTyXaHHs 3toro ¢uabrpa?

2.6. ®PA30OBbIE ®HJIBTPbI

B pasjene paccMaTpHBAaWOTCS (HIBTPH ¢ MOCTOAHHBIMH eIHHHUHBIMH

crnektpaMu, T. e. B(Z)B(1/Z)=1. JIpyruMn CJOBaMH, B HYaCTOTHOH
obaactH ¢uaptp B(Z) npuuuMaer Gopmy e, rme ¢ — neficTBH-
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resqibHas QYHKILHS, KoTopasi HasbBaercs ¢pasoseim cdeueon. Sleno, uro
BB=1 pas Bcex JneficTBHTeAbHBIX . as nocrpoenus ¢uabTpa ¢ JIio-
6piM TpeGyeMbiM ()a3oBBLIM CABHIOM JOCTATOYHO clenath npeobpaso-

ganne dypoe (PYHKUHH e ® o ppemennyio o6aacth. Ecan ¢(w)
POH3BOJALHO, TO TMOJayUaoniascsa GYHKIUHA BpeMenn apasercs B o0uiem
cjaydae ABYXCTOPOHHeji. Tak Kak Hac HHTePeCyloT TOJbKO (PH3HUECKH
peasiH3yeMble IIPOLECCHl, TO XOTeJI0Ch OBl 3HATH, KAKOH Kiace QYHKILUI

ImZ

x
Z,
PUC. 2.17. TlpuMep XapakTepHCTHKH 0
LIHPOKONMOJIOCHOTO  (DHJBTPA,  TOJIOC
() KoTOpoOro JeXKHT BHE eIHHHYHOTD

K, Bt 1) - s cen. THo- \ Re(2)

11z,
0

JIOC H HYJ/IL JieKaT Ha OJHOM pajnyce

@(®) coOTBETCTBYET OJHOCTOPOHHHM ¢(yHKUHAM BpeMeHH. [lpome Ha-
YaTh C OJHOMNOJIOCHOrO ¢$a3oBoro GuaAbLTpa, HMEIOUero OJHH HYJb.
Torpa Goaee cioXHble (PasoBble (HALTPH MOMKHO COCTABHTH C TO-
MOIIBIO KACKaJHOTO BKJIOWEHHS 9THX NMPOCTHIX (GHALTPoB. PaceMoTpim
QHIBTP

Z=1]Z,

P(Z) s

(2.6.1)
Stor mpocroii caydai ¢yukuui Buma ZNA(1/z)/A(Z), rne A(Z) —
NMOJIAHOM CTeleHHd, MeHblleid au60 paBHofi N. OTmernm, uTO CHeKTp
¢uapTpa pr B JAeHCTBHTENLHOCTH fABJSETCS HE 3aBHCHIIEH OT 4acTOTH
[IOCTOSIHHOH H HMeeT BH]
- f’ o, e -
P(__l )P(Z)— NZ—VyzZZ—VZ,
\Z | ~1/(2Z,) Z — 1/ Z,

(2.6.2)

YMHOXKHM YHC/IHTENb H 3HaMeHaTe b JeBoit Apodn na Z. Toraa

o e =21 T—\1F ;
P(Z)P(Z)‘“zﬁl/z, =77 =1 (2.6.3)

Jlerko moxasatb, uto paBeHcTBO P(1/Z)P(Z)=1 xapaxrtepHo a1s
obuero cayvyas ¢uavtpa P(Z)=ZN¥A(1/Z)/A(Z). Ecau Z, suibpano
BHE eJHHHYHOrO Kpyra, TO 3HaMeHareab Bblpaxendsa (2.6.1) moxHO
Pa3JIoKHTh MO TMOJOKHTENLHBM CTeneHam Z. 10T psjg Gy/1eT CXOduTh-
csl Ha eJMHHYHOM Kpyre. DTo O3Hayaer, uTo (HU3HYecKasas peasnusye-
MOCTb 3KBHBAJEHTHA DPaclofoxeHnio Z, BHe eannnynora kpyra. [o-
JIOXKHB YHCJHTENb BHipaxcenuss P(Z) paBHBIM HYJI0, BHINM, 94TO HVJb
Z=1/Z, naxoQuTCs BHYTPH EIAHHHUHOTO Kpvra. 3Ta CHTYalUHs NOKa-
3ana Ha puc. 2.17. UroOn nokasatb, 4TO NOJIOC H HY/Ib PacHoaaraioTes
npH 3TOM HAa OAHOM pajHyce, BHPa3uM Z; B MOJAAPHLIX KOOPJHHATAX,

T.e. B BHge Z,=r.e"™.
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Hs pasnena 2.2 (o MuHuManpHo (GasoBbIX QYHKUHAX) caenyer, 4To
uHcauTeNb B P He sBISeTcs MHHHMaJbHO (Pa30BBIM M cro ¢asza yse-
JuuHBaeTcs Ha 2 npH u3MeHeHHH ® or 0 mo 2w Takum o6pasom,
CpenHsas rpynmnoBas 3anepxka d@/deo NonoxuTenbHa. PakTHYeCKH
MOJIOXKHTEJAbHOH OKasblBaeTcss HE TOJBKO CpejiHss 3afepxKa, HO H
rpynmnoBas Ha Bcex Hacrotax. UroOB NOHATH 3TO 3aMETHM, YTO

i dZ il .
Z=e"; da-.::e””:zz;
(2.6.4)
d_dz d _,,d
g dwndZy  odZ

®asy paccmarpuBaemoro (asoBoro ¢uAbTPa (MaAH JAHO60OTO KOM-
IIJIEKCHOTO YHCJIAa) MOXKHO 3alHCaTh B BHJe

¢o=ImIn P(Z). (2.6.5)
Tak kak |P|=1, 1o xeficTBHTe/bHAS YacTh Jorapudma Hcuesaer, H,
cJe0BaTeNbHO, AAs8 (asoBoro ¢puaAbTpa (TONBKO) MOXKHO npeobpaso-
BaTh Bbipaxenue (2.6.5) kK BHAY
1 1, Z—12e | 1 Z
(2.6.6)

Hcnonbsys popmyay (2.6.4), HaliieM rpynnoByio 3afepxKy:

et TSGR 1 iz, " 1 Z/Eesivs
R i _2(2—1/2';+'—Z/Ze)_|—I/E.z+l—Z/Zu Lt
=1 '_Z/Zo + (l == l/—ZoZ) (-Z/Zn) — I— I/zoz_o g (2 6 7)
(1 —17ZeZ) (1 — Z/Z,) (1 — 1/Z,Z) (1 — Z/Z,) i

Uncaurteab Bblpaxkenus (2.6.7) sBjisiercss NOJOMXKHTEJIbHEIM JeACTBH-
TeJIbHBIM 4YHCIOM (Tak Kak |Zp|>>1), a sumamenaTeannr uMeer (opmy
A(1/Z)A(Z), 1. e. siBAsIeTCA CNEKTPOM, H TaKiKe MOJOKHTeAeH. Takum
obpa3oM, Mbl NOKasaJH, YTO TPyNNnoBas 3ajepiKa 3TOr0 (H3HYECKH
peanusyemoro $asoBoro ¢HALTPA BCceraa MOJOXKHTENbHA.

Ecau Tenepb mocnefoBaTeNbHO ¢ HEKOTOPHM (HJIBTPOM BKJIIOUHTDL
¢azoBbiii GuABLTP, TO cyMMa (a3 H TpymmoBas 3ajJepKKa COCTABHOIO
¢uabTpa, ecrecTBeHHO, MOJKHBI ObITh 0OJbIE TPYNIOBOH 3aiepKKH
dcxonHoro ¢unbrpa. [lo Tem ke coobpaKeHHAM MHHHMAaJbHO $aszo-
Bblii (OHUABTP JIOJIXKeH MMeTh MeHBIUYI0 TPYNNOBYIO 3aJepXKKy, ueM JIo-
60i1 1pyrofi GUABTP C TAKHM Xe CHeKTPOM.

B 3akiamoueHHe oTMeTHM, 4TO (a30BHIH (PHJABLTP C OAHHM MOJIOCOM
H OJHHM HYJIleM NpONycKaer BCce YAaCTOTHHIE KOMIIOHEHTHI C MOCTOSIH-
HEIM KO3(()HIHEHTOM YCHJIEeHHS H (a30BHM CIBHIOM, KOTOPLI MOMKeT
peryJupoBaThCca MOJIOXKeHHeM mojoca. Bubop Z, BONH3H eAMHHYHON
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OKPYKHOCTH INPHBOIHT K TOMYy, 4To HauGospuine (pasoBbie CIBHTH
KOHIEHTPHPYIOTCS OKOJIO YacTOTH, HAa KOTOpOit pacrnojaraercs moJioc.
PacnoJsoxeHHe noswoca Ha GOJbIIOM PACCTOAHHH OT eHHHUYHOIO KpYy-
ra BHI3BIBaeT YBeJHUEHHe [AMaNasoHa 3ajiepiek AJs Oosee BHICOKHX
yactor. Bosabmue (asoBble CABHIH HJH TPYNNOBhe 3a/IePXKKH MOXKHO
peaJIH30BBTb NyTeM NOCJeL0BaTe/JIbHOTO BKJIOYEHHA HEeCKOJIbKHX OJHO-

NOJIIOCHBIX (PHIBLTPOB.

¥YnpaKHeHHn

1 3 3 3
1. Bpemeunas d¢yukmua py =("2—, = Tg o AR ) SIBJAETCH TIPH-

mepoM asoporo (uabTpa. Paccuntaiite HECKONBKO 3HAUCHHH e¢ aBTOKOPPEASLHOHHOM
¢OyHkuHH (475 pasHBIX 3ajepKeK) NyTeM CYMMHPOBaHHs HECKOJBKHX GeCKOHeUHBIX
PANOB.

2. Hapncyiite rpadukid aMnauTygsl, ¢assl © rpynnoBoil 3afepkku ¢a3oBoro
$ursrpa (1 —Z,2)/(Z, —Z), the Zy= (1 +¢) ef® y ¢ —mano. O6oanaubTe na
xpHBoll HauGoMee BaXKHbIe NapaMeTphl.

3. IMokaxwure, uro ko3abduuuentn (asoporo ¢uabTpa, 06pPa30BaHHOrO MOCJAEN0-
partenbHbiM BraodenHeM QHAbTPoB (1—ZoZ) [(Zo—Z) B (1—ZoZ) [(Zo—LZ), sBasIOT-
csi lefCTBHTEIbHBIMH.

4, Hekotopasn HenpepHBHAasA (YHKIHA BpeMeHH SBJASETCH HENPepHIBHOH BO Bpe-
MeHH HMIyJbcHON peakuuedt ¢asosoro ¢uabrpa. Onwinxte 31y GYHKUHIO BO BpPeMeH-
HOft W B wacroTHol ofaacraXx. [TomensifiTe MectaMH cJOBa <«BpeMA» W <qacTOTa»
B onucanud stoft Qyukuun. Kakor dusnueckuii cmbica rtakod Qynkuuu? Yro mnpo-
H30/IeT ¢ YTBEepXKIAEHHEeM: «TPYNNoBasi 3ajepxka ¢(a3oBoro GHALTPA MONOKHTENbHAY.

5. I'paduk rpynnoBoii 3alepXKn Tg(w) ana ypaeHenns (2.6.7) cBuaereabCTBYET
O TOM, UTO BEJHYHHA Ty NMOJOXKHTeNbHA AJs Bcex yacroT. Kakyio obaacts 3anumaer
Tg B HHTepBase 0<w<<2m. '[Ykasauuwe. ITOT KaBep3Hblii BOMpPOC BH AOMKHH pe-
HIHTb B yMme.]

2.7. PEXXEKTOPHBIA ®HJIbTP H ®HJILTP
C NMHKOM HA NBEJECTAJIE

B Hexkotopwix cayuasx TpeGyercs MOJaBHTh OYeHb Y3KYIO MoJocy da-
CTOT, OCTaBJIfAfl OCTAJbHYI0 YacThb CNEKTPa NPaKTHYECKH HeH3MeHHOIl.
910 HeoOGXOAWMO, HATMPHMEP, A HCKJIWYeHHs HaBojaoK B 50 T'm or
ceTH MepeMeHHOro TOKa. Takof (uJAbTP HasbiBaeTcsl PeeKTOPHBIM
(3arpaxknaouyM) H MoXKeT ObITh JIerKO peasH30BaH NMyTeM He3HauH-
TEeJILHOrO H3MeHeHHA ¢aszoBoro ¢uabTpa. B ¢azoBoM ¢uabTpe moJaioc
H HYJb HMEIOT paBHoe (JorapH¢MHYeCKH) OTHOCHTEJILHOE PacCTOSIHHE
oT eaHHHYHOro kpyra. HaMm Heo6X0IHMO NOMECTHTbL HYAb OGJaHKe
K Kpyry. [IpakTHYecKH HeT NMPHYHH, MEIIAIOIIHX MTOMECTHTb HYJIb Nps-
MO Ha OKPYXHOCTH. B atoM cayuae wacrtora, Ha KOTOPO# pacrosaraer-
¢l HYJIb, B CIIeKTPe BXOAHHX NAHHHX nNojaBiasercs. Ecau Her HeoGXo-
JUMOCTH TIIOJTHOCTBLI0O MNOAABHTHL HeMXeJaTeJbHble YacTOThl, TO HYVYJb
MOXKHO IIOMECTHTb B HeNMOCPeACTBEHHOA OJH30CTH OT OKPY2KHOCTH
(BuyTpH HAH BHe ee). [To mepe ynaseHHs HYAS OT OKPYKHOCTH BNa-
JIHHA B CNeKTPe peKeKTOPHOro (HJAbTPA CTAHOBHTCA MeHee ray6oKoii
10 TexX mop, MOKa HyJb He OKaxercs paJjblle OT Kpyra, 4eMm IIOJIOC.
Torna BnaauHa cTAHOBHTCH BHIGpPOcOM (NMHKOM): MOMYUHBIIKHCS TAKUM
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o6pasom ¢uabTp OyieM HazbiBaTh
OH BO MHOTOM NOXO0XK HA Y3KONGJO

guabTpom ¢ nuKom Ha nvedecraae.
cublit puabrp. XapakTepucTHKH He-

KOTOPBIX H3 3THX (MJILTPOB npuBefeHH Ha puc. 2.18 u 2.19. Pasanune
MeX1y QHABTPOM C MHKOM Ha NbeAeCcTase H Y3KOIOJOCHBIM (PHABTPOM

3aKJa4YaeTcd B aCHMIITOTHUYECKOM

QOQOQ

PUC. 2.18. Iosoxkenne MOJOCOB H HYy.Jei
AJs HCKOTOpPHIX NPOCTHX  (PHALTPOB.
OKpy®HOCTH ABNAIOTCH  eIHHHYABIMH
OKPYKHOCTSIMH Ha Z-IJIOCKOCTH.

DunbTphbl: ! — yakonoaocuwufl, 2 — dazoeniii, 3 —
pEXEeKTOPHBbI, 4 — nocronunnfl, 5 — ¢ NHKOM Ha
nbejecrane

Cnexmp

4

nn

1
T w

B

Pac. 2.19. 3apHcumocTH AMOIHTYIB OT
qacToThl ANA  JeficTBHTEIbHBIX BO BpeMeH-
HOfl 0671acTH yakonosocroro ¢nastpa (YIT)
u GuabTpa ¢ nukom ua nweaectane (TIIT).
Kamapiii GuALTP HMeeT OJHN NOAC B TOU-

ke Z,= 1,2¢!™3. Bropoii nomoc B Touke
Zo = l,?(.‘._”(;a

NOBEJEHHH BJAaJH OT 4acTOThl .
o IlepBbiii M3 HHX HMeeT B 3TOH
00MacTH IJIOCKYI0  YacTOTHYIO
XaPaKTepHCTHKY, a BTOPOH —
cnajalomylo ¢ yBeJHYeHHeM Mo-
AyJaf pasHocTH (0—wmg). ITO
Jesaer (HALTP € NHKOM Ha
nbefecrane Goaee YAOOHBIM 115
co3/lanusi QHABTPOB €O  CJOuA-
HOHi ¢Qopmoil chnexkTpos mnyTem
NOC/Ae0BATENBHOTO  BKJIOUCHHA
OJHONONIOCHBIX (PUILTPOB.
Y3xkonoJsocHele  QHABTPH I
QUABTPEL ¢  KPYTHIM  Cpe3oM
JOJIKHBI TIPHMEHAITRCA C  OCTO-
poikHocThI0. BO3MOXKHOE 0C/I0MK-
HeHHEe 3aKJI04aeTcs B TOM, 4TO
BbIXOJHBIE CHTHAJBl 3THX (PHIb-
TPOB  MEIJCHHO 3aTyxaloT BO
BpeMend. EcaH 14 HeKoTOpbIX
CJYy4aeB 3TO He HMEET 3HaueHHs,
TO JJ1s1  JPYTHX — 3TO  BaHO.
OueBnaHo, ecsii MPOAONKHTEb-
HOCTh c0opa [aHHBIX MeHbIIEe
HJIH CPaBHHMA C JJIHTEJIBHOCTHIO
HMIYJALCHOH — peakliy  y3Korno-
JIOCHOTO  (pHJIBTPA, TO Nepexojl-
nble 3pPexTel B Hauame 3KcIe-
puMeHTa He OYAYT ycnesaTh 3a-
TyxaTtb. TOUHO Tak e Bmajuua
XdpaKTEPHCTHKH uabTpa,
ycTpaHamouero konebanua ¢ ya-
crotoit 50 I'u, He noJKHA OLITL
CAHIIKOM y3KOH. CuHruaan Ha
BHIXO/€ TOJOCOBOr0  (hujabLTpa
(KoTopblil  Jlerue  peanuzoBaTh
C MOMOILLIO OBICTPOro mpeoipa-
30Banus Oypwe, ueM ¢ MOMOIIbIO
HECKOJBKHX IOJIOCOB)  TaKzme
HMCIOT OHpejieseHHyl0 CKOpPoCTh
3aTyXaHHs BO BPEMEHH, KOTopas

B HEKOTOPBIX 3KCNIEPHMEHTaX MOMKeT OBIThb cAHMKOM Madoii. B paaino-

JIOKAIlHU H CeHCMOJIOTHH MEeTOJ0M

OTPaX»EeHHbIX BOJIH LEHHOCThL (3HAa-

'-IHMOCTb) CHrHa/ja He CBfi3aHa C ero CHJOIL. OTP&)KEHHI)IE CHI'HAaJIbI,

npuxojasuide ¢ S0JbLIHM BpeMeHeM
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JUULI

caabBIMH, HO OHH colep:xkarT HHOPMALUIO, KOTOpas OTCyTCTBYeT B Oo-
nAee paHHHX orpaxenusx. Ilpu ncmonp3osanui QUALTPA €O CAHLIKOM
KPYTHIM CP€30M HaCTOTHOH XapaKTePHCTHKH INepexo/ubiii npouecc
¢uaAbTPa, BLI3BAHHDI paHee NPHIIEAWHMI CHAbHBIMH BOJHAMH, MOKET
NpPO/O/KATBCS JI0CTATOYHO J0JT0 H 3aHATL BPeMs, B TeueHHe KOTOPOro
npuxoadr Gojee no3jnue caabble OTPaskeHHble CHIHAJEL

YnpaHeHHs!

1. PaccMoTpHTe CHMMETPHuHBLIi (Hepeainayemslit) (uALTP, KOTOPHIT MpomycKkaer
BCE YACTOTHI MEHbUIC g ¢ eJHHHYHBIM Kosthduunentom ycumaeHus, YacrtoTsl, npesbi-
HIAIOLIHE Mg, NOJHOCTHIO 3aTyXaloT. UeMmy pasHa CKOPOCTb 3aTyXaHHs AMIVIHTYAH BO
BpeMeHH JUIA 3TOro QHuabTpa?

2. DHeprus BOJH, PacNpOCTPAHAIIHXCA OT TOYEUHOrO HCTOYHHKA, 3aTtyxaer
o6paTHO TPOTMOPUHOHAMBHO KBaApaTy paccroanua (cepuyeckoe pacxomaeHHe).,
AMniuTyna cnafaer Kak KopeHb KBaAPAaTHBIH M3 3HepruH. ITO noApasyMmeBaer onpe-
AENCHHYIO CKOPOCTh 3ATYXaHHsl 3HePruH Bo Bpemexn. CKOPOCTb 3aTyXaHHH BO Bpeme-
HU TaKas JKe, KAK H IPH OTpax<eHHH BOJH OT IMIOCKHX rpannu pasiesaa. Kakoii cre-
MeHH BpeMeHH [ NMPONOPUHOHANLHO 3aTyXaHHe aMIIHTYAbl CHTHAJOB? DHeprHst BOJH,
pacceHBaeMBIX TOYEYHBIMH OTPaXKATENAMH B OOPATHYIO CTOPOHY, T. € B CTOPOHY
HCTOYHHKA, 3aTyXaeT oOpaTHO NPONOPUHOHAJBLHO PACCTOAHHIO B YETBEPTOH CTeneHH.
Yemy paBHO 3aTyXaHHe BO BPeMeHH?

3. OGcyanTe BO3MOXKHOCTL HCHOJb30BAHMA (HABTPA M3 ynpaxcHenus 1 Aasa JaH-
HBIX H3 ynpaxHeHus 2.

4. CroucrpyHpyHTEe OZHOMOJIOCHBIH DEXMeKTOPHHH (GHALTP ¢ OLHHM HYJAeM s
nojazjieHus 4actoT B MHrTepBaje 49—>51 I'l nansmx, KBaHTOBayHEX B B00 roukax/c.

2.8. BWIHHEHHOE NPEOBPA30BAHHE

Z—npe?ﬁpasosaﬁue H npeoOpasoBanne Pypbe CBA3aHB COOTHOLICHHAMH
Z—=¢e" u ion=InZ. OcobeHHOCTh 3THUX COOTHOLIEHHH COCTOHT B TOM,

9TO MPOCTLIE OTHOILIEHHS TOJHHOMOB creneHeli Z He INepeBoAsATCs

B OTHOLICHHH MOJHHOMOB cTeleHed ® M HaoGopor. IlpubauKeHHOe
BLIDAsKEHHE

~ | —Z
—in— 2777 (2.8.1)

JIETKO paspemaeTrcss OTHOCHTedbHO Z

|+ foy/2
B LB
l—fw/2

(2.8.9)

Buipaxenna (2.8.1) u (2.8.2) uacro okasbiBaloTes moseaHBIMH. Oun
SBJSIIOTCS YCEUEHHSIMH TOUHBIX PA3JOMKEHHH B CTeneHHble psijbi

omee o _ At —E b -2 1
st Ing”= InZ =2 14+ Z i D V(lﬁ_l:'z): +'5 ]. (?83)
o e 1 de/2 4 (t/2)2/2 + ...
=g o2 T 1 — /24 (/242 — " (2.8.4)
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Ias Toro utolhi-Z-npeoGpasosanue Gynkuun B(Z) 610 MHHH-
MajbHO (asoBuM, J1060# H3 KopHeit Zo ypaBrenns B(Z)=0 nomxen
HAaXOJHThCH BHE €JHHHYHOro kpyra. Tak Kak

Z,=exp{i[Re (0,) +-iIm (o))}, a|Z,|=e""™",

TO A NOJyYeHHs MHHMMaJabHO ()a30BOH (YHKUHH MHHMas 4YacTb
Im (wp) n0sKHA GbITH OTpHLATE bHOM. JIPyrHMH CJ0BAMH, @o A0JKHA
pacnojarathCsi B HHXKHe#dl nosaymiockocth. CuenoBaTesNbHO, 3aBHCH-
wocte Z=¢e' oro6pajaerT BHEIIHIOK YacTh eJHHHYHOrO Kpyra Ha
HHIKHIOIO ToaymaockocTh. PacemarpuBast puc. 2.20 u 2.21, Buaum, 4TO

onr i et
Z w=2mn—ilnZ w-21—[+z
Byrrs] 27 + 0 ] PUC. 2.20. HexoTophie THnHuHHe TOY-
B i 2mn + /2 2 5 M
C -1 2minw 1o KH Ha Z-, @- H O-IJOCKOCTSAX
B sr—Ll w) 2mt—mf2 g
E ¢ 2mn +0,693i it
E & 2mn—0,693i —i3

OuanHeiinoe npuban:kenne (2.8.1) uau (2.8.2) takme ortobpaxkaer
BHEIIHIOK YacTh eJHHHYHOI0 KPyra Ha HHIKHIOI NOJYIJIOCKOCTb.

Takum o6Gpa3oM, XoTd OHAHHeliHas ANNpPOKCHMAauUHs SBAseTcA He-
KOTOPHIM NpuOJHKeHHeM, oHa obecrnedyHBaeT TOUHOe COXPaHEHHe MH-
HHMAaJbHO ()a30BHIX CBOMCTB GYHKIHH. DTO OYeHb BaXKHO, NMOCKOJbKY
npeo6pasoBRaHHe YCTOHYMBOro AH(@epeHIHaJbHOrO YPaBHeHHsI B pas-
HOCTHOE yPaBHEeHHe ¢ MOMOIbI0 BhipaxKeHus (2.8.1) npuBoauT K ycTo#-
YHBOMY Pa3HOCTHOMY YpaBHeHHIO. MOMKHO NMPHBECTH MHOTO IIPHMEpOB,
KOrja annpoKCHMAalHs NPOH3BOAHOH MO BpPeMeHH YMHOXEHHeM Ha
1—Z npeoGpasyer ycroiiuuBoe auddepenuuasbHoe ypaBHeHHE B He-
YCTOHUHBOE PasHOCTHOE YpPaBHeHHe.

CootHouenne (2.8.1) yao6HO 3anOMHHTB, YUHTHIBAs, 4TO —Iim CO-
OTBeTCTBYeT nH((epeHLHPOBAHHIO - IO BpPEMEHH NpeoOpazoBaHuA
®ypre, a 1—Z sBagercs omnepatopoM IMepBOi Pa3HOCTH, BeJHUHHA
14+Z B 3HameHaTe/le <«IEHTPHDYeT» BblpaxeHHe OTHOCHTenbHO Z'/2%

Yro0bl NMoKasaTb, 4T0 GuauHeiiHas anlpoKCHMalHs ABJAsSeTCH HU3-
KOYAaCTOTHBIM NPHOJHIKEHHeM, YMHOXKHM YHCJAUTENb H 3HaMeHaTtelb
BHpaxkeHHs (2.8.1) na Z-1/2;

Ea L= g2 y = .sinw/2,
BEkotanteit = ' i1 gl cosw/2’

»—= 2tgw/2. (2.8.5)

YpaBHenue (2.8.5) moapasyMeBaer cKOPOCTh KBAHTOBAHHS ¢ 4acTOTOIl
B oAHy BHOGOpKYy Ha 1 c. [lpn BBI6OpE NMPOH3BOJILHOI YACTOTH KBAHTO-
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pauus Af npubanxenue (2.8.5) npuoGperaer BuA
wAt = 2 tg wit/2. (2.8.6)

papux storo mpubimxienus mokasad Ha puc. 2.22. OuyeBHIHO, INO-
rPeNIHOCTh MOMKHO CJle/1aTh CKOJIb YIOAHO MaJiOf MyTeM A0CTAaTOYHOro

Z-nnpockocmb (v - TAOCKOCTTD
=
1
|
C jij Ao B— 1
1] 7T

A
) - NA0CKOCmb

PHUC. 2.21. Pacnosoxenne
THIHYHBIX TOYeK (H3 pHC.

E 2.20) na Z-, ©- H ©-I10-
CKOCTAX
L5 - g—1——C
F

yBeJqH4yeHHsi YacTOTbl KBAaHTOBaHHMA, T. e. BuIOHpas Af 10cTaTO4HO
maasiM. 3 pic. 2.22 BuHo, 4TO NOTPEMIHOCTh OYIET cOCTaBJSITh JHIID
HECKOJIBKO IIPOLLEHTORB, €cJiH BbIGpaTh Af J0CTATOMHO MaJbIM Tak, 4TO-
66l OmaxAf=<1. Unratenu, Xopoulo 3HAKOMbBbIE C TEOPEMOii CBEPTKH,
BCIOMHAT, 4YTO OHA /JaeT MeHee CTPOroe OrpaHHuYeHHe OmaxAf<Idt.
OueBH/AHO, 4TO TeOPeMa CBEePTKH CJHINKOM caaba anas ciayyaes, BKJIO-
yawomux Guaunefinoe npeobpasoBanie.
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Tenepp paccMOTPHM B KauecTBe NpHMepa (GYHKIHIO ¢ MOJIOCOM
/(—iw) ma HyJeBOH yactore. DTO COOTBETCTBYET HHTErPHPOBAHMIO.
[lo nprnunHaM, KOTOPBle BCKOPe CTAHYT SICHBIMH, PACCMOTPHM (YHKILHIO
(c He3HAYHTENLHO OTNIHYAIOUIHMCS OT PaHee YKAa3aHHOTO MOJI0COM)

1
jo e e niidl
SR (2.8.7)
rie & —Manas Beanuuna. I[lpumensia OGuuanHeiinoe npeobpasoBanue,
MOJIy4HM:

Pt 1 - 1/2 (1 + 2) ¥ 17214 Z)
SI—2)/(1+2))+e T—Z+e[(1+2)/2] (0F¢—2(0—=/D)°
(2.8.8)
Ha ocuosanun dopmysan (2.8.8) MoxHO 3aka04dTh, uto (yHKkuns P
BO BpPeMeHHOH ofaacTn siBAsieTcs AeHCTBHTENBHOH, a Koria & ycrpem-

SE 2tg(wat2)

@At

24 PHUC. 2.22. Tpadukn nprbanKeHHOro
g Guinneiinoro npeoGpasoBanus

f..

5 i ) 37 wAt

JsieTcsl K Hymo, oHa npuaumaer sug (0,5, 1, 1, 1, ...). Bubop noso-
AKHTEJIBHOIO € JaeT CTYNEeHbKY B NMOJOMKHTEJLHOM BPeMEHH, TOrla Kak
OTpHIIATENBHOE & 1aeT CTYNeHbKY B OTpHuaTesqbHOM Bpemenu. Cpofict-

1

Re = - L 8
4 & RE-—W
t w
w {
 Im Im=a7+ 2~
Hyno
t w

PHC. 2.23. CaojicTsa onepatopa HHTErpHPOBAHHS
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Ba 3Tofi (QyHKUMH ToKaszauwb Ha pue. 2.23. MutepecHo oTMETHTD, 4T0
ecJIH BPEMEHHYI0 H YAaCTOTHYIO 06J1acTH BCIOJLY MOMEHSTh MECTaMH, TO
Mbl TOJYYHM HHTETPHPYIOUHH (KBaApaTVpHbIH) (PHALTP, XapakTepi-
CTHKH KOTOPOro moxkasaumnl Ha puc. 1.17.

Ynpaxuenue
B pewennn anddysnoHHnx 3alay yacto BO3HHKAeT MHOKHTeds F(w)=l/(—ie)'/A.
Jdna onpeienenus 3KBHBANCHTHOH OnepalMyu CBepTKH HafiAuTe GH3HUECKH peanusye-

Moe, IHCKPETHOE BO BpeMeHH npejcrasiene [; GyHkunH F(m) ¢ NOMOLLLIO OTOM-
AECTBJACHHA KO3(P(pUUHEHTA NPH OJHHAKOBHIX crenensX Z B BhIpazKenHu

1
(fo + hZ A4 }222 + .. = 1/ (—in) =~ (1 + 2)/(1 — Z).

Buipasure uncaenwo 3uavenne [y uepes [y



3. ®PAKTOPU3ALINY CIIEKTPA

Kak MBl YyBHAHM TO3}Ke, CYIleCTBYeT GecKOHeYHoe YHCJIO BPEeMEHHBIX
GbyHKIMHA, COOTBETCTBYIOIIMX MOGOMY 3ajaHHOMY crekrpy . @akrtopu-
3auuel crekrpa OyleM Ha3blBaTh METOJABl HAXOMK/AECHHS €IHHCTBEHHOI
GYHKUHH BpeMeHnH, Kotopas o06JaalaeT 3aiaHHLIM CHEKTPOM H B TO
Xe BpeMs fBASeTCS MHHHMaabHO ¢asopol. MunuMaspHO ¢GasoBHe
GyHKUHR HAXOAAT WHPOKOoe NpuMeHeHHe. TosbKo TakHe QYHKUHH MO-
ryT ObITh HCNOABL3OBAHM A5 GuABTPAUMH ¢ OOPATHOH CBA3LIO. DTH
GbyHKuH® 6YAyT wacTO MOABJATHCA B 3ajlauaX PaclpoOCTPAHEHHS BOJH
B MOCJENYIOUMX raasaX. MunumanabHo (azoBble QYHKUHH BO3HHKAIOT
B TEOPHH MpeJACKasaHHd H PeryJiHpOBaHHA [0 3aJaHHOMY CIeKTpY.
B nanpHeifiuieM Gyaer MokaszaHo, YTO AJMsT MHHHMAaJbHO (Ga30Boi QyHK-
IlHH XapakKTepHA HACKOJbKO BO3MOMKHO MJOTHAS KOHILEHTPallHs 3Hep-
rHH OKOJIo MOMeHTa f=(. Ita QyHKUHA onpejessieT HauMeHbllee 3Ha-
YeHHe JHCIEePCHH NPH PacHpPOCTPAHEHHH BOJH B cpejie ¢ MOTVIOUeHHEM.
Ona HaxomuT NpUMeHeHHe TaKKe B TEOPHH ABYXMEPHOro ToTeHumnasa,
Koraa no HaGalogeHHsM MOJAYJAs BeKTOpa ToJs HeoOXoJHWMO omnpeje-
JIHTh €r0 KOMIIOHEHTHI.

B rnaBe paccMaTpHBAIOTCA YeTHIPE PA3JHYHBIX MeToda OllpeieJe-
HHfA MHHHMAa/JbHO GasoBoro ceficMHYECKOro HMMyJbca MO 3alaHHOMY
CMEKTPY. DTH METO/bl NPeJCTABJIAIOT Pa3Hble BO3MOKHOCTH NMOHHMAaHHA
cymHocTH (paKTOPH3alHH CIeKTpa H MHHHMaJbHOI (a3l

3.1. METOJl KOPHEH

Gyukuus BpemeHu (2, 1) uMmeer TAKOH ke CHeKTP, Kak H (VHKUHA
Bpemenn (1,2). Mx apTokoppensiumonnas QyHkuus uMeer Bul1 (2, 5,2).
310 06CTOATENLCTBO Hcnoab3yeTcd sl HCCJe/l0OBaHHsI MHOXKeCTBa
BceX (YHKUHI BpeMeHH ¢ TAKHMH aBTOKOPPEJSLHOHHBIMH (DYHKIHAMI
n cnexkTpaMu. MoKHO cunTaTth, 4to J06as mneficTBUTe bHAS (VHKIMA,
ofpauieHHas BO BpeMeHH, OYJeT HMeTb TakKyiO e aBTOKOPPEIAlHOH-
Hyl0o (YHKOHIO, YTO H nepBOoHauaabHas ¢yHkuns. Ha camom jgese,
B HEKOTOPHIX 00/1acTsIX MOTYT BCTpeUyaThCs H KOMIIEKCHBIE BPeMeHHbIe
PSiAB; TO3TOMY HeoOXoAHUMO chopMyJHPOBaTh Gojiee TOUHOE VTBEPIK-
JleHne, uro J060# ceiCMHYECKHH HMIYJbC H €ro KOMILIEKCHO-COMpS-
XkenHoe obpalleHHe BO BpeMeHH 006,1a/1a10T ONHHAKOBHIMH aBTOKOppe-
JSUHOHHBIME (GYHKUHAMH M cnekrpaMu. [IpoBepum 3To ams npocThiX
nByxTouedHuX Gyukuni pemenu. Cnektp GyHkuuu (bo, by) nMeer BHI

B(4)B@ =6+ ) 6,402 =1 4B, +Bb,) | 5.2
(3.1.1)

U AMOAXTYAHOMY criektpy. ([Tpus. nepes.)
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ConpsixeHHo-o6paniesnas spemennan ¢yuxkuns (b, by) ¢ Z-npeoGpa-
soBauueM bz(Z)=>b,+boZ umeer cnexTp

B, (—z'—) B, (Z)= (bl +'} ) b, +b,Z)= %-ana L bhb)+bh.Z.
(3.1.2)

Kak suano, cnextpul (3.1.1) u (3.1.2) aeficTBUTENBHO SIBJISIOTCS TOMK-
necrBeHHEIMH. Tellepb JKeaaTeabHO PACIpPOCTPaHHThL 3TO CBOHCTBO Ha
(Qyuxunn BpeMeHH ¢ Tpemst i Gojee TOYKaMH. MOXKHO OCYUIECTBHTH
0606miedHe TpexTouedHbLIX (YHKuHi, Hanpumep, Buaa B (Z)=b¢+
+b,Z+byZ% TlpumenuB OCHOBHYIO TeopeMy aJjarebpel (Kotopas
yTBepKAaeT, UTO MHOIOYJEH CTENeHH M MMeeT POBHO M KOpHei), pas-
noxuM B(Z) Ha MHOMXHTENH:

B(Z)=b:(Z,\—2Z) (Z,—2). (3.1.3)

CrieKTp 3TOrO BHIPAXKeHHs HMeeT BHJ

R@2)=B(;)B@=bh(2~ ;) 2.~ 2)(Z~F) 2z~ 2)
(3.1.4)

OueBKAHO, UTO by MOKHO YMHOKHTB Ha J000€ KOMIIEKCHOE THCJIO
¢ equHHUHBIM moayaeM. [lpu stom ceficmuueckuii curuan (3.1.3) usme-
HuTCs1, a ero cnektp (3.1.4) ocranercs npexunMm. OcrajbHble HJIEHB
(Zi—Z) B ¢opmyse (3.1.4) MOXKHO TNpeACTaBHTL KaK TNpoH3BejieHHe
comuoxuresei B popme (Zi—1/Z)(Z;—Z). Ho 310T MHOKHTEIb T0O-
X0k Ha MHO¥KHTeab (3.1.1). ®dyukuueii Bpemenu ana (Zi—Z) sisaser-
ca (Z;—1), a ee KOMIJeKCHO-compsxeHHas obOpaumeHHass (QyHKUHA
BpeMenn umeer Bua (—1, Z;). Takum oGpasoM, J060H MHOMKHTEIb
(Zi—Z) B dopmyne (3.1.3) MoXKHO 3aMeHHTb MHOXKHTeneM (—I1-4
+2Z;Z). B obmem cayuae Beipaxenne (3.1.3) moxer umers N MHOXKH-
reneit [(Zi—Z), i=1, 2, ..., N]. Jlio6as ux koMGHHANHST MOMkeT GbITh
ob6pamena. CirenoBaTenbHo, cymecTBYeT 2¥ pasiIHYHBIX CefICMHUECKHX
CHI'HAJ/JIOB, KOTOPHle MOryT (OPMHPOBATLCSl TyTeM NepecTaHOBOK, H
BCE 3TH CHTHAJH HMEIOT OIHH H TOT JKe CHeKkTp. PaccMOTpuUM eAunny-
HBII Kpyr Ha KoMmiaekcHoit miockoctH. Comuoxkurensb (Z;—Z) o3Ha-
gaer, 4To Z; sIBJAslercss KOpHeM Kak (yukimu B(Z), Tak M ee CHeKT-
pa R(Z). Ecnu samenuts (Z,—Z) ua (—14-Z:Z) B dyuxuun B(Z),
TO TeM caMbIM KopeHb Z; us ¢yukuur B(Z) ycrpansercs u 3aMeHser-
ca Z=1/Z;. Kopun cnekrpa R(Z) npu 3TOM He MEHSIOTCA, MOTOMY YTO
BeqHunHBl Z; W 1/Z; ABASIIOTCA NEePBOHAYAJIbHBIMH KOPHSIMH CIEKTpa
R(Z) u npu 3aameHe npocTo nepexoust apyr B apyra. Takum o6pazom,
ecan ¢yHkuus B(Z) mmeer KopHu Z; B KOMIJEKCHOM TJIOCKOCTH, KO-
TOPBIE PACMONAraloTes Te yroiauo, To cnektp R(Z) nosxeHn uMerh BCe
KOpHH Z; H, KpoMe Toro, Kopuu 1/Z;. 3amena ni060ro OTAe/JBHOTO KOP-
Ha Z; Ha 1/Z; usmensier ¢yukuuio B(Z), HO He OKa3bIBAeT BAHAHHA
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Ha cnekrp R(Z). Onepauuio samensl Kopusi Z; Ha Kopenb 1/Z; MOMKHO
3anucath B BHIE

B'(Z) '—"12—:5!!?, B (Z). (3.1.5)

Muoxutean nepex B(Z) ssasiercsi ¢pasoBbiM (HALTPOM, PaCCMOTPEH-
HbIM Bbie. [TpunuMas 370 BO BHHMaHHE, JIerKO YCTAHOBHTD, YTO (PYHK-
uua B’(Z) umeer rakoii xe crnektp, kak u ¢yukuus B(Z). B camom
JleJie, HeT HHKAKHX peaJsbHBIX NPHYHH, Mewaownx Z; ObITh KOpHEM
bynkuun B(Z). Ecaun Z; siBasiercs xopuem B(Z), to B’(Z) Oyner
MHOTOYJIEHOM; B NPOTHBHOM ciydae 3To OyierT GecKOHeUHbIH Psii.
Tenepn ompenennm ¢yukunio B(Z) no 3ajzanHOMY ee CIeKTpY
R(Z). Ormerum, uto KopHH cnektpa R(Z) ABASIOTCA 10 OnpeieaeHHIo

ImZ
\ oZ,

117,

-~
Sk

PHC. 3.1. Kopuu ¢ynxunu B(1/Z)B(Z)

pemennsaMu ypaBHeHus R (Z)=0. Ecan yMmHoxutb R(Z) ua ZN [rae
R (Z) moxer HMeTb 3alaHHYIO cTeneHb BII0OTh 1o N|, T0 ZNR(Z) sBas-
eTcs NOJHHOMOM M peltenusi Z; ypaBHeHus ZVR (Z)=0 GyayT TakuMmu
e, Kak u pewenust ypasHenust R(Z)=0. Haxoxzaenue Bcex KopHeil
3TOrO MOJHHOMA ABJAETCA XOTH M TPY/AHON, HO CTAHIAPTHOH Npoleny-
poii. Ilpeanonaras ee BLIMOJHEHHOI, MOXKHO 3aTeM NpPOBEPHTh, ABJA-
IoTCA JIH Bce Kopuu Z; u 1/Z; napubiMu. Ecin Takne mapel He 0XBaThi-
BAlOT BCce KOPHH, TO Qyukuus R(Z) He sfiBASETCA PCAJBHLIM CIIEKTPOM.
B cayyae napHbiXx KopHell Kax/loMy HYJIO BHYTPH €IHHHYHOTO Kpyra
J0JIKeH COOTBETCTBOBATh HYJb BHe ero (puc. 3.1). Takum ob6pasowm,
yToObl caeath GyHkuHo B(Z) MHHHMAaAbHO (a30BBLIM CEHCMHYECKHM
curaajsom co crnextpoM R(Z), caeayer cofpaTh Bce KOPHH, JexKaliue
BHE enuHuyHoro kpvra. Toraa ¢yukuus B(Z) npuoGperaer BHI

B(Z)=bn(Z—2Z\)(Z2—Z,)...(Z—ZN). (3.1.6)

DTHM 3aBepUIaeTcs HaXOxk/eHHe MHHHMaJbHO (pas3oBoro ceiicMuue-
CKOro CHrHana mo 3ajaHHoMmy cnektpy. Koraza N Beawko, To 3TO He-
VA0OHO A7 BLIYHCJACHHH W SBJAAETCS HEJ0CTATKOM [0 CPaBHEHHIO
C JIPYrHMH METOIaMM, KOTOpble TOoKa He oOCYy:K/Aadichb. 3HauyeHHe
MeTo/a KOpHeil COCTOMT B TOM, YTO OH JEMOHCTPHPYeT HeKOTOphle
OCHOBHBIE TPHHIMIBL

1. KaxaoMy cHeKTpy COOTBETCTBYeT MHHHMAafbHO (pasoBulii ceil-
CMHUCCKHH CHIPHAJ, KOTOPBI ABASETCS eIMHCTBEHHBIM ¢ MOTPEUIHOCTHIO
10 KOMIIEKCHOTO MaciTabHoro kosd@uiHenTa ¢ eIHHHYHBIM MO/1YJIeM
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2. CymectByer GeckoHeuHOe MHOMXECTBO (DYHKUHI BPEeMEHH, COOT-

BETCTBYIOLIHX JI0GOMY 3aaHHOMY CHEKTPY.
3. He Bce yHKIHH ABAAIOTCA NOTEHIHAJILHBIMA aBTOKOPPEJSAILHOH-

HBEIMH (DYHKILHSAMH.
Metoa Kopuell B ()aKTOPH3AUHH CNEKTPOB GBI Pa3BHT, MO-BHANMO-
My, skorHoMHCcTaMu B 1920-x u 1930-x rr. Psa ccullok Ha 3TH pansdne

paboTH MOMKHO HafiTH BO BCeMHpPHO u3BecTHOH Knure I'. Yomna «Cra-
IIHOHAPHBIE BpeMeHHble psiab» [10].

YnpaxHeHus

. Kak Mono wailtn MacuitaGublii MHOXHTeNb by B Buipamenun (3.1.6)7

2. Buuneanrte aBTOKOppPesUHOHHBIC QYHKUHA IS KaxkIOro H3 CAeLyIOUHX YeThl-
pHix cefieMuuecknx uMnyascos (4, 0, —1), (2, 3, —2), (—2, 3, 2), (I, 0, —4).

3. Habmomenuwulit aHepreTHdecKHil cnekTp coorpercrByer opmyie P(w) =38+
410 cos w—12 cos 20. Kakne ceficMHUeCKHe HMIYJAbCH OTBEYAIOT 3TOMY CHEKTPY?
Kakofi 3 HHX siBJisieTcss MHHHManbno ¢asoBuiM? [Vkasauwe, cos 20=2cos* m—1;
2cos w=Z-+1/Z; ucnonwsyiite KBajgpaTHunyio gopmyay.]

4. TlokaxuTe, uTO0 ecaH ceHcMHuecKHi umnyabc b,= (bo, by, ..., by) sABAfETCA
NefCTBUTENBHBIM, TO KOPHH ero cmektpa R cocTapasiorT ueTBepkH (kpazpynoan) Zo,
1/Zy, Zy n 1/Z,. PaccMoTpuTe cayuail KopHeil, PACNOJOKEHHBIX TOYHO HA eHHHUHOM
Kpyre W Ha AeficTBHTEeAbHOH ocH. KaKoBO HauMeHbIlee YHCAO TAKHX KOpHei?

3.2. TEOPEMA POBHHCOHA O 3ANEP)XKE 3HEPTHH [11]

[Toka:kem, 4TO MHHHMAJbHO (A30BBI celicMUUECKHHA CHrHAJA HMeeT
MEHBIIYIO 3aJePKKY 3HepruH, 4em J00O0H APYyroi, 0IHOCTOPOHHHI cel-
CMHUYECKHH CHIHAJ C TAKHM YK€ CHeKTPoM. JTO 03Ha4aeT, UTO 3HEPTHS,

1009 ety
' L PHUC. 3.2. TMoanas sHeprus curnana
L0 e B (uALTPE B HHTEpPBAJE BPEMEHH OT
---':_,.' (139, [ 0
__..-'2 1 —BCe HyJH BHE OKPYKHOCTH; 2 — HEKOTO-
pbie HYJH BHYTPH OKPYXKHOCTH

.»n t
CYMMHpyeMasi OT HyJisl J0 JIo6Oro MOMEHTAa BPeMeHH, JJ5i MHHHMAJb-
HO ()a30BOro CceACMHYECKOTO cHrHaja Gojblie HIH paBHa 3Hepruy
B TOM JKe HHTepBaJe JI060ro APyroro ceficMHYeCKOTO CHIHAMA ¢ TAKHM
e cnekTpoM (pue. 3.2).

CpaBuum aBa ceficMuuecknx curnana Puy u Page, KOTOpblE H/1eH-
THYHBl BO BCEM, 334 HCKJIOYEHHEM OJHOTO HYJsl, KOTOPbIl J€KHT BHe
(Pese) u BHYTPH (Pan) eIHHHUHOTO Kpyra. 9T0 MOXKHO 3anucath Kak

Pnne(z)':(b"‘—sz)P(Z);
rie b Goublie s, a P siBAsieTcs NPOH3BOILHOI byukumeil crenenn n.
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Teneps coctaBum TalbJHIly YJIeHOB HCCJeAyeMOro Buipaxenus (taba. 1).
Pasnocth, KOTOpasi NPHBOAKHTCA B MPaBoil rpade TaGaHilbl, O4EBHIHO,

Bceraa IMnoJIoAHTeJbHA.
Ta6awna 1

[y
5 Pae P P e — Pan 2 (Pgue — Play)
k=0
0 bp, SPo (b* —s*) p% (b* —s?) p*
1 bp, -+ sp, spy+bp, (6* —s*) (P — P%) | (62 —5?) p*
k bpe+sPe-y | spe+bpe-y (67 —S%) (PPh— Ple-1)| (0% —S%) P
n+1 SPn bpn (b* — s*) (—p*n) 0

Uro6bl 10Ka3aTh, YTO MHHHMAJbHO (a30BbIfl ceficMHYECKHIT CHTHAJ
JlaeT HAHMEHbLIYIO 3aJepPXKKy 3HeprHH, BBIYHCJEHHS TJ1aBHOTO apry-
MeHTa MOBTOPSAIOTCA MJIS KaxJA0ro KOpHA A0 TeX NOp, MOKa Bce OHH
He BHIfiIyT 3a npejesbl eJHHHYHOrO Kpyra.

¥YnpaxHenue

JlokaxkuTe npeAllecTBYIOUIYI0 TeopeMy (0 MHHHMYMe 3aJepKKH IHEPrHH) AJsi KOM-
nyiekcHuIX 3Havenuit b, s u P. [[Ipenynpexaenne. Uro cnpasennuBo: Pas(s+bZ)P,

WiH  Ppg=(5-+5Z) P?]

3.3. METOJL TENJIULLA

Meroa Tensuua (axkropusalHH cnekTpa OCHOBAH Ha OcoOBIX CBOHCT-
Bax -marpuu Temnmuna [12]. PaccMmorpum npumeHenue matpuusl Ten-
JHLA a5 OcyLlecTBJeHHA (akTopH3auuH cnektpa. B nanbpHelilem
Oy/1leM MHOTOKPaTHO CChIIATLCSA HA OMHCHIBaeMYIo 3aech aare6py. Ecan
Tpebyercsl mpe/cKa3biBaTh BpeMeHHbIe PAABI (CHTHAJBI), TO 3TO MOXK-
HO OCYUIECTBHTb C [OMOUIbI0 TaK HA3LBaeMOro npedcKassiearoujezo
(huabTpa, KOTOPHIH HAXOAHTCA KaK pellleHHe cHcTeMbl ypasHeHHH Temn-
qauna. Hopman JleBnHcon B cBoeMm Npu/ioiKeHHH K KHHTe «Bpementsie
pader» HopGepra Bunepa BnepBble 03HAKOMHJI HHIKEHEPOB C MaTpHILE(l
Tensnua. o sToro oHa Gbl1a IIHPOKO H3BECTHA H NMPHMEHANACH TOJb-
KO B 3KoHOMHKe. [losiBnenne ee cHadyana B 3KOHOMHKE COBEpPINEHHO
eCTeCTBEHHO, TaK KakK B Helf paccMaTpuBaloTcd JaHHBe, 3aJaHHble
B MHCKPETHHIX TOYKAX BO BPEMEHH, TOTJa KAK B HHIKEHEDHOM jeje
MBIC/Ib O JIHCKPETHOM BPeMeHH Gblla B HEKOTOPOI CTemeHH HCKYCCTBEH-
HOlt g0 mnossiaenus undposuix IBM. Heobxoaumocts npeickasanus
B 3KOHOMHKe oueBH/iHA. B ceficMosorun Goablinii HHTepec INpeacTaB-
JifleT He NpejickasaHue BOJHOBOTO Inpolecca camo no cebe, a omuOKa
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npeiackasamnis. [1pn uenoabsoBanHKH OTPaXKEHHEIX BOJAH paccMaTpHBae-
Masi CHTyalUHsl CXOXa Ha PaAMOJOKALUHOHHYIO, Tle BpeMs 3a/ePKKH
IPAMO NPONOPLUHOHANLHO (PUIHYECKOMY PacCTOAHHIO. JTO cnpaBei/H-
BO JUISl 0OHOKPATHO (Nepeu4Ho)-oTpakeHHbx BoaH. CephedHoe ocaoxK-
HEHHC BO3HWKAET Ha UPAKTHKE NPH DA3BEIAKE B MEJKHX MODPAX, Iie
HHTCHCHBHBIE 3BYKOBLIE BOJIHBI PAacHpPOCTPAHsIOTCH BHepej M Hasam,
IONEPEMEHHO OTpa)Kasch OT IOBEPXHOCTH M JAHA MOpPs. JTH BOJHbI
HA3LIBAIOTCA MHOROKPATHO-OTPaXKeHHbIMH |, Pasjenenne nepBHUHBIX M
MHOrOKPAaTHO-OTPAXKEHHBIX BOJIH BO3MOXHO Ha OCHOBE NpeJcKa3aHHsl.
HeficTBHTEIbHO, MOMEHT MOSIBJEHHSI MHOTOKPAaTHO-OTPayKeHHO# BOJIHAI
MOYKHO TIpeJCKa3aTh HA OCHOBe paHee NMPHHSATHIX OTPa’KeHHLIX CHTHA-
n0B. B TO e Bpemsl NepPBHUYHBIH OTPaKEHHBIH CHTHAJ TAKHM CIIOCO-
6oMm HempejackasyeM. TakuMm o06pazoM, NOJe3HYK HHGOPMAalUHI0 Hecer
B cebe Ta yacTh ceficMOrpaMMBl, KOTopas sIBJIsieTcs Henpedckasyemoi 2,
9BM, npeanasnaveHHble IJAs HHTEPIPETALHH JaHHBIX CeHCMHYecKoil
passelKH, 0OLIYHO pewIaloT 3a geHb okosao 100 000 crHcTeM COBMeCTHBIX
ypaBHeuuit Tenanna.

Jlpyroii BamkHO#l 06/acTbl0 TNPHMeHEHHs ajredpLl, CBA3aHHOMN
¢ marpuunamu Tennuna, ABASETCS CHEKTPAJIbHBIH aHAJHM3 ¢ BHICOKHM
paspenleniieM, HeoOXOAUMBLl, HANpUMeE]D, JJS ONpeAeqeHHs IHEPTeTH-
MECKOTO CMeKTpPa CHTHAJ/J0B HA OCHOBAHHH KOPOTKOH BLIOOPKH JAaHHBIX
(Bo BpeMeHnu uaH B npoctpaHcTse). OOIeNpHHATEE CTATHCTHUECKHE H
MH)KeHepHble NMO3HAHHA 1O 3TOMY IIPEJAMETY OCHOBBIBAIOTCH HA 10IY-
HIEHHSAX, KOTOPHIe YaCTO OKa3blBAlOTCS HelpHeMJeMbIMH reo(pH3HuYecKH.
ATty curyauuio xopowo H3yunsa xon Bypr, ncnosb3oBaB HeKoTOpHIE
cnenuguueckHe cpoiicrtBa Martpul Tenauua ans paspaGoTKH cBoed
NpOLeAyPbl MAKCHMAaJMbHO-3HTPONHAHOTO CIEKTPAJbHOTO aHAJN3a, OIIH-
ChIBAEMOI B OJIHOM H3 IOCJEAYIOLIHX Pa3/Ie0B.

Jpyroii o6aacreio, rae MaTpunsl Temanua MrpaloT OCHOBHYIO POJIb,
SIBJISETCH MaTeMaTHueckas (H3HKa, ¢ TOMOULLIO KOTOPOH ONHCLIBAIOTCS
caoHCThie cpebl. ['eo(H3HKH YacTO HCNOJB3YIOT MoJeab 3eMJH B BH-
Jlé COBOKYMHOCTH MJOCKHX NJACTOB HJH B BHIe KOHLEHTPHUECKHX ce-
PHUECKHX MPOMJACTKOB, I/le KaXKALlil NPOMJIACTOK HJH IIACT ABJAACTCSA
oaHopoaubiM. OfHAKO, KaK 3TO HH YAHBHTEJbHO, BO MHOTHX KHHMrax
Mo MateMatHyecKoil (pu3nkKe He ynomuuaiorcs marpuubl Tensnuna. drto
MPOUCXOMHT MOTOMY, YTO OHH TOCBSIIEHBI APAMELAL 3a/lauaM, T, e. pac-
yeTaM BOJIH (HJH IOTEHIMAJI0B), HAGJIOAEHHBIX B cpedaX ¢ H3BECTHBIM
cTpoenieM. B reodu3nuke xe Hac HHTEDECYIOT He TOJbLKO npsimble, HO 1
obparHble 3anaun, B KOTOPLIX BOJIHB Ha0J101al0TCS Ha NOBEPXHOCTH
3emaH, a MBI XOTHM ONPeJeNTHTh CTPOEHHEe cpejibl BHYTPH 3eMJM.
B nocaeayiomux pasjiesax paccMaTpHBaercs peilieHne o0paTHoOil 3a-
Jlauu ¢ noMmoubio Matpunkl Temmuia.

3azanuM HeKoTOPYio (YHKIHIO BPeMEeHH X;, KOTOpas MoKerT OLITh
MHHHMAJbHO ($a30Boil HJIH He OBITH elo. Ol‘lpe,&emm ee CIEeKTP BbI[pA-

! MiorokpaTho-oTpamennsie BOJHLI, BO3HMKAOUIHE B MEJKOH Boje, oGbuHo Ha-
3LIBAIOT peBephepanuonubiMi BoanaMu. (IIpus. nepes.)

2 Ciaeslyer OTMETHTb, 4TO KPaTHO-CTPaKelHble BOJHBL TAK#Ee AAKT HEKOTOPYIO
NoJesHYI0 HH(pOPMALHIO, HAMpHMep, O MOrJOUIeHHH H paccessHHH BOJH B cpejie W T.IL
(Tpun. nepes.)
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weuneM R(Z)=X(1/Z)X(Z). Kak 6u10 NokasaHo paHee, ecaH 3aJah
ToabKo crektp R(Z), To HeT BO3MOMHOCTH ONpeaeaHTb, Obl1 JH OH
BBIYHCJAEH A/ MHHHMAaJbHO (a30BoH (PYHKIUHH HAM I8 HeMHHHMAaJb-
HO ¢asosoil. MOXHO NPeANoJOKHTb, YTO CYLIECTBYeT MHHHMaJbHO
dasosass Gynkuus B(Z), cooTBeTcTBYIOLlas TAaHHOMY CHEKTpy, T. €.
R(Z)=B(1/Z)B(Z). Tak kak B(Z) no npeAnosoXeHHIO SBJAETCH

MHHHMAaJIbHO (a30BOH (QYHKIHEH, TO OHA HMeeT HEeKOTOPYyw 06paTHYIO o
¢yuxunio A(Z)=1/B(Z), KoTopylo MOXKHO HafTH CJAEAYIOUIHM *

oGpasom:
R(Z)—B (7:[') B(Z)— Lj‘(/z’;)- ; (33.1)
P I g b_1 2]
R(Z)A(Z)—B (7) L (3.3.2)

Hans onpenenenns ¢ynkunu A(Z) neo6Xoaumo npupaBHsith Ko3a(dH-
uHeHTH npu crenensx Z. Hanpumep, ansa cayuas, korga (yHKIHS
A(Z) ssnsercs xBaapaTuunHod (ao+aiZ-+a:Z?), KosdduuueHT npu
Z° B Bupaxenuu (3.3.2) umeer BHI

roo+r-1a1+r—2a2=>b,. (3.3.3a)
Kosadduuuent npu Z' cOOTBeTCTBEHHO PaBeH
riao+roai+r-1as=0, (3.3.36)
H, HaKoHel, Koadduunent npu Z? paBen
raao+ria1+roaz==0. (3.3.38)

OGbennHAs HX, TOJYYHM COBMECTHLIE YPaBHEHHA

Ty Py T-a @, b '
ry fe  t=y]] 8 |=] 00, (3.3.4)
rs Ty Ty 2 - 0

M3 nociaennero BBIpaxKeHHsT SICHO, KaK 0GOGHIMTB €ro JJsi CHCTEMBEI
COBMECTHLIX YpaBHEHHH NPOH3BOJBLHOH pasMepHOcTH. I'masnasi amaro-
Ha/lb MAaTPHILI COAEPIKHT ro BO BCeX NMO3UIHAX. JlMaroHa/b, paciodo-
JKeHHAs TOJ IJ1aBHOH JHAroHaJbio, BCIOAY COAEPKHT ri. Besa marpuua
3anoJiHeHa aHaJorH4no. Takas MaTpHua HasbiBaercs Martpuueil Ten-
auua. [yets a’»=ar/ao. HanoMuum, 4to cornacHo ajaroputmy jee-
HHA MHOTOUIeHOB bo=1/d,. 3anaanM noaoxuTeabHoe Uica0 v=1/aodo.
Tenepn, pasjenuB BeKTOPH ¢ 00eHX CTOpoH Bhipa)kenus (3.3.4) ua ao,
MOJAYYHM XOPOMIO H3BECTHYIO (DOPMY 3THX ypaBHEeHHH:

Ty Fmq Ty’ 1 v
Fie T Lyl 185 —_—l 0 (3.3.5)
Ty - Fyaili T 0

STo BLIpa)eHHe JdeT TPH YPaBHEeHHS Ana TPeX HeH3BecTHHIX a’y, a’p

u v. Jas npusenenus Bupaxenuus (3.3.5) k Buay, yao6uomy anasi npH-
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MeHEeHHS CTaHAaPTHLIX NMPOrpaMM pEUICHHS CHCTeM YpasHeHHi, HYHHO
pasjiesiTh BEKTOPH € 0GeHX CTOPOH NOC/E/JAHETO PaBeHCTBA HA U.
[Mocsie peuieHHsi ypaBHeHHH MOJYYHM KOS(GGUIHEHT ag, YIHTHBAS, 9TO
OH HMeeT Moayab, pasubii 1/)/v, a ero (asa npoussonbHa, TaK Ke
KakK 1 npu (PakTOPH3@NHH CHEKTPOB METOJL0M KOpHEH.

3ech meccHMHCT Mor Obl BOCKJIHKHYTb, uTo noauHom A(Z)=ac+
+aZ-+-a,Z% uaiijleHHbT U3 DPeIleHHs CHCTEMBl COBMECTHHIX YypaBHe-
HHil, He 06s3aTeNbHO AOJKEeH OBITh MHHHMAJbHO $ha3oBHM, Tak 4TO
MBI HEe MOTJH OBl HENOCPeACTBEHHO BHUHCAHTL B(Z) W3 3aBHCHMOCTH
B(Z)=1/A(Z). On Mor 6Bl yTBep:K/aTh, UTO NPH PELICHHH, BEPOAT-
HO, BO3HHKHYT TPYAHOCTH, OCOOEHHO, ec/JIH Pa3MEepPHOCTb CHCTEMEl
(3.3.5) He Gbu1a B3fATa AOCTAaTOUHO OOMbuIOH. B aeficTBHTENBHOCTH IKe
IKCNEPHMEHTATOPHE J1aBHO 3HAIOT, YTO NMECCHMHCTH He TpaBul. Jloka-
3aThb 3TO MOXKHO AOCTaTOYHO JIETKO COBMECTHO C ONHCAHHEM MAalllH-
HOTO aJTrOPHTMAa, KOTODbIfi HCMONB3YeTCst A5 PeuleHHs CHCTeMEl YpaB-
nenufi (3.3.5).

CraHzapTHble MallMHHBIE AJTOPHTMBI /5 PEILEHHS CHCTEM ypas-
HeHHH TpebyioT 3aTpar BpeMeHH MpPONOPIHOHAJbBHO BeauunHe n° u
ofbeMa MaIlIHHHON MaMsATH NMPOMOPIHOHAJNLHO Beaudnne n?, Mauniu-
ublit anroput™ JlesuHcona [13] mast martpuin Temanna tpeGyer 3aTpat
BPEMEHH NpPONOPUHOHAJLHO BeJHYHHEe n® W o0beMa NaMATH NPOIOP-
HHOHAJBHO BeanynHe n. 3ametuM, YTo MaTtpuiua Temauua colepxuT
MHOTO OIWHAKOBHIX 3JIEMeHTOB. JIEBHHCOH HMCIOJb30BAM 3Ty crenndu-
qgeckylo cuMmeTpuio mMatpui, Tennuua ans paspaboTKH cBoero «BLICT-
poro» merojaa (nonoGuoro BIId).

SToT Meron OCHOBAH Ha TPHOJIHIMKeHHH, HA3BIBAEMOM peKypcHeil.
CyIHOCTh TAKOTO MOJAXOMA 3aKJIUYaeTcss B TOM, UTO, 3a/aB pelIcHHE
cHCTeMBl YpaBHeHHil paamepHocTH kX kR, MBl yKa3biBaeM KaKk HaHTH
pemenne cucteMbl pasmepHoctH (kB+41)>X(k+41). Cuavana neoGxoan-
MO TIOJYYHTH PellenHe aast k=1; 3aTeM cieayer NOBTOPHO (PeKYpCUB-
HO) MPHMEHHTH CHCTeMYy (OPMYJ, YBelTHUYHBAA k HA €IHHHIY HA KaX-
noM stane. [TokaxeM, Kak OCynlecTBJAsieTcsl PeKYpeHsi aast dynKipii
NefiCTBHTeNLHOrO BpeMeHH (re=r—), HASA OT CHCTEMBl YDPaBHeHHH
pasMepHocTH 33 K cHcTeMe pa3mepHocTH 4>(4. O6umit cayuail npej-
JaraeM and pa3paboTKH 9HTaTeNIo.

3ananuM CHCTEMY ypaBHeHHil paaMmepHocThlo 33X3 m Toraa ee pe-
nrenme

ro ry Ty | v
Ty Te Ty a |=| 0 |. (3.3.6)
rary o as 0 -

3artem onpejenuM BeNHUHHY € IPH 3aJaHHOM ri (Ham rs, ecam 3a-
jnaHo e):

RO U .
ry g iy T2 ay s 0 (337)
Ta Iy My Iy a, 0
Lw v ny sl 0 A 0
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[Tepsrie Tpu cTPOKH B Bhipameuuu (3.3.7) Takue ke, Kak U B CHCTe-
Mme (3.3.6); mocaenHsAs cTpoKa nNpeAcTaBaser cofoii HOBoe ompejee-
HHe BeJIMuHHBL e. PekypcHs, no JIeBHHCOHY, NOKa3bIBAeT, KaK MOJYYHTh
peilende @’ A1 CHCTeMHl ypaBHeHHH pazMepHocTH 4)X4, Kortopas mo-
xoxa Ha cucteMy (3.3.6), HO uMeer OGOJBLIYIO PA3MEPHOCTH:
T s w8 ByTE] VT T o
Fyrgry rp a', (338)

rerr |l a,
Lrargrnllays | L

= T == B = L~

-

Baken ciaenyiomuii npueM: na ocHOBauM Bhipaxenus (3.3.7) sa-
MHCHIBAIOT «06GPALIEHHYIO» CHCTeMY YPaBHeHHHl (ecsM neficTBHA Hal
MaTPHILAMH 3aTPYAHHTEbHB), HAN0 3amucath BEpaxenne (3.3.7) Kak

cHcTeMy ypaBHEHHH, a 3aTeM npoJesaaTh obpalleHHe creneHefl Heus-
BECTHBLIX H MOPAJKA yPaBHeHHH:

T A o R Tl ref
|
S T W R ey gl ]
| TiTo Ty T2 = (3.3.9)
Fafy fy Ny a, i 0
Ly e Oy ekl 1, I_,”._

Pexypcust mo JIeBHHCOHY 3aK/I04aeTCs B BHIUHTAHHH €lle HEH3BECTHOH
yacTH 3 BHpaxenus (3.3.9) u3 dopmyan (3.3.7) Tak, 4ro6ul noJy-
4yHTh B pe3yabraTe cucteMbl (3.3.8). Takum obpasom,

ot tera [T 7 = i v
> 0 0
e o g [0 S (3.3.10)
Ta Fy Fg Iy | a, i a, 0
S e RO | L =g W

YroOsl caenaTh NpaByo uacTh Belpaxenus (3.3.10) moxo:xkeil na npa-
ByI0 4acTb cucreMbl (3.3.8), HeoOXxonuMo yOpaTb HHIKHMIT 3JEMEHT.
Jlast 3TOro AOCTATOYHO TOJOXKHTh C3==e/v. DTO NpeAnoJaraer, 4To
v/ =v—cze=v—e?/v=uv[1—(e/v)?]. Takum oGpa3oM, pelleHiie CHCTe-
MBl pasMepHOCTH 4)X4 NOJNyueHO H3 PEILIeHHs CHCTEMbl Pa3MepHOCTH
33 caeayomuM nyreM:

2

e a3 (3.3.11)
i=0
I— ¥, LT (T
,d'l - a, ___ﬂ_' a» " 3
"y ‘| . o a | (3.3.12)
ety 1 _ 01 L I =
v «—uv[l —(e/v)]. (3.3.13)

Mpbl nokasaJsd, KaK NOJYYHTHL PellieHHe CHCTeMbl YpaBHeHu# TenJu-
ua pasmepuoctH 44, snas pelleHHe cucteMbl ypaBHennit Tensuna
pasmeproctH 3X3. Pexypcus no JIeBHHCOHY npeimogaraer BuIOJIHE-
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HHe TaKHX 11aroB, HaunHas c paamepuoctn 1X1 o pa3MepHocTH
nXxn.

PaccMOTpPHM ellle pa3 BHLIYHC/AEHHA, 4TOOLl YBHAeThb, nouyeMy dbyHk-
uns A (Z) oxkasbiBaercs MHHHMaNbHO (asoso#t. [laa Hauana O0TMeTHM,
yTo BeJHUYHHB v=l/ao@y u v'=1/a"ya’y Bcerma nono:xutTeabHb. K3
dopmyant (3.3.13) caenyer, uto —I1<<e/v<<+1. (To, uto Beauuuna
c=e/v orpaHudeHa eiuHMUeH, OyLeT NOKa3aHO 103Ke B CBA3H C TeM,
yTo K03((GHIULEeHTE OTPayKeHus BOJH Takxke orpannuensl). [Magece
puipaxkenne (3.3.12) mMokHo 3amucath B BUJE MOJHHOMA

A’(Z)=A(Z)—(e/v) 2*A(1}2). (3.3.14)

H3gecTHo, UTO BeaMunHa Z® HMeeT eIHHHYHBIH MOAYJb HA eIHHHYHOI
OKPYKHOCTH. AHajornuno (Ans AeficTBHTe/NbHbIX BPEMEHHBIX PALOB)
cnekrp pyukunu A(Z) paseu cnextpy ¢yuxkuuu A(1/Z). Toraa (cue-
Aysl TeopeMme aAJHTHBHOTO CJOMEHHS NOMEX ¢ MHHHMAaJAbHO (asOoBBIM
cef{cCMHUeCKHM CHrHaaoM), ecaH QyHkuua A(Z) aAsBasercs MHHHMAJb-
HO (a3oBoii, To H dyHkuua A’ (Z) rakke Gyaer MHHHMAaJbHO (a30Boi.
Ciie0BaTeNbHO, CAeAyIOLUIHe TPH YTBepPK/AeHHS 3KBHBAJIEHTHBI.

1. R(Z) umeer opmy X (—;—)X(Z).

17 |Ckl <1.

3. ©@yuxuunsa A(Z) apiagercs MHHHMaJbHO (a3o0BoOA.

Ecan xorst 6B OIHO H3 3THX VTRBEpXK/eHHH HeclpaBeMJIHBO, TO BCE
OHH HecmpaBeAMuBH. [IporpamMma 1151 BBHIYHCJIEHHA BeJIMYHH a@r H Ce

COMPLEX R,A,C,E,BOT,CONJG
C(1)==1.; R(1)=1.; A(l)=1.; V(1)=1,
200 DO 220 J=2,N

PHC. 3.3. MamunHas nporpaMma, Bhl- ';S';?-o'

MOJIHSAIAA PEeKYPCHIO, 10 JIeBHHCOHY. DO 210 I=2,J
l'lpe:mo.'raraeTCﬂ, YTO BXOJHOe 3Hade- 210 E=E+R(I)*A(J-1+1)

HHE 7 HODMAaJH30BAHO JeJcHHEM Ha ro. C(J)=E/V(J-1)
Komnnexcuas apudpmernka necobssa- V(J)=V (J=1)-E*CONJG (C (J))
TeJbHa JH=(J+1)/2

DO 220 I=1,JH
BOT=A (J-1+1)~C (J) *CONJG (A (1))
A(1)=A(1)~C (J)*CONJG (A (J-T+1))
220 A(J-1+1)=BOT
1o rp mpuBeieHa Ha puc. 3.3. B raase 8, mocBslleHHOH BOnMpocaM pac-
NPOCTPAHEHHUS BOJIH B CJOMCTBLIX cPeiax, NPHBOAATCH NPOrPAMMBIL /15
BLIUHCJICHHS rp 110 3aJaHHBIM Az HIH Cp.

¥Ynpaxuenus

1. Ilycth Bepxuss CTPOKa B CHCTEMe COBMECTHHIX ypasHennfi Tenanua pa3MepHOCTH
44, nogodnoii cucreme (3.3.8), umeer BHA

1 1 1
(I, e e Qo ) Kak BBLIHCIHTL ag?

2. Kak usmenuTh cnoco6 JIeBHNCOHA 1Ast ciyuas KOMIVIEKCHBIX BPEMEHHBIX (Vitk-
uuit? B 4acTHOCTH, rlle BCTPEUAIOTCH KOMILVIEKCHO-CONPSMKEHHBle BeMHUHHB B (opy-
aax (3.3.11), (3.3.12) u (3.3.13)?
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3. Mycrs senuunna A, (Z) oGo3zuauaer HEeKOTOPHI NONHHOM, KOI(QHUmeHTsl KO-
TOPOro #ABJAAIOTCH pelleHHAMH cHerembl ypaBHend# Tenumua paszmepuoctu mXm. Ilo-
Kaxcute, 4to ecau By (Z) =ZMAx(Z-!), 1O cooTHOMmeHHE

2=
1
U8 = z—ﬂ—j R(Z)Bn(Z) Z-"dw npn n<<m
0

O3HayaeT OPTOroHaJLHOCTH MOJHHOMOB By (Z) n Z% Ha eIHHHYHOR OKPYMHOCTH NPH
NOJIOKHTENbHO B3BellcHHOH (yHKuuH R. Mcmoab3ys stor pesyasrar, oObscHHTE, NO-
4yeMy NMOJHHOML By, H Bn oprorounalbHsl, T. e.

2r
| _—o
U = D s R(Z)B,(2) B, (72 ) dio.
0

[Yxa3auue. Cnauana paccMmorpute cayuaii n<lm, a sarem Bce n]. Marpuus Tennn-
1la paccMaTPHBAIOTCH B MATEMATHYECKOl JHTepartype na TemMy 00 OPTOrOHaJbLHOCTH
MOJHHOMOB Ha eJHHHYHON OKPYXKHOCTH. ABTOpP 0COGEHHO PCKOMEHAVET Nno 3ITOMY
Bonpocy KHHry Arkuucona [14].

3.4. SKCNOHEHUHAJIBHO-IOTAPHOMHYECKHH
METOL BHTTJA [15]

B ocuoBe Merofa (akTOpH3aUHH CHEKTPA JeXxHT 3aMeHa CTeleHHbIX
PAZOB OJHOTO BHAA HA PSAbLl APYyroro BHAa. Kak W B MeToje KOpHEH,
3TO XOPOIIO AJs H3YUeHHs, HO HeyAoOHO s BbluucaeHuit. Haunem
€ HEeKOTOPOH 3aJ/laHHOH aBTOKOPPENAlHOHHOH (YHKUHH ry, Te

R(Z) =.. .+r_1Z-‘+ro+r12+r222+. s i

Ecan |R|>>2 Ha elMHHYHOIl OKPYMKHOCTH, TO HeOOGXOAHMO pas3jie/HTh
(yHKIHIO Ha 9TOT MaciITaOHbBi MHOXHTeab. [loacTaBEM 3TOT CTemeH-
HOll pAl B cTemeHHOH pAA aaa Jorapudma

U@Z)=InR@Z)=R—1)— BV 4 R ..

Il

—.du b Z 4z 4. (pn 0KR<D)

Ha npakTtuke 370 TpebyeT MHOT0 yCHAHH, HO MOXeT OblTh NpojenaHo
aBroMaTHYecku Ha DBM. Teneps BBegeM BpeMeHHOM pai uty, noay4yeH-
HBI MYTEeM HCKJIOYeHHA OTpHUATENbHBIX creneneil Z w3 U(Z):

Ut (2)=-gFuZ 4 u,Z+ ...

IMoacTaBUM ero B CTENEHHON PSIA A5 SKCNOHEHTHI:

Bz)=e" P=1ur+ G4

Oyuxuua B(Z) asasiercsd TpedyeMbIM MHHHMaJ/bHO (a30BBIM celcMH-
YecKHM CHTHAJOM co cnektpom R(Z). Jlas HarasIHOCTH PaccMOTPHM
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caeaylollHe ToXK/1ecTBa:

=1 o0
R(Z)= exp[InR (Z)] = exp (%-r 2 ukZ”-}——L"Q“ 1-2‘ uZk | ==
— +1

=1 )
iy k o k
= exp (—2 + Y uw.Z exp( 4 WZ"* | =
_2@ +21

= exp I.E’"r (}—)] exp [U* (Z)] = Bf\—;) B(Z).

Takum o6pasom, nosyuaeM pasioxenne R(Z) Ha TpebGyeMbie conps-
KenHple uvacTH. Hakouen, nocmorpuM, nouemy oyukuus B(Z)=
=-exp [U*(Z)] aABaserca MHHHMAaJbHO ¢asosoil. das 3toro aocraroy-
HO 3HaTh 0 pajge Ut(Z), 4To OH orpaHHyeHn H He COJEPXKHT OTPHILa-
TeJbHLIX creneHell Z. CyliecTByeT ABa JA0Ka3aTeJbCTBa.

[lepBoe HOKasaTenbcTBO CJEAYEeT M3 TOrO, YTO MHHMAasg 4YacTh
B U(Z) Ha eIMHHYHOH OKPYKHOCTH XapaKrepuayeT ¢asoBHlil yrosa se-
auyubel B(Z). Ona toro urobn ¢ynxkuus B(Z) Oba MHHEMAJLHO
¢asoBoii, ee (asa He AOJIKHA YBEJHUHBATLCH NPH BpalleHHH Z 1o
eIHHHYHOMY KPYry Ha KpaThble 2n 3HaycHHS; APYTHMH cJ0BaMH, ¢asa
AOJKHA OBITH NepHomuyHoil ¢ mnepuojoMm 2m. Oueuano, uto ¢asza
GYHKUMH 1 Sin ©+up sin 20+4-... yAOBJETBOPSIET 3TOMY YCJOBHIO.
Bropoe nokasatenbcTBo Gosiee abCcTpakTHO. 3aMeTHM, UTO CYLLECTBYeT
e/lMHCTBEHHAsT BO3MoXHOCTb 1451 ¢yHkuun B(Z)=exp [U+(Zy)] 06-
paTuThCSl B HYJb IPH HEKOTOPOM 3HaueHHH Zo, Korga paa Ut (Zg)
paBeH —oo; JIPYTHMH CJIOBaMH, 3TO BO3MOXKHO, ecau pag Ut(Z) pac-
xoaamuitcs. OIHAKO 3TO HEBO3MOXKHO BHYTPH €IHHMYHOTO KPyra, Tak
KaK MBI HCHOJB30Baau s ¢yuknuu U(Z) norapudMuueckHi psin,
KOTOPbIit a0CcOII0THO CXOAMTCH HA €JIHHHYHOH OKPYMKHOCTH; 3TO 03HA-
yaer, uro pajx Ut(Z) cxoanrca (orpannden) BHYTPH kpyra. Ilockoiib-
Ky ¢yukuus B(Z) He MOKET HMETb HyJiell BHYVTPH eIMHHYHON OKPYiK-
HOCTH, TO OHa A0JIZKHA OblTb MHHHMaJbHO (hasoBOil.

YnpaxkHeuus

1. Kax moxuo noayunts QyHkuui B(Z), ecan |R|>2 Ha elunuuHoll OKpymxHOCH?

2. lNonoxnum, uto U+(Z)=aZ. daa snauennit a=—1, 0,1, 100 u i uszoGpasnure
Gyuxkuin Bpemedd, csssannsle ¢ B(Z). Hapucyfite taikxke ux cnexkrpul. Hariinire
CPelH HHX OJHMH, KOTOPHIL NOX0OX HA TayCCOBYIO KPHBYIO.

3. CeitcMorpaMMel MOryT OWTh CREKTDGABHO ypasuexs: Tyrem Aeaenus Oypne-
npeoGpasoBanist KAMA0H ceficMOrpaMMBl Ha ee MOJYJAb H NMOCAEAYIOLIEr0 YMHOMKCHHS
Ha cpeanHil MOAYJAb. DTO PaBHOCHILHO CBEPTKe C NMOMOILBIO CHMMETPHYHOTO (HJILTpA.
Kak moxHO onpefesuTh crnekrpajibHoe YpaBHHBaHHe CeHCMOTPAMMBI € NOMOULbI (hi-
3HYCCKH peajiH3yeMblX (QuabTpos?

4. Pacemorpure koapdHumentnl npoussoguoii no Z dynxkunn In B(Z)=U(Z)
H HaiijHTe PeKYPPeHTHBle COOTHOIUGHHS MAAs ONpeleNeHHsi up 10 3ajaHHoMy b, n
JJIS1 onpedesieHusi by 10 3aLalHOMY Un.
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3.5. METOJ1 KOJIMOTOPOBA [16]

Ecin 8 3BM BBegensl kosddumuentsl (x,, X,, X,,...) [0JHIOMa
X (Z), To roBopaT, 4To Mbl ,padoTacM BO BpemeHHoi obmacTa“. Ecau
Mbl H306pa3uM NoJiHOM X (Z) HEKOTOpPHIM YHCJAOM TOUTK HA eXHHUYHOH

’ : iw
OKpPYXXHOCTH, TO nMeeM uucaa Buaa X (e'*)X (e’ .., X(e "), Koto-

pbie Ha3BIBAIOTCA NpejcTaBieHneM noauHoma X (Z) B wacTtoTHOH obJa-
cti. B 10 e BpeMs OnicTpoe npeoGpasosaune Pypbe ABISETCH OYeHb
9KOHOMHBIM CpeACTBOM IlepeBoja QYHKIHA u3 BpeMeHHOH 00J4acTH
B CHEKTPaJbHYIO (4acToTHylo) H obOpartHo. [Tostomy nmpumeHenue me-
Tojla (paxkTopudanun BuTTas B yacToTrHON 00/1aCTH NPEeANOYTHTEILHO.
Kpome Toro, mosichum (pakTopH3alMIO CHEKTPa yxKe ¢ APYroii TOUKH
3peHHs.

Haunem ¢ HekoTopoil (pyHKUHH BpeMmenn HaH Z-npeoOpasoBaHHA
X(Z)=xo+x,Z4... OGosnauum uepes X, npeoGpazoBanue (PYyHKIUH
Bpemenu, T. e. X(Z), BbUHMCJAeHHOH a5 Hekoroporo uucaa (k==0,
I, ..., n) Touek HA eIMHHYHOH OKpy:KHOCTH. PaccMoTpuM TOMAecTBA

In (Ry) e QUk

Re=XpX,=e

Tenepy mpubGaBuM K Up u BBUTEM TIJ41KYI0 NPOH3BOJIBHYIO (YHK-
uuio O:

Ry=exp| 5 Uy — i) | exp [ 5 Us+i9y)|=B,B.

Teneps riaBHBEII BONPOC 3aK/IOMaeTCsl B TOM, KakKOH BHJI JIOJIKHA
umeth Gyuxuus @, yToOL rapaHTHpoBaThH NpeobpasoBaHHe (PYHKIIHH
B, B MuuuMaapHo (a3oBYI0 OJHOCTOPOHHIOW (DYHKUHIO BpeMenH. [Ipu
paccMOTpeHHH MeTojAa BHTT/AA MLl OTMeTH/IH, YTO Ba’KHeHIIHMH CBOM-
creaMu pspa U+(Z) saBasiioTca ero orpaHH4eHHOCTb H obpalieHHe

Uk
®n i) i ¢
—— RE PHC. 3.4. Onpenenenne dazonoii GyHk-

1 e Ro o : o
R — @ypue-npeoGpaszosanne; [ — dyHxuus,
’70\10 paBHadA H NPOTHRONOJAMMKHaA N0 3HAKY 14
™y OTPHLATENEHBIX SHAYeHHR [

BpeMeHHOH (pYHKUHR u4; B HyJb npu f=0. Tem cambiM MBI npeanoJa-
raem, uto ¢pyukuus @, monkHa GbITh BEIOpaHa TakuM 25pasom, 4TOOHI
cymma Up—+i®, npeobGpasoBannas BO BpeMenHywo o0Jactb, AaBana
B pesyabTare BpeMeHHYI0 (YHKUHMIO uti, paBHYIO HYJIIO IPH OTpHUA-
TeJIbHbIX 3HAUEHUSAX BpeMeHH. DTo Moxer ObITL CAeJaHo crnocoloM,
[IOKA3aHHBIM Ha puc. 3.4.

UroGul yBHAETh, KaK JIEFKO Ha caMoM JeJe HAHTH MHHMYIO Hevuer-
uyio uacth /O, BriGepeM MHTErpHpYyWOmHi (puapTp 13 pasnena 2.8 (Ou-
JAuHeiinoe peoGpa3oBanue) H H300pa3HM ero Ha puc. 3.5.
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Has onpenenenus ¢yuxunn O, BosbMmem ¢yunkunio U Bu Bpe-
MEHHOH 06J1aCTH, T. €. NOJYYHM Ui, 4 3aTe€M YMHOXKHM ee Ha JeHCTBH-
TeJBHYIO CTYNEHUYATyi0 BpeMeHHyio (yHKIHIO, NOKasaHHylo Ha pHC. 3.5.
Toraa noayuuMm ut¢=to, 41, ..., TEM CaMBIM MPeANOJaraercd, 4ro
B 4acTOTHON 0o6jacTH npousBefiena cBeprka Qynkumit Uy 0 8p—o4iX

Re Re

ey

Im=1/iw

PHC. 35. Ilapu Tpanchopmanuii, HenoabsyeMuix B npeobGpasosaunn [rabGepra

X (puabtp ¢ ¢asopeiMm capurom Ha 90°). Takum oGpasom, GyHKuHS
@ Hafinena.

PaccmoTpuM BHOBB ONepalii0 HCKIIOUEHHs BCeX OTPHIATENLHBIX
creneneil Z B pynkuun U(Z), Kak 310 GLLIO CIeJiaHO B TPEbIAYLIEM
pasjene npu nocrpoeHuu ¢yuxkuuu U+(Z). s npocToThl paccMOTpUM
cayuail neHCTBHTENbHHIX ry; TOrjda H (DYHKUHS i JAeHCTBUTeNbHA:

UZ)=.. +uZ7 Vugt+umZ+u22+-. . .
U=upcos 042u, cos o+2us cos 20+. ..

Tenepr coctaBuM HOBYI0 ¢yHKuHI0O @ nyTeM 3aMeHBl KOCHHYCOB Ha
CHHYCHl B IPeJLIAYIIEM BbIpaxKeHHH:

O=2u, sin o+2us sin 20+-. ..
O6weauuss ¢yukunan U u (@, nonyuum dynkunio Utp:

5 U4 i®)= o u,+ w24 u,Z' 4 ...=U* (2).

3aMeTHM, UTO onepalHs 3aMeHbl cos f Ha Sin { MOXKeT paccMaTpHBAaTh-
cA Kak duabrpauus ¢ ¢asosbiM cauroMm na 90°. B paccmarpuBaeMoMm
cayyae 3aMeHa COS® Ha Sin® JgaeT pe3yabTaT, 3akaioyalouuiics
B TOoM, yto Ut(Z) HMeeT TONBKO NOJNOKHTENbHEE KOIDDHIHEHTH
npu Z.

@axkropusauus cnektpa MetogoM KoamoropoBa oueHb OHCTPO
peanusyercss Ha DBM, Tak Kak B HeM MOLYT NIPHMEHATLCH OLICTPbIE
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npeoGpazosanna Pypee. IIpuHUMIHAABHBIM HEAOCTATKOM 3TOI0 METO-
Jla ABJAsieTcsl TO, UTO Pe3y/bTaT CYMMHPOBAHHS BAOJIb BCeH elHHHYHOM
OKDPYKHOCTH BCerja He3HaYHTeJbHO OTJHYAeTcs OT pesy/JbTara HHTe-
TPHPOBAHHA 10 OKPYXKHOCTH. Korjga cnekTp mpocT, a MOJIOCH pacro-
JIOXKeHbl O4YeHb OJIM3KO K elHHHUHOH OKpyxKHOCTH, Meroj Temanua
MOXKeT OKaszaThcsi Gojiee ynoBieTBOpHTeNbHEIM. IIpocrasi mporpamma
aas GakTopHsauMu cneKTpa npusBeAexa Ha puc. 3.6. IMoayuaemslil ¢ ee

LX=4 LX MUST BE A POWER OF 2.
WRITE(6,FMT) (CX(I),I=1,LX) PRINT THE TEST EXAMPLE.
CALL FORK(LX,CX,1.) FOURIER TRANSFORM.
DO 10 I=1,LX
10 CX(I)=.5*%CLOG(CX(I)*CONJG(CX(I))) FORM THE LOG OF THE SPECTRUM
CALL FORK(LX,CX,-1.) BEGIN THE HILBERT TRANSFORM
K=LX/2 LX MUST BE EVEN
DO 20 J=2,K LEAVE T=0 ALONE
CX(J)=CX (J)+CX(J) DOUBLE VALUES AT POSITIVE TIME
20 CX(LX+2-J)=0. ZERO VALUES AT NEGATIVE TIME
CALL FORK(LX,CX,+1.) END HILBERT TRANSFORM
DO 30 I=1,LX
30 CX(I)=CEXP(CX(I)) EXPONENTIATE
CALL FORK(LX,CX,-1.) INVERSE FOURIER TRANSFORM
WRITE (6,FMT) (CX(1),I=1,LX) PRINT MINIMUM PHASE WAVELET.

IN: ( 0.0, 0.0), ( 0.0, 8.0), (16.0, 0.0), ( 0.0, 0.0),
ouT: (15.6,-0.0), ( 0.0,-8.7), (-0.4,-0.0), ( 0.0,-0.7),

PHC. 3.6. ITporpamma, BRNOJHA0MASA HaKTOPH3ALMIO CHEKTPA ¢ MOMOUIBIO GHICTPOTO
npeobGpasosanns Qypne H npeoGpasosanus I'HabGepra. Komniekcuelii pacuer obssa-
TeneH

MOMOLILIO pe3y/bTaT SIBJASerTcs NPHOIMMKEHHLIM, TaK KaK HHTerpHpo-
BaHHe [0 eIHHHYHOH OKPYMKHOCTH anNpPOKCHMHPYETCH CYMMHPOBaHHEM
[I0 YeTHPEM TOUKAM.

YnpaxHeHus

1. Hanecure na puec. 3.4 A0NOMHHTENBHBE CTPEIKH, KOTOpPHEE notpebywores npu pabo-
Te ¢ KOMILTEKCHEIMH (DyHKIHAMH BPeMeHH.

2. Kakoii cmpic Gyler HMeTb NOHATHE MHHHMajabHO ¢ha3osBoit dopmui cHriana,
©CJAH BPEMEHHYIO H HYaCTOTHYIO 0G/1aCTH B3aHMHO NOMEHATH?

3. lMokaxnre, Kak nponssecti o6pathHoe npeoGpasosanue [HAbGepTa, OTHICKHBAs
u no safanuomy . Kak oO0BACHHTE TOT (DAKT, YTO HENb3s NOJAYUHTh BEJHUHHY Up?

4, PaccmorpuTe Mojelb HacTH 3eMad, B KOTOPOil X SABISETCA KOOPAHHATOMH
B HalpaB/ielHd Ha ceBep, -2 mnpeAcTaBAfeT BHICOTY Hajl MOBEPXHOCTBIO 3eMJH,
a MATHHTHHIE Te/a 