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NMPEJWCJIOBHUE K YETBEPTOMY U3 AHHIO

«Pannorexnugeckue nenu u curianb (PTLLuC)— 6asoBriil Kypc B cucreMe Noa-
TOTOBKH COBPEMEHHOT0o HHXKeHepa B 00J1aCTH PaJUOTEXHHKH U PafHO3JIeKTPOHH-
Ki. Ero neabto siBasiercsi usydeHne yHIaMeHTaNbHbIX 3aKOHOMepHOCTef, CBsi-
3aHHBIX C TNOJIy4eHHEM CHUTHAJOB, UX Nepejavell Mo KaHanaMm cBsi3H, 00paboTKoO#
H npeobpasoBaHHeM B papuorexHuueckux uensix. Kypc PTLuC, onuparomuii-
cfl Ha Takue JUCUMIVIHHBI, Kak «MaremaTtuka», «®Pusnuka», «OCHOBb TeOpHH
Lenei», BBOAUT CTYJEHTOB B KPYT HOBLIX NOHATUH U TepMHHOB, I1y6OKOe MOHH-
MaHHe U yCBOEHHe KOTOPBLIX HeoOXOAHMO /1Sl H3yUeHUs MOCJIEeRYIOWHX HHXKeHep-
HBIX JUCUHIVIHH: 3TO TOT A3bIK, Ha KOTOPOM FOBOPST COBpeMeHHbe palHOHHXKe-
Hepbl. M3anaraemsie B kypce PTLMC MeTonbl aHanu3a CUTHAMOB U PafHOTeXHHYe-
CKHX Lieneill HCMOJb3YIOT MaTeMaTHYecKH#l annapar, B OCHOBHOM H3BEeCTHBIH
CTYJIeHTaM U3 NpPeNILecTBYIOIIUX AMCHUMIVIMH. Baxuas 3anava kypca PTHuC —
Hay4yHTb CTYAEHTOB BbIGHpaThb MaTeMaTHYeCKHH anmapar, aieKBaTHbIH peliaeMo#
3ajiaye, NoKa3arb, Kak paboTaer 3TOT annapar npu pellieHHd KOHKPeTHBIX Ha-
YUYHBIX H TEXHHYECKHX 3ajiay B 06/1acTH pafHoTeXHUKH. He MeHee BaXKHO HAyUUThb
CTYJAEHTOB BHJETb TECHYIO CBfidb MaTeMaTHYeCKOro ONHcaHHf ¢ PU3HIECKOH CTO-
pPOHOH paccMaTpuBaeMOro siBJi€HHs, YMeTb COCTaBJfATL MaTeMaTHYeCKHe MOJesH
H3y4YaeMbIX [POIECCOB,

PanuoaniekTpoHuka siBisieTcsl OTpPac/blo 3HaHHH, upe3BbiuafiHO GbICTPO pas-
BHBalOlleHACs KaK B HAYYHOM, TaK U B TE€XHHYeCKOM myaHe. [ToaBAAIOTCS HOBbie
Hanpas/IeHHs, UCMOJb3YIOUe KaK HOBble HayuHble HIed W MEeTOJbl, TaK H Ho-
BhIE€ CXEMCTeXHHYecKHe PellleHH s, HOBYIO TeXHHUecKy1o 6a3y. OJIHaKo H HEKOTOpbIe
«CTapble», TpafHLHOHHEIE METOAB! U HJEH He OTMUPAIOT, OCTAIOTCS HEOGXOAUMBIMH
B apceHasle paauouHKeHepa. JT0 0OCTOSTENLCTBO 3aCTaBJ/ISiET XKECTKO OTGHPATh
MartepuaJ, H3JaraeMblii B Kypce Tak, 4ToObl OH OTBeuaJs COBpeMeHHbIM' TPeboBa-
HHSIM H YYUTbIBaJ TeHAEHUUH Pa3BHTUS PAHO/IEKTPOHUKH. HensbexxHO 3a paM-
KaMH KypPca OCTaloTCsl KOHKPeTHbIe BONPOCH CXeMOTEXHHKH, XOTs1 NP HHIHIIHAb-
HEle BOINPOCH!, HEOGXOAHMBIE JJIs1 TOHHMaHHS CXeMOTEXHHUYECKHX 3a/1a4, B Kypce
OCBeLLaloTCSl.

KakoB xe Kpyr BompocoB, KOTOpbie B HacTosiliee Bpemsi HaunboJiee BaXKHBI
AAs1 GOMBLIMHCTBA NPUJIOKEEHH PajHO3JIEKTPOHHKH H B COOTBETCTBHH C HOBOH
nporpamMmoii YMY-T-7/171 ROKHBI COCTaBJsATH OCHOBHOE cOlepKaHHe Kypca
PTLLuC?

Bo-nepBbix, 3TO BONPOCH TEOPUH CHIHAJMOB:

CHEKTPa/IbHLIA H KOPPEJISILIMOHHBIA aHa/MN3 HHPOPMALHOHHBIX H YAPaBJsioO-
ILMX CHTHAJOB,

0COOeHHOCTH CMEKTPANbHOTO M KOPPEJIALHOHHOTO aHa/lH3a Y3KOMOJOCHBIX
PalHOCHTHaJIOB, BBeleHHe NOHATHH KOMINIEKCHOrO H aHAJIHTHYECKOrO CHIHAMOB;

OCHOBBl TEOPUH AHCKPETHBIX H LH(POBLIX CHUTHAJIOB;

CTaTH CTHYECKHH aHaA/U3 CJYYaHHbIX CHIHAJIOB U MOMEX, H3y4YaeMblll B eAHHOM
KOMIlIeKce C JeTePMHHUPOBAHHBIMH CHTHAJIaMH.



Bo-BTOpLIX, 3TO Teopusi Npeo6pa3oBaHHsl NepPeyHCsIeHHbIX Bbillle CHIHANOB B
JIMHeHHBIX lensx -— anepHOAMYECKHX M HaCTOTHO-H36MPATENbHBIX.

B-TperbuX, 3TO OCHOBHbIE NMOJIOXKEHHsI TEOPHH HeNMHEHHBIX H Mapamerpuye-
CKHX YCTPOHCTB M mpeoOpa3oBaHH B HHX CHTHAJIOB.

BaxkHoe 3HaueHHe nMpHOGPesH BOMPOCH TeOpHH LiH(pPoBOH 06PaBOTKH CHIHA-
JIOB, ONTHMaNIbHOK 06pabOTKH CHTHAJIOB Ha (oHe nomexX H OCHOBHBIE MOJIOXKEHUS
TEOPHH CHHTe3a PaJHOTEeXHHY eCKHX lieffefi — aHANOTOBBIX H LH(POBBIX.

B cBere nepeunciieHHbIX TpeOOBaHHi B KHUT'Y BBe/leHbl HOBBIE pa3fienbl U Clie-
JlaHbl NOTIOJNIHEHHsl, YYUTHIBAIOLIHE CIeilupHKy COBpeMeHHOH 3JIeMeHTHOH 6a3bl,
HOBBIX METOJOB MpEJCTaBIeHHsI CHTHAJIOB U MeToloB HX o6paGorku. CoBpeMen-
HbIl KYPC, MOCBSILEHHbIH PaJIHOLENSIM H CHI'HAJIaM, HEBO3MOXKEH 6€3 H3JIOXKEeHH s
OCHOBHBIX NOHSTHH HOBOTO NPHHIINNA 0GPAabOTKH MyJIbTHINIHKATHBHLIX H «CBep-
HYTbIX» CHIHaJIOB (0600LLEeHHAast JiWHeliHas (HJbTpPalHMs), a8 TaKXKe Kencrpasb-
HOro aHanusa. JIns ysiCHeHMS STHX TNMOHATHH TpeOyeTcsi 3HAKOMCTBO CO BCEM
npebiAyIHM COLEpKaHHEM Kypca, 4To H 06GyC/OBHJIO TOMellleHHe HOBOH IJ1aBbl
«O6o6uennas JuHefinas ¢uabTpanns. Kencrpanpubifi aHalu3» B KOHIE KHHTH.

Matepuan npeapinylero u3iaHus nepepaGoTaH M B METOAHYECKOM [JIaHe C
11eJIbIO MOBbILIEHHS ero J0XOAYMBOCTH. MarepHaJ NORBLILIEHHOH CJIOXKHOCTH, pac-
CUHTaHHBIA Ha Goslee NOATOTOBJEHHBIX CTYAEHTOB, HabpaH TETHTOM.

B pa6oTe HaJl KHHrOH M NpH MOATOTOBKE PYKONHCH aBTOpP NOJb30BAJICA
LCHHBIMH COBE€TAMH M KDHTHYECKHMMH 3aMeyaHUsIMH psja COTPYAHHKOB
kadenpn paauorexHuku MAM, a TakxKe Apyrux BY30B M Hay4HO-HCCJEHO-
BaTeJIbCKHX HHCTHTYTOB.

K peuensupoBaHHi0O KHUrM ObliM mnpuBJiedeHbl Kadeapbl ['opbKoBCKoro
NOJIMTEXHHYECKOr0 MHCTHUTYTa «Teopus uneneft n curHanoB» u «Paanorexnu-
yecKHe CHCTeMbl». BoJiblioe 4HC/I0 KDHTHYECKHX 3aMeuaHHil M LeHHBIX peKo-
MEHJauHu#, CleJaHHbIX KOJJEeKTHBAMH 3THX Kadelp, NO3BOJHJIO CYyLIeCTBEH-
HO YJYUIIMTb cofepxkaHue yde6HuKa. [Ipn oKOHUaTeNbLHOM pelaKTHPOBaHHH
pyKonucH OblIM YuTeHbl 3aMeyaHHsi M IOXKeJaHMs psja YJIeHOB HayuHo-
meroavueckoit komuccun MB u CCO CCCP mno paauoTeXHHKe M paiuo-
ynpasJeHuio. Bcem kosjieram aBTOp BhlpaXKaeT CBOIO HCKPEHHIOIO NMpPH3Ha-
TeJbHOCTb.



Fnasa 1. OBIIASl XAPAKTEPHCTHKA
PAOJMOTEXHHMYECKHX ITPOLIECCOB,
CHUTI'HAJIOB Y LIETIEN

1.1. MEPEJAYA CMT'HAJIOB HA PACCTOSTHUE
N HCIIOJIb3YEMbDIE B PAIMOTEXHUKE YACTOTbI

OcHoBHO#t 3amauell paaMOTeXHUKHU fIBJISIETCH Nepefava cooOLIEHHS HA paccTosi-
Hue. Paccrosinne paspensier oTIpaBHTelNst M ajpecaTa, JaTYMK KOMAHJ H HCIOJe
HHUTEJbHOE YCTPOHACTBO, UCC/IefyeMBIH MPOLECC H H3MepUTeIbHbI MeXaHH3M, HC-
TOYHHK KOCMHYECKOTO pPaAHOM3/yYeHHsI U PerHCTpUp yioui npuGop paauorene-
CKomna, pasiuuHble 6/10KH 9BM — c/0BoM, HCTOYHHK U moTpebutesb HHPOpMa-
IHHU.

Paccrosinue, Ha KoTopoe mepefaeTcsi cooGLIEHHE, MOXKET GhITh OYeHb He3Ha-
YYTeNIbHBIM (nepefada KoMaup B DBM ot onHoro 6Jioka K JpYyroMy) HJH OrpoM-
HbIM (MEXKOHTHHEHTaJbHAasi WJM KOCMHYecKas cBs3b). [lepeiada cooOuieHuit
OCYILECTBJISIETCS C MIOMOLILBIO MPOBOJAHBIX, KaGeNbHbIX, BOJTHOBOIHEIX JIHHUH HJIH
B cBOGOZHOM npocTpaHcTBe. EcTecTBeHHO, YTO AJIS MepeAayy CUIHAJIOB 11e1ecoo6-
Pa3HO HCMOJMb30BaTh Te GU3HYECKHe MPOLECCh, KOTOPhIe HMEIOT CBOHCTBO Nepe-
memaTthes. K guciy TakHX MpoLeccOB OTHOCATCS NpPHMEHsieMble B pagHOTEXHHKE
3JIEKTPOMATHUTHbIE  KoJIeGaHHsl — PafHOBOJIHBI.

JIio6oit  usuyeckuil npouecc, MUCMONb3yeMblil B KauecTBe areHrta (mocpel-
HHMKa, MepeHocYnKa) JJIs nepenayd HHpopMauuH, JoskeH 06J1ajaTh CBOHCTBOM
NPHHHMATh BCIO COBOKYIHOCTb COCTOSHUH, MO KOTOPHIM MOXHO OBLIO GhI OXHO-
3HAYHO YCTAHOBHThH COOTBETCTBYIOLLEE COCTOsSIHHE 06'bEKTa HJIH Tpoliecca, siBJSIOo-
ierocsi HCTOYHUKOM HHbopManuu. JIJist 3Toro paauoBOJIHEI OABEPTaOT MORY IS~
uuu. [Tponecc Mopy sy 3aK/MOYaeTCs B TOM, YTO BEICOKOYACTOTHOE KosleGaHue,
CMocoGHOe PacnpoCTPaHATHCH Ha GOJIbIIHE PACCTOSIHHMSA, HaledseTcs NMpH3HaKa-
MH, XapaKTepH3YIOUWHMH nose3Hoe coobuieHue. Takum ob6pasom, 310 KosiebGaHue
HCMOJIb3yeTcsl KaK MepeHOCUYHK COOOLIeHHS, MOAJIeXKallero nepepave.

Bri6op nsuHEI BOJIHBEI H3J1y4aeMoro KoJieGaHHsi BechMa CYILECTBeH Aisi obec-
neyeHHs! YCTOHYMBOM 1 HaJleXXHOH CBsI3H. BEIGOp TOro HJIH HHOTO AMana3oHa BOJIH
IJIAl KaXXI0H KOHKPETHOM CHCTEMbI CBSI3H OMNpefesisieTcs cIeAyIouuMy hakTopamu:

0COGEHHOCTBIO paclpoCTpaHEHUs 3JEKTPOMArHUTHBIX BOJIH JAHHOrO Auamna-
30Ha;

XapakTepoM INoMeX B JaHHOM JHaNasoHe;

XapakTepoM cooOmweHusi (LIHPUHOA CnekTpa);

raGapyTHBIMH pa3MepaMH aHTEHHOM CHCTEMBI, HEOGXOAUMBIMU VIl OCYLIECT-
BJIEHMSl HanpaBJIEHHOTO HU3JIyYeHHS.

[MpakTuuecku AJsi HCNOJAb30BAHUS NMPUTOAHBEI T€ YYACTKH JHana3oHa, B Ko-
TOPBIX obecneuxBaloTCsi G1aronpHsTHBIE YCJIOBUS PacrpoOCTPaHEHHs] PaJHOBOJIH
¥ B [IpUEMJIEMOH CTeNeHH yJOBJIETBOP SIOTCA OCTANbHEIE epeuHc/IeHHble YCIOBHUS.

Ins1 coBpeMeHHO# paiHOTEXHHKH XapaKTepHbl HHTEHCHBHOE H3yYeHHe MaJio-
HCC/IeJlOBaHHBIX AHANa30HOB BOJIH U CTPEMJIEHHe K pacllMpeHHIO JHanasoHa Hc-
NoJIb3yeMbIX BOJIH B CTOPOHY KaK BecbMa JJIHHHBIX, TaK H KOPOTKHX, BIVIOTb J0
cBeToBLIX. [locsiennee He JOMKHO Ka3aTbCs CTPAHHBIM, TaK KAaK PafHOBOJIHBI
H CBETOBble BOJIHbI HMEIOT OJUHAKOBYIO NMPHPOAY (3JIEKTPOMAarHHUTHBIE BOJIHBI).

6Honlpai13neneuue PaAuOBOJIH Ha JHana3oHbl, BOLIeAllee B MPAaKTHKY, AAHO B
Taba. 1.1,



Ta6anua 1.1

Boanu Juanasol pagHososH pﬂlﬁ:?z.’:;, Hepe::;f:ﬁeuue
JlekameramerpoBnie 100 000— 10 000 xm 3—30 I'm
MerameTpoBne 10 000— 1000 xm 30—300 I'n
I'exToKHIOMETPOBLIE 1000—100 k™ 300—3000 I'm
MupuamerpoBnie 100—10 k™ 3—30 kl'y Cpepxa/iuHHbIE
Kunomerposrie 10—1 KM 30—300 xI'y JnnHHbIE
TekromeTpoBhie 1000—100 M 300—3000 xTI'y | Cpexnue
Jekamerposbie 100—10 M 3—30 MI'y Kopotkue
Merposrie 10—1 M™ 30—300 MI'y
JeunumerpoBne 100—10 cMm 300—3000 MIyg
CaHTHMeETpOBLIE 10—1 cM 3—30 I'Tu Y AbTpaKopOTKHe
MuanrMeTpoBLIe 10—1 mm 30—300 I'’'y
JlenHMH/IIHMETPOBLIE 1—0,1 MM 300—3000 I'Ty | Cy6MuiIEMeTPOBLIE

MpumeuaHue. JIIHHA BOAHM A CBAi3aHa C NEPHOAOM Ko.e6GaHust T uaM c wacroroft f=1/T coor-
HouweHueM A=cT=c/f, rRe ¢=23-10% M/c —CKOPOCTb PacNpOCTPaHEHH¥ 9JEKTPOMarHHTHbHIX BOJH B Ba-

Kyyme.

CBsi3b Ha MHpPHaMeTPOBHIX H KHJIOMETPOBbIX BOJIHAX, NPHMEHSBIIAsACS Ha
nepBOM 3Tane pasBHTHA pajuoTesNerpaduH, HMeeT ABa GOJBLIHX HEAOCTaTKa:

HeoGXOAMMOCTb GOMBILOH MOLIHOCTH NMepejaTYHKa H3-3a CHJLHOrO MNOrJjoile-
HHS NIOBEP XHOCTHOMH BOJIHLI [IPH €e pacnpOCTPaHeHHH HaJ 3eMHOH NOBEPXHOCTHIO;

HEBO3MOXKHOCTb NepeJjayd CHIHaJIOB, LIHPHHA CNEKTPa KOTOPBLIX COM3MepHMa
C HecymeH 4acTOTOH.

IekToMeTpoBLIe BOJIHB MOJNYYHJH LIHPOKOE NPHMEHEHHEe B PajHOBEUIAHHH.
OCHOBHBIM NPEHMYIIECTBOM CBfI3H Ha 3THX BOJIHAX sIBJISETCA YCTOHYMBOCTb NPH-
€Ma, HeNOoCTaTKOM — TPYAHOCTb obecneueHHUs GOMbHION AaNbHOCTH JEACTBHS.
ITosToMy Ha TaKHX BOJIHaX OCYUIECTBJISIETCS NPEHMYLIECTBEHHO MECTHOe panHo-
BelllaHHe B 30HE C PaJiHyCOM B HECKOJIBKO COTEH KHJIOMeTpoB. JIHiib HeGoblIoe
YHCJIO CBEPXMOIHBIX FéKTOMETPOBbIX PaJHOCTaHIH# 06CyKHBaeT GoJibLIHe pafio-
He. B CCCP, umeroleM orpoMHYIO TepPHTOPHIO, CYLIECTBYIOT HaHG0/1€e MOLIHbIE
B MHpE pajHOBelHATeJbHble CTaHLHH 3TOr0 AHAaNas’oHa.

I'naBHEIe NpenMyIEecTBa JAeKaMeTPOBLIX BOJIH — BO3MOXHOCTb OOecneyeHHst
GonbLIOH NaNbHOCTH AeHCTBHS MIPH OTHOCHTENBLHO MaJIoH MOLIHOCTH NepeRaTuHKa
H BO3MOXKHOCTb OCYUIECTBJIEHHSI HanpaBJeHHOro H3jaydyeHHs. OCHOBHLIM HeJlO-
CTaTKOM CBSI3H Ha ITHX BOJIHaX sIBJIsieTcsi KoJlebaHHe yPOBHs NPHHHMASMOro CHT-
HaJia (3aMHpaHHe), 4aCTO CONPOBOKAAIOMIEeCs CHIBHLIMH HCKaXXEHHSIMH Tepena-
YH NPH CJIOKHOH CTPYKTYpE CHIHANA, COCTOSILETO H3 6OJBILIOro YHc/ia KOMIOHEH-
TOB € Pa3/iIHYHBIMH YaCTOTaMH. YCJIOBHSI PaclpOCTPaHEHHs HEOAHHAKOBHI AJIst
PasNHUHBIX COCTABJISIIOIIMX CNEKTPa CHrHajla. OTO siBleHHe, Ha3blBaeMoe H3GH-
paTesibHBIM 3aMHPaHHEM, MPHBOAUT K BPEMEHHBIM BBHINAJEHHSIM H3 CNEKTPA CHI-
Ha/la OTAEJbHBIX COCTaBJSIIOUHMX ‘HJIH, HA060POT, K YBEJIHYEHHIQ HX aMIVIHTYA.
Takum o6pasom, B TOUKe NpHeMa HapyluaeTcsi MPABHJIbHOE COOTHOLIEHHE MEXIY
OT/@JIbHEIMH CNEKTPaJIbHEIMM KOMIIOHEHTaMH CHrHaJsa, B pe3y/bTare 4ero Hcka-
2KAIoTCsA ero TeMGp M YHcTOoTa. Tak Kak siBleHHe H3GHpaTeNbHOIO 3aMHPaHHs Npo-
SIBJISIETCSA TeM CHJIbHEE, YeM IUHpE CNEeKTP CHrHaJa, TO Ha JeKaMeTPOBLIX BOJHAX
OCYILECTBJIATL Nepeaauy TakKHX CNOXKHBIX CHTHAJOB, KaK, HaNpHMep, TeJIeBU3HOH-
Hble, NPaKTHYECKH HEBO3MOXKHO. )

Boabmofi skcnepuMeHTaNbHEIH MaTepHas Mo PacnpoCTPAHEHHIO AEKaMeTpo-
BhIX BOJIH NMO3BOJIHJI YCTAHOBHTH ONTHMAJIbHbIE JAJIMHBI BOJIH JJIsl PasjIMYHBIX 4a-
COB CYTOK H BpEMEHH rofia, UTO OTKPBLIO NYTh IIHPOKOMY Pa3BHTHIO KOPOTKO-
BOJIHOBOro pajHoBellaHHsi. B Hacrosiuiee BpeMsi JeKameTPOBbie BOJIHHI IIHPOKO
NPHMEHSAIOTCA TakXkKe B pajuoTeserpaduH Ha MarucTpasibHbIX JIMHHSAX CBS3H,
B MODCKOH M aBHAUMOHHOH paJHOHaBHIalUH.
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B peay/ibTaTe OCBOEHHs AManasoHoB paauoBosH 10 M—O0,1 MM nosiBHAHCH
HOBhIe 06JIaCTH PafiHOBEllaHHs, B YaCTHOCTH TeJleBH3HOHHbIe. [lis AuanasoHa
METPOBEIX BOJIH XapaKTepHO yJauHOe COueTaHHe CJENYIOmHX ABYX (haKTOpOB.
[1puMeHeHHe OUeHb BLICOKOi YaCTOTHI H3JyYeHH s NI03BOJISIET COOTBETCTBEHHO pac-
IIHPHUTb MOJIOCY YacTOT nepefiaBaeMoro cooOLIEHHs, TaK KaK yCJIOBHS Mepefavu
H YCHJIEHHSI CUTHaJIOB B pajyoannaparype Onpeiessiiorcsi B OCHOBHOM OTHOCH-
TeJIbHON WIHPHHOM cnekTpa curHana. OcOGeHHOCTH XKe pacnpocTPaHEeHHS METpO-
BHIX BOJIH (B mpejesiax MpsiMOil BHAMMOCTH) MOUYTH MOJHOCTbIO HCKJIOYAIOT HC-
Ka)KEHHsl CHTHa/la M3-3a MHTep(epeHIHH BOJNH, PacnpoCTpaHSIOMHUXCs N0 pas-
HBIM TNYyTSM.

W3 npusegerHoro Kparkoro o63opa BHAHO, YTO pa3BUTHe PafHOTEXHHKH Xa-
paKTepH3yeTcsi HenpephiBHBIM pacHIMPEHHEM HCNOJIb3yeMbIX AHAnasoHOB BOJIH.

U3 Kkypca pusukH u3BeCcTHO, 4TO 3(ppeKTHBHOE H3/TyyeHHe IJIEKTPOMArHHT -
HO SHEPTrHH MOXKHO OCYIIECTBHTD JIHIIb NMPH YCJIOBUH, YTO reOMeTPHYECKHe pas-
MepHl Hajyyaiomeii CHCTEMbl COM3MEPHMBI C JJIHHOH BoJHbI. [TosromMy nepenaua
cooGLIeHH# B [UanasoHe MHPHaMeTPOBLIX BOJH 3aTpynHeHa. Hanporus, ais axa-
NasoHa CBeTOBLIX BOJIH MOXKHO CO3JaThb MaJloraGapHTHbieé M3JIyyaTelH C Ype3Bbl-
Yal{HO BLICOKO# HalpaBJIEHHOCTHIO H OTPOMHOH KOHLIEHTpalHel SHEpTHH B Jyde.
Hanpumep, syy, nocianubiit ¢ 3eMin, o6pasyer Ha noBepXHOCTH JIYHBI NSTHO
JHaMeTpoM BCero JHiib B HECKOJbKO coTeH MeTpoB. OIHAKO HCNOJIb30BaHHE CBe-
TOBBIX BOJIH JJIsi epefjayd COOOMLIEHHH CBSI3aHO C TPYAHOCT IMH peajiH3alHH Mo-
AyJSILAH, TNpHEMa, a TaKkKe C BJIHSHHEM NOTOAHBIX YCJOBHH M T. A.

1.2. IPEOBPA3OBAHHE CHI'HAJIOB
B PAIUOTEXHHUYECKHX CUCTEMAX

B npouecce nepepaun i npuema cooClieHH# CHIHaJbl MOABEPraioTcst pas-
JAHYHBIM npeoGpasoBanHusM. HekoTophie M3 3THX npeoGpasoBaHMil fABJISIOTCS
THIIOEBIMH, - 06513aTeJIbHEIME JJ1s1 GOJILHIHHCTBA PafMOTEXHHUECKHX CHCTEM Hesa-
BHCHMO OT HX Ha3HauyeHH s, a TaKxkKe OT XapaKkTepa nepefaBaeMbIX COOOIIEHHH.
Iepeuncinm 3T QyHIaM eHTaJbHbIE TIPOLECCH M MOMYTHO OTMETHM HX OCHOBHEIE
YepThl IPUMEHHTEJBHO K OGOOLIEHHOH CXeMe PaJHOTeXHHYECKOTO KaHasa, npea-
craBJieHHOH Ha pHc. 1.1.

Mpeo6pasoBanne HCXOZHOrO COOGILEHHS B NEKTPHUECKHNA CHTHAJ H KOJH-
poBanne. [Ipu nepenaye peud H My3biKH Takoe npeobpa3oBaHHe OCYLIECTBIsET-
cf ¢ NoMomblo MHKpodoHa, NPH Tepelaye H300paKeHH# (TedeBHIEHHE) — C
NoMOWbI0 nepejalomux TpyGok (HanpuMep. cynepopTukoHa). Ilpu nepenade
MHChMEHHOTo cooOlieHus (p agHoTeerpadHs) cHadala OCYLIECTBJASIOT KOXHPOBa-
HHe, 3aKJoyaloleecs B TOM , YTO Kaxjas OyKBa TeKcTa 3aMeHsieTcsl KoMOHHalHel
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CTaHJapTHHIX CUMBOJIOB (HampHMep, ToYeK, THpe U nay3 B kofe Mopae), KoTophie
3aTeM npeo6pasyloT B CTaHAAPTHbLIE 3JIeKTPHYeCKHe CUTHAJIBL (HalpHMep, HMITYJIb-
Chl pPasHOH NIMTEJBHOCTH WM pPasHOH NOJSPHOCTH).

Crnenyer oTMeTHTb, 4TO cxeMa Ha puc. 1.1 cooTBeTcTByeT BBelieHHIO HH(OP-
MallMH «B Hayajle» KaHalla CBSI3H, T. €. HeMOCPeICTBEHHO B nepeaarunke. Heckolb-
KO HHaue oO6CTOHUT JeJIo, HanpuMep, B palHOJIOKAOHHOM KaHaje, rie HH(opMa-
1M O LieJIH (JaJIbHOCTb, BBICOTA, CKOPOCTDb H T. A.) NOJyYaeTcs B pe3yJbTarte NpHu-
eMa pajUOBOJIHBI, OTPaX<€HHOH OT LeJH.

lenepauusi BbICOKOYACTOTHBIX KojeGanuil. BricOKouacTOTHHII reHepartop
SIBJISIeTCS HCTOYHHKOM KoJieGaHUN Hecyllefl 4acTOThl. B 3aBHCHMOCTHM OT HasHa-
YeHHs pafiiOKaHaJia CBS3H MOLIHOCTb KOJIeGaHU# H3MEeHseTCsl OT THICSYHBIX JoJeft
JI0 MHJIJIHOHOB BaTT. EcTecTBEeHHO, YTO KOHCTPYKTHBHEIE POPMBI U pasMephl 3THX
reHepaTopoB PasjIMyHBEl — OT MpocTeiilero MajoraGapHTHOro 3J1eMeHTa J0 I'paH-
JIMO3HOTO TeXHUYECKOI'O COOPYIKEHHS.

OCHOBHBIMH XapaKTEPHCTHKAMH BLICOKOYACTOTHOTO reHepaTopa SBJSIOTCH
4acToTa H JAHanas’oHHOCTb (BO3MOXXHOCTb GHICTPOi MepecTpoiKH ¢ OfHON paboyeit
YacToTel Ha JApyryio), momHocTt H KILJ. OcobeHHO BaxKHOe 3HaueHHe JJIsi pa-
JMOTEXHHKH MMeeT CTaGWJILHOCTh YacTOThl KoJieGaHWil. ¥ CJIOBHS pacHpocTpa-
HeHHs PajvOBOJIH M LIMPOKHH CNEKTP YacTOT JUKTYIOT NpHMeHeHHe OYeHb BRICO -
KHX HecyLIHX YacToT. ¥ CJIOBHS Ke 06paGOTKH CHI'HAJIOB Ha (OHe NmoMeX H Heo6-
XOZHMOCTb OcJiabJieHHsl B3aHMHLIX TOMeX MeX/y Pas/IHuHBIMH pajuoKaHajlaMH
3acTaBJ/IsiOT JoOMBaTbCSl MAaKCHMaJbHO BO3MOXKHOTO YMEHbIIEHHS abGCOMIOTHBIX
H3MeHeHHH YacTOTH. 310 NPHUBOJMT K Ype3BhIYAaHHO XKECTKUM TPeOOBaHUSIM K OT-
HOCHTEJNLHOH CTaGHJIBHOCTH 4YacCTOTHI.

Ynpasaenne koaeGanusmu (Moayasiumsi). Ilpouecc MOAYJMSIHH 3aKJiO-
qaercs: B U3MEHEHHH OJIHOTO WJIH HEeCKOJIbKHX MapaMeTpoB BEICOKOYACTOTHOro KO-
JebaHus 1Mo 3aKOHY nepeflaBaeMoro cooOuwenusi. YacToTh MOAYJIHPYIOLIEro CHr-
Hasla, KaK NpaBuJio, MaJbl 10 CPaBHEHHIO C HeCcyuel yacToToi reHeparopa. s
OCYILECTBJIEHHS] MOAYJIALMH HCNONb3YIOTCH Pa3jIdyHple NpPHeMBl, OGbIYHO OCHO-
BaHHble Ha M3MEHEHHH INOTEeHLHaka 3JIEKTPOJOB 3JIEKTPOHHBIX NPHUOOPOB, BXO-
ISIKX B pajnonepejaoumee ycTpoiictBo. OCHOBHasi XapaKTepHCTHKA Mpolecca
MOJYJISIIIMA — CTENeHb COOTBETCTBHS MeX/Ay H3MeHeHHeM Tlapamerpa BbicOKoYa-
CTOTHOrO KoJIeGaHHS M MOZAYJHDPYIOWINM CHIHAJIOM.

Ycuaenne ciaaGbiX CHrHAJIOB B npHeMHHKe. AHTeHHa NMpHEMHHKa YJIAaBJIHBA-
€T HUYTOXKHYIO JOJIIO SHepPTHH, H3JyyaeMoil aHTeHHOH nepejaruuka. B 3aBuch-
MOCTH OT PacCTOSIHHSI MeXJy Nepejaiomel ¥ NpHeMHOH CTAaHLMUSMH, OT CTeNeHH
HanpaBJIeHHOCTH HM3JIyYeHHS] aHTeHH M YCJIOBHMH pacnpocTpaHeHUsl PaJHOBOJH
MOILIHOCTb Ha BXofle mpueMHuKa 10—1° — 10-* Br. Ha Bhixone e npueMHHKa
JUISl HaJIeXKHOH perucTpaiyy Curaaia Tpebyercs MOIHOCTL NMOPSJKa eJMHHAL BaTT
u Gosee. OTciozia cJIefiyeT, YTO YCHJIeHHe B NPHEMHHKE JOJIKHO JocTurath 10'—
10" nmo momuoctd wuau 10°—107 mo HampsiKeHHIO.

B coBpemeHHEIX NpHeMHHKaXx yBepeHHas PEerHCTpPalys CHrHajla obecreyu-
BaeTcs NpH HanpsiKEeHHAX Ha BXofe mnopsifika 1 MKB. Pemenue stoit c/ioxHO#
3aJ]aYH OKa3hIBaeTCs BO3MOXKHBIM 6Jiarofiapsi HOCTHXXEHHSIM COBPEMEeHHOH 3JieK-
TPOHUKH. Bouiblllyio posib UrpaloT TaKKe ClielidalbHble METO/bl TOCTPOEHHS CXeM
NPHEMHHKOB, ofecneunBaloliye 6OJbLIOE YCHJIEHHE NMPH COXpaHeHHH YCTOHYH-
BOCTH paboTHl NpHEMHHKA.

[IpoGneMa ycujieHHsi B NpPHEMHHKe HeOTAeJHMa OT NpoGJieMbl BbEIEHHS
cursaja Ha ¢one nomex. [TosToMy OfHUM H3 OCHOBHBIX NapaMeTpPOB NPHEMHHKaA
sIBJIsSieTcsl U36HpPaTebHOCTh, NOJ KOTOPOH NofpasymeBaeTcsl COCOOHOCTb BhIAE-
JIITh TOJI€3HBIE CHTHAJILI M3 COBOKYMHOCTH CHTHa/Ma U NMOCTOPOHHHX BO3JeHCTBHH
(moMex), OTJIMYAIOLIKXCsI OT CHrHaJsa yacTorolf. UacToTHast n36HpaTeIbHOCTD OCY-
LIECTBJISIETCS C MOMOLLBIO PE30HAHCHBIX  KoslebaTe/IbHBIX lene.

BbieneHue cO00LIEHHs] M3 BbICOKOYACTOTHOrO KoeGaHHs (JeTEeKTHpOBaHHE
H IekofupoBaHKe), JleTeKTHpoBaHue siBasercs NMpoueccoM, o6paTHHIM MOLYJS-
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uuu. B pesyJibTaTe JeTeKTHPOBaHHA JOJKHO GLITh MOJNYYEHO HanpsiKeHHe (TOK),
M3MeHsIOLIeecs BO BPEMEHH TaK JKe, KaK H3MeHsieTcsi OJMH 3 napamerpoB (am-
NJMTYJAa, YacToTa uaH ¢a3a) MOAYVIHPOBAHHOrO KoJjiebaHHs, T. €. JO/UKHO JBITh
BOCCTaHOBJIEHO nepejaBaemoe cooGiieHune. JleTekTop, Kak npaBHJIO, BKIIOYAETCS
Ha BbIXOJle IPHEMHHKaA, CJIe[JOBaTENIbHO, K HeMy NOABOJHTCS MOJYJIHPOBaHHOE KO-
JeGaHKe, yXKe yCuJIeHHOe NpeblAYIIUMH CTyTIeHsIMH npHeMHHKa. OCHOBHOe Tpe-
6oBaHHe K JAETEKTOpY — TOYHOe BOCIPOH3BeleHHe (GOPMBI CHrHaJa.

IMocne peTrekTHpOBaHHs OCYILeCTBJseTCS AEKOAHPOBaHHE CHTHazla, T. e.
npouecc, o6paTHbIN KOAHPOBaHHIO. B psile paniHOTEXHHYECKHX KaHAJOB KOIHPO-
BaHHe M JEKOIHPOBaHHE He HCNOJb3YIOTCS.

[ToMHMO nepeuncJieHHBIX MPOLECCOB, TaK WM HHAaye CBS3aHHBIX C npeobpa-
30BaHHEM YaCTOTHBIX CMEKTPOB, B PaJHOTEXHHYECKHX YCTPOHCTBAX LIMPOKOE
NpHMEeHeHHe HaXONHUT ycHJeHHe KoAeOaHu# 6e3 TpaHCPOPMAIMH HaCTOTHI, OCY-
LILeCTBJISIEMOe B Pas3JMUHBIX YCHIAHTeNsX. K TakHM yCHJIHTeNsIM OTHOCATCA:

HH3KOYaCTOTHBIE YCHJIMTEIH YNPaBJSIOUHX CHIHAJIOB, HCNIOJIb3yeMble Tepe],
MOAY/IAAITOPOM TepefaTuMKa, a TaKXKe Ha BLIXOAEe NPHEeMHHKA;

YCHJIHTEIH KOPOTKHX HMIYJLCOB, TNPHMEHsiEMble B TEJIeBU3HOHHOH H pa-
JAMOJIOKALIHOHHOH TeXHHKe, a TaKXKe B HMNYJLCHBIX CHCTEMaX PpaauOCBS3H;

BBICOKOYACTOTHBIE YCHJINTENH GOJBINOH MOLIHOCTH, HCMOJb3YyeMble B PajHo-
nepefamliHX yCcTpPoHCTBaX;

BBICOKOYACTOTHbIE YCHJIHTENH cJabblX CHIHAJOB, NpHMeHsieMble B pajyo-
NPHEMHBIX H H3MepHUTEJbHBIX YCTPOHCTBAX.

KpoMme ynomsiHyThIX nporeccoB, NPHCYLIHX, KaK y2Ke OTMeYaJoch, JoboMy
paJHOTeXHHYECKOMY KaHaly, B psifie CNelHalbHbIX ClydaeB LIHPOKO MpHMEHs -
I0TCA IPyrHe NpPOLECCH: YMHOXKEHHE H JeJIeHHe 4acToThl, TeHepalust KOPOTKHX
HMNYJIbCOB, pPa3/iHYHble BHIbI HMNYJbCHOH MOAYJSUHH H T. I.

1.3. KITACCHOHUKALIMS CUTHAJIOB,
UCIIOJIb3YEMbIX B PAIMOTEXHUKE

C uHpopMaLHOHHON TOUKH 3peHHS! CHFHA/NBI MOXKHO Pa3esIuTh Ha JeTepMH-
HMPOBaHHLIE H CJy4aHHble.

" JleTepMHHHPOBAaHHB M  HasblBalOT JIOGOH CHTHa/N, MTHOBEH-
HOe 3HayeHHe KOTOPOTo B JIIoO0OH MOMEHT BPeMEHH MOXHO NpeACKas3aTh C BeposiT-
HOCTBIO enlHULa, [IpumMepamu JeTepMHHHPOBAHHBIX CHIHA/IOB MOT'YT CTY2KHTb HM-
NyJbChl HJIH NauyKH HMIYJbCoB, GopMa, aMIVIHTYJa H NOJOXEeHHe BO BpeMeHH
KOTOPHIX H3BECTHBI, a TaKxKe HeNpephIBHEIH CHIHaJ ¢ 3aJJaHHBIMH aMIIUTYIHBIMK
M ()a30BBHIMH COOTHOLIEHHSIMH BHYTPH €ro CHEKTpa.

Kcanyvyai HblM OTHOCAT CHTHaJbl, MTHOBEHHble 3HAY€HHS KOTOPHIX
3apaHee HeH3BeCTHbl H MOTYT ObITb NPEJCKa3aHHl JIHIIL C HEKOTOPOH BEpPOSATHO-
CTbIO, MeHbIleH euHHLL. TaKHMH CHTHaJaMH SIBJISIIOTCS, HanpuMep, 3JeKTpHue-
CKO€ HamnpsKeHHe, COOTBETCTBYIOLLEe PEUH, My3blKe, NOCJeNOBaTeNbHOCTH 3Ha-
KOB TesierpaHoro Koaa npH nepejaye Henosropsitoierocs Tekcra. K cayyaiiHbiM
CHTHAJIaM OTHOCHTCSl TaKXe INOCJel0BaTeJIbHOCTh PafiHOHMIYJIbCOB Ha BXOZe
PanHOJIOKALlHOHHOIO NIPHEMHHKA, KOTJA aMIIHTYABl HMNYJIbCOB H (a3bl HX BbI-
COKOYaCTOTHOTO 3amnojIHeHHs1 QIYKTYMPYIOT H3-3a H3MeHeHHsl YCJIOBHH pacnpo-
CTPaHEHHMsl, NOJOXKEHHUS LeJH H HEeKOTOPBIX IPYrHX NpHYHH. MOXKHO NpHBECTH
GoJibIoe YHCIO APYTHX NMPUMEPOB CAyYalHBIX cHrHatoB. [lo cyuiectBy, J0Go#
CHTHaJl, Hecyuuit B cebe MH(pOPMALHIO, JOMKEH PacCMATPHBAThCA Kak Cayudai-
HBIH .

INepeuncienHbie Bbille NeTePMHHHPOBAHHbIE CHTHAJIbI, «IOJHOCTHIO H3BECT-
Hble», HHpOPMaIIHH yiKe He colepkaT. B nanbHeliiieM TakHe cHrHaJbI yacto 6y-
AyT 06O3HavaTbCsl TEPMHHOM KoJebaHH e.

Hapsany ¢ nose3HsIMu cilyuaiiHBIMH CHTHAJ1aMH B TEOPHH U NPAKTHKE MPHXO-
AHTCS UMEThb JIeNI0 €O CJYyHaHHBLIMH NIOMeXaMH — HiyMaMH. Y poBeHb IIYMOB §iB-
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Puc. 1.2. CHrHanu npoH3BOJIbHEE 10 BeJHUHHE M NO BpeMeHH (a), NPOH3BOJIbHBIE TIO BEJH-
YHHe M JHMCKPeTHhle Mo BpeMeHn (6), KBaHTOBaHHBE NO BeJHYHHE M HelpepHBHbIE MO Bpe-
MeHH (B), KBaHTOBaHHbIe 110 BeJHUHHE W AHCKPETHHIE 1O BpeMeHH (2)

JISieTCsl OCHOBHBIM (PaKTOPOM, OT'paHHYHBAIOLIUM CKOPOCTD Nepefiaud HHHOpMaLHH
NpH 3aflaHHOM CHTHane, [TosToMy u3yueHue cyyaiiHbIX CHTHAJIOB HEOTAENHMO OT
u3yuenus uymoB, [ToJsie3nbie cyyaiiHbie CHIHaJbL, @ TAKXKe NIOMeXH 4acTo OGbeaH-
HAIOT TePMHHOM CcJaydYafiHbe KoJdeGaHHSA HWIMHCAYydaHHHE
npouecch.

JanbHefiiuee nofpasjesieHHe CHTHAJOB MOXHO CBSi3aTb C HX NPHPOJOH:
MOXKHO FOBOPHTB O CHTHaJIe Kak 0 (PH3HYeCKOM npolecce WK KaK O 3aKOAHPOBaH-
HbIX, HampuMep B XBOWUYHBIN KOX, YHCJaX.

B nepBoM ciyuae noj CHTHaJIOM NOHHMAIOT KaKYIO-/1H60 H3MEHSIOILYIOCS BO
BpEMEHH 3JIEKTPHUECKYIO BeJHuUHHy (HanpsiKeHue, TOK, 3apsii ¥ T. A.), Oonpe-
Je/eHHbIM 00pa3oM CBSi3aHHYIO C TepefaBaeMbiM COOGLIEHHEM.

Bo BTOpoM ciyyae TO Ke cooOlleHHe COAEPXKHTCS B TOC/ENOBATENbHOCTH
JBOHYHO-KOAHPOBAHHBIX UHCE.

CurHansl, ¢popMupyeMble B pajHonepeNalomux yCTPOACTBaX H M3/yyaeMbie
B NPOCTPAHCTBO, a TaKXKe MOCTyNalomue B PHEMHOE YCTPOHACTBO, Tlie OHH NOJ-
BEpraioTcst YCHJIEHHIO H HEKOTOPHIM NPeoGpa3oBaHHAM, ABASIOTCH PUIHUECKHMH
NPOLECCaMH.

B npeapifymem naparpade yKasbiBaJoCh, UTO /sl Nepefaus COOOHIeHHH Ha
PacCTOSTHHE HCMOJb3YIOTCS MOAY/IHPOBaHHHBE KoJiebOaHusi. B CBA3H C 3THM CHT-
HaJbl B KaHa/le PajHOCBSI3H YacTO MOAPA3AENSIOT Ha ynpaBJASIOUHeE
CHTHAJb HHAPAJAHOCHTHAJ K, NOX NepBbIMH NOHHMAIOT MOLYJH-
pyolide, a MNOA BTOPHIMH — MOZAYJHPOBaHHHE KoJeOaHHS.

OGpa6oTka cHrHa/loB B BHJAe (PH3UYECKHUX MPOLECCOB OCYILECTBJSETCS C
TOMOIIbIO aHAJIOTOBHIX 3JIEKTPOHHBIX Ienei (ycuiauTeneli, GHABTPOB W T. X.).

O6pa6oTKa CHrHa/IOB, 3aKOAUPOBaHHBIX B LH(PY, OCYLIECTBJSETCS C MOMO-
b0 BBHIYUCTHTENLHOM TEXHHKH.

[pencraBnenHas Ha puc. 1.1 u onucannas B § 1.2 cTpykTypHas cxema Ka-
Hajla CBSI3M He COJEPXKHMT yKa3aHuil 0 BHIE MCNOJb3yeMoro I nepefauu coob-
IeHAs] CHTHaJa H CTPYKType OTHEeJNbHBIX YCTPOMCTB.

Mexy TeM cHrHa/lbi OT HCTOYHHKA cOOOILIeHHH, a Takxke Mocje AeTeKTopa
(puc. 1.1) MoryT GuITh Kak HenpephiBHEIE, TAaK M JMCKPETHHE (uudposhbie). B
CBSI3H C 3THM NpHMeHsieMble B COBPEMEHHOH PaJHO3JeKTPOHHKE CHIHAJBI MOXKHO
pa3ne/IuTb Ha CJeAYIOUHe KJacChi:

NPOH3BOJILHEIE N0 BEJHYHHE M HenpephiBHbie no Bpemend (puc. 1.2, a);

NPOH3BOJILHLIE N0 BeJMUMHE M JHMCKpeTHhie 1o BpemeHu (puc. 1.2, 6);

KBAHTOBaHHHE MO BeJHUMHE H HenpephiBHme no BpemeHu (puc. 1.2, 6);

KBAaHTOBaHHLIE MO BeJHMYHHE M JHCKperHbie no Bpemenu (puc. 1.2, 2).

CurHanbl nepBoro knaacca (puc. 1.2, a) HHOra HasbiBalOT aHAJIOTOBBIMH,
TaK KaK HX MOXKHO TOJIKOBATh KaK 3JIEKTPHYECKHE MOJEIH (HU3HUECKHX BEJHYHH,
HJIH HenpepbiBHBIMH, TaK KaK OHH 3aJalOTCA [0 OCH BpeMeHH Ha HecueTHOM MHO-
KECTBE TOoYeK. TakHe MHOXKECTBA HA3HIBAIOTCA KOHTHHyaslbHbIMH. IIpH 3TOM
N0 OCH OpJMHAT CHTHAJbI MOTYT NPHHUMATD JII0Goe 3HaueHHe B ONpeie/IeHHOM HH-
TepBaJie. [10CKO/MIbKY 3TH CHFHA/IH MOTYT HMeTb pa3phiBhl, Kak Ha puc. 1.2, a,
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TO, YTOOHl H306exaTb HEKOPPEKTHOCTH IPH ONMHCAHHM, Jyylle TaKHe CHTHaJbl
0603HaYaTb TEPMHHOM KOHTHHY aJ b H H H.

Hitak, KOHTHHYa/NbHBIA CHrHAM § () ABNserca QyHKuMell HenmpephiBHOMN me-
peMeHHoil f, a IHCKpeTHbIl curHan s (X) — QyHKuHed AHCKpeTHON nepeMeHHOH
¥, NpHHUMaloLieil ToNbKO duKcHpoBaHHble 3HaueHHs [9]. [lucKpeTHbie cHrHabI
MOTYT CO3/iaBaThCsl HENOCPEACTBEHHO HCTOYHHKOM HH(pOpMaluH (HampuMep, IH-
CKPETHBIMH JaTYMKaMH B CHCTeMax YNpaBJeHHS HJIH TeJleMeTPHH) HJIH o6pa3o-
BbIBaTbCA B pe3yJ/ibTaTe AUCKPETH3alUHH KOHTHHYAJbHBLIX CHIHAJIOB.

Ha puc. 1.2, 6 npeacrasiieH CHrHaJ, 3ajaHHbIN NPH AHCKPETHLIX 3HAYEHHUAX
BpeMeHH f (Ha CUETHOM MHOXKECTBE TOYeK); BeJHYHHA XKe CHIHajla B 3THX TOY-
KaX MOXKeT NPHHHMATh JoGoe 3HaueHHe B ONpe/ie/IeHHOM HHTEpBaJie 110 OCH OpAH-
Hat (Kak ¥ Ha puc. 1.2, a). Takum 06pa3oM, TepMHH A H CK p € T H Bl /i Xapak-
TepH3yeT He caM CHTHaJ, a crnocob 3ajaHHs ero Ha BpeMeHHOH OcH.

CurHnan Ha puc. 1.2, ¢ 3afaH Ha Bcell BpeMEeHHOH OCH, OJHAKO €ro BeJIHYHHA
MOXKET MPHHHMATD JIHIIL AMCKpeTHble 3HaueHHs. B nomoGHEIX ciyyasx roBOpsT
O CHrHajlle, KBaHTOBAHHOM MO YPOBHIO,

B nanbHefilieM TepMHH AHCKPETHBIA GYLeT NPUMEHATHCS TOMBKO 1O OTHOLIE-
HHIO K IHCKPETH3alHH N0 BpeMeHH; IHCKPETHOCTb e M0 YPOBHIO 6yAeT 0603Ha-
yaTbCi TEPMHHOM KBaHTOBaHHE.

KBaHTOBaHHe HCNOML3YIOT NPH NPEACTABJIEHHH CHIHAJIOB B LH(poBo#i dop-
Me C IOMOLIBIO LHPOBOro KOAHPOBAHHS, NMOCKOJILKY YPOBHH MOXHO NMPOHYMepO-
BaFb YHCJAMH C KOHEYHBIM YHCJIOM Pa3psjoB. [103TOMy AHCKpETHBI 0 BpeMeHH
¥ KBaHTOBaHHBIA N0 YPOBHIO cHrHaJ (pHC. 1.2, 2) B fanbHeiliieM 6yJeT Ha3bIBaTh:
ca uHdpoOBHM.

Takum o6pa3oM, MOKHO pa3jHyaThb KOHTHHyasbHue (puc. 1.2, a), auckper-
Hele (puc. 1.2, 6), kBanToBaHHble (pHc. 1.2, 6) u uudpossie (puc. 1.2, &) currasmml.

KaxoMy 13 3THX KJIacCOB CHTHAJIOB MOJKHO MOCTaBHTb B COOTBETCTBHE aHa-
JIOTOBYIO, IHCKPETHYIO U1K undpoByio nenu. CBA3b MeKAYy BHIOM CHTHAJa U BH-
IOM lLienH NoKa3aHa Ha (pyHKIHOHANbLHOH cXeMe (pHc. 1.3).

[1pu 06 paGoTKe KOHTHHYaJLHOIO CHI'HaJa C MOMOLLbIO aHAJIOTOBOH 1ieNH He
Tpebyercs HONOJHUTEeIbHEX npeobpa3oBaHuit curHasa. [Ipu o6paboTke ke KOH-
THHYaJbHOTO CHMHaJa C MOMOILBIO AHCKPETHOH Lenn HeoOXoAUMbl 1Ba mpeoGpa-
30BaHHA: NMCKPETH3alUHsi CHTHaJa Mo BPEMEHH Ha BXoje AHCKPETHOH uenu H

Awanoeoban
yens
Auckgzgmaaj‘_ AucKoemmasn _idooc/{%';adﬂe- 4
0 Bpemeny _Ir yeny no Bpemenu
= d 1
uppobas
- Au b 4 A 4-4 |-
Uuppobod cuswan
S Lucroemuornl cusHan "y
& Kowmurnyansuerd cuzrnan -

Puc. 1.3. BHaw cHruana u COOTBETCTBYIOLHE HM LeMH
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o6parHoe npeoGpa3oBaHHe, T. €. BOCCTAHOBJIeHHE KOHTHHYa/lbHOH CTPYKTYphI
CHTHaJa Ha BbIXoOfle AHCKpeTHO! uenu. HakoHen, npu undposo#i 06paboTke KOH-
THHYaJIbHOTO CHTHajla TPeGyIoTcs elle ABa JAONMONHHTEJNbHBIX NMpeoOpasoBaHHSs:
aHaJlor—uudpa, T. €. KBaHTOBaHHe U IH(POBoe KOAHPOBAaHHE Ha BXoje UH(PPO-
BOH menu, ¥ oG6paTHoe npeobpasoBaHHe nuppa—aHajior, T. €. AeKOJHpOBaHHE
Ha BhIXOJle LHM(POBOH LEMH.

Tpouenypa AMCKpeTH3alHH CHIHala H 0cOGeHHO npeo6pa3oBaHue aHAIOr-—
uu¢pa TPeGYIOT OYeHb BHICOKOTO GBICTPOAEHCTBHUS COOTBETCTBYIOMIUX 3JIEKTPOH-
HBIX YCTPOHCTB. DTH TpeGOBaHHSA BO3PaCTAlOT C NMOBBLIEHHEM YacTOThl KOHTHHY-
anbHoro curHana. [TostoMy nudpoBasi TexHHKa nosyuusa HanGoJibliee pacnpo-
CTpaHeHHe mpH 06paGOTKe CHTHANOB Ha OTHOCHTENBHO HH3KHX dacToTax (3By-
KOBHIX H BHJeouacToTax). OIHAKO IOCTHKEHHS] MHKPO3JIEKTPOHHKH COCOGCTBYIOT
GLICTPOMY TOBHILIEHHIO BepXHel rpaHHIbI 06pabaTbiBaeMbIX 4acToT.

1.4. PAIMOTEXHUYECKHE LIEINHX U METObI
X AHAJIM3A

1. KIIACCHU®HUKALIUA LIETIEN

PaanoTexHHyecKHe LeNH M 3JeMEHThbl, HCHOJb3yeMble JJIsi OCYLIECTBJIEHHS
nepeyncaeHHsX B § 1.2 mpeoGpa3oBaHuii cCHrHajloB H KoJleGaHHH, MOXHO pas-
6HTb Ha cJefyloliHe OCHOBHBIE KJIacChl:

JHHefHble LenH C MOCTOSIHHBIMH IapaMeTpamu;

JIMHEHHbIe 1en# C IepeMeHHbIMH [apaMeTpaMu;

HeJIMHeHHble IIeNH.

Cuenyer cpa3y e yKasaTb, YTO B peajIbHbIX PaAHOyCTPOHCTBAX YETKOE Bbl-
IeJleHHe JIMHEeAHBIX ¥ HeJIMHEHAHbIX 1ernei U 3JeMeHTOB He Beerza BO3MoxkHO. Ot-
HeceHHe O HHX H TeX Ke 3JIeMEHTOB K JIHHeHHbIM HJIH HeJIHHEeHHBbIM 4acTO 3aBHCHT
OT YPOBHS BO3JIeHCTBYIOIIMX Ha HHX CHTHAJIOB.

Tem He MeHee npuBeneHHas Bbillle KJaaccHupuKauus Lened HeOGXOAUMA AJIsi
NOHHMAHHUSl TEOPHH M TEXHHKH 06pabGOTKH CHTHAJIOB.

ChopmyavpyeM OCHOBHBIE CBOHCTBAa 3THX LemNei.

2. JIMHEVHBIE LIETTH C NMOCTOSHHBIMHU MAPAMETPAMU

MoXHO HCXOZHTb M3 CJIELYIOMHUX OnpeeNeHHi.

1. Llenp siBNsieTcs JiMHefHOM, ec/iu BXOAsLHe B Hee 3JIEMEHTbl HE 3aBUCHT
OT BHellHeHd cusbl (HanpsiKeHHs, TOKa), AeHCTBYIOMeH Ha LEMb.

2. JIuHefiHasi nenb NOAYHHAETCH NPHHIUNY CYNEpro3UIHHN (HANOXeHHs).

B Mmaremaruuecko#t ¢opMe 3TOT NMPHHIUMN BhIPAXKaeTcs CJEAYIOUHUM PaBeH-
CTBOM:

Llss()+ s, () + .1 = Lsy ()1 + L Is, ()] + ..., (1.1)

rie L — oneparop, XxapakTepu3yiouuii Bo3aefCTBHE LeNd Ha BXOJQHOM CHTHaJ.
CyTbh NpHHUMNA CYyNepHO3HLHH MOXKET GbiTh chOPMYJIHPOBAHA CJIEAYIOUHM
06pasoM: npu Oelicmeuu Ha AUHEUHYI0 Yenb HECKONbKUX GHEUUHUX CUA nogederue
yenu (MoK, HanpsjceHue) MOXCHO onpedesums nymem HaA0NCeHus (cynepnosu-
yuu) pewenud, HautOerHbix 028 KaKCOOU U3 cuseé omoessrocmu. MOXHO HCIOJIb-
30BaTh elle M TaKylo GOPMYJHPOBKY: 8 AUHEUHOU yenu cymma sgpgpexmog om om-
Oeavroix eo30eticmeudl cosnadaem ¢ spexmom om cymmor eo3dedicmeudi. Tlpw
3TOM MNpeJIonaraercs, 4ro nenb cBoGOAHA OT HavyaJbHBIX 3alacoB IHEPTHH.
[TpuHOMN HaNOXeHHS JIeXHT B OCHOBE CIIEKTPAJbHOrO H OnepaTop-
HOTO METOJ0B aHa/lH3a MNepeXofHbIX TNPOLeccOB B JIHHEHHBIX lensx, a Tak-
»Ke MeTojla MHTerpaja HaloxeHHs (uHTerpan J[lioamesns). [IpuMeHsis NPHHIAN
HaJIoXKeHHs , JoOble CJIOXKHbIe CHTHAJIBI NPH Nepefade HX Yepe3 JIHHEHHbE LenH
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MOXXHO Da3/IOXKHTb Ha NpocTHe, Gosee yAoOHbIe AJs aHanu3a (Hampumep, rap-
MOHHYECKUE).

3. Ilpu a060om cKoab Yeo0HQ cA0NCHOM 6030elicmeuu 8 aunedHol yenu ¢ no-
CMOAHHbIMU Napamempamy He 603HuUKaem Korebarull HOBbLX 4acmom. 1O BbiTe-
KaeT U3 TOro (akrta, YTo NpH rapMOHHYECKOM BO3JEHCTBUH Ha JIHHEHHYIO LEMb C
NOCTOSIHHBLIMH MapaMeTpaMH KosleGaHHe Ha BHIXOJE TaK»Ke. OCTaeTcsi rapMOHHYe-
CKMM C TO# e 4acTOTOH, UTO M Ha BXOJe; H3MEHSAIOTCS JIHIIbL aMIVIUTYya U (asa
KoneGanusi. Pasnoxus curHafsl s, (), s; (£), ... Ha rapMoHHYecKHe KoJiebGaHust
¥ TIOACTaBUB pe3yJbTaThl pasioxenus B (1.1), y6eaumes, uTo Ha BEIXOJE LEMH MO-
TyT CYLIECTBOBATh TOJILKO KOJIeGaHHS C YacTOTaMH, BXOASAIINMH B COCTaB BXOZ-
HOrO CHTHaJa.

310 03HaYaeT, YTO HHU OAHO M3 NMPeoGpa3soBaHMi CHTHAMNOB, COMPOBOKIAAIO-
IHXCS NOSIBJEHHEM HOBBIX 4acToT (T. €. 4aCTOT, OTCYTCTBYIOIHUX B CHEKTPE BXOJ-
HOTO CHTHaJ1a), He MOXKET B NPHHIIUIE GBITh OCYLIECTBJIEHO C [IOMOLIbIO JHHEHHOH
LUeMH C NOCTOSHHBIMH T1apaMeTpaMH. Takue penu HaxoAsT LIMpovaiiilee npuUme-
HEHHe JJIs PeHIeHHs 3aJa4, He CBA3aHHbIX ¢ TpaHchopMalyel CieKTpa, TaKHX KaK
JIMHEAHOe yCHJIEHHE CHTHAJIOB, (PUAIBTPAIMs (10 4aCTOTHOMY NpPU3HAKY) U T. A.

3. JIMHEMHBIE LENH C NEPEMEHHbBIMU IMTAPAMETPAMHU

ViMelorcst B BUAY uenu, OZMH HJIM HECKOJIBKO NMapamMeTpoB KOTOPHIX H3Me-
HZIOTCSl BO BPEMeHH (HO He 3aBUCAT OT BXOAHOro curHaja). [loxnoGubie uenu ya-
CTO HAa3BbIBAIOTCS JIHHEHHHIMH MapaMeTPHUYECKH M H.

CtopmynnpoBaHHbIE B NpeAbAyIleM NMyHKTe cBoficTBa 1 u 2 crmpaBenJsuBhl
M IJIsi IMHEHHBIX napaMeTpuyeckux neneif. OQHAKO B OT/IHYHE OT MPEIBIAYLIErO
cydast Jaxke npocrefiniee rapMOHHYECKOe BO3JeHCTBHE CO3[aeT B JIHHEHHOH ue-
TH C NepeMeHHBIMHM NapaMeTpaMu CJIOXKHOE KoJieGaHue, UMeloliee CeKTP 4acToT.
STO MOXKHO NMOSICHUTDH Ha CJefyloleM npocreiiiem npumepe. ITycts K pesucropy,
CONMpPOTHBJEHHE KOTOPOro H3MEHSIeTCsl BO BpPEMEHH 10 3aKOHY

R (t) = Ry/(1 4+ m cos Q1),
npuJoxeHa rapmonudeckass SJIC
e () = E, cos ot.

Tok uepe3 CONpPOTHBJEHHE

i(t) = e ()R () = (EofRo) (1 4+ m cos Qf) cos ot = (Ey/R,) [cos ot +
+ (m/2) cos (© + Q)t + (m/2) cos (o — Q) ¢#]. (1.2)

Kak BHIHM, B cOCTaBe TOKa HMEIOTCSl KOMIIOHEHTHI C 4acTOTaMH ® =+ Q,
KOTOPHIX HeT B e (f). Jlaxke u3 3TOH mpocTeiillell MOJENH ACHO, YTO, U3MEHSS BO
BPEMEHH CONPOTHBJIEHHE, MOXHO OCYILIECTBHTb NMpPeoGpa3oBaHHE CIEKTPA BXOJ-
HOTO CHrHaja.

AnanoruyHslii pesyJsbTaT, XOTH H C 60osiee CI0XKHBLIMH MaTeMaTHYeCKUMH Bbl-
KJIaJIkaM#, MOXKHO NOJIYYHTh JJIsl LeTIH C NepeMeHHbIMH 1apaMeTpaMH, coliepiKa-
e PEaKTHBHbIE 3JIEMEHThl — KaTYLIKH HHIYKTHBHOCTH H KOHAEHCATOPH. JTOT
Bonpoc paccmarpuBaercs B 1. 10. 31ech JMlb OTMETHM, 4TO JIMHEHHASA WENb C
NepeMeHHbIMH MapaMeTpaMH NpPeoGpPasyeT YacTOTHBIA CHEKTP BO3AEHCTBHA H,
CJIeIOBaTeNIbHO, MOXeT OHIThb HCIOJIb30BaHA Il HEKOTOPHIX Mpeo6pasoBaHuil
CHTHAJIOB, conpoBoxaawmuxcs TpaHchopMauuein cnekrpa. M3 manbHeiimero
GYyAeT Takxke BUJHO, YTO NMEPHOAMYECKOe H3MEHeHHe BO BPEMEHH HHIYKTHBHOCTH
WM eMKOCTH K0J1e6aTeIbHOH 1IeNH MO3BOJISIET NIPH HEKOTOPHIX YCIOBUSAX OCYLIECT-
BHTb «HAKaYKy» SHEPTHH OT BCIOMOraTeJbHOIO YCTPONCTBA, H3MEHSIOUIErO 3TOT

napametp («mnapaMeTpHYECKHE YCHJIHMTENH» H «NapaMETPHUYECKHE TeHepaTophir,
ra. 10).
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4. HEJIMHEHHBIE LIEMNH

PannorexHuyeckas Lenb SIBNSIETCA HeNMHEHHOM, ec/iM B ee COCTaB BXOAAT
OIMH WJIH HECKOJIbKO 3JIEMEHTOB, NapaMeTphl KOTOPHIX 3aBUCAT OT YPOBHS BXOJ-
Horo curHaja. [lpocrefiminii HeJIMHEHHBIAI 3/eMEHT — IHOJ C BOJbT-aMOepHON
XapaKTepHCTHKOMN, npejcTaBleHHOH Ha puc. 1.4,

Ilepeunc/iiM OCHOBHBIE CBOHCTBA HeJIMHEHHBIX uenef.

1. K HeaunefiHbIM nensM (1 3JieMEHTaM) NPUHLUN CYnepnosuyuu Henpu-
MeHUM. JTO CBOHCTBO HeJNIHHEHHBIX Henefi TECHO CBSI3aHO C KPHBH3HOM BOJBLT-
amnepHbIX (MMM HHBIX aHAJOTHYHBIX) XapaKTEPUCTHK HEJIHHEHHBIX 3JIeMEHTOB,
Hapylalome npornopuHOHaJLHOCTh MEXAY TOKCM M HanpsibkenueM. Hanpas-
Mep, AJisl AMONa, eC/IH HaNpPSIXKEHHUIO U; COOTBETCTBYET TOK iy, @ HANPSXKEHHUIO Uy —
TOK [, TO CyMMapHOMY HanpsiKEHHIO Uz = U, + U, GYHET COOTBETCTBOBATh TOK
i3, OTIHUHBLIA OT CyMMBl i, + i, (puc. 1.4).

M3 aToro npocroro npumepa BHIHO, YTO NPH aHaJu3e BO3JAEHCTBHSA CIOKHOTO
CHIHaJla Ha HeJIHHeflHylO IieNb ero Heslb3si pasjaraTbh Ha GoJiee NPOCThbie; HEOG-
XOJMMO MCKaTh OTKJHK LENH Ha pe3yJbTHPYIOUMH cHrHai. HenpumeHuMocTb
JJis HeJIMHeMHbIX Ienefl NPHHLIKNA CYNEepPNO3HIHH JeslaeT HeNPHroAHbIMU CHeK-
TpaJibHbI/l H HHBIE METOABI aHAJIH3a, OCHOBAHHbIE Ha Pa3JIOXKEHUH CJOXKHOTO CHI-
Hala Ha COCTaBJsIoOLIMe,

2. BaxxHbIM CBOMCTBOM HeJIUHEHHOH nenu siBjsiercs npeoGpasoBaHHe CheK-
Tpa curHana. Ilpu Bo3zelicTBUH Ha HeJIHHEHHYIO Henb NpocTefiliero rapMoHuye-
CKOrO CHT'HaJia B el OMHMO KoJieOaHH# OCHOBHO! YacTOThI BO3KHKAIOT rapMo-
HHKH C 4acTOTaMH, KpaTHHIMH OCHOBHOM 4acToTe (a B HEKOTOPBIX CJy4asix H Mo-
CTOSIHHASA COCTABJAAIOUIAS TOKA WJIH HanpsikeHus). B panbneitmem Gyner moka-
3aHO, YTO NMPH CJIOKHOH opMe CHrHaNa B HeIHHEHHON LeNH MOMUMO FapMOHHK
BO3HHKAIOT ellle ¥ KoJieGaHusl ¢ KOMOMHAIMOHHBIMH YaCTOTaMH, SIBJSIOIIHECS pe-
3yJIbTATOM B33HMOJIEAICTBHSA OTAEGNbHBIX KoJMeGaHUH, BXOAAMMX B COCTaB CHIHa/Ma.

C ToukH 3peHHs MpeoGPa30BaHHA CIEKTPa CHTHala ClaefyeT TIOXYePKHYThb
NPHHUHUIHANABHOE pas/iHyie MeXNY AUHEUHbIMU NapamempudecKumu u Heaurel-
Hoimu yenamu. B HenwHelHO!N UenH CTPYKTypa CreKTpa Ha BHIXOJe 3aBHCHT He
TOJIbKO OT (GOPMBI BXOZHOI'O CHTHAJA, HO H OT ero aMmJuTyAbl. B nuuefino# napa-
MEeTPHYECKOi LeMH CTPYKTypa CHEKTpa OT aMIVIHTYAbl CHIHaJMd He 3aBHCHT.

OcoGeHHbli HHTEpEC /IS PafHOTeXHHKH NpeACTaBJsIOT CBOGOAHbIE Koseba-
HHUS B HeJIWHEHHbIX nensx. ITonoGHele KoJeGaHUsl Ha3bIBAIOTCS aBTOKOJeGaHHUMH,
MOCKOJIbKY OHH BO3HHKAIOT H MOT'yT YCTOHYHBO CYIIeCTBOBAaTh B OTCYTCTBHE BHEIL -
HEro mepHOAMUECKOro BosJelcTBUS. Pacxon sHepru kKOMMmEHCHpyeTcsl HCTOYHH-
KOM 3Heprud noCTOSHHOrO TOKa.

OcHoBHBIE paHOTeXHHYECKHe MPOLECChl: FeHepaLHs, MOAYASLHSA, NeTeKTH-
poBaHHe M [peoGpa3oBaHHE 4aCTOThl — COMPOBOXKIAIOTCS TpaHCOpMaLHed ya-
CTOTHOTrO cniekTpa. [103ToMy 3TH NPOLECCH MOXKHO OCYLIECTBHTh C MOMOLLBIO JIHGO
HeJIHHeHHBIX, AH60 JMHeHHbIX NMapaMeTpHYecKuX ueneidi. B HeKOTOpBIX ciyudasx
HCIIONb3YIOTCS OXHOBpeMEHHO KaK HeJMHeHHble, TaK H JIHHeHHble napameTpuyec-
i Kue uenH. Crnenyer, KpomMe TOro, MOAYEPKHYTh,

YTO HeJIHHEeHHble 3JIeMeHThI Pa60TalOT B COYETAHHH
C JIHHeHHBIMH LIeNAMH, OCYLIEeCTBJISIOUMMH Bhijle-
JIeHHe MOJIe3HbIX KOMIIOHEHTOB Mpeo6pa3oBaHHo-
ro cnekrpa. B cBsizu c 3TuM, KaK yxKe oTMeda-

i i JOCb B HayaJle JaHHOro mnaparpada, leseHHe

. 2 ueneil Ha JuHeHHble, HeJHHeHHble U JIHHEHHBble

b napaMeTpHueckue BecbMa yCJOBHO. OGbIYHO AJist

g u, uz us % ONHMCaHHs MOBEJEHHs Pa3/HUHBIX Y3J/I0B OIHOrO

Puc. 1.4. BomsT-ammepnas xa H TOro € pagHoTeXHHYECKOro yCTpo#CTBa NpPH-
DAKTEPHCTHKA HeNHHeRHOro SJie- XOAHUTCA NPHMEHHATDH pa33l006pa3Hble Ma’l‘euMaTH-
MeHTa (IHOZa) YyeCKHe MeToJbl — JIHHEHHble W HEJHHEHHBIE.
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H3noxeHuble Bhillle OCHOBHbIe CBOACTBA lienell TPeX KJaccoB — JHHEHHBIX
C NMOCTOSIHHBIMH NapaMeTpaMH, JHHEHHHIX NMapaMeTPUUECKHX W HeJHHEHHBIX —
COXPaHAIOTCS NPH JMOGLIX OpMaX peasH3allvH Leneii: C COCpeJOTOYeHHbIMH Napa-
MeTpaMmH, C pacnpe/ieJIeHHbIMH NapaMeTpamu (JHHHH, H3Jyqalollye YCTPOHCTBa)
H T. &. OTH CBOHCTBA PaCNPOCTPAHSAIOTCS TaKXKe H Ha yCTPOHCTBa UH(pPOBOi 06pa-
GOTKH CHTHAJIOB.

Cnenyer, oiHako, NMOXYEPKHYThb, YTO MOJIOXKEHHBIi B OCHOBY JHeJIEHHS lie-
neil Ha JIHHefiHble M HeJIHHeHHble PHHIHKN CYNEePNO3HIMH cHOpMYIHPOBaH Bhbile
LISl onepayuu cymmuposanus cuenarog Ha Bxoge uen [em. (1.1)]. Onnako sroit
omepalHell He HCYepPNBIBAIOTCH TPEOOBAHHA K COBPEMEHHBIM CHCTeMaM 06paGOTKY
CHTHaJIOB. BaXKHbIM 1J1s1 MPaKTHKH SIBJISIETCS, HanpuMep, cJyyail, KOrja CHrHaJ
Ha BXOJle Lenu siBJsieTcsi npoussedeHuem ABYX cHrHanoB. OkasblBaeTcsi, YTO H
AJIsl TONOOHBIX CHIHAJIOB MOXHO OCYIECTBHTb 06paGOTKY, NOKUHHSIOUIYIOCS
OPHHIMNY CYNepHO3HLHH, OXHAKO 3Ta 06paboTKa GyJer SBJSATLCH COYETAHHEM
CrelHaJIbHO NOAOGPAHHbIX HeAunelnbix W JHHeHHbIX onepauwii. [Tono6Has o6pa-
60TKa Ha3biBaeTcsi TOM OMO P P HO H.

CuHTe3 NofoGHLIX YCTPOMCTB pacCMaTpHBaeTCsl B KOHLE Kypca (cM. . 16),
nocJie H3y4YeHHs JHHEHHBIX H HEJIHHeHHBIX Lenel, a TakXke LH(PPOBOHl 06paboT-
KH CHTHAJIOB, Pa3BHTHe KOTOPOH H SIBHJIOCh TOJYKOM K IIMPOKOMY NpPHMEHEHHIO
roMoMopdHOii 06paGOTKH.

1.5. TIPOBJIEMA ITOMEXOYCTOMUHUBOCTHU
" JIEKTPOMATHUTHON COBMECTUMOCTH
PAIUOTEXHHUUYECKHUX CUCTEM

Komniieke ycTpoicTB, HCIO/Ib3yeMbIX IJIsi Mepefaud MH(POPMALHH OT HC-
TOYHHKA [0 MoJIyuaTesisi (a TaKKe pasfiesisioliasi HX cpeia), o6pasyloT Kanaa
c8s3u. Ot KaHasa CBs3H TpeGyeTcs MO BO3MOXHOCTH NOJHasi mepejaya WHGOp-
mauud. Ilotepu HHpOpMauHH MOTYT BHI3bIBAaThCH HCKaXKEHHSIMH CHTHAJIOB H3-323
HECOBEpIIIEHCTBA OTAEbHBIX 3JIEMEHTOB KaHasa, a TaKXKe H3-3a IIOMeX.

[Tomexu Bo3HHKaIOT BO BCeX 3JleMEHTaX KaHaJa CBSI3H: KaK B Cpelle, HCIOJIb-
3yeMoii IJisl mepeflayy CHrHaJja OT NepellaTyHKa K NPHEMHHKY, TaK H B TeXHHUe-
CKHX YCTPOHCTBaX, BBIMOJHSIOMHX HEOOXOAHMble NPeoGpPa3OBaHHSI CHrHasa.
B nepBoM ciryyae nomexu Ha3blBalOTCsl BHELIHHMH, BO BTOPOM — BHYTPEHHHMH.

HcToyHHKOM BHELIHHX MOMeX SIBJSIIOTCS aTMOCepHble SIBJEHHS, LIYMbl KOC-
MHYECKOrO MPOCTPAHCTBA, PaXHOYCTPOHCTBA, paGoTalolHe Ha GJIH3KHX YacToTax,
MHIYCTpHaJIbHble NOMeXH, MeIHUHMHCKas pajHoanmaparypa 4 Jp.

[Tomexn moxo6HOro poxa CO3AAIOT nPoOAeMY INEKMPOMASHUMHOE CoBMeCMuU-
mocmu (AMC).

B3anmHble noMexH MexAy paAHOCTAHLHSMH YCTPAHSIOT PALMOHAJILHBIM Pa3-
MellieHHeM (pacnpeiesieH HeM) 4acTOT, PerJaMeHTHPYeMbIM CriellHaJbHbIMH MeX]y-
HapOAHBLIMH COIJIalllEHHsIMH, YJy4LIeHHeM KauyecTBa mNepefaud B pe3yJibrare
YMEHBIIEHHS] HeXeJIaTeNbHOTrO, TaK Ha3hiBaeMOrO BHEMOJOCHOrO H3JIy4eHHS,
yBeJHYeHHEM CTaGHJILHOCTH HecylleH 4YacTOThl, NPHMEHEHHEM HarpaBJIeHHbIX
aHTeHH M T. A. Bce 370 nosBoJisieT B KaKOH-TO Mepe pa3pellHTh NMpoGJeMy «rec-
HOTH B 3¢upe». Onnako npo6Giema IMC eme aaneka ot coero paspemieHusi. Ee
TPeGYyeTcsl YYHTHIBaTh NPH NPOEKTHPOBAHHH H Pa3paGoTKe HOBBIX PaHOTEXHHYe-
CKHX YCTPOACTB M CHCTEM, B YaCTHOCTH INpH BbiGope ¢opMBl H NapameTpoOB
PafHOCHrHaJOB, BLIGOPE YaCTOTHOTO AHAana30Ha, B KOTOPOM NOMeXH MHHHMAaJb-
HBl, TIPH pa3sMellleHHH PajHOYCTpOHCTB H T. A.L.

! TlpoGrema DMC perajbHo paccMaTpHbaercss B kHure: Kusses A. [I. dnemenTn Teo-
pUH H MpakTHKH obecnevennss DMC paaHO3NeKTPOHHHIX cpeiacTB. — M.: Paauo u cBs3b,
1984.
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BHyTpeHHHe WIyMBbl, 06S3aHHbIe CBOMM BO3HHKHOBEHHEM AHCKPETHOH npH-
pofle 3apsKEHHbIX HacTHIl, O06pasyloTCsl H3-3a TENJIOBOrO ABHIKEHHS 3THX Ya-
CTHI[ B 3JIeMEHTaX 3JIeKTPHYECKHX Lienel, H3-3a Apo6GOBOro s¢xpeKra B JEKTPOH-
HbIX Mpu6GOpax M psja APYruX siBJeHHH, HMeIOHX MecCTo NPH paboTe paaHoTex-
HHYECKHX 'ycTpoicTB. OCOGEHHO CHJILHO JeHCTBHEe BHYTPEHHHX IIYMOB IPH GOJIb-
LIOM YCHJIEHHH CHCHaJa, T. €. NPH npueMe caabbix curHajoB. OXHOBPeMEHHO ¢
M10/1I€3HBIM CHTHAJIOM YCHJIHBAIOTCS H LIYMBI, KOTOPble MOT'YT IO HHTEHCHBHOCTH
OKa3aTbCs COM3MEPHMBIMH C CHTHAJIOM, B pe3yJbTaTe Yero Moc/lefHHH OKaXeTcs
YaCTHYHO HJIH TOJIHOCTBIO 3aMaCKHPOBAHHBIM.

[IpuHUMNIHANBHO 3ajjaua OCNa6GJeHHs! BHYTPEHHHX LIYMOB SIBJISIETCS Hau6o-
Jiee CJIOXKHOM, HO M X YPOBEHb MOXKHO CYLIECTBEHHO CHH3HTb, IPUMEHHB YCHJIH-
TeJIbHBIE yCTPOHCTBa, paboralolllve B pexxume riay6oKoro (Hampumep, A0 TeMre-
parypbl XKUAKOTO reJIHs) OXJIaXAEeHHS, B Pe3yJ/bTaTe Yero CHHXKaeTcst HHTEHCHB-
HOCTb TEIJIOBOr'O ABHXKeHHS yactHi. OgHako, HeCMOTPSI Ha BCe 3TH Mephl, MOJI-
HOCTbIO M36aBHTbCA OT NOMEX HEBO3MOXHO.

Co Bpemenu uszobperenns paauo A. C. ITonosbiM (B 1885 r.) 1 10 Hacrosme-
ro BpeMeHH OCHOBHOH Npo6JeMOH pagHOTeXHMKH Oblja M OcCTaeTcsi mpobJjeMa
MOMEXOYCTOHYHBOCTU CBSI3H, BKJIOYaKomasi B ce6si H YIIOMSIHYTYIO BhiLle npobJe-
My OMC, u GonblIOe YHCIO APYTHX NPO6JIEM, OXBAThIBAIOLIUX BCE pas3fielibl palino-
TeXHHKH: FeHepPHPOBaHHEe MOIIHLIX KOJieGaHHH, OCBOEHHE H BLIGOD BOJH, obecrie-
YHBaIOIHMe GJIarONpHATHbIE YCJIOBHA PAaCnpOCTPAHEHHS, HCMOJb30BAHHE aHTEHH
HanpasJIeHHOro JeHCTBHS, MOMCKH HOBBIX BHJOB PaJHOCHTHAJNOB H HOBBIX CIO-
co60B HX 06paGOTKH Ha (poHe moMex H T. X.

Fnasa 2. XAPAKTEPUCTHUKU
JETEPMUHHUPOBAHHBIX CUTHAJIOB

2.1. SHEPTETHYECKHE XAPAKTEPHUCTHKH

OCHOBHBIMH 3HEPreTHYECKHMH XapaKTEPHCTHKAMH BEleCTBEHHOIO CHrHaza s (f)
ABJISIIOTCSE €r0 MOLIHOCTb H- SHEPTHS.

MrHoBeHHas1 MOILIHOCTb onpenesisieTCss KakK KBaipaT MrTHOBEHHOrO 3Ha4€HHA

s (f):
p (&) = s (b).

Ecanm s (f) — Hanpsi>XeHHe HJH TOK, TO p (t) €CTh MTHOBEHHasl MOIIHOCTb
BbJiesisieMasi Ha CONpoTuBJieHHH B | Owm.

OHeprusi CUrHajla Ha HHTepBaJe f,, ¢, onpenessiercsst KaK HHTerpaj OT MrHO-
BEHHOH MOILHOCTH:

ty ty
9= 5p(t)dt= Ssz(t)dt. @.1)
ty ty
OrHoluenue
!
3 1 3 2 _
= f)dt =s2(¢ 2.2

ty
HMeeT CMBICJI CpelHell Ha HHTepBaJie f,, f; MOMIHOCTH CHTHaJja.
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PeanbHble CHrHaJIBI MMEIOT KOHEUHYIO NJIMTENBHOCTh M OrPaHHYEHHYIO 1O
BeJIHUHMHE MIHOBEHHYIO MOIIHOCTb. DHEPrusl TaKMX CUrHAJIOB KOHeuHa. B Teopuu
CHFHaJIOB YaCTO p4ccMaTpuBaloTCst (QYHKIHMH BpeMeHH, 3alaHHble Ha Bcefl OCH
BpeMEHH — 00 << [ < 00 MpPH KOHEYHOH BeJIHYHHe cpefHell MomHOCTH. [OBOpUTD
06 3HepruH MoAOGHBIX CHrHAJ/OB, ofpallamolieiicss B GeckoHeyHo OoOJbILYIO Be-
JIHYHHY, He HMeeT CMBICJA.

2.2. I[TPEJICTABJIEHHE ITPOU3BOJIbBHOI'O
CHUTHAJIA B BUJE CYMMbI-3JIEMEHTAPHBIX
KOJIEBAHNH

JI/isl TEOPHM CUTHAMOB U HX O6PaGOTKH BaXKHOE 3HaueHHe HMeeT PasJiodKeHHe
3aJlaHHol (QYHKUHMH f (X) MO pasjiMYHBIM OPTOrOHaJIbHBIM CHCTeMaM (YHKIUUH
@, (x). HanoMHHM ocHOBHblE onpefesieHHs, OTHOCSILHECS K CBOHCTBaM OPTOro-
HaJlbHBIX CHCTEM.

Beckoneunas cucrema JAeHCTBHTENbHBIX (QYHKLHH

Do (x)v P1 (x)’ P2 (x)’ v @y (x)’ (23)
Ha3bIBaeTCs OpTOI‘OHaJIbHOﬁ Ha OTpe3ke Ia, h], eCJIu

b
S(pn (®) o (x)dx =0 npu n=~=m. (2.9
[Ipu 3toM mnpexnonaraercsi, 4TO

b

[eimar=o, (2.5)
a

T. €. YTO HUKaKas U3 QYHKLHH paccMaTpHBaeMOi cHcteMbl (2.3) He paBHA TOX-
AeCTBEHHO HYJIIO.

Ycaosue (2.4) BbipaXkaeT MONAPHYIO OPTOrOHANLHOCTb (PYHKLHEA CHCTEMbI
(2.3). Bennuuna

[T
loall =1/ fotixar (2.6)

HasbiBaeTcsi HOpMOH (QyHKuHH @, (X).
DyHKUHA @, (X), LIS KOTOPOi BBHIMOJHAETCH yCJIOBHE

b
lnllt= | 040 dx=1, @7

Ha3biBaeTCi HOPMHPOBAaHHOHNH (QPyHKUHeHA, a cHCTeMa HOPDMHPOBaHHBIX
byHkuu# @ (x), @y (X), ..., B KOTOPOH KaXable JiBe pasjuyHble QyHKUHH B3aHM-
HO OpTOTrOHAaJIbHbl, Ha3blBaeTCi OPTOHOPMHUHPOBAHHOMNH CcHCTeMOH.

B MaremaTHke HOKa3sblBaeTcsi, 4TO €CJAH GYHKUMH ¢, (x¥) HenpepbiBHbI, TFO
NpPOH3BOJIbHAS KYCOYHO-HenpephiBHAA QYyHKUHA f (X), A5 KOTOPOiH BBHIMOJIHAET-
cd  ycJoBue

flinpdr< o,
MOXeT ObIThb npeacrasJjieHa B BHAE CyMMbI psjaa
f(X) = Co q)O (x) + 4 q)l (x) + oo +cn Pn (x) + oee (28)

HHTeraJI B npeAblaylieM BbIpa>X€HHH BbLIYHCAAETCA IO o6J1acTH onpene-
JIEHU 2
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YMHOXKHM 06Ge yacTH ypaBHeH:m (2.8) Ha ¢, (¥) 1 npouHTErpHPYEM B mpe-

Jenax a, b. Bce ciaraemble BHAa f Cm®Pm (X) @, () dx npu m A n obpauiaiorcs

a
B HYJIb B CHJIy OPTOFOHAJNILHOCTH QYHKUHA @, (X) H @, (r). B npaBoit vactu ocra-
eTcs OJHO CJaraeMoe

b b
[enn () @n(dx=cy [ @R dr=c, |on |l
4 a
YTO TIO3BOJIAET HamHcatb

b
j‘f(x) @n (¥) dx =cp || @a 1%

OTKYyJZa CJeAYEeT Ba>KHO€ COOTHOLIEHHE

b
1
o= o j f (x) @n (x) dx. 2.9)

Psan (2.8), B kKoTopoM ko3bdHIMeHTH ¢, onpeiejeHbl no ¢opmyae (2.9),
HasbiBaeTcsi 0606meHHBHM pajgoM Pypbe no JaHHOH CHCTeMe
¢, (x). CoBoKynHOCTb KO3(XpHUHEHTOB ¢, Ha3blBaeTCs CN € KT P O M -CHTHaJa
f (x) B opToroHa/nbHOM cHCTeMe @, (X) H MOJHOCTBIO OmpeaessieT 3TOT CHIHaJI.

O60o6uennbiit psip Pypbe obJajaer ciaelyIOUUM BaXXKHBIM CBOMCTBOM: NPH
3aJlaHHOlM cHcTeMe QYHKUHE @, (¥) ¥ QHUKCHPOBaHHOM YHCJE C/IaraeMbix psifia
(2.8) on ofecneynBaeT HaWJYUILYIO aNNPOKCHMALHIO (B CMBICJe MHHHMYMa Cpef-
HeKBaJpaTHyecKoi OLIHOKH) AaHHOH QyHkumH f (x). D10 O3HAYaeT, YTO cpenHe-
KBaJpaTnHueckasi ownbKa, NOA KOTOPOH mMOApa3yMeBaeTCs BeJHYHHA

b ) 2
M= [[109— 3 neuta [

JNOCTHraeT MHHHMyMa, KOTAa Ko3((dHIHEHTH psifia a, = Cp.
JleficTBHTENbHO, NOACTAaBHB B NpeAblAyllee BbipaKeHHe a, = C, + b,
H HCHosb30BaB paBeHcTBa (2.4), (2.6) u (2.9), mosyunm

b N N
M= [P@di— 3 cileaP+ 3 bileal.

Orciona caenyer, uto M gocturaer MHHHMyMa npu b, = 0, T. e. npu a, =
= ¢,. Takum o6Gpasom,

b N
My = [ P(x)dx— 3 chlonlP. (2.10)

n=0

Tak Kak BeJHUHHA
b
[Peydc=iip

SIBJISIETCSl KBaZpaTtoM HOpmbl GYHKUMH f (¥), @ Mpyn == 0, TO Ha OCHOBaHMH
(2.10) moXHO HanHcaTp CJeRyloOlUlee HEPaBEeHCTBO:

S cilenP<IfP @.11)

n=
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3TO OCHOBHOE HepaBeHCTBO, HashiBaeMoe HepaBeHCTBOM DBec-
ceJ s, CnpaBefJIHBO AJIs JI060H OPTOrOHaNbHOH CHCTEMHI.
OproronanbHas cHcTeMa HasbiBaeTCS 11 0 J1 H O #, eC/lH yBeJIHYEHHEM YHCTIA

4JIeHOB B psiie CpeJHEKBAPaTHYECKYIO OIIHOKY M MOXXHO clieslaTh CKOJIb YTroA-
HO MaJoM.

YciioBHE NMOJHOTH MOXHO 3amnHcaTh B BHJE COOTHOILEHHS

S cilonp =IfP. 2.12)

n=20
ITpy BHINOJIHEHHH 3TOrO YCJNOBHS MOMKHO CYHTATh, YTO PN (2.8) cxodumcs
8 cpednem, T. e.
N

2
limS{f(x)——z r,,q>n(x)] dx=0. 2.13)
N->oo n="0
U3 3Toro, onuako, eme He CHeNyeT, YTO 3, C,@, (X) cxonures K f (x), T. e.
n=0
4TO

max =0

FO— 3 Copn(®)

n=0

npH Mmo6biX 3HaueHHsX x. B n. 1 §2.4 Gyner npuBeaen npumep, NokasbiBaio-
o

1K, YTO B OTAENBHBIX TOYKAX HA OCH X PAA X C,(, (X) MOXET OT/IHYATbCA OT
n=0
[ (x), xors paBencrBo (2.13) umeer Mmecrto.
Hast cucrembl pyHKUHH @, (X), NPHHHUMAIOMMX KOMIJIEKCHblE 3HAYEHHS,
NpHBEJICHHbIe Bbillle ONpelie/leHHs! OGOGIIAIOTCA CJeAYIOHM 06pa3oM:
yCJIOBHE OpPTOrOHaJMbHOCTH

b
[ @n () 9% (1) dx =0 mp n £ m; (2.4)
KBaJpaT HOpMH (YHKIHH

b b
19l = [ 0n () @n(x) di= [l (%) | d; (2.6')
Kosbduumentst Pypbe

b
1 '
= n(x)dx. 2.9

b= asf(x)cp (x) dx 29

B 3THX BbipaeHHsX @* (x) 0603HauaeT (PyHKIHIO, KOMIJIEKCHO-CONpSXKEH-
HyI0 QyHKUHH @ (X).

IMpumennTenbHo kK curHadam s (f), sBastolluMcst GyHKUMSMH BPeMEeHH, Bbl-
paxenne (2.8) B nanbHefiimeM OyJeT 3anmHCbiBaThCA B ¢opme

sh=3 conld): 2.14)

n=0

B HOBHIX 0603HaueHHAX KBaipaT HOpMbI QYHKUHH S () no aHaMOrHH C (2.6)
6yxer
ty
IspP= y s3(f)dt =3. (2.15)
i
D10 Bhpakenue coBmafaer ¢ (2.1).
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Takum o6pa3oM, B cooTBercTBHH C ¢opmyJofi (2.12) sHeprus cHraja

3= nio\on Elon P, (2.16)
a NpH HCNOJb30BaHHH OPTOHOPMHPOBAHHOH cHcTeMbl QYHKUHH @, (Z)

9= éo\cn k. 2.16")

[Tpu 3TOM HMeercsi B BHAY, YTO NPOMEXKYTOK BpPeMeHH ?, — f;, B KOTOPOM
OIpelie/IieTCsl SHePTHsi I, SIBJSIETCH UNMEPEAAOM OPMOSOHANLHOCHL JJISI CHCTe-
Mbl GyHKUHH @, ().

OueBHAHO, YTO CpefiHsSs 3a BpeMs f, — f; MOIIHOCTb CHI'HaJa

S 1 altlgn . (2.17)

n=0

Bei6op HanGosee paunoHaMbHOH OPTOroHa/MbHOM cHCTeMbl (PYHKLHIH 3aBHCHT
OT 1IeJIH, TpeciefyeMol NPH Pa3/loXeHHH CI0XKHOH ¢yHkuuH B psis. Cpeau pas-
HOOGpa3HbIX 3afiay, TpeGyloUlMX pPa3JIoXKeHHs! CJOXHOTO CHrHaJja, Hau6oJjee
BaXXHBIMH SABJSIOTCS: 1) TOUHOEe pa3sioKeHHe Ha INpOCTeHLIHe OPTOrOHaJIbHbe
(YHKLUHH; 2) annpoOKCHMalUsl CHIHAJIOB, NPOLECCOB HJIH XapaKTepHCTHK, KOr-
Ja Tpebyercsi CBeCTH K MHHHMYMY 4HCJIO Y/JIeHOB psijia (NpH 3afaHHOH AOMYCTH-
MOH MNOTpPelHOCTH).

ITpu nepBoii mocTaHOBKe 3aiauyH HauGoJibliee PacnpoOCTpaHEeHHe NOJY4HJa
OPTOTrOHa/JIbHasi CHCTéMa OCHOBHBIX TPHTOHOMETPHYECKHX @YHKUHA — CHHYCOB
M KOCHHYcOB. D10 OGbsCHsieTcs PSAOM NpuuMH. Bo-mepBuix, eapmonuueckoe
KoaebaHue A8aslemcs eOuUHCMBeHHOU GyrKyuel epemeri, coxpanaoujeld csoo gop-
MY npu npoxoxcderuu wepe3 aobyio Aurelinyro yend (C NOCTOSTHHbIMH TapaMeTpa-
mH). Hamensiiorest b aMnuTyAa 4 ¢asa koaeGanusi. Bo-BTOphIX, pas/oxeHHe
CJIOXHOrO CHTHa/Jla MO CHHycaM H KOCHHyCaM MO3BOJIRET HCIIOJIb30BaThb CHMBO-
JIMYEeCKHH MeToll, pa3pabOTaHHBIA /s aHaJW3a Nepefayd rapMOHHYECKHX KoJe-
6anuit yepe3 suHelHble neny. [To 3THM, a TakKe M HEKOTOPbIM APYTHM NMPHYHHAM
rapMOHHYECKHH aHa/MH3 MOJYYHJ LUHPOKOE PacrnpocTpaHeHHe BO BCeX OTPAC/AX
COBPEMEHHOH HAayKH H TeXHHKH.

ITpH BTOpOIi NOCTaHOBKeE 3aiau — MPHOJIHKEHHOM Pa3oKeHHH QYHKUHA —
NPHUMEHSIOTCS Pa3HoOOpa3Hble OPTOTOHaJ/IbHBle CHCTeMbl (PYHKLHi: MOJHHOMBI
YeGbineBa, dpmura, Jlareppa, Jlexanapa, pyHkuun Yosiua H MHOTHe ApYTrHe.
Hekoropble u3 stux cucteM ¢yHKuMit 6yAyT paccMOTpeHbl B I1. 14.

_ 1
ta—t, ta—t,

2.3. TAPMOHUYECKHUM AHAJIW3
IMMEPUOAHNYECKHX CHUTHAJIOB
INpu paanoxenuu nepuopMyeckoro curuana s (f) B psg Pypbe no Tpuro-
HOMETpHYECKHM (PYHKUHAM B KayecTBe OPTOrOHaJbHOH cHCTeMbl 6epyT
1, cos m,f. sin o, cos 20,¢, sin 2m,¢, ..., cos nw,f, sin nw.f, ... (2.18)
HJH
..e—miot e—iogt | elogt gi2efd (2.19)
HuTtepBan oproronanbHOCTH B 060MX Clydasix coBnmajaer ¢ nepuogom T =
= 2n/w, dysxkuuu s ().
Cucrema ¢yHkuuit (2.18) npHBOAMT K TPHIOHOMETPHUECKOH ¢opme psina

®Dypre, a cucrema (2.19) — k KommnsekcHoil ¢opme. Mexny sTumu AByMsi ¢op-
MaMH CYIeCTBYeT NpOCTasi CBfi3b.
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BocnosbayeMcst cHayasia oproroHanbHoit cHcremodt (2.19). Toraa psaa ®y-
pbe JoJ/KeH ObITh 3anWcaH B ¢opme

S(t)=...cpe—i20:t ¢ el Lo fc) et fcye0f 4 =

= i Cn elm-),t_ (220)

N= — 0
CoBoKynHOCTb K03()pHLHEHTOB ¢, psiaa DPypbe B Ga3uce TPHMOHOMETPHYe-
CKHX QYHKIUHi Ha3biBaeTcs] YaCTOTHBIM CNEKTPOM MNepHOIHYECKO-
ro curHana. Kosdpduuuenrsl psna (2.20) ¢, Jerko onpeaensitotcsi ¢ MOMOMIbIO
¢dopmyJ1, mpHBEeNEHHBIX B nNpeabifylleM naparpade.
H3 ¢opmynb (2.6") cnmenyer, uto
T/2
loa@F = | et emimotds =T @:21)
—T/2 N
Takum o6pa3om, He3aBHCHMO OT 1 HopMa ||@, || = VT. Hcnoabays dopmy-
ay (2.9), noayuaem
| T/2
- s(t) e—inoat g, (2.22)
—T/2

B Bpipaxenusx (2.21) u (2.22) yureHo, 4To QyHKUHH €"9:1! COOTBETCTBYET
KOMIJIEKCHO-CONPsIXKeHHAas! (QYHKLHA e —!noit,

Koapduuuentst ¢, B o6HIeM cjydae SBJASIOTCS KOMNJEKCHBIMH BeJHYHHA-

Cp=

mu. JloacraBue B (2.22) e—imoit = cos nw,t — i sin nw,f, noayunm
T/2 | T/2
Cp= —;- 5 s(f)cos nw, t dt —i - 5 s(t)sinnw, tdl =c,,—icy,. (2.23)
—T/2 —~T)]2

KocunycHas (aefictBuTeNbHast) W CHHYCHasi (MHHMasi) 4acTH KodpuilHeHTa
¢, Onpenensiorcss (popmyaamu

T/2 T/2
Chnec= % 5 s (t) cos no, tdt, c,,,=—-7l,— 5 s(f)sinnw, tdr. (2.24)
—T/2 —T/2
Kos¢pduunentsl ¢, uacro ObiBaer yAOOHO 3anuchiBaTh B (opme
cn=lcy e, (2.25)
rae
el = Vet +cls. = —-arctgfc"—s ) (2.26), (2.27)

nc

Monynb |c,| aBasercd (yHKLHeH, YETHOM OTHOCHTENBHO N1, a apryMeHT
0, — HeueTHO# (nocJieiHee BbITEKAeT HEMOCPEACTBEHHO H3 BbipaXkeHHil (2.24),
N0Ka3blBalOLUUX, YTO C,. SIBJSETCS YETHOH, a C,s HEUETHON (QYHKUHSAMH n).
Obuee Bbipaxenne (2.20) MOXHO NpPHBECTH K BHAY

s = 3 |ep| et (2.28)

n= — oo
Tenepp HerpyaHo nepeiiTH K TpPHrOHOMeTpHuYeckoii ¢opme psga Dypbe.
BeigenuB u3 psapa (2.28) napy cnaraembiX, COOTBETCTBYIOLLYIO KAKOMY-JIHGO 3a-
AaHHOMY 3Ha4yeHHIO |n|, Hanpumep [n] = 2, u, yuTs cooTHOWeHHs 0_, = —0,,
[c—a|l = lc;|, mosyunm Asisi CyMMbl ITHX CJaraeMmbix

‘ 0—2‘ ez(—2m‘t+9_a) +‘ Cs \ ei(20,¢+0;) — \ cz\ le——i(2(o,t+0,) + @i (201t +05)] e
=2|¢,| cos (20, t -+ 6,). (2.29)
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Orciona BHAHO, YTO NPH nepexofie K TpUroHoMerpuyeckoit gopme psa (2.28)
HeoGXOMMO 3anucath CJAEeAYIOIHM 06pa3oM:

s(t) =co+ 3 21cn|cos(noy f48,).

n=1

(2.30)

Cmbica yaBoeHHs! KosddruneHToB Pypbe ¢, B TPUTOHOMETPHUECKOM psilly
npMu n > 1 CTaHOBHUTCH SCHBIM M3 PacCMOTPeHMsl BEKTOPHOR AHarpammbl
(puc. 2.1), coorsercreyiomer (2.29) npu |n| = 2. BewectBeHHas ¢yHKuUHs
2 |ca| cos (nwyt 4 0,) nonyyaercs Kak CymMMa NpOeKUHH Ha TOPH3OHTAJbHYIO
ocb OB ABYX BEeKTOPOB AJIMHOM [C,|, BpalLaIOHXCS C YrJIOBOH 4acToTo# |n| o,
BO B3aHMHO NPOTHBOINOJIOXKHBIX HanpaBJeHHsX. Bektop, Bpaltalomuiics npoTHs
YacoBO# CTPEeNIKH, COOTBETCTBYET MOJIOXKHTE/NIbHOH YacToTe, a BEKTOp, Bpalllaio-
wuiics No 4acoBOH CTpesKe, — OTpHuaTeabHOl. [Tocae nepexoda k mpuzorome-
mpuueckoli opme noxsmue <ompuyamenbras wacmomar mepsem cuoica. Kosg-
hUUKEHT ¢, HE YABaHBaeTCs, TaK KaK B CNEKTPE NepHOAHYECKOro CHrHala co-
cTaBasiiolllasi C HyJeBOM 4acTOTOH He HMMeeT «ayGJepar.

Bmecto Boipaxenus (2.30) B MaTeMaTHUeCKO# H PaAHOTEXHHYECKOH JHTepa-
Type 4YacTo BCTpeyaercsi cieiyioulas (opma 3anucH:

s()=2 + ¥ (aycosnoyt+b, sinnw f) = - + Y A.cos(noyt +

n=1

+6n),

npuuem 0, = — arctg (b, /a,).

n=1

(2.31)

U3 conocraBaenun Buipaxenuii (2.31) n (2.30) BHAHO, YTO aMnIUTyAa n-it
rapMonukn A, cBsi3ana ¢ Koa(pdHUHEHTOM |c,| psina (2.28) cooTHOWeHMHeM

A,=2\c,|, a a,=2cpne bn =2cp,.

Takum 06pa3om, AJist BCeX MOJIOKHTENbHBIX 34aueHH n (BKJIoYas U n = 0)

r/2 T/2
a, = % s (¢) cos nw, tdt, b,l=—;- S s(?) sin no, tdt. (2.32)
—T/2 —T/2
Ecau curHan npeacrasssier co0oi QyHK-
N ey, LMIO, YeTHYIO OTHOCHTENbHO [, T. e. S (f) =
A = § (—t), B TPHTOHOMETPHYECKOHA 3amuCH psila
N OCTaloTCS TOMBKO KOCHHYCOHJaJIbHble UJIeHbl,
1ol N TaK KaK Ko3(xpuuueHTBl b, B COOTBETCTBHH C
l \ dopmynoit  (2.32) obpawatorcsi B HyJb. [as
\\ HeYeTHOH OTHOCHTeNbHO ! dyHKuRH s (£), HaoGo-
nla, t +6y, \ pot, B HyJb oGpalalorcsi KOPPHUHEHTHI a, H
s =>8 D5l COCTOHMT TOMBKO H3 CHHYCOMAAMbHBIX YIEHOB.
-(I7lw,  +4,,) yd JlBe XapakTepUCTHKH — aMINVIMTYAHAs H
e e ¢a3oBast, T. €. MOAYJH H apryMeHTbl KOMMJeKC-
-l e HbIX K03(hdHUHeHTOB psina Pypbe, NOJHOCTHIO
Vs onpejesisioOT CTPYKTYpPY HacTOTHOrO Chektpa
4 nepHoauyeckoro kosneGanus. Harasaxoe npen-
,/_m,,,,, CTaBJIeHHE O «LUIHPMHE» CNeKTpa AaeT rpagu-

Puc. 2.1. INpeacraBnenne rapmo-
HHYeCKOro KojeGaHHA B BHAe
UBYX KOMIJIEKCHHX COCTaBJIfiIO-
WHX: C MOJNIOXKHTEJNbHON H OTpH-
naTeabHOft yacToTaMH

22

yeckoe H306paXkeHHe CleKTpa aMmJauTya. B Ka-
YyecTBe npHMepa Ha puc. 2.2, a NOCTPOEH CeKTp
koa¢xpuLMeHTOB |c,|, a Ha pHC. 2.2, 6 — cneKTp
amnautya A, = 2 |c,| AN ORHOrO M TOro Xxe
nepuoauyeckoro Kosebauusi. s HcuepnbiBato-



Az
e} ¢
T+ a,/2 T A,
Con T T T
T 1T 11
i1 1 1 11 r—
[ 20| 0 [20, ns, @ 0 20, nw, ®
e, -e, @ 7
a

Pue. 2.2. Koadpduuuentn KoMnaekcHoro (a) w TpHronoMeTpHueckoro (6) psamoB Pypee me-
pHOAHYeCKO# (DYHKUHH BpeMeHH

WEeH XapaKTepUCTHKHM CNeKTPa NOAODHbIe 1IOCTPOEHHS AOJIKHBI ObiThb JOMOJMHe-
Hhl 3aJlaHHeM HauyaJbHbiX (a3 OTAE/IbHbBIX IapMOHHK.

Cnektp nepuoandeckod (YHKLHH HasbiBaeTcsi JMHeHYaTHM HIH
AHCKPpETHB M, TaK KaK COCTOHT H3 OTAENbHBIX JIHHHH, COOTBETCTBYIOUIHX
JAKCKpeTHbIM YactoTaM 0, ©;, ®; = 20;, @3 = 30; H T. A.

HUcnosnb3oBanre AAsi rapMOHHYECKOrO aHa/JH3a CJOXKHBIX MepPHOAHYECKHX
Koae6anuii psgoB Pypbe B COUETAHHH C NPHHIHKNOM HAJOXKEHHs HPEACTABJSET
c060i1 3¢xpeKTHBHOE €PEACTBO /IS H3YYEHHS BJIHSHHS JHHEHHBIX Lened Ha 1po-
xoxnenMe curuanos. Creayer, MpaBia, OTMETHTB, YTO ONpelesieHHe CHIHAaNa Ha
BbIXOZle LIENH N0 CyMMe FapPMOHHK C 3aJlaHHBIMU aMIJIHTYaMH H (a3aM sIBJIsieTCs]
HenpocTOM 3ajauell, OCOGEHHO ecaH He obecrneurBaercsi GbiCTpasi CXOXMMOCTb
psana dypbe, npeacrasasiollero BXogHo# curkai. HanGosee pacnpocrpanenHsie
B PaJHOTEXHHKe CHTHAJbl He COOTBETCTBYIOT 3TOMY YCJIOBMIO, M AJISi YAOBJIETBO-
PHTENbHOTO BOCNpOM3BeileHHs! GOPMBI CHIHAJNOB OOLIYHO HEOGXOAHMO CYMMHPO-
BaTb OOJIbILIOE YHCJIO TapMOHHK.

2.4. CIIEKTPBI NMPOCTEMIIUX NEPUOLUUECKUX
CUrHAJIOB

PaccMOTpHM Hecko/IbKO MPHMEpOB NEPHOAMYECKHX KosieGaHHM, 4acTo Hc-
no/Mb3yeMblX B Pa3/MYHBIX PaJHOTEXHHUECKHX YCTpPOMCTBaX.

1. MPSIMOYTOJIbHOE KOJIEBAHHE (PHUC. 2.3)

[onp6Hoe Kosebanue, 4acTo Ha3biBaeMOe Me aH J P OM!, HaXOAHT 0COGeH-
HO IUHPOKOE NPHMEHEHHe B H3MEPHTEJbHOH TeXHHKe.

ITpu BhGope Hauasa OTCuETa BpeMeHH B COOTBETCTBHH C pHC. 2.3, a QyHK-
UHS ABJSETCH HeueTHOH, a puc. 2.3, 6 — uerHO#. [Ipumenss dopmyabt (2.24),
HaxofMM J1Js HeyeTHoH Qynkuuu (pHc. 2.3, a) npu s(f)= e(f):

0

Cre=0, ¢, = -?—[ j‘ (—1)sinnw, tdt + a) €
—T/2
e ) 722 £ 7 =
+ S sin no, tdt | = Ll -772 2 Ir ¢
(/)] e|
-0
2E n T 1 1 ’ 1 1 E -
=_(1_.cos._°’;__), =S4 74 WA VA R K
Tan, 2
_— Puc. 2.3. Tlepuoauueckoe koae6a-
! Meanap — rpeueckoe cj0BO, 0603HauaoLLee Hue mnpaMoyrodabHoft GopMu (Me-
«OpHaMEHT>. aHap)
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[Gl An z
4
2|2 are .
2 n .4 _& X
2 I w2 o ‘
2 b7 v 2 V3
/3 ]' 'l' n
b ol 1 1 I | T 1 111 T
-bw, ~40, 20, 0 20, %0, 6w, ® 0 20, 4o, 6o, @
70, 5w, i, -0, ®, 3w, Sw, 7o, o, 3o, Ju, 7w,
/] 7

Puc. 2.4, Kosabduunentsr KoMmiekcHoro (a) u Tpuronometpuueckoro (6) psxa Pypwe kose-
6anHs, NOKa3aHHOro Ha pHC. 2.3

YuurbiBasi, yro T, = 2n, noayyaem

E 0 npu n =0,2,4, ...,
Cps= — (l—cosnn)= {
nn 2E/nn mpu n=1,3,5, ...

Hauasbuble ¢assl 0, B coorBercTBHH ¢ (2.27) paBHbl —t/2 AJ151 BCeX rapMmo-

HHK.
3anuiuem psax Pypbe B TPHrOHOMETPHYECKON ¢opme

e(t)= 2 2\cns|cos(nco1t— %) =—4’;E—(sinmlt+ —;—sin3mlt+
n=1,3,5,...

+ L sinbe, 4 ) (2.33)

b}
Cnektp ko3(duuueHToB |c,,| KomnsekcHoro psita Pypbe noKasaH Ha
puc. 2.4, a, a TPHrOHOMETPHYECKOro psifla — Ha puc. 2.4,6 (npu E = ).

[Tpu orcuere BpeMeHH OT CepelHHbl HMNYJbca (pHC. 2.3, 6) yHKUHS ABJS-
€TCs YeTHOH OTHOCHTEJIBHO ! H JUIA Hee

e(t)= i(coscolt-—- L cos 3w, + 1 cos 50y f— ) (2.34)
n 3 5

e Fpadukn 1-# (n=1) n

n={

3-#1 (n = 3) rapMOHMK W HX
CyMMbl H306paXXeHHl Ha pHC.
2.5, a. Ha puc. 2.5, 6 3ta cym™-
Ma JonojiHeHa b5-H TrapMOHH-
Ko#, a Ha pHc. 2.5, 8 — T7-ii.

C yBeJiHUeHHeM YHCJIA CYyM-
MHpYEeMbIX TapMOHHMK CyMMa
psiia npuOaHKaeTcs K QYyHK-
uuu e (f) BcioLy, KpoMe TOYeK
pa3pbiBa (QyHKLMH, rae obpa-
ayercsi Bbi6poc. [lpu n —- o0
BeJIMYHHA 3TOrO BLIGpOCA paBHa
1,18E, 1. e. cymma pslia OTJIH-
yaercsi OT 3aflaHHOA (QYHKUHH
Ha 18 %. Jdror aedeKT cXonu-
MOCTH B MaTeMaTHKe MNOMYYHJ
HasBanue s BJaeHHuss [ H6-
6 c a. Hecmorpsi Ha TO, 4TO B

~ "

Puc. 2.5. CymmupoBaune 1-t § 3-ft rapmonuk (a),
1, 3 u 5-i rapmonuk (6), 1, 3, 5 u 7-i rapmonuk
(B) kone6aHHsA, NOKa3aHHOTo Ha puC. 2.3
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Puc. 2.6. Tlepuonuueckoe koneGaHue NHIO-
o6pa3Hoii GopMb

~+Y

-7/2 0 7/2 t

Puc. 2.7. CyMMa nepBhiX UATH FapMOHHK
KoJie6aHus, NMoKadaHHOro Ha puc. 2.6

paccMaTtpuBaeMoM ciyyae psii Pypbe He CXOAMTCS K pa3saraeMofi QyHKUHH
e (f) B TOUKax ee pa3pbiBa, PSIA CXOAHTCS B CPeJlHeM, MOCKOJIbKY MpH A —» 00
BBIGPOCH! ABJISIOTCA GECKOHEYHO Y3KHMH H He BHOCST HHUKAaKOro BKJaJa B HH-
terpaa (2.13).

2. MHUJOOBPA3HOE KOJIEBAHHE (PHC. 2.6)

C nonoOHbiMH (QYHKUHMAMH YacTO NPHXOLHTCS HMETb HeJIO B yCTPOHCTBax
A/l pa3BepTKH H306paxkeHus1 B ocuuJvorpagax. Tak Kak srta QyHKUHs sBJAsET-
csl HeueTHOH, psiz Pypbe LI Hee CONEPIKHUT TOJNBKO CHHYCOHJAJIbHBIE UJIEHBI.
C noMombio ¢opmy.a (2.24)—(2.31) HeTpyAHO ompeneauTbh KO3hdHUHEHTH psia
®ypbe. Onyckast 3TH BbIKJIaJKH, HaNHIIeM OKOHYaTe/IbHOe BhIpaXKeHHe IS psila

e(t) = 2 (sin w t— L sin 20, t + L sin 3o, t —
no\ 2 3
‘—f: sindoy £ +..). (2.35)

Kak Buaum, amnauTyabl rapMOHHMK YObiBalOT mo 3akoHy l/n, rme n =1,
2, 3, ... Ha puc. 2.7 noka3an rpaduk CyMMbl nepBbiX NSITH FapMOHHK (B yBEJIH-
YeHHOM Maciurabe).

3. MOCNEAOBATEJ/IbHOCTb YHHIIOJIAPHbLIX TPEYI'OJIbHbBIX
HUMIYJIbCOB (PHC. 2.8)

Psag ®ypbe ansa 3roilt PyHKLHH HMEET CJEAYIOUHHA BUI:

e(t)= —[-— —_ —(cosm, + —cos3w,t+—-—cos5w,t+ )l (2.36)
T
e
7 N
E

Puc, 2.8. CymMMa Tpex nepsulx
rapMOHHk TNEpPHOAHYECKOH GYHK-
UHH 7 7] 72 t
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e Puc. 2.9. TIleproauueckas nocJiefoBa-
TEJIbHOCTb NPAMOYFOJBHBIX HMIYJbCOR
[ [ ¢ 6onbiIO#H CKBAXKHOCTHIO
£
L U o
- -T0/27 0 Ty/2 Tt

Ha puc. 2.8 uso6paxcena cyMma nepBbIX Tpex YJIEHOB 3TOro psiia. B xanHom
ciyyae oTMeTHM GoJiee GbICTpOe yObiBaHHE aMIJIMTYJ FapMOHHK, 4eM B Mpeablay-
IHX NpHMepax. ITO OGBACHAETCH OTCYTCTBHEM Pa3pbiBOB (CKAUKOB) B PYHKUHH.

4. MOCJIEAOBATEJIbHOCTb YHHUITIOJIAPHbIX
MPAMOYTOJIbHbIX UMITYJIBCOB (PHUC. 2.9)
[pumensis gopmysy (2.32), HaxoxuM cpeAHee 3HaueHHe (MOCTOSIHHYIO CO-
CTaBJISIOLLYO)
Ta/2
1 Ty o
= — e(ydt = -2 E 2.37
= | ewar=Z (2.37)
—T,/2

H KO3(DPHLHEHT n-H rapMOHHMKH

Ta/2
2 (" nmw; T
= — td = —1u 2.38
= ) e (f) cos nw, tdt = — sin s (2.38)
—1, ]2

Tak kak ¢pyHkuus e (f) yetvas, b, = 0 u A, = a,,. Takum o6pa3om,

e(t) =E(lT“~ +23 —l—sinnm—;'lcosnm,t) (2.39)

n
n==1\

Bemuunna N = T/t, Ha3biBaeTCi CKBa>X HOCTbIO HMOYJAbC-
HOW nocaexoBaTenbHOCTH. [Ipn Gonblunx 3HaueHHsIX N chektp
CHT'HaJla COJEPXKHT OueHb GOJIbIIOe YHCJIO MelJIEHHO YObIBAIOIIHX MO aMIVIHTYAe
rapMoHHK (pHc. 2.10). PaccTosiHHe MeXAY CNEKTPaJbHbIMH JHHHSIMH OYeHb MaJlo,
a aMIIHTYbl COCEAHHX FapMOHHK GJIM3KH MO BeJIHYHHE. ITO HArJIFAHO BhiTEKaer

u3 ¢popMyJbl (2.38), KOTOPYIO B 1aHHOM CJIV4ae VAOOHO NIPeACTABATb B HECKOABKO
H3MEHEHHOM BHJe

la,| =4, = —2—E-‘sin(nnl“-)
nn T

e

A § A,
11 /b/ :(A j
4 \
2 | ,
vdT”hvf MIIry.cr

Puc. 2.10. CnekTp WMIyJhCHOA HOCie-
06)2&), 2" p HC. P y 1

J10BaTeAbHOCTH, NOKa3aHHON Ha pHc. 2.9
Tu
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an MaJbiX 3Ha4Y€HHUAX N MOXHO CUYHTATh

2E nnr, 27,
A, m 2 M 2

nn T T

(2.40)

[MocrosHnan cocrapasiiowasi, paBHasi a,/2 = Ex,/T, BABoe MeHblie aMIJIH-
TyAbl 1-i rapmoHukH. [Tpn nocTpoeHHH cnekTpa KOI(PDHUHEHTOB |c,| BeaHUHHA
Co NPHGIHXEHHO paBHANACh Gbl |Gy].

2.5. PACITPEJEJ/IEHUE MOLLIHOCTH B CITEKTPE
MEPUOJHYECKOTIO CUTHA/TA

[lycre curuan s (f) (Tok, HanpskeHHe) npeAcTaBasieT COGOH CJOXKHYIO
nepuoanueckyio QyHkuuio BpemeHH ¢ nepuoaom T.

OHeprus Takoro CHUrHaJja, Ajsuierocsi or ! = —oo J0 { = oo, GECKOHEUHO
Besinka. OCHOBHOM HHTepec MpeACTaBSIOT CPelHfs MOL{HOCTb MEepPHOLHYECKO-
TO CHFHaJla H pacrnpejesieHde 3TOH MOLIHOCTH MeXAy OTAe/NbHbLIMH FapMOHHUKa-
M. OYeBHAHO, YTO CpeAHssl MOLLHOCTb CHIHaJla, pacCMaTpHBAaeMOro Ha BCell OCH
BPeMeHH, COBMaJaeT C MOLHOCTbIO, cpelHei 3a oauH nepHoa T. [ToatoMy Mox<HO
BOCINOJIb30BaThcs (opmyJoit (2.17), B KOTOpO#t MOA KOappHUHEHTaMH €, CaelyeT
noapa3symeBatb Ko3ppuuueHtbl psaa (2.20), noa HHTEpPBaJOM OPTOrOHAJBbHOCTH

t, — t], — Besmynny nepuosa T, a nop Hopmoi ||@,|| — seanunny V' T [em.
2.21)1.
Takum o6Gpa3oM, cpeaHsisi MOLIHOCTb MEPHOAHYECKOTO CHrHaJa
S = '7 Y |aPT= Y |eal® 2.41)
n= — oo n= -—oo

Hcnoabays tpuronomerpuueckyio ¢opmy psia Pypbe M yuuTbiBas, 4TO
Co= ay/2 w |c,| = A,/2, nonyuaem

;277)=(£;_)“+2§ (%")2-—-(52"—)2+‘—2 Az, (2.42)
n=1 ’

Ecawn s (f) npeacrasisier co6oit TOK i (¢), TO NpH NPOXOKIECHHH €ro 4epes co-
NPOTUBJIEHHE r BbIE/AETCS MOILHOCTb (CPeaHss)

P=r({t)=r(:+122+12/2+..),

rae /, = ay/2 — nocrosinHas coctaBasiomas, a /, = A, — amnantyna n-i
TapMOHHKH TOKa [ (f).

Hrak, nosnas cpegusisi MOLIHOCTb PaBHAa CyMMe CpeIHHX MOLLHOCTe#, Bbiae-
JISleMbIX OTAEJIbHO MOCTOSAHHOMN cocTaBJsfiolleii /o U rapMOHHKaMH C aMIJIMTY-
Aamu [y, I,, ... 310 03HauaeT, YTO CPEOHASL MOUHOCMb He 3asucum om ¢pa3 om-
OebHbIX 2apMOHUK. DTO BHITEKAET U3 OPTOTOHAJIBHOCTH CMEKTPaJsibHbIX COCTaB-
JIIIOUIHX, B JaHHOM CJyvae Ha HHTepBasie T.

2.6. TAPMOHHYECKHWH AHAJ/IHN3
HENMEPUOJHWYECKHX CUTHAJIOB

Hanoxennniit B § 2.3 rapMOHHYeCKHH aHaJ/M3 nepHOJHYECKHX CHIHAJIOB
MOXXHO PaCpOCTPaHHTb Ha HenmepHOAHYeCKHe CHrHajbl. Ilycth Takoil curuaz

§ () 3a1aH B BuJe HEKOTOPOHl (YHKUHH, OTIHYHOM OT HYJs B npoMmexytke (f;.
1) (puc. 2.11).
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BblzenuB npousBoJibHLIA orpe3ok BpemeHu T, BKJIOuaioutuii B ce6s rpome-
KyTOK (f;, £5), Mbl MOXeM NpPeJCTaBHTb 3alaHHblii CHrHaJ B BHIe pslna Pypbe

sh= 3 caemt, 0<(<T, (2.43)

n= =-oo

rae o, = 2n/T, a Ko3UUMEHTBI €, B COOTBETCTBHH ¢ (opmysoii (2.22)
1y
= %; j’ s () e—inwnt . (2.44)
ty

MoacraBus (2.44) B (2.43), nonyuum

T

00 ',!'
sth= Y (j S (x) e —inwx dx) einot —%— , 0<t<T. (2.45)

= — 00

t

3necb yuteno, uto T = 21/ w,.

Bue orpeska (0, T) psan (2.43) onpeneasier dyHKuuio s (f) = s (¢ + kT),
rie k — Uesioe YHCJO, T. €. NEPHOAHYECKYI0 (YHKUHIO, NOJYYEHHYIO MOBTOpE-
HHeM s (f) BipaBo H BJeBo ¢ nepuofoM T'. [lisa Toro yroGbl BHe oTpeska (0, 7)
GYHKUMSA paBHAJAaCh HYJIO, BesJIMYHHA T JOJ/DKHA GbiTh GECKOHEYHO GOJbLIOH.
Ho uyem Gosble orpe3ok 7', BbiGPaHHLIA B KayecTBe NEepPHOAA, TeM MEHbILIE KO-
sdpunHentsl ¢,,. Yerpemasia T kK GeCKOHeYHOCTH, B npelielie moJlyuaeM GecKoHey-
HO MaJible aMIIJIUTYAbl FTADMOHHYECKHX COCTaBJ/SIOUHX, CyMMa KOTOpbIX H306pa-
JKaeT HCXOIHYIO HemepHOAHYeCKY0 (YHKUHIO s (f), 3alaHHYIO B HHTepBaJe
L << t<<t, (cM. puc. 2.11). UHCIO rapMOHHYECKHX COCTaBJSIOULHX, BXOASLIHX
B psa Pypbe, 6yaeT npH 3ToM GeCKOHEYHO GOJIBIIHM, TaK Kak npu T — oo oc-
HOBHas yactota QyHKHHH ®; = 2n/T ->0. MHbIMH c/loBaMu, paccTosiiHe MeX-
1y CHOEeKTpa/bHbIMH JIMHHAMH (CM. pHC. 2.2), paBHOe OCHOBHOH 4acToTe w;,
CTaHOBHTCS GeCKOHEYHO MaJbIM, a CNeKTP — CIJIOLIHbIM,

[lostoMy B BbipaxkeHHH (2.45) MOXKHO 3aMeHHTb W, Ha dw, NwW, HAa TEKYLLYIO
YacTOTy ®, @ OMNepaudio CyMMHPOBaHHS oORnepauueli WHTErPHPOBaHHS.

Takum o6pa3oM, npuxoauM K ABOHHOMY HHTerpajny Pypbe

) ly
s()= 3!; 5‘ et [j s(x) e —iwx dx} dw. (2.46)
— 00 £y

BuyTpenunit uuterpaj, sBasiomuiics QyHkudeid w,
ty
S(w) = f s(f) e—iwtd, (2.47)

ty

HasblBaeTCA CNeKTpPaJNbHOH NJOTHOCTbHIO MHIHCHEKTDPalJb-
HOH XxapakTepucTHKOH ¢yukuuu s (f).

B ofutem cayuae, xoraa npenedsl ¢ U f, He yTOYHeHbl, CNeKTpaJibHas MJOT-
HOCTb 3anuchiBaetcsi B opme

S(w) = 5‘ s (1) e~ivt dt. (2.48)

— 00

Ilocne noacraHoBku (2.48) B Bblpa-
xeHue (2.46) nonyuaem
1 [
T

-T 0t 1) T .
sin= — 5 S (w) efot d (2.49)
JU

Puc. 2.11. Oaunounulit uMnyasc
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Bruipaxenus (2.48) u (2.49) Ha3bIBAIOTCH COOTBETCTBEHHO MP A MBIM H
o6paTHHM npeo6pasaBaHHAMH Pypbe.

Bripaxenue (2.48) otymyaercsi ot (2.22) TONBKO OTCYTCTBHEM MHOXHTEJSI
1/T. CnepoBaresibHO, crieKTpaJibHast IIOTHOCTD S (®) 06/1afiaeT BCeMH OCHOBHBIMH
CBOHCTBaMH KO3(hOHLHMEHTOB ¢, KoMmJeKkcHoro psina Pypee. Ilo aHamoruu c
(2.23) u (2.25) MoXHO HamHcaTb

S (0) = A (0) —iB (0) = S (w) e8(®), (2.50)
rie
A(e) = 3‘0 s(t) cos wtdt, B(®)= 32 §(?) sin otdt. (2.51)

Monysb 4 aprymeHT CHEKTPaJbHOH NVIOTHOCTH ONpeeJIsioTCS BhIpaXKeHHs -
MH

S =VI[A@]P +[B(o)P, (2.52)
0 (0) = —arctg [B (0)/A (0)]. (2.53)

INepBoe B3 3TMX BBIpaXKeHHH MOXHO PacCMaTpHBaTh KaK aM N JHTY A-
Ho-yacTOoTHyl (AUX), a BTOpoe — Kak ¢a30-94aCTOTHYIO
Xapa lzt;r epuctuku (PUX) cnjowWHOro CnekTpa HenepHOAHYECKOrO CHr-
Hajta s ().

Kak u B cayyae psna Pypee, S (w) siBasercss yetHoil, a 0 (w) — HeueTHo#
¢dyHKuHell 4acTOTH ®.

Ha ocnoBanuu ¢opmysnl (2.50) HeTpYAHO NPHBECTH HHTerpaJibHOe npeobpa-
30Banue (2.49) K Tpuronomerpudeckoii Qopme. Hwmeem [apryment dyHkuuu
0 (©) B mOCJeRYOmHX BHIpaXKEHHAX OMNYylIeH]:

s(t) = _2_1_’; S S (0) e+ g = _;; s S (@) cos (of + 0) do +

+i—é‘;c 5' S (o) sin (of +6) do.

M3 verHoctH mopyssi ¥ HedeTHOCTH (asbl CJefyeT, YTO MOABIHTErpasbHast
GyHKUHSI B MepBOM HHTerpaJe sBJseTCS YeTHOH, a BO BTOPOM — HeYeTHOH OT-
HOCHTENbHO . CliefjoBaTe/bHO, BTOPOH HHTErpaJl paBeH HYJIO H OKOHYaTelbHO

s(t)=—2‘u— f S(m)cos(mt+6)dm=—:;jS((o)cos(mt-!-e)d . (2.59)
— 00 0

INepexox or xommiekcHo#t ¢opMmbl (2.49) K TpHronoMerpHyeckoi (2.54)
OGBIYHO Lesecoo6pa3eH B KOHIE aHaJMH3a; BCe I1POMeXYTOYHble BHIKJAJKH TNpH
npuMeHeHHH uHTerpaja dypbe ynobHee M mpollle MPOH3BOAHTb Ha OCHOBaHHH
KOMIJIEKCHOH ¢opMbi  (2.49).

Or™meryM, uro mpu @ = 0 BulpaxenHe (2.47) nepexomuT B clelyiollee:

$(0) = S $ (t) dt = nnomagb noA Kpusoh s (f). (2.55)

—00

CneoBaTeNIbHO, A J0GOro curxana s (f) crnekTpaibHasi MJIOTHOCTb S (o)
Ha HYJIeBOH yacToTe paBHa «IJIOIIAZH CHTHAJa». ITO MPaBHJIO NMOJNE3HO AJIst Obl-
CTPOTO BhiSIBJIEHHs! CTPYKTYpHI CIIeKTPa HEKOTOphIX CHrHaJloB. [IpuMepH npume-
HEHHs 3TOro npasuja npueogarca B § 2.10.
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2.7. COOTHOIIEHHUE ME)XY CIIEKTPAMH
OIWHOYHOI'O UMITYJIbCA U TTIEPUOIHNYECKOM
[TOCJIENOBATEJ/IBHOCTH UMITYJ/IbCOB

[Tycts 3amanbl uMmnysbc S; (f) W COOTBETCTBYIOUIAas €MY CHEKTpaJibHasi
mJIoTHOCTD S; (0) = S, (2nf) (puc. 2.12, a). Ha 3ToM pucyHKe H306pakeH MORYJIb
CIVIOILHOrO cniekTpa S; (2nf) B Buie QYHKUHH, YeTHOH OTHOCHTENBHO f.

IIpy noBTOpeHHH HMNYJbCOB ¢ mepHofoM T  moJyvyaeTcsl MOCJeAOBaTelib-
HOCTb, HpeJicTaBjieHHass Ha puc. 2.12, 6 (cneBa). JluHeiuaTbiii (XHCKpeTHBI)
CNeKTp 3TOH NOCJeNOBaTeJIbHOCTH H306pakeH B MpaBOf yacTH pHcyHKa. [lpu
nfguone T uHTepBaJ MeXAy JOOBIMH ABYMS COCeJHHMH TapMOHHKaMH paBeH
UT.

Kos¢pduuueHnt n-it rapMOHHKH B COOTBETCTBHH C BhipakeHHeM (2.22)

1y
Ca =»;—,- S 51 (t) e—inout dt,
ty

rie o, = 2n/T; t, u t; coorBetcTBYlOT puc 2.11.
CnexTpa/ibHasi e MJIOTHOCTb OJMHOYHOTO HMMNYJbCa Ha TOH XKe YacToTe
o = ne; 6yaer [cMm. (2.47)]
1y
S (@ =nw,) = j 51 (f) e—inoat df,
£y

Kak panee yxe orMevasoch, CrieKTpajbHasi IWIOTHOCTb S; (® = nw,) oT-
JIHYaeTcs OT KodHLHeHTa ¢, pafia Pypbe nepHORHYECKOH NOC/IeR0BATENbHOCTH
TOJILKO OTCyTCTBHeM MHOXutens 1/T.

CliefoBaTe/IbHO, HMEET MECTO HpPOCTOE COOTHOIIEHHE

n =81 (n0)/T =, $; (ne). (2.56)
CoOTBEeTCTBEHHO KOMIJIEKCHAsl aMIVIMTYAa n-ii rapMOHHKH
A, =2c, =2f, S, (noy). (2.56")

Hrak, mo0ysb cnexmpaabroti naomrocmu 00UHOKHO20 uMnYAbCa U o2ubaowan
AuHelHamozo chexmpa nepuodu4ecKoll nocaedoBameabHOCMU, ROAYHEHHOU nymem
no8MOpeHUs 3aPaHH020 UMNYALCA, COBNACAIOM No (Popme 1 OMAUYAIOMCA MOALKO
macumabom.

Ha puc. 2.12, 6 wrpuxoBoii JuHHel 0603HaueHa Orubaioiilas JHHeHYaTOro
cnekTpa |[c,| = fiS; (nw,).

8,(2nt)
s,(t
AN
/] Ty 12 f
8,G+T) 5@  s,(-T) 16l =75, (2nF)
JANDANDA 1T
/ \\ 1’ \\ — /(TT ] T\
TTer, 0 te T THvs T N " r
1 . 1 P
24012340 n

Puc. 2.12. Oaunounblfi HMIYJbC H €rQ0 CHEKTPaJbHasi MJOTHOCTH (@), MepHOAHYECKas NocJe-
JOBATE/IbHOCTh HMIYJIbCOB H €e JHHeAyaTwill cnekTp (6)
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C yBeauuennem T crneKTpadbHble JHHHH Ha pHC. 2.12, 6 cO6MHKAIOTCA H KO-
3¢pHLKEHTHl ¢, YMEHBILAIOTCS, HO TaK, YTO OTHOLUEHHE |c,|/f, ocTaeTcs Heus-
MeHHBIM. B npegese, npu T — 00, MPHXOAMM K OJHHOYHOMY HMIYJIBCY CO CIeK-
TPaNbHOH IVIOTHOCTBIO

S (@) =lim (c,/fy).
f1—0

Takum o6pasoM, CTaHOBHTCS HAarJsAHbBIM TEDMHH «CIEKTpaJbHas MJOT-
HOCTBY: S (@) ecmb amnaumyda Hanpaxcenus (moxa), npuxodawasca va 1 T'y
8 Geckoneurno yskoll nosoce wacmom, Komopas 6xkalo4aem 8 ceGs paccmampuea-
emyio wacmomy o.

2.8. HEKOTOPBIE CBONCTBA IMTPEOBPA30OBAHUA
®YPbE

Mexny curnasoM s (f) ¥ ero cneKTpoM S (®) CyuIeCTByeT OZHO3HAyHOE CO-
orsercTBHe. [l npaKTHYeCKHX NPHJIOXKEHHH BaXXHO YCTAHOBHTH CBSI3b MEXAY
npeo6pa3oBaHHeM CHrHaJla H COOTBETCTBYIOIIHM 3TOMY MpeoGpa3sOBaHHIO H3Me-
HeHHeM cnekTpa. M3 MHOroyHcJeHHBIX BO3MOMEHBIX NpeoGpas3oBaHHMi CHrHaja
paccMOTpHM CJieAyloLiHe HaHGOJIee BaXKHbie H YacTO BCTPeYalolMecs: CABHI CHT-
Hajla BO BpeMeHH, H3MeHeHHe MacuiTaGa BpeMeHH, CABHT CIEKTpa CHTHaJa IO
yacrore, AH¢pepeHuHpoBaHHe H HHTEr PHPOBaHHe CHrHajJa. Kpome Toro, 6yayT
PacCMOTpeHbI CJIOXKeHHe CHrHaJIOB, NpPOH3BelleHHe H CBepTKa JABYX CHTHAJOB, a
TaKXe CBOHCTBa B3aHMHOH O6paTHMOCTH ® H ! B mpeoGpasoBaHHsX Dypbe.

1. CABUT CUTHAJIOB BO BPEMEHH

Ilycrb curuan s,(f) npou3Bo/bHOM (GOPMBI CyIIECTBYeT Ha HHTepBaje Bpe-
MEHH OT f; A0 ¢, H objajaer CneKTpaJbHOH IMIOTHOCTBIO S; (o). Ilpu 3aepxkke
9TOr0 CHrHaJsa Ha BpeMs f, (IPH COXpaHEHHH ero GopMbI) NOTYYHM HOBYIO pYHK-
UHIO BpeMeHH

S () = 5 (t— ),

CYLLECTBYIOULYIO Ha HHTepBajie OT Iy + I 10 Iy + .
CneKTpa/ibHasi JIOTHOCTb CHMTHaJa S, (f) B cooTBercTBHH ¢ (2.48)

ts4-1o ty4-1,
S(o))—--‘f s)e—wtdi= [ s (t—t)e-itdt.
ty -ty tyHto

BBons HOByIO mepeMeHHYIO MHTErDHPOBaHHS T = f — f,, MOJy4YaeM

S (w) =e—ivte j" s (r)e—toTdy =e— 04§, (0). (2.57)

ty

M3 310oro CcOOTHOIWIEHHS BHIHO, YTO CABHI BO BpeMeHH (yHKUHMH S (f) Ha
=%, NPHBOAHT K H3MeHeHHIO (a30BOH XapaKTEPHCTHKH crieKTpa S (®) Ha BeJsH-
YHHY =+ 0f,. OueBHAHO H OGPATHOE INOJIOKEHHE: eCIH BCEM COCTaBJIAIOLUIHM CIeK-
Tpa QyHKUHH s (f) AaTb ¢$a30Bbiii cABHI O (w) = + ©f,, JHHEHHO-CBSI3aHHBIH C
4acToTOH ®, TO (QYHKUMS CABMraeTcss BO BpeMeHH Ha —f,.

AMniHTYAHO-YaCTOTHAsT X apaKTEPHCTHKA CNIEKTPA (T. €. MOAYJIb CIIEKTPab-
HO#l MJIOTHOCTH) OT NOJIOMEHHS! CHrHajla Ha OCH BPEMEHH He 3aBHCHT.

2. ©SMEHEHHE MACHITABA BPEMEHH

ITycrb curnan s, (f), u3o6paxenHbiii Ha pHc. 2.13 cnvlomHO#M JUHHeH, nox-
Bepresi CKaTHIO BO BpeMeHH. HOBBIH cxKaTblil cHrHaX s, (f) (WTpHXOBast KpuBas
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Ha puC. 2.13) cBf3aH C HCXOIHBIM COOTHOLIEHHEM
Sy () = 8, (nt), n> 1.
JaurenpHocTh HMnyJabca S, (f) B n pa3 Memblue,

0 F r—s—= M HCXOHOrO, W paBHa T,/n. CnekTpanbHas mJior-
HOCTb C2KaToro HMIyJibCa
Puc. 2.13. Cxkarue curaa- Tp/n Tu/n
Ja NpPH COXPAaHEHHH ero ©) = 5’ —iot Jf j‘ — ot
GOPMH H aMIIHTYLB S (@) ¢ ss(f)e dt p Si(n)e dt.

BBois HOBYIO NEpeMEHHYI0 HHTErPHPOBaHHSI T = nf, NOJyYyaeMm

_[it

sma)-—-,‘,—jsl(w)e " dx
0

Ho uuTerpan B npaBo#i YacTH 3TOrO BbIpaXKeHHsl €CTb He YTO HHOe, KakK
CreKTpaJbHasi MJIOTHOCTh HCXOLHOTO CHrHaJja §, (f) NMpH yYactote ®/n, T. e.
S, (w/n).

Takum o6Gpa3om,

8, (0) = (1/n) §, (w/n).

Hrak, npu cxaTuu cHrHazna B n pa3 Ha BpeMEHHOH OCH BO CTOJIbKO Xe pa3
paclIHpsieTCs ero CHeKTP Ha OCH 4acToT. Moay/b CnekTPaJbHOH MJIOTHOCTH
NpH 3TOM yMeHbinaetcst B n pa3. OueBHAHO, YTO NPH PaCTArHBaHHH CHIHaJa BO
BPeMeHH (T. e. IpH 72 << 1) HMEIOT MeCTO Cy2KeHHe CNIeKTPa H yBeJIHYeHHe MORYJIsl
CNeKTPaJbHOA TJIOTHOCTH.

3. CMEILEHHE CIIEKTPA CUTHAJIA

[Tpumenum (2.48) x npousBeneHHIO s(f) cos (wof -+ 6y)

- oo

f s (f) cos (w, ¢+ 8,) e—iotdt = j' s(t) [_;_ez<<o.r+e.)+
Y v
! i(00? --8g) ot e’% ¢
+_2_e— (©f+0 ]e‘- dt ='—2—" s(t) e—i(o—ont dtt
_ie, p S()e—iotoatdt,
e (]

T
-— 00

[MepBbiit HHTErpan B NMPaBOi YacTH €CTh HE YTO HHOE, KaK CMEKTpasbHas
MJIOTHOCTb (PYHKUHHM S (f) NPH 4acToTe ® —- @,, a BTOPOH HHTErpas — Mpu ya-
crote ® + ®,. Ilo3TOMy nosyyeHHOe BhIlie COOTHQLIEHHE MOXHO 3anHcaTh B
dopme

c 1
S s(f) cos (w, £ 4 0,) e — ! dt =-?[e"°oS (@ — ) -+ e =868 (@ + w,)], (2.58)

- 00
rie S (w) — cnekTpanbHas HJIOTHOCTb CHFHaja s (f).

U3 Bripaxenns (2.58) BbiTeKaeT, YTO pacluensieHHe cnektpa S (®) Ha ae
YacTH, CMellleHHble COOTBETCTBEHHO Ha -+ Wy H — 0y, IKBHBAJIEHTHO YMHOXEHHIO
¢yHKuuE s (f) Ha rapMOHHYeCKOe KoJjeGaHHe COS wof (mpH 6, = 0).

Bonee noapo6HO 3TO MOJOXKEHHE pacCMaTpPHBaeTcss B IJI. 3 NPH H3YYEHHH
MOZY JIMPOBAHHbIX KoOJieDaHHH.
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4. JUOOEPEHLIMPOBAHUE U WHTETPUPOBAHUE CHUTHAJIA

JudpepenunpoBanne CUrHana s; (£) MOXXHO TPaKTOBaTb KaK MouJieHHOe AH-
¢depeHUMpPOBaHHe BCeX FapMOHHYECKHX COCTABJSIOUIHX, BXOASILIHX B €ro CHeKTp.
Ho npoussoanasi ¢yHkuuu e/®' paBHa [wei®!, H3 Yero HemocpeiCTBEHHO Bbl-
TEKaloT CJeyIollHe COOTBETCTBHS:

500+, s0="2E tios ) =S (). (2.59)
K 3TOoMy pe3yJbraTy MOXHO NPHHTH TakKXe M3 oO6uIero npeo6pa3oBaHHUs
Pypoe

oo 0o

sy (¢ ; . .
S %ﬁ"‘e“‘”' dt =s(t)e—i* | + iaS, (w)=iwS, ().
— 00 — 00
[epBoe ciiaraemoe B npaBoii yacTH o6palllaeTcsi B HYJb, NOCKOJbKY MpPH
t > +00 5, (f) =0 (ycnOBHE HHTETPHPYEMOCTH CHTHaJa).
AHanornuyHbiM 06pa3oM MOXKHO MOKa3aTh, YTO CHTHaJly
t

5:(0)0,= [ si(x) dx

COOTBETCTBYET CHeKTpaJbHas IMJOTHOCTb
S; (0) = (1/iw) S, (o). (2.60)

Cneayer, 0oaHako, MNOAYEPKHYTb, YTO B OTJIMYHe OT OllepalMH (oS, (0)
onepauusi (1/i®) S, (w) 3aKOHHA TOJIbKO J/Ifi CHTHAJIOB, OTBEYAIOWHX YCJIOBHIO!
S (0)=0, T. e. 1A% CHUTHAJOB C HYJeBOH TNJOLAAbIO

¥
s si(f)dt =0 (cM. npujoxenne 2).

[>+]

5. CIO)KEHHUE CHTHAJIOB

Tak kak npeoGpa3soBanne Pypbe, onpejesiiollee CEKTPaabHYIO MJIOTHOCTD
3aflaHHOl (YHKUHH BpEMEeHH, fBJSeTCS JHHEHHbIM, OYEBHJHO, 4TO NpH CJO-
MEHHH CUrHanoB s, (£), s, (f), ..., OOMajaloWHKX crnekTpaMH S; (@), S, (@), ...,
cymmapHoMy curHany s (f) = s, () + s, (f) + ... coOTBeTCTBYET .CHEKTp
S(w)==§; (w) + S, (0) + ...

6. TIPOU3BEAEHHUE ABYX CHIHAJIOB

[Tycts paccmatpuBaeMbiii CHIHAJ § (f) AABJSETCS NPOH3BeleHHeM ABYX QYHK-
uui Bpemenu f (f) u g ().
HUcnonbsys o6y dopmyay (2.48), onpenensieM cnekTp CHrHana s (f)
S(w) = 5 s(f)e—ivtdt = 5 f(t)g(t)e —tetdr. (2.61)
® Kaxaylo ¢pynkuuio f (f) v g (f) MOXKHO NpeACTaBUTb B BHIE HHTErpaja
ypbe:

(P oy eier U T G et
f(@) o J F (0) ef* dw, g({) o 5‘ G () et dw,

! €m.: MartematHyeckHe OCHOBH cospeMeHHOM pajueapextpouukd [ M. A. Boavuwaxkos,
Jl. C. Tytkun, B. P. Jlesun, P. JI. CtpaTonosuy. — M.: Cos. paano, 1968.
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IloacraBasis B (2.61) BTOpOHt M3 3THX HHTerpasoB, NoMy4YaeM

oo

S((o):—é!; 5 f(t)[ G(x)ei’"dx] e~ df —

o0

:.-—21;- jv G(x)[ Y f(t)e—"“"“"”dtJ dx.

— 00 - 00

3aK/moyeHnblH B KBajpaTHble CKOGKH HHTErpaJl 1o MepeMeHHOi ¢ npexcTaB-
JfeT cO60H CHEeKTPaJIbHYIO MJIOTHOCTb QYHKIMH f (f) npu uacToTe @ — X, T. e.
F (0 — x). CrenoBaresbHo,

S (0) = _2‘; S G (x) F (0 —x) dx. (2.62)

Hrak, cnektp npousBelenus AByX ¢yHkuuit BpemetHu f (f) u g (f) paben,
(¢ ko3pduunentom 1/2n) ceprke nx cnektpoB F (w) n G (o).

M3 Buipaxkennit (2.61) u (2.62) B yactHom ciyyae w = () BbiTekaeT cJeayio-
liee paBeHCTBO:

f f(t)g(t)dt=—2'7‘- f G (x) F (—x) dx.

— 00 — 00

3ameHsifi B MOCJELHEM BbIDA2K€HHH X Ha @, noJyyaem

oo

f f(t)g(f)dt=—2'; f G((o)F(—m)dm=_2';

— 00

Y G (o) F* (0) do, (2.63)

— 00

rge F* (o) = F (—w) — cnektpajibHasi (QYHKUHS, KOMIJIEKCHO-CONpsXKEHHas
¢yukuusa F (o).

AHaNOrHYHO MOXKHO MOKa3aTh, YTO NpoH3BeleHHI0 ABYX crnekTpoB F () X
X G (0) = S (o) coorBercTBYeT (GOYHKUHS BpemeHH S (f), sBJASAIOLAsicS CBepT-
Kot dyukumii f (f) u g (f):

s= | ret—ody= | He—pgwdy=

- -

— 00 — 00

=
T on .

f F () G (0) e/ do. (2.64)

[Nocnennee BoipaXkeHHe OCOGEHHO LUHPOKO HCHOJIb3YyeTcsl IIPH aHasH3e fe-
pellaud CHTHAJIOB 4epe3 JiHHeillHble LenH. B 3ToM ciyyae ¢QyHKUHH BpeMeHH
f () u g (f) umetoT cMbica COOTBETCTBEHHO BXOAHOTO CHFHaJa H HMIIYJIbCHOH Xa-
paktepuctuku uenu (cM. §6.3), a F (0) n G (0) — cneKkTpanbHOH NJIOTHOCTH
CHFHAJa M nepesaTouyHON (GYHKUHH UErNH.
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7. B3BAMMHAS 3AMEHSEMOCTb o U B TIPEOBPA30OBAHUIX
®YPbE

O6parumcst Kk o6LieMy BbipaxceHHIO (2.48) H BBIACHMM CBOHCTBA (pyHKUHH
S (0) ans pasnuyHbIX QYHKUHA S (f).

1. Ecnu s (f) ectb QpyHKUMS, YeTHAS OTHOCHTEJBHO {, TO, NepenuchLiBas Bbl-
paxeHnue (2.48) B BuIe

S(0) = Ss(t)cosmtdt—i S s (f) sin otdt,

y6exaaeMcsi, YTO MPH YeTHOCTH S (f) BTOPOH HHTerpas paBeH HYJIO, TaK Kak
npousBefieHde s (f) sin o? apasercsd (QyHKuHeld, HeYeTHOH OTHOCHTeJNBHO f, a
npefejbl MHTErPHPOBAHHA CHMMETPHYHDI.

Takum oGpasom, npu s (f), 4eTHOH OTHOCHTeNbHO {, GyHKuHS S (w), onpe-
AeJisieMasi nepBbiM HHTErpasioM, ecTb PYHKUHS BellleCTBEHHAsi H Y€THAsi OTHOCH-
TeJNIBHO ®.

2. Ecau s (f) HeyeTHa OTHOCHTEJIBHO £, TO B HYJIb 06pallaeTcs NepBbiii HH-
Terpan H

S(w)=—i S s (f) sin wtdt.

~— 00

B stomM cayyae S (w) — HeyeTHasi M YHCTO MHHMasi QyHKUHS.

- 3. Ecau, Hakouen, s (f) He ABNSETCA YeTHOH MJIH He4yeTHOH (QYHKLHeH OT-
HOCHTEJIBHO f, TO ee MOXHO Pa3/IOKHTb Ha ABe (PYHKUHH: 4YeTHYIO s, (f) H He-
YeTHYIO S, (¢). Ilpn 3TOM S (w) npeacTaB/AsseT KOMMVIEKCHYIO GYHKLHIO, npHueM
NeiCTBUTe/IbHASI €e 4YacTb YeTHa, 4 MHHMMasi HeyeTHa OTHOCHTEJIbHO o).

M3 n. 1 BbiTekaer. 4To NpH YeTHOH (PYHKLUHH S (f) MOXKHO NPOH3BOJILHO BbIOH-
patb 3Hak nepex ! B o6paTHoM npeoGpasoBanud Pypbe lcm. (2.49)l: BbiGepem
3HaK MHHYC W 3anuiem ¢opmyay (2.49) B Buae

s(f) =—— y S () e~ du,
2n

B nocnenHeM uHTerpase 3aMeHHM NepeMEHHYIO HHTErPHPOBaHHA ® Ha f
1 napamerp f Ha w. Toraa JieBasi 4acTh 10/DKHA GbiTh 3anucaHa B BHle PYHKLHUH
OT aprymeHra

s(©) = —— j‘ S (1) e—iotdt.
2

Ho unrerpan B nocsieiHeM BbIpaXXeHHH MOXHO pacCMaTpHBaTh KaK CIEKTPasb-
HYIO MJIOTHOCTb HOBOH (yHKUHH S (£), mOJyuyeHHOH 3aMEéHOH o Ha ! B BbIpaxe-
HHH CMeKTpaJbHOM MJIOTHOCTH CHrHana s (f).

OGo3HauuM 3Ty CHEKTPaJbHYIO MJIOTHOCTb yepe3 S’ (w). Toraa

S’ (o) =275 (0). (2.65)

10T pe3yJibTar NOKa3biBaeT, YTO NepeMeHHble » W ¢ B npeoGpa3oBaHHsAX Pypbe
83QUMHO 3ameHumbt;, €CJH KoJeGaHHIO (YeTHOMY) S (f) cOOTBeTCTBYeT CHEKTp
S (w), TOo Kose6anHiO S (f) COOTBETCTBYET chekTp 2ms (o).
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2.9. PACITPEJEJIEHHE SHEPIHH B CIIEKTPE
HEMEPHOIWUYECKOI'O CUIrHAJIA

Jsist nosyyeHus: BbipaXKeHHs, aHAJOrHYHOro (2.42), MOXHO HATH ABYMs ny-
TAMH: MCXOAs1 M3 (2.42) coBepLINTb mpele/bHblil mepexos T — 0o HJIH BOCMOJb-
30BaTbCsl pesyJbTaTaMH MNpeiblaylllero maparpaga.

Paccmo1pum Bropo#t nyTb. /s 3TOr0 Bocnosib3yeMcsi BbipaxeHueM (2.63).

Ecnu f (f) u g (t) npeacraBasior co60i OAHO H TO Ke KoseGaHHe

f@)=g@®)=s®,

TO HHTErpan

f f(Ogt)ydt= f s2(t)ydt =3

npeacrasJsier cob60f MOJNHYIO 3HEPrHio curuana s (f). Kpome toro, npoussenenne
cnekTpaibHbiX mjotHoctell G (w) M F* (0) npuBoautcs K BHAY

G (0) F* (0) = S (0) $* (0) =| S () |>= S?(w),

rae S (®0) — cnektp curHana s (£), a S (o) — Moaysb 3TOrO cnekrtpa.
Takum o6pa3oM, B cooTBeTCTBHH € (2.63) NpHXOAHM K OKOHYaTeJbHOMY pe-
3yJbTary

3= fs"(t)dt:%ﬂ— S \S(m)\*dm:-;—fS“(w)dm. (2.66)
— 00 — 00 0

10 Ba)KHOEe COOTHOUIEHHe, YCTaHaBJIMBalollee CBA3b MeXAY JHeprHeil cur-
Ha/la U MOAYyJIeM ero CrneKTpaJsbHOH NJOTHOCTH, W3BECTHO NMOJ Ha3BaHHEM pa-
BeHcTtBa IlapceBauas.

Mexny BbipakeHusiMH (2.42) u (2.66) umeeTcs cyulecTBeHHOe pasJ/iHuKe,
B § 2.5 peub m1a 0 cpegHeH MOLIHOCTH MepHOAUYecKOro kosebanus. Onepauus
yCpelHeHHsl OCYILEeCTBJIAJIACh JeJeHHeM 3HepPruH orpe3ka KoseGaHUs 33 OLHH
nepuoa Ha BeanyuHy T. Jlnsi HenepHOAMYECKOrO KoJe6aHHsl KOHEYHOH AJIHTeb-
HOCTH ycCpeJlHeHHe 3HepruH 3a 6eCKOHeYHO GOJbLIOI nepuoA AaeT HYJb H, CJIef0-
BaTeJNbHO, CPEAHSIS MOLIHOCTb TaKOro KoseGaHUsi paBHa HY.JIO.

Ba)XHO OTMETHTB, UTO 3HEPrusi HENepHOAMYECKOTO CHIHa/la He 3aBHCHT OT
($a3upOBKH CNeKTPaNbHbIX COCTaBJAIOUIHX. 3TO sIBJsAETCS, KaK H JJIs1 NepHOAH-
YeCKOro CHrHaJjla, pe3yJ/ibTaTOM OPTOrOHaJbHOCTH CEKTPAJIbHbIX COCTABJISIOLLHX .
Pasnnuyue 3akJovaetcs JHIUb B HHTEpPBaJaX OPTOrOHaJbHOCTH: mepuod T Aas
NepHOAHYECKOro CHrHasta U GeCKOHeYHO GOJIbILOH HHTepBaJ AJs HerepHOAHYe-
CKOrO CHrHaJa.

M3 Bbipaxenus (2.66) BuAHO, 4TO BeauuuHy [S (®)|?, HMelOlLylO CMbIC]
SHepruH, npuxoasiueiics Ha 1 ', MOXKHO paccMaTpUBaTb KaK CNeKmMpaibHyo
nAOMHOCMb 3Hepeuw CHTrHaJga.

2.10. TIPMMEPbBI OINPENEJ/IEHHWS CIEKTPOB
HEIMNEPUMOJIHWYECKHUX CUTHAJIOB

OcHoBHO# 3ajlayelil HacTOsIlerQ naparpaga fABASiETCA NOSICHEHWE CBOACTB
npeo6pasosanuit Pyphe, npHBeJeHHBIX B NpeAbIAYIIHX naparpadax, Ha npume-
pax, BaXHbIX I/ NPaKTHKH.
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1. TIPSIMOYTOJIbHbIFT UMITYJIbC
Ilpocreitimee koJsieGaHue, onpefessieMoe BbIpaXKEHHEM
5:(6) ={ A mpu —1,/2 <t << 1,/2,
0 mpu t<<—71,/2 M t>1,/2

M npejcTaBJieHHOe Ha puc. 2.14, a, noJyyHJO LIHPOKOe PacnpocTpaHeHHe Kak
B TeXHHKe, TaK H B TeOpUH CHrHasoB M Lenefi. [Ipumenss dopmyiay (2.48), ua-
XOIMM CHeKTPaNbHYI0 WJIOTHOCTb (pHC. 2.14, 6)

(2.67)

%,/2 imt" iot,
" ) A [ T2 2
S;(@)=A4 S e—“"‘dt—-:m (e —e =
—Tu/?
_ 24 oty _ sin (07y/2) |
=2 sin &8 = 4, [—_mm ] (2.68)

3ameruM, uto npousBelieHHe At,, paBHOe NIJIOLIALH MMITYJIbCA, ONPEREseT
3HayeHHe CNeKTpaJbHOH MJIOTHOCTH MMNyJbca mpH o = 0, 1. e. §; (0) = Ar,
[em. (2.55)].

Takum ofipasom, BbipaxeHHe (2.68) MOHO 3anHcaTh B popMme

S (0) =8, (0) 2n@w/D _ g (o) sinc( - ) (2.69)

0Ty/2

3necy uepes sinc (wt,/2) o6o3HaueHa GyHKUMSA
sinc (x) = (sin x)/x. (2.70)

[Ipu ynauueHnu (pacTArHBaHHMM) HMMNYJIBCA PacCTOSIHHE MEXAY HYJISAMH
¢yHKUHH S; (®) COKpallaeTcsl, YTO PAaBHOCHJIBHO CYKEHHIO CreKTpa. 3HaueHHe
S; (0) npu 3rom Bospactaer. [lpu ykopoueHnH (CKaTHH) UMmyJibca, HaoGOpOT,
paccTosiHie MeXAy HyJIsIMH QYHKUHH S; (®) yBeJaHuYHBaeTcst (pacCiuMpeHHe CreK-
Tpa), a 3HaueHHe S; (0) ymenbinaercs. B npenene npu v, -0 (A4 = const)
TOYKH ©; = =+ 27/T,, COOTBETCTBYIOIIHE JIBYM NEPBHIM HYJISAM QYHKUHH S; (o),
YIANSIOTC B 6eCKOHEUHOCTb M CNEKTPasibHasl MVIOTHOCTb, GECKOHEUHO MaJiasi Mo
BeJIMUHHE, CTAHOBUTCSI PaBHOMEPHOH B NOJIOCE YaCTOT OT —OO [0 0O,

Ha puc. 2.15 nokasanbl oTAeJbHO rpadukH MonyJs S; (), OTHECEHHOro
K BesquunHe S; (0), u aprymenra 0 () cmekrpasnbHOi nuotHocTH. [lepBblil u3
3THX rpadHKOB MOXKHO paccMaTpuBath kak AUX, a Bropoit — kak ®UX cnek-
Tpa NpSIMOYTOJILHOrO UMmyJibca. KaxJas nepeMena sHaka S; () yuuThiBaercs
Ha pHuc. 2.15, 6 nmpupamesveM ¢asbl Ha T.

8,41
S, }
.
< <<
-7,/2 z) W2 TN\ /~\ -
2 2 2r 0 27 2r 27 [
o)

Pac. 2.14. TpaMoyro/ibHeif uMIyane (@) M ero cnekTpaabHas MAOTHOCTb (6)
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10 Ars,(w)/s,(o) 5
" ]
o <
7 Ty ©
=-3n 21t - 0 n 21 30 wr,/2
: : 1 kg [ Puc. 2.16. CoBmenlenHe Hauasna oTcyeTa Bpe-
R : ; { ; MeHH ¢ (GPOHTOM NPAMOYrOJLHOTO HMAYJbCA
T
g

TPa/bHOH TJIOTHOCTH MNPSIMOYrOJLHONO  HM-
nyJabca

IIpu orcyere BpemeHH He OT cepelHHBbI HMMyJibca (KaK Ha pHc. 2. 13), a or
¢porTa (puc. 2.16) ®UX crnexkrpa HMmyJibca AO/KHA GbiTh JOMOJHEHa ciarae-
MBIM ©T,/2, YYHTHIBAIOWIHM CABHI MMIyJIbCa Ha BpeMs T,/2 (B CTOPOHY 3amasfbl-
BaHHs). Pesyabrupyiomas ®UX npunuMmaer npH 3ToM BHA, NOKa3aHHbIA Ha
puc. 2.15, 6 wTpHXOBO#H JHHHEH.

2. TPEYI'OJIbHbIF HMITYJIbC

INpencraBnennsiit Ha puc. 2.17, a uMnyJbc onpejensiercsi BhIpaXKeHHeEM

¢ T
Al +1). —E<t<0,
s:(t)= "
T,
All— , o2
Tu 2 2

IIpsiMoe BBIYHCTIEHHE CIEKTPaJbHOM MJIOTHOCTH TPEYroJIbHOTO HMIyJbca MO
dopmysie (2.48) XOTA H HECJOXKHO, BCE K€ HECKOJIbKO I'POMO3JKO.

Jns unmocTpauyy NpHMeHeHHs TeopeM O CNeKTPaxX, NPHBEJeHHbIX B Npelsl-
ZyleM naparpade, HafiieM cHayaJ/la CeKTpaJbHYIO MJIOTHOCTb PYHKUHH, SBJSIO-
ieficss NpPOH3BOXHOM OT 3aJJaHHOrO CHrHaJja Sy (f). I'paguk nmpou3BoAHON NOKa3aH
Ha puc. 2.17, 6. CrekTpa/ibHasi IJIOTHOCTb MOJIOXKHTEJABHOrO MPsi MOYTOJbHOrO

. A
HMIYJIbCa JJIHTENBHOCTBIO T,/2 M aMIIHTYHOM <7z Vo aHasorHH ¢ dopmyoit
H
(2.68) u c yuetoM CABHra CepelHHbl HMIYJbca Ha BPeMs T,/4 OTHOCHTEJbHO TOY-
KH t=0

A _Tn__sin(0ta/4) etiotg/4 _ 4 sin (wt,/4) aloTy/4

2.71)

Tw/2 2 @OTy/4 ©Ty/4
S
2 32
Q)
8
<|
¥
-
g % 0 K <
Q:' 2 gi 2 _/-.—\/ ] |
< 3 -4 _4zm 0 2m 4 6n ]
: Ty ) Tu T Tw Tw %y
i
T % B
2 J 2

Puc. 2.17. K onpezenennio cnekTpaJbHON IJIOTHOCTH TPEYrOBHOTO HMITYJIbCa
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CnekTpanbHasi NJIOTHOCTb OTPHIATENBHONO MMIMYJbCa, MOKA3aHHOTO Ha
puc. 2.17, 6, cooTBeTCTBEHHO

'-'—-A Siﬂ(ﬁ)T"/4) e—.i(p-g“/4
OTu/4 ’

CymmapHasi crmekTpajibHasi IVIOTHOCTb ABYX HMMIyJIbCOB

A sir;(:o;,;/o (e/%/* _e—i/*) — 24 “L:)(‘::'/‘_:/ﬂ . (2.72)
1

CnexTpasnbHasi NMJOTHOCTb TPEYrOJbHOrO HMMYJbCa, SBJSIOWErOCsS HHTe-
rpajsoM or QyHKUMH S, (f), MOJAy4YaeTCs AeNeHHEM MNPEAbIAYLIErO BhIPaXKEHHS
(2.72) Ha (0 [cM. (2.60)]:

Sy(w) = 2A sin’(@w/d) _ Aty (_sinata/d ) 2.73)
2 ) ©Ty/4 2 ( ©Tu/4 ’

Muoxurenp At,/2 = S, (0) — nuomane TPeyrosbHOrO HMMNYJbCa.

Ipapuk S, (w) npeacraBnen Ha puc. 2.17, 8. IlosesHo oOTMeTHTb, YTO
yPOBeHb GOKOBBIX JIENECTKOB CIIEKTPA TPEYrOJbHOrO HMIyJbca yObIBaeT npomnop-
uHoHanbHO 1/w?, a He 1/, Kak B clyyae npsIMOYTOJILHOrO HMMyJabca. Bosbluas
ckopocTb yGbIBaHHsI CIIEKTPa OGBSICHSIETCS OTCYTCTBMEM Pa3phiBOB B paccMaTpH-
BaeMoH QyHKIHMH. AHaJOrHYHash KapTHHaA Gbl1a oTMeyeHa B § 2.4 npu paccmoTpe-
HUH JIMHEHYaToro ChneKTpa NepHOAHYECKOH MOC/IeNOBaTeNbHOCTH TPeyro«IbHbIX
HMITYJIbCOB.

OGo6lenne 3TOro BaXHOrO BOMPOCa, OCHOBAHHOE HA MCMOJ/b30BAHHMH anmna-
para nenabra-pyHkuuii, naercs B § 2.13.

3. KOJIOKOJIOOBPA3HbBIFI (TAYCCOBCKHMF) HUMITYJIbC
(PMC. 2.18,a)

[TpencraBnennbiii Ha puc. 2.18, @ MMnyJabc onpenensiercss BbIpaXKeHHeM
Sg(f) = Ae—1#"/20* oo <f<< 0. (2.749)

3Sror UMNyJbC, coBnagaiomuil Mo GpopMe ¢ rpadMKOM HOPMAJBHOTO (rayCCOBCKO-
o) 3aKOHa pacnpefieJieHHsl BEPOSITHOCTEH, Ha3blBaeTCsi TaKXkKe rayCCOBCKHM HM-
nyabcoM. TlocTosiHHasi @ UMeeT CMBICH MOJNIOBHHBI JJIMTENbHOCTH MMIYJbCa, Ofl-
penensieMoit Ha ypoBHe e~1/2 = 1/el/% or aMnauTyapl umny.ibca. TakuM 06pa3om,
noJiHasi AJIHTEJbHOCTb MMIyJbca T, paBHa 2a.
[Ipumensis Beipaxkenune (2.48), noayuaem
oo

S;(0)=A 5 e—11/2t e—ivt gt (2.75)

-—00

Jlnst BbIYHC/NEHHST WHTErpana YAOOHO B MOABIHTErPa/NbHON (QYHKUHH AOMOJHHTDH
nokasatesib CTeNeHH [0 KBalpaTa CyMMEI

_( £ +imt) = _[(_53- +imt+d2) —dz] =
2q% 2q?

(94}

rjae BeJIHYHHA d onpene.nﬂemﬂ H3 yCjIoBus
iot =2(¢/V 2a) d,
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S3 334 OTKyJa
, d=ioa/V 2. (2.76)
a7 Takum o6pasoM, Bbipaxenue (2.75)
3§ MOXHO NpPHBECTH K BHAY
<t S N ° oo _ .
1] I | S, (@) = Aed* 5‘ e—(t/VZa+d)® 44

i I -

-a Qﬂa t -tz OWa ©
L)

o P [Mepexofss K HOBOIl MepeMeHHOl

Puc. 2.18. Konokonoo6pasuuit (rayc- = (t/V2a) - d, nonyuaem
COBCKHH) HMOYJbC (@) U ero CHekT- - 2
TpajbHas MIOTHOCTH (6) S; (0) = Ae* V2a 5‘ e—**dx.

- 00

YUHTBIBasi, YTO BXOASILHHA B 3TO BhIpaXKeHHe HHTerpas paseH }/ 7, OKOHYarelb-
HO NoJy4yaeM

S, (0) = AV 2m ae—2'0*/2 = Be—0*/20*, @2.77)

rae b=1/a; B=1V12ndA.

I'paduk sToli ¢yHkuuu usobpaxen Ha puc. 2.18, 6.

[TosryuenHbli pe3y/ibTaT HMeeT Ba)KHOE 3HayeHHe JJISI TEODHH CHTHAJIOB.
OkasblBaeTcsi, YTO rayCCOBCKHH HMNYJIbC H €r0 CNEKTP BbIPAXKaloTCs OAHHAKO-
BHIMH (QYHKUHSMH U OOGJAfAlOT CBOHCTBOM CHMMETDHH: AJIsl NOJYYEHHs! ONHOH
H3 HHX IO 3aJlaHHOH JAPYroil JOCTaTOYHO 3aMEHHTb ! Ha ® WJH Haobopot. [lpu
3TOM CneKTpaJsbHasi 0JIoca, OmnpejesieMast Ha yPOBHe e~1/2 0T MaKCHMaJIbHOTO
sHaueHHs, paBHa 2b = 2/a = 2-2v, = 41,, a xosdpduuuent B = } 2naA

I'ayccoBckoMy cnekTpy

Sy (@) = Be—o"/2t" (2.78)
COOTBETCTBYET TI'ayCCOBCKHII HMMYJIbC
s () =Ae—trt/2 = BY_ ooy 2.79)
2n

¢ AJMTeNbHOCTBIO 2/b W amnautyaoit A = Bb/Y 2n.

OueBHAHO, YTO YeM MeHbL1ie JJHTENbHOCTb HMNYJIbCA Ty, TEM LIHPE CHEKTPaJb-
Hast noJoca 2b.

4. AIMITYJIbC BHUJIA SINC (X)

Ha puc. 2.19, a u3o6paxkeH UMmyJbC, onpefessieMblii BblpaXKeHHEM

sinopt _ sin 2nfp, ¢ . (2 80)

83 (f) =sinc (0, ) = — o 1
m m

BMecTo BbIUHC/IEHHS! CNIEKTPAJIbHOM MJIOTHOCTH 10 opmyJie (2.48) BocnoJib-
3yeMcs pe3yJ/ibTaTaMH n. | JaHHOro mnaparpada H CBOHCTBOM B3aHMHOH 3aMeHsie-
MOCTH ® H ¢ B npeo6pasoBaHusix ®Oypbe AJs 4eTHBIX QYHKLUHH BpeMeHH (CM. n. 7
§2.8).

M3 puc. 2.14 oueBHAHO, 4TO noc/Ie 3aMeHb @ Ha ! H ¢ HA ® 3aJlaHHOH (yHK-
1MH Sy (f) GyAeT COOTBETCTBOBaTb CHEKTP NPSAMOYroJbHOH ¢opmbl. Ocraercs
JHIUb HAaHTH IJIOWaJb 3TOTO CHEKTPa H €ro YPOBeHb.
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Su S,

@ a)

g

~

Y2fm

L\ /\ -

[ 170 _1 Tt -2nf, 0 onfp @
\/zfm F;,\/ " "

Puc. 2.19. UMnyasc Buaa sinc (wmf) (@) H €ro cnekTpajibHas nJAOTHOCTL (6)

[ans 3toro conocraBuM abcuuccy { = n/w,, Ha puc. 2.19, a ¢ aHasOrnuHOM
abcuuccoit © = 2n/t, Ha puc. 2.14, 6. OueBHIHO, YTO NpH 3aMeHe f Ha @ (MJH
H2060pOT) B JaHHOM NpuMepe HeOGXOLMMO HCXOAHMTH H3 GOOTBETCTBHA TU/®, —
—2n/t,, T. e. T, > 2®,,, OTKylAa CHAENYyeT, YTO 2w, H €CTb HCKOMas LUHPHHA
cnektpa S, ().

YpoBeHb cnekTpa, paBHOMEpHHIH B M0JOCE —0, < @ < ®,, [pOLIe BCe-
O OnpelesHTh MO ero 3HaueHHIo B Touke w = 0, aas koropo#t S, (0) pasHO nJo-
waaH wumnyaoca [em. (2.55)]:

00 oo X

8:(0) = f ss (t) dt = A Y sinomt 4 A j sinx_ 4o
12 (!)'"t (!)m x
W 2'm

Hrak, okonyaTesbHO
[ A2f, npu|o|<oy,

S =
) | 0 npulo|>e,.

(2.82)

5. TPYIINA OAWUHAKOBBIX U PABHOOTCTOSLINX
HUMITYJ/IbCOB

CneKTpaJibHYI0 MJIOTHOCTb MEPBOro HMNYyJbca B nauke (puc. 2.20) 0603HaukM
yepe3 S, (w). Torna A/1si BTOPOro HMOYJbCa, CABHHYTOLO OTHOCHTENBHO MEpPBO-
ro Ha BpeMsi T (B CTOpOHY 3ana3iblBaHHs), CNEKTPaJbHYIO MJIOTHOCTb MOXKHO Ha
OCHOBaHHH (2.57) npeiacTaBuTb BhipaXkeHHeM S, (0) = S, (w) e—T  njas Tpe-
Tbero HuMmnyJbca S; (w) = §; (w) e—i20T 'y T, 1.

Jas rpynnet u3 N uMOyJbCOB B COOTBETCTBHH C NPHHIKIOM JIHHEHHOrO CyM-
M HDOBaHHUsl CMEKTPOB MPH CJOMEHHWH CHTHA/NOB CNEKTpaJbHas NJOTHOCTb

S() =S, ()|l fe—ioT je—i20T e~ i(N—haT| (2.83)
[pn yacrorax, oTBeyatou{ux yc- 8
J0BHIO ® = k2n/T, rme k — uedoe 1 2 . oo N
4HCJI0, KaX]0e U3 cJaraeMbiX B KBal- _| _I H '-l
paTHbIX CKOGKax paBHO eJHHHLE H, -
CJ1e10BaTeNbHO, 9.1 Wt t
S|k2n/T1= NS, [k2n/T]. (2.84)

Takum o6pasom, npu HaCTOTaX  pyc 2920, Ifauka OAMHAKOBHX, PABHOOTCTON-
w = k2n/T momy/b CNeKTPaNbHOH  wux uMnyabcoB
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a)

Puc. 2.21. Moayab CneKTpaabHOW MJIOTHOCTH nauku us Tpex (a) W uerbipex (6) HMMYJbCORB

IVIOTHOCTH NaykH B N pa3 Gosbllie MOAYJS CNeKTpa OMHHOYHOTO HMMYJbCa.
310 06BACHSETCS TeM, YTO CNeKTpajibHble COCTABJSIOULHE PA3JIHYHBIX HMMYJb-
COB C YKa3aHHBIMH Bblllle YaCTOTaMH CKJaablBaloTc C (Da30BbIMH CABHIaMH,
KpaTHbIMH 2m.

[Ipn yacrorax xe ® = (I/N) (2n/T), a TaKkxke MNPH HEKOTOPbIX APYrHX
4acToTax, AJsi KOTOPbIX CyMMa BeKTOpOB e —#T ofpalliaercs B HYJb, CyMMapHas
CreKTpaJbHasi MNJIOTHOCTb paBHa Hy/MO. [IpH MpOMeXyTOUHbIX 3HAYeHHAX Ya-
CTOT MOAYJb S (®) onpefensieTcsi Kak reoMeTpuyeckasi CyMMma CreKTpaJsibHbIX
NJOTHOCTEeH OTHEJNBHBIX HMIMYJIbCOB.

B kauectBe mJsmocTpauuH Ha puc. 2.21, a u3o6paxkeH CNeKTP (MOLYJIb)
NaykH H3 TpexX NPSMOYTroJibHbIX HMIYJ/IbCOB, a Ha pHc. 2.21, 6 — W3 YeTbIpex npu
HHTepBaJie MeXAy coceHHMH umnyabcamu T = 3t,. LLITpHXOBBIMH JIHHHSIMH
NOKa3aHa CneKTpaJsibHasi MJIOTHOCTb OAMHOYHOrO uMnyJsbca. C yBeJHYEHHEM YHC-
Jla MMINYJIbCOB B Mayke CNEKTpaJ/bHas MJOTHOCTb Bce GoJjee pacliernyisiercs U B
npegeye npy N — oo npHHHMAaeT JIHHEHUYATVIO CTPYKTVPV CHeKTpa nepuoanye-
ckoi QyHKuHU (cM. puc 2.12)

2.11. BECKOHEYHO KOPOTKHH HUMITYJIbC
C EAIMHWYHOM TVIOWAAbIO (AEJIbTA-®YHKIIHSA)

HekoTopble 13 BO3MOXHBIX HMNYJbCOB, MJIOLAAb KOTOPbIX paBHa eIHHH-
e, H306paxkeHsl Ha pHc. 2.22. AMNANTYABI BCeX 3THX MMMNYJIbCOB OGpPaTHO Mpo-
NOPUHOHaJIbHBI COOTBETCTBYIOLUHM 06pa3oM onpelesieHHoil AanTesbHOCTH. [lpu
CTpPeMJIEHHH LJINTEJIbHOCTH K HYJIIO aMIIMTyAa o6paiiaercsi B GeCKOHEYHOCTb,
a nJomagb HMIMyJbca OCTaeTCs HeH3MEHHOH W paBHOH equHHLE.

AMNAnTYRy npsIMOYroJIbHOrO HMIYJbca CJAeAyeT NPHPaBHATb BeJTHYHHE
1/x, (puc. 2.22, a), rae x, — LJIHTENBHOCTb HUMIYJbCA
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Ipu rayCCOBCKOM HMIYJIbCe (PHC. 2.22, 6) amnautyla A0IKHA GbITh NPHPaB-
nena 1/} 2na, nockoabky

00

S e~ dy =) 2na.

— 00

Hakoneu, aas wumnysabca Buaa- sin (2xf,x)/nx (puc. 2.22, 6), nJjowagb
KOTOPOro paBHa eQHHMUE, aMMJHTYAa paBHa 2f, (npu x = 0). JaHTesbHOCTH
uMnyJbca (TaBHOTO JienecTka) Oo6paTHO NpPONOPLUHOHadbHA mMapaMeTpy fu.

[Mpu ycTpeMseHHH mapaMeTpoB X; H @ K HYJIO, a f,, K GECKOHEYHOCTH Bce
TPH H306pakeHHble Ha pHC. 2.22 PYHKILMH MOXHO OnpefesHTb CJAeAyIOWHM 06-
pasom:

npu x=0,

s=] ® 2.85
) | 0 npu x5=0 ( )

NPH ORHOBPEMEHHOM YCJOBHH
" 8 (x) dx =naomaaer umnyabca =1. (2.86)

v
— 00

®dyukuus 6 (x), obaapaioilasi yKa3aHHbIMH CBOMCTBaMH, Ha3biBaeTcs e It H-
HHYHBIM HMNOYyJAbCOM, HMNYJAbCHO# GyHKUHed HIH
aeabta-pyHkuueid (a Takke pyHKkuune#n Jupac a).

[MpuMeHHUTENbHO K HMCXOAHBIM (PYHKUHAM, H306paKeHHBIM Ha puc. 2.22, 6
M 6, jeabTa-QyHKLUHS HO/KHA ObiTh oOnpejesieHa BbipaXeHHAMH

8(x) =lim ——e—**/22*, §(x)=lim [sin (2nf,, x)/nx].
a0 /% a m=>®

Bo3MOXHbLI ¥ Apyrde MHOTOYHC]EHHble onpepenerus O (x).
[pu casure uMnysbca MO OCH X HAa BEJHYHHY X, onpeneseHus (2.85), (2.86)
OO/DKHBI  ObiTb 3anucaHbl B Gosiee obiled . gopme

8 (x —xo)z{ ®©  MpH X=X, (2.87)
0 npu xs=x,
[ ux—xpdr=1, (2.88)
d(x—xp)= li;rg = e~ —xe?/2a? (2.89)
a—» T a
8 (x —xg) = lim SN20m (x —%o) (2.90)
0 fp>e0 T (x—xo)
S| ] | Sh
s g""z/z' 7,/27 a sin2gfpe
3 ® 1 nx
g S §
__? ] ;_, 3 0 ~z AV’\' Z ,{un £
@ b)) 8 Tm Tm

Puc. 2.22. Mmnyabcht, o6pamiaouinecss 8 AeAbTa-QYHKUHMIO NIPH CTPEMJEHHH AJHTeAbHOCTH
K HYJIO
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®dyukuus 6 (x) objanaer BaXkHbIMH CBOMCTBaMH, 6Jaropapsi KOTOPbIM OHa
NoJIyYH/1a IIMPOKOe PacnpocTpaHeHHe B MaTeMaTHKe, (H3HKe M TEXHHKe.
Hs onpenenennit (2.87), (2.88) BbiTeKaeT OCHOBHOE COOTHOILEHHE

[ 8(—x)fde=fx) [ 8x—x)dx fix). (2.91)

—= 00

Tak KaKk 1o onpefeneHHo PyHKuUHsA & (x — x,) paBHa HYJIO HA Bcel OCH X,
KPOMe TOYKH X = X, (TAe OHAa GeCKOHEYHO BesIMKa), TO MPOMEKYTOK HHTerpHpo-
BaHMs MOXKHO CIeJaTbh CKOJIb YFOAHO MaJibiM, JIHLIbL Gbl OH BKJIOYaJ B ce6Gsi TOY-
Ky Xo. B 3toM mnpomexyTke (YHKUHH f (X) NpHHHMaeT MOCTOSTHHOE 3HAauYeHHE
[ (xo), KOTOpOe MOXKHO BbIHECTH 3a 3HaK MHTerpa/ia. Takum 06pa3oM, yMHOXe-
Hue /mo6oi noAbiHTerpadbHOl GyHKkuuH f (x) Ha § (x — x,) mo3BossieT npupas-
HATb HWHTErpaJ MpOU3BelleHHs 3HAaueHHIO [ (X) B TOYKe X = X,.

B MareMaruke cooTHowenue (2.91) HasbiBaetcsi ¢huabmpyroujum CBOHCTBOM
Aeabra-QyHKUHU'.

B Teopuu curnaJioB npuXOAHTCS MMeTb Ae/0 C AesbTa-pyHKUHMSAMH OT apry-
MEHTOB ! WJIH ®, B 3aBHCHMOCTH OT TOro, B Kakoii 06JIaCcTH pacCMaTpHBaeTCs
(YHKUHS — BO BpPeMEHHOH WJH YacCTOTHOM.

Paccmorpum chauana cBofictBa ¢yukuud 6 (£). B 3Tom ciyyae ocHoBhOe
3HayeHHe HMeeT CNEKTpa/bHas XapaKTepHCTHKA JeabTa-QpyHkuuu. B §2.10
6blJIO YCTAHOBJIEHO, YTO MPH COKPAUlEHHH IJIHTEJIbHOCTH T, NPSMOYTrOJbHOIO
HMNyJbCca (HEH3MEHHOM aMIUIHTYZbl) IIHPHHA OCHOBHOTO JenecTka CreKTpasib-
HOM TJIOTHOCTH yBesqn4HBaercs, a BeJHYHHa S (0) GeicTpo ymeHbluaercs. B nan-
HOM e CJyyae, KOrfja yMeHblIeHHe AJIHTEJbHOCTH HMMYJ/bCa COMPOBOXKAAETCs
ONHOBPEMEHHbIM YyBeJIHYEHHEM ero aMIJIHTYIbl, 3HayeHHe CNeKTpPaJbHOH MJIOT-
HOCTH OCT2eTCsi HEH3MeHHBIM U paBHbIM BeauuHHe S (0) = | mas Bcex yacToT
—oo << @ << oo. To e camoe WMeeT MeCTO NPH YKOPOYEHHH JIIOGOro M3 HM-
NyJbCOB, NOKa3aHHBIX Ha puc. 2.22.

CnenoBate/bHO, CneKTpa/bHasi MJIOTHOCTb Ae/bTa-pyHKLUHH BellleCTBEHHa
H paBHa elHHHLE /15 BceX yactoT. M3 atoro rtakxke Bbitekaer, yto PUX cnekrpa
Ienbra-GyHkuuu O (f) paBHa HyJIO AJs BCeX 4acTOT. 310 O3Hayaer, 4TO BCe
rapMOHHYECKHe COCTaBJSAIOLHEe eIHHHYHOrO HMNYJIbCa NPU HYJIeBbIX HaYaJbHbIX
¢dasax, cyMMHpPYsChb, 06pa3yloT NHK GeCKOHeYHO GOJBbIIOH BEJHYHHbI B MOMEHT
BpemeHH ¢ = 0.

Ananornyno o¢yukuus 8 (f — ¢,), onpepensiiowas eIUHHYHbI HMNYJIbC
B MOMEHT [, HIMeeT CHeKT?PaJbHYIO NJIOTHOCTh S ()= e~/ Monysb 310i QyHK-
UMK [o-mpeX<HeMy paBeH eluHuue, a OUX 0 (0) = — of,.

HafinenHas paHee crnekTpa/abHasi MVIOTHOCTb Ae/bra-QyHKUHH MOXeT GblTb
nojsyyeHa M C TOMOLLbIO npeoGpasoBaHus Pypbe:

S(w)= S‘o 8 (t—ty)e—totds.
Hcnonbays *c:oﬁcmo (2.91), Haxomum

S (0) = e—twl f 8 (t—1t,) dt =e—ioto, (2.92)
[pu t,=0 S (w) ;ml. Cnenyer umeTb B BHAy, YTO NpaBasi 4acThb PaBEeHCTBa
S (0) = 1 sBasercs pasmepHol eOunuyeli: 3TO NJOULAAb MMIYJbCA, YHCIEHHO

paBHas enunuue. Ecan mox 8 (f) nogpasymeBaercss UMMyJ/ibC HampsiKeHHs, TO
pasmepHocTb S (w) ecTb BOJLT X ceKyHaa (B-c).

! Ha asbike TexHHKH 6ojiee NOAXOASIUMM MO CMBICJIY ABJSJCA Obl TEPMUH CTPOGUPYIO-
wee cBOHCTBO.
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MoxHo, oueBHAHO, H O (f — t,) nmpeacraBuTh B Buge o6paTHOro npeo6paso-
Banusa Dypbe or S (w) = e~ :

8 (t—t,) =—2‘; 5 s«o)eﬂ-"atm=2—‘,t 5’ efolt—t) do, (2.93)

Sueprusi eMHHYHOTO MMMyJbca GecKOHeyHO BesuKa. [Ipn cmekTpajbHOM
PaccMOTPEHHH 370 BhiTekaeT M3 paBeHcTBa [Tapcesans [cM. (2.66)], npaBas yacth
koroporo npu S (o) = | o6pautaercs B 6eckoHeyHoCTb. [Ipu BpemennoM pac-
CMOTPEHHH 3TO CJefyeT W3 TOTO, YTO IHEPrHsi HMMyJbca, MPOMOPUHOHANbHASA
KBaJpaTy ero aMIJIMTYBI (T. €. BeJIH4HHe 1/T;) H NepBOil CTeneHH NIHTEJbHOCTH
Ty, C YKOPOUEHHeM HMmyJbca pacrer Kak 1/t,. TIpu t, — O aHeprus Geckoneu-
HO BeJIHKa.

[TonsiTHE €IMHHYHOrO HMMYJbCAa OCOGEHHO LIMPOKO HCMONB3YeTCs NMPH HC-
C/IEIOBAHMH JIEHCTBHS KOPOTKHX HMIYJBbCOB Ha JHHefiHble nend. Ilpu 3toM
He 06s13aTesIbHO, YTOGH aMIVIMTyJa peajJbHOro HMNyJbca Oblia GeCKOHEUHO
BeJIHKA, a JUIMTEJbHOCTb GecKoHeuHo Mauna. JloctaTtouHo, yTOGhl AJTHTENBHOCTD
MMITyJibca Gblia Masia 1o CPaBHEHHIO C NIOCTOSTHHOH BPeMeHH HCcslelyeMol uenH
(MM MO CpaBHEHHIO C NepHOAOM COOGCTBEHHOTO KoMeGaHHs LemH).

PaccMotpum Tenepb cBoiictBa 8 (w). Bce, uto panee 6buro cKa3aHO OTHOCH-
TebHO 8 (£), MOXKHO pacnpocTpaHHTh Ha 8 (») npu 3aMeHe f{ Ha @ U © Ha /.

Mo ananoruu ¢ BeipaxkendueM (2.93) MoxeM HanucaTb

6(m)=—21-;- s e‘w‘dtx-i-’-‘; 5 e—iot df, (2.94)

(TlepemeHa 3Haka B mokasaTesie CTENEHH B JAHHOM CJyyae He BJIHSeT Ha 3Haue-
HHe uHTerpana, cm. § 2.8, n. 7.) CooTBeTCTBEHHO

o) =1 ¢ z(w—w.)tdt=_l_f —i(o—ag) 4’
8 (0—ag) == Se — | dt. (2.94")

2.12. COOTHOLIEHHUE MEXIY OJIUTE/JIbHOCTBIO
CHUTHAJIA 1 LINPUHOW ETO CIIEKTPA.
CKOPOCTbDb YBbIBAHHS CITEKTPA

M3 npempiaymux naparpadoB yxKe SICHO, YTO 4YeM MeHblle NIHTENbHOCTb
CHTHaJAa, TeM IuHpe ero cnekTp. JIJs yCTaHOBJIEHHSI KOJIHYECTBEHHBIX COOTHOLIe-
HHH MEXJy YyKa3aHHbIMH [apaMeTpaMH CHTHajla HeoOXOOMMO YCJOBHTbCS 00
onpeJesieHHH TOHATHH OAUMEAbHOCMb CHTHANA H wupuHa ero cnekrpa. B npak-
THKE NPUMEHSIOTCSI pas/MYHble ONnpefieNieHHsi, BHOOP KOTOPBIX 3aBHCHT OT Ha3-
HaueHHs CHrHana, ero opMbl, a TaKXke OT CTPYKTYphbl cnekTpa. B HekoTOphIxX
cayyasix BolGop siB/sieTcsi MPOU3BOJNBHBIM. Tak, MIMPHHY CeKTpa MNpAMOYToJib-
HOTO MMIyJIbCa ONpefensioT JH60 KaK OCHOBAaHHE TJIABHOrO JiernecTka (HanpH-
mep, B n. 1 § 2.10), ;60 Ha yposre 1/)/2 OT MaKCHMANbHOrO 3HaUeHHs CMeEK-
TPaNbHOH MJIOTHOCTH. JIJIMTeNIbHOCTL KOMOKONI006pa3Horo uMnyJbca (cM. § 2.10,
1. 3) H LIKPHHY ero CMeKTpa HHOTAA onpefeasior Ha ypoBHe 0,606 OT MaKCMMalb-
HOTO 3HaYeHHs COOTBETCTBEHHO s (f) win S (w). Yacto nosnb3yioTcs sHepretnye-
CKHM KpHTepHeM, MOHMMasi MOJ LUHPHHOMH CNeKTpa MOJMOCY YacTOT, COAEepKalLLyIo
3aJlaHHYIO JOJIO IIQJHOH 3HEPrHH CHTHana.

JIns npakTMKH Ba)KHOe 3HAYEHHE HMeeT TaKXKe OLEHKa MPOTSKEHHOCTH

«XBOCTOB» CN€KTpa BHE MOJIOChl 4acToT, co,t(ep)xam.eﬁ OCHOBHYIO 4acTb 3HEpPTHH
CHrHajna.
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1. OIMPEJEJIEHHUE INPOU3BENEHHS ITOJIOCAX
X AJIUTEJIBHOCTD

Jlns BbiSIBJIEHHS NpeAeNbHbIX COOTHOLIEHHH, CBsi3bIBAIOMIKX AIHTENLHOCTD
CHrHaJla M LWHPHHY CNeKTpa, B COBPEMEHHOH TEOPHH CHTHaJIOB GOJbLLIOE pacnpo-
CTpaHEHHE TIONIYYHJI Memo0 MOMermos.

o aHa/moOruyu ¢ MOHSITHEM MOMEHTa HHEePLHH B MeXaHHKe 3p¢peKTHBHYIO AJIH-
TeJIbHOCTb CHTHana T,y MOXHO ONpENENHTb BhIPAXKEHHEM

= ‘;o (t—1p)2 s%(2) dt/ f s2(t) dt,

— 00 — 00

rlie cepelMHa HMIYJbca f, ONpelensieTcss H3 YCJIOBHS

ty= S.‘o tsz(t)dt/ ~ﬁms’(z‘)dt.

— 00 — 00

Hwmeercst B BuAy, uTO QYHKUHA S (f) MHTerpupyema ¢ KBagpaToM (CHTHaJI C
KOHeUHOH 3Hepruef).

Ananornuno spdexTuBHaA WHPHHA creKTpa Q4 = 2nF,, onpejensercs
BBIpaxkeHnem!

SR B (PP I
= j'mS(m)dm - SS(o))dm.

Tak Kak MOAyJab cnekTpa S () He 3aBUCHT OT CMelleHHs S (f) BO BpeMeHH,
MOXHO mnoNoxuTh o = 0. Hakonen, curHaia s (f) MOXXHO HODMHPOBATb TaKHM
o6pa3oM, 4yToObl ero 3Heprusi J paBHANACh €AMHMIE H, CJELOBATENbHO,

oo

j‘s"(t)dtz—él;- S S? (0) do = 1.

- 00

Ipu 3THX yCNIOBHSAX BbipaXeHHs M Top H 2,4 NPHHHMAIOT BHA
- S £ () dt, =..2‘;. j w? §* (0) do,

H, CJI€J0BaTeJbHO, npousséneﬂne JJINTEJIBHOCTh X ToJioca

oo

oo 1/2 1 1/2
Tad,Qad,:[ j’ t’s’(t)dt] [; S mzsz(m)dm] .

— 00

HyXHo uMeTb B BURY, 4TO Top H Q,p ABISAIOTCS CPEAHEKBAAPATHUECKHMHU OT-
KJIOHEHHSIMH COOTBETCTBEHHO OT { = fy U @ = 0. [ToaToMy NONHYIO AUTENBHOCT
curHana cjenyer npupaBHATb 2Ty, a NMOMHYIO LIMPHHY CNEKTPa (BKJIIOYass
061aCTh OTPHLATENbHBIX YacToT) — BeNHYMHE 20Q4.

ITpousBenenne T, 2,4 3aBHCHT OT GOPMBI CHTHAMA, OAHAKO OHO HE MOXeT
6biTb MeHbiie 1/2. Oka3sbiBaeTcsi, 4YTO HaHMeHblliee BO3MOXKHOE 3HaueHHe
TopR,p = 1/2 coOTBeTCTBYET KOJIOKON00GD a3HOMY HMIyJabCy>.

MeTon MOMEHTOB NMpHMEHHM He K JIIOObIM CHrHajaaM. M3 Bblpamenuil Aas
T,p H Qu BHIHO, uTO PYHKIMSA S (£) C yBenuueHueM ! J0JKHA yOblBaTh GhicTpee,
yeM 1/t, a dpynkuus S (o) — GbicTpee, ueM 1/, Tak Kak B MPOTHBHOM Cilydae
COOTBETCTBYIOLLLHE HMHTErpasibl CTPEMSATCS K GECKOHEYHOCTH (PacXomsTcs):.

! FIMeloTCsl B BHAY CHTHAJIK 6e3 BHICOKOYACTOTHOrO 33MOJNHEHHS.
2 J]0Ka3aTeJbCTBO NMPUBEAEHO B NMpPeALAYLEM H3JaHHH HacTosiuero yyebunka. CM. Tak-
xe [31].
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B uacTHOCTH, 3TO OTHOCHTCS K CNEKTPY CTPOrO NP SIMOYTOJILHOTO HMIYJbCa,
Korja

oo 00 s oo

S 0? 8% (0) do = 5 o ST/ g, g S (—1-—-——1- cos (017") do— oo.

(0/2)? 2 2

—00 —00 — 00

B aTom cnyuae Beipaxenne Aasi T,,Q,p HE HMEET CMbIC/IA U QUEHKY 3(dek-
THBHOH LUHPHHBI CMEKTpa NMPSMOYrOJBHOrO HMIYJbCA MPUXOAUTCS OCHOBHLIBATh
Ha HHBbIX KDHTepHSX.

PaccMOTpHM HeKoTOpble NpPOCTbleé CHTHAAbl THMA BUAEOHMIYJIBCOB, T. €.
CHTHAJIOB, CNEKTP KOTOPBIX COCPENOTOYeH B OGJIAaCTH HU3KHX YacTOT, U Onpeje-
JiMM ¢ moMolibio paBeHcTBa [lapceBansi sHepruio, comiepxkainyiocsi B nojoce Af

or ® = 0 /o HEKOTOPOH TPaHUYHOH YACTOTH O, = 27f.:

“rp

T
EN =’:T 5 S* (o) do.
0

OTHocst 3aTeM Ia; K MONHOH SHEPTHH UMIYJIbca J, onpejensieM Ko3ddHienT
n (frp In) =3Ai /13,

Xap aKTepH3YIOWKMH KOHLEHTPALHIO SHePrHH B 3aJaHHOH moJoce.

B kauecTBe HCXOIHOrO CHTHala NMPHMEM NPSIMOYTOJbHBIA HMMYJbC, 3aTeM
paccMOTPHM TPeYTroJbHbIH H KOJOKOJI000pasHblil (rayccoBckHuii). [Tocaenunit oco-
6eHHO MoKa3saTesieH, TaK Kak JJisi Hero obecrneynBaeTcsi MAaKCHMaJbHO BO3MOXK-
Hasl KOHUEHTPAUMsl SHepPTHH CMEKTPa B 3ajaHHOH nosoce 0 — fi,.

Jns npsIMOYroJIbHOTO HMNYJibca B COOTBeTCTBHU C (2.68)

[0)

rp
. 2 L ( sin(@Tw/2) o ap 4 1 2
np == (Avy) — S e do= At — = X

&)‘. p T“/ 2

in2
% j‘ sz X dx can (ml‘; 7"), rae 3 = A! TR’
X
0

BbiuncnuB uHTerpanl, nonyyum

®pp Tn 2 . sin® (0pp Ty/2) }
—P P ="si(0.. T,) — ———n—}
n( 5 ) ﬂ[ (0rp Too) p——

y .
. S1 o
rae si(y) =5—"—x dx—UHTerpalbHblil CHHYC.
X
0

Wpp T
[Tlepexopss Kk aprymeHTy —-“—3——1"- = ff Ty, 3aMUCHIBaEM

sin? (ﬂfpp 'l'u)
nifpp T }
Jlnsi TpeyrofbHOro MMMYJbCa, CHEKTpaJbHasi MJIOTHOCT KOTOPOTO Ompe-
nensiercsi popmyJoi (2.73), a modHas 3Heprus 3 = A®r,/3,

Wy ) =~ s 2, T)—

1 MHTerpupoBanHe 1o YacTaM JAaer

b b X .
§2 sin x cos x sin? b

dx= —
X * b

- si (2b).

b
sin? x sin® x
f iy g

x? x

0
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Hrmnynse eayecoberutd
L

Nosimayaonswsrnd

0,6 ‘ |
04 T08Y20/1HeIT aj
g2 ‘
0 . . ) | !
g5 7,0 15 frp Tu ~Tu /2 aq w2 t

Puc. 223. [lons snepruu currana B moJoce frpTa (a) M medopMalHs HMIOYJbCA NPH yce-
YeHHH crekTpa (6)

“rp sin 0Ty \*
(A L f .

3~( > ) x ) po— dw_an(w,pt,,/él),

“frp"n
; 3 0 sins
1 Do T St x
rae n(corp-r,,/4)_n( > ) - S ~ dx.

0

Jas rayccoBCKOro MMMyJibca B COOTBETCTBHH ¢ (2.77) mosnyuyaem

a (I)P P

S e~ dx =9n(av,y),

0

2
n

P ~
3Af=A22na2-T—‘- S e=@do =) "n A%a
0

rie 3 = /' n A%a — nonHasi 3Heprus TaycCOBCKOrO MMIyJbca, a byHKIusA

ao)r D

N (a0p) =Ti-: 5 e~*dx = ® (aw,,) — UHTErpaq BepPOSTHOCTH.
n
0

YuuTeiBast, 4TO AJUTENbHOCTb IayCCOBCKOrO HMIYyJbca onpelesieHa B 1. 3
§ 2.10 u paBHa 2a, apryMeHT QyHKUMH 7 MOXHO 3anucath B ¢opme aw,, =
= NfpyTy. PYHKIMH M AJsS TPEX HMINYJbCOB NpeACTaBJeHbl Ha puc. 2.23, a.

TaK, 3HaueHHe NpOM3BeAeHHs f[.,T,, Tpebylomeecs ANs 3alaHHOrO 1,
MaKCHMaJIbHO JJIsl IpSMOYrolbHOro uMmnydabca (mpu 1 > 0,9) ¥ MHHHMalbHO
Ansi rayccoBckoro. B wacTHocTH, ypoBHIO M = 0,95 COOTBETCTBYIOT 3HaueHH S
fepTa, PaBubie 1,8; 0,94 u 0,48.

BriGop IpaHuUIbl CMIEKTPA 110 3HEPreTHYECKOMY KPHTEPHIO B HEKOTOPbIX Np aK-
THYECKHX 3ajiauax He Bceraa npuemineM. Tak, ecau npu o6paboTKe MMmyJbca
Tpe6yeTcsi COXpaHHTb ero ¢opmy AOCTaToYHO OaM3KOH K NpSMOYTOJNBLHOH, TO
fpTu AOMKHO OBITH ropasfo Gombiue eAHHALBL. [l WIIOCTPaLKK ITOrO BaXKHO-
ro NoJIOXKeHH s Ha pHC. 2.23, 6 nMoKa3aHbl HCXOAHBIH HMNYJbC (IUITPHXOBAS JIMHHUS)
u ero JehopMalus NPH yCEUeHHH CMEeKTPpa Ha YPOBHAX f,T, = 1,3 u 5.

B s1060M ciiyuae mpu 3anaHHOH ¢opMe CHTHajla CxaThe ero BO BPEMEHH C
1eJIbl0, HanpuMep, MOBBLILIEHHS TOYHOCTH ONpeJleJIeHHs] MOMEHTa ero NosiBJIeHHs

1 TlocsiefoBaTeIbHOE HHTETDHPOBAHHE MO YacTAM NPHBOAHT K ciepyloweil popmyde:

f ((20_len_Leo
0

b3 2 b?
1
rae @ (b)=sint b; @'(b) = -2- (2 sin 2b—sin 4b); @” (b) =2b (cos 2—cos 4b).

1

sin x
dx =—
3

_ _é_ —9si (2b)+4si (4b)} .

x
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HeH36eXKHO CONMpPOBOXAAETCH pacCIIHPEHHEM CIIEKTPa, YTO 3aCTaB/IseT PacIIUPATh
NOJIOCY MPONYCKAHHS M3MEPHTENBLHOrO YCTPOHCTBA. AHANOTHYHO CXKaTHe CIeK-
TPa HMIYJbCA C UEIbIO MOBLILIEHHS TOYHOCTH H3MEPeHHs 4acTOThl Hen3GexxHo
COMpPOBOXK/JAeTCsl pPacTSXKEHHEM CHTHala BO BPEMEHH, YTO TpefyeT yIJIHHEHHS
BpeMeHH Ha6ofienus (u3MeperHust). HeBO3MOXKHOCTL OIHOBP€MEHHO CKOHLEHTPH-
pOBaTh CHTHAM B Y3KOH MOJOCE YacTOT H B KOPOTKOM HHTepBase BPeMEHH npej-
cTaBisieT coGoi ORHO M3 MpPOsBIEHHH H3BECTHOrO B (PH3HKE MPHHLKMIIA Heompe-
JeJIeHHOCTH.

Bonpoc o BenuuMHe MpOM3BEJEeHHS AIHTEJbHOCTb X MOJM0CAa aKTyaleH B
CBSI3H C NMPOGJIEMOil 3JIeKTPOMarHHTHOH COBMECTHMOCTH, BO3HHKaloLlel NpH B3a-
HAMHBIX noMmexax paguoctaHuuii. C 3Tolf TOUKH 3peHHs] Haubojiee xeJaTelbHa
¢dopMa uUMNysnbCOB, GMM3Kast K KOJOKON000pa3HOM.

2. CKOPOCTb YBbIBAHMS CIIEKTPA BHE OCHOBHOM
TOJIOChI

Jlnst BuIsIBJIEHHSI CBSI3H MeXJy MnoBeldeHHeM S (®) B 06/aCTH OTHOCHTENBHO
BBICOKHX YaCTOT H CTPYKTYpPO#H CHIHana s (f) BOCIo/Nb3yeMcsi CBOHCTBAMH TaKHX
HCTBITATENIbHBIX CHCHAMOB, KaK eJMHHYHBIH HMIYJbC W ENMHHYHBIA CKauyoK.

Enunuynbiit uMnysasc § (f) siBAsieTcsl eQMHCTBEHHOH GYHKuMeH, HMeloLied
HeyObIBAIOILYIO CMIEKTPAIbHYIO IVIOTHOCTb Ha BCEH OCH YacTOT — oo << o << o0o.

[TosToMy MOXHO yTBepKAaTh, YTO CHCHAM S (£), CMEKTP KOTOpPOro BHe OcC-
HOBHOH MOJIOCHI He YObIBaeT C POCTOM ®, COAEPXKHT B CBOEM COCTaBe AenbTa-
GYHKUHIO (B peanbHbIX YCNOBHSX HOCTATOYHO MOLUHBIH KOPOTKHH HMIYJbC).

Hanee, ennHCTBeHHOH (QyHKLHEH BpeMeHH, HMeIOIell CleKTPalbHYIO ILIOT-
HOCTb BuJa 1/w, aBasieTcs eqMHMYHBIA CKadyoK u (f) = 1, ¢ > 0. CnenoBatesbHo,
yGbiBaHHE XBOCTA CIIeKTpa CHrHaJa S (f) 10 3akoHY l/@ CBHAETeNbCTBYeT O Ha-
AHYuH B QYHKUMM s (f) CKAYKOB, T. €. Pa3pbIBOB HempepuiBHOCTH. Ho B Toukax
pa3pbiBa npou3sBogHas QYyHKIHH obpallaeTcs B AebTa-(pyHKILHIO (C MOCTOSHHBIM
KO3(p(HLUHEHTOM, paBHbIM BeJlHUHHE CKayka). [1o3ToMy yGbiBaHHe crieKTpa mpo-
MOpUHOHANBbHO 1/® yKa3blBaeT Ha HalHuHe JeNbTa-QyHKUHMH B COCTaBe npou3-
600xol s’ (f). D10 paccyXIeHHEe MOXHO NMPOAOGIKHTb M IJIsl NPOM3BOAHBIX CHI-
Haja s (f) Gojiee BBICOKHX TOPSIAKOB.

[ponnniocTpupyeM ckasaHHOe NpHMepaMH TPeX CHTCHANOB, MpeCTaBJEH-
HbIX Ha pHC. 2.24: c pa3pbIBOM, C H3JIOMOM H «IVIaJIKOro» CHrHana (6e3 pasphbiBoB
H H3JI0MOB).

B nepBom npumepe (puc. 2.24, a) npousBcaHas s” (f) onpenesnsieTcs BbIp axe-
HHEM

s’ (t)=6(t)_ae_at: t>0: & = l/t()’
M CrMeKTpalbHas IJIOTHOCTb GYHKUHH s' (f) B cooTBeTcTBHH ¢ Tabm. 2.1
1 ia
ation o+ (w)
Jas onpenenenusi creKTpaibHOH IUVIOTHOCTH CHTHana s (f), SBASIOLLEroc s
HHTerpaioM OT s’ (f), MOXKHO HCXONHTb M3 BbIPAKEHHS

1
o+ie

S (@)=1—a

S(0) = —— 8, (0) =

B naunoM cayuyae onepanust 1/i® 3axonxa, mockonbky Ss- (0) = 0 [cM.
(2.60)].

Ipy © >» a cnekTpanbHast IJIOTHOCTh S, (w) &~ l/iw. Kak BHAHO u3
puc. 2.24, a, 310 obbscHserca HajauuueM ¢yHkuuu & (f) B mepBoil NpoOH3BOX-
HOH cHTHana s (f).
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Bo Bropom npumepe (puc. 2.23, 6) npousBoanas ¢GyHKUUH
S (t) = —ae~% qnpu t>0,
ae®  npu t <0,
He COAEPMKHT JesabTa-QYyHKIHH, HO Tepnur B Touke { = O paspeiB. [Tocne nos-
TOPHOroO Au(depeHUHPOBAHHA NOJYYHM (YHKLHIO, OTJIHYAIOWIYIOCH OT HMCXOZA-
HOro CHrHajna s (f) ToJbKO MaciuTaGoM MO OCH OpAMHAT M HaJH4HeM (YHKLHH
—2ab (1).

CnenoBaTenbHO, CMEKTpaJbHasi IUIOTHOCTb BTOPOil NPOH3BOAHOH

S, (0) =a?§, (0) — 2a,
npuyeM npH o = 0- sTa PyHKUHA paBHAa —a.

PasjenuM Tenepb mosyuyeHHOe BhipaXkeHwe Ha (i®)® M yuTeM, 4TO S~ (®)/
({0)? ectb crmekTpambHasi IVIOTHOCTb JBYXKPAaTHOrO HHTerpasia OT (yHKUHH
s" (), 1. e. Sg (0)/(iw)? = S; (w).

Takum 06pa3oM, MOXKHO COCTaBHTb CJejyioliee COOTHOLLEHHe:

S; (0) =[a? S, (0) —2a]/(iw)?,
OTKyJia BHITEKaeT PaBEeHCTBO

S, (0) =2a/(a® + w?).
[py 0> a S, () =2a/0?.

Orcioga BHIHO, YTO pa3pbiB NepBOH NpPOHU3BOXHON NMPHBOXHT K YOBIBAHHIO
CreKTpa 1o 3aKoHy 1/w?. DToT pesyabraT MOXHO OGOGUIMTH CJERYIOUHM O6pa-

s §
101 10
e—t’/z«’
! 11 L1
0 % 2% 37, -3 -2% Ty '0 T 2737 T ~2¢-a 0 a 2a t
s'CD 8 o s
F@)
%0 2% 37, 7 2%p 370
o—— ] L1 L |
12 =37 -2t5-% 0 t -2a-a O\ a 2a t
u -
a) "
¢ la? 8)
! I X
2n-% 0| %2% ¢
-2e(t)
—o
a)

Puc. 2.24. T1puMepnl cHruanos:
a) ¢ paspniBoM; 6) ¢ H3NIOMOM; 8) Ge3 pa3pbiBa H H3JIOMa
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30M: BHE OCHOBHOH MOJIOCHI YaCTOTHBIH CHEeKTP yObiBaeT Mo 3akoHy | /w7t!,
rie n — MOPSAOK MPOM3BOAHOH, TNPH KOTOPOM BO3HHKaeT MNepBbIH P a3pbiB.

C 3T0H TOUKM 3peHHsl CHFHaJ, MOKa3aHHbI Ha pHc. 2.24, ¢, MPOH3BOAHLIE
KOTOPOTO HenpepbiBHbl MPH BCeX 3HAYEHHAX 1, BIJIOTb A0 n = 00, NOJIKEH
661aaTh CNIEKTPOM, CKOPOCTb YObIBAHHS KOTOPOro SIBJISieTCS MaKCHMaJIbHO BO3-
MOXHO#H . DTOT BBLIBOJ COTJIaCyeTcsi C TeM, YTO MPOH3Be/leHHe AJUTeNbHOCTh X MO-
Jloca MHHHMaJIbHa JJIS KOJIOKOJIOOGPA3HOro MMmnyJbca (cM. 0. | XaHHOro napa-
rpada).

OCHOBLIBasiICb Ha TNPHUBEJEHHBIX PAacCyXJIeHHAX HETPYyAHO TaKXe OGbsc-
HHTb NPOHMCXOXKJEHHe MyJIbCAallMH CIeKTPa BHe OCHOBHOH noJockl wacror. [le-
pHoHMUecKasi MyJbCallisl C HeyOBIBAIOUIMMH MaKCHMyMaMH MOXeT BO3HHKaThb
TO/IBKO B pe3yJibraTe HHTep(epeHLHH CMEeKTPOB ABYX AeJbTa-QyHKUHH, pasHe-
CeHHbIX BO BpeMeHH. CrekTp NPSAMOYTOJbHOTO HMMYJbCa, MyJbCHPYIOUIHH C
MaKCHMYMaMH, YOBIBAIOWIUMH 10 3aKOHY l/@, sBJIsleTCS HArJIsIAHBIM MPHMEPOM
HHTephepeHUHH CHNeKTPOB ABYX E€IHHHYHBIX CKauKOB.

2.13. CIIEKTPbl HEKOTOPbBIX
HEWMHTETPUPYEMbBIX &YHKLIUH

OnuuM M3 yc/0BHH NIPHMEHHMOCTH mnpeoGpasoBanHs PDypbe K GyHKUHH
s () sBAseTcs ee aGCOMIIOTHAs HHTErPHPYEMOCTb:

S |s(t)| di < co. (2.95)

310 yCJ/I0BHE CYLIECTBEHHO OrPaHHYMBAeT KJACcC CHTHAJOB, AJS KOTOPBIX
cywectByet cnektp ®ypbe, Bbipa)kaeMblii OObIYHbIMH (pyHKUHSMH. Hanpumep,
TaKHEe BaXKHble /ISl TEOPHH CHTHAJOB H Lenel QyHKUHH, KaK rapMOHHYECKOe KO-
JgebaHue, 3allaHHOe NpH —oo < [ < 00 WJIH BKJOYaeMoe B HEKOTOPbIH MOMEHT
BPEMEHH, €IHHHYHBIH CKauoK, H HEeKOTOpbIe Apyrue QyHKUHH He OTBEYalOT YCJO-
BHIO (2.95).

PaccmoTpennble B npeablaylleM naparpage cBOicTBa Jeabra-QyHKUHH [10-
3BOJISIIOT YCTPaHHTb 3TO MNpensTCTBHE.

O6partumcs, HanpuMep, K FapMOHHUeCKOMY CHTHaly s (f) = Ag cos (wof +
+ 0,). He o6paiasi BaHMaHHs Ha TO, YTO TaKOH CHTHaJ He siBJisieTCsi aGCOJIOT-
HO HHTErpHpPYeMbiM, BbIpaXieHHe JJIf CMeKTPaJbHOH NJIOTHOCTH 3amnuileM B

tdopme (2.48):
S(w)y= S s(he—otdt =A, y cos (g t -+ 0,) e 107 df =
B o 0
=’ﬁ_§_ y e—-i(m-m,)tdf_}_éﬂ_%_li S e— e+t f

Ha ochoBanun ¢opmysbl (2.94") noayuaem
S(w)::% [27ei8e § (0 — ) + 27e ~ 0 § (0 | wy)] =

= A, (e § (0 —wy) +e ~ % § (w -+ o). (2.96)

ra QyHKUMS paBHa HyJMO L/ BCEX YACTOT, KPOME ® = W H ® = —,,
NpH KOTOpHIX S (w) obpaiiaercs B 6eCKOHEYHOCTb. Kak H c/e10Basio 0XHaaTh,
TapMOHHYECKOMY KOJIeGaHHIO C KOHe4HO aMIUIMTYHOH COOTBETCTBYET GecKoweu-
HO Goabuiaa CneKTpaJibHash MJOTHOCTb TNMPH AHCKPETHBIX 4acToTaX @, H —,.
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co

o)

Puc. 2.25. UMnysnbeHblfi 4 MOHOXpOMaTHuecKHMil CHIHAMB (@) W HX CNeKTpaJbHble [JIOTHO-
ctu (6)

B yacrHocTH, npupaBHHBas @, HYJIO, NOJIyYyaeM CIEKTPaJbHY!O IJIOTHOCTb
CHrHa/la, MpeACTaBJsIONlero co6oi TOCTOSIHHOe HanpsikeHHe (TOK) Ay

S (0) = Ay-278 (0). (2.97)

Pacnpoctpanus coorHoulenHe (2.96) Ha Bce rapMOHHKH J1IO60ro nepHonHYe-
CKOTO CHrHaja

s(t)=A,+ 3 A, cos(nw t +8,),

n=1

MOXHO BBeCTH MOHfITHE CNEKTPaJbHOH NJIOTHOCTH MEPHOAHYECKOro CHrHaJja
B BHJIe CYMMbl JeJsibTa-(PyHKUHH

S(w)=A,-2n8 (0) + A, [ § (0 —w)) -+ e~ § (0 + wy)]
+ A, e § (0 —20,)+e P8 (0 2m)]+ ...
A [e“’" 8 (®--nwy)-+e Pndwr noy)l-+ ... (2.98)

Takoii nonxox oka3biBaeTcsi NOJIe3HbIM NMPH PACCMOTPEHHH CMECH HMMYJIbC-
HOTO H TapMOHHYECKOrO CHTHAJIOB.

ITyctb, HanpuMep, OTHICKHBaeTCsl CNEKTP CyMMbl ABYX CHFHAaJIOB: HMIYJbC-
HOro s; (f) ¥ rapMOHHYECKOro s, (f) = A, cos wot (puc. 2.25, a). INpumenss
BoipaxeHue (2.48) k s; (£), HaXOAUM OOBIYUHYIO CIEKTPAJbHYIO MJOTHOCTHL S (®),
onpeaeJsIoIlyIO CIJIOIHO cnekTp (Ha puc. 2.25, 6 aautpuxoBaH). [IpumeHeHHe
ke (2.48) kK s, (f) maer cnekTp, onpeaensieMblii BbipakeHHeM (2.96). Ha
puc. 2.25, 6 3TOT cneKTp H300pa)KaeTcsl ABYMSI CNEKTPAJbHbIMH JHHHSMH,
YXONSIHMH B GECKOHEYHOCTb.

OrbilieM Tenepb CNEKTPa/IbHYIO NJOTHOCTb €AHHHYHOrO CKayka. Ty Mpo-
CTeMllyl0 pa3pblBHYI0 (QYHKUMIO NpPEICTaBHM B BHAE CYMMbl

s (8) = Y, + Y, sign (#), (2.99)

rie sign (f) — cCUrHyM-QyHKUHS, paBHasl e€lMHHIE, 3HaK KOTOpOH H3MeHsieTcs
npH nepexofie nepeMeHHOH ! uyepe3 HYJb.

[MocrosiHnoit cocraBasitowedl 1/2 coorBeTcTBYeT cCrneKTpaJibHasi MJOTHOCTD
[em. (2.97)] 1 (@), a cnekTpanbHYIO NJIOTHOCTb HeyeTHOH GyHKUMH Y/, sign (f)
HeTPYAHO HaWTH C NOMOLIbIO NMPaBHJa, cHOPMYTHPOBAHHOTO B MpeAblayLUeM Ma-
parpade. TpoanddeperunpoBaB ¢yHkuHio 1/, sign (£), nosyuuM npoH3BOAHYIO,
KOoTopasl paBHa HyJIIO Ha Bced OCH BpeMeHH, Kpome MoMeHTa ! = 0, rie Ona
paBra 8 (f). Cnektpa/ibHasi MJIOTHOCTH § (f) paBHa eNMHHLE, CJeI0BaTeJNbHO,
HCKOMas cnekTpaJibHas NJAOTHOCTb CHTHYM-QyHKuuu Gyger 1/im.

B pesyabrate nosnyuyaem cnekTpaJibHylO NJOTHOCTb €IMHHYHOrO CKauka

S (w) = 1 (w) + lio. (2.100)
o4



Ilpu paccmorpenun BO3JeHCTBMA €AMHMYHOrO CKadka Ha Lend, nepefa-
TOYHash QYHKUMS KOTOpHIX NpH ® = 0 paBHa HyJ/IO (T. e. Ha LenH, He mpomyc-
KalOlHe TOCTOSIHHbIA TOK), CMIEKTPaJbHYIO MNJIOTHOCTD MOXKHO OMpeaensithb Mo
dopmysie

S (w) = llio. (2.100°)

2:14. TPEACTABJIEHHE CUTHAJIOB
HA MIJIOCKOCTH KOMIIJIEKCHOH YACTOTD!

AHanu3 npoxoxJaeHusi CUTHAJOB Yepe3 JIHHEeHHbIE LieNH, ONHChIBaeMbie KOM-
nJeKkcHol nepenaroyHoil pyHKuUHeR, 3HAYHTENLHO O6JIeryaeTcsi NPH HCIOJb30Ba-
HHH METOAOB KOHTYPHOTO WHTErpPHPOBaHKS Ha IJIOCKOCTH K- 'MNJEeKCHO#
YacTOTH p = 0 - io. [lepexon OT HeficTBHTEIbHOM NepeMeHHO ® K p =
= @ - [© NO3BOJSET TaKXKe MOJHOCTBIO YCTPAaHHTh OrpaHHYEHHUsl, BbITEKAIOILHe
u3 TpeboBaHM$ aGCOJMIOTHOM HHTETPHPYEMOCTH QYHKIHH S (f).

[TpencraBuM ¢yukumio s (f), B obilleM caydae CyIECTBYIOULYO NPH —o00 <
<< t<< oo, B BHIIe CyMMHl IBYX QYHKIHI:

S () =5, () 4-s— (1),

U3 KOTOpHIX S, (f) 3amaHa npu 0<<ft<<oo, a s_ (f) —upy —oo < {<<O.
O6painasich Kk nape npeo6pasoBanuit Pypbe (2.48), (2.49), coBepuiaem nepe-
X0 OT ® K p CHayana ans ¢ynkuum s, (f). as sroro pomuoxum s, (£) Ha
e~9%¢ rje o, > 0 BbiGepeM "TakHM o6pasoM, uToObl obecneynBasach aGCOJIOT-
Hasi HHTerpupyemoctb QyHKUKMH e—%¢ s, (f) B npenenax 0 <t< oo
Torna Bbipaxenue (2.49) npHHHMaeT BHJ

e—aits, (1) =Tl,( 5’ S, () e'* dw, (2.49")

npudeM S, () sBASETCH CREKTPAaNbHOA MNJOTHOCTBIO QYHKUHM e~ %f s, (f).
Tenepy noacrabum B (2.49°) iw = p— 0y, u © = (p — 0,)/i:

0y +1loo .
e—dl Sy (t) ._____, S ( ——‘01 )e(P-Ug)ldp,
Gy —ioo
OTKyJha
Oy + foo
s+(t)——-— 5 (p_io‘)e"’dp:?:; E L,. (p)etdp. (2.101)
0y — oo 63— i

HoBasi ¢ynkuus Lg+ {(p), ABASIOWAACT He YeM MHbIM, KaK CNEKTPaJIbHOM
IJIOTHOCTBIO CHrHana e~ %! s, (f) lcM. kommentapuit k (2.49)], onpegensiercs
BbIpaXKeHHEM

oo

P—a )=s+ (©) =j e~ioils, (f)e vt dt,

0

L.H (p)=‘5+(

OTKYZa
Ly (p)= j s (tye—rtdr. (2.102)
0
[NTonyuenHoe coorHoweHue HasbiBaeTci npeoGpas3oBaHHeM (o
HocTOpoHHuM) Jlanmmaca GyHKuUHH S (f).
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Puc. 2.26. TlyTe wuHTErpHpoBaHHA nO Puc. 2.27. 3aMbKaHHe KOHTYpa MHTErpPHPOBa-
npsiMoit 0;—ioo, G;--ico Ha p-IIOCKO- HHSl JJI NpeACTaB/eHHs GYHKUHH S (f):
cth (a); o6pa3oBaHHe 3aMKHYTOrO KOH- a) npu 1>0, 6) npu <0
Typa JRoGaBneuueM ayru ABC npu
R—c0(6)

CootHouuenue (2.101) no anamoruu c BbipaxenueM (2.49) yacto HasbiBaioT
o6parHbM npeo6pa3oBanueMm Jlanmaaca.

CpaBnenue Bbipaxenuit (2.101) u (2.49) nokasbiBaer, YTO nepexox 0T @
K p O3HayaeT H3MeHeHHe NyTH HHTerpHpoBaHHsi. B Bbipaxenuu (2.49) unrerpu-
poBaHue BefleTcs! 10 JeHCTBHTEeNbHOR OCH ®, a B BbipaxkeHuH (2.101) — no nps-
MOH, NpOXoAsileli napaJJjeJbHO MHHMOH OCH i® Ha pacCTOSIHHH O, BNpPaBo OT
3TOH ocH (pHc. 2.26, a). 3HaueHHe NOCTOSIHHOM O, onpejeJisieTCsl XapaKTepom
noabiHTerpabHoit ¢yHkuuu B (2.101): nyTh HHTErpHPOBAaHHA ROJ/DKEH MPOXO-
AMTb TpaBee MOJIOCOB 3TOH (PYyHKIIHH.

Jlo6GaBsienneM K npsiMoil 0, — ioco, G, + {00 AYrd GeCKOHEYHO GOJIbILIOro
paauyca MOXXHO 06pa30BaTh 3aMKHYTbIH KOHTYp HHTEerpHpOBaHus (pHC. 2.26, 6).
Hasi toro ytoGbl noGaBJjieHHe 3TOi AYTH He H3MEHSJIO 3HaYeHHsl HHTerpaJa,
HYXHO PYKOBOACTBOBAaTbCSl CJIEAYIOLIHM IPABHJIOM: NPH MOJIOXKHTEJNbHbIX 3Haye-
HHSIX ¢ KOHTYp AOJ/KeH ObiThb PAcnosioXeH B JIeBOH NOJYMJIOCKOCTH N€peMeHHO-
ro p, a nMpH OTpHUATENbHBIX [ — B MPaBOH.

Torza B nepsoM ciyuae npu ¢ > O [npu npoBeseHuH AyrH B JIEBOIl NOJIYyNJIO-
ckoct (puc. 2.27, @)l KOHTYp HHTErpHpOBaHHS OXBaTbIBaeT BCe MOJIOCHI MO-
JbIHTErpaibHOH (PyHKUHH (JexalllHe JeBee NpsSIMOH 0, — (oo, G, + [00) U B CO-
OTBETCTBHH C TeopHeli BbiueToB HHTerpast (2.101) ompenessercs Kak

Oy + i
mn:ﬁ j L,, (p)e*tdp -_-ﬁ. @ L,, (pyer'dp =3 res, (2.103)

Gy —ioo ABCA

rie £ res — CyMMa BbIYeTOB B NOJIOCaX NOAbIHTErpajbHOH (QYHKIHH.

tIpn nposeneHuH ke Ayrd B NpaBOH MOJYMJOCKOCTH, T. €. npu (<< O
(puc. 2.27, 6), nomockl GyHKuUHH L+ (p) eP? OKa3biBalOTCS BHe KOHTYpa HHTe-
TPHPOBaHHSl H B COOTBETCTBHH ¢ TeopeMo# Koin HHTerpaj MO 3aMKHYTOMY

KOHTYPY paBeH HY.JIO.
TakuM o6pa3oM, B 3aBHCHMOCTH OT cnoco6a 3aMbIKaHHSl KOHTYpPa HHTerpH-

POBaHHA MOJYYHM:
npu £> 0 (koHTYyp no pHc. 2.27, a) s, (f) onpexensieTCsl BbIPaXKEHHEM

(2.103);
npu t<< 0 (koHTyp no puc. 2.27, 6)

Oy +ioo
mn—-—;‘; f Ls+(p)eP'dp=—2—f'—“— gg) L,, (p)e" dp=0. (2.104)

0y + oo ABCA
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Hanomunm BaxkHOe CBOKCTBO KOHTYDHOIO HHTerpaja: OH He 3aBHCHT OT
($opMbI 3aMKHYTOrO KOHTYpa, 1O KOTOPOMY IIPOBOAHMTCS HHTErpHpOBaHHe, €CJIH
TOJILKO TOJMIOCH MOABIHTErpa/ibHOM (YHKLUHH OCTAlOTCSi BHYTPH KOHTypa. Ha
OCHOBaHHH 3TOr0 CBOMACTBA KOHTYP, 0Opa3oBaHHbIi jpoGaBsieHueM ayru ABC
6eckoHeyHO 6oJibLIOro paauyca (cM. pHc. 2.27, a) K npaMoit 0; — (oo, 0, -+ ico,
MOXHO TPOH3BOJIbHO AepOPMHPOBaTh NMPH COGJMIONEHHH YCJIOBHS, YTO BCE MOJIIO-
Cbl, PaCIOJIOXKEHHBIE JIeBee NPSAMOH O; — {00, 0; + {00, OCTAIOTCS BHYTPH KOH-
Typa.

Hrak, Bbluncienne uuterpana (2.103) cBoauTCs K OnpelesieHHIO BbIYETOB
B MOJIIOCaX TMOABIHTErPaJbHOH (PYHKIHMH.

Ha puc. 2.27, a nokasaHo 1oJIOXKeHHe TOJIOCOB AJIsi CJIEAYIOWHX QyHKUHM
BpeMeHH:

sl(t)':e_a'tv t>09 P = —0,

e~ %tcoswy,f, =0
s t:{ 025 2 FZT Dy, Po = —Oly = (0, 2.105)
() t e—%fsinwg,t, t>>0, » P2 : i (
cos Wy, t>=0 .
Sa () = 3% PZET g Py =+ i@, 2.105’
3 (7) {Sin0)03t, >0, Ps» P3 s ( )

PaccyxpaeHusi, aHaJorHuHbBle NpelbAYLIHM, MOXHO npuBeCTH AN QYHKUHH S— (1),
3aJlaHHOR NpH —oo < ¢ << 0. [oMHOXKHB s_ (f) Ha e 0t npH 0y, << 0, BHIGPaHHOH TaKHM

06pasoM, uyTo6bH O6ecneunBajach aGCOJIOTHISA HHTETPHPYeMOCTb QyHKuMH € O2fs_ () B
npepesiax —oo << t<< 0, MOXHO Hamucartb

0 0
Ly ()= [ s_(ne=%te ®dt= [ s_()e P, (2.106)
i 0g+‘ioo
- ()= 5— j Ls_ (p) e” dp. @.107)
Oy —ico

KoHTYp HHTerpupoBaHHs AJsi JaHHOro cjyuyasi NoKasaH Ha puc. 2.28. UuTterpan pa-
BeH CyMMe BHIYeTOB B NoJiocaXx GyHKunH Ls— (p) ePt, pacno/ioxeHHbIX B NpaBoil MOJYNLIO-
CKOCTH p. Ty CYyMMy cJjlefyeT B3siTb CO 3HAKOM MHHYC, MOCKOJbKY NpH ¢ < 0 KOHTYp 06-
XOMHTCA IO 4acoOBOH CTpeJiKe. .

Bripaxenus (2.102), (2.106) u (2.101),-(2.107) MoXHO 06beAHHHTD CJAELYIOWHM 06pa-

30M.
Ls (p) =Ls+ (P)+Ls— (P), (2.108)
G4+ ioo O3+ ioco
s(t)= -2—'; j Ls+ (p) e” dp+- 5 Ls—_ (p)e”dp|. (2.109)
0y —ioo Oy — i

CootHouenune (2.108) HasbiBaeTci A BYCTOPOHHHM npeob6pas3oBaHH-
em Jlanmnmaca.

O6aactu cxoxuMoctH ¢yHkuuit Lgi (p) 4 Lg_ (p) Ha NAOCKOCTH p TNOKa3aHbl Ha
puc. 2.29. Ias L (p) 3Ta o6acTb pacnoJioXKeHa cipaBa OT NPSIMOH 0 = —aGy, Ha KOTOPO#
pacnoJioxKeHbl MOJIOCH (KOMIVIEKCHO-CONPSIKeHHble), a aasi Lg_ (p) — cieBa oT npsMoi
0 = |0,|. O6nactb cxoauMmocTH Aias Lg (p) HMeeT BHJI MoJIOCH WIHPHHOH Oy + |0yl.

[TyTe HHTErpHpOBaHHS JOJI)KeH NPOXOAHTb MO NPsMOll, PacHo/IOKeHHOR BHYTPH
3TO# NOJIOCH! H MapaJJiebHOM OCH {®, a TaKXKe N0 3aMblKalollel Ayre, pacnoJoXKeHHOH B Jie-
BOH NMOJMYIJIOCKOCTH AJisi ¢ > 0 H COOTBETCTBEHHO B NPaBOH NOJYNJIOCKOCTH Aaas ¢ << 0.

OnHocroponHee npeo6pasoBalue Jlanjaca noJyyHjo oco6eHHO IIHPOKOe pacnpocTpa-
HeHHe NPH aHaJiu3e NEPEeXOAHEIX NMPOIECCOB, CBSI3aHHBIX C AeHCTBHEM Ha HeNb BHelliHel CH-
Jibl, KOTJa HayaJlo OTCYeTAa BPEMEHH COBMEULAIOT C HayaJoM Bo3ZielicTBHs. JlBycTopoHHee
npeo6pasosanue Jlanjsaca HaxoauT Bce GoJiblllee NMPHMEHEHHe NPH aHaJH3e NPOLECCOB H
OYHKUHIT BpeMeHH, ABYCTODOHHHX IO caMoil cBoel CyTH (HampuMep, KOppeJfllHOHHBIX
¢yHkuuit, paccmatpupaeMnix B § 2.18).
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Puc. 2.28. 3ambikanue KOHTypa
HHTErPHPOBAHMS IJIS TpeiCTaB-
aeHus Gynkuuu s—(¢) npu 1<0

Puc. 2.29. O6aactH CXOZHMOCTH TPH ABYCTOPOHHEM
npeoGpa3osanuu Jlannaca

Ilpn paccMoTpeHHH YeTHHX QyHKUHE s (f) = s (—7), KOrga MOXKHO CYHTaTh St (f) =
= s_(—1{), HMeeT MecTO cJ/eAyiolllee COOTHOIIEHHE:

0

0o

0
Li-(p)= [ s@e di= [s(—e P "Dd(—t)= [ s(t)e”di=
0

— 00 [

=Lg+ (—P).

INosicnuM npHMeHeHHe BHpaxeHH# (2.106)—(2.110) Ha ABYX nmpHMepax.
1. Yernas dynkuus s ()= e~ %" npu a > 0 (puc. 2.30). ITo dopmynam (2.102)

H (2.110) Haxoaum

Le+ (p)=1/(a+p), Ls— (p)=1/(a—p).
Torpa

Ls(p) =1/(a+p)+ 1/(a—p) =2a/(a*—p?).

(2.110)

2.111)

2. TIpAMOYTONbLHHE HMNYJbC NPH OTCYeTe BpeMeHH OT ¢poHTa (cM. pHc. 2.16) HaH oT

cepeAHHH HMnyabca (cM. pHc. 2.14, a).
B nepsoM cayuae

Ls(p)=(1/p) (1—e ~""u).
Bo BTOpOM cayuae
Ls ()= L+ (P) +Ls— (P),

1
Lst (p) = 7,-(1—e*"‘n/2): Ls— (p)=La+ (—p)

rae
= —l—‘ (1 __e+PT"/2).
—p
2 5 TakuM o6pasom,
Puc. 2.30.  Ilpumep Ls (p)=(1/p) ("' —e™P%ul?).
OYHKUHH BpeMeHH, Tpe-
Oylouleii npHMeHeHHS
JABYCTOPOHHETO npe-

o6pa3oBanus Jlanaaca
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(2.112)

BoabluuHcTBO cBOMCTB npeoGpasoBanusi Jlanuaca
COBMajiaeT C aHAJOTHYHLIMH CBOMCTBaMH npeo6pa3oBa-
Husi Pypoe, usnoxkennbiMH B § 2.8. Ecau curnany s (£)



COOTBETCTBYeT M306paxenue no Jlanaacy L, (p), TO HMeloTCs CllefyiouiHe COOT-
BETCTBHS:

s(t—t) el L,(p), s()e~* +L,(p+a),
s(t)eivt = L (p—iwy), s(f)cos®yt =1/l (p—iwg) + /5L, (p -+ iey),

t o
20t oL () [s@dt+UALG), [ @) sat—9)dy+L0) L o).
0 —o0

B 3akJioueHHe OCTaHOBHMCSI Ha MpaBHJAX nepexofga or u3obpaxeHus Jla-
njaca K npeo6pasoBanuio Oypee S (0) (HMeloTCS B BHAY OXHOCTOPOHHHE MpPeos-
pasoBanus Jlannaca).

Ecan Ha ocH i ¢pyHKuHs L, (p) HE HMeeT NOJIOCOB, TO AJISl TAKOTO Mepexoaa
JocraroyHo B (2.102) nonoxutb 6; = 0, T. e. nepeiiTH OT nepeMeHHOH p K nepe-
MeHHOH {®. B mpoTHBHOM ciyuae, 4TOOBl M36€XaTb OLIHGKH, HEOOXOXHMO OInpe-
JeJUTh BKJAJ 3THX IOJIOCOB B CHEKTPaJbHYIO IJIOTHOCTb CHrHajal.

Heno B ToM, uto HHTerpHpoBaHHe GyHKHHH L, (p) ! 1o MOAyOKpyX-
HOCTH GEeCKOHeYHO MaJIoro pajHyca C LEHTPOM B MOJioce p; = (® NPHBOLHT K
rapMOHHYECKOMY KOJIEGAHHIO C YacTOTOH ®; H aMmuHTynod 1/2. CrnekTpanbHas
IVIOTHOCTh , TAKOrO KoJieGauusi, paBHas nd (o — ®,), Jo/mkHa GbiTh NpHGaB/eHa
K CIVIOIUHOMY CNIeKTPY, 06yCJIOBJIEHHOMY HHTErDHPOBaHHEM IO OCH [®.

Tak, nas pynkuun L, (p) c oauuM mnosiocoM B Touke py, = 0 [s (f) = I,
t = 0] mMbl panee nostyuusH

S(®)=nb(w)4 1/io;

Anst GyHKuMH L, (p) ¢ IBYMS KOMILIEKCHO-CONPSKEHHBIMH MOJIIOCAMH py o =
= 4iwy [s(f) = cos wot, ¢t =>0] cnexkrpanbHasi nJAOTHOCTb O6yaer

S(0) =n[8 (0 —y) + 8 (© + )] (2.113)
H T. A. (cM. npujoxenue l).
H3ob6paxkennsi no Jlansacy u COOTBETCTBYIOMIHE MM crieKTphl Dypbe Heko-

TOPHIX PacnpoCTPaHeHHHIX B TEOPHH CHTHANOB (GYHKUHH npuBeleHbl B TabMu-
ue

2.15. TIPEJCTABJIEHHE CUTHAJIOB
C O'PAHMYEHHOM I1OJIOCON YACTOT B BUIE
PANA KOTEJIbHUKOBA

B Teopuu M TeXHHMKe CHrHA/OB LUMPOKO HcHogb3yercs: Teopema KorenbHu-
KOBa (TeopeMa OTCYETOB): ecAu Hausoicwas wacmoma 8 cnexmpe dynxyuu s (t)
MeHobwe, Yem [, mo ¢ynxkyus s (f) noanocmoro onpedeasemcs nocae006amesbHo-
CIMbIO CB0UX BHA4EHUE 6 MOmenmbl, omcmosugue dpyz om Opyza He 6Goree wem Ha
1/2fp, cexynd.

B cootBercTBHH ¢ 31O TeopeMOi CHrHaJx S (f), OrpaHHYEHHBIH MO CNEKTPY
HaMBbICIIeA wacToTOl ®, = 2nf,, MOXKHO NPEACTaBHTb pSIOM

. o n sinom (I —n/3m) - ~
s= 2 s(2fm) O ({—1/2fm) 2 sEMen ). @114

n= —oo n= -—oo

B srom Bbipaxkenuu 1/2f,, = At o603HayaeT HHTEpBaJ MeXIy ABYMS OTCYET-
HRIMH TOYKaMH Ha OCH BpeMeHH, a S (n/2f,) = s (nAt) — Bb6OpPKH GyHKUHH
S () B MomenTbl BpemeHH ! = nAt.

ICM.: Tpounun 10. B. Yrepsna peabra-pyHkuus! — PajHOTEeXHHKa M SJeKTPOHHKa,
1986, Ne 2, c. 408.

59



s(h+1)4t
%)

Puc. 2.31. Ilpeacrabyienne curuana psaom KorenbHukoBa

IlpencraBnenne 3anaHHOH ¢yHkuuH s (f) psagom (2.114) uamocrpupyercs
puc. 2.31.
OyHKUHS BHIA

sin @y, ({ —nAf)

Om (t—nAt) (2.115)

Pn () =
yXKe BcTpeuaBuiasicsi panee (cMm. § 2.10, puc. 2.19, @), o6nagaer cienyoLHMH
CBOHCTBaMH:

a) B Touke ¢ = nAt ¢, (nAf) = 1, a B Toukax ¢ = kA{, rae k — moGoe
LieJIoe MOJIOXKHTEJNbHOE HJIM OTPHLATEbHOE YHC/I0, OTVIHYHOE OT 1, ¢, (RAf) = 0;

6) cneKTpa/bHasi IJIOTHOCTb GYHKIHH @, (f) ‘PaBHOMepHA B MOJIOCE YACTOT
jo| << ®,, ¥ paBHa 1/2f,, = /o, [cm. (2.82) u puc. 2.19, 6.

Tak kak QyHkuUHS @,-(f) OTIHYAETCS OT @, (f) TONBKO CABHIOM Ha OCH Bpe-
MeHH Ha nAf, TO CneKkTpaibHas NJIOTHOCTb (QYHKUHH @, (¥)

__1_. —inAto — Afe—inAt -
0, @ =] 7 ¢ f PH — i < O < Oy

0 npH ® << —Ww, H O >0,

2.116)

Moayab stofi pyHKuumu H3oOpaxeH Ha puc. 2.32, 6.

To, uro psn (2.114) TouHo onpegensier 3ajaHHblil curHaj s (f) B Toukax oT-
cyeTa, He TpeGyeT NOMONHHTENbHBIX HOKa3aTesbCTB, NMOCKOJbKY KO3I(pHIHEH-
TaMH psifia ABJSIOTCS CaMH BHIGODKH M3 QYHKUHH, T. €. BeJHYHHH s (nAf). Mox-
HO JOKa3aTb, uto psif (2.114) onpepensier ¢pyHkuuio s (f) B JMoGOH MOMEHT f,
a He TOJIBKO B TOYKax orcdera ! = nAtf. Bocnosnbayemcst 4151 3TOr0 OGLIMMH TIpa-
BHJIaMH Da3/iOXKeHHs1 ¢YHKIHH 1O OPTOrOHAJbHOH CHCTeMe, H3JIOXKEHHbIMH B
§ 2.2. B naHHOM cilyuae passioeHHe Npou3BoAMTCS N0 GyHKUMAM BHAa (2.115),
AJ1s1 KOTOPBIX HHTEpPBaJ OPTOrOHANbHOCTH paBeH GEeCKOHeYHOCTH, a HOpMa
|lon]] B ccoorBercTBUH € (2.5)

% _ msin“mm(t—nAt) _ 1 ¢ sin®x — T _Af
len —5 2, (t—nAi)? dt = ©Om f ) dx Om :

— 00 — 00

He npenpeiuas sapaHee sHaueHusi kospuurentoB psaa (2.114), npumens-
eM /1S UX onpejeneHus oburyio gopmyay (2.9), cnpaBensnuByio Aisi 0600LIEHHO-
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ro psana Pypbe

s () @n () dr.

— 00

_———

c
n At

@2.117)

[Ipu 3TOM HcXonMM K3 YC/IOBHS, YTO S (£) — KBaApaTHYHO-HHTErpHpyeMast PyHK-

uusi (3HepPrusi CHrHaja KOHeuHa).

Jlnst BEIUHC/IEHHST HHTerpaJia B BhipaxkeHHH (2.117) Bocnosib3yemcs ¢opmy-

Jgoii (2.63), corslacHO KOTOpOH

o [0

I

— 00 m

(0’"

5’ S (@) etnato do,

— o

1 1

T %fm 27

m

s(t)(pn(t)dtz—;;- SS(«))(D;((o)d(oz

@.117")

[Tpenensl uHTErpHpOBaHHS 3eChb MNpHBeleHbl B COOTBETCTBHH C 3allaHHOM
IPaHHYHOM YacTOTOH ®,, = 2nf, B CNEKTPe CHrHaJA, a TaKXKe B CneKkTpe QyHK-

uug @, (f).

Hurerpan B npasoit uactu (2.117) ¢ xoappuumentom 1/2n ectb He uroO
MHOe, Kak 3HaueHue s (f) B MoMeHT ! = nAf. Takum o6pasom,

i’? s(t) @, (t) dt =Ats (nAt).

— 0o

Moncraass stor pesyssrat B (2.117°), momyuaem oxkoHuaTe/nbHOE BbIpa-

JKeHHe
¢, = s (nAf),

M3 KOTOPOro cjeayer, 4to kosduuuentamu psna (2.114) spasiorcsi BbIGOPKH

¢yukuuu s (f) B Toukax ¢ = nAf.

[Tocko/bKy orpaHuueHHe CneKTpa KOHEUHOH HauBHICILIEH yacTOTOH oGecre-
YHBaeT HeNpephBHOCTb (yHKUMH S (f), pan (2.114) cxonurcs k ¢yHKuHH S (f)

npu JmoboM 3Ha4YeHHH f.

CootHolueHue mexny cnekTpoM S (2nf)
curuana s (f) u cnekrpom @, (2nf) 6a3uc-
HOM ¢yHKuMH ¢, (f) npu At = 1/2f,
HyLoCTpHpyeTcst puc. 2.32, a 1 6.

Ecan B3dTh HHTepBas MeXA1y BHIGOD-
Kamu At menbwum At = 1/2f,, TO K-
puna 2f, cnekrpa @, (w) pyHKUHH. @, ()
6yner GoJbiuie, yemM Yy crnektpa S (w)
(puc. 2.32,6). 10 noBHIIAET TOYHOCTDb
npeicTaBJeHUst curuana s (f), Tak Kak
HCKJII04aeTCsi BO3MOXKHOCTh HeyueTa «XBOC-
TOB» crieKTpa S (®) BHe rpaHHYHBIX 4acTOT
fm; Kpome Toro, ocaabasiorcsi TpeGoBa-
Husi kK AUX ¢uabrpa, BoccTaHaBJHBalO-
Ilero HenpepbiBHLIA CHrHAJ.

Ilpu yBejnuenuu xe At” no cpaBHe-
Huio ¢ At (puc. 2.32, &) cnektp Dy ()
GyHKUMH @ (f) CTaHOBHTCS yXe, 4eM
CNeKTp CHrHaza s (f), W npu BbHIMHCJIEHHH

S@2rxf) @
7
Y ®,(2nf) 5
)
at 7% )
N ~Fn 0 i f
@, (2nf)
st<at] ] ﬁ
= A 7
"(2
AL“">At b, (2n¥) e

[
- f’m

VR

-F

Phc. 2.32. CBA3b MeXAV CNEKTPOM CHT-
Hasa s(f) H cneKTpoM G6a3ncHOW GYHK-

HHH @ (f)
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HHTerpana B BblpaxenuH (2.117) npenesibl M HTEr pHpOBaHHSi JOJKHbI GbiTh —27tf,
2nf,, BMecTo —2nf,, 2nf,,. Koadduuuentsl ¢, npH 3ToM ABAAIOTCA yxkKe BbIGOp-
KaMH He 3alaHHOr0 CHrHaja s (f), a HeKOTOpo# ApYyroi QyHKUUH §; (f), CrieKTp
KOTOpOIi OrpaHHYeH HaMBhiCIlell 4acTOTOH [, < fm.

PaccmoTpum Tenepb ciyuadi, Koria AJHTeJNbHOCTb CHrHa/la S (f) KOHeuHa
u paBHa T,, a noJioca 4acTOT MO-TPeKHEMY PaBHa f,. ITH yCJIOBHS, CTPOroO ro-
BOpsl, HECOBMECTHMbBI, TaK KaK (DYHKIMS KOHEYHOH AJIUTeJbHOCTH 0GJajaer Te-
opeTHYecKH 6eCKOHEeYHO HIHPOKHM cneKTpoM. OqHaKo npakTHYeCKH Bcerja MoX-
HO ONpee/UTh HAHBLICILYIO YaCTOTY CNeKTPa f, TaK, 4TOGbl «XBOCTbI» GYHKUHH
BpeMeHH, O6YCJ/IOBJIeHHbIe OTCEKaHHEM YacTOT, MPEBBILIAIOUHX [, COLEpIKaJH
npeHe6GpexUMO MaJyIO JIOJI0 3HEPTHH N0 CPAaBHEHHIO C HeprHed HCXOJHOro CHr-
Hasa s (t). [Ipu TakoM JonylieHHH AJs CHrHala AjauTesabHoctbio T, ¢ noJocoi
4actoT f,, oblllee YMCIO HEe3aBHCHMbIX napameTpoB [T. e. 3HauenHil s (nAf),
KOTOpOe HeoGXOAMMO AJs MOJHOrO 3aJaHMs CHTrHaJa, OueBHAHO, Oyler

N‘=T(‘/At=2fmTc-

[Tpu 3Tom BbipaxkeHue (2.114) npunumaer cjepylouiué BHA (NpH OTCYeTe
BpeMeHH OT nepBoil BBIGOPKH):

2HmTe . (t A1)
s()= Y s(Ap2ieniiTrol | 2.118
s(t) ,;'o s (nAt) oms ({ A0 ( )

Yucno N HHOrja HasblBalOT Y HCJAOM cTemneHei# CBOOGOAM
CHrHaja s (!), TaK Kak Ja¥e MPH NPOM3BOJBHOM Bbi6Ope 3HavyeHHH s (nAf)
cymma BHaa (2.118) onpenensier GyHKUHIO, yA0BJETBOPAIOLULYIO YCJIOBHAM 3a/1aH-
HOTO CneKTpa H 3aflaHHON JJIHTEJNbHOCTH cHrHaja. Yucno N uHOrla HasbiBaioT
Takxke 6 a30#H cHrHaJja.

DHepruio U CpeJHIO0 MOLIHOCTb CHIHaJa HETPYAHO BbiPasHTh uepe3 3ajaH-
HYI0 MOC/e0BaTeNbHOCTh BpeMeHHbIX BbIGOPOK. Mcnosb3ya dopmyabl (2.16)
H (2.123), a Takxke paBeHCTBO ||@,|® = Af, noayuyaem

2fmTe 2 Te
3= ¥ [s@A)Pllg. P =At ¥ [s(rAyP,
n=20 n=—0
2T 2. T
= Al \ P 1 \ "
82 == — ‘ N nAt ]l= s nAt IZ‘
) Tc Tc n:O [ ( ) Qfm Tc H;O , ( ).

W3 nocnepsero BbipakeHusi BHAHO, YTO cpeiHsisi 3a Bpems T’ MOILHOCTD
HeNnpepbiBHOrO CHTHajlla paBHa CpelHeMYy KBaJpaTy Bbl6OPOK, YHCJO KOTOPbIX
pasio 2f,T,.

2.16. TEOPEMA OTCYETOB B YACTOTHOH
OBJIACTH

Huoraa curuan Heo6XOQMMO NpeiCTaBHTb C TNOMOWbIO YaCTOTH bl X
B bl 6 0 p 0K cnekTpanbHOH (QyHKUHH S (®), a He BpeMEeHHKhIX BLIGOPOK QYyHK-
uud s (¢). Aaa ¢pyHKUHH S (@) MOXKHO COCTaBHTDb Psifl, aHAJOTHUHbIH BBIPaXXEHHIO
(2.114). das storo 6asucHas ¢pyHKuust @, (f) =sinc [®,, ({—nAf)] [em. (2.115)]

JonxkHa ObiTb 3aMeHeHa ¢yHKUHell ¢, (w) = sinc "23 (0 — nAw) | =

Tc 2n)

=sinc l7 ©-—n= [, KoTopasi moaydeHa W3 (2.115) 3amenoit f Ha w, noay-
" [

IUHPHHBL CNEKTPa ®, Ha NOJyAJIHTENbHOCTb chriana T./2 u At =1/2f, Ha
Aw :2.1'[/7}.
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Takum oGpasom,

Te
ImTe sin —= (0 —nAw)

S (0) = S (nhw) — =

n=—f T, —é-c‘(o)—nA(ﬂ)

Tc 2n
imTe sin——<w—n—-'
2n 2 T .
=3 s(n —-) ) , (2.119)
n=—f_ T * Te "—'Tc ( n—zn)
m'e 2 \(’? Te

PaccraHoBKa yacTOTHBIX BBIGOPOK HJJIOCTpHpYeTCsi pHe. 2.33.

Ecan panee BpemeHHO# HHTepBaJ MeXAy ABYMS COCEAHHMH BbIGOpKamH Af
He J0J/IKeH ObiJ1 mpeBbIaTh 27t/2®,,, TO TENepb YaCTOTHBI HHTepBaJ Aw® He AOJ-
XeH npesbiiath 2n/T,. Ilpu mmpHHe crektpa 2w,, OXBaTbiBalouwel 06JacTb
YacToT —@p < ® < O, YHCIO BHIGOPOK paBHO 20,/Aw = 2f,T, Kak H
NpPH NpeACTaBJeHHH curHana psiaom (2.118).

B ofuem cayuae Boi6opku S (n2n/T,) ABAAIOTCS KOMIJIEKCHBIMH UHCJIaMH
H B KaXI0OH OTCYETHOM TOYKE Ha OCH YacCTOT JOJ/DKHHI GbITh 3ajlaHbl ABa Napamer-
pa — pedcTBHTeNbHasi U MHuMas 4yactH S (n2n/T,) (MM MORYJb M apryMeHT).
Takum o6pasom, obuiee 4KCJIO NapaMeTPOB NOJMyYaeTcsi BABOE GOMbILHM, YeM NPH
BpeMeHHOM TpeACTaBJIeHHH CHTHajla, KOTAa BBIGOPKH S (1/2f,,)— AeHCTBUTE/Db-
Hbie yHcaa. M36biToukocTh npeacTaB/ieHHs CHFHAMA B 4aCTOTHOH 06GJIAacTH JIErKo
ycTpaHsiercsi, ecaiH yyects, 4to S (n2n/T,) u S (—n2n/T,) ABASIOTCSH KOMIJIEKC-
HO-CONpsiXKeHHbIMH (GYHKUHSAMH, TaK YTO 3afidHHe OAHOH H3 HHX OJHO3HAYHO
onpezensier Apyryio. Takum o6pa3oM, CNEKTp CHT'Hasla MOJHOCTbIO XapaKTepH-
3yeTCsl COBOKYMHOCTbIO KOMILIEKCHBIX BBIGOPOK, B3SITHIX TOJLKO B 06JacTH IIO-
JIOXKHTEJIbHBIX YacTOT, H YHCJIOM He3aBHCHMBIX NapaMeTPOB HJH cTelneHell CBO-
6oxbl curnana N = 2f,,T,, Kak U IDH NpPEACTaBJIEHHH CHTHala BO BpPeMEeHHOH
06J1acTH.

K npuBesennomy Bbilile onpefie/leHHI0 MAKCMMAJIbHOTO JONYCTHMOTO HHTep-
Bana Ao = 2n/T,, ocHoBaHHOMY Ha 3aMeHe !== ® B (2.114), MOXHO npuiiTH
H C noMowpio ctporux paccyxnesuit. Ilonaras, kak u B §2.15, 3anaHHbIMH
AauteabHocTh T, M cnekTp S (@) cHrHanla s (), npeacTaBjisieM STOT CHTHanA B
Bule psina Pypbe (BMecTo HHTerpasia Pypbe)

.21
in—-¢t
0o T T T
S(t): 2 Cp € x ’___2x<t< 2x,

n=-—oo

the Tx > T, — npousBo/bHbIl OTPE30K OCH f, BKJIOGalOULHil B ce6s1 oTpe3ok T,.
B coorsercteun ¢ (2.22) u
(2.56) KoadpULHEHTHI

fony
2 a
T,/2 —in 2%, N §S 35
1 T . N
C, = — “ s(t)e *  dt = ?o";'_; ) 8@)
Ty
—Te/2
Ty T, -

“Oy * ¢ do ) o e’ ‘e, o
Kak BuauMm, Ko3(puuUHEHTHI ¢, -240 240 "
Gylyud yMHOXEHHbIMH Ha T, eCTb

HE 4TO HHOe, KaK 3HAYeHHS CNEKT-  p.. 933 Ilyckperwsauns cnektpa CHrHana
panpHOH NAOTHOCTH S (®) HA AMC- 1o KoTeabHHKOBY
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KPETHBIX YacTOTax n—?ﬁ = nAw, T. e. orcuersl S (nAw), GUrypupyioiHe B

x
BoipaxkeHHH (2.119). OueBHIHO, YTO MaKCHMaJbHO JONMYCTHMBII HHTepBaJ
MeXJy OTCYeTaMH Ha OCH 4YacCTOT coorBeTcTByer ycaoBuio T, =T, T. e.
Ao < 2a/T,.

2.17. JUCKPETHU3OBAHHBIE CUTHAJIBI

B npenpiaymux naparpadax noj AHCKperH3auHueil cHrHaJa s (f) noapasyme-
BaJIOCh aHaJIUITHYECKOe ero NpejCTaBJIeHHe C MOMOLIbI0 COBOKYHMHOCTH OTCYETOB
B JHMCKPETHble MOMEHTbl BpeMeHH nAf.

B coBpemeHHO# paaHO3/IeKTPOHHKE LIHPOKO PaCIpPOCTPaHEHBI CHCTEMBI, B KO-
TOPBIX OCYINEeCTBJISieTCSl JAHCKPeTH3allHsl CHrHaJla, HalpHMep, NMPH HCNOJIb30Ba-
HHM MMIyJIbCHBIX METOJOB Ilepelaud COOOLIeHHs] B pajHOCBs3H. B cucremax ¢
uHppoBol 06pabOTKOH HCXOAHBIH KOHTHHYaJIbHBIH CHrHaJ npeo6pasyercsi B QM-
CKpeTHbIH curian (cM. puc. 1.2, 6).

BuiGop wara (temna) T QuCKpeTH3aLUMH NPOH3BOAHTCS Ha OCHOBaHHH TeO-
peMbl orcueroB (cM. § 2.15).

[pouenypy AuckpeTH3auuH (B3siTHe BBIGOPOK), OCYIIECTBJASEMYIO C HOMOLILbIO
3JIEKTPOHHOrO KJIOYa, YAOOGHO paccMaTpHBaTb KakK yMHOXeHHe (QYHKuuH s (f)
Ha BCIIOMOraTe/IbHYI0 MepPHOAHYECKYIO I10C/1eN0BaTeIbHOCTb Yr (f) MOCTaTOYHO
KOPOTKHX TAaKTOBbIX MMIYJIbCOB. B kauecTBe TaKHX HMIYJIbCOB OGBIYHO paccMa-
TPHBAIOT MPSAMOYTOJbHbIE HMIYJILCH C JJIHTENBHOCTBIO Ty, MaJIOH MO CPaBHEHHIO
¢ T. Takum 06pa3oM, AMCKPETH30BaHHbIH ¢ 11aroM 7' CHrHaJ MOXKHO ONpele/InTh
BblpaXKeHHeM

st () =s (t) yr (f). (2.120)

®dyukuuu s (f), yr () u sr (f) nokasanel Ha puc. 2.34, a.

Jlnsa BbisiBJeHUs] TpeGOBaHHS K «MaJIOCTH» BeJHUHHBI To/T pacCMOTPHM CHa-
yaja CTPYKTYpY CIeKTpa AHCKPETH30BaHHOro cHrHafja Sy (f). CnekrpasbHyio
MJOTHOCTb S (®) MCXOIHOrO KOHTHHYaJbHOrO CHrHaja S (f) 6yAeM CYHTaTh 3a-
JaHHOH.

3anuuem neprHoaxyecKyio GyHKuHIO yr (f) B Buae pana Pypbe no dopmyse
(2.39), B KoTOpO# MOA T, 6yAeM NoApasyMeBaTh BeJIHUHHY To, @ NOA ©;, KaK H B
(2.39), — yacrory moBTOpEHHsI ©; = 2n/T:

2 .
yr () =U0[—T1% ——2 —l—sm(""’—;“)cosnmlt].

T n
" n=1
™
[ 5(k7)
bl
1 o 1 -
-T 0 T 21 3T kT t
yr(t) cO OO 0O ©00 .00 OO0 ooyrgto) 00 ©O0 OO0 00
tinonnnnnonn FFTTEVEREE LY
P | o
=T 0 T 2T 3T t -T 0 T 2T L4 t
/,"‘F.\f/(f) 5, ) cf,ooooooaooooooooooooéoio
— l
0 |0 |smisen ‘S/W)
AT |
=T 0 T 21 3T t T o T T kT t
a o

Puc. 2.34. JluckpeTHsalHsi cHrHa/ja KaK yMHOXEHHe Ha M0C/1eA0BaTeNbHOCTh TAKTOBHIX HM-
Ny IbCOB KOHEUHOJ [UTEJBHOCTH (@) WJH Ha Noc/eloBaTebHOCTh JeabTa-dynkunit (6)
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YuuThiBad, 4TO N0, Ty/2=nnty/T, a TaKKe HMesi B BHAY DPaBEHCTBO

| I (%% # Ty -
—sin —== = sinc (an1/T), nonyuaem
nn T T

yr ()= U, ﬂ[l +2 z smc(

n=1

A )cos nw, t] )
7/

Torna Bbipaxenue (2.120) npuHHMaer BHA

st(t)y=Uy —= To [s () + 2s (¢) 2 smc( T )cos nw, t]

n=1

[lepsoMy cnaraeMoMy B MpaBofi YaCTH COOTBETCTBYET CMeKTpasibHas MJOT-
HOCTb S (®) HCXONHOTO KOHTHHYAJIbHOTO CHIHaJla, a KaXJAOMY H3 NpoU3BelleHHI
s (f) cos nw,t — cnekrpaibHasi MIOTHOCTE Y, [S (0 — nw,) + S (0 + nw,)l
(cM. Teopemy B 'n. 3 § 2.8 0 CMellleHHH CrieKTpa).

CrnenoBaTelbHO, HCKOMasi CleKTpaJibHasi IJIOTHOCTD

Sr(0) =U [S (0)+ V sinc ( )S (0 —no,) +

n——l

-*—2 smc( A% )S(w—} mo,)]

n=1

[Mockombky sinc (0) = 1, nocieaHee BbipaXKeHHe MOMKHO 3alucaTth B Clle-
aylolel OKOHYaTeJIbHOH (opMe:

oo

Sr () =uolri >

NnN= —x

‘“) S (0 —nwy). @.121)

I'paduku ¢pynkuuit S (o) u Sr () npeacrasseHbl Ha puc. 2.35.
Urak, cnekmp Sr (w) duckpemu3dosanroeo cuznara npedcmasasem cobotl no-
caedosamenbrocmo cnekmpos S () ucxo0Ho2o cueraaa s (t), cO8unymoLx 0dun om-

HOCUMEAbHO 0pYa02e0 HA ®y = 2:n/T u ybuiarowux no 3aKkony sin ('";f") / mf;".

Ecsu war BHIGOPOK B COOTBETCTBHM C TEOPEMOH OTCYETOB BLIGpAH H3 YCJIO-
Bus T << 1/2f,, = n/®,,, OTAeJbHble CIEKTPbl He NepeKphlBalOTCH, KaK 3TO MO-
Ka3aHo Ha puc. 2.35, a, H MOryt GbITb Pa3jie/leHbl C NMOMOLLbIO QUILTPOB.

B npakruke BenuyuHy T oObl4HO GEPYT B HECKOJbKO Pa3 MeHbliel uem
1/2f,,, uto Heo6XOMMMO AJIsl MOBLIIEHHS TOYHOCTH BOCMPOW3BEJCHHMS CHTHAJA M
obJieryeHus peasi3alHH (PHJAbTPOB.

C yMeHblIEHHEM OTHOWIEHHS To/T JlemecTKH CrnekTpa yG6biBalOT MelJIeHHee
H B npefeJe, npH ty/T — 0, cnekTp npHOGpeTaeT CTPOro nepHOAHYECKYIO CTPYK-
TYPY (M, ecTecTBeHHO, YpOBeHb JeNeCTKOB CTpeMHTCs K HyJo). Ecau oasmo-
BpPeMEHHO C yMeHbllleHHeM T, yBeqHuHBaTb U, Tak, 4TOGbl MJIOLIaAb HMIYJbCa
Uv, ocraBasach HeusMeHHOH, TO QYHKUHH yr (f)  sr (f) npuMyT BHA, MNOKa-
3aiHbit Ha puc. 2.34, 6. [IpupaBauBan aas ynpoueHus Ugty, = |, npHXOAHM K
CJelyIOleMY Oripee/IEHHIO TaKTOBOH QyHKIHH:

yr) = 3 8(—kT).

R= —o0

Toraa Bbipaxenue (2.120) nepexomur B

=5 ¥ 8u—kT)= N s(kT) 8 (¢ -kT). (2.122)

= -0 k=—o0
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IlocsienoBaTeIbHOCTL BPEMEHHEIX OTCUETOB MpHOGpeTaeT BHA MNOCJENOBa-
TeJIbHOCTH JesbTa-QyHKIHH ¢ BeCOBBIMH KO3(bHLHEHTaMH, PaBHbIMH 3HadyeHHs -
MU curHana s (f) B toukax kT (cm. puc. 2.34, 6).

[Tpu srom Bbipaxende (2.121) npuHHMaeT BHA

Sy (0)= i S (0 —nw,). (2.123)

L
T
n

OTMeTHM, YTO 3HEprusi CHrHaJa Sr (f), BbIpakeHHOro uepe3 JAe/bTa-(pyHK-
uuH, GeckoHeyHO BesiHKa. COOTBETCTBEHHO H 3HEprHsi crnekTtpa Sy (0), ompefe-
JaseMoro BbipaxkeHueMm (2.123), GeckoneuHo Beska. [IpH HCNO/Ib3OBaHHM ke
pealibHbIX TAKTOBbIX HMIMYJIbCOB C KOHEWYHOH 3Heprueil cnektp Sr (0) npw
® — oo yG6biBaer (cM. pHc. 2.35).

ITpencraBnenue sr (f) B gopme (2.122) cyuiecTBeHHO ynpollaer CrneKTpaJsib-
HbIH aHa/M3 JHCKpPeTHbIX CHTrHajoB. Hanpumep, cnekTpajbHYIO NJIOTHOCTb
Sr (w) MOXHO onpene/HTb HEMOCPEACTBEHHO N0 COBOKYMHOCTH BPEMEHHLIX OT-
cuetoB {s (kf)}, Ge3 obpailleHHs1 K CneKTpy S (®) HCXOLHOrO KOHTHHYaJbHOrO
curiana. [lefictBuTesbHO, NpHMEHHB OObluHOe npeoGpa3dBanue Pypre (2.48)

K BbipaxkeHuio (2.122) nns cavuas, korga £ =0, 1, ..., oo, noayyum
Sr(w)={ sr()e=iotdt={ e/t 3 s (kT)8(r —kT) di=
b b k=0
=3 s (6T) [ e=/t § (t -—T) dt = S s (kT) e~ ik, (2.124)
k=0 h k=0

Ilo cBoeit pasmeprocTy ¢yHKUHH S (®) H Sy (®) HEONHHAKOBHI: NepBas HMe-

CHrHan

€T pasMepHOCTb [ J, a BTOpasi — mpocto [curuanl.

YyacToTa
Ilepexonsi k KoMnJEKCHOM yactote p = 6 + (o, noJydYaeM H306paxKeHHe
no Jlannacy AHCKpeTH30BaHHOTO CHrHaJjla

0o

Sr(p)==L |sr ()l = Z S (kRT) e— PiT (2.125)
k=0
S
’ }[\
-®n 0 @, @
St sinc Gm'ﬁ)
B —<_
- I -~ \\
- | : Il I \\\
| | | |
| | | |
| l : l
ST ST ey O @y 27T )T ®

Puc. 2.35. CnexTpbl HcxoqHOro (@) W AMCKpeTH3oBaHHOrO (6) CHrHAJIOB
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Opurunan, 1. e. QYHKUHIO St (f), MONKHO OMpele/IMThb NO 3aJaHHOMY H30-
6paxenunio Sy (p) ¢ nmoMowbio o6paTHoro npeo6pasoBanus JlanJjaca, 3amHchl-
BaeMOro B OGBIYHOH (opme:

O,y ioo
sr (1) =—— S St (p) v dt (2.126)
2ni
Gy —ioo
[em. (2.103)).

Bripaxenue (2.126) onpenensier Bcio nocsefoBatesbHocTb {s (#T)} B ¢op-
Me, coBrajatouleli ¢ BolpaxkeHHeM (2.122). [las onpeneneHust oaHOro k-ro or-
cyeta s (kT) 6e3 muoxurens 8 (f — kT) MOXKHO NpUMeHHTb 6OJiee MPOCTOE Bbi-
paxeHue

| oy+in/T
s (kT) =TT 5‘ S (p) er*T dp, (2.127)
16
, 0y — in)T
B KOTOPOM HHTErpHpoOBaHHe BeleTCsl B Npelesax OJHOTO YaCTHOrO HHTepBasa OT
—a/T po n/T!.

Hekoropbie 10MOJHHTENbHbIE XaPAKTEPHCTHKH AHCKPETHBIX CHIHAJIOB,

cyulecTBeHHble NpH 1HdpoBoit o6paboTke, mpusoasrcs B § 12.2.

2.18. KOPPEJIILIMOHHBIA AHAJIU3
NETEPMHUHHWPOBAHHbIX CUTHAJIOB

Hapsay co cnekTpaibHbiM MOAXOAOM K OMHCAHHIO CHTHAJOB YacTo Ha Mpak-
THKe OKa3blBaeTcsi HeOOXOQMMOH XapaKTepHCTHKAa, KOTopasi AaBaja Gbl npen-
CTaBJICHHE O HEKOTOPbIX CBOHCTBaX CHMHAJa, B YaCTHOCTH O CKOPOCTH H3MEHEHHs!
BO BpPEMEHH, a TaK)Ke O JJHTEJIbHOCTH CHrHaJ/Ia 6e3 pPa3/ioXKeHHusi ero Ha rapmo-
HHYECKHe COCTaBJISIIOILHE.

B xauecTtBe Takoii BpeMeHHOH XapaKTEPHCTHKH LIHPOKO HCMOJb3YETCs K O p-
pensuUHMOHHASsS (YHKUHA CHTHaJa.

[ans nerepMHHHPOBAHHOTO CHrHaja S (f) KOHEYHOH NJIHTENbLHOCTH KOppe-
JSLHOHHAS (QYHKUHS OnpeaensieTcsl CAeAYIOIHM BblpaXKeHHEM:

oo
B, (1) = f s (f) s* (t + 1) dt, (2.128)

— 00

rjie T — BPEMEHHOH CABHI CHIHaJa.

! BoiuncauM npasyio 4actb (2.126) nocie 3sameHbl npesesoB HHTErPHPOBAHHA, NOACTa-
HOoBKH ¢ = mT, rie m — moGoe lleJoe YHCJO, H NOACTaHOBKH S (p) no dopmyJe (2.125):

| Oy +in/T oc | oy +in/T
| = — — pkT _pmT - — p(m-—k)T
omi 5 2 s(kT) e e dp 2 s (kT) o el dap.
6, —in/Tk=0 k=0 6 —in/T

Y4HTHIBasi, YTO B JaHHOM cJayuyae p=0; + (®, H Nepexois K NepeMeHHOH HHTerpu-
pPOBaHHA ®, nNoJYuaeM
- 1osi k
/ =S‘ s (kT) % (m—iy 1 _Sin(m—k)
kHO n (m—k) T

Mpum=k | =s(kTyT, anpp m %=k [=0. Takum o6pa3oM, gis onpeneneHus
s (kT) noctaTouno 3aMeHHTb B (2.126) s, (/) Ha s (kT) u npele.Tbl HHTETPHPOBAHHS Gy — (oo,

0y + ico wa 6y — infT, o, + in/T.
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a 8 S
j s@) s(t)
L
0 1¢, th t
’ o s LN |
) i /rsww) :
[ 4 |
| i T I tz-r: { "
- ~ 1 Y
8 U7 T t s s(z‘)s(z‘+r)| 7 ot T
s@Ws+r) { - »
|
1 — g i‘, tz"f tz t
tf tz‘f t
-(tz -t/) aq (fz ‘t;) 7 _(tz "t,) 0 t2 ._t.’ >
Puc. 2.36. TlocTpoenne Koppens- Puc. 2.37. IlocTpoenHe KOppeasiiHOH-
UHOHHOH OYHKUHH JJs TpsiMo- HOH (GYHKUHM IAS TPEYI'OJNbHOTO HM-
VrOJIbHOrO0 HMIYJbCa nyabca

B naHHOil roiaBe paccMarpHBAlOTCS CHIHaJlbl, SIBJISIIOLIMECS BelleCTBEHHbI-
MH QYyHKLUHSIMH BpeMeHH, H 0603HaueHHe KOMIJIEKCHOI'O CONPSIXKEHHsT MOXKHO ony-
CTHTD:

B()= [ s()s(r+vdr. (2.129)

— 20

U3 soipaxenus (2.129) suano, uro B, (f) xapakrepusyer creneHb CBSI3H
(Koppensillii) CHrHaJsa s (f) co cBoeil Konuel, CABUHYTOH Ha BEJHYHHY T MO OCH
BpeMmeHH. ScHO, uto PyHKkuus B, (f) nocruraer makcumyMa npu v = 0, Tak Kak
J11060¥ CHI'HaJl NOJIHOCTBIO KOPPeJUpOBaH ¢ caMuM co6oit. Ilpu stom

B,(0)= ( st(t)dt=3, (2.130)

20

le—s g

T. €. MaKCHMa/bHOe 3HauYeHHe KOPPEeJSLHOHHOH (YHKUHH PAaBHO FHEPTHH CHUT-
HaJa.

C yBeanuenueM T QyHKuHa B, (t) y6biBaeT (He 06s13aTe/IbHO MOHOTOHHO)
H TIPH OTHOCHTEJIbHOM CJiBHre CHrHaJIoB s (f) U s (¢ -+ T) Ha BpeMs, npeBhLILLIaloLLee
AJITEJIbHOCTb CHrHaJa, obpallaeTcsi B HYJb.

Ha puc. 2.36 nokasano mocrpoeHue KOppeJIﬂLlHOHHOH ¢byHKUMH AaA npo-
CTeiillIero CHrHaJa B BHAe NpsAMOYTo/IbHOIO UMnyJbca (puc. 2.36, a). CABHHYTHIH
Ha T (B CTOpOHY. oniepekeHHs1) CHrHaJ s (¢ + 1) nokasaH Ha puc. 2.36, 6, a npo-
ussesienue s () s (f + v) — Ha puc. 2.36, 6. I'paduk ¢pynkuuu B, (t) H3o6paxen
Ha puc. 2.36, e. Kaxkqomy 3HaueHHIO T COOTBETCTBYIOT CBOe [pOHM3BelleHHe
s(f)s(t+ t) u naowanb noi rpadpuroM ¢yHkuuH s (¢) s (£ + 1). UucaeHuble
3HaYeHUsl TaKHX MNJowalel A5 COOTBETCTBYIOIMX T M JalOT OPAHHATHl (QYyHK-
uvu B, (v).

AHaJlorHyHOEe NOCTPOEHHE AJISi TPEYTONbHOrO HMIyJbCa H300paXkeHo Ha
puc. 2.37. U3 obuiero onpeneneHHsi KOPpeJsLHOHHOH (GYHKUHH, a TaKxke H3
NPHBEJeHHbIX NPUMEPOB BHIAHO, YTO Ge3pas/IHYHO, BIOPABO HJIH BJIEBO OTHOCH-
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Te/IbHO CBOEH KOMHHM CABHraTb CHrHaJ Ha BeJHuHHY T. [lo3ToMy BblpaxeHie
(2.129) MOXHO 0606LUIUTL CJAENYIOUIHM 0OpPa3oM:

B, (t) = 3? s{)s(t-+1)dt = 32 s (f) s (t —7) dt. (2.129"

- 00 — o0

310 paBHOCHJLHO yTBePXIeHHIO, UTO B (T) siBAsieTcs: wemmuol ¢pynkyuels v.

Ha pwuc. 2.38, a nokasaH cHrHaj B BHJe Na4KH M3 YeTblpeX ONHHAKOBBIX HM-
MyJ/IbCOB, CABHHYTBIX OJHH OTHOCHTEJIbHO JPYroro Ha Bpems T, a Ha puc. 2.38, 6
— COOTBETCTBYIOLLAsl 3TOMY CHFHa/ly KOppeJsiHOHHas (QyHKuHsi. B6ausn 3na-
yeHu# v, paBHbix 0, +T,, +2T, u +3T,, 3Ta QyHKUKMS HMeeT TaKOH e BHA,
KakK M A/l OAMHOYHOrO HMIyJibca (cM. puc. 2.36, 2). MakcHMa/ibHOe 3HaueH e KOp-
pensiuHOHHOH ¢yHKUHH (npH T = 0) PaBHO y4yeTBepeHHOH 3HEPrHH OLHOTO HM-
nyJbca.

Jlnsi nepHOAMYECKOro CHrHaJsa, 3Heprusi KOTOPOro GeCKOHeYHO BeJIHKa, Of-
pelesieHHe KOPpeNSIMOHHOH (GYHKUHMH C TOMOLUbIO BbipakeHHH (2.129) wuau
(2.129°) Henpuemsemo. B 3TOM caydae MCXOASIT M3 CJAEAYIOWIErO ONPeAe/IeHHs:

| T/2 | T/2
B, vep (1)= lim — f $()s (t+7) dt =lim — Y s (t—1) s (f) dt.
—T/2 —T/2

(2.131)

[1pu TakoMm onpeleneHHH KOPpPeJsILMOHHAA QYHKLHS NpHOGPeTaeT pasmep-
HOCTb MOLIHOCTH, npHueM By ., (0) paBHa cpexHed MOLIHOCTH NepPHOAHYECKOrO
cHrHana. BBHAY nepHOaMYHOCTH CHrHana s () ycpenHeHHe npou3BeleHr1 s (f) x
X 8 (t4- ) uam s (t — 1) s (f) N0 GECKOHeYHO GoablIOMY OTpe3Ky T JO/IKHO
coBnajatb ¢ ycpeiHeHuem no nepuony T;. [Tostomy Bbipaenue (2.131) MoxHO
3aMeHHTb BbipaXKeHUeM

T,./2 | T,/2
B enep (1) = — Y s(tys(t+1)dl =— Y s(ys(t—vdt. (2132
T -T2 T T2

Bxonsiue B 37O BblpaxkeHHe HHTErpajbi CyTb He YTO HHOE, KaK KOppeJs-
uMoHHasi QyHKuMsl curHana Ha uHtepBane T,. OGosnauas ee uepes By, (1),
NMPHXOAHM K COOTHOLICHHIO

anp (T) = BsT. (T)/Tl

OueBHAHO TaKXe, YTO MEPHOAHYECKOMY CHTHaJy § (f) COOTBETCTBYET H Ie-
puoanyeckas KoppensiunonHas QyHkuus B ., (7). [lepnon dynkuun B, 4, (7)

: £
0 v 7 27, 57 t
B AT v
> "
gl 3L
/% /%l__,
-3r, 21 T T 023 w7 27 37, T
)

Puc. 2.38. TMauka u3 yeThipex NPAMOYFOJLHEIX HMNYJbCOB (@) M KOppeasiuHOHHasi (YHK-
uHs (6)
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coBnajaer ¢ nepuofoM T'; HcxonHoro curuana s (¢). Hanpumep, aasi mpocreiuiero
(rapMoHHUYeckoro), KoJebGauus s (f) = A, cos (wof + 0y) KOppensiuvoHHas
pyHKUHS
A2 Tyi2
B, ep (V) = 7"- Y cOs (@ ¢ + By) cOs [@q (¢ -+ T) + Oy di=
-
1 2n
= Aj cos w, T, woz_;-l .

Mpn 1 =0 B, e, (0) = % Aj ecTb cpeaHsis MOLWHOCTb FapMOHHYECKOTO

KosieGanus ¢ amnautynoii A,. BaxHo ormeruTb, 4TO KOppensiuoHHan GYHKUHS
«nep (T) He 3aBHCHT OT Hauya/JbHOH da3bl KosebGauusa 0,

f:la puc. 2.39, 6 usoOpaxeHa KOppeJsiLHOHHas (GYHKUMS CHTHaJa, npex-
CTaBJsAIOLEr0o COGOH NepHOAHYECKYIO MOC/eJOBaTeNbHOCTb MPSMOYTOJbHBIX
uMnybcoB (puc. 2.39, a). Kaxablii U3 umnyabcoB pynkumn B, ye, () coBnana-
er no gopme c KOppPeJSIlHOHHOH (yHKUHeH ONXHHOYHOTrO MMIYJIbCa M3 TepHo-
JAH4ecKol noc/efoBaresbHOCTH § (£). OnHako B AaHHOM CJyyae MaKCHMaJbHble
OpAHHaThl By, (T) paBHbI He SHEPTHH (KaK Ha puc. 2.38), a cpelHeli MOWHOCTH

curHana s (f), T. e. BequuuHe s* (f).

Jlns OUEHKH CTeneHH CBSI3H MeXAYy ABYMS Pas3/IHYHBIMH CHTHaJaMH s, (f)
H S, (f) ucriob3yercss B3aHMHasi KOppeJsiiHOHHAs (YHKUHMSA, onpefessieMas
OOIHM BLIpaXKeHHeM

Bs (@)= [ si)s; (t+7)dt. (2.133)

- 00

Ilns BeluecTBeHHbIX QYHKLUHI s, (f) H s, (f)
B,()= [ si)se(t+ 0. (2.134)

—0C

PaccMorpenHas Bbillle kKoppensiuHoHHas GyHkuus B, (T) SBAseTCS 4acTHBIM CJy-
yaeM QyHKUHH B; g, (T), Koraa s, (f) = s, (f).
[TocTpoeHHe B3aMMHOM KOpPeNAUHOHHON GYHKUHH IJs JIBYX CHI'HaJIOB
Sy () u s, (f) npuBeneno Ha puc. 2.40. PlcxonHoe nosoxenue curdaja v = 0
nokasaHo Ha puc. 2.40, a. [1pu caBure curnana s, (f) aeso (t > 0, puc. 2.40, 6)
KOppesnsuHoHHas (PyHKUHS CHayasla Bo3pacTaer, 3aTeM yGblBaeT A0 HYJSl MpPH
v = T. Ilpu caBure Brnpaso (v << 0) KoppessiuvoHHas GyHKUHs cpa3y yGbiBaer.
B pesyabrare nosyyaercs acHMMeTpHu-

Hast OTHOCHTEJIbHO OCH OpPAMHAT QYyHK-
I'—‘ 1'—| '—| uus By, (t) (puc. 2.40, 6).

OueBunHo, uyTo 3HauyeHue By, He
-1, Ty, Ty T¢*%w t HM3MEHMTCSl, eCJH BMECTO yNnpexAeHHs
5 CHTHana S, (f) AaTb 3alepXKy CHTHaJIy
Snep 8, (f). [Toaromy Bbipaxenue (2.134) mox-
HO 0600HUTb CaAelyIOUIHM 00pa3oM:
! |§ 3
AN Bss, (1) = j 5, () s (F +7) di =
-1, ~Tu 7 =, Tf T —o00
] o
Puc. 2.39. [Mepuoauueckasn nocieioBaTelb- = 5. S2 (1) 81 (t -—1) dt =By.5, (— 7).
HOCTb MMOYJBbCOB (@) ¥ ee KOppeaslHOH- —o0
nas ¢yuxkuus (6) (2.135)
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Puc. 2.40. IlocTpoeHne B3aHMHOH KOp-
peNsUHOHHON (DYHKIHH:

@) HCXOAHOEe NOJIOXKEHHEe CHrHajoB;, 6) CABMK
curHana s;(f) Ha T; 8)' 8B3aHMHas KoppeJjs-
uHOHHas GyHKUHUsR

COOTBETCTBEHHO
Bs,s, (t)=Bys,s, (— 7). (2.135")

Cnenyer, ofHako, pas3iuuartb Bhipaxenus (2.129°) u (2.135). B oraHune
oT B, (t) B3auMHasi KoppeJsiHOHHAsl QYHKUHS He 00si3aTe/IbHO SBJSETCS YeT-
HOH OTHOCHTeJbHO T. KpoMe TOro, B3aWMHasi KOppeJsUHOHHasi (PyHKUHS He
obasameabno Jpocturaer makcumyMa npH t = 0. O6a 3TH cBoHCTBa (QYHKUHMH
Bs,s, (t) mamoctpupyioics puc. 2.40.

2.19. COOTHOLIEHHE MEXXY KOPPEJ/IILUMOHHOHN
O®YHKIHEN U CIIEKTPAJIbHOM
XAPAKTEPHUCTHUKOH CHIHAJIA

Bocnosnb3yemcsi BoipaxkeHuem (2.63), B kKotopom mnojokuMm f (f) = s (f),
g (f) = s (t + 1) u coorBerctBeHHo F (w) = S (w), G (w) = S (w) e-*o%. Tor-.
Aa MOJIyYyum

0o

js(t)s(t-i—r) dz=# S S (@) S* (©) e—i9% dw == B, (7).

— 00

YuurbiBasi, yto S (0) S* (0) = S? (®), NPUXOAHM K HCKOMOMY COOTHO-
LIEHHIO

B, (r)=7;— s S$2 () e~ 0% do. (2.136)

- 00

Ha ocHoBanuu n3BecTHbIX CBOMCTB npeoGpa3oBaHuii Ddypbe MOXKHO TaKKe
Hanucarb!.

St @)= | B, () ewrdr, (2.137)

! Beneactue yeTHocTH QYHKIUHE B (T) 3HaK Nepen iwT B moKasaTesle CTENEHH MOXET
6biTe mpoussosbHbIM. To e oTHocHTes K (2.137).
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Hrak, npsimoe npeoGpasosanue Pypbe (2.137) KOppeaAUHOHHOH (PYHKIUHH
B, (v) naer cnekTpajbHYIO MJOTHOCTb 3HEPruH (CM. 3ameyaHHe B KoHle § 2.10),
a npeobpa3oBanue (2.136) maer KoppeasuHoHHylo ¢ynkuuio B, (1).

W3 Boipaxkenuii (2.136) u (2.137) BbITEKAIOT CBOHCTBa, aHAJOTHYHbIE OTMe-
yenHbM B § 2.10: wem wupe cnexmp S (0) cuenara, mem menvue unmepsar Kop-
peasyuu, m. e. coguz T, 8 npedesax KOmopo2o KOppPeAYUOHHAR (PYHKIYUS OmAuY-
na om Hyaa. COOTBETCTBEHHO YeM G6OJIblie HHTEPBaJ KOPPE/ISUHH 3aJaHHOTO
CHTHA/a, TEM YyXKe ero CIeKTp.

W3 Boipaxennit (2.136) u (2.137) Takke BHAHO, YTO KOppe/sUHOHHAs BYHK-
uusa B, (v) ne 3aBucur or PUX cnekrtpa curHana. Tak Kak npH 3aJaHHOM aM-
IJIMTYHOM criekTpe S () ¢opma dyHKuUHH s (f) cylwecTBeHHO 3aBHCHT or PUX,
TO MOXHO CHeJIaTh CJefyloulee 3aKJIOUeHHEe: pPA3AUYHbIM No hopme CUSHAIaMm
s (¢), obaadarougum OOUHAKOBHIMI AMNAUMYOHBIMU CREKMPAMU, COOMBEMCMBYIOM
00uHaKosble Koppeaayuonnve pynkyuu By (t).

Fnasa 3. MOIYJ/IMPOBAHHbIE KOJIEBAHHUY

3.1. OBIIHME -OIMTPENEJIEHUYA

Js nepenauyH HHQopMalUHH Ha PaCCTOSTHHE NMPUMEHSIOTCS CHI'HaJMbl, 3¢pdeKTHB-
HO H3JlyyaeMble C MOMOIIbIO aHTEHHBIX YCTPOHCTB H 06/ajaiolHe COCOGHOCTDIO
pacnpocTpaHAThCs B BHUIEe CBOGONHBIX PajiHOBOJIH B Cpelle, pasjesiouleil oTnpa-
BUTEJs1 M Nosydarenss HHoopmauuu. TakuMM CHrHaJaMH SBJSIOTCS BBICOKOYA-
croTHble KoJe6aHus. [lepenaBaemast HHpOpPMaUHS JOKHA ObIThb TeM HJIH HHBIM
cnoco60M 3a/l0KeHa B BbICOKOYACTOTHOE 'KosleGaHHe, Ha3blBaeMOe H € C Y Il H M
Yacrora w, 3TOro koseGaHHs BbIOHpaeTCss B 3aBUCHMOCTH OT PAacCTOSIHHSA, Ha
KOTOpOe J0JKHAa NepejaBaThcsl HHGOpMalLHs, OT YCJIOBHI pacnpocTpaHeHHs pa-
JIHOBOJIH H pPfAAa APYTHX TEXHHYECKHX H 3KOHOMHUYeCKHX ¢akTopoB. Ho B /mobom
cIy4ae 4acmoma ®g 00ANCHA ObiMb eAUKA NO CPABHEHUIO ¢ HAUBbICIUE 4acmomodl
Q.. cnekmpa nepedasaemoco coobuyerus’.

I10 OGBLACHAETCS TeM, YTO AJs HEHCKaKeHHOH nepenayy cooOlLeHHH yepe3
pajiHOTeXHHUYeCKHe LienH, a TaKXKe AJIS1 YCTPAHeHHs! HCKaX{eHHH, BO3HHKAIOLIMX
OpH pacnpocTpaHeHHH DPalHOBOJIH, HEO6XOAMMO YTOGbI LIHPHHA CreKTpa COo06-
weHus Q,, 6bljla MaJia [0 CPABHEHHIO C Wy; YeM MeHble OTHOLUeHHe Q,,/w,, TeM
MEHbILE MPOSIBASAETCS HECOBEPLIEHCTBO XapaKTEPHCTHK CHCTeMbl. [lo3ToMy uyem
Bbllle TpebyeMast CKOpPOCTb Mepenaud HHGOpMAlHH H, CJelOBaTesbHO, lIHpe
CNIeKTP COOOGIEeHHs L, TeM Bbillle 10/I2KHa ObITh HeCyllast 4aCTOTa PaAHOCHTHAA.
Kak npaBH/O, BBHINOJNHSETCS HEpPaBEHCTBO R,/w, < 1.

JI1060# palHOCHTHaJ MOXKHO NO3TOMY TPAKTOBaTh KaK «y3KOMNOJOCHBIH» Mpo-
llecC JAaxke MNpPH nepeaaye «LIHPOKOMNOJIOCHBIX» COOOLIEHHH.

[IpuBesem creayiowe npumepbl. [IpH nepenaye pedyH MM My3bIKH CNEKTP
COOGIEeHH ST OGLIYHO OTPaHHYHBAIOT NMOJOCOH OT Fiyyp = 30—50 I'u 10 Fpay =
= 3000—10 000 I'u. Haxe Ha camoil AJHHHON BOJIHE BelllaTesJIbHOTO AHanas’oHa
A = 2000 M npu necyue# yacrore f, = 150 k' arHOwWeHHE Fppax/fo = 10%1,6 X
x 10° ~ 0,06. IIpu nepenave Tex ke cOOOLIEHHII HA KOPOTKHX BOJMHAX (IIPH 4Ya-
crotax 15—20 MIu) 370 OTHOLIeHHe He NpeBblllaeT COTHIX AOJIEH MPOLEHTA.
[pn nepenave nMoABHAKHBIX H300paeHHi (TeJeBHIeHHe) M0JOCa YacCTOT COOG-
IIeHHs1 BeCbMa LIHpOKa H joctHraer 5—6 MI'u, onHako u Hecyulas 4acToTa Bbl-
Gupaercs He MeHee 50—60 MT11, Tak 4TO OTHOLIEHHE Fp 4x/fo HE nipeBbiLIaeT 10 % .

! B naHHoil r1aBe Q HCTIOAB3YeTCH A 0603HAYEHHS 4aCTOThl MOLY/AHpYiollel QY HKIKK,
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B camom o6miem ciiyyae paguoCHrHaJ, HecyllHi B ce6e HHGPOPMALHIO, MOXK-
HO MNpeACTaBHTb B BHJe

a(t) = A (t) cos oot + 0 (1)l = A (t) cos P (2), 3.1

B KOTOPOM aMmnuTya A uin ¢asa 0 U3MEHSIOTCS 1O 3aKOHY NepeJaBaeMoro Co-
obL1eHH .

Ecnu A 1 0 — nocTosiHHbiE BeJIMUHHBI, TO BhipaxkenHe (3.1) onuceiBaer npo-
CTOe rapMOHHYecKoe KoJieGaHUe, He colepxKallee B ceGe HHKaKOH HHGOpMaLMH.
Ecau A u 6 (cnenoBaresibHO, H ) MOABEPraloTCs NPHHYAUTEIbHOMY H3MEHEHHIO
IJis nepefauyd cooGlIeHHs, TO KoJieGaHHe CTaHOBHUTCS MOAYJIHPOBAHHBIM.

B 3aBHCHMOCTH OT TOr0O, KakOd H3 JBYX NMapameTpOB H3MeHSeTCs — aMILIH-
Tyna A uau yroa 6 — passnualor ABa OCHOBHBIX BH/a MOAYJISILLHH : aMIJIUTYAHYIO
H YIJIOBYIO. YTJIOBasi MOJIYJIsilIMSA, B CBOIO O4yepelib, MOApa3jiesisieTCs Ha JBa BHAA:
yactotHylo (UM) u ¢asosyio (PM). Ity 1Ba Bula MOAYJSUHH TECHO CBS3aHbI
MexX1y co6oii, # pa3iiyve MeXLy HHMH NpPOSBJISETCS JIMIIb B XapakTepe H3Me-
HEHHS! BO BPeMeHH yrJia \p NpH OAHOK H TOH e MOAYJHpYIolled DYHKIHNH.

MoayanupoBanHoe KoJieGaHHe HMeeT CHeKTpP, CTpYKTypa KOTOPOro 3aBHCHT
KaK OT CNeKTpa nepelaBaeMoro cooOLIeHHs:, TaK U OT BHaa MopyJasuuu. To 06-
CTOSITEJIbCTBO, UTO LIMPHHA ClEKTPa MOAYJHPYIOLIEro COOGLIEHHST MaJla 10 CpaB-
HEHHIO C Hecylei 4acToToii ®,, mno3BoJser cuyurath A (f) u 0 (f) MenneHHbIMH
GyHKUMSAMH BpeMeHH. DTO O3HayaeT, YTO OTHOCHTeJNbHOe H3MeHeHue A (f) uiam
0 (?) 3a onMH nepuoa HeCyILero KoJeGaHHUsI MaJio 110 CPaBHEHHIO C eHHHUIEH.

PaccmoTpuM cHayasa Bonpoc 06 H3MeHeHUH amnauTyabl. IIpu ckopocty us-
MeHeHHs1 amnauTyabl dA/dt npupaiienne aMnyUTyAbl 3a OfHH NepHoR Ty MOXKHO
npu6nnxkeHHo npupasusate (dA/dt) T,. CnenoBatesbHO, OTHOCHTEJNbHOE H3Me-
HeHMe 32 MepHoJ

dA| To_|dA
A dt

1 2n

A (07

MoxHo cuuTath, YTO yCJIOBHE MeMJIeHHOCTH ¢yHKuUMu A (f) BBINOJHsieTCH,
ecnu

dA

2n |e4
dt

dA| 1 o
—'\<1 Wi |-dt_ 1 <<2n‘ (3'2)

Wy

AHanoru4YHO MOXKHO YCTaHOBHTb YCJOBHe MeJJIeHHOCTH (yHKIHU 0.
Tax kak MrHoBeHHast 4acToTa KoJieOaHHS PaBHa CKOPOCTH H3MeHeHUs (a3sbl
(06 31oM moapoGHee GyjeT CKa3aHO B CJAeAYIOWIHX naparpadax), To, AHddepeH-
LHDYs apryMeHT BbipaxeHnus (3.1), Haxoaum
dy (1) de

O () = —=——= —
@ dt o dt

Ilpoussoanas d0/dt onpelenseT OTKJIOHEHHe 4acTOThl ® (£) OT YacCTOThl ®,.
ITO OTKJIOHEHHE MOXKeT ObITh GBICTPBIM HJIM MeMJIeHHbIM. [IJis TOro yto6bl KoJe-
6aHust a (f) MOXKHO 6bLIO cUUTaTh OJH3KHM K rapMOHHYECKOMY, HYXKHO, YTOGBI
U3MeHeHHe 4acToThl 3a BpeMsi T OblIO MaJio MO CPaBHEHHIO C YacToToi o (f)
B J060H paccMaTpuBaeMbli MOMEHT BpeMeHH.

Takum o6pa3om, ycnoBHe MelsleHHOCTH GyHKLUMH O (f) MOXHO 3anucaTh B
Bujle CJe[YIOUlHX HepaBeHCTB:

d [ do
wrlar )l

® (1)
o ® L ==

L1 mml

dt®
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Tak kak 06LIMHO ® (f) OYeHb MAJO OTIHYAETCS OT ®,, MOXKHO CYHTaTh T ~
A 2n/®, U CXOIHTb H3 YCJIOBHS

20! 1 o,
[ <o ot (3.3)

Ilns GONMBIIMHCTBA MCIOJb3yeMbIX B PafHOTEXHHKE CHIHAaJOB HepPaBeHCTBa
(3-2) u (3.3) 06bIYHO BHINOHAIOTCS . ITO O3HAYAET, YTO MPH JIOGOM BHIE MOLYJIS-
LM MapameTpbl PaJHOCHTHAJNAa: a IJVIUTYAA, ¢a3a HJIH 49acTOTa — HM3MEHSIOTCS
HaCTOJILKO MeJIJIEHHO, UTO B Npejesiax oxHoro nepuoga T, KoJjieGaHHe MOXKHO CUH-
TaTh I'apMOHHYECKHM.

Sta npeanocklIKa JIEXXHT B OCHOBE BCETO AajibHeHIero pacCMOTPeH sl CBOM CTB
PafHOCHTHAJIOB ‘M HX CIIEKTPOB.

3.2. PAIMOCHTI'HAJIBI C AMIIVIUTY IHOH
MOOYJ/ISSIUUEN

Amnaurynnas Monyasuusi (AM) siBasiercst Hau6oJsiee NPOCTHIM K OYeHb pac-
NPOCTPaHEHHBIM B PaJiHOTeXHHKE CIIOCOOOM 3ajioXkeHHsi HH(OPMALHH B BbICOKO-
yacToTHOe KoseGanHe. IIpn AM oru6aroiias aMmnyIMTyl HECYLIEro KoJeGaHUs H3-
MEHSIeTCSI 10 3aKOHY, COBMAJalolleMy C 3aKOHOM H3MeHEHHsl NepeaaBaeMoro co-
OOlLIeHHs], 9aCTOTa XKe W HadasbHas ¢a3a KoJsieGaHHs NOAAEPKUBAIOTCH HEH3MEH-
HbiMH. [losToMy A/11 aMnJIMTYAHO-MOAYJIHPOBaHHOTO PaNMOCHTHAJa Obliee Bbi-
paxenue (3.1) MOXHO 3aMEHHTb CJENYIOHIHM:

a (f) = A (f) cos (0ot + 6,). (3.4)

Xapakrep oru6aitouieii A (f) onpenessieTcss BHAOM NEPeNaBaeMOro COOGLIEHHS.
IIpn HenpepbiBHOM cooGlieHHH (puc. 3.1, a) MOAY/NHpOBaHHOE KoJieGaHHe
npuoGperaeT BuJ, NOKa3auHblil Ha puc. 3.1, 6. Orubaiowas A (f) coBnagaer no
¢opme ¢ moxyaupymouieii ¢pyHKIHeH, T. e. C mepelaBaeMbiM COOOLeHHEM S (f).
Pucynok 3.1, 6 mocTpoeH B NpPearoJIOKEHHH, 4TO MOCTOSIHHAS COCTaBJSIONLA sl
¢yHKkuMH S (f) paBHa HYJIO (B NPOTHBOMOJIOXKHOM CJydae aMIIHTyJa HeCyLIero
Kosie6aHuA A, NpH MOAYJIAUHH MOXKET He COBNAAATh C aMIVIUTYJOH HEMORYJIHPO-
BaHHOro Kosie6anusi). Hau6osbliee ua-

s meHenHe A (f) «BHH3» He MOXeT GbiTb
01['\——-\ / Goabie A,. HM3veHeHHe e «BBepx»

[ ¥  MOXeT GbiTh B IPHHIMIE H GOJbLe A,.

OCHOBHBIM TapaMeTpoM aMIlJIH-
TYJAHO-MOAYJIHPOBAHHOTO KoOJeGaHHA
" A ABJseTc KO3(HIMEHT MOLY JISIIHH .
A 4 | Omnpeznenende 3TOrO  MOHATHS
| OCOOEHHO HarJIsAAHO JJs TOHAJbHOMH
v MOLYJISIUMM, KOrJla MOAYJHpYlolias
m GYHKUHS SIBJASETCA TapMOHUYECKHM
KoJieGaHHeM:

a

t s (8) = S, cos (Qf 4 v).

_________ i Oru6aiomyo MOAYJIHPOBaHHOTO
DALEY ‘J KOJIeGaHHsi T[pPH 3TOM MOXHO Npen-

- Tb B BHJE
. 4[0_ /0y g CTaBH il

. H=Ay+kst)=A4,+
Puc. 3.1. Moaynupyomas dyukuus (a) A o + Ran S (f) 0
aMIUVINTY RHO-MOAYJIHPOBaHHOe KoJebanune (6) + AA,, cos Q-+ ), (3.5)
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Puc. 3.2. Kone6anue, moaynuposanHoe Puc. 3.3. KoseGanHe, MoOAYJIHpPOBaHHOe 1O
N0 aMIJIHTY[e TrapMOHHUECKOH (YHKLHER aMIVIUTYle HMMMYJbCHOM  MOCJIe10BaTeNbHO-
CTbIO

rie Q — yactora MOAYJSILHH; Yy — Hada/dbHasi ¢asa oruGatoued; &,y — KO-
sppHLHEHT NPONOpUHOHANbHOCTH; AA,, = koS, — aMninTyaa H3MeHeHHs
orubaromiedt (puc. 3.2).

OrHolleHHe

M = AA, /A,

Ha3biBaeTcs KO3GPGOHUHEHTOM MOAYJSIHH.
Takum o6pa3om, MrHOBeHHOe 3HaueHHe MOIYJHPOBAHHOrO KojeGaHHs

a(t) = A,[1 + M cos (2 + y)l cos (wst + 6,). (3.6)

[Tpu Heuckaxkennoit Mopynasund (M < 1) amniutyna koneGaHHsT H3Me-
HSIeTCS B mnpefenax OT MHHUMaJbHOH Apmiy = A, (I — M) 1o MakcHMaNbHOH
Amax = Ao (1 + M).

B coorBeTcTBHM C H3MeHEeHHeM aMILIHTYIbl H3MEHSIeTCS H CPeAHssl 3a me-
PHOI BBICOKOH 4acTOThl MOIIHOCTb MOAYJHPOBaHHOrO KoJeGanusi. ITnkam oru-
Gatowell cooTBeTcTBYeT MOIHOCTh, B (I 4 M)? pa3 GoJbluasi MOLHOCTH Hecy-
ero KoJeGanusi. CpefHsis Xe 3a NepHOL MOAYJISILIHH MOLHOCTb PONOPLHOHAb-
Ha cpenHemy! kBaapary aMmnaHTyas A (f): ‘

A2 (1) = A} [1+ M cos (Q +y)P= A} (1 + 0,5M2). (3.7

DT1a MOUHOCTb NpeBbILIAET MOIHOCTh HECYILEro KoJeGaHHs BCEro JHilb B
(1 + 0,5M?) pa3. Takum o6pasom, npu 100 %-no#t mopyasuun (M = 1) nuxo-

Bas MOIHOCTb paBHa 4P, a cpefusisa MmouHocts |,5P, (depes P, = % A}

0603HayeHa MOLHOCTb HecyLiero KoJje6anus). Orciona BHAHO, YTO OGYCJIOBJEH-
HOe MOAyJsiuvell npHpaleHHe MOLIHOCTH KoJieGaHH$I, KOTOpOe B OCHOBHOM H
onpejessieT yCJAOBHS BbieJieHHsi COOOLIEHHS] NPH NpHeMe, Jaxe NPH Npenesb-
HOH ry1y6GHHe MOAYJISILHH He NpeBblllaeT NOJOBHHbI MOLIHOCTH Hecylllero KoJie6a-
HHA.

I1pu nepenave nucKperHbIX COOGLIEHHH, MpeACTaBJSAOUIMX CO60H YyepenoBa-
HHe HMNyJbcOB M may3 (puc. 3.3, @), MOAYAHpOBaHHOe KoJeGaHHe HMeeT BHA
NOC/Iel0BATENbHOCTH PaflHOMMITYJIbCOB, H300paXkeHHBIX Ha pHc. 3.3, 6. [Tpu 3tom
HMeeTcs B BHAY, YTO (a3bl BLICOKOYACTOTHOTO 3aNOJIHEHHSt B KAXKIOM H3 HMIY.JIb-
COB TaKHe e, KaK ¥ IPH «Hape3aHHH» HX H3 OJHOrO Hel PepbiBHOTO rapMOHHYe-

1 CpenHee 3HadeHHe cos (Rf — Y) 3a nep HOX MOAYJHPYIOlLeH 4acTOThl paBHa HYJIO,
a cpeniHee 3HaueHHe cos? (Qf 4+ y) paBuo 1/2. UepTta Hap GyHKuMeH 03HayaeT onepauHio
VCPelHEeHHSI MO BPEMeHH.
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cKoro koJsie6anHusi. TOJNbKO NpH 3TOM YCJOBHH NMOKa3aHHYIO Ha puc. 3.3, 6 no-
C/Ie0BaTeNIbHOCTb PaHOHMIYJIbCOB MOXKHO TPaKTOBaTb Kak KoJieGaHue, MOLY-
JIMPOBaHHOe JIHILb N0 amniutyle. Ecim oT uMnyJbca K HMmyJbCy ¢a3a H3Me-
HSIeTCsl, TO CJelyeT FOBOPHTb O CMeLIaHHOH aMIVIUTYAHO-YIJIOBOH MOAYJSALHH.

3.3. CIIEKTP AMIIVIMTYIHO-MOYJIMUPOBAHHOTI'O
KOJIEBAHHS

[lyctb 3agaHo BBICOKOYACTOTHOE MOAYJHPOBaHHOe KoJeGaHHe, O KOTOPOM
M3BECTHO, YTO YacTOTa W, U HayaJbHasi ha3a 0, BeJIMUHHDI IOCTOSTHHbIE, a OrUbalo-
mas A (f) conepkut B cebe nepeaasaemoe coobuieHue s (f). AHaIUTHYECKH TaKoe
KoJe6aHHe MOXHO MPEACTaBHTb C MOMOUIbIO BbipakeHus (3.4).

Tpebyercsi ycTaHOBHTb CBSI3b MeXAYy CNEKTPOM MOAYJIHPOBaHHOIO KoJseba-
HHS M CNIEKTPOM MOAYJHUpylomell (PyHKUHH, T. €. CIIEKTPOM HCXOQHOrO cooOle-
HuA s (f). ITpoue H HarasiiHee BCEro 3TO MOXKHO clieJIaTh 1JIs1 TOHAJbHOH (rapMo-
HMYECKOH) MONyJsiUHMH, KOrfia orubaloiias

A @) = Ayl + M cos (Q + )],

a MORYJHMpPOBaHHOe KoJsieGaHHe ompenensiercsi BbipaxkeHHeMm (3.6).
[Nepenninem Boipaxkenue (3.6) B dopme

a (f) = A, [cos (wef + 0) +- M cos (Rt + y) cos (0ot + 0,)l.

Bropoe cnaraemoe B npaBoit YacTH 3TOr0 BbIpaXKeHHUsl, sIBJASIOLIEeCs MPOAYK-
TOM MOLYJSILHH, MOXHO MPHBECTH K BHAY

M cos (Qf +y) cos (@, £ -+ Bo) =% cos [(wy+ Q) £+ (8, -+ )] +
+ %‘_ cos |(wy— Q) £ (0, — 7)),

nocje 4Yero pasBepHyTOe BblpaxkeHHe KoJebaHHs a (f) npHHUMaeT BH]

a(t)= A, cos (g t +8,) + ”;A" cos [(w, |- Q) t +

+ 8o +7v + MQA‘) cos [(wy —€2) £ 4- 65— y]. (3.8)

[lepBoe caaraemoe B npaBoii yacTu npeiacraB/sier cOGOH HCXOQHOe HeMOAY-
JHMpOBaHHOe KoJeGaHHe C 4acTOTOH ®,. BTopoe u TpeTbe cnaraeMble COOTBETCT-
BYIOT HOBbIM KOJIeOaHHSAM (rapMOHHYECKHM), MOSIBJSIOUIUMCS B MpoLecce MOAY Jisi-
UHH aMnaHTYyAbl. YacToTsl 3THX KosebaHHui o, | Q
1 w, — Q HasblBalOTCS BepXHeH H HHXHeH 60Ko-
BbIMH 4acCTOTaMH MOAYJISILHH. _

AMNANTYAB 3THX ABYX KOJeGaHHiH OAHHAKOBbI
H COCT3BJSAIOT OT aMIJIMTYAbl HEMOAYJ/IHPOBaHHOIO
KoneGaHusi noJo, paBHylo M/2, a ux ¢asbl cuM-
MeTPHYHbI OTHOCHTENBHC (ha3bl HecCyllero KoJeba-
HHA. DTO HJIIOCTPHPYETCS BEKTOPHOH JAHarpam-
MO#, npeAcTaBJeHHOl Ha puc. 3.4. Ha asrtoit auar-
paMMe OCb BpeMeHH BpalllaeTcst MO 4aCOBOH CTpeJi-
Ke C YIJIOBOH 4acTOTOH ®,, NpPHYEM OTCYET YrJa
w,t Bepetcs ot aunuu OB. [losromy Hecylllee Ko-
Pac 34 Bexopor s ecmnit 1o 0t 1 b e D
CTaBJIeHHe AMIVIHTYHO-MO- -
JYAHPOBAaHHOTO  KoJebanus JNJIHHOH AO' COCTaBJIAOEro C TOPHU30HTAJbIO yrodq
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0,. MrHOBEHHOe 3HaueHHe HECYIIEro KoJieGaHHA B MOMEHT [ PaBHO NPOEKUHH
gektopa A, Ha ocb Bpemenn (orTpe3ok OK).

Jlns npeacTaBjeHus Ha 3TOH Xe Anarpamme KosieGanus ¢ 4acToTol w, -+ Q,
npeBbIILIAIOE YIJIOBYIO YacTOTY BpallleHHs OCH BPeMeHH Ha BeJHuMHy 2, He-
0GXOAMMO BOCMOJb30BaTbCsi BEKTOPOM, BPAILAIOUIHMCS C YIJIOBOH 4acToToH
npoTHB 4acoBoi cTpesky (Bektop DCy). Ilnsi u3oGpaxkenusi KosneGaHus € 4acro-
Toll ®y — © norpe6yercsi BEKTOP, BPALLAIOUMACA C TaKOH 2Ke YacTOTOH Q no
yacoBoii crpeske (Bekrop DC,). [lostomy KoneGanusi GOKOBBIX 4acTOT — BepX-
Hell M HHXHell — H306paXkaloTcsi AByMsl BeKTOpaMH JJinHOH MA,/2, Bpauao-
IIMMHCSA BO B3aHMHO NPOTHBONOJIOXKHBIX HanpaBJ/eHHsaX. Havana 3THX BeKTOpOB
nepenecenbl u3 Toukd O B TOUKy D. VX (a3bl CHMMETpHUYHBI OTHOCHTEJBHO BeK-
TOpa Hecyluero koseGanusi A,. 10 clenyeT 3 Bbipaxenus (3.8), KoTopoe AJsi
GOJIbleH HArJsSAHOCTH LeJecoo6pasHO 3anHcaTtb B HECKOJIbKO H3MEHEHHO#

¢dopme
MA,
a (f) = A, cos (w, {1+ 0g) = 5 08 [(wq £48y) +

MA,
2

+ Q1+ )l + cos [(wo f + 8o) —(Q1 +y)].

M3 3TOro BbipaXkeHHs1 BHAHO, YTO NMpH JI0G0# Hava/bHOH (ase orubarouwei y
Bextopsl DC, 1 DC,, cOOTBETCTBYIOLIHE KOJIEGaHHSIM BEPXHEHl H HHXKHeH GOKOBBIX
yacTOT, 3aHHMAIOT CHMMeTPHYHOe OTHOCHTe/bHO BekTopa OD noJjioXeHHe, mpH-
yeM BEKTOpbI KoJieGaHHH GOKOBBIX 4acTOT 0GPa3yIOT C BEKTOPOM HECYILEro KoJe-
Ganus yrabl, paBHble --(Qf + y). PaBHoneiictBylomuii Bektrop DF, sBasiomuii-
cs reometphyeckoit cymmoii Bektopos DC; n DC, u Ha3biBaeMblii BEKTOPOM MO-
AyASUMH, Beerja pacnosaraercs Ha JauHuH OD, BClEACTBHe yero cymmy Beex
Tpex KoJeGaHHH — Hecylel H ABYX GOKOBBIX YaCTOT — MOXHO paccMaTpHBaTh
KaK KoJe6aHHe C NOCTOSHHBIMH Haya/lbHOH (a30f W 4acTOTOH, HO C MOAYJIHPO-
BaHHOH aMMJHTYZROM.

[onyTHO 3aMeTHM, YTO €CJIH B Pe3yJbTaTe MPOXOXKIEHHS Yepe3 3JeKTpHYe-
CKHe UeNU HapyliaeTcsi PaBEHCTBO aMMJIMTYA KoJieGaHHi GOKOBbIX YaCTOT HJIH
CHMMETpPHSI MX ()a3 OTHOCHTE/IbHO (pasbl HECYLLero KosieGaHHsi, TO BO3HHUKaeT Ka-
yaHHe BEKTOpa, NpeNCTaBJSIOUIero pe3yJbTHpYylolulee Kose6aHHe, OTHOCHTENbHO
nanpasaenusi OD. D10 paBHOCHJIbHO BO3HMKHOBEHHIO napasuTHOH OM.

OcTaHOBHMCSI Ha BOnpoce O (d3e Orubaroled aMnanuTya NPH YHCTO aMMJH-
Ty AHO# MOLY/isiunH. JlonyCTHM, 4TO HayasbHas $a3a BbICOKOYACTOTHOTO KoJe6a-
Husa 0, = 90°. Toraa BekTOpHas JAHarpamMma MpHMET BHA, MNOKa3aHHbIA Ha
puc. 3.5. Ecan npu Q¢ = 0 Bekropbl 60koBbix yactor DC, u DC, HanpaBJ/ieHbl
BBepX (nosioxkenue | Ha puc. 3.6), T0 orubaiolas aMIIMTyl NPOXOAHT B 3TOT MO-
MEHT Yepe3 CBOe MaKCHMaJbHOE 3HaueHHe A, (1 + M). dror cayuyait cooTBeTCT-
ByeT HauasbHOH (ase oruGatomeit y = 0 [cm. (3.6)], a ypaBuenue oruGaroeit
6ynet

A (1) = Ay (1 + M cos QF).

Ecau xe B moment Q¢ = 0 Bektopsl DC,; u DC, 3aHHMalOT rOpU30HTaJbHOE
noJioXKeHHe, TO orubarolllasi NPOXOAHT yepe3 3HaueHHe, paBHoe A,. B atom ciy-
yae Hava/bHas (asa oruGaiouleil y = —7I/2 U ypaBHeHHe 1Jis orubaroiei 6yaer

A (t) = A, (1 + M sin Qf).

ITostoxenne BekTopoB 60koBbiX YactoT DCy u DC, npu Qt == /2, 7t u 3n/2
s y = 0 o6o3naueno Ha puc. 3.6 coorserctBenHo uuépamu II, 111 u IV.
CnexTpa/ibHas AHarpamMma KoJeGaHHs NPH TOHAJbHOH MOAYJSIUMH NOKa3a-
Ha Ha puc. 3.7. lllupuHa cnekTpa B 3TOM C/yuyae paBHa YABOEHHOH 4acTOTe MO-

77



Ayasudu 22, a aMnauTyAabl KoJeGaHWi GOKOBBbIX 4acTOT He MOTYT NpeBbllAaTh
NONOBHHbI aMIJIMTYAbl HEeMOAYJIHPOBaHHOTO KoseGanusi (npy M < 1).

AHanoruyHble pe3yJbTaThl MOXHO MOJYYHTb NPH MOAYJISILIMH JIIOGbIM CJIOXK-
HbiM cHrHasoM. KapTHHy 06pa30BaHHS CHEKTpa aMIIMTYAHO-MOLY.1HPOBAHHOIO
KoJie6aHHA Npollle BCero MOSICHHTb CHayasa Ha NpuMepe, KOTJa MOAYJHpYIlolee
coo6lueHue s (£) sBaAsieTcs: CyMMOH KoJie6aHHil ABYX TOHOB:

s (f) = S; cos ,t + S, cos Q,t.
[lo amanoruu c BblpaxkenuHeMm (3.5) nosyuaem

A@t)=A,+AA,, cos Q t +AA,, cos Q, t=A, (1 +M, cos Q, { +
+ M, cos Q, ).

[MoacraBnsis 37O BhIpaxkeHHe B ypaBHeHHe (3.4) M HCNOJb3ysl TPUrOHOME-
TPHYeCKHe Npeo6pa30BaHHS, aHAJOTHYHbE TeM, KOTOpble GblIH NPOBEAEHBI MpH
noJlyyeHHH ypaBHeHHs (3.8), NPHXONHM K cJjeaylolleMy pe3yJbTaTy (HauaJibHbie
(a3bl Hecyllero U MOLYJIHPYICHIHX KoJeGaHHil 31ech A YNPOIEHHS ONYILIEHBI):
Ml

2

a (t)= A, cos wyt + Ao cos (w, + ) ¢ —i—M—‘Q"-l—“ cos (wy—R;) ¢ +

+ 2228 cos (i Q) £ +HEL cos (0, — ) 1.

H3 nosyuenHoro BbipaXkeHMsi CJellyeT, YTO KaXIOH H3 uyactoT Q;, H Q,
COOTBETCTBYET CBOSI TOHaJIbHasi MOAYJSLHS, COMNPOBOXAAIOMASCS BOSHHKHOBe-
HHeM napbl GOKOBBIX YacTOT, NPHYEM 3TOT NPOLECC SBJSETCH JHHEeHHbIM B TOM
cMbICJIe, UTO aMIIMTYAb H (asbl KoJie6aHHH GOKOBBIX YaCTOT OT Pa3JIMYHBIX MO-
MYJHPYIOIIHX HanpsiXkeHH# B3aHMHO He3aBHCHMBI (MOcJ/ejHee CBOHCTBO COXpa-
HfIeTCA NpPH YCJOBHH, YTO CyMMapHOe H3MeHeHHe OrH6alolieil «<BHH3» He IpeBbl-
waer 100 %).

H3 npuBeseHHOro npumepa HeTPYJAHO BBIBECTH NPABHJIO NMOCTPOEHHS CNEK-
TPaJbHOH JAHarpaMMbi aMIIMTYAHO-MORYJIHPOBAHHOrO KoneGaHus a (f) no 3a-
JaHHOMY CHeKTPYy MoayJaupylomed dynkuuu s (f). Ilycrs nocienHuit umeeT BHUI,

@y~ /{\ )+
JEN
o 4 \ p ~ I I /4 yig YC’
2 7 3 —C. 2
& i G006 . YR Cy
Qt+ <| <| ¥ N D
4 ¢4 ol T Ao Ag YA, A Ao
& ~ 4
< 0 10 3‘40 jo 10
y I :ﬂ 1l 3. I| :‘1
) [~ n —~1
o] £ ™ e vVl 1 1o
‘)y ? - t 0 o u & - g 4 J- --;-—)
S Q1
o |
< ﬂ |
0 w,t
[ ¥/ ‘u,u \L
Puc. 3.5. BekrtopHas .Ha- Puc. 3.6. ®aspl xosebaHuit  GOKOBHIX 4acTOT
rpaMMa AM npu HavaabHo# B pa3jiHuHble MOMEHTb BpeMeHH

pase Hecyutero Kosnebanus
6=90°
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mA,T w4, ﬂ I/ “ﬁ
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1F — (] I
(27} Q Gy 29 (00"'9 @ °'= Q‘; +° +§
§ 3 8§ 3
Puc. 3.7. Cnektp xone6Gauust npu TO- Puc. 3.8. JIucKpeTHBe CIEKTpHL:
HaJIbHO#H (rapMoHHueckoil) AM a) cnoXHOR  MoRyaHpylomelr  bYHKIHM;

6) MOXYJIHPOBAaHHOTO MO AMIJIHTYHAE KoJe-
Gauus

npejcTaBJeHHbIN Ha puc. 3.8, a. Uepes S;, S,, ..., S;, ... 0603HaueHbl aMIIATY-
Abl TaDMOHHYECKHX KoJieGaHHH, BXOASIIMX B CHEKTP cooblieHus s (£), a yepes
Qmin H Qmax — IPaHHYHbIE YacCTOThl CHEKTpa.

CnekTpasibHasi iHarpamMma BbICOKOYACTOTHOTO KoJieGaHH s, IPOMOLY IMPOBAH -
HOrO NO aMnJuTyle cooGluenueM s (f), u3obpaxkeHa Ha puc. 3.8, 6. Koadpodu-
LHeHTH Moayasiuuu M,, M,, ..., M, nponopuHoHa/NbHbl aMIJIMTYAaM S,;, S, ...
..., Sp COOTBETCTBYIOLIHX TOHOB, BXOASIIHX B CJOXHOE coollieHue S (7).

ITepefineM K o6LieMy c/ryyaio, KOTAa CHEKTP COOGIeH S S (f) He 0653aTeNbHO
JAucKpeTHHI. Bynem ucxoauth M3 obuiero Bhipakenus (3.4). IlepenaBaeMoe co-
obuieHHe s (f) conepkuTcsi B 3aKOHe H3MeHeHHMsi oruGawowmeii A (f). He npenpe-
wasi BuAa GYHKLHUH S (f), cocTaB/sieM BbipaXKeHHe AJisi CIEKTPaJIbHOH MJIOTHOCTH
S, (®) MOAYJHPOBaHHOrO MO aMIJHTY#e KoJseGaHHsi a (f), pacCMaTpHBaeMoOro
KaK npousBelleHue oruGaroumeii A (f) Ha rapMoHHYeCKOe KosieGaHHe COS (wof +
+ 8y).

OcHoBbiBasich Ha COOTHOlIeHHH (2.58), B KoTopom noJsioxuM s (f) = A (1),
nosiyyaem

S, (w)= S A (t) cos (wy t +8,) e ot df =

=-é— et S, (0 wp) + —;- e~ % S4 (0 + ). (3.9)

B 3ToM Bbipakenuu S, 0603HaYaeT CEKTPaJbHYIO MJIOTHOCTh Orubarolled, T. e.
MopyJiHpytomed (YHKIHH.

Cnenyer noayepkHyTb, YTO CHEKTP MeAJIEHHO MeHsoueHcss QYHKUHH Bpe-
Ment A (f) KOHUEHTpUpPYyeTCcs B 06MaCTH OTHOCHTEeJIbHO HU3KHX 4acTtoT. [ToaTomy
¢yHKuMs S, (0 — ®,) CYIECTBEHHO OTVIMYaeTcsl OT HYJS JIMLIb NPH 4acToTaX
o, 6IH3KHX K ®,, T. €. KOrjJa pasHOCTb ® — ®, = ) OTHOCHTEJNbHO Mana. AHa-
JIOTHYHO cJiaraeMoe S, (® + ©) CyLecTByeT NMpH 4acToTaX, GJH3KHX K —®,.

Takum o6pasom, cnekTpajbHasi MJOTHOCTb MORYJHPOBAaHHOTO KoJeGaHHs
S. (») o6pasyer aBa Bcrnjiecka: BOJIH3H ©® = ©y H BOJIM3H ® = —,. [loaTomy
AJI Y3KOMOJIOCHOrO CHTHaJla MOXKHO CYHTaTh, YTO B OGJIACTH MOJIOMHTEJbHBIX
yacTor

S, (W) = 1/yei8 Sy (w-—uw,), (3.10)
a B 06J1aCTH OTpHLATEJbHbIX YacTOT
So () = 1/, e 70 §y (04 o). (3.10")
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[TosicHuM npaBHJIO MOCTPOEHHS CrieKTpa S, (W) Ha CIeAyIOLIeM MpHUMepe.
Ilycte oruGaiomasi BBICOKOYAaCTOTHOTO KoJieGaHMSI HMeeT BHA

A(t)=Ay [} +kay s (), (3.11)

rie s (f) — nepenaBaeMoe COOGLIEHHE, HMEIOIIEE CHEKTPAJbHYI0 IJIOTHOCTh
S (Q), a Ko3pdHUHEHT k,y HMEET TOT 2Ke CMBICJ, YTO M B BhipaxeHuH (3.5)L.

CnekrpanbHasi IJIOTHOCTb oruGaiomell A (f) uzoGpaxena Ha puc. 3.9, a.
JuckpeTHast yacTh 3TOrO Crnektpa, paBHast 24 0 (Q ), COOTBETCTBYET MOCTOSIH-
HOM BesHUHHE Ag, a CIVIOIIHASK 4acTh K,y A0S () —nepenaBaemMomy COOOLLEHHIO
s (f).

CnexTpaJsibHasi MJIOTHOCTb S, (®) MOLYJMPOBaHHOTO KoJieGaHus a (f) noka-
3aHa Ha puc. 3.9, 6. B naHHOM ciyuae HHCKpeTHBle cocTaBJsiomue A6 (o0 F
F ®,) orobpaxaloT Hecyllee KoJeGaHHe A, cos (wof + 0,), a cnJoUIHOM
CHeKTp — KoJieGaHHSI OGOKOBBIX YacTOT MOAYJISIIMH.

Ecnn paguocurHal He COIEPKHT HeCyIIero KosieGaHust (C KOHEUHOM aMIi/iH-
TYAOH), HampuMep, NpH nepefaye OAHHOYHOTO PATHOHMIYJIbCa, NHCKpETHas
4acTb B CIIEKTpe OTCYTCTBYeT.

PaccmorpuMm cnekTp npsiMoyroJibHoro paauoummydsbsca (puc. 3.10, 6), on-
pellesIieMOro  BhLIpaXKeHHeM

a(t)=

gw Ay Beosogt mpu —1,/2<t  T,/2 (3.12)

NpH t < —1,/2 u t > 7,/2.

B panHom npuMepe noj cooGuieHueM s (f) cieayer nogpasyMeBaTh BHAEO-
umnysabe (puc. 3.10, @). CnexkTpajabHasi NJOTHOCTb NOAOGHOrO  COOGILEHH s
[em. (2.68)]

Q)= B Sin(@w/2) 3.13
S (@ =B S (3.13)

Oru6atomiasi aMnuTys KoseGanus a (f)
A(t)y=kyy Ag s (1),

a CnekTpajbHas NJOTHOCTh 3TOH Oruaroileh

sin Quy/2
S (Q) =kay Ay S (@) =kay 4y B——'=
T"/2
@ s
21408 (R) of
7 0 7 t
a |-2u | i
g KawAo @) 72 | 2!
7 > % [ | oalt) |
<
o T A dwra,) } AL W-wy)~T 45:’ '
(5 w0 500000 ?
I att)
-6y 0 W ® -,2;7;'
Puc. 3.9. Cnektpa/bHbie MJIOTHOCTH: Puc. 3.10. Hmnyabc npsMOYyroJbHOi
a) ogu(Saxomeﬁ; 6) aMMJIHTYAHO-MOLYHPOBAHHOTO dbopMbl (a) H TOT e HMNYJbC C BBICO-
KoJneOaHus

KOYacTOTHHM 3anoOJNHeHueM 0o (6)

1 Kak oTMeualloch B CHOCKe Ha c. 72, TeKyllas 4acToTa CNeKTPa MOAYJHpYylomeh
¢yHnkuun oGo3nayaercs yepe3 Q.
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Tak xak B ganHom ciaydae 0, = 0 $
(puc. 3.10, 6), To no ¢opmyse (3.9) 2
s;n(w—mo) T VAV/ Ao 2
) kA
S, (@) — kam Ao B 2 +%mﬁﬁ%mWM%%%ww
2 (0 — o) Tu ' N
2 [
sin ﬂ_‘?ﬁ‘_ Z oo 7 o
-+ (@—+ o) T . (3.14) Prc. 3.11. CnekTpajbHhe  IVIOTHOCTH
20 L ¢Gynknu#, npeacTaBjeHHBIX Ha puc. 3.10

I'paduku cnekTpajibHBIX MJIOTHOCTEH MOAYJHpYIOWeH GYyHKUHH S (£) U paguce
UMnynbca a (f) u3oGpaxenbl Ha puc. 3.11,a u 6

3.4. YIJIOBASI MOYJ/ISALIMS. ®A3A
U MIHOBEHHAS YACTOTA KOJIEBAHUY

Jnsi npoctoro rapMoHHYecKoro KoseGaHHs
a(t) = A, cos (0ot + 8y) = AgcosP (f)

Haber ¢a3bl 3a KakKOH-JIH60 KOHeYHBIH NPOMEXYTOK BpPeMeHH OT f{=1{, 10 t=1,
paBeH

Y (L) — P () = (0ofy + 0g) — (wet; + 0g) = @ (1, — 1,). (3.15)

Orciofa BUAHO, YTO APH IIOCTOSIHHOH YTJIOBOH yacTtoTe Halber ¢a3bl 3a KakoH-JH-
60 NpOMeXYTOK BpeMeHH MPOMNOPILHOHANEH AJHTENbHOCTH 3TOr0 MPOMEXYTKA.

C Apyro#i CTOpOHbI, €CJIH M3BeCTHO, YTO Haber ¢asbl 3a BpeMs £, — f, pa-
BeH VP (£,) — ¥ (f,), TO YrJIOBYIO YacTOTYy MOXHO OMNpeleJHTb KaK OTHOILeHHe

o = [P (t) — ¥ W)V (¢t — t), (3.16)

ec/id, KOHeYHO, MMeeTCsl yBEPeHHOCTb, YTO B TeyeHHe pacCMaTpHBAaeMOro Mpo-
MeXYTKa BpeMeHH 4acToTa COXpaHsfJia IIOCTOSIHHOe 3HayeHHe.

M3 (3.16) BuaHO, yTO YyrJI0Basi YacTOTa eCThb HE YTO HHOe, KaK CKOpOCHib
usmerenus ¢hasvl KorebaHus.

[Tepexonst K CI0XXHOMY KOJIEGaHHIO, YacTOTa KOTOPOrO MOMKET H3MEHSThCs
BO BpeMeHH, paBeHcTBa (3.15), (3.16) Heo6XOAMMO 3aMeHHTb WHTErpPaJbHbIM H
Av¢depeHIHaNbHbIM COOTHOLICHHSIMH

Y- vt =fod, 3.17)
ty

m@:ﬁ%l, (3.18)

B 3Tux Bhpaxenusx o (f) = 2af (f) — MrHOBeHHasi yrJioBasi 4actora KoJseba-
HHs; f (f) — MrHoBeHHast 4acroTa.

Cornacho BoipaxenusaMm (3.17), (3.18) nonHyio ¢asy BLICOKOYACTOTHOTO KO-
Je0aHusi B MOMEHT ! MOXHO OINpelle/MTh Kak

t
wm=§mmm+%, (3.19)

0
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rlie nepBoe cjlaraeMoe B [PaBOi YacTH
onpefensier HaGer ¢a3bl 3a BpeMs OT
Hayajla OTcyeta J0 pPacCMaTpHBaeMOro
momeHTa {; 0, — HavajabHas ¢asa Ko-
ae6anust (B MOMeHT ! = ().

Ilpu TakoM noaxoxe o¢asy ¢ (f) =

|/ e = ot + 0 (f), durypupyomyo B Bhl-

- \% - paxennu (3.1), ciemyer 3amMeHHTb Ha
Y (£) = oot + 0 () + 0,.

g Hrak, ofllee BbipaXkeHHe AJS Bhbl-

Puc. 3.12. Tlpexcrasienne Bhicokouactor- COKOUACTOTHOTO KOJeGaHHS, aMIUIHTY-

HOro KojeGaHHS NpH yrjoBof MoAyasudH Ja KOTOPOro INOCTOSIHHA, T. €. A (t) ==

B BHJe Kayawllerocs BeKTopa . AO) a aprymeHr \p (t) MOZAYJIHPOB2H,
MOXKHO INpeiCcTaBuUThb B (opMe

a () = A, cos [ogt + 0 (f) + 6,l. (3.20)

CootHowenus (3.18), (3.19), ycranaBnuBaouue CBA3b MeXAy H3MeHeHHS-
MH YacTOTHI H (a3bl, yKa3biBalOT Ha OGLIHOCTb ABYX PasHOBHAHOCTEH YIJIOBOH MO-
RyJSUHH — YacTOTHOH H (ha30BOH.

[Nosicuum coorHomenus (3.18)—(3.20) Ha npumepe npocreiileii rapMOHHYe-
ckoit UM, Korja MrHoBeHHasi 4acToTa KoseGaHHs ONpefesisieTCs BbipaXieHHeM

o (1) = 0y + oy cos Qf, 3.21)

rae o, = 2nf, npeacraBiser co60H aMIUIMTYRy YaCTOTHOrO OTKJOHeHHs. [las
KPaTKOCTH @, B JajbHefilleM GyjeM HasbiBaTh 1e€BHalHeHd YaCTOTH
MM TIPOCTO R e B H a U e A. Uepes 0y U Q, Kak H npu AM, o6osHaueHH He-
Cylasi U MOAYJHpYIOLIAsh YacCTOTHI. '

CocTaBuM BBIpaXKeHHe JJIS MIHOBEHHOTO 3HaueHHs KoseGaHHA (TOKa MJIH
HanpsKeHHUs), YacToTa KOTOPOro HaMeHsiercss mo 3akony (3.21), a ammuauryna
NOCTOSIHHA.

INoncraBasis B (3.19) o (f) u3 ypaBHenus (3.21), nosyvaem

t

P(t) = f (0o + 0, cos QF) dt +6,.
b

BbInOMHMB HHTErpHpOBaHHe, HaijaeM

P (£) = 0ot + (0,/Q) sin Qf + 6,. (3.22)
Takum o6pa3som, A
a (t) = Ag cos [oyf + (0,/Q) sin Qf + 8. (3.23)

®asa komeGaHus a (f) Hapaly ¢ JHHeHHO-BO3pPACTAlOLHM CJaraeMhiM
®¢ (f) COLEpXKHUT ellle MEPHOAHUECKOe CJiaraeMoe (w,/Q2) sin Qf. IT0 noasosser
paccmaTpuBaTh a (f) Kak KoseGaHHe, moOyauposannoe no ¢ase. 3aKOH 3TOH
MOZRYJISIIMH SIBJISIETCS HHTerpasibHbIM IO OTHOLIEHHIO K 3aKOHY HM3MeHeHHs 4Ya-
cToThl. FIMEeHHO MORYJISLMA YACTOTHI N0 3aKOHY @ COS 2 NPHBOAHT K MORYJIsi-
urH  ¢dasbl no 3aKkoHy (0,/Q) sin Qf. AMnAHTYRy H3MeHeHHs (a3l

Omax = @,/Q=m (3.24)

YacTO Has3hiBalOT HHAEKCOM YrJOBOH MOJAYJ s UHH.
3ameTHM, YTO HHJAEKC MOAYJSILMH COBEpIIEHHO He 3aBHCHT OT CpelHed (He-
MOJYJ/IMPOBAHHOM) YaCTOTHl ®y, a OMpEAE/ISIeTCS HCKJIIOUHTENbHO JeBHalHel
®, H MOLyJHpYyIoWe#d yYacToToit .
PaccmoTpuM Tenepb npOTHBONOJIOXKHBIA ciyyail, Koria CTaGHJIbHOE MO Ya-
crore U (ase KoJeGaHHe MNpONyCcKaeTcs yepe3 YCTPOHCTBO, OCYIIECTBJsIOLIee
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NepHOAHYeCKYl0 MoAyJsituio ¢$aspl no 3akoHy 0O (f) = Opax sin Qf, Tak 4ro
KoJie6aHHe Ha BbIXOe YCTPOHCTBa HMeeT BHJ

a(t) = Aycos [0yt + Omax sin Qf 4 0,]. (3.23")
KakoBa yacrora storo kosne6anus? Mcnosnays soipaxkenue (3.18), Haxoxum
o(t) = _;’t_ (00t + Omax Sin Qf 4 B6) = 0 -+ Bmax @ cos QL. 3.21)

YuutbiBasi cooTHouwenue (3.24), NPHXOAMM K BBIBOAY, YTO OpyaxQ = @
Takum o6pa3oM, rapMOHHYeCKast MOLYJIALHKSA (a3bl ¢ HHAEKCOM O, 5 SKBHBAEHT-
Ha YaCTOTHOH MOAYJISIUHH C JeBHaUHed @ = Op,xQ.

M3 npuBeseHHOro nprumepa BHAHO, YTO NPH FapMOHHYECKOH YIJIOBOH MoZy-
JSLUHH 10 XapaKTepy KOJeGaHHs Hesb3sl 3aKJIOUHTh, C KaKOH MOLYJsILHEH MbI
HMeeM JIeJI0 — C YacTOTHOH HJIH (as30Boi. B oGoux cayuasx Bektop OA, uso-
Gpaxkaloiuii Ha BEKTODHOH AHarpamMMme MOAYJHPOBaHHOe KoJiebaHHe, Kadaercs
OTHOCHTEJIbHO CBOEro HCXOAHOrO MOJIOXKEHHsI TakKHM o6pas3oM, 4To yrosa 0
(puc. 3.12) usMmensiercsi BO BpeMeHH IO 3aKOHY O = Op, ., sin Qf npu ¢asosoii
MORyJsUHH, 0 = (0,/Q) sin Qf npu vyacTOTHOH MOAyaAsAUUH (KOTAA A ® =
= g cos Qf). Huopamu I, I1, 111 u IV ormeveno nonoxkenue Bekropa OA npu
Q=0 n/2, = u 3n/2.

HHoe nosoxkeHue npu HerapMOHHYECKOM MOAYJIHpYIOLieM CHTHasle. B 3tom
caydae BHJ MOAYJSIMH — YaCTOTHOH WM ()a30BOM — MOXKHO YCTaHOBHTb He-
NIOCPEACTBEHHO MO XapaKTepy H3MeHEHMs YacTOThl H (aski BO BpEeMEHH.

[Tokaxem 3To Ha mpumepe NHJIO06PA3HOrO MOLYJHPYIOLUIEr0 CHTHANA s (f)
(puc. 3.13, a u ). OueBHAHO, YTO NHJI006Pa3HOe H3MeHeHHe ® (£) (puc. 3.13, 6)

’

6 ot @)
) i

| | moz : H I

! | | | | 1 |

' | | | : | l |

[ | | | i | | |

[ { [ | [ | | [

l il ] ] ] 1 ] | o
o1 1 3 Tt¢Y% 1 1 3, 711¢

4 2 4 4 2 4

8) 7

Puc. 3.13. Cpasuenne dyukunii o(f) u 0(f) npu UM n ©M NPH TMHA006PA3HOM  MOLYJH-
pywoliem curuane
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Puc. 3.14. 3aBHCHMOCTb HHAeKCA Omax M AEBHALUHMH 3y OT MOAYJNHPYIOWEH uYacTOTH MpH
UM (a) u PM (6)

no ¢opme coBnapaioliiee ¢ s (£), CBHAeTeNbCTBYeT 0 Haluuuu UM, a Takoe ke u3-
meHenue 0 (f) (puc. 3.13, d) — o Hamuuuu ®M. fcHo TakKe, YTO CKaukooGpas-
HOe H3MeHeHHe © (f), coBnajawolliee no ¢opme ¢ NPOU3BOAHOH CHrHanda s (f)
(puc. 3.13, e), ykaspiBaer Ha OPM.

I1pu rapmMonHueckoM MoAyJHpylollieM CHrHaJje pasauude Mexay UM u OM
MOXXHO BBISIBUTb, TOJIbKO U3MEHAS HAcmomy MmoOYAAYUU.

[Mpn UM neBuauus o, nponopyuonasvra amniumyoe modyaupyroueso Ha-
npaNceHus u He 3asucum om yacmomer modyasyuu .

IMpu ®M Benuuuna 05, nponopyuonarsra amnaumyoe modyaupyousezo
HanpaXceHus W He 3asucum om yacmomsl modyaayuu Q.

OTH NOJIOXKEHUs1 MOSICHSAOTCSA pHC. 3.14, HAa KOTOPOM NMOKa3aHbl YacCTOTHBIE
XapaKTePHCTHKH BeJHUHH ®; H O,y NPH 4acTOTHOH H (ha30BOH MOAYJIALHSX.
B oGoux cayuasix mpeanonaraercsi, YTO Ha BXOJ MOJIYJ/ISITOPA MOXAETCS MOAYJIU-
pyioliiee HanpsKeHHe ¢ HeH3MeHHOH aMmuTyaoi U, a yacrora Q u3MeHsieTcst OT

min_ A0 Lmax. .

Ipu UM w,, 3aBHcAmas, Kak yKasbiBaJOCb BbIlli€, TOJIBKO OT aMIJIHTYAbl
U, 6yner nocrosiHHOH BeJIMUHHOHM, a HHAEKC MOAYJSALUHH m -- 0,/Q = Op,y
¢ yBeJinueHHeM YacToThl Gyner yObiBath (puc. 3.14, a). IIpy ®M m He 3aBuCHT
oT Q, a @; = 0p,xQ = mE2 U3MeHseTCA NPONOPUHOHA/IBHO YacTOTe MOAYJISILIHHU
(puc. 3.14, 6).

Kpome crpykrypbl KosebGaHusi (IpH MOAYJSIUMH CJIOMKHBIM CHTHAJIOM) Ya-
CTOTHast H (a3oBasi MOAYJISILUH PA3JIHYAIOTCS H Crnoco6oM ocylecTsienusi. [Ipu
YM 06bluHO NMpHMeHsieTCsi MpsiMOe BO3JEHCTBHE HA YacTOTy KoJieGaHUi reHepa-
topa. Ilpn ®M reHeparop faeT CTaGUJIbHYIO YacTOTY, a (a3a KoseGaHUsST MOAY JIH-
pyercs B ONHOM H3 TMOCJEAYIOUHX 3JIEMEHTOB YCTPOHCTBA.

3.5. CITEKTP KOJIEBAHUY ITPH YI'VIOBOM
MOIYJISLIMH. OBIIUE COOTHOIIEHUS

[lycts 3apano koviebanue
a(t) = A, cos logt + 6 (9], (3.25)

0 KOTOPOM H3BeCTHO, YTO NepelaBaeMoOe CooOlleHHe S (f) 3aJ0XKeHO B (PYHKLHIO
0 (f). Ecan xonebanue a (f) nosyueno ¢ nomousio ®M, 10 0 (£) v s (£) nosnHOCTBIO
COBMajalotT no ¢opme H OTJIMYAIOTCH JHLIb MOCTOSIHHBIM Kosdpuuuertom. [Ipu
3TOM, OYeBHIHO, C TOYHOCTBIO A0 MNOCTOSIHHOrO KO3(¢HLHeHTa COBMNAajaloT H
cnekrpbl ¢yHkuuii 0 (f) u s (f).

ITpn UM o¢yukuus 0 (f) sBasieTcss HHTErpasioM OT repejaBaeMOro cooblie-
HHA § (f). D10 BbITekaet u3 Bhipaxkenuit (3.19) u (3.20). Tak Kak HHTEr pHpOBaHUe
ABJISieTCS JIMHeHHBIM npeoGpa3oBanueM, To npu UM cnekrp ¢yHkumnu 0 (f) co-
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CTOHMT M3 TeX K€ KOMIIOHEHTOB, UTO H CIeKTp COOOLIeHH S S (f), HO C H3MEHEeHHbIMH
aMIVIHTYAaMH 4 (a3amH.

OrBnexkasice ot cnocob6a OCYIIECTBJEHHS YIIOBOH MOAYJSALHUH — (ha30BoOk
HJIH YaCTOTHOHM — H CYMTasi 3aJlaHHbIM CrekTp QyHKUHH O (¢), HaXOqHM CHEeKTP
MOJYJIHPOBaHHOTO KoJsieGaHHA a (). lns storo Beipaxenue (3.25) npeoGpasyem
K BHAY

a(t) = Ay cos 0 (f) cos we t — Ay sin 0 (£) sin wy £ = a, (£) —as (f). (3.26)

H3 (3.26) caenyer, uTo MOAYJHPOBAHHOE MO Yray KoJeGaHHe MOXHO pac-
cMaTpuBaTth Kak CyMMy ABYX K6adpamypHbix KoneGaHuil: Kocunycroeo a, (f) =
= A, cos 0 (f) cos ot U cunycroeo as (t) = A, sin 0 (f) sin wyf, Kaxkgoe us
KOTOPBIX MOZYJIHPOBAHO TOJbKO MO aMIJIMTyZxe; 3aKOH AM a5t KOCHHYCHOrO
KoJleGaHHst onpefieasieTcsi MeAseHHOH dyHKuued cos 0 (f), a CHHYCHOrO — (yHK-
uueit sin 0 (¢). Ho B § 3.3 6bl10 yCTaHOBJIEHO, YTO A/ ONpelesieHHs! CEKTpa
aMITHTYXHO-MOAYJ/IHPOBAHHOTO KOJIEGaHHsI JOCTaTOYHO CABHHYTb Ha 4acCToTy
©, CrekTp oruGawomed amnautyx. CienosaTesbHO, AJISl HAaXOXAEHHS CHEKTpa
KoJse6GaHHus a (f), onpenesnsieMoro BbipaxenneM (3.26), Heo6XONHMO CHayasla Hall-
TH cnekTphl GyHKLuiL cos O (f) u sin O (£), T. e. cneKTpbI OrMGAIOIKX KBaApPaTyp-
HBIX KoJieGanuii. [TepeHOC 3THX CIIEKTPOB Ha 4acTOTYy ®, MOXKHO 3aT€M OCYLIEeCT-
BHTb TaKHM ke 06pa3oM, Kak H NpH oGbiyHOH AM.

VI3 npuBeneHHBIX paccykIeHHH cllelyeT, YTO NPH OXHOM H TOM JKe nepesa-
BaeMOM COOGLIEHHH CIEKTP KoJeGaHHs, MOAYJ/JIHPOBAHHOIO 110 YTy, 3HAYHTe/b-
HO CJIOXKHee, YeM CMeKTP MOAYJHPOBaHHOro no ammiautyzne. eficTBHTeNbHO,
TaK Kak cos 0 (¢) u sin 6 (¢f) aBasAOTCA He/IMHEHHBIMH QYHKLUHAMH CBOEro apry-
MeHTa 0 (f), TO crmekTpbl 3THX (QYHKUMH MOI'YT CYLIECTBEHHO OTJIHYAThCH OT
cnektpa ¢yHKuHH O (f); BOSMOXKHO BO3HHKHOBEHHe KDaTHBIX H KOMGHHALHOH-
HBIX YaCTOT, KaK 3TO HMeeT MeCTO NPH OOBIYHBIX HeNHHEHHBIX NpPeo6GpasoBaHHsIX
CIIEKTpa.

310 06CTOSITENBCTBO, a TaKXke HaJHyHe ABYX KBaJpaTypHBIX CJaraembix
[OKa3bIBAlOT, YTO MPH YIJIOBOH MOAYJSALHMH CIEKTP MORY/JHPOBAHHOIO Kojeba-
HHS HeJb3sl MOJYYHTb NMPOCTBIM CABHIOM CNEKTPa COOOILIEHHS HA BEJHYHHY He-
CylIeil 4acToThl ®,, KaK 310 HMeeT Mecto npH AM. IIpH yrs0Bo# MOLY IsiLiMH CBA3b
MeXIy CreKTpaMH cooOLLeHHSI H MOAYJHPOBAHHOrO KoJieGaHUs OKa3biBaercs 6o-
Jlee CJIOXKHOH.

3.6. CIIEKTP KOJIEBAHHS TP TAPMOHHUYECKOM
YIJIOBOH MOAYJISILIMH

HcnonbayeM nosyuenHble BhIlE pe3yJbTaThl JJIsl aHa/u3a KojeGaHHS BHAA
a (f) = A, cos (0ot + m sin Qf). (3.25")

ro BolpaxkeHue coBnagaer ¢ (3.23) u (3.23') npu MOAYJNSILHH YACTOTHI MO
3aKOHy @ () = o, + o, cos Qf. Havanvuas ¢asa 0,, a Takxe HavanbHas ¢a-
3a MOAyJHpYIouleli GYHKIHH Y ONylleHbl IJs YNpolieHHs BbIKAaAoK. IIpu He-
O00XOIHMOCTH OHH JIErKO MOTYT ObITb BBEIEHbl B OKOHYATeJbHble BBIPAXKEHHS.

B naunom cayuae 0 (f) = m sin Q¢. Iloxcrasasis 0 (f) B Beipaxenue (3.26),
TI0JTyyaeM

a () = A, cos (m sin Qf) cos 0t — A, sin (m sin Qf) sin @,t. (3.27)

YuuThiBasi, 4TO MHOXHTENH cos (m sin Qf) u sin (m sin Qf) ssaswoTes
nepHoAHYecKUMH (YHKLUHMSAMH BPeMeHH, pasjioKUM HX B psng Dypwe.
B Teopun GecceneBbiX GYHKUHME JOKa3bIBAIOTCS CJENYIOIHE COOTHOUIEHHS:

sin (m sin Qt) = 2J, (m) sin Qt 4 2 J3 (m) sin 3Qt + 2J, (m) sin 5Q¢t +- ... ,(3.28)
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cos (m sin Qf) = Jo (m) 4 2J, (m) cos 2Q¢ +2J, (m) cos 4Qt + ..., (3.29)
sin (m cos Qf) == 2J, (m) cos Qf —2J,4 (m) cos 3Qt + 2J; (m) cos5QU —-...,(3.28")
cos (m cos Qf) = J, (m) —2J, (m) cos 29t -+ 2J, (m) cos 4Q¢t —... (3.29")

3pech J, (m) — GecceseBa (yHKLHSI NMEPBOTO PoAa /-0 MOPSJAKA OT apryMeH-
Ta m.

C nomombio cootHowenu#t (3.28) u (3.29) ypaBuenne (3.27) MOXKHO mpHBe-
CTH K BHRY

a (t) = Ay [Jo (m) cos 0y t —2J; (m) sin Q¢ sin @, t 4 2J, (m) cos 2Q¢ cos wy? —
— 2J4 (m)sin 3Qtsinwy t + ...] (3.30)
Hau B OoJiee pa3BepHyTOH (popme
a () = Ay cos (0y £+ msin Qf) = Ay {J, (m) cos wy £ 4 J; (m) [cos (wg + Q) ¢ —
—C08 (g -— ) £] + J5 (M) [cos (g +- 2R) £+ cos (g -—2Q) £] +
+ Jg(m) [cos (09 + 3RQ) t — cos (0y— 3RQ) ] -+ ...}. 3.31)

Takum o6pa3oM, NpH 4acTOTHOH W (pa30BOH MOAYJSILUSAX CIEKTP KoJiebGa-
HHSI COCTOHT M3 GECKOHEYHOTrO YHcJa GOKOBBIX YaCTOT, PACMOJIOXKEHHBIX Monap-
HO CHMMETPHYHO OTHOCHTEJIbHO HeCyllell YacTOThl .0y ¥ OTJIHYAIOUIUXCS OT MO-
cnenneil Ha nQ, rae n — Jmo6oe Lesoe yHca0. AMINIMTYAa n-i GOKOBOMH COCTaB-
asiowelt A, = J, (m) Ay, rie Ay, — aMniuTyZa HEMOAYJIMPOBAHHOIrO KoJeba-
HHA, a m — vHIeKc Moayasiuud. OTciona clelyer, YTO BKJaJ pa3lHYHBIX GOKO-
BBIX YaCTOT B CyMMapHYIO MOIIHOCTb MOAYJIHPOBAHHOT'O KoJieOaHHU sl Onpesessier-
Cd BEeJUYHHOH m.

PaccMOTpUM peXHMBbI YTJIOBOH MOLYJSIUHM TPH MaJbiX U GOJIBIIMX 3Haye-
HusAx m. Eciu m 1, Tak 4TO HMelOT MecTO NPHOJHXKEHHble paBeHCTBa

sin (m sin Qf) &~ m sin Qf, cos (m sin Q) ~ 1,

TO BbipaxeHHe (3.27) nepexoAMT B CleAyloliee:

a(t) &~ Ag(cos gt —msin Qf sinwy t) = A, [cosm0 t -+ —';—cos (0o +9Q)t —
— 2 cos (00— ) t]. (3.32)

CpaBHHM 3TO ypaBHeHHe C yPaBHEHHeM AJil aMINIHTYAHO-MOAYJ/JIHPOBaHHOI O
KoJiebaHUsl, Y KOTOPOro MOAyJHpyomasi GyHKuus (T. e. nepelaBaeMoe coollue-
HHe) Takas e, Kak H npy UM. Tak kak Bbipaxenue (3.32) nonyyeno u3 (3.25")
A/ MORYJISIIMH YacTOTHI 1O 3aKOHY © (f) = w, + @, -cos Qf, To Ans yAo6CTBA
CpaBHEHHs 3aJlaliM MOAYJISLHIO aMIIUTYABI 110 aHAJOTHYHOMY 3akony A (f) =
= Ay (1 + M cos Q¢). Toraa amMnJIMTYAHO-MOLYJIHPOBAHHOE KoJeGaHHE 3alu-
mercs B ¢opme

Qo (B) = Ag (1 +Mcos Q) coswgt = A, [coso)ot—l——gl—- cos (wg+ Q) ¢ +
+2ﬂ cos (0 —2) t]. (3.33)

U3 cpaBuenns (3.32) u (3.33) BHAHO, YTO NPH MaJBIX 3HAYeHHAX M CIHEKTp
KoJile6aHHs, Kak ¥ npH AM, COCTOHT H3 Hecylueli 4acTOThl W, H ABYX GOKOBBIX
4acTOT: BepXHell w, + Q u HXKHell w, — Q. EquHCTBEHHOE OTJIHYHE 3aKJI0Ya-
ercsl B (asupoBKe KosieGaHHi GOKOBBIX YacCTOT OTHOCHTEJBLHO Hecyllero koJeba-
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Puc. 3.15. Bektopras auarpamma (a) u ¢neKTp KoJe6aHus (6) npH yraoBofi MOAYJSLHH C
HHJIeKcoM m< 1

uud. Ilpp AM ¢asbl koseGaHHil GOKOBBIX YacTOT CHMMETPHYHBI OTHOCHTEJBHO
HeCyllell YacTOThl, a NPH YIJIOBOH MORYJALHH (a3a KoJebaHHS HHXKHeH GOKo-
BOH 9acTOTH cABMHYTa Ha 180° [3HaK MHHYC nepel NOCTENHHM CJIaraeMbiM
(3.32)]. 3to nosoxeHHe HITIOCTPUPYETCS BEKTOPHOH AMAarpaMMOii, NOKa3aHHOMH
Ha pHc. 3.15, a. Hanpasaenue Bekropa DC, npu AM 0603HaueHO MITPHXOBOH
JunreR. Mamenenne nanpassenusi 3roro Bektopa Ha 180° nmpHBOZHT K TOMY, 4TO
BeKTOp MoxyJsiuuk DF Bceraa nepneHAMKYJIsipeH K HanpaBJ/eHHIo Bektopa OD,
u3obpaxaromero Hecyuee Kosne6anHe. Bekrop CF, u3obpaxkalomui pe3yJbTH-
pylolllee KosreGanHe, H3MeHSIeTCsl KaK N0 ¢ase, TaK U 10 aMIVIHTYJe; ONHAKO NPH
m = Opax € | aMniMTyaHBle M3MEHEHHS! HACTOJIBKO MaJibl, YTO HMH MOXHO
npexe6peyb H MOLYJISILIHIO MOXXHO B NEPBOM NPHOJHXKEHHH paccMaTpPHBaTh Kak
YHCTO (ha30ByIO.

CnexTpasbHasi AHarpamma IJIsi YIJIOBOi MORYJsiuMH npH m & 1 nokasana
Ha puc. 3.15, 6. PaBencTBo aMnJIHTY] KosleGaHHi# GOKOBBIX 4acTOT COXpaHsieTcs,
a (¢asa Kosie6aHHs HHXKHel YyacTOThl CABHHYTa Ha 180°. AMIUIMTYABI KosleGaHHH
GOKOBBIX 4acTOT paBHbI mA,/2, U N03TOMY B AaHHOM CJyYae HHAEKC MOLYJISUHH
m coBnajaer no 3HaueHHi0 ¢ KoadduuHeHTOM- M, xapakTepH3ylOWHM TIJIyGHHY
M3MeHeHHs1 aMnauTyasl npu AM. 3aMerum, uro mupuHHa cnektpa npu m K 1
paBHa 2Q, kak ¥ npu AM. Dr10T pesyJibTarT NOKa3biBaeT, YTO NPH O4YeHb MaJbiX
AeBHAUUAX @, (O CpaBHEHHIO ¢ {2) MIMPHHA CIEKTPa OT @, He 3aBHCHT.

INpn yBesnuyenun $a3oBOro OTKJIOHEHHS, T. €. MPH BO3PACTaHHH M, yPaB-
Henue (3.32) u auarpamma Ha puc. 3.15, a He 1aIOT NPABHJILHOTO NMpeNCTaBJIEHHS
O AeACTBHTEJbHOH KapTHHE SIBJIEHHH NPH YaCTOTHOH HJIH (a30BOH MONYJISLHH.
910 O0OBACHSETCH TeM, YTO C MOMOIIBIO KoJeGaHuil HecylleH YaCTOTHI M BCETO
JIMIUb OXHOH napbl GOKOBBIX YacCTOT HEBO3MOXKHO NPeACTaBHTb KojeOaHHe, Ya-
CTOTa WJIH (pa3a KOTOPOro H3MeHsieTCsl B IIHPOKHX NpelesiaX, a aMIJIHMTyAa OCTa-
€TCsl CTPOro mOCTOSSHHOH. JIJisi MOJIyyeHHsl NMpPaBHJIBHOH KapTHHbI HeOOXONMMO
YUHTHIBaTh GOKOBbl€ YacTOThl BBICHIHX
NOPSIAKOB B COOTBETCTBHH C BBIpaxe- /P
HHeM (3.31). 08

IIpu 3nauennsx unzexcos m ot 0,5 ’
o 1 npuoGperaer HEKOTOpOE 3HauUeHHE 44
BTOpasi napa GOKOBBIX YacTOT, BBHAY
4ero IIMpHHA CHeKTpa JOJ/DKHA GOBITh 0 @, @
npupasHeHa 4Q. [anee, npu | <m<<2 a) 7)
TIPUXOAUTCSl YYHUTHIBATH TPEThIO H Yer-

BePTYIO napbl GOKOBBIX MacTOT H T. 1. E:;M%‘g;mi';‘:f"p“ KoneGaHus NPH Yrilo-
CrexTpa/bHble aHarpaMMbl st m = 1 4) ey 6) mes
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Puc. 3.17. ®asupoBka KoJe6aHHii GOKOBHX YacTOT B pasJIMYHEIE MOMEHTH BPEMEHH

H m = 2 npuBeleHbl Ha puc. 3.16. Pa3bl KosleGaHHi Ha ITHX PHCYHKaX He yuH-
TBHIBAIOTCS1, OMHAKO CJIEAYeT HMeTh B BHIY, YTO NMPH HEUETHBIX 7 aMIJIUTYAbL HHXK-.
HHUX GOKOBBIX 4acCTOT cJieayeT GpaTh CO 3HAKOM MHHYC. AMIJIHTYIbI BCEX COCTaB-
JISIOLIMX CIEKTPa NpeACTaBJeHbl HAa 3THX PHCYHKaX B BHIE BePTHKaJbHBIX OT-
Pe3KOB, JJIHHBI KOTOPbIX paBHBI J, (M), a pacCTOSIHHS OT OTpe3Ka J, (m), coot-
BETCTBYIOLIEr0 aMMJMTyAe KoJsieGaHHsl HecCyliedl 4acTOThbl, paBHHl n€2, rae Q —
yacToTa MORYJISILMH, a 7 — MOPSAKOBBIH HOMep GOKOBOH 4acTOThl. AMIJIHTYZa
pesyJibTHpYyloliero KoseGanusi npuusta 3a 100 %, 1. e. 4y = 1; o603HayeHHbIe
Ha PHUCYHKaX BeJIMYMHBI J, OMpeiessioT aMIJIMTYIbl KOJe6aHHH COOTBETCTBYIO-
IIHX YacTOT B .JOJAX OT aMIUJIMTYAbl pe3yJIbTHPYIOUero KoJseGaHHus.

BekTopHble AHarpaMmel 4Jis pa3jM4HbIX MOMEHTOB Qf ipy m = 1, mocTpoeH-
Hble 1m0 Bbipaxenuio (3.30), npexacrasnenbl Ha puc. 3.17, a—e. Ilpu n > 2
Jo (1) € 1, nmostomy yurennl Tosbko J,, J; H J,.

Paccmorpum Tenepb Gosblune 3Hauenust m. Bonpoc cBOAMTCS K BBISICHEHHIO
3aBHCHMOCTH GeccesieBOH (pyHKUHH J, (M) OT MOPSAKOBOrO HOMepa n IpH 6OJb-
IUMX 3HaYeHHAX aprymenrta m. OkasbiBaercsi, 4to 0pd m > | Benuuuna |/, (m)|
6oJiee HJIM MeHee paBHOMEpHA NPH BCeX IeJIbIX 3HAYEHHSX ||, MEHbIUUX, 4eM
apryment m. Ilpu |n|, 6:1u3kux k m, |J, (m)| o6pa3syer BCIJIecK, a NpH RajbHeH-
leM yBeJH4eHHH |n| dyHkumus |/, (m)| Gbictpo yObiBaeT mo Hyas. O6wui xa-
paKTep 3TOH 3aBHCHMOCTH NokasaH Ha puc. 3.18 miass m = 100. M3 pucynka
BHIHO, YTO HAMBLICIUHA HOMep 7 GOKOBOH YaCTOTBI, KOTOPYIO ellle HeOOXOXUMO
TNPHHHAMATb B pacyeT, NPHO/IH3UTEJIbHO PaBeH HHAEKCY MORYJSLHH m (B JaHHOM
cayyae n = 100).

[IpupaBHHBasi 3TO MaKCHMaJIbHOE 3HAYEHHE Ny ax BEJHYHHE M, NPHXOAUM
K BBIBOLY, UTO MOJIHAS IUMPHHA CMEKTPa YaCTOTHO-MOAYJIHPOBAHHOIO KOJeGaHHs

2| nmax | Q &~ 2mQ.

1, om

0,16 Ho m = o, /Q, crenoatenbHo, mnpu
| GONMBIINX  UHOeKcax  MOOYAAYUU  WUDUHA
N 14721 V4 cnekmpa modYAupoBaHHo20 Korebarus Oauska

0,08 P K yOsoexroli Oesuayuu 4acmormbl
2| fimax | 2 = 20y (3.34)
0,04} .
dra noJjoca yactoT o000O3HAYeHa B HHXKHEH

I gactd puc. 3.18.

100 0 200 n 3aMeTHM, 4TO B COOTBETCTBHH C OTNpeje-
/ : "\ nerneM m [cM. (3.24)] BbipaxkeHHe «MOLyJIsl-
“Wp g @ %Moy 2 IIMST C MaJibIM HHIEKCOM» 3KBHBAJIEHTHO BbI-

' paXkeHHIO «ObiCTpasi MONYJISILMSI», a BbpaXke-
fﬁggﬂfgﬁ,&nﬁ"%‘:,*,‘,iuﬁgi“";‘;;f,ﬂ’:m';‘;' HHE «MORYJISLHSA ¢ 60JbLIHM HHAEKCOM» IKBH-
HHIEKCa MORYJSALHH BaJIeHTHO Bblpa)KeHmO «MeJJIeHHass MOAYJisi-
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uus». [losroMy MOXHO copmy/THPOBaTh Clefylollee MOJNOXKEHHe: NPpH Gbicm-
poll yer080l modysayuu (koeda wy K Q) wupuna cnexmpa MoOYAUPOBAKHO20 KO-
nebanus 6auska K 3Haueruro 2Q; npu medaeHHol yeaoeol modysayuu (Koraa
o, > Q) wupuna cnekmpa 6auska K 3HadeRu0 20y

3.7. CIIEKTP PAINOHMITYJIbCA
C YACTOTHO-MOY/IMPOBAHHBIM
3ATNTOJTHEHHEM

[1pu moxyssiuuu yacToThl KOJIe6aHHsl MO 3aKOHY, OTJIMYalOUleMyCsl OT rap-
MOHHYECKOro, HaXOXJEeHHe CINeKTpa KoseGaHHsA YC/IOoXHsercs. Bbi6op Han6o-
Jiee YIOGHOrO MeTOJa aHa/i3a 3aBHCHT OT XapaKTepa MOAYJHpPYIOWeH QyHKIHH.
[TosicHuM ofMH U3 BO3MOXKHBIX METOJOB Ha MPHMePe IIHPOKO PacHpOCTPAHEHHOrO
CHTHAaJIa — HMIYJbca C AuHelinod wacmomnoll mooyaayueti (JTYM umny.bca).
[TonoGublit curHaa u3oGpaxked Ha puc. 3.19, a, a 3aKOH H3MeHeHHsl YaCTOTHI 3a-
NOJIHeHUs HMMmyJbca — Ha puc. 3.19, 6.

MrHoBeHHYI0 yacToTy 3arosnHeHHs o (f) = 2nf (f) MOXKHO onpeneauTh BhHI-
paxkeHuem

o (t)=w, + Bt, |t|<Te/2, (3.35)
rae

IB| =20,/ =2-20f/T, (3.36)

€CTb CKOPOCTb JIMHEHHOr0 W3MEHEHHs YaCTOThl BHYTPH HMnyJbca. Torja Mruo-
BeHHOe 3HayeHHMe KoJsieGaHHsi, MpeACTaBNeHHOro Ha puc. 3.19, a, MOXHO 3amu-
caTb B BHIE

a(t) = A, cos (Sw(t)dt):Aocos(wot+—92‘i), T 2<t< T,/2. (3.37)

[TpousBenenue noJHOH nHeBHaUHH 4a-
CTOTb| Ha JJIMTENbHOCTb MMIYJIbCa

a
2, Te=m (3.38)

e — h——
SIBJISIETCS OCHOBHBIM napamerpoM JIUM | /T <
curHana. Hanomuum, yto B § 2.15 ana- [
Joruunbiii napamerp N = 2f,,T, 6bl1 % Y V u % *
Ha3BaH 6a3oil curHaja. [lockonbky fj /7] 4V U

|

onpeje/isierT LWIMPHHY ClEKTpa paccMar-

pPHBaeMoOro CHruaJia, nnapameTp /1 MOXHO I

TpakToBaTh Kak 6asy JIUM curHama. | £
C yuetom (3.38) Beipaxkenue (3.36) f-‘0+fAl_____

MOXHO 3amHcaTb B (opme | <7_:(
(3.39) fo}———— S

|B|=2mm/T?. / |
[lpu stom curuan a (f) onpenensiercs Fr e ———t——— 4 1
l
|

npu f > 0 BblpaxkeHHeM

. o
a(t)=A0cos(w0t+’;—rzt), g t
C
T <t< Te (3.40)  Puc. 3.19. JIUM nmnynbc (a) H H3MeHeHHe
2 2 4YacTOThl ero 3anoJHeHus (6)
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Onpezie/luM CNEKTPaJbHYIO IJIOTHOCTb 3TOrO CHTHajda C MOMOMIBIO OGIIEro
BblpaxkeHus1 (2.48):

Teo/2 Tel2
S() =4, cos (mot—l- mmi? )e*"“”dt =2 5 exp {i [—“;,"—:2 —
—Tor2 2 —Te/2 ¢
To/2
— (@ —wo)t]]dt—i—?'q“- 5 exp {—-—i (0 + mo)t]}dt. (3.41)

—To/2

[lepBoe cnaraemMoe B mpaBOH uYacTH NOJYYEHHOTO BbIPaXKEHHsI ONpelessieT
BCIJIECK CNEKTPAJbHOH IJIOTHOCTH BOJH3H YacTOTHl ® = @, a BTOpOE —
BCIJIECK BOJIM3H YacTOThl ® = —,.

Ipu onpeienennu S (w) B 06JaCTH MOJNOXKHTENbHBIX YaCTOT BTOPOE cJarae-
moe MOXHO oT6pocuTb [cM. (3.10)]. B mnepsoM ke c/aaraeMoMm mokasartenb CTe-
HEeHH B MNOABIHTErpPaJbHONH (YHKUHH [esecOO6pa3HO [OMOJNHHTh N0 KBaapaTta
pasHocTH (B cudTaeM NOJNOXHTENIbHOH BEJHYHHOH)

! oy 2
J‘t;nﬁﬂ —(® —-u)o)t_.___.[ n;’f —--((p —og) dz] _dZ__._.( m—_'d ) o

4

C

—d?, (3.42)
rae
d=(0--0) T/2V nm . (3.43)
IMoacraBasis (3.42) B (3.41) u nepexomss K HOBOH MepeMEHHOH
y=Vam t/T,~ d, (3.44)
noJIy4aeM
S(o))— e—idt _Te Se"y’dy, (3.45)
V am

—uy

rjge mnpeaesbl HHTETPHPOBAHUSA OINPEACJAIOTCS BblIpaKEeHHAMH

ul=l/_7n_'.[1 i ﬁ;ﬁﬁ] Uy= I/Z"—_[] _ _(0_-_“2)_] (3.46)
2 (_|)n 2 wn

I/lcno.nbayeM HU3BEeCTHble H3 MaTeMaTHKH OIlpelesieHHs uUuHmezparos ¢’p(’~
Hean

X X
d

Clx) = gcos T 4y, S(x) = f sin_"gi dy, (3.47)
] ]

Cx)+ iS (x fe (3.48)

o

Toraa Bbipaxenue (3.45) ¢ yuerom (3.43) u (3.46) npHBOAUTCS K CJAEAyIO-
mei ¢gopmyJe:

S (@) = 5575 7 exp | = 1420 4G )+ () 115 () +S (@)l
(3.49)




27 s@w) Stw) Sy
A07(-z |
10N \
N P (N
95 Y | @
\’\/‘W
g Puc. 3.21. AMmantyano- n daso-uactotHas xapakTe-
a) pHcTHKH cnektpa JTUM  uMmnyasca Ha Bceit ocw ua-
crot
1.0 Ipaany vA I\
’ \Y X U3 (3.49) caenyer, uto B ob6saact @ >0
05 AYX cnektpanbhol naorHoctH JIUM  cur-
i \J HaJa
L AT 1
0 — SO = v vE X
10 Jn 2(’7” X V [C(u) +C (uz)lz FIS(u)+S (uz)]g,
o 'M"Av“vnv\ i3 (3.50)
. \/ B aoux ,
ly 'y ((1)—-(1)0)'
0, (0)= — —=—}arctg %
0" g4 08 12 16 w-w ) S tS@) _  om (—w)? |
& @n C (1) C (ua) 4 93
Puc. 3.20. CnektpanbHas mioTHoCTb _SM f
JIUM  wmnyasca npu  pasauuHbix +arctg C(uy) +-C (ug) (3.51)
3HaYeHHAX 6assl m=2f,T: —
a) m=10; 6) m=60; 8) m=100 I'paduku 3aBucumoctu (2 m/A,T,) S (@)

oT (0 — o)/ @, (puc. 3.20,a, 6 U 6) mOKa-
3bIBAIOT, YTO NPH GOJBIIMX 3HaueHHsX m ¢opma S (o) npubanKaercss K MpsiMO-
YrOJbHOH M LIMpHHA cneKTpa G6sM3Ka K BeauunHe 2w,. Ilpu sToM Xapakre-
pucruka [ (w)| npuHHUMaeT BHA KBaApaTHYHOH mapa6oJasl (puc. 3.20, 8). Bropoe
cnaraemoe B (3.51), cTpemsieecss K NOCTOSIHHOH BeJIMYMHE 7t/4, OmyIieHO.

[py © = wy u; = u, = V' m/2, Tak 4T0 NpH GOJBIIMX 3HAYEHHAX M H
® = ©,, KOraa

Cu) ~Cu)) 05 u S () ~S (uy) = 0,5, _

KBaJpaTHbIH KopeHb B BhipaxeHuu (3.50) obpamaercs B }'2. a S (w,) —
— AT 2 Vm.

Ha puc. 3.21 nokasana crpykrypa AUX u ®UX cnekrpa JIUM umnysbca
npu B> 0 Ha Bcell ocH yactor. B obsactu orpuuatenbhbix yacror PUX mo
3HaKy obpaTHa (pa30BOH XapaKTepHCTHKE CMEKTPa MPH MOJOXKHTENbHbIX YacCTo-
Tax.

IMpu B << O, r. e. npu yObIBaAHHM YaCTOTHl BHYTPH PaJMOMMIYJbCa, 3HAK
MHHYC nepej npaBoi 4acTbiO BbipakeHHs (3.51) mo/mxeH GblTh H3MeHeH Ha 0Of-
paTHBIH.

3.8. CIIEKTP KOJIEBAHHU{ INMPHU AMIIJIUTYIHO-
YACTOTHONM MOAYJIALIUHU
O606wmuM soipakenns (3.25), (3.26). 3aMeHMB B HHX NOCTOSIHHYIO aMnJaHTyay A,
Oyuxuneit Bpemenn A ({):
a(t)=A () cos [wgt + 0 (O] = A (1) cos 0 (1) cos wg/ — A () sin 0 (£) sin Wyt =
= ac¢ (f) — ag (1). (3.52)
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Kaxk u B § 3.5, 3.6, onpegenenne cnektpa Kosie6aHHs CBOAHTCSH K HaXOXAEHHIO cheK-
rpoB Oyukuuit A (§) = A (£) cos 0 (1) u Ag () = A (¢) sin 0 (#), 7. e. oru6alOMuX KBaz-
paTypHHIX KoJeGaHHH, W K MOCJEAYIOUleMY CABHI'Y 3THX CNEKTPOB Ha BEJHUHHY .

O6o3HauuM cneKTpaJbhble MJIOTHOCTH QyHKUuA A¢ () u Aps (?) cumBosiamn S, (o)

C

H SAs (w). Toraa

Sy, (0)= j Ag (e s A(t)cos® (t)e " du, (3.53)

J’
SAS((D)"—” j As(t)e—mtdt: j A(I)Sine{t)e"i“"dt,

CnexTpa/iibHas NJOTHOCTb KOCHHYCHOTO KBajpaTyPHOro KoJeBaHus ap (£) = A¢ (£) X
X €0S ®ogf B COOTBETCTBHH C BhipaxceHHeM (2.58) npu 0, = 0 Gyguer

Sa,, (©) = /38, (0—wo) + 84, (0 +wy)], (3.54)

Ipn onpenesieHHH CNeKTpa CHHYCHOTO KBaJApaTypHOro KoJe6GaHus ag (f) = Ag (f) X
X sin @of ¢asosbiit yroa 0y B (2.58) cieayer npupaBuath— 90°, CienoBaTesbHO,

Sa (0) = — —;—[s,,Ei (0—w0)+8,_(@ twp). (3.54")

B o6n1actH mNOJOXKHTENBHBIX 4acToT MOXKHO CUHTATb
Sa, (@-Fwo) =0, S, (o)) =0.

TaxuM 06pa3oM, OKOHYATE/IbHO CNEKTPaJbHas VIOTHOCTb KoJleGaHus a (1) == a¢ (¢) —
— ag (f) onpeneasiercs BhIpa)KeHHeM

Sq (w) = S"c () —Sqg (w) = 1/, ISAc (0 —wy) —f-iSAs ((o——w.,)}, ®»>0. (3.55)

Tepexoass X nepeMeHHOH Q = @ — wy, NoayyaeM

CTpyKTypa cnekTpa KoJle6aHHS a (f) NPH aMIIMTYAHO-Y4CTOTHOH MOAY.1ALUHH 3aBHCHT
OT COOTHOWIGHHA M BuAa QyHkuui A (f) u 0 (2.

Tpn AM cnekTp KoseGaHHS a (f) XapaKTepH3yeTcsl MONHOH CHMMETPHER aMNAHTYA H
a3 xose6aHK’ 60KOBbIX YaCTOT OTHOCHTENbHO Hecylero kKoJeGaHus: NPH yraoBoi MopyJs-
uun [A (¢) - Ay = const] dasel KoJebGanHil HHXKHHX GOKOBHIX YacTOT NPH HeYeTHHIX n
caBHHYTBl Ha 180° (cM. § 3.6). OnHOBpeMeHHAst MOAY/IALKS MO aMNJIUTYJE H YTy MOXKET NpH
HEKOTOPhIX COOTHOWeHHAX MexAy A (f) u 0 (f) npuBoAMTs K acHMMeTpHH cnekTpa S, (©y +
-+ Q) OTHOCHTEJIbHO Wy HE TOJbKO N0 GasaM, HO H MO aMIJIUTYA2M. g YaCTHOCTH, ecJiH (g(t)
ABJIsieTCH HeyeTHOH QyHKuUHedt ¢, To npu aw6oii ¢yHkuun A (f) cnektp KoseGaHus a (f)

- HeCHMMETPHYEeH.

Ipumep nopo6Horo cnektpa npeacrasied Ha puc. 3.22. ([lo oTHOuleHHIO K TOYKe
© == (0 MoAayJb CNeKTpaJbHOH MJOTHOCTH CHMMeTpHUYeH NpH JIOGbIX YCJAOBHSAX.)

Ins cumMeTpuH cnekTpa S, (®) Tpe6yercs uetHocTb (pyHkuuu O (f) npu oaHospe-
MeHHOM YCJOBHH, 4TO6bl pyHKUHS A (f) 6biia K60 YeTHOH, JMGO HeveTHOM QyHKLHed .
Ecan ¢pyukuus A (f) Moxer 6hiTh NpejcTaBjeHa B BHAe CyMMbl YeTHOH W HeueTHOH cocras-
JSIOMHX, TO CNeKTp Sy () HecHMMeTpHYeH Aaxe npu YetHol dpyukuun 0 (s). Hanpumep,

HMnyJabc ¢ JuHeftHoii UM, paccMmoTpeHHbifi B

§ 3.7, umeer cymmeTpuuHBLA cnexTp. B sTom cay-

S yae mMpsAMOyroJibHas orpbaomas NpH Hajje-

XaieM BhI6Ope TOYEK OTCYeTa BPEMEHH fBASeET-
St | K2 cs GyHKLUHeH, YeTHOH OTHOCHTENIbHO I, Kak H

byHKuHKS é(t) = % pe.

| | HaraspHoe npeacrasiienHe 0 jaepopMalluu
| | cnekTpa KqQJe6aHHs NpH CMellaHHOH MOAyJf-
| | UHH — aMIUIHTYAHOH M YIJIOBOH — MOXHO mo-
| | JY4YHTb, paccMOTpeB cJydai, Koria o6e MOALy-
] | -» JSUHH OCYWIECTBJISIOTCH TapMOHHYecKoi (yHk-
=@y a )y & umeil c oaHo#t u ToH ke uacrotoit Q. Mas
ynpolueHKs aHajlu3a 3afajHM 3Ty (QYHKILHIO B
Puc. 3.22. Tlpumep acMMeTpHuHoro BHJe TapMOHHYecKoro KoJeGaHus cos Qf pus
CNeKTpa MpH CMEWaHHOH AMIIMTYRHOH  YTVIOBOA MOXYJNAUMH M B BHAe COS Q/ HaH
H YrJ0BOH MOAYJISLHSAX sin Qf pas aMIJIHTYRHOH.
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/ 2
A 7+ (—’%@) A {0

L mrm)
IV 2em? 21 MZemE 2
mM mM mM Im-
Z “ 4 plem ot
I, I [ 1 -
-2 &)~ @y )+ Q W20 @ =20 ;R @; W+Q Wt2Q ©
@ a

Puc. 3.23. CnexkTp KojieGaHHS NPH OJHOBPeMEeHHOH MOLYJSALHH AMIVIHTYAB H 4YaCTOTH rap-
MOHHYeCKOH (yHKIHeH

1. O6e ¢yukuun, kak A (f), Tak H 0 (f), ueTHble OTHOCHTENbHO f:

A=Ay (1 + McosQt), B(f)=mcosQ, ML 1, m<g 1

Bripaxenne (3.52) npuHuMaeT BH]I

a(t) = Ay (1 + M cos Q) cos [wy¢t + m cos Qt].

TMonaras, kak u B § 3.3, cnpaBeAIHBBIMH NPUGIHIKEeHHblEe paBeHCTBa COs (M cos Qf) =~
= 1, sin (m cos Qf) = m cos Qf, NPUBOAHM 3TO BhIpaXKeHHe K BHIYy, aHaJOTHYHOMY (3.32):

M M
a(t)=4, [(l—{—M cos Qf) cos (oot-—m(-2— ~+cos Q4 Y cos 29t))sin Wy t]-——-

=4, {cos g L+ %—[cos (0o 4 RQ) £+ cos (0g—Q) t]—m[!;i sinwg ¢+ —él— sin (wg -+

mM
4

+Q)t+ ';— sin (09— Q) t]— [sin (0o +2R) ¢} sin (0e—2Q) t]}.

CyMMHpYS KBaJpaTypHble COCTaBJSIOHE COS Wyl H (MM/2) sin wy¢, monyuaem auas
aMIVIHTY Xl Pe3yJAbTHPYIOMIEr0 KOJeGaHHA Ha HYacTOTe @, C/eylollee BhDakKeHHE:

VI+F (mM/2)2 nmpn A, =1, AHanorHYHbIM 006pa3oM HaXOAHM  aMILTHTYRY

0,5 'l/M2 +~ m? gas KoneGaHHA C YacToTaMH ©g -+ Q@ u mM/4 pas yacToT ©g + 2Q.
CnekTtp KoseGauus a (t), npeacraBieHHbIH Ha puc. 3.23, a, CHMMeTpHYeH.
2, ®Oynkuus 0 (f) — vetnas, a A (f) conepXHT YeTHYIO H HEUETHYIO COCTaBJAIOLIHUE:

A@)=A, (1 4+ MsinQf), 0 (@) =mcosQ, M1, mg 1.

Beik/agKH, aHaJOrHUHbIE NMPeABIAYIIHM, TPHBOAAT K CAeNYIOIHM pe3yJbTaTaM: aM-
OAHTYAa paBHa | Ha uactoTe ©y; 1/2 (M — m) Ha yactote ©y — Q; 1/2 (M + m) Ha ua-
cToTe Wy — Q; mM/4 na vacrotax @, + 2Q. Cnekrp kKo/eGaHHst AJs paccMaFpHBaeMOro
cayyas mpejcrasjieH Ha puc. 3.23, 6. CHMMeTpHA CleKTpa HapyllaeTcs B JaHHOM IpHMepe
H3-32 HEOJIHHAKOBBIX aMIUIMTYJ KoJieGaHH} BepXHell H HHXKHeH GOKOBBIX YaCTOT.

AcumMMeTpHSA cheKTpa NPH aMIVIHTYAHO-YIJIOBOH MOAYJSIIHH MOXET pacCMaTPUBAaThCs
KaK NoKa3aTeJb HeNpaBUWJIbHON paGoTH yCTPORCTBA, ocyuecTsasionero AM; nepexoc crnek-
TPa yKasbiBaeT Ha To, 4To NoJie3Hast AM conpoBoxaaercs Napa3HTHOH yTJIOBO# MORYJIALHeEH.

3.9. OTUBAIOLIAS, ®A3A K HACTOTA
Y3KOITOJIOCHOI'O CHMTHAJIA

CoBpemeHHOe COCTOSIHHE PaJHOTEXHHKH XapaKTepH3yeTCsl HelpephIBHRIM
COBepIIEHCTBOBaHHEM Crioco6oB nepefaun HHbopmauuu. H3bickuBaloTCst HOBBHIE
BHJIbl CHTHAJIOB M HOBBle CrocoObi HX 06PaGOTKH.

PaccMoTpennble B mpepiaymiux naparpadax MORYJHPOBaHHbie KOJleGaHHS
ABJIAIOTCS JIMLIb NPOCTEHIIMMH BHJAAMH PajHOCHTHAMOB. HacTo npHXoAauTCs
HMeTh J1eJ10 C pafHOCHIHaJIaMH, NOJy4aeMbIMH B pe3yJbTaTe OJHOBPEMEHHOH MO-
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LYJSIHH aMIVIMTYJbl W 4acTOTHl (HJIH (pasbl) KoJieGaHUS MO OYEHb CJOXKHOMY 3a-
KOHY.

B so6om ciyyae npeanosiaraeTcs, YTO 3aiaHHbIN cHrHaM a (£) npelcraBJsier
co60# Y3KOMOJIOCHBI mpolecc. D10 03HaYaeT, YTO BCE CMEKTPaJbHbIe COCTABJISIO-
lue CHrHAJA I'PYNIHPYIOTCS B OTHOCHTEJILHO Y3KOH 10 CPaBHEHHIO C HEKOTOPOH
UeHTPaNbHOH YacTOTOH ®, noJoce.

[Ipu npexncraBieHHH NOJOOGHBIX CHI'HAJOB B (opMme

a()=A () cosy () (3.57)

BO3HHKaeT HEOJHO3HAYHOCTb B BbGope dyHKuuit A (¢f) u Y (f), Tak Kak mpH Jio-
Go# ¢yHKUMH P (f) Bceraa MOXHO YAOBJIETBOPHTb ypaBHeHHIO (3.57) Hajjexa-
M BeiGopoMm ¢yHKuHH A (f).

Tak, npocreiiiiee (rapMOHHUecKOe) KoJseGaHHe

a (f) = Ay cos wot (3.58)
MOXKHO TpeACTaBHTb B ¢opme
a (t) = A (f) cos of, (3.58")

rae ® = 0, + Ao.

B sbipaxenuu (3.58") oruGaromas A (f) B orinune ot A, siBasercss yHkuuei
BpEMEHH, KOTOPYIO MOXHO ONpeNeNHTb H3 YCJOBHS COXPaHeHHs 3alaHHON QyHK-
uun  a (f)

Ay cos wot = A () cos (wg + Aw) ¢,

OTKYZa
Alt) = Agcosagt _ Aocosm?t : -
cos (0o + Aw) ¢ cos Awt cos wg t—sin Awt sin wg ¢
A
= 0 (3.59)

cos Aot —sin Awt-tg 0t

U3 aToro npuMepa BHIHO, YTO NPH HepPALHMOHATBHOM BbibOpe ¥ () (wf BMe-
€TO W,f) OuEHb YCJOXKHHJIOCH BhipaxkeHue Insi A (f), npuyeM 3Ta HOBasi QyHK-
uus A (f) no cyuecTBy He siBJseTcs «orubaiomei» B OCLICNPHUHSTOM CMBICIe,
TaK KaK OHa MOXeT mepeceKaTb KPHBYIO a (f) (BMeCTO KacadMs B TOYKax, rie
a (f) uMeer MakcuMaJbHOe 3HaueHHe). OnepupoBaHHe NOAOGHOM «orHOaloLLeH»
He HMeeT CMbICJIa, a B HEKOTOPbIX C/lydyasiX H HeJONyCTHMO, TaK KaK MOXeT IpH-
BeCTH K OIUMGOYHBIM MPAaKTHYECKHUM BbIBOAAM (HampHMep, IPH PaCCMOTPEHHH pa-
60Tl aMIJIMTYJHOTO JETeKTOpa).

HeonpejieleHHOCTH MOXXHO H306exaTb npH mpeictaBienud A (£) u ¥ (f) c
IOMOIIbIO C/IeYIOUIHX COOTHOIUEHHIA:

A@) =V a*(t)+al(t), o()=arctg la; (B)/a (B)], (3.60), (3,61)

rie a, (f) — HoBasi (YHKUHS, CBfi3aHHAasA C HCXOAHOH COOTHOLUEHHSIMH
__ L@ -l [ 3.62), (363
a)= —— | davap =— [ 284 @62 369

DTH COOTHOIIEHHS Has3biBaloTci Mpeo6Gpas3oBaHHAMH Tmab-
GepTa, a QyHkuus a, (f) — QyHKumued, compsikeHHo# (mo ['mibGepry) Hc-
XonHOH GYHKUHH a (f).

Ilns BbIsicHeHHs1 cMbica Bbipaxkenu# (3.60), (3.61), a Takxke TpeGOBaHH,
yTOObl @, () sBAANACh QYHKUHEH, CONpsuKeHHOM no I'nabbepTy HCXOAHOH (QYyHK-
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uuK a (f), pacCMOTPHM CHayasa HeKOTopble cBoficTBa A (f), BHITEKAIOLIHE HEMNO-
CpeiCTBeHHO M3 BhIpaxeHHs (3.60) H cnpaBeisiuBbie npH J0GoH GyHKUMH a; (7).
Ilpexxne Bcero Mbl BHAMM, UTO B TOYKaX, rfe ¢yHKuus a; (f) paBHa HYJIO,
umeer MecTo paBeHcTBO A (f) = a (f).
Huddepenunpys (3.60), nomyuaem
P
dt

Orciona BuAHO, yTO npH a; = 0, Koraa A (f) = a (f), umeeT MeCTO JONOMHH-
TeJIbHOE PaBEHCTBO

dA da

— T e

dt dt ’

CnenoBaTesbHO, B TOYKaX, B KOTOPHIX @, (f) = 0, kpuBble A (f) u a (f)
HMeloT ofllue KacaTeJsbHbIE.

DTHX YCJIOBHI, OIHAKO, ellle HeJOCTaTOYHO AJIsI TOr'O, YTOGHI MOXKHO GbLIO
paccMaTpuBaTh A (f) Kak «npocTefiliyio» orubaroutyio GICTPO OCUHJIIHPYIOLIEH
¢ynkuuu a (f). Heo6xonumo norpe6oBaTth, 4ToGhl KpHBasi A (f) Kacanach KpUBOH
a () B TOYKax, B KOTOPBIX NMQCJIEAHSS HMeeT aMIIJIUTYAHOe HJIH JOCTaTOYHO GJIH3-
Koe K HeMy 3Hauenue. VIHBIMH ClOBamu, B TOUKaX, rje a, (£) obpaliaercs B HyJb,
¢yHKUMS a (f) RO/KHA NPHHUMATh 3HaueHus, GIM3KHE K aMIVIUTYIHBIM. DTO yC-
JoBHe Kak pa3 H obecrneunBaercs, ecH QyHKUMS a; (f) sIBJASETCS CONPsIAKEHHOM
no I'mnb6epry ¢yukuuu a (f). dto cBoictBO npeoGpasoBanuii 'minGepra Ha-
TJisi/iHee BCEro WJJIIOCTPHUPYETCS Ha NpPHMepe rapMOHMYECKOTO CHI'Hasa.

Ilyctb a (f) = cos wyf, —oo0 << ¢ << oo, Hafinem conpsikeHHYIO (QYHKIHIO
@, (f). Tlpumenss obuee BhlpaxkeHHe (3.62). H mepexoast K HOBOH mNepeMeHHOMH
X =1 — 1, HaxoauM

da da
=qQq — a; — .
YRR PT

[~} o0
1 1
@)= —— 5 L05@0T gr= — — coswy, ¢ S LOSDoX gyt
f41 T—1 11 X
—00 — 00

[ ]
1 . sinwp x
+— sinwy ¢ 5‘ —" dx.
1 X
— 00

HssectHo, uTO

oo

j‘ cos X dx=0

X

— 00

(B CMbIC/Je TJIaBHOTO 3HAaueHHs) H

oo

sinx
j’ dx=mn.

X

— 00

CnenoBaresbHo, ¢yHKUHH a (f) = COS ®,f COOTBETCTBYET COMNP SKEHHAs
byHkumus @, (f) = sin w,f, KOTOpas NPOXOAHT uepe3 HYJb B MOMEHTHI, KOria
HCXOAHast GYHKIMS MPOXOAUT Uepe3 MaKCHMyM. AHaJIOrHYHbIM 06pa3oM HeTpYA-
HO yGeautbesi, uto (YHKUHH a (f) = sin wyf, —oo < # << 00, COOTBETCTBYET
ConpsnkeHHast GQyHKUUSA a, (f) = —cos 0yl.

IMoncraBasis a (f) = cos wot U a; () = sin w,¢ B Bepaxkenue (3.60), nouy-
HaeM s orubaromieii rapMOHHYECKOro KoJieGaHHusi OOLIeNpHHSATOe BbIpaXKeHHe
A (f) = V'cos? ot + sin® wot = 1.

Ananor»;qﬂuﬁ pesysibTaT noJdy4aercss U Aas a (f) = sin wof, a; (f) =
= — c0Ss Wyl.
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Kak BuauM, BeipaxenHe (3.60) onpenensier oruGaioilyio B BHAE JHHHH, Ka-
caTeJIbHOH K MCXOAHOH (QYHKIHH B TOUKaX ee MAKCHMyMa H B Cllyyae rapMOHHYe-
CKOTr'0 KOJIeGaHHsl COeNUHSIOIeH Ba COCEJHHX MaKCHMyMa KpaTyaHIUHM NyTeM.
Takum obpasoM, BbipaxkeHHe (3.60) ompefessier «npocTefIUyIO» OrHGAIOLLYIO.
1o cBOHACTBO BhipaxkeHHs (3.60) coxpaHsiercss M AJsl CJIOKHOrO CHTHaja, eCiau
BBINOJIHAETCSI YCJIOBHE MeIJIEHHOCTH H3MeHeHHs Ooru6aioliedl, T. €. eCJH peub
uzieT 00 y3komoJocHoM curhane [em. (3.2), (3.3)].

Ecam ucxonnblii curuan npeicrabJsier co60H CyMMy CNEKTPAibHEIX COCTaB-
JISTIOLIUX

a(t) =X (@, cos w, t+b, sine, t), (3.64)

n
TO CONpsiKeHHast (PyHKUHUS
a, () = X (ay sin o, t —by, cos @, t). (3.65)
n

Psix (3.65) Ha3biBaeTcsl PSIIOM, CONPSKEHHbIM psRy (3.64).
Ecau curnan a (f) npeacrasnen ne psgom (3.64), a uxrerpasom ®Pypsne

a(t)= -:t— S' [a (w) cos i + b (o) sin f] dw, (3.66)
0

T0 GyHKUHMS @ (f) MoXeT ObITb NpeACTaBJieHa B BHAE HHTerpaJsa
ay (t) = - 5 [ (©) sin of —b () cos of] do, (3.67)
1

conpsiKeHHOro HHTterpaay (3.66).

HerpyaHo ycraHOBHTb CBA3b MeXAy crneKTpamMH QyHKUMi a (f) u a, (f).
Tak kak npH nmpeo6pa3oBaHHH TapMOHHYECKOro KoJeGau#si no I'niab6epty ero
aMIVIATYAa OCTaeTCs HEM3MEHHOH, TO OYeBHJHO, UTO [0 MOAYJIO ClleKTpaJbHasi
IJIOTHOCTB S; (®) compsixkeHHOH OYHKUHH a; (f) He MOXKET OTJIHYAThCSA OT CHeK-
TPaJIbHOH MJIOTHOCTH S () HcxoAHOH dyHKuMH a (f). Da30Bast ke XapaKTepHUCTH-
Ka cnektpa S; (®) omauuaemcs or UX cnektpa S (w). M3 conocraBnenus BbI-
paxenuii (3.66) u (3.67) HemocpenCTBEHHO BLITEKAeT, YTO CHEKTPaJsbHbIE COCTaB-
Jsoye QyHKUHH @, (£) oTcraloT mo ¢ase Ha 90° OT COOTBETCTBYIOUIHX COCTAB-
asiowux ¢yHkuuH a (£). CnepoBaresnbHO, MpH @ > 0 crekTpajdbHble MJIOTHOCTH
S; (w) U S (®) cBsI3aHBl COOTHOMIEHHEM

S, (0) =—iS (w), ®>0. (3.68)
B o6Gnacty OTpHUAaTeNBHBIX YaCTOT COOTBETCTBEHHO MOJYYaeTcs
S, (0) =S (w), ©<<O. (3.69)

Benencrsue namenennst @UX coupsixkennas GpyHkiuus a; (£) no cBoelt gopme
MOXET CHJIbHO OTJIM4aThCsl OT HCXOAHOH GYHKUMH a (f).

[Tocne Toro kak HaiileHa conpsikeHHast QYHKUHS @; (£), MOXKHO C NIOMOILbIO
Bhipaxcenu# (3.60), (3.61) Haiiti oruGatouryio A (¢), nosnyio ¢asy ¥ (£) u Mrso-
BEHHYIO YacTOTy Y3KONOJIOCHOIO CHrHaJja

(D(t):m)—‘—’:i- [arctg a; (t) ]:a(t)a{ H—a (D) a’ (¥ (3'70)
dt dt a(t) a (t)+a? (1) )

BoizennB B HaiileHHOH TakuM 06pa3oM yYactote ® (f) MOCTOSIHHYIO YacTh
9. MOXHO HamnMCaTb BbIpaXkeHHe

Y () = @of + 6 () + 8, @3.71)
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B KOTOpoM O (f) He coAepXKuT cJiaraeMoro, JHHEHHO 3aBHCSILErO OT BPEMEHH.
Tem cambiM ycTpaHsieTcsi MPOM3BOJT B BbIGOpe «cpellHel 4acTOThl» CHTHala ®,
H COOTBETCTBeHHO ¢yHkuuu 0 (%).

B 3akJouenue cJelyeT OTMETHTb, YTO B HEKOTOPHIX CJy4asiXx BHIPAXKE€HHS
(3.60)—(3.69) ucnosb3yIOT TakkKe K [J1s1 LIMPOKONOJIOCHBIX CHIHAJ/OB, KOrjJa Io-
HSITHe «orubaroliasi aMIJIUTyI» TepsieT CBOH OObIYHBIA cMbic. [IpH 3TOM OTKa3bl-
BaloTcsl OT TpeGoBanusi, uToGbl orubaiomas A (f) kacanace KpuBoii a (f) B6U-
3H TOYEeK, B KOTOPHIX a (f) UMeeT aMIVIMTYAHOe 3HaueHHe.

[NosicuuM npuMmeHeHHe npeoGpa3oBanus ['nHab6epTa AJS onpefeseHust orubamouei,

da3bl ¥ MTHOBEHHOH 4YaCTOTH CHTHAJla Ha ClejylolleM NpuMepe.
Ilyerp 3ajaH curHajl B BHJE CYMMbl IBYX FaDMOHHYECKHX KoJseGaHull ¢ 6TH3KMMH Ya-

crotamu! ©; M @,

a(t) = A, cos 0yt + A, cos 0yt (3.72)
u Tpebyerca a (f) npeacraBuTb B Gopme

a (t) = A (¢) cos [wof + 0 () + 0O,l. (3.73)

Paccrpotika |Aw| = |wy — ®,| mnojaraercs HAcTOJILKO MaJoii NO CPaBHEHHIO C

(w; + ©4)/2, uto KoneGanue a (f) MOXKHO CYHTAaTb Y3KONOJOCHBIM.

Yro cieayeT B JaHHOM cilyyae noapasymenatb nog A (f), wy u 0 (£)? Henocpexctsenno
u3 Bbipaxkenus (3.72) TpyAHO BHLISIBHTb CTPYKTYpY oruGaiomeit 1 Qasbl pesyabTHpYIOLIEro
Kose6anus a (). Ucnonbayem noatoMy BeipaxenHs (3.60), (3.61). ConpsixkenHas GyHKUMS

a, (f) = A, sin oy 4 A, sin wgt.
Tpumensas ¢opmyay (3.60), naxoaum orubaoulyio cHreaaa a (f)
A )=V (A, cosm, { + Az cos 0y 1)2+ (A, sinw; t + A, sinwg 1)? =
=A, V¥ 2+ 2k cos Awt, (3.74)

rae k = Ay/A;; Aw = wy, — ®;, TpHYeM JIJs ONpeleNeHHOCTH CYHMTaeTcs, 4to k< 1
u Ao > 0.
IToanyio ¢asy cymmapHoro KoJje6aHHs HaxoxHM no cdopmyae (3.61):
¢ ino, 14k ¢
Q) _ o otg SHOLITRSINGNE (3.75)
a(t) cosw; t-+kcps oyt

P (f) =arctg

IMpumensis nanee popmyay (3.70), mocae HecJOXKHBIX alre6paHyecKHX H TPHIOHOMe-
TPHYECKHX NpeoGpasoBaHMil NPHXOAHM K CJelyKQlieMy BbipaxKeHHIO 1JIs MTHOBEHHOH dYa-
CTOTHI:

k+cos Awi
H=w,- =, - ’ 3.76
o () =0;-+Ack Tk L2k cos Aot 1 Aon (¢) (3.76)
n () =k ——tC08 B0 @3.7n

1 4+k2 | 2k cos Amt
Tak Kak nocrosiHHas cocTaBJsiomas GyHKUMH 1) (£) paBHA HYJIO, TO BXOAAIIHE B BhI-
paxenue (3.71) cpeanss uacrora w, u pynkuus 0 (f) 6yayr

1
wo=w;, O()=A0 |9 dx. (3.78), (3.79)
0

Hrak, Ha ochoBanuu (3.74), (3.76) u (3.78), (3.79) Bripaxenue (3.73) npuBojaHTCS K
BHLY

t
a(ty=A,V 1-+k2F2k cos Ant cos [ml t+Aw gn (x) dx], (3.80)

The n (f) onpegensiercs Bhpaxenuem (3.77).

Ilpu 3TOM HCKJIOYalOTCS MPOU3BOJ H HEONPeJeJeHHOCTh B BbiGope orubaioueil 1 dasbl
CYMMapHOro koJieGaHus.

Cpaduku dyuxumu 1 (f), xapakTepH3yiouiMe H3MeHeHHe 4aCTOThl, INpPHBEJEHH Ha
pHc. 3.24 1as HeKOTOpHIX SHayeHMil k.

1 lns cokpaliesHs BhKJAaAOK TONOXHM HauaibHble hasu 0, = 6, = 0.
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Puc. 3.25. CymMa ABYX rapMOHHYECKHX
Kosie6aHH# ¢ OJM3KHMH 4YacTOTaMH f;
H f; NPH OAMHAKOBHX AaMIIHTYAAX

Puc. 3.24. MrHoBenHas vyactora Kose6a-
HH$l, SIBJISIOUIETOCsl CyMMO# 1BYX rap-
MOHHYECKHX KonieGaHHi

Mpuk <« 1, 1. e. npH HalloXeHHHU cl1a60ro KodeGanusi A, cos wyfHa cHAbHOE A, COS Wy,
BoipaxeHus (3.74)—(3.77) 3HauHTeqbHO ympowaloTcs:

A(t)= A (1+kcos Awl), 0o=0,, @ () = 0,+kAn cos Awt, P () = o, t -

+k sin Aot. (3.81)
B sToM cayyae oru6amomas, 4actota H gasa CyMMapHOro KoJeGaHHS H3MEHAIOTCS MO
rapMOHHYeCKOMY 3aKOHY ¢ YacToTo#f |A®| = |03 — ®;| OTHOCHTENIBHO CBOHX CPeAHHX 3Ha-

ueHHH cooTBeTCTBEHHO A;, ®; H ©,f

Ipn £ = | ¢yuxuus 7N (f) B cooteTcTBHH ¢ (3.77) NpHHHMaeT NMOCTOSHHOE 3HaUeHHe

14 cos Awt 1
=—— i — 3.82

no 2 (14cos Awt) 2 ( )
Ha Bcell OCH BpeMeHH, KpoMe Touek Awt = 4(x, 3x, ...), rae M (£) = oco. ITH BHIGPOCH CO-
OTBETCTBYIOT IPOH3BOAHBIM CKa4Koo6pa3Ho H3MeHslouefica ¢a3nl npu nepexogax oruGaio-
mefi GHEHHs Yepe3 HYJb.

TakuMm o6pa3oM, B HHTepBaJaX MeXJAy YKa3aHHBIMH MOMEHTaMH 4acTOTa CyMMapHOTO
KoneGaHus ©; + Aw/2 = (0; + 0g)/2.

K atoMy pesyabTaTy MOXHO NpuiiTH HenocpeACTBEHHO M3 BhipaxXeHHs (3.72), KoTopoe
npu A; = A, MOACTAHOBKOM Wy = @y + AWy, ©; = ®g — AWy JErKO NPHBOAHTCH K BHAY

w2 +0.)1 {
9 .
I'papuk koneGanus a (f) npu k& = 1 npeacrasjen Ha puc. 3.25.

{ cos

©
a(t) =24, 5 cos Awg t cos @y t = 24, , cos

Tepuoa pynkuHH cos Awy! = cos 27 —3-;——1) t pasen 2/(f, — [{), npHyeM B TouKax

nepexoAa yepes HyJdb 3Ta QYHKUHMSH, KaK OTMeyaioch Bbille, MeHseT cBOft 3Hak. Ecau ne
YyYHTHIBaTh nepeMeHY 3HaKa, T. €. ONpeleJasiTb OrHGaloOWVI0 aMILIHTYX YHKUHe#H

We — ('01
| cos (——’ )tl, TO nepuoj GueHu# GyneT BABOe KOpoue, KaK NOKasaHo Ha puc. 3.25.
2

INostoMy uyactota Guennit paBHa f, — fy.
®opmyan (3.74)—(3.82) umelor GoJabllioe NpHKJAajHOEe 3HaUeHHE, TAK Kak B QHu3HKe
M TeXHHKe 4YacTO NMPHXOAUTCS HMeTh JeJO C GHeHHSAMH IBYX TFapMOHHYeCKHX KoJeGaHHM.

3.10. AHAJIMTUYECKHH CUTHAJI

B 3/1eKTpOTEXHHKE NPH aHaJH3e BO3JEHCTBHA TapPMOHHMYECKOrO KoJieGaHHs
(HanpsikeHHe, TOK) Ha JIHHEHHYIO leNb €ro NpPHHATO NPEACTaBJATb B ¢opme
a(t)= Ay cos (gt + 0p) == AgRe [ef (e t+08)] -- Re [A,ei® ] (3.83)

WIH
a(t)y =A,sin (gt + 6g) = A, Im [ef (@ 8] = Im [A, e/ £], (3.84)

rae A, = A,ei% — KOMIJIEKCHasi aMIUIHTYyJa.

98



Yacro CHMBOJI Re win Im OUYCKaIOT H NHyT npocro
a (t) o Ao ei (g £ 460a) — Ao ei(«)o t,

noapasyMeBasi JCACTBHTEJIbHYIO MJIM MHHMYIO YacTb 3TOTO BBIPAXKEHHS.
Takoe npeacras/ieHHe NO3BOMSET HCMO/b30BATh NPEHMYIIECTBA METOJOB Te-
OpHMH (QYHKLHiH KOMIMJIEKCHOH MEPEMEHHOH ¢ MOCJeayIoUUM BO3BPATOM B KOHLE
aHa/u3a K TPHUTOHOMeTpHYecKOH (opMme nyTeM oTGpachiBAHHS MHHMON 4YacTH.
B coBpemeHHO# pafHOTeXHHKE MNpeACTaBJeHHe KoJieGaHHi B KOMMJEKCHOM
¢dopMe pacnpoCTpaHeHO HAa HerapMOHWYecKHe KoJieGaHHs.
Ecau 3anan ¢u3nyeckuil CHrHan B BHIe AeHCTBHTENIbHOH QyHKUHM a (f),
TO COOTBETCTBYIOIUIHH €My KOMIUIEKCHBIA CHrHa/l npeiacTaBhsieTcss B ¢opme

z, () = a@®)+ ia (1), (3.85)

rae o, (f) — dynkuus, conpskensas no [uabbepty curunany a (2).
3ameTHM, 4TO H B BbipaxkeHHH (3.84) MHHMAas 4acTb KOMIIEKCHOH (yHKUUH
siise1cs (QyHKuueit, conpsikeHHOH no I'mibGepry JAeACTBHTENbHOH YacTH.
InaBHast 0coGeHHOCTb ONpENEeNeHHOTO TaKHM O6Pa3OM KOMIJIEKCHOIO CHI-
HaJa 3aKJ/IoyaeTcsi B TOM, UTO €ro CHeKTpaJsibHas MJIOTHOCTb

Z, () =S, (0) + iS,, (@) (3.86)
COIEP>KHT TOJIbKO MOJIOXKHTeJIbHble yacToThl. [lelicTBHTenbHO, corsacHo (3.68),
(3.69) npr @ >0 S,; (0) = —iS, (0), a Npy ©w< 0 S, (©) = iS, (0).

CnepnoBaresibHO,
(28, (w) npu © >0,
10 npu 0 <<O0.

Tak, ec/ii y3KONOJIOCHOMY CHTHaMy a (f) COOTBETCTBYET ClieKTpasibHas MJIOT-
HOCTb S, (®), MORY/Ib KOTOPOH H300paxkeH Ha puc. 3.26 WITPHXOBOMH JMHHHEH, TO
curHany z, (f) = a (f) + ia; (f) cooTBeTCTBYeT CneKTpanbHas IMIOTHOCTb Z, (®),
MOZYJIb KOTOPOH M3006pa)keH Ha TOM >Xe PHCYHKe CIJIOIIHOM JIMHHEH.

Hurerpan ®ypbe Ans cHrHana 2, () npHHHMaeT CJeAYIOWHHA BHA:

Z,(0) = (3.87)

2, (t) =2'_n g Z, (0) et do -_-_Q‘n_ 5 28, () e du, (3.88)
o 0

rae S, (w) — cnekTpasibHasi NJIOTHOCTb HCXOAHOTO ((pu3HuecKoro) curHana a (f).
KoMnJuekcHblii curuan, onpenesieMblif Bolpaxkenusmu (3.85) u (3.86), Ha-
3bIBAETC aHAaJMWUTHYECKHM CHTHaJaowm.

1 CMbiCc/1 TepMHHA «aHaJMTHYECKHH CHIHAJ/» 3aKAIOYaeTCs B TOM, YTO NPH Nepexole K
nepeMeHHol 1 = x + iy dyukuus z, (f) = 2, (x + iy), onpenensieMass B COOTBETCTBHH C
o0

1
(3.88) wuuTerpasom o S 28, (0) e "%e’* do, aasercs anarumudeckod GyuKuHed 1an
n
0

Kaxjaoro y > 0. [las noka3aTtenbCTBa ONPeReqHM IHEPTHIO CHTHaNa 2, (x -+ {y) c NOMOILbIO
pasenctBa Ilapcesansn

00
3, =lj‘[28” () e -oy)2 do < 23,.
2n
0

Kak BHZuM, MHOXHTenb € 2®¥ o6ecneuWBaeT CXOAHMOCTh HHTerpada NpH JI060M

y > 0. nockoabky w > 0. B cayyae xKe JeACTBHTEJbHOTrO CHrHajsa a (f) mepexox K
a(x + iy) npuBogMT K GECKOHEYHOMY BO3DAaCTaHHIO MHOXHTeJs e~ 20/ B o6nactu
® < 0. MHBIMH clloBaMH, aHaJHTHYHOCTD CHTHaJa 06yc/oBJAeHa TeM, 4To B o6jaacTi ® < 0
CMeKTpasNibHas#g MJIOTHOCTb QYHKUHH 2, () paBHa HyJIo.
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[ycrb 3amaH (QHU3HYECKMA CHrHAM
a (f) = A (t)cos [wet + 0 ()] = A (¢) cosP (F)

u Tpebyercsi ONMpENeNHTb COOTBETCTBYIOMHI €My aHAJHTHYECKHH CHTHAM 2, (f).
Hcxons u3 obuiero Beipaxenus (3.62) nJisi conpsikeHHod QyHKUHH a; (f) MOXHO
Hamucarb

00
i A (7) cos
2, (t) = A (tycos  (t) — — S AMcosy(® 4
b 1 T—t
— 00
Tounoe onpenenenue a; (f) npu caoxuoit pyukuun A (t) cosP (v) sBaAA-
eTcsi TPYAHO# 3ajaueil, KOTOPYIO MOXKHO OGOHTH, €C/IM MCXOAHBIH cHrHan a (f),
SIBJISIETCS JOCTATOYHO Y3KONOJIOCHBIM rpoieccoM. MOXHO NOKasaTh, YTO B 3TOM
ciyyae

a () = A () sing () = A (¢) sin [ogt + 0 (f) + 0,l.

Takum 06pa3oM, aHaJMTHYECKHIH CHFHA/J MOXKHO 3aMnHcaTh B ClelylolleM
BHIE!

2, ()= A() e = A(f) e [0 t+8 () +8e] = A (f) eiv ¢, (3.89)
rje
A(f)y=A(f)ell® (+8d (3.90)

npeacrabjsieT COO0H KOMNAEKCHYO o2ubarouyyro Y3KONOJIOCHOrO CHrHaJja.

CoorHouenusi mexay A (f), a (f) u a; (f) HWIMOCTPUPYIOTCS BEKTOPHOH
auarpammoil Ha puc. 3.27. Moxy/b KoMmJieKcHO# oruGatouieil, pasHbiii A (1)
[nockonbky — [eil8()+81| = | mpn  smobGom  3akoHe u3MeneHus 0 (¢)],
COIepPKHUT HHPOPMALHIO TONBKO 00 aMIUIHTYXHOH MOAYJSLHH KoJebaHus, a da-
30BbIi MHOXHTeJNb €/® () — ToNbKO 06 yryioBoH MomyJsiiuH. B nesom xe npo-
usBefieine A (f) e’® () copepKHuT noanyio undopmauuio o curxane a () (3a uc-
KJIIOUEHHEM HeCylLueil 4acToThl ®g, KOTOpasi MpeANosaraeTcsi W3BECTHOH).

310 CBOACTBO KOMIJIEKCHOH orubalomieii, nospoJsioliee NpH aHajguse ys3-
KOTOJIOCHBIX CHTHAJIOB MCKJIOYHTb H3 PAacCMOTpPEHHs 4acTOTy ©, NPHAAET BaX-
HOe 3HaueHHe MNOHATHIO AHAJIHTHYECKHH CHCHAJ». »

PaccMOTpHM OCHOBHble CBOHCTBA aHAJIMTHYECKOTO CHFHA/Ia M KOMIJIEKCHOH
orubaroled.

1. Ipoussedenue anasumudeckoeo cuenara 2, (f) Ha conpaxceHHbll emy
cu(et;a/z 2z () pasno keadpamy oeubarowed ucxodHoeo (pusuueckoeo) cuznaia
a(t).

JleficTBHTEIBHO,

2, za(t)y=la(t) +ia; ()] la (t)— ia, ()] = a® (t) +a; ()= A2 (D). (3.91)

Takum o6pa3om, MOAy/b aHaJH-
THYECKOTO CHrHajna 2, (f) paBeH mnpo-
cto orubaroueit curHana A (f).

2. CnekmpaabHas RAOMHOCMbL KO-
mnaexcroil  ozubarowed  A(f) cosnadaem
CO CMEUWEHHOU Ha W, 81660 CNeKmpaib-
HOLL BAOMHOCMbIO QAHAAUMUYECKD20 Cue-

2q4(@)=2Sq(@)
Sa

v Sq (@) Sa (@)

/N Hasa 2, ().
£ > 7 > OcHoBbiBasick Ha ofuieii opmyne
Bt (2.48), MOXHO HanHcaTh
00
Prc. 3.26. CooTHollleHHe MeX1y CHeKTpa- g —imt
MH (H3HYECKOr0 H aHaJMUTHUECKOTO CHTHa- Za ((o) = j Zq (t)e dt.
JIOB — o
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Puc. 3.27. CooTHouwleHHe MeXAy aMIUIHTYIOI
AHAJIMTHYECKOTO CHTHaja W GyHKuHAMH a(f),
a(t)

Puc. 3.28. CooTHowenne Mexiy CHEKTPaMH
KOMIVIEKCHO# oru6aoleii H aHaJHTHYECKOro 7
CHrHana

@, Q

INoncraBasisi B 310 BblpaxkeHHe 2, (f) = A(f) /!, nosydyaem

Z(0) = f A(t)e—i@—00tdt=8, (0 —ay), ®>0. (3.92)

— 00

21O cooTHOlEHHe sBJAsiercss o6obuieHneM (GopMyabl (2.58) Ha cayyail KoM-
MJEKCHOH (QyHKUMH BpeMeHH A(f), YyMHOXaeMOH Ha e @! (BMeCTO COS ®,f
B §2.7, n. 3). Buipaxkenue (3.9), BolBeleHHOe LJIS BELIECTBEHHOH OruGaroliei
A () (npu YHCTO aMIJIATYXHOM MOAYJISILHMH), SIBASIETCS YACTHBIM CJIyyaeM oOlie-
ro Bbipaxenus (3.92).

BBeass o6Gosnauenne © — ©, = Q, nepenuueM (3.92) B HECKOJIBKO HHOM

¢opme
Z, (09 +92) =S4 (Q) =28, (0o + L) (3.93)

[em. (3.87)1.

CootHouleHue Mexay crnektTpaMH Sy () H Z, (0, + Q) wamocTpupyer
puc. 3.28. Oco6o cieayer OTMETHTD, YTO CEKTP S4 (§2) KOMIIEKCHO# orubarouieii
A () He 06si3aTe/IbHO CHMMETPHYEH OTHOCHTENBHO HYJEBOH YacTOTHI (CM. pHC.
3.28). Ecau cnektp S, (0) ¢u3uueckoro KosneGaHus a (f) HeCUMMETPHUYEH OTHO-
CHTe/IBHO ® = ®,, KaK 3TO MOXET HMETb MeCTO, HalpuMep, IPH aMIVIHTYAHO-
yrJaoBoi monyasuud (cM. § 3.8), To u ¢pyskuus Z, (o) = 2§, (0), ® > 0, He-
CHMMeTpPHYHa: nocsie capura Z, (w) Ha BeIHYHHY ©g BJEBO CNIEKTP KOMMJIEKCHOH
orubatouiedi S,y () 6yaer HeCHMMETPHYEH OTHOCHTeNbHO 4Yactotel Q = 0. B
Jmobom cayyae ¢yHKuHst S (R) oTMHYHA OT Hyas B objaactH yacror Q < 0.
ChnenoBarenbio, komnaexcuas gynxkyus A(f) He ssasemcs anarumudecKum cue-
Haaom. D10 OGBACHsIETCS TeM, 4TO AeficTBUTeNbHass H MHMMasi yactH A(f) He
SIBASIOTCS (YHKUHSAMH, CONpsKeHHbIMH no [uabnGepry.

3. Koppeasyuonnas ynKyus aHarumu4eckoeo cuerana, onpederseman o6-
Wum  BbipaNceruem

B,(v) = 3‘: 2, () 2 (¢t +7) dt, (3.94)

—-00

ABJIACTCSH KOMNAEKCHOU ¢hynKyuell.
Je#ictBuTesbHO, BbIpasHB B, (T) yepe3 MOAYJb CreKTPaJbHOH NJIOTHOCTH
curHajga S, (w) ¢ nomouipio BbIpaxkeHHs BHAa (2.136), noay4yum
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oo

B,(v) = —;; Sz: (©) 9T do = 4 ]S S2 () 9% do =
0

2n

oo oo
o] .
=4 j' S (0) cos otdw + i4 - 5‘83 (w) sin wtdo. (3.95)
J
0 ]

JleficTBHTe/IbHAA YaCTb 3TOrO BhIPaXKEHHsl €CTb He YTO HHOe, KaK yJABOEHHasi
KOppeNsilHOHHAs GYHKLHS HCXONHOro ¢pH3Hueckoro koJgebanus a (f), T. e.
2B, (v), a MHHMasA uYaCTb YYHTBIBaeT B3aHMHYIO KOPPeJSLHIO KoJeGanuii a (f)
H a (f).

Jns packpbiTHS cMbiCJla MHHMOH 4acTH BbipaxkeHHs (3.95) BepHeMcs K 06-
lieMy onpejie/ieHHIO KoppeaslHOHHOR ¢yHKkuuH (3.94) H 3anHieM ee B ¢opme

|
25

B,(t) = j [a{t)+ia, () [a(t + 1) —ia, (¢ + 7)) dt =

00

= sgoa(t)a(t-i—t)dt—l- fal(t)al(z+1)dt+i[y a()a(t+1)dt—

— j’o a(t)a, (t+7) dt] = B, (1) + Ba. (v) +i[Bua(v)— Baa‘ (™). (3.95)

B §2.19 6bi10 ycTaHOBJIEHO, YTO KOppeJsiHOHHAs QYHKUMS AeACTBHTENb"
HOrO CHrHajla 3aBHCHT TOJIBKO OT MOAYJISl CIEKTPaJbHOH IJIOTHOCTH. Tak Kak
MOAYJH CrieKTpoB OYHKIM a (f) u a, (f) onuHakoBbl (cM. § 3.9), To mepBhLie ABa
uHTerpasia B (3.95°) paBHH H B cymMMe AatoT 2B, (t). CnefoBaTesIbHO, MHHMbIE
yacTH B BhipaxkeHHsx (3.95), (3.95°) coBnajaloT H MOXHO HanmHcaTh CJeRylollee
PaBeHCTBO:

Bma () _Baa, (V= 4 —2'1“- _Y Sa ((!)) sin ntdo.
0

Ho B cootBerctBHH ¢ (2.137) By, (1) = B,,q (—T), Tak 4TO JIeBYIO 4aCTb MOX-
HO 3anucath B ¢opme B, , (t) — B,,, (—T7). Janee, npaBas yacTb, coaepKaiias
NOJ HHTErpajloM MHOXMTeNb Sin T, ABNseTcs HedyeTHOH (QyHKuUMed T, OTKyla
cJleflyer, 4TO H pa3HOCTh B, ,(t) — B,,, (T) ABAsieTcs HeueTHOH yHKuMed. Jto
BO3MOJKHO TOJIBKO IIPH HeUYeTHOCTH QYHKIMH B,,, (1). Takum o6pa3oM, npHxonum
K paBeHCTBY B, , (t) — Bya,(t) = 2B,,, (T) H COOTBETCTBEHHO K COOTHOLLIEHHIO

B,.(t)=2 -El-— j 83 (0) sin otdx.
T
0

Gopmyay (3.95°) Tenepb MOXHO NpeJCTaBHTb B BHAE
B, (1) =2B, (1) +i2B,,, (7). (3.96)
Hrak, Re [B, (t)] = 2B, (1), oTKyAa BbITeKaeT MOJE3HOE COOTHOLUEHHE MEX1y

KOppeJsiLHOHHOMN ¢yHKuHel B, (T) HCXOQHOTO AEHCTBUTEIBHOrO CHTHA/MA H KOp-
pesIsHIHOHHOH (pyHKUHeH B, (T) aHaJHTHYECKOro CHrHaJja

B, ()= .;_ Re[B, (1)l (3.97)

4. Koppersayuonubie (GYHKYUL QHAAUMULECKO20 CUSHAAQ U  KOMNAEKCHOU
oeubarowjelf 3MO20 CUSHAAQ CBA3AMbL MENCOY CODOL COOMMOUEHUEM

B, (v) = e—i9% B, (). (3.98)
102



He#icrButensno, nojacrasuB B (3.94) a(t) at®)
2, () = A(f) efot yu 23 ()=A* () X
X e~!®f nojlyyuM BaXXHOE COOT- o=90°
HOLLIeHHe a,(t)

Zq

00
B,(t)=e—iwT j A()A*(t-+  Puc. 329. ®opMmupoBaHHE aHANHTHUECKOrO
2 CHTHANa, COOTBETCTBYIONIEr0 3aJAHHOMY Be-
+1)dt, (3.99)  lmecTBeHHOMY cHrHany a(t)

B KOTOPOM HHTETrpajl €CTb KOPPEAAYUOHHASL PYHKYUS KOMNAEKCHOU oecubarouel
A(f). Tlosromy BbipaxkenHe (3.97) MOXKHO 3anHcaTh B opMme

By (7)= -:{— Re[e—i®T By (1) = %Re [e--f‘v-T 5' A()A* (t+ t)dt]. (3.97")
B uactroctH, npu T = 0 noayuaem
B, (0)=_;_ f A (8) dt=_;-3,(0). (3.100)

M3 3toro BhipaxkeHHsi BHIHO, YTO, HOCKONbKY B, (0) = 3, snepeus ana-
AUMUYECKO20 CUSHAAQ pPABHA YOBOEHHOU 3Hepeuu ucxo0Ho20 Oeldcmeumenbrozo
cuzHaa.

Chnenyer ykasarb, YTO NpHMeHEHHE NOHSATHS 3HePrHH K KOMMJIEKCHOH (yHK-
LK HMeeT He TOJIbKO (opMabHbIf cMbic. B ra. 13 6yaer nokasaHo, 4TO B HEKO-
TOpBIX ycTpoiicTBaX 0OpabOTKH CHTHAJIOB NPHXOAHTCS HMeThb JAeI0 C COBOKYII-
HOCTBIO JABYX GYHKUHHA BpeMeHH, CONPsKeHHbIX mo I'uabn6epTy, T. e. C aHAJIHTH-
YeCKMM CHTHAJIOM KaK C (U3UYeCKHM HpPOLECCOM.

®opMHpOBaHHEe aHAJHTHYECKOTO CHIHAJIa MOXKHO MOSICHATb Ha MpPOCTOH MO-
JeNu, nokasaHHOM Ha puc. 3.29. Mcxomubiit curnan a (f) = A (f) cos [wof +
+ 0 (f)] nomaercss Ha BHIXOI HENOCPEACTBEHHO MO NMPSIMOMY KaHaJy H Yepe3
¢asocaBuralolee ycTpoicTBo, obecneynBaiomee caBHr Ha —90° /s BceX Ciek-
TRAJNBHLIX COCTaBJISIOUHX Y3KONOJOCHOTO CHrHajla a (f). B pesyJbrare Takoro
cagura noJyvaercs kojiebanue A (£) cos [wg + 6 (f) — 90°] = A (¢) sin [wyf +
+ 0 ()] = a, (f), conpsxenHoe no I'manbepry ¢ynkuuu a (£). CaenoBarenn-
HO, COBOKYMHOCTb a (f) ¥ @, (f), IeHCTBYIOULYI0 Ha BbIXOJe, MOXXHO TPAKTOBaTb
KaK aHaJIHTHYECKHH CHTHal ’

2, (f) = A (1) 0™ givet = A (f) ef@?,

B nocneayowux raasax GyAyT AaHbl NPUMePbl PUMEHEHHs NOHSTHS «aHa-
JIUTHYECKHH CHrHaM» Kak JJisl YOPOLUIEHHs aHa/H3a NPOXOKAEHHsS Yepe3 pajHo-
el CHTHAJIOB eiCTBUTEJIbHBIX, TaK H /ISl OMHCAHUsI COBOKYNHOCTH ABYX KBaj-
PaTypHbIX CHCHAJIOB.

3.11. KOPPEJ/IALIMOHHASA ®YHKUHNA
MOOYJ/IMPOBAHHOTIO KOJIEBAHUS

[pu HaxoxaeH1H KOppensaLHOHHOH QYHKUMH MOAY/IHPOBAHHOTO KOJeGaHHU s
a(t) = A (f) cosy (f) 6yaeM HCXOAHTb H3 YCJOBHsI aGCOJMIIOTHOH HHTErpHpye-
MOCTH (YHKUHH a (f) (CHTHAJ C KOHEYHOH 3HeprHeii), YTO MO3BOJAET NPHMEHSTh
onpesnesnenne (cm. § 2.18)

B, (1) = J a(tya(t }-v)dr. (3.101)

— 00

103



< e
o JUUUV*

<

e

9 7
Pue. 3.30. HMnyabc ¢ BHCOKOYAaCTOTHBIM Puc. 3.31. K noctpoennio KoppeasuHOHHOR
3anojiHeHHeM (a) H  KOppeJSllHOHHAS ¢yukunn JTUM umnysanca

Pyukuus (6)

Briunc/ienne HHTerpaja Aisi CJIOXHBIX CHTHANOB TpeGyeT POMO3IKHX BhI-
KMafoK. 3aliaya CyIIeCTBEHHO YNPOLIAeTCs NPH Nepexofe OT KoJeGaHus a (f)
K aHa/IMTHYECKOMY CHrHagly 2, (f) = A(f) '@ i, OcHOBBIBasiCb Ha COOTHOLIE-
HHAIX, BbIBEJIEHHbIX B NpejbifylleM naparpadge, pacCMOTPHM CHadajla YHCTO aM-
TUIHTYAHYIO MOAYJSAUMIO, KorAa a (f) = A (f) cos w,et, 0 (f) = 0 u, cregoBaTeNb-
Ho, A(f) = A* (f) = A (¢).

Torna dopmyna (3.97’) npurumaer BHA

B, (1) = —é—Re [e—w-r f A A(t+7) dt] =

=—;—-coscoo17 5' A At +)dt. (3.102)

Ob6osnaunB, Kak H B BbipaxeHuk (3.97’), uHTerpa/bHbIl MHOXHTEJb Yepes3
B, (t), OKOHYaTeNBHO NOMYYHM

B, (t) = B4 (1) (*/5 cos @, 7). (3.103)

Bropoit MHOXHTeNb (Y/; COS ®4T) €cTh: KOPpesiHOHHast QYHKLUHS rapmo-
HHYECKOrO KOJIeOaHHS C YacTOTOH ®, H eJHHHYHON aMIJIHTYROH.

Hrak, koppensiuMoHHasi (yHKUHS aMIIHTYIHO-MOLYJHPOBAHHOTO pajHo-
CHrHaJIa paBHa NMPOU3BEJIeHHIO KOPPEeISALHOHHBIX GYHKLUHA orubaroleil H BbICOKO-
YaCTOTHOTO 3aMOJIHEHHS.

B kauectBe npumepa Ha pHc. 3.30, @ n0Ka3aH pagHOMMITYJIbC C IPSIMOYTOJIb-
HoO# oru6aroieii, a Ha puc. 3.30, 6 — COOTBETCTBYIOLLAsi STOMY HMIYJbCY KOp-
pesnsitvonHas ¢yHkuus. Cilexyer OTMETHTb, 4YTO 3Ta (YHKIHS He 3aBHCHT OT
Haya/JIbHO# (pa3bl 3amoJIHEHHS! palHOHMIyJbca, a ee orubaroumiasi CoBmajaer C
KOPPeJNALHOHHOH (YHKUMEeH NpsMOYroJbHOrO BHAeoumnyabca (cM. §2.18,
puc. 2.36, o).

I namocTpauuy npumeHeHHs obiiero Bbipaxkenus (3.99) K aMIVIHTYAHO-
YaCTOTHOH MOAYJISUMH HafleM KOpPeNsUHOHHYI0O QYHKUHIO HMIyJbca, H306pa-
XKeHHoro Ha puc. 3.19, a.

[Ipn o6o3naueHnsix ¢opmyabi (3.37) u puc. 3.19 aHaIMTHYECKHH CHIrHa/
sanMiuercss B BHAE

2o (t) = AgeiBt*/2 eivat, T /2 <t < T,/2. (3.104)
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[Mpumensis dopmyast (3.94) u (3.97°), nomayyaem
To/2—T
B, ()= A Re eil@ot +B12/2] @ —l[0o(t+7) +B(t+7)2/2) df. (3.105)
2 —Tc/2

[penenbl UHTErpUPOBaHHSI B3SITBI C YYETOM YCJIOBHS OXHOBPEMEHHOr'O CYIEeCTBO-
BaHusl ¢yukuuit a (f) u a (¢ + 1) (puc. 3.31)

C MoMOLIbI0 HECJIOXKHBIX Npeo6pa3oBaduil Beipaxenue (3.105) npuBoauTCs
K BHLY

A} sin( 572"0 T— 5;2 )cosmot
B, ()= Bt mpu || << —=

> (3.106)
0

npu | 7| >T,/2.
Hcnonb3yst Beenenublit B § 3.7 napamerp m [cm. (3.38)] u yuuThbiBasi, uto
pTE = 20,T, = 2am,

npuBoguM Bbipaxenue (3.106) K Gosee obiemy ’BH,lIy
sin[nm—L ( l-——r- )]
L g T Te
B,(v)= = A3 T, — COSs W, T.

(3.106")
Te
Muoxureab Y,A§T, = B, (0) =

9 paBeH MOJIHOM SHEPrHH PaccMaTpHBae-
MOro paJHOUMITYJbCa (KaK ¥ TIPH UMITyJIbCE C TIOCTOSIHHOM YacTOTOH 3amoJIHeHH s,
cMm. puc. 3.30, 6).

Ba® /3

; L/ IS
W‘”’U" /i

p—
=

|
Puc. 3.32. Koppeasiuuonnas
¢ynxunst JIYM umnyasca \
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Takum oGpasom,

sm[ﬁm(, _f._)
Ba(® By® _ | Te \ T, ]
3.0 5 = p— COS Wy T. (3.107)

Te

I'paguk 310#i QpyHKuMu nocrpoed Ha puc. 3.32 ans napamerpa m = 100
B NPEANOJIOKEHHH, YTO 0,7, OYeHb BeJHKO (MaciuTaG BHIGpaH NPOH3BOJIBHO).
Orubaicmas KoppessiiMOHHOH ¢yHKUMH o6pasyeT BecbMa OCTPHIH MHK (IIpH
m > 1), a yacToTa 3anoJIHeHHs NOCTOSIHHA W paBHa LEHTPAJbHOH YacCTOTe ®,
HCXOZHOrO paJHOHMIyJIbCa.

PaccmorpenHblii 3lech CHTHAM ¢ 6OJbILIOH 6a30i m W €ro KOppessillHOHHAS
(yHKUHSA npeAcTaBJsSIOT GOJBILION NMPaKTHYECKHH HHTepec I/ COBPEMEHHOH pa-
JIMOTEXHUKH.

3.12. TUCKPETHU3ALIMS] Y3KOIIOJIOCHOTO

CUTHAJIA
[Tyctb 3amaH curhan
a ()= A () cosy (t) = A () cos lo,t + 6 (2)], (3.108)

CHEKTP KOTOPOTO 3aKJIOYeH B Y3KOH MOJIOCE YaCTOT OT ®; IO Wy TaK, YTO MOAYJb
CNEKTPaJbHOM IVIOTHOCTH S, (®) HMeeT BHA, MpeACTaBJeHHHIH Ha puc. 3.33, a,
NpHYEM B mpejenax mosockl Aw, CreKTp He 0653aTeNbHO CHMMETPHYEH OTHOCH-
TEJIBHO LEHTPANbHOM YacTOThl ®y = (®; + ®,)/2. lox y3KONOJOCHOCTBIO CHr-
Hana nojipasymeBaeTcsi ycioBue Awy/w, = Af/fo K 1, rae Afy = Awy/2n =
= fy — f; — monoca wacror, I'u.

Ipennonaraercs, uro ¢yukuus A (f) sBasercs npocrefiluedi orubatoue,
T. e. uto A (¢) u ¢ (f) orBevaior cootHowenusiM (3.60) u (3.61).

Ecnv npu aucKpeTH3alHH NOXOGHOrO CHrHajtia HCXOAMTb M3 psa (2.114),
TO HHTEpBaJ MeX1y BbIOOPKaMH AO/KeH ObiTb He Gosiblue yeM 1/2f,, rme fo —
HauBBICLIAs YaCTOTa B CheKTpe curHaja. Heuenecoo6pa3HOCTb TakOro Ioaxona

S

Sg (@) Sq(@)

W, -0, -, 0 ©, @, 6, ®

a) : Awy
|

8 ()

@, (Q)=1/A1,

27,
)

_ 4w, 0 da, Q
1] 2 2

Puc. 3.33. CnekTp Y3KONOJOCHOTO pajfHOCHTHAaMa (@) ¥ KOMIJeKCHOi orubaiolieii 3TOro
curHana (6)
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OYEBHJIHA, TaK KaK MH(POpMallHsi O CHTHaje 3a/loXKeHa He B YacToTy fy (MJIH
f1), a B orubatomyio A (¢) umu B dasy 0 (f), KOTOpble H3MEHSIIOTCSI BO BPEMeHH
MeJIJIeHHO C OTHOCHTE/IbHO HU3KHMH YacCTOTaMH MOAYJsiuuH. YKesnaTeNbHO noO3TO-
My Tak npeoGpa3oBartb BbipaxkeHue (2.114), uto6bl HHTEpBaJbl MEXAY BbIGOpKa-
MU ONpelessiuch (HakTHYECKOH IUHPUHON CNeKTpa, T. e. BeJHYMHOH Af,, a He
BepXHe# 4acTOTOH f,.

Ins sT0ro nepefiieM K aHaJIMTHYECKOMY CHTHaJly, COOTBETCTBYIOWEMY 3a-
NaHHOA GYHKUMH a (f):

2, (f) = A (f) /%t = A (f) e eimnt — A (1) eloot, (3.109)

Tlie KOMIUIeKCHasi oruGaiomasi A(f) = A (¢) e® () npexpcraBasier co6oii HH3KO-
YaCTOTHYIO (PYHKIHIO, CeKTp KOTOpPOoH S, (§2) npuMBIKaeT K HYJ/eBOH 4YacToTe
(puc. 3.33, 6). Pasnoxum koMmnJaekcHylo ¢yHkuuio A(f) = A (f) e/ ®® no op-
TOrOHAJIbHOH CHCTeMe

A= 3 coonll), (3.110)

n= —oo

rie 6GasHcHas ¢yHKuuSt @, (f) onpelensiercss BbipaxenueM (2.!15).
IloacraBuB stor psix B (3.109), noayunm

za(t)=[ i cncp,.(t)Je‘“"‘, (3.111)

nocJsie 4ero UCXogHoe KosieGanue a (f) omperesMM Kak JAeHCTBUTENBHYIO YacTh
dbyHRuHn 2, (£):

0
a=re[ 3 cpn(t)]efmof}- G.112)
n==-—oo

Kak BuauM, 3ajaya AHCKpPETH3alUMH BHICOKOYACTOTHOTO KOJEGaHHsI CBe-
Jlach K 3ajlaye AMCKpeTH3alHH KOMIVIeKCHOH oru6atomeit A(f). Ilpu onpenesne-
HHMH HauGoJbLIErO JOMYCTHMOrO HHTEpBa/ia MeXIy BLIGODKAMH B Pa3/ONKeHHH
(3.110) HeO6XOXMUMO MCXOAHTD H3 HAHBBICLIEH 4AacTOTH B criekTpe GyHKIHH A(f).
U3 onpenesienust @, Kak cpefHeil 4acTOTH B noJioce Aw, OYEBHAHO, YTO 3Ta Ya-
crora, orcyuthiBaemas or Q = 0, paBHa Awy/2 uau B repuax Af,/2. Cnenona-
TeJIbHO, HMHTEPBall MeXJYy BbHIOODKaMHM He JOJKeH NpeBhIlIaTh

At = 1/(2Af,/2) = 1/Af,, (3.113)

a GyHKUMS @, (f) ZO/KHA HMETh BHJ
sin (Awo/2) (£—nAt) — sin nAfy (¢ —nAi)
(Awe/2) (t—nAt) nAfo (t—nAt)
Or ananoruyHo#t ¢QyHKUMH, HCnoab3oBaHHOH B § 2.15, ¢, (f) oriHvaercs
TOJBKO 3aMeHOH ®,, Ha Awy/2. CrnenoBareJbHO, CNEKTpajbHasi MJOTHOCTb

D(Q) dyuxuuu @, (/) pasua 2n/Aw, = 1/Af, B nojoce yacrorT Q| < Awy/2
(puc. 3.32), a cnekrpaJsibHasi IVIOTHOC1b QYHKIMH @, (f)

() = (3.114)

—2 _ e~ind npy |Q\<-—-—-—Amo .

D, (Q)={ Awd/2 Ai (3.115)
0 npu | Q| > -2—" .

Ksanpar Hopmbl GpyHKIHMH @, (f) 10 aHAJIOTHH C BbipaXKEeHHEM, IPUBENEHHBIM
Ha cTp. 60,

Hon| [? = 7/0,5A0, = 1/Af,. (3.116)
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Hanee no ¢opmyne (2.9) c yuerom (3.116)

e S A ()@ (1 dt =/, 5 A0 9 (0 dt. (3.117)
Pn
Hcnoabsys ¢opmyay (2.63), B KoTopoii 3ameHsieM o Ha Q!, nosydaem
A@y/2
cn=Af0—2—:;- 5 $4(Q) @, (—Q) dQ —
—Awy/2
Awy/2
=Afo—2l;t' y Sa(Q) Alt eind® dO) — A (nAf) = A (nAt) e?®isd - (3.118)
0
—Ro,/2

B Boipaxenun (3.118) S, — CIEKTP KOMILIEKCHOM orubatomeit  A(f), a
A (nAt) — ee 3HaueHMe B OTCYETHOH TOuke ! = nAf.

Hrak, koadduuuents psaa (3.110) sBasiorcs BoiGopkamu ¢yHKuuH A(f),
B3AThIMH Yepe3 HHTepBainl Af = 1/Af,.

INoacraBass (3.118) B (3.111), nomyuaem

z ()= 2 A (nAt) @, (f) eiloet+6(nAh)]
u no ¢opmyne (3.112) onpenensem
a(t)= S (nAt) @, (f) cos [0, t + 0 (nAY)] =

P
n== —oo

7,8

- A(nAb) S“;Z;V("t‘:;'g‘) cos [, ¢ - B (nAY)]. (3.119)

n

IMpu 3apanHO# AAHTENBHOCTH cHrHama T, 4MCJI0 OTCYeTHBIX Tovek T'o/At =
= T, Af,, npnqu B KaXJIOH TOuKe lIOJDKHbI 6bITb 3ajaHbl JBa napaMeTpa
A (nAt) u 9 (nAf).

Cnenyer uMeTh B BHIY, YTO NPH HeCHUMMeTPHYHOM (B mosioce Aw,) crektpe
BBeleHHasl B JaHHOM maparpade 4acTota ©, = (®; + ©,)/2 MOXeT He coBnaxaTth
co «cpenHet yactoroii» B Beipaxenuu (3.73). UubiMu croBamH, ¢asa 0 (£) moxer
conmepKaTh cJjaraeMoe, JMHeHHO-3aBHCSIiee OT BPEMEHH.

Ipounmocrpupyem Boipaxkense (3.119) na npumepax koseGaHHS, NPOMOLY-
JHPOBAHHOTO MO aMIIMTYAE HJIH N0 YacToTe.

ITpu AM ucxonum u3 xoneGauus a (f) = A (f) cos w,t, B koropom A (f) —
BelllecTBeHHash (QYHKIMS CO CneKTpoM S, (®), orpaHuuYeHHbIM HaWBhICILEH Ya-
croroit Q,, = 2nF,,. B 3TOM ciyyae LWIHpHHA creKTpa MOLYJIHPOBAaHHOIO KoJle-
6anus a (f) paBHa Af,y = 2F,,, npHYeM B npefesax 3TOH NOJOCHI CHEKTPaJb-
Hasl IJIOTHOCTh S, (®) CHMMETpHUYHA OTHOCHTEJBHO ®,. VHTepBas Mexay BbIGOD-
KaMH B COOTBeTCTBHHM C ¢opmyJoit (3.113) gomxken GbiTh He Gosblie YeM Af =
= 1/Afaq = 1/2F,, T. €. TaKUM Xe, KaK H NP IUCKPETH3aLUH HCXOLHOTO CO-
OOLIeHHsT (MOAYJTHPYIOILErO Hanpmxeﬂnn)

Tak kak ¢asa BBHICOKOYACTOTHOIO 3anoJIHEHHs MPH YHCTO AMIJIMTYAHOH
MOJYJIILIMH MOCTOSIHHA, TO NepelaBaTh ee HeT HeoGxoxuMocTH. OTciofia BhiTeKaeT
OUEBHMJIHBIH De3YJIbTAT: aAMNAUMYOHO-MOOYAUPOBAHHOE KOAeDaHUe 6MnOAHE onpe-
deasemcs 3HaueruAMU C8oux amnaumyd, eé3ameimu 4epe3 urmepeéanr 1/2F ., rie
F . — 6epxnas wacmoma 6 cnekmpe modyaupyrowjeid ‘pynkyuu (T. €. B CIeKTpe
nepesaBaeMoro COOGIIEHHUS).

1 TJocKoabKYy 3jech paccMaTpuBacics CReKTp oruGaiowed,



WHbIMH c/loBaMH, MPH YHCTO aMIVIHTYJHOH MONYJISILMY YHCJIO CTeNeHeH CBO-
6ofibl MOLYJIMPOBAHHOrO KoJieGaHHS TaKoe XKe, KaK H YHCJIO cTereHed CBOGOMIBI
MOy JMpYIOeHd (QyHKLHH.

PaccMotpum Tenepb 4aCTOTHO-MOAYJIHDOBaHHOe KoJeGaHHe

KOrJla MTHOBeHHasi yactorta o (f) = w, + db/dt MoxympoBana TeM e coobuie-
HHEM, UTO U B MpeIbAYLIEM CJyyae, NMPHYEM MaKCHMasbHas NeBHALHS 4aCTOTHI
f BeJIHKa 10 cpaBHEHHUIO ¢ Fr,, TaK YTO WHPHHY Afg, M0JIOCH YaCTOT MORYJIHpO-
BAHHOTO KoJieGaHHsi MOXKHO NPHPaBHATb K 2f, [cM. caywal «mmpokonosocHo#»
4acTOTHOH MonyJsiuuH, (3.34)]. MiHTepBan Mexny BeiGopkaMH JOJIXKeH GbITh B3SIT
At < 1/Afqy = 1/2f,. Tak kak npu UM amniutyna KoneGanus HeH3MeHHa, TO
nepeaBaTh ee HeT Heo6xoaumoctH. CrefloBaTeNbHO, LJIsi OAHO3HAYHOrO MNpe-
CTaBJIEHHs] YaCTOTHO-MOAYJIHPOBAHHOTrO KoJieGaHHsI JOCTaTOYHO 3afaBaTh (hasy
0 (nAt) storo Kosne6anusi B OTCYUETHBIX TOYKAX, OTCTOSIIHX OXHA OT APYroH Ha
Bpemsi At < 1/2f,. Tlpu onHO# M TOH XKe INJIHTENLHOCTH COOOUWieHHsl T, YHCJIO
BbIGOpOK ¢asel npu UM Af,, T, = 2f;T,, a uucao BbIGOPOK oruGaioumieil npu
AM AfauT, = 2F,,T,. Orciona BHAHO, 4TO NpPH OAHHAKOBOM IepefaBaeMOM
COOOLIEHHH (IPH OXHHAKOBOM KOJIH4eCcTBe HH(GOPMALHH) YaCTOTHO-MOLYJIHPOBAH-
HBIl CHrHaJ 06J1aflaeT YHCJIOM cTeneHed CBOGObI B fn/F m = m pa3 60JIbLINM, YeM
aMILTATYIHO-MOAYJIHPOBaHHbIA. DTO SIBJsSIETCST Pe3yJIbTaTOM DPaCLIHPEHHS CleK-
Tpa curHasa npu UM. Ha npueMHO# cTOpOHe KaHaJla CBSI3H IOCJIe YaCTOTHOTO Je-
TeKTHpOBaHHsI MOLYJHUPOBAHHOIO KOJIeGaHHs BbINENSIETCS] HAaNMpPsXKeHHe, KOTO-
poe HMeeT CHEKTp M YHCJO cTemeHed cBOOOABI TaKHe Ke, KaK H HCXOXHOE CO06-
1LleHHe.

M3 npuBenennoro npuMepa cjaefyeT, 4TO NPH OXHON U TOH Ke LIMPHHE CIEK-
Tpa HH(POpMaIMOHHAsl eMKOCTb PaAMOCHTHaJa pas/jiHyHa B 3aBHCHUMOCTH OT BH-
Jla MOAYJISILHH.

Ilpu cMmemanHON MOAYJSUMH — aMIVINTYIHOH M YIJIOBOH — B KaXKIOH
OTCUETHOH TOYKE HYKHO 6paTh JBe BHIOOPKH: aMOJIUTYIbl H (a3bl.

I'maBa 4. OCHOBHDIE XAPAKTEPHUCTUKU
CJ/IYVUAMHDBIX CUTHAJIOB

4.1. OBILIME OITPEJEJIEHHUS

Hudopmauusi, nepenaBaeMasi no KaHaly CBSI3H WJIH H3BJIeKaeMasi B pe3yJbrare
U3MepeHUsi, 3aKJlOueHa B CHTHaJe.

o npuema cooblenust (10 HCMBITAHHS) CHTHAJ CJlelyeT pacCcMaTpUBaTh Kak
CcayyaiiHbli npouecc, NpeACTaBSIOIHE C060H COBOKYMHOCTD (aHCamMG6Jib) GyHKUH
BpeMeHH, TOAYMHSIOMUXCS HEKOTOPOH OOlIel /st HUX CTATHCTHYECKOH 3aKOHO-
MepHOCTH. OnHa M3 3THX QYHKUHMH, CTaBlUasi MOJHOCTBIO H3BECTHOM NocJe npue-
Ma COOOLIeHHsI, Ha3blBaeTCsi peaJJ M3 alu el cayyafiHOro mpouecca. dra
pealM3auusl sBJSIETCS yXKe He CJAyyadHOH, a NeTepMUHUPOBAHHOH ¢yHKuuei
BpeMeHH.

BaxHnoii, HO He HcuyepnblBalOlUled XapaKTEPHCTHKOH CJydYalHOro mpoiecca
AIBJIsieTCsl NMPHUCYUIMH eMy OINHOMEPHBIH 3aKOH pacrnpelesieHHsl BEepOSITHOCTEH.

Ha puc. 4.1 u3o6paxena coBokynHoctb GyHKuHi X; (£), x4 (¢), ..., 06pasyio-
wux cayyaiiubiii npouecc X (f). 3HaueHHs, KOTOpble MOI'YT NPUHHMATh OTAE/b-
Hble (yHKIUH B MOMEHT BpeMeHH ¢ = f;, 06pa3yIOT COBOKYIHOCTb CJYYaiHEIX Be-
JUYHH x; (), x5 (), ...
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z, . BeposiTHOCTB TOrO, YTO BEJIHY H-

z, @) Ha Xj ({,) OpU H3MepeHHH MOmajgaer
'@\ A A B KAKOH-THOO 3aflaHHbli HHTEpBaJ
e I W AR N = gy I()a, xﬁyg ng:;c. 4.1), ompenensercs Bbl-
T, | axeH
N AVAWAY 3
= NS T Y VY P;,(a<x<b)=j p(x; ;) dx.
*

1 -
BTN N S ‘ 4.1
a \

7 A} X, T
Foo s Y N * ®ynkuus p (x; 4,) npeacrasaseT
/ co6oit audpdepeHlHaNbHBIH  3aKOH
o t{\ /\, AL pacnpeliesleHHsl Cy4yaiHHOH BeJHYHHbI
\/' 2o () 2 x (t): p (x; t,) Ha3biBaeTcs OnHOMEp-
HOH TJIOTHOCTBIO BEepPOSATHOCTH, a
Puc. 4.1. CoBokynHocTs ¢yHKumii, o6pasyio- Py, — HHTerpajbHOH BepPOSITHOCTbBIO.
KX cyuafiHHA npouecc dyuxkuust p (x; ;) UMeer CMBICJ

U CJy4YaHHBIX X HempephIBHOTO
THNA, MOTYUIIMX NPMHHMMATh Jl06Oe 3HAaYeHHe B HEKOTOPOM HHTepBaJse. I[Ipu
7mo0oM xapakTepe GYHKUHH p(X; ) - KOJ/IKHO BHINOMHATHCS PaBEHCTBO

*max

([ P(xtyde=1, (4.2)

v
X,

min
TA€ Xmyn M Xmax — FPAHHUBl BO3MOXHBIX 3HayeHHHl x (f;).
Eciu ke x sBnsieTcss cAy4afiHOM BeJMUMHON AMCKPETHOrO THIA H MOXET

NPHHHMATD J1I060e H3 KOHEYHOr'0 YMCJa AUCKPETHBIX 3HayeHHH, To (4.2) caenyer
3aMeHHTb CYMMOH

iZPi =1, 4.2")

TAe P; — BepOSITHOCTb, COOTBETCTBYIOLIASi BEJHYHHE X;.

3ajanne OHOMEPHOI NJIOTHOCTH BEPOSITHOCTH p (X; %) MO3BOMISIET NIPOH3Be-
CTH CTaTHCTHYECKOE yCpeJHEeHHEe KaK CaMOH BEeJHYHHHL X, TaK H JII0G0H QYHKIHH
f (x). Tlox craTHCTHYeCKHM YyCDeAHEHHeM MOIpa3yMeBaeTcsi yCpelHeHHe X [0
MHOXeCTBY (110 aHCaMO6JIi0) B KAKOM-JIHGO «CeueHHH» mpoilecca, T. €. B (HKCHPO-
BaHHBIH MOMEHT BpEeMEHH.

Inst npakTHYECKHX NpPHJIOXEHHH HauGoJbliee 3JHAYCHHE UMEIOT ClIefyloulHe
napaMeTpHl CJlyyaHHOTro mpoiecca:

mamemamudecKoe 0xcuOaxue

o0

my () =M[x (5)] = j xp (x; t) dx; (4.3)
ducnepcus -

D, (&) = M{[x (t)—-m. ()P} (4.4)
cpednee KBadpamu4eckoe OMKAOHEHUe

0. () =<V M {[x (O)—m, (OF} =V D, (0. (4.5)

OnxoMepHasi MJOTHOCTh BEPOSITHOCTH HeAQCTAaTOYHA AJIS MOJHOrO OINHCa-
HHsl npolecca, TaK KaK OHA JAaeT BePOSTHOCTHPE NpelCTaBJIeHHe O CJly4yalHOM
npouecce X (f) TONbKO B OTAe/IbHBE (PHKCHPOBAHHBIE MOMEHTHI BpeMeHH. Bosiee
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NONHOH XapaKTePUCTHKOH siBJIsieTcsl JABYMepHAasi IJIOTHOCTb BepOSITHOCTH!
P (%1, Xg; 1, 1), MO3BOJISIOILAS] YYHTHIBATh CBSA3b 3HAYEHHH X; U X,, MPHHHMae-
MbIX cJay4aiiHOH (yHKLHell B NPOH3BOJBLHO BHIOpaHHbIE MOMEHTHI BpeMeHH f
u I,

HcuepnbiBatoleii BepOSITHOCTHOH XapaKTEeDHUCTHKOH CJayyadHOro mpouecca
SIBJISIETCS] /1-MePHasi IJIOTHOCTh BEPOSITHOCTH NpPH JocraTouHo Gosbwux n. On-
HaKo 60JIbLIOe YHCIO 3a]la4, CBSI3aHHBIX C ONHCaHHEM Cy4yaHHBIX CHTHAJIOB, YAa-
eTcsi peluaTb Ha OCHOBe IBYMEPHOH IJIOTHOCTH BEPOSITHOCTH.

3anaHue ABYMepHOH MJOTHOCTH BEPOSITHOCTH p (X, Xs; #, ;) no3BoJser,
B YaCTHOCTH, ONpEeJe/IUTb BaXKHYIO XapakTepPHCTHKY CcJyd4aifHOro npouecca —
KOBAPUAUUOHHYIO (DYHKYUIO

Ky (b t) = M[x (t;) x (t)]. (4.6)

CorslacHO 3TOMy oOmnpeleJIeHHIO KOBapHallMOHHast OQYHKUMS CIy4aidHOro
npouecca X (f) npeacraBJisieT cOGOH CTaTHCTHYECKH YCPEIHEHHOE IPOHM3BEJCHHe
3HaueHHHl ciaydailHol ¢yHkuuH X (f) B MOMEHTH #; H f,. :

[ns kaxno# peasnu3atiid CJAy4aiHOrO npouecca npousBeleHHe X (fy) x (I,)
sfiBJIsleTcs] HeKOTOphIM uucioM. COBOKYNHOCTb peasu3auuii 06pa3yeT MHOXKeCTBO
clyyaliHBIX YHceJl, pacrnpefie/leHHe KOTOPHIX XapaKTepu3yercs IBYMEpPHOil MJOT-
HOCTBIO BEPOSITHOCTH p (X, Xa; &y, t5). Ilpu 3anannolt yHkumu p (%, xp; ty, t,)
onepauHsi yCpefHEHHS MO MHOXeCTBY OCYLIeCTBJsieTcs no ¢opmyJie

Ke(ty, ty) = j‘ 5 Xy Xg P (X4, Xa; 1y, bg) dx, dx,. 4.7

Ilpu ¢, = ¢, nByMepHas ciyvailiHasi BeJHUHHA XX, BBIPOXKZAeTCH B OLHO-
MepHYI0 BeduuuHy x} = x3. MOXHO NO3TOMY Hamucarhb

Keltnt) = | xtp(n;t)dn =M ). 4.7

Takum o6pasoM, npu HyJIeBOM HHTEpBaJle MEXIY MOMEHTaMH BpeMeHH I
¥ , KOBapHauHOHHasA QYHKLHS onpefiesisieT BeJHYHHY CPEIHEro KBajgpara CJHy-
yafHOro mnpouiecca B MOMeHT { = f,.

Ilpu ananu3e cyyafiHBIX MPOLECCOB YaCTO OCHOBHOI HHTePeC NpeACTaBJseT
ero uyKTyamHoHHas cocraBJasiomas. B Takux ciyuasix npumeHsieTcsi K o p p e-
JSUHUOHHAsA ¢QyHKUUSA

Ry (ti, 1) = M {[x () —m ()] [% (t) —m ()]} (4.8

Hoacrasnsis B (4.7) x () — my (8,) BMECTO X (f,) U X (f;) — m, (;) BMe-
CTO X (f3), MOXHO MOJYYHTb CJeAyiollee BbipaMeHHe:

R, (t, ta) =K (ty, to) —m, (ty) my (Ly).

Ilpu ¢, = ¢, = ¢t Buipaxenue (4.8) B coorserctBuu C (4.4) ompexenser
AucnepcHio cayvaiHoro npouecca D, (f). CnegoBarensho,

Ky (¢, )—m (f) =R, (¢, 1) =D ().

HccnenoBanne ciyyaliHOro npougeca, a Takke BO3NEHCTBHSI €r0 Ha PajiHo-
LenH CyILIeCTBEHHO yNpOLLAeTCsl NPH CTALMOHAPHOCTH MpOLECCa.

1 3xech H B ganbHefleM OZHOM U TOM Xe 6YKBOMH p 0603HAUAIOTCS MJOTHOCTH BepOST-
HOCTH Pa3/IMYHKIX cayyafHuX GyHKuHE. B HekoTOphIX pasgenax, ec/M 3TO HEO6XOAHMO A/
YCTpaHeHHs nyTaHHUb, 6yAyT NPHMEHATbCA HHAEKCH, YTOYHSIONHE NapaMeTp, K KOTODOMY
OTHOCHTCSl JaHHOe pacnpefejeHHe. Hampumep, npu paccMoTpeHHH cJy4YallHOro npoiuecca
x (8) = A () cos 0 (f) 6yxyT npuMeHATLCA 0603HAYEHHS Py (%), P4 (A) 1 pg (0).
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CnyyaiiHblii TPOLIECC Ha3bIBAETCS CTPOTO CTAllHOHAPHBIM, €C/IH er0 MJIOTHOCTh
BEPOSITHOCTH P (X3, X3, ..., Xn; by, &5, ..., £n) TIPOH3BOJILHOI'O MOPSIAKA 7 3aBHCHT
TOJBKO OT HHTEPBAJIOB fy,—1y, {g—1y, ..., £,—1%; U He 3aBHCHT OT NOJIOXKEHHS 3THX
HHTEPBAJOB B 06/1aCTH M3MEHEHHsl apryMeHTa f.

B panuoTeXHHYECKHX MPHJIOKEHHSX TEOPHH CAyYaHHBIX MPOLECCOB yCJIOBHE
CTalMOHAPHOCTH OOBIYHO OrpaHHYHBaeTCs TpeOOBaHHEM He3aBHCHMOCTH OT Bpe-
MeHH TOJIbKO OIHOMEPHOH M JABYMEPHOH IJIOTHOCTEH BEPOSITHOCTH (C/yuaHHbIH
Ipolece, CTallHOHAPHBIA B IIMPOKOM CMbIC/Ie). BbinosHeHHe 3TOro yc/I0BHS 103-
BOJIsie1 CUMTaATh, UTO MaTeMaTHYeCKOe OXKHAaHHe, CPeIHHH KBalpaT H AHCNEPCHS
cIyualHOro Mpoliecca He 3aBHCAT OT BPeMeHH, a KOppessIHOHHAast QyHKIUHSA 3a-
BHCHT HE OT CaMHX MOMEHTOB BpeMeHM #; U f,, a TOJIbKO OT HHTEpPBaJia MEXAY
HUMH T = [, — 1},

CrauuoHapHOCTb MpoLecca B MIMPOKOM CMBIC/IE MOXKHO TPAaKTOBaTh KaK CTa-
IIHOHAPHOCTb B PaMKaX KOPPeNsUHOHHOH TEOPHH (A5 MOMEHTOB He Bblllle BTO-
poro mnopsiiKa).

Takum o6pasoM, /s CJAy4aHHOro mpolecca, CTalHOHAPHOrO B ILIHPOKOM
CMbICJIe, TIpeAblaylliue BbIpaXKeHHsI MOXHO 3anucbiBaTh 6e3 0003HaueHHS (HKCH-
POBaHHBIX MOMEHTOB BpeMeHH. B wyacTHOCTH,

oo

My =M (x)= j xp (x) dx, (4.9)
K, ()=M[x({®)x(+ ), (4.10)
R, (v) =Ky (1)—mz, (4.11)

x =Ky (0)—m: =R, (0) =0;, (4.12)
0, =V K, 0)—m. (4.13)

JanbuHeiiiiee ynpoleHHe aHalM3a CJy4YafHbIX NPOLECCOB NOCTHraercs NpH
HCIOJIb30BaHMH YCJIOBHS 3peoduyHocmu mpouecca. CrauMOHApHBIA ClydadHbIHA
IpOLIecC Ha3bIBAETCST 3PrOAMYECKHM, €CJIH NPH OnpelesleHHH JIOObIX CTaTHCTHYe-
CKHMX XapaKTepHCTHK yCpeJHeHHe M0 MHOXeCTBY peasH3alHid 3KBHBAJEHTHO yC-
PEHEHHIO [0 BpPEMEHH ORHOH TeOpeTHYeCKH GeCKOHEYHO JJIMHHOM peasIM3alHH.

YcaoBue 3proaMyHOCTH CJIyYalHOro mpolecca BKJOYaeT B ce6sl M yC/IOBHe
€ro cTallHOHapHOCTH. B cooTBeTCTBHH C OmpejeneHHeM 3proAHYeCcKoro mnpomecca
cootHouenust (4.10)—(4.13) 5KBHBaNeHTHbI CJIEAYIOUIMM BhIpaXXeHHAM, B KOTO-
pbIX omepauusi yCpeJHEHHs 10 BpeMeHH OGO3HaueHa YepToH:

T/2
;6=;Lﬂ;—;7 5‘ x(f)dt, (4.14)
772
T/2
K, (t)=lim - X X () x(t+)dt, (4.15)
Tooo T %2
R, (1) =K, (1) —(x(1))?, (4.16)
Dy =K. (0)— (x ())* =ot, (4.17)
0. =V K. (0—(x (). (4.18)

Ecnu x () npexncrasiisier co60# 3JIeKTp HUeCKHH CHrHAM (TOK, Hanpﬂmeune)

T0 X () — NOCTOSIHHAS COCTaBJIsiON(asi CJIy YaliHOrO cHrHana, R, (0) = £ () —
CpefHsisl MOWHOCTb (DIyKTyaluH CUrHana [OTHOCHTeNbHO MOCTOSIHHOHM COCTaB-
astioweit x (£)].
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Bripaxenue (4.15) BHellHe coBnajaeT c onpelenendeM (2.131) koppensiuu-
OHHOH (DYHKIMH JeTeDMHHHDOBAaHHOTO CHrHasa (NepHOAHYECKOro).
Yacto npuMeHsieTct HOPM U DOBaHH a i KOppessHOHHAs (YyHKUHS

r+(t) =R, (v)/Dy =[K, (t)— (x)*1/Dx. (4.19)

Oyukuun K, (1), Ry (t) Hr, (¥) XapakTepu3ylOT CBf3b (KOPPessLHIO)
MeX]y 3HaUEHHsMH X (f), pa3ieJIeHHbIMH NIPOMEXXYTKOM T. UeM Mel/ieHHee, NJ1aB-
Hee H3MeHsIeTCsl BO BpeMeHH x (£), Tem 6OJblile MPOMEXYTOK T, B npeleaax Ko-
TOPOro Ha6JIIOfaeTCsi CTATHCTHYECKasi CBA3b MeX1y MIHOBEHHbIMH 3HaueHHsIMH
cJyyahiHOH (YHKUHH.

[Ipu 3KcnepHMeHTaJbHOM HCCJEIOBAHHH CJy4YaHHBIX MPOLECCOB HCMOJb3Y-
IOTCSI BPEMEHHEIe KOppEJSIMOHHbIE XapaKTepHCTHKH mnpouecca (4.15)—(4.19),
NOCKOJIbKY, KaK MPaBHJIO, SKCNIEPHMEHTATOPy HAOCTYNHO HaGiofeHHe ONHOH pe-
a/M3alMy CHrHaJja, a He MHOXeCTBa ero peasnu3auuii. HMiHTerpupoBanne BbINOJ-
HSIeTCsI, eCTECTBEHHO, He B GECKOHEUHLIX IpefleilaX, a Ha KOHEYHOM HHTepBaJse
T, AJIMHA KOTOPOro AOJIXKHA GbITh TeM 60Jbllie, YeM Bbilile TpeGOBaHHE K TOUHOCTH
pesyJIbTaTOB H3MepeHHS.

4.2. BUbI CJIYYAMHDBIX ITPOLIECCOB. [TPUMEPHI

INpumeHeHHe o6uIMX onpeneseHHH, NMPHBEJEHHbIX B NMpelblaylleM naparpa-
(e, HIMIOCTPHPYETCS HHXKe Ha HECKOJbKHX XapaKTepHbIX CJydYafHBIX Npolec-
cax.

Hapsiny ¢ o6o3nauennem cayuaiiHoro npouecca cumBosoM X (£) 6yzer mpu-
MEHSITbCSl B TOM JKe CMbICJe oGo3HaueHHe x (f), MOX KOTOpPBLIM MOApa3yMeBaeTcs
cayyafiHas ¢pyHKuUMs BpeMeHH. Kak H paHee, x; (f) 0603HauaeT k-10 peaJiH3allHIO
cayvyailHol ¢yHKUHuM x (f).

1. TAPMOHHYECKOE KOJIEBAHHE CO CJIYYAMHOM
AMIVVIMTY 1OH

[lycteb B BblpaXkeHHH, ONpENEJSIOLEM CHIHAJ
x (f) = A cos (wgt + 0y) = A cos VP (2), (4.20)

YyacToTa @, H Hauya/abHas (asa 0, SABJASIOTCS NeTePMHHHPOBAHHBIMH H IOCTOSIH-
HbIMH BeJIMYHHaMH, a amnuatyaa A — ciyvaiiHasi, paBHOBEPOSITHAsi B HHTEpBa-
Je oT 0 10 Apyax Bennunua (puc. 4.2).

Halizem onHOMepHYIO MJIOTHOCTH BEPOSITHOCTH p (X; iy) ANsi (PHKCHPOBAHHO-
ro MOMeHTa BpeMeHH f;. MrHoBeHHOe 3HauyeHHe X (f;) MOXKeT GEHIThb JIIOObIM B HH-

TepBajie or 0 10 Amax cOsVP (%), npuuem GyAeM cuutaTh, 4T0 cOS Y (f;) = 0.
CrnenoBaresbHo,

p (xy tl) = l/Alnax cos "P (tl)’ 0 <x<< Amax cos Y (tl)-

Puc. 4.2. Cosokynnocts rapmo-
HUYeCKHX KoneGanuit co ciyuaii-
HOH aMmIMTynOH
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1/Amoaz C0S Sb(tf)

&

0

Amazcosg @)

Puc. 4.3. I1noTHOCTD BEpPOSITHOCTH rapMo-

Ipaduxk ¢yukuuu p (x; t;) Aas
(UKCHPOBaHHOrO 3HauyeHHs f, NpeACTaB-
JeH Ha pue. 4.3.

MaremaTuyeckoe OXHAaHHe

1

Mix () =——y <

Amaxcosq)(t,)

1
HHYECKOTO KoneGaHHA co cayuafmofi amm- X xdx =— Apax COS Y ().
JAHTYLOH P 2
Hanee,
4max°°5‘¢(t:)

M2 ()] = ‘

A oreaniry 2 = .L 2 2
Amax cos ‘!I) (t]) X dx 3 Amax Cos \p (tl)‘

Hakonen, aucnepcus

D, (t)= M [ (t)] —[M [x ()] =—;7- Ahax cos? P (1) —

'_"_;— Ay’ﬁax COS"lP(tl)’-:-ll—2 A:lax COSz‘llJ(fl). (4.21)

PaccmaTtpuBaeMbiit cyyalHbIH TpOLECC HecrmayuoHapHoi u  HeIpeodude-
cKull.

2. TAPMOHHMYECKOE KOJIEBAHHE CO CJIVYAFMIHOM ®A30M

Ilycte aMnJauTyAa M 4acTOTa rapMOHHYECKOTO CHrHalla 3apaHee JNOCTOBep-
HO M3BECTHbI, a HauaJbHasi ¢a3a 0 — cayyaiinas Be/MYHHA, KOTOpasi C OAHHA-
KOBOH BEepOSITHOCTbIO MOXKeT NMPHUHUMAaTh JioGoe 3HaueHHe B HHTepBaje OT —
A0 7. DTO 03HAyaeT, YTO MJIOTHOCTb BepOSITHOCTH HayaJbHOH (asbl

31 pe (0) = 1/2n, —n <O<m. (4.22)

AN _ /.
\/ 0 \/ gt

/N /N
NV NS

Onny HM3 peanusanuii cayyafHOro
npouecca x (f), obpasyemoro COBOKYyII-
HOCTBIO TapMOHHMYECKHX KOJeGaHHH cO
cayyaiiHbIMH (pazamu (pHc. 4.4), MOX-
HO OmpeAeJIHTb BbIpa)KeHHeM

X () = cos (Wof + 0) =

Ag
1

N
.

Ty - .
//\\ /»\\ = COS Yy (t). (4 23)
<7 N\ 77 KN /@:t INonuas ¢a3a kKosebanus ¢ (f) =
N <7 = oyl + 0 aABnsercs cayyaiHOH BesH-
Z, YHHOM, paBHOBEPOSITHOH B HHTEpBalje
/\m /T\ /\ 0T Wt — 7 10 Wyt + n. Crenosartesib-

\/ 0 \/ ”ﬂt HO,
py ($) =1/2n, @t —n<p<<
Puc. 4.4. CoBOKYNHOCTb  rapMOHHYECKHX

< @t 4. (4.29)

KosneGaHuii co cayuyaiHHMu dasamu
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Puc. 4.5. K onpenenennio miotHocTs Bepo-  Puc. 4.6. IlnoTHocT BepOATHOCTH rap-
ATHOCTH TrapMOHHYECKOro KoJeGaHHsi CO  MOHHYECKOro KoJjieGamHs €O ciyualHoOR
cayyaiiHoit ¢asoh ¢da3oi

HaiiieM oIHOMEpPHYIO MJIOTHOCTb BEPOATHOCTH P, (X) C/y4yadHOro mnpouec-
ca X (f). BoigesuM uuTepBasn X, x + dx (puc. 4.5) u onpejiesuM BepOSITHOCTD TO-
ro, YTO IIPH H3MePEHHH, NPOBEJEHHOM B NPOMEXKYTKe BPeMeHH OT £ 10 # + df,
MCHOBEHHOE 3HAUeHHe CHIHaJa OKaMeTcsi B HHTepBaJe X, x + dx. 3Ty Beposrt-
HOCTb MOXXHO 3anHcaThb B BHJE p. (X) dx, rle p, (X) — HCKOMas IWIOTHOCTb Be-
posiTHOCTH. OueBHIHO, 4TO BEPOSITHOCTb p. (X) dx cOBnajaer C BEPOSITHOCTHIO
nonajanus cayyaiiHoil ¢asbl KoJeO6aHUH P B OIHH H3 ABYX 3aLITPHXOBAHHBIX Ha

puc. 4.5 pa30Bbix HHTEPBaJOB. JTa NOC/EAHSS BEPOATHOCTb PaBHA 2py (P) dy.
CahenoBaTeJIbHO,

P (x) dx =2py () d = (2/2m) dp,
OTKyla HcKomasi ¢yHkumus'
1

[
dy

=[sinp|=1T-—cos’p =V 1 - «*.

dx

dyp
Takum o6pa3om, OKOHYATENBHO

pr() =1V 1T—x, ——1<x<l. (4.25)

Ipapuk srtoit yHKUMH H300paxkeH Ha pHc. 4.6.
CylecTBeHHO, YTO OAHOMEpHasl IJIOTHOCTb BEPOSITHOCTH HE 3aBHCHT OT Bbl-
6opa MOMeHTa BpeMeHH £, a CpejiHee N0 MHOXecTBY (cMm. (2.271.7) B [28])

1 i

1 X
Mxt]=§x_,xdx=——5——-—:dx=0 4.26
[x () _‘p() < ) Ve (4.26)
coBnaaaetr Co CpeAHUM MO BPEMEHH
| T/2 | T/2
xO=lim— [ x@dt=lim— 52cos(m0t+9)dt= 0.
—T/2 -7/

(310 cnpaBensinBO /14 JIOGOH peasiH3alliH PacCMaTPHBAEMOro CJyYadHOro npo-
lecca.)

1 AGcoaloTHOE 3HaYeHHe MPOM3BOAHOI GepeTcsl Ha TOM OCHOBAHH H, YTO MJIOTHOCTb Be-
POATHOCTH sBJsIeTCH HEOTPHUATENbHOR BeNHUMHOM.

115



Koppe/issiuuoHHYI0 GyHKUHIO! B JaHHOM CJyuyae MOXHO MOJYYHTb YyCpelHe-
HHeM npousBefeHust x (f;) x (f;) no MHOXecTBy 6e3 oOpallleHHs K JBYMEpHOW
NJOTHOCTH BepOSTHOCTH lcM. ofiee BeipaxeHue (4.8)1. Toacrasass B (4.8)

x (t) x (t,) = cos (Wot; + 6) cos (welfy + 0) = 1/, {cos 0, (f; — 1) +
+ cos [w, (8, + £,) + 261}

a TakXe YUHTBIBasi, YTO IlepBOe cJlaraemoe COs w, (f, — f;) sBJAeTCS
JAETePMHHHPOBAHHOM BEJHYHHOH, a BTOpOe CJaraeMoe nNPH CTaTHCTHYECKOM
CPelHeHHH C TOMOUIBIO OJHOMEPHOH IUIOTHOCTH BePOATHOCTH pp (0) = 1/2n
cM. (4.22)] obpamiaercss B HyJb, NOJy4aeM

Ry (t, 1) = M lx (t) x (t;)] = ¥/, cos wer. 4.27)

Takoil ke pe3ysnbTaT NOJyYaeTcsi M INPH YCPeAHEHHH NPOH3BEleHHS
Xp () x, (¢ + 7) no BpemeHH AJs JIOGOH peanu3alMH mnpouecca.

He3aBucumocTb cpeliHero 3HaueHHs OT f, U KOPPeJsLHOHHOH QYHKUHH OT
NOJIOXKEHHS HUHTepBata T = f, — f; Ha OCH BpeMeHH NO3BOJIsieT CYHTATh paccMa-
TPHUBaeMbli npouecc CTalioHapHbiM. CoBnajeHHe e pe3yJbTaTOB YCpPeIHEeHHs
10 MHOXKECTBY U BpeMeHH (RJs1 JII060H peasu3aluH) yKa3biBaeT Ha 3PrOAHYHOCTD
npouiecca. AHaJOTHYHBIM O6Pa30M HETPYAHO NOKa3aTh, YTO FapMOHHYECKOe KO-
Jebauye €O cAayyaHOH aMIIMTYIOH M cayvaiHoH (asoii oOpasyeT CTalHOHap-
HbIH, HO He 3proiuyecknii mpouecc (pas/HuHble peajH3allMd 006J1aflalOT HEONH-
HaKOBOH Aucnepcueft).

3. TAYCCOBCKHWH CJIYYAVIHDBIN TPOLIECC

HopMmanbhbiii (rayccoBCKHH) 3aKOH pacnpefesleHHsi CJOy4YaHHbiX BeJHYHH
yalue ApyrHx BCTpeuaercst B npupose. HopManbHbifl mpouecc 0COGEHHO Xapakre-
peH AJia noMex KanaJa cBsizd. OH oueHb yj06GeH A1 aHaju3a. [losatomy cayuaii-
HBble Tpolecchl, pacrnpejesieHHe KOTOPbIX He CJHIIKOM CHJIbHO OTJIHYaeTcs OT
HOPMaJIbHOTO, YacTO 3aMeHSIOT rayccoBcKHM mpoueccom. OLHOMepHast nJaoT-
HOCTb BEPOSITHOCTH HOPMaJIbHOrO IpoLecca onpeiesisieTcsi BblparkeHHeM

1 (x—my)?
X) = ——exp| — —=—1. 4.28
P = exp| US| (428

B nannoMm naparpage paccmaTpHBaeTCsl CTallMOHAPHbIH H 3PrOJHYECKHH ra-
yccoBckuii npouecc. [ToatroMy noa m, H 63 MOXHO nojgpasymMeBaTh COOTBETCTBEH-
HO NOCTOSIHHYIO COCTaBJISIIOLLYIO H CPeJIHIOI0 MOIHOCTD (JyKTYalHOHHOH cocTaB-
Jsiomell OfHOH (ZOCTaTOYHO AJIMTENbHOH) peasnH3allMM CJAYy4yaHOro nporecca.

I'paduku nJIOTHOCTH BEepOSITHOCTH NMPH HOPMaJIbHOM 3aKOHe IJIsl HEeKOTOPbIX
3HaYeHHil 0, U306pasKeHbl Ha pUc. 4.7. DyHKuUMs p (X¥) CHMMETPHYHA OTHOCHTEIb-
HO cpefiHero 3Hauenusi. UeM GoJblie 0,, TeM MeHbille MAKCHMYM, a KpHBas CTa-
HOBHTCS 6oJiee 1OJIOrO# [nJomanb MO KPUBO# p (X) paBHA eIHHHLE NPH JIOOGbIX
3HAUEHHAX O ).

Ilupokoe pacnpocTpaHeHHe HOPMaJbHOIO 3aKOHA pacrnpeiesieHHs! B NPHPO-
Jie oObsACHSIeTCS TeM, YTO NPH CYMMHPOBAHHH AOCTaTOYHO OGOJIBILIOTO YMCJa He-
3aBHCHMBIX HJIM €J1aG0 3aBHCHMBIX CJy4aHHbIX BeJIMYHH pacrpefieleHHe CyMMbl
6/1M3KO K HOPMaJIbHOMY IpH JIIOOOM pacrnpeliesieHHH OTAeJbHbIX CllaraeMbix.

1o nosoxkeHue, cpopmyJHpoBatnoe B 1901 r. A. M. JIanyHOBBIM, NOJTYYHJIO
H a3BaHHE YEeHMPAAbHOU npedesbHol meopembl.

HarnsaueiMH ¢H3HueCKHMH NpHMepaMH CJy4aHHOrO mpoluecca ¢ HOpMaJlb-
HbIM 33KOHOM pacrnipefie/ieHHs ABJSIOTCS IIYMbl, 0GYCJIOBJIEHHbIE TENJOBbIM JBH-

! KoBapnauuonHasi pyHKUHSI PacCMaTPHBAaeMOro NpOLECcca COBMajaeT C KOPpPessiuH-
oHHOM ¢yHKuueid, Tak kKak M [x ()] = 0.
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Puc. 4.7. OnHoMepHast NJOTHOCTb Be-
POSITHOCTH HOPMAJIbHOTO  pacnpenee- 26z
HHUSI
63 \
a
Puc. 4.8. Cnyyaiinbie (QYHKIHH C OOH-
HaKOBBIM pacnpejejieHHeM (HOpMaJb- -Cx
HBIM), HO C PA3JHYHEIMH YaCTOTHBIMH i
CreKTpaMH ~2@z|

(]

JKeHHeM CBOOOAHBIX 3JIEKTPOHOB B NPOBOAHHKAX 3/JIEKTPHYECKOH LENH HJH APO-
60BbIM 3(peKTOM B 3/MeKTPOHHBIX npubopax (cm. § 7.3). He Tosbko wiymbr 1 n1o-
MeXH, HO U NOJIe3Hble CHI'HAJIbI, SBJISIIOUIUECS CyMMOIi GOJIBIIOrO YHCAa He3aBHCH-
MBIX ClyYa#HbIX 3JI€MEHTAapPHbIX CHTHAJIOB, HanpHMep rapMOHHYeCKHX KoJjeba-
HHiT cO cay4aiHO#H (a3ol MaM aMHJIUTYAOH, YaCTO MOXKHO TPAKTOBaTh KakK rayc-
COBCKHMe CJIyyalHble MPOLECCHI.

Ha ocHoBe ¢yHKUHMH p (X) MOXKHO HAHTH OTHOCHTEJIbHOE BpeMsi npeGblBa-
HHMSA CHrHaja x (f) B onpeleJeHHOM MHTepBaJe YPOBHeH, OTHOILIEHHe MaKCHMaJb
HbIX 3HayeHHH K CpeJHEKBaJpaTH4eCKOMY (MMK(PaKTOp) H PAN APYTHX BaXKHBIX
AJi MPAKTHKH NapameTpoB c/y4yaHHoro curiaja. IloscHuM 3to Ha mphMmepe ol-
HOH M3 peasiM3alluil rayCCOBCKOro mpouecca, H300paXkeHHOH Ha puc. 4.8, a nas
m, = 0. dra (yHKUHS BPeMeHH COOTBETCTBYET LIYMOBOH IOMeXe, 3HEpreTH-
YeCKHH CHeKTP KOTOPOH NpOCTHPaeTcst OT HYJeBOH YacCTOThI JO HEKOTOPOH rpa-
HHYHOH 4acToThl. BeposiTHOCTb npeCbiBaHHsI 3Ha4YeHHs! x (f) B HHTepBaJe OT d
no b onpenensiercsi BblpaxenueM (4.1). TloacraBass B 310 BhipakeHue (4.28),
npu m, = 0 nosyyaem

b b
1 —x2/202 _r —x2/202
P(a<x<b ':=——:_—Se rdx = Ye *dx —
) Von oy J VQJ' Oy ¢
a b/o, a/o,
_ _1_ S‘e—ﬂ/zoidx___: _ S e—¥/2dy l_ j‘ e—*/2 dy=
Vano, Von Ven
0 0 0
—o (L)-0(<) (4.29
\ Ox Ox
DyHKuMUA
O ) =—=[e=rrdy (4.30)
2n 9

HasblBaeTcs HHTErpaJoM BepoOsTHOCTe#H B Maremaruyeckux
CNPAaBOYHHKAX NPHBORATCS TabJHLbl 3TOH (QYHKIUHH.
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Ta6anna 4.1

BeposiTHOCTL NpeBuBaHua BeposTHOCTb npeGuiBaHus
HHrepBan anavuennit B UHTepBaJe BHe WHTepBaJsia
(—0x. Oy) 2.0,3413 = 0,6826 ~0,317
(—20,, 204) 2.0,4772 = 0,9544 ~0,046
(—30,, 30y) 2.0,49865 = 0,9973 ~0,003
Moacrasus B (4.29) b/o, == 1, 2, 3 U COOTBETCTBEHHO a/0, = —I1, —2,

u —3, HETPYLHO HaUTH BePOSTHOCTH npebbiBaHHA X () B HOJOCAX IUHPHHOH 20 ,,
40, u 60,, CUMMETPHUHbIX OTHOCHTEJIBHO OCH [.
B paccmarpuBaeMoM uacTHOM cayuae (la| = b) ¢opmyay (4.29) MoxHO yn-
POCTHTb Ha OCHOBAaHHH CHMMeTPHH (PYyHKIIHH OTHOCHTEJIbHO OCH OPAHHAT (pHC. 4.7).
Takum o6pa3om,

b/ox
1 b
—9 j e—s1/24 =2¢(__>.
Vi ™

PeayabraThl Boluuc/eHH# cBelleHbl B Ta6a. 4.1. B mocnennedi rpage npuse-
AeHbl BeJIMYHHBI, paBHble | — 2P (b/o,). U3 3roit Taﬁ}inuu caeflyeT, 94TO IWUIHPHHY
HIyMOBOH JOpOXKH (puC. 4.8, @) HOpMaJbHOrO lIyMa MOXHO NpPHPABHATDH'
(4 ... 5) 0. Ecau npunumath BO BHMMaHHe NUKH QyHKUHH x (f), BEPOATHOCTb
KOTOpHIX He MeHee | %, TO muK(daKTOp LyMa (OTHOLUEHHE NMHKA K O ,) MOXKHO Olie-
HUTb 3HayeHHeM ~3. HanoMHuM, 4TO AJ1s rapMOHHYECKOrO KoJieGaHUA MHK(]aK-

TOp paBen } 2.

OtHolleHHe BpeMeHH npeCbiBaHHA X (£) B 3alaHHOM HHTepBaJe K 06LieMY
BpeMeHH Ha6JiofleHHs (HOCTaTOYHO GoJbiioMy AJis 3¢xpeKTHBHOTO yCpeIHeHHs)
MOXKHO TPAaKTOBaTh KaK BepOATHOCTb MOMajaHus x (f) B yKasaHHBIH HHTepBaJ.
Ha tako#i TpakTOBKe OCHOBaH MPHHLHIN MOCTPOEHHS pPa3JIMYHBIX MPHGOPOB, HC-
NoJib3yeMbiX IJIsi 3KCIIePHMEHTAJbHOrO HaXOXIeHHS OJHOMEpHOH NJIOTHOCTH Be-
POSITHOCTH CJIy4alHOro mnpouecca.

MoxHo oTMeTHTb, YTO npHBeJeHHble Bbillle JaHHble O pacnpelejeHHH Be-
pOATHOCTEeH He JalOT HHKAaKHX NpeACTaBJeHHH O noBeleHHH (QyHkuHH x (f) BO
Bpemenn. Ha puc. 4.8, 6 nokasaHa peaMsaums rayccoBLKOro npouecca co Cnek-
TPOM, COCDENIOTOYEHHBIM B Y3KOA MOJIOCE YacCTOT C LEeHTPaNbHOH YacToTOH ®,.
[To cBoeit nJIOTHOCTH BePOSITHOCTH p (X) M, CJENOBATEJIbHO, MO 3HAYEHHUSM M
H O, 3TOT NPOLECC He OTJIHYaeTcs OT HH3KOYAaCTOTHOrO, MOKAa3aHHOTO Ha
pHc. 4.8, a.

Jlns onucaHus BpeMeHHBIX XapaKTePHCTHK (QyHKUHH X (f) HEOGXOLHMO MpHu-
BJleyb JBYMEPHYIO NJIOTHOCTb BePOSAITHOCTH, MO3BOJISIOILYIO HAHTH KOBaPHAIHOH-
HYIO (YHKUHIO lem. (4.7)1. pyroi cnoco6 — HaxoxaeHHe CneKTpa MOLIHOCTH
cayvaiiHoro mpouecca. OH paccmaTpuBaercs B caenyiowem mnaparpade.

P(—b<x<b)

4.3. CTIEKTPAJIbHAS IIVIOTHOCTb MOIITHOCTH
CJIYUYAVIHOT'O ITPOLIECCA

[Tonpa3yMeBas nox ciydailHbIM MPOLECCOM MHOXKECTBO (aHCaM6Jib) QYHKUHMH
BPeMeHH, HeOOXOIHMO HMeTb B BHLY, YTO YHKIHAM, HMEIOLHUM pa3jHuyHyio ¢op-
MY, COOTBETCTBYIOT Da3/IHUHble CMeKTpaJjibHble XapaKTepHCTHKH. YcpelHeHHe
KOMIJIEKCHOH CNEeKTPaJbHOH MJIOTHOCTH, BBelleHHOH B § 2.6 nmau 2.1, mo Bcem
(QYHKUMAM NPHBOAMT K HYJeBOMY criekTpy mpouecca (npu M [x (£)] = 0) us-3a
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cy4a#HOCTH M He3aBHCHMOCTH (a3 CleKTpPaJsIbHBIX COCTaBJSIOUHX B Pa3IHYHBIX
peanmsauusx. MoxHo, OAHAKO, BBECTH NOHSITHE CNEKTPaJbHOH IJIOTHOCTH Cpel-
Hero Kpajpara C1y4yalHHOH (PyHKLHH, MOCKOJbKY 3HaueHHe CpelHero KBajAparta
He 3aBHCHT OT COOTHOILUeHHsl (a3 CyMMHpyeMbiX rapMoHHK. Ecnu mox cayuaii-
HO# (yHKuHel x (f) nogpasymeBaeTcsl 3JEeKTPHUYECKOe HaNpsikeHHe HJH TOK, TO
CpPeIHHH KBaJpaT 3TOH (QYHKLHH MOXHO pacCMaTpPHBAaTh KaK CpeNHIO MO-
HOCTb, BblfleisieMylo B compoTHBJeHHH | OM. 3ra MOWHOCTb pacnpelenieHa Mo
4acToTaM B HEKOTODOH moJioce, 3aBHCAIIEH OT MexaHH3Ma o6pa30BaHHSA Cayuvail-
Horo npouecca. CrniekTpaJ/ibHasi MJIOTHOCTb CpellHell MOLIHOCTH NpPeACTaBJsieT CO-
6001 cpenHIOI MOLIHOCTb, mpuxoasumylocs Ha | I'm npu 3agaHHO# yacToTe ©.
Pasmeprocth ¢yHkunu W (w), sBJAsIOUEHCS OTHOLIEHHEM MOLIHOCTH K moJoce
4 acToT, eCcTb

(W (x)] = [M] =[MomHocTb X Bpems| = [dueprusl.
[Monoca wacror

CnieKTpasIbHYIO MJIOTHOCTb CJAYY4aHHOrO NpOLEcca MOXKHO HalTH, eC]AH H3-
BeCTeH MeXaHH3M 06Gpa3oBaHHMsl CaydaiHOro mpouecca. I[IpuMeHHTeNbHO K 1Iy-
MaM, CBSI3aHHBIM C aTOMHCTHUECKOH CTPYKTYpOH MaTepHH M 3JIeKTPHYECTBa,
3Ta 3ajaya Gyjer paccMoTpeHa B § 7.3. 31ech Xe Mbl OrPaHHUYHMCST HECKOJIbKHMH
onpelieJIeHHSAMH OOIIEro XapakxTepa.

Bbinenus us ancaM61si Kakylo-H60 peajiH3aluio X, (f) ¥ OrpaHHYHUB ee IJIH-
TeJIbHOCTb KOHEUHBIM HHTEPBaJoM 7', MOXHO NPHMEHHTb K Hell 0ObIYHOE Mpeos-
pasoBaHHe Pypbe ¥ HaHTH CHEKTPANbHYIO IOTHOCTh X7 (w). Toraa snepruio
paccMaTpHBaeMOro OTpe3Ka peasin3allid MOXHO BBbIYHCJIMTH C NMOMOLLbIO GopMYy-
ael (2.66):

T/2

= | dr@dr=— [ Xar(o)do. (31)

—T/2

PasgenuB 3ty snepruto Ha T, NOJyYHM CPEJHIOI0 MOLUIHOCTh R-i peasnu3aunu
Ha orpeske T

I 21X 2
xzr(t)————;; j -L-"’T(L”dm. (4.32)

— 00

INpu yBenuuenun T sneprus J,r BoO3pacTaer, oOHAKO oTHouleHHe 7 /T
CTPEMHTCSI K HekoTopoMy npefenay. COBepLIHB npefenbHbiil nepexox T — oo,
THI0JTy YHM

0 X 2
2n T—o00

dw = y W, (0) do,
2n

rae

W, (w) =lim ‘

1
T—>00

Xpr (0) lz
LIl 4,
7 (4.33)

NpeACTaBasieT COGOH CeKmpasbHyO NAOMHOCMb CpeOHell MOugHOCMY PacCMaTpH-
BaeMoH k-l peasusauuu.

B obuem cayuae seanynna W, (0) 10/KHA GBITH yCpeNHEHA 110 MHOXKECTBY
peanusauuii. OrpanuyxBasicb B 1aHHOM C/y4Yae PacCMOTPEHHeM CTallHOHapHOTO
¥ 3ProauMyeckoro npouecca, MOXHO CUHTaTb, YTO HaHJeHHas YCpeIHEHHeM IO
ONHO#H peasn3auud ¢pynkuus W, (») Xxapaktepusyer Bech npouecc B uesom. Ony-
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CKasl HHIEKC k, 1ojyyaeM OKOHYaTeJIbHOe BBbIpaXieHHe ISl CPelHEH MOLIHOCTH
CJly4yalHOrO Iporecca

) = —— 5 W, (0) do,

2n
rae
X 2
W, (@)= lim 22 (4.34)
T~>oc0 T

Ecan paccmaTpHBaercst crydyaiHbI NPOLECC C HEHYJIEBHIM CPEHHM 3Haue-
HHeM X (), TO CNEeKTPa/NbHYIO MJIOTHOCTb CEAyeT NpeACTaBHTh B opme

W (@) =(x @) 208 (0) + W _(o), (4.35)

rae W_. (0) — cnyiowHas 4acTh CIeKTpa, COOTBETCTBYIOUIAf (PJAYKTYalHOHHOM
cocraBasiomeit x, a § (0) — geabra-pynkuus.

Ilpu uHTerpHpOBaHHH 1O f = ®/27 mepBoe ciaraeMoe B NPaBOii 4aCTH Aaer
(x ())?, T. e. MOWHOCTL MOCTOSHHOM COCTABJISIOWEH, a BTOPOE — MOMIHOCTD
GAYKTYaUHOHHOH COCTaBJSIOUIEH, T. €. AHCNEPCHIO

1C .

2 __ 2 7 —g? .
Di=— 5” W (o) do =02 (4.36)
Ias npouecca C HyJEBHIM CPeJHHM
xz(t)e:Dx:—;—n j W, (0) do = S W, (2nf) df, (4.37)

M3 onpenenennst cnekrpanbHOH nAoTHOCTH (4.33) oueBuano, uyto W . ()
SBJISleTC YETHOH H HEOTPHLATENbHOH OQYHKUHEH .

4.4. COOTHOWEHHME ME)XY CIEKTPAJIbHON
IJIOTHOCTbIO U KOBAPMALIMOHHON ®YHKUHEN
CJ/IYUAVTHOT O ITPOLIECCA

C onnoii cTOpoHbI, CKOPOCTb H3MeHeHHS X (f) BO BpeMeHH onpefeJsieT IHPH-
Hy cnektpa. C Apyroii CTOpOHBI, CKOPOCTb H3MeHeHHsl X (f) ompegesisieT X0 KO-
BapHaUHOHHOH ¢yHKUuH. OueBHaHO, uto Mexay W, (0) H K, (T) umeercs Tec-
Hasl CBf3b.

Teopema Bunepa — XununHa yTtBepxkiaer, uto K, (t) 1 W, (w) cBs3aHbl
MeXAy co6oii npeo6Gpa3oBaHHsiMH Dypbe:

W, (0) = 5.'0 K, (v)e—iotdr, (4.38)

Kx(r)=2Ln 5 W, (0) e do. (4.39)
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Puc. 49. Ilupokomonocuuifi u
Y3KOMOJIOCHBI CHEKTPH  CJayuaii- !
HOro mpouecca (mpuMepst 1, 2, , V

3); rpaHHIBI LEHTPAAbHOH MOJO- /
col +F) /
7

Jaist caiyuadiublX MPOLECCOB C HVJIEBBIM CPEAHMM AHAJOTHYHBIE BhIPaXKEeHHS
HMEIOT BHJ

W, (0)= j:o R, (t) e—ivovdx, (4.38")

Rx(t)=—21; y W, (0) el do. (4.39)

M3 stux BbIpaxkeHH# BbITeKaeT CBONCTBO, aHAJIOTHYHOE CBOKCTBaM npeoGpa-
30BaHHH Dypbe, YCTAHOBIEHHBIM B IVI. 2 IS HETePMHHHPOBAHHBIX CHIHAJIOB:
Hem wupe CneKmp CAy4aiiHo20 npoYecca, Mmem MeHbule UHMepeas KOppeasyuu, u
COOMBEMCMBEHHO HeMm BOAbLIEe UHMEPBAA KOPPEAYUL, MEM Ylce CNeKmp npoyecca.

Bosbuiofi untepec mpelcraBasier GeJblii [IyM, KOTAa CNEKTP paBHOMEPEH
Ha BceX YacToTax —oo << @ << 0o.

Ecnu B BhIpaxenue (4.39) noacraButs W, (0) = W, = const, To noayuum
[em. (2.93)]

Ru®) =Wy 5 § et do=W,8(2), (4.40)

rae 8 (t) — menbra-QpyHKUHS.

I Gesoro myma ¢ 6eCKOHEYHbIM H PaBHOMEDHBIM CHEKTPOM KOP PeJISIHOH-
Has QYHKLUHS paBHa HYJIO AJsi BCeX 3HayeHHH T, KpoMe T = (, PH KOTOPOM
R . (0) obpamaercs B GeckoHeYHOCTh. [TONOGHBIA IUyM, UMEIOM[HI HrOJbYATYIO
CTPYKTYpPY € GECKOHEYHO TOHKHMH CJYy4aHHbIMH BHIODOCAMH, HHOrJa Ha3blBalOT
NeJIbTa-KOppeJHpoBaHHbIM npoueccoM. Hucnepcusi Gesoro wyma GeCKOHEYHO
BeJIHKa.

IlosicuuM npuMeHeHHe NPUBEAEHHBIX BbIlle COOTHOLIGHMH HAa MNpHMepax.

1. Tlyctb 3amaHhbi crefyioliue napaMeTpbl HANpsiXKeHHs! [1yMa (rayCcCOBCKUH
CTallHOHAPHBIH Mpouecc ¢ HYJEBHIM CPEAHHM): CpellHeKBajpaTHyecKoe 3HaueHHe
Uy = 2 B u sneprernueckuii cnekrp W (2nf), paBHOMepHBIH B noJOCe YacTOT
OoT —f; Jo f; (cnowinas Jauuus Ha puc. 4.9), mpu f; = 10 MIu.

IIym ¢ mopo6HbIM crieKTpoM OGBIYHO HA3bIBAIOT LIHPOKOMOJIOCHEIM. B paH-
HOM cJyuae

Wi 2nf) =ud/2f;, =(2)%/2-107 =2.10-7 B%/T'n.
Koppessinuonnasi (yHkuus paccMarpusaeMoro npouecca [em. (4.39)]

©y

1 1 ¢
Ry(t) =7%— 5‘ Wl(m)e"““dng; _s‘ W, () cos ot do =

2n
—Wy —W1
1 2sino;t sinw; T sinw; T
=2.10-7— ——— _-92.10—7 —qg?
2-10-7 > =2-10-72f, - ot ot (4.41)
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Jucnepcus myma
D, =ul=R,(0) =4B2.

Hopmuposannasi koppensiuHoHHas ¢yHkuus (puc. 4.10, a)
ry (1) =R, (1)/0% =sinw, T/0; 1. (4.42)

2. BrlpexkeM H3 creKTpa HCXOIHOro Iyma moJocy ot f = —F; no f = Fy,
06Go3HaueHHYI0 Ha puc. 4.9 WTPHUXOBKOH, M HaliaeM R, (t), 7y (t) 1 D,, coor-
BETCTBYIOLIME 3TOMY OTPaHHYEHHOMY IO MOJIOCE LIYMY.

IMpu F, = 2 MIu

D, =2F, W, (0) =2-2.108.2.10-7 =0,8B?,

sinQ,; v sinQ;, 7

R2(t)=2'l0‘7'2F1 QIT =0,8 Ql't ’
ry (t) =R, (1)/03 = (sin Q, 1)/, t.

CyxeHHe cHeKTpa MpPHBEJNO K pacTskeHHIO rpaduka r, (T) o ocH T (pHc.
4.10, a). HnrepBan koppeasiuuu yseawuusicsi B fi/F; = 5 pas.

3. HafizeM aHasoruynble XapakTeDHCTHKH IJIsl lUyMa, CIeKTP KOTOpOrQ
06o3naueH Ha puc. 4.9 nBoiHo# wrpuxoskoil. OT npeabIAyLEero 3TOT cayyad OT-
JIMYAeTCsl MOJOKEHHEM CIEKTPANbHON MoJockl Ha ocd yactoT. Illym ¢ nono6ubiM
CEKTPOM HAa3bIBAIOT Y3KOMOJOCHBIM (MpH Q,/wy & 1).

Hucnepcus sroro wyma Dg, OYeBHAHO, He oTJaHYaercs OT D,.

Koppensinuonnas ¢yHkuus

—(0e—81/2) (’)o+§21/2
Rs (v) =5~ W, (o) et do +—5— W, (©) eioT do =
2 —(0g+£:/2) ' 2 Wo—Q4/2
1 @o+-R4/2
=" 5. W, (0) cos ot do =
19
0e—R:/2
—92.10-7 - [Si" (@04 21/2) T sin (00—04/2) 1:] _
t T T
o 1 . QT _ sin Q,7/2
=2.10 7?.2 sin 2‘ cos ®,T = 2-10 7.2F1Wcoswor. (4.43)

Puc. 4.10. HopMupoBanHas Kop-
peasnuoHHas GYHKUMA cayyai-
HOro mpoiiecca co CneKTpoM, paB-
HOMepHBIM B TOJIOCe:
a) 0] S o 1 |o] S Q; 6) o—
—Q2 < |o] € 0+0,/2
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HopmuposanHast koppessiuHoHHas (yHK-
uusa (puc 4.10, 6)
sin (2, ©/2)
Qv/2
Oru6arowmas pyHKUuH rg (t) (LUTPUXO-
Basi JIMHHA) no ¢QopMe momxoGHa orubaro-
We# QyHKUHH 7, (T), ONHAKO 3Ta QYHKLUHUS
HMeeT BJABOe OOJbLIYIO NPOTSXKEHHOCTD.
BricokouacToTHOe 3amosiHeHHe (QYHKUHH
rs (T) HMeeT YaCTOTY ®,, PaBHYIO LIEHTpaJb-
HOH yacToTe cmekTpa yma (cM. puc. 4.9).  Puc. 4.11. TipaMepHuift BHA peannsaunu
Tpaduk HOPMHpOBaHHOH KOppens- ciyyafiHoro mpouecca, KoppesisiuHOHHas

" Y GYyHKUHS KOTOporo  NOKasaHa Ha
UHOHHOH  (YHKUMM, TMOKa3aHHBIA HAa ppe. 4.10,6 (MacwTabu mo ocaM f u T

puc. 4.10, 6, mo3BOJSiET COCTaBHTb Mpel-  pasHue)

CTaBJICHHE O XapakTepe IIYMOBOIO KO-

Je6aHus C y3KOMOJOCHBIM CneKTPoM. OCUMJIAUMH KOPPENAUHOHHOH (yHKLHH
C 4aCTOTOH ®, YKa3biBalOT Ha TO, YTO H MTHOBEHHOE 3HaueHHe LIYMOBOro KoJe-
GaHHs M3MeHsSeTCS B cpednem C 4acTOTOH ®,. HamomHuM, 4yTo KoppeasinpoHHas
OyHKUMS TapMOHHYECKOTo KoJeGaHHSl SBJISETCS TaKKe rapMOHMYECKOH (yHK-
uMei ToH Xe yacrorhl (cM. § 2.18). HMameHenne e orubarouieit KoppeasiiuOHHOMH

sinQ,7/2
,1/2
KosieGaHHsl, ABJSIOMIANACA CIy4afHOH BeJIHYHHOH, H3MeHSeTCs BO BPeMeHH OTHO-
CHTeJIbHO MeJJIeHHO, NMOJO6HO (PYHKLHH BPeMEHH, CIIeKTP KOTOPOH OrpaHHYeH
HauBbiCLIeH YacToToii ;. [IpuMepHbIN BHA 1IYMOBOrO KoJieGaHHusl, COOTBETCTBYIO-
1ero KoppeasiiHoHHOH ¢yHkuuH (4.44), npeacrasieH Ha puc. 4.11 (B H3MeHeH-
HOM MacluiTabe BpeMeHH).

Hrak, mwymoBoe KoJeGaHHe C y3KOMNOJIOCHLIM CNIEKTPOM CJeLYeT NpeAcTaB-
JIATh BHICOKOUACTOTHBIM KoJieGaHHeM C MeJJIEHHO (IO CpaBHEHHIO C YacTOTOH o)
M3MEHSIIOIMMHCA aMIVIMTYAOoA H (¢asoil:

rg(t) = COS ©,T. (4.44)

QYHKIUMH 1O 3aKGHY yKashiBaeT Ha TO, YTO OruGalollas LyMOBOIO

x (tj = U (?) cos [wof + 0 (9)], (4.45)

rle ®, — LEHTPaJbHas YaCTOTa CHeKTpa LiyMa.

Cnepyer noa4epKHYThb, YTO BCe INapaMerphl 3TOro KoJjeGaHHs: aMIVIHTYAA,
¢a3a H 4acTora — SBJAIOTCS CJAy4YaHHbBIMH QYHKUHSMH BpeMeHH. CraTHCTHYe-
CKHe XapaKTepHCTHKH 3THX NapaMeTpoB paccMmarpuBaiorcs B § 4.6.

4.5. BBAMMHAS KOPPEJ/IILIMOHHAS ®YHKUH S
" B3AMMHAS CTIEKTPAJIbHAS ITJIOTHOCTD
ABYX CJIYYANHBIX ITPOLIECCOB

B naHHOM naparpage paccMaTpPHBAIOTCS CTaLHOHAPHLIE NPOUECCH C HYyJie-

BbIM CPEJHHM, TI03TOMY CBSI3b MeXAy npotieccaMu x (f) u y (f) oueHuBaercs ¢ no-
MOILBIO B3aUMHOH KoppeaayuonHoll (GyHKUMH, ompeaessieMOM BblpaXKeHHSAMH!

Rey@=Mx@®)y (¢ +7) Ryx () =M [y (@) x(t+)l. (4.46)

! MoapasymepaeTca, 4TO He TOALKO CaMH Tpouecchl X (£) H y (£), HO H CBA3H MEXIY
HHMH CTalHOHAapHBI.
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Kpome Toro, uMelorcsi B BHAY 3ProfuyecKHe NpPOLECCH], I03TOMY BMECTO
(4.46) MOXKHO NpHMEHSTb BpeMeHHOe yCpelHeHHe:

T/2
ny('c)=x(t)y(t+'r)=lrim—;, [ xoye+va, (4.47)
> 1 _T/o
o
Ry () =Y O x(+ ) =lim 7 [ voxe+va. (4.48)
> —T/2

Kak u anst nerepMHHHpPOBaHHBIX KOJeGaHUH, B3aUMHasi KOppesisilUOHHAas
GyHKIMA He M3MeHsieTCsl, ec/d CABHT Ha T OfHOH u3 ¢yHkuui x (f) wau y (f)
3aMeHHTb CABUIOM B OOpaTHOM HanpaBJ/eHHH Apyroi ¢gyukuuu. [1o3ToMmy MOXHO
HanucaTh CaefyiollHe paBeHCTBa:

Ry M =xO)yt+7)=x(t—7)y (), (4.49)
Ryx(M) =y @) x(t—m)=y(t—7) x(®) (4.50)

M3 nocnenHux BbIpaXKeHHH BBITEKAIOT CJEYIOU[HE COOTHOLIEHHS] MEXIY
R4y (t) 1 Ry, (1), aHajornynble BhipaxenusM (2.135) u (2.135%):

Ruy (1) = Ry (—1)s Ry (T) =Ray (—7). (4.51)

Coornouenusi (4.49)—(4.51) He caenyer CMeIUHBATH C YCJIOBHSIMH YETHOCTH
oynkuui. Kaxnas us pysxkuuit R,y (t) 1 Ry, (T) He oﬁﬂsaTeJleo 4YeTHa OTHO-
cutenbHo T (cMm. §2.18).

B urore Koppeasinus MeXxAy 3HAYEHHUSMU QYHKIHH X (t) u y (f) B 1Ba pas-
JIMYHBIX MOMEHTa BpeMeHH, pa3ieJleHHbIX HHTEPBAJIOM T, 3aaeTcst KOp peJIsiHOH-
HOH MaTpHLeH

Rix(t) Ry (T)]
R(7) = , 4.52
@ [Ryx () ‘ Ryy (v) ( )

rae R,y (t) ¥ Ry, (1) — KOppensuHOHHble (YHKIMH COOTBETCTBEHHO IIpOLEec-
coB x(f) u y (f).

[Tycrs, Hanpumep, paccMaTpHBaeTCsi CyMMa IBYX 3PrOAHYECKHX MPOLECCOB
x ({) uy (f) c nysieBbIMH cpenHuMH (¥ = y = Q) u Tpebyercst onpeAeJHTb Koppe-
JSUHUOHAYI0 QYHKIMIO CydaiiHoro npomecca s (f) = x (f) + y (¢) (mpu ycnoBum,
YTO B34UMHBle KOPpeJsSUHOHHble (DYHKIUMH CTallHOHADHBI).

Hcnonbays dopmyay (4.16) u yuutbiBast paBenctsa (4.47), (4.48), nonyuaem

Ri(M)=s@st+0)=lx®)+yOlxt+1)+y (t+0]=
=x@Ox@C+)+xOyE+)+yOx -+ +y@Oyt+1=

=Ry (V) + Ry (7) + Ry (V) + Ry (7). (4.53)
an =0 Rxx (O) =0'§ H Ryy (0) =olzl’ a ny (O) =Ryx (0)
CiieioBaresbHO,

Dy =R,(0)=D,+Dy+Ryy (0)+ Ry (0) =D, + Dy +2R,, (0).  (4.53)

Ecnu npoueccot x (f) u ¥ (£) cTaTHCTHYECKH He3aBHCHMBI, TO AUCIIEPCHS (cpel-
HAS MOWHOCTb) cymMbl 6yner Dy =D, + D

B npoTHBHOM C/lyuae B 3aBHCHMOCTH OT 3HaKa R, (0) MOUHOCTb mpouec-
ca s (f) MoxeT GbiTb GOJbLLIE HJIH MeHblile CyMMbI aucniepcuit D, u D .

Has pasnoctu s (f) = x (f) — y (f) nonyyaercsi BblpaXkeHHe, aHAJIOTHYHOE
(4.53). Heo6xoxuMo nuib 3HaK NUmOC nepel YieHOM 2R ., 3aMeHHTb MHHYCOM.
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[Mpu HesaBHCHMOCTH npoueccos ¥ (£) H y (f) nucnepcHs npouecca s (¢), Kak H nNpH
CYMMHPOBaHHUH, 6yler

D,=D,+D,. (4.54)

Tpumennm tenepb K R, (1) cootHomenne Bunepa — Xunuuna (4.38):
W,(0) = § Riv)e—ovdt =W, (0)+ W, (©) + Wey (©) + Wy (@). (4.55)

B 3TOM BBIpaXKEHHH
L)

Woy @)= § Ry@e—ordr, Wya (@)= § Rye(r)e=iordr (4.56)

HMEIOT CMBIC]T B3aHMHBIX CMIEKTPaJIbHBIX IJIOTHOCTeH C/yYaiHBIX npoueccoB x (f)
u y ().

B oramune or cnekrpanbHbiX nuotHocredt W (0) man W, (@), xortopble
SIBASIOTCS ReACTBHTENbHBIMH QYHKUHSAMH © H He MOT'YT NPUHUMATh OTPHILATEe/b-
Hble 3HayeHMsl, B3aWMHble CneKTpajbHble maoTHoctH W, (w) 1 W, (®) Mo-
TYT GBITh KOMIIIEKCHBIMH QYHKIHSAMH. JTO CBA3aHO C TeM, 4TO GYHKUHH R .y (T)
H R, (t) He 00s3aTesbHO yeTHble OTHOCHTeBHO T. [Toxcranoska B' (4.56) coor-
HoweHHus: (4.51) NpPHBOAZHT K paBEeHCTBY

ny ((’)) = W;x ((1)),

(4.57)
OTKyAa CJIeXyeT, 4TO
Wy (0) + W, (0) = 2Re [W,y (@)] = 2Re [W ()], (4.58)
Takum o6pasoM, BepaxkeHue (4.55) MoXHO 3anucaTh B popme
W, (@) =W, (0)+ W, (0)+2Re[W,, (0)]. (4.59)

210 BhIpaXKeHHe MNOSICHSAET (U3HYECKHH CMBICA B3aHMHOH CNEKTPaNbHOH MJIOT-
HoctH W ., (0). Ecoin ciiyvaiinble npouecchl x (¢) 1 y (f) cTaTHCTHYECKH He3aBHCH-
Mbl, TO W,y (0) = O u cnektp cymmHl s (f) = x (f) + y (f) paBeH cymMe crnek-
tpoB W, (0) 1 W, (®) H, clenoBaTeJbHO, MOIHOCTh mpouecca s (f) paBHa Cym-
Me MomHocreli npoueccoB x (£) u y (f).

Ecnn peiicTBUTENbHAS YaCTh B3aHMHOH CIEKTPaJIbHOH INJIOTHOCTH MOJIOMKH-
teabHa, 10 W, (0) > W, (0) + W, (®) H, clenoBaTeqbHO, KOPPENSLHs MeX-
Ry NpoLecCcaMH NPHBOXHT K BO3PACTAHHIO CPeHeH MOLIHOCTH CYMMapHOro mpo-
necca (03 > o} + 0}). OueBHAHO, YTO NPH OTPHLATENbHOH AEHCTBHTEJBHOH
yactd W, (@) cpeaHss MOMIHOCTb CyMMapHOro npouecca MeHbiue, ueMD . + D .

Ecmu D, = D, + D, To npouecch x (f) 4 y (f) ABAAIOTCA HE3aBUCHMBIMH,
aJJIMTHBHBIMH (CM. §2.1§).

NpaKkTHKe Yacro BCTPeYaeTcsl CJaydad CyMMHpOBaHHS npouecca x (f)
¢ npoueccoM Kx (t — T), T. e. ¢ TeM e IPOLECCOM, 3afiep>KaHHBIM Ha Bpemsi T
U ycuneHHbiIM B K pas (puc. 4.12).

CocraBuM matpuuy (4.52) mas npoueccoB x (f) u y = Kx (¢t — T). B o6o-

3HayeHHsx (4.52) nosydaeM

Ry ("7) =R, (v);

Ry(@=x®)y t+7)=Kx@)x(¢—T +7)=KR, (v—T),
Rys()=y@)x(t+7)=Kx(¢—T)x(t+7) =KR, (x+T),
Ry(m=R,()=y @)y ¢ +7)=Kx(t—T)x(¢t—T +71)=K’R, (v
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Puc. 4.12. K onpeneneHH0 KOpPpeISUHOHHOM
GYHKIHH CYMMBl ABYX CJy4YailHHX NPOLeECCOB
C OIMHAKOBHIMH JHEPreTHYECKHMH CHEKTPaMH

2(%)

ke (t=T)

Takum o6pa3oM, KOppeasilMOHHAs MaTpuLla mnpoueccoB x () uy (f) =
=Kx (t — T) npuHuMaeT BUJ

KR, (v+T) K*R.(v)

Haiinem tenepb koppensiuuoHHy10 ¢yHKIHMIO npouecca s (£) = x (¢) + y (f)
Ha Bbixofe cymmaTopa (puc. 4.12). [ToncraBus B (4.53) s/emeHTh MaTpuubl R (1),
NOJyYHM

R, (1) =R, (1) + KRx (t—T) + KRy (v +T) + K?Ry (1).
[MpupaBuuBasi T = 0, HaXOAMM AHCIEPCHIO mpolecca

Dy=D,+ KRx(-—T)+ KR, (T)+ K?Dy =(1 +K*) Dy + 2KR: (T) =
=Dq[1 +K*+2Kr (T)],

rae ry (T) = R, (T)/D , — HOpMHPOBaHHAdsl KOppeJsilHOHHAs QYHKUHSA npo-
uecca x (¢) (HanomuuM, yTo B AaHHOM npumepe M [x (£)] = 0).

[Ipu 3amene cymMMaTopa BBIYMTAIOIHM YCTPOHCTBOM 3HAaK ILIIOC Nepei cJa-
raembiM 2Kr, (T) no/xkeH ObiTh 3aMeHEH MHHYCOM.

Ecau 3anepxkka T 3HauuTeJbHO GOsbllie HHTepBaja KOPpeJsilHH Mpolec-
ca x(t), uro r, (T) >0 u D, =D, (1 + K?.

4.6. Y3KOITOJIOCHBIH CJIYYAVIHBIN ITPOILIECC

Kparkoe onucanue CBOHCTB rayccoBCKOro luyMa, copMHPOBaHHOroO H3 Ge-
JIOTO IyMa Bbipe3aHHeM OTHOCHTEJIbHO Y3KOH MOJIOCHl 4acToT, OblJIO AaHo B § 4.4.
Tam orMeuasioch, yTO KaXkjasi U3 peatu3ainuii NOXOGHOTrO cayyaiHOro npouecca
MMeeT BHI IIOYTH FapMOHHYECKOrO K OJieGaHHs

x ()= A (t) cos [wot + 08 ()] = A (¢) cos ¥ (#), (4.60)

BCe mapameTphl, KoToporo — oru6aiomas A (f),-¢asa 0 (f) 1 yacrora @ (f) —
AIBJISIIOTCH  CNAYYalHBIMH MeJJIEHHO MeHSIIOMMHCS (QYHKUMSIMH BPEMEHH.

I[Npu npexcraBaeHuH wyMa B ¢opMe (4.60) npeanonaraercs, yto orubarouias
A (f) orBeuaeT COOTHOLIEHHIO

A=V #O+50 » (4.81)

rae y (f) — dyHkuus, conpsikeHHas no 'unp6epTy HCXOAHOH QYHKUHH X (f),
a o, BbIGpaHa TaKUM 06pa3oM, uTo (a3a O (f) He COLEpPIKHT caraeMoro, JHHeHHO-
3aBHCsLLEro ot .

B sToM eMbicjie HET passH4Ms MeXAY CAydalHBIM M JeTepPMHHHPOBAaHHBIM
npoueccamu (cm. § 3.9). lonosHuTenbHO 3TOT BONpoc paccMarpHBaercs B § 4.7.

JanpHefilee paccMOTpeHHe OCHOBAaHO Ha JAONMYILEHHH, YTO CHEeKTPajbHas
NJIOTHOCTD 1IyMa X () CKOHUEHTPHPOBaHA B y3KOH NO CPaBHEHHIO C BEJTHYMHOH
o, moJioce, npuyeM GpyHkiHs W, (0) B yKazaHHO#H noJioce CHMMETPHYHA OTHOCH-
TeJIbHO TOYKH ¢ (puc. 4.13, a).

PaccMOTpuM cTalHOHapHBIN 3ProAHYecKH#i Npouecc ¢ HOpMaJbHEIM 3aKOHOM
pacnpenelieHH BeposiTHOCTeH. 31ech HEOOXONHMO MOAYEPKHYTb, UTO YKasaHHOe
pacnpeliefieHHe XapakTefH3yer ¢H3uueckoe KoJeGaHue x (f), T. €. MIHOBEHHOe
3HaueHHe KoseGaHusl (B /000N MOMeHT BpeMenH #). [lapamerphl xke KoJeGaHus:
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A (), 0 () u o () = dp/dt — obnanalor 3aKOHaMH pacnpejieieHHs!, CyLIeCTBeH -
HO OTJIHYAIOIIMMHKCS OT HOpMasbHOro'. JIJisi NMOJIHOrO ONHCAaHHsI CBOHCTB y3KO-
NOJIOCHOTO Tpouecca TpeGyercs 3HaHHe 3aKOHOB pacrpejie/leHHsl, a TaKxke KOp-
PEeNSIUHOHHBIX (QYHKLUMH BCeX NapaMeTpoB KOJaeGaHHf.

1. OTHBAIOLIASA

[peacTaBuM BBICOKOUACTOTHOe KoJle6aHHe X (f), onpelensieMoe BhIpaXkeHHeM
(4.60), B Bume ABYX KBaJpaTypHBIX KoJeGaHMii:

x () = A (t) cos 0 (¢) cos ot — A (f) sin 0 (f) sin wyt = A, (£) cos wot —

— A, (?) sin @,t. (4.60)
3mech, Kak H B § 3.5,
A, ) =A (t)cos 6, A, (t), = A (t) sin 6 (4.62)

NPEeACTaBASIOT CO60M aMMJHTYAB COOTBETCTBEHHO KOCHMHYCHOH M CHHYCHOH cCO-
CTaBJSAIOIHUX KoJseGauus x (f), mpuueM

A=V AT+ AL (), 6 () =arctg A,/A.. (4.63)

JInsi OTHICKAHHA NJIOTHOCTEH BEPOSITHOCTH pa (A) H pe (0) Tpebyercs 3Ha-
HHe COOTBETCTBYIOWHX MJOTHOCTeH p (A;) H p(A,), a Takxke COBMeCTHOH NJOT-
HOCTH BeposiTHOCTH p (Aq, A,

[TnotHoctu p (A,) 4 p (Agy) MOXKHO ONpeNeNHTb, COMOCTABHB CIYYaHHYIO
dynkunio A, () lumu A (f)] ¢ dyskumed x (f):

x () = A (D) cos [oot + 6 ()], A, () = A (t) cos 6 (2).

Orauune A, (f) or x (f) 3ak/IOYaeTcsi B HCKJIOUEHHH CJaraeMoro o,f us
apryMenTa Kocunyca. Kak H JJisi AeTepMHHHPOBAHHOrO KoJie6aHHsl, 3TO O3Haya-
€T CABHMT CIeKTpa KaXAOH H3 peajH3auMi CyyaHHOro npoliecca Ha BeJHYHHY
©, (B HanpaBJieHHH K HyJIEBOH 4aCTOTe Npu COXPAHEHUU CMPYKMYypbL CneKmpa).
[pu 3TOM cOXpaHsieTcss M 3aKOH paCnpefesieHHs cayyaiiHoil QyHKuuH x (f).
[TostoMy, ecau npouecc x (f) rayccoBCKHH, TO M npouecc A, (f) rayccoBcKHit
(06a mpouecca C HyJEBBIM CPeJHHM).

Crnextp Wy, (Q) (puc. 4.13, 6) cayuaitnoit ¢pyHkuuu A, (f) MOXKHO moJy-
YMTh H3 CNeKTPa QYyHKUMH X (f) CABHTOM Ha ©, JIEBOTO JlelecTka H Ha — o, npa-
BOro Jenectka cnekrpa W, (o) (puc. 4.13).

B pesyabrare nosyyaercs CHEKTp

WAO (Q) = 2Wx ((1)0 + Q)a (4.64)
Wy )
il =N
| L -
-@, w0, @
9
Puc. 4.13. Cnekrpsi: Wi (R)=2W, (@, +R)

Q) Y3KONOJIOCHOrOo mpouecca ¢ LeH-
TPaJbHOR YacCTOTON @y, 6) KOCHHYC-
HOH  cocraBJisioutet KOMNJIEKCHOM
oruGarooureht 0

oy

1 3t0 BHITeKaeT M3 HeJHHeNHON 3aBHcUMOCTH MapaMetpoB A, O H @ OT X H ¥.
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rpynnupymolmuitics B6JM3H HyJaeBoi uactorsl. Koadpduumenr 2 yuuteBaer’
CJIOXKeHHe MOIIHOCTeH, NPHUXOASIUHXCS Ha oba Jenectka W, ().

Ananoruunble pacCykJeHHsI HCIOJIb3yeM IJisi caydaiiHoro mpouecca Ay (f)
H ero cnekrpa

Wa, (@) =2V (00 +Q).

U3 storo BbipaxeHusi H puc. 4.13 BeITeKaer, 4TO NJIOMAAb NOX KPHBOH
W (0) (B IBYX JenecTKax) cOBNajaeT C MJIoWazbio noa kpusoit Wy (Q) (1
W4, (@)]. CrenosarenbHO, IHCTIEDCHH CJyYailHbX QyHKUHH A, (), Ag (O
U x () OnMHAKOBBL: 0%y = O = O%.

[pu yuere nepBoro BhipaxkeHHsi (4.63), H3 KOTOPOro BhITEKaeT PaBEHCTBO
A? () = A? (t) + A? (f), npuXOIAMM K cleiylollleMy BhIpaXKeHHIO JJISl CpelHe-
ro kKBajgparta oruGaiomleli (H3-3a HEKOppPeJHPOBAHHOCTH KBaJApaTyp):

(A%y =A*(t)= Da,+Da =2D, =20;. (4.65)

Hrak, onHOMepHble MJIOTHOCTH BEPOSITHOCTH CJIydYaiHbX GyHKuuit A, (f)
u A; (!) MOXHO Onpele/UTh BhIpaXKEHHSIMH

p(Ac)=-—'——exp(— A¢ )
V 2n o,

2
20x

p(As)=V.'_ eXp( A ) (4.66)

M 0y 20%

Kpome Toro, B3aumHas koppeasiuusi Mexny ¢yskuusmu Ay () n Ag (9)
paBHa HyJmo npu T = 0. JleficTBHTe/IbHO, BO3BOAs BEIpaxeHue (4.60') B kBazpar
H YCpPeIHsii 1O MHOXECTBY, IIOJyYaeM

Mx ()] =MI[A; (t) cosw,t — A, (f) sinw, {]* = M | A2 (¢)] cos? vyt +
+ M [A2 (£)] sin? 0ot — 2M [ A, (¢) A (t)] sinwgy £ cos @y £.

Ho neBass wacte 3Toro BblpaxeHusi paBHa R, (0) =D,, Kpome TOrO,
MIAT ) = MIA3 )] =Dx= Ry, 0), a MIA, ) A, ()] = Rya.a, (0
SIBJISieTCsl B3aHMHOH KODpPeJISIMOHHOH (yHKUMeH cayyalHBIX npoueccoB A, (Z)
u Ag (¢) npu v = 0. CliefioBaTesIbHO, MpPefbIAylilee PaBeHCTBO NPHBOLHTCS K BULY

Ry (0)=Ra, (0) —Ra,a,(0) sin 20, t =0%— Ra, 4, (0)sin 20, ¢, (4.67)

H3 KOTOPOro BhITeKaeT, 40 Ry 4. (0) = O [mockosbky npoueccsl x (¢) u A, (@)

CTalMOHapHBI, paBeHCTBO (4.67) NO/KHO BHIMOJHATHCS B JIIOO0H MOMEHT BpeMe-
Hul.
Hrak, A, (!) u A, (f), OTCUHTEIBaeMble B OXHH H TOT XK€ MOMEHT BpeMeHH, —
CTaTHCTHYeCKH He3aBHCHMble BeJHUYHMHBbI?. [103TOMY COBMECTHYIO NJIOTHOCTH Be-
positHocth  p (A,, A) MOXHO oOnpeleNuTh BbIpaXKeHHEM

— A2 A
P Ay A) =p (A9 p(A) = ’2ap( A )=
21'[0’,\: 20x
A2
- 203 exp (—— 20% ) (4.68)

1 B cayuae aeTepMHHHPOBaHHOTro AM xoJie6anus (puc. 3.9) npu nepexojie oT crnexTpa
Sq (0) x cnextpy S, (®) YABaHBaeTCS CNEKTPaJbHas IVIOTHOCTh HANpAKEHHS (nau TOKA),

YTO MPHBOAHT K YYeTBEPEHHIO CNEKTPaJbHOH IUIOTHOCTH 3HEDPT'HH, NPONOPLHOHAJIbLHOM
S2 (0). B nanHOM cayyae MOWHOCTB cayyafiHOTO mpollecca BCEro JIHIbL yJBaHBaeTCs H3-3a

HEKOTePEHTHOTO CYMMHDOBaHHs CHeKTPOB OT 06onx JenecTkoB Wy ().
2 310 moJIOXKeHHe BLITEKaeT TaKke H3 cooTHowleHHs (4.65), mokxasniBalomero, 4TO
cpenHuit KBajpaT orubaloweii A (¢), 1. e. D 4 , ABJAAETCH aJIHTHBHOH CYMMOH CcpejHHX KBa-

patoB ¢yukunit A, () u Aa(t).
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As
‘ dA
ID'AU
N |
W [
|
¢ |
4 Ac’
Puc. 4.14. K onpezenennio aByMepHoft Puc. 4.15. K onpesenenuio aBymepHoft
IVIOTHOCTH BEPOSITHOCTH KBaAPaTYPHHX cO- MJIOTHOCTH BEPOSITHOCTeA MOAYAS H apry-
CTAaBJSIOUIMX KOMIIEKCHOH  oruGaioei MeHTa KoMIuIeKCHo# oru6aouiei

Y3KOMNOJIOCHOI'O Mpoliecca

BeposTHOCTb TOrO, 4TO KOHell BeKTopa A (f) JIeXXHT B 3/1eMEHTapHOM NPsAMO-
yronbiuke dA dA, (puc. 4.14), paBHa NpOH3BeleHHIO BepOATHOCTeH NpeGhiBa-
Hus A, B unrepBane dA, u A, B uHTepBane dA,:

A?

0%

p(Ay)dAcp(A,)dA, = om0

: exp (—— )dAc dA,.

[Ipn nepexoze OT MpsIMOYroJILHHIX KOOPAHHAT K MOJISIPHBIM ILIOU[aAb 3a-
IITPHXOBAHHOrO Ha puc. 4.15 sneMenta 6yner Ad0dA, a BeposiTHOCTL npeGhiBa-
1 2

HHSl KOHUA BEKTOPa B 3TOM 3/IeMEHTe PaBHA j—; eXp (— 5 ) Ad6dA.
X X
M3 storo Bblpaxenusi cjaepyer, YTO ABYMepHasi MJIOTHOCTb BEPOSITHOCTH
A A2
A0 —- ex ( — ) 4.69
P4, 0) = 2n02 p\ 252 (4.69)

Hurerpupys no nepemenHoit 0, nojydyaeM OXHOMEDPHYIO MJIOTHOCTb BEPOSIT-
HOCTH

£ 4

pa(d)=§ p(a,0)do =

—%

A A2
2 exp('—%} ) 0<A< o0, (4.70)

(1)

OG6ocHOBaHHe NpejesiOB HHTErpasa NPHBOAUTCS B CAEAyIOLUlEM NMyHKTe AaH-
HOro maparpada. '

Pacnpenesienne oru6aiouieil, XapakTepH3yeMoe INJIOTHOCTBIO BEPOSITHOCTH
(4.70), HasbiBgercss pacnpepeseHnem Posaes (puc. 4.16). Makcu-
MaJlbHOe 3HaueHHe PYHKUuH py (A) noayvaer¢s npu A = o¢,. ITo 03Hayaer, Y10
A = 0, sBJsieTC HaHBePOATHEMIUHM 3HaueHHeM oruGaioulei.

CpenHee ke 3HaueHue (MaTeMaTHYeCKOe OXKHMAaHHe) orubaloiei

r »
MIAl={ Apa(4)dA = el
0 Gy I
Lo
=t 2 A = [
UgéA exp( P )dA_ J '

Puc. 4.16. Pacnpenenenne Pazes
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PHc. 4.17. lllnpuua myMoBO# AOPOKKH /ISt Y3KONMOJOCHOTO HOPMAaJbHOTO IIyMa NpH Bepo-
ATHOCTH NpeBHILIEHHA TPaHHI oKojo 1%

Aunanornyno cpenHuii kBajpar oru6aromwed

M([A%] = 5 A%py (A)dA =
0

=L

ox

Aror pesysabrar coBnagaer ¢ (4.65). Takum 06pa3oM, cCpeHsAs MOLUHOCTb OrH-
Gaiomell paBHa YABOEHHOH [HMCIEPCHH ILyMa. DTO aHAJOTHYHO COOTHOILEHHIO
MeXAy KBaJpaTOM aMIUIHTYAB A, U CpeliHell MOU{HOCTBIO FaPMOHHYECKOr0 KoJe-
Ganus a (f) = A, cos wyf, paBHOl a® (f) = Y,A}.

BeposiTHOCTb TOrO, uTO Ornbatomasi A (f) npeBLICHT HEKOTOPHIA 3aJaHHbIN
yposenb C, ompegensiercsi (opmyioi

s A — 902 4.72
Aexp( 5 )dA 20%. (4.72)

2
Ox ,

ot — 38

P(A>C)=[pa(A)dA=

[
17 A? c?
~— §Aexp(-—7g-)d,4-_exp(_ = ) (4.73)

a BepOSATHOCTb TOro0, 4TO OruGatomas A (t) 6yset Huxe yposHsa C, — dopmy.Joii
P (A< C) =1—exp (— C*20%). 4.74)

H3 stux ¢opmys BuaHo, yro yxe npu C = 30, BEePOATHOCTb NPEBbLILIEHHS
ypoBHsi C cocraBasier Bcero Juilb okono | %. ITostoMy MOXHO cuMTaTh, 4TO
LIHPHHA LIYMOBOH JOPOXKH, (haKTHUeCKH HabJIofaeMOH, HanpHMep, Ha 3KpaHe
ocuusaorpaga (puc. 4.17), ne npesbimaer (5 ... 6) 0,.

DTOT pesyJbTaT, eCTeCTBEHHO, OJIM30K K JaHHBIM, NpHBeJeHHbHM B § 4.2
IVTS1 11y MOBOH IOPOXKKK LIHPOKOINOJIOCHOTO IayCCOBCKOrO npoiecca (Co CneKTpoM,
NpHMBIKAIOMIMM K HYJIEBOH 4acToTe).

KoBapunaunonnass ¢yHKuus orubaiomieii y3KonoJOCHOr0 HOPMaJbHOro wiy-
Ma [13] onpenensiercs no ¢opmyJie, KOTOpyw npHBOAWM Ge3 BhIBOAA:

Ka@="21{1 +(4) 3w+
+ 3 [ ) w19



3necb 1, (t) npeacTaBaser co60i OrH6aIOIlyi0 HOPMHPOBAHHOH KOPpeJsiiHOHHON
¢yHkuuu wyma x (f), T. e. QyHKUMH, OnpelesisieMOl BblpaxkeHueM (npu x = 0)

. (v) =R, (1)/0% =r, (T) COS ®,T. (4.76)

Tak kak ry < 1, To psn (4.75) 6bicTpo cxonutcs. [To3TOMy MOXKHO OrpaHH-
YHTbCSl TIEPBHIMH ABYMSl YJIeHaMH:

Ka() ~ 13203": ll +_;_r3(t)]. 4.77)

INpumensis k¥ K, (t) npeo6pasoBanne Pypoe [cM. (4.38)], Haxonum crmek-
TPaJbHYIO TJIOTHOCTb MOUIHOCTH Oru6aloiwei

LY

Wa (@ =25 206 (@) +-2% — § 1} x)e—ar dr. (4.78)

U3 Boipaxenus (4.78) BHAHO, 4TO CrieKTp orubaloieil IpUMbIKaeT K HyJ/IeBoi
yacrore. [lepBoe csaraemoe B npaBo# 4actH (4.78) cOOTBETCTBYeT MOCTOSIHHOMN
cocTaBJjsiollefi orubaioimiefi, a BTOpPOe — CIJIOWIHOH YacTH CheKTpa.

IMpumepbl npumenenus gopmya (4.75)—(4.78) npusoasitca B § 11.3—11.5.

2. ®A3A

HHTerpupoBanne nByMepHOH NJIOTHOCTH BeposiTHOCTH p (A, 0), onpenense-
Moil BbipaxeHueMm (4.69), no nepeMeHHON A Naer OZHOMEPHYIO MJIOTHOCTb Be-
POSITHOCTH (pa3bi

pe (8) =

t P A2
= bs'Aexp(--———%% ) dA =

1
2n

==

R Az I
> jTexp(——W) d(A2)=E, — << . (4.79)
X oy 2 x

SToT pe3yJsbTaT COrJiacyercsl € npejejlaMH HHTerpupoBaHus B (4.70).
3amernm, uto 3 npeacrasienus p (A, 6) [cm, (4.69)] B Bune npousseneHus

p(A, 0) =—2 exp(-— A )_—_

onok 203
._—.[ :3 exp( — 2':; )] (-2}1—) =pa (A) pe (6)

HEMOCPEACTBEHHO BbITeKaeT CTATHCTHYECKAas He3aBHCHMOCTD CJyYaiHbIX BeNTHYHH
A n 0. Kak u B orHowenuu A, (f) u A (f), 3170 cnpaBeaanBo npu orcuere A (f)
H 0 (f) B onuH u TOT XKe MOMEHT BpeMeHH [cM. 3ameuanue k (4.67)].

CootHowenus (4.70) u (4.79) no3BoasIOT ChesaThb caelylouiee obiuee 3a-
KJIOUeHHe: npousBefenre Buia x = A cos 0, B koropom A U 0 — He3aBHCHMble
cayuaiinbie BeMuuHbl, npuuyeM A pacnpelesena no Pajeio, a 6 paBHOBeposiTHa
B HHTepBaJie (—m, ), 06JafaeT HOPMAJbHOH MJIOTHOCTbIO BEPOSITHOCTH.

Y cJioBHe Y3KONOJMOCHOCTH nipolecca X () He 06513aTe/IbHO; HEO6X0AMMO JIHUIb,
4ToObl A ¥ 0 G6blAM CBsi3aHbl COOTHOLIEHHSMH (4.63).

Koppensiunonnas ¢ynkuus ¢aspt 0 (f) onpenensiercs Bbipaxenuem [13]

R(-)(T)=-%I‘o('r) +_’:_r3(r) +%r3(ﬂ+ C. (4.80)
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Ilpn t = 0 pax cxoxurcs K 7%/3, T. e. gucnepcus ¢asbl paBHa n1%/3. leiicTBHTE/b-
HO, npu pacnpegenenun (4.79)
T

D 92 1 gs \" n2
o=@ do -5 ()~ *8h

—7 —3
3. HACTOTA

OcHoBbiBasiCh Ha BbipaxkeHHH (4.60), MrHOBEHHYIO YaCTOTY IIyMa MOXHO 3a-
nuecatb B (opme
dy (t) de (¢)
f)=—"0—" =0, —==0,+0 (),
o () it o 1 T o 10 (7)

OTKYAa BHJIHO, YTO 3aKOH pacnpeliesieHusi MFHOBEHHOH 4acTOThl OnpeAesieTcs
pacnpejieieHueM Npou3BOAHOH ¢a3bl 0.
[puBepem Ges BhiBoma [14] BbipakeHHe AJisi NMJIOTHOCTH BEpPOSITHOCTH CJ1y-

YalHOH BeJHYHHBI 0
92 \3/2]-:

pO)= [2Ao)3x ( 1 + (Aoo)® ) )

rie Ao,y — 3KBHBaJIeHTHas! IIMPHHA CIEKTPa Y3KOMOJIOCHOIO Mpolecca, onpe-
JesisieMasi BbIpaXKeHHeM

(4.82)

(Awge)? = f (@ —p)? W (0) do / S V (o) do. (4.83)
0 0
[Tocnennee BbipakeHHe 3KBHBAJIEHTHO (OpMy.Jie

2ro (T

(Aog)t = —40@ |
dt®  Jr=o0
rAe r, (v) — orubaloiiasi HOPMHPOBAHHOH KOPPEJISILHOHHOH (QYHKUHHM npoliec-
ca, obaanatoutero cnektpoM W (o) [cHMMeTpHUHBIM OTHOCHTEJBHO LEHTPAJIbHOM
YacCTOTH ®,].

I'pajuk ¢ynxunu p (0) usobpaxen Ha puc. 4.18. Cpennee 3HaueHue a6co-
MOTHOI BesMunHBl (0] paBHO Aw,,.

PaccmoTpuM B KauecTBe mpuMepa CJyuai, KOrda 3HEPreTHUECKHH CIeKTp
W (0) paBHOMepen B noJioce yactor +A® NMpH LEHTPaIbHOH 4actore ®,. Hop-
MHPOBaHHasi KOpPpeJsiLHOHHAs QYyHKLHs B COOTBETCTBHH C BbipaxkeHHeM (4.44)

sin AweT sin Aw,yT sin
Ty (1;) = ___To_ COSW,T, a 1, (1:) —_ ™ 1:0 = p Y i
[ ()

ﬂBa)KJlbl JAH C€HUHPpYSA TnocJjielHee BbIpa>KeHHe 110 T, HaXOAHUM r 6 T) =
p py P
( !0)0)2 —y3siny—2y2cosy+2ysiny

Aw 3 p (")

yl
Ilpu v -0 u y -0 nosyuaem
r6(0)= —— (Ao, (4.83")

| Aoy =V —15(0) = Awy/V 3. (4.83")
2 -1 0 1 2 8/A®ax Hrak, ans 1wyma co crnekTpom,
paBHOMepHbIM B moJioce (—Aw,, Amp)

Puc. 4.18. TlioTHOCTH BepoSITHOCTH
NPOH3BOAHON (asHl rayccoBCKOrQ CJIy- (cM. puc. 4.9), cpenuee suasenne |0

yaitHoro mpomecca paBHo Awy/V 3.
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4.7. KOMIVIEKCHbIN CJIVUAHMIHDBIA IMPOLIECC

[Myctb 3ajaH JeACTBHTe/bHbIH CTAaLHOHAPHBIH CcayuaiHblfi mpouecc X ()
co cnekTpoM W, (0). B Teopuu ciy4aiiHbIX NPOLECCOB A0Ka3blBaeTCsl, YTO €CJH
x (f) nudxpepeHuHpPYyeM B cpelHeKBaJpaTHYECKOM CMbIC/IE TaK, 4YTO BbIMOJHS-

L]
ercsi ycaoBve | @®W . (0) do << oo, TO K X (f) MOXHO NPHMEHHTb HHTErPab-
oc

Hoe npeoGpasoBaHHe

X (f) = __nL S 20 4,

T—t
npUyYeM HHTErpaj TaKKe MOHUMAeTCsl B CpelHeKBaJApaTHYECKOM CMbICJe.
OnpeneieHnblii TakuM 06pa3oM CJIydaHHbIH (CTallMOHapHBIH) npouecc X, (£)
MO OTHOLUEHHIO K X (f) siBJsieTcsl compsiaeHHbIM (no 'mabbepry), a mpoiecc

2() =x () + ix () (4.84)

ABJISIETCS KOMNACKCHOIM CAYHAUHOM NPOYECCOM.

[TpumeneHHe MOHATHS KOMMJIEKCHOTO CJY4aHHOTrO mpolecca OCOGeHHO Mo-
JIE3HO NPH PAacCMOTPEHMH Y3KOMOJIOCHBIX mpoulleccoB. Ecau x (f) MOXHO mpex-
cTaBUTb B BHle x (f) = A (f) cos [wot + 0 (¢)], rae A (¢) u 0 (f) — cayuvaiinbie
GyHKUHM, TO, KakK H JAJS JeTepMHHHPOBAHHOTO aHAJIHTHYECKOro CHrHajla
(cM. §3.10), x, (f) = A () sin [wgt + 6 (f)] u

2(f)=A(f) el [ost+0 (D] | (4.85)

[NosichuM (H3HueCcKH# CMBICJ 3TOrO MOHATHS Ha Mofenu (puc. 4.19), ana-
JIOTHYHOH HCMNOJIb30BaHHOH B IJ. 3 MOAeJH (POPMHpPOBAHHS JAeTepMHHHPOBAHHO-
ro aHaJHTHYeCKOro CHTHaJja (cM. puc. 3.29).

ITycTb yskomosocHblil cTauMOHapHBIHA wWyM co cneKTpoM W, (o) moctymaet
Ha BBIXOJl MO ABYM KaHaJiaM: NpsiMOMY H Yepe3 (pasocaBHraiollee 3BeHO ¢ Xapak-
TePHCTHKOH ¢ (w) = —90° (B moJsoce wyma). Pasnnune Mmexny mnpoueccamu
x (f) u x; (f) o6ycsi0BJIEHO JMLUb BAMSIHHEM (pa30CABHraloLero 3BeHa. AMIUIHTYIHO-
YacTOTHAsl XapaKTepHCTHKa 3TOrO 3BeHa PaBHA elHHHIle, CJENOBaTeNbHO, Clek-
TPbl MOLIHOCTH npoueccoB x (f) U x; (f) omuHakoBbl: W () = W, (w). To
e OTHOCHTCH K KOppeJSUHOHHbIM (QYHKIHAM

R.()=Ra (1) =— { W, ()eior do

H K JHCIEepCHsiM
] -]
°§=°§.=Rx(0)=—2;' S W (0) do.

— oo

(Mmerorcst B BHLY npouecchl ¢ HYJIeBbIM CPeLHHM.)

HafineM Tenepp crnekTpajbHYI0 H KOPPEJSILHOHHYIO (YHKLUHH COBOKYNHO-
cmu npoyeccos x (t) u xy (f).

C 3710ii LeabIO BbiAENHM OAHY M3 peaJH3auuii npouecca x (f) © 0603HaYHM
yepe3 X,r (©®) CEKTPaJbHYIO MJIOTHOCTh OTPe3Ka R-ii peaJn3alHH ¢ KOHEYHOH

T
HomoyHUK o .
Puc. 4.19. ®opmupoanne [/3H0PON0C- 2 =z(tiz/ )
cayvaliHoro  aHaJHTHuecKoro |/080 UyMa P@)=-90° |-z, (%)
npouecca
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anutenbHOCThio T (cM. § 4.3). 310T XKe OTPe3OK k-it peasiH3allii Ha BbIXOJle KaHa-
Na co 3peHOM ¢ (®) = —90° GyZieT UMeTb CNEKTPaNbHYI0 NJAOTHOCTb Xypr (0) =
= Xpr (0) el®@= —{X,r (0) npy © >0 1 +i Xpr (®) mpy 0 << 0.

PaccmaTpHBasi COBOKYITHOCTb OTPe3KOB Xir (£) H Xyxr (£) Kak cymmy x6a0-
pamypHoix  KoJebaHH#A

e (£) = Xer () + iX 147 (2),

MOXKHO OnNpeleNuTh CNEKTPaJIbHYIO IVIOTHOCTb OTpe3Ka 27 (f) clenyloHM o6pa-
30M:

npy >0

Zir(0) =Xpr(0) +i| —iXer (@)] =2Xi 1 (00);

npu 0 <<0

Z,7 (©) = Xer (@) + i [(Xer (0)] =0.

Ha ocHoBaHHM 3THX paBeHCTB MOXKHO yTBEPXAATb , YTO Xt () ABAAETCA
o OTHOIIEHHIO K Xyr () OyHKuMel, conpaxcennod no I'unnbepty (cM. § 3.9) H,
CJIe/IOBaTeNbHO, NPH ONpelie/ieHHH CNeKTpa H KOPPeNsilHOHHOH (YHKLHH aHa-
JIMTHYECKOro cayyafiHoro nporecca (4.84) HCXOAHTb H3 BblpaXKeHHH, aHaJOTHY-
HbiX (3.87) u (3.95), BoiBeneHHbIX B § 3.10 A5t AeTePMHHHPOBAHHOTO aHAJIHTHYe-
CKOro CHrHaja,

Iepexons B Bripakenuu (3.87) oT cnekTpaJbHON NJOTHOCTH S, (w) KoJe6a-
HUS (HanpsiKeHHe, TOK) K CnekTpaabHoi nyotHoctdH W, (0) cpedned mowgrocmu
HCXOAHOro KosebGaHHs x (f), monydaem

W, () = :4W" (@) npu ©>0, (4.86)
0 npH ©<<0.

[Npumenss Teopemy Bunepa — Xunuuna lcm. (4.39)], HaxonuM Kop peasiiHoH-
Hyl0 (YHKUMIO aHAJNHTHYECKOTO CJyYaHHOro npouecca

R, (7) =2—'n [4W, @ e do =42+: { W (@) cos wrda +
0

o

i | W, (@) sin or do. (4.87)
2n b

310 BbIpaXieHHEe COBEPILEHHO aHaJMOruyHo BhipaxeHuio (3.95). Kak u ans
NeTePMHHHPOBAHHOTO aHAJIMTHYECKOro curiana, R, (T) — KOMIIEKCHas Kop-
pensnuoHHas ¢yHkuus. [eficTBUTeNAbHAs yacTb 3TOH (YHKHH coBnajaer ¢ yA-
BOEHHO# KOppeJsiLHOHHOM (yHKIIHeH HCXORHOro npomuecca x (f), T. e. ¢ 2R . (t),
a MHHMas 4aCThb YYMThIBaeT B3aHMHYIO KOPpeJsIHIO npoueccoB x (£) H x; (£).

KomnuekcHblli xapakTep KoppessiiMOHHON ¢yHKuuH R, (t) o6ycaosien
TeM, yTo crniekTp W, (T) HecHMMeTpHUYEH OTHOCHTeNIbHO OocH ® = 0, T. e. cyuect-
ByeT TONbKO B obGaactH o > 0.

[Mpn T = 0 mMHHmasn yactb B cooTHOweHHH (4.87) oGpawiaercsi B HYJb, YTO
03HaY4eT HeKOPPeHPOBAHHOCTb NMPOLECCOB X (£) U X, () B OAMH U TOT XKe MOMEHT /.

[lo ananoruu c Bbipaxkenusmu (3.96) MOXHO HanucaTb

R, (t)= 2R, (v) 4+ i2Ry,x (1), (4.88)
rjae
Repe (1) =2 -2'7 § W, (0) sin ot dt. (4.89)



XapakTep B3aUMHOH KOPPeJSIUHOHHOH (YHKUHH R, . (T) onpenensiercs
dopMo# 3HepreTHyeckoro cmnekTpa mnpouecca W, (o).

ITpu T = 0 R, . (0) = 0 H, crenoBaTe/ibHO, CPelHsisl MOLUIHOCTb aHAJIHUTH-
4eCcKOro cJyya#iHOro mpouecca

D, =02 =R, (0) = 2R, (0) = 2D.,. (4.90)

OueBHAHO TaK¥Ke, YTO CpejHHe MOLIHOCTH MpOLeccoB X (f) U X, (f) onHHAaKO-
Bol: D, =D,,.

[TpounmocTprpyem cBO#CTBa KOppeNSLHOHHOH QYyHKUMH R, . (T), BXOAs-
me# B BolpaxkeHHe (4.88), Ha mpuMepe, KOTAAa MCXOAHBIH y3KOMOJOCHBIA aHa/u-
THYeCKHH npouecc x () o61aaeT CrieKTPOM NPSIMOYTFOJIbHO# (OPMbI PH LEHTPab-
HOM vacToTe W, M nojoce Q; & ®,. [TonoGHbll cnekTp moka3aH Ha puc. 4.9
(mBOfiHast WITPHXOBKA).

[TpupaBuuBast B (4.89) W, (o) = W; (0) 1 HHTerpupys B npexenax or
0y — /2 no 0, + Q,/2 nonydaem

W,Q, sin(Q,%/2) . sin (Q,;1/2)
) =2-1- ! sinw,T =D, ———21=1
R (%) on Q,1/2 0 X Q2

3nech yepes D, = W,2F, o6o3HayeHa AucnepcHsl MCXORHOro npouecca x (£).

B nannoM npumepe orubaiomas sin (2,7/2)/(Q,7/2) B3aMMHOH KOPPeJISILMOH -
HOR GyHKuMM R, . () coBnajaer ¢ orubaioileli KOppeIsHOHHOH (YHKLHH
R (x) lem. (4.44)]. Pasnvune Mexay AByMsl 3TUMM (PYHKUMSIMHM 3aKJIOYaeTcs B
(pazax BBICOKOUACTOTHOrO 3anoJiHeHHS [COs W,T B R, (T) U sin w,T B R4, ()]

[Tpu T = 0 R, . (1) = 0 — npouecchl x, (f) H x (!) B OXHH M TOT >Ke Mo-
MeHT BpeMeHH HeKoppeJiHpoBaHHbl. ORHAKO NPH 04T = /2 T =n/20, = 1/4f, —
— ¢yHKuusA R, . (t) = 1/4fy= D ,sinc (% —%L) Ipu F/fe &K 1 3ta ¢yHk-
[}

LU AOCTHraeT MaKCHMaJIbHOro 3HayeHHus, OjHu3koro Kk D, =0l

sinw, 1.

4.8. TEOMETPHUYECKOE ITPENCTABJIEHUE
CHUTHAJIOB. TPOCTPAHCTBO CUT'HAJIOB

PaccMorpennbie B § 2.2 cnocoGbl pa3/ioXKeHHS NMPOHU3BOJbHBLIX CHCHAJIOB MO
3allaHHON CHCTeMe OPTOroOHaJIbHbIX (DYHKLHMH MOXKHO BHIBECTH W3 OOllell TeopHH
JIMHEHHBIX NPOCTPAHCTB, COCTaBJAIOIleA ONMH H3 pasfiesioB BhiCILEH ajreGphl.

JeficTBHTENIbHO, MyCTb CHrHaJ S (f) ¢ KOHEYHOH 3Heprueil 3 npeacTaBJieH
B BHJle o6oGleHHoro psina Pypoe (2.14):

m
s ()= 2 Cn @ (). (491)
n=1

IIpeanonaraercs, uto mepBbie m cAaraeMHX psiia oGecrieyHBaloT TpeGyeMy o
TOYHOCTb NpeACTaBJeHHusi CHTHazia s (f).

B § 2.2 6b11n ycraHOBJIeHBI ClieAYIOLIHE COOTHOLUEHHSI MEXAY 3Heprueit 3,
Hopmol QyHKuuM s (£), o603HauaeMoil ||s||, ¥ crekTpaNbHbIMH KO3(pDHIHEHTaMU
Cn (MeHCTBHTEJLHOTO CHMrHama):

I=lslp= s, (4.92)
T
m
IslE =3 Jca Pl @nlP (4.93)
n=1

B 3Tux Bblpaxenusix | oGo3Hauaer MHTErpaj no uHrepBasty BpeMmeHH T,
T
a ||g, || — HopMmy GasucHOli GYHKUMH @, (f).
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Bripaxkenne (4.93) HHueM He OTJIMYAETCS OT M3BECTHOTO H3 BEKTOPHOMH aji-
reGphl OnpeleeHHs: HOPMbl BEKTOPa S B m-MePHOM JHHEHAHOM (BEKTOPHOM)
NPOCTPAHCTBE. 3TO NO3BOJISET IOCTaBHTh B COOTBETCTBHE CHTHaMy S (f) BeKTOp
S, npoBejeHHbIA H3 Haya/la KOOPAMHAT B COOTBETCTBYIOILYIO TOYKY IPOCTPaHCT-
Ba. IIpu sToM ciraraeMoe ¢, @, (f) HO/KHO TPAKTOBaThCA KaK IMPOEKIHs BeKTopa S
Ha n-10 OChb CHCTEeMbl KOOPAHHAT.

IIpn Hcnosb30BaHHH OPTOHOPMHPOBAHHOM CHMCTeMbl, Koraa ||g,|| =I.
BblpakeHHe (4.93) npHHUMaeT BHA

ll's Il’—IISII* Icn P=2. (4.93"

B stom ciayuae ||@,|| sBageTcss HOpMO# eAMHHYHOrO BeKTOpa (OpTa), ompe-
JleJISIOLero HanpasJieHHe n-H OCH CHCTeMbl KOOpPAHHAT, a BEeKTOpP curHaja s (f)
MOXXHO 3amucaTh B BHJe BEKTOPa-CTPOKH

S= {cl, Cg, ceny Cn}, (4.94) :

B 3TOM CMBIC/IE MOXKHO I'OBOPHTb O IPOCTPAHCTBE, KaXKABIH 3jeMEHT KOTO-
poro sIBJISIeTCs BEKTOPOM, NPEeACTaBJISIOIUM ONpeJesieHHbIH CHTHAJ; MOXHO TaK-
JKe rOBOPHTb, YTO KaXKJas TOYKA B NPOCTPAHCTBE CHTHAJIOB, SIBJISIOMASCSA KOH-
IIOM BEKTOpa, INPOBEJEHHOI'0 M3 Hauajla KOODAHHAT, COOTBETCTBYET OIpelelieH-
HOMY CHTHaJy.

HauHa BekTOopa (HOpMa), Kak 31O BbiTeKaer M3 (4.93'), paBHa 3'/2,

CrnenoBaresibHO, BCeM CHTHajlaM C ONHHAKOBOH 3Heprueit 3, Heszasucumo
om ux ¢hopmoi, COOTBETETBYIOT TOYKH, PAaclOJIOXKeHHble Ha MHOTOMepHOH cdepe
panuyca 3!/2.

ITpocTpaHCTBO CHrHAMOB siBJASeTCS (PYHKUHOHANBHBIM, IOCKOJBKY KaXKIbIi
€ro 3JIeMEeHT XapaKTepH3yeTcs He MTHOBEHHbIM 3HayeHHeM S (f), a HEKOTOPbIM
¢ynkuuonasnoM ot s (!). K TakuM ¢yHKIHOHANaM OTHOCATCS, HanpHMep, 3Hep-
rus curianad = | |s g) [> dt u cnekTpasibHble KO3(XpHIHEHTHI

n = ; s (t) on (1) dt.

Jas uamocTpauMH TNOHSTHS <«IPOCTPAHCTBO CHIHAJNOB» YAOGHa GasMCHas
¢ynkuus Bupa sin x/x (psg KorenbHukoBa), koraa Ko3dduuHeHTaMH psiaa
(4.91) aBasioTcst OTCYEeTHl CaMOr0 CHrHaJa S (f) B MOMEHTHl BpeMeHH ¢ = nA¢
(cm. §2.15), Tak uro BbIpakenHe (4.94) npHHMMaeT BHA

S = {s (A?), s (2A%), ..., s (mAY)}. (4.95)

DTOT YaCTHBIH CJy4aii MHTEpPeceH TeM, YTO KOOPAMHATaMH CHTHAJbHOH TOY-
KM (KOHIA BekTopa S) B NPOCTPAHCTBE CHTHAJIOB SIBJSIOTCSA OTCYETHl CHTHaJsa
S () B puCKpeTHble MOMEHThHI BpeMeHH ! = nAt.

MHoxxectBo pyHKuui s (£), pas1 KoTopbix Hopma (4.93) orpaHuyeHa (CHrHa-
Jbl C KOHEUHOH 3Heprueit), HasbiBaloTcsi npocrpaHcTBoM L2. Ecau Takue cur-
HaJsbl onpejesieHbl Ha uHTepBaje T, To Hcnosab3dyercss o6osnauenue L2 (T).

Jlas nepenaun CHrHaJIoB 1O KaHaJy € NOMEeXaMH, a TaKxKe JJIsl pa3pelleHHs
CHTHAJIOB OCHOBHOEe 3HayeHHe HMeeT He IIOJIOXKeHHe CHTHAJIbHOH TOYKH B IPO-
CTPaHCTBe CHI'HAJOB, a PAacCTOSIHHE MEXAY TOYKaMH, NpPeACTaBJSIOHMH pa3-
JIMYHble CHrHaJbl. JJisi BHIsSICHEHHsI CMBIC/Ia TeDMHHA «PAcCTOSIHHE MeXJy CHTHa-
JIaMH» BOCIIOJIb3yeMCSsl H3BECTHBIMH CBOACTBAaMH CKaJISIPHOT'O NPOHM3BENEHHS BeK-
TOPOB.

ITyctp umeiorcst aBa Bektopa X, Y, 3ajaHHble CBOHMH KOOPAHHaTaMH, CO-
OTBETCTBEHHO @, %y, ..., &m H Py, P2y -, Bm: X = {ag, @y, ..., ap}, Y=

= {B1, B2 ..., Bum}.
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Ckanspuoe npoussenenue (X, Y) onpelesisercs BripakeHueM

X V=3 abn (4.96)
n=1

C npyroii croponsl, (X, Y) »enaresJbHO BbIpa3HTb uepe3 QYHKLUHH BpPeMeHH
x (t), y (¢), coorserctBylomne BeKktopaMm X, Y.
M3 BekTOpHO# asreGpbl H3BECTHO COOTHOLUIEHHe

X,Y)= { x(t) y () dt. (4.97)
F
B cnpasensuBocTH 3TOrO COOTHOLUEHHS HETPYAHO yOeQHTbCS MOLCTAHOBKOMN
m m
B (497) x (f) = 2l %Pn (f) H y () = 2l Bnon (8).
n= n=

Ilocne nepeMHOXKEHHsI CYMM NOJYYHM JIBa BHAA CJlaraeMbiX: C OAHHaKOBBIMH
U C pa3sHbIMH HHJeKcaMH. B cHsly nonapHoi OpToroHaJIbHOCTH 6a3HCHBIX GyHKIHHA
c/laraeMble BTOPOro BHa 10C/e HHTErPHPOBaHHs obpallalercs B HyJb. MHTerpu-
pOBaHHe cJlaraeMblX NepBOrO BHAA NPHBOAHMT K BhipaxkeHHIO (4.96).

YuutbiBasi, 4To npapasi 4acth paBeHCTBa (4.97) ecTh He YTO HHOe, KaK B3a-
MMHasi KOppeJsiuHoHHash QYHKUHS NEeTePMHHHPOBAHHBLIX CHrHaMNoB X (f) u y (f)
(ipu casure T = 0) [cm. (2.134)], IPHXOXMM K BaXKHOMY pe3yJbTaTy

X, V)=By (0) = 3 By (4.98)

n=1

M3 3T0ro cooTHOILEHHS CJeAyeT’, YTO ec/lH CHrHaJbl B3aHMHO HEKOPPeJaHpOo-
BaHHHI [B, (0) = 0l, To cooTBeTCTBY!0IHe UM BEeKTOPHI oproroHabhbi [(X, Y) =
]

B uwactHoM cayuae Y = X BoipaxkeHue (4.98) naer paBeHCTBO

(X, X)=B,, 0)= 3 ai=[X[F=3,, (4.99)

n=1

T. €. KBaJpaT HOpMbI BekTopa X COBMafaeT C OnpeeleHHeM KOppesIsIHOHHON QyH-
KUHH cHrHazma x (f) (npu t = 0).

Ha ocHoBe npuBeneHHBIX Bblllle COOTHOLIEHHH HETPYAHO ONpeeJHTb pac-
crosiiie d,, MeXAy ABYMS CHTHaJbHbIMH TOYKaMH B NPOCTPAHCTBE CHrHAJIOB
KaKk HOpMYy pasHoctHoro Bektopa X—Y:

dxy =“ X—Y ”

KBagpat stoll HopMbl B cooTBeTCTBHH C (4.99) paBeH cka/JIfipHOMY IIPOH3-
Beflennio Bektopa X—Y na Bektop X—Y

dy=||X—Y|P=(X-Y, X—Y).

Jast cKaJsipHOro YMHOXKEHHSI BEKTOPOB BepeH pacnpelesuTe/IbHbIA 3aKOH,
T. €

(a, b+c)=(a, b)+(a, c).

CrnenoBaresbHO,

a2 =X, X0+ (Y, Y) —(Y, X) —(X, V) =3, {-3,—23,,.

I HanoMuum, uto cumponamu Bj (t) 4 lesz (T) 0603HaueHbl COOTBETCTBYIOUIHE PYHK-
UHH OeMmep MUHUDPOBAHHHX CUSHAA08.
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C yuerom (4.98) u (4.99) nonyuaem

¥4 /8 d%y =B, (0)+ By, (0)—2B,, (0) =

A . AR =3,+3,—23,, (4.100)
72/ 0 N2 &N .

¥  The 3,, — ¢3Heprusi  B3aHMOAEHCTBHS».
S2f 0 & M3  (4.100) BHEHO, 4TO paccTOsiHHe
PN N, MeXJy CHTHaJbHBIMH TOYKAaMH, COOTBeET-
_rgvé%z e ‘i CTBYIOIMMH cHrHanaM x () H y (), 3aBu-
3 CHT KaK OT 3HEeprMH KaXJOro M3 CHrHa-
@ M =N JIOB, TaK H OT B3aHMHOH KOppeJsILHOHHOH

HKuuu B, (0).
Puc. 4.20. K onpee/eHHio paccToSHHA by xy
MeXAy ABYMS OPTOrOHANBHHMH CHFH- H3BecTHO, uTO CKa/JsipHOE MNpPOH3Be-
JaMH JIeHHe MOXHO 3anucartb B (opme
(X, V) = || X ||| Y || cos.y.

rae Y — yron mexny BektopamH X u Y. Takum oGpasom,

osp——X.¥) (4.101)

nXu-nyn

Hcnonbsys ¢opmyanl (4.98) u (4.99), sanucbiBaeM mnocielHee paBeHCTBO
CJenyIomUM 06pa3oM:
Byy (0) Sy
3,‘/2 3[11/2 = 3;/2 3}/2

Cos y= (4.102)

Hrak, paccrosiHHe Mex]y CHrHaJIbHBIMH TOYKaMH H YTOJI MEXJYy COOTBETCT-
BYIOIIHMH HM BEKTOPAaMH MOJIHOCTBIO ONpeeJSIOTCS 3HEPTHSAMH CHTHaJoB x (),
Yy (!) u 3Heprueii B3aUMONEHCTBHS MEXAY HHMH.

[TpousmocTpupyeM 3TH cBoiicTBa Ha mpocThix curHaaax. Ha puc. 4.20, a
H306paXKeHbl JBa OTpe3Ka KOCHHYCOMJAAJBHOIO KOJeGaHHS ONXHHAKOBOH JIJIH-
TeJbHOCTH T, HO C Pa3/IHYHbIMH (KpaTHbIMH) YacTOTaMH. JHEpPrWH CHTHAJOB:
3, = AiT/2 u 3, = A3T/2.

O6Ga curuana npexacrasieHbl B m-mepHom npoctpancrse L2 (T). Hautesnn-
HOCTb CHTHAJIOB PaBHa LeJIOMY YHCJy NMEPHONOB, TaK YTO B3aHMHas KOPpeJsiH-
oHHas ¢yHKuus B,,,, (0) = OH, cienoBaTe/bHO, CHTHaAJMM S, () U S, (f) opToro-
HalbHbl. Ilpumenss ¢opmyay (4.100), vaxonum

@80y 31+ By = - (A1 + A3 = 34(1 4 AY/AD),

ds,s,-'=3}/2 (l -+ A%/A?)W.

BcenenctBre opToroHanbHOCTH GyHKUHMH S, (f) M S, (£) yroa MeXay BeKTopa-
MH S, u S, paBen 7/2 [cm. (4.102)]. ITosioxkenne curHaabHbIX Todek I H 2 (OTMe-
YeHHBIX KPY>KKaMH) B MPOCTPAHCTBE CHrHaJIOB NnokasaHo Ha puc. 4.20, 6 (noso-
XeHHe TOYKH 0 BHIGPaHO NPOH3BOJILHO).

PaccMoTpuM Tenepb JBa CHrHaja C OAHHAKOBLIMH aMIJIHTYyAaMH M 4acToTa-
MH, HO C pasJMYHbIMH HauyaJbHEIMH (a3aMH

s (f)=Apcos wt, || < T/2,
8y (f) == A, cos (ot —0,), | 1] < T/2.

Kak u B npensinymem npumepe, T paBHO LEJOMY UHCY TepHONOB KoneGa-
HUH §; (/) ¥ s, (f); 3Hepruu oauHakoBb: 3, = 3, = AJT/2.
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B3anMHasi KoppensiuHOHHas (yHKuUHUS

T/2 T/2

B, (0) = s‘ sy () 8 (1) dt =A} s cos wt+cos (of —0,) df =
—T/2 =12

AT cos 6.

Paccmotpum uacThbie cayyan 6, = 0, n/4, n/2 u .
1. 8,=0; Bs,, (0) = A} T/2 =3; ds, 5, =0; cos y=1; y=0;
CurHasbuble TOYKH | M 2 coBmajalor.
2. 8= n1/4; By, (0) =L L _ 3 .
2 Va2 V2
d?,, =23, —2Bs,,, (0)=23,(1 -1/ 2)=0,293; d,,, =0,541;
cos y= By, (0)/3, = 1V 2 y=n/4.
3. 0, =n/2; By,q, (0) =0; d2s,= 23y; ds,s,=V 2 3V/2; cos y=0; y-—=mn/2.
4. 0y =m; By,s, (0) = —3; di,s, =23, — (—23)) =43,; ds,s, =23} /?;
cos y= —1; y=m.

M3 paccMoTpenHoro npumepa BbiTeKaeT, YTO NPH 3aJaHHOH H OAHHAaKOBOH
3HEPrHHU JBYX CHIHAJIOB JioGoe pa3jiHuHe B HX (OpMe He MOXKeT yBEJHYHTb pac-
CTOSIHHE MeX]y CHTHaJIbHBIMH TOUKaMH Gostee ueM 10 23}/2 (310 BHITEKaeT TaKxke
H3 TOro ¢akra, 4TO CHrHaJbHble TOYKH NPH 3aJaHHOH aneprlm CHTrHaJia pacro-
JIOXKEHbl Ha Mnoromepuou chepe paguyca 31/2).

B 3axJoyenne HaiifieM cmelleHne curua.nbnoﬁ TOYKH, COOTBETCTBYIOLIEe CABH-
Iy CHrHaja Bo BpeMeHH Ha T. JL1s 3TOro Tpefyercs onpenesuTh pacCTOSHHE MeX-
AY CHrHajJaMH s (f) u s, (f) = s (t — 7).

B nanHom cayuae

Bi,s (M= [ s, (N s2(dt = | s (s (¢t—7) dt =By, (v),

— 00

rae B;, (t) — xoppeasuuoHHas QYHKUHS CHrHaJa s, (f).
Io ¢opmyse (4.100) naxonum

ds,s. ={2 [Bs, (0)-—Bs, (DI}'/2

Ecan nox s, (f) noapasymeBaercsi, HanmpHMep, UMIYJbC C AJHTENbHOCTHIO
Ty, TO IPH T > T, KOppensiunoHHas GyHKuMa By, (v) = O u ds,s, = [2B;, (0)1'/2.
HHbiMH  clOBamMH, HemepeKpHIBAIOIHECS BO BpeMeHH CHCHalbl  0pmozo-

HAAbHDbL.
HPHMeHeHHe K CHrHaJiaM T€OPHH BEKTOPHBIX MPOCTPAHCTB OKa3biBaeTCsd MO-

JIe3HbIM, B YaCTHOCTH, /ISl CHHTe3a Lienei, MOAYHHAIOWHXCH OGOGIEHHOMY TIPHH-
UMNYy Cynepnosduuu. DTOT BOMPOC paccMaTpHBaercss B ri. 16.

4.9. MPOCTPAHCTBO CJ/IVYAWIHBIX CUTHAJIOB

Ilycth paccMaTpuBaeTcsi CTallHOHAPHBIA CJyYaiiHbINl MpoLecC ¢ AHCMepCHed
D, 3anannbifi Ha otpe3ke BpeMeHH 0 << << T. Be3 yrpaThl OGLIHOCTH paccMo-
TpeHHs nosoxum M (x) = 0.

IMpu npencrasnennn ancambis peanusauuii B npocrpanctse L? (T) Kaxmno#
H3 peasii3auil MOXHO NOCTAaBHTb B COOTBETCTBHE CBOIO CHTHAJbHYIO TOYKY, OT-

139



CTOAILLYIO OT Haya/la KOOPAHHAT Ha PAacCTOsHHU R, = 74’ (cM. npeabiayuuii na-
parpad). dueprusa -1, U3MeHNETCS OT ONHOH peajM3allMH K APYro#l CayyaiHbIM
00pa3oM, a cpefHee 3HaueHHe (MaTeMaTHYeCKOoe OXuAaHue) sHepruu Ir = oiT.

CoBOKYNHOCTb BCEX CHTHAJbHBIX TOYeK OGpa3yeT CJIOXKHYIO MHOTOMEpPHYIO
N0BEPXHOCTb, TeM 6OJble OTIMYAIOILYIOC OT CepHUYECKOH, COOTBETCTBYIOIEH
cpennemy paauycy R, = 34/?, uem Gombue aucnepcus Dy = 03 cryuaiinoit
BEJIMYHMHBL 7).

JI/1st OLEHKH BeJIHYHHBI 03 COCTaBHM BbipaXKeHHe JIJIs SHEPrHH k-H peaJtusa-
MM mipouecca x (f)

T m m
K =5‘ x} () dt=At 3 xi=At Y y,, (4.103)

0 n=1 n=1

Tle m — YHCJAO OTCUETOB, Ompele]siomuX (yHKuHio X, (f) Ha orpe3ke T =
= mAt (oM. §2.15), a y, = x% — orcuerbl MOL{HOCTH (MTHOBEHHOMH) peaJu3a-
UHH X, (f) B MOMeHTHI BpeMeHH f = nAf.

OueBHIHO, YTO MaTeMaTHUECKOE OXHJAaHHe CJIyyaiHOM BeJHUHHBI Iy

M (37 =At gml M () =At ﬁ. M () = Atma?,
n= n=
a cpeJHee 3HaueHHe KBajipara Jr, B cooTBercTBHM C (4.103)
M(3§*k)=M[(At ﬁl yn)’].
5 n=
CnefoBaTesIbHO, HMCKOMasi JHCNEPCHS
B=M () —[M @GP = A 3 3 M (g, y) —(A)* m? o =

n=11[=1
= (At)® ﬁ % M (yn y1) —oxl. (4.104)
n=1Il=1

Jlnsi KOHKpeTHOCTH GyJeM HCXOAHTh H3 HOPMAJIbHOTO pacnpejeeHHsi mpo-
uecca x (£), a TakXKe M3 YCJIOBHS B3aHMHOH He3aBHCHMOCTH OTCYETOB Y, = X; H
y, = x}. Tornma

M (y, y) =M (x; x{) =M (x3) M (x}) =ot.

H Bce caaraemble BHAa M (yny,) — 0% npu n 5= [ B BoipaxkenuH (4.104) o6pauia-
forcsi B HyJb. OcraloTcsi ciiaraemble MpH n = m, YMCJO KOTOPHIX paBHO m, a
camH cjaraeMble UMmeloT Bug M (x}) — of.

Ipu naorHocTH BeposTHoCcTH p (x) = (1/V 2n0,) exp (—x%20%)

L) . 3
M (x8) = M(xt) ——— j a e % gy =308
V2n Oy

Takum obpasoM, Bbipaxenue (4.104) npHBOZHTCS K BHAY
o =(At)2 m-208, 05 =AtV m V 202
CocraBHM OTHOLlIEHHE

— V7o Vs
% _ MV mV2 o =V ’2; (4.105)

3 Atmao?
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Puc. 4.21. Ipeacrasiende B MHOroMep- Puc. 4.22. IpeacraBnenne ABYX OPTO-
HOM IIPOCTPAHCTBEe CHTHAJNOB CMeCH Je- FOHAJIBHBIX CHIHAJIOB C LIYMOBOH mOMe-
TepMUHHPDOBAHHOTO CHrHaja H IIyMO- xoit

Bo# moMexu -npH 02T <K 3,

Hcnonb3oBanHe MNOHSATHS NPOCTPAHCTBAa CHMHAJMOB 3G(MEKTHBHO NpPH GOJIb-
IUHX 6a3aX CHrHajna m (COTHM M Thicsiyn). M3 (4.105) Buano, yro mpu m > 1
OTHOLLIEHHe O3 /3y HAaCTOJIBKO MaJiO, YTO MOXKHO TOBOPHTb O COCPELOTOYEHHH CHT-
HaJIbHEIX TOYEK B TOHKOM C(epHYeCKOM CJIoe palycoM R, = 3Y/? u tomuunoi’

c/fost okono )/ 2/m R,. Takum 06pa3oM, B MHOTOMEDHOM IIPOCTPaHCTBE CHTHAJOB
ClyYyadHBIA npolecc, OTBeYaloUHA OrOBOPEHHBIM paHee YCJOBHMSIM (CTallHOHap-
HOCTb, YHCJIO He3aBHCHMBIX OTCYETOB B HHTepBaje 7', paBHOe m), MOXHO mpex-
CTaBHTb B BHJle «TOHKOCTEHHOrO» 1llapa C HEeHTPOM B HayaJie KOOPAHHAT.

Ilpu coBMecTHOM BO3JeHCTBHH CHrHajla (HETEPMHHHPOBAHHOIO) U TIOMEXH
(cmyyaitHOro mpouecca) npeAcTaBJeHHe CyMMapHOrO KoseGaHUsi B IIPOCTPaHCTBE
CHTHAJIOB OCHOBBLIBaeTCSl Ha IMPaBHJAX BEKTODHOIO CJOXKeHHsi (BBIYHTAHHS),
H3JIOKeHHBIX B MpeAblAyLleM naparpade (mpeinoJaraercsi, 4YTo CHrHaJ M NoMexa
TNpeJCTaBJIeHbl OJMHAKOBbIM YHCJIOM cTeneHel cBoGoAb m). Ha puc. 4.21 uamo-
CTPHpYeTCsl C/Iyyail OTHOCHTE/IbHO cJ1a60i nomexH (037 MeHblle 3HEPrHH CHTHa-
na 3,), o6pasyioileit B IPOCTPAHCTBE CHTHAJOB MOJb map paauyca R, =V o:T
C LEHTPOM B TOYKE S, COOTBETCTBYIOILeH CHTHAMY S (f) C sHeprueit J,.

OnucanHoe CBOHCTBO MHOTOMEDHOrO NMPOCTPAHCTBA CHIHAJIOB MO3BOJISIET B
HarJAsifHOH ¢opMe OGBbSICHHTh TpeHMYILecTBa MHOrOGa3OBbIX CHIHAJIOB MPH pe-
IIEHHH 3ajlayd paspelleHHsi (pa3/MYeHHsI) CHTHAIOB Ha ¢ode nomex. [IycTb Ha
BXOJl TMPHEMHOrO YCTPOICTBa, PaCCYHTAaHHOTO Ha 06paGOTKY HABYX OPTOrOHaJb-
HbIX cHrHa/oB A (f) u B (t), 0GnajalomuX OAMHAKOBBIMH 3Hepruei, IJHTEbHO-
CTBIO M IIHPHHOH CTeKTpa, HO pa3/JIMYHOH OPMOH, BO3ieACTBYET CMeCh, COCTOSIIIAs
H3 IIYMOBOH NMOMeXH M OJHOrO M3 YKa3aHHBIX CHTHAJIOB.

ITonoxenue curnaabHbiX Touek A (f) H B (f) B npocTpancTBe CHrHAaJIOB NOKa-
3aHO Ha pHC. 4.22. PaccrosiHHe MeXAy JABYMSI OPTOTOHaJIbHBIMH CHT'HAJIaMH PaB-
o JY'2 31/% (cm. mpuMepel npeblAywlero maparpaga).

B npueMHMK TeM HJIH HHEIM CIOCOGOM 3aKJAJbIBAIOTCS KONHH CHTHAJIOB
A () u B (t), TaK uTO B OTCYTCTBHE NOMEXH BBIXOJHOE YCTPOHCTBO 6e30IIHGOYHO
NPHHHMaeT pelueHHe O TOM, KaKOH M3 CHI'HAJIOB MOCTYIaeT Ha BXOX.

Ilpu Haauuu nomexH Kaxabl# M3 cHrHatoB A (f) u B (f) COBMECTHO C mome-
X0# o6pa3syer B MHOTOMEPHOM IPOCTPAHCTBE CHTHAJIOB MOJBIH Iap, KaK 3TO H30-

2AR
Ry’

2
=1

=

1 3r+ oy _ ( Ro+AR )2:1+ 2A R n (_Aﬁ)
aT Ro Ro Ro

01kyAa 2AR/Ry=05/37 = V 2/m .
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6paxeno Ha puc. 4.22. Ecsu paguychl 11apoB MeHblue MOJIOBHHbI PACCTOSTHHS
mexxy Toukamu A-u B, r.e. VoIT<< V), V2. 3!/2, BO3MOXKHOCTb 6e301UHGOYHO-

rO pa3JIHUeHHs CHTHAJIOB NPAKTHYECKH coxpaHsiercs [22].

JonyctuM Teneps, YTO NpH COXpaHEHHH HeuaMeHHBIMH I, H T 6a3a curuana
m ymenblueHa. [Tockonbky 6asa curuana paBHa 2AfT (cm. §2.15 u 3.11), ato
yMeHblIIeHHe HMeEeT MeCTO NPH CY>KEeHHH I0JIOCHl YaCTOT CHrHaja. Paccrosinue
MEXJy CHrHaJIbHBIMH TouKaMH A U B ocTaercsi npeKHHM, OXHAKO PaclOJIOKeHHe
CUTHAJIbHBIX TOYEK CYMMBI CHT'HaMl - 1oMexa B NMPOCTPaHCTBE CHTHAJIOB «pas-
MBIBaeTCs», H TEM CHJIbHee, YeM MeHbllle YHCJI0 KOopAuHaT m. BeposiTHOCTD «re-
penyThiBauusi» curuanoB A (£) u B (f) Bospacraer ¢ yMeHblueHHeM 6a3bl CHTHaJa.

Fnaa 5. JIMHEVWHbBIE PAIMOTEXHHWYECKHWE LIEITH
C INMMOCTOSAHHBIMHY IMTAPAMETPAMH

5.1. OITPEJEJIEHH S 1 CBOMCTBA AKTHBHBbIX
LETEA

B panHO# ryiaBe npUBOASITCS OCHOBHBIE CBEJIeHHS O JIMHEHHBIX aKTHBHBIX LENsiX.
PaccmaTpuBaloTcs 4acTOTHBIE XapaKTePHCTHKU M36HpaTe/bHBIX leneH, HCnolb-
3yeMbiX /s pas/HYHbBIX JHHEHHBIX Npeo6pa3OBaHHil CHTHANOB (YCHJEHHS,
¢uabrTpanuu u T. A.). Oco6oe BHUMaHue YIeNSIeTCH H3YYEHHIO JIMHEHHbIX aKTHB-
HBHIX Lienefl ¢ 06paTHO# CBA3bIO, HCNONB3YyeMbIX B GOJIbUIHHCTBE COBPEMEHHBIX pa-
JIHMO3/IEKTPOHHLIX YCTPOMHCTB.

B oflueit Teopuu nenei nojy akTHBHOH MOApasyMeBaeTCA Lenb, COAPKALAs
Hapsily C NMAacCHBHBIMHM 3JleMEHTaMH (KaTyIUKaMH HHAYKTHBHOCTH, KOHI2HCATO-
paMH H Pe3HCTOpaMH) TaKxe M HCTOYHHKH 3HepruH (reseparopbl DJIC uiu rene-
TUPH TOKa).

AKTHBHBIH XapaKTep Leneil pajgHo3JeKTPOHHBIX YCTPOHCTB OGYC/IOBJIEH MpH -
MeHEHHeM B HHX YCHJIMTEJIbHBIX 3/1eMEHTOB: TPaH3HCTOPOB, 3JEKTPOHHBIX JIaMi,
Jamn Gerymeit BoJHbI # T. A. [Ipn 3TOM mpexpnonaraeTcsi, YTO 3HepPrusl CHrHaJja
Ha BBIXOJ€ aKTHBHOH Iemu 6oJblle, yeM Ha BXxofe. [lyisi Goabliueit onpelesieHHO-
CTH BHIOH3MeHHM (OPMYJTHPOBKY CJIeAYIOIHM 06pa30oM: yenb aKmusna, ecau npu
2aPMOHUMECKOM 8030YNCOCHUU CPEOHAS MOULHOCb CUSHANA HA 8bixode boabule MOuy-
Hocmu Ha 6xode, T. . KOS(MHLHEHT yCHJIEHHS N0 MOLIHOCTH GOJbllIe eAHHHIUHI.
M3 Takoro onpefenenns siCHO, 4TO ueNb, OCYLIECTBJAIONLAS YCHIEHHE HanpsKe-
HMsl, Hanpumep, C MOMOIIbIO MOBLILIAIOMEro TpaHcdopMmaTopa 6e3 YCHJeHHs
MOLIHOCTH fIBJISIETCSI NACCHBHOM, KaXKe eCsIi B Hee BXOANAT aKTHBHEIE 3JISMEHTHl CO
CBOMMH HCTOYHMKAMH IHTaHHS.

IIpyn moctpoeHnH cxeMm 3aMellleHHs] aKTHBHBIX Leneil MCTOYHHKH MOCTOSIH-
HOTO TOKa MJIM HanpsiKeHHsl onyckatorcsi. Ha 3THX cxeMax aKTHBHbIE 3JIEMEHTHI
(TpaH3HCTOpBI, JIaMIIbl H Ap.) 0TOGPaXKAlOTCsl C [IOMOLIBIO 3JIEMEHTOB, NapaMeTphl
KOTODBIX 3aBHCSIT OT peXKHMa paGOThl ¥ B KOHEYHOM cyeTe OT HCTOYHHKOB HEpPrHH,
NHTAIOWKUX AaKTHBHBIA 3j1eMeHT. IIpn 3THX JonyleHusix JMoGoi (KaK aKTHBHBIH,

1 1 TaK M NAaCCUBHBIH) JHHEHHBIH YeThIpEXmoJIoc-
1 2

a1 <> HHK MOXHO MNpeJACTaBHTb CXeMoH, H306pa-
. o— — OWE KeHHO# Ha puc. 5.1. Ha stom pucyHke E,,
Ao | o' 2 E,, I, u I, 0603HayaloT KOMILIEKCHbIE aM-

ATy ALl TapMOHHYECKHX HaNpsKeHHH H TO-
Prc. 5.1. Cxema savemenus aupei. KOB HE32BHCHMBIX HCTOUHHMKOB NPH (HKCH-
HOTO YeTHPeXNoJIOCHHKA pOBaHHOH 4YacToTe .
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UeThblpeXNOJIIOCHHK MOJIHOCTBIO XapaKTEPH3YETCs COOTHOLIEHHSIMH MEXIy
HanpsKeHHsSIMH H TOKaMH Ha ero BXOJle U BBIXOIe. BHI 3THX COOTHOILEHHH 3a-
BHCHT OT BHIGOpa HCXOIHBIX BEJHYHH.

Hanomuum BKpatiie OCHOBHBIE GOPMBI NIPEACTABJIEHHS YETHIPEXTIOTIOCHHKOB.

Ecnu ucxomubiMu sBasiorcs Hanpsikenus E, u E,, To ypaBHeHHs JJid OI-
penenenus TokoB I, u I, 3anuceiBalotTcs B opme

L=Y E+YpE, LL=YyE +YnE (5.1)
HI¥ B MaTPHYHOH ¢opme
I, E
= |, 5.2
RGN 2
Ya Y
rae [Y]= [ 1 12] (5.3)
Y21 Y22

SIBJISIETCS MaTpHUleil napaMeTpoB, HMEIOIMHX CMBICA H Pa3MepPHOCTb NPOBOILHMO-
cTed.

Ecau ypasuenue (5.1) pemwnth otHocuTenbHO E, ¥ E,, TO mosyyatcs cucre-
Mbl YDaBHeHHH

Ev=Zy L1 +2,1, Ey=2Zyl,+2Z,1, (5.9
E, 1,
=[Z 5.5
el-2] ) 9
Zy Z
rze [Z]-.:[ n 12] (5.6
Zn In )

AIBJISIETCSI MaTpUleH NapaMeTpOB, HMEIOIHX pa3MePHOCTb CONPOTHBJEHHH.
HcxonHbiM ypaBHEHHsM YeTHIPEXNOJIOCHHKA, 3alHCaHHbIM B (¢opMe

Ey=Hy L+HpEy, 1= Hy 1+ Hy Ey, (5.7)
COOTBETCTBYET MaTpHlla IapaMeTpoB
Hy Hy
e ] o
Hy Hy

B KOTOpO#l H;;, MMeeT pa3MepHOCTb CONPOTHBJEHHS, [y, — NPOBOXMMOCTH, a
H,, u H,; — Ge3paamepubie mapameTpHl.
Ilpusenem eie ypaBHeHHs B ¢opme

=Gy E;+ Gpp I, Ey=Gy E + Gy 1, (5.9)
KOTOpO# COOTBETCTBYeT Marpulia
G, G
[m=[“ “} (5.10)
Gy Gy

rae G;; — npoBOAUMOCTh; Gyy — COMPOTHBJIEHHE, a Gy, U Gy — Ge3pa3MepHble
napaMeTphl.

B reopun ycusnurenell HanGoJibllee pacHpOCTPaHEHHe MOJYYHJIH MAaTpHUbI
Z-,Y-u H-napamerpos. CBsI3b MeXy ONHHMH H TEMH Ke BeJIHUMHAMH, BHIPaXKeH -
HBIMH Yepe3 pa3/IHUHblE CHCTEMbl MapaMeTpPoB, MpejicraBjeHa B Ta6a. 5.1. B
aToit Tabauue onpeneautenu AY, AZ u AH cooTBeTCTBYIOIHX MaTpHIL Onpefe-
JSIOTCA  BbIPaXKEHHSAMH

AY = yuyzz - yl2y2l» AZ = 211222 - Zl2221y AH = Hquz -
-_— H12H21. (5.11)
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Ta6banma 5.1

Hcxopuas CBs3b C APYTHMH Hexopuas CBfi3b C APYTHMH Hcxopnas | Cpasp ¢ apyrumu
CHCTEME loycremamu napaMerposl| CHCTEMA |epeqemamu napamerpon|| CHCTEMA |cycremamu napamerTpob
napameTpoB napame TpPoB napameTpos,
Z 1 Y, AH AZ 1
Y | e Eo | ” Hy | —— ——
AZ Hy A Hyy 22 11
Y _Zw _He ), e _He o, L Y
12 AZ Hy e AY  H,, 12 Zos Y1,
Y _in _Hu 7 Yu  Hy |, _im Yy
un AZ  Hy 2 AY Hyy n Z,y Yy
Z AH Y 1 1 AY
Yar Alzl H Za AY H. Mz z Y,
1 22 23 1

Ypasuenus (5.1), (5.4), (5.7) u aHa/OrHYHbIe HM APYTrHe YpaBHEHHS M03-
BOJISIIOT TOCTPOMTb 3KBHUBAJNEHTHBIE CX€Mbl 3aMellEeHHs! YeThIPEXMOJIOCHHKOB.

Ha puc. 5.2, a uso6paxeHa cxemMa 3aMellleHHsI!, MOCTPOEHHAst B COOTBETCT-
BHH c ypaBHeHueM (5.1). Ha stoii cxeme o6a Hampsixkenus E; u E, paccMatpu-
BAIOTCS KaK HamnpsiKEeHHS BHELIHHX HCTOYHHKOB. [eHepartop Toka Y ,E, yuu-
ThIBaeT BJIMSIHHE BbIXOAHOro HanpsixkeHus E, Ha Bxoano# TOK I;, a renepa-
Top Toka YuE, — BinsAHMe HanpsAxenus E; Ha  BHIXOAHOH  TOK
I,, O6a reHepaTopa MOXHO pacCMaTpPHBaTh KaK 3aBHCHMBIE HCTOYHHKH,
TaK Kak obecreynBaeMble HMH TOKH IPOMOPLMOHAJIbHBI HANPSXKEHHUSM BHELIHHX
HCTOYHHKOB. [lapamerp Y, MMeeT CMBIC/I B3aMMHOM MPOBOAMMOCTH OT BXOAa K
BBIXOAY, a Y, — OT Bhix0oAa K BXo#y. OueBHIHO TaKXe, YTO Y; eCTb BXOfHas
NPOBOAUMOCTD yeThipexmnomocHuka NpH E, = 0, T. e. mpH KOpPOTKOM 3aMbIKa-
HMH BBIXOJa, a Y, — BHIXOJAHasl NPOBOAHMOCTb IPH BO30OYXKAEHHH YeTHIPeXIo-
JIOCHHKAa OT HMCTOYHHKa E, NpH KOPOTKOM 3aMbIKaHHH BXOJa.

OKBHBaJIeHTHAas CX€Ma YeTbIPEXIOJIOCHHKA, COOTBETCTBYIONAsl ypaBHEHHAM
(5.4) u (5.5), uzobpaxena Ha puc. 5.2, 6. Ha 310it cxeMe 3aBHCHMBIE HCTOYHHKH

HanpsikeHus: Zy,l, u Z, 1, yuuThIBalOT BJIHSIHHE

L 2
E, ‘ Y, e £ Y2 JEZ
o 122 21=1 O
I @ I
—t’ Zf, 222 ——
E.,l ls 2
2ol 2, 1
o- 120-)2 ] 211 o
1 I
L 4, -2
Ef } ”22 lEZ
H,E P, 1
o l 122 211 o
li)]

Puc. 5.2. CxeMH 3aMellleHHS! uyeTHIpex-
TOJIIOCHHKA, OCHOBaHHBIE Ha MaTpHIe:

a) Y-napamerpos; 6) Z-napamerpoB; 8) H-
napaMerpoB
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I, Ha E; u I, na E, co-
OTBEeTCTBEHHO. YpaeHenusm (5.7), (5.8)
COOTBETCTBYET CXeMa 3aMellleHHS, MOKa-
3aHHas Ha pHc. 5.2, 6.

3xech HeOGXONHMO OTMETHTb CJEAYIO-
HIyI0 OCOGEHHOCTb AaKTHBHOTO YeThIpex-
MOJIOCHHKA: KaK MpaBHIO, Y,y 7= Y, WM
Zyy 5= 245, Hyy 5= H,,. 10 03HAYaET, yTO
aKTHUBHbIE YETBIPEXIMOJIIOCHUKH Heob pamu-
MbL H, CIEeIOBaTeNbHO, NPHHIMI B3aHM-
HOCTH K AKTHUBHBIM YeThIPEXMOJIOCHUKAM
HENMPHUMEHHM.

B3aumHble MPOBOXHMOCTH HJIH COMPO-
THBJIEHHS] ITaCCHBHBIX UYETHIPEXIOJIOCHH-
KOB, KaK H3BECTHO, paBHH (Teopema B3a-
HMHOCTH). 3TO MO3BOJISIET CXeMbl 3aMelile-
HHS, OKa3aHHble, HaOpHUMep, Ha pHC. 5.2,
a ¥ 6, ynpocTHTb IJIsi NMacCHBHOTO YeThl-

I Hanuuue oOleii WHHH Ha PHC. 5.2 H B
NOCJAEAYIOIHX AaHAJOTHUHHX CXeMax MO3BOJfeT
TOBOPHTb O TPEXMOJIOCHHKE. OTO He BJHSET
Ha YypaBHEHHS IeMNH.



i VY, I _z,z Zpy~Zpy L2
= 72” Yor - o Bl 2t
Efl Y~ Y2 ljyzz’yﬂ 452 54 [;]Za Zy ‘Ez
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Puc. 5.3. Ipeo6pasoBanne cxeM 3aMelleHHS, U306paXKeHHBIX Ha pHC. 5.2,a u 6, cnpaBelJH-
BO€ TOJMBbKO JJIfl TaCCHBHOTO 4eTHIPEXMOJIOCHHKA

PeXMOJIIOCHHKA H MPHUBECTH UX K BHAY, NPH . KOTOPOM 3aBHCHMble HCTOYHHKH
orcyTerBylor (puc. 5.3).

INpu anann3se panHO3EKTPOHHBLIX Iienel OCOGEHHO YacTO MPHXOAUTCS UMETh
JIeIo ¢ 4eThIPeXNOJMIOCHHKAaMH, BO3GYKAaeMbIMH TOJILKO CO CTOPOHBI BXOAA; MO
BLIXOJHBIM HamnpsiKEHHeM IPH 3TOM NOAPa3yMeBaeTCsl NaJeHHe HANpPSIKeHHs Ha
COMpPOTHBJIEHHH Harpysku Z, = 1/Gy, T. e. E; = — 1,Z,. B nopo6HbIXx ciyua-
SIX Harpyso4HBIHl 3JIEMEHT 11eJ1ecO06pa3HO BBOAUTh BHYTPb UETHIPEXIIOJIOCHHKA.

ITpu npeacTaB/eHHH YeTHIPDEXMOJMIOCHHKA C MOMOINbIO Y-MaTpHIpl moayyYa-
€TCs CXeMa 3aMellleHHsl, NIOKa3aHHas Ha pHC. 5.4, @, KOTopasi OTJIMYaeTcs OT cXe-
MBI Ha pHC. 5.2, @ TOMBKO TeM, YTO Harpy3ouyHasi npoBOAHMOCTh G, BBeJieHa B
YETHIPEXMOMIOCHHK . 10 [03BOJISIET PACCMATPHBATh HOBHIH YeTHIPEX TOMIOCHHK KaK
PagoMKHYThI, Y KOTOporo TOK Ha Bhixofie l; = 0. Marpuua napameTpoB 3T0-
r0 HOBOTO YeThIPEXMOJIOCHHKA

Yy Y
Y =|‘n Yu| 5.12
¥ [Yu Yéz] .12

Plle Y2'2 == Ygg + GH‘
Bropoe ypaBhenue (5.1) npuHHMaeT NpH 3TOM BHJ

I, =Yy E +Y,;, E;=0,
OTKYyAa CJeAyeT BaXXHO€ COOTHOILIEHHE

E_ Y,“ - Yu (5.13)
E; Y., Y2+ Gn
1,=0
et advdan - =
| |
54 | lj‘?f @YQEZ @Yzﬁf ﬁlyzz ljcu | *Ez
o { —
- P
v L
—L 1 o+
Lz z Z .
Efl I i Zply [ )21 " " } E,=0
° :_ ]
)] .
I 12=0
C——Ir*:'_;-:——-“— —————————————— ‘_O
A,
51& } ” Q HipFy @”21‘1 I_Jl]”zz Ijon I Jﬁz
—_r )
b

Puc. 5.4. Bpejenue Harpy3ouHoro 3jeMeHTa B COCTAaB YeTHIPEXNOJIOCHHKA
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HckiounB ¢ noMomibio 3TOro cootHouwiewust E; M3 nepBOro ypaBHeHHS

(6.1), a Takxke yuutbiBasi, uto E; = — 1,Z,, nosyunm oTHOLIeHHEe TOKOB
b Yo Gu —Yuln (5.13")
I YuY,,—YuYy Ay’

rie AY' =Y, Yy + G,) — Yy,Y, — onpenenurens matpuupt (5.12).

Ilpu ucnosb3oBaHHH Z-MaTPHLBI CXeMa 3aMellleHHsi NPHHHMaeT BHJ, NOKa-
3aHHbIA Ha puC. 5.4, 6. B 1aHHOM cTyyae BHIXONHBIE 32XKHMBI 3aMKHYThl HAKOPOT-
Ko (E; = 0), a marpuua napameTpoB

[Z]I —_ [le Z];2 ]’
Z2l Zaz
rae Zyo = Zyy + Zy,.
Btopoe ypaBHenue (5.4) NpH 3TOM NPHBOAUTCH K COOTHOLIEHHIO
I Zy Zy

R R ' EEE (5.14)
Iy z;, ZytZn

a nepBoe ypaBHEHHE — K COOTHOLIEHHIO
& — Zal ZH — Zﬁl Zl-l (5 141)
E, ZnZ,,—Z12 2y Az’ '’ )

rae AZ' = Zy; (Zyy + Z) — Z15Z,4, — onpenenutens Matpuunt [Z]'.
Hakoneu, Bropoe ypasHenne (5.7) mpu noacranoBke Hj, = H,yy + Gy
u E, = — 1,Z, (puc. 5.4, 6) naer

0=H21 ll+H;2 Ez =H21 ll—Héz zn lm
OTKyJa cJjaenyer COOTHOILLIeHHEe

L Hy Hyy — Hy
L H, Zy (Hs2+Gy) Zn Zy Hy 41

(5.15)

HckmouyuB ¢ MOMOIIBIO 3TOro cootHoulenuss I; M3 nepBoro  ypaBHeHHs
(6.7), momyunm

Ez — Hzl — Hh s (515l)
E, Hy H,—Hs Hy AH'

rae AH' = Hyy (Hy+ Gy) —Hys Hy,.

Iy Y, I;

o — l_ﬁ' - o
£, L ‘jyﬂ [Il] Y22~ Y ®(Y21—Y12)Ef ‘Ez
o -O

v (Zos=Z,)ly 1
L Zy=lg 232 v 2 2
O— —3 {F \ay —O
E,l QZQ ‘BZ
o -—0

9

Puc. 5.5. CxeMHl 3aMellleHHsl C OJHHM 3aBHCHMBIM HCTOUHHKOM TOKa (@) HJM Hanpsike-
uns (6) (sneMeHT Zyy CefyeT 3aMeHHTb Ha Zyp—Z)3)
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O6mue ypasHenusi (5.1), (5.4) u (5.7) moxHO npeoGpa3oBath TakUM 06pa3oMm,
YTO COOTBETCTBYIOLIME HM CXeMbl 3aMelLleHHs YeThIPeXIOJIOCHHKa GyayT comep-
K aThb TOJNBKO IO OJHOMY 3aBHCHMOMY HCTOYHHKY.

Tak, 3anucaB Bropoe ypaBHenHe (5.1) B ¢opme

lz = Ym E, + Yzz E, + (yzl ‘—Ym) E,, (5- 1 6)

NPHUXOAHM K CXeMme 3aMellleHHs, cofepXallell OAHH 3aBHCHMBLIH HCTOYHHK TOKa
Ya—Yy,) E; (puc. 5.5, a).

AHanoruuno sanucaB BTOpoe ypaBHenue (5.4) B dopme

Ey=Zy I+ 2y L+ (Zn—2Zy) 1y, . 16')

NPHXOIHM K CXeMe C OIHHM 3aBHCHMBIM HCTOYHHKOM HanpsixkeHus (Zy — Zy5) I
(puc. 5.5, 6).

5.2. AKTUBHbIH YETBIPEXIIOJ/JTIOCHHUK KAK
JIMHEWHbIN YCUJ/IUTEJ/Ib

[TpuBenennbie B npenbinyiieM naparpade Boipaxenusi (5.13)—(5.15), sa-
nHucaHHbie B (popme

KE — E — £ _ Zy Zy .
E, Yo +Gn 2y (Zog+2Zn) —2Z43 Zy,
—=— Py , (5.17)
Hyy (Hay +Gy)—Hya Hyy
KI =h= y’l GH = — 221 - Hg] GH , (5.18)
L Yy (Yoa+Ga)—Y12 Yy Zys+2Zy Hyy+ Gy

MOXKHO pacCMaTpHBaThb KaAK KO3 GO PH I HEeHTH YCHJAEHHS COOTBETCT-
BEeHHO HamnpsiKeHHS W TOKa aKTHBHOTO YeThIpeXMOJIOCHHKA.

B 1mMpOKONONIOCHBIX YCHJIMTENAX, KaK MPaBHJIO, YCHJHTeNbHBE NPHOODHI
(TPaH3HKCTOPHI, JIaMIIbI H Ap.) 06eCreyHBaloT (IPH NPaBHJABHOM BRIGOpE HArpy3KH)
BBINOJIHEHHE CJEAYIOIMX HepaBeHCTB:

Gy > Yo, Zy K Zos. (5.19)

[Tosromy npu rpy6Goii OLieHKe yCHIHTENbHOH COCOGHOCTH YeTHPEX IOMIOCHH-
Ka MOXKHO HCXOAHTb H3 NPHOJH)XEHHBIX DaBeHCTB

| KE' ~ ) (5.20)

Y 21
Gu

1K | z|§_:\ . (5.21)
2

Orciona crenyer, uTo KO3(ULUHEHT YCHJIEHHS MOWHOCTH (BhHIPaXKEHHBIN B
BOJIbTaMIepax)

Y. Z Val?
Ko =|Ke| [ Kol > 22| 2| = ot o
P I EI I " g GH Zzz IGH yll' ( )

(31ech HCNOMb30OBaHBI COOTHOLUEHHS MEXLY Zg-, Zyo- W Y-napameTpaMH H3
taba. 5.1.)

M3 (5.22) oueBuana pemwaiomasi pojb napamerpa Y, (COOTBETCTBEHHO
Zyy u Hy ) B yCHIIEHHH MOIHOCTH KOJI€GaHHS! B aKTHBHOM YeThIPEXTOJIOCHHKE.
DH3HYECKHH CMBICJ 3TOrO NapameTpa PacKphIBaeTcsl B CeAYIOMHX Naparpadax
Ha npHMepax HEKOTOPHIX YCHJHTENbHBIX MPHGOPOB.
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Ipu anmanuse akTHBHOTO YeTHIPEX MOJIIOCHHKA KaK YCHJIMTENSl BaXKHOE 3Ha-
yeHHe MMEIOT TaKHe ero napamerpbl, KaK BXOIHOE W BBIXOAHOE CONpPOTHBJIEHHS.
Ha puc. 5.6 npeacraBiena o6o0leHHas cXeMa, COfieprKallas HCTOYHHK CHTHaJsa
E,, aKTHBHBI/ YeTHIPEXNMOMIOCHHK M CONPOTHBJIEHHe HAarpysku Z,.

BxoznHoe conmpoTHBJeHHe (MexAy saxkumaMu 1—1") Jerko ompeenurh C
nomompbio ypasHeHuil (5.4) B coveranuu c (5.14).

INoacrasus I, u3 (5.14) B nepBoe ypaBHeHue (5.4), moayyuM

/
E, =1 Zu— ZLZ‘?}") =L Z,,
29

OTKyZa

Zox=Zy 2200 —7,  Tuin (5.29)

Z,, Zyg+24

Ilox BBIXOAHBIM CONPOTHBJIEHHEM YeTHIPEXNOJIOCHHKA MOpa3yMeBaeTcsl CO-
NpOTHBJIEHHe MeXAy 3axuMaMH 2—2' npu E, = 0 (HO C y4eroM BHYTPEHHEro
COMPOTHBJIEHHS] HCTOYHHKa cHrHana Z;). ConpoTuB/eHHe Z; pacCMaTpHBaeTcCs
NnpU 3TOM KaK Harpyska.

ITo ananoruu c (5.23) npu 3ameHe Z,y Ha Z,, U Z, Ha Z; noJny4yaeM

Zy3 Z
Zoux=Zpn— ﬁ: . (5.24)

[Ipu yuere BHyTpPeHHero CONpOTHBJIEHHS Z; MCTOYHHKA CHIHaJa MOX KO3¢d-
(MIHEHTOM YCHJeHHs ClefyeT noapasyMeBath ortHouwenue E,/E, = Kg. dror
KOo3(pHuIHeHT MOXHO HaHTH ¢ moMmombio ¢opmyasl (5.17) no6GaBieHueM Z; K
Z,, wau Hy,. Takum oGpasom,

Ke= Ey Zy Zu _
Ec (Zn~4Zy) (Zag+Zy)—Z19 25
- Ay : (5.25)
(Hn"l‘Zi) (H88+GH) —Hla Hzl
IIpu Hcno/b30BaHUM Y -MaTpHUbI HETPYNHO MOJMYYHTH BbIpaKeHHe
E; Zs Y,
K= ™ 7t Tton (5.26)

Bri6op HanGosee ynoGHOH /1 MPAKTHKH CHCTEMBl IapaMeTPOB 3aBHCHT OT
THIA YCHIHTEBHOIO MPUGOpa H cXeMbl ero BKoveHHs . [IosicCHHM 310 Ha npHMepe
IWHPOKO PacpOCTPAHEHHOTO YCHJIHTeNs HAa TPAH3HCTOPe, BKJIOYEHHOM MO CXeme
¢ obuum smurrepoM (O3) (puc. 5.7, a).

OcoGeHHOCTBIO PaGoThl TpaH3HCTOpa B cxeMe ¢ O3 sBiseTcs ylpaBJeHHe
TOKOM KOJIJIEKTOpa C MOMOLILIO BO3JIeHCTBHS Ha TOK Ga3bl. Kpome TOro, Heo6xo-
JHMO YYHTBIBa1b 06paTHOE BO3JlefiCTBHE BHIXONHOro HanpsukeHHs Uy, Ha BXOA-

HYI0 Llenb. DTH CBOHCTBA TpaH3HCTOpa yH00-

z, HO OMHMCHIBAIOTCS YPABHEHHSAMH YeTHIPEXIIO-
L 2 mockuka (5.7). B ‘cBsi3H C 3THM B TEOPHH H
£, E Z. TEXHHKe TPaH3HCTODHHIX YyCHJHTeNell oOfie-
2, 2, NpHHSTa MaTpuua H-napameTpoB, KOTODOIX
1 4 COOTBETCTBYeT CXeMa 3aMellleHHsl, MOKa3aH-

Has Ha puc. 5.2, 6.
Prc. 56. OGoGwenHas cxeMa ak- Bhiwe GbLTIO 10KA3aHO, YTO YCHJIHTEbHAS

THBHOT'O YeTHIPEeXMOJIIOCHHKa C Yyue-
TOM 1apaMeTpOB HCTOUHHKA CHrHana CIIOCOGHOCTR aKTHBHOIO YeThlpEXMOJMOCHHKA

H HarpyskH B QCHOBHOM OIpeaensiercs 6e3pa3mepHmM
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Puc. 5.7. TpaHsuCTOpHBI yCHAHTeAb (@) W ero cxeMa 3aMellleHus (6)

napameTpoM H,, (cooTBeTcTBEHHO Y4 U Z,,). ast ycuaurens ¢ O srtor napa-
MeTp COBMajaeT C OTHoweHHeM TOKOB P = [./I;. OH BXOAHT B macnopTHble
JaHHble GUMOJISIPHOrO TPaH3HCTOpPa H OGO3HAYaeTcss CHMBOJIOM Agy,.

B cOOTBeTCTBHH C HOBbIMH OGO3HaYeHHSIMH CXeMa 3aMellleHHsi! TpaH3HCTOp-
HOT'O YCHJINTEJIS IPHHHMaeT BHA, NOKa3aHHbIA Ha pHc. 5.7,°6, a dopmyJnl (5.17),
(5.18) sanuwytcs B BHAe

E h
Ke==2=— 319 R 5.27
£ E, hyy (hap+Gy) —hyip By ( )
I hgyn G
K, =—2 = _"218 70 5.27'
! L hgy 4Gy ( )

HanomuuM, uyto h,; HMeeT CMbIC BXOAHOTO CONPOTHBJEHHSI Ga3a—3MHUT-
Tep (NPH KOPOTKOM 3aMbIKaHHH BBIXORHOH lenH), h;, — K03ddHLHEHT 06paTHOM
CBfI3H MO HAMpsSIKEHHIO (MPH Pa3OMKHYTOH BXONHOH wUenu) M h,, — BHIXOAHAs
TIPOBOAHUMOCTb TPaH3HCTOpa (MPH Pa3OMKHYTOH BXOAHOH LenH).

B HOBBIX 0603HaueHH IX BTOpOe ypaBHeHHe (5.7) npHHUMaeT CJeAYIOUHI BH],

Iy = hayy, g+ hgy Ey = hyy, Ig —ho Ugix, (5.28)
rze U, = 1xZ, = —E, — HanpsiXeHHe, pa3BHBaeMOe Ha CONPOTHBJIEHHH
Z, = 1/G,.

Hanee, Tok Gasbl l; MOXHO npeacTaBHTb B Bule oTHouwleHust E,/Z.., rae
Z,x —BXOJIHOe COMpPOTHBJIEHHEe TPAH3HCTOPA (MEXNY 3aXK HMaMH 6a3a—3MHTTep),

onpezensieMoe ¢opmyaoit (5.23).
Taxkum o6pa3om, npH aKTHBHBIX CONMPOTHBJIEHHAX, KOraa Z,, = R,,,

Iy = (hy1y/Rex) Ex —hay Upux =S Ey— gy Upix %S Ey 4 hy, Es. (5.29)
3ameTuM, YTO ec/M 3ajaHa XapaKTepHCTHKa g (1g,), TO TeM CaMbiM 3ajaHa
M XapaKTepHCTHKa iy (4g,) = Pig (4g,)-

Jns cxembl ¢ O3, Kak paHee O0TMeYasOCh, HMEET MeCTO PaBeHCTBO P yy,,
no370My mnapameTp

h 1 1
S — 2 _ h2la—6‘ — K (530)
Rax 1 E,
MOXHO TPaKTOBaThb KaK KPYTH3HY XapaKTePHCTHKH [y (Uz,) B TOUKE Ug, =

= Usao-

Ha ocnoBanuu Bbipaxenus (5.29) MOXKHO NMOCTPOHTb CXeMy 3aMellleHHs! Bbi-
XOJIHO# LeNH YCHJIMTE/ s, TOKa3aHHYIO Ha pHc. 5.8, a. CuMBoJIOM R; Ha puc. 5.8, a
0603HaYeHO BHYTPeHHee CONMPOTHBJIEHHE HCTOYHHKA Toka. JIJsi TpaH3HcTOopa B
ycuaurene ¢ O3 R; = l/hy,.

1 ViHepunoHHble CBOHCTBA TPaH3HCTOPa 3TOH CXeMO# He yUHTHIBAIOTCS.
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U3 cpaBuenns ypaBHenus (5.30) ¢ (5.1) crexyer, 4To BBeAeHHbli Bbilue napa-
Metp S cosmajaer ¢ napametpoM Y, (mas cxembl ¢ O3). Iloacrasus B (5.29)
I, = —G, E, 4 pa3fieNHB noJy4YeHHOe ypaBHeHHe Ha E,, NMpHX0AuM K caenylo-
weit popmyJe:

Ke~ — S/(hg + G,) =— hyy/Rax (has +Gy),

KoTOpas oTiHuYaercs oT (5.27) JMiub BHellHe.
B Tex cayuasix, KOria npoBOAHMOCTb Ayy MaJia MO CPaBHEHHIO € [IPOBOAHMO-
CTbIO Harpy3sKkH G, MOXHO NMOJIb30BaThCsl MPHOGIHKEHHBIMH HOpMYJIaMH

Kex —S/G, = —SZ,, (5.31)
Ki ~ hy,. (5.32)

Pa6ora Tpan3ucTopHOro ycuaureas no cxeme ¢ Od B pexxHMe MaJsioro CHr-
Hajla WIOCTPHpYyercst pHc. 5.8, 6. AMIJIMTYRa NepeMEeHHOro TOKa KOJIIeKTopa
I, BO MHOrO pas MeHbliie OCTOSTHHOIO TOKa /k g, COOTBETCTBYIOIIErO HAMPSKEHHIO
cmetienus  Ugy,.

INpuBeneM aHaJIOTHYHBIA MPHMEP AJI YCHJIMTeNsi Ha 3JIEKTPOHHOMH JaMne.

CxeMa npocTefiliero yCHJHTeJAss Ha MeHTORe H300paxeHa Ha pHc. 5.9, a.
Ipu MasioM cHTHaJe (peXXHM JIMHERHOTO YCHJIEHH ) CBA3b MEXAY aHORHBLIM TOKOM
H HanpsXKeHHSIMH CeTKa—KaToll, aHOA—Karol OmpejeJsieTCsi COOTHOLUEHHeM

ig= Sttgy+ (1/Ry) g =S (Ugy, + Dityy), (5.33)
rjae
S = :ia npH uck""Eco’ Uy = an;
Uck
| di

D = 1/SR; — npoHH1aeMOCTb MO yNpasJsioUell ceTKe (COOTHOLIEHHe CrpaBea-
JHBO NpH pa6ore 6e3 CETOYHOrO TOKa).
KpyTH3Ha S XapaKTepHCTHKH i, (4,,) H BHyTPEHHEE COMPOTHBJIEHHE MEHTOAd
R; saBasiorcs audpepeHuHaNbHHIMH NapaMeTpaMH, OnpeleJeHHbIMH NPH He3Ha-
YHTENIbHBIX OTKJIOHEHHSX TOKA {, OT HCXONHOIO 3HAUeHHS [, B paboueil Touke
Ha BOJIbT-aMMEpPHOl XapaKTEePHCTHKE TMeHTOAA.
Lys e

I
e e a—
ST
AT
SE, pi'f/hzz Zy ubblxg_tz | : | Im]
| |

, P -
{ i\{\Uaaa Ysa
) T ir]

Puc. 5.8. Cxema 3aMellieHHs KOJLIEK-
TOpPHO#! uenH (a) H pexHM JHHefiHOro
YCHIeHHS Koseb6aHHS B YCHJAHTeNe C
03 (6) o)

\—\—/—/\—\
+ N\ __kﬁ_
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Puc. 5.9. INpocreitunit ycunutens Ha neHToae (a) U cxeMa 3aMellleHHS aHOAHOA uenu (6)

3HaK nJIoc nepesl BTOPbIM CJiaraeMblM B BhlpaXkeHHH (5.33) BbIGpaH B CBsI3H
C TEM, UTO U,y B JAaHHOM CJyyae pacCMaTPHBAeTCs KaK HanpsiKeHHe He3aBUCHMO-

ro HCTOYHHKA.
Jlns ToKa memu CeTKH MOXKHO COCTaBHTb BbipaxkeHue, aHajoruusoe (5.33)

o= (1 /ch) Uek + Sca Ugg- (5.34)

B panHoMm ciyuae naubosee yiaobHa cucreMa Y-mapamerpos.

Iepexonst K KOMIJIEKCHbIM aMIUIUTYAaM H MMesl B BHAY OGILYIO CXeMy 3ame-
LIeHMsl aKTHBHOTO YeTBIPEXNOMOCHHKA (PHC. 5.2,a), 3aMeHsieM Uy AMIIMTYAOH
E, BXOIHOrO rapMOHHYECKOrO CHrHa/a, TOK [, B LENH CeTKH — aMILIHTYAOH
I,, a T0k iy — amnaurynaoit I, = I,. Kak n B npenpinymem naparpage [cM. Bbi-

~Box ¢popmyJael (5.13°)] nonaraem E, = — 1.Z, = —U,,,. Toraa ypaBHeHus
(6.1) u (6.3) 3anuwyTcs Tak:

1

I =

E: + Sou Bs, 1= SE; = —Es

CK l

I/R,
vl =[ /gm f;RJ (5.35)

Ilpy ycunenun cnabbix curialoB paGoygsi TOYKA Ha XapaKTepHCTHKe
ia (4sx), KaK NpaBuUJIO, yCTaHABJIUBAETCS B OGIACTH OTPULATE/BHBIX HANPSXKeHHi
Uk B 3TOM cilyyae TOK ceTKH OTCYTCTBYeT, BXOAHASI NPOBOAHMOCTb CeTKa—Ka-
TOA NPaKTHYECKH paBHa HYJO (R x —- ©°) H MaTpPHUA NPOBOAUMOCTEH NPHHUMA-
eT BHA

0 0
Y] = ‘ X
Y] [ s l/Ri] (5.36)

Takum obpasom, Y, =Y, =0, Yy, =38, Y,, = l/R;.

Matpuue (5.36) cooTBeTCTBYeT CXeMa 3aMelUeHHMsl YeTbIPEXIOJIOCHHKA
(TpexnosiocHHKa), npeacraBleHHas Ha puc. 5.9, 6.

Hcnonbay s gopmyay (5.17), HaXORUM KOS(ODULUHEHT yCHIICHHSA HAIpSKEHHS

E S SR; Z z
K ——2 = - L ad : S, —# 5.37
£ E R+ 1/Zy Ri+Zq Ri+Zy ' 537
rae p = SR; == 1/D — ko3¢dUUHEHT YCUJNEHMS JaMMbl.

U3 (5.37) Buano, 4yto ycuauteNbHasi COCOGHOCTb JIAMIILI HCIIOJIb3YeTCS TeM
noJsHee, yeM Gosblue otHowenue Z,/R;. B xonocroM pexume (Z, — o0) K03hdu-
HHEHT YCHJIEHHSI KacCKaja

max KE - —p = ——SR; = —"S/Gi
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5.3. UACTOTHBIE U BPEMEHHBIE
XAPAKTEPUCTUKHU PAJUOIJEKTPOHHBIX
LENEMN

IlpuBeneHHble B npenpiayieM naparpadge sbipaxenus (5.17), (5.18) ans ko-
spuuenToB ycuaenust Kg u K; MOXHO TpakToBaTh Kak nepelaTouyHble QyHK- .
IMH JIHHEHHOTO aKTHBHOI'O YeThIPEXNOJIOCHHKa. XapakTep 3THX QYHKIHH onpe-
JeJIsieTCsl 4aCTOTHBIMH CBOHCTBaMH mnapameTpoB Z u Y

3anucaB Kg 1 K; B Buae ¢pynkuuit Kg (io), K; ({®), npHxoauMm K mo-
HATHIO nepe0amo4nas (yHKyus JHHEHHOTO AKTHBHOIO  YeThIPeXMOJIIOCHHKA
K(io). Bespa3vepnas B oflieM ciy4yae KoMmJekcHass QyHKuHs K(fw) aBas-
€TCsl HCuepIbiBalolleli XapaKTepHCTHKON YeThIPEXMOJMIOCHHKA B YaCTOTHOH 06Ja-
cri. OHa onpefiessieTcsl B CTALHOHADHOM PeXXHMe IPH FapMOHHYECKOM BO30Yyxe-
HHH YeTHIPEXHOJIOCHHKA.

Ilepenatounyio ¢yHKUHMIO 4acTO YHOOHO HpeicTaB/siTh B (opme

K (io) = K (0)e!® (@, (5.38)

Monysb K (w) HHOrZa HasbIBalOT aMIVIMTYAHO-YaCTOTHOM XapaKTePHCTHKOH
(AYX) ueTnipexnoMmoCHHKa. APTryMeHT ¢ (®) Ha3bIBAIOT Pa30-4YaCTOTHOMH XapaKTe-
puctuko#t (PUX) uyeThpexmosocHHKaA.

Hpyro#t ucuepnbiBaiolllei XapaKTePUCTHKON UYeTHIPEXMOMIOCHHKA SIBJSETCS
€ro HMIyJ/IbCHasi XapaKTepHCTHKa g (£), KOTOpasi MCMOJb3YyeTcs AJS OMHCAHHS
llend BO BpeMeHHOH 0G6JacTH.

Hns akTHBHBIX JIMHEMHBIX LeNe#d, KaK M AJs MacCHBHBIX, NMOJ HMIYJbCHOH
XapaKTePUCTHKOH UenH g (f) moapasymeBaeTcsi OTKJHK, peaKUusi LENH Ha BO3-
JeHCTBHE, MMelOllee BHI eHHHYHOrO HMIy.Jibca (fesbTa-pyHKuun). CBsA3b MeX1y
g () 1 K({®) HeTPyAHO YCTaHOBHTH C MOMOWIbIO HHTerpasia Pypbe.

Ecnn Ha BXone yeThHIpeXNOMOCHHKA AeCTBYeT eMHAYHBIA HMMYJIbC (Ae/bTa-
¢yukuus) JIC co cneKTpaNbHOM NJOTHOCTBIO, PaBHOH eJUHHUE JJsi BCEX Ya-
CTOT, TO CHEeKTpaJibHas IJIOTHOCTb BHIXOJHOTO HANpsDKEHHS paBHa IPOCTO
K(®). OTKIHK Ha eIMHHYHBIH HMIYJIbC, T. €. HMNYJIbCHAasl XapaKTePUCTHKA Lie-
I, JIETKO OnpejesisieTcsl ¢ NMOMOLIbIO oGpaTHOro npeoGpasoBaHusi ®ypbe, npu-
MEHEHHOro K nepenarouyHo# ¢ynkunu K(iw):

g(t):-%;— S K (io) e'o! do. (5.39)

Ilpu 3TOM HEOGXOXMMO YUHTBIBATh, UTO NIEPE] NPABOI YACTHIO ITOTO PABEHCT-
Ba MMEETCSl MHOXHTeJb | ¢ pa3MepHOCTbIO MJIOMWARH AesabTa-oyHKUHH. B gacr-
HOM cJyyae, KOrJia HMeeTCsl B BHAY O-HMNyJbC HampsiKeHHsl, 3Ta Pa3MepPHOCThb
6yner [BosbT X cekynaal.

CootBerctBeHHO (yHKIHs K(i®w) siBasiercs npeoGpa3oBanneM Pypbe HM-
IMyJIb,CHOH XapaKTEePHCTHKH:

K (io) = §° g (t)e—iotdt. (5.40)
0

B nanHoMm coryuae nepes MHTErpaJioM HMeeTCsl B BUAY MHOXHTENb eHHHLA C
pa3mepHocThiO  [BOMIBT X cekyHaal-!.

B nanbHefiieM UMIYJbCHYIO XapaKTepHCTHKY GylieM 0603HayaTh QyHKIHeH
g (1), mox KoTopoi MOXHO NOApPa3yMeBaTh He TOJNBKO HaNpsKeHHe, HO H JO6YIO
JAPYTYIO 3JIEKTPHYECKYIO BEJHYHHY, SIBJSIOULYIOCS OTKJIHKOM Ha BO3JeHCTBHe B
BHJle JAeNbTa-QyH KILHH.
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Kak u npu mpescTaB/ieHMH CHTHAJNOB Ha MJIOCKOCTH KOMIIEKCHOH 4acTOTHI
(cm. §2.14), B Teopuu ueneit IMPOKO PacIpOCTPaHEHO NMOHSTHE MNEPeNaTOYHOH
¢yukuun  K(p)!, paccmarpuBaeMoil Kak npeo6pasoBaHue Jlamjaca OT QyHKUMH
g @):

K() = g()e=rdp. (5.41)
0

[Nepexonnass ¢ynruus uenu h (f) npencraBisier co60H OTKJHK, PEaKUHIO
LeNnH Ha BO3JEHCTBHe, UMelOLIee BHJ «eIHHUYHOrO CKauyka». Tak Kak Takoe BO3-
JeHCTBHE SIBJISIETCS] MHTETPaJiOM OT eAMHHYHOI'0 HMITyJIbca (T. €. Jie/IbTa-QyHKIHH),
TO U MeXAy h (f) u g (f) cylilecTByeT HHTErpajibHOE COOTHOIIEHHE

h(t)=( g(x)dx. (5.42)

Sty

B mocnenyiomux raaBax NMpH aHajlM3e Nepelayd CHTHAJOB 4yepe3 pajHole-
NH B OCHOBHOM GyJieT IPUMEHATbCS HMIYJIbCHAs XapaKTepHCTHKa g ().

5.4. ATIEPUOOUYECKHH YCHUJIMTEJIb

CxeMa 3aMellleHHsl NPOCTeHILEro anepHOAHYECKOro Pe3HCTHBHOINO YCHJIMTe:
JIsl mpelcTaBJieHa Ha puc. 5.10. YcuauTeNbHbIH npu6op o603HayeH B BHIE 3a-
BHCHMOrO HCTOYHMKa ToKa SE; ¢ BHyTpeHHEH mnpoBogumocteio G; = 1/R;.
EMkoctb C, BKJIOYaeT B ce651 MEXKANEKTPOAHYIO €MKOCTb aKTHBHOT'O 3JIEMEHTa H
‘€MKOCTb BHelUHefl LielH, IUyHTHpYIOIME HAarpysouHblii pesucrop R, = 1/G,.
Cxema Ha puc. 5.10 sBasieTcss 06001eHHOH, OHa IPHMEHHMa K JIIOGOMY aKTHBHO-
My 3JIEMEHTY.

Jlnist TpaH3MCTOPHOro yCUJMTENs NOX KPYyTH3HOH S clenyer moapasymeBaTh
BEJIMUHHY Hhgyo/R, . (cM. § 5.2), a non G; — napametp h,,. IogcraBus B gopmyy
(5.27) npoBomuMocTb G; BMeCTO Aoy, a TakXe G, = 1/R, + i0Cy = G, + i0C,,
MOJYYHM TNEPeJaTOYHYI0 (QYHKIHIO OJHOKACKaJHOIO YCHJIHTENs

K (i(o)a . S R S/(Gi+ou) = — Kl max (543)
! Gy+ Ga+ iwCo 1+ i0Co/(Gi + Cx) I +iot,

rie
Kl max "—"S/(Gi +GH) (544)
— MakcHMaJbHbl# Ko3¢pduuuenT ycunenus (mpu @ = 0); 1, = Co/(G; + Gy) =

= R,Cy — MOCTOSIHHAS BpeMeHH LeMH, cocTosiueH H3 KoHmeHcaTopa C,, LIyH-
THPOBAaHHOrO pesuctopom R, = 1/(G; + Gy).

Kl(ﬂ)//(fmuz
ta
Lhte %
Ry Co Ry fuomx 45 I
2T .
- ] ] | ] ]
g 174 10 15 20 ot
Prc. 5.10. CxeMa 3amellleHHS pe- Puc. 5.11. AMIIHTYAHO-4aCTOTHAsE XapaKTepH-
SHCTHBHOTO YCHJIHTEJS CTHKQ anepHOAMYECKOTO YCHJMTENs, Mpea-

ctraBJjIeHHOro Ha puc. 5.10

1 3pech u B KadbHedleM 0603HauYeHUS NMepelaTouHON GYHKUHMH LenH, paccMaTpHBae-
Mo# Kak npeoGpasopanne ®ypre uau Jlanaaca OT HMIYAbCHOH XapaKTepHCTHKH g (£), 6yayT
pasauuathcs ToabKO aprymeHToM K (iw) uau K (p) (cM. § 2.13).
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3anumwem (5.43) B ¢opme

. i K1 max
K, (i0) = — K, (©) ei®:1(®) — __ __1max ___ g, (o) 5.45
1% ) 1 ) 11—}—((01’1)2 ’ ( )
OTKYJZia BBbITEKAIOT CJeAyIollye BbIpa>KeHUs AJIs1 aMINVIUTYAHO- H Q)aSO-WaCTOTHOl':I
XapaKTepUCTHK:

K1 (@) = Ki max/V T+ (01))? (5.46)
¢ (0) = —arctg oT,. (5.47)

ITpu uameHeHuH yacToThl @ noaydaercs AUX, uso6paxennasi Ha puc. 5.11.
[Tonoca nmponyckanus ycusureass Aw;, onpenessieMasi no ocnaGJeHHIO Ha

rpanunax g0 1/)/2 or MakcumanbHOro ypoBHs (np# @ = 0), JErKO HaXOHTCS
U3 YCJOBHUS

K;(Awy) = 1<max/‘l/1 + (A, Tl)2 =K, max/Vf, (5.48)

orkyaa Aoyt = 1; Aoy = /7.

5.5. KACKAJHOE COEJMHEHUWE UIEHTHUYHbIX
AITEPUOOHNYECKHX YCHUJ/IUTEJ/IEH

OnHOKaCKagHbI YCHIIMTEb [O3BOJISET NONTYYUTh OTHOCUTENBHO HeGOJbIIoe
YCUJIeHHe — B JeCATKH WM COTHH pa3. O6bluHO Tpebyercss BO MHOTO pa3 GoJib-
Iiee ycuJeHHe. DTa 3ajaya peliaeTcsi C MOMOLLbI0 MHOTOKACKaAHBIX YCHIIHTeeH,
COCTaBJIEHHbIX H3 HECKOJIbKHX, OGbIYHO OfHHAKOBHIX, cryneHeill. CoBpeMeHHas
MHKDO3JIEKTPOHHAS 3/eMeHTHasi 6a3a NMO3BOJSIeT MOYTH MOJHOCTBIO HCKJIIOUUTD
BJIMSIHUE BBIXOLHOM LENH Ha BXOAHYIO. DTO NO3BOJISET CYHTATD OTAE/bHbIE KaCKabl
«pa3Bsi3aHHbIMHY, 6J1arofaps uemMy pe3yJbTHpYIOLLas nepefaTouHas (pyHKUHS BCe-
TO YCUJIMTEJIS] MOXKeET ObITh BhIpaXKeHa POU3BeAeHHEM NepelaTOYHbIX PYHKLHH OT-
JIeJIbHBIX KaCKalloB, paccmampueaembix noposns. Ecau K TOMy e BCe KacKalpl
HIEHTHYHBI, TO NPHU OGLIEM HX YHCJIE 1 MepelaTouHasi GYHKLHUS BCErO YCHUJIHTENS

Ku(i0) = (K (o)) = (=B = (— 1)y Knf)emm @ (549
+ iwTy
3nech
Kp (@) = K7 /11 + (@1)*)/2 (5.50)
H
ng 1(0) = —n arctg ot (5.51)

npencrasisiior co6oit coorBerctBeHHO AUX u ®UX Bcero ycusurens.

U3 Beipaxkenns (5.51) Bunno, yro ®UX ycuaurens ¢, = ng; COBHagaeT mno
¢dopme ¢ ®UX oxpHoro 3seHa ¢, HO ee MaciuTab no OCH OpAHHAT BO3pacTaeT B
n pa3. AMmIMTYAHO-YacTOTHaA XapakTepucruka K, (w) usMeHsiercs mo ¢opme:
C yBeJHMYEHHEM n OHa CTaHOBHTCS OCTpee.

PaccmoTpum Gosee nogpo6HO XapaKTEPHCTHKU ABYXKACKaJHOTO yCHJIHTeEIs.

Ipu n=2

K, (w) = Ki max/[1 4+ ((0171)2]- (552)

[Mosoca nponyckanusi Aw,, onpexensieMasi, Kak U paHee, IO OC/Ja6JeHHIO
K , (®) na rpanunax go 1/)/2 or makcumanbnoro suauenust (mpu ® = 0), JOIK-
Ha OTBeuaTh ycJOBHIO | + (Aw,T;)? = V2, oTKyaa clefyeT paBeHCTBO

Aoyt =V VT —1 0,644, (5.53)
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Takum o6Gpa3om, mosioca NMpONMYCKaHHS BCEro yCHJHTeJs cocraBaser 0,64
OT MOJNOCHl KaXIOro M3 KackagoB (Aw,t; = 1).

Ipn n = 3 AUX ycuiautens npHHHMaeT BHA

K3 (@)= K1 max/[1 + (07,)%)3/2. (5.54)

INonoca nponyckanus A gv; onpefensiercs H3 ycaoBus [1 + (Awgty)?¥? =
= J/2, oTKyaa nonydaeTcsi PaBeHCTBO

Awgt, =V 2173 T ~0,51. (5.55)
HetpyzaHo o6oGmuTh mosydyeHHble pe3yJbTaThl Ha JioGoe 3HaUeHHe n:
Ao, T, =V 27" 1. (5.56)

B Tabn. 5.2 npuBegeHnl 3HaueHHs Aw®,T; AJS pasNHYHBIX 7.

OG6bIYHO 3afaeTcsi onpefiesleHHas N0JI0ca NPONYCKAHHST YCHIHUTENS B LEJNOM.
[Toatomy ¢ yBesHYeHHeM YHCJIA KacKaOB MOJIOCY NMPONYCKaHHS KaXAOro H3 HHX
Heo6XoAuMO yBesHuuBaTh. Hanpumep, npH 3afaHHON moJioce ABYXKAacKagHOro
ycuantens Aw, nosoca nponycKaHHs OAHOrO KacKajia, paBHas 1/t;, 10/KHa GbITh
A®,/0,644 = 1,55A 0, (cM. Taba. 5.2). ITpeacraBasier HHTEpeC BHISBHTb 3aBHCH-
MocTb opMbl AUX oT 7 npH 300arH0d B Heu3MeHHOU TIONIOCE PONYCKaHHUs YCH-
anress B uesoM. C 3to#i enblo o6paruMcs K ¢opmyJe (5.52) u npeacTaBuM 3Ha-
MeHaTeJb NpaBofi YacTH B BHIe NOKa3areJbHOH ¢yHKUHH. OCHOBBIBasicb Ha CO-
oTHoOweHHH aV = eN e 3anmuchiBaeM

< In[14 (0ty)?]

(14 (0r)?r/2=e ? . (5.57)
OGo3HauuB (wt;)® = x, npeacraBuMm In (1 + x) B BHEe cTeneHHOro psinas
In(14x)=x+Yox*+/,x+... mpu [x|< 1. (5.58)

U3 tabn. 5.2 caemyer, uto npu n> 1 B npexesax nosochl npoITy CKaHHs
Aw,T; BeJHYHHA ©T, 3HAYHTEJIbHO MeHbllle eJHHHUMH, a x = (wT;)® & 1. Tak,
yxe npu n = 3, x < 0,512 &~ 0,25 u Bropoit uneH B pa3noxenux (5.58), T. e.
1/,x%, He mpeBbliaer &~ 0,03. MOXHO NO3TOMY OrpaHMYHMTHCS JIHILDb MEPBBIM
yjeHoM B passoxkenuH (5.58): In (1 + x) =® x= (o1,).

ITpu 3tom (5.57) nepexomur B

2 (ory)?

I+ @o)/2~e?’ ,
H MOAYJb nepefaToyHOH (pyHKUMH Oyaer
Kn ((’)) = K? max e—nt{ o)’/z- (559)

Hrak, ¢ yBennuennem n dopma AUX npuGAHIKaeTCss K KOJIOKOJOOGPa3HOH.
310 CBOCTBO MHOrOKaCKaJHOTO YCHJIHTENS!, COCTABJIEHHOTO H3 HAEHTHYHbIX, B3a-
HMHO HEe3aBHCHMBIX KaCKaJO0B, 4aCTO HCIIOJb3YeTcst AJISl OCTPOEHHs (HIBTPOB C
KoJiokoJioo6pasuoiit AUX (rayccoBckHx ¢uabTpoB). Bompoc 06 ycujeHun cur-

Ta6nauna 5.2

n l 1 2 3 4 5 6

Aoyt | 1 0,644 0,510 0,435 0,386 0,336
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Ko /K Halla siIBJIfleTCsl MPH 3TOM BTOpPOCTENEHHBbIM, OC-
HOBHOE 3HAYeHHe HMeeT yBeJIHYeHHe KDPYTH3HbI
ckatoB AUX, a TakxKe CKOpOCTH YObIBaHHs
«xpocroy AUX (cm. §2.12).
[lpn ® = /) nty, nociennee BHpaXeHHe
MPHBOAHT K COOTHOIIEHHIO

Kn(@) = K?max €~ '/2.

CrefioBaTe/IbHO, BeqHuHHY A, = 1/} nt, MOX-
HO TPAKTOBaThb KaK MNOJIOCY NPONYCKaHHs rayc-
COBCKOrO GuJbTpa, ompelensieMylo no ocja6-
genvio AUX o e—1/2 = (0,606 or MakCHMaJib-
Puc. 5.12. AMunuryaso- B daso- HOro sHaueHHs K7max-
9acTOTHAS XapaKTepPHCTHKH Lle- Ecau 3agana nojoca ¢uiastpa Awg, TO mo-
CTHKACKAHOr0 YCHIKTENS Joca NPONMYCKAHHs OFHOIO Kackaja JOJ/IXKHa
6biTh Ay = 1/7; = V'n Aw,.

'Onpenenum ®UX nopo6Horo ¢usibrpa. B obmem ciyyae PUX onpenenser-
cs ¢opmyJofi (5.53). YuurhiBasi, caHako, uro oty & | [cM. paccyxnenus, npu-
soasimue K popmyJie (5.59)], MOJKHO HCXOXHTb H3 YNPOLIEHHOrO BhIPaXKEHHS

P (®) & —not,. (5.60)

TakuM o06pa3oM, OKOHYATeNbHO TiepefAaToyHass (YHKUHSL n-KacKaJXHOro
ycuurens-punbtpa (npu n > 1)

Kn ((®) & K] max e~/ ?8 ¢~ 0% (5.61)

IMHOXHMTENDL (—1)" omyiuen].

AmnutynHO- M (pa30-yaCTOTHas  XapaKTePHCTHKH  IeCTHKacCKaJHOr o
ycHaHTeNs H306paxkeHsl Ha puc. 5.12. AUX oanoro kKackaja, a TakXe ILIeCTH-
KaCKaJHOTO YCHJIMTE/Nsi, BBIYHCJIEHHBIE MO TOYHbIM opmysam (5.46) n (5.49),
MOKa3aHbl LITPHXOBOK JHHHel. [Tocsenuss nosyyaercsi BO3BENEHHEM B LIECTYIO
cTeneHb XapaKTepPHCTHKH OIHHOYHOTO Kackafa. XapaKTepHCTHKa COOTBETCTBYIO-

IL(Ero rayCCcOBCKOro QULTPA, BEIYHC/IEHHAs 10 NpuG/IHKeHHOH dopmy e (5.59), mo-
Ka3aHa CIVIOIUHOH JIHHHeH.

5.6. PE3OHAHCHbBIV YCUJIUTEJIb

Cxema poCTOro pe3oHaHCH Oro yCHJHTeJ st Ha TpaH3HcTope ¢ O3 (puc. 5.13, a)
OTJIHYAETCs! OT anepPHOAMYECKOrO YCHJHTENS TOJIbKO LeNbio Harpy3ku. B nanHom
cJlyyae Harpy3ko#i sijisiercss pesucrop R, LUyHTHPYIOWHH napaJvie/ibHbIA KoJe-
6arenbHblft KOHTYP L C. Kak npaBuJO, noTepsiIMH MOILHOCTH B KaTyLUKH HHAYK-
THBHOCTH L ¥ koHZeHcaTope C MOXHO npeHeGpedb MO CPAaBHEHHIO C MOLIHOCTBIO,

BbljessieMoii B pe3uctope Ry;. IIpu 3TOM yc/IoBHH NOJHAsi IPOBOAHMOCTD Harpys-
KH (MexJy 3axuMmaMu I—2)

Gy =Gy + ioC + 1/ioL.

[puBenem ocHoBHble napaMerpbl KoHTypa LC ¢ IyHTOM Rpy:
pesoHaHcHad uwacrota o, = 1/V'LC;

XapaKTepHCTHYECKOe COINPOTHBJIEHHE P = VILIC = oL = l/copC;
saryxanue o, = 1/2R,C;

MOCTOsIHHasl BpeMeHH Ty = 2R,C = l/ay;

JAOGPOTHOCTD Q = Rw _ _Ruw _ wpw _ @p )
Y l/op C 2 20
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N

SE,
]Pm Ugpix @ Ri=—=C 2L [g’*’w Upwx

L 5

Puc. 5.13. PesoHaHcHHiI yCHIHTENb (@) M cXxeMa 3aMellleHHsl KOJUIEKTODHOH uenH (6)

Hcxons u3 cxembl 3aMellleHHst yCUauTeast (pHc. 5.13, 6) H OCHOBLIBasACb Ha

dopmyne (5.27°) (c samenoit h,, Ha G;), onpelleNsieM nepefaToOYHyl0 DYHKIHIO
YCHJIHTEN S

!

. s S = S
Ke (i0) = — Gi+Gsx  Gi+GutioC+l/iol ~  C %

i®

X 5.62
(G1tGm) ;o o L (5:62)
C LC

CnaraeMoe (G; + G;)/C = 1/R3C = 2a,, B 3HaMeHaTeJie BbipaXKeHHS
(5.62) yuuTBIBaeT WIYHTHpYIOLlee BJHSHHE aKTHBHOIO 3JIeMEHTa Ha 3aTyXaHHe
KOHTYpa.

C yueToM NpHBeLeHHLIX Bhillle 0603HayeHHH NapaMeTPOB KOHTYpa nepeja-
ToyHass (QyHKuMs (5.62) mMpHBOAHTCSH K BHAY

. S (®
Ke(io) = — = oFTo0mio T 0l (5.63)
HIH
- S ___r
Ke(p)= —= a7 o (5.64)

Jlnsi BBICOKOAOGPOTHBHIX KOHTYPOB 'OCHOBHBIM IapaMeTpoM SsIBJIsieTCs 3Ha-
yeHHe NnepelaToOYHOM (PYyHKUMH YCHJIMTENs Ha 4acTOTaX, GIH3KHX K pe30HaHCHOH
yacrote @,. B 3roM ciyvae Bhipaxenue (5.63) MOXHO mpHBECTH K BHLY

1 1 =—K |

E—Qmax T
2a, 2 (w— 14+i(m—wp)T
® oy ( - p) Qox +i( p) Toxk
P

K (i0) ~ — >

,(5.65)

rae Kmax = S/(Gi + Gy) — MakcHMaJlbHOe yCHJEHHE (Ha 4HacToTe ©.= 0);
Tox — TNOCTOSIHHAsi BpEMEHH KOHTYPA C YYEeTOM BJIMSIHHSI BHYTpeHHe# NpPOBOAHM-
MOCTH aKTHBHOrO 3JemeHTa G;.

Bennunny

2(w—
G = =08 Q= (0 — ) T (5.66)
p

4acTo Ha3bBalor 0606HM e HHOH pacCTPOHKOH KOHTYDPa.
Hrak, Bbipaxkenue (5.65) MOXXHO 3amucaTb B ¢opme

= _VL‘_ e e — K (a7 ) (5.65')
aSK
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XapakrepucTHKH K (@) M @ (Qsx)
PE30HAHCHOrO  YCHJIMTE/Sl [peACTaBJeHbl
Ha puc. 5.14.

OTHocUTe/IbHAsI NOJI0CA NPONYCKAHHUS
PE30HaHCHOTO YCHJIUTENsl, OrnpenessiemMast
1o OCJabJeHHIO aMIJIMTYAbl Ha rpaHuuax

nosockl 10 1/)/2 or MakcHMaabHOrO ypoB-
HSl (IpH a,; = 0) W BbIpaXKeHHast yepe3
06O0ILEHHYI0 pacCTpPOfiKy a,y, paBHa 2
I (cM. puc. 5.14). Has nepexopa ot Gespas-
L | | | | MepHO#l OTHOCHTEJBHOH MOJIOCH MPOMycKa-
=30 -20 -40 0 1,0; 20 30 @y HuMA 2 K pa3MepHO# moJoce 2Aw, .noso-
I
|

K/K maz
1,0——

¥uM B (5.66) |aax| = 1, a |[Aw| = Aw,.
Torna

=45 2A(°0 =W/ Qaw

rae Q.. Kak 310 caeayer u3 (5.66), n06-
POTHOCTb Harpy»eHHQroO KOHTYpa.

B 3akJiouenue npuseiem OLLIEHHOe
Puc. 5.14. Amnaumryaso- u  ¢aso-ua- HHE NPUBELEM YIPOILEH

CTOTHAas XapaKTepPHCTHKH OXHOKOHTYD- BbIpaXkeHHe NJisd HMIYJbCHOH XapaKTepH-
HOTO Pe30HAHCHOTO YCHJUTENS CTHKH DPE30HAHCHOTO YCHJHUTEeNs

g(t) ~(—S/C)e~""oxcosw, L. (5.67)

ConocraBJ/ienye BbipaxkeHu# (5.65) M (5.43) ykasbiBaeT Ha TO, YTO nepela-
TOYHYIO (QYHKUHIO DPE30OHAHCHOTO YCHJIMTENs MOXHO MOJYYHTb [OCPEACTBOM
CBHra nepeflaToOYHOH (PYHKIHH COOTBETCTBYIOLIEFO anepHOLHYECKOrO YCHJIMTe-
Jis Ha OCH YaCTOT Ha BeJHYHHY ©,. ClenyeT JMLIb MOCTOSHHYIO BPEMEHH T; =
= Cy/(G; + G) npupaBHATb BeJHUYHHE Tpy.

Bce ckasaHHOe MOXKHO pacnpOCTPaHHMTb TaKXKe M Ha KaCKaJHoe COefHHEeHHe
HJECHTHYHbIX Pe30HaHCHBbIX ycuauTeseii. [IpuBenennas ¢opmyaa (5.61) nossoaser
Cpasy HamnucaTb aHaJOrMyHoe BbipaX{eHHe AJIS nepefaTOyHOH (YHKUHH pe3o-
HAaHCHOrO n-KaCKajHOro ycHuJutens (¢puabTpa)

K, (i0) = K7 max €~ (¢~ ©p)2/2808, o = (0= p) Tox (5.68)
rae Aoy, = /) nt,, = Aw, V', a Awy, — nonyimHpHHa 1oJockl OHOrO Kac-
Kaja.

5.7. OBPATHA{ CB§3b B AKTHBHOM
YETBIPEXTIOJ/IIOCHUKE

[Mpn ananuse nuHelHbIX ycuaureneit B § 5.2—5.6 Ha 6a3se MaTpuu napa-
METPOB 3KBHBAJICHTHbIX YEThIPEXNONIOCHHKOB OCHOBHOe BHHMaHHe YAeJsJOCh
napameTpam Yy, Z,;, Hy;, NOCKONIBKY MMEHHO 3TH NapaMeTphbl ONpeAesioT yCH-
JINTEJIbHYIO COCOGHOCTb aKTHBHOTO YeThIPeXMOJIIOCHHKA. B peasbHbIX, He noJ-
HOCTbIO OJHOHANpPAaBJIEHHbIX AKTHBHbIX YeTbIPEXMOJIOCHHKAX MPHXOAHTCSA CYH-
TaTbCSl C BO3JCHCTBHEM BBIXOAHOrO KOJIeGaHHS Ha BXOH YCHJHTEJS.

[TycTe B paGoueM pexkHMe YCHJIHTEJS HanpsiKeHHe M TOK Ha Bbixoze OyRyT
E, u 1,. PaccMaTpHBass-3TH BeJIHUHHBI KaK Pe3yJibTaT BHELIHEro BO3NeHCTBHSA CO
CTOPOHBI BbIXOAa, MOXKHO onpelenutb 1] u E; Ha BXoJe ¢ nMOMOLIbIO CXeMbl 3aMe-
wenus (puc. 5.15). Ha sToii cxeMe 3axkumbl /—1’, K KOTOpbIM MOAKJIOYEH BXOJA-
HOW HCTOYHHK CHTHaJja, YCJIOBHO 3aMKHYTHl HaKOPOTKO, a MOA HampsKeHHeM,
AelcTBYIOIIMM Ha 3axcuMax 2—2’, noapasymeBaercsi E{ = —Z; 1], T. e. nage-
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HUE HaNpsKEHUs] Ha BHYTPEeHHeM CONpPOTHBJEHHH HCTOYHHKA Z;, CO3[aBaeMoe
TokoM Ij.
YpaBHenus (5.4) npu o603HaueHMsAX pPHC. 5.15 3anuceiBaloTcsi B ¢opme

Ei =—Z; i = Zyli + Zyy 1y, Ey =25, 11 + Zy, 1, oTKyna merpyamo no-
JIYYHTD COOTHOLLIeH He
E; Z; Zi
4= Zy =27y . 569
B ZnZw—ZnZutInZi Bl+ZnZi (569)

Hanpsikenne E; 4acto HasbiBalOT HanpsikeHHeM o0pamuod peaxyuu
WIH HanpsoKeHHeM o6pammoll c6A3u. DNEMEHTOM OOGpAaTHOH CBSI3H SIBASIETCS Z,,.
[lpu npeicraBneHHH >SKBHBAJIEHTHOH CXeMbI YETbIPEXIMOJIOCHHKA C MOMOLIbIO Y
uiu H-MaTpuLl 3MeMeHTaMH OGDaTHOH CBSI3H SIBJISIIOTCSI COOTBETCTBEHHO Mapa-
metpbl Y, U Hy,.

PaccmorpenHylo 06paTHYlO CBsi3b, OOYCJOBJIEHHYIO (DH3HYECKHMH Mapa-
MeTpaMH YCHJIHTEJNbHOrO npHbopa, MOXKHO Ha3BaTb nymperHeld obpamrol c6s-
3vt0. Kak mpaBH/I0, OHa NPUBOAMT K HeXKeJlaTeJbHbIM sIBJEHHSM — 3aBHCHMOCTH
napaMeTpPoB BXOAHOM LeNH YCHJHTeNsl OT 3/IeMEHTOB HarPy3KH, K OMacHOCTH Ha-
pYlleHHsl YCTOHYHBOCTH NMpPH HEKOTOPBIX YCJOBHSIX H T. K.

PaccMOTpHM OCHOBHBIE TOHSATHS, KacalOlHecsi MPHMeHEeHHS B YCHJIMTEJsiX
sHewnetl obpamnol cen3u. Hanbosee npocThiM cnocob6oM ee OCYLIECTBJIEHHS 5IB-
JIsleTCsl COeAHHeHHe BhIXOAA YCHJIHTeNs CO BXOIAOM NpPH NMOMOLIH JBYXIMOJIOCHHKA
(pue. 5.16). Ilpu coenuHeHHH BBIXOAA CO BXOAOM C MOMOLIBIO ABYXTIOJIOCHHKA
o6paTHO# cBs3H Y, no cxeMe Ha puc. 5.16, a OCHOBHO# YeTHIPeXMOJIOCHHK Iie-
J1ecoo6pa3HO ONMHCHIBATh C MOMOWIbIO Y -MaTpHUbl. YUHTHIBasi OYeBHAHOE PaBeH-
creo I, =1 — Y, (E;,— E;), a Takxe coorHowenuss Mexay I, I3 u E,,
E, B Bufe ypaBHenuii (5.1), nmpHXoAHM K HOBOH cHcTeMe ypaBHeHHWil

ll "'-"(Yn 1 Yoc) E, + (le “"Yoc) E,,
Iy= (Y5 —Yo) E; + (Yaa + Yo) Es

Takum 06pa3oM, ueTbipeXNOJIOCHHKY ¢ OGpaTHOH CB$i3bl0 MO CXeMe Ha
puc. 5.16, a cooTBeTCTBYeT MaTpHLA NPOBOAHMOCTEH

[Y]' a[yll+ Yoc Y12“' Yoc :I, (571)
Y2l""" Yoc y22 -+ yoc

H3 KOTOpPQH CJlielyeT, 4TO NMOAKJIOYeHHe ABYXMOJIOCHHKA Y, H3MeHseT Bce 3Je-
MEHTBl MaTpHIbl, B TOM YHC/e H 3JeMeHT 00paTHo# cBs3H (Y, — Y,, BMecTo
Y19).

AHaNOrHYHO MOXKHO 11QKa3aTh, YTO BKJIOYeHHe JABYXMNOJIOCHHKa Z,, MO
cXeMe Ha puc. 5.16, 6 npHBOAHT K MarpHLe

\Zr __:[Zu + 2o Zizt Zot'] (5.72)
Zm—l—Zoc Zoo+Zo

B cxeMe Ha puc. 5.16, @ JONONHHTENBLHBIA TOK, NOCTYNAIOMWIKA C BHIXOAA Ha
BXOJ MO uenu o6partHo# cBssu, paBeH (E; — E,;) Y., Tak kak B ycuaurensx
o6biyio E; > E,, TO 3TOT TOK NPHOJHKeH-
HO paBeH E, Y., T. e. mponopuxoHaleH
BhIXOAHOMY Hanpsukenuto. [Tostomy cxemy
Ha pHuc. 5.16, a MOXHO HasbIBaTh CXeMOi
¢ obpamHoi 63610 no Hanpaxceruro. B
CxeMe Ha puc. 5.16, 6, B KOTOpOH Hanps-
JeHHe OOpaTHOH CBSI3H MPONOPLHOHAND-
HO ~ BLIXORHOMY TOKY, OCYIIECTBIACTCH pu. 55 K yuery o6parHoil peakuuu
obpamnas ceasb ng moky. MOXHO, Ode- 5 yeuanrene

(5.70)
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Puc. 5.16. CxeMa ycuanTteaek ¢ 06paTHO#l CBA3BIO:
a) no HamnpsKerHio; 6) no TOKY

BHJIHO, OCYLIECTBHTb KOMOWHHPOBAHHYIO OGPaTHYIO CBSI3b — 10 HaNpsKEHHIO
H N0 TOKYy OXHOBPEMEHHO.

Pasnnuator 1Ba BHIa OGpaTHON CBA3H: OTPH L AaTeNbHYIO H mno-
JOXHTeJAbHYI0. EciH BBeleHHe o6GpaTHON CBSI3H YyBeJHYHBaeT KO3(u-
IHEHT YCHJEHHS LeNH B KaKOH-NH60 OGJNacCTH 4acToT, TO OOpaTHasi CBsA3b
VIS 3THX YacTOT MOJOXKHTeJNbHA, B NPOTHBHOM CJyuae — OTPHIATeJIbHA.

[Mosicaum npumenenue BbipaxkeHuH (5.70), (5.71) Ans cxembl TpaH3HCTOP-
Horo ycuaureas c¢ O3 mpu Y., = l/R,, (puc. 5.17). .

OcHoBuiBasicb Ha ¢opmyse (5.17), B xotopo#l Y, 3aMeHsieM BeJIHUHHO
Yo — Yoo, a Yy — Beqmunnoit Yy, + Yo, lem. (5.71)], onpenensieM koaddu-
LHEHT YCHJIEHHS HanpsiKeHHS

Y1 —Yoc

Ke= = iV 100

(5.73)

ITpoBoguMoctn Y, u Yy, — BellleCTBeHHbIE H NOJIOXKHTEJIbHbIE BEJHUHHbI.
To ke camoe orHocuTtcst H K Yo, = 1/Ryo, Gy = 1/Ry. OueBHAHO, 4TO BHIYHTa-
HHe H3 YHCJHTeNs U Jo6aBJIeHHe K 3HameHaTteio Apo6H B (5.73) Y, npHBOAHT K
YMEHBILEHHIO KO3(pHLHEHTa YCHIEHHs (O MOAYJIO), T. €. B pacCMaTpPHBaeMOM
clyyae o6parHasi CBSI3b ompuyamenssha. 10 OGBACHAETCH NPOTHBO(A3HOCTHIO
BbIXOHOTO H BXOJHOrO HamnpsixkeHHHl B pe3ncTHBHOH cxeme ¢ O3 (cM. §5.4).
Tok wuepe3 R,, =~ Es/R,, = — I3R,/R,,, HanpaBJeHHBIil C BBIXOJa Ha BXOJ,
yMeHbluaer TOK lg H, cienoBaresbHO, oE,.

MOXXHO NOKa3aTh, YTO aHAJOTHYHOE MOAKJIOYEHHE IBYXMOJIOCHHKA Y, =
= 1/R,, K ycuauremo, paGoraiomemy no cxeme ¢ OB, koraa nanpsixenus E,
1 E, coBnanaior no ¢ase, NPUBOAUT K MOJOXKHTEJbHOH OOPAaTHOH CBSI3H.

Ha ‘puc. 5.18 H306paxeHa CTPYKTypHasi CXeMa YCHJIHTEJs C BHelUHe# 06-
paTHOH CBSI3bIO MO HANpPSIKEHHIO, OCYIIECTBJISEMON C TNOMOLLBIO BCIIOMOTaTellb-
Horo uerbipexnomocHuka K,, (i®).

YOG
1 T
=
L - €A,
P—

Puc. 5.17. Ilpumep cxemH 3ame-
weHust ycuaureas ¢ O3 c BHew-
O~ T Hell o6paTHOf CBA3bIO
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Kak ycunutenb Ky (iw), Tak u uerbipex- -
nomocHUK K, ({®) npeanosaraiorcsi NoJHOCTbIO E Kylie) [
ofiHOHanpaBeHHbIMH. [lono6Hoe mpencTaB/eHue ° 2 J
HMeeT CMbIC/I B TeX CJydYasiX, KOTAa BXOJHOe CO-

NPOTHBJIEHHe YeThipeXxno/mocHHKa K,, (i) nocra-
TOYHO BEJIHKO, YTOObI He HarpyaTb yCHJIHTe/b
Ky (i0); BBIXOAHOE CONPOTHBJIEHHE UYETBIDEXMNO-  pyc 518, CrpykTypHas cxema
MmocHuKa K, ({®) AO/KHO GbITh JOCTAaTOYHO M3  ycuaHTeas ¢ 0GPATHON CBASBIO
JIbIM N0 CPaBHEHHIO C BXOJIHLIM CONPOTHBJIEHHEM

ycunurens Ky (io). IIpu 3THX nonyuleHHSIX NepeRaTOYHYI0 (QYHKUMIO CHCTEMb

K, (iw)=U/E (5.74)

MOXKHO HaHTH C TOMOILbIO CedYIOIHX OYeBHAHBIX cOOTHoueHHi. Hanpsixkenue
Ha BBIXOJ€ YeTHIPpeXMOJIOCHHKa OOpaTHOH CBSI3H

U =Ko, (i0) U. (5.75)

Hanpsxenune na Bxone ycunurens K, ({w) paBuo cymme xoanoit DIC E
¥ HanpsikeHHss oGpatHoH cBsi3u U,,.
CnenoBaTe/IbHO, HanmpsikeHHe Ha BbIXOfle BceHl LemH

U =K, (i0) (E+ U,) = K (iw) [E + K, (iw) U],
Pewas 310 ypaBuenue orHocutesbHo U, mosyuaem
— Ky (iw)
1 — Ky (iw) Ko (iw)
OTKyAa CJelyer, YTO

K, (o)=L = Ky(®) , (5.76)
E  1—Ky(io) Ko (io)

D10 BHIpaXKeHHe SIBJSETCH OCHOBHBIM JJIsi CHCTeMbI C OOpaTHOH CBSI3blO;
Ko (f®) HHoraa HaswBaloTOGu e i mepelaTOYHOHd GYyHKUHEH,
HiMneperaTouHoH GyHKLHeH 3aMKHYTOH CHCTEMBL
Itpoussenenue xe K, (i) K, (i®), MMelomee CMbICT mnepefaTO4HOH (YHKIHH
KaCKaJlHOFrO COeJMHEHHs YeThipeXxnoJoCHHKOB Ky (iw) u K,, ({®), Ha3biBaOT
nepeigaToYHOH GyHKLUHeH Pa3OMKHYTOH CHCTEM b,

Ilpu 3ameHe i® Ha p noJyyaeM nepeiaTOYHYIO QYHKIHMIO 3aMKHYTOH LeNH B
onepaTopHoi ¢opme

Ko (p) =Ky (p)/[1—K, (p) K, (). (6.77)

ConocraBnenne K, (io) ¢ K, ({®) nosBo/iser onpelenuTh 3HaK 0GpaTHON
CBSI3H B 0o0IIeM cJyyae, KOrJa 3TH QYHKUHH SBJSIOTCS KOMMJIeKCHbIMH. Ec/H Ha
KaKo#-HHOY/Ib YacTOTe MMeeT MecTo HepaBeHCTBO K, (w) << Ky (w), 7. e. ecan
BBelleHHe OGpaTHOH CBSI3H MPHBOAHT K YMEHBIUEHHIO YCHJIEHHS, TO oGpaTHas
CBSi3b Ha JaHHOH YacCTOTe OTpHUATe/bHA, B MPOTHBHOM C/yYae — IOJIOXHTEb-
Ha

th:d

UG\C K o<c(i¢0)

[lpu Ky (i®) K, (iw) = 1 ycunenne K, (@) cTaHOBHTCS GeCKOHEYHO 60Jb-
LUHM. DTO 03HAYaeT, YTO LeNb CTAHOBHUTCS HeyCTOMYHBOM M A/ HCCJEJOBAHHS ee
NoBeileHHsi HeoOXOAMMO HCNO/Mb30BaTh ADYrHe MeTOAbl, TaK KaK BhIpaXKeHHs
(5.74)—(5.76), oTHOCsIMECS K CTallMOHAPHBIM DEXHMaM, TePSIOT CMbICI.

Cayyail HeycTOHYMBOrO COCTOSIHMSI MOKOSI (NIPH M3y4YeHHH CBOHCTB aBTOKO-
JleGaTe/IbHBIX CHCTeM) paccmaTpBaercss B rai. 9. B nammoit rnase usyuyaiorcs
TOJIbKO YCTOHYMBbIE LenH. YC/IOBHS yCTORYHBOCTH GyAyT cOPMYJHPOBAHH B
§ 5”.9 nocJie H3JI0XKeHHs! OCHOB TeOPHH YyCTOHYMBOCTH JIMHEHHBIX uened ¢ obpar-
HOH CBf3bIO.
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5.8. IPUMEHEHHE OTPHULIATE/IbHOM OBPATHOM
CBSI3H IJ1d1 YJIVHIIEHUS XAPAKTEPUCTUK
YCHUJIUTEJISA

PaccMoTpuM BHsiHHe 06paTHOH CBSI3H Ha CJeNyIOLUIHe MapaMeTphl YCHJIHTe-
as:

cTabUABHOCTb KO3(xpHLHEHTa YCHJIEHHS;

yPOBEeHb HeJIMHeHHBIX HCKaXXEHHH CHrHaJla, OOYCJIOBJIEHHBIX KPHBH3HOM
BOJIbT-aMIIEPHOA XapaKTePHCTHKH YCHJHTEeJbHBIX NPHOOPOB;

pPaBHOMEPHOCTb YaCTOTHOH XapaKTepHCTHKH B 3aJaHHOH MOJOCe YacToT.

1. BIMFHUE OC HA CTABUJIbHOCTb YCHUJIEHUA

ITycte B JMHeHHOH uenH, HaxoasweHcs noj AeHCTBHEM FapMOHHYECKOH
OJIC u oxBayeHHO# 06paTHOI CBSA3bIO, MPOH3OLIJIO H3MEHEHHE KaKOoro-Jau60o napa-
MeTpa: MOAYJIS HJIH apryMenTa Ko3(ppuunentos ycusenus K, ((w) ua Ko, (f0).
INprynHaMu 310r0 H3MeHEHHS MOrYT GbiTh HENOCTOSIHCTBO HaMpPsiXKEHHH HCTOY-
HHKOB MHTaHHS YCHJIHTeJNs, H3MEHEHHe TeMIepaTyphl OKpYy2Kaiolllell Cpexbl, Me-
XaHWYeCKHe BHOpaLMH, NMPHBOASIIHE K H3MEHEHHIO 3JIEKTPHUECKHX IapaMeTpoB
yCTpoHcTBa H T. A. BHIICHHM, Kak BJHsieT o6paTHasi CBSi3b Ha OTHOCHTeJIbHOe
H3MeHEeHHe BHIXOAHOro cHrHaJsa. CHayaJsla pacCMOTPHM CJIydaH, KOraa HeCTaGHJb-
HOCTb HMEETCs1 B LIeNH NPSMOro yCcHJeHHs. [1/1s ynpolueHHs aHaJu3a HCXOAHM H3
YCJIOBHSI, YTO IO H3MEHEHHsl pexxuMa paGoThbl KoapuuuenThl nepenauu Ky (o)
U Koo ({®) SBAAAHCH YHCTO AeHCTBHTe/bHBIMH BeqHunHam K, u K., Tak 410
KO03(dHLHEHT nepejayd 3aMKHYTOH LieTNH Onpeaessjcs BblpaXKeHHeM

KO"—"Ky/(]'—'Ky Kov)' (578)

[Tycts oGycnoByieHHOe HeCTaGHJBLHOCTBIO M3MEHEHHE 3aKJIOYaeTcsi B TOM,
4TO KO3¢PHUHeHT Ky M3MEHHJICS Ha Manylo BennunHy AK . B orcyrcTBue o6par-
HOMH CBSI3H 3TO NPHBEJIO bl K OTHOCHTEJIbHOMY H3MEHEHHIO aMIIHTYIbl BBIXOXHOIO
Hanpsixkenus paBiomy AK,/K, (amnuuryza DIC Ha BXofe CuHTaeTcs He-
M3MEeHHO). ;

Jasi onpejeneHHs OTHOCHTEJIbHOTO H3MEHEHHS aMIJIMTYAbl NPH HaJHYHH
06paTHO# cBs3H npoauddepenunpyem Bblpaxetue (5.78) mo K,:

dKy | Ky I I
dKy — (1—KyKoeo)?*  (I—KyKoo) (1—KyKog) Ky °

OTKyna
dKo _ | dKy (5.79)
Ko 1—KyKoo Ky

M3 3toro BbipaxeHusi BHIHO, YTO OTHOCHTEJNbLHOE H3MEHEHHe BbIXOAHOTO Ha-
NpsXKEHHs! IPH HAaJHYHH OGPATHOH CBA3HU (T. e. BeanunHa dK /K,) MoXeT CHJIb-
HO OTJIHYaTbCsl OT M3MeHeHHsl, KOTOpoe HMeJso Gbl MeCTO B ee OTCYTCTBHe.

Ecnu obparnas csse ompuyamesvna (K, K,, << 0), umeeT Mecto 0caab-
AeHUe HecmabuAbHOCMU CUCmembi

dKo _ 1 dKy
Ko 14+]KyKocl Ky
Ilpu nososcumenvnoli OOPaTHOH CBSA3H HECMAOUALHOCTML YBEAUHUBALMCA.

dKo 1 dKy

Ko 1—]KyKocl Ky
Orciona cienyer, 4To AJsi NOBBIIEHHS! CTaGHJIbHOCTH YCHJIEHHS LENH LeJe-
c006pa3HO BBOAHTb OMPUYAMEAbHYI0 OGPATHYIO CBSA3b. ITO WHPOKO HCHOJb3YIOT
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B COBPEMEHHOH pajuoasekTponuke. A6comornylo Besuunny |K Ko, | B 3aBuCH-
MOCTH OT Tpe60BaHHH K CTaOHNBHOCTH CHCTeMBI 1oBoAAT A0 100 1 6onee. [Tpu atom,
ecrectBeHHo, B (I + |KyK,.|) pas ymeHnbluaercs u ycusenue uend K,. 3to
yMeHbLIEHHe MOXeT ObiTh CKOMIEHCHPOBAHO yBeiaHueHueM K, (Hampumep, yse-
JIMYEHHEeM YHCJla KaCKafioB B KOJIbLIE, OXBAa4eHHOM OOpaTHOF CBf3bI0).

BBegeM B paccMorpenue HecTaGHJIBHOCTL B LenH oOpaTHOM cBsA3H. [lis
3Toro npoaugpepenuupyem Bbipaxenue (5.78) no K,:

dKo  _ Ky(—Ky) _ __ Ky K,
dKoc (1—Ky Koc)? 1—KyKoe
OTKYyJAa

dK, — Ky Koc dKoc
Ko ]—-KyKoc Ko(‘

B cayvae orpuunarensnoit cssu npu |K;K,.| > |
dKo _ _ dKoc

z
K() Koc

M3 3TOro cootHolueHHst BHAHO, YTO BJAHSIHHe Ha K, HecrmabuabHocmu 8 ca-
moll yenu K,, He ocarabasemcs ob6pamwoll c8a3b10: HeCTaGHJIBHOCTb 3aMKHYTOH
Lefid ¢ OTpHuATe/NbHOM 06paTHO! cBsi3bio npu |KyK,.| > | paBHa HecTaGHJb-
HOCTH BeJIHYHHB K.

CnenoBare/ibHO, NpPH NPUMEHEHHH OTPHUATENbHOM OGPATHOM CBSI3U OCO-
6oe BHHMaHHe cjelyeT 06GpaTHTb Ha MOBbILIEHHe CTaGHIBHOCTH YeThipeXNoJIoc-
Huka K,,. 310 TpeGoBaHHe pacnpoCTPaHsAeTCs KaK Ha MOAYJb, TaK H Ha apry-
MEeHT (T. e. Ha (ba30ByI0 XapaKTEPHCTHKY) nepeaaToyHoi pyHKuHH uenu. B npak-
THKe BBINIOJIHEHHe 3TOro TpeGoBaHHs 06/1eryaercsi TeM, YTO OCHOBHbLIE AecTabHJIH-
3upylolue GakTOpbi HMEIOTCS B MPsSIMOM ycuautele Ky, collepKallleM aKTHBHble
3JIeMEeHTbl H 3/IeMEHThl Harpy3KH; YeThIPEXMOIOCHHK ke K., OOBbIYHO MpeacTaB-
JSI0WHU#A co60H TPOCTYIO MACCHBHYIO llellb, MOXeT ObiTb CleJIaH JOCTaTOYHO CTa-
GHJIbHBIM.

2. OCJTABJIEHHE HEJIWHEHWHbBIX HCKA)KEHHHA
C NMMOMOLLbIO OTPHULUATEJIBHOM OC

BoisiciuM BiiusinMe OTpHuAaTeJbHOH OOpaTHOH CBSI3H Ha HeJMHEeiHble HCKa-
MeHHsl, KOTOpble BO3HMKAIOT B OCHOBHOM YCHJIHTeJe H3-3a KPHBM3HbI XapakTe-
PHCTHK aKTHBHBIX 3JieMeHTOB. [IpH rapMOHHYECKOM HampsiXKeHHH Ha BXOJe 3TH
HCKaXKeHHS! NPOSBJSIOTCS B BHAE BHICHIHX apMOHHYECKHX COCTaBJISIOUIHX YCH-
JIHBaeMOro CHrHasa. JlonycTHM, 4TO B OTCYTCTBHe OGpaTHOM CBsI3W, NPH MNOAa-
ye Ha Bxo JJIC E,, Ha BbIXOfe YCHJIHTENsl aMIIHTYJa HanpsiKeHHS OCHOBHOM
yacToThl paBHa U,, a aMn/IHTyJa HanpsKeHHS OAHOM M3 rapMoHHK U,. ¥Ycuau-
TeJIb C HCKaXKeHHSIMH MOXKHO MpPeICTaBHTb B BHAE HAeaIbHOrO JIHHEHHOrO YCHJIH-
TeJIsi, Ha BXOJe KOTOPOro AeHCTBYeT «reHepaTop rapMOHHK» (pHc. 5.19).

Ilpu stom ornowenus E,/E, u U,/U, oiHHAKOBbI, TaK KaK KO3(PPHLHEHT
ycunenuss Ky (0) cuntaeTcsi OAMHAKOBbIM Kak JJISi OCHOBHOH 4acTOTBI, TaK H
AJs 4yacToThl - rapMoHuKH. Takum ob6pasoM, amniutyna DIC sKBHBaNEHTHOrO
reseparopa E, jao/mkHa 6biTh paBHa U,/K,.

Ilpu BBeneHHu oTpuuaTebHOH OGPATHOM CBSI3W AJS MOJYyYEHHS] Ha BBIXOJE
npexxue# avnauty Al U; Bxoauyio DJIC E, neo6xonumo ysenuyntsb B (1 + |[K K. |)
pas, kak 3T0 BbiTeKaer W3 ¢opMyJnl (5.78). 10 orTpaxeno Ha pHc. 5.20 BBele-
HHEM JIONOJIHHTEJIbHOTO YCHINTeNA ¢ Koadduuuentom ycunenus (1 + [KyK,l).
Crenyer, onnako, HMeTb B BHAY, YTO HaNpsiXKeHHe OCHOBHOH 4acCTOTHI, AeACTBYIO-
lllee HEMOCPEACTBEHHO Ha 3aXHMaX 3—a3’, OCTaeTcsi TaKHM Ke, KaK H B cxeMe Ge3
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OTpHLATeNIbHOH OGPaTHOM CBSI3H, NPEACTaBJEeHHOH Ha puc. 5.19. Ileﬁcmme.nb-
HO, paccMaTpHBaeMOe HampsKeHHe ABJIAETCS PasHOCTBIO MeXAy 9IC E,

= E; (I + |KyK,l) neﬁcTBylom.eﬁ Ha 3axumax 2—2' (puc. 5.20), u Hanpﬁ-
enueM o6patiof csssu |Kyo| Uy, T. e.

Ey=E;,—K, Ul""'El(l+|Ky“Koc|)—'|Koc|U1'
Ho E, |Ky| ectb He urto uHoe, kKak U, (cM. puc. 5.19). CaenosarenbHo,
Eqy =E1+£1|Ky“Koc|“'lKoc' U, =E,.

Hanpsixkenne e n-fi rapMOHHKH Ha BXOJ€ YCHJIHTE/Isl C yYeTOM Hanpsi2KeHHs
o6parHoit cBasu — U,K,, 6yner pasno pasnoctd E, — |K,.| U, a na BhXo0-
Jie yCHIUTeNs

Un:"lel(En""\Kocl Un)’
OTKyAa

Un"_'lelEn/(l +|KyKoc|)

Takum o6pa3oM, OTHOILEHHe

Un _ [KylEn _ ___ En £ (5.80)
U, (14| Ky Koch) IKyl E1 1+ Ky Koel

nostyyaercsi B (1 + |KyK,c|) pa3 MeHbLINM, YeM B OTCYyTCTBHE 0OPaTHOH CBA3H.
Ipaspa, s1o yayuienue gocturaercsi ueHoit ysenudedus B (I + |KyKocl)
pa3 HanpsiKeHMsi, MOABOAMMOro K 3axumam 2—2° (puc. 5.20).

OtHocHTe/IbHOE OcJ/abJieHHe HanpsiKeHHs BLICLUMX TapMOHHK MOXXHO TMo-
SCHHTb ellle u cJaelyloliuM 06pa3oM: BBeleHHe OTpHULaTeIbHOH OOpaTHOH CBS3H
NPHBOAUT K yMeHblleHHI0 ycuneHnus B (1 + |KyK,.|) pa3 B oAHHAKOBOH mepe
IJif NOJIE3HOTO CHrHala W AJIS [apMOHMK, OLHAKO 3TO YMEHbILEHHe YCHJEHHS
KOMMNEHCHPYeTCS TOJNBKO JIMLIb JJS NOJIe3HOro CHrHaja. B npepBapuTe/qbHOM
MaJ/IOMOIHOM YCHJHTeJe HeTPYAHO 06eCneynTb JUHEeHAHBIH PeKUM DPaGOThI.

IpoBesenHOe Bbillle paccyKieHHe MOXeT GbiTh PaclpoOCTPaHEHO Ha BCe rap-
MOHHKH YCHJIMBAeMOro HanpsikeHusd.

IlpumeHeHne oTpHlaTeIbHOH OGPaTHOH CBSI3H MO3BOJIET NOMHMO ocCJabiJe-
HHS HeJHHeHHBIX HCKaXKeHHH NMOHH3HTb NpPH HEKOTOPHIX YC/JIOBHSX H YPOBEHb
¢oHa, co3gaBaeMoro mnyJbcaliHell NHTAKIUHX HanpsikKeHHH.

Urak, Bce no6Gounble KojeGaHHsi, BO3HHMKAIOUHE B CAMOM Ycuiumene
H3-32 HeJIMHEHHOCTH XapaKTePHCTHK YCHJIHTEJIbHbIX NPHGOPOB H H3-3a HeCOBep-
IIEHCTBA MCTOYHHKOB NHUTaHUS, OCJa6MIAIOTCS OTPHIIAaTeNbHOH O6paTHO# CBS3bIO
B (14 |[KyKol) pas.

Ecau ycuiuTesNb COCTOHT H3 HECKOJbKHX KacKallOB, CTPEMSITCS OXBaTHTb
00paTHO# CBSI3blI0 BeCh YCHJIMTEJb B IIJIOM, KaK 3TO IIOKa3aHO, HalnpHMep, Ha
puc. 5.21. ITpu 3TOM, OAHaKO, YC/IOXKHSeTCsl o6ecrieyeHHe YCTOHYHBOCTH YCHJIH-

1 2 ]
o— )
o ©,, . ET Kol RS o] Ay [T 24,0,
£, @ | #y(@) /N/A ;;—-{ y e > e y o 1 ‘n
En EII '_J
~KocUr:s ~Koc Un Hoclw) |}
Puc. 5.19. YueT HequHeHHBIX Hc- Puc. 5.20. K o6bsicHeHuio addexTa CHHXKeHHS
KaXeHHii B YCHJMTeJse ¢ TOMO- ypoBHA NOGOYHHIX FAaPMOHHK B YCHJHTeJie ¢ OT-
UIbI0 9KBHBAJICHTHOTO TeHepaTo- pHuaTennHOl 06paTHOR CBA3LIO

pa rapMOHHK
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Puc. 5.21. Muorokackan- I gy St o |

- 1
HBIHl YCHIHTeNb C OTpHUA- £,° f |/f1| LA A5 [T r—gyf
TeJbHOH OGPaTHON CBA3LIO r L L

|Kac|

TeJIsl U3-3a BO3pacTaHHs CyMMapHOro ($a30BOro CABHra B KOJblle, OCOGEHHO MpH
Ha/MYHK TPaHCHOPMATOPOB, OGMANAIOUIMX HHIYKTHBHOCTbIO PacCeHHS.

B Tex cayuasix, Korfa yAaeTcs NOCTPOMTb MHOTOKAaCKaJHBIH yCHJIHTeNb 6e3
TpaHchOPMaTOPOB, a TaKXKe IPH HeGOJBbLINX NapasHUTHBIX €MKOCTSIX MOXHO pea-
JIM30BATh CXeMy H306paxeHHyl0 Ha puc. 5.21. Takue ycsoBHsI BCTpevaloTcs,
HanpuMmep, B TPAH3HUCTOPHBIX YCHJHTENSX 3BYKOBBIX YacTOT.

3. BJIUSIHHUE OBPATHOW CBSI3H HA AUX

PaccMoTpum B 3akJiioueHHe BJIHSIHHE OTPHIATeJbHOH OGpaTHOM CBSI3H Ha
AUYX ycuautensi. HenocpenctBeHHO M3 Bhlpaxenusi (5.76) caepyer, 4to npH
Ky (0) Ko (i0)] > 1

Ko (0) =~ 1/K o (@) (5.81)

Ecnu B 3ajaHHOH nosioce 4acTOT OGeCneYHBaeTCsl MOCTOSHCTBO K, (0),
10/ K, (0) = const. Takum 06pa3oM, 3afaya CBOIHTCS K BbIPaBHHBaHHIO A‘-IX
NIAaCCHBHOTO YETHIPEXIOMIOCHHKA OGPaTHOH CBSI3H, YTO 3HAYHMTEJbHO Jerye, yeM
yCTpaHeHHe HepaBHOMEDHOCTH XapaKTePUCTHKH ycumutens Ky (o).

B npomexytounbix cayuasx, koraa Ky K,, usmepsiercs HECKOJBKHMH enu-
HHIaMH, TipejesbHOe cooTHolieHue (5.81) He JIOCTUTraeTCsl, OXHAKO XapaKTepH-
crika K, (®) CTaHOBHTCS 3HAaUMTEJIBHO PaBHOMEpHee, YeM K (®). ITO HIIOCTDH-
pyercs puc. 5.22.

Ha puc. 5.22, a wrpuxoso# JHHHelH BocnpousseseHa AUX anepuonuyecko-
ro ycuJuTensi, paccMoTpennoro B § 5.4 (cM. puc. 5.10). Ilpu BBenenuu orpu-
1aTeJIbHOH OGpaTHOM CBsI3M C BellleCTBEHHbIM Ko3(dduunentom K, nepenaToyHas
GyHKUMS ycuauTeast B cooTBeTcTBHH ¢ (D.76) u (5.44) Gymer

Ko (i) = —Sv b0 Kymaz . (58
I_KocKy(“ﬂ) (14-] Koc Ky max |) +i0Cy/G; + G)
a momynb, T. e. AUX,
Ko (@)= Ky mex

V(1 Koc Ky max DE+ 02 [Co/(G; + O)I?

(nokasana Ha puc. 5.22, a crowHOH JHHHeR). XapakTepuCTHKa IOCTPOeHa
NpH CJaeAylomuX AaHHbX: Ky max = 50, |K,c| = 0,05.
Takum oGpa3om,

50
Kolo) = V(1+2,5)2 4 [0Co/(G; +G)1?

Kax u ciiefioBasio oxunare, kpupasi K, (0) pacnonoxena Huxe, 4eM Ky (o)
(Ha Bcex yacToTax). DTO SIBJISIETCS Pe3yJ/IbTATOM NOJAAYM HANPSKEHHS C BbIXOlla

YCHJIUTEJIS Ha ero BXOJ B npomusogase ¢ BXOIHBIM HanpsikenneM. Ha gacrorax,
GMH3KHX K HYJIIO,

50 1
K — Kymax —_ — ,
0 max l+’KocKymax' 1+2.5 3.5 Kymax

T. €. yCHJeHHe yMeHblIaeTcsi B 3,5 pa3sa.
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Onnaxko xapakrepHCTHKa K, (@) 3HauHTe/NbHO paBHOMepHee, YeM K, (®).
310 BHIHO M3 HOPMHMDOBAHHOH YaCTOTHOH XapaKrepHCTHKH K, (®)/Kom ax
(cM. pue. 5.22, a, WTPHXNYHKTHPHAA JuHHA). Mrak, BBelleHHe OTpHUATENbHOH
o6paTHOH CBSI3H IJ1s1 CTaOMJIM3aLHH KO3(HUHEHTAa YCHJIEHHS H OcJabaeHus
HeJIMHEeHHbIX HCKaXXeHHH OJHOBPeMeHHO BbipaBHHBaeT AUX ycuuurens.

3aMeTnM, 4TO TpeGyeMylO NOJOCY NPONYCKAaHHS MOXKHO MOJNYYHTh H 6e3
OTpHUATeNbHOH 0OPATHOM CBSI3H, COOTBETCTBYIOUHM OGPa3oM YMeHbluasi COMpO-
THBJIeHHe Harpy3k# R. OIHAaKO NpH 3TOM OCTajbHble MapaMeTPhbl YCHJIHTES —
CTa6HJIBHOCTb H HEJHMHEHHOCTb YCHJIEHHS — OBUIH Gbl yXYALIEHH .

CootBeTCTBEHHO XapakTepHCTHKe K, ({®) H3MeHsiercss M MMIyJbCHas Xa-
pakTepHcTHKa ycuJureasi. [lefcTBuTes1bHO, 3anHcaB Bhipaxenue (5.82) B dopme,
coBrnagamoowei c (5.43):

KY max KY max
K, (iv) = — 1+| Koe Ky max | - 14| Koe Ky max |
0 i0C, 1 14 ioTox ’

1
+ Gi+G 1+|KocKymax,

BHIMM, YTO OGpaTHas CBA3b NPHBOIHT K H3MEHEHHIO S5KBHUBAJIEHTHOH IOCTOSIHHOH
Bpemenu: Bmecto Co/(G; + G) moayyaem

Co 1 — T

T - = .
7 Gi+G 141 Koe Ky max| 14 Koc Ky max |
Hp“ lKoc Ky max\= 215
1 Co T

Tog = = .
3,5 G;+G 3,5

3aMeTuM, 4YTO MaKCHMaJbHOe 3HaueHHe YCHJeHHs (npH ® = 0) yMeHblua-
eTCs B TaKoe e YHCI0 pa3. Takum o6pasom, ec/H B OTCYTCTBHE OGPATHOH CBS-

3H HUMINYJIbCHasi XapaKTepHCTHKA pacCMaTpHBaeMOro YCHJIHTCJS 3anHLIeTCs B
BUle ’

K (Gi+G) ¢
f)= ———LHeX _ex [— —————],
g Co/(G;+ G) P Co

TO INpH BBEleHHH OTPHUATeJbHOH OOpaTHOH CBSI3H
K (141 Koc K Dt
f) = ymax oy [_ oc Ky max ]
&l = ZGtra P Cal(Gi )

HopmupoBannasi uMny/bcHasi XapaKTepHCTHKA g, (f) NpH HeCKOJbKHX
3HaveHHusix napametpa |Ko.Ky max| H3006paxkena wa puc. 5.22, 6.

e 15 -
0 -
/@ ’ra/’(omna. -
A1 Ko/
50 S ~Jo/Momos
40"“8 \\' \'\.\
N\ -
30-r0’5 \\59 ~———
20"'0,‘/ \\\\\
{0__ 0,2 Ko ﬂ‘—:‘ ' ‘ , L
1 1 ] 1 1 0 .
¢ 1 2z 3 4 b 42 o4 0F 88 (B,
@ 6i%6 ) o

Puc. 5.22. AMIVIMTYAHO-4acTOTHAA (@) K MMOyJbCHbE (§) XapaKTepHCTHKH YCHJHTeNsl C OT-
pHUaTesabHON pOpaTHOM CBA3bBIO
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Kak W cnemoBano oxwunarb, BBeleHHEe OTPHUATEJNbHOH OOPaTHOH CBSI3H
(Ko¢ Kymax << 0), pacumpsiolee NOJIOCY NMPONYCKAHHS UMM, MPHBONHT K 60:
Jiee OGbICTPOMY YGLIBaHHIO HMIYJIbCHOH XapaKTepHCTHKH. [IpH MOJIOXKHTEbHOM
o6pa'nioi71 cBsi3H (Ko, Kymax > 0) yOuBanue g, (f) samennsiercs. IITpuxoBoii
JuHueli Ha puc. 5.22, 6 nokasana HMITyJIbCHAsi XapakTepHCTHKa npH Ky, X
X Kymax >> 1, coorBercTByIOllasi HEyCTOHUHBOMY pexxuMy (cM. § 5.9).

5.9. YCTONYHMBOCTb JIMHEVHBIX AKTUBHbBIX
LIETTEHM C OBPATHOM CBS$I3bIO.
AJITEBPAMYECKHMH KPUTEPHUMN YCTOMUYHNBOCTH

B peanbHO# nenu, oxBaueHHOH 0GPATHO# CBSA3bIO, BCEra HMEIOTCS PeaKTHB-
Hble 3JIeMEeHTBI, HaKamJHBalollHe dHepruio. llake B ycH.MTeNe Ha pe3HCTOpax
HMEIOTCSA TaKHe 3JIeMEHTHI (Mapa3HTHble eMKOCTH CXeMbl H YCHJIMTEe/NbHBIX MpH-
60pOB, HHAYKTHBHOCTH NMPOBOJAOB H T. A.). PeakTHBHbIE 3/1eMEHTHI CO3JalOT AO-
NOJIHUTeNIbHBIe (ha3oBble cABHTH. ECH Ha KaKOH-THGO 4acToTe 3TH CABHTH JAIOT
B CyMMe IONOJIHHTeNbHLIH yroa B 180°, To o6paTHasi CBfi3b M3 OTPHIATEJNBHOH
NpeBpalllaeTcsi B MOJIOKHTENbHYIO H CO3MAIOTCS YCJIOBHSI, IPH KOTOPbIX BO3HH-
KaeT napasMTHasi reHepalHsi.

310 0GCTOATENBCTBO BO MHOTMX CHAyYasiX CYLIECTBEHHO OTPaHHYHBAeT 3¢-
(eKTHBHOCTb NPHMEHEeHHs OOPATHOH CBSI3H, TaK KaK NpH GOJBUIMX 3HAYEHHSX
|IKyKoe| Ansi ycTpanenusi mapasuTHOM reHepaluH TpebyloTcsi creuuanbhble da-
30KOMIIEHCATOPBI H ApyrHe YCTPOHCTBA, yMeHbluaomue KpyTH3ny ®UX B KoJbLe
o6paTHo# cBsi3H. OLHAKO 4acTO OKA3bIBAETCs1, YTO BBEJEHHE B CXeMY HOBBIX 3Jie-
MEHTOB NPHBOAHT JIHIUb K CABHTY YacTOThl MapasHTHOH reHepauHu B 06JacTb
OYeHb HH3KHX HJH OYeHb BBICOKHX YacTOT.

Hrak, npumenenue o6paTHOM CBSI3H TECHO CBsSI3aHO ¢ NPoGJeMoi obecneue-
HHSl YCTOHYHBOCTH LEIH.

Jnst npaBHJIbHOrO NOCTPOEHHS LENH U BHIGOpA ee mapaMeTpoB GoJIbIoe 3Ha-
YeHHe MPHOOPETAIOT METOAR ONpedesieHHsl YCTOHUHBOCTH Lenu. B Hacrosiiee Bpe-
Ms1 H3BECTHO HECKOJIbKO KDHTepHeB, pasJjiHyaloluxcs 6oblie no dopme, Hexe-
JIH 10 cyluecTBY. B ocHOBe GOJIBUINHCTBA STHX KPHTEPHEB JIEXKUT KPUTEPHIl yCTOH-
YHBOCTH pellleHHH AH(pepeHIHAJbHOrO yPaBHEHHs!, OMHCLIBAIOILEr0 HCClenye-
MYyIO [€Nb.

[Tycte nMHeiliHOe OAHOPOAHOE ypaBHEHHe NJISI LEMH C COCPeNOTOYEHHBIMH
(n NOCTOSIHHBIMH) mapaMeTpaMH 3aiaHO B ¢opme

dn dan— 1 du.—2 d
by —= 4 b, X 1b, 2 b4 b, x=0. (5.83)

de" din—! a2 dt
rlle X — TOK, HanmpsiKeHHe M T. X., a NMOCTOSIHHbIe KO3(dUIHEHTH by, by, bs, ...

.., by — meficTBHTE/IbHBIE YHCJIA, 3aBHCALLHE OT MapaMeTpoB LEMH.
Pentenue ypaBnenus (5.83), Kak H3BeCTHO, HMeeT BHI

n
X= 2 Ai epit,

i=1
rae A; — NOCTOsIHHBIE, a p; — KOPHH XapaKTEPHCTHYECKOTO ypaBHEHHS

b PP+ by pn=1 = by pi—2 + ... 4+ bu_y p+ b, =0. (5.84)

Yc/ioBHe YCTOMYHBOCTH COCTOSIHHSI MOKOSI LEMH 3aKJIoYyaercsi B TOM, YTO
Noc/1e npeKpalieHus AeHCTBHS BHEIIHHX BO3MYILEHHH Henb BO3BpallaeTcsi B HC-
XonHoe cocTosinue. [Last 3T0ro Heo6X0QHMO, YTOGk! BO3HHKAIOLHE B LIeNH NPH Ha-
PYLUEHHH COCTOSIHMSI IOKOsi CBOGOAHbIE (IEPEXONHbIE) TOKH H HampsiKeHHs! ObLIH
3aTyXalolkMH. A 3T0, B CBOIO oyepellb, 03HAYaeT, YTO KOPHH p,, Pg, ..., Pn YPaB-
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Henus (5.84) NO/MKHEI OBITh JIHOGO OTPHIATENbHBI-

Ry  MH JEHCTBHUTE/NbHEIMH BeJHYHHAMH JHOO KOM-

‘Ez IVIEKCHBIMH ~ BeJIHYHHAMH C OTPHLATeTbHBIMH

JEACTBHTEJNbHBIMH YacTsiIMH. M3 3THX mnpocCThIX

(H3HYECKHX TpeNCTaB/JeHHH BbITEKaeT clenylo-

M GyHAaMEeHTaNbHbI KPHTEPHH YCTOHYHBOCTH

MO6bIX JIMHEHHBIX cucteMl: cucmema ycmoi-

f::f:i ﬁs'ggi,oﬂl‘fuB':)‘::‘;;‘ep;c"‘:lﬁfriﬁz wuea, ecau OelicmeumenbHole 4acmu 8cex KOpHel

¢ 06paTHOl CBA3LIO XAPAKmMepuCmu4ecko20 YpasHeHus ompuyamens-

Hoi. 3aMeTHM, YTO JieBasi 4aCTh XapaKTEPHCTH-

yeckoro ypaBHenus (5.84) mpeicraBasier Co60H He YTO HHOE, KaK 3HaMeHa-
TeJb NepelaToOyHOH (YHKIHMH LenH, 3anucaHHOH B QopMme

K (p) = -2 P4 a p" " . tan—iptan
bo p™4-by p™ T .. Fbmey P+bm

TakuM 06pa3soM, KOpHU XApaKmepucmuH4ecKoz0 YpPasHeHus yenu SABASIOMCS
noatocamu nepedamourod pynkyuu K(p) 3TOH uenH.

Orciona caenyer, 4YTo CpOPMYJHPOBAHHBIE BhIilie YCJAOBHA OTPHLATENbHOCTH
JeHCTBHTENBHBIX YacTeli KODHeii paBHOCHJIbHBI CJe[YIOLIeMy TOJIOKEHHIO:
048 ycmotiwusocmu yenu Heobxodumo, umober nepedamounasn pynxyus K(p) He
MMeJa MOJIOCOB B NpPaBOH MNOJYMJIOCKOCTH KOMIJIEKCHOH NepeMeHHOH p.

DTO XOpOLIO H3BECTHOE H3 TEODHH LieneH IOJOXKEHHE MOXKHO pacmpocTpa-
HHTb M Ha nepenaTouyHylo gyukuuio K, (p) uenu ¢ o6parHoil cBasbio. IloscHuM
3TO Ha NMpHMepe Pe30HAHCHOTO YCHJAHTENs ¢ o6paTHOH CBsA3pIO (pHC. 5.23).

5 Mepenatounyio GyHKUHIO (MO HANPAXKEHHIO) YCHAHTENS ONpeleluM Mo Qopmyie
.70):

Ky (p) = —

, n<{m. (5.85)

Y

p
C p2+2aax p+(0% ’

a mepenaTounylo GyHkuuio uenu o6patHoit cBasu Koc (p) npupasuseM +M/L, rie M —
B 3aMMHast HHJAYKTHBHOCTb.

Torxa nepefaToyHasi QYHKUMS YCHJHTeNsl, OXBaueHHOro 06GpaTHOH cBA3bIO,

S
Ko (p) = Ky (p) p

=

14Ky (Koo € P*+(2aox+Koo S/C) p+of
HaxoguM KopHH ypaBHenHs p? - (2055 + Koe S/C) p + wp = 0

KocS . Koc S |2
P1,2= —0Ggg— ;cc i‘l/wg—(“ax“f- ;2 )

PaccMoTpuM [Ba BO3MOXHBIX CJy4Yasi: OTpHILaTeJdbHOM H MOJOXKHTeNbHOH o6paTHOH
CBS3H.

Jast co3panus oTpHuaTeabHQl o6paTHo# cBsisu npoussefenne KyKoc A0TKHO GbITh
orpuuatenbHolt sennunHoit. [Nockoabky Ky (i®) npu © = w@p, T. e. NPH pe3oHaHce, ABIA-
eTCsl OTPHUATeNbHOH BeJHUYHHON, To kKoddduunent Koo XonKeH GHTb MOJNOXHTENbHON Be-
auuuHoi: Koc = - M/L. [pu 3TOM JeficTBHTe/bHbIe YacTH OGOMX KOpHelt p; H P

Re (py,5) = — (qtox +MS/2LC)

OTpHLAaTeJIbHB NpPH JNI060M 3HadeHHH M.

Tpu mnonoxuTenbHOR o6paTHol cBsAsH Koo = —M/L;
MS \ ( <Onpu MS/2LC < ayk,
e - —— 5.86
Re (p.2) (““‘ 2LC ){ > 0 npn MS/2LC > ogy. ©.80)

1 310 QpyHAaMeHTaJbHOE NoJOXKeHHe OblJo o6ocHoBaHO A. M. JIAnyHOBHIM, KOTOpHIH
B 90-X rofiax MPOULIOro BeKa 3aJOXHJ OCHOBHl TeOpHH ycToHumBOCTH. PaccMatpuBaeMblif
BONpoc 06 YCTOHYHBOCTH COCTOSHHSI IOKOS CHCTEMBI ABJSETCS YaCTHBIM CaydyaeM oOmiei Te-
opHH ycToHyHBOCTH JIsmyHoBa.
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HUrak, npu orpunartenbHoii 06paTHON CBS3HM paccMaTpHBaeMasi Uellb ycTOHYMBa IPH
J1060M 3HaYeHHH M, a TpH NOJOXKHTENbHOH# 06paTHOH CBS3H — TOJBKO IPH BBIMOJHEHHH
ycaoBuS

M 2Co 1 1
Koo l= <= = SRa ~ Kymas’

{él% 5])(]y max = SRy = S/Gpy — k03pdULMEHT yCHIeHHS Ha pe30HaHCHOH uwacToTe [cM.

B Tex cayuasx, Korga uenb omuchiBaeTcs AuddepeHUHabHLIM YpaBHe-
HHEM BHICOKOro MOpSAKAa, HCCJEJOBaHHE KOPHell XapaKTEPHCTHYECKOTO Ypas-
HeHHs, HeoOXOJHMOe /Il pelleHHs BOIpoca 06 YCTOHYHBOCTH CHCTEMHI, SIB-
JsieTCS CJOXKHOHK 3ajaueil.

OxkasbiBaercst, YTO ee MOXKHO PELIHTh, aHAJIH3HPYS COOTHOLIEHHS MEXAY KO-
s(ppuumenTaMu ypaBHeHHs Oe3 OmpejiesIeHHs] CaMMX KODHeH ypaBHeHHsI. D10
MOXXHO BBIMOJIHHTB C MOMOLIbIO TeopeMbl I'ypBHIal, KOTOpasi yTBepXKIaeT, YTO
AN TOro, utoGhbl AeHCTBHTEJbHBlE YaCTH BCeX KOpHe#l ypaBHeHHS

boxm—4byxm—1tbyxm—24 ... +byyXx+b,=0

¢ JefcTBUTENbHBIME Koa(duimentaMi H by = 0 GblIH OTpUUATENbHBIMH, HEOG-
XOIHMO H JOCTaTOYHO, UTOGHI OBbLIH MOJIOXKHTENbHBIMH BCE OMPENeHUTeNH A,
A,, ..., A, cocTaBsenHble U3 KOI(pUUHEHTOB ypaBHeHHs b, by, ..., b, 1O cie-
Ayloei cxeMe: "

bl b3 b5

Ay =b, Az=l Zl :3 v Bs=|p, b, b, |,
o O 0 by b,

by by by by by

???? By b b by by

Ay = 00 b2 b4 be v As=|0 b, by by b, | ¥ T. &
05 s s 0 by by b b,
0 02 D 0 0 b by b,

CdopMyipoBaHHKIii anrebpandyecKuii KpUTepHH YCTOHYHBOCTH 4acCTO Ha3HI-
Baor kpuTtepueM Payca—Typsuua. Ilpu cocraBnenuu onpene-
JIUTeNIel N0 yKa3aHHOH cxeMme KO3(hdHUHEHTH C HHAEKCOM, NpeBLILIAIOUHM CTe-
MeHb XapaKTePHCTHUECKOrO YPaBHEHHA, 3aMEHSIOTCS HYJSMH.

INostoMy, HanpuMep, AJs1 ypaBHeHHS YETBEPTOH CTENeHH MOJydaloTCs CJe-
AyIolHe ONpele/THTeNH:

A1‘_"blv A2= bl bs ‘»
0 2
by by 0 0
a_| D00 by by by 0
3 — bO b2 b4 y 4= bl b‘,O
0 by by 0 by by by

Herpyano BumeTh, 4YTO BCe MOCJENOBAaTENbHbE ONpENEJHTENH SBJSIOTCS
TJIaBHBIMH JHAaroHa/JIbHbIMH MHHOpDaMH omnpefenutenst A,. Tak Kak noc/ienHui
cronGer, onpenenurenast A, COAEPKHT JHIIb OAHH OTIHYHBIA OT HYJS 3JIeMEHT
b, pacnonokeHHbIfi Ha TJIaBHOH [MaroHa/HM, TO BBIMOJHSIETCS PaBEHCTBO

Am =bn Am—l-

1 JloxasaTenbcTBO 3TOH TeopeMbl CM., HanpuMep, B kKuure: Kypomw A. T'. Kypc Bhicuei
aiare6pul. — M.: TUOMJI, 1972.
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Orciona crefiyet, UTO B COOTBETCTBHH C TeopeMoil I'ypBHIla yCJIOBHS YCTOM -
YHBOCTH MOXHO (POPMYJHPOBaTh B BHJE CAEAYIOUIUX HEPaBEHCTB:

A >0, A,>0,...,A,,>0, b,>0.

Tak, mnsi XapakTepHCTHYECKOrO ypaBHEHHsI BTOPOH CTeleHH

Al = bl > 0’ b2 > 0’ (5-87)
IJisl ypaBHeHHS] TpeTbeH CTeneHH
Al = bl > 0,
b, b,
A2 = = bl b2 _b3 bo > 0, b3 > 0, (5.88)
by by

T. €. by >0, byby > bgby, b3 > 0. Tak KkaK b,, b, H bz NOJOKUTEJIbHb, TO H
by, > 0.
Jlns ypaBHeHHs 4YeTBEPTOH CTeleHH:

1. Ay=0,>0, 2. Ay=0b,b,—b3b,>0,

3. Ag=by (by by—by b) —b3 by =0, 4. by >0.

M3 ycnoBusi 3 Ha ocHOBaHHH yCJOBHII 4 M 1 BhITEKaeT HEpPaBEHCTBO
bg (by by—b,y bg) > b1 by > 0.

ITostoMy ycJioBHE 3 MOXKHO 3aMeHHMTb yCJIOBHeM by > 0.
Takum o6pa3oM, A/l ypaBHEHHSl YeTBEPTOH CTeNeHH MOJYYaloTCs CJeLyIoLiHe
YCJIOBHSI yCTOHYHBOCTH:

by>0, by>>0, by (bby — bobg) — b3 by> 0, by>> 0. (5.89)

INosichium npumenenue Kputepusi 'ayca—I'ypBuua Ha mnpocToM mnpuMepe
PacCMOTPEHHOrO Pe30HaHCHOTO YCHJMTENs ¢ 06paTHOM cBsi3blO (cM. pHC. 5.23).
XapakTepHCTHYeCKOe ypaBHeHHe 3Tofi uenu npu K,, = M/L (orpuuarenbnas
obpaTHasi CBs3b)

Pt (2ot —) p+wh=0.

CdopmyspoBaHHble /1Sl YPaBHEHHS BTOPOH CTeneHH YCJIOBHSI yCTOHUHBO-
ctH (5.87) B naHHOM ciy4yae NPHHHMAIOT BHJA

A1=b1=2au+'%4' "g—>0, by =wp>0.

IlepBoe yc/oBHe BHIMOJMHSIETCS MPH JoGOM 3HayeHuH M > 0, a BTOpoe OT
M He 3aBuCHT.

INpu nonoxurenvuoi o6parnoii cBsizu (K,, = —M/L) uenb ycrofiunBa npH
BBINOJIHEHHH YycnoBust 2a, — (M/L) (S/C) > 0, coBnanatomero c¢ (5.86).

Kpurepuit Payca—IypBHia 0cOGeHHO y106€eH AJsl MPOBEPKH yCTOHYHBOCTH
LleNH ¢ 3aJaHHbIMH NapaMeTpaMH (T. e. KO3(pHuHeHTaMH AHddepeHIHalbHOro
ypaBHeHHs1). OfHAaKO HM HeyAOGHO NOJIb30BaTbCsl MPH 3KCIepHMEHTax, TaK Kak
06bIYHO OBIBAIOT H3BECTHBI He KOI(HIHEHTb ypaBHEHHS, a nepejaToyHas ¢dyHK-
YIHSl Pa3OMKHYTOH LENH l(y(p) Koo (P). Kpome TOr0, KpUTepHii Payca—I‘ypBuu;a
He JlaeT SICHBIX yKasaHHil, KaK HeyCTOHYMBYIO llenb CAeJaTh YCTOHYHBOH.
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5.10. YACTOTHBIE KPUTEPHUU YCTONUYHBOCTH

TpebGoBanue, utoGbl mepefaTouyHass ¢y HKUHs
Ko () =Ky (p)/[1 —Ky () Ko (p)] (5.90)

He HMeJIa M0JIIOCOB B NMPABO#i NOJYJIOCKOCTH p = 0 + {®, T. €. B 06/IaCTH, orpa-
HUYEHHOH TOJYOKPYXKHOCTbIO GeCKOHeYHO GOJbIIOro paauyca R H OCbiO [©
(puc. 5.24, ), paBHOCHJBHO YCJOBHIO, YTO 3HaMeHaTe/b BbIpaXKeHH$ (5.90),
He JOJUKEH HMeTb HyJlell B yKa3aHHOH 00JacTH! HJIH, YTO TO Xe caMoe, QyHKIHSA

H (p) = K (p) Koo () (5.91)

He JIODKHa 00pallaThCs B eAMHHILY HH B OXHOH M3 TOUeK MPaBoi NOJYIJIOCKOCTH
p. Ho H(p) npencrapasier co6oii nepefaTouHyIo QYHKIHIO Pa3OMKHYTOrO KOJIb-
1la OGpaTHO! CBSA3H, T. €. OTHOLUEHHe HANpPSIKeHHs Ha 3aXuMax 2—2 K Hampsxe-
HUIO Ha 3axumax /—I nIpH pa3oMKHYTOM KOJIble, KaK 3TO 10Ka3aHo Ha puc. 5.25.
CliefioBaTesIbHO, 06 yCTOMYUBOCTH CHCTEMbl C OGPATHOH CBSI3bIO MOXHO CYAHTb
N0 XapaKTEPUCTHKaM Pa3OMKHYTOrO TpPakKTa.

Ins panbHeiilero aHaJu3a 1leJiecooOpasHO MNEpPedTH OT MJIOCKOCTH
p=o0+ie k naockoctu H(p)=u+iv (puc. 5.24, 6). Kaxnoit Touke p mnJo-
CKOCTH 0, i® COOTBETCTBYeT OmpejesieHHOe 3HaueHne H Ha MJIOCKOCTH u, iv.
JIjo60it 3aMKHYTbI#l KOHTYp Ha NJOCKOCTH p mpeobpasyercsi C MOMOLIbIO Bhi-
paxenus (5.91) B HekoTOpHIf (TaKXKe 3aMKHYTbIA) KOHTYp Ha MJIOCKOCTH H.

Ecau HCXOAHBI KOHTYp Ha MJOCKOCTH p 3ajaH B BHAe KOHTypa Ha
puc. 5.24, a, COOTBETCTBYIOLIHH €My KOHTYp Ha IJIOCKOCTH H HasnBaercs
rogorpadom ¢yskuun H.

[TokasauHubiii Ha puc. 5.24, a KOHTYp C MOXHO pa36uTb Ha ABa y4acT-
Ka: 1) npaMas i@ oT co 10 — oo W 2) NOJYOKPYXHOCTb GecCKOHeyHO 60Jib-
wroro paanyca R.

Ha nepsom yuactke, rae 6=0, p=io, ¢ynkuua H(p) obGpamaercs
B ¢pynkuuio H(iw). B coorBercTBHH c BEpaxeHnem (5.91) 3ToT y4acTok npe-
o6pasyercst Ha mockocTH H B JIHHHIO, OIIpefiesieMyIo CelYIOUHM COOTHO-
LieHHeM:

H (i0) = K, (i0) Ko, (i0) = Ky (@) Koo (@) &' Oy F%00) = u (0) -iv(0), (5.92)
OTKyJa
u(w)= Ky (@) Koc (@) cos ((Py + (Poc)r

(5.93)
v (@) = Ky (0) Kog (@) sin (@y -+ Poc)-

@ v
A 4 pfe)te (W)
Ku(p)
/‘9 @)=~ >
¢ _’1. "
29 92
0 Ko
<
Puc. 5.25. K onpeznenennio
a nepefaTouHON  (YHKIHH
Pa3OMKHYTOro TpaKTa
Puc. 5.24. 3aMKHY’}‘Hl’l KOHTYp Ha P-IJIOCKOCTH (@) M rojo-  yCHJHTeN b — quupl:exno-
rpad ¢yukunn H (i®) na naockoctd u+iv (6) JIOCHHK 06paTHON CBSA3H

1 HpenqonaraeTcx, 4TO OCHOBHOH YCHAHTeNb ycToiuus, T. e. Ky (p) He umeeT noJto-
COB B NpaBoil NOJYNJOCKOCTH p.
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B 3THX BbIpaxKeHHAX Py H Poc —— APTYMEHTHl NeEpeAaTOYHbIX pyHKU UM
COOTBETCTBEHHO 4eThipexnoaIocHHKOB Ky (io) u Koc (in).
Ha Bropom yuactke kontypa C (cM. puc. 5.24, a) npu R — oo yHKuHs
H (p) = 0. D10 BbITEeKaeT M3 OGLIETO BbIpaXKEHHUS

K (»)=B (P—Po1) (P—Po3). .. (P—Pon) ,n<m,
(P~—pPm) (P—Pns) - - (P—um)

KOTOpOe TpH |p| — 00 MOXKHO MpeACTaBHTb B Buie Bp"—m (3nech B —n0CTOSHHBINR
KO03hdULHEHT, a po; U Py — COOTBETCTBEHHO HYJH M moJiochl pyHkuuHu K (p)).

CoBepiueHHo aHasoruyHo ¥ pyHkuuio H (p) npu |p| - oo MOXHO mpejcra-
BuTb B ¢opme H (p) = Ap"™™ rjpe n M m — yucJa COOTBETCTBEHHO HYy.JIei
H nosmocoB ¢yHkuuH H ().

IMpu n<<m u |p| - oo Monyab ¢pyHkuuH H (p) Ha NOMYyOKPYXKHOCTH R —
— 00 paseH Hymo'. TakuM 06pa3oM, MOJYOKPYKHOCTb GECKOHEYHO GOJIbLIOTO
panuyca R Ha IJIOCKOCTH p npeo6pasyeTcsi B TOUKY, JIeXKallylo B HauaJie KOOPAH-
HaT Ha nJjockocTd H, 1 as1 noctpoenus rogorpada H B Buie 3aMKHYTOT'O KOHTYpa
JIOCTaTOYHO 3HaTh noseaeHue H (p) Ha ocH iw, T. e. 3Hath AUX u ®UX nenu
Ky (i) Ko, (i0).

O6xony kourypa C Ha puc. 5.24, a B NOJIOXKHTEJIbHOM HalpaBJeHHH (IPOTHB
4acoBOH CTPeJIKH) COOTBEeTCTBYeT 06x0] roxorpada H npu uaMeHeHHH YacTOTHL OT
00 JJ0 —0O, T. €. TaKXKe NPOTHB YacOBOH CTPeJKH (CM. pHC. 5.24, 6).

OueBHAHO, YTO BCS MpaBasi MOJYIJIOCKOCTb p npen6pasyercsl Ha IJIOCKOCTH
H Bo BHyTpeHH!OI0 06J1acTh rogorpada. CieoBaT esbHO, ecau 20002pag nepedamoy-
Holl hyHKyuL pas’omMKHYymoeo mpakma He oxeamsiéaem mouky 1, i0, mo npu 3amK-
HYmot yenu obpammnoll céA3U cucmema Ycmotiuusa, 8 NPoMmuBHOM CAy4ae cucmema
Heycmotuusa.

10 ycnoBHe Has3biBaeTcsi KpPUHTepHeM ycTtoHuuBocTH Hai-
KBHCTa.

ITokasanHas Ha puc. 5.24, 6 [uarpamma COOTBETCTBYeT YCTOHUHBOH CHCTeMe.
1o BHIHO H3 TOrO, yTo rogorpad H He oxBarthiBaer Touky 1, {0. CniiomHo#H JH-
HHell MOKa3aHa YacTb KOHTYpPa, COOTBETCTBYIOLAsl IOJIOXKHTEJbHBIM 4YacTOTaM
0 < @ << o0, a WITPHUXOBOI — YacThb KOHTYpPa, COOTBETCTBYIOIasi OTPHLATE/b-
HbIM YactoTaM. Tak Kak QyHKUMs u (@) YeTHast, a U (®) HeyeTHast OTHOCHTEJBHO
®, To 06a yyacTKa rogorpada CHMMeTPHYHbI OTHOCHTEJIbHO JeHCTBHTEJIbHOM OCH.

Cnenyer TakXKe OTMETHTb, YTO PHC. 5.24, 6 MOCTPOEH I/ Cayyasi, KOTAa NPH
o = 0 nepenarounas ¢yukius H (io) oTiHuHa OT HYJS (3TO BO3MOXKHO, HamnpH-
Mep, AJiSl yCHJIMTeJeH IIOCTOSTHHOTO TOKa, B KOTOPBHIX OTCYTCTBYIOT pa3JesIHTelIb-
Hble KOHJIEHCaTOPHI).

IMpn cnoxunoit cxeme wnenu ¢opma rogorpada HHOraa GbiBaeT HACTOJIBKO
YCJIOXKHEeHHOH, YTO MO Hed TPYAHO CYAHTb O TOM, OXBarthbiBaeTCs HJH He OX-
BatbiBaercsl rogorpacdom toyka 1, i0. B nogo6Hbix cayyasix oKasbiBaeTcs noJes-
HBIM KpHTepHii, BbiTekalouuii u3 kpurepusi HalikBucra, ocCHOBaHHBIH Ha mojcye-
Te YHCJIa nepeceyeHHH ocH u (®) Ha yvacTke 1, o9. Jlas yCTOHYHBOCTH LIENH He-
06xX01uMO, yTo6Hl rozorpad 6o BooOlle He nepeceKas 5TOT OTPe30K (KaK Ha
puc. 5.24, 6), 6o nepecekaJ ero B IOJOXKHTEILHOM H OTPHIATeIbHOM Hanpas-
JIEHHAX ONMHAKOBOe YHCJIO pas.

Kpurepnit Haiikpucra nosyuns Han6oJbliee pacnpocTpaHeHHe B PafHO3JIEK-
TPOHHKE, aBTOMaTHKe H APYTHX CMeXHbIX o6JjacTax. OCHOBHOe €ro nmpeumylue-

! Mimetorcs B BHAY HauGoJsee pacnpocTpaHeHHble B IPAaKTHKE YeTHPEXNOMIOCHHKH C Tie-
pepaToyHON QyHKUHel y KOTOpPOH cTeneHb YHCAHTENs 1 MeHblle CTeNeHH 3HaMeHaTeas m -
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cTBO: yIo6eTBO onepupoBanus AUX u ®UX pasomkHyroii nenu. B HekoTOphIX
CHCTeMaX, HampuMep COIEepXKalllUX JIHHHH, 3TOT METOX MO CYIUECTBY SIBJSETCH
€IMHCTBEHHO TPHEMJIEMBIM.

CyTb YaCTOTHOT'O KPHTEPHST MOXHO HAIJISIAHO MOSICHUTD He npuberas K rnoJsip-
HBIM JMarpamMmaM, Ha ocHoBe o6buHbIX AUX n ®UX pasomkuyro#t uenu K,K,,

HeiictBurenbHo, gnuHa Bektopa H (i), Kak 310 5ICHO M3 BbIpaXKeHHS (g.92),
€CTb He YTO HHOe, Kak MOAYJb KO3(pOHIMEeHTa nepejaud Pa3OMKHYTOH LenH
KyKoe, 1. €. AUX a10it 1enH, a apryMeHT @y (puc. 5.26), pasblit

on=arctg :‘_‘”; =y (0) + Poo (©), (5.94)

(o

ectb PUX nenmn KyK,,.

CoBMmectuB Ha obueM rpaduke AUX u ®UX, HeTpynHO OTBeTHTb Ha BONpOC
00 yCTOAYHUBOCTH LENH.

Ecnu npu usMenenun o ot O J0 oo ¢a3a ¢y He JOCTHraeT 27, TO 3aMKHYTasi
uenb ycroiiuuBa npu JoGom 3naveHuH KyK,.. C apyroit’ croponsl, ecan K K,
NpH J060H YacToTe MeHbile eAHHHUBI, TO LeNb YyCTOHYHBA NPH JOGOH Q{IX.
llenb HeycTOMYMBA €CJH HMEIOTCSH YACTOThl, IPH KOTOPHIX OAHOBPEMEHHO BhINOJ-
HSAIIOTCA JBa YCJIOBHS:

Py + Qoo =n2n, n—uenoe yucno, H=K;K,,>1. (5.95)

Ilo cymecTBy 5Tu ABa yCJIOBHS HEOGXOAMMbI 1M OGpallleHHsi B HYJIb 3HaMe-
‘HaTeJsl B BblpaxkeHuu (5.76), onpelessiolleM nepefaTOuHYIO GYHKLHIO 3aMK-
HYTOH uem.

IMpumep AUX u OUX ycrofiunBofi uenu ¢ o6paTHOH CBSA3LIO NOKAa3aH Ha
puc. 5.26, a meycroiiunoit — Ha puc. 5.27. B nepBoM ciyyae Ha uacrore o,
COOTBETCTBYIOWeH @y + @oo = 27, MOAYJL H < 1. Bo Bropom ciyuae o, —
yacrora napasutHoi remepauuu. Ha puc. 5.26 u 5.27 orsoxkennl a6cosmoTHble
3HaueHHs @y + Q.. [IpH yueTe 3HaKa peasbHBIX @y U @, HaknoH PUX Gyner
OTPHIATENbHBIM.

Ipu nocTpoenyH 3THX XapaKTEPHCTHK YYTEHO, Y4TO NMpH @ = O u ® = oo Be-
auuuna K K,, obpamaercst B HyJab. Ilpy @ —»0 310 06yc/0B/IEHO BIHAHHEM
TOC/Iel0BATeIbHO BKJIOYEHHbIX KOHJIEHCAaTOpoB B KaHane K, wiH K, a npu
® — 00 — BJIHSIHHEM IUYHTUPYIOMHX eMKOCTeH (MeXK3JEeKTPOAHbIX, MOHTaXa H
T. A.). [Tonnoe uaMenenue ¢a3bl MPH H3MEHEHHH ® OT 0 0 ©0 3aBMCHT OT UHC/Ia
3BeHbEB B ycusuTesie H B LenH 06paTHOi CBSI3H.

Jast Gosee cnoxubix Leneil, Koraa Haber ¢asbl B TpakTe KK, MOxeT GbiTh
Goablie 25, npuxoputca npuberatb K Kpurepuio Haliksucra.

0 1My hool<t” Y @wp @

Puc. 5.26. AMmauryamo- u ¢aso-uacror- Puc. 527. AMnautyaHo- u ¢aso-uacTor-
Has XapaKTepHCTHKH YCTOHYHBOTO YCHJIH- Hasi XapaKTepHCTHKH HEYCTOHYHBOFO YCH-
Teast ¢ 06paTHO CBA3BIO JIHTENS
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F'nmasa 6. TMPOXO)XIEHUWE JETEPMHUHHUPOBAHHDBIX
CHUTHAJIOB YEPE3 JIMHEWHBIE LIETTN
C NMOCTOSAHHBIMHU TTAPAMETPAMH

6.1. BBOAHBIE 3AMEYAHUS

B panuo3jieKTpPOHHKE NPHXOAUTCS HMeThb JesIo C Pa3JMYHbIMM CHTHaJlaMH U pas-
HOOGPa3HBIMH (B OCHOBHOM MHEPLHOHHBbIMH) Lensivu. [Ipy nmepeqaye cCUrHaJIOB no
TaKHM lensiM BO3HUKAIOT NepeXOfiHble NpOoLecChl, KOTOpHIe BAUSIOT Ha GOpMY CHT-
HaJIOB ¥ B KOHEUHOM cueTe Ha COfe[Kallylocsi B HUX HH¢popmanuio. B ria. 1 or-
MeyaJioch, YTO GOJILIUMHCTBO PaJlHOTEXHHYECKHX YCTPOHCTB NpejcTaBJsieT coGOiH
coueTaHue JIMHeHHBIX H HeJHHEHHBIX 3JIeMeHTOB. DTO YCJIOXKHSeT CTPOruil aHa-
JIM3 TepeXONHBbIX MPOLECCOB, TaK KaK KJacCHYyeCKHe MeTONbl, OCHOBaHHble Ha
HCNOJIb30BAaHUH NMPUHIMNA CYNepNO3HUUH, SBJSIOTCS JHHEHHBIMH.

HMeetcst, oqHako, IIHPOKHHA KPYT NPaKTHYECKUX 3ajjay, KOTOPhIe MOXKHO yC-
NelHO pellaTh JHHeHHBIMH MeTOAaMM. TakHe 3ajauyd BCTpeyaloTCs npexpe
BCero npu nepefaue caabbIX CHIHAJIOB Yyepe3 YCHJHTENH H JpYyrue yCTPOHCTBa,
KOTOpbI€ N0 OTHOILEHHIO K CJa6blM CHI'HaJlaM NPaKTHYeCKH JiuHelHbl. [laxke B cy-
IeCTBEHHO HeJMHeHHBIX YCTpPOHCTBaX, HanpuMmep pajuNepefaTuHKaX, MOXXHO
paccMaTpHBaTh NPOXOXKJeHHe CHTHAJIOB 4epe3 KoJjeGaTeJbHble LENH Ha OCHOBe
JIHHeHHHIX MeTOIOB.

HanoMHHM oOCHOBHBle MeTOABI, KOTOpble HCHOJB3YIOTCS MPH aHaju3e Mpo-
XOXJIEHHSI CHTHAJIOB Yepe3 pajHO3JIeKTPOHHbIe LeMNH.

Has npocrefiiiux uenei, onucbiBaeMblX AH((pepeHUHaNbHEIMH YPaBHeHHAMH
He BbIllle BTOPOro NOpsifiKa, 3ajayy OGLIYHO HETPYJHO PelIUTh KJAaCCHYECKHM Me-
ToaoM JHddepeHIHaNbHBIX ypaBHEHHH.

Jlast CNOXKHBIX Lienel 3HaYHTEJbHO yJOGHee MeTOAbl, OCHOBaHHble Ha CIEKT-
paJibHOM NpelCTaBJeHHH CHTHaJa: MeTo] HHTerpaJsa @ypbe H TeCHO C HHM CBf-
3aHHBIH onepaTopHbIH MeTo], (Mpeo6pa3oBanus Jlanjsaca). Hapsaay co cnekTpadb-
HBIMH MeTOJlaMH B DaJ(HOJIEKTPOHHKE YaCTO HCHOJIb3YyeTcs TaKXKe MeTOJ HHTer-
pana HaJOXeHHS, CBOASIIUIACA K CBePTKe BXOAHOIO CHTHala C HMIIYJbCHOH
XapaKTepHUCTHKOH LEMNH.

Ilpy nepemave pajHOCHTHAJIOB Yepe3 y3KONOJIOCHble H3GHpaTe/ibHble LEMH
YKa3aHHble MeTOAbl HCHOJB3YIOTCS C yNpolleHHeM, OCHOBaHHbIM Ha MeJJIEHHOCTH
H3MeHeHHs1 orubalouieii CHrHana.

B nanHO# rJ1aBe H3/araloTcst OCHOBHbIE NOJIOXKEHHSI TEOPHH NepelayH JeTep-
MHHHPOBAHHBIX CHTHAJIOB Yepe3 JIHHeHHble LlenH C NOCTOSIHHHIMH MapaMeTpaMH.

6.2. CIIEKTPAJIbHBIN1 METOJ

B ocHoBe 3T0Or0 MeToAa JIEXHT HCNO/b30BaHKe BBENEHHO! B NpeablayLiefi ria-
Be nepefgatouHoit ¢pyHkuuu uenu K ({w) (cm. § 5.3). Eciiu Ha BXofe iHHeHHOT O ye-
THIPEXNOJIIOCHHKA JeHCTBYeT CHMTHaJ npousBosbHOi ¢opmel B Buae DMC e (¥),
TO, NPUMEHSS CNeKTPaJbHbIH MeTOJl, CJefyeT OnpeldeJUTh CNeKTPadbHYIO MJIOT-
HOCTb BXOAHOro curHasna E (»). Orta onepauus JIerko ocyLIecTBJsIeTCs ¢ NOMOLIBIO
BhlpaxeHHus (2.48). Ymuoxenuem E (0) Ha K (i®) onpenensiercst cnekTpaJjibHas
IUVIOTHOCTb CHTHaJla Ha BHIXOJe ueThIpeXmoJocHHKa. HakoHel, npHMeHeHHe
x npousBefiennio E (w) K ({®) o6patHoro mpeoGpasoBanusi ®ypbe [cM. (2.49)]
onpefiesisieT BBIXOZHOH CHT'HaJl B BHe (PYHKLUHH BPEMEHH.

Takum o6pa3som, ec/in BXOXHOH CHTHaJ 3anucaH B BHJE HHTerpaJa.

0

e(?) =—§’; j E (0) e¥o? do, 6.1)

- 00
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TO BBIXOAHOH CHUrHajJl MOXHO NpPelCTaBUTh B
agaJIoruyHo# ¢opme

fTonmwocss
u(t) = 5 yE(w)K(im) eiot do, (6.2) Em
T

BaeT, UTO CUSHAA HA 6bix00e AUHeliHOU yenu moxc-
HO NOAYYUMb  CYMMUDPOBAHUEM COCTMABASIOULUX

cnekmpa E () 8x00H020 cuenanq, 63Ambix ¢ 6ecom |

K ({®w). HebiMu cioBamu, nepenatouHasi QyHK- I

muss uenu K ({w) sBaserci BeCOBOHN  AoHmyp unmespupobanus

¢y HKLHe A, onpefensiomell OTHOCHTENBHBIA  py. 6.1, Koutyp MHTerpHpoBa-
BKJaJl Da3/MYHbIX  COCTABJISIIOIUX CNEKTPA  nus npu ¢>0

E (w) B curHam u (f).

B § 2.14 ormevanoch, YTO aHaJIM3 NePeXOMHBIX MPOLECEOB 3HAUHTEBHO yIIpo-
aeTcsl NPU NpeACTaBJEHHH KaK BHELIHEro BO3JEHCTBMS, TaK U NepefaTOYHOM
¢Gynxkuuu B Bule npeobpasosanuii Jlansaca. IIpu s3tom o6o3nauenue nepesaToy-
HOH (QYHKIMM MOXHO COXPAHHTb NPEXHHM, a H3MEHHTb TOJIbKO apryMeHT, Tak
yro K (iw) nepefiger B K (p). @yukuus xe E (o) nepexomur s L, (p) (eM. § 2.14).
[Tpeo6pasoBanue Jlanjaca or GyHKIUMH BpeMeHH e (f) B JasbHelileM 0603Ha-

yaercst cumBoiom E (p). Ilpu 510M Bbiparkenue (6.2) npUBOIMTCS K BHAY
(cM. §2.14)

CpaBHenue Boipaxkenus (6.2) ¢ (6.1) nokassi- \L OJ / =
il

¢+ {oo
l —_—
u) = [ EOK@e dp (6.3)
¢—ioo
[Tpu £ > 0 3aMKHYTBIH KOHTYP HHTErPHPOBaHHsI, 06pa30BaHHblil J06aBIeHHEM
AyrH GeCKOHEYHO GOJIBILOrO pajuyca B JIeBOH noaynsockoctu (puc. 6.1), oxBa-

THIBaeT BCe MOJIOCH MOABIHTErpasnbHbIX PyHKuMiA Kak E (p), Tak u K (p), 61aro-
Aapsl 4yeMy HMeeT MeCTO COOTHOLIeHHe

u(t)=—2-:t—i—@l€(p)K(p)e”fdp=Zres, t>0 (6.4)

(3mech Xres — cymMMa BBIYETOB B YKa3aHHBIX MOJIOCAX).

IMpu {<< 0 KOHTYP WHTErPMPOBAHHS JIEXMT B NPaBOH MOJYIJOCKOCTH, HE
CONEPKHT IOJIIOCOB M MHTErpajl paBeH HYJIO.

ITokasanHoe Ha pHuc. 6.1 pacnonoxerde nouocoB ¢yuxuuu E (p) (Ha MHu-
moii  ocu) coortBercTByeT DIC BHma e (f) = E, coswyf, cyuiecTByioueil npu
t=0.

Hrak Bblumcnenue uHterpana (6.4) CBOOIMTCS K ONpelesEHUIO BHIYETOB B MO-
Jocax nopbiHTerpanbHoit ¢pyHkuuu. IlpencraBuM nogpiuTerpadbHyio QyHKIMIO
BbipaxkeHus1 (6.4) B Bule

E ())K (p) e =U (p) 7 =C (p)/D (p). (6.5)

B nanHoMm ciyyae 3uamenaresnb D (p) o6pasyercsi npousBefeHHeM MHOXHUTe-

Jieit BHLA (P — py;), TA€ pg; — NOJOCH He TOMbKO QyHKuuu K (p), HO H DyHK-
uuu E (p).

Torna Bbiuer ¢yukuuu C (p)/D (p), umelomeii B TOYKe p; MPOCTOH MOJIOC
(mepBoit KpaTHOCTH), onpeaeutcsi GOPMyJOi

res; =C(p) | [‘i—l’d—‘p”—’]pzpi. (6.6)
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Ecnn ¢yukuus C (p)/D (p) uMeeT B TOUKe p; NOJIOC KPATHOCTH & (k — wesoe
T0JIOXKHTEJNBHOE Y HCJIO), TO

_ 1 dTTcp A
resi= (k—1)! dpk—‘[D(P) (=) p=pi. 6.7)

MeTtoarKa nmpHMeHEHUS] KOHTYDHBIX HHTErpajioB AJIsl ONpelesleHUs HEKOTO-
pbix (yHKUMi, urpawmoupux GOJbLIYIO PONb B TEOPHH MEPEXOIHBIX MPOLECCOB,
6yzeT B JafbHellleM MOSICHEHA Ha NpHMepax.

6.3. METO MHTET'PAJIA HAJIO)KEHU

Bmecto pasJioXKeHHSI CJOXKHOIO CHTHala Ha TIapMOHHYECKHe COCTaBJISIIO-
Me (CNeKTPasbHEII METOA) MOXHO BOCMOJB30BaThCSi pa3GHEHHEM CHrHala Ha
JIOCTaTOYHO KOPOTKHE UMNYJbeH (puc. 6.2, a).

Ecin B OCHOBEe CHEKTPaJIbHOrO METONA JIEXKHT MNepefaToyHasi (PyHKUMS Lenu
K (i), TO MeTox HHTerpasa HaJoXeHHs 6a3upyeTcsl Ha HMNYJIbCHOH XapaKTepH-
CTHKe Ueny g (¢), BBefieHHO# B § 5.3.

[Tycte TpebGyercsi HaHTH CHIHAJ S, (f) Ha BbIXOJE LieNH, €CJIH 3afaH CHr-
HaJ S (f) Ha BXOfle e H M3BECTHAa ee MMMYJIbCHasl XapakTepHUcTHKa g (f). das
YSCHEHHS CYTH MeTOIa HHTerpaJjia HaJIOXXeHUsl MOCTYNHM CJelyIOlHM o6pa3oM.
Pa306beM npoM3BOJILHLIN CHIHAJ S (X) Ha 3JieMeHTapHble HMIYJbCH, KaK 3TO Mo-
KasaHo Ha pHc. 6.2, a, 1 HalileM OTKJIUK LIeNH B MOMEHT f Ha 3JIeMEHTapHbIH HM-
nyssc (Ha puc. 6.2, a 3alITpHXOBaH), JeHCTBYIOUIHI Ha BXole B MOMeHT x. Ecun
6bl MJIOMIaZb 3TOrO UMNYJIbCA PaBHSAJIACh eIHHHIE, TO UMNYJbC MOXKHO OblJIO Gl
paccMaTpHBaTh KakK JeJbTa-(pyHKUHMIO, BO3HHKILYIO B MOMeHT x. [Ipy uMnyJbc-
HOHM XapaKTepUCTHKe UenH g (X) OTKJIHK B MOMeHT { Gbln Obl, OUEBHAHO, PaBeH
g (t — x). Ilockoabky, opHako, 3alUTpUXOBaHHas Ha puc. 6.2, a nuomage UM-
nyJsbca paBHa S (X) Ax (a He eHHHIE), OTKJIHMK B MOMeHT ¢ 6ynet s (x) Ax g (t —
— x).

JIns onpefesieHnsi NOJHOrO 3HaYeHHsi BHIXOJHOrO CHI'Hajla B MOMEHT { HYXKHO
NPOCYMMHPOBAThb JeliCTBHe BCeX MMMYJIbCOB B NpoMexyTke oT x = 0 1o x = ¢.
IIpu Ax — 0 cymMmHpoBaHHe CBOAMTCSI K HHTEr PHPOBAHHIO.

ChrenoBaresbHO,

t
Somx (f) = § s (x) g (t— x) dx. (6.8)
0

B ofuiemM ciyuae, ecsii HauaJo CHrHaJa S (X) He COBHaJeT C HayajoM OTcyeTa

BPEMEHHU X, MOCJIe[Hee BbipaXkeHHe MOXKHO 3anucaTth B opMme
t
Semx () = 5 s(x) g (t—x)dx. (6.9)

— 00

S

g Z T+AT sz

a

Puc. 6.2. Pa36Guenne CHrHaJa Ha KOPOTKHe HMNYJbCH (@) M CBepTKa CHTHaJa C HMIYJbCHOMH
XapakTepHcTHKOH (6)
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Jnsi peasnbHBIX Leneil Bceraa BBINOJHSETCS yC/IOBHE
g({t—x) =0 npu t<< x, (6.10)

T. €. NIPH OTPHLATEJNbHOM aprymente QyHKUHs g (f — x) Jo/KHa o6palaThcs B
HyJlb, TAaK KaK OTKJHK He MOXeT onepexarb Bo3leiictBue. [ToaToMy BbipaXkeHHe
(6.8) MOXKHO 3aMeHHTb BbIpaXKeHHeM

[~ 9

Sux ()= [ s(x)gt—xdx (6.11)

— 00

(npH 3TOM HMeeTcsi B BHAY, 4TO A/ X => ! NOAbIHTErpaJibHOe BhipaxieHue o6pa-
12€eTCsl B HYJIb).

IpuBenem, HakoHel, ele ofHy GOpPMY 3aNHCH, KOTOpasi MOJy4yaeTcsl H3 BbIpa-
*eHHs (6.8) npu 3amene x Ha f — u:

t
Spux (£) = s'ts(t--x)g(x) dx =§ s(u) g (t—u) du. (6.12)
0 0

Hurerpan, crosiuuii B npaBoi yacTH BblpaxeHus (6.8), B MaTeMaTHKe Ha3biBaer-
csi cBepTKOH QyHKuui s (£) u g (f) (cM. § 2.7). Takum o6pa3oM, npuUXOaUM K Clie-
AYIOUleMy Ba)XHOMY MNOJIOKEHHIO: CUEHAA Sy, (f) Ha ebixole auneiinod yenu
A6A8eMC  c8epMKOll  8X00H020 cueHara S (f) ¢ uMnyabcHol xapakmepucmuKorl
yenu g (1).

M3 Buipakenus (6.8) BHAHO, YTO CHTHaJ Ha BhIXOJE LieNH Sy, (f) B MOMEHT
¢t nonyyaercsi CyMMHPOBaHHeM MIHOBEHHBIX 3HayeHHH BXOAHOro curtaga s (f),
B3AATHIX C BeCOM g (f — x) 3a Bce npeabiayluee BpeMs.

B § 6.2 npu cymmupoBaHHH creKTpa BXOLHOIO CHI'HaJa BecOBOH (yHKUHeH
siBJIsIach nepenarounas ¢pyukuus uend K (o). B nannom ciayyae npu cymmupo-
BaHHH MTHOBEHHBIX 3HaueHMH BXONHOTO CHrHaJa S (f)8ecosoll (hynKyuel a8rsem-
€A UMNYALCHAA XQpaKmepucmuxka uyenu, B3siTas c aprymeHtoM (f — x), T.e.
dynkuua g (t — x).

M3 puc. 6.2, 6, nocTpoeHHOro IJisi MOMEHTa BpeMeHH !> T,, BUAHO, YTO OT-
KJHK HenH Ha BO3JEHCTBHE S (X) He MOXeT 3aKOHYHTLCS paHblue, 4eM (QyHKLHs
& (t — x) cMecTHTCSI BnpaBo OT S (X) Ha BpeMsi, paBHOe AJIUTEJIBbHOCTH HMIYJIbC-
HO}t XapaKTePHCTHKH T,. VIHbIMH cOBaMH, CHTHall Ha BbIXOJe LEMH He MOXeT
6LITh KOpOYe T, -+ Tg

Jast Toro yTo6bl NpH NPOXOXKAEHHH Yepe3 lieNb CHrHaJ He YAJHHSJCS, Tpe-
Gyercsi BbIMOJHeHHe YCJOBHSI T, —» 0, T. €. HMNYJbCHas XapaKTePHCTHKA LeEMNH
JOJIXXKHA NPHO/HKAThCs K AesbTa-QYHKIUHH, a 3TO paBHOCHJbHO TPeGOBaHHIO paB-
HOMepHOCTH nepegatoysolt PpyHkuny K (fo) npn 0 < | 0| < oo.

B § 6.4, 6.5 paccmaTpuBaeTCcsi MpOXOXKJAEHHE HEKOTOPHIX YNpPaBJISIIOUHX CHT-
HaJIOB Yepe3 amnepuHOAHYECKHe LenH. Bce ocrasnbHOe cofepKaHHe TJIaBbl TOCBSI-
IIEHO aHaJU3y Nepefauyd pPaAHOCHTHAJIOB uepe3 y3KOMOJIOCHbIE LENH.

6.4. [TIPOXO)XAEHHUE NJUCKPETHbIX CUTHAJIOB
YEPE3 ATIEPUOAHNYECKHH YCUJ/IMTEJIb

JlHCK peTHble cHMrHa/bi OGbIYHO MPEACTaBJASIOT COGO MOC/EA0BATENbHOCTH
umnysbcoB. [1pH nepenaue TakuX mocseloBaTesIbHOCTEH Yepe3 HHEPLHOHHLIE Lie-
N1 QopMa UMNYJIbCOB NpeTepreBaeT H3MEHEHHs, YTO NPUBOAHT K YaCTHYHOH HJIH
NOJIHOH MoTepe nepeflaBaeMoit HHGpoOpMaLHH. B cBsA3u ¢ 3THM onHO# U3 HaHGOMee
THIHYHBIX 3allay ABJSETCH aHAJH3 HCKaXKeHHst (GOPMbI MMIYJIbCOB.

M3 Bcero mMHOrooGpasusi UMnysIbCOB HaHGOJIBIUMH MHTepec /IS aHAJIH3a
NPeACTaBASICT NPAMOYTOJbHBIH HMOYJAbC. DTO OGYCJOBJEHO TNPOCTOTOH e€ro
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(OpPMHPOBaHHS, a TAaKXKe IUIHPOKHM NpPHMEHEHHeM B CHCTeMaX C ABOHYHBIM KOAOM
¥ BO MHOTHX APYTHX PaJHOTeXHHYeCKUX ycrpoiicTBaX. IIpy 3TOM OCHOBHOE BHH-
MaHHe 0GbIYHO yJie/IsieTcsl nepefaye GPOHTa H Cpe3a HMMYJIbCa. STOT BONPOC OCO-
O6eHHO BaXKeH, KOrjia nepejaBaeMasi WJH H3BJeKaeMasi HHPOPMaLHs CONePKHTCS
B TMOJIOXKEHHH MepelHero (MJM 3alHero) mepenajga HWMMYJbCOB Ha OCH BPeMeHH
(1ampuMep, B HEKOTOPbIX PaJHONIOKALHOHHBIX CHCTEMAX).

PaccMOTpHM NPOXOXKAEHHe NPSIMOYTOJIBHOTO HMMIYJIbCa Yepe3 OJHOKAacKaj-
Hblii Pe3HCTHBHbIH YCHJIHTe/b, H3y4eHHbIH B § 5.4 W AONONHEHHBIH Ha BHIXOAe
pasgenuresbHoit uenbio RpCp (puc. 6.3, a). HasHauenue 3Tof uenu — 3amura
TpaH3KCTOpa OT MOCTOSIHHOTO HaNpsKeHHs, HMelollerocsi B ycTpoicTBe GOPMH-
pOBaHHs BXOAHOTO CHTHaJa.

[1pu rapmMoHHuYecKOM BO36YXKIeHHH Ha 4acToTe © U ammautyle BXoaHo# IJIC
E, nanpsikeHHe Ha BXOJle TPaH3HCTOPA (B MPEANONOXKEHHH, 4TO R 3HAUHTEJbHO
MeHbllie BXOJHOTO COMPOTHBJIEHHSI Ga3a—3MHTTEp)

—_ER g Rl _gK 6.13
Ui Rp+1/ioCy 1+ioRpCp 1Ky (f0), 6.13)

e Ky (i0) = iotp/(1 + i0tp) — nepenatounast QyHKUHs PpasfesHTEebHOM
uenu; Tp = RpCp — MOCTOSIHHAS BPEMEHH 3TOH LENH.

CxeMa 3aMellleHHsl KOJUJIEKTODHOH Lemd YCHJIMTeNs TNpeICcTaBJeHa Ha
puc. 6.3, 6. Ot cxembl Ha puc. 5.10, a ona orMyaeTcs Tem, YTO HanpsikeHHe E,
3ameHeHo HanpsixkeHueM U, = E; K ({0).

[Nepenarounasi pynkuus K, ({®) OAHOKACKaAHOTO PE3UCTHBHOIO YCHJHTEJs
onpezesiercsi ¢opmyJo (5.43), a paccmMaTpHBaeMOro yCTPOHCTBA B LeJIOM —
BbIpaXKeHHeM

) ] U U . . ioty Ky max
mz_&ﬂ_=_ﬂ_x___1_=l( “’)K o) = — p _~lmax
K o) E, U E p (10) Ky (i) I4+iot, l14iot
rae 1, = RC,.
[paduk K(®), BHIYHCAEHHBIH 10 GOpMY.Ie
T
K (®) = Ky max b

ViTen: Viten?®

npu Ttp/t, = 100 npeiacTaBAeH Ha pHc. 6.4.
B onepartopHoii dopMe nepenaToyHas QyHKUHS:

PTp .
(1+prp) (1 4-p1)

IMycts B MomeHT ¢ = () Ha BXOJ YCHJIMTeJs MOAAETCS MPAMOYTOJIbHBIA HM-
nyJsc IIC e (¢) ¢ amnaurynoit E u pautensoctsio T (puc. 6.5, a). B nurepsane
Bpement ot ¢ = 0 g0 { = T HanpsieHHe Ha BHIXOJle YCHJIHTE/Si MOXXHO paccmar-
pHBaTh KaK pe3yJbTaT BK/oueHHsi npu t = 0 nocrosinnoit JC e (f) = E.

K (p) = —K; max

1%
L {
L
@ 1 T [I a1 o] o
hh { SU,
. T fe° N

a)

Puc. 6.3. TpaH3HCTOPHBIH YCHJAHTeNb ¢ pasfeuTensHoi RC-uenbio Ha Bxoje (@) M cxema
3aMeIleH!s BHIXOAHOH LenHu (6)
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0
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Puc. 6.4. AMINMTYIHO-4acTOTHasi XapaKTepPHCTHKA l
ycHHTeN s, npelcTaBJeHHOro Ha puc. 6.3, a l | (7

B moment ¢ = T BkJioyaercsi JAOMOJHHTENb- ® 0 |
Has JC e, (f) = —E, KoMneHcHpyomas |
nepByto (puc. 6.5, 6). CynepnosHuHsi Bbi- | 4
XOJHBIX HanpsukeHHd u, () W u, (), obyc-
JIOBJIEHHbIX JIeHCTBHEM e; (f) H e, (£), oOpasyer |
HMNYJbC Ha BbiXofe ycHauTteasi. Takum 06- {
pasoM, 3ajayy MOXHO CBECTH K PacCMOTpe-
HHIO NIePeXOJHOTO NpoLecca B YCHJHTEJE [IPH
BKJIIOUEHHH Ha Bxoge nocrosiuoit DIC.
Hso6paxenue no Jlanaacy aas e, (f)= E,
t = 0, B coorBerctBun ¢ (2.102) 6yner

)

2)

S Amazf S
N

~+Y

E(p)=\ e (tye—r'dp=E/p. )
0

Toraa no ¢opmyne (6.3) BbIXOAHOE Ha-
np sKeHHe

u

{
¢ fleo Puc. 6.5. Hckaxenne ¢opMH HM-

1 1
u (t) = e S — EK (p)e? tdp = Nyabca B Pe3HCTHBHOM YCHJIHTeJNE:
u p a) HMIIyJIbC Ha BXOXe; 6) npeacras/ieHHe

¢—ioo HMIIYyJIbCa B BHJAE CYMMb! ABYX CKauKoB;
c+ioo 8) nedopmanHs CKauKOB Ha BLIXOXe;
ept dp 2) pe3yJbTHPYOUIHHA HMIYAbC Ha BBHIXO-
="'Kl E____ . Re; 0) HMNYJbC Ha BbIXOAE YCHAHTENS
max omi (l—l-PTp) (H—Pt.) NpU YCTPaHeHHH pasjieJIHTeJbHOR Ilenu
=i
IMomocel nonbiHTEr paNbHON QYHKIHH:
p=—L/t, pp=—/1, <7,
Bbluncaus BbiueThl 1o gopmyJe (6.6), NPHXOAUM K CIeAYIOLIEMY Pe3yJbTary:
—t/T —_
U (1) = —Kppax E(e 7P —e=t/w), (6.14)
Ipaduku u,; (£) v u, (f) = —u, (¢ — T) n3o6paxennl Ha pHc. 6.5, 6, a pe-

3yJIbTHPYIOLIEe HanpspkeHHWe Ha BbiXofe ycuaurens u (f) = u, (£) + u,y (f) —
Ha pHc. 6.5, e.

H3 dopmyabt (6.14) u puc. 6.5, e BUAHO, 4TO NPH MaJbIX BpeMeHaX, T. €. NIPH
{, cCON3MepHMBIX C T,, epBasi SKCIIOHEeHTa B BhIpaxkeHHH (6.14) 6/1M3Ka K efHHH-
e U OCHOBHOE BJIMSIHHE Ha (DPOHT HMIYJbCa OKasblBaeT BTOpPasl 3KCIOHEHTa.
Korna xe ¢ cTaHOBHTCS COM3MEPHMBIM C T, XapakTep QyHKUHH u, (f) onpelenser-
csl B OCHOBHOM nepBOil 3KCNOHeHTOH. To XKe camoe OTHOCHTCS K QYHKUHH U, (f)
npu orcyere BpeMeHu ¢ MomeHta ¢ = T. [IpSIMOyroJbHBIH HMNYJbC C aMIUVIHTY-
10# K naxE, KOTOpBIH HMes1 Gbl MECTO B HJea/tbHOM yCuJHTeNe 6e3 pasnenu-
TeJIbHOH lenu u3o0paxkeH Ha pHC. 6.5, ¢ LITPUXOBOH JIHHHEH.

Hckaxenue GopMbl peaJbHOrO HMIYyJbCa NpPOSIBJASiETCA: a) B KOHEYHOA Kpy-
TH3He QpoHTa ¥ cpe3a, 6) B crnale BepPIUHHBI HMNYJIbCA.
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[lepBuii 3 3THX (PAaKTOPOB BLIPAXKEH TEM CuAbHee, 4em OoAbuUle NOCMOAHHAA
apemenu 1, = RC, (¥, clleloBaTeIbHO, YeM CHJIbHee 3aBaJl YaCTOTHOH Xapak-
TEPUCTHKH B 06JIaCTH 8epXHUX HaCTOT).

Bropoii ¢akTop (Cnax BepLIMHBI HMIyJibca), HA060POT, Bbipa)KeH TeM CHJIb-
Hee, UeM MeHblie NOCMOAHHAAR 8pemenu Ty pa3deaumeasrol yenu RpCy (4, cie-
J0BaTeJqbHO, YeM CHJIbHee 3aBaJl YaCTOTHOH XapaKTEPHCTHKH B OOJACTH Hud-
HUX 4acTor).

Bri6op NOCTOSIHHBIX BPEMEHH Ty W Tp 3aBHUCHT OT TpeGOBaHMI, npelbsiBJisie-
MBIX K (JOpMe MMMNYJIbca Ha BbiXoe ycuautensi. Ecin tpeGyercst, yTo6bl 3a BpeMst
T amnauTyAa JHLIb JOCTHTaJa CBOEr0 MaKCHMaJjbHO BO3MOXKHOTNO 3HaYeHHs
KinaxE, T0 nocTosiHHasi BpeMeHH T, MOXeT 6biTh 6/i3Ka K 7. Popma umnyJibca
NpH 3TOM JajeKa OT NPSIMOYTOJIbHOH.

B Ttex cayuyasx, korla TpebyeTcsi YAOBJIETBOPHTE/JbHOE BOCNPOH3BeNEHHe
¢$opMbl HMITYJIbCA, TOCTOSTHHAS! BPEMEHH T; 0JI2KHA CONOCTAaBJISAITLCS CO BpeMeHeM,
OTBOJAMMBIM Ha JJIHTEJILHOCTb ()POHTA BLIXOLHOrO HMIYJIbCA, 4 MOCTOSIHHAS Bpe-
MeHH T, JO/KHA ObiTb BeJIHKAa NO CPaBHEHHIO C AJIMTENbHOCTbIO HMMyJabca T.
DTOT pe3ysbTaT UMeeT BaXKHOE 3HaueHHe AJISi MPaBUJBLHOrO BbIGOpa napameTpoB
CHCTeMbl Tepelayy AUCKPeTHhIX CHIHA/IOB, TaK KaK OH YKa3blBaeT MHHMMaJbHOE
BpeMsi, HeoGXoxumoe IJ/A Nepexoia OT OJHOro AHCKPETHOrO YPOBHS K APYromy.

CrietyeT OTMETHTB, YTO B CJIyYae YCHJIEHHsI HMIYJIbCHOM MOCJIeA0BaTe/IbHOCTH
NpoBe/leHHOe Bbillle PACCMOTPEHHe CnpaBeJIHBO NPH AOCTATOYHO AJIUTENIBHOM HH-
TepBaJie MeXAy HMNYJbCaMH, TaK YTO HaJIOXXeHHe nepeXOAHbIX MPOLECcCOB OT
COCeZIHHX HMIYJIbCOB HE HMeeT MecCTa.

PaccMoTpuM Tenmepb npoxoxkaeHue NpSIMOYTOJIbHONO HMNYJbca Yepe3 ONHH
TPaH3HCTOPHLIA anepHORHYECKHH yCHaUTeNb (cXeMa Ha puc. 5.10), 6e3 pasnenn-
TesbHOH LenH. s 3TOr0 AOCTaTOYHO YCTPeMHTb eMKOCTb Cp K GeCKOHeYHOCTH,
T. €. 3aKOPOTHTb KoHAeHcaTop Cp.

Ipu stom ¢dopmyna (6.14) nepexomur B

ty () = — Kmpax E (1—e~1/9), (6.14")

TaK KaK Tp —» 00,
Hmnysibc Ha BBiXOle pacCMaTpHBAeMOro yCHANTe s H306paxeH Ha pHuc. 6.5, 4.

6.5. JHOGGEPEHUWPOBAHHUE U UHTETPUPOBAHUE
CHUT'HAJIOB

B paauosnexTpoHHKe yacto TpeGyercsi OCYLLeCTBJATH Npeo6GpasoBaHHe CHI-
Hana, HMmelollee Xapakrep AH(depeHUHPOBaHHS HJIH HHTerpHPOBAHHS.
Ha Bxon smuHeftHOro yctpoiicTsa, ocyluecTBJsiomero auddepeHUnpoBaHHe,
nojaercsi curHan s (f); ¢ BHIXO#A JOJIKEH CHHMAaThCsl CHIHAJ BHAA
ds ()
S f) =Ty —= .
ax (1) = To =
B uHrerpupyiomeM yeTpoiicTBe CBA3b MeXAY BbIXOAHBIM S, ., (f) ¥ BXOLHBIM
s (f) cHTHaJIaMH JI0/KH@ MMeTb CJIelYIoUHil BUA:

Syux () = TI:!(-,— jS(t) dt.

B 3THX BbIpaxeHHSIX T, -— NOCTOSHHAs BeJIHYHHA, MMelollasi Pa3MEpPHOCTb Bpe-
MEHH.

JuddepeHunpoBaHne H HHTErpHPOBaHHe ABJSIOTCS JHHEHHbIMH MaTeMaTH-
yeCKHMH onepauusmMu. Crel0BaTe/IbHO, AJs1 AH(depeHLHaNIbHOTO HIIH HHTer pab-
HOro npeoGpa3oBaHusl CHTHAJa CJAeRyeT NPHMEHATh JIHHeHHbIe LienH H 3JIeMEeHThI,
oGnajaiompe TpeGyeMbIMH COOTHOLLEHHSIMH MeXAY BXOIAHBIMH H BbIXOXHBIMH Be-

180



C &
o—| o—

s R Spux®
s i@ R Boix

Puc. 6.6. TIlpocrefimias uens, Hcnonb3yeMmas Puc. 6.7. Ouddepenuupyowas uens
anst nuOdepeHIUPOBAHHS HJIH HHTErPUPOBA-
HUS

JIHYHHAMH. DTUM TpeGOBaHHSAM OTBEYAIOT B MPHHILHIE TAKHE 3JIeMEHThI, KaK O6bIY-
Hble KOHJEHCAaTOPbl WJIH KaTyLIKH HHIYKTHBHOCTH B COYETAHHH C PE3HCTOPOM
NpH HajJieXallieM cbeMe BBIXOLHOIO CHIHaJja.

PaccmorpuM cHavasa uenb, H306paXkeHHYIO Ha puc. 6.6.

[NonpasymeBast nox BxoaubiM cHraajoM s (f) 9JIC, cocraBjisieM ypaBHeHHe
A1 TOKa B uend i (f)

Ri (t) +—é—5i(t)dt=s(l). (6.15)

YMHOXKHB 3T0 ypaBHeH#e Ha C ¥ 0603HaYHB NOCTOSIHHYIO BPEMEHH LENH T, =
= RC, nosyuum

i (f) + [i(t) dt = Cs (). (6.16)

Xapakrep QyHKLHOHANbHOI CBSI3H MEXIY TOKOM [ (f) H BXOJIHBIM CHTHAJIOM S (£)
3aBHCHT OT NOCTOSIHHOH BpeMeHH T,. PaccMOTpHM JABa KpalHHX CJyuyasi: oYeHb
MaJioro H oueHb GOJIBUIOTO To. [IpH OYeHb MaJiOM T, MEPBBIM CJIaraeMbIM B JIEBOH
yacTH ypaBHeHHs (6.16) MoxHO npene6peun. Ilpoauddepenunposas ocrasiueecs
nocJie OT6pacbiBaHUS 3TOTO CJlaraeMoro ypaBHeHHe 1O £, NOJy4YHUM

s ds (i)
if)~C —

Orciona BHAHO, UTO HampsKeHUe Ha pe3ucTope R, coBmafaroinee 1o gopme
¢ i(f), NpONOPIHOHAJILHO MPOU3BOAHON BXOXHOIO CHTHaJa

ug—Ri(f) = RCED —z) 20
dt
Takum oO6pasom, NpHXOZHM K cXeMe Iu(pepeHUHPYIOUIEro YeThIpexmno-
JIIOCHHKA, NMOKa3aHHOH Ha pHcC. 6.7, B KOTOPOH BHLIXOZHOH CHTHaJ CHHMAEeTCs
¢ pesucropa R.
IIpu ouenb GosbLINX 3HAYEHHSIX T, BTOPOe CJIaraeMoe B JIEBOH YacCTH ypaBHe-
Hus (6.16) Mmoxno orGpocuth. Ilpu aTom TOK

i(t)z—?ﬂ—s(i):-}le-s(t)

coBnajaer no ¢opMe ¢ BXOZHBIM CHTHAJIOM, a HanpsiXKeHHe Ha KouzaeHcatope C,
paBHOe

———-St(t)dt -E‘E-js(t)dt,

N PONOPYUOHAALHO UHmMeepary om 8xo0Ho20 cueHasa s (f). Orcioga caenyer, 4ro
IJIs OCYLIEeCTBJIeHHs] HHTerpupoBaHus RC-uenb JO/DKHA ObITh TaKOH, Kak MOKa-
3aHO Ha pHC. 6.8. AHa/OrHYHBIE Pe3yJIbTATEl MOXHO MOJNYYHTb C OMOLIBIO RL-
uenu (puc. 6.9 u 6.10).

[Nocrosinnasi BpeMenu t, = L/R lqupepel-mnpylomen uend JOoJKHA ObITh
JOCTAaTOYHO MaJia, a MHTer pupylolell — A0CTaTouHO Besuka. [Ipunuun andde-
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pEeHLHPOBaHUs JJS1 mepBoil cxeMbl (cM. puc. 6.9) MOXKHO NMpeACTaBHTb CJIefylo-
M o6pasoM. IIpi gocTaTtoyHo GOJBLIOM CONpPOTHBJEHHH R TOK 4epe3 RL-uenb
MOYTH He 3aBHCHT OT L M coBnajaeT no ¢opMe ¢ BXOAHbIM CHTHAJIOM S (¢). Boixox-
HOH JKe CHTHAJ Sy, (f), CHUMaeMblft C WHAYKTHBHOCTH L,

di d [1 ds (1)
s t=L———zL—[—-st =7, —— .
BHX( ) di at R ( ) 0 dt
B cxeme, noka3