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BBEJAEHHUE

TeopeTnueckue OCHOBBI PAIMOTEXHUKH — 3TO 0a30Basi JUCUMUILUIMHA B CHCTEME
npoecCHoHanbHOM MOATOTOBKM CHEIHAINCTOB B O0JACTH PAJAMOTEXHUKH, PaaHO-
ANEKTPOHUKH, panuonHpopmaTuku. Ee OCHOBHOW 1EbIO SIBISETCS U3yYEHUE METO-
JIOB U TEXHUUYECKHUX CPeACTB (POPMHUPOBAHUS U 0OPAOOTKU PAAUOTEXHUUYECKUX CUTHA-
JIOB, YTO HEOOXOJIUMO JUIsl PEIICHUs KOHKPETHBIX MPAKTUYECKUX 3a/1ay B 00J1acTu pa-
JUOTEXHUKHU, B YACTHOCTH I CO3JaHUS COBPEMEHHBIX PAaJIMOTEXHUYECKUX CUCTEM,
COCTOSIIIUX U3 OOMBIIOr0 KOJIMYECTBA PA3IMYHBIX YCTPOUCTB.

IIpu pa3paboTke M HMCCIEAOBAHUU PATUOTEXHUUECKUX YCTPOMICTB pa3iIn4yHOIO
YPOBHS CJIIOKHOCTH U Ha3HAYCHMS BO3HMKAIOT 3a71a4l, CBA3aHHbBIE C aHAJIM30M U CHUH-
TE30M yCTpoicTB. B Hanboisiee 001ieM BUE AaHHBIE 33a/1a4l MOTYT ObITh CHOpMyIIU-
POBaHBI CIEAYIOLUIMM 00pa3oM.

3adaua ananuza: 3a1aHbl PAIUOTEXHUUECKOE YCTPONUCTBO, BXOJHON CUTHAT U UX
OCHOBHBIE XapaKTEPUCTUKH; HEOOXOAUMO ONPEETUTh BBIXOJHOM CHUTHAI M €ro Xxa-
pakTepucTuku. I1ockonbKy ycTpOHCTBO NpeAcTaBisieT coOON pas3inyHble KOMOWHA-
LMY JIMHEWHBIX U HEJIMHENWHBIX 3BEHBEB, TO 3a/1a4a 10 CYIIIECTBY CBOAUTCS K aHAIIU3Y
MIPOXOXKJEHUSI CUTHAJIa 4epe3 JIMHEWHbIe M HeTUWHENHbIe ycTpoiicTBa. Tpedyemblii
YPOBEHb aICKBATHOCTH PE3YJIbTATOB AHAIN3a PEAIbHOMY IOJIOKEHUIO BELIEH, a TaK-
K€ KOJIMYECTBEHHBIE XApaKTECPUCTUKH, IOIJIEKAIIHUE PACUYETY, OIPEHEISIIOTCS TEM
KpPUTEPUEM, 110 KOTOPOMY OLIEHMBAETCS Ka4eCTBO pabOThl yCTPOMCTBA.

3adaua cunmesa: 3a1aHbl BXOJHOM CHUT'HAJ U €r0 OCHOBHBIE XapaKTEPUCTHUKH, a
TaK)X€ BBIXOJHOM CUTHaJI ¢ TpeOyeMbIMU ISl TPOECKTUPOBIINKA XapaKTePUCTUKAMM;
HEOOXOAMMO pPa3paboTaTh pPaJUOTEXHUUYECKOE YCTPOWCTBO, KOTOpPOE Ipeodpasyer
BXOJHOM CUTHAJI C 3aJJaHHBIMM XapaKTEPUCTUKAMU B CUTHAJ C JKEJIIAEMBIMU XapaKTe-
puctrukamu. YacTHBIM BapMaHTOM 3aJayd CUHTE3a SBISAETCS Cydail, KOrja BXOIHOU
CUTHAJI OTCYTCTBYET U TPeOYyeTCs CO3[aTh YCTPOUCTBO At POPMUPOBAHUS (TE€HEPH-
pPOBaHMs) CUTHaja C JKEIAeMbIMU XapakTepucTHKaMu. OCHOBHBIM pe3ylIbTaTOM CHH-
Te3a SIBISAIOTCS OHNTUMAIIBHBIE AJITOPUTMBI U CTPYKTYPHBIE CXE€MbI IPOECKTUPYEMOIO
ycrpoiictBa. CHHTE3 YCTPOICTBAa HE UCKIIOYAaEeT HEOOXOAUMOCTH BBINOJIHEHUS HEKO-
TOPBIX HPOLEAYpP aHAIM3a B XOJI€ OLIEHKH €ro padoTOCIOCOOHOCTH MPU BO3MOMKHBIX
OTKJIOHEHMAX OT MPUHATHIX allPUOPHBIX TaHHBIX.

[Ipu penieHuu 3a7ad aHaiau3a U CHUHTE3a OOBEKTAMHU HMCCIEIOBAHUS SIBISIOTCS
CUTHAJI U PaAUOTEXHUYECKOE YCTPOMCTBO. Y CIEUIHOE PELICHUE 3TUX 3a/1ad MPeaIo-
JIaraeT XOpOUIYH0 OPUEHTALUIO HCCIIEN0BATENd U IPOECKTUPOBINMKA BO MHOXECTBE
CUTHAJIOB, CIIOCOOOB MX aHAJIOIOBOIO M JUCKPETHOTO MPECTABICHUS, METOAAX aHa-
JM3a B YAaCTOTHOW M BpeMeHHOM obmactsax. CaMOCTOSTENbHOE 3HAUEHUE UMEIOT BO-
IpOChkl 0OPa0OTKH CUTHAJIOB, BKJIIOYAIOIINE B CE€0s1 METOJbI M TEXHUUECKHUE CPEACTBA
(bopMHpOBaHUS U PA3NTMYHBIX NMPeoOpa30BaHU CUTHANIOB. TeXHUYECKUE CpeACTBa —
3TO U €CTh PAAMOTEXHUYECKHE YCTPOMCTBA (LIeMH), pelarone oOMnupHbIA acCOpTH-
MEHT 337]a4 U XapaKTepu3yeMble MHOI000Opa3ueM CTPYKTYPHOM U (PYyHKIIMOHAIBHOM
opraHuzanuu. 1o TpeOyeT CUCTEMATU3allui 3HaHUN B 00JIaCTH COBPEMEHHBIX METO-



TOB (YK€ CTaBIIMX KJIACCHMUECKUMHU) (HU3UKO-MATEeMATHUYECKOTO aHajIu3a IMPOIECCOB
(bopMHpOBaHUS CUTHAJIOB, A TAKXKE UX JIMHEHHBIX U HEJIMHEHHBIX MPe0oOpa30BaHU.

B yueOHOM 1mocoOuu MOXHO YCIOBHO BBIJICIUTD JIBE€ OCHOBHBIE YaCTH, KOTOPHIE,
C OJHOI CTOPOHBI, UMEIOT ONPEAEIEHHOE CAMOCTOATENIBHOE 3HAUYEHUE, C IPYroil CTO-
POHBI, TECHO CBSI3aHBI JIPYT C APYTOM.

B nepBoii yactu paccMOTpeHbl OCHOBHBIE BOIPOCHI TEOPUU HECIIydalHbIX (Je-
TEPMUHUPOBAHHBIX) CUTHAJIOB: MaTEMAaTUYECKUE MOJIETH, KiIacCU(PUKaLUs, TPUMEPHI
U CBOMCTBA HEKOTOPHIX CUTHAJIOB, METOJIbI CIIEKTPAIBLHOTO U KOPPEISIMOHHOIO aHa-
JU3a CUTHANOB, (PyHJAaMEHTAJIbHbBIE MOJOKEHUS BPEMEHHOM NHUCKPETU3allMi CUTHAa-
JIOB, MOAYJIMPOBAHHbBIE CUTHAJIbI, TPUHIIMIIBI OOIIETO aHAM3a Y3KOMOJOCHBIX CUTHA-
JIOB.

Bo BTOpo#i yacTHM paccMOTpEeHBl XapaKTEPUCTHKU JIUHEHHBIX U HEIMHEHHBIX
YCTPOMCTB, a Takxke (PU3UKO-MATEeMAaTHUYECKUE ACMEKThbl JIMHEWHBIX M HETMHEHHBIX
npeoOpa3oBaHuil cUrHaNoB. ['TaBHBIA akUEHT clenaH Ha (U3MYECKYI0 MHTEpIpeTa-
[[MI0O OCHOBHBIX MOJOXKEHUNA. MaTemMaTuka NMpUMEHsIach Kak MPUKIIaaHas TpaHb s
000CHOBaHUS (PU3NYECKOTO COJIEP’KaHUS OCHOBHBIX METOJOB aHaliM3a, a TaKKe
(YHKIMOHAIBHBIX CXEM M MPUHIIUIIOB PabOThl HEKOTOPBIX YCTPONCTB.

IIpu M310)KEHHH OCHOBHBIX BOIIPOCOB YYTEHBI COBPEMEHHOE COCTOSIHUE TEOpe-
TUYECKON PaAMOTEXHUKHU U €€ POJIb B Pa3BUTUU MHPOPMALMOHHBIX TEXHOIOrUi. Ma-
Teprasl y4eOHOTrO MOoCcOOusl SBISETCA MO CYLIECTBY 0a30BbIM ISl MOJATOTOBKHU HHXKeE-
HEPOB 110 CHELUAIBHOCTAM, CBSI3aHHBIM B TOM WJIM UHOM MEpPE C paJMOTEXHUKOU. Y C-
MENTHOE U3yYEHUEe 3TOr0 MaTepuaia o3BOJIUT cPOpMUPOBATH TaAKOM 00BEM TEOPETH-
YECKUX M MPAKTUYECKUX 3HAHUM, KOTOPBIM 0OECredyuT MOHMMAHUE OCHOBHBIX IPO-
0JieM CHMHTE3a W aHalIM3a CIOKHBIX PAAMOTEXHUUYECKUX CUCTEM, OLIEHKY MX KauecTBa
[0 pa3IMYHbIM KpUTEpHsM. LIo/lydeHHbIE 3HAHUA MOCTY’KAaT MPOYHONM OCHOBOM ISt
M3YYEHHSI CHIEIUATbHBIX TUCUUTLINH.



1. PATMOTEXHUYECKUE CUT'HAJIBI U1 YCTPOUCTBA
1.1. Paguorexnuka u uHpopmMaTnka

Jljist coBpeMeHHOTO 00IIecTBa BaXHEHIIeH aBisgeTcs npolaeMa UCIOIb30BAHMS
nHGOPMAITMOHHBIX TEXHOJIOTHA BO BCeX cepax deroBedeckou aestenbHocTH. [lo
CBOCH 3HAYMMOCTH M aKTYaJIbHOCTH OHA MPEBOCXOIUT MPOOJIeMy JalbHEHIIeH HHIY-
CTpUANH3AIMHA MPOU3BOACTBA. CUMTAETCSI, YTO COBPEMEHHOE OOIIECTBO BCTYIAET B
MOCTUHAYCTPUATBHBIN TEPUOJI CBOECTO Pa3BUTH, KOTOPBIA 1O BCEOOMIEMY MHEHHUIO
JOJIKEH ObITh UHPOPMAUUOHHBIM.

CrenmanmmsupoBanroe yupexaeane OOH mo Bompocam oOpa3oBaHHs, HAYKU U
kynbTypel FOHECKO (UNESCO — United Nations Educational, Scientific and
Cultural Organization) gayo cieayroiiee onpenesieHrne nHhopMaTH3aluu:

«MadopMaTuzaius — 3TO pa3BUTHE U HMIMPOKOMACHITAOHOE MPUMEHEHUE METO-
J0OB M cpeAcTB cOopa, mpeoOpa3oBaHUs, XpaHEHUS M pacnpocTpaHeHus wH(opma-
1y, — OHO K€ U ONPEeIIII0 e NH()OPMATHU3AIIUN: CUCTEMAaTH3AIHS UMEIOIIHX-
csi U QopMHUpOBaHHE HOBBIX 3HAHHWM, WX HCIOJIH30BaHHE OOIIECTBOM B IEISIX €TI0
yIIPaBJICHUS U Pa3BUTHSL.

Tepmun ungopmayus nmeer MHOTO onpeenaeHuid. B mmpokoM cmeicie uH@pop-
mMayusi — 3TO Pe3yJibTaT OTpakeHHs peajbHOro mMupa. B Oonee y3koM cMbIcie uH-
¢opmayus — 3TO COBOKYIMHOCTh CBEJCHUMN 0. IMPOIECCaX M SBICHUSX B HEKOTOPOM
00beKTe (CYOBEKTE), KOTOphIE MOMJIEkKAT XpaHEHUIO, Mepeaue U npeoopa3oBaHUIo.
O06a ompeneneHns BaXHBI ISl MOHUMAHUS MPOIECCOB (DYHKIIMOHUPOBAHUS CHCTEM
0001 CIOXKHOCTH W TIpenHa3HaueHus. CiemyeT Takke MOMYEPKHYTh MOAXOM K OIl-
peleneHIo uHgopmayuy Kax Mepbl YCTpaHEHHs] HEONPEICICHHOCTH B OTHOIICHHUH
MCXO0/1a KaKOTO-THO0 SBICHHUS.

K gmcnmy BaKHBIX 00JIaCTel HayKHW M TEXHUKH, JOCTH)KCHUS KOTOPBIX UTPAIOT
KITIOYEBYIO POJIb B CO3/IaHUU MH(MPACTPYKTYphl HH()OPMATHU3AIUN, OTHOCUTCS Paiio-
TeXHUKa. VIMEHHO IOCTIKEHHUS PaJUOTEXHUKH SIBHJIUCh OCHOBOW I CO3JaHWUS
(GYHKIIMOHAIBHON M CTPYKTYpHOW OpraHW3alliid COBPEMEHHBIX KOMMYHUKAIIMOHHBIX
CHCTEM W BBIUYMCIIUTEIBHBIX CETEeH, 00€CIIeUNBAIOIINX MTOIH30BATEISIM IIUPOKHUA BbI-
60p MHPOPMAITMOHHO-BEIYUCIUTEIBHBIX YCIYT C JOCTYIIOM K YAaJICHHBIM MallTUHHBIX
pecypcam, TEXHOJIOTHSAM U 0a3aM JTaHHBIX.

Paouomexnuxa — 310 007aCTh HAYKM M TEXHHUKH, CBA3aHHAS C MPAKTHUYECKUM
MCTIOIB30BAaHUEM D3JICKTPOMArHUTHBIX KOJICOAHWA ISl Tepeaadu, M3BJICUCHUs, Xpa-
HeHUs U npeoOpa3oBanus nHGopMauu. C 3TOH LETbI0 U3YYaIOTCsl TEOPETUICCKHE U
MpaKTHYECKUEe OCHOBBI (hopMHpoBaHMs (T€Hepaluu), mpeoOpa3oBaHusl, MMeperadyn u
npreMa AJIEKTPOMAarHUTHBIX KoJIeOaHU paJuoyacTOTHOTO JUara3oHa.

Hugpopmamuxa — 310 001acTh HAYKU U TEXHUKH, KOTOpAs MPEACTABISET COOOM
HEpa3pbIBHOE €AMHCTBO TPEX COCTABHBIX YacTeil: 1) Teopuu mepenayu u mpeodpazo-
BaHUA MH(MOpMaAIUU, 2) aIrOPUTMHUYECKHX CpPEACTB 00paboTKu uHGOpMAIH,
3) BBIYMCIUTENBHBIX cpeAcTB. [lepBas U3 3THX yacTeil — ATO TO, UYTO OOBETUHSIET Ta-



KH€ TOHATHS, KaK pajnoTeXHUKa W MHpopmaThka. [loaToMy coBceM He CirydaifHO
peanM3oBaHa Uies HapsIy C TS PMUHOM PaTUOTEXHHUKA UCTIOIB30BaTh TEPMUH paouUo-
uHpopmamuxa.

NudopmarimonHbiii aciekT paboThl 000 CHCTEMBbl IPENIoiaraeT UCHoiIb30-
BaHUE OMPEJCIICHHOT0 MaTepUaIbHOTO HOocHUTenss nHpopmanuu. PU3NIECKU Tpo-
IeCC, ABISIONMIUICS QYHKIMEH HEKOTOPHIX MapaMeTPOB U MCTIOIB3yEeMbIil B Ka4eCTBE
HOCHUTENsI MH(POpPMAINK, HAa3bIBACTCS CUZHANOM. MHOXECTBO COCTOSHHUH CHTHama
JOJDKHO OBITH TaKOBO, YTOOBI MOXKHO OBLIO OJHO3HAYHO YCTAaHOBUTH COCTOSIHUE WC-
TOYHUKA WHPOPMAIIUH.

B pagmorexHuke ais mpeacTaBieHUS WHGOPMAIMU U B KA4eCTBE €€ HOCHUTEIs
HCTIONB3YIOT B OCHOBHOM JJIEKTPUYECKHE KOJICOaHwsl, SBISIONIECS QyHKITUSIMHI Bpe-
MeHU. Takue KoneOaHusi M Ha3bIBAIOTCS CUTHAJIOM. [10ATOMY TEpMUHBI cueHan u Ko-
JlebaHue 4acTo 3aMEHAIOT Ipyr npyra. TepMuH xonebanue, oA KOTOPHIM MOHUMAIOT
000U 3JIEKTPUYECKUN MPOIIECC, UCIOJIb3YIOT B T€X CIIy4asiX, Korja HeT HeoOXoau-
MOCTH TOTYEPKHUBATH €r0 HHPOPMAITMOHHOE COACPKAHHE.

CurHainsl SBISIOTCS 00beKTaMU 00pabOTKH M TPAHCHOPTHPOBKHU PaHOTEXHUYE-
CKUX CHCTEM pa3lIMYHOTO Ha3HA4eHHWs. TeXHHUYecKHue CpElCTBA ITUX CHUCTEM TIpe-
CTaBIIIOT COOOHM Y3KOCTICIIMATN3NPOBAHHBIC PATHMOTEXHUYECKHE YCTPOHCTBA, KOTO-
pbI€ HA3BIBAIOT PAOUOMEXHUYECKUMU Yensamu, Il TOTO YTOObl abCTparupoBaThCs OT
UX CHEeIM(UKA U CO3/1aTh SANHYIO TEOPUIO UX aHanu3a u CUHTe3a. IMEHHO moaToMy
B PaJMOTCXHUKE MPEIMETOM aHalu3a W MCCIEIOBAHUN SIBISIOTCS JBAa OCHOBHBIX
KOMIIOHEHTA: paoduomexHuyeckue CUsHAaIbl u paouomexHuueckue ycmpoicmea (ye-
nu), ocyuecTBisitonue GopMmupoBanue, 00padboTKy, nepeaavy u MpueM CUTHAJIOB.

1.2. PagnorexHn4yecKue CUrHaJIbI

MHOX€ECTBO paJUOTEXHUUECKUX CHUTHAJIOB C BEPOSITHOCTHOW TOYKH 3pEHHS Je-
JUTCS Ha JABa OOJIBUIMX M OTHOCUTEJIBHO CaMOCTOSITENIBHBIX KJlacca: JEeTEPMUHUPO-
BaHHbIE (HECIy4YalHbIE) U CITy4yalHbI€ CUTHAJIBI.

Llemepmunuposarnvle cueHabl — 3T0 CUTHAIIBI, MTHOBEHHBIE 3HAYEHUSI KOTOPBIX
B J1000M MOMEHT BPEMEHU M3BECTHBI, T.€. MPEACKA3yEMbl C BEPOSITHOCTBIO, PAaBHOM
eaunuiie. OHM MOTYT ObITh OMKMCAHBI ONPEIEeTEHHBIMU QYHKIUSAMUA BPEMEHHU. AHAIU3
Y UCCJIEIOBAHUE ITHX CUTHAJIOB OCYIIECTBISETCS C MIOMOIIBI) MATEMATHYECKOIO all-
rapara, He CBSI3aHHOT'O C TEOpUEH BEPOSITHOCTEN.

Cnyuaiinvle cuenanvl — 3TO CUTHAJIBI, MTHOBEHHBIEC 3HAUEHUS KOTOPBIX B JII00OM
MOMEHT BpPEMEHHU HE HW3BECTHBI, HO MOTYT OBITh MpPEACKa3aHbl C BEPOSTHOCTHIO,
MeHblIeH equHuibl. CydailHble CUTHABI ABISIIOTCS 00bEKTOM MCCIICIOBAaHUS CTATH-
CTUYECKOW pauOTEeXHUKHU, Oa3UPYIOIIeIics Ha TEOPUN BEPOSITHOCTEH, B YaCTHOCTH HA
TEOPHUHU CIIy4alHBIX IIPOLECCOB.

BONBIIMHCTBO MCMONIB3YEMBIX HA MPAKTHKE PAJUOTEXHUYECKUX CUTHAJIOB OTHO-
CUTCS K KJIacCy CIy4yalHBIX 1O JBYM NpuyuHaM. Bo-nepBbix, 110001 CUTHa, SBISIO-
nMiicss HocuteneM WHGOPMAaIMK, JTOJDKEH paccMaTpuUBaThCs Kak ciaydalHbid. Bo-
BTOPBIX, B YCTPOWCTBAX, KOTOpble “paboTaioT” ¢ CUrHajIaMu, IPAKTUYECKU BCEraa



MMEIOTCSl IIYMbl WJIM MTOMEXH, KOTOPbIE HAKJIAJbIBAIOTCS HA IMOJIE3HbINM curHai. [lo-
ATOMY B JIFOOOM KaHaje CBS3M MOJIE3HBIA CUTHAJI MCKaXKaeTCsl MpHU Mepeiaye u cooo-
IIeHUE Ha MPUEMHON CTOPOHE BOCTIPOU3BOAUTCS C HEKOTOPOU OIIMOKOM.

Henpeononumol rpaHuibl MEXAy AETEPMUHUPOBAHHBIMUA U CIyYaliHBIMHU CHUT-
HajamMu HeT. B ycioBHsIX GONBIIOr0 OTHOIIECHHUS IMOJIE3HOTO CUTHAla K LIIyMy, T.€. B
ClIy4ae, KOrJja ypOBEHb NTOMEX 3HAUNTEIIbHO MEHBIIIE YPOBHS MOJE3HOI0 CUTHANA, Ae-
TEpPMHUHHPOBAHHAS MOJIENIb CUTHAJA a/IEKBaTHA peajbHO cutyauuu. [Ipu 3ToM MOXK-
HO IPUMEHATHh METO/IbI aHAJIN3a HECITYYalHbIX CUTHAJIOB.

B nanHoM y4eOHOM MOcCOOMHM paccMaTpUBAIOTCS OCHOBHBIE BOIPOCHI meopuu
0emepMUHUPOBAHHBIX CUSHANIO8: CTIEKTPAIbHBIA M BPEMEHHON aHalu3 HEMOIYJIHPO-
BaHHBIX U MOJYJMPOBAHHBIX CUTHAJIOB, MPOOJIEMBI TUCKPETU3AIMHY AHAJIOTOBBIX CHUT-
HaJIOB, METOABI (POPMUPOBAHMS K OCHOBHBIX TPEOOPa30BaHUI CUTHAJIOB.

1.3. Pagnorexunueckue nemu

B Teopernyeckux OcHOBaX pagUOTEXHUKH OOJIBIIOE MECTO 3aHUMAIOT METOIbI
aHanM3a ¥ CUHTE3a Pa3lIMYHbIX paguoTexHuueckux nenei. Ilpu atom moja pagunorex-
HUYECKOM LEMbI0 MOHUMAIOT COBOKYITHOCTb COEIMHEHHBIX OINpPEACICHHBIM 00pa3oM
MACCUBHBIX M AKTUBHBIX 3JIEMEHTOB, 00ECHEUYMBAIOUIUX MPOXOXKIEHUE U (PYHKIHO-
HaJbHOE MpeoOpa3zoBaHue CUTHANOB. [[accUBHBIE AIEMEHTBI — 3TO PE3UCTOPBI, EMKO-
CTH, KAaTYIIKd MUHIYKTUBHOCTH U CPEJCTBA MX COCAUHEHUS. AKTHBHBIC DJIEMEHTHI —
ATO TPAH3UCTOPHI, FNEKTPOHHBIE JTAMIIbI, UCTOUHUKHU MUTAHUS U JAPYTUE DJIEMEHTHI,
CIIOCOOHBIE BBIPA0ATHIBATh YHEPTHIO, YBEIUYMBATH MOITHOCTh CUTHANA. Eciu Bo3HU-
KaeT MOTPEeOHOCTh MOMYEPKHYTh (PYHKIIMOHAILHOE HA3HAYEHUE IIeMH, TO BMECTO
TEpMUHA Yyensb UCTIONIb3YETCs TEPMUH YCmPOUCMmEBO.

Panunorexnuueckue uenu, NpUMeHseMbIe I TPeoOpa3oBaHUsl CUTHAJIOB, BECh-
Ma pa3HOOOpa3Hbl MO CBOEMY COCTaBY, CTPYKTYype M XapakTepucTtukam. B mporiecce
UX pa3paboTKU W aHAJIUTUYECKOTO HCCIIEOBAaHUSl MCHIOJIB3YIOT pa3jiMyHble MaTeMa-
TUYECKUE MOJEIIH, YIOBIETBOPAIOIINE TPEOOBAHUAM aJ€KBATHOCTH U MPOCTOTHI.

B o6mem cayyae 1100yr0 paJuoTeXHUYECKYIO 1I€lb MOXKHO OomnucaTh GpopMau-
30BaHHBIM COOTHOUIIECHUEM, ONPENEIAIONIMM MpeoOpa3oBaHre BXOJHOTO CUTHaA
x(t) B BBIXOJHOHM )(f), KOTOPOE CUMBOJIUYECKA MOKHO TIPEJCTABUTh B BUJIE

y(O)=T[x@)],
rae I — oreparop, yKa3bIBaOIIMK MpaBUIIo, IO KOTOPOMY OCYILIECTBIsIeTCs peolpa-
30BaHUE€ BXOJIHOT'O CUTHAJIA.

Takum o6pa3om, B KauecTBe MaTEeMaTUYECKON MOJENIN PAAUOTEXHUUYECKON LIeTH
MOXKET CIyKUTb COBOKYIHOCTb omepatopa I M JByX MHOxecTB X ={x;(?)},

Y ={y;(¢)} curHaioB Ha BXOJ€ U BBIXOJE LEIH TaK, 4TO
DiOFETx O} .
[To Buay npeobpa3oBaHusi BXOJIHBIX CUTHAJIOB B BBIXOJHBIE, T.€. 110 BUJY Olepa-
Topa T, MPOU3BOAAT KiIacCU(PUKAIMIO PATUOTEXHUYECKUX 1IeTIei.



1. Paguorexnuveckas 1enb SBISETCS JuUHENHOU, ecau oneparop 7 TakoB, 4TO
LEeMb YJOBJIETBOPSET YCIOBUSIM AJJUTUBHOCTH U OJHOPOJHOCTH, T.€. CIPABEIIUBBI
paBeHCTBa

TEs@1=XT 5015 Tley@l=cTlx O],

I7l€ ¢ — KOHCTaHTa.

OTH yCJIOBUS BBIPAKAIOT CYTh NPHHIUIA CYNEPHO3HIUH, CBOWCTBEHHOIO JIH-
HENHBIM LIETIAM.

DyHKIMOHUPOBAHUE TAKUX LENEH ONUCHIBACTCS JIMHEWHBIMU JH((epeHInab-
HBIMH yPaBHEHHMAMH C ITOCTOSHHBIMH K02() QUIIMEHTaMU
$ o dkyk(t) gb dkxk(t)

k=0 dt dt

rae aj u by — mocTossHHBIE KOC)(I)(I)I/II_II/ICHTBI, 3aBUCSIINE OT CXEMBI M €€ IapaMETPOB.

XapakTepHo, 4TO JIMHEWHOe IpeoOpa3oBaHUe CHUrHaja Jr00i (opMbI HE cO-
MIPOBOXAAETCS TOSBICHUEM B CIIEKTPE BBIXOJHOTO CUTHaJa TAPMOHUYECKUX COCTaB-
JSIOIUX ¢ HOBBIMU YacTOTaMHU, T.€. JIMHEWHOE MpeoOpa3oBaHKe HE MPUBOIUT K 000-
ralieHuIo CIeKTpa CUrHajia.

2. Pagunotexnuyeckas 1eNb SABISETCS HeauHelHou, ecnu oneparop T He obecre-
YUBAET BBIMOIHEHUS YCIOBUM aJIUTUBHOCTH U OJHOPOAHOCTU. DYHKIIMOHUPOBAHHUE
TaKMX II€Ned ONMUCHIBAECTCS HETUHEHHBIMU U] PepeHIIMabHBIMU YPAaBHEHUSAMH, T.€.
YpaBHEHUSIMH, XOTs Obl OJIUH KO3P(PULUEHT KOTOPHIX SABIAECTCS (QYHKUKUEH BXOIHOTO
CUTHAJIAa WM €Tr0 POU3BOIHBIX.

Henuneiinble nienu He yA0BAETBOPSAIOT NpUHIUNY cynepro3uuuu. [lpu ananusze
MIPOXOXKIEHUSI CUTHAJIOB Yepe3 HENMHEHHYIO 1enb pe3yJbTaT ONpe/eNseTcss Kak OT-
KJIMK Ha CUTHaJN Kak TakoBoil. Ero Henb3s paznarate Ha Oosee MpocTbie CUTHalbl. B
TO K€ BpeMs HEJMHEHHBIE LIeNH 00J1aJ1al0T 0YeHb BaKHBIM CBOMCTBOM — oOoramaTh
CHEKTp CUTHaJIa. DTO 3HAYUT, YTO MPHU HEIMHEHHBIX IPEOOPa30BaHUSAX B CIIEKTPE BbI-
XOJHOTO CHUTHaja MOSABIAIOTCS FAPMOHUYECKHE COCTABIISIOUIME C YacCTOTaMH, KOTO-
pBIX HE OBLIO B CIIEKTPE BXOAHOTO cHUTrHaia. BO3MOXKHO MOsIBIEHUE TaKkKe COCTaB-
JSIOUX ¢ YaCTOTaMU, PaBHBIMM KOMOMHAIIMM YacCTOT TApMOHUYECKUX COCTaBIISIIO-
IIMX CHEKTPa BXOAHOTO CUTHala. DTO CBOMCTBO HEIMHEHHBIX Lieneld 00yCIOBUIIO UX
MPUMEHEHUE NIl PeleHUs HIMPOKOro Kjacca 3ajad, CBA3AHHBIX C TeHepauuend u
npeoOpazoBaHUEM CHUTHAJIOB.

CTIpyKTypHO JMHEHHBIE LENU COAEPkKAT TOJIbKO JUHEHHBIC PJIEMEHThI, K YUCITY
KOTOPBIX OTHOCSATCS W HEJIMHEHHbIE 3JeMEHTHI, paboTarouue B JMHEHHOM pEeXHME
(Ha NTMHEWHBIX y4acTKaX CBOMX XapaKTEPHUCTHK). JIMHEHHbIe Lenu — 3TO yCUIIUTENH,
paboraronye B JUHEHHOM pexume, (UIbTPbI, JJIWHHBIE JUHUH, JIUHUUA 3aJEPKKH
u 1p. Henuneiinoble nienu coaepikat OJUH UM HECKOJIbKO HEJIMHEHHBIX 3J1IeMeHTOB. K
YUCIIy HEJIMHEWHBIX LEeNeld OTHOCATCA FeHepaTophl, JETEKTOPbI, MOIYJIATOPbI, YMHO-
KUTENIU U TpeoOpa30BaTEIH YaCTOThl, OTPAHUYUTETHU U JIP.

3. PaanorexHuueckas LeMb SBISIETCS napamempuieckou, eciau oneparop 1 3a-
BHUCUT OT NapaMeTpPOB LIEMHU, KOTOPbIE U3MEHSIOTCS cO BpeMeHeM. DyHKIIMOHUPOBA-



HUE TaKuX Lienei onuckiBaeTcs AuddepeHunaIbHbIMU YPaBHEHUSIMU, XOTS Obl OJMH
K03 PUIIMEHT KOTOPBIX siBNsieTcs PyHKuued Bpemenu. [lapamerpuyeckue nenu Mo-
I'YT OBITh JIMHEUHBIMU U HEJTUHEHHBIMHU.

JIuHeliHplE MapaMeTPUYECKUE LENU YAOBIETBOPAIOT YCIOBHUSAM CYINEPIIO3HIIMU
(apauTUBHOCTH W oaHOponaHOCTH). Kpome Toro, »tu nemnu cmnocoOHbI oOoramarb
cnekTp curianga. CTpyKTYpHO OHHM COJIEpPKaT AJIEMEHTHI, apaMeTpbl KOTOPHIX (CO-
MIPOTHUBJIEHUE, EMKOCTh, UHAYKTUBHOCTB) U3MEHSIOTCS CO BPEMEHEM.

Ilo xapakTepy BpEMEHHOW 3aBUCHUMOCTH BBIXOJHOTO CUT'Hajla OT BXOJHOTO pas-
JUYAI0T UHEPLUUOHHBIE U O€3bIHEPIIMOHHBIE PATUOTEXHUYECKUE LIETTH.

Panunorexnuyeckasi 1ienb, 3HAUEHHE BBIXOJHOTO CUTHasa )(f) KOTOpPOM B MO-

MEHT ! = f;, 3aBHCUT HE TOJIbKO OT 3HA4YEHUsS BXOJHOIO CUrHaja Xx(f) B 3TOT MOMEHT
BPEMEHH, HO U OT 3Ha4Y€HUU X(f) B MOMEHTHI BPEMEHH, MPEIIECTBOBABIINE MOMEH-
Ty ?,, Ha3bIBACTCS UHEPYUOHHOU Lienblo. Eciu 3HaueHne BBIXOJHOrO curHana y(t) B
MOMEHT { = {;, IOJTHOCTBIO OIpEACIAETCS 3HaUCHUEM X(f) B TOT K€ MOMEHT BPEMEHH
ty, TO TaKas LENb HA3bIBACTCS Oe3bIHEePYUOHHOLL.

B ydueOHOM moco6uu paccMaTpuBarOTCsi OCHOBHBIE BOIPOCHI TEOPUU JTUHEHHBIX
Y HEJIMHEWHBIX PAIMOTEXHUYECKUX LIEeTIeH: METO/Ibl aHaJIN3a, XapaKTePUCTUKH, METO-
16l (QDYHKUMOHANBHBIX MPeoOpa30BaHUN CUTHAJIOB U TEXHUYECKUE CPEJNICTBA, pealu-
3YIOLIUE 3TH MPEe0OpPa30BAHMUSL.

Jlist mydinero NOHMMaHHUS MeCTa M3J1araéMoro Marepuana cpeu OOHIHMX Mpo-
0JieM paJMOTEXHUKH MIPUBEIEM HEKOTOPBIE CBEJECHUSI CUCTEMHOI'O XapaKkTepa, pealu-
3ysl TEM CaMbIM JUAJIEKTUYECKUN MOAXOMA K M3JI0KEHUIO U M3YYEHHI0 OCHOBHBIX BO-
MIPOCOB B COOTBETCTBUHU C MPUHIIUTIOM Ol 00We20 K YaCMHOMY.

1.4. PagnorexunuyecKkue CMCTEMBbI

Panunorexnuueckas cuerema (PTC) — COBOKYMHOCTh yCTPOMCTB, 0OeCIieunBaro-
IIMX BBINOJHEHUE KOHKPETHBIX OTHOCUTEIBHO CAMOCTOSITENIBHBIX 3a7a4 C MCMOJIb30-
BAHUEM PAJUOCUTHAJIOB.

Ha nepBonavyansHOM 3Tane cBoero pasutus PTC pemanu npenmyiiecTBEHHO
CBSI3HBIC 3aJlayd. 3aTeM O0JaCTh X MPUMEHEHHUS CYIIECTBEHHO PACIIMPUIACH: TEje-
BUJICHUE, PAAMOJIOKALMA, PAAUOYIIPABICHNUE, PAJUOHABUTALIMS, peaIn3als METOI0B
M3MEPEHUs B PA3JIMUHBIX OTpacisix (OMOJIOTHH, MEIUIIMHE, TeoJoTur | 1p.). B Ha-
crosiee Bpemsi PTC — 3TO TeJI€KOMMYHUKAIIMOHHBIE BHIYHUCIUTEIIBHBIE CETH Pa3JINy-
HOT'0 YpOBHS U Ha3HaueHUs. IMEHHO UX UMEIOT B BUJY, KOTJa rOBOPAT O TEXHUYE-
CKMX M aJITOPUTMUYECKHX CpelncTBaX HHGOPMAIMOHHBIX TexHoiorui. [ludpossie
OBM, pasznuuHOoe KOMMYHHKAIlMOHHOE OOOpYJOBAaHHWE BBIUUCIUTEIBHBIX CETeH
(KOMMyTaTOpbI, KOHIIEHTPATOPHI, IIJTI03bI, MAPIIPYTU3ATOPBI, MOCTBI, MOJIEMBI U JIp.),
pasuyHbIe cpelcTBa CBsA3M (IU(POBBIE, aHAIOTOBBIC, CITYTHUKOBBIE, MOOUJIBLHEIE, C
KCMOJIb30BAHUEM ONTOBOJIOKOHHOM TexHonoruu) — 310 PTC, moctpoeHHbIe HA OCHOBE
COBPEMEHHON TEXHOJOTUUYECKOUN 0a3bl ¢ MCIOIB30BAaHUEM JOCTHXKCHUN paJIMOTEXHU-
KH.



UcnonwzoBanne B PTC snekTpuueckux CUTHAJIOB IS MpeICTaBiIeHUs oOpada-
ThIBAEMOM MH(pOpPMALIMK MPENOoaracT HaIMYUE B CTPYKTYpE ITHUX CHUCTEM pPaaHo-
TEXHUUYECKHUX YCTPOMUCTB, KOTOPbIE pPabOTAIOT C TAKUMHU CUTHATAMM.

C nmo3unuili CUCTEMOTEXHUKHU B MOHATHE «PATHUOTEXHUYECKAS] CHUCTEMA» MOXKET
BKJIaJIbIBAThCSl pa3inyHoOe conaepxanue. Ilpu 3ToM NaHHOE MOHATHE MOXET OBITh
MIPUMEHEHO IIPU PACCMOTPEHUH PAJUOTEXHUYECKUX YCTPOMCTB Pa3HOIO HMepapxuye-
CKOI'0 YPOBHSI, B YACTHOCTHU:

CJIO)KHOM CUCTEMBI YINPABIICHUS BO3AYLIHBIM JABMKEHHUEM, COCTOSILIEN U3 MHO-
KECTBA Pa3IMYHBIX PAJUOJOKALIUOHHBIX CTAHUWW, paJHONEPEIAOMINX W PAAUOIIPHU-
€MHBIX YCTPOMCTB, 000pYyI0BaHUsI OOpTa, MyHKTA YIPABICHUS U T.1.;

PagUOIOKAlIMOHHON CTaHUMU CONPOBOXKICHUS U ONPEACICHUS IapaMeTpOB
IBUKEHHUS LIEJIEH, COCTOSIIEN U3 NPUEMONEPENAIONIETO TPAKTa, HEPEAAIOIIEH U MPHU-
€MHON AaHTEHH, aBTOMATHUYECKUX YCTPOMCTB CJIEKEHHUS M OMNPENCICHHS KOOPAUHAT
LeJel, MHANKATOPHBIX YCTPOMCTB, MICTOYHUKOB MTUTAHUS U T.1.;

paarorepeaaoniero Wil paiuonpueMHOro YCTPOMCTB, COAepKauIuX (GUIbTPHI,
YCUJIUTENH, MOJYJIATOP, IE€TEKTOP, MPeodpa3oBaTesid YaCTOThl, AHTEHHbIE YCTPOUCT-
Ba, UICTOYHUKH MUTAHUA U T.1.;

yCTPOMCTB, 00ecTeunBaOIUX (PUIbTpaINio, YCUICHHE, MOAYISIIHIO, peoldpa-
30BaHUE YaCTOTHI, JETEKTUPOBAHUE U JIP.

B pamkax cuCTeMHBIX MPUHIIMIIOB BBIACISIIOT CIEAYIOIINE OCOOEHHOCTH Pano-
TEXHUYECKUX CUCTEM:

1. Ilenocmnocmy — Hanmu4Me y CUCTEMBI €IMHOTO (DYHKIHMOHAIBHOIO Ha3Haye-
Hud. Ipu 3TOM CBOMCTBA CUCTEMBI HENB351 CBECTH K CyMME CBOWMCTB COCTaBJISIOIINX
ee yacrei.

2. Uepapxuynocmb — 4acTb CUCTEMbI MOXKET paccMaTpUBAThCs Kak cucreMa 0o-
Jilee HU3KOrO ypOBHS, B CBOIO OuU€pelb caMa CHCTeMa MOKET ObITh 4acTbio Oolee
CJI0KHOM CHUCTEMBI.

3. Croocrocmsy. — HAIMYNE CIIOKHBIX B3aUMOCBSI3€d MEXKIY Pa3InyHbIMU Iepe-
MEHHBIMH, ONHUCHIBAIOLINIMH CUCTEMY.

4. Cryuatinocms — BAUSIHUE HA XapakTep (YHKIIMOHUPOBAHUS MHOXECTBA BHYT-
PEHHUX U BHEIIHUX CIy4yalHbIX (DaKTOPOB.

5. Aémomamuszayus — WUPOKOE HCHOJb30BaHuE B cTpykType PTC BbrUmMcnn-
TEIbHBIX CPEJCTB PA3JIMYHOIO YPOBHS U Ha3HAUEHUS.

1.5. Knaccupukanusi paamoreXHu4eCKUX CUCTEM

B paznuunbIX cdepax yenoBeuecKod NeATeITbHOCTH HAlI0 IpUMEHEHHe OOJb-
10€ YUCJIO PAJUOTEXHUUYECKUX CUCTEM, KOTOPbIE KIACCUPUIIUPYIOTCS MO Pa3IMYHBIM
npu3HakaMm. Baxxnedmmii u3 HUX —(yHKIMOHAIBHOE HAa3HAUYEHUE CHCTEMBI, Onpe/e-
JSIOIee MPUHIMI JIeWCTBUS, YACTOTHBIN JIMana3oH, JAJbHOCTh JIEUCTBUS, MOMEXO-
YCTOHYMBOCTD U T.J.

[To pyuknmonansHoMy HazHaueHuto PTC nenarcs Ha cneayromuye Kiacchl:



1. Cucremsl nepedauu ungopmayuu — CACTEMBI CBSI3U (MHOTOKaHaIbHAs PaIio-
CBSI3b, paJuopelieliHasl CBs3b, CBA3b Yepe3 HCKYCCTBEHHBIC CITyTHUKH 3€MJIU, MO-
OwIbHas PaJMOCBA3b), PAJIMOBELIAHUE U TEJICBHJICHHUE, TEIEMETpus, Mepeaada Ko-
MaH/I.

2. Cucremsl uzsneuenuss (OOHAPYKEHUSI U U3MEPEHUS ) UHDOPpMAYUL.

Cuctembl u3BieueHuss HHGOPMAIIUU OCYIIECTBISIIOT HU3BJIeYeHUE MHOOpPMALIUU
W3 CHUTHAJIOB, M3JIYYCHHBIX B HAIPaBICHUU HAa OOBEKT M OTPAKEHHBIX OT HETO (pa-
JMOJIOKAITUS, paJMOHABUTAINS), U3 CHUTHAJIOB APYIHMX PAJAHMOTEXHUYECKHX CHCTEM
(panuousmepeHue, paauopasBeka), U3 COOCTBEHHBIX PaIUON3TYyUCHHMN Pa3IudHbIX
00BEKTOB (TTaCCUBHAsA PaANOACTPOHOMHUSA).

3. Cucremsl paouoynpasieHusl.

Cucrembl paguoynpaBieHHs] 00€CIEUrBAIOT YIpaBiIeHUE Pa3IudYHbIMU OObEK-
TaM{ WU TPOLECCaMU C MOMOIIbIO PAMOCUTHAIOB (paJUOYINpaBIECHUE paKeTaMH,
paanoynpaBlieHHe KOCMUYECKUMHU anmnapaTaMu).

4. Cuctemsl pazpyuieHust unghopmayuu.

Cuctemsl paszpyluieHus ”HGOpMaALUK CIY>KaT JJisl CO3IaHUsT TOMEX HOPMaJIbHOM
paboTe KOHKYPHUPYIOIIEH paJuOCUCTEMBbI IyTeM  U3JIyYEHHUs MEIIAIoIIEero CHUrHajia
WIM IyTEM NEPEeU3TydeHHs] CUTHAJA MOaBIIIeMON PaJOCHUCTEMBI MOCIE YMBIIJIEH-
HOT'O UCKaXKEHUS.

5. Ungpopmayuonnvie cucrembl — [I13BM, BbryuciIuTe/bHBIE KOMILIEKCHI, BBI-
YUCITUTEIHHBIC CETH.

6. KombunuposanHnvle paJuoTEeXHUUECKUE CUCTEMBI — PAJMOTEXHUYECKHE KOM-
IJIEKChl BOGHHOT'O HAa3HAYEHMs, aBTOMATH3UPOBAHHBIE U ABTOMATHYECKUE CUCTEMBI
ynpapieHusi. KoMOUMHHPOBAHHBIC CHUCTEMBI OCYIIECTBIISIIOT BBIMOJHEHHUE (DYHKITUH,
CBOMCTBEHHBIX JBYM WIHM 0O0Jjee cucTeMam, Pa3judHbIM MO (PYHKIIMOHAIBHOMY Ha-
3HAauYEHUIO (MepeIayun, U3BJICUCHUS, pa3pylieHUs] HH(GOPMAIIIH, PATUOYIIPABICHHUS ).

Ha npumepe TunoBoii cucTeMbl niepeiadyu MHGOPMALIMK PACCMOTPUM €€ CTPYK-
TYpPHBIM COCTaB U aCCOPTUMEHT MpeoOpa3zoBaHUM, KOTOPOMY IOJBEpraeTcsi CUrHaj B
Pa3TUYHBIX YCTPOMUCTBAX CUCTEMBI.

1.6. CTpykTypHasi cxemMa cucTeMbI nepeaadn uHGopMannu

Cucrembl nepenaun nHGoOpManuu oOeCeYnBalOT Mepeaadyy HeoOXOAuMON HH-
dopmalu OT UCTOYHMKA K moTpedurtento. [I[pu3HakoM Takux CUCTEM SIBISIETCS HAJIH-
4yhe OTHpaBUTENS U noiydarens uHpopmauuu. OTmnpaBuTenb GopMUpyeT UHpopma-
L[MI0 B COOTBETCTBYIOIIEE COOOIEHNE U C TIOMOUIBIO paguOCUTHaNa (HOCUTENs WH-
dbopmarun) nepegaeT no KaHalty CB3U nonydarento. [lonydarens npuHUMAaET paauo-
CUTHAJI, BBIICNIAET U3 HEro nepegaHHoe cooOIEeHNEe U UCIOJb3YEeT MOJYyYEeHHYIO HH-
(dbopmaluio o Ha3HAYCHHUIO.

Ha puc.1.1 npuBenena cTpykTypHasi cxema CUCTEMBI IepeAadyu HH(opMmanuu.
Ona mnpezactaBisieT co00il COBOKYIMHOCTh TEXHUYECKHUX CPEACTB, 00ECHEYMBAIOLIUX
nepenadyy MHPOpMalUd OT MCTOYHMKA (Tepefarouiee YCTPOWCTBO, MEpelaTyuK) U



npueM HHPOpMAIMKA TMOTpeOuTeneM (IMMPUEMHOE YCTPOHCTBO, MPUEMHHUK). Takyro
CHUCTEMY Ha3bIBAIOT CHCTEMOM CBSI3U WJIM PATUOTCXHUYCCKUM KaHAJIOM CBSI3H.

OYHKIIMOHUPOBAHUE CHCTEM TIepeaadyd MHPOPMAIMH OCHOBAHO Ha CBOOOIHOM
pPactpoCTPaHCHUM 3JICKTPOMArHUTHBIX KOJCOAHWM, KOTOPBIC H3Iy4arTcs B TIPO-
CTPaHCTBO TIEPEIAOIIMMK aHTeHHaMH. {1 3TOTO mepenaroiiee yCcTporucTBo HopMu-
pyeT BBICOKOYACTOTHOE (Hecylee) KojiebaHue, OAMH WM HECKOIBKO TTapaMeTPOB KO-
TOPOTO U3MEHSIOTCS 10 3aKOHY TepeaBaeMoro cooOmeHus. PacipocTpaHssacek B OIl-
PEACIICHHOM HANpaBJICHUH, PAIUOBOJHBI JOCTUTAIOT AaHTCHHBI IPUEMHOTO YCTPOUCT-
Ba, B KOTOPOM M3 MPUHATOTO BRICOKOYACTOTHOTO KOJIcOaHUs BBIJCISICTCS MepeaaBac-
MO€ COOOIICHHE.
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Puc. 1.1. CtpykTypHas cxema CUCTEMBI iepeaaun HHGOpMaIuu

PaccmoTpuM OCHOBHBIC MPe0Opa30BaHUsI CUTHAJIOB, OCYIIECTBIISIEMbIE B Tepe-
JaTYUKE W MPUEMHUKE, a Tak)Ke Ha3Ha4YCHHE (PYHKIIMOHAJILHBIX YCTPOMCTB B UX CO-
CTaBe.

Ilepedarowee ycmpoiicmeo

[lepenatoiiiee ycTpOMCTBO OCYIIECTBISIET MpeoOpa3oBaHuEe IMepeaBaeMoro Co-
OOIlIeHHS U MPUBEICHUE €ro K BUAY, MPUTOJHOMY JUIsl TIepeadd B CBOOOJIHOE IMPO-
CTPAHCTBO C TIOMOIIIbIO aHTeHH. C ATOM 1EeJIbIO0 B COCTAB YCTPOMCTBA BXOJIAT:

1. Ilpeobpaszosamensy ungopmayuu B >nekTpudeckuii curHan. Ilpu mepenaue
pedu — 3To MUKpO(dOH, TIPH Nepeaue n300pakeHus: — nepearonas Tpyoka, rmpu re-
penade Tekcta — TenerpadHbiil annapat u 1p. Ha Beixoae npeoOpazoarens Gpopmu-
pyeTCsl CUTHAJ, CIEKTP KOTOPOTO0 COCPEIOTOUYEH B 00JACTU HU3KHX YacTOT (OTHOCH-
TEJLHO YaCTOTHI HECYIIETO KOJeOaHus).

2. Yeunumenwv nuzkou wacmomst (YHY) obecrieunBaer ycuieHue o MOITHOCTH
HU3KOYACTOTHOT'O MH(POPMAIIMOHHOTO CHUTHAIA, YTO TPEOYETCS /ISl €T0 JaTbHEHIIIEero
npeoOpa3oBaHusl.



3. Kooupyrowee ycmpoticmeo OCYIIECTBISIET TPU HEOOXOIUMOCTH KOJIUPOBAHKE
nepenaBaeMoro curiaia. B nudpoBoii cucreMe CBsI3U TakylO ONEpaLUIO BBITOJIHSIET
MUKpOCXEMa, Ha3bIBaeMasi KOJEpPOM. JTO yCTPOMCTBO MpeoOpa3yeT aHAIOrOBbIN CUT-
Hajl B HUGPPOBYIO hopMy (AUCKPETU3UPYET MO BPEMEHHU, KBAHTYET 0 YPOBHIO U KO-
aupyeT HudpoBbiM KogoM). Ha Beixone kojepa mepenaBaeMblii CUTHAJI UMEET BUJ
IIOCJIE0BATENBHOCTH UMITYJIBCOB.

4. Mooynamop u ecenepamop 6vICOKOU (Hecywell) uacmomvl, PeaTnu3yIOIINe
nporecc Moaysinuy. CyIIHOCTh MOIYJISIUU 3aKJII0UAETCs B CeAyomeM. I 'eneparop
BBICOKOM 4acTOThl (POPMHUPYET TaPMOHMUYECKOE BBICOKOYACTOTHOE KosieOaHHe, KOTO-
poe mojaercss Ha MonyssTop. Ha BTOpoll BXOI MOZAYJATOpa MOCTYNAET NepeaaBac-
MBIM cUTHaJl. MOyJIATOpP U3MEHSAET COOTBETCTBYIOLINI IMTAPAMETP BHICOKOYACTOTHOTO
KojeOaHus (aMIUTUTYy, 4acTOTy WK ¢a3zy) Mo 3aKOHY M3MEHEHHUs NepeiaBaeMoro
CUTHAJa, T.e. coobOIenus. B pesynbrare hopMupyercss MOAyIHMPOBaHHOE KojieOaHue,
MpeICTaBIAINIee COO0M BBHICOKOYACTOTHOE TAPMOHMUYECKOE KoJieOaHue, aMILUIUTYy1a
win ¢asa (a 3HAYUT, U YACTOTA) KOTOPOTO SIBIsAECTCA (PYHKIMEH BpeMEHU. 3aMETHM,
YTO MHOTAa (QYHKIUU MOAYJSATOpPAa U KOAMPYIOIIETrO yCTPocTBa OOBEAUHSIOT B O~
HOM YCTpPOMCTBE.

5. Yeunumenw evicoxoii wacmomsr (YBY) ycminBaeT MOIyJUPOBAHHBINA BBICO-
KOYaCTOTHBIM CUTHAJI JUIsl MOCIEAYIOMEN IEPEAaUYH €ro ¢ NOMOIIbI aHTEHHBI B CBO-
00/1HO€ MPOCTPAHCTBO.

Takum oOpazoMm, B nepeaaronieM YCTPONCTBE CHTHaJbl MOJIBEPraloTCsl pas3iiny-
HBIM MpeoOpa3oBaHusiM. OCHOBHBIE W3 HHUX: YCWICHHE HA HU3KOW M BBICOKOW 4acTO-
Tax, KOAUPOBAaHUE, MOIYJALUS (AMIUIMTYyIHAsI, YacTOTHas, (a3oBas U Jp.), TeHEpH-
pPOBaHUE, YMHOKEHUE YaCTOTBHI.

Ilpuemnoe ycmpoiicmeo

BBICOKOYAaCTOTHBIE PAJAMOCHUTHAIIBI, YJIABIMBAEMbIE NPUEMHOW AHTEHHOM, IO-
CTYIIAIOT B PUEMHOE YCTPOMCTBO. [IpreMHOE yCTPOUCTBO OCYIIECTBIISIET COOTBETCT-
BYIOIIME NMPeoOpa30BaHus MPUHATOTO BHICOKOYACTOTHOTO CHTHAja C TeM, YTOObI BbI-
JEeNUTh TepenaBaeMyto HHpopManuo 6e3 nckaxkenus. C 3TOH 1eNbl0 B COCTAaB YCT-
POMCTBA BXOJIAT:

1. Qunemp u ycunumenv evicokou uwacmomwl (YBY). B 3aBucuUMOCTH OT pac-
CTOSIHMSI MEXKJy MEpEeAarolluM U MPUEMHBIM YCTPOMCTBAMM, OT IIMPHUHBI U HAIpPaB-
JIEHHOCTH TIEpPENAOIEl U PUEMHON aHTEHH, a TAKXKE OT YCIOBUM PaclpOCTPAHEHUS
PagUOBOJIIH MOUIIHOCTh CHUTHajla Ha BXOJAE IPUEMHHMKA JOCTUTaeT 3HAYEHUU

1071° ~1071* Br. Taxoit curnan TpeOyeT ycuienus. Kpome toro, uisi HOIKIIOYEHUS
K MPUEMHUKY HYXHOTO MCTOYHHMKA (Hampumep, ONpEAeICHHOI0 KaHajla U3 MHOTUX
MPU UX YaCTOTHOM pa3/ieJICHUU) HEOOXOAUM CEJIEKTOp, B KAYECTBE KOTOPOTO MOXKET
CIIY)KUTbh TOJIOCOBOW (DMIBTP ¢ TMepecTpanmBaeMoil pe3oHaHCHOW yactoToil. [lomoca
MpoIycKanus (GUIbTpa J0JKHA ObITh HE MEHbILIE MOJIOCHl YacTOT, 3aHUMAEMOU TNpu-
HATBIM BBICOKOYACTOTHBIM CUTHAJIOM.

[IpenBapuTenbHOE YCUIEHUE NMPUHATOIO CUTHAJA OCYIIECTBIISIETCS YCUIMTEIIEM
BBICOKOM 4aCTOTBL. DTOT YCHUJIUTEIb JIOJKEH ObITh C MEPECTPORKON YaCTOTHl U UMETh



00bIION KOI(PPUIMEHT YyCUTIEHUSI B CHJIy HE3HAYUTEJIbHONW MOIIHOCTH HPHUHSTOrO
curnana. PeannszoBatb 3TO 3aTpyIHUTENBHO. [[€70 B TOM, UTO YyCHIIUTEH C OONBIIUM
KO3 (PUIIMEHTOM YCHUJIEHUSI COJIEPKHUT HECKOJBKO KACKaJIOB YCUJIEHHS, YTO 3aTpy/-
HSIET MepecTpoiKy yacToTbl. Kpome TOro, B Takux YCHJIMTENSX CYLIECTBYET OIac-
HOCTb CaMOBO30Y)K/IEHHUS Ha BBICOKMX YacTOTaX M3-3a BOZHHUKHOBEHUS Mapa3UTHBIX
CBsI3€l MEX]Iy BXOJIOM YCWJIMTENS U BbIXOAOM. [103TOMYy OCHOBHOE yCUIIEHHE CUTHA-
Ja o0ecreynBaroT Ha 0oJiee HU3KOM YacToTe.

2. Cmecumens u eemepoour. ITH yCTPOUCTBA PEIIAIOT 3a/1auy MPeoOpa3zoBaHUs
YacTOThl CUTHaja, MOTOMY MX Ha3bIBAIOT MpeoOpazoBaresieM 4acToThl. OHM OcCylie-
CTBJISIIOT MEPEHOC CIEKTpa MPHUHATOrO CUrHajia B 00JacTh Oojiee HU3KUX YacTOT, B
YaCTHOCTU B 00JIaCTh MPOMEKYTOYHOM 4YacTOThl. B OOJBIIMHCTBE paguoOBEIIaTENb-
HBIX MPUEMHHMKOB 3Ta 4acToTa BhlOMpaeTcsi paBHOM 465 k11 (Mexay auamazoHamu
JUTMHHBIX U CPEAHUX BOJIH).

['eTrepoanrH — 3TO TeHEepaTOp TAPMOHUYECKOTO KOJIEOAHUsl C MepecTpanBacMoil
yacToToil. CMecHuTeNb YMHOXKAET KoJieOaHue C BBIXOJla FEHEpATOpa Ha MPUHSTHINA BbI-
COKOYACTOTHBIM CHUTHald U (OpMUpPYET CUTHANI, UMEIOIIMI Pa3HOCTHYIO (IIPOMEXKY-
TOYHYIO) YaCTOTY.

3. Yeunumenv npomescymounoti yacmomst (YII4) — 3T0 yCUNIUTENh MOITHOCTH,
oOecreynBaroIui 3HAUUTEIbHOE YCUIICHHE CUTHaja 0€3 IEPEeCTPOMKHU ero 4acTOoThI.

4. /lemexmop. PeanusyeT onepaiuio, 0OpaTHyIO 10 OTHOIICHHUIO K MOAYJISIUH,
T.€. U3BJIEKAET CUTHAJ, KOTOPBIA M3MEHsETCS MO 3aKOHY MepeaBaeMoro cOOOIIeHUs
(BO3MOKHO, 3aK0JIMpoBaHHbIN). [103TOMY 3TO yCTpOHCTBO YacTO HA3bIBAIOT AEMOJY-
asTopoM. B 3aBUCMMOCTH OT TOTO, Kakas MOAYJISIUS MCIOIb30BaHA ISl Mepeaadyu
uH(popMalMu B MepefaroleM TPakTe, MPUMEHSIOT aMIUIMTYAHbIA, YaCTOTHBIN WM
¢dazoBbiil geTekTopbl. OCHOBHOE TpeOOBaHHE K JETEKTOPY — 3TO MO BO3MOXKHOCTH
TOYHOE BOCIPOM3BEJECHUE (POPMBI TIepeaBaeMoro curana. B nudposbix cucremax
CBSI3M Mapy MOJYJIATOP-AEMOAYIISATOP HA3bIBAIOT MOOEMOM.

5. /Jlexooep. BoccTaHaBiAMBaeT COOOIIEHUE MO MPUHATHIM KOJOBBIM CHMBOJIAM.
C BbIXOZA JIeKOJepa aHAJNOTOBbII CUTHAJ MOCTYIAET HA YCUIIMTENb HU3KOM YacTOTHI.
B uudpoBbix cuctemax cBsi3u napy Koiep-AeKOoIep Ha3bIBalOT kodekom. B ananoro-
BBIX CHCTEMaX CBS3U KOJIeKa MOXKeT U He ObITh. HOra QyHKIIMK AeTeKTopa U JeKOo-
nepa 00beTUHSIOT B OJTHOM YCTPOMCTBE.

6. Ycunumenv Huzrou yacmomul (VHY). YcunuBaeT curHai 10 ypoBHs, obec-
MEYNBAIOLIEr0 pabOTy OKOHEYHOTo yCTpoicTBa. OKOHEUHBIM YCTPOHMCTBOM MOXKET
OBITh AMHAMUK MIPUEMHUKA, TeJerpadHbIil aBTOMAT, TeJIEBU3HUOHHAA TPYOKa U JIp.

W3 kpaTKoOro u J10CTATOYHO OOILIETO PACCMOTPEHHUS CXEMbl U MPUHLIUIOB (yHK-
MOHUPOBAHUS TUIIOBOTO PAJIMOTEXHUYECKOIO KaHalla CBSI3U CIIENYET, YyTO repeada
COOOIICHHI 1O paJInOKaHay COMTPOBOXKAACTCS Pa3HOOOpa3HbIMU TPEOOPa30BaAHUSIMU
CUTHAJIOB. DTU MPeoOpa3oBaHUs PeaU3yIOTCS C MOMOIIBI0 PAJUOTEXHUUYECKUX YCT-
pOMCTB (enei), Kaxk10e U3 KOTOPBIX B 3aBUCUMOCTU OT €r0 CTPYKTYPHOW OpraHu3a-
IIMU BBITIOJIHSAET ONpPENENIEHHYIO ONepalrio Hajl CUrHajnamMu ((QuiIbTpaluio, yCUieHue,
reHepUpOBaHUE, MOJYJIALIMIO, IETEKTUPOBAHUE U JP.).



3aMeTuM, 4TO JJIsl pacCMaTpUBAEMON CHCTEMBI CBSA3U MEPEUYUCIIEHBI ONEPALUH,
CBsI3aHHbIE C (PYHKIIMOHAIBHO HEOOXOAMMBIMH, OCHOBHBIMU NMPE0OpPa30BaHUSIMH CHUT-
Hana. OJIHaKO B COBPEMEHHBIX CHCTEMax CBSI3U BBIMOIHIETCS Takke 00paboTka cur-
HaJIOB, KOTOpPasl CIIOCOOCTBYET PEIICHUIO ITPOOJIEM ONTUMU3ALMU U aJalTalluu, 10C-
THKEHUIO TpeOyeMOro ypoBHSI MOMEXO3AIIMILEHHOCTH, 00Jiee BBHICOKUX XapaKTepH-
CTUK HAJIe)KHOCTH M KadecTBa mepenayd WHGOpMaIMHM, a Takxke oOecrneunBaeT
CKPBITHOCTh CBsI3M. Takasi 00paboTKa CUTHAJIOB SABISIETCS NPEIMETOM TEOPUU ONTH-
MaJIBHOT'O IIPUEMA U UCCIIEIYETCS METONAMU CTATUCTUYECKON PaJuOTEXHUKU. B naH-
HOM KHHUTE€ BOIPOCH ONTHUMAJIbHOTO IpPHEMa CHUTHAJOB HE pPACCMATPUBAIOTCS, HX
MO>KHO HalTH B (yHAaMeHTaIbHbIX MOHOTpadusx [1,2,11].

1.7. IIpo6sempbl o0ecnievyenusi 3PPeKTUBHOCTH PAAMOTEXHUYECKUX CHCTEM

[Ton 3P heKTUBHOCTHIO PAIUOTEXHUYECKON CUCTEMBIL MOHUMAIOT MEPY COOTBET-
CTBUSL CHUCTEMBI CBOEMY (DYHKUHMOHAIbHOMY Ha3HaueHuto. KomumuectBeHHO 3>(dek-
TUBHOCThH OIICHUBAETCSl C MOMOIIbIO MOKa3zaTess 3(PQPEeKTUBHOCTH, T.€. YHUCIECHHOTO
KpUTEPHsI, MO3BOJIAIOIIETO OINPEACIUTh CIOCOOHOCTh CUCTEMBI BBINOIHATH BO3JIO-
’KEHHbIe Ha Hee 3a7aun. KoHkpeTHbIN BUA nokaszaTelis 3()peKTUBHOCTH BHIOUPAIOT B
3aBUCUMOCTH OT THIIA CHUCTEMBbI, pEIaeMbIX €10 3a]a4, XapaKTepa pa3jINdHbIX BHEII-
HUX YCIIOBUH.

[Tpu npoextupoBanuu PTC ¢ 3aganHOl 3 PEKTUBHOCTHIO B paMKaX CUCTEMHOTO
MOJIX0/la pemaeTcsl psii TOCTATOYHO CIIOKHBIX U BaXKHBIX MpPOOJeM, KOTOpbie 00y-
CJIOBJIEHBI CHEIU(PUKON paguoTexHU4eckux cucteM. Cpeau HUX MOXHO BBIIEIHUTD
CJIeIyIoUIre IpoOIeMBbl:

OOHapyXEHUS U ONITUMAJIBHON 00pabOTKH CUTHAJIOB,

PaIMORIICKTPOHHOU OOPHOBI;

AIIEKTPOMArHUTHOW COBMECTUMOCTH;

ONTUMM3AIUY U aJalTauHy.

IIpobnemul obHapyscenus u ONMUMATLHOU 00PAOOMKU CUCHAI08

OpnHOM M3 OCHOBHBIX 3a/1ay PaJAMOJOKAIMOHHOIO MpUeMa SIBIseTCs 3ajada 00-
HapyxeHus. CyTb 9TOW 3a7auu — ONPEEIUTb, COAEPKUT JIU MPUHUMAaeMoe KoJieha-
HUE OTPAXKEHHBIM CUTHAJ. 3a/laya CTAaTUCTHYECKasl, TO €CTh PEIIAeTCs ClIelUaTbHBIMU
OOHapyKUTENISIMU curHana Ha ¢oHe mrymoB. MHorooOpa3ue 3aga4 oOHapyKeHHs OTl-
peaenseTcs XxapakTepUCTUKaMU LIyMa, BbIOPAHHBIM KpUTEpUEM OOHapyx eHUs (max
paBAoONoA00Ms, min CpeJHEro pucka U Ip.), BUJIOM cuUrHaia (co ciydailHOl Ha-
JaibHOM (ha3oii, co caydyaiHbIMU (pa30i U aMIUTUTY0M) U T.I.

3amava pa3peleHus CUrHajia — pa3/ieIbHO OOHAPYKUTh U U3MEPUTH MapaMeTpPhbl
CUTHAJIOB OT OJIM3KOPACIHOJI0KEHHBIX HCTOYHHUKOB, — 3aJlaya TaKXKe CTaTHCTUYECKasl.
Pemaercst mocTpoeHueM pajloCUCTEM C BBICOKOM pa3pellarolieid crnocoOHOCThIO MO
TEM NapaMmeTpaM CUTHajla (BpeMEHHOE MOJIOKEHHE, CABUT HECYIIEH 4acTOThbI, yToi
MPUXO0/a AJIEKTPOMATHUTHOM BOJIHBI), KOTOpPBHIE HECYT MH(OPMAIUI0 O COOTBETCT-
BYIOIIMX MapamMeTpax UCTOYHUKA 00pabaThIBAEMOr0 CUTHANA.



3amava u3mMepeHus (OLIEHKH) MapaMeTpoB CUTHAJA MpeaycMaTpUBaeT H3Mepe-
HUE BPEMEHHOIO MOJOKEHHS CUTHAJIA, CMEILECHHS] HECYLIEH YacTOThI, HAIPaBICHUS
(dbpoHTa Mpuxoaa dIEKTPOMATHUTHON BOJHBI U Jp. DTH MapaMeTpbl U3MEPSIIOTCS CO-
OTBETCTBYIOLIEN PAaJUOCUCTEMOM, YTO MO3BOJSAET HAXOAUTh C ONPEAEIEHHON TOYHO-
CTBIO KOOPJMHAThl UICTOYHUKOB CUTHANA, HAIPUMEP KOOPJAMHATHI BO3AYIIHBIX LIENEH:
JNaIbHOCTh, PAIHAIBHYIO CKOPOCTh, a3UMYT U yroa MecTa. TOYHOCTh U3MEPEHUI OIl-
peaenseTcss MeTOJJ0OM U3MepeHui, GopMoi CUTHAJIa, BIUSTHUEM LIYMOB.

IlIpoonema paouosrnekmpounoii 60pvovl

Panuosnekrponnas 6opbba (POb) Benercs ¢ 1e/1bi0 TPOTUBOCTOATH PAIUOTEX-
HUYECKOH pa3Beake U co3faHuio nomex. DPdekruBHoe Benenue POb onpenensercs
MIOMEXO0YCTOMYMBOCTBIO, CKPBITHOCTBIO M ITOMEX03aIMIIEHHOCThI0. [TomexoycToitun-
BOCTh — crtocoOHOCTh PTC Kk coxpaHeHUI0 paboTOCIIOCOOHOCTH B YCIOBUSX JI€HCTBUS
paaunonomex. CKpBITHOCTb — COBOKYITHOCTh CBOMCTB, CIIOCOOCTBYIOLIUX 3aTpy/HE-
HUIO paauoTexHuuyecko pazeenku. [lomexozamumenHocts — cBoiictBa PTC, 3a-
TPYIHSIOLIME CO3/IaHUE U AEHUCTBUE PAIUONIOMEX.

Ilpoonema 31eKMPOMAZHUMHOU COBMECMUMOCMU

[IpoGnema »IEKTPOMAarHUTHOW COBMECTHMMOCTH CBOJUTCS K OOECIEUEHHUI0 CO-
BMecTHOM paboThl PTC, 4yucio KOTOPhIX B HACTOSIIEE BPEMs HEMPEPHIBHO PACTET, a
KauecTBO yiyumiaercs. OnHoBpemenHo paboraromue PTC, koropbie pacnonaraiorcs
OJIU3KO JIpYr OTHOCHUTENBHO JIpyra, CO3/1al0T HempeaHaMepeHHble nomexu. Ux ypo-
BEHb MOJKET OKa3aThCs HEAOMYCTHMBIM, 4TO CHUXkKaeT 3dpdexruBHocTts PTC mo BbI-
MOJIHEHUIO UMHU OCHOBHBIX (PyHKIMH. Takum oOpazom, pelieHue mpoOIeMbl HJIeK-
TPOMAarHUTHON COBMECTHUMOCTH — 3TO ABYXCTOPOHHMI MpOLIECC, KOTOPBI CBOAUTCH,
C OIHOW CTOPOHBI, K MAKCUMAJIBHOMY CHIKEHHUIO YPOBHEH NOMEX HCTOYHUKOB pa-
TUOU3ITYYEHHUs, a C IPYTrOoil CTOPOHBI, — K MPUHATHUIO Mep 10 00pb0e ¢ moMexamu Mmpu
paguonpueme.

IIpoonemvr onmumuzayuu u adanmayuu

[Ipo6nembl ONTUMHU3AUKU U aJaNTalliy PEUIalOTCs MPU IPOEKTUPOBAHUU U IKC-
mryarauuu PTC. 1lpu onTUMu3aluy CUHTE3UPYIOT HAWIYYIIYIO B OINPENEIEHHOM
cMBbIciie (YHKIIMOHAJIBHYIO U aliropuTMudeckyto ctpykrypy PTC, onupasice Ha cta-
LIMOHAPHBIE YCIIOBHS €€ UCIOJIb30BaHUs. [Ipy 3TOM paccUMTHIBAIOT ONTUMAJIbHBIE Xa-
paKkTepucTUKU ycTpoiicTB, Bxoadmux B PTC. Pemenue 3amgau ontumuzauuu PTC
OCYIIIECTBIISIETCSI HA OCHOBE BBIOPAHHBIX KPUTEPHUEB ONTUMAIBHOCTU B paMKax OIpe-
JEJICHHBIX OrpaHUYEHUN (CTOMMOCTHBIM KPUTEpUid, MapaMeTpUUECKU — IalbHOCTb
JIEUCTBUS, YyBCTBUTEIILHOCTh, OTHOIIEHHE CUTHAJA K IIyMY U T.1.). Afantanus — 3T0
n3MeHeHue napamerpoB PTC B mporecce 3KCIuTyaTaluy C LEJbI0 YIIYUIIEHUS Xapak-
TEPUCTHK B COOTBETCTBUU C MU3MEHEHHEM 3JIEKTPOMArHUTHON oOcTaHOBKU. Pa3nnua-
I0T aJIaNTalio Ha MPUEeMHOM cTopoHe (1Mo BxoaHoMy curHany — APY, AIIY u T1.1.),
Ha Tepeaaroliel crtopoHe (MO AalbHOCTH — W3MEHEHHE MOILIHOCTH IepeaaTyrKa,
CKOPOCTH Tiepefayr MHGOpMalu U T.1.), aJanTalyio B LEJIOM (10 JOCTOBEPHOCTH
npuemMa — UCIOJIb30BaHuE 0OPAaTHOM CBSI3U, MOBTOPEHUE CUTHAJA, U3MEHEHUE Juarna-
30Ha YaCTOT; CMEHa pexkuma paboThl; KOMIIEHCAIUS WU YCTPAHEHUE BIUSHUS MOMEX



u 1.1.). lllupokue Bo3mMoxkHOCTH i onTuMu3anuu u axantaruu PTC oTkpsiBaeT
npuMeHeHue 1udpoBbix IBM B ux cTpyKType.

2. CBOUCTBA JETEPMMUHUPOBAHHBIX CUT'HAJIOB
2.1. MaremMaTnuecKue MOJeJIH CUTHAJIOB

JIyist TOro 4TOoOBI CHUTHAJBI SABISUTHCH OOBEKTAMH TEOPETHUECKOTO HM3YUCHHUS U
aHaM3a, HeOOXOMMO MMETh X MaTeMaTHYECKHE MOJICTH. MaTeMaTH4ecKas MOJICb
CUTHaJIa — 3T0 ()OPMAJIM30BAHHOE €0 MPEJICTABICHUE B BHJIC ONPEIEICHHOrO MaTe-
MaTHYECKOTO 00BbekTa. DU3NYCCKON BEIMYMHOMN, ONMpEEISIONIeH XapakTep paauo-
TEXHHYECKOT'0 CHUTHAJIa, OOBIYHO SBJISCTCS HANPSDKCHHUE WU TOK, U3MCHSIOIIUECS BO
BPEMEHH I10 OMpeeICHHOMY 3akoHy. [loaTomy Hambosiee 4acTo B Ka4eCTBE MOJICIH
CUTHAJIa MCTOJB3YyeTCS (DYHKIIMOHAIBHAS 3aBUCUMOCTb, apTyMCHTOM KOTOPOU SIBJISI-
eTcs BpeMs, T.e. pyHKusa BpemeHu. O6o3Hauenue — s(¢), u(t), i(t), pa3sMepHOCTh —
B, MB, MkB; A, MA, MKA u ip.

OyHKIMOHATbHAS 3aBUCUMOCTD S§(f) MOXKET MPUHUMATH KaK BEIICCTBEHHBIC, TaK
1 KOMIUIEKCHBIE 3HAauYeHUs, TipecTaBisiembie B Buse s(1) = Res(¢) + jIms(z). Lene-
CO00OPa3HOCTh HMCIOJIL30BAHUS KOMIUICKCHOW (POPMBI MpEACTaBICHHUS CUTHaja o0y-
CJIOBJICHA yJI00CTBOM BBITIOJITHCHHSI HEKOTOPBIX MATEMaTHUECKUX ITPeoOpa3oBaHuUi.

B kauecTBe MareMaTHuecKOW MOJEITH CHUTHAJIA MCIIONB3yeTCs Takke (PyHKIIHO-
HaJbHas 3aBUCHMOCTh, apPTYMEHTOM KOTOPOU SIBIISCTCS MUKINYECKass [ WM yrioBas

® YacToTa, T.. CUTHAJ paccMaTpUBacTCs Kak QYHKIUSA YaCTOTHI. JTa (DYHKIIMOHATb-
Hasl 3aBUCHMOCTb, SIBIIIOIIASICS MO CYIIECTBY CIEKTPAIbHBIM TPEICTABICHUEM CHT-
Haja, TOJy4YWIa Ha3BaHHWE CICKTpa CHUTHamA. Takoe MPeJCTaBIICHWE CHUTHAJA Yalle
paccMaTpHBAIOT HE Kak COOCTBEHHO CHUTHAJI, a KaK XapaKTCPUCTHUKY CUTHAaja B 4ac-
TOTHO# 00JIaCTH.

Cursajisl MOTYT OBITH MPECTABICHBI TAK)KE B Tpa)MuECKOM U TaOJIMYHOM BHUJIC.
B03MO0XHO BEKTOpHOE TIPEICTaBIICHUE CUTHAJIA, O YeM OyJIeT CKa3aHO HIDKE.

2.2. Knaccuduxanus CUrHAJI0OB

Jns mpencTaBia€HUs U aHAIW3a CUTHAJIOB NMPUXOIUTCS MPUMEHSATH Pa3jIuyHbIC
METO/bl, KOTOPBIE 3aBUCAT OT HA3HAYEHMS], CTPYKTYPbl, MATEMATUYECKOTO OMUCAHUS
U JPYruX CBOMCTB CUTHaiOB. 1[03TOMy HOCTaTOYHO Ba)KHBIM 3TAllOM MPOLENYpPbI
aHanM3a SBJsSETCs Kiaccuukanus paIuoTeXHUUYECKUX CUTHAJIOB.

Krnaccudukanuio 1eTrepMUHUPOBAHHBIX CUTHAJIOB MOYXHO NMPOU3BOAUTH MO pa3-
JUYHBIM Mpu3HakaMm. He packpbiBas o61ieil mpobiieMbl Kiaaccupukaium, pacCMOTPUM
HauboJsee XapaKTepHbIE CIIydau.

Kak wu3BecTHO, nis nepenaur MHGOpMAIMK HA PACCTOSHHE HCHOJIB3YIOTCS MO-
TyJTUPOBAaHHbBIE KOJIEOAHUs, T.€. BHICOKOYACTOTHBIE KOJI€OaHUs, OJIUH WM HECKOIBKO



rapaMeTpoB KOTOPBIX U3MEHSIOTCS 10 3aKOHY TepesaBaemMoro coobmieHus. [loatomy
B KaHaJIe CBS3U Pa3INYaloT CJICIYIONINE CUTHAIIBI:

yIpaBIsitonue (MOAyJIUPYIOIIUE) CUTHAIIBL;

BBICOKOYACTOTHBIC (HECYIIIUE) TApMOHUYECKUE KOJIeOaHus;

MOJyJIMPOBaHHbIE KOJieOaHus (PaguOCUTHAIIbI).

2.2.1. Ynpasnarowue (Mooynupyrowue) CueHa1bl

VYrpaBisone CUrHaibl — 3TO HH(POPMAIIMOHHBIE CUTHAJIBI, MOISKAIINE TIepe-
nade. OU3NYECKU OHU MPEJCTABISAIOT COOOM 3IIEKTPOHHBIA BapHAHT KaKOro-1100 co-
oO0111eHMs, HEOOXOIUMOTO Pa3IMUYHBIM 00BEKTaM WK cyObekTaM. PaccMOTpuM HEKO-
TOpPBIC BUJIBI YIIPABISIONIUX CUTHAJIOB.

a. HerepBIBHBIC N JUCKPCTHBIC CUTHAJIbI

HenpeppiBHBIE CUTHAJIBI — 3TO CUTHAJIbI, UMEIOUIUE OINPENEIEHHOE 3HAUEHUE B
000 MOMEHT BPEMEHH MX CYyIlIeCTBOBaHUs. BO3MOKHBI TOUKU pa3pbiBa B PyHKIUH,
OIMCBHIBAIOIIEH CUTHAJBI 3TOT0 Kilacca. Takue CUrHajbl Ha3bIBAOT €LIE aHAJIOIOBBIMU
CUTHAJIaMHU.

[IIupokoe MCHOMB30BAHUE B HACTOAIIEE BPEMS TUCKPETHBIX U IU(PPOBBIX CHUC-
TEM MpPHUBEJIO K HEOOXOIUMOCTU NMPUMEHSATH JUCKPETU3UpOBaHHbIe cuUrHaibl. [Ipu
3TOM pa3IN4arOT CUTHAJIBI:

JTVCKPETHBIE 110 BPEMEHH;

KBaHTOBAHHBIE 110 YPOBHIO;

uppoBbIe (AUCKPETHBIE 10 BPEMEHU M KBAHTOBAHHBIE 110 YPOBHIO).

VYKa3aHHBIE KJIACCHI CUTHAJIOB TIPEICTABIICHbI HA puc. 2.1.

4N st () sty
0 tuH t tu'”"'t
HenpeprEHeD LJHCKPETHED KEaHTOEaHHET [ndpoeoi

I10 B EMEHH II0 YR OEHED

Puc. 2.1. Buapl ynpapisonmx CUTHAJIOB
0. IMmynbCHBIE CUTHAIBI

HIMITyTbCHBIE CUTHAJIBI — 3TO CHUTHAJIBI, CYIICCTBYIOIINE B TIpeIesiaXx KOHSYHOTO
oTpe3ka BpeMeHU. DopMa CUTHAIIOB MOXKET OBITh Pa3IUYHON: MPAMOYTOJbHAS, TPE-
yrojibHas, KoJIokojaoo0pa3Has u ap. (puc. 2.2,a,0,B).

HIMITyTbCHBIMU CHTHAJIAaMH MOYKHO CUUTaTh TaK)KE CHUTHAJBI ¢ 00JIACTBIO OIpe-
JICTICHHMS (— oo,oo) WA (O,oo), €CJIM CYIIECTBYeT KOHCYHBIH MHTEpPBajl BPEMEHH, B



Ipesesiax KOTOpOro COCPENOTOYEHAa OCHOBHAs 4YacTh MX 3Hepruu. K dmcily Takmx
CUTHAJIOB OTHOCST, HalpUMeEp, KOJOKOJI000pa3Hbie (TraycCOBBI) MMITYJIbChI, IKCIIO-
HEHIMaJIbHbIE UMITYJIbCHI U Ap. (puc. 2.2,r,1).

st st)
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Puc. 2.2. ImniynibCHBIE CUTHAJIBI
B. [leproanyeckre 1 HENEPUOAUYECKUE CUTHAIIBI

[leprioguyecknue CUTHAIBI — 3TO CUTHAJIBI, KOTOPBIC MOYKHO TPEICTaBUTh (YHK-
1Mell BpeMEHH, YIOBICTBOPSIONICH YCIIOBHIO
s(t) =s(t+nT),
rae I — nepuon curHana; n =...,—2,—1,0,1,2,... .

: : 1 A
et jill

a §)

Puc. 2.3. Ileppoanyeckue CUrHAIbI

Ha npaktuke Hambosee 9acTo BCTPEUAIOTCS MEPUOAMUECKUE TTOCIIEI0OBATEILHO-
CTH BUJACOUMITYJILCOB (puc.2.3,a) U paguouMitysibcoB (puc. 2.3,0). Takue mocieaoBa-
TEJIBHOCTH B 00IIIEM BUE MPEACTABISIIOT (GOPMYITOM

s(t) = iso(t"'”T)a

=—00

rie s, () — GyHKIus, ONUCHIBAIOIIAs OJUHOYHBII UMITYJIbC.
OCHOBHBIMU MapaMETPaMU MOCJIEA0BATEIbHOCTH UMITYJIbCOB SIBJISIFOTCS aMIUIH-
Tyga E, IIUTenbHOCTh T, , Iepuoxa 1, 4acToTa cieloBaHus [ = 1/T . Takue curna-

JIBI SIBJISIFOTCSI OECKOHEYHO MMPOTAKCHHBIMHU BO BPCMCHU. HOHSITHO, YTO OHHU (1)1/131/1‘16-
CKH HC PCATIN3YCMBI.



HeHepI/IOIII/ILIeCKI/Ie CUTHAJIbI HC YIOBJICTBOPAIOT BBINICIIPUBCACHHOMY YCJIOBHUIO.
OOBIYHO B Ka4eCTBE TAaKUX CUTHAJIOB pacCMaTpuBarOT OAVMHOYHBIC UMITYJIBCHBIC CUT-
HaJIbl, UMCIOIMUC KOHCYHYIO IJINTCJIBHOCTD. Tak kak MMPU3HAKOM IICPUOAUTHOCTH
CUrHajJia ABJIKACTCA €0 IIOBTOPACMOCTL, TO CHUI'HAJI KOHEYHOU JIUTCIIBHOCTH MOZKHO
pacCMaTpuBaATh KaK HCpI/IOJII/ILIeCKI/Iﬁ CUTHAJI C IICpUOaAOM T — .

r. UeTHbIC M HEUYCTHBIC CUTHAJIBI

YeTHBIE CHTHAJIBI OMMCHIBAIOTCS YCTHOW (PYHKIHMEH BpeMeHH, T.¢. (YHKIIHEH,
yIOBIIETBOPAIOLIEH ycIOBUIO S, (¢) = 5, (—¢). IlosIpHOCTH (3HAK) TAKOTO CUTHAJIA HE
WU3MCHSETCS MPU M3MEHEHUU 3HaKa 1o ocHu BpeMeHH. ClieoBaTe/IbHO, YCTHBIN CHT-
HaJI SIBJISICTCS CHMMETPHUYHBIM OTHOCUTEIBHO OCH OpAuHAT (puc. 2.4,a).

HedeTHble CUTHAITBI ONTUCHIBAIOTCS HEYETHON (PYHKITMCH BPEMEHH, T.€. (QYHKIIU-
€i, YIOBIETBOPAIOLIEH YCIOBUIOS,,, () = —S,,,(—) . [loIIpHOCTH TaKOTO CUTHANA U3-
MEHSETCS MPU U3MEHEHUH 3HAKa M0 OCH BpeMeHU. HeueTHBIN cUTHa SBIISETCS CUM-
METPUYHBIM OTHOCHUTEIILHO Hauaja KoopauHat (puc. 2.4,0).

Curnan, onuchIBaeMbIi (DYHKIMEH, HE yIOBICTBOPSIONICH YCIOBUSIM YETHOCTH
1 HEYETHOCTH, OyZIeM Ha3bIBAaTh IPOU3BOJIBLHBIM (pHC. 2.4,B).

s(t) s(t) s(t)

E E Ef---

a 6 -E B

Puc. 2.4. YetHsbl# (a), HeUeTHBIN (0) M IPOU3BOJIBHBIN (B) CUTHAJIBI

[Ipon3BOJIBHBIN CUTHATT MOKHO MPEACTaBUTh B BUJIE€ CYMMbI YETHOTO U HEYETHO-
ro curHasoB. OnpenenuM BUJ ’TUX CUTHAJIOB.
Ilyctb s(¢) = s, (¢) + 5, (t). I3MeHUM 3HaK apryMeHTa y ()yHKUUI 3TOrO BbI-

pakeHHs ¥ YUTEM CBOMCTBA YeTHOW U HeueTHoU PyHkumit. Torna
S(=1) = 8y (=) + 8y (1) = 5, (1) = 5,4 (1) -
PaccmatpuBas BelpaxkeHus ans s(f) u s(—t) Kak JBa ypaBHEHUS C IBYyMsS HEU3-
BECTHBIMH S, (?) U s, (f), OIpeneaM 3TH HEU3BECTHBIE. B pe3ynbraTe nomydaem

5O =[50+ 50] 1 5,0 =[50 =50

3ameTuM, 4TO cuUrHai s(—t) SBISIETCS 3€pKabHBIM OTOOpa)KEHHEM CHUTHaja
s(t) . Unmoctpanus nojly4eHHOTO pe3yJibTaTa IpeicTaBieHa Ha puc. 2.5.
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Puc. 2.5. [Ipencrapnenue curnana s(¢) B BUAE CyMMbl YETHOTO
Y HEYETHOT'O CUTHAJIOB

2.2.2. Bvicokouacmommuvie HeMOOYIUPOBAHHbIE CUSHATbL

BricokouacTOTHBIE HEMOAYIHPOBAHHBIE CUTHAJIBl — 3TO TAPMOHHYECKHE KoJie-
Oanus (puc. 2.6), onucsiBaeMble pyHKIMEN S(7) = E cos(wyt + @), rae E — ammu-

Tyla, @, — yIJoBas 4acTOTa, ¢ — HadaiubHas (asa, (wyf +¢) — nonHas Qasa koue-
6anust. [lpuuem o, =27 f, f =1/T — nuknudeckas gacrora, I — mepuoj Koieda-
HUSL.

s(t)

MMALALAL
VUV UV

e— kT
Puc. 2.6. 'apmonunueckoe kosebanue

P = oAt t

JIJ1s1 ipesicTaBIeHUs] TOTO CUTHAJIA MOXHO BOCIIOJIB30BaThCS U IPYyruMu (Hop-
MyJIaMH, €CJTU 3TO yJI0OHO JUIsl MOCTEAYIONIUX MPeoOpa30OBaAHMIA:

s(t)=Ecos(wgt —¢@), s(t)=Esin(ogt+¢), s(t)=Esin(oyt-e@).

[Ipu sTomM HauvanpHas (aza OyIEeT ONpeAeNATbCS BBIPAKEHHEM, MPUBEICHHBIM
Ha puc. 2.6, HO IpU APYTrUX 3HAUEHUAX Af .

['padux curnana MoXHO H300pakaTb HE TOJBKO KaK 3aBUCUMOCTh TEKYILETO
3HAQYEHUsS CUTHaJla OT BPEMEHHM f, HO U OT NIEPEMEHHOU @,f, T.e. oT (a3bl. Heobxo-

AUMO TOJIBKO ITIOMHUTD, YTO B IICPBOM CJIydac IICPHUOJ PABCH MHTCPBAIY BPCMCHU T,



a BO BTOpOM ciydae — yriy 2z . HauanbHas ¢ga3a ¢ BO BTOPOM cillyyae yKa3blBaeTcs
HEIOCPEICTBEHHO Ha rpaduke.
BekropHoe npeacraBieHne rapMOHUYECKOro KoieOaHusl IpUBEIEHO Ha puc. 2.7.

Puc. 2.7. BCKTOpHOC MNpCaACTABICHUC TAPMOHHUYCCKOTO KoJicOaHus

HpOB@IICHa OKPYKXKHOCTH paanyCOM E ¢ HCHTPOM B Ha4daji€ KOOpAWHAT. Ot mo-
JIOKUTCIIBHOI'O HaHpaBJICHI/IH OoCH a6cu1/1cc IIpOTUB 4acoBOU CTPCIIKA OTIIOKCH YTOJI

¢ . Torna paauyc-BeKTOp OE 3aiiMeT TOJIOKEHNE OEl IIpyn u3mMeHeHun BpeMEHU
panuyc-BEKTOp BpallaeTCsl IPOTUB YaCOBOH CTPENIKU C MOCTOSHHON CKOPOCTBIO (.
Tax npu usmenenuun Bpemenu ot 0 10 ¢ pafyC-BEKTOp MOBEPHETCS Ha yrola @yt U

3aiiMet nonoxenue OF, . CnpoexktupoBas Bektop OF, Ha och aOCIHCC, TOJIy4YUM

O—EC =cos(wgt +@) wmm  s5,(t) =0C = Ecos(wyt+¢).

_—

B cBoto ouepensp, eciiu CpoeKTUpOBaTh BEKTOp OF, Ha OCh OpAMHAT, MOIYYUM

O?D =sin(@yf +¢) nmm  5,(t)=0D = Esm(wyt+ ¢).

Beipaxkenue 111 cur"ana s(t) = E cos(wyf + @) MOKET ObITh NPEACTABICHO B
BUJIC JIBYX CJIaraeMbIX:
5(t) = Ecos(wyt + ¢) = Ecosp cosmyt — Esingsinwyt = acoswyt + bsinwt,
rae a=Ecosp, b=—Esing.
C npyroii CTOpOHBI,

: b
s(t) =acoswyt +bsinwyt = Ecos(wyt +¢), toe E = a’+b*, @ =—arctg—.
a

Mo3xHO CACJIaTb BBIBOA, YTO CyMMa JABYX CABHUHYTHIX Ha 7[/2 OTHOCHUTCIIBHO

APYT Ipyra rapMOHUYECKHX KOJeOaHWH, UMEIOIINX OJWHAKOBYIO YACTOTy U pPa3HbIC
aMIUTATY/IBI, €CTh TAPMOHUYECKOE KOJIeOaHNe TOH e YacTOThI, HO C JPYTroil aMIuIu-
TyJIOM ¥ Ha4YaJlbHOU (azoil.



VYuursiBas Gopmyiibel Ditnepa

e/ 0" = coswyt + jsinwyt; e /90" =coswyt — jsinwyt;
e/ @0l | o, @0! ' el @0l _ ;=] @0l
; sinwyt = -
2 2j
curHan s() = E cos(wyt + ¢) MOKHO MPEJCTABUTh B KOMILIEKCHOM BHJIE

coswyt =

s(t) = g o/ (@01+0) | g o /(@01 +0)

2.2.3. Mooyauposannsie cucHaivl (paouocueHaivi)

MonaynupoBaHHBIC CUTHAJIBI — 3TO TAPMOHHYECKHE KOJIEOaHUsS BBICOKOH 4acToO-
ThI, OJIUH WJIA HECKOJIbKO TTapaMeTpPOB KOTOPHIX (aMILUTUTYyAa, yacToTa win (aza) u3-

MCHAIOTCA ITIO KaKOMy-JII/I6O 3dKOHY. Takue curHajbl Ha3bIBaIOT CuIC paguoCuruaia-
MHU.

Matematndeckne GopMysIbl MOIYTUPOBAHHBIX CHTHAJIOB:

s(t) =U(t)cos(@yt + ¢) — aMIIIUTyIHAST MOZYJIALNS;

s(t) =U,, cos[myt + ()] — yrnoBas (4acToTHas1, (pa3oBasi) MOLYJIALMS;

s(t) =U(t)cos[myt + ¢(t)] — oOmmii BUA MOIYIUPOBAHHBIX CUTHAJIOB.

3necy U(t) — orubaromas, @y, =27 f, — Hecymas 4dactoTta, ¢(f) — Qasopas
byHKIMA, @)t +@(t) — nonHas ¢gasa MoAylIHpoBaHHOrO Kojebanus. IIpennomnaraer-
cs1, uto 3a Bpemst T = 27m/w( orubatomas U(r) u dasosas GpyHkuus ¢(f) U3MeHs-
I0TCSI He3HAYHMTEIBLHO.

Ecnu orubaromas U(t) umeer dhopMy UMILIbCA, TO paguocurHan s(f) Ha3bIBa-

€TCsl PalMOMMITYJIBCOM, @ COOTBETCTBYMOIIAsl eMy orubatomas U(f) — BUAECOUMITYIIb-
COM.

PaCCMOTpCHa JAJICKO HE ITOJIHaA KJ'IaCCI/I(i)I/IKaHI/IH curHajios. Ho MpeaACTaBJICH-
HOH I/IH(I)OpMaI_II/II/I AO0CTATOYHO IJIS MOHUMAHHUA IMOCJICAYIOIINX BOIIPOCOB.

2.2.4. Ilpumepvl HeKOMOPBIX CUSHATIO8, UCNOILIYEMBIX 8 PAOUOMEXHUKE
a. [IpsaMoyronbHbIE BUACOUMITYJIBC U PAJIMOUMITYJIBC

OTH CUTHAIBI MMpCaACTaBJICHBI HA PUC. 2.8 ¥ ONMCHIBAIOTCSA Q)opMynaMH
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27 "2
Sz(t): . -
—_u “u
0 mpu < 5 t>—
E npu —T—”Sté%‘,
Sl(t): r -
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0 mpu < > t>2 ;
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Puc. 2.8. IlpsimoyroJyibHbIE BUACOUMITYJILC (2) U paaHOUMITYJIbe (0)

0. DKCIMOHCHUMATBHBIA UMITYJIBC

Curnan u ero gpopmysa peACTaBICHbI Ha puc. 2.9.
s(t)

E sty =Ee b mpur tz0

01EL--------Tom= :
0 Tar

Puc. 2.9. DkcnoHEHIMATBHBIN UMITYJIBC

B. KosokomooOpasHslii (rayccoB) UMITYJIBC

y 1 _ 2
CurHan, omuchiBaeMblii (yHkuueil Buna s(f)=—e " (t/ v , TIPEJICTABIISIET CO-
T

00i1 KoI0KO0JI000pa3HbIi (rayccoB) uMmiynbc (puc. 2.10). Oco6eHHOCTBIO ATOTO CHUT-



HaJla SBISIETCA TO, YTO €ro gopma coBmajgaeT ¢ GopMoi CHEKTpPaJbHOW XapaKTepu-
CTHKHU.
PaccMoTpuM HEKOTOpBIE CBOMCTBA 3TOT0 CUTHAIA.

1. Inomans umMmymbca.

2
S = OJ? s(t)dt =% Ofe_ﬂ(fj dt .

—00 —00
[Tpon3Beas 3aMeHy TIEPEMEHHBIX —\/;t X, t=x——; dt="dx n YUUTBI
T Jr NE3
Bas, 4TO je dx =1 [10], momygaem S = — je dx =—==1.
o Jrz 3 Iz

Takum 06pa30M, IJiomaab KOJ'IOKOJ'IOO6p33HOFO HMITYJIbCA paBHAa CAWHUAIIC.

AL

0
-2
Puc. 2.10. Konokon0006pa3Hblii UMITYJIbC

2. OU3NYECKU CMBICI IapaMeTpa T .
DTO BpPEMEHHOW MapameTp, KOTOPBIA XapaKTEepU3yeT IIMTENbHOCTh CUTHAJA,
CBA3aHHYI) C HEKOTOPBIM €ro 3HaueHueM. OmnpenenuM 5TO 3Ha4eHWe npu ¢ = 7/2

(cm. puc. 2.10):

r)_1, —16_220,4561.

S| —|=—e =
T T T
Taxkum oOGpa3zoM, mapaMeTp 7T — 3TO JJIUTEIBHOCTh CUTHAJa Ha YPOBHE, paBHOM
MPUOIM3UTENBHO TTOJIOBUHE €TI0 MaKCUMAJIBHOTO 3HAYEHUS.
3. [Ipu cTpemiieHUH JJIUTEIBHOCTH 7 K HYJIO aMIUTUTYyJa UMITyJIbca oOpalaer-
csl B 0ECKOHEYHOCTb, a TUIONIa/Ib OCTAETCS HEM3MEHHOW U PaBHOM €IMHULIE.

r. Kimacc ncneITaTeIbHBIX (TCCTOBBIX) CHUT'HAJIOB



Jlenvma-gynkyusn

Henbra-pynkuus (O -pynkuus, pyHknus Jupaka) — 370 MaTeMaTHUeCKass MO-
JIeJib peaibHO HE CYIIECTBYIOLIErO CUTHAJA, KOTOPBIA UMEET O€CKOHEUHYIO MO BEJU-
YUHEe aMIUTUTYQy M HYJEBYIO IHUTENbHOCTh (puc. 2.11). CurHan, omnuchIBaeMbIii
nenpra-QyHKIuel, 0003HavaT O () W HA3BIBAIOT MPOCTO O -(PYHKIIHSL.

Curnan Ha3bIBa€TCS UCIBITATENLHBIM, TaK KaK OH MPUMEHSAETCS ISl MTOTyYESHHUS
UMITYJIbCHON XapaKTepUCTUKH PAIMOTEXHUYECKOTO YCTpoicTBa. Peakius ycrpoiicTBa
Ha JeibTa-(QyHKLIUIO — 3TO U €CTh €r0 UMITYJIbCHAs XapaKTepUCTHKA.

s(t) s(t)

a(t) o(t-ty)
0 t 0 to :
t=0, o Impu t=t, ,
s@y=1""P" S(t—ty) = P ‘
0 mpu t#0 . 0 npu t#¢,

Puc. 2.11. Jlenpra-QpyHKims

CaolicTBa nenbTa-QyHKIUHU, Oarofaps KOTOPHIM OHA HIMPOKO MCIOJIBb3YETCs B
MaTeMaTtuke, pU3nKe v paguoTeXHUKE:

o0
1) miomaap CUTHAJA, OMMMCBIBAEMOT0 O -QyHKITUEH, paBHa 1, T.¢. j o(t)dt =1;
—o0
o0
2) CEJIEKTUPYIOIEee CBOMCTRO: j f()o(t—ty)dt = f(¢y).
—00

CenekTUpyOIiee CBOWCTBO CTAaHOBUTCS TOHSATHBIM, €CJIIM y4YeCTh, HYTO
0(t—1ty) =0 Ha Bcell ocu BPEMEHH, KPOME TOUKHU { = f,. DTO MO3BOJIAET CAEIAaTh UH-

TepBaJl UHTEIPUPOBaHUS OECKOHEUHO MaJIbIM B OKPECTHOCTH TOUKH f,. B 3TOM MH-
TepBane QyHKUMs f(¢f) npuHUMAaeT 3HaueHue f(f,), NO3BOJISIOLIEE €€ BBIHECTU 34
3HAK MHTErpaa.

Kaxk CICaycCT U3 CBOMCTB KOHOKOHOO6p33HOFO HMIIYJIbCa U CUI'HAJIa, OIIMChIBAC-
MOTO0 O - Q)YHKI_II/IeI‘/JI, CIIPpaBCAJINBO CJICAYHOIICC COOTHOUICHUC

2
t
1 7,
5()=lim —e ¥/ .
=07
QDyuKyuUa eOUHUYHO20 CKAYKA
OyHKIMSA €AMHUYHOTO ckauka (pyHkius XeBucaia) OMUChIBaeT MPOLECC Pe3-
KOro (MTHOBEHHOI'O) mepexoja (pU3MYecKoro YCTPOWCTBA U3 OJTHOTO COCTOSIHUSI B
npyroe. Ha puc. 2.12 npuBenen rpaguk 3Toil QyHKIIUH.



Wuorpa ¢GyHKIMIO €IMHUYHOIO CKayka Ha3bIBAIOT (DYHKUMEW BKIIOYEHUS U
MPEACTaBISAIOT hopmyio [2]
0 mpu <0,
o(t)=41/2 npu t=0,
I mpu >0 .
Curnan Ha3bIBa€TCS UCIBITATENBHBIM, TAK KaK OH MPUMEHSAETCS ISl MTOTyYCHHUS

HCpCXOIIHOﬁ XAPAKTCPUCTUKU PAAHOTCXHUYICCKOTO YCTpOﬁCTBa. PeaKI_II/IH YCTpOﬁCTBa
Ha CAMHUYIHYIO (I)YHKI_[I/IIO — 3TO U €CTb €TI0 NCPCXOaHAA XaPAKTCPHUCTHKA.

s(t) s(t)

1 o(t) Lo o(t-to)
; t 0 i t
() = Il mpu 120, (1) = l mpu t2>1¢, ,
0 mpu <0 ’ 0 mpu <¢,

Puc. 2.12. ®yHKIMS € AUHUYHOTO CKayKa

Cas3b Mexay Qynkuusmu O(¢) u o(t):
do(t)
dt

t
5(t) = : o(t)=[S(ndt.
0

I'apmonuueckuii cuznan
I'apmonnueckuil curHan s(¢) = E cos(wyt + @) (cM. puc. 2.6) Takke sABIsAETCA

UCIIBITATENIbHBIM CUTHAJIOM, TaK KaK ¢ €ro MOMOIIbIO ONMPEENsIOTCS YaCTOTHbIE Xa-
PaKTEPUCTUKU YCTPOICTB.

2.3. XapaKTepuCTHKN CUTHAJIOB

JUts curHana, CyIECTBYIOLIErO B MHTepBane At =t, —t;, Hauboyuee BaKHBIMU

SBIISIFOTCSL CIICYIOIINE XapaKTePUCTUKH (IIPEIoiaraeéM, YTO CUTHAJ MPEACTABICH B
KOMIUTCKCHOM hopme):

)
— 1
1. Cpennee 3HaueHue curHana  s(t) = ~ j s(t)dt .
t
|

CpCI[HCe S3HAYCHHUC CUTHAJIA — ITO II0 CYIICCTBY €TI0 MMOCTOAHHAA COCTABJIAOIIAA.

2. MraHoBeHHas MOIIHOCTh CUTHAaJIa p(t)=s(t)s"(t) = ‘s(z‘)‘z.



3. DHeprus curHasia
y) y) y)
9= [ p(tydt = [ s(t)s™ ()t = [|s(e) dt .
n ] ]
4. Cpennsis MOIITHOCTh CUTHAJIA

1 2 12
P = — ,
= t{ p(t)dt v t{ ()| dt

Jlis IepuoInYecKoro CUTHaja, YHEPTrHsi KOTOPOro paBHA OECKOHEYHOCTH, CPEJI-
HEe 3HAYCHHE U DHEPTETHUECKHUE XapaKTEPUCTUKH ONPEISISIFOTCS B TIPEASIax OJHOTO
nepuoaa:
1. Cpennee 3HaueHue curHana s(¢) = T I s(t)dt.
0

2. MrHOBeHHas! MOIIHOCTD curHama  p(f) = s(t)s” (t) = ‘s(z‘)‘z.

3. DHeprus curHala 3a nepuo/

T T )
3 = [ p(rydt =[|s(0)|" dt.
0 0
4. CpenHsis MOIITHOCTh CUTHAJIA
1 L 1L s
Pop =+ g pt)dt=— g (1)~ dt .

2.4. I'eomeTpu4yeckne MeTOAbI B TCOPUN CUTHAJIOB

B TeopuM MHOXKECTB HUMEETCS IOHATHE OCLCMEUMENIbHO20 BEKMOPHO20 NpPO-
cmpancmea, 1oJ KOTOPhIM OHMMAETCS HEITYCTOE MHOXKECTBO V , JJIsl DJIEMEHTOB KO-
TOPOI'0 OINPENEIIEHO CIOKEHNE U YMHOKEHHE Ha ECHCTBUTEIBHBIE YKCIA. DIEMEHTEI
3TOr0 MHOYKECTBA HA3BIBAIOTCS BEKTOPAMH, €CJIM BBIIOJIHSAIOTCS CIEAYIOIIUE YCIIO-
BUSL:

l.EcnuacV ubeV,oa+bel.

2. dns mobwix a,b,c €V crnpasennuso a+(b+c)=(a+b)+c — accouuarus-

HOCTb.
3. lns mobwIx a,b €V cnpaBennuBo a +b =b+a — KOMMYTaTUBHOCTb.
4. Jlnst moOBbIX a € V' ¥ JeUCTBUTENBHOTO YKHCIa @ COpPaBeUIUBO aa €V .
Takumu 1eHCTBUTEIBHBIMU BEKTOPHBIMHU MPOCTPAHCTBAMU SIBJISTFOTCSI BEKTOPHOE
IPOCTPAHCTBO KOHEYHBIX MOCIEI0BATEIBHOCTEH (X{,X),...,X,) JICHCTBUTEIBHBIX

n .
i
4YHCceN, BEKTOPHOE MPOCTPAHCTBO MHOTOUICHOB D ;X' | BEKTOPHOE HMPOCTPAHCTBO
i=0



(GyHKIUH, HEMPEPHIBHBIX HAa 3aMKHYTOM OTpPE3KE, BEKTOPHOE MPOCTPAHCTBO I€OMET-
PUYECKHX BEKTOPOB Ha IIOCKOCTH.

Ecnu B A€fCTBUTENBHOE BEKTOPHOE MPOCTPAHCTBO BBEAEHO MOHATUE MEMPUKU C
MOMOIIBIO CKAJISIPHOTO Mpou3BeAeHusl BeKTopoB (X,Y), To Takoe mpoCTpaHCTBO Ha-

3BIBACTCST €6KAUOOBLIM 6EKMOPHBIM NPOCMPAHCIMEOM. B stoMm MMPOCTPAHCTBE MOKHO
OIIPpCACINTD:

JUTMHY (HOpMY, MOJTYJIb) BEKTOpa HX H =.(X,Y);
(X,Y)
]y
Torna ckansipHOe Mpou3BeeHNE IBYX BEKTOpOoB X U Y paBHO
(X1 = [x]¥leose.
a KBaJpaT MOJIYJIsI CYMMBI JIByX BEKTOPOB PaBEH
| +Y[* = | x| +[¥]* +2(x, 7). @.1)

Bo3bMeM MHOXECTBO VS? QJICMCHTAMH KOTOPOIr'O ABJIAIOTCSA COBOKYIIHOCTHU CHUT-

yIOJl MEXKY BEKTOpaMH  COSQ = , 0<op<rm.

HaloB s(¢),s,(?),...,s,(t), paccMarpuBaemMble B MHTEpBaie (#,7p) U obOianarouiye
%)
CBOMCTBOM HHTETPUPYEMOCTH B 3TOM HMHTEpPBAJE BUAA j ‘Sk (t)‘zdt < oo. Kaxxnomy
n
Iy
CUTHAJIy COIOCTaBUM YHCIIO Hs k (t)H2 = s]% (¢)dt , koTOpOE MO CYIIECTBY PaBHO JHEP-
n
MU CUrHajla. Beanuuny Hsk (t)H Ha30BEM HOpMOM curHaia. Onpeaenum Jajnee pac-

CTOSTHME MEX]ly CUTHAIaMU s, (¢) U S (f) KaK HOpMY Pa3HOCTU CUTHAJIOB:

%)
plsi.s; @)= s:0) =5 O] = | [lsi(®) s
n

Ilomarast B JaHHOM BBIpXKEHUM s () = 0, MOIYYUM BBIpAXKEHHUE IJII HOPMBI
CUTHaja. JTO 3HAYUT, YTO HOPMA CHUTHAJIA — 3TO TI0 CYIIECTBY JUIMHA BEKTOPA, COOT-
BETCTBYIOUIETO CUTHAY, a KBaJpaT JUIMHBI — 3TO dHeprus curHana. CienoBaTelbHO,
KOHIIBl BEKTOPOB, COOTBETCTBYIOIIMX CHTHAJIAM C OJMHAKOBOW DHEPTHeH, Jie)KaT Ha
TOBEPXHOCTH 1 -MepHOii cepbl paguycom p = /3.

[Tonp3ysich TPUBEACHHBIMHU BBIIIE PACCYXIACHUSIMH, MOXXHO YOETUTBCS, YTO
MHO>XECTBO CUTHAJIOB V; SKBUBAJIEHTHO # -MEPHOMY €BKJIHJIOBY IPOCTPAHCTBY U C
bynkuusamu s1(¢), s, (¢),...,5, (t) MOXKHO 0OpaIaTeCcs, Kak ¢ TOYKaMH UM BEKTOpa-
MU 71 -MEPHOT'O €BKIIM0BA MMPOCTPAHCTBA.

OmnpenenyM SHEPTHUIO CyMMBI JIByX CUTHAJIOB S;(¢) U Sy (¢):

o0 0 o0 0
= [ [s@+s,@0)] dt =] s}@)e+ [ s} @)t +2 [ 5,(8)s, ()t = D, + 3, +29,,

—00 —0



rae J;, Oy — dHeprus CUrHaioB s;(¢) u sy (¢), a D;; — B3aUMHas HEPrus IByX CHUI-
HAJIOB.

CpaBHHBas MMOJIy4eHHOE BBIpakeHHe ¢ hopMyioit (2.1), MOXKHO 3amucaTh BbIpa-
KCHHE ISl CKAISIPHOTO TMPOWM3BEACHHS JIBYX CHUTHAJIOB M KOCHHYCA yria MEXIy HU-
MU:

o0 (Sl(t),Sz(f))
1),87(t))= 1)so ()dt; - '
(s1(0), 52 (1)) _jcjlosz() T s O] fs2 0

Eciu yron ¢ =7/2, 10 cos@ =0. D10 3HAYUT, 9TO CKAISPHOE MIPOU3BEICHUE

CUTHAJIOB C TaKUM YTJIOM MEXAY HUMH, a 3HAUUT, U UX B3aWMHas dHEPrus paBHsbI 0.
Takue curHayibl Ha3bIBAIOTCSI OPTOTOHAILHBIMU.

Takum oOpazoMm, reoMeTprUuecKre METObl B TEOPUU CUTHAJIOB OCHOBAaHBI Ha
MpECTaBICHUN CUTHAJIA KaK BEKTOpa B MPOCTPAHCTBE BEKTOPOB, YIOBIECTBOPSIOIMINX
OTIPEJICJICHHBIM YCJIOBHSIM (JIMHEMHOCTH, OPTOrOHAJIBHOCTH). [Ipu 3TOM BO3MOXKHO
WCIIOJIb30BaHUE MMOHATHS JIMHEWHOTO MPOCTPAHCTBA ACHCTBUTEIBHBIX MU KOMIUICKC-
HBIX CUTHAJIOB CO CBOMCTBAMU JIMHEHHOTO MPOCTPAHCTBA BEKTOPOB.

[IprurHON 00BEAMHEHMS] CUTHAJIOB B MHOXKECTBO, 00pa3yloliee MpoCTPaHCTBO
CUTHAJIOB, SIBJISICTCS HAJIMYUE OOIIUX CBOMCTB, YJOBJICTBOPSIOIIUX MPUHITUIIAM JIU-
HeliHocTu. [Ipu 3TOM UMeeTcs BO3MOKHOCTh OJHHM 3JIEMEHTHI MHOXECTBA BBIPA3UTh
yepe3 apyrue. MccnenoBanue CBONCTB CUTHAJIOB B paMKaX BEKTOPHOT'O IpeJicTaBiie-
HUS OKa3bIBACTCS TMOJIE3HBIM JJIsl CHHTE3a YCTPOMCTB, yAOBICTBOPSIOMINX MPUHIIUAITY
CYINEepHO3UIUH.

JlJist mepeiayn CUrHAIOB 10 KaHajdaM CBSA3M C MTOMEXaMHM, a TaKXKe JJIs paspelie-
HUS CUTHAJIOB OCHOBHOE 3HAQUYCHHE MMEET HE IMOJOKEHUE UX B MPOCTPAHCTBE CUTHA-
JIOB, @ PACCTOSIHUE MEXAY HUMHU. /[ 3TOro MOXXHO BOCIOJIB30BaThCS CBOMCTBAMU
CKAJIIPHOT'O MPOU3BEIACHHUS BEKTOPOB.

3. CIEKTPAJIbHBIN Y KOPPEJIAIIMOHHBIN AHAJIN3 CUTHAJIOB

3.1. O6001meHHbIi psg Pypbe

3.1.1. Cucmema opmozonanvrvlx pynkyuii u psio Pypve

CI/II‘HaJIBI, HUCIIOJIB3YCMbBIC B PAJUOTCXHUKEC, HMCIOT HOOCTATOYHO CJIOXKHYIO
CTPYKTYPY. MareMaTH4eCcKoe ONUCaHUEe TaKUX CUTHAJIOB SBIISICTCS TPYHHOﬁ 3a11aqel71.
HOBTOMy HJIA YIOPOUWICHUS IIPOUCAYPhI dHAJIN3da CUTHAJIIOB U IIPOXOXKICHUA HX YCPC3
PAAUOTCXHUYICCKUC NTCIIN HCIIOJB3YIOT IIPUCM, HpeIIYCManI/IBaIOH_II/Iﬁ Pa3JI0KCHHUC
CJIOKHBIX CHI'HAJIOB Ha COBOKYIIHOCTH HACAIIMU3IUPOBAHHBIX MATCMATHYCCKUX MOJC-
Heﬁ, OIINCBIBACMBIX 3JICMCHTAPHBIMHU (I)YHKI_II/IHMI/I.



Opanny3ckuil ¢puszuk u mMarematuk Kann b. ®@ypee (1768 — 1830) mokaszan
TEOpeMy, B COOTBETCTBHM C KOTOPOH JII000€ M3MEHEHUE BO BPEMEHH OIpPEIeNICHHOM
(GYHKIMU MOXHO MPEICTAaBUTh B BUJE KOHEYHOTO WJIM OECKOHEYHOIO psijia HEKOTO-
PBIX 3JIEMEHTapHbIX (QYHKUUNA BpeMEHH, COBOKYITHOCTh KOTOPBIX 00pa3yeT Tak Ha3bl-
BaeMylo Oa3uCHYI0 cucTeMy (yHKUMA, Uau cuctemy Oa3ucHbIX ¢GyHKiud. Takoe
MpE/ICTaBlICHUE 3HAYUTEIBHO YIPOLIAETCs, eciau (YyHKIUU JaHHOW cucTeMbl 00a-
Jar0T CBOMCTBOM OPTOTrOHAJIBHOCTU. PaccMoTpuM 310 60J1ee ogpoOHO.

OnpedeneHnue:

beckoneunas cucmema KOMNIEKCHbIX YHKYUL

QDO(Z‘)D ?1 (t)a %) (t)a .. '9§0k (t)a oo
Hassleaemci OPmOZOHCUZbHOL? Ha ompesKe [a,b], eCJlU 6blNOJIHAEemcCA Cﬂe()yiou;ee yc-

b 2
no8ue: J.(pk (D, (H)dt = lox O npu ke =n,
a 0 npu - k#n,
b . b 5
2de H(Dk (f)H = J@k (Do (H)dt = H(Dk (t)‘ dt — nopma Qynxyuu @ ().
a a

[Ipeanonaraercsi, 4To H(pk (t)H # 0, T.e. HU oHA M3 (DYHKIUI paccMaTpUBaeMOn

CUCTEMBI He paBHA HYI0. CHCTeMa OPTOTOHATBHBIX (QYHKITUH OyIeT Ha3bIBaThCS Op-
TOHOPMHUPOBAHHOM, €CJIH H(pk (t)H =1.
B maremarmke moka3aHo, 4YTO Jir00asi OJHO3HAYHAs, KOHEYHAs M KYCOYHO-
HeTpephIBHAsA, B 00IIEeM cilydae KOMIUIEKCHass GyHKuus f(f), yAOBIECTBOPSIOIIAs
b
2
YCJIOBUIO MHTETPUPYEMOCTU B MHTEpBasie [a,b] Buma j ‘ f (t)‘ dt < oo, MOXET OBITh

a
MMpCaAcCTaBJICHA B BUAC psAda

0
F@© = o0+ a0 (1) + oot eppp(D+= épop(, (.
k=0
rle ¢j — HEKOTOPbIEC IOCTOSHHBIE KOMILIEKCHBIE KO()(PUIIUCHTHI.

Jst onpeneneHus Ko3pPUUUEHTOB ¢ yMHOXUM 00e yacTu ypaBHeHus (3.1) Ha

*
OJHY KOMIUIEKCHO-CONPSKEHHYIO 0a3suCHYH0 (QDYHKLHIO @, (f) U IPOMHTEIPUPYEM B
3aJaHHOM HHTEpBaJIE:

b b( « 0 b
[fO@ndt = [| Y éror Oy @) [di =Y | ¢ [orp(Dpn @)t |.
a a k=0 k=0 a

B cuity oproronansHOCTH BEIOpAHHOM cHCTEMBI 0a3UCHBIX (YHKIUN TOJIBKO OI-
HO cJlaraeMoe CyMMBbI Ipu 7 = k OyJeT He paBHO HYJIIO, T.€.



b b
[ F@O0f ()t = &4 [ or (O0f ()t = 4o (O]

a a
CrnenoBaTenbHO,
¢ = J S @Opi (t)dr . (32)
lox (l‘)H
OnpedeneHnue:

o0
Pao f(t)= D ¢ror(t), 6 komopom rosgpduyuenmor ¢ onpedensiomcs no
k=0
Gopmyne (3.2), nazvieaemcs 0600werHvIM psoom Dypoe.

Psin HaszpBaeTcst 000OIIEHHBIM, TaK KaK HE OINpeneleH KOHKPETHBIA BHJ OPTO-
TOHAJILHOW CHCTEMbI Oa3UCHBIX (DYHKIIHIA.

JIJIsi OpTOTOHAIBHON CHCTEMBI JEHCTBUTEIBHBIX (HYHKIINN TaKKe CIpPaBEIJIUBbI
MPUBEACHHBIC ONpeaAcieHUs. [Ipu 3TOM OCHOBHBIE MAaTEMaTHYECKHUE BBIPAKCHHSI
MPUOOPETAIOT CIEAYIOUTNI BHI:

yCIIOBHE OPTOTOHATLHOCTH

I @, (D, (H)dt = Hg’k ()

npu  k =n,

npu k #n;

HOpMa (PYHKIIMH

b b
lox ) = [ ox Dox )t = [ o7 (Ddt ;

a a

kod(pdunneHTs! psga Oypbe

¢ = J f(O)py (0)dt .
H‘Pk O 4
[IIupokoe WCMoJb30BaHUE B TEOPUH CUTHATIOB 00001IeHHOro psiga dypre cBs-
3aHO C Ba>XHBIMU CBOﬁCTBaMH, BBIJACIAOIIMMU €TI0 U3 MHOZKECTBA ):[pyFI/IX pSII[OB,
BCTpe‘{aIOI_HI/IXCSI B MaTCMaTHUKCE.

3.1.2. Ceoticmea 0606wennoco psaoa Pypve
a. [lorpemHocTh anmpoKCUMAaIIHH

Annpokcumarust GyHKuud f(¢) r00bIM U3 U3BECTHBIX PSAIOB MpU (HUKCUPO-
BaHHOM YHCJIE CJIaraeMbIX (4TO, KaK MPaBUIIO, OBIBAET HA MPAKTUKE) OCYIIECTBIIACTCS
C HEKOTOPOH MOTpenIHOCThI0. [lorpemHocTh OIleHMBAETCSl BEIMYMHON cpeHel KBa-
paTHYecKoil OIIMOKH, paBHOU



b 2
1
e=— ]| f()- Zakcok(r) dt.
a
O6006menHbI psiag Pypbe MPHU 3aJaHHON CUCTEME OPTOTOHANIBHBIX (PYHKIUN U
(bUKCUPOBAHHOM YHCIIC CJIaraeMbIX psjia 00ECreYyrmBaeT HAWIYUIIYHO anmnpoKchuMa-
1IMIO B CMBICJIE MUHMMYMa CPEIHEN KBaApaTHUEeCKOM OmMOKY, T.¢. npu dj = Cj
18 N ?
e =[] f()= Xéxp(o)| de =min.
-4, k=0
Jloka3aTenbCTBO ATOTO cBOMCTBA psiga Pypwe npuseaeHo B [1].
[Mlpu N — oo cpennss kBaapatudeckas ommubka & =0, T.e. psag @ypee cXoauT-
ci K f(f) B cpeaHEKBaIpaTUYECKOM CMBICIIE. DTO HE UCKIIIOYAET OTCYTCTBUS CXOIM-

MOCTH B HEKOTOPBIX Toukax f(¢), Hampumep, BOIU3U TOUYKU paspbiBa. JlaHHBIN 3-

(dexT B MaTeMaTHUKe MOJIy4ns Ha3BaHUe Ag1eHue [ uboca.
0. DHepreTnyeckre COOTHOILIEHUS

[lonaraem, uro annpokcuMupyemasi GyHKIUS BpeMeHH f(¢) sBiseTcs MaTeMa-
TUYECKON MOJEINIBIO CUTHAJIa, YTO MO3BOJIET UCIHOJIb30BaTh B JajbHEWIIEM 0003Ha-
yeHue s(¢). BpemeHHO! HHTEpBal, B KOTOPOM paccMaTpUBAETCsl CUTHAJ, 0003HAUUM
At =ty —t;. DTOT IPOMEXKYTOK BpPEMEHHM U OyIeT HMHTEPBAJIOM OPTOrOHAJIBHOCTU
cuctemMbl 0a3ucHbIX GyHKUUN. [Ipu Takom o0003HayeHUU QYHKIUU U COOTBETCTBYIO-

meM €€ (1)I/ISI/IIICCKOM CMBICJIC P dDypBe ABJICTCA IO CYHICCTBY PA3JIOKCHUCM CHUTI-
HaJla Ha COCTaBJIAIOIIHNC. On nmeet BHU]

s(t) = 2.Cppi ().
k=0

KoaduurenTs! psiga paBHbl ¢y = ;2 I s(t)(pk (t)dt .
ok ] 4

CoBoOKymHOCTh KO3((HIMEHTOB psa CDpre HA3bIBAIOT CHEeKMpOM CHUTHAIA.
Cnexmp (OT JiaT. spectrum — mpejacTaBieHue, 00pas3) — COBOKYNHOCMb 8CeX 3HAUEHULL
Kakou-1u60o uzuueckou 8enutunbl, XapaKkmepusyoueu cucmemy uiu npoyecc.

[Ipoussenenue ¢ @y () ausercs k - cnekmpanvHol cocmasasAouell CUTHaa.
B aTOM ciyuae MOXKHO cKa3aTh, 4TO 0000IIeHHBIN psig Dypbe MpeACcTaBiIseT CUTHA
s(t) B BUIe OECKOHEUHOW CyMMBI CTICKTPaIbHBIX COCTABIISIONINX.

KBaapat HopMbl GyHKIIMU S(f) UMEET CMBICI SHEPIHH CUTHAaja, T.€.

2

Is)* = j 5| dt = j Y lpop(n) dt=2

f tlkO



VYuuTbiBasg OpTOrOHAIBHOCTh CUCTEMbI OA3UCHBIX (PYHKIMH, B MOABIHTErPaJb-
HOM BBIPQKEHUU OYAYT TOJIKO CllaraéMble CyMMBbI, ITPEACTABIIAIONINE cO00M KBaIpa-
Tl QyHKIUHN @ (¢), 4TO IPUBOJAUT K CIEAYIOILEMY:

3=[s@ = Tlexl*lex ) -
k=0

CpenHsas MOIIHOCTh CUTHAJIA 3a BpeMs At =, — | paBHa

o0

== Yl lor ol
k=0

Taxkum o6pazom, sHeprus (CpeaHsis MOITHOCTh) CUTHAJAa B UHTEpBaJie Af paBHa
CyMM€ HSHEpruil (CpeaHUX MOIIHOCTEH) BCEX KOMIIOHEHT, U3 KOTOPBIX 00pa3syercs
pana. JlaHHOE paBEHCTBO MOJIYYMIIO Ha3BaHUE pasercmeo llapcesans.

B cBow ouepenp npu KOHEUHOM 4HUcie ciaraeMbix psga Pypee, korga N < oo,
MOJKHO 3aIllUCaTh TAKOC OUYCBUIAHOC HCPABCHCTBO!

5o 2 &L 2 2. . 2 2
=l = Zlerl*lex ] = Xl Zow @]
k=0 k=0
OTO HEpaBEHCTBO, CIPABEMJIMBOE IS JII0OO0N OPTOTOHAIBHON CHCTEMbl (YHK-
UM, Ha3bIBAETCS HepaseHcmeom beccens.
OproroHansHas cuctema, cogepxamas N (yHKuuid @ (¢), Ha3bIBaeTCA IOJ-

HOH, ecni ipu N — o0 cpeaHss KBajapaTudeckas omuoka anmnpokcumanuu € — 0.
B. CucreMbl 0a3UCHBIX DyHKINHA

Br16op cuctembl 0a3uCHBIX (PYHKIMI OCYIIECTBIISIETCS] C YYETOM B aHAIU3U-
PYEMBIX CUTHAJIOB, 3a7]a4 M METOJIOB aHAJIN3a U CUHTE3a CUTHAJIOB, CIOCOOOB UX Ipe-
oOpa3oBaHuii. B Hacrosiee BpeMs UCIOJIb3YeTCsl HEOOBIIIOE YUCIIO CUCTEM OPTOTO-
HalbHBIX QyHKIMI. Kiaccudeckuil criekTpasibHbIN aHaIM3 CTPOUTCS Ha OCHOBE TPH-
FOHOMETpHIECKHX (Sinkw?, coskw ) u KoMIUIeKCHBIX (e 7 kot gjkwt ) GYHKITHIA.
[Ipy nuckpeTU3alu HENpPEephIBHBIX CUTHAJIOB MO TEOPEME OTCYETOB HCIONB3YIOT
dynxmm Buga Sin x/x . JIns npubnmKeHHOTo pa3IokeHus (QYHKIMH, Koraa Tpedy-

€TCs MOJIYYUTh anmpokcumanuio psajnoM dypbe ¢ MUHMMAJIbHBIM YHUCJIOM YJICHOB,
MPUMEHSIOTCS OPTOTOHAIbHBIE CUCTEMbI TOJMHOMOB: Jleskanipa, YeOniiena, Jlarep-
pa, Opmuta [1,2]. IIpu nuudpoBoii oOpadoTke cUrHayioB 3¢ (HEKTUBHO HCIOJIH30BAThH
pa3oKEeHUE CUTHAJIOB IO CUCTEMaM KyCOYHO-HENpepbIBHbIX (yHKUMN Yooma, Pa-
nemaxepa [1].



3.2. 'apmoHMYeCcKHil CNIEKTPAJIBbHBIN AHAJIN3 NEPHOAUYECKUX CUTHAJIOB
3.2.1. Tpuconomempuueckasn ghopma psaoa @ypve

["apMoHMYECKHI CHIEKTPAIBHBIA aHAIU3 MEPUOJIUYECKUX CUTHAJIOB MPEAIIoara-
€T pa3JIoKEHUE CUTHAJIOB B psig Dyphe MO TPUTOHOMETPUUECKUM (PYHKIIUAM — CUHY-
caM M KocHHycaM. DT (YHKIMH OMKCHIBAIOT TapMOHUYECKHE KOJIeOaHUs, KOTOPhIC
COXpaHAIT CBOIWO (GopMy B Ipoliecce MpeoOpa3oBaHUN JIMHEHHBIMU yCTPONUCTBAMHU
(M3MEHSIOTCS TOJIBKO aMIUTUTYa U (a3a), 4TO MO3BOJSET UCHOIb30BaTh TEOPHUIO KO-
nebaTeIbHBIX CUCTEM JIJIS aHAIN3a CBOMCTB PAJAMOTEXHUYECKUX 1IETICH.

JInd mostydyeHuss MaTeMaTU4eCKOTo BeIpaxkeHus psaga Oypbe BOCHOJB3yeMCs pe-
3yJbTaTaMM, OJYYEHHBIMU MPU paccMOTpeHun o0o61eHHoro psana dypoe, u cucre-
MOW OpPTOrOHANBHBIX (QYHKIUN @ (f), B KaueCTBE KOTOPOH BO3BMEM TPUTOHOMETPU-

yeckue GyHKIUH BUA
1, cosw,t, sinw,t, cos2w,t, sin2wt,...,coskwt, sinkwt,... . (3.3)
JIoKaeM OpTOrOHAILHOCTh 9TOM cHCTeMbl (YHKUMH B unTepBane I =27/, ,
COBIIAJIAOIIEM C TIEPUOIOM curHana s(¢). st 3Toro 10CTaTOYHO MOKa3aTh, UTO:

T/2 T/2
l. jcosnwltcos koitdt=0 n jsin nojtsinkotdt =0 npu n # k; (3.4)
-T/2 -T/2
T/2
j cosnwitsinkwtdt =0 1npu BCeX 3HaUCHUIX 1 U k. (3.5)
-T/2
T/2
2. Hgok(t)uz = go/%(t)dt # (0 Tpu Beex k.
T/2

st Berunciienus: uHTerpanoB (3.4) u (3.5) Bocmoyib3yeMcsi U3BECTHBIMU TPUTO-
HOMETPUYECKUMHU POpMYyJIaMU
cosnw,t coskwyt =1/2[cos(n + k)wt + cos(n — k)wt];
sin nw;t sin kot =1/2[cos(n — k)wt — cos(n + k)wit];
cosnwytsin kgt = 1/2[sin(n + k)w;t — sin(n — k)w;t].

T/2 T/2
Torna nosydynMm MHTErpanbsl Buaa I cosmtdt u I sinlwqtdt, rne m n | —
-T/2 -T/2
Lenble yncia, npuyeM m # 0. T UHTerpaibl paBHBbIL:
T/2 T/2 T/2
) I . 2=
jcosmwltdt = sin mot ‘ = sinm—t ‘ =0;
mao mao
~T/2 ! -T/2 ! -T/2



T/2 T/2
T/2' 1 / 1 2r /
jsmla)lz‘dtz——cosla)lt ‘ =———cos/—t¢ ‘ =0.
72 lo, 1) lo, T 1)

BorurcnuM kBaapat HOpMbl (YHKIKNA paccMaTpUBAE€MOM CUCTEMBI.

, 1
Mpu k=0 |po(0) = [dt=T.
7/2
, 12 2 1 T
Ipu k # 0 H(Dk (t)H = j cos? ko tdt = j (—+—cos 2ka)1tjdt = .
7/ _7p\2 2 2
7/2 7/2
quk (t)”2 = j sin? ko tdt = j (l —lcos Zka)ltjdt = Z
72 7282 2 2

OpTOroHanbHOCTh CUCTEMBI TPUTOHOMETpUUECKUX (pyHKIMiA (3.3) moka3aHa.
[IpencraBnenue mnepuoanyYecKoro curHaiga B Buzae psna dypbe mpeamnonaraet
HaxoxkzaeHue Kod(pduuueHTtoB cj. KoapduiueHTs HE SABISAIOTCA KOMILIEKCHBIMH,

TaK KaK UCTOJB3YETCsl CHCTEMa OPTOTOHANBHBIX TPUTOHOMETpUIeCKnX GpyHKmid. Kak
BUJHO W3 NOIY4YEeHHOW paHee (opmyisl (3.2), Wi HAXOXKIEHUS C; HEOO0XOIUMO
2 .
3HaTh Hgok (z‘)H TUTSL KaKIoM (DyHKIMU cucteMsl (3.3).
3anuiieM BbIpa)KeHus Ul K03 (PULUEHTOB psijja, 0003HAYMB UX KaK a;, U b, , B
3aBUCUMOCTH OT Buza GpyHKimHu (1, cos WM Sin ) OPTOrOHAJIBHOIN CHCTEMBI

1 T/2 2 T)2 ) T/2
ag=— [s(ndt; ap == [s(t)coskaytdt; by == [s(t)sinkewdt .
T_nz T_nz T_nz

Taxum o6pazoM, psag Dypbe MOKHO MPEICTABUTh TaK

o0
s(t) = D (aj coskmt +by sinkw;t)}.
k=0
Il Toro 4ToOb! KOA(POUIMEHTH @; ONPEACIISIUCH IO OJHOM U TOM ke (hopMy-
k O1p pPMy

ne st k=0 u k#0, pag @ypbe NPUHATO 3aITUCHIBATD CIETYIOITUM 00pa3oM:

o0
s(t) = %M S (ay, coskwyt +bysinkayt), (3.6)
k=1
- 5 T2 5 T2
rIe ay == |[s(t)ycoskeytdt ; by == [s(t)sinkaodt. (3.7)
3”-_772 3”-_772

HOHy‘IeHHBIe PE3YIbTAThI ITO3BOJIAIOT CACIATDh CIICAYIOIINC BBIBOIBI.

1. HepI/IOI[I/ILICCKI/Iﬁ CUTHAJI MOXHO MPCACTABUTH B BUAC CYMMBbI 0ECKOHEUHOTO
quciia TAapMOHHUYCCKUX COCTABIIAIOIINX (CI/IHYCOI/IJIaJIBHBIX u KOCI/IHYCOI/IIIaJIBHBIX),
KaXXaass U3 KOTOPBIX XapaKTCPU3YCTCA CBOCH aMHHHTYHOﬁ U YacTOTOM. COBOKYH-



HOCTb 3THX COCTaBJSIONUX OyZeM Ha3bIBaTh CHEKMpOM CUTHANA, a COBOKYITHOCTh UX
aAMIUTUTY — AMAIUMYOHbIM CHeKMPOM CUTHAJA.

2. Cocrasisiromast a,/2 — 310 "HyseBast’” (IIOCTOSIHHAS) COCTABIISIOLIAs C YaCTO-
TOH, paBHOH 0.

3. AMIUTUTY/IbI COCTABJISIONIUX OMPeneNsatoTcs no popmynam (3.7).

4. YacTOThl COCTABJISIIONINX TUCKPETHBI, T.€. UMCIOT 3HAYCHUS, KPAaTHbIE OCHOB-
HOM yacTtore — yacrore curHana: 0, oy, 2wy, 3wy,... . TakuM 006pa3oM, ClieKTp me-

PUOJUYECKOI0 CUTHAJIA SIBISIETCSA OUCKDENHBIM.
[TpakTHueckoe NpUMEHEHUE UMEET JIpyrasi (opMa 3alucu TPUTOHOMETPUYECKO-
ro psaa Oypse. 3BecTHO, UTO
aj coskwit + by smkwqt = Aj, cos(kwt + ¢y ),

b
r7ie A4 = 1la]% +b]? U Q= —arctg—k.

ag
Toraa psan (3.6) MOXKHO 3anucaTh Tak:

A o0
s(t) = 70 + > A, cos(kant + ;).
k=1

Takum 00pa3om, mepuoaArYEcKHil curHaji Jito0or (opMbl MPEnCTaBIsAETCS TO-
CTOSIHHOM cocTaBisitomieii A,/2 ¥ GECKOHEYHONW COBOKYITHOCTHIO TapPMOHHYECKHX

COCTABJIIOLIMX C aMIUINTYAAMU A, ¥ HadalbHBIMU (pa3amMu @, .
COBOKYITHOCTb COCTABIISIOIICH A /2 M aMIUTUTY] A, Ha3bIBAIOT AMAAUMYOHbIM
cnekmpom, a COBOKYITHOCTb a3 ¢, — ¢haz06vim cnekmpom CUTHAIA.

3.2.2. Cnekmpwvl YemHbIX U HeYEeMHbIX CUCHATIO08

Omnpenenenne CHEKTPOB NMEPUOJUYECKUX CHUTHAJIOB CBOAMTCA IO CYHIECTBY K
HaxoxaAeHuo koapduuuentoB psga dypoe. Pemienue 3Toil 3agaunm MHOrJa 3HAYU-
TEJIBHO YIPOIIAETCS, ECIIM YUYUTBHIBAIOTCS OCOOCHHOCTH CUTHAJIOB.

Cnexkmp uemmnuix CucHAI06

Ecnn curnan s(t) yetHsli, To K03 dunueHTsl by pasHbl 0, Tak Kak MOJbIHTE-

rpanbHas QyHKUMA s(7)sin k@t sBIsETCS HEUETHOW (MHTErpaj OT HEUETHOM (yHK-

UM 110 CUMMETPUYHOMY NpoMexkyTKy paseH 0). IIpu 3tom psag @ypbe COIEpKUT
TOJIBKO KOCHHYCBI U ITIOCTOSIHHYIO COCTABJISIFOLIYIO, T.€.

ao X
s(t)=—+ D aj coskayt ,
2 ko
riae K03(pGUIUEHTHI a; paBHBIL:
T/2 T/2
2 4
aj =— js(t) coskw tdt =7 js(t) cos kaqtdt .
-T/2 0



Takum oOpazom, 11 onpeneneHus Ko3pduuneHToB psga Oypbe YETHBIX CUT-
HAJIOB JOCTATOYHO UMETh CUTHAJI, 3a/IaHHBII Ha TIOJIOBUHE MEPHUOIA.

Cnekmp HeuemHusvlx CuZHailos

Ecmu curnan s(¢) HedeTHbI, TO ko3 duuueHTs! @, paBHbl 0, TaK KaK MOJbIH-
TerpanbHas GyHKUUs s(t)cos kot sBnasercs HedeTHoU. [Ipu stom psg Dypwe co-
1

ACPKHUT TOJIBKO CHHYCBI

o0
s(t) = Y by sinkawqt ,

k=1
riae ko3 uuueHTsl b, paBHBI
5 T/2 4 T/2
by =— [ s(t)sinkeytdt =— [s(r)sinkeyds.
T 11 '

W B sTOM ciywae juist onpeneneHusi ko3phuuueHToB psga Oypbe 10CTaTOYHO
MMETh CUTHAJI, 3aJJaHHbIN Ha MOJIOBUHE TIEPUO/IA.

3.2.3. Komnnexcuas ¢oopma psoa @ypve

" Hanbonee yacTo mojb3yroTcst Ipyroi, 6ojaee KOMIAKTHOW (pOpMOI 3amucH psiaa
dypbe, Ha3bIBAEMOUN KomniexcHou gopmot. s nonydenus psga Oypbe B KOM-
MJIEKCHOM (hopMe BOCIIONIb3yeMCs M3BECTHBIMU (hopMyramu Disepa:

ejkcalt " e—jkwlt . ejkcalt _e—jkwlt
coskmt = , Sinkot = ,
2 2j
[loncraBuB 31U BBIpakeHus B popMyiy (3.6), morydum
ag 0 ejka)lt + e—jka)lt ejka)lt _ e—jka)lt
sy =—"+ > | a + by . =
2 15 2 2j

(00) . . o0 o0

a a, — jb ; a, + jb,  _; . . _;

SR (k—fkejkwlf VAT I5% kalfj _ zCkekalf + 3 C e Jkont
2 o\ 2 2 k=0 k=1

__ak,+-jbk

rae
2

B} —_

L ag — jbg
Cr =
OKOHYATEILHO MOKHO 3aI1icaTh

s(t) = ZCkejkw‘t .

k=—0



OmnpenennM KoMmIulekcHbl kodduuuent C, . g 3Toro Bocnonb3yemcs Gop-
mynamu (3.7):

. T/)2 T/2
Cp =IO M2 sy coskantdt — jE [ s(r)sin ket | =
2 2T gp T 11
T2 T2 "
=— [s(t)(coskayt - jsinka)dt =— [ s(t)e”*“Vdt.
-T/2 ~T/2
Taxum 06pa3zoM, koMIiekcHast popMma psiga ypbe UMEET BUA
o kot . 1 T/2 o
s)y= Y Cre’ V', mme Cp=— [ s(e’ U gt | (3.8)
fr=—o0 s

Kaxk BHUAHO U3 HOHY"ICHHOI‘/’I q)OpMy.HBI, CIICKTP CUTHAaJIa COACPKUT KOMIIOHCHTLI
B 00JIACTH TMOJIOKUTEIBHBIX U OTPHULATCIbHBIX YaCTOT. CJ'Ie,Z[y€T HUMCTb B BUAY, YTO
OTpHULATCIIbHAA 9aCTOTA — IMOHATHC, HC MMCHOIICC Q)HSHQCCKOIZ HUHTCPIPCTALTNN. 910
MaTeMaTndeCckasa MOACIIb, CBA3aHHAasA C MHUMOCTBIO KOMIIJICKCHOTI'O YHCJIa KaK TaKO-
Boro. IlosBsnenue OTpULATCIBbHBIX YaCTOT ABJIACTCA CIICACTBUCM q)OpMaJ'H:HBIX Marte-
MAaTHU4YCCKHUX Hpeo6pa3013aHI/1ﬁ. OJIHaKO OTpULATCIbHBIC 3HAYCHHA YaCTOTHI ka)l Ipu

k < 0 momyd4aroT sicHO€ reoMeTpuyYecKoe TojikoBanue (puc.3.1).

Im |k|III1
N
|(:T.-1;1|= |m| =1 5 [belooqt xn ]
|DC| = 2cos kot kel oqt L’ C
-
;"3';2,/
'lkl[ﬂl

Puc. 3.1. I'eoMeTpruecKkoe npeIcTaBICHUE TPUTOHOMETPUUECKON
Y KOMIUIEKCHBIX (DyHKUIUN

o kot
Ha BekTopHOM auarpamMMme KOMIUJIEKCHAash BEJIWYMHA e‘] 1 IPEICTABIISIETCS B

BUJIC BEKTOpa, MOAYJIb KOTOPOTO PaBeH €AUHUIIE (€IMHUYHBIA BEKTOP). DTOT BEKTOP
BpAILIAETCs C YIJIOBOM CKOPOCTBIO k(; MPOTUB YacOBOM CTpeNkH, ecinu kw, > 0, u no

4qacoBoil crpenke, ecnu kw, < 0. I'eomerpuueckas cymMMa €JUHUYHBIX BEKTOPOB,
BPAILAIOLIUXCS ¢ OJUHAKOBBIMU YTJIOBBIMHM CKOPOCTSIMH, €CTh (PyHKIUSA 2 COSkwqt .

Kosddurment C , ABIIIETCS] KOMIUIEKCHOM BEIMYUHOU. ET0 MOKHO IpeACTaBUTh
TaK:



) S i 1/a2 +b2 b
C, = ‘Ck‘e](pk , riue ‘Ck‘ = % U Q= —arctga—k.
k

AHanu3 nonydeHHbIX (GopM mpenactarieHus psga Oypbe Mo3BOJISIET YCTAHOBUTh
CJICAYIOIIYIO 3aBUCUMOCTh MEXIY KO3 HUIIMEHTAMHU.

o0
a :
Jlnst TpuroHOMeTpHUecKoro psna s(t) = —>+ > (ay coskojt +by sinkwyt):

k=1
T/2 5 T2
ap =— | s(t)coskawydt ; by =— [ s(t)sinkaydt;
T 11 T 11

ag = Agcosy; by =—Agsingg;  ap =Cp +Cps by = j(Cp —C_p).

A o0
JI71s1 TPUTOHOMETPUYECKOTO psijia s(t) = 70 + > A4y cos(kayt + @)
k=1

Ay =1/a,% +b,§ 5 O :—arctgc[z—k; Ay =2‘Ck‘.
k

w .
Jlnst kommiekcroro psina  s(¢) = Y. Cre’ kot .

k:—OO
2 2
. ap—jbr agp+ b s % Th; b
Cr=—"F—":Ch =75 ‘Ck‘:—; o = —arcig
2 2 2 ay

: A
ol -4

OTu pe3ynbTaThl IpeACTaBiIeHbl B Ta0I. 3.1.



Tabnuua 3.1
Koaddummentst psigo Oypobe

Tpuronomerpuueckuii psag Oypee KommnuekcHbli psg
Dypbe

a4y | < : A, % S ¢ o
s(;):7+ D (a; coska,t +b, sin ko,t) S(t):7+ZAk costkot+,) | s(t)= 3 Cre
k=1 k=1 k=—00

7 ¢ =% =0
aj =— Is(t) cos ko tdt A = \/a,% +b,§ 2
T_]/ b C :M
2 O = —arctg—k A 2

7 “k

2
b, =— | s(¢)smkwtdt
k=7 [s(0) 1

7

: 1
Crl=—4

Cel =54
aj = Ay cos @y, o = —arctgb—k
by =—A; siny, ¢ Ak
by
Q_j =arctg—
Ak

ap =Cr +C_y, A, =2‘Ck‘
bk = j(Ck —C—f)

Takum oOGpazoM, TPUTOHOMETpUYECKHE U KOMIUIEKCHass (GopMbl psajna Dypbe —
3TO Pa3IMYHbIE CMOCOOBI MPEACTABICHUS OJHOTO M TOro e psna. Eciou mepuon
T =2n/w, curHana paBeH IHeprony 0a3ucHbIX (QyHKIMA (BbIIE GBUT PacCMOTPEH

HMCHHO 3TOT cnyqaﬁ), TO PA3JIOKCHUC CHI'HAJIa Ha COCTABIIIOIINC dj COSkCt)lf u

: . Jkaoyt
by sinkeoyt, umin Ay cos(koyt + @y ), wma Cre’ 1 crpaBemiuBo Ha KaXIoM Iie-
puone 7 mpu NPOU3BOIBHOM 3HAUYEHUHU [, T.€. (JaKTUUECKHU HA BCEH OCU BPEMEHHU.

CrenoBaTenbHO, MOXKHO Cli€JaTh TaKOW Ba)KHBIM BBIBOJ, MOJBOJSIINN UTOT BCEMY
CKa3aHHOMY: TEPUOJUYECKUN CUTHAJ, 3aJJaHHBIII Ha MHTEpPBAJIIE BPEMEHU [—o0, 0],
MOXET OBITh MpeJCTaBlIeH psaoM Dypbe B TPUTOHOMETPUUYECKON MU KOMILJIEKCHOM
dhopmax mpu yCJIOBHH, YTO TIEPHO]I CUTHAJIA COBMAJAET C MEPUOOM 0a3UCHBIX (PYHK-
105078

3.2.4. I pagpuueckoe npeocmasnerue cnekmpa nepuooudecKoeo CUsHAIa

Hau6onee HaryisiHO O CIEKTpe MEPUOIUYECKOr0 CUTHAIA MOYXHO CYAUTb 110 €ro
rpaduueckoMy U300pakeHNI0, KOTOPOE HA3BIBAIOT CIIEKTPaIbHOM nuarpammoit. Pas-




JUYAIOT aMIUIUTYAHBIE U (ha30BbI€ CIIEKTPaIbHbIe AUarpaMmbl. CTPOSITCS OHU B CHC-
TeMe KOOpJMHAT "JacToTa — aMIuiutyaa" u "dactora — ¢aza'.

[Tpu moctpoenun auarpamm (puc. 3.2) Ha ocH a0CHUCC OTKJIAABIBAIOT 3HAYCHUS
4acToT k®;, a 10 HANPABICHUIO OCU OPAMHAT — OTPE3KU MPSIMBIX, JIMHBI KOTOPBIX

COOTBCTCTBYIOT B HCKOTOPOM MaciuTade BeJIMYMHAM AMIUIATY D WA (1)&3 rapMOHHYC-
CKHX COCTAaBJJIAOIIHUX C 4aCTOTaMH ka)l .

Ak
A1 Cle
Az
Ao Co
- iy
2 3}314 C_z':-l e,
b “F LT B
[ 1 i 1 1 T T |

0 ooy 2oy 300y don

2o 0oy [ g 2adg 3o

P P
Py P2
9, P 9, [ Pz
[ T [Sordin-a | | [ I
O oy Zooy 3 | @ 1 l 0 oy 2o 3o | o
Py Py
a 0

Puc. 3.2. CnekTpanbHble 1HarpaMMbl

Kaxnoii dopme psiga Dypre COOTBETCTBYIOT ABE CHEKTPaIbHBIC TUArPaAMMBI.
Jlst TpUroHoMeTpuuecKkux GopM — CIEKTP aMIUIUTYA dj U by , UM CHEKTP aMILIH-

Tyn A u enekTp ¢a3 ¢y (cM. puc. 3.2,a). Jns KOMIIEKCHON (OPMBI — CIIEKTp aM-
wityn Cp = ‘Ck‘ u criektp a3 ¢y (cm. puc. 3.2,0).

Takum 06pa30M, CIICKTP NCPHUOIUYCCKOTO CHUIHAJIa IPCACTABIIACTCA B BUJAC CO-
BOKYIIHOCTH JIPIHPIP'I, KOTOPBIC XAPAKTCPU3YIOT aMIUIUTYAbl, HAYAJIbHBIC (1)3351 n us-
MEHAOINUCCA TUCKPECTHO YaCTOThI TApMOHHUYCCKHUX COCTABIIAIOIIUX. HOE)TOMy CIICKTP
NEPUOJUICCKOTO CUTI'HaJIa Ha3bIBAIOT JluH@ﬁ'—tamblM, nim OMCerl’I’ZHblM.

3aMCTI/IM, 4dTO OTACIbHAA JIMHUA CIICKTPAa — 3TO HC TapMOHHUYCCKAasA COCTABJIARO-
ras CIICKTPa KaK TaKOBasl, 3TO TCOMCTPHYCCKOC IIPCACTABIICHUC €€ ITapaMCTPOB.



3.3. N'apmoHnyecKkuii CIeKTPAJIbHBIN AHAJIN3 HENePUOANYECKUX CUTHAJIOB
3.3.1. Cnexmpanvhas Xxapakmepucmuxka HenepuoouyecKux CUSHaI08

B paguorexHuke B KayecTBE HENEPUOJMYECKMX CHUTHAJIOB pPACCMATPUBAIOT
OOBIYHO OAMHOYHBIE UMITYJbCHBIE CUTHAIIBI. JIJI CIEKTPaIbHOTO aHAJIW3a TaKUX CHUT-
HAJIOB UCIIOJIB3YETCS IIPUEM, IIPU KOTOPOM HENEPUOAUYECKUM MPOLIECC YCIOBHO CYM-
TaeTcs MEPUOJUUYECKUM, HO ¢ mepuoaoM 7', crpemsimuMmcs kK 6eckoHeuHocT. [Ipu
9TOM HMEETCS BO3MOXHOCTb BOCIIOJIB30BAaThCS PACCMOTPEHHBIMU pPaHEES METOJAMHU
FapMOHHUYECKOI'0 CIEKTPAIBHOTO aHAIN3a NEPUOJUYECKUX CUTHAIIOB.

[lycth s(f) — nepruoguyecKuil CUrHaJI, UMEIOIIUNA TUCKPETHBIN CIIEKTp BHa

o0 .
s(t) = ZCkekalt ,

k=—o0
: 1 T/2 . _ a T/2 .
rae Cr=— I s(t)e—Jka)ltdt ww  Cy, d & J‘ S(t)e_fka’ltdt_
-T/2 T_1)2

(3.9

Bocnonb3yeMcs aHHbIMU (GoOpMyJIaMH JJisl MOJIyY€HHUS MAaTeMaTHYeCKOIro Bbl-
pakeHHsI CIIEKTpa OJJUHOYHOT'O UMITYJIbCHOTO CUTHAJIA.

[Ipu T — o0 mepuoaUYECKU CUTHAJ BBIPOXKAAETCS B HENEPUOAMYECKHUM (0au-
HOYHBIN) curHai. M3mensarcs takxe u Gopmyiisl (3.9), koTopbie OyayT XxapaKTepu30-
BaTh YK€ CIIEKTP OJIMHOYHOI'0 cUrHajia. PaccMoTpuM CylmHOCTh M3MEHEHU.

1. Ipu T — o0 ocHOBHas 4acrora crektpa @) = 27/T — d® . I10 03HaYaer,

YTO TAPMOHUYECKUE COCTaBIBIIOMIME, HA KOTOPBIE pa3jiaraercs CUrHajl ¢ MEepUOIOM
T, OyayT OTCTOSITH APYT OT Apyra Ha OECKOHEYHO MayIO BEJIMYUHY d® , T.€. 4acTo-
Thl OTAEJIbHBIX COCTABIISIOMIMX OYyAYT M3MEHATHCS HE JUCKPETHO, a HENPEPHIBHO.
[Ipu rpaduyeckoM HPEACTABICHUM JIMHUU CIEKTpa TAKOTO CUTHaja OyIQyT IJIOTHO
pacnoyiaraTbCsi Ha OcH yactoT. OTCI0/1a ¥ Ha3BaHUE CIEKTPa — CHIOULHOL.

2. BenuuuHa k@) npu @ — d@ npeBpamaeTcs B TEKYLIYIO YaCTOTY @ .

Torna BeIpakeHue 1is kodhuiuenta C;, MOKHO 3aIIHCATh TAKAM 00Pa3oM:
. do & _
Cr = C(jo) = =2 [s(t)e™“ dr. (3.10)
2 e

[lomy4yeHO BBIpaKEHUE I KOMIUIEKCHBIX aMIUTHTYI COCTABIISIONIIUX CIIEKTpa
Henepuoanyeckoro curHana. Hamuume B dopMmynie OECKOHEYHO MAallOi BEIHMUMHBI
d® Kak OJJHOTO M3 COMHOXHUTENEH CBUIETEIHCTBYET O TOM, YTO aMILTUTYAbI COCTaB-
JISTIOIINX CTIEKTPa TaKKe 0ECKOHEYHO MAJIb.

Takum ob6pazom, npu 7 —> o0 mojydyaeM OECKOHEUHO OOJIbIIOE YUCIO OEecKo-
HEYHO MAaJbIX IO aMIUIUTYJe TapMOHHMYECKUX COCTABIIAIONINX, YaCTOTHI KOTOPBIX
pacrionararorcsi "0ecKoHeUHO" OJIU3KO APYT K APYTY M 3aloJIHAIOT B OOIIEeM cilyyae
BCIO IIIKAJTy 9acTOT. DTO 3HAYUT, YTO TAKOE MOHATHE, KaK aMIUIMTYIHBIA CIIEKTp, K



HEMEPUOINICCKOMY CUTHATYy MPUMCHSTHh HENb3s. Bo3HMKIAa HEOOXOIUMOCTh BBECTH
MOHATHE CHEKMPALbHASL NIOMHOCHb AMNIIUNMYO.

Bocnonws3oBasmuce ¢opmynamu (3.9), (3.10) u 3aMeHUB omnepanuo CyMMHPO-
BaHUS OIepariieii MHTErPUPOBAHUS, MOYHO 3aITUCaTh

1 © © .
s()=—— [/ [s(e " dt da. (3.11)
T
—0 —0

Cpasnenue 31oit hopmyisl ¢ hopmynoit (3.10) mo3BoISIET BBIACIUTH PYHKITUIO
o0

S(jo)= [s(t)e™/ ' dt (3.12)
—00
U HCIIOJIh30BaTh €€ B KAYCCTBE CICKTPAIBHON XapaKTEPHCTUKHU CHUTHAIA, Ha3bIBac-
MOW cnexkmpanvrou niomuocmoio. OHa paBHA OTHOIICHUIO KOMITJICKCHOW aMILIUTY-
161 C(jw) K yactoTHOMY MHTepBainy dw (6e3 koaduuuenta 1/27).

ITocne noncranoBku (3.12) B (3.11) monyuaem
1% :
s(0 =~ [S(jw)e! do. (3.13)
T
—00

Boipaxenus (3.12) u (3.13) Ha3bpIBaloTCs NpsIMBIM U 0OpaTHBIM TpeoOpa3oBa-
HUAMH Dypbe COOTBETCTBEHHO. DTO OCHOBHBIC COOTHOIICHHMS JIJISI MOJIYYCHHSI CIICK-
TPaJIBHBIX XapaKTEPUCTUK HETIEPUOIHNUCCKUX CUTHAIIOB.

3.3.2. Amnaumyousiii u ¢hazoeblil cnekmpuvl HenepuoOUYeCcK020 CUCHANA

JInsi cieKTpalibHOM IIJIOTHOCTH CHTHAJIA CIIPABEIJIMBBI BCE CBOMCTBA KOMILIEKC-
HBIX Yucesl. BBITTOJHUM HEKOTOPHIE MPeoOpa3OBaHMUs:

o0 \ o0 o0
S(jw)= | s@)e™ ' dt = [ s(t)coswtdt— j [s(t)sinwudt,
—0o0 —00 —0
S(jo) = A@) - jB(@) = S(@)e’*®) = 5(0)cos p(w) + jS(@)sin p(),
o0
rie A(w)= j s(t) coswtdt — nercTBUTEIbHAS YaCTh CIICKTPA;
—00
o0
B(w) = I s(t)sin wtdt — MHUMAsI 9aCTh CIIEKTPA;
—00

S(w) = ‘S(]a))‘ = \/A2 (w) + B? (®w) — aMITUTYIHBIN CIIEKTP CUTHAA;

B(w

o(w) = —arctg Blo)| (ha30BBIN CIIEKTP CUTHAJIA.
A(w)

Honaraﬂ, YTO CHT'HAJI OIIMCBIBACTCIA I[eﬁCTBHTCHBHOﬁ q)YHKHHCﬁ, N3 IIOJIYYCH-

HBIX BBIPQKEHUH BHUHO, YTO
Alw)=A(-0) nu S(w)=S(-w),



T.€. ICCTBUTEINIbHASA YaCTh CIIEKTPa U aMIUIMTYAHBINA CIEKTP — PYHKIIMH YETHBIE;
B(w)=-B(-0) u ¢(0)=-9(-0),
T.€. MHUMAs 4acTh CHEKTpa U (a30oBbIil CIEKTP — (HYHKIUN HEYETHBIE.
[Ipu @ =0 Beipaxkenue (3.12) npuobpeTaer B

o0
S(0)= [s(t)dt.
—o0
OTcroia MOXHO cJIenaTh BBIBOJI, UYTO CIIEKTpaIbHAS TIOTHOCTH JIFOOOTO CUTHAJa
Ha HYJIEBOH YacTOTE paBHA IUIOIIAIN IO KPUBOM rpaduka CUTHaA.
B tpuronomerpuueckoit hopme MOKHO MPEICTaBUTh Takxke Gopmyy (3.13):

s(t) = L jS(ja))ejmda) _ 1 jS(a))ej[a’Hq’(“’)]da) \
2 - 2t 2

s(t) = i ofS(a)) cos[wt + p(w)]dw + ji oJ?S(a)) sinfot + ¢(w)]ldo .

Y4uThIBas, YTO aMIUIUTYAHBIN criekTp S(@) — GyHKIUs YeTHas, MOKHO 3aIlu-
caThb

s(t) = %OJ?S(CO) cos[w?t + p(w)]dw .
0

3.3.3. CnekmpanvHas niomHoCmb 4emHO20 U HeUemHO20 CUSHANI08

ITycte s(¢) — yeTHslil curHain, T.e. S(¢) = s(—t), Toraa

(e8] . Q0 (e8] (e8]
S(jo) = _[ s(t)e_Jwtdt: _[ s(t)ycosmtdt — j _[s(t)sina)tdt:2_[s(t)cosa)tdt.
—00 —00 —00 0

Creqi0BaTeIbHO, CIEKTPaIbHAs MJIOTHOCTh YETHOTO CHI'HAJIA COJIEPIKHT TOJIBKO
JEWCTBUTENBHYIO YacTh, IMOABIHTErpaIbHAsS (YHKIIUS KOTOPOU Takke udeTHas. J[py-
I'MMH CJIOBAMH, CHEKTpaibHas IJIOTHOCTh YETHOIO CHUTHAjA SBISIETCS ICHCTBUTEIb-
HOM (hyHKITUEH.

ITycte $(¢) — HeueTHbIH curHam, T.€. S(¢) = —s(—t), Torma

o0 . 0 0 0
SGa)= [ stt)e ' at= [ s(t)ycosotdt - j [s(t)sinwtdt =2 [s(t)sinwtdt .
—o0 —00 —0 0

CJICI[OB&TCJIBHO, CIICKTpPaJIbHAA INIOTHOCTH HCUCTHOTO CUI'HAJIa COACPKUT TOJIb-
KO MHUMYIO Y4CTb, IMOABIHTCIPAJIbHAA (I)YHKI_II/ISI KOTOpOﬁ 4qcTHAaA, T.C. CIICKTpaJIbHAA
IUIOTHOCTh YETHOI'O CUTHAJIa SIBJISICTCS MHUMOM (1)YHKI_II/I€I\/'I.



3.3.4. Omauuusa cnekmpa nepuooudecKo2o CUHALA Om cneKkmpa
HenepuoouyecKko20 CueHala

1. lnst ompeneneHust CrieKTpa MEepHOJUIEeCKOr0 CHTHANIA MCIIONb3YeTCsl MaTeMa-
TUYECKH ammapaT psigoB Dypwe, A ONpPENEICHHUS CIEKTpa HEMEPUOIAUYECKOTO
curHana — npeoodpaszoanus Oypwe (uHTErpana Oypwe).

2. CnekTpoM NEpUOJUYECKOT0 CUTHAJA SIBISICTCS CHEeKMp AMNAUmyoO U CHeKmp
a3z TapMOHMYECKUX COCTABISIFOIINX. Pa3MepHOCTh CIEKTpa amIUIUTYyJ — 3TO pas-
MEPHOCTh CHTHaNA (HaNpsoKeHUsT Wwin Toka). CIeKTpoM HEeNMepHOANYECKOro CUrHaia
ABIICTCS. CHEKMPANbHAL NIOMHOCMb. MOJylb CIIEKTPaTbHON INIOTHOCTH HA3bIBAIOT
AMNIUMYOHBIM CTIEKTPOM, pazmepHocTh — B/I'y (B/Paod/c) wnu A/l'y (A/Paod/c). Apry-
MEHT CIIEKTPATBHOHN MIIOTHOCTH — 3TO ()a308blil CTIEKTP.

3. CnekTp nepruoJu4ecKoro CUrHaia JUCKPeTHbIN (JTMHeHYaThlil). 9To 03HAYaeT,
YTO CIEKTPAJIbHbIE COCTABJISIONINE CIIEKTpa ¢ HOMepamu ..., k—1, &k, k+1,... oTinu-

YaroTCs MO YacTOTe APYT OT ApYyra Ha BEIWYHHY, PABHYIO YaCcTOTE CHTHAJIa, T.€. Yac-
TOTBHI COCTABJIAIOIIUX PaBHHI ..., (k —)wy, ko, (kK +1)wy,.... Ciiektp Henepuoaunye-

CKOTO CUTHaJIa — CIUIOIIHOHM, T.C. CHEKTPaJIbHAs IUIOTHOCTh MMEET ONPECICHHOE
3HAUEHHE Ha BCEX 4YacToTax (B mpeaenax 3(h(PeKTUBHOM IOJIOCHI YaCTOT CIIEKTPaA CHT-
Hasa).

3.3.5. Ceoticmea npeobpazosarnus Pypve

®opMmyIibl IPSAMOro U 00paTHOro mpeodpazoBanuil Oypbe MO3BOJSAIOT MO CUTHA-
ay s(¢) ompeAeNuTh €ro CIeKTPATHHYIO IIOTHOCTH S(j®) U, €CIu B 3TOM €CTh HE00-

XOJIUMOCTb, 110 U3BECTHOU CHEKTPAIbHOM MJIOTHOCTU S(j@) onpeaenuTsh curHai s(¢).

JlpyruMu CJIOBaMH, CYIIECTBYET OJTHO3HAYHOE COOTBETCTBUE MEKIY CHTHAJIOM M €T0
cnektpoMm. Jlns  o00o3HAaYeHWs  3TOTO  COOTBETCTBHSI ~ OyJaeM  NPUMCHSTH
cuMBoI s(t) <> S(jw).

BrionHe oueBHIHO, 4TO JI000€ TMpeoOpa3oBaHUE CUTHANA MPHUBEACT K ONIpeIe-
JICHHOMY HM3MEHCHMIO CIICKTpa. B M XapakTep Takux HM3MEHEHUH OIPEACIISIFOTCS
CBOMCTBaMH MpeobpazoBanust Dypbe. 3HAHUE ITUX CBOWCTB 3HAYUTEIBHO OOJIEr4acT
OTIPEJICIICHUE CTICKTPAJIbHBIX XapaKTCPUCTUK PA3TUIHBIX CUTHAJIOB.

PaccMOTprM OCHOBHBIC CBOMCTBA MpeoOpazoBanms Dypbe.

a. JINHENHOCTH

Hano  s51(2) > S1(jo), 52(0) < $(jo), ..., 5,(1) & 5, (jo).
n
Omnpenenuts Sy (jw) Takoe, 4To Zaisl-(t) <> Sy (jw), rae o — NOCTOSHHBIE
i=1
KO3 PUITEHTBHI.
Bocnonp3yemMces npsiMeiM mipeoOpa3oBanrneM Dypbe:



O n .

Ss(o)= [ Sassie = Say (500  dt =3 a;5;(jo).

—o0i=l i=l —wo i=1

n n
OKOHYATENBHO 3aIHIIEM D.a;s;(t) & D a;S;(jo).
i=1 i=1
Buigoo. Ilpsimoe npeobpazoBanue Dypbe, SABISACH IMHEHHONW onepaliueit, oona-
JaeT CBOMCTBAMH OJHOPOJHOCTH M aAJUTUBHOCTU. [[03TOMY CIEKTP CyMMBI CUTHAJIOB
PaBEH CyMME UX CIIEKTPOB.

0. CnekTp curaaina, CABUHYTOTO BO BpPEMEHH

Hano s(f) & S(jw).
Omnpenemuts S.(jw) Takoe, uto  s(t L)) <> S, (jw).
o0
Sc(jo) = [s(txty)e™/ ar.
—00
3aMeHa IEpEMEHHBIX: Lty =X; (=XxTFly; dt=dx.

Torma
CD . — + . w . + .

SC (]a)) = Is(x)e_]w(x+t0)dx — e—]COtO J‘S(x)e—]a)xdx _ S(]a))e_]a)to .
o >

OKoOHYATENBHO 3aIMIIEM s(txty) o S( jw)eijw fo

Bvisoo. Cupur cursaia BO BpEMEHU Ha BEIIMYMHY =t f, IPUBOIUT K U3MEHEHUIO
(ha30BOM XapaKTEPUCTUKU CIIEKTPA HA BEIMYUHY * @7,. AMIUINTYAHBII CIEKTp HE U3-
MEHSIETCH.

B. lI3MeHenne macitaba BpeMeHH

[TycTh curnan s(¢) mMoABEprHYT H3MEHEHHIO MaciTaba BpeMeHH. JDTO O3HAYaeT,
YTO CHTHAJ 3aBUCHUT OT nepemerHou 't , T.e. IpeBpamiaeTcs B curHan s(at), rae o -
ko2 (ppuUIIMEHT, 3HaUeHNE KOTOpPOro odbecneynBaet cxarue (o > 1) win pacumpeHue
(0 < a <1) ucxomnoro curnana (puc. 3.3).

Hano: s(t) < S(jw).

Omnpenenuts S, (jow) Takoe, uto  s(at) <> S, (jo).

o0
Su(jo)= [stat)e™/"dt.

—00

; dtzldx.

X
3aMeHa MepEeMEHHbIX: af =X; [ =—
a a
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Puc. 3.3. Cxxatue u pacliupeHue CUrHajia npy pa3InyHbIX KodpUIHeHTax o

Torma
o0

S, (jo) =$ [ s(x)e @’ “)xdtzéS( ]gj

1
OKOHYAaTeNbHO 3aMUIIeM s(at) <> — S( Jj Qj :

Buigoo. [pu cxxatuu (paclIMpeHnn) CUTHaIa BO BPEMEHH B ONPEIEICHHOE YUCIIO0
pa3 BO CTOJBKO K€ pa3 pacuiupsiercsi (CKMMAETCs) €ro CHEKTp MO OCH YacTOT IMpHU
MPOMOPLMOHATIFHOM YMEHBIIEHUU (YBEIUUEHUN ) AMILTUTY/] €I0 COCTABIISIFOIIMX.

ds(r)

r. CnekTp npou3BOIHOM 7
t

Hano:  s(t) < S(jw).
Omnpenenuts S, (jo) Takoe, 410 dil— S, (o).

O6patHoe npeoOpazoBanue Oypbe
1% :
s(t)=— [S(jo)e! do .
2r Cw

Bo3bpMeM Mpor3BOAHYIO OT JIEBOM U ITPABOM YAaCTEM 3TOr0 PABEHCTBA:
ds(t) 1

dt 2r

o0
jja)S(ja))edea).

CpaBHHBasl TIOJYyYEHHOE BBIpAXKCHHUE C OOpaTHBIM TpeoOpasoBaHueM Dyphbe,
MOJKHO CZIeTIaTh BbIBOA, 4T0 S, (jw) = joS(jo).

ds(t)

OKOHYAaTENbHO 3aMUIIeM e > joS(jo).
t



Bv1600. CrieKTp NpOM3BOAHON CUTHAja PaBEH CIEKTPY MCXOJHOIO CUTHaja, yM-
HOKEHHOMY Ha j@ . [Ipy 3TOM aMIUTUTYyIHBIA CIIEKTP U3MEHSETCS MPONOPLMOHAIBHO

W3MEHEHUIO YacTOThI, a K ()a30BOM XapaKTEPUCTUKE UCXOJTHOTO CUTHAJA 100aBIICTCS
MIOCTOSIHHAS COCTaBJIstoMIast, paBHast 77 /2 nipu @ >0 v paBHast — 7 /2 nipu @ < 0.

t
1. Criextp uHTerpaia j s(t)dt

—0o0

Hano:  s(t) < S(jw).
t
Omnpenenuts S, (jo) Takoe, 410 j s@dt & S,(jo).
—0
Bo3bmem uHTErpan ot JieBoi 1 mpaBoit yacteit oOpaTHoro npeodpaszopanus Dy-
phbe:
t t 1 0 ) 1 0 r
[sydt= [ | — [S(jw)e! " dw dt =—[ S(jw)| [/ dt|do,
2r 2r
—0 —00 —00 —0 —0
‘ 17 :
[s(dt=— [ —S(jw)e’” do.
B 2r ]

CpaBHHMBasi TOJIY4YEHHOE BBIpAXKEHUE C 0OpaTHBIM IpeoOpa3zoBaHueM Dypse,
MO>KHO CJI€J1aTh BBIBOJI, UTO

Su () = —— S(jo).
jo

t
1 .
OKOHYAaTENbHO 3aruIleM j s(tydt &> —S(jo).
jo
—00
Bv1600. CHekTp CUTHAla, PaBHOTO WHTETpaly OT HMCXOJHOTO CHUTHAlla, PaBEH
CTHIEKTPY HMCXOIHOTO CUTHala, NIEJICHHOMY Ha j@ . [Ipu 3TOM aMIUIMTYIHBIA CHEKTp

U3MEHSCTCs 00pPAaTHO MPOMOPIMOHATBHO U3MEHEHHIO YacTOThI, a K (ha30BOM XapakTe-
PHCTHKE MCXOJHOTO CHUTHANA JOOABISIETCS TMOCTOSIHHAS COCTABIISIIONIAs, paBHast 77 /2
npu @ <0 u paBHas — 7 /2 ipu @ > 0.

C. CHCKTp MMPOU3BCACHUA ABYX CUT'HAJIOB

Hano:  s51(1) © S1(Jw), s2() > S (Jo).
Ornpenenuts S, (jo) Takoe, uro  s1(¢)sy (1) <> S, (jo).



Snp(]a)) = OJ? S](f)Sz(f)e_jwtdl‘ = OJ? [i OJ?Sl(jQ)ethdQ]S2(t)e_ja)fdt-

—0o0 —0o0 —00

. 1% N (-0
Spp (o)== [ Si( ]Q)[ [ 57 (0)e (@ dt]dQ.
27
—o0 —00
WHTerpan B KBaApaTHBIX CKOOKaX — 3TO CHEKTpaibHasl IIOTHOCTE SH[ j(w — Q)]
CUTHazia s, (¢).

CraenoBaTenbHO,

Sy () = i [ 81 (JQ)S, (e — Q)] = i 51(j0) @55 (jo).

1
OxonuarenbHO 3anuuieM  §1(2)s, (1) <> Py S1(jo) RS, (jw).
T

Bv1600. CriekTp Mpou3BEACHHS IBYX CHUTHAIOB PaBEH CBEPTKE MX CIIEKTPOB, YM-
HO>KEHHOM Ha K03 duument 1/2r .
AHAJIOTUYHO MOKHO TTOKa3aTh, YTO
51(0) @52 (1) & 51(j0)S2(j@),
T.€. MIPOU3BEACHUIO JBYX CHEKTPOB S|(j®) WS, (j®w) COOTBETCTBYET CUTHAI, 00Opa-
30BaHHBIN CBEPTKOH JIByX TAKUX CUTHAJIOB, 4TO s1(f) <> S1(jw), s7(t) < SH(jo).

Credcmeus U3 IOYYCHHBIX PE3YJIBTATOB.
1. ITycts @ =0. Torga

Sup(0)= | S1(t)S2(f)df=$ [ S109)82 (=jQ)dQ2 = 3y, (3.14)

rne Dyp — B3aUMHAas DHEPIHs JBYX CUTHAJIOB.

2. Ecnu B BbipaxeHuu (3.14) nonoxuts s1(¢) = s, (f) = s(¢), TO HOIYyIUM PaABEH-
ctBO [lapceBains

1 % . 2
9=—J.‘S(]a) X do
2r =
. 2
T.e. BenmmuuHa ‘S (o )‘ MOJKET pacCMaTpHUBAThCs KaK IJIOTHOCTH pacrpeierie-

HHUA 9HCPIrud CUrHaja 1o 4aCcToTaM.

K. B3anmHas 3aMeHseMocTh @ U ¢ B ipeoOpazoBaHusix Oypbe
(CBOMCTBO TyaqbHOCTH)

1. Curnany $(f) COOTBETCTBYET CIEKTPaIbHas IIOTHOCTL S(j@), IprdYeM



1 % ;
s(t) == [S(jo)e! do .
2r
—0o0
BrInosHuM B3aUMHYIO 3aMEHY IIEPEMEHHBIX @ U ¢ . llomyyaem

1% : 1% _i
s(@)=— [ S(it)e!®ldt =— [S(=jt)e /® dr.
() 27{_{0 (jt) 27{_{@( Jjt)

1
[ToydyeHo BeIpakeHue AJis criekTpa s(w) GyHKIUHA 2—S(— Jjt).
T

Hanuuve MHUMOM eauHMIIBI j B 0003HAYEHUU apryMEHTa UMEET TOJIbKO CHMBO-
nudeckuit cmbici. [loaToMy B yHKIIMHM, OMUCHIBAIOIIECH CUTHAI, MOXHO yOpaTh j, a B
(GyHKIMHU, OMKMCHIBAIOIICH CIEKTp, MOCTaBUTh. Torjaa MOMKHO 3aluCaTh OKOHYATEb-
HBIU pe3yJIbTar:

ecmu s(t) <> S(jw), 1O %S(—t) > s(jw). (3.15)
T

2. CrnexTpayibHOM IIOTHOCTH S(j®) COOTBETCTBYET CUTHAI S(f), IpUYEeM
0 .
S(jo)= [s(t)e /dt.
—00
BrlinorHUM B3aMMHYI0 3aMEHY TIEpeMEHHBIX @ U ¢ . [Toydaem

[} Q0
S(jt) = [s(@)e™/?! d -G [275(-w)e’ ' dov.
= 2 e
[Tomydyeno Beipaxenue st curaana S(jt), umeroriero cnekrp 27z s(—w). OKoH-
94aTeJIhbHO MOKHO 3aIHCaTh:
eciu s(t) <> S(jw), T0 S(¢) > 27 s(—jw). (3.16)
Ousnueckuit cMmbicit opmyi (3.15) u (3.16): ecnu curHany s(f) COOTBETCTBYET
aMIUTUTYAHBIA criekTp S(®), To curHaity, uMemnlneMy Gopmy Takyro ke, Kak ¢popma
aMIUTUTYTHOTO CreKkTpa S(®), COOTBETCTBYEeT CHEKTp, HMewmui ¢opmy cur-
Hana s(1).
Ecnu curnan yetHsiid, T.¢. S(¢) = S(—¢), TO CeKTpaibHas IIOTHOCTh TaKXKe YeT-

Has U BellecTBeHHas. B atoMm ciyuae pesynbratsl (3.15) u (3.16) MOKHO mepenucaTh
CJIEIYIOUIMM 00pa3oM:
ecmm s(t) © S(jow), 0o St)o2rs(jo).
Taxum oOpa3om, nepeMeHHble @ U ¢ B npeoOpazoBanusx Oypbe B3aUMHO 3ame-
HSIEMBI.
[Tomy4yeHHbIE pe3yNIbTATHI MOSCHSOTCA pUc. 3.4.



S(t) 2oy

e )
Eia

/\ A t (i

Z4n _2m g0 Zm 4m Add 0 A
A Ao Am Am 2 7

CHraan Criex1p

Puc. 3.4. B3aumo3ameHs1eMOCTb IEPEMEHHBIX @ U ¢ B peoOpazoBaHusXx Dypbe
3. CMeleHne creKTpa CUrHana

[Ipoussenenue AByX CUTHANOB S1(¢) U Sy (&) = cos(wg? + ¢) oOpa3yeT rapMOHU-
yeckuil cur"an s(¢) = s1(¢)cos(wot + @), B KoTopoM S (f) NIpH COONIOAEHUH HEKO-
TOpBIX ycioBuil (1. 4.5) Moxer ObITh orubaromeil. Tak, ecan sy(f) — UMITYJIbCHBIM
CUrHaJl (BUJCOUMITYJIBC), TO S(£) — 3TO PaJUOUMITYJIbC C HECYILEH YaCTOTON ).

OmnpenenuM CrieKTpaIbHYIO IIIOTHOCTh CUTHAMA S(7):

w . w .
S(jo)= [s(t)e™/® dt = [s1(t)cos(wgt +p)e /" dt =

—0o0 —0o0

0 (e8]
:% Isl(t)ej(w0t+¢)€_jwtdt+% J‘Sl(t)e—j(wotﬂo)e—jw gy~

—Q0 —00

1 . % e 1 _ .. % .
=—el/? Isl(t)e o=t gy 2 ]9 Isl(t)e J(w+w0)tdt.
2 2
— 00 —00
Takum 00paszoM, crieKTpalibHasl INIOTHOCTh CurHana s(¢) paBHa

S(jw) = %ef“’sl[j(w — )] +%e‘f<"sl[j<w + o).

Bvi6oo. Ilpy yMHOXEHMM CHUTHaJla Ha TapMOHHUYECKYIO (PYHKLHUIO oOpazyercs
CUTHAJ, CIEKTP KOTOPOTO IpEICTaBIsIeT cO00W NMpeoOpa3oBaHHBIN CHEKTp CHUrHalIa



51(¢) . Cyth ipeoOpa30BaHus 3aKIII0YAETCS B IIEPEHOCE CIEKTpa HA t @( C yMEHBbIIE-

HUEM BJIBOE €r0 BEJTUYHHBI.
Paccmotpennsle cBolicTBa mnpeoOpazoBaHuss Pyppe 3HAUUTENBHO OOJEryaroT
BBIYHCIICHUE CIIEKTPOB PA3JIMYHBIX CUTHAJIOB.

3.4. OnpenesieHue CNIEKTPOB HEKOTOPbIX CUTHAJIOB

3.4.1. Cnexmp K0JI0KON000PA3HO2O (2aycco8a) UMNYIbCA

. . 1 _ 2
Curnan, onuchiBaeMblil QpyHkuuel Buga s(t)=—e (t/7) , TIPEJICTABIISIET CO-
T

00l KO0JIOK0JI000pa3HbIM (rayccoB) UMITYJIbC, COBNAAAONIUi o popMe ¢ rpadukoM
HOPMAaJIHOTO 3aKOHA paclpeaeseHus BeposiTHocTel (puc. 3.5,a). HekoTopbie xapak-
TEPUCTHKH CUTHaja (TUIouaap moJ rpa)ukoM CUrHaia, 3HaueHUe mapamerpa 7 ) pac-
cMoTpeHbI panee (1. 2.2.3). YOenumcs B TOM, YTO aMIIUTYHBIM CIIEKTpP 3TOTO CHUT-
HaJsia 10 opMe COBIAIAET C CAMUM CUTHAJIOM.

s(t) ()

~i, 0
6

a

Puc. 3.5. Konokoy1000pa3HsblIii (rayccoB) UMITYJIbC () U ero crekTp (0)

CrnexrpanbHy0 INIOTHOCTh CUTHAJIA OyJIeM OMpPENeIaTh, BEIYUCIISIS MPSIMOE TIpe-
oOpazoBanue Dypee:

2
© . 1 % —ﬂ(t] .
S(jo)= [ st)e /== [e T/ e /¥ar.
T
— 00 —0o0

IMpumenum dopmyny Diinepa:

2 2
S(jw)=— je Y coswt dt — j— je v/ sin wt dt.
T T
— 00 —00
BTopoii MHTErpa Mojy4eHHOrO BhIpaskeHHs paBeH () Kak MHTErpag B CUMMET-
PUYHBIX TIpefieflax OT HeueTHOW (yHKuuM. J{jis BBIYMCIECHMS HEPBOrO MHTErpaa



BOCITIOJIB3yEMCSI CITIPAaBOYHUKOM 110 MatemaTuke [1]. B Tabnuiie HeonpeaeieHHbIX WH-
TerpajioB CIpaBOYHUKA TTPUBEEeHA popMyria

22 Jr 2/42
fer@* cosbxdx:—eb/4a npu a>0.
2a
[TpUMEHHUTENBHO K pacCMaTpPUBAEMOii 3a1aue
N
a=——; b=w.CrenoBareibHo,
T
CO2T2 CO2T2

%\/;r
r2\/;

S(w)== je 7(t/7)’ coswt dt =

2 a)
O6o3auum Q =—_ Torma - , UYTO MO3BOJISAET 3aM1CaTh
T

TaKI/IM 06pa30M, KOHOKOH006pa3HLII/I I/IMHYHBC Hu €ro CHCKTp OIIUCBLIBAKOTCA IIO

CYIIECTBY OJIMHAKOBBIMH (PYHKIUSAMH (OTINYAFOTCS TOJIBKO MAacIITaboM U, pa3yMeeT-
cs1, aprymeHTamu). CexkTp curaajia u3oopaxeH Ha puc. 3.5,0.

— (/4
Ilomoca CIICKTpPa Ha YPOBHC € (7[/ ) OT MaKCUMAJIbHOI'O 3HAYCHUS paBHA

2
2
P [ B 2 0] = "l i z, Aa)=2a)1=—7[=Q.
Q 4 2 20 1 T

[To 3HaueHNI0O A® MOXHO ONEHUTH d(PPEKTUBHYIO MOJIOCY YACTOT, 3aHUMAEMYIO
cHeKkTpoM curHaina. [lomydueHHOe COOTHOIIEHHE MO3BOJSET CAENATh BBIBOJ, YTO YEM
MEHbIIE MapaMeTp T KOJOKOJOOOpa3HOIo CUTHajia, TeM IIMpe MoJioca YacToT, 3aHU-
MaeMast €ro CIeKTPOM.

3.4.2. Cnexmpanvnas niomuocmos & -@yHKyuu

CriekTpajiibHyI0 TUIOTHOCTh & -(QYHKIIMU ONPEEIUM C MOMOIIBIO MPSMOro Ipe-
oOpazoBanus Oypbe, UCIIONIB3YA €€ CENEKTUPYIOIIEee CBOMCTBO:

0 0
S(jo) = [ s@ye @t = [S(t)e 7 dt = e/?0 =1.
e o

Takum oOpazoMm, &-(yHKIUS UMEET PaBHOMEPHBIM U CIUIOUTHOW aMILTUTY/HBIH
CHEKTp, PaBHBIA €JIMHHUIIE HAa BCEX YaCTOTax. BeliecTBEeHHOCTh CNEKTPaIbHOM MIIOT-
HOCTHU 00YCJIOBIMBAET OTCYTCTBHE (ha30BOTO CIieKTpa (puc. 3.6,a).

OO6patHoe mpeoOpazoBanue Dyppe OT cnekTpa &-(QyHKIUU AACT CIEIYIOIINE
bopMyIbl 11 €€ peCTaBICHHUS:



o0 o0
it 1 —jot
s(t)y=-t [¢/”do S(ty=-t [e/dw.
) =2 ’ ) =2
—o0 —00
YuuThiBas B3aMMO3aMEHSIEMOCTb YaCTOThI U BPpCMCHHU B HpeO6pa30BaHI/II/I CDy-
PbC, MOKXHO 3aITNCATh:

o0 o0
S(w)=7= [e/dt,  S(@)=7 [/,
—o0 —0o0

CaBur 6 -QpyHKIMU BJOJb BPEMEHHON OCH Ha MHTEpBAJ f, MPUBEAET K U3MCHE-
Huto criekTpa. OH OyneT paBeH

o0
S(jw)= [8(t—tg)e /' dt =710 .
—00
[Ipu caBure O -GyHKIMW aMIUTMTYAHBIA CHCKTP HE HM3MEHseTcs. llosBisercs
(ha30BBIN CHIEKTP B BUJIE JIMHEHHOM 3aBUCUMOCTH (Da3bl OT 4acTOThI (puc. 3.6,0).

Sl l{ay

a 0

Puc. 3.6. AMmuatynsslii (a) u $ha3oBbrii (0) crieKTpsl O -PpyHKIIUU
3.4.3. Cnexmp yHKyuu eOUHUYHO20 CKAUKA

Omnpenenenue CrnekTpa PyHKIMK €IUHUYHOTO CKayKa IMyTeM HEMOCPEJACTBEHHO-
ro BBIYUCIICHUS TIpeoOpazoBanus Dypbe COMPOBOXKIACTCS 3aTPYIHCHHUSIMU, CBSA3aH-
HBIMU C TEM, YTO 3Ta (QYHKIUS HE SBJISETCS aOCOMIOTHO MHTETrpupyemoit. [loatomy
MOJIB3YIOTCA KOCBEHHBIM METOJIOM, MPEAYCMATPUBAIOIIMM MPEACIBbHBIN MEPEXO K
JTaHHOW (YHKUHUU OT Apyroi GyHKIMH, CIIEKTp KOTOpPOH ompezensercs 06e3 3aTpy/i-
HEHUH.

OYHKIHUKO €IUHUYHOIO CKAayKa MOXHO TMOJYYHUTh U3 SKCHOHEHIMAIBHOTO HUM-
IyJibca IyTEM IPENIEIBHOIO Iepexo/ia, T.¢€.

lime™' mpu >0
G(t): a—0
0 mpu <0

CrnenoBaTesibHO, CIEKTPAIbHYIO XapaKTEPUCTUKY (PYHKIMH €TUHUYHOIO CKauKa
MOYHO ONPEIENINTD, BHIIOJIHUB MPEIEIbHBIN IIEPEXO0/] OT CIIEKTPa SKCIIOHEHIIMAIBHO-
ro umnyibca npu o — 0. Onpenenum CeKkTp SKCIOHEHIMAIbHOTO UMITYJIbCA!



o0

o0
—af —i 1 _ ; 1
Sa(ja))zje at, Jwtdz‘z——. e (aﬂw)t‘ =—.
0 a+ jo a+jo

Toraa HCKOMBIN CHEKTP paBEH

. : . : a .. -
S(]CO): lim Sa(]a)): lim ﬁ-F] lim ﬁ
a—0 a->0a0° +w a->0° +w
IIpu a =0 mnepBoe cinaraemMoe B MpaBoOil yacTu 3TOM (HOPMYJIBI paBHO HYJIIO HA

BCCX HACTOTAX, KPOME @ = 0. Ha gactore @w =0 »10 cimaraemoe 06pamaeTC$[ B Oec-

o
KOHe4YHOCTh. [Tnomane mox rpagukomM QyHKIMU —5 5 basHa
a”+o
(e @) (e @)
a 1 2arn
N, X0 00" +o 2a

Taxum o6pa3om, mpenesoM mepBoro ciaraeMoro npu o — 0 sSBiIsieTcs B3BEUICH-
Hast S -yHkims, T.e. 76 (w). [Ipemenom Broporo ciaraemoro — Benmunna 1/(jo). B

PE3YyIbTAaTC MOXHO 3allMCATh BBIPAXKCHUC IJIA CHCKTpaHBHOﬁ IINIOTHOCTHU (1)YHKI_II/II/I
CAMHUYHOI'O CKa4YKa.

S(jow) =nd(w)+1/(jo).

['paduixu ammIuTygHOTO M (Pa30BOTO CHEKTPOB MPUBEICHHI Ha puc. 3.7.
S(@) i@y

o -T

o

Puc. 3.7. AMnauTyanbiid v (a3oBbIi CIIEKTPbl PYHKIIUU €IMHUYHOTO CKayKa
3.4.4. Cnexmp nocmosiHHo20 80 8pemMeHU CUSHAd

[TocKOIBKY MBI 3HAEM, YTO CIIEKTPOM O -(QYHKIIMH SIBISIETCS KOHCTAaHTa, TO OJia-
rojaps AyailbHoCTU mpeoOpa3zoBaHus Pypbe MOXKHO 0KHMJIATh, YTO CHEKTP MOCTOSH-
HOT'O BO BPEMEHH CUTHAJIA (KOHCTaHTHI) Oy/IeT UMETh BUJ O -()yHKIIHH.

ITycth s(¢) = A. CuexTp 3TOro CurHaia paBeH

0 0
. —jwt 1 —jwt
S(jo)= | Ae”/?'dt =27d— [e™/®'dt = 2745 (w).
2
—00 —00

[Ipeanonoxenne moaTBepauiioch (puc. 3.8,a). 31ech XOPOIIO MPOCISKUBACTCS
O6paTHa$I MMPOIMOPHIUOHAJIBHOCTE MCKAY MJIIHUTCIBHOCTBIO CUTHAJIA H HJI/IpI/IHOP'I cro
CIICKTpA: 6CCKOHC‘{HO HpOTSI)KCHHBIﬁ CUT'HAJI UMCCT 6CCK0HCIIHO y3KI/II71 CIICKTD.



3.4.5. Cnekmp KOMNAEKCHOU IKCNOHEHMbl

PaccMOTpHM KOMIUIEKCHEIH curHan suaa s(t) = Ee’ @l CnexTp Takoro curHa-
Jla paBeH

(e @) o0
S(jo)= [Ee!®'e /gt = E [ /@720 gt = 27E8 (0 - ).
—00 —00
CriekTp KOMIUJIEKCHOTO CUTHAJIa IPEe/ICTaBisieT cOO0M OAMHOYHYIO B3BEHICHHYIO
0 -pyukmuro (puc. 3.8,0). CurHan He SBISETCS BEIICCTBEHHBIM, IIO3TOMY aMIUTHTY/-
HBIU CIIEKTP TEPSET CBOUCTBO YETHOCTH.

() )

I 2nE

a 0

Puc. 3.8. AMIIMTYyAHBIE CIIEKTPhI MOCTOSIHHOTO BO BPEMEHM CUTHAajla (a)
1 KOMILJIEKCHOM DKCTIOHEHTHI (0)

3aMeTUM, 4TO MOJIeJIb KOMIUICKCHOT'O CHUTHAJa SIBJISETCS YIOOHBIM CPEIICTBOM
aHaJgu3a MOJYJIMPOBAHHBIX CHUTHAJIOB, OCOOCHHO MPH CJIOXKHBIX BHIAX MOIYJISALIHH,
MpeaycMaTPUBAIOIIUX OJHOBPEMEHHOE M3MEHEHWEe aMIuMTyAbl u (a3bl. Takas mo-
JIeJIb CUTHAJa aHAJIU3UPYETCs B CEeNYIOUIEM paszene 4.
3.4.6. Cnekmp 2apmMoHuuecKko2o cueHala

OHpCIICJII/IM CIHCKTPAJIbHYIO INIOTHOCTb 'APMOHHUYCCKOI'O CUTHaJIa

s(t)= Ecos(wpt +¢).

o0 o0
. E . . .
S(jw) = I Ecos(wgt +@)e /Pldt == I[e](w0t+(p) + e J@0*) | mjot gy
—Q0 2 —00
ee} [ee}
_E o [e /@0t gy 4 £ -jo [e @00ty
—o0 —00
OkoHYaTEIHLHO

S(jw) = Ame!?S(w—wy) + Ane 125 (0 +w,).



CrnexTpanpHasi IIIOTHOCTh TAPMOHUYECKOT0 CUTHaja MpeCcTaBiseT co0ol mapy
B3BEIIECHHBIX O -QYHKIMHA, PacloOKEHHBIX Ha 4acToTax T @,. Beca ¢ -dyHkuuii

OTPaKaKOT KOMIIEKCHYIO aMIIUTYly TAPMOHHYECKOTO CUTHAJIA.
3.4.7. CnexmpanbHas niomHoCmb NPAMOY201bHO20 BUOCOUMNYNbCA

CrexTpaibHyI0 IJIOTHOCTH MPSMOYTOJIBHOTO BUAEOUMITyJbca (puc. 3.9) ompe-
JIETTUM JIByMS CTIOCOOaMU:

1) HemocpeICTBEHHBIM BBIUUCICHHEM TIPSIMOT0 npeodpazoBanus Oypee;

2) UCTIOJIb30BAaHUEM CBOMCTB mpeodpazoBanus Dypne.

Ilepeuviii cnocoo.
Breruncnsem mpsimoe mpeoOpazoBanue Dypbe, YUUTHIBas OTPAHUUYCHHYIO JIJTHU-
TEBHOCTh CUTHAJIA ¥ TIOCTOSTHCTBO aMIUTUTY/BI B TIpeieaX JIMTeIbHOCTH:

T, /2 . T2 jot, /2 —jor, /2
SGo)= [ Ee ™= Lot [ ~p¢ — ,
_Tu/z _Tu/z JO

I 2
S(@) = Er, S2@Tu/2)
)

PaccmaTpuBancs 4eTHBIA CUTHAJ], MOTOMY €ro CHEKTpalibHasl IJIOTHOCTh CO-
JEP>KUT TOJIBKO JEUCTBUTENBHYIO 4acTh (CM. puc. 3.9,0).

AMIUTUTYTHBIH CIIEKTP NPEACTABIAET c000# GyHKuuio Tuma sin x/x . OH umeet
JICTIECTKOBBIA XapakTep, NpudeM IIMPHHA JICNECTKOB paBHa 27/7, , T.e. 00paTHO

IPONOPUMOHANBHA UTUTENBHOCTH UMITylbca. Hyln ClieKTpa OnpeessioTes U3 ypas-
Henus sin (w7, /2) = 0:
2r
or, [2=1kr, k=1,2,3,..., o =tk".
Tu
3Ha4yeHHUe. CMEKTPAIbHOM IUIOTHOCTH UMITylbca pu @ =0 paBHO Mpom3Bese-
uuto E7,, T.e. S(0) paBHO IUIOMAN UMITYIIbCA.
[lpy yBENMYEHHH JUIMTEIBHOCTH HMITYJIbCa IIMPHHA JICIIECTKOB CIIEKTpa
YMEHBIIIACTCS, TIPH 3TOM yBenuuuBaercst 3HaueHune S(0). Ilpu ymeHbLieHHH TH-

TCJIbHOCTHU HUMITYJIbCA MIKUPUHA JICIICCTKOB YBCINYNBACTCSA, 3HAYCHUC S (O) YMCHbIIIA-

ercs. [lpu 7,, — 0 TouKH crieKTpa @) = 52 YIAISIOTCS B GECKOHEYHOCTh U Gec-
Ty

KOHCYHO MaJjiasi CICKTpajabHasl MIIOTHOCTh CTAHOBHUTCS PABHOMEPHON B OECKOHECUHOM

nosnoce 4actoT. [Ipu 7, —> 00 TOYKH CIEKTpa @) TPUOIMKAIOTCS K HYJIIO U GECKO-

HEYHO OOJIbIIasi CEKTpalibHAs TIOTHOCTh MpHOOpeTaeT Bu O -QYHKIUH (C TOJIO0COM
4acTOT, paBHOU HYJIIO).



®a30BbIil criekTp (cM. puc. 3.9,0) npuHuMaeT Jaullb aBa 3HayeHus: 0 U 7 B 3a-
BHCHUMOCTH OT 3Haka (QYHKIMHU sinx/x. 3HadeHus (a3bl 7 U — 7 HEPa3THUHMBI,
pasHble 3HaKu 15 pazoBoro crekrpa npu @ >0 u @ < 0 Kucnonb30BaHbI JUIIb C 1e-
JIBIO MIPE/ICTABIICHUS €T0 B BUJE HEUETHON (QYHKIUU.

s(t) S(a)
Etu
3 /]
_In 0 Tu t c _4nm _2m p 2m 4n; .
. T T T
dsty  ° o TH gy tHOTH
dt- . r\_‘ ........... 211:
E‘A T . ! ; Ceee T
T 0 T b Zdmo_2m Ofe o j2m . “
- 2 TH  LH ~ | T "
_']'E ......
_E T : \\\
T —"y el 1l T \.ul )
a S

Puc. 3.9. IlpsimoyroyibHBINM UMITYJIEC U €70 TIPOU3BOAHAS (a),
CHEKTpP NPSAMOYTOJIBHOIO UMITYJIbca (0)

Ilpu cnBure ummynbca IO OCH BPEMEHHM Ha BEIMUYMHY Af =X, CHEKTpajbHas
IUIOTHOCTh B COOTBETCTBHHM CO CBOWCTBaMHU TpeoOpasoBanusi dyphe mnpuolOpeTacT
BU/T

sinlwt, /2) oA sinlwt,, /2) +iwt
S(a)):ETu ( u/ )e]a) tZETu ( u/ )e—] 0'
T, /2 o1, /2

Kak BHIHO M3 ATOr0 BhIp@KEHUS, aMIUTUTYIHBIN CICKTP HE U3MEHSETCS, a da-
30BBIH CIEKTP CBUICTCIBCTBYET O JIMHEHHOW 3aBHCHMOCTH (Da3bl OT YaCTOTHI CO
CKauKaMHU Ha 7 B TOUKax @y (WITpUXOBas JUHUSA Ha puc. 3.9,0).

Bmopou cnoco6.
Ompenensiem curHan sy(¢), paBHbI MPOU3BOJHONW OT pPaccMaTpUBAEMOTO Mps-

ds(r)

MOYTOJIBHOTO BUIEOUMITYJIbCa, T.€. §1(f) = . OTOT CUTHAJI IPEICTABIAET COOOM

JBE B3BEIICHHBIE O -PyHKIUU (cM. puc.3.9,a). CnekTpanbHas MJIOTHOCTh CHTHANA
s51(¢) Oyzner paBHA CyMMe CIIEKTPaJIbHBIX IIIOTHOCTEH O -PyHKIMIA, @ IMEHHO:

o0 o0
Si(jo)=E | 5(t+%”je‘f“”dt—E [ 5(1‘—%‘)@‘]‘0%:
—o0 —0o0

_ E(eja)z'u/2 _ e—ja)z'u/2) ‘



CrniekTpasibHasi TUIOTHOCTh MPSIMOYTOJILHOTO MMITYJIbCA, SIBJISIONIETOCS] HHTErpa-
JIOM OT curHana si(¢), mojydaercs aejieHueM cuekrpa S;(jow) Ha jo (cM. cBOMCTBa

npeobpazoBanus Oypse):

. jor, /2  —jor,/2 .
S(jw) = Sl(.]a)) _ E(e | e ): Ez, sin(wt, /2) '
jo Jjo o1, /2

Bropoii cnoco0 BbIYMCIEHUS CHEKTPaIbHON IJIOTHOCTHU SIBISETCS Oosee IMpo-
CTBIM.

3.4.8. CneKmpaﬂbHa}z NJI0NnHOCNb NPOU360JI6HO20 nepuoauquKoeo cuzcHauia

[leproguyeckuii curHan MoOXKeT ObITh MpeACTaBieH pAnoM Dypbe B KOMIUIEKC-
HOU popme

0 .
s(t)= Y Crelkort
k=—o0

2
rie @] = ? — 9acTOTa MEPBOM rapMOHUKH, PaBHAs YacTOTE CUTHAJIA.

Y4auTeiBasi pe3ynbTaThl, MOTyUYEeHHBIC TTPH BHIYMCIEHUH CIIEKTPa KOMIUIEKCHOTO
CUTHaJa, MOXHO CJIeNaTh BBIBOJ, YTO CIEKTPalibHAs IIOTHOCTH MPOU3BOJIBHOTO Tie-
PHOJMYECKOTO CHTHANIA MPEICTaBisieT co0or Habop O -pyHKIMH, pacmoioKeHHBIX
Ha YacToTax rapMoHWK psna Dypre. Beca O -QyHKIMI paBHBI COOTBETCTBYIOIIMM
kod(ppunuertam psga Oypre, yMHOKCHHBIM Ha 277 .

3.4.9. Cnexmpanshas nioOmMHOCMb CUZHANA 8UOA Sin X/ x

[Ipu paccMoTpeHUN BOIIPOCOB TUCKPETU3ALMHU HENPEPHIBHBIX CUTHAJIOB BO3HU-
KaeT HeoOXOAUMOCTD 3HATh CIEKTP CHI'HAIA, OMHUChIBaeMOro (GyHKuuei sin x/x . Bbi-
YHCIIEHUE cIeKTpa OyzneM MpOU3BOAUTH M0 (Gopmysie mpsimoro npeodpazoBanus dy-
pbe. MTak, nycTs 3a7jaH CUTHaJ

SIn@,,t
s(t)=A——,
Wyt
2r .
rie w,, =2rf, =7 T —nepuon GyHKUIUHU SIN @ 1 .
Hynu curnana onpeaenstorcs Tak:
km
Ot =tkr npn k=1, 2,...; t=+—.
a)m

Tornma

Tsinw,,tcoswt
=24 dt =
W, L oyt

sin @,,t _Jwtd

S(jw)=4 J



_ A Ofsin(a)+a)m)z‘dt_ A Tsin(a)—a)m)tdt‘
O t O t

N3 tabnuipl onpeaeeHHbIx nHTerpanos [10]:

[ee]

T
: — npu a>0,
J~s1nax 2

dx =
X

T
0 —— pu a<0.
5 p

Torna mpu ‘a)‘ >w,, S(jo)=0, a npu ‘a)‘ <w, S(jo)=Ar|w,, . Takum 06-
pasoM, CHeKTpabHas MIOTHOCTh CHIHANA THIA SinXx/X BEIECTBEHHAS (CHIHAN YeT-

HBII), aMIUTUTYIHBIA CIEKTP UMeeT (GopMy MPSIMOYTOJBHOTO UMITYJIbca. KoHKpeTHO
sin @,,,t A
IUI paccMaTpUBaeMOro curHana s(t) = A———— aMIUIMTYIHBIA CIIEKTp OTrpaHuYCH
a)m
H0JI0COH yacToT 2w, , B Npeaeliax KOTOpoil ypoBeHb CHEKTpa PaBHOMEPEH U PaBeH
(puc. 3.10)

Ar  Arx A

O 27 2w

(1) S(m)
A
A
2fim
AN (TR AN t - gy 0 o
vy D Wm ™ o
Sin @,,t
Puc. 3.10. Curnan s(f) = A——" u ero crexrp
Wt

AHANIOTUYHBINA PE3yJIBTAT MOXET OBITh MOJTYYEH M3 CBOMCTBA AyadbHOCTH IIpe-
oOpazoBanns Dypbe. B cOOTBETCTBHMU C 3TUM CBOMCTBOM, €CIIM YETHOMY CHUTHAIY
s(f) coOTBETCTBYET CIEKTpasibHas TJIOTHOCTh S(j®w), To curHany S(¢) OyaeT cooT-

BETCTBOBATh CIIEKTpaJIbHASI TUIOTHOCTD 275(j @) .

M3BecTHO, YTO NPSIMOYTOJIBHOMY MMITYJIbCY AJUTENBHOCTBIO T, M aMIUIUTYJON
sin(wt,, /2)
(07, /2)
HAJIy TUTIA Sin X/X COOTBETCTBYET aMILTUTY/IHBIN CIIEKTP, MMEIOIIMI PIMOYTOIBHYIO

E COOTBCTCTBYCT CIICKTPAJIbHAA IIJIOTHOCTDH ETu . D10 3HA4YUT, 4YTO CHUT-



dbopmy. Heo6xoanumMo TOJIBKO ONMPENENIUTh JIUTEILHOCTh U YPOBEHb aMIUIMTYAHOIO
CIIEKTpa paccMaTpUBaEMOro curuana s(t).

3aMeHHB @ Ha {, a TAKKe ®,, Ha T, /2 u E1, Ha A, n3 GOpMYJIBI CIIEKTpaIIb-

. Sin @,,,¢
HOM MJIOTHOCTHU MOJIy4UM curHan s(t) = A——.

@t

3aMeHuB { HAa @, a Takke 7, /2 HAa @, u E Ha A/2w,, , u3 Gopmymsl npsmo-
YTOJIBHOTO UMITYJIbCA MOJYYUM CHEKTPaIbHYIO MIOTHOCTh S(j®) B YaCTOTHOM Jua-
nasoHe 2®,, . YPOBEHb aMILIMTY/IHOTO CIIeKTpa paBeH 274/2w,, = A/2 fi;

I/ITaK, OKOHYATCJIbHO MOXHO 3allCaTbh BBIPAXKCHHUC OJIA CIICKTpa pacCMaTpuBac-
MOI'O CUT'HaJIa

A
—— IpH |a)| <w,,

0 mpu |a)| >0,
[TomydeHHble pe3ynabTaThl OyIyT HCHOJIB30BaHbl MPU PACCMOTPEHUHU BOMPOCOB
JUCKPETU3aLMU HEMTPEPHIBHBIX CUTHAJIOB HA OCHOBaHHUHM TeopeMbl KoTeapHIKOBA.

3.5. KoppeasinMOHHbI AaHAJIU3 CUTHAJIOB
3.5.1. Obwue nonodcenus

[Tpu pemnieHnn MHOTHX 3a/1a4 ONITMMATBHON 00pabOTKU CUTHAJIOB BO3HUKAET T10-
TpeOHOCTH OMpPENesATh CTETCHb MOJO0US Pa3TUYHBIX CUTHAJIOB WJIM CHTHAJNA W €T0
KOIIMH, CIBUHYTOH Ha orpeneiacHHoe Bpems. Takas mpobieMa BO3HUKAET, HAIPUMED,
B PaJHMOJIOKAIIMM TPU PEHICHHH 3a7aud OOHapy)KEHHUS IOJIE3HBIX CUTHAJIOB (CHUTHa-
JIOB, OTPaXCHHBIX OT LieJK) Ha (oHe MIyMOB. B pe3ynbraTe pemieHus 3Toil 3ajauu B
paMKax JTMHEHHBIX CHCTEM CHHTE3UPOBAH ONTHMAbHBIN OOHApPYKUTENb CHUTHAJIOB,
CTPYKTYypa KOTOPOTO COIACPKUT COTIIACOBAHHBIN (DUIBTP MM KOPPEISALIMOHHBIN MPH-
E€MHUK. AJrOpUTM paboThl MOJOOHOr0 OOHAPYKUTENS MPEINOoJaracT BBIYMCICHUE
byskuu [11]

o) T
q(T,t) =— [ s(1)e(t,7)dt,
W, 0
rae W, — oHepreTMYeCcKui CIeKTp 1IyMa;

T — uHTEpBal BpeMEHH, B Ipe/iesiax KOTOPOTro OCYIIECTBIIsIeTCsl 00paboTka cMme-
CHl CHTHAJIa U IIyMa;
s(¢) — mone3HbIil cCUrHalm;

&(t,7) — OTpaKeHHBIM OT LIETIM CUTHAJ, NPEJICTABISAIOMUNA cOO0N CyMMYy 3ajiep-
’KAHHOTO Ha 7 TIOJIE3HOTO CUTHAaja u 1myma n(t), T.e.

e(t,t)=0=*s(t—1)+n(t).



3nech ® — ciydaitHas BenuduHA, pudeM ® =0, eciau MOJEe3HBbI CUTHAI OT-
CyTCTBYeT, U ® =1, ecliu CUTHAJI MPUCYTCTBYET.
3amaua OOHAPYKUTENSI — ONPEACIIUTh 3HaueHue ®. J[nsg 3Toro pe3yiabTaT BbI-
gucnenus ¢pyakuuun ¢(7',7) cpaBHuBaercs ¢ noporom . Ecm q(T,7)>h, 0 © =1
(uenb npucyrctByeT), et ¢(7,7) < h, 10 ® =0 (1€ HeT).
Kak BHIHO M3 pacCMOTPEHHOTO aJTOPUTMA, ONTHMAJIBHBIH OOHAPYKUTEIIh CHT-
HajoB npu 7n(¢) = 0 mpexycMaTpuBaeT pacdeT PyHKIHH
T
R(T,7) = [s(t)s(t —7)dr .
0
Ota GyHKIUS B O0IIEM ClTydae UMEET BH/I

R(r) = [s(t)s(t—7)dt (3.17)
1 HasbIBaeTCs asmokoppensyuonuou gyuxyueti (AK®D) curnana s(¢). Kak BugHo u3
dhopmyibl, AKD — 310 cBepTKa curHaina s(¢) u ero 3epKajbHOTro oToOpaXkeHus s(—t),

T.e. R(7t)=s5(r)®s(—7). Ecnu curnan — HanpsokeHue (pa3MepHocTh B), TO pas-

MepHOCTh AKD — B’c.
Ecnu B ¢popmyiie (3.17) ¢purypupyror pasinuHble cUrHansl sy(t) u s,(t), To Ta-

Kasg (DyHKIUS Ha3bpIBaeTCs 63aumokoppendyuonnou. OHa o003HavyaeTcs Kak Ry, (7)
Wil R,((7) u umeeT Bug

o0 o0
Rip(2)= [s1(0)s2(t=0)dty” Ryy(r)= [s1(t=1)sp(0)dt. (3.18)
—0o0 —0o0
ABTOKOPPENSIMOHHYIO U B3aUMOKOPPEISIMOHHYIO0 (DYHKIMK MHOTAA Ha3bIBAIOT
MIPOCTO KOPperayuorHoU yrKyueti, pa3nudasi Ux Mo COACPKAHUIO0 pacCMaTPUBAEMO-
ro BOIpoca.
JlJist curHasioB, MPEACTaBICHHBIX B KOMILJIEKCHON (popMe, aBTOKOPPEISIIMOHHAS
Y B3aMMOKOPPENSLMOHHAs (PYHKIIMH ONPENEINSIOTCS CIEIYIOIUM 00pa3oMm:

R(r) = Ts(t)s*(t —T)dt;

—a0

Rip(t)= [s1(Ds3(t=7)dt;  Ryy(r)= [s](t—1)sp(t)dt.

—0o0 —0o0
3.5.2. Ceoticmea aemoxkoppeniyuoHHoU hyHKyuu

Byznem momarate, 4TO MCCIIETyeMbIid CUTHAJ SBIISICTCS UMITYJIbCHBIM C KOHCUHOM
JUTUTEILHOCTBIO, TaK YTO MHTErpall Buja (3.17) cyiiecTByer.

JIist puKCHpOBAaHHOTO MOMEHTa BpeMEeHH 7T ((UKCHPOBAHHOTO CIBUTA KOIUHU
OTHOCUTENbHO opurnHaia) AK® paBHa miomaau QyHKIIMH, OMUCHIBAIOIICH MTPOU3-



Benenue s(¢)s(t —7), To ecThb 00Iel (COBIAIaroIIeH 10 OCH ) TJIOMIAAN ABYX CUTHA-
noB. [Ipu atom AK® xapakrepusyer cTteneHb nogodust curHana s(f) u ero cMemeH-
HOM BO BpEMEHHU KOIUU S(¢ —T), a TAK)KE MOJIOKEHUE CUTHAJIOB Ha OCH BPEMCHH.

Kpome Toro, aBTokoppenssinoHHas GpyHKIusA 00IaaeT CIeyOIUMU CBOUCT-
BaMH.
1. [Ipu 7 = 0 aBTOKOppENALMOHHAS (PYHKILMS paBHA SHEPTUU CUTHAIA, T.€.

R(0) = Tsz(t)dt =9,

2. OcyliecTBUB 3aMEHY MEPEMEHHON X =7 —7 B BbIpaXKEHUU I R(7), MOXKHO
JIETKO yOeIUTHCSI, 9TO

R(t)= [ s()s(t—7)dt = [s(t)s(t+7)dt = R(=T).
Taxum 06pa30M, ABTOKOPPCILAIUOHHASA (1)yHKI_II/I$I OTHOCHUTCA K KJIIACCy UYCTHBIX

GbyHKIUHA.
3. Ilpu mo6om 3HayeHuu 7 mMoayinb AK®D He mpeBOCXOAUT SHEPruM CUrHania,
T.C. ‘R(T)‘ < R(0) =3, 4TO HENOCPEACTBEHHO CIEAYET M3 M3BECTHOI'O HEPABEHCTBA

Komn—byHsakoBckoro:

ls(s(t =) < [s@)] - st - =

rje HS(t)H — HOpMa BEKTOpa, COOTBETCTBYIOMIEro CUTHAIY (7).

b

4. C poctom abcomotHoro 3Hauennss 7 AK® curnana ¢ koHeuHoii sHeprueil 3a-

TyxaeT, .. lim R(7)=0.
7| —>00

B pesynbrate MoxxkHO caenath BbIBOJ, uTo rpadpuk AK®D — 3to cumMmerpuuHas
OTHOCHUTEJIbHO OCU OPJAMHAT KPUBasi B BEpXHEW MOJIYIJIOCKOCTH C EHTPAJTbHBIM MaK-
cumymoM 1ipu 7 =0. D10 Takke cienyeT U3 GU3NIECKONW MHTEPIIPETAIUU KOppes-
UOHHOW (PYHKIIUM — CUT'HAJI U €0 KOIHUS MPU OTCYTCTBHM BPEMEHHOI'O CIIBHTa, TO
ecth pu 7 = 0, UMEIOT HAaUOOJBIIYIO CTETIEHb MOA00US.

Ilpumep 1.

OmnpenennuTh MaTeMaTHYECKU U TPapUUYECKH KOPPEISIUOHHYIO (QYHKIUIO TIps-
MOYTOJIBHOTO BUICOUMITYJIbCA.

Ha puc. 3.11,a,6 moka3zaHO B3aMMHOE PAaCMOJIOKEHUE CUTHAIa M €ro KOIHH,
cABUHYyTOM Ha Bpemsi 7 nipu 7 <0 u 7 > 0. 3amTpuxoBanHas 00JacTh — 3TO 00J1aCTh,
UCIoJIb3yeMasl JUIsl ompejaesieHus npousBeneHus: s(¢)s(t—7). Ilpu stom 3HaueHHS
KOPPETISUMOHHONW (PYHKIIMU MPU PA3THUHBIX T ONPEESIOTCS BbIPAXKCHUSIMU:

T, +T
Ipu -7, <7<0 R(7) = I E’dt=E’(t,+7).
0



Tu
Mpu  0<r<t, R(t)= [ E*dt=E*(z, - 7).
T

[Ipu ‘T‘ > 1, R(r)=0.

HOJIy‘IeHHBIe PE3YyIbTAaThl MOJKHO O6’BCJII/IHI/ITB H 3a11McarTb

R(r)zEz(ru —‘r‘) npu -7, <7<7,. (3.19)
st st R(T)
E / E V EETH
|-:— T —:-DA‘AE TH t 0 ; :TH t
E S(D E S(t) E E -Tu 1] Tu t
. E| gl ! N
0 t D-:—Ta— "
a 0

Puc. 3.11. Onpenenenrie R(T) MpsMOYroJbHOTO BUIECOUMITYIIbCA

Kax Bugno u3 (3.19), koppenaunonHas GyHKUIMs CUTHAJIa HE 3aBUCHUT OT IOJIO-
xkeHus s(¢) Ha BpemeHHoM ocH. ['paduk R(t) npencrasieH Ha puc. 3.11,B.

3.5.3. Asmoxoppenayuonnas QyHKyus nepuoouUtecKo20 CUSHaLa

[lepuoanueckue curHaibl SIBISIOTCS 0€CKOHEYHO MPOTSIKEHHBIMH BO BPEMEHHU.
CnenoBatesibHO, 3TU CUTHAJBI, 00J1a/1asi KOHEYHOW MOIIHOCTBIO, UMEIOT OECKOHEYHO
Oonpiryto sHepruto. ns takux curnanoB AK®, sBisromiascss 3HEpreTH4eckon xa-
PaKTEPUCTUKON CUTHANA, JOJHKHA OMPENEAThCS B Mpeeax OgHOro Mepruoa B eau-
HUIAX CpeJIHEN MOIIHOCTH, TO €CTh

1 T
R(7) = - [s(®)s(r—7)dt,
0

rae 1 — nepuoj CUrHalia.
Tak Kak NepUOANYECKNN CUTHAI — 3TO CUTHAJ, YIOBJIECTBOPSIOIIMN YCIOBUIO

s(ty=s(t+nT), n=..,-2,-1,012,... ,

TO MOZKHO 3aI1uCaThb



R(t) = %_’Cs(t)s(t —1)dt =%_’T‘s(t)s(t +nT —7)dt =R (r —nT)

Taxkum 00pa3om, aBTOKOppEISIIMOHHAsS (PYHKIUS TEPUOIUUESCKOTO CUTHAJIA SIB-
JsieTcsl nepuoandeckor (GyHKIHMEW ¢ MEepUoJIoM, paBHBIM Mepuoay curHana. Ecmu
CUTHaJI-HanpshbkeHue (pasMepHocTh B ), To pazmepHocTh AK®D nepuoanyeckoro cur-

2
Haja — B°.

Ilpumep 2.
OrnpenenuTh aBTOKOPPEISIIMOHHYIO GyHKIHIO curHana s(¢) = £ cos(wt + @) .

1 7
R(7) = ?IEZ cos(wt+@)cos[o(t—1)+@ldt =
0
2T 27T 2
E E E
=— I cos[w(2t —7) +2¢]dt + — I COS@Tdt = —CoSmT.
2T 2
0 0
ABTOKOppEISIITUOHHAST (PYHKITMS TapMOHUYECKOTO KOJICOAHHUS C TICPHOIOM
T =2r/® Taxke SBISETCS IapMOHHYECKOW C TAKUM K€ MEPUOAOM. 3aMETUM, YTO

AK® rapmoHnyeckoro KojaebaHusi HE 3aBUCHUT OT €ro Ha4aJbHOU (a3bl.

3.5.4. Asmoxoppenayuounas QyHKYUs. CUSHAI08 ¢ OUCKPEMHOU CIMPYKIY POl

[Iporiecc mpeoOpa3oBaHusl aHAIOIOBOT'O CUTHAJIA B MOCJIEA0BATEILHOCTh OTCYE-
TOB HAa3bIBACTCS OuUCKpemuzayuel, a pe3yabTaT TaKoro npeodpa3oBaHUs — OuCKpem-
Hoim curHaioM. [Ipu oOpaboTKe CHTHAJIOB B BBIUMCIUTEIBHBIX YCTPOUCTBAX €ro OT-
CYETHI MPEJCTABISAIOTCS B BHIC IBOMYHBIX YHCEIN, UMEIONIUX OrPAaHUUYCHHOE YHCIIO
paspsaaoB. BeieacTBue 3TOro 0TcUeThl MOTYT MPUHUMATD JIMIIL KOHEYHOE MHOKECT-
Bo 3HaueHui. [Iporecc mpeoOpa3oBaHUs OTCUETOB CHUTHAja B 4YKCJIAa Ha3bIBACTCS
KBAaHTOBaHHWEM MO ypoBHIO. CUTHaJ, AUCKPETHBI BO BPEMEHHM U KBAHTOBAHHBIW 110
YPOBHIO, Ha3bIBaeTCs HMU(PPOBBIM CUTHAIOM. J[MCKpeTHbIE M IU(POBBIE CUTHAIBI —
ATO CUTHAIBI C QUCKpemHOU cmpykmypou. Takylo CTPYKTYpy MOXKET UMETh KaXKIIbIi
MMIYJIbC TEPUOAUYECKON TOCIEN0BATEIHLHOCTH.

CurHajibel ¢ JUCKPETHOW CTPYKTYPOH IIMPOKO MCHOJIB3YIOTCS ISl KOJAUPOBAHUS
WH(pOpMAIIMKN MPU TOCTPOCHUHU CPEJICTB CBS3U U CPEJCTB BHIYMCIUTEIBHONW TEXHHUKHU.
Hekoropsie Moienn CIIOKHBIX CUTHAJIOB MIPU 3TOM CO3/IAI0TCA CIIEIYIONIUM 00pa3oM.

WNHuTepBan BpeMeHU, COOTBETCTBYIONIUN JITUTEILHOCTH CUTHANIA, pa30uBaeTCs Ha
1eJIoe 4yucio m > 1 mpomexyTKoB, paBHbIX Af. Ha 3TuX mpoMexXyTKax CUTrHajl Ipu-
HUMaeT (PUKCUpOBaHHbIE 3HaueHUs, Hanpumep Uy u —U(. OTu 3Ha4eHus KOAUPY-
torcst uncnamu 1 u -1. Tak, curdan, nzoopaxeHHbIi Ha puc. 3.12, MoXKeT OBITh 3aKO-
IUpOBaH B BHIE dy,d),d3,d4,d5,d¢,d7, TAE ay=ap =a3z =1, ay=a5=-1,

ag =1,a7 =-1.



ABTOKOppENSIIMOHHAs (YHKIUSI TAKOI'O CUTHala TaKXke onpesenseTcs mo ¢op-
myiie (3.17). OnHako mpu 3TOM HEOOXOJUMO UMETh B BUAY, UTO ONEpallMd UHTETPU-
pPOBaHUS COOTBETCTBYET B JMCKPETHOM CiIydae olepanus CyMMUpOBaHHS, a Iepe-
MEHHas T M3MEHSAETCS JUCKPETHO Ha BETUYMHY MHTEpBaia AUCKPETH3ALMU CUTHAJA.
[Tpu sTtom AK® OGyzneT cooTBeTcTBOBaThH (hopmyJia

o0
R(n)y= Y ajp-aj_y,
k=—o0

IJIc /1 — IEJIOYNCICHHBIA apryMEHT, YKa3bIBAIOIINi, Ha CKOJIBKO IMO3HMIIMIA CBUHYTA

KOITUSI CUTHAJIAa OTHOCHTEIILHO OPUTHHAJIA.
ABTOKOppEISIITMOHHAs (DYHKIHUS, SBISASACH B JTAHHOM cliydae (QyHKHHMEH Iieo-
YHCIICHHOTO apryMeHTa, 00JIaJJaeT BCEMH CBOWCTBAMH OOBIYHON aBTOKOPPEIISIIHMOH-
Holt ¢pynkuuu. Tak, R(n) — 310 uetHas pyukius, 1.€. R(n) = R(=n). [lpu HyneBom

casure nquckpetHas AK® paBHa sHEpPruM CUTHAIIA, T.€.

0
RO)= Y af=2.
k=—o0
Ilpumep 3.
Jlist uitrocTpanuu ckazanHoro BerurciuM AK® curnana, cCOOTBETCTBYIONIETO
kony bapkepa npu m =7.

Tabnuua 3.2
Pacuer AK® curnana, coorBeTeTBYyIOIIEro Koay bapkepa

Curnan a, a, a, a, das ag d, R(t)
s(t) l111-1-11-100000O0¢O0O0
s(t-0) 11 1-1-1'1-10000000 R(0)="1
s(t=At) [0 11 1-1-1 1-1 00000 O R(1)=0
s(t=2At) |0 0 1.1 1-1-11-1 0000 O R(2)=-1
s(t=3At) (0000 1 1 1-1-1 1-1 000 0 R(3)=0
s(t—4At) 100 0 0 1 1 1-1-1 1-1 0 00 R(4)=-1
s(t=5At) 000 0 01 1 1-1-11-100 R(5)=0
s(t=6At) |0 00 0 00 11 1-1-11-10 R(6)=-1
s(t=7At) 1000 0 00 01 1 1-1-1 1-1 R(7)=0

Ha puc. 3.12 nmpusenen rpadpux AKD 3Toro curtaia ¢ ydeTom ee 4eTHOCTH.

3ameTuMm, 4TO curHaibl (Kojasl) bapkepa o6anaoT coBepieHHBIMA CBOMCTBAMHU
C MO3ULIMM TEOPETUYECKOW PAJUOTEXHUKU U MPUKIATHON MaTEMATUKHU: 3HAYEHUS UX
AK® npu n # 0 He npesbimatot 1, a npu n = 0 3HEprus 3TUX CUTHAJIOB paBHA M.



3.5.5. Bzaumoxoppenayuonnas yHKyus cueHaios

JIJIsT KOJIMYECTBEHHOW OIEHKH CTENCHHM TMOA00Ms JBYX Pas3IMYHBIX CHTHAJIOB
s1(¢) n s, () cayxur BzaumokoppensiuuonHas Qynkuus (BK®), koropas onpenesns-

CTCs BbIPpAKCHUAMMU:

o0 o0
Rip(2) = [s1(t)sp(t—7)dt; Rpy(z) = [s1(t—7)sp(t)dr. (3.20)
—0o0 —Q0
s(t) R
T
]
_ 5
A1 Az A= ag 4
3
U e t :
aa 4 a -5 -4 -2 24 @& n
A i i N | F O T A |
a ‘ 0

Puc. 3.12. Kox bapkepa (a) u ero koppenstinonHas ¢pyHkuus (0)

Ceoiicmea 63auMoKOppenAyUOHHON PYHKYUU
1. 3nauenust Ryp(7) u R,i(7r) He U3MEHATCS, €CIIM BMECTO 3aJEPKKU CUTHAIA

§o(t) win s)(¢) paccMarpuBarh OniepexeHue sy(f) win s, (¢), T.€. MOXKHO 3aIUCATh

Rip(t) = [s1(t+7)sp()dt; Ryy(v) = [s1(0)sp(t+7)dt. (3.21)

—00 — 00

B 3TOM MOHO YO€IUThCS, OCYIIECTBUB 3aMEHY NIEPEMEHHON x = —T .
2. CpaBuuBas Boipaxenus (3.20) u (3.21), MOKHO OTMETHUTH CJEAYIOIIEEe CBOM-
CTBO B3aMMOKOPPEISIIMOHHON (DYHKITHH:

Rip(t)=Ry1(-7),  Ry1(7) =Rpp(-7).

3. BzaumoxoppensainuonHas (QyHKIus B oOIIeM ciiydae He SIBJISCTCS YETHOM
byHKIIMEH 1 He00I3aTENBHO JOCTHTAET MakcuMyMa rpu 7 = 0.
4. Tlpu 7 =0:

Rip(r)= [s1(0)sa(t)dt =3y,

—0o0

rae Dy, — B3aUMHas SHEPIUs CUTHANOB 51(f) U 55 (7).



5. C poctom abcomoTHOoro 3HayeHusi 7 BK® curnanoB ¢ koHeYHOW sHepruei

3aTyxaeT, T.e. lim Rjp(r)=0wu lim Ry;(r)=0.
7| >0 7| >0

Ilpumep 4.

OmnpenenuM B3aUMOKOPPENALUOHHbIE PYHKIUU R|5(7) U R,1(7) mpsMOyroib-
HOTO §1(#) U TPEyrojJpHOToO S, (*) BUAECOUMILYIbCOB (puc. 3.13).

Slft) Sz(t)

E L .
0 o t 0 o t
E
E nmpu 0<t<t,, —t npu 0<¢<r7,
Sl(t): Sz(t): T
0 mpu t<0; t>7,.

0 mpu ¢<0; t>7,.

Puc. 3.13. IIpAMOYTOJbHBIN U TPEYTOJIbHBIA BUACOUMITYJIbCHI

Ha puc. 3.14 u 3.15 nokazaHo B3aMMHO€ PacIlOJI0KEHUE CUTHAJIOB MPU CIIBUTE
OJIHOTO U3 HUX Ha Bpemsa 7 npu 7 <0 (a) u 7 >0 (0). 3amTpuxoBanHas 00JacTh —
3TO 00J1acTh, HCIOJB3yeMas ISl ONpeAeNieHUs] NMpousBelneHun sy(t)-s,(t—71) u

s1(t—1)-55(1).

Omnpenenenne Ry, (7):

Ty +T f—1 E2
IIpn -7, <7<0 Rip(7) = I E? dt = (rg—rz);
0 T, 27,
T
Y - E?
[Tpu 0<r<rt, Rip (1) = J E2—Tdt:—(ru—r)2;
T Tu Tu
[Ipu M > T, Ri»(7)=0.
Omnpenenenne Ry(7):
Ty, +T 2
t E
Mpu -7, <7<0 Ry(t)= [ E* —dt=——(1,+1)%;
0 T, 27,



o E* 5
Ipu  0<7<7, Ryj(t)= [ E*—dt=——(t;;—7°);
u 27’-1/!
T
[Tpu ‘T‘ > T, R>1(7)=0.

[Ipenensl nHTErpUpOBaHUS ONpeaesatoTes u3 puc. 3.14,a,6 u 3.15,a,0 ¢ yuetom
3HAaKa BPEMEHU CABUTA T .
I'paduxu Rj,(7) u Ry (7) npexncrasieHsl Ha puc. 3.14,8B u 3.15,B cooTBeTCT-

BEHHO.
s1(t) 51(t)
. Ryz(T)
E- \I: ' E_2
; ¢ ] :\\ ¢ 2Tu
[« T .-:-I:I ! Tu ! ‘T
L sy SIONE
: : L - K
| Ef-g o R v ! o
: §_} K/__} E)
' R B SN S
0 1
a) - 0)
Puc. 3.14. ®opmupoBanue Rj; (1)
s1(t) s1(t)
E Ef-- e
i ] : i ! 2(T)
he T =+ ! E-
: ! 4T
o) 0
E____;____: -Tu 1] TH.-I
i B)
t b t
T
0 5) H
Puc. 3.15. ®opmupoBanue R,i(7)
Ilpumep 5.

Omnpenenuts B3aUMOKOPpPEILUMOHHbIE QYHKIUU R7(7) U Ry (7) TpeyroiabHo-
ro ummyinsca s1(t) u o -pyHKIMM.



o0

Rp(@) = | s1(@®)sa(t—0)dt = [51()(t - 7)dt

Ryj(v)= [ s1(t=1)sp(n)dt = [s1(1—7)S(0)dr .

YuuteiBas CCJICKTUPYIOIICC CBOMCTBO O -(1)YHKI_[I/II/I, MOZKHO 3aI1ucaThb

Rip(2)= [s1(08(t—0)dt =51(2);  Rp1(r)= [s1(t—0)5(t)dr = 51(~7).

—00 —0o0
I'paduxu curHanoB sy(¢f) U O -QyHKIMHU, a TAKKE X B3aUMOKOPPEISIIUOHHBIX
Gbynkuuilt Ry5(7r) u Ry (r) npuseneHsl Ha puc. 3.16.

Sl(t) RIE(T:I
Ey‘
_Iu 0 I t E
2 2
alt)
i t w0 @
2 2z

Puc. 3.16. ®opmupoBanre BK® nns TpeyroasHOro UMIysisca U O -QyHKIIHA

3.5.6. Ilpeocmasnenue nepuoouieckoeo cusHala

OmnpenenuM KOPpEeSIIUOHHYI0 (DYHKIMIO OJUHOYHOTO HMITYJIBCHOI'O CHUTHaja

o0
s)(t) u curnama s,(t)= > O6(t+nT), ABNAIOMIETOCA MEPHOIMICCKON IOCIEH0BA-
n=—00
TeJIBHOCTHIO O -(QyHKITUH:
(e @) o0 (e @)
R(t)= [si()sa(t—7)dt = [ s1(t) 2.8t +nT—71)=
—00 —00 n=—
o  © 0
= Y [ si08[t=(@—nT)ldt = Y s1(z —nT).
NnN=—00 —p n=—0o0



[TonydyeHna xoppensiiiuoHHas (YHKIUS, KOTOpas COOTBETCTBYET MEPUOINYECKON
MOCJIEA0BATENBHOCTH CUTHATIOB §(Z), T.€. MOIy4YEH NEPUOANUYECKUN CUTHAI

s(t) = isl(t—nT).

00

Takum oOpa3om, MOKHO CJeJIaTh BBIBOJ, YTO JIFOOOW MEPHOIUYECKUN CUTHAI
MOXHO TPEJICTABUTh B BUJIC KOPPEISIIITUOHHOW (DYHKIIMH OJWHOYHOT'O UMITYJILCHOTO
curHaia s;(f) u curHana s,(t), SIBJIAIOIIErOCS MEPUOJUYECKON IOCIEL0BATEIBHO-

CTBIO O -PYHKIIUH.
ITomy4yeHHbIi pe3ynbTat noscHsercs puc. 3.17.

Si(t)

b

T 2 0 Tz

Sz(t)=%5(t+1ﬂ"} 20t
3T T 0 T T t
s(t)=251(t-nT) - sty = — 7
T ]
-2T -T ~Ter 2 0 Tu 2 T 2T t

Puc. 3.17. Ilonydyenue nepronuecKon nociie10BaTeIbHOCTH UMITYILCOB
3.5.7. Dnepeemuueckuti cnekmp u a8moKOpperayuoHHas QyHKYUs cueHaia

[Ipy u3ydyeHUM HETEPMUHUPOBAHHBIX CHTHAJIOB W MPOIECCOB UX Mpeodpa3oBa-
HUW MIMPOKO MCHOJB3YETCsl CHEKTpalbHbIA MeTo/ aHanu3a. KoppensunonHas ¢yHk-
Ul — ATO XapaKTepUCTHUKA CUTHAJla BO BPEMEHHOUM 00JacTH, CHIEKTP — B YaCTOTHOM
oOnactu. O0e XapaKTepUCTUKU SIBISIOTCS MHTETpaIbHBIMU MPeoOpa30BaHUAMH aHa-
JAM3UPYEMBIX CUTHAJIOB, IOTOMY JIOTMYHO NPEANOJIOXKHUTh CYIIECTBOBAHUE CBS3U
Mexay AK® curnana u ero CrnekTpajgbHbIM MPEACTABICHUEM, B YACTHOCTH dHepre-
TUYECKUM CIIEKTPOM. DTa CBSI3b JOCTATOYHO MPOCTO YCTAHABIMBAETCS IPH CIEAYIO-
HIMX MpeoOpa30BaHUsAX:

R(7) = Ojos(t)s(r—r)dz: T s(t—1) i OjoS( jo)e!® do dt =

= [S(jo)| — [s(t-1)e/?dt |de.
Cw 2n e



3aMeHa MepeMeHHbIX: (—T=Xx, t=Xx+71, dt=dx.

T V4

OxoHYaTeILHO mojaydacm

1 % ;
R@) =— [|S(o)* e/ do. (3.22)
2r e
Dto obparHoe mpeobpasoBanne Dypre. CrenoBaTenbHO, CIPABEIMBO U €TO0
npsiMOe Mpeodpa3oBaHue:

0
SGo)* = [R@x)e I dr. (3.23)
—00
Takum oOpazoM, aBTOKOppeNsIMOHHAs (PyHKIMS CUTHaANa §(Z) M ero sHepreTu-

o . N2 o
YECKHUM CIIEKTP ‘S( ]a))‘ CBSI3aHBI MEXKy co00l mpeobpazoBanusamMu Oypre.

VYuurtsiBasg 4eTHOCTh PpyHKIMA R(7)U ‘S ( ja))‘z, BbIpakeHus (3.22, 3.23) MOKHO

3alluCaThb TakK:

1 (e @) (e @)
R(t)=— ﬂS(ja))‘2 cosotdw u ‘S(ja))‘2 = 2jR(r) coswtdr .
T
0 0
[TprMeHUM TOJTyYEHHBIC Pe3yIbTaThI ISk B3aUMOKOPPEIAIMOHHON (DYHKITHH.
Omnpenenum npsimoe npeodpazoBanue Oypose oT Ry (7):

o0 . [coluge el .
[Rix(@)e™/CTdr = | [s1(1)sy(1—7)e ' dudr .
—00 —00 —00

3aMeHa MepeMeHHbIX: (-7 =X; T=t—Xx; dt =—dx.

(e 0] o0 (e0]
[Rip(@e™/PTde = [ s1(Ne™/?!| [s3(x)e!“dx |dt = S (jo)S3(jw) = Sy (j).
-0 —00 —00

Taxum 006pa3om, B3aUMOKOPpPEISIIMOHHAs (PYHKIIMS CBsi3aHa MpeoOpazoBaHUEM
dypre ¢ Tak Ha3bIBAEMBIM B3aMMHBIM CIICKTPOM CHTHAJOB. B3aWMHBIA CIIEKTp
S12(jw) ans curnanos s;(f) U s,(¢) npeacTaBIsAeT cOOON MPOU3BEIECHUE UX CIIEK-

TPOB, OJIMH U3 KOTOPBIX SBISETCS KOMILIEKCHO-COIPSKEHHBIM.

Taxum oOpazoM, eciiu CHEKTPhl CUTHAJIOB HE MEPEKPBIBAIOTCS, TO UX B3aUMHBIM
CHEKTp paBeH HYJII0 Ha Bcex yacTorax. IIoaTomMy M MX B3aMMOKOpPENALMOHHAS
GyHKIUS paBHA HYJIO MIPH JIFOOBIX BPEMEHHBIX C/IBUTAX.

Ilomy4yeHHbIE pe3yNIbTATHl UMEIOT Ba)KHOE 3HAUECHUE.

1. KoppensunonHnast pyHkiuss R(7) 3aBUCUT OT MOJYJIS CHEKTPAIbHOMN IJIOTHO-
CTH M HE 3aBUCUT OT (Pa30BOI XapaKTEPUCTUKU CUTHAJIA. DTO 3HAYUT, YTO PA3IUNUHBIM
no opMe CUTrHaJlaM, UMEIOIUM OJIMHAKOBBIE aMILTUTYIHBIE CIIEKTPbI, COOTBETCTBY-
10T OJIMHAKOBBIE KOPPEISALIMOHHBIE (PYHKITUH.



2. Oyenka 63auUMHOU C8A3U MeHCOY KOPPETAYUOHHbIMU CEOUCMBAMU CUSHANA U
e20 dHepeemuyeckum cnekmpom: 4em Oonblie 3(pQPeKTuBHAS MIHUPUHA HSHEPreThye-
CKOT'O CIIEKTpa, TEM MEHBIIE UHTEepBaJl Koppesauuu. VI Hao6opoT, yeM OoJiblile WH-
TepBaJl KOPPEJSIIIUHU, TeM MeHbIIe 3¢ (HEeKTUBHAS ITUPUHA YHEPTETUUECKOTO CIIEKTpA.

3. Onpeoenenue snepeemuueckoco cnekmpa u koppeaayuonHou @yukyuu. C
oMol1bl0 KoppesnomeTpa win IBM moxno onpeaenuts AK®D curnana, a 3ateM, BbI-
YUCIUB MpsMoe TpeoOpazoBanue dypre, HaTH HHEpreTHUecKkuid crekTp. M Hao60-
pOT, ¢ MOMOUIBIO CHEKTpoMeTpa Wiau OBM MOXHO ONpenenuTh SHEPreTHUYECKHI
CIIEKTp CHUTHaJla |, BBIYUCIMB OOpaTHoe mpeoOpazoBanue Dypbe, HaNTH
ero AK®.

3.6. /IuckpeTu3anys 1 BOCCTAHOBJICHHE CUTHAJIOB 110 TeOpeMe 0TCYeTOB
(Teopeme KoresnbHnkoBa)

3.6.1. Teopema Komenvnurxosa

B HacTosiiiee BpemMsi MIMPOKO MPUMEHSIOTCS HUGPOBBIE METOIbI 00pa0OTKU pa-
JTUOTEXHUUECKUX CUTHAJIOB. [Ipu 3TOM aHaIOroBBIC CUTHAJIBI TIPE0oOpa3yroTCcs B UG-
pPOBBIE MyTEM OuUCKpemuzayuu X MO BPEMEHH C MOCHEAYIOUUM KBAHTOBAHUEM IIO
ypOBHIO. B cBOIO 0uyepear HUCHOIb30BaHUE NUCKPETU3ALMU IPH MIEpeaaye HENPEPhIB-
HBIX COOOIIIEHUH MO3BOJISIET COKPATUTh BPEMSI, B TEUECHHUE KOTOPOI0 KaHaJ CBS3M 3a-
HAT Mepeaadyeil 0AHOro COOOIIEHUS, YTO TO3BOJISIET OCYUIECTBUTh BPEMEHHOE YIUIOT-
HEHUE KaHaja CBSI3U C LEJbIO NMepejaud 10 HEMY HECKOJIBKUX COOOILEHU B TeUEHHUE
ONPENIEIEHHOT0 MPOMEKYTKAa BPEMEHMU.

Huckpemuzayusi — 3T0 TPOIECC, PU KOTOPOM CHUTHAN S(f) MPEeacTaBiIseTCs TO-

CJIEI0BATEIbHOCTBIO KOPOTKUX UMIMYJIbCOB (OTCYETOB). AMIUIUTY Il TUX UMITYJIHCOB
PaBHBI 3HAYEHUSAM IUCKPETH3UPYEMOrO CHUTHAja B MOMEHTHI BPEMEHH, OTCTOSILINE
Apyr OT Apyra Ha BeauuuHy Af. [[pyrumu cioBaMu, BelMYMHA k -ro OTCU€Ta paBHA
s(kAt). O4yeBUIHO, YTO TOYHOCTH MPEACTABICHUS aHAJIOTOBOTO CUTHAJa MOCe0Ba-

TEIHHOCTHI) OTCYETOB 3aBHCHT OT BEJIUYHMHBI Af, MPUYEM YeM OHA MEHBIIE, TeM 00-
Jie€ TOYHO MOYKHO BOCCTAHOBHUTH MCXOJHBIM cUTHAI. OJHAKO B 3TOM CJIy4ae KOJIHYe-
CTBO OTCYCTOB B CJIMHHILY BPEMCHH OyJeT OOJIbIIe, YTO BBI3BIBACT YCIOKHEHUE MPO-
1ecca 00paboTKM cUrHaja U OOJIBIIYIO 3aHATOCTh KaHayla CBS3H.

B03MOXXHOCTh OIpee/ieHNsT ONTUMAIbHOW BEJIIMYMHBI MHTEpBaja JUCKPETH3a-
MK C IIEJIbI0 TOYHOTO BOCCTAHOBJICHUS HETPEPHIBHOTO CUTHAJA C OTPAaHUYCHHBIM
CIEKTPOM TIPEIOCTABISAET METOJ JUCKPETU3AIMH, KOTOPBIA OBLI MPEIONKEH COBET-
CKUM yYEHBIM B 00J1acTh pamuoTexHuku B.A.KOoTeTbHHKOBBIM. DTOT METO OCHOBAH
Ha HM3BECTHOM B MaTeMaTHKE TEOPEME OTCYETOB, IMOJYYHMBIICH Ha3BaHHE TCOPEMBI
KorensHukoBa:

Ilpouseonwvuwlit cuznan, cnekmp Komopoz2o He cooepicum yacmom eviuie f,,,

HOTHOCMBIO ONPedenaemcsa NOCaAe008amMeIbHOCIbI0 C60UX 3HAYECHUT, 63AMbIX Ue-
pe3 paghvie npomescymku epemenu At <1/2f,, .



CripaBeJIMBOCTh TEOPEMBI TOATBEPIKIACTCS TEM, YTO CUTHAN S(f), CHEKTP KO-
TOPOTr0 OTPaHUYEH YaCTOTON ®,, = 27 f,,, IPEACTABISIECTCS PAIOM

sO=3 s(kAr) Siz)a”g (:Z‘)’)

k=—

rae At =1/2f,, — uHTEpBaJI MEXIy IByMs OTCUCTHBIMH TOUYKaMHU (y3JIaMu) Ha OCH

(3.24)

BpeMeHH, s(kAt) — BbIOOpKHU (DyHKUMU S(f) B MOMEHTHI BpeMeHH ¢ = kAt . OyHKIIUU
sin®,, (t — kAt
G (6 = 200m )
@, (t — kAt)
ABIIAIOTCS 0a3ucHbIMU QyHKIUAMU psiga KoTenbHHUKOBA.

(3.25)

IIpencraBnenue curnana psgom KorenpHukoBa rokasaHo Ha puc. 3.18.

s(t)

Puc. 3.18. IIpencraBiaeHne HENMPEPHIBHOTO CUTHAJA psiioM KoTenbHUKOBa
3.6.2. Joxasamenvbcmeo meopemovl Komenvnurkosa

a. CpoiicTBa cucteMbl 0a3UCHBIX QYHKIUN

' — kA
sinw,, (1 —kAt) 5To pyHKIIH THIT sin x
@,, (t —kAt) X

qarouiyecs: Apyr OT JApyra CABUIOM IO BpeMeHU Ha Benuuuny kAf. 'paduxu GpyHk-
05071

basucHbie Qynxuuu Gy (t) = , OTJIN-

sin w,,,t

Gy (£) = n G = sin w,, (t — At)
@yt @, (t — At)

npuseeHsl Ha puc. 3.19. @ynkuus Gy (1) 1ocTuraeT MakCUMyMa B MOMEHT BPEMEHH

t = kAt, torpa xak npyrue QyHkuuun G, (¢f) (npu n # k) B 9TOT MOMEHT BPEMEHHU

paBHbI 0.



Gt

Gty

N

—zawﬂ at\/zav

Puc. 3.19. I'padpuxu dynkumit Gy (¢) u Gy (¢)
OmnpenenyM CHEKTp CUrHalla, onucbiBaeMoro (gyHkuuein Gy (¢) (B panbHeiIeM

PN ¢

nog Gy (t) Oynem noHmMmaTh JUOO (YHKIUIO, TUOO CHUTHAJ, OMMCHIBAEMBIM 3TOM

byHKIHENR).

sin @, t
B n. 3.4.9 onpenenen cnekrp curHana s(f) = A——2 . AMIUIUTYIHBIA CIIEKTP

@
3TOTO CUTHaJIa UMeET (OpMY IPIMOYTOJIBHOTO UMITYJIbCA M OTPAHUYEH I10JIOCOH Yac-
T0T 20,, , B TIpe/ieIax KOTOPOil OH paBeH A/2 f,, .
OOwiee BbIpaXkeHUE AT CIIEKTPa
. —2A npu ‘a)‘ <o,
S(jo) = I
0 mpwu ‘a)‘ >,
sinw,, (t — kAt)

bazucubie Qynxumun Gy (f) = OTIUYAIOTCS OT (YHKIUU
@, (t — kAt)

sin @, \ .
A——"— aMIUIMTY0W M HaJMYHUEM CIBUTA HA BPEMCHHOW MHTEepBal kAf. ITO 3HA-
Ot
YUT, YTO CIIEKTP CTAHCT KOMILICKCHBIM, MpUYeM (popMa aMIUIUTYIHOTO CIICKTpa HE
WU3MEHUTCSA, @ MOoABUTCS (Pa3oBbIi criekTp ¢@(@) = —kwAt. OO1Iee BbIpaKeHUE IS

CIIEKTpaJIbHOM INIOTHOCTHU 0a30oBoro curHana Gy (¢) Oyaer UMeTb BUJ

1 e—jcokAt
Sy (j®) =121,
0 mpu ‘a)‘ >0,

pu ‘a)‘ <o,

YuutsiBast, uto At =1/2 f,, , MOXHO 3anucathb

Ate”’™ npn |w|<w,

S, (jo)=
+(7) 0 npu |a)|>a)m

Ha puc. 3.20 npuBeneHsl rpaduku CHEKTPOB JHCKPETH3UPYEMOTO CHUTHAJIA |
CUrHaJla, onucbiBaeMoro gpynkuueit Gy (¢).



Sl Sgk(m)
S(0)

i (M
-(3m I i -0 I in

a §)

Puc. 3.20. I'paduxu crieKTpoB TUCKPETUZUPYEMOTO CUTHAJIA (a)
u pynkuun Gy (t) (0)

0. Jloka3aTesnbCTBO TEOPEMBI

[Tokaxxem, uto psa KorensHukoBa (3.24) onpeaensier QyHkiuio s(¢f) B a1000it

MOMEHT BpeMEHHU. DTOT (akT OyAeT CBHIETEIHCTBOBATH O MPABOMEPHOCTU TEOPEMBI
KorenpHukoBa.

Jlist oTydeHust psija BOCIIONB3YeMCsl OOIMM METOIOM Pa3IoKEeHHS 3aJaHHON
(YHKIMH IO OPTOTOHATBHBIM cucTeMaM QyHkIui (cm. 1. 3.1.1).

1. dyukus, 3aganHas s pa3ioxKeHus, — s(1) .

2. basucHas cucrema QpyHKIWH, IO KOTOPBIM OYJET OCYHIECTBISATHCS Pa3JIOKe-
sin @,, (t — kAt)
@y, (t — kAY)

GbyHKIMH B OECKOHEYHOM HHTEpBajie HEOOXOAUMO J10Ka3aTh.
3. O606meHHbIN psag Pypbe NPUMEHUTEIHHO K PACCMATPUBAEMOMY CITYYar0 U3-
BECTCH:

HUe, — 9T0 pyHKuuu Buga Gy (¢) = . OpTOroHanbHOCTH ITOW CUCTEMBI

s0= DG, Cp=—— [s(0G, (.
6o

Jis  HaxoxaeHus psna KorenpHukoBa TpeOyeTcs A0Ka3aTb OPTOTOHAIBHOCTh
o o 2
cucteMbl QpyHkuuii Gy (¢), HallTH HGk (z‘)H — KBaJapaT HOpMbl  QyHKuuu Gy (¢) u

ornpenenuts kodppunueHts! Cy, .
Hoxazamenvcmeo opmozonansnocmu cucmemuvt ynkuyuii Gy (1)

Cucrema ¢pynkuuit Gy (¢) opToroHanabHa, €ClIU
||Gk (t)”2 nmpu k=n ,

[ G.6)G, ()t =
e 0O mpu k#n ,



o0
rje HGk (t)H = } J.Glg (t)dt —nopma dpynkuuu Gy (t).
—o0

Beruncnum 3HaueHue unTerpana ot npousseacHus Gy (¢)- G, (¢) npu k #n.

T G ()G, ()dt = T sin,, (t — kAt) sina)m(t_nAt)dt
' ’ ) e O (kA w,, (t—nAt)

—0o0

(3.26)

N3 cBoiicTB Hp606pa3OBaHI/ISI CDpre HU3BECTHO, YTO €CJIN

s1(0) © S1(jo) u s5(0) & S$(jo),
TO

510920 €~ 510 © $3j0),
T

CraenoBaTenbHO,
Js1@s2(e™ " dr = [$1(/QS, (@ - ))dQ,
—o0 —00

(e @) o0
1 Lot
Js10s2(dt =~ [S1(jo)S2 (je)de.
—o0 g —00
[IpuMeHUM MOJTy4€HHOE COOTHOIICHHUE K BhIpaXXEHUIO (3.26), yUuTHIBasI, 4TO
sin w,,, (t — kAt) o 1 Y
@, (t — kAt) 2fm
sin w,, (t — nAt) ), \ 1 o JOnAt
@, (t —nAt) 2fm

IpU — @y, <O < 0y,

IpH — @y, SO X Wy, .

Torma
= 1" 1 iokar 1 jonar
[ G (DG, (t)dr = | e — e dt =
2 2fm 2fm

o O
1 fn e—ja)(k—n)Atdt __ 1 1 e—ja)(k—n)At ‘

8nf2 87 £2 j(k —n)At

_ 1 1 o/ Om(k=m)AL _ = jo,, (k—n)At)
Sﬁfn% J(k —n)At
1 | 1 1.
- sin @, (k —n)At = sin(k —n)m = 0.
A7 fi (k—=n) A fyy (k—n)

Bbruncnum 3HaueHue HGk (z‘)H2 :




Gt G N = sin a)m(t kAz‘)t
G ()] = I (1)t I

—o m(z —kAz)
1
3aMeHa MmepeMeHHOi: @, (t—kAt)=x; t=—-+kAt; dt=—-2dx.
a)m a)m
Torma
2 © sin? x T T
|Gk )" =— [ —5~dv="—= = At.
Om o X Om 27 [
Takum oOpazom,
F At tipu k =n,
[ GG, (0)dr =
b 0O mpu k#n .

OproroHansHOCTh cucTeMbl GyHKIUN Gy (1) T0Ka3aHa.
Onpeoenenue koIghpuuyuenmos paoa

3HadyeHue ko3 dunueHTroB C; onpenenumM, nonb3ysach Gopmyion

o0

Cp = ; [s()Gr(@)dr .
lGr )
0
Jlist BBIYUCIICHUS j s(t)G (t)dt Bocmonb3yeMcsi METOOUKOM, KOTOpasi Ipume-
—00

HAJIaCh U1 BBIYMCIICHUS UHTErpaia ot npousseneHus Gy (¢)G,, (1) npu k # n:

o0 O

[s()Gy (Dydt = — j S( ]a))Sgk (jow)w = iﬁ [ s j)Ate! M g =
1 -
=At— | S(jw)e! " dw = Ats(kar).
2r o,

[Ipenenpl WHTErPUPOBAaHUS TPUBEICHBI B COOTBETCTBHE C TEM, YTO CIEKTPHI
curHana u QyHknuu Gy (¢) UMEOT IPaHUYHYIO YacTOTy ),

TakuM 06paszom, kooddurmentsr C & DaBHBI

Cy = ;2 | s(z)Gk(z)dz_AiAfs(kAr)_s(kAf)

[Gr O] -~
HOJIyIIeHBI BCC JaHHBIC, qTO6BI 3arncaTtb pﬂﬂ
X . X I t — kAt
W)= TG D)= Y s(kan) S mOm KD (3.27)
= = ®, (t — kA?)

Jt10 u ecTh psaa KoTenbHUKOBA.



OrpaHndeHue CIEKTpa CUTHaJla HAaUBBICIIECH 4aCTOTOM ®,, CBUAETEIIBCTBYET O
HEIMPEPbIBHOCTH CUTHANA. JTO 3HAYUT, YTO PsiA CXOAMTCS K GyHKUMU S(Z) TpH JrO-
OOM 3HAYEHUH ¢ .

[Iupuna cnekTpa curHana s(f) U MKMPHUHA clIeKTpa O0asucHbIX GyHKuu Gy (1),
MCIIOJIb3YEMBIX JIJISl TIPEICTABICHUS 3TOr0 cUrHaia psaaomM KoTenbHHKOBa, OJUHAKO-
BBl U paBHBl A®w = 2m,, (puc. 3.20). DT0 COOTHOIIEHUE ONPEAEIAETCS MPEIEIbHBIM

CJIydaeM OCHOBHOTO YCJIOBUS, (hurypupyroiero B Teopeme KoTensHuKOBa, a UMEHHO
At=1/2f,, .

WNutepBas Af MeXJy BBIOOPKaMH TPH JAUCKPETH3AIMU CUTHAJIA MOXXHO B3SITh
MeHblue, yeM 1/2f,, . Torna mupuHa crekrpa S gk (j©) OasucHON QyHKIMU Oyner
Oonpie, yeMm mmpuHa crektpa S(j@) curHama. ITo MpHUBeAET K MOBBIIIEHUIO TOY-

HOCTHU BOCIIPOM3BEAECHUSI CUTHAJIA, €CJIM TPAHUYHAs 4acTOTa CIIEKTpa CUIHala OIpe-
JeJsUIach IIyTeM OTCEUYEHUS COCTABIIIOIIMX, BBIXOMSIIMX 33 €€ IPEAeIbl. 3aMETHUM,
YTO JJI1 CUTHAJIOB C KOHEYHOH UIMTENBHOCTBIO FPaHUYHAs 4acTOTa OMPENEIIIETCS
BCerza NpuOIN3UTENBHO, TaK KAK UX CIEKTP 3aHUMAET OECKOHEUHYIO MI0JIOCY YaCTOT.

Eciu 5ke MHTepBaJl MEX/y BHIOOpPKaMHu B3sTh Oosblue, 4eM 1/2 f,, , To mmpuna

CIEKTPa S gf (j@) OyAeT MEHBIIE IMPUHEI CIICKTPA CHPHANA, YTO MOXKET HPHBECTH K
MCKa)XCHHUIO CHTHAJIA MTPH €T0 BOCCTAHOBJICHHUH MO BHIOOPKAM.

Taxkum oOpa3omM, yMEHbIIICHHE UHTEpBaIa MEXIy BHIOOpPKAMHU MPHU JUCKPETU3A-
MM CHTHAJA C OTPAHMYCHHBIM CIIEKTPOM 110 CcpaBHEeHHIo ¢ At =1/2 f,, nmomyctumo.

I[Tpy NpakTMYECKOM MPHMEHEHHH IUCKPETU3AIMK CUTHAJIA BEIOUPAIOT HHTEPBAIl JIHC-
KpeTU3auuy B 2 — 5 pa3 MeHblue, 9eM 1/2f,, .

3.6.3. Jluckpemuzayusi cueHaia ¢ KOHeUHOU OIUMENbHOCMbIO

Curnan ¢ KOHCUHOH AIUTCIIBHOCTBIO 7. UMECT CIICKIP C 0EeCKOHEUHO OOJIBIION

muprHOM. OJTHAKO Ha IIPAaKTUKE BCErJa MOXHO ONPENEIUTh 4acTOTy, BHE KOTOPOi
COCTaBJISIOMIME CHEKTpa 00Ja1at0T MaoON SHEPruel 1Mo CPaBHEHUIO C SHEPrUeH Cur-
Hajla. YCJIOBHO 3Ty 4acTOTy MOXHO CUMTaThb I'DaHMYHOM 4acTOTOH f,, cnekrpa. B
3TOM CJIy4ae CUTHAJ JJIUTEIBHOCTBIO T, HNPUOJIMKEHHO MOXKHO IPEACTAaBUTh HEKO-

TOpBIM yncioM N BBIOOPOK ¢ mwiaroM At =1/2 f,, , nipudem

T
N2§+1=2fmrc+l.

Yucno 2f,,7,. Ha3pIBalOT MHOTJA YMCIOM CTENEHEW cBOOObI CUrHala, uin 0a-
301 CUTHAaa.

Takum oOpa3omM, CHUTHAJI ¢ KOHEYHOH MJIUTEIBHOCTHIO MOXKHO allpPOKCUMHPO-
BaTh oM KoTeaIpHUKOBA C KOHEUHBIM YMCJIOM YWICHOB, T.€.



l sin,), (t — kA?)
s(t) = kgo s(kAY) o ((—FD)

Curnan s(t), npeacTaBiICHHBI B BHJI€ TaKOTO pPsiia, BOCIPOU3BOJIUTCS TOYHO
TOJIbKO B TOYKaxX OTCYETOB kAf. B mpomexyTkax MEXIy OTCYETaMU BO3HHUKAET
omnOKa anmpoKCUMalKU, KOTOpasi BO3pacTaeT y KpaesB UHTepBana 7.. C yBelIn4eHu-
€M I'pPaHUYHON YacTOTHl f,, BO3pacTaeT 0a3a CHrHajla U OH allIPOKCUMHUPYETCS TOY-
Hee.

Ha puc. 3.21 noka3an npumep annpoKCUMaIii IpsiMOYTOJIbHOTO UMITYJIbCa MPH
pas3INYHBIX f,),.

B nepBom ciydae (puc. 3.21,a) rpaHUYHYIO YaCTOTy MPUHSIIN HA YpOBHE Yac-
TOTHOTO TIpeleia TepBOTO JieTecTKa AaMIUIUTYJHOTO CIEeKTpa CHTHaia, T.e.
fm =1/z.. lpu stom N =2f,,7.+1=3. Bo Bropom cny4ae (puc. 3.21,6) — Ha
YPOBHE BTOPOTO JICTIECTKA CIEKTPA, T.€. f,, = 2/7, . [Ipustom N =2f,, 7. +1=75.

s(t)

=1
fm==;

Puc. 3.21. luckperrsannsi CUTHAJIa KOHEYHOW JTUTEIIbHOCTH
Kak BHJIHO W3 pHCYHKa, TOYHOCThH aIlPOKCUMAIIMU CUTHAJIa BO3PACTAET C yBe-
JUYECHUEM TPAaHUYHOW YaCTOTHI CIIEKTpa, KOTOpask YUYUTHIBACTCS MPHU OIpeeIeHUN
KoJM4uecTBa cinaraemMsbix psa KorenbHukosa.

3.6.4. Cnexmp OuCKpemu3upo8aHHO20 CUCHANA

B nponecce nuckperusanuu aHaloroBoro curxaia s(¢) ¢gopmupyercs quckpe-
TU3UPOBAHHBIM CUTHAN S, (f), MPEACTABIAIOIINNA COO0Ml COBOKYITHOCTh OTCUETHBIX



3HaueHnid s(kAt) B AWCKpeTHbIE MOMEHTHI BpeMeHH. OIpeneianM CBSI3b CHEKTpa
S(jw) aHamoOroBOro cUrHaja co cekTpoM S, (j@) JUCKPETU3UPOBAHHOIO CUTHAIA.

JIMCKpeTU3UPOBAHHBIN CUTHANI MOXHO TIPEJCTaBUTH B BHJIE MOCIIEI0BATEIHHO-
cTH O -QYHKIHIA, B3BEIICHHBIX 3HAUYCHUSIMHU OTCYeTOB s(kAf) aHAIOroBOTO CHTHAJa
(puc. 3.22), T.e.

o0
so®) = D s(nANS(t —nAr). (3.28)
n=-oo
YuuteiBas, uto O (¢t —nAt) # 0 TOABKO NpU ¢ = nAt, MOXHO 3aMKcaTh

So(t) =s(2) §:5(t —nAt).

n=—00
CyMMa B JaHHOM BBIpQXXEHUU — 3TO NEpUOANYEcKas (PYHKIHS, KOTOpass MOXKET
OBITH IIpE/ICTaBIICHA B BUJIE cieaytolero psga Oyphe:

0 0 "
S 5(t—nAt)= Y Crel®0!

n=—0 k=—o0
KoadummenTst psiaa paBHbI
' 1 At/2 L 1
Cr=— [ S()e*ar=—,

2r
rie oy = N 4acTOTa JUCKPETU3ALIHH.
t
IIpu BeIUHCIeHNH KOdhGUIHEHTOB C) ydYTEHO CeTeKTHpYIOllee CBOHCTBO O -
yskmu ¥ TOT (akt, 4To B MHTEpBaN MHTerpupoBanus (—Af/2, At/2) momamaer

TOJILKO OJHa O -pyHKIMS IpH 1 =0 .
Takum oOpa3oM, mepuoaHYecKas MOCIEAOBATEIBHOCTh O -PYHKIUNA MOXKET
OBITH IIPE/ICTaBIICHA B BUJIE CIEAYIOLIET0 KOMILIEKCHOTO psifa Dyphe:

< 1 & jkaoyt

> S5(t—nAt)=— > e/t?0",
n=—0o0 Atk:—w
Toraa
o0 o0

sy(t) = s(t) Y.5(t—nAt) = 5() Y elkeot - L
o At T At
Kak crmemyer u3 cBoiicTB mpeoOpaszoBanus Dypbe, YMHOKCHHME CHUTHajda Ha
Jkopt k
e IPUBOJIUT K CIBHUTY CIIEKTPa 3TOrO CHUTHANA BIPABO Ha BenuuuHy k®y. ITo-

9TOMY CIICKTP AHUCKPCTH3WPOBAHHOTO CHUTHAJIA MOHHK)SaHHCKH)CHCHYKHHHMﬁO6pa-
30M:

S(jo) = BSTi@-kop)]. (3.29)

k=—00



Takum 00pa3oM, CHEKTp AUCKPETU3UPOBAHHOI'O CHUTHANA MPEJCTaBISET COOOit
OECKOHEUHBIN psiJi CIBUHYTHIX KOIMUHU CIIEKTpa aHAJIOrOBOro curxaina s(¢). Beanunna

CIIBUTA COCEIHUX KOIMUH CIIEKTpa paBHA 4acTOTe AUCKPETU3ALUU @, (puc. 3.22).

35 (1)

Sal)

r—-—-- R —

;
| |
| |
| |
/ | |
t I I

0 af 241 -3 g 0 [iE] )
2 2

Puc. 3.22. JIuCKpeTU3UPOBAHHBIN CUTHAJ U €r0 CIEKTP

XapakTep CHeKTpa JUCKPETHU3UPOBAHHOIO CHTHAJIA JAEMOHCTPHUPYET YaCTOTHO-
BPEMEHHYIO IyaJbHOCTh TpeoOpazoBaHuss Dypbe: MEPUOIUUYECKUN CUTHAT — JHUC-
KPETHBIN CIEKTP, MEPUOUYECKUIN CIIEKTP — JUCKPETHBIN CUTHAI.

Crioco6 BOCCTaHOBIICHHS HETIPEPHIBHOTO CUTHAJIA 110 TUCKPETHBIM OTCUETAaM Ha-
TJISITHO JIeMOHCTpupyeT puc. 3.22. JIjist 3T0ro HeoOX0oAMMO MPOMYCTUTh JUCKPETHBIN
CUTHAJ 4epe3 uaeaqbHbI (DWIBTP HIDKHUX YacTOT C YaCTOTOM cpe3a, paBHOM MOJIO-
BUHE 4YaCTOThl JUCKPETHU3AlMU. AMIUIUTYIHO-4aCTOTHAS XapaKTePUCTUKA TaKOTO
bunpTpa mokazaHa MyHKTUPOM.

TouHOe BOCCTaHOBJICHHE CHUTHAJla BO3MOXHO, €CIU CIBUHYTHIE KOMHUHU CIIEKTpa
He nepekpoiBatoTcs. 13 puc. 3.22 BUIHO, UTO JJ1s1 ITOr0 HEOOXOAMMO, UTOOBI UacTOTa
JTUCKPETU3allUd KaK MUHUMYM B 2 pa3a MpeBbllliajia BEPXHIO TPAHUYHYIO YaCTOTY B
CIEKTpe CHIHANA, T.e. @, 220, = At<1/2f, (cM. popmynnpoBky Teopemsr Ko-
TEJILHUKOBA).

3amMeTuM, 4TO TpeacTaBieHue curHaiga B ¢opme (3.28) ympormaer cCrekTpasib-
HBII aHaJIU3 JTUCKPETHBIX CUTHANOB. CIEKTPaJIbHYIO INIOTHOCTh Sy (j®) MOXKHO On-

peACINTE HCHOCPECACTBCHHO 110 COBOKYIIHOCTH BPEMCHHBIX OTCUCTOB oe3 O6paH_ICHI/I$I
K CIICKTPY aHAJIOIrOBOT'O CHUI'HAJIa:

0 0 0
So(jw) = [sy(e/®dt=[ > 5(t—nAt)s(nAt)e ™/ dt =
—00 —00 N=—00
00 © . 00 .
= Y s(nAr) [S(1—nAne I dr = Y s(nane /A
n=—00 —0 n=-—oo

Cnengyer OTMETHTb, 4TO HW3-3a Hanmuuus B ¢opmyne (3.29) muHoxutens 1/At
CHEKTpasibHAsl TUIOTHOCTh JAUCKPETHU3UPOBAHHOI'O CHTHAja UMEET pa3MEepHOCTh, COB-
NaJAI0IYI0 C pa3MEPHOCTBIO CUTHAJIA.



4. PAANOCUTI'HAJIBI
4.1. O0mue cBeIeHUS 0 PAAMOCUTHAJIAX

Hepenaqa I/IH(i)OpMaI_II/II/I Ha OOJbIINE PacCTOAHNA OCYIICCTBIICTCA C ITIOMOIIBIO
BBICOKOYACTOTHBIX 3JICKTPOMATI'HUTHBIX KoeOaHui. I[J'ISI 9TOT0 IIO0 3aKOHY IIepcaa-
BacMoOro COO6I_HCHI/ISI HU3MCHACTCA OOAHUH WJIIN HCCKOJIBKO IapaMETPOB BBICOKOYACTOT-
HOT'O KOHC63HI/IH, KOTOPOC HA3bIBACTCA HeCcyusum. B kadectBe HeCyliero KoiecOaHus
MUPOKO HCIIOJIB3YCTCA IIPOCTOC TAapMOHHUYCCKOC KOJ'IC63HI/Ie, qacTOTa KOTOPOIro @,

JOJIZKHa OBITh 3HAYHUTEIBHO OO0JIbIIIE MAaKCUMAaIbLHON YaCTOTHI CIICKTpPa ICpeaaBacMo-
Io COO6H_ICHI/ISI Qm . UeM MeHbIIE€ OTHOIICHME Qm /0)0 , TCM MCHBHIC IPOABIIACTCA

HECOBEPIIICHCTBO XapaKTCPUCTUK KaHAJIa CBS3H.

[Ipomecc, B pe3ynbraTe KOTOPOTO MPOMCXOIUT M3MEHEHHE MapameTpa(oB) He-
Cyliero kojeOaHus Mo 3aKOHY NepeaBaeMOro COOOIICHNUsI, Ha3bIBACTCS MOy aAyuell
(lat. modulatio — mMepHOCTB, pa3mMepeHHOCTh). Moysiius obecredynBaeT MEPEeHOC
CIIEKTpa MepeIaBaeMoro COOOIMICHUS M3 HU3KOYACTOTHOH 00JacTH B 00JacCTh BBICO-
kux gactoT. [Ipu sToM popmupyeTcs BEICOKOYaCTOTHOE MOAYJIMPOBAHHOE KOJICOaHHE
— PAoUOCUcHAL.

B o0miem citydae pagnocurHan MOKHO TPEACTaBHATS:

— B TpuroHomerpuueckoM Buse s(¢) = U (f)cos[wyt + @(t)] = U(t)cosy (1);

— B KOMILIEKCHOM Buae s(t) =U (t)ej (o0 (] _ ¢y (t)ej 40 ,
rae U), ¢(t), w(t) — ammuntyaa, HayajibHas U 1ModHas Qa3bl, U3MEHEHUSI KOTOPBIX
CBSI3aHBI C U3MEHCHUSIMH MOAYJTHPYIOMIErO CUTHAJIA.

B 3aBucuMoOCTH OT TOTO, KaKOW MapaMmeTp HECYIIeTro KOJIeOaHUs MCIOIb3yeTCs
KaK HOCHUTEIb TIepejaBaeMOr0 COOOIICHHUS, Pa3IHyaioT:

— aMIUTUTYAHYIO MOAYJISIHUIO s(t)y=U(t)cos(wyt+¢@) =U(t)cosy(t);

— YTJIOBYIO MOIYJISIIHIO s(t)=U, cos[wpt +@(t)]=U, cosy(t).

[Tpu yrmoBoW MOZyJSIMH U3MeHEeHUe (Ha30BOro casura ¢(f) TMPOUCXOIUT Kak
IpU MOJTYJSIIIUM MCHOBEHHOM 9acTOTHl @(?), TaK U MPU MOAYJISIIIAA HETIOCPEICTBEH-

HO (ha3oBoro capura xoneOanwus. [losTomy pasznuyaroT aBa BUIAa YIIOBOH MOMYIIs-
uu: yacmomuyro mooyaayuio (YM) u ¢hazosyro mooyrayuro (@M). It nBa BUaa
MOJIYJISIIMY TECHO CBSI3aHBI PYT C IPYTOM U OTIEIHHO MPHUHIUITHAIBHO HE OCYIIECT-
BuMbI. CBs13b Mexxty UM u @M onpeaernsercst popMysiaMu, CBSI3bIBAIONAMHU YaCTOTY
1 a3y rapMOHUYIECKOTO KOJIeOaHus:

t
% =g + % w(t) = g o(t)dt = oyt + o(F).

Oyukuuu U(t) u @(t) ABASIOTCA MEAJIEHHO MEHSIOMMMUCS (PYHKIMSIMU Bpe-

o(t) =

MEHH. ITO O3Ha4acT, YTO OTHOCUTCIIBHBIC U3MCHCHUS aMIUIMTYAbI U (basm 3a IICpuoa
BBICOKOYACTOTHOT'O KOJIEOAHHS TO O4YCHb MAJIbl, T.C.



MTO «<U, n MTO <<2r,
dt dt

rne U, u T, — aMIuIMTyIa U IEPUOJ] HECYIIIETO KOJICOaAHHUS.
H 0 Y P Yy

[Ipu MOmyNSIIIMKM BRICOKOYACTOTHOE KOJIeOaHHUEe TepsieT XapaKTep rapMOHUYECKO-
ro konebanus. OHO mpeBpaiiaeTcss B Oosee CI0XHOE KojebaHHe, UMEIOIIee CIeK-
TPaJbHYI0 XapaKTEPHUCTHUKY, ONPEAEIIEMYI0 CIEKTPOM MOIYIUPYIOLIETO CUTHAIA U
BUJIOM MoOZAyJisalMK. Ha mpakTuke BCTpeUyarOTCsl CMELIAHHbIE BUIbI MOIYJISIUN — aM-
IUIUTYAHO-(a30Basi, aMIUTUTYTHO-4aCTOTHAs. YacTo OAWH W3 BUJIOB MOJYJISLIUU SIB-
JISIeTCSl apa3uTHBIM BCJIE/ICTBUE HECOBEPIIEHCTBA TEXHHUUYECKUX CIIOCOOOB OCYIECT-
BJICHUSI MOJYJISILIMKM WU U3-3a JeQopMallii CIEKTpa CUTHalIa MpH ero mpeoodpa3ona-
HUU.

B coBpeMeHHbIX TU(GPOBBIX CUCTEMAax CBS3M, PaJAMOJIOKAUUHU, B KaHAlaX Iepe-
a4y MHGOPMALIMK B BHIYMCIUTEIBHBIX CETAX MPUMEHSIOTCS TAKXKE Pa3INUHbIE BUIBI
UMITYJIbCHOM MOJYJISLMH: aMIUTUTYIHO-UMITYJIbCHAsl, UMITYJABCHO-KO0Bast (Ludpo-
Bas), uupoBas aMIUIUTyAHAas, IIMpoBas yrioBas U Jp:

4.2. Paanocuraansl ¢ aMIUINTYAHOM MOy IS M EH
4.2.1. AMnaumyoHo-mMo0VIUPOBAHHbBIE CUCHAbL

AMruutyaHas moayisiusa (AM; aurnmiickuii TepmuH — amplitude modulation)
SBIISIETCSl HanOoJIee MPOCTHIM M PACTIPOCTPAHCHHBIM CIIOCOO0M Tepeaadn uHpopMma-
. [Ipu AM npoucXoauT U3MEHEHUE aMILUTATY/IBl HECYIIIETO KOoJIeOaHuUs 10 3aKOHY
MOJIYJIMPYIOIIETO CUTHANIA MTPH HEM3MEHHBIX OCTaJIBHBIX ero mapamerpax (puc. 4.1).

su(t)

Puc. 4.1. Hecymiee konebanue (a), Moaynupytonuid curaai (0),
aMIUTUTYIHO-MOXY/TMPOBAaHHBIN CUTHA (B)



Orubaromast U(?) curnana ¢ amIuiutyiHon mopnyisiuuend (AM-curnana) coBmna-
naet mo ¢opMe C MOAYJIHUPYIOUIUM CHUTHAIIOM S,,(1), TIOATOMY TaKOW CHTHAJ MOXHO
MPEJICTAaBUTH CIEAYIONINM BBIPAKEHUEM:

s(t)=U(t)cos(wyt +¢@)=[U, +k_ s, (t)]cos(w,t+ @),

rae U, — amuityaa Hecyuiero kone0anus (B OTCYTCTBUE MOAYJISIIUN);

k, — xo3hPUIMEHT NPOMOPIMOHAIBHOCTH, OOECIECUNUBAIONIUNA COOTHOIIICHHE
AU,,, <U, (cM. puc. 4.1), npu KOTOPOM OTCYTCTBYET TaK Ha3blBacMas MEPEMOJY-
JSAUUS;

AU,,,, —MaKkcUMajbHOE IIpUpalleHue aMIuIUTy 16l AM-curnana "Baus".

[Ipu nonyyenun AM-curHaia JBYXIOJISAPHBIN (3HAKONEPEMEHHBINH) MOIYJH-
PYIOIIUNA CUTHAJ HEJIb3s HEMOCPEICTBEHHO YMHOXATh HA HECYIIEEe BBICOKOYACTOTHOE
KojebaHue, Tak Kak orudaromias, opMupyemas npu 1eMOAYISUUH, OyIeT HCKaKeHa
(nmpu pemonynauuu (opma orudaroliei onpeaensieTcss MOAYJIeM MOIYIUPYIOLIEro
curHana). YtoObl UCKakeHHs HE OBLI0, K MOJIYJIUPYIOIIEMY CUTHAIY T00aBJISIOT T10-
CTOSIHHYIO COCTaBJISIOIYIO, MPEBPAIIAIONIYIO0 €r0 B OAHOMOISPHBIN curHai. Bennuu-
Ha MOCTOSIHHOM COCTaBIISAOINIEH 0OBIYHO paBHA aMITUTY/I€ HECYIEr0 KoJeOaHusl.

[Ipocreiieit MOIENbI0O AMIUIUTYITHONM MOIYJISIIUM SIBISETCS TOHAJbHAs MOMY-
TS, TIPU KOTOPOH Hecyllee KojieOaHUue MOYJIMPYETCsS TAPMOHUYECKUM CUTHAJIOM
s, (&) =U,, cos(Q2t+y) (onHum TtoHOM). IIpu 5TOM AM-curnan (puc. 4.2,8) onu-

CBIBACTCS BBIPAKCHUEM
s@)=[U, +k,U,cos(Qt+y)]cos(w, +¢),

WIn s(t)=U, [1+mcos(€2t +y)]cos(wg + @),

rne m=k,U, /U, =AU/U,; — ko>bbuuueHT uin riyouna aMIuIuTyIHOM MOJy-

nsauuy, npudeMm 0 <m <1;

Q=2x/T, ., T,, Yy — 4acrora, nepuoj U HavanbHas ($aza MOLYIUPYIOLIETO
CUTHAJIA.

Koadpurment amMmimTyTHOH MOIYJISIMK MOXHO BBIYHUCIATH TIO CIIEAYIONICH
dbopmyie, 6onee ya00HON IS SKCIEPUMEHTAIBLHOTO €0 OIpejeseHus 1o rpaduky
AM-curnana:

Umax —Umin
Umax +Umin

OTO  BBIpAKEHHWE COOTBETCTBYET IPHUBEJACHHOMY BBIIIE COOTHOIICHHIO

m=AU/U, .

m =

Unax ~Umin U, +AU-(U, —AU) AU
Umpax *Umin U, +AU+U,, —AU U,

Koaddumment m nomken uMerb 3HaueHue B auanazonHe 0...1. WMuaue mpu
m >1 UMeeT MeCTO NEePEeMOJYJIALMS, TMOSABISAIOTCS TaK Ha3blBaeMble OWEHHUS, YTO
IPUBOAUT K UCKAKEHUIO OTMOArOIEl CUTrHaja.

Bun AM-curnana ¢ TOHaJbHOM MOJYJSIIKMEN MPHU Pa3IMYHBIX 3HAUEHUSIX KO-
(duLreHTa MOAYISIIUU m TpelICTaBlIeH Ha puc. 4.3.
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Puc. 4.2. Hecymiee xonebanue (a), Moayiupyrouiuii curaai (0),
AM-cUTHaJ ¢ TOHAJILHOW MOJYJISIIACH (B) M COOTBETCTBYIOIIHE CIICKTPHI

4.2.2. Cnekmpanvruii anaauz AM-cuenanos

OnpenenuM CIEKTPbl aMIUTHTYAHO-MOAYTMPOBAHHBIX KOJICOAHHWHA MPHU pa3iInd-
HBIX BUJaX MOIYJIUPYIONTUX CUTHAJIOB.

1. Mooyrupyrowuii cuenan npedcmasisiem coboOU 2apMoOHUYecKoe Kollebanue
OOHOU HU3KOU 4acmomvl — AMIAUMYOHASL MOOVIIAYUSL OOHUM MOHOM.

CreKkTpalIbHBIii COCTaB MOXXHO OIPEAETUTh, MPEeoOpa30oBaB BBIPAKEHHUE IS
curHana s(t) =U,[1+mcos(Qt +y)]cos(wgt +¢):

s(t) =U,, cos(wgt + @)+ U, mcos(Qt + y)cos(wyt + @) =

U U
=U,, cos(@pt + @) +%mcos[(a)0 +Q)t+qo+y]+%mcos[(a)o -+ —7y].

Kak BHAHO W3 NOJIy4EHHOTO BBIPAXKEHUS, CIEKTp AM-CHrHana COAEpPKUT TPH
rapMOHUYECKNE COCTABIISIOLINE.

IlepBas rapMOHHYECKasl COCTABIIAIOIIAS — UCXOJHOE HEMOIYJINPOBAHHOE KOJIe-
OaHue ¢ Hecyllell 4acTOTOM @ M HadalbHOM (Pa3od ¢. AMIUIMTyJa 3TOH COCTaB-

JISIFOILIEH HE 3aBUCUT OT YPOBHS MOJIYJIUPYIOLIETO CUT'HATIA.
Bropast u TpeTbsi rapMOHMYECKHE COCTaBIAIOIMINE (OOKOBBIE COCTABISIOLIUE)
HOSBWIINCH B pe3ynbTare Moaysinuu. Vx gactotel @y —Q U @ + 2 Ha3bIBaIOT CO-

OTBETCTBEHHO HM)KHEH U BerHeﬁ OOKOBBIMH YaCTOTAMHU. AMHJ’II/ITy,I[BI 9THX COCTaB-
JEIIOIIUX OJAMHAKOBBI 1 PABHBI UH m/2 , T.C. IIPOIIOPIHNOHAJILHBI KOB(i)(i)I/ILII/ICHTy MO-

ayasud, ¢Gasel @ +y B @ —Y CUMMETPUYHBI OTHOCUTEIBHO (ha3bl HECYIETO KoJie-
OaHuUl.



Puc. 4.3. AM-curnan ¢ TOHAJIbHOW MOJYJIAIIUEN
npu m = 0,4(a); 0,8(6), 1,5(s)

[Tpumensss Gopmynsl Ditepa, MOKHO TOJYYHTh BBIPAKCHHUS JUIS CICKTpa B
KOMILIEKCHOH (hopme:
s(t) =U,[1 +mcos(Qt+y)]cos(wgt+¢) =

s @ KON IO | ot | miout+e)
=U, m =
2 2

_Un jiantrg)  Yn ienrrg) Ui jlent Qo] |, U jlen-Qro)]
2 2 4 4

UM = jl@g+Qr+pty]  Un - jl(0g-Q)t+p-7]
Ammmutynselii S(®) u $aszoBslil ¢, (w) cnexkTpel AM-curHana npeacTaBleHbl

Ha puc. 4.4 (TpuroHomerpudeckas gopma) u puc. 4.5 (komruiekcHas popma).
OddexTrBHAS MUpHHA CIEKTpa CUTHANA C TOHAIbHOW AM paBHa yIBOCHHOMN
4acTOTE MOYJIUPYIOIIETO KojaebaHus, T.¢. Awyg =20
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Puc. 4.4. Amtmutynsbii (a) u dazoBsiii (0) ciekTpbl AM-curnana
(TpuroHometpuueckas gopma)

Un Bl Un
& 2
a)
mUy mUy mUg mlTy
4 -[ I 4 4 T -[ 4
—CDD—Q -g —CD|:|+Q - _U_ - EDD—Q g CD|:|+Q @
(i)
Py
P
6) Py
-MNg-52 - -MDg+52 T “
I T T T @t mo Mo+l
-
_q] —
g A

Puc. 4.5. Ammutynsbiii (a) u das3oBslii (0) criekTpbl AM-curnana
(xomruiekcHas opma)

2. Mooynupyowuii cuenan npedcmasnsem coboti noiueapmonudeckoe Koneba-
N
Hue s,,(t)= ZUk cos(Qrt+71)-
k=1
B 31oM ciiyuae AM-cHMrHan Takke HNEPUOAUYECKHI; CHEKTP MOXKHO IOJTy4HTb,
peoOpa3oBaB BHIPAKEHUE /IS CUTHATIA:
N
s@)=[U,, +ky DUy cos(Qpt + )] cos(wpt + @) =
k=1
N
=U,[1+ D my cos(Qpt +yy)]cos(wpt + @) =
k=1
U. N
=U,, cos(wyt + @) +7” > my cos[(wg + Qp)t+@+y ]+
k=1



UH

N
+ ka cos[(@, =€ )t +@ -y, ],

k=1
rne my, =k,Sy /U, — napumanbhbie (4acTHUHbIE) KOIDOUIMEHTHI aMILTATYIHON
MOLYJISIIIH.

Takum oOpazoM, Kakaod U3 4acToT (2, MOAYJIUPYIOLIEr0 CUTHajla COOTBETCT-
ByeT mapa OOKOBBIX 4acTOT B crekTpe AM-curnaina. AMIUIMTYAbBl U (a3bl COCTaB-
JSIOIIUX CHEKTpa B3aMMHO HE3aBUCHUMBI, T.€. ¢hopmupyroTcs auHeitHo. Ha puc.4.6,a
M300paKEH CIEKTP MOAYIUPYIOUIETO MOJIUTapMOHUYECKOT0 curHana u AM-curnaiia.

3. Mooynupyrowuii nenepuoouueckuti cuenan s ,,(t).

Orubaromass AM-curnana B 3TOM ciiydae MOXKET ObITh 00Opa3zoBaHa JIMOO HETo-
CPEIICTBEHHBIM YMHOKEHHEM Ha MOAYIHUPYIOIIMI CUTHAN, JTUOO0 C J100aBICHUEM K
MOAYJIUPYIOIIEMY CUTHANy MOCTOSIHHOM COCTaBJISIOLIEH, MpeBpallaroniei ero B oj-
HOTOJISIPHBINA CUTHAJ, T.€. OTMOAaIoas MOAYJIMPOBAHHOTO CUTHAJIA MOXKET UMETh BUJI

U@)=kys, U, wm Ut)y=U, +k,s, ().

B moboM ciaydae cnekrp MoayiupoBaHHOro curHana s(¢) = U(t)cos(wgt + ¢)
omnpezenseTcs npsiMbiM npeoOpazoBanueMm Dypbe, T.€. paBeH
J(@ot+Q) | ,~J(@ot+9)

2

S(jo) = Of U(t) cos(wot + @)e /@ dt = Of U) e /Ol gy =

—00 —Q0

o0 (e @)
= Ledo [Ume 7@ M) g 1 2 e0 [Ue @0 gy -
2 —00 2 —00
I I _;
=§e]¢SU[j(a)—a)0)]+§e 1Sy i+ my)].
B nanHoM BbIpakeHMH Sy (j@w) — 3TO CHEKTpaibHas IUIOTHOCTh OTMOAIOLICH

AM-curgasa.
Kak BHIHO M3 TOJYYEHHOTO BBIPAXEHMS, CIIEKTPAJIbHASl MJIOTHOCTh aMILIUTY/I-
HO-MOJYJINPOBAaHHOIO CHUT'HAJIa 3aHMMAET II0JO0CHI 4aCTOT BOKPYT @g U — (. OHa

OonpeaAcCIACTCA CMCIICHHUEM CIICKTpPa OFH6aIOHlefI CUI'HaJIa 110 OCH 4aCTOT Ha BCINYH-
HY @@ BIPABO H BJICBO C YUCTOM MaciTabHOro KOB(l)(i)HHHCHTa U OIIPCACIICHHOTI'O

¢dazoBoro ciapura. OTCr0/Ia MOXKHO CJIejaTh BBIBOJ, YTO OIPEACIICHHE CIIEKTpa pa-
JNOMMITYJIbCa CBOJHUTCS K HAXOXKJICHHIO CIICKTPAJIBbHON XapaKTEPUCTHKU €Tr0 OTH-
OaroIIcH.

3aMeTHM, 9TO JIJISl Y3KOITOJIOCHOTO CHTHAsa, UMEIOIIETO Aa)a(b << ®(, CMEIIEH-

HBIC CIICKTPBI HC UCKAXKAIOT APYT ApPYyTra, 4TO IMO3BOJIACT 3allMCaTh

1 .
B 00JIACTH TIOJIOKUTEIBHBIX 4acTOT: S(jw) = Eef ?Sylj(@—wo)l;

1 i
B 00J1aCTH OTPHUIIATENIBHBIX YacTOT: S(j®) = Ee TIPS, (o +wgp)].



[Tycte orubaromast pasua U (¢) = ks, (H)U,,.
CriekTpasibHasi XapaKTEPUCTHKA TaKOM OoruOaroiieil paBHA IO CYLIECTBY CIICK-

TPaJIbHOM XapaKTEPUCTHKE MOAYJIUPYIOLIErO CUTHANIA C Y4ETOM MacIITabHOro Kod¢-
¢umenta, pasaoro k,U, . CnenoBatensHo, criekTp AM-cHTrHalIa ¢ Takoi oruodaro-

el npeacTasiseT co0oi crektp S, (j®) MOAYNIHMPYIOIIEro CUrHajla, CMELICHHbIN

I10 OCH HaCTOT Ha BCIIMYUHY (¥ BIIPpABO H BJICBO C Y4CTOM MaciTabHOro KOB(l)(i)I/IHI/I-
CHTA.

: 1 ' : 1 —j :
S(jw) =5kaUH€](pSM[J(w —0)]+ S kaUye Sulil@+epl . (4.1)

ITycts orubaromas pasua U(t) =U,, +k,s,,(¢).
CriekTpanpHasl XapaKTepHUCTHKA TaKOW OTHOaroIei paBHa

SyGo)= [ UO 7 dt= [[U, +kgs,,0)]e? di=

o0 o0
=U, [e /" dt+k, [s,(t)e/? dt =27U,5(0)+k,S,,(jo).
—Q0 —00
CnepnoBatenbHo, ciekTp AM-curHana ¢ Takoi ormOaroieil Kpome CreKTpa Mo-
AYJIUPYIOOICTO CUIrHajida, CMCIICHHOI'O IO OCH 9YaCTOT Ha BEJIUYHNHY (o BIPaABO U BJIC-

BO C Y4ETOM MaciTaOHOro K03 UIIMEHTa, COAEPKUT TaKKE CMEIICHHBIE TUCKPET-
HbIC YaCTH B BHJIC B3BEIICHHBIX JIeJbTa-QYHKINI, KOTOPHIC COOTBETCTBYIOT TIOCTOSH-
Holi BenmuuHe U, (puc. 4.6, 0):

S(jw)=U,el?5(w - wy)+7U,e /S +w,) +

1 - : 1, .
+§kae]¢SM[J(a)_a)0)]+§kae 128 i@ +ap)].
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Puc. 4.6. Cniextpsl Mogynupytomux 1 AM-CUrHanoB npu MOIYJISIIUN
MOJIMTAPMOHUYECKUM CUTHAJIOM (@) U HETIEPUOIUUECKUM CUTHAJIOM (0)



[Tonb3ysich MOMYYEHHBIMHU PE3YJIbTaTaMU, HETPYAHO ONPEACIIUTh CIEKTP pPaauo-
UMITyJIbCa C MPSIMOYTOJbHOM orubaromieit. OH GopmupyeTcst B pe3ynbTare mpoiecca
aMIUTUTYAHOW MOAYJISIMU TapMOHHYECKOTO HECYIIETo KoJieOaHUsl MPSIMOYTOJIbHBIM
BugeonmnyiascoMm (puc. 4.7). Eciu aMmiuTyna MOIyJIUPYIOLIETO BHUACOUMITYIIbCA
paBHa £, a Hecyllee BBICOKOYACTOTHOE KojieOaHue paBHO s, () =U, coswgt, 1O

PaaruoOnMIIYJIIbC 6YIICT OIINCBIBATBC BBIPAKCHUCM

o k,EU, cosw, npu —7,/2<t<71,/2;
S =
0 mpu t<-7,/2,t>1,/2

Kak cieyer u3 JaHHOTO BBIPAKEHHMS, CUTHAII ITOJyYEH MPOCTEIM YMHOKEHHEM
MOJIYJIMPYIOIIETO CUTHala Ha Hecyllee KoneOanue. B maHHOM Ciydae HET HEOOXO-
JIUMOCTH JOOABIIATH K MOIYJIUPYIOIEMY CHTHAIY IIOCTOSHHYIO COCTABIISIONIYIO, TIpe-
BpAIIAIOIIYI0 €r0 B OJHONONAPHBIA curHan. ClemoBaTeNnsHo, B CHEKTPE PaJgHOUM-
nynbca OyIET OTCYTCTBOBAThH AMCKPETHAS COCTABIAIOMIAS B BUAE O -()yHKIIUH.

3BeCTHO, 9TO CIIEKTP BHACOMMITYJIECA, N300PaKEHHOT0 Ha puc. 4.7,a, paBeH
sin (07, /2)

wt, /2

Torma, mome3ysck cooTHomIeHHEM (4.1), MOXHO OIPENENNTh CIEKTPATBLHYIO

IUIOTHOCTB NPSAMOYTOJIBHOTO PAIHOUMITYIILCA:

. 1 ' : 1 i .
S(jw) =§kaUy€](pSM[J(w =0)]+5kaUye 128 i@+ )]=

S, (jo)=Et,

_ lkaUHEru {ej¢ sin[ (@ —wg)7,, /2] P sin[(w + wq)7, /2]}'
2 (0—wg)7, /2 (0 +@0)7, /2

AMIUTUTYIHBIA CIIEKTP PAIUOUMITYJIbCA C MPSIMOYTOJIbHOM orubatouieit n3o0pa-
*eH Ha puc. 4.7,0.

S ()
S (0)

S(t)

E

Puc. 4.7. BugeouMiyibC U paAHOUMIYJbC (a), X CIIEKTPHI (0)



4.2.3. BekmopHoe npedcmagnenue cCucHala ¢ amniumyOHo MOOYisAyuell

Curnan ¢ aMIUIMTYJTHOW MOIYJISIIMEH MOXHO MPEIACTaBUTh B BUAE BEKTOPHOI
JMarpamMMbl, KOTOpasi HarjsiTHO OTOOpakaeT CTPYKTYpPY CUTHAJIa U MPOIEeCcC U3MEHe-
HUS aMIUTATYAbl Hecylero kojgebanus. Hanbosee mpocTo BeKTOpHas AuarpaMmma Imo-
JIy4aeTcs JJI CUTHAJIA C OJJHOTOHAJIBbHOW aMIUIMTYIHOM Moaymsnuen. Bocmnosnb3yem-
Cs CHEKTPAIbHBIM MPECTABIECHUEM TAKOTO CUTHAJIA!

U U
s(t)=U,, cos(yt + @) + %mcos[(a)o +Q)t+@+y]+ %mcos[(a)o Q)+ —7].

[lepBoe ciaraemoe criekTpa n3o0paxaeTcsi BEKTOPOM OC mmusl U 4 » COCTaB-
JISIOIIEH yroyl ¢ ¢ ropu3oHTaIbHOU ockio OB nipu ¢t =0 (puc. 4.8). Bekrop Bpamia-
€TCsl IPOTUB YaCOBOMU CTPEJIKH C YIIIOBOM CKOPOCTBIO (.

Bropoe u TpeThe ciiaracMble MPEACTABISIOTCS BeKTOpamu 1nHsl U,m /2, co-
CTaBJISIIOUIMMU € JIMHUEH OB yriibl COOTBETCTBEHHO (@ +T U ¢ —I' . OHU BpamaTcs
IIPOTUB YaCOBOU CTPEJIKU CO CKOPOCTAMU @ + L2 U @y — €.

CyMMa mpoeKIuii 3THX TPEX BEKTOPOB Ha TOPU3OHTANLHYI0 0ch OB U €CTh aM-
TUTUTYAHO-MOAYJIUPOBaHHOE KoJieOaHue s(1).

Puc. 4.8. BekropHoe npeacrabienue AM-curnana

I[JISI MOJIYUCHHA OOoJbIICH HarlIIiAHOCTH BOCIIOJIB3YyCMC:A BpElHl&I-OHICfICSI CUCTC-
MOM KOOpAWHAT. I[JISI 9TOro mojaracM, 4To ropusoHTalibHas OCb OB BpamacTcAd 110

4acoOBOM CTPEIIKE C YIIIOBOM CKOPOCTBIO @. Toraa Bektop OC OyneT HEMOABHKEH,
a BEKTOpHI, U300paKalollie BEPXHIOI U HIKHIOIO OOKOBBIE COCTABISIOIINE, OYIyT

BpalaTbCsa CO CKOPOCTBIO () OTHOCHUTEIILHO BCKTOpa OC COOTBETCTBEHHO ITPOTUB U

1o yacoBo# ctpenke. [lepenecém 3T BEeKTOpPHI MapauiebHO caMiM cebe B Touky C u
o6oznHaunm CE u CF . (puc. 4.8). Cymma BexktopoB CE u CF ectb Bektop CD, Ha-
3BIBAEMBIA BEKTOPOM MOAYIIALMU. XapaKTepHO, YTO BeKTop CD INEXHT HA OJIHOU

npsiMoii ¢ BektopoM OC, Tak Kak BeIMYHUHBI BEeKTOpOoB CE u CF , a TaKXKe UX YIJIbI

OTHOCUTCIIbHO BCKTOpa ocC OAHNHAKOBBI. Bpama}oTcsl 9TH BCKTOPHI C OHHHaKOBOﬁ



ckopocThio (2 (B pa3HbIX HampaieHusx). Bekrop CD, BeIMYMHAa KOTOPOTO U3MEHSI-
eTca 1o Mepe BpauieHus Bektopos CE u CF , npubasisercs k Bekropy OC, oOpa-

3ysl PE3yJNbTUPYIOMIMKA BEKTOP OD C W3MEHAEMOW JJIMHOW U HalpaBJICHUEM, COBIIA-

JAIIKUM ¢ HanpasieHueM BekTtopa OC. JlnuHa BekTopa OD H3MEHAETCS NEPUOIU-
YEeCKU 0 Mepe BpallleHHs] BEKTOPOB OOKOBBIX COCTABISIIOMIMX. V3MeHEHHe IJIMHBI
ATOT0 BEKTOpa MPOMCXOAUT OT MUHMMAaIbHOro 3HaueHus U, —U,m (npu coBmaje-

HUU BEKTOPOB OOKOBBIX COCTAaBJISIONINX M MX HAIPaBICHUH, TMPOTHUBOIIOI0KHOM Ha-
MIPaBJICHUIO BEKTOPA U—H) 10 MakcuMabHOro 3Haduenus U, + U, m (1pu COBNaJEeHUU
BEKTOPOB OOKOBBIX COCTABIIAIONINX M WX HANPaBJICHUH, COBIAAIONICM C HarpasJe-
HUEM BEKTOpa %)

[Tpoekmust Bektopa OD Ha ock OB Bpamaromencs cuCTEMbI KOOPAWHAT COOT-
BETCTBYET CUTHAIY S(1).

4.2.4. Dnepeemuxa AM-cuenana

XapakTepHOW O0COOCHHOCTHIO aMIUIMTYJHO-MOAYIUPOBAHHBIX KOJIeOaHM sBIIS-
eTcs  HM3MEHEHHWE aMIUIMTYIbl Hecymero KojfebaHuss OT MHMHHUMAJIBHOTO
Upin =U,,(1-m) no makcumanbHoro U,,.x =U,(1+m) 3HadeHuii. B coorBercT-

BUM C U3MEHEHUEM aMIUIMTYbl U3MEHSIETCS U MOIIHOCTh OT MUHUMAJIbHOU BEIUYH-
HBI, PaBHOU

2 2
Ustin . Un(1=m)

2
Pnin = 2 ) :PH(I_m) >

J10 MAaKCUMAaJbHOW BEJIMYUHBI, PABHOU

2 2 2
U U;(+m) 2
Redx = I;ax = 78 5 =P,(1+m)~.

3nece P, =U ,3 / 2 — MOILIHOCTb HECYILEro KonebaHus B OTCYTCTBUE MOILYJISALMU

(B pe’xuMe MOJIYaHUsA).
Takum 00pa3oM, MakCHUMalbHBIM 3HAYEHUSM OruOaroleil COOTBETCTBYET MOIII-

2
HOCTh, B (1 + m)”~ pa3 Oomblias MOITHOCTH HECYIIETO KOJeOaHus.

CpeJIHSISI MOITHOCTH MCPHUOANYICCKOIO CUTHAJId, paCCMAaTpUBACMOT'O HA BCEH OCHU
BpPCMCHH, COBIIAJACT C MOIIHOCTBIO, CpCI[HCfI 3a IICpuoa, U paBHa CyMMC CpCIHUX
MOH.IHOCTCﬁ FapMOHHYCCKUX COCTABJIAIOIIUX €TI0 CIICKTPA. Panee ObLIO ITI0Ka3aHo,
4dTO OJIA CUTHaJIA, CIICKTP KOTOPOI'O MOIKCT OBIThH MMpCaACTABJICH B BUJIC

A o0
s(t)="2+ > Ay cos(kant + @y ),
2 k=1
Cpe/iHss MOLIHOCTh PaBHA



Ay 1 &
p, =04 ZAZ ,
P4 2
k=1
rne A, —aMIumMTyAa k -ii TapMOHUYECKOM COCTaBIISIONIEH.

YuuteiBas 9TO, CPCAHIOI0O MOITHOCTh PACCMATPHUBACMOI'O CUTHAJIAa MOKHO OIIpC-
ACIIUTD CICAYIOIIUM O6p330M
2

2772 2
1 1 U 1 U
P, =tu2 L mUn | U mUi |6 s02(1405m? )
2 2 4 2 4
CrnenoBaTenbHO,

. 2
Fep = (1 +0,5m~ IP, .

st oneHku sHepreTuku AM-curHana UCHONb3YyIOT KO UIIUEHT MOJIE3HOTO
JNEUCTBUS aMIUTUTYJTHONM MOJIYJISIIIUN, PAaBHBIM OTHOIICHUIO MOIIHOCTH COCTABJISIIO-
X OOKOBBIX YaCcTOT K OOIIel cpeIHel MOIIIHOCTH CUTHAaja, T.e.

2 2
0,5m” P, m
- =— )
F cp m-+2
Taxkum oOpazom, cpeaHsiss MOIIIHOCTb aMIUTUTYTHO-MOYJIUPOBAHHOTO CUTHAJIA B

(1 +0,5m> pa3 Oosblie cpeaHeld MOIIHOCTH Hecyulero koseOanud. [Ipupamienue
MOIIIHOCTH CUTHaJIa, 00YCIOBICHHOE MOAYJISIIIMER (2 UMEHHO OHO OMpeesseT yClo-
BUSI BBIJICJICHUSI COOOIICHUS TP MPUEME), TaKE MPU MPeeTbHON TIIyOuHE MOTYJIs-
II1Y, KOr/Aa m=1, He IPEBbIIACT MOJIOBUHBL P, . YUnuThIBas, YTO IIPU UCIIOIB30BAHUU

aMIUTUTYAHOW MOAYJISIUU JUJIsl TIepelladyd peuyeBOM WM MY3bIKaIbHOW MHGOpMALIMU
KO3 PUIIMEHT MOIyJIALMH m He npeBocxoauT 3HadyeHus 0,3, MOXKHO CKa3aTh, UTO
TOJBKO 5% MOIIHOCTH H3JIy4a€MOro CHTHaja HECyT MOJIE3HYI HMH(popmanuioo, co-
JepKallyrocs B ABYX €ro OOKOBBIX M0J0CaX, T.€. KOAQ(UIUEHT NOJIE3HOr0 ACUCTBUSA
AM-curnana pasen 0,05. OcranbHbie 95% MOIIHOCTA TPUXOAUTCS HA HECYIIYIO, KO-
TOpas HUKakod uH(popMauuu He HeceT. OOIM BBIBOJ — aMIUTUTYIHAS MOJYJISLIMS
He sBIsAETCA d(DPEKTUBHOMN C IHEPreTUUECKOM TOUKHU 3PEHUSI.

HNudopmaius o napaMeTpax Mepe1aBaéMoro COOOIIEHUs COAEPKUTCS B Kaxka0H
n3 O0KOBBIX nojioc cnekTpa AM-curnana. OHa 3aKkiloueHa B BEJIMYMHAX aMIUIUTY]L
FapMOHUYECKUX COCTABJISIOIIMX CIIEKTPa, 3aBUCSIINX OT KO3PPULIMEHTA MOIYIISIIIH
m, U B CTpYKType OOKOBBIX Ioisioc cnekrpa. JlanHass oco0eHHOCT AM-curHana mno-
3BOJIMJIA CO3/aTh AJIbTEPHATUBHBIE BU/bI aMIUIMTYAHOW MOIYJSALUUA — OalaHCHYIO U
OJTHOHMOJIOCHYIO MOAYJIALIUIO.

4.2.5. Banancunas amnaumyounas mooyiayus

J1st 3¢ (HEeKTUBHOTO MCIOJIB30BAHUS MOIIIHOCTHU NE€peIaTynKa Mpy aMILTUTYTHOM
MOJYJISILIMU MCHOJIb3YIOT TaK Ha3blBAEMYIO OAAHCHYIO aMIUIMTYIHYIO MOAYJISILHMIO.
[Ipu Takolt ™Moaynsauuu GOPMHUPYETCS aAMILTUTYIHO-MOIYJIMPOBAHHBIA CHUTHAJ,
CIEKTP KOTOPOr'0 HE CONEPKUT COCTABIIAIOIIECH HAa Hecylel yactore. [loaromy Takon



AM-cUrHan Ha3bIBAIOT CHTHAJIOM C ITOJABJICHHEM HeCyllel (aHTIMHCKUN TEPMUH —
amplitude modulation with suppressed carrier, AM-SC ).

Pagnocurnan ¢ 6amaHCHOW MOZYJSAIMEH MPU TOHATLHOM MOJYJIUPYIOIIEM CHT-
HaJIe UMEET BUJI

s(t)=

JIJIsL TIOJTyYeHHsI TaKOTO0 CHUTHaJIa JOCTATOYHO MEPEMHOKHTHh HECYIee W MOIY-
mupytomiee koyiebanus. Ilo cymecTBy B pe3ynbrare OyQyT HMOJyYeHbI OWEHUS IBYX
rapMOHMYECKUX CUTHAJIOB C OJUHAKOBBIMHM aMIUIUTYJAaMH U 4acTOTaMH @, — U
@, +Q (puc. 4.9).

XapakTepHO, YTO MPHU NEPEX0Jie OrudaroIel CUrHana yepes Hyllb (ha3a Hecyllle-

U
Gy cos[(wy + Qi +@ +y]+ meos[(a) Q)+ -7].
2 0 2 0

ro KojaeOaHusg CKauKOM M3MEHSIETCS Ha 1800, T.K. orudaromas u3MeHseT CBOIl 3HaK.
[ToaToMy B BBICOKOOOPOTHOM KOJIEOATEIIBHOM KOHTYpPE, Ha KOTOPBIM MOJIaeTCsl CHUT-
HaJl ¢ OaJlaHCHOM MOZYJALMEN U HECYIEH YaCTOTOM ((, pPaBHOM pE30HAHCHOM 4ac-

TOTE KOHTYypa, KOJI€OaHus ¢ 4acTOTOM @( OyoyT KOMIEHCHPOBAThH APYT APYra B Kak-

JIOM TIEPHOJIe MOIYJIUPYIOIIETO KojeOaHus. DTHM U OOBSICHACTCS OTCYTCTBHE B
CIIEKTpe CUTHaja ¢ OaJaHCHOW MOJIYJISIIIUEN COCTABIISIONICH C HECyIIeH 4acTOTOM
MPY HAIMYKUHU BBICOKOYACTOTHOT'O 3aMOJIHEHUSI HA OCHIIJIOrPaMME CUTHAIA.

Hecmotpst Ha 1O uto KIIJ[ curnama c GajlaHCHOW aMIUITUTYIHONW MOIYJSAIHMEH
paBeH 1, 3TOT BUA MOAYJSALIMU HE Hallle]l IPUMEHECHUSI B TEXHUKE CBSI3U M3-3a CIIOXK-
HOCTHU JIETEKTUPOBAHUSI CUTHAJIA.

Suit) .
Sl
U b=ttt =11 =11 =1 =1 =1 =1~ -1 =1 -1 - ml®) Ugt
O T T LT T T e T LT T T —t 0~ EL ®
___________________ Sqg (00
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0= [ [ i
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Puc. 4.9. banaHcHast aMIIUTYTHAasE MOAYJISLIAS



4.2.6. O0HOnoONOCHASL MOOYIAYUSL

JUIs JTydiero MCIoJb30BaHMs AMANa30Ha 4acTOT, MPEACTABICHHOIO U Iepe-
naud “H(pOpMalUH, >KelaTeIbHO YMEHBIIUTh IIMPUHY CIEKTpa MOIYJIUPOBAHHOTO
curHania, koropas npu AM cocrasuser 2Q,,., . CIEKTp TaKOro CUrHaua COAECpPIKUT

JIBe OOKOBBIE TIOJIOCHI YACTOT, SIBJISIFOIIUECS 3€pKaJTbHBIM OTOOpaKEHUEeM JPYT JApyra.
CrexTpalbHBIM COCTaB KaK HWIKHEW, TaK U BEPXHEU OOKOBBIX IOJIOC OINpeeseTcs
OJIHOW U TOM ke mHpopMalmeit o MoaynupytoeM curiaine. Ecinu nepenaBaTth OJHY
OOKOBYIO TI0JIOCY, TO MOXHO MPUMEPHO B 2 pasa Cy3UTh CHEKTp paauocurHaia. [lo-
JyYarmascs MOIYJSALMUA Ha3bIBAETCS OJHOIIOJIOCHOM aMIUIMTYIHOW MOMYJISALUEH
(anrnmiickuii TepmuH — single side band, SSB). Ilepenaua undopmanu B KaHagax
CBSI3U C TAKUM BUJIOM aMIUIUTYTHOW MOAYJISIIUUA OCYIIECTBISCTCS TOJIBKO OJTHOM 00-
KOBOH IMOJIOCOM CIIEKTPA MOJYJIUPOBAHHOIO CUTHAJA.

OIHOMOJIOCHBIN CHUTHAJI MOXET OBITh TOJIYYeH TOJABICHHEM C TOMOIIBIO
dbunpTpa 0HON OOKOBOM TMOJIOCH! CHIEKTPA WM ITyTEeM OJJHOBPEMEHHOTO IMOJABJICHUS
OOKOBOM TOJIOCKHI M COCTABJISIONICH HA HECYIIIEH YacTOTE.

CnekTp curHana ¢ OJHOINOJOCHON MOIYJISIIIMEN TOHATBHBIM CUTHAJIOM C IOJIaB-
JIEHWEM HIDKHEH OOKOBOM MOJIOCHI M 0€3 MOaBICHUsI HECYIIIEH NMEEeT BU/T

U
s(t)=U,, cos(@yt + ) + ;m cos[(@wy + Q)+ +7].

Ornpenenum 3aK0H U3MEHEHUS OTHOAaroIIeli TOro0 CUrHaa.
U,m

U . .
s(t)=U, cos(@yt + ) + %mcos(a)ot + @)cos(Qt +y) — sin(wyt + @)sin(Qt +y) =

U,m

=U, [1 + %cos(Qt + }/)} cos(wyt +¢) — sin(Qdt + y) sin(wyt + @) ;

2 2 2
Ui)=U, [1+%003(Qt+}/)} +[%sin(Qt+y)} =U, 1+mcos(Qt+;/)+mT.

Kak BUIHO M3 MOJYYEHHOTO BBIPAXKEHUSI, TP OJHOMOJIOCHON MOIYJISIIUUA TPO-
UCXOJUT MCKaKeHHE Orudaroiieid MoIyJIUpPOBAaHHOTO CUTHaNA. XapakTep U HEKOTO-
phI€ YHUCIIOBhIE MTapaMeTPhbl HCKAXKEHUH MOXKHO OIIEHUTH 10 rpaduky (puc. 4.10).

ity Un

Puc. 4.10. Orubatromue AM-CUrHasioB npu 0ObIYHOM (MMyHKTUPHAS KpUBasi) U
OJTHOTIOJIOCHOM (CIUTOLIHASI KpUBast) MOAYIISUAX



Ha rpaduxke npeacrasnens! orudaromas AM-curtana npu oObIMYHON MOIYIISIITUH
TOHAJIBLHOM YacTOTOM W orudaroIias Mpu OJHOMOJOCHON Moxynsanuu. ['paduku pac-
CUMTaHBbI pu m = 1.

Hckaxxenus ormbaronieil mpu OJHOMOJIOCHON MOAYJISIUMU OTPAaHUYMBAIOT MPaK-
TUYECKOE IIPUMEHEHUE ITOT0 BUAA MOAYJSLIMU B CUCTEMAX PaJUOBEIIAHUS U TEICBU-
JICHUSL.

Pa3HOBUIAHOCTHIO OJHOINOJOCHOW MOIYJISALMU SIBJIIETCS OHOIIOJIOCHAs aMILIU-
TyAHass MOAYJISIUMs C IOJABJICHUMEM Hecyllel. B naHHOM ciiyyae He ynaercs Ipo-
CTBIMU CPEACTBAMHU IIOJIYYUTH CBSI3b MEXKAY MOAYJHUPOBAHHBIM U MOIYJIHUPYIOILIUM
curHanamu. Jljigs Toro 4ToObI 3TO caenaTh, HEOOXOIMMO MCIOIb30BaTh IMOHATHE aHa-
JUTHYEcKoro curHana. [lpu 3ToMm MOy IMpOBaHHBIN cUrHaN OyAeT NpeicTaBieH cle-
IYIOIIUM BBIPAKECHUEM:

s(t) = Re{[U(1) + jU(1)] €™/ 20} = U(r) cos wyt F U (1) sin wyt ,
rae Uj(¢) — npeobpasosanue ['minpbepra ot U(%) .

3HaK IJTI0C COOTBETCTBYET MCIOIb30BAHUIO HIDKHEW OOKOBOM IMOJIOCHI, 3HAK MU-
HyC — BepxHeil. Takum 00pa3om, CHUTHAII C OJJHOMOJIOCHON MOIYJISIIMEH TIPEeACTaBIs-
eTcsl B BHJIE CyMMBI JIByX AM-CUTHAIIOB, CIBUHYTHIX TI0 (dase Ha 7/2. B 3aBucumo-

CTH OT TOTO, KaKOW 3HaK UMeeT CIBUT 10 (aze, popMHUpyeTCs OTHONOIOCHBIN CUTHAI
C BEpXHEH WM HUKHEW OOKOBOM MOJIOCOIA.

B obmem ciydae aMIuiMTynHas OrM0aromiasi OJHOMOJIOCHOTO CHTHAIa CHUIBHO
OTJIMYAETCS OT MOIYJIUPYIOIIETO HU3KOYACTOTHOTO CUTHaNA. TOJBKO MPU TOHATHHOU
MOJYJIAIMKM Orudaroias oJHOMOJOCHOrO curHana (0e3 Hecyilei) mo gopme comma-
JaeT C MOIYJUPYIOIIMM CHTHAJIOM, TaK KaK MPH 3TOM BHUAE MOIYJISIIMH MOTYJH-
PYIOIINI CHTHAM ¢ 4yacToToi () MpeBpaiaeTcsi B TapMOHUYECKOE KojebaHue C Jac-
TOTON @, + Q. JlpyruMu ciioBaMu, IIpU TAKOM BHJI€ MOAYJISIUM HECyllee KonebaHue

peoOpa3oBbIBACTCS TaKUM 00pa3oM, UYTO CHEKTP PaJHOCUTHaNa MOJHOCTHbIO COBIA-
JaeT CO CHEKTPOM IepeAaBaeMoro COOOIIeHHs], CIBUHYThIM [0 OCH YacTOT HA BEJU-
YUHY @.

OAHOMOMOCHYIO MOJYJISILIMIO C Pa3M4YHbBIM YPOBHEM HeECyIero kojiebanust (0T
MOJIHOTO COXPAaHEHHUs A0 TOJHOTO IMOAABICHHS) NPUMEHSIOT B PaJUOTEXHUYECKUX
cuctemax repefaud umHpoOpmanuu, paboTaolMX B JAHana3zoHax BOJIH, Te oOias
HIMPUHA TOJIOCHI YAaCTOT CPaBHUTENBHO HeOombias. CiaeayeT OTMETUTh, YTO MpUMe-
HEHUE OJHOMOJOCHON MOIYJSALMUA NPUBOJUT K 3HAYUTEIBHOMY YCIOKHEHHIO arla-
patypsl. Bo3pacTator Takke TpeOoBaHUs K CTAOMILHOCTH €€ MapaMeTpoB U XapakTe-
pucTHK. B 1enom mepenaroiive U NpUEeMHbIE YCTPOMCTBA CUCTEM C OIHOIOJIOCHOMN
MOJIYJSIMEN TIO YUCITY 3JIEMEHTOB OKa3bIBalOTCA B 3 — 5 pa3 6ojee CIOKHBIMU, YEM
pU OOBIYHOM aMIUTUTYIHON MOIYJISIIIUU.

[Ipumenenne AM cBsi3aHO € ONpEACICHHBIMU OrPAHUYEHUSIMH, KOTOPBIE CBSA3a-
Hbl C aMIUTMTYJAHBIMU MCKa)XEHUSIMHU, BOZHUKAIOUIUMU MIPU Tepeiaye MoJi BO3AEHCT-
BHEM BHEIIHUX M BHYTpeHHUX IIyMmoB. [loaromy AM ucnoib3yeTcss B OCHOBHOM B
pPaJMOBEIIaHUN U TEJIEBUICHHUH, a TAKXKE B CUCTEMAX CBS3H, TJI€ paJy MPOCTOTHI YCT-
POMCTB IONYCTUMBI HE3HAYUTENIbHbIE UCKAKEHUS NepEaBa€MbIX CUTHAJIOB.



4.3. Paagnocursansl ¢ yrjioBoil Moy asinueit

4.3.1. OOwue cBeaeHus: 00 yriioBo MOy IsLUN

[Ipu yrinoBoit Mmoaynsiuuu (aHrIMicKuil TepMuH — angle modulation) mpoucxo-
IUT U3MEHEHHE ()a30BOTO CIIBHTA BBICOKOYACTOTHOTO KOJICOAHUS MO/ JEHCTBHEM
MOJIYJIMPYIOIIETO CUTHANA. AMIUIUTY/Ia CUTHAJa MPU 3TOM BHUJI€ MOAYJISIIIMHA OCTAET-
cst mocTostHHON. DopMyIia, ONMMCHIBAIOIIAs MOAYIMPOBAHHOE KOJIeOaHNEe, UMEET BH]I

s(t) =U, cos[owyt + ()] =U, cosy(t),
rie @yt — NIMHEHHbII Ha0er a3kl 3a BpeMms
¢(t) — dazoBas GpyHKIIUS, OOYCIOBICHHAS MOAYJISIIUCH.
Panee ObIIO cka3aHO, YTO M3MEHEHHE (a30BOro caBUTA ((f) MOMKET MPOUCXO-

IUTh KaK MyTeM MOAYJISIIIUN HEMOCPEICTBEHHO (Pa30BOro CABUra, TaK U IMyTEM MOIY-
JSIUM 4acTOThl Hecylero koiebanus. OObACHAETCS 3TO U3BECTHOW 3aBHCHUMOCTBIO,
CYLIECTBYIOIIEH MEXy YIJIIOBOM 4acTOTOM M MOJHOW (a3oi rapMOHHUYECKOTO KoJje-
OaHus:

w(t) =

W _, 9400 (1) = ja)(t)dt — wt + (1)
dt 0

[ToaTomMy paznuyarotr ¢hazosyro mooyusayuio (PM) u wacmomuyo mooyaayuro
(UM).

IIpu da3oBoil MoayIALMU MPOMOPLUOHAIBEHO MOJYIHUPYIOLIEMY CUTHAIY s ,, (1)
u3MeHseTcs (ha3oBbIi CIIBUT, T.e.

P(1) = @y + ks, (1),
P YaCTOTHON MOYJSIIIMU — 9YacTOTa HECYIEero KoyiebaHus, T.e.
o(t)=wy +k,s, (1).

Koodpunmentsr kg u k, — 510 MacmrabHbie (pasMepHbIC) KOIDGUIMCHTI
MPONOPIIMOHATHHOCTH MeXay (Gazoil U HanpsokeHueM (pasmepHocth Pan/B), gwacrto-
TOH U HampspKeHneM (pasmepHocts Pan/B c).

[TomHas da3za MOTYyIMPOBAHHOTO KOJICOAHHS paBHA
npu OM v (1) = ot + kg5, (1) + g5

t
opu UMy (¢) = oyt + qusM (Hdt +¢,.
0
Tor daxt, uro u3mMenenue ¢asbl KojaeOaHUss BO BpEMEHU MO 3aKOHY Y (f) mpu-

BOJMT K M3MEHEHHIO MIHOBEHHOM 4acTOThI 10 3aKoHy d(f)/dt , a n3MEHEHHe MIHO-
BEHHOM Y4acCTOTHI MO 3aKOHY @(?) MPUBOJIUT K U3MEHEHHIO (ha3bl MO 3aKOHY J w(t)dt,

00yCIJIOBIMBAET OOIIHOCTh MEXAY JBYMS Pa3HOBHUIHOCTSIMH YIJIIOBOW MOJIYJISIIHA —
($ha30BOI ¥ 4YaCTOTHOM.



PaccMmoTpumM Gostee opoOHO KaXkKIIbIi U3 3TUX BUIOB MOAYJISAIIUU B TIPEIITOJNIO-
KCHUH, UYTO PeaTM3yeTCs TOHAIBHASI MOIYJISAIHNS, T.C. MOIYJUPYIONIUN CUTHAJ SBJIS-
€Tcs TapMOHUYECKUM U paBeH s, (1) =U , cos(Q2t+7y).

4.3.2. @azosas Mooynayus.

[Tpu ¢da3oBoii MOIYIANMK TAPMOHUYECKUM CUTHAJIOM ToJjHas (a3a MOmyIupo-
BaHHOT'O CUTHAJIa paBHA
w(t) =gt +kpU,, cos(Qt+y)+@,. (4.2)
Toraa BeIpaxkeHUE 1T MOAYJTUPOBAHHOTO CUTHAJIA IPUHUMACT BUJT
s(t) =U,, cos[yt +kgU ,, cos(Qt +y) +¢q].

VriioBas 4acToTa 3TOro KojaecOaHwus 6YI[CT paBHa

w(t) = % =0y —kypU,Qsin(Qf +7). (4.3)

Taxum oOpa3om, n3meHeHHE (Ha30BOTO CABHUTra MO 3aKOHY KOCHHYCA TPUBOAHT K
M3MEHEHHUIO YacTOThI MO 3aKOHY CHHYCA, T.e. MpH (Ha30BOMl MOAYISALNN H3MEHEHHE
9acTOTHI (IO CYIIECTBY TOXKE MOMAYJIALNS) MPOUCXOANT TI0 3aKOHY, OTIIMYHOMY OT 3a-
KOHa M3MEHEHHSI MOAYJIMPYIOIIEro CUTHAIA.

Amnanu3 BeipakeHut (4.2) u (4.3) mist hasbl ¥ 4aCTOTHI MOIYJIMPOBAHHOTO KOJIe-
O0aHMs TO3BOJIET CHAENaTh OMPEICIICHHBIC BBIBOJBI OTHOCHTEIHHO HEKOTOPBIX €Tro
napaMeTpoB.

Kak crenyer u3 dopmynsl i nonHoi ¢dasel, BenununHa f =k, U, sBisercs

MaKCUMaJIbHbIM OTKJIOHEHHEM (pa3bl HECYLIEro KoJeOaHus OT HaudalbHOU (asbl @,

T.€. [0 CYIIECTBY ATO aMIUIUTY/1a U3MEHEHHUs (a3bl. DTy BEIMUYUHY HA3BIBAIOT UHOEK-
com yenosou mooynayuu. Ilpu ®M oHa 3aBUCUT TOJBKO OT aMIUIUTYAbl MOIYJIUPYIO-
LIEr0 CUTHAJIA.

B cBoio ouepenp BenMuMHA @y = kgU , ) ABIACTCS MaKCUMAIbHBIM OTKIIOHE-

HHUEM YaCTOTbl HCCYIICTO KoJicOaHMsI OT 3HAYCHHS @q, T.C. OTO aMIIJINTyla U3MCHC-

HUS 4acTOThl. DTy BEJIMYMHY HA3bIBAIOT deguayueti yacmomul. IIpu @M oHa 3aBuCUT
HE TOJIBKO OT aMILIUTY/Abl MOIYJUPYIOIIETO CUTHAJIA, HO U OT €r0 YaCTOTHI.

Taxum o6pazom, oOuiee BblpaxkeHHE A (azoMOAYIMPOBAHHOIO CUTHANIA IIPU
TOHAJIBHOM MOyJISIMM cUTHaIoM s, (¢) = U |, cos(€2t + y) umeer Bux

s(t)=U, coslowot + Bcos(Qt+y)+@,].
4.3.3. Yacmommnas mooynayus
[Ipu yacTOTHON MOIYJAIMU TAPMOHUYECKUM CHUTHAJIOM YacTOTa MOAYJIUPOBaH-

HOTO KoJieOaHMs paBHA
o(t)=wy+k,U, cos(Qt+y).



[lonnas ¢a3za Takoro kojeOaHUs ONpeNENseTCs Kak MHTErpal OT YacTOThI (C
y4eTOM HauyaJbHOU (ha3bl)

t
kU, .
(1) = [o@t)di =gt +—=2Lsin(Qr +7) + @y
) Q
Torz[a BBIPpAKCHUC IJIA MOAYJIHPOBAHHOT'O CUTHAJIA IPUHUMACT BUJI

kU, .
s(t)=U,, cos[wyt + ”QM sin(Qz +y) + @, ].

Taxum oOpa3om, U3MEHEHHE YaCTOTHI IO 3aKOHY KOCHHYCa IPUBOJUT K U3MEHE-
HUIO ()a30BOTO CIABUIA MO 3aKOHY CHHYCA, T.€. P YaCTOTHOM MOIYJSLIMU U3MEHE-
Hue (pa30BOro CABUTa MPOUCXOIUT IO 3aKOHY, OTJIMYHOMY OT 3aKOHA U3MEHEHUS MO-
NyJAPYIOLIErO CUTHAJIA.

Ha puc. 4.11 nokasano, kak usmeHseTcs (a3a ¥ 4acTOTa MOIYJIMPOBAHHOIO KO-
nebanus npu ®M u UM, ecnu 3aK0H U3MEHEHHSI MOTYJIUPYIOLIEr0 CUTHANA OJUHAa-
KOB.

Kak cienyet u3 npuBeneHHbIX GopMys Uit TOJIHOM (a3bl U YaCTOThI, YACTOTHO-
MOJYJIMPOBAHHOE KOJIEOAaHNE MMEET IE€BUALMIO YaCTOThl @, =k, U, W MHAEKC yIIo-

BoM Monymsiumu 3 =k, U, /Q. B nanHOM ciiydae A€BHALMS YACTOTHI HE 3aBHCHUT OT

YaCTOTHI MOAYJIUPYIOWICTO CUTHAJIA, 4 UHACKC yrHOBOﬁ MOIAYJIALUU 3aBUCHUT.

dM ym
Spa L) SaiL)

Puc. 4.11. CpaBuenue ¢pynkuuit w(t), @(¢) u curnanos npu ®M u UM

Taxkum 00pa3om, obIIee BhIpXKEHUE ISl YACTOTHO-MOYJIMPOBAHHOT'O CUTHAsA
MIPU TOHAIBHOM MOJIYJISIITUU MOXKHO 3aIlUCaTh TaK:
s(t)=U, cosloyt+ Bsin(Qt+y)+¢,].



XapaKkTepHO, 4TO CBsI3b MHJICKCA YIJI0BOW MOIYJISAIUUA M ACBUAIIUN YACTOTHI JISI

$a30BOif ¥ YACTOTHON MOIYJSIIUIN OMpenesIeTCs] BRIPaKEHUSIMHU
B=0,/Q n o,=pQ.

[To obmiemMy BUIYy MaTeMaTHYECKOTO BBIPAKEHUS VISl CUTHAJIA C YTIIOBOW MOJTY-
JSIME HeNb3sl CKaszaTh, Kakas MOIYJSIUS pealin3oBaHa — (a3oBas WIM 4acTOTHas,
€CJIM HEe M3BECTCH MOAYIHPYIOMUi curHan. OTBETUTh HA TOT BOIPOC MOXKHO, €CIIH
paccMoTpeTh rpaduku 3aBucuMocteil B(Q2) u w,(Q) (puc. 4.12).

[Ipu dazoBoit moaynsauuu rpapuk () — npsimas, napauienabHas 0Cu adciucc,
rpaduk o, (Q) — npsaMas, Ipoxoiilas Yepe3 Hayajao KOOPAMHAT C YIJI0M HAKJIOHA K
ocu abcuucce, 3aBUCAIIUM OT aMIuIUTyasl U ,, Moaymupyromero cursana. Ilpu ygac-
TOTHOM Monynsauuu rpadux [(€2) — paBHOCTOPOHHSS TUniepOoia ¢ IEHTPOM B Haya-
7€ KOOpAMHAT, rpaduk o, (L) — npsamas, napauieiabHas ocl adCLUCC.

W) Plsd) W), Pls)
B (e
O |3
2 2
a) 6)

Puc. 4.12. I'paduxu 3aBucumocteit (Q) n o, () npu ®M (a) u UM (6)

4.3.4. CnekmpanbHblil AHAIU3 CUSHANO8 C Y2lI080U MOOYIAYUel

OnpenenuM CIHEKTp KojieOaHUsl ¢ YIJIOBOM MOMYJISIUEH, MPEICTAaBICHHOTO B

BUJIC
s(t)=U,, cos(wyt + B sin Qt).

JlaHHOE BBIpXKEHHUE ONMUCHIBACT CUTHAJ C (pa30BOM MOAYJISALMEH, €Clid MOTYJIHU-
pyrowmui curuai s, (1) = U, sin Qf, ¥ CUTHAJI ¢ YaCTOTHOW MOIYJIALUEN, €CIIU MOMY-
aupyromun curaan s, (t) =U,, cos Q. [Insd ynpoueHuss MaTeMaTU4eCKUX BBIKIIAJ0K
HaydalbHbIE (Pa3bl (@, U ¥ ) HECYLIETO U MOIYJIUPYIOLIETO CUTHAJIOB OIIYILEHBI.

BpImo1HUM 371€eMEHTapHbIE TPUTOHOMETPUYECKHUE MPeoOpa3oBaHMUs.

s(t) =U,, cos(wyt + B sin Qt) = U, [cos wyt cos( S sin Q) — sin @yt sin( B sin 2¢)] .

Bocnosb3yeMcs u3BecTHbIMU cOOTHOIIEHUsIMHU [10]:

cos(BsinQt)=J,(B)+2 %‘Jzk(ﬁ)cosﬂc&)t;
k=1

o0
sin(Bsin Q) =2 Y Jop1(B)sin(2k +1)Q1,
k=0



rae Jk(B) _ geccenena GbyHKIUS IEpBOro poaa k -ro MopsiZIKa OT apryMEHTa B :

o0
Torna s(t) =U,, coswyt| Jo(B)+2 D Joi(B)cos2kQu |-
k=1

0
U, sinwgt| 2 D Jop41(B)sin(2k + 1)Qt |.
k=0
PackpoeM ckoOKM M 3aMEHMM MPOU3BEIACHUS TPUTOHOMETPUUECKUX (YHKIUN

COS @t COS 2AL 2! p SOl sin(2k +1)€21 [IOJIyCyMMaMU KOCHUHYCOB COOTBETCTBYIO-
IIMX apryMEHTOB (C CyMMAapHbIMU M Pa3HOCTHBIMHU 4YacToTaMu). B pesynbrare momy-

YUM BBIPAKEHHE, KOTOPOE ONPEIENSIET CIEKTP CUTHANA C YIJIOBOM MOAYJISLUEH:

s(t)=U,Jy(B)coswyt+U, %Jk(ﬂ)cos(a)o +kQ2)t +
k=1

+U, i (=K T (B) cos(wy —kQ)t
k=1

Ananus JAHHOI'O BBIPpAXKXCHUA MMO3BOJIACT CACIATH CIICAYIOIHME BBIBOABI:

1. CHCKTp CuUrtHaljia ¢ YFHOBOﬁ MOIIYJIHI_[I/IeI‘/JI COCTOUT M3 COCTaBJISIONICH Ha HE-

cymedl yactore M OECKOHEYHOIo 4Yucia OOKOBBIX COCTABISAIOIIMX C 4YacTOTaAMH
w, + kQ2
,  PACHONIOKEHHBIX CHMMETPHYHO ~OTHOCHTEIBHO

(4.4)

HECYIIEW YaCTOTHI
(pric.4.13). CocTaBisiomue ¢ HeYeTHBIMM HOMepaMu 1 yactoTamu 0 k€2 HaXOJIsIT-

ci1 B IpOoTHBO(A3e C COCTABIAIOIUMHU, MMEIOIUMU TaKHe >K€ HOMEPa U 4YacTOTHI
@, + kQ

S () U JalE)
B=1 T (F)
U Jz(F)
a [.
0 g 3 o
50) T
= =
Un 1B,
F=2z24 1-:H=|:|...5
1l [, .
8 8 g 3
5 L O
f—ga S, S S = II;IHZJ]E(ﬁEE:
BRI
ot 03 oG O
AR SR -
=] ==



Puc. 4.13. CrieKTpbl CUTHAJIOB C YINIOBOM MOAYJIALMEN IPU PA3TUIHBIX B

2. AMIUTATYBI COCTABISIOIIMNX CIIEKTPa 3aBUCAT HE TOJIBKO OT aMIUIATYAbI U
HeCyIlero kojsiebanus, HO ¥ OT 3HaYeHHM OeccelieBbIX (PYHKINIA MPU MHACKCE YIIIOBOM

MOIIYJIHLII/II/I ﬂ JAHHOI'O CHUI'HaJia. XapaKTep N3MCHCHUSA 6CCCCHCBBIX q)YHK]_II/Iﬁ TAaKOB
(pI/IC. 414), qToO HpI/I OHpCI[CJICHHBIX 3HAYCHUAX ﬂ BO3MOKHO OTCYTCTBI/Ie B CHeKTpe
CUTHAJIa COCTABIISIIONIEH Ha HEeCYIIEH 4acToTe (ﬂ = 2’4, B =55 ), COCTaBJISIIOIINX Ha
+ ~ ~ +
YACTOTaX COO +Q (ﬂ 3,9) ﬂ 7,1 )’ COO +2Q0
~ 5,2 ~ 8,4

(ﬂ -, B =8, ) ¥ T.JI.

3. B o0mieM ciiyyae cUTrHaI C YIJIOBOM MOIY/ISLMEH 3aHUMaeT OECKOHEUHYIO T10-
jocy 4actoT (Teoperuyecku). OgHako OGecceneBbl (PYHKIMHM XapaKTEPU3YIOTCS TEM,

COCTAaBMMIOIINX Ha 4YacCcToTax

4TO C POCTOM HMHACKCA MOAYIIALUU ﬁ a0COJIIOTHOE 3HAYCHUE (I)YHKI_[I/II/I Jk (ﬂ ) ObI-

CTPO YMEHBIIAETCS C YBEIUYECHUEM k . HauGomnbumit HOMEp COCTaBIAIOLIEH, KOTO-

pYyro cuiec HCO6XOI[I/IMO YUUTBIBATL B COCTABEC CIICKTpA, PaBCH HpI/I6J'II/131/ITeJ'IBHO HHAOCK-

L >>1

CY MOAYJALIMHU, T.C. k=P [ToaToMy cuuTaercs, 4To Mpu (3TO0 CIpaBenIUBO

JUIS TAK HA3hIBAEMOIl MEUICHHOI YITIOBOI MOTY/IAIMM, pu kotopoii ©0 >> L

pHHAa CIIEKTpa CUTHajla paBHA

) 1Im-

Aa)aqb ~ 2[3 Q
J (p)

MA@,y = 2‘;—69 = 2w,

-
1
-1 71
1
17171
1
17171
1

117171

L]
117171

Y

CIEIFICI
b B ™ B =
T
|

|
1
-1
1
|
|
| |
1"~ 1 - 17171
|

Puc. 4.14. I'paduxu ¢pyukiuiit beccens

Taxkum 006pa3zoM, MOXKHO CKazaTh, 4yTO 3(h(PEeKTUBHAS MOJOCAa YACTOT CUTHAJA C
YIJIOBOM TOHAJIBbHOW MOJIYJISLIMEN paBHA YABOCHHOW BEJIWYHUHE JEBHUALMUA YaCTOTHI U
3aBUCHUT OT YaCTOThI MOAYJIUpyromero curaaia npu @M u He 3aBucut — npu UM.

OnpeniesieHHBI UHTEPEC C MO3HABATEIBLHON TOYKHU 3PEHUS MPEICTABISET CIIy-

Yai, KOrJla NHJEKC YITIOBOM MOAYIISIIMM UMEET MaJlO€ 3HAYECHUE, T.C. B <<1 B 5rom

ciydac UMCHOT MCCTO HpI/I6JII/I)KeHHBIe PaBCHCTBa

cos(fsinQ)~1 = sin(fsin)~ fsiny



Torma criekTp cursaljia paBeH
s(t) = U, ,(cos wyt — B sin Qt sin wyt);

U U
s(t)~ U, cosmyt + gﬂ cos(w, + Q)t — ’;ﬂ cos(wy, — Q)¢ .

Takum 00pa3oM, aMIUIUTYAHBIA CHEKTP CUTHala C YIJIOBOM MOIYNISIMEH MpH

B <<l TaKo# ke, KaK y CUTHaJjla ¢ aMIUTUTYHON MOIyNIsiuei (Ipu TOHAJIbHOW MO-

nynauun). [pudem vHIEKC YIIIOBOM MOIYISIIUU By JAHHOM CIIy4ae UIpaeT TaKyro
e poJib, KaK 1 KO3 (PUIIMEHT aMIUIUTYITHON MOy 7 .
Otnnune umeer (azoBblii cnekTp. HuwkHss OokoBas cocTaBisroliasi CHEKTpa,

T.€. COCTaBJISIOIIAsl PAa3HOCTHOM 4acTOThI, CABUHYTA 1O (aze Ha 180° orrocuTensHo
ee (a3pl IpU aMIIUTYAHOM MoAyIsLuu. braronaps 3toMy peanusyeTcs yrioBas MO-
OYNALMS, YTO WUTIOCTPUPYETCS CIIEKTPOM M BEKTOPHOM THMArpaMMOM, MPUBEIECHHOM
Ha puc. 4.15.

—_—

Ha BekTOpHOI1 IrarpaMMe HalpaBiIe€HHUE BEKTOpa CH IIPU AMIUTUTYIHON MOJIY-
JSUUU TTOKa3aHO WTPUXOBOM JuHHUEH. TOT ¢akT, 4TO COOTBETCTBYIOLINN BEKTOpP MPHU
YIJIOBOM MOZAYJSIUM MUMEET IMPOTHUBOIOIOKHOE HAIPaBIEHUE, PUBOAUT K TOMY, YTO

sektop CD nepnenmukynsapen k nanpasnermio sextropa OC . Tpu ToMm pesymbTH-

pytommii Bekrop OD m3mensiercs kak 1o dase, Tak u no ammnryse. Iocnennee u3-

MCHCHHUC HCCYHICCTBCHHO, TAK KaK ITpHU ﬂ <<l

JIbI 1 UMU MOYKHO NMPEHEOpEYb.

AMINIATYAHBIC U3MCHCHUA OYCHb Ma-

S
Un

Usp |CE-ICF| = Ui
2

..

EI:ID—Q\ Wo mg+se

04

L LB
Jo

Puc. 4.15. CniekTp u BEeKTOpHas JuarpaMma CUrHajia

C YIVIOBOM MOAYJISILIMEN TIPU B <<l
3aMeTHM, 4TO NMPU TOHAJIBHOW MOIYISLUMU aMIUIUTYJHBIE CIEKTPHl CUTHAJIOB C
UM u ®M oauHaKOBHI (pasyMeeTcsi, MPU OJUHAKOBBIX MapaMeTpax MOAYJIUPYIOIIETO
U HeCyIlero kojebanuil), a pazoBbie CIEKTPHI PA3ITHUYAIOTCS.



4.3.5. YroBast MOLYJISILIMS TTOJTUTaPMOHUYECKUM CUTHAJIOM

Monynupyromuii cursain B o0ILIEM Cilydae UMEET CHEKTP, COCTOSIIUN U3 O0Jb-
1IOTr0 KOJIMYECTBA COCTABISIOIIMX C Pa3IMYHBIMH 4acTOTaMHu. VIMEHHO Takod CHEK-
TpaJIbHBIM COCTaB UMEIOT PEAJIbHBIE CUTHAJIBI COBPEMEHHBIX KaHaJIO0B CBs3U. [ToaTomy
ONPENIENICHHBIA UHTEPEC NMPEACTABISAET CIEKTPAIBbHBINA COCTAB BBICOKOYACTOTHBIX KO-
nebanuil ¢ pazoBoil WK YACTOTHON MOIYJISIIMEN TAKUMU CUTHAJIAMH.

[IycTh MOAYIMPYIOIIMI CUTHANT NPEACTABIEH CyMMON N TapMOHUYECKHX CO-
CTaBJISFOIINX

N
$,@0)=>U;sinQ,t.
k=1
Torpa curnan ¢ ¢azoBoit Mmoaynsiueit OyaeT UMETh BU]T
N
s(t) =U,, cos(wgt + D By sinQyt),
k=1
rae P = kgUj — napuuanbHbie HHACKCHI YITI0BOH MOIYJISIIIN.

Jlist ympoleHus JaibHEHIMX MpeoOpa3oBaHUil 1enecooOpa3HoO BOCHOJb30-
BaThCs KOMIUIEKCHBIM IMPEACTABICHUEM (PAa30MOAYIUPOBAHHOTO CUTHANIA, T.€.

N . .
J(@ot+ Y By sin Q1) N JBisinQgt
S(f):UHe k=1 :UHe]wotHe
k=1

N3BectHo [10], uTO

. . 0 .
ejﬂk Sll’lef — an(ﬂk)e]anf )
n=—o0
Torma

N 0 . .
s@®=U, 1 ZJn(ﬂk)e]ant e/ @0t
k=I\n=—x

AHanu3 MoJy4YeHHOT0 BhIpaxeHus (JanpHelIme mpeoOpa3oBaHus HE BBITIOIHS-
IOTCSI M3-32 TPOMO3JKOCTH M OTCYTCTBUS HEOOXOJIUMOCTH) TO3BOJISICT CHAENaTh Clie-
TYIOIINE BBIBOMI.

1. B cmekTpe BBICOKOYACTOTHOTO KOJEOaHUs C YriOBOM MOAYJSLMEH ToJUrap-
MOHHWYECKNM CUTHAJIOM HMMEETCSI OECKOHEUHOE KOJMYECTBO COCTABIISIONIMX C HECY-
el 1 60KOBBIMU YyacToTaMU. YacTOThI COCTABIISIONINX PABHBI:

Wy (5 Q £k, Q, ... 2k Qy), ki,ky,....,ky =0,00.

Cpenu G0KOBBIX COCTABJISIIONINX UMEIOTCS COCTABIISIONINE C KOMOWHAIIMOHHBIMHU
gacToTamMu. Tak, Py MOIYJISIMA OUTAPMOHMYECKUM CUTHAJIOM CIEKTP MOIYIUPO-
BaHHOTO  KojeOaHus  OyJeT  cojaep)kaThb  COCTaBJISIONIME C  YacTOTaMu
@y, 0y Tk, 09 £k, 1 0y = (kQ £k,Q2,).

2. AMIUTATY/IBI COCTABJISIIONINX CIIEKTPa ¢ KOMOMHAIIMOHHBIMU YaCTOTaMU OIlpe-
TIEJSI0TCS] POU3BEACHUAMHI OeCCeNIeBhIX (PYHKIMN pa3HBIX MOpsakoB. [loaTomy co-



CTaBIAIOIIME C KOMOMHAIMOHHBIMM YacTOTAMHM, BBIXOJSAIIMMHU 32 IPEIeEIIb
Aw =2w.y (®.y — CyMMa JeBUALMH 9aCTOT, 00pa3syeMbIX 3a CYET COCTaBIIAIOIIMX

MOAYJIMPYHOOICTO CI/IFHaHa), HUMCIOT MAJIYIO aMIUIUTyaAy U MOTYT HC IIPUHUMATLCS BO
BHUMAHUC.

4.3.6. CpasHenue amnaumyouou, ¢pazoeot u YacmomHou MOOYIAYUL

PaccmoTpeHHbIe BHIIBI MOTYJISIIUN CPABHUM TI0 IBYM OCHOBHBIM XapaKTEPUCTH-
KaM: CpeJHeil MOIIHOCTHU 3a MEePUOJ HECYILeH YacTOThl U upHHe criekTpa. Heobxo-
JUMBIE JIJISl TAKOTO CPaBHEHUS Pe3yJIbTaThl ObUIN MOTy4YeHbl paHee. O000IUM HX.

Cpenusist MmomHOCTh AM-KoJie0aHMi 3a MEPHOJ HECYIIIEH YaCTOThl UBMEHSIETCS,
TaK KaK M3MEHSETCS aMIUTUTYAa ITHX KOJieOaHHid. DTa MOIIHOCTh B MAKCUMAJIbEHOM

pexume B (1+ m)2 pa3 0oJIbIlIe MOIIHOCTH HEMOAYJIUPOBAHHOIO KoJjiebanus. [upu-

Ha MOJOCHl YacTOT, 3aHMMAaeMON CHEKTPOM aMIUIUTYAHO-MOJYIHPOBAHHBIX KoJieOa-
HUI, 3aBUCHUT OT BEJIMYMHBI MAKCUMAJIBHOM 4acCTOTHI {2y, MOAYJIUPYIOLIETO CUTHA-

na v paBHa 2Q . .

Cpennsiss momHocTh @M- u UM-konebanuil 3a mepuoj Hecyllel 4acToThl Io-
CTOSIHHA, TaK Kak aMIUIUTyAa kojebanuil HeusmenHa. lllupuna monocer yactor, 3a-
HUMaeMoi cnektpoM ®PM-konebanuii, paBHas Aw =2m, = 2kpU ,,Q2, 3aBUCHT Kak
OT aMILIUTYABl MOAynupymomero cursana U ,,, Tak u oT ero yactorel (2. Illupuna

I10JIOCHI 4acTor, 3aHUMaeMOu CIIEKTPOM YM-konebanuii, paBHas
Aw =20, = 2k,U ,,, 3aBUCUT TOJIBKO OT aMIUIUTY/bl MOAYJUPYIOLIETO CUTHANIA U HE

3aBHCHUT OT €0 YaCTOTHI.
Taxum 06pa3om, MHpUHA CIIEKTpa CUTHAJIOB C YTIIOBOM MOAYNSAIHUEH MPUMEPHO
B [ pa3 Oomblie mupuHbl crnekrpa AM-koneOanuii. Tak, Hanpumep, sl paguoBe-

manua f =15, T.e. IUPHUHA CHIEKTpa KOJICOAHUHN ¢ YIJIOBOM MOJIYJISIITUEN MPU Mak-
CUMajJbHOM  4acToTe  Momymsauuu  F =S5kl  cocTaBisgeTr  BEIHMYUHY
2f5 =2BFmax = 150 kI'n. Jlnist 3703 5K€ 4acTOTHI MOJYJISIMM [IUPUHA CTIeKTpa AM-

konebanuit paBHa 10 x['m. [lo »Tol mpuumHe (ha30ByI0 M YACTOTHYIO MOIYJISLIMH
MPUMEHSIOT JIMIIb B KOPOTKOBOJHOBOM M YKB nuamazonax, riae umeercst BOZMOXK-
HOCTh Pa3MEIlEHHUs] MHOXECTBA CTaHIMN C JIOCTATOYHO IIMPOKOM MOJOCOM 4YacToT,
OTBOAUMOM JUIA KaXKIIOU U3 HUX.

4.4. UmMmnyJIbCHAsE MOAY ISILUSE
4.4.1. Buovt umnynvbcHot Mooyasayuu
B paccmoTpennbIx Bble Buaax monyndauuu (AM, @M, UM) Hocutenem mnepe-

naBaeMoil MH(OpMaALUK SBJSETCS BBHICOKOYACTOTHOE TapMOHHYECKOE KoJjieOaHue, y
KOTOPOTO U3MEHSIETCSl COOTBETCTBYIOUIUH MapaMeTp — aMIUIMTYAa, (a3a Wiu 4acToTa.



B To ke Bpems B 1Iu(pOBBIX CHCTEMaX CBA3W B Ka4eCTBE HOCHUTEIS MH(OpMAIINH HC-
MOJIb3YETCSl MepUoANYEecKas Mocie10BaTeIbHOCTh UMITYJIbCOB C TAKUMH MapaMeTpa-
MH, KaK aMIUIUTYJa, 9acToTa U JIJIUTEIbHOCTh. VI3MEHEHHEM OJHOTO M3 3THUX Iapa-
METPOB 110 3aKOHY NIE€PEIaBaeMOro COOOUICHUS PEATU3YETCs UMNYIbCHASL MOOYIAYUSL.
[TomyyeHHOM B pe3ysIbTAaT€ TAKOW MOAYJISIUAM MOCJIEI0BATEIBHOCTHIO WMITYJIHCOB
MOJAYIUPYIOT BBICOKOYACTOTHOE KOJIEOAHHE C LIENbI0 MOJY4YECHHs paJuOUMITYJIbCOB,
KOTOpbIE MOKHO M37y4aTh aHTEHHON B CBOOOAHOE MPOCTPAHCTBO. TakuMm 00pa3oM, B
TaKUX CHCTEMax CBS3M peaju3yercs JBOWHAs MOMYJISAIMSA: MEPBUYHAST MOIYJISIUS
nepe1aBaeMbIM COOOIIIEHMEM BCIIOMOTaTeNbHOM MOCIIeI0BATENHHOCTH BUACOUMITYIb-
COB (KOTOPYIO MHOTJa HAa3bIBAIOT MOJHECYIIUM KOJIeOaHWEM) U BTOPUYHAST MOIYJISI-
1Sl BBICOKOYACTOTHOTO TAPMOHUYECKOTO KOJIeOaHUs BUACOUMITYJIbLCAMH, MOTy4YEH-
HBIMU B pe3yJIbTaTe MePBUYHON MOIYJISAIINH.

TeopeTnueckoil OCHOBOM MOCTPOEHUS BCEX METOJIOB MMITYJIBCHON MOIYJISIIMH
SIBJISIIOTCS TIPUHITMIIBI TUCKPETU3AlUMKM HETPEPHIBHBIX CUTHAMIOB, OCHOBAHHBIC HA TEO-
peme KotenbHUKOBA.

B 3aBucuMocTH OT BBIOOpa M3MEHSEMOI0 MapaMerpa MOAYJIUPYEMOU MOCIe10-
BaTEJIbHOCTU BHJICOUMITYJIBCOB MOXKHO PEAIM30BaTh Pas3MuHbIE BUIbI UMIYJIbCHOU
Moxaymsiiuu. Ha puc. 4.16 npuBeneH MOy IUpYIOMNANA curHai (a), MoAyIupyemas 1mo-
CJIEI0BATEILHOCTh UMITYJILCOB (0) M MOCJIEIOBATEIIBHOCTH UMITYJICOB, SBIISIIONIAECS
PE3YIBTATOM PA3TUYHBIX BUIOB UMITYJILCHON MOIYJISIINH.

1. Amnaumyono-umnynvcuas mooyiayus (AUUM) — 1o 3akoHy mepeaaBaeMoro
COOOIICHHS U3MEHSIETCS aMIUIUTY1a UMIYIbCoB (puc. 4.16,B). Pasnuyaror:

AWM mnepBoro pona (AUM-1), korja MrHOBEHHbIE 3HAYEHUSI aMIUTUTYAbl UM-
MyJIbCa U3MEHSIIOTCS B T€YEHUE €r0 JUIMTEIbHOCTH U 3aBUCAT OT MIHOBEHHBIX 3Haue-
HUW MOAYJIMPYIOILLETO CUTHAJIA;

AUM Broporo pona (AVM-II), xorma ammiutyaa UMIyJIb5COB B TEUCHHE JIJTU-
TEJIBHOCTHU MOCTOSIHHA U PaBHA 3HAYEHHUIO MOJYJIMPYIOIIEr0 CUTHAaja B TAKTOBOM TOY-
K€, KOTOpasi MOXKET COBMaAaTh ¢ JI000M BpeMEHHON TOUKOW MMITYJIbCA.

2. lllupomno-umnynvcnaa (I1IUM) — o 3akoHy niepegaBaeMoro COOOIICHUS U3-
MEHSIETCS JIUTEILHOCTh UMNYJIbCOB (puc. 4.16,r). PaznuyaroT 0JHOCTOPOHHIOH
INM, xorja u3MeHeHue JIITUTEIbHOCTH UMITYJIbCOB MPOUCXOAMUT TOJIBKO 3a CUET Iie-
peEMeEIIeHHs IO OCH BPEMEHHM ero 3ajHero ¢poHTa, u aByxcroponHiow MM, koraa
JUTUTEILHOCTH UMITYJIbCOB U3MEHSAIOTCS 3a CUET MEepPEMELICHUs ero NnepeaHero u 3a-
Hero (pOHTOB.

3. Bpemennas umnyavcras (BUM) — no 3akoHy nepeaaBaeMoro cOOOIIECHHS U3-
MEHSETCS CMEILEHHE UMITYJIbCOB MO OCH BpeMeHHU. Pasznuyaror gazo-umnynrschyro
Moayisanuio (OVM), korga u3aMeHseTcsl BEIMYMHA BPEMEHHOI'O CIBUTa WMITYJILCOB
OTHOCHUTENIBHO TAKTOBBIX ToueK (puc. 4.16,11), U vacmomuo-umnyibCHy0 MOLYISUIO
(UMM), korzaa mo 3aKoHY MepeJaBaeMoro COOOIICHHs] U3MEHSETCS YacToTa claeaoBa-
HUS UMITYJIbCOB (puc. 4.16,¢).

4. Umnynvcrno-kooosass (MKM) — BuI TUCKPETHON MOAYJSAIMH TIEpeaaBaeMOro
COOOIIICHMS], aHAJIOTOBbIE 3HAYEHHsS] KOTOPOTo npeoldpasyrorcs B HMUPPOBOH (B yacT-
HOCTH, JBOWYHBINA) KoA. [Ipu 3TOM B KaxxqoMm TakTe (HOPMHUPYETCS MOCIIEI0BATEIb-



HOCTb MMITYJIbCOB OJIMHAKOBOM JUIMTENBLHOCTH, OOpa3yromas HuppoBoi KoJ, Aecs-
TUYHOE 3HAYEHHE KOTOPOro MPONOPLHUOHAIBHO 3HAUEHUIO MOIYJIUPYIOIIETr0 CUTHANA.
Ha puc. 4.16,x nokaszaH npumep MOJIYJISIIIUU C HCIOJIb30BAHUEM JIBOUYHOTO TPEX-
pa3psIHOTO Koja.
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Puc. 4.16. Buabl uMnynbCHON MOAYIISIIIUA
4.4.2. Cnexmp xonebanuii npu AUM

PaccMoTpuM cilydail TOHAJIBHOM MOIYJIALIMM CUTHAiIoM s, (¢) =U , cosQt yer-
HOW HMMITYJIbCHOM TOCJIENOBATEIBHOCTH MPSIMOYTOJbHBIX BUICOMMITYJILCOB C PEalU-
3anueit AUM-I. ITpu OTCYyTCTBMU MOIYJISILIMKM CIIEKTP TAKONW UMITYJILCHOM MOCII€10Ba-
TEJIBHOCTU PABEH

Et X sin(koqt,, /2
st)y=—"H|1+2)] (kanz, )coska)lt , (4.5)
rac E, T, w; =2x/T,7, — aMIUTUTya, TIEPHOJ], YACTOTA U JJIUTEIBHOCTh UM-

yJILCOB COOTBETCTBEHHO.
AMIUTUTY A UMITYJIBCOB IIPY MOAYJIALMU U3MEHSIETCS 10 CIELYIOIIEMY 3aKOHY:
U(t) = E(1+mcosQt), m=kU , /E .

Tornma

s(t)=E(l+mcos Qt)%‘ 1+2 )] sin(kayzy /2) coskwt |.

k:1 ka)lfu /2

ITocne HeCTOKHBIX TPUTOHOMCTPUYICCKUX Hp606paSOBaHI/Iﬁ mojay4dacm



S() _pTu 423 sin(kw7, /2)

gl & sin(kwyt, /2)
m _

T
coskait |+ mETMCOS Qt +

[cos(kw; + Q)t + cos(kw; —Q)t]. (4.6)

CpaBHenue BoipaxeHui (4.5) u (4.6.) MOKa3bIBa€T, UTO B Clly4ae MOAYJISLIUU
OJIHUM TOHOM CIIEKTP aMIUTUTY] MOAYJIUPOBAHHOMN MOCIIEI0BATEILHOCTH UMITYJILCOB
OTJIMYAETCs] OT CIEKTpa HEMOAYJIMPOBAHHOW MOCIEIOBATEIBHOCTH HAJIUYHEM CO-
CTaBJIAIOLIEH ¢ 4acTOTOM (2 M OOKOBBIX COCTABISIOLIMX C YAaCTOTaMHU k@ = €2 Bo3ie

Ka)XI0M TapMOHUKHU CIIEKTpa HEMOJAYJIMPOBAHHOM NoOciaea0BaTeNbHOCTH (puc. 4.17).
B ciaydyae momymnsiuu HENEpUOAUYECKUM CUTHAJIOM YHUCIIO OOKOBBIX COCTABIISIOLINX
U COCTAaBIISAIOIMIMX HU3KHX YaCTOT MOJYJISIUU B CIEKTPE MOIYJIHPOBAHHON MOCIEN0-
BaTEJIbHOCTU BO3pPACTaeT.

Hanuune B cniexkrpe paccMaTpuBaeMOro CUTHAJIA COCTABIIAIOIIEH ¢ 4acTOTOM (2
YIPOILAET JETEKTUPOBAHUE TAKUX CUTHAIOB (DUIBTPOM HU3KUX HacTOT. brmxaiiias
COCTAaBJIAIOIIAsT UMEET 4acTOTy @) — {2, MOITOMY JUIsl HEMCKaXEHHOT'O BBIIEICHUS

COCTaBJISIONIEN ¢ 4acTOTOM (2 HEOOXOAMMO BBIIIOJIHUTH YCIOBUE @ > 2Q).
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Puc. 4.17. CniekTp curHaia rnpy aMIIuTyAHO-UMITYJIbCHON MOIYJIALIMN

Omnpenenienue u ananus crekrpa curiana ¢ AVMUM-I cBuaeTenbCTByeT 0 TOM, YTO
PacCMOTPEHHBIE paHEE METO/IbI CIIEKTPAJILHOTO aHaJIM3a IPUMEHUMBI JJIs1 CUTHAJIOB C
MMITYJIBCHON MOIYJISILIACH.

4.4.3. Umnynvcho-xooosas (yugposas) mooyiayus

[Ipu popMupoBaHUU PATUOUMITYSICOB UCIIOJIB3YIOT PACCMOTPEHHbBIE paHee BU-
JIbI MOYJISIIIUM BBICOKOYACTOTHOI'O TAPMOHUYECKOTO KOJIeOaHusl: aMIUIUTYAHYIO, (a-
30BYI0 U YaCTOTHYIO C HEKOTOPHIMH OCOOCHHOCTSMM UX peanu3auuu. PaccMoTpum
3TH 0COOEHHOCTU Ha mpuMepe (HOPMUPOBAHUS PAAUOUMITYIIHCOB B IIU(POBBIX JTUHU-
AX CBSI3U.



B 1udpoBbIX JIHMHHSAX CBA3W MEpenaeTcs TUCKPETH3WPOBAHHOE COOOIICHHUE,
MpeCTaBIEHHOE B BHUJE MOCIEI0BATEILHOCTH CUMBOJIOB. Hanbosee yacto ucmosib-
3yeTcsi JBOUYHAS IOCIEIOBATEIBHOCTh CHUMBOJIOB, KOT/Ia KaXKIbli CUMBOJI MOXKET
MIPUHUMATh OJTHO U3 ABYX 3HaueHui — 0 unu 1. B 3ToM ciiydae nucCKpeTHbIE 3HAaUEHUS
nepe1aBaeMoro COOOIIECHHS TPEACTABISIOTCS JBOMYHBIMU KOJaMHU.

[Tpu mocnegoBaTeIbLHOM Mepeaye KoIOBbIe CUMBOJIBI B IIU(PPOBBIX JTUHUIX CBSI-
3 MOSIBIIAIIOTCS C PABHBIM TAKTOBBIM MHTEPBAIOM. TaKTOBBII MHTEPBAJ MIPU UCIIONb-
30BaHUU JIBOUYHOTO KOAUPOBAHUS OOBIYHO PABEH JUIUTEIBHOCTH UMITYJIbCA, COOTBET-
CTBYIOIIET0 OIpejieieHHOMYy cuMBoIy. [loaTomy nudpoBoi curHan B oOmIeM BHJIE
MOXHO TIPEICTaBUTH CIEAYIOIINM 00pa3oMm:

o0
Sy (2) = 2 apsc(t—nty,),
n=0

rne a, — 3HadeHue cumboia (1 umm 0);
S.(t —nt,) — IMILyJIbCHBIE CUTHAJIbI B TAKTOBBIE MOMEHTHI BPEMEHH.

Jlis mocnenyomei nepenayn KoJAoBble CUMBOJBI MPeoOpa3ytoTcs B UMITYJIbCHI
(¢pparMeHThI) BBICOKOYACTOTHOTO TAaPMOHHYECKOT0 KOjJA€OaHHsI ¢ COOTBETCTBYIOIIUM
BUJIOM MoayJsiiuu. Ha3BaHue pe3ynbTUPYIOMIMX BUIOB MOIYJISIUN 00pa3yeTcs 00b-
eAMHEeHUEeM Ha3BaHUM MOIYJSLUNA BUIEOMMITYJILCOB U TAPMOHUYECKOTO KOJIeOaHUS.

1. Hudposas ammutyanas moayisuus (LIAM) — cumBony 1 cooTBeTCTBYET Ha-
JIUYUE UMITYJIbCA HECYIETO KOJIeOaHus AIUTEAbHOCTBIO T, , CAMBOIY O — OTCYTCTBUE

umiyinbca (puc. 4.18,6). [Ipu 3TOM nepegaBaeMblil cCUTrHaI paBeH

o0
s(t)=|U, +k, D.a,s.(t—nt,)|cosmt,
n=0
rae U,, — aMIunTyaa MOAYJUPYIONEro CUrHAIA.
2. lHudporas yacrorHas moxymsnus (I[UM) — cumBony 1 COOTBETCTBYET MM-
IyJIbC HECYILIETO KOJEOAHUS C 4acTOTON fj;, cuMBOIy 0 — UMITyJIbC HECYILIETO KOJIE-

0aHus ¢ 4acToTOM f(), (puc. 4.18,8). i1 TOro 4ToOB!I CHEKTPHl CUTHAJIOB HE IEepe-
KPBIBAJIUCh, YACTOTHl f,; U f,, cleayeT pa3HecTH Ha untepBan Af = (1..2)/z,, rae
T, — JUINTEABHOCTh UMITYJIBCOB, COOTBETCTBYIOIMX cUMBoJaM 1 u 0.

3. lndpoas dazosas monymnsauusa (LIOM) — npu kaxaom nepexose oT 1 k 0 u

ot 0 x 1 u3mensiercs Ha 7 ¢aza Hecymiero konedbanus (puc. 4.18,r). [Ipu sTom niepe-
JlaBacMbIll CUTHAJI PaBEH

o0
s(t)=U, cos| ogt + kg D a,s.(t—nz,) |.
n=0
[[TUpOKO MPUMEHSIETCS TAKKE OTHOCUTENbHAs 1udpoBas (ha3oBas MOIYIIALMS,
IIPY KOTOPOM M3MeHeHue (Ba3bl HECYIIEro KoNeOaHus 1 JaHHOTO CHMBOJIA TIPOHC-
XOIUT  OTHOCHTENBHO ()a3bl, COOTBETCTBYIOLIEH MNpeblayleMy cuMBony. Ha
puc. 4.18,1 nokasano, uro cumBoi 0 nepenaercs GparMeHTOM HECYIIEro KoneOaHust



0e3 U3MeHeHUs HavyalbHOU (ha3bl, a CUMBOJ | — TakuM ke PparMeHTOM C HayaJbHOU
¢dazoii, oTIMyarouieicss OT HayaabHOU (pa3bl MpeIIecTBYIOMEro pparMeHTa Ha 7T .

Hcnonb3ytorcs Takxke MHOrono3uiuoHHble cucteMbl [IOM, xorjga HavanbHas
¢daza nmpunumaet He aBa (0 U 7), a HECKOJIBKO 3HAUeHH. BO3MOXXHO nMpuUMeHeHue
TaK)Ke CMEIIaHHBIX BUJOB IIU(POBONA MOAYIISAIUU.
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Puc: 4.18. Buasl uudposoit Mmogynsuuu

B npuHnune nepBuYHas U BTOPUYHAS MOIYJISIMA MOTYT OBITh JIIOObIMH. Pa3-
JUYHOTO POJia UX KOMOMHAIIUU TO3BOJISAIOT 3HAYUTEIHHO YBEJIUYUTH MOMEXOYCTOM-
YUBOCTh UMITYJILCHBIX U IIU(GPOBBIX CUCTEM CBSI3H. DTO SBJISIETCS OJTHUM U3 MPEUMY-
IIECTB UMMOYJIbCHOM Moayssiiuu. He MeHee BakKHBIM MPEUMYIIIECTBOM 3TOTr0 BHUJA
MOJYJIAIMK SIBJIIETCS BO3MOXKHOCTh TOCTPOCHHSI CHUCTEM Iepeladyd UHPOpMaIuu ¢
BPEMEHHBIM pa3/ielieHueM KaHaJIOB CBI3U. B Takux cucTteMax KaHaj CBS3M MUCIOJb3Y-
€TCs MOOYEPETHO HECKOJIBKUMHM HCTOYHMKAMH Ha BeChMa KOPOTKHE IMPOMEKYTKH
BpPEMEHHU.

[IpuMeHeHre UMITYILCHOM MOAYJISIIMM TO3BOJISIET TaK)Ke 3HAYUTEIHHO YBEJU-
YUTh MOIHOCTb B UMITyJIbCE€ F,, NIPH CPaBHUTEIBHO HEOONBIION CPEeIHEN MOLIHOCTH

Pcp , UTO OOYCJIOBJICHO CIIEYIOIIEH 3aBUCUMOCThIO MEKy HUMHU:



OtHomenue T / 7,, Ha3bIBACTCS CKBAXKHOCTBIO U B CIIy4ae UMILYJIIbCHOW MOTyJIs-
UM gocTuraer BeanunHbl nopsiaka 100...2500.

4.5. Y3K0m0JI0CHbIE CUTHAJIbI
4.5.1. Obwue ceedernusi 06 Y3KONOJIOCHBIX CUCHANAX

B paznuunbIx cuctemax nepeaadyud MHGOpMAIMU IHUPOKO MPUMEHSIOTCS Pauo-
CUTHAJIBI C MOJYJIALMEH, SBISIOMEHCS KOMOMHAIIMEN PACCMOTPEHHBIX paHee BHUIOB
aMIUIMTYIHOW, YTJIOBOW U MUMITYJIbCHOM MOAYJIALMNA. MOAYyIUpYIOINUM CUTHAI MOXKET
MMETh JOCTATOYHO CJIOKHBIA 3aKOH M3MeHeHHs. OJTHaKO NIMpUHA €ro CHEKTpa, KaK
IPaBUIJIO, 3HAYUTEILHO MEHBILE YaCTOThl () HECYIIEro KoyeOaHus. JTO MO3BOJSAET

OTHECTH MOAYJIMPOBAHHBIE CUTHANBI K KJIACCY Y3KOIOJIOCHBIX.
Y3kononocnwvuii cuenan — 310 curHani, 3¢p(eKTUBHAs MUPUHA CIIEKTPa KOTOPOIO
A®,g, 3HAYUTEIILHO MEHBIIEC LEHTPANBHOH YacTOTBI @, BOKPYI' KOTOPOH IpyIIIH-

PYIOTCSI CIIEKTPAJIbHBIC COCTABIISIIONINE cUTHAMA. PU3NYECKH TaKON CHTHAT OTHOCHT-
Csl K KBAa3UTaPMOHHYECKHM CUTHAJIaM, 00IIee BEIpAKEHNE JTSI KOTOPBIX HMEET BT
s(t) = A(t)cos[wyt + ()] = A(t)cosy (1), 4.7)

B sTOM BBIpaXkKeHUU

A(t) — MemeHHOMEHsIoIIascs (QyHKIUS BPEMCHH, ONMHUCHIBAIOIIAS aMIUTHTY/I-
HYI0 OTHOAOIIYI0 JaHHOTO CUTHAJIA;

@(t) — dha3oBas GyHKIUS CUTHAIIA;

At) —nosiHas ¢a3a curHania.

Ornrcanue peagbHOTO Y3KOIOJIOCHOTO CUTHANIA B BHUJIE BhIpakeHUs (4.7) saBiseT-
Csl TOCTAaTOYHO CJIOKHOU 3amader. IIpsMoli myTh pelIeHHsI 3a/1a4u MyTeM MPOU3BOIb-
HOTO 3aJaHusi OJHOM u3 GyHKIMK A(f) Wik #A¢) ¥ TOCIEAYIOMIETO ONpPEaCICHUS
JPYTroi MPUBOAUT, BO-TIEPBBIX, K HEOTHO3HAYHOCTH PEIICHUS 3a/1a4H, a BO-BTOPBIX, —
K TIOJIyUYCHHUIO BBIP@KEHHUS, B KOTOpoM A(?) He Bcernma sBiseTcs ormbarormiei. B To
e BpeMs CYIIECTBYET OJHO3HAYHBIN METOJI PEIICHUS ITOW 3a/1auu.

Bocmosb3yeMcest H3BECTHBIM B TEOPHUH METOJIOM KOMIUIEKCHBIX aMIUTUTYI. JTOT
METOJI MPEIoJIaracT MPeICTaBIeHNe TapMOHUYECKOTO CUTHaa §(¢) B TPUTOHOMET-

PHYECKOHN ¥ KOMILJICKCHOM (hopmax, T.e.
s(t) = Ay cos(wpt +@) u s(t)= Re[AOej(onqo)] _ Re(}lejwot) '

3nech A= Aye’? — xoMmIeKCHAs aMIUIMTY1a CUTHAIIA, TIPEICTABIISIONIAs COOOM

KOMIUIEKCHOE YHCII0, MOy KOTOPOTO PaBeH aMILTUTYJE CUTHAIA, a apryMEeHT — Ha-
JaapHOU (ase.

[TpUMEHHUTENBHO K Y3KOMOJIOCHOMY CHTHATY KOMIUIEKCHAS aMIUTHTY 1a, KOTOPYIO
Ooree MpaBWIBHO Ha3BaTh KOMIUIEKCHOW ormbaromiedd, OyaeT conepikaTh BCIO WH-
dbopmairo 06 OCHOBHBIX NapaMmeTpax (aMIuIuTyAe u (aze), KOTOpbIe ONpPeaesIoTCs
MOJIYJIUPYIOMINM cHUTHAIOM. [loaTOMYy HEOOX0IUM METOI, TIO3BOJISIONINI OHO3HAY-



HO TMPEJCTaBIATh B KOMIUIEKCHOU (hopme J1t000# y3KOIMOIOCHBII CUTHAJ, YTO MO3BO-
JUT 0000IINUTh MOHATHE KOMIUIEKCHOW aMIUIMTYAbl U PAacpOCTPaHUTh €ro Ha y3KO-
MOJIOCHBIE CUTHAJIBI.

B ocHOBy Takoro Merojaa moJjIO)KEHO TMPECTaBICHHE BEUIECTBEHHOTO ((puznye-
CKOro) curHaia s(¢) B BUJE aHAJUTHUYECKOTO CUTHaja C MCIOJIb30BaHUEM Mpeodpa-

3oBanus ['mnpoepra (/. ['mipbepT — HeMelKnii MaTeMaTHK).
4.5.2. Ananumuueckuti cueHan

[TycTh curHan onucwiBaeTcsl AedCTBUTENbHOU PyHKIMen s(¢). Takomy curnamry
MO’KHO ITOCTaBUTh B COOTBETCTBUE KOMIUIEKCHBIN CUTHAJ BUA

z(t) = s() + js1 (1),
rae sq(¢f) — conpsKEHHBIM CUTHAJI, ITOJIyYE€HHBIH ¢ OMOLIBIO MPsIMOTro npeolOpa3oBa-

Hus ['uns6epTa ot curnana s(t).

[Ipsimoe u o6paTtHOE ipeoOpazoBanus [ MiIbOepTa UMEIOT BUA

5 (r)_; j S(T) S(t)=—% Of —dstl_(f) r

OnpeneneHHbI TaKUM 06pa30M CUTHAJ z(f) HA3BIBACTCSA AHANUMUYECKUM.
Y4auTeiBasi CBOWCTBA KOMITJICKCHBIX (DYHKIIMH, KOMIICKCHBIA CUTHAN z(Z) MOX-
HO IPEJCTaBUTh CIIEIYIOIIUM 00pa3oM:

2(1) = s(0) + jsy (1) = A(1)e’V D,

rie A(t) = 52 (t)+ s12 (¢

— orubaromas 1 noyiHas (pa3bl aHaIu-

TUYECKOTO CUTHAIA.
Orwubaroniasi aHAMMTUYECKOTO CHTHAJa SBJSETCS IO CYIIECTBY OrHoOaromieii uc-
XOJTHOTO CUTHaJa s(f) (Ioka3aTrenbCcTBO ATOro uMmeercs B [1,2]).

YuursiBast, uto A?) = 0yt + ¢(¢) , MOXKHO 3amucath

2(6) = A()e?V D = A(1)e/PDe/ 20 = j(1)e/®0!

Bripaxenue A(t)zA(t)ej (1) OTpeNIeNIIeT KOMIUIEKCHYIO aMIUIUTYIHYIO OTH-
OaroIyr0 AaHATTUTHYECKOTO CUTHAIA.

CrnemoBaTenbHO, ISl CUTHAJIA, MTPEICTABICHHOTO B MPOU3BOJILHOM BHJIE, MOKHO
OTPEeNIeNIUTh aMIUTUTYIHYI0 orubatonryro A(t) u dazoByro pyHkiuo ¢(¢), chopmu-
pOBaB aHAJIMTHYECKHH CHWTHai. J[JI1 3TOr0 JOCTATOYHO IMOJIYYUTh MHHMYKO YacTh
aHAJIMTUYECKOT0 CHTHANa, OIpenelnB MpeoOpasoBanue [wmipbepra OT 3amaHHOTO
CUTHAJIA.



PaccMoTpuM HEKOTOpPBIE CBOMCTBA aHATUTUUYECKOTO curHaina. i storo ompe-
JEJINM CHEKTPbI U KOPPEJSLHOHHbIE (YHKIIMM CUTHana §1(f), KOMIUIEKCHON aMILIu-

TyJHOM orubaromeit A(f) U aHaTUTUYECKOro CUrHana z(t).
4.5.3. Ceoucmea anaiumuyecko2o CucHaIa

a. CnekTpanabHas INIOTHOCTh U KOppEIsIIMOHHas (yHKIMS curHana sy (t)

CrnektpasipHas INIOTHOCTh S1(j®) curHana sy (t) paBHa

(e 0] . 1 (e 0] o0 S(T) .

SiGo)= [ sy /dt== [ | [ =Zdr e/ “dt.
e m o\ T

3aMeHa NMepEeMEHHON: X =1 —T; t=Xx+7T; dt =dx.
. 1 ©f® s(7) _jox —jor 1 92 n W e~ WX
Si(joy==[| [ ==dr e/ e /T dx == [s()e /" dr dx .
T X V4

—o0 \ —00 —00 \ —00

o0

YyuuteiBas, 4To I s(t)e /?"dr = S(jw) — 7To cHekTp curHana s(f), MOXKHO
—0o0
3armcaTh
o0 .
I cOS j@x

— 00 — 00

§1(jo) = %S(jw)

WHTerpansl B MOJy4EHHOM BbIpak€HUH paBHsbl [ 10]:

. . w . Vs npu o >0,
jde:O, jmdx: 0 npu w=0,
° X o X

0 -7 upu w<0.

OxoHYaTeILHO mojaydacm

—jS(w) npu >0 ,
S (o) = 0 mpu =0,
jS(jo) npu w <0

Bwvisoowi.
1. AMIUIMTYIHBIE CTIEKTPHI CUTHaNA s(¢) U conpsbkeHHOro o ['mnpdepTy curHa-

na sy(t) onuHakoBbl. ClleJOBATEIbHO, €CIIM CUTHAJ S(f) — Y3KOIOJIOCHBIH, TO CUTHAI
51(#) TaxxKe ABIAETCS Y3KOIOIOCHBIM.



2. ®a30Bble CHEKTpHl curHaja s(f) W compsbkeHHoro mo I'miabbepTy curhana
s1(t) oTyaroTest Ha 77/2 CO 3HAKOM, IPOTHBOIOJIOKHBIM 3HAKY 4acToThl. Cliez10Ba-
TEJBbHO, CUTHAJIBI $(7) U s51(¢) MOTYT 3HAUUTENIBHO OTJINYAThCA 11O opMe.

Koppensiunonnas ¢yHKIusl CUTHANA CBsA3aHa 0OpaTHBIM IpeoOpazoBanueM Dy-
pbE C €ro aMIUIMTYAHBIM CIIEKTpOM. Bhilie OblI0 MOKa3aHO, YTO aMIUTUTYAHBIE CIICK-
Tpbl curHasa s(¢) u compsbkeHHoro no I'mibbepry curnana sy(¢) oxuHakoBsl. llo-

ATOMY MOXHO CJIeJaTh BBIBOJI, UTO KOppensiuoHHas GpyHkims Ry(r) curHana sy(t)
paBHa KoppesuuoHHON QyHkIuu R(7) curnana s(t), T.e.

Ri(7r) = i [ St(@)e /" do = i [ 5% (@)™ do =R(r).

0. CnekTpanbHas INIOTHOCTb U KOppeNsiuuoOHHas (YHKIMS KOMIUIEKCHON

orubaroueit A(¢) aHAIUTUYECKOTO CUTHAJIA

CrnekTpanpHasi IIIOTHOCTh KOMIUIEKCHOM Oru0arolie paBHa

Sa(jo) = [A@nedi= [z(e M /ldi= [=(n)e TV dy
—0 —00 —0

Takum oOpazom,

Sq(jo) =S [j(o+ay)] wm S (jo)=S,[j(0-ag)],
rae S,(jo) — CHEKTp aHAIMTUYECKOro curHana z(r).
OmpeneuM CBsI3b MEKIY KOppensuuoHHON ¢yHkimed R ,(7) KOMIUIEKCHOMN

orubaromniei u KOppeAHOHHOM QyHKIMeH R, (7) aHATUTHYECKOrO CUTHAIA.

Ri(r)'= o [[R4(jo)] /™ deo = [[SLi(w + @) e/ daov.
— 0 —0

3aMeHa IIEPEMEHHON: X = @ + ®); ® =X —®y; do =dx .
OKOHYATENbHO MOIYYUM:

1 % . . 1 % .
R, (t)=— ﬂSz(jx)‘zefme JOOT gy = o7 /90T _—_ I‘Sz(jx)‘zeJXde;
2r 2r
—o0 —Qo0
R,4(t)=R, (0)e 70" wm R.(t)=Ry (r)e’ 0"
Bv1600wbi.
1. Cnextp S 4(jo®) KOMIIJIEKCHOW OrmoOaromell aHaIMTHYECKOr0 CUrHala Impes-

CTaBJIIET COOOM CI[BHHYTBIﬁ Ha (W BJICBO CHEKTP AHAJIUTHUYCCKOI'O CUTHAJIA. I[pyrI/I-
MK CJIOBaMH, KOMIIJIICKCHAasi 0r1/16a}01ua$[ AHAJIUTHYCCKOI'O CHUI'HaJla — 3TO HH3KOYacC-



TOTHBIM €ro YKBUBAJIEHT, @ METOJ] 3aMEHbl CUTHAJIOB UX KOMILIEKCHBIMU OTHOAIOIH-
MU IIPU AHAJIA3E MPOXOKICHUS CUTHAJIOB YEpe3 pas3jIuyHble LENHU Ha3bIBACTCS METO-
JIOM KOMIUJIEKCHBIX OTMOAIOMIMX, WIM METOJIOM HHU3KOYACTOTHBIX HKBUBAJICHTOB. B
o01IeM cilydae CHEeKTp KOMILIEKCHOM Orubaromieil He sSBISeTCS CUMMETPUYHBIM OT-
HOCHUTEJIBHO HYJIEeBOM 4acTOThI (puc. 4.19, B).

2. Mexny KOoppelsiHOHHON (yHKIMEH KOMIUIEKCHON orubaromei u Koppess-
HUOHHOW (PYHKIMEH aHATIMTUYECKOTO CHUTHAJla CYIIECTBYET IOCTATOYHO MPOCTast
CBSI3b.

B. CHCKTpaJIBHaH IUIOTHOCTH U KOPPCIIALMOHHAA (1)YHKI_II/I$I
AHAJIIMTHYCCKOI'O CUI'HAJIa

Ananutudeckuil curHan z(t) = s(t)+ jsy(t) . YuuTblBasg CBOWCTBA NpeoOpas3o-
BaHus Dypbe, MOKHO 3aMUCATh

S:(jo)=S8(jo)+ jS|(jo).

—jS(o) npu >0 ,

Tak kaxk 51 (J@) = 0 mpu @=0,
jS(jw) mpu w<0 ,

28(w) npup- >0,
TO S.(jo)=4 S(0) mpu ©=0,
0 mpn w<0

CHCKTpaJIBHaH INIOTHOCTh AHAJIUTUYCCKOI'O CHUrHajia CymEeCTBYET TOJBKO B 00-
JACTU ITOJOXHUTCIBbHLIX YaCTOT M paBHA YIIBoeHHOP'I CHeKTpaHBHOﬁ IINIOTHOCTHU HC-

XOJHOTO CHTHaja MpU @ >0 ¥ CIEKTPaJbHOW IJIOTHOCTH MCXOJHOTO CHUTHANA TIPH
® =0 (puc.4.19,a,0).
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Puc. 4.19. AMmutyaabie crieKTpbl (PU3NYECKOr0 CUTHAJIA (a), aHATUTUYECKOTO
curHania (0) 1 ero KOMIJIEKCHOM oruoaroiei (B)

Bocnonb3oBaBmrch oOpaTHbIM mpeobpazoBanreM Dypbe, MOXKHO MOJYyYUTh
cienyronyo GopmMyiy s aHaTUTHYECKOT0 CUrHaja:

I : ot 17 . it
2(t) = — [ S.(jw)e! ' do == [ S(jw)e! ' dw . (4.8)
2 T
0 0
CBi3b CHeKTpaJIBHOﬁ IUIOTHOCTH KOMILUIEKCHOU OFI/I6aIOIJ_IeI71 AHAJIUTHYCCKOI'O
CUT'HAJIa U CHCKTpaHBHOﬁ IIJIOTHOCTHU (I)I/ISI/I‘NCKOFO CUrHajJia OIpeacsICTCA BbIPAKC-
HUCM

28 [jo+w,)] npu o>-o, ,
S,(jo)y=y S(=jo,) npu o=-a, ,

0 npu w<-w,.

ITomy4yeHHBbI pe3ynbTaT WIIoCTpUpyeTcs puc. 4.19,B.

Ilpumep.

3agan Qusnueckuid curHan s(f), WMEIONIUHA PaBHOMEPHYIO CIEKTPaTbHYIO
IUIOTHOCTb S, B MOJOCE YaCTOT — ®,, < 0 < @,,. OnpeaenuTb aHAIUTUYECKUN CHT-
HaJl, COOTBETCTBYIOIIMI CUTHAITY S(f).

Jl1s onpeiesieHnsl aHATUTUHYECKOT0 CUTHAJIa BocTojib3yeMcs hopmyiioit (4.8).



1 o0 . S a)m . S )
=L Jstjore =52 ot g 5o (etont )
a T jrt
0 0
YuurbiBas, 4T0 z(t) = s(t) + jsi(¢), BbLACIUM (HU3UYECKUH U CONPSIKCHHBIN

CMYy CUTHAJIBIL:

S : So . i~
2(t) = =2 (cosw,,t + jsinw,,t —1)= =L (sinw,,t + j2 sin’ Op,t/2).
jrt t
CrnenoBaTenbHO,
: ")
So®,, sSIn ®,,t So®,, sin“ ®,,t/2

s(t) = 0%'m m U Sl(l‘) — 20%m m /

T ot 3 ,,t/2

['paduxu cnextpa pusmvyeckoro curHaia, a TaKxke rpa@uku Gu3NYecKoro u co-
MPSHKEHHOTO CUTHAJIOB ISl JAHHOTO MpUMepa IpuBeAeHbI Ha puc. 4.20.

Ornpenenum CBsI3b KOPPEIAIMOHHON (GYHKIMK R(7) Y3KOIOJIOCHOTO CHUTHAJIA C
KOppENSHMOHHBIMU QyHKIMAMUA R, (7) U R, (7) @HAIUTHYECKOTO CHUTHAla U €ro

KOMILJIEKCHOM OTHOaroIIei.
Tak xak z(¢) =s(¢)+ jsy(¢), o s(t) =Re[z(¢)]. CnenoBaTenbHoO,

R(t)= OJ? s(t)s(t—r)dt= oJ?Re[z(t)] Re[z(t—1)]dt .
a(t),51(t)
S@) S0t
M T
50
s(t) — <« ai(t)
0 N N
(g 0 D 0 ./

a) 5)
Puc. 4.20. Cniektp ¢uznueckoro curtana (a), Gu3sn4eckuil 1 CONpsKEHHBIN 110
['unb6epty curnanel (0)

JI1s1 KOMIUIEKCHBIX 4YUCeNl X =a+ jb U y =c+ jd chupaBeqIMBO CIEAYIOIIEE

cootnomenre: Re(x)Re(y) =1/2Re(xy)+1/2 Re(xy"). Toraa MOXHO 3amicaTh
R(r) = % TRe[z(t)z(t —7)]dt +% OjoRe[z(t)z*(t —1)]dt. (4.9)

OHpCIICJII/IM 3HAYCHUC IICPBOTO CJIaracmMoro.



% [ Re[z(1)z(1 —7)]dt = % [Re{[s(t) + jsy(D][s(t =) + jisy (1 —)]}dt =

—00

:% Oj') s(t)s(t—T)df—% oj')sl(t)sl(t—z')a’t = %R(T) —%Rl(T) =0.

Htak, mepBoe crnaraemoe BoipakeHus (4.9) pasao 0 B Cuiry paBeHCTBa KOPPEIIs-
LIMOHHBIX (YHKIMN CUTHAIIOB s(7) U s1(7).
Takum oOpazom,

R(r) = % TRe[z(t)z*(t —17)]dt = %Re T 2Oz (t—7)dt = %Re[RZ(r)] .
—jayT

B cBoto ouepens Tak kak R, (7) =R 4(7)e TO

R(7) = %Re[RA (r)e /P07,

[losmydeHbl Ba)KHbIE€ COOTHOUIECHUS MEXAY KOppeasiiuoHHOW (yHKuuen R(7)
Y3KOIIOJIOCHOTO CUTHajla, KOPPESIMMOHHOW (QYHKIMEH R_(7) aHAJIUTHYECKOTO CHUT-
Hajla U KoppensunonHoi ¢yukiped R 4(7) KOMILIEKCHOW ormbaromieil aHaIuTHIe-

CKOI'0 CUTHAJIA.

[ToryuuM COOTHOIIEHUE MEXIY JHEPrusiMU (U3MUECKOTO U aHATUTHYECKOTO
CUTHAJIOB.

B cootBercTBUM ¢ paBeHcTBOM [lapceBans sHeprus (GU3NYECKOro CUTHAJIA paBHA

1« 1%
9= fIsc jol do == [|S(jo) do.
7[_00 71'0

B cBoro 04YCpCaAb OHCPIUsd aHAIINTHUICCKOI'O CUTrHaJIa OIPEACIIACTCA COOTHOIIIC-
HUEM

] ] 2%
%= [[S2(j@) do = S [[2S(je) deo = = [|SG@)do =22.
—0 0 0

CpaBHEHME MPUBEAECHHBIX COOTHOIICHUN MOKA3bIBAET, YTO YHEPIUsl aHAIUTHYE-
CKOT'O CHTHajia B 2 pa3a 00Jbllle SHEPTUU (PU3UYECKOTr0 CUrHajga. JTO MOHATHO, €Cld
y4€CTh, UTO IpeodpazoBanue ['unpbepra HEe U3MEHSAET aMIUTUTYIHBIX COOTHOIIICHHH B
CIIEKTPE CHUTHAJIA.



5. JUHEHHBIE PAJMOTEXHUYECKHUE IEITN U UX
XAPAKTEPUCTHUKH

5.1. O01mue cBeIeHUS O JTUHEHHBIX HEeNMAX

VYcrpoiicTBa, ocylecTBistomue GopMupoBaHue U IpeoOpa30BaHUE CUTHAJIOB B
cocTaBe MH(POPMAIMOHHBIX CUCTEM CBSI3M M 00paOOTKH, BeCbMa pa3HOOOpa3HbI 1O
MPUHIMIAM CTPYKTYPHOU U (DYHKIIMOHATBHOW OpraHU3allMK, BHEIIHUM XapaKTepu-
CTUKaM. 3HAaYUTENbHAsI YacTh ATUX YCTPONCTB aJ€KBaTHbI JTUHEHHBIM MOJAECIAM, KO-
TOpBIE B PAUOTEXHUKE MOJTYYUIN HA3BAHUE JUHElHbLE Yenl.

Jlunetinvle paduomexnuieckue yenu — 3TO LENH, Y KOTOPHIX CYLIECTBYET JIU-
HelHasl 3aBUCUMOCTb MEX]ly BXOJHBIMU W BBIXOJHBIMU CUTHANIaMH. Takue 1enu co-
JepKaT TOJIbKO JIMHEWHbIE 3J€MEHTHI (MaCCUBHBIE U aKTUBHBIC) C MApaMeTpaMu, He
3aBUCSIIMMU OT MPUIOKEHHOTO K HUM HANpsDKEHHs U MPOTEKAIoIIEro Yepe3 HUX To-
Ka.

Paznuyaror nuHeHHbIE IeNU ¢ MOCTOSHHBIMU HapaMeTpaMu U MepPEeMEHHBIMU,
M3MEHSIONMMUCS BO BpeMeHHu (mapamerpuueckue nenu). Hike paccmarpuBaroTcs
TOJIBKO JIMHEHHBIE LIETIH C MOCTOSHHBIMU NapameTpaMu, KOTopble OyaeM Ha3bIBaTh
MIPOCTO JIMHEWHBIE LIETIH.

OYHKIIMOHUPOBaHUE JTUHEHHBIX L[eNel ONMUChIBAeTCs JUHEHHBIMU AU depeHu-
aNbHBIMUA YPAaBHEHUSIMU C MOCTOSIHHBIMH Kod(puumentamu. [y TUHEHHBIX Lienen
CIPABEMINB NPUHYUN Cynepnosuyuu: peakiys LENd Ha CyMMY BXOJHBIX CHUTHAJIOB
paBHA CyMMe€ PeaklMil Ha KaKJIblii CUTHAJI B OTAEIbHOCTU. C MO3UIMHI CHEKTPaIbHO-
IO aHAJIM3a BBIXOJHOW CHUTHAJI JIMHEWHOM LIEIU MOKHO PACCMATPUBATH KAaK PE3yJIbTaT
CYNEPIO3ULUU €r0 CHEKTPAIbHBIX COCTABIISIIONINX, KOTOPBIE B CBOIO OYEpPEIb SIBIIS-
I0TCS PEaKLUEN LENN Ha COOTBETCTBYIOIINE CIIEKTPAIBHBIE COCTABIISIOIINE BXOLHOTO
cursajga. MateMaTu4eCcKd 3TO 3aIUCBIBACTCS TaK:

T [in(f)]=ZT [x; @] ; Tlex;(D]=cT[x; (0],

rne T — ¢yHKIMOHAN Npeodpa3oBaHUs LETH.

BaxHpIM CBOWMCTBOM JTMHEWHBIX IIETICH SBISAETCS Takke TOT (akT, YTO JTMHEMH-
HbIE IIeNHM HE 00O0TallaloT CIEKTP BXOJHOIO CHTHaja. JTO O3HAYaeT, YTO B CIIEKTPE
BBIXOZHOI'O CUT'HaJla HE TOSBIISIOTCS COCTaBIIAIONINE, KOTOPbIE OTCYTCTBYIOT B CIIEK-
Tpe BXOAHOro curHana. CienoBarenbHO, 001Iee KOJMYECTBO CIEKTPAIbHBIX COCTAB-
JSIOUINX B CIIEKTPE BBIXOJHOTO CHUTHANIA HE MOXKET OBITh OOJIBIIE, YeM UX KOJIUYECT-
BO B CIIEKTPE BXOJHOTO CUTHAJIA.

CrnencTBreM 3THX CBOWCTB SIBIISIETCS TO, YTO TAPMOHUYECKUIN CHTHAI, TIPOXOJIS
Yyepe3 TUHEHHYIO IeTh, OCTAaeTCsl HEM3MEHHBIM 110 (hopMe. FI3MEHUTBCSI MOTYT TOJBKO
€ro aMIUIUTY/a U HadaibHas (asa.

[To xapakTepy BpeMEHHOW 3aBUCHMOCTH BBIXOAHOTO CHUTHAaja OT BXOJHOTO pa3-
JIMYaoT OE3bIHEPIIMOHHBIC U MHEPIIMOHHBIE PAIHOTEXHUIECKHE IICTIH.



5.2. OcHOBHBIEC XaPAKTEPUCTHUKH JHHEHHBIX Lenen
5.2.1. Xapaxmepucmuxu 6 yacmommou obnacmu

CrniekTpalibHOE NPEICTABICHUE CUTHAJIOB JIEJIaeT BECbMa yIOOHBIM MX aHAJIU3 B
4acTOTHOM 00sacTu. IIpn 3TOM BO3MOXKHO pelIeHHe 3a4auu O IPOX0XKIECHUH Pa3Iny-
HBIX CUTHAJIOB 4€pe3 JIMHEWHBIE LENH, OCHOBAHHOE HA BA)KHOM CBOWCTBE JIMHEHMHBIX
Henen — CupaBeIMBOCTH MPUHIMNA cyneprno3uiuu. HeoO0xoaum ToiapKo crnocod or-
pelesieHUsl peakUMid Ha BBIXOAE LENH, BO3ZHUKAOIIUX I10J BO3JECHUCTBUEM KaXKIOU
CIIEKTPaJIbHON COCTABIIAIOMICH. BBIXOAHON CUTHAI IIPU 3TOM MOYKHO IIOJIYYHTH B pe-
3yJIbTaTe€ CYMMHUPOBaHUs 3TUX peakuuil. Takoi cnoco0 pacuera CUTHAJIOB Ha BBIXOJIE
JIMHEMHBIX LIENIEH OCHOBAH HA UCIIOJIB30BAaHUM UX YaCTOTHBIX XapaKTEPUCTHUK.

XapakTepuUCTUKOM 1Eenu B YaCTOTHOM OOJAcTH SBIAETCS €€ NepenaTovHast
GyHKIUSA, KOTOpas ONpeleNsieTcs B CTAllMOHAPHOM PEXUME KaK OTHOILIECHHUE KOM-
MJIEKCHOM aMIUTUTY bl TApPMOHUYECKOTO CUrHaja (HanpsKeHHs WIIM TOKa) Ha BBIXOJE
LENHA K KOMIUIEKCHOM aMIIIUTyle TapMOHUYECKOr0 CUTHAJIa Ha €¢ BXoae. B 3aBucu-
MOCTH OT XapaKkTepa CUTHAJIOB Ha BXOJ€ M BBIXOJIC LEMU TNepefaToyHas (PyHKIMs
MOXET UMETh CIEAYIOLUE CBOUCTBA:

bd U
ko> puIMenTa nepeaun 1o HanpskeHuto K (jo) = —22%
6XxX
; UGblx
conpotubiieans Z(jw) = ]'—;

6X

IGle .
. s

Kod(ppunueHTa neperadyn mo Toky K ;(jo) =
6X

!
nposogumMocty Y (j@) = 2%
6X
Haunbonee yacTo NCMONB3YIOT IEPBHIE IBE XapaKTEPUCTUKH.

Koadunuent nepenaun no Hanpsixkenuto K(jw) OyneM Has3biBaTh B JajbHEH-

IEM YacCMOmHbIM KO3hhuyuenmom nepedadu, Wid MPOCTO YaCTOTHON XapaKTepu-
cTukoi. OQJHAKO HAI0 MMETh B BHIY, YTO B JHTEPAType ATy YaCTOTHYIO XapaKTepH-
CTUKY Ha3bIBaIOT MO-pa3HOMY: MepeaaToyHon pyHkuuei [1,3], KOMIUIEKCHBIM KO3(-
duieHToM nepeaaun [6], KOMIUIEKCHON TepenaToyHor QyHkiuen [9], koMruiekc-
HBIM K03 unimenTom ycunenus [7,12].

Ilepenatounyro pynkiuo Z(jw) OyaeM Ha3bIBaTh KOMNAEKCHbIM CONPOMUGTLe-

HUeM.
YacToTHbll K03 UITUEHT Mepejauu KaKk KOMIUIEKCHOE YMCJI0 MOYKHO BBIPA3UTh B
MOKa3aTeNbHON (popMe yepe3 MOAYJb U apryMEHT, T.€.

) U ; U
K(jo)= % = K(a))e‘]q)(w) , K(w)= %» P(®) = Pgpix — Pex - (5.1)

6X 6X



Monayns K(@) Ha3bIBalOT aMIUIUTYIHO-4aCTOTHOM xapakTepuctukor (AUX).
OTa XapaKTepUuCTUKa OIpeAesseT 3aBUCUMOCTh KO3 UIIMEHTa YCUICHHs IenH 0
HaIPS)KEHHUIO OT YaCTOTHI.

AprymenT (@) Ha3biBalOT (ha304acTOTHOM xapakrepuctukor (PUX). Dra xa-

pPaKTEpUCTUKA ONpPENEIsIET 3aBUCUMOCTh OT 4acTOThl BEJIUMYMHBI (pa30BOrO CIIBHra,
KOTOPBIN NOJy4YaeT BXOJHOW FapMOHUYECKUN CUTHAJ MPU IPOXOKIEHUH Yepe3 LETb.

YacToTHBI KOXQOUIMEHT Nepefadyn ONPEICNSIOT aHAJIUTHYECKH (METOJaMHU
KOHTYPHBIX TOKOB, Y3JIOBBIX ITOTEHIIMAJIOB, HAJIOKEHUS U Jp.) UIU SKCIIEPUMEHTAIIb-
HO. JlJ1s1 3KCIEpUMEHTAIBHOTO ONPEAEIEHUS YaCTOTHON XapaKTEpUCTUKH LENHu Ha ee
BXOJ] MOJAIT rapMOHUYECKUM CUTHAJ C MOCTOSHHOM aMIUIMTYAOH M, U3MEHAS €ro
4acTOTy, (PUKCUPYIOT aMIUIMTYly U (pa3y rapMOHMUYECKOIO CUTHaJIa Ha BBIXOJE LIENH
(IMHeliHas 1enb He U3MeHseT popMbl curHana). B cuily onpeaelieHHbIX YaCTOTHBIX
CBOWCTB LIENIM aMIUIMTYAa U (a3a BBIXOJAHOIO CUTHaja OyayT u3MeHsThcs. Onpene-
nsist otHoweHue Uy, /U, ¥ Pa3HOCTD @y, — Qg VI KAKIOTO 3HAYECHHUS YACTOTHI

BXOJIHOT'O CHTHAJIa, MOXHO MOJYYUTh 3aBUCUMOCTh KO PUIIMEHTa YCUIICHUS TI0 Ha-
MPSKEHUIO M (Pa30BOT0 CIBUTA OT YacTOThI. IMEHHO MO3TOMY B BBILICTIPHUBEICHHBIX
dbopmyniax 3TU mapaMeTphl SBISIIOTCS (QYHKIIUSAMHA 4aCTOThI. Tak Kak KO3 UIIUEHT
YCWICHHS 1€MW B JIAHHOM CJydae IPOIMOPIMOHATICH aMIUIMTYE BBIXOJHOTO HaIpsi-
KEHUS, TO €r0 3aBUCUMOCTh OT YaCTOTHI MOJyYnsIa Ha3BaHUE aMIUIUTYTHO-4aCTOTHOM
XapakTepucTuku. Tem He MeHee aBaTh onpeneneHrne AUX kak 3aBUCUMOCTH aMILIU-
TyABl OT 4acTOThI OyAeT HeKOppeKTHO (AUYX —9T0 XapaKTepHCTHKA LIETH, U TaKOTO
napamMerpa, Kak "aMIuTyaa", y nenu Her).

YacToTHBIC XapaKTEPUCTUKH OMUCHIBAIOT CBOMCTBA IIENU MPU BO3JICHCTBUU Tap-
MOHUYECKUX CUTHAIOB. C MX MOMOHIBIO MOXHO OIpPEACIUTh PEaKIUio IeNu Ha 3a-
JaHHOE BO3JEHCTBUE JI000I YacTOThl U OMpPEIeTUTh 00JaCTh YacTOT, B Mpeenax Ko-
TOPOM 1I€Th BBHITIOJHSIECT CBOM (DYHKIIMH MOJHOCTHIO WJIM YaCTUYHO.

B cBs131 ¢ ATUM HCIOJIB3YIOT MOHSATHUE TIOJIOCHI MTponyckaHus 1enu. OOBIYHO 3TO

o6xacTe vactoT, TAe AUX mMeeT 3HaUcHHE HE MCHeEE l/ V2 = 0,707 cBoero Makcu-

MaJIbHOTO 3HaueHus. 3HaUEHUE, 10 KOTOPOMY OIPEIEINISIOT M0JI0CY NPOIYCKaHuUs JIH-
HEIHON IeTH, BbIOpaHO He ciaydaiiHo. Jleno B TOM, 4TO 3TOT YPOBEHb OIpPEIEISIET
YaCTOTHBIE I'PAaHUIIbI, HAYMHASL C KOTOPBIX OTHOIIEHHE BBHIXOAHOW MOIIHOCTH K BXO/I-
HOW yMeHbLIaeTcst Oonee ueM B 2 pa3a. Hanbonee xe ynoOeH npu NpakTHYECKUX
pacyeTax HOPMUPOBAHHBIA MOIYJb Kodbduimenra nepenaun K (©)/K pax » MaKcH-

MaJIbHas BCIIMYHMHA KOTOPOro paBHa CAVMHUIIC.

B 3aBUCHMOCTH OT COOTHOIICHMS BEJIMYUHBI ITOJIOCHI MMPOITyCKAHUA TCITH Aa)np

U BEJIMYMHBI LIEHTPaIbHOM 4acToThl AHX @( pa3inyaroT y3KOINOJIOCHBIE LIENHU U LIH-
POKOTIONIOCHBIE. ¥Y3KOTIONIOCHAS TIEHb — 3TO LMk, Yy KOTOPol Ay, << @ . Ilnpoko-
TI0JIOCHAs LENb HE YIOBJIETBOPSAET 3TOMY YCIOBUIO. B nanbHeimem OyayT paccMoT-

PCHBI IIPUMCPLI HauOoJiee XaPAKTCPHBIX U YdCTO HCIIOJb3YCMBIX Y3KOIIOJOCHBIX U
HIUPOKOIIOJIOCHBIX ueneﬁ.



5.2.2. BpemeHnHvle Xxapakmepucmuku

OCHOBHBIMH XapaKTEPUCTUKAMU JIMHEHHBIX IeNell BO BPEMEHHOW 00JIacTH SIB-
JAIOTCA UMITYJIbCHAs U MEPEXO/HAasl XapaKTEPUCTUKUA. ITU XAPAKTEPUCTUKHU IO3BO-
JISIFOT OMPENICNIUTh BBIXOJHOM CUTHAI JJIs JIFOOOTO BXOJHOTO BO3JCUCTBUS, HE 00pa-
IAACh K CIEKTPAILHOMY IIPEACTABICHUIO CUTHAIIOB.

Hmnynvchas xapakmepucmuxa yenu h(t)— 3TO peaxiys 1eNd Ha CUTHAJ, OIH-

chIBaeMblii aenbra-QyHKuuen O(¢). Apyrumu cioBamMu, BBIXOJHOM cuUrHaji, GopMu-

PYEMBIN JTMHEHHOW LENbIO NMPU MOCTYIUIEHWH HA €€ BXOJ CUTHajla B BHJIE JEIbTa-
GyHKIMY, SBISETCS WMITYJIBLCHON XapaKTepucThkoil. Ha mpakTuke curhHan B BUJC
nenbTa-QyHKIUA — 3TO UMITYJIBC MPSIMOYTOJIbHOW (POPMBI, UMEIOIIUM OOJBIITYI0 aM-
WIUTYRy (B mpeaenax JIMHEHMHOro y4acTKa XapaKTePUCTHKU IENU) U JIUTEIbHOCTD,
KOTOpasi HAMHOTO MEHbBIIE MOCTOSTHHON BPEMEHH LIETIH.

Ilepexoonas xapaxmepucmuxa yenu g(t)— 3TO peakiysd HEHU HAa CUTHAI, TIPe/-

CTaBJISIONINI cOO0W eAMHUYHBIN ckadok o(¢). Takum 00pa3om, BBIXOJHON CHUTHA,

dbopMupyemMblid TMHEHHOHN LIETIbIO NMPHU MOCTYIJIEHUM Ha €€ BXOJ CUTHala B BUJIE PE3-
KOT'0 Iepenaja, ABiseTcsl NEPEX0JHON XapaKTEPUCTUKOM.
OyHKIMOHATIbHAS CBA3b MEX]y BPEMEHHBIMHU XapakTtepucTukamu h(t) u g(t)

oOycCJIOBJI€Ha B3aUMHON 3aBUCUMOCTBIO JeibTa-PYHKIMM M EJUHUYHOIO CKayka
(mpou3BoAHAs U MHTETpa):

dt

B3anMHas 3aBHCMMOCTh YaCTOTHOM W BPEMEHHBIX XapaKTepUCTHK OyAeT pac-
CMOTpEHA HUXKE.

AHaJIN3 TMHEWHBIX HENeH ¢ MCMOJIb30BAHMEM YACTOTHBIX XapaKTEPUCTUK U aHa-
JIM3 C MCIOJIb30BAaHUEM BPEMEHHBIX XapaKTEPUCTUK PABHOCWIBHBI MO PE3YJIbTATAM.
Br160op 0HOTO M3 ITHUX MOAXOJOB TUKTYETCSI MMPOCTOTON BBIYMCICHUM, UCXOTHBIMU
JAHHBIMU B YaCTH, Kacarolelcsi CUTHAJIOB U 1IETIeH, M XapaKTepOM HEOOXOAUMBIX pe-
3yJbTATOB,

PaccMOTprM HEKOTOPBIE TUHEUHBIC LIENTH U UX XapaKTEPUCTUKHU.

t
h(ty="2D g (0) = [ oyt
0

5.3. Inddepennupyromas ¥ HHTErPUPYIOLIAs MU

Ha puc. 5.1,a npencrapieHa cxema JUHEHHOTO YETHIPEXIIOJIIOCHUKA B BUJE TO-
cinenoBatenbHOM RC -1ienu ¢ mocTtossHHOW BpemeHu 7 = RC. Ha Bxoje menu aeicr-
BYET HaINpsKEHUE U, (1), a BBIXOJHOE HANPSKEHUE U, (f) MOKET CHUMATHCS JTHOO

c conpoTuBieHust R, mu6o ¢ konaeHcatopa C. Onpenenum 3aBUCUMOCTb BBIXOJHOTO
HaIpsDKEHHST OT BXOJHOTO JUIA KaXKIOr0 M3 3TUX CIy4yaeB. B COOTBETCTBUM CO BTO-
pbIM 3aKk0HOM Kupxroda MoKHO COCTaBUTh ypaBHEHHE

Ugy (t) = Ri(t) + % [i(t)dt, umm Cugy (t) = 7i(t) + [i(t)d .



BeimonxauMm ananus HAaHHOT'O YPpAaBHCHUA IIPpU 0O0JBIIIOM M MajIOM 3HAYEHHUSIX T .

1. Ilocmosnnasn BpEMEHU T — Maldas eeliuduHnd.

du . (t
Torma  Cug (1)~ [i()dt  wma  i(f) cz—x().
t
B sTom ClIy4ac BbIXOJAHOC HAIIPSIKCHUC, CHUMACMOC C COIIPOTUBJICHUA R ) 6y2[eT

dugy (1)
paBHO up(f) ~ T CIie10BaTEeNIbHO, €CIIM BBIXOJAHOE HAINPSKEHHE CHUMATH C
{

CONPOTHUBIICHHUS], TO IPU MaJIbIX 3HAYEHUAX TOCTOSSHHOW BPEMEHU T IMOCIAEAOBATEIb-
Has RC -uenb MoxeT auddepeHIupoBaTh BXOIHON CUTHAIL.

2. Ilocmosnnas BpEMEHU T — bonvuas eenuduna.

1
Torna Cu, () ~7i(t) wm i(t)= Cltix (1) = Eugx (1).
T

B sTOM ciydae BBIXOJHOE HampshKeHHE, CHUMaeMmoe ¢ KoHzaeHcatopa C, Oynmer
1 1

paBHO u,(1) zE j i(Hydt =— j Uy, (1)dt. CnenoBateibHO, €CIM BBIXOJHOE HampsikKe-
T

HUE CHUMAaTh C KOHJEHCATOpa, TO MPU OOJIBIINX 3HAYCHUSIX TTOCTOSIHHON BPEMEHU T
nocieaoBatenbHass RC -11enb MOXET HHTErPUPOBATH BXOHON CUTHAI.

Cxema nuddepeHnupyronieit nenu npeacTaBieHa Ha puc. 5.1,0, uHTerpupyto-
e 1nenu — Ha puc. 5.1,B.

. E
R| | ur(l) 5 i i G
Ugpx(l) usx(t) R Use(t) Ugx(t) C == Upex(l)
CI ucit)
a) 6) )

Puc. 5.1. Tlocnenosarensuas RC -uiens (a), nuddepenuupyromias (6) u
UHTErpupytomas (B) enu

5.3.1. Jlupgpepenyupyrowas yens

Omnpenenum gacToTHBIA K03 dunreHT nepeaaun K (jo) nuddepeHupyromei
uenu. KoMiiekcHas aMminTy1a Toka B ey onpeensercs 3akonoM Oma
U
jo—Zex
R+1/joC
CrnenoBarenbHO, KOMIUICKCHAS aMIUTUTY/Ia BBIXOTHOT'O HAMPSHKEHUST paBHA

. . . jot
U@bzx =IR = Uex 1+ 7 .
+ jot

Otcroaa:



. . U o7
yacTOTHBINA KodppuimenT nepepaun K (jow) = —22% = J —;
Uy, 1+ jor

(5.2)

T
aMIUTUTYAHO-4aCTOTHAs XapakTepuctuka K(w)=—-;

1+a)2r2

T
(dhazouacToTHas Xapaktepuctuka @(m) = 5 arctgor .

I'padpuxu AYX u OYUYX npuseneHsl Ha puc. 5.2,a.
Kak cnenyer u3 rpaduxa AUX, nuddepenuupyromas 1emnb sBiaseTcs GuabTpom

BEPXHHUX 4acTOT. Ompenenanm 4acToTy Cpes3a @, Ha ypOBHE l/ V2 %0,707:

@t _ 1 Cwitt =1 w,=1r.
1+a)czf2 V2

Jlist mpubnukeHrs K TOYHOMY U pepeHIpoBaHUI0 HEOOXOIUMO, YTOObI Ha
BCEX YACTOTaX CIEKTPa BXOJHOTO CUTHaJja COOJI0Aan0ch HepaBeHCTBO w7 << 1. To-
ria K(jo) =~ jotr — 4YacTOTHasl XapakTEepUCTUKa uAeadbHOU nuddepeHuupyromnen

K(a)c):

LEIu.
5.3.2. Hnmeepupyiowas yeno

Onpenenum 4acToTHBIA KOdhuimeHT nepeaaun K (jw) WHTErpuUpyromen Ie-
nu. Eciu koMIuiekcHas aMIUIMTY/1a TOKa B IIETH paBHA

joo Yar
R+1/joC’
TO KOMIUIEKCHAs! aMILUTUTYa BBIXOIHOTO HAIPSKEHUS paBHA
. .1 . 1
Ugyx =1——=U, ——.
oorx joC N+ jor
Orcrona:
5| : U@blx 1

YaCTOTHBIN KO3 PUIIMEHT niepeiaun K(jo)=—"—= —;  (5.3)

Ugyo 1+jor
1

aMILTUTYTHO-4aCTOTHAs XapakTepuctuka K(o)=———-

1+w’r?

(dbazodacToTHas XapakTepuctuka @(w) = —arctgmr .

I'padpuxu AYX u OUYX npuseneHsl Ha puc. 5.2,0.

Kak crmemgyer u3 rpadpuka AUX, WHTErpHpymoOmas ILenb SBISETCS (QUIBTPOM
HIDKHHUX 49acToT. YacToTa cpesa Takxke paBHa 1/7 .

Jlist mpuOIIMKeHHsI K TOYHOMY MHTETPUPOBAHUIO HEOOXOIUMO, YTOOBI Ha BCEX
4acTOTaX CIEKTpa BXOJHOTO CHTHalla COOJIIOANoCh HepaBeHCTBO @7 << 1. Torma
K(jo) ~ /ot — 4acToTHas XapakTepUCTHKA UI€aIbHON HHTErPUPYIONIEH 1IETIH.



=5

]

[T S

Puc. 5.2. AUX u ®UX ):[H(bq)epeﬁu-npyfomeﬁ (a) n uaTETpUpYIOIICH (0)
ueneu

5.4. ®UIbTP HUKHHUX YACTOT

B kagecTBe pmibTpa HIDKHMX YaCTOT BO MHOTHX PaJHMOTEXHUYECKUX YCTPOUCT-
Bax (BBIIPSAMUTENSIX, JACTEKTOpaX W JIp.) HPUMEHSIETCS cXema, M300pa)keHHas Ha
puc. 5.3,a.

YacTtoTHO-U30MpaTeNbHbIE CBOMCTBA 3TOT0 (DUIBTpa XapaKTepU3yeT KOMILIEKC-
HOE BXOJHOE conpoTuBieHne Z(jw). OHO paBHO OTHOIIEHUIO KOMILJIEKCHON aMILIHU-

TyAbl BBIXOJHOT'O HAIIPSKCHHUA K KOMIIJICKCHOM AMIUINTYIC TOKA B ICIIN U OIIPCIACIIA-
CTCA CICAYIOIINM BbIPa)KCHUCM:

I R+1/joC 1+ joRC 1+ jot
rae 7 = RC — nocTosiHHAsi BpeMeHU (QUIIbTpa.
Orcroga:

(5.4)

R
aMIUTUTYTHO-4YaCTOTHAS XapaKTePUCTUKA Z(w) =

1+a)272

(dhazodacToTHas XapakTepucTuka  @(w) = —arctgor .

I'padpuxu AYX u OUYX npuseneHsl Ha puc. 5.3,0.

Kak cnenyer u3 rpaduka AUX, paccMatpuBaeMblil GUIBTp ABISETCS PUIBTPOM
HIDKHUX 4acToT. YacToTa cpesa pasHa 1/7.



5.5. HapanenbHbl KoJ1e0aTeIbHbII KOHTYP

[TapannenbHblil KOeOATENbHBIM KOHTYp — 3TO YaCTOTHO-U30UpAaTeNbHas LEIb,
oOpa3oBaHHas NapajjIebHBIM COE€IUHEHWEM MHAYKTUBHOCTH L u emxoctu C. AKk-
THUBHBIE IOTEPU KOHTYpPa YUYUTHIBAIOTCS CONPOTUBIEHUEM R, KOTOPOE MOJAKIHOYAETCS
MOCJIEIOBATENbHO WM MapamienbHo (puc. 5.4a,0). KoHTyp mIMpOKO HCTONB3yeTCs
KaK CaMOCTOSITENIbHO (II0JIOCOBOM (PUIIBTP), TaK U B COCTaBE PA3IMYHBIX PaIUOTEXHU-
YECKUX YCTPOMCTB (aBTOrE€HEPATOPOB, MOAYISATOPOB, MpeoOpazoBareseil 4acTOThl U

ap.).
Zi )

upx(t) ~—g

|
| |
e
m
I
B
ann
=]
—
(=
s

Puc. 5.3. ®unptp HIKkHEX YacToT (a), AUX u ®UX dunstpa (0)

OcHOBHBIE ITapaMeTPbl KOHTYpa U UX MaTeMaTH4YEeCKHUE BbIpakeHus [4,7]:

1
2. JlobpotHocTh Koutypa (puc. 5.4,a) Q= p/R, m0OGPOTHOCTH KOHTypa
(puc. 5.4,6) O =R/p.
3. BoJIHOBOE CONPOTUBIICHUE P = \/L/7C = l/co pC=0,L.
4, 3aryxanue koutypa d =1/Q.

1. Pe3oHaHCcHas yacToTa KOHTYypa @

.::.
[as)
5
1
11
1]

LA AT
=
| —
LT
=

6)
Puc. 5.4. IlapannensHblil KoaeOaTENbHBIM KOHTYP C TTOCJIEI0BATEIBHBIM (2) U
napajiebHbIM (0) BKIIOYEHHEM COMPOTUBIICHUS MOTEPD




Jlist onmucaHusi 4acTOTHO-W30MpATENbHBIX CBOWCTB MapajuIeIbHOIO KOHTYpa
MPUMEHSIOT KOMIUIEKCHOE BXOJHOE COMPOTUBIEHUE Z(j®) M 4acTOTHbIe K03 duiu-
€HTHI nepefauu 1no Toky K;(jw) u HanpskeHuto K, (jw) — pe30HaHCHBIE XapakKTe-
PUCTHKHU KOHTYpa.

KomMrmnekcHoe BXOJHOE CONMpPOTUBIIECHUE SIBIISIETCS OCHOBHOW XapaKTEPUCTUKOMN
KoHTypa. OHO PaBHO OTHOUIEHUIO KOMIUIEKCHOM aMIUIUTYJIbI BBIXOJHOTO HaIpsiKe-
HUSL K KOMIUIEKCHOM aMIUIUTYyle TOoKa B KOHType. Omnpenenanum 3Ty XapaKTepUCTUKY
11 KOHTYpa, U300pa)KeHHOro Ha puc. 5.4, a:

0 — 1C (R+ joL)
. o 0]
Z(jo)= = /

#+R+ja)L'
joC

[Tomaraem, 4To MOTEpU B KOHTYpE Majbl. ITO MO3BOJsICT B 00JIACTU PE30HAHC-
HOM 4acTOTHI CUMUTATh, UTO R << wl . Torma

Z(ioy—HC ~ L/RC ~ L/RC
R+j(a)L—1j 1+j1(a)L—1j 14 il [ o _“p
wC R wC JR C ©, o

Kak BuiHO U3 naHHOM (OopMyJibl, IPH PE3OHAHCE, KOTJA @ = @ ,,, BXOJHOE CO-

p b
MPOTUBJIEHUE KOHTYpa HOCUT PE3UCTUBHBIN xapakrtep. OHO Ha3bIBAETCS PE30OHAHC-
HBIM COIIPOTUBJICHUEM U PAaBHO
2
: L _p 2
Z(jo)=——=—=0"R=Ry.
RC R
[Tponomxkas npeobpazoBanus Gopmyisl 1 Z(j®) , TOTYyIUM

. R R
Z(jo)=——"—=— 9Q§’
1+ jB & J
R
_W__%» i ;
rie §=-— — YaCTOTHAs PacCTpoOMKa, Q& — o0o6mieHHas paccTpoika
(0] 0]
p

KOHTYDA.
[Ipm ManbeIx paccTpoiikax B 0O0JACTH YACTOT, OJU3KUX K PE30HAHCHOM
(0 = @), MOXHO 3amHCaTh

0E =0 o 9p :Qw _wi zgz(a)_wp):QQAa)‘

Ct)p ) a0 Ct)p




Takum 06pa30M, KOMIIJICKCHOC BXOAHOC COIIPOTUBJICHUC KOHTYPA PABHO

Z(jw) = R? _ R0 jaregQf _ yp)eiv@) (55
1+ jO& N+ Q2 52
31ech
Ry
Z(Ct)) = — MOAYJIb BXOJHOT'O COIIPOTHUBIICHUA KOHTYpaA. 3aBI/ICI/IMOCTB

| 2.2
1+Q0°¢&
MOI[y.IISI BXOJHOI'O COHpOTI/IBJIeHI/ISI KOHTypa OT YaCTOTbI ABIIACTCA aMHJII/ITYI[HO-

JaCTOTHOM XapaKTEPUCTUKOW KOHTYPA;
@(w) = —arctgQE — apryMeHT BXOJIHOT'O CONPOTUBIICHUS KOHTYpPa. 3aBUCUMOCTD

aprymeHTa BXOAHOT'O COIIPOTUBJICHUA KOHTYPA OT YaCTOThI SABJIACTCA (I)aSO-qaCTOTHOf/’I
XapaKTepHCTHKOﬁ KOHTYpa.

AMHJII/ITyI[HO-‘{aCTOTHaH u Q)aBOqaCTOTHaH XAPAKTCPUCTUKHU ITAPAJUICIIBHOI'O KO-
J1e0aTEILHOTO KOHTYpa IIpPpU pa3IMIHbIX 3HAUYCHUAX IIO6pOTHOCTI/I MMPpUBCACHBLI HA PUC.
5.5.

Puc. 5.5. AUX (a) u @YX (0) mapamieabHOro K0jiebaTeIbHOr0 KOHTYpa
OmnpenenuM MosIocy MpoMyCKaHusl KOHTYpa Ha yPOBHE l/ V2

()]

) 1 p

22
= Ry; Q°¢° =1; Aa)np:

Jrgie




Orcrona cnenyer: O = f), / (A&fyp) - HanHoe onpenenenue JTO0OpPOTHOCTH TMpeoC-

TaBIISICT BO3MOXHOCTh €€ DKCIIEPUMEHTATIBLHOTO U3MEPEHUSI.
5.6. Ycuaurean

JIns1 yBeIMYEHUSI MOLTHOCTH CHUTHAJIOB C COXpaHEHUEM HUX (hOPMBI HUCIOJIB3YIOT
ycwiutenu. [IpuHIun aeicTBUs ycwiInTeNle OCHOBaH Ha IpeoOpa3oBaHUU SHEPTUU
HMCTOYHUKA MUTAHUS B SHEpruto curHaiga. OCHOBHyIO (DYHKIMIO TpeoOpa3oBaTes
SHEPI'UH BBHITIOJIHIET YCWIMTEIBbHBIA 3JIEMEHT, CIIOCOOHBIN ¢ MOMOIIBI0 HEOOIBIIOTO
BXOJIHOTO CHTHaja yIpaBisATh OOJBIION IHEPTUEH MCTOYHMKA MUTaHUA. B kadecTBe
YCWJIMTEJIBHOTO 3JIEMEHTA UCIOIb3YIOTCS 3JIEKTPOHHBIE JaMIIbl, TPAH3UCTOPHI, Mapa-
METPUYECKHE yCTPOMCTBA U Jp. YCWIMTEIbHBIM 3JIEMEHT B COYETAHUH C HEOOXOu-
MBIMHU JUISl €r0 paboThI JIeMEHTaMU (CONMPOTUBICHUSAMH, KOHJAEHCATOpAMH, KaTyIII-
KaMU WHAYKTUBHOCTH) MPEJCTABISACT COOOM OAHY CTYNECHb YCHIICHUS, HA3bIBAEMYIO
YCUJIUTEIbHBIM KaCKaJIOM.

B 3aBucuMoOCTH OT XapakTepa Harpy3kud UM Ha3HAYCHHMS PA3IUYalOT yCWIUTEIU
HanpspKEHUsl, TOKa WM MOIIHOCTH. OHAKO Takoe pa3/ieIeHuEe yCIOBHO, TaK KakK B
JT000M cilydae B KOHEUHOM CUETe YCUIIMBAETCS MOLIHOCTh CUTHAJA.

Cpenu 601bI110T0 pazHooOpa3usi TUIOB yCHIIUTENEH, KIacCU(PUKALUIO KOTOPBIX
OCYIIECTBIIAIOT IO pa3IWYHbIM Tpu3HakaMm [12], HauOoJIbIINA MHTEPEC C TMO3UIINI
CIIEKTPAJIBLHOIO0 aHAJIN3a MPEACTABIISIIOT YCUIMTENIN C SIPKO BBIPAKEHHBIMU YaCTOT-
HbIMU cBolicTBaMu. Cpeln HUX 0COOOTO BHUMAHUS 3aCIy)KUBAIOT YCUIUTEIN IIUPO-
KOIIOJIOCHBIC (MMITYJILCHBIE) M Y3KOMQJIOCHBIE (M30UpaTebHbIE).

K mmpoKonosioCHbIM OTHOCST YCHJIUTEIIH, IIUPUHA MOJOCHI MPOIMYCKaHU KOTO-
PBIX COU3MEPUMA CO CPEAHEN HACTOTOM 3TOU MoJockl. OHU MpeaHa3HAYEHBI 1JIs YCH-
JICHUST UMITYJIbCHBIX CHUTHAJIOB PA3audHON (POPMBI B YaCTHOCTHU, TE€JIEBU3NOHHBIX BH-
NEOCUTHANOB. B CTpyKType 3THX yCHUIIUTENEH OTCYTCTBYIOT PE30OHAHCHBIE LEMU. 3a-
METHM, UYTO YCUJIUTEIH 3BYKOBBIX YACTOT TAKXKE SABJISIOTCS MIMPOKOMOJIOCHBIMH, O-
HAaKO HMX BBIAEISIOT B OTAEIBHBIN KJlacc.

VY3KOMOJIOCHBIE YCUIIUTENN paboTaloT B Y3KOM MOJI0Ce YacTOT U JEeIsATCs Ha pe-
30HAHCHBIE U IIOJIOCOBBIE YCWINTENIN. B PE30HAHCHBIX YCHIIUTENSAX HATPY3KOU CIy-
KUT KOJICOATEIBHBIN KOHTYP, B MOJIOCOBBIX — IMOJIO0COBOM (PUITIBTP.

PaccMOTprM CXeMBbI M HACTOTHBIE XapaKTEPUCTUKHU STUX YCUITUTEIECH.

5.6.1. lllupokononocHuiti ycunumew

Ha puc. 5.6 uzobpaxensl cxema ycunuresns Ha nojgesoMm (M/III) tpansucrope c
OOLIMM UCTOKOM M €T0 KBHUBAJIEHTHAs CXEMa.

HazHaueHue 31eMEeHTOB CXEMBl YCUIIMTEIIA:

koHzencaropsl Cj; u Cp,p — pasiaeauTenbHbie, ONOKHPYIOT IPOTEKaHHE MOCTO-

SAHHOI'O TOKa, obecrieunBas MPOXOKIACHUC TOJBKO IICPCMCHHBLIX COCTABJIAIOIINX
BXOAHOI'O 1 BBIXOJHOI'O CUT'HAJIOB,



pe3ucTopsl Ry U R, 00pa3yloT AeIUTENb HANPsDKEHUs JUIs MOJa4M Ha 3aTBOP
TpPaH3UCTOpa HaIpsKEHUs paboyeil ToUKu;
pesucrop R, u xonaeHcarop C, — Lelb OTPULATEIBHON OOpaTHOM CBS3U NI

TCpMOCTa6I/IJII/I?>aLII/II/I pexuma pa6OTBI YCHIIATCIIA 110 ITIOCTOSAHHOMY TOKY,
R.R

COMpPOTHBIICHUE R, = —S—"— — Harpy3Ka yCHUIIHTEJIS;

RC H
CMKOCTDb Cn — HapasnuTHad EMKOCTb, KOTOpas HPOABIIACTCA Ha BBICOKHUX YaCTO-

Tax.
Ycunurenb Harpy>K€H Ha IMapaJlJICJIbHO COCAMHCHHBIC COIIPOTHUBIICHHC RCH u

emkocTh C,,. Takyro Harpy3Ky Ha3blBaroT anepuoguueckou. Iloatomy Takue ycunu-
TEJIM YaCTO HAa3bIBAIOT allePUOIUYECKUMHU.

*Ec Cpy r-==========- -1
Ri Upgrz(f) ol R 5
1 Rg|Rex|S0 | Ri] Cou| CnRem]
SONL@E of | tw [ R (e
Rz[ C:::T::: HRH .
H! o | 0

1
|
| : SKEMEANEHTHAA CXEMA
. 6) TPaHACTOPA

Puc. 5.6. Anepuonnueckuil yCWINTEIb () U €ro SKBUBaJICHTHAs cxema (0)

Hpouecc YCUIICHHUA BXOAHOTO CUI'HAJIa JaHHBIM YCHIIMUTCIIEM C UCIIOJIb30BAHUCM
CTOK-BaTBOpHOﬁ XapaKTCPUCTUKHU TPAH3UCTOPA IMOACHACTCA pHUC. 5.7.

j..: il:

Puc. 5.7. I'padpuueckast muutrocTpaiiys mpoiecca yCHUICHHUs

HpI/I OTCYTCTBHUHU BXOIOHOI'O HAIIPAKCHUA (B PEKUMC HOKOH) HAIIPSKCHUC HaA 34-
TBOPC PABHO HAIIPSAKCHUIO CMCIICHUA, B ICIIM CTOKA IMPOXOAUT TOK ITOKOA iCO . Ha-



IpsKEHUE Ha CTOKE MOCTOSHHO U PaBHO U, = E. —i.,R.. BbIXonHOE HampskeHue
pPaBHO HYIIIO.

IIpu nocTyruieHun Ha BXOJ YCHJIIMTENsSl BXOJHOIO CUTHANA Uz, (t) = E'sinwt Ha
3aTBOpE TpaH3HCTOpa OyAeT AEHCTBOBATh HANPsKEHUE u,, () =U,, + Esinwt. Tox
CTOKa HAUYMHAET U3MEHAThCS IO CHHYCOMJAIbHOMY 3aKoHY i.(?)=1i., +[,sinwt,
MIPH STOM HaIpsDKEHUE Ha CTOKE PaBHO

u.(t)=E.—-i.()R. =E. —i.,R. — I R.sinwt.

[TocTosiHHAs cOCTaBISIONIAs HE MPOXOAUT Yepe3 pa3esIuTeNbHbIN KOHIEHCATOP

¥ Ha BBIXOJIE YCUJIUTEIBHOTO Kackasia Oy/eT HanpspKeHue

C o

Ugy (1) =—1yR,. sinwt .
Ilpn onpenereHHOM 3HaUYEHWM CONPOTUBIEHUS R, U COOTBETCTBYIOUIEH Kpy-
TH3HE CTOK-3aTBOPHOM XapaKTEpUCTUKU TPAaH3UCTOpa aMILIMTY/a BBIXOJHOIO HaIps-
KeHust [yR,. MOXeT MpeBbIlIaTh aMIUIUTYy BXoaHOro curxana E . Ciemyer oOpa-

TUTh BHUMaHUE HA TO, YTO BBIXOJHOW CUTHAII B CXEME ¢ OOIIUM MCTOKOM HaXOIHUTCS
B MPOTHBO(}A3e BXOJHOMY CUTHAITY.

OmnpenenuM 9acTOTHBIH KO3(PPUITUCHT TIepeadud YCHIIUTEINS, TIOTb3YsICh €T0 JK-
BUBAJICHTHOUW cxemoil (cM. puc. 5.6,0). Ha aToli cxeMe m3o0pakeHa SKBHUBAJICHTHAS
cXeMa TpaH3HUCTOpa, COAepIKaIIasl CIEAYIOIIE TTapaMeTPhI:

eMkocTb C,., (CTOK-UCTOK) — MEXKAJIEKTPOHAsl BBIXOJHAs €MKOCTb TPaH3HCTO-
pa;

COIPOTUBIIEHUE R, — BXOIHOE CONPOTUBIICHUE TPAH3UCTOPA;

YCUJINTENBbHBIE CBOMCTBA TPAH3UCTOpPA OTPAKEHBI reHepatopoM Toka SU;| ¢
BHYTPEHHUM COIPOTHBIEHHEM R; ¥ KPYTH3HON BOJIbT-aMIEPHOW (CTOK-3aTBOPHOMN)

XapaKTePUCTUKU S .
JlenuTenb B LEnu 3aTBOPA IPEICTABIEH COIPOTHUBIECHUEM R, HAarpys3kKa — Co-

IIPOTUBJIEHUEM R ., .

AHanu3 SKBUBAJICHTHOM CXEMBI YCHUIIUTCIIA ITO3BOJEICT 3alIMCATh BBIPAKCHUC JIJIA
HJaCTOTHOI' O KO3(1)(1)I/H_II/IeHTa nepeaadn YCUIJINTEIA CIICAYOIINM O6p330M:

. SUVZ gy (j©)
K(jo) =~ AL anlJ0),
U@X
. SUexK ox (JO) Z i (J©) . .
K(jo) = == Em e R0 SK  (j0) Zgs (0. (5.6)
U@X

B sToMm BeIpaxeHun
Ko (jo) = IO yacrormbii K03 PUIMEHT nepeaadynd BXOJHOM LIenH, Co-

1+ joTy
CTOSIIICH M3 pasAeauTeNbHON eMKkocTH C ) ¥ CONPOTUBICHHS ACTUTENs R, MpuyeM

7] = RyC | — MOCTOSHHAS BPEMCHU BXOJIHOM LICTIH;



RCH

Tt imrs YaCTOTHBIM KO3 (UIMEHT nepesayl BbIXOJAHOW LIETIH,
+ JOTH

Z gy (JO) =

cocTosIel u3 napasuTHod emxoctH C,, BBIXOJHOH eMmkoctu Tpansucropa C., U
COIIPOTHUBIICHUS HArpy3ku R, npudeM 7, =R, (C,., + C,) — NOCTOsAHHas BpeMme-
HHU BBIXOJHOM IICITH.

IIpu nmostydyeHUH JaHHOTO BBIPAXKEHHUS YUUTHIBAJIOCH, UTO Y MOJEBBIX TPAH3UCTO-
poB R, >> Ry, R; >>R,,,.

Takum oOpazom,

, SR, jot SR, jot
K(jo)=— CH | _ CH |

I+ jor)(+ jot3) 1+ jor, + jory —wrTs
N3 ¢pusnuecknx coodpakeHuil 04€BUIHO, UTO 7] >> 75 . Tornaa

) SR K
K(jo)=-— - = - 0
: +1+—2+ij2 1+ - + joTy
JoT] 71 JoT]

3necy Ky = SR, — MakCUMalbHbIN KOA((HUIUEHT YCUIICHUS.

Amnanus 3Toro BBIPAKCHUA HCHCCOO6p33HO IIPONU3BOANTL OTACIIBHO I HUKHHX,
CpCAHUX U BCPXHUX HACTOT.

Oobnacme nHudxcHuUX wacmom
B 0651aCcTH HIKHUX YaCTOT CONPOTHBIEHUE eMKOCTH X, = 1/@wC umeer Goib-

III0€ 3HAYCHHE IO CPABHEHUIO CO 3HAUYCHUSMU B 00JIACTSIX CPEIHUX W BEPXHUX Uac-
ToT. [ToaTomy myHTHpyromuM aekicreuem eMkocteid C., u C,) MOXHO NpeHEOpeYb

U CUMTATh, YTO w7y << 1.Torna

0]
4acTOTHBIN K03 uuuent nepegaun K(jow) = -K & ;
1+ JjoT]
0]
AUX:  K(o)=Kg—2 .
1+ w2 712

OYX: p(®)=—-m+ % —arctgor| = —% —arctgor.

Oobnacme cpeonux wacmom
B obnactu cpeqHUX 4acTOT HIyHTHpYOIIMM aelctBueM emkocredl C., u C,

TaKkKe MOXKHO IpeHeOpeub B CUily UX Majocth. Kpome Toro, HeoOX0aUMO YYECTb,
4TO eMKOCTh KoHJeHcatopa C BBIOMPAETCsl TaKOW, YTOOBI €r0 COMPOTHBIICHHUE B

00JlacTU CPEIHUX YacTOT OBbUIO 3HAYMTEIIBHO MEHBIIE COMPOTUBIICHUS IETUTEIS.
CrnenoBatenbHO, B 00JIaCTH CPEAHUX YaCTOT MOKHO HE YUUTHIBATh BIUSHUE BXOHOM
U BBIXOJHOM Lieniel. Torma



4acTOTHBIN K03 unuent nepegaun K(jow) = —K;
AYX: K(w)=K,; ®UYX: p(w)=-r.

Oonacme eepxHux uacmom

B obnactu BepXHHMX 4acTOT COMPOTUBICHUS] EMKOCTEH yYMEHBIIAIOTCS IO CPaB-
HEHUIO C UX 3HAYEHUSMH B OOJIACTH HIDKHMX M CpeaHUX 4acToT. [lorTomy mIyHTH-
pytomuM aeiicteuem emkocredt C.,, u C,, npeHeOpeyb Heb3s. B To ke Bpems Bins-

HUE BXOJIHOM IIeMM HUYTOXKHO, KaK U Ha CPEIHUX YacToTax. Takum oOpa3oM, MOKHO
CUUTATh, YTO 1/ ot <<1. Torma

1
4acTOTHBIN K03 unuent nepegaun K(jow)=—-Ky——;
1+ JoTH
1
AYX: Kw)=K)—————; dUX: p(w) = -1 —arctgawt, .
1+ 0)2722

Ha puc. 5.8 npuBeaenst AUX u ®UX anepuogudeckoro ycunurens. ['panny-
HBIE€ YaCTOTBl @, U (@, IOJIOCHI IIPOIYCKAHM ONPEEIIEHBl HA YPOBHE 1/ V2 u PaBHBI
w, =27/t 1w, =271/T, .

K@)

Ko
007 EnR

Puc. 5.8. AUX n ®UX aneproguvyeckoro yCuanuTes
5.6.2. Pe3onanchblu ycunumens

Pe3onaHcHBIN YCHUIINTCIIb UCIIOJBb3YCTCA I YCUIICHUSA Y3KOIIOJIOCHBIX BBICOKO-
HYaCTOTHBIX CHI'HAJIOB. CHCKTp YCHIINBACMOI'O CHUT'HAJIa COCPCAOTOYUCH BOKPYT C€ro
HCHTpaHBHOP'I 9aCTOTBI (W, AOJLKCH JICKATh B IIPCACIaX IIOJIOCHI ITPOITYCKAaHUs yCH-

mtenst, npudeM dbGeKTHBHAS MIHMPUHA CIEKTPA A®,g YHOBICTBOPSCT YCIOBHIO

A®,p << ). AMIUINTYTHO-4aCTOTHAS XapAKTEPUCTHKA TAKUX YCUIUTEICH oOnagaer



OIpENIETICHHON HM30MPATENbHOCTBIO U IOA00HA XapaKTEPUCTUKE KOJEOATEIbHOIO
KoHTypa. [lo3ToMy B OTiiMYME OT anepUOJUYECKOr0 YCHIIUTENs Harpy3kou peso-

HAHCHOTO YCHWJIUTENSl SIBISIETCS KojieOaTeNbHbIM KOHTYp. VIMEHHO 3Ta pe3oHaHCHas
cuctema o0ecrneynBaeT He0OX0IUMYIO U30UPATEIBHOCTh PE30HAHCHOTO YCUITUTEIIA.

OyHKIIMOHATbHAS U SKBUBAJICHTHAS! CXEMbl PE30HAHCHOTO YCUJIUTEINS MpUBEIe-
HBI Ha puc. 5.9.

Ei
qu(jflm

R2|
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Puc. 5.9. ®yukimonanpHas (a) U SKBUBaJIeHTHas (0) CXeMbl
PE30HAHCHOTO YCUIIUTEISI

Pe3oHaHCHBIN ycunuTenb ¢ KojeOaTelbHbIM KOHTYPOM B KaueCTBE Harpy3Ku
MIPUMEHSIETCS JJIsl YCUJIEHUS BBICOKOYACTOTHBIX CUTHaIOB. [loaTOMy mpu mosiydeHUuun
BBIpXEHUS JIJII 4aCTOTHOTO Ko3(duLMeHTa nepeaayn napameTpbl BXOAHOW IIEeTH,
OKa3bIBAIOIIME BIUSHUE HA PabOTy YCUJIMTENs B 00JaCTH HUIXKHUX YaCTOT, MOTYT HE
YUUTHIBATHCS.

DOKBUBaJIEHTHAsI CXeMa PE30HaHCHOTO ycwiurtens (puc. 5.9,0) mo3BoJseT 3amu-
caTh YaCTOTHBIN KOd(PIULIMEHT nepeadyu moJo0HO BeIpakeHuto (5.6) 1u1s anepuoau-
YECKOTO YCUITUTEIIS:

SUgxZ grix (J@) _
Ugx
BBIXO,Z[HOﬁ HOCIIBKO JAaHHOI'O YCI/IJII/ITeJIH SIBIIACTCA KOHe6aTeHBHBIﬁ KOHTyp C Ha-

rpy3koi. YacToTHbIN KO3 PUIIMEHT nepeaun TaKou e paBeH
Ry Ry

K(jw)=-

~SZ gpx (JO) .

Ly (o) = = . >
1+jR3K g 1+JOS
p
rie Ry =—%— — pe3oHAaHCHOE CONPOTUBJIEHUE KOHTYPA;
Ry Cy
Ri RH
R = — — DKBHUBAJICHTHOC COl‘IpOTI/IBJIeHI/Ie HarpySKI/I;
9K
Ri + RH
Ry

0=

JIEHUS HArpy3KH (I0OPOTHOCTh HArpy>KEHHOT'O KOHTYpa);

— JOOPOTHOCTh KOHTYpa C YY4E€TOM 3aTyXarollero BIMSHUS COMPOTHB-



)
Q¢ = Q[1 - —pj ~ Q2A_a) — 00001IeHHAs: PACCTPOIKa KOHTYpA.
0, @
CrnenoBaTenbHO,
- SR Ky -jaretg0z 0(@)
K(jo)=- 0 - 0 T/IYS — K(w)e/PY).
31ech

K, = SR, — MakcUMalbHOE yCUJICHNE HA PE30OHAHCHON YacTOTE KOHTYPA;

K
K(w) = —="— — AYX ycummrens;

o(w)=—m —arctgQ& — OUX yeunurens.

NHorna nons3yroTcs ClaeAyomuM BeipakeHueM st K (jm):
, K K K K
K(]a)):—1+ '0Q§:_ R02Aa):_ i Aa):_1+'AZ)f ’
J 1+ 20 225 14 j2Rg@,C = JAOT ok
p @
rac TSK = 2R3KC — IMOCTOsAAHHAA BPEMCHHU KOHTYpPA C YUCTOM BIIMAHUA COIIPOTHUBJIIC-

HUS Harpy3KH YCUITUTEIIS.
XapaKTepUCTUKU PE30HAHCHOI'O YCUIUTENS IpeCcTaBIeHbl Ha puc. 5.10.
)

_3I
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Puc. 5.10. AUX (a) u @YX (6) pe30HAHCHOTO YCUITUTEIS

Onpenenum MoJIoCy MPOINYCKaHUS YCUIIUTENS Ha YPOBHE 1/ 2 0T MakcUMab-
HOI'O 3HAYCHUA.

=—K,; 22:I;A =—= :
Era




Jlist yydiiieHus 4aCTOTHO—M30UPATENbHBIX CBOMCTB PE30HAHCHOTO YCHIIUTENS
HEO0XOAMMO UCIOIB30BaTh B €M0 COCTABE KOHTYP C 0O0JIbIION JOOPOTHOCTBIO.
5.7. JInneiinbpie pagMoTeXHUYECKHE LEeNH ¢ 00PATHOH CBA3BIO

5.7.1. Yacmomnas xapaxmepucmuka yenu ¢ 06pamuoul cesa3vio

Pagmorexnndeckas 1emb, y KOTOPOH BBIXOIHOW CHUTHAT WM YacTh €0 MOCTYIa-
€T Ha BXOJI, SIBJISETCS LENbI0 ¢ 00paTHOI cBsI3b10. C OHON CTOPOHBI, UCIIOIL30BaHHE
oOpatHoii cBs3u (OC) MO3BOMSIET B pAlie CAy4yaeB CYIIECTBEHHO YIYYHINTh XapakTe-
puctuku nenu. C apyroil CTOpoHbI, 0OpaTHast CBS3b MOXET MPUBECTH K HEYCTONUH-
BOCTH 1enu. Ha 3TOM OCHOBaHO MOCTPOEHHE PA3IUYHBIX aBTOKOJIEOATEIBHBIX CHC-
teM. OOpaTHas CBSA3b MOXKET OBITH MOJIE3HON, CO3/1aBaeMON MPEAHAMEPEHHO C LIEJIbIO
yIy4IIeHUsI ONpPENeTICHHBIX XapaKTePUCTHK, U TMapa3suTHOM, BO3HUKAIOIICH B CHITY
HEHJICAIbHOCTH 3JIEMEHTOB LIEIH, YTO 00YyCIOBIMBAET BO3HHUKHOBEHHE HEXENlaTelb-
HBIX CBSI3€H MEXIy €€ BhIXOJOM U BXoaoM. CTpyKTypHas cxema Ienu ¢ oOpaTHOMH
CBA3BIO MpecTaBieHa Ha puc. 5.11.

U U U
@ K(ja) :

Up

[y

Puc. 5.11. CtpykTypHas cxema 1emnu ¢ 0OpaTHOMN CBS3bIO

B cxemy memnm ¢ 00paTHOM CBS3BIO BXOJUT OCHOBHOM AJIEGMEHT C YaCTOTHBIM KO-
s punmentom nepenaun K(j®) v 3IeMEHT OOpaTHOU CBSI3M, B KAYECTBE KOTOPOTO
OOBIYHO HCIOJIB3YIOT YETBIPEXIIOMIOCHUK ¢ Kodduruentom mnepenaun [(jo).
Knaccnueckumu BUgaMu oOpaTHOW CBSI3M SIBJISIFOTCS OOpaTHas CBS3b IO HaIpsKe-
HUIO WIK(K1) TOKY, MapajiiebHas Win(1) mocjienoBarelibHas o0paTHasi CBS3b.

OnpenenuM 4acTOTHBIM KOA((PUIIMEHT mepeiaun 1enu ¢ 0OpaTHOU CBS3BIO, HE
KOHKPETH3UPYsI TP 3TOM, Kakasi oOpaTHas CBsI3b peaii30BaHa:

X (jw):U2: Up _ Uy /Uy _ 1
oc . . . —— e . —,
Uy Us3-Ug U3/Uy-Ug /Uy 1K(jo)-p(jo)
OKoHYaTEILHO
. K(jo
Koo (jo) = (o)

1-K(jo)B(jw)



[Ipoussenenune K(jow)L(jw) sBusercs Kod3Pp(UIUEHTOM Nepesadyd pa3oMKHY-
TOM 1enu oOpaTHOU cBs3u, a BenuuuHa 1 — K(jw)pP(jo) onpenenser rimyouHy oo6-

paTHOM CBS3HU.
[TonydenHoe Belpaskenue i K, .(j®) MOXKHO 3amucarh Tak:

K(w)e/?(@)

Koo (jo) =

B 3aBucHMOCTH OT XapakTepa CyMMapHoOro (asoBoro cisura @(@)+¢z(®)

Pa3IMYaloT MOJIOKUTEIBHYIO, OTPUIIATENFHYIO U KOMIUIEKCHYIO OOpPaTHYIO CBSI3b.
IHonoxcumenvnan oopamnasn céaswp
Ob6ecnieunaercs npu yenosun @(w)+ @z (@) =2kn, tae k — uesoe guco, T.e.

IIPU MOCTYIJICHUU Ha BXOJI OCHOBHOM IIeNM CUTHana oOpaTHOM CBA3M B (pa3e ¢ BXO[-

HBIM curHajgoM. B 3Tom ciyuae e’ lo@)tp(@)] =1 u monynb KodhduimeHTa nepe-
Jla4u paBeH
K(o)
Koo () = :
1-K(0)p(@)

Kak BumHO u3 nomyueHHoro BeipaxkeHus, mpu 0 < K(w)f(w) <1 moaynb kodd-

¢unuenTa nepenayu uenu ¢ noaoxurenbHot OC Oombiue, yem y nenu 6e3 OC. It1o
OUYEBUIHO U3 (QU3MUYECKUX COOOPaKEHUIL: MOIOKUTEIbHAS 0OpaTHas CBSI3b NPH JaH-
HOM 3HaueHnu K (@) (w) cmocoOCTBYET YBEIUUYEHUIO SHEPTUU BXOIHOTO BO3EHCT-

Bus ocHoBHOM 1enu. Ilpu K(w)pB(w) — 1 3HadeHne K ,.(®) yBenIuunBaeTcs, U LEMb
c oOpaTHOI cBs3bI0 MpUOIIMKAETCS K rpanuie yctoiuuBocT. Ilpu K(w)p(w) > 1

uens ¢ nojoxurenabHoit OC paboTaeT B HEYCTOWYUBOM pEXHUME (B PEKUME CAMOBO3-
OyX/IeHHs), YTO UCTIONB3YETCS MPU MOCTPOSHUU aBTOT€HEPATOPOB.

Ompuyamenvhnan oopamuan ceéa3w

Ob6ecnieunBaercs npu ycnosun @(@) + @ g (@) = (2k + 1)z, T.e. mpu MOCTYIUICHUH

Ha BXOJl OCHOBHOM 1IENU cUrHajga oOpaTHOM CBSA3M B MPOTHBO(Aa3e ¢ BXOJHBIM CUTHA-
lo(w)+ w
oM. B aTom ciyuae e’ lo@)rop@)] _ —1 1 Moxynb K03 dULIMEeHTa NTepeaadyn paBeH
K(w)
Ko (@) = :

1+ K(w)B(w)

OtpunarensHasi oOpaTHas CBSI3b YMEHBIUIAET HHEPTUIO0 BXOJHOIO BO3JIEUCTBHS
OCHOBHOW IIenu, U MOAYyJb K03 duimeHTa nepenadnd menu ¢ oOpaTHON CBS3BIO B
1+ K(w)B(w) pa3 menblie, yeM y uenu 6e3 OC.

Ecmu K(w)B(w)>>1, 10 K,.(®)~1/B(®), 9410 cOOTBETCTBYET Iy0OKON OT-
puniatenbHol oOpaTHoi cBsi3u. [Ipu 3ToM kKodpdunment nepenayuu nenu ¢ OC onpe-
JeNsieTcsl TOJIbKO BeMMuuHON B(w) U He 3aBUCUT OT Koaddunnenta nepegaun K (o)
OCHOBHOM 1enu. /aHHbIN (aKT MHMPOKO MCMOJNIb3YeTCs sl cTabmiu3anuu Koshdu-
[IUEHTOB YCUJICHUS PA3IMYHBIX YCTPOMCTB.



Peakmuenas u KomnieKkcHas 0opamuan céasw
PeakTrBHas oOpaTHas CBSI3b YCTaHABJIMBACTCSI pH YCIIOBUHU
(@) + g (@) =2kr + 7/2, T.e. IpU MOCTYIUICHUH HA BXOJ OCHOBHOM IIEMHM CUTHAJIA

O6paTHOﬁ CBiA3HU C q)aSOBBIM CABHUI'OM OTHOCHTCIIBHO BXOIHOI'O CHUI'HAJId, PABHBIM

p/2. B atom ciydae e‘j [o(@)rop(@)] _ j ¥ Moayib koddduireHTa nepeaauu paBeH
K(w
Koo (@) = > (@) > :
1+ K2 (@0) 2 ()

B nanHoM ciydae oTpuiiaTeNbHas oOpaTHas CBS3b TaKKEe MOXKET YMEHbBINATH
SHEPTHI0 BXOAHOTO BO3/IEHCTBUSI OCHOBHOM IIETIH, YTO MPUBOANUT K YMEHBIIEHUIO MO-
nyns koadduireHTa nepegauu 1enu ¢ 00paTHOM CBA3BIO.

Ilpy ocTanbHBIX 3HAYECHUSX CyMMapHOro ¢asoBoro casura @(@)+ @z(w®) 00-

paTHas CBsI3b OYJeT KOMIUICKCHOM.

B o6mem ciydae BennumHa cymMMapHOro (pa3zoBOro CABHUTa B LIETIH ¢ 0OpaTHOM
CBSI3bIO 3aBUCHUT OT 4acTOThl. [lo3TOMYy XapakTep 0OpaTHOM CBSI3U TakKe BO MHOT'OM
ornpezensieTcss pado4rM YaCTOTHBIM JUANIa30HOM IICHH.

Takum oOpa3oM, 4acCTOTHBIC CBOWCTBA IIEMU C OOPAaTHOW CBSA3BIO 3aBUCAT OT
K(w) n B(®). [Ipu He0OX0AUMOCTH U3MEHUThH KaKHe-TN00 XapaKTEPUCTUKU OCHOB-

HOM 1enu ¢ koddduimentom nepeaaun K(j®) MOXKHO, HE U3MEHSASI CTPYKTYpPbI U
[IapaMeTpoB ATOM LN, BBECTU OOPATHYIO CBA3b C COOTBETCTBYIOUIUM KO3 ULIMEH-
ToM f(®) W noyduTh TpeOyeMble XapaKTEPUCTUKH LIETH B IIEJIOM.

PaccmoTpum nenecoodpa3HOCTh UCII0JIb30BaHUs OOpPaTHOM CBSI3U.

5.7.2. Cmabunuzayus kodppuyuenma ycunenus

OrnpenenuM OTHOCHTEIBbHYI0 HeCTaOMIIBHOCTh KOd(pdUILIMEeHTa Mepeauu 1enu C
0o0paTHOM CBSI3bIO.

[Tonaraem, 4To paccmaTpuBaeMas Ielb NPEACTaBIIeT cCOO0H yCHIHTEIh, OXBa-
YCHHBIA OTPUIIATCABLHOW OOpaTHOHN CBsA3bI0. KOd(DPUIMEHT yCHUICHUS YCHIUTENS H
KOO GUITUCHT Tepeaaun Lenu oOpaTHOM CBSI3M B ONPECICHHOM JHMANa30He 4acTOT
SBJISIIOTCST JICMCTBUTENbHBIMU BenuunHamu, T.e. K(jw)=K u p(jo)=pF. Husa

OLICHKU HECTaOWIbHOCTH KO3 (UIIMEHTa YCUIICHUS OIpeiesIuM 3HaUeHHE MapaMeTpa,
orpeensieMoro BepaxenueM ¢ =dK,./K,. ¥ XapaKTepu3yOLIEro OTHOCHTEIBHOE

U3MEeHeHne K03 uLMeHTa epeIadn Henu ¢ 00paTHON CBSI3bIO:
K

Kpo=—
°“ 1+Kp
dKoe (+KP)-KB_ 1 K 1 Ky |1

dK  (1+kp)?  (1+kB)? K(+kpP K 1+KB’



dK . _ 1 4K
K,, 1+KB K

Takum 00pa3om, OTHOCUTEIBHOE M3MEHEHHME KOI(PPUIMEHTA YCUICHUS YCHIIU-
TEJsl, OXBAYEHHOTO OOpaTHON CBSA3bI0, MOXKET CHIIBHO OTJIMYAThCSI OT OTHOCUTEIBHO-
ro u3MeHeHus: KodppuiuenTa ycuneHus npu oTCyTCTBUU oOpaTHOM cBsizu. [Ipu sTom
ecnu oOpaTHasi CBSI3b OTPHUIATENbHAS, TO OTHOCUTENbHASI HECTAOMIBHOCTH KO3 Pu-
[MEeHTa ycuieHHus ymeHsblnaetcs. Hampumep, npu K[ >>1 oTHOocuTenbHas HecTa-

Tornma

OwibHOCTH NasiaeT B K pas. B nannom ciydae KodPUIIUEHT YCUIICHHsI LIETIH ¢ 00-
pPaTHOM CBSI3BIO OIPENETSETCS TOJNBKO 3HAYeHHEM [}, T.e. HE 3aBHCHT OT HECTAOWIIb-

HOCTH Kod(ppunmenTa ycunenus: ycunutens 6e3 OC.
5.7.3. Koppexyus amnaumyoHo-uacmomHou XapaKxmepucmuxku

[IpumeHeHne OTpUIATEILHON OOPATHOM CBSI3U MO3BOJISICT YMEHBIIUTH OTHOCH-
TEeJbHOE M3MEHEHUE YacTOTHOTro Kod(d@uilMeHTa mnepefadyu, T.€. peaan3oBaTh 'BbI-
paBHMBaHue" AUYX.

PaccmoTpuM pe30HaHCHBIN YCHIIMTEIb ¢ YaCTOTHBIM KOA()(PUIIMEHTOM Tepeiaun

K(jo)=-——
+ JA@T .,

OXBaTUB ATOT YCWIHTENb IEMbI0 YaCTOTHO-HE3aBHUCUMOMN OTpHUIATEILHON 00-

paTHOM CBA3H, MOTYYUM

KO
K, (jo)= K(jo). 1+ jAory K,
oc 1+K(jw)p {4 K, B 1+ KB + jAwrt,,
1+ jAwt.,

Takxum obpazom, AUX ycunurensi, 0OXBa4€HHOTO OTpULIATEIbHOM 00paTHOU CBS-
3b10, OIIPEACIIACTCS BBIPAXKECHUEM
K, ‘
(1+ Koﬁ)z + (A0, )2
Ha puc. 5:12 npuseneno cemeiictBo AUX ¢ paznu4yHbIMUA YPOBHSIMU OOpaTHOM
CBSI3H, T.€. pa3nuuHbIMU 3HaueHusimMu K. U3 pucynka BuaHo, uto rpadpuxk AYX

Koo (@)= \/

NN ¢ 00paTHOI CBSA3BIO 3HAUUTEIBHO poBHee, yeM rpadux AUX nenu 6e3 odpart-
HOM cBsi3u. BripaBHuBanue AUX nenu ¢ oOGpaTHOM CBS3bIO COMPOBOXKAAECTCS CHUMKE-
HueM rpapuka K, .(®), T.e. yMeHbIIEHHEM KOG (UIMEHTA YCUICHHUS, YTO SABISAETCA

pe3yIbTaTOM JCHCTBUS OTPUIIATEILHON 00paTHOM CBSI3H.
5.7.4. Ilooasnenue HeluHEUHbIX UCKANCEHULL

HenuneiHOCTH XAPAKTCPUCTUK IJICMCHTOB LCIIU IPUBOAUT K BO3HUKHOBCHHIO
BBICIITHX (HapaSI/ITHBIX) I'apMOHHK B CIICKTPC Hpeo6pa3yeM0r0 CHUT'HAJIa, 4TO ABJISACTCA



MPUYUHON HETMHEHHBIX UCKaXXeHUN. BHyTpeHHUE IITyMbl aKTUBHBIX LIeNel, 0COOEHHO
IIYMbI BBIXOJTHOTO KacKaJla B MHOI'OKACKaJIHOM YCWJIMTENE, MPEACTaBISAIONIEM CO00M
IIOCJICIOBATEIbHOE COCAUHEHUE OJWHOYHBIX YCWIMTEIBHBIX KAaCKaJI0B, TAKXKE MOTYT
MPUBECTH K UCKAKEHUSIM BBIXOAHBIX CUTHANIOB. OLIEHUM BIIMSHUE OOpaTHOM CBS3M Ha
BEJIMYMHY 3TUX UCKAKCHUMU.

Koclio)

ﬁ.ﬁﬂfa]{

Puc. 5.12. Bnusinue o6paTtHoi cBsi3u Ha AUX

[Tpenrmonoum, 4TO Mapa3UTHBIA CHUTHAJ, COOTBETCTBYIONIUN HEXEIATCIbHBIM
BBICIIIIM TapMOHHKAM, TOSBIISCTCS BHYTPU aKTHUBHOIO AJeMeHTa. MecTo ero mosiB-
JICHUS JICTTUT aKTHBHBIA DJICMEHT Ha JIBE KacKaJHO BKIIOUEHHBIC YacTH ¢ KO3 uIu-
eHTamu nepenaun K(jo) n K, (jo) (puc. 5.13).

i
% [ ] e |
L pGe)

Puc. 5.13. IlogaBneHnue mapa3uTHOTO CUTHAJIA C IOMOIIIBIO 1IN 00paTHOM CBSI3U

Bpenem oTpunarenbHyto oOpaTHYIO CBsi3b. Torna Jjisi mapa3uTHOTO CHUTrHaja

YaCTOTHBIN K0dPUIIMEHT niepeaadyn OyJeT UMETh BUJ
K i) = K, (jo)
n(Jo) = : , —

1+ K (jo)K;(jo)B(jo)

CrnenoBarenbHO, Tapa3UTHBINA CUTHAN (HEXeJaTeIbHbIE TAPMOHUYECKUE COCTAB-
JISFOIIME WJIM IITyMbl) Ha BBIXOJE IIEMU C OTPUIIATEIILHONH OOpaTHOM CBs3BIO OYJIET B
[1+K{(jo)K,>(jo)B(jw)] pa3 MeHblIE, 4YEM B Cily4ae OTCYTCTBHUsSI OOpaTHOM CBS3H.

Ocnabnenue mapa3UTHOrO CUTHajla OCOOCHHO CYILECTBEHHO, €CIU HaOIIofaeTcs B
npenenax 3¢p@exTuBHON nonocel nponyckaHus K, (w)>> Ki(w). 3ameTuM, 4TO

BBEJICHUE OTPULIATEIbHON OOpaTHOM CBSI3W NMPHUBOAUT K OCIAOJIEHUIO M IOJIE3HOTO



CHUT'HAJIA. OI[HaKO ero ocjaabyieHue MOKHO KOMIICHCHUPOBATH IPCABAPUTCIIBHBIM HIIN
MOCJICAYIOIIUM YCHUIICHHUCM.

5.7.5. Yemoiiuueocmo yeneti ¢ 0opamuolil c653b10
a. [Tonstue 06 ycTONYMBOCTH

Cucrema YCTOﬁqHBa, CCJIM, BBIBCIACHHAA N3 COCTOSHUA PABHOBCCHUA, OHA B HCTO
BO3BpaIacTC:. IIo CymicCTBY B YCTOﬁqHBOﬁ CUCTCMC IIpHU HYJICBOM BXOIHOM CHUI'HAJIC
BBIXOIIHOﬁ CUTHAJI 3aTyXacT IIpH JIFOOBIX HAaYaJIbHBIX YCJIOBHAX, T.C.

lim s, (1)=0 mnpu s,.(¢)=0.
t—>0

[TpumeHeHNnEe 00paTHOW CBSI3M TECHO CBS3aHO C MPOOJIEMON OOECHEeUCeHUS YC-
TOMYHMBOCTH. Y CTOWYHUBOCTh MOXKET OBITh HApYIICHA B CHJy HAJIUYHS B CTPYKType
I[N PEaKTHBHBIX AJICMEHTOB (TIapa3uTHBIC EMKOCTH MOHTaXa, WHIYKTUBHOCTH TIPO-
BOJIOB, MEXD3JICKTPOJIHBIE €MKOCTH TPAH3HCTOPOB), CITOCOOHBIX HAaKaIUIMBaTh JHEP-
THIO U CO3]1aBaTh JIOMOJHUTEIbHBIC (Pa30oBbic CABUTH. [103TOMY IIpH MPOSKTUPOBAHUH
Y UCCJICIOBAHHMH PA3JIMYHBIX IeTel 0OJIbIIIOE 3HAYCHHE MMCIOT METOIBI ONIPEACIICHHUS
YCTOHYMBOCTH IICTIH.

B Hacrosmiee Bpemsi M3BECTHO HECKOJBKO KPUTCPHUEB YCTOWYUBOCTH, pasiiv-
YaIOIIUXCsS B OCHOBHOM IO (hOopMe, a HE MO COACPKaHUI0. B OCHOBE X JIGKUT HJIES
YCTOHYMBOCTH PENICHUN OJHOPOAHOTO JU(PEPEHIINANTBHOTO YPaBHCHUS, OIHCHI-
BaIOIIEro CBOOOIHBIE (COOCTBEHHBIC) KOJIEOAHMS 1IETH TOCJIe UCUE3HOBEHUSI BO3MY-
MIAFOIIHNX CHUJI, T.€.
dn”@blx(t) L g dn_l”ebzx(t)
dt" L g

Pemienue ypaBHeHUs, KaK U3BECTHO, UMEET BHU/I

n

L

Ugpx (1) = zAiepl )
i=1

" +...+aq + Aoy (1) =0.

AU g (1)
dt

Tac Ai — IHOCTOAHHBIC YHCJIa, OIMPCACIIACMEBIC U3 /1 HAYaJIbHbIX YCHOBHﬁ;

P; — KOPHH XapaKTePUCTHYECKOTO YPABHEHHUS

o(p)=a,p" +an_1pn_1 +..+aip+ay, a, >0,a,#0,n2=1.
KopHu XxapakTepuCTHYECKOrO0 YpaBHEHHUS SBISIOTCS B OOIIEM ciy4dae KOM-
IUIEKCHBIMM YUCJIAMU, T.€. p; =, + jO; .

Jlsist ycTOMuMBOM 1IeNu BXOJAIIME B perieHre nuddepeHImanibHOro ypaBHEHUS
HKCIIOHEHTHI IOJKHBI ObITh 3aTyXalOIUMU. DTO 3HAYHUT, YTO KOPHHU XapaKTepUCTUYe-
CKOT'O YpaBHEHHMsI JOJDKHBI OBITh TUOO OTpULIATEIBHBIMU BEIIECTBEHHBIMU YHCIIAMH,
MO0 KOMILJIEKCHBIMU YHCJIAMH C OTPULIATETbHBIMU I€HCTBUTENbHBIMHU YaCTAMH.

Takum 06pazom, MOKHO cPOPMYIIUPOBATH CJIEIYIONINI OCHOBHON KpUTEpHid yC-
TOMYUBOCTU JMHEMHBIX LENEH: JuHelinas yensb yCmouyued, eciu OeticmeumenbHble
yacmu 6cex KOpHel Xapakxmepucmuiecko2o ypaeHeHus OmpuyameibHbl.



[Tonb30BaThbest 3TUM KPUTEPUEM [JIsl CUCTEM, OMUCHIBaeMbIX MU depeHnnans-
HBIMHM YPaBHEHUSIMU BbIIIE BTOPOTO MOPsAKA, 3aTpyaHUTENbHO. [loaTOMy ObLIN pas-
paboTaHbl CHeMalIbHbIE KPUTEPUH YCTOMUMBOCTH, MO3BOJISIIONINE CYJUTh 00 yCTOM-
YUBOCTHU JII000M 11enu 0e3 pelieHus: XapaKTepuCTUYECKOTO YpaBHEHUS.

6. Kpurepuii ycroitunBoctu ['ypBuna

Kpurepuii mBeinapckoro matemaTuka A. ['ypBHIIa OTHOCHTCS K alreOpande-
CKUM KPUTEPHSIM YCTOWYMBOCTH. OH IMO3BOJISET CYAWTh 00 YCTOWYUBOCTH CHUCTEMBI
10 pe3yJibTaTaM aHaju3a COOTHOMICHUH MEXIy KO3(p(HUIIMCHTaAMH XapaKTEepHCTHUC-
CKOTO ypaBHECHHS 0€3 ONPECIICHHsI €T0 KOPHEH:

I moeo umobvl KOPHU XAPAKMEPUCMUUecKo20 YPABHEeHUs UMEeNU Ompuyd-
menbHble OeUCMEUMENbHbIE YACMU, HeoOX00UMO U 00CMAmMOYHO, YMmoObl 6bINOJIHS-
auce Hepasencmeéa Ay >0, Ay >0, A3>0,..., A, >0.

3neck Ay, Ay, Az,... — IOCIEIOBATEIIBHBIE OIPEAEIUTENN, PABHBIE

p p ap—1 4p-3 AaAuy-5s
n—1 n-3
Ay =a,_1; Ay = , Az =|ay Ap-2 Ap—4)>---
ap ap-2 0
ap—1 A4p-3
HOCHCHOBaTeHBHBIe OHpeIIeJII/ITeJII/I paBHbI I'JIaBHBIM JHWArOHAaJIbHBIM MHHOpaM
Matpuisl ['ypeuna

Ay,_| Ap_3 Gy 5w, 0
a, Ay_2 Apedee.--. 0

H=\0 Ay 1 Ay_3...... O, a;=0mpui<Oui>n.
0 0., ag

[Tocnennuii ctonben maTpullbl /H COAEPKUT JUILIb OJUH OTJIMYHBIA OT HYJS
DIIEMEHT d(, PACHOJIOKEHHBIM Ha INaBHOM auaroHamu. Ilostomy A, =ayA, _;.
CrnenoBatellbHO, YCIOBHUS YCTOMYMBOCTA MOXHO 3amucarh B BUune A; >0, A, >0,
Ay >0,..., A,_1 >0, a,>0.

JIaHHBI! KpUTEpUI IMO3BOJISET MPOBEPUTh YCTOWUMBOCTH CHUCTEMBI MPU 3aJaH-
HBIX napameTpax (ko3 dunrentax nuddepeHnuaibHoro ypapuenus). B To sxxe Bpems
UM HEBO3MOXHO TOJIb30BAThCA MPU SKCIEPUMEHTAIBHBIX UCCIEI0BAHUIX, KOrAa 13-
BECTHBI TOJIBKO YAaCTOTHBIE XapaKTEPUCTHUKU TpsiMoi W oOpaTHoW uened. TpynHo
TaKXe ONPENEIUTh MapaMeTpbl, U3MEHEHNE KOTOPBIX MPUBOJIUT K YCTOMYMBOCTH LiE-
TH.



Ilpumep.

Pe3oHaHCHBIN ycuauTenb ¢ nojaoxuTenabHo OC mpH OnpeleNeHHbIX YCIOBUAX
MOXKET paboTaTh Kak aBTOr€HEpaTop rapMoOHuUeckux konebanuit. Ha puc. 5.14 npen-
CTaBJICHA CX€Ma TaKOI'0 aBTOr€HEpaTopa, Ha3blBaeMoro LC- TeHepaTopoM.

I.lerx(t)

— x| |[Eyg

+EKU

Puc. 5.14. Cxema LC-rereparopa

HuddepennmansHoe ypaBHEHHE PE30HAHCHOTO YCWIHTENS ¢ TpaHcopmatop-
HoU noJioxkurenbHoit OC uMeeT BUI

2
d t d t
—ugb;x( ) + 200 —uwx( ) + a)%,u%lx (t)=0,
dt

3nech
U gy (1) — HAIIpSDKEHUE HA BBIXOZE FEHEPATOPA;
@ ) — PE30HAHCHAs YACTOTA KOHTYPA;
1 (1 SM .
(EH - Tj — SKBUBAJICHTHBIN K03(D(PULINEHT 3aTyXaHus.

(04 _
IK6
2C
2 _
p= 0.
B coorBercTBHM ¢ kputepuem ['ypBulla MOJy4YarOTC CIEAYIOLIUE YCIOBHUS YC-
TOUYUBOCTU:

3anuiieM XapakTepUCTUYECKOe YpaBHEHHE p2 + 20,y P+ O

206 0 )
Ay =20, > 0; Ay = 2| =200 > 0.
1 (s

Cuctema OyaeT yCTOMYMBOM IIPU CJIEAYIOIIUX COOTHOIIEHUSX MEXKIY MapameT-

paMH CXCMBbI:

— = —— >—; —>—; —>f.
2C\R, L )7 RHLSRHLKOﬂ

OxoHyarenbHO nosyunM K, <1.

1(1 SMj2>0_l SM 1 M 1

Takum oOpa3om, paccmaTpuBaemasi CUCTEMa C MOJIOXKUTENbHON 00paTHOU CBS-
3bl0 YCTOMYMBO pabOTaeT KaK yCUIIUTENb, €CIU KOI(PPUIUEHT YCUIIEHUSI PA30MKHY-



TOU 1enu yaosieTBopsieT ycanosuto K, <1. B cBoro ovyepens npu K, =1 cucre-
Ma HaxOAWTCS Ha IpaHMIle ycTOM4MBOCTH, a npu K, >1 — B HeycTOWYMBOM CO-

CTOSIHMH, T.€. pa0OTaeT Kak reHepaTop.
[TocnenHue ycnoBusl SBJISIIOTCS yCJIOBHSMU paboThl LC-reHepatopa W Ha3bIBa-
1orcs "Oananc ammmutya”. Ilpu K, B >1 renepatop paboTaeT B NEPEXOAHOM PEKU-

Me (IIpU BKIIFOYEHUU NUTaHuA), npu K, =1 — B cTallMOHAPHOM PEKHUME.

B. Kputepnii ycroitunoctu HalikBucra

Kpurepuit amepukanckoro yueHoro HalikBucta OTHOCUTCSI K YACTOTHBIM KpHUTe-
pusiM. JlJig aHanu3a yCTOWYUBOCTH UCIIONB3YETCS YAaCTOTHBIN K0d(pPUUUEHT nepena-
YU LIeTH ¢ 0OPaTHOM CBA3BIO

K(jo)

Koe(jo) = . -
Oc 1-K(jo)B(jo)
I'mybuna w  xapakrtep oOOpaTHOM  CBSI3W  ONpEAC/SIETCS  BEJIUYMHOM
1-K(jo)B(jo).
IIpu K(jw)PB(jw) —1 nens ¢ oOpaTHOMN CBA3BIO MPUOIMKAETCS K TPAHUIIE YC-

toituuBoctu. Ilpu K(jw)PB(jw)>1 uens ¢ nonoxurensnoit OC paboraer B Heyc-

TONYMBOM peXHuMe (B peKUMe camoBO30YykaeHus). [IoaToMy B OCHOBY paccMmaTpu-
BAEMOT'0 KPUTEPHS IOJIOKEH T'€OMETPUUECKUI METOJI ONPEAECIICHUS CIEAYIOIINUX YC-
JIOBUM:

K(@)p(w)<1 n ¢(0)+¢z(w)=2kr.
Jliist aTOrO paccMaTpuBaercsi KO3 PUIMEHT Tiepeaun IenH ¢ pa30MKHYTOH 00-
patnoii cBssbio K, (jo) =K(jo)B(jw)=A(w)+ jB(w) u crpourcs roxorpad

K, (jo) xak QyHKIHS 9aCTOTHI @ Ha MmIockocTH [A(w), B(w)].

dopmynupoBka kpurepust Haiiksucra.

Cucmema c 06pamuou cesa3vio 6y0em ycmoudusou, eciu 20002pagh kosgpguyu-
eHma nepedaiu pazoMKHymou cucmemvl He oxeamwisaem mouxy (1, 0) na komniexc-
Hot naockocmu [ A(®), B(w)].

Ha puc. 5.15,a npuBenen rogorpad yCTOMUUBOM CHUCTEMBI, OMUCHIBAEMON U -
(bepeHIuaTbHBIM YPaBHEHHUEM BTOPOTO MOPSAKa, a Ha puc. 15.15,6 — rogorpad Heyc-
TOUYUBOU CUCTEMBL.
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Puc. 5.15. T'onorpads! ycroitunBoii (a) u HeycroitunBoi (0) nemneit ¢ OC
r. Kpurepuit ycroiiunBoctn Muxainosa

Kpurepuii pycckoro yuenoro MuxaiiioBa OTHOCUTCS K aHAJIMTUYECKUM KpUTeE-
pusiM. [l aHanu3a yCTOMYMBOCTHU HMCHOJB3YETCS XapaKTepUCTUYECKOE YpaBHEHHE
1enu ¢ oOpaTHOM CBsI3blO, T.€. ypaBHEHUE BUJIA

O(p)=anp" +a, 10" +. ¥ aip+ay.
[loncTtaBuB B TaHHOE ypaBHEHHE p = j@, IA€ @ — JEWCTBUTEIbHAs MEepEMeEH-
Hasl, MOJy4YUM
0(jo) = a,(jo)" +a,_1(jo)" " +..+aj(jo) + ay = Aw) + jB(o).
TlNomorpad pynknuu QO(jw) = A(w)+ jB(®), nomydaroniuiics Ha KOMIUIEKCHOM
miockoctu [A(w), B(w)] npu u3MeHeHUH 4acToThl @ OT O 70 o0, Ha3bIBAETCS KpHU-

BO (romorpadom) Muxaitnosa.

dopmynnpoBKa Kputepus Muxannosa.

Jlnss moeco umobwvl cucmema Oviia YCMOUUUBOU, HEOOXOOUMO U OOCMAMOYHO,
umoowl 2oooepag yuxkyuu Q(jw) npu usmeneruu @ om () 00 © NOCIEO08AMENLHO
npouies npomue Yacoeou cmpenKu n K8aopaHmos KOMNJIEKCHOU NI0CKOCMU, Ha4u-
Hasch Ha Oelicmeumenvrou ocu (npu @ =0 Q(jo) = ay).

Ha puc. 5.16,a mpuBenensl roforpadbl yCTOMYMBBIX CHUCTEM, OMHCHIBAEMBIX
b depeHLnaIbHBIMU YPaBHEHUSIMU PA3IMYHOTO MOpsAKa, a Ha puc. 5.16,6 — romxo-
rpadbl HEYCTOHYHMBBIX CUCTEM.
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Puc. 5.16. 'ogorpads! ycTOWYUBBIX (a) U HEYCTOMYUBBIX (0) cCUCTEM
c 0OpaTHOM CBSI3bIO

Kpurepuit MuxaiinoBa npuMeHsieTcsl B T€X CllydasX, KOTJla BOZHUKAeT HE00XO-
JVMMOCTb OLICHUTD BIUSHUE U3MEHEHUHN CTPYKTYpPhI U IIapaMETPOB CUCTEMBI Ha €€ yC-
TOWYUBOCTb.

6. METObI AHAJIN3A JUHEWHBIX HENIEN
6.1. IlocTanoBka 3a7a4n

Ananu3 mo00i paguoTeXHUUYECKOW MU CBOJUTCS K YCTAHOBJIECHUIO 3aBUCUMO-
CTU MEXJY BXOJHBIM CHUTHAJIOM W CUTHaJIOM, GOpMUPYEMbIM Ha BbIxoje. B oliiem
CIy4ae paJMOTEXHUYECKAs LIeMb COJACPKUT B CBOCU CTPYKTYpPE JMHEUHBIE U HEIIH-
HEWHBIE AJIEMEHTHI. JTO YCIOXKHIET CTPOTUM aHAIU3 MEPEXOIHBIX MPOIECCOB, T.K. B
JAHHOM CJTydae HE MPUMEHUM MPUHIUI Cynepno3unuu. OIHAKO UMEETCS IIUPOKUIA
KpyT 3a7a4, KOTOpPbIE MOXKHO YCIICIIHO pellaTh JUHEUHbIMU MeToaamu. K ux yucmy
OTHOCSITCS TIPEX 1€ BCEro 3aJauu, CBSI3aHHbIE C MIPOXOKIECHUEM CIa0bIX CUTHAJIOB Ye-
pe3 pasnuuHble ycTpoiicTBa. [Ipu 3TOM nomyckaercs JIMHeapu3alHs OCHOBHBIX Xa-
PAKTEPUCTUK HEJIMHEUHBIX JIEMEHTOB, YTO MO3BOJISIET OTHECTU UCCIECIYEMYIO LIETh K
yuciny JuHenHbIX. KpoMme Toro, K pe3yibrartaMm TEOPETUYECKOTO PAaCCMOTPEHHUsS pe-
aNnbHOW TEXHMYECKOW CHCTEMBbI HE BCEr/ia MPEAbIBISAIOTCA TpeOoBaHUs a0CONMIOTHON
TOYHOCTHU. Takue pe3ysbTaThl OJAKHBI COOTBETCTBOBATH OCHOBHBIM JKCILTYaTaI[MOH-
HBIM TapaMeTpaM CHCTEMBbI, KOHTPOJIb 32 KOTOPBIMU OCYIIECTBISETCA C MOMOIIBIO
HU3MEPUTENBHBIX TPUOOPOB OTPAHUUCHHONW TOYHOCTH.

[TocTanoBKka 3a1aun aHainu3a JMHEHHOM 1ienu (puc. 6.1).



Hmeemcs nunelinas paouomexnuyeckas yensv, 0as KOMOpoU uU3eecmuo ougge-
PeHyuanbHoe ypasHeHue uiu o0Ha u3z xapakmepucmuk: uyacmomuas K( jo), um-

nyavcHas h(t) unu nepexoonas g(t). Ha 6xo0 yenu nocmynaem cuenan Sg (t). He-
00X00uMO onpeoenumv 6bIXOOHOU CUSHAT S g,y (1) .

Jugeiigan
sex () seex(t) =7
7 | pagHOTEXHHYECKAd UEIE

[Oud. vpaeuenne, Kijom), hit), 2(t)]

Puc. 6.1. IloctaHOBKA 3a1auM aHaIW3a JIMHEHHON LEIHU

Cy1iecTByeT HECKOJIBKO METOJIOB aHaliu3a JUHEHHbIX 1enei. Beidop Hanboee
yI0OHOT'0 M3 HUX 3aBUCUT OT CUTHAJA, MOCTYIMAOIIET0 Ha BXOM, (DYHKIHOHAIBHOU U
CTPYKTYpHOM OpraHu3alMM LEeNu U HEKOTOPBIX Ipyrux ¢akropoB. Hambornee yacto
UCIIOJIb3YIOTCSI TOUHBIE U MPUONMKEHHbIE MeTO/Ibl. [locieqHue yuYnuThIBalOT 0COOEH-
HOCTH CUTHAJIOB U LEIEH.

Tounvie memoovl aHanu3a yeneu.

1. Knaccuueckuit meton, miu Metoa 1u@depeHIuanbHbIX ypaBHEHH.

2. CrnexTpalibHbId METOI U €70 PA3HOBUIHOCTD — ONEPATOPHBII METO/.

3. BpemeHHOI MeToJ, Ha3bIBa€MbIil METOJIOM MHTErpajia HAJIOKEHUSI WU UHTE-
rpana Jlroamens.

IIpubaudsicennvie Memoobl aHAAU3A Yenel:

1. [IpubnukeHHbIe CIEKTPANbHBIE METOIbI.

2. MeTo1 KOMILJIEKCHOH OruOaroIe.

3. MeTox MTHOBEHHOM YacTOTHI.

Hwxe npuBoauTcs cofepkaHue KaxkJI0ro U3 MepEeYrCIEHHBIX METOJIOB.

6.2. Tounbie MeTOIbLI AHAJIN3A JUHEHHBIX Lenen
6.2.1. Knaccuueckuiit memoo

Kitaccnueckuii METOJI OCHOBAaH Ha COCTABJICHUM M PEIICHUH JIMHEWHOTo nudde-
PEHIIMANBHOIO YPaBHEHMsI, ONTUCHIBAIONIETO TIOBEICHUE LEMU NIPU 3aIaHHOM BO3/EH-
CTBHM. YpaBHEHHE COCTABIIAETCS C MOMOLIBI0 3akoHOB Kupxroga. Ilpu aToM ucnoss-
3YIOTCSI U3BECTHBIE COOTHOIICHUS

i@ =" 0= fu (0 i =C
diy (2)
dt

duc(l‘)_
dr
ur® =igOR: @=L w0 = [iear.

HuddepenunanbHoe ypaBHEHHUE UMEET BUJ



k
. d Sebzx(t) %b Sex(t)

dr* dr*

b

n
D a
k=0

rope ajp n bk — INIOCTOSAHHBIC KOC—)(I)(i)I/H_II/ICHTBI, 3aBUCAINUC OT CTPYKTYPBI CXCMBI U €€

MapaMeTpoB.

[Topsanok BbICIIEN TPOU3BOJHON OINPEACIACT MOPSAOK Lenu. Eciau BXOAHOU
CUTHAJ 3aJlaH, TO IIpaBas 4acTh — 3TO U3BECTHAsK (PYHKITHSI.

Pemenne nuddepeHimaibsHOro ypaBHEHUS COCTOUT U3 JIBYX YacTe

S@blx (t) = S@bzx.ce (t) + S@bzx.np (t) )

THE  Sgux.ce ({) — CBOOOIHAS COCTABIAIOIIANA, KOTOPas XapaKTEPH3YeT IEPEXOIHOM
IPOLECC M SBIAETCA PEIICHHEM OJHOPOIHOro nHdQepeHInaIbHOTO ypaBHEHUS

k
i a d SGbZX(t) —0:
k k - D
k=0 dt
S gpxnp (f ) — TPUHYXJEHHAs COCTaBIIAIOIIAs, KOTOpas XapaKTEPU3YeT yCTaHO-

BUBIIIMICS TIPOILIECC M SIBJISIETCS YACTHBIM pelieHreM IU( EepeHIINaTbHOTO ypaBHE-
HUSI TIPU ONPEJETICHHBIX HAaYJIbHBIX YCIOBUSIX.

Henocrarok meroga — HEOOXOAUMO pEIATh YpaBHEHHE ISl Ka)KJIOTO HOBOTO
curHajza. MeTton mNpuUMEHsieTCS IS IeTel, OmuchiBaeMbIX Iu(depeHIInaTbHBIM
YPaBHEHUEM BTOPOTO U PEKE TPETHETO MOPSAIKA.

6.2.2. CnekmpanbHbiii Memoo

CrekTpalibHbII METOA OCHOBAH HA YaCTOTHBIX CBOMCTBAaX CUTHaja M LEMNHU C UC-
MOJIb30BAHUEM IMPUHLMIA CYNIEPIIO3ULINU. YaCTOTHBIE CBOMCTBA CUTHAJA XapaKTEpHU-
3YIOTCSl €r0 CHEKTPOM, & YACTOTHBIE CBOMCTBA LENU — YACTOTHOM XapaKTEPUCTUKOU.
Tak Kak CIEKTp CUTHAJIA — 3TO COBOKYITHOCTh TAPMOHUYECKHUX COCTABIISIOIIMX, TO 3a-
Jladya aHalinu3a LENU CBOJIUTCS IO CYTH JI€ja K aHAJIN3y YCTAHOBUBIIUXCSA PEKUMOB B
LENHY PU CUHYCONAAIIBHBIX BO3ICHCTBUSIX.

Ilpoxoocoenue nepuoduueckozo cuznana uepes JUHEUHYI0 YEenb
CrexTp nepruouYecKoro CUrHajia onpeeseTcs MmyTeM pa3lioKeHHs] CUTrHaja B
paa Oypwe, komIuiekcHas opma KOTOpOFO UMEET BUJT

ket
Sex (t) - Z xkej ! 5

fe=—00
T/2

rae Cor = j Sex (t)e “ dt _ xoMIneKcHast aMIUTUTYAa k - TApMOHMKH BXOJI-
T 3,

HOT'O CUI'Halia.



Kommnekcnast ammuntyna k-l TapMOHMKHM BBIXOJIHOTO CHUTHaja OINpPEAeIIIeTCs
KakK MPOU3BEICHUE KOMIUIEKCHOW aMIUIUTYZAbl COOTBETCTBYIOLIEH FAaPMOHUKU BXOJ-
HOI'0 CUT'Hajla Ha 3HAYEHHUE YaCTOTHOM XapaKTEPUCTUKHU, KOTOPOE OHA MMEET Ha 4Yac-
TOTE JIaHHOW TapMOHUKHU. TakuM 0Opazom,
- C kK(jka)l) - C ej(pex.kK(ka)l)ejw(kwu) - C "Pep1x.k
6X. 6X.

goix.k >

k

gvix.k

rac Ceblx.k = Cex.kK(ka)l) Hu qDSle.k = qoex

HUYECKON COCTaBJIAIOIEN BHIXOHOIO CUTHAIA.
OTtcro1a Ha OCHOBaHUU MPUHIIUIIA CYTIEPIIO3UIIMHM HAXOUM BBIXOIHOWU CUTHAI:

® . . ‘ka)l _ * . _'ka)1
Sebix (t) - kz Cex.kK(]kwl)ej ‘= Cebzx.kel t .

k=—0

P +@(kow;) — ammnuryna u ¢dasa k -ii rapmo-

Takum oOpa3om, CHEKTp MEPUOIUYECKOTO CUTHAIA HA BBIXOJIC JUHEHHOW LIETH
MOXET OBITh TMOJY4YeH IMEePEMHOKEHHEM CIIEKTpa BXOJHOTO CHIHAJla Ha 3HAYCHUS
YaCTOTHOM XapaKTEPUCTUKU LIEMHU HA COOTBETCTBYIOIIMX YaCTOTAX.

Ilpoxosrcoenue nenepuoouuecko2o cucHana yepe3 AUHeHyI yens
CriekTp HenmepHOAUYECKOro CUrHaia (CHeKTpalibHasi MIIOTHOCTh) OMpEAeIseTCs

MyTeM BBIYHUCIICHUS TIPSMOT0 npeoopa3zoBanus Dypbe
o0

S(jo)= [st)e 1. (6.1)
—00
B cBomo oucpeab O6paTH06 Hp606paBOBaHI/Ie CDypBe IMMO3BOJISICT OIPCACIINTD
CUTHAJI I10 €T0 CIIEKTPY, T.€.

s(f) = i TS( e’ do . (6.2)

Kaxk BUIHO M3 OJAHHOI'O BBLIPAXXCHHA, CUT'HAJI S(f) MNpCaACTaBIACTCA B BUAC CyM-

MbI 0€CKOHEYHO OOJIBIIOrO YHCIIa HEC3aTyXarouux u OECKOHEYHO OJIM3KHUX 110 YaCTOTE
rapMOHHNYCCKHUX KoneOaHuii ¢ OECKOHEYHO MaJIbIMA KOMILJIEKCHBIMU aAMILIUTydaMU,

1 .
PaBHBIMH 2—S( jw)dw. DT0 NaeT BO3MOXKHOCTb HCIIOJIB30BaTh OOBIYHBIE METOIBI
/4

pacyeTa yCTaHOBHUBILIHUXCS PEKUMOB.
IIprMEHUTENIbHO K PEIaeMON 3aJ1aue Ka)/1asi U3 TaKUX FAPMOHUYECKUX COCTaB-
JISFOIIUX BXOJIHOT'O CUTHAaJIa 00YCIOBUT COOTBETCTBYIOIIYIO TaPMOHUYECKYIO COCTaB-
JIAIOUIYIO BBIXOJHOTO CUTHAJIA C KOMIUIEKCHON aMIUIATYI0W, pAaBHOMU
 Sanc(j0)d0 =Sy K (jo)do.
Ha ocHOBaHHMM 3TOr0 MOYKHO 3amuCcaTh BBIPAKEHUE JJIA CIIEKTPAIBHOM TIOTHO-
CTH BBIXOJTHOT'O CUTHAJIa, KOTOPOE SBJISETCS (DYHIAMEHTAIBHBIM JIJII paccMaTpuBac-
MOT'0 METOJIa aHaJIN3a JUHEHHBIX IIeNeH:



Seox (J@) = Sgr (JO)K(jo). (6.3)
Taxkum 06pa30M, CIICKTpPaJIbHAA INIOTHOCTb BBIXOJHOT'O CUT'HAJIa paBHA ITPOU3BC-
JACHHUIO CHCKTpaHBHOﬁ IUIOTHOCTU BXOOHOI'O CUT'HAJIA HAd YACTOTHYIO XdPAKTCPUCTUKY
LCIIN.
BBIXOIHON CHTHAI HAXOIUTCS C MOMOIIBI0 00paTHOro mpeobpasoBanus Dyphe,
peaM3yromero CyMMHPOBAHUC 6CCK0HCIIH0 60HBH_IOFO quciia €ro rapMOHHUYCCKUX
COCTABJIAOIIINX:

17 Y, | N,
Saux (1) = | Sgblx(]a))e‘]a)tdl‘=ﬂ [Sex(o)K(jo)e!® dt.  (6.4)
—0 —00

MOXHO MPeIOKUTh CASAYIONIYIO MMOCIEeI0BATEIbHOCTh aHAIN3a JTUHEHHBIX 11e-
ne CreKkTpaibHbIM METOIO0M.

1. OnpeneneHue CHEKTPAJIBHOW IUIOTHOCTU Sy, (j®) BXOAHOIO CUTHaja IO
dbopmyne (6.1).

2. OmnpeneneHre YacTOTHOM XapaKTEPUCTUKU LEMU OJTHUM U3 U3BECTHBIX METO-
noB (ypaBHeHHil Kupxroga, KOHTYpHBIX TOKOB, Y3JIOBBIX MOTEHLMAJIOB, HAJIOXKECHHUS,
u3 nudPpepeHraibHOro ypaBHeHUS LIETH U JIp. ).

3. PacueT ciekTpabHON MIOTHOCTH Sy, (j@) BBIXOJHOIO CUTHANA MO (hopMy-
ae (6.3).

4. OnpeneneHue BEIXOAHOTO curHaia no gopmyie (6.4).

B HekoTophIX ciydasix 11e1ecoo0pa3Ho UCHOIB30BaTh ONEpaTOPHBIM METO/1 aHa-
JM3a 1enei, OCHOBaHHbIN Ha npeodpaszoBanusx Jlammaca. [Ipu atom dhyHkumu nenct-
BUTEJILHOW MEpeMEHHOM ¢ mpeoOpa3yroTcss B QYHKIHUU KOMIUIEKCHOM 4acTOTHI, T.€.
nepeMeHHo p = o + jw . Jljig 3Toro ucnoib3yrorcs npeodpazosanus Jlamnaca:

o0 1 ctjw
F(p)= Is(z‘)e_ptdt u s(t)y=— I F(p)eptdp :
0 275 c—jo

OyHKIMIO $(f) Ha3bIBAIOT OpUTHHAIOM, a (QyHKIOUIO F(p) — u3o0paxkeHuem
opuruHana no Jlamnacy uiu npocto nzodpaxxenueMm. Kak BUIHO U3 TaHHBIX BbIpaxKe-
HUM, ipeodpazoBanus Dypbe MOryT OBITH MOJYYEHBI W3 MpeoOpa3zoBanuii Jlamiaca
MPOCTOI 3aMEHON p Ha j@ C COOTBETCTBYIOIIMM HM3MEHEHHEM IpeesOB UHTETrpH-

poBanus. [IpeobpaszoBanus Jlamnaca siBasitorcs 0600eHUsIMU TTpeoOpazoBanuii Dy-
phE, O3TOMY OHHU 00J1aJ]al0T BCEMHU CBOICTBaMH, KOTOpbIE XapaKTEepHBbI JJIsl IPeoo-
pazoBanun Pypoe.

YacTtoTHas XapakTepHCTHKA LIETIH B ONEPATOPHOU (opMe MoiaydaeTcsl MpOCTOi
3aMEHOM MEPEMEHHON j(@® HA KOMIUIEKCHYIO IIEPEMEHHYI0 p =0 + j® , T.€.

K(p)= [K(ja))]ja):o+ja) :
Bripaxenue (6.3.) 1J1s1 CIIEKTPa BBIXOJHOTO CUTHAJA €N OYIeT UMETh BUJL

Feblx(p) = Fx (P)K(p).
OrnepaTopHblii METOI MO3BOJIAET AHAIU3UPOBATH 0OJIEE IIMPOKUH KIacC CUIHa-

j1oB. B YaCTHOCTHU, ITOMY MCTOAY AOCTYIIHbI CHUI'HAJbI, OIINCBIBACMbIC q)YHK]_II/IHMI/I,



KOTOPBIC HE YIOBJICTBOPSIOT YCIOBUIO a0COJIFOTHOW MHTErpUpyeMoCcTH. B mutepatype
[1,2] uMeroTcss TaOauIlbl M300paKEHUN W OPUTHHAJIOB, O0JIETYAIOIINE MPUMEHEHUE
OIIEPATOPHOTO METO/IA.

CrekTpalibHBII U ONEPATOPHBIM METOMAbl aHalW3a JIMHEHHBIX LENEeH YCIEIIHO
MPUMEHSIOTCS JJI1 PELWICHUST MHOTHX BOIIPOCOB TE€OPHUM CBSI3M WU ynpasiieHud. llpu
ATOM yaaeTcsi 00ONTH Cepbe3HbIC TPYAHOCTH, CBSI3aHHBIC C BHIYMCICHUEM KOPHEH Xa-
PAKTEPUCTUYECKOTO YPABHEHUSI CUCTEM BBICOKOTO MOpsiAKa. HaCTOTHBIN METOJ UMEET
BOXHOE 3HAYCHUE OCOOCHHO B TE€X Cydyasx, KOrja ypaBHEHHE CUCTEMBI BOOOIIE He-
M3BECTHO M KOTJIa MOYXHO OTPAaHUYUTHCS KAYECTBEHHBIM HMCCIICIOBAHUEM JUHAMUYC-
CKHX CBOMCTB CHUCTEM.

6.2.3. Bpemennoii memoo

BpemenHnoit Mmetoz (MeTo1 MHTErpaia HaJ0KEHUs, METoJ UHTerpana Jlroamers)
OCHOBaH Ha UCIOJIb30BAaHUM MUMIYJIbCHOU /(f) XapaKTEpPUCTUKH LIETH, T.€. XapaKTe-
PUCTHKH LI BO BpeMEHHOM oOnacTu. MnynbcHas XapakTepuCTHKA — 3TO PEaKIIHs
nenu Ha O -pyHKnuo0. Takoil GyHKIHMEW OMHCHIBACTCS MOJEIbh CUTHANIA, IMEIOIIETO
0ECKOHEYHO OOJIBIIYI0 aMIUTUTY Ty, HYJIEBYIO TTUTEIbHOCTh U IUIONIA/lb, PaBHYIO 1.

[IpencraBumM BXOJHOW CHUTHANl S, (f) CI0kKHON (OPMBI B BUIE COBOKYIHOCTH
MPSIMOYTOJIbHBIX UMITYJIBCOB OJIMHAKOBOM U ' IOCTaTOYHO MAJIOM JIUTENbHOCTU AT
(puc. 6.2).

Peakrus mienu B MOMEHTHI BpeMeHH kAT, k=0,1,2,...,n Ha KaXIBIH U3 3TUX
UMITYJIbCOB (€ciu Obl TUIOMAAN UX ObUIM paBHBI €AMHUIIE) €CTh MUMITYJIbCHASI Xapak-
Tepuctuka /(¢ —kAt). Ho Tak Kak IIOLAAU UMITYJIbCOB paBHbl S, (KAT)AT, TO
peakuus uenu pasHa s, (kA7) At h(t—kAt). B cBor ouepelp BBIXOJHOM CHUTHAN B
HEKOTOpbIII MOMEHT BpeMeHH ¢ = kA7 Oylner paBeH CyMME peakuui Lenu Ha UM-
myJibebl B uHTEpBasie 0...7, T.€.

n
Seoix (1) ® DS (KAT) AT h(t — KAT).
k=0
Ilpu At — 0 cyMMHpOBaHHE CBOAMTCS K OIEPAlM¥ WHTEIPUPOBAHMS IO IIEpe-
MEHHOH T = kAT :

t
Seore (1) = [ Sgu (D)t —7)dT .
0



Sexit)

._=|—=‘_-
|
d ATt b T nAT t

| | | | | | ]

SErmzlt) : : : : : :

| | | | | | ]

| | | | | | |
| | | | |
| | | |

spxl0daThit) | ] : : SExiaT) AT hilt-AT)

H—ﬁ |

N

Puc. 6.2. CBepTka curxana ¢ UMITYJIbCHOM XapaKTEPUCTUKON

Taxkum 00pa3oM, 3HAUEHHUsI BBIXOJHOTO CUTHAJA JIMHEHHOH 1enH B JIFOOOW MO-
MEHT BPEMEHHM SIBIISIIOTCS PE3yJIbTaTOM B3BEHIEHHOTO CYMMHUPOBAaHUS MIHOBEHHBIX
3HaYEHUN BXOJHOro curHajia. BecoBas (pyHKIMS — 3TO UMITYJIbCHAsI XapaKTepUCTUKA
LETIH.

VYuurtbiBas, yTo I8 peanbHbIX Henei A(f) =0 npu ¢ < 0, MOXHO 3anucaTh

0
Sepx () = jsgx (DAt —7)dT = 540 (1) ® (1) .
—0
[TomydeHHOE BBIpaKEHUE AN Sg,,,(f) MIpencraBiseT coOOW MHTErpan HalloxkKe-
HUsl, Wik uHTerpan roamerns. B MareMartuke IOJIyYEHHOE BBIPAKEHUE Ha3bIBAIOT
CBepTKOM ABYX QyHKiMI. Takum o0pa3oM, BBIXOJIHON CUTHAI JIMHEWHOMN LIETIH paBEeH
CBEPTKE BXOAHOI'O CUI'HAJIA U UMITYJIbCHON XapaKTEPUCTUKU LICTIH.
WNHoraa ucnonbp3yroT Ipyryto ¢opMy 3amucu HHTerpana Jlroamens, KOTOPYIO
MOYKHO IIOJIy4YUTh IIyTEM 3aMEHBI IEPEMEHHON 7 HA  —T':

o0
Sepx (1) = [ 560t —T)M(T)dT .
—00
3ametuM, 9to wmHTerpan Jlroamens MOXHO TONY4YUTh U3  (POpPMYIIBI
Seox (J@) = Sg (jo)K(jw), Ha KOTOPOH OCHOBaH CIEKTPAIbHBII METOJ aHaIu3a

uenei. [[ns sroro Bocmosb3dyemcsi cBOMCTBaMHU mnpeoOpazoBanus Dypbe U CBSI3BIO
ME¥XKy YaCTOTHOW M HMMITYJIbCHOM XapaKTepUCTUKaMU LIENU, UMES B BHIY, YTO 4ac-
TOTHAas Xapakrepuctuka K(jw) 1enu sBiIseTcs Mo CyIIeCTBY CIEKTPaIbHOU MJIOTHO-
CTBIO €€ UMITYJIbCHOM XapaKTepucTuku /h(t).



N3 cBoiicTB mpeodpazoBanusi Oyphe U3BECTHO, YTO MPOU3BEIACHHUIO JBYX CIICK-
TPOB COOTBETCTBYET CBEpPTKA CHTHAJIOB, COOTBETCTBYIOIIUX JaHHBIM CIeKTpam. Ta-
KUM 00pa3oM, MOKHO 3aIucaTh

Sex () © S (Jo);
h(t) < K(jo)

Sex(Qh(t) & Sg(jo)K(jo).
CnenoBarenbHO, CHEKTPY S,y (J©) = Sg (@)K (j®) cOOTBETCTBYET CUTHAI

Seox () = Ofsgx (t —Dh(r)dr,

-0
qTo " Tpe6OBaJIOCB J0Ka3aTh.

6.3. IIpubn:KeHHBbIE METOAbI AHAJIN3A JIMHEHHBIX 1ene
6.3.1. Ilpubnuoicennwviii cneKmpaibHblil Memoo

[TpuOnuxeHHbI CHEKTpalbHBIA METOJ MpPUMEHsIETCS B ciydae, eciau 3¢ dex-
THBHAs IMPUHA CIICKTPA CUTHANA A®,g 3HAYUTEIBHO OTIMYACTCA OT IIMPHHBI I10-

JIOCHI IPOITYCKAaHUA IICIIH Aa)np 4 I[pyrI/IMI/I CJIOBaMu, I[aHHBIfI MCTOA HCIIOJB3YCTCA

IIpU pacueTe MPOXOXKJACHHS Y3KOMOJIOCHOTO CHUTHAa Yepe3 IIMPOKOMOJIOCHYIO IeMb
(Aw,p <<Aw,),) 1 TPH _APOXOKICHHH IIHPOKOMOIOCHOTO CHIHAIIA Yepe3 Y3KOIo-

JOCHYIO LETb (A® 0 >> AW,y ).

a. HpOXO)KIIeHI/IC Y3KOIIOJIOCHOT'O CUI'HAaJIa 4€PEC3 HNINPOKOIIOJIOCHYIO IICIIb

Jlannasg mpoOjieMa TpeaAcTaBiIseT MPAKTUYSCKUM HMHTEPEC B CBS3H C TEM, UTO
CUTHaJbl MOMEX, BO3JICHCTBYIOIIME HA PEAJIbHYI) PAaJUOTEXHUYECKYIO LIETb, YacTO
OTHOCSTCS K KJIacCy Y3KOIOJIOCHBIX.

PaccMoTprM  IIMPOKOMOJOCHYKO I1E€Mb C YAaCTOTHOM  XapaKTEPUCTUKOMU

K(jo)=K(w)e’ ?(@) BXOJI IIEMU MOCTYMAeT Y3KOMOJOCHBIM CUTHAI CO CIEeK-

o . i w o
TPajabHOM MIOTHOCTBIO S, (j@) = S,y (w)e’?s ( ), AMIUIMTYJIHBIA CIIEKTP KOTOPOTO
COCPEOTOUYEH B HEOOIBIION 00IaCTH BOKPYT LEHTPAJIBHON 4acTOThl @, (puc.6.3,a).



Puc. 6.3. MmocTpanuu K NpuOIMKEeHHOMY CIIEKTPaTbHOMY METOTY

BpIxo1HOM CUTrHANI paccMaTpUBAEMON LENU PABEH
1 ° . . [t
Sgoux (1) = o Ing(]w)K(]w)e] do.
—00

B oOmiem citydae BbIUKMCIEHUE 3TOTO MHTErpajia MOKET BbI3BATh OINpPE/IEICHHBIC
TpyaHocTH. OJTHAKO €CJIM YUEeCTh YCIOBUS 3a7a4l, TO pacyeT MOKHO YIPOCTHUTb.
Kak cnenyer u3 puc.6.3,a, B pejieax aMIUIMTYJHOTO CIIEKTpa S, (@) ammu-

TyAHO-9aCTOTHAA, a4 TAKIKC (1)a30‘IaCTOTHa$I XAPAKTCPUCTUKU LCIIN U3MCHAIOTCA HC-
3HAYUTCIBbHO. HOBTOMy MOKHO 3a1ucaTb

K(j@)= K(jog) = K(@g)e’?0),
rne K(w,y) —3nauenne AUX Ha yacrore @, .
Torna

1 w . : .
S gpix (1) = Py jng(]a))K(a)O)eJCD(wo)eja)tdw;
—00

Supue (1) = K ()’ () 2L Jsex(jw)ejmda) = K()3, (1)’ 90,
n

OKOHYATeNbHO MOJTyYaeM Seox (1) = K(jwy)s g, (2).

Boi600.

Y3KOIOJIOCHBIN CHTHAT Ha BBIXOJIC IIUPOKOMOJIOCHON e HE U3MEHSICTCS 10
dopme. M3MeHsIETCS TOJIBKO aMILIUTY/a CUTHAIa U BO3MOXKEH CIBHT 1o (a3ze. Takoi
BBIBOJI MOYKHO CJeJIaTh HEIOCPEICTBEHHO W3 puc. 6.3,a. IllupokomosiocHas Ienb
MIPAKTUYCCKN 03 MCKAKCHHUS IMPOITYCKAaeT BCE CICKTPAIBbHBIC COCTABISAIOIINE, TPO-



MMOPHUOHAJIBHO U3MCHAA UX aMIUUIMTYbI U CABUTAA HAa OAMHAKOBYIO BCIIMYHUHY I10 (1)3-
3€C.

0. HpOXO)KIIeHI/IC IIUPOKOIIOJIOCHOI'O CUT'HAJIa YCPEC3 Y3KOIIOJIOCHYIO IICIIb

Jannas npo6iema Takke MpeCTaBiIseT NPaKTUUYECKU UHTEPEC B CBSI3U C TEM,
4yTO paboTa ey YacTo MPOUCXOAUT MPU HAIMYUU UMIYIbCHBIX oMeX. D exTus-
Has IIMPHUHA CIIEKTPA TAKUX IMOMEX MOXKET 3HAUYNTEIBbHO PEBBIIATH IUPHUHY MTOJIOCHI
MIPOMYCKaHUs LIETH.

PaccMOTprM Y3KOMOJIOCHYIO LIETIb C YACTOTHOM XapakTepucTukoil K(jw), Ha
BXOJl KOTOPOW MOCTYIAET IIMPOKOMOJIOCHBII CUTHAJ CO CHEKTPAJIbHOM IUIOTHOCTBIO
Sex (Jo). Y3KomonocHas Lenb CIIOCOOHA BBIIENATH CIIEKTPAIBHBIE COCTABIAIOIINE

BXOJIHOTO CHUTHaJIa, COCPEIOTOUYEHHBbIE TOJHKO B HEOOJBLION 00JaCTU BOKPYT IEH-
TPAJIbHOM YaCTOThI .

Kak BugHO U3 puc. 6.3, 0, B mpejaesax Mmojaochl NPONMyCKaHUus 1Ny aMIUIUTY/I-
HBII creKkTp S, (@) CUTrHana U3MeHseTcs He3HauuTelbHO. [loaTomMy MOXHO 3amu-

CcaTb
S@.X(]a)) = ng(]a)o) = ng(a)o)e-]qos(w()) ,

rae Sgy (a)O) — 3HaY€HUe aMIITUTYJHOI'O CIIEKTPA BXOJAHOIO CUTHajla Ha YaCTOTE @ .
Torma

P . o
Sepix (£) = py= Ing(a)o)efq’s(a’O)K(]w)eja)tda);
—Q0

S (1) = S(@y)e’ P30 7_L [ Ko (jo) ! dw = S(wq)h(1)e’?s ().
T

OKOHYATeNbHO MoJTyyaeM Seuc (D) =S(Jwgy)h(t).

Buisoo.

Peakius y3KOMOJIOCHOH IIEMM Ha IIMPOKOIOJOCHBIM CHUTHAJ OIPEACIISICTCS
TOJIbKO HMMITYJBCHOW XapaKTepUCTUKON Iienu. BXOmaHOW CHrHaja 1Mo CYIIECTBY HE
BJIUSCT HA BBIXOJAHOW CcHUTHai. TakoW BBIBOJ MOXHO CJejaTh HEMOCPEACTBECHHO W3
puc. 6.3,0. Y3KOMOJOCHAs IENb MPOMYCKACT CIIEKTPaIbHbIC COCTABJISIOIINE BXOIHO-
IO CHUTHaJIa TOJIBKO B MpeEJeiaX CBOCH aMIUIMTYIHO-9aCTOTHOW XapaKTePUCTUKH, KO-
TOpPO¥ BO BPEMEHHOW 00JIACTH COOTBETCTBYET MMITYJIbCHAS XapaKTCPUCTHKA.

6.3.2. Memoo komnaexcHoll ocubaiowel

B mpouecce 06paboTKK CUTHAJIOB IpH Iepefadye cooOleHni He 005S3aTeNnbHO
MOJTHOCTBIO COXPAHSATh CTPYKTYPY CHTHAJIA, IOCTATOYHO JIUIIb COXPAHUTH 3aKOH M3-
MEHEHHUS TOro napameTpa (aMIUIMTYAy, 4acToTy, (a3y), B KOTOpOM 3akKitoueHa rnepe-



naBaemasi uHpopmarusi. IToT (HaKT CO37aeT YCIOBUS JIJIsl YIPOIIECHUS METOI0OB aHa-
JIA3a NPOXOXKJICHUS CUTHAJIOB Yepe3 JINHEUHBIE LIETIN.

Panuocurnansl, ucnoab3yeMble i nepeaadyu nHGopMaIm, OTHOCITCS K Kiac-
Cy Y3KOIIOJIOCHBIX. JIJIsl aHanmM3a MPOXOKIACHUSI TAKUX CUTHAJIOB Yepe3 Y3KOIOJIOCHBIE
LIEIHd MOKHO MCHOJIb30BaTh MOHSITHE AaHAJIMTHUYECKOT'O CHUTHAja, UMEIOIIEro, KaKk u3-
BECTHO, CJIEAYIOIINN BUI:

2(1) = (1) + js; (1) = A(1)e! 0" ,
3neck s(f) — curHai, MOJy4YEHHBIM U3 UCXOJHOTO CUTHAJIa C MOMOIIBI0 IIpeoldpa3o-

Banus I'miupbepra; A(f) = A(t)ej ?) _ xommekcHas orubaroriasi, KOTopasi cojep-
KUT UHOOPMAIIMIO O 3aKOHAX U3MEHEHMs aMILTUTY bl U (Da3bl KojaeOaHusl.

Takum o6pazom, pemraemasi 3aj1adya CBOJUTCS IO CYIECTBY K aHAJIU3Y pe3yJibTa-
Ta rpeoOpa3oBaHus KOMIUIEKCHOM Oru0arolei BXOJHOTO CUTHANA TPH TPOXOKICHUU
€ro yepe3 JIMHEHWHYIO 1leMb. 3a7a4y B TAKOW MOCTAHOBKE MOXHO PEIIMTH CIEKTPasb-
HBIM U BPEMEHHBIM METO/IaMHU.

a. CriekTpajabHBIN METO 111 KOMIUIEKCHOU Orubdaromei

3&)121‘{& pemiacTCAa ¢ NCIIOJIb30BAHUCM 0003HaUYCHUN JJI1 aHAJIMTUYCCKUX CHUT'Ha-
JIOB U COOTBCTCTBYIOIIHX CIICKTPAJIbHBIX HJIOTHOCT@IZ, MMPUBCACHHBIX HA PUC. 6.4.

SBX-(t) K (] (U) SBbIX(.t)
[ zex(t), Asx(t)] [Zeer(t), Aperz()]

y ot y TOIYA
Zex(t):Aex(t)ej o, Z@bzx(t):Aebzx(t)ej 0%

Sex (1) > S (Jo); Seuix (1) > S (JO) ;
Z@x (t) H SZ.@X (ja)) ; Z@blx (t) H SZ.gbl.x (ja)) ;
Aex (t) < SA-gx (]a)) ; Aebe (t) < SA.Gblx (]60) ’

Puc. 6.4. O603HauYeHMs CUTHAJIOB U CIIEKTPOB

B o6miem ciydae 1eHTpaibHas 4acTora @ » AUX uenu HE COBMAAAET C IECH-

TPajgbHON 4acTOTOW , aMIUIMTYAHOIO CHeKTpa curHaua (puc. 6.5). OgHako s

MPOCTOTHI PACCYKIECHUN MOXHO IOJOXKUTh, YTO ITH YACTOTHI paBHBI. [lomydeHHBIN
pE3yJNIbTaT 3aTeM HETPYJIHO OyAEeT CKOPPEKTUPOBATH ISl O0Jee o0UIero ciyyasl.
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Puc. 6.5. Amnnutyanelie ciekTpbl curiainoB u AUX nenu

B cootBeTcTBHH CO CIICKTpaJbHBIM ME€TOAOM MOKHO 3aIIMCATh
1 7 o 1 % _ S
Z guix (t) = Z ~[SZ.@bl_)C (]CO) ejwtda) = Z .[SZ'GX (]C{))K(]a)) eﬂ”tda) )

H3BecTHaA CBA3b MCXKAY CICKTPOM AHAJIUTHUUCCKOrO CHUIrHajia MU CIICKTPOM KOM-
IJICKCHOM OFPI621IOI.HCI>1, KOTOpas YCTAHABINBACTCA COOTHOIICHUCM

SZ@x (]a)) = SA.gx[j(a) 4 COO)] .
Torma

1 7 .
200 (0= [ Sy Li0- @)K (jo)"do.

Brenem HOBYIO IICPCMCHHYIO QZCO—CO(). B »sTom ClIydac BBIPpAKCHUC [JIA

Zgpx (1) TIPUMET BU]

Zuus (0= éj S 4 VOKL(Q+ay)] e™dQ| &

; (Wt
VuuteiBas, 4T0  Zg,y (£) = Agyy ()€’ %" u msmenss oboznauyenne Q Ha o,
MO>KHO 3aITHCcaTh

A ()= i j S, (jo)K, (jo)'"do

rne K, (jo)=K[j(w+®,)] — 4acToTHas XapaKTepUCTUKAa HU3KOYAaCTOTHOIO aHa-

Jora LeIu.

JlanHoe BbIpakeHHe sIBJsieTCss 00paTHBIM mpeodpazoBanreM Dypbe OT crekTpa
KOMIUIEKCHOM Oru0arolieil CUrHanga Ha BXOJ€ LEnu. OTO MO3BOJISIET 3alucaTh Cle-
IYIOIIEE BBIPAKEHUE JUUISl ITOTO CIIEKTpa:

SA.eblx (]a)) - SA.ex (]a))KH” (]CO) : (65)



Kak BHIHO M3 MOJYYCHHOT'O BBIPAXKCHHS, ONPEACICHUE CIIEKTPaIbHOM IJIOTHO-
CTH KOMIUICKCHOW OTHOAFOIEH BBIXOJHOTO CHTHAja OCYIIECTBISACTCS IyTEeM YMHO-
KCHUS CIEKTPAIbHON TUIOTHOCTH KOMIUIEKCHOW OTHMOAroIell BXOJHOTO CHTHaja Ha
YaCTOTHYIO XapaKTePUCTHUKY HU3KOYACTOTHOTO aHajora IemH (CM. CIICKTPabHBIH
METO]I aHAJIN3Q).

O06o00mmas MmoMydeHHBIH pe3yibTaT, OTMETUM, YTO TaKUM K€ 00pa3oM MOIKHO
MIOJIYYUTh CIIEKTpP (paszioxeHue B psax Pypbe) KOMIICKCHON ornbaromieil mepuoinye-
ckoro cur"aia. [Ipu 3ToM HEOOXOIUMO UMETh B BUIY, YTO CHEKTP IMEPHUOTHUECKOTO
CUTHAJIa Ha BBIXOJIC JTMHCHHOMN IIETH MOIy4YacTCs IEPEMHOKCHUEM CIICKTPa BXOIHOTO
CUTHAJIa Ha 3HAYCHUS YaCTOTHOW XapaKTEPUCTHUKH HU3KOYACTOTHOTO ‘@HAJIOTa IICIH
Ha COOTBETCTBYIOIIUX YaCTOTaX.

TakuM 00pa3oM, MOYKHO TPEJIOKUTE CIACAYIONIYIO TTOCIEIOBATCIIBHOCTE OIpe-
JEJIEHUs BBIXOJJHOTO CUTHANA S, (f) paccMaTpUBaeMbIM METOJIOM:

1. Onpenenenue BXOAHOTO aHATUTHIECKOTO CUTHANA Z g, (1) = Ay, (1)e’ @0t

2. BeunciieHre CreKkTpa KOMIUIEKCHOW Orubaromeid BXOJHOTO CHUTHajla
S 4ex (J®) 10 Gopmyiie psiMoro npeodpazosanus Dypee.

3. OmpeneneHne 4aCTOTHOW XapaKTEPUCTUKH HU3KOYACTOTHOT'O aHAIOTa IEMmu
K, (jo)=K[j(o+ay)].

4. Pacder crnieKTpa KOMIUIEKCHOM OTMOAFOLIEN BBIXOJHOTO CUTHANA S 4., (j©)
o ¢hopmyie (6.5).

5. Ompenesnenne KOMIIEKCHOH Ormbaromeii BRIXOXHOTO cHrHATA Ay, (f) 1O
dbopmyiie oopaTHoro npeodpazoanusi Dypoe.

6. OnpenesieHre  BBIXOJHOTO  AHAJIMTHUYECKOTO CHTHaiMa 1o  Qopmyre

. 'wt ~
Zge () = Agye (e’ “0', B pesynbTare dero oOmpesenseTcs BBHIXOAHON CHrHAI

Sguc (1) = Agyc (1) COS@t .

Boeluucnenus no JaHHOM METOAMKE JJIs Y3KOMNOJOCHBIX CUTHAJIOB M LENel 3Ha-
YUTEJIBHO MPOILE, YEM IIPU HETIOCPEACTBEHHOM OIPEIEIEHUN Sgy . (7).

3aMeTuM, IIpU HAIUYNHA PACCTPOUKHU LIEHTPAIBHBIX YACTOT aMIUIUTYAHOTO CIIECK-
Tpa curHala u AYUX nenu B Ipenenax €€ MOJIOCHl MPONMYCKaHWs, T.€. IpHU

Aw =wy)=w, #0 (puc. 6.5) yacToTHasi XapaKTEPUCTHUKA HU3KOYACTOTHOT'O aHAJIoTa

uenu oyaet umets Bua K, [ j(o + Aw) =K[j(o + 0, +Aw )].

0. BpeMeHHOI METOT /711 KOMIUIEKCHOM orubaroriei

NMiynbcHas XxapakTEpUCTUKA peajlbHOM LIENU CBs3aHa C YaCTOTHOM XapakTepu-
CTHKOM CJIEYIOIIEH 3aBUCUMOCTBIO:

o0
h(t) = 1 [K(jw)e! dw.
21 0



Ananutryeckas QYHKIUS HUMITYJIBCHOW XapaKTEPUCTUKH — 3TO KOMIUICKCHOEC
qyucio Buga zy(t) = h(t)+ jh (), B kotopom A (t) — npeobpa3oBanue I'nmnpbepra oT

h(t). C npyro#i CTOpPOHBI, YUUTHIBAS CBSI3b MEXKIY CIIEKTPOM CHUTHajla U CIIEKTPOM

COOTBETCTBYIOIIETO aHAJIMTHYECKOIO CHUTHAJIA, MOXKHO 3alucaTh CIEAYIOIIee BbIpa-
’KEHUE NIl aHaIUTU4ECKON QPyHKIMM zj (#) UMITyJIbCHON XapaKTEpPUCTUKU:

o0
zp(t) = 1 [2K(jow)e’ Y .
2 0

1% :
CrnenoBartenbHO, h(t)=2Re Py IK(ja))ejwtda) .
T
0
Beenem HOByro nepeMeHHyro (2 = w — ®,. B 3TOM ciaydae BbipaxeHnue nsa h(t)

MNpUMET BUJ

o0
h(f) =2 Re i [ KLj(Q+ wy)]e/ 20 aqy |,
—wy
IlIpn Q = -w, 3nauenue K[ j(Q+ w,)] =0, M103TOMy HIKHUI Npenea UHTErpU-
pPOBaHUS MOKHO U3MEHHUTb Ha — o0 . TakuM 00pa3om,

o0
h(t)=2Re 2l [KLj(Q +@,)1e ¥ d02 |/ 0" .
T
—00

VuautsiBasg, uto K[j(Q+w,)] = K,,,(j€2) n usmensas obosnHauenne Q Ha o,
MO>KHO 3aMKcaTh

o0
h(t)=2Re é [Kyi (Go)e! ' do |e? 0" =2 Re[hy,, (1)]e! 0",
—00

0
rae .y (1) = py. IK uu jo)e’ e — UMITYJIbCHAs XapaKTEPUCTUKA HU3KOYACTOTHO-

ro aHajora y3KOMOJOCHOU LIEMH.
s ompeencHuss KOMIUIEKCHOM OoruOaromieill BHIXOIHOTO CUTHajla IEeNu BOC-
MOJIB3YEMCs MOIYYEHHBIM PAHEE COOTHOIIIEHUEM

SA.@blx (]CO) = SA_gx (]a))KHlt (]CO)
U cBolicTBamu ripeodpazoBanus Dypne.
H3BectHO, 4TO

S f(JO)=S 4 (jO)K, (jo)
TT7T
A, ()= A4, () ® h,(t)

CJICI[OB&TCJIBHO, MOJKXHO 3aIluCaTb OKOHYATCIIBHOC BBIPAKCHHUC IJIsI KOMIIJICKC-
HOH 0r1/16a101uel‘/’1 BBIXOAHOT'O CUTHAJIa LCIIN



o0 o0
Agpx () = [ Agy (Ohyy (1 =7)dT = [ Ay (1 =7y (7)dT . (6.6)
—0o0 —0o0
Takum 00pazom, KOMILIEKCHas OruoOaromias BBIXOAHOTO CUTHala LIENU PaBHA
CBEPTKE KOMIUIEKCHOW OTMOaroliedl BXOJHOIO CHTHalla U UMILYJIbCHOW XapaKTepu-
CTUKH HA3KOYACTOTHOT'O aHAJIOIra y3KOIOJIOCHOM LEMH.
MO>KHO IIPEUIOKUTE CIEAYIONLYIO IOCIIEA0BATENBHOCTh ONPEIEIEHHs BBIXO-
HOT'O CUTHAJNA Sg,,,(f) BPEMEHHBIM METOAOM JJIsl OrMOAIOICH:

1. Onpe/ienieHne BXOIHOTO AHAMMTHYECKOTO CHTHANA Zg, (1) = Agy (1)’ @0l

2. OnpeneneHye UMITYyJIbCHON XapaKTepPUCTUKH /i, () HU3KOUACTOTHOTO aHAJIO-
ra Iemny.

3. OnpesieieHne KOMIIEKCHOH Orubaromei BBIXOAHOTO curHaNa Ay, (f) 1o

bopmye (6.6).
4. OmpeneneHre  BBIXOJHOTO  AHAIMTUYECKOTO  CHUTHajga 1o  ¢opMmyre

. 'wt (V3
Zgoe (1) = Ay (1)e/“0", B pesynbrate uero onpenenseTcs BHIXOJHOM CHIHAI

Sgorx (1) = Agpyx (1) COS 0t .
BBILH/ICJIeHI/IH 10 IIaHHOﬁ MCTOJUKCEC 3(1)(1)CKTI/IBHBI B TCX C.quaHX, Koraga BpeMeH-
HBIC XapaKTepI/ICTI/IKI/I CUTHAJIOB U Heneﬁ OHpe):[eJII/ITB HpOI_He, qcM 4aCTOTHBIC.

6.3.3. Memoo M2HOBEHHOU Yacmombl

MeTox MIHOBEHHOW 4acTOTBE MCIIOJIB3YETCs JJIsl aHAJIN3a MPOXOKIACHUS CUTHA-
JIOB C YIJIOBOW MOJYJALMENH depe3 u30uparenbHble 1enu. PaccMOTpuM JaHHBIN Me-
TOJ B 001IMX yepTax. boiee MoapoOHO ¢ cofep:kaHueM METOIa MOKHO O3HAKOMUTh-
caB[1,2].

CHexTp CUTrHajOB C YIiI0BOM MOAYJISLHUEN UMEET JOCTATOYHO CIOKHYIO CTPYK-
Typy Jlaxke Ipu MPOCTOM MOJYJIUPYIOIIEM CUTHaNE (HampuMmep Ipu MOAYJISIUU Tap-
MoHHYeckuM koJjicbaHueM). HepaBnomepnocte AUX u @YX nenu npuBOJIUT K Ha-
PYLIEHUIO AMIUIUTYIHBIX U ()a30BbIX COOTHOLIEHUH MEXAY MHOTMMH CHEKTPaJIbHbI-
MU COCTABJSIFOIIUMHU, CJIEICTBUEM YEro MOXKET ObITh HCKaXXEHUE 3aKOHA MOAYJISIUU.

PaccMoTpyM npOX0XkKAEHHUE CUTHAJIA C YIVIOBOM MOAYJISILIUEN

s(t)=U,, cos(wyt + B sinQt + @)

4yepe3 y3KOIMOJIOCHYIO LIENb ¢ LEHTPAIbHON YacTOTOM @, = ), U YaCTOTHOW Xapak-

p
TEPUCTUKOU
K(jw)=K(w)e!?®.
[Ipu Manbix [ B CHEKTpe CUTHaja Majio cocTaBistomux. [loaToMy nmocraBieH-
HYIO 3aJjadyy MOXXHO PEIIUTh CHEKTPaJbHBIM METOJOM JJIsi KOMIUIEKCHON Ormodaro-
ICH.
[Ipu Gonpmux f pelieHue 3amauu yciuoxHsiercs. Mcmons3yercs npuOiImkeH-

HBIN MCTOA, B OCHOBY KOTOPOTO IMOJIOKCHO AOIMYIICHUC O TOM, YTO HaCTOTAa CUTHAJIA C



YIJI0BOM MOIYJIALIMEN U3MEHSETCS B 3aBUCUMOCTH OT BPEMEHH MEIJIEHHO. J11s1 3TOrO
HE00XO0UMO, YTOOBI BHITIOJHSIIUCH CJICIYIONINUE YCIOBHS:
1. Tlepuon moaysupytoniero kosnebanust T = 27/€) n0omKeH ObITh 3HAYMTENBHO

0oJibIIIC MOCTOSHHOI BPeMEHH Lenu 7, . V3BecTHO, 4T0 7, = /Ao, , the Awy, —

np’
MOJI0Ca MPOMYCKAHUS LENUu Ha YpPOBHE 1/ V2. Cnenosarenbio, 27/Q >> Ty

2/Q>>1/Aw np Q/2rAw pp) <<1, T.e. HACTOTA MOAYIMPYIOWIErO KOJNCOAHMUs

JOJIZKHa OBITh MEHBIIIE MOJIOCHI IMPOITYCKaHUA LCIIN.

2. HpI/I MMOCTOSIHHOM yacTtoTe (2 CKOpPOCTb UBMCHCHUA 9aCTOTHI MOAYJIMPOBAHHO-
ro KOJIEOAHUs 3aBHUCHUT OT AMIUINTYAbl MOOYJIHUPYIOIICTO CUTHAJIA, T.C. OT ACBUALIUN
HYaCTOTBHI. CJICIIOB&TCJIBHO, AcCBUaAlld YdCTOTbI MOIYJIHWPOBAHHOTO KoJIeOaHusT He

JI0JKHA BBIXOJIUTH 33 IPEJEIBI IOJI0CH IPOITyCKaHus, T.€. 2@, / Aa)np <l].

[lpu cobmoaeHNN 3TUX YCIOBUM CTallMOHApHBIE KOJEOAHMS Ha BBIXOJE IEMHU
yCTaHABJIMBAIOTCS TIOYTH OJJHOBPEMEHHO C M3MEHEHHEM YacTOThI CUTHANIA, T.€. MTHO-
BEeHHO (OTCIOJIa W Ha3BaHWE MeTojaa). IIpm 3TOM OCHOBHBIE MapaMeTpbl KoJeOaHUs
MOHO 0e3 60JbIIoi nmorpemHocTy onpeaenuts no AUX n ®UX nenwu.

Cymb memooa

PaccmaTtprBaeM mpoXoKIeHHE CUTHAajla ¢ YaCTOTHOW MOMAYNSALMEH 4Yepe3 Y3KO-
MOJIOCHYIO 11eTb. BBIXOMHON cUTHANM ompenensercs A (PUKCUPOBAHHOTO 3HAYCHHUS
4acToThl @(f) = @y + ®,y cos{dt B KaKAbIH MOMEHT BpeMEHH. JTO MOXKHO CJIeNaTh

TakK e, KaKk B CTaI[AOHAPHOM PEXKHUME IMPU ACHCTBUH TAPMOHUYECKOTO KOJCOaHUS.
JIJIss MOMEHTa BpEMEHHU ¢ MOYKHO 3aIlUCaTh
Kljo(t)]=K[j(w, + v,y cosQt)].
Torpa
Seux (1) =U, cos(@yt + Bsin Qt + ¢y)K[ j(w, + @, cosQt)].
Kak BHJIHO M3 TIOJIy9€HHOTO BBIpKCHHS, aMIUTHTYAa, (a3a ¥ 9acToTa BBIXOIHO-
ro CUTHaIA OyIyT U3MCHSATHCS CIICTYIOIINM 00Pa3oM:
Ugix (1) =U, K(wyt + v, cost);
Pprix(t) = 0ot + BsiQt + @y + @(wt + @y cosQt);
AP gy (1) do(wyt + o, cos Q)
dt dt '

TakuM 00pazoM, Cyns MO TOJYYEHHBIM COOTHOIICHHUSAM, 3P (HEKT BO3ICHCTBHS
Y3KOIIOJIOCHOW I Ha YacTOTHO-MOJIYJHUPOBAHHBIA CHUTHAJ 3aKIIOYaeTCs B Clie-
AYIOLIEM.

1. B cuny HepaBHOMepHOCTH AUX 1enu MmosBIsSETCS Mapa3uTHas aMIUTATYIHAS
monymsauyst. [pu @, = @, aMmuTyaa u3MeHseTcst ¢ ABOMHON 4acTOTON MOy IsIIUY,

=y + w, cosQt +

W gpix (t ) =

p

T.e. ¢ yactotoil 2Q (puc. 6.6). Ilpu w, # @, €ciu 4aCTOTa CUTHAJIA HAXOIUTCS B

p
npenenax ydyactka AUX, OMM3KOro K JMHEHMHOMY, aMIUIUTYya BBIXOIHOTO
curHana Uy, (#) u3MeHseTcs NIPUMEPHO € 4acTOTOM (2. DTO UCHOIB3yeTCs Ha MpaK-

THUKC IIPpU TOCTPOCHNUHN YaCTOTHBIX JCTCKTOPOB.



Puc. 6.6. I3MeHeHNE aMIUIUTY bl CUTHAJIA C YaCTOTHOM MOIYJISIUEH

2. 3aKOH M3MEHEHHMsI YaCTOThl CUTHAJa Hapylaercs. BiausHue enu Ha XapakTep

do(wgt + @, cos )
U3MEHEHHS YacTOThl ONpeAeNsieTCs ciaaracMbIM , T.€. 3aBUCUT

dt
or ®UX nenu. CiaeacTBUEM 3TOrO SIBIISIETCA YMEHBLICHHUE TIOJIE3HOM J€BUAIIMU Yac-
TOTHI U 3ama3abiBaHue (pa3bl BEIXOJHOTO CUTHAJIA HA OIPEACIICHHBIN YToJl.

6.4. IIpoxoxaeHne aMIJINTYTHO-MOXYJIMPOBAHHOI0 CUTHAJIA
yepe3 U30MPaTeJbHYIO leNb

Onpenenum curdani, GOPMUPYEMBIF PE30HAHCHBIM YCUIIUTENEM, MPU TOCTYILIe-
HUM Ha ero Bxoa AM—curHaia ¢ ToHaIbHOM MOJYJISILIUEH.
YacToTHast XapaKTepUCTHUKA PE30HAHCHOTO YCUIIUTEIISI UMEET BU/T

K(jo)= Ko K(w)e/?(@)
1+ jAwt,,

raAc 7,, — IOCTOsAHHAA BPEMCHH KOHTYpa YCHUIIUTCIISL € YUICTOM BJIMSAHUA COIIPOTHUBIIC-

HUS HArpy3KH;

K(0) = ad al

W+ (Bor,)? |1+ (-0,
@(®) = —r —arctg(Awr ., ) — DUX ycunurens.

— AYX ycunurens;

AM-curHan ¢ TOHAJIBHOW MOIYJISIIUEN
s(t) =U,[1+mcos(Qyt +y)]cosmt .

[Tonaraem, 4To pe3oHaHCHAsl YaCTOTa KOHTYypa YCHJIMTENS paBHA 4acTOTE HECY-
IEr0 KOIeOaH!s CUTHAIIA, T.e. @, = @, (puc. 6.7, a).
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Puc. 6.7. AUX ycunurens u cnektp AM-curnana

[IpyMeHUM CHeKTpabHBIA METOJI ISl KOMIUIEKCHOM Orudaromniei.
Orubaromass AM-curnana siBiasieTcs nepruogudeckoil gpynkiueil. B xommiekc-
HOM BH/I€ €€ MOXHO IIPEJICTaBUTh CIEAYIOUIMM 00pa3oM:

A(t) =U,[1+mcos(Qyt +y)] = UH[l f %ef(ﬂof+7) + %e—j(ﬂotﬂ/)]

W3BecTHO, 4TO €CiiM Ha BXOJI€ Y3KOMOJOCHOM 1IeNH CUTHAN MEePUOJAUYECKH, TO
CHEKTp KOMIUIEKCHOW orubaroieil mepuoANYecKoro CUrHajiga Ha BbIXOJE JUHEHHON
LEeNu MOoJIydaeTcs MEePEeMHOKEHHEM CIEKTpa KOMIUIEKCHON ormOarouieil BXOIHOTO
CUTHAJIa HA 3HAYEHUS YaCTOTHOM XapaKTePUCTHUKM HU3KOYACTOTHOI'O aHayora LEenu
Ha COOTBETCTBYIOIIUX YaCTOTaX.

YacToTHYI0 XapaKTepUCTUKY HU3KOYACTOTHOI'O aHAJIOTA LM MOKHO TOJYUYHUTh,
BBEJIs1 HOBYIO MIEPEMCHHYI0 (2= —,,. Torza

K(jO)=—— = —K(@)e/* @),
1+ jQr7,,
puYeM K(Q)= Ko u e(Q)=-r—arctg(Qr,,).
1+ szazk

CrnenoBaTenbHO, pasioxkeHue B pal Dypbe KOMIUIEKCHON ormbaroliel curHaia
Ha BBIXOJIE YCHIIUTENSI OyIeT UMETh BUJ
A4, ()=-U,K,-U ﬁL[ej(QofW—@o) 4 o /(Qo+y=90)
6blX H0 H ’
2 1+Q3:2
0Tk
rae ¢, =—[p(Qy)+ ] =arctgQdyr,, — 3HadyeHne PYUYX HHU3KOYACTOTHOIO aHaIOra
Leny Ha yacToTe €2, 0e3 yueTa MOCTOSIHHOM (pa3bl 77 U ¢ 0OpaTHBIM 3HAKOM.
IIpn nmomydeHnu naHHOR (OPMYNBI YUUTBHIBAIOCH, YTO QYHKUUS arctg(QT )

ABJIAeTCs HeueTHOH pyHkiueii u uto e/” =e /7% = -1,



Jlaiee MO>KHO OIPEETNTh BBIXOJHONW aHATUTUYCCKUN CUTHAN M PCATbHBIN CHT-
Haj 1o ¢popmyam

. 'w t .
Zgpux () = Agix (t)e‘] 0 U Sgpx (D) = Re[zg, (1)] = gy () cCOS @1 -
B pCByJIBTaTe CHUTHAJI HA BBIXOAC pCBOHaHCHOFO YCHHHTCHH 6y,):[eT HNUMCTb BHU

mK

| 2.2
1+ QO TSK
OKOHYATEIBHO Imojry4acm

Seuix (1) =-U, K, [1 + Mgy COS(Qot +y — (po)]cos ol

Seoix () =-U,| Ky + cos(Q2pt +7 — @) |cOos @t .

m .
T Mg, = ————— — KO3((PUIUECHT aMIUIUTYJHO! MOAYJISALUM CUTHAJIA HA BbI-

1+Q272,
X0d€ YCI/IJII/ITCJIH.

HonyquHoe BBIpa)KCHI/Ie IJIA BBIXOAHOT'O CUTHAJIA ITO3BOJAECT CIACIATh CHCI[yIO-
1€ BBIBOAHbI.

1. Hecymass wactora m (opma Oru0Oaronieii aMmIumMTy HO-MOIYJIMPOBAHHOTO
CUTHaJa ¢ TOHAJIBHON MOAYNSAIMEH TPU MPOXOXKIACHUH Yepe3 PE30HAHCHBIN yCHUIIH-
TCJIb HC UBMCHAIOTCA.

2. FHY6HH3 MOI[YHH]_II/II/I BBIXOIHOT'O CUI'HAJIa yCI/IHI/ITCHH MCHBIIC, YCM FJIY6I/IH8,
MOIIYJIHI_II/II/I BXOJHOI'O CUI'HAaJia (peaJ'II/I?)OBaJIaCB qacTHU4YHasAa IICMOI[YHSIHI/ISI). KOG)(i)(l)I/I-

m 1
et D = —5%% — Ha3BIBAETCSA KOD(PPUIUEHTOM AEMOLYIISLUK. DTOT

mo 1+02:2,
K03()(pULIMEHT yMEHBIIIAETCS C POCTOM YaCTOTbI MOLYJISLIHH.
3. Orubaromas BEIXOAHOIO CHTHajJa OTCTAET IO (ase OT ormdaronieli BXOAHOTO
CUTHAja Ha yroill ¢, = arctgQt,, .

®u3nyecky MociaeaHue IBa BbIBOJA O0BICHIIOTCS HHEPLIMOHHOCTHIO YCUITUTENS,
CHIDKAIOLIEN CKOPOCTh U3MEHEHUS OTMOAroIIEl CUTHaJA.

[lomy4yeHHbIN pe3yapTaT noscHserca puc. 6.7,a. Ha sTom pucyHke mnokasas
cnektp BxoaHoro AM-konebanus u AUX ycunurens. C yBeIUYEHHEM YaCTOThl MO-
AyNUpYyHoIIEro curnana ), OOKoBbIE cocTaBisAoolue crekrpa AM-koneOaHus yna-

JSIIOTCSL OT HECYIEH YacTOThL. DTO MPUBOAMT K OTHOCHUTEILHOMY YMEHBIICHUIO HX
YCUJICHHSI, @ CJIEIOBATEIIbHO, U K YMEHBIICHUIO TIyOWHBI MOAyisiuu. Takum oOpa-
30M, Y€M BBIIIE YACTOTa MOIYJIUPYIOLIEr0 CUTHAaja, TEM CUJIbHEE BhIpaXKeHa JEeMOIY-
TSAUAL.

[Tpu oTcyTCcTBUM paBEHCTBA HECYIIEH 4acTOTHI BXOAHOTOo AM-KkonebaHus u pe-
30HAHCHOM YacTOThl KOHTYpa YCHJINTENSI OOKOBBIE COCTABIISIIOIINE €Tr0 CIEKTpa YCH-
JUBAIOTCS HEOJAMHAKOBO (puc.6.7,0). Bo3Hukaromas npu 3ToM acUMMETpHsi OOKOBBIX
COCTaBJISIIOIIMX MPUBOIUT K HEJIMHEHHBIM MCKaXCHHSIM OTHOAIONIeH W Mapa3suTHOU
($ha30BOM MOAYJIAIINNA, YTO MOSICHSACTCS BEKTOPHOM AuarpamMmoit (puc. 6.8).

E—

Ha nuarpamme Bektop OA COOTBETCTBYET HecylleMy KosieOaHUIO, BEKTOpbl AD wu
AC — GOKOBBIM COCTaBIISIOIIUM. AMIUTATY IbI OOKOBBIX COCTABIISIONIMX HE OJIMHAKO-



BbI: aMILUIUTyOad COCT&BJIHIOH.ICfI C 4acTOTOM @ +QO MCHBIIC aMINIUTyAbl COCTaB-

_—

JISFOLIEH ¢ yacToToit @ — Q. [Tosromy mmna cymmapsoro Bektopa OB u3mensiercst

II0 3aKOHY, HE COBMAJAIOLIEMY C 3aKOHOM MOJYJUPYIOIIETO FapMOHUYECKOIO KOJje-
6anus. Kpome Toro, HempepbIBHO U3MEHSETCs (paza 3TOr0 BEKTOpA.

Puc. 6.8. BCKTOpHaH auarpamMma, nmosACHsAomass BOSHUKHOBCHHC HapaSHTHOﬁ (1)3-

30BOH MOIYJIALMH IIPU @, # @

Takum oOpa3om, HETOUHAs HACTPOMKa PE30HAHCHBIX LENEN MPUEMHOIO TpakTa
Ha HECYIIYI0 YaCTOTY MOXKET MPUBECTU K HEIMHEHHBIM HCKAKEHUSIM Tepe/laBaeMbIX
COOOIICHH MPU UCTIOJIB30BAHUM AMIUIUTYIHON MOIYIISIIUY.

7. HEJINHEUHBIE PAIMOTEXHUYECKHUE IEITHA
N METOABI UX AHAJIN3A

7.1. CBoiicTBa M XapaKTEePUCTHKHU HEJUHEHHBIX Henei

[Ipu npoekTrpoBaHUM OONBIIMHCTBA PAAUOTEXHUYECKUX YCTPONCTB BO3HUKAET
HEO0OXOMMOCTh MPe0Opa30BaHUs CIIEKTpa Mojae3Horo curunana. K ux uyuciay oTHOCAT-
Csl YCTpPOMCTBA, KOTOpHIE pea3ylOT OCHOBHBIE MPOIECCH 00PabOTKH CUTHAJIOB B
CHUCTEMaXx CBSI3U M yIPaBJICHUS: TCHEPUPOBAHUS U YCUIICHUSI CUTHAJIOB, JIE€TEKTUPOBA-
HUS, MOAYJISLIUMA, TTpeoOpa3oBaHus YacTOTHI U JIp. MI3MeHeHue CeKTpaabHOTrO COCTa-
Ba CUT'HAJIA OCYLIECTBISETCA C IMIOMOIIBIO HEJIMHEUHBIX LIENIEW, OCHOBHBIM CBOMCTBOM
KOTOPBIX SIBIISIETCS CIIOCOOHOCTh obocawyamsb cnexkmp cuenana. Ilpu sTom nog 06o-
2aujeHuem TIOHUMAETCS HE YBEIWYCHHE KOJWYECTBA CIEKTPAJIbHBIX COCTABIAIOUINX,
a MOSIBJICHUE COCTABIISIONINX C HOBBIMU YaCTOTAMH.

B HenMHENHHBIX paIMOTEXHUYECKHX LEIMSIX MapaMeTpbl HEKOTOPBIX 3JIEMEHTOB
3aBUCST OT BXOJHBIX BO3JeUCTBUM. [10aTOMY ITpo1iecchl B TAKUX LEMSIX OMUCHIBAIOTCS
HEJTUHEWHBIMU TudPepeHIIaTbHBIMA YPaBHEHUSIMU. [IpUHIIUIT CYTIEPIIOZUIINH IS
HEJIMHEHHBIX LIeTIel HE TPUMEHUM, TaK KaK 3HAUYCHUS €€ MapaMeTPOB MPHU MOCTYILIE-
HUU curHana s(t) = Zsl- (t) ornuyaroTcs OT 3HAYEHUM MapamMeTPoOB MPHU BO3ICUCTBUU

1



Ka)XJI0M COCTABIIAIONIEN s;(f) B OTAEIBHOCTH. B criy 5TOro aHaian3 HEJTUHENHBIX 1ie-

neil B oOieM ciyyae sBIsSIeTCsl JOCTaTOYHO CIIOKHOM 3amaueit. B 1o sxe Bpems s
O€3bIHEePIIMOHHBIX HEJIMHEHHBIX IeTIeH MPOoIeaypy aHalln3a yaaeTcsl I0BECTH J0 KOH-
11a CPABHUTEJIBHO IPOCTHIM CIIOCOOOM.

CylecTBYIOT pE3UCTUBHBIE U PEAKTUBHBIC HEJIMHEWHBIE 3JIEMEHTHI, TAPAMETPHI
KOTOPBIX (KpyTH3HA, CONMPOTUBIICHUE, €MKOCTh, MHAYKTUBHOCTh) 3aBUCAT OT HaIpsi-
*KeHus U Toka. OCHOBHOM XapaKTePUCTUKON PE3UCTUBHOTO 3JIeMEeHTa (U0, TpaH3HU-
CTOp) SIBIISICTCS BOJIbT-aMIIEpHasi XapakTepucTtuka i(u)= S(u)u ; HEIMHEHHON eMKO-

CTH (BapHKall, KOHIEHCATOP C CETHETOAUDIIEKTPUKOM ) — BOJIBT-KYJIOHHAs XapaKTepH-
ctuka ¢q(u) = C(u)u; HENMHEHMHON WHIYKTHUBHOCTU (KaTymika ¢ (eppoMarHUTHBIM

CEepACYHUKOM) — amrmep-BeOepHass xapakrepuctuka O(i)= L(i)i. HenuneitHocTh

BOJIBT-KYJIOHHON U amIiep-BeOepHON XapaKTEPUCTUK MPHUBOJUT B KOHEUHOM CUETE K
HEJIMHEHHOCTU BOJIbT-aMIEPHBIX XapaKTEPUCTUK PEAKTUBHBIX HETMHEHHBIX 3JIEMEH-
TOB, uMeromux Bua [1,2,3]:

d“c(t )

o) = e S 1 C , iL<u)=il.)JuL<z)dz.

B paanoTeXHHUECKHX IETsIX HaI/I6OJIee 4acTO BCTPEUAIOTCSl PE3UCTUBHBIC HEJH-
HEHHBIC AeMEHTHL. J{1s1 HUX HauOONBIINNA UHTEPEC UMEIOT TaKUE MapaMeTPhl BOJIBT-
amniepHoi xapaktepuctuku (BAX), kak nuddepenimanbHas U CpeIHssS KPYTU3HA.

Hupgepenyuanvruas kpymusna — 310 xpyrusHa BAX B paboueii Touke Uy, on-

peacirieMas BhIpaKCHUCM

diu)

du u=U 0
XapakTepu3yeT JUHEHHBIN peKuM paboThl HEIMHEWMHOTO YCTPOICTBA (B pexKUME
cnabwix curHayioB). [Ipu paboTe Ha HETMHEWHOM ydacTKe 3aBUCHUT OT paccMaTpuBae-
MOr0 MOMEHTa BpeMeHHU. PU3NYECKUN CMBICII — TAHT€HC YIJla HAKJIOHA KacaTeJbHOM
kK BAX B 1aHHO#1 TOUKE.
NHuorna nofib3yroTcs noHsTHeM Iu(depeHInaIbHOTO COMPOTUBIECHUS, PABHOTO
00paTHO# BenmunHe 1H(pbepeHIHaIbHON KPYTHHEL, T.¢. Ry,p(Uy) = 1/S(U,).

SUy) =

Cpeonsas kpymusna — 310 KpyTuszHa BAX npu cHJIbBHOM TapMOHUYECKOM CUTHA-
ne. OnpeaensieTcs: BhIpaxCHUEM

1)
» =g

Tac ]1 — aMIUINTYyda HepBOﬁ FapMOHquCKOﬁ COCTaBJIHIOH_ICﬁ TOKa B PC3MCTHBHOM

S

AJIEMEHTE;
E — ammuintyna rapMOHMYECKOT0 KojieOaHusl Ha BXOJIE€ PE3UCTUBHOTO 3JIEMEHTA.
XapakTepu3yeT HEeJIMHEHWHBI peXuM paboThl YCTPOWCTBA B PEKUME CUIIBHBIX
CUTHAJIOB U yuuThiBaeT popmy BAX B mmpokux npeaenax.



7.2. Cnioco0bI annpoOKCUMALMHU XapaKTePUCTHK HeJTUHEHHBIX 3JIEMEHTOB

XapaKTEpUCTUKHA pEaJIbHBIX HEJIMHENHBIX 3JEMEHTOB, KOTOPBIE OMNPEAEIIAIOT
OOBIYHO C TIOMOUIBIO AKCIIEPUMEHTATBHBIX MCCIIEIOBAaHUN, UMEIOT CIOXKHBIA BUJ U
MPEICTABIAIOTCS B BUAE TaOuuil Win rpadukoB. B To e Bpems s aHanusa U pac-
yeTa 1erneil HeoO0X0JMMO aHAIUTUYECKOE MPE/ICTABIICHUE XapaKTEPUCTHK, T.€. Mpe-
CTaBJICHHE B BHJIE€ JIOCTATOYHO MpOCThIX (GyHKuui. [Ipoliecc cocraBneHus aHaaIuTH-
YECKOTO BBIPAXKEHUS MJII XapaKTEPUCTHUK, MPECTaBICHHBIX I'pauueckud WU Taod-
JIMYHO, Ha3bIBACTCS annpoxcumayuetl.

[Ipu annpokcuManuy penIaroTcs Ciaeayouue IpooIeMbl:

1. Onpenenenuie 001acTH anmpOKCUMAIIMK, KOTOpasl 3aBUCUT OT JHarna3zoHa W3-
MEHEHUS BXOJIHBIX CUTHAJIOB.

2. OnpeneneHue TOYHOCTH annpokcumauud. [IoHATHO, YTO anmpokcumanus aa-
€T NpUOIU3UTENHLHOE TIPEICTABIICHNE XapaKTEPUCTUKH B BUJI€ KAKOT0-1M00 aHaIUTH-
4ecKOro BbIpakeHus. [loaToMy HEOOXOMMO KOJIMYECTBEHHO OLEHUTh CTENEHb MpH-
OJIKEHUsT anpOKCUMUpYIoUIed (PYHKIMH K 3KCIEPUMEHTAIBHO OIpe/IesIeHHON Xa-
pakTtepucTuke. Yaiie BCEro HCoJIb3yHOTC:

MOKa3arellb PaBHOMEPHOTO MNPUOIIKEHHUS — andpOKCUMHpYOMIas (QyHKIMS

7(t) HE JIOJDKHA OTJIMYaThCs OT 3ajJaHHOU (PyHKIuu f(¢) Oojiee ueM Ha HEKOTOpPOE
YHCIIO €, T.€.
Fo=f@)<e;
MOKa3aTeNlb CPEIHEro KBaapaTUYECKOTO MPHUOIMKEHUS — allpOKCHMHPYIOIIAs
byHKIMSA 7(t) HE JI0JDKHA OTJIMYAThCS OT 3a7aHHON PyHKIMU f(f) B CpeaHEM KBaJl-
paTHYEeCKOM MPUOIMKCHUH 00JIee YeM Ha HEKOTOPOE YUCTIO €, T.€.

At
Ait (J) (7o) - rFar <e:

y3JI0BOE MPHONKeHHE (MHTECPIIOJSIIIMOHHOE) — alMPOKCUMHUPYIOIIast (PyHKITHSI
7(t) JI0JDKHA COBIAATh C 3a7aHHON PyHKIMen f(f) B HEKOTOPHIX BHIOPAHHBIX TOY-
Kax.

CyIecTBYIOT pa3lIndHbIe CIOCOOBI anmpokcumarui. Hambonee wacrto mist arm-
npokcumaImu BAX npUMEHSIOT anmpOKCHUMAIIMIO CTETICHHBIM TTOJIMHOMOM U KyCOdY-
HO-THHEWHYIO alpOKCUMAITUIO, PEKE — alpPOKCUMAIUIO C HUCIOJIb30BaHUEM TOKa-
3aTeJIBHBIX, TPUTOHOMETPUUICCKUX WIH CcrielralbHbIX QyHknmid (beccens, Dpmura u

ap.).
7.2.1. Annpoxcumayusi cmeneHHvIM NOIUHOMOM

Henunelinyto BOIbT-aMIEPHYIO XapaKTEPUCTUKY B OKPECTHOCTH padoueil TOUKU
U, npencraBisioT KOHEUHBIM YUCIIOM cllaraeMbIxX psaa Teinopa:



i(u)=a, +a1(u—U0)+a2(u—U0)2 +ota,w-Uy)".

KonudecTBo 4iieHOB psifa ompenensercs TpeOyeMol TOYHOCTBIO allpOKCUMa-
nuu. YeM GoJiblile 4IEHOB psifa, TeM TO4Hee annpokcumanus. Ha npaxkrtuke Heo6xo-
AUMON TOYHOCTU AOOMBAIOTCA, UCIIOJB3Ys ANINPOKCUMALUIO IOJIMHOMAaMH BTOPOH U
TpeTbelt crenenu. Koaddunuents! a, a;,a,,...,a, — 3T0 4UCIa, KOTOPbIE 10CTATOU-

HO MPOCTO onpenenstorcs u3 rpadpuxka BAX, 4To ninocTpupyercs IpuMepOoM.
Ilpumep.
AnnpoKcUMHUpOBaTh MpeacTaBieHHy0 Ha puc. 7.1,a BAX i = f(u) B okpecTHO-
ctu padoueit Touku U = 0,4 B cTeneHHbIM IOJIMHOMOM BTOPOM CTENEHH, T.€. MOJIU-

HOMOM BHJa
i=ay+a(u—-04)+a,(u —-0,4)*.

Bri6epem obnacte annpokcumanuu Au ot 0,2 B 10 0,6 B. Jlns pemenus 3ana-
41 HeOOXOAMMO ONPEAEIUTh TPU KOdPPULUEHTA a,dy,d,. [lo3ToMy orpanuunmMcs

TPCM Y3JIOBBIMU TOUYKAMHU (B CCPpCANHC N HA I'PaHHUIIAX BBI6paHHOFO I[I/IaHaBOHa), JIIA
KOTOPBIX COCTABJIIEM CUCTCMY TPECX ypaBHeHHﬁI

0,07 = ay +a;(0,2 - 0,4) + a, (0,2~ 0,4)°;
0,25 = ay +a,(0,4—0,4) + a, (0,4 — 0,4)%;
0,53 = ay +a,(0,6 = 0,4) +a, (0,6 —0,4)*.

i, i

2

06 N I

1% T

£}
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0,1

it b - =

0

' 0
0z 04 06 u,B i Uz

Puc. 7.1. Annpokcumanus BAX tpan3ucropa:
a — CTEMEHHBIM TIOJIMHOMOM; O — TpeMsl OTpe3KaMM MPSIMbIX

Pemas cucremy ypaBHenu#, onpenenseMm a, = 0,25 mA, a; =11 SMA/B ,

a, =125 MA/ B?. CnenoBaTenbHO, AHATHTHYECKOE BBHIPAKEHHE, OINMCHIBAIOIICE
rpa¢puk BAX, umeer Bun
i =025+115u—-0,4)+1,25u —0,4)".
3aMeTuM, YTO alIpOKCUMAIUs CTEIIEHHBIM IOJIMHOMOM HCIOJIB3YETCS B OCHOB-
HOM I ONMCAHUs OTIENIBbHBIX (PparMeHTOB XapaKTepUCTUK. IIpy 3HAUUTENBHBIX OT-
KJIOHEHUSAX BXOJIHOTO CUTHajla OT paboueill TOYKM TOYHOCTh AlIpPOKCUMAIMM MOXKET
3HAYUTEIBHO yXY/IIUTHCS.



Eciu BAX 3agana He rpaduyecku, a Kako-mubo aHaauTHUeCKod GyHKUMEH U
BO3HUKJIa HEOOXOJUMOCTh MPEACTABUTh €€ CTENEHHBIM MOJUHOMOM, TO KO3 duiu-
€HTBI @,, BBIYMCIAIOTCS 110 U3BecTHOU (opmyie [1,10]:

1| d"i(u)
]

n.
| du u=U,
[ di(u) .

HeTp}/IIHO 3aMC€TUTb, 4YTO da; = 7 npeaACTaBIACT co00ii KPYTHU3HY
u

- u:UO

BAX B paboueii Touke. 3HaUCHHE KPYTHU3HBI CYIIICCTBEHHO 3aBHCHUT OT IOJIOXKCHHSI
paboueil TOUKH.

B HekoTophIX ciyyasx ynoOHee XapaKTepUCTHKY MPEACTaBiATh psSaoM Makio-
peHa

i) = ay +au+au’ +..+au”.

7.2.2. KycouHo-nunetinas annpokcumayus

Ecnu BXoaHOM cUTHAT M3MEHSETCS M0 BEJIMYMHE B OOJBIINX mpeaenax, To BAX
MO’KHO aIMpOKCUMHUPOBAThH JIOMAHOHN JIMHUEH, COCTOSAIIECH U3 HECKOJBKUX OTPE3KOB
npsmbix. Ha puc. 7.1,6 nokazana BAX TpaH3ucTopa, anmpoKCUMHUpPOBAHHAsT TPEeMs
OTpE3KaMU MPSIMBIX.

Marematudeckas popmysa anmnpokcumMupoanHoit BAX

0 mpu u<u, ,
i=48(w—uy) npu wu  <u<u, ,
i TIpH u>u,

JIaHHBIM BUJ alPOKCUMAIIMU CBSI3aH C JABYMS BaXXHBIMHM MapaMeTpaMmu HEJu-
HEHHOTO 3JIEMEHTA: HAOPSHKEHWEM Hayalla XapaKTepUCTUKU U; U €€ KpyTH3HOU S .

JlJist yBeNTMYeHUs! TOYHOCTH aIlMPOKCUMALIMN YBEJIMYHUBAIOT KOJIMYECTBO OTPE3KOB JIU-
Hui. OgHAKO 3TO YCIOXKHIET MareMaTudeckyio popmyny BAX.

7.3. MeToanl aHAJIN3a HEJIHHEHHBIX Lenen

Hcrnons3yroTest Clieayroue METOIbl aHan3a HETMHEHHBIX LeTei:

1. Ananumuueckue. 1103BOJISIIOT B KaXXJOM KOHKPETHOM Cllydae MOJIYYUTh Ya-
cTHBIC pemieHus. K uncny aHaTUTHYeCKUX METO0B OTHOCATCS:

a) cnexmpanvrolil. Viconb3yercst 1Jisl aHaIM3a HETMHEWHBIX 1eTed IpU rapMo-
HUYECKUX WU TTOJTUTaPMOHUYECKUX BO3JEHCTBUSIX;

0) runeapuzayuu. [IpuMeHsIETCSA B peKUME MaJIbIX CUTHAJIOB,;

B) keazununelnsil. OnpeaensieTcss COOTHOIIICHUE MEXy BXOJHBIM CUTHAJIOM H
MepBOM rapMOHUKOW TOKa. OCHOBHOW XapaKTEPUCTHUKON MPU ATOM SIBIISETCS Scp -



CpCaHAA KPYyTHU3HA. Ananus eI OCYIICCTBIIACTCA JIMHECHMHBIMU MCTOOdaMHU, HEJIMHCH-
HOCTb YUUTHIBACTCA 3dBUCUMOCTBIO S cp OT aMIUTMUTY bl BXOJHOTO CUT'HAJIA,

T') MeoneHHO-MeHArwuxcs amniumyo. [lpeanonaraercs, 4To aMIUIUTYAa BBICO-
KOYaCTOTHOTO MOJYJIMPOBAHHOTO KOJCOAHMS HM3MEHSCTCS B TCUCHHE €r0o Iepuoaa
MEJICHHO.

2. I'pagpuueckuii. Ilo umeromumMces rpapukam s, (f) U BOIbT-aMIIEPHON Xapak-
TEPUCTUKE ONpenensercs rpaguk S, (). Meton obnagaer onpeaeaeHHON Harsa-

HOCTbBIO, HO HU3KOH TOYHOCTHIO.
3. Yucnennwie METOIbI, pEIIONATAIONIUE TPUMEHEHHE IUPPOBBIX DBM.
Haubonee yacTo ucnosb3yercs CrieKTpagbHbId METO/.

7.4. O0Ou1ee penieHue 3a1a4M AHAJIU3A HEJIMHEHHON Henu

PaccMmoTpuM mponecchbl, Tpoucxoasiume B 0e36IHEPIIMOHHOM HEJTUHEHHOM YCT-
pOIiCTBE, XapaKTepUCTUKa KOTOPOTo MpejcTaBieHa Ha puc. 7.2. Ha Bxoa yctpoiicTBa
MOCTYNAeT TAPMOHUYECKUIN CUTHAIT

u(t) = Ecosagyt .

BcenencTBue HenmMHEHHOCTH XapaKTepUCTUKU [ = f(u) ¢dopMa TOKa B LIETIH OT-
au4aercss oT GOopMbl BXOJHOTO curHajia. B To ke BpeMs (yHKIHMS, OMHCHIBAIOIIAS
TOK, SIBJIIETCS MEPUOANYECKON U YETHOM. ITO 3HAUYMT, YTO CIEKTP TOKA MOXKHO OIpe-
JENUTD C OMOIIBIO psana Pypre BUIa

o0
i(ty=1Iy+ > 1, coskmyt,
k=1

| 72 T/2
rne  Iy=— [i(t)dt=="|f(Ecosmyt)dt;
T _7p T 7
T/2 T/2

I, = 2 ji(t) coskwtdt = 2 Jf(E Cost)cos kwgtdt .
T 7 ("



Puc. 7.2. Henuneitnoe npeoOpa3oBaHue TapMOHUYECKOTO CUTHAJIA

Honyquo O6H_ICC PEIICHUC 3aJa4r O CIICKTPEC TOKa B 663BIHCpHI/IOHHOﬁ HCJIN-
HEMHOMN Ienu IIpu rapMOHUYCCKOM BXOIHOM BO3JICHCTBHU. CHCKTp TOKa COACPIKUT
KpoM¢E MOCTOSIHHOM COCTaBJISIONICH OECKOHEUYHOE YHCIIO rapMOHHK C aMIUIUTydaMH
]k 1 9aCTOTaMHu ka)o . AMHJII/ITyIIBI rapMOHHK 3aBUCAT OT IIapaMCTPOB CHUI'HAJIa U BU-

7la XapaKTEepUCTUKH [ = f(u).

7.5. OnpeneneHue cieKTpa TOKA B HeJIMHEWHOM €U NP CTENEHHOM
ANMPOKCMMALNH XaPAKTEPUCTHKHU

7.5.1. ['apmonuueckuii cuenan Ha 8xooe

[Ipennonoxum, 4To paboUMil y4acTOK XapakKTEPUCTUKH HEJIMHEWHOTO JIeMeHTa
OIHMCBHIBACTCS MTOJIMHOMOM

i(wy=ayg+a(u-Uy)+a,(u —UO)2 +o.ta,(u-Uy".

Ha Bxox mocTynaer rapmoHuueckuil curnai s(¢) = E cos(wyt +¢). Torna c yue-

TOM HaIpsOKCHHUS pabouell TOUKHM BXOJHOE BO3/ICHCTBHE HA AJICMEHT PaBHO
u(t)=U, + Ecos(@yt +¢).
[ToncTaBuB TaHHOE BBIpaKEHHE B (POPMYITYy CTEIIEHHOTO TTOJIMHOMA, TOJTydaeM
i) = ay + a,E cos(wyt + @) + ayE* cos* (ot + @) + ...+ a, E" cos™ (wyt + @) .

Bocmonb3yeMcst i3BeCTHBIMH (POPMYIIAMH JIJISI CTETICHEH TPUTOHOMETPHUYECCKUX

byHKIMI

1 1
cos® a = 5(1 + cos2a); cos’ o = Z(3 cosa + cos3a);

1 1
cos* & =§(3 +4cos2a +cosda); cos’a = E(lOcosa +5cos3a +cosdSa).



B pesynbrare nomyuyaercs oO1ee BeIpakeHUE ISl TOKa B HEIMHEHHOM 11enu

1
i(f) = (a, +5azE2 +§a4E4 +..) +(alE+§a3E3 +§a5E5 +..)cos(@yt + @)+

1 1 1
+(5a2E2 +§a4E4 +...)c0s2(a)01‘+q0)+(Za3E3 +li6aSE5 +..)cos3(wpt + @) +...=

=1y + 1, cos(@yt + @)+ 1, cos2(wyt + @)+ 15 cos3(@wyt + @) +....
AHanu3 JaHHOTO BBIPAXKCHUS TIO3BOJISICT ClICTATh CJICTYIOIINE BBIBOIBI:
1. CiekTp TOKa COAEPKHUT TapMOHHYECKHE COCTaBistoniue ¢ vactotamu O,
@y, 204, 30,...,n®, 1 HadYaIpHbIMU (azamu @, 2¢, 3¢,...,n@, T.€ C HaCTOTa-

MU U HaYaJIbHBIMU (pa3amMu, KpaTHBIMU YacTOTE M HaYaJIbHOU (paze BO3EHCTBUS.

2. Homep rapMOHMKH B CIIEKTPE TOKa HE MOXET OBbITh BBHIIIE CTEICHH allpOK-
CUMHMPYEMOTO MOJUHOMA.

3. AMIUTATYIbI TAPMOHMYECKHUX COCTABIISIONIMX CIEKTPA 3aBUCAT OT aMILIATYbI
BXOJITHOTO CHUTHaja U K03 UIMEHTOB cTeneHHoro nojguHoma. [locTosHHas cocTas-
nsirornias (HyJieBasi TapMOHMKA) U aMIUTUTY/bl YETHBIX TaPMOHUK OMPENEISIIOTCS KO-
s PuieHTaMu MoJMHOMA C YETHBIMM HOMEpPAaMH, a aMIUIUTYAbl HEYETHBIX T'apMO-
HUK — KO3 (HUIIMEHTAMHU TTOJIMHOMA C HEUYETHBIMU HOMEpPaMH.

[TonydyeHHOE BBIpAXKEHUE COXPAHUT CBOIO CTPYKTYPY IPHU MOCTYIUICHUU HA BXO/T
HEJIMHEWHOI0 3JIEMEHTAa aMIUIUTYIHO-MOAYJIUPOBAHHOIO CUTHAJa WM CUTHAJIA C yT-
noBoit moayssinueit. B dopmyne Oyayt urypupoBath He IOCTOSHHBIC 3HAaUeHU E U
@, a byakuu E(¢) u ¢(t). O0mas cTpyKTypa criekTpa usMeHurcs. B To jxe BpeMs

HavyajabHas (a3za MmepBOM rapMOHUKH COXPAHSIET 3aKOH MOIYJSIIIUU (ha3bl BXOJHOTO
CUTHAJI, a €CJIM XapaKTEePUCTHKA HEJTMHEHHOTO 3JIEMEHTA MOXKET OBITh C IOCTATOYHOU
TOYHOCTBIO aIlPOKCUMUPOBAHA MOJUMHOMOM BTOPOW CTEIEHU, TO IEpBas rapMOHHUKA
CIIEKTpa COXPaHUT TaKxke U (GOPMY BXOJHOTO aMIUIUTYIHO-MOIYJIMPOBAHHOTO CUTHA-
Ja.

[Tonmp3ysich MOJNIYyYEHHBIMHU PE3YJIbTATAMU U CTPYKTYPHOM CXEMOW HEIIMHEWHOTO
yCTPOMCTBA, MOKHO HPEASIOKUTH OOLIYIO MICI0 MOCTPOCHUSI HEKOTOPBIX PaguoTeX-
HUYECKUX YCTpPoMCTB. Tak, eciu GUIbTpP HEIUHEWHOIO YCTPOUCTBA C KBaAPATHUYHOU
XapaKTEPUCTUKON HACTPOUTh HA YACTOTY MEPBOM rapMOHUKU TOKa (HA YaCTOTY BXO/I-
HOTO CHUTHaJIa), TO MOJYYUTCS CXeMa YCHINUTENs MOUTHOCTU. Eciu uibTp HenuHewn-
HOIO YCTPOMCTBA HACTPOUTH HA YAaCTOTYy BTOPOM TapMOHUKH TOKA, TO MOJIYYHUTCA
cXema yIBOUTENIs 4acTOThl curHaia. Ecinu B kauecTBe puiibTpa UCIOIB30BaTh QUIBTP
HU3KUX yactoT ¢ AUX, oOecrneunBaroieil moaaBieHue BCEX rapMOHUK, KpoMe HyJie-
BOW, TO IOJIYYUTCS CXeMa KBaJPaTUYHOIO IETEKTOPA.

7.5.2. Bueapmonuueckuii cuenan na 6xooe
CBOMCTBO HETMHEWHOM IIENU 00O0TaIaTh CIIEKTP CUTHAIA XOPOIIIO MPOSBISETCS,

CCJIM CUTHAJI TPCACTABIIACT coOoM CYMMY HCKOTOPOI'o 4HuCJiIa TAPMOHHUYICCKUX KOJIC-
OaHui ¢ Pas3JIMIHbBIMA 9aCTOTaMHU.



HpeIIHOJIO)KI/IM, qTo pa60q1/1ﬁ YUAaCTOK XapaKTCPHUCTHKH HEJIMHEMHOI'O DJICMEHTA
OITKUCBIBACTCA ITOJIMHOMOM BTOpOﬁ CTCIICHH

iw)y=ag+a(u-Uy)+a,(u —UO)2 :
Ha Bxon moctynaer GurapMoHHYecKuid cCUrHai, ¢popmyina KOTOPOTO COBMECTHO C
HanpspKeHUEeM pabodell TOUKH UMEET BUJ
u(t)=Uy+ E,coswt+ E, cosw,t.
[ToncraBuB gaHHOE BhIpakeHUE B (POPMYITy CTETIEHHOTO MOJIMHOMA, MOJydaeM
i(u)=ay+a,(E coswt+ E, cosm,t)+a,(E, cosw,t + E, cos ce)zt)2 .
Beinonnum sxaeMeHTapHbie peoOpa3oBaHus:
i(u)=ay+aE,coswt+a E, cosw,t+ azEl2 cos? Wt + c12E22 cos’ W5t +
+2a,EE, cos®tcos m,t;

1 1 1
l(u) = (ao +ECZ2E12 +ECZ2E22) + alEl COSCz)ll‘ + a1E2 COSCz)zl‘ +§a2E12 COS20)11‘ +

1
+ EazEzz cos 2wyt + a, E|E, cos(wy + 0, )t +a, ELE, cos(w; —m, )t .

M3 10JIy4eHHOr0 BBIPAKEHUS BUIHO, YTO B CIIEKTPE TOKA HEJIMHEWHOIO dJIEMEH-
Ta KPOME IOCTOSTHHON COCTABIIAIONIEH (cllaraeMoe B CKOOKax) M TapMOHHUK C 4acTo-
TaMH, KpaTHBIMH 4YacCTOTaM BXOJHOT'O BO3AECHCTBUSA, UMEIOTCA FAPMOHUKU ¢ KOMOU-
HAllMOHHBIMH YaCTOTAMH 0 + 0, H O] — O .

Takum 06pa3om, ¢ TOMOUIBIO HEIMHEHHOT'O 3JIEMEHTA C TAaKOH XapaKTepUCTUKOM
MO>XHO TOCTPOUTH CXEMy IpeoOpa3zoBatTeis 4acToThl. JlJisi 3TOro 1OCTaTOYHO HC-
M0JIb30BaTh B COCTaBE€ HEIMHEHWHOTO YCTPOMCTBA BBICOKOJOOPOTHBIN IOJIOCOBOM
(WIBTpP, HACTPOEHHBIN Ha 4acTOTy ®; + @, (WK HA 4acToTy @, — @, ). Ha Bxox ycr-
poiicTBa MO/1aeTCsa rapMOHMYECKHM CUTHAJI, YacTOTa (; KOTOPOTO JOJIKHA OBITh Ipe-

06pa3OBaHa, Y BCIIOMOT'aTEJIbHbBINA CUTHAJI C YaCTOTOMU (0% (CI/II‘HaJI FCTCpOI[I/IHa).

7.6. OnpeneneHue CeKTPa TOKA B HeJIMHEHHOM Henu
NMpU KyCOYHO-JINHEHHOH annpoOKCUMALNMU XapPaAKTEePUCTHKH

[Tpu Bo3eHCTBUM HAa HEJTMHEHHBIN SJIEMEHT CUTHaIa ¢ OOJIBIIION aMIUTUTYA0U U
BBIOOpE paboueil TOUYKU HAa HMKHEM HM3THOe BOJIbT-aMIIEPHOU XapaKTEPUCTUKH IIeJie-
COO0Opa3HO MPUMEHHUTHh METOJI KYCOUHO-TUHEHHON anMpOKCUMAIIUU TaHHOU XapaKTe-
puctuku (puc. 7.3). AHanuTuueckoe BeipakeHne BAX mnpu 3ToM uMeeT BUA

0 mpu u<U, ,
Sw-U,) npu u=U,

Hanpsoxkenune U, (cM. puc. 7.3) — 310 HanpsbkeHue paboueit Touku, U, — Ha-

MPsKECHUC OTCCUKMU.



[TycTh Ha BXOJ paccMaTpUBaeMOI'0 AJIEMEHTA MOCTYIAeT TapMOHHYCCKHIH CHT-
Hal s(¢) = Ecosmyt. Torna ¢ yderom HamnpshKeHUs paOodel TOUKH BXOIHOE BO3JIEH-

CTBUE HA 3JIEMEHT PABHO
u(t)=Uy,+ Ecosmyt.
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Puc. 7.3. HpI/IHI_II/IH dhopMupOBaHUs TOKA B HEJTMHEHHOM 11ETIH
MpY KyCOYHO-JIMHEWHOM anmnpokcumanuu BAX

Kak BunHo u3 puc. 7.3, Tok i(#) HEIMHEHHOIO 3J1€MEHTA UMEET BUJ NEPUOIUYE-

CKOHM MOCJIe0BATEIbHOCTH MMITYJIbCOB, ONMHUCHIBAEMbIX YeTHOM (yHkImeil. Omnpene-
JIUM aMIUIUTY1bl TADMOHUYECKUX COCTABIISIIOLIMX CIIEKTpa 3TOro Toka. [[ns atoro He-
00XOJIMMO OIpeeNIUTh MaTeMaTHYECKOE BBIPAKEHUE ISl UMITYJIbCOB ToKa i(f)

BOCIIOJIB30BAThCS PAa3I0KEHUEM TOKa B psan Dypobe.

1. Yrom 0, COOTBETCTBYIOIIMA U3MEHCHHIO TOKAa OT MaKCHMAaJIBHOTO 3HAYCHHSI
10 HYJIsl, Ha3bIBaeTcs yenom omceuku. VI3 puc. 7.3 BUIHO, YTO MAKCUMAJIBHOE 3HAUe-
HHE TOKa i(¢) paBHO [, , a AIUTENIBHOCTb UMITYJILCOB TOKa — 26 . OueBHIHO, YTO NPH

dazosom ‘yrie O  BxomHoe Bo3meiictBue pasHo U, =U,+ Ecosf. Toraa
u-u
cosf =10
2. [oab3ysack aHATUTHYECKUM BhIpakeHreM st BAX, MOXHO 3anucaTh
i(t)=SUy+Ecoswyt—-U,;) mpu —0<wt<0.
[IpeoGpa3yem naHHOE BBIpAKEHUE CIEAYIOIIUM 00pa3oM:

U -U
i(t)=SE cosa)ot—% = SE(coswyt—cosO) npu —0 <wt <0. (7.1)

3. OmpenenuMm 3HaYeHHE aMIUIMTYIbl TOKa i(f), T.e. 3HadeHue [,, . Jlisg sToro

BOCIIOJIb3yeMcs puc. 7.3.

U, -U,

I, =S[E-(U,-Uy)]=SE|1l = SE(1-cosb).



4. IloncraBus B (7.1) 3HaueHue SE, TOTy4YUM MaTeMaTHUYE€CKOE BBIPAXKEHUE IS
MMITYJIbCOB TOKa

1
i(t)=—"—(coswyt —cos®) npu —0<wt<0.
—cosf

5. Psag ®dypwe mu1s Toka i(f) UMEeT BUJ

i(t) =1y + D 1 cos(kmyt).

k=1
KOC)(I)(I)I/II_II/ICHTBI paaa, T.€. aMIUIUTyAbl TApPMOHHUYCCKHUX COCTABJIAOIINX, PABHBI
T/2 ) T/2
=— j i(t)dt: I, = = [i(1)cos(kat)dt.
—T/2 -T/2

HepeHI/IH_ICM HAaHHBbIC BBIPAKCHU, BBIIIOJIHUB 3aMCHY HepeMeHHOﬁ t = Cl)otl
1 % 1%

Iy =— ji(a)ot)d(a)ot); I, =— ji(wot) cos(kwyt)d(wyt).
21 el T,

[Tonb3ysCh MOTYYEHHBIMU BBIPAKEHUAMU, ONPEICIVM AMIUIUTY/IbI HYJIEBOU U
MIEpBOM TapPMOHUYECKUX COCTABISIOIINX CIIEKTPA TOKA.
AMHJII/ITy}Ia HyJIeBoﬁ rapMOHUKH

Iy=— j i(wyt)d(w,t) = ;I_I—mse[cos(woz)—cose]d(woz) =
0
—ﬂ(llm Icos(a)ot)d(a)ot) cos@fd(a)ot)

(sinf —6@cos0).
7r(1 cos@)

OxoHYaTeILHO MoJIy4yum

_ . sin@—0cos0
0 n(1-cos@)
AMHJII/ITyILa TIEPBOM TaPMOHHUKHU
0
I
I, =— j i(wyt) cos(wyt)d(wyt) = 2 . m [cos(a)oz‘) —cosf]cos(wyt)d(wyt) =
A _
21, o

m jcos (wot)d(wyt) — cos@jcos(a)ot)d(a)of)

X sin2x
VYuuTteiBas, 4To j cos? xdx = 5 +

, HOJIydacM

0 _ '
fcosz(a)oz‘)d(a)of) = Q+ sin26 _ LM;
0 2 4 2 7




0
cos@jcos(a)oz‘)d(a)ot) =sin @ cosO.

0
21 ' :
Torna I = o (g+ sinf cosf _ sin @ cos 9).
n(l—cosf)\ 2 2
OKOHYATEJIBHO MOTyJYaeM
0 —sinf cosb
Il == m .
(1—cos0)

AHaJOTMYHO MOKHO HOJIYYHTh aMIUIUTYZAbl OCTAIbHBIX TAPMOHUYECKUX COCTAB-
JSIOIIUX CIIEKTPa TOKA HEJIMHEWHOIO 3JIEMEHTA. XapaKTepHO, 4TO Npu k >1 MOXKHO
3anucarh 0011ee BhIpaKeHUE IJIsi aMILTUTYIbl & - TApMOHUKH:

2(sin kO cos @ — k cos kO sin 0)
> :
krn(k® —1)(1—-cos@)
Kak BHIHO W3 TOMYYCHHBIX BBIPQKCHUH, aMIUTUTYAbl TAPMOHUK CIIEKTpa TOKa
3aBUCAT OT YIJ1a OTceuku 6 M MaKCUMallbHOM BEIMYMHBI UMITYJIBCOB TOKA /), .

]k :]m

BeanunHbl
I sin@ —0 cosO
l,, mw(—-cosB)
1 0 —sinf cosf
a;(0)= L=

1, m(l=cos@)”’
I 2(sinkB@cosO —kcoskOsin0)
Ly k(2 —1)(1—cos6)
Ha3bIBAIOT KO3 punmentamu bepra.

Koa¢ppunuents! bepra o () onpenenstor 3aBUCUMOCTb aMIUIUTYABI k -ii rap-

o (0) = (7.2)

MOHHKH TOKa OT yrijia OTCEYKHU IIPU 1 m = const, MpUYICeM yIroJj OTCCHKHN U3MCHACTCS 3a
CUCT UBMCHCHUA aMIUINTYIbl BXOJHOT'O CUT'HAJIA En CMCIICHUA UO .

Iy 1
“k 2K (1-cosB), xoropsie

[Tone3yrorcs Taxxke QyHkuusmu bepra y; (6) =
SE 1,

OTIPEIeNISIIOT 3aBUCUMOCTh aMIUIUTY/bl Kk - TAPMOHUKU TOKAa OT YIJila OTCEYKU MpHU
E = const, Tpu4eM yroji OTCEYKU U3MEHSIETCS 32 CYET U3MEHEHUS CMEILCHHUS.
Kosddunuentsr n Gynkuuu bepra cBsizanbl Mexay coOol cremyromum oOpa-
30M:
74(0) = (0)(1 - cos0).
Ha puc. 7.4 npusenens! rpapuxu oy (0) nna k=0,1,2,3,4 un y,(0) nnd
k=0,1,2,3.
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Puc.7.4. I'paduxu korpdunrentos u pynkumii bepra

Bun rpadgukoB puc.7.4 moka3bIBaeT, 4To sl K&KI0W TAPMOHUKH TOKA CYIIECT-
BYeT YrojJ OTCEUYKH, MPU KOTOPOM aMIUIUTYyAa €€ UMEET MaKCHMallbHOE 3HAYeHHUE.
Oror yron ant kodddunuentoB bepra oy (0) ompenensercs BbIpaXEHUEM

120" 180°
= , a uid pyHkuuit ¥4 (60) — BeIpakeHUEM 0oy = — Br160p onHOTO M3

9006

9THUX YIJIOB OIPCACIIACTCA HAYAJIbHBIMHU YCIIOBUSAMMU. Ecin 3a1aHO MaKCHMaJIbHOC
3HAYCHUC UMITYJIBCOB TOKaA ]m , 4 IBMCHCHHUC yIJa OTCCUYKH OCYIICCTBIIACTCSA HAIIps-

KEHUEM CMEIIEHUS U aMIUIUTYJAOW BXOJHOTO CHUTHAJIa, TO CJIEAYET HCIO0JIb30BaTh
0o, - Ecnu 3amaHa aMmiamuTyna BXOAHOTO CUrHana £, a U3MEHEHHE YIila OTCEYKH

OCYHICCTBIIACTCA HAIIPAXKCHUEM CMCIICHNA, TO CICAYCT UCIIOJIb30BATh 00}/ .

[TosmydyeHHbIE pe3ynbTaThl MPUMEHSAIOTCS MPU BBIOOpE pexuma paboThl HENu-
HEHHOI0 3JIEMEHTa B MPOLECCE IOCTPOCHUS YCUIIUTENIEH MOIIHOCTH, YMHOXUTEIEH
YaCTOTHI U HEKOTOPBIX APYIUX YCTPOUCTB.

8. HEJINHEHHBIE IIPEOBPA3OBAHUS CUTHAJIOB
8.1. HesimHeiiHOe pe30HAHCHOE YCHJICHHE CHTHAJIOB

Yeunurens — 3T0 yCTPOUCTBO, IpeoOpa3yrollee SHEPIUI0 UCTOYHUKA IIUTAHUS B
SHEPIrUI0 CUTHANA. YIIpaBleHHE NPeoOpa3’oBaHUEM OCYLIECTBISETCS BXOJHBIM CHI-
HalloM s, (¢) ycunutens. Ilpu sTom Ha BeIxome ycunurens (GOpMHpYeTCs CUTHAN
Sgux (I —T) = K, (1), noBTOpsitoMiA (OpMy BXOJHOTO CUTHaNA, HO OOJIBIIMK 110
BesimuuHe (K >1) u ¢ 3ana3apiBaHUeM BO BpeMeHU 1pu 7 > 0.

IIpouecc mpeoOpa3oBaHUsl Peanu3yeTcsl aKTUBHBIMH YCUJIMTEJIBHBIMU 3JI€MEH-
TaMH, B Ka4eCTBE KOTOPBIX Yallle BCETO UCIOJB3YIOT TPAH3UCTOPBI (TPAH3UCTOPHBIE
yeuwnutenu). s pemieHus crnenuduyeckux 3afad NPUMEHSIOT TakKe JIaMIIOBBIC



YCUJIUTENN — JIJIsl TTOJTydeHUs] OOJBIINX MOITHOCTEH, KBAHTOBBIE YCHUIIMTEIN — B OI-
TUYECKOM JHMama30He BOJH, MapaMETPUUYECKHEe MaJOUIyMAIUE YCHIUTEIH U JIp.
Kpome ycHnuTenpHBIX 2JIEMEHTOB, B CXEME YCHIIMTENSI UMEIOTCS DJIEMEHTHI, o0ecTe-
YHBAIOIINE HEOOXOANMBIN PEKUM €T0 paOOTHI.

CxeMa pe30HAHCHOTO YCHIJIUTEIIS Ha TPaH3UCTOpE MpHUBeaeHa Ha puc. 8.1,a. AM-
IUTMTYTHO-YaCTOTHAsI XapaKTEPUCTUKA TAKOTO YCHIJIMTENS OTMPEACNIAeTCsS XapaKTepH-
CTUKOI KojeOaTenpHOrOo KOHTypa. M30upaTenpHble CBOMCTBa KOHTypa Haubojee
MIOJTHO TIPOSIBIISIFOTCS JIMIITG TIPU YCIOBUH, YTO BBIXOJHOE COTPOTHBICHUE YCHIUTEIIS
U COMPOTHBIICHHE HArpy3KH HE OKA3bIBAIOT IIYHTHUPYIOIIETO JCHCTBUS Ha KOHTYP.
JUIst 3TOrO MPUMEHSIOT BKIIOUEHHE TPAH3UCTOPA K YaCTH MHIYKTUBHOCTH KOHTYpa H
aBTOTpaHC(POpPMATOPHOE TOIKIIOYCHUE HArpy3KH BO BTOPUYHOM IIEMH BBIXOJHOTO
Tpanchopmaropa (puc. 8.1,0).
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Puc. 8.1. CxeMbl pe30HaHCHBIX YCHIIUTENEH

Paznuyaror ycuneHue B JJMHEHHOM pexuMe (pexuM cliadbIX CUTHAJIOB, WU JIU-
HEWHOEe YCWICHHUE) U B HEJIMHEHHOM peKUME (PEKUM CUIIHHBIX CUTHAJIOB, WM HEJIU-
HeliHoe ycuiieHue). PaccMOTpUM HEKOTOphIE TapaMeTphbl YCUITUTENS B ATUX PEKUMaX.

8.1.1. Ycunenue 6 nuneurom pesxcume

Jlns ycusieHus B TMHEHHOM peXkuMe padodasi TOUKa Ha BOJIBT-aMIIEPHOM Xapak-
TEPUCTHUKE BBIOMpPAETCS TakK, 4TOOBI BXOJHOM CUTHAJI HE BBIXOJAWII 3a TIPEACIIbl JIH-
HEWHOIro0 ydacTka xapakTepucTuku (puc. 8.2,a). B aTom ciyuae u3MeHEHHE KOJUICK-
TOPHOTO TOKa JIMHEHHO MOBTOPSET U3MEHEHUE BXOJIHOTO CUTHaja. BEIOpaB cOOTBET-
CTBYIOITUM 00pa30oM COMPOTUBIICHUE HATPY3KH, MOXKHO MOJYUYUTh BBIXOJTHOW CUTHAI
10 MOIITHOCTH OOJIBIITHM, YEM BXOTHOM.
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Puc. 8.2. Pexxumbl paboTbl p€30HAHCHOTO YCUIIUTENS

Kak BugHO 13 puc. 8.2,a, TOK KOJUIEKTOpA NpH FrAPMOHUYECKOM CUTHAJIE HA BXO-
JI€ CONEPXKUT JBE€ FapMOHMYECKHUE COCTABIIAIOLIME: HA YAaCTOTE BXOJHOI'O CUTHAJA C
aMILIUTY10i /; ¥ Ha HyneBOH 4acToTe (IIOCTOsSHHAs COCTaBIIAIOLIAs) BEIMYUHON /.

[Tose3HOM sABIIAETCA TOJIBKO II€pBas COCTABISAIOMAs KOJUIEKTOPHOIO TOKa. B TO xke
BpeMsl aMIUIUTYa €€ MOXKET ObITh 3HAUUTEILHO MEHbIIE BEJIMYUHBI TOCTOSIHHOM CO-
crapisironied. KoappuuueHnt none3Horo 1edcTBUs yCUIUTENS B 3TOM PEXUME PaBEH

B OSIFR
PO ]OEk

2
rae B =0,5/{ R, — none3Has MOIIHOCTD, BbIAEIEMAas B HATPY3KE YCUIIUTES;

b

Py =1,E; —MOIHOCTb, NOTpeOIsieMas OT UCTOYHUKA ITUTAHUSL.

IIpuBeneHHOE BBIpa)KEHHE CBUAETEILCTBYET, YTO KOI(Q(MHUIMEHT MOJIE3HOTO JEH-
CTBHS YCUJINTEIIA B 9TOM PEKHUME HE MOXKET IMPEBLICUTH 0,5 naxe B IydlIeM ciiydae,
KOrJa aMIUINTyZAa BBIXOAHOTO HampsbkeHus U, = [|R, = Ej (a IpeBBICUTh €ro OHa

HUKaK HE MOXET).
Tok B KOJJICKTOPHOM IIETH MPOTEKACT B TEYCHHE BCETO MEPUOa, YTOJI OTCCUKH
TOKa PaBeH 77, BEJIMYMHA IOCTOSHHOM cocTaBistolell /, TOKa HE 3aBUCUT OT aMILIH-

TyAbl CUTHAJIA. B Teuenue Bcero MnmepruoJa Curaajia HOTpC6HHCTCH OJHa M Ta K€ MOII-
HOCTbB, YTO U IIPUBOJMUT K HCIIPOU3SBOAUTCIILHOMY pacXoay S9HCPIryuu.

8.1.2. Ycunenue 6 nenuneunom pescume

JIJisl IOBBIILIEHUS SHEPTreTUYECKUX IMOKa3aTesled yCUIIUTENs UCIOIb3YIOT HEu-
HEHHBIN pexum ycuneHus. Cxema ycuiuTensi, paboTalolIero B 3TOM pekuMe, IpakK-
TUYECKU HE OTJIMYAETCS OT CXEMbl JIMHEMHOTO YCUIIUTENA, T.K. HEOOXOIUMBIN PEXUM
oOecrieunBaeTcs TOJIbKO BbIOOpoM paboueit Touku BAX. Ilpunuun dhopmupoBanus



TOKa KOJUIEKTOpa B PE30HAHCHOM YCUJIUTEJIE HA TPAH3UCTOPE B ATOM PEKUME IMOKa-
3aH Ha puc. 8.2,0.

PaccmoTpuM HEKOTOpBIE TapamMeTpbl HEIMHEHHOTO PE30HAHCHOTO YCHIIMTEIIS
MOIIHOCTH, CX€Ma KOTOpPOTo NpuBe/IeHa Ha puc. &.1,a.

1. Ilapamempwi 861X00H020 cucHaa.

Tox xomtekTopa (BBIXOJHON TOK) UMEET UMITYJIbCHYIO popmy. CHEKTP UMITYJIIb-
COB TOKa COJICPKUT OCCKOHEYHOE YMCJIO TapPMOHUYECKHUX COCTABIISIONIMX KPaTHBIX
Y4acTOT C aMIUIUTYIaMH, ONIPEETsIeMbIMHU BBIPAKCHUSIMU

1, (0)=1,0;(0)=SEa; (0)1-cos0).

KonebarenbHbIit KOHTYp B KOJUJIEKTOPHOM II€TH, HACTPOCHHBIN HA YacTOTy YCH-
JIMBa€MOTr0 CUTHAJa U UMEIOIIUNA BBICOKYIO JOOPOTHOCTH, ITOIABISET BCE TAPMOHHUKH,
KpoMme rnepBoii. CrenoBaTeNbHO, aMIUTUTY/a HANPSDKEHUS Ha BBIXO/e OyneT paBHa

Ugux (0) = 11(0)Ry = SERy1 (0)(1—cos0),

i Ugtix (0) = Scp(0)ER,
rae R, — pe30HaHCHOE COMPOTHUBICHUE KOHTYpa YCUIUTEIS;
Sep(0) = [129) =Sa;(0)(1 —cos@) — cpenHsis KpyTU3HA XapaKTEPUCTUKH IS

MIEPBOM TAPMOHMKH TOKA.
2. Koaghguyuenm ycunenus ycunumens.
3aBUCHUMOCTh KOd((HIIMEeHTa YCUICHUS PE30HAHCHOTO YCHIJIMTENSI OT yria OT-
CCYKH OTPECISICTCS BBIPAKECHUEM
K@) = Usgpax (60) _ SERy,(0)(1—cos0)
E
rne K, = SR, — MakcUMajlbHOE 3HaueHUE Kod(pduuueHTa ycuineHus (Ha pe3OHaHC-

= Kya,(0)(1-cos0),

HOI 4acToTe).

I'paduk 3aBucuMocTH KOd(DPUIMEHTa YCUICHUS OT yria OTCEYKH MPHUBEICH Ha
puc. 8.3.

C yBenmuueHueMm yria orcedku ot 0 10 7 k03 uImeHT ycuineHus pacrer. Ecnu
ycunutenb 3akpbiT, T0 0 =0, o (0) =0, Tok komekTopa paBeH Hymto u K(6) =0.
[Tpu 6 = 0,57 KOICKTOPHBIN TOK UMEET (GOpMYy MEPUOTHUSCKON MOCIICIOBATEIIBHO-
cTu uMnynscoB, a;(0)=0,5 u K(0)=0,5K,. Ilpu 6 =7 KOJIEKTOpHBIN TOK IIO-
BTOpsieT (DOPMYy BXOJIHOTO CHUTHAJIA, YCHJIUTENIb PabOTaeT B JUHCHHOM pEXKHUME H
K@) =K,.

3. Koagpghuyuenm nonesnozo oeiicmeus (KI1/) ycunumens.

KoadhdurueHT mosie3HOro ASHCTBUS YCHUIIUTENS B 3TOM PEKHUME OINPEACIISICTCS
BBIpKEHHUEM
77(0) — Pl(e) — 09511 (Q)Uebzx(e)

£0) 1y(O)E}

rae B (60) — MOIHOCTB, BbIAEIsAEMAsl B KOHTYPE NIEPBON FapMOHHUKON CIIEKTpa TOKA;

b

Fy(0) — momHOCTB, MOTpeOIsIEMas OT UCTOYHUKA ITUTAHUSL.



VuautsiBas, uto [,(0)=1,,0,(0) u 1,(0) = 1,,0,(0) , nomydaem
77(0) — 0,5 061 (0) Uebzx (0) ‘
ag(0)  Ep
IIpy MosHOM MCHOJIB30BaHUU KOJUIEKTOpHOro HampsbkeHus Uy, (0) = Ej . B

9TOM CJIy4dac

n0)=0s 49

ay(0)
Bocnonwszyemcst Beipakenuem (7.2) aiist koaddunmentos bepra. Toraa
n(0)=0.5 0.—31n00030 ‘
sin@ — 6 cos O

I'paduk 3aBucumoctu 1(0), T.e. 3aBUCUMOCTH KO3 PUITMEHTA MMOJAE3HOTO JCH-
CTBHSI PE30HAHCHOTO YCUJIUTENS OT yIiia OTCEUKH, IPECTABICH Ha puUcC. 8.3.

K(8).- 1, NA)

1
e
i) v
0.6
I N Y ) R S .
0,4
KA/ Kn

0,2 /

0 B”

a0 &l 90 120 150 120

Puc. 8.3. 3aBucumocts ko3pdunuenta ycunenus u KI1J[ pezonancHoro
YCUJIMTENS OT yIJia OTCEUKU

[TonmyyeHHbIE pe3ynbTaThl IO3BOJIAIOT CAENIATh CIETYIONINE BbIBOBL:

1. s yBenuueHus: KodpULueHTa NOJE3HOTr0 JEHCTBUS YCUIIUTENS HE00X01U-
MO YCTaHABJIMBATh PEXXHUM PabOTHl (pabouylo TOUKY, aMIUIUTYAY BXOJAHOI'O CUTHANa),
KOTOpBIi - 0b6ecrieunBasl Obl yYMEHbIIIEHHWE YIiia OTceukd. OQHAKO B 3TOM cCiydae
YMEHbBIIACTCA aMIUIUTY 1a epBOil rapMoHUKU (cM. rpaduku koddduimento bep-
ra), 4YTo IPUBOJUT K YMEHBIIEHUIO KO3 duunenta ycunenus. Cieayer UcKaTth KOM-
POMHCC MEXAY dTUMHU JIByMsl MmapaMmeTrpamu. Tak, Hanmpumep, B ciiydae HEoOXOIu-
MOCTH UMETh 3HAYUTENbHBIA KOADPUIIMEHT YCUTICHUS, YTOJI OTCEYKU MOKHO JJOBECTH

no 120°. ITpu nanHOM yrne orceuku kodd¢uuueHT o (0)=max . Kosappuuuent

ITOJIE3HOTO IEUCTBUS MPU TOM CHUKAETCS.

2. Ilpu ycuneHUM aMIUTUTYJHO-MOAYJIUPOBAHHOIO KOJI€OaHUsl BEJIMYMHA yTia
OTCEUYKHU JIOJKHA OBITh TaKOBa, YTOOBI COXPAaHUJIACH JIMHEWHAS] 3aBUCUMOCTDH aMILIH-
TyJbl IEPBOM TAPMOHUKHU [; OT aMIUIMTYZABI BXOAHOIO CUrHana. O4eBUIHO, YTO JaH-

HOE YCIIOBHE OynieT 00ecreyeHo Mpu yrie OTceuku 6 = 90" 3amMeTuM, 4TO TP yCH-



JIEHUW CUTHaJIa C YIJIOBOM MOAYJSIMENH MOXKHO MpeHeOpeub BIMSAHUEM BEIHYMHBI
yria OTCEYKU Ha CTPYKTYpy CHTHaa.

3. C aHepreTM4ecKol TOYKHU 3pEHUS YCUJICHUE B HEJIMHEHMHOM pexume Ooee
BBITOJIHO, YEM B JJUHEWHOM. ECM B TMHENHOM pEKHUME IPU MOJTHOM HCIOJIb30BaHUU
koJuiektopHoro HanpstkeHus KIIJ ycunurens He moxet npeBbicuTh 0,5, TO B HEnmU-

HEWHOM peXuMe B cliydae, eciu 6 = 90° , KIIJI MOXeT IOCTUTHYTh BEJIMYHUHBI
0,57/2, T.e. 6ITH ipuMepHO B 1,5 pasa Beime. Kpome TOro, B 3TOM peKXHMe OTCYT-

CTBYCT HerOHSBOIII/ITeJIBHBIﬁ pacxod SHCPrunu BO BPCM:A I1Ay3 MCKAY HUMITYJIbCaMU
KOJUICKTOPHOI'O TOKA.

8.2. YMHOKEHHE YacTOThI

B nepepatonux u mpueMHBIX TpaKTax CUCTEM CBA3H, a TAKKE B HEKOTOPBIX M3-
MEPUTENIbHBIX YCTPOWCTBAX UIMPOKO TMPUMEHSAETCS HEANHEHHOe MpeoOpa3oBaHue
rapMOHUYECKOTO KOJIeOaHUs, B Pe3yJbTaTe KOTOPOro YacTOTa 3TOr0 KoJjeOaHUs yBe-
JUYMBaeTCs B k pas, k — 1e5ioe nonoxuTenbHoe uneio. Takoe HenuHelHoe npeolpa-
30BaHHE HA3bIBAETCS YMHOXKEHHEM YacTOThI, @ yCTPOMCTBO, €ro peain3yroliee, — yM-
HOKUTEJIEM YaCTOTHI.

Takum 00pazoM, YMHOXKHUTEIb YaCTOThI = 3TO YCTPOUCTBO, KOTOPOE yBEJINYUBA-
€T B kK pa3 4yacTOTy rapMOHUYECKOro KojeOanus. Ecnu Ha BXOJ yMHOXKUTENS MOJAeT-
Cl CUTHal S, ()= Ecos(wyt+¢@), ~TO Ha BbIXOAEC (HOPMHUPYETCS CHUTHAI
Seoix (1) = E gy cO8(kyt + ), IpUYEM HEKOTOPHIE YMHOKHUTEIU YBEIHYHMBAIOT B Kk
pa3 v HavalbHyIo a3y, T.e. ¥ =k@.

YMHOXHUTENU 4acTOThI UCTIONB3YIOTCS IpU (POPMUPOBAHUM KOJIeOAHUM C BBICO-
KON CTaOMJIBHOCTBIO YACTOThI. DTO OTHOCHUTCS MpPEXJe BCEro K (POPMHUPOBAHUIO BbI-
COKOYACTOTHBIX KOJIEOAHMU MPU KBapLEBOM CTAOMIM3ALMKM YaCTOTHI 3aJalOIIEeTo Te-
Hepatopa.  CoOcTBeHHast - 4YacTOTa  KBaplia  OINpEAeNIeTcsl  BbIPAXKEHHEM
fIMI'y]=2,84/b[mm], b — Tonmuumua mwiacTuHKE KBapua. Jis vactoThl Gosee

50 MI'n niacTUHKA JOKHA MMETh TOJIIMHY MOPSAKA COTHIX JOJIEM MUJUIMMETPA.
Takue MIACTUHKM W3TOTOBUTH OYEHb TPYAHO, OHU MMEIOT CJIa0yl0 MEXaHUYECKYHO
MPOYHOCTh. [103TOMY Takoi MeTo/ cTabUIM3aIMK UCIIOJIB3YIOT B TeHEpAaTOpax C yac-
ToToM 10 5 MI'1, B oTnenbHbIX cinydasx g0 S0 MI'n. Konebanust 6osiee BEICOKHX Yac-
TOT MOJYYAIOT C MOMOIIBIO YMHOKHUTEJIEH YaCTOTHI.

B kauecTBe yMHOXXHTEJIEH 4acCTOTHl HanOOJee 4acTO MCIOIb3YIOT CXEMYy HeJlu-
HEWHOI'0 PE30HAHCHOT'O YCWJIUTEIS C KOHTYPOM, HACTPOCHHBIM Ha TPEOYEeMYI0 4acTo-
Ty. Kak ObUIO TTOKa3aHO paHee, B CIIEKTPE UMIYJIbCOB TOKA HEJIMHEHHOTO YCUIIUTES
Ha TpaH3UCTOpe (paboTarolero B peKUME ¢ OTCEUYKON TOKAa) UMEIOTCS TapMOHMYE-
CKHME COCTaBIISAIONIME C YaCTOTAMH, KPATHBIMHU 4aCTOTE BXOJHOIO curHaina. Eciu KoH-
Typ YCWINTENSI HACTPOUTh Ha YaCTOTY k- TapMOHHMKHU, TO Ha BBIX0OJIe OyaeT chopmu-
POBaHO TAPMOHHMYECKOE KOJeOaHue ¢ 4aCTOTOM ITON TapMOHUKHU.



M3BecTHO, YTO aMIUIMTYAa k- TapMOHMKM OHNpEAENSIETCS BbIpaKEHUEM
I, =1,,04(0). CiienoBaTenbHO, peKUM pabOThl yCUIINTEINS KaK YMHOKHUTEIS 4acTo-

ThI JOJIZKCH OBITH TaKHuM, YTOOBI aMIlITyaa HYX(HOﬁ rapMOHHKH OblJ1a HanOOJIBIIEH.
HpI/I ONIPpCACICHHOM 3HAYCHHUH ]m 9TO 00€eCIIeYnBaETCs ONTHMAaJIbHBIM YTJIOM OTCCY-

KU, IPU KOTOPOM ¢t (0) = max.
[IpakTyecku AOKa3aHO, YTO TAaKOM Yrojl OTCEYKH, MPU KOTOPOM Trpaduku
o (0) MMEIT XOPOUIO BBIPAKEHHBIE MAKCUMYyMBI, paBeH 0., =120° / k. 3nanue

yriia OTCCYKHU AACT BO3MOKHOCTL OIPCACIINTL aMIUIUTYIY E BXOOAHOI'O CHT'HAJIa U

Hanpspkenue U, pabodeil TOYKH YMHOKHUTEIIS YaCTOTHI:
1
E = H , Uy=U,—Ecos@.
Sep(1—cos @)

3neck S, =1 /E — cpenmsisi kpytusHa BAX Tpan3sucropa juist k-ii rapMOHHKH,

U 1 — HaIIPSIZKEHUC OTCCUKU.

PaccMoTpeHHast cxema yMHOXUTENSI MOKET O0O€CeUYUTh YMHOKEHHUE YacCTOThI
B 2, pexe B 3 pa3a u He Ooiiee, OO aMIUTUTY/bl BBHICIIMX TAPMOHUK KOJUIEKTOPHOIO
TOKa OBICTPO yOBIBAIOT C YBEJIIMYEHUEM UX YAaCTOTHL. B Tex ciydasx, koraa Tpedyercs
YMHOKEHHUE YaCTOThl CUTHaja B JECATKU U 0oJjiee pa3, BO3SMOKHO MHOTOKPAaTHOE yM-
HO’KEHHME YacCTOThl MyTEM TMOCIE0BATEIbHOIO BKJIIOUEHHUSI HECKOJBKUX YMHOXKHUTE-
neit. OnpHako Oosee 1eecoo0pa3Ho UCIIOIB30BATh IPYTOil METO/,.

N3BecTHO, YTO CHEKTp MEPUOAMYECKON MOCIEA0BATEIbHOCTH BUICOMMITYIHCOB
COJIEPKUT OECKOHEYHOE YMCIO TAPMOHUYECKUX COCTABIIAIONIMX C YACTOTAMH, KpaT-
HbIMH 4YacTOTE€ CJIEJAOBAaHUS HUMIIYJIbCOB ;. AMIUIMTYIbl 3TUX TapMOHHUK IIpH

T, <<T JOCTaTOYHO BEIUKU B HIMPOKOM JAMANA30HE YacTOT (IIMPHUHA OCHOBHOI'O
JneriecTka crekrpa pasHa 1/z,,). T103TOMy € IOMOIIBIO Y3KOMONOCHBIX (GUIBTPOB
MO’KHO BBIJIEJINTh TAPMOHUKH C YaCTOTaMM k@, IIpH 3HAUYEHUAX k Oojee necArTu.

CxeMa Takoro yMHOMKHUTEJSI COACPKUT HEIMHEHHBIH MpeoOpazoBaTeib rapMo-
HUYECKOTo KoJieOaHUS B MEPHOAMYECKYIO MOCIEA0BATEIbHOCTh OYEHb KOPOTKUX IO
JUTUTETbHOCTH BUACOMMITYJIECOB C YaCTOTOM MOBTOPEHMS, PAaBHOW YacCTOTE BXOJIHOTO
Koje0aHusd, T.e. @] = ®,. Heobxoanmas rapMOHMKa CIIEKTpa ITUX UMITYJIbCOB BbIJIE-
nsieTcst GUIABTPOM.

Eme Oonbmmii k03)PUIMEHT YyMHOKEHHS MOXHO IMOJYYUTh, €CIU HCIOIH30-
BaTh MEPUOAMUYECKYIO MOCIEA0BATEIBHOCTh PAAHOUMITYIECOB. CIIEKTp TaKOro CUrHa-
Ja COCPENOTOYEH B 00JacTH 4acTOThl @, Hecyllero konedanus. B cocraBe 3Toro
CIIEKTpa COJEPIKATCSI TAPMOHUYECKUE COCTABIIAIONINE C YacTOTaMU @,, + kw,, 3Hauu-
TEJBHO MPEBBIMIAIOIIMMH YaCTOTY BXOAHOTO KojeOanus. Cxema TaKoro yMHOXKHUTEIISI
CJIO’KHASA, TaK KaK JOJDKHA COJEPKATh UMITYJICHBIA aMIUIUTYJHBIA MOIYJISITOP, Mpe-
oOpa3zyromuil KosebaHusi ¢ 4acTOTOH @, B MEPUOJUUYECKYIO IOCIIEA0BATEIbHOCTD

pPaanuonMITyJILCOB C YaCcTOTOM CJICJOBAHUS W) = 0y .



YMHOXEHHE YacTOThl MOKHO OCYIIECTBHTh TaK)K€ C MOMOIIBIO MapameTpuye-
CKUX Ilenel (HanpuMep uenei ¢ Bapaktopom). B paMkax nanHoro yue6Horo nocoous
3Ta MpodiieMa He pacCMaTPUBAETCS.

8.3. AMIuIMTYAHAS MOAYJISILUSE
8.3.1. Obwue ceedernusi 06 amniumyOHoL MOOYIAYUU

AMIUTUTYIHAST MOAYJSIUS — 3TO Mpolecc GOPpMUPOBAHUS aMIUIUTYIHO-MOIY-
JMPOBAaHHOI'O CHUTHaNA, T.€. CUTHAJIA, AMIUIATYJa KOTOPOIO M3MEHSETCA 10 3aKOHY
MOJYJIMPYIOLIETO CUTHaja (TepeaaBaeMoro cooOUeHus ). DTOT IPOLECC PeaTu3yeTcs
aMILTUTYIHBIM MOJYJISITOPOM.

AMIUTUTYIHBIA MOIYJSATOP JOJDKEH (OPMHPOBATH BBICOKOYACTOTHOE KoJieOa-
HUE, AaHAJIMTUYECKOE BBIPAIKEHUE JJI1 KOTOPOI'O B OOLIEM Cllyyae UMEET BUJ

s(t)=U(t)cos(wpt + @) =[U,, + k,s,,(t)]cos(wyt + @), (8.1)

rae U(f) — orubaroiast MOTYyJIMPOBAaHHOTO KoJieOaHMsI, OMUChiBaeMasi (PyHKIIMEH, KO-
TOpas XapaKTEpHU3yeT 3aKOH M3MEHEHUS aMILTUTY/IbI;

§ ,, (f) — MOIyIMPYIOUINH CUTHA;

@y ¥ ( —YacToTa U HayanbHas (a3a BBICOKOYACTOTHOTO KOJIECOaHMS.

JIJist moSTy4eHus TaKoro CUrHasia He0OXOUMMO OCYIIECTBUTH IEPEMHOKEHUE BbI-
COKOYaCTOTHOrO (Hecylero) konebanus s,(t) = U, cos(®wyt + ¢) U HU3KOYaCTOTHO-
ro MOIYJIMPYIOUIEr0 CUrHana s ,,(¢) Takum oOpa3oM, 4ToObl chopMupoBanace Oru-
Oaromas suga U(t) =U,, + k,s,,(t). Hanuune nocTosiHHOM COCTaBISAIOMEN B CTPYK-
Type orubaromeil o0ecreunBacT OJHONOJSIPHOCTh €€ U3MEHEeHUs, Ko3duuuenrt k,
MCKJTIOYAET NMEePEMOAYIISALMIO, T.€. o0ecneunBaeT rryouny moayisauuu m < 1. TTonst-
HO, YTO TaKas ornepaiys NepeMHOXEHUsI OyJeT CONMpOBOXKAAThCS TpaHChopMaluei
CIEKTpa, YTO MO3BOJISIET PACCMATPUBATh aMIUTUTYIHYIO MOJYJISILIMIO KaK CYIIECTBEH-
HO HEJIMHEMHBIA MM MapaMeTPUUECKUM TTPOLIECC.

CtpykTypa aMIUIUTYyITHOIO MOAYJSATOpPA B CiIydyae MCHOJIb30BaHUS HEIMHEHHOTO
AJIEMEHTA MpeICTaBIeHa Ha puc. 8.4.

su(t)=Uscos(wdt + 9) | He mmeitemiit PumTp Seprx(t)
3JIEMEHT A =20

sult)

Puc. 8.4. CtpykTypHas cxema aMIIUTYTHOTO MOIYJISATOpA



HenuneiHbll 3eMEHT OCYyIIECTBISET IPeoOpa3zoBaHUEe HECYLIEro KOoJIeOaHus U
MOJYJIUPYIOIIETO CUTHAJa, B pe3yjbTaTe 4ero GopMHUpyeTCs TOK (UK HANPsIKEHUE),
B CIIEKTPE KOTOPOTO COAEPIKATCSI COCTABISIFOLIME B TIOJIOCE YACTOT OT @y — L2, 10

@, +€,,, npudem (2, — HaUBBICIIAs YaCTOTA B CIIEKTPE MOAYIHMPYIOIIETO CHIHAJIA.

[TonocoBoii GUABTP BBIAEISET 3T COCTABIISIIONINE CIIEKTPa, POPMUPYS aMILUIUTYIHO-
MOZYJIMPOBAHHBIN CUTHA Ha BBIXOJE.

[lepeMHOMX€EHNE NBYX CUTHAJIIOB MOYKHO OCYIIECTBUTH C TOMOIIBI HEITMHEUHOTO
AIIEMEHTA, XapaKTEPUCTHKA KOTOPOTO ANIPOKCUMHUPYETCS MMOJUHOMOM, COAEPKAIIUM
KBaJIpaTU4HbIA wieH. braarogaps stomy Gopmupyercss KBaapaTr CyMMbL JBYX CHUTHa-
JIOB, COJIEpKAINN UX IPOU3BEICHHUE.

CyTb ckazaHHOTO U OOLIYI0 K0 (GOPMHUPOBAHUS AMIUIMTYAHO-MOAYIHPOBAH-
HOTO KOJIEOaHUS WJUTIOCTPUPYIOT JOCTATOYHO MPOCThIE MaTeMaTuyecKue rnpeodpaso-
BaHUS B MPENOJI0KEHUH, YTO OCYUIECTBIISIETCS TOHAIbHAs (OAHOM YacTOTOM) MOy~
JSALHAS.

1. B xauecTBe HEIMHEWHOIO AJIEMEHTA HCIOJIb3yeM TpaH3ucTop, BAX koroporo

o . 2
AlllIPOKCUMHUDPYCTCs IIOJIMHOMOM BTOPOHU CTCIICHU I = A, + au+au

2. Ha BXx0J HEMHEHHOTO 3JIEMEHTA MOAAETCs HANPSKEHUE, paBHOE CyMME JIBYX

KOJIeOaHU: HECYIIET0 U MOIYJIUPYIOIIETO, T.€.
u(t)=U, cos(wyt +¢@)+U,, cos(Qt+7y).

Hauanwsubie a3el konebanuit OyneMm cuutath B AaibHelieM paBHbIMU 0, T.K. UX
BEJIMYMHBI HE MUMEIOT MPHUHIUMIIMAIBLHOIO 3HAUCHMs JIs MOHUMAaHUs Mpollecca aM-
TUTUTYTHON MOYJISAIIMH.

3. CrieKTpaJIbHbIN COCTaB TOKA OMPEEAeTCs CICIYIOIUM 00pa3oM:

i(1)=ay +a,(U,, coswyt +U ,, cos Q1) + a,(U,, coswyt + U ,, cos Qr)* =

a2UH2 a2U3 a2U3
+ —|+aqU, cosQ +—=—co0s20 + a,U, U, cos(@, — <t +
2 2 2 “

2
aU
+a,U,, coswyt +a,U,U ,, cos(w, + Q)t + %cos 20t .

B 1moJiydeHHOM BBIpaKEHUU CTICKTPAIBHBIC COCTABISAIONIUE PACIIOIONKCHBI B IO~
psiKe Bo3pacTaHus uX 9acToT. Cpeau HUX UMEIOTCS COCTAaBJISIONIME C YacTOTaMH
@, —Q, vy 1 v, + €2, KOTOpble 00pa3ylOT aMILIUTYIHO-MOIYJIMPOBAHHOE KOJIEOa-

HHE, T.€.
igy(t)=aU,U,, cos(w, —Q)t+a,U, coswyt +a,U,U,, cos(w, +Q)t =

a
=a,U,,(1+2U,,~2cosQt) coswyt = I(1+ mcosQt)coswyt,
a4
— @
rne [ =aU, n m=2U,,—.
a4
B nepenaromux ycTpoicTBax OOBIYHO COBMEIIAIOT IPOLECCHl MOIYJSALUH U
yCUJIEHUS, 4TO 0oOecleurBaeT MUHUMAJIbHbIE MCKa)KEHUS] MOAYJIMPOBAHHBIX CHUTHA-



70B. C 3TOM LIENIbI0 aMIUIUTYIHBIE MOJYJISITOPBI CTPOSIT IO CXEME PE30HAHCHBIX yCH-
JUTEIEH MOIIHOCTH, B KOTOPBIX M3MEHEHUE aMIUIUTYbl BHICOKOYACTOTHBIX KoJieOa-
HUN JOCTUTaeTCs U3MEHEHUEM TOJIOKEHUsI pabodeil TOYKU MO 3aKOHY MOJYJIHPYIO-
LIEr0 CUTHAJIA.

8.3.2. Cxema u pedxcumvt pabomuvl AMIIUMYOHO20 MOOYIAMOPA
Cxema aMIUTUTYJTHOTO MOJYJSITOpa Ha OCHOBE PE30HAHCHOTO YCUJIMTENS Mpe/-

CTaBJICHa Ha puc. 8.5.

O+

Li L& SZEEZI':»:I}C (t)
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Puc. 8.5. Cxema aMIIIUTYJTHOTO MOJYJISTOPA HA OCHOBE
PE30HAHCHOTO YCUIIUTES

Ha BX0J pe3oHaHCHOTO yCHUIIUTEINs, paboTaloIIero B HEJIMHEMHOM PeXUMe, TO0-
JaI0TCA:

Hecyliee konebanue S, (f) OT aBTOreHepaTopa C MOMOIIBIO BBICOKOYACTOTHOI
TpaHc(HOPMATOPHOM CBS3U KOHTYpa BXOIHOM Lienu ¢ 6a30i TpaH3UCTOPa;

MOAYIHPYIONIHA CUTHAT S ,,(f) ¢ TMOMOIIBI HU3KOYACTOTHOTO TpaHchopmaro-
pa.

Konanencaropel C; u C, — OJIOKMPOBOUYHBIE, OOECIIEUNBAIOT Pa3BsI3Ky BXOJHBIX
Henei 1mo YyacToraM HECylero kojebaHusi 1 MOJYJIMPYIOIIET0 CUTHANA, T.€. Pa3BA3KY
M0 BBICOKOW M HHM3KOW yacTtoTam. KosneOaTenbHBIM KOHTYp B IENU KOJUIEKTOpa Ha-
CTPOEH Ha YaCTOTy Hecyllero koseOaHus, J0OpPOTHOCTh KOHTypa 0OecleyuBaeT IMo-
gocy mpomyckanus Aw =2Q,, , tae Q,, — HauBbICIIAs YaCTOTa B CIIEKTPE MOYIIH-
PYIOILIETO CUTHAJA.

Bri6opom paboueit Touku onpenensercs pexxuM padoTsl MoaynsTopa. Bozmox-
HBI JIBa PEKUMA: PEKUM MAJIbIX U PEKUM OOJIBIINX CUTHAJIOB.



a. Pexxum manbix BXOAHBIX CUTHAJIOB

OTOT pexuM yCTaHABIMBAETCS BbIOOPOM paboueil TOUKH B cepeuHe KBajpa-
tuyHoro ywyactka BAX Tpansuctopa. BelOopom aMImuTypl HECyIIEro KoieOaHus
obecnieunBaercs paboTa MOAYJIATOPA B IIpesieaax 3Toro yyactka (puc. 8.6).

b
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im

gt

Puc. 8.6. Pexxum Majbix BXOAHBIX CUTHAJIOB aMIUTMTYAHOTO MOJIYJISTOpA

AMIUIMTYla HanpsbKeHHs Ha KoseOaTelIbHOM KOHTYpE, PE30HAaHCHAas 4acToTa
KOTOPOI'0 PaBHA HECYLIEH 4acTOTE, ONPENEIAECTCS aMILIMTYI0W IEpBOM rapMOHHMKH
ToKa, T1.e. Uy = I|R,, rie R, — pE30HAHCHOE CONPOTUBICHUE KOHTYpa. YUUTHIBAs,

91O CpeaHss kpyrusHa BAX B mpezaenax pabodero ydyacTka paBHa OTHOIIEHUIO aM-
TUTUTYABI IEPBOM FAPMOHMKH K aMIUIATYJle Hecylero konedanus, T.e. S ep =1 /U, ,

MOKHO 3aIlucaTb
Ug =U,RySp.

[Ton BO3AEHCTBUEM MOIYJIHUPYIOIIETO HAIPSKEHUS, [101aBaeMOro Ha 0a3y TpaH-
3UCTOpa, OYJET U3MEHSTHCS MOJ0KEHUE padoveil TOUKH, a 3HAYUT, OYJET U3MEHSTh-
cs u cpeansisi kpytusHa BAX. Tak kak amMIuIMTy/a HANps>KEHUs HA KoJieOaTeIbHOM
KOHTYpE NMPOMNOPIUOHANIbHA CpEeHEN KPYTU3HE, TO JJisi 00ECHEUYEeHHs] aMIUTUTYIHOM
MOJIYJISIITUM HECYIIETo KoJeOaHusi He0OX0AMMO 00€CTIeunTh JTMHEHHYIO 3aBUCUMOCTD
KPYTH3HBI OT MOAYJIHUpYIoLEero curiana. [lokaxkem, 4To 3T0 BO3MOYKHO IIPU HCHOJIb-
30BaHUU pabouero ydactka BAX, anmpoxkcuMupyemMoro mojJMHOMOM BTOpPOH cTere-
HU.

Wrak, B mpenenax KBaJapaTUYHOro ydactka BAX, onuceiBaeMOro moJiMmHOMOM

. 2
1 =4a +au+a,u”, CymeCTBYECT BXOAHOC HAIIPAKECHUE, PABHOC CYMME JIBYX KoJseOa-

HUMN: HECYIIIET0 U MOYJIUPYIOIIETO, T.€.
u(t)=U, cos(wyt +¢@)+ U, cos(Qt+7y).



HauanbHele (a3bl koneOaHuil OyqeM cuuTaTh B JajnbHeieM paBHbIMU 0, T.K. UX
BEJIMYMHBI HE UMEIOT MPUHIMIINAIBHOTO 3HA4YEHUs AJs IMOHMMaHMS Ipoliecca aM-
WINTYAHON Monysiuuu. CreKTpaabHbI COCTaB TOKA KOJIJIEKTOPA ONpeAciseTcs clie-
AYIOIIKAM 00pa3oM:

i(t)=ay +a, (U, coswyt + U, cosQt) + a, (U, coswyt + U, cosQr)* =
=aq,+a,U, coswyt +a,U,, cos€x +a, (Uﬁ cos’ Wyt + Ui cos” Q¥ +
+2U,U ,, cos mytcos Q).

BeienseM nepByro rapMOHHUKY TOKa
(1) =aU, cos oyt +2a,U,U,, cos Qtcos oyt = U, (a, +2a,U , cos Qt)cos w,t .

Taxkum oOpa3oM, aMIIUTy1a IEPBO TAPMOHUKHU paBHA

1,(t)=U,(a, +2a,U,, cosQt).

Kak BHIHO U3 MOIY4YEHHOrO BBIPAXKCHHUS, aMIUINTYZAA MEPBON FAPMOHUKU TOKa

JVHENHO 3aBHCUT OT MOIYIHPYIOIIEro HanpsbkeHus. CieloBaTeabHO, CPENHsA Kpy-

THU3HA TAaKXKC 6YI[CT JIMHEWHO 3aBUCETH OT MOAYJIHPYIOIIECTO HAITPSAKCHHA.
Scp(t) = ]1(t)/UH =a +2612UM cos Q)r.

Toraa HanpspkeHHe Ha KOJIeOaTeIbHOM KOHTYpe OYAET paBHO
Up(t) =U,RyScp (1) coswpt = Uy Ry(a; +2a,U,, cosCt) cos mt .

CnenoBaTellbHO, Ha BBIXOJE pacCMaTpUBAEMOr0 MOAYJIATOpa (GOPMUPYETCS aMILIH-
TYJIHO-MOJIyJINPOBaHHBINA CUTHAJ BUJIA:

Seuix (1) =a U, Ry(1+2U,, D os Qt)coswyt =U,,z(1+mcosQt)coswyt.
a4

3nece m=2U,, 4 Kod(pbUIIMEeHT rTyOUHBI MOTYJISIITUY;
a
U,¢ =a,U, Ry - aMIunTyia BBICOKOYaCTOTHOI'O KOJIEOAHUS HA BBIXOJE MO-
AYJSTOPA B OTCYTCTBHE MOAYJSLMH, T.€. ipu m =0.

IIpy NpoeKTUPOBaHMM NEPEJAIOIINX CHUCTEM BaKHbIM TPEOOBAHUEM SBIAETCS
(dopMupoOBaHUE AMIUIUTYIHO-MOAYIMPOBAHHBIX KOJI€OaHUH OOJbIION MOLIHOCTH IPU
noctarouHoM KITJ. OueBuaHO, YTO pacCMOTPEHHBINA PEKUM pabOThl MOIYJISATOPA HE
MOKET 00eCIeyuTh 3T TpeboBaHMsl, 0COOEHHO mepBoe U3 Hux. [loaromy Hambonee
4acTO MCIIOJIB3YIOT TaK Ha3bIBAEMBIN PEXHUM OOJIBLINX CUTHAJIOB.

0. PexxuMm OGonbImx BXOAHBIX CUTHAJIOB

OTOT peXUM yCTaHaBJIMBAaeTCs BIOOpOM paboueit Toukn Ha BAX TpaH3ucropa,
IIPU KOTOPOM YCHIIUTEh pabOTaeT ¢ OTCeUKoi Toka. B cBolo odepear BHIOOpOM am-
IUTUTYAbl HECYILIETO KoJieOaHusi 00ecreuynBaeTcs N3MEHEHUE aMIUIUTY Ibl UMITYJIbCOB
TOKa KoJuleKkTopa [, (¢) 1o 3akoHy MOIyIMpYOLIEro curuaia (puc. 8.7). 91o npuso-
IUT K QHAJIOTMYHOMY HM3MEHEHMIO aMIUIMTYZAbl MEPBOM TAPMOHHMKHU KOJIJIEKTOPHOTO
TOKa M, CJIEAOBATENbHO, U3MEHEHHUIO aMIUIUTYJIbl HAIpPSKEHUS Ha KoyeOaTeIbHOM
KOHTYpE MOJYJISATOPA, TaK KaK



L) =a;(O) (1) m Up()=1L()R) = (0)],(D)R,.
ix 1x(t)

Puc. 8.7. PexxuM G0NBIINX BXOJHBIX CUTHAJIOB AMIUTUTYTHOT'O MOJYJISITOpa

H3MeHeHre aMILIUTYIbI BXOAHOTO BEICOKOYACTOTHOTO HAMPSDKEHUS BO BPEMEHHU
COIIPOBOXK/IAE€TCSl U3MEHEHUEM yIja OTCEYKH, a 3HauuT, U Koddduuuenra o,(0).

CrnenoBatenbHO, (hopMa orudaromnieil HalpsHKeHUsT Ha KOHTYPE MOXKET OTIHYAThCS OT
(GhOpMBI MOJYJIMPYIOIIETO CUTHAJA, YTO SBISETCS HEJOCTATKOM PacCMOTPEHHOTO Me-
Toma Moayisauu. [ oOecnieueHnss MUHAMAIbHBIX MCKaXCHUH HEOOXOJMMO YCTa-
HABJIMBATh ONpEICICHHBIC TPEIeabl U3MCHCHHS YIJIa OTCEYKH W paboTaTh MpH HE
CJIMIIIKOM OOJIBIIIOM KO3 hULIMEHTE MOAYIISAIUNA M .

B cxeme aMIUIMTYZHOTO MOMAYNISTOpPA, MPUBEACHHON Ha puc. 8.8, MOAYIHPYIO-
WA CUTHANI TojaeTcsi Ha 0azy TpaHsucropa VT2 reHeparopa CTaOMIBHOTO TOKA.
3HaYeHHUE 3TOTO TOKA MPOTOPIIMOHAIEHO BXOJHOMY HarpspkeHuto. [Ipu ManbIx 3Ha-
YCHUSAX BXOJHBIX HAMPsDKEHUH aMILTUTY/a BBIXOAHOTO HAIMPSDKEHUS OYyIeT 3aBHCETh
OT MOJIYJIUPYIOIIETO CUTHAJIA CIEIYIOIUM 00pa3oMm:

Ugpx (1) = \Uy[1+ kys,,(0)],
rae ky,ky — ko3 puIueHTH IPONOPLUOHATBHOCTH.

8.3.3. Xapaxmepucmuku amniumyono2o Mooyisimopa

Jlnst BEIOOpa pekuma paboThl MOAYJSATOPA M OIIEHKH KayecTBa ero paboThl HC-
MOJIB3YIOT Pa3IMYHBIE XapaKTEePUCTUKH, OCHOBHBIMU U3 KOTOPBIX SIBJISIIOTCS: CTaTHYe-
CKasi MOJYJISIIUOHHAS, JUHAMUYECKas MOMYJSIIMOHHAA U YACTOTHAS XapaKTEPUCTH-
KH.



L3 BEpIx (t)

Puc. 8.8. Cxema aMIITUTYJTHOTO MOJIYJIATOPA C T€HEPATOPOM TOKa
a. Cratuueckasi MOAYJISIIMOHHAS XapaKTePUCTHKA

Cmamuueckas mooyaayuonnas xapaxkmepucmuxa (CMX) — 3TO 3aBUCHUMOCTb
AMIUIMTYJIbl BBIXOJHOT'O HAMPSHKEHUS] MOIYJISTOpPA OT HANPSIKEHUS CMEUICHUS TpHU
MOCTOSSHHOM ~ aMIUIMTYJI€ HaNpsDKeHWsT HECYIIed ~ 4acTOThl Ha BXOHE, T.€.

U =S U...).

[Ipu skceprMEHTaTILHOM OMPENCIICHUH CTAaTHYECKON MOAYJSIIMOHHON Xapak-
TEPUCTUKHU Ha BXOJl MOJYJATOpA MOAAETCS TOJILKO HAINpPSKEHHWE HECYIeH Y4acTOThI
(MORyIUpYIOIUI CUTHAI HE NOJAETCs), U3MeHseTcs BennunHa U ., (kak Obl IMHUTH-

pyercs U3MEHEHHE MOAYIMPYIOHIEr0 CUTHajla B CTaTUKE) U GUKCUPYETCS U3MEHEHHE
aMILUTUTYIbl HECYIIeTo KojebaHus Ha Bbixoae. Bun xapakrepuctuku (puc. 8.9,a) on-
penenserca AMHAMHUKON WM3MEHEHMs cpefqHel KpyTusHbl BAX mpu m3MeHeHUH Ha-
npsKeHus cMmeneHus. JIuHennslii Bo3pacraomuii yuactok CMX coOTBETCTBYET
KBaJpaTUYHOMY y4yacTKy BAX, Tak kak Ha 3TOM y4acTKE C POCTOM HaNpPsKEHUS
CMEIIICHUS CPEHsA KpyTu3Ha pacTeT. ['opu3oHTanbHbIN yyacTok CMX COOTBETCTBY-
€T IMHENHOMY y4dacTKy BAX, T.e. yyacTKy ¢ ITOCTOSIHHOM cpeaHed KpyTusHou. [Ipu
Iepexoie TPAH3UCTOPA B PEKUM HACBILIEHUS MOSABISETCS TOPU3OHTAIBHBIN Y4aCTOK
BAX ¢ HyJieBOM KpyTU3HOM, 4TO U oTpaxkaercs cnagom CMX.

Crarnueckas MOOYJIAILMOHHAS XapaKTEPUCTUKA MO3BOJISET ONPEAEIIUTh BEINYU-
Hy HampsbkeHus cMeuienus U, U IPUEMIIEMBbIM JHMAaNa3oH M3MEHEHHS MOJIYJIH-
pytowero curHana AU, ¢ nensto o0ecreueHus ero JMHEWHOW 3aBUCUMOCTH OT BbI-
XOJHOTO HampsbkeHus. Pabora Mopyssitopa JoJIKHA MPOUCXOIUTH B Mpejaenax Ju-
HeliHoro ydactka CMX. BenuunHa HanpshKEHHs CMEILIEHHS JOJKHA COOTBETCTBO-
BaTb CEPEIHMHE JIMHEMHOrO y4yacTKa, a MAKCHUMaJIbHOE 3HAYEHUE MOAYJIUPYIOIIETO
CUTHaJa HE JOJKHO BBIXOJMTH 32 MpeAenbl JuHeWHoro yyactka CMX. MoHO Takxke
OIIPEJENINTh MaKCUMAIbHBIA KO3()PULHUEHT MOAYIALUU M,y » IPE KOTOPOM €llle

HeT ucKakeHuil. Ero BenuunHa paBHa m ., = AU/U,, .
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Puc. 8.9. XapakTepucTuku aMILIUTYyTHOTO MOAYJISATOPA
0. JIlnnamMuueckast MOyJIALIMOHHAS XapaKTepUCTUKA

Junamuuecxas mooyriayuonunas xapaxkmepucmuxa ([MX) — 3To0 3aBUCUMOCTb
kod(ppunmeHTa MOIYNISIUU OT aMIUTUTYIbl MOJIYJIUPYIOIIETO CHUTHama, T.€.
m= f(U,,). lony4dnTs 3Ty XapaKTEpPUCTHKY MOYKHO SKCIEPUMEHTAIbHBIM IIyTEM,

100 MO CTaTUYECKOW MOAYISIIIMOHHOM xapakTtepuctuke. Bun JIMX npencrasieH Ha
puc. 8.9,6. JInHeHHbI y4acTOK XapaKTEpUCTUKU COOTBETCTBYET paboTe MOIyJsTOpa
B IIpeJienax JuHeHoro yyactka CMX.

B. YacTOTHas XapaKkTepuUCTHKA

Yacmommuas xapakmepucmuka — 3T0 3aBUCUMOCTb KOd((PHULIMEHTa MOTYIALUN
OT YacTOTbl MOIYJUPYIOIIETO CUrHana, T.e. m = f({)). BausHue BXOAHOTO TpaHC-

dhopmaTopa MPUBOIUT K 3aBaATy XapaKTEPUCTUKH HA HU3KUX yacTtoTax (puc. 8.9,B). C
POCTOM YacTOThl MOJIYJIUPYIOLIEro CUTHaJIa OOKOBBIE COCTABISIOUIME AMIUIUTYIHO-
MOJYJIUPOBAHHOTO KOJIEOAHUS YIAISIOTCSA OT HECYIIEH YacTOThl. DTO MPUBOJIUT K UX
MEHBLIEMY YCUJICHHIO B CHITY U30MpaTelIbHbIX CBOMCTB KOJI€0aTeIbHOTO KOHTYpa, U4TO
0OyCIJIOBIMBAET 3aBaJl XapaKTEPUCTUKHU Ha OoJiee BbiIcokuX yactoTtax (2. Ecam nmosmoca
4acToT, 3aHUMaeMasi MOAYJIUPYIOIUIMM CUTHAJIOM, HaXOAMUTCS B Mpeaesaax TOpU30H-
TaJbHOTO ydacTka (2, —(); 4aCTOTHOW XapaKTEPUCTUKH, TO UCKAKEHUS IPU MOAY-

U OyayT MUHUMAJIbHBI.
8.3.4. Banancuulii amnaumyOoHnviil MOOYIAMOpP

Jlist 3¢ (hEeKTUBHOTO MCIOJIb30BaHMS MOIIHOCTH TEpeaaTdynka MPUMEHSIOT Oa-
JAHCHYIO aMIUTUTYJIHYI0 Moayisanuioo. [Ipm stom Qopmupyercs amIUIMTYIHO-
MOIYJIMPOBAHHBIN CHUTHAN, B CIIEKTPE KOTOPOTO OTCYTCTBYET COCTAaBJISAIOIIAs Ha He-
CyLIEH 4acToTe.

Cxema OanmancHoro mopaynstopa (puc. 8.10) mpencrarisieT coOoi coueTaHue
JBYX THIIOBBIX CXEM aMIUTMTYIHBIX MOJYJSATOPOB C ONPEACICHHBIMU COCIUHCHUSIMHU



UX BXOJOB U BBIXOJOB. BXOzBl 10 yacTOTe HeCylero KojaeOaHus s, (f) COCIUHEHBI

NapajuleIbHO, a BBIXOJbI MOAKIIOUYEHBl C MHBEPCUEN OTHOCUTENBHO APYT Apyra, 00-
pa3ysl pa3sHOCTb BBIXOJHBIX HampspKeHUH. Moaynupyromuil curHans ,, (¢) mnopaercs
Ha MOJYJISTOPHI B IpoTHBO(da3ze. B pe3ynbraTe Ha BBIXOAX MOAYJISTOPOB UMEEM
U (t)=U,,(1+mcosQt)coswyt u U,(t)=U, (1-mcosQt)coswyt,
a Ha BbIXO/le 0AJTaHCHOTO MOJYJISTOpa
Seere (1) =U () = U, (t) =2U,,;m cos Qt cos oyt =
=U, mcos(w, +Q)t+U,mcos(wy, —Q)t.

E e e o=
Lk

LzI L -+ -+ ﬁ Ls Ssmx(t)

Puc. 8.10. Cxema 6anaHCHOTO aMIUIMUTYIHOTO MOYJIATOPa

Takum 00pa3oMm, B CIEKTpE BBIXOAHOIO CHTHAjd MMEIOTCS COCTABIISAIONIME C
qacToTaMu @, — €2 U o, + Q. CocTaBagromas ¢ 4aCTOTONH HECYIIEro KoJeOaHus oT-

CYTCTBYET.
8.4. AMIUIMTY/IHOE IeTEKTUPOBAHUE
8.4.1. Obwue ceederusi 0 OemexmuposaHuu

JletexTupoBanue (AEMOAYISLM) — 3TO IpolLecc MmpeoOpa3oBaHUsi BbICOKOYAC-
TOTHOT'O MOJIYJINPOBAHHOI'0 KoJieOaHUs B HANPsKEHUE (MITH TOK), KOTOPOE U3MEHSIET-
Csl 1O 3aKOHY MOAYJISIIMM. DTOT MPOLIECC PEeaiu3yloT YCTPOWCTBA, Ha3bIBaeMble Oe-
MeKmopamu.

JleTekTop opMUpYyeT Ha BBIXOJI€ CUTHAJ, 3aKOH U3MEHEHHsI KOTOPOTO MOBTOPSI-
€T 3aKOH U3MEHEHHMs Mepe/laBaeMOro MOYJIUPOBAHHBIM KojiebanueMm cooOieHus. B
3aBUCUMOCTH OT BUJA MOIYJSLMHU, KOTOPash UCIOJIb3YeTCs MepealoluM YCTPOUCT-
BOM (aMIUIMTYAHAs!, YaCTOTHAs UM (a3oBasi), B IPUEMHOM YCTPONUCTBE BBITIOJIHIETCS
aMIUTUTYAHOE, YaCTOTHOE Uiu (pa3zoBoe AeTeKTUpoBaHUE. [leTekTop peanu3yer mpo-
1ece, o0paTHbIi nporeccy Moayisauuu. [loaToMy ero Ha3bIBalOT MHOTAA 0eMoOyis-
Mmopom.

OyHKIMOHAJIBLHOE TpeIHa3HAYeHHE JETEKTOpa CBUAECTENILCTBYET, YTO OH OCY-
HIECTBIISIET CIEKTPaJIbHOE MpeoOpa3oBaHUe BXOAHOrO curHama. CylIHOCTb 3TOTO
npeoOpa3oBaHusl 3aKIIOYAETCS B TOM, YTO BXOJHOM MOAYJIMPOBAHHBIN CUTHAI C y3-
KOIOJIOCHBIM CIIEKTPOM B 00JaCTH BBICOKMX YacTOT MpeoOpa3yercs B BHIXOJHON MO-
OYJTUPYIOLUIMN CUTHAJ CO CIIEKTPOM B 00JaCTH HU3KUX YacToT. [loaromy mporecc ne-



TEKTUPOBAHUS TMPH JIFOOOM BUJE MOAYISIMM MOXKHO pEaju30BaTh TOJBKO C MOMO-
IIbI0 HETMHEWHBIX WM TapaMETPUUYECKUX IIeTei.

CrpykTypa AE€TEKTOpa B Cllydae HUCIIOJIb30BAaHUS HEIMHEWHOTO 3JIEMEHTa Ipe.-
cTaBieHa Ha puc. 8.11.

SpxlL) HemiHeHBET HY Spemit)
SMNEMEHT (I)

Sex(t) =U(t)cos(wgt + @), Sy () =k, U(¢) Ipu aMIIIUTy THOM MOTYIISALNH;
Sex (1) =U,, cos[ogt + p(1)], Sgp(t) = kquqo(t) pu (Ha3zoBON MOAYISALINH;

Sex (1) =U, cos[ogt + ()], Sgp(t) = ky,,@(¢) IpU 4ACTOTHOM MOTYJISALNY,
Kaps K Kypy — KOIQQHIECHTBI IPOMOPLHOHANBHOCTH.

Puc. 8.11. CTpykTypHas cxema IeTeKTopa

HenunenHbI 21€MEHT OCYIICCTBIIACT HpeO6p2130BaHI/Ie CIICKTPa BXOJHOT'O CHUT-
Halla. CDI/IJIBTp HU3KOM YacTOTHl BBIACISACT HCO6XOI[I/IMBIC COCTABIOOINC CIICKTPA

MOAYJIMPYHOIICTO CUTHAJIA.

8.4.2. Amnaumyonsiit Oemexmop

AMIIUTYIHBIA JETEKTOp (POPMUPYET CHUTHAJ, COBHAAAOUIMN 10 GopMe ¢ oru-
Oaroleil BXOJHOIO aMIUINTYAHO-MOAYJIUPOBAaHHOIO KoneOanus. Ilpouecc perexru-
poBaHus OyneM paccmaTpuBaTh Uil AM-cursana ¢ TOHaJIbHON MOAYNALUEH, T.€. IS
BXOJIHOT'O CUTHAJa BUJA

Ug (1) =U,,(1+ mcosQt)cosmt.

BBIXOqHOH cUrHAI AETEKTOPA JOKEH OBITh PaBEH

Ug (1) =k, U, (1+mcos Q22).

HpaKTI/I‘ICCKaH CXeMa aMINIUTYOAHOI'O ACTCKTOPA IIPUBCACHA HA PUC. 8. 12,3.
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Puc. 8.12. ®ynkinuoHaibHas cxemMa aMILTUTyAHoro (a) nerektopa u BAX auona (0)



B xauecTBe HEMMHEHHOTO 3EMEHTa UCIIOJIb3YETCS U0/, XapaKTePUCTUKA KOTO-
poro (puc. 8.12,0) umeet HenuneiHb (OA) u nuHeliHbIl (AB) ydyactku. OuibTpom
HU3KOM YacTOTHI SIBJISIIOTCS MApajliebHO BKIIIOUYEHHBIE €MKOCTh M CONPOTUBIICHHE
Harpy3kd JeTeKTOpa. AMIUTUTYJHO-4YAaCTOTHAas U ()a304acTOTHASI XapaKTEPUCTUKH
(buabTpa paccCMOTPEHHI B 1. 5.4.

duznyeckue SBJICHUS B CXEME aMIUIUTYIHOTO JIETEKTOpa MOSICHUM, IMOJb3YSCh
cxemolt gerekropa (puc. 8.12,a), rpagukamMu BXOJHOTO U, (1) W BBIXOJHOTO U, ()

HanpspkeHuit (puc. 8.13, a, 6).

uct) Ueerzll) Uex() utt Ueerx(t) Upx(l)
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Puc. 8.13. BXxoaHO€ 1 BBIXOJIHOE HANIPSIPKEHUS IETEKTOpa

BxonHoe HampsbkeHHe U, (f) IpUIOKeHO K aHony auona. HampsokeHue Ha

KOHJIEHCATOpe, KOTOPOE MO CYIIECTBY SIBJISIETCS BBIXOJHBIM HAINPSIKCHUEM, MPHUIIO-
KEHO K KaTony nuoza. Uepes nuoj MpOTEKAeT TOK B TOM CIy4yae, €Clid HampshKeHHe
Ha aHojie OoJiblle, YeM HaNpsKeHNE Ha KaToJe.

B unTEepBane BpeMeHH, KOria TEKyIllee 3HAUCHUE HaINpPsHKeHHUs] Ha BXoje 00Jb-
11e, 4YeM HampsDKEHHE Ha KOHJAEeHcaTtope (0T TOUKU A; A0 Touku By, cM. puc.8.13,a),

AUOJ OTKPLIT, YEPE3 HETO IIPOTCKACT TOK ia N KOHACHCATOP 3apsAKaCcTCA 9THM TOKOM

(c HEOONBIIUM OTCTaBAHUEM OT POCTA BXOJHOIO HAIPSIKEHUS).
B uHTepBasie BpeMeHH, KOI/la TEKyllee 3HAUCHUE Uy, (f) CTAHOBUTCS MEHBIIE

HaIpsKEHUS Ha KOHJAEHcaTope (Touka By, cM. puc.8.13,a), noTeHIman aHoaa 110/

CTAaHOBUTCS MEHBINE MOTEHIMAIa KaToJa, YTO MPUBOJIUT K 3aKphITUIO auoja. KoH-
J€HCATOp HAYMHAET MEJUICHHO Pa3psbKAThes yepe3 O0JbIIoe COMPOTUBICHHUE (PHUITBT-
pa. IIpoiiecc pa3psia npoaoKaeTcs B TEUEHUE BCEr0 BPEMEHU 3aKphITUS AU0Ja (110
TOUKU A5 ), IpU 3TOM HaNpsKEHUE HA KOHJEHCATOpe, a 3HAYUT, U Ha BbIXOJIE JETEK-

TOpa YMCHBIIACTCH. Hauunas ¢ Touku A2 , IPOLECCC IMOBTOPACTCA.

BHyTpeHHee CcONnpoTHBIIEHHE OTKPBHITOrO AMOJA 3HAYUTEIbHO MEHBLIE COMpO-
tuBneHuss ¢uibrpa. [loaTOMy 3apsn KoHAEHcaTopa MPOUCXOAUT OBICTpEe, YeM pas-
pSl, U KOHAEHCATOp 3apsDKAeTCsl B KAKIOM IMOIYNEPHOJE BXOAHOTO HANPSHKEHUS
MOYTH /IO €r0 aMIUVIUTYAHOro 3HaueHus. CieoBaTeNIbHO, HANIPSKEHNUE Ha KOHJEHCa-
TOpE, a 3HAYUT, U BBIXOJHOE HANPSLKEHHE MOBTOPSIET MO (popme orudaromryro BXO-
HOT'O CUTHAJIa C ONPEeICHHBIM YPOBHEM ITYJIbCALIUMA.



BenuunHa mynbcanuii onpeaensieTcss KauecTBOM (DUIbTpAllMd U 3aBUCUT OT TIO-
CTOSIHHOM BpeMeHH puibtpa 7, = RC, T.e. OT BpEMEHH 3apsiia U pa3psiia KOHACHCa-

Topa. Jns Toro yToObl JETEKTUPOBAHKUE OCYIIECTBIISIIOCH C MUHUMAJIbHBIMHU MCKaXe-
HUSIMU, TpeOyeTcsi COOJIOEHUE ONPENEICHHOIO YCIOBHS, CBA3BIBAIOLIETO IOCTOSH-
HYIO BpEMEHHU (pUIbTpa ¢ nepuoaom I, Hecymiero konebanus u nepuonom 7,, Moxay-

JUPYIOIIEro CUrHana. 9to yciaoBue umeer Bua 1, << 7, << T,,. Ilpu HecobmoneHNM

Y
XOTs OBl OJTHOTO W3 THX HEPABEHCTB HAIPSIKEHUE Ha KOHACHCATOPE HE COBMAACT 0
dhopme ¢ orubaroreit BxoaHoro curtana (puc. 8.13,0)

B 3aBUCUMOCTH OT aMIUTMTYABI BXOJHOTO CHUTHAJIa U BUJA XapaKTEPUCTHKU He-
JUHEWHOT0 3JIEMEHTa Pa3jIuyaroT JBa PeKUMa JICTCKTUPOBAHUS: KBAAPATHUHBIN (pe-
UM CJIA0BIX CUTHAJIOB) M JIMHEWHBIN (PEeKUM OOJBIINX CUTHAIOB). B mepBOM pexu-
Me paboTa JeTeKTopa MPOUCXOAUT B Mpeiesiax HEIMHEWHOI0 y4acTKa ero XxapakTepu-
CTUKH, alllPOKCUMHUPYEMON TTOJIMHOMOM BTOPOM cTereHu. Bo BTopoM pexume pado-
Ta JIETEKTOpa MPOUCXOIUT Ha JIUHEWHOM YYacTKE XapaKTEPUCTHUKH, YTO IMO3BOJISET
MPUMEHUTH KyCOYHO-THHEHHYIO aImpOKCUMAIIHIO.

a. KBaI[paTI/I‘IHOC ACTCKTHUPOBAHNC

ITpu ManoM BXOIHOM CUTHaJ€E (JECATKA MUJUIMBOJIBT) paboTa JETEKTOpa MpOUC-
XOIUT B Mpejesiax HUKHETro cruba BOJbT-aMHEPHON XapaKTEpPUCTUKH HEJIMHEHHOTro
aneMmeHTa (puc. 8.14,a), KoTopasi ¢ JOCTATOYHOM AJI MPAKTUKU TOYHOCTHIO AIIMpPOK-

o . 2
CHUMHPYCTCA ITIOJINHOMOM BTOPOM CTCIICHU I = A, +au+aru
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Puc. 8.14. KBanpatuunoe (a) u nuHeiHoe (0) I€TEKTUPOBAHUE

Ecim Ha BXOQ JeTeKTopa B 3TOM PEKHME TOCTyHaeT AaMIUIMTYIHO-
MOJYJIMPOBaHHBIA curHan Buga u(t)=U(¢)coswyt, TO TOK HEIMHEHHOIO JIEMEHTA

paBeH



i(t)=ay+aU(t) cosmyt + a2U2 (t) cos? Wyt =
a,U? (1) . a,U? (1)

=ay+a,U(t)coswyt + CoS2m,t .

BpicOKOYacCTOTHBIC COCTABJIAIOIHC C YaCTOTaMU @, U 20)0 HC IIPOXOOAT YCPEC3
HU3KOYaCTOTHBIN (I)I/IJIBTp Ha BBIXOJC ACTCKTOpA. ITone3nas I/IH(i)OpMaLII/ISI COOCPIKUT-

a,U (1)
2

Csl B HU3KOYAaCTOTHOHN COCTaBIIAIOLIEH, paBHON i, (¢) = a, + . [Iponopiro-

HAJIBHOCTh  JAHHOM  COCTaBJAIONICH  KBajgpaTy  oOrubamomeid  aMIUIHTYIHO-
MOJyIMPOBAaHHOTO CHUTHAja OMNpeAeNuiIa Ha3BaHUE ICTEKTOpa B ITOM PEXHUME —
K8aOpamu4Hulil OemeKmop.

Hns AM-curnana ¢ ToHanbHON Monymsuued u(t) = U, (I'+ mcos Qt)cos wyt

HHU3KOYAaCTOTHAA COCTABJIAIOIIAA CIICKTPA TOKA 6YI[CT paBHA
2 2 2

a,U a,U a,U
iy (1) = ag + 2L (1+ mcosQr)? = ay + —2 ”+a2U,3mcost‘+%m2costh=
2 2 2 2
a,U m a,U;m
=ay+ 22” 1+ 5 +a2U,3mcoth+zT”cos2Qt.

B IMMOJIYYCHHOM BBIPAKCHUHN CIICKTPAJIbHBIE COCTABJIAIOIINC PACIIOJI0XKCHEBI B I10-
pAaKe BO3paCTaHHuA nux qacCTOT. Cpe):[H HHUX HNMCCTCA COCTaBJIArOIIasA

iy(t) =aU ﬁm cos Q)¢ ¢ yactoToi (2, KOTOpas AOJKHA ObITh BbIJIeJICHA HU3KOYACTOT-

HBIM (PUIIBTPOM.

Jlist BBIIEIEHUS] 3TOM COCTABIAIOIIEH HU3KOYACTOTHBIM (DUIBTP JOJIKEH OBITh
y3KomosocHeIM. Eciin ke MOAYJsus HE TOHAJbHAs M 4YacTOTa MOIYJIHPYIOIIEro
CUTHaJla U3MEHAETCS B mpeenax oT Qi 10 Q.. , To QUIBTP AOIKEH UMETH I10-

aocy npomyckaHus AQ =€Q .. —Q ., T.c. ObITb MOJOCOBBIM HU3KOYaCTOTHBIM

bunabTpOM.
[TocrostHHAsL cocTaBiAOLIAs TOKA OT(QUIBTPOBBIBAETCS C IOMOIIBIO pa3Jeiu-

TEJIBHOTO0 KOHAEHCATOpa, BKIIOYAeMOIo MOCIEA0BATENbHO B LIETb MOCJE JAETEKTOpa.
Cocrapinsitoutas ¢ yactoroit 2() o0yCIOBIUBAET HETMHEHHBIC UCKAKEHUS MOJIE3HOTO
CUTHAJIA, KOTOpbIE TeM OoJiblie, yeM Ooiibliie KOA(DPUIUEHT MOAYISIUU U MEHbIIIE
MOCTOSIHHASI BPEMEHH (PUIIbTpA.

CreneHb HEMHEWHBIX MCKAXEHUW MPUHSITO XapaKTepu3oBaTh Kod(PhUIIMEHTOM
HEJIWHEHHBIX UCKAKECHHM, KOTOPBIN OMpEeIesIeTCs] BRIpaKeHUEM

_\/122+132+...+1,f

4 I ;
rne Iy, 1,,...,]; — aMIUINTYqpl TAPMOHUYECKUX COCTABIAIOLNIMX TOKA HEJIMHEHHOIO
DIIEMEHTA.
I, aU ﬁmz m
B paccmarpuBaemMoM cirydae E=—"t=—12"_=—

I 4a,Ulm 4



CnepnoBatenbHo, KOA(G(UIIMEHT HEIMHEWHBIX HMCKaXEHUH KBaJIpaTUYHOIO Je-
TEKTOpa MpU JeTeKTUpoBaHUU AM-cHUrHanga ¢ TOHaJbHOW MOJYJSLKENH 3aBUCUT OT
koadurrenta moxynauuu m. s Maneix m Kod(hQUIMEHT HETUHEHHBIX MCKaXKe-
HUW HEBENUK, 11 m =1 OH MOXeT JocThyb BeauduHbl 0,25, 4yTO MpeACTaBISIET CO-
OOl 3HAUYUTETBHYIO BEIMYMHY. YMEHbBIICHUE TTTyOMHBI MOIYJSLUU C UEIbI0 CHUXE-
HUSI UCKQXKEHUI HE BBITOJIHO C SHEPIeTUUECKON TOUKH 3PEHHUS.

[Ipu neTekTUpOBaHUU KBAAPATUYHBIM JIE€TEKTOPOM CJIO)KHOI'O CHTHaja CHEKTp
TOKa HEJIMHEWHOTO 3JIeMeHTa OyAeT coaepk aTh KOMOWHALIMOHHBIE YaCTOThl B HU3KO-
YaCTOTHOM YacTU CIEKTpa, KOTOpble OYAYT MPOIYCKATHCS IMOJIOCOBBIM (PUIBTPOM
HU3KOHM 4acCTOThI. DTO MPUBENET K YBEIIMUCHHUIO UCKaKEHUH TOJIE3HOI0 CUTHAJIA.

Takum oOpa3zoM, BBIXOJIHOM CHTHAjJ JETEKTOpa MpH paboTe B peXuMe ciIadbIx
CUTHAJIOB ITPONOPLUHOHAJIEH KBaApaTy aMIuntyasl AM-curnana. UMeHHO mo3ToMy, a
TaK)Ke M3-32 3HAUMTEIbHBIX HEJTMHEHHBIX UCKAKEHUN M30€raloT Takoro pexuma Je-
TEKTUPOBAHUS B IPUEMHBIX TPAKTAX, IPUMEHSISI yCUTIEHUE A0 JETEKTOPA.

B cinyyae HeoOXOIMMOCTH JE€TEKTUPOBAHUS CIA0BIX CUTHAJOB MPUMEHSIOT Je-
TEKTOPBI, TIOCTPOECHHBIE HA OCHOBE OlepaliMoHHbIX yeuntenen (OY).

Takue nerexropsl (puc. 8.15,a) BRIMOIHAIOT ONEpaldK JETEKTUPOBAHUS U YCHU-
nenusi. OnepalvoOHHbIA YCUIIUTENIb HHBEPTUPYET U YCUIIUBAET BXOJIHOE HAIPSKEHUE.
[ToaTOMy BO BpEMs MOJIOKUTENBHBIX NOIYyNEpUOA0B Au0a VD1 otkpsit, a nuoxn VD2
3aKkpbIT. biaronapst aToMy HanpsbKeHUeE u, () = u;(t), a BBIXOJHOE HAIPSKEHUE YCH-

JUTENS OTCYTCTBYET, T.€. Ug,, (f) = 0. Bo BpeMs OTpHIATENBHBIX MTOJYIEPUOAOB JH-

on VDI 3akpslt, a ntuon VD2 oTkpeIT. LIpu 3TOM BBIXOAHOE HANPSIKEHUE YCUIUTEIS
paBHO u, () = —(R, /R )u,y (¢). OHO mpencraBisieT co60it HHBEPTHPOBAHHbIC U YCH-

JIEHHBIE OTPULIATEIbHBIC MOTYIIEPUObI BXOAHOrO HanpsikeHus (puc. 8.15,0).
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Puc. 8.15. AmMmutyansiii getekrop Ha OY

Ecnu Ha BXOJ neTekTopa mocTynaer HampsbkeHue AM-curHania, TO B CHEKTpe
U,(f) MMETCSI HU3KOUYACTOTHBIE COCTABISIOUIME, KOTOpbIe 00ecnedynBaroT (HopmHu-



pOBaHHE Ha BBIXOAE HHM3KOYACTOTHOIO (DMIIBTPA CUTHAN Uy, (f), IO (opMme coBma-

JAOMUI C MOIYJIMPYIOIIMM CUTHAJIOM.
0. JIuneliHoe neTekTUpOBaHUE

Henuneiinpie MCKaXCHHsI, CBOWCTBEHHBIC KBAJPATHUYHOMY JE€TEKTOPY, MOTYT
OBITH YMEHBIIIEHBI, €CIU JIeTEKTOp OymeT paboTaTh C WCIOJNB30BaHUEM JIMHEHHOU
YacTH XapaKTePUCTUKH AuoAa. [Ipy 3TOM MpUHIMIHATIRHAS CXeMa JTUHEHHOTO JeTeK-
TOpa HUYEM HE OTIMYAETCS OT CXEMBI KBaIPATHYHOTO JeTeKTOpa. TOIBKO aMITUTYAa
BXOJITHOTO HamNpsDKeHHs JO0JDKHA ObITh Takol (mopsiaka 1...1,5 B), uroObr paGouwii
y4acTOK pacrojiarajicsi Ha JIMHEHHOM YYacTKe XapaKTePUCTHKH HEIMHEHHOTOo 3Je-
MmeHTa (cM. puc. 8.14,0). IIpu 3TOM MOXHO BOCIIOJIB30BaTHCSI KYCOUHO-JIMHEWHOM ar-
MPOKCUMAINEH XapaKTePUCTHKHU THO/A.

Kak BHIHO W3 pHCYHKa, TOK IHOJa MPEJCTAaBIsACT cOO0M MEPUOIUIECKYIO TIO-
CJIEIOBATEILHOCTh MMITYJILCOB, MOTYJIUPOBAHHBIX 1O AMIUTUTYAe. Hampsokenune Ha
BBIXOJIC JIETEKTOpa CO3/IaeTCsl TOJBKO TOCTOSTHHOM COCTaBIISIONIEH TOKa, KOTOpas B
JaHHOM cllydae He OyAeT MOCTOSIHHOW B TIOJHOM CMBICIE 3Toro cioa. OHa Oyzaer
U3MEHATHCS 10 3aKOHY MOJIYJSIIUN BXOJAHOTO CHUTHAIA. Takum 00pa3oM, BBIXOTHON
CUTHaJa JIeTeKTopa OyAeT paBeH

Ugye (1) =1 ()R =ay(0)1,,(H)R.
1, (8) = S[U(t) = tt gy e ()] = SU@)1 — gy (1) /U (1))

YuuteiBas, uYTto BXOAHOW AM-curHam paBeH Ug, (1)=U(t)coswyt n
Ugy (1) =U(¢)cos6 npu ycinoBuHM, YTO Yo OTCEUKU O sBISIETCS MOCTOSIHHOW BEJU-
YUHOM (3TO OYyJIeT MOKa3aHO HUXKE), MOJITydaeM

Ly (1) = SLU(8) — g (1)] = SU(2)(1 - cos 0), (8.2)
WIN Ugy (1) =y (O)RSU(2)(1—cos0).

Takum 00pa3oM, BBIXOJHOE HANpsDKEHHE IETEKTOpa B 3TOM PEXHME JHHEWHO
3aBHCUT OT aMILTUTYAbl BXOJHOTO CHTHAJIA, €CIIM YTOJ OTCeUKH 6 — MOCTOsSHHAsS Be-
nuyuHa. OTCI0/1a M €TO Ha3BaHUE — JIUHELHbIL OemeKmop.

[TokakeM, UTO BEIMYMHA yTJIa OTCEYKH OIMPEAEIAETCS TOIBKO MapaMeTpaMHu Jie-

TEKTOpa ¥ HE 3aBUCUT OT aMIUIUTY Ibl BXOJHOT'O CUTHAJA.
H3BecTHO, 4TO

1 sin@ — 60 cos O sinf@ — 6 cos O
ay(0) == ; Lo(t) =1y, () :
1, (1—cosB) (1 —cosB)
YyuteiBas (8.2), morydaem
1y(?) = lSU(t)(sinH —60cos0). (8.3)
T
B cBoo ouepens, ug,,, (1) = 1,(1)R =U(t)cosO . Orcrona
Iy(t) = ?cos@. (8.4)

[TpupaBusiB (8.3) u (8.4) W pa3acnuB MpaByO | JICBYIO YacTh Ha COS6 , MOIy4aeM
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g RS- R (8.5)
Kpytuzna BAX nuona — 3To MO CyIIECTBY BEJIMYMHA, OOpaTHAs BHYTPEHHEMY

COIIPOTHUBIICHUIO R; OTKpBITOro auojaa. Takum oOpa3oM, JaHHOE ypaBHEHHE MO3BO-
JISIET ONPEEIUTh IpahMUecKy0 3aBUCUMOCTh OTHOIIECHUs R; /R ot yria orcedku O
(puc. 8.16).
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Puc. 8.16. BiausHue yria oTceuku Ha BEIOOp CONPOTHBICHUNA R; U R

N3 rpadukoB ¥ MOTYYCHHOTO BBIPAKCHUS CIACAYET, UTO Yoy OTCeuku 6 He 3a-
BUCHUT OT aMIUTUTYAbl BXOAHOIO CUTHaJA. Ero BeanunHa onpeaeseTcsl TOIbKO BEIU-
quHOM mpousBefeHus RS . YUem MeHble yrojl OTCEYKH, TeM OOJbIIE OTHOIICHUE
R; / R . JlanHbIil pe3yabTaT UCIOJIB3YeTCS s onpeaeneHus napamerpoB RC GuibT-

pa u quoja.
8.5. BeinpsimiieHue KoJiedaHuii
8.5.1. Obwue ceedernus 0 bINPAMUMENIX

Pannorexnuyeckue yCcTpoHCTBa BBIMOIHSIIOT CBOU (DYHKIIUU MPU HAJTUYUU DHEP-
UM, TOCTyHaoulell OT UCTOYHUKA 3JIEKTPOIUTAHUSA, KOTOPbIA (hOPMUPYET MOCTOSH-
HbI€ HANpPsDKEHMS pa3jIMYHbIX HOMHUHAJIOB. B CBOIO ouepenb MCTOYHHKHU AJIEKTPOIU-
TaHUS TOJIYYalOT HHEPIHI0 OT CETH IMEepeMEHHOro Toka ¢ yactotou 50...400 I'm.
[ToaTomy oHOI U3 GYyHKIUN yCTPOMCTB B COCTaBE UCTOYHUKA DJIEKTPOIMUTAHUS SIB-
JsieTCsl MpeoOpa3oBaHUe YHEPIrUM MEPEMEHHOI0 TOKA (HANPSIKEHUs1) B DHEPTHUIO TO-
CTOSIHHOTO ToKa. JlaHHBII mporiecc npeoOpa3oBaHUs HA3bIBAECTCS BBIPSIMICHHUEM U
peanusyercs yCTpOHCTBOM, KOTOPOE MOIYYHJIO HA3BAHUE BBIIPSIMUTENb.

BrinpsimiieHrie — 3TO 4acTHBIN Cily4ail 1€TeKTUPOBaHUS, IPU KOTOPOM Ha BXOJ
JETEeKTOpa MOCTYMaeT HEMOAYJIMPOBAHHOE TapMOHMYECKOE KojeOaHHe HU3KOM yac-
TOTBI, @ Ha BbIX0JI€ (POPMUPYETCS CUTHAJ B BUJI€ TIOCTOSIHHOTO HANPSXKEHUS, BEJIUYH-
Ha KOTOPOTO B MJieajie paBHA aMIUIMTY/IE€ BXOJHOIO CUTrHana (ero orubaroieit). I1o
3HAYUT, YTO COCTAaB U CTPYKTYpPa CXEMBbI BBINPSIMUTENS TaKasl )Ke, KaK U CXEMBbI JIeTEK-
Topa (cMm. puc. 8.11, 8.12,a).



BelinipsiMuTtenb, Kak U JETEKTOP, OCYIIECTBIIAET MPe0Opa30BaHUE CIIEKTPa BXO/I-
HOT'O CHTHaja, T.e. BXOAHOW CUTHAJ, MPEJCTaBISAIONUN cO00i rapMOHUYECKOE KoJie-
0aHue ¢ 4acToToil @ = @, MPeodpazyeTcss B BHIXOJHOW CUTHAN C 4acToTod @ =0.

OTanyne TOJBKO B TOM, 4TO MOJIE3HOM IIpAU BBIIPAMIICHHUU ABJIACTCA OOHA I'APMOHH-
yecKas COCTaBJISAIONIAsl TOKA HEJIMHEHWHOro 3J€MEHTa C Y4acTOTOM @ = 0 (Hy.HeBaH
I‘apMOHI/IKa), a IMpu ACTCKTUPOBAHHUUN — BCC IFAPMOHHUYCCKHUEC COCTABIIAIOIINUC B ITOJIOCC
YaCTOT MOAYJIHUPYIOWICTO CUTHAJIA.

8.5.2. Cxemvl svinpsamumerneu

B xayecTBe HETMHEHHOTO AIEMEHTA B CXEME BBINPSMUTENST OOBIMHO MPUMEHSIOT
OJIMH WJIA HECKOJIBKO MOJIYIPOBOJAHUKOBBIX TUO/I0B, KOTOPBIE OCYIIECTBISIOT MPeod-
pa30BaHUE CIIEKTPa BXOAHOrO curtana. GUibTp HU3KOW Y4acTOTHI BBLACISIET HYJIEBYIO
COCTaBJISIONIYIO CIEKTpa TOKAa HEJIMHEHHOTO JIEMEHTa, (POPMUPYsI MOCTOSHHOE Ha-
MIPSIKEHNE.

a. OI[HOHOJIYHGPI/IOI[HHﬁ BBIIPAMUTEID

Ha puc 8.17 uzoOpaxkeHa (yHKIMOHAJIbHAS CXeMa OJIHONOJYIEPUOJAHOIO BbI-
MPSAMUTENSA, a TAKXKE SMIOPHI HAMPSIKEHUN ¥ TOKA B LEMH BBITPSIMUTEIIS.

OuUIbTPOM HU3KOW YACTOTHI SABJISIOTCS MAPAIIIECIBbHO BKIIOUYECHHBIE COMPOTUBIIE-
HUS HArpy3Ku JETEeKTOpa U €MKOCTh, T.. HU3KOYaCTOTHBIM (GuibTp. Bhicoko4acToT-
HbIE COCTaBJISIONINE CIIEKTpa TOKa MuoAa QUIbTP HE MPOIYyCKaeT (EMKOCTh MX IIYH-
Tupyet). B To ke Bpemsi MOCTOsIHHAsL COCTABIIAIONIAS CO3/1a€T MOCTOSIHHOE HaIpsiKe-
HUE Ha COMPOTUBIICHUU HArPy3KH.

u(t)
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Puc. 8.17. Cxema BBIIPAMHUTEIIS

duznyeckue SBICHUS TPU BBHIIPSMICHUU MOJ00HBI SABJICHUSM, POUCXOASIINM
npu eTeKTupoBaHuu. OTIMYUS OYEeBUIHBI U3 cpaBHeHus puc. 8.13,a u puc. 8.17,6.

BoixogHoe HanpspKeHHE — BBIIPSAMUTENS — SIBISETCS  MyJIbCUPYIOIIUM  (CM.
puc.8.17,0). Benuuuna nynbcanuii onpenensercs: KadeCTBOM (UIbTpAIUH, T.€. 3aBH-
CHT OT MOCTOSIHHOM BpeMeHU ¢unbtpa 7, = RC . IIpn GOJIBLUIOM 3HAYCHHH [OCTOSH-



HOM BpPCMCHH CMKOCTb (1)I/IJIBTpa pas3psaiKacTCa MCIJICHHO, IPHU 3TOM MCHBIIC U3MCHS -
CTCs BBIXOJHOC HAIIPSKCHHUC 34 BPCMA IICPHUOJAa BXOAHOI'O HAIIPAKCHUA. O‘ICBI/II[HO,
4dTO IMOCTOsAAHHAA BPCMCHH LCIINU HOJIKHA OBIThL 3HAYUTEILHO OOJIBLIIE nepruoaa BXOId-
HOT'O HAIIPsPKCHUSA, T.C.

T, >> Ty =27/ 0.

BeimpsiMutens 00bI9HO paboTaeT ¢ MCTOIh30BAHUEM JTMHEHHOTO yyacTka BAX
anona, 4To MO3BOJIACT MPUMCHUTDH KycquO-HHHeﬁHym Al pOKCHUMAILIUIO 3TOM Xapak-
TCPUCTUKU IJIAA aHAJIU3a pa6OTBI BBIIIPAMUTCIIAT MCTOAOM YI'JIa OTCCYKU. HOHaFaH, 4qTo
Ha BXOJ[ BBIMPSIMUTEIIS MMOCTYIAeT HanpsbkeHue u(z) = £ cos(df, U mpuUMEHS paccy-

KIACHMUA], HpI/IBeI[eHHBIC HpI/I paCCMOTpeHI/II/I HHHeﬁHOFO IICTCKTI/IpOBaHI/IH, HOJIyqaeM
3aBUCHUMOCTD erIa OTCCYUKHA OT HapaMeTpOB Auoaa nu q)HHBTpa:
100 -0 ="
RS

BeJII/I"II/IHa erIa OTCCUKHA HpI/I BBIHpHMJIeHI/II/I, TaK XK€ KaK HpI/I I[eTeKTHpOBaHI/II/I,
3aBUCUT TOJIBKO OT HapaMeTpOB CXCMBbI BBIHpHMHTCJIH U HC 3aBHCHUT OT aMHHI/ITYIIBI
BXOOIHOT'O HaprI)KeHI/IH.

I[JISI HOHyLIeHI/IH Ha BBIXOJC HaHpH)KeHI/ISI, 6HI/I3KOFO K aMHHI/ITYI[e, erﬂ OTCCUKHU

nomkeH 66T Menbne 20°. TIpn 3ToM 3HadeHMe Mpou3BeleHHS RS HAXOAHUTCS B
npenenax 100. Vuureisas, uro S =1/R;, rae R; — BHyTpeHHEE CONPOTHBICHUE JHO-

na, napametpsl puiibTpa R u C onpenensoTcsi U3 COOTHOIICHHN:
R ~100R; n. C>>T,/R=2n/Rw,.
KauecTBO BBINIPAMIIEHHOTO HANPSKEHUS OMPEACISETCS BEIMYMHOMN MyIbCaIUi.
C nmo3uumii CIeKTpaJbHOTO aHAJIM3a OCHOBHOW MPUYMHON MyJbCAIUN SIBIISIETCA HE-
ujeanbHas (QUIbTpaIs COCTaBISIONIUX CIEKTpa TOKa HelIHHeHHoro sneMenta. [lo-
ATOMY BEJIMUUHY MYJIbCAIIUI MOXKXHO OLIEHUTHh KO3 (DUITUEHTOM TyJIbCaIuit
2 2 2
£ - \/Ul +U5 +...+U;
- °
Uy
rne Uy, U, U,,...,U; — aMIUIATybl TADMOHUYECKUX COCTABIIAIOIIMX CIEKTPA ITyJib-

CUPYIOLIETO HATIPSIKEHUSI.

N3 dusuuecknx cooOpakeHUi MOXKHO CJeNaTh BbIBOJ, YTO OCHOBHOM BKJIAJl B
oOpa3oBaHuE MyJbCallMii TPUHAIICKUT NepBoi rapmonuke. [loaTtomy B paccmarpu-
BAEMOM ClIy4yae

£ = Uy _ 1Z(w,)
U, IR

rae [y ¥ I, — aMIUIMTYAbl HYJIEBOU U IIEPBOM FapMOHUK TOKA HEJIMHEMHOI'O DJIEMEH-

b

Ta BBIIPSIMUTEIIS;
Z(w,) —3Hauenne AUX ¢unbTpa Ha 4acTOTE MEPBON TAPMOHUKHU.

YuureiBas, 4To

sin@ — 0 cosO 0 —sin@cosb
Iy, =0,(0)], = I, u I,=0(0),, = I,
0 0( ) m ﬁ(l—COS@) m 1 1( ) m ﬁ(l—COS@) m




0 —sinfcosO Z(w)
sin@ —60cos@ R
HeTpyaHo mokasaTh, 4TO CIpaBelTMBO HEPABEHCTBO
n Z(w Z(w
2 R R
JIJIsi yMEHBIIICHHS TTyJIbCAllUd HEOOXOIUMO CTPEMHTHCS K YBEITUUYCHHIO COMPO-
TUBJICHUS HArpy3KH BBIIPSIMUTEINS (UTO HE BCETJa 3aBHCHT OT Pa3pabOTYHKa BBIIPSI-
MUTENIS) ¥ YMEHBIIICHUIO 3HaueHUs Kod(@UuIMeHTa nepenadn GuibTpa Ha YacTOTE
MIEPBOM TapMOHHMKHU. J[JIs1 3TOT0 TOCTATOYHO YBEIUYHTH BEIMIMHY EMKOCTH QHIIBTpA.

mojay4dacm

0. JIByxmosynepro bl BHIIPSIMUTETh

Jlyumme mapaMmeTpbl ¢ TOYKU 3PEHHS IMyJIbCAlluii UMEET NBYXIOJYIEPHOIHBIN
BBITIpsIMUTENb. OH TIpeACTaBiIsieT cOO0N COeNMHEHUE ABYX OJHOMOIYIIEPUOIHBIX BbI-
NpSIMUTEIICH, MUTArOIUX 00Iyt0 Harpy3ky. Ha puc. 8.18,a npuBeneHa cxema c JBy-
Ms JUOJaMHU, B KOTOpOW BTOpWYHAas OOMOTKa TpaHcdopMaropa HWMEET OTBOJ OT
cpenHeit Touku. Korma HampspkeHHe B BepXHEM KOHIIE OOMOTKH TpaHcdopMmaropa
HOJIOKUTENBHO OTHOCUTENILHO CPEIHEN TOYKH, TOK #j(?) maet uepe3 auoxn VD1 B Ha-
MpaBJIeHUU, YKa3aHHOM CTpesikoil. [Ipu sToM HanpspkeHue Ha HUYKHEM KOHIIE 0OMOT-
KM OTPUIATENIbHO, U TOK uepe3 auoh VD2 e npoxonut. Uepes nosynepuos moisip-
HOCTh HANPsDKEHUsS Ha KOHITaX 0OMOTKHU MEHseTCs Ha oOpaTHyo. [{uox VDI 3anupa-
eTcsl, a 1uox VD2 OoTKpbIBaeTcs, U TOK I,(f) mpoxoaut yepe3 auon VD2. B oboux
CIIly4asiX Yepe3 Harpy304HOe CONPOTUBICHUE TOKH MPOXOISAT B OJHOM HaIlpaBICHHUH
Y CO3JaI0T CyMMAapHbIA IMyJILCUPYIOMMI TOK i, (t) = i) (f) + iy (7).

PaGouue npoiiecchl B BEIIPSIMUTENE MTOKa3aHbl Ha puc. 8.18,0.

u(t)
vD1l I3 ezt UprziL)
r— o E E
L P e LB
< - Ugerz(t) VIRV ¢
) o[ 1. SRR
I.‘-j(t:l 1 I I : : I 1
- I R T R T
2 NPT E A Y
:/\: I I : I ey
Y32 | 1 | | :/\II | 1
a) a 7 = t
6)

Puc. 8.18. Cxema ABYXIOIYNIEPUOIHOTO BBITPSIMUTEIIS

HeoOxonuMocTs npuMeHeHus TpaHcpopMaTopa ¢ BHIBEJICHHOMN cpeHel TOUKOH
BTOPUYHON OOMOTKHM U He’((PEKTUBHOE €ro HMCHIOJb30BaHUE (TOK 3apsia €MKOCTH
¢buabTpa MpoTEKaeT B OJHOM HAMPABIECHUH) SIBISIOTCSA CYIIECTBEHHBIMU HEIOCTAT-
KaMU JAHHOM CXEMBI.



B. MocTtoBas cxema ABYXIIOJYIICPHUOAHOT'O BBIIPAMUTCILA

OTH HENOCTAaTKM OTCYTCTBYIOT B MOCTOBOM CXE€M€ JBYXIOJYNEPHUOJHOIO BHI-
npsmutens. B atom Beinpsamutene (puc 8.19) BropuyHas 0OMOTKa HE UMEET CpeaHe
TOYKH M HUCIOJIb3YETCS MOJIHOCTBIO B TEUEHHE IOJOKUTEIBHOIO U OTPULATEIBHOIO
MOJIYIIEpUO/a HANPSKEHUS. B MONOKUTENbHBIN MOTYNEPUO OTKPBITEL Auoabl VD1 n
VD3 (muonbl VD2 u VD4 3akpbIThl), B OTpUIIATENIbHBIN MOJTYIEPUO]] OTKPBITHI JUO-
el VD2 w VD4 (muoast VD1 u VD3 3akpbiThl). Uepe3 OTKPBITHIE THOJBI MPOUCKO-
TUT 3apsii KOHEHcaTopa PuibTpa.
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Puc. 8.19. Cxema MOCTOBOTO JBYXIIOIYTIEPUOJHOTO BBITPSIMUTEIIS

MocToBasi cxeMa BBITTPAMUTES UMEET JIBa BaXKHBIX MPEUMYIIecTBa. Bo-miepBsiX,
oOpaTHOE HampsDKEHWE Ha TUOJaX B 2 pa3a MEHBIIC, YeM Y JPYTUX BBITPIMUTEIICH.
Bo-BTOpBIX, MOXXKHO MPUMEHUTHL Oosiee MpocToi TpaHchopmarop (6e3 cpenHeit Tou-
KH), KOTOPBIH MOXET M OTCYTCTBOBaTh. B CHITy TOrO 4TO TOK 3apsijia KOHACHCATOpa
MPOXOHT Yepe3 IBa AUOAQ, Y 3TOTO BBITPSIMHUTENS IOTEPH HECKOIBKO OOJIBIIIE.

[TpuMEHSIOTCS TaK)Ke CXEMbI BBIIPSIMHUTEIICH C ONpeeiICHHBIMU creruduye-
CKUMH CBOWCTBaMH, HAIlPUMEP, C yIBOCHUEM WM YMHO)KEHHUEM BBIXOJHOTO Hampsi-
xeHus. Takue BBIMPSIMHUTEIN IO3BOJISIIOT TOJYYUTh BBIXOJHOE HANPSOKCHUE 3HAYH-
TEIBHO OOJIbIICEe, YeM aMILIUTyJa BXOJHOTO TEPEMEHHOTO HAmNpsOKeHUS (10 He-
CKOJIBKHX JIECATKOB KHUJIOBOJIBT).

8.6. YruioBasi monyasiumst
8.6.1. Obwue npunyunsvl NOAYUEHU CUSHANO8 C Y2lI080U MOOYaayUell

Pagnocurnanel ¢ yrinoBo MOLynsiIMER UMEIOT BU/T
s(t) =U,, coslowyt + @(1)],
rae ¢(t) =kys, (1) + ¢ — u3MeHeHne (pasbl Hecylero Konebanus npu GpasoBoii Mo-

JLyJALAH,
t

p(t) =k, j s, (0)dt + ¢, — n3mMeHeHue (pa3pl HeCyLEro KoyuedaHus MpU 4acToT-
0
HOW MOJIYJISILIUU.



3nech §,,(f) — MOOYIMPYIOLIMIA CUTHAN, (), — HadalbHas (haza HECYLIEro KoJe-
Oanmst , kg, U k, — MacmTaOHbIC KO UIIUCHTBL.

Takue pagrocurHaibl GOpMHUPYIOTCS (a30BBIMUA U YACTOTHBIMH MOJTYJISTOPAMH.

Da3zosviii mooyramop (PM) — 3To ycTpoicTBO, (HhOpMUPYIOIIEE BHICOKOYACTOT-
HOe KoJliebaHme, (pasza KOTOPOro M3MEHSETCS MO 3aKOHY MOIYIHPYIOIIETO CHTHaa
(puc. 8.20,a).

Yacmommuuwiti mooyaismop (YM) — 3T0 ycTpocTBO, (hopMUpPYIOIIEe BhICOKOYAC-
TOTHOE KojeOaHHe, 4aCTOTa KOTOPOTO M3MEHSETCS M0 3aKOHY MOAYJIHPYIOIIETO CHT-
Hana (puc. 8.20,0).

Sull) | Dazommri Sppnlh) Su(t) | YacToTHmL Seprdl)
MOIYIIATOP [(p(t) = k¢ -:SIM(R) } MOIYIIATOP [m(t) = kySmlt) J
_ Su )= kq|sn(t)dt
a) ‘Sﬂ{t) (U(t\.l = kcp a 6) ‘SH(U (P( ) IS ( )

Puc. 8.20. ®a30BbIit (a) 1 4acTOTHBIHN (0) MOAYIATOPSI

da3zoMoAyTHPOBAHHOE KOJICOAHHE MOKHO TMOJYYUTh U C TIOMOIIBIO0 YaCTOTHOTO
MonynsaTopa. JlJis 3Toro HeoOX0AMMO MOAYJIUPYIOUINI CHUTHAM IMOAATh Ha MOAYJIATOP
yepe3 nuddepeHuupyronlyo nenb (aud. uens, puc. 8.21,a). B cBowo ouepens ¢ mo-
MOIIIBI0 (a30BOTO MOJIYJISATOPAa MOXKHO TOJNYYHUTh YaCTOTHO-MOIYJIHMPOBAaHHOE KOJie-
OaHne, ecii MOIYJIUPYIOIIUNA CHTHAI MOMAeTCs Ha MOIYJSATOP 4Yepe3 WHTETPUPYIO-
IIYyI0 1eMb (MHT. 1enb, puc. 8.21,0).
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Puc. 8.21. B3auMocBsi3b 4acTOTHOM U Pa30BOM MOTYIALIUNA

8.6.2. Daszosvie MoOyImMOpYLL

HN3menenue (1)3351 HECyHiero KoJIcOaHUs TI0 3dKOHY MOAYJIMPYIOMICTO CUTHAJIA
HauOoee MMpOCTO OCYHMICCTBIACTCA C IIOMOHIBIO K0JIc0aTeIILHOIO KOHTYypa C Iiepce-



cTpanBaeMoi ()a3049acTOTHON XapaKTePUCTUKON. YTIPaBIIssl TOM XapaKTEPUCTUKOMU C
MMOMOIIBI0 MOAYJIMPYIOLIETO CUTHAJIA, MOXKHO MU3MEHSTHh B OIPEACIIEHHBIX MPEAeax
(ha3y BBICOKOYACTOTHOI'O KojebaHus, moctynaroiiero Ha koutyp. ®UX konrypa 3a-
BUCHUT OT €ro mapameTpoB (MHIYKTUBHOCTH, €MKOCTH, CONMpOTuBIeHuUs). [loaTomy
VIIPABJIEHUE 3TOM XaPAKTEPUCTUKOW MOKHO OCYILECTBUTH, U3MEHSsI, HAIlpUMEp, Be-
JIMYMHY EMKOCTH KOHTYpa C IIOMOIIBIO BapUKalia — NapaMmeTpUIECKOro MmIioCKOCTHOTO
auoja, 0appepHasi eMKOCTb p-H-Tiepexoa KOTOPOTo 3aBUCUT OT OOPATHOIO HarpsiKe-
HUS, IPUIOKEHHOTO K HeMY. 1l OCylIeCTBICHU NPOLEAYPhl MOAYJISLIMN HA BapHU-
Karn HeoOX0AMMO T01aTh MOIYIUPYIOIIUM CUTHAIL.
CxeMma Takoro (a3oBOro MoyJsiTopa mpejcTaBieHa Ha puc. 8.22.
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Puc. 8.22. ®a3oBbiii MOAYISATOP HA OCHOBE MEPECTPANBAEMOTO KOHTYpa

Jlist ycTpaHeHusl mapa3uTHOM aMIUIUTYAHONW MOAYJISIUU, BbI3BAaHHON HEn30ex-
HOM paccTpOUKOW KOHTYypa OTHOCUTEIBHO HaCTOThI HECYIIETO KoyueOaHUs, K BBIXOY
MOAYJIATOpA NOAKIIOYAETCS YCUINTEIb-0TPAHUYNTEb.

da3a BBIXOAHOTO CUTHANA (g, MOLYIATOPA OyIeT ONPEAENIATLCS U3MEHEHUEM

(ha30BOro ciBUra KOHTYpa @, IO 3aKOHY MOAYJIMPYIOIIEro CUrHana u,, (), T.e.

Qv [ty (D] = Qe [14, ()] + @y
I/IHHeKC yFJIOBOﬁ MO,ZIYHHHI/H/I OHpeI[eJISIeTCSI HpOI/ISBeI[eHI/IeM aMHHI/ITYI[BI MOI[y-
mupytomero curtana U, Ha KPYTU3HY MOIYISIIHOHHON XapaKTEPHUCTHKH, PABHYIO

S =do, (u) /du: KpyTn3Ha MOAYISIMOHHOM XapaKTepUCTUKU 3aBHCUT OT H0OPOT-

HOCTH KOHTYpa, MOps/IKa BKIIOYEHHUS BapuKana B KOHTYp (HocieoBaTesIbHO W Ta-
pajieIbHO €MKOCTU KOHTYpa) U KPYTHU3HBI BOJBT-KYJOHHOW XapaKTEPUCTHKU BapH-
kamna. [Ipn HeoOX0AMMOCTH MONYYUTh 3HAUUTENbHBIN MHACKC YII0BOW MoAysiuuu B

[IPUMEHSETCS YMHOKUTEIb YaCTOThI BBIXOJHOI'O CUTHAJIA.

Hpyroit crioco6 moctpoeHus: pazoBbIX MOAYISTOPOB OCHOBAaH Ha Mpeodpa3oBa-
HUU aMIUTUTYJHOW Monynauuu B (a3oByro. B Takux Momynstopax gopMupoBaHHUe
®OM-curnana mpou3BoauUTCS B nBa dTama. Ha mepBom srtame dopmupyercs AM-
CUTHAJI, 2 Ha BTOPOM JTale OCYIIECTBIISIETCS MpeoOpa3oBaHKE JAHHOTO CUTHAlIa B
curHai ¢ (a3oBoi MOAYJISAUEH.

Bropoii aTan BhINONHIETCS MyTEM CIOXKEHUS JBYX KoyeOaHUN Hecylleld 4acTo-
Thl, CIBUHYTBIX OTHOCHTENBHO IpYyr Apyra Ha yron 7/2. IlpuyeM aMIUIUTYIHO-

MOAYJIMPOBAHHBIMU MOTYT OBITH OJHO HJIN 00a CKJIaAbIBACMBbIX KoeOaHHuii.



Ha puc. 8.23 u 8.24 npuBeneHsl cxeMbl MOJOOHBIX (a30BBIX MOAYISTOPOB U
BEKTOPHBIE JUarpaMmbl, osicHstomue 3 exT pa30Boi MOIYISIIIH.
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Puc. 8.23. ®a30Bblid MOAYIATOP

®a30BbIil MOAYIATOp puc. 8.23 peannsyeT CBOM (QYHKIIMH IIyTEM CIIOKEHUS aM-
TUTUTYTHO-MOTYJIUPOBAHHOTO u (1) =U(t)coswyt U HEeMOJYJIMPOBAHHOTO

u,(t) = Esin oyt xonebanuil. BeixonHol curnai paBeH

Uy (1) = U () cos oyt + Esinwyt = U (£) + E2 sin{wyt + arcte[U(t)/E]}.

Kaxk BHJIHO W3 3TOr0 BhIpaKEHUs, BBIXOJHOW CHUTHAJ MPEACTaBIIAET COOOM BBICO-
KOYaCTOTHOE rapMOHHYECKOE KoJieOaHHe, aMIUINTyda U (aza KOTOPOro 3aBUCUT OT
MonyJupyonero konebanus. BektopHas auarpamma minmoctpupyeT 3¢¢GeKT usme-
HeHus: ga3bl U TOT (akT, 4To (pazoBasi MOAYJSALKS B ATOM CIydyae COIMPOBOXKIACTCS

napa3uTHBIM HU3MEHEeHUEeM aMIUTUTyabl C(f) =+U 2(t) + E? PE3YIABTUPYIOLIETO CUT-

Haua.
[Ipu crnoxeHun ABYX aMIUTUTYAHO-MOAYJIMPOBAHHBIX KojieOaHuil (puc. 8.24)
MO>XHO 3HAYUTEJIIbHO YMEHBLIMTh WM3MEHEHUS aMIUIUTYIbl (PazoMoIyIUpOBAaHHOTO

CHUT'HAJIA.
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Puc. 8.24. ®a30Bblid MOAYIATOP

Uprm(t)
e

CymmMarop

ITpu HeGonpIUX MHAEKCAX yriaoBoi moayisiuu £ (He 6omnee 0,5) ays nmomyde-
HUS CUTHAJIOB C (Da3oBOM MOAYJIAIMEH MOXKHO HCIIOIB30BaTh METOA ApPMCTpOHTa
(OnBUH APMCTPOHT — aMEpPUKAHCKUH PaJIMOTEXHUK). MeToa mpearycMaTpUBaeT CIlo-
JKEHHE O/l YIJIOM 77/2 HEMOIYJIUPOBAHHOIO U OaTaHCHO-MOIYJIUPOBAHHOIO KOJIE-
Oanuii. Cxema Ga3oBOil MOIYJIAIMH 110 METOTy APMCTPOHTA M BEKTOPHAs Harpam-
Ma, TosicHstomas 3pGEeKT MOAYJIAINN, TIPUBEACHBI Ha puc. 8.25. JluarpamMma mpuBe-
JeHa JIJIsl OJHOTOHAIBLHOU (Da30BOM MOTYISIIUH.
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Puc. 8.25. ®a30Bblid MOAYIATOP APMCTPOHTA

®a30BbIi MOAYISATOP peau3yeT CBOU (QYHKIUU IyTeM CIIOKEHMs JBYX KoJieOa-
HUM:
MOIyAupoBaHHOTO U, (1) = mU,, cos(w, + Q)t + mU ,, cos(w, =€)t ;
HEMOJYJIMPOBAHHOTO U, () =U, sinmt .
BrixonHou curaan paBeH
Ugy (1) =U, smayt +2mU,, cos Qt cos wyt = C(t)sin[ wyt+ arctg(2m cos 2t)],

C(t)=U,,\1+4m? cos? Ot .

Takum 006pa3oM, BBIXOJHOI CHIHAI MOAYJIATOpPA HPEACTABISAET cOO0OM BHICOKO-
qaCTOTHOC FapMOHI/I‘{eCKoe KOHe6aHI/Ie, aMHHI/ITYI[a U (ba3a KOTOpOFO 3aBUCUT OT MO-
Iynapylomero konebanus. BekTopHas auarpaMMa HLIOCTPHPYET >QPEKT n3MeHe-
HUA (1)2[3]31. CDaSOBaSI MOHyﬂHHI/IH COHpOBO)K):[aeTC}I HapaSI/ITHBIM N3MCHCHUCM aMIIJIIN-
TyJIbl PE3YIBTUPYIOLIErO CUTHAJA.

PaccMOTpeHHBIE (a30Bble MOJYIATOPBL COXPAHSIOT JIMHEHHYIO 3aBMCHMOCTD
(1)33]51 BBIXOJHOT'O CUT'HAJIa OT MOI[y.HI/Ipy}OH.[eFO CUIrHalia HpH MaJIbIX MHACKCAX yFJIO-
BOﬁ MOIIYHHHI/H/I. HpI/I 6OHBH_H/IX 3HAYCHUAX ﬂ CTAHOBUTCIA CyH_IeCTBeHHOﬁ HCHHHeﬁ-

HOCTBH (1)330BBIX MOAYJIIUOHHBIX XaPAaKTCPHUCTHUK. VBenuueHue HMHACKCA MOIYJIAAINN
AOCTUTACTCA IIPpU YMHOKCHHUH 9aCTOThI dM-curnana.

8.6.3. Yacmommnvie mooynamopwi

Cy11iecTBYIOT MPSAMOM M KOCBEHHBIN CITOCOOBI MMOCTPOCHHS YaCTOTHBIX MOJIYJIS-
TopoB. IIpsamoii criocob npeaycMaTpruBaeT HEMOCPEICTBEHHOE YIIPABICHHE YaCTOTON
Kose0aHuil, popMUpPyEMBbIX aBTOI'€HEPATOPOM, C MOMOIIBI0 MOJYJIUPYIOIIET0 CUTHA-
na.. KocBeHHBIH cmoco® OCHOBaH Ha BO3MOXKHOCTH IMOJIy4aThb YacTOTHO-
MOJAYJIMPOBAHHOE KOJeOaHHe ¢ MOMOIIbI0 (a30BOTO MOIYJSATOPA, KaK MOKA3aHO Ha
puc. 8.21.

PaccMoTpuM peanu3zaiuio npsMoro crnocooa.

OddexT YacTOTHOM MOAYJISIUU MOXKHO TMOJTYyYHUTh 3@ CYET JJICKTPOHHOTO
yIpaBJeHUsl PE30HAHCHOM YacTOTOM KOHTypa B coctaBe LC-reHeparopa rapMoHuye-
ckux kojiebanuit (puc. 8.26). 'enepaTop coOpaH Mo cxemMe pPEe30HAHCHOTO YCUIIUTENs
C MOJIOKHUTENIbHOM 00paTHOM CBA3BIO Uepe3 BICOKOYACTOTHRIN TpaHcdopmaTop. Yac-
TOTa KoOJIeOAaHUN ompenensieTcss pPe30HAHCHOW YacTOTOM KoJeOaTeNbHOI0 KOHTYpa.
JluHaMHuueckoe ynpaBJIeHUE dTOH YaCTOTOM OCYIIECTBISACTCS MyTeM M3MEHEHUsS eM-
KOCTH KOHTYypa C MOMOIIbIO Bapukara. Bapukam nmoakirodeH MnapaieibHO €eMKOCTH



KOHTYpa, OapbepHasi EeMKOCTb €ro p-n-Iepexojia U3MEHSeTCsl Mo/ BO3/IEUCTBUEM MO-
OyJIAPYIOLIETO CUTHAJIA.
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Puc. 8.26. Cxema 4aCTOTHOrO MOAYJSATOpPA C BAPUKAIIOM

OnpenenuM xapakTep 3aBUCUMOCTH YacCTOThl T€HEPUPYEMBIX KOoieOaHuil OT OT-
HOCHUTEJIbHOTO U3MEHEHHUsI BeJIMYMHBI eMKOCTU. Kak y)Xe roBopmiock, 4actoTa KoJie-
O0aHMIl Ha BBIXOJIE aBTOrE€HEpaTopa ONpEeNeNseTcss B OCHOBHOM PE30HAHCHOW 4acTo-
TOI KOHTypa. [I03TOMY MOXHO CUMTATh, UYTO OTKIOHEHHUE €MKOCTH Ha BennuuHy AC
MPUBOJUT K U3MEHEHHUIO YACTOThI Ha BEIMUMHY A® .

Hcxonnbie hopmysbl U mpeoOpa3oBaHus dJAEMEHTapHbI, IOATOMY OHU JIaHbI 0€3
KoMMeHTapueB. O003HaYCHHUS:

Lj, Cj — MHOYKTUBHOCTb U €MKOCTB KOJIEOATEIBHOTO KOHTYpa B CXEME aBTOre-
HEepaTopa;

C, — eMKOCTb BapHKana B padoueil Touke (IIpH OTCYTCTBUU MOIYJIUPYIOLIETO
HaIpsHKeHUs);

AC, Aw — u3MeHEeHUe eMKOCTH U TIPUPAICHUE YACTOTHI 3a CUET U3MEHEHHUS €M-

KOCTH.
1
Ck :Ck+C0; 0)02—;
’ VLkCro
1 1
COO + ACO =

JL(Cio +AC) | JLCio 1+ AC/Chy
Pa3IIeJ'II/IM JICBYIO M IIPAaBYIO 494CTb PaBCHCTBA HA W, H IIPOAOJIZKHM Hpeo6pa30-
BaHUA:

2/ 2
2A A
Ao _ 1 _ AC/Cy, = - /o, + a)/a)o-

0y J1+AC/Cry (1+ Aw/a, )

[IpakTuka mpUMEHEHHs] YaCTOTHON MOJYJSLMU MpU Mepenade CooOLIeHUH Mo-
Ka3bIBAa€T, YTO OTHOCUTEIBHOE U3MEHEHNE YAaCTOThI, KaK MPABUIIO, HE3HAYUTEIBHO.

Tak, Hanpumep, B YKB nuanasone BennunHa A®/@, HE IPEBBINIACT HECKONb-
KHMX JI0JIEV MpoLeHTa. B 3TOM cilydae moJlydeHHOE BBIPaKEHHE MOKHO YIPOCTUTH:



AC/Cy, = 2 Aw/w,, .

Takum 00pa3oM, MOJTOKUTEIBHOMY HPHUPALICHUI0 €MKOCTH COOTBETCTBYET OT-
pULIATENBbHOE MPUpPAIECHUE YacTOThl. [IprueM nmpu ManbIX OTHOCHTENIBHBIX MU3MEHE-
HUSIX YaCTOThI UMEETCs JIMHEWHas 3aBUCUMOCTb Mexay Aw u AC . CnegoBaTelbHO,
IUISl TIOJIyYE€HUS] YACTOTHOM MOAYJISILIMM TOCTATOYHO M3MEHATH EMKOCTh BapUKama Io
3aKOHY MOJYJIMPYIOLLETO CUTHAJA.

OT BenMYMHBI HANPSHKEHUS, TPUKIAABIBAEMOI0 K BapHKaIly, 3aBUCHT TaKXKe CO-
MIPOTUBJIEHUE €T0 p-n-nepexoaa. ITO NPUBOAUT K UBMEHEHHIO TOOPOTHOCTH KoJieOa-
TEJIBHOIO0 KOHTYpa aBTOIE€HEPATOpa, CIEICTBUEM YErO SIBIIAECTCS Mapa3uTHas aMIUIM-
TynHas mMoayisus gopmupyemoro UM-koneOanus. J[aHHBIH HETOCTATOK paccMOT-
PEHHOI'0 METOJa MOAYJSILIMM MPOSBIAECTCS NPHU 3HAYUTEIBHBIX aMIUIUTYIaX MOJYJIH-
PYIOLIETO CUTHAJIA.

8.7. leTrekTHpOBaHME CUTHAJIOB € YIJIOBOW MOAYJIsiuei
8.7.1. Obwue npunyunsvl 0emeKmupoB8anusi CUSHAI08 C Y2l1080U MOOYIAYUel

Paguocurnanel ¢ yrinoBod MOLYJISUIUENA, UMEIOIINE BUL
Uugy (1) = U, cos[wgt + @(1)],
ACTEKTHPYIOTCS (Da30BBIMHU M YACTOTHBIMHU ACTEKTOPAMH.

Da3zosviii demexkmop (P/]) — 3TO yCTPOUCTBO, (GOPMHUPYIOIIEE BBHIXOAHOW CHUT-
HaJI, 3aKOH U3MEHEHUSI KOTOPOTO COOTBETCTBYET 3aKOHY M3MEHEHUS (ha3bl BXOTHOTO
BBICOKOYACTOTHOT'O curHana (puc. 8.27,a).

Yacmommuwiti demexmop (4/]) — 3TO yCTpONCTBO, (POPMHUPYIOIIEE BBIXOTHOU
CUTHAJ, 3aKOH M3MEHEHHS KOTOPOTO COOTBETCTBYET 3aKOHY W3MEHEHUS YdaCmombvl
BXOJIHOT'O BBICOKOYACTOTHOTO curHana (puc. 8.27,0).

sex(l) | Dazommii Senrc()=kan (1) Sex(t)| Yacrotuprt | Seerd(l) = kezoa(t)
CTEKTOD ETeKTOD
G |ORE RN il |EWWOES 2

a

Puc. 8.27. ®a3oBwlii (a) 1 yacTOTHBIH (0) AETEKTOPHI

N3BecTHO, 4TO MEXTy 4acTOTON M (pa3oii TapMOHUYECKOrO KOJeOaHus CyLIecT-
BYET CJIEIyIOIlasi 3aBUCUMOCTb:

o) = 420 ()

1 o(f) = j o(t)dt.
0
HOBTOMy C IMOMOIIBKO 9aCTOTHOI'O ACTCKTOPA MOKHO BBIIIOJIHUTH (I)aBOBOC ae-
TCKTHPOBAHUC, CCIIN BBIXOIIHOﬁ CUT'HAJI LU:[ IMPOUHTCTPHUPOBATH. B cBoro oucpeap C



MOMOIIBIO (pa30BOTO JIETEKTOPA MOKHO BBITIOJHUTH YaCTOTHOE JACTEKTHPOBAHUE, €C-
mu BeixoiHOM curnan @J1 npoauddepenuuponatsd (puc. 8.28).

C Seerelt) = kazo(t) ) Omtono(®

I - . _ t
spx(t) | YacToTHBIA | Sperc(D)=kgn P
4:_} JE— Her. e |

[Soum(®) =kt fotydt]

| @Daz0BbIH JeTeKTOP

! Sperct D) =kan O(1) :
sex(t)) [ ®asomsni | Seprc(t) = kepoo(t)

— Hud. ners [
JOETEKTOP , ()
: [SBIJIX(t) =kun d:ﬁ L ]

HacToTHBIN JeTeKTOp

Puc. 8.28. BzaumocBs3b Mexay (Ha3zoBbIM U YACTOTHBIM AETEKTOpaMU

8.7.2. @aszosvie demeKkmopbi

B ocHOBy moctpoeHus (ha30BBIX JIETEKTOPOB MOJIOKEHO OIMpeIeIeHIEe Pa3HOCTH
(a3 OMOPHOro HANPSKEHUA U, (1) = U, cos @yt 1 Gpa3oMoayIUPOBAHHOIO Koyeha-

HUS U, (1) =U, cos[wyt + ¢(t)]. Hanpsoxkenne u,,,(f) Ha3bIBAalOT ONOPHBIM, IIO-

CKOJIbKY OTcUeT (pa3bl BeJleTCs OTHOCUTENbHO Hero. st onpeneneHust pasHoctu Qa3
OCYILIECTBIISAECTCS NEPEMHOKECHUE 3TUX HAIPSDIKEHUM C MOCIEAYIOLIUM BBIICICHUEM
HEOOXOUMBIX COCTaBISIONIUX (DHIBTPOM HU3KOM 4acTOThl. B kKauecTBe mepeMHOKHU-
TeJs OOBIYHO MCIOJIB3YIOT HEIMHEHHBIN AJIEMEHT (MO0, TPAaH3UCTOP) C KBaJapaTH4-
HON XapaKTepUCTHKOM, OJiarogapsi 4eMy B CIEKTPe TOKa ATOTO 3JIEMEHTa MMEIOTCS
COCTABJISIOIINE, 3aBUCSIINE OT Pa3HOCTU (a3 BXOAHBIX KojiebaHuii. Hu3kouacTOTHBIM
(GUIbTp, CBA3AHHBIN ¢ HEIIMHEWUHBIM 3JIEMEHTOM, BBIACISET 3TU COCTABISAIONINE (PHC.

8.29).

U,
Uex (t) HemHueHbI dHU é)é (q))

ANEMEHT

| tan(t)

Puc. 8.29. CtpykTypHbIil cocTaB pa30BOT0 AETEKTOpa

Cxema (pa30BOro Jerekropa Ha AMOJE U BEKTOpHAs JuarpaMma, MOsICHSIOLIas
NPUHIMI (OPMUPOBAHUS BBIXOHOIO HAINPSKEHUs, MpUBeAeHbI Ha puc. 8.30.
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Puc. 8.30. Cxema (a3oBoro gerekropa

Huon VD wn nuzkouyacTtoTHbIM GuiabTp RC 00pa3yloT Mo CyLIEeCTBY €XeMy, IO-
TOOHYIO CXeMe aMIUIMTYAHOro AeTekTopa. Cxema (a30BOro I€TeKTOpa XapaKTepusy-
€TCsl TEM, YTO Ha JMOJI BO3JIEUCTBYET CyMMa JBYX HANpsDKEHUM OZMHAKOBOM yacTo-
ThI: OMTOPHOTO U (Ha30MOyTUPOBAHHOIO, T.€.

uy(t)=U,, coswyt +U,, cos[ayt +¢(1)].
Beixonnoe nanpspkenne OJ1 6yzner pasuo U py (@) = KUy(9), rae K — xoap-

(ULMEHT nepelayd HU3KOYacTOTHOro ¢uibrpa, U,y(@) — aMIUIUTyAa CyMMapHOTO

CUTHaja, BO3JEHCTBYIOLIETO Ha TUO.
Bemnunny U j(¢) 1€rko onpeaeauTs M0 BEKTOPHOU AUarpaMme

2 2
Uy(p) = \/Uon +U,, +2U,,U, coso .

Torna Uqba(¢)=K\/U§n+U3+2U0nUH CoS @ .

3aBUCUMOCTb BBIXOJHOT'O HAMPSDKEHMS JETEKTOpa OT Pa3sHOCTU (a3 BXOAHBIX
KoJeO0aHWI Ha3bIBAETCS aMIUTUTYIHO-(pa30Bol xapakrepuctukoil (ADX). Bun xapax-
TEPUCTUKH NIPEACTAaBIEH Ha puc. 8.31.

Uga(@)

Ut Ug - -- === - - -

VOGO [

1

l

Uon~Us|---- |
i 1

T T i

Puc. 8.31. AmmiutynHo-ga3osas xapakrepuctuka OJ]

HenocratkoM naHHOM cxembl (Pa3oBOro aeTekTopa SBISETCS HEIUMHEWHOCTh
A®X, Hamuyure OOJBIIOTO KOJIMYECTBA CHEKTPAIbHBIX COCTABIIAIONIMX TOKA HEIU-
HEIHOIo 3J€MEHTa (B TOM YMCJIE M MOCTOSHHON COCTaBIISIONIEH), KOTOpbIE HEOOXO-
auMo OT(hUIBTPOBLIBaTE. [loaToOMy Takoi @/ ucnonb3yercs peako.



3HAYUTENIFHO MEHBINIE COCTABIAIOIIMX B CIEKTpe TOKa OajaHCHOTO (ha30BOTO
netektopa (puc. 8.32).

Puc. 8.32. Cxema 6anancHOro (pazoBOro JeTeKTOpa

Cxema COCTOHUT IIO CymieCTBY U3 IBYX IACTCKTOPOB Ha AHOJAAX. OHOpHOC HalpAa-
JKCHHUC HAa TUOABI MMOCTYIIACT B (1)336, CHUTHAJIbHOC — B HpOTI/IBO(l)aSC, a BBIXOJHOC Ha-

npsbkeHue (popMUpyeTcsl Kak pe3yJabTaT BCTPEYHOTO BKIFOUCHUS BBIXOJHBIX HaIpsi-
JKEHUN.

JJ1st TaHHOM CXeMBI Ha JUOJIbI MIOJAI0TCS CISAYIOIINE HAITPSKCHUS:
uy(t)=U,, coswyt+ U, cosl@yt + ¢()];
uy (1) =U,, coswyt — U, cos[myt + @(1)].
AMIUTUTYBI TUX HAMPSKECHUHN OMPECISIFOTCS BEIPAKESHUSIMH
Uy (@) = \/Ugn +Up +2U U, c0s @3 Uyy(p) = \/Ugn +Uy =2U U, cosp .
Toraa HanpsbkeHue Ha Beixone P/ paBHo

Uqba((p) =K(\/U§n +U,3 +2U,,U,, coso —\/Ugn +U,3 -2U,,U, COS(pj =

=I{U0n(\/l+n2 +2ncosg —\/1+n2 —2ncosq0), n=U,/U,, .

Takum 06pa30M, BBIXOAHOC HAIIPAKCHUE ACTCKTOPA 3aBUCUT HC TOJIBKO OT pas-

HOCTH (a3, HO ¥ OT aMIUIMTY]I OTIOPHOTO M CUTHAJIBHOTO HampshkeHuid. Ha mpaktuke
@] paboTarOT OOBIYHO MPU COOTHOIIECHUIX 1 =1 1 n <<1.

[Ipu n =1 BelpaxkeHue A BeIxogHoro Hanpsbkenus OJ] npeobpasyercs K BUAY

Ugpolp) = KUon\/E(\/l +cos @ —\/1 —cosqo): 2KU0n(cos£—sin(pj.

B 10 xe Bpems npu n << 1

Upolp) = KUOH(\/I +2ncosp — \/1 —2ncosq0).
I'paduxu Ugyy(@) mpu n=1 n n<<1 npusenenst Ha puc. 8.33. Ilpu n =1
ADK ¢azoBoro nerekropa OTIMYAETCS MOBBIILIEHHOW JTMHEHHOCTBIO.

C mo3uuuu CHEKTPaIbHOTO aHalv3a JaHHbIA (aKT OOBSICHSIETCS TeM, YTO OC-
HOBHAsl 4acTh NApa3UTHBIX COCTABIISIIOIIMX CHEKTPAa TOKAa HEJIMHEWMHOrO 3JIEMEHTA
KOMIIEHCUPYIOT APYT Apyra (B CUIy IPOTUBO(PA3ZHOCTH CUTHAJIBLHOTO HAIPSKEHUS HA



HEJIMHEMHBIX DJIEMEHTaxX IMpUuHOUIIa (I)OpMI/IpOBaHI/IH BBIXOJHOT'O HAIIPSAKCHUA B BU-
AC PAa3HOCTHU HaHpH)KeHI/Iﬁ HHU3KO4YaCTOTHBIX (1)I/IJIBTpOB Ha BBIXOIC CDI[), YTO ITOBBI-
macT pC3yJIbTATUBHOCTDb (I)I/IJIBTpaI_II/II/I.

Ugal(®)
=1
Y2 Klan ne<l
0 1 ip
2 I8 2T

Puc. 8.33. AmmutyaHo-¢a3zoBas xapaktepuctuka 6anancHoro @ /[

OmnpeneneHHbBIME JTOCTOMHCTBAMHM 00amaeT cxemMa (a3oBOro JAeTeKTopa Ha
TpaH3ucTope (puc. 8.34).

Puc. 8.34. Cxema (a3oBOro gerekropa Ha TPaH3UCTOPE

Ha tpan3ucrope coOpaH yCUIMTENbHBIN Kackad. B KOIIEKTOpHYIO U SMUTTEp-
HYIO LIETIM TPAaH3MCTOPA BKJIIOYECHBI HArPy304HbIC CONPOTUBICHUS R, U R, , npudem

R, = R,. Heamneinble aneMenTs! (quoasl VD1 u VD2) uMerot o01yto Harpy3ky, co-
CTOAILYIO U3 (QUIbTpa quC b Pesucropel R, R, — aHTUIIApa3UTHBIE, PE3UCTOP Ry
NpeIOTBpalIaeT IIYHTUPOBAHUE WUCTOYHHMKA OMOPHOTO HAMPSOHKEHHS Yepe3 €MKOCTh
Cyp+ C Harpysku ycuiaurensi CHUMAroTCs 1Ba Hanpsokenus Uy u U, , paBHBIC IO
BEJIMYMHE, HO IIPOTUBOIIOJIOXKHBIE 10 3HaKy. OnopHoe HanpspkeHue U, onaeTcs Ha
AMOJBl B IpoTUBO(A3e (C y4eTOM UX BCTPEUHOrO BKIIIOUEHUs), a HanpspkeHus U, U
U., — B ¢aze. IlosToMy OCHOBHblE NPUHLUIMBI (HYHKIIMOHUPOBAHUS paccMaTpuBae-

MOT0 ¥ 0aJaHCHOTO JAETEKTOPOB BO MHOI'OM aHAJIOTMYHBIL. J[€TeKTOp TOCTATOYHO IIHU-
pokomoJioceH, paboraer B auana3zoHe yactoT q0 30 MI'1. OtcyTcTBHE B CXeMe WH-
JTYKTUBHOCTEH MO3BOJISIET BBIMOJHUTH DJ] B BUE HHTETPAITBHBIX MUKPOCXEM.



8.7.3. Hacmommule demexkmopul

HenuHelHbIi 31€EMEHT NPOSBISET CBOU CBOMCTBA IPU U3MEHEHUH HAMNPSIKEHHUS,
MOCTYIAIOIIEro Ha ero BXo. [Ipu 3ToOM OH MpakTHUUECKU HE pearupyeT (B CIEeKTpalib-
HOM CMBICJIC) Ha U3MEHEHHSI TaKuX €ro MapaMeTpoB, Kak yactora u ¢aza. [loatomy
HEIMOCPEJICTBEHHOE MPeoOpa3oBaHUE YaCTOTHO-MOAYJIMPOBAHHOTO CUTHAJA C MOMO-
IIBI0 HEJTMHEHHBIX 2JIEMEHTOB HE IPUBOAUT K (OPMUPOBAHUIO TOKA, B CIIEKTPE KOTO-
pPOTr0 COAEPKATCS COCTABISIONIME C YACTOTOM MOAYNHpYIolIero curHana. Tpedyrores
JOTIOJIHUTEIIbHBIE TIpeoOpa3oBanus UM-curHana, 4ToObl B 3aKiIOUYeHHE ¢HOPMHUPO-
BaTh CUTHAJI, OTPAXKAIOIIUN XapaKTeP U3MEHEHUS €r0 YaCTOTHI.

Hau6onee yacto mpolecc 4aCTOTHOTO IETEKTUPOBAHUS Peau3yloT B JBa dTana:
npeobpazoBanne UYM-curnana B CUTHaJ ¢ aMIUIUTYJTHOM MOIYJSIITUEN M TIOCIIEIYIO-
1iee ero JeTEeKTUPOBaHUE C MOMOIIBI0 aMIUIUTYIHOTO faerekropa (puc. 8.35). Orpa-
HUYUTEJIb YCTPAHSET BJIMSHUE BO3MOXXHOTO MU3MEHEHUSI aMIUIMTY bl UM-curnana Ha
BEJIMYMHY BBIXOJHOT'O HANPSIKEHUS IE€TEKTOPA.

Uex(l) | Youmrems- | _[[Ipecbpasopaters| [AnmmrynHeEm Usa ()
OTPAHHYHTENE M B AN HETEeKTop

Puc. 8.35. CTtpykTypHas cxema 4aCTOTHOTO JIETEKTOpa

MOXHO BCTPETHTHh YacCTOTHBIC IETEKTOPHI, OCHOBAaHHBIE Ha IMPEOOpPa30BaHUU
YaCTOTHON MOMAYJSIIIMA B COOTBETCTBYIOMIUI CABUT a3 MEXAY JBYyMs KOJIeOaHUSIMHU,
KOTOpbIE JETEKTUPYIOTCS (Pa30BBIM J€TEKTOPOM.

HauGonee mpocToil siBIsieTCS cXxeMa YacTOTHOTO JAETEKTOpa C PAacCTPOCHHBIM
KOHTYpoM (puc. 8.36).
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Puc. 8.36. CxeMa 0JJHOKOHTYpPHOT'O YaCTOTHOTO JIETEKTOpa

Y cunurenb-orpaHUYUTEb — 3TO PE30HAHCHBIN YCUIIUTEIb, TPAH3UCTOP KOTOPO-
ro paboTaer ¢ MOHMWKEHHBIM HANPSKEHUEM KOJUIEKTOPHOTO nuTaHus. OrpaHudyeHue
MIPOUCXOJUT 3a CUET HIXKHEM M BEpXHEW OTCeYeK KOJUIEKTOPHOIo Toka. B kauecTse
npeobpazoBatenss YM-curnana B KojeOaHUsl ¢ U3MEHSIOLIEHCS 0 3aKOHY MOJYJIH-



PYIOIIETO CUTHAJIA aMIUTUTYAOU CIIYXHUT KoJjieOaTelbHbIH KOHTYp. JIMOIHBIA aMIUIH-
TYAHBINA IETEKTOP Ha BBIXOJIE€ BBIJICISAECT OTMOAIOIIYIO ATOTO KOJeOaHuUs.
KonebarenpHbIit KOHTYpP PacCTPOEH OTHOCUTEHHO HECYIIEH 4aCTOThI BXOJHOTO
CUTHajla Ha BenuyuHy A@, Giarojaps yeMy SIBJISECTCS UYyBCTBUTEIBHBIM 3JIEMEHTOM
K M3MEHEHHUIO YacTOThl BXOJIHOTO CUTHaia. JTO MosACHsAeTcs puc. 8.37, HA KOTOPOM
n300paXkeHa PE30HAHCHAs XapaKTepUCTHKA KOHTypa 1o HampsbkeHuto U, (o), usme-

HSAIOLIAsICSl YacTOTa BXOJHOrO curHana @(t) u HanpsbkeHue U, (f), XapakTepusyro-
Iee M3MCHCHHUE aMILTUTY/ bl KOJIeOaHUH B KOHTYpE.

Tiel@) Ukl

Puc. 8.37. Ilpeobpa3oBanuie 4aCTOTHOM MOAYJISIIIUN B aMIUTUTYAHYIO

Kaxk BugHO 13 puc. 8.37, konebarenbHbIM KOHTYp oOecrneunBaeT popMHUpOBaHHE
KOJIeOaHUN ¢ M3MEHSIONICHCS aMIUTATY0M. 3aKOH U3MEHEHHUS aMIUTUTY/IbI TEM TOY-
Hee TMOBTOPSIET 3aKOH M3MEHEHMS YacTOThl BXOJHOTO cUTHaia (¢ yueroM ¢a30BOro
CIABUTA HA 77 ), YeM MpsSMOJIMHEITHEe OOKOBasi BETBb PE30HAHCHOM XapaKTEPHUCTHUKHU
KOHTYypa. AMIUIMTYAHBIN JeTekTop Bblaensder orudarouywo U, (f), popmupys BbI-

XOJIHOM CUTHAJI C 3aKOHOM M3MEHEHUsI, COOTBETCTBYIOIUM 3aKOHY YaCTOTHON MOJy-
asuuy, T.e. curan U,y (o).

HenoctarkoM Takoi CXeMbl YaCTOTHOI'O JETEKTOpPA SBJISIETCS MaJlbli JIMHEUHBIN
Y4aCTOK PE30HAHCHOM XapaKTepUCTUKU KOJIEOATEIHHOIO KOHTYpa, YTO OTPAaHUYUBAET
BO3MOXHOCTb JCTEKTUPOBAHMSI CUTHAJIOB C OOJBIION JI€BHALIMM YacTOThI. DTOT He-
JAOCTAaTOK yCTpaHseTCs B 0aJaHCHBIX YACTOTHBIX JIETEKTOpax.

Ha puc. 8.38,a mpuBeaena cxema OanmancHoro YJ[ ¢ aByms mapamienbHbIMH
pPacCTPOECHHBIMHU KOHTYPaMH.

KoHTypsl pacctpoeHbl Ha BeIMUUHY A@ OTHOCUTENBHO PE30HAHCHOW YaCTOTHI
(MM 4aCTOTHI HECYIIECro KoieOaHWs) B 00€ CTOPOHBL, T.e. @, =0)—A® H

@ p2 =W +Aw . Ux HallPSKCHUA ITOAAN0TCA HAa aMINIUTYIHBIC NCTCKTOPBI, KOTOPLIC

BKJIFOYEHBI BCTpeuHo. CrenoBaTeNibHO, BEIXOHOE HanpspkeHue UJI Oyner paBHO pas-
HOCTU BBIXOJHBIX HAMNPSIKEHUN aMIUTUTYIHBIX JE€TEKTOPOB. [Ipu 3TOM 3aBUCUMOCTH
BBIXOJHOTO HampsbkeHuss YJ[ OoT 4acTOThl BXOJHOI'O CHUTHAJIa MPU €ro MOCTOSHHOM



aMIUTATYJe, Ha3blBaeMas aMIUIUTYTHO-YaCTOTHON XapaKTEPUCTHKOW JEeTeKTopa, Oy-
JET UMETh BUJ TUCKPUMHHATOPHOU XapakTepucTtuku (puc. 8.38,0).
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Puc. 8.38. Cxema 6anancunoro Y/[ ¢ pacctpoeHHbIMU KOHTypaMu (a) U
€ro xapakrepuctuka (0)

OcobennocTrio nanHoro YJ1 siBnsieTcss OTHOCUTEIIbHAS CIOXKHOCTh €r0 HaCTPOM-
KU C 1IeJIblI0 0OecrieueHnsl paBeHCTBA KO3(PGUIMEHTOB Mepeaayd aMIUIUTYIHBIX Je-
TEKTOPOB U MMapaMETPOB YCUIIUTENEH.

Hcnonb3yercs Takxke OanaHCHBIA AETEKTOP CO CBSI3aHHBIMU KOHTypamu. OH co-
crout (puc. 8.39) u3 ycwiuresns, Harpy3koil KOTOpOro SIBJSETCS CUCTeMa JABYX CBS-
3aHHBIX KOHTYpoB L;C; u L,C,. OHM 00pa3yroT AByXKOHTYPHBIH 110JIOCOBOM (UIBTD,

HACTPOEHHBII Ha YaCTOTY HECYMIETO KOojeOaHusl, C MOMOIIbIO KOTOPOTO OCYIIECTBIIS-
eTcsl IpeoOpa3zoBaHUE YACTOTHOW MOIYJISIIMU B aMILTUTY/THYIO.
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Puc.8.39. Cxema 6anancHoro Y/l co cBsi3aHHBIMU KOHTYypaMu

Ycunurens paboTaer B pexxuMe aMIUIMTYAHOTO OrpaHuYeHus. Mexay KOHTypa-
MU YCTAHOBJICHa HWHAYKTHUBHAsl CBs3b. Kpome TOro, ¢ mHOMOIIBIO CPaBHUTEIBHO
Oombioit emkocTd C,,; MEPBBIL KOHTYp CBSA3aH CO CPEIHCH TOUKOIl BTOPOTO KOHTY-

pa.



B pesynpraTe Ha aMIUIMTyAHBIE JE€TEKTOPHI MOJAIOTCA JBa HampsbkeHus. Ha-
npsbxerue U, ¢ koHTypa L;C| 4epe3 CpeJHIOI TOYKY BTOPOIrO KOHTypa IMOCTYHaeT

Ha aMIUIMTYOHBIC JCTCKTOPLI B (1)2136, a HAIIPSKCHUC Um2 , IepcaaBacMOC HHAYKTHUB-

HOM CBs3bI0, — B poTUBO(aze. TakuM 00pa3oM, aMIUIUTYAbl HAMIPSKEHU HA AMOaX
VD1 u VD2 OyayT paBHbI COOTBETCTBEHHO

Up =Upm +Upn/2 m Uy =Uyy —Uppy /2.
HaHpH)KeHI/Ie Ha BBIXOJC CXCMBbI 6YI[CT paBHO

Uqba =K(Uy —Upy).

OCOOEHHOCTBIO CBSI3aHHBIX KOHTYPOB ABJISICTCA TOT (I)aKT, qToO (l)a?)OBBIC COO0T-
HOIICHUSA MCKAY HAIPSKCHHUAMU Ha IICPBOM M BTOPOM KOHTYpax 3aBUCAT OT COOT-
HOIICHMA 4YaCTOThHI IIOCTYHAIOWICTO CHUI'HAJIAa W, H pCSOHaHCHOﬁ YaCTOThI ABYXKOH-

TYPHOTO II0JIOCOBOTO GUIBTPA @ .

Ecmu (OFNS a)p , TO HAIIPS>KCHHUEC HAa BTOPOM KOHTYPEC OTCTACT OT HAIIPSXKCHHA Ha

nepBoM KoHType Ha 90°. Ecim @, > @,,, TO CONPOTHUBICHHE BTOPOTO KOHTYpa HO-

p b
CUT €MKOCTHBIN XapaKTep W CABHT MO (aze MEKIY HANPSIKCHUSIMU Ha KOHTYpaxX BO3-
pacTaer Ha BENHYHHY ¢ = arcig a, Tae o = 2@, — ;)0 / @, — 0boOuIeHHas pac-

CTpo¥ika KoHTypa. Ecim . < @, , TO CONPOTUBICHUE BTOPOrO0 KOHTypa HOCUT UH-

p >
JTYKTUBHBINA XapakTep W CIBUT MO (ha3ze MEXIy HaAIPSHKEHUSIMU HAa KOHTYpaxX YMEHb-
IIaeTCs Ha BEJIMYUHY arctg o .

BekropHas quarpamma aMIUIMTYJ] CUTHAJIOB JJIs 9THX CIIy4aeB M300paXkeHa Ha
puc. 8.41.

Uz Urni ey Tz Yat

Puc. 8.41. Bexropuble AuarpaMmmMsl 6aiancHoro YJ/I co cBsi3aHHBIMU KOHTYypaMu

CJICI[OB&TCJIBHO, HaIIPSAKCHUC HAa BBIXOJAC paCCMATPpUBACMOTO ACTCKTOPA 6YI[CT

HU3MEHATHCS B 3aBUCUMOCTH OT YacTOThl BXOJHOTO CHUTHaja TakK, KaK MOKa3aHO Ha
puc. 8.40.



8.8. IIpeoGpa3oBanme 4aCTOTHI
8.8.1. Ilpunyun npeobpaszosanus wacmomaol

[IpeoGpazoBaHue 4acTOTHI CUTHAJIA — 3TO MPOIIECC, KOTOPbIN 0OecreynBaeT Ju-
HEWHBIN MEepeHOC CIEeKTpa CUTHaJla HAa OCHU 4acTOT 0€3 M3MEHEHHUs €ro CTPYKTYpHI.
Orubaromasi curHaja M ero HavajibHas (a3a Mpu 3TOM He U3MeHsIoTcs. Jpyrumu
CJIOBaMHM, MPeoOpa30BaHHE YACTOThl HE MCKAXaeT 3aKOH W3MEHEHUS aMILIUTYIbI,
4acTOThI WU (ha3bl MOAYJTUPOBAHHBIX KOJIECOAHUIA.

Kak BugHO M3 omnpezaenenus, npeoOpa30BaHUE YACTOTHI CONMPOBOXKIAETCS MOSIB-
JIEHUEM HOBBIX COCTAaBIISAIOIIMUX CIEKTPA, T.€. IPUBOJUT K 0OOTAIllEHHIO CIIEKTpa CUT-
Hana. [Toaromy Takoil mporecc MOXHO peanu30BaTh TOJBKO C UCIOJB30BAaHUEM He-
JUHEHHOT0 WM NapaMeTpUYECKOTro YCTPONCTB, 00eCeurnBaloX YMHOKEHUE Tpe-
o0pa3yeMoro CurHaja Ha BCIIOMOTaTeIbHOE TapMOHHYECKOE KojcbaHHe ¢ Mocie-
JYIOIIKUM BBIJICJICHHEM HEOOX0JUMOM 001aCTH 4acToT.

JIefiCTBUTENBHO, €CIIM HAa BXOJI YMHOKUTENS OJATh JBa CUTHAJA:

gy (1) = U (1) cos[wyt + @ (1)] U up(t) =Upcos(wrt+¢r),
TO Ha BBIXOJIE MOJIYYUM CUTHAJ CYMMAapHOM U pa3HOCTHOM 4acTOT:
Ugpy (1) = KU (D)U cos[ @t + @ ()] cos(wrt + @) =
= RUOUr teoslt@y + o)+ (1) 0,1+ Cosl(@, ~ 0, + o), 1)
rae K —koadduimeHT nepegaur yMHOKHATEIIS.

BrixogHoii GpuibTp, HACTPOSHHBLMA, HATPUMEP Ha PA3HOCTHYIO YACTOTY, BBIIETUT
COCTAaBIIAIONIYI0 PAa3HOCTHOM (MPOMEXYTOUHOM) yacToThl. Takoe HeIMHEWHOE YCT-
POIMCTBO HA3bIBAIOT cMecumenem, a UCTOYHUK FapMOHUYECKOIro KojiebaHusi — ceme-
POOUHOM.

CrtpykTypHas cxema npeoOpa3oBaresisi YaCTOTHI MpeCcTaBiIeHa Ha puc. 8.41.

qu(t)s LN T uBbIX(t): Wpg-wWr
— = CMECHILEIIB SHIETP
Ur (t), Wr
I'ETEPO,JHH

Puc. 8.41. CtpykTrypHas cxema npeoopa3oBaTesis 4acTOThI

[Ipeo6Gpa3zoBanue 4YacTOThl NPUMEHSETCS B CYNEPreTepOJMHHBIX MPUEMHHUKAX
IUTSL TIOJyYEHUsl CUTHaJIAa C MPOMEXYTOYHOM yacToTod. BenmunHa mpomexyTOuHOM
4acTOTHI [, NOJKHA OBITH TAKOBOM, YTOOEI O3 0COOBIX 3aTPYAHEHHH TOCTUIAIOCh

00JIBIIOE yCUIIEHUE TIPU BBICOKOW M30UpaTEeNbHOCTH NMpUeMHHKA. B paaunoBemarenb-
HBIX IPUEMHHKAX JUIMHHBIX, CPEAHUX M KOPOTKHX BOIH [y, =465 k', a B puem-



HUKaX C YaCTOTHOM MoIyJsiiuel (B METPOBOM JHAIla30HE BOJIH) — fnp =10,7 MI'11.

[Ipeobpa3oBanre 4YaCTOThI CUTHAJIA UCTIONIB3YETCSA TAKXKE B MPUEMHHKAX PaJMOJIOKa-
IIMOHHBIX CTaHIIUN, B U3MEPUTEIILHON TEXHHUKE (aHAJIM3aTOpaX CIEKTpa, FeHepaTopax

u ap.).
8.8.2. Cxembl npeobpazosameneti 4acmomol

Kaxk 0b110 CKa3aHO BbIlIE, MPOLECC MTPEoOpa30BaHUsl YaCTOThI peaanu3yeTcs Mmy-
TEM YMHOXEHHs MpeoOpa3yeMoro curHajia Ha BCIIOMOTaTeIbHOE TapMOHINYECKOE KO-
nebaHue ¢ MOCIEAYIOIUM BBIJIEJICHUEM HEOOX0IUMON 00JIaCTH YacTOT. ITO MOXKHO
cAeynath JBYMSI CIIOCOOAaMHU, KOTOpPBHIE MOJIOKEHBI B OCHOBY IOCTPOEHUS IpaKThuye-
CKHX CXeM IpeoOpa3zoBaTesieil 4acTOThI:

1. Cymma aByX HampsipKeHHH (MOJI€3HOTO CUTHANa M CUTHaJla reTeporHa) moja-
€TCsl Ha HEJIMHEHHBIN 3JIEMEHT C MOCJIEIYIONINM BbIJEICHHEM HEOOXOAUMBIX COCTAB-
JSIOIUX CIEKTpa TOKa. B kauecTBe HENMHEHHBIX 3JIEMEHTOB MCHOJIB3YIOTCS JUOJIBI,
TPaH3UCTOPHI U IPYTUE DIEMEHTHI C HEIMHEMHON XapaKTepUCTUKOM.

2. HanpsbkeHue rerepoJiiHa MCIOIb3yeTCs sl M3MEHEHHsI KaKoro-auoo napa-
MeTpa cmecutens (kpytusHsl BAX TpaH3ucTopa, peakTUBHOTO NapameTpa LEmu).
[lone3nslii curHal, MoJIaBaeMblii Ha BXOJ TAaKOFO CMECHUTEINs, IIpeo0pa3yeTcs ¢ COOT-
BETCTBYIOIIMM OOOTAILIEHUEM CIIEKTPA.

JJist BBISICHEHUSI OCHOBHBIX OCOOEHHOCTEH Tipoliecca MpeoOpa3oBaHus YacCTOTHI
pPaccMOTPUM HEKOTOPBIE CXEMBI IIPeoOpa3oBaTesiel YaCTOTHI.

a. [IpeoOpaszoBarenu 4acTOThl Ha TUOAAX

Cxema OIHOKOHTYPHOTO MpeoOpa3oBaTeis YaCTOThl Ha JUOJE MPEACTABICHA Ha
puc. 8.42.

I‘F:EJ'
Ugx (t) o= L gL (t)
et

Puc. 8.42. OnHOKOHTYpHBIN npeodpa3oBaTesib YaCTOThI HA TUO/E

Ha Bxong HpCO6p330BaTCJI5{ IMOCTYIIAIOT IBa CUT'HAJIA:

MOJYJIMPOBAaHHBIN Y3KOIIOJIOCHBIN CUTHAII Ugy (1) = U (1) cos[ gt + ¢ (1)] , HecylIas
4acTOTa KOTOPOTro JTOJIKHA OBbITh IEPEHECEHA, CKaXXeM, B 00J1acTh O0Jiee HU3KUX Yac-
TOT;



curnan retepomuna Y () = Ur cos(art +¢r)

Y HayaJabHOU (ha3oil.

C IMMOCTOSTHHOM aMIUIUTY0M, YaCTOTOM

Takum o6pa30M, Ha HEJIMHEHHBIM DJICMEHT MMoAacTCs HAIIPSAKCHUC

Ut) = ug () +up(t) =U(t)cos[wyt + @(t)] + U cos(wpt +¢r)

AnmnpokcumupyeM BAX nrona noJIMHOMOM BTOPOM CTEIEHH
. 2

l:ao +a1u+a2u

Toraa Tok 1roaa MOXKHO MPEACTABUTH CIEAYIOUIUM 00pa3oM:

i(1) = ag + @yt gy (1) + ayug (1) + aqugy (1) + ayug (&) + 2a3ug, (Dup (1)

2 2
CnaraeMHe, CoACPiKaIIUC TOJIBKO Ugx (t) ) Ur (t) ) Ugx (t) ) Ur (t) , COOTBCTCTBYIOT CO-

CTaBJISIOLIHUM B CIIEKTPE TOKA IUOAA, UMEIOIIUM YaCTOTHI @ , O ) 2a u 2wF. Cre-

JI0BaTENbHO, OHH, C TOUKH 3pEHHS IPeoOpa30BaHUs YACTOTHI, HUHTEpECa HE MPeJICTaB-
nst0T. OCHOBHOE 3HAUCHUE UMEET TocIeHee ciaraeMoe. IMeHHO OHO CBUAETEIbCT-
BYET O HAJIMYMU B CIIEKTPE TOKA COCTABIIAIOIINX C IPEOOPA30BaHHBIMU YaCTOTaMHU
Wy + Op [ Oy — O

2ayug (Hup(t) = 2a,U(2) cos[wgt + (1)U cos(wpt + @) =
=a,U)U, cos[(wy + @)t + (1) + ¢, 1+ a,U (U, cos[(wy — o, )t + ¢(t) — ¢, ]

0, =0y — 0

CocraBinsonas ¢ 4acToToi I' COOTBETCTBYET CABHUTY CIEKTpa CUTHaja B

Wy = W) + O

0071aCTh HU3KHUX qacCTOT, a COCTaBJIAOIIaA C 4acTOTOM — B 00JIacTh

BBICOKHX 4YaCTOT.

BrixonHoe HampspkeHrne ¢ HE0OX0AMMOM 9acTOTON POPMHUPYETCs C TOMOIIIBIO
bunpTpa (KosedaTeIbHOro KOHTYpa) Ha BBIXOJIEe MPeoOpa3oBaTesis, HACTPOSHHOTO Ha
COOTBETCTBYIOIIYIO YacTOTy. OUIBTP TOJDKEH BBIICIHUTH OJIHY COCTABIISIONIYIO U3
cemu. [lomaras, uto GUIBTP HACTPOCH HA PA3HOCTHYIO (IPOMEXKYTOUHYIO) YACTOTY
Onp = Do = Pr HOJTyYMM HAIPSHKEHHUE Ha BBIXOJIE TPeodpa3oBaTelsi, paBHOE
> 2

U, 1) =i(t)Ry = a,U()U R cos[(wy — o, )t +¢(t)— ¢, ] (8.4)

Taxum 06pa3oM, nzbuparenbHas cucTeEMa JI0JKHA UMETh TaKylo I0JI0CY MPOITycKa-
HUS, YTOOBI OTGUIBTPOBATH BCE HEHYKHBIE (TTapa3UTHbIE) cocTaBistomue. B o xe
BpeMs IpU IpeoOpa30BaHUM YACTOTHl MOAYJIMPOBAHHOTO CUTHAJA 110JI0Ca MPOITyCKa-
HUS OJKHA OBITH COM3MEpUMa C MIMPUHOM CIIeKTpa cUrHaia. B aToM ciyyae cTpyk-
Typa BBIXOJHOI'O CUTHAJa COBIMAJIaeT CO CTPYKTYPOU CUTHAA HAa BXO/E. AMILTUTY/IbI

U) y Ur JOJIKHBI BHIOUPATHCS C TAKMM PacyeToM, 4TOObI B BbIpaxkeHuu (8.4) mpe-
o0azarolee 3Ha4eHUEe UMENH caaraéMble ¢ KOMOMHAIIMOHHBIMU YacToTaMHu. [Ipeo6-



Pa30BaHUC YACTOTHBI YaCTO COIIPOBOXKAACTCA YCUIICHHUCM I10JIC3HOT'O CUTHAJIA, II03TO-

My OOBIYHO CO6JIIOI[3€TC$I COOTHOLICHUC Ur > U(t) .

Wy >> @ @y +@p g = Op ; Oy Op

IIpu r pm “r 77 @o pacCcTpONKa 4acToT
BecbMa Maia. [Ipu 3ToM cocTaBisOIIME ¢ YAaCTOTAMH CUTHAJa WK FeTepoArHa He
OynyT oTmIbTpOBaHbI N30HMpaTEbHON cucTeMol. HexxenarenbHo Takke mpuMeHe-
HUE TON CUCTEMBI MPU PEIICHUH 3a/1a41 MPeoOpa30BaHKs YaCTOTHI B UAMa30He
aKyCTHUYECKHX 4acTOT. B 3TOM ciyuae 1enecoodpa3Ho UCIONb30BaTh OalaHCHBIE
CXEMBI, KOTOpPbIE 00ECTICUNBAIOT CAMOJIMKBUIAIINIO (KOMITEHCAIINIO) HEHY KHBIX CO-
craBisiromux. Ha puc. 8.43,a u puc. 8.43,0 nmpuBeIeHbI CXeMbI TAKUX MPeoOpa3zoBa-
TEJIEH HAa JUOJaX.

VD1

H 0
= o Y03 l T
R L1 t-q
Uex(D) Upr(t)  Usx(D) | Ugsz()
| 1
- =/ (I
4 - VD2 iy ta
lur(t)l VD2 ) o 1 — 5
6)

Puc. 8.43. banancueie mpeoOpa3oBaTeiv YaCTOThI

B cxeme puc. 8.43,a BBIXOIHOE HAIIPSIKECHUE PABHO

Ugy (1) = 1y (1) =y (1) = [il(f)—iz(f)]R) (8.5)
e (0= aq + g (6) + @ (6) + aguge (1) + ayui (1) + 2ayu g (ur (1)
i (1) = ag — @y (D) + ayup (1) + ayuigy (1) + azuf (1) = 251, (Dup (1)

TIpy MOTyYeHHH BBIPAXKESHUS IS “2 () YUTEHO, YTO HANPSHKEHUE CUTHAA TI01aeTCs
Ha JMOJIbI CXeM B MpoTuBo(dase, a HanpsHKEHUE reTepouHa — B (ase.

[oxacrapnss BeIpakeHUs AJIs (1) L) g bopmyiny (8.5), monydaem

Ugy () = [2a41 5, () +4ayu g, (Dup (1) IR ‘

Ugery (1) = {2a,U(2) cos[ @yt + @(1)] + 2a,U ()Ur. cos[(@g + @)t + @ (8) + ¢ ] +
+2a,U (DU cos[( @y — @)t + 9(1) 9 IR

OTcrona BUIHO, YTO Ha BBIXOJIE OallaHCHOTO MpeoOpa3oBaTes puc. 8.43,a 0OTCyTCT-

BYIOT COCTABJISIONINE C 4acToTamu, paBHbiMu 0, ¥T 20, , 20; , UTO YIPOILIAET pe-

MMCHUC 3aad49U ITOJIYUCHHUA BBIXOJHOTO CUTHAJIA HCO6XOHHMOfI 4acToThl. TeM He Me-



Hee K BBIXOJy TaKoro rnpeoOpa3zoBaress Takxke HeoOX0IMMO MOJIKIII0oYaTh n3dupa-
TEJIBHYIO CUCTEMY C 11eJIbI0 (PUIIBTPALIMU CUTHAJIA ¢ TpeOyeMoil 4acTOTOM.

banancuslit npeo6pa3zoBaTens puc. 8.43,0 npeacraBiseT coO0i cxemy, COBMEIAl0-
H1yto /1Ba 6aJaHCHBIX npeodpaszoBaTens. Ha 1uonabl pa3nuyHbIX BETBEH MOJAIOTCS Ha-
NpsDKEHUS] CUTHAJIA U TeTepOIMHA ¢ pa3nuyHbIMU (pazamu. PaboTa Takoro npeodpa-
30BaTeIs MOSICHIETCS CIEAYIOMMMU (HOPMYITaMHU:

g (1) = 1y (1) =1y (1) + 13 () =y () = [ () = () + 5D =i, (IR g6
rre 1(0) =g+ ayuge (1) + ayug (1) + aguge (1) + ayug (1) + 2056, (Dur (2).

iy (1) = ag — Ayt (1) + @y (1) + agtigy () + ayui (1) = 21 (Dt (7).

i5(1) = g — Ayt gy (1) = ayuug (1) + g (1) + agug (1) + 2a; g, (Nup (1),

iy (1) = ag + gy (1) — agug () + agugy (1) + ayug (1) = 2asu g, (Dur(t)

[loncraBinsis BeIpaxKeHUs 115 i (?) , b ), i5(1) 3 14(F) g bopmyiny (8.6), monyuaem

Ugy (1) =8ayu g (D (DR .
Ugpyy (1) = 14a,U (1)U cos[(wg + @p )t + (1) + @ ]+
+4a,U(t)U, cos[(wg — o)t +@(t) -} R.

Ha BoIxojie npeo6pazoBarens puc. 8.44,6 OTCYTCTBYET COCTABIISIOINIAS C YACTOTOU
CUrHasa @, (cocraBisromue ¢ yacroraMu 0, @, 20, 20, TaKkKe OTCYTCTBYIOT).

OuIbTp Ha BBIXOJI€ TAKOTO MpeoOpazoBatTess JOKEH BBIIETUTh OJJHY COCTaBISAIO-
Y10 U3 JBYX.

0. TpanzucropHbie TPeoOpPa3oBaTENIN YACTOTHI

B mpueMHBIX kaHalaX paguOTEXHUYECKUX CHCTEM IITUPOKO MCIOJIB3YIOTCS Ipe-
oOpa3oBaTeIM 4acTOThI Ha TpaH3UCTOpax. [IpyM 3TOM pa3auvaroT cXeMbI Ipeodpas3o-
BaTejIci, B KOTOPBIX (PYHKITUM CMECUTENSI M T€TEPOUHA COBMEIICHBI, M CXEMBI Ipe-
oOpa3oBaTescii ¢ Mmojaveil CHTHaja reTepojauHa u3BHE. bonee crabuibHYIO padoTy
oOecrieuynBaeT MOCJICIHUN KilacC MpeoOpa3oBaTeIci.

I[To crrocoOy BKITIOUEHUST TPAH3UCTOPOB PA3TUIAIOT:

1. [IpeoOpazoBarean ¢ BKIIOYECHUEM TPAH3HCTOPA IO CXEME C OOIIUM SMHUTTE-
POM U TI0 cXeMe ¢ o0Iel 6a3oil.



[IpeoGpazoBaTenu ¢ OOIIMM AMUTTEPOM HUCIOJIB3YIOTCS Yalle, T.K. UMEIOT JTyd-
[IM€ [IYMOBBIE XapaKTEPUCTUKH U OONbIIUNA KOAI(P(UIMEHT YCUIICHUS 1O HarpsiKe-
Huto. Hanpspkenue retepoganHa MoxeT ObITh MOJaHO B Lenb 0a3bl WK B IEb SMUT-
Tepa. B mepBom ciydae gocturaercss 60JabIINN KO3(QGUIUEHT YCUTIEHUS, BO BTOPOM
cilydae — Jiydias cTaOuiIbHOCTh KO3 (PUIIMEeHTa YCUIICHHsI U XOpolllasi pa3Bsizka Me-
1y CUTHAJIbHBIM U T€T€POIMHHBIM KOHTYpaMHu.

2. IlpeoOpazoBareny Ha YCUIIUTEIAX C KACKOJHBIM BKIIOYEHUEM TPaH3UCTOPOB.

3. [IpeoOpazoBarenu Ha nudhepeHITnaIbHOM YCUIIUTENE.

4. TIpeoOpazoBarenu Ha MOJEBbIX TPAH3UCTOPAX (C OJTHUM U IBYMS 3aTBOPaMHU).

OcHOBHBIE CBOMCTBA U XapaKTEPUCTUKH MOCIEIHUX TPEX IPYII Mpeodpa3zoBaTe-
JIe ONpeeNsItoTCsl CBOMCTBAMU YCHIIUTENEH, HA OCHOBE KOTOPBIX OHM ITOCTPOECHBI.

Ha puc. 8.44 npuBenensl cxembl MpeoOpa3oBaTesie 4acTOThl Ha ITOCKOCTHBIX
TPaH3UCTOPAX.

B cxeme puc. 8.44,a HanpsikeHUE CUTHANA MOAAeTCs B Henb 0a3bl TPAH3UCTOPA,
HampspKeHUe rerepoauHa — Ha sMutTep. KoHTyp B Liemu KOJUIEKTOpa HAaCTpOEH Ha
IpoMeXyTouHyto yacToTy. ConpotuBneHus R; u R, ofecneduBaroT HEOOXOIUMBIH

pEKUM pabOThl yCUIINTENS (TIO0KEHUE pabodel TOYKH), CONPOTUBIEHUE R, U eM-
kocTb C, — TepMOCTaOMIN3ALHUIO TOJIOKEHU padbodel Touku. IIpeobpa3oBanue yac-

TOTBI OCYILIECTBIISIETCS 32 CUET U3MEHEHHUS C YaCTOTOM CUTHalla rerepouHa Koddpdu-
IMUEHTA Mepe/laun YCUIUTENBHOTO Kackana (KpyTu3nbl BAX tpan3ucropa).

+EK
o]

Puc. 8.44. Cxembl mpeoOpazoBatesieil 4acTOThl Ha MIIOCKOCTHBIX TPAH3UCTOPAX

TpansucTopHblii Mpeobpa3oBaTelib 4aCTOThI, H300pakeHHbIN Ha puc. 8.44,0, no-
CTPOEH C HCIIOJIb30BaHuEM aupdepeHnunansHoro ycunurens. Ha ero Bxoa nopaercs
npeoOpa3yeMblil CUrHaJ, a Ha 0a3y TpaH3ucTopa V73 reHeparopa cTaOUIBHOIO TOKA
nojpaercs curHan rerepoauHa. Kosddumuent ycunenus u kodppuuueHT myma Ta-
KHUX MpeoOpazoBaresyiell MPUMEPHO PaBHBI COOTBETCTBYIOIUM KO3 (ULIMEHTaM YCH-
JUTEIBHOIO KacKaja.



CxeMbl mpeoOpa3oBaresieil YaCTOThl Ha IMOJEBBIX TPAaH3UCTOpPAX MPHUBEICHBI Ha
puc. 8.45,a — cxema ¢ COBMEILICHHBIM T'€TEPOJIMHOM U puc. 8.45,0 — cxema ¢ UCIOJIb-
30BaHUEM I0JIEBOTO TPAH3UCTOPA C JIBYMS M30JIMPOBAHHBIMH 3aTBOPAMHU.
+E|:

+E|:
Elx(t) ()
Cx & Lx 3 1
T Lrﬁ o ur(t) o— —
e T
A usatt) 3 ¢ % cy
5]
— 3 5)

Puc. 8.45. Cxemsl npeoOpazoBaTeieil 4aCTOTHI HA MOJIEBBIX TPAH3UCTOPAX

Ha puc. 8.45,a noneBoii TpaH3UCTOP C 3aTBOPOM. B BUJIE p-n-TIEPEX0ia BHIMOIHS-
€T POJb CMECUTENS U reTepoJuHa OJHOBpeMeHHO. CurHan u,, (f) mocTymaeT Ha 3a-

TBOp TpaH3ucTopa. HampskeHune rerepoauHa u,(f) ¢ 4aCTH FeTEpOJUHHOIO KOHTYpa
L.C,. mopmaercs B LeNb UCTOKAa TpaH3uctopa. HeoOxomumeblil pexum TpaH3ucTOpa

o0ecreunBaeTcsi COOTBETCTBYIOIUM BBIOOPOM pab0O4ell TOUKH C IOMOIIBIO LETH aB-
ToMaTuueckoro cmemenus R,C,. Pesucrop R, B uenu 3aTBopa 00eCHednBaeT CTe-

KaHUe 3aps]0B, CKAIIMBAIONIMXCS Ha 3aTBope. Harpyska mpeoGpaszoBaTens — moso-
COBOM (UIIBTP, HACTPOEHHBIN Ha HEOOXOAMMYIO KOMOMHALIMOHHYIO YaCTOTY CTOKOBO-
ro Toka. Tak Kak BXOJHOE M BBIXOJHOE COIPOTHBICHHS IOJIEBOTO TPaH3HCTOpa JI0-
BOJIHO BEJIMKH, TO BXOJIHOM KOHTYp K 3aTBOPY M KOHTYp IOJIOCOBOTO (PUIBTpa K CTO-
Ky MOJKITIOYAIOTCS TIOJTHOCTHIO.

B cxeme TpaH3ucTOpHOTrO Ipeodpa3oBaTesisi YaCTOTHI Ha MOJIEBOM TPAH3UCTOPE C
ABYMS M30JMPOBaHHBIMU 3aTBOpamu (puc. 8.45,0) 06a 3aTBOpa HCIIONB3YIOTCS B Ka-
YeCTBE YNPaBIAIOUINX 31eKTpooB. 1lo cymiecTBy TpaH3UCTOp paboTaeT 1moja Bo3ei-
CTBHEM CYMMBI JBYX HanpsbkeHui. HanpsokeHue u,, () cosznaercs mpeoOpasyeMbIM

CUTHAJIOM, IIOJJaBa€MbIM Ha IEPBBIN 3aTBOpP, a HAIIPSDKEHUE U, (f) — CUTHAJIOM reTe-

poJlMHa, To1aBaeMbIM Ha BTOpoi 3aTBop. KosebaTeabHbll KOHTYp, HACTPOCHHBIA Ha
PA3HOCTHYIO 4acTOTY, MOJKIIFOYEH K CTOKY TPaH3UCTOpa. JJOCTOMHCTBOM 3TON CXEMBI
ABIIACTCS HE3HAUMUTEIbHAs EMKOCTHAsI CBSA3b MEX]y LIETbIO MOAauu Mpeodpa3zyemMoro
CUTHaJa U KOHTYpOM CUTHaJIa TeTepoauHa. [Ipn Hanuuuu Takol CBA3M BO3MOXKEH 3a-
XBaT CUTHAJIOM YacTOThl KojiebaHuM rerepomuHa. [Ipu 3ToM yacrtoTa curHaia rere-
pOJIMHA CTAHOBUTCS PaBHOM 4YacTOTEe MPeoOpa3yeMoro CUrHaia, BCIEICTBUE YETO
npeoOpa3zoBaHusl YaCTOThI MPOUCXOAUTH HE OY/IeT.

[IpeoGpazoBaHue YaCTOTHI MOKHO OCYILIECTBUTDH TAKKE C MOMOILBIO TapaMeTpu-
YeCcKHMX lenei. B Takux mensx HanmpsiKeHUe TeTepoAuHa MOJAeTCs Ha HENMHEHHYIO



CMKOCTDH (BapI/IKaH), BCIIMYNHA KOTOpOﬁ HU3MCHACTCA 110 3aKOHY T'CTCPOAMHHOIO Ha-
MIPsSKCHUAA.

3AKIIOYEHUE

CoBpEMEHHOE COCTOSIHME PAJUOTEXHUKU XapPAKTEPU3YETCS MHTCHCHUBHBIM pas-
BUTHEM METOJIOB M CPEJCTB OOPAaOOTKH CUTHAJIOB, MIMPOKUM HCIIOJIB30BAaHUEM JI0C-
TKeHUH UPPOBBIX U HHOOPMAIIMOHHBIX TEXHOJIOTHI. B TO ke Bpems Henb3s abco-
JIOTU3UPOBATh U3MEHUMUBOCTh 0A30BBIX (PparMeHTOB OOIIEH TEOPUU PaTUOTEXHUKU,
MOJIO’)KEHHBIX B OCHOBY METOJIOB PEUICHMS 3a/lady aHaJIu3a U CUHTE3a COBPEMEHHBIX
PaTUOTEXHUUECKUX U UH(POPMAIMOHHBIX cucTeM. Kak 3HaHus U ¢BOOOHASI OpUCHTA-
1Al BO MHOKECTBE MAaTEMAaTUYECKUX aKCHOM IO3BOJISIIOT NPUXOJIUTh K HOBBIM BBIBO-
JaM U pe3yJsibTaTaM, TaK U 3HAHUS OCHOBOMOJArarolIMX KOHLENINKA B 00J1aCTH MO/Ie-
JUPOBAHUS CUTHAJIOB, METOJOB U TEXHUYECKUX CPEICTB MX OOPaOOTKH MO3BOJISIOT
JIETKO pa300paThCsi B HOBBIX, MYCTh JaKe HA MEPBBIN B3TJIS OUCHb CIOKHBIX TEXHO-
jgorusix. TONBKO MpH HAIWYMKU TaKUX 3HAHUI UCCIIENOBATENb WU MPOCKTUPOBIIUK
MO’KET PacCUUTHIBATh HA MPAKTHYECKYIO PE3YJbTATUBHOCTh M3BECTHOTO MPHUHIMIA
"know-how" (3Har0, KaK).

BHe pamok JaHHOW KHUTM OCTaJIuCh MHOTHE BOIPOCHI, HEIOCPEACTBEHHO CBSI-
3aHHBIE C "IeTepMUHUPOBAHHON" paanOTEXHUKOM. [Ipexae Bcero 3To BONpoChl reHe-
pUPOBAHUSI CUTHAJIOB, JUCKPETHOM W LM(PPOBOM (GUILTpaIlMK, METOJ0B aHaliu3a U
MOCTPOCHHUS TTapaMETPUUYECKUX U OMTOIEKTPOHHBIX yCTpoucTB. Oc0O0r0o BHUMAHUS
U OTAEJIBHOTO OOCYXKJIEHHUS 3aCiy>KWBalOT MPOOIEeMbl CTATUCTHUECKONW paguOTEeXHU-
KM, pelIeHre KOTOPBIX HEMBICIIMMO 0€3 IIMPOKOro Kpyro3opa B 00JIaCTU METOOB
aHaJu3a CIy4alHBIX CUTHAJIOB U MX MPeoOpa30BaHUM, METOJIOB pPEIIECHUs Kilaccuye-
CKHX 3a/1a4 ONTUMAaJIbHOW 00pabOTKH CUTHAJIOB MPU UX OOHAPYKEHUU U U3MEPEHUHU.

B nocnenyromeM IutaHupyeTcs M3laHHE Y4YEOHOro MocoOus, MOCBSIIEHHOTO
PACCMOTPEHHUIO ITHUX MPOOJEM C YYETOM HOBBIX TEOPETUUYECKUX M MPAKTUUECKHUX Pe-
3yJIbTaTOB.
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