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KommnrerotepHoe cxemorexnnueckoe moaenupoBanre RC u RLC-neneit
FO.I1. ITIpuBanenkos, A.C. Muxaiinos

(KocTpomckoii rocy1apCTBEHHBIN TEXHOIOTUYECKUM YHUBEPCUTET)

Ha ocHOBe pe3ynbTaToB MOAEIUPOBAHUS TUIOBBIX YaCTOTHBIX (DUIBTPOB
B cucrteMe DesignlLab noka3ana 3¢pexTUBHOCTD, Pe3yIbTATUBHOCTh U HATJISA-
HOCTb KOMIIBIOTEPHOTO MOJIEIMPOBAHHUSA, KaK METOJa aHalu3a MEepPEeXOJHbIX U
YaCTOTHBIX XapaKTEPUCTUK DJIEKTPOHHBIX CXEM.

PacueT mepexoHbIX MPOILIECCOB B ANEKTPUUYECKUX LIETSX AaKe MpU He-
OOJIBIIOM KOJIMYECTBE BXOASIIMX B HUX DJIEMEHTOB BBI3BIBAET Y UCCIIEIOBATENS,
C OJHOW CTOPOHBI, TPYJAHOCTH HU3-3a OTCYTCTBUS TOCTATOUYHON MaTeMaTH4eCKOM
MOJITOTOBKH U, C IPYTOM CTOPOHBI, JOCTOMHOE BCAYECKOTO MOOIIPEHUS KETAHHUE
3¢ ()EeKTUBHO HCTOIB30BATh CBOM 3HAHUS U HABBIKU PabOThl Ha KoMIibtoTepe. B
CTaTbe IOKa3aHa MpaKTHYecKass BO3MOKHOCTb W JIOCTAaTOYHAs pPE3yJIbTaTHUB-
HOCTb aHAJIU3a DJIEKTPUUYECKUX LIENel B CUCTEME DJIEKTPOHHOTO MOJIETUPOBAHMS
DesignLab. IIpaktuueckast JOCTYITHOCTh U LIEHHOCTh BPEMEHHOI'O U YaCTOTHOTO
ananu3a RC u RLC-nieneii ¢ momoipio cucteMsl DesignlLab nmpoaeMoncTpupo-
BaHa Ha MpUMEpax pacuera YaCTOTHBIX (PUIBTPOB.

B pacuerax mnepexoAHBIX MPOLECCOB PaIUOIEKTPOHHBIX YCTPOUCTB
(PDOY) craButcs 1enblo MoayyeHus: NepexoaHbIX QYHKIMA U YaCTOTHBIX Xapak-
TEPUCTUK ycTpoicTaa [1, 2].

[lepexoaHble XapakKTEPUCTUKN OMUCHIBAIOT BO BPEMEHH PEAKIIMIO CXEMBI
Ha CTYNEHYaTOe BXOJHOE BO3JEHCTBUE. DKCIIEPUMEHTATOPA HHTEPECYIOT hopMa
KpUBOH MEPEX0HON XapaKTepUCTUKH, TOCTOSIHHASI BPEMEHHU MEPEXOIHOTO Mpo-
1ecca, nepeperyaupoBanme, KojedaTeIbHOCTh Ipoliecca T.11.

YacToTHbIE XapaKTEPUCTUKH MO3BOJIAIOT M3YYUTh BIUSHUE MapaMeTpoOB

OcImM Ha (i)OpMI/IpOBaHI/IC HaCTOTHOI'O CIICKTpa BBIXOAHOI'O CHI'HAJIA. HpI/I 3TOM



BBISIBIIIIOTCS TAKME XAPAaKTEPUCTUKHU KaK 4acTOTa Cpe3a, MoJIoca NPOITyCKaHU U
T.1. TeopeTnyeckoe omnMcaHWE MEPEUYHUCICHHBIX BBIIIE MOHATUNA JOCTYIHO BO
MHOYECTBE JINTEPATYPHBIX HCTOYHUKOB, HAaIIpumep B [3, 4].

JIns pacyeTa mepexoJHbIX IPOLIECCOB MPUMEHSIOT KIACCUYECKUN U Olle-
pPaTOPHBIM METOJbl, METOJ MEPEMEHHBIX COCTOSIHUA U T.h. OOmui BUI Tepe-
XOJJHOM XAapaKTEPUCTHUKHU MOJYyYalOT KJIACCUYECKHM WJIM OINEPAaTOPHBIM METO-
TIOM.

B nepBom ciyyae mepexoaHble MPoLEecchl B LENu onuchiBatoTcs qudde-
pPEHIMANIBHBIMA YPABHEHUSIMU TEPBOTO MU OOJee BBICOKOrO MOpsiaka. 3aTem
AHAIMTUYECKH HAXOJUTCSA pEelIeHWe HEOJAHOPOJHOTO JudPepeHIInaIbHOTO
YpaBHEHHS.

AnanuTtndeckyro GopMy nepexoaHor GyHKIUA MOKHO MOJYYUTh U OIle-
paTOpHBIM METOAOM. B 3TOM MeTO/Ie UCXOIHAs cXeMa IPUBOAUTCS K OIEepaTop-
HOMY BHUAY, U J1aJie€ MPOBOJSATCS JTOCTaTOYHO TPYAOEMKHE ONEpaTOpHbIEC Ipe-
o0pa3oBaHus C MOCJIEAYIOUIMM IEPEXOJAOM BO BPEMEHHYIO 00J1acTh. DTH METO-
Ibl YCIICIIHO TPUMEHHUMBI B IIPOCTBIX CXEMaX C OJTHUM HAKOIIHUTEJIEM SHEPTUH.

Meton nepeMEHHBIX COCTOSHUS JAa€T YACTHOE PELIEHUE JJIsi HEKOTOPOTO
Ha0opa HUCXOJHBIX 3HAYEHUU MapaMETPOB BJIEMEHTOB CXEMbl M HadaJbHBIX
YCJIOBUH.

MOXHO YTBEpPKIaTh, YTO AHATUTUYECKHE METOABI TPYIOEMKH, UMEIOT
MaJIyl0 HarJIsiAHOCTh B MPEICTABICHUU IOJYYEHHBIX PE3YyJIbTATOB, a TaKXKE
MMEIOT CJII0KHOCTH B MCCJIEJOBAHUN YACTOTHBIX XapaKTEPUCTHK.

KoMmnproTrepHoe MOAENMPOBAHUE PEATBHBIX JJIEKTPUUYECKUX LENEH UMEET
pa3BUTOE MpOrpaMMHOE oOecrieueHue [5, 6, 7].

KomnreroTepHoe ncciieioBaHne NEPEXOAHBIX MpoueccoB B POY mo3Bos-
€T BU3yAJIN3UPOBATh AHAIUTUYECKHAE 3aBUCUMOCTH, YTO MOBBIILIAET HATIIAIHOCTD
MOJIy4aeMbIX PE3YJIbTATOB M CIIOCOOCTBYET JIYUIlIEeMY MOHUMAHUIO CBOMCTB U3Y-
yaemoro o0bekTa. MoenupoBaHue 1o HHMOPMATUBHOCTH MOJA00OHO HATYPHOMY

OKCIICPUMCHTY.



KoMmbroTepHoe MOIeIMpOBaHUE COJIEPKATEIIBHO COCTOUT U3:

- CO3J1aHUS KOMIBIOTEPHOU MOJENIN — aHAJIOTra UCXOIHON CXEMBbI;

- IPOBEPKU €€ JOCTOBEPHOCTH;

- OmpeneNieHusl MEepevHsl MapaMeTpoB U XapaKTEPUCTHK, COCTABIISIOIINX
pe3yJIbTaT MOJEIUPOBAHUS;

- IJITAHUPOBAHUS U YNPABICHHUS MPOIECCOM MOJIETUPOBAHUS U, HAKOHEII,
00paboTKH pe3yJbTaTOB MOJICIIUPOBAHMS.

[IpoBenem KpaTkuii CpaBHUTENBHBIM aHANN3 HarbOoee MOMYJISPHBIX MPO-
IPaMMHBIX TAKETOB CXEMOTEXHUYECKOTO U KOHCTPYKTOPCKOTO MPOEKTHUPOBAHUS
POY.

B Hacrosiiiee BpeMsi UMEETCsSl TOCTATOYHO MHOT'O CHUCTEM, 00eCleynBalo-
IIMX KOMIUIEKCHOE MPOEKTUPOBAHUE PATUOAIEKTPOHHOM amnmapartypbl. Takoit
MOJIXO0JT TIPEAINoiaraet, 4to JOr1uKa, OMUCaHHasl B CXEMeE, BOIUIOIIAETCS B TOMO-
JIOTHUIO MEYaTHOM IIIAThI, @ IPOrPaMMBbl IPOBEPSIIOT COOIIO/IEHNE MPABUIT ITPOEK-
TUPOBaHUS, CO3/IAI0T CIIUCOK COEAMHEHHM, aBTOMAaTUYECKH pa3MeIaloT KOMIIO-
HEHTHI U TPACCUPYIOT NEYATHYIO IJIATy, CO3/1al0T JOKYMEHTHI JUIsl aBTOMATHU3H-
POBaHHBIX NPOU3BOJCTBEHHBIX CUCTEM [3, 8].

CymiecTBytoniye nporpaMMHbIe CpeCTBa, MpPeJHA3HAUYECHHBIE JIJIS MPOEK-
tupoBaHus POY, MOXHO pa3genuTh Ha JBE OCHOBHBIE T'PYIIIbI: CUCTEMBI CXe-
MOTEXHUYECKOI'0 MPOEKTUPOBAHUSI U CUCTEMBI KOHCTPYKTOPCKOTO MPOEKTUPO-
BaHUA. DTO JIEJICHUE SBIISETCS BEChbMa YCIOBHBIM, OCOOCHHO ISl CUCTEM IPOEK-
TUPOBAHUS MUKPORJIEKTPOHHON anmapatypel, a Takke CBY u wusnydaronmx
yCcTpoiicTB. B mocniennee aecsiTuieTne HaMeTUIACh SIBHAsl TEHJICHLIMSA UHTETpa-
MU MpOrpaMM B 00JIacTU YHU(PUKALKUU TPEICTABICHUS Pe3yJIbTaTOB MOJEIH-
poBaHUSI.

B cucremax aBTOMaTH3UPOBAHHOTO MPOEKTUpOBaHus POY Takxke mupo-
KO MCMOJIB3YIOTCS pa3IuyHble BCIIOMOTaTeIbHbIE TPOTrpaMMHBIE TPOYKThI: Ma-
TEMaTUYECKHUE TMaKeThl, 0a3bl JaHHBIX, rpad)uyecKue U TEKCTOBBIE PEIAKTOPHI,

AIIEKTPOHHBIE TAOJIHIIBI.



Opnum u3 HamOosiee pacrpocTpaHEHHbIX B PoccuM makeToB mporpamm
KOHCTpYKTOpcKoro mnpoektupoBanus POV susercs P-CAD ¢upmbl Personal
CAD System Inc [8]. DTO MONHOIIEHHOE KOMIUIEKCHOE IPOTrPaMMHOE PELIEHUE
IUISl TPOEKTUPOBAHUS JIEKTPOHHBIX YCTPOWCTB, B YACTHOCTH JJI1 BBOAA CXEMBI
Y MIPOEKTUPOBAHHUS I HEE NIEYATHOM IUIATHI.

Opnnako, mipu BceM MHoroobOpasuu ¢yukiui, P-CAD o6namaer cyie-
CTBEHHBIMM HENOCTaTKaMH. Bo-NepBbIX, JJISI HAYMHAKOIIMX IOJb30BaTenen P-
CAD npencraBisieT 3HaUYUTENbHBIE TPYJHOCTH B OCBOEHUHU. BO-BTOpHIX, B ca-
MoM nakete nporpaMmm P-CAD oTCyTCTByeT BO3MOKHOCTh CXEMOTEXHUYECKOTO
MOJICNIMPOBaHMs MpoekTupyemMbix POY. Dta npobiema peiieHa cBoeoOpa3Ho, a
MMEHHO, ITyTeM JOCTYITHOCTH KOHBEPTHUPOBAHUS (POPMATOB U B3AUMOJEHUCTBHUS C
naketamu Tpetbux ¢upm. Hy u, nakonen, P-CAD sBasercs, o cyTH, CHCTEMOM
aBTOMAaTU3UPOBAHHOTO MPOEKTUPOBAHUS MEYATHBIX IJIAT, TO €CTh OOJIbIIE MOA-
XOIUT JUIsl TPOMBIIUICHHBIX NPEINPUSATUN, SBISSICh YUCTO KOHCTPYKTOPCKHM
MTaKETOM.

[IInpokoe pacnpoCTpaHEHUE MOJYYWJ IMAKET NPHUKIATHBIX [POrpaMm
Electronics Workbench, a umMeHHO ero 1o cux mop momyjsipHas U camas J0-
ctynHas Bepcuss EWB 5.12 [9, 10, 11]. B otinune oT Apyrux nporpamMmm cxemo-
TexHU4eckoro MozenupoBanusi, cucrema Electronics Workbench nzoOpaxkaet
Ha JKpaHEe M3MepUTETbHbIE MPUOOPHI C OpraHaMu YNpaBICHUS, MAKCUMAJIBHO
npubIMKeHHbIe K peasibHOCTHU. [lonb30BaTens 0CBOOOKIAETCS OT U3yUYEeHHUs a0-
CTPAaKTHBIX IPAaBUJI COCTABICHUS 3aJlaHUil Ha MOJeaupoBaHue. JlocTaToOuHO 1o-
MECTUTh Ha CXeMY ABYXKaHAJIbHBIM ocuuiiorpad M TeHepaTop CUTHAIOB — U
IporpaMmMa MpoBENET aHAIN3 NEPEXOIHBIX IpoleccoB. Ecin ke Ha cxeme pas-
MECTUThH aHAJIU3aTOP CHEKTPa, TO OyJIEeT paCCUUTAH PEKUM I10 MOCTOSTHHOMY TO-
KY, BBIIIOJIHEHA JIMHEApU3alusl HEJIMHEHHBIX KOMIIOHEHTOB M MPOU3BENEH pac-
YeT XapaKTePUCTUK CXEMBbI B YACTOTHOM 00JIaCTU. DTO SABJISETCS CYIIECTBEHHBIM

noctouHcTBOM Electronics Workbench.



OpnHako, BCIEACTBUE TOCTATOYHO OTPAaHUYEHHBIX BO3MOKHOCTEN JaHHO-
o MaKeTa, OH MOXET OBITh MOJIE3EH ISl U3YUYEeHHs TOJIBKO Ha 3Tare HayaabHOTro
OCBOEHUSI METOJIOB aBTOMATU3HUPOBAHHOTO MTPOEKTUPOBAHMS.

Haubonbiee pacnpoctpanenue cpeau paszpadbotunkoB POA momyuwiia
cucreMa DesignLab xoprnioparuu MicroSim [5]. Ona oka3zanachk O4YeHb yjaad-
HOM, THTEHCUBHO pa3BUBAaETCs U, Je-(paKTo, cTana 3TAIOHHOW MPOrpaMMoi Mo-
JEUPOBAHUSl aHAJIOTOBBIX YCTpoHCcTB. B cucteme DesignLab npenycMoTpeHsl
CJIEAYIOIINE PEKUMBI MOJIEINPOBAHNS :

- pacuer 4YaCTOTHBIX XapaKTEPUCTHK;

- pacuer pexuma 1o MOCTOSTHHOMY TOKY (BKJItOUasi YyBCTBUTEIBHOCTD 11O

MTOCTOSTHHOMY TOKY);
- pacuer nepeaaToYHbIX (QYHKIUN MO TOCTOSSHHOMY TOKY;
- pacuer NnepexoIHbIX IPOLIECCOB.
- CTAaTUCTUYECKUN aHAJIN3 U HAUXY/IIUN CIIydau;
- 33/IaHUe MapaMeTPOB IUPPOBBIX YCTPOUCTB;
- Bapualy TEMIEPATYPhI.

[Ipunsareie B cucteMe Designlab maTeMaTnyeckue MOAEIH MOTYIPOBOI-
HUKOBBIX MPUOOPOB HCMOJIB3YIOTCS BO MHOTHX AaHAJIOTHYHBIX MporpamMmax, a
criucku coenuHennii B ¢popmate SPICE noanepKuBaroTcsi OOJIBIIMHCTBOM CH-
cteM monenupoBaHus POY. Dta cucrema M HEKOTOPBIE COBMECTUMBIE C HEW
aHAJIOTH JI0CTATOYHO W3BECTHBI, HCIOJIb3YIOTCS HA NPEANPUATHAX IPOMBIILICH-
HOCTU M B TEXHUYECKUX YHHUBEPCUTETAX.

[Tonb30BaTeNnbCKU AUATOT MPOAYKTA JOCTATOYHO MOHSATEH, YTO CIEAYET
OTHECTH €Hl€ K OJHOMY €ro JOCTOMHCTBY. OH peanu3oBaH IpPOrpaMMoOiu
Schematics, Bxondieil B coctaB cuctemsl. [IporpamMmma nojaepsxkupaet rpadu-
YECKHI BBOJl CXEMBI, 3aJlaHUE€ TUPEKTHB MOJEIMPOBAHUA M 3aIyCK IMpolecca
MozaenupoBaHus. [Io OKOHYAHHM MOJENBHOTO HKCIEPUMEHTA ABTOMATHYECKU
3amycKaeTcsl mporpaMma rpauyeckoro aHajin3a MOJYyYEHHBIX XapaKTEepUCTHK

Probe.



@ MicroSim Schematics - [ Schematic1 p.1 ]
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Puc.1. ®parmenT okHa nporpamMmmel Schematics.

Penaxktop Schematics (puc. 1) uMeeT TJIaBHOE MEHIO U MaHEIh UHCTPY-
MEHTOB C KHONKaMM OBICTpOTO 3amycka, kak u OonpmuHCTBO Windows-
IIPUJIOKEHUM. B BEpXHEN 4acTU DKpaHa pacriojaraeTcs TOpU30HTaJIbHOE MEHIO,
COCTaB KOTOPOTO 3aBHCHUT OT BBIOPAHHOI'O PEXKHMMa peJaKTUpPOBaHUS (pelaKTH-
pOBaHWE MPUHLIMUIHAIBHBIX 3JEKTPUUYECKUX CXEM JIMOO peAaKkTUPOBAHUE CUM-

BOJIOB, TO €CTh YCJIOBHBIX Tpapuueckux 0003HauYECHU KOMITOHEHTOB).

R1 R1
00— o input AN output
\¢ 1k c1 L 100n
Usx —/C1  Usbix _T
o ¢ 0 .
%
Puc.2 HU® nepBoro nopsaka. Puc.3. HU® B nporpamme Schematics.

[TosicHUM METOAMKY KOMITBIOTEpHOTO MojenupoBanusi B DesignLab na
pUMEpax ONpeICICHUS MapaMeTPOB THIIOBBIX YaCTOTHBIX (PHUIIBTPOB IIEPBOTO U
BTOpOro nopsiaka [5].

Huskouacmomnuoui punomp (H4D) nepsozo nopsioka nokaszan Ha puc. 2.
Jliist aToro puibTpa BBIYMCIUM aHAJTUTHYCCKU TMEpPeAaTOYHY0 (DYHKIIHIO, aM-

mwntygHodactoTHyo (AUX) u dazouacrotHyro (OUX) xapakTepucTUKH, Ya-



CTOTY CpcC3a, NCPCXOAHYIO XapPAKTCPUCTUKY, ITOCTOAHHYIO BPCMCHH N BBIBCIACM
YPAaBHCHH: B Q)YHKI_II/II/I BPCMCHH BBIXOJIHBIX IIApaMCTPOB.

llepeoamounasn ¢pynxyus HUD onpenensercs CaeayonuM BEIPaXKCHUEM

/a)Cl_ 1 B

/w ci+ Rl 1+ jo-Cl Rl

C1=100 n® mnepenaroyHas (yHKIUS TPUMET BU] w( j'w):ﬁ'
+ J . a) .

w(j-o)= caydae, Korma Rl=1 xOu ¥

AYX ¢unbsTpa siBasieTca Moayiem nepeaatroyHot pynkuuu, a PUX — dpyHKuus
OT pa3HOCTH (a3 BXOJAHOT'O U BBIXOJIHOTO HarpsixeHus [4].

monyns AUX (e, ) = 13 nb. Ya-

V2

IIpm yrinoBoi yactore o, =
P yT “ " RI-Cl

. o 9 9
cToTa f, = 2‘ Ha3bIBaeTCA uacmomou cpe3a (KPUTUUECKON 4aCTOTOW WM 4Ya-
T

ctoroil u3noma) AUYX. Ha kputuueckoit yactore (paza BEIXOJJHOTO CUTHAJIA paB-
Ha -45°, [Ipu 3HayeHusIX R1=1 xOm U C1=100 n® KpuUTUYECKas yacToTa Oyaer
paBHa f. ~1592 Iy.

Ypasnenue nepexoonoti xapaxmepucmuky TOJIYYUM U3 BTOPOTO 3aKOHA

Kupxroda, MMEIOLIETO BU/T nudpepeHnanbHOro YpaBHEHHS

1 o
v, =i -R1+a I i-dt. OOmui BUI pEUICHUs IS ypaBHEHHs TokKa OyAeT

o .
i(t):%-e #iCl - HanpskeHHe Ha eMKOCTH paBHo U.(¢)=U,, . (1)=U,, -(l—e R"C'].

t
Jlns1 3a1aHHBIX paHee napamerpos U, (t)=U.,, -[1 _e 10" )

llocmosannasn épemenu OIpeEneNsieTcss U3 BbIpaXeHus 7= R1-Cl U paBHa
7 =0,1 mc. Kak u3BecTHO, 3a BpeMsi 7 BEIMYMHA BBIXOJHOTO HANPSIKEHHUS IO-
cturaet 63% ycTaHOBHBIIETOCS 3HAUYCHUS.

Tak xak nepepatoyHass GyHKUMS U ypaBHEHHUE MEPEXOJHON XapaKTepu-

CTHUKHMN OJIA HY®D COOTBCTCTBYIOT allCPHOAUYCCKOMY 3BCHY IICPBOTO IIOPAOKA



[1], mpu MoAenMpOBaHUU CIIEAYET OXKHUIATHh AlECPUOJUYECKOrO IMEePEXOTHOrO
mporiecca, Mpu KOTOPOM BBIXOJHAS BEIMYMHA TOJXOAWT K YCTaHOBUBIIEMYCS
3HaueHUI0 0e3 KoJieOaHui u 6e3 mepeperyaupoBaHusl.
Cxema Gunpt 0 Schematics'
pa, coOpaHHas B nporpamme Schematics', ipe/icTaBieHa Ha

pHuc. 3. BBog u PasMCIICHUC JBJICKTPOPATUOKOMIIOHCHTOB OCYIICCTBIIACTCA

Ha)XaTUEM Ha KHOIIKY «Get New Part» Ha IaHEeIM UHCTPYMEHTOB \ﬁl ITaccus-
HBbIE 3JIEKTPOPATUOKOMIOHEHTHl Haxonsarcs B Oubnnoreke ANALOG.slb. Ha
BXOJl CXE€Mbl MOJKIIOYEH WMITYJIbCHBIA MCTOYHUK HampsbkeHus V1, KOTOpbIid
Haxoautcs B onoianoreke SOURCE.slb. JIocTOMHCTBOM 3TOI'0 HCTOYHHMKA SIBJIS-
€TCsl TO, YTO OH MOXKET OBITh UCIOJIB30BaH M MPU YACTOTHOM aHalM3e Ienell, u
KaK MCTOYHUK BXOJAHOTO MMIYJBCHOTO CUTHAJIa MPH HCCIECIOBAaHUU TMEPEXO-
HBIX MTPOLIECCOB.

Jis nonmyyernuss AUX u @UX nanHoro ¢uiabTpa pasMecTMM Ha BXOJE U
BbIXOZIe cXeMbl Mapkephbl. st sToro Beioepem B MeHio Markers niynkt Mark
Advanced..., B NOSIBUBLIEMCSI TUAJIIOTOBOM OKHE Mapkepsl vdb u vphase v pas-
MECTUM HX Ha BXOJI€ M BBIXOJI€ cXeMbl. BX0/a 1 BbIX0/ cXeMbl Ha puc. 3 0003Ha-
YEeHBI Kak input v output.

[locne pa3menieHns: MapKepoB HEOOXOIUMO OIMPEAEIIUTh PEKUM MOJIEITH-

pOBaHUsA, Ha)XaB Ha KHOIKY g Ha MaHEeIM MHCTPYMEHTOB. B mosiBHBIIEMCS
OKHE HeoOxoaumo BbIOpaTh MyHKT AC Sweep, 3a1aTh napamMeTpbl TUPEKTUBBI
MOJICJIUPOBAHUS (XapaKTep U3MEHEHHs YacTOThl, IMANa30H YacTOT JJIsl aHaJIu3a
U JIp.) U 3aTeM 3aIyCTUTh MPOIECC MOJEIUPOBAHUS, HAXaB Ha KHOMKY Al 1o
MAHEJI NHCTPYMEHTOB.

Pesynbratel MogenupoBanua AUX u ®UX nokazansl Ha puc.4.

' 30eck u Oanee scupHvIM Kypcusom évloenenbl HAONUCU u KOManobl ucnonvzyemvie 6 DesignLab



B MicroSim Probe - [RC, dat] —J=Ed
Sle|@| ¢ v|e] alm|o| msels| |zl ANt aa] (2] 2]

[ cosuesmpmsnesisssssshss sSss sy S ——————

'ﬂ'i = 1.6874K, =3.0362 :

H Az = 1.0p08, -1.9895u 5

BEL>>: dif= 1.46064K, =3 . 0362 H

A O . o e i T i . . . s e o T e o e e o T e o . e . i, . . i i -1

[TjUDB(output)
— e o e ] o o e 1 i i

1. 6074H,  -N5_170
AZ = - . 1. u
dif= 1.6066H. -K5_170

el L B el D e e L T |
1.0Hz 1Mz 1B0Hz 1.0HHz 10HHZ 1BDHHZ 1. 0HHZ 10HHZz
UP{output}
Freqguency
For Help, press F1 &

Puc.4. AUX u ®YX HU3KOUACTOTHOTO (PUIBTPa IEPBOTO MOPSIKA.

Fpa(l)I/IquKI/Iﬁ AHAJIN3 TIOJTYUYCHHBIX XAPAKTCPHUCTUK BBIIIOJIHACTCA IIPO-

rpammoit Probe. HaxxateM Ha KHOIIKY M («Toggle Cursor») BKIIOYaeM pe-
KUM Probe Cursor. JIns CUUTBIBAaHHUS KOOPJAMHAT OCEH IMEpEMEIIaeM Kypcop

MBIIIH 110 TpaduKy QyHKIUU. 3HAYCHUS] KOOPAUHAT Ocel 0TOOpaKaroTCsl B OKHE

Probe Cursor. BugHo, 4to Kputhuyeckas ydacrtora f, =16 x/y, MOIyYEeHHas B

XO0AC IKCIICPUMECHTA, COBIIAAACT CO 3HAYCHHUCM, ITOJYYCHHBIM PAHCC aHAJINTUYC-
CKH.

IIpoBenem BpeMenHo ananu3 RC-nenu. {5 3T0ro pa3MecTuM Ha BXOZE

%
Y BBIXOJE MAPKEPBI HANIPSKEHUS, HAXKAB HAa KHOIKY J Ha MaHEIN UHCTPYMEH-
TOB, YCTAHOBUM DPEXUM MoJenupoBaHus Transient, 3a1aUM TapaMeTpbl Iu-
PEKTUBBI MOJAEIUPOBaHUs (KOHEUHOE BpeMsl aHallM3a, BPEMEHHOM IIar pacyera

XapaKTePUCTHUK U JIP.) U 3aIlyCTUM IMPOLIECC MOJEIUPOBAHUS.
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W e roSim Probe - [RC2. dat] ==

Bl e = miace Pl Wi Touh Window | Halp
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1 ¥

H

¥

H

T L S i
s 1.0ms Z.ms 3.0ns N B
L‘Ju:m 12} o Winput)
Time A1 = Z.1053m, 632.78hm
{For Help, prass F1 A2 - Z.0000m, S52.23%u
dif= . 632.732m

Puc.5. Pesynbratel BpemenHoro ananusza OHY.
Ilo pe3ynbpraTaM BpEMEHHOI'O aHAJIM3a, PUC. S5, NOCTOSIHHAS BPEMEHU T
(ompenenena rpaduuecku) cocTaBisieT t ~ 105,263 mkc. [lorpemHocts 5,26% K
aHAIMTUYECKOMY 3HAYEHHUIO 00YyCIIOBJIEHA JIMIIb TOYHOCTHIO MPOBEIEHUS Kaca-

TEJILHOM K HayaJIbHOM TOUYKE HepeXOﬂHOﬁ XApPaKTCPUCTHUKMU.

R1 nput output
O— —§———=0 1k
ﬂ:'" ¢t | 100n
Usx ——C1 Usem 5 T
o ¢ o t
%
Puc.6. ®BY nepBoro nopsaka. Puc.7. ®BY B nporpamme Schematics.

Ha puc. 6 nokazan gurvmp eepxnux yacmom (@BY) nepsoco nopsoka.

®BY umeeT xapaktepuctuku auddepenuupyromero 3seHa [1]. Cxema ¢punbTpa

B Schematics npusenena Ha puc.7 (Rl1=1 xOm, C1=100 ud).
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HpOBeIISI AHAJIMTHYCCKUC BBIYUCIICHUA, AHAJIOTUYHBIC BBIIIOJIHCHHBIM pa-

Hee npu aHanuze HUO, nonyuum cienyronye pe3yibTaThl.

Ry
i-w-Cl i-o-Cl-Rl
Ilepeoamounas ¢ynxyus: W(j-o)= jol _ _joc . s
jro-Cl
ieo-107
RI=1 xOn u C1=100 n®d W(j-w)=—2210
I+j-0-10"
Yacrora cpesa f, = De TIew, =
P © 2’ ° RI-Cl°
[Ipu 3aaHHBIX HOMUHANAX AIEMEHTOB puiibTpa f, ~1592 Iy.
1
Ilepexoonas xapaxmepucmuxa ®BY: U, =i -R1+a j i-dt.
U ot _ t
YpaBHEHHE TOKa i(t):R—gf-e RICl g COOTBETCTBEHHO U, (t)=U, -e ',
-
=
wer|@ ||| &lamo] mee|E sl mmapfeF AN b A Sk aa] ] s
= . . . . . . . . . P rr— 1
lPrabe Cursor | :
. A2 - i-eeows  u3-von | |
SEL>3 | gif=  1.5617K, -93.059 | |
O eutpury T )
Lt B e e e e e . ST R e R S R TR S 3|
[Probe Cursor
|m = A.5627H, 5. 555
nZ = 1.00808, B9 9oL | ]
: gifn 15617k, e ses ]!
TV SIS S ORI PR OSSR s~ SR o e 4
1. 0H= T = TaaHz 1. 0KHz 10Nz 1H0KHE 1. BHH 10HHz
i__':l.lF'[ll:ll.ll:puI.'}
Fregquency

Few Help, pross Pl

Puc.8. AUX nu @YX ®BY nepBoro nopsaka.

J1st 3agaHHbIX 3HAYCHUM Rl1=1 xOm, C1=100 u® Um(t):U e 107

llocmosannas epemenu v = R1-C1 paBHa 7 =0,1 McC.
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™ MicroSim Probe - [RC.dat] LEE
[EdFie £ Trace Pt view Tock Window Help - = x]
| i@ | e| ala@|c| ke B x| anfek AN b | sk aa] o] ] 20
1lw-|' ------------------------------------------ A
:
ﬂ."i'.'l-i
L1 L E

-5

_1 w+ ____________________ P S i Sreaers S T e  Arn e e ] et b - s e T Ll B T bR ). el A i et o i i -|

05 1. 0ns 2. s 3. 0ns N, s
Fjuioutput) Uiinput) - 4

Time Al = 1.1006m, -h2h.163n

|For Help, press Fi A2 = 1.0000n, &7 B2

diF= 1065920, -424.211n

Puc.9. PesynbraThl BpeMeHHOro ananuza OBY.
[Tony4yeHHbIE pe3yJbTaThl YaCTOTHOTO M BPEMEHHOI'O aHalIu3a, puc. 8§ u

puc. 9, OJM3KU K aHAJIMTUYECKHU IMOJTYUYCHHBIM 3HAYCHUSAM. Yacrora Cpe3a paBHA

f. =1562 Iy. TlocTossHHass BpeME€HH 7 OIpejeieHa TpapuyecKuM CrocoOoM
(puc. 9) u coctaBnsieT r ~ 100,592 MKc (morpeurHocts B 0,592%).

Taxkum oopazom, 3aeepuwan mooeauposanue HUYD u OBY, moixicno
ybeoumuvca 6 mom, umo pe3yibmamyl €20 CO6RAOAIOM C AHATUMUYECKUMU
pacuemamu u npeOCmasienbl 6 NHOHAMHOI 6U3YAIbHOU (hopme.

Ha puc. 10 u puc. 11 nokazan nmocnenoBaTeabHbI PE30HAHCHBIN KOHTYP,
paboTtaronuii Kak nonocosou Guiabtp. OUIbTp 00ECEUUBAET MPOXOXKICHHE
curHasa 0e3 MoJaBJICHUS B ONPENEIECHHOM YaCTOTHOM JMala3oHe WJIU IMOJ0ce

MIPOMYCKaHHUS.
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. L1 1
L1 C|:1 input _— . |
° output
Ri R1 = 10k

Lhmx LhEiind ]

4

Puc.11. ITonocoBoit punbTp B nmporpamMmme

o
=]

Puc.10. TTonocoBoit GpuibTp. Sch .
chematics.

OCHOBHBIE XapaKTEPUCTUKU MOJIOCOBOTO (PUIbTpA: KOG puyuenm 3amy-
XAHUA; PE3OHAHCHAA YaCmMOma KOHMYPQ; 6EPXHAA U HUNICHAA KpUMudecKue 4a-
cmompi. llepexonHas xapakTEepUCTHKA TaKOM LEMU OINpeAessieTcs] HECKOJIbKO
cinoxsee, yeM i1 HU® unu OBY. [IpuMep aHAIUTHYECKOTO HAXOXKICHUS I1e-
PEXOHOM XapaKTEPUCTUKN MOYKHO HalTH B [4].

llepeoamounas @yHxyuss TPEICTABICHHOTO (QUIbTpa COOTBETCTBYET
MHEPLUHUOHHOMY 3BEHY BTOPOro nopsjka [1]:

Rl _ j-@-R1-Cl
o L1+ | " i w-R-Cl-w-Ll. '
Rl+j-@ L1+A.w.c1 jr@-Rl-Cl-0” - L1-Cl+1

Wi )=

IIpu R1=10 xOm, C1=0,1 mx® u L1=100 mIn mepenaTouHas (yHKLIHS

jrw-107

§ €T onpeZieiieHa Kak: W(j-w)= .
yASTOP U= o107 11

Koagpgpuyuenm 3amyxanusa bunvrpa umeet BUa D = % % Y MIpHU 3aJ1aH-

HBIX ITapaMeTpax CXeMbl paBEeH D =35.

Huocnsis u 6EPXHAA Kpumuveckue uvacmomvsvlt COOTBCTCTBCHHO pPABHBI:
o, :(\/DZ +1 —D)-a)o U w, :(\/DZ +1+D)-a)0 wm f, =157,6 [mu f, ~16 x['m.

Pezonancnas yacmoma KOHTYpa OIIPCACIIACTCA BBIPAKCHUCM

1
®w, = ———— W YUCJICHHO paBHa f, = 1,59 kI 1I.
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FiEla e s mal m@%velB| o AR Nk b ] 2N
Mg B o e e e e g e B e B “Probn Corsar |
: A1 = 16, 0EIK,  -9.07a
A2 = 154,992, FE=FF]
dif= 15 92K, Z0.A11m
SELEY ;
el e e i i e e e e e e el i e e e e e e e e e i e 5
| |UDB{output)
I e 0 0 0 L -
Probe Cursor | ¢
A1 = 16, BRI, N5, 5
A = A%A. 007, NS 109
dif= 15 . 924K, -90.1%4
— 100 + ' . ' . . ’ i
L TF 1T AL TE 1. BHHz 10Kz 1 AEHHE 1. 10HHE
WP {autput)
Frequenciy

For Help, press Fl

Puc.12. AYX u ®UX nonocoBoro ¢puibTpa.

Pe3ynpTaThl MOIETUPOBAHUS YAaCTOTHBIX XapaKTEPUCTHK (DHIbTpa Mpe-
cTaBjicHBI Ha puc.12. O4YeBUIHO, YTO MOJYUCHHBIC 3HAYCHUS TPAHUIHBIX YaCTOT
yJIOBJICTBOPUTEIILHO COBMAIAIOT C MOJTYYCHHBIMU PACUCTHBIMHU 3HAYCHUSMH.

B mporecce MopenupoBaHUs TOJOCOBBIX (UIBTPOB OCOOBIM WHTEpPEC
MPEICTABIIICT M3YYCHHE 3aBUCUMOCTH XapakTepa IMEPEXOMHBIX IMPOIECCOB OT
apaMeTpoOB CXEMbI. 3ajaBas HOMHHAJBI 3JIEMEHTOB CXEMbI, MOKHO TOJYYHTh
anepHOIUICCKUIN WITH KOJIeOATEIbHBIN IMePEX0IHBIN MPOIIECC.

[Tpu ncxomHOM HaboOpe MapaMeTpoB GUIBTP UMEET D =5, €ro Ha3bIBAIOT
nepeaeMnpupOBaHHBIM. Pe3ynbTaThl MOJCIMPOBAHUS TIEPEXOJTHOTO IIpoliecca

npeacraieHbl Ha puc. 13. IlepexoaHblid mpolecc anepuoguyecKuii, MOCTOSH-

Has BPEMCHHU 7 =~ 1,333 mc.
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!"-I"u:"'\-':ull'll'!- PEEC T, dAaT) - _HJ
i! .
S| || e) ajamial milvelm| ki Ao KNl A oy dal ] s

-, 504 {
'
H T
-1 -|"|' """""""""" B e - Pt~ usteus S A Sy e i A e s s g e S Sy 4
LI Hm B 12 s Toms 2ims
[T impat W putput )
Time . ruos ;
Peor Bk, prods P11 il = #H.Fnidm, . BAD

AF = T Qb6 1. 0@aa0
diF= 1, e, =1, haaa

™ MicroSim Probe - [RLC3. dat] == <)
L] File Edr Trace Plat View Tools Window Help =] >
w(ts|@| (e @l e mikve|m| ksl ap| k| s vl e s
T.BUA e ———— -
i ! i
1 ]
i i
: :
0.5U - ;
i i
!
i
| i
H 0.00. !
i [ i
i i
: |
: i
0.5 Ml I
| i |
| : |
| :
I A o e i e e L e L L e i L S L L L L L 4
a5 1. 0ms 2. Bms 3. 0ms b Bms L 6 _ Bms
U{input) U{output})
Time

Puc.14. Pe3ynbraThl BpeMEHHOTO aHaK3a MOJI0COBOTO (hribTpa npu D=1.

Ecnu xoadduument 3atyxanus D =1, UMEET MECTO KPUTHYECKOE JEeMII-
¢upoBanue. Pe3ynpTaThl BPEMEHHOIO aHaIM3a CXEMBl HPU  R1=20 Om,

Cl=1 mx® W L1=100 mx[n TOKa3zaHbl Ha puc. 14. [lepexonnslii mpolecc ocTa-

CTCA alICPUOANYCCKUM, HO AJIUTCIBbHOCTh IICPECXOAHOI0 IMpOouccca CymeCTBECHHO

HIDKE, YeM B JIT0OOM M3 ciIydaeB, korna D > 1.
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| ¥ MicroSim Probe - [RLC3.dat] LIEEd
[ | File Edit Trace Plot view Tools Window Help — | &= %
St (@) » (@] Ra(e(| m(dvem| rafzmiap|ok] |l el ] 2]
1.8 1
B.5u-

a.0u- 1

i |

i /
BB S N e S R N S R R S R S S e R R S R S S R S S S S SR SR H
as 2ms Hms Gms 8ms 10ms

U(input) U(output)
Time

T L ——————— =
i

a.5uU-

N

/

0.ou _E! ]\V-j,-f\\ o \/‘\-—f—i———ﬁ——\j lf{l(\ \//:f\v/‘\\,/-“_ﬁ:—k{—:

Ui{input) : U{output)

Puc.16. Pe3ynbpTaThl BpeMEHHOT'O aHANIM3a MOJI0COBOTO (uibTpa npu D<</.
KonebarenbHblil epexoHblil mpouece, puc. 15, nomyuuM, korjga kodd-

¢unuent 3atyxaHus D<1  (HemojemmndupoBaHUE), HANPUMEpP, IMpH

L1=100 mln, C1=0,1 mx® M R1=500 Om. 3amaBas JApyrue 3HA4YCHHUS aKTHUB-
HOTO COMPOTHUBIICHUS, MOXKHO HArJsiIHO yOeIuThcs, puc. 16, 4to KosjedaTeb-
HOCTb PacTeT C yMEHbIIIeHHEM Kod(DPUIIUeHTa 3aTyXaHus.

3asepwana mooenuposanue noaoco8o2o unompa, 6 0OnoOAHEeHuUe K pa-

Hee COe/IaHHbIM BbIBOOaM, ommemum npocmomy RIAGHUPOBAHUA, 6bINOJIHE-
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HUA U anHalusa pe3yiomamos MOOEIbHBIX IKcnepumernmoe, nanpumep, npu

U3YUCHUU G/IUAHUA nAPDAMEMPOB CXEMbl HA 6U0 6bIXOOHBIX 3A6UCUMOCHICIL.

€1 c3
— | . {|
Ci - :f 0.33u L 0.33u
' ' b R2 =5.1k
R2 V1 | output
Ale ] - 08 T
= JV"’O C2— 0.682u
- 0 R1 I R3
R R3 AN A
—:ILII— 10k 10k

Puc.18. Cxema punbTpa-npooku
Puc.17. Cxema ¢puiabTpa-npoOKH. .
B nporpamme Schematics.

OcoOblit uHTEpEC AJIs UCCIEOBAaHUS MIPEACTABIIAIOT COO0M y3K0NnoI0CHbIE
pedicekmopHbvie urbmpul (Tak Ha3bIBaeMblie @uivmpui-npooku). Takue Quinb-
Tpbl IIpEIHa3HAYEHBbI JJI UCKIIIOUEHHS «HEXEeIaTelIbHbIX» YaCTOTHBIX COCTaB-
JSAOIINX, HAIPUMEDP, NEpEMEHHON cocTaBisiromieil 50 I'l B BBIXOJHBIX CUTHA-
JlaX MCTOYHUKOB MUTAaHMSI MEMLUMHCKUX U Hay4HBIX NpubopoB. Tak, ajs peru-
CTpallud MCTUHHOW (hOpMBI CHUTHaja 3JIEKTPOKAPAHOIPAMMBI, MaKCHMallbHas
aMIUTUTYJ]a KOTOPOro cocTapiisieT nopsaka 1 mB, TpeGyeTcs mosioca mpomycka-
Hud ot 0,05 no 100 I'u. ITpucyrcrBue cocrasisroniei ¢ yacroroi 50 I'u ot cetn
MEPEMEHHOr0 TOKA B CEpEIMHE MOJIOCHI MPOMYCKaHUS HEXKENATEIbHO.

Huxe nna ¢unerpa-npobku, puc. 17 u puc. 18, npuBeneH aHamuTuye-
CKU pacyeT U BHIMIOJIHEH KOMITbIOTEPHBIA YaCTOTHBINA aHaIu3, puc. 19.

MaremaTu4ecKkuil BBIBOJI YPaBHECHUSI nepedamounol GyHxyuu GUibTpa-

MPOOKHU U ypaBHEHUS €TO nepexoOHOU XapakmepucmuKky paccCMOTpeHo B [3].
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-
=
ez @| s nn| el mEleE ksl el 8 w5k e o ] 2
I e e e e e et i ¥
: ]
!
|Probe Cursar H
Al =  MB.733, A9.4B9 !
' n2 = 1. BAEn, ~2H . 423m '
SEL>> dif=  A7.733, -39.460 !
e g I e e i o Sl o o e " -
fVDE(output)
ABB == = == = = e e e e e e e 1
: :
A == = m = = e e = o e o o e i 4
4.0Hz & . Hz 18Hz AiHz 180H= d08Hz 1.8EHz
UP{output)
Freguency

For Melp, press P

Puc.19. AUX u ®UX paccuntaHHOTO PUIBTPA-TIPOOKH.

Llenmpanvuas wacmoma QUIbTPa-NIPOOKU ONPEENsAeTCS YpaBHEHUEM

1 Cl1+C3
2z VC1-C2-C3-R1-R3

fe

IIpunumas Cl1=C3=C, RI=R3=R, C2=2C u R2=0,5R, TOJIy4YUM

1
"~ 27RC

. Tak kak (1)I/IJIBTp JOJIZKCH ITOAABJIATH COCTABJIAIOIIHNEC BBIXOJAHOI'O

fe

curHasia ¢ yactoroit 50 I'u, nmpunumaem f,. =50 ', u, nmonarags R=10 kOwm,

1
27Rf.  2-3,14-10%-50

HalgeMm C = =0,33 MKOD.

Takum 00pa3oM, HOMHUHANBI 3JIEMEHTOB paBHbl: Cl=C3=0,33 MKOD,
R1=R3=10 kOM, C2=0,62 MKD, R2 =51 kOmMm.

Kak BunHO u3 pucyHka 18, Ha yactrore 48,733 [y nocturaercs MakKCH-
ManibHOe ocnabnenue curHaita. Koadgduiment ocnabieHus curHaiza B JaHHOM
Clly4ae COCTaBIsieT MpUMEPHO 39,5 0b. DTOT pe3ysbTaT SIBISETCS BIIOJIHE YIO-
BJIETBOPUTENBHBIM, MOCKOJBKY Uccienyemas aBoitHas T-oOpasHas cxema y3Ko-
MOJIOCHOTO PEXEKTOPHOTO (GUIBTPAa TMO3BOJISIET AOCTUYL 3HAYEHHS TIIYOUHBI

pexeknuu ot -30 1o -50 0b.
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Ha mpakTuke He3HAYUTEIbHOE OTKJIOHEHHE (PAKTUYECKON LEHTpaTbHOU
YacTOThI OT PACYETHOI'O 3HAYEHHSI OOYCIIOBJIEHO TEM, YTO HOMUHAJIbI DJIEMEHTOB
cxembl UIBTpa BHIOMpAIOTCS U3 psijaa ctangaptuzanuu E24 [12] u umernT oT-
KJIOHEHUS] OT pacueTHbIX 3HaueHui. V3yueHune 3TuX B3aUMOCBS3M OTKJIOHEHMI
U MapaMeTPOB AIEMEHTOB CXEMbI U MOXKET COCTABUTh COJIEPHKAHUE MOJEIBHOIO
HKCIIEPUMEHTA.

BuIBOaBI

Pesynbratel MogenupoBanuss RC m RLC-ueneir B cucreme DesignLab
YCTOWYMBO COBIAJAIOT C AaHATTMTUYECKUMHU pacueTaMi, 4TO MOATBEP>KIEHO pac-
CMOTPEHHBIMU IPUMEPAMU MOJIETHUPOBAHUS.

Cuctema DesignlLab o6namaer psiioM HEMallOBa)KHBIX IMOTEHIIMAJIOB B
00JaCTH MOJETUPOBAHMS M aHAJIM3a MapaMeTpoOB JJIEKTPUUYECKUX IIereu, a
UMEHHO:

- UMEET JIOCTaTOYHO YAOOHBIM M MHTYMTHBHO MOHSTHBIA UHTEp(eEic, He

Neperpy>KeHHbIN y3KOCTIeIIUaTbHBIMU (PYHKIUSMU;

- obecrnieurBaeT BU3yalM3alMIO, IOIy4aeMbIX pe3yJbTaToOB, YTO CIOCO0-

CTBYET INIyOOKOMY MX aHAJIH3Y;

- TIO3BOJISIET MTPOBOJUTH HEMOCPEACTBEHHOE MOJCIMPOBAHUE BPEMEHHBIX

M YaCTOTHBIX 3aBUCUMOCTEH mpoekTupyeMbix POV, B oTinuue, Hampu-

Mep, oT cucteMbl P-CAD, koTopasi He UMEET B CBOEM COCTaBe MPOrpaMm

MO/ICJIMPOBAHUS aHATIOTOBBIX U IIU(MPOBBIX YCTPOIMCTB;

- UMEET JIOCTAaTOYHO IIMPOKUH HAOOp PEKMMOB MOJEIUPOBAHUSA, B TOM

Yuclie CTaTUCTUYECKUI aHallu3, aHaJIU3 BIUSHUA TEMIIEpaTypbl, pacuer

NepeIaToYHbIX PYHKIUHN, B OTIWYME, HAIPUMED, OT MaKeTa MPUKIAIHBIX

nporpamm Electronics Workbench.

[IpennoxxeHHass METOAMKA MOTYYEHUSI YaCTOTHBIX U BPEMEHHBIX XapakTe-
puctuk POV Ha ocHoBe cuctembl DesignlLab MoxeT ObITh MOJ€3HA MpU CaMo-

crostenbHOM n3yueHnn TOO u TAY.
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