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BBEOEHUE

AKTHBHBIE  QHAJOrOBbIE  KOMIIOHEHTHI ~ COBPEMEHHBIX  YCTPOMICTB
ABTOMATUKA M BBIYUCIHMTEIIBHON TEXHUKH (MUKPOCXEMBI OIEPALMOHHBIX H
HOpMUDPYIOIIUX ycunutTened, I[P Moaynu BBIXOAHBIX KACKaAOB YCHIIUTENIECU
MOIIHOCTH, JpanBEpbl JMWHUW CBA3M, CONIACYIOIIME KacKaabl, AHAJIOIO-
1 poBbIe npeoOpa3oBaTe, IIEPEMHOKUTEIIH, TPAHCHUMIIEAAHCHBIE
YCUJIUTENHN, aTTEHIATOPbl, UHTEP(ENHChl CEHCOPOB M T.1.) pa3padaThIBalOTCs
CEerogHs IIyTéM TOr0 WJIM HHOIO  LEJIEHAIPABICHHOIO  COEIUHEHUS
KJIacCHYeCcKux cxeM ¢ obuieit 6a3oit (Ob), smurrepom (OD) U KOIEKTOPOM
(OK), onpenensronye KaueCTBEHHbIE TTOKA3aTEJIN YCTPOUCTB B LIETOM.

[IpoGnema mMOBBIIEHUS BEPXHEH TI'paHUYHON 4YacToThl (f;) (TIomanu
YCUJIEHUS) B paMKax 3aJaHHbIX TEXHOJOTMYECKUX IMPOLIECCOB, 0€3 yXyALIECHUs
HHEPronoTpeOICHUs]  IIUPOKOMOJOCHBIX  TPAH3UCTOPHBIX  YCUJIUTENEH H
npeoOpa3oBaTeseil CUTHAJIOB, ABJISIETCS OJTHOM U3 LIEHTPAJbHBIX B COBPEMEHHOM
MHKPOCXEMOTEXHHUKE. VIMEHHO BepxHAA TpaHUYHAsA YACTOTa W IUIOIIAJb
YCUJIEHUS ONPENEISAIOT KAYeCTBEHHBIE IIOKA3aTEId MHOTHX YCTPOMCTB
aBTOMATUKU U MPUOOPOCTPOEHHUs. B 3TO CBSI3M UCCleI0BaHUs, HAIIPaBICHHbIC
Ha pa3pabOTKy apXUTEKTYPHBIX U CXEMOTEXHUYECKUX METO/IOB MOBBILIEHUS f; B
IP mMonmynsix ¥ AaHaJIOrOBBIX MHUKPOCXEMAX CIEAYEeT OTHECTM K YHUCIY
aKTyaJIbHBIX [1-4].

[IpenenbHBIl AMANa30H 4acTOT YCWJIEHMSI MO TOKY (fr) COBPEMEHHBIX,
Harpumep, SiGe TpaH3UCTOPOB, U3MEPSIETCS COTHAMHU rurarepil. OJIHaKO OH HE
BCEr/la peaju3yercs B MPAKTHUYECKUX CXeMax TpaH3ucTOopHbIX kackanos (TK),
U3 KOTOPBIX «COOMPAIOTCS» COBPEMEHHbIE AKTHUBHBIE 3JIEMEHTBI YCTPOICTB
ABTOMATUKHU U BBIYUCIIUTEIBHON TEXHUKH. ITO OOYCIOBIECHO JTOMHUHHUPYIOIIUM
BIIMSHUEM HA BEPXHIOK TPaHMYHYIO 4YacToTy TK mOCTOSHHOW BpeMeHH
BBIXOJHOW LIETH, KOTOpAasl Ui MHOTMX BapUaHTOB BKIIFOUEHHUS TPaH3UCTOPOB,
HalpuMep, UIsl CXEM C aKTHUBHBIMH HAarpy3kKamu, OKa3bIBaeTCA JOCTATOYHO
HU3K04YacTOTHOM. HarmpuMep, mpu sSkBUBaJIEHTHOU BBIXOAHOM eMKOCTH 0,1 nd n
BbIXOJHOM 3(dektrBHOM conpotusienuu 0,1+-1 MOw, nuanason paboumx
gactoT TK He Bbime uem 1,6-16 MI 1.

Takum 00pazom, MOCTOSTHHAsT BPEMEHHM BBIXOJHOM LEMU TPaH3UCTOPHBIX
KACKaJ0B C NMAaCCUBHBIMU U AKTUBHBIMU Harpy3KaMH — OCHOBHOE€ «IIPOKJISITUE
aHAJIOTOBOM MHKPOCXEMOTEXHHUKH, KOTOpPOE€ HE pa3pelmMMo B paMKax
TPaJAULIMOHHBIX CXEMOTEXHUUECKUX PEIICHU.

Cnenyer Takke OTMETUTb, 4YTO CHEHHAIbHbIE TpeOOBaHUS K
TPAH3UCTOPAM, HAIPUMEpP, MO PAAUALUOHHONW CTOMKOCTH, BBICOKOBOJIbTHOCTH,
pacceMBaeMOl Ha KOJUIEKTOPE MOIIHOCTH, MPUBOIAT K CYIIECTBEHHOMY
TEXHOJIOTUYECKOMY YBEIIMUCHUIO Mapa3uTHON EMKOCTH [5-9] B BBIXOJHOU LN
KJIACCUYECKUX TPAH3UCTOPHBIX KacKagoB. B 3ToW cBs3M, B paMKax JaHHOIO
knacca TK moBellieHHBIE 3HAYEHHUs] BEpXHEW TPaHMYHOM YacTOThI, OMU3KHE K



(0,01+ 0,1) f7, dusnyecku HE peaTu3yOTCs.

B HacTosiieM mocoOMu OTMEUYEHHBIE BBIIIE TEXHUYECKHE MPOTUBOPEUUS
npeJIaraeTcsl pa3pelinTh MyTeM MOAKIIOUEHHUS K BBIXOAY 0000IEHHONW CXEMBbI
TK cnenuanpbHOM NenyM KOMIEHCAlMM MAapa3suTHOM EMKOCTH, KOTOpas, B
3aBUCHMOCTH OT €€ IOCTPOECHHUS U O0XUAAEMOI0 BBIMIPHIMIA 10 OCHOBHBIM
IruHaMu4decknuMm mnapamerpam TK, ngomkHa HMETh CTPOro ONpPEAECTIEHHYIO
nepeIaTouHy0 (PyHKIIHUIO.

[Ipy wucCHoOAb30BaHMM HU3KOBOJBTHOIO TMHUTAHUS, BO3HUKAET 3ajada
NOBbILEHU K, KaXXI0ro Kackajga B CTPYKTYPE MHOTOKACKAIHBIX YCTPOWCTB
apromaTuku. Celyac mus noBbllIeHUs K, TPUMEHAIOTCA TaK Ha3bIBA€MbIE
nuHamuyeckue Harpysku  ([JJH), wnanpumep, Ha Ounomsapueix (BJT)
TpPaH3UCTOpaX, KOTOpbIe TPeOYyIOT [Uisi OOecHeueHus: JMHEWHOTO pexuma
padoter U, =0,8+1,6 B crarndeckoro HampspKeHUST MEKAY HCTOUYHUKOM

nutanug U Beixoaom JIH. [Ipuuem uucnennsie 3Hauenus Uy, paBusl 0,8 B s
MPOCTEUIINX JUHAMUYECKUX HArpy30K, UMEKOIINUX, K COXKAJICHUIO, HEBBICOKOE
BBIXOJITHOE COINPOTHUBIJICHUE, OINIPEICIISIEMOE Yepe3 HaAMPSHKEHUE IPIIU BBIXOHOTO

p-n-p TPaH3MCTOpa W €ro craTudeckuit Tok smurrepa: R, ~U, /[O. Jlost
coBpemMeHHbIX SiGe p-n-p Tpamsuctopos U,,, =20+30 B. CnenosarensHo,

npu Toke [y = 1 MA mpHMEHEHHE KIACCHYECKUX JUHAMHUYECKHX HAarpy3oK He
nospomsier  monmyuuts K, >200+300. Bonmee  BhICOKME  BBIXOIHEIE

CONPOTHBIIEHUST R, peanu3yercss B TOKOBBIX 3€pKajax YWJICOHAa WIU

KacCKOAHBIX cxeMmax. OIHAaKo, Takue CXEMbl pabOTarOT TOJNLKO B TOM Ciydae,
KOrJa cratudeckoe Hampsbkenue U, wmexny BeBogamu JIH Oonee dvem

2U,,>21,6 B. Ilpy HH3KOBOJLTHOM IIMTaHUU OTO  HENPHEMIIEMO.

Hcnonb30BaHWE AaKTUBHBIX HArpy30K Ha p-n-p TPAH3UCTOPAX TaK Ke
OTPAaHUYCHO WJIM HEBO3MOXHO M3-3a UX OTCYTCTBHS BO MHOTHX COBPEMEHHBIX
TEXHOJIOTUYECKHUX Tpoueccax. [Ipu 3ToM CTOMMOCTH M3TrOTOBJIEHHUSI MUKPOCXEM
Mo Texmpoleccam 0e3 p-n-p TPaH3UCTOPOB NPH MPOYUX PABHBIX YCIOBUSIX
MEHBIIIE, YTO I[O3BOJISIET YACUIEBUTh KOHEYHOE wu3aenue. [ napyrux
TEXHOJIOTUHA MPUMEHEHHUE pP-N-p TPAH3UCTOPOB HE PEKOMEHJIYETCS B YCIOBHSIX
paANaIlMOHHOTO  BO3JACHCTBUSA. Pemenune 93ToMl  mpoOIeMBl  JIEKUT B
HUCIIOJIb30BAaHUU nerneu cOOCTBEHHOM u B3aMHOH KOMIIEHCAIluu
OTPULIATENILHOTO  BIIUSIHUSL ~ OTHOCUTEIIBHO  HU3KOOMHBIX  PE3UCTOPOB
KOJUIEKTOPHOM HArpy3KH, MO3BOJISIONMIUX MOBBICUTH KOA(PPUITUEHT YCUICHHS TI0
Hanpsokennto TK.

[IpuknanHeie BOMPOCHl COOCTBEHHOM U B3aMMHOM KOMIIEHCAIIUU
Mapa3uTHBIX HUMIICIAHCOB TMPUMEHUTEIBPHO K aHAJIOTOBBIM M aHaJIOTOBO-
U(PPOBBIM YCTPOMCTBAM paccMaTpUBAIUCh B HCCIeq0BaHUIX KpyTuMHCKOrO
C.I. (IODVY), IIpokonenko H.H. (AI'TY), a Tak ke B MOHOIpausiX U CTAThIX
AnucumoBa B.M. (CIIOI'DTY), 3apybexnbix crnenuanuctoB M. Vadipour
(Broadcom Corp., USA) u F. Centurelli (Sapienza University of Rome, Italy).



OngHako MNpPUMEHEHWE [TaHHOTO CXEMOTEXHHMYECKOTO IIPUEMA CHIEPKUBAETCA
HEJIOCTATOYHBIM HCCIIEIOBAHUEM €TI0 MPAKTUUYECKUX MPUIIOKEHUN, apXUTEKTYD,
MapaMeTPOB U XapaKTEPUCTUK KOHKPETHBIX YCTPOMCTB.

Pemenne naHHOW 3ajauM 3a CYET BBEACHMS MpEAJIaraeMbIX B y4eOHO-
METOJMYECKOM MOCOOMH CHEIUATbHBIX KOMIIEHCUPYIONIUMX IIeNel MO3BOJIUT
CUHTE3UpPOBaTh MEPCIEKTUBHBIE IMPUHUMUIIMAIBHBIE CXEMbl  AHAJOTOBBIX
YCTPOMCTB C paCUIMPEHHBIM YACTOTHBIM JUANA30HOM. JTO CO3AACT YCJIOBHUSA JUIS
OoJjiee TIIyOOKOTO MHKPOPEKHMMa TPAH3UCTOPOB, a TAaKXKE HCIOIb30BaHUs
IPOCTBIX  TEXHOJOTMYECKMX IPOLECCOB (MEHEE IKECTKUX HOPM  HX
MPOM3BOJICTBA), B TOM YHUCJIE DPATUAIMOHHO-CTOMKHUX 0Aa30BbIX MATPUYHBIX U
CTPYKTYpPHBIX KpucTauioB. llepcnektuBHO Tak xe npumeHenne LK B 3amauax
noBbieHUss K, KIaCCHMYECKMX TPAH3MCTOPHBIX KAacKaZoB IIPU  MaJIbIX
HaOpsDKEHUsAX nuraHus. Takum o0pa3oM, paccMaTpuBaemble B yueOHO-
METOJMYECKOM IOCOOMM METONbl YIYUYIIEeHHs] OCHOBHBIX JUHAMHUYECKHUX
napamerpoB I[P momymeir m C® OI0KOB Il YCTPOMCTB aBTOMATHUKU H
BBIYMCIIUTEIbHON TEXHUKH SIBIIAIOTCSA TOCTATOYHO AKTYaJIbHBIMHU.

Lenbto mpeanaraeMoro y4eOHO-METAUUYECKOTO IOCOOUS  SIBISETCS
pa3paboTKka U HMCCIEAOBAHUE APXUTEKTYPHBIX M CXEMOTEXHHUYECKUX IPUEMOB
KOMIIEHCALIUM OTPULIATEJILHOTO BIMSHUS [MAPA3UTHBIX H JOMHHHPYIOUIUX
UMIIEJAHCOB ~ aKTUBHBIX M  [ACCHUBHBIX  KOMIIOHEHTOB  KJIACCHYECKHUX
TPaH3UCTOPHBIX KACKAJOB HAa OCHOBHBIE JMHAMHYECKHE IMapaMeTpbl THUIIOBBIX
ananorosbix [P monyneit 1 CO OJI0KOB 3JEKTPOHHBIX YCTPOHUCTB aBTOMATUKU —
JMana3oH pabo4yMX 4YacTOT M KOA(PPUIMEHT YCHUIIEHUS MO HAMpPSIKEHUIO TPU
HU3KOBOJIbTHOM ITUTAHUMU.

Mertonbl ucciaen0BaHNsl OCHOBBIBAIOTCS HA UCITOJIB30BAHUU KJIACCUYECKOU
TEOpUM 1E€Nei, aHauu3a W CHHTE3a JIMHEHHBIX JJEKTPOHHBIX CXEM.
OKCIEPUMEHTAJIBHBIE  WCCIEAOBAHMUS  BBIOJHEHBl C IOMOIUBK  CPEAbI
mateMmatuyeckoro moxaenupoanuss MathCad m MATLAB Simulink, CAIIP
Cadence — Orcad u Virtuoso. [Ipaktuueckue cxembl MOACIUPOBAINCH Ha Oaze
oubnMoTex " aJIeKBAaTHBIX MozeIen AKTHBHBIX AJIIEMEHTOB
OAO «HIIIT «Ilynecap» (r. Mockga), XFab (I'epmanus),
HIIO «WuTerpam» (r. Munck, benapycs) u IHP (I'epmanus).

B nmepBom pa3zaesie ¢ €IUHBIX MO3UIMNA C YYETOM HHU3KOIO HAIpPSKEHUS
MUTaHUS HCCIAEAYIOTCS (PAKTOPhl, OTPAHUUYMBAIOIINE BEPXHIOK TPAHUYHYIO
4acToTy (f;) M IpeAenabHbIM KOO(PQHUIMEHT yCUIIEeHUs 1o HampskeHuo (K))
Kkjaccuyeckux ycunutenbHbix kackanoB (KYK). [Ipu sTom, BepxHsisi rpaHUYHAS
gactota KYK (03, OB, OK) omnpenensiercs, B OCHOBHOM, Mapa3UTHOM
IIOCTOSIHHOM BPEMEHU BBIXOAHOW 1enu. OIpenenensl npeaeiabible 3HadeHus K,
JUI JAECSTH TOJKIACCOB (DYHKIMOHAJIBHBIX Y3J0B aAHAJIOTOBBIX YCTPOWCTB.
ITokasaHo, 4TO MPUMEHEHNE aKTUBHBIX HATrPY30K Ul MOBbILEHHU K|, (B cxeMax
003, Ob) He Bcerna nenecoodpa3HO M3-3a MPOOJIEM ¢ 00ecTIeYCHUEM aKTHBHOI'O
peXuma p-n-p TPAaH3UCTOPOB M HMX OTCYTCTBHEM B psAJie€ NEPCHEKTUBHBIX
TEXHOJIOTHYECKHUX MTPOLIECCOB.



Bo BTOpOM pa3gesie paccMaTpuBarOTCsS YCJIOBHUS CHHTE3a CHELUAIBHBIX
LK BnusHUS Mapa3suTHBIX EMKOCTEW, MOAKIIOYEHHbIE K BBICOKOUMIIEAAHCHOMY
BbIXOJy 00o0OmenHoro kiaccuueckoro TK. Hasnauwenuwe IIK — pacuupenue
yacToTHOro auarnasona TK, mpexae Bcero, nmpu BbICOKOOMHBIX, B TOM YHCIIE
aKTUBHBIX  Harpy3kax. PaccmaTpuBarOTCS TpU  OCHOBHBIX  BapUaHTa
npaktudeckor peanmzaruu [[K B 0a3znce HEMHBEPTHUPYIOMIMX MOBTOPHUTEICH
HanpspKeHHsS U Toka. [IpoBOAMTCS aHanM3 yCTOMYMBOCTH CKOPPEKTUPOBAHHOIO
mmpokonosiocHoro ycunurens (ILIIY), a tak ke aHamu3 4yBCTBUTEIBHOCTH
MapaMeTPOB TMOTYYAIOMIUXCS CXEMOTEXHUYECKUX PEIIeHUH K HEeCTaOWMILHOCTH
MapaMETPOB JJIEMEHTOB. AHAJIM3UPYIOTCS KOHKPETHBIE CXEMOTEXHHYECKHUE
pelreHust CKkoppekThupoBaHHbIX [IIY Ha OCHOBE KIaCCHYECKHX KAaCKaJIOB CXEMBbI
c oOlmuM SMUTTEpOM, OOIIel 0a30if, OOMIMM KOJUIEKTOPOM, KACKOJIHBIX H
muddepeHnnanbHbIX yeunuTenen. [I[puBoasSTCs aHATUTHYECKUE BBIPAXKEHUS JIJIS
OCHOBHBIX TapaMeTpOB pa3pabOTAHHBIX CXEM, T[IO3BOJISIONINE OIICHUTH
MpEeNeNbHbI  BBIMTPBINI [0 JUana3oHy pabodyMx dYacTOT U BPEMEHH
YCTAHOBJICHHUSI MEPEXOJHOTO Tpolecca, a TaK K€ pe3yJabTaTbl HX
KOMIIBIOTEPHOT'O MOJIETUPOBAHUS.



1. NPEAEJNIbHBIE KO3®PULIMEHTbBI YCUNEHUA MO
HAMPAXEHWUIO N ANANA3OHbI PABOYUX YACTOT
KNACCUYECKUX KACKAOB

B coBpeMeHHBIX aHAIOTOBBIX YCTPOMCTBaX aBTOMATHUKHU HCHOJIB3YIOTCS
He Oomee 10-15 06a30BbIX (PYHKIMOHAIBHBIX Y3JIOB, OMPEICISIOMINX
Ka4eCTBEHHbIE IIOKa3aTeIl JIOCTaTOYHO HMIMPOKOIo Kiacca usaenuil. B nannom
paszienie paccMaTpuBaIOTCs METO/IbI 00ecTiedeHHsI PeIeIbHBIX K03(PHUIIMeHToB
YCUJICHUSI TI0 HAMpPsDKEHUI0O M PACIIMPEHHUIO BEPXHEW T'PAaHUYHOW YaCTOTHI
KJIACCUYECKUX TPaH3UCTOPHBIX KaCKa/J0B Ha OUMOJIApHBIX TpaH3ucropax (BJT).

1.1 Cxema ¢ oMM aMUTTEPOM U 0O Een Ga3on

B coBpeMeHHOI MUKPOIJIEKTPOHUKE MIMPOKOE IMPUMEHEHUE HaXOJSAT
KJIACCHYECKUE ITUPOKOIOJIOCHBIE YCHUJIUTEINM C BKJIIOYCHHEM BXOJIHOTO
Tpanzuctopa VT1 mo cxeme ¢ oOmum smutrepom (0O3) (puc. 1.1) u obmieit
6azoit (OB) (puc. 1.2). /laHHble apXUTEKTYyphl SBISETCS Oa30BBIMHU U Ha HX
OCHOBE BBITIOJHSIOTCSI MHOTHUE KJIAaCChl COBPEMEHHBIX YCUIIUTEIBHBIX YCTPONUCTB
aBTOMATHKHU U BBIYUCIUTEILHOW TEXHUKHU.

Kosddumment ycunenuss mo Hampsokenuro cxeM (puc. 1.1, puc. 1.2)
3aBUCUT OT DJKBUBAJICHTHOTO COMPOTHUBJICHUS B KOJJICKTOPHOW WENU R, .

Tpansuctopa VT1 u ero cratuueckoro Toka smutrepa /,, =1, [11]:
u R R .1

_ 8bIX ., _ H.IK8 ., ~ H.IK8
K, = ~ ~ , (1.1)

usx r 2l (PT
rie ¢@p =25 MB — TemmepaTypHBIM NOTEHUMAN; 7, = Or _ COTIPOTHBJICHUE

0
SMUTTEPHOTO nepexonaa Tpansucropa VT1.
B obmem ciyuae:

RH.3K6 = RIHRH rgbzx,l ° (1 2)

-1

tae 7, *Us,. / I, = r, — BBIXOAHOE CONPOTUBIECHHE TpaH3uctopa VTI B
. . -3 4

cxeMe ¢ oOIIUM SMHUTTEpOM M obOmie Gazoir; W, =107 +10"" — koaddurment

BHYTpEHHE 00paTHOM cBsi3u TpaH3uctopa VTI; UW z(pT/u — HalpspKEHUE

Opau tpan3uctopa VTI.



7 N Ugpix \ AN o
(\\(\ N +Es o—o—t(\ v |
BXo——oHp vr1 | B D
OX erIX.
D Tppx 1 }— 1
Ugy <> i
| Ugx

1 1

- — — — — —

o

Puc. 1.1 — YcunurenpHubiil kackag mo  Puc. 1.2 — YceuauTenpHBIN KacKal IO
CXeMe ¢ OOIINM IMUTTEPOM cxeMe ¢ oo1en 0a3on

Ecnu npeneOpeus BIUSHUEM Fy,,, ; U R, TO IPYU MAJIBIX aMIUTUTYIAX Uy

E" -U.
K~ o B "0 (1.3)

~ s
y.max

¢r ?r
rae U,; , 0,6 — 0,8 B — cratuueckoe HanpsbkeHne sMuTTep-6a3a VT1.

Ecmn 3agaHa MakcuMaiabHas aMIUIMTYa BBIXOJHOIO OTPHULIATEIBHOTO
Hanpspkenust U, ,51_) ~U ;,, To Ipenenpubiil K, cxemsl (puc. 1.1):

. E -U_. -UY
K pax ® — 2w0p  Tm (1.4)
(O3

OnHako, TmpuU UCHONB30BaHMM B KadectBe RI1  akTuBHBIX (HE
PE3UCTUBHBIX) HArPY30K, A1 KOTOPBIX R, =7, , M IIpH R, =co mpenenbHsii K,

OTPAaHUYMBAETCS TIIyOMHOW BHYTPEHHEH 0OpaTHOW CBsA3M (|1,) TpaH3UCTOpa
VTI [11]:

U
K, <lemado P — ' <107 +10°. (1.5)

y.max
Pr Pr
Eciu  BHyTpeHHsiss oOpaTHas CBA3b B TPaH3MCTOpE Mala, TO

MaKCUMaJIbHbIA KOADPUIIMEHT YCUTIEHUSI OTPAHUYMBAETCS HA YPOBHE:

- Y
K ~ (ryhy,) " = 2L (1.6)

y.max
R —© T

-1 v
rae hy,, =7, — BBIXOJHAas MPOBOIMMOCTH Tpau3ucTopa VT1 B cxeme ¢ obmieit

0a30# 1 ¢ OOIIUM YMUTTEPOM.

[TooroMmy nans mnoBblieHMs K, TNPUMEHAIOTCA TaK HAa3bIBAEMBIC
nuHamMudeckue Harpysku (JIH), Hanmpumep, Ha OWIIOJSPHBIX TPaH3UCTOPAX,
KOTOpble  TpeOyroT uisi  oOecleueHus JIMHEHHOrO0 peXuma  PaboThI
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U,, =0,8+16 B cratnueckoro Hanpsbxenus. [Ipugem U, =0,8 B HeoOxoaumo

JJI1 HpOCTeP'IIHHX TOKOBBIX 3CPKaJl, HMCIOIMIHUX K COXAJICHUIO HCBBICOKOC
BBIXOIHOC COIIPOTHUBIICHUC!

R()H zljapﬂu/IO' (17)
JUis  wHTerpansHbix — TpaHsucropoB  OAO  «HIIT  «Ilynbcap»

U, =20+30 B. CnenosarensHo, npu I, =1 MA npuMeHEHHE aKTHBHBIX

Harpy3ok mossossier nomyuuth K <400+500. Bonee BbICOKHE BBIXOAHbBIE

COIIPOTHUBIICHUS PEAIM3YIOTCSI B AKTUBHBIX HAarpy3Kax YHMJICOHA MM KaCKOIHBIX
cxemax [12]. OgHako oHM pabOTAIOT TOJHKO B TOM CiTydae, KOTJa CTaTHUECKOe
HaNpsDKEHWE MEXAy BbIBOJAMHU TaKOH aKTUBHOW Harpy3ku Oozee ueMm
2U,,=1,6 B. Ilpyu HU3KOBOJBTHOM IIUTAaHUU 3TO He IpuemieMo. Tak xe

MHOTHE COBPEMEHHBIE TEXHOJIOTMYECKUE MPOIECCHl UMEIOT B HAJTUYHH TOJIBKO

N-p-n TPAH3UCTOPBIL, YTO YCIOKHAET NPUMEHEHUE TaKUX aKTUBHBIX HArPYy30K.
[Ipr pe3nCTUBHBIX IBYXITOIIOCHHKAX KOJUIEKTOPHOW Harpy3ku R1 u

OTpaHUYCHMSIX Ha HampsbkeHue nutanus (FE,), xapaktepubix mis  SiGe

Texuonormdeckux npornecco (E(7 <2,0+2,5B), kKodQGULUHCHT YCUICHHS TI0

HanpspkeHuto (K,) cxem (puc. 1.1 m puc. 1.2) nomyuaercs HeOompmum. B
NEpPBYI0 OYepelb OSTO OOYCJIOBJICHO OrpPaHUYCHUSIMH Ha COMPOTUBIICHHUS

KoJjuiekTopHoil Harpy3ku (R1), koTtoppie wu3-3a MalbIxX E,(f) HE MOTYT

BbIOMpATHCSI BBHICOKOMHBIMH. B TO ke BpeMsi HCIOJIb30BaHME HWHIYKTHUBHOM
KOJUIEKTOPHOM Harpy3kH He BCETJ1a JOIYCKAETCS.

Taxum 00pazom, Ipu MalIbIX HANpPSHKEHUSIX NMUTaHUS, & OCOOEHHO B TEX
cllydasix, Korja TpeOyeTcs MOJIyYHUTh 3HAUUTENbHBIE aMIUIUTYIbl BBIXOJHOTO
HaIIpSDKEHUS,  CYLIECTBYIOIME  CETOJHS  CXEMOTEXHUYECKHE  PEIICHHUS
[IUPOKOIOJIOCHBIX yCHJIMTENIEH C OOIMMM SMUTTEPOM M 0Omiel 0a3oit He
3¢ ()EeKTUBHEI.

Bepxusis rpanuuHas 4actota f, kackagoB (puc. 1.1 um puc. 1.2)
OINpeJeNsieTcsl, B OCHOBHOM, IMOCTOSIHHOW BpeMEHH, o0pa3zyeMoil mapa3uTHOU
€MKOCTBIO KOJUICKTOp-ToJIo)kka C,; M €MKOCTBhIO KOJUIeKTOp-0a3a Cg4
BBIXOJITHOTO TPAaH3UCTOpA:

v (1.8)

8 b

2mt,
rne t, =R (C , +C ), Ri — DKBUBAaJICHTHOE COIPOTUBIICHUE B KOJUIEKTOPHOU

IIEMH BBIXOJTHOTO TPaH3UCTOpa KacKajaa.
Jns noBbllieHHs Kod(pduuueHta ycuiaeHus K, O HaIOpsHKEHUIO
conpoTuBieHne R1 npuxoautcs BHIOUPATh OONBIIINM, YTO CHUXKAET f,.

1.2 Cxema ¢ oOLLKUM KOMNEeKTOpOM

B ycrtpoiicTBax aBTOMaTHKM HIMPOKO MPHUMEHSIETCA KacKaa C 0O0IuM
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KOJUIEKTOPOM  (AMUTTEpPHBIA moBTOpUTENb) (puc. 1.3), KOTOpBIM dYacTo
UCIIOJIB3YETCSI B BBIXOJHBIX KAacKaJlax TaKUX PacCIpPOCTPAHEHHBIX MHUKPOCXEM,
Kak OINEpalMOHHbIC YCWJIMTEIHU, YCUITUTEIINM MOIITHOCTU U T.4. [13,14].

——o +

oV VTI

—_ Brix

N
uBLIX

1
OF

—O -
Puc. 1.3 — Knaccuueckuii kackaz ¢ ooum kosutekTopoM (OK)

JlaHHas CTPYKTypa IIMPOKO MCHOJB3YETCS KaK B AHAJIOTOBBIX, TAK U B
udpoBeIX ycrpoiicTBax. B mocnmemnem ciydae kackang ¢ OK  BeImosiHseT
GyHKIMM JpaiiBepa — KacKaja yIpaBJICHUs JIMHUSAMH CBSI3U WM COTJIACyIOIIEH
nenu. Kak mpaBmiio, Harpy3ka Takoro KackaJa COIEPKUT AaKTHUBHOE
conporuBienue R, u emkoctb C,, OTPHULATENBHO BIUAIOUIYI0 Ha
MaJOCUTHAJIBHBIM AMana3oH pabdouuMx 4YacToT U OBICTPOACHCTBUE MpHU
UMITYJIbCHOM M3MEHEHUHU BXOJHOIO CUTHAJIa OOJIBILION aMIUTUTYABI.

Kosddunuent ycunenusa no Hanpspkenuto (K)) xackana (puc. 1.3) Bcerna
MEHBIIE €ANHUIIBI:

K, = o _ <1 (1.9)

rie @y ®25 MB — TemmeparypHbI NMOTEHIHMAT; 7, ~ P

- COIPOTHUBJICHUE
0
AMUTTEPHOTO nepexonaa Tpansucropa VT1.

N3 3a Mamoro BBIXOJHOTO CONPOTUBIIEHUS IUANa30H pabOYUX YacTOT
TaKUX Kackaja JAOBOJBHO BBICOK. OHAKO, BEPXHsS TPAaHUYHAS YAaCTOTa CXEMBbI
(f;) CYLIECTBEHHO CHIKAETCS MPU paboTe Ha eMKOCTHYIO Harpy3ky C,i:

1
Jom—, (1.10)
2mt

8

rae T, =(r,||R,)C,,, ¥. — DKBUBAJIEHTHOE COIPOTUBJIICHHE B YMUTTEPHOU LIENU
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BBIXOOHOI'O TPAH3UCTOpPA KaCKaja.

Takum O6p8,30M, B KaCKkaJax C O6H1HM KOJUICKTOPOM BCPXHAA I'PAaHUYIHAA
qaCTOTa OI'paHUYINBACTCA IIOCTOSIHHOM BPCMCHH, O6paBOBaHHOI>'I HapaSHTHOﬁ
CMKOCTBIO HArpy3KHu CHI N 3KBHUBAJICHTHBIM COIIPOTHUBIICHHUCM B BMHTTGPHOﬁ
ICIIN BBIXOAHOT'O TPAH3UCTOpA.

1.3 KackogHbIn ycunurternb

Kackomubeiii  ycunmurens (puc. 1.4) oOTHOCHUTCS K 4YHCITy 0a30BBIX
(GYHKIIMOHAIBHBIX Yy3J0B MHKpocxeM u I[P  wMonynel, mNpuMeHsSEeMBbIX B
YCTPOMCTBAX aBTOMATUKH, W  SBIAETCS Hawbojee IMHUPOKOIOJIOCHBIM
npeobpaszoBareneM curaaion [11].

J’_
R1
Cnl_lr__ _____ Brix.
—_ )
— CK61 A
_
I—ICHl +EC (B\\& VT2 uBbIX
______________ O—e—
! + l N
| o) |
I I
I I
| |
| I] <> |
: R2 : VTI1
| 1 N
| LI
I 1 Cl1
Wbl L
[ 1
Bx.
uBX
L

Puc. 1.4 — Cxema K1acCM4E€CKOro KaCKOJHOTO YCHIIUTENS

KoaddurumenT ycunenus no HanpsoKeHUIo TaHHOU cxembl (puc. 1.4) [11]:

5 (1.11)
v~ 6 6 :
Yl + h22.2 + h12.2 Yé’bDC.l

I, 1 y

re SR —=—- KpyTH3Ha KaCKOAHOro ycwiurens; [ ,, r,; — CTaTUYECKUN
(PT 7’91

ToK TpaHm3uctopa VT1 w© compoTuBieHHWE €ro SMUTTEPHOTO Tepexoaa

[ o w

COOTBETCTBEHHO; /5, =L, NUL - K03 (dUIMEHT BHYTPEHHEW OOpaTHOU

opmt .2
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cBsa3u Tpansucropa VT2, U,,,, — HamnpsskeHue Opiu TpaHsucropa VT2,
1

el

6
- BBIXOJIHASI IPOBOAUMOCTD Tpausuctopa VT1, Ay, , — BbIXOMHAS

em.l ™
apmu .1

IIPOBOAUMOCTB TpaH3ucTopa V12, ¥, — mpoBoauMocTs pesucropa R1.
Taxum obpa3om, ipu R, — 0 B KACKOJHOM YCUJIMTENIE MOXHO IOJIyYUTh

3HAYUTENbHO OOJNbIINE 3HAYCHHs] KOI(PPHUIMEHTa YCHICHUS MO HAMPSIKEHHIO,
9YeM B CXEME C OOIIUM SMHUTTEPOM.

+
[Ipu orpaHvueHUsIX HAa HANPSXKEHHUE MUTAHUSA (E,g )), XapaKTEPHbIX IS

SiGe TexHonormyeckux npoueccos (£ 7 <2,0+2,5B), koopdUIHEHT yCHICHs
no Hampsxkenuro (K,) cxemel (puc. 1.4) momydaercs  HeOOJBIIAM
(K,,..=10+20). B mepByo ouepenp 3T0 OOYCIOBICHO OTpaHHYCHUSIMH Ha

ymax

COIIPOTUBIICHUE PE3UCTOPA KOJUIEKTOPHON Harpy3ku R1, koTopoe u3-3a ManbIx
E,§+) HE MOKET BBIOMPATHCSI BHICOKOMHBIM.

Bepxusis rpanuyHas 4acToTa f, KaCKOJHOTO YCHJIUTENS OIpeAenseTcs
bopmyoii:
1
f.r—, (1.12)

27T

8

rne 1, ~R(C,+C,), R — DOKBUBAJIEHTHOEC COIPOTHUBIICHHE B

KOJUJIEKTOPHOM 1IEMY BBIXOJHOTO TPAH3UCTOPA KacKaa.

Takum oOpa3oM, B KAaCKOJHBIX YCHUJIUTENSIX OTPAaHUYCHHE Ha JUANa30H
pabouyux YacTOT CBS3aHO C DKBUBAJICHTHBIM COMPOTHUBICHUEM R| UM HAIUYUEM
napa3uTHBIX eMKocTed Ha moanoxky C,; U Kosuiektop-6aza C,;; BBIXOJHOTO
TPaH3UCTOPA.

1.4 CummeTpUUHbIN ancdepeHLnanbHbIA YCUNTUTENb C

pe3ncrTopamm KonneKTopHoﬁ Harpy3kKku

Huddepenumanpuplii ycunurens ¢ napadasHbiM Bbixogom (puc. 1.5) —
JIOCTATOYHO  PACIpOCTPAHEHHBbIM  (YHKIMOHAJIBHBIM  y3€J  COBPEMEHHBIX
aHAJIOTOBBIX MHTEP(PEHCOB M IIMPOKO HCIOIB3YETCS B KAueCTBE YCTPOMCTBA
YCWJICHMSI aHAJIOTOBBIX CHUTHAJIOB W JipaliBepa, B CTPYKType aHaJIOrOBBIX
MHUKpPOCXEM pa3JIMYHOr0 (PYHKIMOHAIBHOIO Ha3HaueHus (Hampumep, SiGe-
onepaliMoHHbIX  ycuiurensax — (OY), KOMIIapaTopax, HETIPEPBIBHBIX
cTabuin3aTopax HampspKeHus u T.a1.) [12].

JlaHHast apXWUTEKTypa SBISETCS OCHOBOW MHOTIMX aHAJOrOBBIX U
U(POBBIX YCTPOUCTB U SBISAETCS 0Aa30BOM KaK JUIsl CYIIECTBYIOIINX, TaK U JUIS
NPUHIUIINATBHO HOBBIX 3JIEKTPOHHBIX CXEM.
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o Qe

Brix 1 .___|_Cn1 Cn2_|'__ . Brix2
-T -1

VTl VT2 ———L—o0

O_
Puc. 1.5 — Cxema kimaccuueckoro /Y ¢ komnexkropHon Harpy3kon R1 = R2

Kak yxe ormewanocs B 1. 1.3, mpum OrpaHMYEeHHUSAX Ha HAIPSIKEHHE
MATaHUS (E,(f)), xapakTepHblx it  SiGe TEeXHOJIOTMYECKHX TPOIECCOB
(E,5+) <2,0+25 B), xodpduumeHt ycwieHus 1o HampspkeHuio (K))
=10+20).

B nepByto ouepens 310 00yCIOBICHO OIPaHUYCHUSIMHA Ha CONTPOTHBIICHUS

Kknaccuyeckoro JIY nomyuaercs nebonbimm (K,

.max
PE3UCTOPOB KOJIJIEKTOPHOM HArpy3Kd, KOTOPBIE H3-3a MaJIbIX Ei” HE MOTYT
BBIOMPATHCS] BLICOKOMHBIMH.

6 6
[paxtuaecku, npu hy, =0, hy,~0 K, ,, OpUHAMAET CieayroLHe
3HaueHus [11]:

LY (1.13)
g 4¢;
Eciu R, Bemmiko (R, = o), a hYy, =0, 1o [6]:
1 2, 3
Ky.maszzlo +10°. (114)
12.2
B o0mem ciyuae:
u R
K, ,="22=R 8 =—m 1.15
y.max ugx eox .21 7"31 n 7"32 D ( )

r1e Rg.x» — BBIXOJHOE CONPOTUBICHUE B y31€ «Boix.2» AY; v, =1, =@, /1 —

muddepeHnranbHoe COMPOTUBIEHUE AMUTTEpHBIX mnepexogoB VT1, VT2,
npuyeM:
6

h
2y, +hl, +—22 (1.16)
ral +7"32

R—l

6bIX .2
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rjie ¥, ~ IPOBOAUMOCTH pesuctopa R2, A, =, = ¢, JU iy — KODDOULIIEHT

. . 6
BHYTpEeHHEHl o0OpaTHOW cBs3u Tpamsucropa VT2, h,,, — BbIXOAHAS

MIPOBOJIUMOCTH TpaH3uctopa VT2,

Takum oOpa3zoM, MpU MaJbIX HANPSDKEHUSIX MUTaHUS, & OCOOCHHO B TEX
cllydasiX, Korja TpeOyercs MOJIY4YUTh 3HAYUTEIbHBIE AMILUTUTY]IbI BBIXOJHOTO
HaIpsHKeHUs, KJlaccudyeckue cxeMoTexHuueckue pemenus Y (puc. 1.5) nHe
3¢ (HEeKTUBHBI.

B 006acTi BBICOKMX 4acCTOT Ha aMILTUTYAHO-YaCTOTHYIO XapaKTePUCTUKY
TPAH3UCTOPHOTO KacKaJla HAUMHAET BIMATH Mapa3uTHblie eMKOCTU Cys1, Ciso, Chi
u C,. Bepxssis rpaHnyHas dYacToTa f, Kackama s Bbixoga «BbIx.1»
onpenensercs GopMyJIou:

1
T, 1.17
I (1.17)

rie t, ® R(C,+C,), Ri — DKBUBaJICHTHOE COIPOTHUBIICHUE B KOJUIEKTOPHOM

L[ETH BBIXOJHOTO TPaH3UCTOpaA KacKaa.

Takum o00pa3om, B KiIaccudeckux Ju(hepeHIHTbHBIX YCUIUTEIAX
OTpaHUYCHHE Ha Juana3oH pabOYuMX YacTOT CBSI3aHO C SKBHUBAJICHTHBIM
COMPOTUBJICHUEM R| U HAJIUYUEM TMAPA3UTHBIX EMKOCTEH KOJIEKTOP-MOAJIONKKA
C,1, Cy, a Tak ke KoJuiektop-6a3a C41, Cis BBIXOIHBIX TPAH3UCTOPOB, KaK U
JUIS1 TFOOOM CXEMBI ¢ KOJUIGKTOPHBIM BBIXOOM.

1.5 [IByxKkackagHbIn aucpdepeHumanbHbIA YCUNUTENb C

HeCMMMEeTPUYHbIM BbIXOOOM

B kauectBe BTOporo kackaga B auddepenunansubix ycunutessix (V)
4acTO HUCMOJIb3yeTcsi OydepHbId YCWIHUTEb Ha OCHOBE HAMUTTEPHOIO
MOBTOPUTENS, KOTOPBIA MMO3BOJSET paboTaTh € HU3KOOMHOW Harpy3kou. B
YCIIOBUSIX HEBO3MOXHOCTH WCIIOJIb30BaHUA AKTHBHBIX HAarpy3ok Ha p-n-p
TPaH3UCTOpPaX B paMKax COBPEMEHHBIX TexHosoruil (Hampumep, SiGe
TexHonorndeckuii mpouecc SGB25V) K, takmx cxem (puc. 1.6) He Moxer
JOCTHraTh BBICOKMX 3HaueHMHA. B KoHeyHOM wurore sT0 orpanmumBaeT K
YCUJIUTENS B LIETIOM.
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VT3

<> Ilo_

Puc. 1.6 — Knaccuueckuit JIY ¢ HECUMMETPUYHBIM BBIXOJI0OM

JeiicTBUTENBHO, U151 cXeMBbI (puc. 1.6) Ko3pHULHUEHT yCUIIeHHUS:
_RIBR, _LRIBR,
ral + I"32 4(PT

K

y.max

: (1.18)

rae P, - KoagUIUEeHT yCuiIeHus 1o ToKy 0a3bl TpaH3ucropa VT3.

Takum obOpasom, npenenbHblii K, cxembl (puc. 1.6) orpanuyusaercs
pe3uctopoM R1 B komexkTopHoi nenu tpanzucropa V1.

ITpenenvusiii K, g IpH R, =00, R =00 :

11 U
K, <—=—~—2" (1.19)

o }71621 Y Or

BepxHsisi rpaHuYHas 4acToTa f, YCUIUTENsT OrPaHUYMBAETCS B OCHOBHOM
MOCTOSTHHOM BpEMEHHM, OOpa30BaHHOW COMPOTUBICHHUEM R; W Tapa3UTHBIMU
eMKOCTSIMU Ha OUI0KKY C, U KouiekTop-6a3a C,4 Tpanszuctopa VT1. Bropoii
KackajJ, Ha OCHOBE OSMHUTTEPHOrO IOBTOpPUTENS Ha TpaH3uctope VT3 He
OKa3bIBa€T 3HAYMTEIBHOTO BIHUSHHS Ha f, HU3-32 MaJOTO BBIXOJHOTO
conpotuBieHusi. OJHAKO MNOpH HAIMYAM EMKOCTHOM Harpy3ku BEpXHSs
TpaHUYHAs YaCTOTa OYyJIET CHUKATHCA.

1.6 [IByxkackagHbIin aucdepeHunanbHbIN yeunuTesnb C

napacasHbIM BbIXO4O0M

JIByxkackaaubelii auddepeHuuaibHblii  YCUIUTENb C  napadasHbiM
BBIXOJIOM TIIpM HU3KOOMHBIX Harpy3kax sIBJisieTCsi 0Oa30BbIM 3JIEMEHTOM
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aHAJIOTOBBIX M OBICTpOJECHCTBYIONUX HHUPPOBLIX MuUkpocxem (puc. 1.7). Kak
ObLJI0O  TOKa3aHO  BbIIE, KOIPPUIMEHT YCWICHHS IO  HaIPSHKEHUIO
knaccuueckoro Y (K)) 3aBHCUT OT CONPOTHUBIEHHH TOKOCTAOMIM3UPYIOLIMX
JIBYXIIOJIOCHUKOB B KOJIJIEKTOPHOW IE€MU BXOJHBIX TPAH3UCTOPOB, a TaKXKe
CONPOTUBJICHUH 11eTiel Harpy3ku R, (puc. 1.7) [12].

O +
R1 R2
V“’: 1 Cui Cua VT
L Kl
Beix. 1 —— || __ Brix 2
o | CKGI _£K62 b

el X

O %0

Puc. 1.7 — Knaccuueckuit 1Y ¢ napada3HbiM BBIXOI0M

O -

IIpu ucnonp3oBanuu Si(Ge TEXHOJOTMYECKUX MPOLECCOB HaNpPsSKEHUE
nutanus 1Y He JoJpKHO mpeBblaTh +2 B, 4TO HaKIaIbIBae€T CyIIECTBEHHbBIE
OrpaHUYEHMs Ha CIIOCOObI peanu3aluu AByXnontocHuKkoB R1 u R2. Tak, npu ux
peanu3anuu Ha nojieBbix TpaHsuctopax (IIT) skBHUBaIEHTHBIE CONMPOTUBIICHUS
ATUX JIBYXIOJIFOCHUKOB 7| (7;) TIOJIy4aroTCsl HEOOJIbIIMMU B CBsI3U ¢ padoToid 1T
B «TPUOJHOI» 00JIACTU BBIXOJHBIX XapaKTEPUCTUK. ITO OrPAHUYMBAET
k02 dunuent ycunenus K, na yposne 10 + 40. JleiicTBuTeNbHO, 114 cxeMbl J[Y
(puc. 1.7):

R‘y — ua’bzx.Z — RH.3K6.2 , (120)
uex ral + r32
RH.3K8.2 ~ R; H B4RH2 ’ (1 21)

*
rae R, — SKBHBaJCHTHOE CONPOTUBIICHUE B KOJUIEKTOpHOW menu VT2; Py —
Ko3(pduuueHT ycuieHus mo TOKy Oa3pl TpaH3ucropa VT4; R,=R, -

COIIPOTHUBIICHUE LIEIN HAIrPYy3KHU.
Ecnu ucnonws3oBarh B kauecTBe AByxnoitocHukoB R2 (R1) pesuctopsl, TO

IPY MAJIOM HaMPsHKECHUW TTUTaHUS (E,EH <2B):

U, EY-0,7B
K,=—f==" <

2¢; 2¢;
rac U R — CTATHUYCCKOC IIaICHUC Hal'[p}I)KeHI/IH Ha pGSI/ICTopC R2.

20

(1.22)

b
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B OonbIIMHCTBE ClIydaeB TaKuX 3HadeHUH K, HEIOCTaTOUHO.
Jis  moBbImieHUS KOY(PPUIMEHTa yCHIEHUS TO HampspkeHuto Y
(puc. 1.7) HeoOxomuMo yBennuuBaTh R, =R,, BbIOMpaTh TpaH3ucTopbl VTI-

VT2 ¢ T1OBBILIEHHBIM HampspkeHMeM Opmu (U= hgl = hfn —0) u

UCIIOJB30BaTh NPH HHU3KOOMHBIX Harpy3kax tpansuctopel VT3, VT4 c
MOBBIIMIEHHBIM KOd(puimenTom ycunenus Ttoka ©6Oasel (B). Opnako mpwu
NOBBIIEHUH PE3UCTOPOB R, =R, TIOCTOsHHAas BpPEMCHH, OOpa3oBaHHAs

MapasuTHBIMU eMKOCTSIMHU Ha moanoxky C,;, C,, u kojiekrop-6a3za Cys1, Cis
BBIXO/IHBIX TPAH3UCTOPOB U 3THM PE3UCTOPAMU YBEIIMUUBAETCS, UTO YMEHBIIIACT
BEPXHIOIO TPAaHUYHYIO YacCTOTY.

Hcnons3zoBanne kackoauwsix MY, (puc. 1.8) mo3BONSET NOJYYHUTH
npejeabHble 3HauYCHHUS KOA(DPUIIMEHTa YCWICHHUS IO HAIpPSIKEHUIO, KOTOPHIC
OKa3bIBAIOTCS BBIIIE, YeM B Ki1accuueckoM Y [11].

[Mpenenbupiii K, 0 TP R, =00:

u 1
_ a2 o
Ky.max - ~h5 6 - (123)
Ryoo  Ug 12122
OnHako, MpakTUYECKasl peain3alvy UX IBYXITOIOCHUKOB R1, R2 B Buae
aKTUBHBIX HArpy3ok ¢ Majuod 3(PPEeKTUBHONW BBIXOJHOH MPOBOJUMOCTHIO
3aTpyJHEHAa TMpPHU MalblX HANPSDKCHUAX IIMTAHUS W OIPAHUYECHUSAX Ha

UCTIOJIB30BaHUE P-N-P TPAH3UCTOPOB.

O+
R1 R2 }
Brix.1 o Enl Cni N Brix.2
o——1 _L_ +E, I e
l -= CK62 —_— Ugpix.2
Ugpix.1 / Ckﬁl \
VT3 A T >\ VT4 A
e N
JIK1
Bxll JVIL V2 (1 B2
| “a » |
I I
I I
i 1,=21, i
| .
I I
| |

Puc. 1.8 — Knaccuueckas cxema kackogHoro Y

BepxHsis rpaHMyHas 4yacToTa f, yCUIuTeNel Ha pucyHke 1.7 u pucyHke
1.8 orpaHuuMBaeTcs, B OCHOBHOM, IIOCTOSSHHOW BpEMEHH, OOpa30BaHHOMU
MapasuTHBIMU €MKOCTSIMU Ha moanoxky C,i, C,, u kojekrop-6a3za Cs1, Cis
BBIXOJHBIX TpaH3ucTopoB VT3, VT4 u CONpOTUBIECHUSIMU KOJJIEKTOPHOM
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Harpy3ku R1 u R2.

1.7 QudbchepeHUManbHble yCUNUTENN € OOpaTHOU CBA3bIO MO

CUHda3HOMY curHany

Cxembl knaccuyeckux guddepenunansubix  ycumurenet (AY) ¢
otpuniateabHo o0paTHO# cBsi3bio (OC) mo cuHpaszHOMY curHamy (puc. 1.9)
SIBJISFOTCSI OCHOBOM MHOTHX aHAJIOTOBBIX MHKPOCXEM YCTPOWCTB aBTOMATHKHU U
BBIUYHUCIUTEILHON TEXHUKH [15].

o
R1 ﬁ ﬁm
VT3 \‘—l—‘/ VT4 VT3
E VTS VT6 VT4
(- Y Beix.1 Brix.2
Com=| Gl !
i
Ki_1
,,,,,,,, I,[,,ffffwfffj Boix.1 Brix.2 R R
C,<g7 _ Cio2
Bx.1 (\ vii vi2 [ X

I

I

: |
© N A " °© R3 R4

I

I

I

|

l

]

I

I

I

I

% f W4 VD1 XZ
Puc. 1.9 — 1Y ¢ napadazubim Puc. 1.10 — 1V c napadazubim
BbIx0J10M ¢ OC 1o cuHdazHomy BbIx0J10M ¢ OC 1o cuHdazHomy
CUTHAITY CUTHaJy 0€3 p-n-p TPAaH3UCTOPOB

B nocnegume roael JIY ngaHHOro Kjacca CTajd CHOBA aKTHUBHO
NpUMEHSTHCA B cTpykType CBY-ycTpoiiCTB, peann3oBaHHBIX Ha 0a3e HOBEUIIIMX
SiGe-texHonoruit [15]. B 3HauuTenbHOM CTEMEHM H3TOMY CIIOCOOCTBYET
MPOCTOTA YCTAHOBJIEHUSI CTaTHYECKOro pexuma JIY npu HHU3KOBOJBTHOM
nutanun  (1,2+2,1 B), xortopoe xapakrepno mis SiGe TpPaH3UCTOPOB C
npenenbHbiMu yactoramu 100200 I'T.

Onnako crtpyktypa (puc. 1.9) mpum ee peanuszanuu B paMKax
TEXMPOILIECCOB C p-n-p Tpansuctopamu SG25H3 wumeeTr CcpaBHUTEILHO
HeO0OoIbIION KO2()(UIMEHT YCHICHHS 10 HanpskeHHio (K) Ipu HU3KOOMHOM
Harpy3ke (Hanpumep, R,=50 Om) :

Kk~ BB (1.24)

y.max
ral + r32
rae B; — KodpPUUUEHT ycuineHus no Toky Oasel Tpansucropa VTS, r,=r, —

CONPOTHUBJIEHUE AIMUTTEPHOTO Nepexoaa TpanzuctopoB VT1, VT2.
Ha pucynke 1.10 mnokazan auddepeHIUanbHblii  YCUINUTENIb C
napada3sHpiM BBIXOJOM B paMKax TEXHOJOTMHA 0e3 p-n-p TPaH3UCTOPOB,
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Hanpumep SGB25V.
Koaddunment ycunenus no HanpsikeHuro cxemsl (puc. 1.10) momydaercs

nebompmum (K, =10+20). B mnepsylo ouepenr 5To 00ycCIOBJIEHO

.max

OTPAaHUYCHHSIMU HA CONPOTHUBIIEHUS PE3UCTOPOB KOJUIEKTOPHOM Harpy3ku R1 u
R2, xoTopkle u3-3a ManbiX E, HE MOT'YT BEIOMPATHCSI BBICOKOOMHBIMH.

1.8 BbiBoAbI K pasgeny 1

l.IlpoBenen  aHamu3  ApXUTEKTYPHBIX,  CXEMOTEXHUYECKHX W
TEXHOJIOTHUECKUX OTPAaHWYCHUN Ha KOI(PPHUIIMEHT YCHIICHUS IO HAMPSKEHUIO
(K,) 1 BEpXHIOIO TPAaHUYHYIO 4acToTy (f,) (110 ypoBHIO -3 nb) mecatn 6a30BBIX
KackaJlioB W (YHKIMOHAJIBHBIX VY3JI0OB COBPEMEHHBIX U MEPCHEKTHUBHBIX
AHAJIOTOBBIX YCTPOMCTB aBTOMATHUKHU U CUCTEM YITPABJICHUS.

2. OmnpeneneHsl MPEACIbHO JOCTHKUMBIE 3HAUYCHUS KOIPPUIIMEHTOB
YCWICHHS TI0 HAMpPsHKEHUIO B JUANa30HE CPEHUX YacTOT, a TaK K€ (PaKkTophl,
OTpaHUYMBAIONIME BEPXHIOID TPAHUYHYIO YACTOTy f, KackagoB C OOIIMM
OMUTTEPOM U o00miel 0a3oi, HSMUTTEPHOrO TOBTOPUTENS, KAaCKOIHOTO
YCUJIUTENS, Kilaccuyeckoro Y ¢ pe3ucropamMu KOJUIEKTOPHOM Harpysku, VY ¢
HECUMMETPUYHBIM BBIX0A0M, /Y ¢ mapadazHbIM BBIXOJIOM MPH HU3KOOMHBIX
Harpy3kax, kackoguoro VY, IV c mapada3zHbiM BBIX0JOM U 00IIei oOpaTHOM
CBSI3bI0 1O cHH(pa3HOMY CUTHay, KackoaHoro JIY c mapada3HbiM BBIXOJOM U
oO111eit 00paTHOM CBA3BIO MO CUH(pA3HOMY CUTHAITY.

3. BbINIOJIHEHHBIN aHAJIU3 MOKa3bIBAET, YTO KOA(DPUIMEHT yCHIIEHUS IO
HalpsDKEHUI0 TaKUX KacKaJoB oOmpejaensercs B OOJIBIIMHCTBE CIy4aeB
CONPOTHUBJICHUEM KOJUIEKTOPHOM HArpy3KH BBIXOJHOI'O TPaH3MCTOpA, KOTOPOE,
OJIHAKO, HE MOXET OBITh 3HAYUTEJIBHO YBEJIMYEHO TIPU HCIOJIb30BAHUU
HU3KOBOJBTHOrO TmuTaHuss. C Jpyrod CTOPOHBI TNPUMEHEHUE AKTHUBHBIX
Harpy30K He BCerja Iejiecoo0pa3Ho u3-3a MpodjIeM ¢ 00eCIIeueHHEM aKTHBHOTO
pekuMa p-n-p TPAH3UCTOPOB M HHU3KOW dSPPEKTUBHOCTH HCIOIB30BAHUS
HarnpspKeHus: nuTanua. KpoMe 3Toro, He Bce MEpPCIEKTUBHBIE TEXHOJIOTHYECKHE
MIPOLIECCHI MOJIEPKUBAIOT UCIOJIB30BAHUE P-N-P TPAH3UCTOPOB.

4. BepxHsig rpaHUYHasl 4YaCTOTa CYNIECTBYIOIIUX KJIACCHUYECKUX KaCKaJoB
OTIpEJIEISIETCS. B OCHOBHOM TIOCTOSTHHOW BpeMeHH, oOpazyeMoll Mmapa3uTHOU
€MKOCTBIO  KOJUIeKTOp-moyio)kka C,;, €MKOCTBhIO KoJulekTop-0a3za C,gs
BBIXOJJHOTO  TPAH3UCTOpa M OKBUBAJECHTHBIM COINPOTUBICHUEM B  €rO
KoJUIeKTOpHOU 1enu. [Ipu 3ToMm, BEpXHsIsl TpaHUYHAs 4acToTa f, CYIIECTBEHHO
CHIDKAeTCsl MpU paboTe HA eMKOCTHYIO Harpy3ky C,,;.

21



2. CXEMOTEXHUYECKU METO[ PACLUMPEHUA OUAMA30HA
PABOYUX YACTOT KINTACCUYECKUX TPAH3UCTOPHBbIX
KACKALOB

B nepBoMm paszene ObUI0 OKa3aHO, YTO BEPXHSS TpaHUYHAsA dacToTa (f;)
MHOTHX KJIAaCCHYECKUX KAacKaJOB OrPaHUYMBAETCS, B OCHOBHOM, MOCTOSIHHOU
BpEMEHH, 0O0pa3yeMoll Mapa3sUTHBIMU E€MKOCTSIMA UM SKBUBAJICHTHBIM
COMPOTUBJICHUEM B MX KOJJIEKTOPHOM IIETIH.

Huxe paccmarpuBaroTcsi YyCIOBHSL CHHTE3a CHEHUAIBHBIX —IIelei
komrieHcanmu (11K) mapa3uTHbIX EMKOCTEH, CBA3aHHBIX C BHICOKOMMIIEAAHCHBIM
BBIXOJIOM Kiaccudeckoro tpanzuctopHoro kackaga (TK). Haznauenne LK —
pacipenue yactotHoro nauanazona TK, mpexne Bcero, mpu BBICOKOOMHBIX, B
TOM YHUCJIE€ aKTHBHBIX Harpy3kax. PaccMaTpuBarOTCSi TP OCHOBHBIX BapHaHTa
npaktuyeckor peanuzanuu L[[K B 6a3zuce HEMHBEPTUPYIOUIUX MOBTOPHUTENEH
HanpspkeHust W Toka [16-23,24-25]. IlpoBoautcsi aHaau3 YCTOMYMBOCTH
CKOPPEKTUPOBAHHOTO IupokonosocHoro ycwumrens (1Y), a tak xe aHanus
YyBCTBUTEJILHOCTHU MAPAMETPOB MOTYUAIOIIUXCS CXEMOTEXHUYECKUX PEIICHUM K
HECTAOWJIBHOCTU TapaMETPOB  BJIEMEHTOB. AHAIM3UPYIOTCI KOHKPETHBIC
CXEMOTEXHUYECKUE PEIICHUSI CKOoppeKkTupoBaHHbIX Y, Takux KiacCMYeCKHUX
KacKaJloB KaK CXEeMbl C OOIUM 53MHUTTEpOM, o0Omel 0a3oif, oOmuUM
KOJUIEKTOPOM, KACKOJHbIE yCWIHTeNId U AuddepeHuranbHble  YCUIUTE!.
[IpuBOIATCS aHATUTUYECKHUE BBIPAKEHUS, TTO3BOJISIIOIIUE OLICHUTh MPEACIbHBIMI
BBIUTPHINI 10 JWana3oHy pabouMx YacTOT W BPEMEHU YCTAHOBIICHUS
nepexonHoro mnpouecca TK, a Tak ke pe3ylbTaTbl HUX KOMIIBIOTEPHOTO
MOJEIUPOBAHUS.

2.1 AnHamun4yeckue napamMmeTpbi n YCTOﬁ‘-IVIBOCTb LUMPOKOMNOJIOCHbIX
YCMHMTGHGVI C LensiMm KoOMneHcaumm BbIXOO4HOU I'Iapa3VITHOﬁ

emkoctn C,

2.1.1 MocmaHoeka 3adayu

B o6miem ciydae o0oOIeHHAss SKBHBAJICHTHAsI CXeMa BBIXOJTHOMW IEMHU
mupokonosnocHoro ycwiurens (1Y) ¢ uensiMu KoMIieHcanuu Mapa3uTHOM
BbIxoJHOU eMmkoctu C, [25] comepkuT mnpeoOpa3oBaTeib HaIMPSKEHUE-TOK
(ITHT) (puc. 2.1) u naccuBHble koMnonentel Cy u R;, rne C,=C, +C,+C , —
CyMMapHas napasutHas eMKocTh Harpy3ku C,, noayioxxku C,; 1 KOJUIeKTop 6a3a
C,; Tpanzuctopa B BbixoaHou nenu Y. ConporuBnenue R; — 3KBUBAJIEHTHOE
akTUBHOE comnpoTtuBieHue BoixogHou nenu LY. Tok [(p) — 310 U300pakeHue
no Jlammacy Toka Kosiekropa TpaHzuctopa VT1, koTopeiii 00ycioBieH
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BXOJHBIM curtajoMm VY.

| f O +
! !
| S |
| e
Zm ! R|| ==""1
| R |
| - |
:_ __ i/_ ______ _: L(p)
Ly
IHT1 1) F1.(p) 1K
Bx o
Yo o—» S
Bx.u (P) Brix.1
N
Us(p)

BbIx.4 f Ux(D)

Puc. 2.1 — ®ynkimonanbsHas cxeMa BeixogHoi nenu LY ¢ nenero
KOMIICHCAllUU

Ecnu nens Harpy3ku UMeET CONPOTUBIIEHHE Z,(p), TO nipu BBeAeHuu LK ¢
HEU3BECTHOM miepenatoyHor QyHkuuend S(p), kermaemass BBIXOJAHOW LIENH
nepenaroyHas GyHKUus ckoppektupoBaHHoro 1Y nmpuHuMaeT 3HaueHue:

. U VA
W' (p)= wir (D) _ P)
I(p) 1-Z,(p)S.(p)
TakuM 06pasoMm, HemsBecTHas S(p) u xemaemas (W (p)) byukuuu

2.1)

CBSI3aHBI CJIEAYIOIIUM YPaBHEHUEM:
1 1

S = - .

Pz W)

Takum oOpa3om, 3aaya CHUHTE3a CXEM HIUPOKOIOJIOCHBIX YCUIIUTENEH C
HEMsIMA  KOMIICHCAIIMU  3aKJIIOYaeTCs, TMPEeXKAEe BCEro, B  OMNPEACICHUH
MaTeMaTUYECKOW MOJENH CIelUalbHO BBOAUMON menu S.(p), MpU KOTOPOi
BepxHssi TpanmuyHas wyactora IIIY Bo3pactaeT, a Bpemsi yCTaHOBJICHUS
MEePEeXOHOr0 MpoIiecca t;m ckoppektupoBanHoro 1Y Owuto OBl paBHO

*

KEITaeMOMY  3HaYeHutro f,, <<t

ycm?

(2.2)

rone ¢ — BpeMsd YCTaHOBJICHHSI

yem
HeckoppekTupoBanHoro LY.

B uvactHocTH, misi RC — Harpysku, CBOMCTBa BBIXOJHOM L€ Kackaja
(puc. 2.1) 6e3 uenu KOMMEHCAIMM MOKHO OMHUCaTh CONPOTUBIEHUEM Z,(p) B
n300pakeHusx no Jlammnacy:

Z (p)= U (P) R, R,

= : = L (2.3)
1,(p) I+ pCR,  1+Tp
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rne C,=C,+C ,+C,, — cyMMapHas Iapa3suTHas €MKOCTb BBIXOJHOM LIENH

LTV, R, — sxBUBaJIeHTHOE aKTMBHOE CONPOTHBIEHHUE BBIX0OHOH nenu 1Y, 1,(p)
— CyMMapHbIil TOK B 3J€MEHTax, BXxoaamux B Z,(p), T, = C,R, — NOCTOsHHAs

BPEMEHH LIENU HArPy3KH, ONPEAEIIAION[as BEPXHIOK IPAHUYHYIO 4acToTy f, |

BPEMs YCTAQHOBJIEHHS TI€pEX0oaHOro npouecca ¢, LY 0e3 nenu koMneHcanuu

(t,n =37y, f, =1/20T}).

2.1.2 CuHnme3 yenu KoMrneHcayuu napasumHoz2o umnedaHca C,

Ilepexoass Kk pelIeHUIO 3aJayd CHUHTE3a, NepeAaTOuYHyl0 (DYHKIIUIO
HMCKOMOM 11eNU KOMIIEHCAIIUU, ONIPECTUM:

SK(p):[K(p)/Uebe(p)ﬁ (24)
rne U, (p), I.(p) — n3o0paxenus no Jlamnacy BBIXOJHOTO HAaNpsDKEHUS

YCHJIUTENS U BBIXOJAHOTO TOKA IIETHA KOMITEHCAIIMH COOTBETCTBEHHO. [Ipu 3TOM
OyneM cuuTaTh, 4YTO Lenb S,(p) uMeeT OOJIBIIOE BXOJAHOE M BBIXOAHOE
CONPOTUBIICHUS, @& €MKOCTHAs M AaKTUBHAs COCTAaBJIONIME BXOJHOTO H
BBIXO/JIHOTO MMIIEJAHCOB LenH S,(p) YUUTHIBAIOTCA B 3KBUBAJEHTHON €MKOCTH
Co ¥ COIPOTUBIICHHUH R;.

YrBepxnenue. Ecaum  ycwiurenab ¢ MOTEHUUAJIbHBIM — BBIXOJIOM
xapakTtepusyercsi compotuBnenuem Z, (p)=U, (p)/I,(p), toe IL(p) -

CYMMapHbI TOK B 3JIEMEHTaX, BXOJAUMX B Z,(p), TO nepenaTouHas (QyHKIHS
S,(p) nenu komneHcanuu (puc. 2.1) 70JKHA YAOBIETBOPSATH YCIOBUIO:

Zy(p) — Ri
1-Z,(p)S.(p) 1+T.p’

rae 1, <<T,=3R,C, — xenaeMmas IIOCTOSIHHAsA BPEMEHU CKOPPEKTUPOBAHHOIO

(2.5)

TY. IIpu ostoM, ckoppektupoBanHbiii IIIY wumeer Bpemsi ycTaHOBIEHHS
S
MePEeXOAHOTO Tpouecca paBHoe ¢, =37, <<t .

Hoka3ateabcTBo. [lo 3akony Kupxroda tokm B BbIxogHOoM y3ie [IIY
YAOBJIETBOPSIOT YPABHEHUIO

1,(p)=1,(p)+1.(p). (2.6)
[locne mnpeoOpazoBanuii, u3 (2.4) u (2.6) c ydeTroM paBEHCTBa

U, (p)=Z,(p)L,(p), 6yrem nveTs:
L)) 2.7)

Vo D) 7 s

[lonydyeHHOE  BBIpAKEHME  OMMCBHIBAET  3aBUCUMOCTH  BBIXOJHOTO
HampspkeHus: ckoppektupoBanHoro LY (puc. 2.1) OT BBIXOAHOTO TOKa
AKTUBHOTIO 3JIeMeHTa [ (p), KOTOpBbIA 00ycClOBIeH BXOAHbIM curHanoM LY. 13

BbIpakeHU (2.5) u (2.7), B 4aCTHOCTH CJIEAYET, YTO B YCJOBHUSAX TEOPEMBI
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ckoppekTupoBaHHbii LY gBisieTcss yCTOMYMBBIM.
N3BecTHO, UTO ecnu nepeAaToyHas (PYHKIMS HEKOTOPOTO 3BEHA HMMEET
B W(p)=R /(1+T p), To BpeMsl yCTAaHOBJICHHUS MIEPEXOHOTO MpoIecca IpH

CTYIIEHYaTOM M3MEHEHHM €ro BXOJHOTro BOo3aeicTBUs paBHO 37, [26]. Tak kak
%
no ycnouto teopembl T, =f,,/3, 10 u3 paBeHctB (2.5) u (2.7) cuenyer

JI0OKa3aTEIbCTBO YTBEPKICHHUS.

N3 pasenctB (2.5) u (2.7) BbITEKAEeT Tak»Ke, YTO B paccMaTpUBACMOM
ciydae TepeaaToyHas (PyHKIUS HCKOMOW IIeMM KOMITCHCAIIUU, OTPEACIISICTCS
CJICAYIOIINM BBIPAXKEHUEM:

S.(P)=Z,(p)~R " (1+ pT). (2.8)
C yuerom paBencTBa 7', = t;cm /3, BelpaxkeHue (2.8) NpuHUMAET BUJ:
S.(P=Z}(p) =R +1,,,p/3) (2.9)

[TonyuenHoe BwIpaxkeHue i S(p) Naer peuieHue B 0OIIEM ciydyae
NOCTABJICHHOW BBIIIE 33Ja4d CUHTE3a MaTEeMaTHYECKOM MOJAeNU LenH
KOMITIEHCAIIMH, 00ECIEYNBAIOILEH KETAEMO€E BPEMSI YCTAaHOBJICHHS IEPEXOAHOTO
npoiecca.

C uenpro nosydyeHus 00s1ee KOHKPETHBIX PE3YJIbTATOB MPEAIOI0KUM, YTO
0e3 menu kommeHcaruu paccMmarpuBaembiii [IIY (puc. 2.1) xapakrtepusyercs
conporusienneM Z (p)=R /(1+T,p), tne T,=RC,. Ilpu sTOM Bpems

YCTaHOBIICHHUsI TIepexoHoro npouecca Y 6e3 nenn komnencauwy ¢, =37;.

C Y4CTOM JOTOIo IMIPCAIIOIIOKCHHUA, HElfII[GM, 4dToO JKCJIacMad IICpCAaTOYHAA
(I)YHKI_II/IH OCIIKM KOMIICHCAITUH OJIA 3TOr'0 ClIydasa UMCCT BHU!

SK (p) = (CO - tycm /3R1 )p = pCO (1 - tycm/tycm)’ (2 1 O)
Orcoga, B 4YaCTHOCTH, CJIEIyeT, YTO JJisi TIOJYy4EHHUS BBICOKOTO
OBICTpOACHCTBUS u pacimpeHus Jrana3oHa pabounx 4acToT

paccmarpuBaemoro IIIY HeoOxomumo, dYTOOBI IleMb KOMIIEHCAlMK Oblia
nudhepeHIUPYIOIIUM SJIEMEHTOM.

2.1.3 [lpumep nocmpoeHusi pyHKUUOHaIbHOU cxeMbl yenu
KoMneHcayuu

[TocTpoeHnE KOHKPETHBIX CXEM MIMPOKOIOJIOCHBIX YCUIIUTEIEH C
pPACIIMPECHHBIM  YaCTOTHBIM  JIMAIIA30HOM  OMNPEAEISACTCI  BO3MOYKHOCTBIO
MPAKTUYECKON pean3allii KauyeCTBEHHBIX JU(PGEpPEHIUPYIOMNUX 3BEHHEB Ha
TPAH3UCTOpPAX.

PaccmoTpum mpumMepbl mocTpoeHUs (YHKIIMOHAIBHOM CXEMBI IETH
KoMmreHcanuu. B cooTBeTcTBUM C BbIpaxkeHuem (2.10) B kauecTBe Ienu
KOMIICHCAIlUX MOKHO TPUMEHUTH CXEMY, IPUBEACHHYIO HA PUCYHKE 2.2, T]IE:

K,(p)=U,,.(»)/U..(P), K(p)=1.(p)/L.(p), (2.11)
L.(p)=U,..(»/Z.(p)=CpU,,.(p). (2.12)
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Z.(p)
o) ¢ T
==
.
TH
Bx.u Ky(p)
) %
Usxu(p) jJsblx.u(p)

Puc. 2.2 — CxeMa ier KOMIeHcauu

Ecnu 6ydepnsiii nosroputens Hanpsbkenus [IH u moBropurens toka I1T
ABJISIIOTCSL  O€3BIHEPUUOHHBIMU,  T.€. HMX  KOIPDUIMEHTHI  Tepeaayu

K (p)=K,~1 u K/(p)=K,~1, To nepenarounas $yHKIMs NTaHHOH IeHH
KOMIIEHCAIIUH OIUCHIBAETCS BBIPAXKEHHUEM

S.(p)=C.p. (2.13)

Takum obpasom, mpu K (p) m K,(p) eMKOCTh KOPPEKTHPYIONIETO

KoHzieHcaTopa C, B CXeMe Ha pUCYHKe 2.2 OJKHA BBIOMPATHCS U3 YCIOBHS

*

CK = CO - tycm/?)Ri = CO (1 - t;cm/tycm) . (2 14)

OTCIOI[a CiacayCer, 4Yro A IIOJIYYCHHA MHHHMAJIBHOI'O BpPCMCHH
s

YCTAaHOBJICHHSI TIEPEXOJHOro mpouecca (¢, <<t ) NpU peaau3aluu LEenH

yem ycem
KOMIIEHCAllUM B COOTBETCTBUU CO CXEMOH pHCYHKa 2.2 U O€3bIHEPIIMOHHBIX
nosroputessix [I1H u YT, Heooxoaumo umets C, = C,.
Ecnu tpebyetcs monyunth noBsiienue ovictpoaeiicteus LIV B N, - pa3
o *
(V, <<o0) 10 CpaBHEHHUIO CO CXxeMoii Oe3 komnencauuu, rae N, =3RC,/t,,,, TO

€MKOCTbh KoHJeHcaTopa C, TOKHA YAOBIETBOPATH YCIOBUIO
_ -1
C.=(N,-1)C,N". (2.15)
[Ipennosioxxerne o0 TOM, 4YTO TMOBTOpUTENb HamnpsbkeHus IIH wu
noBToputTenb Toka YT sBISIOTCS O€3bIHEPLIMOHHBIMU, 3HAYUTEIBHO YNPOIIAET
pacueTHble COOTHOWEHHs. OIHAKO, TMOCTOSHHBIE BPEMEHM 3TUX AKTHUBHBIX

9JICMCHTOB CXCEMbl MOI'YT OKa3bIBAaTb BJIMAHHWC Ha AWMHAMHYCCKHC ITapaMCETpPhI
[ry.
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2.1.4 HacmomHbie ceolicmea WwupoKOnosIoOCHO20 ycusiumersisi ¢
uenbro KoMreHcayuu

Jlnama3oH pabounMx 4YacTOT CKOPPEKTUPOBAHHOTO IMIMPOKOIMOJIOCHOTO

yewurens (ILY) (puc. 2.1), KoTopblii xapakTepu3yeTcs BEpXHEH TIpaHUYHOM
*

qactoToit f, (10 ypoBHIO -31b5), MOKHO ONpPEIEIUTh M3 YPABHEHUS CXEMHOM

¢bynxiun LIV B koMiiekcHoi popme

W (](D) — Ri — Us’bzx (]('0)

L jw(TO_Skgjw) Ri) L)

(2.16)

Jjo
rne T, =C, R — nocrosHHas Bpemenu Y 1o KoMmeHcanuu, onpeneisromas
ero BEpXHIOK rPaHUYHYIO0 YacToty f, =1/2nT; .
B cooTBeTCTBMM € YCIOBUSMM CHHTE3a LENU KOMIICHCALlUU €€

nepegaToyHas (YHKIUS MOCIIe KOPPEKITUH W*( j®) nomkHA UMETh BUI 3BEHA
IIEPBOTO MOPSIIKA C JAOCTATOYHO MaJioi moctosiHHOM Bpemenu 1, <<T;. Ilpu
STOM BEPXHsS IPaHHYHAS YacTOTa CKOppeKkTupoBaHHoro LY f:, 3aBHCSIIAS OT
T, , moyKHA yJOBJIETBOPSTH HEPABEHCTBY

f7=1/2rT. >>1/2nT, = f.. (2.17)

JlanHoe ycnoBue OyAeT BBIIOJHEHO, €CIIH COMHOXHUTENb MPHU OTepaTope
jo B 3HaMmeHatene (Gopmynbl (2.16) - HEHUCTBUTENBHOE YHUCIO U MPUHUMAET

3Ha4YCHUC

S (j 1
E “(,](D)R,.: - (2.18)

Jjo 2nf,

JlanHoe TpeOoBaHME BBINNONHEHO, eciu S, (jo) - auddepeHuupyomiee
3B€HO W ero nepenatouHas (yHkuus S,(jo)=S,jo. B 3TOM ciyyae BepXHss

I,

*
rpanngHas dactora LY f, Bospacraer B N;— pa3
. 1

e =T =S R)
rae N, =1/(1-S.R;/7).

N, f,>> . (2.19)

*
Ecnu 3anansl 3nauenust f, , f; u Cy, TO mapamerp S, L€ KOMIIEHCAIUH
HaxXOJUTCS U3 YPaBHEHUS

S, =Cll-1./1). (2.20)

Ipu f, / £, <<1 neobxoxumo umets S, ~ C, i S, < C,.
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2.1.5 Yecmou4yusocmb CKOppeKmupoe8aHHO20 WUPOKOMNOSIOCHO20
ycunumernsi

YcToHunMBOCTh  JAMHAMUYECKUX CHUCTEM, K KOTOPbIM  OTHOCHUTCS
paccMatpuBaemslit LIV, ctporo roBops, onieHuBaeTCs Mpu U3BMEHEHUH YaCTOThI
OT HyJs A0 OeckoHeyHocTH [26]. B Toke Bpemssi Mojenb MHOBTOPUTEIICH

Hanpsokenns u Toka (ITH, YT) B Buge W (p) =K, (puc. 2.2) npexcrasisiercs

HE COBCEM aJIEKBAaTHOM JJI1 YKa3aHHOI'O YacTOTHOro auamnazona. Iloatomy mis
UCCIIEIOBaHUsI YyCTOMYMBOCTH M aHanu3a cBoictB LY (puc. 2.1) ¢ menbio
KOMIIEHCALlUH, MPEJACTABICHHOW Ha pucyHke 2.2, rae nosropurenu [IH u YT
SBJIFOTCSI UHEPLIMOHHBIMU 3BEHBSMH MIEPBOTO MOPSJIKA, MPEANOI0KHUM, YTO:

K (p)——o K.(p)=—Ki 2.21)
g 1+Typ’ ip_l+7“ip' '

C yuerom Bblpaxkenuil (2.21) nepemarounas ¢ynkuusa S, (p) Lemnu
KoMIeHcaluu (puc. 2.2) UMEET B 3TOM CIIydae BUL:
K K.C.p
(A+7,p)A+T;p)
Kak cnencrBue, npu 3ToM nepegaToyHas QyHKIHUS CKOPPEKTHPOBAHHOTO
Y ¢ Z,(p)=R/(1+T,p) ue Oyaer paBHA NpaBoil YacTH BbIpaxeHus (2.2).

(2.22)

Opnako, ecnu ckoppektupoBanubii Y Oynmer ycroiuwBBIM, TO TIpHU
COOTBETCTBYIOIIEM BBIOOpE TapaMeTpoOB €ro TmepexoaHas (QyHKIMS, Kak
MOKa3aHoO HWXKe, OyAeT ONr3Ka K MepexoJHOM (DYHKIIMH WHEPIIMOHHOIO 3BEHA
nepBoro mopsaka [26]. Tlpum 3ToM MOXHO 00€CTICYHTh M KeJaeMoe BpeMs

*
YCTAHOBJICHHA  IICPCXOJHOI'O  IIpoHeccCa t a TaKiKC CYHICCTBCHHOC

yem?
MIOBBIIIICHUE f;.
Jns omnpeneneHus yCIOBUM YCTOWYMBOCTH CKOppeKTUpoBaHHOTO Y
3allUIIeM €ro XapakTepUCTHUYeCKUil moauHoM D(p) Kak 3HAMCHATENb

nepeaaToyHo QyHKIuU U3 BbIpaxeHus (2.7) ¢ yuerom (2.22) U yKa3aHHOIO
BbIlIe paBeHcTBa Z,(p) =R /(1+T,p). B pesynbrare Oyaem umeTs:

D(p)=T,I,T,p° +(T,T,+T,T;+T,T,)p° +
+(Ty+T,+T,-K KKC, )p+1

[TpumeHnsisi kK ’TOMy NOJUHOMY KpuTepuil BelHerpaackoro [16], HaliaeMm,
YTO YCIIOBUSI 3TOTO KPUTEPUS BBIOTHSAIOTCS, €CITU

L+T,+1,>K KRC (2.24)

(LT +T T, +TT)x(T,+T,+T,- K K,RC)>TT T, (2.25)

HepaBenctBa (2.24) wu (2.25) sBusAOTCS OOIMMUMH  YCIOBUSMH
YCTOMYMBOCTU CKOppekTupoBaHHOro LY mnpu ykazanubeix mapamerpax LY u
nepenaToyHbix GyHKIUAX (2.23) nosropureneit Hanpsikenus (ITH) u Toka (YT).

(2.23)
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[Ipu HEKOTOPBIX TOMOJHUTEIBHBIX OTPAHUYECHUSIX BO3ZMOXHBI PA3IMUYHbIC
BapuaHThl ~ oOecriedeHHs]  yCJIOBHHM  ycToiumBoctu. Hampumep, ecnu

T, =T, <<<T,, 10 ycnosus (2.23), (2.25) nepexoasr B CJIeyIOIME HEPABEHCTBA

G > K KC,, (2.26)

(T, +YT)x (T, - K,K,RC,) > 1. (2.27)

Tax kax 7, > 0 u T >0, ycnosue (2.27) cBoautcs K ycioBuio (2.26), u3

xotoporo mpu K, =K, =1 BpiTekaer, B yacTHOCTH, BhIpaxenue (2.14). Tlpu

3TOM U3 BbIpaxkeHud (2.24) u (2.25) BUAHO, YTO IO Mepe MNPUOIMKEHUS

sHaueHu C, x C;, ckoppekrtupoBanHblii [IIY He Tepser ycTOMYMBOCTH, Tak
Kak ecim faxe C, = C;, TO 3TH BBIpAXKEHHUS IPUHUMAIOT BUL:

T+T,>0, (T, +YT, +T,)- (T, +T,) >1 (2.28)

U 3aBEJOMO BBINOJHAIOTCSH. OJHAKO 3amac yCTOMYHMBOCTH PacCMATPUBAEMOIO
LITY B 3TOM cityyae onpenensercs TeM, HaCKOJIbKO MpaBasi 4aCTh B HEPABEHCTBE
(2.24) GonpbIie ero JeBOM YacTH.

2.1.6 Pe3ynibmambil KOMIMbIOMEPHO20 MOOesTUpPOo8aHust
0606w eHHOU cxeMbl

Ha ocnoBe 0000menHo#1 cxembl LY (puc. 2.1) B cpeae P-Spice Obuin
MOCTPOEHBI cxeMbl ¢ uaeanbHbiMu Mozensmu [IT u TIH (puc. 2.3a) u s
cinyuas, korga IIT u IIH peanmmusytorcs B Buge cxem ¢ Ob u OK Ha n-p-n
TpaH3ucTopax (puc. 2.4a).

§ R1 = cC1

1k 50p
L a V1
0 5 ——

= Current
Amplifier

G1 | s
Buffer Amplifier

G
GAIN =0.0
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30—= 12
C,=20 1, £,=526MI'1 C,=40 i, £,=15,9MT'i 1.0 -
201 j/\{/ =49 n®, £,-159,2MT'i
NS . ~/ 0’8 4

C.=0, .
™ 0,6 1

f,=3,16MI \
10‘ t : ‘\\
\ \ 0,4 1
02 1
O‘ . \ \“ B
\. 0 A
\
-10 | | - \ | N]o02 : ! | |
10° 10° 107 10® 10° 10'° 50 100 200 300 400 500
Yacrora, I'n1 Bpewmst, He
0) B)

Puc. 2.3 — Cxema nnst mopenupoBanus 1Y ¢ uaeansupiMu anemenTamu LK a)
€ro aMIUIUTYTHO-4aCTOTHBIE XapaKTEPUCTUKH a) U MIEPEXOJIHBIIN mporiecc 0)

Pesynbprartel MonenupoBanus cxeMbl ¢ uaeanbHbiMu Moaesmu 1T u 1TH
(mpu Cy = 50 nd) moka3pIBaIOT, YTO pAMOHAIBHBIN BbIOOp C, oOecrieynBaeT

CYIIIECTBEHHOE pACIIMpPEHUE Jrara3oHa pabodymx YacTtor ( f:) (puc. 2.36) u

YMEHBIIICHUE BPEMEHHU YCTAaHOBJICHUS MEPEXOJHOTO TPOoIiecca MPU UMITYJIbCHOM
) (puc. 2.3B).

*

N3MCHCHHNHU BBIXOOHOI'O TOKA (f

yem

§ R2 == C2
1k 50p

out2 I/_zis VT
I T ™15

_K VT2 L V2
TN15S 5 =

C4
Il

e

PW =1u

PER =2u
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Ky, ,[[B UBHX) B
1,2 .
\

30

14

20 = C,=40 1 0.8

Ci=0

0.6 - C=20n®
10+
C=20 n® 0,41 IIT u ITH — uneansable
021 MOJIEIH
0+ ’ IIT u ITH — cxemsl ¢ OB u
= TIT u I1H — nxeanbHbIe MOJETH 04 - - OK Ha n-p-n TpaH3UCTOPax
= = IIT u I1H — cxemsl ¢ Ob u OK
-10 ‘ :
5 6 7 8 9 -0,2 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
10 10 10 10 10 "s50 100 150 200 250 300 350 400 450 500
qaCTOTa, FLI Bpewms, He
6) B)

Puc. 2.4 — Cxema nia moaenupoBanus LY ¢ snementamu LK B Buae cxem ¢
Ob u OK a) ero aMIInTyIHO-4aCTOTHBIE XapaKTEPUCTUKH a) U TIEPEXOTHBII
nporiecc 0)

IIpu peamuzaumu IIT u IIH B Buae cxem ¢ Ob u OK Ha n-p-n
Tpan3ucropax ¢ fr= 1,7 ['Tu, pe3ynbrarsl MmoaenupoBanus (puc. 2.40, puc. 2.48)

* *
IIOKAa3bIBAIOT, 4YTO ITaPaMCTPhI ﬁ; )51 tycm ONM3KH K ClIydyaro ¢ HMICAJIbHBIMH

moaensamu IIT u [TH B pabouem nuanazone yactot snemeHToB LK (tabm. 2.1).

Taonuma?2.l
3HaueHuAa t;cm npu pazanunbix C, isl cXeMbl puc. 2.3a
EmkocTb t;cm JUTSL MT€aIbHBIX t;m i T n ITH
Cy , n® mopenew IIT u ITH, e B Bujie cxeMm ¢ Ob u OK, He
50 0,1 32,2
40 23 324
20 68,8 72,3
0 115,5 117,6

2.1.7 MemooOuka KOMNbLHOMepHO20 ModesiupoeaHus ueneu
KOMMeHcayuu ¢ UHePYUOHHbLIMU aKmU8HbIMU 3/IeMeHmamMu 8
cpede MATLAB

B cnywae unnepumonssix nosropurened IIH u YT ¢ nepemarounsimu
byukiusamu (2.21), aHATUTUYECKOE BBIPAXKEHHE [JII BPEMEHU YCTAaHOBJICHUS
NepexXoaHOro mpolecca, nojlooHoe Boipaxkenuto (2.14) umu (2.15), nonydaercs
JIOCTATOYHO TPOMO3JKMM. B 3TOW CBsSI3W 1€JI€CO00pa3HO  OCYILIECTBIIATh
YUCJICHHYIO OLEHKY [apaMeTpoB LENH KOMIEHCAMH, IpPU KOTOPBIX
ckoppektupoBanHublii 111V umeer tpedyemoe ObicTpoaeiictBue. C 3TOH 1eMbIO,
nonoxum: I, =T, =ply, Ty — KK ,RCy =BT}, rne uncma 0 <p<<1, 0 <P <<I.

1
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[Tpu »Tux ycnoBusix nepenarounas ¢pynkuus Y ¢ nenvro komnencanuu (2.22)
UMeEeT BUJT

W(p)= YaralP) _ Wy p+ 2uTp 41 . (2.29)
I(p) WP +Qu+pud)Typ* +u+B)Tp+1 '

B aToM BEIpaxkeHUH nMmeeTcs Tpu mapamerpa I,,[3 ¥ [, 94TO MO3BOJSIET

npu 3agaHHoM 1y = R.C, HaliTH MyTeM YMCIEHHOTO MOJIEIUPOBAHUS 3HAUYCHUS
napametrpo uenu Komnencamuu 1, =7, wu K, ,K,, 1pu KOTOpBIX
ckoppektupoBaHHbil LY nmeer xxenaeMblil XapakTep IEpexoqHOI0 MpoLecca u

Kenmaemoe ObicTponeiicTBue [25]. Tak, Hampumep, Ha pUCYHKe 2.5 TOKa3aH
NEepeXOoAHbId  Ipouecc  ckoppekrupoBanHoro LMY mpu 7;=0,1 vc,

cootBeTcTBYIOIAs HaliieHHbIM B MATLAB 3nauenusm 3=0,08 u p=0,001, a
Ha pucyHKe 2.6 nepexonHas GyHkuus — npu =0,008 u p=0,00001.

IIpu sToMm, ecnm HeckoppekTtupoBaHHbIM LY nmeer mpu cTyneHyaToMm
BO3/ICHCTBUY BPEMsl yCTAHOBJICHHUs MepeXoAHoro npouecca ¢, =0,3 ¢, To mpu
B=0,08 u pn=0,001 Bpems ycraHosmenus ¢, =0,0183 c, T.e. B 16 pa3
menpme, a npu f=0,01 u ©=0,00001 Bpems ycranosnenns ¢, =0,00252 c,

T.€. B 119 pa3 meHsb11€.

)_/_/—/—:—/ F
BBIX,U [ ]

BBIX,U i i i n
System: sys System: sys
0.8 Time (sec): 0.0183 0.8~ Time (sec): 0.00252
Amplitude: 0.95 Amplitude: 0.95
0.6 ~ 0.6 -
04~ 04|
0.2 0.2k~

0
0 r r r r
0 0.005 0.01 0.015 0.02 0.025 t 0 1 2 4 tx 107

w

Puc. 2.5 — Ilepexoanslii mpoiiece
CKoppekTupoBaHHoro 1Y
npu B=0,08 u u=0,001

Puc. 2.6 — Ilepexoanslii mpoiiecc
CKOoppekTupoBa”Horo 1Y
npu 3=0,008 u pn=0,00001

Takum 00pa3oMm, pacCMOTPEHHBIH KOMITCHCAIIMOHHBIN METO] TO3BOJISET
CYIIIECTBEHHO TOBBICUTH ObicTpoaeiicTBue 1Y c moTeHIMambHBIM BBIXOIOM,
MMEIOIIUM TIOBBIIICHHBIE 3HA4Y€HUs mnapa3uTHOM eMKocTh (C; U BBICOKOE
conpoTuBiieHUE R; [25]. OH MOXeT HAaUTHU MMUPOKOE MPUMEHEHUE B yCTPOMCTBAaX
ABTOMATHKM M BBIUYUCIUTEIBHOW TEXHUKHU Pa3IMYHOrO HazHaueHus. HerpyaHo
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BUJETh, YTO BO3MOXKHOCTH KOMIICHCAIIUOHHOTO METOJa OMNPEICISIFOTCS
xapakTepuctukamu nosroputenei Hanpsokenus ([IH) u toka (YT), xoTopsie
MOTYT OBITh JTOCTATOYHO IIMPOKOIIOJIOCHBIMUA M PEATTM30BBIBATHCS KaK KacKaIbl
C OOIMM KOJUIGKTOpOM U 00mieii 0a3oif, 00ecCreYrMBaIONIMX [IHPOKUIMA
YaCTOTHBIN IMANa30H IaHHBIX (PYHKIIMOHAIBHBIX y3510B LY.

2.2 AHanus YyBCTBUTENTbHOCTU 3JIEKTPOHHbIX CXeM C COOGCTBEHHOMN

U B3aMMHOMW KOMMNeHcaumMen u MeToaoB ee ynyylleHUs

OnHolt W3 LEHTpaIbHBIX MPOOJIEM B MPAKTUUYECKOM HCIOJb30BAHUU
3¢ PekToB COOCTBEHHOW ¥ B3aMMHOW KOMIICHCAIIMU, SBJISIETCS OIICHKA
YYBCTBUTEJILHOCTH MTAPAMETPOB MOTYUYAIOIIUXCS CXEMOTEXHUYECKUX PEIICHUN K
HECTaOUJILHOCTH IMapaMeTpoB 31eMeHToB [1,2,27,28].

2.2.1 PazHosudHocmu ¢pyHKyuli YyecmeumesibHocCmu

OyHKIMS 3JIESKTPOHHON cXeMbl F(p,A) ¢ IENbIO KOMIICHCAIIUH MOYET
OBITH MpE/ICTaBJICHA B BUJIC PAJIa:

F(x)=F(a)+ F'(a)(x-a) + %F"(a)(x —a)’ 4. +... (2.30)
F(p,\) - GYHKIHS SIEKTPOHHON Lemu, A = {kl,kz,...,kn} — TlapameTpbl
9JIEMEHTOB, @ — pabodast TOUKa IEKTPOHHOM IICTIH.
Huddepenunan pynkuun F( p,X ):
= OF(p,)) OF (p,\) L OF (p, )
dF (p,\)=——"—"—d\N +..+ ——dh, =) ————d\,. (2.31

1 n i=1 i

OTtHocuTeNnbHOE TIpHUpaleHne QyHKIINN:

AF(p.1) LX):  OF (21 Mo (2.32)
F(pA) S o F(ph) A, '
~ & OF(ph)., AN,
rae AF(p,L)= A, —
le o\, A

1

OtHocuTenbHast (PYHKIMS YyBCTBUTEIBLHOCTH [17] 27IEKTPOHHOM CXEMBI C
KOMIIEHCALIUEeN HAaXOUTCA KaK:

; OFM\, -
S?»,-_ _,(F(p,X)(—)F), (233)
o, F
IMO9TOMY, OTHOCHUTCIIbHOC HM3MCHCHHC q)YHKHI/H/I e OoIpeacisICTCA CYMMOﬁ
napaoralbHbIX quCTBHTeHBHOCTeﬁ N OTHOCHUTCJIBbHBIM HM3MCHCHHECM IIapaMcCTpa

0, :

i
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AF 3 AN,
—;:gﬁbhxafﬁ%=;f) (2.34)

1
[IpoekTpoBaHUE HIIEKTPOHHBIX CXEM HA KOMIIOHEHTHOM YPOBHE IS
COBPEMEHHBIX MOIYITPOBOIHUKOBBIX 3JIEMEHTOB TPEOYET TaKK€ MCIOJIb30BAHUS
CPEIHEKBAAPATUYECKOM OTHOCUTEIBHOM UYYyBCTBUTEIBHOCTM JUIS  OLICHKHU
OTKJIOHEHMS 1eJeBOM (YHKIMU IIeH, BbI3BAHHOM HE WACHTUYHOCTHIO
TEXHOJIOIMYECKHUX IOIPEIIHOCTEN IPOCTEUINX apaMeTpoB A®;:

7 =1/é\s;j_ . (2.35)

B psine cimyuaes, Korja 1enblo IpOEKTa SBISIOTCS NPEAENIbHO IIyOOKast
muHUMBA3aIms Gyakiun  F( p,X) (HampuMep, BEpXHEW TPaHUYHOU YaCTOTHI),
HEOOXOJMMO HCIOJIb30BaTh MMAPUUATIBHYIO MOJIYOTHOCHTEIBHYIO (DYHKIUIO
qyBCTBUTEILHOCTH (S ), @ TAKIKE UX CPETHCKBAIPATHICCKOE 3HAYCHUE:

;_oF

m—%%DMEZﬁﬁw (2.36)

i i=1

(2.37)

[IpeaBapuTelbHO OTMETHUM, HMHBAapUAHThl UYYBCTBUTEJIBHOCTH IS
MACCUBHBIX LENEW M WICaTbHBIX AKTUBHBIX CXEM MOXHO IMPEACTABUTH B BHUJIE
CYyMM:

Zn:S{f =0, Zn:Si =1, iS{- =1, (2.38)
i=1 i=1 i=1

[Ipu uccnenoBanuu (PyHKIIUU YYBCTBUTEIBHOCTH B YACTOTHOM 00JIaCTH
(p=jo):

Si(jw) _ Slf(jw)\ n ngfF(jm)’ (2.39)
rae S, V' - oTHOCHTeNbHAs UyBCTBHTENBHOCTS AUX K mapamerpy A,; SV
— TIOJIyOTHOCHUTeNnbHass 4vyBcTBUTENbHOCTH DUX k mapamerpy A;. Ecmm
napameTp Lenu sABisieTcss GyHKIUeH KOMIIOHEHTOB oo A, = f(d.), To:

Sa =87 80t Sgoy =S5 St (2.40)

aj > ~ Soy

2.2.2 Cnyyali bunuHeliHO20 pa3s1oXeHuUs1 hyHKyul uenu
JInss  BIEKTPOHHBIX CXEM  KOMIIOHEHTHOTO  YPOBHS  XapaKTEPHO
OUIMHENHOE Pa3IoKeHHE ee MepelaTOuYHON (PYHKIMH 10 TapamMeTpy A, :
B(p) By(p)+A.B/(p)
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B »sTom ClIydac €€ OTHOCHUTCIIbHAA 4YYBCTBUTCIIBHOCTHL OIIPCACIISACTCA
Pa3HOCTBIO!:

Sy =S -y, (2.42)
npu4IeM
s < AD) guy _MB(P) (2.43)
Al Blp)

2.2.3 YyecmeumenbHocmb 8 uernsix ¢ cobcmeeHHoOU
KomMneHcauyueu

OddexTuBHas MPOBOJUMOCTh B IEMSIX C COOCTBEHHOW KOMIIEHCAIUEH
MOXET OBITh MpeACTaBiIcHa B BUAe GyHKIMH [28]:

Y=y (A-K))+y,, (2.44)

rae y, — KOMIICHCHpyeMas IPOBOJUMOCTb, ), — OCTaTOYHas IPOBOAUMOCTD

e,
K, — nemieBod KOA(pQUUUMEHT mepeAadn LENu COOCTBEHHOW KOMIICHCALUH.
Torna:
1-K
P Ut V) R/ B (2.45)
By (1=K )+ Y "
Y n Yo

NMenHo modToMy mapaMmeTpudeckast 4yBCTBUTEILHOCTh MUHUMU3HPYETCS

KOHTYPOM COOCTBEHHOH KOMIEHcaluu: limsS; ‘ k1 =00 ecmn y (1-K,)>>y,,

TO YyBCTBUTEJIBHOCTH SfK =1, 1.€. Sfx zS}i

k=0 *
CnenoBaTenbHO, HpH COOCTBEHHOM KOMIIEHCAIMM YYBCTBHUTENLHOCTB
LerH He yBeuuuBaercs, a §; <1.

2.2.4 BzaumHasi komneHcauusi 0eyx nposodumocmeli

OcHOBHOE ypaBHEHHE (PYHKIIMH MPOBOJMMOCTH MU MPU B3aUMHOU
KOMIIEHCAlUH [23] UMeeT BU:

Y=a-y,~y;b (2.46)

5

rae a u b — ko3PpGUIMeHTh TPONOPLUUOHATBHOCTH.
OTMeTuM, YTO CTPYKTYpa U YUCIEHHOE 3HaueHue Kodpduuuenta b Jerko

peanu3yercs Lenbio coocTBeHHOM kommeHcauuu (1.43) mpu K, >1. menHo

MO3TOMY B MPAKTHUYECKU BAXKHBIX CIIy4asX CO3/JaHHE KOHTypa COOCTBEHHOM
*
KOMIICHCALlUM BIIMSIHUA V, SIBISAETCS JOCTATOYHBIM Ul IIOCTPOCHUS CXEM C

B3aMMHOM KOMIICHCAITMEH BIMSHUS TPOBOAMMOCTH Y Ha IEJeBYIO (YHKIIUIO
npoekTa. Tornpa:

%

Y_a'yK Y__b.y}(
sy =2, 57 =2 (2.47)
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CnenoBaTenbHO, MpU YBEIWYEHUU YpOBHS KommeHcaimuu (Y —0)
YyBCTBUTENBHOCTH (1.46) NpONOPIHMOHAIBHO YBEIMUUBAIOTCS.

Ay, Ay,
Ecnun oTHOCHTENBHBIE TIpUpAIICHUS 51 .~ corjacoBaHbl (T.e.
\p Y
OJIMHAKOBHI), TO:
AY A Ay’ —by A A
S e g O D TV D D (2.48)
Y Ve T yve ay.—by. y. Y

T.e. 4YyBCTBUTEIBHOCTH DJICKTPOHHOM CXE€Mbl HE YBEJIMYMBACTCA U
CBOIICTBA 1IeNEr ¢ COOCTBEHHON M B3aMMHOM KOMITEHCAIIUEN COBIIAIAIOT.

*

Ecnu cymecTByeT acMMMETpUsi OTHOCUTEIBHBIX M3MEHEHUU Y, U VY,

b o

Vi Y

A (sre+s JAe _ a9 ~ by A (2.49)
Y Y Ve
Takum oOpa3om, Ui COXpaHEHHsS] EIUHUYHOTO 3HAYCHHUS CYyMMBI
napIyalibHBIX YYBCTBUTENIbHOCTEH (2.47) ypOBEHb KOMIICHCAIIMA HEOOXOIMMO
JIOKAJIN30BATb YCIIOBUCM!

ay E=by,. (2.50)

IIpusrtom Y . =ay (§-1).

[Toy4yennsie BbIme Gopmysbl g KOIPGUIIMEHTOB YyBCTBUTEILHOCTH
AIEKTPOHHBIX CXEM ¢ COOCTBEHHONW M B3aMMHON KOMIICHCAIMEH ITO3BOJISIOT
OLICHUTHh J(PPEKTUBHOCTh KOHKPETHBIX CXEMOTEXHHYECKUX PEHICHUH Hu HX
paboTOCIIOCOOHOCTH B YCIOBUAX TEMIEPATYPHBIX U PAIUANIMOHHBIX U3MEHEHHIM
MapaMeTPOB AJIEMEHTOB, a TAKKE TEXHUYECKHUX MMOTPEIIHOCTEMH.

B kauecTtBe mnpumMepa paccMOTpUM HauOoOJee XapaKTEpHbIA IS
COBPEMEHHOW MHKPOAIJIEKTPOHHON TEXHOJIOTMU CIy4dail, KOrJa OTHOCUTEIbHbIC
M3MEHEHHs MNpoBOoAMMOCTeH onuHakoBel (® ), a wuX TmOrpemHocTh

XapaKTepU3yeTCs Pa3HOCTHIO AG)y. Kak cnenyer u3 (2.31), (1.44), npu K, =1 B

LIENH ¢ COOCTBEHHON KOMIICHCAIINEH:
AY

7zsjox®y=®y (2.51)
npu J1I000M OCTaTOYHOM 3HAUYEHUH V), .

B 3TOM K€ ciTydae B LENsX ¢ B3aUMHOM komnencanueil npu 1 —&=A0
Kak 310 BugHO U3 (1.48), (1.49), ocTaTouHOE 3HAUEHUE HECKOMIIEHCHPOBAHHOM

IMPOBOAMMOCTH:
Yo =00, AG (2.52)

m

ITPpH 5TOM IMapuralibHbIC YyBCTBUTCIbHOCTH:!
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Sr=-8" =——, 2.53
Ve YA, (2.53)
[Toatomy:
AY
i 2.54
v (2.54)

Takum oOpazom, kak BugHO u3 (2.51), (2.54) mnemecooOpa3HOCTh
WCITOJIb30BAaHUSI COOCTBEHHOW WJIM B3aUMHON KOMIICHCAITUU OIPEACIISICTCS
TEXHOJIOTUYECKOM  MOrPEIIHOCThI0  MPOU3BOJICTBA  MOJYNPOBOJHUKOBBIX
xomnonenTos. Ilpu © >1 nemecoobpasHo HCMONIL30BaTh HE COOCTBEHHYIO, a
B3aMMHYI0 KOMIICHCAI[MI0, OO0ECIleunB, KakK 3TO ObUIO TIOKa3aHO paHee,
BBINIOJIHEHKE ycnoBud K, >1. B psane cinydaeB pemaronum GakTopoM sIBIISETCS
BEJIMYMHA HECKOMIIEHCUPOBAHHOrO ocrarka (2.52), KkoTtopas B CHIY
00ycloBIIEHHO} TexHomoruueckoit ocobernoctn (O, <<1) mokeT okazarbcs
3HAYUTENBHO HUXKE Y, . Kak BugHO 13 (2.36), (2.49):

Y =AY=oy,, (2.55)

YTO COBMAJAET C BAPUAHTOM LIENIU C COOCTBEHHON KOMIIEHCALUEH.

2.3 LUlenb kOMneHcaunu Ha 6a3e NOBTOpPUTENA TOKa U NOBTOPUTENA

HanpsAXxXeHuA

Ha ocHOoBe mnpuMmepa GYHKIIMOHATHHOW CXEMBI 1€ KOMITCHCAIIUN
(puc. 2.2) peanuzoBana cxema 1ienu komrnencanuu 1Y (puc. 2.7).

| |
| |
| |
| |
| |
| |
|
i ~ 1K
|
! Z(p) !
| [H1 R 1 |
| | Ce | |
| | | |
|
L(p) 4 | bommmm- ! !
] I N :
— 0 BrIx ?

Bx.i

Puc. 2.7 — 11V c nenbo KOMIEHcAalUKU Ha 0a3e HEMHBEPTUPYIOUIETO YCHIIUTENS
Hanpsoxenusa (YHI1) ¢ K, = 1 u HennBepTupytomero ycunurens Toka (YT1) ¢

Ki =1

AHaau3 Henu Kommencanuu. [{ns cxemsl (puc. 2.7) MOXKHO HAWTH, 4TO
npu K,= 1 u K;= 1 nepenarounas ¢pynkuus 1Y onuceiBaeTcs BEIpaKeHUEM:
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S.(p)= LI(D)) =K,K,C.p (2.56)

[Ipu BpeMeHHM YCTAHOBJICHHUSI NEPEXOAHOTO Mpoliecca t;cm — 0 emKocTh
ST KOMIICHCAIIUN:
1 t
C.=C, -, (2.57)
K K, 1.,
rae t,., —BPeMs YCTaHOBJICHHs! HECKOppeKTHpoBaHHoro 1Y,

Ecnu K =1, K, =1 10 C, = Co. Bepxnss rpannunas yactora 1Y fc

YUC€TOM BJIMAHUA OCIIKM KOMIICHCAIIUM:

e fi /i
Je 1-S,/C, 1-(K,K)C,./C, (2:5%)

1
rne [, = - BepxHsis rpaHuyHas yactorta LY 0e3 kommneHcanuu;
2nC, R,
*
S, = KK ,C, — mapameTp nenu komnencamuu. Ipu 3anannsix sHagennsix Co, f,

, fe I/IKy ~1, K,~1 eMKoCTh LEMU KOMIICHCAIIUH [OJDKHA BBIOMPATHCS W3

YpaBHEHUS:
2.59
o K K (2.59)
BepxHsig rpannuHas yactota cxeMsl (puc. 2.7) onpeaensercs GopMyIion:
R 1
f, = (2.60)

2nR[C, — KK, C, ]

@OyHKIMM  4YYBCTBUTEIBHOCTHM BEPXHEWM TPAHUYHOM YACTOTHI  OT
nu3MeHeHus napametpos K; (2.61), K, (2.62), C, (2.63), Cy (2.64) u R; (2.65) nna
cxemsbl (puc. 2.7) UMEIOT BUI:

si = Gk, (2.61)
K. — .
: C K

Sy = . (2.62)
g CO - CK' (Ky _1)
: C.K.K

Sl =~ 1 (2.63)
© C,-CKK,
* C

Sl =— 0 (2.64)
" C,-CKK,

Sp=-1 (2.65)
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b b

Ha pucynke 2.8 moka3zaHbl (yHKIIMOHAJIbHBIE 3aBUCHMOCTH ‘S};‘f

Sy

Sl S*ij) , S/* or mapamerpa NpOEKTHPOBAHMS 7, TA€ /M 3TO OTHONICHHE

b

KoppekTupytomeir emxoct C, K dKBHBajeHTHOi emxoctn Cy , m=C, /C,.

I'paduku (puc. 2.8) MO3BONAIOT MPU MNPOCKTUPOBAHUU IIETH KOMIICHCAIIUU
BBIOpAaTh €MKOCTh KOPPEKTUPYIOLIETr0 KoHAeHcaTopa C, HCXOAsl U3 TpeOyeMbIX
[apaMeTPOB MO YYBCTBUTEIBHOCTH K M3MEHEHUIO IMAPaMETPOB CXEMbl. AHAIIN3
rpaduxoB (puc. 2.8) mokasbIBaeT, YTO (PYHKIMS YyBCTBHUTEIBHOCTH HMEET
KCTPEMYMBI B TOYKAaX IMOJIHOW KommeHcanuu eMKOcTh Cy. OTHOCHTENBHO
Majble YYBCTBUTEIBHOCTH (IO S5) MOXHO MOJY4YUThb, BbIOMpas Mapamerp
npoektupoBanusa m Ha 20% MeHee TOUKU SKCTpeMyMa (TOUKU pa3pbiBa MEPBOTO
pona).

AR
120+
110 ¢
100 -
90 +
80 +
70
60 1
50 ¢
40 ¢
30 ¢
20 ¢
10 ¢

040506070809 1 1.1 1.21314 1516 1.7
m m

2) 6)
s&] ¢
120 +
110 ¢
100 ¢
90 1
80 ¢
70 ¢
60 |
50 ¢
40 1
30 ¢
20 1
10 ¢

0 02 04 06 08 1 12 14 16 18 2 0 0.1 02 03 04 O.5m0.6 0.7 08 09 1
m

B) r)
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0.1 02 03 04 05 06 07 08 09 1

L Ke09.K=09 KoLKl Kell Kol
m
1)
Puc. 2.8 — ®yHKIMOHAIBbHAS 3aBUCUMOCTh
‘S,’; (a), S,’; (6), Sg (B), ng)* (1), SI{,-: (1) oT mapamMeTpa MPOCKTUPOBAHUS /1

Hus UK (puc. 2.7) HWXKe NPUBOASATCS METOJIUKH MPOCKTUPOBAHUS U
CXEMOTEXHUYECKUE PEIICHUS Pa3TUYHBIX [IUPOKOTOIOCHBIX YCUIIUTENCH Ha
OCHOBE KJIACCUYECKUX TPAH3UCTOPHBIX KACKaJ0B, HAIpUMEpP, Kackaja ¢ OOLIUM
kosuiektopoM (OK), obmerr 6a30ii (Ob) u oOmuM 3MHUTTEPOM, KACKOJHBIC
cxembl, AuddepeHInanbHbie KaCKabl U T.1.

Kackan ¢ oomeit 60a3o0ii. Kak 6puto onucano B pazaene 1 koapduumeHt
ycujieHus no HanpstkeHuro kiaccudeckoro IIY ¢ Ob (puc. 1.2) npu manbix
HANPSDKEHUSAX THUTaHUS ONpenenseTcs pe3uctopoM R1 B KOJMIEKTOPHOW Lienmu
BBIXOJITHOTO TPAH3UCTOPA.

[IpuueM, BepxHsisi TpaHWYHAs 4YacCTOTa f,, OMPEACNAINAas KayeCTBO
kackana ¢ Ob 6e3 K (puc. 2.9), nHaxoaurcs o Gopmyse:

~ 1
Jo® JoaRC, (2.66)

[Ipu peanuzamuu Y (puc. 2.9) ¢ uenbio KOMIleHcanuu Ha 0ase
HEWHBEpTUpYIOIIero noBropurtenss Hanpspkenus [IH1 u HemHBepTupyroIiero
noBroputenss toka IIT1 ¢ enunuunbiMu Kod(dPuIMEHTAMU TiepeAadyd M|

eMKoCThI0 KoppekTtupytomero konjaencaropa C,,, =C,+C,; =C, Bepxuss

rpaHUYHas 9acToTa f, 5 B cpaBHeHUH C (2.66) Bo3pacTaet [13]:

| |
feE = ~ >>
' 2nR,C,(1-a.,)

e, (2.67)

CKOp
2nR,C,(1-a, )

C,
rae o, =1 - KodpPuUUUeHT nepenayu no ToKy Tpansucropa VI2.
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Kiaccudeckas cxema
2

R1
1x -1
i CF”L
A
AT

S B N
I L\\)/// Ciol

! I
i i
! |
VTI1 l {: VT2 |
5 cl1 }'A i | Cor
x [ +2B | ——
1l | ()m‘*l ()1

- i ! Lexop i
|

I 1 I

|

S |

Puc. 2.9 — Cxema gyactoTHOM kKoppekuun kackaaa ¢ Ob

Pesynbratel monenupoBanus cxemsl LLIY ¢ Ob (puc. 2.9), peanuzoBanHoit
no OWUMOJIAPHOM MUKPOHHOW TexHosioruu ¢ fr = 1,7 I'Tu, moka3sIBalOT, 4TO
YBEIMYECHHE BEpPXHEW TIpPaHUYHOM YACTOTHl f,5 Aocturaer 6,3 paza 0e3
yxyawenus Ky (puc. 2.10).

50 Ky, nb
(1MTI'w, 40.5) Ciop=31D
401 (294MTI'u,37.51b)
Ciop=0 (46.2MI'11,37.5)
30,

Cop=111®D (63.7MI'11,37.51B)

20 Crop=20®D (107.5MTI'11,37.51B)

10

0

10 3x10° 10" 3x10” 10° 3x10° 10"  3x10°
YacroTa, '
Puc. 2.10 — AMmntyiHO-4acToTHBIE Xapaktepuctuku LY ¢ Ob npu

PA3JIMYHBIX 3HAYEHUSAX EMKOCTH KOPPEKTUpyomero konaencatopa Cy,,

Takum o00pa3oMm, TOITBEPKMAIOTCS  paHee CIETaHHBIC BBIBOJALI O
BO3MOXKHOCTH pACIIUPEHHs JAuamna3oHa pabodMx dYacTOT KJIACCHYECKOTO
TPaH3UCTOPHOTO Kackazja
(2.56-2.60).

Kackan ¢ o0mum smurrepom u JuddepeHuuanbHbIi yeuanTelab. /s
pacIIMpeHuss YacTOTHOTO JMama3oHa Kackajga ¢ OOIUM SMUTTEPOM B
Kjaccuyeckyro cxemy (puc. 2.11), BBOASTCS cCHELHATbHBIE 3JIEMEHTHI
BpIcOKo4acToTHOM Koppexkuuu (IIHI, IITI1, C,,,) B COOTBETCTBUH CO CXEMOH
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(puc. 2.7). Cxema yactotHOM koppekunn AUX kackana ¢ OOIIMM SMUTTEPOM
(O3) npuBenena na pucysnke 2.11 [19].

Ilpn C,,, = C, BepxHAsd IpaHW4YHas 4YacToTa f,» Kackajga Cc oOmMM
SMUTTEPOM BO3PACTAET:

1 1

= >>f =——F 2.
fB.9 CKOP fg 2TCRKCA ( 68)
2R, C((1-a, ")

A
rre o,<1 - Kko3pduIMEHT nepedadyd @O TOKy TpaH3ucropa VT2,

~ _— 1
C,~=C, +C, - cyMMapHas apasuTHas EMKOCTb B Y3II€ «A», T, , = A’T S
6.

IMOCTOsIHHAA BPEMCHHU B Y3JIC «Aw».

KJI&CCI/{‘-ICCK&S[ cxema

,,,,,,,,,,,

BrIx.

,,,,,,,,,,,

Puc. 2.11 — Cxema vactotHoi koppekuu AUX kackana
¢ o6mum samutTepom (OD)

PesynbraTel mopaenupoBanus (puc. 2.12) Ha Mojaensx OUIMOJSIPHOUN
MUKpPOHHOM TEXHOJIOTMH, MOKa3bIBaIOT, YTO NMpu R, = 1 KOM BBIMIPHIL 1O f;

nocturaet 3+4 pasa.
50,10 AP
(10MI',41.1xb)

Crop=700pD(591.6MTI'11,38.115)

40

30 Ciop=0(161.2MTI'11,38.115)

Crop=500(® (325.8MI'11,38.11B)

20

10

0
100 3x10° 107 3x10”7 107 3x10° 10"
Yacrorta, 'y
Puc. 2.12 — AMIUTUTY THO-4aCTOTHBIE XapaKTepUCTUKH Kackaaa ¢ OO mpu

PA3JIMYHBIX 3HAYEHUAX EMKOCTH KOPPEKTUPYIOmEro KonaeHcatopa Cy,,
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Ha pucynke 2.13 nokazana cxema nuddepenuuansoro IIY nHa Gaze
cxembl (puc. 2.11) ¢ mensiMu komreHcauud Ha Tpausuctopax VT3-VT6 u
xoHzaeHcaropax Cyyyi, Ceopo [24].

o+5V
R1 R2
420 420
vT6 Y o o VT4
;/i Brix.1 Beix.2 I\\
Bx+ Bx-
VTl VT2
OA8MAi o,zmAi 0A8MAi 0.8mAL
VTS5 |—O+2B i VT3
Cxopl 1'6MA£ <> 13 CxopZ
[ [
i i
L

Puc. 2.13 — [lIupokononocHsli nudpepeHnaibHbINA yCUITUTETh
Ha 0a3e kackaaa ¢ 09

Pe3ynbTaThl MOAENMPOBaHUS HAa MOJEISAX WHTETPANbHBIX TPAH3UCTOPOB
0,6 MKM KpeMHHEBOro Texmpoliecca (puc. 2.14) MmokaspIBalOT, YTO BEPXHSAS
IpaHUYHasl 4acTOTa f, 5 YBEIMUYUBACTCS B CPABHEHHUH C KJIACCUYECKOM CXEMOil B
2,3 paza 6e3 yxyamenus K.

35
|
M0(12.22MHe, 30.91dB) C=120f(2.49CHz, 27.9dB)
a0
5] C=0(1.48GHz, 27.9dE)
Z 20
=1
=
Z 159
10
5.0
0.0 . . .
107 108 109 1010

freg (Hz)
Puc. 2.14 — AMINIUTYTHO-4aCTOTHBIE XapaKTEPUCTUKH Kackana ¢ OO npu
pa3IMYHBIX 3HAYEHUAX EMKOCTH KOPPEKTUPYIoIero kounaencaropa Cy,,

Takum o0pa3om, pacCMOTpPEHHBIH METON, TMO3BOJIICT YBEIUYUTH
BEPXHIOIO TPAHUYHYIO 4acToTy f, AuddepeHnnanbHoro Kackaaa U Kackaaa C
o0muM SMUTTEpOM. Bpmrpeim no f, mocturaer 2,3 pa3 06e3 yxyIduIeHUs
K03 QHIIMEeHTa YCUIICHUS 10 HANPSHKEHUIO MPHU UCIOIb30BAHUU KPEMHHEBOTO
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TeXmpolecca C MPOSKTHRIMU HopMmamu 0,6 MKM, a MpU HCHOJIb30BAaHUU
OUMOJNSPHON MUKPOHHOM TE€XHOJIOTHUHU BBIUTPHIII JOCTHraeT 3-4 pas.

Kackoanbie ycuaurean. OCHOBHOM HemocTaTok cxembl ¢ OD — manoe
BXOJIHO€ CONPOTUBIICHUE MOXHO YCTpaHUTh, NMPUMEHUB KAaCKOAHYIO CXEMY
(puc. 1.4). D10 mno3BomsieT ycTpaHuTh 3Pdexr Musiepa BO BXOAHOM
TPAH3UCTOPE U TOBBICUTh BEPXHIOK TPaHUYHYIO 4dacToTy. OJHaKo, Kak U B
Kackaze c oOmiei 0a30il, MOCTOsSHHAs BpPEMEHH, oOpaszyemas Mapa3uTHOU
E€MKOCTBIO KOJUIEKTOP-TIOJIJI0KKA, EMKOCTBIO KOJUIEKTOP-0a3a U SKBUBAJICHTHBIM
COMPOTUBJICHUEM B KOJUIEKTOPHOU I[EMU BBIXOJHOTO TPAH3UCTOPA MPOJAOTKAIOT
OTrpaHUYMBATh AUANA30H pabOYMX YaCTOT.

[IpakTyeckass cxema IIUPOKOINOJIOCHOTO KAaCKOJHOTO YCUJIIUTENS C
nensto koMmnencanuu (puc. 2.7) u K, paBusiM 24 n1b npeacrasieHa Ha pPUCYHKE
2.15a [24], a Ha pucyHke 2.156 — ero MoauduKaius Ha OCHOBE COCTaBHOTO
TpaH3ucTopa JapauHrToHa.

[Ipuyem, BepxHsisi TpaHMYHAsg YacTOTa f;, OMPEIEIAIONIME KadeCTBO
KJIACCUYECKOTO KACKOJHOTO YCHJIMTENISA, HAXOATCA 10 hopMyie:

1
N — 2.69
° 2nRC, (269)
B cxeme (puc. 2.15a) B kauectBe Oy(epHOro yCHIUTENS MCIOJIb3YETCA
KAacKajJ C OOIIMM KOJUIEKTOPOM (3MUTTEPHBIM IMOBTOPHUTENb), & B KadeCTBE
yCUJIMTENSl TOKa — Kackajg ¢ oOmei ©0a3oi. I[lpu BbIOOpE eMKOCTH

xoppextupytomtero kongencaropa C, =C,, +C; =C, BepxHas rpaHHYHAas

4acToTa f, k7 B CpaBHEHUU ¢ (2.70) Bo3pacTaer:

;o 1 N 1 .
e ZTERK CA (1 - (x‘S )

I, (2.70)

CKOp
2nR C, (1-o )

C,
rae o <1 — ko3ppuueHT nepenayn Toka SMUTTEPA TpaHzucropa VT3.

0 +5v ' N
Cu i ﬁ R1
4
i b
o b BbIx.
VT4
I 62 4
™ Cra2 \;‘:// ti, U
ISP :
0.8mA § o VT2 VT3 / )
Cis1 -
VTI1
xop : V\
‘ CK Im
\ %%
1
Cpus @b L * Bx. VT4
Lﬂ
a) 6)

Puc. 2.15 — [lInpokonoyIoCHbI KaCKOAHBIA YCUIIUTEIb
C IIETBI0 KOMITEHCAINH, puc. 2.7 a) u ero MoauduKaius Ha 6a3e COCTaBHOTO
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TpaH3ucTopa /lapiauHrrona 0)

B npaxtuueckoit cxeme kackoguoro LY (puc. 2.15a), peanuzoBanHoil 1o
KPEMHHUEBOMY TEXIpolLeccy ¢ MpoekTHhIMU HopMmamu 0,6 MkMm (fr n-p-n
Tpan3zuctopoB 8.5 I'Tm) BepxHsAsS TIpaHUYHAs YacTOTa f,5 YBEIMUYMBACTCS B
CpaBHEHHMH C KiIaccuueckou cxemoit (puc. 1.4) B 2,4 paza 6e3 yxymumenus K
(puc. 2.16).

30
Cf=60f4.605CHz, 21.0dE)

257

20

154 Cf=0¢1.933GHz, 21.0dB)

Ay (dB)

104

5.0

0.0 T .
108 109 1010
freq (Hz)
Puc. 2.16 — AMmntyiHO-4acTOTHBIE Xapaktepuctuku LY ¢ Ob npu
PasIMYHbIX 3HAYEHUAX EMKOCTH KOPPEKTUPYIOLEro Konaencaropa Cy,,

Takum o0pa3om, nMana3oH paboyuMx YacTOT B MOAUDUIMPOBAHHOM
KACKOJIHOM YCWJIMTENE ¢ LEenblo KommneHcauuu (puc. 2.7) pacmmpserca B 2.4
paza 0e3 yxyameHus KodpuiueHTa YyCWICHHUS IO HaNPsHKEHUIO MpU
VCITOJIb30BAaHUM KPEMHHUEBOIO TEXIIPOLEcca ¢ MPOEKTHBIMU HOpMamu 0,6 MKM.

Kackang ¢ o0mum ko/uiekTopoM (cTokoMm). B Tex ciywasx, Koraa
HEO0OX0aMMO 00€eCleYnTh Majoe BBIXOJHOE COMPOTHUBIIEHUE HCIIONb3YIOTCS
IMPOKOTIOIOCHbIe ToBTOpUTenu Hanpspkenus (LIITH), xoTopeie peammsyercs
KaK cxema ¢ oommmM cTokoM (puc. 2.17) uinm kak cxema ¢ OOIIMM KOJUIEKTOPOM.
IIITTH yacTto MCNOMB3yIOTCS B BBIXOAHBIX KaCKaJax TAKUX PaCIpPOCTPAHEHHBIX
MHUKPOCXEM YCTPOMCTB aBTOMATUKH, KaK ONEPALMOHHBIE YCUIIUTENH, YCUIUTEIH
MortHocTH U T.1. [13,14,29,30].

Kax Obu1o nmokazano B paszene 1, BepxHsis rpaHUYHasi 4acToTa (f,) CXeMbI
C OOUIMM KOJUIEKTOPOM CYIIECTBEHHO CHM)KAaeTcsl Mpu paboTe HAa €MKOCTHYIO
Harpy3ky. OTO YTBEpXKIEHUE TaK >K€ CIpaBeUIMBO JUIsl Kackajaa C OOIIMM
ctokoM (puc. 2.17). B cxeme (puc. 2.17) Tak k€ MOXET OBITh MCHOJIb30BaHA
uenb komneHcamuu (puc. 2.7). OO6oOmeHHas cxema koppekuun AYX
HCTOKOBOT'O IMOBTOpUTENA Ha 0a3e HEMHBEPTUPYIOIIMX MOBTOPHUTENEH TOKa U
HanpsbkeHus (puc. 2.7) nokaszana Ha pucynke 2.18 [17].
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Iyr «

‘ [H1 T Bhix."

i “ 1 o Jlu
I m R, “l BIx.
kd o Jom
Q= ok
Puc. 2.17 — Knaccuueckuii 11H ¢ Puc. 2.18 — Cxema IIIITH Ha ocHOBe
€MKOCTHOM Harpy3koi Kackaga ¢ oOmIMM  HMCTOKOM

KomrekcHpld  kOAhUIHEHT Tepeaadd M0  HAMPSIKECHUIO  CXEMBI
(puc. 2.18) onpenensieTcss ypaBHCHUEM:

K, = Yo, _ ! , (2.71)

1 .
@ 1+ + jor,
17 m

rie 1, =|C, - C.K, K, ]S/ (2.72)

Ecnu oGecnieunthb Kylzl, Rﬂ =1, To, kak caexyer mu3 (2.71) u (2.72),

YCIIOBUEM YMEHBIIEHUS BIMAHHUS €MKOCTH Harpy3ku C, Ha aMIUIUTYAHO-
yacToTHy0 xapaktepuctuky HIITH (puc. 2.18) Oyayt pasenctsa [20]:

7,=0
C . 2.73
C_KKleil =1 ( )

"

CrnenoBaresibHO, B TIEPBOM MPUOJIMKEHUH €MKOCTH KOHJIeHcaTopoB C, U
C,, IOKHBI yI0BIETBOPATHh HepaBeHCTBY C, < C,,.

Takum o6pazom, B cxeme (puc. 2.18) [24] co3maroTcs yCIOBHUS IS
CYILLIECTBEHHOI'O0 PACHIMPEHUS] MAJIOCUTHAJIIBHOIO Juana3oHa pado4yux YacToT,
KOTOpbIH HA TMpakTUKe OyJeT omnpenensaThess (WM  OrpaHUYUBATHCH)
MHEPIIMOHHOCTHIO HEMHBEPTUPYIOIIEro ycuiauTens Toka YT1 u moBropurtens
Hanpsokenust [IH1. Opnako, 3TM (QyHKUMOHANbHBIE Y3JbI MOTYT OBIThH
BBINIOJIHEHBI Ha 0ojee BBICOKOYACTOTHBIX (YeM TI0JIEBbIE) OHUIOJISIPHBIX
TPaH3UCTOPAX, TaK KaK JJIi MX TOCTPOCHUSI HE TpeOdyeTcs MMETh BBICOKHE
BXOJ/IHBIE COINPOTHUBJICHUS M JIPYyTM€ CBOICTBA, KOTOPBIE HEIOMYCTHUMBI IS
BxoJHOTrOo Tpau3uctopa VT1 (Maiblif ypoBeHb IIyMOB, OJIM3Kast K HYJIIO BXOHAs
MIPOBOJIUMOCTb, IIIUPOKUIN AUATIA30H JIMHEWHON PabOThI U T.I1.).

AHnanornyHo cxeme (puc. 2.18) crpoutcsi cxema koppekuun AUX
AMUTTEpHOrO mnoBTOopuUTena (puc. 2.19), rae MNOBTOpUTENb HANPSHKEHUS H
YCUJIUTENb TOKA PEaTn30BaHbl B BUJIE KacKaj C OOIIMM KOJIJIEKTOPOM M Kackaja
¢ 00111eii 0a30i COOTBETCTBEHHO.
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O +5B

R2

1,88k

OF
VT1
N
0,8MA & Crasn —— VTG
i B 1.6MA } c. ™
Ch—=— B v Kop
3,33k - +3,5B |
| | VTS5
0,8MA ¥ 1,6MA §

VT4 VTS/ VT2 L,
1 2x 7\1 \l <>

Puc. 2.19 — [lIupokonoaoCHbIN YCUIIUTENb HA OCHOBE SMUTTEPHOTO
noBTopurens (cxemsl ¢ OK)

Ha  pucynke 2.20 mnoka3zaHsl  pe3yibTaTbl  MOJEIUPOBAHMS
MaJIOCUTHAJIBHBIX MapaMeTpoOB ycuiuTens Ha Moaensax 0,6 MKM KpEeMHUEBOIO
Texmpouecca cxeMbl (puc. 2.19) npu pa3nuuHbIX 3HAYEHUSAX KOPPEKTUPYIOIIETO
KoHsieHcaTopa Cyp.

10

5.0+
Cf=2.5pi1.196CHz, -3.0dE)

-

—

e

2.5.01 \I\
& CF=0(668.8MHz, ~3.0d8)

=104

- 154

_Eﬂ T T
107 109 109 101¢
freq (Hz)
Puc. 2.20 — AMITUTY IHO-4aCTOTHBIE XapaKTEPUCTUKH MOIU(DUIIMPOBAHHOTO

OMHUTTCPHOI'O MOBTOPUTECIIA IIPH PA3JIMYHBIX 3HAUYCHUAX KOHACHCATOPA Ckop

Bepxusis TpaHmyHas dacTtoTa f, paccMaTpPUBAEMOTO ITOBTOPHUTEIS
HarnpsbkeHus yBenuuuaercs 10 1,196 I'T'n npu emkoctu Harpy3ku C, = 2,5 n®,
Opyu TOM, 4YTO f, KJIACCUYECKOrO MOBTOPUTENS HANpPsDKEHUS 0€3 KOPPEKIHH
coctapisieT 668,8 MI'li, uro B 1,8 pa3a MeHbIIIE.
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Ha pucynke 2.21 noka3zan rpaduk M3MEHEHUS! BBIXOAHOTO HAIMPSIKEHUS
nosropuren (puc. 2.19) npu C,, = 0 u Cyp, = 2,5 n1® 1pu nopade Ha BXOJ
UMITYJIbCHOTO CHTHaja ¢ amrumtyaoi 1 B, a Tak ke 3HaueHUs BpPEMEHH craja
(ponTa nmnynsca «t_fall» aus pasnuaseix eMkocreil KonaeHcaropa Cy,.

1.25
; )
ﬁ‘ I
G I
F E
L0V = ===
L Cr=0,t_fall=5.5ns
75 '1
= ¥
= 1
| I
5 v
‘ﬁ‘“cr:z.SpF, t_fall=3.2ns
|
.25 1.l
1
1
LY
0.0 T T . k- 1 T
0 10 20 30 40
time (ns)

50
Puc. 2.21 — HanpsixeHue Ha BbIX0Jie cXeMbl (puc. 2.19)

AHaM3 pe3yibTaTOB MOJAECIUPOBAHUS IOKA3bIBAET,

4YTO B CXEME
(puc. 2.19) npoucxoauT KOMIEHCAIMs Mapa3uTHONW COCTABISIONICH HArpy3KH,
pacimpseTcs Iuana3oH paboynx 4acTOT U MOBBIIIAETCS OBICTPOICHCTBYE.

2.4 Llenb KOMNeHcauun Ha 6a3e yCcUnuTensa HanpskeHus

[Tomy4yennsie paHee TpeOOBaHMS K Iend KommeHcamuu  S.(p)
IIMPOKOIIOJIOCHOTO YCUIIUTENSI MOTYT OBITh peain30BaHbl B cxeme (puc. 2.22).
AHaau3 uenu kommnencanum. /s cxemsl (puc. 2.22) MOKHO HaWTH, YTO
npu K, > 1:
1, (p)
_ K
S K (p ) -

— (K. -1)pC..
U, (D) (K, =DrC,

(2.74)
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: : UBle(p)
| |
________ L
o Bx.i

Puc. 2.22 — [IIY ¢ uemnbio KoMIeHcalluy Ha 6a3e HEMHBEPTUPYIOIIETO
yeunurens Hanpsbxenus (YHI) ¢ K> 1

%
IIpn BpeMeHH yCTAHOBJICHHUs MEPEXOAHOro mpouecca 7, —> 0 eMKOCTh

O KOMIICHCAIIUM:

C = _ e ¢ (2.75)
K,-1 3R K, -1
NIJIIn
-
c-c| Lt Do (2.76)
Ky -1 tycm

Ecmu K, = 2, to C < Cy. na ciyyas, xorga K, = 1,1, konaencarop nenu
KOMIIEHCAIUN JOJDKEeH uMeTh eMKOCTh C,. = 10C,.

*
Bepxusis rpanuunas uacrora IIY f ¢ yd4eToM BIHMSHHS [ENH

KOMIICHCAIlUH:
1= Jo /. , (2.77)
1-S./C, 1—(Ky—l)CK/CO
rae f, :# — BepxHsas rpaHuuHas vactora Y 06e3 kommeHcaruwu,
2nCyR,

S«= (K,— 1) C,— napameTp 1ienu KOMIICHCALUH.
*
IIpu 3anansbix 3Havyenusx Cy, f, , f; 1 K,> 1 eMKOCTb LieNH KOMICHCALUH
JIOJKHA BBIOMPATHCS U3 YPABHEHUSL:
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C10
K, -1

y
BepxHsis rpaHMuyHas dyactota cxembl (puc. 2.22) omnpeaensercs
dbopmyIoii:

C,= A-£,/1). (2.78)

1
6 = ; (2.79)
ZNRi[Co -(Ky -I)CI(]
OYHKIIMM  4YyBCTBUTEIIbHOCTH BEpPXHEW TPAHUYHOM YaCTOTHI  OT
usmeHenus napamerpos K, (2.80), C, (2.81), C (2.82) u R; (2.83) nns cxemsl

(puc. 2.22) UMEIOT BUI:

1. CKKy

Sk = , (2.80)
g CO_CK(Ky_l)
| C (K, -1

i G D (2.81)
< C-C (K, -1)
: C

Sl =— 0 , (2.82)
’ CO CK (Ky _1)

Sl =1, (2.83)

Ha pucynke 2.22 moxka3zaHbl (DyHKIIMOHAIBHBIE 3aBHCHUMOCTH S ,{y , ng ,

Sgg ) S;;f OT TIIapaMCTpa MNPOCKTUPOBAHUA m, TA€C nm O3TO OTHOIICHHC

KoppekTupytoieir emxoctu C, K akBuBajeHTHO# emkocTu Cycxembl m=C, /C,

I'paduxu  (puc. 2.22) TO3BOJSAIOT TMPU TPOCKTUPOBAHUU  IICTIH
KOMIIEHCAIIMM BBIOpAaTh €MKOCTh KOppEeKTHpYyrolero konaencaropa C, UCXOas
U3 TpeOyeMbIX MapamMeTpoB MO YYBCTBUTEIBHOCTH K M3MEHEHHUIO MapaMeTpoB
CXEMBI.

Ananmu3 rpadukoB (puc. 2.21) mokasbiBaeT, 4YTO MaKCHUMAaJIbHYIO
YYBCTBUTEIBHOCTh LE€Mb KOMIIEHCAMM MMEET IMpPU YCIOBHHM IOJHOH
xomneHcamuu emkoctu Cp, korma K, = 2, m = 1. OTHOCUTEINLHO Malibie
YYBCTBUTEJIBHOCTU (O 5) MOXKHO MOJYy4YUTb, BHIOMpAsl 3HAYEHUs IapameTpa
npoexktupoBanus m < 0,7.
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m m

a) 0)
. foa
st m S

0 010203 040506 0.7 08 09 1

0.1 02 03 04 05 06 07 08 09 1

K=1, K,=1.5, K,=1.8, K,=2

B) r)
Puc. 2.23 — ®yHKUuMOHANBHAS 3aBUCUMOCTD ,’; (a), Sg (0), Sg;* (), S 1’; (r) ot

napameTpa MPOeKTUPOBAHUS M

B coorBerctBUM ¢ uenbio KommeHcanuu (puc. 2.22) BO3MOXKHO
pa3paboTka METOJIMK MPOEKTUPOBAHUS  PA3IUYHBIX  IIHPOKOMOJOCHBIX
yCWIINTENIEH Ha OCHOBE KJIACCUYECKHUX TPAH3UCTOPHBIX KACKAJOB, HAMpPUMED,
Kackaj ¢ oommm kouiekropom (OK), obmieit samutrepom (O3) u T.4.

Kackan ¢ o0mum smurrepom. Ha pucynke 2.24 nokazana cxema LY Ha
ocHOBe Kackaga ¢ 0D, wucnone3ylonias LeMb KOMIEHCAUMUW Ha 0ase
HEUHBEPTUPYIOIIETO YCUIUTENS HaNpspKkeHus (puc. 2.22).

[Ipu sToM mist cxembl (puc. 2.2) cupaBeIuBbl CIEAYIONIUE YPABHEHHUS
Kupxroda:

I, == (2.84)
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T U(s’bzx
oy = 5K, =), (2.85)

cKop

— KOMIUIEKCH TOKOB uepe3 konpeHcatopel Cy u Cyyp U, —
1

KOMIUIEKC HANpsDKEHUs Ha BbeIxoge «Bbeix», Zp =———— — KOMILUIEKCHOE
JjoC,
CONPOTHBIEHUE MAPa3sUTHOro KouaeHcaropa C, Ha 4YacTOTE€ CHMIHajga @,
1

Zcxop = ](DT — KOMIIJICKCHOC COIIPOTHUBJICHUC KOPPCKTHUPYOIICTO

Kop

rae iA, I

cKop

xongencatopa C,,, Ha 4acToTe curHana ®, K, — KoO3p(QUIUEHT yCUIECHHUS IO
HaIPSHKEHUIO0 HEMHBEPTUPYIOUIETO yeuauTens HanpsokeHnuss YHI.

Hanpsokenne U, co3maer B KoppektupyromeM Kouzaencatope Ci,,

KOMILIEKC TOKa | [ToatoMy B BbIxoaHO# nenu «Beix» 1Y obecneunBaeTcs

cKop ©

B3aMMHasi KoMIeHcaiuss TokoB [, u [ 1, CJleI0BaTelIbHO, B3avMMHas

cKkop
KOMIIEHCAllUsl BIIMSAHMA €MKocTed KonaeHcatopoB C, u C,,, Ha BEPXHIOIO
I'PaHUYHYIO YacTOTY f, YCTPOICTBA.

[Tpu 3TOM HEOOXOAUMO BBITIOJIHUTH YCIIOBHE:

C
C=—a_ 2.86
Kop Ky—l ( )
e K, >1,C,=C,, +C,.
o +
-1
== f]Rx —c,
ICA //I

Il<> NS //// 1ckap CKOp Brix.
NVE L o

VT2

N /
|
K
=

uBX

1

Puc. 2.24 — Cxema ckOppeKTUpOBaHHOTO Kackana ¢ O3
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2 £ 100
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100-10 110 10-10 100-10 1-10 10-10

YacToTa, Ny,

Puc. 2.25 — AMIUTUTY THO-4aCTOTHAsI XapaKTEPUCTHKA CXeMbI (puc. 2.24) npu
pasMYHbIX 3HAYCHUAX KOPPEKTUPYIoIero Kounaencaropa Cy,,

JlaHHBIE METOJIbI MOTYT MCIIOJIb30BAaThCSl B CXeMax, IJie TpeOyeTCsl HU3KOe
HalpspKeHWE  MUTaHus, T.K.  JIONOJHUTENbHBIE  [IEMU  KOMIIEHCAILUU
MOAKJIIOYAIOTCSA MapaJlJIeIbHO U HE CO3JIal0T «MHOTOSPYCHYIO» CTPYKTYpPY, Tak
K€ B CXEMax, I'Jle HEBO3MOXHO KCIIOJIb30BAHUE aKTUBHBIX HArpy30K Ha p-n-p
TPAH3UCTOPAX M3 32 TEXHOJIOTUYECKUX WM IPYTUX OTPAHUYECHUH.

Kackag ¢ o0mmM koIeKTOpPOM (CTOKOM). [ HMCTOKOBOrO
noBToputenst Hanpspkenus (MITH) tak ke mpuMeHnMa Iienb KOMIICHCAIUH,
MpEACTABJICHHAS HA PUCYHKE 2.22.

Kommnekcupiii  koaddunuent mnepegaun 1o Hanpsbkenuro  MITH

(puc. 2.26) [10]:

K
K,(jo)=—"—, (2.87)
1+ jot,

roe 17,5 =R[C,+C,,(1-K))].

Kop
IIpu 3TOM BepxHss rpannyHas yactora UITH

Jox = 1 : (2.88)

27R,[C, +C,,,(01-K )]
VYcaoBue wyacToTHOM He3zaBUcHUMOCTH Koddduumenta nepemaun WITH
(puc. 2.26) (2.87) MOXHO TIpPEACTaBUTH B BHUJE OrpaHUYEHUH Ha
napameTpsl Cy,, 1 K

Kop
K, -1, (2.89)
K y >1
Ecmu K, = 2, TO €eMKOCTb JIONOJIHUTENBHOrO KoHaeHcaropa Cy,, = C,,. Ilpu
K,= 1,1 uncnennsie 3Hauenus Cy,, = 10C, u T.11.
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Baxnoe nocromnctBo MIIH (puc. 2.26) — 3TO HE3aBUCUMOCTH YCIIOBHI
paclIMpeHns] YaCTOTHOTO JAHMarna3oHa OT CONPOTHBIEHUS PE3UCTOpa Harpy3Ku
C,,, KOTOPBI MOXKET U3MEHATHCS.

0o -

Puc. 2.26 — Cxema IIIY ¢ nenpro kOMNeHcanuu Ha OCHOBE YCHIIUTENS
HanpsLKeHUs

Ck=15pF

Ck=18pF

Ck=10pF

530

365

time (ns)

600

Puc. 2.27 — [lepexoansiii nponecc BeixogHoro curnana 1Y (puc. 2.24) npu

pasNMYHbIX 3HAYEHUAX eMKOCTH C,,, 0T 0 10 20 nd.

B Tabnuue 2.2 nokasaHbl YHCIICEHHbIE 3HAYEHHS] BPEMEHU YCTAHOBIICHUS
IIEPEXOHOTO Ipouecca fyq, L1 UITH (puc. 2.26) mpu pasnuyHBIX 3HAYEHUAX

eMKOCTH Cy).

Taonwuma?2.2
BpeMms ycTaHoB/IeHHs TIEPEXOHOTO Mpolecca
Crop, 1D 0 5 10 15 18
fyems HC 57 40 27 15 7

N3 pucynka 2.27 u tabnunpl 2.2 claeayeT, 4TO BpPEeMsl YCTAHOBJICHHS
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MIEPEXOAHOTO TpoIiecca I JaHHOW TOJSIPHOCTH BBIXOJHOTO HAIPSHKCHHUS B
NITH ymensmaetrcs — ¢ 40 uc (MITH 6e3 nenu xommnencanuu) g0 50 mc, T.e.
oosee yeM B 800 pa3.

2.5 Llenb koMneHcauunmn Ha 6Ga3e ycunurens Toka

AHaau3 Henu KommeHcanmuu. Panee OBUIO TMOKa3aHO, dYTO JUIA
pacumpenus auana3zona padounx yactot LY nens komnencanuu S,(p) nomkHa
ObITh qUddepeHIUPYIOMUM 3BeHOM. JlaHHOE TpeOOBaHNE peann3yeTcsi B CXeMe
(puc. 2.28).

Co 7]

AD

o Bx.i

Puc. 2.28 — IV ¢ uensto kommneHcanuu Ha 6a3e ycunurens Toka (YT1) c K; > 1

Ilepenatounas @yukmus wnenu komneHcauuun (LK) ¢ yuerom
IIYHTUPYIOIIETO BIMSHUS €€ BXOAHOTO UMIIEaHCa HA SKBUBAJIEHTHYIO EMKOCTb
C():

1.(p)
S(p=—"=~ =K pC.. 2.90
(p) U (» p (2.90)

[Tpu sToM ycunutens Toka YT1 nomxen umers K; > 1, a eMKoOCTh Lienu
£
komrercamu C, IIpH 3a[[aHHOM [, OTIPE/ICIIACTCSl yPAaBHCHHEM:

t*
C = Co__Lon < G : (2.91)
K.-1 3R K -1
N3 (2.91) MOKHO MTOTYYUTH, YTO:
C, =ColK, =1 =0, [t,0n] (2.92)

Ecmu K; = 2, to C, < C. Ilpu K; = 1,1 nmonydaem, uto C, < 10C,.
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BepxHIOI0 TpaHWYHYI0 4YacToTy CKOppektupoBaHHoro IIIY ¢ yuderom
IIYHTUPYIOWIETO BIUsIHUSA C,, MOKHO HAWTU U3 YPABHEHUS:

. 1.
fo = : (2.93)
oS
(CO + CK)
rne f, = ! - BepxHss rpaHumyHas dvactora IIY 06e3 wnenwm
2n(C, + C,)R,
komneHcanuu (korja K; = 0) ¢ yuetom myHTupyromiero BiausiHust C,. N
1ocJIe IpeoOpa30BaHUN:
. /.
= . =fN,, 2.94
/s 1-K,(1+C,/C,)" Sy (259
rae N,=[1-K;(1+ Co/ C)'T".
B o6miem ciydae nipu K; > 1 eMKOCTB 11eMTi KOMITEHCAIIUU:
C
C, = — (2.95)

K5
I=f, /1,
JIns1 CylecTBEHHOTO MOBBIIIEHUS f: HE00X0MMO, 4YTOObI TipH K; > 1:
C. = KCO_ < C,. (2.96)
Bepxusis rpanuuHas dyactota cxembl (puc. 2.28) ompexaensercs
bopmyoii:

. 1
fe = :
2nR,[C, +C,(1-K,)]
@OyHKIAA  4YYBCTBUTEIBHOCTH BEPXHEM TPAHUYHOM YaCTOTHI  OT

n3MeHeHus nmapametpoB K; (2.98), Cx (2.99), Cy (2.100) u R; (2.101) nnst cxemsl
(puc. 2.28) UMEIOT BUJI:

(2.97)

sio G (2.98)
l CO - CK (Kl - 1)
Sge* — CK(Ki _1) , (299)
© Gy -C(K;-1)
Sl =— G, : (2.100)
’ C, —Cu(K;-1)
Sy =-1. (2.101)

Ha pucynke 2.29 mnoxazanbl (yHKIUOHAJbHBIE  3aBUCHUMOCTH
hd fg* fg* fg* fg*
4yBCTBUTENBHOCTCH Sy, S¢°, Sz, Sp° OT mapamerpa MPOCKTHPOBAHMUS /1, T/

M 3TO OTHOUIEHUE KOppekTupyromein eMkocTu C, K 3KBUBaJIEHTHON eMkocTh ()
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cxempl m=C,/C, .
£y

Sk

12

10

8

m m
a) 0)
fy
., m SR,‘
sgo ) 1
0 0.1 02 0304 05 06 07 08 09 1 0.8 |

2
-3
4
-5
-6
-7
-8
9
-10

0.6
0.4+
0.2

01 02 03 04 05 06 07 08 09 1

04!
-0.6!

-0.8 7
1 Ki=1, Ki=1.5, Ki=1.8, Ki=2

B) r)m

Puc. 2.29 — ®@yHkunoHaibHask 3aBUCUMOCTbh UyBCTBUTEIBHOCTEN S ,’;‘f (a), Sgﬁ

(), Séo (), S ;; (r) oT mapameTpa MPOEKTUPOBAHUS M

I'padpuxu  (puc. 2.29) mO3BOAAIOT TIPU TPOSKTHPOBAHUU  IICTIH
KOMITCHCAIIMA BBHIOPATh €MKOCTh KOPPEKTUPYIOMIeTo KoHaeHcatopa C, HCXOs
U3 TpeOyeMbIX MapaMeTpPOB MO YYBCTBUTEIBHOCTH K U3MEHEHHUIO MapamMeTpoOB
cxeMmbl. OTHOCUTENBHO MaJlble YYBCTBUTEIBHOCTU (0 S5) MOMXHO TOJYYHUTb,
BBIOMpAst mapaMeTp npoektrupoBanus m < 0,7.

Ha ocnoBe menu kommeHcanuu (puc. 2.28) Bo3MOXHa pa3paboTka
METOAMK TPOEKTHUPOBAHUSA PA3IUYHBIX [IUPOKOMOJOCHBIX KJIACCUYECKUX
TPaH3UCTOPHBIX KACKaI0B, HAaIIpuMep, kackaaoB ¢ OK, KaCKOJAHBIX CXEM U T.J.

Kackoanble ycmiamrenn. CxeMa KAaCKOJHOTO YCHIMTENS paHee
MCCIIEIOBAaHHOM 1LIETIhI0 KoMIIeHcanuu (puc. 2.28) nmoka3aHna Ha pucyHke 2.30.
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o +
R1
IMAi ﬁ 10k

@ 1"?/%/ v

\W —_l CKOp
1MA § A . ==

IIT1 K>1"

——VT3 }—=— VT2
Cpa3.—— e \W
O
Bx. —
Puc. 2.30 — Cxema kackoanoro ycuiurens ¢ LIK, puc. 2.28

JInsi MOBBIIIEHUS] BEpXHEH TpaHUYHOM YacTOThl f, cxembl (puc. 2.30)
€MKOCTb KOppEKTHpYIomero kouaencaropa Cy,, npu Ko, —1 paccuuTeiBaeTCs

o gopmyiie

C. +C
Cepp < —nl kol (2.102)
K,a, -1
rie C,, C, — mnapa3uTHas €MKOCTh Ha MOJMJIOXKKY B IIEH KOJIJIEKTOpa

Tpansucropa VTl u emkocTh Koiuiektop-6aza tpausuctopa VT1, K, —

1

kod(ppuuueHT ycunenus ycunutens toka IIT1, o, — koadpduument nepenaun

TOKa SMUTTEPA BBIXOHOTO TpaH3uctopa VT1.

B xoHeuHOM uTOTE TIPH BBHIMOJHEHUU yCaoBus (2.82) nuama3on pabouux
yactoT KV (puc. 2.30) pacumpsiercsi. Ha pucynke 2.31 noka3zana aMIuiMTyIHO-
YacTOTHAas XapakTepucTHKa Kod(pduiMeHTa ycuwieHus no HampsikeHuio KY
(puc. 2.30) mpu pa3HbIX 3HAYEHHUSIX EMKOCTU KOPPEKTUPYIOIIEr0 KOHJIEHCATOPa
Cip- W3 nmaHHBIX TpaduKOB CIEAyeT, YTO JWamna3oH pabo4YMx YacToT
CKOPPEKTHUPOBAHHOTO KACKOJHOT'O YCHJIMTENS paciupsaercs 0oyee yeM B 5 pas.
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240, Ky

200

160 K=151, ;=21 MI'n,

Crop=0
120

K,=151, f,=47 MT'n,
Crop=400 @

K,=151, f,=118 MI'n,
40{  Cyoy=600 G

80

0
10° 10° 10 10° 10° 10"
Yacrora, 'y
Puc. 2.31 — AMIUTUTYAHO-4aCTOTHAs XapaKTEPUCTUKA KOA(DPUIIMEHTa YCUTICHUS
1o HarpsbkeHnto KY npu pasHbIX 3HAYEHUAX EMKOCTH KOPPEKTUPYIOLIETO

KOHJICHCATOPa

JIns MOBBIIEHHSI BEPXHEW T'PAHWUYHOM YaCTOThl KACKOJIHOI'O YCHJIUTEIIS
IIPUMEHSIIOTCS IBOMHBIE KACKOAHBIE ycunurenu [83].

Ha pucynke 2.32 moka3aHa cxeMa JBOMHOIO KAaCKOJHOI'O YCHJIUTENS C
nenplo  KommeHcauuu  (puc. 2.28). Ecam  BeIOpaThb  CONpPOTHBIIEHHUE
BCIIOMOTaTeNbHOr0 pe3uctopa R3  3HaunTenbHO Oosiblle, 4YeM BXOAHOE

COIIPOTHUBJICHHUC TPAH3HUCTOPA VT2 no ICIIKM UCTOKA, TO TOK CTOKAa TpaH3HUCTOPaA
VTI

skeksk

1031 :a‘la2[cs.19 (2103)
rae o; =1 — Ko3pPUUUEHT nepesadn Toka UcToka i-ro tpansucropa (VT1 u
v12), 1,,=1,,=1,, =1, — cocraBusatonie ToKa /., B pa3HbIX BETBAX
cxeMsl puc. 2.21.
+
R1
4K Brix.
/’—O
1 c\ Pl lu
R3 cx.l"///x
O =R
o— :
4} Iz;.l T 0‘212:1
o T
+4.1B
-1B 5 vr2
i
+1.7B R2 B VT3
Cpa'm

TBX, l
Puc. 2.32 — Cxema 1BOMHOIO KaCKOJHOTO YCHJIMTENS C LIENbI0 KOMIICHCAIIUU
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Takum oOpazom, B BbeIxoaHOM 1enmu «Beix» KY obecneunBaercs
d skeksk

I ,=a,0,

pesynbraramu MoaenupoBanus B cpene Cadence Virtuoso (puc. 2.33).

B3aMMHasA KOMIICHCALlUsd TOKOB / 4TO IIOATBEPIKIAACTCA

c3.l» c3.1 c3.1»

15

114

6.7

2.3

Galn (dB)

=17

=10 - - - ——— - . - g
108 2x10%  3x108 109 2x109  3x109 10l
freq (Hz)

Puc. 2.33 — AMmutyiHo-4acToTHas Xxapakrepuctuka KV (puc. 2.32) ¢
KOPPEKTUPYIOIIUM KOHICHCATOPOM U 0€3 KOPPEKTUPYIOILIETO KOHIEHCAaTOpa

Ycewiurean Ha COCTAaBHbIX TpaH3ucTOpax. PaHee ObUIO paccMOTpeHO
npuMeHeHue MeToaa kommneHncauu Cy Ha 0a3e HEMHBEPTUPYIOIIETO YCHIIUTEIIS
TOKa Ha MpUMEpe COOCTBEHHON KOMIICHCAIIUU MApa3UTHBIX WMIICIAHCOB, JIJIS
KOTOPOTO HEOOXOJUM JOTOJHUTEIBHBIA KOPPEKTUPYIOIIUNA KOHJeHcaTtop. B
HEKOTOPBIX CJIy4yasxX HCIOJIb30BAHME KOHJEHCATOpAa MOXKHO H30€XaTh, €CIH
MCIIOJIb30BaTh MPUHLMI B3aUMHOW KOMIIEHCAIlMM WMIIEIAaHCOB, HAIpuUMeEp, B
cxeme cocrapHoro tpansuctopa (CT) JapauHrToHa, KOTOPBIM 4acTo
MPUMEHSIETCS B KACKOJHBIX YCHUJIMTENSIX U TaK K€ o0ianaer mapa3suTHBIMU
eMKOCTSIMU KoJiiekTop-0a3a Cy u Cy,.

Ha pucynke 2.34 mnokazana cxema CT ¢ 1nenblo KoMIEHCAlUH
(puc. 2.28) [22].

[TpupaiieHue HanpsHKEHUS Ha KOJUIEKTOpE «Kx» COCTaBHOTO TPAH3UCTOPA

B cxeMe (puc. 2.34) BeI3bIBaeT H3MEHEHHE TOKa /., Yepe3 mapasuTHYIO eMKOCTh

KoJutekTop-6a3a C,, BBIXOHOTO Tpan3ucTtopa VT2. JlaHHBII TOK MOCTyHaeT Ha
BXOJI, 4 3aT€M Ha BBIXOJ] HEMHBEPTHUPYIOILIETO ycrinTesns Toka Y T1:

Lo =K1, (2.104)

rae K; — ko3 @uimeHT ycuiieHus no TOKy HeMHBEPTUPYIOIIETO YCUIIUTENS TOKa
VTI.
Takum 00pa3oM, KOMILIEKC KOJUIEKTOPHOTO TOKa TpaH3zuctopa VT2 u,
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CJICOOBATCIIBHO, CYMMapHI)Iﬁ TOK KOJIJICKTOpPA 1, xx COCTABHOI'O TPAH3UCTOpPA

I,=o,KI,, (2.105)
[KZ :ICK2 +[CK1 _alKil cKk2 (2106)
1c1<1 - u’lKijmz IKZ KZ
ckl Dl o
C ’ -
AN o, K I . :
/% f ] h ICK2 UK
By 7 VT1 s 7
== CK2 ///
@ VT2
1 7
N
O Q
|
[EEE— I

Puc. 2.34 — Cxema mmpokonosiocHoro CT

N3 (2.106) cnenyer, urto >bdeKkTUBHAS BBIXOAHAS  EMKOCTh
npeanaraemoro CT ymeHbIIaeTcs:

Cs=C,+C,(1-0,K;). (2.107)
Hus nomyyenus C ;= 0, He00XOAUMO, YTOOBI:
C,=C,(0,K;-1). (2.108)

IIpu K; =2, o, =1, 10JKHO BEIMONHATECA paBeHCTBO C =~ C ;.

Kak crneacrBue, yMEHBINAETCS SKBUBAJICHTHAs IMOCTOSIHHAs BPEMEHU
KOJUIeKTOpHON 1ienu Harpy3ku CT W yBenuuyuBaeTcs BEPXHSASA TI'PaHUYHAS
4acTOTa CXEMBI.

Ha pucynke nokazaHa peanuszanusi YCUJIHTENS ToKa ¢ KO3 UIIMEHTOM
ycuieHus no Toky K;= 2.

Ha pucynke 2.35 nokaszan ckoppexktupoBanHblii CT s ciywas, koraa
HEUHBEPTUPYIOIIUI ycHIUTeNb ToKa Y T1 peann3oBan Kak TOKOBOE 3€pKajo Ha
p-n-p tpanszucrtope VI3 u p-n nepexoae VDI, uctounnke onopHoro toka /;, ¢
K03 GuIMeHTOM ycuiieHus 1o Toky K;= 2. B yacTHOM cilydyae UCTOYHHK TOKa /;
B JJAHHOM CX€M€ MOXET PUHUMATh MAJIbIE 3HAYEHUSI.
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Puc. 2.35 — Peanuzanusa ycuimrens Toka B cxeme CT ¢ 1enbro KoMIeHcauu

JIist peanu3anyy CXeMBbI B n-p-n 0a3znuce MOXKET ObITh UCIIOJIb30BaHa CXEMa
CroCTaBHOro TpaH3ucTtopa (puc. 2.36a), Ha 0a3e KOTOpPOW pean3yercs
HIMPOKOTIOJIOCHBI KACKOJHBIN YCUITUTEb.

Takum oOpa3om, C TIOMOILIBIO METOJa KOMIIEHCAllMM Ha 0a3ze
HEMHBEPTUPYIOIIETO YCUIUTENS TOKa (puc. 2.28) BO3MOXKHO pacUIMpEHHE
JMara3oHa YacTOT KJIACCMYECKUX KAacKaJOoB C BBIXOJHBIMU COCTaBHBIMHU
TPaH3UCTOPAMH.

iks Beix. R1
- K o+
z + 'i
Ugs . . , Um,vx‘
Text 1=, Iex2 .
Cy e Ca .;{/
+E. et S
VT2 o—/—\ VT1 /—\ VT2
+
IRt
Kiiae T VT3 VT4
2l ok
Kiicia iex2
1L,=31, Bx

1,=31, [J _ Lbu—ﬁ VTS
a) 0)

Puc. 2.36 — Peanuzanus ycunurens Toka B cxeme CT ¢ 1ienpio KoMIeHcanuu
Ha Nn-p-n TpaH3UCTOPaX

Kackan ¢ o0mmM KosuiektopoM (ctokom). /[l peanuzanuu
IIMPOKOIIOJIOCHBIX HMCTOKOBBIX mNoBTOpuTeneil Hanpsbkenus (MIIH) c panee
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PAacCCMOTPEHHOM 1EMNbl0 KoMIeHcanuu (puc. 2.7), KOTOpblEe peanu3yercs Kak
cxema ¢ OOIIMM CTOKOM HJIM KaK CXeMa C OOIIMM KOJUIEKTOPOM, BO3MOXHO
UCIIOJIb30BAaHUE B KA4e€CTBE YCHJIMTEJIEH TOKa — TOKOBBIX 3epkan (puc. 2.37).
[Tpu pabote Ha eMKOCTHYIO Harpy3ky C, B TaKUX CXEMaX CHUKAETCS JHana3oH

pa60‘{I/IX YaCTOT U BPCMA YCTAHOBJICHUSA IICPCXOJHOTO IIponeccca.
O +

Sl i3

) T I"] ;/ Kilick i 1cK
. BrIx.
| ‘ o
R, D
1

“w“
Ki2='2 T32
o
o -

Puc. 2.37 — Cxema mmpokonosocHoro UTTH

Ha pucynke 2.37, npousBeneHue Ko3(QQPUUIMEHTOB MepeAaadyd MO TOKY
neporo T31 (Kj) u Broporo T32 (Kj;;) TOKOBBIX 3epKajl OOJbIIE €AUHUIIHI,
npuyeM  eMKocTb  Cy,, KOPPEKTHUPYIOIIErO KOHAEHCATOpa YyIOBIETBOPSET
YCIIOBUIO:

Cp ® %, (2.109)
il
rae C, — mapa3suTHasi EMKOCTh Harpy3KH.
KoadduruenT nepegaun no HanpssKEHUIO B ONEpaTOPHOM GopMe CXeMbl

NITH (puc. 2.37) onpenensieTcsi ypaBHEHUEM:

K,(p)= Ko

: (2.110)
1+ pRa [CH + CK‘Op (1 - Kz)]

— Hol
" 1+RS,
N3 (2.110) cnenyer ycioBHEe KOMIIEHCAIIUM BIUSHUSA [apa3suTHON
emKkocTu Harpy3ku C, Ha yacToTHYIO Xapaktepuctuky WUITH Oyaer obecneueno,
€CJIM COMHOXUTENb MIPU OIepaTope «p» B 3HaMmeHaTese hopmysl (2.105) Oyner
paBeH Hymo. g 3TOro HeoOXoAMMO, YTOOBI €MKOCTh KOPPEKTHUPYIOIIETO
xoHaeHcaTopa Cy,, yAOBIETBOPSIIA YCIOBHIO:

.G 2.111)
Kop Kl—l. *

rae , R, =R, /(1+R,S,), S —kpyrusHa tpauzucropa VT1.
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Tak, nanpumep, eciu K;= 2, 10 Cy, = C,,.
N3 (2.110) u (2.111) cnenyet, 4TO U3MEHEHHE CONMPOTUBJICHUN HArpy3KH
R, v KpyTU3HBI S| BXOJHOTO MoJIeBOro Tpansuctopa VT1 He BIUsAET HAa YyCIOBUE

kommneHcanuu (2.111).
CraTnueckuii

PECKUM 110 TOKY BXOOHOI'O TPaH3UCTOpa
YCTAaHABJIIMBACTCA B 4ACTHOM CJIY4aC IBYXITOJJFOCHUKOM 11.
- - WCO
oo e
in i out Fe 19
ol s e (hyveno
tvpairs=5 -4 :?:11 .
vid
=g e vdo=5
V6 ! .
Ic:l:
o 0th’|.\ gnd
c=2
gnd
gnd
11 m
F5 vde=0 ide =100y
wref="v11"
fgain=2.2
L 2 L 2 and
Puc. 2.38 — Cxema MoaenupoBaHus
0
C=15pF
-5 Cy =10pF
C, =20pF SEapas

L L L
500 510 520 530 540 550 560 570 580 590 600
time (ns)

Puc. 2.39 — Ilepexoanslii mporecc cxeMsl (puc. 2.28)

490

Ha pucynke 2.39 mpuBeneHa B YBEITWYECHHOM MacIITa0e IMEPEXOTHBIN
npoiiecc mepenHero ¢ponrta BeixomHoro curHana WITH (puc. 2.38) mpwm
U3MEHCHUH €MKOCTH KOppeKTupyromero konaencaropa C,, = C,. U3 naHHbIX
rpauKoB cleayeT, YTO BpeMsi YCTaHOBJICHMS JaHHOTO MEPEXOAHOTO Impolrecca
B UIIH ymenbmaetcs ¢ 55 He 10 4 He. B Tabnuue 2.3 moka3aHbl YHUCICHHBIE
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3HAUEHHUS BPEMEHH YCTaHOBJIEHUS niepexoaHoro nporecca ais UITH (puc. 2.38)

Tabauma?.3
Bpems ycranoBJienusi nepexoanoro npouecca MITH (puc. 2.38)
Creop, D 0 5 10 15 19
fyem, HC 55 40 26 12 4

Takum oOpa3om, BbIllIe TOKA3aHO, YTO B MpejiaraeMoi cxeme (puc. 2.37)
CO3JAIOTCS YCIOBHUSL JJIsi CYIIECTBEHHOTO PACIIMPEHUS MAaJIOCUTHAIBHOIO
Jyana3oHa pabo4ymx 4acToT.

2.6 BbiBoAabI K pasgeny 2

1.C oOmux no3uuuid TEOPHUH CHUCTEM aBTOMATUYECKOIO YIpPaBICHUS
paccMOTpeHbl YCIIOBUSL CHHTE3a creuuanbHol nenu kommneHcauuu (LK)
napasutHoil  éMkocth (), CBSI3aHHOM C  BBIXOJOM  KJIACCUYECKOIO
TpansuctopHoro kackana (TK). Hasnauenune LK — pacumupenue 4acToTHOrO
nuamna3zoHa TK, mpexne Bcero, mpu BBICOKOOMHBIX, B TOM YHUCJIE AKTHBHBIX
Harpy3kax. Ilokazano, uyrto moakmrouaemas [IK gomkHa coxepxkarthb
nuddepeHnupyroriee 3BeHO.

2. IlpennoxeHbpl TpW BapuaHTa [ENed KOMIICHCAUM Mapa3uTHBIX
€MKOCTEH BBIXOAHOW 1enu B 0Oa3uce HEMHBEPTUPYIOLIUX IOBTOPUTENEH
HalpsHDKEHUsT M TOKA, KOTOpPbIE MO3BOJIAIOT pa3padaThiBaTh Ha HMX OCHOBE
KOHKPETHBIE CXEMOTEXHMUYECKHE pEIIeHUs YCTPOWCTB C pPacCIIMPEHHBIM
auanazoHoM  pabounx 4yactor (f;). IlpoBemeH aHanM3 MW MOJYy4YEHBI
aHAIMTHUYECKUE BBIPAYKEHHUS, IO3BOJIIONINE OLEHUTD MPEAEIbHBIA BHIUTPHILI IO
fs W BpEMEHHM YCTAaHOBJICHHMSI MEPEXOJHOr0 IMpolecca B KIACCUYECKUX
TPaAH3UCTOPHBIX Kackagax (cxemax ¢ OOIIUM IMHUTTEPOM, 00IIIeH 6a3oii, oOmum
KOJUIGKTOPOM, KaCKOJIHBIX cxeMax u jJuddepeHnnanbHbIX  KacKaJlioB).
[IpuBeneHbI YCIOBHS KOMIIEHCAIIMN BIUSHUS MAPA3UTHBIX COCTABIISIONINUX HA f.

[Tonmy4yeHHBIE COOTHOILIEHMSI MO3BOJSIOT MO HM3BECTHBIM IMapaMeTpam
mmpokonosiocHoro ycunutens (1Y) naliTh mapamerpsl LM KOMIICHCALIWH,
o0OecreynBaIIe yCTOWYMBOCTh W JKENaeMOE€ BpeMs  yCTaHOBJIICHHSI
NEepPeXoqHOr0 TMpolecca, a TakKe CYHUIECTBEHHO pacUIMpUTh AHana3oH €ro
pabounx yactort ().

3. PaccMoTpeHbl  TMHAMHUYECKHE  MapaMeTpbl  0a30BBIX  CTPYKTYpP
KOMIIEHCAllUM, TPOBEJCH aHaju3 WX YCTOMYMBOCTH W YYBCTBUTEIBHOCTU K
HECTaOWJIBHOCTU MapaMeTpoB 3JeMeHTOB. Ha mpumepe 1ienu KommeHcaiuw,
MOKa3aHO, 4YTO NpPH EIUHUYHBIX KOAP(ULHMEHTaX mMepesadyd MOBTOPUTENEH
HampsDKEHUST M TOKAa © WX  (QYHKIUAX Tepeaadd, COOTBETCTBYIOIINX
NEPUOJINYECKOMY 3BEHY II€pBOrO NOpAJKA, Uil JOCTHXKEHHS MPEAEIbHOIO
ObICTpONIEHiCTBHSI  HEOOXOIMMO  BBIOMpaTh eMKOCTh KoHaeHcatopa C,
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noctatoyHo Omm3kod k Cp, TpUueM, B 3TO CiIy4ae, COIJIACHO KPUTEPHUIO
Brimnerpaackoro, ckoppexktupoBaHHblii LY He Tepser yCTOMYMBOCTH.
[IpuBenenusie rpaduku YyBCTBUTEIBLHOCTH IIENEH KOMIEHCAIIMU MOKa3bIBAIOT,
YTO JUIsl TOJYYEHHUS MajblX YYBCTBUTEJIBHOCTEH, HEOOXOIUMO BBIOUPATH
3HauyeHue napamerpa npoektuposanus m=C, /C, Ha 20-30% MeHbIIe, YeM ero

3HAYEHHUE HA MAaKCUMYyM€ (DYHKIIMU 4yBCTBUTEIBHOCTH.

4. PazpaboTaHble METOJIMKH MPOEKTUPOBAHUS MO3BOJISIIOT CUHTE3UPOBATh
HOBBIE CXEMOTEXHMUYECKHE pEIIEHUs yCWIUTeNed U TpeodOpazoBaTeieit
CUTHAJIOB C PACHIMPEHHBIM AMANa30HOM pabOyYMX YacTOT Ha OCHOBE CXEM C
obuum smurrepom (03), obmmm kouiektopoMm (OK), obmieit 6azoit (Ob),
KaCKOJOHBIX cxeM U JuddepeHIHaTIbHbIX KacKaJoB, KOTOpbIE BXOAAT B
CTPYKTYPY MHOIMX OJIEKTPOHHBIX YCTPOWCTB aBTOMAaTHKM M CHCTEM
YIPABJICHMUS.

Pe3ynbTaThl MOIETUPOBAHMS IOKA3bIBAIOT, YTO JUANIA30H PaO0OUYMX YaCTOT
pa3zpaborannbix LY pacmmpsercs B 5 pa3, Hanpumep, NpU MCIOJIb30BAaHUU
KPEMHHUEBOIO Texmpouecca ¢ MpoekTHeIMM HopMamu 0,6 wmxm. Ilpwm
WCITOJIb30BAaHUU TPAH3UCTOPOB OUIOISIPHON MHUKPOHHOM TEXHOJOTHH C Oonee
BBICOKMMM MAPAa3UTHBIMU €EMKOCTSIMH, BBIUTPBIII gocTUTaeT 4-10 pas.

JlaHHBIE CXEMOTEXHUYECKUE PELIEHUSI MOTYT OBITh MOJIOKEHBI B OCHOBY
OPOEKTUPOBaHUA  Oojieeé  IIMPOKOMOJOCHBIX U OBICTPOACHCTBYIOLIMX
AHAJIOTOBBIX MHKpocxeM u [P mMonpynen, peanu3yemMblX Ha OCHOBE
TPaJMLIMOHHBIX TEXHOJIOTHI U KIIACCHYECKOW CXEMOTEXHHUKH.

66



3AKNIOYEHUE

AHanu3 OrpaHMYEHUN Ha BEPXHIOI T'paHUYHYIO YacToty (f,) (Tuiomanb
ycuneHusi) 10 TUMOBBIX (PYHKIHMOHAIBHBIX Y3JIOB AHAJIOTOBBIX YCTPOMNCTB
aBTOMATHUKH TOKa3aJ, YTO MpoOjeMa YBEIUYEHHUS f, CBSI3aHa, B OCHOBHOM, C
MHAHMMU3alUeNd IIOCTOSSHHOM BpPEMEHM MX BbIXOAHOM nenu. Ilpum 3towm,
KO3(Q(QHUIUEHT YCHIECHHA IO HanpspKeHWI0 K, KiIacCHMYecKuMX KackajgoB Hu IP
MoAyJell  ompenensercs B OOJBIIMHCTBE  CIY4YaeB  CONPOTHBICHHEM
KOJIJIEKTOPHOM HATrPy3KH BBIXOJHOTO TPAH3UCTOPA, KOTOPOE, OAHAKO, HE MOYKET
OBITH 3HAUUTENLHO YBEJIMYEHO MPHU MCIOJb30BAaHUM HU3KOBOJBTHOTO MUTAHUA.
[TpumeHeHre ke aKTUBHBIX HAarpy30K HE BCerja lenecooOpa3Ho u3-3a mpodiieM
c o0ecnedyeHWeM aKTHBHOIO peXHMa p-n-p TPaH3UCTOPOB U  HU3KOM
3¢ (EeKTUBHOCTH HCIIONb30BaHUs HanpspkeHus: nutaHuss. Kpome sToro, He Bce
IIEPCIIEKTUBHBIE TEXHOJIOTMYECKUE IPOLECCHl MOAACPKUBAIOT HUCIIOJIb30BAHUE
p-N-p TPaH3UCTOPOB.

Pemenne stux npoGiemM JEXUT B UCIOJIb30BAHUU LENel COOCTBEHHON U
B3aMMHOW KOMIIEHCAllMH JOMHUHUPYIOIIMX HMMIEJAHCOB, MO3BOJSIOIINX
pacCIIMPUTh TUAMA30H padOYHUX YACTOT U MOBBICUTH KO3(PPUIUEHT YCUICHHUS 110
HaIPSKEHUIO.

C o0mmMx MO3ULMKA TEOPHUH CHCTEM aBTOMATHYECKOTO YIPABIEHUS B
NOCOOMU PACCMOTPEHBI YCIIOBUS CHUHTE3a CIELUUAIBbHOM LEeNd KOMIIEHCALUU
(IIK) mapazutHoit &émkoctu C(; , CBA3AHHOM C BBIXOJIOM KJIACCHYECKOTO
tpansuctoproro kackaga (TK). Hasnauenne IIK — pacmmpenue dactoTHOTO
nuarnaszona TK, mpexnae Bcero, mpu BBICOKOOMHBIX, B TOM YHUCJIE€ aKTHBHBIX
Harpy3kax. [loka3zano, yto nogkitoyaemas LIK B ciyuae RC Harpy3ku 1omkHa
coaepxkath nuddepenmupyromiee 38eH0. PaccMOTpeHbl TpH LeNH KOMIIEH AU
BJIMSIHUS TIAPa3UTHBIX €MKOCTEH BBIXOJIHOM Lienu B 0a3nce HEMHBEPTUPYIOIIUX
YCUJIUTENIEH HANpsDKEHUS UM TOKA, KOTOpBIE MO3BOJISIIOT pa3padaTbiBaTh Ha HUX
OCHOBE CXEMOTEXHUYECKHE PELICHUS] YCTPOWCTB C PACIIMPEHHBIM AUANIA30HOM
pabouux yactoT. [IpoBeseH aHanu3 M MOJYyYEHbl AaHATUTHYECKUE BBIPAKEHUS,
MO3BOJISIONIME OLICHUTh MPEACNIbHBINA BBIMIPBIII MO AUANa3oHy paboyux 4acToT

(fs) ¥ BPEMEHH YCTAaHOBJICHHS IIEPEXOJHOrO Tpouecca [, B KIACCHYECKUX

TPAH3UCTOPHBIX KacKazax (cxemax ¢ OOIIMM SMUTTEPOM, oOIeit 6a3oi, oommum
KOJUIEKTOPOM, KAaCKOJHBIX cXemMaxX U JAuQQepeHIraIbHBIX KacKaJoB).
[TpuBeneHbI yCIOBHS KOMIICHCAIIMH BIIMSIHHS TTAPA3UTHBIX COCTABJIIONINX Ha f,.
PaccMoTpeHbl AMHAMHYECKHE TTapaMeTPhl HCIIOIh3yeMOTI'0 METO/Ia PACIIHPEHUS
nuarna3oHa  pabouuMx — YacTOT, IMPOBEACH  aHadM3  YCTOMYHUBOCTH U
qyBcTBUTENIBHOCTH TK K HECTaOMIBLHOCTH TTapaMeTpoB dJieMeHTOB. Ha npumepe
IIEITH KOMIICHCAIIMH, ITOKa3aHO, YTO MPH SAMHUYHBIX KOA(PPHUIIUEHTAX Mepeaadn
MOBTOPHUTENICH HampsDKeHMs W TOKa H  HMX  (QYHKIMSIX — [epeiau,
COOTBETCTBYIOIINX MEPUOAMUECKOMY 3BEHY TIEPBOTO MOPSIIKA, IS JOCTHKCHHS
NPEeTbHOTO OBICTPOACHCTBUS HEOOXOAMMO BBHIOMpATh €EMKOCTh KOHJIEHCATOpa
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C, nocratoyHo Onu3koil k C,), TpUueM, B 3TO ClIydae, COIJIACHO KPUTEPUIO
Brimnerpaackoro, ckoppexktupoBaHHblii LY He Tepser yCTOMYMBOCTH.
[IpuBenenusie rpaduku YyBCTBUTEIBLHOCTH IIENEH KOMIEHCAIIMU MOKa3bIBAIOT,
YTO JUIsl TOJYYEHHUsS MalbIX YYBCTBUTEJIBHOCTEW, HEOOXOAMMO BBIOUPATH
sHayenue napamerpa npoekruposanus m=C, /C, Ha 20-30% MeHbIIIE, YEM €10

3HaYEHHUE HA MAaKCUMYyM€ (DYHKIIUU 4yBCTBUTEIBHOCTH.

Ha ocHoBe paccmarpuBaeMoro MeToja  CHHTE3UpPOBaHbl 12
CXEMOTEXHUYECKUX peleHni HIMPOKOIIOJIOCHBIX yCUIUTENEN U
npeoOpazoBareieil CUTHAJIOB C PacHIMPEHHBIM JMANa3oHOM pPabOyYMX YacToT.
PesynpTaThl kOoMmbrOTEpHOTO MOJenpoBanus B cpefax Cadence Virtuoso u P-
Spice moka3pIBalOT, YTO JAWAaNa3oH pado4yMx YacTOT pa3pabdOTaHHBIX
TPaH3UCTOPHBIX KACKAJ0B YCUJIEHUS U MPE0Opa30BaHUs CUTHAIOB PAaCIIUPSIETCS
B 3-4 pa3a, B 4aCTHOCTH, IPH HCIIOJB30BAHUU KPEMHHEBOIO TEXMPOLECCca C
npoekTHeIMA HOopMmamu 0,6 MkM. IIpu mcnonp3oBaHMH MOAENEN TPaH3UCTOPOB
ounossipaorr MukponHou texnonorun OAO «HIIIT «Ilynmecap» u np. ¢ Gosee
BBICOKMMU MApPa3UTHBIMU €EMKOCTSIMU, BBIMTPBILI JOCTUTAET 4-6 pas.
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