Jleknust Ne 4 «@ynkuuoHanabHble y3Jbl 1 IP moayau cucrem csazu CBY n

KBY nunana3zonoB»

B HacrosieMm paszzene paccMaTpuBalOTCs 0COOCHHOCTH MOCTPOEHUST aKTUBHBIX
cMmecuteneit auanazoHa KBY Ha ocHoBe sueiiku ['minpbepra W apXUTEKTYphl C
cyOrapmMoHuueckoil Hakaykod. CpaBHEHHE MPOBOJUTCS IMYyTEM KOMIIBIOTEPHOTO
MOJICJIMPOBAHUS C MPUMEHEHHEM MOJIEJIEN AIEMEHTOB TEXHOJIOIMYECKOT0 Mpolecca
0,13 Mmxm SiGe BuKMOII ¢ rpanuuHoil yactotod n-p-n TpanzuctopoB 250 I'T.
[IpuBeneHbl pe3yiabTaThl MOJEIUPOBAHMS MACCUBHBIX HHTETPAIBHBIX 3JIEMEHTOB
nuanazona KBY, takue kak cummerpupyromue ycrpoictsa Ha 60 [T u 120 [T u
HanpaBJIeHHbIN oTBeTBUTENb HA 60 [T,

JI0 HEaBHETO BPEMEHM MOJYIPOBOJHUKOBBIE YCTPOWCTBA IHANA30HA KpanHe
BbiIcOKHX 4yacToT (KBY) cTpomnuch MCKIIOUHMTENBHO C€  UCHOJIb30BAHUEM
TEXHOJIOTHYECKUX MPOLECCOB HA OCHOBE MOJIYITPOBOJHMKOBBIX MAaTE€pUaJOB IPYIIIbI
A3Bs , 94TO CyIIECTBEHHO MPEMATCTBOBAIO UX IIMPOKOMY MPUMEHEHUIO B allaparype
IIPOMBIIIEHHOTO U OBITOBOTO HA3HAYEHUS BBUY OTHOCUTEIBHO BHICOKOW CTOMMOCTH
Opyd  MaccoBOM  IPOM3BOJCTBE, a TaKXKe€  OrPAaHWYMBAIO  JIAJbHEHUIIYIO
MUKPOMHHHUATIOPU3ALUIO CYIIECTBYIOIINX CUCTEM.

CrpeMHTENBHOE pa3BUTHE TEXHOJOTMYECKUX MPOLIECCOB HA OCHOBE KPEMHMS
YK€ CEroJiHs IO3BOJSIET TOBOPUTH O BO3MOXXHOCTH M NEPCIEKTUBAX MPOM3BOJCTBA
OTHOCHUTEJIBHO HEIOPOTMX BBICOKO HWHTETPUPOBAHHBIX CHCTEM Ha KpPHUCTAILIE,
ucnions3yrommx auanasoH KBY. IlepcnektuBHbiMEH B 1uiaHe noctpoeHus KBY
MOHOJIUTHBIX UHTErpaibHbIX cxeM (MUC) knacca cuctema Ha KpUCTaJIe SIBISIOTCS
texHosiorudecku rnporecckl BUKMOII ¢ SiGe rerepoOunoisspHbIMUA TPaH3UCTOPAMU U
riyooko cyomukponusie KMOII Texnomormveckue mporecchl ypoBHs 180 HM u
HUKE.

Ceroanst Texnonorudeckue nporeccel bUKMOII ¢ SiGe rerepobunosisipabIMu
TPAH3UCTOpPaMU  TO3BOJISIIOT  oOecreunTh HauOoJiee BBICOKHE KayeCTBEHHBIC

nokazatenn KBU MUC cmenranHoro tuma 6aroaaps UCHoJIb30BaHUIO B aHAJIOTOBOM
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U 1udpoBON YACTH ONTHUMU3HPOBAHHOM IMOJ KOHKPETHOE MPUMEHEHHUE 3JIEMEHTHOU
0a3bl.

[Tocnennue QOCTHKEHUS B Pa3BUTHUHM TEXHOJOTHYECKUX MPOLIECCOB HA OCHOBE
KPEMHHUSI CITIOCOOCTBOBAIM TMOSBICHUIO ONBITHBIX 00pasnoB KBU MUC mus
CIEAYIOIINX CUCTEM:

— CHCTEMbI CBEpXCKOPOCTHOM O€CIPOBOAHOM CBSI3U;

— aBTOMOOWJIbHBIE PaJaphl;

— paguoOMETpHUYeCKHEe  CHCTeMbl  oOecrieueHuss  0e30macHOCTH U
IPOTUBOACHCTBUS TEPPOPU3MY.

HccnenoBanusa mno mpoOiieMaM MOCTPOEHHUST SKOHOMHYECKH BbhIroanbix KBY
MOHOJIUTHBIX HMHTETPAJIbHBIX CXEM Ha OCHOBE KPEMHHEBBIX TEXHOJIOTMII aKTUBHO
IIPOBOJIATCS 3apyOEKHBIMU HAYYHBIMU LIEHTPAaMHU U MPOMBIIUIEHHBIMU KOMITAHUSIMU
no BceMy wmupy [90-94]. AxryanpHO#l 3ajayeil TaKUX WCCIEIOBAHUN SIBISIETCS
pa3paboTKa ¥ HCCIEIOBAaHUE CXEMOTEXHUKM 0a30BbIX (YHKIIMOHAIBHBIX Y3JIOB
nuana3zoHa KBY Ha ocoBe SiGe bBuKMOII TexHosoruyeckoro mpouecca.

OCHOBHBIM  TPEHAOM B  pa3BUTUM  COBPEMEHHOM  MHUKPOBOJHOBOM
PAaauOdRNIEKTPOHUKM M KIIOYEBBIX CHUCTEM JBOWHOTO HA3HAYEHUS SBIISIETCS
MpOJIBMKEHHWE B OoJiee BbIcOKOYacTOTHhIE nauama3zoHbl — KBY, TTY u BmioTh 10

OIITHYCCKOI'O JUalia3oHa.
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Pucynok 4.1 - 3aryxaHue cursasia B TUTareplioBOM U TepparepioBoM

nuarazoHax gactoT ( http://www.dotseven.eu/concept-objectives.html)
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Crpareruueckoe HalpaBJI€HUE TEXHOJIOTHUECKOTO Pa3BUTHS 3JIEMEHTHOM 0a3bl
— MepeX0] K OTPBITBIM JIUHUAM Mepeaadn (IU3IEKTPUUYECKUM, OJTYIPOBOJHUKOBBIM,
rUpaMarHuTHBIM U 11p.). [I[pruueM He TONBKO B MACCUBHBIX JUHEWHBIX 3JIEMEHTaX, HO
U B AaKTUBHBIX HEJMHEHHBbIX. KIlIOUeBBIM HampaBICHUEM MOBBIIICHUS TEXHUKO-
SKOHOMHUYECKUX Toka3areneii CBY yCTpoHCTB M CHUCTEM SBIISIETCS HMHTErpaius
KOMITOHEHTOB B (DYHKIIMOHAJIBHO 3aKOHYEHHBIE y3JIbl, UX CKBO3HOE MPOEKTUPOBAHUE
Y IPOU3BOJICTBO B €IMHOM TEXHOJOTMYECKUM LIUKIIE.

Peanuzanus onvcaHHBIX TpeX TEHIEHIUH HACTOSTENBHO TPEOYyeT pa3BUTHS
MEXIUCUUIUIMHAPHBIX 3HAHUM, OOBEIUHEHHUS YCWIMM CIEHUAIMCTOB pPa3HOTO
npoduis ¥ pa3INYHbIX HAYYHBIX IIKOJ, OTPACiIeBOW aKaJeMHUYECKOW M BY30BCKOM
HAayK{, B YaCTHOCTH, B (OpMe HAIMOHAIBHBIX W MEXIYHAPOJIHBIX IPOrpamMM.
HeoOxomuMo  cozmaHme  HOBOTO — MOKOJEHHMSI — PAJAMORIEKTPOHHBIX  CHUCTEM,
COOTBETCTBYIOIIMX HIECTOMY TEXHOJOTHYECKOMY ykiany. OIHa U3 MEepCHEeKTUBHBIX
pOrpamMM 3TOr0 HANpaBIEHUS — pagu0POTOHUKA.

HMuana3oH yactot 57 — 64 I'T'1 siBisieTcs Ype3BbIYAiHO MPUBJIEKATENbHBIM IS
BBICOKOCKOpOCTHOM (> 1 ['6/c) CBEepXIIMPOKOMOJOCHON Tmepenayn JaHHBIX.
VYerporictBa 60-IT11 nuama3ona - 3T0 B OCHOBHOM TOTPEOHUTENbCKAsT SJIEKTPOHUKA!
poyTepbl,  TOYKM JIOCTyIa, MpUEMONepeaTuYukKd B HOYyTOykaX, cMapTdoHax,
TeJIEBU30paX, CUCTEMAX «YMHOIO JIoMa» H T.1. [95].

OnHOMl W3 BaXHEHIIMX XapaKTEPUCTUK MOTPEOUTETBCKOM AIEKTPOHUKH
ABJISIETCS. LI€HA KOHEYHOI'O ITPOAYKTAa, YTO CO3JAET CEPbE3HBIE CIIONKHOCTH IS
ucnoisib3oBanust goporux GaAs u InP Ttexnonormit. Jlna coBpemenHbix KMOII
TEXHOJIOTUH € MPOEKTHBIMA HOPMaMH 45 HM U HUXKE 3HaYEHUE TPAHUYHOW YaCTOTHI
nexuT B paitore 200 I'T'w, uTo mo3BosseT co3aaBath NpuOOpsI ¢ padbodeit yactoroi 60
[Tu. OpHako TakWe TEXHOJOTMHM  XapaKTEPU3YIOTCA  JIOCTATOYHO  HHU3KHUM
HanpspKeHHeM nuTaHus [95], uTo aenaer npodsieMaTHYHbIM TOCTPOCHHUE YCHIIUTENEH
MOIIIHOCTH C TpeOyeMbIMU napamerpamu [95].

SiGe rerepobunomspusie Tpanzuctopsl 1 CBY UC Ha ux ocHOBe B HacTosIIee
BpeMsi 00/1a/1al0T JYYIIMMH YacCTOTHBIMH XapaKTEPUCTUKAMH Cpeld KPEMHHUEBBIX

npubopos. IIpu s3tom comocraBumbie ¢ KMOII TexHomorueil rpaHUYHbIE YaCTOTHI
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JOCTUTAIOTCA MPH B 2-3 paza OOJBIINX MPOSKTHBIX HOPMaX U MEHbIIIEH CTOUMOCTH 3a
enuHuny muonfaad. C yderom Toro, yto B CBY cxemax 3HAUMTENbHYHIO 4acTb
IJIOIIAM 3aHUMAOT TACCUBHBIE JJIEMEHTBI, YBEJIMYEHHE TOMOJIOTMYECKUX HOPM
NPaKTUYECKU HE YBEIUYUBACT ILJIOIA/Ib YyCTPOMUCTBA, O1aroapst 4eMy UCIOIb30BaHHE
SiGe TEeXHOJOTuU SBJISETCS HKOHOMUYECKH H(O(PEKTUBHBIM pelICHUEM s

MIPOU3BO/ICTBA MEPCIIEKTUBHBIX cXeM npuemo-tiepeaatynkoB 60 I'T' nuamazona [95].

4.1 OcHOBHbIe TeHAEHUMH B TNPOEKTHPOBAHUM, Ppa3padoTKe "
TEXHOJIOTHUSIX M3rOTOBJIEHUS HMMIOPTO3aMelAIIUX MHUKPOCXeM

CBY u KBY nnana3zouos

B nacrosiiiee Bpemsi B MUKPOSJIEKTPOHUKE U CUCTEMaX CBSI3U UJIET aKTUBHOE
OCBOEHHUE KpaitHe Bbicokoro nuama3zoHa 4actoT (KBY). CymiecTBeHHBIE pe3ybTaThl
B 2TOM 00JIaCTU MOJIYYEHBI PSAIOM 3apyOeKHBIX (UPM, KOTOpPHIC MPUCTYMIIH K
BbINyCcKy cepuiiHbix KBY mukpocxeM pa3nuuHoro HazHadeHusi. OJIHaKO B CBSI3H C
npobsemoii umnopro3zamenienuss 2014-2016 rr. ocoboe 3HaueHHE MPUOOPETAIOT
uccanenosanus poccnicknx KBY mukposnexrponnbix uznenui HUN u Byzamu.

Cyns mo mnyomukamusM, cerogus OAO HIIT «Ilynscap» (r. Mocksa)
BbinoJiHsieT HUP OKP 1o cinenyrommm HanpaBIeHUSIM:

- «Pa3paboTka 0a30BO TEXHOJOTUM W OUOTMOTEKH DJIEMEHTOB IS
MPOCKTUPOBAHWS M TPOM3BOJICTBA  MOHOJIUTHBIX  MHTErPAJIbHBIX  CXEM
MUWJUTUMETPOBOTO Juana3oHa BoJH Ha ocHoBe InP, GaAs u HUTpUAHBIX
reTePOINUTAKCHAIIBHBIX CTPYKTYp A auarna3oHna yactotT 10 70-150 I'T'w u Beime»;

- «Pa3paboTka 0a30BOM TEXHOJIOTUM M OHMOJMOTEKHU DJJIEMEHTOB JIJIsi
NPOEKTUPOBAHUS M NIPOMU3BOJCTBA  MOHOJIUTHBIX  MHTETPAJIbHBIX  CXEM
MUWJUTMMETPOBOTO  JMalma3oHa  BOJH  HAa  OCHOBE  KPEMHHUU-T€pMaHUEBBIX
TeTEPOINMUTAKCUAIBHBIX CTPYKTYp M KpeMHHeBbIX MOII TpaH3UCTOpPOB C JJIMHOU
KaHaJia 22 HM U MEHEE»

- «Pa3paboTka 0a30BOM TEXHOJOTMM W OUOJMOTEKH SJIEMEHTOB IS

npoektupoBanus u npoussojctea CBUC CuK u CBK auanazona yactot go 70- 150
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['Tu v BbIIIE.

NCBY IID PAH B Hacrosmee BpeMs COCPEAOTOUYWICS Ha HUTPHIHBIX
reTEPOCTPYKTYpaxX, KaK MEPCIEKTUBHOM HAMNPABIECHUU PA3BUTUS MHUKPOCXEM MM-
nuamna3zona. Ceromnss GaN-TpaH3UCTOpPbI TEOPETUYECKHM HE H3YUYEHbI, MOITOMY
cymectytomue CAIIP CBY MUC (ADS, Cadence, Synopsys) He AarOT peaabHbIX
pesynbTatoB. PazButue GaN MMUC uper B cropony 250 I'Tu u Beime, u GaN-
TETEPOCTPYKTYPHI CO BPEMEHEM CTaHyT npeanoytuTeabHee GaAs-CTpyKTyp Mo BCeM
napaMeTpam, BKIIFOYasi HAPSKEHNUE MUTAHUS.

Hayuno-o6pa3oBarenbHblit LEHTP «Hanorexnomornu» Tomckoro
rOCyJIapCTBEHHOTO YHUBEPCUTETA CUCTEM YIPABICHUS U PATUOIICKTPOHUKH UMEET
onwIT B pazpaborke CBY, KBU MC no 50 I'Tu, moxaeneit u OUOIMOTEK AIEMEHTOB
st oredecTBeHHbIX GaAs u GaN TexXHOJIOTHWi, a TakXke CO3[aHUsI MPOrPaAMMHOIO
obecnieuenus it ynpasieHuss CBY u3MepuTeNnbHBIMU KOMIUIEKCAMHU, TOCTPOCHUS
MOJIeNIe 3J1eMEHTOB M npoekTtupoBanus (cuHteza) CBYU UC, anroputMmoB s OM
MozaenupoBanus U ontumuzaunu CBY ycTpoicTs.

Poccuiickas komnanuss OOO «HHTerpansHble pemieHus», a takke HUMCU
PAH umeror onbiT co3mnanusi CAIIP s mpoekTHpoBaHUST pagualliOHHO-CTOMKUX
BUC.

Jns oreyectBeHHBIX TexHonorud GaAs, GaN m SOI HeoOXoauMBbI Takke
UCCIIEIOBAHUSI TECTOBBIX KPUCTAUIOB C MEJNbI0 SKCTPAKUUM CTAaTUYECKUX U
JMHAMUYECKUX mapameTpoB 0a3oBbix CBY siemeHTOB, B TOM 4HCIE C LEJbIO
YTOYHEHUS IAPAMETPOB ITOCIE PAAUALMOHHBIX BO3JIEUCTBUN C yYETOM HAKOIUICHHOU
JTO3BL.

AHalIN3 JNUTEPATYpHBIX MCTOYHHKOB, a TaKK€ MPEIJIOKEHUS BEIyIINX
MUKPO3JeKTpOHHBIX (pupM Poccum mo ocsoennto CBY u KBY nuanazoHoB Ha
ocHOBe wumMmnopro3zamematomerd OKDb, mnokas3piBaeT, 4YTO CEroJHs K YHUCIY
MIEPBOOYEPEIHBIX 33/1a4 OTHOCATCA CIEAYIOLINE:

- HeoOxomumbl  uccienoBanust 1o aBromatuzammu CBYU u  KBY
U3MEpEeHU, co3qaHuto OMOIMOTEeK 3JIeMEeHTOB U pa3padotke CBY mukpocxewm, a

TaKKe peuieHuio npodaemsl npoekrupoanust KBY n3nenmii;
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- pazpabotka  mporpammHoro  obecnedenus  (IIO)  ammapartno-
nporpammHbIX KoMmiuiekcoB it m3mepennii CBYU m KBY HC (70-250 ITn) c
UCIIOJIb30BAaHUEM OTEUECTBEHHOTO M3MEPUTENILHOIO0 000pYy/10BaHUs (aBTOMATH3AIIUS
YOpPaBJICHHUS 30HIAOBHIMH HM3MEPEHHUSIMU; XpaHeHHE Hu 00paboTka pe3yabTaToOB
U3MEPEHUI, aJITOPUTMbI KAJIMOPOBKHU U AE3IMOEIIUHTA, U JIP.);

- pazpabotka oreuectBeHHONH CAIIP CBY mHTerpanbHbIX CXeM C y4eTOM
paalalMOHHBIX BO3JEHUCTBUN;

- pa3paboTKa MOACUCTEMBbI CUHTe3a (F€HEepallK) MPUHIUITHAIBHBIX CXEM
Y TOMOJIOTUI aHAJOTOBBIX MUKPOCXEM, MAacCUBHBIX U akTUBHBIX CBY ycTpoiicTB Ha
OCHOBE MHTEIJIEKTYaJIbHBIX aJITOPUTMOB;

- paspabotka 1O st mocTpoeHust Mozesield TPaH3UCTOPOB U MACCUBHBIX
anemenToB CBY n KBY mukpocxem (JTMHEHHBIX, HETUHEHHBIX, IITYMOBBIX) Ha 0a3e
GaAs u GaN TexXHOJIOTHI, B TOM YHCJIE€ C YYETOM PaJHMallMOHHBIX BO3/ICUCTBUIA;

- npuUOOPHO-TEXHOJOTUYECKOE  MOJCIIMPOBAHUE  TPAH3UCTOPOB  JUIS
ananoroseix CBY n KBY mukpocxem u CBUC (BAX, nepekmtouarensusie, CBY u
IIyMOBBI€ XapakTepucTuku) Ha 6aze Si, KHU, SiGe, GaAs u GaN TexHOj0THI NpU
OPOEKTHOM HOpMeE 8-22 HM C YYETOM KBAaHTOBO- MEXAHMYECKHX W pPa3MEpPHBIX
¢ PeKTOoB;

- ONTUMHU3ALMA KOHCTPYKIIMM TPAH3UCTOPOB M MHUKPOCXEM; OLICHKA
JOCTMKUMBIX xapakrepucTuKk KBY aHanoroBbIX yCTPOMCTB M MHMKPOCXEM C
MIPOEKTHOW HOPMOM 8-22 HM (peanu3aius aropuTMa i KBAHTOBO- MEXAHUYECKON
monenu u BkmoudeHue ero B CAIIP Synopsys; peanusanus COOCTBEHHOW OIBITHON
IPOTrPaMMBbI PUOOPHOTEXHOIOTUIECKOTO MOACIUPOBAHUSA);

- MOJENUPOBAHUE  TEXHOJOTHMYECKUMX  MPOLECCOB W OlNEpauuid
msroroBnenuss CBY u KBYU MHUC nHa ocHoBe oteuecTBeHHbIXx GaAs u GalN
TEXHOJIOTUH;

- MOCTPOEHHUE B 4aCTOTHOM Auamna3zone 10 250 ['Tu moaenel (IMHEWHBIE,
HEJIMHEWHbIE, IIIyMOBbIE€) TPAH3UCTOPOB U MaccuBHBIX 3neMeHToB st CBY u KBY
MukpocxeM Ha ocHoBe Si, SOI, SiGe, GaAs u GaN TeXHOJOrHil, B TOM YHUCIIE C

YU4ETOM paJuallMOHHBIX BO3JEHCTBUI; pa3paboTka OUOIMOTEKHM JJIEMEHTOB U
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cnoxHOoyHKIHOHANBHBIX 0710K0B (CDB); nmpakTuyeckas peanusanus uatepdeiica c
cymectByromumu CAITP CBY (ADS, Cadence, Synopsys);

- UCCIIEI0BAHME, aJaNTalus U MHTErpalus WHCTPYMEHTAIbHBIX CPEICTB
cymectByomux CAIIP, pa3paboTka METOJOIOTHU W MapUIPYTOB MPOCKTHUPOBAHUS
CBY u KBY mukpocxem u CuK na 6a3e Si, KHU, SiGe, GaAs u GaN TexHoioruit
Ha yactorax n0 250 I'Tu; pa3paboTka COOCTBEHHBIX KOMIIOHEHTOB IPOIPaMMHOTO
obecnieuenus 1uist agantaiuu u uaTerpamuu CAIIP;

- onbITHOE TpoekTupoBanue mukpocxeM u CHK Ha 6aze Si, KHU, SiGe,
GaAs u GaN TtexHonoruii ¢ mpoeKkTHOM HopMoil meHee 50 HM M pabouuMu
gactotamu cBbite 100 [T

- M3MEpPEHUE TMapaMeTpoB, JJeKTpoMarHutHoe (OM) U TemioBoe
MozenupoBanue, pacuer CBY xapakTepucTuk, HOCTPOCHUE MOJIETIEH U ONpeieSIEHUE
DKBUBAJICHTHBIX CXEM  KOpIIyCOB, MHOTOKpuUCTanbHbIX Moxyinedn CBK wu
COeIMHUTEILHBIX 251eMeHTOB B aquamna3zonax CBY u KBY (70-250 I'T);

- UCCJIEIOBAHNE, aJanTaluusl U MHTErpalus MHCTPYMEHTAIBHBIX CPEACTB
cymectByromux CAIIP, pa3paboTka METOJOJOTMU U MapLIPYTOB MPOECKTUPOBAHUS
MHOTOKpucTanbHbix Moaynei CBK ¢ pabGounmum wyactoramu B CBY u KBY
JIMAIa30Hax C Y4ETOM TEILIOBBIICICHUS.

HeoOxoaumbl TakKe JONOJHUTENBHBIE HCCIEIOBaHUS IO pa3paboTKe
OTEYECTBEHHOU cucTeMbl poekTupoBanus CBY mMukpocxem, B mpouecce KOTOPBIX
JOJIKHBI OBITh PELIEHBI CIETYIOIINE 3aJaUH:

- paspabortana nojcucrema moaenuponanus CBY cxem Ha ocHOBe MeToa
rapMOHHYECKOT0 OasaHca;

- pazpaboTaHbl WIM aJaNTHUPOBaHbl MOACHCTEMA NOCTOOPAOOTKH U
0TOOpaXXeHHsI XapaKTepUCTUK JTMHEHHBIX U HenuHenHbIX CBY cxewm;

- pa3paboTaH MOAY/b ONITUMHU3ALUN XaPAKTEPUCTUK MUKPOCXEM;

- pazpaboTaH MNPOTOTUN MOJTHOQYHKIMOHAIBHOTO  TOIOJOTHYECKOTO
penaxkrTopa;

- omnpezaeneH nepeueHb 0a30Bbix CBY snemeHTOB, pa3paboTaHbl HMX

SJICKTPHUICCKHC n TOITIOJIOTHNYCCKUC MOACIIN, BCTPOCHHBIC B CUCTCMY
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CXEMOTEXHUYECKOTO MOJICIUPOBAHKS U TOMOJOTUUECKUN PEAKTOP;

- paspaboTaH MPOTOTHUI MOJICUCTEMBI oM MOJEIUPOBAHUS
pacrpeleneHHbIX MacCuBHBIX 23yeMeHToB CBY  cxem (METOOOM  KOHEYHBIX
AJIEMEHTOB);

- JopaboTaHa M aJanTHpOBaHa IMOACUCTEMa CHUHTEe3a (reHeparuu)
MPUHLIUNHAAIBHBIX CXEM U TOIOJIOTHUNA MACCUBHBIX U aKTUBHBIX CBY yCTpOICTB;

- pa3paboTaHbl U U3TOTOBJICHBI TECTOBBIE KPUCTAIIIBI JIJISI OTEYECTBEHHBIX
texnonorui GaAs, GaN wu SOI, coxepxane ©6azoBeie CBY  snemeHTHI,
UCIIOJIb3YEMbI€ JIJISl KCTPAKIUU MAPAMETPOB UX MOJIENEH, U CleI[UaIbHbIE TECTOBbIC
OJIOKH, MCTOJIb3yeMble I W3MEPCHUs] U yTOYHEHUS AWHAMHUYECKUX IMapaMeTpOB
mojesiei 6a3oBeix CBY >emMeHTOB.

HeoOxomuMo  BBIMOMHUTH  paboOTy MO  Karajoru3anud  OuOIHOTeKH
dbyHKuHOHAIBHBIX 37eMeHTOB (D), T.k. anmapatypHbiM npennpusitusMm Poccuu
HYXHBbI: KOHKpeTHble bDD ¢ kKoHKpeTHhIMU MapameTpamu U moxaensmu; ALl kax
dbyaknuoHaapHbie AmeMeHTsl Ha 1,5 [T, Opictpele ymHOxkutenn g0 250 [T,
MOZYJIATOPBI U IEMOAYISATOPHL.

HeoOxomumbl  mOMOMHUTEIBHBIE HCCIEAOBAaHUS B OOJACTH  CO3JIaHUS
AJIIEMEHTOB 0a30BOM OTEUECTBEHHOM TEXHOJOTUU (MapuipyTa) npoektupoBanus CBY
MMUC u pagunammonno-croiikuii CbUC CHK ¢ npoekTHbIMU HOpMamMu 22 HM U MEHEE
u pabounmu yactoramu 70 - 120 I'T'y u 6o:ee.

B Poccum mnepcnekTUBHO CO3/aHHME CHEUATU3MPOBAHHOW J1abopaTtopuu
npo0JeM  TPOSKTHPOBAHUS  BBICOKOTEMIIEPATYPHBIX  PaaualliOHHO-CTONKHX
MUKPOAJIEKTPOHHBIX CHCTEM ¥ 0a30BBIX aHAJOTOBBIX U aHAJIOTO-IU(POBBIX
cTpykTypupoBaHHbiX kpuctamioB (BACK), paboraromieil B pexume yaaaeHHOIO
JOCTya Ha JTamax CUCTEMHOTO M CXEMOTEXHUYECKOrO0 MPOEKTUPOBAHMS,
DKCHEPTU3E OCKU3HBIX MPOEKTOB KOHKPETHOIO THUIIA MHKPOIIEKTPOHHBIX U
MUKPOAJIEKTPOHHBIX 3JEKTPOMEXaHUYECKHX CHUCTEM, pPa3paboTKy CHUCTEMHOTO U
KOMITOHEHTHOTO  OOJIMKOB  0a30BBIX CTPYKTYPUPOBAHHBIX  KPHUCTALIOB  JIJIS
NEPCHEKTUBHBIX OTEYECTBEHHBIX M 3apyOEeXHBIX TEXHOJOIMH, CO3JaHHe IS

pa3paboTku crenuanu3upoBaHHblx MOC M uX NPUMEHEHHS B PYKOBOJISIIMX
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TEXHUYECKUX MarepuaioB. OJHO W3 BO3MOKHBIX HAaIlPaBJIEHUN pELIECHUS JAHHOU
npobsiembl — cozganue B OOV (Taranpockuit PTU) knacTepHOil TEXHOTOTHUECKON
JVUHUM 10 KPEMHHEBBIM TEXHOJOIMSAM. DTO OBLIO OBl €CTECTBEHHBIM Pa3BUTHUEM
JAHHOTO BYy3a, KOTOpBIA yxke uMmeeT y cebs obopynoBanne HAHO®DAB-100,

pazpaboranHoe u usroropiieHHoe 3A0 «HT-MJIT».

4.1.1 IlepcnekTHBHBIE HHTErpajbHble CXeMbl M NpPAaKTHYECKHE
NPUJIOKEeHUs] MILIMUMETPOBOI0 INANA30HA YACTOT

Cerogusi BO3HHKJIA OCTpasg HEOOXOOUMOCTb B CO3JAaHUHM yCTPOMCTB,
paboraomux B MmwIIuMeTpoBoM auama3oHe dactoT (30-300 ITi), xoTopsie
obecrnieunBaiy Obl OBICTPOE MOJKIIIOUEHHE, BHICOKYIO CKOPOCTh Mepeadyu JIaHHbIX B
CUCTEMaxX CBSI3M M TEIEKOMMYHUKAIMA, Mallyl0 CTOMMOCTb, BBICOKHUN YpOBEHBb
0€30MacHOCTH U MaJjible rabapuThI.

[ToTeHuanbHbIE BO3MOYKHOCTH Oyaymux CUCTEM CBS3U C
npUeMonepeaTINKaMyd MWUIMMETPOBOIO JMala3oHa, B CIy4ae HMX MacCOBOIO
UCIIOJIb30BaHUS, MO3BOJISIIOT CO37aBaTh HEJIOPOTHE YCTPONCTBA CBEPXCKOPOCTHOM (1-
10 I'but/c) 6ecipoBOHOM Mepeaadn JaHHBIX U MOTYT MCIIOJIb30BAThCS KAK OMOPHBIE
MarvucTpajabHble 0€CIpOBOJIHbIC KaHANbl CBs3U 0a30BbIX craHmuit WiFi, WIMAX u
LTE, OecnipoBojHas ajdbTepHATHBA ONTHYECKUM KaOelIbHBIM KaHajaM HHTepHer,
CUHXPOHU3ALMS JAHHBIX MEXIY YCTPOMUCTBAMH Ha KOPOTKUX PACCTOSTHUSAX.

CyuiecTByroniye TEHACHIIMM TMEepexoja Ha HOBbIE CTaHAAPTHI Neperayvu
JaHHBIX BeAyT K Oojee BbICOKUM ckopocTsaM. [locnmemnuit cranmapt 802.15.3c
npu3BaH oOecreynBaTh MYJBTUTHUTA0UTHYIO CBsi3b Ha yactore 60 [T
becnipoBoanas CBEPXCKOPOCTHAs CBA3b  JOCTHTAaeTCs  MCIOJIb30BaHUEM
MUJUTUMETPOBBIX JJIMHBI BOJIH, T/IE «OKHA YacTOT» OCTAIOTCS HE 3aHATBHIMH, a IS
paboThl B HEKOTOPBIX M3 HUX He TpeOyeTcs nuieH3us (59-64 I'T B crpanax EBpornbl

u CIOA, 71-76 I'T; / 81-86 I'T'y B Poccun).
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Pucynox 4.2 — 3aryxanue curHaina npu €ro paclpocTpaHeHun B aTMochepe

OcHOBHOI HMHTEpecC s peanu3anud (PyHKIIMOHAIBHBIX OJIOKOB B JHana3oHE
yacToT cBbilie 40 [T npencTaBisioT clieyIoue Moja0Ckl 4acToT, puc. 4.2 [96]:

] 40.5-43.5 I'Tu (Q-band) - mepBas mmpokas Mojioca, JOCTYIMHAs s
rpaxkaanckon cBs3u. [lomoca BeiaeneHa st 6ecnpoBoIHbIX KoMMyHUKauii B EC.

o 59-64 I'Tu, B KOTOpOIi aHOMAJILHO BEIMKO aTMOC(hepHOE MOTJIOMICHHUE
curHaa. He nmuuensupyercs B CIIA u Kanane, ctpanax EC, fnonun, FOxHOM
Kopee, ABcTpanuu.

° 71-76/81-86 I'Tu (E-band) - kanan mmpunoit 10 I'T'y 7aé€t BO3MOKHOCTh
MCMOJIb30BaHUs IIMPOKOIOJOCHOTO CHUTHAJIA, CYIIECTBEHHO YBEJIMYMBAS EMKOCTH
TpakTa nepeaauyn aaHHbIX. B Poccum pemenumem I'KPY ot 15 urons 2010 rona
paguodactoTHblid auanazon 71-76 I'Tu / 81-86 I'Tu (E-band) Bbimenen s
NpUMEHEeHUs1 Ha Tepputopun Poccutickoit deneparuu 6e3 odhopmiieHUs pa3perieHui
Ha UCIIOJIb30BaHUE PAAMOYACTOT WM PaIMOYaCTOTHBIX KaHaIoB. B npyrux crpanax,
taknx kak CIIA u BenmukoOpuTaHus JUIEH3UM TaK K€ BBIJAIOTCS MO YIPOIIEHHOM
npoueaype.

o 92-96 I'Tr (W-band) — «0KHO mpo3pavyHOCTH» B aTMOChEpE.

] 122,5 ITu, 245 I'Tu — Ilpomsinnenusie, Hayunsie 1 MeaunuHckue
(Industrial, Scientific and Medical, ISM) nuamna3zonsl ¢ mojgocou 1 [T u 2 I'T1x
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o BeyTCs paspadbotku obmactu yactot 140-160 I'T (D-band) — (o61acTs
MaJIOTO 3aTyXaHUs).

Kak noka3zanu Hamm uccnenoBanus [97,98], 10CTOMHCTBAMH MIJUTHMETPOBOTO
JMarna3oHa SBISIOTCS OYEHb BBICOKas MH(OpMAIMOHHAS MPOIMYCKHAs CIIOCOOHOCTH
KaHaJoOB CBsI3W (WIMPOKHE TIOJIOCHI CHUTHANlA) U KBa3uomruueckas (Gopma
pacipoCTpaHeHUs] W3IyYeHHUs, MPH KOTOPOH OTCYTCTBYIOT HHTEpHEpPECHIHU |
CBSI3aHHBIC C HEHl NOMEXH, XapaKTepHbIE AJI Mepelayd CUTHAJIOB B aTMocdepe B
HU3KOYACTOTHBIX JUANa30Hax CIEKTpa AJIEKTPOMArHWTHOro u3iny4deHus. JloctymnHas
IIMPOKAs TOJIOCA TIO3BOJSET TepeaBaTh BHICOKOCKOPOCTHBIC MOTOKH HH(OpMAIIHH,
BKJIOYAs TPAHCISIUIO BUJCOMOTOKOB C HECKOJBKUX BHJACOKAMep, Iepeaavy
BUJICOCHTHANIa BBICOKOTO pa3pelieHHs, OPraHU3alli0 TPAHCIOPTHBIX TIOTOKOB B
COTOBBIX ceTsAX U T.M. Kpome Toro, mmupokas mosioca AOMyCKaeT MPUMEHEHHUE CaMbIX
pa3HOOOpa3HBIX CXEeM CKPEMOJIIMPOBAHUS, TIOMEX0YCTONYUBOIO KOJUPOBAHUS, BEIOOD
ONTUMAJFHBIX JJISl TIepefaud JAHHBIX METOJIOB MOJIYJSIUA W MHOXXECTBEHHOTO
J0CTyMa, 4YTO OOecrneunBaeT BO3MOXKHOCTh TNEpelayd JaHHBIX C TpedyeMoil

CKOPOCTBIO IIPU OTHOCHUTCIIbBHO HU3KOM COOTHOIICHUH CUTHAJI-IITYM.

4.1.2 Unrerpanababsie Mukpocxembl u cyomonyin OAO «HIII «Ilyabscap»
NJ151 MOOMJIBHBIX CHCTEM CBSI3H

CBY mononutable unTerpaibubie cxembl (MUC) u cyOmomynu sBIstOTCA
OCHOBOW COBPEMEHHOW PaJMOANIEKTPOHHOM ammaparypbl. YPOBEHb PA3BUTUS ITUX
U3JIETTUN OIpe/ieNiieT OCHOBHBIE TAKTUKO-TEXHUYECKUE XApPAaKTEPUCTUKU CUCTEM H
KOMILUIEKCOB Pa3JIMYHOr0 Ha3HaueHus [99].

OAO «HIIIT «Ilynbcap» aKTUBHO pa3BUBAET HaMpaBieHUs pa3pabOTKu
anekTpoHHoN kommnoHeHTHOH 0a3bl (DKbB), B wactHocTi, CBY MUC u3roroBneHHbIC
C MCIOJIb30BAaHUEM TEXHOJOTMYECKUX MPOLECcCOB Ha ocHOBE Si, SiGe u Marepuasios
rpynnsl As;Bs [99].

B wuccnenoBaHMSX OCHOBHOE€ BHHMAHHME YAENAETCS HW3IEIUSAM C MaJIbIM

HHEPronoTpedIeHuEM, YTO OCOOEHHO BaXKHO JIJIsl CUCTEM MOOMJIbHOM CBsi3H [99].
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JIyist co3manwsi mpeIBapuTEIbHBIX KACKa0B pa3paboTaHbl MAIOMIOTPEOIISIONTHE
CBY ycwmrenu, cnocoOHbie paboTaTh Kak B PE30HAHCHOM, Tak W B
mpokonosocHoM pexume [99]. Ha kpucramie CBY MUC pacnionoxkeHa TOJNBKO
aKTHBHAsl 4acTh, a BCE LIEMHU COTJIACOBAHUSI SBJISIIOTCS BHEIIHUMU, YTO IO3BOJISIET
pacuiMpuTh 00JIACTM NPUMEHEHHS, KaK 3a CUET UCIOJIb30BAaHUS KPUCTAIOB B
pa3NIMyYHBIX [JMAana3oHax 4YacToT, Tak M 3a CYET UX HCHOJb30BAaHUS B
[IMPOKOTIOJIOCHOM PEXHME IMPH BBEACHUM BHEUIHEH nenu oOpaTHOW cBszu. [lpu
co3zaanuu nanHbix CBY MUC ncnons30BaH KPEMHUEBBIM TEXHOJIOTHYECKUH MTPOLIECC
CO CJEAYIOIIMMH OCHOBHBIMH MapameTpaMu npn-TpaH3ucTopoB: fr = 15 I'Tu, Uy =
6 B. [99]

C ucnonb3oBanueM SiGe CBEPXBBICOKOYACTOTHOM OUIOJSPHON TEXHOJIOTHHU
(fr = 80 I'Tm, Uyy=2,4 B) Opma cmnpoextupoBaHa mupokomnoiocaas CBY MUC
yewurens g0 3 I'T ¢ TokoMm motpebneHuss 8 MA, corjiiacoBaHHas MO BXOIy H
BbIXOay c JuHMsAMHU Tiepeaaud 50 Om. B kadecTBE OCHOBBI CXEMOTEXHHUYECKOTO
pEelIeHUs KCMOJb30BaH COCTABHOW TPAH3UCTOP C JABYMSI METISIMH OTPULATEIBbHON
o0paTHO CBs3M 1O HaNpsOKEHUIO W Koppektupyromumu RC  mensimu  uis
BBIPABHUBAHHUS AMILIUTYAHO-4YaCTOTHOM XapaKTepUCTUKH [99].

Hnst  popmupoBaHusi CeTKHM CTaOWMJIBHBIX YacTOT B CHCTEMax CBS3U
VCIIOJIB3YIOTCS CUHTE3aTOPbl YaCTOThI, OJTHUM W3 KJIKYEBBIX AJEMEHTOB KOTOPOTO
sBisieTcss  genurtenb  4yactorel [99].  C ucnosnb30BaHMEM — KPEMHHUEBOM
CBEPXBBICOKOUYACTOTHON KOMILUIEMEHTapHOU OumomisipHo texHonoruu (fr=20 1T,
Uk»0=4,5 B) peanuzoBan psa mmpoxromnoiocHbx Manonorpebdmsrommx CBUY MUC
JieNuTeNe 4acToThl Ha 2 U 4 ¢ TOKOM moTpedienus 12 MA u auanazoHoM pabouux
gacToT 70 3,7 I'T1. OcoOEHHOCThIO TaKUX CXEM SIBISICTCS JABYXTAKTHBIA BBIXOHOM
Kackaj, padorarommii B pexxume Ab [99].

JIpyruM Ba)KHbIM 3JEMEHTOM CHHTE3aTOpPa YacCTOThI SIBIIETCS YMHOXKHUTEIb
gacToThl. Pazpaboransi CBU MMUC akTUBHBIX YMHOXHUTENEH YacTOThl Ha 2 Ha
OCHOBE KpPEMHHEBOTO TEXHOJOIMYECKOr0 MpOoIecca M YMHOMKHUTEIH 4YacTOThI C
pacCUIMPEHHBIM JUANa30HOM paboyMX YacTOT Ha OCHOBE TexXmpoliecca rpymibl A;Bs B

Kopiyce [99].
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Cnenyer OTMETUTb, UYTO HCIOJb30BAHWE ONTUMAIbHBIX [JI1 KOHKPETHBIX
MIPUMEHECHUN KOHCTPYKTHUBHBIX PEIIEHUN W TEXHOJOTUYECKHUX MPOLIECCOB MO3BOISAET
o0ecreunTh BBICOKME MOTPEOUTENbCKUE KadecTBa IMHUPOKol HoMeHkinarype DKb
pazpabaThiBaéMOi M  BBIIYCKAEMOW MPEANPHUATHEM, a TakkKe O0O0eCTeunBacT
3HAQYUTEIBHOE pACIIMPEHUE HOMEHKIaTyphl paspadorannsix CBY MUC wu
cyOmonynei. [Ins Kakaoro KOHKPETHOTO MPUMEHEHHUS JO0JDKeH OBITh OCYIIECTBIICH
palMOHAIBHBIA ~ BBIOOP  TOAXONAIICTO  TEXHOJIOTHMYECKOTO  mporecca |
KOHCTPYKTUBHOI'O HCIIOJIHEHUSI MCXOAS W3 TEXHUYECKUX M HDKOHOMHUYECKUX
KPUTEPHUEB, a TAKIKE ITyTEM MTOMCKA KOMIIPOMHUCCA MEKIY TEXHUKO-IKOHOMUYECKUMU

rmokasareirsiMu [99].

4.2 CtpykrypHble cxembl cucteMm cBsizu CBY u KBY nnana3onos

B coBpemMeHHbIX cucremax cBsa3n KBU auamazoHa MCHoOnb3yeTcsi HECKOJIBKO
BapHAHTOB MOCTPOEHUS MPUEMHHUKOB U MEPEIaTUNKOB. B 00111eM citydyae mprueMHbIi 1
nepetaromun TPaKT COCTOST u3 BXOJIHOM aHaJIOrOBOM 4acTH,
MOJYJISTOpPa/AEMOIYJIATOPA U IUIATBI OCHOBHBIX YacTOT, KOTOpas MOKET BKJIKOYATh

Moxayssitop/aemonyisatop (puc. 4.3).

601Tu 60ITn

1Q Tlepenaromuit Ilepenaromumit

Mognynstop TpaKT Z TpaKkT Z
I\II/on "| 60 GHz 60 GHz [ ;/1?0 d 60 GHz 60 GHz

. .| TXFE RXFE |, . TX FE RX FE
Chip |1 | Chip 60 GHz
y W—Y 60 .GHz — Lk
Link
! Q 60 T 1) |e 1 Q ermu 1l |0
Kanan cBs3u aHaJl CBsI3H
BB BB BB BB

Board Board Board Board

Ilnata
OCHOBHBIX YacTOT

ITnara
OCHOBHBIX YacTOT

a) 0)
Pucynoxk 4.3 — ApxutekTypbl cucteM nepefaun npuema uapopmannu KBY

JAuaria3oHa
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Haubonee mmpoko HCMONb3yeMoOl apXUTEKTypoil B OECIPOBOJHBIX CHCTEMaXx
saisieTcst  cyneprerepoauHHas  (puc. 4.4) [95]. Ilomocomoit BY  dunstp,
IPEIIECTBYIOIIMA MaJOIIYMSIIEMY YCUIIUTEI0, YMEHBIIAET BHETIOJIOCHBIE CUTHAIIBI,
a TaKKe YPOBEHb MOMEX IO 3epKaIbHOMY KaHally. 3aTe€M BeCh CIEKTp mpeoldpasyercs
BHU3 10 4aCTOTE€ Ha (PUKCHPOBAHHYIO IMPOMEKYTOUHYIO YACTOTY C MCIOJIb30BaHUEM
NEpECTPanBaeMoOro rerepoanHa. JlanHas CTpyKTypa XapaKkTepu3yeTcsi BO3MOKHOCTBIO
NOJIYYEHHsI ~ YJIbTPABBICOKOM  CKOPOCTH  IE€peAadyd  JaHHBIX M XOpOILIeH

IMOMEXO03allUIIIeHHOCTH [95].

GHY
Iomocoroit Yeunurels -\ _@
(pmIBTp Cwmecurenn 4
— 9
90
NP>~ HD— () tam
MIITY Ounprp

KaHasa \ —D-Q%LU_[

Jlemoviasrop

DALY

Pucynok 4.4 — CyneprerepoiuHHas CTpyKTypa IPUEMHOTO TPaKTa

CTpykTypsl TpPUEMHBIX U TEPEAAOIIUX TPAKTOB B CYNEPreTepoaUHHOMN
CTPYKTYypE€ MOKa3aHbl Ha puc. 4.5 — puc. 4.6 COOTBETCTBEHHO.
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(IF VGA)  Cwmecurens 4acToT
(Mix2) DHY (BB VGA)

RF Maouy msmit

|
|
|
|
|
}
|
ITonocoso ! YCHIHTEND TlonocoBoii  Cmecurens
dunsTp ! (LNA) dunbTp (Mix1)
|
|
|
|
|
|
|
|
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|
|
|
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TTpuemHblii TpakT

IF chip
IT4 Tpakt
Pucynok 4.5 — CtpykTypa npreMHHKA C OJJHUM IIPeoOpa3oBaTesieM 4YacTOThI U

KBaJIpaTypHBIM JIEMOAYJISITOPOM
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Pucynok 4.6 — CtpykTypa nepegaTivka ¢ OJHUM MpeoOpa3oBaTeIeM 4acTOThl U

KBaJAPAaTyPHBIM MOIYJISITOPOM

Cxema mpueMonepeaarouero ycrpoicrsa ¢ eauHou cucremod DAIIY s
OPUEMHOIO0 W TNEPENAOLIEro TpakTa MokazaHa Ha puc. 4.7. IlpuemHbIi TpakT
oOecrieynBaeT PUIBTPAIMIO BXOJHOTO CUTHAJIA U €Tr0 YCUJIEHHE /10 BXOAa CMECUTEs
(Mx1), rne monmxaercsa 10 5 I'Tu u nemonenupyercsa st nonydeHus 1Q curxamnos.
[IpuemHasg 4acTb COCTOUT M3 MOAYJATOpa, perynupyemoro ycuwiutens (VGAL),
cmecurens (Mx1) nng moBbllieHHMs 4YacTOThl curHama no 60 [T, ycumurens
MOIIIHOCTH ¥ TOJO0COBOTO (uiabTpa. lcmonb30BaHWe JBYX AaHTEHH IO3BOJISIET

MOJIYYUTb JTYUIIYIO Pa3BsA3Ky MEXKIY MPUEMHBIM U MEPEAAIOIIMM TPAKTOM.
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Pucynok 4.7 — @yHKIIMOHAIIbHAS CXeMa NPUEMO-TIEPEIA0IIEr0 YCTPOICTBA
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CxemMa NpUEMHOTO M MEPENAIOIIEr0 TPAaKTa C WCIOJIb30BAHMEM pPa3JeibHBIX

reHEepaToOpoB IIpUBEACHA Ha pucC. 4.8.
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PucyHok 4.8 — @yHKIIMOHAJIbHAS CXeMa MPUEMO-TIEPEAAIOIIEro YCTPOCcTBa

Bapuantbl 0CHOBHBIX MOAM(UKAINI BXOAHBIX IETe MPUEMHUKOB MPUBEICHBI

Ha pucC. 49, KOTOPBIC OTIIMYAKOTCA UCITOJIb30BAHUEM MAJIOIIYMAIICTO YCUIINTCIIA.
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Pucynok 4.9 — OcHoBHBIE MOU(DHUKAIIUYA BXOTHBIX 1IETIEH MPUEMHHUKA
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[IpenmymecTBa mpreMHHKA TpsiMoro npeoOpazoBanust (puc. 4.10) cocrosT B
TOM, YTO OH XOPOILIO MOAXOAMT JUIi MOHOJUTHOTO MCHOJHEHHS U3 32 OTCYTCTBHS
buIbTpallvK 3epKaIbHOM 4acTOThl. TeM He MeHee, Takash apXUTEKTypa HE MOIy4yuIia
[IMPOKOTO TPUMEHEHHs] Ha CETOAHAIIHUN JEeHb, OCOOEHHO B OECIPOBOAHBIX
IPUEMOIIEPEAATYMKAX C BBICOKMMH IKCIUTYyaTallMOHHBIMUA CBOMCTBaMHU, pabOTaIOLIUX
B KBY nuanazone, u3 3a cBOEW YYBCTBUTEJIBHOCTH K IMpoOJeMaM CMEHICHHUS
noctosiHHO# cocrapiiiowmel (DC offset), 4eTHbIM rapMOHMKAaM BXOZHOTO CHTHala U
yT€UKe CHUTHaja TeTepoJlMHAa Ha aHTEHHBIA BXOA U ero wuzinydeHue. llociemnss

npoOieMa MOXKET pacCMaTPUBATHCS Kak Hanbouee cepbe3Hast.
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0 ®dazoBparmarens ¢
LNA » OpPTOTOHAJIEHBIMHU
90 BBIXOZaMH
Perynupyemslii
AT YCUIIUTENb OHY
60GHz (VGA) (LPF)
Brix.Q
PLL % o T\ ——=
CwmecuTenb
(Mix2)

Pucynok 4.10 — CtpykTypa npueMHHUKA ¢ MPSMbIM ITpeoOpa3oBaTesieM CUTHAJIA B

KBaJIpaTypHbIX kKaHanax Direct conversion architecture
CymnepreTepoJHHas CTPYKTYpa TaK K€ MO3BOJISIET IPOSKTHUPOBATH MPUEMHHUKH

C HECKOJIbKMMM KaHasiamH. Kak moka3aHo Ha puc. 4.11, Takas apXUTEKTypa MOXKET

paboTaTh B ABYX pexuMax, Ha mpueM curHasioB 60 I'Tu 5 I'T.
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| | |
I I I
| | |
~6OGHzi i ~5GHz i .
: : : LPF —P:—O
| | | |
! Yeunurens [TH 1 I T |
MIIY
! Cwmecurenb N ! ! !
LMYy G ! DALY !
| | | 0 |
| | 5GHz |
| I> | | > PLL |
T > 90° I
| > o |
i DAITY i i ®HY i
| | | |
| 55GHz | | | Q
i PLL ! ! LPF  —r—o
| | | |
| | | CwMmecurenb |
b e J e J

Pucynok 4.11 — I'etepoiriHHAasg apXUTEKTypa IPUEMHHUKA

[IpueMHUK ¢ MOCTENEHHBIM TOHWKEHUEM d4acToThl (sliding-IF) MokHO
paccmatpuBarh s ucnoiibzoBanus B KBY cucremax cBssu (puc. 4.12). Ctpykrypa
npuemHuka (puc. 4.12) cogepxut eaunyro cucremy GAIIY (PLL) ¢ nocnenyrommm

ACINTCIIEM AJIs1 reHepaluu HCO6XO,ZIHMOI>1 YaCTOTHI HpCO6p330BaHI/I}I.

Cmecurers Perﬁﬁﬁﬁﬁ?f " omu
Mix2) Y
~60GHz I
% » LPF |—o
Manowmymsiu i Cwmecutens Ycunurens [TH
YCUJIUTEIb (Mix1) (IF ~12GHz)
Jlenurtens
YacTOThI
D 1:4
Perynmpyemsiit
YCUJIUTEIb OHY
Q
> % » LPF —o
PLL
Cwmecurenb
(Mix3)

PucyHnok 4.12 — [IpyeMHUK ¢ MOCTENEeHHbIM NMOHMKeHHeM 4acToThl (Sliding IF)
ApxuTtektypsl nepeaatdukoB ¢ 5 [Tl BXOIHBIM CHTHAJIOM U BBIXOAHBIM 60

ITu curnamom ¢ oxHodasubiM (puc. 4.13) u muddepenuuansupiM (puc. 4.14)

BBIXO/J0M.
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dunbTp
3epKanpHOM Y CHIIMTENb

4acTOThI MOLLHOCTH
CmMmecurenb l'l;;)enycm;.n; Cb  (Image-rejection (Pov'ver
(Mix1) (Preamplifier) Filter) Amplifier) §0GHz
SGHz X Output
Input I> > % > I> L 5

DAY 56GHz
PLL

Pucynok 4.13 — Ilepenatunik KBY nuama3ona

OuUnbTp 3epKaTHOM
Y4acTOThI
(Image-rejection Filter)

IIpenycunurenn

CMecuTenb X Vcunureab MOLIHOCTH
(Mix1) (Preamplifier) > % (Power Amplifier)
5GHz — —© 60GHz
Input > [> - Output
| e
XD
56GHz
DAY PLL

Pucynok 4.14 — Ilepenatuuk ¢ AByMst pUIbTpaMu 3€pKaIbHOM YaCTOTHI

Ha puc. 4.15 mnokazana Oonee moapoOHass cxema TepenaTdrka

muddepeHmaibHbIM  BeIXOAOM U eauHoM 1ienbio DAIIY g momymsTopa

IMOBBIIMAOIMIECTO CMECCUTECIIA.

BB1 Cwmecurens
Input (I Mixer) ®unbtp

3epKaJ'le0ﬁ YaCTOThI

o—> (Image-rejection Filter)
T4 Yeunurens
L (IF Amplifiery  CMeS=Te [ X | e
(Mixer) X
> 60GHz
> L ——o0
BB Q Cwmecurenb 4 D , D o Output
(Q Mixer)
Ic?pm > JleauTtelb 4acToThl — %
o (| ) X
Divider [* 48GHz
" PLL
DAITY

Pucynok 4.15 — IlepepaTuuk ¢ 1eauTeneM 4aCTOThI
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4.3 Cmecureau curaajos KBY nuanasona

Cwmecurenu auanazona KBY mumpoko mpUMEHSAIOTCA B NMPUEMONEPENATUNKAX
JUIs TIpeoOpa3oBaHus YacTOTh. B mepematdmke, CMECUTENh NPUMEHSETCS IS
npeoOpa3oBaHus CUTHaida MNpomMexxyTouHod uactotel (I[IY) BBepx Ha YacToTy
paguoyactotHoro (PY) curHasia ¢ mnocCiHeoyrOlUM YCHIEHHUEM B YCHIIATEIE
mormrHocTd (YM) U mepenadeid B aHTeHHY. B 3ToM cimydae mist cMmecutens Oosee
BAJKHBIMMU SIBJISIFOTCS [TAPAMETPHI BBIXOIHASI MOIIIHOCTh U JINHEHHOCTb.

[Tockonpky obecrneueHue curaana ¢ MomHocThio 6osee 10 MBt B KBU MUC
Ha OCHOBE KPEMHMEBBIX TEXHOJIOTUU SIBIIIETCS OTHOCUTEIBHO CIIOXKHOW 3aJ1a4eil, TO
Osaromapst

HauOOJIbIIee INPUMCHCHUE HANIJIM AKTUBHBIC CMCCHUTCIIM YaCTOThI,

MCHbBIIITUM Tpe6OBaHI/I$IM K MOIIHOCTH reTepoanHa u IMOJIOKUTCIIbHOMY

ko3 dunreHTy npeoodpazoBaHusl BXOAHOTO CUTHAJA.
Tabnuna 4.1 - CpaBHeHHE MapaMeTPOB aKTUBHBIX JBOWHBIX OAIAHCHBIX CMECHTEIEH

KBY nuamasona

Ccpuika Ha yOJTUKAIHIO [100] [101] [102]
KaCcKOJHas BEPXHSS

ApXUTEKTypa ['uebept KOHpUryparus KOHpUryparus
reTepoinHa reTepoinHa

TexHOIOornYeCcKuii mpouece

0,25 mxm SiGe

0,13 mxm SiGe

0,12 mxm SiGe

[lenTpanpHas yactora paboyero
nuamaszona, I'T

60

220

50

BxonHas MOIITHOCTH TipH

KoMIpeccuu KodpduureHTa -5,6 - -16,5
npeobOpazoBanus Ha 1 n1b, nbm

Kosdduuuent npeobpazosanus, 1b | 2,2 0 9
MomHOoCTh reTepouHa, 1bm 4 0 6
[Torpebisiemasi MOIIHOCTh, MBT 33 59 23
[Imomane kpucramia, MM~ 0,283 - 0,32

HauGosnpiiee pacmpocTpaHeHHE HalLIa CXeMa AaKTUBHOTO CMECHUTENsl Ha
ocHoBe sueriku ['mnbepra [103, 100, 104-105].

Cpenu cyOrapMOHMYECKHX aKTHUBHBIX CMECHTENIE OCHOBAaHHBIX Ha JIBOWHOM
OaTaHCHOM CTPYKType NMpeoOaatoT TPY OCHOBHBIX THIA: KACKOIHASI KOH(PUTYypaIus
rerepoauna (three-level stacked-LO) [106, 107, 101, 108]. IIpunIiun paboTel TaKOro

cMmecuTennsl ocHoBaH Ha cmemmuBanuu I[IY curhHana c KBaJIpaTypHbIM CHI'HAJIOM
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rerepoauHa. Bepxsss (top-LO-configuration) [106,102] n HumxkHaAg (bottom-LO-
configuration) koHpurypamus rerepoauHa [106,109] ocHOBaHBI Ha HEIMHEHHOCTH
TpaH3uctopa. Cxema ¢ KaCKOAHOW KOH(Urypanued TpeOyeT MEHbIIYI0 MOIIHOCTb
rerepojanHa, HO TpeOyeT Oojblliee HAMpsDKEHUWsS TUTAaHUS U3 32 CBOEH
MHOTosipycHOoCcTH. Tak e Omaromapss kackojgHou crpykrype 2I-ITH wmzonsmus
JOCTUraeT HamoOosbIIero 3HayeHus. [lpu cpaBHEeHUU ¢ KacKOAHOW KOHUrypaimei
TeTepOJHA, BEPXHSSI M HIDKHIS KOH(MUTypaluu reTepoguHa MOTYT paboTaTh Ha
OoJiee BBICOKMX YacTOTax, MOTOMY YTO TaKHE CXEMbl HCHOJB3YIOT B padote
HEJIMHEWHOCTh TpaH3UCTOpa. BepxHsAs KoH(UTypalus HMEeT MPOCTYI CXeMy, HO
obecreunBaeT Manbiii KodhdumueHT npeodpazoBanus u cnadywo 2I'-1T4 uzomsmuro.
Huxusis koHdurypauus rerepoauHa oOecredyMBaeT HAaMMEHBIIYIO0 MEKIOPTOBYIO
M30JISIIUIO U3 32 CXEMHOW peanu3aluu.

B rtabnuue 4.1 moka3aHbl CpaBHHUTENIbHbIE MapaMeTpbl AKTHBHBIX JBOWHBIX
oanancueix cMecurener B CBY u KBY nuanasone.

Ha puc. 4.16 nokazana cxema cmecutens quanazona KBY Ha ocHOBe siueiiku
['unb6epra. Jyi1 yMEHbIIEHUS HANPSHKEHUS] MUTAHUS MCKIIIOUYEH UCTOYHUK OMOPHOTO
Toka W wucnoasdyercs LC koHTyp. B KkayecTBE COCpPEIOTOYEHHON €MKOCTH

UCIIOJIb3YETCSl BBIXOIHAS Mapa3UTHAsi eMKOCTh TpaH3ucTopoB Q3-Q6.

o +3,3B
L1 é L2
75p 75p

b—— -
-1
:_T;_: Cl.BbIX CZ.Bblx ‘_TT_‘ | pq.,,
PY-
* 3.8m 3.8m# *3.8m 3.8m *

Q5 Q6
2X 2X

ny-

Pucynok 4.16 — Cxema cmecuTens Ha ocHOBe stueliku [ mnpbepra
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N3menenneM HomuHanoB pe3uctopoB R1, R2 cxemsl puc. 4.16 u 3HaueHus
UHAYKTUBHOM Harpy3ku L1, L2 koaddunuent npeobpa3oBaHus U JIMHEHHOCTDH
CMECHUTENSI MOT'YT OBITh ONTUMHU3HUPOBaHbl. TOK HMXKHEN AUQQepeHInaabHON Mapsl
ONTUMM3UPYETCS ISl JIOCTHOKEHMS ~ MAKCUMaJbHOM  TpPaHUYHOW  YaCTOTHI
TPAH3UCTOPOB IPHU 33JaHHOM IJIOLIAAN IMUTTEPOB (€Er0 3HAYEHUE paBHO 7,6 MA I
kaxnaoro Ttpansucropa VT1 u VT2 (puc. 4.16)). OnHomeuubOeNbHYI TOYKY
KOMIIPECCUH, KOTOpas ONpelnessieT JIMHEHHOCTh MO BXOAY, MOYKHO PAacCUMTaTh IO

caenyronieit hopmyse [100]:

Vigg = (g,Rg +1)7, 4.1)
5,25
R
K =% — tanh(—L) W 4.2)
qu Z(PT y + RE
rne @.=26 MB - TemmepaTypHbI NOTEHUMaN; g - KPYTU3HA HWKHEH
mup¢epeHunanpsHo mapbl Ha TpaH3ucropax QIl, Q2; Ry - comporuneHue

OMUTTEPHBIX PE3UCTOPOB; R, - compoTuBneHne Harpy3Ku.

U3 ¢opmynsr (4.1) crmemyer, 4TO JMHEHHOCTbh MO BXOJY YBEIHUYHMBACTCA C
YBEJIMYEHUEM  COIMPOTHUBIICHHS OSMUTTEPHBIX PE3UCTOPOB, HO KO3DPuUIUEeHT
npeodpazoBanus (Ky) mpu aTom nagaet (4.2) U3 3a yMEHbIIEHUS] KPYTU3HBI g, .

[Ipu BenuuuHe SMUTTEPHBIX pe3ucTopoB R1=R2=20 Om npomoaenrpoBaHHbII
¢ nomotisio CAITP Agilent ADS xosddunuent npeodpazopanus paBeH 2,2 ab, a
BXOJHAsl OJHOJELMOeNbHas TOUYKa KOMIIpECCHMM paBHa MuHyc 6,3 nbm Ha ydacrtoTte
120,5 I'Tw.

MonaenupoBanue BbinoaHssioch B CAIIP Cadence 1 ADS Momentum u ¢
Y4€TOM Mapa3uTHBIX NapamMeTpoB. Bce BXOAbl W BBIXOJbl COIJIACOBAaHbI Ha
conporuBieHue 50 OM. Koadpdunuent npeodbpazosanus (K,) mocturaer Mmakcumyma

IPU MOIIHOCTH rerepoanna Pr=6 nbm. Beixonnas momHocTs Hacsimenus 0 n1bwm.
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B Ta6u1. 4.2 npeacraBneHbl XapaKTEPUCTUKU CMECUTETIS.

Tabmuma 4.2 - Pe3ynbTaThl MOACTUPOBAHUS CMECUTENS pUC. 4.16

Texmnponecc 0,13 mxm BuKMOII
Hwnamazon yactot, I'T 113-127
Tox moTpebaeHus, MA 16.4@3.3B
Koaddumnment npeodpazoBanus, nb 2.3
Brixonnas 11b Touka kommpeccuu, 1bm -5
ITonoca nmponyckanus [14 o ypoBHio munyc 3 ab, I'T'1g 0,5-7,4
I'-PY uzonsamus, 1b >55
MomHOCTh reTepoauHa, 1bm 6
I', PY — onaodasunie
Tum Bxona 9 — b (b%)peH.

Hns  mpeobpazoBanus nuddepenmmansHoro PU  BbIxoga cmecuTens B
onHo¢a3HbI U 0AHO(DA3HOTO BXOJa TeTepo/ivHa B NU(PPpEeHIINANBHBIN B AUana3oHe
yactoT 120 [T ucnonbedyercst cummerpupytouiee ycrpoiicto (CY) Mapmanaa [110].
CY Mapmanga 4BiseTcs UIMPOKONOJOCHBIM  yCTPOMCTBOM €  HEOOIBIIUM
kodbdunuentom  norepb. OH  KOHBepTHpyeT  OoAHO(a3HBIM  CUTHAT B
muhdpeHITuanbHBIA ¢ TIOMOIIBIO CBSI3aHHBIX YETBEPTHBOJIHOBBIX OTPE3KOB JIMHUIMA
nepenayn. J{ist Toro, yToObl YMEHBUIUTH pa3Mep TAKOW CTPYKTYpPHI, JIMHUU ObLIH
cKkpyudeHbl B Meanap. CorjacoBaHue Bxoja M Bbixoja yctpoictBa Ha 50 u 100 Om
MPOUCXOUT IYTEM COOTBETCTBYIOIIETO BHIOOpPA BOJHOBBIX COTPOTHUBICHHUMA IS
YeTHOM M HEe4YETHOUM MOl cBsi3aHHBIX quHMH [109]. Tononorus takoro CVY mnoka3ana

Ha puc. 4.17.

Bxox o M4 — A4 e X.X

T
Qm Y N7 S

Brixon

Pucynok 4.17 — Tononoruss CY Mapmanna

OnektpomarauTHoe (OM) monenupoBanue nokazano uto CY umeer 1,35 nb
noteps, 4,5 rpamgycoB pazdamanc mo ¢aze u 0,15 nb pazbamaHc Mo aMIUIUTY/IE.
Huamnazon pabouunx gactor oT 110 [Ty 1o 130 I'Tm.

Cmecurens, Ha OCHOBe sdeiiku [mnpOepra mMOKa3all XOPOIIHE IapaMeTpPhl

BBIXOJIHOM MomHOCTH W [-PU wu3omdamuu, HO y HEro ecrb HEIO0CTATOK,
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3aKJIFOYAIOIIMICS B BBICOKOM yacToTe M TpeOyemoil mouiHoctu (6 nbm) curnana
rerepoanHa. J[as TOTO, YTOOBI OOJETYNTH MPOCKTHUPOBAHWE IICTICH, CBSI3aHHBIX C
rerepoauHoM  (I'VH, DOAIIY), MOXHO  HCIIOJIb30BaTh  CMECUTEIb  Ha
CyOrapMOHWYECKUX YaCTOTAX, WCIOIB3YIONMI BTOPYI0 TapMOHHMKY YaCTOTHI
reTepOnHA.

IIpu »ToM ObuTa BBIOpaHA KackoJHas TpexbsipycHas cxema puc. 4.18. Cxema
o0ecreuynBaeT HAWIYYIIyl0 M30JSLHMI0 OT mopTa rerepoauHa K nopty IIY, tpeOyer
MEHBIIE MOIIHOCTH TeTepoJIMHa W 00ecleuynBaeT XOpomuid KoIPPUIUEHT
npeobpazoBanus. K HemocraTkam Takol CXEMbl OTHOCHUTCSI €€ MHOTOSIPYCHOCTD,
KOTOpasi TpeOyeT Ooblliee HAMPsHKEHUE TUTAHMS.

Ha puc. 4.18a nokazana cxema cyOrapMOHUYECKOTO KaCKOJTHOTO CMECHUTENS ().
Ha 6a3s1 TpanzucropoB Q7-Q10 momaercst curnan retepoanna ¢ dasupoBkoi 0°/180°
u oOo3HaueHa Kak cuH(pa3Has KOMIIOHeHTa curHana (r, u T,). KBamparypnas

cOCTaBJsoIIasl, ¢ HavaidbHbIMU ¢azamu 90°/270° (r, u T,) momaercsa Ha Oa3bl

tpar3uctopoB Q3-Q6. Ha puc. 4.180 moka3aH OauH TUKI TEPEKIIOYCHUS
TPAH3UCTOPHBIX Map. M3 Hero MoXXHO yBUAETH, YTO KBAJApPATYpHBIA U CHUH(DA3HBIHI
CUrHaJl CKiajpiBaroTcsl B I' kackage u oOpa3yroT curHan I'1g, MMeonmii B 1Ba pasa

MEHBLINI NEepUOo/, a 3HAYUT B JIBA pa3a OOJBUIYIO YACTOTY, YEM B HCXOJJHOM CHTHAJIE.

+3,58 1/fr

L1 L2 ’4—%

133p 133 p 1 } }
N
Z17 Clow Coom =17

Pucynok 4.18 — Cxema cyOrapMOHHUYECKOTO CMECUTEISI ¢ KAaCKOTHOM

KOH(UTypaluei rerepoarHa (a) U ero NpuHIUI padoTsI (6)
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Toxk IIY nuddepenumansHOoro kackaga coctapisieT 4,5 MA Ha KaXIoM
TPaH3UCTOPE. DMUTTEPHBIEC PE3UCTOPHI ObLIN UCKIIOUEHBI U3 CXEMBI JJI1 YMEHBIICHUS
HarnpsbkeHus nuTtanusa. Harpyskoil cmecurens ciayxuT LC kxoHTyp. B kauectBe
€MKOCTH HCIIOJIb3YETCs Mapa3uTHAs BBIXOIHAS EMKOCTh TPAH3UCTOPOB.

Jis  koHBepTUpOBaHUS OAHO(MA3HOrO curHaida B AuddepeHInaIbHbIN
ucnonb3yoress CY Mapmanga. T.k. yacToTra rerepojuHa B CyOrapMOHHUYECKOM
cmecurene paBHa 60 I'T'w, nimuHa otpe3koB nepegaun CY Obliia yBenuyeHa B 2 pasa.

Jlnst monmydenust kBajapaTtypHo Q u cuHda3HOM | KOMIOHEHTH HEOOXOAUM
KBaJIpaTypHBI HaNpaBiIeHHbIA OTBETBUTENb. CXeMa €ro BKJIIOYEHHMs IOKa3aHa Ha
puc. 4.19. IlpocTednmii OTBETBUTENIb COCTOMT M3 4 4YETBEPTHBOJHOBBIX OTPE3KOB
JIMHUW TIEPENAYU C Pa3HbIM BOJHOBBIM CONPOTUBIIEHHEM, OJHAKO Ha yactote 60 [T
Takas CTPYKTypa 3aHMMaeT HE MO3BOJIMTEIBHO MHOTO MECTa Ha KpUCTajuie, Ul
YMEHBIICHHS 3aHUMaeMOU TUIONIaM MOYKHO MCIOIb30BaTh A/8 1 A/12 oTpe3Ku JUHUIMA
nepefadyn C 3allyHTUPOBAHHBIMHM KOHAEHcaTopamu Ha koHuax [111]. Ha puc. 4.19
MOKa3aHa muddepeHImanpHasl  CXeMa  HalpaBJICHHOTO  OTBETBUTENS  C
UCIIOJIb30BAHMEM KOMIUIAHAPHBIX JIMHWM mnepemadd. [[ns coryacoBaHust Ha
mudpdepenumanbioe  conpotuBieHue 100 Om, BOJHOBOE  COMPOTHUBIICHHUE
KOMIUIAHAPHOM JIMHWM, 3aBUCAILEE OT IIMPUHBI JIMHUU M PACCTOSHUS MEXKIY

MOJIOCKOBBIMH 3JIEMEHTaMU, ObL10 BbIOpaHo paBHbIM 70,7 OMm.

120p®

O

j j 120D
T 70,7 Om T

Duda. BXOA OT
cYy

0°, 180°
70,7 Om

Ond. BbIXOA

- 90°, 270°

M30nmposaHHbIiA o—- Andpdp. BoIXOA
nopt o 0 0°, 180°

| Jf 120®

12000 —— 70,7 Om

Pucynok 4.19 — Cxema HanpaBJIEHHOT'O OTBETBUTENS C YMEHBILIEHHON MJIOIIAbIO

OM wmonenupoBanue cxemsl puc. 4.19 nmokazano 4To B mojioce 4acTot 55-65
[T orBeTBUTENs MMeeT 4,5-5 n1b moteph, aMIUIMTYIHBIN pa3daianc He 6omee 0,515,

¢da3oBbIi pazdananc He 6osiee 4 TpaaycoB, KodhduIMeHT oTpaxenus oonee -111ab.
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Bce BXOaBI W BBIXOABI CMECHUTEINS COTJIACOBaHBI Ha compoTuBieHne 50 Owm.
Koadhdumment mnpeodpazoBanust (K,) mocturaer makcuMyma TIPH  MOITHOCTH
rereponuHa Pr=4 nbm. B Tabn. 4.3 mnoka3aHbl pe3ysbTaThl MOJACIHUPOBAHHUS
CyOrapMOHHYECKOTO CMECUTEIS.

Tabnuma 4.3 - Pe3ynbTaThl MOJICTUPOBAHUS cMecUTeNs puc. 4.3a

Texmporecc 0,13 mxm BuKMOII
Yacrota, I'T 103-133
Tox morpebiieHus, MA 10.2@3.5B
Koadduunent npeobpazosanus, 1b 5,2
Brixognas 1ab Touka komnpeccuu, 1bm -12.4
[Tonoca nponyckanus [T no yposHio munyc 3 b, [T 0,5-13
I'-PY uzonsauus, 1b 43
MouHOCTb reTepoiMHa, 1bm 4

I', PY — onaodasunie
Tun Bxona Y — dp (beg)eH.

4.4 Onrumuszanus noopornoctu LC narpyzoxk KBY nuana3zona

Bo wmuormx KBY MMHMC cmecuteneldi W yCHUJIMTENIEH HMCHOJIB3YHOTCS
T depeHIMANbHBIA BBIXOJl, Harpy>KeHHbIM Ha cONpoTHBiIEHHE R, OT 3HaueHUs
KOTOPOTO 3aBUCUT KOd(DPUITMEHT mepenadn cxembl (cMmecutenu [wmipdepra m ux
mMonupukanmu, AudepeHnranbHble YCUIUTENU, reHepartopsl U T.4.) [112-114].
Cospemennbsie MUC o SiGe TexmponeccaM UMEIOT HanpsiKeHus: nmutanue 3,3 - 5 B,
YTO CYLIECTBEHHO OIPAHMYMBACT JUAIIa30H 3HA4eHUU R, B cTOpOHY ymeHblIeHHs. B
3TOM cllydae AJis yBeJWdeHHsl Kod(p(duLMeHTa Mepenadyd W BbLACICHUS IOJE3HOU
cocrapisitomier  curHana B KBY  guanazoHe  3a4acTyr0  HMCHOJB3YIOT
KOPOTKO3aMKHYTbIE YETBEPTHBOJHOBBIE OTPE3KH JIMHUI NEPENAUN.

B kadecTBe Harpy3KkW CMECHUTEIEH CUTHAJIOB B KOJUIEKTOPHBIX LETSX 4acTOT
ucnonp3ytorcss LC nenu. J[oOpoTHOCTh Takux wemed ompenaenser KodPQPHUIHeHT
npeoOpa3oBaHUsl CMECHUTENS M IOJIOCY MPOIMYCKAaHHs, MOITOMY €€ ONTUMHU3ALUA
ABJISICTCS aKTyalbHOM 3anauei [115].

HuddepennunanbHas JTUHUS, 3aKOpPOYCHHas Ha OJHOM U3 KOHIIOB, Ha
pe30oHaHCHOM 4acTtoTe paboTaeTr B pexuMme crosuedl BoaHbl. Ha puc. 4.20a

n3o0paxkeHa Takas JuHUS, a Ha puc. 4.200 rpaduKku TOKOB M HAaINpsSHKCHUH B
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3aBUCHUMOCTH OT HOPMHUPOBAHHOW KOOPJIMHATHI JUHHUU. M3 puCyHKa MOKHO CIenaTh
BBIBOJI, YTO JIEBas 4YacCTb TAKOM JIMHUHA HMMEET EMKOCTHOM XapakTep, a Ipasas
UHIYKTUBHBIA. Ha KOpPOTKO3aMKHYTOM KOHII€ JIMHUM HaIpsHKEHUE HAXOIUTCS Ha
MHHHMMAJIbHOM YPOBHE, a TOK Ha MAaKCHUMAaJbHOM, IIOTOMY IIOTEPH IPOUCXOIAT B
OCHOBHOM M3 3a IOCJIEIOBATEIBHOIO COIPOTHUBIICHHUS] MHUKPOIIOJIOCKOBOW JMHMH. C
JPYroi CTOPOHBI JIMHUH, HA000POT, TOK MUHUMAJIEH, & HAIIPSKEHUE — MAKCUMAJIBHO,
IIOATOMY ITOTEPH CBSA3aHBI C IMAPA3UTHOM WIYHTHUPYIOLIEH IPOBOAMMOCTBIO MEKIY

nuddepeHInaTIbHBIMY JIMHUSMH.

-1 -0.8 06 04 0.2 0
HopmannsoBaHHaA KOOpAMHATA IMHUN

0)
Pucynok 4.20 — luddepenunanbHblii 4eTBEPTHBOIHOM OTPE30K JTUHUU Mepeaauu (a)

U rpayKy TOKOB ¥ HANPSDKEHHUM B 3aBUCUMOCTH OT KOOpAUHATHI TUHUU (0) [36]

DTO SBICHUE MOXET OBITh MCIOJIB30BAHO JUIsl CHIDKCHHSI MOTEPh B JIMHUU U
COOTBETCTBEHHO yBelnueHus 100poTHoCcTH [116]. s 3TOr0, HA KOPOTKO3aMKHYTOM

KOHLIE JINTHUA HEOOXOIMMO YBEJIMYUBATh IIUPUHY JUHUN U 3a30p MEXIY HUMH, a Ha
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JPYroM KOHIIE, HA00OpOT, YMEHbIIATh IIUPUHY U 3a30p, KaK MOKa3aHO Ha puc. 36.

JlnrHa Tako¥ TWHUW pacCUUThIBaeTCs U3 popMysl (4.3).

A — 4.3)
g fo-\er

ra¢ ¢ — CKOpPOCTb CBCTA, fc — Ppe30HaHCHasd 4YacToTa, €, — MAU3JICKTPHUYCCKAs

IMPOHNIACMOCTbD.

Tax, ns pesonancHoit yactotel 120 I'Tn 1 xpeMHUEBOU NOJIOKKE C €, =4,1,
JUTMHA JTUHUU OyaeT paBHa 0K0j0 310 MKM.

348 MKm

A
\ 4

P_1Tone
PORT3

Num=2

Z=50 Ohm ﬁ’
P= tapered_resonator_gnd_v1
Freq= tpered_resonator_gnd_v1_1

ModelType=RF

Pucynok 4.21 — JIunus nepenayul ¢ yBEIMUYEHHOW JOOPOTHOCTHIO

[Ipy mnpoexkTHpOBaHMM HArpy30K, HEOOXOAUMO YYHMTHIBATH BBIXOJHYIO
KOJUIEKTOPHYIO €MKOCTh TPaH3HCTOPOB, KOTOpPasi MOKET CYLIECTBEHHO IMOBJIMSITH Ha
NO0OpOTHOCTh TakuX JUHUN. Hampumep, BbIXOAHAs Mapa3uTHAs €MKOCTb CMECUTENS
Ha ocHOBe sueiiku ['mnbbepra paBHa 27 D [112]. Takum oOpa3om, BMECTO JeBOU
YacTU 4YETBEPTHBOJIHOBOTO OTpE3Ka JIMHUM [EpeAadd, HMEIOIEe €MKOCTHOU
XapakTep, MOXET ObIThb HCIIOJIb30BAHA MApa3UTHAs  BBIXOJHAS  €MKOCTh
TPaH3UCTOPOB, pHUCYHOK 4.22. Kpome »3TOro, 3TO CYyIIECTBEHHO COKOHOMUT

3aHUMACMYIO IUIOIAaAb HAa KPUCTAJLIC.
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C 117 mkm
c2 < >
C=27 fF
T Y
P_1Tone
PORT 1
Num=1
Z=50 Ohm .
= P= c IR S S
Freq= C1
p— C=27 fF
P_1Tone
PORT3 Ref
Num=2 == resonator_gnd_v2
Z=50 Ohm = uni_resonator_gnd_v2_1
= P= ModelType=RF
Freq=
a)
c 186 MKm
Cc2 < >
T C=27 fF
P_1Tone )
PORT1
Num=1
Z=50 Ohm .
-l P= C
Freq= c1
— C=27 fF
Ref
P 1Tone taperediresonatorfgndiv&_
PORT3 tapered_resonator_gnd_v1_1
Num=2 ModelTy pe=RF
Z=50 Ohm -
Freg=

0)

Pucynoxk 4.22 — Cxema moaenupoBanus LC Harpy3ku 6e3 onTumu3aiuu (a)

u ¢ ontTuMuzanuen noopornoctu (6) B CAIIP Agilent ADS

Ha puc. 4.23 noka3aHbl pe3ysbTaThl JIEKTPOMArHUTHOTO MOJEIMPOBAHUSA
BXOJIHOT'O COIPOTHUBJIEHUS, BbIpakeHHOro B Ab, oT yactoTel B CAIIP Agilent ADS ¢
ucnois3oBanueM mnojnoxku SiGe BuKMOII TexHonormyeckoro mpoiecca c

npoekTHeiMH HOpMamu 0,13 mxMm. Kak BugHO, onTumuzanus Gopmbl TaKoW JHUHHUH

MIO3BOJISIET OBBICUTH JOOPOTHOCTH Ha 24%.
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Pucynoxk 4.23 — Pe3ynbratel mogenupoBanus LC Harpy3ku B CAIIP Agilent ADS

brumn paccmoTpensl BapuanTel LC Harpy3ok B cxemax KBY nuanazona. beuio
YCTaHOBJICHO, YTO ONTHMH3aNus (OPMBI MHUKPOIOJIOCKOBOW JIMHUHM ITO3BOJISET

MOBBICUTH IOOPOTHOCTH Ha 24 %.

4.5 YMHOKHUTEIH 4YaCTOThI

B Hacrosimiee BpeMsi BOSHHUKIIA OCTpasi HEOOXOUMOCTh B CO3TaHUU YCTPOMCTB
CBSI3U, palOTalOIMX B MWIIUMETpOBOM nuama3zoHe yactoT (30-300I'T1r), xoTopbie
obecrnieunBaiM Obl OBICTPOE TOJAKIIOYEHHUE, BBICOKYIO CKOPOCTh IEpeaadd JTaHHbIX,
MaJyl0 CTOUMOCTb, BRICOKUH YPOBEHB O€30MACHOCTH M MaJIbIE Ta0apUTHI.

IToTeHIIMaIBLHBIE BO3MOYKHOCTH (718711170 CHCTEM CBS3U c
npueMonepeaTyukaMd MIJIJTUMETPOBOTO JUana3oHa, B Cllydae HUX MacCOBOTO
UCIIOJIb30BAaHMS, TO3BOJSIIOT CO37aBaTh HEJAOPOTHE YCTPOMCTBA CBEPXCKOPOCTHOM
OecnpoBOJHON Tepefayd JaHHBIX M MOTYT HCIIOJB30BAaThCS KaK OIOPHBIC
MarucTpajibHble OCCIPOBOAHBIC KaHANBI CBsi3u 0a30BbIX cTaHmuii WiFi, WiMAX #u
LTE, GecnipoBosHasi albTepHATHBA ONTHYECKUM KaOelbHbIM KaHanmaMm VHTEpHET Ha

KOPOTKHX PACCTOAHUAX. B Takmx cucremax HaxoAT MIHUPOKOC JIMPHMCHCHHUC
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yasoutenn vactor (YY) KBY-mmamazonos. Hampumep, B paguonpuéMHBIX
YCTPOWCTBAX, TIJE€ 4YaCTOTy TE€TEPOAMHA JUIA CMECHUTENd IIOIY4YaroT YABOCHUEM
4acTOTHI 3a/IAI0IIET0 I'eHepaTopa WX NOJy4YeHHs YABOCHHON 4acTOThHI F€HEpATOpa B
nepenaTyruKe. JTO MO3BOJISET MOBBICUTH BBIXOAHYIO MouIHOCTh B KBUY-nuanazone, B
KOTOPOM CJIO’KHO PEAIM30BaTh FEHEPATOPHI C PUEMIIEMBIMH [TAPaMETPAMH.

CymiecTByeT aB€ OCHOBHBIE PAa3HOBUAHOCTM Y/[U: IacCUBHBIE M aKTHBHBIC.
Brixognas momuoCTh naccuBHbIX Y /IYU MeHbIEe, 4eM BXOJHAs, U XapaKTEPU3YETCs
notepsiMu ipeodpazoBaHusl. AktuBHbele Y /[U, Kak npaBuUiio, UMEIOT NOJOKUTEIbHBIN
ko3pdunuenT npeoOpa3oBaHMsT W CTPOSTCA IO CXeMaM Ha  OCHOBE
muddepeHInanbHbIX KAacKaloB, T.K. B TaKUX CXEMax JOCTHTaeTcs XOpolee
MoJaBJIeHUE BXOHOM yacToThl [117, 118].

Pa3BuTHe TEXHOIOTMYECKUX IPOLECCOB HAa OCHOBE KPEMHHS YK€ CETOIHSA
IIO3BOJISIET TOBOPUTH O BO3MOXXHOCTH IIPOM3BOZACTBA OTHOCHUTEIBHO HEIOPOTHUX
CHUCTEM Ha KpHcTajule, ucnoas3yromux nuana3oH KBY. IlepcriekTuBHBIME B IIIaHE
noctpoerrsi KBYU MoHonmuTHbIX uHTerpanbHbix cxem (MUC) kmacca «cucrema Ha
KpUCTauie»  SABJSIOTCS  TexHosiormueckue  mporeccbl  buKMOII ¢ SiGe
reTepoOUNOSIPHBIME TpaH3ucTopamu [119].

B nanHo#1 paboTe paccMaTpuBarOTCs pe3yabTaThl IPOSKTUPOBAHUS, U3MEPEHUS
[IapaMeTPOB U KOMIIBIOTEPHOT'O MOJEIMPOBAHUS YIBOUTENS YaCTOT MUJUIUMETPOBOTO
quana3oHa Ha OuNoJSIpHBIX TpaH3ucTopax SiGe-TeXHOJOTMU € IMPOEKTHBIMU
HopMamu 0,25 MKM.

Ha puc. 4.24 noka3zana cxema yABOMTEINS 4aCTOTHI, KOTOPBIA UMEET BXOAHYIO
nens cornacoBanust Ha LC-anementax (L1, L2), nuddepenunansubiii kackang (VT1,
VT?2), paGotaromiuii B HEIMHEHHOM PEXUME, U LENb YCTAHOBJIECHUS MOTEHIMAJIOB
(R1+R16). BoixogHoit curHan aud@epeHaIbHOr0 Kackaja YCHUIMBAETCs
BBIXOJIHBIM KackagoMm ¢ obOmieit 6azoif (VT3), B KOTOpOM B KadecTBE Harpy3Ku
UCIOJIB3YeTCd  MHAYKTUBHOCTH (L3), dYro MO3BOJAET MOJY4YUTh  BBICOKHIA

KO3 PHUIMEHT TpeoOpa3oBaHMUs.
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Jia ontumusanyu padotsl Y /Y puc. 4.24 B nuanazone KBY Obu1o npoBeneHo
CUMMETPHUPOBAHUE 3JIEMEHTOB CXEMBbI (LIEMH YCTAHOBJIEHUS CTATHYECKOIO PEXUMA),

rac JIMHUEHN CUMMCTPUU ABJIAJICA IIYTDH IIPOXOKACHUSA CUTHAJIA.

Bbix. J) +E
R11 ’ R12
L3

c7

R11' R12'
T | S| N | S|

R13| | Ro C5 I C6 R10 | |R14]

R13| | RY R10 [ r14f
R3 R1 R2 R4
—3 VT1 VT2 —
R15 - 1 - C2 R16
L]
1
R15 —— C3 =T C4 R16'

L1 L2

Bx. 1 Bx. 1

Pucynok 4.24 — Cxema yaABOUTENS YACTOT

Ha puc. 4.25 nokazana tonosoruss YU puc. 4.24 B cpene Cadence Ha
mogensix SiGe-TpaH3UCTOpoB TexHoJoruueckoro mpouecca SG25H1 ¢upmer THP
(l'epmanus). Bxoanble KaTymIkd WHAYKTUBHOCTH CXEMbI OBbUTH MpPeoOpa3oBaHbl B
JUHUM TEepejadyd, 4YTO COXpPaHAEeT HOMMH&JI WHIYKTUBHOCTM M YMEHBILIAET

SJICKTPOMAIrHUTHBIC HABOIKH.
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0)
Pucynok 4.25 — Tononorus yaoutens yactoT puc.4.24 B cpene Cadence.

Massiit macirab (a), yKpyrnHeHHbIH MaciiTad (0)

Ha puc. 4.26 npuBeneHbl pe3ylbTaTbl W3MEPEHUN YaCTOTHOIO CIIEKTpa
BBIXOJHOTO CUTHajJa B JKCHEPUMEHTaIbHOM MuKpocxeme Y /(U ¢ Tomosiormen puc.

4.25.

10

96.08 Ty, -14.6 dbm

-100
75 80 85 90 95 100 105 110 115 120

fout, rr'—l

Pucynok 4.26 — YacTOTHBII cieKTp BBIXOAHOrO curHana Y /{4

N3 paccmotrpenust puc. 4.26 cieayer, 4YTO IPU BXOJHOM CHUTHAJIE YaCTOTOMN
48T na BeiIXOme YUY wmmeem curHan ¢ yvactotod 96 [T M MOIIHOCTBIO
BBIXOJIHOTO curHaiia -14 nbm. JlaHHbIe W3MEPEHUN YAOBIETBOPSAIOT pPE3yJbTaTam
KOMIBIOTEpHOTO MojaenupoBanus YU ¢ nonyctumeim oTkiioHeHueM. Ha puc. 4.27 +
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puc. 4.30 mpencraBieHbl pe3ysbTarhl uccaenoBanHus cxembl YU (puc. 4.24) ¢
y4€TOM 3JEKTPOMATHUTHOrO aHanu3a TtomnoJsiorun (puc.4.25) B cpene Momentum

ADS.

5.000

0.0000 dB(S{1.1))

5000
1000

= {500 —| P,

dBES 2,2))
dB(S(1.1))

-2000 —
-2500 | dB(S(2.2))

-30.00

-3500 T | T | T | T I T | T | T
00000 2000G 40006 6000G  BOOOG  100.0G 12006  1400G

Pucynok 4.27 — HopmupoBannsie o ocu Y S-mmapametpsl Y U

1000
0.0000-]

N 00

5 ]

3 -

£ a0 fin=48.00G

o ] dBm{out[:,2])=-2.299
23000
-4m0 T | T I T | T | T | T | T

i[e} 00000 20005 40003 60005 BOMOG 000G 12006 1400

Pucynok 4.28 — Koaddunment nepenaun Y 1Y no mourHOCTH

5(HB1 HB Vout_t), V

ts((HB1.HB.Vin_t)-(HB1.HB.Vinp_1))

LAAAERARAE AR RARES RARRS RAREE IALEN RAREE RALE

( 5 10 15 20 25 30 35 &0 45

Pucynok 4.29 — Ocumsiiorpamma BeIXOHOTO curnana Y {4
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m2

dBm{HB1.HB Vout_1)

m1

freq=96.00GHz
dBm{HB1.HB.Vout_t)=-3.948
pin=4,000000

m2

freq=144.0GHz
dBm(HB1.HB.Vout_t)=-52.071
pin=4.000000

m3
freq=48 00GHz
dBm(HB1.HB.Vout_1)=-39.758

pin=4.000000

Pucynok 4.30 — Cnektp BeixoaHoro curana ¥ {4

Kaxk BunHO n3 xapakrepuctuk (puc. 4.27 + puc. 4.30), cxema Y /[U cornacoBana
no Bxoay Ha yactore 48 ['Tu, no Beixoay — Ha yactote 96 I'T'1. I1pu narpyske 50 Om

BBIXOJIHAsI MOIIHOCTh paBHa 5 n1bM, a mojaBjieHHEe BXOJHOTO CHUTHaja COCTaBISIET 48

nb.

[To pesynapTaTam usmepenuii paspadoranubiii YU ynoBiaeTBopsieT TpeOOBaHMS
npuemorniepenarunkoB KBY nuanazona, B TOM 4nciie aBTOMOOMIIBHBIX paapoB.

[TpakTrueckoe npumenenue YU (puc. 4.31) u apyrux KBY ¢yHKIIMOHaTBHBIX
y310B [97, 98] npuemMo-nepenaroninil anmapatype nokasaio, 4to grocrounctsoMm KBY
JMana3oHa SBISETCS KBAa3HONTHYECKas (opMma pacnpoCTpaHEHHsS W3IY4YCHHS, IMPH
KOTOPOH OTCYTCTBYIOT MHTep(EpeHIUs U CBA3aHHBIC C HEW MOMEXH, XapaKTepHBIC

Al nepeaadd CUTHAJIOB B aTMOC(I)CpC B HH3KOYACTOTHBLIX JHAIIA30HAX CIICKTpa

SJICKTPOMATIrHUTHOI'O U3JTYYCHH.

Port
P
Num=1
0y 330V

Pucynok 4.31 — IlpunnunuansHasg cxema Y U B cpene Cadence
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Pucynok 4.32 — Tononorus YIH B cpene Cadence (a), yBeTU4ECHHBIN

(dbparMeHT OCHOBHO# YacTu (0), yBEeTHUCHHAS 4aCTh OCHOBHOTO 0JIOKAa TPAH3UCTOPOB.

g
3
&
4
%
£
7
£
bt
¥
i

. Veas - -
. Num=§ .

g

Voo
LA Nurn=4.

———

Al

[=:]
c=8.fF
w=272um

T E2720m

1-22.25 um

X2

[ ModelTypa=tin’

in_1
-Mum=1
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Pucynok 4.33 — Cxema Y/IU B B cpene ADS
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4.41-4.49

Ha IIOKa3aHO

pucyHkax 4.34-4.39,
MOJICJINPOBAHUS,

pe3ynbTaTOB.

File Edit View Insert Marker History Options Tools Page Window Help

HECKOJIBKO

UTepaun
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Pucynok 4.34 — Pe3ynbpTaThl MOAEIMPOBAHUS S-ITapaMeTpoB cxeMsl Y /U B cpene

ADS (1 ureparus)
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Pucynok 4.35 — Pe3ynbTaThl MOJICIMPOBAHUS BBIXOAHOM MOIITHOCTH cxeMbl Y /(U B

cpene ADS (1 urepanus)
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Pucynok 4.36 — Pe3ynbTaTbl MOJICIMPOBAHUS BEIXOAHON MOIITHOCTH cxeMbl Y /(U B

cpene ADS (2 urepanust)
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Pucynok 4.37 — Pe3yapTaThl MOAEIMPOBAHUSA S-IIAPAMETPOB U BBIXOJHON MOIIHOCTH,

cxembl YU B cpene ADS (2 utepanus)
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Pucynok 4.38 — Pe3ynbTaThl MOJIEIMPOBAHUS BBIXOJHOM MOIIHOCTH cxeMbl Y /(U B

cpene ADS (3 urepanusi)
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4.6 Jluauu mnepemxaum i HHTerpadbHbix Mukpocxem CBY m KBY

ANANA30HOB

OgHuM M3 OCHOBHBIX HampaBlieHWd pa3BuTHs coBpeMeHHo KBU-
MHUKPODJIEKTPOHUKH, SBJISAETCS COBEPLICHCTBOBAHUE «CHUCTEM Ha KpUCTAIE» U
«CHCTEM B KOpIIyCE€», COYETAOIIMX IUIAHAPHYI0 TEXHOJOTHI0 M HAaBECHBIC
MHUKPODJIEMEHTBI. XOpOLIO M3BECTHBIE IUIaHApHble JuHUM nepepaun  (JIID),
obecneunBarome KBY coennHeHne MHKpORJIEMEHTOB B MpEJeNiax Kopiyca, Takue
Kak MukpomonockoBas u meneBas JIII, He >3ddexTuBHB A8 THOPUAHBIX
UHTETPAIBHBIX CXEM MIUIIUMETPOBOTO JAMana3oHa U3-3a OOJBIIOro 3aTyXaHHs, a
TaK)K€ 10 KOHCTPYKTHBHBIM COOOpakeHUsIM. B CBA3M C 3TUM mpencTaBisieTcs
aKTyaJbHBIM  HMCCIIEIOBaHME HOBBIX KOHCTpykumi JIII, kotopeie  moryt
UCIIOJIb30BAThCS B IaHHBIX JUANa30HAX U yIOBJIETBOPSIOT TPEOOBAHUSAM «CUCTEMBI B
KOpPITyCe» Pa3IM4HbIX IPUEMO-TIIEpenaromux moaynei [120].

B pa6ote [120] B cTporoii mocTaHOBKE pelIieHa 3JIEKTpOCTaTHYecKas 3agada
JUISL JINHUAW [IepeAady ¢ TOPLIEBBIM IPOBOJIHUKOM.

OcHOBHasE 4acTh DHEPrUM BJIEKTPOMArHUTHOM BodHbL (puc. 4.50)
pacnpoCTpaHsAeTcsl B IUAJIEKTPUKE BOJIM3H TOpLA HOI0KKH (1) MEXKAY MOIOCKOBBIM
MPOBOJIHUKOM (2), pacCMoJIO)KEHHOM Ha TOpIE, W IUICHOYHBIM 3KpaHoM (3) Ha
wiockocTsax noaoxku. Mcenenyemas JIIT nomkHa 0061aaaTh MEHBIINM 3aTyXaHUEM
10 CPAaBHEHHUIO C MUKPOIIOJIOCKOBOM JINHUEHN M3-3a 00JbIIEH MJIOIAAH TOKOBEYIIUX
gacteii. Kpome toro, BomHa pacmpoctpansercs mno mnepudepuun I'MC, uyto
YBEJIIMYUBACT TMEPEXOJHbIC 3aTyXaHUs U YMEHBIIAET Mapa3uTHbIe OOpaTHBIC CBS3H

[120].
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Pucynox 4.50 — JIIT ¢ TopreBbm Pucynoxk 4.51 — O6GnacTs noucka

IIPOBOJHUKOM peuieHus ypasHeHus Jlamaca

[lockonbKy ION€ COCPEIOTOYEHO BOJIM3M MPOBOJHUKOB, PACIOIOKUM
aneKkTpuyeckue cteHku (puc. 4.51) Ha mocTaToyHO OOJBIIIOM PacCTOSHUU b OT
IJIOCKOCTEH MOMJIOKKH, g€ U d — OT MOJOCKOBOIO NMPOBOJHHMKA (CHH3Yy U CBEPXY,
COOTBETCTBEHHO). Takum 00pa3oM, 3JIEKTPUUYECKHME CTEHKH OYIyT pacrojararbces
npu x=0, y=0 u y=g+d. BBuay cuMMeTpun HCCIEAYEMOU CTPYKTYpPbl AOCTATOUYHO
OTPAaHUYNTBCSA PACCMOTPEHHMEM OAHOM mnoJsoBHHBI JIII, ycTaHOBMB MAarHuTHYIO
CTEHKY IpU X=a. byZIleM cuHuTaTh TONIIMHY NPOBOJHMKOB PABHOM HYIIO, TOTAA IS
HaxoxnaeHuss mnoreHnuana B JIII HeoOxommmo pemuTh ypaBHenue Jlammaca.
Bocnons3yemcst MeTooM 9acTuaHbBIX objacTeit [121] pa3dbuB momepedHoe cedeHUE
JIIT wa Ttpu ob6nactu (uudper 1,2,3 Ha puc. 4.51). IloreHumansr B oOJacTax

npeacrasum B Buze [120]:

@, =Y A,sha, (y —h)sino, x

n=1

¢,=> B, shp,ysinp,x (4.4)

n=1

¢, =.C, shy,ysiny, (x —b)
n=1

rae o, =(2n—1Dm/2a, B, =nn/b, vy, =2n-Dn/l, h=g+d,l1=a-b, A, ,B,,C,

- Hew3BecTHble KodpdunmenTol. [lotennuansr (4.4) ymaOBIETBOPSIOT YpPaBHEHUIO
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Jlantaca U cleqyrONIMM YCIIOBUSAM: 3JIeKTpuuyeckass cTteHka npu x =0 u y =0,h;

MAarHUTHas CTE€HKa Ipu X = a . [loTeHnman npu y = g npeacTtaBuM B BUJIE:

u(x),0<x<b
O(x,g2)=Vv(x),b<x<s=b+2r 4.5)

,s<x<a

rae u(x),v(x) - HemsBecTHble PpyHKuMH. Mcmonb3ys (4.5) BbIpakaeM HEU3BECTHHIE
kodppuuuentslt A B, ,C  dyepe3 mnpeoOpasoBanus ®Pypee U u V ¢PyHkunmi
u(x),v(x). M3 ycraoBus HENPEepHIBHOCTH HOPMAJIBLHOW COCTABJISIONICH BEKTOpa

AIIEKTPUUECKOW HMHAYKIMHM TOJIy4aeM CHUCTEMY HWHTerpajibHbiX ypaBHeHuid (CUY)

OTHOCUTEJIBHO U(X),V(X):

i [M,U(ar, )sinor, x — M,U(B. )sinB_x + M, V(o )sin o, x| =P,
n=1

, (4.6)
[(Uler, ) + Ve, )M, sin o, x — €M, V(y, )siny, (x - b)] =P,

M

1

=
Il

h
ct (Ocnx), M, =28, cthB, g M, =2y, cthyng,

a b |

rae M, =20,

€ - IUDJICKTpHUUYECKas MPOHUIIAEMOCTh TIOJIJIOKKH,
b
U, )= J'U(x)sin o, X -dx uT.I
0

npasble yactu CUY umeror Bua

P, = —i M, cos a3 sin oL, X
n=1 an
P, = i eM, cos(y, 2r)sm v.(x=b)=M, cos o, S sinax |,
n=1 A o
S=b+2r.
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CHNY (4.6) Obuta pemeHa MeroaoM [anépkuHa Ha Oasuce, YUUTHIBAIOLIEM
NOBEICHUE MOTeHIMala BOJM3M MeTaindeckoro pedOpa. HeusBecTHble (QyHKIMU

ObLIN MpCaACTaBJICHBI B BUIC

& X| X+r
V(x)= > Y, Vr* —x*U, | = , —T<x<r
m=0 r 2r
> 5 2 X
U(x)= X XppuVb* =x Upyy| = | 0 x <D
m=0 b
rne U - nonuHombl YeObimeBa 2-ro poxa, X, ,Y, - HEHU3BECTHbIE

KO3 ULIHEHTHI.
Ucnone3ys ctangapTHyto npouenypy Merona I'anépkuna CUY (4.6) cBenena k

cUCTeMe JUHENHbIX anredpanueckux ypaBHeHuil (CJIAY) otHocuTensHo X, n'Y,, .

JInsi yCKOpEHUs] CYMMUPOBAHUS MEIJIEHHO CXOISIIMXCS PSAOB B MATPUYHBIX
anemeHTax CJIAY wucnonp3oBaH 3(QQPeKTUBHBIA COCOO YIYUIIEHUS CXOJUMOCTH,
npenoxkeHssld B [121]. CymMmupoBanuch HENOCPEACTBEHHO TOJBKO IepBele N
YJICHOB psijia, a OCTaTOK ompeaessuics mo ¢opmyne Dinepa-Maknopena [122], B
KoTtopoit (yHkuMu beccens 3aMeHSIUCh aCCUMNTOTUYECKUMHU BhIpakeHUsiMH. Kax
IIOKA3aJy pacdeTsl, IPU ITOM J0CTaroyHO orpaHuuutbea N=20+30. Vuer
0COOEHHOCTH Ha peldpe 00ycIoBUI OBICTPYIO CXOJUMOCTh aNrOpuTMa. AHaIIN3
BHYTPEHHEH CXOJMMOCTH TOKa3asl, YTO /JI pacyeTOB C IMOTPELIHOCTHIO HE Oolee
0.1% noctarouno pemats CJIAY 3-4 nopsaka.

PazpabotanHbiii anroput™ peanu3oBaH B Buje nporpammbl s [I9BM

HOBBOHHIOH_ICﬁ pacCUnUTBIBATh IIOTOHHYIO C€MKOCTBH, BOJIHOBOC COIIPOTHUBJICHUC Z u

KOOQGUIMEHT 3aMeuieHns n = /€, uccnenyemoit JIII, rae €,,, - spdexruBHas

nponunaemocts JIII. [Ins Bepudukanum pacdyeToB ObUIO IMPOBENEHO HATYpHOE
moznenupoBanue JIII m u3MepeHa IOroHHas €MKOCTb. Pe3ynbprarel pacuera u
HKCIEPUMEHTA OTIMYAIUCh HE Oojiee uyeM Ha 5%, 4TO HE BBIXOAUT 3a IPEAEIb
IOTPEUIHOCTH IKCIIEPUMEHTA.
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Ha puc.4.52, 4.53 npeacrtaBieHbl pe3yibTaThl pacueTa 3aBUCUMOCTU h U Z. OT

TOJILMHBI NOJJI0KKH 1, coorBeTcTBeHHO. KpHBbie paccunTansl ;uist € =9.8 n r=0.9.
z (Om)
40 \

20\
\

\;
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Pucynox 4.52 — 3aBUCHMOCTbH BOJTHOBOI'O COITPOTUBIICHUSI OT IIMPUHBI 3a30pa
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Pucynox 4.53 — 3aBucumocTs ko3 puiieHTa 3aMeyIeHUs OT HIMPHUHBI 3a30pa

HpI/IBeI[eHHBIe pe3yibTarbl CBUACTCILCTBYHOT O TOM, YTO C YMCHBUICHHCM

o r ..
OTHOCHUTCIIbHON HIHPHUHBI 3a30pa — YBCIMYHUBACTCA 83(1)@)’ T.K. Bc€ OOJIbIIIasl 4acThb
1

IOJIsl TMPU 3TOM “BTATHBACTCA B JAUIEKTPUK, YTO NPUBOAUT K POCTYy N M

YMEHBIIEHUIO Z.

4.7 BbICOKO4YaCTOTHBIEC ATTEHIOATOPbI

[TaccuBHbIE aTTEHI0ATOPBI HaXoOJIT  LIMPOKOE  INPUMEHEHHE B
PaAMONU3MEPUTEIIBHBIX U PAIUOJIOKAIMOHHBIX TpakTax. COBEPIIEHCTBOBAHUE JAHHBIX

CUCTEM OIIPpCACIIACT HCO6XOILI/IMOCTB CO3aHUA aTTCHIOATOPOB Ha 0aze HHTeraHBHOfI

TCXHOJIOI'UH, qTo IIO3BOJIACT 3HA4YUTCIBHO pacluinpuThb q)YHKLII/IOHaHBHBIe
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BO3MOXXHOCTU M OBICTPOTY padOThl JaHHBIX CHUCTEM, HOpPH 3TOM yMEHbIIAs

MaccorabapHuTHbIE apaMeTpbl U CTOUMOCTS [123].

4.7.1 O030p cxeMOTeXHHYECKHUX PellIecHNH MOHOJMTHBIX ATTEHI0ATOPOB

TpagunmonHas cxeMa aTTeHIOATOpa MPEICTaBIsieT COOOM OWHApHBIE 3BEHBS
PE3UCTUBHBIX  JICJIUTENIEH COEOUHEHHbIE IMOcaeaoBaTenbHO. Kaxagoe 3BEHO
IPEIoiaraeT NpsMoe IPOXOKIECHUE CUTHaAjla U MPOXOKICHUE CUTHANIA C 3aJJaHHBIM
oclabJIeHneM, Kak MPaBUIIO COOTBETCTBYIOIIEM OMpeieeHHOMY pa3psiay [123].

Haubonpmee pacnpocTpaHeHHEe MpU MOCTPOCHUHU 3BEHBEB PE3UCTHUBHBIX
aTTEHI0ATOPOB MOJIYYUJIM TPU OCHOBHBIX TUIIA CXeM, a UMEeHHO: I1 — oOpa3noro nmu T
— 00pa3HOro YeTHIPEXIOIIOCHUKA, a Takke T — o0pa3HoM mepeKkphIToi (MOCTOBOM
IIEPEKPBITON) cxXeMbl. Ha OCHOBE 3THMX CXEM BO3MOXHO CO3JAaHUE PETYJIUPYEMBIX
aTTEHIOATOPOB C TEPEeMEHHBIM KOIPPUIIMEHTOM OcCHablieHuss U TMOCTOSHHBIM
XapAKTEPUCTUUECKUM COMTPOTUBIIEHUEM.

[lepexntoueHne  KaHAJIOB  NPOXOXKIAEHUS ~ CHIHajga  OCYILIECTBISIETCS
nByHanpasiieHHbIMU (SPDT - single port double throw) kiroyamMu, KOTOpbIE MOTYT
BBINIOJIHATHCA Ha p-i-n auogax, MOII TpaH3ucTopax v APyrux KIFOYEBBIX JIEMEHTAaX.
HaubGonee mnpuBnexareabHbIMU IO pa3MepaM U DHEPronoTPEOSICHUIO SBIISIOTCS
npoxoaHblie Kiaroun Ha ocHoBe MOII Tpan3uctopoB. OCHOBHBIM OIpaHMYEHHEM IIPU
ucrionb3oBanu  MOII  TpaH3MCTOPOB B KaudecTBE MEPEKIIOYATENEH —SBISIOTCS
OosbIIMEe MOTEPU Ha NapasHTHBIX €MKOCTAX Cgy, Cg Cgp, Cgp. UTOOBI yMEHBIIUTH
BJIMSIHUE 3THX NAPA3UTHBIX EMKOCTEH, UCIIONb3YIOTCS U30JIMPOBAHHBIE TPAH3UCTOPHI C
rIIyOOKHM KapmaHoM [123].

[TocnenoBaTtenbHas cXxeMa Ha OCHOBE PE3UCTUBHBIX [JEIUTENEH OTIMYAETCS
IPOCTOTOM U JAET NPUEMJIEMYIO0 TOYHOCTh OCJIA0JIEHHSI CUTHAJa Ha MaJbIX U CPEIHUX
yacTtorax. K HemocraTkaM CXEMbl MOYKHO TaKXE€ OTHECTH BBICOKHMI YpPOBEHb
HayaJbHBIX MOTEPh ATTEHIOATOPA, OrPAaHUYEHHBIE YACTOTHBIA M JUHAMHYECKUI
JMana3oH.

Ha puc. 4.54 npuBeaeHa cxema oJlHOU sueliku arTeHroatopa ¢ SPDT kimtouamu

U 1ensaMu yrpasieHus. Tpansuctopel M1 n M3 aeisirores BxonasiM SPDT-kimrouom
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Y BBIIIOJHSAIOT OCHOBHYIO POJIb MO Pa3CIICHUI0 CUTHANA. [IpOXOJIHBIE TPAH3UCTOPHI
M2 u M4 BXOIST B COCTaB BBIXOJHOIO KJIIOYa M OOECIEUMBAIOT JOMOJHUTEIBHYIO
U30JISIIUIO aTTEHIOUPYIOMIEH IeNu OT OTPaKeHHOTo curHaia. B o0a mieda cxemsl
BKJIIOYEHBI IIYHTUPYIOIIME TpaH3uCTOpel M5 u M6, ¢ 1enbl0 yMEHbIICHUE
npoJie3aHusl mapasuTHoro curHana [123]. Pa3mepsl TpaH3UCTOPOB BO BXOJHBIX M
BBIXOJHBIX KJIFOUaX MOJOMPAIOTCS I KaXKIOW SYEHKW UHIUWBUIYAIBbHO, C y4ETOM
BXOJHOIO M BBIXOJHOI'O COIJACOBAaHUS, OmNpeaenseMoro mno auarpamme Cmura.
VYrhpaBiieHHEe TpaH3UCTOpPaMU MPOU3BOJUTCS IOAAYEN HA 3aTBOPbl HANPSKEHUS

NUuTaHusa HJIM 3CMIIH. I[J'IH MMOJYUYCHHA HWHBCPCHOI'0 CHUIHaJIa YIHIPaBJICHHA

UCIOJIb3YETCSl CXeMa BCTPOEHHOTO0 HHBEPTOPA.

G
| | M5 | |
& M1 CTRL = M2
£ ‘ j z ‘
T %
IN ouT
e —e —O
N M6
= ~CTRL

l
© M3 &) M4

® ATl —]_

Pucynok 4.54 — ITpuHuunuaibHas cxema aTrTeHIOUPYIOLEeH sSTYeHKu

JInst  yMeHbIlIEHHSI MOTeph B TPaKTE€ M PACHIUPEHUS] YACTOTHOIO U
JTUHAMHWYECKOTO JIMAIa30HOB crenuaiuctamMu ¢Gupmbel  «Analog Device» Obuia

IPEIJIO’KEHA CXEMa, MTOJTYYHBILIAsl HA3BAHUE «3JIEKTPOHHBINA TPOMOOH» [123].

4.7.2 BblcOKOYACTOTHAsI KOPpPeKUHUS aTTEHIATOPOB ¢ €MKOCTHOM
HaArpy3Kou

B  ycrpoiictBax = MHPOPMAMOHHO-U3MEPUTEIBHON  TEXHUKH,  CBS3H,

aBTOMAaTUKM W PAJAUOTEXHUKH IIUPOKOE TPUMEHEHUE HaXOASIT PE3UCTUBHBIC

JenuTeNnn HanpsokeHus puc. 4.55 — arreHroaropsl (AT), obecnieunBaromye 3aJaHHOE

neneHue (ocinabiieHne) BXOIHOTO HAMPsDKEHUS (Uyy).
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Bx R1 Breix

R2 |::| — CO Ugpix

Pucynox 4.55 — Cxema KJ1acCH4€CKOro aTTeHaTopa

C DOBBIIEHUWEM YaCTOTBl Uz B TAKUX ATTEHIOATOPAaX  BO3HUKAKOT
CYIIECTBEHHbIC TOTPEIIHOCTA TMEpelauyd CUTHajga, OOYCIIOBIICHHBIC BIUSHUEM
napasuTHoro koujeHcaropa C, 1enu Harpysku, Kotopas oOpaszyercs, Hampumep, B
napawienbHblx ALl BXxogHOM emkocThr0 KoMmmaparopa. CHHKEHME OJTHX
MOTPEIIHOCTEH — OAHA U3 MPOOJIEM COBPEMEHHOM MHGOPMAIIMOHHO-U3MEPUTETHLHON
TEXHUKH, KOTOpasi pelIaeTcsl CEroAHs Kak 3a cuer cxeMoTexHuku AT, Tak u 3a cuer
KOHCTPYKTHUBHBIX OCOOEHHOCTEM BXOJHBIX LeENeld (Hampumep, CIELHATbHBIX
«ynoB» CBU-BonbTMETpOB, ociiuiuiorpadoB, aHTCHHBIX CUCTEM PaJHUONPUEMHUKOB
Y T.N.). DTO OTPAHUYMBAECT YACTOTHBIM JMAIA30H ATTEHIOATOpPA U, KAK CIIEICTBHE,
OBICTPOJCHCTBHE M YaCTOTHBIN JUANa30H MHOTHX U3MEPUTEIBLHBIX IPUOOPOB.

Ha puc. 4.56 npencrasiena cxema npemnaraemoro AT [124]. Ero 3agaua -
CYIIECTBEHHOE pacCIIMpEHUE Juamna3oHa padouyux YacTOT M TOBBIIICHUE

ObICTpOIEHCTBUS TPU PabOTE C UMITYJICHBIMU CUTHAJIAMH OOJIBIIION aMIUTUTY/IbI.

R1
B
-
Bx
Cui YTl |::| R2 =17 Co Ugpix
Ugx

Pucynok 4.56 — Cxema nipeaiaraemMoro arreHroaropa [124]
Koaddunment nepenauun arreHioatopa puc. 4.56 B omepatopHoit ¢dopme

MOKET OBITH MpCACTABJICH BBIPAKCHNCM
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1+ K1, K'P

K.(p) =K, 4.7)
1+7P
RR,
roe T, = R,,C,,, T, =R,Cy, R, =————, Ki — xo3punuenr nepenauu mo
R,+R,
R,
TOKY JOIOJHUTEIBHOTO HEMHBEpTUpYomero ycunurens toka YT1, Ky = —— -
R, +R,
ko3¢ purrent nepenaun AT B 1uamnazoHe HU3KUX 4acToOT.
N3 dhopmynbl (4.7) asisg 4acTOTHOM 00JIACTH MOKHO MOJTYYUTh
. 1+ joK,;7, Ky’
K, (jo)=K, —I2ite0 4.8)

1+ jort,,

N3 (4.8) MOKHO HAaWTH YCJIOBHE HE3aBUCUMOCTH KO3(puuueHTa nepegauv u

noJsiockl nponyckanusi AT ot yuciaeHHbix 3HaueHuit Cyy u Cy

C
C,=—2K,="2 ! (4.9)

K, K, 1+R,/R,

Ecnu obecneunts K, =1, 10, Kak caenyer u3 (4.9), ycioBueM CyLIECTBEHHOTO

YMCHBIICHUA  BJIMAHUA SKBUBAJICHTHOM €MKOCTH HAarpy3kyp Ha aMIUIMTyAHO-

YaCTOTHYIO XapaKTEPUCTUKY aTTeHaTopa puc. 4.56 Oyner paBeHCTBO

Gy

kKl = p
R
1+ -1

R,

(4.10)

B sToM maeanbHOM ciydae COMHOXUTENU TpU jO B dopmyne (4.8) OymyT

OJIMHAKOBBI U, KaK CIEJACTBHE, KO3(P(UIMEHT Mepenadyd aTTEHIAaToOpa CTaHOBUTCS
He3aBHCAIUM oT yacTtoTel: K (jo)=K,.
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Bxonnoe compotuBinenue AT puc. 4.56 Ha BbBICOKMX YacToTax Oyaer
ONpeaeNsATbCA €MKOCThI0 KOoHJeHcatopa C. B Tex ciydasx, Korja 4YMCIEHHBIE
3HAUYEHMsI SKBUBAJIEHTHON Harpy3ku emkocth Cy B (opmyne (4.9) nomyuarorcs
CPaBHUTEIBHO OOJIBIIUMH, CIEAYET UCIOIb30BATh JOMOJHUTENBHBIN YCUIUTENb TOKA
VYT1 ¢ K>1. 910 mo3BOIMT MHUHUMHU3UPOBATh BXOJHOE comnpotuBieHue AT Ha
BBICOKMX yacToTax. [Ipumep moctpoeHuss AT ¢ 1aHHOM apXUTEKTYypOM NOKa3aH Ha
puc. 4.59.

JInsi nanbHENIIEro YBEIUYEHUsI BXOJHOTO CONPOTUBIICHHS npeanaraeMoro AT
1enecoo0pa3Ho MCMOIb30BaTh cxemMy puc. 4.57, B KOTOPOM €MKOCTh KOHJEHCaTopa
Ci1 «u3omupyercsi» oT BxogHou nenu AT (4.8) HEMHBEPTUPYIOIIUM MOBTOPUTEIIEM
HanpsbkeHuss YH1, KoTopblid 101KeH UMETh BXOAHYI0 eMKOCTh Cy, <Cy.

Takum oOpazom, B cxeMe puc. 4.56 co3znarorcs yCaoBus ISl CYILIECTBEHHOTO
pacuIMpeHusi MaJOCUTHAIBHOTO AMana3oHa paboyux 4acToOT, KOTOPbIA Ha MPAKTHKE
OyneT ompenensiThes (UM OrpPaHUYUBATHCS) UMHEPLMOHHOCTHIO HEMHBEPTUPYIOLIETO

nosroputens Toka YT1.

R1 Brix.
I O «x
1Rl UBHX
BX. icO&
- R|| == ¢
U VHI Cyi VTI

Pucynoxk 4.57 — Opranu3zanus napauieJbHOTO KaHajla B IIMPOKOIIOJIOCHOM

aTTeHtoarope [124]
Ha puc. 4.58 mnoka3zaHa npakTuyeckas CXema aTrTeHaTopa puc. 2 MpHU

IMOCTPOCHHUHN HCHUHBCPTUPYIOLICTO YCHIIUTCIIA TOKA VTI1 Ha OCHOBE KJIaCCHUYECKOI'O

Kackaza ¢ ooren 0a3oii.
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Pucynok 4.58 — IIpumMep npakTU4ecKoil peanusanuu arTeHoaropa [124]

IIpumep mnocTpoeHHs aHamOroBoW cekuum napauiensHoro ALl ¢
nuddepeHIMaIbHbIM BXOJIOM M aTTeHroaropaMu puc. 4.57 mpencraBieH Ha puc.

4.59.

J N VT1

Bx.1 E | . < R1 ; Bx.2

Pucynok 4.59 — Ilpumep noctpoeHust aHanoroBou cexkuuu napamiensnoro AL ¢
nuddepeHnanbHbIM BXOJIOM Ha OCHOBE aTTeHI0ATOPOB puc. 4.57 [124]
Bapuant mnoctpoenuss arreHwioaropa puc. 4.56 gus  choydas, Korna
JOTIOJTHUTENBHBIA YCUITUTENb TOKa uMeeT kKorddunreHT nepenaun Ki>1, nokazan Ha

puc. 4.60.
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Pucynox 4.60 — [Ipumep noctpoeHus arreHroaTopa ¢ KodhOUIIMEeHTOM Nepeaadu

VT1 K>1 [124]
Ha puc. 4.61 nokazana cxema npeaiaraemoro AT puc. 4.56 B cpene PSpice.

PARAMETERS:
Cvar=1p

R1
out

10k

V2

1Vac

ovdc Ck Fi e L 2
0 . Lt 10k -0
{Cvar}

)
F —
GAIN 4 -1 =0

Pucynok 4.61 — Cxema npennaraemoro AT puc. 4.56 B cpene PSpice [124]

Ha puc. 4.62 npusenena mnorapudmuyueckass 3aBUCUMOCTb OTHOUICHUS
BbIXOJHOr0 HanpsbkeHuss AT K BXOOHOMY HAINpPSHKEHUIO MPU  COMPOTHUBICHUSX

pesuctopoB R1=R2=10 kOM u xoap¢uuuenre nepenaun K; HEMHBEPTUPYIOLIETO

ycunurens Toka YT1 Ki=1.
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1 Fe=8.3Mry, Ck=0, Ki=1 A\

2 Fe=104 Mry, C=0.5n®, Ki=1 ) 2
15 3 Fe=215My, Ck=0.8 nO, Ki=1 \
4 Fe>100TTy, Ck=1nd, Ki=1 \

KoadhduumeHT nepenayun, n6

2 | | | \,
i 100 10* 10f 1
Yacrora, [y
Pucynoxk 4.62 — JlorapupmMuueckas 3aBUCUMOCTb OTHOIIIEHUSI BBIXOIHOTO
HanpsbkeHuss AT K BXOJHOMY HalpsiKEHUIO IPU CONPOTUBIIEHUSX PE3UCTOPOB

R1=R2=10 kOm u xoappuunente nepegaun YT1 K;=1 [124]

N3 rpadukoB puc. 4.62, B 4aCTHOCTH CJIEAYET, YTO AUAINA30H pabo4YnX 4acTOT
npemnaraemoro arreHtoaropa (mpu Cy=C,=2 nd, C, =C=1 n® u Ky=0,5)
pacmupsierca a0 10+20 ITu, B TO Bpems Kak BepxXHsAs TIpaHUYHAsA 4YacToTa
KJIACCUYECKOT0 aTTeHIoaTopa (1o ypoBHIo -31b) umeet 3Hauenue 8,3 MI'w.

Ha puc. 4.63 npuBenena mnorapudmuyueckass 3aBUCUMOCTb OTHOUICHUS
BBIXOJIHOTO  HANpPsDKEHUS ~ aTTeHI0ATOpa K  BXOJAHOMY  HAaNpSOKEHUIO — TIPU
conpotuBieHusax pe3uctopoB R1=10 kOm, R2=1 kOm u xordduimente nepenauu

HenHBepTUpYIommero ycunurens Toka YT1 Ki=1.
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8 \
a | FeT33Mry, G0, Kist A\
; 300 2 Fe837 My, C0.05 10, K=t \\\ ;
“s:’r 3 Fa=10569 My, Ci=0.1 n®, Ki=1 '\ N —
K 4 Fe>100Ty, Ck=0.18 n®, Ki=1 .
8 -3 \
4 1
¥ \
40 ‘ ‘ \ ‘
108 108 108 1010 101
Yacrora, 'y
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Pucynok 4.63 — Jlorapupmuueckas 3aBUCUMOCTb OTHOIIIEHUSI BBIXOIHOTO
HanpsokeHus: AT kK BXOJHOMY HanpsiKEHUIO MPU COMPOTUBIICHUSAX PE3UCTOPOB

R1=10 kOm, R2=1 kOm u xoadpdunnente nepenaun YT1 Ki=1 [124]

I'papuxu puc. 4.63 nokassiBarotr, uro npu K, =0,] ontumanbHas €MKOCTb

KoppekTupytoiiero kouaencaropa Cy=C=0,18 n®.

BolnonHeHHBIH  BBIIIE aHAIM3, a TakKKe pe3yJbTaThl KOMIBIOTEPHOTO
MOJICIMPOBAHUsl TOKA3bIBAIOT, UTO B cxeme puc. 4.56 pemnieHa oaHa U3 mpoOiemM
COBPEMEHHOM aHAJIOrOBOM MHUKPOCXEMOTEXHUKH — PACIIMPEHUE YACTOTHOIO
JIMara3oHa U TMOBBIIICHUE OBICTPOJICUCTBUS aTTEHIOATOPOB CUTHAJIOB, SIBJISIIOLIUXCS

0a30BBIM Y3JIOM aHAJIOrOBBIX U aHAJIOrO-UU(PPOBBIX MpeoOpazoBaTeeH.

4.8 Tomosiornu KBY MUC 1 ux pyHKIMOHAJBHBIX y3JI0B

Hunxe IPUBOJATCS pE3yNbTATHI IIPOECKTUPOBAHMS TOMOJIOTUN
¢yHkuuoHanpHeIX y310B  KBY cucreM CBs3M, TOJIy4EHHBIE TBOPYECKHUM
KOJUIGKTUBOM  II0  IIPOEKTYy COBMECTHO CcO crnenuaiucramu  HMHctutyTa

MHHOBaIMOHHON MUKpOo3aekTpoHuku (IHP, I'epmanus).

4.8.1 DJIeKTPOHHBIH KJIH0Y

Ha puc. 4.64 nokaszana Tonosorusi kpucramia paspadoransoro SPDT kiroua,
00€ecCIeynBarOIIero KOMMYTALMIO KaHAIOB Mpuema-nepenadyn uHpopmanuu. CuHUM
[[BETOM BBIJIEJIEH CaMblii HUKHHUM — IIEPBBII METAL1, KOTOPBIM SIBJIETCSA SKPAHOM IS
MUKpPOIIOJIOCKOBBIX JIMHWM, OHU BBIAEIEHbl KOPUYHEBBIM LBETOM. TOMOJIOTHS

paszpabarsiBasiack B mporpamme Layout XL B makera Cadence Virtuoso.
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Pucynox 4.64 — Tononorus kpuctaiia SPDT kiroua

[locne Toro kak Bce AJIEMEHTHI MOMEIIEHb Ha CBOM MECTa U COEACHEHBI,
HeoOxoauMo creHepupoBaTh HanoiaHuTenu (fillers), KOoTopbie MOKPOIOT HEOOIBITUMH
IUIOMIAJKAaMHU HE3aHATYI0 METaUIOM 4YacTh KpHUCTaJlIa, Uil TOrO, YTOOBI TpH
TpaBJICHUU MeETayla MOXHO OBUIO COOJNIOCTH HEOOXOJUMYHO  IUIOTHOCTH
pacnpeneneHus. A Tak e HarnoJHUTeNnu Activ (3TOT CJIOM ompenensieT B MOIJI0XKKE
aKTUBHBIE O0JIACTU [JI1 M3TOTOBJIEHUS aKTUBHBIX 31eMeHTOoB) M GatPoly (crnoi
NOJUKPEMHHUS, MNPUMEHSAETCS MJid HU3roToBIeHUs pe3uctopoB). Ha puc. 4.65

IMOKa3aHbl KPUCTAJIJI C HAITIOJITHUTCIIAMHA U €TI0 pa3MEphlI.
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Pucynoxk 4.65 — Tononorust kpucramia SPDT kitoua ¢ HarmoaHUTesIMU

U €ro pa3Mepsl

OO0macThb Mo MUKPOITOJIOCKOBBIMHA JIMHHUAMUA Obl1a CIICOMaJIbHO HE 3aII0JTHCHA,

yTOOBI HAITOJHUTEIN HE BIUSIIM HA X napamMeTps.l.

4.8.2 Cmecutesb Ha ocHOBe siueliku ['miboepra

Ha puc. 4.66 noka3zaHa TOnoJjorus JaHHOTO CMECUTENS, COPOECKTUPOBAHHAS B
CAIIP Cadence Layout XL u ee pasmepbl. Ha kxpucrami ObuUIM TMOMEIIEHBI
KOHTAKTHBIE TUIOMAAKA co Bxoaamu rerepoauna I, IT4, PY u BxonoB nuranus. Tak
KaK MHOTHE MU3MEPUTENbHBIE 30HbI UMEIOT Iynbl co cxeMod GSG (3emusi-curHai-
3eMJIsl) MPUMEHsUIaCh MMEHHO Takasg cxeMa. Tak e 3TO TO3BOJISIET YMEHBIIHUTh

KOA(PGUIIUEHT LIyMa.
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Pucynok 4.66 — Tononorust kpucrasia ¢ KOHTAKTHBIMU IUJIOIIAIKAMU U €T0

pa3Mmepsl B cpeae Cadence Layout XL

4.8.3 CyorapMoHudeckuii cMecuTe/ b

Tonosoruss kpucramuia ¢ KOHTAKTHBIMM ILUIOIIAJAKAMH M BCEMH IACCHBHBIMH
ycTpoiictBamMu mpezacTaBieHa Ha puc. 4.67. BumHo, uyto OoJsbLIyl0 YacTh Ha
KpHUCTAJUIE 3aHMMAIOT ITacCUBHBIE d3ieMeHThl cxeMbl (CY, HampaBiIeHHBIN
OTBETBUTENb, WHAYKTUBHOCTH, JIMHUM II€pEJayd), MO3TOMY ONTUMHU3ALUA HX

Iiomaaun 0COOCHHO AKTYyaJIbHO.
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Pucynox 4.67 — Tonosnorus kpucraiia CyoOrapMOHUYECKOTO CMECUTENS

4.8.4 YMHOXXUTEIb YACTOTHI

Ha puc. 4.68 nokazana Tonosiorusi cxemol B cpene Cadence Ha monensax SiGe
TPaH3UCTOPOB TexHojioruueckoro mpouecca SG25H1 ¢upmer IHP. Bxonnbie
KaTyIIKUu HWHAYKTHBHOCTU CXCMbI 6BIJII/I HpCO6paSOBaHI)I B JIMHHUH IICpCAadr, 4YTO
COXpaHseT HOMUHAT WHIYKTUBHOCTH W YMEHBIIAET AJICKTPOMATHUTHBIC HABOJKHU OT

reHeparopa 4acToT.
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Pucynok 4.68 — Tononorus yasoutens yactoT B cpeae Cadence. O0uuii Buj (a),

YKpYITHEHHBIN BUJI (0)

4.9 BeiBoabI

PaccMOTpeHbl OCHOBHBIE TEHACHLMM B MPOEKTHUPOBAaHUM, pa3padOTKE U
TEXHOJIOTMSAX W3rOTOBJICHHs wuMnopro3zaMmemaromux Mukpocxem CBY u KBY
JUaTa30HOB.

Jlan 0030p cTpyKTypHbIX cxeM cucteM cBsizu KBY nuamazona.

HccenenoBansl OCHOBHBIE apXUTEKTYPbI YMHOKHTEIEH 4acCTOTHI
MUJUIMMETPOBOTO JHMAana3oHa. PacCMOTpEeHBl METOJbl IOCTPOEHUS CMECHUTENEH
curHasioB KBY nuamnaszona. Ilpu 3TOM cMmecuTens Ha ocHOBE siueiku | 'ninpOepra u

cyOrapMOHHUYECKHI CMEeCUTENb ¢ TpeoOpa3oBaHueM BBEpX U paboueil yactoroi 120
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[T peanuzoBanbl no SiGe Ttexmpoueccy ¢ NpoekTHbiIMH Hopmamu 0,13 Mkwm.
MopenupoBaHue NOKa3anao, YTO JAHHBIE CMECHUTENIM MMEIKT JOCTATOYHO BBICOKHE
OCHOBHBIE IapaMeTpbl W MOTYT MCIOJIb30BaTbCi B  paauolepeAaTInKax
MUJUIMMETPOBOIO  JMAIa3oHa. YCTaHOBJIEHO, YTO IO CPAaBHEHUIO C SAYECUKON
['nnpbepra cyOrapMOHMYECKUI CMECUTENb UMEET MEHBIIYIO JIMHEHHOCTb, TaK KaK HE
COIEPKUT PE3UCTOPOB B HOMUTTEPHOM LENM W MEHBIIYI0 H30JLALMI0 MEKIY
BXOJIHBIMHU MOPTaMH, B TO K€ BpPEMs Kak ISl KJIACCUYECKOIO0 CMECHUTENs TpedyeTcs
MEHBIIAsl MOIIHOCTh TETEpPOAMHA © OH HMeeT OOnblui  KO3IPPUIUEHT
npeoOpa3oBaHusl, a Takke OOJBIIYI0 4acTOTy cpe3a. YacTtora rerepoauHa 3/1eCh B
JIBa paza MEHblIE, 4eM B Auelike | unpbepra, a 3HauuT, uro uenu GAITY mMoryT ObITh
0oJiee MPOCTHIMHU.

[lokazansl myTH ontumu3auuu ao0potHoctd LC Harpy3ok, cmecutened u
ycunurenen curnainoB KBY nuanasona.

PaccMoTpeHa nepcrekTUBHAS JIMHUA NEpeladu ISl HHTErPAIbHBIX MUKPOCXEM
CBY n KBY nnana3oHoB.

HccenenoBansl  METOABI  BBICOKOYACTOTHOW KOPPEKLUMH aTTEHIOATOPOB €
IIapa3uTHOM €EMKOCTHOW HArpy3KOM.

Pa3paborana tononoruss KBY uHTErpaspHbIX cXeM U HMX (PYHKIMOHAIbHBIX
y3J0B - DJJIGKTPOHHOTO KOMMYTaTOpa KaHaJlOB, CMECHUTENII HAa OCHOBE SUYCHKU
['nnpbepTa, cyOrapMOHMYECKOTO CMECHUTENS, YMHOXMTEN 4acToThl, LC-Harpy3ok

JUTS YCUJIUTEJIEW U CMECUTEJIEN.
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