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BBenenue

JIo HegaBHEro BpPEMEHHU IOJYNPOBOJHUKOBBIE YCTPOWCTBA AWAIa30HA
kpaiine BbicokuX 4actoT (KBY) mpoekTupoBamuch UCKIIOYUTENBHO C HUCIIONb-
30BaHUEM TEXHOJIOTUMYECKHUX MTPOLIECCOB HA OCHOBE MOJIYNPOBOJHUKOBBIX MaTe-
puanoB rpymmnbsl A3Bs, 4TO NpensiTCTBOBAIO UX NIMPOKOMY MPUMEHEHHIO B all-
napaType NpOMBIIIJIEHHOTO U OBITOBOTO HAa3HAYEHUSI BBUJY OTHOCHUTEIHHO BHI-
COKOWM CTOMMOCTH IIPU MAaCCOBOM MPOU3BOJICTBE, a TAKKE OTPAHUYMBAIO JAJb-
HEWIITYI0 MUKPOMHHUATIOPU3ALUAIO CYIIECTBYIOIINX CUCTEM.

Ha nanHbIil MOMEHT, MHOTHE PUEMOIIEPEIAIOIINE TPAKTHI BBITOJHSIOTCS
B CBY nuamnazone, KOTOPbBIA, OJJHAKO, CHIIBHO MEPETPYKEH U3 3a MOCTOSTHHOTO
YBEJIMYEHHS KOJMYECTBA MOOMIIBHBIX YCTPONCTB U TOBBIIIEHUSI CKOPOCTH TEpe-
Jla4yu JAHHBIX, 2 BO3MOKHOCTU CIIEKTPAJIbHOIO YIUIOTHEHUS HA CErOJHAIIHUI
JICHb MPAKTUYECKH HUCUEpIIaHbl. BBIXOJIOM W3 CIIOKUBILIEHUCS CUTYallUd MOXKET
obITh niepexo 1 B KBY auamnaszon yacTor.

JIns TMOCTPOEHMSI TEPCHEKTUBHBIX MOHOJIMTHBIX HWHTETPAIbHBIX CXEM
(MUC) knacca «cuctema Ha kpuctayiey KBU nuamazona, nepcrekTUBHBI TEX-
Honoruyeckue mporecckl BUKMOII ¢ SiGe rerepoOUIONsIpHbIMU TPaH3UCTO-
pamu u 1iyooko cyomMukponHsie KMOII TexHonornueckue mpouecchl ypoBHS
180 HM M HMXKE, KOTOpBIE MO3BOJISIIOT OOECIEYUTh HAMOOJEe BBICOKHUE Kade-
ctBeHHble nokazarenu KBU MUC cmemanHoro tuma Oiarojapsi UCIob30Ba-
HUIO B AQHAJIOTOBOM M IU(PPOBOW YACTU ONTUMHU3ZHPOBAHHON MOJ KOHKPETHOE
IIPUMEHEHUE DIIEMEHTHON 0a3bl.

[Tocnennue NOCTHXKEHUSI B PAa3BUTUHM TEXHOJIOTHMYECKHX MPOIECCOB Ha
OCHOBE KPEMHHS CIIOCOOCTBOBAIM TOSBISHUIO OMBITHBIX 00pa3iioB KBY MUC
JUISL CIEAYIOIIUX TPUMEHEHHIM:

® CHCTEMbI CBEPXCKOPOCTHOM OECIIPOBOIHOM CBS3H;

® paIUOJIOKAINS U aBTOMOOUJILHBIE pajiaphl;

® pPaAMOMETPUYECKHUE CUCTEMBbI oOecredyeHus: 0€30MacHOCTU U Mpo-
TUBOJECHUCTBUS TEPPOPU3MY.

UccnenoBanust mo mpoOiemMam MOCTPOCHUS SKOHOMHUYECKH BBITOIHBIX
KBY MOHOJIMTHBIX MHTETPAIBHBIX CXEM HA OCHOBE KPEMHHUEBBIX TEXHOJIOTHUU
aKTUBHO TIPOBOJSTCS 3apyOEKHBIMU HAYYHBIMH LIEHTPAMU U MIPOMBIIIICHHBIMH
KOMIIaHUSIMH 110 BCEMY MUPY. AKTYaJIbHOW 3aJlauyell TAKUX UCCIICIOBAHUI SIBIISI-
eTcsi pa3paboTka M HCCIEOBAaHUE TMACCHUBHBIX JIEMEHTOB 0a30BBIX (YHKIIHO-
HabHBIX y3510B AuanasoHa KBU na ocaoBe SiGe buKMOII TexHOI0rHYecKoro
Ipo1iecca.

B MmeTonuueckux ykazaHUSX MPUBEIACHBI TEOPETUYECKUE W UH(OpMAIlU-
OHHBIC MaTepHuajbl K YEThIpEeM JIabOpaTOpHBIM paboTam 1o KypcaM «TBepmo-
TeJbHasl dJekTpoHuka» M «lllupokomnosiocHble cucTeMbl Tiepeaadn uHbopma-
[UW», CBSI3aHHBIE C M3YYCHUEM METOJOB MPOCKTUPOBAHMS W MOJCIUPOBAHUS
MMACCUBHBIX YCTPOMCTB MUJUIMMETPOBOTO AMAIAa30HA IS CUCTEM BBICOKOCKO-
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POCTHOH Tepenayu JaHHBIX B COBPEMEHHBIX CHCTEMax aBTOMATHU3UPOBAHHOTO
npoektupoBanus (CAIIP):

— MOJEJMpOBaHMUE JIMHUY Mepeaadn B IporpaMMHoi cpene QuCS;

— MOJETUPOBAHUE HAMPABICHHOTO OTBETBUTEIS TUOPHUIHOTO THUMA B
nporpamme QUCS;

— MOJETUPOBAHUE CUMMETPHUPYIOLIETO YCTPOHCTBa B iporpamme QUCS;

— wmoaenupoBanue LC pe3onatopa B mporpamme QUCS.

B marHOM MeTOAMYECKOM MOCOOMH BCE paOOTHI BBHITIOIHSAIOTCS B CBOOOI-
HO pacmpocTpaHsieMoii mporpamme QUCS.

[IporpamMmma Qucs — yHUBEPCAJIBHBIN CHUMYJSITOP DJEKTPHUUECKUX IETei
(mpomsnocutcs: kju:ks ) pazpabaTpiBasiach Kak aJbTepHATHUBA MPOCKTY Spice —
CHMYJIATOPY pabOTHI IIEKTPOHHBIX cxeM, co3aanHomy Ha kadenpe EECS (Elec-
trical Engineering and Computer Sciences) yausepcurera bepkiu B CILIA.

[Ton yHHBEpCANBHOCTHIO MPOTPaAMMbl, OTMEYEHHON B HA3BaHWHU, TIOHUMa-
€TCsl MOJICTTUPOBAHKUE BCEX THUIIOB JIEKTPOHHBIX IEMNEH, KaK YUCTO aHAJIOTOBBIX
WK UGPOBBIX, TAK U CMEIIAHHBIX, XOTS 3HAUUTENIbHAS YacTh «MHCTPYMEHTA-
pus» QUCS mpenHa3HavyeHa i pacdera 3eKTpoHHbIX 1enedt CBY guanasona.
B nporpaMMy BKITIOYEHBI cpeacTBa nojyiepxxku s3pikoB VHDL u Verilog, 6u6-
JMOTEKU KOMIIOHEHTOB MOTYT JIETKO PACIIUPATHCS, CYIIECTBYET KOHBEPTOP IS
npeoOpa3oBaHus SPice-moeneii KoOMImoHeHTOB B (hopmaT QUCS | T.JI.

[Iporpamma gocTymnHa JJis MHOTHX OTIEPAIIMOHHBIX CUCTEM, BKJIFOYAS:

. GNU/Linux
Windows
FreeBSD
MacOS
NetBSD
Solaris

CymiectByroT onucanus (6ojiee JIecaTKa), OCBEIIAIIINE OT/ACIbHBIC ac-
MeKT paboThl C MPOTPAMMOM, HO OOJIBIIMHCTBO M3 HUX aHTJIOSN3bIYHBIC. Bee atu
JOKYMEHTBI IOCTYITHBI 110 aapecy http://qucs.sourceforge.net/docs.html.

[TonpoOHoe omucaHMe Ha PYCCKOM SI3bIKE MOXXHO HAMTH MO B MOCOOMU
«MopaenupoBaHue aHAJIOTOBBIX DJIEKTPOHHBIX CXEM B MPOTPAMMHON Cpele
Qucsy, KOTOpPYHO MOXHO CKadaThb IO CChUIKe http://www.rzi.tusur.ru/wp-
content/uploads/2013/04/7.pdf.

[Iporpamma umMeer pycupuuMpoBaHHBIM MHTEp(deiic, ogHaKo, U3 3a OT-
CYTCTBHS pycH(PHUKAIIMA BO MHOTHX APYTHX IOMYJISIPHBIX CHCTEMaX aBTOMATH-
supoBanHoro npoektupoBanus (CAIIP), rakux kak Agilent ADS, Ansoft HFSS,
Cadence Virtuoso, pekoMeHIyeTcsi MCIOJb30BaTh AHIJIOA3BIYHBIN HHTEpeEricC.
DTO NOMOKET OBICTpeE aanTUPOBATHCA MPU Kcnodb3oBaHuu apyrux CAIIP.
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JlaGopaTopHnas padora 1

«MojenrpoBaHue TUHUY TIEpeiadu B IporpaMmmMHoit cpeae QUCS»

eab padoTbI:
OnpenenuTs OCHOBHBIE TapaMETPhl U MPOMOJICTUPOBATh JIUHUIO Mepeia-
yu B KBY nuamnasone.

Caenenusi u3 Teopun:

PaccmarpuBasi vHUIO mepenayd, Kak HHTerpayibHblid snemeHT CBY u
KBY MUC, u3 obmmx TpeOoBaHM ClienyeT BBIICIUTH CIEAYIONIHe, Hanboiee
BAJKHBIE [IJI1 PACCMATPUBAEMOTO IPUMEHEHUS:

— MakcuMaibHas 3(p(HEKTUBHOCTH (Majoe BHOCUMOE OCiIabjeHne MOIIHO-
CTH IEpelaBaeéMOr0 CHUrHaja) Mepefadynd YHEPruH 3JIEKTPOMArHUTHBIX KoJieOa-
HUW OT UCTOYHUKA K TPUEMHHKY;

— HU3Kas JAHUCIEPCHs XapaKTEPUCTHUK JIMHUM MEpeJadu Ipu €€ UCIOJb30-
BaHMH IS IIEPEIayy IHPOKOIOJIOCHBIX CUTHAJIOB;

— BJIIEKTPOMAarHuTHas COBMeCTUMOCTH ¢ 3neMeHTamMu CBY u KBY MUC;

— MaJible rabapuTHBIE pa3MephI;

— HM3Kas YyBCTBUTEIBHOCTb BJIEKTPUUYECKUX IMAPaMETPOB K BIIUSIHHIO
KOHCTPYKTUBHO-TEXHOJIOTMYECKUX TMOTPEIIHOCTEN U CTAOMIBHOCTU MpPUMEHsIe-
MBIX MaTepuajos [1-2].

B 3aBucumocTH OT Ha3HA4YEHUS DJIEKTPUYECKHUX LIETIEH COCIUHEHUM die-
MeHTOB B CBY 1 KBYU MUC npumMeHStoTCS 5KBUBAICHTHBIE CXEMBI 3aMEIICHUS
C COCPEAOTOYEHHBIMU MapaMeTpamMu pUCYHKa 1 WM LienoYevyHble CXEMbl 3ame-
LIEHUS C paClpeIeIEHHBIMU [TApaMETPAMU, PUCYHOK 2.
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Pucynok 1 — DKBUBaJIEHTHBIE CXEMbI 3aMEILIEHUS LIETIEH SJEKTPUUECKUX COEIU-
HEHHM C COCPEOTOUYCHHBIMU MapamMeTpaMu
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PI/ICYHOK 2 — DKBUBAJICHTHBIC CXEMBI 3aMCIICHUA JICKTPHUICCKUX COC,ZII/IHGHI/Iﬁ
ueneﬁ C pacrpcacIICHHbBIMU IMTapaMCTpaMu

JIuHuu mepenayu UrparoT BaXKHYIO POJb B MUJUIUMETPOBOM JUAIa30HE
yacToT. BceieacTBue OTHOCHTENBHO MalloN JITMHBI BOJHBI, U OTHOCHUTEIHHO
JUIMHHBIX CTPYKTYp, JIMHUM Mepeadyl MOTYT ObITh peannu3oBaHbl Ha uwumne. JIu-
HUUW TIepeIadd TOIXOIAT TSl BBICOKMX YacTOT, TaK KaK HET HUKAKOW HEepaBHO-
MEPHOCTH, U MPEJCTABISAIOT COOOM MIIOCKOCTH CUTHAJIA, BCETJa COBMEILIEHHBIE C
3eMJIeH, 4TO MO3BOJISET MOAKIIOUUTH JUHUU TEPe/lauyn B JIFOOON TOUKE CXEMBI.
Kpome Toro, B HEmocpeACTBEHHOM (PU3NUECKON OJIM30CTH 3€MJIH, OOPATHBIN TOK
CO3/Ia€T JAUMOJIbHYIO (MYJBTUIOJBHYIO) JHMarpaMMy HaMpaBJI€HHOCTH, YTO
YMEHBIIIAET TMOTEPU HHEPrUU K TOMJIOKKE, M TMOBBIIIAET KA4eCTBO HATUX
yCTporcTB. UeTKo ompeiesieHHast 3eMJyIsi 0OpaTHOTO KaHalla TaKKe 3HAYUTEITBLHO
YMEHBIIAET CBS3h MArHUTHOTO U 3JIEKTPUYECKOTO TOJISI C COCEAHUMU CTPYKTY-
pamu.

Ha MWIIMMETpOBBIX YacTOTaX, PEaKTUBHBIC 3JIEMEHTHI (HEOOXOIMMBbIC
JUTS TAKMX 3JIEMEHTOB KaK PE30HATOPHI) CTAHOBATCS BCe 00Jiee MaJIbIMM, M Tpe-
OytoT WHAYKTUBHOCTH mopsiaka 50-250 nl'H. YuuTeiBas KBa3UIONEPEUYHBIM
AJIEKTPOMATHUTHBIM PEKUM PpaACIpPOCTPAHEHUS, JMHUU Tepeladd, MO CBOEH
MpUpPOJIe MaciTabupyembie B JUIMHY U CIIOCOOHBI peain30BaTh TOUHBIE 3HAYe-
HUSI MaJIOTO PEaKTUBHOTO COMPOTUBJICHUS. KpoMme TOro, cOeTMHUTENIbHBIC JTU-
HUU MOTYT OBITh CMOJEIMPOBAHbI HEMOCPEICTBEHHON peain3aiueil ¢ UCroib-
30BaHUEM JIMHUN dJeKkTporiepenad. YeTbipe peanbHbIX (WA J1Ba KOMIUIEKCHBIX)
napameTpa, HeoOXOUMO JJIsl TIOJIHOTO pacyeTa CBOWCTB JHOOOTO JUMHUM Tepe-
Jlayu Ha JaHHOM 4acTOTE B KBA3UIIOMEPEYHOM DJIEKTPOMAarHUTHOM pexume, 0.
Jluauio mepenad MOXKHO OXapaKTepU30BaTh KakK DJKBUBAJIEHT YacCTOTHO-
3apucumoro RLGC c pacnpeneneHHbIME TTapameTpamMu Mojaenu (puc. 20), Ko-
TOPBIN MOXET OBITH CBSI3aH C BOJHOBBIM conpoTHBiIeHUEM (Z0) 1 KOMIIJIEKCHOM
nocTostHHOM pacnpoctpanenus (y) [3]:



1)

Y=VJ(R+jooL)(G + jo,C) =+ jp (2)

I[J'ISI HHU3KHX IIOTCPb JIMHUHU, 3aTYXdHUC H q)aBOBBIC IIOCTOAHHBIC, O U B,
MO>KHO alIIPpOKCUMHPOBAThH.
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CymectByeT OoJbIlIasi HETOYHOCTh BO3HHUKAET CO CTaHIAPTHBIM MPEI-
craBneHreM ypaBaenus. (1) u (2). Kak BugHO u3 dhopmynsl (3), 1Ba pa3inyHbIX
MeXaHH3Ma MoTepb 00BETUHAIOTCS B OJIUH MMapaMeTp, UTO JENaeT ero IIoxo 3a-
BUCHUMBIM OTHOCHTEIBHYIO Ba)KHBIX mapameTpoB R u G. DT0 0COOEHHO akTy-
aJIbHO ISl JIMHUH JIEKTPOIepeiadnl peaTn30BaHHbBIX HA HU3KOOMHOM KPEMHUH,
TaK KaKk OHM MMEIOT HUYTOKHO Manblid G. [lnsg pemenus 3Toro Borpoca, mpe/-
JaraloTcsl YeThIpe OCHOBHBIX MapaMeTpa, XapaKTepU3yIOUHe JTUHHUIO Tepeaadn

[4]:

Z=,/L/C (5)
27

* = oIC ©)

Q. =o,L/R ()

Qc =0,C/G (8)

OOpaTuTe BHUMaHHUE, YTO JBa MEXAHHW3Ma MOTEPh MOJHOCTHIO OT/ICIICHBI
B ypaBueHud. (7) u (8). YpaBuenue Teinopa mepBoro mopsijaka pasiokeHus B
PSIT MOXKET OBITh MCITOJI30BAHO IS CBSI3M BOJHOBOTO comnpotuicHus B (1) 10
BenmuuHbl (5) — (8).
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VYpapaenne (9) mokaspiBaeT, Kakue MexaHu3Mbl otepsb (Qp wmm Qc) sB-
JsieTCsl JOMUHUPYIOWEH Ui HU3KUX moTepb JuHuu. Eciu Z0 cuurtaTte peanb-
HBIM, TTOTpeOyeTcsl BHIMOIHEHUs paBeHCTBa Q. = Qc, KOTOpoe BOOoOIIe TO TOBO-
psi, HeBepHO. B oTnmuune ot nuHMiM, peanu3oBaHHbX HA GaAS, rae G mpakTuye-
CKH{ PaBHO HYJIIO, IMHUH PEAIM30BaHHBIC C HU3KUM YICIBHBIM CONPOTHUBICHUEM
KPEMHHS 4acTO UMCIOT HHM3KYK €MKOCTHYIO cocTaBiisitonryto (Qc) B cBs3M ¢
OKpY’KaroIen MmotoKKoi. JIJist THHMIA, B KOTOPBIX TJIaBHBIM 00pa3oM HaKaruIu-
BAIOIIUX MAarHUTHYIO SHEPTUI0, MHIYKTUBHBIN K03 duimeHT kayectna (QL) sB-
JsieTcsl Hanbosiee BaKHBIM MapaMeTpOM TPU ONPE/IEIICHUN TTOTePh JINHUH, B OT-
JUYKe OT PE30HATOpA.

[Tocre oObsCHEHUH BBINIE, PACCMOTPUM MapameTp SXX, MO3BOJSIONIUI
paccMoTpeTh cBoiicTBa SXY mapameTpoB. Koaddumuent npomyckanus onpese-
JETCs, KaK Iepeaada HalpsKeHUs, JEJIEHHOE Ha CIydalHOe HamnpsbkeHue. Ec-
71 a0COJIFOTHOE 3HAYEHUE MEePeIaBaeMOro HanpsHKeHUs OoJibllie, 4eM abCOI0T-
HOe 3HaueHue nanaroniero HanpspkeHuss DUT (puc. 3) uiam cuctemsl, TO OHO Xa-
pakTepusyercsi ycuieHueM. Ecimu aOcoioTHOE 3HAaYeHHE IMepeaBaeMoro
HanpsOKEHUE MEHBIIE, 9eM abCOIOTHOE 3HAUCHHUE MAJAr0IeT0 HANPSHKEHUs Te-
CTUPYEMOI'O YCTPONCTBA MJIM CUCTEMOM, TO OHO XapaKTepU3yeTcs OclabieHueEM
VT BHOCUMBIMH TTOTEPSMHU.

UI'IB,CI,aPOIJJ,aH UOTpa)KeHHaﬂ
—mi

xkoo(hduimen T nepegaun = T = —— =1/

Taaromas

OTpaKeHHast

BHOcuMbIe motepu = —2010g

=-20logt

nagaroias

OTpaXCHHAs

kodunument nepenaun (nb) = 20 log =201log

rajaromas

Pucynok 3 — [lapameTpbl TMHUM IIepeaayn

B CAIIP BosmHOBOE compoTHBIIeHUE Jierde HalTH, o dhopmyre (10), 3Has
BXOJHOUM UMIIEJaHC KOPOTKO3aMKHYTOW U Pa30MKHYTOM JIMHUU, PUC. 2

ZO = \/Zin.open ) Zin.shor‘[ (10)



JI0OpOTHOCTH MOKHO BBICUMTATH 110 popmyiae (11):

Q — IRm(Zln) (11)
e(zin )
Iopsiaok BbINOJIHEHUsI PA0OTHI:
o OmnpenenuTh OCHOBHBIC TTApAMETPHI JIMHUY niepenaun (puc. 4-12);
o 3aaTh mapaMeTpbl MOJUI0KKH, KaK Ha puc. 4
o Co0Oparb cxemMy MOJEIMPOBAHMS, MapaMeTpbl MOJAEIUPOBAHUS U

BBeCTU (Gopmyny TpaHchopMHupoBaHHUS S MaTpullbl B Z MaTPHUIy C MOMOIIBIO
onepatopa twoport puc. 5;

o Brectu popmymy (10) mis pacuera BostHOBOTO conporuBieHus Z0,
puc. 6;

o [locTpouTh 3aBUCUMOCTH BOJHOBOTO COIPOTHUBIEHUS JUHUHU OT
IIUPHUHBI JTUHUH, PUC. /;

o [TocTpouTh 3aBUCUMOCTh HMHIYKTUBHOCTH L KOpPOTKO3aMKHYTOM

JMHUY TIepeaun OT MUPHUHBI JIMHUH, ipH jaiuHe 1=100 mkwM, puc. 8, ucrons3yst
dbopmysl, puc. 6;

o Haiitu 1o6poTHOCTE KOpOoTKO3aMKHYTOM uHUK QL 1o ¢opmyie u3
(11) u puc. 3, kak mokazaHo Ha puc. 9
o [TocTpouTs 3aBUCUMOCTH eMKOCTH C pa3oMKHYTOH JIMHUM Tepesa-

9y OT IMpuHbl JuHNH, pu umHe =100 mxwM, puc. 10, ucnons3ys Gopmyisi,
pwuc. 6;

o Haiitn no6potHocTh pazomkHyToM muanu QC mo dopmyne u3 (11)
U puC. 6, Kak 1Mmoka3zaHo Ha puc. 11

- Subst1
Cer=4. 1

- =983 um

- 1=3 um-

- tand=0-

- rho=3.03e-3.
. D=0

Pucynoxk 4. [TapameTpsl KpeMHHUEBOM MOUTOKKH COBpeMeHHOro SiGe Texmpo-
ecca

10



S parameter|| -~ _ - | Parameter
simulation || ~ |sweep

SP1 - - - - - - substt - - SwWi
Type=lin -~ cer=41 - - - - Sim=gP1
Start=40GHz - - - h=8:283um - - - Type=list -
Stop=80'GHz -~ - - =3um - - Param=Y\ir - o
Points=401- - - - tand=0- - - - Values=[18 um;30um:3um] -
e U rho=A03e-8.
- D=0
K -1 |Equation.
P1° - 'MST = - Eq2-
Mum=1 - -Subst=Subst? - - Z=twoport{s, 'S', 'Z')
| 7=50 Ohm W=Wir- S
S L=100Um e Egiation
|Eguation
= Eqns .

L osnEEnaD
—7_F° . 822=(8[2.2])
P2, . MS2. . .
Mum=2 = Subst=Subst]
2 7=50 Ohm W=War

L=100 um

PI/ICYHOK 5. Cxema MOACIMPOBAHHNA BOJIHOBOT'O COIIPOTHUBIICHUA
JIMHHUHU IICPpCaadn

Euat

ZDsrtma Z[1 A maglZ2 2
ClEwen ort(mag(Z(1,1])'mag(Z[2,2]]) lmmten
. JEgne T = o=
ZinL_real= real(50*((1+811] (1 sty Zinc_real= real(ﬁﬂ*(('l{rsz_?){m_822))]
Zinl_imag=imag (807 (1+311)(1-511))) o AnC_imag=imagi 207 1+522)/1- 822)))
QL={irmagi507((1+511)/(1- S11))))f(rea|(50*((1+811)f(1 511)))) QC= -(IMag(s0 ([ 1+322)/(1- SQQ))))I(reaI(SD*(U+522) (1 822))))
“L=(imagran 1+ 110 1-3 11006 28 requency] o C—-1f((|mag(50*((1+822)f(1 522)))*6 ZE*frequency))

Pucynox 6 ®opmynsl 175t pacdyera BOJTHOBOTO COMPOTUBIICHUS U €MKOCTH U UH-
JYKTUBHOCTH JIMHUU
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100+

90+ frequency: 5.99e+10

Wir: 3e-06
80—+ £0:96.7

frequency: 6.02e+10
70+ Wir: 1.8e-05
N frequency: 6.01e+10 £0:49.3

601+ Wir: 3e-05

Z0:36.3

50+

\

3 I I I I I I I
2910 4.5e10 5e10 55e10 6e10 6.5e10 7e10 7.5e10 8el10
frequency

PucyHok 7. 3aBUCUMOCTBH BOJTHOBOT'O COITPOTUBIICHUS OT MTUPUHBI JIMHUU TIepe-
ayu

frequency: 5.99e+10

Wir: 3e-06
L:5.17e-11
H5e-11+
frequency: 6e+10
4e-11+ m.ﬂr: 1.8e-05
iy L:2.87e-11
frequency: 6e+10
Wir: 3e-05
3e-11—1
© L: 2.18e-11 —
2e-11+ i i i
4e10 5610 6e10 7e10 8e10
frequency

Pucynox 8. 3aBUCMMOCTb HHIYKTUBHOCTH KOPOTKO3aMKHYTOM JIMHUU OT Y4acTO-
ThI IIPU PA3JIUYHON MUPUHE JINHUU
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frequency: 6e+10

Witr: 3e-05
QL: 35
40+
304
-
o frequency: 5.99e+10
20 frequency: 5.99e+10| [Wir: 1.8e-05
Witr: 3e-06 QL:29.3
QL: 105
10

4610 45610 5e10 5.5e10 6e10 6.5e10 7e10 7.5e10 8e10
frequency

Pucynok 9. 3aBucuMocTh JOOPOTHOCTH OT ITUPUHBI TUHUH

1.8e-14
1.6e-14
frequency: 6e+10
1d4e-14-+ Witr: 3e-05
C:1.65e-14
1.2e-14¢
© frequency: 6e+10
le-14 Witr: 1.8e-05
C:1.18e-14
frequency: 6e+10
8e-15+ wir: 3e-06
C:5.58e-15
Ge-15—+

4e-1 I I I I I I I
© 2e10 4.5e10 5e10 5.5e10 6e10 6.5e10 7e10 7.5e10 8el10
frequency

Pucynok 10. 3aBucMMOCTh MUHAYKTUBHOCTH PA30MKHYTOM JIMHUU OT YacCTOTHI
IIPU PA3JIUYHOM IUPHUHE JIMHUU
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Wir: 3e-05
40+ QC: 35
35
3u 1 /
//frequent:y'Z 6.02e+10
Q 25+ Wir: 1.8e-05
QC:29.3

20+

frequency: 6.02e+10
15 +|Wir: 3e-06

QC: 106
10+

frequency: 6e+10

2610 4.5610 5610 55510 6610 6.5610 7610 7.5610 8610
frequency

Pucynox 11. 3aBucUMOCTh JOOPOTHOCTH OT ITUPHUHBI TUHUU

-~ Ques Transcalc 0.0.17 =8lx|
Eile Execute Help
—Transmission Ling Type —Substrate Farameters —Physical Paramsters
[Wicrostrip Line = Er| 41 [ =] W 18 fum =]
Mur| 1Ina = | L 743617 |um =]
H 983 Jum = | afna -
H_tf 10000 jum  ~| | 0 s =]
TI 2 |um j Analyze | Synthesize |
w Cond] 330407 VA o] | == ﬁ t y
Tand| O|NA T ectrical Farameters
1JL/ Rough| 0 [um =] 20| 504621 {Ohm =]
T | o [ia o || Aol 90 [Dey  ~|
T H | 0% o
~Component Parameters
—Calculated Results
ErEff. 282176
Freq 60 |GHz =| || Conductor Losses: 0.39487 dB
Diglectric Losses: 0 dB
Skin Depth: 0357674 um

Yalues are consistent.
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Pucynok 12. Oxno mporpammsl Line calculator




Conepxanue oruéra:
OTtuét odopmisieTcs B BUE KypHaIa JabopaTopHbIX paboT. B Hero

H€O6XO,ZIHMO BKJIIOYHNTH:

=

w

— Ha3BaHME U 11eJIb paboThI;

— KpaTKHUE CBEACHUS U3 TEOPUU;

— CXEMBI UCCIEAYEMBIX YCTPOUCTB;

— IIOATOTOBUTEIIBHBIE PACUETHI;

— TaOJIMIIBI ¥ TPAQUKU SKCIEPUMEHTATbHBIX 3aBUCUMOCTEH;
— BBIBOJIBI IO pe3yJIbTaTaM pabOTHI.

KOHTpOJIl)HbIe BOIIPOCHI.

OT 4ero 3aBUCHUT BOJHOBOE COITPOTHUBIICHHUE JIMHUU NIEpeadn’?

Kakwne npenmyiecTBa 1 HEIOCTATKU UCIIOJIB30BAHUS JIMHUM [IEpEIayu B
KBY nuanasone?

Kaxk onpenennts 100pOTHOCTh HHAYKTUBHOCTH U YTO OHA MOKa3bIBAET?
[Touemy B CBY u KBY nnana3zoHax nIpyUHATO UCIIOJIB30BATH JIMHUU C
BOJIHOBBIM conpotuBieHueM 50 Om?

Cnucok Jurtepatypsl K JabopaTopHoii padore 1

bynakoB A.C., Korensnuukuii A.B., lIumkynoa E.B. Cocrtosinue u
nepcnekTuBbl pa3Butus KBY mHTErpaibHBIX CXEM Kilacca «CHUCTEMa Ha
kpuctayuie» // OnextponHass TexHuka. Cepust 2. IloaynpoBOgHUKOBBIE
npudopsl. - 2011. - T. 2 (225) . - C. 104-113.

bynakoB A.C. Cocrosinue u nepcnektuBbl CBY u KBU MUC Ha ocHoBe
KPEMHHEBBIX  TEXHOJIOTMHM  Kjacca cucTeMa Ha  Kpucrame //
TBepnorensHas smekTpoHuka. CiaoxHble (GyHKIMOHAIBHBIE 00K POA.
Martepuanbl X  HaydyHO-TEXHMYECKOW KOH(epeHuuu. - Mocksa:
MHTOPODC um. A.C. Ionosa, 2011. - C. 20-21

Ali M. Niknejad H.H. mm-Wave Silicon Technology 60 GHz and Beyond
/ . Springer, 2008. - 317 c.

Doan C.H., Emami S., Niknejad A.M., u np. Millimeter-wave CMOS de-
sign // IEEE Journal of Solid State Circuits. - 2005. - T. 40 . - C. 144-155.
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JlaGopaTopHnasi paéora 2

«MopenupoBaHue HapPaBJICHHOTO OTBETBUTENSI THOPUAHOIO THIIA B
nporpamme QUCS»
Leab padoTbI:
OnpenenuTs OCHOBHBIE TapaMeTpbl HanpaBieHHbIX oTBeTBUTENEH (HO)
KBUY nuana3oHa u npoBecTy MoaenupoBanue. Ho Ha 4eTBEpTHBOJIHOBBIX OTPE3-
Kax JIMHUHN TepeayH.

Caenenusi u3 Teopum:

HanpagiieHHBIN OTBETBUTENL — YCTPOWCTBO IS OTBETBICHHS YaCTH
AIIEKTPOMAarHMTHOM SHEPTMU U3 OCHOBHOTO KaHasa Iepegayu BO BCIIOMOIaTeNb-
HBIW KaHAJL.

Hanpasnennsie orBetBuTenu (HO) mmMpoko MpUMEHSIOT B pa3HBIX OT-
pacisax paguodIEKTPOHUKH, KaK B KAUECTBE CAMOCTOSITEIbHBIX YCTPOUCTB B Ka-
O€JIbHBIX M BOJIHOBOJHBIX JIMHUSAX, TaK M B KAuy€CTBE JJIEMEHTOB pPaguO03JICK-
TpOHHOM anmapaTrypbl. Kak camocrostensHble ycTporictBa HO mcnosnb3yrores
JUTSl pa3BETBIICHUS CUTHANA C IMHUU (HAIpUMep, TEIEBU3UOHHBIC Pa3BETBUTEIN)
Y JUIs1 KOHTPOJISl TapaMeTpOB CUTHAJIA B JIMHUM U €€ coriacoBanus. Kak anemen-
ThI anmnapatypsl HO ncnonb3yroTcs B OCHOBHOM B PaAMOU3MEPUTENIBHBIX IIPHU-
o6opax — CBY BartmeTtpax, npubopax it uzmepenus KCB, xoaddunmenta
nepesadyM, yCTaHOBKAX JJIsl IOBEPKU aTTEHI0ATOPOB M MU3MEPEHHUs OCJIa0JICHUH,
B IIpUEMOIIEpEIaTUNKaxX ISl TOJYUYCHUsI KBaJIpaTypHOIO CHTHajla W pacrupeie-

JeHWsT 1O BXOAaM CyOrapMOHHYECKOTO CMECHTeNs CcO caBuramu Qa3
0°,180°,270° u 90° [1].

BxogHown nopt MpsiMoi
(P1) nopt (P2)

CBa3aHHbIN

N3onunpoBaHHbIN
nopt (P4)

nopt (P4)

Pucynok 1. — O60011ieHHas cxema HanpaBJI€HHOTO OTBETBUTES

K nmocromncteam KBY pguamazoHa MOXHO OTHECTH CYLIECTBEHHOE
YMEHBUICHUE Pa3MEpPOB NACCUBHBIX JJIEMEHTOB M COOTBETCTBEHHO PAa3MEPOB
KpHUCTallIa, TAKMX KaK HAalpaBJICHHBIC OTBETBUTENN. [2]. SBasieTcst mpocTermmm
TUTIOM COEJIWHEHUS, TTOCKOJIbKY SIBISIETCS MOJTHOCTBIO TNIOCKUM. Cxema OTBET-
BUTEJIS MMOKa3aHa Ha puc. 1 [3].

16



Bxonx #1 0.707 Z, BEIXOJI #2
0.707 U, < -90°

0, Z, 6, Z

BBIXOJI #3

M30JIMPOBAHHBIN _
0.707 U,, < 180°

BXx0J #4

Pucynok 2. — HanpaBieHHbIN 0TBETBUTENS [3].

Kaxxnmas muHus mepegadn paBHA Y€TBEPTH JUTHHBI BOJIHBL. TeM HEe MEHee,
3/4, 5/4 wim 7/4 navHBI BOJHBI M T.J., TaKK€ MOTYT OBITh HMCIIOJIB30BaHBI Ha
KOKIO0W M3 JTUHUH, €CIIH 3TO JOIMYCTUMO WM TpeOyeTcsl B CXeMe, T.K. TOSIBIIS-
IOTCS TIOTepH IMPOMYCKHON crocoOHOoCTH. CHUrHaj, MOCTYHAaIoIMui B BEPXHEM
JeBOM OPT (#1) cOCTOUT U3 ABYX KBAJpaTypHBIX CUTHAJIOB MOPTOB (#2 u #3), a
OCTaJIbHBIE YEThIPE MOPTa MOJHOCTHIO U30JIMPOBAH OT BXOJHOIO MOpPTa HA IICH-
TpasibHOU "actoTe. [loMHHTE, YTO HMKHUM BBIXOJIHOM MOPT (# 3) UMeeT caMble
HeraTuBHBIE (Da3bl TIEpe/laui, TaK Kak OH UMEET CaMbIi JaJbHUM MyTh ClIeI0Ba-
HUS CUTHAJIA.

BonnoBoe conmportuBnenue Z0 Takux JUHUM, BBIOUpACTCS UCXOAS U3 UX
COMPOTHUBJICHUS HATPY3KH, 0OBIYHO OHO cocTaBiseT 50 Om.

Hanbonee oOmell xapakTepuCTUKONW MHOTOIOIIOCHHUKA SIBJISIETCS MaT-
pHIla TapaMeTPOB, CBSI3BIBAIONIAS €r0 PEaKIMI0 Ha 3a/laHHOE BO3CHCTBHE C Be-
JUYHMHOM 3TOoro BosnekcTBus [4]. Hambosnee mpocTo peann3oBaTh H3MEpEHHE
IIapaMeTpOB S-MaTPULBI.

OCHOBHBIMU napameTpaMu HaIPaBJICHHBIX OTBETBUTETICH
sBistores [1, 4]:

e ko3(ppuuueHt cBsa3m C - norapumM OTHOLIECHUS BXOAHOW MOIIHOCTH
OCHOBHOM JIMHUH K MOIIIHOCTH, OTBETBJIEHHON B paboyee 1mjieuo BCIIOMO-

rareipHoi muaun: 10log(P1/P3) =-20log(S31)
o ko3¢ dunueHT HanpaBJaeHHOCTH N - jorapudm OTHOIICHHS] MOIIIHOCTEH
Ha BBIXOJIE pabodero u Hepabouero mied BTOPUIHOU JINHUU:

10log(P3/P4) = 20log(S31/S41)

e pasBs3ka D - orapudm OTHOIIICHUS MOIITHOCTH Ha BXOJIE€ IEPBUIHOU
JIMHUU K MOIIIHOCTH B HEpaboueM Iieue BTOPUYHOM JIMHUU:

10log(P1/P4) = —20log(S41)

17



¢ Ko03pPUIHEHT OTpaKeHus (p) ICPBUUHON U BTOPUYHON JIMHUU, KOTO-
pBIi ofpesienaeTcs mapaMeTpamu, ONpeesaeTcs uepe3 napameTpbl MaT-
PUITBI pacCesTHUS Sy Sy Saz U Sg4. OOBIUHO BRIpAXKAETCS B JOTAPUPMU-
yeckux equHuIax uaMepenus kak RL=201g(p). B 3aBucumoctr ot 0bJ1a-
CTH TIPUMEHEHHS JIOMyCKAIOTCSI pa3IMYHbIC 3HAYCHUS, 9aCTO IPUMEHSIECT-
csl Kputepuil He Xyxe MuHyc 10 nb;

e BHocuMbIe motepu (L) onpeaensoTcs OTHOIICHHEM MOIIHOCTH TOTJIO-
nieHHo B nuddepennnanpHoit Harpyske Ha Beixone HO (R,) k HoMu-
HaAJIBHON MOITHOCTHU TeHepaTopa (MOIIHOCTb, OT/IaBaeMas B COTJIaCOBaH-
HYI0 Harpy3Kky). Takum o6pa3om, mapametp IL yuutsiBaeT motepu Momi-
HOCTHU, 00YCIIOBJICHHBIE PACCOTJIACOBAHUEM B JINHWUHU, HEOOpATUMBIE TEII-
JIOBBIC TTIOTEPH B MPOBOJAHHUKAX M TUAJICKTPUKE U TMTOTEPH HA U3ITyICHHE

e ommuodka no ¢ase (¢,,,) ONpeaACIieT HACKOIbKO Pa3HOCTh (a3 BBIXOTHBIX
curHaioB HO otnuvaercs oT uaeanbHoro 3HadeHus 90 rparycos;

e uana3oH padouux yacrtot (f...fy) yacto onpezensercs Mo ypoBHIO
-3 n1b wim munyc -1 1b.

Ha yacrore 60 I'T'1; Takoe ycTpoiicTBO OyJeT 3aHUMATh OOJBIIYIO TIJI0-
a1 Ha KPUCTAJUIC TI0O CPABHEHUIO C IPYTUMH apXUTEKTypaMH, 4To He P ek-
THUBHO.

CtpykTypa puc. 3 MO3BOJIIET YMEHBIIUTH ILJIOMIATh, 3aHUMAEMYIO OT-
BETBUTEJIEM ITyTEM BBEJICHHS JOMOJHUTEIBHBIX KOHIEHCATOPOB [5].

12000 == 457 O 120¢p®
0O [ I O
N12
7070m | |8 M8 | | 70,7 Om
12
0O || II O
12090 —— (0.7 0m 120¢®

Pucynok 3. — HanpaBiieHHbI OTBETBUTENH C YMEHbBIIEHHON TJIOMIABIO
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Takass cTpykTypa NHO3BOJISI€T YMEHBIIWUThH ILUIOLIAAb, 3aHUMAEMYIO Ha
KpucTajijie 0oJiee 4YeM B JIBa pa3a, OJHAKO JUIS MOJIYUYEHHS 33JaHHbBIX CIBUTOB I10
(aze nMoHaOOUTHCS MCHOJIb30BAHUE JIBA TAKUX OTBETBUTENS. s ycTpaHEeHMs
3TOr0 HEJOCTAaTKa MOXET ObITh HCIOJIb30BaHA CXEMA HA CBSI3aHHBIX JMHMIX,
puc. 4.

Jlnist pacdera IJIMHA JIMHUN MOKHO HCITONIE30BaTh hopmyiy (1).

A _ C

IrJie C — CKOPOCTh CBETa,
f. — pe3oHaHCHas 9acToTa,
€g — AMDIICKTPHYECKasi IPOHUIIAEMOCTb.

Tak, mis pezoHancHoit udactoTel 60 [T M KpeMHHEBOW MOJJIOXKKE C
er=4,1, nnMHa 4YETBEPTHBOJHOBOIO OTpE3Ka JMHMUU IepeJadn OyJeT paBHa

okoJ0 620 MKM. A 1IHA BOJTHBI paBHA 2.47 MM.

T T owme v T T
T T 7070m T e
| |

120¢®

OudpdepeHumansHbIn o
BXOA

0°, 180° #1 -7
70,7 OMm N8
O— —_ —

M3onupoBaHHbIn Bxog #3 |
O

O OudpdpepeHumanbHbIn
BbIXOS
90°, 270° #2

| S

P S

70,7 Om

* O [OuddpepeHumanbHbIn
BbIXO[,
S ¢ 0 0°, 180° #3

120D 70,7 Om 120D

I IlZOQ)d) 1zoq)q>l l

Pucynok 4. — JludgdepennmanbHbiii KBaApaTypHBINA
HarpaBJICHHBIA OTBETBUTEI [6]

Jyist mpriMepa MpYBEICH HAMPaBIICHHBIN OTBETBUTENH, pa3paboTaHHBIN B
[6]. s cornacoBanust Ha auddepernmanpaoe conporusienue 100 Om, BoJI-
HOBOE COINPOTUBIICHWE JBYX CBS3aHHBIX JIMHUN OBUIO BHIOPAHO pPaBHBIM
0,707*Z0 u paBno 70,7 Om, KOTOpOE 3aBUCHUT OT PACCTOSHUS MEXKY JIMHUSMU U
ux wupusbl. ['paduk tonosorun HO B 3D pexume u pazMepsl MOKa3aHbl Ha
puc. 5.

19



Pucynox 5. — Tononorus u pazmeps! 1uddepeHnnanbHoro KBaapaTypHO-
ro HampaBJIEeHHOTO OTBETBUTENS B 3D pexume

Ha puc. 6 mokasansl pe3yibTaThl MOACTHPOBAHUS S MapaMeTPOB OTBET-
BUTENS Ha o i10kke SiGe Texmporiecca.

- — — - 5(3,1)

_10\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
40 45 50 55 60 65 70 75 80

YacTtorTa, Ty,

Pucynok 6. — ITapametpsl ko3 dunmenta cBsizu S31 u morepnb
B TIaBHOM JuHUN S21

Ha puc. 7 mokaszansl pe3ynbTaThl MOAETUPOBaHUS (Ha30BOM OMUOKH.
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Pucynox 7. — YactoTHast 3aBUCUMOCTH (Pa30BOM OIIMOKH

YactoTa, My,

IMopsaaok BbINOJHEHHSI PAOOTHI:
Coriacuo puc. 8 ¢ momomipio mporpammsl Line Calculator paccunrats
JUTAUHY YeTBEPTHBOJIHOBOM JIMHUK TIEPEIavyd ¥ HIMPUHBI MHKPOITOJIOCKOBBIX JIH-
Huit nepegaun ¢ Z0 =50 Om u 0,707 Z20=35.35 Om.
CobpaTh cxeMy HanpaBJICHHOTO OTBETBHUTES, puc. 9.
3anath GopMysIbI AJIs pacyera mapaMeTpoOB HAMPABICHHOTO OTBETBUTEIIS,

puc. 10

BriBectn rpadguku ocHOBHBIX xapaktepuctuk HO, puc. 11

Walues are consistent.

Freq 60 GHz ~

Conductor Losses:0.392494 dB
Dielectric Losses:0 dB
Skin Depth:0.357674 um

# Qucs Transcalc 0.0.17 o (S
File Execute Help
Transmission Line Type Substrate Parameters Physical Parameters
Microstrip Line Er 4.1 |NA w 182989 [um -]
Mur 1Na -] L 742769 [um -]
H 9.83 [um - o|[NA
H_t 10000 [um_~| 0/NA
T 3[um -]
Cond 336407 |NA \ Analyze H Synthesize \
W Tand oA Electrical Parameters
= Rough 0 [mil - 20 50 [Onm
| /L o[[NA Ang| i
T IH Component Parameters ollNA
Calculated Results
ErEff:2.8282

Pucynok 8. — Oxno nmporpammsl Line Calculator ams pacdera snekTpude-

CKMX M T€OMETPUUYECKUX MMAPAMETPOB JINHUU TIEPEIaun
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22

- Sparameter

© Type=lin- - -
- Start=40GHz - - - - h=88B3um . - - . . . . . . .

simulation

S5P1

. . Stop=80GHz - - - - t=HBum . . .o

. Points=41 . . . . . tand=0 . . . . . . . . .

o rho=303-6 = = . .
D=0

st

. - . - - - P2 .....

= Lo Mum=2 - - -

=Substt - - - - - ] Subst=Substt | - - - - -
LW=18 um - - ——

PI/IcyHOK 9. — Cxema a1 MOACITUPOBAHUS HAIIPABJICHHOTO OTBETBUTES

CoMS4

| Equation -

"Egn2

-c dB{S[S,ﬂ])'

dB(S[3,1)/5[3.4])

: D—dB{S[4,-1])-
-811=dB(S[1,1]) -

- §22=dB(8[2,2]) -

- 833=dB(S[3,3]) -

. 544=dB(S[4,4]) .
-ML=dB(5[2,1])
.CL=dB(1-5[1,3])
(IL1=dB(S[1,2]+S[1,3])
IL=ML-CL

i errcr-unwrap{phase(S[Z 1];’8[3 ‘l]))

Pucynox 10. — ®opmynsl 17151 pacuera OCHOBHBIX Xapaktepuctuk HO
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Pucynok 11. — I'paduku xapaxrepuct HO

Copepxanue oruéra:
OTtuét oopmisieTcst B BUE )KypHaia J1abopaTopHbIX padoT. B Hero
HEO0OXOIMMO BKJIIOUUTh:

—H

a3BaHME U LETb Pa0OThI;

— KpPaTKHUC CBCACHHA N3 TCOPHU,

— CXEMBI UCCIIEAYEMBIX YCTPOUCTB;

— II

OATOTOBHUTCIILHBIC paC‘—IéTBI;

— TaOUIIBI ¥ TpaUKH SKCIIEPUMEHTAIBHBIX 3aBUCUMOCTEH;

— BBIBO/IbI 110 PC3YyJIbTATaM pa6OTI)I.
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KoHTpoJibHBIE BONPOCHI:

JI71s1 4ero U /i€ UCIOJIb3YIOTCSl HalTpaBJIECHHbBIC OTBETBUTEIH?

Kakwne ocHoBHbIE XapakTepuctuku HO?

KaxoBa nmpocreiimasi cxema HanpaBJIEHHOTO OTBETBUTES?

Kaxkue criocoObl ymenbiienus mioimanu HO Bol 3Haete u mouemy 3To
BAXKHO?
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JlaGopaTopHnasi padora 3

«MonenupoBaHre CHMMETPUPYIOIIETO YCTPOHCTBa B mporpamme QUCS»

eab padoTbI:
OnpenenuTh OCHOBHBIE MTapaMeTPbl CAMMETPUPYIOIIHNX YCTPocTB (CVY)
KBUY nuanazona u nposectu moaenupoBanre CY Mapiasja.

CeeHus U3 TeOpuU:

CummMmetpupyromue ycrpoiictBa auanazona CBY u KBY npumenstorcs
JUIsl IpeoOpa30BaHUsl CUTHAJIa HECUMMETPUYHOW JIMHUM (HapuMep, MUKPOIIO-
JOCKOBOM JIMHUM) B JU(epeHINaNbHbIA CUTHAT CHUMMETPUYHON JIMHHUH
(Hanpumep, ABYXIIPOBOJIHOMN JIMHUHM) ¢ MUHUMAJIbHBIMA BHOCUMBIMHU TOTEPSMU
U OIMOKAMH CUMMETPUPOBAHUS aMILTUTYIBI U (pa3bl.

Ha puc. 1 npuBenena o0001IeHHas cXeMa BKIIOUYEHUS CUMMETPHUPYIOIIIEe-
ro ycrpoiictBa (CY) ¢ mpUHATBIMH YCIOBHBIMU 0003HAUCHUSIMHU.

S, Wi R,/2
N s

3
R’ L

N, Ri/2 |

a

E.

Pucynox 1. — O600mieHHas cxema BKIIOYEHHUS CHMMETPUPYIOIIETO YCTPOUCTBA

OcnoBHoe mpumeHeHre CY — 3TO CMECUTENM, YMHOXKUTEIU YacTOTHI,
JBYXTAKTHbIE YCUJIMTENH, TUTIOJIbHBIC aHTEHHBI U T.Jl. B HHTETpabHBIX cXeMax
CVY NO3BOJSIOT YIYYIIUTH JIEKTPOMAarHUTHYIO COBMECTUMOCTh (DYHKITHOHAIIb-
HBIX OJIOKOB M PACHIMPUTH TUHAMUYCCKHIA JHATIa30H.

OcuoBHbiMU Tlapametpamu CY sBisttotes [1, 2]:
e uama3oHH padbounx yactot (fi...fy);
e kox(hdumeHT oTpakenus (p);
e BHOCHMBIC moTepH (IL);
e omuOKa CHMMETPUPOBAHUS Pas3bl (Po);
e OmIKOKAa CHMMETPUPOBAHUS aMILTUTY b (AA).
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JMuana3zon padounx vacror (f ...fy) wacTo ompenensieTcs mo ypoBHIO
MuHyc 3 1b nmu munyc 1 1b. OgHaKO MOTyT UCIIONB30BATHCA U IPYTUe KpUTe-
pun, onpenensemble obnacteio npuMmenenuss CY. Hanpumep, nuanaszon pabo-
YUX 4aCTOT MOYKET OINPEAEIATHCS UCXOAsl U3 JAOIMYCTUMOMN OIIMOKH CUMMETpHU-
poBanus amruatyasl 0,5 nb.

Ko3>pdpunuent orpaxenuss (p) omnpenensercs uepe3 MapaMeTphI
MaTpPHULIbI paccestHusl Sy1 U Syp. OOBIYHO BRIpAXKAaeTCA B JIOTAPUPMUUECKUX €11~
Humax mmepenns kak RL=20lg(p). B 3aBucumoctu oT 001acTH MpUMEHEHUS
JOMYCKAIOTCA PA3JMYHbIE 3HAYEHHS, YACTO NMPUMEHSETCS KPUTEPHM HE XyXKe
munyc 10 nb.

Buocumbie motepu (IL) onpenenstoTcss OTHONICHHEM MOITHOCTH IIO-
rionieHHon B nuddepennmansioi Harpyske Ha Beixoge CVY (R,) Kk HOMUHATb-
HOW MOIIIHOCTH I'eHepaTopa (MOIIHOCTh OTAaBaeMasi B COIJIACOBAHHYIO Harpys-
Ky). Takum o6pa3om, napametp IL yduTsiBaeT moTepu MOLIHOCTU O0YCIOBIICH-
HBIE€ PacCcOIVIaCOBaHUEM B JIMHUU, HEOOpaTUMbIE TEIUIOBBIE IOTEPU B MPOBOIHHU-
Kax M JIUAJIEKTPUKE, OTEPU Ha U3JIyUYEHHUE, a TAKKE MOTEpU O00YCIOBIECHHBIMU
HaJIMYUEM OLIMOKU CUMMETpUpoBaHus (a3bl curHana. B unrerpansasix CY kak
IIPaBUJIO JOMUHHUPYIOT OMHUYECKHE ITOTEPU B METAJUIM3ALMHU, IO3TOMY MPEIIIO-
YTEHHUE OTAAECTCSA CTPYKTYpaM C MEHBIIEH JUIMHOW MpOBOAHUKOB. DopMyna s
onpeAeeHnus] BHOCUMBIX oTeph IL nMmeer cnenyrommii BUA:

‘312‘2 + ‘513‘2 + 2‘512“313‘005%“,
S| +[Suaf” + 2S5 S

IL=—10l0g(|S;,|° +|S13]" ) = —10log( (1)

T7I€ Qoy — OIMOKAa CUMMETPUPOBaHUS (a3bl, Sy, — KOMIUIEKCHBIE KOI(]-
(bUIIMEeHTHI MaTpUIIbl paccestHus mectunoatocHuka CY.

[lepBas vacte BIpakeHus (1) ompenemnsieT Bce MOTEPH 3a UCKIIOYCHUEM
COCTAaBJISIIOIIECH OOYCIIOBJICHHOW OIMMOKOW cuMMmeTpupoBaHus ¢as3pl. JTa co-
CTaBJIAIOIIAsL ONpeAeNsieTCss BTOpoi 4acThio (1) W B ciiydae MajbiX 3HAYEHUU
($a30Boii OLIMOKK €10 MOKHO MpeHeOpeyb. Tak Mmpu ommodKe CUMMETPUPOBAHUS
10 rpamycoB BTOpas coctapisitonias BeipaxkeHus (1) umeer 3nauenue 0,033 nb,
o3TOMYy O0Jiee MUPOKOe YIMOTpeOIeHNE HAIIO YIPOIIEHHOE BRIpaKEHHUE:

IL~-10log([S,,|" +[S. ). (2)

26



Ommbékn cumMmerpupoBanust ¢asbl (Q,y) ONpEACTsIeT HACKOJIBKO pas-
HOCTh (a3 BbIXOJAHBIX curHajioB CY oTimuaercs oT uaeaibHOro 3Hauenus 180
IpayCcoB U OMPENEIAETCS BhIPAKECHUEM:

2 Im(S;, 7 Sp3)

@, =180° —tan :
Re(S;,/ 53 )‘

(3)

OmméKkyn CMMMeTPUPOBaHUs aMILIUTYABI (AA) ompeaenseT pa3HOCTh
aMIUTUTYJTHBIX XapaKTepUCTUK MPOTHUBOGA3HbIX BeIX0a0B CY U ompenensiercs
BBIPAKEHUEM:

AA=20log % . (4)

13

[Ipu nmoctpoennn MUC muimumeTpoBOro auamna3zoHa BOJIH HauOolee
pacrpocTpaHeHHOH siBisieTcss KOHCTpykuus CVY, mpeyokeHHas Mapiuanaiom
[3]. V3HauanbHO naHHAs KOHCTPYKIUS ObUIAa pealn30BaHa C MPUMEHEHUEM OT-
PE3KOB CBSI3aHHBIX KOAKCHaJbHBIX JUHUU. [lo3xke oHa Obuia mepepaboTaHa B
IUTAHApHBIA BapuaHT W HallUla IIMPOKOE MPUMEHEHHE OJaroaapss MEHEE JKecCT-
KUM TpeOOBaHUSM K COOTHOILIEHHUIO BOJIHOBBIX CONPOTHUBIIECHUI HCIONIb3yEMbIX
OTPE3KOB CBSI3aHHBIX JIMHAW B CPAaBHEHUU C APYrUMH KOHCTpykuusmu CVY.
JlaHHOE IPEeNMYIIECTBO OCOOEHHO aKTyalbHO JJIA IPUMEHEHHS B COBPEMEHHBIX
KPEMHHEBBIX TEXHOJOTHYECKUX MpoLeccax ¢ (PUKCUPOBAHHBIM PACIOJIOKEHUEM
CJIOEB MHOTOYpPOBHEBOUW Metaim3anuu. [lnanapueiii Bapuant CY Mapmanna
COCTOUT U3 JIBYX Iap YE€TBEPTHBOJIHOBBIX OTPE3KOB MOJIOCKOBBIX JIMHUM (CEKLIUA
A u B) ¢ 60k0BOIi WM UIIEBOY CBsI3bIO, puc. 2 [3, 4]. s Toro, 4T00bI yMEHbB-
LIUTh pa3Mep TaKOH CTPYKTYpPbI, MOXXHO CKPYTHUTbH JIMHMHM B MeaHap. Cormaco-
BaHME BX0J1a U BbIxojaa yctpoiictBa Ha 50 u 100 Om nmpoucxoauT myTem u3me-
HEHUs LIMPUHBI MOJOCKOBBIX JIMHUM. TOMOJOrMsS Takoro CUMMETPHUPYIOIIETO
YCTPOMCTBA MTOKa3aHa Ha puc. 4.

Zan il
Zie
T 7
gl E‘
P3 Zin
TT

0)
Pucynox 2. — Ilpumep koHcTpykTuBHOTO HcnioHeHust CY Mapiranna (a) u ero
SKBUBAJICHTHas cxema (0)
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Crpenkamu Ha PUCYHKE 2a yKa3aHbl ITPOBOJAHUKH, IO KOTOPBIM OMpEJe-
JISIFOTCSI 3HAYEHMSI BOJTHOBBIX COMPOTUBIICHUH NIt HEUETHOM (Zgoa, Zoos) U UET-
HOM (Zgea, Zoeg) MOJT B CBSI3AHHBIX JIMHUSIX CEKIUA A 1 B.

HenocpencreenHo npeoOpazoBaHre HECUMMETPUYHOro curHana «Pl» B
cumMmerpuuHbli «P2-P3» B CY (cM. pHCYHOK 2a) NMPOUCXOJIUT B CEKIUU A.
Cexkuust B B koncTpykuuu CY (cM. pUCyHOK 2a) MOXKET ObITh UCKJIIOYEHA, O/-
HAKO TP 3TOM OYIyT CO3/IaHbl HEOIMHAKOBBIC YCIOBHSI TI0 HArPy3Ke BHIXOJOB —
BbIXOJl «P3» mIyHTHpyeTcs KOPOTKO3aMKHYThIM HuIei(oM Zja, a BBIXOH «P2»
HET, YTO BEAET K 3HAUUTEIHHON aCUMMETPUH CUTHAJIOB HAa BHIXOJIE.

B03MOXHOCTh MOCTpOEHUsI MMUPOKOINOIOCHBIX CY Ha OCHOBE JBYXIpPO-
BOJHOW JTMHHUM (CEKIMs A) 00ECTIEUMBACTCS TOJIBKO MPU 3HAYUTEIILHOM CHIDKE-
HAA EMKOCTH NPOBOJHHMKOB JIMHUM CEKIMU A OTHOCHUTEIIBHO TPOBOJAIICH
IJIOCKOCTH «3eMJIny». JIaHHOE yClIOBHE BBIpaXkaeTcsi B HEOOXOJAMMOCTU obecte-
YUTh 3HAYEHUE BOJIHOBOTO COMPOTUBIICHUS YETHOM MOJIBI Zoep B ACCATKU-COTHH
pa3 BBbIIIIE, YeM BOJIHOBOE COINPOTUBIICHUE HEUETHOU MOJBI Zgoa, UTO MPAKTHYE-
CKH HE JIOCTMKMMO B pPaMKaX COBPEMEHHBIX KPEMHHUEBBIX TEXHOJIOTMYECKHX
IIPOLIECCOB.

Nnes Mapinanja 3akiioyaeTcsi B T00aBICHUH KOMIIEHCUPYIOIIEH CEKITUU
B, xoTopas NpUBOIWT K WIYHTHPOBAHMIO BBIXOAA «P2» KOPOTKO3aMKHYTHIM
NuIePoM C BOITHOBBIM CONPOTHBIICHHEM Z;g (pUCYHOK 20). B ciyuae nneHTHY-
HOCTH TIapaMETPOB CEKIMU A M CeKIMU B myHTHpyromee NelCTBUE KOPOTKO-
3aMHYTBIX HUIe(PoB Ha BeIX0AbI «P2» u «P3» Oyaer ogMHAKOBBIM, YTO MO3BO-
JseT 00EeCNeUnTh MPAKTUYECKH UJECHTUYHBIE YAaCTOTHBIE XApaKTEPUCTUKHU BbI-
XOJIOB.

OkBuBasieHTHass cxema CY Mapmanga (pucyHok 20) COCTOUT M3 COTJIa-
CYIOIIIETO YE€TBEPTHBOJIHOBOTO TIeH(Pa ¢ BOJTHOBBIM CONPOTUBJICHHEM Zya, TIO-
CJIeI0BaTEIBLHOMN CeKIUU Z,g, KOTOpPAs IO CBOMM YaCTOTHBIM CBOMCTBAM IOJ100-
Ha TocJenoBaTeIbHOMY KosiebaTreabHoMy LC KOHTYpY M IBYX HIYHTHPYIOIIUX
KOPOTKO3aMKHYTHIX NUICH(POB Zia, Z1g KOTOPHIE 10 CBOMM YaCTOTHBIM CBOM-
CTBaM 1o100HbI mapayeasHoMy LC konebaTenbHOMY KOHTYPY.

Takum oOpazom, quanaszoH padouux yactor CY Mapianaa onpenenseT-
Cd OTHOUICHHEM TOCIEAOBATEIBLHOIO HUMIENaHca Zyg W IIYHTHPYIOLIETO
Harpy3ky umrnenanca Zia||Zig, 9T0 IPUBOAUT K HEOOXOAMMOCTH CHHIKATh BOJI-
HOBOE€ CONPOTHUBIICHUE JIJI1 HEYETHOW MOJbI U TMOBBIIIATH BOJIHOBOE COIMPOTHB-
JIEHUE JJIST Y€THOU MOJEI.

DTan cXxeMOTEXHUYECKOTro IpoekTrupoBanus CY Mapiiania 3akiro4aeTcs
B BHIOOpE 3HAUCHMI BOJHOBBIX CONMPOTHUBJICHUN CBSI3aHHBIX Map JUHUNA CEKIIMU
A u B, TakuM o0Opa3zom, 4ToOBI 00ECIICUNTh 3a/IaHHBIC 3HAYCHHUS YaCTOTHBIX Xa-
paKkTepUCTUK. MOXKHO BBIJEIUTH TPU OCHOBHBIX METO/1A ONPE/ICTICHUS 3HaUYCHUM
BOJIHOBBIX CONPOTHUBJICHUHN CBsi3aHHBIX JHHUN CY, paccMOTpUM MOCIEI0Ba-
TEJIbHO JAHHBIE METO/IbI.

HaubGonee npocroit Mmeton pacuera CY Mapmianna npesmnonaraer ycra-
HOBJICHHE 3aJJaHHBIX YCIOBUN TOJBKO Ha IEHTPATLHON YacToTe pabodero aua-
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nasoHa [5, 6]. Meron He nmpeaycMaTpuBaeT KOJIMUYECTBEHHYIO OLIEHKY J1Hana3o-
Ha pabouux yactor CY Mapmanaa. [Ipennonaraercs ucnojib30BaHUE UICHTHY-
HBIX 110 KOHCTPYKIIMU W mapameTpaM cekuuii A u B (pucyHok 2a), uto obecre-
YUBAET MUHUMAJIbHbIEC 3HAYEHUS OIIMOKM CHMMETPUPOBaHUS 10 (aze u amIuiu-
TyJIe.

ITo nannomy Metoy CY Mapmianja npeAcTaBiseTcsl B BUAE COSAUHECHUS
JIBYX HAIMPABIICHHBIX OTBETBUTENICH, XapaKTEPHU3yeMbIX UIACHTHYHBIMU MaTPH-
amu Y -ImapamMeTpoB, Kak 3TO MTOKa3aHO Ha pucyHKe 3a [7].

! / /
250 Ri1=500m —7 7
il - 200 / Ry, =1000m -/
g 1 4 ' 0 ! ar 260 0
+ | 15 = M
| Y] S // DS
Yo | | % 100 -
| f 2 3 | No / P / _ P d
| |
e | 50=¢;4// Rg = 50 Om
P3 0

15 20 25 30 35 40 45 50 55
Z, ,Om

0o’
a) 0)
Pucynok 3 — DkBuBasienTHas cxema CY Mapmanga mais metoga Ne 1 (a)
U pacyeTHbIE 3aBUCUMOCTH (0)

CxeMa pucyHka 3a MOXET ObITh CBEPHYTa K dKBUBAJICHTHOMY III€CTUIIO-
mocHuky (CY Mapinanga) Harpy>keHHOMY CO CTOPOHBI HECHMMETPUYHOTO
BXO0J1a Ha Harpy3Ky Y ¥ CO CTOPOHBI CAMMETPUYHOTO BBIX0JIa HA HATPY3KH Y| ;.
Ecnu motpeGoBaTh BBHITIOJHEHHS YCIIOBUH B TEPMUHAX S-TIApaMETPOB:

S11 =0; 821 = _S31’ (5)

TO TIOJIyYCHHAsI CHCTEMa YPaBHEHHM MOXKET OBITh perieHa OTHOCHUTEIBLHO
3HAYECHUW BOJIHOBBIX COINPOTHUBJIICHUN HAIPABJICHHBIX OTBETBUTEJIEU U COIPO-
TUBJICHUI HAarpy3okK. /[aHHOEe peleHne ONMUChIBACTCS YPAaBHEHUEM

1 1 [ 2 ©)
RGRLl’

rae Zoo, Loe — BOJTHOBBIE CONPOTUBIICHUS CBA3AHHBIX JIMHUM T HEYET-
HOM M YE€THOW MOJIbI COOTBETCTBEHHO, R, R\ 1 — conpoTuBienus Harpy3ok B co-
OTBETCTBHUU C PUCYHKOM 3a.

Ha pucynke 30 mpuBeneHBI peIICHHs MapaMeTPHUECKOro ypaBHeHUs (6)
JUIsL pa3nuuHbIX couetaHuit Rg, Ry ;. TakuM oOpa3zoM, yciaoBus oOecrieueHus pa-
oounx mapametrpoB CVY (1) BBINOJHSAIOTCA I HEMPEPHIBHOTO psifia 3HAUCHUM
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BOJIHOBBIX COINPOTUBJICHUM CBSI3aHHBIX JIMHUK B cekiuax A u B. Ilpeumymie-
cTBOM MeToja Nel sBisieTcsi BO3MOXHOCTh BbIOOpa 3HAUCHUN U3 HEMIPEPHIBHOTO
pAla, 4yTO YHNPOIIAET MPOECKTUPOBAHUE B YCIOBHSX JKECTKUX OTPAHMYECHUI Ha
BEJINYMHY JOCTUKUMBIX BOJIHOBBIX COIIPOTUBIICHUMN.

Ha puc. 4 nokazan npumep tornosnoruu CY Mapinanja, a Ha puc. 5 pe-
3yJIBTAThl MOJICIIMPOBAHUS €0 OCHOBHBIX XapaKTEePHUCTHK [8].

IL

30

223.5

LI

’4

.2 um

101

Pucynok 4 — Tomoyiorusi CHMMETpUPYIOIIEero yctpoicTBa Mapiansa [8]
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Pucynok 5. — Pesynbratsl MmogenupoBanus CY Mapianja puc. 4
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IMopsI0K BHINOJIHEHHS] PA0OTHI:
PaccunrtaTh JUIMHY 4YETBEPTHBOJHOBOTO OTpE3Ka JIMHHH Tepeaadd ¢ I0-
motnbto nporpamMmel LineCalculator niu dpopmysis:

A _ C
/. ™

rac ¢ — CKOpOCThb CBCTA, fc — PE30HAHCHAA 49acCTOTa, € — HAUBJICKTPUYC-

CKasl IPOHUIIAEMOCTb.

CoOpatp cxembl CY Mapmranna Ha anementax Coupled Microstrip Line,
puc. 6

3anath GOpMyIIBI U TIEPEMEHHEIE, PHUC. 7

[TpoBecTr MOeIMPOBaHNUE M BBIBECTH IpapKu mepenadyu ¢ BpiBoAa | Ha
BBIBOJ 2 ¥ 3, KOO PUITMCHTOB OTPAKEHUS M PA3HOCTH (a3 MEKIY BBIBO-
namu 2 u 3, puc. 29.

1S parameter

| simulation
- SP1
- Type=lin -

- Start=110 GHz-
. Stop=130 GHz .

. Points=21
N - Ze=Zeven |Ze=Zeven
' P1  ~ Zo=Zodd |Zo=Zodd -
% Num=1" - - L=310dm [L=310 um"
r+. . S
: % Num=2 - Num=3

Y z=zb - - S z=2b

Pucynok 6. — Cxema niis mogenupoBanust CY Mapiania
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- |Equation

32

Eqn2
Za=50
Zb=30
Zeven=20

Zodd=1/(sqrt(2/(Za*Zb))+1/Zeven)

|Equation

Egn1

'S11=dB(S[1,1]).
1 S22=dB(S[2,2]).

1 S33=dB(S[3,3])

IL=dB(S[2,11+S[3,1])

fi_error=abs(phase(S[2,11/S[3,1]))

'$31=dB(S[3,1])
'S21=dB(8[2,1])

Pucynox 7. — @opMyiibl U iepeMeHHbIe I MoaenrupoBanus CY
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frequency frequency
frequency: 1.2e+11
300 L fi_error: 180
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Pucynok 8. — Pe3ynbrarsl MogenupoBanus B mporpamMmme QUCS
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KoHTpoJibHBIE BONPOCHI:

J71s1 4ero U r/ie UCHOJIb3YIOTCSI CAMMETPUPYIOIIUE YCTPOicTBA?

Kakune ocHoBHBIE mapameTpsl CY?

3. UTo Takoe BOJHOBOE CONPOTHUBJICHUE CBA3AHHBIX JIMHUM JJIs1 HEUETHOU U
yeTHOU Moibl? Kak ux onpenenurs?

4. 3adyem CVY B TOINOJIOTUYU NPOSKTUPYIOT B BUJIE MEAHpa U MOYEMY 3TO
BAKHO?

A o
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. bynsakos A.C., XKypasnesa JI.B., BnacoB A.W., ABepbsiuuxun A.E. IIpoexk-
TUPOBaHUE CUMMETPUPYIOIINX YCTPONUCTB Mapiianja A KpEMHUEBBIX MO-
HOJIUTHBIX MHTETPAJIBHBIX CXEM MHJUTMMETPOBOIO JUANa30Ha BOJIH

. Yoon YJ., Lu Y.LY. Frye R.C., u op. Design and characterization of
multilayer spiral transmission-line baluns // IEEE Transactions on
Microwave Theory and Techniques. - 1999. - T. 47. - Ne 9 . — C. 1841-1847

. bynsxos A.C., Kypasnesa JI.B., BnacoB A.W., ABepbsinuxun A.E. IIpoek-
TUPOBAHUE CUMMETPUPYIOLIMX YCTPOUCTB Mapiianaa sl KpEMHUEBBIX MO-
HOJIUTHBIX UHTCTPAJIbHBIX CXCM MHUJIJIMMCTPOBOI'O AWAIIaA30HA BOJIH

. Mongia R. K., Bahl I. J., Bhartia P. RF and Microwave Coupled-Line Cir-
cuits — Artech House Publishers, 2 edition, 2007. — 549 c.

. Marchand N. Transmission-Line Conversion Transformers // Electronics. -
1944, - T.17 . - C. 142-146.

. Zhang Z., Guo Y.-X,, Ong L.C., u ap. Improved planar Marchand balun
using a patterned ground plane // International Journal of RF and Microwave
Computer-Aided Engineering. - 2005. - T. 15. - Ne 3 . - C. 307-316.

. Steer M. Microwave and RF design: a systems approach / SciTech Publish-
ing, Incorporated, 2009. - 650 c.

. bynsxos II.C., byaskoB A.C., IIpokonenko H.H. CpaBHuTenbHbIll aHamu3
akTuBHBIX SiGe cMmecuTenel MuITuMeTpoBoro mauarnazona // I[IpoGremsr

pa3pabOTKH MMEPCIEKTUBHBIX MHKPO-HU HAHOXJEKTPOHHBIX cHucTemM-2012
(MDBC-2012)., 2012. - C. 298-301.

33



JlaGopaTopHnasi padora 4

«MopempoBanue LC pe3onaTopa B mporpamme QUCS»

eab padoTbI:
Omnpenenuth ocHOBHBIC MTapameTpsl LC pe3oHaTopa MIIITIMETPOBOTO
JMana3oHa ¥ MPOBECTH €0 MOJICIUpOBaHUe B mporpamme QUCS.

CBejeHusi U3 TeOpUM:

[{enwro HAcTOsIIEH paboOTHI sBiIsIeTCsl paccMoTpenne LC Harpy3ok B KoJI-
JICKTOPHBIX IensaX audGepeHITMaIbHBIX KaCKaJ 0B, KOTOPBIC YaCTO UCITOJIB3YIOT-
CS B CMECHUTEIISIX, YCHIIUTEISAX U TeHepaTopax, a TakK ke JUIS ONTUMHU3AINHA HX
nobporHoctH [1].

JlJiss TOrOo 9TOOBI JIydIlle TIOHATH SXX TapaMeTphl, laBaliTe pacCMOTPUM
UICaIbHYIO JHHHIO TIepeIayr, TOAKIFOUCHHYIO K TOPTYy u3MepuTens (puc. 1), ¢
coctosiHusiMu THmna: ¢ Harpy3koii (LOAD), pazomkayto (OPEN), xopoTko3a-
mkHyTOoro (SHORT), a Tarke uaeanbHBIM COMPOTUBICHUEM.

ZS=ZO
—AM— 4

Pucynok 1. — JIunus nepenayu, MoAKIIOUYEHHAS K aHAIA3ATOPY LIeTen

[Ipu oueHb HM3KMX YaCTOTaX, ¢ JUIMHOW BOJHBI HAMHOTO OOJIBIIE, YeM
JUTMHA JTMHUH, JUHUYU TIepead MOKHO pacCMaTpUBaTh MPOCTO KaK MPOBOA. ITO
SIBJIIETCSI JIOCTATOYHBIM I MPOBEJACHUS MOCTOSHHOTO WM HU3KOYACTOTHOTO
curtana. ConpoTUBIIEHHE MTPOBOJIa OTHOCUTEIHLHO MAJIO M TMOYTH HE BIMSIET HA
HU3KOYACTOTHBIM curHai. Ha Oosiee BBICOKMX YacTOTaxX IJIMHBI BOJIH CPaBHU-
MBIX WJIA MEHBIIIUX OTHOCUTEIHLHO JJIMHHOW JTMHUY Tiepeaaun (M IPOBOJHUKA
B BBICOKOYACTOTHOM KOHTYpE), @ MOIIHOCTb Mepe/ladyil MOKHO pacCMaTpPUBATh C
TOYKH 3peHus Oerymux BojH. Korja nuHuM nepenadm COOTBETCTBYET XapaKTe-
PUCTHYCCKOMY MMIIEAAHCY, MAKCUMaJIbHAs MOIITHOCTh TIEPEIaeTCs Ha Harpy3Ky.
[Ipn HECOOTBETCTBHUU C BOJHOBBIM COINPOTHBIICHHEM, YacTh CHTHaja, KOTOpPas
HE TIOTJIONIAETCSl HAarPYy3KOH, OTpa)kaeTcsi 00paTHO K UCTOYHHUKY.

Ecnu nuHMM miepenadnd COOTBETCTBYET BOJHOBOMY compoTuBjicHuio Z0
(LOAD cocrosinue), MosBICHUE OTPAKEHHOTO CUrHaja HE MPOUCXOIUT, TaK Kak
BCE IMepeaaBaeMasi MOIHOCTb, MOTPeOsieTcsl Harpy3koi. Orubatomieii curHana,
B 3aBHUCHMOCTH OT PacCTOSIHHS BJIOJIb JIMHUM TIEpeIadil HE MMOKa3bIBACT HATNUIHC
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CTOSIYEH BOJIHBI, TIOTOMY YTO 0€3 OTpakKeHHsl, SHEPTUsl T€UeT TOJIbKO B OJHOM
HaIpaBJICHUU.

Kornma muaun B coctossHun kopotkoro 3ambikanus (SHORT coctosiHue)
MPOUCXOJIUT, PACCEMBAHUE HYJIEBOM MOIIHOCTH, OTPa)K€HHAas BOJHA paclpo-
CTpaHsieTCsl BAOJb JIMHUM B CTOPOHY HUCTOYHUKA. OTpakeHHbIE BOJHBI JOJKHBI
OBITh pPaBHBI 10 BEJIIMYMHE C BOJHOW MCTOYHUKA U uMeTh a3y 180 rpamycoB B
IJIOCKOCTH Harpy3ku. OTpakeHHasi ¥ MaIaroliasi BOJIHBI PaBHBI 10 BEJIUYHUHE, HO
pacupoCTPaHsIOTCs B MPOTUBONOJIOKHOM HaIlPaBJICHUU.

Ecim nmuams mepemaun pazomkHyta (OPEN cocrosiHme), oTpaskeHHas
BosiHa Toka Oyner 180 rpamycoB mo (a3ze OTHOCHTENHHO BOJIHBI MCTOYHHKA,
OTpa’kKeHHasi BOJIHA HampspKeHUs OyneT B ¢a3ze ¢ BOJHOW MCTOYHUKA B TIOCKO-
CTH Harpy3ku. JTO TapaHTUPYET, 4TO TOK OyneT paBeH Hymo. OTpaxxeHHas U
najiaronas BoJiHa TOKAa PaBHBI MO BETMYMHE, HO PACIPOCTPAHSIOTCS B MPOTUBO-
MOJIOKHOM HaIlpaBJICHUH.

Ecnu nunus nepenaun HarpykeHa 250M ujeanbHbIM PE3UCTOPOM, B pe-
3yJbTaTe JUHUSL XapaKTepU3YeTCs MOJIHBIM MOTJIOMEHUEM U IMOJHBIM OTpaXe-
HUEM, YacTh MaJJAOLIEH MOIIHOCTH MOIJIOIIAETCS U YaCTh OTpaXkaeTcs. AMIUIU-
TyJla OTPaXKCHHOM BOJIHBI HANIPsDKEHUS OYJIeT paBHA OJTHOM TPETU OT Majaroiei
BOJIHBI, U UMeTh 180 rpagycoB mo ¢ase B MIOCKOCTH HArpy3ku. CTosiune BOJH
Oonpilie HE OyJET paBHBI HYJIO, M MUKU OyJET MEHBIIE, YeM B 3aMKHYTHIX H
pa3oMKHYThIX ciiydasx. CooTHomenue nukoB Oyaet 2:01.

KoadhpunumeHT cTosuen
Emax  BonHbI HanpsbkeHNs

Emin
KCB = oo _1¥P
Emin 1- P

Pucynok 2. — KoadgduimeHT cTosiaeli BOJIHBI 10 HAPSHKEHUIO

TpanuuuoHHBIN ciocod onpeneneHus: UMIleIaHca — u3MepeHue ko3 hu-
mueHTa ctostueii BostHbl (KCB) mcnonb3oBanneM PU gerekropa (30Haa). 30HI
nepeMeIIaliCs BJIOJIb JTMHUH Tepeavyn, OTHOCUTEIHLHOE MOJIOKEHUE W 3HAYCHUS
MMUKOB U BNaJUH OTMEUAINCh. M3 3THX n3MepeHui umnenanca noiaydanu KCB.
[Ipotienypy MOBTOPSIOT Ha pa3audHbIX dacToTax. COBpEMEHHbBIC aHAIU3ATOPHI
U3MEPSIOT MAJAI0IINe U OTPAKEHHBIC BOJIHBI HETIOCPEICTBEHHO C MOAKIIOYCHU-
€M JIMHUHU K KICTOYHUKY CUTHAJIA, PEe3yJIbTaThl MOTYT OBIThH MPEACTABJICHBI B pa3-
TnaHBIX popmarax (B ToM yucie KCB).

HaubGonee oOmmii TepMUH I KOMIUIEKCHOTO KOd(PUIMeHTa OTpayKeHUs
- T' (ramma). Ammuryna kosddunmenta I 3amuceiBaetest p. Kosdduiment
OTpaXXeHUS MPEACTABISACT COO0H OTHOIIICHUE HANPSDKCHUE OTPAKEHHOTO CHUTHA-
Ja ¢ ypOBHEM HANpsDKEHUS Majaroliero curuana. Hampumep, nunaus nepenadn
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Harpy>keHa BOJHOBBIM corpotuBieHrneM Z0, OyJeT UMeTh BCIO SHEPTHIO, TIepe-
naBaemyto B Harpy3ky Vrefl = 0 u p= 0. Korga monHOEe CONMpOTHBIICHHUE
Harpy3ku Z, He COBHAJACT C XapaKTePHBIM MMIICIAHCOM, YHEPTHUS OTPaKACTCsI
u p Ooxbire HyIs. Korma conmporuBiieHre Harpy3ku paBHa (OOpPBIB MM KOPOT-
KOC 3aMBIKaHHE) BCSI SHEPTus oTpakaeTcst  p = 1. B pe3ysbrare Auana3oH Bo3-
MOXHBIX 3HaueHu#t p ot 0 mo 1.

ZL_ZO
Z +Z,

Uom
KO3 (UIUEHT OTpaKEHUsT I'= T L —p/D=

nao

Bo3BparHbie moTepu = —20log(p),p = ‘F‘

KoaddunmeHT crosiueit BoJIHbBI

Emax HAIIPSKCHHUST
E .
min E
KCB = —mox 1P
min 1- P

Pucynox 3. — [1apameTpbl oTpaxeHusl.

Bo3zBpatHsie notepu cnoco0 BbIpa3uTh KOA(Q(GUIIMEHT OTpakeHUs B JOra-
pudmuueckom macirade (1b). OOpaTHbie TOTEPH ATO YKCIO B Aenudenax, B
cllydae, KOTJja OTpaKeHHBIM CUTHAJT HIDKE Najaromiero curuana. OOpaTHble 1mo-
TEPH BCET/Aa BHIPAXKACTCS B BUC MOJOKUTEIHLHOTO YUCIIA U KOJIeOIeTCs B TIpe-
nenax 0ECKOHEYHOCTH JJIsl Harpy3Ku ¢ BOJTHOBBIM comnpotuBieHueM u 0 ab s
Pa30MKHYTOH WJIM KOPOTKO3aMKHYTOM JTUHUH. J[pyroil oOuuii TepMUH, UCIIONb-
3yeMblii, 4TOOBI BEIPA3UThH OTPAXKEHUS, KOA(DPUIIMEHT CTOAYEH BOJIHBI , KOTOPHIil
OTIpEIETSAETCS KaKk MaKCUMAalbHOE 3HaUEHUE OrrOaroieil Mo MUHUMAIbHOMY
3HaYeHH0. IT1o cBsi3aHo ¢ p = (1 + p)/(1 — p).

KCB xone6nercst ot 1 (6e3 oTpaskeHus) 10 0€CKOHEYHOCTH (MIOJIHOE OT-
paXKeHue).

Ecnu narpyska nunuu nepenauu Z; = 0 BXOJHON UMIIETaHC CTAHOBUTCS

z,=2n— iz, _ 7 tane M)
D+, cos0

OTMeTnM, YTO JMHUM NEPEAAYM C 3aMKHYT BBIXOJ WHIAYKTUBHOM! OTO
MOJKET OBITh ClIeJIaHO 00Jiee OUEBUIHBIMU MPU CPABHEHUU C COCPEIOTOUYEHHBI-
MU UHIYKTUBHOCTSIMM:

Z,=joL=>Z,,, =)Z,tan6 (2)

short
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Ecnu Harpyska JIMHUM miepeiadn pa3oMkHyTa (Z_ = 00) BXOJHOE COIpPO-
TUBJICHUE CTAHOBUTCSL:

cap = L < Zopen = i
JoC jtan©

)

0O0630p BXOIHBIX COMPOTUBICHUN IPUBEACHBI ISl KOPOTKO3AMKHYTOTO U
Pa30MKHYTOI'O COCTOSIHUM HArpy3KH JIMHUHN AyiekTporiepeaadu (puc. 4).

KOPOTKO3aMKHYTas pa3oMKHyTas
NHKSA NNHKSA

1< M1/4 ->- 1< 1/4 —

L4 % % A4 -

i
%

|
|
_ t
T
- -
< A2 "l i{ N 12 - B

Pucynox 4. — JIuauu nepejauu U UX SKBUBAJICHTHBIE CXEMbI Ha pacrpe/eIcH-
HBIX DJIEMEHTaX

Bo maorux KBY MUC cmecuteneit u ycunutenned UCHOMB3YIOTCS T (-
dbepeHIanbHbINA BBIXO/I, HATPYKEHHBIN HA COMPOTUBIEHUE R, OT 3HAYEHHS KO-
TOPOro 3aBUCUT KO3 UIIMEHT nepeaaun cxeMbl (cmecutenu ['mibbepra U ux
Mo udukaiyu, 1uddepeHInaNIbHbIe YCUIATEN!, TeHepaTopsl U 1.1.) [2-4]. Co-
Bpemennsie MUC mo SiGe texmpolieccaM HMEIOT HANpsHKCHUS MUTAHUC
3,3 - 5 B, 4TO CyIIECTBEHHO OrpaHWYMBACT JAMAIa30H 3HaUYCHU R, B CTOpOHY
yMeHblIlIeHUs. B 3ToM citydae niia yBenudeHus kodpduireHTa nepeaadyu U Bbl-
JIeJICHUST TOJIe3HOM cocTaBiistome curiana B KBY nuanazone 3avactyro uc-
MOJIB3YIOT KOPOTKO3aMKHYThIE€ UYETBEPTHBOJIHOBBIE OTPE3KH JIMHUN TEpeaadd.
JIoOpOTHOCTh TaKWX JIMHUM SBISETCS OJHUM M3 BAKHBIX MMapaMETPOB B TaKUX
3amayax. Ha puc. 5a uzoOpaxkena nuddepeHnuaibHas MUKPOIIOIOCKOBAs JTH-
HUS, 3aKOpOYEHHAas Ha OJJHOM W3 KOHIIOB, KOTOpasi HA pe30HAHCHOW 4acTOTe pa-
00TaeT B peXUME CTOSUCH BOJIHBI, a HA pUC. 50 rpadMKu TOKOB U HAMPSHKEHUN B
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3aBUCHUMOCTH OT HOPMUPOBAHHOM KOOPAMHATHI TUHUU. 3 pucyHKa MOXKHO CcHe-
JaTh BBIBOJ, YTO JIEBAS] YACTh TAKOW JIMHUU UMEET EMKOCTHOM XapakrTep, a mpa-
Basi MHAYKTUBHBbIA. Ha KOpOTKO3aMKHYTOM KOHIIE JMHUW HANpsKEHHUE HaXo-
JUTCSA HA MHUHUMAJbHOM YPOBHE, a TOK Ha MaKCHUMalbHOM, ITOATOMY IOTEPHU
MIPOUCXOJAT B OCHOBHOM M3 3a IOCIEA0BATEIBHOIO COMPOTUBIICHUS MHKPOMO-
JIOCKOBOM JIMHUHU Tiepeaadu. Jpyras cTOpoHa JUHUU UMEET MPOTUBOMOIOKHBIN
XapakTep, TOK MUHUMAJICH, 4 HANPSKEHUE — MAKCUMAaJIbHO, MO3TOMY NOTEpPHU
CBSI3aHBI C MAPA3UTHON IIYHTHUPYIOIIEH MTPOBOIUMOCTRIO (Mexay nuddepeHiu-
aJbHBIMU JTUHUSMM ).

2 F==c=2 ]
- -
-

-1 -0.8 -0.6 -04 -0.2 0
HopmanusoBaHHaA KoopguHaTa ANHWK
6)

Pucynok 5. — ludgdepennmanbHblii 4eTBEPTHBOJIHOBOW OTPE30K JIMHUU NEepea-
4M, 3aKOPOUYEHHBIN Ha OHOM U3 KOHIIOB (2) ¥ TpadUKu TOKOB M HANPSKEHUN B
3aBHCUMOCTH OT KoopauHathl auauu (0) [5].

DTO0 ABJICHHE MOXET OBITh MCITOJIB30BAHO ISl CHUYKCHHUS TIOTEPh B JIMHHUH
U COOTBETCTBEHHO YBEIWYeHHs J0OpoTHOCTH [5]. s 3TOro, Ha KOPOTKO3a-
MKHYTOM KOHIIC JIMHHA HEOOXOIUMO YBEJIMYMBATH IIUPHUHY JIMHUH U 3a30p
MEXTy HUMH, a Ha JPyroM KOHIIe, HA000pOT, YMEHbIIATh IMPUHY U 3a30D, KaK
nokazaHo Ha puc. 6. J[711MHa Takol JTMHUU pacCuuThiBaeTCs U3 GopmMyisr (4).
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A/ - ¢
A_fc.\/a (4)

rac ¢ — CKOpPOCTh CBCTA, fC — PE30HaHCHAas 4acToTa, &€ — HUDJICKTPHUYC-

CKasi MPOHUIIAEMOCTb.
Tak, mius pe3soHancHoi dactoTel 120 I'T m KpeMHHEBON MHOMJIOXKKE C
er=4,1, mmHa nmuHUN OyzAeT paBHA OKOJO 310 MKM.

348 mKm

A
\ 4

tapered_resonator_gnd_v1 *
tor_gnd_v1

tapered_resonator_gnd_v
Mo delType=RF

Pucynox 6. — JIuaus nepenayu ¢ yBeIMYEHHON T0OPOTHOCTHIO

[Tpr TPOCKTHPOBAHWU HATPY30K, HEOOXOIAMMO YYHUTHIBATH BBIXOTHYIO
KOJJICKTOPHYIO €MKOCTh TPaH3HCTOPOB, KOTOPAs MOXKET CYIIECTBEHHO TOBJIH-
ATh Ha JOOPOTHOCTH TaKMX JIMHUK. Hampumep, BbIXO/HAs Mapa3uTHAs €eMKOCTb
cMecuTellss Ha OocHOBe sueiiku ['mianOepra paBHa 27 ¢d [2]. Takum oOpasom,
BMECTO JIEBOI YacCTH YETBEPTHBOJIHOBOTO OTpE3Ka JMHUMU TepeIadn, UMEIOIIEH
E€MKOCTHOU XapakTep, MOKET OBITh HMCIIOJb30BaHa Mapa3HTHAS BBIXOTHAS €M-
KOCTh TPAH3UCTOPOB, pHc. 7. B JOMOJIHEHHH, 3TO CYIIIECTBCHHO COKOHOMUT 3a-
HUMAaEMYIO TUIOMIA (b HAa KPUCTAILIE.
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c 117 mKm
c2 < >
C=27 fF
T [
FP_1Tone
PORT1
Num=1
Z=50 Ohm .
=1 P= c 2
Freq= c1
— C=27 fF
P_1Tone
PORT3 Fef
Num=2 i resonator_gnd_v2
Z=50 Ohm — uni_resonator_gnd_v2_1
= P= ModelType=RF
Freq=
a)
c 186 MKMm
i »
CZ Y »
TC=27 fF
P_TTone
PORTI I—'
Num=1 I—"'
Z=50 Ohm
= P= c
Freg= c1
L C=27 fF
Ref
P_1Tone tapered_resonator_gnd v E_
PORT3 tapered_resonator_gnd v 1_1
Num=2 ModelTy pe=RF
Z=50 Ohm =
- P=
Freq=

6)

Pucynox 7. — Cxema moaenupoBanusi LC Harpy3ku 6€3 onTuMu3amnu (a) 1 ¢
ontumu3aiuen 1oopornoctu (0) B CAIIP Agilent ADS

Ha puc. 8 mokaszanbl pe3yibTaThl 3JEKTPOMArHUTHOTO MOJICTUPOBAHUS
BXOJHOTO CONPOTHUBIICHUS, BBIPAXKEHHOTO B jAeruoOenax, oT yactoTel B CAIIP
Agilent ADS 1 Momentum ¢ ucronb3oBanreM momtokku SiGe buKMOIT Tex-
HOJIOTUYECKOT0 Ipoliecca ¢ IPOoeKTHBIMUA HopMamu 0,13 MKM.
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Zsy, AB

110 115 120 125 130 135

YactoTa, My,
Pucynok 8. — Pesynbrarel mogenupoBanus LC Harpysku B CAITP Agilent ADS

Kak BuaHO M3 pe3ynabTaTOB MOAEIHpoBaHus (puc. 8), onTUMHU3AIMSI KO-
POTKO3aMKHYTOW YE€TBEPTHBOJHOBOW JIMHHUM MEpPENAdH, IMO3BOJSET MOBBICUTH
100poTHOCTH Ha 24%.

Iopsiaok BbINOJTHEHUS] PA0OTHI:

e [locTpouTh cxeMy MOJEIHPOBAHUS YETBEPTHBOJIHOBBIX OTPE3KOB JIMHUU
nepeaayu, puc. 9;

e lcnonb3ys BCTpOCHHBIH KanbKyssitop uauii Tool — Line calculator pac-
CUHMTATh 3HAYCHHUE JJIMHBI YCTBEPTHBOJHOBOTO OTPE3Ka JIMHUHW Tepeaadn
Ha yactote 120 [T, puc. 10 (na pucynke nmpuBenex pacuet ams 60 I'T);

e BriBecTu rpaduk AEHCTBUTEIHHONM U MHUMOM 4acTU BXOJAHOTO MMIIEaH-
ca KOPOTKO3aMKHYTOM JTMHUU, puc. 12 mo dhopmynam puc. 11;

e BriBecTn rpaduk ACHCTBUTEIHPHOM U MHMMOM YacTH BXOIHOTO MMIIC/IaH-
ca pa3oMKHYTOU JUHUH, puc. 13 mo ¢popmynam puc. 11;

e C momomipro mporpammsel Line calculator paccunraTh BOJIHOBOE cOMpO-
tuBNieHre B yeTHou Z0e u HedeTHoW Z00 MOABI M JJIMHY YETBEPTHBOIHO-
BOTO OTpe3Ka JMHUH, WUCIIONB3Ys MapamMeTpsl puc. 14. YdecTs, 9TO TOJI-
IIMHA JTUHUU HE JO/DKHA OBITh MEHBIIE YeM 2 MKM, a PACCTOSTHHE MEXIY
JMHUSMU HE JOJHKHO OBITh CHIJIBHO OOJIBIITUM, YTOOBI HE YBETUIMBATH 3a-
HUMaeMyIo TUIOIIAlb Ha KpUCTauie. BEIYUCINUTE BOJHOBOE COMPOTHUBIIE-
HUE TTyTeM HaXO0XKJICHUS CPEHETO KBAIPATUIECKOTO:

Z0=+/Z0e - Z0o (5)
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e (CoOpatrbh cxemy JJIsg MOJICTUPOBAHKS BOJHOBOTO COIPOTHUBIICHUS U BXO/I-
HOTO UMIIeIaHca, Kak Ha puc. 15

e BrBectu rpaduku pe3yabTaTOB MOICIUPOBAHUS BXOJHOTO WMIICIAHCA,
puc. 16

S parameter|| - - | Parameter
simulation || ~ |sweep

Pl - - - substl - - oW
Type=lin = -~ cers41 - - Sim=SP1
Start=40GHz * -+~ h=9:83um - - Type=list
Stop=80°GHz - -~ t=3um- - - Param=Wir - o
Points=401- - - - tand=0- - - - Values=[18 um;30um:3um]-
.. rho=A03e-8 e
. D=0
F =1 |Equation
[ N ) e - © EgnZ
Num=1 - -Subst=Subst! - - Z=twoport(S, 'S’ Z)-
| 7=50 Ohm \W=2um Co
.. . . |=200um- - - - Equation
= . . . Eagns. .
R =4 £ P VI
— /. s2=sR2)
P2 M52

Num=2  Subst=Subst!
= £=00 Ohm W=2Zum
L=800 um

Pucynok 9. — Cxema MoenupoBaHusi Y4€TBEPTHBOJIHOBBIX OTPE3KOB JTMHUH TIe-
penauu
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. #"Qucs Transcalc 0.0.17

Eile Execute Help

=10l

~ Transmission Line Type

[Wicrostrip Line =l

~Substrate Parameters

~Physical Parameters

Erf 41 [ 2w 1.99999 [um ~|
Mur| 1ma =] L 849719 Jum =]
H| 983 fum = f 0na =l
H_tf 10000 jum = f 0na =l
TI 3|um j Analyze | Synthesize |
Cond] 330407 A ] | —=— lf t L
Tand| 0 INA j 2Clrcal Farameters
Rough]| 0fum =l 20| 112181 [Oohm =]
| oNA o || Anel 90 [Deg =]
| 0wA -
~Component Parameters
~Calculated Results
ErEff 216106
Freq| 60 |GHz =] || Conductor Losses: 142172 dB
Dielectric Losses: 0 dB
Skin Depth: 0.357674 um

Walues are consistent.

Pucynox 10. — OxHO nporpaMmbl KaJIbKYJISITOp JTUHUN

| Equation

"Egn10

- Z0=sgrt(mag(Z[1,1])*mag(Z[2,2]))

/| Equation
"Egn11

- Zin_short_real=real(

| Equation

"Egn2

- Z=twoport(S, 'S'; 'Z")
| Equation

"Egn8

Z0%(1+S11)/(1-S11))) -~ SNM=(S[1,1])

Zin_short_imag=imag(Z0*((1+S11)(1-511))) - §22=(S[2,2])
Zin_short_dB=dBZON(1+SMy(1-S1)) -~ -

Pucynok 11. — ®opmysl 115 pacuera AEMCTBUTENBHOM U MHUMOM YacTH BXO/I-
HOT'O UMIIEAaHca

frequency: 6e+10

1.2e03 Wihr: 1.8e-05
Zin_short_real: 1.15e+03 600+
1e03 4004 frequency: 6e+10
_ o Wir: 1.8e-05
[} H H ‘e
el 800 E 2004 Zin_short_imag: -2.53
5 .
£ 600+ g ol
| [Z]
£ :I
N 4004 N -200-
200+ -400-+
g ; ’ f ’ 1 ’ f -600+
e10 4.5e10 5e10 5.5e10 6e10 6.5e10 7e10 7.5e10 8e10

frequency

frequency

4210 4.56105210 5.5¢106€10 6.52107¢10 7.52108e10

Pucynok 12. — YactoTHast XxapakTeprUCTHUKa BXOJHOTO UMII€JJaHCa KOPOTKO3a-
MKHYTOM JIMHUM: peanbHas (a) 1 MHUMas (0) yacTu
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2]
(3]
|
T
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Pucynox 13. — YacToTHast XxapakTepUCTHKa BXOIHOTO UMIIEJIJaHCA PA30MKHYTOM
JUHUY: peasibHas (a) 1 MHUMas (0) yacTu

.+ Qucs Transcalc 0.0.17 =101 x|
File Execute Help
~ Transmission Line Type ~Substrate Parameters————————— - Physical Parameters
[Coupled Microstrip = Erf ER T Rlum =
Mur| 1fma = (| S 15 [um =]
H| 983 lum = || L 3776 [um 7]
H_tf 10000 Jum =] f 0na =
TI 2 |um j Analyze | Synthesize |
Cond] 336307 VA | = lf t L
WS w Tand| 5 |NA j ectrical Parameters
e Rough| ofmi = || 20| 156 629 [Ohm  ~]
g | 0NA o AZOO|I 110198 [Ohm |
n -
TT H ~Component Parameters g_| 00016 |Deg J
~Calculated Results
ErEff Even: 2. 77807
ErEff Odd: 2 6345
Freql 120 |GHz j Conductor Losses BEven: 0.54908 dBE
Conductor Losses Odd: 0.7793971 dB
Diglectric Losses Even: 0 dB
Diglectric Losses Odd: 0 dB
Skin Depth: 0.252914 um
Yalues are consistent. 4

Pucynok 14. — IIpumep pacuera BOJIHOBOTO CONPOTHUBIICHUS U AJTUHBI
G depeHnranbHO MUKPOTIOJIOCKOBOM JIMHUY NIEpeIaun
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PI/IC}/HOK 15. — Cxema L MOACIIMPOBAHNA BOJIHOBOT'O COIIPOTHUBIICHHUA U

S parameter

simulation

SP1 .. - Subst1,

Typeslin. . cer=41

Start=80GHz | ~h=9.83 um

Stop=160GHz. Ct=3um

Foints=81 Ctand=0
rho=3 03e-8
Dt

1l

M1

Subst=5SubistT

WW=2Um'
L=372um -

P1
Mum=2 -

2 Z=500Ohm -

S=15um

. |Eguation
Egng -
- Z0=13138 -

|Equaticn -

"Eqn3d
“Zin_short_real=real(Z0*((1+S511/(1-3111)

- Fin_short_imag=imagfZ0H{(1+S1101-5110)
- Zin_short_ dB=dB(Z07{1+3110(1-3 1))

[Equstion

Eaqng .
stoz=st0zZ{S)

[Eaustion

Eagnd . . .
S1=(501.11)
522=(5[2,2])

BXOJIHOTO nMIieianca AuddepeHnaibHON TMHUN

frequency: 1.23e+11
Zin_short_dE: 649

o]
I
|
T

Fin_short_dE
(8]
<

o
oo
1
T

56+

5§e1 0

Pucynox 16. — Pe3ynbTrarsl MOi€IUPOBAaHUS BXOITHOTO UMIIEJIAaHCA B

1e11

12811

140711

frequency

a)

1.6e11

frequency: 1 2e+11
£in_short_real: 1.77e+03

2603
_ 15e031
o
®
|
5 16034
o
CI
=
500+
AT 1e11 12611 14e11  16el1
frequency
0)

neuuodeniax (a) u B Om (0)

45



KoHTpoJibHBIE BONPOCHI:

JUIst 4ero U rzie UCroNb3yKTCs PE30HATOPHI?

Kaxkue ocHOBHBIE MTapamMeTpbl Pe30HATOPOB?

Kakue cyiiecTBytoT crmocoObl yBeIMUeHUs TOOPOTHOCTU pe3oHaTopa’?
Kaxoii 5kBUBaJICHTHOM CXeMe Ha pacipeieNIeHHbIX 3JIeMEHTaX COOTBET-
CTBYET JIMHUSA MlepeAauu JUIMHOW MEHbIIIE JJIMHBI YETBEPTHBOJIHOBOTO OT-
pe3Ka JIMHUM nepeaadn?

e
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