YK 621.382

CBY UHTETPAABHBIE CXEMBI 1 MOAYAH

DOI:10.22184/NanoRus.2019.12.89.453.462

PA3PABOTKA METOAMK H IIPOTPAMMHOIO OBECIIEYEHUA AA
ABTOMATHYECKOT0 IOCTPOEHHA MOAEAEH BA30BBIX JAEMEHTOB CBY
MOHOAHTHBIX HHTETPAABHBIX CXEM

DEVELOPING TECHNIQUES AND SOFTWARE FOR MICROWAVE MONOLITHIC
INTEGRATED CIRCUIT ELEMENT AUTOMATIC MODELING

JOBYIII UTOPb MUPOCJIABOBIY
CAJIBHUKOB AHJIPEI CEPTEEBUY
KAJEHTBEB AJIEKCEN AHATOJBEBNY
TOPANHOB AJIEKCAH/JIP EBTEHBEBUY
TIOITOB APTEM AJIEKCAHJIPOBIY
BUJIEBUY IMUTPUI BSYECTIABOBHUY
Tomckutl eocyoapcmeennblii ynusepcumem cucmem
YnpasaeHus u paouod1eKmpoHUKU

634050, 2. Tomck, np. Jlenuna, 40

000 «500m Texnonodxncu3z»

634033, 2. Tomck, nep. b. Xmeavnuuroeo, 12a, ogp. 26
info@500hm.tech

DOBUSH IGOR M.

SALNIKOV ANDREY S.

KALENTYEV ALEXEY A.

GORYAINOV ALEXANDERE.

POPOV ARTYOM A.

BILEVICH DMITRY V.

Tomsk State University of Control Systems and Radioelectronics
(TUSUR University)

40 Lenina Ave., Tomsk, 634050, Russia

“S00hm Technologies” LLC

of. 26, 12a B. Hmelnickogo Lane, Tomsk, 634033, Russia
info@500hm.tech

anBCZ[GHBI pEe3yabTaThl pa3p360TKl/I METOIMK IJIsI aBTOMATUYECKOTO IMTOCTPOCHU A MojieJieil aKTUBHBIX U TACCUBHBIX 2JI€-

MeHTOB CBY MOHONIMTHBIX MHTErpaibHbIX cxeM (MUC), Mo3BoJISIOIIMX 3HAYUTEBHO COKPATUTh BPEMS UX MOCTPOCHU S

MPU COXPAaHEHUU MpUeMieMoii TouHoCTH. st ynodcTBa npumeHeHus paspadorunkamu CBY MUC npenyioxXeHHble METO-

MUKU peaTn30BaHbl B TporpaMMHoM kKoMIiekce S0ohm Tech M3-Suite.

Karoueswre caosa: CBY monosumnas UHmMeepalbHas cxema, asmomamu4ecKkoe nocmpoeHue Man.ael;t,‘ AKMUuBHble U NAcCCUBHbIE

anemenmst; GaAs; Si; CAIIP anekmpoHHbIX yempoticme.

The paper deals with developing active and passive microwave monolithic integrated circuit components automatic modeling

techniques which allow one to significantly reduce modeling time preserving acceptable accuracy. The proposed techniques are

implemented in the S0ohm Tech M3-Suite software to make technique usage easier.

Keywords: monolithic microwave integrated circuit, automated extraction technique, active and passive elements, GaAs, Si, electronic

design automation.

BBEAEHUE

Hnst adbdexTuBHO pazpadboTku CBY MOHOJIUTHBIX MHTErpaib-
HbIX cxeM (MUC) TpeOytoTcs afgekBaTHbIE U ObICTPONEHCTBYIO-
e MoJesn 6a30BbIX 371eMeHTOB. K 0a30BbIM aKTUBHBIM U M1aCCUB-
HbIM 371eMeHTaM CBY MUC otHocsTes [1, 2]: TpaH3UCTOPBI, TUOIbI,
KBa3UCOCPENOTOUYCHHBIC DJIEMEHTHI (CIUPATbHbIE KATYIIKYA UHIYK-
TUBHOCTHU, BCTPEUHO-ITHIpeBbie 1 MJIM-KOHIEHCATOPHI, TOIYIIPO-
BOIHMKOBBIE M TOHKOIJIEHOUHBIE PE3UCTOPhI, CKBOZHOE OTBEPCTHUE,
BO3IYIIHBIA MOCT), TMHUU NEpefayd U HEOIHOPOIHOCTH (OTPE3KHU
MUKPOMNOJOCKOBOI M KOMJAaHAPHOMN JUHUU, KOPOTKO3aMKHYTbI i
U XOJIOCTOXOAHBII 1I1eiidbl, U3rnub JMHUMU, CKAYOK IUUPUHBI, TIepe-
kpecTHoe U T-coenuHenue). [loctpoeHue Takux Mojeieit 3aHU-
MaeT 3HAaYUTEJIbHYIO YacTh paboyero BpeMeHHU CrieluaanucTa 1axe
C MPUMEHEHUEM COBPEMEHHBIX TPOrpaMMHO-aIMapaTHbIX CPEACTB.
Hampumep, mocTpoeHUe TOIHKO OMNHOU HETMHEWHOW MOIenu
HEMT-TpaH3ucTopa MOXeT 3aHUMATh 10 Tpex MecsileB. Pe3ynb-

TaTOM YCIIEIIHOI'O MOCTPOCHUA MOACIH ABIACTCA COOTBETCTBUE €€

XapaKTEePUCTHK IKCTIEPUMEHTAJIBHBIM, TTOJIYUYeHHBIM ITPU U3Mepe-
Huu peanbHoro a1emeHTa CBU MUC B miporecce Bepudukammu.
Cpenu BceX MaCCUBHBIX 3JIEMEHTOB HaMOOJee CIOXHOM ISt
MOJIETMPOBAHUS SIBJISIETCS CIMpaibHas KATYIIKA UHAYKTUBHOCTH.
ToyHOCTH MOIENU CIMPATbHON KAaTyIIKU MHAYKTUBHOCTH OIpee-
JISIeT KauecTBO npoekTupoBaHuss CBY-cxem, npeaHasHaYeHHbIX 1S
yCUJIEHU 1, TpeoOpa3oBaHUs YaCTOTHI, yripaBieHus1 ¢pa3oii M aMIIu-
Tynbl curHana [3, 4]. CioxHocTb coBpeMeHHbIX CBY MUC, oco-
OEHHO NpU peau3alvu B BUIE CUCTEMbl HAa KpUcCTaJle, yCTaHaB-
JIMBAET CTPOrue TpeOOBaHUS K TOUHOCTU U OBICTPOAEHCTBUIO MOJIE-
JIell MHTerpajbHBIX KaTyIIeK MHAYKTUBHOCTU. Hanmpumep, MHOTO-
dynkunonansuass MUC nist akTuBHOM (ha3poBaHHOW aHTEHHOM
pemeTky X-nuamasona [5, 6] comepxut 6osee 20 KaTyieK MHIYK-
TUBHOCTHU. B paborax [4, 7, 8] npeacrtaBieHbl HECKOJIBKO METOANK
aBTOMATU3MPOBAHHOIO MOJYUYEHHUST BCEX UM YaCTU MapaMeTpOB
MOJIeJIM B BUJIe SKBUBaJeHTHOI cxeMbl (BC) Ha OCHOBE METOI0OB
ONTUMM3AIUU C UCTIOJb30BaHUEeM AUdbepeHIInaTbHON IBOTIOLU U
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[4], K1acCcMYECKUX METOMOB ONTUMU3ALIUU [7], TEHETUYECKHX aJIT0-
put™oB [8]. C oIHOI CTOPOHBI, TPU UCIIOTB30BAHUU ONITUMU3ALINU
cBsI3b Mexay dusndeckumu dbdekTaMu B KaTylIKe MHAYKTUBHO-
ctu 1 napametrpamMu DC tepsieTcs. C 1pyroit CTOPOHBI, CIOKHOCTh
OC 3aTpyAHSIET MOJYyYeHUe aHATUTUYSCKUX BbIPaXeHU I IS Ipsi-
MO 9KCTpaKLIMY NapaMeTPOB MOACIIH.

CBY-TpaH3UCTOPHI SIBJISIOTCSI aKTUBHBIM 2JIEMEHTOM M BBITIOJI-
HSIOT B cXeMax (byHKIIMK TIepeKJIIOYeHU ST, YCUJICHU ST CUTHAJIa, reHe-
pauuu, nepeHoca 4acToThl U T. 1. TpyAHOCTH ¢ pa3pabOTKO Moze-
JIeil COCTOSIT B TOM, YTO TPAH3UCTOP SIBJISIETCSI HEJIMHEWHBIM dJie-
MEHTOM, TIPU MOJIEIMPOBAHU Y HY>KHO UMETD B BUILY OOJIBILIOE YUCIIO
pPa3HBIX MApaMeTPOB; KPOME TOTO, BOSHUKAET HEOOXONMMOCTD pac-
YyeTa NOMOJHUTEIbHBIX TApaMeTPOB MMPU MACIITAOUPOBAHUH TIO T€0-
MeTpUM U TeMmIepaType. B HacTosiee BpeMsi KOMMaKTHbIE HEeJU-
HeitHble Moaeaun Angelov, Curtice u EEHEMT npeumyiiuecTBeHHO
ucnoansytorcs aist GaAs HEMT-tpaH3uctopoB. PazpabaTtbiBatoTcst
YCOBEPIUEHCTBOBAHHbBIE BEPCUU TaKUX MOJeJeil, Kaxaast U3 KOTo-
PBIX pa3pabaThIBACTCsI C TEM, UTOOBI ITOBBICUTH TOYHOCTH MOIETHPO-
BaHUS TeX UKW WHBIX 3¢ deKToB B TpaH3ucTope. Hanmpumep, MeTo-
nuka [9] mo3BojsieT MOBBICUTh TOYHOCTh 9KCTPAKIIUYU Mapa3uT-
HBIX 2J1eMeHTOB. Mopenu, onucbkiBatonine BAX ¢ yuetom acbdekToB
mamsITu, npeacTasieHsl B [10], a MogennpoBaHue JOBYIIEK MTPEIIIO-
xeHo B [11]. [Ipu aToM uccienoBanue 3 GHEKTUBHBIX METOIUK 3KC-
TpakMU MapaMeTpPOB sSIBJISIETCS CTOJIb Ke BaXKHBIM BOMIPOCOM, KaK
Y MOJyYeH e HOBBIX MOJiesIei. DKCTpakuusl U BepubuKaus MoIean
SIBJISIETCS] JOBOJIBHO TPYAOEMKUM U BpeMsi3aTpaTHBIM MTPOLIECCOM.

Lenb paboThI cocTosIa B CO3MAHUY TIOTHOCTBIO aBTOMATUYECKUX METO-
UK TTOCTPOEHMUs (IKCTPAKLIMU TTAPaAMETPOB) MOJeseli 6a30BbIX MaCcCUB-
HBIX U aKTUBHBIX 2J1eMeHTOB CBY MU C, no3BoJIsIIOIINX 3HAYUTETBHO
COKPATUTb BpeMsI UX MOCTPOEHUS IIPU COXPAHEHUU MPUEMIIEMOi TOUHO-
cTtu. B nokinazne npuBeneHsl pe3yasTaThl TOCTPOESHUSI CIUPATBHBIX KaTyLIEK
MHIYKTUBHOCTH Ha GaAs- 1 Si-MouioxkKax, a TakKe HeTMHEeHOM Monen
GaAs pHEMT-tpansucropa. J1j1st yno6cTBa mpuMeHeHUst pa3padboTyrnKaMu
CBY-ycTpoiicTB npeaioxeHHble METOAUKHU U pa3paboTaHHOE MPOrpaMM-
HOe 00ecTeueHne COBMECTUMBI C KOMMEPYECKOI CHCTEMOIT aBTOMATU3UPO-
BaHHoro npoektupoBanus (CAITP) NI AWR Microwave Office.

INTRODUCTION

IIOCTPOEHUE MOAEAEM CITMPAABHBIX
KATYHIEK THAYKTUBHOCTHA

HA GAAS- 1 SI-TIOAAOXKAX

Ha puc. | npuBeaeHbl uccienyeMbie Moaesau B Buae DC 1S Ciupaib-
HBIX KaTyIIeK MHIYKTUBHOCTH Ha ocHOBe GaAs- u Si-TeXHOJIOTH it
usrorosienuss CBY MUC.

INocmpoenue mogeau GaAs KamywKu UHgyKMuBHOCIMU
Hcnonw3oBaHHas B padote DC nist GaAs-KaTyIKyM MHIYKTUBHOCTHU
npeacrapjieHa Ha puc. la. [TapamMeTpbl MOAJTOXKY PacCUYUTHIBAIOTCS
1o 06H.I€I/I3BCCTHI)IM BBIPpAKCHUAM:

) o)
Y+, Y+

o1 -1
Con = {mlm[lﬂ , Comy = [m Im[lﬂ . (0]
Yty Y+

TTapameTpbl, ONMKUCHIBAIOIINE TPOBOTHUK CIIMPAIH, PACCYUTHIBA-
I0TCSl HA HU3KUX YacTOTax, T/e BIUsTHUEM eMKOCTH C, MOXHO TIpe-
HebOpeub:

L,,+Ls=ilm[_—lj, R5=Re(_—1]. )
() y12 y12

CiienyeT OTMETUTh, YTO HU3KAs YACTOTA ONPENEeIIeTCs TS KaX-
NO¥i KaTyIIK¥ OTJeJbHO. B KauecTBe SMIUPUYECKOro MpaBuia Hru3-
KOYaCTOTHBIM MOXHO CUMTATh AUAMA30H OT MEPBOM U3MEPEHHOIT
YaCTOTHOU TOYKH 0 YaCTOTHI, I1ie JOOPOTHOCTh JOCTUTAeT MaKCH-
myma. [lns cootnowenus L,/(L,+L) smnupuieckuit KospduuneHt
k ObIT paccYMTaH HA OCHOBE MCCJAEIOBAHHBIX paHee SKCIIEPUMEH-
TaJbHbIX JaHHbIX 17151 GaAs KaTylleK MHIYKTUBHOCTHU:

17.125

k=2 3)
JR(L, +L,)+30.24

TIe Lp n L BbIpaxeHbl B HI'H.
Hakoneu, nocinennunit nenspectHoiil mapametp C, MOXET ObITh
paccYuTaH MO BBIPaXXEHUIO

A microwave transistor is an active ele-

Appropriate and fast basic elements mod-
els are highly required for productive micro-
wave monolithic integrated circuit (MMIC)
design. Basic elements are active and pas-
sive devices including [1, 2]: a transistor,
a diode, quasi-lumped elements (a spiral
inductor, interdigital and metal-insulator-
metal capacitors, mesa and thin-film resis-
tors, a via hole, an air bridge), a transmission
line and its discontinuities (microstrip and
coplanar lines, a shorted line, an open-end
line, a line bend, a width step, a cross-junc-
tion, a tee-junction). Building such a model
takes a significant working time of a designer
even if modern software and hardware are
used. For example, HEMT nonlinear model-
ing can take up to three months. A success-
ful result of model building is a coincidence
of model characteristics and measurements

that is checked during verification procedure.

Among all passive elements, a spiral
inductor is the most complex for modeling.
The quality of spiral inductor model deter-
mines the success of microwave circuit design
for amplification, oscillation, frequency con-
version, magnitude and phase control [3],
[4]. Modern microwave circuit complexity
especially in system-on-a-chip leads to strict
requirements for accuracy and efficiency of spi-
ral inductor modeling. For example, there are
more than 20 inductors in GaAs- and Si-based
X-band active phased array radar [5], [6]. In
[4,7, 8] some automated techniques using opti-
mization of all or several EC parameters have
been proposed: conventional differential evo-
lution [4], optimization methods [7], genetic
algorithms [8]. On the one hand, EC param-
eters may lose relation with physical effects
in an inductor when optimization methods are
used. On the other hand, complex EC topol-
ogy complicates analytical equations obtaining.

ment whose functions in an electrical cir-
cuit are: switching, signal amplification,
signal generation, frequency conversion
etc. The modeling difficulties arise from
nonlinearity, a large number of parame-
ters to be considered, especially increased
by scalability and temperature influence.
At the moment, compact nonlinear GaAs
HEMT models such as Angelov, Curtice,
and EEHEMT are mainly used. There are
many techniques to build these models, each
of which is designed to enhance the model
accuracy in some aspects. For example, tech-
nique [9] improves the extrinsic parameters
extraction accuracy. A model simulating IVC
with respect to memory effects is described
in [10], a model simulating the trapping effect
is presented in [11]. An efficient extraction
technique should be considered together with
the development of new nonlinear models.
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rae z = (—1/y,,). C, onpenenseTcs Ha BHICOKMX YaCTOTAX, KOTOPbIE
MOXHO OIPENeUTh KaK IUama3oH OT YaCTOThl MAaKCMMyMa 100pOT-
HOCTHM JIO YaCTOThI COOCTBEHHOTO Pe30HaHCa.

Boipaxenus (1)—(4) mo3BoaslOT paccuuTarh napamerpbl DC
Ha KaXJI0il 4acToTe, TO €CTh 1al0T 3aBUCUMOCTb napameTpoB DC
OT YyacToThl. TakuM 006pa3oM, KOHKPETHOE 3HAUYeHKE MmapaMeTpa
TOJIXKHO OBITH HAWIEHO IJISI MCTI0JIb30BaHMs B DC. 3HaueHUe mapa-
MeTpa MOXKET OBITh IMTPOCTO YCPEIHEHO B HEKOTOPOM JHala3oHe
YacTOT, OMHAKO 3TO MOXET MPUBOIUTH K 3HAYUTETHHBIM OLIMOKAM.
WHXeHep MO0 MOAETIUPOBAHUIO OOBIYHO BRIOMpAET 3HAUCHUS DIie-
MEHTa Ha yyacTKe 3aBUCUMOCTH, TAe 3HaueHue Hanboyee MocTo-
SIHHO. J1J151 aBTOMaTUYECKOTO OMNpeAeeH s TAKOTO 3HaYeHU s TTpe/i-
JlaraeTcst METOA MOAUMULIMPOBAHHOM MeTHaHbI.

MenuaHa — 3TO 3HaYeHHUeE, TaK OMUCHIBAIOIIEE BEIOOPKY, UTO
POBHO IOJIOBMHA €€ 3JIEMEHTOB MMeeT 3HaYeHue OoJIblie Meau-
aHbl. B 00111eM ciydae MeauaHa BeIOMpAeTCs B IBa IIara: cHavyaJia
BBIOOpPKA YIOPSIIOYMBAETCS, 3aTeM OEpeTCsT LIEHTPATbHBIM 2JIEMEHT

Cp
||
[
Lp Ls Rs
LYY 1o
Rsub1 Rsub2
Csub1 Csub2
L L
ala

CBY UHTETPAABHBIE CXEMBI 1 MOAYAH

yIopsiIoueHHO# BbIGOpK M. [IpenMyliecTBO MearaHbl Iepe/ Cpe-

HUM 3HayeHUEM 3aKJII04aeTCss B TOM, YTO OHa OoJiee yCTOYMBaA

K BBIOpPOCAM U IIyMY B UCXOAHBIX TaHHBIX.

Ipennaraercst MeTox MOAU(GULIMPOBAHHON MEAMAHBI, KOTOPBIiA
MO3BOJISIET aBTOMAaTHMYECKH ONPESIUTh Y4ACTOK 3aBUCUMOCTH, TJIe
3HauYeHUe napamMeTpa HanboJsiee HeM3MeHHO. MeToaMKa BKIo4aeT
YeThIpe I1ara:

1) skcrpakums 3HadeHuit mapameTpoB DC Ha Kax 0¥ 4aCTOTe U UX
COPTUPOBKA;

2) pa30ueHue MoJIydeHHOI BBIOOPKM Ha N = 4 MOABBIOOPOK;

3) pacyeT pa3HOCTH MEX1y HAUOONBIIUM U HAUMEHbBIIUM 3JIeMEH-
TOM B MOABBIOOPKAX (MUHMMalbHAasl pa3HULA COOTBETCTBYET
HaMMEHbIIEH YaCTOTHOI 3aBUCUMOCTH);

4

=

omnpeneseHue LeHTPaIbHOTro 3JIeMeHTa B TOi MOABBIOOPKE, LIS
KOTOPOI pazdbpoc MexX 1y MaKCUMaJbHbIM U MUHUMAJIbHBIM 3JIe-
MEHTOM HaMMEHbIIUIA.

WccnenoBanue Ha 9KCIIEPUMEHTATBHBIX JaHHBIX TTOKA3aJI0 COBIA-
NeHue 3HAUeHUSI, TTOJyYeHHOTO TIpK paboTe alropuT™Ma U BBIOPaHHOTO
WHXEHEePOM IO MofeInpoBaHuio. [IpenMyInecTBOM mpeniokeHHO!
METOIIMKH SIBISIETCSI BO3MOXHOCTD €€ aBTOMaTH3al1N.

Cox1 — Cox2
Csub1 Csub2

Rsub1 Rsub2 -

6|b

Puc. 1. Cmpykmyput 9C kamyuiex unoykmusnocmu: a) GaAs-mexnonoeus, 06) Si-mexnonoeus

Fig. 1. Spiral inductor model EC topologies: a — on GaAs substrate; b — on Si substrate

Extraction and verification of nonlinear

It should be mentioned that low fre-

models are labor-intensive as well as time-
consuming procedures.

The research purpose was to create a com-
pletely automatic technique for an MMIC basic
active and passive elements modeling (parame-
ter extraction) which allows significantly reduc-
ing the model building time while the accu-
racy does not suffer. The report presents spi-
ral inductors on GaAs and Si substrates and
a nonlinear GaAs pHEMT modeling results.
To increase technique usability for microwave
designers, the proposed techniques are imple-
mented as software tools compatible with NI
AWR Design Environment.

SPIRAL INDUCTORS ON GaAs
AND Si SUBSTRATES MODELING
Figure 1 presents equivalent circuit (EC)
topologies of spiral inductor models for GaAs
and Si MMIC technologies.

GaAs Inductor Modelling. For GaAs induc-
tor, we used EC that is shown in Fig. 1 a. Sub-
strate parameters were calculated by the com-
mon equations:

1
Ry = Re[ ]*
YntVn
R = Re[;},
Yoy T V12
-1
1
Cop =] 0Im ,
Yt

-1
Copr = wlm[;] . (6))
Yt

The spiral parameters are calculated at low
frequencies assuming that C, influence is neg-

ligible:

L+L = llm(_—l) R = Re[_—l) ?2)
[ Yia Yia

quencies were defined for each induc-
tor from the first frequency point in input
data to a frequency where Q-factor reaches
its maximum value. For L /(L, + L)) ratio
an empirical coefficient k£ was calculated
taking into account previously investigated
inductors:

17.125

k=—F—m, (3)
JRAL, + L) +30.24
where L, and L should be in nH.

Finally, the last unknown parameters C,
are to be determined:

1 ol,-1Im(z) ol
= 2 o5 | 4
" o|Re*()+wl,~-Tm(z) R*+o’L

where z = (-1/y,,). C, was determined at high
frequencies which are defined in these tech-
niques from Q-factor maximum frequency
to self-resonant frequency.
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ITocmpoenue mogeau Si KamywKu UHgyKIMUuBHOCIMU
It MOeTUPOBAHUSI CIIUPATbHONU KATYIIKKA MWHIAYKTUBHOCTHU
Ha Si-ToJI0XKe ucnoyib3oBaiach DC, mpeacraBieHHas Ha puc. 16.
MeTonuka 3KCTPaKIIMU OCHOBaHAa Ha METONMKE, MPEATOXEH-
HOi1 B [3]. B cOOTBETCTBUM C 3TOI METOAMKOM ONpeaeasIIOTCS 3HA-
svs Coxs Coups Rye ' L
cymma (L, + L). 115 aBTOMaTUYECKOro OMpeeeHus MapaMeTpoB
HCIIOJIb3YEeTCH METO MOAU(DULMPOBAHHON MEIUAHBI.

TTopsanox pacuera mapametpos L, R

yeHus R IMon 3HaueHueM L, MOHUMAETCs

low* low

> C, OTIIMYAETCS OT MPEIIIO-
skeHHoro paHee [3]. [Ipeanonoxum, 4To DC 10JKHA BOCIIPOU3BECTU
3HaYeHUe TOOPOTHOCTHU B TOUKE €€ MAaKCMMyMa M B TOYKe COOCTBEH-
HOTO pe30HaHca, U UCIIOJIb3YeM 3TO TpeGoBaHMe /IS pacyeTa mapa-
MeTpoB Mozaeu. st BC, npencraBiaeHHOI Ha puc. 16, y,, pacCUnThI-

Ba€TCs COTJIaCHO BbIPAXKEHUTIO

1
R +joL, + RijU.JLSk
subl Ry +JjoL,

. 1 .
JoC,, {m"’]wcxubl]

()= 1
Jjo(C  +C )+ ——

oxl sub R

(&)

+joC, +

PaccMarpuBas cxeMy ¢ mepBOro BbIBOAA IIPU BTOPOM 3a3eMJICH-
HOM (MepBbIM 0003HAYMM JIEBbII, BTOPbIM — IpaBblii Ha puc. 16),
OMNpele M 3HAYEHUE YaCTOThl COOCTBEHHOTO Pe30HaHCa KaK M,
3HaYeHUe MaKCUMyMa AOOPOTHOCTH — KaK Q, ., ¥ 4acToTy, Tie
NOCTUTAETCA MAKCUMYM NOOPOTHOCTH, — KaK . DTH TPU BEJH-
YUHBI MOTYT OBITH TIOJYUYEHBI M3 PE3yJIbTaTOB U3MEPEHU I WU
DM-mopenupoBaHusi. Takum 06pa3oM, MbI MOXET 3aMKUCATh CIELY-
01 ME BBIPAXKEHUS:

Im(y”(u)m))=0, (6)

Im(y,,(®,))
e . 7
e (yu (mql)) Onai 7

3areM, 3aMeHsd 3HaUEHU S 0y, O, . 1 0, a TAKKE YXKe U3BECTHbIE

q1°
3HAYEHU s TapaMeTpoB B (5) U MPUBOJIS 3TO BBIpaXeHue K BULy (6)

Equations (1)—(4) allow calculating EC
elements parameters at each frequency, i.e.

of a range that contains frequency independent ~ C,,, R,,and L. L
parameters. The technique has four steps:

u (7), MBI TIOJIy4aeM IBa ypaBHEHUsI. AHAJOTUYHO 3aIlULIEM ypaB-
HEHUe 1JIs y,, ¥ OIIPEeIUM JJIsI CXEMBI, pacCMaTPUBas e¢ BTOPOil
BBIBOJ IIPH [TPABOM 3a3€MJICHHOM, 3HAUEHUE YaCTOTHI COOCTBEHHOTO
pe3oHaHca KakK (,, 3HaueHNue MaKCuMyma 1006poTHOCTH — Kak Q. 5

JOCTUTacMyI10 Ha 4aCTOTE (qu, M IOJIY4YUM €1IC 1BA BbIPAXKCHU A

Im (yzz(moz)) =0, )

lm(yzz(o)ﬂ))
—_—L= . 9
Re()’zz(qu)) Orac ®

BoipaxkeHus (6)—(9) onuUCHIBAIOT MEPEONPEAEIEHHYO CUCTEMY
U3 YeThIPEX yPABHEH U ¢ Tpems HeusBecTHbiMu L, R, u C,. Hanbo-
Jiee IPOCTOM CIOCO0 PEIINTD TAKYIO CUCTEMY — MCIOJb30BaTh OMUH
13 METOZIOB HEJIMHEHOM OMTUMM3aIMK, HATIpUMep cuMIieke. ['pa-
HUILIBI ©3MEHEHUsI IEPEMEHHBIX OTMpeesI0TCsl GU3NUECKUMU OTpa-
HUYECHUSIMU.

Macwmabupyemas mogeAb KAMyulKu UHJYKMUBHOCIMU
B macmrabupyemoii mogeaun nmapametrpbl DC ONMUCHIBAIOTCS KakK
GYHKIIMKM OT TeOMETPUIYECKUX MTapaMeTpOB 3JeMEeHTa, HATIPpH-
Mep YHucsia BUTKOB MJIM IIUPUHBI CTUPATU. DTU GYHKIIUKA MOTYT
OBITH BBIPaXKEHBI MOJTMHOMAaMU, 3HaUeHUe KO3 (POUIIMEHTOB B KOTO-
PBIX OTIpenesiIeTCsI METOIOM HaMEHBIIUX KBaapaToB. Yalie Bcero
y 2JieMeHTa 6oJiee OIHOTO TeOMETPUUECKOTO IMapaMeTpa 1 3amada
CTaHOBUTCSI MHOTOMEPHOI. BXogHBIMY mapaMeTpaMu TSI TIoJTyde-
HUS TOJIMHOMA SIBJISIIOTCS] HE TOJIBKO TeOMeTpUUecKue mapaMeTphl
u napaMeTpsl DC, HO TakKe U cTeneHb nonuHoma. [lonxonsias cre-
MeHb MOJIMHOMA OObIYHO BEIOMPAETCS MHKEHEPOM 10 MOJeIMpOoBa-
HUIO METOJOM NMPOO U OIIMOOK, MOKA HE yIACTCsl JOOUTHCS YAOBJIET-
BOPUTEJBHON TOYHOCTU MOIIEITH.

IMonxoxasimasi cTeneHb MOJIMHOMA MOXET OBITH ONpeaesieHa
T10 CJIeTYIOIIEMY aJITOPUTMY:
1) monydenue napameTpoB DC;
2) 3agaHue MpUeMJIeMoii olnoKU Ay

are equal to (L, + L,).

low* *low

For automatic parameter determination, we

find dependence of parameters on frequency.
So, a certain value of the parameter should
be found to use it in EC. The element’s param-
eters can be simply averaged within some fre-
quency range, but this may cause wrong
parameter determination. A device model-
ing engineer usually chooses element value
in a range where the curve of the parameter
dependence on frequency becomes flat. For
automatic determination of such values, we
suggest a modified-median method.

Median is a value describing a data set
in such a way that half of its samples possess
a value that is higher than a median. Gener-
ally, median is determined by taking a cen-
tral element of a preliminary sorted data set.
The advantage of median against mean value
is robustness to outliers and noise in a data set.

We propose a modified-median technique
that facilitates an automated determination

1) extraction and ascending sorting
of obtained EC parameters;

2) partition of the sorted dataset into n = 4
data subsets;

3) calculation of a difference between
a maximum and minimum element in each
subset (minimum difference corresponds
to weaker frequency dependence);

4) determination of central subset elements
that correspond to the minimum difference.

Testing on experimental data has shown
a good coincidence of technique results
and a device modeling engineer choice.
The advantage of proposed modified-median
technique is the automation capability.

Si Inductor Modeling. For an inductor
modeling on Si substrate the EC topology
in Fig. 16 has been used. The EC extraction
is based on the technique proposed in [3].
According to these techniques values R, ,, C,,

sub>

applied the modified-median technique.

The way of L, R, C, determination dif-
fers from [3]. Let’s suppose that EC repro-
duces Q-factor at a frequency of their maxi-
mum and self-resonant frequency and use this
requirement to obtain EC parameters. For
the EC represented in Fig. 1 b y, is calculated
as follows:

subl

joC,, (L+ jo CJ

()= +joC, +

jm(cux\ + Cxubl ) +

R

subl
1
+ - . (5)
R, +joL, + Ryjoly u_)L:k
Ry+joL,

And looking from the left side let’s denote
self-resonant frequency as w,,, Q-factor max-

imum as Q and a frequency of Q-factor

maxl1?

maximum as w,,. These three quantities could
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Fig. 2. Comparison of simulation and measurement parameters for spiral inductor: a) on GaAs substrate; b) on Si substrate.

be obtained from measured or EM simulated
data. So, we can write the following equations:

Im(y”(u)m))zo, (6)

Im(y,(@,))
—_—t= . 7
Re (y”((gql )) Ot )

Then substituting quantities wy,, Q,,,,, and
o, together with already known EC param-
eters in (5) and converting it into the form
of (6) and (7) we will get two equations. Simi-
larly, we suggest to write an equation for y,,,
determine self-resonant frequency as ,,,
O-factor maximum as Q,,,, at frequency o,,,
and get two more equations:

Im(y,(@,))=0, ®)

lm(yzz(qu)) B

=0 .- 9
Re(yn(qu)) e @

Equations (6)—(9) form both an overde-
termined four equations system with three
variables L, R, and C,. The simplest way
to solve it is to use nonlinear optimization
methods, e.g. simplex-based. Physical consid-
erations determine variable constraints.

Scalable Model for Inductor. In scal-
able models, EC parameters are described
by functions of element geometry parame-
ters such as a turn number or spiral width.
These functions could be expressed in the
form of polynomial obtained with the least-
square method. Usually, such polynomials
are multidimensional. Therefore, input data
for polynomial construction are not only
EC parameters and geometry parameters
but also a degree of polynomials. A device
modeling engineer chooses an appropri-
ate degree of polynomials by using the trial-
and-error method until the required accu-
racy is reached. Such an approach is time-

consuming.

An appropriate degree of polynomial could
be determined with following algorithms:

1) EC parameter obtaining;

2) acceptable A error specification;

3) maximum degree of polynomial M speci-
fication;

4) sequential construction of all possible vari-
ants of polynomials with the least square
method;

5) calculation of a sum of each monomial
degree (polynomial complexity, PC) for
every polynomial variant;

6) calculation of S-parameters description
error;

7) searching for a polynomial with acceptable
error (lesser than A) and the least PC value;

8) if there are no solutions with acceptable
error, M will increase by 1 and steps 4—8
shall be repeated.

Root mean square error is suggested for
approximation estimation in this algorithm.

This algorithm can also be automated.
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3) 3amaHue MEPBOTO 3HAUYCHUSI MAKCUMaJIbHOU CTETIEHU TOJIH-
HOMa M,

4) mociemoBaTeNbHOE MOCTPOEHME BCEX BAPMAHTOB MOJIMHOMA
C MOMOIIIbIO METOAa HAMMEHBIINX KBAIPATOB;

5) pacyeT CyMMBbl CTEIIEHEH BCeX YJIEHOB MOJMHOMA (CJIOXHOCTHU
nojauHoMa PC) st Bcex BApUaHTOB;

6) pacueT OLIMOKM OMUCAHMSI S-TIapaMeTPOB;

7) TIOMCK MOJIMHOMA C TPUEMJIEMOIi OIIMOKOIi (MeHee 4yeM A)) U Hau-

~

MeHbIIUM 3HaueHueM PC;
8) eciu He HallICHO MOAXOASIErO peleHus, YBeaAUuYuTh M Ha |
Y TIOBTOPUTH 1aru 4—8.

Pe3yAbmambl 3KcnepumeHma

B pa6orax [12, 13] mpuBeaeHo moapoOHOe OMUCcaHUe MPEITOKEHHBIX
METOAMK U MaTeMaTU4YeCKue BhIPAKEHUS IJIsI aBTOMAaTUYECKOI dKC-
Tpakuuu napametpon DC.

Ha puc. 2 npuBeneHbl pe3yabTaTbl CpAaBHEHU Sl U3MEPEHHBIX Mapa-
METPOB U IMOCTPOESHHbIX MOJIe/Ieii KaTyllleK MHAYKTUBHOCTH Ha GaAs
u Si. BpeMsi nocTpoeHu st MOJeIN OLHOM KOHCTPYKLIMHU CIIMPaIbHON
KaTYLWKHU UHAYKTUBHOCTU B aBTOMAaTUYECKOM PeXMMe 3aHUMAET
MeHee | CeKYHIBI.

IMIOCTPOEHUE HEAMMHEMHOU MOAEAU GAAS
PHEMT-TPAH3UCTOPA

B Hacroseii paboTe mpeaiokeHa HOBasi METONMKA SKCTPAKIIUY
HenuHelHoit monenu CBY-tpan3ucrtopa. Biok MalocurHamib-
HOI 3KCTpaKILIMKM OCHOBaH Ha paborax [JamOpuHa [14], beppora [15]
u Taiipanu [16], omHAKO IOMOJHEH MPOIEAYPO aBTOMATUYECKOTO
Nnojay4yeHust Moaeau. [1ast aKcTpaKMu O0JblIeCUTHaIbHBIX Mapa-
METpPOB OblJIa UCMOJb30BaHA METOAMKA, MPELJIOKEHHAsI AHT€JIOBbIM
1is cBoeit mozenu [17, 18], omHako TakXe OblJIa yCOBEPIIIEHCTBOBaHA
IUTSI BOBMOXHOCTH €€ aBTOMaTu3anuu. Takxe Oblja uccienoBaHa
Mpoleaypa aBTOMATUUECKOTO MOJTYyUeHUs TapaMeTPOB, OTIMCHIBAIO-

OblTa MpOBEPEeHa dKCIMEPUMEHTATbHO MPU MOCTPOCHUU MOIETHU
0,15 mkm GaAs pHEMT-tpaHn3ucropa.

MeTonrKa 9KCTPAKIUK BKJIOYAET MATh AroB: 1) aKCTpaKIus
napamMeTpoB UCTOUHUKOB Ids; 2) MajocurHaabHasi 9KCTpaKLus; 3)
pacyeT eMKOCTeii; 4) MHOrocTaauiiHas oNTUMHU3aLus; 5) Bepudu-
KaIlusi MOJIEJIH.

Ha nepBoMm miare mpoBOIUTCS dKCTPaKIUsl MapaMeTpoOB,
onuchiBaomux BAX tpansuctopa. [TapaMeTpbl TpaH3UCTOpa
Ha MOCTOSIHHOM TOKE B MOJIEJM AHTreJl0oBa MPEMMYIIeCTBEHHO
OTpenessiioTCs YIpaBasgeMblM UCTOYHUKOM ToKa [17, 18], onuckr-
BaeMbIM BbIpaXeHUEM

1,V V) =1, (1+tanh(¥)) x

xtanh (ot + o, (1+tanh(¥)))V,, ) (1+2V,,), (10)

e W = PV, — Vi) + PV —
Vpkm = Vpk[) + (I/pkx -
1,0 — TOK CTOKa TP} MAKCUMAaIbHOI KPYTH3HE; O, O, — APaMeTPhl

pexXuMa HacChIIIeHUs; A — KOG OUIIMEHT MOTYISILMY KaHaja; Voo
v

pks
V,, 6JM3KOM K HYJIIO U K peXnUMy Hacelmenud; P, P,, P, B, B, —

I/pkm)z + P}(Vgs - I/pkm)37
Vtanh(oV,), B, =R(1+B/cos'(B, -de)),

im =

— HaIpsg2KEHHUE Ha 3aTBOPEC IIPpn MaKcuMaJIbHOM KPYTHU3HE IIpN

KO3(hULIMEHTHI alIPOKCUMAIINH.

AHanuTUYecKast SKCTPAKIINS MTO3BOJISIET MMOTYUYUTH MIEPBOE TIPU-
OMIMKeHUeE IS CIIeAYIoMnX mapaMeTpoB. COmpoTUBICHNE UCTOKA
u cToka, 0003HayaeMoe Kak R, 1 R, COOTBETCTBEHHO, PACCUUTLIBA-
I0TCSI U3 MaJIOCUTHabHOU Monenu [19]. Tok mpu Mmakcumyme Kpy-
TU3HBI /) OTIPENENSAETCS KaK MOJOBUHA 3HAYEHU S TOKA, B KOTOPOM
V, , IpMHMMaeT 3Ha4eHUEe KOJICHHOTO HATIPSIXKEH U ST TIPU MOJIOKUTEN b-
HOM HamnpsikeHuu V.. TlapaMeTpsl 0, U 0, ONIPeAeNIIOTCs IMHEHHOM
perpeccueit B Touke, KOrjia TOK CTOKa BBIXOAUT Ha HaChILIEHUEe MpU
V., GIM3KOM K HYJIIO U OTCEYKE COOTBETCTBEHHO. [lapameTp A onu-

g8
CbIBacT 3(1)(1)6](1" MOAYJIALUMU OJJIUHBI KaHajJla B pEXKUME HACBhIIIC-

IIAX 3HAYEHU ST HEJIMHEWHBIX EMKOCTEH. HpeHHO)KCHHaH METOAMKaA

Experiment results

In [12, 13] the proposed techniques and auto-
matic EC extraction equations are described
in more detail.

Figure 2 presents the comparison of GaAs
and Si inductor model and measurement per-
formance. It takes lesser than 1 second to build
an inductor model for a single geometry auto-
matically.

GaAs PHEMT NONLINEAR
MODELING

The presented article highlights a new tech-
nique for microwave transistor model extrac-
tion. A small-signal extraction block is based
on Dambrine [14], Berroth [15], Tayrani[16]
but has been enhanced by automation pro-
cedures. The technique proposed by Ange-
lov [17, 18] for large-signal extraction has been
modified for allowing automation and used
as a part of the proposed technique as well.
Automatic nonlinear capacitance extrac-
tion has also been investigated. The proposed

Hus. V.

technique has been tested on 0.15 um GaAs
pHEMT modeling.

The extraction techniques include five
steps: 1) current source Ids parameter extrac-
tion; 2) small-signal extraction; 3) capaci-
tance calculation; 4) multistage optimization;
5) model verification.

At the first step, I'V-curve parameters
are extracted. DC characteristics of transis-
tors in the Angelov model are mainly deter-
mined by the voltage-controlled current
source described as [17, 18]. An equation for
this source is:

1,V V) =1 ., (1+tanh (1)) x
xtanh ((oc+ a, (1+ tanh(‘I’)))Vi\,)(l +aV,), (10)

where W' =P, (V= V,)+ P,(V,— I/pkm)z +
+ PV, — I/pkm)37 Vien = Voo T (Vs = Vi) X
xtanh(o,V,), B, = P(1+ B /cos’(B,-V,)), L,

is drain current for maximum transconduc-

m

tance, o, o, — saturation voltage parameters,

ornpezaessietTcs 1o nepeparouHoit BAX kak HanpsixxeHue V,

&2

A — channel length modulation parameter,
v

ks

V;;k()’
conductance measured at ¥, close to zero and
saturated region respectively, P, P,, P, B,, B,
are fitting parameters.

The analytical extraction allows obtain-

— gate voltage for maximum trans-

ing an initial guess for following parameters.
Drain and source resistance denoted as R, and
R, respectively are extracted from a small-sig-
nal model [19]. Current at maximum transcon-
ductance /,,, is determined as half of the cur-
rent value at the point where V, is equal knee
voltage while V,, is positive. Parameters o, and
o, are determined by linear regression when
drain current starts to saturate with V,_ close
to zero and pinch-off respectively. Parameter
A describes channel length modulation in the
saturation region. V,, is determined with the
transfer [V-curve as V,; when drain current
reaches /. Fitting parameters P, P,, P;, B,
and B, are determined using linear regression
as well. The measured I'V-curve is approxi-
mated by (10) after the extraction procedure
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XOOHAS MOUWHOCMb U KOIPuyuenm ycurenus

Fig. 3. Comparison of model and measurement parameters for GaAs pHEMT: a) IV-curve; b) G,

MIPU KOTOPOM TOK JIOCTUTAET 3HaueHus /,.,. [lapamerpel anmpokcu-
Mauuu P, P,, P;, B n B, onipeensioTcs TakXe ¢ IOMOIIBIO INHEM -
Holi perpeccui. [locnie moaydeHUs MepBOro MPUOIMKEHUS C TOMO-
LIbIO AaHAJIUTUYECKO 3KCTpaKLMK nu3MepeHHble BAX annpokcumu-
pytotcsa BeipaxkeHueM (10). OcTanbHbIe MapaMeTpbl, ONTUCHIBAIOLINE
MOBeIeHE TPAaH3UCTOPA HA IOCTOSTHHOM TOKE, OMPEAEISIIOTCS B X0/
anmnpoKCUMalMy. ATIMTPOKCUMALIMSI BBITIOJTHSIETCS C TOMOLIBIO aJIr0-
pUTMa TOBEPUTEJbHBIX 001acTei 1J1s pelueH U sl 3a8a4n HeTMHeHHbIX
HaWMEHBIINX KBaIpaToOB.

Ha BTOopoM mare mMajlocurHajbHasi MOAEJIb BOCCTaHABIUBACTCS
U3 U3MEPEHHBIX S-MapaMeTpoB IS KaxX 10l paboyeil TOYKH, BKJIIO-
yas XOJOAHbIe pexXuMbl. CyllecTBYOIINE METOAbl 9KCTPAKIUU
MaJIOCUTHAJIbHOM Momein TpaHsuctopa [14—16] Gbliu UCITOIB30-
BaHBI IPU pa3pabOTKe MpensiokeHHO MeToquKu. CyliecTByIonue
METONMKH TMO3BOJSIOT PACCUMTATH MapaMeTPhl MaJOCUTHAIbHOU
OC Ha Kaxaoii yactore. Takum 006pa3om, B pe3yabTaTe MOTydaeTcs
YacTOTHAas 3aBUCUMOCTh apameTpoB DC, KOTopasi He MOXET ObITh
H“Ccmob30BaHa HampsiMylo. PaHee OblI0 OTMEUYEHO, YTO MHKEHEp
1Mo MOJeIUpPOBaHUIO rpachuYecKy BbIOMpPAeT TaKOe 3HaUEHUE Mnapa-
MeTpa, KOTOpPOe COOTBETCTBYET Haubosiee MOCTOSTHHOMY YYacTKYy
rpacduka. C 1pyroif CTOpOHBI, 3HaYeHUE MOXET ObITh Hali ICHO 0OBIU-
HBIM YCpPEIHEHUEM 3HaUECHU 1 YaCTOTHOI 3aBUCUMOCTHU, OJHAKO 3TO
3a4acTyIo aeT HeBePHBIE Pe3yabTaThl. [IJIsi aBTOMaTHYECKOTO OTpe-
NeJIEHW S 3HAUSHW ST TapaMeTPOB MCTIOJIb3YeTCsI METOA MOTUDUIIUPO-
BaHHOI MeIWaHBbl, KAK OMUCAHO B MPEABIAYIIeM pa3aese sl mac-
CHUBHBIX 2JIEMEHTOB.

e and |H,\; ¢) S-parameters; d) output power and gain

Ha TperbeM 1are onpenensiioTcsi HeJTMHENHHbIE eMKOCTH. DKC-
MepUMEeHTalbHbIe 3HAYEHUSI 1151 EMKOCTEIl MOTYT OBITH MOJIyUEHBI
13 MaJIOCUTHAJIBHBIX Y-ITapaMeTpOB C TIOMOIIBIO BBIPAXCHU

o _(m()+Im(x,))

& 2

(1

o _Im¥) I{Re(xz)} , @

“s Im(Y,)

rue f— JacTtoTa.

Y-mapameTpsl, B CBOIO 04Yepelb, MOTYT OBITh JIETKO TOJYYEHBI
W3 U3MEPEHHBIX S-TlapamMeTpoB. HelnHelHbIe eMKOCTH PACCUUTHIBA-
I0TCSI Ha HU3KMX yacToTax B auamnaszone ot 0 mo 2 I'Ti. HenuneitHbie
€MKOCTH B MOJIEJTM AHTEIOBA OITUCHIBAIOTCSI C TIOMOIIIBIO BHIPAKEHU I

C, =C,,(1+tanhy, (V,))(1+tanhy,(¥,)) . (13)

Cyy =Cypo(1+tanhy,(V,))(1+ tanhy, (V).

&

(14)

2 3
rne ¥, =R, + BV, + BV, + PV +..., x o6o3Hauaer ds unu gs, C,,

Cyqp — €MKOCTHU NPU OTCYTCTBUM CMELIEHHUsI, P, — mapaMeTpbl

alnmnpoxKcuManuu.

3nauenus C

w0 1 Gy MOTYT OBITH HATIPAMYIO TIOJYYEHBI U3 H3ME-

PEHHBIX TaHHBIX. l'[epBoe l'[p]/IGJ'II/I)KeHI/IC JJIs HEKOTOPBIX U3 Imapa-
METPOB alllIpOKCUMAalIUH MOXET OBITh IIOJIYYE€HO Ha IMMOCTOSIHHOM

TOKE:
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P,=P,=P, 15)
-V

Py =P, =—", (16)
40 10 P“

Py =Py =02, 17)

P,=P,=0,. (18)

MMocie Toro kak emkoctn Cy 1 Cpy, KAK GYHKIUH OT HATIPSIKE -
Huit V u ¥,

/s>

MOJIyYeHbl U3 Pe3yJIbTaTOB U3MEPEHU i, OHU alPOKCH-
mupytorces BoipaxeHusimu (13) u (14) cOOTBETCTBEHHO € UCIOJIb30Ba-
HUEM METO/1a TOBEPUTEIbHBIX 00J1aCTE B LIE/I51X MTOJTYyUYEHUS OCTATb-
HBIX TApAMETPOB M POKCUMALINH.

[To mpuynHe BO3MOXHBIX U3MEPUTENBHBIX OIIUOOK U OCOOBIX
9(hbEKTOB B KOHKPETHOI TEXHOJIOTMU aHATMTUYecKasi 9KCTPaKIIMS,
Haubosiee BEPOSITHO, He MO3BOJUT NOCTUYD YIOBIETBOPUTEIbHOM
TOYHOCTU MozeSu. UTOObl MOBLICUTH TOYHOCTh MOJENIU, Ha YETBEp-
TOM LUare BBIOJIHSICTCS MHOTOCTaAMITHASI ONTUMU3aLUU. XapaKTepu-
CTHUKM TPAH3UCTOPA 3aBUCST OT YaCTOThI, paboUeil TOUKU, B HEKOTOPBIX
BUJIaX MoJieJieil TpedyeTcs TakxKe 3aBUCUMOCTb OT TEMIIepaTyphl U pa3-
MepoB TpaH3ucTopa. C Apyroif CTOPOHBI, MOAEIb TPAH3UCTOPA UMEET
1o 80 mapamMeTpoB, KOTOPbIe HEOOXOMMMO TTON00PaTh P MOCTPOCHUH
MoJen. DTO MPUBOAUT K BBHICOKOM CIOKHOCTH MHOTOIIapaMeTpuie-
ckoit onTruMu3auu. OMHAKO MepBbIe TPH IIara JaioT Xopolllee Hayalb-
HOE MPUOIMXKEHNE U TTO3BOJISIET BHIMOJHUTD ONTUMU3AIINIO ObICTpee
U TIOBBICUTB CXOAMMOCTb. YTOOBI e1lie YAy4YIIUTh MPOLEAypPY ONTUMM3a-
MM, TIPEAToXeHa MpoLenypa MHOTOCTaANItHOM onTUMU3aluu. Belio
MOKa3aHo, YTO MHOTOCTaAMTHasT ONTUMM3ALMs TO3BOJISIET MOBBICUTD

using obtained parameters as an initial guess.
The rest DC parameters are obtained with C

gd f

an approximation. An approximation is per-

:Im(Y!,){H[Re(X?)], (12)

CKOPOCTb ONTUMM3ALIMK U BEPOSITHOCTh TOCTHKEHUSI pe3yiibraTa. Kax-
TIBIiA 3TAIl ONTUMM3ALIMK OTIIMYAETCS COOCTBEHHOM 1ie1eBOM DyHKIIMEi
U1 HabOPOM IMapaMeTpoB, KOTOPbIe BAPbUPYIOTCS MPU ONTUMHU3ALIUU.
Kpome toro, auarna3zoH M3MEHEHUI nmapaMeTpoB OrpaHUYEH, YTOObI
TMPENOTBPATUTH TOTyYeHHe He(U3MUHBIX 3HAUCHUI.

Ha msiToM mare BBITIONHSIETCS BepUDUKALIUS TTOJTYyIeHHOU
Momesu. JJoBOJbHO GOJBIIOE YUCTIO XapaKTepUCTUK TPAH3UCTOpa,
KOTOpPbIE HEOOXOMMO ITPUHUMATh BO BHUMaHUe U KOTOPbIE K TOMY
K€ 3aBUCSIT OT YaCTOTHI U paboUeii TOUKU, IeJaeT UX CJAOKHBIMU TSI
BU3YyaJIU3aLUU U OLIEHKHU. DTO 3aTPYAHSIET BepU(DUKALIMIO MOIEIIHU.
Busyanuzanus Haubosee BaXXHbIX XapaKTEePUCTUK, BKJIloUasi rnapa-
METPBI IO TTIOCTOSIHHOMY TOKY, JIMHEWHbIE U HEJTMHEHbIe XapaKTe-
PUCTUKU, BKJIIOUEHA B METOAMKY JUJISI yIIPOLIEHU S BepUdUKa UK.

B pa6ore [20] npencTaBiieHO MOAPOOHOE OMKMCAaHUE MPEIJIOKEH-
HOU METOAMKH JJIsi aBTOMATUIECKOTO MOCTPOEHUST HEJITMHEWHOMI
moznenu Angelov [17] GaAs HEMT-tpan3ucropa.

[ns1 BepuduKauy MpeniokKeHHOW METONMKY OblTa MOCTPOeHA
HenuHeiHas moaenb 0,15 mkm GaAs pHEMT-TpaH3ucropa ¢ mupu-
HOIi 3aTBOpa 4x75 MkM. CpaBHeHME U3MEPEHHBIX U CMOJIEIUPO-
BaHHBIX BAX mpencrabieHo Ha puc. 3a. MOXHO BUIETh, YTO MOJIEIb
TIOBOJIBHO XOPOIIO MPeACKa3bIBaeT MapaMeTpbl TPAH3UCTOPA I10 MOCTO-
SIHHOMY TOKY. Cpe/iHee 3HaueHue aOCOTIOTHOM OLIMOKM BO BCEX TOUKaX
paBHsietcst 1,6 MA, uto coctasisieT 1,2 % ot Idss. AGcomoTHast orboKa
He TipeBocxoauT 2 MA B 80 % M3MepeHHbBIX paboyrX TOYEK.

Taxoke ObITIO IPOBEICHO CpaBHEHUE TUHEHBIX TTapameTpoB. Cpen-
Hee 3HaueHue abCOMOTHON OMIMOKY OTIMCAHMSI TTapaMeTPOB paccesi-
HUST BO BCEM YaCTOTHOM JIMaria3oHe He mpeBocxonut 1,3 nb mo momysmio
(xpome S,,) 1 4,5 rpanyca 1o ase Bo Bcex pabounx Toukax. Ha puc. 30

After that capacitances C, and C,, as func-
tions over V and ¥, obtained from measured

ds

Im(Y, .
m(¥.) data are approximated by (13) and (14) respec-

formed with the trust region algorithm dedi-
cated for nonlinear least squares problems.

At the second step small-signal models
are extracted from measured S-parameters for
every bias point including cold modes. Sev-
eral existing small-signal extraction techniques
[14—16] were combined in the proposed tech-
nique. The techniques allow calculating small-
signal EC parameters at each frequency. Thus
we get parameter’s frequency dependence and
cannot use it in EC directly. Usually, a device
modeling engineer chooses a value manually
observing dependence plot finding the flattest
region. On the other hand, parameters depen-
dence can be simply averaged within some fre-
quency range, but usually, such a way gives
inaccurate results. For automatic determination
of a parameter’s values, a modified-median
method has been used, as it describes passive
elements in the previous section.

At the third step, nonlinear capacitances
parameters are determined. The experimental
data to proceed are extracted from small-sig-
nal Y-parameters by:

o (m)+Imy,)
& f 2

(11)

where fis frequency.

Y-parameters in turn can be easily calcu-
lated from measured S-parameters. Nonlinear
capacitances are obtained at the low-frequency
region from 0 to 2 GHz. The nonlinear capaci-
tances in the Angelov model are described with:

Cc =C

g T gl

(l +tanhy (V, _))(I +tanhy(V,)), (13)

&

Coy = Cyo{1+tanhys, (V) )(1+ tanhy, (7)) , (14)
where W, =R+ BV, + PV +PV +.., x

stands for ds or gs, C,

w00 G @r€ Unbiased capac-

itances, P, are fitting parameters.

Values C,, and C,,, are directly obtained
from measurements. The initial guess for
some of the fitting parameters can be calcu-
lated from DC parameters:

Py=P,=P, a5)
-V

P, =P, =—2, (16)
40 10 P”

Pyy=P,,=0,2, (17)

Py=P,=a, (18)

tively using trust region method to get other
nonlinear capacitances parameters.

Due to possible measurement errors and
particular technology effects, analytical extrac-
tion is most likely not enough to get an accu-
rate model. At the fourth step, a multistage
optimization is performed to improve accu-
racy. A transistor behavior is varying with fre-
quency, bias points, in some cases temperature
and size could be added to a model. On the
other hand, a transistor model has up to 80
parameters. This leads to a complex multipa-
rameter optimization problem. But the three
first steps of techniques give a good initial
guess and make optimization process faster and
more likely successful. In order to further opti-
mize the process improvement, a multistage
optimization procedure has been proposed.
It has been shown that multistage optimization
is more efficient in terms of speed and achiev-
able accuracy. Each stage has its own set of goal
functions and parameters to be optimized.
Moreover, model parameter variation was lim-
ited to avoid non-physical values.

At the fifth step, verification of built model
is performed. A rather significant number




[I0Ka3aHO CPaBHEHME M3MEPEHHBIX U CMOJCIMPOBAHHBIX ITapaMe-
tposB G, u H,. Ha puc. 36 mokazaHo cpaBHEHIE U3MEPEHHBIX U CMO-
JIeTMPOBAHHBIX S-TIapaMeTpoB B paboueii Touke V, =5 B, [, = 35 MA.
Ha puc. 32 nokazaHO cpaBHEHME U3MEPEHHBIX U CMONEIMPOBAHHBIX
HEJMHEHHBIX XapaKTepUCTUK — KO3 dULNEHTa Nepefayl U BbIXOA-
HOIi MOLIHOCTU B paboueit Touke V, = 5 B, /,, = 35 MA nipu ontuMarb-
HBIX MMIIeJlaHCax reHepaTopa 1 Harpysku. Bpems nocrpoenunst monenu

CBY UHTETPAABHBIE CXEMBI 1 MOAYAH

Hccaedoeanue éoinoaneno

npu gpunancoeoti nodoepyckce PODUH
6 pamkax Hayunozo npoexma No 18-37-00138.
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of characteristics to be taken into account due
to bias and frequency dependence make them
difficult to visualize and estimate. That makes
large-signal verification difficult. The essen-
tial visualization tools for DC measurements
as well as linear and nonlinear measurements
at microwave frequency are included in the
techniques to simplify verification step.

In [20] the proposed technique for auto-
matic nonlinear Angelov model [17] extraction
for GaAs HEMT is presented in more detail.

A nonlinear model of 0.15 um GaAs
pHEMT with 4x75 um gate width was built
to verify the suggested technique. A com-
parison of measured and simulated I'V-curve
is shown in Fig. 3a. It can be seen that the
model quite accurately predicts IV-curve.
A mean absolute error of drain current is
1.6 mA. Drain current absolute error is less
than 2 mA in 80 % of measured bias points.

After that, small-signal parameters were
evaluated. Mean absolute magnitude error
among the whole frequency range is less
than 1.3 dB (except S,,) and mean absolute
phase error among the whole frequency range
is less than 4.5 degrees for every bias point.
In Fig. 36 comparison of G, and H,, is pre-
sented. In Fig. 3¢ comparison of S-param-

eters at bias V,, = 5V, I, = 35 mA is shown.

In Fig. 3d a comparison of nonlinear charac-
teristics including large-signal gain and output
powerat V, =5V, I, =35 mA is shown. It takes
12 hours to build the transistor nonlinear model
automatically.

SOFTWARE FOR AUTOMATIC
MODELING OF BASIC MMIC
ELEMENTS OF 500HM TECH
M3-SUITE

The proposed techniques for automatic
MMIC elements modeling were implemented
with 50ohm Tech M3-Suite software. This
software suite is designed to automate tasks
of major RF and microwave design steps: ele-
ments measurement and characterization,
measurement data processing and de-embed-
ding [21], elements modeling. The developed
software is compatible with commercial EDA
NI ARW Design Environment to simplify
integration with design flow.

The authors consider that new techniques
for MMIC active and passive modeling have
been proposed in the paper. The techniques
include analytical extraction and multistage
parameter optimization. The main advantage
of the proposed techniques is the possibil-
ity of full automation while appropriate model
accuracy is sustained.

The reported study was funded by RFBR
according to the research project
Ne18-37-00138.

REFERENCES

1.

Chang K. Encyclopedia of RF and Micro-
wave Engineering // New lJersey: John
Wiley & Sons, 2005. P. 5832.

Dobush I. M., Kokolov A.A., Babak L.I.
Simulation and experimental investigation
of coplanar elements for design of MMIC //
20th International Crimean Conference
on Microwave and Telecommunication
Technology, KpbiMuKo 2010 CriMiCo,
2010. P. 208—209.
OhN.J. A Simple
Extraction Methodology for an On-Chip
Spiral Inductor / N.J.Oh, S.G. Lee //
ETRI journal, 2006. V. 28. Nel.
P. 115—118.

Tang Y. et al. Modeling of double-mt equiv-
alent circuit for on-chip symmetric spi-

Model  Parameter

ral inductors // Solid-State Electronics,
2008. V. 52. Ne7. P. 1058—1063.
Ciccognani W. et al. A compact high per-
formance X-band core-chip with onboard
serial-to-parallel conversion // 40th Euro-
pean Microwave Conference (EuMC). —
1EEE, 2010. P. 902-905.




AOKAAABI KOH®EPEHIIUU

8. Durev V. Parameter extraction of geometry dependent RF planar  15. Berroth M., Bosch R. Broad-band determination of the FET small-
inductor model / V. Durev, E. Gadjeva, M. Hristov // 17th Inter- signal equivalent circuit // ITEEE Transactions on Microwave The-
national Conference on Mixed Design of Integrated Circuits and ory and techniques, 1990. V. 38. Ne 7. P. 891—895.

Systems (MIXDES). — IEEE, 2010. P. 420—424. 16. Tayrani R. et al. A new and reliable direct parasitic extraction method

9. HuangA. et al. A new extraction method of extrinsic elements for MESFETs and HEMTs // 23rd European Microwave Confer-
of GaAs/GaN HEMTs // International Symposium on Radio-Fre- ence. — IEEE, 1993. P. 451—453.
quency Integration Technology (RFIT). — IEEE, 2014. P. 1-3. 17. Angelov 1., Zirath H., Rosman N. A new empirical nonlinear model

10. Rafael-Valdivia G. ef al. Nonlinear device model for GaN and GaAs for HEMT and MESFET devices // IEEE Transactions on Micro-
microwave transistors including memory effects // International Micro- wave Theory and Techniques, 1992. Vol. 40. Is. 12. P. 2258—-2266.
wave and Optoelectronics Conference (IMOC). — IEEE, 2015. P. 1-5. 18. Bilevich D. V. et al. The extraction of model parameters of the direct

11. Olomo A. Nonlinear GaAs pHEMT model with trapping effect for small current element Ids in a nonlinear model of the transistor // Conf.
signal and dynamic large signal design // 11th European Microwave on Electronics Devices and Control Systems, Tomsk, 2017. —
Integrated Circuits Conference (EuMIC). — IEEE, 2016. P. 345—348. Ne1-2. P. 213-214.

12. Salnikov A.S., Goryainov A.E., Dobush I. M., Kalentyev A.A., 19. Angelov 1., Angelov 1., Bengtsson L., Garcia M. Extensions of the
Garays D. V. Approach to scalable modeling for planar inductor Chalmers nonlinear HEMT and MESFET model // 1EEE Transac-
using EM simulation and a few samples measurement // 2017 IEEE tions on Microwave Theory and Techniques, 1996. V. 44. Ne 10.
MTT-S Int. Conf. Numer. Electromagn. Multiphysics Model. P. 1664—1674.

Optim. RF, Microwave, Terahertz Appl, 2017. P. 55-57. 20. Bilevich D.V., PopovA.A., SalnikovA.S., DobushI.M.,

13. Salnikov A.S., Goryainov A.E., Dobush I.M., Kalentyev A.A., Goryainov A.S., Kalentyev A.A., Garays D.V. Automatic nonlin-
Garays D.V. Fast Automated Techniques for Planar Integrated ear modeling technique for GaAs HEMT. X11 International scientific
Inductor Modelling in GaAs and Si Technologies // 27th Interna- and technical conference Dynamics of Systems, Mechanisms and
tional Conference «Microwave and Telecommunication Technol- Machines (Dynamics). 2018. (In press).
ogy» (CriMiCo’2017), 2017. P. 136—142. 21. Dobush I.M. [nvestigation of “Open”, “Open-Short”, “Open-

14. Dambrine G. et al. A new method for determining the FET small-sig- Short-Thru” de-embedding methods for on-wafer measurements

nal equivalent circuit // IEEE Transactions on microwave theory
and techniques, 1988. V. 36. Ne 7. P. 1151—1159.

of S-parameters of MMIC Elements // TUSUR journal. 2014.
Ne4(34). P. 138—145.

6. DincT. et al. X-band SiGe bi-complementary 12. Salnikov A.S., Goryainov A.E., Do- 17. Angelov ., Zirath H., Rosman N. 4 new
metal—oxide semiconductor transmit/receive bush I. M., Kalentyev A.A., Ga- empirical nonlinear model for HEMT and
module core chip for phased array RADAR rays D. V. Approach to scalable modeling MESFET devices // 1EEE Transactions
applications // 1ET Microwaves, Antennas Jfor planar inductor using EM simulation on Microwave Theory and Techniques,
& Propagation, 2015. V. 9. Ne9. P. 948—956. and a few samples measurement // 2017 1992. Vol. 40. Is. 12. P. 2258 —2266.

7. PostJ.E. Optimizing the design of spiral IEEE MTT-S Int. Conf. Numer. Elec- 18. Bilevich D.V. et al. The extraction
inductors on silicon // IEEE Transactions tromagn. Multiphysics Model. Optim. of model parameters of the direct current
on Circuits and Systems II: Analog and RF, Microwave, Terahertz Appl, 2017. element Ids in a nonlinear model of the
Digital Signal Processing, 2000. V. 47, P. 55-57. transistor // Conf. on Electronics Devices
Nel. P. 15-17. 13. Salnikov A.S., GoryainovA.E., Do- and Control Systems, Tomsk, 2017. —

8. Durev V. Parameter extraction of geome- bush I. M., Kalentyev A.A., Garays D.V. Ne1-2. P. 213-214.
try dependent RF planar inductor model / Fast Automated Techniques for Planar 19. AngelovI., AngelovI., BengtssonL.,
V. Durev, E.Gadjeva, M. Hristov // Integrated Inductor Modelling in GaAs Garcia M.  Extensions of the Chalmers
17th International Conference on Mixed and Si Technologies // 27th Interna- nonlinear HEMT and MESFET model //
Design of Integrated Circuits and Systems tional Conference “Microwave and IEEE Transactions on Microwave The-
(MIXDES). — IEEE, 2010. P. 420—424. Telecommunication Technology” ory and Techniques, 1996. V. 44. Ne 10.

9. HuangA. et al. A new extraction method (CriMiCo’2017), 2017. P. 136—142. P. 1664—1674.
of extrinsic elements of GaAs/GaN  14. Dambrine G. et al. A new method for  20. Bilevich D.V., Popov A.A., Salni-
HEMTs // International Symposium determining the FET small-signal equiv- kov A.S., Dobush I. M., Goryainov A.S.,
on Radio-Frequency Integration Tech- alent circuit // 1EEE Transactions Kalentyev A.A., Garays D.V.  Auto-
nology (RFIT). — IEEE, 2014. P. 1-3. on microwave theory and techniques, matic nonlinear modeling technique for

10. Rafael-Valdivia G. et al. Nonlinear device 1988. V. 36. Ne7. P. 1151—-1159. GaAs HEMT. XII International scien-
model for GaN and GaAs microwave transis- 15. Berroth M., Bosch R. Broad-band deter- tific and technical conference Dynamics
tors including memory effects // International mination of the FET small-signal equiv- of Systems, Mechanisms and Machines
Microwave and Optoelectronics Confer- alent circuit // 1EEE Transactions (Dynamics). 2018. (In press).
ence (IMOC). — IEEE, 2015. P. 1-5. on Microwave Theory and techniques, 21. Dobush I.M. [nvestigation of “Open”,

11. Olomo A. Nonlinear GaAs pHEMT model 1990. V. 38. No 7. P. 891—895. “Open-Short”, “Open-Short-Thru” de-
with trapping effect for small signal and 16. Tayrani R. et al. A new and reliable direct embedding methods for on-wafer meas-

dynamic large signal design // 11th European
Microwave Integrated Circuits Conference
(EuMIC). — IEEE, 2016. P. 345—-348.

parasitic extraction method for MESFETs
and HEMTs // 23rd European Microwave
Conference. — IEEE, 1993. P. 451—453.

urements of S-parameters of MMIC Ele-
ments // TUSUR journal. 2014. Ne4(34).
P. 138—145.





