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Abstract—We developedan efficient method to determine a large-
signal look-up table model for InP HEMTSs. By performing the mea-
surementson a logarithmic frequencyscale,we have a high resolu-
tion at lower frequenciego accurately characteriseimpact ionisation,
and sufficient data points at millimetr e wave fr equenciego extract the
non-quasi-staticparameters.

|. INTRODUCTION

InP HEMTs outperformthe high-frequeng performance
of GaAsbasedVIESFETsandHEMTSs. Dueto the higher
substrateandprocessingostcomparedo GaAs,their use
is mainly orientedtowardscircuit applicationsatmillimetre
wave frequencieswhereGaAsbaseddevicescannot meet
therequiredspecifications For this reasonjt is necessary
to have amodelthatcanaccuratelydescribethe non-linear
behaiour of InP HEMTSs at millimetre wave frequencies.
However, the model shouldalso be accurateat the lower
frequenciego predictwell all characteristicsf frequeng-
shifting circuits suchasfrequengy multipliers and mixers.
An importantphysicalphenomenonhat is manifestedin
the DC and S-parametecharacteristicsn the lower GHz
rangeis the so-calledkink effect, which is causedby im-
pactionisation[1]. Impactionisationoccursin InNPHEMTs
at lower drain-sourcevoltagescomparedto GaAs based
HEMTS, dueto the lower bandgapof the InGaAschannel
layer This effectis hencenoticeableat typical operating
conditionsof non-linearapplicationsand shouldtherefore
beincludedin thennon-lineamodelrepresentation.

There are alreadyreportedapproacheto model FET-
type devices,but theseareeitherlimited to verificationsat
microwave frequencieg?], [3], to a bias-dependergmall-
signalmodel[4], [5], or to GaAsbasedFETs[6], where
impactionisationis normally not considered.

In thiswork, we presenawayto determinealarge-signal
look-uptablemodelfor InP HEMTSs thatis valid from DC
up to millimetre wave frequencies. As InP HEMTs are
standardlylow-power devices, they are primarily usedin
low-power non-linearapplicationssuchasmixersandfre-
gueny multipliers,andlessin power applications For this
type of circuits, it is importantto predictwell the higher
order harmonicsand intermodulationproducts,but issues
suchasheatingcanbe consideredssecondorder

We first presentthe reasoningof the usedsmall-signal
and large-signalequivalent schemetopologiesin Section
I, beforewe outline in detail the modelling proceduren
Sectionlll. In SectionlV, we shaw theresultsof bothsmall-
signalandlarge-signakxperimentaimodelvalidation.

I1. (NON-)LINEAR EQUIVALENT CIRCUIT MODEL

The modelling procedurecan be consideredas an ex-
tensionof the GaAs PHEMT modelling methodthat we
publishedearlier [7]. In that paper where only experi-
mentalresultsat microwave frequencieswvere shavn, we
proposeda non-quasi-staticmall-signaland correspond-
ing large-signalequivalentschemewherethe feedbackel-
ementswere replacedby transelements. To model InP
HEMTs up to millimetre wave frequencies,this small-
sighal equivalentschemeneedsto be extended. The first
modificationis thatwe split the extrinsic gateanddrainpad
capacitancem two to incorporatethe distributed effect of
the accesgsransmissiorines[4], [5]. Secondlywe adda
network atthedrainsideto modeltheimpactionisationef-
fect[8]. It is a parallel branchconsistingof a resistance
R;,, in serieswith the parallel connectionof a transcon-
ductancey;,,,, controlledby theintrinsic drain-gatevoltage
Vagi, and a capacitance’;,,. The completesmall-signal
equialentnetwork is representeth Figurel.

Theintrinsic large-signalequivalentschemehatis con-
sistent with the basic intrinsic small-signal equivalent
schemeconsistof a parallelconnectiorof achagesource
and a currentsourceat the drain, a currentsourceat the
gate,anda chage sourcein serieswith a bias-dependent
resistorat the gate. The split of the pad capacitancedoes
not influencethis schematic becausehey are part of the
extrinsic network. More importantis to find a consistent
large-signalrepresentatiorof the additionalimpact ioni-
sationnetwork. Basedon our experiments we found out
thatthis canbe treatedasa first orderdispersve network.
The principle is similar to the incorporationof the low-
frequeng dispersve behaiour of G, andG ;s in thekHz-
MHz frequeng range[9]. This meanshatwe extracttwo
timesthebias-depender®,,, andG 4, values.Thefirst ex-
tractionsare basedon frequenciesvhich are on one hand
higherthanthe low-frequeng dispersve frequeng range
andontheotherhandsmallerthanthefrequeng rangeover
which the impactionisationeffect affectsthe S-parameter
characteristicswhich typically corresponddo 45 MHz-
0.5GHz. Thesecondseriesof extractionsareperformedat
frequenciesvherethe impactionisationeffectis no longer
presentwhich typically correspondso frequenciesabove
7 GHz. After theintegrationof G,,, andG ;s towardstheir
respectie intrinsic terminalvoltages the first partleadsto
a drain currentdenotedby I, andthe secondpart to
I;,gr. Theintrinsic large-signalmodelis shovn in Fig-
ure2. In thisrepresentationye do notintegratethe capaci-
tancegowardschages,but directly usethe bias-dependent
capacitancesAt the gateside,wherechage conseration
is physically valid, this is mathematicallyequialent, al-
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Fig. 1. Small-signalequialentcircuit for InP HEMTs incorporatingnon-quasi-statiandimpactionisationeffects.
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Fig. 2. Intrinsiclarge-signaimodelfor InP HEMTs including non-quasi-statiandimpactionisationeffects.

thoughonehasto beawareof possiblepeculiaritiesn prac-
tical situationg10]. At thedrainside,chaige-conseration
is notnecessarilguaranteedyecaus¢herewe have amix-
ture of capacitancewith differentphysicalmeaningsCy;
canberelatedto the combinationof a spacechage capaci-
tanceandafringing capacitancevithin thedevice,whereas
thetranscapacitana@,, is arepresentatiofor theintrinsic
time delayr. This large-signakrepresentatiocanbe com-
pletedby addingafirst-ordentransferfunctionto modelthe
transitionbetweenthe DC measuredirain currentl;pe
andthe I, r, dueto the low-frequeng dispersionin the
kHz andMHz frequeng range[9]. Finally, notethat the
DC currentsl,, andI4;pc areexpressedsfunctionof the

total intrinsic gatevoltagel/;si andnot asfunction of the
gatevoltageV,,; acrosCy,.

After motivatingtheequivalentnetworks’ topologieswe
presenin the next sectiontheactualmodellingprocedure.

I1l. MODELLING PROCEDURE

The modelling procedureconsistsof threemajor steps.
First, the bias-(in)dependerdmall-signalelementsare ex-
tractedfrom multi-bias S-parametemeasurementsiNext,
the necessarintegrationstowardsthe correspondingtate-
functions are performedand finally, the modelis imple-
mentedn amillimetre wave circuit simulator

Thefirst stepis the determinatiorof the extrinsic, bias-
independentlements. Theseare extractedfrom cold S-

parametemeasurementasing a procedurethat we espe-
cially developedfor HEMTs [11]. The major difference
with similarmethodsor MESFETSis thatthismethoddoes
notrequiremeasuremertatawhich aretakenatconditions
wherealargepositive gatecurrentflows.

Subsequentlys-parametemeasurementsreperformed
atagrid of gateanddrainvoltages.A known dravbackof
look-uptablemodeld2] is thatthemodelaccuray of espe-
cially thehigherharmonicscanbelargelyinfluencedy the
way thelook-uptablesareinterpolated For thisreasonwe
usea non-equidistangrid with a global stepof 50 mV for
V,s andof 100mV for Vy,, but decreas¢histo 25 mV and
56 mV for V,, and Vy,, respectiely, whendataaretaken
closeto Vr andin thelinearregion. An alternatve option
is to representhe state-functionby an empirical expres-
sion,of whichthehigherorderderivativesarewell defined.
Sincethedrain currentis the mostimportantnon-linearel-
ement,it would be sufficient to only replacethe look-up
table of the drain currentby an empirical formula andto
maintainthetablesfor the othernon-linearelements.

In orderto have a high accurag from DC up to above
100GHz, S-parametemeasurementat a singlefrequeng,
asin [2], are not sufiicient. On the otherhand, a linear
frequeng sweepis not efficient, because relatively high
numberof frequeng points, e.g.,201, is neededn order
to characterisavell the frequeng-dependenbehaiour of
impactionisation. Therefore we measuren a logarithmic
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frequeng scale,suchthatwe get suflicient informationat
low frequenciego extracttheimpactionisationrelatedpa-
rametersanda small numberof datapointsat millimetre
wave frequencieswhich is sufficient to extract the non-
quasi-staticelatedparameters.The intrinsic small-signal
elementsarecalculatedusingthefollowing equations:

Gas Re (Y22) 1)
Gm = Re(Yz —Yi2) 3
R; = Re(1/ (Y11 —Y11,)) 3)
Cyi —1/ (27 freq Im (1/Y7;)) 4
Cim = Cyi Mag (}’f—) ©)
Cis = —-1/@rfreqIm(1/¥n))  (6)
Cmn = Im(Ya —Yi2)/ (27 freq) @)
Tio = 1/freq|ypn(va,) (8)

whereY;;, denotesheDC valueof Y7;. Thisis subtracted,
becausahe I, state-functions directly measuredt DC.
This canbe donebecauseo I, frequeny dispersiorcan
be physicallyexpected.A secondeasornis thatthe extrac-
tion of the small-signalresistancedi,,; and R4, which
correspondo the large-signall, is illy conditioneddue
to thevery low gatecurrentat mostconsiderediascondi-
tions. The extractionsof the G,,, and R4, valuesthat af-
ter integrationleadto I,z are performedat the lowest
measurablérequeng. The R4, thatcorrespond$o Iy,gr
is determinedat the frequeng definedby 1/7;,. The HF
G, andtheotherintrinsicelementsanwell bedetermined
by taking the meanover the 10 GHz - 25 GHz frequeng
range,henceat microwave frequencieandwell above the
frequeng rangewheredispersve effectsmight occur

We implementedboth the measuremenand extraction
partsin ICCAP. An adwvantageof this software packages
the easeto definea logarithmicfrequeng scale.Also, we
systematicallyperformDC measurementanda coupleof
standards-parametemeasurementseforeandafterthese-
ries of multi-bias S-parametemeasurementdn this way,
we checkwhetherthe device hasbeengradually degrad-
ing [12]. If this would be the case,the gathereddatado
not longerleadto a modelwhich is representatie for the
consideredechnology The appropriatesolutionis hence
to adaptthe multi-bias grid accordingly Finally, we im-
plementedhe modelasa so-called'Symbolically Defined
Device” in the ADS high-frequeny circuit simulator

IV. EXPERIMENTAL VALIDATION

The accurag and limitations of the model have been
evaluatedat boththe small-andlarge-signalevel.

The first validationis to checkthe modelundersmall-
signaloperation.Figure3 presentshe comparisorof mea-
suredand simulatedS-parameterat a DC bias condition
wherethe impactionisationeffectis clearly present.This
effect is reflectedin the S-parameterby meansof anin-
ductive S22 anda decreaseds; atlowerfrequenciesThe
So1 isrepresentebothon apolarplot andona dB-scaleo
bettervisualisetheimpactionisationeffect. We noticethat
afirst-ordertransferfunctionmodelsthetransitionbetween
thel s r andly g sufiiciently well.
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Fig. 3. Comparisorbetweermeasuredsymbols)andsimulated(_) S-
parameterst (Vys, Vgs) = (-0.2V, 1.4V).
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Fig. 4. Measuredsymbols)andsimulated__) outputpower versusnput
power atthefundamentafrequeng of 16 GHz andthecorresponding

secondandthird harmonics.The DC biasconditionis (Vys, Vgs) =
(-0.3V, 1V).
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Fig.5. Measuredsymbols)andsimulated_ ) outputpowerversusnput
power atthefundamentafrequeng of 32 GHz andthecorresponding
secondharmonic. The DC bias conditionis (Vys, Vgs) = (-0.3V,
0.7V).

Consequentlywe have verifiedthe predictionof the out-
putpower atseveralfundamentafrequenciesindDC oper
atingconditions.Figure4 compareshe measuredndsim-
ulatedoutput power of the first threeharmonicsat a fun-
damentalfrequeny of 16 GHz. We notice that even the
third harmonicis well modelled which meanghatthegrid
of DC voltagesatwhich S-parameteraretakenis properly
chosenFigure5 shavsthegoodresultsof thefundamental
and secondharmonicoutput power at a fundamentafre-
quengy of 32 GHz. Figure 6 presentghe simulatedand
measuredutput power at 64 GHz at threedifferent DC
biasconditions.Thefirst condition(a) correspondso class
A operation,the secondcondition (b) is closeto Vr and
the third condition (c) is closeto V7 andin thelinear re-
gion. For thesethreedistinct conditions,we seethat the
outputpower is accuratelynodelled.Unfortunately it was
not possibleto apply a higherinput power at 64 GHz, due
to thelimitations of the availablehardware.

V. CONCLUSIONS

We developed an efficient procedureto generatea
non-quasi-statidarge-signallook-up table model for InP
HEMTSs, thatalsoincorporatesheimpact-ionisatioreffect.
By experimentalvalidation,we have demonstratethatthe
linearperformancés very goodupto 110GHz andthatthe
predictionof theoutputpower andits harmonicds goodup
to atleast64 GHz.
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Fig.6. Measuredsymbols)andsimulated__) outputpower versusnput
power at 64 GHz andat threedifferentbiasconditions:(Vys, Vs ) =
(-0.2V, 1V) (a),(-0.4V, 1 V) (b) and(-0.4V, 0.5V) (c).
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