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Abstract—We developedan efficient method to determine a large-
signal look-up table model for InP HEMTs. By performing the mea-
surementson a logarithmic fr equencyscale,we have a high resolu-
tion at lower fr equenciesto accuratelycharacteriseimpact ionisation,
and sufficient data points at millimetr ewavefr equenciesto extract the
non-quasi-staticparameters.

I . INTRODUCTION

InPHEMTsoutperformthehigh-frequency performance
of GaAsbasedMESFETsandHEMTs. Due to thehigher
substrateandprocessingcostcomparedto GaAs,their use
is mainlyorientedtowardscircuit applicationsatmillimetre
wave frequencies,whereGaAsbaseddevicescannot meet
the requiredspecifications.For this reason,it is necessary
to have a modelthatcanaccuratelydescribethenon-linear
behaviour of InP HEMTs at millimetre wave frequencies.
However, the model shouldalso be accurateat the lower
frequenciesto predictwell all characteristicsof frequency-
shifting circuits suchasfrequency multipliers andmixers.
An importantphysicalphenomenonthat is manifestedin
the DC andS-parametercharacteristicsin the lower GHz
rangeis the so-calledkink effect, which is causedby im-
pactionisation[1]. Impactionisationoccursin InPHEMTs
at lower drain-sourcevoltagescomparedto GaAs based
HEMTs, dueto the lower bandgapof the InGaAschannel
layer. This effect is hencenoticeableat typical operating
conditionsof non-linearapplicationsandshouldtherefore
beincludedin thenon-linearmodelrepresentation.

There are alreadyreportedapproachesto model FET-
typedevices,but theseareeitherlimited to verificationsat
microwave frequencies[2], [3], to a bias-dependentsmall-
signalmodel [4], [5], or to GaAsbasedFETs [6], where
impactionisationis normallynot considered.

In thiswork,wepresentawaytodeterminealarge-signal
look-uptablemodelfor InP HEMTs that is valid from DC
up to millimetre wave frequencies. As InP HEMTs are
standardlylow-power devices, they are primarily usedin
low-powernon-linearapplications,suchasmixersandfre-
quency multipliers,andlessin powerapplications.For this
type of circuits, it is importantto predictwell the higher
orderharmonicsand intermodulationproducts,but issues
suchasheatingcanbeconsideredassecondorder.

We first presentthe reasoningof the usedsmall-signal
and large-signalequivalent schemetopologiesin Section
II, beforewe outline in detail the modellingprocedurein
SectionIII. In SectionIV, weshow theresultsof bothsmall-
signalandlarge-signalexperimentalmodelvalidation.

I I . (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 frequencieswere shown, we
proposeda non-quasi-staticsmall-signaland correspond-
ing large-signalequivalentschemewherethe feedbackel-
ementswere replacedby transelements. To model InP
HEMTs up to millimetre wave frequencies,this small-
signalequivalentschemeneedsto be extended. The first
modificationis thatwesplit theextrinsicgateanddrainpad
capacitancesin two to incorporatethedistributedeffect of
the accesstransmissionlines [4], [5]. Secondly, we adda
network at thedrainsideto modeltheimpactionisationef-
fect [8]. It is a parallel branchconsistingof a resistance�����

in serieswith the parallel connectionof a transcon-
ductance� ���

, controlledby theintrinsic drain-gatevoltage�
	��
�
, anda capacitance� ���

. The completesmall-signal
equivalentnetwork is representedin Figure1.

The intrinsic large-signalequivalentschemethat is con-
sistent with the basic intrinsic small-signal equivalent
schemeconsistsof aparallelconnectionof achargesource
and a currentsourceat the drain, a currentsourceat the
gate,anda charge sourcein serieswith a bias-dependent
resistorat thegate.Thesplit of thepadcapacitancesdoes
not influencethis schematic,becausethey arepart of the
extrinsic network. More importantis to find a consistent
large-signalrepresentationof the additional impact ioni-
sationnetwork. Basedon our experiments,we found out
that this canbe treatedasa first orderdispersive network.
The principle is similar to the incorporationof the low-
frequency dispersivebehaviour of � �

and � 	��
in thekHz-

MHz frequency range[9]. This meansthatwe extract two
timesthebias-dependent� �

and � 	��
values.Thefirst ex-

tractionsarebasedon frequencieswhich areon onehand
higher thanthe low-frequency dispersive frequency range
andontheotherhandsmallerthanthefrequency rangeover
which the impactionisationeffect affectsthe S-parameter
characteristics,which typically correspondsto 45 MHz-
0.5GHz. Thesecondseriesof extractionsareperformedat
frequencieswheretheimpactionisationeffect is no longer
present,which typically correspondsto frequenciesabove
7 GHz. After theintegrationof � �

and � 	��
towardstheir

respective intrinsic terminalvoltages,thefirst part leadsto
a drain currentdenotedby � 	������

and the secondpart to
� 	������

. The intrinsic large-signalmodel is shown in Fig-
ure2. In thisrepresentation,wedonot integratethecapaci-
tancestowardscharges,but directlyusethebias-dependent
capacitances.At the gateside,wherechargeconservation
is physically valid, this is mathematicallyequivalent, al-
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Fig. 1. Small-signalequivalentcircuit for InP HEMTs incorporatingnon-quasi-staticandimpactionisationeffects.
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Fig. 2. Intrinsic large-signalmodelfor InP HEMTs includingnon-quasi-staticandimpactionisationeffects.

thoughonehasto beawareof possiblepeculiaritiesin prac-
tical situations[10]. At thedrainside,charge-conservation
is notnecessarilyguaranteed,becausetherewehaveamix-
tureof capacitanceswith differentphysicalmeanings.TVUXW
canberelatedto thecombinationof aspacechargecapaci-
tanceandafringing capacitancewithin thedevice,whereas
thetranscapacitanceTZY is arepresentationfor theintrinsic
time delay [ . This large-signalrepresentationcanbecom-
pletedby addingafirst-ordertransferfunctionto modelthe
transitionbetweenthe DC measureddrain current \ UXW:]_^
andthe \ UXW:`ba , dueto the low-frequency dispersionin the
kHz andMHz frequency range[9]. Finally, note that the
DC currents\Xc W and \ UXW:]_^ areexpressedasfunctionof the
total intrinsic gatevoltage d ec W:f andnot asfunction of the
gatevoltaged c W:f acrossT c W .

After motivatingtheequivalentnetworks’ topologies,we
presentin thenext sectiontheactualmodellingprocedure.

I I I . MODELLING PROCEDURE

The modellingprocedureconsistsof threemajor steps.
First, thebias-(in)dependentsmall-signalelementsareex-
tractedfrom multi-biasS-parametermeasurements.Next,
thenecessaryintegrationstowardsthecorrespondingstate-
functionsare performedand finally, the model is imple-
mentedin amillimetre wavecircuit simulator.

Thefirst stepis thedeterminationof theextrinsic, bias-
independentelements. Theseare extractedfrom cold S-

parametermeasurementsusinga procedurethat we espe-
cially developedfor HEMTs [11]. The major difference
with similarmethodsfor MESFETsis thatthismethoddoes
notrequiremeasurementdatawhicharetakenatconditions
wherea largepositivegatecurrentflows.

Subsequently, S-parametermeasurementsareperformed
at a grid of gateanddrainvoltages.A known drawbackof
look-uptablemodels[2] is thatthemodelaccuracy of espe-
cially thehigherharmonicscanbelargelyinfluencedby the
way thelook-uptablesareinterpolated.For this reason,we
usea non-equidistantgrid with a globalstepof 50 mV ford c W andof 100mV for dgUXW , but decreasethis to 25 mV and
50 mV for dbc W and d UXW , respectively, whendataaretaken
closeto dih andin the linear region. An alternative option
is to representthe state-functionby an empirical expres-
sion,of whichthehigherorderderivativesarewell defined.
Sincethedraincurrentis themostimportantnon-linearel-
ement,it would be sufficient to only replacethe look-up
tableof the drain currentby an empirical formula and to
maintainthetablesfor theothernon-linearelements.

In order to have a high accuracy from DC up to above
100GHz,S-parametermeasurementsatasinglefrequency,
as in [2], are not sufficient. On the other hand,a linear
frequency sweepis not efficient, becausea relatively high
numberof frequency points,e.g.,201, is neededin order
to characterisewell the frequency-dependentbehaviour of
impactionisation.Therefore,we measureon a logarithmic
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frequency scale,suchthatwe get sufficient informationat
low frequenciesto extracttheimpactionisationrelatedpa-
rameters,anda small numberof datapointsat millimetre
wave frequencies,which is sufficient to extract the non-
quasi-staticrelatedparameters.The intrinsic small-signal
elementsarecalculatedusingthefollowing equations:jlkXmon prqtsAu�vwvyx

(1)j{z n prqtsAu vX|Z} u |�v x
(2)~�� n prqts����Vs�u�|�| } u�|�|���x�x
(3)��� � n } �"�VsA�������wq����:��s��"��u |w| x�x
(4)�Vk z n � � ���(����� u�|�vu |w| � (5)�ZkXmon } �"�VsA�������wq����:��s��"��u�vwv�x�x
(6)�Zz n �:��sFu vX|Z} u |�v xg�VsA�������wq���x
(7)¡ �D¢ n �"�y���wq���£ ¤V¥ ¦�§3¨y©F©�ª
(8)

where
u�|w| �

denotestheDC valueof
u�|w|

. This is subtracted,
becausethe « � m state-functionis directly measuredat DC.
This canbedonebecauseno « � m frequency dispersioncan
bephysicallyexpected.A secondreasonis that theextrac-
tion of the small-signalresistances

~ � m�¬
and

~ � kD¬
, which

correspondto the large-signal« � m , is illy conditioneddue
to thevery low gatecurrentat mostconsideredbiascondi-
tions. The extractionsof the

j z
and

~ kXm
valuesthat af-

ter integration lead to « kXm:­b® are performedat the lowest
measurablefrequency. The

~ kXm
thatcorrespondsto « kXm:¯Z®

is determinedat the frequency definedby
�"� ¡ �D¢ . The HFj{z

andtheotherintrinsicelementscanwell bedetermined
by taking the meanover the 10 GHz - 25 GHz frequency
range,henceat microwave frequenciesandwell above the
frequency rangewheredispersiveeffectsmight occur.

We implementedboth the measurementand extraction
partsin ICCAP. An advantageof this softwarepackageis
theeaseto definea logarithmicfrequency scale.Also, we
systematicallyperformDC measurementsanda coupleof
standardS-parametermeasurementsbeforeandafterthese-
riesof multi-biasS-parametermeasurements.In this way,
we checkwhetherthe device hasbeengraduallydegrad-
ing [12]. If this would be the case,the gathereddatado
not longer leadto a modelwhich is representative for the
consideredtechnology. The appropriatesolution is hence
to adaptthe multi-bias grid accordingly. Finally, we im-
plementedthemodelasa so-called“Symbolically Defined
Device” in theADS high-frequency circuit simulator.

IV. EXPERIMENTAL VALIDATION

The accuracy and limitations of the model have been
evaluatedat boththesmall-andlarge-signallevel.

The first validation is to checkthe modelundersmall-
signaloperation.Figure3 presentsthecomparisonof mea-
suredandsimulatedS-parametersat a DC bias condition
wherethe impactionisationeffect is clearly present.This
effect is reflectedin the S-parametersby meansof an in-
ductive ° v�v anda decreased° v0| at lower frequencies.The° vX| is representedbothonapolarplot andonadB-scaleto
bettervisualisetheimpactionisationeffect. We noticethat
afirst-ordertransferfunctionmodelsthetransitionbetween
the « kXm�­b® and « kXm�¯�® sufficiently well.
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Fig. 3. Comparisonbetweenmeasured(symbols)andsimulated( ) S-
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Fig. 5. Measured(symbols)andsimulated( ) outputpowerversusinput
powerat thefundamentalfrequency of 32GHzandthecorresponding
secondharmonic. The DC bias condition is Ë,Ì ÍwÎ Ï:Ì Ð Î Ñ = (-0.3 V,
0.7V).

Consequently, wehaveverifiedthepredictionof theout-
putpoweratseveralfundamentalfrequenciesandDC oper-
atingconditions.Figure4 comparesthemeasuredandsim-
ulatedoutputpower of the first threeharmonicsat a fun-
damentalfrequency of 16 GHz. We notice that even the
third harmonicis well modelled,whichmeansthatthegrid
of DC voltagesatwhichS-parametersaretakenis properly
chosen.Figure5 showsthegoodresultsof thefundamental
andsecondharmonicoutputpower at a fundamentalfre-
quency of 32 GHz. Figure 6 presentsthe simulatedand
measuredoutput power at 64 GHz at threedifferent DC
biasconditions.Thefirst condition(a)correspondsto class
A operation,the secondcondition (b) is closeto ÒgÓ and
the third condition(c) is closeto ÒiÓ andin the linear re-
gion. For thesethreedistinct conditions,we seethat the
outputpower is accuratelymodelled.Unfortunately, it was
not possibleto applya higherinput power at 64 GHz, due
to thelimitationsof theavailablehardware.

V. CONCLUSIONS

We developed an efficient procedure to generatea
non-quasi-staticlarge-signallook-up table model for InP
HEMTs,thatalsoincorporatestheimpact-ionisationeffect.
By experimentalvalidation,we havedemonstratedthat the
linearperformanceis verygoodupto 110GHzandthatthe
predictionof theoutputpowerandits harmonicsis goodup
to at least64 GHz.
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Fig. 6. Measured(symbols)andsimulated( ) outputpowerversusinput
power at 64 GHz andat threedifferentbiasconditions: Ë�Ì ÍwÎ Ï:Ì Ð Î Ñ =
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