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ABSTRACT

The non-linear behaviour of MOSFETSs s historically represented by compact models. Now that MOSFETs are
gradually used in high-frequency analogue circuits, techniques originally developed for 111-V devices can be
applied and adjusted to MOSFETs. We present the development of an accurate table-based MOSFET model
and stress the differences with the corresponding HEMT implementation.

INTRODUCTION

The performance and yield of silicon technologies have reached the level of system-on-chip realisation. This
trend stresses the need for efficient and accurate non-linear MOSFET modelling to minimise the design cycles
of analogue circuits. The non-linear behaviour of MOSFETs was in the past mainly described by compact
models, such as the BSIM3 model (1), or more recently by empirical models, such as (2). These approaches
are historically driven by the need to be SPICE compatible. Nowadays, more and more microwave design
techniques enter the era of silicon analogue circuit design. Therefore it is advisory to evaluate typical IlI-V
compounds modelling techniques for MOSFETS. In this work, we present a procedure to determine a look-up
table MOSFET model. An important difference with compact models is that the proposed model is based on
high-frequency S-parameter measurements and not on DC and low-frequency C-V measurements, which could
hide particular HF problems, such as dispersion. A second difference is that there is only one device to be
measured, in contrary to several devices with various dimensions in case of compact models.

A look-up table model representation means that the device’s state functions, i.e., the charge and current
sources, are tabulated as function of the terminal voltages. These state functions are obtained by integrat-
ing the bias-dependent intrinsic elements of the transistor. The non-linear model is completed by incorporating
lumped components which represent the bias-independent extrinsic elements. We first focus on the determi-
nation of the small-signal equivalent circuit. Subsequently, we discuss the non-linear model and evaluate its
accuracy by comparing simulations with vectorial large-signal measurements.

NON-LINEAR MODELLING PROCEDURE

The MOSFET belongs to the field-effect device family, which means that the small-signal and large-signal
equivalent circuit topologies are similar to those of MESFETs and HEMTs (Figures 1 and 2 left). Therefore,

an important difference in the non-linear modelling procedures for different FET types lies in the determination

of the access elements. We make a clear distinction between, on one hand, the bonding pads and access
transmission lines and, on the other hand, the extrinsic, parasitic device elements, because the aim is to derive
a model for a device as it would be inserted in an actual circuit.

The first step in the modelling procedure is hence the de-embedding of the access transmission lines. Due to
the low-resistivity of standard silicon substrates, these transmission lines are strongly dispersive. Since EM
simulators are time-consuming and not yet provide the required accuracy for this kind of structures, on-wafer
calibration is often preferred. The drawback is that special passive structures need to be foreseen on the mask
set. In this work, we applied the three-step de-embedding method (3) to move the reference plane from the
probe tips to the device.

Subsequently, the extrinsic elements have to be determined. A wide-spread procedure for MESFETS is the
cold method developed by Dambriekal. (4). This method requires a non-negligible gate-current to extract

the extrinsic resistances and inductances. Because HEMTs already start to degrade at the required gate current
level, we proposed earlier a modified cold method (5) to overcome this condition. As the gate current level

of MOSFETs is very small, the modified cold method should be used. We obtained by this method values for
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the gate,drain, andsourceresistanceghat are consistenwith the physicallyknown squareresistancesf the
ohmic contactsand gatemetallisation. The valuesfor the extrinsic capacitanceandinductancesvere small
andnot clearlydefined.We think thatthis is dueto the three-stegle-embeddingnethod becausét is difficult
to designadequatgpassie structureghatresultin a clearseparatiorbetweenthe device andaccesgarts. A
possiblesolutionis to considerotheron-wafer calibrationmethodslik e multi-line techniques.

After de-embeddinghe extrinsic part, the bias-dependerintrinsic elementsanbe extracted. To have a con-
sistenttransitionbetweerthe small-signalandlarge-signalkequivalentschemeswe have takenthe small-signal
equialentcircuit topologyof (6) (Figure 2 right). Its basicprincipleis thatthe feedbackcapacitance’y is
replacedby atranscapacitancat both the gateanddrain. The maximumerror madeby converting the ‘con-
ventional’ equivalentschemeo this ‘modified’ topologyincreasewith frequeng andis for the investigated
MOSFETslessthan1% at50 GHz. As for HEMTS, thereexist optimalfrequeng bandsover which theintrin-
sic elementsareextracted.We foundthatall elementanaccuratelybe extractedat frequenciesipto 5 GHz,
exceptfor the chaging resistanceR; andthe drain-sourcecapacitance&’,;, for which a minimum extraction
frequenyg of 10 GHzis recommendedlo determinghebias-dependegof theintrinsicelementsS-parameter
measurementareperformedat multiple biaspoints. The biasstepsdependon the application.If the modelis
aimedfor usein the saturatiorregion, the typical stepsizesare50 mV for V,, and100mV for Vy,. In caseof
acold application suchasaresistive mixer, adensei(e.g.,20 mV) andalsonegative Vy, grid is required.
Thefinal stepin the non-linearmodellingprocedurds the integrationof the bias-dependenitrinsic elements
towardsthe correspondingerminalvoltages:

Vgsi Vdsi
Qgs (Vgsz’a Vdsz') = Cgi (V7 VdsiO) av + Cdm (Vgsia V) av (1)
Vgsio Visio
Vgsi Vdsi
Qas Vgsi, Vasi) = Cm (V, Vasio) dV + Cysi (Vysi, V) dV (2
Vgsio Vasio
Visi Visi
Igs (Vysis Vasi) = 1Las (Vgsios Vasio) + [, gmi (V, Vasio) dV + , Gdsi (Vgsi, V) dV (3
gsi0 dsi0

wheretheindex ¢ denoteghe internalgate-anddrain voltagesand Vg0, Vysio the startingpoint for the inte-

gration.A noticeablaifferencebetweerMOSFETsandHEMTs (7) is thelargercontritution of the MOSFET
feedbackcapacitanc€yq (Car, = Cr, = —Cyq) to thechage sourcesThereasoris thatthe MOSFETgateis

self-alignedbetweersourceanddrain,whereadHEMTs aretypically processeavith the gateoffsettowardsthe

sourceto decreas€’,y andthesourceresistanceFinally, theobtainedook-uptablemodelcanbeimplemented
in microwave circuit simulatorssupportingthis type of customisednodels.

NON-LINEAR MODEL VERIFICATION

The developedprocedurehasbeenappliedto a 36-fingernMOSFET (8) with a channellength of 0.18 um
anda total gatewidth of 146 um. We first comparedS-parametesimulationswith measurementat different
operatingconditionsto checkthe bias-dependersimall-signalkextractions.Non-linearmodelsonly canbefully
verified by vectorial large-signalimeasurement&®), which meanghatnot only the accurag of the simulated
magnitudebut alsothatof thephaseof thespectracomponentsf voltagesandcurrentscanbeevaluated It has
to be notedthat, in away similar to the de-embeddin@f the S-parametemeasurementshe referenceplane
of thelarge-signaimeasurementsasto be shiftedto thedevice planeby applyingthe three-stele-embedding
method. Figure 3 shawvs the very good agreemenbetweenthe measurednd simulatedfirst threeharmonics
of the outputpower. An adwantageof the measuremerget-upis thatmodelsalsocanbe verified undermulti-
toneexcitations. This is shawvn in Figure4, which presentghe well modelledtime-domainwaveformsof the
terminalvoltagesandcurrents.The transitionbetweenthe linear and saturationregime (Figure of Vg, (t)) can
still beimprovedby decreasinghe V,;, stepatwhich measurementsretakenaroundthe kneevoltage.

CONCLUSIONS

We developeda large-signallook-up table model for MOSFETSs. We pointed out that the basicprocedure
is similar to that of HEMTSs, but that specialattentionhasto be paid to the accuratede-embeddingf the
dispersie silicon accesdransmissionines. The non-linearmodel,beingverified by the novel vectoriallarge-
signalmeasuremertechniquejs shavn to beaccuraten bothtime andfrequeng domain.
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Figurel: Intrinsic non-lineaMOSFETmodel. Comparedo theusualMESFET/HEMTtopologies,I,, canbe
omitted.
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Figure2: Intrinsic small-signakquivalentschemeof the MOSFETwith conventionaltopology(left) andmod-
ified topology(right).



by [dBM]

-18

-15

-12 -9 -6

ay [dBm]

ba [°]

360 . : , , : .
300} —5 B |
o pOpoOpgoo0dQOOOo & oo
240 B 3f0 i
180 fo |
120 -Wx KR X—H—X— XXX X x X X X X X X M
60 2fo ]
O L 1 1 1 N .
18 -15 <12 -9 6 -3 0
aj [dBm]

Figure 3: Measuredand simulated(__) magnitude(left) and phase(right) of the first threeharmonicsof the
outputpower of a0.18um x 146 um nMOSFET(Vyspc= 0.6V, Vgspce= 1.2V, fo= 3.6 GHz).
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Figure4: Measuredx) andsimulated(_) time domainwaveformsof the terminalcurrentsandvoltagesof a
0.18 um x 146 um nMOSFET (Vgspc= 0.9V, Vygspe= 1.2V, fi= 3 GHz, a;= -10dBm, f= 3.6 GHz, ay=
-7dBm, ¢ (a2) —¢ ((],1): 37).
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