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A Realistic Large-Signhal MESFET Model for SPICE

Anthony Edward ParkeiSenior Member, IEEEand David James Skellermember, IEEE

Abstract—A comprehensive large-signal MESFET model that latter does not handle frequency-dispersion effects, which are
provides a realistic description of measured characteristics over sjgnificant in MESFET’s. The model presented here uses
all operating regions is presented. It describes subthreshold con- a nested transformation technique to include subthreshold

duction and breakdown. It has frequency dispersion of both t withi fi functi 111. This qi .
transconductance and drain conductance, and derates with power CUT€Nt within a continuous function [11]. This gives superior

dissipation. All derivatives are continuous for a realistic descrip- accuracy that extends to the normal operating region [12].
tion of circuit distortion and intermodulation. The model has Anomalous rate-dependent behavior is also a primary con-
improved descriptions of capacitance and bias dependence. It hassideration in MESFET modeling. Several models implement
small-signal 5-parameter accuracy extended to a wide range of fequency-dispersion effects by incorporating extra nodes that
operating conditions. The model is implemented with new tech-

niques for continuity and dispersion. These provide accurate pre- are usgd to modulate the output conductance [13]-{15]. How-
diction of circuit performance and also improve simulation speed. €Ver, dispersion of both transconductance and output conduc-
tance is required. The new model describes the frequency
dependence of output conductance and transconductance about
any bias point in a manner that is consistent wfitiparameter

I. INTRODUCTION and pulse measurements. The extent of self-heating and dis-

HE MODEL developed in this paper has been designé’(?rSion effects vary with the rate of terminal excitation.
to provide an accurate description of GaAs MESFET's in Before the development of the model, the following sec-

large-signal RF applications and communication circuits. THEN identifies those elements that are extrinsic to the main

model is continuous for accurate harmonic distortion analysfEScription. Then the following section presents the intrinsic
—source current model. The subsequent section gives

frequency dependence, and independent characterizatiordofdrain , \ _

various operating regions. details of rate dependence and frequency dispersion. Finally,
For accurate harmonic and large-signal analysis, a d8€ charge storage model is presented.

scription with high-order continuity is essential. The equa- Il. EXTRINSIC MODEL

tions used must maintain strict continuity in their high-order he devel f th S del 4 in thi
derivatives over all terminal potentials. In general, established '€ development of the MESFET model presented in this

MESFET models have discontinuous empirical simplificatior%aper starts fro”_‘ the simple view of a field-effect tranS|stor_
that compromise their accuracy. Several are based on fied doped s_emlconduc'_tor channel between source and _dram
hyperbolic tangent description [1]-[3]. This is not accurattgr;nmals‘ This (ihanngl IS (_:(t)]ntrolled by depletlng theTrr]eg|on
in the controlled-resistance region, in which these modéf§der @ gate egctro e with a gate-source bigs; e
predict incorrect drain conductance. Giving dependence gvice operates in three modes. In the controlled-resistance

gate bias to the knee potential improves this [4], but a[HOde’ the drain-source currenps is proportional to the

increased third-order component observed in the knee regio jgin—source voltageps. As ups mcreases,_the device enters
§ e controlled-current mode where the drain current ceases to

not predicted. The proposed solution is to start with a clas

model of FET operation in the controlled-resistance regicﬂ?‘e with drain potential because at the drain end, the channel is

and modify it to describe controlled-current operation due ﬁ)ompletely depleted, or pinched off. The th|rd_mode s cutoff,
velocity saturation. where no current flows because the channel is depleted at the

The prediction of distortion has been improved by usinﬁ;Ource end. - . .
higher order descriptions of the transfer characteristic. Severz.?irhe_ FET model_, shown in Fig. 1, is more comp_rehen_swg.
models use cubic [5] and general power laws [6]. Howevé? ec_trlcal <_:onnect|on to the so_urce and drain terminals is via
most omit subthreshold conduction and have a conditioncéh"ﬁ,mC resistance elements with valugs and Rp. These

cutoff. Others use a separate exponential description Wrﬁ,ﬁllstgnces acrje mdepen@ent foLtempera}ture and te;mmsl poten-
an abrupt transition from normal mode to cutoff mode [7]t,Ia s. Correct determination of these resistances and subsequent

pde-embedding is crucial to accurate extraction of the other

Index Terms—MESFET’s, modeling, simulation.

[8]. There is always a nonphysical discontinuity in hig del
order derivatives associated with the transition to cutoff/9%€ parameters.

Other models maintain well-defined derivatives, such as [g] The gate elgctrode forms a Schottky contact, which is
for MOSFET's and [10] for HEMT's and MESFET's. The odeled by drain—gate and gate—source currents. The standard
diode equation describes these currents with paraméters
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Fig. 1. Lumped-element topology of the FET model.
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The forward current parameters are easily determined by Gate-source Potential (V)
fitting to measurements of gate current at zesg and mod- Fig. 2. Drain(+) and gate(s) current of an MGF1400 GaAs MESFET
erate forward gate—source bias. The breakdown parameteqegsured at drain—source potentials of 1 m_V and 2.0 V. Simulated drain (- - )
are determined from measurements of gate current with Ia@’gj gg;kgﬁ) currents were produced with parameters in (1) selected to fit
- . gion where;), < —6.0 V, and the forward gate—current
negativevgp. The breakdown potentiaisp should not be region, ves > 0.5 V.
confused with a data-sheet specification. The parameters are
chosen to fit measurements such as shown in Fig. 2. Typi
values ofVgp are less than 1 V.
Channel current from drain to source is described by an Vit = §(dy = Vro)vgr ' 3)
intrinsic-current source. &(¢p — Vro) +var
The termsp, and Vo are the gate—junction barrier potential
and the gate—source potential required to pinch off the channel,
. ) _respectively. The parametérhas the same interpretation as
A general power-law function of effective gate and draify the analytic model of [16]. It is related to the product of
potentialsvgr and vpr describes the intrinsic drain-sourcgne gate length and electric field strength required for velocity
current with model parametey$ and @: saturation. For a }sm GaAs MESFET¢ is approximately 0.3.
. At this point, the model is a conditional function that
ip = o[l = (1 = vor/var)?). @) switches bgtween operating modes. However, coinciding with
This is a description of controlled-resistance operatio%ac.h switch there is a discontintity in the derivatives. This is
where 0 < vgr < vpp. For Q = 2, it is the equation used an inherent fgult in any quel that uses cond|t|_on_al functions,
in the SPICE square-law JFET model. In the cutoff mod& tehrms (I)f Q|storé|on adncri] mtelrmodull_au.on predmg_qn. | f
wherevgr < 0, the original JFET model sets, = 0 and i Tfe S0 lljt'tc.m a o%te | e(;e IS .tg etr|]m||r.1ate con |t|?na urljc—
in the controlled-current mode, whergyr > wvgr, it sets lon formulfations and only describe [he linéar operating mode.
ip = ﬁng_ To accomplish this, the arguments in (2) must be restricted to
In the new model developed in this paper, the cutoff an@™ © (0,00) andvpr € [0, Vear). -
’ A smooth transformation implements the restrictiorvgf

the controlled-current modes will be modeled using (2) by. : .
placing a restriction on the values ofr and vpr such that ‘?é?ep:;agﬁéivfj which controls the shape of the saturation

0 < wgr < wpr IS always true. The important difference is thal
the restrictions will be implemented with smooth transform VDT = %\/(UDP‘/—l FZ+ Viar)2 + ZV2,
functions, which eliminate high-order discontinuities.

f@hction selects the lesser potential

I1l. INTRINSIC-CURRENT MODEL

— %\/(UDpvl—i-Z—Vsat)Q-‘rZVS%t. (4)

A. Controlled-Current Mode This function maps an alternative effective drain potential

The new model describes early onset of controlled-curremtr € [0,00) to vpr € [0, Viat). For low drain potentials
operation in a MESFET by placing a restriction on thepr ~ vpp and atvpp = 0, the second and higher derivatives
maximum value ofvpr. Operation is considered to be inwith respect toupp are zero. Thus, this transformation has
controlled-current mode whenpr > V,,. and is described no effect on the controlled-resistance mode description. When
by settingupr = Viat- vpp IS large, corresponding to large drain—source potential,

The model must select;,; to be the lesser ot and wvpt ~ Viat, SO (2) will describe controlled-current operation.
the velocity saturation potential. The latter is set by parametérZ is zero then the transition is extremely sharp, but a typical
& and the channel depletion potentiél, — Vro. A smooth value is between 0.5 and 1.5.
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400 ————F—————————————— 1 shown that values of” that are not near 2.4 have been the
PrN i result of incorrect extraction of the extrinsic resistances or the
S 200 ¢ pinchoff potential.

A3 A single set of dual power-law model parameters can
B0 describe both the controlled-resistance and controlled-current
3% 200 regions. Drain conductance in the controlled-resistance region
g versus gate potential is fitted with parameterTransconduc-

tance in the controlled-current region is fitted with parameter
Q. Typical values of@ are near 2.0 and the difference
betweenP and ) gives the model the characteristic extended
controlled-resistance region that is observed in measurements.

C. Cutoff Mode

Applying a large negative gate potential to a FET never
succeeds in completely cutting off drain current. Near pinchoff,
the current diminishes exponentially with gate potential and
A P S homermins i will increase when gate—drain breakdown occurs. Several
0 05 1 15 2 25 models have been proposed [18], [19], but not all correctly

Drain-source potential (V) separate drain—gate and drain—source currents. In this model,
Fig. 3. Current saturation and its first and second derivatives described g extrinsic-current element describes drain—gate breakdown.
the new model (—), and a hyperbolic tangent (- - -). Measured (data ) Diminishing intrinsic drain current is described by a smooth
is also shown. transformation that restricts the value of the tet@ar in
(2). The intrinsic drain—source current is never allowed to

The continuity of this transformation provides a descriptiocompletely cut off:
of the transition to controlled-current operation that correctly
describes drain—-source conductance. Fig. 3 shows the marked VGT = Vsr(1+ Mysrups)

improvement over the hyperbolic tangent function [1] used in n (1+exp VGST 7)
several other models. Vsr(1+ Mystvps) /)

This function maps the effective gate potential relative to
the channel pinchoff potentialigsT € (—00, ), t0 var €

The model provides independent control over the powem, oo). If vasr > Vst thenwvgr = vgsr and (7) has no
law exponent in the controlled-resistance and the controllegifect on the model. On the other handwifst < Vgr then
current regions. In the controlled-resistance mode, near zggo; is proportional to the logarithm of a quantity slightly
drain potential, the description is B, rather than) power |arger than unity. In this casesr will then be proportional
law. A mapping of the terminal drain—source potential to th® the exponential ofigsy.

effective drain potential of (4) implements thisial (P — Q) The termsMyst and Vsp are model parameters that can

Drain Current (mA)
Joh
Drain Conductance (mS)

B. Dual Power Law

power law be understood by substitution of (7) into (2). For smallr,
p v rP—qQ the logarithm of drain current in controlled-current mode is a
vpp = vDsa <¢L‘T/> (5) linear function ofvggsr:
b — YTO

Whenwvpg is large,vpp will also be large and (4) will set d log(ip) = @ log(c) .
vpr &~ Viat, SO the intrinsic drain current will be described dvast Vsr(1 + Mystups)
by (2) as a@ power law. In fact, for short-channel FET's, This region is clearly visible in Fig. 2, which us&g = 65
with small £, the modeled controlled-current characteristic iV and Mysr = 0.12 V-1,
approximately proportional to&;*. This is a useful assump- There is some interaction between the subthreshold
tion for estimating the paramet&p from measured transfer model parameters and the pinchoff potential, which includes
characteristics. frequency-dispersion and drain-feedback terms described in

Whenwvps is small,vpp Will be little changed by (4). The the following section.
drain—source conductance predicted by (2) then becomes thathe transformation ofiqsr, like the other transformations

(8)

of a P power law: in the model, is well behaved and infinitely differentiable.
dip Pt o_p Derivatives of the model remain continuous. Fig. 4 shows

Tons = Pugp (B(¢e — Vro)™ ™). (6) the resulting third-order derivative. It provides a superior
vps =0 prediction of measurement and thus, it can describe intermod-

Typical values ofP are near 2.4, which is the value that beatlation distortion realistically [12]. The phase of third-order
approximates the Shockley analysis of an ideal FET [17]. Thi®mponents in the normal-mode region is accurately described
is the expected behavior in conditions of low-electric fieldhy this model and matches results obtained fiSfparameter
Experience with many different types of GaAs MESFET’s haweasurements [20]. Fig. 5 shows simulated and measured
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different models: Statetal.[2] (------ ) and McCamanet al. [3] (- - -) with e-source Potential (V)

exponential subthreshold regions, and the new model (——). Measured data .
atvps = 2 V (e) is also shown. I§|Ig. 5. Measureds) and simulated ( ) fundamental and second and

third harmonic output products from a tm MESFET operating in com-

mon-source configuration with 5Q-source and load impedances. Results are
. . . . . for —24 dBm input tones at 40 and 60 MHz and a 2-V drain bias.

harmonic distortion of a typical MESFET. The simulated’ P

results predict the general structure of the distortion variation IV. FREQUENCY DISPERSION

with bias.

Rate-dependent anomalies in short-channel MESFET's are
well known [22] and produce differences between drain con-
D. Drain Conductance ductance at dc and at high frequencies. The model describes

In the controlled-current mode, the drain current rises wifRiS effect by responding to high-frequency deviations from
increasing drain potential. In short-channel FET’s, this effect & €stablished operating point.

an apparent modulation of the pinchoff potential. In this mod€\ prain Conductance and Transconductance
the effective gate—source potential relative to the channel

pinchoff potential includes modulation by the bias gate—drain 1he effective gate—source potential is redefined in terms of
potential the following instantaneous and bias potentials:

VGEST
vGsT = vas — Vro — UG- (9) =vas— Vro—7UGD — Mue(VaD —TGD) — e (Vas —Uas)-

o (12)
The dc description is similar to other models that mod- h del d . he bi dition b .
ulate the pinchoff potential with the drain—source potential. e model determines the bias condition by a continuous

Gate—drain modulation was chosen for this model for cons alculation of the average value of the terminal potentials as

tency with the description of frequency dispersion. ollows:
The pinchoff potentialVro and model parameter$ and TGs =vas — To i@
P are best determined from measurements in the controlled- dt
resistance region, near zero drain—source potential. A success- UGD =VaD — TG i@. (13)
ful procedure is to extract the pinchoff potential using the _ . dt . - .
Fukui method [21], then fi8 and P to (6). This allows the model to respond to variations in bias during

Substituting V.., for vpr in (2) and thenvasr given by a time-domain simulation. The average is accumulated over

(9) for vgr approximates the drain current description iRt user-defined time constantz, which is normally between

the controlled-current mode. The tery in (9), noting that 0.1-1 ms. . . . .
vap = vas — ups, is then seen to be the ratio of drain The SPICE implementation of (13) uses state variables in a

conductanceGy = dip/dups to transconductancg,; = finite-difference calculation of the averages [11]. The average

dip /dves: potential at timet is calculated by a weighted sum of the
DITrGS: instantaneous potential at timeand the previously calculated
. ay Gy 10) average zﬂme — At as follows:
Gd + gmi gmi ' U(t) = U(t) + (U(t - At) - U(t))e_At/T' (14)

The termwv here is eithewgs or vgp as required, and the

There are three model parameteisican, LFai, and pregent time and time stepht are provided by the simulator
LFys that set this ratio as a function of gate—source a%en it calls the model code.

gate—drain bias potentials as follows: At very low frequencies, the instantaneous and average

vt = LEFganm — LEFg1vGgs + LFgaUGD. (11) potentials are identical, so (12) reduces to (9).
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Fig. 6. Pulsed-bias measurée) and simulated (—)-V characteristics of Fig. 7. Transconductance (- - -) and drain—conductance (—) derived
a MESFET. The operating point (2 V, 12 mA) is shown by Gate—source from S-parameter measurements of a typical MESFETvgt = 4 V.
potential, from—1.2 to 0 V in 0.1-V steps, is a parameter. Measurements are also shows, x).

At high frequency, the average potentials remain constant, HORIZ 1 “(IDIV VERT 5o‘mA/plv
so the termsy;; andny,: have an effect. The drain conductance L A T S S
is increased by a factof,s /v and the transconductance is - / ‘ ]
reduced by a facto(l — ~vys — nue)/(1 — vi¢). The model S |
adjusts this high-frequency dispersion with bias using six ‘
model parameter§H Fian to H Fgp) as follows: —

Yur = HFgam — HFg1vas + HIGgovap
e = H Fpra — HEp1Tap + H FroUcs. (15) N

/
=

The termsy,: andny,: can be determined from the ratio of
measured high-frequency conductances to those predicted by
the low-frequency model. High-frequency drain conductanéd: 8 Simulated curve-tracer display for a typical MESFET. The shape
and transconductance can be extracted ffoparameter data requires both source—gate feedback and drain—gate feedback.

[23], or from measurements at tens of megahertz, or from )

pulsed|-V data. Fig. 6 shows a typical simulation of pulse- Thetermé is a m_o_del parameter related to the product of the

derived characteristics that exhibit increased drain condiéMmperature coefficient of current reduction and the channel

tance. Fig. 7 shows extracted and simulated conductantgrmal resistance. The model calculates average dissipated

obtained fromS-parameter data. power rather than using instantaneous power. The calculation
Separation of drain conductance and transconductance #is0Ver a time constant, using the algorithm of (14):

persion provides much better simulation of small-signal be- d

havior. Two feedback potentials provide a significant improve- P =ipvos =77 P 17

ment over models that use the average drain-source potentiathe thermal time constant is a realistic feature omitted from
[13]-{15]. The new model can simulate the characteristigany models. This omission in these models tends to balance
complexity observed in a curve-tracer measurement [22]. Afeir |ack of transconductance dispersion. The two feedback

L - e S

example of this is shown in Fig. 8. potentials in the new model allow it to separate the dispersion
and heating effects correctly. This provides a much better
B. Power Dissipation simulation of small-signal operation.

Power dissipated in the FET channel will inevitably give The ratio of dc drain conductand@ys = dips/dups to
a temperature increase with a corresponding reduction d transconductancs,, = dips/dvas is a relatively sim-

channel conductivity. The model describes this by scalifye function in controlled-current mode, where subthreshold
drain current with a function of average power dissipatioffonduction can be ignored:

A useful correction for junction heating is based on [3] as Gs iDg
follows: S A b (18)
ips = ip (16 Measurements of this ratio at low frequency can be used

14 6P to extracté.
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V. CHARGE STORAGE MODEL

Describing capacitance in a circuit simulator, such a§
SPICE, is complicated because the charges on the source &hd '°
drain are not state variables of FET operation. Despite this, the
simulator must maintain total charge conservation in order tg
avoid convergence problems [24]. In this model, gate charge8 .,
is defined by terminal potentials and is balanced by source agd%
drain charges. The model is an enhanced description basg& 0.4
on [2], implemented to conserve charge following [24]. Thisg ;
provides a suitable description even though the partition of
charge between source and drain is not explicitly defined. 2

0.8

C

at

-2.0 -1.5 -1.0 -0.5 0.0 0.5

; Gate-source Potential (V
A. Gate—Source Capacitance W

. Fig. 9. Experimental intrinsic gate—source capacitance data from various
Total gate Charg@gg is controlled by model par"’“’neterSMESFET’s atvps = 1.5 V. The corresponding modified capacitance model

Cas and Cgp respectively, which are the gate—source €& shown by solid lines. The original model is shown by dashed lines.
pacitance at zero gate—source potential and the gate—drain

capacitance . :
P C. Gate—Drain Capacitance

Qge = 2CasPp(1 — /1 = Vaew/#s) + CapVemz-  (19)  Bias dependence is also added to the capacitance model.
The effective potentials of [2] are modulated with the new

This function uses two effective potentialg,.,, and V,go, grameterfyAc as follows:

which in controlled-current mode, are the gate—source a
gate—drain potentials, respectively. In this mode the gate-drain Vg1 = %(UGS + vap + £/ vhg + &) + Yactps

capacitance, found by differentiation with respect to gate—drain .
potential, isCqp. Vemiz = 5(vas +vap — \/vhg + a?) +vacvps. (24)
‘The effective gate—source potential calculation of [2] is used These functions facilitate a reversal of charge when the
with a new parameter to add gate—source fringing capacitangfirce and drain potentials swap. This occurs over a re-
. 101 _ gion defined byc«, which is related in this model to the
Vaew =Vem X + 5(1 — Xo)(Vem + Vo drain potential at the knee between controlled-resistance and
+ v/ (Vetrr = Vro)? + (0.2/(1 — X¢))?). (20) controlled-current modes

. & Py =Vro
In controlled-current modéy.g; is the gate—source poten- o= SJr—l 5

ial. When thi ial is | h . .
ta en this potential is 1arga,., becomesugs and the The effect of y4oc in the controlled-current mode is to

gate—source capacitance follows a standard depletion capaci- i .
tance description give the gate—drain capacitance some dependencg;9ras

follows:
CGS CGS

Ces T—ves/ty. (21) Cya = Can(1l — vac) — 7ac T—ras/on
This capacitance model is adequate for predicting
S-parameters. Fig. 10 shows a typical set $¥parameter
curves over various bias conditions. Fig. 11 shows simulated
o XcCas 22) and measureds; from a similar device. Overall, small-signal
gs = 4\/% performance of the model is illustrated in Fig. 12. This shows
the accuracy of predicted-parameters over a wide range
B. Forward Gate Bias of bias conditions. Note that the simulation is accurate at

N , . . . = in th hreshol ion. Th h
Control over forward-bias junction capacitance is prowdeZ(}:PS 0 and in the subthreshold region e error near the

. ration kn f th vice i n n f sensitivi
with parametetF=. WhenV,.,, > Fo ¢y, the gate—source Ca_satu atio Knee o t € device is a co sequence ot se sitivity
. . . . . t? the rapid changes 5., rather than any increased error
pacitance is made a linear function of gate—source potential.. In

this condition, the model switches to an alternative descriptic')rrlw the model.

(25)

(26)

In cutoff mode,V,,. becomesX¢(vas — Viro) + Vro and
the capacitance is reduced by facf¢, rather than to zero:

of gate charge as follows: VI. | MPLEMENTATION
. (Vaew/d» — Fc)? The model presented here is an extended JFET description
Qg —CGS¢b{2(1 - V1-Fo)+ 4(1 — Fe)3/? that incorporates velocity saturation in a general power law.

Vaew /¢ — Fe The model is a gengral device description .valid for long-
W} + Cap Vet (23)  and short-channel noninsulated-gate FET’s. It includes second-
order effects that are important in short-channel GaAs MES-
Fig. 9 shows the improved prediction of gate—source capdeET’s. Dispersion of transconductance, drain conductance, and
itance obtained with these enhancements. heating due to power dissipation are modeled.
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TABLE |
SpiICE MODEL PARAMETERS FOR THE NEw MESFET MoDEL
Name Description Default Units Example Area Symbol
ACGAM Capacitance modulation 0 - 0.11 Yac
BETA Linear-region transconductance scale 10— AV-@ 0.30 X 8
CGD Zero-bias gate-source capacitance 0 F 200fF X Cep
CGS Zero-bias gate-drain capacitance 0 F 820fF X Cas
DELTA  Thermal reduction coefficient 0 w1 0.1 = é
FC Forward bias capacitance parameter 0.5 - 0.3 Fo
HFETA High-frequency vgs feedback parameter 0 - 0.10 HFpra
HFE!1 HFGAM modulation by Vgp 0 v 0.05 HFpg,
HFE2 HFGAM modulation by Vgs 0 v-1 0.17 HFgo
HFGAM High-frequency VGD feedback parameter 0 - 0.09 HFgam
HFG1 HFGAM modulation by Vsg 0 y—! 0.06 HFq
HFG2 HFGAM modulation by Vpe 0 v 0.01 HFgs
IBD Gate-junction breakdown current 0 A 800p X Igp
1S Gate-junction saturation current 10— A 1.1p x Is
LFGAM Low-frequency feedback parameter 0 - 0.03 LFgam
LFG1 LFGAM modulation by Vsa 0 vt 0.008 LFs
LFG2 LFGAM modulation by Vpg 0 v 0.0 LFgs
MVST Subthreshold modulation 0 \%a 0.04 Mvyst
N Gate-junction ideality factor 1 - 1.15 N
P Linear-region power-law exponent 2 - 2.4 P
Q Saturated-region power-law exponent 2 - 2.0 Q
RS Source ohmic resistance 0 Q 0.7 = Rs
RD Drain ohmic resistance 0 0 1 = Rp
TAUD Relaxation time for thermal reduction 0 S 10u ™
TAUG Relaxation time for gamma feedback 0 6] 1m ]
VBD Gate-junction breakdown potential 1 \% 1.2 1%°%5)
VBI Gate-junction potential 1 v 0.8 op
VsT Subthreshold potential 0 A" 0.07 Vsr
VIO Threshold voltage -2.0 v -1.5 Vro
XC Capacitance pinch-off reduction factor 0 - 0.2 Xe
XI Saturation-knee potential factor 1000 - 0.18 13
7 Knee transition parameter 0.5 - 0.34 Z
35
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Fig. 11. Measured and simulatesh; for a typical MESFET biased at
Fig. 10. Measured (—) and simulated (- - Syparameters from 0.5 to vps = 4 V. Each line is forvgs = —1.0,—-0.5, 0.0, and0.5 volts. Both
6 GHz of a typical MESFET at four bias points in the controlled-curreragnitude(x) and phasee) are shown.
operating moddvps = 1 and 2 V andvs = —1 and 0 V).
using the appropriate model parameters. Gate ohmic resistance

The implementation in SPICE3f4 sets default model paan be added, but it should be noted that a single area factor
rameter values that preserve the original SPICE JFET modsl.not adequate for multifingered devices. Table | lists the
The JFET temperature-dependence model, which affects gmrameters used in the SPICE implementation.
built-in and pinchoff potentials, is retained. The additional In summary, the SPICE model implements the circuit of
short-channel effects of the model are activated simply IByg. 1. The intrinsic drain—source current element is given
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Fig. 12. Absolute-square error in simulat8eparameters of a MESFET ref-
erenced to measurements at 2 GHz. Pinchoff is a5 V. The error function

TABLE 1l
SUMMARY OF THE GATE-CHARGE MODEL

The terms vgs, vgp, and vpg are as in Fig. 1. Other variables are
model parameters listed in table I.

If View < Foody

Qoo = 2Cas by (1 Vi= vnew/m) + Cop Vi

If FC¢I; < Vnew

Vne‘w — F 2
@ = cosn{2(1- Vi)« Gl

is the sum of squares of differences between simulation and measurement,

SIsm — 832,

TABLE 1
SUMMARY OF THE INTRINSIC DRAIN—CURRENT MODEL

The terms ipg, vgs, vep, and vpgs are as in Fig. 1. Other variables

are model parameters listed in table I.

Vnew/¢b ~ Fo
————= % + CapV.
(1— Fo)'/? D Vefs2
where
1
Vaew = Vi Xe + 3 1-Xe) (Veffl + Vro

+y/ (Ve - Vo) + 0271 - Xc))z)

where

and

with

veTr

vGgsT

Vg
Yhf
Nhf

vGs

vGD

DT

vpp

Vsat

ip

s = T 5p

P =1ipvps —7p dP/dt

tp = ﬂng [1 — (l — UDT/’U(;T)Q]

i

Vs (1+ Mysrvps)

vGEST
Sln {14+ ex ( ))
( P Vst (1 + MysTups)

vgs — Vro ~ iy vep

—Yuf (vap —VeD) — Mhs (Vas — VGS)
LFgam — LFg1vgs + LFg29GD
HFgam — HFg2vGgs + HFg2Vgp
HFgra - HFg190p + HFE2VGS
vgs — T dvgs/dt

vep — Tg dUgp /dt

1 2 .
5\/(UDPV1+Z+‘/5at) +ZV2,

1 2
—5\/(vup\/1 +Z—Viat) +2V2,

v P( vGT )P_Q
ps ~ |\ ———
Q \¢, - Vro

&(@ — Vro)ver /(€(¢s — Vro) + ver)

in Table Il, which summarizes equations (5), (7), (11)—(13
(15)—-(17). The gate—drain and gate—source diodes are

1
Vesri = 5 (vcs +vep + /vhg +¢12) +Y4cvDs
i
Vefrz = 2 (vcs +wvep — \/vhe + az) +7acvps
o = £ ¢ Vro
£+1 2

ac model is a correct representation of the large-signal tran-
sient analysis model at any dc bias. The rate dependency of
the large-signal model is implemented as frequency depen-
dence in the ac model. This provides very good agreement
with RF measurement. In addition, the model is symmetrical
with respect to drain—source potential. The transition during
drain—source potential reversal is smooth and continuous.

Despite the model’s sophistication, it runs up to five times
faster than simpler descriptions that do not use the nested
transformation scheme. The improvement is due to the overall
continuity of the model, which permits rapid convergence.
Also, average potentials are accumulated in state variables
rather than at extra nodes in the simulator [11].

VII. CONCLUSION

The comprehensive MESFET model presented in this paper
is accurate over an extended range of operating conditions.
It features high-order continuity for realistic prediction of
intermodulation and improved convergence speed. The model
has sufficient detail to predict high-frequenéyparameters

ver all bias points. The model has been implemented in vari-
Jus industry-standard simulators including those by University

f california at Berkeley (SPICE 3f4), EEsof, MicroSim,

scribed by (1). The gate—drain and gate-source capacitang@Scad, and Intusoft. Source code for SPICE3F4 implemen-

are the differential of (19) and (23), which use (20), (24), angtion is available via the Internet [25].

(25), and are summarized in Table III.
The model has been implemented with strict consistenggmmunications circuits. A single characterization is valid

between the basic SPICE analysis types. The small-sigf@al various operating modes encountered in microwave cir-

The new model is a valuable tool for the design of modern
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cuits. Descriptions of the controlled-resistance and controlled9] J. Conger, A. Peczalski, and M. Shur, “Subthreshold current in GaAs
current regions use independent power laws. Its rate depen- MESFET's” IEEE Electron Device Lett.vol. 9, pp. 128-129, Mar.

. " 1988.
dency adapts the model to any bias condition. Transcondyy) s. A" Maas and D. Neilson, “Modeling GaAs MESFET's for inter-

tance and drain-conductance dispersion occur during high- modulation analysis,Microwave J, vol. 34, no. 5, pp. 295-300, May
; ; ; ; ; 1991.

frequen_cy excursions arour_]d the bIE_iS pOIﬂ'F. Th|§ glve_s CorrZﬂ] H. Fukui, “Determination of the basic device parameters of a GaAs
small-signal S-parameters in any bias region, including the ~ MmesreT,”Bell System Tech. Jol. 58, no. 3, pp. 771~797, Mar. 1979.
controlled-resistance region. A thermal time constant contrdi?] Pf- |t4 Ladbrgokf and S. Fé'ai"g?}éé‘évé}ﬁe'd !?r\]/vjfretﬂuetr_lcy di];sperstir?n

facimati ; ; of transconductance in S 's with implications for other
response to power d|SS|pat|0n. There is no requirement for a rate-dependent anomaliesEEE Trans. Electron Devicewol. 35, pp.
suite of model parameters. 257-267, Mar. 1988.
G. Dambrine, A. Cappy, F. Heliodore, and E. Playez, “A new method
for determining the FET small-signal equivalent circuif?EE Trans.
Microwave Theory Techvol. 36, pp. 1151-1159, July 1988.
I. W. Smith, H. Statz, H. A. Haus, and R. A. Pucel, “On charge
nonconservation in FET's,JEEE Trans. Electron Devicesol. ED-34,
pp. 2565-2568, Dec. 1987.
(1996). SPICE Circuit Simulatar [Online].
http://lwww.mpce.mq.edu.au/elec/cnerf/spice/
FTP: mpce.mg.edu.au/pub/elec/spice/.
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