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A Spline Large-Signal FET Model Based on
Bias-Dependent PulsddV Measurement

Kyoungmin Koh, Hyun-Min Park, and Songcheol Homdember, IEEE

Abstract—A spline large-signal FET model is presented. Thisin-  Several groups have suggested simplified nonquasi-static
cludes a quiescent bias dependency to predict nonlinear dynamic approaches to improve the accuracy of FET models at high
behavior of FETs in which self-heating and trap effects are present. frequency [1]-[3]. Danielst al. represented the total current

The intrinsic device of the model represented by a parallel con- , .
nection of current and charge sources and the model parameters of each MESFET's node as a sum of conduction current and

are extracted from bias-dependent pulsed-V's and S-parameters, displacement current that can be obtained simply by path
respectively. The validity of the model is demonstrated by com- integration of small-signal conductances and capacitances [1].

paring the simulated small-signal S-parameters over a wide bias Roqueset al. modeled the intrinsic region of a pseudomorphic
range with measured data. Nonlinear behaviors of FETs such as pgh glectron-mobility transistor (p-HEMT) as a distributed
P, — P, third-order intermodulation distortion, and efficiency i
are also compared. R—C—g,, network and calculated each node current using
_ an integration of small-signal expression similar to that of
no'r:‘gfgsi_st;‘agm;ﬁg‘f‘spuls.’;" dE?—F\/ETlseIf-ll’]aergt?r-lsglgg;IectSmggl?r!lle Danielset al.[2]. In these two cases, it is required for the model
table-based model,trab effects. ' ' parameters t(_) satisfy integration path-independence rules in
order to obtain charges and RF currents from the measured
small-signal responses. However, the path independence is only
. INTRODUCTION valid for small nondispersive devices in which self-heating and

CCURATE large-signal FET models are absolutely nece$ap effects are not important. Wet al. suggested a specific
A sary for computer-aided high-frequency circuit design, e'gltegrati_on path considering self-heating effects [3]. preve_r,
pecially for power-amplifier design. Large-signal device model§ey omitted trap effects and assumed that the major dispersion
have evolved into three basic types, i.e., physical, empiricSﬁeCt is self-heating. The model described in this paper includes
and table-based models. Although analytic empirical models &@th self-heating and trap effects. The model parameters for
widely used because of their simplicity, they require good modeklf-heating and trap effects are obtained from bias-dependent
formulation and an optimization process during their model pgulsgd—Vs, which.allow the characterizations under isothermal
rameter extraction in order to fit measured data with reasoid isotrap conditions.
able accuracy. Moreover, nonphysical parameters are typically
added to attain accuracy in a wide range of operation voltages,
and the models still fall short in accuracy because of their im-
posed rigid analytic expressions. An alternative approach is aA large-signal FET model assumes that the intrinsic device
table-based model, which stores extracted model parametersatlinearities can be represented by a parallel connection of
many bias points directly in a table. Table-based models hausitage-controlled current sources and charge-based nonlinear
demonstrated their abilities to accurately predict device perf@apacitors [1], [2], [4]. The large-signal equivalent circuit,
mances, and these models are technology independent [1]-$#bwn in Fig. 1, uses three charge soure@s (, Qo.4, Qo.s),

They also eliminate the need of optimization in the model-exaree current sourcesl((y, Io.a, o s), and eight R—-L—C

traction process. These make the model versatile and efficiagttrinsic elements.

A problem associated with table-based model is the existencerhe extrinsic elements are extracted by using a cold FET mea-

of discontinuities in model elements or their first derivativessurement approach [5]-[7], and the intrinsic elements are di-

In spline model, the property of the B spline preserves mongectly calculated from the pulsddVs and measurefl-param-

tonicity and convexity because a function constructed from tlgers at various bias points.

B spline of polynomial degree can be made continuous to the  The total current into node (gate or drain at common source

(k — 1)th derivative. This is the very reason to use the splingnfiguration) is the sum of conduction currefifs,,,q) from

model. current sources and displacement currgiis,,) from charge
sources as follows:

Il. MODEL DESCRIPTION
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Intrinsic device the increase of the breakdown voltage [11]. Since the bulk-trap
Bias point (Vew, Vaw) | g, [, effects are dominant below the breakdown region, the effect of
AA ..
g,,g %’j W J"'_‘f« Vgso €an be negligible andk..,, can be expressed as
0,8 1
Qa,s :
To, -— i ftrap = f (Vdsm Vgs; vds) . (6)
T i Vds
R ! Since fi.ap becomes unity at zero quiescent drain bias, from
L ' (3)—(6), firap Can be obtained using
: ( )
L5 (Vin, Vaso, vgs, va
Fig. 1. Schematic of the MESFET model. ftrap (Vd507 Vgs, Uds) = - = - (7)

Igs (‘/tln Vaso = 0, Vgs, vds)

follows: where T, represents the pulsadV at the quiescent ik,

andVyeo. In our model, the extracted values fif.,, are fitted
-1 using a fifth-order B-spline function whose value is determined
by Viso, vgs @andugs.
Ve — fehermal 1S USed here to account for the channel current vari-
flplexp| =2—%) -1} ()
s2 XP v,
t

v
IO,g ('Ugs-/vds) = 1Is1 {exp <$
t
ation with the temperature increase due to internal power dis-
sipation(Pqiss), and it can be expressed as a function of only

- . Pyiss as follows:
wherel,, I,» andV; are fitting parameters and can be obtained®™**

from |-V measurements. The conduction current at the draj DC

node(Iy, d) is the main nonlinear component in FET models."™* ~ J(Paiss), wherePaiss = Vaso 1™ (Veso, Vaso)

The presence of self-heating and trap effects in FET devices (8)
causes great difficulty in modelinfy, ;. The self-heating and ) ) o

trap effects are varied by quiesceni bidS<0, Vaso) [8]-[12]. yvhere] DC describes the dc—V The el_ect_rlcal power dissipated
Thus, Iy, must be included in the dependence on quiescent bifsthe channel of the device is the principal cause of changes to
If it is assumed that the self-heating and trap effects modify tifée electron mobility(x.,, ), which, in turn, reduce the channel

channel current in a multiplicative wayp « can be expressed current mainly due to degradation in the scatter-limited elec-
as [8], [9] ’ tron drift velocity. Thus,finermar is related with electron mo-

bility. Since there exists a linear relationship betwées(1.,,)
andlog(7T) [14], and the channel temperatuf€) is propor-

To,d(vgs, vas; Veso, Vaso) = Laso (Vgss Vas) X ferap X fenermal o
R ( gs sy Vgs s ) S ( gs S) trap ¢ orm(a3) tional to the power d|SS|pat|qudiss)y fthermal can be modeled
as

wherel o is pulsed—V at the zero quiescent biaBy(o = 0V, log(fihermal) = @ + b x log(Paiss) 9)
Vaso = 0V). I44 Serves as a reference to describe self-heatin% -

and trap effects, which means th&t., and fiperma become Wherea andb are fitting parameters.

unity at the bias condition as follows: From (3), (5), (6), and (8)fihermal Can be obtained using

ftraP|VgsO:07VdsO:0 =1 fthcmal|vg;50:07VdSO:0 =L (4) ftherma1 (Pdiss (Vg507 VdSO)) = Ids (vaso./ Vd507 Vs Uds) .
Ids (‘/tha ‘/ds(); Vgs vds)
In casel is lower than the threshold voltagy), fihermal (20)
becomes unity due to negligible power dissipation as follows:
The extracted values Ofinerma are used to obtain thermal
Jthemat|v,.o<viy = L. (5) model parametet andb in (9).
Current conservation gives the equation/@f as follows:

14 is fitted using B-spline functions with fifth-order [13f;.;

and fierma are obtained from pulseldVs of multiple biases. Ios = —(Lo,g + Lo,a)- (11)

firap 1S Used here to account for the channel current variation

due to the trap effects. Electrons captured in traps at the quisrelaxation time approximation can be assumed, the displace-
cent bias affect the channel current because they remain in tragnt current at a given nodecan be described [1] as follows:
after the pulse is applied when the pulsewidth is shorter than

the emission time constant (a few milliseconds) [10]. There arj . o= on,k(Vgs, Vds) d Vo Vi I ;
two types of traps in the MESFET, i.e., the bulk and surfac disp,: (1) = dt - E(T’“( s Vas) d‘spvk(’))
state traps. The effects of the bulk trap depends on the quiescent (12)

drain bias, and are related to the reduction of the channel cur-
rent. To the contrast, the effects of the surface state trap depewtisre (), . is the quasi-static charge at nofleand 7, is the
on both the quiescent drain and gate biases, and are relatedharge redistribution time constant, which is used to represent
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nonquasi-static effects at high frequency. It has been verified TABLE |

that the integration of charge terms is approximately path inde- EXTRACTED VALUE OF PARASITIC ELEMENTS
pendent [1]-[4]. Thus, we perform integration of small-signal

conductances with respect to port voltages to obfajn. The R=09502 R=2920 R, =2130

relation between the large-signal model elements and the small-

signal parameters is derived by rewriting (1) with (12), then lin- Le=21.07pH Le=2071pH L,=0pH

earizing with respect to gate—source and drain-source voltages Coe=0.11pF Cpy=0.27 pF

as follows:

ik = (?IO”“ Vgs + (?IO”“ Vas + j,w . d‘QO’k Vgs Prior to extracting model elements, parasitic elements asso-
Wes 9Vas L4 jwig OV ciated with the metal pad structure and the contact resistances

Jw . 0Q07kvd (13) are deembedded from the measured data to provide intrinsic
14 jwrkg  OVas small-signal parameters. Parasitic elements that are deem-
_ . _ bedded from the data include series resistétg, R4, R,) and
wherej = \/—_1.3 = 27r:f,zk_ is the small-signal current at theinductors(Lg7Ld7Ls) and pad capacitancés’,,, C,q). Al
k node. The partial derivatives of the model elem&nt and  parasitic elements are assumed independent of bias. Cold FET
Qo,x and delay element,; can be described simply in terms ofyeasurements are performed at 17 bias points covering the
the intrinsicy -parameters by applying (13) to the gate and drajingev,,, = 0 to 0.8 V. The series resistors and inductors are
nodes and using the definition of the common-soufegaram-  cgiculated with a standard procedure using forward gate-bias
eters as follows: S-parameters under a cold FET condition [5], [6], and the
pad capacitances are calculated using pinched-off gate bias
N g+ w et jwen  (14) S-parameters under a cold FET condition [7]. Extracted values
are given in Table I.
wheregy, is the partial derivative ofy 1., andcy,; is the partial The resulting intrinsicY -parameters are used to determine
derivative ofQ . This equation is similar to the small-signalgri, cx1, and 7, at each bias point using the relation in (14).
model equations of [1] and [2}, cxi, and Ty are functions S-parameters were measured at 465 bias points covering the
of bias points and can be determined by fitting the expressioi®geVgso = —0.8100.6 V, V5o = 0t0 6V, with the frequency
on the right-hand side of (14) to each of the four intrirgipa- range from 0.5to 18 GHz. The extracted bias-depeneigaind
rameters at various bias points. The obtaipgds not used to 7x: are used for getting fifth-order B-spline coefficients, which
getly 4 because bias-dependefvparameters are not adequatére needed to generate interpolated values using the B-spline
to model the self-heating and trap effects dqg is obtained function. An equation for the general spline function is as fol-
directly from bias-dependent pulskd/s. For small-signal sim- lows [13]:
ulation, g»; andgs» are calculated from differentiating (3) with N, N,

respect tovgs andvgs, respectively. Sincgs; andgse are in- gy, 1 ) o B:(Voeo PAB: (Vi P 18
trinsic components and,s andvg, are external port voltages, (Viso: Vi) ZZ i.5Bi(Vgso: P1) Bj (Vaso, P2)  (18)

Jweg

i
kl v 9kl 1+ jwrm

voltage drop by parasitic resistors must be considered as fol- s
lows: whereS is the spline functiony; ; is the spline coefficient, and
B;, B; are one-dimensional B-spline basés,and P, are a set
o1 = 97’”, whereg,,, = Iy a/O0vgs (15) of spline knot points in th&,., andVs plane, andV; and N,
1= gm -qu represent the number of one-dimensional B-spline coefficients.
g22 = S wheregqg, = 9lp q4/0vqs. PulsedI-Vs for the self-heating effects modeling are mea-

1= gas - (R + Ra) sured at 24 different bias points covering the rakig® = —0.6

t00.6 V, Va0 = 010 6 V. All pulsed |-V data were obtained by
. . . . setting the pulsewidth to 400 ns and the period to A80The
The obtained: andry, are modeled using B-spline functions o, -ements during such a short time ensure that the device

with fifth order. Qo . can be obtained easily by path 'megrat'o?emperature is kept constant [10]. Fig. 2 shows the puilsed

of ¢x; and an integration of the spline function is represented %¥ita measured as the gate quiescent bias was chaiggc-(

very simple analytic form [13]. Charge conservation gives thf}o.(j —0.4,-0.2,0.0,0.2, 0.6 V) with the fixed drain quiescent
equation of@), s as follows: ’ ’ NN

voltage (aso = 6 V). Fig. 3 shows the modeled and measured

fthermal- We can deembed the self-heating effects by dividing

the pulsed-V data byfyemal- All resultant data became over-

lapped to the one measured at the threshold voltagedds V,

as shown in Fig. 4. This shows that the self-heating effects have

been successfully deembedded and the thermal model is valid.
To demonstrate the model, we extracted model elements of &ulsed—Vs for the trap effects modeling were also measured

2x 0.6x 50 um? GaAs MESFET. The device has a thresholdt 31 bias points covering the ranig, = 0to 6 V, while Vg

voltage of—0.6 V and a peak unity current gain cutoff frequencwas fixed at—0.6 V, which was sufficiently low to eliminate

of 18 GHz. the self-heating effects. These are shown in Fig. 5. Extracted

(16)

Qo,s = —(Qo,g + Qo,a)- (17)

I1l. M ODEL EXTRACTION AND |IMPLEMENTATION
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ViV] Fig. 5. Pulsed-V measured as the drain quiescent bias was swept while the

gate quiescent bias was fixediso = 0(e),2(A),4(0).6 (W) V at Vo =
Fig. 2. Pulsed |-V measured as the gate quiescent bias V-6 V.
was swept while the drain quiescent bias was fixed.

Vo = —0.6(m),—0.4(0),—0.2(e),0.0(0),0.2(A),0.6(A) V at 80 ; . . . ; :
Viso = 6 V. 2ol VenalSn0s V.02 sin) ]
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.. .. . . ° é 40 ]
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Fig. 3. Comparison of the measured (dots) and modeled (solidfine)....  Offered to install specifi€’-coded models. Once the quasi-static
currents, charges, and delays are determined, the model can be

80 . . - T - T implemented for a large-signal harmonic-balance mode, as well
70L Vee=—06~06V(02Vstep) o as for a small-signal ac mode.
60 : mmﬂ- g
ol ‘ J——— IV. M ODEL VALIDATION
< | gueanssd
é 40| | aanaansisi e ] Small-signal simulations with the large-signal model were
~% 30 it ] performed at 465 bias points covering the rangg = —0.8
20 [, smsﬁeimﬁﬁemeanw ] t0 0.6 V, Va0 = 0to 6 V, with a frequency range from 0.5 to
It o 18 GHz, and compared to the measusedarameters. Fig. 7(a)
10| ettt — ’ .
L [ s and (b) shows the simulated and measuteghrameters close
to the linear region¥ys9 = 0.6 V, V50 = —0.2) and in the
0 1 2 3 4 5 6 ds0 y Veso
VIVl saturation regionWaso = 4 V, Vg0 = —0.2), respectively.
The agreement between the modeled and measured data is very
Ffig- 4. After deembedding _ self-heating effects.good. Fig. 8 shows errors SFparameters between the modeled
}%12 ::6 V_0'6 (W), —0.4(0), ~0.2(0),0.0(O),0-2(4),0.6(A) V at 504 measured data at various bias points. The error is defined by

dimensional (3-D) spline function whose value is determined ST STe

. .. 1 N GQmea _ Smod 2 Qmea _ Smod 2
values offi,.p, using (7) were used to get coefficients for athreeg, — _—_ Z < 11 11 ) + ( 12 12 )
4N
i=1
by Viso,vgs andwvgs. Fig. 6 shows the pulseldV data, which

mea __ Qmod 2
are divided byf,,.,,. As a result, all pulset+V data measured + (S5 — SQ;Od)Q + <S”ST§22> ]
from four differentV,,0’s become overlapped. Itis apparent that 22
the trap effects have been successfully deembedded and the trap (19)

model is valid.

Circuit analysis is performed using HP ADS and our modeVhere N is the number of frequency points. The errors do not
was installed in HP ADS using a user-defined model, which exceed 3%. This also validates that the proposed large-signal
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10 Fig. 9. DCI-V characteristics. Simulation (solid lines) versus measurement
i (dots).
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70l Ver=-06~06V (02 V siep)
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Fig. 10. High-frequency-V characteristics. Simulation (solid lines) versus
measurement (dots) &, = —0.2 VandVy,o =4 V.

Frequency 0.5 to 18.0 GHz %0 ) ' T ) ' ! .30
(b) — / 25
. . . . =) 25 = Trreree 1
Fig. 7. Small-signalS-parameters. Simulation versus measurement. (a) At o 20
Jeso = —0.2VandVyse = 0.6 V. (b) At Voo = —0.2VandVyo = 4 V. £ ‘% | )
[O: simulation.(): measurement. 5 = 20} 115 ;
Bt —
5ot 110 &
& 15} ]
45
10 I 1 1 I 1 1 0
14 12 -0 -8 6 -4 2 0

P, [dBm]

NN
R

: Fig. 11. Simulated and measured one-tone test at 1.95 GHz. Measurement:
A RS SRRSO . X .
&W““ 6 B (Gpower), A (Poyut), o (PAE). Simulation: line.
R
RS,
V[V 1 . . . .
sVl e V[Vl tion. Fig. 10 shows the simulated and measured high-frequency
I-V characteristics at an arbitrary quiescent bldg{ = 4 V,
Fig. 8. Errors between the measured and simul&tedirameters. Veso = —0.2). Good agreements between simulated and mea-

sured results show that the model is accurate in both dc and
model is accurate in reproducing the small-signal characteriggh-frequency simulation.

tics. To verify large-signal characteristics, we also extracted model
The simulated dd—V characteristics of the MESFET overparameters of a packaged GaAs MESFET, which has a satura-
the voltage rang&,so = —0.8t00.6 V, Va0 = 0to 6 V are tion current(/4s) of 200 mA and a drain—source breakdown
shown in Fig. 9. During this simulatiori/,so and Vg follow  voltage of 20 V. A one- and two-tone test were performed at a
vgs @andugs, respectively, in (3). High-frequendyV character- bias conditionVys = 10V, I35 = 80 mA) and a matching con-
istics of the MESFET at various quiescent bias points are aldition (T'source = 0.8252119.6°, T'paq = 0.734/£74.3°).
simulated and compared with pulsed/s. High-frequency-Vs Fig. 11 shows the simulated and measured one-tone test. Sim-
are simulated using (3) under the fix&ds, and Vyso condi- ulation results perfectly predict power gain, output power, and
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Fig. 12. Simulated and measure two-tone test at 1.95 GHz. Measuremerth]

B (Pruna), A (Ps.q). Simulation: line.

power-added efficiency (PAE). Comparison between simulated

and measured third-order intermodulation (IM3) is shown in

Fig. 12. This figure shows the model is very accurate in repro-

ducing the nonlinear characteristics of FETSs.

V. CONCLUSION

A nonlinear FET model with thermal and trap effects has be
introduced and the extraction method of the model paramet

has also been presented. The model parameters can be extrig

using pulsed-Vs andS-parameters, which are measured as't
quiescent voltages are changed. The model shows an exce

agreement between measured and simulated data in both small-

and large-signal characteristics.
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