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Extraction of a Nonlinear AC FET Model
Using Small-Signab-Parameters

Joel H. K. Vuolevi and Timo RahkoneiMember, IEEE

Abstract—The nonlinearities of an RF FET can be obtained by calculations for a common-source amplifier using an analytical
a set of small-signal circuit elements extracted over a range of ter- \plterra model. The results show good agreement between
minal voltages and temperatures. This study used pulsefi-param- modeled and measured data
eter measurements on a 3x 3 dc-bias-point grid at two different '
temperatures to obtain electrical and electrothermal nonlinearity
coefficients up to the third order. The extracted nonlinear ac model

can be used in Volterra analysis to gain an insight into distortion II. NONLINEAR CHARACTERIZATION
mechanisms. The measurement results were in good agreement
with the calculated third-order intermodulation values. The nonlinear characterization of RF transistors and ampli-

Index Terms—Nonlinear characterization, nonlinearity, fiers has attracted a lot of attention in recent years. Research in
pulsed S-parameter measurements,S-parameters, self-heating, the area has two major approaches: empirical and physical. Em-
third-order intermodulation, Volterra model. pirical models, such as the nonlinear model with memory pre-

sented in [2], do not contain information about internal device
|. INTRODUCTION operation. The output of the amplifier is considered as a mem-

: . oryless two-dimensional function of input and output voltages,
UCH EFFORT has been put into developing accuratey : . P P g€
. ) : ahd memory is produced by input and output filters. The fil-
small-signal simulation models for RF FETs, and accuy- . .
. . ers and two-dimensional transconductance are extracted from

rate small-signal extraction procedures have been develope

. . sHPaII—si nals-parameter measurements performed over arange
to 10 GHz [1]. The standard extraction procedure is based 9 P b 9

op . " )

. of frequency and bias voltage values [2]. The addition of fil-

measured -parameters that are first convertedteparameters. . . . . -

After deembedding extrinsic components, the circuit elemer;[?srS 's an important step toward modeling a nonlinear amplifier
. 9 P T : with memory, but it must be noted that the filters fail to char-

of the transistor can then be calculated using analytical equa- _ . .

tions acterize memory correctly. For example, internal frequency-de-

; o . . endent feedback produced by the transistor connects nonlinear
Linearity is one of the key requirements in modern telecorﬁ P y

. . . L responses back to the input. Effects such as these tend to be ne-
munication systems. To improve the linearity, it is necessary t?ected in those kinds of models
simulate nonlinear effects in FETs, and nonlinear device ch In physical models, every pérameter has some form of
acterization is needed. This paper extends well-known Smalhysical significance, These models provide information
signal characterization methods into nonlinear characterizatign '

The procedure is based on a set of small-signal circuit elemeaPsOlJt internal device operation and are good at predicting

: damental signal properties [3], [4] over a wide range of
extracted over a range of bias voltages and temperatures, and the o
: iy S . frequency. Howeverth-order derivatives of the curves must
nonlinearities of the circuit elements are calculated from neigh-

boring measurement points. This method enables third-or eeraccurate fonth-order distortion simulations. Since physical

polynomial characterization and allows the simulation of third" odels are constructed such that one fixed equation covers

order intermodulation (IM3) distortion generated by eIectrlcéa” operation regimes, derivatives OT the curves are 'usually nqt
. . : ccurate over the whole range of bias values, causing errors in
and electrothermal distortion mechanisms. The method can also i . .
bstorhon simulations.

be used to simulate the effects of envelope and harmonic imped-_". .
ances in FET amplifiers, This paper proposes a nonlinear model of a common-source
Section Il shows the procedure for extracting polynomiA:IET amphﬂer. The model, presented n Fig. 1 |s§1convent|onal
nonlinearities from small-signal circuit parameters, while Seg_mal!;j&gn:l mlodel, bult tlhe motst ntotnhtr;]ear C|rqu_|t ellemgnlts are
tion 11l describes pulsed-parameter measurements designecaonts'de.re 2pot3r/]nom|a. n c(:jon racljsl 0 be en;pmca mo I? pre-l
to avoid self-heating and discusses the effects of pulselen nied in [ ]’. € proposed modet 1S based on a smafl-sigha
In Section IV, nonlinear characterization is applied to a odel, which is proven to be accurate over |ts_frequency range.
Infineon CLY2 MESFET. Section IV further presents linearit ompared to the physical models presented in [3] and [4], this
model is fitted locally to make all derivatives as accurate as
possible with the chosen bias values. The model takes account
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number of nonlinearities. A polynomially modeled drain CurI_Equations (2)_ and (3) correspond to the extract_ed small-signal

rent up to the third order can be expressed by gm and go. Fig. 2 shows the rectangular» 3 grid of mea-
surement points used here, and the measured data matrix can be

ip = gm-v,+ K2gm - 1/g2 + K3gm - 1/3 + go - vy written by

+ K2go0 - 1/3 + K3go - 1/3 + K2gmgo - vy - vy Y =[gml gol gm2 go2 --- gm9 gog]T 4)

+ K3gm2go - 1/3 vy + K3gmgo2 - vy - 1/3

+K3Tgm-T v, + K3Tgo-T-va+ K2T-T. (1) and, by applying (2) and (3) at all nine data points, the following

18 x 9 matrix can be set up as (5), shown at the bottom of this
. . . ._page. As a result, we have 18 equations and nine unknown non-
The drain current of an FET is considered as a three-dimelgo. " o q : .
. : . Inearity coefficients. These extra equations provide a large de-
sional function of gate and drain voltage and temperature. Tem- o .
. ; . ree of useful redundancy for characterization. Solving the ma-

perature, in turn, is regarded as an independent low-frequenc "

. . rix by means of least mean square error (LMSE) fitting enables
variable because chip temperature may vary at the envelope

. S : géextraction of nonlinearity coefficients (6). A rectangular grid
guency, causing changes in circuit element values and intermqd- U ) R .
: : . o . resented in Fig. 2 is used here for simplicity, but other kind of
ulation (IM) distortion. The dissipated power spectrum mclud@s.
. . rids can also be used.
a number of frequencies, but only their dc and envelope compqo—
nents fit into the thermal |m_ped_ance passpand. This agrees_well COEFFS — ((CT o CT) Y (6)
with low-frequency approximations for chip temperature varia-
tions. Since the dc and envelope components are second-order
signal co_mponents, the addition of just three more te_rms into (1) . EFFECTS OFCHIP TEMPERATURE
enables it to model temperature effects up to the third order. ) ) o o )
As the extraction procedures for different nonlinearities are The extraction of nonlinearities is impeded by variations in

basically identical, this paper extracts the coefficients presenfg}iP temperature. Steady-state measurements show that the tem-

in (1) as an example. First, partial derivativesaf and vd peraturesin all points in Fig. 2 are different. Thus, itis extremely
without temperature effects can be expressed by difficult to extract nonlinearities on the basis of these measure-

ment points since it is impossible to establish which part of

dip 5 the nonlinearity is caused by voltage and which part is caused
By, =gm+2-K2gm v, +3- K3gm v, + K29mgo-va by temperature variations. To avoid the effects of self-heating,
S-parameter measurements must be carried out using such short
2. K3gm2go - v, - K3 212 2 ) .
+ gmEGo Vg Va o K IGMGoz - Vg ) pulses that the chip has no time to heat up [5].

and Fig. 3 presents the test setup for the pulSegarameter mea-

. surements. At time zero, the gate-bias voltage is triggered from
aZ_D —go+2-K2go-vq+3- K3g0-v2 + K2gmgo - vy the pi_nch_off to the correct val_ue and, depending_ on the values of
vy the bias inductors, an electrical steady state will be shortly ob-

+2- K3gmgo2 - v, - vqg + K3gm2go - 1/3. (3) tained. The network analyzer (NWA) measures Srgarameter

1 2Vg 3VZ 0 0 0 Vpi 2VaiVor V3, 1
0 0 0 1 2Vpy 3V3, Va VE, 2Ve1 Vo
e=|1 1 ®)
1 2Vge 3V3 0 O 0  Vps 2VgoVpe V3,
L0 0 0 1 2Vpe 3V3;, Vao Voo 2VgeVpel
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Fig. 4. Thermal step response of the CLY2 chip and package. -6 [
-8t I K3gm
at the time and, by repeating the measurement four times, all the '192 45 1 05 0 05 1 15 2
S-parameters will be obtained at one bias point. The nonlinear Re(IM3L) [mV]
characterization of-parameters is completed by sweeping the ()

terminal voltages and temperatures at constant frequency. o .
. . . . g. 5. (a) Linearity contours and measured points for the lower IM3

Among the mostimportant considerations in pulsed measukgeband in decibels related to carrier (dBc). (b) Vector representation of IM3L
ments are the effects of pulselength. The pulse must be sudfimponents at 2-MHz tone spacing.
ciently long to produce an electrical steady state, while at the
same time, it must be as short as possible to minimize selffhereT, s, Rri, andy are the ambient temperature, thermal
heating. The thermal time constants of the Infineon CLY2 chigsistance, and efficiency of the amplifier. Next, the values of the
and package used in this experiment were measured by tdgnall-signal circuit elements, including elements at neighboring
gering the gate voltage to zero, and then monitoring the drajeitages, are calculated to correspond to that chip temperature,
current as a function of time. As changes in drain current ify interpolating the extracted element values at two temperature
dicate changes in chip temperature, thermal settling times wlues. As the electrical extraction procedure presented in Sec-
to 3 s can be obtained without a heat sink. If the chip is infion Il is now applied to these interpolated constant temperature
mersed in water, the largest settling time is 100 ms, as seerejgments, the electrothermal nonlinearity coefficiéffigoT’,
Fig. 4. In both cases, 1 ms is a sufficiently short measuremesi example, can be calculated by the following:
time because changes in the drain current of a packaged CLY2
transistor occur mostly after 1 ms. However, it is evident that
self-heating cannot be completely avoided even by 1-ms pulses,

particularly at high dissipated power values. As a result, some
errors will inevitably occur due to the small time constants d¥NereZ’l and72 are temperature values, and go values repre-

the semiconductor material. On the other hand, it is importasftn't Mean values over the drain voltage extraction rakige
to emphasize that the time constants of the package are large@RFribes temperature-dependent changes in drain current
its total thermal impedance is high. Hence, 1 ms is much clo¥id £ 3gmT models the combined effects of temperature

to the isothermal than the steady-state situation, as indicated{! 9ate voltage. Similar equations can be devised for these
the measurements shown in Fig. 4. eléctrothermal nonlinearity coefficients.

The extraction starts from the actual bias voltage values,
which provide a basis for calculating the correct chip tempera- IV. LINEARITY SIMULATIONS
ture as follows: An Infineon CLY2 GaAs MESFET was characterized
by the S-parameter characterization method. The extracted
T=Tamp+Rru-Vp-Ip-(1—n) (7) polynomial nonlinearities were used in distortion simulations

99(1'2) — go(T'1)
(12— 1T1)

k3gol = (8)
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TABLE | causes of distortion, even though the effects of the input nonlin-
NONLINEARITY COEFFICIENTS ANDCIRCUIT COMPONENTS OFCLY2 earity K 3cgs cannot be ignored. In addition, the second-order
distortion mechanisms converting from the envelap2{ w1)

m=0.14 K2gm/gm=0.048 K3/gm=-0.025 . . N
£ ene £ and second harmoni@#{1) frequencies also have a significant
g0 0.0174 K2go/go=-0.056 K3go/go=-0.014 impact, causing approximately 15% of IM3L distortion.
K2gmgo/go=-0.12 K3gm2go/go=-029 | K3gmgo2/go=-0.040 At the next stage, the tone-difference of a two-tone signal was
swept, and the phase of the calculated and the measured [8] IM3
K2T=0.00041 K3gmT=0.000044 K3goT=0.000020

components were compared. It should be emphasized that this
cgs=2.2pf K2cgs/cgs=0.095 K3cgs/cgs=0.010 comparison is a very strict figure-of-merit for the validity of the
model and the extraction procedure because small deviations in

K2Tcgs=0.0015 K3Tegs=0.011 the phase of IM3 are caused by interaction among a number of
cgd=0.22pf K2cgd/cgd=-0.0073 | K3cgd/cgd=0.0001 distortion mechanisms. Fig. 6 shows the phase of the IM3L and
K2Tcgd=-0.0022 K3Tcgd=-0.0004 higher third-order intermodulation (I_M3H). As can be seen, the
calculated and measured data are in very good agreement. The
cds=0.53pf resonance in phase response at 500 kHz is caused by resonance
in load impedance at that frequency caused by tbéme con-
stant in the bias network, while the phase drift at very high mod-
ulation frequencies is caused by nonconstant gate impedance at
the envelope frequency.
- 10 Cale. IM3L Meas IM3L .

V. SUMMARY

Pha [deg]

This paper has extended the small-sigfigtarameter char-
_____ s BT acterization of RF FETS to include the effects of nonlinearities.
The extraction procedure discussed is based on small-signal cir-
cuit components extracted over a range of terminal voltages and
temperatures. This paper has also presented matrix equations for
s8lving polynomial nonlinearity coefficients.

The problem of self-heating is avoided by using pulSega-
rameter measurements with a pulselength of 1 ms. This pulse-
of real amplifier using Volterra series. As [6] and [7] providgength is sufficiently long to achieve an electrical steady state,
a detailed description of the model, suffice to say here thatwhile being short enough to avoid over 85% of self-heating in a
regards nonlinearities as current sources connected in pargligtkaged CLY2 transistor. The CLY2 is simulated in a common
with linearized small-signal elements, and that the current edurce configuration with an analytical Volterra model, and the
the source depends on the nonlinearity coefficient and voltagesults show good agreement between modeled and measured
used. The method allows the analytical calculation of distortiafata.
components in accordance with linear circuit theory.
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