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Abstract—A nonlinear charge model for RF power FETs is pre- ok Vgs=34Y 4

sented. The model, intended for use in harmonic-balance simula-

tors, calculates the time evolution of the nonlinear charge in a pe- 16 7
riod of the steady-state regime. For that, the experimentally ex- i )
tracted capacitances are integrated using the device dynamic load oW FYSe 7
cycle as integration path. The proposed approach is technology in- A=K )
dependent and it has been applied here to a Si LDMOSFET and SRy 7

a SiC MESFET. Load pull measurements have been performed to 1 N ) S
verify the validity of the model. 10 f —

Index Terms—Charge model, nonlinear modeling, power FETs.

0 5 10 15 20

I. INTRODUCTION Vds(V)
ONVENTIONAL FET technologies based on Silicon

ig. 1. C,, ofthe LDMOS transistor as a functionaf, andv,,. Dashed line:
or GaAs substrates (GaAS MESFET, GaAs/AlGaA xtracted i?rom multibia$ -parameter measurements. Solid line: look-up table

HEMTs, Si LDMOSFET..) have widely-proven suitability model. A generic trajectory in a period of the steady state is superimposed.
for high-power amplification at different frequency bands [1],

[2]. The output power performances of these devices are often

limited by their breakdown voltage and thermal conductivitj'enic-balance (HB) simulators. The nonlinear charge evolution
characteristics. Nevertheless, the recent advances on wiy@Ptained from the experimentally extracted intrinsic capaci-
bandgap semiconductor materials are pushing forward #CES Dy using, asintegration path, the dynamic load cycle cor-
boundaries for solid-state RF high power amplification. MESESPONding to the actual steady-state operation of the device.
FETSs fabricated from 4H-SiC and HFETSs fabricated from thlénl'ke [6]','t has no constraint on the shape of the dynamic 'an!
AlGaN/GaN heterostructure are the most promising devices¥c'€: Besides, the charge model proposed here does notrequire
achieve the output power requirements of modern transmitt&gPlicit expressions for charges (which are generally oriented to
for wireless applications [3]. a particular technology), avoiding in this way any parameter-fit-

Suitable nonlinear models for RF power applications requif'd Procedure. It has been applied to a Si LDMOSFET and to

an accurate representation of both conduction and displacem%r%'C MESFET.
currents covering the entire device operating regions. The mea-
sured intrinsic capacitances of FETs are, commonly nonlinear Il. CHARGE MODEL
functions of two control voltages, presenting their largest varia- First, the bias dependence of the device intrinsic capacitances
tions in the.ohmlc region [4]. Thus, an accurate 'model, intendedexperimentally obtained. For that, the selection of a particular
for simulation of nonlinear regimes, must take into account thgpology and extraction procedure is required. Here, a classical
complete dual voltage dependence of the intrinsic capacitanggsq effect topology is used, with three nonlinear capacitances,
As an exampl_e, recent works that make use of complex eXPres: C,q, andCys,, and a transconductance time detayNev-
sions for nonllr_lear charge have shown excellent results in pggtheless, the proposed charge model can be applicable to any
dicting large signal performances of PHEMTSs [5]. Howevepther topology. As an example, Fig. 1 shows the dual bias de-
electrical models for microwave power devices have to be CYBendence of the gate source capacitafigefor the LDMOS
stantly revisited due to the rapid evolution of new technologieggnsistor. This capacitance, together withy and Cy, is ex-
In this work, a FET charge model independent of the deviggcted through conventional methods from multi-bias pulsed
technology is presented. The model is intended for use in h@*—parameters measurements [4], [7]. Assuming a quasistatic ap-
proach, the curves shown in Fig. 1 represent the nonlinear de-
Manuscript received February 15, 2001; revised May 10, 2001. This workwagndence of’y, on the two control voltages;,, andvgs. A
supported by the Spanish Commission of Science and Technology (Rese%@k_up table model based on piece-wise cubic B-splines [8]
Project TIC2000-0345). The review of this letter was arranged by Associate .
Editor Dr. Arvind Sharma. IS proposed to approximate the vpltage dependencgofThe .
J. M. Collantes and J. Portilla are with the Electricity and Electronics Depatise of a look-up table model provides an accurate representation
ment, University of Pais Vasco, Bilbao, Spain (e-mail: jncollan@we.lc.ehu.eg)f the capacitance (Fig. 1), while keeping the approach tech-
Ph. Bouysse and R. Quere are with the IRCOM, University of Limoges, Brive, . e . .
France. nology |_ndependent. Sm’_nlar procedure is applied’tg and
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A common way to obtain, in harmonic-balance (HB) simu-
lators, the nonlinear displacement curréfi) associated to a

nonlinear capacitance&’{, for instance) function of two vari- g
ables, is given by [9] 2
L

. dvg(t 3

i€, () = (v, 1) 2250 1y

t 3

s

<

However, the average value of this displacement current ov
a signal period, i.e., the dc current flowing through the two-
variable capacitance, can be different from zero [10]

(o) AousioNyyo pappe Jemod

) dugs (1)

<'LCgs (t)> = <Cgs (Ugsvvds) f;t # 0. (2 Input power (dBm)
This problem is overcome in HB if the frequency-domaifig. 2. Addef(is power (IPA?‘.an power-jadded efficier)lCé (Pf\E) of O}he LDMOS
; : . transistor at 1 GHz. B clas${.0 = 6 V, I4.0 = 10 mA). Circles and crosses:

d|§placement C_urredbss (w) _'S calculated fromjw ) Qgs(w)’ . load-pull measurements. Solid line: harmonic-balance simulation.

with Q4s(w) being the Fourier transform of the charge varia-

tions g (t), in a periodI” of the steady state, associated to the ) ] ]
nonlinear capacitano@,. is automatically performed by the simulator, at each HB itera-

tion. Obviously, when convergence to the final steady state is
(1) F(Mjengs (w) e Qw) Ie, (@) reached for the last HB itergtion, the integra_tio_n path corre-
sponds to the actual dynamical load-cycle. Similar procedure
Thus, the key point is to obtain the time variations of this applied to obtain the nonlinear charge variations associated
charge associated to each nonlinear capacitance in a feobd t0 Cya(vgs, vas) aNdCyus(vgs, vas ). Since the time evolution of
the steady state. For that, we suggest the use of the time domhagnonlinear charges in a period of the steady state is automati-
part of the HB algorithm to calculate these time variations @ially computed from the extracted intrinsic capacitances at each
charge by integrating the extracted nonlinear capacitances albtigjiteration, the modeling procedure does not require explicit

the dynamical load cycle. expressions of the nonlinear charges versysindvg,.
Let us consider a generic trajectory@f; in a period of the
signal steady state (Fig. 1) associated to a particular load-cycle. lIl. EXPERIMENTAL RESULTS

For a given load-cycle, the drain-to-source voltageis a func-
tion of the gate to source voltagg,. Thus, the evolution of’y,
along that trajectory is a function of only. Integrating (1) be-
tween timet, and timet, the chargey,s(t) can be calculated
from

The proposed charge model has been applied here to two dif-
ferent devices for RF power and medium-power applications:
A1 pum, 21 mm Si LDMOSFET and a 1.2m, 250;:m SiC
MESFET. Classical field effect topologies together with well-
known extraction techniques for extrinsic and intrinsic elements

o dr — 2e: () d were used in both cases [7]. The nonlinear drain current was de-
/t icy (r) dr = /qgs(to) Qe scribed by the look-up table model developed in [8]. The three

vga (1) intrinsic capacitanceS,;, Csq, andCy are considered as func-
= / Clgs(Vgs, Vas (Vgs ) ) QUgs tions of the two control voltages. Active load-pull measurements
vgs(to) were carried out to validate the proposed charge model. The
ves (1) load terminations of the active load-pull setup at the harmonic
= Qgs(t) = s (t0) +/U (to) Clgs (Vs Vts (Vgs)) dvgs. frequencies were measured. The same loads were used during
A 3) simulation for sake of consistency. Fig. 2 shows the measured
and simulated added power, PA, and power added efficiency,

From (3), it can be seen that the time-domain gate-sour@AE, versus input power, for the LDMOS device operating in a
chargeg,(t) is obtained by summing up the elemental charg&sclass at 1 GHz. A similar comparison is shown in Fig. 3 for
brought by the displacement current during each time slot. Thtlse SiC MESFET operating in an AB class at 1.8 GHz. Good
it can be solved in the time domain part of the HB simulation. Hgreement between model predictions and experimental data is
a trapezoidal approximation is used, the charge at time-iteratigitained in both cases. It is important to notice from Figs. 2 and
n can be calculated from the capacitance and voltage at time3ithat the nonlinear model accurately simulates the small-signal
eration n and the charge, capacitance, and voltage at time-iteegime (very low input power).

o]

tion n—1: Additional comparisons, for different operating conditions,
1 were performed, obtaining similar agreement between mea-
Qgs(n) = ggs(n — 1) + Q[Ogs(n) + Cgs(n — 1)] surements and simulations. Moreover, other simulations using
X [Vis(n) — Vigs(n — 1)]. @ 2 simplified capacitance model (fixed values fdf; and Cys

corresponding to the bias point;, function of v, voltage
The initial value for charge,.(0) is set arbitrarily to zero only) were carried out. As found previously by Miller etal. [11],
since the average value of the charge in a pefidahs no influ- the largest discrepancies were found in the second and third
ence in a harmonic balance analysis. The calculatiop&f) harmonic output powers, and in the device input impedance at
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coefficient versus input power, provided by the two mentioned
models, is shown in Fig. 4(b). In both cases, measurements are
superimposed, confirming the better accuracy of the dynamic
load-cycle charge model at large-signal regimes.

IV. CONCLUSION

A nonlinear charge model for RF power FETs has been
presented. The model, intended for use in harmonic balance
simulators, is based on the determination of the time evolution
of charge in a period of the steady-state regime. For that,
the intrinsic capacitances are integrated using the device
dynamic load cycle corresponding to the actual steady state
as integration path. The resulting nonlinear charge model is

Fig. 3. Added power (PA) and power-added efficiency (PAE) of the Si€onsistent with the small signal model for low power regimes.

MESFET at 1 GHz. AB class\{i;o = 20V, I4 = 80 mA). Circles and
crosses: load-pull measurements. Solid line: harmonic-balance simulation.
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Fig. 4. (a) Second and third harmonic output power of the LDMOS transistor

at 1 GHz. (b) Input reflection coefficient of the LDMOS transistor at 1 GHz.
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The modeling approach has been successfully applied to
two different technologies for RF power amplification. The
good agreement found between simulations and load-pull
measurements, from low to high power levels, confirmed the
validity of the proposed model. The model procedure is easy
and straight, since it only makes use of the experimentally
extracted intrinsic capacitances and no explicit expressions
of charge versus control voltages are required. Besides, its
technology-independent nature makes it particularly suitable
for technologies that are constantly under development.
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