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An Electrothermal Model for AlIGaN/GaN Power
HEMTs Including Trapping Effects to Improve
Large-Signal Simulation Results on High VSWR
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Jean-Pierre Teyssier, Didier Floriot, and Raymond Qu&eaior Member, IEEE

Abstract—A large-signal electrothermal model for AIGAN/GaN  the electrical performances of these components, and it is hard

HEMTs including gate and drain related trapping effects is today to imagine that they will be completely removed soon,
proposed here. This nonlinear model is well formulated to pre- . . .
even if solutions exist to reduce them.

serve convergence capabilities and simulation times. Extensive i - ) )
measurements have demonstrated the impact of trapping effects We will show that modeling the trapping effects dramatically

on the shapes ofl(V) characteristics, as well as load cycles. It jmproves the large-signal simulation results, and that this is par-

is shown that accurate modeling of gate- and drain-lag effects 4c 151y true when the output loads deviate from the optimum
dramatically improves the large-signal simulation results. This is

particularly true when the output loads deviate from the optimum  Matching conditions.
matching conditions corresponding to real-world simulations. Thus, such designed models can prove interesting for wide-
This new model and its modeling approach are presented here. a4 application designs in which devices cannot be optimally
Large-signal simulation results are then reported and compared . .
to load—pull and large-signal network analyzer measurements for |0aded on the whole bandwidth, or also to have an idea of the
several load impedances at high voltage standing wave ratio and shapes of the load cycles when the devices are submitted to elec-
at two frequencies. trical perturbations (in order, for example, to check if destructive
operating modes are reached or not). Considering this last point,
this model was also designed to be able to reach high compres-
Index Terms—AlGaN/GaN HEMTs modeling, drain lag, gate sion levels, i.e., the equations used are well formulated to pre-
lag, large-signal network analyzer, trapping effects. serve good convergence capabilities.
This paper is organized as follows. In Section Il, the nonlinear
model used is described with particular emphasis on the way
trapping effects are taken into account. In Section Ill, the ex-

HANKS TO their very high breakdown voltages and theifraction procedure based on puld@d) and pulseds-parame-

high sheet carrier densities, AlGaN/GaN HEMTs are 'S is described [5]. It is shown how the time constants of the
very promising solution for high-power and high-frequency aftaps are evaluated, and the results are evaluated for a variety
plications. The progress made on their technology over the 186tdc and pulsed(V) characteristics. In Section IV, classical
few years now make them usable in systems, and hence, tHeag—pull measurements, as well as time-domain large-signal
is a need for electrical models. Many topologies and solutiofi€asurements, are extensively used to validate the proposed
to extract models are reported in the literature [1]-[4]. Here wB0del. Those measurements were performed at two different
propose a complete nonlinear model, including the thermal dfequencies, namely, 5 and 10 GHz, and for several load imped-
fects and taking into account the electrical anomalies due @9¢€s at high voltage standing-wave ratio (VSWR).
the trapping effects. Indeed, the latter have a strong impact on

. INTRODUCTION

Il. DESCRIPTION OF THENONLINEAR MODEL
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Fig. 2. Schematic of the drain-lag model.
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transients td/gs. These transients are related to the capture or
the emission of charges by the traps.
Lsi The drain-lag subcircuit topology, considering only one trap
1 level, is shown at Fig. 2. The gate-lag subcircuit is based on the
same architecture, but the input voltagé/igs, and the diode
direction and the sign of are changed.

Rs(T%) 3 Intrinsic transistor

Fig. 1. Structure of the nonlinear model uskds equation is given in [5] and

charge equations are given in [6]. The extrinsic parameters are assumed coni_ . L
stant. ds, I gs, | gd, Rs, andRd depend on the temperature. he capture time constant is given by
The equations of the main current source are 7an & Ren - C (aSRempty > Rean)-
Id =1Id; - Yma The emission time constant is given by

Ymd =1+ Bgm - (Vds + Vdm)
- (1 + tanh (agm x (Vgs_int — Vgm)))
Id, = 1IDSS {VGSN _ i(l _ efm,V'GSN):| In a mathematical form, the circuit gives
1——(1—-em)
m

Tempty = Rempty -C.

Vgsint = k(Idsgst) - [Vds — V] + Vgs
) [1 _ 67\/335N(17ux55N7bv§SN)}

. with
Vgsint(t —7) — V¢
Vasn =1 v
P k‘(IdSEST) = krel . IdSEST(VgS) . ADL
Vbsn = Vs
T 14+ ngS_int(t —7) whereApy is a tting factor in Amp~t.
psP Vp The ampli cation factork is linked to the amplitude of the
trap and we assume that it is linearly dependent on the output
andVp = Vpo + pVpsp + V. current. This current, noteHlsgs, is an estimate of the total
The equations of the diodes are drain current, which is calculated in a very simple fashion, de-
o Vad o Vas pending only ori/gs (linearly or with a tanh-based law), to pre-
IDgq = Isgd - e¥TssdNed [ Dy = I5gs - eFTesNes. serve the convergence properties of the model. It is then pro-

vided by a different source from the one describing the full non-
linear channel current. We will show that this simple description
B. Trapping Effects gives, however, accurate results.

Thus, four parameters have to be extracted,@’e Rempty,

The circuits used here to model the gate- and drain-lag effe T A
and the methods to extract their associated parameters have %}/ andk. It shoulq be noted that, by examining the circuit
ig. 2 and taking into account the dissymmetry between the

described in[7]. Such circuits modeling trapping effects are net-" 19 .
essary in advanced modeling of HEMTS, and different solutioﬁ\g0 t'.me ConStar.]tS’ the Ievel_of the control voltgggs_mt .
have been studied, particularly in [8]-[10]. IS mainly de’Fgrmlned by the high level of the drain voltage in
Here, the effect of the traps is presented as a contributiBHIsecl conditions.
to the command voltagd'gs. Indeed, the trapping effects
induce thatlds = f(Vgs,Vds, Vbias, time), whereas
Ids = f(Vgs, Vds) in the ideal case. In the model presented, Both capacitanceSgs andCgd are 1-D [6]. In order to keep
Ids is unchanged, but the command voltage is modi ed tthem depending on their own terminal voltages (ilégs for
take into account the trapping effects. We then have hetes andVgd for Cgd), they are extracted along an estimated
Ids = f(Vgs,Vds) andVgs = f(Vbias, time). load line corresponding approximately to the optimum load
Thus, these subcircuits, mounted in series between the gatele locus. Modeling them that way is very practical in terms
resistance and the current source (cf. Fig. 1), modify the cowf- simplicity of modeling. The impact of such simpli cation
mand voltage of the current source (callégds_int) by adding will be quanti ed in Section IlI-C.

C. Nonlinear Capacitances
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D. Breakdown Model 0007
The breakdown is simply described by exponential increas 7 -
of the gate and drain currents when the breakdown volta 0006— — o
BVgp is reached. A soft quasi-exponential function is used '2 ; :krelz_ L2 e 6E03
keep an expression well suited for convergence [5] as follows ¢.00s Kreli=44.5% T=3.5e-25" [ 5E0
2 E 7= 1.6e-5s" aeo
Ibl\ — IkaG . CXp _Soft(OéDG . VDS) : ...................... 3.E-03
0.004— 2.E-03
. 3 — Fif X
with 3 —N;teasure e
: 0.E+00
exp soft =if (x < max.arg) thenexp(x 0003 P P P S R
P g p(T), | | | I I
. _ o 0.00 0.05 0.10 0.15 0.20 0.25 0.30
elsemax_exp - (v + 1 — max_arg) Time (s)

max._arg = In(max_exp) max_exp = 10%°.
Fig. 3. Measurement of a drain-lag related current transiégs is kept at a
xed value equal to 6V, wheread/ dsis pulsed from 30 to 20 V. Self-heating
E. Thermal Dependence effects are negligible in this case. The t of the transient and the parameters
extracted are also displayed.
The self-heating effects have an exponential behavior versus

time when the power changes abruptly and, hence, can be re-
produced byRC cells in an electrical simulator. The input ofexponential terms due to self-heating during the measurements.
the circuit is the dissipated power calculated in the followinghat means that the thermal state of the device needs to remain:
way: 1) the same before and during the pulse and 2) close to the one of
the bias point of the spotted application because of the thermal
dependence of the emission time constants.

In order to obtain the drain-lag related emission time con-
gnts,Vds was pulsed from 30 to 20 V andgs xed close
to pinchoff in order to obtain a very low drain current to avoid
mal effects (the dissipated power variation is less than
W), and the temperature of the chuck was set to°T10
in order to make the device work approximately in the same
thermal state as for the foreseen application in class AB. The
current transient, and also the curve modeling it by a sum of
two exponential terms, are shown at Fig. 3. The main extracted
parameters are also displayed on this gure.

Ppiss =1 - Vas + Ip - Vps.

The output of the thermal circuit is a voltage correspondin
to the temperature elevation. By adding the room temperat
to this voltage, we obtain the device temperature.

The measurements show that the calculated temperatureg?%
an impact on the current source paramefeks and P [5], the
values of the access resistanégsand Rd, the ideality factors
(Ngp andNgs) of the diodeDgp andDgs linearly, and onthe
saturation currentd ggs and/sgd) of the diodes exponentially.

Thus, we have

X=X+ X7 T Gate-lag related emission time constants are less precisely
obtained, thermal transients being harder to avoid during mea-
whereX representddss, P, Rs, Rd, Ngs, or Ngd surements. We pulse the gate—source voltage in a short range
near oflV/gs_bias with Vds equal toV ds_bias. This implies that
Y =Yy + Yy eT/T the temperature is close to that of the application.
The capture time constants are not extracted from measure-
whereY’ representd sgs or /sgd. ments, as they are too fast to be measured in this case, and gen-
erally in most devices. However, it is worth noting that the key
IIl. PULSED |-V AND PULSED S-PARAMETERS point to obtain good results in continuous wave (CW) large-

CHARACTERIZATIONS: EXTRACTION OF THEPARAMETERS  sjgnal applications is the asymmetry between short capture time
The measurements were performed on a f00(8 x 75 x  constants and large emission time constants. Thus, the values are
0.251m) Alg.27Gay. 73N/GaN HEMT from Thalés—Tiger grown xed to a few nanoseconds.

by MOCVD on an SiC substrate.
B. Pulsed |-V Measurements and Current Sources

A. Trapping Circuits Parameters Parameters Extraction

The parameter extraction is obtained by measuring the curdn order to obtain the static characteristics of the device and to
rent transients during voltage pulses for which traps emit theirtract the current source parameters, puls€dneasurements
charges. The form of these transients can be tted by a few exre performed at the room temperature. The current source pa-
ponential terms. In the current case, two terms (i.e., two tra@meters are extracted from puldedy measurements at a qui-
ping levels) were chosen for both gate- and drain-lag circuitsscent bias point o¥/gs0 = 0 V and Vds0 = 0 V (case
This choice represents a tradeoff between the accuracy of thd))t This quiescent bias point is chosen in order to: 1) obtain a
and the complexity of the circuit. However, it is not worth obguasi-isothermal measurement as pulses are very short (400 ns)
taining an excellent t, as the trapping time constants strongbnd 2) to avoid trapping effects. Indeed, for this quiescent bias
depend on the temperature, which is not taken into accountpiaint con guration, the classicdV curves measurement im-
the model. On the other hand, it is important to avoid “parasitiglies thatV gs is pulsed down an@'ds is pulsed up. Hence, the
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Fig.5. Measured and simulated pulded networks at/ gsO = 0,V ds0 =0
andatvgsO= 8V,Vds0=20Vonthe8 75 m transistor foV gsfrom
8to+ 1V (continuous lines: measurements, squares: simulations).

Fig. 4. 400-ns pulset¥ measurements (with gs from 8 to 1 V) on the
8 75 m transistor at three different quiescent bias poirést)(V gsO = 0 V
andV ds0 = 0 V (case 1): continuous line¥,gs0O = 8V andVdsO0 =0 V
(case 2): dashed linesight) VgsO = 8V andVdsO = 0 V (case 2):
continuous linesygsO = 8V andVds0 = 20V (case 3): dashed lines.

Thg differences_on the left are attribu_ted to gate-lag effects, whereas they|are Cgs_1D 06 Cgd_1D 044
attributed to drain-lag effects on the right. Los [012
ﬁ 048 A5
. . S . 028 (0%
gate- and drain-lag related traps are lling. Considering that this mm mgg‘z‘
lling phenomenon is very fast compared to pulse duration, the; " 3 o | = = 50
traps state is given by the voltage levels during the pulses. Ves Ved
The parameters of the .dIOdeS and the breakdow_n gener%g.ra. 1-D nonlinear forms of gs andC gd with equations based on hyper-
are also extracted from this measurement con guration. bolic tangents. The points correspond to values extracted along the estimated

Other quiescent bias point choices allow us to observe tled cycle, the lines correspond to the model.
trapping effects and even to separate gate- and drain-lag effects.
Such types of measurements will also be useful to validate the
trapping circuit parameters extraction. We can focus on the twolt has to be noted that we took care to maintain the output cur-
following con gurations [11]. rent equal to 0 A at the quiescent bias points and that we chose
1) If the quiescent bias point is, for examplégs0 = —8 V  the length of the pulses as short as possible to avoid thermal ef-
(when the device is pinched off) arldds0 = 0 V (case fects and their in uence on output current.
2), the gate— and drain—source voltages are pulsed uprhe simulated pulseldV characteristics are shown and com-
during the measurement. Hence, the traps commandedgdaired to measurements at Fig. 5. We note that the proposed
drain-source voltage are lling (fast), and the traps commodel can take into account the value of the quiescent bias, thus
manded by gate—source voltage are emptying (slowly). Vdgamatically increasing the range of validity of the model. How-
can conclude that inside the pulse, the traps commandsggr, small discrepancies remain at highs voltages (around
by gate-source voltage remain in the state they hadjags = 1 V). This can be due to: 1) the relative simplicity of the
quiescent bias point, and the state of the traps commandeghping circuits and/or 2) to a slight difference between several
by the drain—source voltage has changed and is now givgasured devices.
by the drain—source voltage level inside the pulse.

If the quiescent bias point is, for examplégs0 = —8 V C. PulsedS-Parameters Measurements and

(pinchec_i off) and/ds0 = 20 V (case 3), the drain__sourceFrequency-Dependent Parameters Extraction
voltage is pulsed down for the measurement points where

Vds < 20 V and pulsed up fob/ds > 20 V. The pulsedS-parameters are measured for each point of the

Considering that the traps’ discharge is very slow comparg®) networks [5]. The extrinsic parameters are extracted from
to the duration of the pulses, the state of the traps inside a pullseseS-parameters and then the intrinsic elements are calcu-
is that of the quiescent bias point fbids < 20 V, and that of lated for each measured point. This multibfxparameters ex-
the drain—source voltage féfds > 20 V. traction gives, in particular, the values ©fs andCgd for the

Superimposed on Fig. 4 are three pul§&€) networks corre- points measured along the estimated load line. Very precise ts
sponding to the three cases of quiescent biases described eadierobtained along the latter with tanh-based equations [6], as is
The current is approximately 1.25 A/mm. We note that the cushown at Fig. 6.
rent dispersion, for this device, is mainly due to the gate-lag The errors made by using such 1-D forms are shown on Fig. 7
effects. The drain-lag effects induce an increase of the knee a wholel-V network. These errors remain weak on a large
voltage, especially manifest at low current. area forC'gs, while they rapidly increase for low values Bils

This device presents an unusual behavior of the drain lag,fas Cgd. However, those capacitance models ensure a very ro-
the saturation current is higher whéfds_bias = 20 V than bust behavior of the model even at high compression levels.
whenVds_bias = 0 V. However, the difference is weak and Other intrinsic parameters, i.&gd, Ri, Cds, andr, are kept
was not observed on the other measured devices. constant (18.%2, 0.6552, 139 fF, and 1.88 ps!, respectively).

2

~
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Fig. 7. Error made on capacitance values by using 1-D equatiefi$.Ggs. . . . . .
(right) Cgd. From black to light gray points, error is respectively inferior toFig- 9. Extraction of the thermal impedance versus time of the modeled device.

2.5%, between 2.5%—5%, between 5%—10%, between 10%—15%, and Supéig}ulations are performed with a 3-D model of the transistor in the software
to 15%. The dashed lines represent the estimated load lines. ANSYS. The points correspond to the simulated self-heating for a dissipated

power of 7 W/mm, the continuous lines corresponds to the values given by the
electrical model with veRCcells.
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Fig. 8. Measured and modeled pulsg¢arameters at a quiescent bias point_ )
of VgsO= 4V,VdsO=25VandapulselevelafgsO= 4V,Vdso= Fig. 10. Thermal dependence of parameters of the model: the access resis-

24Vonthe8 75 m transistor (measurements: points, model: continuof@ncesks andRd, the parameter of the Tajima’s current sourdss, and the
lines). ideality factors of the diodeM gs andN gd, linearly dependent on the temper-

ature; the saturation currents of the diodes, exponentially dependent on the tem-
perature (points: extracted values, continuous lines: model, exceptddgibr
(dashed line).
Fig. 8 shows a comparison between measured and modeled
S-parameters at the bias point for a characterization at a quies- 0.7
cent bias point equal to the bias point of the spotted application. 0.6

0.5 |
D. Thermal Circuit Parameters and Thermal Dependence <04 /
(2] ~ ////
The thermal circuitis obtained by tting the hot spot tempera- 8'2 — ;,;7///5’/
ture transient obtained by 3-D nite-element simulations. Fig. 9 ) — ;/////’//
shows the self-heating obtained by applying a dissipated power 0.1 J—— =

PP e T T T T T T T T T T T T T T T T T T T T

of 7 W/mm, and also the t obtained by modeling it with ve 10 20 30 40 38 89) 70 80 90 100 110
S

RCcells.
Measurements have been performed on these devices to chiJé']-ll Measured and modeled Hf) curves forv gs from 8o+ 1V
rm the values obtained from the 3-D simulation and_a relatlve|¥hé mddeled breakdown locus is also showed (megsurements: crosseé, model:
good agreement has been found for the thermal resistance. Hesttinuous lines).
ever, time constants of trapping and thermal effects mix together
and are very dif cult to separate. Thus, we relied on the 3-D
simulation (validated in [12]) to derive the dynamical thermal The thermal dependence of the current source parameters is
subcircuit, as shown at Fig. 9. obtained by tting quasi-isothermal pulseégl/) networks mea-
Note Fig. 9 shows that the self-heating is not negligiblsured at several chuck temperatures (typically fre60 °C to
after 400 ns, which corresponds to the typical pulse durati@®0 °C): the values of most parameters remain the same, but
during pulsedi(V) measurements. However, it is dif cult to they have to be changed for some of thefrSection II-E). The
obtain shorter pulses considering the voltage and current rangasations obtained in this case are shown at Fig. 10.
applied. Moreover, the temperature modeled is that of the pointA comparison between d§V) measurements and simula-
located at the center of the channel, having the fastest heatirigpns is given at Fig. 11 (the modeled breakdown locus is also
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Fig. 13. Measured (crosses) and modeled average output current in different :
conditions: by taking into account any trapping effect, by modeling only gate Pin (dBm)

lag, by modeling only drain lag, and by modeling gate and drain lag, at the o )
optimum load impedance. Fig. 14. Measured and modeled power characteristics (gain, output power,

PAE, magnitude and phase of the input re ection coef cient, versus input
power (measurements: points, simulations: continuous lines) at the optimum
load impedance at 10 GHz.

shown). The quite good correlation validates the method of

thermal modeling, despite the approximations made: the “hot

spot” temperature is not fully representative of the temperatuaeerage current is particularly obvious, and both effects have
of the transistor, but extracting it from the simulator in ordegin in uence on it. The current decrease with increasing power
to model the self-heating is the most practical way in terms @&f a signi cant consequence of the asymmetric nature of the
easiness and time. Moreover, and for example, we remarkeabs capture and emission processes and cannot be attributed
that it is not worth modeling the thermal impedance of several the thermal effects, which are also modeled. Indeed, the traps
representative points in the device structure [13] (in the accesate is determined by the peak valued/@s andVds, which

areas forRs and Rd, in the active area for the other paramincrease when the input power increases.

eters), as the gain in precision on the electrical simulations

is negligible, even if it allows knowing more precisely theB Load—Pull Measurements/Simulations on
temperature at each of these points. O.utput Impedance Mismatches

The large-signal simulation results on other load impedances
are shown in Fig. 15 in the numbering order given in Fig. 12.
These results of simulations with trapping effects included are
better for all the impedances contouring the optimum load, and
Load—pull measurements were performed at a drain biasespecially the mean output current and PAE. They validate the
25 V (dc) in class AB and at 10 GHz (CW) for several loadact that the model is able to reproduce the large-signal charac-
impedances, shown at Fig. 12. These load impedances cotegistics on a wider range of load impedances when the trapping
spond to a VSWR of 2.5, except for a point at a VSWR of 1.6ffects are taken into account.
(load 4). We can note that the in uence of the trapping effects on the
output current depends on the load impedance and, therefore,
on the forms of the load cycles and voltages excursions. On
Zy, Z3, and Z,, the trapping effects are signi cant, leading to
bad behavior of the model without trapping subcircuits.Qn
First, large-signal simulations were performed on the opnd particularly orZg, the trapping effects have less in uence
timum load impedance (load 1 in Fig. 12). A maximum powethe current do not decrease strongly before the compression),
of 2.5 W (4 W/mm) was measured with a small-signal gaiand the characteristics could be fairly well reproduced without
of 15.5 dB and a maximum power-added ef ciency (PAE) ofmodeling the trapping effects. However, these cases are isolated,
39%. The comparison between measurements and simulatiand the characteristics are all better reproduced when the trap-
is given at Figs. 13 and 14, and demonstrates the improvempintg effects are taken into account, even if they are quite simply
brought by the new model. The impact of trapping effects on tmeodeled.

IV. V ALIDATION OF THE MODEL AGAINST LARGE-SIGNAL
MEASUREMENTS SIMULATIONS ON
SEVERAL LOAD IMPEDANCES

A. Load-Pull Measurements/Simulations on the
Optimum Load Impedance



2666 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL55, NO. 12, DECEMBER 2007

Fig. 15. Comparison between measurements and simulations for the load impedances 2—6 with the model including trapping effects and the model not includir
them (crosses: measurements, continuous lines: model with trapping effects, dashed gray lines: model without trapping effects).

It has to be noted that the input re ection coef cieni;() ampli ers cannot be loaded on the optimum impedance in many
is also better modeled when the trapping effects are taken icses. An example is the case of wideband ampli ers, for which
account. This is important to predict instabilities or to adapt thibe matching is often chosen for the most critical frequency in
devices inputs. terms of power, and represents a compromise in order to meet

This proves that modeling the traps is very important for thelge speci cations on the entire bandwidth. Another example is
types of devices, as the models which do not include the trape case of systems terminated by antennas, which can receive
ping effects show their limitations when the load impedance RF power and then transmit it to the outputs of the transistors,
modi ed. This is all the more true as the transistors mounted thus modifying their load impedances. Such behavior deserves a
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Fig. 16. Measured and modeled load impedances at 5 GHz on theS3 m
transistor. The line delimits the stability area at 5 GHz.

Fig. 18. Comparison between measurements and simulations (with and
without trapping effects included) of the extrinsic input and output load cycles
at load impedance &2 = 130 + j: 125) at 4.6-dB compression for the top
graphs, and at load impedancgZ = 27 + j84) at 7-dB compression for

the bottom graphs (crosses: measurements, continuous lines: simulations with
trapping effects, dashed lines: simulations without trapping effects).

Fig. 17. Comparison between measurements and simulations (with
and without trapping effects included) at the optimum load impedance
(Z = 47:7 + j: 43:5). Waveforms are shown at 5-dB compression (crosses:
measurements, continuous lines: simulations with trapping effects, dashed

lines: simulations without trapping effects). Fig. 19. Comparison between measurements and simulations (with and

without trapping effects included) of the dc output current and the extrinsic
output load cycle at load impedancéZ = 48 :1+ j: 9:6) at 8-dB compression
. . . . crosses: measurements, continuous lines: simulations with trapping effects,
more detailed analysis, which can be performed through simul@zned lines: simulations without trapping effects).

tions and time domain load—pull measurements, as presented in

Section V.
In Fig. 18, the measured and simulated input and output ex-
V. LARGE-SIGNAL NETWORK ANALYZER (LSNA) trinsic load cycles are shown for load impedances 2 and 3 (at
MEASUREMENTS AND SIMULATIONS 4.6- and 7-dB compression, respectively). We remark that the
ON SEVERAL LOAD IMPEDANCES input load cycles are better described when trapping effects are

. activated. It shows particularly well the importance of the ca-

forl;:]):g;ﬁusll gﬁisg;e;nﬁgfsgfgra; It‘hSeNSAa[rii]’ [rloﬂevlzrzr?(fr'acitances’/‘gs andC'gs on the extrinsic waveforms at the input:

same development, but fabricated on another V\I?afer The mo se are swept differently, as the output current is better mod-
P ! ) d when trapping circuits are activated. The output load cycles

was, however, unchanged and simulations were performedal also better described, but we can note that the maximum

tsk: Sagﬁjcznri@ggitfsg n:E:st_L::eemdeonr;sé_SuraLigl)fr:]c;ad;RyA ue ofVds is never reached by the models, which may be due
up W ucting : in wav wi gthe relative imprecision of the current source at low current,

cutoff frequency 0f 20 GHz. Thqs, we are able to measure t fid the strong impact of the trap levels on the buffer conduction
four rst harmonics at 5 GHz, which allows a good precision o Jinchoff

the waveforms even at high compression levels. Measurement Fig. 19, the measured and simulated (with and without

have been performed on several load impedances, Iocated? Sping effects) dc output current and output load cycle for

Smith chartin F'g' 16and ””mbefed from 1 to 4. Optimum loﬁ ad impedance 4 are shown. Measurements were driven at a
could not be encircled, as the device became unstable (the si élr'y high level of compression (8 dB). It is interesting to note

latedltSta?'".ty c;r(;_le at5GHzis alsodstho'z/;]/n). From Figs. 17_tl aéthe model with activated trapping effects is able to simulate
results of simuiations are compared to these measuremen S&rﬁ e well the output load cycle (and particularly the increase of

will be commented upon. Eg knee voltage due to the trapping effects), and the abrupt col-

On the qpt|mum I_oad |mpeda_1nce (Fig. 17).’ we note that bo} se of the dc current when the input power reaches 20 dBm.
models (with and without trapping effects) give good power re-

sults, except for the dc output current form, where the model
with traps gives better results. However, the waveforms (here at
5-dB compression) are better described when trapping effect® nonlinear model for AIGaN/GaN HEMTs was proposed es-
are activated. pecially for high power ampli er design, and then the most im-

VI. CONCLUSION
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portant nonlinearities, i.e., the nonlinear capacitari¢gs and
Ced, thermal effects, and trapping effects were taken into ac-
count. They have been described in a simple fashion in order to

keep a good tradeoff between the accuracy of the simulation re- [9]

sults and the convergence, simulation times, and extraction pro-
cedure duration.

We have demonstrated here that including trapping effects in
a nonlinear model has a signi cant impact on large-signal re-
sults, especially the output loads that deviate from the optimum
matching conditions.

The design of the lag subcircuits has two main advantages:

only one parameter has to be changed to reproduce the varia[-12

tions of the lag amplitudes, as it is often the case among several
transistors of a wafer, and adding them do not require modifying

the topology of the main current source. Hence, they can be sepp3)

arately implemented in other nonlinear models.
Many simpli cations were done in the description of the
trapping effects, and the most interesting way of improvement

seems to take into account the thermal dependence of the¢i4]

trapping time constants, and to describe the amplitude of the

traps as not only depending on the current. However, these[15]

improvements should be reserved for speci c studies, as they
will undoubtedly have a strong impact on the convergence of
the model.

The simulations performed with this model are fast, and we
did not notice convergence problems. Activating/deactivating
the lag subcircuits multiplies the simulation times in harmonic
balance by an approximate factor of 1.5.
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