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Abstract

Guaranteeing charge conservation of empirically extracted Gallium Nitride (GaN)
High-Electron-Mobility Transistor (HEMT) models is necessary to avoid simulation issues
and artifacts in the prediction. However, dispersive effects, such as thermal and charge-
trapping phenomena, may compromise the model extraction flow resulting in poor model
accuracy. Although GaN HEMT models should be extracted, in principle, from an isodynamic
dataset, this work deals with the systematic identification of an approximate, yet most suitable,
charge-conservative empirical model from standard multi-bias S-parameters, i.e., from non-
isodynamic data. Results show that the obtained model maintains a reasonable accuracy in
predicting both small- and large-signal behavior, while providing the benefits of charge
conservation.

Introduction

As the performance requested to microwave devices develops to meet the demanding targets of
the wireless industry, the need for fast and reliable design tools is ever increasing. In this
framework, empirical High-Electron-Mobility Transistor (HEMT) modeling faces a number
of challenges as Gallium Nitride (GaN) HEMT devices, which feature an unprecedented per-
formance both in terms of power density as well as wideband operation [1], are introduced at
an industrial level [2]. Indeed, GaN devices show inherent low-frequency (LF) dispersive
effects [3] that considerably impact their radio-frequency (RF) behavior in power amplifiers
[4] and RF switches [5] applications.

During the last years, modeling developments were mainly focused on the impact of LF
dispersive phenomena on the conduction current [4,6–11]. Lately, attention has been drawn
to the influence that charge trapping may have on the displacement current modeling flow
[12], and the consequent impact on linearity performance prediction under modulated exci-
tation, namely the prediction of intermodulation distortion (IMD) products. The description
of the displacement current component involves choosing a suitable model representation,
either in terms of nonlinear capacitances, as in Fig. 1(a), or by means of nonlinear charge func-
tions, as in Fig. 1(b). Capacitive models, commonly implemented as equivalent-circuit models
based on nonlinear capacitance lumped elements, are widespread for their immediate imple-
mentation and intuitive behavior. They can be described in a general way by considering a
two-port capacitance matrix, whose elements can be directly extracted from small-signal mea-
surements. Notably, implementing a model in terms of bivariate capacitances does not auto-
matically guarantee terminal charge conservation, causing potential issues in circuit simulation
[13]. In time-domain circuit analysis, non-charge-conservative models may cause time-
increasing integration errors in long transient simulations. In harmonic-balance (HB) simula-
tion, a non-physical dc current is generated. Especially at the gate port, such a spurious dc
component in the presence of the large impedance usually adopted in the gate bias network,
might cause large spurious dc voltage errors that will, in turn, change the device operating
point, affecting simulation accuracy. Therefore, despite not being a general requirement,
terminal charge conservation is a highly desirable model feature. Given a general two-port
capacitance matrix representation:

CM = C11 C12

C21 C22

[ ]
, (1)

where all elements depend on the controlling voltages v1 and v2, the two following additional
constraints must be verified for terminal charge conservation [13]:

∂C11

∂v2
= ∂C12

∂v1
;

∂C22

∂v1
= ∂C21

∂v2
. (2)
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Conversely, a two-port charge model implementation involves
identifying two charge functions. The displacement currents are
obtained as time-derivatives of charge functions, so charge
conservation is structural in this case.

Either choosing a capacitive or a charge representation, a fun-
damental aspect concerns the empirical dataset for the identifica-
tion. If such a dataset consists of small-signal S-parameters and
the conditions in (2) are not verified, extracting a capacitive
model will involve the aforementioned simulations issues,
whereas the charge functions obtained by integration will not
be unique, as they will depend on the voltage-domain integration
path. In fact, since multi-bias small-signal S-parameters measure-
ments are not isodynamic, the capacitance matrix does not satisfy
the condition in (2) owing to the presence of dispersive phenom-
ena [14]. On the other hand, also an extraction from large-signal
(LS) excitation typically leads to a local model approximation,
unless the excitation design follows specific constraints, as will
be shown in the following. Thus, maximum care should be exer-
cised when designing the identification experiments such that (i)
the operating area is properly covered; (ii) the dataset is
isodynamic, i.e., all empirical values used for model extraction
belong to a specific and well-defined dynamic state. With respect
to the latter, LF dispersion should be particularly taken care of.

This work, by extending the contribution in [15], depicts a sys-
tematic procedure to obtain the most suitable charge-conservative
GaN model that could be derived from non-isodynamic data.
Such a method aims at providing fair performance prediction
and the robust charge functions implementation for the many
cases where special-purpose expensive setups capable to perform
isodynamic experiments [16,17] are not available. The paper is
organized as follows. The section “Large-signal identification for
GaN” reviews the specific aspects related to GaN state dynamics
and depicts an experiment for obtaining isodynamic datasets
from steady-state LS measurements. In the section “Approximate
modeling from non-isodynamic measurements”, the approach is
exploited to extract approximate charge-conservative models,
whose performance is evaluated in the section “Results and
discussion”. Conclusions are drawn in the section “Conclusion”.

Large-signal identification for GaN

GaN HEMT state dynamics

GaN dispersive effects due to thermal and charge trapping
phenomena involve complex electronic mechanisms within the
device, showing (i) a combination of fast charge trapping
mechanisms (some in the order of less than ns) and slow
de-trapping transients (up to hundreds of ms); (ii) a nonlinear
dependency of such dynamic behavior on the dynamically applied
voltages, resulting in a composite nonlinear dynamic global
response. This causes that, for example, when measuring a static

current-voltage (IV) device characteristic, each bias point belongs
to different thermal and charge trapping states. Therefore, classic
multi-bias S-parameters cannot constitute an isodynamic dataset
for charge functions extraction [14]. Although exploiting pulsed
excitation for obtaining IV characteristics at fixed thermal state
is straightforward, guaranteeing isodynamic conditions for GaN
devices is less simple due to charge trapping [18]. To overcome
the issue, different approaches can be followed.

The work in [19] exploits the peculiar trap dynamics to modify
the pulsed excitations with a double-pulse pattern, where a pre-
pulse is used to stabilize the regime to a pre-conditioned trapping
state. Then, multi-bias double-pulsed S-parameters obtained with
such a strategy can actually constitute an isodynamic dataset for
charge and capacitance extraction [20]. Alternatively, a direct
way to guarantee the isodynamic property to the identification
dataset consists in obtaining such a dataset from a unique LS
steady-state regime [16].

Optimal tone frequency selection

A number of published works has dealt with designing efficient
LS excitation for capacitance or charge functions extraction
[21–25]. Exploiting the simultaneous excitation of the two ports
of the device, they all aim at a dense and complete coverage of
the operating v1-v2 voltage plane. In addition, multiple derivatives
of the current with respect to the applied voltages should be
sampled for each point of the v1-v2 voltage plane in order to iden-
tify the capacitance elements. These elements, along with the lim-
itations of the measurement setup, help in drafting a list of desired
features for the excitation. Let us consider a generic voltage-
controlled N-port. Let f1 . . . fN be N independent tone frequencies,
each of which is applied to the n-th port of the device. The gen-
erated IMD products will fall at the generic frequency

∑N
n=1 knfn,

where 0≤ |kn|≤ Kn and
∑N

n=1 |kn| ≤ Kmax , Kn being the max-
imum harmonic order at the n-th port and Kmax the maximum
mixing order. Thus, one should consider the following signal
characteristics [26]:

(i) All non-negligible (i.e., of lower mixing order, or equiva-
lently, up to the maximum nonlinear order required) IMD
products must be measurable.

(ii) Two (or more) IMD products should never fall on the same
frequency bin. From a measurement perspective, they should
not fall too close, so to minimize measurement inaccuracies.

(iii) The excitation should be applied in a frequency range where
the displacement current component is non-negligible with
respect to the conduction current.

(iv) Since the displacement current is obtained as a time-
derivative of charge, min{∑N

n=1 knfn} must be sufficiently
high, in order to reduce current integration errors.

(v) The frequency response has to be frequency-confined
between the upper cut-off of the LF dispersive phenomena
f LFco and the lower cut-off of the high-frequency (HF)
non-quasi-static effects f HFco :

f LFco <
∑N
n=1

kn fn < f HFco . (3)

While (i) and (ii) concern the general feasibility of the measure-
ment and (iv) relates to the extraction procedure, (v) can consti-
tute a stringent condition for the specific case of GaN. From these

Fig. 1. (a) Intrinsic model based on the capacitance matrix. (b) Intrinsic model based
on charge functions.
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specifications one realizes that, on one hand, it would be prefer-
able to adopt a large frequency spacing between the tones, so
that (ii) and (iv) would be easily satisfied. On the other hand,
this is in contrast with (i) and (v) for which confining the spectral
response is a must. By considering the case of a common-source
transistor (N = 2), finding proper f1 and f2 will depend on a suit-
able value for Kmax which, in turn, depends on the nonlinearity
involved. Nevertheless, it has been shown in [26] that acceptable
compromises can be found if using instrumentation with
several-GHz-wide acquisition bandwidth (BW). In Fig. 2, we
show the trace in the voltage plane and the drain current locus,
as well as the excitation spectrum for the case of f1 = 2 GHz,
f2 = 2.74 GHz, K1,2 = 10, and Kmax = 20, determining a lower
IMD at 220 MHz, well above the cut-off of the LF dispersive
effects. Such an experiment can be performed by means of a
Keysight PNA-X network analyzer, as shown in [16].

An interesting aspect concerns the fact that such multiple
sinusoidal excitations give origin to a complex trace in the voltage
domain, also known as Lissajous curves.1 In this way, the voltage
domain can be widely covered, and each voltage region is passed
through multiple times at different speeds, depending on the ratio
between the applied frequencies. This, in turn, results in different
time-derivatives of the output current, ultimately leading to charge
functions identification. More in detail, the resulting regime is
periodic with period T = 1/(GCD(f1, . . . , fN ), where GCD( · ) cal-
culates the greatest common divisor among the applied frequen-
cies. Therefore, T is a time interval in which the traced path will
return to the initial point, and it is also the minimum acquisition
time for the measurement. If no greatest common divisor can be
calculated, then the signal is an almost periodic multi-tone, and it
will produce a trajectory that never repeats itself.

Frequency-domain integration

The experiment depicted in the previous section results in L≤N
current waveforms (L being the number of considered output
ports), each of which can be depicted by an N-dimensional
Fourier series:

il(t1, . . . , tN ) =

<
∑K1

k1=1

. . .
∑KN

kN=1

�Il,k1,...,kN e
j2p

∑N

n=1
kn fntn

{ }
,

(4)

where l = 1 . . . L, and �Il,k1,...,kN are the Fourier coefficients relative
to the current at the l-port. Given that current is the time-
derivative of the charge, charge values must be obtained by inte-
gration of the displacement current, whereas the global current
response in (4), in general, contains both conductive and displace-
ment current components. This is indeed the case for the drain
port of the transistor, whereas the gate port typically contains
only a displacement part if the gate diodes are not turned on.
The displacement current can be separated from the conduction
current at the drain port by following different strategies, e.g.,
the one in [16].

Once any conductive part has been removed, the pure dis-
placement currents can be integrated in the frequency domain,
directly obtaining the spectral components of the charges:

�Ql,k1,...,kK =
�Il,k1,...,kN

j2p
∑N
n=1

kn fn

, (5)

which can be transformed to time domain by means of the
N-dimensional Fourier Series:

ql(t1, . . . , tN ) =

<
∑K1

k1=1

. . .
∑KN

kN=1

�Ql,k1,...,kN e
j2p

∑N

n=1
kn fntn

{ }
.

(6)

Obtaining the charge functions

Each of the time-domain charge loci in (6) depends on the time-
domain voltage loci at all ports:

vl(t1, . . . , tN ) =

<
∑K1

k1=1

. . .
∑KN

kN=1

�Vl,k1,...,kN e
j2p

∑N

n=1
kn fntn

{ }
.

(7)

If the charges constitute an exact differential in the voltage domain,
the ql(t1, . . . , tN ) must give origin to N quasi-static functions of
the v1, . . . , vn controlling voltages, i.e., the charge functions.
Such functions, indicated withQl[v1, . . . , vn], are therefore defined
by establishing an explicit correspondence between each point in
the voltage domain and the respective value of waveforms ql. If
the excitation frequencies are properly defined, a sufficiently
dense distribution of the traced paths in the voltage domain is
obtained. In addition, the Fourier series expressions in (6) and
(7) allow for any arbitrarily dense discretization of such time-
domain paths. This discretization corresponds by all means to an
interpolation, as the time domain signals are completely known
from their frequency-domain components. In this sense, it is
worth bearing in mind that the choice for the maximum harmonic

Fig. 2. Two-tone (one per port) excitation of a 0.25-μm GaN HEMT with f1 = 2 GHz, f2 =
2.74 GHz, K1,2 = 10, and Kmax=20. (a) Voltage plane. (b) Drain current locus. (c)
Excitation spectrum. (d) Zoom of (c) for frequencies up to 1 GHz.

1More precisely, if the excitation is applied by means of signal generators with non-
zero output impedance, the resulting voltage trace will consist of distorted Lissajous
curves, depending on the nonlinearity and impedance mismatch involved.
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order for each output (Kn) and the maximum IM order (Kmax) sets
a limit to the nonlinearity order of the identified charge functions.
In practice, the data points of ql and vl obtained from the discret-
ization of (6) and (7), respectively, can be used in conjunction with
suitable functions approximator algorithms, e.g., [27], to fully
characterize the Ql[v1, . . . , vn] functions.Let us now consider the
case of a transistor in common-source configuration, which is
represented as a two-port (N = L = 2). Figure 3 shows q1 and q2
loci for the gate and the drain ports, along with the identified
2-dimensional charge functions (renamed QG for the gate port
and QD for the drain port). Whereas the described identification
technique has been applied in [16] from LS measurements, the
next section deals with the use of the same model extraction prin-
ciples in conjunction with experimental datasets acquired in small-
signal regime.

Approximate modeling from non-isodynamic
measurements

Description of the approach

As already mentioned in the Introduction, different integration
paths applied to capacitances identified from non-isodynamic
measurements will generally lead to different charge functions,
whereas a unique charge function per port must be implemented.
On the other hand, non-isodynamic datasets such as multi-bias
S-parameters contain a great amount of information on the
dynamics involved, as the IMD prediction of models based on
capacitance matrix shows [7]. Therefore, it is worth investigating

the extraction of such valuable information to obtain optimal
charge functions from a suboptimal dataset, maintaining the pre-
diction capabilities. In this sense, selecting the most appropriate
integration path becomes a critical step.

The strategy proposed in this work consists in exciting, by
simulation, a non-charge-conservative transistor model obtained
from a non-isodynamic dataset in a suitable way. This allows to
condition the extraction to be coherent with respect to the
intended application, employing all the principles described in
the section “Large-signal identification for GaN” for limiting
the BW of the excitation to the range where displacement currents
give the most important contribution. Finally, this also indirectly
sets a suitable integration path that efficiently sweeps the operat-
ing area within the experimental dataset. The proposed procedure
consists of the following steps:

(i) Perform conventional multi-bias S-parameter measurements
on a dense grid of bias voltages and over a suitable frequency
range where displacement currents arise. These measurements
require exciting only a small-signal regime and they are nor-
mally obtained by means of a Vector Network Analyzer
(VNA), typically present in any microwave laboratory.

(ii) De-embed parasitics [28], extract the capacitance matrix of
the model in Fig. 1(a) from the Y-parameters, and
implement the network in the schematic circuit of an HB
simulator. The capacitive matrix can be simply implemented
by means of a Look-Up Table (LUT), as in [7]. The conduc-
tion current can be extracted in an independent way. In this
work, we have used the conduction current model in [29],
while the thermal model consists of a thermal resistance
(Ru ≃ 13◦C/W) obtained with the method in [30].

(iii) Setup anHB simulation of the implemented circuit to perform
a two-tone simulation experiment (Fig. 4), where the excita-
tion frequencies should be selected by following the indica-
tions of the section “Optimal tone frequency selection”. This
simulation provides, as an output, wideband spectra of the vol-
tages and currents at the device ports, which can be trans-
formed in time domain to evaluate the actual paths traced
on the device characteristics. It should be noted that, despite
such a non-charge-conservative model will generate a non-
physical dc component of the current, this component is auto-
matically discarded in the analysis.

(iv) Extract the charge functions by means of the procedure in
the section “Obtaining the charge functions”. Since the
extraction relies, in general, on non-isodynamic data, the
time-domain charge loci may not represent a sampling of
a quasi-static function of the voltages, showing hysteresis.
Moreover, spurious memory effects may arise due to the
restricted BW deriving from the practically-limited mixing
order. In this sense, a function approximator [27] that best
fits the available data is necessary. In Fig. 5, the differences
are shown between the actual loci of the charges (black)
and the points on the approximated surface (red) for the
case of a simulation experiment (excitations as from Fig. 2).

Description of the simulation experiments

To test the approach, various simulation experiments have been
configured. By selecting different excitations at the two ports,
different shapes and temporization of the paths traced in the con-
trolling voltage domain are synthesized, so that different probings

Fig. 4. Harmonic-balance simulation setup (Keysight ADS) for the implementation of
the two-tone experiment.

Fig. 3. Time-domain locus of the charges and relative charge functions obtained
from the excitation in Fig. 2. (a) Gate charge. (b) Drain charge.
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of the device response can be evaluated. Given that the capaci-
tance-based model obtained from S-parameters measurements
is not charge conservative, such different excitations lead, in gen-
eral, to the identification of different charge functions. Therefore,
these tests allow to quantify such differences and estimate how
much this suboptimal extraction dataset will affect the accuracy
of the model.

As a preliminary step, the S-parameters of a 8× 125, 0.25-μm
GaN-on-SiC HEMT were measured from 100 MHz up to
30 GHz by means of an 8510 Keysight VNA. A standard RLC
π-network of extrinsic parasitic elements was extracted by
means of the method in [28] (RG = 0.9 Ω, RD = 1.6 Ω, RS = 0 Ω;
LG = 140 pH, LD = 104 pH, LS = 8 pH, CGS = 28 fF, CDS = 65 fF,
CGD = 0 fF). The capacitance elements extracted from the
de-embedded measurements have been implemented in the aux-
iliary capacitive model of Fig. 1(a) and the schematic of Fig. 4.
Then, different sinusoidal excitations2 were applied in the simula-
tions for obtaining:

(i) Different operating areas. These can be configured by select-
ing different bias points and different amplitudes for the exci-
tations signals. In this work, we have configured six different
excitations α to ζ, whose parameters are reported in Table 1.
While the shape of the α path was already provided in Fig. 2,
the others are reported in Fig. 6, showing the different cov-
erages of voltage domain, both above and below the pinch-off
voltage Vpo of the device.

(ii) Different excitation frequencies. These can influence both the
shape of the synthesized path, as well as the speed rate at
which the path is passed through. In particular, the shape
of the path depends on the ratio between the two excitation

frequencies. The applied excitations and the resulting paths
(η to κ) are reported in Table 2, while the amplitude levels
of the excitations are kept the same as the ones for α. The
paths η and θ maintain the same frequency ratio as α, so
the shape of the path remains the same, while the speed at
which this is passed through is 2 × slower for η (T = 100 ns)
and 4 × slower for θ (T = 200 ns). Such temporization differ-
ences can be clearly seen in the frequency domain, as shown
in Figs 7(a) and 7(b). For ι and κ, the frequency ratio is chan-
ged, so that the traced paths change, as shown in Fig. 8.

Results and discussion

Charge functions approximation

After the dynamic voltage and currents are saved for the α to κ
configurations depicted in the previous section, two time-domain
charge waveforms qG and qD (for gate and drain) are extracted for
each case by integrating the displacement currents in frequency
domain. Then, these are fitted to two 2-dimensional surfaces in
the vG-vD variables. Given that some of the synthesized loci do
not cover the full operating area in the voltage plane, the resulting
charge functions will only be evaluated within the respective
limited domain. An interesting metric to consider is the fitting
relative error to the surface EF:

EF =
�
T Q[vG(t), vD(t)] − q(t){ }2

dt�
Tq(t)2dt

, (8)

where Q[vG(t), vD(t)] is the approximated charge surface, q(t) is
the time-domain charge locus, and T is the period of the excita-
tion. If all the values of qG(t) and qD(t) were perfectly laying on a
surface, such fitting error would be zero. Conversely, the presence

Fig. 6. Paths generated in the voltage plane. (a) Excitation β. (b) Excitations γ, δ, ϵ,
and ζ.

Table 2. Integration paths for different frequencies

Path f1 f2 f2/f1 min{ f} max{ f}

(GHz) (GHz) (MHz) (GHz)

α 2 2.74 1.37 220 47.4

η 1 1.37 1.37 110 23.7

θ 0.5 0.685 1.37 55 11.85

ι 2 2.54 1.27 160 45.4

κ 2 2.94 1.47 120 49.4

Fig. 5. Charge function fitting from the time domain charge locus (black) traced by
path α. In red, the projection of the locus on the actual approximated charge surface.
(a) Gate charge. (b) Drain charge.

Table 1. Integration paths for different excitation amplitudes

Path P1 (dBm) P2 (dBm) min{vG} (V) max{vD} (V)

α 12 36 − 8.1 79

β 16 33 − 10.1 62

γ 7 30 − 4.3 32

δ 9 30 − 4.2 73

ϵ 5 27 − 9 28

ζ 8 30 − 8.8 65

2For all cases, k1,2 = 10 and Kmax=20.
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of a fitting error means that the sampled charge data points do
not perfectly belong to a quasi-static function of the applied vol-
tages. Therefore, this indicates that such sampled charges depend
on the traced path, due to the different dynamic states at which
the S-parameter dataset was acquired.

The fitting error for the different excitations used in this work
is shown in Fig. 9. It can be seen that, for all paths, a certain fitting
relative error up to 12% is present, and that such an error is gen-
erally larger for QG with respect to QD. Notably, the error is lower
for the β, γ, ϵ, and ζ paths, which are obtained either by biasing
the device below pinch-off, or at relatively low drain voltage for γ
(i.e., in zero or low-power dissipation conditions). This aspect
seems in agreement with the general principle for which operating
temperature and trap state differences, particularly evident for
high quiescent voltages and currents, will change the state of
the device, thus making the multi-bias S-parameters non-
isodynamic.

It is worth noting that a small surface fitting error does not
directly mean that a unique charge function has been obtained
from different excitation conditions. In fact, the different paths

could generate charge signals laying on different surfaces. To clar-
ify this aspect, the following relative error between the approxi-
mated charges has been calculated:

EQ =
� �

Dv
Q[vG, vD] − Q̂[vG, vD]
{ }2

dvGdvD� �
Dv
Q̂[vG, vD]2dvGdvD

, (9)

where Q̂[vG, vD] is a reference charge function and Dv is the volt-
age domain corresponding to each path. The resulting values of
EQ are shown in Fig. 10. For the charge functions obtained by
biasing the HEMT in the ON-state, i.e., γ, δ, η, θ, ι, and κ, the
chosen reference charge functions are the ones extracted by the
configuration α. For the charge functions obtained by biasing
below pinch-off, i.e., ϵ and ζ, the reference charge functions are
the ones obtained with the configuration β.

It can be noted that the gate charge function obtained from δ
reports more than 15% in relative error with respect to α. This
means that the fitting error shown in Fig. 9 has caused the synthe-
sis of two different charge models. On the other hand, despite the
gate charges from paths η to κ (as well as α) were showing
substantial fitting error, the approximated charge models they
provide are quite similar to each other, originating only up to
∼ 2% of relative error. Apart from the gate charge from δ, the dif-
ferent charge models only show a few percent of relative error.
This means that, despite having been obtained from different
excitations of a non-isodynamic dataset, they are relatively similar
to each other.

Small-signal behavior

In order to evaluate their prediction capabilities, the charge func-
tions have been implemented in CAD (Keysight ADS), giving ori-
gin to ten different charge models. Such implementations take
advantage of the Symbolically-Defined Device (SDD) component,

Fig. 7. Spectrum response for the paths η, θ, ι, and κ.

Fig. 8. Paths α (black solid line), ι ( blue long dash), and κ (red dot) in the voltage
plane for an observation time of 2.5 ns.

Fig. 9. (a) Gate charge surface fitting error (%). (b) Drain charge surface fitting
error (%).
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which allows to calculate the derivatives of the quantities applied
to its terminals. Considering HB simulations, this corresponds to
a multiplication by frequency at each frequency. Then, once the
derivatives are obtained in the frequency domain, they can be
transformed to time domain. In the specific case, the charge func-
tions covering a suitable operating area are read from LUTs. Then,
the output of the LUTs is directly applied to the SDD for obtain-
ing the corresponding displacement currents. Alternatively, it
would be possible to synthesize conventional equivalent-circuit
model topologies from the same identified charge functions.

As a first test, such newly obtained models have been simu-
lated to extract the S-parameters at different bias points. These
simulations, performed in the [0.1,30] GHz range, have been
compared to the actual S-parameters measurements, and are
shown in Figs. 11–13. In particular, three bias points have been
considered: (VGQ, VDQ) = (− 3, 15) V (Fig. 11), (VGQ, VDQ) =
(− 3, 30) V (Fig. 12), both in the ON-state, and (VGQ, VDQ) =
(− 6, 30) V (Fig. 13) in pinch-off. Despite the relative differences
between the charge functions obtained, the S-parameters pre-
dicted by the models are fairly similar to the measurements. In
particular, it can be noted that the S11 is well predicted in all con-
ditions. In the ON-state conditions, the S21 is fairly aligned for the
VDQ = 15 V, whereas it shows larger errors for VDQ = 30 V. In fact,
despite the model extraction derives from the very same
S-parameter measurements, and although charge should not be
affected by LF dispersion [16], it should be noted that the
model identification is based on the LS evaluation of the mea-
sured non-isodynamic dataset, introducing spurious deviations.
Therefore, as it was already mentioned concerning the fitting

Fig. 10. (a) Relative errors of the charge functions obtained for paths γ, δ (referred to
the ones obtained from path α), ϵ, ζ (referred to the ones obtained from path β). (b)
Relative errors of the charge functions obtained for paths η, θ, ι, κ (referred to the
ones obtained from path α).

Fig. 11. Comparison between simulated and measured S-parameters at ON-state bias
point VGQ =−3 V, VDQ = 15 V for f = [0.1 30] GHz. (a)–(b) S-parameters obtained with
models derived from paths α, β, γ. (c)–(d) S-parameters obtained with models derived
from paths η, θ, ι, κ.

Fig. 12. Comparison between simulated and measured S-parameters at ON-state
bias point VGQ =−3 V, VDQ = 30 V for f = [0.1, 30] GHz. (a)–(b) S-parameters obtained
with models derived from paths α, β, δ. (c)–(d) S-parameters obtained with models
derived from paths η, θ, ι, κ.
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error of the δ gate charge, the prediction errors are likely to be lar-
ger in those areas where LF dispersion particularly manifests
itself, i.e., at higher drain voltages. Thus, the most pronounced
differences can be seen at VDQ = 30 V for S22, being S22 the
most susceptible parameter with respect to thermal and trapping
effects. Conversely, all the S-parameters are adequately repro-
duced when biasing in pinch-off, despite some minor disagree-
ments in S12 and S21 among the various models.

Large-signal behavior

Figure 14 shows the prediction of the dc current by the capaci-
tance-based model in comparison with the charge-based model

(obtained from path α) for a continuous wave (CW) excitation
at 5.5 GHz. It can be seen that the newly implemented charge-
based model do not produce any non-physical dc current,
whereas the capacitance model is likely to suffer from the simula-
tion issues discussed in the Introduction.

Two loading conditions are considered for the LS validation:
ZI
L ≃ 50 Ω, with harmonics ZI

L,1 = 54+ j14, ZI
L,2 = 53+ j19,

ZI
L,3 = 38+ j10, and ZII

L (maximum RF output power), with
harmonics ZII

L,1 = 19+ j38, ZII
L,2 = 89+ j89, ZII

L,3 = 29+ j46.
Figures 15–17 show the α and β model performance in the pres-
ence of an RF CW excitation at 5.5 GHz. For all tests, the chosen
quiescent point is (VGQ, VDQ) = (− 3.4, 30) V, corresponding to
IDQ≃ 60 mA. The obtained results confirm good prediction cap-
abilities for both loads, in terms of RF output power, power-added
efficiency (PAE), as well as for the IV waveforms. The CW per-
formance for the models extracted from h, u, i and κ (not
shown) is basically the same as for the α model.

As a last test, the charge-based models have been excited by a
standard two-tone excitation (both applied at the same port) in
order to characterize the in-band 3rd order IMD products
(IM3) for the ZII

L load. As can be seen from Fig. 18, all results pro-
vide reasonable predictions, despite some slight variations among
the different model implementations.

Conclusion

In this work, we have described a method to obtain a GaN HEMT
charge-conservative model from classic S-parameters

Fig. 13. Comparison between simulated and measured S-parameters at OFF-state bias
point VGQ =−6 V, VDQ = 30 V for f = [0.1, 30] GHz. (a)–(b) S-parameters obtained with
models derived from paths α, β, ζ. (c)–(d) S-parameters obtained with models derived
from paths η, θ, ι, κ.

Fig. 14. Comparison between the α charge-based (charge-conservative) and the
capacitance-based (non-charge-conservative) dc current model response (diodes
bypassed) for a single-tone excitation at 5.5 GHz up to 4-dB gain compression,
with (VGQ, VDQ) = (− 3.4, 30) V, corresponding to IDQ≃ 60 mA. (a) Gate current. (b)
Displacement part of the drain current.

Fig. 15. (a) Prediction of RF output power and power-added efficiency (PAE) for the
models extracted from the α and β paths in the presence of an RF CW at 5.5 GHz and
load ZIL ≃ 50 Ω (harmonics: ZIL,1 = 54+ j14, ZIL,2 = 53+ j19, ZIL,3 = 38+ j10). (b)
Loadline prediction for two RF input levels: 16 and 24 dBm.

Fig. 16. (a) Prediction of RF output power and power-added efficiency (PAE) for the
models extracted from the α and β paths in the presence of an RF CW at 5.5 GHz and
load ZIIL for maximum output power (harmonics: ZIIL,1 = 19+ j38, ZIIL,2 = 89+ j89,
ZIIL,3 = 29+ j46). (b) Loadline prediction for two RF input levels: 16 and 24 dBm.
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measurements, thus avoiding the use of custom setups for iso-
dynamic acquisitions. The proposed procedure involves simulat-
ing an auxiliary capacitive model with suitable two-tone
excitations, resulting in a charge functions formulation that is
charge-conservative by definition. Such obtained model could
then be possibly mapped into equivalent-circuit topologies that
still maintain terminal charge conservation. The small- and large-
signal validations show that, despite some differences in the per-
formance with respect to measurements, the obtained models
provide good prediction consistency and a robust CAD
implementation.
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