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Abstract—A streamlined method to model GaN high electron
mobility transistor’s (HEMT) behaviour based on I-V measure-
ments is proposed in this article. A model based on Angelov’s
model is used to this end, modified to account for the device’s
off-tail of the transconductance function and the steeper output
conductance behaviour in the ohmic regime, as well as the effects
of self-heating. The resulting model features an equation for the
equivalent circuit’s current source with its numerical parameters
obtained from the step-wise fitting of the measurement data. The
fitting helps with modelling the current-voltage dependency of
a GaN HEMT in the cases when the input dataset provides
insufficient number of operating points to assess all critical
parameters of the Angelov model using standard techniques.

Index Terms—Gallium nitride, High electron mobility transis-
tor, Simulation, Pulsed measurements.

I. INTRODUCTION

W ITH the widening field of applications for the pulsed-
power devices [1], arises the need for switches that

can achieve shorter rise times while providing similar output
currents and voltages as the state-of-the-art SiC MOSFET-
based switches [2]. While the rise-time of tens of nanoseconds
is achieved in the contemporary semiconductor-based pulsed-
power switches, and the single-digit-nanosecond rise time
is achievable when SiC MOSFETs are gate-boosted [3]–[5],
there is an entire type of GaN-based high electron mobility
transistors capable of achieving even faster switching [6], [7]
thanks to their structure using a 2D layer with highly mobile
charge carriers as a conductive channel [8].

GaN HEMTs are relatively new on the market and their
development is still ongoing [8]. This creates a need to
characterize the emerging devices and create their models that
can be used to predict the behaviour under the typical oper-
ating conditions, when built into pulsed-power circuits – i.e.,
focusing on short pulses, time resolutions down to hundreds of
picoseconds, as well as output voltages of hundreds of volts
[9]. While the technological processes have learned to deal
with some of the physical effects negatively affecting GaN
HEMT’s operation, such as surface-trapping induced gate lag
[10], [11], they are still affected by the buffer-layer trapping
and self-heating [12], [13]. The effect of the former manifests
as drain lag and takes milli- to microseconds to influence the
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output current’s behaviour. The self-heating, on the other hand,
is known to impact the efficiency of GaN HEMTs, especially
in high-power applications [14]. Enabling the device’s model
to account for the self-heating and differenciate it from other
effects, such as channel length modulation, provides advan-
tages for the simulation quality [15].

The methods and tools commonly used to simulate GaN
HEMTs’ behaviour branch from the models for GaAs MES-
FETs [16]–[19]. Decades of the gathered knowledge have
resulted in the wide variety of physical and behavoural models,
primarily used in the power and high-frequency electronics
circuit designs [20]–[22], and algorithms to capture and rep-
resent the aforementioned dispersive effects [14], [23], [24].
In the scope of our interest is the family of behavioural
models proposed and elaborated by Angelov et al. in 1992
[18], [25]. It describes the HEMT’s characteristics using
parameters that can be obtained from the pulsed measure-
ments, and presents a circuit of parasitic components that
can be calculated from the measured S-parameters. With the
development of the GaN HEMT technology, there is a constant
need to refine various aspects of the modelling [26], [27] to
describe emerging devices in the operating regimes dictated
by their usage. Although contemporary GaN HEMTs often
come with manufacturer-provided models, that can serve as
important references, characteristics obtained via simulations
with them (e.g., S-parameters) demonstrate deviations from the
measurements [28] and due to their black-box nature cannot be
improved to address them nor expanded to take into account
further dispersive effects.

A method to characterize modern types of power electronics
devices, including GaN HEMTs, has been proposed in [29],
[30] which uses pulsed S-parameter measurements to provide
both S-parameters and I-V dependencies for output drain
voltages up to 40 V in the ON-state and up to 500 V in
the OFF-state. Using S-parameters as an input, the iterative
optimisation algorithm [28], [30]–[32], computes the values
of the parasitic components in the measured range based on
the equivalent circuit equations. This article expands the work
by providing a streamlined method to simulate a nonlinear
current source with a modification of the Angelov model, using
current-voltage characteristics that can be measured with the
same or a similar experimental setup as described in [29],
[30] and taking into account the limitations in the density of
measured data points when wide range of operating parameters
have to be characterized.
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Fig. 1. Small-signal equivalent circuit of a GaN HEMT as used in [28].

II. THE MODEL

The chosen model represents a GaN HEMT as a non-
linear current source surrounded by an equivalent circuit of
parasitic components, as exemplarily shown in Figure 1. The
current source is described by a bias-dependent function,
parameters for which can be found by analyzing current-
voltage characteristics obtainable from pulsed measurements
[13], [33]. The values for external and bias-dependent intrinsic
components of the equivalent circuit can be found numerically
from the S-parameter measurements and are specific for each
considered operating point [31]. The transconductance Gm and
output conductance Rds in the small-signal operation regime
represent the linearized behaviour of the transistor. In the
large-signal regime, they are both included into the equation
for the voltage controlled current source Ids as parameters
denoting its dependence on the gate Ugs and drain Uds bias
voltages respectively. The classical equation for the current
source is given in [25] as

Ids(Ugs, Uds) = Ipk(Uds) · (1 + tanh(Ψ(Ugs, Uds)))

· tanh(α1(Ugs)Uds) · (1 + λ(Ugs)Uds), (1)

where Ipk is the current, at which transconductance Gm

reaches its maximum value; α1 is a saturation behaviour
parameter dependent on the output conductivity Gds near
Uds = 0, λ is a parameter of channel modulation describing
an increment of the output current in saturation regime, and
Ψ is a series of the form [25]:

Ψ(Ugs, Uds) =
1

Ipk(Uds)
(Gm|Ugs=Upk(Uds))·(Ugs−Upk(Uds))

+
∂Gm

∂Ugs
|Ugs=Upk(Uds) · (Ugs − Upk(Uds))

2

+
∂2Gm

∂U2
gs

|Ugs=Upk(Uds) · (Ugs − Upk(Uds))
3 + ...), (2)

featuring derivatives of the output current by the gate bias
taken at Upk, which is gate voltage at which Gm reaches its
maximum value.

While in the saturation regime, Upk and Ipk are constant,
they become dependent on the drain bias Uds in the ohmic
regime [25].

To account for thermal effects, due to device’s self-heating
during the operation, Equation (1) has to be supplemented with
a thermal term turning it into

Iθds = Ids · (1−ΘPdiss) (3)

representing the decrease of the saturation current due to
heat dissipation Pdiss [34]. Θ in this equation is a parameter
denoting heat storage and release, usually represented with a
thermal RC-sub-circuit [35]. The thermal part of Equation (3)
depends not only on the gate and drain bias, but also on the
device temperature θ, which can be represented indirectly [15]
via environment temperature θe. Their interrelationship can be
described with the expression [15]:

θ = θe + ZθPdiss, (4)

where Zθ(θe) is thermal impedance.
To develop a simulation strategy and test its applicability for

the evaluation of the available measurement data, the Angelov
model was applied to the current-voltage characteristics of a
market-available GaN HEMT [36]. One set of data has been
generated from its simulation using a model provided by the
Manufacturer to gradually improve the algorithm by increasing
the complexity of the input. The second characterization comes
from the pulsed measurements described in [28], taken during
the S-parameter characterization and featuring self-heating
effects.

A. Modifications of the Model

As a starting point of the model implementation, the
idealized I-V characteristics of the transistor Maufacturer’s
model was recreated using Equation (1) with its parameters
found using their definitions from [25]. Figure 2 illustrates the
consecutive steps taken to eliminate discrepancies between the
original I-V characteristics and the recreated ones.

The first implementation of the original equation, shown
with blue curves in Figure 2, highlights an important issue
with the original Angelov model described, e.g., in [27].
Equation (1) operates under the assumption of a bell-shaped
form of transconductivity Gm, which in the real contemporary
devices tend to have a significant ”tail” gradually falling
towards higher Ugs [27], which – in turn – leads to significant
underestimation of the output current (see Fig. 3a). As a
solution, we propose to supplement Equation (1) with a
coefficient dependent on Ugs while retaining and scaling its
behaviour in the Ohmic regime. The new coefficient Itailpk

would take values of the saturation current IS in the saturation
regime and is defined as

Itailpk (Ugs, Uds) =
Ipk(Uds)IS(Ugs)

IpkS
, (5)

where IpkS is Ipk in the saturation regime. The implementation
of this coefficient is shown in Figure 2 with red curves.

The second point of improvement adresses the underes-
timation of the currents in the ohmic operating regime. A
closer look to the output conductance (see Figure 3b) of the
characterized model shows that it has a non-linear behaviour
near zero that can be emulated by adding a quadratic term of
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Fig. 2. Stages of Angelov model’s implementation to recreate the idealized
characteristics of a contemporary GaN HEMT [36]. Black curves show the
data from the manufacturer’s model. Blue curve represents the result after the
implementation of Equation (1) directly. Red curves represent the result after
using the saturation current value to better represent the ”tail” of Gm. Purple
curves represent the result after expanding the saturation behaviour part of
the equation with a quadratic term.
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Fig. 3. Transconductance (a) and output conductance (b) of a modelled
transistor described by the Angelov model using the original equation (blue
dashed curve), after accounting for the transconductance tail (red dash-dotted
curve) and after expanding the saturation behaviour term (purple dashed curve)
compared to the original data (black solid curve).

Uds into the saturation behaviour term under the hyperbolic
tangent, so that the final equation would have the following
shape:

Ids(Ugs, Uds) = Itailpk (Ugs, Uds) · (1 + tanh(Ψ(Ugs, Uds)))

· tanh(α1(Ugs)Uds + α2(Ugs)U
2
ds) · (1 + λ(Ugs)Uds), (6)

where α2 is a coefficient dependent on the ∂Gds

∂Uds
and can be es-

timated via fitting. The resulting Ids after the implementation
of this equation is shown as the purple curves in Figure 2.

B. Direct Fitting

Equation 6 provides us with a model describing the voltage-
dependent current source of a GaN HEMT. This formula needs
at least 7 bias-dependent parameters, receivable via analysis
of measured output current curves. The process of finding all
necessary values for the equation can be simplified by using
numerical software. By rewriting bias-dependent parameters in
the whole expression into a set of functions, it is possible to fit

the whole measured I-V characteristics, as a surface dependent
on Ugs and Uds, to Equation 6. Several values derived from
the measurements can be stated as initial values for the fitting
process. MATLAB Fitting Toolbox [37] was used to search for
the fit function and its parameters. The expressions for Itailpk ,
Ψ, α1, α2, λ have been initially taken from their definitions in
[25] and iteratively modified, together with the initial values,
until the minimum of mean-square error has been achieved,
shown in Figure 4. The corresponding expressions are:

Itailpk = IpkS exp (S1Ugs) exp (S2Uds), (7)

α1 = α1c tanh (A10 +A11Ugs), (8)
α2 = α2c tanh (A20 +A21Ugs), (9)
λ = λc tanh (ΛUgs), (10)

Ψ = P1

(
1 +

(
1

cosh (BUds)

)2
)

· (Ugs − Upk)

+ P2 exp (CUds) · (Ugs − Upk)
2 + P3 · (Ugs − Upk)

3, (11)

where the initial value of IpkS is Ipk in saturation area, P1

starting value is Gm,pkS/IpkS (maximum transconductivity
over the correspondent current in the saturation area), α1c

starting value is derived from the output conductance near
zero drain bias and gate bias Upk as Gds,pk0/IpkS , while S1,
S2, P2, P3, α2c, A10, A11, A20, A21, λc, and Λ are fitting
coefficients introduce to emulate the bias dependence of the
parameters. Based on the form of the Upk dependence on the
drain bias obtained from the I-V curve analysis in the ohmic
and active regimes, it can be approximated to the hyperbolic
tangential

Upk(Uds) =
UpkS − Upk0

2

(
tanh

(
Uds

US
− US

2

)
+ 1

)
+Upk0,

(12)
where US is the saturation drain voltage at Upk, UpkS and
Upk0 are Upk measured in the saturation regime and at Uds

close to zero, respectively.

C. Thermal Effects
After establishing an algorithm for simulating the GaN

HEMT based on its intrinsic characteristics, an important step
is to estimate the changes in its behaviour that would come up
when the thermal effects stop being negligible. Equation (3)
describes transistor’s self-heating and represents it as a drop
in the output current. Already knowing values of the Angelov
equation from the previous step, we can fit the I-V curves
taken for different ambient temperatures θe to establish not
only bias-, but also temperature dependence of the equation
parameters Θ and Pdiss. This iteration of direct fitting uses
already established numerical values for the isothermal part of
the equation (Equation (6)) and fits both thermal parameters.
The best fit, corresponding to the minimum of the mean-square
error, represents the thermal parameters in the following form:

Θ = Θ0 exp (Θ1Ugs +Θ2), (13)

Pdiss = p0 · (tanh (p01Ugs + p02) tanh (p03Uds + p04))

+ p1 · (tanh (p11Ugs + p12) tanh (p13Uds + p14)), (14)
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Fig. 4. Comparison of the Ids characteristics shown for the gate biases from
1 to 5 V. Green lines represent the simulation data using the manufacturer’s
model; blue dashed curves represent its simulation using the Angelov model,
parameters for which were found from original curves analysis; red dot-dashed
curves represent the simulation using the Angelov model with parameters
found via direct fitting.

with Θn and pn being fitting parameters dependent on tem-
perature, introduced to account for the bias dependence of
Θ and Pdiss. Using external temperature as a parameter,
we performed fitting for the external temperature range of
θe = 0...50°C, which allows us to represent their dependence
in the form of

Z(θe) = Z0 + Z1∆θe + Z2(∆θe)
2, (15)

with Z representing each of the fitting parameters and Z0 its
value at θe = 0°C. The quadratic term can be left out, if a
coefficient can be well characterized with a linear temperature
dependence. Additionally, Equation (14) can be used with just
the first term, if there is not much measured information about
power dissipation, but a need to keep the number of fitting
coefficients low. Data from the characterization of a real device
[28] includes the distribution of Pdiss that can be well fitted
with Equation (14), as will be shown in the next section.
Figure 5 shows an example of the I-V curves for the GaN
HEMT model with thermal effects.

III. VALIDATION

To test the described algorithm on the real measurements,
characterization data from [28] has been used as an input.
The most important constraints, represented by this dataset,
that this algorithm tries to address are the following:

1) All measurements exhibit some influence of the device’s
self-heating due to the measurement process with slow
pulses [28], [30];

2) The measured operating points are sparse between
ohmic and saturation regimes, which may impede find-
ing of some of the Angelov equation parameters.

The first constraint is the most important one, since without
clear distinction between the isothermic and temperature-
dependent parts of the equation, the fitting coefficients may
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Fig. 5. Comparison of the Ids characteristics shown for the gate bias
between 1 and 5 V accounting for the self-heating, at the external temperature
θe = 25°C. Green lines represent the simulation data using the manufacturer’s
model; red dot-dashed curves represent the simulation using the Angelov
model with parameters found via direct fitting.

drift further away from their physically sound values. While
θe is constant, the device temperature now depends on the
operation time t: Pdiss in Equation (4) is time-dependent. At
the same time, to account for thermal impulse response in
time domain [34], we include it into the fitting coefficient Θ,
making it time-dependent. The measured data contains device
temperatures calculated from the corresponding Pdiss [28].
Thus, we can use t as a parameter in the termal part of the
Iθds equation. The time-dependence of the fitting coefficients
in Equations (13) and (14) can also be described by the
expression used for the ambient temperature dependence in
Equation (15), substituting ∆Θe with ∆t. In this case, Z0

corresponds to the coefficient value at the first fitted time
point. It is worth noting that no consistent similarities has
been found between θe- and t-dependencies of the same Pdiss

and Θ coefficients.
With no further information apart from the output current

measurements, it is still possible to fit the measurement data
to the temperature-dependent fonction Iθds from Equation (3)
and then, while keeping the coefficients for the isothermal part
constant, to fit the thermal part to data for different stages
of self-heating. However, the available measurement data also
contains information about Pdiss over bias and operation time
ranges. Thus, in this case, the computational sequence consists
of three following steps:

1) Obtaining parameters for Pdiss by fitting its distribution
to Equation (14) for the whole range of the operation
times t;

2) Choosing one fixed time point and using the correspond-
ing Pdiss values, obtain the rest of the Iθds parameters,
including Θ;

3) Perform the fitting of the Iθds for Θ parameters over
the operation time range, with fixed temperature-
independent parameters, found in the previous step, and
using Pdiss values for the respective t.
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Fig. 6. Comparison of the Ids characteristics shown for the gate bias Ugs

from 1 to 5 V. Black dots represent the measured data; blue dashed curves
represent the simulation using the Angelov model, parameters for which were
found from measurement curve analysis; red curves represent the simulation
using the Angelov model with parameters found via direct fitting.

Figure 6 displays the measured Ithetads of the characterized
GaN HEMT and its simulations with the Angelov model. The
blue curves represent the Angelov model with its parameters
found by the standard means of analysis and characterization.
The red curves were obtained via direct fitting. The coefficients
for the Iθds equation found to obtain this characteristics are
listed in Table I. The obvious downside of the direct fitting
path is that the fitting coefficients drift further away from
their realistic values the more iterations it takes to fit the
current-voltage characteristics to a 3D surface. However, when
it comes to the output current values, it provides more accu-
rate replication than the traditional parameter characterization
method, represented by the blue curves.

One further difference worth noting is that when fitted
directly, the output current equation does not require the
quadratic drain-bias term with α2 parameter. This is most
likely because the bias-dependence of the parts of the ex-
pression for Ψ, given in Equation (2) as derivatives of the
transconductance Gm, could be found easier via direct fitting.

IV. DISCUSSION AND CONCLUSIONS

We have illustrated the case, when the sparseness of the
measured data complicates the determination of the parame-
ters, necessary to formulate the Angelov model, such as the
maximum transconductivity along with the associated values
of current and voltage. The simulation process involving direct
fitting of the Angelov’s equation for the non-linear current
source to the measured data was shown to be advantageous,
as it can be used to simulate a GaN HEMT under such
constraints. This is helpful in case if the characterization
measurements are time-consuming. For example, the data for
the output current analyzed here was obtained as a part of
the S-parameters characterization. During the measurements,
300-microsecond long pulses were applied to the device, with
slow, 50-µs-long pulse rise, to avoid oscillations and effect of

TABLE I
PARAMETERS OF THE Ids EQUATION, SHOWN FOR t = 464 µS

IpkS S1 S2

7.64 0.198 –0.0033
UpkS Upk0 US

2.64 2.37 2.3
P1 P2 P3

0.556 –1.25 0.297
α1c A10 A11

87.2 6.18 · 10−3 −8.9 · 10−4

λc Λ
−4.04 · 10−5 –1.46

B C
3.16 · 10−5 –0.141

Θ0 Θ1 Θ2

3.28 –0.112 0.966
p0 p01 p02

0.208 0.44 –0.637
p03 p04

0.0346 0.0358
p1 p11 p12

–0.0312 2.02 –2.94
p13 p14

0.041 0.209

drain-lag on the measurment results [28], [30]. This made the
significant self-heating in the saturation region unavoidable.
In this case, the data on heat dissipation was helpful to
significantly improve the simulation results.

The trade-off of physically realistic model parameters for
the number of datapoints is something to be considered when
planning characterization measurements of GaN HEMTs. The
characterization of a device for the usage in pulsed-power
applications potentially implies measuring it in a broad range
of bias voltages whith a reduced density of datapoints – which
is where the proposed method has the advantages. It can
be refined and improved to describe more operation ranges,
such as reversed operation regime, and account for dispersive
effects, such as drain lag and variable threshold voltage.
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