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Abstract—According to the characteristics of high power GaN
amplifier, the common current-voltage (I-V) temperature dependence
model established by Angelov is improved in this research. Besides
embodying the surface temperature distribution, the most important
improvement is that it can describe the current decreasing trend under
high bias voltage due to trapping related dispersion and self-heating
effect. The practical application shows that the prediction accuracy
of the large signal equivalent circuit model is improved obviously after
introducing the proposed I-V model.

1. INTRODUCTION

The design of power amplifier represents a fundamental topic for
the microwave community, as clearly demonstrated by an increasing
number of papers and books dedicated to this issue published in recent
years [1]. The advent of GaN technology has provided new stimuli in
this design field foreseeing unbelievable performance in terms of power
density, output, gain and power add efficiency (PAE) [2]. Accurate
large signal model is crucial for the GaN power device and circuit
design. Compared with physical based model and table based empirical
model, empirical large signal equivalent circuit model (LSECM) is
simpler and easier to be implemented in microwave commercial
simulation software, and has been widely used in GaAs and SiC based
devices [3,4]. However, accurate LSECM for GaN based devices is still
a major topic of discussion due to the existence of self-heating effect,
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trapping related dispersion and temperature distribution effect in GaN
HEMT devices especially high power amplifiers (output more than
40dBm). The common LSECM is suitable for small gate periphery
amplifiers with low output level. Since the GaN high power amplifier
which contains more amplifier cells has a lot of special characteristics of
current, the common LSECM cannot achieve very accurate simulated
performance. In the large signal equivalent circuit model, the I-
V model is the most important factor which is the main difference
between the two output level devices. In this research, the most
common I-V model established by Angelov is improved according to
the characteristics of the high power GaN amplifier. The improved I-V
model can not only embody the surface temperature distribution by
using temperature dependence equations but also describe self-heating
effect and trapping related dispersion. The practical validation shows
that the predicted result based on the improved I-V model can fit
the measured data well, and the accuracy of the simulated output
performance of the power amplifier can be improved compared with
the original model.

The paper is organized as bellow: the characteristics of high power
GaN amplifier with large gate periphery is analyzed in Section 2. The
improved I-V model is described in Section 3. In Section 4, a high
power GalN amplifier is used to validate the accuracy and practicability.
The conclusion is given in Section 5.

2. THE CHARACTERISTIC ANALYSIS OF THE HIGH
POWER GAN AMPLIFIER

Fig. 1 shows the measured results of two GaN amplifiers with different
output levels. According to the size of gate periphery and number of
amplifier cells in the chips, there are two significant differences between
the large gate periphery amplifier and the small one. The first one
is negative resistance effect and the other is the surface temperature
distribution effect.

2.1. Negative Resistance Effect

It can be seen from the high current curves in Fig. 1(a), when the value
of voltage between drain to source (V) exceeds knee voltage and less
than about 20V, the drain current of the high power amplifier is a
little increased with the growth of Vy,. Whereas, if the Vy, continues
to increase, the curve of drain current shows a downward trend. The
larger the Vg, or the voltage between gate to source (V) is, the greater
the decreasing margin will be. There are two main reasons for this
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Figure 1. (a) The current curves of a large gate periphery amplifier
and a small gate periphery amplifier. (b) The surface temperature
distribution of a large gate periphery amplifier.

phenomenon. The first one is the effect of current collapse. Both
surface and buffer donor-like traps can contribute to current collapse
through a similar physical mechanism: involving capture of electrons
tunneling from the gate and when the device is turned on the trapped
electrons is emitted. The effect is very obvious if the electric field
under gate electrode is large enough. Although the SiNx passivation
weakens the effect, the influence still exists. The second one is the
self-heating effect. When the voltages and current are large enough,
the channel temperature will increase fast which reduces the mobility
and the electron saturation velocity in the channel. As a result, the
saturated current will decline.

2.2. Surface Temperature Distributional Effect

Figure 1(b) is the measured temperature result of a high power
amplifier chip with large gate periphery, which is collected from
the chip surface. The power amplifier contains many amplifier cells
with different surface temperatures due to the lager size of the chip.
The transverse temperature distribution is determined mainly by
the semiconductor materials, metal base, the structure and size of
them. Because the heat caused by energy conversion and power
combination is mainly concentrated on the center of the chip, the
surface temperature of the central amplifier cell will be higher than
the marginal one. For the large gate periphery power amplifier, the
difference of surface temperature between central amplifier cell and
marginal cell is usually more than 20 K. As a result, the output of each
amplifier cell is not the same.
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The common large signal equivalent circuit models cannot describe
the two effects well, so the predicted results cannot be very accurate
in the high power and large periphery amplifier. To overcome the
problem, an improved I-V large signal equivalent circuit model based
on Angelov model is proposed in this research through a series of
fitting experiments. The improved empirical equations for large
signal equivalent circuit model not only contain the factor of surface
temperature, but also embody the negative resistance effect very well.

3. THE DESCRIPTION OF THE IMPROVED I-V
MODEL

Fig. 2 shows the AlGaN/GaN HEMT large signal equivalent circuit
topology. Typically, there are three main nonlinear elements: source-
drain current (I45), gate-source capacitor (Cgys), and gate-drain
capacitor (Cyq). The variation of the nonlinear equivalent capacitor
(such as Cy, or Cyq) is very small while the variation of Iy is large with
the change of the bias voltage or current. So the most significant factor
is the 145 in the three nonlinear equivalent elements. The improved I,
model based on the temperature dependence Angelov one is presented
as below [5, 6]:

Iys = Ipi(1 + tanh(f1))(1 + f2Vys) tanh(DVys) (1)
fl = pl(vgs - Upk) +p2(‘/;7s - Upk)2 +p3(vgs - Upk)g (2)
Lk = oo s 3)
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Figure 2. AlGaN/GaN HEMT large signal equivalent circuit
topology.
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Upk = F+ GVy, (4)
f2 = Hexp (M |Vy,[?) (5)

where, Vj, is the drain to source voltage, Vs the gate to source voltage,
I, the saturation current, Vp, the knee voltage. A, B, C, D, p1, pa,
and p3 are constants, and F' and GG are used to describe the Vy, effect on
knee voltage caused by short-channel effects. Compared with Angelov
model, two main modifications have been added:

(a) Negative resistance effect. The saturation current decreases
due to the trapping related dispersion and self-heating effects at high
bias voltage, so a compact expression (term including A, B, and C)
is added to the denominator of Equation (3) which can embody the
phenomenon very well.

(b) Temperature dependent effect. Compared with Angelov
model, the exponential function is used instead of linear function in the
improved model which is more suitable for the high power amplifier.
T represents the surface temperature; K7, Ko and K; are correction
factors.

In the improved current model, the location parameter of the
amplifier cell is embodied in the surface temperature parameter 7.
A different T describes a different location of the amplifier cell. There
will be as many sets of parameters as there are amplifier cells with
different locations. Two methods are presented to identify the surface
temperature of each amplifier cell in this research.

3.1. Practical Test

This method needs some accurate testing equipment as Infrared
Thermometer. The accurate testing equipment can measure each
amplifier cell with the error no more than 1K which can be neglected
in the calculation of I-V formula. Thanks to the large periphery, it is
not difficult to distinguish the location of each amplifier cell.

3.2. Simulation Software

Horizontal temperature distribution figure can also be predicted
according to the relevant thermodynamics analysis software. Input
the structure parameters, material properties, size and other relevant
parameters to the software system and then set the central surface
temperature of the chip according to the measurement. The horizontal
distributional temperature data can be calculated and the figure can
be obtained as shown in Fig. 3.
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Figure 3. The simulated result of horizontal surface temperature
distribution of the amplifier chip.

4. PRACTICAL EXPERIMENTAL VALIDATION

A GaN HEMT power amplifier is measured and modeled to verify
the validation and accuracy of the I-V model. The thickness of the
silicon carbide (SiC) substrate of the device is 150 um. The T shape
gate is made from Ni/Au with 0.5 um width. The SiN, is used as
passivation and encapsulation layer. The device consists of a single
die (0.85mm x 5.7mm chip dimension) with an AuSi eutectic bond
to a CMC (Cu/Mo/Cu laminate) ceramic cavity. The power amplifier
chip contains 18 cells with the same structure and size. Because of
different locations of amplifier cells, each amplifier cell has a different
surface temperature T'. The outputs of the amplifier cells are combined
in the output port. The electroplated gold air-bridge is used as
interconnecting approach.

Due to the negative resistance effect and surface temperature,
each cell of the high power amplifier is measured and used to
validate the proposed model. According to the structure of the power
amplifier, there are 18 amplifier cells with different locations and
surface temperatures to be measured and modeled using the same -V
formulas. Each amplifier cell has a set of corresponding parameters.
As a result, there are a total of 18 sets of parameters constituting a
whole current model for the power amplifier. For example, Fig. 4(a)
shows the comparisons between the calculated and measured currents
of one amplifier cell (marginal cell) under the surface temperature of
330K, and a good agreement has been achieved with consideration of
negative resistance effect. All of the fitting values of the parameters for
the marginal amplifier cell in the I-V formulas are shown in Table 1.
Fig. 4(b) shows the comparisons of the measured data and calculated
145 of one amplifier cell under different surface temperatures. From
the figures, it can be seen that the variations of quiescent bias current
under different surface temperatures are obvious which would affect
the output of each amplifier cell and total output of the high power
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Figure 4. (a) The predicted I-V curves of one amplifier cell based on
Angelov model and improved model compared with measured data. (b)
The predicted I-V curves of one amplifier cell compared with measured
data under different surface temperatures (V3 = —1.25V).

Table 1. The values of parameters for the marginal amplifier cell in
the I-V model.

p1 P2 p3 | Ipko A B C | D |K;
—0.594| 0.155 [0.199| 6.653 |5.45e-4|—0.0412{1.025]1.909 (200
F G H M Q D q K; | Ko
1.665 |3.33e-3{0.223|—0.096(2.41e-4| 0.123 |2.746|0.951|300

amplifier.

The linear equivalent elements and parasitic parameters in the
equivalent circuit topology of the power amplifier are extracted
by using small signal equivalent circuit model (SSECM) based on
measured scatter parameters (S-parameter) [7,8]. The method is
described in [7,8]. The simulated S-parameters compared with the
measured data are shown in Fig. 5 with the frequency (fr) from
0.5GHz to 4GHz (Vgs = 28V, Vs = —1.3V). The variation of
nonlinear equivalent capacitor (such as Cys or Cgyq) is very small
under the conditions of different bias currents, bias voltages, surface
temperatures and levels of output. The Angelov model is accurate
enough. So the Angelov nonlinear equivalent capacitors models
were used in the research as shown in [6]. All of the models
were implemented in Advanced Design System 2009 (ADS) by using
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Figure 6. The simulated results based on the two models compared
with measured data. (fr = 3.1 GHz). (a) are output and PAE. (b) is

Gain versus frequency (P, = 30dBm).

symbolic defined devices. The output performances of the device were
measured on the load-pull analytic instrument by the conjugate match
with the fr from 3.1 GHz to 3.55 GHz [9-11]. The surface central point
was stable at about 365K by controlling the ambient temperature of
the high-low temperature chamber. The Vg, was set to 28V and Vi,

set to —1.3V [12-14].
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The simulated performance of the high power amplifier based on
Angelov model and the improved model are both compared with the
measured data. As shown in Fig. 6, when the input and output are
small, the predicted data between the two models are very similar.
However, when the output of the power amplifier is large enough, the
prediction of the improved model is obviously more accurate than the
original one. The result can be seen in the comparisons of PAE, output
versus input, and Gain versus frequency.

5. CONCLUSION

In order to describe the effect of negative resistance and surface
temperature distribution of the high power GaN amplifier with large
gate periphery, some improvements need to be added to the I-V
equivalent circuit model. In this research, the common temperature
dependence Angelov I-V model is used as the original model. The
most important advantage of the improved current model is that it
can describe the decreasing trend of the current in high voltage which
is common in the high output GaN amplifier. The comparisons of the
predicted results and measurements show that the improved I-V model
can increase the accuracy of large signal equivalent circuit model of the
GaN HEMT power device obviously.
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