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Improved power simulation of AlIGaN/GaN HEMT at class-AB
operation via an RF drain—-source current correction method*
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A new modified Angelov current—voltage characteristic model equation is proposed to improve the drain—source
current (Igs) simulation of an AlGaN/GaN-based (gallium nitride) high electron mobility transistor (AlGaN/GaN-based
HEMT) at high power operation. Since an accurate radio frequency (RF) current simulation is critical for a correct power
simulation of the device, in this paper we propose a method of AlGaN/GaN high electron mobility transistor (HEMT)
nonlinear large-signal model extraction with a supplemental modeling of RF drain—source current as a function of RF input
power. The improved results of simulated output power, gain, and power added efficiency (PAE) at class-AB quiescent bias
of Vgs = —3.5V, Vg = 30 V with a frequency of 9.6 GHz are presented.
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1. Introduction

Radio frequency (RF)-microwave power device research
plays an important role in a better power amplifier circuit
for high frequency applications such as mobile base station
transceivers and satellite communication transmitters. A gal-
lium nitride (GaN)-based high electron mobility transistor
(HEMT) is a good option due to its excellent properties such
as high output power density,!'! high breakdown voltage,!
and high thermal performance.®! Although GaN HEMT is a
promising device for RF-microwave power amplifier circuit
design, its non-perfect property of nonlinearity at high effi-
ciency mode (e.g. class-AB) still exists. Since a class-AB
power amplifier has many advantages such as high efficiency
and simplicity of design, it can fulfill the requirements of many
communication applications.[46]

A disadvantage of the class-AB power amplifier is a gen-
eration of nonlinear output signal due to its operating quies-
cent bias. At this nonlinear quiescent point, drain—source cur-
rent increases significantly when a higher RF input power is
added.["] Hence, the accurate modeling of a drain—source cur-
rent of a transistor device in high power operation is needed
for accurately predicting the output power, gain, and efficiency
of a high power amplifier circuit. In this paper, we pro-
pose the improved simulations of drain—source current, out-
put power, gain, and power-added efficiency (PAE) of the de-
vice model by modifying parameter ‘I’ , which represents the
drain—source current for maximum transconductance value in
an Angelov current—voltage characteristic equation. ! In some
previous literature the parameter ‘I’ was also modified as a
function of quiescent bias and temperature, but for the main
purpose of modeling the thermal dependent effect in a GaN
HEMT device.l”!%1 The proposed method in this paper is to
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modify I, as a function of RF input power in order to improve
the accuracy of the device’s power simulation.

2. AlGaN/GaN HEMT structure

The AlGaN/GaN HEMT device used in this paper is fab-
ricated with silicon carbide as a substrate. The process of
metal—organic chemical vapor deposition (CVD) is used in
order to grow an AIN spacer layer, an AlGaN barrier layer,
and a GaN layer on the substrate. Ohmic contacts are cre-
ated by depositing Ti/Al/Ni/Au metals followed by rapid ther-
mal annealing at a high temperature (870 °C) in nitrogen
gas. A passivation layer of silicon nitride with a thickness
of 200 nm is deposited by using a plasma-enhanced CVD
system. There are 8 and 10 gate fingers in total. Each fin-
ger has a gate width of 100 um and a gate length of 0.25 pm.
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Fig. 1. Cross-sectional structure of AlIGaN/GaN HEMT.
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Figure 1 shows stacked layers of AlGaN/GaN HEMT in a
cross-sectional view. A gate-connected field plate is added
for improving the power gain at RF-microwave operating fre-
quencies. The top-view photographs of AlGaN/GaN HEMT
devices with gate sizes of 10x100 um and 8x100 pum are
shown in Figs. 2(a) and 2(b) respectively.
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Fig. 2. (color online) AIGaN/GaN HEMT devices with the gate sizes of
(a) 10x 100 wm and (b) 8 x 100 pwm.

3. DC current modeling

The drain—source currents at various bias points are mea-
sured by using a continuous stationary measurement system.
The gate—source voltage varies from —5 to —2 V whereas the
drain—source voltage varies from 0 V to 30 V. Since the sta-
tionary measurement causes the trapping effect at the buffer
and surface layers of the HEMT device, the kink effect at low
Vs tegions can occur.!''! A comparison of Iy between the
simulation and measurement is shown in Fig. 3.

The Angelov I-V equations®! are used to model the mea-

sured Iys, and they are shown below
Igs = Ik(1+tanh(¥)) - tanh(atVys) - (1 + A V), (D

Y = P{(A-Vegs+B—Vp) + Po(A- Vs + B —Vpy)?
+"’Pn(A’Vgs+B_Vpk)n, ()

Vpk = VpkO +7- Vass (3)

where Iy is the drain—source current for the maximum
transconductance value, ¥ is the power series function cen-
tered at Vpk, Vo is the gate voltage for maximum transcon-
ductance value, « is the saturation parameter, A is the channel
length modulation parameter, P, is the coefficients defining the
transconductance value at V.
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Fig. 3. (color online) Simulated (solid line) and measured (empty cir-
cle) current—voltage characteristic curves of Ijs for a device with a
10x100 um gate size.

The three additional coefficients (‘A’ and ‘B’ in power se-
ries Eq. (2) and ‘Y’ in Eq. (3)) are obtained from the work of
I-V model improvement.!'?] The extracted values of parame-
ters in Egs. (1)—(3) are shown in Table 1.

Table 1. Extracted values of Angelov current—voltage model parame-
ters for a device with a gate size of 10x 100 pm.

ka/mA A [0 P P P;
369 1x10°6 0.65 0.1 1.412x107*  0.015
P4 VpkO/V Y A B

1x1075  -0.073  -0.0296 2.493 3.622

The gate—source current (gs) is also measured during the
stationary measurement of Iys. The fitting function of the mea-

sured I, is optimized by a curve fitting tool in MATLAB.

4. Large-signal modeling

In this section, the method of empirical nonlinear model
extraction is proposed and followed by the multi-bias capac-
itance (Cgs, Cyd, and Cq4s) models. The validation of the de-
vice model for S-parameter simulation in a frequency range of
500 MHz—40 GHz is also presented.

4.1. Equivalent circuit model

The schematic diagram of the AlGaN/GaN HEMT equiv-
alent circuit model is shown in Fig. 4. The simulation of cir-

cuit schematics is implemented using advanced design system
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(ADS) software. The equations of DC-currents in the previ-
ous section are included in the model by using a multi-port
component called a ‘symbolically defined device’ or ‘SDD’.
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Fig. 4. AlIGaN/GaN HEMT equivalent nonlinear circuit model.

The values of the extrinsic parameters (Lg, Lg, Ls, Rg, Ry,
Ry, Cpg, Cpd, Cpea) and intrinsic parameters (Ryf, Crf, Rogi, Ri)
are optimized and tuned from the starting values, which are
calculated via the measurements of reverse biased cold-FET
(field-effect transitors) (Vgs < 0 V) and forward biased hot-
FET (V4 > 0 V) S-parameters.'') The optimized values of

extrinsic and intrinsic parameters, except three multi-biases-

dependent capacitances (Cgs, Cgd, and Cys), are shown in Ta-
ble 2.

Table 2. Optimized extrinsic and intrinsic parameters of the device with a
gate size of 10x 100 um.

LJpH  La/pH  LJpH  RJQ  Ry/Q R/Q  ReailQ
85 35 5 1 2 0.5 1

Cpg/pF Cpgd/fF de/fF R,—f/Q C,—f/pF Rfd/kQ Ri/Q
0.6 10 5 360 1.3 8 5

4.2. Capacitance models

Since the hyperbolic tangential functions presented by
Angelov!#! cannot be fitted well to the optimized capacitance
values, the 4th-degree polynomial equations of variable biases
Vs and Vg, are chosen to represent the multi-biase-dependent
Cys, Cod, and Cys capacitance models. The optimized coef-

ficients of the capacitance model are obtained from the op-
timization of the curve fitting tool in MATLAB. The results
of curve fitting between polynomial equations and optimized
values of Cgs, Cyq, and Cys are shown in Fig. 5.
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Fig. 5. (color online) Comparison between the polynomial equation curve (mesh) and optimized values (solid circle) at various biased voltages of
three capacitance parameters by using polynomial functions in MATLAB curve fitting toolbox: (a) Cgs; (b) Cgq; and (c) Cys.
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Fig. 6. (color online) Comparisons of S-parameter between measurement (squared line) and simulation (solid line) in a frequency range of 500 MHz—
40 GHz for a device with a gate size of 10x100 um, Vgs = —3.5 V, and Vg5 = 30 V, where panel (a) shows S1; and S», and panel (b) display S>;

and S[z.
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4.3. S-parameter validation

The two-port S-parameters are measured by an Agilent
8510C network analyzer and on-wafer probe measurement
system in a frequency range of 500 MHz—40 GHz. The
calibration method is the Short-Open-Load-Through method.
The measurements are performed with a 50-Q characteristic
impedance system. For the verification of the model, the sta-
tionary measurements of S-parameters are compared with the
simulations of the model from ADS at class-AB operating
point (Ves = —3.5 V, Vg, = 30 V). The comparison between
simulation results in a frequency range of 500 MHz—40 GHz
are shown in the Smith charts (S}, S»2) and Polar charts (Sy;,
S12) of Fig. 6.

5. RF power simulation

Other important properties of the device model for power
amplifier design are output power, gain, and PAE. In order
to reach the maximum value of measured output power, the
RF load-pull system is used to search the optimum input-
and output-impedances of the device. This technique is also
an essential step for designing a high power amplifier. In
order to avoid a self-heating effect of the device during the
power measurement, the load-pull measurement is performed
by a pulse operation of 10%-duty cycle with 100-us pulse pe-
riod. The RF power simulation is implemented by using a
harmonic balance simulation tool in ADS software. The op-
erating frequency is 9.6 GHz at class-AB biased voltage point
(Vgs = —=3.5 V, Vg = 30 V). From the automatic tuning re-
sult of the RF load-pull system, the optimum input impedance
result at this operating frequency is 5.58 + j5.91 Q whereas
the optimum output impedance is 20.74 + j30.12 Q. The in-
put power (Py,) is swept from —10 dBm to 10 dBm and from
20 dBm to 28 dBm. The dynamic loadlines of the power sim-
ulation at different input power levels are shown in Fig. 7.
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Fig. 7. (color online) Dynamic loadline simulations of AlGaN/GaN
HEMT with input power sweeping at class-AB operation point (Vg5 =
—3.5V, Vg4 = 30 V) with an operating frequency of 9.6 GHz for a de-

vice with a gate size of 10x100 um (£, = 0 dBm-28 dBm in steps of
1 dBm).

From the simulated loadlines, it can be observed that if
the quiescent biased drain—source voltage (V) is high enough,

the kink effect at low V45 does not affect the power simulation
even in the case of a high input power. Furthermore, it can
be noticed that the loadlines at a high input power show an
irregular shape of eclipse because their quiescent biased volt-
age points are at nonlinear class-AB operation. The nonlinear
waveform at class-AB operation (Vgs = —3.5 'V, Vg =30 V)
can be seen in the time-domain simulation of Iy in Fig. 8. It
can be seen that the average value of I3, waveform increases
when the RF input power is higher.
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Fig. 8. (color online) Time-domain waveform simulations of drain—
source current with different input powers at an operating frequency of
9.6 GHz for a device with a gate size of 10x100 pm (P, = 0 dBm-
28 dBm in steps of 1 dBm).

The nonlinearity of the HEMT device at class-AB opera-
tion can result in the shifting up of the quiescent point while
the input power keeps increasing. This is because, when the
input power is increased, the magnitudes of waveform am-
plitudes in both positive and negative regions are enlarged as
shown in Fig. 8. Since the increment of the amplitude in the
negative pinch-off region is small when compared with the
positive region, the value in the negative region does not af-
fect the calculation of the average value of Iys very much. This
phenomenon leads to the continuous increase of the measured
drain—source current of the device when the operating bias is
located at class-AB point. Even though the designers have to
deal with this kind of nonlinear problem, the class-AB operat-
ing biased points can still be selected for the power amplifier
circuit design due to its advantage of high efficiency. Hence,
the increase of /3; must be modeled correctly because the pre-
cision of drain—source current simulation is an important fac-
tor in accurate power simulation.

5.1. RF drain-source current modeling

Modeling the RF drain—source current, we find that one of
the problems is an underestimation of simulated drain—source
current (I4s) at the high input power points. The simulation of
drain—source current is lower than the measurement. This dis-
crepancy between DC- and RF-drain currents is known as the
RF dispersion effect in the AlIGaN/GaN HEMT device. The
RF dispersion effect causes the transconductance to be incon-
sistent when the operation is changed from DC to RF.!"! Since
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the Angelov’s drain—source current equations (1)—(3) contain
only the description of DC operation, an additional modifica-
tion of drain—source current should be added to these equa-
tions in order to obtain the better simulation of drain—source
current at RF operation. The new solution is to modify the
parameter ‘I’ of Iy in Eq. (1). This is because the disper-
sion effect increases the RF drain—source current at various
bias points, including the bias point at a maximum value of
transconductance. Hence, the parameter that represents the
drain—source current value at the maximum transconductance
(.e.
comes more dominant at high RF input power. This means that
the I, parameter can be modeled as a function of variable RF
input power. The new modification of ‘/,’ at high RF input
power can be written as the following equations:

for Py < Pinj3 dB»

3

bk’) should be increased when the dispersion effect be-

Ik modified (Pn) = Ipk,pc +Ipk R = Ik pc + (Pn — Ro) - B, (4)

for P, > Py 3 4B,

Lok modified (Pn) = const. = I pc + (Pnz aB — Fo) - B,  (5)

where I pc is the drain—source current for maximum
transconductance value at DC operation, I rr is the addi-
tional drain—source current for maximum transconductance
value at RF operation, P is the maximum input power in dBm
at which the drain—source current simulation is still accurate,
P, is the input power in dBm, higher than Py, P, 3 g is the
input power in dBm at 3-dB compressed gain point, and f is
the fitting slope parameter.

The modified equation (4) is applicable only when the
input power is swept beyond the maximum input power that
still contains good correlation between simulated and mea-
sured drain—source current (i.e. “Py”). In this paper, ‘P’ is
equal to 22 dBm. The value of parameter ‘Iyk pc’ in Egs. (4)
and (5) is equal to the value of I in Table 1. The drain—source
current in the RF operation is calculated from the product, i.e.
the difference between two input power points (P,—Py) multi-
plied by the fitting slope parameter () for optimum simulated
output power and gain. In this paper, we set the fitting slope
parameter § = 0.02. Since the quiescent drain—source current
is saturated at the input power of P, 3 ¢g =27 dBm (3-dB com-
pressed gain point), the value of I, rr at such a gain point or
higher is also saturated at a constant value of (P 3 qg—Fo) - B
as shown in Eq. (5).

After the modification of Iy, the comparison between RF
drain—source current simulation with 24-dBm RF input power
and DC drain—source current measurement can be plotted in
Fig. 9. This comparison can reflect the RF dispersion effect of
the AlGaN/GaN HEMT device. The simulated result of Iy rp
is also consistent with the result in the textbook by Gaol!6]
which shows that the RF drain—source current simulation can
be constructed by extracting the transconductance (gn,) and
output conductance (g4s) from the S-parameters measurement.

0.40

T T
— I4s g simulated
0 I4s,pr measured

0.30

0.10

Fig. 9. (color online) Comparison between RF drain—source current
simulation and DC drain—source current measurement after the modifi-
cation of ;. parameter (Vgs = —5 V to —2.25 V in steps of 0.25 V) for
a device with a gate size of 10x 100 pm.

5.2. Improved simulations

Using the modified Angelov I-V equation, the accuracy
of simulated I current at high input power can be improved,
as shown in Fig. 10. The improvements in output power and
gain about 2 dB can be seen in Fig. 11. The power measure-
ments of the device in an input power range from 11 dBm to
19 dBm cannot be performed because there are no appropri-
ate experimental instruments available, such as a pre-amplifier
and an attenuator for the high linearity at this input power
range.

0.401 x I4s measured
B i Ids modified Ilik o _
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= 0201
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0 1 1 1 1 1 1 1 1 1
—10 0 10 20 30
P,,/dBm

Fig. 10. (color online) Measurement (cross, only at P, = 20 dBm—
28 dBm), conventional simulation (dashed line), and improved simula-
tion by modified I (solid line) of drain-source current (Igs) versus Py,
at a frequency of 9.6 GHz for a device with a gate size of 10x 100 pum.
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:" — gain modified Ik
o gain conventional
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Fig. 11. (color online) Measurement (cross), conventional simulation
(square), improved simulation by modified /,x (dashed line) of output
power and measurement (plus), conventional simulation (circle), im-
proved simulation by modified x (solid line) of power gain at a fre-
quency of 9.6 GHz for a device with a gate size of 10x 100 pm.
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These improvements in Py, and gain are achieved from
the increased maximum drain—source current (I, ) of the dy-
namic loadline. When the modified I increases, the maxi-
mum drain—source current (Iyax) in I-V curve also increases.
As the magnitude of P, is directly proportional to the mag-
nitude of the maximum drain—source current (I, ) as shown
in Eqs. (6) and (7) from the textbook by Cripps,!!”! the modi-
fied value of I, can directly affect the simulated Py and gain.
Figure 12 shows the effect of I,x modification on the dynamic
loadline simulation. As the value of I,ax is changed due to this
modification, the simulated P, in Fig. 11 is improved.

 Imax 0 —sinf
T2 1—cos(6/2)’

P out — & : 1717

V2 V2

where [ is the drain—source current magnitude of fundamen-
tal frequency on the load side, Iax is the maximum amplitude
of the drain—source current in the dynamic loadline, 0 is the
conduction angle (for class-AB, 0 ~ 1-27), and V. is the DC
component of the drain—source voltage.

(6)

I

(7

1 . 2 T T T T T T
L =1.08 A — Iy, modified I,
=I-,;a; Y S-A-/- — — I 45 conventional
0.8F
< L
5
=04t
oF

0 20 40 60
Vas/V

Fig. 12. (color online) Dynamic loadline simulation of AlIGaN/GaN
HEMT at class-AB operation point (Vgs = —3.5 V, Vg = 30 V) and
an operating frequency of 9.6 GHz for a device with a gate size of
10x100 um (B, =24 dBm).
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— PAE modified I,
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20 22 24 26 28
Pi/dBm

Fig. 13. (color online) Measurement (cross), conventional simulation
(dashed line), and improved simulation by modified Ik (solid line)
of PAE at a frequency of 9.6 GHz for a device with a gate size of
10x100 pm.

The accuracy of PAE simulation is also improved because
the accuracies of both output power and Iy current are im-
proved. The result of improved PAE in a high input power

region is shown in Fig. 13. The highest improvement of PAE
is approximately 10 per cent at an input power of 28 dBm.
The improvement of simulated PAE results from more accu-
rate simulations of drain—source current (/) in Fig. 10 and
output power (Poy) in Fig. 11, which are important factors for
calculating the PAE as shown below

PAE (%) — 100 x Pout,watt - Pin,watt

dissipated,watt

100 Pout,watt - Pin,watt ) (8)
Vas - Ias + Vgs ‘Igs

T T T T T
40 |
W
M o 0O O
o o FP
? 30F o o o @B X P, measured
=] — P,y modified Iy
b? O P,y conventional
g 20} o gain measured
% --- gain modified Iy
~ Q..o ..o 0. o 1 gain conventional
g 0L T T g
° 10F o
| |
~ " = @ g = B ®m g
O 1 1 1 1 1
20 22 24 26 28
P,,/dBm
Fig. 14. (color online) Measurement (cross), conventional simula-

tion (empty square), improved simulation by modified /,x (solid line)
of output power and measurement (circle), conventional simulation
(filled square), improved simulation by modified I,k (dashed line) of
power gain at a frequency of 9.6 GHz for a device with a gate size of
8x 100 pm.

r X PAE measured
60  —— PAE modified Iy 4
----- PAE conventional

X 40 R
E L
X P i
20F ____-"— i
0 1 1 1 1 1 1 1 1 1
20 22 24 26 28
P,,/dBm

Fig. 15. (color online) Measurement (cross), conventional simulation
(dashed line), and improved simulation by modified Ik (solid line)
of PAE at a frequency of 9.6 GHz for a device with a gate size of
8x 100 pm.

In order to validate the proposed I,x modification method,
the steps of nonlinear model extraction in previous sections are
repeated again at Vs = —3.5 V and Vs = 30 V for another de-
vice with a gate size of 8 X100 um as shown in Fig. 2(b). The
power measurement via the load-pull system is performed in
an input power range from 20 dBm to 28 dBm. The opti-
mum input- and output-impedances are 10.09 + j3.65 Q and
35.24 4 j30.82 Q respectively. In this case, the optimized pa-
rameters ‘Ipkpc’, ‘Po’, ‘Pnj3 aB’, and ‘B’ are equal to 0.31 A,
7 dBm, 25 dBm, and 0.02 respectively. The comparisons of
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output power and gain between simulation and measurement
are shown in Fig. 14. The improvements of output power and
gain simulations after using the modified I, are both approxi-
mately 5 dB at P, = 24 dBm. Figure 15 shows 20% improve-
ment in simulating PAE at P, = 24 dBm.

6. Conclusions

The new modified drain—source current method of im-
proving the accuracy of the model power simulation is pro-
posed in this paper. Due to the RF dispersion effect and
the nonlinearity of class-AB RF power operation of the Al-
GaN/GaN HEMT device, the measured drain—source current
significantly increases at high input power. Since the RF
drain—source current simulation has a great influence on the
accuracy of the RF power simulation of the AlGaN/GaN
HEMT model, the additional modification of the parameter
‘Ii’ of the drain—source current is made for more accurately
simulating the power device. The measured values and simu-
lated values of S-parameters, output power, gain, and PAE at
a frequency of 9.6 GHz are also presented. The results show
that the simulations are highly accurate. The improvements
of PAE are about 10 percent for a device with a gate size of
10x100 um and 20 percent for a device with a gate size of
8x100 pm. The proposed method would be useful for devel-
oping the AlIGaN/GaN HEMT large-signal models used in RF
high power amplifier design.
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