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Abstract—Gain and intermodulation distortion of an
AlGaN/GaN device operating at RF have been analyzed
using a general Volterra series representation. The circuit model
to represent the GaN FET is obtained from a physics-based
analysis. Theoretical current–voltage characteristics are in ex-
cellent agreement with the experimental data. For a 1 m
500 m Al0 15Ga0 85N/GaN FET, the calculated output power,
power-added efficiency, and gain are 25 dBm, 13%, and 10.1 dB,
respectively, at 15-dBm input power, and are in excellent agree-
ment with experimental data. The output referred third-order
intercept point (OIP3) is 39.9 dBm at 350 K and 33 dBm at
650 K. These are in agreement with the simulated results from
Cadence, which are 39.34 and 35.7 dBm, respectively. At 3 GHz,
third-order intermodulation distortion IM3 for 10-dBm output
power is 72 dB at 300 K and 56 dB at 600 K. At 300 K,
IM3 is 66 dB at 5 GHz and 57 dB at 10 GHz. For the same
frequencies,IM3 increases to 49.3 and 40 dB, respectively, at
600 K.

Index Terms—GaN high electron-mobility transistors, inter-
modulation distortion, power amplifier, Volterra series.

I. INTRODUCTION

RECENTLY, GaN-based high electron-mobility transistors
(HEMTs) are being vigorously pursued for possible appli-

cations in microwave circuitry operating at high power and high
temperature. A large bandgap (3.4 eV), high breakdown field (3

10 V/cm), and high electron mobility (1500 cm/V/s) are
a few of the attractive properties of GaN-based devices over
conventional III–V devices. Recently, Chumbeset al. [1] have
demonstrated a class-A microwave amplifier with a maximum
output power of 4.2 W/mm and a power-added efficiency (PAE)
of 36% at 4 GHz for a 1 m 150 m Al Ga N/GaN
FET. Power density as high as 9.2 W/mm at 8 GHz from an
AlGaN/GaN HEMT on an SiC substrate has also been reported
[2]. Using a dual-gate AlGaN/GaN HEMT, Chenet al. [3] have
demonstrated a PAE of 45%, a gain of 12 dB, and anof
60 GHz. GaN-based FETs have also been successfully demon-
strated by Khanet al. [4] to operate at elevated temperatures.
They have reported and of 22 and 70 GHz, respec-
tively, at 25 C, which decrease to their corresponding values of
5 and 4 GHz at 300C.

The use of GaN-based devices in high-power applications ne-
cessitate that a nonlinear analysis of the circuit be carried out.
Moreover, the variation of the degree of nonlinearity with tem-
perature is of importance to investigate the device performance
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Fig. 1. AlGaN/GaN HEMT equivalent-circuit model.

at elevated temperatures. In this paper, the effect of nonlinearity
in degrading PAE, gain, output power, and the behavior of in-
termodulation distortion is investigated as a function of tem-
perature. This paper presents a general analysis based on the
Volterra series [5], which includes interactions between the non-
linear parameters and spectral components at intermodulation
frequencies. Volterra series has been extensively used for the
analysis of intermodulation distortion in GaAs MESFETs [6],
InGaAs/InAlAs/InP heterojunction bipoloar transistors (HBTs)
[7], and AlGaAs/GaAs HBTs [8]. In this paper, the technique
is extended to investigate the temperature dependence of non-
linearity and intermodulation distortion of GaN-based HEMTs.
The analysis is also implemented on the circuit simulator Ca-
dence so that it may be readily extended to more complex cir-
cuits involving multistage amplifiers.

II. A NALYSIS

The equivalent circuit of the GaN HEMT is shown in
Fig. 1. The output resistance , transconductance , and the
gate–source capacitance are associated with the nonlin-
earities of the GaN amplifier. The nonlinear circuit parameters

and are represented by a power series expansion
up to the third term as [9]

(1)

(2)

(3)

The values of the different terms in the power series for
a 1 m 500 m Al Ga N/GaN HEMT are shown in
Table I. The determination of the intrinsic circuit parameters
proceed by first formulating the charge control based upon
a self-consistent solution of Schroedinger and Poisson’s
equations [10]. The incorporation of the charge control to the
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TABLE I
CIRCUIT PARAMETERS FOR A1 �m� 500�m Al Ga N/GaN HEMT [15] USED IN VOLTERRA-SERIESANALYSIS

mobility and saturation velocity, as obtained from an ensemble
Monte Carlo simulation, eventually provides the theoretical
current voltage characteristics, as shown in Fig. 2. The simu-
lation is carried out for a 1 m 150 m Al Ga N/GaN
HEMT, as reported by Binariet al. [11]. As observed, the
theoretical results are in excellent agreement with experimental
data.

The temperature and bias dependence of the channel elec-
tron concentration and the transport parameters make the cir-
cuit parameters both temperature and bias dependent. There-
fore, circuit nonlinearity is not only bias dependent, but also is a
strong function of temperature. The temperature-dependent mo-
bility, as obtained from ensemble Monte Carlo simulation for
a 1- m-long sample, is

cm /V/s [12]. The above relationship takes into account
the effect of nonstationary transport. The saturation velocity de-
creases from 1.8 10 cm/s at 350 K to 1.66 10 cm/s at 650
K.

The simplified nonlinear circuit of the GaN-based HEMT
amplifier consists of an input signal source with source
impedance and terminated by the load impedance .
Using a Volterra series expansion, the output voltage of the
nonlinear circuit is expressed as

(4)

Fig. 2. Calculated (solid line) and experimental (dotted line) current–voltage
characteristics for a 1�m� 150�m Al Ga N/GaN HEMT [11].

where is the th-order Volterra kernel,
whose Fourier transform are the cor-
responding th-order nonlinear transfer functions in the fre-
quency domain. Assuming low distortion and mild nonlinear-
ities, the first three terms of the Volterra series are used to char-
acterize the HEMT [5], [9].
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The first-order transfer function expresses the
linear response of the amplifier in the frequency domain. The
second- and third-order transfer functions and

are expressed in terms of the circuit parameters
to investigate nonlinearity [13], as shown in (5)–(7), at the
bottom of this page, where

(8)

(9)

(10)

and

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

Fig. 3. Third-order intermodulation as a function of temperature for two
different gate-length devices [4], [15].

(19)

(20)

(21)

and are the Miller capacitances replacing
and .

(5)

(6)

(7)
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TABLE II
CIRCUIT PARAMETERS FOR A0.23�m� 100�m Al Ga N/GaN HEMT [4] USED IN VOLTERRA-SERIESANALYSIS

The fundamental and third-order nonlinear output power de-
livered to the load are expressed in terms of the linear and non-
linear transfer functions as follows [5]:

(22)

(23)

Intermodulation is calculated by applying two equal-ampli-
tude sinusoids of incommensurate frequenciesand to the
HEMT input

(24)

The in-band third-order intermodulation products are generated
at frequencies and . Second- and third-order
intermodulation distortions ( and ) are defined as the
ratio of the second- and third-order distorted output power to
the fundamental output or desired signal power at. and

are expressed in terms of the amplifier nonlinear transfer

functions as follows [14]:

(25)

(26)

The third-order intercept point, defined as the output power
at which the intermodulation-distortion component equals the
fundamental frequency output when both are extrapolated lin-
early from low signal levels, is expressed as [13]

(27)

III. RESULTS AND DISCUSSION

In Fig. 3, third-order intermodulation distortion is
plotted as a function of temperature. The calculation is carried
out for an output power of 10 dBm for varying frequencies.
The device simulated is a 1m 500 m Al Ga N/GaN
HEMT. The third-order intermodulation distortion increases
with temperature, being 72 dB at 300 K and 56 dB at 600 K
at 3 GHz. The temperature dependence of follows the
temperature dependence of transconductance. At 300 K,

increases with frequency, being66 dB at 5 GHz and
48 dB at 20 GHz. This is due to the frequency dependence

of the nonlinear-circuit elements that causes the higher order
distortion powers to increase. is dramatically reduced with
the reduction of the gate length to 0.23m, as shown in Fig. 3,
and may be attributed to a higher , as compared to the con-
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Fig. 4. Gain, PAE, and output power as a function of input power [15].

tributions from the nonlinear terms ( and ) with respect
to their corresponding values for the 1-m channel-length
device (see Tables I and II).

Fig. 4, shows the calculated gain, PAE, and output power
for a 1 m 500 m Al Ga N/GaN FET [15] as a function
of input power. At 2 GHz, the calculated PAE of 13%, gain of
10.1 dB, and output power of 25 dBm at 15-dBm input are found
to be in excellent agreement with experimental data [15]. Source
and load impedance of 50 is considered. The mismatch in
the calculated and measured output powers at high input power
levels may be attributed to dc and RF power loss present in the
circuit. The temperature dependence of the above quantities are
investigated for an input power of 15 dBm, as shown in Fig. 5.
PAE decreases from 30% to 4%, gain decreases from 15 to 0 dB,
and output power decreases from 30 to 15.5 dBm for temper-
ature increasing from 100 to 600 K. With increasing temper-
ature, the decrease in output power, gain, and PAE are corre-
lated to the behavior of the fundamental and third-order transfer
functions. The linear transfer function is proportional to the de-
vice transconductance that decreases with increasing tempera-
ture. However, the third-order transfer function increases with
temperature. Therefore, with increasing temperature, the power
in the fundamental decreases with a corresponding increase in
powers in higher harmonics. For the same operating conditions,
a reduction in channel length from 1m, for a 1 m 500 m
FET [15], to 0.23 m, for a 0.23 m 100 m FET [4], results
in a gain that shows a weak temperature dependence, as shown
in Fig. 6, and is again attributed to the dominance of over

and . The temperature dependence of mobility for the
0.23- m device, as obtained from ensemble Monte Carlo sim-
ulation, is cm /V/s.

In Fig. 7, the frequency-dependent output power and PAE are
investigated with an input power of 15 dBm for a source and load

Fig. 5. Gain, PAE, and output power as a function of temperature for 1�m�
500�m Al Ga N/GaN FET [15].

Fig. 6. Gain, PAE, and output power as a function of temperature for
0.23�m� 100�m Al Ga N/GaN FET [4].

impedance of 50 . For frequencies increasing from 1 to 10 GHz
at 300 K, output power and PAE decrease from 20 to 17.22 dBm
and 13.8% to 6.5%, respectively. With increasing frequency, the
magnitude of the nonlinear transfer function
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Fig. 7. Output power and PAE as a function of frequency.

Fig. 8. Output-referred third-order intercept point as a function of temperature.

increases rapidly, resulting in an increment of the third-order
distortion power. Within the frequency range considered, the
magnitude of does not change appreciably. As a result,
the fundamental output power and PAE decrease with increasing
frequency.

Fig. 8 shows the output-referred third-order intercept point
as a function of temperature. The amplifier is fed from a
50- signal source and is terminated with a 50-load. The
double-tone excitation frequencies are GHz and

GHz with and MHz. The theoretical
third-order intercept point at 2 GHz is 39.9 dBm at 350 K,
which decreases to 33 dBm at 650 K. These numbers are in
excellent agreement with the results obtained from Cadence by
following the standard procedure. With increasing temperature
and frequency, nonlinearity increases, resulting in a lowering
of , as explained within the context of Figs. 5 and 7.

IV. CONCLUSION

Intermodulation distortion and nonlinearities in a GaN
amplifier operating at RF have been analyzed using the general
Volterra series. Theoretical calculations for gain, PAE, and

at room temperature are in agreement with experimental
data. With increasing temperature gain, PAE and decrease
monotonically. Theoretical is in excellent agreement with
the simulated results obtained from Cadence.
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