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Abstract — This paper presents the investigation of highly
performing AlGaN/GaN HEMT power transistors through
source-pull and load-pull analysis using an active harmonic load-
pull system. The advantages of the GaN technology together with
the right terminations lead to power transistors with promising
output power and efficiency. When setting properly the first
three output terminations, a drain efficiency as high as 84.3% has
been achieved at 2 GHz while delivering 4.3 W of output power
for a 1.2 mm device gate width. However, it has been seen that
the achievement and the set of the optimum output terminations
do not lead to the best device performance. When presenting
such three optimum output impedances together with the proper
second harmonic source termination, it has been demonstrated
that higher drain efficiency up to 88% can be obtained delivering
output power as high as 44 W and a power gain of 14.9 dB.
Indeed the GaN HEMT used in this work has reached record
peak drain efficiency of 90% delivering output power of 3.5 W.

Index Terms— Aluminum gallium nitride, high efficiency,
microwave measurements, power amplifiers, power transistors.

[. INTRODUCTION

POWER AMPLIFIER designs used in wireless communication
networks are becoming more and more sophisticated in
order to meet the modern requirements. Among the various
PA output specifications, one of the most important parameter
is still the efficiency. High efficiency means low power
consumption and therefore less power dissipated in the
environment. In the last decades various PA high efficiency
classes have been studied, starting from the more standard
class-AB [1-3] going through the switch modes Class-D and
Class-E [1-7] to the harmonically tuned modes Class-F and
Inverse Class-F [1-3, 8-9]. In these cases the high harmonics
can be properly set in order to increase the PA efficiency and
therefore minimize the overall power consumption. However,
in order to reach certain performances at the PA stage, the
device itself and therefore the adopted technology plays a key
role in the overall output performance. This paper will show
an harmonic load/source pull analysis based on the in house
(IAF) highly performed 250 nm AlGaN/GaN power transistors
[10-12] for which very high drain efficiency is achieved.
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II. ALGAN/GAN TECHNOLOGY

The device used in this work is a HEMT (High Electron
Mobility Transistor) power transistor in AlGaN/GaN
technology grown on a 3-inch semi-insulating SiC (Silicon
Carbide) substrate [10-12] with the photo shown in Fig. 1.

The epitaxy of the AlGaN/GaN heterostructure is carried
out using multi-wafer metal organic chemical vapor deposition
(MOCVD). In particular the frontside processing involves
alloyed Ti/Al/Ni/Au ohmic contacts, implantation isolation
and SiN passivation assisted T-gates processed by using
E-beam lithography as well as a source terminated field plate.
Here the device is fabricated with a gate length of L;=250 nm
and a gate width of Wg=1.2 mm (6x200 pm) optimized for
high gain, high power density as well as very high efficiency.

AlGaN/GaN

Fig. 1. Microscope photograph of the IAF 1.2 mm AlGaN/GaN HEMT power
transistor.

III. LoAD PULL EXPERIMENTAL INVESTIGATION:
71 70, 21, 270> Z1 370

The experimental measurements have been conducted on
the 1.2 mm AlGaN/GaN power device described in Section II
at 2 GHz of operating fundamental frequency, drain bias
voltage Vps =30 V and gate bias voltage Vgs= Viy=-2.2 V
(pinch-off). The measurement system used for testing the GaN
device and validate the experiment is an active harmonic
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load-pull system based on a four coupler configuration that
allows the simultaneous measurement of the input and output
reflection coefficients at the DUT (device under test) reference
plane, with the simplified block diagram shown in Fig 2. The
measurement system is capable of controlling three tuning
loops (derived from the fundamental input) meaning that three
terminations can be properly controlled and set both in terms
of magnitude and phase. More details of the active harmonic
load-pull system can be found in [13-14].
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Fig. 2. Simplified block diagram of the active harmonic load-pull system [14].

First of all the input power together with the fundamental
impedance are swept in order to find the first optimum
condition in the Class-B like case, while keeping the second
and third harmonic terminations at around 50 Q. Although the
high harmonic terminations are still not optimized (but kept at
50 Q) high drain efficiency DE between 65% and 68% and
power gain G greater than 15 dB while delivering high output
power between around 4 W and 8 W are already achieved as

performance is delivered for Z; pg=140+j92 Q, Z; ,r=1+j100
Q and Z; 3p=0+j0 Q (short-circuit), with the performance
shown in Fig. 4 and 5. In this case the drain efficiency varies
between DE=85.5% where output power Poyr=3.6 W and
DE=76.9% where Poyr=7.6 W. As noted and as expected,
power and efficiency are inversely proportional; the highest
power is accompanied with the lowest efficiency and vice-
versa. In this case, for the 1.2 mm gate width device at =2
GHz and for Vpg=30 V, Poyr=4.3 W (Pour=3.6 W/mm) is a
satisfactory delivered output power accompanied with a very
high drain efficiency of DE=84.3% and a power gain of
G=14.5 dB, as highlighted in red in Fig. 4. Furthermore, high
PAE=81.3% and transducer power gain Gr=10.7 dB are
shown in Fig. 5. In this case both fundamental and second
harmonic “source” impedances are set to around the 50 Q of
the system impedance.
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Fig. 4. DE and G as a function of Z; o and Poyr for optimum Z; 55y and Z 3ro.

shown in Fig. 3.
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Fig. 3. DE and G function of Z yo and Pour with the higher harmonics set to
the system 50 Q impedance.

Once the fundamental impedance has been optimized, the

second and third harmonic terminations have been both swept
around the edge of the Smith chart [15-16]. Best trade-off
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Fig. 5. PAE and Gr as a function of Z; r and Poyr for optimum Z; »rp and
Zy 3x0.

IV. LOAD/SOURCE PULL EXPERIMENTAL INVESTIGATION:
Z1 50> Z1 270> Z1 370 AND Zs 5

Despite the measurement system wused for the
characterization of the GaN device can control “only” 3 tuning
loops, an additional phase shifter has been added in the input
path (also shown in Fig. 2) in order to also control the “second
harmonic source” impedance. Therefore, in this case, three
terminations in the output (Zp gy, Z1 250, Z13r0) as well as the
second harmonic termination in the input (Zs,pg) can be
controlled. It is however important to highlight that while the
three terminations in the output can be controlled both in
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terms of magnitude and phase and thus set anywhere in the
Smith chart, the second harmonic in the input can only be
controlled in terms of phase while presenting similar
magnitude of around 0.35.

Fig. 6 shows the Smith chart with the optimum three load
terminations achieved in Section III as well as the variation of
the second harmonic source termination (black crosses) with
magnitude between 0.3 and 0.4 as a function of different
phases. The fundamental source impedance Zg g is around the
50 Q system impedance.
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Fig. 6. Smith chart showing optimum Zp ry, Zioro and Zpsro as well as the
various Zs.zpo.

The output performance related to the impedances of Fig. 6
is shown in Fig. 7. As it can be noted, the efficiency decreases
with increasing the phase of Zg ,r9, down to DE=82.7% where
the Zs,ro phase is equal to 200°. Amount the various Zs o
loads, the highest efficiency DE=86.8% with PAE=84% as
well as Pour=4.5 W, G=14.9 dB and G1=10.7 dB is achieved
at Zg 5r0=0.31L13.3 (load also highlighted in black in Fig. 6).

For the different Zs > phases both the output power as well
as the large signal power gain G and transducer power gain Gr
are quite similar, i.e. around 4.3-4.5W, 14.2-14.9 dB and 10.6-
10.8 dB, respectively.
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Fig. 7. DE, PAE, Pour, G and Gr function of the phase of Zgs,r with
magnitude of = 0.3-0.4.

Finally, once the optimum second harmonic source
impedance Zg,po is revealed, a final fundamental load-pull
Z; ro sweep is conducted in order to find the optimum final
performance, as shown in Fig. 8 and 9. From Fig. 8, when
considering the same output power of around 4.4 W
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(=3.7W/mm), a drain efficiency of 88% is achieved.
However, if considering lower output power of 3.6 W
(3 W/mm), ultra-high drain efficiency of 90% is revealed
which to the authors” knowledge is the highest efficiency
reported for AlGaN/GaN HEMTs at 2 GHz of frequency for
output power of around 3 - 4 W. In this case PAE, power gain
G and transducer power gain Gt of 86.7%, 14.3 dB and 10 dB
have been measured, respectively.
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Fig. 8. DE and G function of Pour for optimum Zy ro, Z1.2r0, Z1 370, Zs 2¥0-
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Fig. 9. PAE and Gr function of Poyr for optimum Zy ro, Zi.2r0, Z13r0, Zs 2¥0-

The drain voltage and current waveforms related to the
highest measured 90% drain efficiency at both the device
extrinsic plane (dotted lines) and the device intrinsic plane
(solid lines) after de-embedding the effective output
capacitance CpstCgp=0.34 pF are shown in Fig. 10. Noted
that while the voltage waveforms at the intrinsic and extrinsic
planes are equals (solid and dotted red traces on top of each
other) the current waveform behavior is affected from the
output capacitance leading to negative values for the extrinsic
waveform and to a more ideal compressed square-like
waveform for the intrinsic plane. This can also been observed
from the load-line of Fig. 11.

As for the waveforms, in the loadline behavior negative
values of the drain current are observed for the extrinsic load-
line (green line) for low values of drain voltages. Furthermore,
it should be noted that despite the device is biased at
Vps=30 V, the maximum peaking voltage is around 90 V. This
high peak is due to the fact that the second harmonic load
termination presents a phase different from zero (Fig. 6)
leading to the inverse Class-F like waveforms [9].
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The very high efficiency condition is achievable thanks to
the very low Vi, value of around 1-2 V as illustrated in the
DCIV/loadline of Fig. 11. However, it is important to
highlight that the maximum drain current achievable for this
power transistor is around 1-1.2 A for which higher output
power in the order of > 8 W can be achieved. On the other
hand, in the high efficiency case, the loadline reaches its peak
current at around 0.3-0.4 A which in this case is a satisfactory
compromise in terms of very high efficiencies (DE>85%)
accompanied with high output power (Poyr>3.5 W) for the 1.2
mm AlGaN/GaN HEMT.
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Fig. 10. Drain voltage and current waveforms at the extrinsic (dotted lines)
and intrinsic (solid lines) planes related to the DE=90% terminations.
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Fig. 11. DCIV and loadline at the extrinsic (green line) and intrinsic (blue
line) planes related to the DE=90% highest efficiency state.

V. CONCLUSION

This paper has presented the analysis and investigation of an
AlGaN/GaN HEMT power transistor with a gate length of 250
nm. The advanced GaN technology together with a high
number of harmonic investigation through an active harmonic
load-pull system shows that very high drain efficiency power
transistors in the range of 85% can be achieved delivering
high output power of 3.6 W/mm and gain of around 15 dB at 2
GHz of fundamental frequency. Furthermore, it has been
demonstrated that by proper second harmonic source
manipulation higher efficiency in the order of 88% can be
revealed without trading off the initial output power and thus
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still delivering 3.7 W/mm as well as similar gain of 14-15 dB.
Once the optimum trade-offs of power, efficiency and gain are
accomplished, the device has been run in its highest efficiency
state. In this case lower output power of 3 W/mm is delivered
with record peak efficiency of 90%.
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