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SUMMARY This paper presents recent progress on high frequency
and wide bandwidth GaN high power amplifiers (PAs) that are usable for
high-data-rate wireless communications and modern radar systems. The
key devices and design techniques for PA are described in this paper.
The results of the state-of-the art GaN PAs for microwave to millimeter-
wave applications and design methodology for ultra-wideband GaN PAs
are shown. In order to realize high output power density, InAlGaN/GaN
HEMTs were employed. An output power density of 14.8 W/mm in S-
band was achieved which is 1.5 times higher than that of the conventional
AlGaN/GaN HEMTs. This technique was applied to the millimeter-wave
GaN PAs, and a measured power density at 96 GHz was 3 W/mm. The
modified Angelov model was employed for a millimeter-wave design. W-
band GaN MMIC achieved the maximum P, of 1.15 W under CW op-
eration. The PA with Lange coupler achieved 2.6 W at 94 GHz. The au-
thors also developed a wideband PA. A power combiner with an impedance
transformation function based on the transmission line transformer (TLT)
technique was adopted for the wideband PA design. The fabricated PA ex-
hibited an average P,,; of 233 W, an average PAE of 42 %, in the frequency
range of 0.5 GHz to 2.1 GHz.

key words: GaN power amplifier; InAlGaN/GaN HEMT, millimeter-wave,
power amplifier;, transmission line transformer, wide bandwidth

1. Introduction

To date, interest in Gallium nitride (GaN) high power am-
plifiers (PAs) for applications such as wireless communica-
tions, space technology, electronic warfare systems, and test
equipment has been increasing. The power amplifier, as a
key element of RF transmitters, directly and significantly
affects operational quality in these applications [1]-[3].

A current and prospective technology trend indicates
three major directions in the use of RF PAs, which are high
output power, high efficiency and high frequency and/or
wide bandwidth. Higher output from PAs can extend range
performance of communication equipment, radar and so
on[4]-[6]. Higher efficiency of PAs[7], [8] make it pos-
sible to simplify cooling systems and reduce the size of the
radio equipment. GaN is an attractive choice due to its high
electron mobility, high electron saturation velocity, and high
breakdown electrical-field [9]-[12]. This is the driving force
for RF designers to introduce GaN high electron mobility
transistors (HEMT) to radio transmitters.
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Applications for broadband multifunctional RF system
have made high frequency and wide-band PAs. In the case
of wireless communication, the higher the frequency, the
more bandwidth can be used to transmit high data-rate sig-
nals[13]. A wideband signal carries substantially more in-
formation than a narrow-band signal [14], [15]. For many
of these systems, further increased bandwidth operation
is strongly required for many of these systems[16], [17].
In the case of radar, range resolution of the radar de-
pends on the bandwidth of the transmitted pulse[18]. In
order to widen the bandwidth, several architectures for
wideband amplifier designs have been reported, such as
distributed amplifiers [19], [20] and reactive match ampli-
fiers[21], [22]. In both types of amplifiers, wideband
impedance transformation is the common point. Since the
input and output impedances of a high-power amplifier de-
crease to a few ohms, wideband and low-loss impedance
transformation from a few ohms to 50 Q is necessary for
realizing high power PAs.

To satisfy these requirements, we have developed in-
novative GaN device and RF design techniques. These
techniques can be regarded as predecessors towards mod-
ern wireless communication and other radio transmission
systems.

In Sect. 2, device fabrications for higher output power
are described. Over the past decade, AlIGaN/GaN HEMTs
have been attracting a lot of attention as high power am-
plifiers owing to their high breakdown voltage characteris-
tics [6], [10], [23], [24]. The authors reported an alternative
approach employing an InAlGaN barrier layer [25] for mi-
crowave PA. InAlGaN HEMT technology was also adopted
into a millimeter-wave amplifier [26], [27].

Conventional device models are insufficient to simu-
late output impedance properties, such as drain voltage de-
pendence of S», in short channel GaN HEMTs. The modi-
fied Angelov model of GaN transistors [28], [29] to design
a millimeter-wave power amplifier is introduced in Sect. 3.
The measured results of W-band PAs are shown in Sect. 4.

In Sect. 5, the design technique for ultra-wideband am-
plifiers is described. In order to combine multiple tran-
sistor units to increase output power from PAs, we intro-
duced a novel four-way transmission line transformer (TLT)
based planar power combiner with an impedance transfor-
mation function in order to expand the bandwidth of the
GaN PA [30]. Section 6 concludes this work.

Copyright © 2021 The Institute of Electronics, Information and Communication Engineers
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2. GaN HEMT Technology for Microwave to
Millimeter-Wave Amplifiers

A schematic cross-sectional view of our InAlGaN/GaN
HEMT is shown in Fig. 1. We introduced an indium-added
InAlGaN barrier layer because the sheet resistance can be
reduced without increasing tensile-strain, which cannot be
avoided for an AlGaN barrier layer. Strain can be reduced
even with a high Al composition. This allows the HEMT to
simultaneously achieve high sheet carrier density and high
electron mobility. All epitaxial layers were grown on a semi-
insulating SiC substrate by metal-organic vapor phase epi-
taxy (MOVPE). On the lower side of the GaN channel layer,
the InGaN back barrier was inserted to reduce the off-state
drain leakage current. A regrown n+-GaN layer was used
to reduce the ohmic contact resistance and ohmic electrodes
consisting of Ti/Al were formed on the n+-GaN layer by an
evaporation and lift-off technique [25].

A HEMT with 0.25 uym technology was fabricated.
The maximum drain current and maximum transconduc-
tance were 1,058 mA/mm and 488 mS/mm, respectively.
The measured cut-off frequency (f;) and maximum os-
cillation frequency (fu.) were 20.7 GHz and 84 GHz,
respectively.

The large signal measurement was carried out using the
test structure with a total gate width of 1 mm. P;,-P,,,; char-
acteristics were measured at the frequency of 3 GHz with
a pulse width and a duty cycle of 10 us and 10%, respec-
tively. Figure 2 shows the drain bias dependence of the sat-
urated output power density. As the drain voltage was in-
creased, output power was also increased. The maximum
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Fig.1  Schematic cross-sectional view of InAlGaN/GaN HEMT on SiC
substrate.
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Fig.2 Large signal characteristics of transistor comparing between
InAlGaN/ and Al1GaN/GaN HEMT.
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output power density was 14.8 W/mm at a drain voltage
of 90 V. The output power decreased when the drain bias
was increased to 100 V. This decrease in the output power is
caused by heat retention. This can be improved by conduct-
ing heat using a diamond heat spreader and was discussed
in detail in [25]. An AlGaN/GaN HEMT test structure with
the same gate width was also fabricated and measured for
comparison. The measured power density was 9.6 W/mm
at a drain voltage of 65 V. Thus, the power density of
InAlGaN HEMT is 1.5 times higher than that of AlGaN
HEMT technology.

InAlGaN/GaN HEMT technology was also applied to
millimeter-wave PAs[26], [27]. HEMT with 80nm tech-
nology was used. Furthermore, a multi-layer passivation
film was adapted. Electron traps in the passivation layer
and semiconductor surface cause current collapse, which
degrades output power and PAE. To decrease the electron
traps, reducible silicon nitride was used to decrease ox-
idation on the surface of the semiconductor. Two anti-
oxidational silicon nitride layers were used to decrease the
electron traps in the film and on the surface [27].

The photograph of the test structure is shown in
Fig.3(a). The gate width was 40 um with 4 fingers.
Figure 3 (b) shows the measured small signal gain of the
millimeter-wave GaN HEMT. Drain and gate bias were 20 V
and —1 V, respectively. The measured fr and f,,, were
90 GHz and 250 GHz, respectively.

Figure 4 (a) shows the large signal characteristics of the
fabricated InAlGaN/GaN HEMT using a W-band load pull
measurement system. The measured P;,-P,,, characteristic
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Fig.3  (a) Photograph of Test Structure, (b) Small signal gain.
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Fig.4 (a) Loadpull measurement result of the fabricated InAlGaN/GaN
HEMT, (b) P;,-P,, characteristic at 96 GHz.
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at a frequency of 96 GHz is shown in Fig. 4 (b) [26]. The
developed HEMT demonstrated an excellent power density
of 3.0 W/mm at 96 GHz with the bias of 20V under contin-
uous wave (CW) operation. High current density and low
current collapse of the developed InAlGaN-barrier HEMT
improved the power density significantly.

3. Millimeter-Wave GaN Device Modeling

We employed an Angelov GaN model, which is a well-
used and well-known GaN HEMT model [31]. The conven-
tional device models are insufficient to simulate the output
impedance properties such as drain voltage dependence of
S, in a short channel GaN HEMT. This causes discrepan-
cies between load-pull measurement and simulation at the
millimeter-wave frequency range. Figure 5 shows the equiv-
alent circuit of the Angelov GaN HEMT model [29], [31].
Model parameters were extracted from the measured DC I-
Vp and S-parameters of the fabricated HEMT.

Figure 6 (a) shows the measured S, at drain voltages
of 5, 10, and 15 V. The measurements were done in the fre-
quency range from 0.1 GHz to 26.5 GHz. These impedance
traces of Vpg dependence cannot be expressed with conven-
tional models.

We extracted the Vpg dependence of the output resis-
tance Rpg and the capacitance Cpg in Fig. 7 from the mea-
sured Sy at 2 GHz [28] with the following simplified admit-
tance equation:

1 c 1 1-8»
E-’-Jw bs = 50X1+S22.
Since the estimated Rps and Cps have Vpg dependence

in the short channel GaN HEMT, we embed the V5 depen-
dence of the Cpg in the Angelov GaN model. The Cpg model
equation is as follows:

Cps = Cpsp + Cpso(1 — tanh(a X Vpy)). )

(D

Figure 6 (b) shows the simulated S, from 0.1 GHz to
90 GHz with the Angelov GaN model. The crossover tra-
jectory can be simulated when Cpgp is 20 fF, Cpgy is 60 fF,
and « is 0.07.

The model parameters are extracted to fit the model
simulation with the measured S-parameters, in particular the
reflection parameters of S;; and S», which are important to
design the input and output matching circuits of power am-
plifiers. Furthermore, to check the usability of the extracted
Angelov GaN model parameters in millimeter power ampli-
fier design, a load-pull simulation was done at 90 GHz. The
optimum load impedance was simulated to be 28 Q +j 50 Q
and this agreed well with the load-pull measurement of
31 Q +j50 Q after a few extracted parameters were tuned.
The load-pull characteristics at 90 GHz were compared with
the measurement results and Angelov GaN model simula-
tion at drain voltages of 10 V and 20 V in Fig. 8 (a), (b).
The model simulation result and measurement results are in
good agreement. Thus, these measurements confirm that the
Angelov GaN model parameters can be used in the design
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Fig.5 Equivalent circuit of the Angelov GaN HEMT model [29], [31].
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Fig.6  (a) Measured Sz, with Vpg from 0.1 to 26.5 GHz, (b) Simulated
S22 with modified Angelov model from 0.1 to 90 GHz.
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Fig.7  Vpsdependence of Rps and Cpg extracted from Sy, at 2 GHz [28].
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Fig.8 Comparison of load-pull simulation and measured results of 90
GHz load-pull. (a) Vips = 10V, (b) Vps = 20 V.

of millimeter-wave power amplifiers.
4. Millimeter-Wave GaN Power Amplifiers

A W-band MMIC was designed using coplanar waveguides
because they can reduce the source inductance. First, a
unit gate width of the PA stage to satisfy the power target
was designed. As the unit gate width increases, the gain
at millimeter-wave decreases due to gate resistance. A unit
transistor with the unit gate width of 40 ym and four fin-
gers was chosen. The InAIGN/GaN HEMT has a power
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Fig.9 (a) Schematic of W-band MMIC, (b) Chip photograph of the
MMIC, (c) Chip photograph of MMIC2.

density of 3 W/mm at a drain voltage of 20 V. This power
density suggests that the two unit transistors whose unit gate
periphery is 4 X 40 um can deliver an output power of ap-
proximately 1W.

Second, an output combining circuit consisting of a se-
ries of lines and short stubs was used for the output-stage
design. Then, an inter-stage matching circuit followed by
the driver transistor was designed as shown in Fig.9 (a).
The inter-stage circuit consists of a series of lines, and two
short stubs with capacitance, and the capacitance was large
enough for the frequency range. Using these design pro-
cedures, a cascade unit was designed (MMIC1). Third, by
combining the cascade units, W-band PA MMICs were de-
signed (MMIC?2) [32].

Figure 9 (b) shows the photograph of the cascade unit
as MMICI1. It was used for the verification of the design.
The gate width of the HPA was 160 um. The chip size was
0.9 x 1.0 mm?. Figure 9 (c) shows a photograph of the W-
band PA as MMIC?2, consisting of a cascade unit as the driv-
ing circuit, two cascade units connected in parallel, and a
combining stage. The gate width of the HPA was 320 um.
The chip size was 2.0 x 1.8 mm?.

RF performances were measured after assembling the
MMICs on Cu plate. Figure 10 (a) shows the measured S-
parameters of the fabricated MMICs at a drain voltage of
20 V. Dashed and solid lines represent the measured results
of MMIC1 and MMIC2, respectively. Gain of the MMICI
and MMIC2 at 86 GHz were 8.4 and 17.8 dB, respectively.
The maximum gain of MMIC2 was 18.9 dB at 84 GHz and
3 dB bandwidth was from 77.8 to 89 GHz.

Large signal measurements of the MMIC2 were done
at 86 GHz, CW mode and a drain voltage of 20 V, as shown
in Fig. 10(b). Solid and dashed lines show the measured
and simulated results, respectively. Maximum output power
was 1.15 W, the power density was 3.6 W/mm, and the
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Fig.10  (a) Measured S-parameters of the fabricated W-band MMICs.
(b) Large-signal characteristics of MMIC2.
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Fig.11  W-band GaN PA with Lange coupler. (a) schematic of the
MMIC3, (b) chip microphotograph of MMIC3.
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Fig.12  (a) Measured S-Parameters of MMIC3. (b) Large signal mea-
surement results.

maximum PAE was 12.3 %. The simulation results are in
good agreement with the measured ones. Thus, the devel-
oped modified Angelov model works well for millimeter-
wave MMIC design.

To increase the output power further, we employed a
Lange coupler for W-band PA [33]. Figure 11 (a) shows a
simplified schematic of the PA that consists of cascade units
and Lange couplers at the input and output as MMIC3. Fig-
ure 11 (b) shows a chip microphotograph. The chip size was
2.3 x 2.9 mm?. The Lange coupler had an insertion loss of
less than 1 dB from the test structure measurements. The
total gate width of HPA was 640 ym.

Figure 12 (a) shows the measured and simulated S-
Parameters of the MMIC3 at a drain voltage of 20 V. The
gain was 17 dB at a frequency of 88 GHz. Figure 12 (b)
shows the P;,-P,, characteristic of MMIC3 measured at
94 GHz. The saturated power was 1.62 W, and the corre-
sponding power density was 2.53 W/mm.
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5. Broadband Amplifier Design

The key to realizing a broadband amplifier is to reduce the
combining loss of the power combiner over a wide fre-
quency range. Generally, the output impedance of the tran-
sistor is as low as a few ohms, because multiple transistors
are laid out in parallel. Therefore, a wideband and low-loss
impedance that transforms from a few ohms to 50 € is nec-
essary. The transmission line transformer (TLT) is a type of
wideband impedance transformer [34]. Rather than a con-
ventional impedance transformer [35], which transfers en-
ergy by magnetic coupling, energy is transferred by a trans-
verse transmission-line mode. This results in the realization
of an ultra-wideband impedance transformer. By applying
the TLT to a power combiner, wideband GaN PA can be
utilized.

Figure 13 shows a circuit schematic of the proposed PA
with a four-way power combiner with an impedance trans-
formation function. Two stage power combiners (C1, C2)
transform the impedance from 12.5 Q to 50 Q. An out-
put matching circuit (OMC) transforms the impedance from
12.5 Q to a few ohms. As the impedance ratio between the
stages of the proposed circuit remain small, a wideband PA
can be utilized.

In our work, the TLT was designed in a planar form,
and broadside coupled lines were patterned on the top and
bottom of the substrate to realize a strong coupling between
the lines. The backside of the substate was hollowed out
more than 10 mm from a metal block to reduce the insertion
loss of TLT. The TLT can have its operating mode changed
wideband balun, delay line, and phase inverter by changing
the position of ground connection [36].

When the ground is connected at the center of the load
as shown in Fig. 14 (a), the signal goes from the left to right,
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ﬁ 50 Q
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Fig.13  Circuit schematic of the proposed PA with four-way power com-
biner with impedance transformation function.
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Fig.14  Variation of TLT element by changing the ground connection.
(a) Balun, (b) Delay line, (c) Phase inverter.
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split into the top and bottom lines, with a phase difference
of 180 degrees. It operates as a balun. When the ground is
connected at the bottom of the load as shown in Fig. 14 (b),
it operates as a delay line. When the ground is connected at
the top of the load, the signal coming from the left is trans-
mitted to the other side of the line, with a phase difference
of 180 degrees. It operates as a phase inverter, as shown in
Fig. 14 (¢).

Figure 15 shows the schematic of the two-way com-
biner consisting of the TLT balun, delay line, and phase in-
verter. To design the four-way combiner, three two-input
one-output power combiners were stacked as C1 and C2, il-
lustrated in Fig. 13. As this power combiner is constructed
by the TLT elements, the overall performance of this com-
biner can be wideband.

Figure 16 shows the fabricated broadband power am-
plifier consisting of 1:4 divider, input matching circuit
(IMC), GaN HEMTs, OMC, and 4:1 combiner. The size of
the jig was 22 x 27 cm and the jig under the TLT combiner
had 15 mm hollowed out. A MEGTRON 6 substrate, with a
dielectric constant and thickness of 3.4 and 0.5 mm respec-
tively, was used. The impedance of the TLT was controlled
by changing the width of the transmission lines. Metallized
through-holes were formed in the substrate, and the bottom
and top layer were electrically connected, to create a TLT-
based power combiner. A GaN HEMT on SiC with 0.25 ym
technology was used.

Figure 17 shows the measurement results of S-
Parameters at a drain voltage of 50 V. A gain of over
9.7 dB and an input return loss of below —7.9 dB over the

Delay Line

[

11

- =

e

Phase Inverter

Fig.15 Two-way power combiner using three TLT elements by chang-
ing the ground connection.

GaN HEMT

1:4 Dividerif i ‘\i4:1Combineri
IMC OMC
Fig.16  Photograph of the fabricated wide bandwidth PA.
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Fig.17  S-Parameters of the wide bandwidth PA.
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wide bandwidth PA.

Table1 Performance comparison of the wideband PAs.
Ref. Freq. FBW Pout PAE
(GHz) (%) W) (%)

[37] 1.55-2.25 36.8 100-110 60-70
[38] 1.1-2.0 58.1 200-223 40-52
[39] 0.9-1.8 66.7 96 52-59
[40] 2.0-2.7 29.8 100-158 55-65
[41] 0.1-1.8 179.9 93-141 35-68
[42] 0.1-3.0 187.1 107-148 25-48
[30]

TLT-based PA 0.5-2.1 123 151-315 23-62

0.5-2.1 GHz range were achieved under a drain voltage of
50 V.

Large signal measurements under a condition of a 10 us
pulse width and a 1 percent duty cycle were evaluated under
the drain voltage of 50 V. For an input power of 44 dBm,
the PA produced an output of 53.4 dBm = 1.6 dB at a PAE
of 42.3 + 19.4 % at the range of 0.5 GHz to 2.1 GHz as
shown in Fig. 18. The peak P,, of 55 dBm (315 W) and
the maximum PAE of 61.7 % were achieved at 1.3 GHz and
1.2 GHz, respectively.

Table 1 compares the published wideband PAs with a
similar frequency range. The fractional bandwidth (FBW)
is defined as

_Ju-1i
fe
where fy, fc, and f; are the highest, center, and lowest fre-

quency of the band, respectively. Comparing with reported
wideband PAs in the same frequency range, the developed

FBW 3
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PA exhibited a wider bandwidth than the reported PAs with
an output power over 200 W.

Furthermore, we recently reported differential mode
TLT combiner which exhibited a large second-harmonic
suppression [43].

6. Conclusion

This paper presented GaN HEMT PAs to realize advanced
wireless communication and radar systems. To realize a
high output power density, InAlIGaN/GaN HEMTs were in-
troduced. The power density was 14.8 W/mm in the S-
band, which is 1.5 times higher than that of an A1GaN/GaN
HEMT. This technology was also applied to millimeter-
wave PAs. The power density was 3 W/mm at 96 GHz.
W-band InAlGaN/GaN MMIC achieved P,,, of 2.6 W at
94 GHz. We also developed a novel design technique for
wideband power amplifiers. A power combiner with an
impedance transformation function based on the TLT was
employed. The fabricated PA exhibited an output power
of 233 W, PAE of 42 %, in the frequency range of 0.5 to
2.1 GHz.
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