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4.5-/4.9-GHz-Band Selective High-Efficiency GaN HEMT Power
Amplifier by Characteristic Impedance Switching

Kazuki MASHIMO®, Ryo ISHIKAWA ™, Members, and Kazuhiko HONJO', Fellow

SUMMARY A 4.5-/49-GHz band-selective GaN HEMT high-
efficiency power amplifier has been designed and evaluated for next-
generation wireless communication systems. An optimum termination
impedance for each high-efficiency operation band was changed by using
PIN diodes inserted into a harmonic treatment circuit at the output side.
In order to minimize the influence of the insertion loss of the PIN diodes,
an additional line is arranged in parallel with the open-ended stub used for
second harmonic treatment, and the line and stub are connected with the
PIN diodes to change the effective characteristic impedance. The fabri-
cated GaN HEMT amplifier achieved a maximum power-added efficiency
of 57% and 66% and a maximum drain efficiency of 62% and 70% at 4.6
and 5.0 GHz, respectively, with a saturated output power of 38 dBm, for
each switched condition.

key words: power amplifier, high efficiency, band selective, GaN HEMT,
PIN diode

1. Introduction

In order to increase the capacity and data rate in mo-
bile wireless communication systems, frequency-selective
multi-band operations at an increased frequency range
above 4 GHz are required for transmitter power amplifiers.
Since the power amplifier consumes a large part of the sup-
plied DC power to a transmitter, high-efficiency design ap-
proaches, such as class-E[1], class-F[2], class-J[3], and
reactive harmonic termination-type (class-R) [4]-[8] ampli-
fiers, are mandatory. However, these high-efficiency designs
require optimized load impedances not only for the funda-
mental frequency but also for multi-harmonic frequencies.
In class-E amplifiers, frequency-selective design is per-
formed by changing the parallel capacitance at the output
current source so that the power factor for the fundamental
frequency is optimized [9], [10]. However, this optimiza-
tion usually breaks the condition of harmonic frequency op-
timizations. The class-F design approach allows for a very
narrow load impedance design space, where loads for even
harmonic frequencies should be short-circuited and those
for odd harmonic frequencies should be open[11]. The ap-
proach for class-J amplifiers brings about a wide operat-
ing frequency range but must sacrifice the upper limit for
ideal power efficiency, capping it at 78.5% [12]. However,
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the class-R approach provides a wide load impedance de-
sign space for harmonic frequencies [13]-[15] and an ideal
power efficiency of 100%, where the optimum power factor
for the fundamental frequency is realized without affecting
the optimized harmonic frequency load impedance. Thus,
we have selected the class-R amplifier as the candidate for
frequency selective design.

An example of a conventional band-selective class-R
amplifier configuration consisting of transmission lines is
shown in Fig.1(a). To obtain the highest efficiency, the
treated harmonic number has to be increased as much as
possible. However, since the circuit elements are increased
for the harmonic treatment, insertion loss degrades the ef-
ficiency, especially for a higher operation frequency. On
the other hand, it is well known that effective efficiency im-
provement is obtained by treating only the second harmonic.
In addition, if the frequency difference between f; and f, is
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Fig.1 (a) Anexample of a conventional band-selective class-R amplifier
configuration consisting of transmission lines. (b) Proposed band-selective
class-R amplifier configuration by changing the characteristic impedances.
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about 10%, a common reactive termination circuit can be
used for two second-harmonic treatments, since a reactance
margin exists in the class-R design, as mentioned before. In
this case, an average quarter-wavelength open-ended stub is
used to make a short condition for the second harmonic, as
shown in Fig. 1. Similarly, for drain- and gate-bias circuits,
an average quarter-wavelength shortened stub is used, as
shown in Fig. 1. In order to select the operation frequency, a
load-matching circuit is switched for each fundamental fre-
quency. In this case, two open-ended stubs are connected or
disconnected by using switches to adjust the two optimum
impedance values. For the input side, dual- or wide-band
matching is applied.

Figure 1 (b) shows the proposed band-selective class-
R amplifier configuration. The input matching and biasing
are the same as those for the conventional one. For switch-
ing the load-matching circuit, the characteristic impedance
of the average quarter-wavelength open-ended stub for the
second harmonics is switched, in addition to that for the stub
in a load-matching circuit, as shown in Fig. 1 (b). The char-
acteristic impedance variation of the stub for the second har-
monics does not affect the short condition for the harmonic
treatment. When actual switching elements are used, inser-
tion loss degrades the high-efficiency operation. In this case,
the influence of the loss depends on where the switches are
connected on the main line, owing to the different standing
wave amplitude.

In this paper, the configurations in both Fig. 1 (a) and
Fig. 1 (b) are investigated for a 4.5-/4.9-GHz band-selective
GaN HEMT amplifier design. As a result, efficiency ad-
vantage was confirmed for the proposed configuration. The
design procedure, including a comparison, and evaluation
results for the proposed configuration are described.

2. Design of Band-Selective Amplifier
2.1 Load-/Source-Pull Simulation

In order to obtain a high-efficiency characteristic for each
operation frequency on the class-R amplifier, optimum ter-
mination impedances at the fundamental frequencies and
optimum termination reactance at the harmonic frequen-
cies were estimated on a load-/source-pull simulation by us-
ing a circuit simulator (Keysight, ADS). The fundamen-
tal frequency was set to 4.5 and 4.9 GHz. Only the sec-
ond harmonics were considered for both input and output
sides. For the transistor, a 6-W-class GaN HEMT bare chip
(CGHV1J006D, Cree) was assumed. For the simulation, a
large-signal model provided from Cree was used.

Figure 2 shows the simulated impedance regions where
a high-efficiency characteristic of more than 70% is main-
tained. The impedance regions are indicated as contour lines
for the fundamental frequencies. For the second harmon-
ics, the impedance regions are indicated on the periphery of
the Smith chart, as the class-R design. In the load-/source-
pull simulation, the impedance region for each target condi-
tion was estimated by fixing the other impedance conditions
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Efficiency region: 70% — 76 %(max.)

Steep efficiency
reduction region
for 9.0 & 9.8

(Unit: GHz)

Fig.2  Simulated impedance regions where a high-efficiency character-
istic of more than 70% is maintained for (a) the source side and (b) the load
side, estimated by a load-/source-pull simulation.

as optimum. Therefore, it is necessary to consider that the
worst case will become less than 70% in the estimated re-
gions.

In Fig.2 (a), relatively wide impedance regions were
obtained for the fundamental frequencies (4.5 and 4.9 GHz).
On the other hand, for the second harmonics, the impedance
region became narrow at 9.8 GHz, though it became wide
at 9.0 GHz. A steep efficiency reduction region for both 9.0
and 9.8 GHz are also shown in Fig.2 (a). From 62 to 50%
efficiency drops were observed in this region. From these
results, it is expected that the input matching circuit can be
constructed with fixed wide-band matching between 4.5 and
4.9 GHz, though the steep efficiency reduction region at 9.0
and 9.8 GHz has to be excluded.

In Fig. 2 (b), the impedance regions were relatively nar-
row at 4.5, 4.9, 9.0, and 9.8 GHz. However, the variation of
the efficiency outside the regions is different for each fre-
quency. A large efficiency reduction was observed outside
the regions for the fundamental frequencies. On the other
hand, the efficiency reduction was not so large in case of
an actual design for the second harmonic frequencies. The
impedance regions inside of the Smith chert for the second
harmonics are also shown in Fig. 2 (b). When the impedance
for 9.8 GHz was shifted to the 9.0 GHz region, more than
62% was maintained. If the average quarter wavelength
open-ended stub is used for shunting the second harmonics,
the impedance moves to clockwise direction on the periph-
ery of the Smith chert in the high-efficiency region even if
perfect reflection conditions cannot be maintained for them.
For the fundamental frequencies, the optimum impedance
moves gently in a counterclockwise direction on the Smith
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chart in accordance with the frequency increase, like a de-
crease in parallel capacitance. Therefore, it is expected that
only the characteristic impedance of the second harmonic
shunt stub will be changed for the switching of the proposed
configuration.

2.2 Characteristic Impedance Switching by a Parallel Ad-
ditional Line

By adding a parallel additional line to an open-ended stub in
parallel, an equivalent characteristic impedance is changed,
like a parallel connection. Simulated reactances by using
an electromagnetic (EM) simulator (ADS Momentum) for
three connection conditions are shown in Fig. 3. An electri-
cal length of the open-ended stub and the additional line was
set to the average quarter wavelength of 9.0 and 9.8 GHz. In
addition, the line widths were set to 0.9 and 2 mm for the
open-ended stub and the additional line, respectively.
When the open-ended stub and additional line were not
connected, as shown in Fig. 3 (a), the stub impedance was
higher than that for the other conditions, since there was no
parallel component. When the open-ended stub and the ad-
ditional line were connected at only the stub port, as shown
in Fig. 3 (b), the stub reactance was effectively changed as a
capacitance variation at the fundamental frequency region.
However, a resonance appeared at the second frequency re-
gion. This is attributed to a slight electrical length difference
between the open stub and the additional line. As a result, it
is difficult for only a parallel connection of stubs to control
the correct electrical lengths. When the open-ended stub and
the additional line were connected at both sides of the stub,
as shown in Fig. 3 (c), the same reactance variation at the
fundamental frequency region was obtained as with the par-
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Fig.3  Frequency dependence of electromagnetic (EM) simulated reac-
tance for the following conditions: (a) no connection, (b) connected at only
the stub port, and (c) connected at both sides of the stub.
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allel connection shown in Fig. 3 (b). Additionally, the reso-
nance that appeared in the parallel connection was removed.
This is attributed to the averaging of the electrical lengths
between the stub and the line. Moreover, the short condition
around the second harmonic frequency was shifted between
connected and non-connected conditions, owing to a disper-
sion characteristic of the lines. This was convenient when
the connected condition was assigned to the lower operation
frequency, i.e., 4.5 GHz.

The stub reactance X at the fundamental frequency is
represented as follows:

{ _ ZosZoa cotl ~ — Zos Zoa @connected
X =

Zos +Zoa Zos +Zoa (1)

—Zys cotd =~ —Zyg @non-connected,

where, Zys and Zy, are the characteristic impedances of the
open stub and the additional line, respectively. 6 is the elec-
trical length and 6 ~ 7/4 is fulfilled, since @ is close to /2 at
the second harmonic frequencies. From this result, it works
as a switchable capacitance.

2.3 Amplifier Operation for Switching Conditions

By using characteristic impedance switching, the 4.5-/4.9-
GHz band-selective GaN HEMT amplifier was designed.
From the load-/source-pull simulation result described in
Sect. 2.1, only the characteristic impedance of the average
quarter-wavelength open-ended stub for shunting the second
harmonics was switched for the design. First, the matching
circuit at 4.9 GHz was adjusted by setting the switched stub
to the “non-connected” condition with a low capacitance.
Then, the matching circuit at 4.5 GHz was adjusted by set-
ting the switched stub to the “connected” condition with a
high capacitance.

Figure 4 shows the designed load circuit. For compar-
ison, a load-circuit design based on the conventional con-
figuration is also shown. For the conventional configuration
using a GaN HEMT, two switched stubs are used to obtain
a sufficient frequency difference.

Figure 5 shows the simulated frequency dependences
of the efficiency characteristics. In the simulation, two cases
were assumed: 1) that an ideal switch was used and 2) that
the switch was assumed to be a 2-Q resistor in the on-state
and a 0.1-pF capacitor in the off-state, as an actual condi-
tion mentioned in Sect. 5. From Fig. 5, high-efficiency and
frequency-selective characteristics were obtained for both
configurations when the ideal switch was used. However, in
the actual switching condition, a large efficiency reduction
was observed for the conventional configuration due to an
insertion loss. It was confirmed that the influence of the loss
for the proposed configuration was smaller than that for the
conventional one, in this case. In the on-state, where the loss
of the series parasitic resistance is affected, the maximum
efficiency decreases by about 4% in the proposed method,
and the maximum efficiency decreases by about 11% in the
conventional method. Therefore, the band-selective ampli-
fier based on the proposed configuration was fabricated and
evaluated.
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3. Fabrication of the Proposed Band-Selective Ampli-
fier

From the load-/source-pull simulation results shown in
Fig. 2, input- and output-matching circuits were fabricated.
Figure 6 shows the fabricated 4.5-/4.9-GHz band-selective
GaN HEMT amplifier. For the input- and output-matching
circuits, resin substrates (Megtron7, &, = 3.4, tan 6 = 0.002,
Panasonic) with a thickness of 0.4 mm were used.

Figure 7 shows EM-simulated and measured source
and load impedances. The target regions shown in Fig. 2 to
obtain a high-efficiency characteristic are also shown. In the
measurement, the connected and non-connected conditions

o

N ;
Bl GaN HEMT [l
Cree, CGHV1J006D (=i

Fig.6  Fabricated 4.5-/4.9-GHz band-selective GaN HEMT amplifier.

e EM simulation
x Measurement

(Unit: GHz)

Load impedance, Z;

Load impedance, Z/'
(b)
Fig.7 EM-simulated and measured (a) source and (b) load impedance.

Target regions shown in Fig. 2 to obtain a high-efficiency characteristic are
also shown.
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were realized with and without Au bonding wires, respec-
tively, for ease of evaluation. From Fig. 7 (a), the measured
source impedances at the fundamental frequencies were in-
cluded in each target region, as well as in the simulated
ones. In addition, the measured source impedances at the
second harmonic frequency of 9.0 GHz was also close to the
target region, though those gently deviated from the simu-
lated ones, owing to a substrate permittivity deviation at the
higher frequency. Furthermore, those was gently apart from
the periphery of the Smith chart, owing to loss. For 9.8 GHz,
both the measured and simulated impedances were not close
to the target region. However, this did not induce a large ef-
ficiency reduction.

From Fig.7(b), the measured and simulated load
impedances at the fundamental frequencies for each
switched condition were almost the same and are included in
each target region. For 9.0 GHz, those were also included in
each target region, though those at 9.8 GHz gently deviated
from the target region.

4. Confirmation of Band Selectivity by Using Bonding
Wires

To confirm the band selectivity for the proposed amplifier
configuration, Au bonding wires were used for the con-
nected condition, instead of an actual switch element. The
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Fig.8 Frequency dependences of maximum drain efficiency (7pmax),
maximum power-added efficiency (PAEnax), saturated output power (Pgy),
and gain for (a) the connected and (b) non-connected conditions, by using
bonding wires.
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frequency dependences of the maximum drain efficiency
(7pmax)» maximum power-added efficiency (PAE.x), satu-
rated output power (Pg), and gain for the connected and
non-connected conditions are shown in Fig.8. The drain
and gate bias voltages were set to 40 V and —2.7V, respec-
tively. From Fig. 8, it was confirmed that the band could be
switched to obtain a high-efficiency characteristic. The dif-
ferences in peak frequencies were due to a slight impedance
mismatching. The input-output power response, gain, and
efficiency characteristics at 4.66 GHz for the connected con-
dition and at 4.92 GHz for the non-connected condition are
shown in Fig. 9. A npmax of 66% and 70% and a PAE,,,x of
62% and 66% were obtained at 4.66 and 4.92 GHz, respec-
tively, with a Py of 38 dBm.

5. Evaluation of the Proposed Band-Selective Ampli-
fier with PIN Diodes

5.1 Efficiency Performances

To electrically select the operation band, a PIN diode was
used as a switch, as shown in Fig.10. Since a GaN
HEMT amplifier operates with a high-voltage DC power
supply, a high-breakdown-voltage characteristic is required.
In addition, a low series resistance in the on-state and a
low capacitance in the off-state are also required for low
insertion loss and high-frequency operation, respectively.
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Fig.10  Mounted PIN diodes for the fabricated 4.5-/4.9-GHz
band-selective GaN HEMT amplifier.

In this research, PIN diodes (MA4P161-134, Resistance:
1.5Q, [@500 MHz, 10 mA] Total Capacitance: 0.1 pF [V, =
—15V], MACOM) were used. In addition, in order to re-
duce the resistance, three diodes connected in parallel were
used at the stub port side. A DC bias voltage for the PIN
diodes was supplied via a choke coil (33 nH, LQW15 series,
Murata) by stacking the drain DC bias voltage for the GaN
HEMT.

The frequency dependences of 7pmax; PAEmax, Psats
and the gain for the on/off conditions by switching the PIN
diodes are shown in Fig. 11. Those for the measured char-
acteristic shown in Fig. 8 are also shown for comparison.
From Fig. 11 (a), the efficiency peak is reduced due to the re-
sistance of the PIN diodes, though the reduction was within
about 4%. From Fig. 11 (b), the efficiency peak is shifted
due to the capacitance of the PIN diodes, though there was
no efficiency reduction. The fabricated GaN HEMT ampli-
fier exhibited a PAE.x of 57% and 66%, a npmax of 62%
and 70%, and a P, of 38dBm at 4.6 and 5.0 GHz, respec-
tively, for each switching condition.

5.2 Distortion Evaluation

Since the switching element is a nonlinear device, the lin-
earity of the amplifier had to be confirmed. Then, a digi-
tal modulated signal was applied to the fabricated amplifier.
For the evaluation, a 256 quadrature amplitude modulation
(QAM) signal with a symbol rate of 10 Msps and a peak-to-
average power ratio (PAPR) of 6.32 dB provided by a signal
generator (N5172B, Keysight) was inputted to the fabricated
amplifier, and the output signal was analyzed by a signal an-
alyzer (MSOS804A, Keysight) to estimate the error vector
magnitude (EVM).

The output spectra for each condition are shown in
Fig. 12 (a). In the measurement, the center frequencies were
set to 4.6 and 5.0 GHz at the connected and non-connected
conditions, respectively. In addition, the average input
power was set to 15dBm, corresponding to the 7-dB out-
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Fig.12  (a) Measured output spectra and (b) constellation for 256 QAM
signal with a symbol rate of 10 Msps with an input power of 15 dBm. Each
figure on the left shows the connected condition (4.6 GHz) and each figure
on the right shows the non-connected condition (5.0 GHz).
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put back-off condition. From Fig. 12 (a), the adjacent chan-
nel leakage power ratio (ACLR) was about 35 and 40 dBc
for the connected and non-connected conditions, respec-
tively. These values are better than those when using a bond-
ing wire (about 32 and 28 dBc for the connected and non-
connected conditions). In the case of using a bonding wire,
since the signal of 256 QAM could not be discriminated, it
was measured using a signal of 64 QAM. Since the output
power for each condition differed from the others due to the
gain difference (16.7 dB at 4.6 GHz and 14.8 dB at 5.0 GHz),
each ACLR was also different. Figure 12 (b) shows the mea-
sured constellations. The measured EVM was 1.6% and
1.3% for the connected and non-connected conditions, re-
spectively. From these results, it was confirmed that a par-
ticular linearity degradation was not observed for the use of
PIN diodes.

6. Conclusion

A harmonic reactive termination type band-selective high-
efficiency GaN HEMT amplifier that involves switching the
effective characteristic impedance was developed. By us-
ing PIN diodes as switches for the proposed configuration,
the operation frequency to obtain a high-efficiency charac-
teristic could be switched with a reduced influence of diode
insertion loss. The fabricated 4.5-/4.9-GHz band-selective
GaN HEMT amplifier exhibited a maximum power-added
efficiency of 57% and 66%, a maximum drain efficiency of
62% and 70%, and a saturation output power of 38 dBm at
4.6 and 5.0 GHz, respectively, for each switching condition.
In addition, for a 256 QAM signal input, it was confirmed
that a particular linearity degradation was not observed with
the use of PIN diodes.
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