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SUMMARY For improving the fifth-generation mobile communication
system, a highly efficient power amplifier must be designed for the base
station. An outphasing amplifier is expected to be a solution for achieving
high efficiency. We designed a combiner, one of the key components of
the outphasing amplifier, using a serial Chireix combiner and fabricated an
amplifier with a GaN HEMT, achieving 70% or more high efficiency up to
9 dB back-off power in an 800 MHz band. We also fabricated a 2 GHz-
band outphasing amplifier with the same design. We applied digital predis-
tortion (DPD) to control the balance of amplifying units in this amplifier
and achieved an average efficiency of 65% under a 20 MHz modulation
bandwidth.
key words: outphasing, Chireix combiner, power amplifier, high efficiency,
predistortion

1. Introduction

At present, the use of fourth-generation mobile communi-
cation systems is advancing worldwide, and the speed and
capacity of mobile communication systems are being en-
hanced rapidly. However, the demand for high-definition
still images and video content is expected to increase further,
not only for entertainment and publicity purposes but also
in fields such as security, medical care, education, wearable
devices, and enhanced video content such as 4K/8K videos.
To meet these needs, the fifth-generation mobile communi-
cation system was introduced in some regions in 2020. This
system has features such as high speed, large capacity, ultra-
multiterminal connection, ultra-low latency, and ultra-high
reliability.

In the fifth-generation mobile communication system
that realizes high-speed and large-capacity communication,
increase in multilevel of the modulation signal is required,
and the demand for modulation accuracy becomes signifi-
cant. For this reason, the peak suppression used to improve
the efficiency of high-power amplifiers is not sufficiently ef-
fective. In other words, the high-output amplifier operates
in a high-output back-off region with low efficiency. This
means that the overall power consumption of the system in-
creases.

The mobile system also adopts massive-MIMO.
Massive-MIMO will use more transceivers than the con-
ventional system; for example, scaling from the number of
transceivers in an 8 Tx 8 Rx configuration to a 64 Tx 64 Rx
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system. In general, as devices for mobile communication
systems are set up on building walls and towers, there are
restrictions on the size and weight of devices. A major fac-
tor affecting the weight of the device is a waste heat mech-
anism. Because a high-output amplifier consumes a large
portion of the power in the transceiver, it is very important
to improve the efficiency of the high-power amplifier.

As a technique for increasing the efficiency of a high-
power amplifier, the harmonic impedance termination tech-
nique [1]–[3] can improve the efficiency of the amplifier at
the maximum output level. However, in a mobile com-
munication system, a modulation signal with a high PAPR
is used; therefore, a technique for increasing the effi-
ciency using an amplification method such as paralleliza-
tion is more effective. These technologies include three
classical technologies: an outphasing amplifier [4] pro-
posed by Henri Chireix in 1935, Doherty amplifier [5] pro-
posed by William H. Doherty in 1936, and envelope elim-
ination and restoration (EER) technology [6] proposed by
Leonard R. Kahn in 1952; and each of these has been un-
der research for improvement [7]–[12]. In addition to the
above three technologies, new high- efficiency technologies
such as envelope tracking (ET) technology [13], envelope
pulse width modulation (EPWM) technology using a delta-
sigma modulator [14], and load-modulated balanced ampli-
fier (LMBA) [15] have been reported.

As is well known, there is a trade-off between good
linearity and high efficiency in power amplifiers. In mobile
communication systems, technologies for high-efficiency
and amplifier linearization must be used in combination
because high PAPR modulated signals are used. Among
amplifier linearization technologies, digital predistortion
(DPD) technology [16]–[19] is mainly studied as its appli-
cability in the commercial equipment of the mobile com-
munication system.

In a high-power amplifier for a base station of a fourth-
generation mobile communication system, efficiency im-
provement is realized by the Doherty amplifier + DPD tech-
nology. The Doherty amplifier is widely adopted because
of its simple RF circuit configuration and a single input ter-
minal, and there is a reported example claiming 55% drain
efficiency [20]. The DPD has been widely adopted owing
to its high linearization capability, improved digital signal
processing circuit implementation through a higher perfor-
mance field programmable gate array (FPGA), and a faster
analog-to-digital converter.

The Doherty amplifier shows excellent efficiency char-

Copyright c© 2021 The Institute of Electronics, Information and Communication Engineers



KIMURA and KAWASAKI: HOW TO DESIGN AN OUTPHASING POWER AMPLIFIER WITH DIGITAL PREDISTORTION
473

acteristics for the modulation signal with high PAPR. But
to realize the high efficiency required in the fifth-generation
mobile communication system, other amplifier circuit tech-
nologies should be investigated. Therefore, we focused on
an outphasing amplifier that can operate the device with a
constant envelope input. The amplifier was first put into
practical use in 1955 as a 50-kW AM-broadcasting transmit-
ter BTA-50 G by RCA [21]. However, it seems that it did not
spread after that. It is speculated that the reason for this is
the difficulty in realizing an amplitude/phase converter with
high accuracy and in designing load modulation to achieve
high efficiency. At present, it is possible to implement a
digital signal processing circuit that can easily realize the
DPD, and it is possible to realize an amplitude/phase con-
verter with high accuracy. Further, the improvement in the
accuracy of the amplifying element model makes it possible
to optimize the load modulation section by circuit simula-
tion. Therefore, it is considered that the design and imple-
mentation are relatively easy. In this paper, we report an
example of the design/trial manufacture of an outphasing
amplifier and the results of linearization experiments.

2. How to Design an Outphasing Power Amplifier

2.1 Basic Configuration of Outphasing Amplifier

As shown in Fig. 1, the outphasing amplifier decomposes a
transmission signal into two signals having a constant am-
plitude and different phases, amplifies these signals in an
operation range with high power-conversion efficiency of an
amplifying element, and then regenerate them by vector syn-
thesis in a synthesis circuit.

The efficiency of the outphasing amplifier is character-
ized by a combiner. When the combiner is composed of an
inter-branch isolation such as a 3-dB hybrid, an amplifier
with excellent linearity can be constructed. This configura-
tion is known as the LINC (Linear amplification with non-
linear components) scheme [22]. However, in the LINC sys-
tem, each device operates under the maximum output con-
dition even for small transmission signals, and the canceling
vector is lost in the combiner, meaning that the efficiency in
a high signal PAPR is not always high. Therefore, in order
to realize highly efficient operation in the outphasing ampli-
fier, it is necessary to configure the power combiner so that
load modulation occurs between devices using a combiner
without isolation.

2.2 High Efficiency Outphasing Amplifier Combiner

As a combiner of an outphasing amplifier for improving ef-
ficiency, Raab has proposed a circuit configuration using a
1/4 wavelength transmission line [23]. This is generally well
known as the Chireix combiner. The configuration is shown
in Fig. 2.

Because the output of the two amplifiers in an outphas-
ing amplifier using a Chireix combiner affects each other’s
amplifier output, the output load is equivalently changed

Fig. 1 Outphasing amplifier.

Fig. 2 Chireix combiner.

Fig. 3 Chireix combiner.

like the amplifier of the load modulation system. Figure 3
shows the load trajectory from the matching circuit output
to the combiner side when the input signal phase difference
is changed from 0◦ to 180◦.

Since the Chireix combiner is composed of two 1/4
wavelength transmission lines and two stubs, which are
compensatory reactance elements, the frequency range in
which highly efficient operation can be performed is nar-
rowed owing to many circuit components. Therefore, we
decided to think about the serial Chireix combiner [24] this
time. A serial Chireix combiner is achieved by changing
the length of two 1/4 wavelength transmission lines without
using a reactance element between an amplifier and a 1/4
wavelength transmission line. The configuration is shown
in Fig. 4.
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Fig. 4 Chireix combiner.

Fig. 5 Load-pull characteristics (simulation).

2.3 800 MHz Band Outphasing Amplifier Trial Results

This prototype in an 800 MHz band was designed as an
amplifier with 100 W peak power that can obtain an aver-
age power of 20 W on amplifying a modulation wave of
PAPR = 7 dB. We decided to use a GaN HEMT with excel-
lent material properties (high-voltage operation and high-
power-density operation) and high-efficiency characteristics
and adopted a Wolfspeed 45 W class GaN HEMT (CGH
40045 F) [25] device. Figure 5 shows the simulation results
of the load-pull characteristics based on the large-signal de-
vice model. Constant output-power contour is plotted in 1-
dB steps with solid lines and constant drain-efficiency con-
tour in 10% steps with broken lines. For the simulation, the
AWR Microwave Office was used, and a nonlinear simula-
tion was carried out by the harmonic balance method. From
the simulation results, we can expect good characteristics
such as a peak power of 48.5 dBm or more and peak drain
efficiency of 88% or more. In the simulation, the harmonic
termination condition is optimized considering up to the
third harmonic. Next, the CGH 40045 F device was tested
with a tuner for load-pull measurement. Three MAURY MT
982 EU 30 tuners are cascade-connected, and the third har-
monic impedance termination was performed in the same

Fig. 6 Load-pull characteristics (mesurement).

way as simulation. The measurement results are shown in
Fig. 6. Although the actual measurement results show that
the peak power is 47.5 dBm or more, which does not reach
the simulation value of a large-signal device model, suffi-
cient output was obtained to construct the 100 W amplifier.
In addition, we confirmed through simulations and exper-
iments that the same tendency of load-pull characteristics
can be obtained for the Constant output-power contour and
the constant drain-efficiency contour.

From the results of the load-pull characteristics, it was
confirmed that the simulation using the large-signal device
model was effective, so we designed the entire amplifier
through circuit simulation. The harmonic impedance ter-
mination circuit was set to a phase condition to obtain maxi-
mum efficiency by using an open stub having a length of 1/4
wavelength of each of the second harmonic wave and the
third harmonic wave. The Chireix-combiner was optimized
in conjunction with a matching circuit to achieve the best
average efficiency with a modulation wave of PAPR = 7 dB.
This is intended to reduce the size of a combiner requiring
the length of two 1/4 wavelengths. Such a miniaturized de-
sign is expected to reduce line loss and widen the frequency
range with high efficiency.

The load locus and load-pull characteristics seen
from the device output terminal of the designed har-
monic impedance termination circuit/matching circuit/serial
Chireix combiner are shown in Fig. 7. It can be confirmed
that the load moves from the peak power load along the 78%
drain-efficiency contour indicated by the thick dashed line in
accordance with the phase difference of the outphasing, and
can operate at high efficiency from the peak power to the
10 dB back-off.

The circuit configuration of the prototype is shown in
Fig. 8 and the appearance is shown in Fig. 9. In addition,
Figure 10 shows the measurement results of the output char-
acteristics and efficiency characteristics of the unmodulated
signal. Overall simulation characteristics by circuit simu-
lator are also described. The peak power was measured
to be 50.4 dBm against the simulated value of 51.4 dBm.
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Fig. 7 Loadpull and Load trajectory (simulation).

Fig. 8 Circuit configuration of designed.

Fig. 9 Outphasing power amplifier.

Since the difference in the load-pull characteristics shown in
Figs. 5 and 6 is approximately 1 dB, we consider this to be
a reasonable result. In addition, the efficiency characteristic
curve of the measured results shows efficiency of approxi-
mately 70% or more from the peak power to the 9 dB back-
off power. Considering that the equal-efficiency circle in the
actual device load-pull characteristics is different from that
in the model, the good characteristics could be reproduced.

Since we measured with unmodulated signal to see the
efficiency characteristic curve, we calculated the average ef-
ficiency using the probability distribution of the WCDMA

Fig. 10 Output power vs drain efficiency.

Fig. 11 Avarage drain efficiency.

5MHz signal with PAPR = 7dB to estimate the average ef-
ficiency. The frequency characteristics of the average effi-
ciency converted from the measured results at PAPR = 7 dB
are shown in Fig. 11. The combiner shown in Fig. 9 was
designed so that the length of the latter stage of the match-
ing circuit would be shorter than 180 degrees by utilizing
the matching conditions. As a result, it is designed to be
smaller than the serial chireix combiner having the config-
uration shown in Fig. 4. To see the effect, plot the results
of two prototypes, the serial chireix combiner configured in
Fig. 4 and the compact design combiner shown in Fig. 9.

From this result, it was confirmed that the peak effi-
ciency was higher in the miniaturized design, and the band-
width was also widened.

2.4 2 GHz Band Outphasing Amplifier Trial Results

Next, a design example of an outphasing amplifier in the
2 GHz band using the same design method as the proto-
type in an 800 MHz band is shown. From the results of
the design and test of the 800 MHz band amplifier men-
tioned above, we were able to confirm that the outphasing
amplifier can obtain sufficiently high-efficiency characteris-
tics. On the other hand, in mobile communication systems,
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Fig. 12 Circuit configuration of designed.

Fig. 13 Outphasing power amplifier.

the modulation band is widened to improve the transmission
capacity. To ensure the frequency band, wideband operation
is often used on the high-frequency side of the GHz band
rather than the 800 MHz band. This is the reason for de-
signing a 2 GHz-band amplifier. Verification was carried
out using the outphasing amplifier in the 2 GHz band.

As the amplification device, a 10 W class GaN HEMT
(CGH 40010 F) [26] device manufactured by Wolfspeed
was adopted. The 45 W class device used in an 800 MHz
band design was based on the frequency standard of DC
to 4 GHz, and we thought that the characteristics required
for harmonic impedance termination were insufficient in de-
signing the 2 GHz band. For this reason, a 10 W class (CGH
40010 F) device, which is a frequency standard from DC to
6 GHz, was adopted. The circuit configuration and appear-
ance of the prototype are shown in Fig. 12 and Fig. 13.

The design was carried out by circuit simulation sim-
ilar to the 800 MHz band. The harmonic impedance ter-
mination circuit is configured to insert an open stub of 1/4
wavelength in length at the harmonics into a transmission
line to obtain the maximum phase efficiency. However, un-
like the 800 MHz band, the drain side is limited to 2nd
harmonic impedance termination. This is because the ef-
ficiency improvement is slight even when the 3rd harmonic
wave is processed. Harmonic impedance termination on the
gate side, which was not used in an 800 MHz band design,
was carried out for the 2nd harmonic frequency. This is be-
cause sufficient high-efficiency characteristics could not be
obtained only by harmonic impedance termination on the
drain side. Figure 14 shows a comparison of drain effi-
ciency with and without gate-side harmonic impedance ter-

Fig. 14 Output power vs drain efficiency.

Fig. 15 Output power vs drain efficiency.

mination. From the measured results, the average efficiency
converted at PAPR = 7 dB was 64.8% with the gate-side
harmonic impedance termination and 52% without the gate-
side harmonic impedance termination. It was confirmed that
the efficiency characteristics were sufficiently improved by
applying harmonic impedance termination at the gate side.

However, there is a problem, and it has been reported
that while the gate-side 2nd harmonic impedance termina-
tion can lead the high-efficiency performance of an ampli-
fier, the efficiency and output power characteristics thereof
change steeply [27]. To confirm this effect, one side of the
output amplifier fabricated in Fig. 13 is reconstructed as one
amplifier, and the frequency characteristics are shown in
Fig. 15. As a result, it was observed that the output power
changed rapidly above 2.2 GHz. This can be expected to
adversely affect the distortion compensation circuit.

Studies have also been carried out to minimize the
degradation of characteristics due to this gate-side harmonic
treatment [28]. In this study, we continued to study with the
amplifier shown in Fig. 13 in order to confirm whether steep
change in frequency characteristics affect the DPD.

3. Outphasing Amplifier Distortion Compensation

3.1 Non-Linearity of Outphasing Amplifier

Unlike the LINC, the outphasing amplifier has nonlinear in-
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put/output characteristics [29]. Because the 3 dB hybrid is
generally used as the synthesis circuit in the LINC, the out-
puts of the amplifiers are separated from each other, so that
no load modulation occurs between the amplifiers. There-
fore, the output amplitude of each amplifier input with con-
stant amplitude becomes constant, as shown in Fig. 16 (thin
solid/dashed lines). On the other hand, in the outphasing
amplifier using the Chireix combiner, the load of the ampli-
fier fluctuates according to the phase difference of the input
signal because the load modulation operation is performed
between the two amplifiers. Therefore, as shown in Fig. 16
(thick solid/dashed lines), the output of each amplifier will
not be constant. Therefore, in the outphasing amplifier using
the Chireix combiner, the output amplitude after the synthe-
sis is not reproduced according to the amplitude phase con-
version on the input side. Therefore, as shown in Fig. 17, the
outphasing amplifier operates in a nonlinear manner, while
the LINC operates in a linear manner. For this reason, dis-
tortion compensation is necessary for the outphasing ampli-
fier to operate linearly.

3.2 Applying DPD to Outphasing Amplifiers

Figure 18 shows the configuration of a distortion compen-
sation circuit coupled to an outphasing amplifier. As de-
scribed above, in an outphasing amplifier using a Chireix
combiner, because the load modulation operation is per-

Fig. 16 Phase difference between each amplifier output and input.

Fig. 17 Outphasing/LINC input-output characteristic.

formed between two amplifiers, the output of each ampli-
fier is not constant. Therefore, it is necessary to simulta-
neously compensate for the combined nonlinear distortion
due to load modulation and the nonlinear distortion of the
amplifier. To cope with this, a balance compensation func-
tion is provided in which one of the two amplifier paths is
balanced in accordance with the output change of the other
system. Figure 18 shows a configuration in which the output
of the a-path is controlled to match the output of the b-path.
The baseband signal constellation at this time is shown in
Fig. 18. The nonlinear distortion generated in the amplifier
is compensated by the predistortion arranged in the preced-
ing stage of the balance compensation function, as in the
prior part.

Figure 19 shows a spectrum in which an LTE modu-
lated signal of 20 MHz BW is transmitted by connecting a
distortion compensation circuit. The measurement was per-
formed at the center frequency = 2.2 GHz, which is close to
the steep change shown in Fig. 15. The ACLR was 39.3 dB
and the average efficiency was 66.8%. Therefore, sufficient
ACLR characteristics could not be obtained.

Figure 20 shows that the spectrum at the time of trans-
mitting the center frequency = 2.14 GHz. This resulted
in ACLR = 45.7 dB and average efficiency = 50.2%. The
ACLR was sufficiently improved, but the average efficiency

Fig. 18 DPD block diagram.

Fig. 19 Measured spectrum with DPD at center frequency 2.2 GHz,
20 MHz LTE signal.
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Fig. 20 Measured spectrum with DPD at center frequency 2.14 GHz,
20 MHz LTE signal.

Fig. 21 Measured spectrum with DPD (sample by sample feedback) at
center frequency 2.2 GHz, 20 MHz LTE signal.

was greatly deteriorated.
Next, to confirm whether an improvement in ACLR

can be expected if distortion compensation is applied ide-
ally, the test signal was made periodic at a center frequency
of 2.2 GHz, as in Fig. 21, and the measurement was per-
formed using the feedback information of sample by sam-
ple. The measured values were ACLR = 47.3 dB and av-
erage efficiency = 66.8%. It is unknown how far practical
circuits can be realized, but it has been confirmed that there
is a possibility of improvement. On the other hand, ACLR
= 47.3dB satisfies the 3GPP standard but has a small mar-
gin. It is considered that the deterioration factor is due to
the steep change in frequency characteristics due to the gate
side harmonic impedance termination. Therefore, it is nec-
essary to study harmonic impedance termination in addition
to improving the DPD.

Table 1 compares the measured results of the outphas-
ing amplifier + DPD reported in [9], [30] and [31] using
modulation waves of 5M-BW or more in the 2 GHz band.

It can be said that the outphasing amplifier we de-
signed and manufactured experimentally has sufficiently
high-efficiency characteristics. Further improvement of the
distortion compensation circuit showed the possibility of

Table 1 Performance comparison with outphasing PA.

achieving both sufficiently high-efficiency characteristics
and ACLR.

4. Conclusion

It was explained that an outphasing amplifier is effective in
realizing the high efficiency required in a high-power am-
plifier of a mobile communication system. A prototype
800 MHz-band outphasing amplifier using a serial Chireix
combiner in the synthesis section was fabricated, and high-
efficiency characteristics of approximately 70% or more up
to 9 dB back-off power were obtained. A 2 GHz-band out-
phasing amplifier with a similar design was fabricated and
combined with a DPD having the function of controlling the
balance of the output of each amplifier element of the out-
phasing amplifier, and a significantly high efficiency with an
average value of 65% was confirmed in a 20 MHz modula-
tion bandwidth.

In fifth-generation mobile communication system, a
high-power amplifier is required to have a wide modula-
tion band of 100 MHz or more. The mainstream Doherty
amplifier require a 90 degree combiner, while outphasing
amplifiers require a 180 degree combiner. This is disadvan-
tageous from the viewpoint of widening the bandwidth, and
widening the bandwidth of the combiner becomes an issue.
Further, since the two different signals are phase-combine
and the amplitude is reproduced, the amplification path dif-
ference has a great influence. Therefore, a more accurate
route difference estimation technique should be studied.
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