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Abstract — This paper presents a multi-mode Doherty power
amplifier (M-DPA) MMIC. By arranging the turn-on transitions
of four parallel amplifiers, two carrier and two peaking amplifiers
(2C2P) mode for 6 dB output power back-off (OBO) or one
carrier and three peaking amplifiers (1C3P) mode for 12 dB
OBO can be configured. The performances between efficiency
and gain can be balanced according to the selected mode. For
verification, the M-DPA MMIC was implemented using a 0.25 ;m
GaN-HEMT process for 5G NR applications (3.3-3.6 GHz band).
At 3.55 GHz, the drain efficiencies (DEs) of 37.7 and 33.8% and
power gains of 8.3 and 6.4 dB were obtained for the 2C2P mode
at 37.0 dBm and for the 1C3P mode at 31.0 dBm, respectively.

Keywords— GaN MMIC, Doherty power amplifier,
multi-mode amplifier, multi-mode load modulation, 5G
new radio.

I. INTRODUCTION

To increase the efficiency of power amplifiers (PAs)
especially at a large output power back-off (OBO) level,
various structures based on load modulation have been
proposed [1]-[12]. Doherty power amplifiers (DPAs) can
improve the efficiency for the modulated signals with a high
data rate and large peak-to-average power ratio (PAPR). The
basic DPA is based on a two-way structure where the carrier
and peaking amplifiers are configured using two transistors
having the same output power capacity [1]-[3]. The two-way
symmetric DPA has an efficiency peak at the 6 dB OBO level.

The growing demand for a higher data rate has led to an
increase in the PAPR of the modulated signals, which requires
an operation with a larger OBO for the PA. Accordingly,
an asymmetric DPA with a peaking amplifier of a larger
power capacity has been proposed [4]-[S]. By obtaining more
output power from the peaking amplifier, the peak efficiency
point can be backed off by more than 6 dB. In addition,
three-way DPA structures composed of one carrier and two
peaking amplifiers have been proposed [6]. Since the output
power from the two peaking amplifiers is higher than that
from the carrier amplifier, the OBO level can be extended.
Alternatively, to further extend the OBO, three-stage DPAs
have been proposed [7]-[8]. Contrary to the three-way DPA
structures where all peaking amplifiers are turned on at the
same time, the three-stage DPA aligns the gate bias voltages
to have different turn-on transitions of two peaking amplifiers.
The different structures with different turn-on transitions of
the three-stage DPA can create three peak efficiency points to
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have improved efficiency at the power transition region and an
extended OBO level. However, since three-way or three-stage
DPAs have three parallel paths, they could lower power gain
due to three-way power splitting at the input compared to the
two-way DPAs.

This paper presents a multi-mode Doherty power amplifier
(M-DPA) GaN MMIC using four parallel amplifiers to have
either 6 or 12 dB OBO level according to the mode selection.
In 2C2P mode, it operates with two carrier and two peaking
amplifiers for 6 dB OBO. In 1C3P mode, it operates with
one carrier and three peaking amplifiers for 12 dB OBO.
The proposed DPA can selectively optimize the performances
between efficiency and gain. At a low average output power,
the efficiency can be maximized using the 1C3P mode with
12 dB OBO. However, since the 1C3P mode has low gain
characteristics, it can increase the power consumption of the
drive amplifier at a high average output power. At a high
average output power, the 2C2P mode with 6 dB OBO can
be selected instead and using its high gain characteristic, it
can reduce the burden of the drive amplifier.

II. PROPOSED M-DPA
A. M-DPA with four amplifiers

Fig. 1 shows (a) operational diagram and (b) fundamental
current profile for the 2C2P mode. Four current sources (/1_4)
represent the four amplifiers with the same maximum currents,
which means that the output power capacities of the four
amplifiers are the same. For different current profiles of the
four current sources according to the input signal, different
modes of load modulation can be obtained. I; and I, are
combined using current combiner (CC1), while I3 and Iy
are combined using CC2. The power from the CCl and
CC2 is combined using the voltage combiner (VC). The CC
and VC have quarter-wave transmission lines (TLs) whose
characteristic impedances are Ry and Ry/2, respectively. The
load resistance is Ry. The phases of I;_4 should be set as 0°,
-90°, 90°, and 0°, respectively.

In 2C2P mode, I; and I3 represent the carrier amplifiers,
while I> and I, represent the peaking amplifiers that start
to turn on at Vi, nor of 0.5. In the low power region where
Vin,nor ranges from 0 to 0.5, only the carrier amplifiers are
turned on. The optimum load impedance of each amplifier at
the peak output power is I?y. Therefore, Z; and Z3 are 2Ry,
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Fig. 1. (a) operational diagrams and (b) fundamental current profile for the

2C2P mode.

while Z5 and Z, are co. At the peak power level where V;;, 10r
is 1, the carrier and peaking amplifiers have peak fundamental
currents. Therefore, all Z;_4 become Ry. As the input power
increases from the low power to peak power level, just as in
the conventional two-way DPA, the load impedances of the
carrier and peaking amplifiers are modulated from 2R, to Ry
and from oo to Ry, respectively.

Fig. 2 shows (a) operational diagram and (b) fundamental
current profile for the 1C3P mode. For 1C3P mode, I3 is
turned on from Vi, ,or of 0.25, while I and I, are turned
on from Vi, nor of 0.5. In the low power region, only the
carrier amplifier is turned on. The output impedance of the
peaking amplifier from the lower port of the output transformer
(TF) becomes ideally zero. Then, Z; becomes 4R, using two
quarter-wave TLs at CC1 and VC. For Vj;, 0, from 0.25 to
0.5, since I and I, are still turned off, the VC provides
the load modulation as well. I3 becomes the same as [; of
the carrier amplifier at Vj,, 5o of 0.5. Therefore, Z; and Z3
are 2Ry, while Z5 and Z4 are oco. Then, two other peaking
amplifiers, I> and Iy, start to turn on from Vj;, o of 0.5 and
all the 4 amplifiers have the maximum current at Vj;, o, of
1. Therefore, Z;_,4 all become Ry. As results, for the 2C2P
mode, the second efficiency peak is obtained at a Vjj, nor Of
0.5 for 6 dB OBO, while for the 1C3P mode, the second and
third efficiency peaks are obtained at a Vi, o of 0.5 and 0.25,
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Fig. 2. (a) operational diagrams and (b) fundamental current profile for the
1C3P mode.
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Fig. 3. Ideal efficiency curves of the proposed M-DPA for 2C2P and 1C3P
modes.

respectively.

Fig. 3 shows the ideal efficiency curves of the M-DPA for
the multiple operation modes. For the 2C2P mode, the second
efficiency peak is obtained at a Vj,, o of 0.5 for 6 dB OBO.
For the 1C3P mode, the second and third efficiency peaks are
obtained at a Vjj, nor of 0.25 and 0.5, respectively.

B. Design of the M-DPA

Fig. 4 shows a schematic of the designed M-DPA MMIC
based on the lumped components for 3.3-3.6 GHz. The
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Fig. 4. Schematic of the designed M-DPA using four amplifiers and lumped
components.
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Fig. 5. Micrograph of the fabricated M-DPA MMIC using 0.25 pm
GaN-HEMT process.

load network (LN) consists of two CCs and one VC.
The quarter-wave TLs for the input and load networks
were designed using a high-pass L-C-L network. The input
impedance is matched to 25 {2 using the low-pass input
matching circuit based on L,, and C,,. RF}, is divided into
two paths for an impedance of 36 Q) by the Wilkinson divider 1.
Then, the signals are divided into four paths for an impedance
of 25 Q) by the Wilkinson divider 2. The designed M-DPA
can be simplified by merging the components in parallel at
the same node. For the LN, 10 inductors at the design before
simplification were reduced to 6 inductors. To minimize the
loss and size of the LN, some inductors are realized using
high-Q bond wires. The TF in the VC is designed on the
evaluation board. For the input network, 18 inductors can be
reduced to 5 inductors after simplification.

ITI. IMPLEMENTATION AND EXPERIMENTAL RESULTS

Fig. 5 shows the micrograph of the implemented M-DPA
MMIC. The MMIC was fabricated using Win-semiconductor’s
0.25 pum GaN-HEMT process and has a size of 3.3x3.2
mm?. The supply voltage (Vpp) was 28 V. Fig. 6 shows the
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Fig. 6. Measured (a) DE and (b) power gain using 3.5 GHz 1-tone CW for
2C2P and 1C3P modes

measured (a) drain efficiency (DE) and (b) power gain using a
3.5 GHz CW signal. For the 2C2P mode, two efficiency peaks
were obtained. DE of 58% and 41% were obtained at the first
and second peak efficiency points, respectively. For the 1C3P
mode, three efficiency peaks were observed. DEs of 65%, 50%,
and 33% were obtained at the first, second, and third efficiency
peaks, respectively. Compared to the 1C3P mode, relatively
higher power gain was obtained for the 2C2P mode.

Fig. 7 shows the measured DE and gain for the frequency
band of 3.3-3.6 GHz using the 5G NR signal with a signal
bandwidth of 100 MHz and a PAPR of 7.86 dB. For the 2C2P
and 1C3P modes, DEs of 35.1-37.6% and 44.1-46.8% at an
average output power of 37.0 dBm were obtained, respectively.
For the 1C3P mode, DE of 27.0-35.2% at a relatively low
average output power of 31.0 dBm was achieved, which is
higher than 22.6-33.3% from the 2C2P mode at the same
output power. However, the 2C2P mode has a relatively higher
power gain compared to the 1C3P mode. Measurement results
of this work are summarized in Table 1.

IV. CONCLUSION

This paper presents a GaN-HEMT M-DPA MMIC using
four parallel amplifiers for sub-6 GHz 5G application. Either
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Table 1. Performance summary and comparison to the previously reported
GaN DPA MMICs for the sub-6 GHz 5G application.
Ref. This [112022 |[2]2022| [3]2019
work TMTT INYe MWCL
Fregq. 33.3.6 33536/ | , | s | 3338/
(GHz) 4.8-5.8 5.8
. NR NR NR -
Modulation | 50 100M | 100M | 40M
Mode 2C2P | 1C3P 1IC1P ICIP 1C1P
Paay 42.6- | 42.0- | 43.8-44.7 /| 38.4- |41.8-42.6/
(dBm) 43.0 | 429 | 44.4-448 39.5 41.0
DE at 6 dB | 34.7- | 38.1- | 41.0-46.0 / | 38.5- [42.0-51.0/
OBO (%) | 39.0 | 47.5 | 41.5-47.0 46.5 29.0°
DE at 12 dB | 18.3- | 22.1- | 23.0-27.0° /| 17.0- 23.0"/
OBO (%) | 331 | 33.7 | 23.0-30.0" | 19.0" 15.0"
Puvg (dBm) | 37.0 | 31.0 | 36.1-37.0 32.5 32.5
DE at P, | 35.1- | 27.0- 34.5- 38.6-
(%) 37.6 | 35.2 40.0 423 i

Graphically estimated

2C2P or 1C3P mode can be selected by arranging the turn-on
transition of four parallel amplifiers according to the input
power level. For the 2C2P mode, four amplifiers are configured
with two carrier and two peaking amplifiers for 6 dB OBO.
On the other hand, the 1C3P mode has one carrier and three
peaking amplifiers for 12 dB OBO. For the frequency band
of 3.3-3.6 GHz, the 2C2P and 1C3P operations were verified
using a CW signal and the 5G NR modulated signal.
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