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Abstract—This paper presents the design and linearity charac-
terization of an integrated Doherty amplifier for 5G applications
in the FR1 bands, implemented on a 150nm GaN/SiC HEMT
technology. It achieves 5G real-case-scenario performance over
a 41% state-of-the-art fractional bandwidth, with 37 dBm satu-
rated output power, 19 dB small-signal gain, and power-added
efficiency above 20% over 6dB back-off. The impact of the
wideband combiner strategy on the linearity of the amplifier
is analyzed in terms of baseband impedance and AM/PM.
The characterization is then presented, with continuous wave
and modulated signals for 100 MHz and 200 MHz instantaneous
bandwidths. In presence of a 256-QAM 200 MHz input signal,
the predistorted amplifier presents at 4.15 GHz an EVM of 2.9%.

Index Terms—5G, AM/PM, Doherty power amplifier, EVM,
GaN, linearity, MMIC, wideband.

I. INTRODUCTION

The use of complex modulation schemes in 5G architec-
tures results in signals with a high peak-to-average power
ratio (PAPR), requiring the power amplifier (PA) to operate
efficiently at output power back-off (OBO), i.e., away from
saturation. The Doherty power amplifier (DPA) is one of the
most popular solutions for back-off efficiency enhancement.

A distinctive feature of 5G systems is the wide modulation
bandwidth, while even wider RF bandwidths are necessary to
allow system interoperability in the modern telecommunica-
tion world where different standards coexist. These aspects
are particularly critical for DPAs, where the combiner is
implemented with quarter-wave transmission lines, inherently
narrowband. Wideband hybrid DPA demonstrators are present
in the literature with single-stage configurations [1], [2] and
therefore limited gain which is not suitable for real scenarios.

Another aspect of 5G architectures is the use of a large
number of antennas in multiple input/multiple output con-
figurations. The introduction of digital pre-distortion blocks
in front of the PAs, necessary to make the system achieve
the necessary linearity requirements, results in bulky and
expensive systems. Therefore understanding the impact of the
design strategies on the system linearity has become even more
crucial today to allow the next generation of PAs to be efficient
and linear at the same time.

In terms of semiconductor technology, GaAs MMIC im-
plementations are limited to the watt-level and cannot reach
several watts of output power [3], making them unsuitable for
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high-power applications. Conversely, GaN, from its initial de-
velopment [4] to more recent technological improvements [5],
has emerged as the best tradeoff between design complexity,
achievable output power and thermal handling [6], making it
the preferred choice for high-efficiency PA solutions.

This work presents the design and experimental character-
ization of an integrated GaN DPA aiming to achieve real-
case scenario performance for power and gain in the 5G FR1
frequency bands N77 (3.3-4.2 GHz) and N79 (4.4-5GHz). It
adapts the wideband strategy of [7] and extends its validity.
The impact of the design choices necessary to achieve the
state-of-the-art fractional bandwidth of 41% presented in detail
in [8], are here analyzed in terms of their impact on linearity.
The linearity of the implemented chip is characterized in terms
of amplitude and phase distortion (AM/AM and AM/PM) and
Error Vector Magnitude (EVM).
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Fig. 1: Combiner schematic with possible bias insertion points
highlighted (a) and manufactured (3.7 x3.3)mm? chip (b).

II. DESIGN

The selected technology is a 150-nm-gate-length GaN/SiC
process by WIN Semiconductors, which delivers approxi-
mately 4 W/mm at 28 V. To achieve a wide bandwidth a
symmetric topology is adopted, with identical transistor size
for the Main and Auxiliary amplifiers and equal input power
splitting. Two 10x100um transistors are combined as final
stage power devices. Their optimum load is close to the target
output impedance of 50 €2, which is beneficial for synthesising
wideband matching. The small signal analysis of a single
device shows a gain of about 15dB after stabilization, so a



6x75 um driver is inserted in each branch to achieve an overall
DPA gain of about 20 dB.

To overcome the bandwidth-limiting behaviour of a Doherty
combiner, this design applies to a two-stage architecture the
combiner topology from [7], which was proved to achieve
more than 80% of bandwidth in a hybrid single-stage DPA.
This topology foresees a A\/4 impedance inverter on the Main
branch and two A/4 sections on the Auxiliary branch shown
in Fig. 1 as TL;, TLy, and TLg3, respectively. The output
parasitics are embedded in the combiner design.

Some limitations are found in the application to an inte-
grated design of the hybrid-proved strategy. To effectively
cover a 80% relative bandwidth a distributed approach must be
adopted. It is verified that in the adopted integrated technology
the characteristic impedances for the target load and output
power are already close to the feasibility limit with character-
istic impedances Z; = 768, Zy = 114Q and Z3 = 15012,
corresponding to a width of 32 um, 6 um and 2 um respectively.
This values must then be increased to embed the parasitic.

To partially overcome these limitations, the target back-
off and saturation loads are selected according to a trade-off
between output power, efficiency and bandwidth. To cover the
41% relative bandwidth the final characteristic impedances
selected are Z; = 1032, Zo = 54 and Z3 = 871
corresponding to 9 pm, 80 um and 20 um widths respectively.

The high characteristic impedances also limit the choice of
the bias feeding insertion point. In fact, the high-impedance
lines required can only be synthesized if no DC current needs
to flow through them, which forces the insertion of the DC
feed and block right at the devices’ drain in positions 1 and 2
of Fig. 1. Alternatively, a single feeding point could be utilized
and positions 3 and 4 could also be considered.

In the proposed design the use of M4 feeding lines is
prevented by the space constraints, therefore each device is
separately biased at its drain through a large lumped inductor.
A DC blocking capacitor is inserted right after, allowing to
synthesize the thin combiner lines. The resulting combiner
achieves a uniform load modulation for the Main, whose
intrinsic load is modulated by a factor 1.6 over the whole
bandwidth, close enough to the target load modulation factor
2 of an ideal 6 dB Doherty.

The RF feeding choke insertion at the device drain allows
the application of the original combiner configuration and
therefore wideband performance, but prevents from minimiz-
ing the baseband impedance [9]. According to [10] values
of baseband impedance that deviate from the short circuit
condition can prevent good linearity performance, especially
if they have a large imaginary component.

Fig. 2 shows the baseband impedances presented at the
drain of the final stage power devices. The maximum values in
magnitude observed in the 10 MHz-500 MHz frequency range
are 432 and 49 for the Main and Auxiliary, respectively.
Due to the adopted biasing method, the baseband impedances
deviate from the ideal short circuit and present a significant
imaginary component at hundreds of MHz. They cannot be
controlled either on or off chip, due to the presence of the RF

choke and the fact that the operating frequencies are almost
comparable (only 1 order of magnitude higher) to the foreseen
modulation bandwidth.

The simulated AM/PM is lower in magnitude than 25°
over the whole bandwidth, and the circuit is optimized for
gain flatness. A further optimization of these parameters is
not possible due to a tight trade-off between bandwidth and
efficiency, in addition to the baseband impedance considera-
tions introduced. Nevertheless, the achieved AM/PM control
is typically considered acceptable to grant the linearizability
of the circuit, considering also that this parameter becomes
less indicative as the modulation instantaneous bandwidth
increases.
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Fig. 2: Baseband impedances seen at the drain of the Main
(red) and Auxiliary (blue) final stage power devices: (a)
normalized to 502 on the Smith Chart and (b) magnitude
on cartesian plot.

III. EXPERIMENTAL CHARACTERIZATION

The characterization is performed at the nominal bias point:
VG,M=‘2 V, VG,A=‘3 V, VDD=28 V, ID=36 mA.

Fig. 3a shows over the whole design bandwidth a minimum
|S21| of 19dB and a variation of 3 dB, while the variation over
the single N77 and N79 is of 2dB and 0.5 dB, respectively.
The gain flatness performance is quite good, especially in the
upper band. Fig. 3b shows the measured AM/PM under single-
tone continuous wave (CW) excitation, which is in magnitude
below 10° and 25° at 6-dB OBO and saturation, respectively.

The CW characterization is performed over the band from
3.3GHz to 5GHz and is discussed in detail in [8]. It shows
a minimum of 37dBm saturated power and saturated and
6 dB back-off PAE values higher than 20%. Overall, the 41%
fractional bandwidth is maintained with uniform performance
at the implementation level.

The system-level linearity of the DPA is assessed exploiting
a Keysight N5242B PNA-X and its embedded direct digital
predistortion (DPD) routine, with a maximum of 5 iterations.
A 256-Quadrature Amplitude Modulation (QAM) modulation
with increasing instantaneous bandwidth (50 MHz, 100 MHz
and 200 MHz) is considered.

Fig. 4 compares the output constellations with 100 MHz and
200 MHz bandwidth at 4.15 GHz, extending the characteriza-
tion presented in [8] with 50 MHz bandwidth. After DPD,
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Fig. 3: Measured (a) small signal |S2;| and (b) AM/PM in
single-tone CW versus frequency.
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Fig. 4: Measured output constellations of a 256-QAM signal at
4.15 GHz, with (a) 100-MHz and (b) 200-MHz instantaneous
bandwidth. After DPD, ACPR of -35dBc and -25dBc and
EVM of 5% and 2.9%, respectively.

at an average output power of about 33dBm and average
efficiency of about 22%, the DPA shows EVM of 5% and
2.9%, respectively. These results demonstrate that for increas-
ing modulation bandwidth, up to a factor of four compared
to the initially adopted one, the PA maintains comparable
linearity performance. This conclusion is further supported
by the AM/AM and AM/PM characteristics for the 200-MHz
case, shown in Fig. 5 at 4.15 GHz, both before (blue) and after
(red) DPD.
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Fig. 5: Measured (a) AM/AM and AM/PM (b) under 256-
QAM 200-MHz signal excitation at 4.15 GHz.

Fig. 6 shows the constellations with 200 MHz bandwidth at
3.5GHz and 4.8 GHz, respectively. At 33 dBm average output
power and 24% average efficiency, the EVM is 4.3% and

1.2%, respectively. The linearity in the N79 band is higher
than the one in the N77, which can be attributed to the
better gain flatness and gain symmetry, as presented in Fig. 3a.
Fig.3b also shows how the AM/PM is larger in magnitude
for lower frequencies in a CW characterization. Therefore
the gain flatness and AM/PM linearity parameters show their
consistency with the system-level modulated results.
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Fig. 6: Measured output constellations of a 256-QAM 200-
MHz signal at (a) 3.5GHz and (b) 4.8 GHz. After DPD, at
average output power 33dBm and average efficiency 24%,
EVM is 4.3% and 1.2%, respectively.

Overall, the system-level characterization shows that the
linearity performance of the DPA is not sufficient for its use
without external predistortion, but an effective linearization of
the chip is possible in the presence of a 5G modulation with
increasingly wide instantaneous bandwidths.

The achieved CW performance is compared to the state of
the art of sub-6 GHz DPAs in Table I, where the proposed DPA
exhibits the widest bandwidth among two-stage architectures
with comparable gain. The linearity performance is not in-
cluded in the table since uniform data and testing conditions
are not always available in the referenced works.

TABLE I: Comparison with state-of-the-art GaN MMIC DPAs
for 6dB OBO.

Ref. Freq. BW GSS Psat PAEsat PAEGdB
(GHz) | (%) | (dB) | (dBm) (%) (%)
[11] 2.14 — 19.6 41 56 40
[12] | 44-51 15 175 41 45 40
[13] | 3.2-47 | 38 8 29 35 31
T.W. | 3350 | 41 19 37 20 20
CONCLUSIONS

The paper has presented the design and characterization of
an integrated Doherty power amplifier, focusing on the impact
of the design choices necessary to achieve the state-of-the-
art 41-% fractional bandwidth on the linearity performance.
The complete linearity characterization in terms of AM/AM,
AM/PM and EVM is presented. The DPA achieves 5G real-
case-scenario performance of 37 dBm saturated output power,
19 dB small-signal gain, and PAE above 20% over 6 dB back-
off. In presence of a 256-QAM 200-MHz modulating signal,
the predistorted DPA presents at 4.15 GHz an EVM of 2.9%.



ACKNOWLEDGMENT

The prototype has been realized within the framework of

the

“mmWave Multi-Project Runs for Selected Universities”

agreement between the Italian Microwave Engineering Center

for

Space Applications (MECSA), Rome, Italy, and WIN

Semiconductors, Taoyuan City, Taiwan. The authors would
also like to acknowledge Keysight Technologies for supporting
with system level characterization.

[1]

[2]

[3

[t}

[5

=

[6

=

[7

—

[8

[9]

[10]

(11]

[12]

[13]

REFERENCES

L. Piazzon, R. Giofre, P. Colantonio, and F. Giannini, “A Wideband Do-
herty Architecture With 36% of Fractional Bandwidth,” IEEE Microw.
Wireless Compon. Lett., vol. 23, no. 11, pp. 626-628, 2013.

J. J. Moreno Rubio, V. Camarchia, M. Pirola, and R. Quaglia, “Design
of an 87% Fractional Bandwidth Doherty Power Amplifier Supported
by a Simplified Bandwidth Estimation Method,” IEEE Trans. Microw.
Theory Techn., vol. 66, no. 3, pp. 1319-1327, 2018.

A. Piacibello and V. Camarchia, “Watt-Level Ka-Band Integrated Do-
herty Power Amplifiers: Technologies and Power Combination Strategies
Invited Paper,” Electronics, vol. 11, no. 1, 2022.

V. Camarchia et al., “Fabrication and nonlinear characterization of GaN
HEMTS on SiC and sapphire for high-power applications,” International
Journal of RF and Microwave Computer-Aided Engineering, vol. 16,
no. 1, pp. 70-80, 2006.

R. S. Pengelly et al., “A Review of GaN on SiC High Electron-Mobility
Power Transistors and MMICs,” [EEE Transactions on Microwave
Theory and Techniques, vol. 60, no. 6, pp. 1764-1783, 2012.

C. Ramella et al., “Thermal-aware GaN/Si MMIC design for space
applications,” in 2019 IEEE International Conference on Microwaves,
Antennas, Communications and Electronic Systems (COMCAS), 2019,
pp. 1-6.

R. Giofre, L. Piazzon, P. Colantonio, and F. Giannini, “A Closed-Form
Design Technique for Ultra-Wideband Doherty Power Amplifiers,” IEEE
Trans. Microw. Theory Techn., vol. 62, no. 12, pp. 3414-3424, 2014.
G. Bartolotti, A. Piacibello, and V. Camarchia, “Integrated 5-W GaN
Doherty Power Amplifier for 5G FR1 Bands with 19 dB Gain Over
a 41% Bandwidth,” in 2024 IEEE/MTT-S International Microwave
Symposium - IMS 2024, 2024, pp. 378-381.

L. C. Nunes, D. R. Barros, P. M. Cabral, and J. C. Pedro, “Efficiency
Degradation in Wideband Power Amplifiers,” in 20/8 IEEE/MTT-S
International Microwave Symposium - IMS, 2018, pp. 636-639.

M. Akmal et al., “The effect of baseband impedance termination on the
linearity of GaN HEMTs,” in The 40th European Microwave Conference,
2010, pp. 1046-1049.

J. Lee, D.-H. Lee, and S. Hong, “A Doherty Power Amplifier With
a GaN MMIC for Femtocell Base Stations,” IEEE Microw. Wireless
Compon. Lett., vol. 24, no. 3, pp. 194-196, 2014.

G. Lv, W. Chen, L. Chen, and Z. Feng, “A Fully Integrated C-band GaN
MMIC Doherty Power Amplifier with High Gain and High Efficiency
for 5G Application,” in 2019 IEEE MTT-S International Microwave
Symposium (IMS), 2019, pp. 560-563.

Q. Yu et al., “A Fully Integrated 3.2-4.7GHz Doherty Power Amplifier
in 300mm GaN-on-Si Technology,” in 2022 IEEE BiCMOS and Com-
pound Semiconductor Integrated Circuits and Technology Symposium
(BCICTS), 2022, pp. 144-147.



