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Abstract— A Doherty power amplifier (DPA) and a Chireix
power amplifier for 5th Generation (5G) wireless applications are
presented in this paper. The power amplifiers are integrated in
OMMIC 100 nm GaN-on-Si process. In both amplifiers, the A/4
T-Line are replaced with lumped-elements to reduce its area. The
DPA presents a Psat of 34 dBm (>2.5 W), a peak PAE of 41% and
a 9.4 dB gain at 3.6 GHz. At 7 dB output back-off (OBO) it
exhibits a 34.2% PAE. On the other hand, the Chireix outphasing
PA provides a Psat of 32 dBm (>1.5 W), a peak PAE of 54.9%, a
gain of 10.4 dB and a 25 % PAE at 7 dB OBO. The occupied area
of the DPA and Chireix amplifiers are 3.26 mm? and 3.2 mm?,
respectively, including pads.
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I. INTRODUCTION

Modern wireless communications such as 5th Generation
(5G) are coming with many challenges [1], [2]. Due to
presence of large number of independently modulated
subcarriers in an orthogonal frequency-division multiplexing
(OFDM) system, the peak value of the system can be very
high as compared to the average of the whole system. Peak-to-
average power ratio (PAPR) is the relation between the
maximum power of a sample in a given OFDM transmit
symbol divided by the average power of that symbol
expressed in dB. In order to provide high data rates, 5G
technology is characterized for having a very high PAPR. As a
result, the efficiency at output power back-off (OBO) of the
power amplifiers (PA) needs to be improved as well as
maintaining a high linearity.

5G has three frequency bands divided in low frequency
band, high frequency band and millimeter wave band. The
frequency range of the first band is from 600 to 700 MHz and
it is normally used for traditional local coverage applications
such as Internet of Things (loT), transport infrastructure and
vehicle-to-everything (V2X). The high frequency band covers
from 2.5 to 7 GHz and it can be used for higher throughput
data transfer and finally, the mm-wave band, whose frequency
is above 24 GHz and it will allow for wireless hotspots to
emerge [3].

For many years, several PA architectures have been
reported to solve this challenge by using two back-off
efficiency enhancement techniques: bias modulation and load
modulation. The most common bias modulation techniques

are the envelope elimination and restoration (EER) [4] and the
envelope tracking (ET) [5]. While the Doherty power
amplifier (DPA) [6] and the Chireix outphasing PA [7] are the
most popular solution of load modulation techniques.
Currently, the DPA and the ET techniques are becoming more
relevant for 5G [8].

In this paper, load modulation techniques area used to
design a Doherty and a Chireix outphasing PAs for 3.4-3.8
GHz meeting 5G requirements [9]. To cater the specifications
of high efficiency and linearity, the PAs were designed using
the OMMIC 100 nm GaN-on-Si process with depletion mode
transistors. This technology uses a high resistivity silicon
starting material below the active layer epitaxy. The DPA and
the Chireix outphasing PA are described in Sections Il and I11,
respectively. Simulation results of both PAs are shown in
Section 1V. Finally, some conclusions are drawn in Section V.

Il. DOHERTY PA

The architecture of the DPA was presented in 1936 by W.
H. Doherty [6]. The block diagram of the DPA is shown in
Figure 1 which is composed of a power splitter, a Main (or
Carrier) amplifier and an Auxiliary (or Peaking) amplifier. As
seen in the figure, the Main PA is followed by a A4
transmission line (T-Line), which is added for the proper load
modulation. To match the delay through this line, another A/4
T-Line is inserted in the input of the Auxiliary amplifier.
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Figure 1. DPA block diagram.

The DPA behavior is depicted in Figure 2 and it is divided
into two operating regions: the low-power region and the
Doherty region. In the low-power region, only the main PA
(Class-B or AB) is turned on while the auxiliary PA is off due
to its Class-C polarization, which needs a higher input signal to
produce a current flow. When the main amplifier reaches its
saturation and it achieves the first efficiency peak, the
Auxiliary amplifier is turned on, entering in the Doherty



region. At maximum output power, the second efficiency peak
is achieved.
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Figure 2. DPA behavior.

A. Design of the DPA

The main amplifier was biased in Class-AB and the
auxiliary was polarized in Class-C. The schematic of DPA is
depicted in Figure 3 where an asymmetric configuration was
adopted and the peaking amplifier is larger than the main
amplifier. To avoid instabilities, an RC network was added in
the main amplifier (R1 and C1) [10]. In order to reduce the
number of components, and minimize the circuit area, a 90-
degree hybrid coupler was used [11]. This coupler divides the
input power and provides the 90-degree phase difference of
the 2/4 T-line, so this line can be eliminated.

At 3.6 GHz, the transmission lines take a large area (7700
pum long and 81 pm wide) and as a result, they cannot be
integrated into a chip. For this reason, the output A/4 T-line
was designed with lumped-elements (r-network) composed by
C10, L10 and C11 [12]. Lck are choke inductors and capacitors
C2-C5 are used for impedance matching and as a coupling
capacitors.

As seen in Figure 3, there are inductors in parallel with
capacitors which can be eliminated at the expense of resizing
other PA passive components. All changes on the circuit were
applied carefully and one at a time. For each change, the PAE
performance was degraded and then an optimization was done
to recover the previous performance. The final schematic of
the DPA is shown in Figure 4.
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Figure 3. DPA schematic.
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Figure 4. Final DPA schematic.

B. Layout implementation of the DPA

The DPA was fully integrated in DO1GH process. The
scheme takes up an area of 2517.1 um x 1293.5 pum. It was not
possible to integrate the Lck inductors due to their high value.
As seen in Figure 5, RF PADs were positioned on the left and
right border of the chip and bias PADs on the top and bottom.

Figure 5. Layout implementation of the DPA.

I1l. CHIREIX OUTPHASING PA

A year before Doherty presented his amplifier, the
outphasing power amplifier was developed by Chireix in 1935
[7]. A few vyears later, its application was extended to
microwave frequencies under the name of linear amplification
using non-linear components (LINC).

The block diagram of the outphasing PA is illustrated in
Figure 6: the input signal component separator (SCS) network
translates the amplitude-modulated (AM) signal into two
constant-envelope  phase-modulated (PM) signals  with
opposite phase. These two signals are amplified by high
efficiency nonlinear amplifiers and added together to produce
the output AM signal, improving the efficiency in back-off.
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Figure 6. Block diagram of the Outphasing PA.
A. Design of the Chireix Outphasing PA

The schematic of the Chireix PA is shown in Figure 7
where a symmetrical configuration was chosen. The PAs were



biased in Class-B which provides a good trade-off between
efficiency and linearity. To avoid instabilities, an RC network
was added at the input of the amplifiers (R1 and C1) [10].
Passive components (L4, C4, L5 and C5) are used as
polarization network and also to avoid unwanted oscillations
of the power supply that can affect the circuit. Inductors and
capacitors (L2, C2, L3 and C3) are used to match the input
and the output.

The amplified AM signal at the output can be combined
with a A/4 T-Line. However, due to the large area of this line,
the quarter-wavelength combiner was replaced by an LC balun
(C6, L6, C7 and L7).

As seen in Figure 7, there are components that can be
eliminated or merged because they are in parallel with
inductors or capacitors. Therefore, L2 and C6 from PA1 are
eliminated because they are in parallel and inductors L2 and
L7 from PA2 are merged. The resulting schematic of the
Chireix outphasing PA is shown in Figure 8.
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Figure 8. Final Chireix outphasing PA schematic.

B. Layout implementation of the Chireix Outphasing PA

The layout implementation of the Chireix outphasing PA is
shown in Figure 9. The layout of this PA takes up an area of
1755 pm x 1824 pm and it was fully integrated in DO1GH
process. The input and output PADs are on the right and left of
the circuit, and the bias PADs are on top and the bottom.

Figure 9. Layout implementation of the Chireix outphasing PA.

IV. COMPARATIVE SIMULATION RESULTS

The PAE performance of each DPA amplifier is depicted
in Figure 10. As seen in the figure, the main PA (blue signal)
was designed to enter on the compression region in a lower
output power than the auxiliary PA (red signal). The distance
in dB between the compression points of both PAs can guess
the back-off of the final DPA. The gain of each DPA amplifier
is shown in Figure 11, a similar behavior is shown as in PAE
performance.
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Figure 10. PAE vs input power of the DPA, the main amplifier (blue) and the
auxiliary amplifier (red).
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Figure 11. Gain vs input power of the DPA, the main amplifier (blue) and the
auxiliary amplifier (red).

Figure 12 shows the large signal simulation results of the
DPA and Chireix PAs. The DPA exhibits a saturated output
power of 34 dBm. For that point, the gain value is 8.1 dB and
the PAE is 41%. On the other hand, the Chireix outphasing PA
provides a saturated output power of 32 dBm, the gain is 9.8
dB and the PAE is 54.9% at this point. The saturated output
power was calculated at 1 dB output compression. Focusing
on the OBO performance, the DPA provides a PAE of 34.2%
and a gain of 9.9 dB, while the Chireix outphasing PA exhibits
a PAE of 25% and a gain of 10.8 dB at 7 dB OBO.
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Figure 12. Large signal post-layout simulation results at 3.6 GHz.

Figure 13 shows the small signal post-layout simulation
results of both PAs. At 3.6 GHz the gain in the DPA is 9.4 dB
and in the Chireix outphasing PA is 10.4 dB. The S11 in the
DPA and in the Chireix outphasing PA is -8 dB and -20.3 dB,
respectively. The Chireix PA provides a better input matching
than the DPA.
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Figure 13. Small signal post-layout simulation results at 3.6 GHz.

V. CONCLUSIONS

This paper describes the design and layout implementation
of a Doherty power amplifier and a Chireix outphasing power
amplifier using OMMIC 100 nm GaN-on-Si process (D01GH)
for 5G wireless applications. In both amplifiers, the A/4 T-Line
were replaced with lumped-elements to reduce their area. A
comparison to the state-of-art GaN Doherty and Chireix
outphasing PAs is presented in Table I. For the same
frequency band, the Chireix outphasing PA provides a higher
value of gain and PAE than the DPA with less Ps;. However,
at OBO region, the DPA structure exhibits better results of
PAE.

Table I. Comparison performance with recently reported PAs.

[13] [14] [15] [16] This work This work
Freq (GHz) 3.3-3.6 3.3-3.75 9.7 3.1-3.7 3.4-3.8 3.4-3.8
Psat (dBm) 44.3 48-48.8 36.8 42.9 34 32
PAE max (%0) 52 58-71* 57.4 >42 41 54.9
PAE @OBO (%) 44 44-552 44.1 >21 34.2 25
Gain (dB) 28-29 14 - - 9.4 10.4
. Lo oo . Chireix
Architecture Chireix PA DPA Chireix PA Chireix PA DPA Outphasing PA
PA Class Class-E Class-J Class-F Class-B Claéslgsb\sl?cand Class-B
Technology GaN GaN GaN GaN GaN GaN

2 Drain efficiency
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