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Abstract: The input impedance of the post-matching network (PMN) is configured as a complex value. The
parameter solution space is determined based on the fundamental principles of the Doherty power amplifier (DPA),
enabling the DPA to achieve high efficiency at the output power back-off (OBO). The parameter solution space
comprises three variables: the phase parameter of the output matching network for the carrier power amplifier
(carrier PA), the phase parameter of the output matching network for the peaking power amplifier (peaking PA),
and the input impedance of PMN. These parameters are optimized to enable the DPA to achieve high efficiency at
the OBO. In this paper, a one-to-one mapping relationship is established between the frequency and the parameter
solution space, allowing for a precise optimization of the DPA across a broad frequency range. Leveraging this
mapping relationship, an asymmetric DPA designed to operate over the 1.8–2.6 GHz frequency band is designed
and fabricated, demonstrating the feasibility and effectiveness of the proposed approach. Under continuous wave
excitation, the test results show that the drain efficiency (DE) is 42.7%–56.4% at 9.5 dB OBO and the saturated DE
is 45.8%–71.1%. The saturated output power of this DPA is 46.9–48.8 dBm with a gain of 5.5–8.0 dB at saturation.
A 20-MHz long-term-evolution modulated signal with a peak-to-average power ratio of 8 dB is also applied to the
fabricated DPA at 1.8, 2.1, and 2.6 GHz. Under these conditions, at 8 dB OBO, the DPA shows an adjacent channel
power ratio always lower than 48 dBc after digital pre-distortion linearization.
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1 Introduction

Power amplifier (PA) is one of the key compo-
nents of the mobile communication system and the
radar system. It plays a pivotal role in the function-
ing of the whole system (Li M et al., 2022). Step-
ping into the fifth generation (5G) wireless network
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era, the architecture of large-scale multiple-input
multiple-output (MIMO) transmitters is the focus
of the current research. Therefore, with the increase
of the number of frequency bands to be covered by
the transmitter, it is imperative to broaden the band-
width of the radio frequency (RF) amplifier (Cavar-
roc et al., 2023). To improve the spectrum efficiency,
the modulated signal with a high peak-to-average
power ratio (PAPR) is usually used, which requires
the amplifier to provide efficient performance not
only at saturation but also at output power back-
off (OBO) (Xu et al., 2021). Therefore, PA that can
achieve high efficiency at the OBO is an excellent

www.jzus.zju.edu.cn
engineering.cae.cn
www.springerlink.com


Bi et al. / Front Inform Technol Electron Eng 2024 25(11):1552-1564 1553

choice for the industry. In the past few decades,
many technologies and architectures have been pro-
posed to achieve high efficiency at the OBO, such
as Doherty power amplifier (DPA) (Doherty, 1936),
load modulated balanced amplifier (LMBA) (Chen
et al., 2023), and outphasing (Li SS et al., 2021).
Among them, DPA has become one of the most pop-
ular technologies because of its simple circuit struc-
ture and high reliability. The traditional DPA that
uses the same type of transistors in the main circuit
and auxiliary circuit can achieve high efficiency at
6 dB OBO, but the broadband performance of the
traditional DPA is not very good (Zhang JR et al.,
2023). Therefore, designing DPAs with a certain
bandwidth has become a research hotspot. Hallberg
et al. (2016) treated the output matching network as
a black box whose parameters (the impedance of the
carrier PA at the current source plane and the com-
bining impedance) and the input phase delay were
solved according to the given transistor character-
istics and design requirements. Based on this the-
ory, a symmetric Doherty PA operating at 2.14 GHz
was designed. Yang et al. (2019) designed a broad-
band PA operating at 1.1–2.4 GHz using the com-
plex combining load (CCL) with noninfinity peaking
impedance. Bachi et al. (2022) proposed a new com-
biner analysis method for the design of DPAs, based
on which a class-E power amplifier operating at 1.1–
2.4 GHz was designed in a 130 nm radio frequency
silicon-on-insulator (RF-SOI) process.

Nowadays, the modulated signals in communi-
cation equipment tend to use the modulated signals
with high PAPR, which requires the PA to achieve
high efficiency at a higher OBO level (higher than
9 dB). The traditional DPA has an OBO of only
6 dB. Therefore, in recent years, many scholars have
improved the Doherty architecture to achieve high
efficiency at higher OBO, such as through three-way
Doherty architecture (Zhang XH et al., 2023), asym-
metric Doherty architecture (Rouhani et al., 2020;
Li MY et al., 2023), and CCL impedance (Fang and
Cheng, 2014). In the present study, different transis-
tors are used in the main road and the auxiliary road.
This asymmetric structure is used to expand the
OBO level. Meanwhile, the input impedance of the
post-matching network (PMN) is designed as a com-
plex value, and then the solution space [θC, θP, ZL]

that makes the DPA achieve high efficiency at the
OBO is solved. The one-to-one mapping relation-

ship is set between the frequency and [θC, θP, ZL]

so that these three parameters vary linearly with
frequency. Based on the mapping relationship, an
asymmetric DPA working over 1.8–2.6 GHz is de-
signed using GaN high-electron mobility transistor
(HEMT) devices.

2 Theoretical analysis of the proposed
Doherty power amplifier (DPA)

2.1 Expanding the output power back-off
(OBO) level by using asymmetric cells

The simplified schematic of the traditional DPA
is shown in Fig. 1. The DPA consists of two ampli-
fiers: a class-B biased carrier PA (main) and a class-
C biased peaking PA (auxiliary). Two current gen-
erators (IC and IP) represent the carrier PA and the
peaking PA, respectively. The principle of the DPA
is to increase the impedance at the current source
plane (ZC in Fig. 1) at the OBO level so that the
voltage of the carrier PA can reach saturation, thus
improving the efficiency. The OMNc is the output
matching network of the carrier PA. OMNp is the
output matching network of the peaking PA. PMN
represents the post-matching network. If the carrier
PA and the peaking PA use the same drain bias volt-
age, the OBO level of the DPA can be defined as in
Eq. (1):

OBO = 20 lg (1 + δ) , (1)

where δ is the ratio of IC1 to IP1 in the saturated
state (Son et al., 2011; Pang et al., 2016), and IC1

and IP1 represent the current of the carrier PA and
peaking PA at the combining point, respectively.

According to the traditional DPA theory, ZC,
ZP (the impedance of the carrier PA and peaking
PA at the current source plane, respectively), IC1,
IP1 (the impedance of the carrier PA and peaking
PA at the combining point, respectively), and ZL

(the input impedance of the PMN) should satisfy
the following relationship (Pang et al., 2016):

ZC =

{
(1 + δ)Ropt_c, OBO,

Ropt_c, SAT,
(2)

ZP = Ropt_p, SAT, (3)

ZC1 =

{
ZL, OBO,

(1 + δ)ZL, SAT,
(4)
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ZP1 =
(
1 + 1

δ

)
ZL, SAT, (5)

ZL =
Ropt_c

δ + 1
, (6)

where SAT represents the saturation state at which
the carrier PA and peaking PA reach saturation.

In this paper, the carrier PA uses the
CGH40025F transistor of MACOM with a maximum
drain output current of 3 A, and the peaking PA uses
the CGH40045F transistor of MACOM with a max-
imum drain output current of 6 A. Therefore, δ, the
current ratio of the two PAs in the saturated state,
is set to 2. The drain biases are both set as 28 V.
According to Eq. (1), the 9.5 dB OBO level can be
achieved. Ropt_c and Ropt_p are 18.6 and 9.3 Ω, re-
spectively, based on Ropt = 2VCC/Imax (Yang et al.,
2019). The impedance ZC, ZP, ZC1, ZP1, and ZL can
be calculated by Eqs. (2)–(6).

2.2 Solving the parameter solution space of
DPA

The performance of DPA depends on its effi-
ciency at OBO. Its efficiency at OBO is determined
by ZCB (which is the impedance ZC at the OBO
in Fig. 1). The impedance ZC can be expressed in
terms of the ABCD parameters as given by (Li M
et al., 2019)

ZC =
ACZC1 +BC

CCZC1 +DC
. (7)

Therefore, to calculate the impedance ZCB, four
parameters of the ABCD matrix of OMNc and ZC1B

which is the impedance IC1 at the OBO are required
to be calculated.

2.2.1 Solving the ABCD matrix of DPA

To obtain the ABCD matrix of OMNc, the scat-
tering coefficient can be calculated first. According
to Fig. 1, set the reference impedance of port 1 of
OMNc as Ropt_c, and set the reference impedance
of port 2 as (1 + δ)ZL. When DPA works at sat-
uration, port 1 and port 2 of OMNc are connected
with the matching impedance. According to the def-
inition of the scattering coefficient, S11 = S22 = 0.
Since OMNc is lossless and reciprocal, the scatter-
ing coefficient matrix of OMNc is shown in Eq. (8).
The scattering coefficient of OMNp can also be an-
alyzed according to the same principle. Set the ref-

ZC

AC BC

CC DC

OMNc

AP BP

CP DP

OMNp

50 Ω

PMN
Port 2Port 1

Port 2Port 1

IC

IP

ZP ZP1

IC1

IP1

ZP1

ZC1
ZL

′
ZP

′

Fig. 1 Topology of the simplified traditional Doherty
power amplifier

erence impedance of port 1 of OMNp as Ropt_p and
set the reference impedance of port 2 of OMNp as
(1 + 1/δ)ZL. The expression of the scattering coeffi-
cient matrix is shown in Eq. (9).

[
S11C S12C

S21C S22C

]
=

[
0 ejθC

ejθC 0

]
. (8)

[
S11P S12P

S21P S22P

]
=

[
0 ejθP

ejθP 0

]
. (9)

Hence, according to Frickey (1994), the ABCD
matrix of OMNc can be calculated. The specific
expression of OMNc is shown in Eq. (10):⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

AC=
Ropt_c(1 + ej2θC)

2ej2θC
√
Ropt_cZL

,

BC=
Ropt_c(Ropt_c − ej2θCZL)

2ej2θC
√
Ropt_cZL

,

CC=
1− ej2θC

2ej2θC
√
Ropt_cZL

,

DC=
Ropt_c + ej2θCZL

2ej2θC
√
Ropt_cZL

.

(10)

Similarly, the ABCD matrix of OMNp can be
calculated, and the specific expression is expressed
as ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

AP=
Ropt_p(1 + ej2θP)

2ej2θP
√
Ropt_pZL

,

BP=
Ropt_p(Ropt_p − ej2θPZL)

2ej2θP
√
Ropt_pZL

,

CP=
1− ej2θP

2ej2θP
√
Ropt_pZL

,

DP=
Ropt_p + ej2θPZL

2ej2θP
√
Ropt_pZL

.

(11)
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2.2.2 Calculating ZC1 at OBO

When DPA works at OBO, the impedance Z ′
P1B

in Fig. 2a (the impedance looking into OMNp at
the combining point) is not infinite and can be con-
sidered as a passive impedance (Shi et al., 2017).
Therefore, ZC1B = Z ′

P1B||ZL, and Z ′
P1B is Z ′

P1 at
OBO. Subsequently, analyze the specific value of
Z ′
P1B. Based on the nature of the reciprocal net-

works, we have AD −BC = 1 and Eq. (7), and the
impedance expression of Z ′

P1 can be derived as shown
in Eq. (12). When the peaking PA is not turned on,
Z ′
P can be regarded as infinite and the expression of

Z ′
P1B which is the impedance of Z ′

P1 at the OBO is
shown in Eq. (13). The expression of ZC1B is shown
in Eq. (14).

Z ′
P1 =

DPZ
′
P +BP

CPZ ′
P +AP

. (12)

Z ′
P1B =

DP

CP
. (13)

ZC1B = Z ′
P1B||ZL =

ZLDP

ZLCP +DP
. (14)

By substituting Eq. (14) into Eq. (7), the value
of ZCB is related to the coefficient of the ABCD
matrix of OMNc and OMNp, as shown in Eq. (15).
According to Eqs. (10) and (11), it can be derived
that ZCB is determined by the phase characteristics
θC of OMNc and θP of OMNp.

ZCB =
ACDPZL +BC(ZLCP +DP)

CCDPZL +DC(ZLCP +DP)
. (15)

Set ZL as a complex value: ZL = RL+jXL. The
real part of ZL is a fixed value: RL = Ropt_c/(δ + 1).
Given a wide range to the imaginary part XL of
the complex impedance ZL, hence a free parameter
XL will be obtained to extend the high-efficiency
range of the designed DPA. Then, set the range of
θC and θP: θC ∈ (−360◦, 0◦), θP ∈ (−360◦, 0◦). It
can be concluded that the impedance ZCB has three
variables, namely, the phase parameter θC of OMNc,
θP of OMNp, and the input impedance ZL of PMN.
Therefore, ZCB is a function determined by these
three variables, that is, ZCB = f (θC, θP, ZL).

To make the designed DPA achieve high effi-
ciency at the OBO across a wide frequency band,
ZCB should meet the continuous class-J mode (Shi
et al., 2018). Fig. 3a gives the fundamental parame-

ZCB=3Ropt_c(1+jγ)

ZCS=Ropt_c

ZPS=Ropt_p

ZC1B=ZP1B ||ZL
1≤γ≤1
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CC DC Port 2Port 1

AP BP

CP DP Port 2

(a)

(b)

Port 1

IC1

ZL

ZL

ZP1B=
DP

CP

IC
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CC DC Port 2Port 1

IC

OMNc

OMNp
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ZPB=
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OMNc

OMNp

′
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Fig. 2 Output matching network at output power
back-off (a) and saturation (b)

ter space of the continuous class-J mode (the blue
point locus). The fundamental impedance space
of the continuous class-J mode is represented in
Eq. (16) (Wright et al., 2009). According to Sec-
tion 2.1, Ropt_c, Ropt_p, and δ are all known, and
then, substitute them into f (θC, θP, ZL).

ZJ1 = (1 + δ)(1 + jγ)Ropt_c, −1 ≤ γ ≤ 1. (16)

To find the parameter solution space that makes
ZCB meet the continuous class-J mode in Eq. (16),
a screening method is proposed in Eq. (17). If
the difference between the real part of the calcu-
lated ZCB and 48 (3Ropt_c) is less than or equal
to 0.8 (0.05Ropt_c), and the imaginary part is be-
tween −3Ropt_c and 3Ropt_c, this set of variables
[θC, θP, ZL] can be regarded as a subset of the high-
efficiency solution space, as shown in Fig. 4. Accord-
ing to Section 2.2.1 and Eqs. (2)–(5), at saturation,
OMNc and OMNp are in the matching state and
the impedance ZC and ZP are Ropt_c and Ropt_p,
respectively. Therefore, when PA operates in satu-
ration, high efficiency can be achieved as shown in
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Fig. 2b.∣∣Re{f (θC, θP, ZL)− (δ + 1)Ropt_c

}∣∣ ≤ 0.05Ropt_c,

|Img {f (θC, θP, ZL)}| ≤ (δ + 1)Ropt_c.
(17)

2.2.3 Using the solution set space [θC, θP, ZL] to de-
sign the output network of DPA

The parameter solution space obtained is shown
in Fig. 4. Through Section 2.2.2, the parameter so-
lution space is the set of many groups of [θC, θP, ZL].
θC, θP, and ZL of each group correspond one to one.
Therefore, as long as one of the variables has been
determined, another variable can be found.

According to the general method, θC and θP
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Fig. 3 Theoretical trajectories of ZC (a) and ZP

(b) from the output power back-off (OBO) to the
saturation level across the working frequency band.
References to color refer to the online version of this
figure

for the center frequency point are −90◦ and −180◦,
respectively, which serve as the benchmark for select-
ing other parameter solutions to be assigned to other
frequency points within the bandwidth. However, we
avoid this approach because even if a DPA designed
using this method achieves good performance, it can-
not validate the correctness of the proposed method.
It is quite likely that this good performance may be
attributed to the traditional DPA theory. Therefore,
it is necessary to select parameter solutions that are
far from [θC, θP] = [−90◦,−180◦] to verify the cor-
rectness of the theory.

Since the absolute value of the phase character-
istics of the passive network composed of microstrip
lines will generally increase with the increase of fre-
quency, θC and θP should increase with the increase
of frequency. In addition, the range of variation of
the imaginary part of ZL with frequency should not
be too large, so that it is not convenient for the
design of PMN. The corresponding relationship be-
tween the selected parameter solutions and frequen-
cies is shown in Table 1, indicating that the absolute
values of θC and θP increase as the frequency in-
creases. Fig. 5 illustrates the variation curves of θC
and θP with respect to frequency. Next, OMNc and
OMNp are designed. The variation of θC, θP, and ZL

with frequency should be consistent with that given
in Table 1. At OBO, the fundamental impedance
of ZC is in the continuous class-J mode in Fig. 3a.
Therefore, the designed DPA can achieve high effi-
ciency at both saturation and OBO. The trajectories
of ZC and ZP from OBO to saturation across the
working frequency band are given in Fig. 3.
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frequency band (a) and theoretical θP of OMNp over
the working frequency band (b)

Table 1 Theoretical parameters at frequencies over
1.8–2.6 GHz

Frequency (GHz) θC (◦) θP (◦) XL/RL

1.8 −45 −90 −1.00
1.9 −55 −100 −0.69
2.0 −59 −110 −0.60
2.1 −68 −120 −0.40
2.2 −73 −130 −0.31
2.3 −79 −138 −0.19
2.4 −84 −150 −0.10
2.5 −90 −160 0
2.6 −95 −170 0.10

RL = 1
3Ropt_c

3 Design and simulation

In this section, based on the parameter solu-
tion space obtained in Section 2, an asymmetric
DPA working over 1.8–2.6 GHz is designed. The
CGH40025F transistor is selected for carrier PA,
whereas the CGH40045F transistor is used for peak-
ing PA. The maximum current ratio of the peak-
ing PA to the carrier PA is equal to 2. Therefore,
9.5 dB OBO level can be achieved. The circuit is
implemented on the substrate of Rogers 4350B with
a thickness of H=0.508 mm and ε = 3.66. The
drain bias voltages of the two transistors are both
set to 28 V. The whole DPA consists of the power di-

vider circuit, input matching network circuit, output
matching circuits, and PMN.

The output matching circuits consist of OMNc

and OMNp. Owning to the parasitic effect and
packaging elements in the transistor, the packaged
elements should be incorporated into OMNc and
OMNp. The following goals should be met in the
design: (1) when the DPA is in the saturated state,
OMNc and OMNp achieve the matching state as
shown in Fig. 2b; (2) The phase characteristics of
OMNc and OMNp, (θC and θP), should be consistent
with those in Table 1. Fig. 6 shows the designed cir-
cuit schematic OMNc and OMNp together with the
packaged elements. Fig. 6 also shows the curves of θC
and θP with frequency. Among them, the orange line
is the phase parameter of Table 1 versus frequency
and the blue line is the simulated phase parameter
versus frequency. It can be concluded that the simu-
lated results are basically the same as the theoretical
results. After completing the design of OMNc and
OMNp, PMN should be designed to match the 50 Ω

antenna load to ZL. PMN is designed based on the
relationship between the input impedance ZL and
the frequency given in Table 1. The schematic of the
PMN is shown in Fig. 7. The theoretical value of
the input impedance is represented by a blue line,
and the simulation value is represented by an or-
ange line. Finally, the input matching circuit and
the power divider are designed. The function of the
input matching circuit is to transmit the signal to
the transistor almost losslessly. The power divider
adopts the three-stage Wilkinson asymmetric power
dividers and the distribution power ratio of carrier
PA to peaking PA is 4:7. The circuit structure of the
power divider is shown in Fig. 8. Fig. 9 is the whole
circuit diagram. To simplify the circuit structure,
the circuit structure of the power divider is replaced
by its geometry. To allow the output current of the
carrier PA and the peaking PA maintain the same
phase at the combining point at saturation, a phase
compensation line is added between the power di-
vider and the input matching circuit of the carrier
PA. The simulated result of the designed DPA is
shown in Fig. 10. The DPA achieves the drain ef-
ficiencies of 46.39%–54% and 49.2%–65% at 9.5 dB
OBO and saturation, respectively. The maximum
output power of the designed DPA is 47.2–48.7 dBm
with a saturation gain of 6–7 dB over the whole work-
ing frequency band.
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4 Experimental results

The fabricated DPA is shown in Fig. 11. The
size of the fabricated DPA is 110 mm × 70 mm. To

Port 1 100 Ω 200 Ω100 Ω

Port 3

Port 20.5/19.5 0.5/5.1 0.7/19.1

1.6/12.31.3/5.20.5/23.8

Width/Length
(mm/mm)

Fig. 8 Schematic of the designed three-stage Wilkin-
son power divider

test the performance of the fabricated DPA, drain
efficiency (DE), gain, and adjacent channel power
ratio (ACPR) of the designed DPA are tested using
the continuous wave and modulated signal.

4.1 Small-signal measurements

The performance of the fabricated DPA is as-
sessed using a vector network analyzer. Fig. 12 shows
the measured S-parameters from 1.8 to 2.6 GHz,
alongside the simulated data for comparison. For
S21, the measured results closely match the simu-
lated ones, both showing lower gain at higher fre-
quencies. However, there are discrepancies between
the measured and simulated S21 values, likely due to
limitations in the accuracy of the simulation model
used in the advanced design system (ADS).
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Fig. 9 Schematic of the proposed Doherty power amplifier
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Fig. 11 Photograph of the fabricated Doherty power
amplifier
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4.2 Continuous wave singal measurements

DE and gain of the fabricated DPA are mea-
sured using continuous wave signals across 1.8–
2.6 GHz with 100 MHz frequency step. Fig. 13 de-
picts the measurement setup adopted. A vector sig-
nal generator (VSG) is responsible for generating the
input signal. This signal is then channeled through a
driver and an isolator before being fed into the design
under the test (DUT). The output signal from the
DPA passes through an attenuator, and ultimately,
the measurement results are visualized on a vector
spectrum analyzer. When the signal operates in the
frequency range of 1.8–2.0 GHz, the gate bias of the
peaking PA is set to –7.5 V. When the signal oper-
ates in the frequency range of 2.1–2.6 GHz, the gate
bias of the peaking PA is set to –8.1 V. The drain
voltages of both amplifiers are set to 28 V.

The measured DE and gain are shown in Fig. 14.
According to Fig. 14, the DPA can achieve the sat-
urated DE of 45.8%–71.1% with an output power of
46.9–48.8 dBm. At the 9.5 dB OBO level, 42.7%–
56.4% DE is achieved. The gain at the satura-
tion power is 5.5–8.0 dB. The power-added efficiency
(PAE) of this fabricated DPA is shown in Fig. 15.
DPA can achieve saturated PAE of 36.6%–49.7%. At

Spectrum analyzer6
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7
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1
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Power supply

IsolatorDriverSignal
generator

Attenuator
DUT

Doherty PA

Fig. 13 Large-signal CW signal measurement setup

the 9.5 dB OBO level, 26.5%–50.4% PAE is achieved.
At high frequencies, the lower gain of the DPA may
be caused by mismatch issues between the power
divider and the input matching circuit. By com-
paring Figs. 10 and 14, it can be found that at low
frequencies, there is a certain difference between the
simulated efficiency and the measured efficiency. An-
alyzing the reason, it may be that there is a certain
error between the transistor model used by the ADS
simulation platform and the actual transistor. More-
over, the nonlinear capacitance of the transistor has
a certain effect on the phase in the actual measure-
ment, which results in the current phase difference
at the combining point not being 0, which causes the
mismatch of the output matching network and af-
fects the efficiency. In addition, the temperature has
an effect on the measured results.

4.3 Long-term evolution (LTE) modulated-
signal measurements

The high-linearity PA can enhance the quality
of communication services. Nonlinear distortion will
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Fig. 14 Measured drain efficiencies and gains of the
designed Doherty power amplifier over output power:
(a) 1.8–2.2 GHz; (b) 2.3–2.6 GHz
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lead to system error, out-of-band radiation, and in-
terference with other channels, which seriously af-
fects the quality and reliability of the communication
system (Cui et al., 2023). To evaluate the linearity
of the fabricated DPA, a long-term evolution (LTE)
signal with a PAPR of 8 dB and a signal bandwidth
of 20 MHz is used. Fig. 16 shows the measured DE,
average output power, and ACPR across the entire
1.8–2.6 GHz band. The DPA achieves an average DE
of 42.1%–55.5% and ACPR between −23.8 dBc and
−35.5 dBc in the operation band. An average output
power of 38–39.4 dBm is also observed. The normal-
ized power spectra of the fabricated DPA at 1.8, 2.1,
and 2.6 GHz with or without digital pre-distortion
(DPD) are displayed in Fig. 17, all of which have
been gridded. The output power is 38.1, 36.8, and
39 dBm with a DE of 54.3%, 55.5%, and 51.6%, re-
spectively. As shown in Fig. 17, better than 49 dBc
ACPR is obtained after DPD and more than 20 dB
improvement is achieved compared to the original
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Fig. 16 Measured average drain efficiency (DE), aver-
age output power, and adjacent channel power ratio
(ACPR) versus frequency

ACPR of PA output signals. Fig. 18 shows the setup
for DPD performance measurement.

The error vector magnitude (EVM) of −10.2,
−12, and −11.4 dB is achieved at 1.8, 2.1, and
2.6 GHz, respectively. After the DPD performed,
the EVM can be improved to −37.7, −37.1, and
−42 dB, respectively, at these three frequencies. The
DPD algorithm used is a generalized memory poly-
nomial (GMP) model under a direct learning struc-
ture (closed loop) with 10 iterations for the coeffi-
cient solution. It has the nonlinearity order Ka=[0:
11], memory depth La = [0: 4], nonlinearity of the
lagged cross-term order Kb=[0: 7], memory depth of
the lagged cross-term Lb=[0: 4], lagged cross-depth
Mb=[0: 2], model coefficient of the leading cross
terms Kc=[0: 5], and memory depth of leading cross
terms Lc=[0: 3].

Measured performance is compared to that of
the previously reported DPAs with an extended
back-off range as given in Table 2. Compared with
most of the works in Table 2, the proposed DPA
shows better broadband performance and efficiency
index, with a relative bandwidth of 36.4%. Be-
sides, this kind of DPA design incorporates tran-
sistors with higher saturation power, enabling a sig-
nificantly higher output power. Additionally, due
to the larger size of the transistors used in this de-
sign, their parasitic parameters are increased and
the optimal impedance shows a stronger degree of
discreteness, posing considerable challenges in the
design process. The DPA designed using the pa-
rameter solution space method proposed in this pa-
per has yielded relatively impressive results. This
achievement not only validates the correctness of the
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Fig. 17 Measured normalized power spectral den-
sity using 20 MHz long-term evolution signals
with peak-to-average power ratio equal to 8 dB:
(a) 1.8 GHz; (b) 2.1 GHz; (c) 2.6 GHz (DPD: digi-
tal pre-distortion; w/o: without)

proposed parameter solution space but also demon-
strates its effectiveness in practical design.
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Fig. 18 Setup for digital pre-distortion (DPD) per-
formance measurement

5 Conclusions

In this paper, the input impedance of the PMN
is set to a complex value and the solution set
[θC, θP, ZL] that makes the DPA achieve high effi-
ciency at the OBO is obtained according to the basic
principle of the DPA. Based on this solution set,
an asymmetric DPA working over 1.8–2.6 GHz is
constructed. The DPA can achieve an efficiency of
42.7%–56.4% and 45.8%–71.1% at the 9.5 dB OBO
level and saturation level, respectively. The satura-
tion output power is 46.9–48.8 dBm with a saturated
gain of 5.5–8.0 dB.
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Table 2 Performance comparison

Reference Technique Topology Frequency FBW Power OBO DE@OBO DE@SAT PAE@SAT ACPR
(GHz) (%) (dBm) (dB) (%) (%) (%) (dBc)

Choi et al. (2021) Smith Asy. 1.68 – 43.5 9.5 54.7 56.4 53.6 –27.3 (1.68 GHz)
chart

Li M et al. (2022) Phase Asy. 1.55–2.2 35 45.2–47.3 11.1–13.2 42.2–52.1 47–62.7 33.1–51 –29.1 (2 GHz)
compensation

Zhou et al. (2022) Phase Sym. 1.6–1.95 19.7 42.7–43.5 9–9.5 62.5–67.5 64.6–70.9 56.5–62.9 <–22
compensation

Li C et al. (2020) Phase Sym. 1.9–2.4 23.3 44.2–49.7 8.5–9 44.2–49.7 65.2–71.8 52.8–56 –31.1 (2.4 GHz)
compensation

Xu et al. (2021) Modified Asy. 1.4–2.5 56.4 44–45.9 9 44.6–54.6 61–75.5 53.2–66 –29.8 (1.6 GHz)
LMN

This work Parameter Asy. 1.8–2.6 36.4 46.9–48.8 9.5 42.7–56.4 45.8–71.1 36.6–49.7 –33.6 (2.5 GHz)
solution space

ACPR: adjacent channel power ratio; Asy.: asymmetrical; DE: drain efficiency; FBW: fractional bandwidth; LMN: load
modulation network; OBO: output power back-off; PAE: power-added efficiency; Power: saturation output power; Sym.:
symmetrical; SAT: saturaion state

Data availability
The data that support the findings of this study are

available from the corresponding author upon reasonable

request.
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