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Abstract: The present paper proposes an optimization design method for the Doherty output matching network
(OMN) using impedance-phase hybrid objective function constraints, which possesses the capability of enhancing the
efficiency consistency of the Doherty power amplifier (DPA) using integrated enhancing reactance (IER) during the
back-off power (BOP) range. By calculating the desired reactance for an extended BOP range and combining it with
the two-impedance matching method, the S-parameters of the OMN are obtained. Meanwhile, the impedance and
phase constraints of the OMN are proposed to narrow the distribution range of the IER. Furthermore, a fragment-
type structure is employed in the OMN optimization so as to enhance the flexibility of the circuit optimization
design. To validate the proposed method, a 1.7-2.5 GHz symmetric DPA with a large BOP range was designed and
fabricated. Measurement results demonstrate that across the entire operating frequency band, the saturated output
power is >44 dBm, and the efficiency ranges from 45% to 55% at a 9-dB BOP.

Key words: Back-off power range; Doherty power amplifier; Fragment-type structure; Impedance—phase hybrid
function
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1 Introduction searchers (Yang et al., 2019; Li M et al., 2022; Wang
et al., 2022; Cui et al., 2023; Dai et al., 2024; Ren
et al., 2024; Yao et al., 2024). Several techniques
have been proposed to address the challenges posed
by high PAPR, such as the out-phasing amplifier
(Chung et al., 2018), the envelope tracking ampli-
fier (Asbeck and Popovic, 2016), and the Doherty
power amplifier (DPA) (Doherty, 1936).

these, the DPA has gained significant attention due

To fulfill the requirements of high data rates
and greater spectral efficiency, complex modulation
techniques are often employed in modern wireless
communication systems, resulting in modulation sig-
nals having a higher peak-to-average power ratio
(PAPR) (Liu et al., 2020).

as a critical component of wireless communication

The power amplifier, Among

systems, has received widespread attention from re- 4 j4s simple structure and excellent performance at
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high back-off power (BOP) levels. However, conven-
tional symmetrical DPAs achieve efficiency enhance-
ment only at 6-dB BOP within a narrow operat-
ing frequency band, which is insufficient to meet the
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growing communication demands.

To improve the BOP range, various complex
architectures have been proposed, including multi-
stage (Zhou H et al., 2022), multi-way (Chen et al.,
2018), and asymmetric (Xu et al., 2021; Roychowd-
hury and Kitchen, 2022; Li MY et al., 2023) DPAs.
However, these methods involve higher design com-
plexity, requiring a trade-off between the cost and
power utilization factors.  Consequently, exten-
sive research has focused on extending the oper-
ating bandwidth and efficiency-enhancement range
of symmetric DPAs.
ing transformer-less load-modulated power ampli-
fiers (Akbarpour et al., 2012; Zhou LH et al., 2023),
integrated compensating reactance (Xia et al., 2016),
continuous class mode (Shi et al., 2018), improved
load modulation networks (Nan et al., 2021), and
post-matching networks (Pang et al., 2015; Lyu
et al., 2023), have been observed to achieve high-
efficient operation over a wide bandwidth. Further-
more, methods such as the three-port harmonic in-
jection networks (Zhou XY et al., 2022), co-design
of three matching sub-networks (Li C et al., 2020),
phase compensation (Ruhul Hasin and Kitchen,
2019; Zhang JR et al., 2023), complex combining
load (Fang and Cheng, 2014; Choi et al., 2021), and
non-infinite auxiliary output impedance (Ozen et al.,
2016; Shi et al., 2017; Xiao et al., 2021) have been
proposed to extend the efficiency enhancement range
of DPAs. In Kong et al. (2018), a method based on
integrated enhancing reactance (IER) was proposed
to expand the BOP range. This is unlike the method
that uses a post-matching network to provide a com-
plex load impedance. When the DPA operates in a
back-off state, the proposed DPA uses the j X1gr pro-
vided by the auxiliary amplifier to extend the BOP
range. When the DPA operates in saturation, the
modulation of the DPA during saturation is not af-
fected, which greatly reduces the design complexity
of the output matching network (OMN). However,
the DPA designed using this method does not con-
sider the influence of phase dispersion in the OMN
on the IER within a wide frequency band, resulting
in significant efficiency variations between high and
low frequencies at the BOP and limiting its ability
to achieve a wider bandwidth. Therefore, if a more

Several techniques, includ-

compact ITER can be achieved through appropriate
phase constraints, then the DPA using IER still has
potential for enhancing the bandwidth.

Moreover, conventional power amplifier designs
commonly use regular microstrip circuit structures,
which limits the feasibility of the circuit optimiza-
tion. To overcome these limitations and further en-
hance the power amplifier performance, a fragment-
type microstrip circuit has been used in the power
amplifier design. It demonstrates a flexible layout
structure that effectively reduces phase dispersion
and offers greater design flexibility (Xia et al., 2022;
Karahan et al., 2023; Kong et al., 2024).

In the present paper, an integrated optimization
approach for impedance and phase in the broadband
symmetric DPA is proposed. First, the phase re-
quired by the auxiliary output matching network
(OMN,) is thoroughly analyzed and then com-
bined with the target impedance. Second, a flexi-
ble fragment-type structure of microstrip circuits is
employed for the optimization. Compared with con-
ventional designs, the proposed method significantly
mitigates phase dispersion across a wide frequency
band, enabling wideband high-efficiency operation
of the DPA under large back-off conditions.

2 Theoretical analysis of enhancing the
BOP range

The schematic of a DPA based on the TER is
illustrated in Fig. 1. It comprises an input power di-
vider, offset lines, main and auxiliary amplifiers, and
a post-matching network. The load impedances of
the main amplifier at the current source plane, pack-
age plane, and modulation point, respectively, when
the DPA operates in the saturation state, are rep-
resented as Zu; sat, 4M,sat, and Zuisat. Similarly,
the load impedances of the auxiliary amplifier at the
package plane and modulation point are denoted as
Z A sat, and Z a1 gat, respectively. In the back-off state,
the corresponding load impedances become Zn; bop,
ZM,bopa ZMl,bopa ZA,outa and ZAl,outa where ZAl,out
can be used as the IER (jXigr). I; and I represent
the reflection coefficients at the current source plane
and modulation point, respectively. Unlike conven-
tional DPAs, the IER (jXigRr) is introduced in the
DPA using IER in the back-off state to expand the
range of the efficiency enhancement. In previous de-
signs, the impact of IER distribution on bandwidth
was not fully considered, resulting in a relatively
narrow bandwidth. This study achieves a more fo-
cused TER distribution and effectively expands the
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Fig. 1 Schematic of the proposed DPA (DPA: Doherty power amplifier; OMN: output matching network;

BOP: back-off power)

bandwidth by controlling the phase to reduce phase
dispersion.

2.1 Calculation of IER

The BOP range of a DPA can be calculated
based on the output power in both the saturation
and back-off states (Fang and Cheng, 2014). Given
that a symmetric DPA design is employed, the power
ratio of the auxiliary amplifier to the main amplifier
(«) is set to 1 and the dynamic load span ratio 3 is
as depicted in Eq. (2).

Pyat
BOP = 101g <f0p>
=101g[(1 +a) A] (1)
—101g3 + 3 (dB).
_ Pysat _ ZMi,bop @)

PM,bop ZM,sat

Considering that the impedances at the current
source plane are purely resistive, the relationship be-
tween the magnitude of the reflection coefficient and
the load impedance at the current source plane is
shown in Eq. (3). Then, the relationship between the
BOP range and the reflection coeflicient at the cur-
rent source plane can be further derived based on the
reflection coefficient calculation formula, as specifi-
cally shown in Eq. (4). Theoretically, the expansion
of the BOP range can be achieved by increasing the
magnitude of the reflection coefficient I7.

ZMibop — ZMi,sat

;| = .
| l| ZMi,sat + ZMi,bop

3)

BOP = 101g <M> +3 (dB)

Mi,sat

1+ |15
=10lg <1 — |Fz|> + 3 (dB).
The parasitic parameter network and the OMN
can be theoretically considered lossless. Based on
the microwave theory, the relationship between the
magnitude of the reflection coefficients I; and I} can
be obtained in Eq. (5). Therefore, the BOP range of

the DPA can be expressed in the form of Eq. (6).

(4)

| I [=] I ] (5)

BOP — 101g (M> +3(dB).  (6)
1—[ I |

Therefore, by adjusting the magnitude of I7,

the BOP range of the DPA can be significantly ex-
panded. Fang and Cheng (2014) proposed using a
complex combined load to enhance the BOP range
of DPA. However, this method is difficult to achieve
impedance matching when the DPA operates in a
saturation state, which inevitably results in a de-
crease in the output power and efficiency. A method
based on the IER was proposed by Kong et al. (2018),
which does not affect the load modulation at satu-
ration, thus simplifying the design complexity of the
main output matching network (OMNy;). In the
back-off state, an IER jXigr is generated by the
auxiliary amplifier in the DPA using IER to expand
the BOP range. As a result, the impedance of the
main amplifier Zy11 bop 1S no longer Ry, but a paral-
lel combination of Ry, and jXigr. It is worth not-
ing that when the amplifier operates in saturation,
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the jX1gr will not affect the characteristics of DPA.
Therefore, the saturated impedance of the main am-
plifier Zn1 sat equals 2Ry, which is purely resistive.
Hence, the reflection coefficient at the modulation

point can be expressed as follows:
. RL//jXIER, - ZI\/Il,sat

B RL//jXIER, + Z:u,sat (7)
_ RL//jXIER — 2Ry

B RL//jXIER, + 2Ry, ,

I

where “/ /" represents the parallel operation and “*”
represents the conjugate.

By rearranging Eq. (7), the required IER jXigr
for achieving large BOP range can be obtained as

follows:
2Ry (1+11)

Xion = 1430

(8)

2.2 Impedance—phase
function

hybrid objective

In the design process of the DPA using IER, it is
necessary to appropriately design OMN, to achieve
the desired IER and expand the BOP range. Based
on the calculated IER from Section 2.1 and consider-
ing the impedance matching requirements of OMN 4
in both the back-off and saturation states, the trans-
formations from Za oyt to the desired Za1 ouy (IER
jXier) and from Z4 ga¢ to the desired Za1 sat need to
be achieved, as shown in Fig. 1. The S-parameters of
OMN, can be obtained and used for the optimiza-
tion design based on the two-impedance matching
method (Xia et al., 2016). However, the phase dif-
ferences in So; of OMN, over the entire frequency
range have a significant impact on the amplifier’s
bandwidth. For example, in the DPA designed by
Kong et al. (2018), the efficiency difference at 9-dB
BOP over the entire frequency band reaches 10%, in-
dicating poor efficiency consistency and affecting the
broadband performance. This is because complex
OMNs are often used in the broadband DPA designs
to achieve the required impedance-transformation
Unfortunately, these complex OMNs may
cause sharp phase variations within the operating
frequency band, thereby reducing the efficiency con-
sistency during the DPA BOP range. Therefore, an

ratio.

integrated approach involving impedance and phase
constraints is proposed to make the distribution of
the required IER more concentrated, thereby en-
hancing the efficiency consistency of the DPA using

IER.

First, for the load impedance, the optimal value
Zopt is obtained through load-pull simulations. The
absolute difference between the real and imaginary
parts of the impedance Zy, achieved by the OMN and
the target impedance Z,p is calculated, and it serves
as the impedance optimization objective function.
Second, based on the desired values of the IER, the
required phase 6, for the OMN can be calculated
using the two-impedance matching method. The ab-
solute difference between the phase 6 of the OMN
and the desired phase 6,p¢ is used as the phase op-
timization objective function. Finally, by combining
the impedance and phase constraints, the following
hybrid objective function can be derived:

Fz ¢(Z1,09)

=max(| R — Ropt| + [ X1, — Xopt|, [0 — Oopt]), )
where the objective function Fz_ g is the maxi-
mum value between the impedance difference and
the phase difference, and R and X correspond to
the real and imaginary parts respectively. When
Fy_g<1, it indicates that the design requirements of
the impedance and phase have been satisfied.

3 Design and simulation

A fragment-type structure for OMN is proposed
for optimization to minimize the IER dispersion
caused by the phase difference between high and low
frequencies in the matching network, thereby achiev-
ing consistent efficiency during the operation of BOP.
The following subsections provide a detailed analysis
and design methodology for this approach.

3.1 Optimization strategy based on the
impedance—phase hybrid objective function

OMN, is optimized by using the following
strategy within the desired frequency range of 1.7—
2.5 GHz.

For the high frequency, the optimal load
impedance at 2.5 GHz at saturation is determined to
be (14+j1) Q through load-pull simulation. Based on
Eq. (8), when Ry, is 28 Q, jXigr can be calculated
as —j30 Q. By using the two-impedance matching
method (Xia et al., 2016), the corresponding phase
of OMN, at 2.5 GHz is determined to be —215°.
Therefore, the optimization objective function for
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OMN}, at the high frequency is given as follows:

Fz o 25cH(Z1,0)
=max(|Ry, — 14| + | X1, — 1,10 + 215]).

For the center and low frequencies, it is difficult
to precisely determine the values of the optimal load
impedance and phase required. To address this issue,
an impedance constraint circle is employed for the
impedance target, and a phase balancing strategy is
used to minimize the phase difference. As shown in
Fig. 2a, an impedance constraint circle tangent to
the desired impedance region is constructed with the
center of Z,p¢ and a radius of rr. Z,,¢ represents the
optimal load impedance and Zr is an impedance on
the desired impedance region. Thus, 1 can be calcu-
lated by Eq. (11). During the optimization process,
the impedance objective function is defined based on
the relative position relationship of impedance Zr,
and the optimal load impedance Zgp¢, as shown in
Eq. (12). If Fz(Z1) <1, the load impedance Z, is
within the impedance constraint circle corresponding
to the desired impedance region.

21 = Zop
_ | 4T~ Zopt| 11
T Zer z, (11)

1| Z1 = Zops
Fy(7) = — | 2L " 2ot | 12
2(21) rr | 2L+ Zhy (12)

Additionally, as depicted in Fig. 2b, the phase
objective function is formulated by evaluating the
phase differences between the low—center and center—
high frequencies, as follows:

Fy(0) = (61 — 6n) /PDgpy,

(13)

Impedance

constraint circle§

A
Desired load

impedance

= = Desired efficiency contour
— — Desired power contour

Fig. 2 Illustration of the objective functions for center- and low-frequency optimization:

where 0; and 6, represent the phases of the lower and
higher frequencies, respectively, and PD,p¢ denotes
the target phase difference.

According to the load-pull results, the opti-
mal load impedance Z,,; at 2.1 and 1.7 GHz is
(30+j0) © and (25+j3) €, respectively. Similarly,
the corresponding values for Zt are (36+j20) 2 and
(30+j20) Q. To increase the consistency of amplifier
efficiency during BOP range, it is desired to have a
phase difference of <25° between 1.7 and 2.1 GHz, as
well as between 2.1 and 2.5 GHz. Therefore, the opti-
mization objective functions for OMN4 at the center
and low frequencies can be defined in Eqgs. (14) and
(15), respectively. When the value of the optimized
objective function is <1, it indicates that the op-
timized load impedance and phase meet the design
requirements.

Fz ¢ 210H.(Z1,0)

(14)
=max(Fz 21an.(Z1), Fo_2.1cm.(0)).

Fz ¢ 17602(Z1,0)

(15)
=max(Fz_1.76u2(Z1), Fo_1.7612(0))-

3.2 Design of OMN 5

Based on the previously mentioned optimiza-
tion strategy, a fragment-type structure is selected
for the OMN, design to reduce the phase disper-
sion. To ensure sufficient design freedom for opti-
mization, the OMN, to be designed is depicted in
Fig. 3. Appropriately structured microstrip lines are
pre-selected, and regions sensitive to impedance and
phase are optimized using fragment-type structures.

(b)
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Phase
difference
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————— 3

Phase (°)

| Phase
| difference

T T T
0.8 0.9 1.0 1.1 1.2
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(a) impedance;

(b) phase. References to color refer to the online version of this figure
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Fig. 3 Structure of the fragment-type auxiliary output matching network (OMN_, )

If the requirements are not met, adjustments will
continue on the regularly structured microstrip lines
and the fragment-type regions until the optimization
requirements are satisfied. After multiple attempts,
a region with 16 rows and 12 columns was selected
for optimization. Unlike conventional regular struc-
tures, which contain only length and width as op-
timization parameters, the fragment-type structure
consists of a set of binary codes, where “1” represents
a grid filled with metal and “0” indicates that it is not
filled. Theoretically, the matching network structure
shown in Fig. 3 has 2192 possibilities.

In this study, a multi-objective evolutionary al-
gorithm based on decomposition (MOEA /D) is used
to generate the design parameters of the fragment-
type structure for OMN, (Zhang QF and Li, 2007).
The design parameters are optimized using three
objective functions corresponding to high, center,
and low frequencies. The algorithm uses a popu-
lation size of 40 and performs 50 optimization it-
erations. This optimization method effectively in-
tegrates MATLAB and electromagnetic simulation
software through a VB script. First, design variables
are randomly generated in MATLAB. Second, these
variables are transmitted to High Frequency Struc-
ture Simulator (HFSS) for modeling and simulation
using a VB script. Finally, the fitness value is cal-
culated based on the proposed impedance—phase hy-
brid objective function, and MOEA /D is employed
for iterative updates to find the optimal design vari-
ables. Fig. 4 provides a detailed illustration of the
steps in the optimization process.

The convergence curves for the different struc-
tures are depicted in Fig. 5. It is evident that
the fragment-type structure exhibits superior con-
vergence properties in fitness values for objectives 2
and 3 (at frequencies of 2.1 and 1.7 GHz, respec-

(" start )
AN 2
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OMN structure

Algorithm I
parameter setting |

Generate the

Use a VB script to |I k
transmit design variables | | corresponding structure
using HFSS
I

Perform simulation to
obtain impedance
| and phase

Calculate the

update design error values

variables

|
|
|
|
|
| TUse MOEAD to
|
|
|
|
|
|

Obtain the optimal
design variables

Fig. 4 Design flowchart of the proposed method
(OMN: output matching network; MOEA /D: multi-
objective evolutionary algorithm based on decompo-
sition; HFSS: High Frequency Structure Simulator)

tively), compared to the conventional regular struc-
ture. However, at the frequency of 2.5 GHz, which
corresponds to objective 1, the regular structure
According to the fit-
ness calculation formula defined previously for ob-
jective 1, a fitness value <1 is considered to meet
the optimization requirements. Thus, although the

shows a lower fitness value.

performance of the fragment-type structure in terms
of fitness for objective 1 is not as good as that of the
conventional structure, it still meets the expected
optimization objectives.

Fig. 6 presents the simulated phase values and
load impedances of OMN,. It can be observed that
the load impedance Z st satisfies the impedance re-
quirement. Furthermore, the range of IER (Za1 out)
for the fragment-type structure spans from —j30 €2 to
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Fig. 5 Fitness value of the objective functions in
the optimization process: (a) regular structure; (b)
fragment-type structure

—j115 Q. For comparison, the impedance and phase
results from the regular structure are provided. The
comparison results demonstrate that the fragment-
type structure possesses greater optimization flex-
ibility in terms of impedance matching and phase
control, which can improve the consistency of effi-
ciency in the wideband large BOP range DPA.

3.3 Design and simulation of the proposed
DPA

To validate the proposed optimization method,
a large BOP range DPA is designed using Wolfspeed
CGH40010F GaN HEMT for the frequency range of
1.7-2.5 GHz. To achieve the power ratio of 1, af-
ter evaluation using load-pull simulations, the drain
voltages for the main and auxiliary amplifiers are set
to 24 V and 28 V with the gate voltages of —3 V and
—6 V, respectively. The impedance constraint cir-
cle method combined with the fragment-type struc-
ture is also employed to design OMNys, as shown in
Fig. 6a along with the impedance simulation results.
An Anaren X3C22E1-03S 3-dB 90° hybrid coupler is
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Fig. 6 The optimized output matching network

(OMN) and simulation results in the 1.7-2.5 GHz
frequency band: (a) phase; (b) impedance

selected as the input power divider. The complete
schematic of the proposed DPA is given in Fig. 7.

The simulated drain efficiency (DE) versus out-
put power in the frequency range of 1.7-2.5 GHz is
shown in Fig. 8a to verify the performance of the de-
signed fragment-type structure DPA. It is shown that
the DE at 9-dB BOP and the saturation is 48%-58%
and 55%-74%, respectively. The efficiency at a 9-dB
BOP is further illustrated in Fig. 8b, which presents
the relationship between DE and frequency, confirm-
ing the effectiveness of the fragment-type structure.
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4 Experimental results

For further verification, the designed DPA was
fabricated, as depicted in Fig. 7. Fig. 9 illustrates
the measurement results using continuous waves. It
presents the measured efficiency and gain character-
istics as the function of output power. From this
figure, it can be noted that the DPA exhibits dis-
tinct Doherty operation characteristics within the
operating frequency range, achieving high efficiency

28 80
—a— 1.7GHz —2— 23 GHz
244 —=— 19GHz —o— 2.5GHz A r7o
—_—— _ N
21GHz e ﬂ?‘f-g'f‘ﬁ 60
201 AT DK A, S -
o s e —
o D/A/ Lso o
z o S
= 161 e A <
= F40 A
(O]
124
r30
8] k20
4 T T T T T T T T 10
30 32 34 36 38 40 42 44
Output power (dBm)

Fig. 9 Measurement results of the gain and drain effi-
ciency (DE) for the proposed Doherty power amplifier
(DPA)

at 9-dB BOP. Fig. 10 presents the saturated out-
put power, efficiency, and 9-dB BOP DE within the
1.7-2.5 GHz operating bandwidth. The saturated
output power exceeds 44 dBm within the operating
bandwidth, and the DE ranges within 58.5% 68%
and 45%-55% at saturation and 9-dB BOP, respec-
tively. The power added efficiency (PAE) in the sat-
uration and 9-dB BOP is >50.8% and >43.2%, re-
spectively. Measurement results indicate that the
proposed method can enhance the consistency of
BOP efficiency in the DPA using IER while achieving

bandwidth expansion.

To validate the linearity of the power amplifier,
digital pre-distortion (DPD) linearization measure-
ments were conducted at 1.7, 2.1, and 2.5 GHz. The
measurement was conducted at an average output
power of approximately 35 dBm, using a 20-MHz
long-term evolution (LTE) modulation signal with a
PAPR of 8 dB. The results illustrated in Fig. 11
show that the designed DPA achieves an adjacent
channel leakage ratio (ACLR) of <—50 dBc with an
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average efficiency >50%.

Table 1 presents a performance comparison with
some existing large BOP range DPAs. It can be con-
cluded that the proposed DPA can achieve extended
bandwidth while maintaining good efficiency at the
9-dB BOP range.

5 Conclusions

The present paper introduces an optimized
method for the OMN design of the DPA using IER.
An impedance—phase hybrid objective function in

Ni et al. / Front Inform Technol Electron Eng 2025 26(1):146-156

conjunction with a fragment-type structure was em-
ployed to mitigate the efficiency inconsistency caused
by phase dispersion within the wideband range.
Compared to conventional regular structure designs,
the relative operating bandwidth of the optimized
DPA can be expanded with high BOP efficiencies.
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Fig. 11 Measured spectra before and after linearization for 20-MHz LTE modulation signal (LTE: long-term
evolution; DPD: digital pre-distortion; PSD: power spectral density)

Table 1 Performance comparison of DPAs

Reference Type  Frequency (GHz) FBW (%) DEQSAT (%) BOP (dB) DEQBOP (%)

Kong et al. (2018) Sym. 2.2-2.5 12 63-68 9 45-52
Ruhul Hasin and Kitchen (2019)  Sym. 2.1-2.3 9 71 9 54

Li C et al. (2020) Sym. 1.9-2.4 23 65.2-78 8.5-9 44.2-49.7
Guo et al. (2022) Asym. 2.0-2.6 26 60.5-78 9 44.6-65

Li MY et al. (2023) Asym. 1.6-2.1 27 47-62.7 12 42.2-52.1
Zhang JR et al. (2023) Sym. 2.05-2.8 31 66-76 9 40-49
This work Sym. 1.7-2.5 38 58.5-68 9 45-55

DPA: Doherty power amplifier; FBW: fractional bandwidth; DE: drain efficiency; SAT: saturation; BOP: back-off power; Sym.:

symmetric; Asym.: asymmetric
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