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ABSTRACT This paper presents a systematic design methodology for asymmetric Doherty power amplifiers
(ADPAs) that explicitly considers multiple operational regions in the design of output matching networks.
To enhance efficiency in the output back-off (OBO) region, the proposed approach employs Three-State
Matching (TSM), in which the load-modulated impedance of the main amplifier is transformed into
the transistor’s optimal impedance at three distinct operating points. The method further incorporates an
optimization process based on the optimal region (OR), where the input impedance trajectory of the matching
networks is confined within the region identified by load-pull and source-pull simulations. To extend
bandwidth, a post-matching network is employed to achieve robust impedance transformation. To validate
the proposed technique, an ADPA utilizing 10 W and 30 W GaN HEMT devices was designed and fabricated
for the n78 band (3.3-3.8 GHz) of 5G systems. Continuous-wave (CW) measurements confirm an OBO
region of 9.5 dB with drain efficiency exceeding 45% across the target bandwidth. The results demonstrate
that the proposed TSM-based design methodology effectively addresses efficiency degradation in the OBO
region while ensuring wideband operation for next-generation wireless communication systems.

INDEX TERMS Asymmetrical doherty power amplifier, output power back-off, three states matching,
efficiency, optimal region.

I. INTRODUCTION

The escalating demand for high-speed and high-capacity data
transmission is a defining characteristic of modern wireless
communication. Meeting this demand is driving the expan-
sion of system bandwidths and the adoption of advanced
digital modulation techniques. However, these techniques
inherently result in transmitted signals with a high Peak-
to-Average Power Ratio (PAPR). Under such high-PAPR
conditions, traditional power amplifiers (PAs)—which are the
largest energy consumers in a communication system—suffer
from significant efficiency deterioration at low power levels.
Resolving this critical issue is essential for the energy effi-
ciency and operational cost of modern wireless infrastructure.

The associate editor coordinating the review of this manuscript and

approving it for publication was Paolo Crippa

To mitigate the efficiency challenges posed by high-PAPR
signals, various PA topologies have been developed. Among
them, the Doherty Power Amplifier (DPA) [1], [2], [3] is one
of the most widely adopted architectures, particularly in sub-
6 GHz cellular base stations. The DPA operates based on
the principle of load modulation, where the load impedance
presented to the active devices changes as a function of the
input power level. A conventional DPA comprises a main PA
(typically Class AB) and an auxiliary PA (typically Class C)
of equal size, which enables an output power back-off (OBO)
of approximately 6 dB while maintaining high efficiency.

However, modern communication standards generate
signals with PAPRs frequently exceeding 6 dB, which
conventional DPA designs struggle to handle efficiently.
Consequently, significant research has focused on extending
the OBO range and the high-efficiency region. Solutions
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include multi-way, multi-stage, and DPA-like topologies [4],
(51, (61, 71, [81, [9], (101, [11], [12], [13], [14], [15], [16],
[17], [18], [19], [20], [21], [22], [23], [24], [25]. While
multi-stage and multi-way DPAs feature multiple devices and
offer several points of peak efficiency to extend the OBO,
they often suffer from limited bandwidth and increased cir-
cuit complexity. The two-way asymmetric DPA, which uses
two transistors with the auxiliary device being larger than
the main, is often preferred due to its simpler structure and
compact size.

The design process of a DPA effectively starts by care-
fully determining the dimensions of the main and auxiliary
transistors. This critical step is predicated on the required
peak power levels and the desired OBO to ensure optimal
performance and efficiency. The auxiliary PA is designed
to operate optimally at peak power (saturation). Following
this, the main PA is optimized for performance at two power
levels: (1) at peak power, where both transistors are satu-
rated, and (2) at the power level where the auxiliary PA
begins to turn on. This technique is known as two-state
matching [26], [27].

Fig. 1(a) illustrates the typical efficiency profile of a con-
ventional DPA as a function of output power. As shown, high
efficiency is achieved at the onset of the Doherty region—
corresponding to the point where the auxiliary PA begins
to turn on (referred to in this paper as the low-power (LP)
state)—and again at peak power (PP), where both PAs oper-
ate in saturation. However, the efficiency degrades in the
intermediate OBO region. This degradation becomes more
pronounced as the separation between the LP and PP states
increases, i.e., as the targeted OBO level becomes larger.

A review of the existing literature on asymmetric DPAs
indicates that the mid-region of the Doherty operation—
namely, the power interval between auxiliary turn-on and
full saturation—has not been systematically incorporated into
the impedance optimization process. Most reported designs
focus primarily on the two end states of load modulation,
i.e., the auxiliary turn-on point and the peak-power con-
dition. In [28], efficiency degradation in the intermediate
Doherty region was addressed for a symmetric DPA with
6 dB OBO by compensating for the phase variation of the
peaking amplifier using an offset line, and the solution was
demonstrated at a single frequency. However, a generalized
impedance-synthesis approach that explicitly targets interme-
diate power levels, particularly for asymmetric DPAs with
large OBO and broadband operation, has not been fully devel-
oped. Moreover, optimizing an asymmetric DPA over the
entire OBO range and across a wide frequency band typically
requires extensive harmonic-balance analysis involving two
nonlinear active devices. This significantly increases com-
putational complexity and may hinder the convergence of
computer-aided optimization routines.

This paper introduces a systematic and novel design
methodology for asymmetric DPAs with extended out-
put power back-off (OBO). Unlike conventional two-state
approaches, the proposed design employs a Three-State
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FIGURE 1. (a) Efficiency vs. output power of a typical DPA, (b) Definition
of the low-power (LP), middle-power (MP), and peak-power (PP)
operating states used in the proposed three-state matching (TSM)
technique.
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FIGURE 2. Simplified operational diagram of a conventional DPA.

Matching (TSM) technique, which considers three distinct
operating conditions for the synthesis of the main amplifier
output matching network:

« PP state: Both devices are in saturation.
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o LP state (turn-on state): The auxiliary device is just

beginning to turn on.

« Middle power (MP) state: An additional operating point

located near the center of the Doherty back-off region.

By incorporating the MP state into the matching-network
synthesis, the proposed TSM approach effectively mitigates
the efficiency degradation commonly observed in the mid-
dle of the Doherty operating region. The TSM technique
enables impedance optimization at three operating power
levels, resulting in more accurate impedance control across
a wider output-power range while preserving the simple and
compact structure of a conventional asymmetric DPA.

As illustrated in FIGURE 1(b), the main contribution of
this work is the introduction of the MP operating point
as an additional design constraint in the synthesis of the
main-path output matching network. In contrast to con-
ventional approaches that rely solely on low-power and
peak-power operating conditions, the proposed method
explicitly incorporates the MP operating state, thereby
enabling more accurate load-modulation-based impedance
synthesis and improved efficiency throughout the Doherty
operating region.

To achieve a wide bandwidth, we employ a transformer-
less load-modulated DPA configuration where the impedance
converter is embedded within the output-matching net-
work [26]. In conventional DPAs, load modulation between
the main and auxiliary amplifiers is typically realized
using a quarter-wavelength (A /4) transmission line [29].
However, the inherent frequency-dependent characteristics of
the A /4 transformer limit the achievable bandwidth, as dis-
cussed in [29]. To overcome this limitation, transformer-less
load-modulation techniques have been introduced, which
eliminate the frequency-sensitive impedance transformation
of the A /4 network and enable broadband operation [26].
Therefore, a transformer-less architecture is adopted in this
work to enhance the operational bandwidth while preserving
effective load modulation and high-efficiency performance.
An additional post-matching network is utilized to transform
the 50 2 output impedance to a suitable impedance at the
common output node [30], [31], [32], [33], [34]. Moreover,
the input and output matching networks are strategically
designed to confine the impedance trajectory within the
Optimal Region (OR), which is identified via load-pull and
source-pull simulations [35], [36], [37], [38], [39], [40].

To validate the TSM-based design, an asymmetric DPA
utilizing 10 W and 30 W GaN HEMT devices was designed
and fabricated for the 3.3-3.8 GHz band, targeting sub-6 GHz
5G communications. Continuous-wave (CW) measurements
confirm an OBO greater than 9.5 dB with high efficiency
across the target bandwidth.

The remainder of this paper is organized as follows:
Section II details the novel asymmetric Doherty design tech-
nique based on Three-State Matching. Section III describes
the complete amplifier design process. Section IV presents
the measured results and the performance of the fabricated
prototype, followed by the Conclusion.
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Il. METHOD OF THREE-STATE MATCHING

FIGURE 2 illustrates a simplified model of a DPA, consisting
of a main and an auxiliary PA branch modeled as ideal cur-
rent sources with output matching networks. The equivalent
load-modulated impedances seen by the main and auxiliary
transistors at the common output node are denoted by Zy and
Zx, respectively, and are obtained as follows [3]:

Ia

Iy = (1 + —) 7 (D
Im

Zy = (1+I—M) Z 2)
I

Int and I5 are the complex output currents injected by the
two branches (see FIGURE 2), and Z, represents the load
impedance at the combining node.

In the proposed design methodology of DPA, the design
steps are as follows:

1. According to the desired specifications (peak power,
OBO value), the transistors and the operating points of the
main and auxiliary amplifiers are selected.

2. The auxiliary amplifier is designed for optimal perfor-
mance at the PP state. This step is exactly the same as in the
conventional DPA design method.

3. Considering the effect of the auxiliary amplifier, the
main amplifier’s output matching network is designed to
achieve optimal performance across the three required states:
LP, MP, and PP. This is the key step distinguishing between
our work and the conventional design of DPA, where a
two-state matching network design is applied.

In step 2, the load modulated impedances seen by the
auxiliary device at the PP condition are needed. Moreover,
step 3 requires the modulated impedances seen by the main
device at the three power level conditions, LP, MP, and PP.
Therefore, in the following subsection, we first analyze the
modulated impedances seen by each device at these power
levels. Then in subsection B, we will talk about the design of
the matching network of the main device using the proposed
TSM technique.

A. ANALYSIS OF MODULATED IMPEDANCES AT THREE
POWER STATES

1) LOW POWER STATE

In the LP state, the auxiliary device is intentionally off (or just
beginning to turn on). Consequently, the auxiliary amplifier’s
output presents a reactive component, jX(f), at the common
node (FIGURE 3(a)). This reactive component is in par-
allel with the load impedance Z; and determines the load
impedance ZIMP seen by the main amplifier.

2) PEAK POWER STATE

At the PP state, both the main and auxiliary transistors operate
in saturation. To achieve maximum power in the PP state,
the currents Iny and In must be in phase, i.e., ZIEF =
ZIKP (superscripts denote the working power condition). This
phase alignment is achieved by applying an appropriate offset
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FIGURE 3. Simplified schematic of the main amplifier's output section at
three power states: (a) low power, (b) intermediate power, and (c) peak
power.

in the input/output of the auxiliary PA branch. The current
magnitude ratio at PP is defined as RF” = [IEP|/|IFT|. which
is determined during the initial design stage based on the
required peak power and each branch’s power contribution.
Under the in-phase condition, the modulated load impedances
given in (1) and (2) can be derived as follows [3]:

ZPP = (1 n R;’P) Z 3)

1
zir = (1 + W)ZL 4)
RI

3) MIDDLE POWER STATE

The MP operating point is defined as the midpoint of the
target OBO region, as shown in FIGURE 1(b). For instance,
for a Doherty amplifier designed with a target OBO of 10 dB,
the MP operating point is selected at 5 dB OBO. In the MP
state, both the main and auxiliary transistors are active; the
main transistor remains in saturation, while the auxiliary tran-
sistor is active but has not yet reached saturation. Assuming
the output currents’ magnitude ratio RY” = [INP|/|IM[F| and
phase difference AP = /INP - /IMP we obtain that the
impedances seen at the output, ZMP and leﬂ) can be derived
from (1) and (2) as follows:

ZMP — (1 +RYP exp {jAGMP }) Z (5)

1
Z)\P (1 + 5 XD {—jAOMP })ZL 6)
1
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As mentioned before, in the proposed three-state matching
technique (in step 3), ZMP is required. This impedance,
as observed in (5), is a function of RY" and AOMP. The
current magnitude ratio RZI"[P = |11X[P|/ |I%P| can be approx-
imately obtained from the ratio of power delivered by each
device at the MP state. The phase difference A9 = /INIP -
ZIMP is unknown at this stage of the design (step 3), because
the phase of the main amplifier’s output current (ZIMP)
depends on its output matching network, which is currently
under design and not yet determined.

To obtain AGMP, we use the following strategy. Since the
main amplifier remains in saturation throughout the Doherty
region, its output voltage is nearly constant. This means the
output capacitance and the resulting output phase of the main
transistor are largely stable, leading to an approximation of
constant phase for the main current: ZIMP ~ /[TPP [3].
Considering the in-phase condition at peak power (/I AP =
ZIK,})), the phase difference AOMP — ZIXIP - ZI%P can be
expressed as follows:

AOMP ~ /P /1P 7

As observed from (7), determining the phase difference
AOMP requires knowledge of the auxiliary current phase
in the MP and PP states (notice that, unlike the MN of
the main device, which is not designed during step 3,
the MN of the auxiliary device is already determined in
step 2). These mandates simulate the auxiliary PA when
terminated by the modulated loads Zk/IP and ZKP. However,
while ZXP is calculated and known from (4), the impedance,
2™ itself, is a function of the unknown phase differ-
ence AOMP (as shown in (7)). This establishes a complex,
interdependent relationship that cannot be solved explic-
itly. To extract AOMF an iterative algorithm is employed as
follows:

1. An initial estimate of AGMP is selected.
2. The corresponding value of ZIXIP is calculated using (6).
3. The auxiliary amplifier is terminated with ZIXIP and

the output current phase at the MP is then simulated,

yielding the phase ZIIXIP

4. The auxiliary amplifier is terminated with ng and
the output current phase at the PP is then simulated,
yielding the phase ZIKP.

5. The phase difference is updated according to AGMF =
ZIMP _ ZIPP

A A

6. A new value of Z%P is recalculated based on the
updated phase difference.

7. The updated ZI\A/IP is again applied as the modulated
load impedance at the MP. The phase ZIR’IP is recal-
culated, followed by an updated evaluation of A@MF =
ZIMP _ ZIPP

A A

8. Steps 2 to 7 are repeated iteratively until A

verges to a stable value.

OMP con-

Once AOMP is determined, ZMP which is required in
step 3 of the TSM technique, can be calculated using (5).
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B. OUTPUT MATCHING NETWORK DESIGN USING TSM

In the TSM method, the MN is designed to match three sets
of impedances (at three states: LP, MP and PP) to each other
as shown in FIGURE 3. In this figure, the impedance seen
from the right side of the OMN of the main device is ZII(,[P,
Z%P, and Zf{ . These impedances are to be matched to the
optimum impedances that the drain of the main device needs
to see at three states, Z{;?Main, ZRD/[,R[ain’ and Zgl’)Main which
can be determined using the load-pull simulation of the main
device at three states. This method is described in detail in a
design example given in the next section.

Ill. DESIGN EXAMPLE

To validate the TSM methodology proposed in Section II,
an ADPA was designed using GaN High-Electron-Mobility
Transistors (HEMTs). The circuit targets the 5G n78 fre-
quency band (3.3-3.8 GHz). The primary design goals were
to achieve a peak output power (Poutp.q) of 46 dBm (40 W)
and maintain a drain efficiency (DE) greater than 50% from
a 10-dB OBO level up to saturation.

To meet the specified design requirements, the Wolfspeed
GaN HEMT devices CGH40010F and CGHV40030F are
selected for the main and auxiliary amplifier paths, respec-
tively. The main device is biased in Class-AB operation with
Vps =28 Vand Vgs = — 2.95 (Ipg = 100 mA). In contrast,
the auxiliary transistor is biased in Class-C with Vpg = 50 V
and Vgs = — 4.6 V. The use of a high-voltage (50 V)
transistor for the auxiliary stage is employed to compensate
for the lower inherent gain of Class-C operation relative to
the 28 V Class-AB main stage.

At the peak output power of 40 W, the auxiliary amplifier
contributes around 30 W, and the main amplifier delivers
10W. The power ratio was selected based on the target spec-
ifications of 40-W peak output power and 10-dB OBO in
the proposed asymmetric Doherty amplifier [3], rather than
through comparative optimization of different power-ratio
configurations. Given the voltage ratio Vp 4/ Vp ar ~ 1.8, the
corresponding current ratio at PP state (R}D P = |IgP |/ |I§,f|) is
determined to be approximately 1.66.

By performing load-pull simulations for both devices,
we found that the optimal drain impedances for achieving
maximum performance within our frequency band of interest
are significantly lower than 50 €2, typically in the range of
5-10 2. Therefore, to simplify the design of the output
matching networks (OMNs), the load impedance is set to
71, = 5 in FIGURE 2. It should be noted that this choice —
rather than adopting the standard 50 €2 load—facilitates the
OMN design. However, a post-matching network is required
at the output to transform 5 €2 to 50 €.

Load-pull simulations were performed in Keysight ADS
using the nonlinear compact models of the devices from
Wolfspeed under harmonic-balance analysis. Five harmon-
ics were included in the simulations. The second harmonic
was explicitly incorporated into the optimization process,
while the third to fifth harmonics were terminated under
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open-circuit conditions. The built-in device thermal model
was employed throughout the simulations. The load-pull
analysis was carried out over the 3.2-3.9 GHz frequency
range with a frequency step of 0.1 GHz. To ensure numerical
accuracy, the ADS strict convergence option was used, corre-
sponding to a relative error below 10~* and an output-power
variation of less than 0.01 dB between successive
iterations.

A. AUXILIARY AMPLIFIER DESIGN

The auxiliary amplifier is designed to achieve maximum
output power and efficiency at the PP level, where the device
operates in saturation. Based on (4), and with the deter-
mined current ratio R‘,D P — 1.66 and Z; = 52, the
impedance observed by the auxiliary amplifier at the com-
mon output node under the PP state is calculated to be
approximately 8 €2.

For the auxiliary amplifier design, the optimum transistor
drain impedances across the target frequency band are deter-
mined using the load-pull technique. Power added efficiency
(PAE) and output power contours are obtained at several
frequency points. The fundamental load impedance region is
defined by the intersection of the PAE>70% contour and the
Pout>45 dBm contour, as shown in FIGURE 4(a).

On the other hand, transistor terminations at higher-order
harmonics, particularly the second harmonic, affect the per-
formance of the PA [41], [42], [43]. In this work, only the
impact of the second harmonic is considered, as it has the
most dominant influence. FIGURE 4(b) illustrates the DE
variation with respect to the phase of the second-harmonic
reflection coefficient (£I"(2f)). A considerable degradation in
DE is observed for termination phases in the range of —150°
to —110°, which is consequently identified as the undesirable
region to be avoided.

To mathematically define the target regions, load-pull
simulations are first performed to obtain the output-power
and PAE contours at each design frequency. Based on
the selected performance targets, the overlap of the cor-
responding contours defines the desired high-performance
impedance region. Since this overlap generally has an irregu-
lar shape, it is approximated by circle-based boundaries to
facilitate matching-network optimization. The centers and
radii of these circles are extracted using the ADS optimization
and curve-fitting tools, following the optimal-region method-
ology reported in [35] and [38]. The optimal region (OR)
for the fundamental impedance is then formulated as the
intersection of these two circles as follows [38]:

| T(fi) — Ce(fi) |= Re(f)
| T(f) = Ce(f) |< Re(fi) ®)

The optimal region for the second-harmonic termination is
defined by excluding the undesirable phase range around the
Smith chart as follows [38]:

| T(2fi)|>09
AT (2f) ¢ [—150; —110] )
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FIGURE 5. The schematic of the designed OMN of the auxiliary PA.

In (8) and (9), f; denotes a frequency point within the
desired operating band, and I'(f;) denotes the input reflection
coefficient of the matching network at f;. Cp and Rp are the
center and radius of the circle associated with the output
power contour, and Cg and Rg are for the PAE contour. The
centers and radii used to define the ORs are summarized in
TABLE 1.

The OMN was synthesized as a multi-section transmission
line network, incorporating a high-impedance stub for DC
biasing (FIGURE 5). The lengths and widths of the trans-
mission lines were determined using the built-in optimizer in
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TABLE 1. The centers and radii of the OR of the auxiliary amplifier.

£(GHz) Cr Ry Ce R:
32 0.0+§0.04 0.47 0.14j0.44 0.24
33 20.040.05 | 045 0.08+0.43 0.23
34 -0.03-j0.0 0.48 -0.0+j0.42 0.25
3.5 0.0650.01 | 046 | -0.04+j0.37 0.25
3.6 -0.1050.04 | 0.46 -0.14j0.35 0.26
37 -0.1050.06 | 045 | -0.15+0.33 0.27
38 0.1050.06 | 045 | -0.12+j0.38 0.25
3.9 -0.1050.06 | 045 | -0.15+0.33 0.27

TABLE 2. The centers and radii of the or of the main amplifier at three
states: (A) LP, (B) MP, AND (C) PP.

(a) (b)
f(GHz) Cel? RAP f(GHz) CeM? R
32 0.09+j0.36 | 0.47 32 | 0.15+4j0.27 | 0.47
33 0.09+j0.26 | 0.43 33 0.2+j0.29 | 0.48
34 0.09+j0.26 | 0.43 34 | 0.15+j0.25 | 0.48
35 0.04+j0.2 | 0.41 35 | 0.154j0.25 | 0.44
3.6 0.12+j0.23 | 0.42 3.6 | 0364027 | 0.36
3.7 0.10+j0.24 | 0.43 37 0.0+j0.25 | 0.49
3.8 0.12+j0.24 | 0.43 38 0.0+j0.18 | 0.49
3.9 0.140.23 | 0.44 39 0.0+j0.18 | 0.51
(©)
f(GHz) C? R" Ce? R
32 0.1702 | 0.6 | 0.27+j0.24 | 035

3.3 0.17-0.22 | 0.58
34 021022 | 0.57
35 034022 | 0.54
3.6 0.5-0.17 | 0.42
37 0.04-0.22 | 047
38 0.08-0.24 | 0.48
3.9 0.120.27 | 0.49

0.2+0.25 | 0.33
022402 | 033
0.25+02 | 03
0.43+0.16 | 0.26
0.01+j0.19 | 0.37
0.03+j0.16 | 0.4
0.02+j0.12 | 0.41

Advanced Design System (ADS). This optimization ensured
that the input impedance path of the OMN satisfied condi-
tions (8) and (9) across the entire 3.2-3.9 GHz band. The
resulting circuit was implemented on a Rogers RO4003C
substrate with a thickness of 12 mil. Figure 6 illustrates the
trajectory of I'(f) of the realized OMN, confirming that the
fundamental and second-harmonic impedances are success-
fully confined within their respective optimal regions. The
input matching network (IMN) was conventionally designed
for maximum gain.

B. MAIN AMPLIFIER DESIGN

Following the design of the auxiliary amplifier, the main
amplifier is developed. The core objective of this phase is to
synthesize the main OMN using the proposed TSM method
introduced in Section II. The OMN must transform the three

VOLUME 14, 2026
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FIGURE 6. The impedance trajectory of the optimized OMN of the auxiliary PA. The optimum regions of the load at fundamental and the
suitable area for the second harmonic termination are shown by pink and green shading, respectively. The contours corresponding to
Pout = 45 dBm and PAE = 70% are also depicted by blue-dashed and red-dashed lines, respectively.

Main-OMN

Offset-Line

Output touchstone model of Auxiliary PA
when it is turned off

Main-OMN

fid

9.5+j235 O

(b)
: Main-OMN I i
i A4
: .
O
(©

FIGURE 7. Representation of the three-state matching in the design of
the output matching network of the main amplifier at low power (a),
middle power (b), and peak power (c).

modulated impedances appearing at the common output node
into the corresponding optimal drain impedances of the main
transistor for the LP, MP, and PP states.

To achieve this, the optimal drain impedances under these
three power levels are first determined. Load-pull simulations
are performed to extract the PAE and Pout contours across
the operating frequency band for the LP, MP, and PP states.
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FIGURE 8. Schematic of the designed OMN for the main PA.

For the LP and MP conditions, only the PAE contours are
considered, while for the PP condition, the intersection of the
PAE and Pout contours defines the target region.

At the LP condition (10-dB OBO) the DPA delivers
approximately 36 dBm (4 W) at the system output, the bulk
of which is supplied by the main amplifier. For this state the
PAE contour corresponding to 50% efficiency is selected as
the target region. Since the main amplifier remains saturated
throughout the 10-dB back-off range (OBO < 10 dB), its
output power is approximately proportional to the square
root of the input power (since Py, vés and Poye o vgg).
Therefore, in the Doherty region. We model the main
amplifier output power versus input power relationship as
follows:

Poutyain = ¢o + ¢1vPin (10)

Assuming a nominal power gain of around 10 dB across
the 10-dB OBO range (according to the device datasheet),
the input powers at the LP (10-dB OBO), MP (5-dB OBO),
and PP (0-dB OBO) points are approximately 0.4 W, 1.3 W,
and 4 W, respectively. Fitting the pairs (Pin, Poutyain) =
(0.4W,4W) and (4 W,10 W) into (10) gives co ~ 1.3 and
c1 ~ 4.3. Using these coefficients and Pin = 1.3W for the
MP state yields an estimated main-amplifier output of 6 W.

Accordingly, the PAE contour at ~55% is chosen as the
optimal region for MP. For the PP state, the optimal region
is taken as the intersection of the 65% PAE contour and the
40-dBm output-power contour.

Following the identification of these regions from the load-
pull contours, the corresponding target areas for the OMN
design are approximated using circle-based boundaries, con-
sistent with the optimal-region methodology adopted for the
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FIGURE 9. The simulated impedance trajectories for the OMN of the main PA in the (a) LP, (b) MP, (c) PP states.

auxiliary amplifier. The circle parameters are obtained using
the ADS optimization tool and are subsequently used as
optimization constraints for the matching-network synthesis.
The centers and radii of these circles for the three operating
states are listed in TABLE 2, where the subscripts “P”’ and
“E” denote the Pout and PAE circles, respectively.

As in the auxiliary design, the influence of the second
harmonic is examined. The efficiency degrades when the
second-harmonic impedance phase lies between —140° and
—50°; thus, regions outside this range are adopted for OMN
synthesis.

Using the analytical relations (3), (7), the noted iterative
algorithm in the section IT and the selected device parameters,
the modulated impedances seen by the main PA at PP and MP
states are calculated as 13 2 and 9.5+j2.35 2, respectively,
as illustrated in FIGURE 7. At the LP condition, the auxiliary
path behaves as a parasitic element in the load of the main
device. This parasitic loading is modeled using a one-port
Touchstone (S1P) file extracted from the auxiliary amplifier
output.

The main transistor’s OMN, like that of the auxiliary
device, consists of a multi-section transmission line structure
incorporating a shunt stub that also serves as the biasing
network. The ADS built-in optimizer was used to determine
lengths, widths, and the offset line so that the drain impedance
falls inside the optimal regions for LP, MP, and PP. The
optimization targets are the three condition sets defined in (8)
and (9), with circle centers and radii given in TABLE 2.
The optimized circuit is shown in FIGURE 8, and the imple-
mented OMN impedance trajectories for the three operating
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states are plotted in FIGURE 9; at each frequency, both
the fundamental and the second harmonic lie within their
respective optimum regions. Finally, the IMN was designed
by conventional source-pull at the PP state to maximize power
gain.

C. INTEGRATION AND FINAL TUNING OF THE
ASYMMETRIC DPA

After designing the IMN and OMN for both the main and
auxiliary amplifiers, the input power divider is implemented.
A Gysel power divider is selected to equally split the input
signal between the two amplifier branches. Compared with
the conventional Wilkinson configuration [44], the Gysel
topology offers superior power-handling capability due to
its grounded resistive terminations and effectively mitigates
parasitic effects.

At the output side, a post-matching network is incorporated
to transform the 5092 system impedance to 5€2, ensuring
proper load modulation across the Doherty operating range.
The complete schematic of the designed DPA is depicted in
FIGURE 10.

Following circuit integration, fine-tuning is performed to
optimize the Doherty load modulation and achieve balanced
operation between the main and auxiliary paths. After opti-
mization, the drain supply voltages of the main and auxiliary
transistors are set to 26V and 52V, respectively. The main
transistor bias current is adjusted to 33 mA, while the gate
bias voltage of the auxiliary transistor is set to —5.8V to
ensure proper turn-on characteristics.
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FIGURE 10. Schematic of the asymmetric DPA designed on an RO4003C substrate with a thickness of 12 mil. The transmission line dimensions
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FIGURE 11. The simulated DEs and gains of the designed Asymmetric
DPA versus output power.

FIGURE 11 presents the simulated DE and power gain
of the full-wave electromagnetic model versus output power
across the 3.3-3.8 GHz band. The results show a maximum
output power between 45.7 and 47.2 dBm, with an OBO
exceeding 11 dB and a DE above 50 %, confirming the
effectiveness of the proposed design approach.

IV. MEASUREMENT AND EXPERIMENTAL VALIDATION

A photograph of the fabricated asymmetric DPA prototype
and its measurement setup is displayed in FIGURE 12.
The measured and simulated S-parameters (Si; and Sp)
are compared in FIGURE 13, showing good agreement
from 2 to 6 GHz.

The fabricated prototype was evaluated under CW exci-
tation. For six frequency points within the operating band,
the input power was swept from 20 dBm up to saturation.
The measured DE and power gain versus output power
and the saturated Pout, power gain, and DE at saturation and
10 dB OBO across the operating bandwidth are plotted in
FIGURE 14.
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FIGURE 12. Photographs of (a) the fabricated Asymmetric DPA, (b) the
measurement setup, and (c) the measurement setup description.

The saturated output power ranges from 46 dBm to
47.2 dBm, while the corresponding peak DE varies between
60.5% and 68.5%.
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TABLE 3. Performance comparison with previously reported high-OBO PA in the 3-4 GHz band.

[Ref] | Fre Configuration FBW Single Carrier Test Modulate Signal Test
Yea; ( GHqZ') (number of %) OBO DE in Doherty Pout @ Sat. DE @ Signal PAPR P ACPR
transistors) (dB) Region (%) (dBm) Sat. (%) BW(MHz) (dB) (dBm) (dBc)
2[3;‘2) 3.3-43 Symmetric DPA (2) 26.3 6 42.0-68.99 43.2-44.5 58.6-68.9 LZI;)E 7.2 37.2 -27
[13] | 3.45- . . o 5G-NR
2022 375 Asymmetric DPA (2) 8.3 8.5 33.3- 62 41.8-43.5 47-62 100 8 36.8 -24.6
257 s | SGXNR
2022 3.1-4.2 LMBA (3) 30 10 37.5-65 47.5-48.7 46-58 100 10 37.8 -16
2[5213 3342 | Asymmetric DPA 2) | 242 | 7.8 425656 424428 | 5765 5(1}61;)111 78 35 272
2[(3)2]3 3.3-3.9 Symmetric DPA (2) 17 6 35-53.26 45.6-47 48-53.2 NA NA NA NA
7 . N 62.5- 5G-NR
2025 2.9-4.0 Asymmetric DPA (2) 323 8 43-71 41.6-43.3 7100 100 7.9 35 =233
This 3.3-3.8 . 14.1 >9.5 5G-NR
work | 34338 Asymmetric DPA (2) 11 >0 45-69.6 46-47.3 60.5-68.5 20 12 352 -21
P The results are presented under pulsed conditions with a duty cycle of 10%.
G Graphically estimated.
NA: Not available.
30 a0
70 _
25 a\=
80 ~
—_— )
E a 20 50 §
: : Z
'g - '5 185 «® =
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. DE(OBO=10 dB) 3 -
FIGURE 13. Comparison between measured and simulated S-parameters = W
of the Asymmetric DPA. &0 3 ‘ 5 =
E ;= ss ‘ y 13 %
D < - =
EEE = 2
2= | — e, |=E
. . “° R ' N U
Across the 3.3-3.8 GHz band, the DPA maintains a DE w© °
above 45 % for OBO levels exceeding 9.5 dB. A closer exam- % Y
ination reveals that, except for the lower 100 MHz portion % s

of the band, the DE remains above 45 % for OBO > 10 dB
throughout 3.4-3.8 GHz.

The design target was a DE of approximately 50 % at
10-dB OBO. The fabricated prototype achieves a DE slightly
below this target, primarily due to practical implementation
factors such as non-ideal device behavior, passive-component
losses, and fabrication tolerances. Nevertheless, the measured
results confirm high efficiency and consistent performance
over a wide bandwidth, validating both the proposed design
methodology and the effectiveness of the TSM architecture.

To evaluate the performance of the asymmetric DPA under
modulated-signal operation, a 5G-NR signal with a 20 MHz
bandwidth and a 12 dB peak-to-average power ratio (PAPR)
at a center frequency of 3.5 GHz was employed. Figure 15
shows the measured output power spectral density at an
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FIGURE 14. The measured performance of the fabricated DPA: (a) DE and
gain versus output power, (b) saturated P, Gain, and DE at saturation
and 10-dB OBO across the operating bandwidth.

average output power of 35.2 dBm. the measured ACPR is
approximately —21 dBc (—21.35 dBc and —20.83 dBc at
the lower and upper adjacent channels, respectively) without
applying digital predistortion (DPD), thereby reflecting the
intrinsic linearity of the amplifier. Although this ACPR level
represents the unlinearized performance of a highly efficient
Doherty amplifier operating near saturation, practical 5G
transmitter systems routinely employ digital predistortion
(DPD), which can further improve linearity performance.
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FIGURE 15. The measured output power spectra density using a 20-MHz
5G-NR signal with 12-dB PAPR, at 3.5 GHz.

The proposed amplifier is intended for sub-6 GHz 5G-NR
base-station transmitters, where maintaining high efficiency
over a large output back-off range is critical due to the high
PAPR of OFDM signals. Under modulated-signal excitation,
the amplifier achieves a measured average drain efficiency of
39.7%, demonstrating a favorable tradeoff between efficiency
and linearity. Overall, these results confirm the suitability
of the proposed DPA for energy-efficient wireless transmit-
ter applications, while additional linearity improvement is
expected when DPD is employed.

To position this work with respect to the state-of-the-
art, the measured performance of the proposed amplifier
is compared with several reported high-OBO power ampli-
fiers operating within the 3—4 GHz band in TABLE 3. The
primary objective of this design is to achieve high effi-
ciency across a large Doherty region (approximately 10 dB
OBO). The proposed amplifier maintains a drain efficiency
higher than 45% within 9.5-10 dB OBO across the oper-
ating band. Among the previously reported works listed in
TABLE 3, Ref. [25] demonstrates a comparable back-off
range of 10 dB. However, as reported in [25], the effi-
ciency decreases to approximately 37% in the middle of the
OBO region. In contrast, owing to the proposed three-state
matching technique, such mid-OBO efficiency degradation
is significantly mitigated in the present work. Furthermore,
Ref. [25] is based on a load-modulated balanced amplifier
(LMBA) topology employing three active devices, whereas
the proposed design utilizes a conventional two-device asym-
metric Doherty architecture. This reduces circuit complexity
and simplifies implementation and biasing while maintaining
high back-off efficiency.

V. CONCLUSION

This paper presents a systematic design methodology for an
asymmetric Doherty power amplifier (DPA) aimed at reduc-
ing the degradation of drain efficiency in the Doherty region.
The method is based on the design of an output matching
network (OMN) for the main amplifier, and its performance is
investigated across three power regions: low power (LP), mid
power (MP), and peak power (PP). To experimentally validate
the proposed approach, an asymmetric Doherty amplifier
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operating in the 3.3 - 3.8 GHz frequency band has been
designed and implemented. Measurement results demon-
strate that the designed amplifier achieves a peak output
power of 46-47.3 dBm and a drain efficiency (DE) exceeding
45% over a 10-dB OBO range, demonstrating a significant
improvement compared to the prior works. Future research
may explore the integration of intelligent adaptive control
techniques, including neuromorphic and memristive circuits,
for real-time nonlinearity compensation, dynamic impedance
matching, and efficiency optimization in broadband Doherty
power amplifiers operating under varying signal and load
conditions [45], [46].
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