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Abstract— This letter reports a first-ever decade-bandwidth
pseudo-Doherty load-modulated balanced amplifier (PD-LMBA),
designed for emerging 4G/5G communications and multiband
operations. By revisiting the LMBA theory using the signal-
flow graph, a frequency-agnostic phase-alignment condition is
found that is critical for ensuring intrinsically broadband load
modulation (LM) behavior. This unique design methodology
enables, for the first time, the independent optimization of
broadband balanced amplifier (BA, as the peaking) and control
amplifier (CA, as the carrier), thus fundamentally addressing
the longstanding limits imposed on the design of wideband
load-modulated power amplifiers (PAs). To prove the proposed
concept, an ultra-wideband RF-input PD-LMBA is designed
and developed using GaN technology covering the frequency
range from 0.2 to 2 GHz. Experimental results demonstrate an
efficiency of 51%–72% for peak output power and 44%–62%
for 10-dB OBO, respectively.

Index Terms— Balanced amplifier (BA), Doherty, high effi-
ciency, load modulation (LM), power amplifier (PA), signal-flow
graph, wideband.

I. INTRODUCTION

TO MEET the ever-increasing demands for higher data
rates and transmission capacity, sophisticated modu-

lation schemes are used, resulting in signals with large-
amplitude variations characterized by peak-to-average power
ratio (PAPR). Consequently, power amplifiers (PAs), as the
most power-hungry units in wireless communication systems,
suffer from significant efficiency degradation. Moreover, given
the proliferation of the wireless spectrum, PAs need to operate
over a wide frequency range.

To address the inefficiency in transmission of signals with
high PAPR, load modulation (LM) has emerged as an effec-
tive solution for PAs. Doherty power amplifier (DPA), as a

representative of LM, has been extensively studied [1], [2]
and widely adopted in base station applications. However,
DPA is limited in providing a wide bandwidth due to the
intrinsic constraints of the impedance inverter. On the other
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Fig. 1. (a) General circuit schematic of PD-LMBA. (b) Comparison with
the state-of-the-art DPAs/LMBAs. ( fhigh/ flow refers to the ratio between the
upper and lower boundaries of frequency range. Average cross-band efficiency
is defined as the average of maximum and minimum efficiencies at a specific
output power level).

hand, a recently introduced PA architecture, load-modulated

balanced amplifier (LMBA) [3], has been demonstrated to
provide both wide bandwidth and extended output power back-
off (OBO) range. By injecting an additional signal into the
isolation port of the output quadrature coupler of the balanced
amplifier (BA) through another control amplifier (CA), the
efficiency of BA is enhanced by LM. Furthermore, LMBA
inherits the wideband nature of BA, offering a significant
advantage over DPA. Developed from the original LMBA,
a re-engineered LMBA mode is proposed, named as pseudo-

Doherty load-modulated balanced amplifier (PD-LMBA) [4]
or sequential load-modulated balanced amplifier (SLMBA)

[5]. In PD-LMBA/SLMBA, the CA is set as the carrier
device and the BA as peaking as shown in Fig. 1(a), enabling
>10 dB of OBO range and ultra-wide bandwidth up to dual

octaves (4:1) [6].
While LMBA is proven to be broadband in extensive exper-

iments, no existing theory rigorously explains the consistency
of LM across all the in-band frequencies. By constructing
the full signal-flow graph of LMBA, this article demonstrates
that LMBA can consistently exhibit broadband LM behavior
when a specific CA-BA phase-alignment condition is met.
The proposed theory and method are validated through the
development of a PD-LMBA prototype. The bandwidth and
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efficiency of the PD-LMBA prototype are then compared with
DPAs and LMBAs reported in [1], [2], [4], [6], [7], [8], [9],

[10], and [11], as illustrated in Fig. 1(b). Designed using the
proposed theory, the bandwidth of the PD-LMBA prototype is
broadened unprecedentedly to a decade, significantly outper-
forming the state-of-the-art.

II. PHASE-ALIGNMENT ANALYSIS BASED ON

SIGNAL-FLOW GRAPH

The RF-input LMBA described in Fig. 1 consists of a BA
and a control amplifier. In the LMBA theory, LM is described
by [3], [4]

ZBA1 = ZBA2 = Z0

(
1 +

√
2Ice jθ

Ib

)
(1)

where Ib and Ic are the magnitude of BA and CA currents,
respectively, and θ is the phase of the control path. Note
that the classical LMBA theory indicated by (1) does not
involve any frequency dependence. In contrast, our proposed
LMBA theory intrinsically accounts for frequency-dependent
variations using the signal-flow graph. This analysis proves
the consistent LM behavior of LMBA across all the in-band
frequencies that solidly explains its wideband nature.

A. LMBA Revisited Using Signal-Flow Graph
The S-matrix of the wideband coupled-line coupler is given

by ⎡
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where m = (1/
√

2)e jθ(ω). While the phase of m is denoted by
θ(ω) representing its frequency dependence, the relationship
of S21 = j S41 consistently holds true. This implies that a
90◦ phase shift between the thru and coupled ports can be
maintained across the entire frequency range of coupler.

The S-matrix of the transistor in a PA is expressed as

[STr] =
[

0 0
S21,Tr 1

]
. (3)

The transistor is modeled as an ideal voltage-controlled current
source with infinite reverse isolation, and it is assumed to
be matched at the input. Furthermore, the S-matrix of the
input/output matching network of a PA is represented as

[SI/O] =
[

0 S12,I/O

S21,I/O 0

]
. (4)

Both the input matching network (IMN) and output matching
network (OMN) are assumed to be matched and reciprocal.

Based on the S-matrix of (2)–(4) and Fig. 1, the signal-flow
graph of generic LMBA is depicted in Fig. 2, which can be
viewed as the combination of two couplers and three sub-PAs
with IMN and OMN included. Note that the device parasitics
are considered as part of the OMN in (3). The S-matrix of the
phase shifter can also be modeled by (4).

By applying Mason’s rules [12] to the signal-flow graph of
LMBA in Fig. 2, the output waves (bout,BA, bout,CA) induced
by the BA and CA inputs (aBA, aCA) can be expressed as

bout,BA = aBA · 2 jm2S21,PHSS21,BIS21,BTrS21,BO

bout,CA = aCA · 2 jm2S21,CIS21,CTrS21,COS21,BO
2 (5)

Fig. 2. Proposed signal-flow graph for the wideband PD-LMBA with circuit
implementation using wideband coupled line couplers and GaN transistors.

where S21,PHS stands for the S21 of the phase shifter, and
subscripts B and C refer to BA and CA, respectively (e.g.,
S21,BI denotes S21 of the BA IMN). The total output wave is
a combination of BA and CA, i.e., bout = bout,BA + bout,CA.
In Fig. 2, the signal paths of BA (in red) and CA (in blue)
are identified and visualized based on (5), similar to [7]. The
common factor jm2 implies that both the BA signal and
CA signal pass through the coupler twice, resulting in the
same phase delay, even though the phase of m is a function
of frequency. The shared factor S21,BO indicates that the BA
signal passes through the BA OMN once, while the CA signal
traverses the BA OMN twice.

B. Frequency-Agnostic Phase Alignment for PD-LMBA
Given the ideal LM behavior of PD-LMBA, i.e., θ = 0◦

in (1), BA and CA signals should be in-phase combined at the
output. Eliminating the common factors in (5), the following
condition needs to be satisfied:

� S21,PHSS21,BIS21,BTr = � S21,CIS21,CTrS21,COS21,BO. (6)

Note that (5) and (6) contain the frequency dependence of
all the building blocks. If we assume the similar behavior of
IMNs and transistors between BA and CA (� S21,BIS21,BTr ≈
� S21,CIS21,CTr), the input phase shifter only needs to offset
the combined phase of CA and BA OMNs (� S21,COS21,BO =
� S21,PHS), so as to realize an inherently wideband PD-LMBA.

III. DESIGN OF DECADE-BANDWIDTH PD-LMBA

Based on the proposed theory, a 10-W GaN transistor
(Wolfspeed CG2H40010F) is used for realizing the CA, while
two 15-W GaN transistors (Wolfspeed CGHV27015S) are
used for the BA in the PD-LMBA prototype. The realized
circuit schematic is shown in Fig. 2. The target OBO is set to
10 dB to handle high-PAPR signals, and the target frequency
range is from 0.2 to 2 GHz. Two identical 50-� wideband
couplers (IPP-7116, Innovative Power Products) are used at
the input and output of the BA, which provides the same phase
delay for both BA and CA.

Device parasitics are extracted using the method reported

in [13], with the intrinsic nodes of the transistor provided
by the model. Subsequently, these device parasitics are used
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Fig. 3. (a) BA and CA signal path phase offset based on (6) at different
frequencies. (b) BA intrinsic load impedance trajectories.

Fig. 4. Fabricated PD-LMBA prototype.

as part of OMN. Multisection-transformer-based matching
network is used to realize BA and CA IMNs. Three RC-based
networks (with R = 200 � and C = 10 pF) are incorporated
into the IMNs to stabilize the PA. For CA OMN, a shunt
open stub is added right after the transistor drain, along with
two transmission lines in series, to collaborate with CA par-
asitics and establish the broadband multisection 40 �–50 �
matching [1]. In addition, a short transmission line is intro-
duced at the BA output to resonate with BA parasitics and
provide 50 �–50 � matching. The IMNs and OMNs for both
BAs and CAs are designed with the minimum number of shunt
stubs to minimize phase dispersion, simplifying the phase-
alignment requirement described by (6). This allows us to
add a transmission-line-based phase shifter at the BA input to
properly align the phase of BA and CA paths. The phase offset
between the BA and CA signal paths is plotted in Fig. 3(a),
revealing that the phase difference in the proposed PD-LMBA
is below 30◦ from 0.2 to 2 GHz. Fig. 3(b) displays the intrinsic
load trajectories of BAs, indicating a desired LM behavior
across all the in-band frequencies.

IV. IMPLEMENTATION AND EXPERIMENTAL RESULTS

The PA is implemented on a 31-mil thick Rogers
Duroid-5880 PCB board with a dielectric constant of 2.2,
as shown in Fig. 4. The CA is biased in Class-AB with VDD,CA

Fig. 5. Measured peak output power, gain, and efficiency at various OBO
levels from 0.2 to 2 GHz.

Fig. 6. Power-swept measurement of efficiency and gain from 0.2 to 2 GHz.

Fig. 7. Output spectrum from modulated measurement using a 10-MHz
9.5-dB-PAPR LTE signal centered at 500, 1000, and 1400 MHz.

around 12 V. The BA is biased in Class-C with 50-V VDD,BA.
Bias voltages are adjusted to improve the PA performance
at different frequencies. The prototype is tested using both
continuous-wave (CW) and modulated signals.

A. CW Measurement
The PD-LMBA prototype is evaluated using a single-tone

signal across the frequency range of 0.2–2 GHz at various
power levels. The frequency response is shown in Fig. 5.
A peak output power ranging from 43 to 45 dBm is observed
across the entire bandwidth, along with a gain of 9–15 dB
at different OBO levels. The corresponding measured peak
efficiency falls within the range of 51%–72%, and the effi-
ciencies at 10 dB OBOs are in the range of 44%–62%.
The power-dependent gain and efficiency profiles at various
frequencies are shown in Fig. 6, which indicates a strong
efficiency enhancement across different power levels. VGS,BA1

and VGS,BA2 are set unequal at some frequencies to further
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improve the back-off efficiency between the peak power and

10-OBO [14], e.g., 0.2 GHz in Fig. 6.

B. Modulated Measurements
A 10-MHz-bandwidth LTE signal with a PAPR of 9.5 dB

is used to perform modulated measurement. The modulated
signals are generated and analyzed using Keysight PXIe
vector transceiver (VXT M9421). The average power of the
modulated signals is 34 dBm, and the output spectrum is
shown in Fig. 7 at 500, 1000, and 1400 MHz, with average
efficiency of 52%, 48%, and 49%, respectively. The measured
adjacent channel leakage ratios (ACLRs) at these frequencies
are higher than 22 dB, and no digital predistortion (DPD) is
performed.

V. CONCLUSION

This letter presents a comprehensive analysis of LMBA
from a signal-flow perspective. By constructing the full signal-
flow graph of LMBA, it is, for the first time, demonstrated
that the LM behavior of LMBA can be sustained across
all the in-band frequencies when a specific BA–CA phase
alignment condition is met. This finding not only provides
a rigorous explanation of the wideband nature of LMBA
but also introduces a novel design methodology for realizing
ultra-wideband LMBAs. Moreover, the signal-flow approach
offers the opportunity to analyze the behavior of other load-
modulated PA topologies from a new perspective. To prove
the proposed concept, an ultra-wideband RF-input PD-LMBA
is designed and developed using GaN technology covering the
frequency range from 0.2 to 2 GHz. The experimental results
demonstrate an efficiency of 51%–72% for peak output power
and 44%–62% for 10-dB OBO, respectively. By leveraging the
BA–CA phase alignment condition identified in this study, the
bandwidth of the PD-LMBA prototype has been extended to an
unprecedented decade-wide range, significantly outperforming
the state-of-the-art.
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