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Abstract— This article presents a novel architecture of
load-modulated balanced amplifier (LMBA) with a unique
load-modulation characteristic different from any existing
LMBAs and Doherty power amplifiers (DPAs), which is named
pseudo-Doherty LMBA (PD-LMBA). Based on a special com-
bination of control amplifier (carrier) and balanced amplifier
(peaking) together with proper phase and amplitude controls,
an optimal load-modulation behavior can be achieved for
PD-LMBA, leading to maximized efficiency over extended power
back-off range. More importantly, the efficiency optimization
can be achieved with only a static setting of phase offset at a
given frequency, which greatly simplifies the complexity for phase
control. Furthermore, the cooperations of the carrier and peaking
amplifiers in PD-LMBA are fully decoupled, thus lifting the
fundamental bandwidth barrier imposed on the Doherty-based
active load modulation. Upon theoretical proof of these discov-
eries, a wideband RF-input PD-LMBA is physically developed
using the GaN technology for experimental demonstration. The
prototype achieves a highly efficient performance from 1.5to
2.7 GHz, e.g., 58%–72% of efficiency at 42.5-dBm peak power
and 47%–58% at 10-dB output back-off (OBO). When stimulated
by a 10-MHz long term evolution (LTE) signal with a 9.5-dB
peak-to-average power ratio (PAPR), the developed PD-LMBA
achieves an efficiency of 44%–53% over the entire bandwidth at
an average output power of around 33 dBm.

Index Terms— Balanced amplifier, Doherty, GaN, high effi-
ciency, load modulation, power amplifier (PA), wideband.

I. INTRODUCTION

THE rapid evolution of wireless communications in the
modern world has led to ever-increasing demands on

higher data rates and lower system latency in communi-
cation links. Due to the scarcity of spectrum resources,
the spectrum-efficient modulation schemes, such as high-order
quadrature amplitude modulation (e.g., 1024QAM) and
orthogonal frequency-division multiplexing (OFDM), have
been widely exploited in cellular and wireless local area
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network (WLAN) communications systems. Besides the ben-
efits of those techniques, they have also led to a substantial
increase of peak-to-average power ratio (PAPR) of signals,
e.g., 7–8 dB in 4G versus>9.5dBin5Gand WLAN
IEEE 802.11ax [1], [2]. Amplification of such high-PAPR
signals makes power amplifiers (PAs) suffer from substantial
efficiency degradation. On the other hand, due to the commu-
nications band proliferation, the wireless spectrum has been
significantly expanding toward higher frequencies beyond the
conventional range from 0.7to2.7 GHz in the 2G-4G era. As a
result, the operational bandwidth of a single PA is desired to
be as wide as possible, in order to minimize the number of
PAs on a wireless platform for reducing the cost, space, and
system complexity.
Enhancement of PA efficiency primarily relies on two
types of techniques, i.e., supply modulation (also known as
envelope tracking) and load modulation. Given the bandwidth
limitation and complexity in system operation of envelope
tracking [3], load modulation has attracted increasing interest,
and a variety of load-modulation architectures have been pro-
posed and employed in realistic systems, including Doherty PA
(DPA) [4]–[6], out-phasing PA [7]–[10], and varactor-based
dynamic load modulation [11]–[15]. However, conventional
load-modulation techniques are facing difficulties in efficiently
transmitting the high-PAPR signals and in extending to wider
bandwidth. For example, the standard DPA only offers 6 dB
of back-off power range, while the bandwidth is strongly
limited by the quarter-wave inverter embedded in its circuit
schematic. Despite recent advances in terms of wideband
asymmetrical DPAs [16]–[18], distributed DPAs [19], [20],
and multiway DPAs [21], [22], maintaining maximized effi-
ciency over extended powerback-off and meanwhile over
broadened frequency span still remains a major challenge.
Therefore, to enable energy-efficient and wideband commu-
nications for future generations, there is an urgent demand
to discover a new type of load-modulation PA fundamentally
breaking the efficiency–bandwidth compromise.
Recently, a new PA architecture, load-modulated bal-
anced amplifier (LMBA), has been demonstrated exhibiting
an effective method for performing load modulation over
wide bandwidth [23]–[28]. By injecting an external signal
into the isolation port of the output quadrature coupler,
the load impedances of balanced amplifier (BA) devices can
be controlled with the variation of this signal’s amplitude
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Fig. 1. PD-LMBA overview. (a) Schematic and (b) simulated efficiency pro-
file comparison between Class-B amplifier, conventional DPA, asymmetrical
DPA, and PD-LMBA (simulation is based on bare-die GaN devices to emulate
the ideal transistor models).

and phase, leading to the load-modulation behavior and
enhanced back-off efficiency. Moreover, by introducing a
control amplifier (CA) generating the control signal and by
merging its input with BA, the single-input (or RF-input)
LMBA is formed [24], [29]. The LMBA can be further
incorporated with Doherty-like combination of BA (carrier)
and CA (peaking), leading to Doherty-like load-modulation
behavior [30]. However, it is noted that the power back-off
range is not fully expanded beyond the 6-dB range for
the existing LMBA designs [25], [28], while the back-off
efficiency optimization relies on concurrent amplitude and
phase controls [25], [28], [31]. Such a control scheme requires
dynamic phase tuning that could increase the system-level
complexity.
Based on the classic LMBA theory [23] and the Doherty-

like RF-input LMBA method [24], [25], this article redesigns
the LMBA architecture, as shown in Fig. 1(a). By setting the
BA as the peaking and CA as the carrier, a unique Doherty-like
LMBA mode is discovered different from any existing
LMBAs and DPAs, which is named pseudo-Doherty LMBA
(PD-LMBA). It is for the first time revealed that the operations
of BA and CA in this redefined LMBA are functionally inde-
pendent and decoupled. This unprecedented load-modulation
mechanism circumvents the difficulties in wideband imple-
mentation of active load modulations, e.g., Doherty or out
phasing, which are all based on coupled interaction between

multiple amplifiers. Moreover, with proper settings of BA–CA
power scaling ratio and phase offset, the power back-off
range of PD-LMBA can be greatly extended beyond the
6 dB of conventional DPA [32], [33] without compensating
the back-off efficiency such as asymmetrical DPA [16], [17],
as shown in Fig. 1(b). Meanwhile, it is important to emphasize
that at a given frequency, the optimized back-off efficiency
can be achieved with only a static setting of phase offset,
and the wideband phase shifting between BA and CA can
be easily implemented using a transmission line (TL). These
features minimize the circuit and system complexity. Based on
the established PD-LMBA theory, a prototype is physically
developed and experimentally demonstrated, exhibiting the
state-of-the-art performance in terms of bandwidth, power
back-off range, and efficiency. In order to comprehensively
exhibit the PD-LMBA theory, it will be analyzed in detail
in Section II with analytical derivation, which will be further
validated by practical design inSection III and experimental
demonstration in Section V. The consistency between theory,
ideal-model simulation [see Fig. 1(b)], and practical design
proves that the PD-LMBA theory can be generalized to any
design based on this architecture.

II. ADVANCEDPSEUDO-DOHERTYLMBA THEORY

Based on the recently reported LMBA theory [23], a new
LMBA mode is proposed in conjunction with a novel
Doherty-like cooperation of CA (main) and balanced ampli-
fier (peaking), which leads to an optimized load-modulation
behavior if the proper amplitude and phase controls are per-
formed. With such a unique pseudo-Doherty load-modulation
characteristic, this new type ofLMBA is theoretically analyzed
in this section.

A. Review of LMBA

The LMBA described in [23] is derived from a convectional
BA architecture [34] with two amplifiers combined in 90◦out-
of-phase using two classical quadrature hybrids at input and
output. The LMBA differs from a standard BA in circuitry that
the isolation port of the output coupler is not terminated to a
resistor of characteristic impedance,Z0, while a control signal
is injected therein instead. With two symmetrical balanced
amplifiers (BA1 and BA2) and the control signal, the behavior
of LMBA can be considered as three excitation sources driving
the output quadrature coupler, and it can be analytically
described using the impedance matrix given by
⎡
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whereI2= IbandI4=−jIbrepresent the input currents
from BA1 and BA2 andI3=jIce

jθdenotes the current from
control signal source [23], as shown in Fig. 1(a).
Qualitatively speaking, due to the symmetry of quadrature

coupler, the injected control signal is split equally into two
halves appearing at the drain of the PA of each branch,
which interacts with the output signals generated by these two
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Fig. 2. Ideal generalized schematic of the output combining network for
analyzing the proposed PD-LMBA architecture. (a)POUT < PMax/OBO.
(b)POUT≥PMax/OBO.

branch PAs leading to load-modulation behavior. Using the
matrix operation illustrated in (1), the impedances of BA1 and
BA2 can be calculated as

ZBA1=ZBA2=Z0 1+
√
2Ice

jθ

Ib
(2)

whereIbis the magnitude of BA currents,Icis the magnitude
of CA current, andθis the phase of the control path [23].
While the original LMBA requires dual inputs, the single
input (or RF-input) LMBA has been proposed and demon-
strated [24], [29]. The RF-input LMBA uses a CA instead of
an independent control signal power (CSP). The CA shares
the same RF input with the BA, and the input power is split
into BA and CA at a given ratio through a dedicated power
divider. The CA supplies control power into the isolation port
of the output coupler. The load impedance of BAs is dependent
on both the power (i.e., current) and the phase of the control
signal generated by CA. The operation of LMBA is primarily
dependent on the following two aspects: 1) amplitude control
of CA, which can be designed with proper power dividing
ratio at the RF input node and the peak power ratio between
BA and CA and 2) phase control of CA, which can be realized
through a properly defined static phase offset,θ0[29], and a
dynamically tunable phase θ[31].

B. Pseudo-Doherty LMBA Mode

In the RF-input Doherty-like LMBA described in [30],
the BA is biased to Class-AB acting as the carrier amplifier,
and the CA is biased to Class-C as the peaking amplifier. This
cooperation of BA and CA exhibits a standard Doherty-like
behavior with load modulation from peak power to 6-dB
back-off. In this design, thecarrier-peaking combination of
BA and CA is swapped targeting for an extended range of
output back-off (OBO), e.g., up to 10 dB, and enhanced
back-off efficiency. To theoretically analyze the PD-LMBA,
its operation is divided into the following three regions.

1)Low-Power Region (POUT < PMax/OBO):When the
PA is operating at low power level below the predefined
target OBO power, the BA is completely turned off,
i.e.,Ib=0, as shown in Fig. 2(a). In this case, the output
power is only generated by the CA. According to (2),
the impedances of BA1 and BA2 are thus equal to∞;
a further derivation using the matrix operation in (1)

indicates a CA impedance ofZ0

ZBA1,LP=ZBA2,LP= ∞

ZC,LP=Z0. (3)

In this region, the overall LMBA efficiency is equal to
the efficiency of CA, which increases toward maximum
as the CA power saturates at the target OBO power.

2)Back-Off Region (PMax/OBO≤POUT<PMax):Once
the power is increased to the target OBO level, the CA
should reach to its saturation, leading toIc= Ic,Max.
As the power further increases, the BA is turned on and
Ibstarts to increase from 0 towardIb,Max,asshown
in Fig. 2(b). Since the loading of CA remains to beZ0
as calculated using (1), the saturation of CA is main-
tained, whileIcremains its maximum value ofIc,Max.
In this back-off region, the load-modulation behavior of
BA1 and BA2 as well as the CA impedance are given
by

ZBA1,BO=ZBA2,BO=Z0 1+

√
2Ic,Maxe

jθ

Ib

ZC,BO=Z0. (4)

In this region, the CA remains saturated with the highest
efficiency, while BA’s efficiency can also be signifi-
cantly boosted through load modulation. As a result,
an enhanced back-off efficiency of the overall LMBA
can be achieved.

3)Saturation Region (POUT = PMax):As the power
increases to the saturationofBA,theCAandBAare
saturated simultaneously. In this condition, the saturation
load impedances of BA1, BA2, and CA are as follows:

ZBA1,SAT=ZBA2,SAT=Z0 1+

√
2Ic,Maxe

jθ

Ib,Max

ZC,SAT=Z0. (5)

The ratio ofIc,Max/Ib,Max is dependent on the OBO
range, and this ratio becomes smaller as OBO increases.
At this saturation region, the entire LMBA achieves the
maximum efficiency.

It is important to note that the loading of CA is con-
stantlyZ0 across all three regions. In comparison with
Doherty PA, this unique feature eliminates the necessity of
impedance inverter connected to the main amplifier, funda-
mentally breaking the bandwidth limitation imposed on the
Doherty PA. Meanwhile, unlike the main amplifier in the
Doherty PA, the load impedance of CA is not affected by
theOFF-state impedance of the peaking amplifier (i.e., BA),
leading to significantly reduced complexity for a wide-
band design [35], [36]. Compared to the sequential amplifier
with no load modulation that compromises PA efficiency
atPMax [18], [37], [38], PD-LMBA realizes the BA load
modulation through a special combination of BA and CA,
which maintains a high-efficiency throughoutPMax and the
target OBO. The overall operation of PD-LMBA primarily
relies on the amplitude and phase control of the main balanced
amplifier through the CA, which is discussed in detail in
Sections III and IV.
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Fig. 3. Dynamic BA and CA load impedances using the ideal generalized
model (OBO=10 dB).

C. Amplitude Control of PD-LMBA

As indicated by (4), the amplitude control of PD-LMBA
is mainly determined by the term ofIc,Max/Ib.Intermsof
the PD-LMBA operation, the BA needs to be turned on at
the predetermined back-offpower, where the CA reaches to
its saturation simultaneously. Using the ideal model in Fig. 2,
the current scaling ratio between CA and BA is determined
by the target OBO range

1

2
I2c,Max×Z0=

1
2I
2
c,Max×Z0+2×

1
2I
2
b,Max×RBA1,SAT

OBO

Ib,Max =

√
2×OBO−

√
2

2
Ic,Max. (6)

In (6),RBA1,SATis the real part ofZBA1,SAT. Practically,
this BA–CA current scaling ratio can be transformed to
the scaling ratio of transistor sizes of BA and CA. After
determination ofIc,Max/Ib,Max according to a specific OBO
(e.g.,Ic,Max/Ib,Max =1/1.53 for 10 dB of OBO), the ampli-
tude control of the load modulation is governed by the turn-on
point of BA, which mainly depends on two factors: 1) the
gate bias voltage of the BAVGS,BAand 2) the power dividing
ratio between BA and CA. Both of these two factors will be
considered together in the practical design.

D. Phase Control of PD-LMBA

As indicated by (3)–(10), the balanced amplifier is equiv-
alent to the peaking amplifier in the Doherty PA topology,
in terms of the boundary points (e.g.,∞ andZ0)ofthe
corresponding load-modulation trajectory. Meanwhile, the tra-
jectory connecting these two boundary points is solely deter-
mined by the phase of the CSP, i.e.,θ= θcsp,giventhe
fixedIc,Max/Ib,Max ratio determined using (6) with a specific
target OBO. Fig. 3 shows the load trajectory of BA with a
variation ofθcspfor OBO of 10 dB. Unlike the asymmetrical
Doherty PAs [16], [17], [39], [40], the load modulation of BA,
as the peaking amplifier of PD-LMBA, can be maintained

Fig. 4. Simulation setup of the proposed PD-LMBA using realistic GaN
transistors for analysis and verification.

along the real axis by settingθcspto 0
◦. It is important to

emphasize that this constantly resistive load trajectory is the
optimal solution as explained by the classical Class-B loadline
theory [38]. Such a load-modulation behavior ideally ensures a
maximized back-off efficiency of the PD-LMBA, which can be
considered the major advantage over asymmetrical Doherty PA
for extension of dynamic power range. It is also surmized that
there is no need to dynamically change the phase of CA as a
function of power, which has been necessary in other reported
LMBAs [23], [41], [42]. This unique characteristic is highly
desired for RF-input LMBA designs, in which the dynamic
phase control is difficult compared with the dual-input LMBA
design.
In summary, the PD-LMBA architecture proposed in this
article primarily has four advantages over the other reported
LMBAs and other load-modulation techniques.

1) The power asymmetry between carrier and peaking
amplifiers can be easily realized for achieving extended
power back-off range since the BA with two PAs com-
bined is naturally stronger in power generation than the
single branch of CA.

2) As the carrier amplifier, CA is loaded with a con-
stant impedance ideally not affected by theOFF-state
impedances of BA1 and BA2, which significantly sim-
plifies the complexity of broadband design without hav-
ing to control the load trajectory of the carrier amplifier
over a wide frequency range.

3) The cooperation of BA and CA in PD-LMBA ensures an
optimized load-modulation trajectory of the BA, leading
to the maximized efficiency over the entire extended
power back-off range.

4) At any given in-band frequency, the optimal load-
modulation behavior can be achieved only by setting a
static phase offset between BA and CA, thus minimizing
the circuit and system complexity.

III. PRACTICALDESIGN OFPD-LMBAFOROPTIMIZED
EFFICIENCYOVEREXTENDEDPOWERBACK-OFFRANGE

The PD-LMBA theory presented in Section II is based on
ideal circuit components where the transistors are modeled as
ideal current sources, while the effect of realistic components
(e.g., parasitics of transistors) needs to be carefully considered
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for implementation of the theory. This section focuses on the
design of PD-LMBA using realistic circuit components, aim-
ing at achieving the highest possible efficiency over extended
dynamic power range (10 dB as targeted in this design).
Following the PD-LMBA theory and ideal schematic (see

Fig. 2), a practical circuit of PD-LMBA is established using
realistic GaN transistors, as the schematically shown in Fig. 4.
Similar to the matching scheme presented in [42], the BA
matching is realized through a combination of non-50-
quadrature coupler and bias line. This direct connection of
transistor and coupler simplifies the load-modulation control
of the realistic BAs [42] without being affected by excessive
output matching networks. To better explain the PD-LMBA
design in terms of amplitude control and phase control,
the design starts with separated inputs of BA and CA, while
these two independent sourceswill be replaced by a unified
RF-input together with a power divider in the actual prototype
development.

A. Amplitude Control for Extended Power Back-Off Range

Based on the PD-LMBA operation described in Section II,
the amplitude control consists of two essential parts: 1) deter-
mination of current/power scaling ratio between BA and CA
and 2) saturation of CA (in Class-AB) and turn-on of BA
(in Class-C) simultaneously at the target power back-off.
The maximum saturated power of CA is determined by the

target OBO range and the overall maximum output power

PCA,SAT=
PTotal,SAT

OBO
(7)

wherePTotal,SATdenotes the total maximum power generated
by the entire LMBA, which combines the saturation power
from BA and CA

PTotal,SAT=PBA,SAT+PCA,SAT. (8)

In this practical design with GaN transistors, the actual
PCA,SAT can be realized through proper selection of CA
device size (6-W GaN transistor, Wolfspeed CGH40006P) and
reduced drain bias voltage [31] for an extended OBO range
of 10 dB. The maximum power of BA can be determined as

PBA,SAT=(OBO−1)PCA,SAT. (9)

With the large target OBO, the high BA power can be achieved
by using large-sized devices (10-W GaN transistor, Wolfspeed
CGH40010F) together with full drain bias voltage and by
combining the power of BA1 and BA2.
For the two variables governing the turn-on of BA, i.e., BA

gate bias voltage and the input power dividing ratio, it is
practically found that the effect ofVGS,BAplays a dominant
role. By setting the power dividing ratio between BA and CA
to 1:1 (a ratio used in many reported RF-input LMBAs [24],
[29]), the turn-on point of BA can be controlled solely through
properly choosing the depth of Class-C bias. Fig. 5 shows the
effect of BA turn-on point on the LMBA’s efficiency versus
power behavior. The highest power-added efficiency (PAE)
over the entire power back-off range can be achieved only
through the optimal turn-on setting of BA.

Fig. 5. Simulation results of PAE and gain verses output power at 2.3 GHz
under differentVBA,GSbias settings.

Fig. 6. Determination of the optimalphase offset based on the simulated
large-signal performance at 2.3 GHz: using ideal CSP (= 33 dBm) with
various phase settings versus using optimized CA (θca=−10

◦).

B. Phase Control for Maximized Back-Off Efficiency

As discussed in Section II and shown in Fig. 3, there is
an optimal phase setting of CA that leads to the optimal
load-modulation trajectory and maximized efficiency. With
the on-chip and package parasitics of realistic transistors,
the optimal load trajectory of GaN devices in BA at the
package plane must deviate from the ideal purely resistive
load trajectory. Thus, a non-0◦of control phase can be utilized
to compensate for this effect. In order to find the optimal
control phase, an ideal phase-swept RF source with constant
CSP (=33 dBm) is fed into the isolation port by replacing
the actual CA. Assuming 70% of CSP efficiency, the overall
LMBA efficiency is extracted with different BA input powers
under 2 W of CSP through 360◦phase rotation (10◦of step
size), as shown by the red curve in Fig. 6. It is important
to point out that the highest efficiency points over the entire
power back-off range correspond to a nearly constant control
phase ofθcsp=90

◦, in comparison with the large variation of
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Fig. 7. Equivalent circuit model of CGH40010 showing the parasitics.

Fig. 8. Simulated efficiency profile at 2.3 GHz under differentθcasettings.

efficiency-optimal phase, as presented in [23] and [42]. The
simulation results well verify the proposed PD-LMBA theory.
Such an efficiency optimization with only static phase offset
is not only applicable to the particular circuitry in Fig. 4,
but it can also be expanded to all possible PD-LMBA circuit
topologies.
With the realistic GaN-based CA connecting to the isolation

port of the output quadrature coupler, the interface plane of
phase control is moved from the isolation port to the input
of CA, as shown in Fig. 4. By sweeping the input signal
phase of CA, an optimal phase ofθca=−10

◦is obtained,
which leads to maximized overall LMBA efficiency along the
entire OBO range, as shown by the green curve in Fig. 6.
The efficiency performance PD-LMBA design with realistic
CA well matches the maximum efficiency achieved with ideal
CSP. To fully verify the theory, the transistor parasitic network
of BA is modeled (see Fig. 7) and deembedded to access
the intrinsic drain load-modulation trajectory at the current
generator plane, as shown in the inset Smith chart of Fig. 8.
The intrinsic BA loadline tracks the resistive path fromPMax
to 10-dB OBO, which well validates the theory. As the power
level further decreases below 10-dB back-off, the BAs turns
off andZBAapproaches to the high-impedance region at the
edge of Smith chart (see Fig. 8), while the power is primarily
generated by CA only at this range.

IV. WIDEBANDRF-INPUTPD-LMBA DESIGN

Based on the PD-LMBA theory and practical design pre-
sented in Sections II and III, it is interesting to note that the

operations of BA and CA in the PD-LMBA are nearly inde-
pendent because the CA’s load impedance constantly remains
Z0and the BA’s load modulation is mainly due to the variation
of its own current (Ic,Max/Ibterm in (4)). Given the fact that
the individual BA and CA can both be expanded to wideband
designs, the PD-LMBA exhibits promising wideband potential.
Thus, the primary challenge for wideband PD-LMBA design
shifts to the wideband phase control of CA to result in optimal
load-modulation behavior of BA. Following the preliminary
circuit schematic shown in Fig. 4, the wideband RF-input
PD-LMBA design is performed by broadening the bandwidth
of all the building blocks and by unifying the inputs of BA and
CA to a single input with proper phase offset. In the prototype
demonstration, the target bandwidth is from 1.5to2.7 GHz
covering a majority of cellular communications bands.

A. Wideband BA Design

The balanced amplifier comprises two identical PAs coupled
in 90◦out-of-phase through input and output quadrature cou-
plers. The input coupler is built using a commercial device [43]
with a wide operational bandwidth from 1 to 3 GHz. The out-
put coupler is implemented using a three-section branch-line
hybrid structure, which offers sufficient bandwidth covering
the design target [44] and is codesigned with the PAs. The
two balanced PAs are implemented with 10-W GaN transistors
supplied by Wolfspeed [45](CGH40010F).
The PA output matching is performed using the non-50-

output coupler together with the bias line. From the load–pull
simulation, the optimal load admittance (YL=GL+jBL)of
the GaN transistor presents a nearly constant real part over
the target frequency range, while the imaginary part increases
(becoming less inductive) with frequency. Such a frequency
response of the optimal loadline is mainly due to the parastics
of the packaged GaN transistor, which has been observed
in many wideband GaN PA designs [46]–[48]. Therefore,
the characteristic impedance of the branch-line hybrid coupler,
Z1, is properly selected to provide the constant conductance
(GL=1/Z1) over the target bandwidth, and the bias line as a
shunt inductor is utilized to provide the susceptance with the
desired frequency response (jBL=−j/(ωL)). It is also noted
that the BA’s impedance in PD-LMBA atPBA,SATis different
from the ideal BA with the contribution of CA, as indicated
by (10). Therefore, the finalized value ofZ1(=30 )and
the bias-line length are determined through cosimulation with
CA. A wideband 3:5 transformer follows a branch-line hybrid
coupler to match the impedance to the 50- terminal.
The input matching is designed and implemented using

a multistage low-pass network based on TLs to cover the
target bandwidth from 1.5to2.7 GHz. The design of such
a matching circuit follows the well-established methodology
presented in [46]. This article uses a four-section TL-based
low-pass networks to realize the input matching, with each
stage consisting of a seriesL(high-impedance TL) and shunt
C(low-impedance open-ended stubs). The final lengths and
widths of the TLs are tuned in order to absorb the parasitics
of the RF and dc block as well as the device packaging.
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Fig. 9. Simulated optimal BA–CA phaseoffset at different frequencies and
design of TL-based wideband phase shifter for merging the BA and CA inputs.

B. Wideband CA Design

According to the amplitude control scheme described in
Sections II and III, the saturated power of CA determines the
dynamic range once the BA power is fixed. To achieve the
target OBO of 10 dB,PCA,SATshould be around 9.5dBbelow
PBA,SAT. To realize this low output power, the CA is imple-
mented with a 6-W GaN transistor (Wolfspeed CGH40006P),
and it is biased in the Class-AB mode with partialVDD.Asthe
CA’s maximum efficiency atPCA,SATdetermines the overall
LMBA efficiency at the target OBO point, the design of CA
as a single PA is aimed at achieving the highest possible
efficiency. The output matching network design is performed
to offer optimal loading impedance at both fundamental fre-
quency and harmonics over the target bandwidth. Since the
CA is directly connected to the non-50- coupler, the design
of output matching is based on the coupler characteristic
impedance,Z1.
For the input matching network design, we follow the same

methodology in the BA’s input design, and a three-section
low-pass network based on TLs is designed to provide wide-
band input matching for the GaN transistor.

C. Wideband BA–CA Phase Offset Design

Upon the completion of wideband BA and CA designs,
the load modulation of BA is primarily governed by the
relative phase between BA and CA. At a particular frequency,
there is an optimal BA–CA phase offset that leads to the
maximized back-off efficiency, as shown in Fig. 8. Using
the dual-input (with equal amplitude) schematic in Fig. 4,
the optimal phase offset is determined for each frequency point
along the target bandwidth (0.1-GHz step), which is presented
as the red dots in Fig. 9. It is noted that the optimal phase offset
is almost linearly proportional to frequency with a negative
slope. This frequency behavior can be easily implemented
using a 50- TL in connection with an in-phase input source,
thus realizing a wideband phaseshifter and offering accurate
wideband phase control. Given the negative value of the
relative phase between CA and BA, this offset TL in the
CA path has a negative length, which can be physically

Fig. 10. Power-swept CW simulation results of the PD-LMBA for the best
phase tuning setting at different frequencies.

Fig. 11. Simulated drain dc currentversus output power of BA (two BAs
in total) and CA at 2.3 GHz.

implemented by placing a symmetrical TL with positive length
in the BA path. With such a TL phase shifter, the dual inputs
can be simply replaced by a single input with a standard
wideband Wilkinson divider.
In the reported RF-input wideband LMBA designs [29],
LC-based bandpass filter has been utilized to implement the
BA–CA phase shifter for wideband phase control. However,
the frequency response of the phase is very sensitive to the
value ofLCcomponents. Given the unavoidable manufactur-
ing variation in reality, it is difficult to accurately control all
the component values in actual experiments, thus leading to a
discrepancy between simulation and measurement. This sen-
sitivity could also cause yield issues for massive production.
The TL-based phase shifter well solves this problem and leads
to minimized complexity for implementation.
The input power of the CA will continue to increase

after reaching saturation at 10-dB OBO due to the RF-input,
resulting in overdriving of the CA. It should be noted that
the proposed architecture is mainly to maximize efficiency.
The linearity is concerned as CA is overdriven, and the
overdriving of the main amplifier has been utilized in another
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Fig. 12. Circuit schematic of designed PD-LMBA.

load-modulation architecture, i.e., DEPA, as presented in [20].
However, it has been demonstrated in [20] that such a behavior
does not affect digital linearization performance.

D. Overall Schematic and Simulation Results

Through proper amplitude and phase control described in
Sections IV-A–IV-C, the extended power back-off range and
the optimal load-modulation trajectory can be achieved at dif-
ferent frequencies, as shown in Fig. 10. When the power falls
below the target OBO, the output impedance of the BA transis-
tor (ZBA) is close to the high-impedance region on the Smith
chart edge. This means that the BA starts to turn off, while
the power is purely generatedby the CA. This Doherty-like
behavior is achieved by properly setting the gate bias voltages
of BA and CA below and above the transistor threshold,
respectively. The dc current of BA and CA is extracted from
the continuous-wave (CW) simulation to verify this PD-LMBA
operation, as shown in Fig. 11. The turn-on point of BA
is around 10-dB power back-off, where the CA approaches
its saturation. As the power increases beyond 10-dB OBO,
a strong peaking effect of BA current is observed in parallel
with an almost stable CA current. Compared with the standard
DPA’s 6 dB load-modulation range, the PD-LMBA achieves
more than doubled OBO range covering a wide frequency
range.
Upon finishing the design of individual building blocks

including BA, CA, and phase shifter, the integrated PD-LMBA
circuit is built and the finalizedcircuit schematic of overview
is shown in Fig. 12. The design values of all the circuit
elements are exhibited alongside the schematic. The input
power splitter is implemented using the two-stage Wilkin-
son divider for covering the target bandwidth. A wideband
phase-offset TL is placed at the input port of BA. Moreover,

stabilizing circuits composing a parallel combo of capacitor
and resistor are placed at the input of each individual amplifier.
For this PD-LMBA architecture, the overall bandwidth is
governed by the bandwidth of output coupler. In this design,
the coupler is built with a multisection branch-line structure
on a single-layer printed circuit board (PCB). It is difficult
for this coupler structure to further increase the bandwidth,
but a larger bandwidth can be achieved through advanced
coupler designs based on multilayer PCB. Other than the input
coupler that is a commercial off-the-shelf device (mainly for
reducing the circuit footprint size), all the other individual
building blocks, e.g., BA, CA, and output coupler, are not
overdesigned in terms of bandwidth. The phase-offset line
is added after optimizing the overall PD-LMBA using the
dual-input model shown in Fig. 4. In practical PD-LMBA
development, it should be optimized within the target band-
width, and, ideally, the individual building blocks shall not be
overdesigned.

V. IMPLEMENTATION ANDEXPERIMENTALRESULTS

The designed broadband PD-LMBA prototype is fabricated
on a 20-mil-thick Rogers Duroid-5880 PCB board with a
dielectric constant of 2.2 and is mounted on a copper substrate
for handling and measurement, as shown in Fig. 13. The PCB
footprint size is 4 in×8 in. The prototype is experimentally
evaluated with both CW and modulated stimulation signals.
In the measurement, the BA is biased in Class-C with 28 V
ofVDS,BA. The gate bias voltageVGS,BA is set between
−5and−4 V to obtain the best PAE in the test, which
varies with different frequencies, as shown in Fig. 14. The
CA is biased in Class-AB with ofVGS,CAaround−2.8Vand
VDS,CAaround 12 V (tuning range from 10 to 14 V ensuring
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Fig. 13. Fabricated PD-LMBA prototype.

Fig. 14. Simulated power efficiency comparison between consistentVGS,BA,
VDS,CA, and optimalVGS,BA(−5to−4V),andVDS,CA(10–14 V) atPmax
and 10-dB OBO levels from 1.5to2.7 GHz.

Fig. 15. Measured output power at various OBO levels from 1.5to2.7 GHz.

CA saturation at 10-dB OBO). Due to the reduced CA bias
voltage and the high-breakdown voltage of GaN transistor,
the overdriving of CA does not affect the circuit reliability.
In the experiment, the developed PD-LMBA can be well
sustainable over prolonged high-power operation. In addition,
if the PD-LMBA can be implemented on-chip, the overdriving
effect can be mitigated through analog control.

Fig. 16. Measured power efficiency at various OBO levels from 1.5to
2.7 GHz.

Fig. 17. Measured gain at various OBO levels from 1.5to2.7 GHz.

A. Continuous-Wave Measurement

The prototype is measured under the excitation of a
single-tone CW signal from 1.5to2.7 GHz at different OBO
levels. Fig. 15 shows the maximum output power constantly
above 41 dBm over the entire bandwidth. In Fig. 16, the effi-
ciency at maximum power has a local maximum of 72% at
1.7 GHz, and it remains higher than 58% throughout the entire
frequency range. The efficiencies at 6- and 10-dB OBO are
in the range of 48%–61% and 47%–58%, respectively. The
efficiencies here are defined as the ratio between the output
power and the total dc power applied to all three amplifiers
(i.e., BA1, BA2, and CA), as shown in the following:

Efficiency=
Pout

PDC,BA1+PDC,BA2+PDC,CA
. (10)

It can be seen from Fig. 17 that the gain is maintained
around 8 dB. It should be noted that the primary purpose
of this article is to demonstrate the proposed concept, and
the presented prototype is a first-pass design. Realistically,
the gain degradation at band edge and gain fluctuation
over frequency can be mitigated with more design itera-
tions. Moreover, the PD-LMBA prototype is measured with
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TABLE I

STATE OF THEART OFWIDEBANDLOAD-MODULATEDPAs

Fig. 18. Power-swept measurement of efficiency and gain from 1.5to
2.7 GHz.

a power-swept stimulus, and the measured efficiency and gain
profiles are plotted in Fig. 18. The shape of the efficiency ver-
sus output power curve in Fig. 18 shows a distinct Doherty-like
behavior of the PA, which is demonstrated over 10-dB power
back-off range at almost every single sample frequency point
from 1.5 to 2.7 GHz. These measurement results well validate
the proposed PD-LMBA concept and demonstrate the advan-
tage of this new technology in PA efficiency enhancement over
a wide bandwidth. The results also indicate that the PD-LMBA
is relieved from the original LMBA’s [23] reliance on dynamic
phase adjustment at a single frequency.

Fig. 19. Measured output power and average efficiency with 9.5-dB-PAPR
LTE signal from 1.5to2.7 GHz.

Table I presents a comparison between this design and other
recently published active-load-modulation PAs with a similar
frequency range, output power level, and technology. Even
though there is a certain discrepancy between the measurement
(see Fig. 18) and the simulation (see Fig. 10), where the
measured efficiency drops in the upper power regime at some
frequencies, the measured efficiencies (at bothPMax.and
various back-off levels) over a broad bandwidth still compare
favorably to the state of the art.

B. Modulated Measurement

To validate the operation of the designed PD-LMBA in real-
istic communications, a 10-MHz long term evolution (LTE)
signal with a PAPR of 9.5 dB was employed as the stimulation.
The modulated signal is generated and analyzed by a Keysight
PXIe vector transceiver (VXT M9421). The generated LTE
signal is further boosted by a preamplifier (ZHL-5W-422+)to
a sufficient level for driving the PD-LMBA. The measurement
results at an average output power around 33.5dBmare
presented in Fig. 19. The PD-LMBA achieves a high aver-
age efficiency of 47%–58% over the target frequency band.
The measured output power spectral density (PSD) is shown
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Fig. 20. Output spectrum from modulated measurement using a 10-MHz
9.5-dB-PAPR LTE signal centered at 1.6, 1.8, 2.0, 2.2, 2.4, and 2.6 GHz.

in Fig. 20. The best-case ACLR of 25.8 dB is measured
without any digital predistortion.

VI. CONCLUSION

This article introduces a new type of LMBA with
pseudo-Doherty load-modulation behavior. Based on a special
combination of CA (carrier) and BA (peaking), this PD-LMBA
architecture, for the first time, results in decoupled cooper-
ation of carrier and peaking amplifiers, thus fundamentally
eliminating the bandwidth limitation imposed on classic active
load-modulation techniques. With proper phase and amplitude
controls, an optimal load-modulation behavior can be achieved
for PD-LMBA, leading to maximized efficiency over extended
power back-off range. More importantly, the efficiency opti-
mization can be achieved with only a static setting of phase
offset at a given frequency, which greatly simplifies the com-
plexity for phase control. The measurement results using CW
and modulated stimulus signals perfectly validate the proposed
PD-LMBA theory and experimentally present a breakthrough
on the broadband load-modulated PA in terms of efficiency,
back-off range, and bandwidth. Thus, the proposed design
method can be considered as a new design paradigm for active
load modulation.
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