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Abstract—This article introduces a novel high-order load
modulation power amplifier (PA) architecture, i.e., continuous-
mode hybrid asymmetric load modulated balanced amplifier
(H-ALMBA). The two sub-amplifiers (BA1 and BA2) of the
balanced topology in an LMBA are set as peaking amplifiers
with different thresholds when cooperating with the control
amplifier (CA) as the carrier, forming a hybrid load modulation
behavior between Doherty and ALMBA. Compared to standard
LMBA, the proposed H-ALMBA has a three-way load modula-
tion with CA, BA1 and BA2 through proper amplitude control
and phase alignment. Thus, this new mode offers extended power
back-off range and enhanced back-off efficiency without suffering
from difficulty and complexity in wideband design as imposed
on three-way Doherty PAs. Based on comprehensive theoretical
derivation and analysis, the proposed H-ALMBA is designed and
implemented using commercial GaN transistors and wideband
quadrature couplers. Moreover, the continuous-mode matching is
applied to the carrier amplifier achieving a maximized wideband
efficiency at power back-off. This is the first time that continuous
mode and ALMBA have been used in combination, and very
satisfactory results have been achieved, exhibiting the highest
10-dB OBO drain efficiency (DE) ever reported for wideband
load-modulation PAs. The developed prototype experimentally
demonstrates wide bandwidth from 1.7—3.0 GHz. The measure-
ment exhibits an efficiency of 63—81% at peak output power,
51-62% for 5-dB OBO, and 50—66% for 10-dB OBO within
the design bandwidth. When stimulated by a 20-MHz long term
evolution (LTE) signal with 10.5-dB peak to average power ratio
(PAPR), a 50—55% average efficiency is measured over the entire
bandwidth at an average output power around 32 dBm.

Index Terms—S5G, balanced amplifier, broadband, Doherty
power amplifier, gallium nitride (GaN), high efficiency, recon-
figurable.

I. INTRODUCTION
ITH the rapid development of wireless ecosys-
Wtem and advent of numerous emerging applications,
the communications systems are demanded for supporting
ever-growing data rates and user capacity. As a result, efficient
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use of spectrum resources has been a major priority for
wireless network, which has triggered the wideband and com-
plexly modulated communication signals with increasingly
higher peak-to-average power ratio (PAPR). This, however,
causes a dramatic degradation of average efficiency of power
amplifier (PA), since it has to operate in significant power
back-off most of the time. On the other hand, due to the
rapid 4G/5G band proliferation, more and more spectrum
fragments are being incorporated into wireless communica-
tions. In order to accommodate the ever-increasing number
of allocated frequency bands, the RF bandwidth of power
amplifiers and transmitters need to be as wideband as pos-
sible for accommodating multi-band communications without
suffering from non-affordable hardware complexity, size, and
cost. Therefore, developing broadband power amplifiers with
enhanced back-off efficiency and high average efficiency has
become an important proposition of this era.

Load modulation (LM) is one of the most compelling PA
efficiency enhancement technologies. As a representative prac-
tical example, Doherty PA (DPA) has been widely employed
in contemporary wireless communication infrastructures such
as base stations due to its simplified topology and capability of
effectively boosting back-off efficiency. However, the conven-
tional DPA only offers a 6-dB output back-off (OBO) range,
and the bandwidth is strongly limited by the quarter-wave
inverters embedded in its generic circuit schematic. The exten-
sion of DPA bandwidth and OBO range has been intensively
studied recently with substantial progresses, such as broadband
asymmetric DPAs and multi-way DPAs [1]-[11]. Nevertheless,
it is still very challenging to incorporate wideband matching
techniques and high-efficiency PA modes (e.g., continuous
Class-F/F~! [12], [13]) into the Doherty design and mean-
while accurately control the load modulation, which prevents
DPA from achieving the highest possible efficiency over a
wide bandwidth. Another representative load-modulation PA,
reverse-load-modulated dual branch (RMDB) PA [14], [15],
has been proposed and demonstrated in recent years. However,
RMDB PA is mostly used in MMIC implementation, and its
peak and back-off efficiency still have certain gaps compared
to DPA.

Recently, load modulated balanced amplifier (LMBA) has
been proposed as a new high efficiency LM PA archi-
tecture [16]-[26]. It consists of a quadrature balanced
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amplifier (BA) and a control amplifier (CA) with properly
correlated amplitude and phase. This LMBA can be further
designed with a Doherty type of biasing scheme with BA
as carrier and CA as peaking, or vice versa. As presented
in [27] and [28], we for the first time discovered that by
setting the CA as carrier and BA as the peaking, a Doherty-
like efficiency enhancement can be achieved with extended
dynamic range and nearly unlimited bandwidth. This new
mode is named pseudo-Doherty LMBA (PD-LMBA) in [28]
and [29] or sequential LMBA in [30]. However, it is important
to point out that the PD-LMBA as well as many of the
variants of LMBA are technically a two-way modulation.
With the increasing dynamic range of active load modulation,
an undesired efficiency drop in the middle of the back-off
levels becomes inevitable [19], [22], [30], [31]. To address this
issue, this paper proposes a new high-order load-modulation
platform based on the generic principle of asymmetrical
LMBA (ALMBA) [23], and this new architecture is named
hybrid ALMBA (H-ALMBA) [24]. The thresholds of the two
transistors in the balanced amplifier are separated in this archi-
tecture, so that BA1 and BA2 are turned on sequentially, which
can achieve three efficiency peaks throughout a larger OBO
range. Meanwhile, the efficiency at the intermediate OBO level
could be significantly enhanced. Compared with the three-way
DPA with a general difficulty for wideband design, H-ALMBA
perfectly inherits the wideband nature of PD-LMBA, since the
same phase control condition is maintained.

Based upon the preliminary study in [24], the comprehen-
sive theoretical derivation and analysis of H-ALMBA mode
are presented in this paper for the first time. Moreover,
we discovered that the continuous-mode matching with wide-
band harmonic tuning can be incorporated into the carrier
amplifier (CA) design, and therefore, a high efficiency close to
the theoretical limit of practical semiconductor devices can be
achieved across the entire dynamic range with the cooperation
of two peaking amplifiers (BA1 and BA2). Furthermore,
a reciprocal biasing scheme with exchangeable turning-on
sequence of peaking devices is proposed and adopted to
maintain the optimal three-way load modulation behavior over
the entire frequency range. The proposed theory, architecture,
and design methodology are well validated with a practical
prototype developed using GaN transistors and a wideband
three-section branch-line quadrature hybrid as the output com-
biner.

II. HYBRID ASYMMETRICAL LMBA THEORY

The concept of H-ALMBA is developed from the recently
reported LMBA [16], [23], [28], and it consists of three
PAs, including a control amplifier (CA) biased in Class-AB
mode, BA1 in Class-C mode, and BA2 in deep Class-C mode,
as shown in Fig. I(a). All PAs are connected to a 3-dB
quadrature coupler with a port impedance of Zy. The CA
functions as the carrier amplifier, while BA1 and BA2 turn on
sequentially at different OBO levels. When BA1 is turned on
at low-back-off (LBO) level with BA2 remained off, CA and
BA1 form a DPA-like PA. When BA?2 is turned on at high-
back-off (HBO) level, three PAs cooperate like the LMBA but
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Fig. 1. H-ALMBA overview: (a) schematic and (b) simulated efficiency

profile comparison between Class-B amplifier, conventional DPA, PD-LMBA,
and H-ALMBA (simulation is based on bare-die GaN devices to emulate the
ideal transistor models).

with BA1 and BA2 asymmetrical [23]. The load modulation
of three amplifiers are different at different back-off ranges,
which is similar to a three-way DPA. Therefore, multiple
efficiency peaks can be formed across the extended dynamic
power range, as plotted in red curve of Fig. 1(b), leading to a
higher average efficiency when amplifying high-PAPR signals.

A. Generic Quadrature-Coupled Load Modulation

In the analytical modeling of H-ALMBA, all PAs are
regarded as ideal voltage-controlled current sources, and they
are coupled to the three ports of a 3-dB quadrature hybrid with
the forth port connected to a load, as shown in Fig. 2. The
voltages and currents of all four ports are dependent through
the Z-matrix of quadrature coupler, expressed as

Vi 0 0 +j  —iv2][h

Val_ gl 0 0 —jv2 4 ||,

V3 +ji  —jv2 0 0 I

Va —jiV2 4 0 0 Iy
where Vi = —11Zy, I = Ip1 and 14 = —jIpy representing

the input RF currents from BA1 and BA2, while I3 = jIcej ¢
denotes the CA current that is phase-shifted from BA1 by
7 /2+¢ [16]. Using the matrix operation in (1), the impedances
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Fig. 2. Generalized schematic of quadrature-coupled three-way load mod-
ulation (H-ALMBA): (a) low-power region (CA only), (b) Doherty region
(CA+BA1), (c) ALMBA region (CA+BA1+BA2).

of BA1, BA2 and CA can be calculated as
Iy 217

Zpl = Zo(— —_—); (2)
Ip Ip
Iy 21.e/¢
Zy = Zo(2 — 2+ T2, 3)
Ip> Ibz
Ip
Z. = Zo(l — fﬁ) 4

Egs. (2)-(4) indicate the generic quadrature-coupled load-
modulation behavior [23], [24], which inclusively explains
the original LMBA [16] and all its variants, e.g., [17], [26],
[28], [30], [32]. Note that the load modulation of Z,; and
Zpy can be controlled by the change of I. amplitude and
phase. At the same time, the load of carrier amplifier, Z,
is determined by the difference between I,; and [Ip;. For
standard ALMBA [23], the asymmetry between [ and [, is
realized using different supply voltages (Vbp a1, Vbp,BA2),
in order to control the load modulation of CA. In contrast,
H-ALMBA leverages different turn-on thresholds of BA1 and
BA2 (VGs,Bal, VGs,Ba2), which can not only adjust I, and
I at different OBO levels but also form a three-way load
modulation.

B. Modeling of Carrier and Peaking Generators

With different gate-bias settings of CA, BAl and BA2,
the dynamic operation of H-ALMBA can be divided into
Low-Power (CA only), Doherty (CA+BAl), and ALMBA
(CA+BA1+BA2) regions, illustrated in Figs. 2(a)-(c), respec-
tively. To analyze the detailed load-modulation characteristics
of H-ALMBA, the currents of all three amplifiers are carefully
modeled [30].

As the carrier amplifier, the CA current, i,, is defined as

ica,lp(ﬁ), 0 =< ,B < ﬁlbo
ica,hp(ﬁ), B0 < B <1

where ica1p is the CA current at low power region where
the BA1 and BA2 are not turned on, and ic, nhp denotes the

ica(ﬁ) = [ (5)

1079
F—Volta e Source——»|
06 BA1 (H-ALMBA) — S
—— BA2 (H-ALMBA)
_  [——CA (H-ALMBA)
€ |- - -BAs (PD-LMBA)
S04} - -CA (PD-LMBA)
(@]
s
c
g  }—Current Source
To2t
c
=
[
Low Power
Region
0.0 L L
0.0 02 0.4

Fig. 3. Comparison of fundamental currents (normalized to Ivax,c/B) of all
three amplifiers in H-ALMBA and PD-LMBA modes.

CA current at high power region, including both Doherty and
ALMBA regions. £ is a normalized variable to describe the
magnitude of the input driving level, and pip, is the BAI
threshold between the low-power region and DPA region. ica,1p
can be simply expressed using the piece-wise linear model of
standard Class-B mode:

T T
Blvax.c - cost, —= <0 <~

ica,lp (,B) = [ 2 (6)

s otherwise

where Ivax,c represents the maximum current allowed for
the power device of CA. Using (6), the DC and fundamental
components of i, 1p can be obtained as

IMax,C
ica lp[o] ﬁi&x,
T
. - Ivax,c
lca,lp[l] = b 2ax, . (7

When the driving power increases to Spo, the CA must
be saturated corresponding to the first efficiency peak at the
target LBO level. For symmetrical PD-LMBA [27], [28], ica,1p
grows to its maximum value, and this maximum CA current
is maintained regardless of the continued increase of driving
power towards the maximum input driving level, as the red
dotted line plotted in Fig. 3. For H-ALMBA, however, only
the voltage of CA is saturated at fip, that still leads to an
efficiency peak. As f increases above [, the CA current
continues to increase towards full saturation (both voltage and
current) at f = Shpo, Which is the BA2 threshold between
the DPA region and ALMBA region, as shown in Fig. 3 (red
solid line). For f between fhpho and 1, the CA current can be
subject to a decrease because the load impedance increases as
BA2 turns on, indicated by (4), but the contribution of CA
is overwhelmed by the two peaking amplifiers in this region.
Nevertheless, it should be emphasized that the CA remains
voltage-saturated offering a maximal efficiency across Doherty
and ALMBA regions, and thus, in the high-power region,
the modeling of CA is converted from a voltage-controlled
current-source to an independent voltage source, which is no
longer affected by the input voltage, as shown in Fig. 4. With
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a constant voltage saturation, the CA current can be expressed
as

2Vpp,cA .

Z:(P)

0, otherwise

0s6, _£§9<£
2 2

ica,hp(ﬂ) = (8)

where Vpp,ca equals to the maximum fundamental voltage of
CA, and Z, is the load impedance of CA that can be calculated
from (4). As a voltage source, the CA fundamental voltage
maintains a constant value of Vpp ca as the red curve shown
in Fig. 4. It is important to note that (8) is implicit, since
Z:(p) is also dependent on the fundamental component of
ica,np as well as the currents of BA1 and BA2 in the high-
power region, as indicated by (4). Thus, the CA current and
load impedance in (8) will be eventually determined together
with the BA1l and BA2 models. Particularly, the following
boundary condition must be satisfied:

ica,lp(Bibo) = ica,hp(Bibo) O]

BA1 and BA2 are biased at Class-C mode with different
thresholds. BA1 is turned on at fjpo, while BA2 is turned on
at fhbo. The currents of BA1 and BA2 can be derived as

. 0, 0 <8 < Bivo

1(B) = 10
ot () [ibal,hpw), Pro<f =1 1o
. 0, 0 <8 < Bnbo

o (B) = 11
fea () [ iba2,hp(B), Phbo < B <1 (an

It should be noted that the peaking amplifier with full
Class-C model is more precise and closer to realistic case,
and most of the published LMBA articles adopt this method,
e.g., [33], [34]. Therefore, the BA1 current in Doherty and
ALMBA region can be expressed using Class-C current for-
mula as

B - cost — Bivo

I- ﬂlbo
0, otherwise

—0p <6 <0

IMaX,B s (1 2)

ibal ,hp (ﬁ) =

Iviax,B Tepresents the maximum current provided by the
peaking device, which is assumed identical for BA1 and BA2.
With a different turning-on threshold, the BA2 current in
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ALMBA region can also be expressed using Class-C current
formula as

p - cost — Phbo

1 — Bhbo
0, otherwise

IMax,B, —0, <0 <0

iba2,hp(B) = (13)

where (—0p, +0p) defines the turn-on phase range of BA1 and
BA2. Thus, 0) is obtained as

Op = arccos(Buo/p).

By applying Fourier Transformation, the DC and fundamen-
tal currents of BA1 and BA2 can be calculated as

(14)

ia1 ho[0] = Iviax,B ) Bsindp — Bivols
P 1 — fivo ™ ’
. Ivax B B (26) + sin26p) — 4 f1posinbp
11 = e, . (15
ibal,hp[1] 1= fne o (15)
o (0] = IMaxB fsindp — Pbobs
e 1 — Bhbo ™ ’
. Iviax,B 20), + sin20p) — 4 Bhposing,
il 1] = xS )= oot 45
1 — Brbo 2w

Fig. 3 shows the normalized fundamental current of the
BAI1 and BA2 versus £ with fipo = 0.5 and fhpe = 0.75,
respectively, and Fig. 4 depicts the corresponding voltages of
BA1 and BA2. It is interesting to note that the voltage of
individual BA in PD-LMBA (fpp—_LMmBa = 0.5) is the same
as that of BA2 in H-ALMBA.

C. Load Modulation Analysis of H-ALMBA

The detailed analysis on load-modulation behavior of
H-ALMBA is performed for all three different regions:

« Low-Power Region (Poyt < Pvax/LBO): When oper-
ating at low power level below the predefined target LBO
power, the BA1 and BA2 are not turned on, as depicted
in Fig. 2(a). The CA operates as a standalone Class-B
amplifier, and the output power is solely generated by
CA. In this low-power region, there is no load modulation
for all three amplifiers, and the currents are provided as
following

I = ica,lp[1]§

Ipy = Ipp = 0. (17)

Their load impedances, Z. 1p, Zp1,Lp, and Zp) 1 p, can be
expressed as

Zep = Zo;

Zpi,Lp = Zpa,Lp = OO. (18)

Since BA1 and BA2 (BAs) are not operating, the overall
efficiency of H-ALMBA is equal to the efficiency of CA.
o Doherty Region (Pviax/LBO < Poyut < Pmax/HBO):
When the output power increases to the target LBO level,
BA1 is turned on, and CA reaches saturation at the
same time. At Pyax/LBO, CA is designed to be only
voltage-saturated (Z. > Zca,opt) corresponding to the
first efficiency peak, while there is still headroom for
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further increase of CA current. In this region, BA1 and
CA currents both increases, given by

I = ica,hp[l] = VDD,CA/ZC§

Ip1 = ibathpl1];  Ip2 = 0. (19)

By substituting the above currents into (2)-(4), and when
¢ = 0°, the load modulation behaviors of CA, BA1, and
BA2 impedances are derived as

Zo bot ZoVpD,CcA Lo
c,Doherty = —=0°,
Vop.ca + 2151 Zo
V2Vpp.ca
Zp1,Doherty = 2Z0 + T|¢=O°;

Zp2,Doherty = 00. (20)

The above equation clearly shows that as the power
increases to the Doherty region, Z. can be modu-
lated below Zj. Since the CA voltage remains constant
(=VpD,cA) at this time, the current (/.) and output power
of CA can continue to increase.

o ALMBA Region (Pyax/HBO < Pour < Pwmax):
When the driving power reaches fhpo, BA2 is turned
on, and the PA load modulation follows the ALMBA
mode. Therefore, the currents of all three amplifiers can
be expressed as

I, = ica,hp[l] = VDD,CA/Zc§ (21

Ip1 = ibar,hpl1];  Ip2 = iba2,hpl1].

The load impedances of CA, BA1, and BA2 are can be
described using (2)-(4), and when ¢ = 0°, the impedance
equations can be further derived as:

Z¢ ALMBA = ZoVoD.ca lp=0°;
c, - =0°,
Vbp.ca + ~2(Ip1 — 1) Zo
V2Vpp.ca — Zoln
Zp1,ALMBA = 2Zo + ,Ibl lp=0°:
Zolp1 +v2Vbp.cA
Zp2, ALMBA = | p=0° (22)

Ip>

It could be observed from Fig. 3 that the fundamental
current of BA2 increases more sharply as compared to the
current of BA1. Thus, when the driving level (f) reaches
to maximum, the BA1, BA2, and CA are all saturated
respectively, and an maximum DE can be obtained.

Based on the above comprehensive load-modulation analy-
sis, the load impedance and current of CA can be analytically
determined using (4) and (8). The red curves (solid and
dotted lines) in Fig. 5 compare the CA load modulation
trajectories with ¢ = 0° between symmetrical PD-LMBA and
H-ALMBA in different regions. Correspondingly, the overall
fundamental CA current (/;) versus driving level is plotted
as the red curve in Fig. 3. The load modulation behaviors
of BA1l and BA2 in H-ALMBA are calculated using (2)-(3),
which are plotted in Fig. 5 in comparison with PD-LMBA.
The normalized fundamental voltages of different amplifier
branches in H-ALMBA and PD-LMBA modes are shown in
Fig. 4.
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With the derived load modulation behaviors in terms of cur-
rent, voltage, and impedance, the overall efficiency responses
of PD-LMBA and H-ALMBA across the entire dynamic range
are obtained and plotted as solid lines in Figs. 6(a) and (b),
respectively, which also show the efficiencies of individual
BA and CA. It can be seen that, in Doherty region (f
from 0.5 to 0.75) with BA2 turned off, the BA efficiency of
H-ALMBA increases more sharply than that of PD-LMBA.
Therefore, an extra peak efficiency can be formed at the end
of Doherty region (HBO level), which greatly improves the
overall efficiency of the entire back-off range. Note that the
efficiency at peak power is higher than 78.5% because of
the Class-C operation of peaking amplifiers.

D. Amplitude and Phase Control of H-ALMBA

The amplitude control of H-ALMBA involves the power
ratio of all three amplifiers and the turn-on points of BA1 and
BA2. In this H-ALMBA operation, BA1 needs to be turned on
at a pre-determined OBO level. By sweeping the turning on
time of BA2, fhpo, the optimal DE of the entire back-off region
can be determined. The efficiency profiles with different Shpo
are shown in Fig. 7. It can be seen that the highest overall
efficiency could be achieved with Shpo between 0.7 and 0.8,
which is close to half of the entire back-off region.

In addition to amplitude control, it is necessary to ensure
that the phase difference between the power generators is
properly set to result in optimal load modulation trajectories
of each amplifier. As described in (20), by setting ¢ = 0°,
a purely resistive load modulation of Z, Zp2, Z. can be
achieved, which represent the optimal LM behaviors according
to the classical load-line theory [35]. In realistic designs with
matching networks and parasitics of transistors, the optimal
BA-CA phase offset will be determined through exhaustive
sweeping in the actual circuit schematic.

Moreover, compared to other load modulation architectures,
H-ALMBA is easier to achieve different OBO levels by
properly selecting the turning-on points of BA1 and BA2. The
value of fpo not only represents the turning on point of BAI,
but it also affects the selection of CA drain voltage, which can
be utilized to ensure a voltage saturation of CA at the target
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Fig. 7. Efficiency performance of the proposed H-ALMBA versus £ with

Pivo = 0.5 and different values of fhpo.-

OBO. The Sy, denotes the turning on of BA2, which can be
leveraged to optimize the overall back-off efficiency for dif-
ferent OBO levels. Fig. 8 shows the efficiency performance of
the proposed H-ALMBA with different S, and fhpo. Within
the range from 0.6 to 0.2 of S, and corresponding Shpe from
0.75 to 0.45, the power back-off range of H-ALMBA could
be extended from 7 dB to 17 dB with the highest possible
back-off efficiency. The gain (AM-AM) profiles with different
Pivo and fhpo are shown in Fig. 9. It can be seen that with
the increase of the OBO range, a flatter gain response can
be achieved. Overall, the efficiency and gain results indicate
that the H-ALMBA mode is very suitable for amplification
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of high-PAPR signals. It is worth noting in Fig. 9 that the
change of Sy, does not impact the gain response as long as
Pivo 1s fixed. This shows that even if the output power of CA
is backed-off after BA2 is turned on (ALMBA region), it does
not compromise the gain and power-added efficiency (PAE)
of the overall PA.

E. Efficiency Enhancement of CA: Necessity and Approach

It should be noted that in the low-power region, the BAl
and BA2 are off, and all output power is generated by
CA. Therefore, the impedance matching of the CA needs to
ensure its wideband efficiency when operating alone, since
the CA efficiency sets the first efficiency peak of the power
back-off range and the average efficiency of entire PA. In the
H-ALMBA architecture [23], CA is biased in Class-AB that
has an efficiency naturally lower than that of the Class-B
(78.5%). On the other hand, the CA output connects to the PA
load through the output quadrature coupler, and the broadband
output quadrature coupler itself usually has a certain internal
loss. At the same time, when BA1 and BA2 are not turned on,
BA1 and BA2 present off-state impedances to the correspond-
ing ports of the output couplers, which can be regarded as two
identical R-C tanks with the same quality factor (Q). The QO
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of R-C tank determines the external power loss of quadrature
coupler, which is added together with the internal loss forming
the total insertion loss from CA port to the output, as shown
in Fig. 10(a). Thus, the overall efficiency of CA in Class-AB
mode can be significantly degraded, as the red curve depicted
in Fig. 10(b).

In order to maximize the peak efficiency of CA, this paper
combines the high-efficiency harmonic-tuned matching (e.g.,
Class-F/F~! or its extension, continuous Class-F/F_l) with
H-ALMBA for the first time, and the output impedance match-
ing with continuous mode (CM) is used to realize broadband
CA design. Under the same insertion loss, the peak efficiency
of the CA designed with continuous Class-F/F~! (blue curve
with circles) can be greatly improved as compared to that
with Class-AB, as shown in Fig. 10(b) (the quadrature coupler
internal loss is assumed to be 0.4 dB). Thus, upgrading CA
from Class-AB to continuous Class-F/F~! can greatly improve
the peak efficiency of CA, thereby enhancing the overall PA
back-off efficiency.

III. PRACTICAL DESIGN OF ULTRA-WIDEBAND
CONTINUOUS-MODE H-ALMBA

In order to accommodate the high PAPR of emerging
5G and WiFi6 signals, the back-off range of the proposed
H-ALMBA can be up to 17 dB according to actual needs,
as shown in Fig. 8 and Fig. 9. In this design, a back-off range
of 10-dB, is selected as a target OBO of this demonstrated
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work. The target frequency range is from 1.7 to 3.0 GHz,
which could cover most cellular communication frequency
bands.

A. Design of Control Amplifier in Continuous Mode

According to the amplitude control scheme described in
Sec. II, the power of CA at the first efficiency peak determines
the dynamic range once the output power of BA is fixed. Given
a specific OBO target, the power of CA can be expressed by

OBO X Pca_sat1 = Peai,Max + Pea2.max + Peasae (23)

where Pca sar1 represents the CA power at voltage saturation
(first peak), and Pca saz denotes the final CA power at
maximum overall output power. A rough calculation indicates
that Pca sa is around 9-dB below Ppaimax + PBA2,MAX,
while the accurate power dependence can be calculated by
detailed analytical expressions presented in Sec. II. To realize
this low output power, the CA is implemented with a 10-W
GaN transistor (Wolfspeed CG2H40010), and it is biased in
Class-AB mode with around 10-V drain bias voltage Vpp,ca.
This value may be adjusted slightly at different frequencies
to ensure that the OBO range of each frequency is 10 dB.
It should be noted that this article is mainly targeted to verify
the proposed H-ALMBA theory. Thus, for the convenience of
fabrication, the same transistors are used in both CA and BAs.
Since the CA power is much lower than BAs, it is physically
realized using a lower Vpp. In realistic H-ALMBA design in
MMIC, a smaller size of transistor can be designed for CA
that is biased with the same Vpp as BAs, in order to avoid
under-utilizing the CA device.

In low-power region, the BA1 and BA2 ports of the output
coupler are open, and all output power is generated by CA.
Therefore, in the actual matching design of the CA, the
optimal wideband efficiency of CA standalone is considered,
and meanwhile, its load modulation control of BA is also taken
into account. However, a dilemma is envisioned: to ensure
highest possible efficiency of standalone CA over the entire
target bandwidth requires a complex harmonic-tuned wide-
band matching network, but an excessively complex matching
network can cause uncontrollable phase dispersion [16] over
frequency, which invalidates the precise phase control of BA.
In [24], a simple three-segment transmission line is used as the
output matching of the CA to maximize the efficiency of the
BAs. But it also sacrifices the peak efficiency of CA, resulting
in a reduction of the PA back-off efficiency.

In order to maximize the PA back-off efficiency, a sim-
plified harmonic output matching network (OMN), similar
to [36], is designed to realize a CM of CA for wideband
operation, as shown in Fig. 11(a). Within the target frequency
range from 1.7 — 3 GHz, this OMN converts the Zjp of
isolation-port impedance of quadrature coupler to the funda-
mental impedance of continuous Class-F (CCF) and continu-
ous Class-F~! (CCF~!) modes in the inductive half plane of
Smith chart, as shown in Fig. 11(b). Meanwhile, the frequency
response of this OMN over the second harmonic frequency
range from 3.4 — 6 GHz is distributed to the corresponding
second harmonic impedance of the CCF~!' and CCF modes.
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Fig. 11. OMN design of CA: (a) schematic of the designed CA-OMN with
continue-mode; (b) simulated matching results of the designed CA-OMN from
1.7 to 3.0 GHz on the Smith chart with reference impedance.

Thus, a harmonic-tuned CA is realized in a transferring mode
between CCF~! and CCF.

On the other hand, the phase dispersion of this OMN is
minimized since only one shunt stage (with a bias line and
open-ended stub in parallel) is involved. The phase shift of
series stages in the form of transmission lines (TLs) can
be perfectly compensated with a phase offset line at BA
input [28]. The wideband CA input-matching network (IMN)
needs to ensure a decent gain performance within the target
bandwidth. Therefore, a two-section lowpass network based
on transmission lines is designed to provide wideband input
matching for the selected GaN transistor.

B. Design of Balanced Amplifier With Asymmetrical
Gate-Bias Setting

In this design, the two peaking amplifiers, i.e., BAl and
BA2, are designed with identical matching but different
gate bias voltages. The input coupler (IPP-7118, available
from Innovative Power Product [37]) is constructed using
commercial equipment with a wide operating bandwidth of
1.7 to 3.0 GHz. The output coupler is realized with a non-
50Q three-stage branch hybrid structure, which can provide
enough bandwidth to cover the design goal [38]. BAl and
BA2 are implemented with 10-W packaged GalN transis-
tors (CG2H40010). Following the well demonstrated method
in [23], [28], the BA output matching is performed using the
characteristic impedance of output coupler (Zo,coupler) and
bias lines (a shunt L). Note that the BA1 and BA2 are in
Class-C mode, and their efficiencies are intrinsically higher
than that of Class-B. Thus, the simplified matching of BA1 and
BAZ2 suffices the harmonic tuning. It should also be noted that
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transistors for verification and the transistor parasitic network, (b) design of
TL-based wideband phase shifter for merging the BA and CA inputs.

in the H-ALMBA design, load impedances of BA1 and BA2
are determined by the power (amplitude) and phase of CA,
as indicated by (2) and (3). Therefore, the value of Zo, coupler
(= 25 Q in this design) and the length of the bias lines
are finalized through co-simulation with the CA using the
simulation setup shown in Fig. 12(a).

A four-stage low-pass network is designed and implemented
with transmission lines to provide input matching covering the
target bandwidth from 1.7 to 3.0 GHz. Each stage consists of
a series L (high impedance TL) and a shunt C (low impedance
open stub). The length and width of TL are adjusted to
absorb the parasitic effects of RF and DC modules and device
packaging. The design of this matching circuit follows the
widely adopted method introduced in [39].

C. Wideband BA-CA Phase Offset Design

The phase difference between BA1 and BA2 is fixed to
90° in a balanced amplifier. Therefore, after combining the
complete BA (BA1 and BA2 with input and output couplers)
and CA, the load modulation of all three amplifiers are
mainly determined by the relative phase between BA and CA.
In order to ensure the purely resistive load modulation of
three amplifiers for maximized efficiency, a phase-adjustment
network between BA and CA is required. Thus, an optimal
phase offset is realized at the input of BA and CA, which can
be determined using an equal-amplitude dual-input schematic
diagram (similar to the method presented in [40]), as plotted in
Fig. 12(b). By adding an ideal control signal to the isolation
port of the output coupler, and scanning a large number of
different phase values, the best phase corresponding to each
frequency could be found. As shown in the red points of
Fig. 13, the optimal phase shift between BA and CA is almost
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Fig. 13. Simulated optimal BA1-CA phase offset at different frequencies.

linearly proportional to the frequency with a negative slope.
Therefore, an input-phase-adjustment network is added at the
input side of BA by using a 50-Q TL to suit the frequency-
dependent phase-offset requirement [27]-[29]. The ‘curve-
fitting” results are plotted in Fig. 13. It can be seen that the
realized TL phase shifter offers near-optimum phase setting at
different frequencies. It should be noted that if the frequency
continues to increase, the phase difference between BA and
CA no longer completely comply to linear relationship, which
could be due to the limited bandwidth of output quadrature
coupler (i.e., three-section branch-line quadrature hybrid) and
the phase dispersion of transistor parasitics. To further perfect
the phase control over a broadened bandwidth, more precise
phase control can be achieved through digital-assisted dual-
input in the future designs.

It needs to be pointed out that, under ideal conditions, the
CA impedance in the plane of the coupler isolation port should
be Zy for any in band frequencies. Then, when BATI is turned
on, the CA impedance should be modulated to the lower
impedance region, so that the CA output power can continue
to increase, thus boosting the back-off efficiency, as the red
curve shown in Fig. 14(a). However, due to the inevitable
phase/amplitude imbalances of realistic broadband quadrature
couplers, the load modulation of CA is affected as well as BA1
and BA2. Therefore, at some frequencies, the ideal turning
on sequence does not lead to the desired back-off efficiency
enhancement, e.g. 2.5 GHz of this design as the red curve
shown in Fig. 14(b). Inspired by the reciprocal biasing scheme
presented in [9], we can exchange the role of BA1 and BA2
with BA2 turned on first, in order to compensate the imperfects
of quadrature coupler. At 2.5 GHz, the reciprocal biasing
effective re-establishes the desired load modulation trajectory
and the overall efficiency profile, as shown in the Fig. 14(b).
With a combination of nominal and reciprocal biasing modes,
the three-way load-modulation can be optimized over a wide
bandwidth without having to rely on any additional tuning
elements. This is an main advantage over the conventional
three-way Doherty PA, which is difficult for wideband design.

D. Overall Schematic and Simulation Results

The designed final circuit schematic is shown in Fig. 15,
and the values of all actual circuit elements are displayed next
to the symbols. A 5-Q resistor is added to the gate bias of each
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Fig. 14.  Reciprocal turning-on sequence of BAl and BA2 at different

frequencies and its impact on CA load modulation and efficiency profile.

way and a parallel RC tank is added before the input matching
network of BA1 and BA2 to ensure the stabilization of the
entire PA. Between exchangeable gate biasing of BAl and
BAZ2 that is frequency-dependent, the first turning-on threshold
is set to a gate bias voltage of —4.5 V, and the second one
is set to —5.5 V. There are fine adjustments for different
frequencies to ensure a LBO of 10-dB and a HBO of 5-dB
could be obtained, where the CA load modulation is performed
concurrently.

Through the design of the wideband BA1l, BA2, CA,
and phase shifter described in this section, the theoretical
derivation results in section II have been perfectly verified
by the simulation results, which are plotted in Fig. 16.
Fig. 16(a) and (b) shows the simulated fundamental current
and voltage at 2.2 GHz, respectively, and Fig. 16(c) depicts the
load impedance trajectories of all three amplifiers at 2.2 GHz
de-embedded to the intrinsic drain plane. The wideband drain
efficiency and PAE of the designed H-ALMBA are simulated
with swept input power, as shown in Fig. 17. It is clearly seen
that a high efficiency of >70% is maintained from peak down
to 10-dB back-off nearly across the entire frequency range.
This is mainly due to the continuous-mode design of CA that
ensures a high first efficiency peak and the effectiveness of
the proposed H-ALMBA architecture.

IV. IMPLEMENTATION AND EXPERIMENTAL RESULTS

The overall layout is generated from circuit schematic,
and it is electromagnetically modeled using ADS Momentum
simulator. The proposed H-ALMBA is implemented on a
0.5-mm (20-mil) thick Rogers Duroid-5880 PCB board with
a dielectric constant of 2.2. A photograph of the fabricated
H-ALMBA is shown in Fig. 18. The size of the entire circuit
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Fig. 16. Simulation results of the designed H-ALMBA at 2.25 GHz: (a) fun- 4t ll frequencies. The opening sequence of BAl and BA2
damental current; (b) fundamental voltage; (c) drain plane load trajectory. is controlled by setting different Vgg bias voltages. The first

opened BA Vg is set at around —4.5 V, and the later opened
BA Vgs is set at about —5.5 V. The value of Vigs a1 and
Vis,Ba2 are adjusted to optimize the best PAE.

is 100 mm x 200 mm. The fabricated H-ALMBA is measured
using both continuous-wave (CW) and modulated LTE signals.
In this implemented circuit, the BA1 and BA2 are biased in
Class-C with same 28-V Vpp. Based on different frequency, A. Continuous-Wave Measurement

CA is biased in Class-AB with a Vpp,ca range from 10 V to The continuous-wave measurement is carried out with a
13 V, which ensures CA saturation at 10-dB power back-off CW power sweep inside the operating frequency band from
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1.7 to 3.0 GHz. The CW signal is generated by a vector
signal generator, and then boosted by a broadband linear
driver amplifier to a sufficiently high level for driving the
device under test (DUT). The output power is measured using
power sensor and spectrum analyzer. As shown in Fig. 19,
42 — 43 dBm peak output power is measured across the
entire bandwidth. As shown in Fig. 20, the maximum drain
efficiencies at peak power are measured in the range of
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63 — 81%, the drain efficiencies at 10-dB and 5-dB OBOs
are in the range of 50 — 66% and 51 — 62%, respectively.
It can be observed from Fig. 21 that the gain is maintained
around 8 — 13 dB at different OBO level. Fig. 22 shows the
measured drain efficiency and gain performance versus the
output power. Fig. 23 is the PAE measurement performance
versus the output power, which matches its theoretical results.

Two difference bias modes, nominal mode and reverse
mode, are used in CW measurement to ensure the optimal
efficiency performance. As shown in Fig. 19, Fig. 20, Fig. 21,
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TABLE I
STATE-OF-THE-ART OF WIDEBAND LOAD-MODULATED POWER AMPLIFIERS

Ref. / Year Architecture Freq. (GHz) FBW (%) Puyax (dBm) DE @ Py, (%) DE @ HBO (%) DE @ LBO (%)
[4] 2018 3-Way DPA 2.0-2.6 26 43.6-45.4 53-76 46-58@5 dB* 41-48@8 dB
[5] 2019 3-Way DPA 1.6-2.6 48 45.5-46 53-66 47-57@5 dB* 50-53@9.5 dB
[41] 2018 3-Way DPA 0.6-0.9 40 46.1-46.9 51.1-78 54-65@5 dB* 42-64@9.5 dB*
[42] 2016 DPA 1.6-2.2 31.6 46-47 60-71 - 51-55@10 dB
[43] 2018 DPA 1.5-3.8 86.8 42.3-43.4 42-63 40-55@5 dB* 22-40@10 dB*
[44] 2019 DEPA 2.55-3.8 40 48.8-49.8 54-67 38-46@5 dB* 47-60@8 dB
[33] 2020 DPA 2.8-3.55 23.62 43-45 66-78 55-65@5 dB* 50-60.6@10 dB
[34] 2020 Dual-Mode DPA 1.52-4.68 102 41.5 54-71 45-60@5 dB* 37-50@10 dB*t
[18] 2017 RF-Input LMBA 0.7-0.85 19 42 57-70 - 30-35@10 dB*T
[40] 2017 RF-Input LMBA 1.8-3.8 71 44 46-70 30-51@5 dB* 20-25@10 dB**
[45] 2018  Dual-Input LMBA 1.7-2.5 38 48-48.9 48-58* 38-46@5 dB* 33-45@10 dB*t
[28] 2020 PD-LMBA 1.5-2.7 57 43 58-72 48-60@5 dB 47-58@10 dB
[36] 2020 CM-LMBA 1.45-2.45 52 45.6-46.7 67.1-77.9 46-55@5 dB* 37-43@10 dB
[23] 2021 ALMBA 0.55-2.2 120 41-43 49-82 44-60@5 dB 39-64@10 dB
[24] 2021 H-ALMBA 0.55-2.2 120 42 55-82 51-69@5 dB 40-61@10 dB

This Work H-ALMBA 1.7-3.0 55 42-43 63-81 51-62@5 dB 50-66@10 dB

* Graphically estimated, T PAE.
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Fig. 23. Measured PAE versus output power from 1.7 to 3.0 GHz.

the white frequency interval is set to the nominal mode, where
BAI1 is turned-on first. And the blue frequency interval is set
to reverse mode, where BA2 is turned-on first.

B. Modulated Measurement

To evaluate the linearity and efficiency performance
of the proposed PA under modulated signal stimulation,
20-MHz LTE signals with 10-dB PAPR are used to test
the proposed H-ALMBA at 1.7, 2.0, 2.2, 2.4, 2.6, 2.8
and 3.0 GHz. The modulated-signal is generated and ana-
lyzed by a Keysight PXIe vector transceiver (VXT M9421).
The generated LTE signal is further boosted by a linear pre-
amplifier (ZHL-5W-422+) to a sufficient level for driving the
developed prototype. The measurement results at an average
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Fig. 24. Measured average DE, output power and ACLR with 20-MHz
9.5-dB-PAPR LTE signal at 1.7, 2.0, 2.2, 2.4, 2.6, 2.8 and 3.0 GHz.
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output power around 32 dBm are presented in Fig. 24. The
H-ALMBA achieves a high average efficiency of 50% — 56%
over the target frequency band. The ACLR of most measured
frequencies are higher than 27 dB without any digital predis-
tortion. Due to the load modulation of CA, the over-driving
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issue of CA is greatly alleviated. As a result, the overall
linearity of H-ALMBA has a better performance compared
with PD-LMBA [28]. The measured output power spectral
density (PSD) are shown in Fig. 25. The performance of
the prototype PA is summarized and compared with other
published works in Table I. This proposed H-ALMBA greatly
enhances the entire back-off region efficiency down to 10-dB
compared with the other LMBA architecture; while compared
with the 3-way DPA, great advantage in ultra-bandwidth has
been proved in the proposed H-ALMBA.

V. CONCLUSION

Based on the ALMBA theory, this paper proposes a new
high-order load modulation mode, as well as its detailed design
method and experimental validation. Through rigorous analy-
sis and derivation, the design space of the load-modulation PA
based on the quadrature coupler is further expanded with three-
way modulation. In this new H-ALMBA mode, the asymmetry
of the balanced amplifier is realized by setting different
thresholds for BA1 and BA2, which leads to a hybrid load
modulation combining a Doherty-like region (CA and BAI)
and an ALMBA region (with all three amplifiers). As a result,
a high-order load modulation can be formed like a three-way
Doherty PA, resulting in an extended power back-off range
and enhanced overall efficiency. Moreover, the H-ALMBA not
only mitigates the CA over-driving issue in PD-LMBA but also
inherits its wideband nature through proper phase alignment.
The proposed theory and design method are experimentally
verified using a developed hardware prototype, which is able
to efficiently amplify the signals with 10-dB PAPR within
a fractional bandwidth of 55%. This design greatly expands
the design space of original LMBA and provides a promising
solution for next generation multi-band and energy-efficient
wireless transmitters.
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