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1-D Reconfigurable Pseudo-Doherty Load
Modulated Balanced Amplifier With Intrinsic
VSWR Resilience Across Wide Bandwidth

Jiachen Guo ", Student Member, IEEE, Yuchen Cao

Abstract— This article presents the first-ever wideband pseudo-
Doherty load-modulated balanced amplifier (PD-LMBA) with
load-mismatch tolerance through 1-D reconfiguration. It is
theoretically unveiled that when the control amplifier (CA,
as a carrier) in PD-LMBA is driven to its saturation, it is
endowed with a duality between the current source (CS) and
voltage source (VS), which makes the BA (as peaking) have
complementary load-modulation trajectories for the two sub-
amplifiers (BA1 and BA2) under load mismatch. As a result,
the BA in PD-LMBA inherits the intrinsic load insensitivity
from the generic quadrature-balanced amplifier. Meanwhile, the
saturation power of CA can be maintained by only reconfiguring
the dc bias voltage (Vpp,ca) that solely depends on the real part
of load impedance, real(Z). As such, the degree of freedom for
PA reconfiguration and load sensing (ideally) is minimized to
1-D, and the entire PD-LMBA can maintain a nearly constant
efficiency profile against arbitrary load mismatch. The theoretical
analysis is well verified using emulated circuit model, and it
is further experimentally validated by a prototype designed
with GaN transistors and wideband quadrature hybrids. As a
proof of concept, the fabricated PD-LMBA circuit achieves state-
of-the-art performance in measurement at matched load with
1.7-2.9 GHz of bandwidth, 65%-77% of drain efficiency at peak
power of 39-43 dBm, and 55%-71% of efficiency at 10-dB
output back-off (OBO). More importantly, the prototype also
experimentally exhibits excellent mismatch resilience through 1-D
reconfiguration, which is demonstrated at three representative
in-band frequencies of 1.7, 2.1 and 2.5 GHz at 2:1 VSWR.
Specifically, a maximum drain efficiency from 51.9% to 72.8%
at peak power is achieved over the entire 2:1 VSWR circle,
and an efficiency up to 65.4% is measured at 10-dB back-off.
Modulated evaluation using an LTE signal is also performed,
in which the 1-D reconfigurable PD-LMBA exhibits an excellent
average efficiency at load mismatch that aggressively outperforms
the state-of-the-art.

Index Terms— Balanced amplifier, Doherty power amplifier
(PA), linearity, load mismatch, reconfigurable.
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I. INTRODUCTION

PECTRALLY efficient high-data-rate modulations have
Sbeen widely adopted in emerging communications
standards to meet the ever-growing demand for high-speed
wireless data transmission. However, these advanced mod-
ulation schemes greatly increase the peak-to-average power
ratio (PAPR) of signals due to a large number of sub-carriers
and higher-order digital mapping (e.g., 4096QAM). Efficient
amplification of such high-PAPR signals requires enhanced
efficiency of power amplifiers (PAs) over a large output back-
off (OBO) range. Moreover, with the evolution of the wireless
standard and the expansion of spectrum into higher frequencies
(e.g., 3-5-GHz frequency range newly allocated to 5G), the
PAs need to cover wider bandwidth and support multimode
or multiband operations, thus making the system sustainable
in complexity and cost. Consequently, enhanced back-off effi-
ciency range and broad bandwidth gradually become crucial
targets for exploiting high-efficiency PAs. Besides the legacy
technologies of envelope tracking (ET) [1] and Doherty PA
[2], [3], [4], many new architectures and techniques [5], [6]
have been proposed recently, e.g., load-modulated balanced
amplifiers [7], [8], [9], [10], [11], [12], [13], [14], [15], [16],
[17], [18], offering unprecedented efficiency, OBO range, and
bandwidth.

Meanwhile, massive MIMO has been a key signature of 5G
systems for enhanced user capacity through spatial diversity
[19]. However, the utilization of a large and dense antenna
array brings about strong mutual coupling between different
radiator elements [20]. As a result, this leads to a classical
issue of antenna scan impedance, which can vary over a
substantial range during beam steering [21]. In recent studies,
the mismatch of active antenna impedance can be up to 6:1
voltage standing wave ratio (VSWR) during beam scanning
[22], [23]. As the direct preceding stage of the antenna, the
PAs in the array are subject to a constantly changing load
that leads to a performance fluctuation in terms of linearity,
stability, output power and efficiency.

To solve the issue of load mismatch for PAs in array
systems, there have been multiple types of solutions until now.
Conventionally, a circulator/isolator can be placed between the
PA and antenna load, which circumvents the PA-antenna inter-
actions, but the typical ferrite-based isolators are expensive,
nonintegrable, and bulky preventing the massive scale deploy-
ment in the array systems. Alternatively, a tunable matching
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network can be inserted between PA and antenna to dynam-
ically compensate for the antenna impedance mismatch [24],
[25], [26], [27]. However, all of these solutions require a com-
plex feedback control loop involving sensing and execution
units as well as extra tuning components, which significantly
complicate the system-level implementation and increase loss,
cost, and size. Therefore, it is of great interest to integrate the
tuning into the PA stage, and multiple reconfiguration-based
load-insensitive PA topologies have been reported recently.
In [28], [29], [30], and [31], several quadrature-coupler-based
reconfigurable Doherty PA (DPA) are implemented by utilizing
exchangeable gate biasing, adaptive power splitting ratio, and
tunable carrier-peaking phase offset to configure different DPA
operation modes at different load mismatch conditions, so as
to compensate for the performance degradation. A similar
method is reported in [32] that presents a generic represen-
tation of a multiport load-modulation combiner offering toler-
ance to load mismatch, extended bandwidth, and adjustable
OBO range through reconfiguration. Moreover, a series of
load-insensitive Doherty PAs are introduced in [33] and [34],
which leverages variable dc supply voltage and multiinput
phase tuning to maintain the PA performance under a varying
load impedance. In summary, it is important to note that
the existing solutions mostly require accurate sensing of
load impedance as a complex value as well as concurrent
reconfiguration of multiple control parameters, leading to high
complexity, energy overhead, and latency at the system level.

In this work, based on the horizon of PD-LMBA [7]
with control amplifier (CA) as carrier device and balanced
amplifier (BA) as peaking, a comprehensive analysis and
theoretical derivation for 1-D reconfiguration against load
mismatch are presented for the first time in this article.
Initially, a generalized theory of mismatch-resilient PD-LMBA
is analytically established that comprises different operations
of PD-LMBA in low-power region and high-power load-
modulation region. It is mathematically unveiled that the
quadrature balance of BA is still valid in PD-LMBA, which
is based on a unique derivation technique by featuring CA
as a duality between the current source (CS) and the voltage
source (VS). Taking full advantage of BA’s inherent tolerance
to load mismatch, the reconfiguration of the entire PD-LMBA
is only necessary for the supply voltage of CA with respect
to the real part of complex load impedance ideally, as shown
in Fig. 1. As such, the control and sensing complexity at the
system level is minimized to the lowest level as compared to
other reported works, while no tuning elements are needed.
The theoretical derivation is effectively verified by circuit
simulation using an emulated PD-LMBA model. It is also
important to note that the mismatch-resilient operation of
PD-LMBA can be easily extended to a broad frequency
range given the wideband nature of PD-LMBA. Based on
the developed theory, a prototype design of a 1.7-2.9 GHz
wideband mismatch-resilient PD-LMBA 1is experimentally
presented, which not only exhibits the desired back-off effi-
ciency enhancement at 50-2 load but also achieves a first-ever
wideband mismatch-resilient operation (i.e., up to 72.8%
of efficiency at peak power and 65.4% efficiency down to
10-dB OBO) under 2:1 VSWR. Furthermore, the measurement
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Fig. 1. Overview of mismatch-resilient PD-LMBA with 1-D reconfiguration
of VDD,CA-

results using continuous-wave and modulated signals clearly
outperform state-of-the-art for both nominal matched load and
2:1 VSWR, which solidly demonstrate the effectiveness of the
proposed method and hold promising potential for application
to array-based massive MIMO systems.

II. THEORY OF MISMATCH-RESILIENT PD-LMBA

Although the performance of LMBA under load mismatch
was preliminarily explored in [35], until now, there have not
been any comprehensive theoretical analysis and systematic
design methodology. Based on the reported PD-LMBA [7], its
mismatch resilience through 1-D reconfiguration is analyzed in
this section. As illustrated in Fig. 1, the PD-LMBA consists of
a CA (carrier) and balanced amplifier (peaking), it differs from
a classic LMBA by biasing the balanced amplifier to Class-C
as peaking amplifier and setting CA as carrier amplifier target-
ing for an extended range (up to 10 dB) of OBO and enhanced
back-off efficiency. The load-modulation of PD-LMBA can
be modeled as three excitation sources driving the output
quadrature coupler. The load-modulation of PD-LMBA can
be modeled as three excitation sources driving the output
quadrature coupler, and it can be analytically described using
the impedance matrix introduced in the following matrix:

Vi 0 0 +j —jiv2[1
Vs _ 27 0 0 —jv2 +j L "
V3 +j —jv2 0 0 I3
V4 —jv2 +j 0 0 I
where V| = —1,/Zy, I, = I and Iy = —jI), representing

the input RF currents from BA1 and BA2, while I3 = jI.e/ o
denotes the CA current. Using the matrix above, the load
impedances of BA1, BA2 and CA under matched conditions
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can be calculated as

«/zlceja
Zpal = Zpar = Zo(l + —

2

Iy Z1=Z,

Zea = Zo 3)

Zv=2y

A. Inherent Mismatch Resilience of Balanced PA

The balanced architecture has an inherent mismatch toler-
ance due to the directivity of the quadrature hybrid coupler.
It can be analytically described using the impedance matrix
introduced in (1) that, by incorporating isolation at port 3 with
a Zy termination and load mismatch Zy = —V,;/I; at portl,
the normalized impedances of BA1 and BA2 with respect to
Zy are given by
SZL -1 3 - ZL
w+1’ ZBAZ_ZL-i-l' @
Hence, the relationship between zpa; and zpar in balanced
amplifier can be written as

ZIBAl =

ZBal +2Ba2 = 2 )
zpal + 1
2R =g 6
zpa2 + 1 b ©

Equation (5) indicates that the sum of normalized impedances
of two sub-amplifiers in the balanced topology are constant
and equal to 2. This means that when the balanced amplifier
is under load mismatch conditions, the impedance variations of
the two identical amplifiers present an opposite trend from the
optimum value. Equation (6) is another dependence between
zga1 and zgao that can be derived from (4).

For PD-LMBA, where the isolation-port termination is
replaced with a CS, I3 = j I, it is found that only (6) is inher-
ited from the balanced amplifier, which can be derived from
(1) with the corresponding setting at each port. Clearly, there
is a correlation between the conventional quadrature-balanced
amplifier and the peaking amplifier (BA) of PD-LMBA, which
could potentially be endowed with load insensitivity when it
turns on at the predefined OBO.

B. 1-D Reconfiguration of PD-LMBA for Mismatch
Compensation in Low-Power Region (Poyr < Pumax/OBO)

In the low-power region with CA solely operating, this
analysis can be considered as a single PA circuit under the
load-mismatch condition, where the quadrature coupler with
BA1 and BA2 ports open-circuited acts as an inverter shown
in Fig. 2(a). The transistor as a CS is approximated by a
piecewise linear model [36]. Its normalized load impedance
zZca (= Zcea/Zy) is directly inverted from z, by the quadrature
coupler, and the normalized representation is given by

zeare = 1/z = yi. @)
To theoretically analyze the CA under mismatch, the first step
is to calculate the output power of the CA [33]. It is calculated
from a fundamental voltage component of CA (V,) and load
(Zca) as the following expression:

Pop = lreal(ZCA)( Vel )2. (8)
2 |Zcal
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Fig. 2. Ideal generalized schematic of the output combining network for
analyzing the proposed PD-LMBA architecture: (a) low-power region where
Pout < Pwmax/OBO, (b) high-power region where Pyjax/OBO=<PouT=<PMax-
(The CA is expected to remain saturated in this region which can feature a
unique CS-VS duality.)

The corresponding saturation power of CA at the matched load
with the highest efficiency can be written as

2
VDD, CA0

27, ©)

Pca sato = .
ZL=7
where Z; is the nominal matched load, and Vpp cao is the
corresponding nominal dc bias voltage. For PD-LMBA, it is
critical to set Pca sa.0 = Popo that ensures the first efficiency
peak.

For an arbitrary load impedance, the CA saturation power
can be re-derived as

Vib.ca real(zca)
27y lzcal?

In order to keep Pca sa. constantly equal to its nominal value
at the matched load (for maintaining a constant first efficiency
peak at the designated Popo as depicted in Fig. 1, it is
necessary to enforce the following condition:

Pca,sa. = (10)

Y

which is achieved by reconfiguring the CA dc bias voltage,
Vbb.ca- By solving (11), Vpp ca should be dependent on zca

Pcasa. (Vop.ca) = Peasaco

|zcal
Vbp,ca = Vbp,cao—F—rr—.
Jreal(zca)

By replacing zca with 1/zp as expressed in (7), the above
expression can be rewritten as

1
Vbp,ca = Vbp,cao .
real(zr)

(12)

13)
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It is interesting to note that the reconfigurable dc bias voltage
of CA is only related to the real part of load impedance, zy .
For high-resistance loads (i.e., real(zp) > 1), Vpp,ca should
be lower than the nominal value (Vpp cap) in order to main-
tain a constant saturation power of CA. Vice versa, Vpp ca
should be increased from Vpp cao for low-resistance loads
(i.e., real(zp) < 1).

It is important to note that the most commonly used sensing
method of the load is based on a directional coupler, where
the reflection coefficient Iy is easier to obtain rather than the
load impedance zp. Also, in a practical PD-LMBA design,
the CA contains an output matching network (OMN). Unlike
the theoretical model in Fig. 2, the current-generation plane
of the realistic CA is not directly connected to the coupler
isolation port but through the parasitic network and CA OMN.
Thus, the control of Vpp ca is re-derived based on I't, with the
realistic model shown in Fig. 3. The overall phase shift caused
by parasitic network and CA OMN can be represented as a
transmission line of phase Oca, and the corresponding I' at
different planes are illustrated in Fig. 3. The I't-dependent
Vbp.ca can be derived based on as follows:

1+ [Tcal? + 2real(Tca)

Vbp,ca = VDD,CAO\/

14
ETPNE (1
1+ T2 — 2real(FLe*J'29CA)
= Vbp,cao T .
—ITLl [Teal=ITLI
(15)

In order to maximize the first efficiency peak at the target
power back-off, CA is designed with continuous Class-F mode
which can deliver over 80% ideally [37]. Combined with the
reconfiguration of Vpp ca, the saturation power of CA can
be well maintained at 10-dB OBO with a consistent first
efficiency peak against arbitrary load mismatch, which can
ensure the highest possible efficiency across the entire OBO
range.

C. Intrinsic Mismatch Resilience of PD-LMBA in
High-Power Load-Modulation Region (Pout > Pmax/OBO)

When CA is driven to its saturation at Pogg, an ideal phase
offset between BA and CA (assuming 6 = 0) is implemented,
and CA can be considered as either a CS due to the intrinsic
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Fig. 4. Emulated model setup of the proposed PD-LMBA with bare-die GaN
transistors for verification.

nature of the transistor or a constant VS due to the fact that it
should remain saturation during load modulation. At the same
Pogo, the BA turns on and is load-modulated by the CA. The
load impedance of CA is given by

1 I (1
Zcamp = — + V22t (— - 1)-

<L ¢ \<L

(16)

Although the CA impedance is modulated as a function of
I, under load mismatch, the increase of input power due to
the Wilkinson divider constantly drives CA into saturation that
most likely can be sustained throughout the load-modulation
region. Given this constant saturation, CA features a duality
between CS and VS, as shown in Fig. 2(b). When considering
CA as a CS, I, the normalized impedance of BA1 and BA2
under load mismatch can be calculated as

V2I.

IZBAl = +1 (17)
I
V2I.\ 1
ZBA2 = (2 + — -1 (18)
Ib ZL

From a different perspective that CA ideally remains voltage
saturated in this region, it thereby can be considered as a VS,
and the BA impedances are re-derived as

V2V,
=(2 -1 19
ZBA1 ( + Zol, ZL (19)
V2V,
a2 = 1+ (20)

Zoly
Equations (18) and (19) unveil an important fact that the
impedances of BA1 and BA2 have z;, and 1/z; dependence,
respectively, so that their operations can complement each
other under load mismatch similar to the generic balanced
amplifier. Meanwhile, it is important to note that although
(17) and (20) are mathematically valid, they are not phys-
ically meaningful since neither BA1l nor BA2 should be
Zy -independent. Just like the Wave-Particle duality of light,
the CA in PD-LMBA presents a VS-CS duality: CA is a VS
(VS) to BA1 and a CS (CS) to BA2.

Overall, as long as the 1-D reconfiguration of CA (i.e., load-

dependent Vpp ca) maintains a constant Pca sy, = Popos

Authorized licensed use limited to: University of Central Florida. Downloaded on August 18,2023 at 03:16:56 UTC from IEEE Xplore. Restrictions apply.



GUO et al.: 1-D RECONFIGURABLE PD-LMBA WITH INTRINSIC VSWR RESILIENCE ACROSS WIDE BANDWIDTH

_/ o0 eoq o X 40
80 1
_ 35
20 Za1 = ZBA2
< « 130
; 60 2
125 o
g 50 )
Q 20 =
= 40 =
& 15 ©
C30[  ee
‘' 10
£
10 5
0 0

10 15 20 25 30 35 40 45
Output Power (dBm)

Fig. 5. Simulated efficiency and gain versus Poyr of emulated PD-LMBA
model and load-modulation trajectory of BA1 and BA2 under matched load.

the inherent “balance” between BA1 and BA2 makes the
entire PD-LMBA mismatch resilient that is sustained from
low-power region to load-modulation region.

ITII. VERIFICATION USING EMULATED PD-LMBA MODEL

To verify the mismatch-resilient PD-LMBA theory proposed
in Section II, an ideal PD-LMBA model is emulated using two
different types of bare-die GaN transistors, ideal quadrature
couplers, and ideal transformers for impedance matching,
as shown in Fig. 4. Specifically, BA1 and BA2 are built
with CGH60015 model from Wolfspeed, and CA is built with
a smaller-sized model CGH60008 due to its lower output
power than BA. Using the dedicated designed negative capaci-
tance (—Cps, —Cgp) and negative source-degeneration induc-
tance (—Lg), the intrinsic parasitics of transistors are fully
de-embedded. Therefore, the emulate models can well imitate
ideal transistor devices as voltage-controlled CSs. The estab-
lished emulation model of the entire PD-LMBA is simulated
in ADS. The simulation results are plotted in Fig. 5 including
efficiency and gain profiles as well as the load-modulation
trajectories of BA1 and BA2 (identical at Z; = Zj).

A. Emulated Balanced Amplifier Under Mismatch

To first verify the theory in Section II-A, a balanced PA
is built by using the emulation model with a termination
impedance (Z = 50 2) at the isolation port. The resilience
of the balanced amplifier circuit to load mismatch on the 2:1
VSWR circle is simulated. Fig. 6 shows the impedances of
BA1 and BA2 under different load conditions. The simulation
results clearly indicate that the impedances of BA1l and
BA2 always present opposing deviations from the optimum
value, and their sum of normalized impedances are constantly
equal to 2 as expected from the theoretical relationship in
(5). The simulation results agree well with the mathematical
derivation and results in Section II-A, which solidly proves the
theory of quadrature-balanced amplifier with complementary
behaviors of BA1 and BA2 under load mismatch.
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B. Emulated PD-LMBA Model: Mismatch Resilience in
Low-Power Region Through 1-D Reconfiguration

The analytical derivations described in Section II-B demon-
strates the theory of utilizing 1-D tuning the supply voltage of
CA (carrier) with respect to the real part of load impedance,
which maintains a constant saturation power of CA at the
pre-defined OBO. The theory is validated by simulation using
the developed emulation model in this section. According to
Fig. 7(a)—(c), the impedance of CA (zca) is directly inverted
from zp, which proves (7). Fig. 7(d) shows that the corre-
sponding supply voltage (Vca) of control amplifier is solely
dependent on the real part of load impedance (zr), and the CA
saturation power can be maintained at nearly the same OBO
(roughly 10 dB from the peak) against different mismatch
conditions, thus ensuring the desired CS-VS duality of CA
for the subsequent operation of the peaking amplifier (BA).
In a word, the simulation results matches the derivations in
Section II-B, and therefore, the theory is firmly proven.

C. Emulated PD-LMBA Model: Intrinsic Mismatch
Resilience in High-Power Load-Modulation Region

When CA reaches to its saturation, BA1 and BA2 turns
on simultaneously, and the load modulation starts. The
impedances of BAl and BA2 are close to open-circuit at
the beginning of load modulation as shown in Fig. 5 (inset
Smith chart). Fig. 8 shows the simulated fundamental current
and voltage of BA1, BA2, and CA, respectively, while Fig. 9
depicts the load modulation trajectories of three PAs under
mismatch. Four representative load values on the 2:1 VSWR
circle are selected to specifically elaborate the load modulation
behaviors of BA1l, BA2 and CA under different mismatch
conditions.
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low-power region, i.e., Pca sa. = Popo against VSWR: (a)-(c) impedance
trajectory of CA at low power region (zca,Lp) inverted from real part of
different load impedance zp; (d) simulated DE versus output power with
corresponding Vpp,ca at different load condition.

1) High-Resistance Load (z1, = 2): In this condition, when
CA saturates, the BA currents, I,; and I;,, start to
increase while the V. maintains almost the same level,
as shown in Fig. 8(a). In this case, the CA behavior
indicates a clear CS-VS duality, and thus, the load
impedances of BA1 and BA2 are properly modulated
with a complementary dependence of z; according to
(17) and (18), i.e.,, Zpa1 o« zp and Zpar o 1/zr.
Moreover, the CA load impedance becomes higher with
an increasing I, according to (16) in which (1/zp —
1) < 0, shown in Fig. 9(a). Nevertheless, the drop
of CA power during load modulation only results in a
trivial impact on the overall PD-LMBA as the output
power is mostly generated by BA at this power level. The
theoretical derivation is consistent with the simulation
results.

2) Low-Resistance Load (z;, = 0.5): As indicated by (16),
the CA is load modulated like the carrier amplifier in
Doherty PA (i.e., Zcaup o 1/1.) when |z1| < 1. As a
result, the CA current surges in the load-modulation
region, as shown in Fig. 8(b). This also leads to a sharp
increase of Zpa, according to (18) and the clamping of
BA2 current, i.e., I, in Fig. 8(b). The load modulation
trajectory of BA2 turns toward open circuit point as
demonstrated in Fig. 9(b). Nevertheless, the ‘turn-off’
of BA2 power is compensated for by the sharp increase
in CA power. Together with the unaffected load mod-
ulation of BAl and I,; as depicted in Fig. 8(b) and
Fig. 9(b), respectively, the overall peak output power of
PD-LMBA should remain unchanged. (Note: Although
the load modulation of CA breaks its CS-VS duality at
z1.=0.5, it makes CA substitute the role of BA2 so as to
re-establish the balance with BA1.)
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Fig. 8. Simulated BA1, BA2, and CA currents and voltages using emulated
PD-LMBA model at 1.7 GHz for different loads on VSWR 2:1 circle.
(a) zL =2. (b) zL =0.5. (¢) zL = 0.8 + j0.6. (d) zL = 0.8 — j0.6.

3) Complex Loads: For the normalized load impedance
corresponding to the two reactive points z; = 0.8 +
j0.6 and 7z = 0.8 — j0.6, the CA well maintains a
constant VS and nearly constant CS, thus offering the
desired “balance” between BA1 and BA2 as shown in
Fig. 9 where Z; ga; and Zp par are conjugate during
load modulation. As a result, the BA currents are almost
identical and equal to that in the matched condition,
leading to a consistent output power and efficiency of
the overall PD-LMBA.

Fig. 10 shows the overall efficiency and gain profiles of dif-
ferent load conditions. With the tuning of CA supply voltage,
Vea, the first efficiency peak can be kept constantly around
10-dB OBO. In the high-power load-modulation region, the
overall performance can be maintained due to the inherent
mismatch resilience of the balanced amplifier. It is demon-
strated that the efficiency profile at matched load can be well
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Fig. 9. Load modulation analysis of PD-LMBA for representative cases on
VSWR 2: 1 circle. (a) [I'L|£0°. (b) |T'L|Z180°. (c) [T'L[£90°. (d) |I'L[£270°.
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Fig. 10. Simulated efficiency and gain versus Poyt of emulated PD-LMBA
model under different load conditions shown in Smith chart.

maintained against 2:1 VSWR with the 1-D reconfiguration.
Therefore, the theory presented in Section II is solidly proven.

IV. PRACTICAL DESIGN OF WIDEBAND PD-LMBA WITH
CONTINUOUS-MODE MATCHING

To verify the proposed theory, an RF-input PD-LMBA is
designed with a target frequency range from 1.7 to 2.9 GHz.
The practical design of the prototype is similar to the authors’
other work on hybrid asymmetrical LMBA presented in [37],
while the circuit is re-optimized for PD-LMBA operation.
Specifically, two 10-W GaN HEMTs (CG2H40010F) from
Wolfspeed are used for both CA and BA. In order to accom-
modate the high PAPR of emerging 5G signals, a back-off
range of 10 dB is selected for this prototype.

The BA input coupler is built with a commercial component
(IPP-7118, available from Innovative Power Products) widely
operating at 1.7-2.9 GHz. The output coupler of BA is
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Fig. 11. Schematic of the designed CA OMN.

implemented with a non-50-$2 three-stage branch-line hybrid
structure [38], which can provide sufficient bandwidth and
also serve as a part of an output impedance matching network
(OMN). The OMN of BA is realized by the cooperation of
impedance transformer coupler and bias lines. This leads to
the reduction of the broadband phase dispersion that normally
occurs in the complex matching network [8], so as to realize
the equalization of the phase changes of BA and CA in the
broadband range. The detailed design of BA and CA as well
as the wideband phase BA-CA alignment is illustrated in
Sections IV-A-IV-C.

A. Wideband CA Design in Continuous Mode

At the low output power level with only the CA operating,
the two ports of BA1 and BA2 are close to an open circuit and
can be equivalent to R-C tanks [37]. To fulfill this low output
power, CA is executed with the 10-W GaN transistor (Wolf-
speed CG2H40010), and it is biased in Class-AB mode with a
reduced supply voltage, i.e., around 10 V of Vpp ca. In order
to cover the entire target-wide bandwidth with the enhanced
back-off efficiency, the output matching network (OMN) of
CA requires a complex harmonic-tuned structure that normally
engenders an unexpected phase dispersion [8]. This could
be contradictory to the phase control requirement of BA,
especially for wideband design. Thus, a simplified TL-based
OMN instead of multistage ladder network [39] is selected
to meet the requirement of the wideband CA design with the
highest-possible first efficiency peak and meanwhile ease the
wideband phase control of PD-LMBA.

Fig. 11 shows the designed TL-based OMN of CA [37],
similar to [37]. This structure can reduce the phase dispersion
since it only includes one shunt stage with a bias line and open
stub. The phase offset line at the input of BA can perfectly
counteract the phase shift of the series components of CA
OMN. On the other hand, based on [37], the harmonic-tuned
OMN can convert the nominal impedance of isolation port
to the harmonic impedance of continuous Class-F (CCF) and
continuous Class-F~! (CCF~!) modes, which enhance the
maximum first efficiency peak across the band.

B. Wideband BA Design

In order to build a balanced amplifier, the two peaking
devices are implemented by two identical 10-W packaged GaN
transistors (CG2H40010) and designed under the same gate
bias voltage with an identical matching method as shown in
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Fig. 12. Schematic of the designed BA OMN.

Fig. 12. The input wideband quadrature (1.7-2.9 GHz) coupler
is built using a commercial product (IPP-7118) and the output
coupler is implemented with a non-50-2 three-stage branch-
line coupler [38] which well satisfies the design requirement
of bandwidth.

To simplify the load-modulation control of BA and reduce
the phase dispersion effect, a similar design method of OMN
to that is presented in [40] and [41] is utilized as shown in
Fig. 12. In this design, the OMN of BA is simplified as a shunt
inductance (j X) implemented by a bias line, which effectively
cancels the parasitic network that is dominated by Cpg of the
transistor. Based on the derivation of Zg, in (2), when two
BAs reach the maximum power under load modulation (I, =
Iy Max), the load impedance presented to the intrinsic drain
of BA is equal to Zy coup multiplied by a load-modulation
factor, given an ideal phase offset, i.e., 6 = 0, as the equation
indicated in Fig. 12. By properly setting the value of Zg coup,
the impedance of two BA, Zga, at peak power can be equal
to Zopr. Since BA is biased in Class-C mode, we found in
the simulation that the harmonic tuning is not as critical as it
is for CA.

Following the well-known input matching method as pre-
sented in [38], a four-stage low-pass TL input matching net-
work is implemented covering the target bandwidth from 1.7 to
2.9 GHz. Each stage includes a series L (high impedance TL)
and a shunt C (low impedance open stub). This entire network
is synthesized by the CAD-based optimizer to offer an optimal
wideband matching.

C. Wideband BA-CA Phase Offset Analysis and Design

To qualitatively analyze the phase difference between the
BA and CA, the signal paths o f BA and CA are illustrated
in Fig. 13(a) and (b). The BA signal starting from the input
port of the first quadrature coupler is divided into I (in-phase
signal) and Q (quadrature signal) which then travel through
BA1 and BA2, respectively, and are finally combined at the
output port of the second quadrature coupler as shown in
Fig. 13(a). Overall, the BA path delay involves I and Q paths
of input and output quadrature couplers, respectively, and the
amplifier stage including an input matching network (IMN),
OMN and GaN device.

From the perspective of the CA signal, it starts at the input
port of CA IMN and passes the GaN device and the OMN
of CA. Then, the CA signal is fed into the output coupler of
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BA1-CA phase offset at different frequencies and TL-based wideband phase
shifter.

BA, where it is also split into / and Q. The I signal travels
through the OMN and parasitic network of BA1, which is
immediately reflected back when it reaches the intrinsic drain
of BAL. This reflected / signal then travels backward through
the BA output network and is directed to the output port by
the directional coupler. Due to the symmetry of BA, the QO
path is identical to the I path as depicted in Fig. 13(b). It is
critical to point out that compared to the BA path, the delay
of the CA path involves two extra portions, i.e., twice of the
BA output network, in which the signal travels back and forth.
As the BA output network (the extra delay in the CA path)
is designed with the simplest structure of a bias line, this
shunt inductor can well resonate with the parasitic network
that mainly contains a large Cps, the delay of this network is
minimized, and it can be easily compensated for using a delay
line at the input of BA.

The above qualitative analysis indicates that if the time
delays of CA and BA paths are equalized, a wideband phase
alignment is automatically achieved for the optimal PD-LMBA
operation. Using the method in [37], it is demonstrated that
the optimal phase shift between CA and BA is approximately

Authorized licensed use limited to: University of Central Florida. Downloaded on August 18,2023 at 03:16:56 UTC from IEEE Xplore. Restrictions apply.



GUO et al.:

( 1 Vespar 4
1| |w=15 Optimal Phase|
1| | 5205 Offset TL-line |
\ - - - -
Iso. 100 pF
H
500 00
i
= - -
~
o
[a W
H
100 pF 30 0
VGs,Baz — —
50pF  W=25 w=25
v =109 L=11.0

Fig. 14. Circuit schematic overview of designed PD-LMBA.

90 40
—— 1.7 GHz ]
. 801 | o TocH: 35
70| | —-—2.1GH: 130
; 60 2.3 GHz
= 2.5 GHz 125 ©
.2 50 2.7 GHz 5
£ 40| | A296H: 1202
o @©
£ 30 15
5 20 {10
10 15
0
10 15 20 25 30 35 40 45
Output Power (dBm)
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from 1.7 to 2.9 GHz.

linear to frequency proportionally as shown in Fig. 13(c). As a
result, the equalization of phase (delay) between BA and CA
can be simply resolved by using a 50-£2 transmission line at the
input port of BA to fit the wideband phase-offset requirement
[7], [40], and [41].

D. Overall Schematic and Simulation Results

The overall designed circuit schematic and the detailed
values of all actual circuit elements are shown in Fig. 14.
With the detailed design described in this section, the overall
efficiency and gain under match conditions are swept with
power as shown in Fig. 15. Fig. 16 shows the simulated
efficiency at different mismatched load conditions. To make
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Fig. 16. Simulated efficiency versus Poyrt at 2.5 GHz under different load

conditions (inset Smith Chart).

a comparison with the theory and emulated model, the load
variation of this practical PD-LMBA design is de-embedded
to the coupler plane. It is also found in simulation that the
overall phase delay of the CA output network (matching and
parasitics), 6ca, is roughly 180°, so that the dependence of
Vbp.ca and zi, well match the ideal case. These results clearly
indicate that the performance of designed PD-LMBA in terms
of efficiency profile and maximum output power can be well
sustained against 2:1 VSWR with the 1-D reconfiguration
of Vpp,ca.

V. FABRICATION AND MEASUREMENT RESULTS

Fig. 17 shows the measurement system setup and the pho-
tograph of fabricated PD-LMBA. The circuit is implemented
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TABLE I
COMPARISON WITH STATE-OF-THE-ART OF WIDEBAND LOAD-MODULATED PAS

Ref./ Year Architecture Freq (GHz) Ppjax (dBm) DEay (%) DE@10dB OBO(%)
[7] 2020 PD-LMBA 15—27 43 58—72 47—58
[13] 2017 LMBA 0.7 — 0.85 42 57—70 30—35* t
[14] 2017 LMBA 1.8 —3.8 44 46—70 20—25*
[15] 2018 Dual-Input LMBA 1.7 —25 48—48.9 48—58* 33—45x 1
[16] 2020 CM-LMBA 1.45 —2.45 45.6 — 46.7 67.1—77.9 37—43
[17] 2021 ALMBA 0.55—2.2 41—43 49—82 39—64
[18] 2021 H-ALMBA 0.55—2.2 42 55—82 40—61
This Work PD-LMBA 1.7—29 39.4—43.1 65.3—76.9 54.5—70.5
* Graphically estimated, T PAE
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|—s— 1.7GHz |9V
801 4 1.8GHz |9V @)
70| |—— 1.9GHz |10V 35
= —%— 2.0GHz |10V
X 60 21GHz |8V 30
= —5— 2.2GHz [8V
2 50||—— 2.3GHz |9V 25 @
2 o)
Load Tuners E é 40 20 %
230 15 ®
L] B 20 4~ e 10
7— a
-20dB i i -20dB 10 5
i Keysight E4418B Keysight PXle VXT E4418B 0 0
S SR M9421A ¥
: ax:é e [~ 80 ' Vopea (b) 40
EEEE 70| |—— 2.4 GHz|9V 35
= —— 2.5GHz|9V
Fig. 17. Fabricated PD-LMBA prototype and testing setup. X 60||—— 26GHz|10V 30
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200 mm x 100 mm. A Keysight PXIe vector transceiver (VXT a 10
M9421) is used as a signal generator and analyzer for CW 10 >
and modulateq megsurement. A driver stag§ providf?s a power 015 20 25 30 35 20 450
level and a directional coupler after the isolator is used to Output Power (dBm)
accurately sample and measure the input power. The PA output
is connected to several designed impedance transformer, which Fig. 18. Measured DE and Gain with CW signal under match condition at

covers the 2:1 VSWR circle on Smith Chart with the phase
swept at 30° step. The BA is biased in Class-C mode with
Vigs.Ba of —2.8 V. The drain voltage biasing of BA, Vpp pa,
is set to 28 V to achieve its maximum output power. The CA
is biased in Class-F/F~! mode with a Vis.ca of =5 V. Vpp ca
is set in an adjustable range from 5 to 12 V to ensure its
saturation is maintained at 10-dB power back-off when the
load impedance is mismatched.

A. Continuous-Wave Measurement

The fabricated prototype is first measured with a single-tone
continuous-wave (CW) stimulus signal from 1.7 to 2.9 GHz
at different power levels. Under the condition of a standard
matched load impedance of 50 €2, Vppca is around 10V
with a minor change to maintain the 10-dB OBO level.

(a) 1.7 to 2.3 GHz. (b) 2.4 to 2.9 GHz.

The measured efficiency and gain versus output power are
plotted in Fig. 18. The proposed PD-LMBA achieves a effi-
ciency of 65.3%-76.9% at peak power and 54.5%-70.5%
at 10-dB OBO from 1.7-2.9 GHz. The measured gain is
maintained around 8-13 dB at different OBO levels with the
saturated output power of 39.4-43.1 dBm across the entire
bandwidth. The measured PAE over the entire bandwidth is
shown in Fig. 19, showing a clear efficiency enhancement at
the power back-off. And the performance of the prototype PA
under match condition is summarized and compared with other
published works in Tables I and II.

In order to verify the mismatch recovery capability
of PD-LMBA through 1-D Vppca reconfiguration, three

Authorized licensed use limited to: University of Central Florida. Downloaded on August 18,2023 at 03:16:56 UTC from IEEE Xplore. Restrictions apply.



GUO et al.: 1-D RECONFIGURABLE PD-LMBA WITH INTRINSIC VSWR RESILIENCE ACROSS WIDE BANDWIDTH

| f Vbp,ca
801 . 176H: |sv (a)
70||—— 1.8GHz |9V

—a— 24GHz |9V
60 || 2.5GHz |9V

AE (%)
N
o

15 20 25 30 35 40 45
Output Power (dBm)

Fig. 19. Measured PAE with CW signal under match condition at (a) 1.7 to
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90 VSWR 2:1 22
80 10V A&7V 20
@ l 8V
70 \ “0 7
60 v 8
16 ©
oy

w b
o O

5 S
I
: ‘\‘“_
vk e
\
£l :
)

Drain Efficiency (%)
(9]
o

o
o

15 20 40 45

25 30 35
Output Power (dBm)
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different load condition with corresponding reconfigured Vpp,ca on VSWR
2: 1 circle shown in inset Smith chart.

representative frequencies, 1.7, 2.1, and 2.5 GHz, are
selected for CW measurement with various mismatched loads.
As shown in Fig. 17, a set of load tuners are fabricated as a
customized load—pull system. At 2.5 GHz, the measured DE
and gain versus swept output power at various loads across the
2:1 VSWR circle are shown in Fig. 20. A DE up to 72.8%
is measured at a peak power of 41.4 dB under various load
mismatch conditions, and the measured DE at 10-dB OBO is
up to 65.4%. It is clearly seen that the efficiency profiles under
load mismatch well replicate the shape at matched conditions.
The measurement is then extended to 1.7 and 2.1 GHz, where
DE at peak power and 10-dB OBO are measured versus
different phase points on the entire VSWR 2:1 circle, as shown
in Fig. 21.
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Fig. 21. Measured DE and output power over 2:1 VSWR with CW signal
at (a) 1.7 GHz, (b) 2.1 GHz, (c) 2.5 GHz.

B. Modulated Measurement

In order to validate the linearity of the proposed circuit
under realistic communication conditions, the modulated mea-
surement is presented with a 20 MHz modulation-bandwidth
single-carrier 64 QAM LTE signal at three in-band frequency
1.7, 2.1, and 2.5 GHz. The measurement was first performed
under matched conditions. Fig. 22 shows the measured power
spectral density (PSD) under matched condition, the ACPR of
most measured frequencies are higher than 20 dB without any
digital predistortion. Fig. 23 shows the proposed PD-LMBA
achieves the average drain efficiency (DE) of 56.4%—-62% and
average output power of 30.9-31.5 dBm over the designed
frequency band.

The proposed PD-LMBA is further measured under the
2:1 VSWR load mismatch to present the mismatch-resilient
feature. Fig. 23 shows the optimal results obtained with six
phase mismatch load over VSWR 2:1 circle, it achieves
average drain efficiency of 44.7%-53.5% with the average
output power of 29.8%-30.6% dBm at 1.7 GHz, average drain
efficiency of 52.1%-59.1% with the average output power
of 30-31.3 dBm at 2.1 GHz and average drain efficiency of
45.5%-55% with the average output power of 29-30.8 dBm
at 2.5 GHz.
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TABLE II
COMPARISON WITH STATE-OF-THE-ART OF RECENTLY REPORTED MISMATCH-RESILIENT PAS
Ref./ Year This Work [30] TMTT-2021 [33] TMTT-2021 | [34] TMTT-2021 | [31] TMTT-2022 | [48] TMT|T-2022
Technology GaN-PCB GaN-PCB GaN-PCB* LDMOS-PCB GaN-PCB GaN-PCB*
Freq (GHz) 1.7—29 35 3.55 0.9 1.7—27 3.6
. 1-D
Control Variables 1-D 3-D (No load modulation) 2-D 3-D 4-D
Load (Zo/VSWR 50Q ZIVSWR 50Q 2:1 50Q 21 | 500 2:1 50 Q 2:1 50 Q 2:1
0ad (Zo/ ) @1.7GHz | @2.1GHz | @2.5GHz : : : : :
Pptax (dBm) 39.4-43.1 39.9-40.9 | 39.1-40.9 | 40.2-41.4 42+ 40.3* 373 | 294 294 | 40.1-41.8 | 39.1-41 | 435 42
DEpax (%) 65.3-76.9 51.9-66.8 | 60.1-664 | 59.8-72.8 | 63.5-70.1 - 65* 59.1 | 46.5-51.3 | 56-78 64* 58
DE@10dB OBO(%) | 54.5-70.5 38.6-59.9 | 43.0-62.8 | 54.2-65.4 | 34%-36* - 25% | 18%-30% | 30-57* 32¢  |27% 35+
Modulation Signal 64-QAM 20 MHz 64-QAM 20 MHz OFDM 20 MHz | 64-QAM 3.86 MHz | 64-QAM 20 MHz LTE 5 MHZ
Poutavg (dBm)/ 30.9-31.5/ | 29.8-30.6/ | 30-31.3/ 29-30.8/ 372/ | 33342/ | 33.5%/ 22/ 22/ | 33.4-33.7/| 33./ | 435/ 42%/
DE,yg (%) 56.4-62.0 44.7-53.5 | 52.1-59.1 | 45.5-55.0 473 | 325425 | 253+ - 244 | 2123 | 413446 | 429 46.4 43
* Graphically estimated
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=] 0 = = —Matched load —@— . .
=l fe=1.7GHz on the 2 : 1 VSWR circle
2 70 55
Y -20
2 60 50 »
@ < s
N X 50 a5 ©
< -40 - e}
£ & 40 40 2
S " 30 =
Z 2 353
< 20 5
o = 302
=] 10
a 0 25
(%]
o 70
o -
g _ 50 >
© X 50 ®
£ & 40 g
] w 40 S
=z s 30 f=21GHz =
o —
) < 20 ELge
= 10 303
[a]
n 0 25
o
Re]
g 70
= 60
© —_—
é X 50
(] + 40
= -60 &
-40 -20 0 20 40 . 30
Frequency Offset (MHz) g
< 20
Fig. 22. Modulation signal measurement over 1.7-2.5 GHz at matched-load 10[
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The PD-LMBA is intrinsically nonlinear due to the
over-driving of CA, which leads to the high ACLR. There
are multiple ways to mitigate this CA over-driving issue, such
as digital-assisted dual-input design [42] and equipping CA
with load modulation through asymmetrical biasing of BA
[37], [43]. Moreover, DPD has been successfully applied to
LMBA in literature. Together with the recent advances in
load-mismatch tolerable DPD [44] and array-level DPD [45],
[46], [47], the presented 1-D reconfigurable PD-LMBA can
be effectively linearized in both matched and mismatched
conditions which leads to a further research topic of enhancing
the performance of PD-LMBA.

A comprehensive comparison between the proposed
PD-LMBA and other recently announced mismatch-resilient
PAs is shown in Table II. It is important to emphasize that

0 60 120 180 240
Normalized Phase (°)

300

Fig. 23. Modulation signal measurement over 1.7-2.5 GHz under mismatch.

the first ever 1-D reconfiguration operation under mismatch
is accomplished with a very competitive profile. Specifically,
an overall wider operation bandwidth is implemented in
either match or mismatch condition. Moreover, the proposed
PD-LMBA indicates a higher maximum DE at maximum
power output. Additionally, compared with the designs in [48]
and [34], this work presents a great promotion of DE at 10-dB
OBO level. Using the same modulation bandwidth signal in
[30], this circuit exhibits larger average DE and output power.
Therefore, The proposed PD-LMBA clearly exhibits better
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mismatch resilience and well validates the effectiveness of the
proposed theory.

VI. CONCLUSION

This article introduces a novel 1-D reconfiguration
PD-LMBA with coincidental wide bandwidth operation and
mismatch resilience for the first time. Through comprehensive
theoretical analysis, the BA in PD-LMBA inherits the VSWR
insensitivity of balanced amplifiers, which is in coordination
with the 1-D reconfiguration of the carrier amplifier by set-
ting load-dependent voltage (Vpp, ca). The proposed circuit is
verified through an emulated model, proving that the peaking
amplifiers (BA1 and BA2) have load impedance dependence
and can accompany each other given the condition that CA
(once saturated) features a duality between CS and VS. As a
result, the overall efficiency of PD-LMBA can be maintained
under mismatch condition. To experimentally validate the
proposed theory, a prototype is developed, and the measured
results show that the designed PD-LMBA exhibits a highly
efficient performance over the target 1.7-2.9 bandwidth at both
10-dB back-off and peak power. With the 1-D reconfigura-
tion of Vpp ca, the efficiency performance is experimentally
maintained under 2:1 VSWR of load mismatch at in-band
frequencies of 1.7, 2.1 and 2.5 GHz, offering up to 72.8%
of efficiency at peak power while delivering 38.6-65.4%
efficiency at all back-off levels down to 10-dB OBO. The
proposed technology can offer maximized efficiency and min-
imized system complexity against arbitrary load mismatch,
and it clearly exhibits a promising potential for application
to next-generation array-based massive MIMO communication
systems.

APPENDIX

In Section II, the analytical load-modulation behaviors of
CA and BA with respect to z are derived based on an identical
current BA1 and BA2, I,. However, the actual circuit using
emulated model shows different currents of BA1 and BA2
in simulation. For the readers’ reference, the equations are
re-derived based on different I,; and I, as follows:

V21, Iy V2I, 2 Iy
—_ — + -
Iy I
1 N V2(Iyy — zLlp1)

iCA = —
7L zle

ZBA1 2n

zulp ZL Iy

(22)

It is important to note that the asymmetry between [ and
I;» consistently supports the discussions of mismatch-resilient
load modulation of PD-LMBA in Section III-C.
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