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ABSTRACT This paper presents a design methodology for a load modulated balanced amplifier (LMBA)
focusing on AMPM distortion mitigation. By introducing second harmonic control as a degree of design
freedom, a complex load trajectory can be selected to compensate for AMPM nonlinearities in the device
without substantially affecting efficiency. A mathematical derivation is accompanied by a design procedure
based on closed-form equations to fabricate an LMBA based solely on load-pull data. The theory is validated
through the measured comparison of three different designs operating at 2.4 GHz in a pseudo-RF-input
Doherty-like LMBA configuration, with class-J, -B, and -J* main PAs. The class-J prototype outperforms
the other designs with 54% and 49% drain efficiency at peak output power and 6-dB back-off, respectively,
and only 4 degrees of AM-PM across this power range. When driven with a 10-MHz, 8.6-dB PAPR LTE
signal, 40.5% average efficiency is achieved with better than —40.5 dBc ACLR without digital predistortion.

INDEXTERMS Class J, Doherty power amplifier, gallium nitride, load modulated balanced amplifier, power
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amplifiers.

I. INTRODUCTION
Modern communication standards emphasize high spectral
efficiency, leading to signals with high peak-to-average power
ratios (PAPRs). These signals require power amplifiers (PAs)
that are not only efficient over a wide output power dy-
namic range, but that introduce low distortion in response
to widely-varying signal amplitudes. Although digital pre-
distortion (DPD) can be used to mitigate nonlinear effects, it
is often desirable to limit the complexity of the DPD, particu-
larly in low-power applications where power consumption of
the DPD is not negligible [1], or in arrays where element-level
DPD is not easily implemented [2]. It is therefore of interest to
develop PA architectures able to favorably trade off efficiency
and linearity through a straightforward design method.
Efficiency enhancement can be achieved by dynamically
modulating the impedance seen by a transistor, as in the Do-
herty PA (DPA) [3]-[12] or outphasing PA [13]-[17]. Load

modulation PA architectures are typically composed of two or
more transistors that interact through a non-isolating power
combining network. Through asymmetric operation in ampli-
tude and/or phase, each device controls the impedance seen
by the other, thereby tracing a load trajectory that maintains
efficiency while modulating the output power.

A promising architecture employing load modulation is
the recently developed load modulated balanced amplifier
(LMBA) [18]-[29]. As shown in Fig. 1, active load modu-
lation is achieved in the LMBA by injecting a current into the
isolated port of a balanced amplifier through a control PA. In
[22], an RF-input Doherty-like LMBA is presented in which
the balanced and control transistors are biased in class B and
C respectively and the injected “control” signal is generated
from the single RF input through an input power division.
The resulting PA performs on par with state-of-the-art DPAs
but with a more favorable device scaling ratio between the
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FIGURE 1. Simplified schematic of the LMBA as used for the theoretical
analysis.

main and control transistors. Variations on the LMBA archi-
tecture have been explored [25], [30], with the majority of
the literature focusing on back-off efficiency enhancement
and bandwidth. One approach [29], [31] inverts the biasing
approach of the Doherty-like LMBA so that the control PA is
biased in class B. This technique has been shown to theoreti-
cally implement a flat AMAM characteristic [29], but AMPM
effects have not been explored. This critical contributor to PA
distortion is the focus of this work.

Because both the gain and phase response of a transistor
are strongly dependent on the impedance presented to the
drain [32], load modulated amplifiers are subject to amplitude
and phase distortions that are a combination of the intrinsic
transistor behavior due to input amplitude variation, i.e., con-
ventional AMAM and AMPM effects, and distortion caused
by load modulation. In the region of active load modulation,
these load-to-amplitude (LMAM) and load-to-phase (LMPM)
nonlinearities are due to the Miller effect, with the LMPM
the dominating generator of phase distortion [6], [33]. A
circuit-design based solution to improve phase distortion in
load-modulated PAs is to select the impedance trajectories so
as to compensate for the transistors’ AMPM response. This
approach is employed for example in [6] by using complex
impedance trajectories in a DPA to reach a linearity-efficiency
compromise. A drawback of the DPA application, however,
is that the load trajectory of the main and auxiliary PAs are
interdependent through the combining network design.

When a complex impedance trajectory is employed at the
fundamental frequency, it is important to also consider the
effects of harmonic impedance termination. The second har-
monic impedance in particular has been related to a fixed,
complex fundamental impedance to describe the class B-J
continuous classes [34]. Appropriate selection of harmonic
terminations has been long established as a way to improve
PAE [35], [36] or linearity [37] in PAs driving a fixed load.
While the selection of harmonic termination is not explicitly
considered in [6] as a design tool, there is opportunity for
using harmonic waveform shaping to similarly enhance per-
formance within a load-modulated architecture [16].

In this work, we explore the Doherty-like LMBA archi-
tecture as a vehicle for AMPM distortion reduction. The
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approach exploits the LMBA architecture’s ability to present
an arbitrary load trajectory to the load-modulated main PA
independent of the control PA’s operation. Through a combi-
nation of harmonic waveform shaping and fundamental load
impedance trajectory selection, a design procedure is pre-
sented that is able to favorably trade off linearity and effi-
ciency.

Our related conference paper [28] presented an initial
measurement of a class-J] LMBA demonstrating a linearity-
efficiency tradeoff of two different complex trajectories using
a fixed phase offset. Likewise in [38] a linearity dependence
on the relative phase offset in a dual-input LMBA drive is
demonstrated, although the fundamental cause is not ana-
lyzed. Here, we derive the theoretical effects of impedance
and introduce a complete design methodology including ef-
fects of the second harmonic. We present closed-form equa-
tions describing the phase and amplitude response of the
LMBA as determined by the impedances presented at max-
imum output power and output back-off (OBO). By apply-
ing this analysis to simulated load-pull information from a
single-ended transistor, the combined linearity and efficiency
of the LMBA is predicted. To validate the theory in measure-
ment, three PAs are designed with equal peak output power
but with class J, B, and J* harmonic terminations. We show
that in the case of the class-J] LMBA, the reactively termi-
nated second harmonic naturally corresponds to a complex
impedance trajectory that minimizes AMPM distortion during
load modulation, while keeping high efficiency. Furthermore,
the efficiency-linearity tradeoff can be adjusted after fabri-
cation through pseudo RF-input operation, a possibility not
available in the DPA.

Section II presents a derivation predicting the LMBA dis-
tortion characteristics based on the generalized architecture.
Section III describes the impact of the load trajectory on
LMBA performance, and specifically AMAM and AMPM
distortion. A design methodology for developing a linear
and efficient LMBA from load-pull data is presented in Sec-
tion IV. Section V presents details of the three example
2.4-GHz designs. Measured characterization, including both
continuous wave (CW) and modulated signals, are given in
Section VI. Section VII concludes the paper.

1. GENERALIZED LMBA ANALYSIS

Fig. 1 shows a generalized LMBA schematic, consisting of
the main balanced PA having two hybrid couplers and main
transistors 7;,, and Ty,,, and the control PA based on transistor
T.. We note here the following nomenclature: the subscripts
ml, m2, ¢ and L refer to the two branch transistors, control
transistor and output port respectively. The subscripts bo and
max describe the values of the different voltages/currents at
back-off (8 = Bro) and at peak power (8 = 1). Whereas pre-
vious works have followed an analysis in terms of the back-off
design parameter y [22], here we focus on the impedances
selected at peak (Zmax) and back-off (Zyp,) power levels.
This impedance-based analysis will be the basis of the load
impedance trajectory design methodology.
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In the Doherty-like LMBA approach employed in this
work, the control PA is turned on in the high-power region to
generate load modulation [20], [22]. We can distinguish two
operating regions, depending on the input drive level, §:

e Back-off, 0 < B < Bpo: the control amplifier is off. The
main transistors see a fixed load impedance Zy, and will
saturate at an input drive level 8 = By, called the break-
point. The current /. is zero while /,, , scale linearly with
B. To achieve high efficiency at the break-point, the in-
phase component of the drain voltages V;,, , must reach
their maximum swing value Vpax.

e Load modulation, By, < B < 1: the control amplifier
turns on and starts modulating the main transistors’ load
impedance. Both the main and the control amplifier will
saturate at the input drive level 8 =1 and |I,,,| =
Inax/2, the maximum fundamental drain current. I. is
related to I, , by a current factor ae™/¢. At g =1,
the in-phase component of the voltages V,,,, , must once
again be equal to Vi« for high efficiency.

A. LMBA OPERATION

The generalized LMBA operation has been derived in various
other works [18]-[22] for ideal systems and is briefly sum-
marized here. In order to explicitly operate at the intrinsic
drain of the device, the ABCD parameter blocks in Fig. 1 rep-
resenting the generalized output matching networks (OMN5)
and transistor parasitics (mainly Cyy) are first considered. In
back-off, when the control amplifier is off and there is thus
no load modulation, the OMN of the balanced amplifiers must
match Zj to a fixed desired impedance Zp, = Rpo + jXbo- The
OMNs are assumed to have been appropriately designed to
perform this impedance match with some arbitrary phase shift
Oomn- Then, following the generalized LMBA analysis in
[20], [22] and the approach in [39], the impedance presented
at the main transistors’ drains can be expressed as:

/R Zoe—J00MN [
VR —C) (1)

Zy, » =2
m1_2 bo < Zbo Iml

The voltages at the remaining ports of the hybrid coupler
are

[2R . I .
VL = —Zo ( ﬁe—JQOMN _ j_°e—2]90MN) I, )
ZO Im1

and
Ve = 1.2y (3)

Equations (1), (2), and (3) capture the fundamental opera-
tion of the LMBA. By separately controlling the currents I,
and I, the impedance seen by each main transistor can be
changed, while the control amplifier is isolated and drives a
fixed load. As opposed to the DPA, the load modulation is only
dependent on the current ratios, and is not constrained through
the combiner design. The modulated load can therefore take
any value on the Smith chart.
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B. DOHERTY-LIKE LMBA

We next apply a Doherty-like input drive scheme to the gen-
eralized LMBA equations. In order to establish current con-
tinuity between the back-off and load-modulation operating
regimes as described above, at the break-point By, we can
write the following expressions for the currents:

1, _i@
It 9= = Pro=axe™ O

o Imax e
L2\ p=ppo = —JBvo I;axe 7o
I“'ﬁzﬁbo = 0 (4)
At peak drive when = 1:
1,
Intlg=1 = mzax
-
Im2|ﬂ=l = _J%
7j¢1max
I|g=1 = ae > (5)

With the phase of the current /,,;; at maximum drive defined
as the reference (zero) point, the currents /,,; and I,» have
in back-off a phase offset represented as ®p, . This factor,
which we term the LMPM, describes the phase variation of
the intrinsic drain current due to the change of the operating
point (both load impedance and input power) between the
peak power and back-off power conditions. This characteristic
relates to the Miller effect and is dependent on the device
technology. It is the source of the very high phase distortion in
load modulated amplifiers, with typical values in the range of
10 to 30 degrees for GaN devices [33]. Because ®g, depends
on the nonlinear behaviors intrinsic to the device, we do not
attempt to model it but will instead determine its behavior
through large-signal load-pull simulation in the next section.

Requiring maximum efficiency at both back-off and maxi-
mum power results in the second boundary condition. Maxi-
mum efficiency is obtained when the in-phase component of
the drain voltage reaches the dc supply voltage. Equating these
two voltages results in the following relationship between Sy,
and the impedances Z,, , at these two power points:

max

I I
Re{ Tﬁbozml,z |ﬁ—ﬂo} = Re{ %Zml,z lp=1 }

_ Re {Zml,zlﬁzl}
Re {Zm1,2|ﬂ=ﬂ0}

Applying these boundary equations to the current /;, and the
impedances seen by the main transistors yields:

Ziny 51 =py = Zbo @)

Ziny 51p=1 = Zbo — j\/zae_j‘ﬁ«/Rbozoe—jGOMN ®)

L = Tmax e_j(aﬂbo 2R, Re {Zm1~2|ﬂ:1} e—jQOMN 9)
bo 2 Zy Re {Zm1,2|/3:/30}
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I, max 2Rbo
Iy == Zo

Finally, considering (9) and writing the impedance pre-
sented at maximum output power as Zy, ,|g=1 = Zmax, With

_ jae_/¢e_j90MN) ¢~ JfoMN (10)

Zmax = Rmax + JXmax, We can define the current factor ae /P
in terms of Zy.x and Zp, as:

ae 1P = ‘—_ZboeﬂOMN (1)

We can now express the load current [, at back-off and peak
power conditions based on the expected peak and back-off
load impedances and the maximum current /y,x:

Ryo Zy 2

Zmax + Zio PRI Imﬂ
V2RnoZo 2
From (12) we can identify some key parameters of the
LMBA. The output back-off and maximum power levels can
be related to the maximum power of each branch transistor
and the load trajectory:

I = (12)

| Zmax + Z;5 |2

PLln(lX = max
ma: 2RboRmax
R
Pryy = 2Py —— (13)
Rbo

where Py, is the maximum power of the transistors 7, , .

The dynamic range (or back-off range) y, describing the
relative output power between the back-off and maximum
drive level is written as

2

_ PLmax _ Zmax + ZE:O

P, Lo 2Rmax

We define the LMBA amplitude distortion (AMAM) as the

ratio of the gain of the LMBA at back-off and peak power.

Similarly, the total phase distortion (AMPM) of the LMBA is

described as the ratio of the phase of the output voltage V;, at
the same power levels:

(14)

Pr../P Z 12 G
AMAM = Lmax/ INmax — | max + Zb0| m1lmax (15)
P Lo / Pinb0 4RboRmax Gmlb0
AMPM = Z(AVL) = £(Zuax + Ziy) — ©bo (16)

Here, G, and Gy, correspond to the gain of the
branch amplifiers at maximum and back-off power levels and
Oy, is the previously defined load-dependent phase factor of
the intrinsic drain current (LMPM) of the branch amplifiers.

As can be seen, the amplitude and phase nonlinear-
ity of the LMBA depends on both the transistor behavior
(Gilyaxs Gmlyy» Obo) and the selected load trajectory (Zmax,
Zbo). Therefore, if the transistor’s characteristics for different
impedances are well known, the impedance trajectory can be
selected to influence the linearity in the LMBA architecture.
Furthermore, unlike in the Doherty architecture where the

202

load trajectory is designed into the combiner structure, the
flexibility of the LMBA load-modulation operation allows
for trajectory selection to be designed into the input signal
separation (either in hardware or in a dual-input mode) after
fabrication and characterization of the output stage.

C. CONTROL AMPLIFIER ANALYSIS

The control PA drives a fixed load, as seen from (3), and can
therefore be designed independently from the main PA. The
load impedance presented to the control PA device through
its OMN is assumed to be some R, + jX., with an arbitrary
phase shift 6, between the transistor and the hybrid coupler.
Using (5) and (12) we can write the control PA drain current
current Iy, as:

Lo — jImax Zmax — Zbo
T JaRwok:
The maximum power P, needed from the control PA to

support the LMBA operation can be related to the maximum
power of each main transistor as:

|Zmax — Zbol?
2Rmax Rbo

The correct phase and turn-on point can both be controlled
by an appropriate input signal and gate bias. The transistor
T. size, its drain voltage V, and drain impedance Z. can be
chosen freely by the designer to achieve highest efficiency at
the power level P ..

Because it drives a fixed impedance, the control PA does not
contribute LMAM or LMPM distortion to the overall LMBA.
Furthermore, contributions by the control PA to the overall
AMAM or AMPM characteristics are straightforward to es-
timate based on load-pull data. In the following discussion,
we ignore AMPM effects introduced by the control PA, but
note that they can be compensated for using the presented
techniques.

¢/ (Oomn+0c)

a7)

P

Cmax —

(18)

Mmax

I1l. LOAD TRAJECTORY SELECTION

Based on the above analysis it is clear that the selected load
trajectory will influence the LMBA linearity. Similarly, it is
well known that load trajectory will determine the PA effi-
ciency. Conventional load modulation assumes that a resistive
load modulation is desirable [3], [40]. On the other hand,
from (15)-(16) we observe that the AMPM distortion for a
purely real load modulation is reduced to the intrinsic phase
distortion of the branch transistor (®y,). If an appropriate
reactive component to Zy,x and/or Zy, is introduced, it can
compensate for the intrinsic LMPM, leading to negligible
net phase distortion at the output of the LMBA, while also
affecting efficiency.

A. TRAJECTORY EFFECT ON AMPM DISTORTION

Fig. 2 presents seven different load impedance trajectories
selected to explore the contributions of the load trajectory
on amplitude and phase distortion and illustrate (15)—(16).
Each trajectory has the same resistive component at the start

VOLUME 2, NO. 1, JANUARY 2022
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FIGURE 2. The seven load trajectories compared in this section: B | B (black), J | J and J *| J* (solid blue and red), B | J and B | J* (blue and red,
cross markers), and J | B and J *| B (blue and red, circle markers), presented in the (a) Smith chart, and (b) impedance plane.

(maximum power) and end point (back-off power), but with
different reactive components. We compare these modula-
tion types which we name based on the starting and ending
impedance as follows:
e B | B: (black curve) representing a purely resistive load
modulation
e J | Jand J*|J*: (solid blue and solid red) with a fixed
reactance to resistance ratio, expressed by
Z(p) = %(1+j5) (19)
e B |Jand B | J*: (blue and red, cross markers) in which
the reactance to resistance ratio varies from O to 4, ac-
cording to

1 . /30 - .B

Z(B) = — + jo—=

ﬂ ,30 —1

e J | B and J*|B: (blue and red, circle markers) in which

the reactance to resistance ratio varies from § to 0, ac-
cording to

(20)

28) = = + js L=
BB -1

In these equations, the parameter § represents the relative
value of the reactance, and takes the value of either 1 (J
family of trajectories) or —1 (J* family of trajectories). Spo
is chosen in each case to produce 12 dB of dynamic range,
according to (14). The drive parameter B is swept over Bpo
to 1, producing the load modulation trajectories. We note that
the naming convention used here is based on that of the B-J
mode continuum [34].

The analysis in this section is based purely on the
fundamental-frequency load trajectory, and assumes that the
second harmonic termination has only a small effect on
the AMPM response. This assumption is validated in the
simulations presented in Section IV. In other words, the
fundamental-frequency trajectory may first be selected for lin-
earity, and then the appropriate harmonic termination is cho-
sen to maximize efficiency. Furthermore, we note that while
the continuous modes of operation are typically associated
with wide bandwidth PAs [27], [34], in this work we focus

ey
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solely on linearity and efficiency at the design frequency. Pre-
vious work [16] has demonstrated that harmonic termination
influences performance in load-modulated architectures even
when bandwidth is not considered.

Fig. 3(a) and (b) plot the AMAM and AMPM of the LMBA
versus the back-off range for each trajectory. They are com-
puted according to (14)—(16) assuming Gy,1,,,, / Gm1,, = 1 and
®po = 0. In other words, only the contribution of the load
trajectory is plotted. We see that the AMAM is similar for
all trajectories and increases as we get into higher back-off
ranges. Referring to (14)—(16), the AMAM can be written as:

AMAM = ¥ oo (22)

Since each of the seven trajectories have identical resistive
components at the starting and ending points, and therefore
the same fy,, the gain compression is independent of the load
trajectory. The AMPM, on the other hand, ranges from 0°
(B | B trajectory) to £40° (B | J or B | J* trajectories) at
12 dB back-off. It is interesting to note that while the J | B
and J*|B trajectories appear somewhat opposite to the B | J
and B | J* in the Smith chart, their resulting AMPM effects
are comparatively small. This can be understood by further
expanding the AMPM expression from (16):

AMPM = tan~! (M)
Rmax + Rbo

We see that for an identical resistive component variation,
the AMPM of the LMBA is defined by the absolute difference
in reactance. Therefore, the preferred strategy to compensate
for the intrinsic LMPM distortion of the branch amplifier is to
introduce reactive loading at the back-off impedance.

(23)

B. TRAJECTORY SELECTION FOR EFFICIENCY

The design considerations presented above do not take into
account the performance of the amplifier for the different
impedance trajectories, and are independent of other param-
eters such as second harmonic termination. Yet we know that
the load presented to the transistor will determine the overall
performance, both in the distortion terms Gy,1,,,,/Gm1,, and
Opo, and in terms of the PA efficiency and output power. In
order to exploit the conclusions of the previous section, a load
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FIGURE 3. (a) Phase compensation due to load modulation and (b) gain compression versus y for the different load trajectories presented in Fig. 2,

calculated from (14)—-(16).

trajectory solution is needed in which AMPM distortion is
zeroed while high efficiency is maintained.

The starting and ending points of the trajectories in Fig. 2
correspond to impedances falling within a continuous operat-
ing mode [34]. Therefore, by allowing the second harmonic
termination to include reactive termination according to con-
tinuous mode theory, the design space is expanded. The design
factor § (|6] < 1) relates the now complex terminations at the
fundamental and second harmonic as:

Zopt,f0 = Rope (1 + j§) (24)
3
Zopt,HZ =—J ?SRopt (25)
(Vps — Vg )
Rop = ———— 26
opt 2Pm1,2b0 ( )

A value of § = 0 corresponds to class B, while § = 1 and
6 = —1 are termed class J and J* respectively. According to
the theory, the efficiency and output power of an amplifier
is identical for any value of §. Therefore the PA efficiency
can be maximized at any one of the starting or ending points
of the load trajectories in Fig. 2 by appropriately terminating
the second harmonic. We note that in this work, because load
modulation is applied at the fundamental only, ideal contin-
uous mode operation is not maintained over the fundamental
load modulation [16].

IV. LMBA DESIGN METHODOLOGY
Based on the observations in Sections II and III, we present a
generalized LMBA design methodology focusing on AMPM
mitigation through load trajectory selection. Whereas the ef-
fects of load trajectory can be described analytically, both the
efficiency and the intrinsic LMAM and LMPM of the tran-
sistor are best evaluated by simulated or measured load-pull.
Furthermore, if some control PA efficiency can be assumed,
load-pull data from a single-ended transistor used in the main
PA is sufficient to estimate the overall AMAM, AMPM and
efficiency of the entire LMBA architecture.

In the proposed design procedure, once the optimum peak-
power and back-off power impedances are selected, the power
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required from the control amplifier is calculated and the con-
stituents of the LMBA can be designed. This approach differs
from that in [6] in that the harmonic termination is not as-
sumed to be fixed, enabling control of AMPM distortion with
limited effect on efficiency. The methodology is summarized
as follows:
1) Main transistor selection. This choice is based on the
required maximum power P, . We see from (13) that
this power depends on the load trajectory, which is still
to be determined. As an initial approximation we can
consider the case where both Zj; and Zy,, are purely real.
P,,...x then depends only on the overall output power and

back-off range:

27 -1
P 2r-l

=P, 27
Mmax Limax 2 y ( )

2) Load-pull and trajectory selection:

¢ The second harmonic termination is first se-
lected, with multiple different harmonic terminations
compared. The fundamental and second harmonic
impedances at the intrinsic drain plane can be cal-
culated according to (24)—(25) for a particular value
of §. In cases without access to the intrinsic drain
plane, a more thorough study has to be done in which
the second harmonic termination is swept with, for
example, [I'| = 0.95.

e Stability and input match: A parallel RC network
is designed to stabilize the transistor loaded with the
previously found impedances. The input impedance
is then matched to 50 © with an additional input
matching network (IMN). In this work, different
IMNss are designed for the three example PAs.

¢ The fundamental impedance presented to the tran-
sistor’s drain is finally swept. In this work, reflection
coefficient magnitudes up to 0.8 relative to the previ-
ously found fundamental-frequency termination are
simulated. An input power sweep is performed for
each impedance and the predicted back-off range,
maximum power, AMAM/AMPM distortions and
drain efficiency of the LMBA are calculated from
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(a) Class J

(b) Class B

(c) Class J*

FIGURE 4. Results of the load-pull measurements for class J/B/J* modes. The solid contours represent contours of constant intrinsic phase distortion.
The dotted red and blue contours show respectively the maximum power and maximum efficiency at back-off. The red cross marks the second harmonic
termination. The diamond markers represent the selected load trajectories, i.e. the nominal J | J, B | B, and J *| J* trajectories (blue), increased reactance

to resistance ratio at back-off (green), and decreased ratio (red).
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FIGURE 5. Estimated overall phase and amplitude distortion of an LMBA based on (15)-(16) and the load-pull data. In order to capture the distortion
due to the load modulation only, the transistor is operated with a low input power of 15 dBm.

(14)—(16). If the results are not satisfactory the sec-
ond harmonic can be re-tuned and the load-pull re-
peated.

3) Control transistor selection. With the back-off and
maximum impedance chosen, P can be found from
(18). We can select a device that will give the highest
efficiency for the desired output power, noting that stan-
dard PA design techniques can be used for the control
PA due to its fixed load impedance.

4) Passive network design including the OMNs and the
hybrid couplers.

A. LOAD-PULL ANALYSIS EXAMPLE

Load-pull simulations of the CGH40010F GaN transistor
from Cree operating at 2.4 GHz are used to illustrate the
process of determining the load trajectory to minimize phase
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distortion while maintaining high efficiency. The transistor
large-signal model provides access to the intrinsic drain plane
of the device, allowing the load-pull simulations to be de-
embeded as described in Section II. We compare three dif-
ferent scenarios for second harmonic termination: capacitive,
short and inductive, i.e. according to (25) with § equal to 1,
0 and —1. We name these three designs according to their
peak-power impedance terminations, i.e. as class J, class B,
and class J*. In this section we will evaluate the three different
harmonic termination scenarios for various different back-off
impedance termination conditions.

Figs. 4, 5, and 6 summarize the resulting load-pull data for
the three modes. In Fig. 4, power contours are displayed at
a fixed 2 dB compression, the center being the impedance at
maximum power. The drain efficiency contours correspond to
an output power fixed at P, (equal to P, —y —3 dB).
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FIGURE 6. Simulated drain efficiency, gain compression and phase distortion for the class J/B/J* operation, from left to right. The gain compression and
phase distortion account for both the load-pull data and the load trajectory, according to (15)-(16). The behavior over swept input power is shown for the
peak-power impedance (black curve) and for back-off impedances with increased (green) and decreased (red) reactive components for each PA class,

referring to Fig. 4.

The AMPM contours, shown in colored contours, and repre-
sent a combination of simulated and calculated behavior. To
generate them, the phase of the intrinsic drain current is first
simulated at each load-pull impedance at low power (P, =
15 dBm). The zero phase reference point is selected to be the
peak-power impedance, i.e the intrinsic drain current phase for
all other points is normalized to the value at the peak power
impedance. The AMPM distortion of the LMBA is then calcu-
lated using (16), replacing Zyax by the peak-power impedance
and Zgo and 6o by each load pull impedance and the corre-
sponding normalized phase of the intrinsic drain current. With
this approach, the AMPM of the complete LMBA using the
specified transistor and harmonic loading is predicted from
the load pull data.

The effects of the second harmonic terminations can be
clearly seen, introducing the expected complex components
on the optimal fundamental impedances from continuous
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mode theory. The AMPM distortion also changes with the
operating mode but with a weaker dependence. Comparing
the efficiency and AMPM contours in Fig. 4, it is apparent
that a range of back-off impedances can be selected with
similar efficiency performance but with an approximately 10
degree range in AMPM distortion. To illustrate this effect we
consider three load trajectories introducing different reactive
to resistive ratios for each of the three PA classes.

In the blue trajectories the reactive to resistive ratios at peak
power and back-off are equal, while in green/red this ratio
becomes bigger/smaller in back-off. From Fig. 4 it can be seen
that the back-off efficiencies of all three trajectories will be
similar. Fig. 5 presents the predicted AMPM and AMAM of
the LMBA versus the back-off power for each of these load
trajectories. As in Fig. 4, these figures account for both the
load-pull data and the load trajectory according to (15)—(16).
The results in Fig. 5 show that the AMPM distortion depends
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strongly on the selected load trajectory. For the B and J cases,
we can find optimum impedances that minimize the phase
variation, reaching only 6 degrees of distortion at 12 dB back-
off. The class J* case on the other hand shows greater than
15 degrees of AMPM for all cases. In contrast, the AMAM
does not seem to depend as much on the load trajectory, with
a worst-case variation of 1 dB in the J* case.

When input power variation is included in the simulation,
the resulting performance is as seen in Fig. 6. Here, simu-
lations are performed for the three different harmonic termi-
nations at each load-pull impedance point with input power
ranging from 15 to 35 dBm to generate each grey point in
the “cloud”. The highlighted curves show the device perfor-
mance over input power for three different drain impedances:
the drain impedance that produces maximum output power
according to Fig. 4 (black curve), and for the two back-off
impedances corresponding to the decreased and increased re-
actance to resistance ratio impedances in Fig. 4 (red and green
curves). Dashed lines represent the extrapolated performance
of the load modulated amplifier, plotted by tracking the 1
dB compression point of each curve found over the load
trajectory. Fig. 6(b) and (c) are plotted based on (15)-(16),
where Zyax and Gy, are the previously described peak-
power impedance and corresponding gain, Zy, each load-pull
impedance and Gy, and 6y, the corresponding gain and
phase of the intrinsic drain current. While all three cases
reach similar maximum power levels, their drain efficiencies
are not equal: the class J design reaches up to 75% drain
efficiency, while the class B and class J* reach only 63%
and 70%, respectively. This is in accordance with [41], where
the § = 1 solution (class J) produced greater efficiencies at
back-off.

Two conclusions can be drawn from the load-pull data. Re-
ferring to the class J results in Fig. 6, we see that by sacrificing
8 percentage points of drain efficiency, the AMPM distortion
can be drastically reduced, from 12 degrees to 3 degrees. The
AMAM performance is largely unaffected by the selection of
PA operating class. These results confirm what was observed
in Fig. 5. The second conclusion is that when taking into
account both the drain efficiency and the phase distortion, the
class J PA appears superior to the other cases.

B. INPUT SIGNAL GENERATION

The remaining aspect of the LMBA design to be considered is
the input signal generation: dual-input [20] or RF-input [21].
In a dual-input system, both the main and the control PA are
biased at or slightly above the device threshold voltage. The
correct relative amplitude and phase is generated digitally,
including any corrections required to compensate for AMAM
and AMPM non-linearities in the control PA. In this case
the main and the control PAs are designed separately and
connected through the output hybrid coupler. The dual-input
LMBA carries the same advantages of a dual-input Doherty
[42]-[44], while also allowing for the load modulation trajec-
tory to be adapted after fabrication.
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In the RF-input case, the control amplifier is biased in
class C. An input splitter is added to feed the main and control
amplifiers. This system offers reduced operating complexity,
but requires the design of a fixed input splitter with a given
splitting ratio and phase delay. In a general case, the inputs
of each main transistor and of the control transistor can be
modeled as:

P;
"o
Pin(- =(1- dpm)Pin

P; =d
Mm1,2 P (28)

where d; is the split ratio. The maximum power of the con-
trol amplifier can be rewritten in terms of the input power and
the gain of each device, which can be found from the load-pull
data for a given impedance:

|Zmax — Zo |2

(29)
2Rmel)cRbo

Pinc GC = GmPinml,Z
Combining equations (28) and (29) the power division ratio
can be written as:
G 1
dpm = 2—=

G |Zmax —Zo | 2 &
" 2RmaxRbo + 2 Gm

(30)

As described in [21], a phase offset may also be required
to compensate for different phases in the main and control
paths. This can be implemented by inserting a network with
the required phase response in either the main or control path
depending on the sign of the required phase offset.

V. LMBA PROTOTYPE DESIGN

Following the process above, we design example linear LM-
BAs operating at 2.4 GHz with a maximum output power
of 46 dBm and a 6-dB back-off range. In order to validate
the presented theory three amplifiers are designed, with har-
monic terminations corresponding to J, B and J* classes.
The CGH40010F device is used and the design is based on
the simulated load-pull performance presented in the pre-
vious section. From (13) we estimate the main transistors’
maximum and back-off powers to be P, 2, = 41.75 dBm,
Pu12,, = 37 dBm, indicating that this device will meet the
output power requirements.

A. MAIN PA DESIGN

For each of the three PA classes, the impedance Z,x is chosen
to produce the maximum power (i.e. center of the maximum
power contours) and Zy, is selected from Fig. 6 to give the
best linearity/efficiency compromise. The resulting parame-
ters are calculated from (13)—(14) and (18) and summarized
in Table 1. The OMNSs set the second harmonic impedance
using a shunt open stub. The rest of the OMN is a T-network
to match the fundamental back-off impedance to 50 2. The
drain supply voltage is provided through a quarter wavelength
line positioned after the second harmonic stub in order not to
affect the fundamental or second harmonic impedances.
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TABLE 1. Powers and Impedances Selected for the Three Different Classes
of Operation for the Main PA. For Each Case, P,,,bo =37 dBm

Pmmax Pcmax PLbo PLmax Y Zbo Zmax
J 41.5 40.2 40 459 59 59+j23 20+ j9
B 41.6 39.6 39.8 45.8 5.8 50+ j4 17 -j
J* 41.3 40.7 39.9 459 59 53-j20 16-j10

(b) Class B

(c) Class J*

FIGURE 7. Photographs of the three main PA designs.

All PAs are stabilized with the same parallel RC net-
work, and the input conjugately matched to the appropriate
impedance depending on the output harmonic termination.
Fig. 7 shows photographs of the three PA designs, fabricated
on 0.762 mm Rogers 4350B substrate.

B. LMBA OPERATION

So far the design procedure has been based on finding the
optimal maximum impedance and then choosing the back-off
impedance based on the linearity/efficiency trade-off. Now
that the PAs are manufactured, the back-off impedance is fixed
by the OMN. We have to perform the opposite operation of
finding an optimum maximum-power impedance for the de-
sign. This is done by selecting the fixed phase offset between
the main and control PAs.

In the LMBA operation, we use the same PA design (i.e.,
the same operating class) for the balanced and control PAs
in each case. The drain voltages were adapted to meet the
power requirements of Table 1, with the main PAs biased at
24V and the control PA at 28 V. Fig. 8 presents the simulated
pseudo-RF-input performance of each LMBA, when ideal hy-
brid couplers are assumed. The reported gain and efficiency
of the LMBA account for the contributions of both the main
and control amplifiers:

Gain = 10log ( 31

_r
Pl‘nm]yz + Pinc
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FIGURE 8. Simulated performance for each LMBA, showing the
performance of the entire LMBA, i.e. including both the main and control
PAs. (a) - Drain efficiency, (b) - gain and (c) - phase distortion versus
output power.

Py

DE =100———M
Ppc,,, + Poc,

(32)

where Py, represents the output power of the LMBA, P, ,
and P, the input power of the main and control amplifiers
and Ppc,,, , and Ppc, the dc power consumed by the main and
control amplifiers.

The simulations match well to the results predicted from
Fig. 6. The class-J LMBA presents the best compromise of
linearity and efficiency, with 60% drain efficiency at 6 dB
back-off and less than 2 degrees of AMPM distortion. We also
observe the very high phase distortion of the class-J* LMBA
and the lower drain efficiency of the class-B LMBA. We
notice that the maximum output power is 0.8 dB lower than
predicted. This can be explained from Fig. 9, which shows
the load trajectory and the second harmonic termination for
each case. All three trajectories change direction when the
transistors approach compression, resulting in lower maxi-
mum power. This effect is due to the AMPM distortion of all
three transistors (including the control PA), which changes the
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FIGURE 9. Simulated load trajectories for each LMBA. Crosses represent
the corresponding second harmonic termination.

FIGURE 10. Photograph of the experimental test setup, with inset showing
detail of LMBA under test.

relative phase relationships as the PAs compress. It was also
observed in [22].

VI. MEASUREMENT

The experimental setup is shown in Fig. 10. Connector-
ized hybrid couplers from Minicircuits (ZX10Q-2-27-S+) are
used, which is measured to have an insertion loss of 0.75 dB,
large compared to a typical microstrip design. The design is
operated as a pseudo-RF-input system, i.e. with a fixed phase
offset. This configuration gives extra degrees of freedom, as
the relative power and phase of the two ports can be adapted
to produce different load trajectories. For CW testing, two
synchronized Rhode & Schwarz SMW?200A signal generators
are used to generate the main and control input signals. A
Rohde & Schwarz FSW40 Signal Analyzer is used to record
the output.

The testing procedure has two steps. In an initial characteri-
zation, the control amplifier is turned off, and the performance
of the balanced amplifier without load modulation is recorded.
In the second step, the relative phase and amplitude of the
control PA’s input is swept for each main PA input power level.
This produces effectively a load-pull of the balanced amplifier
and we can determine the optimal impedance presented for
peak output power. During this test the control amplifier is
the same as the one used as the main device and is biased
at the threshold voltage. The result of these measurements is
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TABLE 2. Measured Results for Each Amplifier and Load Trajectory With
Modulated Signals

Class J Class B Class J*
Linear Eff. Linear Eff. Linear Eff.

Phase Offset (°)
170 190 120 140 90 110

DE (%) 40.5 44 33 36 38 40
Gain (dB) 10.6 10.3 9.8 9.6 10 9.9
ACLR (dBc) -40.5 -33 -385  -31 -33 -31

the cloud of points seen in Fig. 11. Two trajectories are se-
lected, corresponding to different fixed phase offsets between
in the main and control PA input signals: one for maximum
efficiency (in red) and the second representing a linearity-
efficiency compromise (green). For each class of PA, the two
trajectories have 20° of phase difference.

The black dotted lines in Fig. 11 show the simulated per-
formance, reproduced from Fig. 8. It can be seen that all three
designs have 1-2 dB lower gain than expected from simula-
tion; this is a difference that we have previously experienced
with this family of devices [16], [21], [22]. Likewise, 1-2
dBm lower output power is observed. The AMPM response
overall matches with the predicted trends from simulation,
with the class J LMBA matching very closely and the class B
and J* exhibiting similar characteristics but at different power
levels than expected. Specifically of interest is the behavior of
the LMBA in the load-modulated region, because the LMBA
architecture does not affect the main PA performance in back-
off where the control PA is off and the main PAs operate into
a fixed load. As expected, the class J PA presents the best
compromise, achieving higher efficiency than the other cases
with a particularly flat AMPM. Note that all measurements —
efficiency, gain and output phase — include the effects and
power consumption of both the balanced and control PAs.

Modulated measurements are next performed and the two
relative phase settings for efficiency and linear-efficient com-
promise are compared for each class of operation. An 8.6
dB PAPR LTE signal with 10-MHz bandwidth is used. The
control PA again uses the same design as the main PA, but
is biased below pinch-off (i.e., in class C). The gate bias
of the main amplifier is adjusted in order to minimize the
ACPR. The two signal generators’ baseband generators are
synchronized and time-aligned with an external oscilloscope
and the two input signals have the same amplitude. Table 2
summarizes the measurement results for all cases. We note
that the 0.75-dB insertion loss of the output coupler degrades
the overall LMBA performance. Assuming an approximately
0.5-dB improvement with a microstrip design, we estimate
the back-off and maximum efficiency would improve by 5
percentage points.

The best-performing LMBA is identified as the class-J
version operating with a fixed relative phase offset of 170
degrees (so-called linear mode). This configuration achieves
—40.5 dBc ACLR with 40.5% drain efficiency at 35.2 dBm
average output power. Fig. 12 shows dynamic AMAM and
AMPM measurements for this LMBA when excited by the
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FIGURE 11. Measured CW performance of the class J, B and J* LMBA, showing the performance of the entire LMBA, i.e. including both the main and
control PAs. From left to right: drain efficiency, gain and phase distortion versus output power. The simulated result, assuming an ideal lossless hybrid

combiner, is shown for comparison (black dashed line).

LTE signal without linearization, compared to the measured
CW results. The different characteristic is attributed to the CW
measurement method, in which input power is swept from low
to high, resulting in greater self-heating at the higher output
power levels compared to in the modulated tests.

Finally, the class-J] LMBA amplifier was linearized using
a memory polynomial of 4th order and a memory depth of
2 samples. The resulting system achieved at 35 dBm average
output power —48 dBc ACLR with 39.8% drain efficiency,
or 44.8% when the coupler’s losses are de-embedded. Fig. 13
shows the unlinearized spectrums measured with the class-J
LMBA for a phase of 170° and 190° degrees, and in blue the
linearized spectrum for a phase offset of 170°. Although the
ACLR of this LMBA may not be sufficient in all applications
to operate without output power back-off or DPD, it is notable
that the class ] LMBA performs with not only 2 dB better
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ACLR than the class B case, but with 7 percentage points
higher efficiency, and without sacrificing output power. In
other words, the LMBA performance can clearly be improved
simply by the harmonic impedance selection and complex
load trajectory proposed here.

Table 3 shows a comparison summary of the LMBAS pre-
sented in this work and state-of-the-art GaN PAs with sim-
ilar operating frequency and power level. Compared to the
other presented RF-input LMBA works, the class-J pseudo
RF-input LMBA presented here demonstrates 13—15 dB bet-
ter ACLR before DPD, operating with similar performance
to a dual-input LMBA with reduced signal complexity. The
reported drain efficiencies are competitive with the state of
the art, particularly when the additional loss of the connector-
ized coupler, which degrades efficiency by approximately 5
percentage points, is considered.
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TABLE 3. Comparison to State-of-the-Art GaN Load-Modulated Power Amplifiers

Ref. Architecture Center Freq. (GHz) Inst. BW (MHz) PAPR (dB) Avg Pwr (dBm) Eff. (%) ACLR (dBc)
[6] DPA 2.14 10 8.6 35.5 44 -40.8 / -47.9
9] DPA MMIC 2.3 10 72 35.3-33.7 45.5 35.6
[10] DPA-Linearizer 0.8 20 7.1 33 33.2* 425
[11] DPA 3.5 10 8.4 34.5 424 -37
[12] DPA 5 40 7.4 32 42 -43.8 / -51.3
[20] Dual-input LMBA 1.7-2.5 5 9 39.4-40 43-46* -39 / -531
[25] Sequential LMBA 3.05-3.55 40 8 35.5 57.8 -46.7
[21] RF-input LMBA 1.8-3.8 3.84 9 31-32 17-26* 26 / -30
[22] RF-input LMBA 2.4 10 75 38 47 27
[27] RF-input CM-LMBA 1.45-2.45 100 3 37.8 45.6* 31.5 7 -47F
Class J* LMBA 355 38 33
. Class B LMBA 35.5 33 385
This Work /o< T Efficient 24 10 8.6 35.5 44 -40.5
Class J Linear 35.5 405 /398" -40.5/ -48F

Including DPD, *PAE

o
:
=
o
@
o
(=%
£
Q
o
£
]
O]
37 39 41 43 45
Output Power (dBm)
(@)

—_
(4]
-

Phase Distortion (°)
o [4,]

-10 L . . . .
35 37 39 41 43 45
Output Power (dBm)
(b)

FIGURE 12. Dynamic AMAM and AMPM measurements of the class J
LMBASs for a 10 MHz, 8.6 dB PAPR LTE signal. The CW measurement is
shown for comparison (dashed black line).
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FIGURE 13. Class J LMBA spectrum, for a fixed phase offset of 190° (red)

and 170° (green). In blue is the spectrum with 170° offset after applying
DPD.
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VII. CONCLUSION

In this paper the impact of the load trajectory on the AMPM
distortion of an LMBA is studied. It is shown that by appro-
priately terminating the second harmonic, very high efficiency
can be obtained while keeping a nearly flat AMPM. This
approach broadens the LMBA design space and allows new
solutions with an improved efficiency/linearity trade-off.

A data driven design methodology is presented whereby the
performance of the entire LMBA system can be accurately
predicted by load-pulling a single ended device. This is pos-
sible because the control amplifier is isolated and drives a
fixed load. The methodology is experimentally demonstrated
by designing from load-pull data three LMBAs with different
second harmonic terminations. The best linearity/efficiency
compromise is found with the class-J LMBA, where 40.5%
drain efficiency and —39.6 dBc ACLR are achieved with a
10 MHz 8.6 dB PAPR signal at 2.4 GHz.
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