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RADIO-FREQUENCY (RF) AMPLIFIER
CIRCUITS AND RELATED TECHNIQUES

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit under 35 U.S.C. §119
(e) of provisional application No. 61/300,963 filed on Feb. 3,
2010 which application is hereby incorporated herein by ref-
erence in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

Not Applicable.

FIELD OF THE INVENTION

The concepts described herein relate to radio frequency
(RF) amplifiers, and more particularly to power combining
and outphasing modulation systems and techniques.

BACKGROUND OF THE INVENTION

As is known in the art, radio-frequency (RF) power ampli-
fiers (PAs) are important in numerous applications, including
RF communications, medical imaging, industrial heating and
processing, and dc-dc power conversion among many others.
PAs are often required to provide linear amplification, which
encompasses the ability to dynamically control an RF output
power over awide range. This becomes particularly challeng-
ing when wide-bandwidth control of an output signal is
required. It is also often desired to maintain high efficiency
across a wide range of output power levels, such that high
average efficiency can be achieved for highly modulated out-
put waveforms. Simultaneously achieving both of these
requirements—wide-bandwidth linear amplification and
high average efficiency—has been a longstanding challenge.

As is also known, one concept that has been explored for
achieving both linear operation and high efficiency is referred
to as outphasing. This technique is also sometimes referred to
as “Linear Amplification with Nonlinear Components” or
LINC. As shown in FIG. 1, in conventional outphasing, a
time-varying input signal S,,(t) is decomposed into two con-
stant-amplitude signals S, (t), S,(t) which can be summed to
provide a desired output signal S,_,,,(t). A variable envelope
output signal is created as the sum of two constant-envelope
signals S, (1), S,(t) by outphasing of the two constant envelope
signals. Because the two signals S, (t), S,(t) are of constant
amplitude, they can be synthesized with highly-efficient PAs
including partially- and fully-switched-mode designs such as
classes D, E, F, E/F and current-mode D, Inverse F, ¢, etc.
These amplifiers can be made highly efficient in part because
they needn’t have the capability to provide linear output con-
trol. Combining the two constant-amplitude outputs S, (t),
S,(t) in a power combining network enables the net output
amplitude to be controlled via the relative phase of the two
constituent components S, (), S,(t).

One important consideration with outphasing is how the
power combining is done, particularly because many high-
efficiency power amplifiers are highly sensitive to load
impedance, and their performance and efficiency can heavily
degrade due to interactions between the power amplifiers. As
shown in FIG. 2, one conventional approach is to combine the
constant-amplitude signals S,(t), S,(t) using an isolating
combiner. An isolating combiner provides a constant (resis-
tive) loading impedance to each PA independent of the out-
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phasing angle, eliminating any interactions. A consequence
of'this, however, is that each PA operates at a constant output
power level. Power that is not delivered to the output must
instead be delivered elsewhere, usually to an “isolation” resis-
tor R which dissipates power in the form of heat. Thus, a
portion of the total constant output power from the PAs is
delivered to the output (at the sum port of the combiner); the
remainder is delivered to the difference port and is lost as heat
in the isolation resistor. This leads to a rapid degradation of
efficiency as output power is decreased, diminishing the
attractiveness of this approach. This problem can be partially
offset by recovering power not delivered to the output through
a rectifier. Thus, in some implementations, power not deliv-
ered to the output is instead recovered back to the dc supply
via a rectifier.

Referring now to FIG. 3, a different conventional approach
is to use a lossless combiner, such as a Chireix combiner or
related methods. (By “lossless” we mean a combiner includ-
ing only reactive components or energy storage components
such that ideally there would be no loss, while recognizing
that all real components have some degree of loss. We also
refer to a “lossless” combiner as a reactive combiner.) Ben-
efits of the Chireix combining technique, which is non-iso-
lating, include the fact that the combiner is ideally lossless,
and that the real components of the effective load admittances
seen by the individual power amplifiers vary with outphasing
(and power delivery) such that power amplifier conduction
losses can be reduced as output power reduces. However, the
reactive portions of the effective load admittances (Y, ;,
Y,,.) are only zero at two outphasing angles, and become
large outside of a limited power range (see the example plots
in FIG. 3). This limits efficiency, due both to loss associated
with added reactive currents and to degradation of power
amplifier performance with (variable) reactive loading.
Stated differently, the reactive impedances +jX_, —jX_ of the
combiner compensate for the effective reactive loading on the
PAs due to interactions between them. However, because the
effective reactive loading due to PA interactions depends
upon operating point (outphasing angle), compensation is
imperfect over most of the operating range. This can thus lead
to loss of efficiency and PA degradation when operating over
wide ranges.

Accordingly, the above-described challenges with power
combining are among the principal reasons that outphasing is
not a more dominant architecture in RF applications.

It would, therefore, be desirable to provide a power com-
bining and outphasing modulation system for use in RF appli-
cations that overcomes the loss and reactive loading problems
of'previous outphasing approaches by providing ideally loss-
less power combining, along with substantially resistive load-
ing of the individual power amplifiers over a very wide output
power range, enabling high average efficiency to be achieved
even for large peak-to-average power ratios (PAPR).

SUMMARY OF THE INVENTION

In accordance with the present concepts, systems and tech-
niques described herein, a power combining and outphasing
system includes a reactive combiner having four or more
input ports and an output port and four or more power ampli-
fiers, each of the four or more power amplifiers having an
input and an output, with the output of each power amplifier
coupled to a respective one of the four or more input ports of
the reactive combiner. It should be appreciated that as used
herein, the term “reactive combiner” refers to a combiner
provided from circuit components that store or transfer
energy, including inductors, capacitors, transformers, and
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transmission lines among other components. These compo-
nents may be modeled with circuit elements having reactive
impedance characteristics in a radio frequency (RF) range of
interest (so called reactive components) or as energy storage
components or energy transfer components such that ideally
there would be no loss. Itis, of course, recognized that all real
components have some degree of loss. Thus, such reactive
combiners are also sometimes referred to as a “lossless com-
biners”. It should also be appreciated that circuit components
having reactive impedance characteristics in a radio fre-
quency (RF) range of interest may be implemented as induc-
tors, capacitors, transformers, and transmission lines which
may be provided as either lumped element circuit compo-
nents or as distributed element circuit components such as can
be implemented through RF transmission lines.

With this particular arrangement, a power combining and
outphasing system which provides ideally lossless power
combining along with substantially resistive loading of the
individual power amplifiers over a very wide output power
range is provided. It should be appreciated that resistive load-
ing of the individual power amplifiers over a very wide output
power range enables high average efficiency to be achieved
even for large peak-to-average power ratios (PAPR). Thus,
the power combining and outphasing system described herein
overcomes the loss and reactive loading problems of prior art
outphasing systems and approaches. It should be appreciated
that it has been discovered that to achieve superior perfor-
mance, it is necessary to consider the characteristics (e.g.
reactance values) each of each portion of the combiner. It
should also be appreciated that to achieve the highest perfor-
mance, the values from each portion of the combiner are
utilized in control laws used to perform outphasing. It should,
of course, be appreciated that in some embodiments, the
reactive combiner described herein may be viewed as being
comprised as a number of “separate” reactive combiners that
are interconnected in a cascade and interact with one another,
but this need not be so (as can be seen from many of the
permuted implementations described herein in which “sepa-
rate” combiners cannot be identified). When seeking to view
the combiner as an interconnected cascade of “separate”
combiners (when this can be done), it is important to recog-
nize that the “separate” combiners interact with one another
in a way that is important to the effective admittance charac-
teristics seen at the combiner inputs, and cannot be viewed as
anumber of separate combiners that do not interact (as would
be true in a system incorporating isolating combiner(s), for
example). Significantly, however, regardless of whether the
reactive combiner described herein is viewed as a single
combiner or as being comprised from a plurality of “separate”
combiners that interact with one another, the performance of
the reactive combiner depends upon all sections of the com-
biner from the inputs to the output. Consequently, to achieve
high performance, the reactance values (and similar charac-
teristics) of all elements in the combiner are taken into
account in the control strategy of an outphasing system.

In one embodiment, a combiner for four power amplifiers
is provided from a plurality of reactive elements with first
ones of the reactive elements having a first specified reactance
magnitude at an operating frequency and second ones of the
reactive elements having a second, different specified reac-
tance magnitude at the operating frequency. In one embodi-
ment, the first ones of the reactive elements have a first speci-
fied reactance magnitude at the operating frequency and the
second ones of the reactive elements having a second, differ-
ent specified reactance magnitude at the operating frequency.
The first and second reactance magnitudes are selected such
that, with the appropriate control angles for the amplifiers, the
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combiner provides substantially resistive loading of the indi-
vidual power amplifiers over a very wide output power range.
Systems maintaining high efficiency over 5:1, 10:1, 20:1 and
even beyond 50:1 power ratios can be constructed with this
approach. It should thus be appreciated that the concepts,
circuits and techniques described herein finds applicationin a
wide variety of different systems including, but not limited to,
RF communications, medical imaging, industrial heating and
processing, and de-dc power converters and other switched-
mode power converter systems.

In accordance with a further aspect of the present concepts,
systems and techniques described herein, a power combining
and outphasing modulation system includes a combiner pro-
vided from a plurality of stages of reactive elements and
having four or more input ports and an output port and four or
more power amplifiers, each of the four or more power ampli-
fiers having an input and an output, with the output of each
power amplifier coupled to a respective one of the four or
more input ports of the combiner. The combiner has one or
more reactive elements each having a specified reactance at
an operating frequency or a specified range of reactances over
an operating frequency range. In some embodiments for N
inputs to the combiner there will be 2N-2 reactances (e.g., a
combiner having four input ports, includes six reactive ele-
ments). In some, but not all, embodiments the combiner is
constructed as multiple stages, each one of the reactive ele-
ments in a given stage has a first specified reactance magni-
tude at the operating frequency. In some embodiments, the
reactive elements within a stage have the same reactance
magnitude at the operating frequency while reactive elements
in different stages have a possibly different specified reac-
tance magnitude at the operating frequency.

In accordance with a further aspect of the present concepts,
systems and techniques described herein, a power combining
and outphasing system includes a combiner having four or
more input ports and an output port; having a plurality of
reactive elements with first ones of the reactive elements
having a first specified reactance magnitude at an operating
frequency and second ones of the reactive elements having a
second specified reactance magnitude at the operating fre-
quency; and four or more power amplifiers, each of the four or
more power amplifiers having an input and an output, with the
output of each power amplifier coupled to a respective one of
the four or more input ports of the combiner. In preferred
embodiments, the first specified reactance magnitude is dif-
ferent than the second specified reactance magnitude.

In accordance with a still further aspect of the present
concepts, systems and techniques described herein, a system
for delivering and controlling power from a number N greater
than two radio-frequency (RF) power sources to a single
output, the system includes N RF power sources each having
an output port, each of the N RF power sources configured to
deliver RF power to its output port, a lossless power com-
biner, the lossless power combiner comprising N input ports,
2N-2 reactive branches having specified reactance values,
and an output port configured to receive RF power, wherein
each of the output ports of the N RF power sources are
coupled to a corresponding one of the input ports of the
lossless power combiner, and RF power delivered to the out-
put port of the power combiner is controlled by adjusting the
phases of the N radio-frequency power sources as a function
of the reactance values of the 2N-2 reactive branches.

In one embodiment, in response to adjusting the phases of
the N radio-frequency power sources as a function of the
reactance values of the 2N-2 reactive branches, an effective
loading impedance presented to each of the N RF power
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sources at the input ports of the power combiner are purely
resistive at N output power levels.

In one embodiment, the largest magnitudes of the suscep-
tive portion of the effective loading admittances seen by the N
RF power sources are smaller than is achievable with any
combination of Chireix and lossless in-phase power combin-
ing over a range of RF output power levels bounded by
highest and lowest RF output power levels where the purely
resistive loading of the radio-frequency power sources
occurs.

In accordance with a still further aspect of the present
concepts, systems and techniques described herein, a radio-
frequency (RF) system includes four or more RF signal
sources each of the four or more RF signal sources having an
output port; and a reactive power combiner having four or
more input ports and an output port, each reactive power
combiner input port coupled to a corresponding one of the RF
signal source output ports and wherein the reactive power
combiner includes 2N-2 reactive branches, each ofthe 2N-2
reactive branches having a predetermined reactance value,
wherein the power delivered to the reactive power combiner
output port is controlled by adjusting a phase characteristic of
each of the four or more RF signal sources as a function of the
reactance values of the 2N-2 reactive branches.

In one embodiment, each of the four or more RF signal
sources comprise an RF amplifier having an RF input port and
an RF output port coupled to a respective one of the input
ports of the reactive power combiner.

In one embodiment, the number of input ports of the reac-
tive power combiner matches the number of RF signal
sources.

In one embodiment, each of the 2N-2 reactive branches of
the power combiner comprises at least one reactive element
with first ones of the reactive elements having a first specified
reactance magnitude at an operating frequency and second
ones of the reactive elements have a second, different speci-
fied reactance magnitude at the operating frequency.

In one embodiment, each of the 2N-2 reactive branches of
the power combiner comprises at least one reactive element
with first ones of the reactive elements having a first specified
reactance at an operating frequency and second ones of the
reactive elements have a second, opposite specified reactance
at the operating frequency.

In one embodiment, the reactance values of each of the
2N-2 reactive branches of the reactive power combiner are
selected such that the reactive power combiner provides
dominantly resistive loading of each of the RF signal sources
coupled to the reactive power combiner input ports over a
range of output power.

In one embodiment, the combination of the four or more
RF signal sources and the reactive power combiner form a
power amplifier circuit and wherein the RF system comprises
a plurality of such power amplifier circuits.

In one embodiment, the RF system includes a plurality of
power amplifier circuits and an isolating combiner coupled
between each pair of power amplifier circuits such that out-
phasing groups of the power amplifier circuits can be
achieved.

In one embodiment, the RF system further includes a drain
modulation circuit coupled to each of the power amplifier
circuits. In one embodiment, the drain modulation circuit
includes one or more of: an adaptive bias circuit, a polar
modulation circuit, a discrete drain switching circuit. In one
embodiment, the drain modulation circuit operates in accor-
dance with an asymmetric multilevel outphasing technique.
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In one embodiment, the drain modulation circuit implements
gate-width switching of the power amplifiers to reduce losses
at small output powers.

In one embodiment, the reactive power combiner com-
prises at least one of: one or more distributed circuit elements;
one or more lumped circuit elements; or a combination of
distributed and lumped circuit elements.

In some embodiments, the relative phases of each of the
four or more RF signal sources are controlled such that an
effective immitance phase amplitude seen at any of the power
combiner inputs is limited as output power varies over a
specified ratio with the phase amplitudes satisfying at least
one of: less than 1 degree over a factor of 5 in power; less than
5 degrees over a factor of ten in power; less than ten degrees
over a factor of twenty in power; and less than thirty degrees
over a factor of fifty in power. In some embodiments these
represent the worst case effective immitance phase ampli-
tude.

In some embodiments, the relative phases of each of the
four or more RF signal sources are controlled such that an
effective immitance phase amplitude seen at any of the power
combiner inputs is limited as output power varies over a
specified ratio with the phase amplitudes satisfying at least
one of: less than two degrees over a factor of ten in power; five
degrees over a factor of twenty in power; and fifteen degrees
over a factor of fifty in power. In some embodiments these
represent the worst case effective immitance phase ampli-
tude.

In some embodiments the relative phases of the RF signal
sources are adjusted as a continuous function of the com-
manded output power or voltage amplitude.

In accordance with a further aspect of the concepts
described herein, a radio-frequency (RF) system includes N
greater than or equal to eight RF signal sources each of the at
least N RF signal sources having an output port; and areactive
power combiner having at least eight input ports and an out-
put port, each reactive power combiner input port coupled to
a corresponding one of the RF signal source output ports and
wherein the reactive power combiner includes 2N-2 reactive
branches, each of the 2N-2 reactive branches having a pre-
determined reactance value, wherein the power delivered to
the reactive power combiner output port is controlled by
adjusting a phase characteristic of each of the N RF signal
sources as a function of the reactance values of the 2N-2
reactive branches.

In one embodiment, the relative phases of each of the NRF
signal sources are controlled such that the worst case effective
immitance phase amplitude seen at any of the N power com-
biner inputs is limited as output power varies over a specified
ratio, the worst-case phase amplitudes satisfying at least one
of: less than 1 degree over a factor of 5 in power; less than 5
degrees over a factor of ten in power; less than 10 degrees over
a factor of 20 in power; and less than 30 degrees over a factor
of 50 in power.

In one embodiment, the relative phases of each of eight RF
signal sources are controlled such that the effective immi-
tance phase amplitude seen at any of eight power combiner
inputs is limited as output power varies over a specified ratio,
the phase amplitudes satistying at least one of: 1 degree for
20:1 power; 2 degrees for 50:1 power; and 5 degrees for 100:1
power. In one embodiment, these values represent worst case
values (i.e. the worst case effective immitance phase ampli-
tude seen at any of the eight power combiner inputs is limited
as output power varies over a specified ratio and the worst
case phase amplitudes satisfy at least one of: 1 degree for 20:1
power; 2 degrees for 50:1 power; and 5 degrees for 100:1
power).
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In accordance with a still further aspect of the concepts
described herein, a power amplifier system includes N power
amplifiers where N=2* and M is an integer greater than one,
each of the N power amplifiers having an input port and an
output port, a reactive combiner having an output port and N
input ports, each of the N input ports of the reactive combiner
coupled to an output of a respective one of the N power
amplifiers, the reactive combiner including a plurality of
reactive branches with each of the reactive branches having
an impedance characteristic corresponding to one of M speci-
fied impedance levels; and a control system configured to
adjust an amplitude of a voltage at the output of the combiner
by controlling the relative phase of the N power amplifiers as
a function of all of the M specified impedance levels.

In one embodiment the effective susceptances at the N
inputs of the combiner are zero for at least N output voltage
amplitudes.

In one embodiment for the range of output voltage ampli-
tudes between those for which the effective susceptances are
zero, the effective susceptance amplitude at each of the com-
biner inputs is substantially the same.

In one embodiment for the range of output voltage ampli-
tudes between those for which the effective susceptances are
zero, the effective immitance phase amplitude at each of the
combiner inputs is substantially the same.

In one embodiment the M specified impedance levels are
selected as a function of a single design parameter and a
specified load resistance.

In one embodiment there are 2N -2 of the reactive branches
with 2™ branches having an impedance magnitude at the
m?=1 . . . M impedance level (i.e. there are M impedance
levels, and a variable m that takes on values from 1 to M.
m=[1, 2,3 ... M] There are 2=2" reactances at the m=1
impedance level, there are 4=27 reactances at the m=2 imped-
ance level, and so forth up to 2* reactances at the M” imped-
ance level; this corresponds to the combiners of FIGS. 4 and
27 as well as 30, 30A, 30B, 31, 31A, 31B).

In one embodiment the power combiner can be trans-
formed into a network including a binary tree of reactances
having complementary reactances at each bifurcation in the
tree through application of zero or more of: T-Delta transfor-
mations; and topological duality transformations.

In one embodiment the control system is further configured
to adjust an amplitude of a voltage at the output of the com-
biner by controlling one or more of: the power supply volt-
ages of the N power amplifiers; and the RF input drive ampli-
tudes of the N power amplifiers.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features of this invention, as well as the
invention itself, may be more fully understood from the fol-
lowing description of the drawings in which:

FIG. 1 is a block diagram of a conventional outphasing
architecture (also known as a linear amplification with non-
linear components (LILAC) architecture);

FIG. 1A is a phasor diagram showing a relationship among
the phase voltages for the conventional outphasing architec-
ture shown in FIG. 1;

FIG. 2 is a block diagram of a conventional outphasing
architecture implemented with an isolating combiner;

FIG. 3 is a block diagram of a conventional outphasing
system implemented with a Chireix combiner;

FIG. 3A is a plot of imaginary vs. real components of the
effective admittances for the outphasing system of FIG. 3;
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FIG. 4 is a block diagram of an outphasing system which
includes a combiner having four input ports and an output
port with a power amplifier (PA) coupled to each input port;

FIG. 4A is a block diagram of a power combiner system
comprising: (a) power combiner, (b) four power amplifiers
(PA A-PA D), and (c) amplitude/phase control unit respon-
sible for adjusting the amplitudes (A ,-A,) and phases (® ;-
@) of the input signals to the respective PAs based on user
command and feedback data.

FIG. 4B is a block diagram of a power combiner system
comprising: (a) power combiner, (b) four power amplifiers
(PA A-PA D), (c) power supply control unit responsible for
adjusting the supply voltages (V,-V,) of the respective PAs,
and (d) amplitude/phase control unit responsible for adjusting
the amplitudes (A -A,) and phases (®,-®,) of the input
signals to the respective PAs based on user command and
feedback data.

FIG. 5 is a phasor diagram showing the relationship among
the phase voltages;

FIG. 6 is a plot showing outphasing control angles vs.
commanded output power for an approximate inverse resis-
tance compression network (AIRCN) outphasing control
method;

FIG. 7 is a plot of actual output power vs. commanded
power for an example system comprising a four-port com-
biner and having V=1 V, R,=50Q, X,=48.78Q2 and
X,=35.60Q using the AIRCN outphasing control method;

FIG. 8 is a plot of real components of the effective input
admittances at the input ports of a four input port power
combiner plotted as a function of the power command P_,,,
for the example R, =502, X,=48.78€2 and X,=35.60Q2 over
the commanded power range of [0.01,0.25] W using the
AIRCN outphasing control method;

FIG. 8A is a plot of imaginary components of the effective
input admittances at the four power combiner input ports
plotted as a function of the power command P, for the
example R, =50€2, X ,=48.78¢2 and X,=35.60L2 over the com-
manded power range of [0.01,0.25] W AIRCN outphasing
control method;

FIG. 9 is a plot of magnitude of the effective admittances at
the four power combiner input ports, plotted as a function of
the power command P_,, for the example R,=50 QD,
X,=48.78Q and X,=35.60Q over the commanded power
range of [0.01,0.25] W using the AIRCN outphasing control
method;

FIG. 9A is aplot of phase of the effective admittances at the
four power combiner input ports, plotted as a function of the
power command P_,, ; for the example R, =508, X,=48.78Q2
and X,=35.60Q over the commanded power range of [0.01,
0.25] W using the AIRCN outphasing control method;

FIG. 10 is a plot of real components of the effective admit-
tance Y for the example V=1 V, R;=50Q, {=10 MHz,
X,=48.78Q and X,=35.60Q using the AIRCN outphasing
control method;

FIG.10A is aplot of imaginary components of the effective
admittance Y, . for the example V=1 V, R,=50Q, =10
MHz, X,=48.78Q and X,=35.60Q using the AIRCN out-
phasing control method;

FIG. 11 is a plot of percentage power loss in the combiner
(100-f1) vs. commanded input power for the example V=1V,
R,;=50Q, =10 MHz, X,=48.78Q and X,=35.60Q for com-
ponent quality factors Q=100 using the AIRCN outphasing
control method.

FIG. 12 is a block diagram of a resistance compression
network (RCN);
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FIG. 12A is a plot of input impedance R, as a function of
the matched load resistance value R, for the resistance com-
pression network (RCN) of FIG. 12;

FIG. 13 is a block diagram of a multi-stage resistance
compression network based on a cascade of the single-stage
RCN network of FIG. 12;

FIG. 14 is a plot of resistive input impedance R,, , as a
function of the matched load resistance value R, for the two-
stage compression network of FIG. 13;

FIG. 15 is a plot of a magnitude of the effective admittance
Y, .4 in the combiner of FIG. 4 in conjunction with control
laws of Equations (10)-(12) for different values of design
parameter k;

FIG. 15A is a plot of an angle of the effective admittance
Y, .4 in the combiner of FIG. 4 in conjunction with control
laws of Equations (10)-(12) for different values of design
parameter k;

FIG. 16 is a plot of imaginary components of admittance
Y,,, vs. power for a prior art system utilizing a Chireix com-
biner and for a system provided in accordance with the novel
concepts and techniques described herein;

FIG. 17 is a plot of effective conductance vs. Pout as seen
by each of the Power Amplifiers (A-D) driving the 4-way
combiner of FIG. 4 with V~=50Q and k=1.05 as a result of
an inverse RCN outphasing control;

FIG. 17A is a plot of effective susceptance vs. Pout as seen
by each of the Power Amplifiers (A-D) driving the 4-way
combiner of FIG. 4 with V=1V, R,=50€Q and k=1.05 as a
result of an inverse RCN outphasing control;

FIG. 17B is a plot of effective phase vs. Pout as seen by
each of the Power Amplifiers (A-D) driving the 4-way com-
biner of FIG. 4 with V=1V, R,=50Q and k=1.05 as aresult of
an inverse RCN outphasing control;

FIG. 18 is a plot of effective input conductance vs. Pout as
seen by each of the Power Amplifiers (A-D) driving the 4-way
combiner of FIG. 4 with V=1V, R;=50Q and k=1.05 as a
result of optimal susceptance outphasing control;

FIG. 18A is a plot of effective susceptance vs. Pout as seen
by each of the Power Amplifiers (A-D) driving the 4-way
combiner of FIG. 4 with V=1V, R,=50€Q and k=1.05 as a
result of optimal susceptance outphasing control;

FIG. 18B is a plot of effective phase vs. Pout for the system
of FIG. 4 as seen by each of the Power Amplifiers (A-D)
driving the 4-way combiner of FIG. 4 with V ~1V, R,=50Q2
and k=1.05 as a result of optimal susceptance outphasing
control;

FIG. 19 is a plot of effective input conductance vs. Pout as
seen by each of the Power Amplifiers (A-D) driving the 4-way
combiner of FIG. 4 with V=1V, R,=50€Q and k=1.05 as a
result of optimal phase outphasing control;

FIG. 19A is a plot of effective susceptance vs. Pout as seen
by each of the Power Amplifiers (A-D) driving the 4-way
combiner of FIG. 4 with V=1V, R;=50Q and k=1.05 as a
result of optimal phase outphasing control;

FIG. 19B is a plot of effective phase vs. Pout for the system
of FIG. 4 as seen by each of the Power Amplifiers (A-D)
driving the 4-way combiner of FIG. 4 with V ~1V, R,=50Q2
and k=1.05 as a result of optimal phase outphasing control;

FIG. 20 is a plot of outphasing control angles 6 and ¢ vs.
Pout for the Optimal Phase (OP), Optimal Susceptance (OS),
Inverse RCN (IRCN) control methods for the 4-way com-
biner of FIG. 4 with V=1V, R,;=50€2, and k=1.05;

FIG. 21 is a plot of a worst-case effective input admittance
phase magnitude seen by the PAs driving the 4-way combiner
of FIG. 4 with V=1V, R;=50Q, and k=1.05 as aresult of the
Optimal Phase (OP), Optimal Susceptance (OS) and Inverse
RCN (IRCN) outphasing control methods;
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FIG. 21A is a plot of a worst-case effective susceptance
magnitude seen by the PAs driving the 4-way combiner of
FIG. 4 with V=1V, R;=50Q, and k=1.05 as a result of the
Optimal Phase (OP), Optimal Susceptance (OS) and Inverse
RCN (IRCN) outphasing control methods;

FIG. 22 is a plot of a worst-case effective input admittance
phase magnitude seen by the PAs driving the 4-way combiner
of FIG. 4 according to the Optimal Phase outphasing control
for k=1.1 and k=1.2. Power axis is normalized to V=1V and
R,;=1Q; denormalize for a particular Vg and R; by multiply-
ing the power axis by V*VJ/R;;

FIG. 23 is a plot of Input admittance phase-minimizing
design curves for a 4-way power combiner for the Inverse
RCN (IRCN) and the Optimal Phase (OP) outphasing control
methods;

FIG. 24 is a normalized plot (V=1 V, R,=1Q) of the
minimum and maximum limits of the output power operating
range for which the peak phase deviation is minimized (ad-
mittance phase-minimizing design) versus the k-value for a
4-way power combiner for the Inverse RCN (IRCN) and the
Optimal Phase (OP) outphasing control methods;

FIG. 25 are plot of input susceptance-minimizing design
curves for a 4-way power combiner for the Inverse RCN
(IRCN) and the Optimal Susceptance (OS) outphasing con-
trol methods;

FIG. 26 is a normalized plot (V=1 V, R,=1Q) of the
minimum and maximum limits of the output power operating
range for which the peak susceptive deviation is minimized
(susceptance-minimizing design) versus the k-value for a
4-way power combiner for the Inverse RCN (IRCN) and the
Optimal Phase (OP) outphasing control methods;

FIG. 27 is a binary tree implementation of an 8-way power
combiner;

FIG. 28 is T-A general network transformation;

FIG. 29 is T-to-A transformation applied to the top T-net-
work of the 4-way combiner in FIG. 4.

FIG. 30 is a basic 4-way combiner with power amplifier
inputs and load network connection shown;

FIGS. 30A-30D are four possible topological variations of
the basic 4-way combiner of FIG. 30 as result of T-A trans-
formations on portions of the network and load with power
amplifier inputs and load network connection shown; and

FIGS. 31 and 31A-31D are circuits corresponding to topo-
logical duals of circuits in FIG. 30 and FIGS. 30A-30D with
power amplifier inputs and load network connection shown.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring now to FIG. 4, while conventional outphasing
systems utilize two power amplifiers, a system configured in
accordance with the concepts and techniques described
herein combines power from four or more amplifiers. It
should be appreciated that the power combiner is substan-
tially lossless, and enables output power to be controlled by
the relative phasing of the individual power amplifiers, while
providing desirable input impedances at the power combiner
inputs. It should also be appreciated that for a specified load
resistance R;, controlling output power P is equivalent to
controlling the output voltage amplitude, since P=V_ 2/
(2R;). It should also be noted that power may additionally be
controlled through other methods, including amplitude
modulation of the power amplifier inputs and modulation of
the power supply/supplies of the power amplifiers (i.e. other
techniques may be used in combination with outphasing tech-
niques described herein).
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It should also be appreciated that while the exemplary
embodiment described herein below in conjunction with FIG.
4 includes four power amplifiers, in accordance with the
concepts described herein, outphasing systems having more
than four amplifiers are also contemplated and extensions to
systems having more than four amplifiers are also described
herein below.

Turning now to FIG. 4, an outphasing system includes a
power combiner (or more simply a combiner) and a plurality
of, here four, amplifiers which are shown modeled as ideal
voltage sources in FIG. 4 (and as will be discussed below,
FIG. 5 depicts the phasor relationship between the terminal
voltages of the power amplifiers). The power combiner has
five ports: four input ports coupled (directly or indirectly) to
output ports of respective ones of four power amplifiers and
one output port coupled (directly or indirectly) to a load.
Ideally, the power combiner is provided as a lossless com-
biner comprised of a first set of reactive elements having
impedances Z=—jkx,; and +jkx, and a second set of reactive
elements having impedances Z=—jkx, and +jkx, (it should be
appreciated that in the art, combiners comprising ideally loss-
less components are often referred to as lossless combiners.)
The reactive elements are each provided having specified
reactance values at a desired operating frequency.

In the exemplary embodiment of FIG. 4, the power ampli-
fiers are modeled as ideal voltage sources. It is recognized,
however, that practical power amplifiers will not act as ideal
sources when the effective loading impedance deviates from
the ideal.

To provide an outphasing system such as that shown in
FIG. 4, one can begin by describing how the reactances in the
new combiner may be selected. The reactance magnitude X,
of one element of the combiner is selected close to the load
resistance R; . For example, it is preferable that the reactance
magnitude X, be typically within about 30% of load resis-
tance R;, and for many designs the reactance magnitude X,
will be within about 10% of load resistance R;. It should be
appreciated that the parameter k sets how close X, isto R;, as
per Equation (1). The effects of varying k on the performance
(and thus “how close” R; and X, are) is discussed below in
conjunction with FIG. 15 and FIGS. 23-26. In most practical
embodiments, values for k are typically in the range of about
1-1.2 although values outside this range may also be used
depending upon the requirements of a particular application.
To determine reactance magnitude X,, one may specify a
number k equal to or slightly greater than 1 (e.g., k=1.05) and
determine X, as:

2 M

As will be described below in conjunction with FIG. 16, it
should be appreciated that parameter k can be thought of as
the amount into which an apparent input resistance of an RCN
compression stage is compressed—e.g. to between x and kx.
Such a view of parameter k is taken in connection with Equa-
tion (16) and the associated text.

In any event, once a reactance magnitude for X, is com-
puted, a value corresponding to a reactance magnitude for X,
may be computed in terms of X, and k, for example as:
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X 2)

T k+VEE 1

X

Thus, for example, with R,=50Q, one may choose
X,=48.78Q and X ,=35.6012 at the operating frequency of the
system. [t will be appreciated that other relative selections of
R;, X, and X, are possible within the scope of the general
concepts described herein and may be desired in some appli-
cations. [t will also be appreciated by those of ordinary skill in
the art after reading this disclosure, when to make such other
relative selections taking into account a variety of factors
including but not limited to: the particular application for
which the circuit is being used; a desired operating range of
the power amplifiers; a load sensitivity of the power amplifi-
ers; whether purely resistive loading or some reactive com-
ponent is desired for optimum loading of the power amplifiers
and other system design goals and requirements. Neverthe-
less, this represents one preferred embodiment of the inven-
tion.

The behavior ofthe network of FIG. 4 may be analyzed and
a set of relations for controlling the output by outphasing of
the sources may be developed. It can be shown that the rela-
tionship between the source voltages and input currents of the
network of FIG. 4 can be expressed as:

Ia (3)
13 _
Ie |~
Ip
y+jll-p  -y+jp b4 -y Va
-1 v+ y-JB+D -y b Vg
! -y y+iB+D —y=jB || Ve
-y b4 -y—if y+iB-D1 Vo
in which:

Y=R,/X, and p=X,/X,.

In vector notation, this can be expressed as:

=¥V (4)

A relative phase relationship can be proposed among the
four sources. It should, however, be appreciated that the
phases may also be adjusted together by an additional angle to
control the absolute phase of the output. While other possi-
bilities exist within the scope of this disclosure and the gen-
eral concept disclosed herein, the following relationship
among the sources is proposed:

Vs e e ¥ )
Vi i gt
Ve | = 75| eritedt
Vb £ pi®

where V< is the amplitude of the sources and ¢ and 0 are the
control angles used for outphasing.

Referring now to FIG. 4A, a power combiner system
includes a reactive power combiner having four input ports
and an output port. Each of four amplifiers PA ,, PA;, PA,,
PA ,,, which may be provided as power amplifiers, have an RF
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output port coupled to a respective one of the four RF input
ports of the reactive power combiner. The amplifiers are
biased by a respective one of four bias (or supply) voltages
V.15 Vi, Vi, V,. The power combiner system also includes
an amplifier driver circuit (PA Driver) which provides output
signals corresponding to RF signals driving amplifiers PA ,-
PA,,. Each of amplifiers PA ,-PA,, receive the signals pro-
vided thereto from the PA driver circuit and provide an ampli-
fied RF signal to the respective inputs of the reactive power
combiner circuit. The PA driver circuit also receives feedback
signals (here, such feedback signals coupled from the output
of'the reactive power combiner). It should be appreciated that
PA driver circuit provides to amplifiers PA ,-PA, signals hav-
ing appropriately selected phase and amplitudes (selected as
described herein below). Thus, PA driver circuit may also
include an amplitude/phase control unit responsible for
adjusting the amplitudes A ,-A,, and phases [],-[],, of the
input signals to the respective PAs based upon user command
and feedback data. Exemplary techniques for controlling
such a system are described herein. It should, of course, be
appreciated that the reactive power combiner may have 2%
ports where N is greater than or equal to 2. In some applica-
tions, a power combiner system which includes a reactive
power combiner having eight (8) input ports and an output
port and eight amplifiers is preferred.

Referring now to FIG. 4B, a power combiner system
includes a reactive power combiner having four input ports
and an output port, four amplifiers PA ,-PA ,, (which may, for
example, be provided as power amplifiers), a power supply
control unit responsible for adjusting the supply voltages
(Vg,-Vs,) of the respective PAs, and PA driver circuit respon-
sible for adjusting the amplitudes (A -A,) and phases
(O,-0p) of the input signals to the respective PAs based on
user command and feedback data. In this exemplary embodi-
ment, the power supply control circuit can adjust one or all of
bias voltages V-V, provided to respective ones of ampli-
fiers PA ,-PA, to further improve the efficiency of the power
combiner system. As discussed above in conjunction with
FIG. 4A, in some applications, a power combiner system
which includes a reactive power combiner having eight (8)
input ports and an output port and eight amplifiers is pre-
ferred.

Referring now to FIG. 5, the phase and control angle rela-
tionships among the sources V,, Vg, Vo, V, in FIG. 4 is
shown graphically as per the relations of Equation (5). It
should be noted that the four terminal voltages V,, V5, V_,
and V , have the same amplitude V. As can be seen in FIG. 5,
the outphasing control angles ¢ and 6 are used to regulate
output power while maintaining desirable loading of the
sources (e.g. the power amplifiers).

To characterize system behavior, one finds the effective
admittance seen by each source for the stipulated phase rela-
tionships. In this example, this is done using Equation (5).
The effective admittance at a combiner input port is the com-
plex ratio of current to voltage at the port with all sources
active. The effective admittances represent the admittances
“seen” by the sources when they are operating under outphas-
ing control. Combining Equations (3) and (5) and manipulat-
ing them, the following expressions for the effective admit-
tances at the four combiner input ports can be found as shown
in Equations (6) through (9) below:

Yegoa = Xfl(y —ycos(2¢ + 28) — ycos(2¢) + ycos(20) — Psin(2¢)) + (6)

ijl (1 = B —ysin(2¢ + 20) — ysin(2¢) + ysin(268) + Pcos(24))
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-continued
Ygr,8 = Xfl (y —ycos(20 — 2¢) — ycos(2¢) + ycos(20) + Ssin(2¢)) + M
ijl (=1 — B —ysin(20 — 2¢) + ysin(2¢) + ysin(26) + Scos(29))
Yo.c = X1 (y — yc0s(28 — 2¢) — ycos(2¢) + ycos(26) + Bsin(24)) — (3)
ijl (=1 — B —ysin(20 — 2¢) + ysin(2¢) + ysin(26) + Scos(29))
Y50 = Xfl (y —ycos(2¢ + 20) — ycos(2¢p) + ycos(20) — Ssin(2¢)) — )

ijl (1 = B —ysin(2¢ + 20) — ysin(2¢) + ysin(28) + Pcos(24))

Itis readily observed that the effective admittances seen by
sources A and D are complex conjugates, as are those seen by
sources B and C. Moreover, the expressions all have many
individual terms in common.

Next, an outphasing control strategy for realizing a desired
output power while preserving desirable (resistive) loading of
the sources is described. Without loss of generality, consider
synthesis of a zero-phase referenced output voltage at the
load. One may adjust the load phase by common adjustments
to all of the power amplifier phases. To synthesize a zero-
phase load voltage of amplitude V, _, or equivalently a
“commanded” cycle-average power P_,, d:(VL,,ef)z/ (2R;), an
intermediate variable r, is defined as shown in Equation (10):

212 (10)

Peond

ro=

control angles 0 and ¢ are selected in terms of r,, in accor-
dance with Equations (11) and (11A):

2r,X,
0=AT
2+ Xt

an

(11A)

It will be appreciated that other control selections of 6 and
¢ are possible within the scope of this disclosure, and may be
desired in some applications. Equations (10)-(11A) form the
complete suggested control law in terms of desired power
P_,..» which we term the “approximate inverse resistance
compression network™ control method, or AIRCN control
method, and this represents one preferred embodiment.
Advantages include having a strong analytical basis, and ease
of generating the angles and handling the phase modulation
using the approach described in the last section of the
extended digest.

It should, of course, be appreciated that it is be possible to
come up with alternative formulations of control that could
provide similar control of power while keeping the imaginary
part of the effective admittance small. This could be done, for
example, by performing a search, such as a numerical search,
for alternative angle combinations that provide desired power
points, perhaps starting the search near the solution shown
above. Two such control methods, referred to herein as the
“optimal phase” (or “OP”) control method and the “optimal
susceptance” (or “OS”) control method are described below.
These methods represent alternative preferred embodiments
which are preferable for the very low (and in some cases
minimized) phase and susceptance deviations they achieve.

The Table I below shows the achievable performance of a
four (4) way combiner (e.g. of the type described above in
conjunction with FIGS. 4-4B) with IRCN and OP control.
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TABLE I
IRCN OP (~OS)
Power Ratio  Power Ratio (dB) Peak Phase (Deg) Peak Phase (Deg)
2 3.01 0.07 0.01
5 6.99 0.78 0.31
10 10 3.05 1.15
20 13.01 8.18 3.01
50 16.99 25.36 9.35

Table 11 shows an eight (8) way combiner maximum worst-
case effective input admittance phase for the 5:1, 10:1, 20:1,
50:1, and 100:1 power range ratios for the case of an Inverse
RCN (IRCN) outphasing control method.

TABLE I

Max Worst Case

Power Ratio Power Ratio (dB) Phase (Deg) Phase Margin (Deg)
5 6.99 0.01 1
10 10 0.03 1
20 13.01 0.18 1
50 16.99 1.08 2
100 20 3.06 4

It should be appreciated that for phase values less than one
degree in Table II, as a practical matter one degree could act
as a bound (i.e. phase values within a few degrees would be
sufficient for many practical applications).

It should, of course, be appreciated that itis also possible to
implement control laws that additionally control the common
phase among the power amplifiers and/or differential phases
among the amplifiers as a function of the dynamics of the
desired magnitude and phase of the output signal. The control
law can thus specify the phases of the power amplifiers as a
function of not only output power/voltage and phase, but also
based upon the derivative of desired output voltage and phase,
or some other function of the dynamics of the desired signal
output and/or the power amplifier network. This can be used
to compensate for rapid phase variation of the desired output
signal for example (e.g., to mitigate out-of-band components
in the output) and/or to compensate for the natural response of
the combiner network.

It should also be appreciated that concepts, system and
techniques described herein are the first-ever outphasing of
more than two PAs with a lossless combiner network that
provides desirable loading characteristics of the PAs and that
the above-referenced control laws represents one preferred
embodiment of the novel concepts, system and techniques
described herein. As will be seen, for typical parameter selec-
tions, (e.g. of the parameter k in the range 1-1.2, and the
circuit values X, and X, which result from this selection
through the process described herein) this control law pro-
vides monotonic output control and desirable loading of the
individual power amplifiers over a wide operating range.

It is useful to know the load voltage V, and the output
power P, delivered to the load R, (see FIG. 4) for a given
pair of outphasing control angles [0; ¢]. By employing
straightforward linear circuit analysis techniques, it can be
shown that the load voltage is given by (12):

Ry, (12)
VL= JX_1(VB +Vp—Va-Vo)

As a result of the adopted PA phase relationship of FIG. 5,
the above equation further reduces to (13):
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Vp=— 4XLIL Vssin(@)cos(6). (13)

Consequently, the output power is easily determined
according to (14):

VE S8R VE (14)
Pour = ﬁ = ;12 S sin?(¢)cos>(9).

Equation (14) is of great importance and value as it con-
cisely expresses the exact relationship between the output
power delivered to the load R; and any pair of outphasing
control angles [6; ¢].

Moreover, it can be readily seen from Equation (14) that
the maximum output power deliverable to the load by the
power combiner, the saturated output power P, is given
by (15), and corresponds to 8=0° and ¢=90°.

out,sar’

8R_VZ (15)

xt

Pout.sat =

Although Equation (15) is valid only for the 4-way com-
biner, the only difference between it and that for the general
N-way combiner is the leading numeric constant, which can
be determined by applying the methodology outlined above.

Next described are attributes of the proposed power com-
biner and outphasing system. As an example, consider a sys-
tem having V =1V, R;=50Q and a design value k=1.05 (re-
sulting in X,=48.78€2 and X,=35.60€2).

FIG. 6 shows plots of the control angles ¢ and 6 versus
“commanded” power, as per Equations (10)-(12) for the
example system (V=1 V, R,=50Q, X,=48.78Q and
X,=35.60Q) for the AIRCN control method.

FIG. 7 is a plot of actual output power vs. commanded
power for the example system having V =1 V, R,;=50Q,
X,=48.78Q and X, =35.60L2. As can be seen from FIG. 7, the
actual power increases monotonically from zero with com-
manded power, and matches the commanded power well over
the range shown. At higher commanded power levels the
actual power achieved saturates at approximately 0.31 W.
Because the output power is a smooth, monotonic function of
command down to zero power, the nonlinearity can be readily
addressed through predistortion or other means. This result
demonstrates that the novel outphasing scheme described
herein can smoothly control output power over a wide range
down to zero power.

Also of practical importance are the effective impedances
seen by the individual power amplifiers across the control
range.

Referring now to FIGS. 8 and 8A, shown are the real and
imaginary components of the effective admittances at the four
combiner input ports as a function of the commanded cycle-
average output power P, , for the AIRCN control method (as
per Equations (6)-(11A)).

The plots are shown for the example R, =500, X ,=48.78 0
and X,=35.60Q2 over a commanded power range of [0.01,
0.25] W. Comparing FIGS. 8 and 8A, it can be seen that the
imaginary components are small compared to the real com-
ponents over a wide range (i.e., highly conductive input
admittances). Below the range shown, as commanded power
goes 1o zero, the real parts of the admittances go to zero, while
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the imaginary parts go to +/-0.028 Mhos. The real parts of
Y. z4 and Y _;,, briefly go negative for P_, ,<~0.00875 W,
with a minimum negative real component of ~-0.026 Mhos.
This indicates power transfer from sources Vz and V-to V,
and V, over this range. As P_, ,is increased above the range
shown, real components of the admittances saturate at values
in the range 0.15-0.16 Mhos, with imaginary parts saturating
to values in the range of [-0.075, 0.075] Mhos.

FIGS. 9 and 9A show the same information as magnitude
and phase of the effective impedances.

The plots of FIGS. 7 and 8 and 9 illustrate some important
characteristics of the system.

For example, it can be seen that the input admittance at
each port is highly resistive (phase close to zero) over a wide
range of power commands, and that the susceptive compo-
nent ofthe admittance is never large on an absolute scale. This
represents a nearly-ideal loading characteristic for many
kinds of power amplifiers: the susceptive portions of the
effective admittances loading the power amplifiers are small
and the conductive components of the admittances are closely
matched and scale up with desired power delivery. At very
low commanded powers (e.g. below the range illustrated in
FIGS. 8 and 9), the admittances do increase and become
susceptive (becoming entirely susceptive at zero commanded
power). However, as the source currents and power drawn in
this range are small, this nonideality will be tolerable in many
applications. In fact, the susceptive loading is small over a
substantially wider power range than with conventional
Chireix outphasing, for example. Likewise, the susceptive
component of loading can be made smaller over a specified
power range than is achievable with conventional Chireix
outphasing.

Referring briefly to FIG. 16, a comparison is shown
between the imaginary components of admittances of the new
power combiner and outphasing system (FIG. 4) and AIRCN
control method to that of the Chireix system of FIG. 3 as a
function of total output power. Three example designs of the
Chireix system are shown. The Chireix systems are shown for
a factor of sqrt(2) higher input voltage to account for the fact
that a Chireix system only has two PAs. With this normaliza-
tion, the same total power is achieved in the two systems with
each PA seeing similar real components of admittance. It can
be seen that the new power combining and outphasing system
yields much smaller reactive loading than the Chireix com-
biner over a wide power range. (For reference, the real part of
the admittances for P,,,=0.2 W are each approximately 0.1
Mho.)

These results demonstrate that the proposed power com-
biner and outphasing system can meet the goal of providing
wide-range power control at high efficiency while preserving
desirable loading characteristics of the individual power
amplifiers. An advantage ofthe novel system described herein
is that one can achieve smaller susceptive loading over a
specified power range with the proposed outphasing system
than one can with a Chireix combiner. Likewise, for a speci-
fied allowable magnitude of susceptive loading one can oper-
ate over a greater power range with the proposed system than
one can with a Chireix combiner.

Referring now to FIGS. 9 and 9A, magnitude and phase of
the effective admittances at the four power combiner input
ports, plotted as a function of the power command P,,,,; are
shown. The curves in FIGS. 9 and 9A were generated for the
example R, =50Q, X,=48.78Q and X ,=35.60€2 over the com-
manded power range 0f [0.01,0.25] W with the AIRCN con-
trol method. It can be seen that the input admittance is highly
conductive (phase close to zero) over a wide range and is
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ideally zero at four output power levels. As commanded
power goes to zero below the range shown, the admittance
magnitudes increase to a maximum of ~0.28 Mhos, and the
phases go to +/-90°. As commanded power increases above
the range shown, input admittance magnitudes saturate to
values below ~0.18 Mhos, with phases in the range of [-25°,
25°].

To validate the above results, the system of FIG. 4 was
simulated in LTSPICE with the proposed AIRCN control law
set for the in Equations (10), (11) and (11A) at a frequency of
10 MHz. The example V=1 V, R,;=50Q and X,=48.78¢2 and
X,=35.60Q was used. Positive reactances were implemented
with inductors (566.6 nH for X, and 776.4 nH for X,), while
negative reactances were implemented with capacitors (447
pF for X, and 326.27 pF for X,). The effective admittances at
the four power amplifier ports and the power were calculated
numerically for a range of operating points. The simulation
results were found to match the theory within the numerical
precision of the simulation. An example of simulation results
matching the theory within the numerical precision of a simu-
lation shown in FIGS. 10 and 10A.

Referring now to FIGS. 10 and 10A, these figures show real
and imaginary components of the effective admittance Y,
forthe example V=1 V, R ,=50€2, =10 MHz, X ,=48.78Q and
X,=35.60Q and the AIRCN control method. Both analytical
results and numerical results computed from LTSPICE .ac
simulations are shown. For simulation, positive reactances
were implemented with inductors (566.6 nH for X, and 776.4
nH for X,), while negative reactances were implemented with
capacitors (447 pF for X, and 326.27 pF for X,). The simu-
lation results confirm the analytical formulation.

Thus, FIGS. 10 and 10A represent one example of simu-
lation results matching the theory within the numerical pre-
cision of a simulation. FIGS. 10 and 10A show the analytical
curves showing the effective admittance Y ;. along with
values computed numerically based on simulations. Simula-
tion matched theory equally well for the other effective admit-
tances not shown in FIGS. 10 and 10A.

A concern with any power combining system is the effi-
ciency of power combining. While ideally lossless, the para-
sitic resistances of actual passive components in the combiner
of FIG. 4 contribute a degree of loss which often cannot be
neglected. Here we consider the impact of such losses on
power combiner efficiency. We treat only losses owing to the
power combiner, and do not consider any combining-related
losses that may accrue in the power amplifiers themselves
(e.g., owing to variations in effective impedance at the power
combiner input ports).

To model non-idealities of the passive components in the
combiner of FIG. 4, we assume that each branch in the com-
biner network has a series resistance such that every branch
has the same quality factor Q=IXI/R,. To estimate the losses
and efficiency degradation owing to these parasitic resis-
tances, we adopt a method that has been previously employed
in matching networks: the circuit currents are calculated
assuming no loss (i.e., assuming the resistances are zero); the
losses and circuit efficiency are then calculated based on the
losses induced by the calculated currents flowing through the
parasitic resistances. This method thus assumes that the
branch currents are not significantly affected by the presence
of small resistances.

Using the above method, in can be shown that the loss in the
combiner can be calculated as shown in Equation (16):
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1 _ (16)
_ H
Plossav = _ZQV [Y*wyy

Where V and Y are defined as in Equations (3) and (4), # is
the Hermetian operator (conjugate transpose) and W is
defined as shown in Equation (17):

[X+1Xl X2l 0 0 (17
_ X2l 1Xul + Xzl 0 0
- 0 0 X1l +1X2l X2l
0 0 |X2| [X1] +1X2]

The fractional loss fl=(1-efficiency) of the combiner can be
similarly calculated as shown in Equation (18):

(18)

The fractional loss is thus inversely proportional to the
quality factor of the branch impedances in the combiner net-
work, and depends on the operating point.

To validate the above formulation and to illustrate the
efficiency potential of the proposed power combining system,
the fractional loss of an example system was calculated using
the result of Equation (14) and compared to numerical results
from LTSPICE. The example V =1 V, R,=50€2, {=10 MHz,
X,=48.78 and X,=35.60€2 and the AIRCN control method is
again used. Positive reactances were implemented with
inductors (566.6 nH for X, and 776.4 nH for X,), while
negative reactances were implemented with capacitors (447
pF for X, and 326.27 pF for X)), and parasitic resistances are
added for Q=100 of each branch element.

FIG. 11 is a plot of percentage power loss in the combiner
(100-11) vs. commanded input power for the example V=1V,
R,=50€, =10 MHz, X,=48.78Q2 and X,=35.60%2 for com-
ponent quality factors Q=100. Both analytical results and
numerical results computed from LTSPICE .ac simulations
are shown. For simulation, positive reactive impedances were
implemented with inductors with series resistors (566.6 nH,
0.356Q for X, and 776.4 nH, 0.488€2 for X,), while negative
reactive impedances were implemented with capacitors with
series resistors (447 pF, 0.356 for X, and 326.27 pF, 0.488Q
for X,). The simulation results confirm the analytical formu-
lation. The small mismatch between the theoretical curve and
the simulated results can be attributed to the assumption made
in the analysis that the small resistive losses do not affect the
current waveforms. Moreover, it can be seen that the loss
owing to power combining is small over a wide operating
range (<5% over the plotted range for Q=100). As fractional
loss (or percentage loss) is inversely proportional to branch
quality factor, we can see that combining loss is expected to
be manageable even at relatively low quality factors, and can
be made quite low if high-quality-factor components are
used.

Next described is a conceptual framework to facilitate
understanding of the proposed power combining and out-
phasing system. In addition to better illustrating the operating
principles of the system, this section explains how the design
of circuits and systems describe above in conjunction with
FIGS. 4-11 are synthesized, and shows how related power
combiners and control laws within the scope of the concepts,
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systems and techniques described herein can be developed.
As a first step, a seemingly-unrelated problem is discussed:
the development of multi-stage resistance compression net-
works. It is then shown how the design and behavior of
multi-stage compression networks can be used for synthesis
of combiners and outphasing control laws.

As a route to illustrating the design and behavior of the
proposed outphasing system, multi-stage resistance compres-
sion networks are first discussed. Resistance Compression
Networks (RCNs) are a class of lossless interconnection net-
works for coupling a source to a set of matched (but variable)
resistive loads.

Referring now to FIGS. 12 and 12A, a resistance compres-
sion network (RCN) (FIG. 12) and its operating characteristic
(FIG.12A) are shown. FIG. 12A illustrates the resistive input
impedance R,,, of the RCN of FIG. 12 as a function of the
matched load resistance value R . Ascanbe seen in FIG. 12A,
as the resistance values of the matched load resistance R , vary
together over a range geometrically-centered on X, the value
of the input impedance is resistive and varies over a much
smaller range than R,. It should be noted that RCN networks
have application to resonant dc-dc converters and rectifiers
and to energy recovery in power amplifiers among other
applications.

As the resistances R, in the RCN of FIG. 12 vary together
over a range geometrically-centered on X, the input imped-
ance of the network is resistive and varies over a much smaller
range than R varies. In particular, it can be shown that the
input impedance is resistive at the operating frequency and is
a function of the load resistance. This can be expressed as
shown in Equation (19):

R + X2 (19)

Rin = f(Ro) = —

As the load resistances Ro vary over the range [X/b, bX],
the input resistance varies over the range [ X, kX], where k and
b are related as shown in Equation (20):

140 0

b=k+Vk2-1 o

and k

Because the input impedance is resistive and varies over a
much smaller range than the matched load resistances R,
RCN networks are advantageous in applications such as reso-
nant rectifiers and dc-dc converters.

Multi-stage RCNs offer the possibility of even smaller
input resistance variations (or wider load resistance ranges)
than single-stage designs. Here we present for the first time
the design of a multi-stage RCN to provide a specified maxi-
mum peak deviation in input resistance away from a desired
median input resistance value, and determine the load resis-
tance range over which this can be accomplished. In particu-
lar, we consider the design of the multi-stage resistance com-
pression network shown in FIG. 13. We will subsequently
show how this RCN relates to the outphasing system of FIG.
4.

Referring now to FIG. 13, a multi-stage resistance com-
pression network is provided from a cascade of single-stage
RCN networks which may be the same as or similar to the
type described in conjunction with FIG. 12. A source V,
driving the network is also shown. The RCN of FIG. 13 can be
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provided such that the input resistance R,,, , varies much less
than the matched load resistances R .

Suppose one would like to design the RCN of FIG. 13 to
provide an input resistance R,, , within +AR of a desired
median valueR,, , ,..,0ver as wide a range as possible. To do
this, a value k, (stage 2 input resistance ratio) is selected as
shown in Equation (21):

Rin2med + AR
Rin2med — AR

f - oI}

and select a stage two reactance magnitude as shown in
Equation (22)

2Rin2,med 22)
X2 = o+ 1
which yields a value as shown in Equation (23):
+1 k-1 23)
Rin2med = X, and AR = 7 X

Next one considers selecting the stage one reactance mag-
nitude X, to provide compression into a range that makes best
use of the second stage. The effective resistance R,,, ; seen at
the inputs of the first stage has a minimum value of X, so to
maximize the R, range over which we achieve the desired
compression we select X, as shown in Equations (24):

1 (24)
X =—X
1 b2 2

where b, is determined from k, as per Equation (20). R,,, ;
has a maximum value of'k, X, where the operating range over
which the desired degree of compression is achieved is found
from Equation (25):

Rin,l,max:lelzbzXz

The desired degree of compression over an operating range
of R, in [X,/b,, b;X,] where b, can be determined from
Equations (20) and (25).

Referring now to FIG. 14, a plot which shows how the input
resistance R, , varies as a function of matched load resistance
R, when compression network values are selected as
described above (e.g. for the two-stage compression network
of FIG. 13) is shown. Selection of the compression network
reactances as described provides this characteristic, which
compresses resistance to a much greater extent than is pos-
sible in a single-stage compression network. For example,
one can achieve resistance compression of the input resis-
tance to within #2.5% of the desired median value overa 12:1
ratio in load resistance R, with this technique. Similar levels
of'performance can be obtained using other types of compres-
sion stages. Moreover, even greater levels of resistance com-
pression (or similar resistance deviations over wider ranges of
load resistance) can be achieved with more stages.

As a final note, one will find it useful in the following
section to know the load voltage V -V, in terms of the drive
voltage V. It can be shown that the relation expressed in
Equation (26) holds for these voltages:
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2R, X 27
0= ATAN( 2 ] @n
R2 + X}
and
X, 28)
b= ATAN(R—O).

The phase relationship of these voltages is the same as that
of the outphasing angles described in FIG. 5.

Next is provided a description of how the design and
behavior of multi-stage compression networks can be used
for synthesis of power combiners and outphasing control
laws.

Consider the two-stage RCN shown in FIG. 13. Suppose
we take this network, and change the sign of every reactance
and resistance. This is equivalent to taking the network of
FIG. 13 and applying type 1 time-reverse duality and then
applying type 3 time reverse duality. Neglecting the impact
upon the natural response of the circuit (which would become
unstable), the sinusoidal steady-state behavior of such a cir-
cuit would have all current flow directions reversed, while
preserving voltage relationships in the circuit, thus yielding
reversed power flow (i.e. from the—now negative—resistors
to the voltage source V. The ratio of the voltage V; to the
current flowing into V; would be that of R,,, , of the original
compression circuit, which is close to the value R, , ...
Likewise, the voltages at the now-negative resistors would be
as described in Equation (26), and currents proportional to
these voltages would flow into the network (i.e., the apparent
impedances seen looking into the network ports to which the
negative resistances are connected would be resistive with
values IR,1.)

To develop a power combining and outphasing system, we
take advantage of the above observations. In particular, we
replace the source V, in FIG. 14 with a load resistance
R;=R,, 5 mesand replace the resistors R, with voltage sources
(or power amplifiers in practice). This leads directly to the
system of FIG. 4. Controlling the phases of the sources to
match their behavior in the original two-stage resistance com-
pression network, we can then obtain power control over a
wide range while preserving nearly resistive loading of the
sources (compare Equations (27), (28) to Equations (11),
(11A)). While these substitutions do not lead to precise dual-
ity between RCNs and the proposed power combining and
outphasing system, this approach nonetheless provides a
means to develop effective outphasing and power combining
systems such as described above in conjunction with FIGS.
4-11.

It will be appreciated that a wide variety of high-perfor-
mance power combining and outphasing systems within the
scope of the inventive concepts described herein can be syn-
thesized through the approach described above. This includes
designs based on multi-stage cascades of various types of
compression network structures. For example, a three-level
structure designed similarly (using 8 sources) as illustrated in
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FIG. 27 would yield even wider-range power control for a
given allowable susceptive loading of the sources and a
smaller achievable susceptance for a specified power control
range. Likewise, using the topological dual of the RCN in
FIG. 12 in a multi-stage design would likewise be effective as
the basis for a combiner. Moreover, one could combine dif-
ferent types of base RCN circuits to construct effective com-
biners. It should be noted that for some types, all of the
sources and/or loads may not be referenced to common
potentials, so one may elect to use transformers or baluns to
provide coupling. Finally, use of topological and/or time-
reverse duality transformations will yield other combiner sys-
tems within the scope of the inventive concepts described
herein as will network transformations such as T-A transfor-
mations.

Numerous other circuit opportunities also present them-
selves. The reactances in FIG. 4 are specified only at a single
frequency, and one may choose to implement them with
single inductors or capacitors as appropriate. However, one
may also use higher-order reactive networks in developing
networks within the scope of the invention. These may be
selected to block or conduct dc- and/or higher-order harmon-
ics, or to present desired impedances (e.g., for combining and
outphasing) at harmonic frequencies or other desired operat-
ing frequencies. Likewise, while the development has been
described in terms of lumped parameter elements, it will be
appreciated that distributed elements (e.g., based on transmis-
sion-line networks) can likewise be used.

There is also flexibility of design within a combiner struc-
ture and control law. For example, the design discussed above
in conjunction with FIGS. 4-11 utilized a value of design
parameter k of 1.05. Different values of k may be selected
based upon system design goals and requirements, such as the
desired operating range and load sensitivities of the power
amplifiers.

Referring now to FIGS. 15 and 15A, plots of the effective
admittanceY ; , in the combiner of FIG. 4 and control laws of
Equations (10)-(11A) (AIRCN control method) for different
values of design parameter k are shown. By examining FIGS.
15 and 15A, it can be seen that higher values of k provide a
higher upper bound in achievable power delivery, but also
results in greater phase variations over the operating range.
Thus, FIGS. 15, 15A for example, show the influence of
design parameter k on the effective admittance Y 4 ,.

Next described is a method for selecting power combiner
reactance values. It should, of course, be appreciated that
other techniques for selection of power combiner reactance
magnitudes also exist.

The following methodology is proposed for selecting the
reactances X, and X, of the power combiner in FIG. 4. The
reactance magnitude X, is selected close to the load resis-
tance R;. In particular, a number k equal or slightly greater
than 1 (e.g., k=1.05) can be specified, and X, can be deter-
mined as:

28

The reactance magnitude X is then selected in terms of X,
and k according to:
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X (29)

ke

X

The above approach for selecting the reactance magnitudes
originates from the design of Resistance Compression Net-
works (RCNs). That is, the relative reactances are selected
based upon how one might design a resistance compression
network to minimize peak deviations of the input resistance
from a median value according to the methods in the section
on Multi-Stage Resistance Compression. The performance
and behavior of each power combiner with reactances
selected as outlined above are uniquely determined by the
particular k-value. Guidelines and techniques for selecting
the appropriate value of k in order for the power combiner to
satisfy specific performance specifications are discussed later
in this document. Each of the outphasing control strategies
disclosed below assume that X, and X, have been determined
according to (28) and (29).

Moreover, this approach can easily be generalized for a
2¥-way combiner with analogous implementation to that of
FIG. 4 by first determining the appropriate value for k,, and
then applying the following recursive relations:

(B0

ZRL 2
XNsz+1, by =ky k3 -1
X
= and b, =b2+4/b4—1 for l=n<N.

n

i — 31

Next described are multiple outphasing control strategies
that are in accordance with the present invention. One out-
phasing control strategy is based upon an inverse resistance
compression network (IRCN) outphasing control technique
(also referred to as the IRCN method). The IRCN outphasing
control technique results by analogy of (approximate) reverse
operation of a resistance compression network processing
similar levels of power. That is, the PAs driving the combiner
are appropriately outphased so that their terminal voltage
phases match the voltage phases of the load resistances in the
original RCN (i.e., the RCN which is approximates the
double time-reverse dual of the combiner). As a result, the
power delivered to load R, driven by the power combiner is
approximately equivalent to the power that would be deliv-
ered by a power source driving the original RCN and having
the same terminal voltage as R;. This outphasing control
method yields desirable loading (almost entirely conductive
effective input admittance) of the PAs. Moreover, due to this
control method, the necessary outphasing control angles can
be computed conveniently via a set of analytical expressions
which are valid over the entire output power operating range
of the combiner.

For the case of the 4-way power combiner in FIG. 4, the
outphasing control angles 0 and ¢ for a particular load R, and
PA voltage amplitude V; are given by Equation (32) with the
variable R , determined according to Equation (33). It can be
further shown that ¢ is a monotonic function of power P, for
every value of k=1.

out

(B2

2R, X, X
0= AT and¢:ATAN(—)
RZ + X} R,
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-continued

AR VE (33)
LS xp-oxf+

out

5 \/ 4RIVE 4R VEX?
Pgm Pow

R, =

+ XEXF + X3

It should be noted here that we may think of P_,,, in Equa-
tion (33) as the desired output power (the command input),
which will also be the actual output power under ideal con-
ditions (e.g., with precise component values and zero com-
biner loss). The difference between this IRCN method and the
closely-related AIRCN method described above is that the
IRCN method uses a more exact (but more complicated)
expression to relate the commanded power (P,,,; or P_,,) to
the intermediate variable (r, or R,) in finding the control
angles. For example, compare Equations (10)-(11A) to Equa-
tion (32) and (33). Nevertheless, both the IRCN and AIRCN
control methods result in equivalent effective input admit-
tance characteristics versus actual output power delivered by
the power combiner to the load. It is readily observable from
Equations (1)-(4) and (32) that for zero output power
(P,,,~0), all PA voltages are in phase (6=0°, $=0°) and the
effective input admittances (purely susceptive) may be
expressed as shown in Equation (34):

Y,

of. :Yefc:]Xfl

Yo=Y =K, (34)

At saturated output power P, ... (0=0°, $=90°) the effec-
tive input admittances are given by Equation (35)

Yoga =X, (4y+i(1-2B))
Y =X (4y+/(-1-2p))
Y,

=X (Hy=i(-1-2B))

Yopp=Xy ™ (4y=(1-20)

and the maximum phase ¢ associated with them is provided
by Equation (36), where y=R /X, p=X,/X;:

€D

AN{ 142k +VIZ—1) } (36)
Uk + Dk + Vi —1)

As an example, FIGS. 17,17A and 17B depict the effective
input conductance, susceptance and phase seen by each of the
PAs driving the power combiner of FIG. 4 with V=1V,
R,=50€2, and k=1.05 and the IRCN control method. It should
be understood that nonidealities such as parasitic losses are
not considered, so no distinction is made between com-
manded and actual output power.

The output power levels at which all four susceptive com-
ponents of the effective input admittances become zero (re-
ferred to as a zero-point) can be computed according to Equa-
tions (37)-(40).

Pour.zpl = @GN
3 o)
2R} 2R X,
W R+ RE-X} — |2RE-XP-xp+ L L72
\RL-X3
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-continued
Pour.sz = (38)
-1
2R} — 2R X7
V2R, + /R - X2 +\/2Rﬁ—X12—X22+L27L22
V RL - X2
Pom.zp3 = (39
—1
2R} — 2R, X}
22| R, -/ R} - X2 —JZR%—X?—X%—%
RL - X2
Pour.zp4 = 40

2R} — 2R, X}

ZVSZ[RL—\/Rz—XZZ +\/2R§—X12—X22— \/ﬁ
R - X3

Another control methodology is referred to as optimal
susceptance outphasing control. This strategy is character-
ized with the following two main advantages: (1) minimizes
the effective input susceptance seen by the PAs at each power
level, and (2) achieves even susceptive loading amplitude of
the PAs over the desired output power operating range.

For the 4-way combiner described hereinabove in conjunc-
tion with FIG. 4, the optimal susceptance control angle pair
[0; ] can be computed for a particular output power level P,
by numerically minimizing the largest effective input admit-
tance susceptance S, ., seen by any ofthe PAs (at P,,,) subject
to the constraint of Equation (41):

Smax = max{{Im{Yer 4}, ImdYegr p}} “4D

8RLVZ 42
Pout = ;12 S sin(p)cos?(9).

Appropriate control angles as a function of power for a
given design can be found using numerical methods. Also, it
can be shown that for the range of output power levels given
by Equation (43), the solutions of the preceding optimization
problem of Equations (41), (42) reduce to a set of convenient
analytical expressions for calculating the control angles given
by Equation (43).

ARZVZ — 2V2\[ AR} - REX}

X{Ry
4v{ + PRXT PouXy “4
6=ACOS| | —=——Z~ | and ¢ = ATAN =~
8P, RLVE 2vE

As an example, FIGS. 18, 18A, and 18B show a plot of the
effective input conductance, susceptance and phase seen by
each of the PAs driving the power combiner of FIG. 4 with
V~1V, R,=50€2, and k=1.05 with Optimal Susceptance (OS)
control. The zero-points occur at the same output power lev-
els as in the case of the Inverse RCN outphasing control and
can be computed according to (37)-(40). Moreover, the dis-
cussion about zero-power and saturated power output levels
for the Inverse RCN control similarly applies to this control
method. Also, for the range of output powers (or equivalently,
output voltage amplitudes) between the zero-points of the
susceptances, the effective susceptance amplitude at each of
the combiner inputs is substantially the same.

arvE +oviJart -Rixp Y

XIRy

< Py <
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Still another control methodology, referred to as optimal
phase (OP) outphasing control, is proposed which, in turn, is
characterized with its two main advantages: (1) minimizes the
effective input admittance phase seen by the PAs at each
power level, and (2) ensures that each PA sees the same load
phase magnitude. For the 4-way combiner addressed here
(see FIG. 4), the optimal phase control angle pair [0; ¢] can be
computed for a particular output power level P_ , by numeri-
cally minimizing the largest effective input admittance phase
§,0r SeEn by the PAs (at P,,,,) (45) subject to the constraint set
forth by Equation (46):

i Im{Y.g5.1) Im{Yer 5} @
Pmax = maX{ATAN{ Re{Yoq 4} }’ ATAN{ ReiYeg.p} }}

) 46
gwf%memﬂm h

It can be shown that for the range of output power levels
given by (47), the solutions of the preceding optimization
problem (see Equations (45), (46)) reduce to a non-linear
system of Equations (48) which can be solved for [0; ¢] by
employing conventional numerical methods.

ARVE -OVIARL-RXE  ARpVE+VENaRf - RixE @7

XiR, o= X2R,

Pou X} (48)

SRV = sin2(¢)cosz(0)

Zycosz(O)

sin(2¢) = B2 + dy2cos2(9) — 2Bysin(20)

As an example, FIGS. 19, 19A and 19B illustrate the effec-
tive input conductance, susceptance and phase (respectively)
seen by each of the PAs driving the power combiner of FIG.
4 with V=1V, R, =508, and k=1.05 and optimal phase con-
trol. The zero-points occur at the same output power levels as
in the case of the Inverse RCN outphasing control and can be
computed according to Equations (37)-(40). Moreover, the
discussion about zero-power and saturated power output lev-
els for the Inverse RCN control equally well applies to this
control method. Also, for the range of output powers (or
equivalently, output voltage amplitudes) between the zero-
points of the susceptances, the effective immitance (admit-
tance or impedance) phase amplitude at each of the combiner
inputs is substantially the same.

All of the above methodologies can be adapted for the
outphasing control of a general N-way power combiner.
Moreover, one could switch methodologies based on opera-
tion over different power ranges or for different operating
conditions if desired. Nevertheless, to compare the relative
performance of each control method, consider as an example
the power combiner of FIG. 4 with R,;=50Q, V=1V, and
k=1.05. FIG. 20 shows the appropriate outphasing control
angles 0 and ¢ for each of the above control methods for an
output power in the range [0 W; P, .. ~0.3 W].

It can be clearly seen from FIG. 20 that the Optimal Phase
and Optimal Susceptance control angles are almost entirely
identical over a significant portion of the output power oper-
ating range. Thus by choosing the control angles to minimize
the effective input admittance phase seen by the PAs, for all
practical purposes, one effectively minimizes the susceptive
components as well, and vice versa.
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FIGS. 21 and 21A further demonstrates this observation by
examining the worst-case input admittance phase magnitude
and susceptance magnitude seen by the PAs for a particular
output power level in the operating region of interest for the
same 4-way power combiner as above. From FIGS. 21 and
21A, it can be seen that the optimal susceptance and optimal
phase control methods result in approximately equivalent
phase and susceptance characteristics over the main operat-
ing power range with over a factor of three improvement
compared to the Inverse RCN control method. For this case,
the inverse RCN control method yields less than 5 degrees of
admittance phase magnitude over more than a factor of ten in
power, while the optimal phase and optimal susceptance
methods yield less than 1.6 degrees.

As already mentioned, the operating characteristics of an
N-way power combiner system are uniquely determined by
the selected value of k that is utilized for computation of the
combiner’s reactance magnitudes according to the recursive
relations in Equations (30) and (31). A general approach is
developed for selecting the appropriate value of k in order to
satisfy a set of specific performance specifications. In particu-
lar, given an N-way power combiner and a specified output
power operating range [P outmin, P, ... of interest, two
design problems are considered: (1) determine a k-value that
will minimize the worst-case effective input admittance
phase seen at the input ports of the combiner over this oper-
ating range, or (2) determine a k-value that will minimize the
worst-case effective input susceptance seen at the input ports
of'the combiner over the specified operating range. Note that
the specified operating range is simply one over which there
is particular interest in minimizing admittance phase or sus-
ceptance magnitude, and may or may not represent the full
operating range of the system. Each of these two design
problems is individually addressed below for the case of the
4-way combiner of FIG. 4.

Next described are techniques for designing for minimum
effective input admittance phase magnitude.

Referring now to FIG. 22, FIG. 22 illustrates the worst-case
input admittance phase versus output power level P, (phase-
power curve) seen by the PAs driving the 4-way combiner of
FIG. 4 according to the Optimal Phase outphasing control for
two distinct values of k. Suppose that the specified operating
range of this combiner over which worst-case phase devia-
tions are to be minimized is [P,,,,,,15 P,..x1 - It can be theoreti-
cally shown that the optimal value of k minimizing the worst-
case admittance phase seen over this operating range is such
that the phase-power curve associated with it has a maximum
phase¢,, . equal to the worst-case admittance phases atP,,,;,
and P, .. As can be seen from FIG. 22, for the combiner
considered here, this corresponds to k=1.1. If instead a wider
operating range is specified, for instance [P,,;,,25 Pax2ls @
larger value of k will be necessary (k=1.2 for this example) as
demonstrated by FIG. 22, and the maximum admittance
phase that must be tolerated in this case will also increase
(changing approximately from 3.1° to 8.1°). The develop-
ments above are valid and easily-adoptable for the general
N-way combiner. In general, smaller k-values result in nar-
rower power operating ranges for which worst-case phase is
minimized and smaller worst-case admittance phase, while
larger k-values allow wider operating power ranges over
which worst-case phase is minimized at the expense of higher
worst-case admittance phase. Increasing the order of the
N-way combiner (larger N) expands its performance capa-
bilities and allows it to operate in a given power range at
smaller worst-case admittance phase compared to a lower-
order power combiner.

max
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For the case of the 4-way combiner of FIG. 4, FIG. 23
indicates the optimal value of k for a given specified output
power range ratio (PRR), where PRR is the ratio of the maxi-
mum to the minimum output power over which peak phase
deviations (from zero) are to be minimized. Power Ratio
Curves for both the Inverse RCN and Optimal Phase control
methods are shown. The value of k is found by tracing hori-
zontally from the specified power ratio to the Power Ratio
Curve of interest, and tracing vertically to find k. The corre-
sponding worst-case admittance phase for the specified oper-
ating range (power ratio) can be obtained by tracing the
k-value of choice vertically to the respective Phase Curve and
horizontally (right) to the corresponding admittance phase.

FIG. 24 depicts the actual minimum and maximum output
power levels (relating to the phase deviation peak for that
value of k) for each of the two outphasing control methods
normalized to V=1V, R;=1€2 for a given k-value. To denor-
malize for a particular V and R, the limits must be multi-
plied by Vi*VJ/R,.

Next described are techniques for designing for minimum
effective input susceptance magnitude.

The methodology for selecting the optimal value of k that
will minimize the worst-case input susceptance over a speci-
fied operating power range [P,,;,,, P,...] 18 analogous to the
one presented above. In this case, however, the optimal value
of'k is such that the susceptance-power curve associated with
it has a maximum susceptance equal to the worst-case sus-
ceptance at P, and P, ..

For the case of the 4-way combiner of FIG. 4, FIG. 25
indicates the optimal value of k for a given specified output
power range ratio. Power Ratio Curves for both the Inverse
RCN and Optimal Susceptance control methods are shown.
The corresponding worst-case susceptance for the specified
operating range can be obtained by tracing the k-value of
choice to the Susceptance Curve (normalized to R,=1Q).
Susceptance can be denormalized by simply dividing it by the
intended value of R, . FIG. 28 depicts the respective minimum
and maximum output power levels associated with the related
peak susceptive deviation for both control methods normal-
izedto V=1V, R,=1Q for a given k-value. To denormalize for
a particular V; and R;, the limits must be multiplied by
VHVIR;.

Using the information represented in FIGS. 23 and 24, it
can be shown that over power ratios of 2, 5, 10, 20 and 50 the
4-way combiner can ideally achieve worst-case input admit-
tance (or impedance, or generally immitance) phase ampli-
tudes of 0.07, 0.78, 3.05, 8.18 and 25.36 degrees with the
IRCN control method and 0.01, 0.31, 1.15, 3.01, and 9.35
degrees with the OP control method. Thus, achieving worst
case phase variations of less than 1 degree over a factor of 5 in
power, 5 degrees over a factor of ten in power, ten degrees
over a factor of 20 in power and 30 degrees over a factor of 50
in power is possible in practice with a variety of control laws
in keeping with this disclosure. Moreover, some control laws
in keeping with this disclosure can practically achieve worst-
case phase amplitudes of less than two degrees over a factor of
teninpower, five degrees over a factor of twenty in power, and
fifteen degrees over a factor of fifty in power. Still much
smaller phase magnitudes (or wider power ranges at constant
phase magnitudes) are achievable with an 8-way combining
system.

Next described are a variety of power combiner topological
implementations and transformations.

It should be appreciated that many of the concepts and
techniques described herein have referred to the implemen-
tation shown in FIG. 4. This combiner implementation may
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be thought of as including a binary tree of reactances having
complementary reactances at each bifurcation in the tree.

It should be appreciated, however, that for a binary tree
combiner implementation with M bifurcations, one has
N=2™ inputs and 2N-2 reactive branches. As an example,
FIG. 27 depicts such a “binary tree” implementation of an
8-way combiner (N=8). Nevertheless, various topological
transformations may be applied to this basic “binary tree”
realization to obtain other useful implementations of the com-
biner. Here we discuss two such types of topological trans-
formations: (1) T-A network transformation (also known as
the Y-A or star-triangle transformation), and (2) topological
duality transformation. These transformations are used to and
enumerate other possible topological implementations of the
4-way combiner; similar techniques can be used to synthesize
other combiners in keeping with the present invention (e.g.,
for higher-order N). Although the input-port and output-port
characteristics, as will be demonstrated below, remain largely
unaffected under these transformations, depending on the
application of the combiner and component values that result,
one implementation may be preferred over another.

Referring now to FIG. 28, the general T-A network trans-
formation of a three-terminal network is shown.

An important characteristic of the transformation is that it
does not affect the transformed network’s interface with other
networks connected to its terminals. In other words, the cur-
rent-voltage relationship at each terminal of the transformed
network is preserved under the transformation. FIG. 29
depicts the same transformation applied to top T-network of
the power combiner in FIG. 4.

Referring now to FIGS. 30-30D the 4-way combiner
implementations that can result from applying the T-A trans-
formation to the various T-networks found in the basic 4-way
combiner of FIG. 4 (repeated in FIG. 30 for convenience) are
shown.

Although unnecessary, it is convenient to think of the basic
combiner in FIG. 30 as the starting point for all the T-A
transformations. For this reason, the reactance magnitudes in
all the implementation variants of FIG. 30A-30D are given in
terms of the reactance magnitudes of the basic combiner. The
suggested reactance magnitude values for a particular imple-
mentation ensure that its input-port and output-port charac-
teristics are identical to those of the basic combiner, i.e. as far
as the PAs and the load (transformed in the case of FIG. 30A)
are concerned, the behavior of the transformed combiner for
any outphasing control method will be equivalent to that of
the basic combiner for the same outphasing control strategy
and respective load. It should be noted that the same trans-
formations can be applied to the combiner and load networks
in other power combiner implementations, including those of
higher order N.

FIGS. 31 and 31A-31D shows the topology of the corre-
sponding topological duals of each of the networks including
4-way combiner implementations of FIGS. 30 and 30A-30D.
Specific component values may be found for the dual network
as is well known in the art. As a result of this transformation,
the PAs (approximated by voltage sources V -V, in FIGS. 30
and 30A-30D) are now modeled respectively by currents
sources 1,-1,, having equivalent magnitude and phase rela-
tionship as the voltage sources of FIGS. 30 and 30A-30D,
though it is recognized that this is for modeling purposes, and
to show the connection ports of the power amplifiers—the
power amplifiers needn’t act as ideal voltage or current
sources.

Further, it is of significant importance to note that for any
particular outphasing control method, the input admittance
versus output power characteristic of the FIGS. 29 and 29A-
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29D permutations is equivalent to the input impedance versus
output power characteristic of their respective duals. Conve-
niently, the relationship between the output power delivered
to the load and the outphasing control methodology is unaf-
fected by the topological duality transformation. Thus, all of
the presented outphasing control methods previously intro-
duced are directly applicable to the implementation variants
of FIGS. 30 and 30A-30D, although, in this case, it will be
more appropriate to refer to the Optimal Susceptance control
method as the Optimal Reactance control method, in keeping
with the effects of topological duality on interchanging volt-
ages and currents and admittances and impedances. (We note
that there are also other methods for synthesizing the net-
works of FIGS. 30 and 30A-30D, such as starting with other
types of multi-level resistance compression networks.)

There are also numerous other variations of the novel con-
cepts, systems and techniques described and claimed herein.
For example, these include one or more of: (a) outphasing
groups of this type of combined PA using a conventional
isolating combiner (with or without energy recovery); (b)
operation of power amplifiers with the proposed combining
and outphasing, additionally using drain voltage modulation
or power amplifier supply voltage modulation (adaptive bias,
polar modulation, discrete drain switching, asymmetric mul-
tilevel outphasing, multi-level LINC etc.); (c) application of
gate-width switching of the power amplifiers to reduce losses
at small output powers; (d) operation of power amplifiers with
the proposed combining and outphasing hybridized with
other control strategies. This would include using class AB,
class B or Doherty-type or other types of PAs in saturation
under outphasing over part of the power range and backing
into linear operation over part of the range, use of adaptive
bias of the power amplifiers over the operating range, hybrid-
izing with duty cycle control or discrete pulse modulation,
etc.; (e) adaptively modulating subsets of the amplifiers on
and off as an additional form of power control.

After reading the description provided herein, one of ordi-
nary skill in the art will now appreciate that the concepts,
systems and techniques described herein overcome the limi-
tations of previous outphasing power amplifier circuits and
systems. In particular, the power combining and outphasing
circuits, system and techniques described herein overcome
the loss and reactive loading problems of prior art outphasing
approaches. The power combining and outphasing circuits,
system and techniques described herein provide ideally loss-
less power combining, along with substantially resistive load-
ing of individual power amplifiers over a very wide output
power range, enabling high average efficiency to be achieved
even for large peak-to-average power ratios (PAPR).

Having described preferred embodiments of the invention
it will now become apparent to those of ordinary skill in the
art that other embodiments incorporating these concepts may
be used. Accordingly, it is submitted that that the invention
should not be limited to the described embodiments but rather
should be limited only by the spirit and scope of the appended
claims.

The invention claimed is:

1. A system for delivering and controlling power from a
number N greater than two radio-frequency (RF) power
sources to a single output, the system comprising:

N RF power sources each having an output port, each of
said N RF power sources configured to deliver RF power
to its output port:

a lossless power combiner, said lossless power combiner
comprising N input ports, 2N-2 reactive branches hav-
ing specified reactance values, and an output port con-
figured to receive RF power, wherein each of the output
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ports of the N RF power sources are coupled to a corre-
sponding one of the N input ports of said lossless power
combiner, and RF power delivered to the output port of
said power combiner is controlled by adjusting the
phases of the N radio-frequency power sources as a
function of the reactance values of the 2N-2 reactive
branches.
2. The system of claim 1 wherein in response to adjusting
the phases of the N radio-frequency power sources as a func-
tion of the reactance values of the 2N-2 reactive branches, an
effective loading impedance presented to each of said N RF
power sources at the input ports of said power combiner are
purely resistive at N output power levels.
3. The system of claim 2 wherein the largest magnitudes of
the susceptive portion of an effective loading admittances
seen by said N RF power sources are smaller than is achiev-
able with any combination of Chireix and lossless in-phase
power combining over a range of RF output power levels
bounded by highest and lowest RF output power levels where
said purely resistive loading of said radio-frequency power
sources occurs.
4. A radio-frequency (RF) system comprising:
four or more RF signal sources each of said four or more
RF signal sources having an output port; and

a reactive power combiner having N input ports and an
output port, where N is greater than or equal to four with
each of the N reactive power combiner input ports
coupled to a corresponding one of the four or more RF
signal source output ports and wherein said reactive
power combiner includes 2N-2 reactive branches, each
of the 2N-2 reactive branches having a predetermined
reactance value, wherein power delivered to the reactive
power combiner output port is controlled by adjusting a
phase characteristic of each of said four or more RF
signal sources as a function of the reactance values of the
2N-2 reactive branches.

5. The RF system of claim 4 wherein each of said four or
more RF signal sources comprise an RF amplifier having an
RF input port and an RF output port coupled to a respective
one of the input ports of said reactive power combiner.

6. The RF system of claim 4 wherein the number of input
ports of said reactive power combiner matches the number of
RF signal sources.

7. The RF system of claim 4 wherein each of said 2N-2
reactive branches of said power combiner comprises at least
one reactive element with first ones of the reactive elements
having a first specified reactance magnitude at an operating
frequency and second ones of the reactive elements have a
second, different specified reactance magnitude at the oper-
ating frequency.

8. The RF system of claim 4 wherein each of said 2N-2
reactive branches of said power combiner comprises at least
one reactive element with first ones of the reactive elements
having a first specified reactance at an operating frequency
and second ones of the reactive elements have a second,
opposite specified reactance at the operating frequency.

9. The RF system of claim 4 wherein the reactance values
of'each of said 2N-2 reactive branches of said reactive power
combiner are selected such that said reactive power combiner
provides dominantly resistive loading of each of the RF signal
sources coupled to the reactive power combiner input ports
over a range of output power.

10. The RF system of claim 4 wherein the combination of
said four or more RF signal sources and said reactive power
combiner form a power amplifier circuit.
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11. The RF system of claim 10 further comprising:

a plurality of power amplifier circuits; and

an isolating combiner coupled between pairs of said plu-

rality of power amplifier circuits such that outphasing
groups of said power amplifier circuits can be achieved.

12. The RF system of claim 11 further comprising a drain
modulation circuit coupled to each of said power amplifier
circuits.

13. The RF system of claim 12 wherein said drain modu-
lation circuit comprises one or more of: an adaptive bias
circuit, a polar modulation circuit, a discrete drain switching
circuit.

14. The RF system of claim 12 wherein said drain modu-
lation circuit operates in accordance with an asymmetric mul-
tilevel outphasing technique.

15. The RF system of claim 12 wherein said drain modu-
lation circuit implements gate-width switching of the power
amplifiers to reduce losses at small output powers.

16. The RF system of claim 4 wherein said reactive power
combiner comprises at least one of:

one or more distributed circuit elements;

one or more lumped circuit elements; or

a combination of distributed and lumped circuit elements.

17. The system of claim 4 wherein relative phases between
each of said four or more RF signal sources are controlled
such that a worst case effective immitance phase amplitude
seen at any of the power combiner inputs is limited as output
power varies over a specified ratio, said worst-case effective
immitance phase amplitudes satistying at least one of:

less than 1 degree over a factor of 6 in power;

less than 5 degrees over a factor of ten in power;

less than 10 degrees over a factor of 20 in power; and

less than 30 degrees over a factor of 50 in power.

18. The system of claim 4 wherein relative phases between
each of said four or more RF signal sources are controlled
such that a worst case effective immitance phase amplitude
seen at any of the power combiner inputs is limited as output
power varies over a specified ratio, said worst-case effective
immitance phase amplitudes satistying at least one of:

less than two degrees over a factor of ten in power;

five degrees over a factor of twenty in power; and

fifteen degrees over a factor of fifty in power.

19. The system of claim 4 wherein relative phases between
said RF signal sources are adjusted as a continuous function
of output power or voltage amplitude.

20. A radio-frequency (RF) system comprising:

N greater than or equal to 8 RF signal sources each of said

at least N RF signal sources having an output port; and

a reactive power combiner having at least eight input ports

and an output port, each reactive power combiner input
port coupled to a corresponding one of the RF signal
source output ports and wherein said reactive power
combiner includes 2N-2 reactive branches, each of the
2N-2 reactive branches having a predetermined reac-
tance value, wherein the power delivered to the reactive
power combiner output port is controlled by adjusting a
phase characteristic of each of said N RF signal sources
as a function of the reactance values of the 2N-2 reactive
branches.

21. The system of claim 20 wherein relative phases
between each of said N RF signal sources are controlled such
that the worst case effective immitance phase amplitude seen
atany of the power combiner inputs is limited as output power
varies over a specified ratio, said worst-case phase amplitudes
satisfying at least one of}

less than 1 degree over a factor of 5 in power;

less than 5 degrees over a factor of ten in power;
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less than 10 degrees over a factor of 20 in power; and

less than 30 degrees over a factor of 50 in power.

22. The system of claim 20 wherein the relative phases of
each of'said N RF signal sources are controlled such that the
worst case effective immitance phase amplitude seen at any of
the power combiner inputs is limited as output power varies
over a specified ratio, said worst-case phase amplitudes sat-
isfying at least one of:

less than two degrees over a factor of ten in power;

five degrees over a factor of twenty in power; and

fifteen degrees over a factor of fifty in power.

23. A power amplifier system comprising:

N power amplifiers where N=2* and M is an integer
greater than one, each of the N power amplifiers having
an input port and an output port;

a reactive combiner having an output port and N input
ports, each of the N input ports of said reactive combiner
coupled to an output of a respective one of the N power
amplifiers, said reactive combiner including a plurality
of reactive branches with each of the reactive branches
having an impedance characteristic corresponding to
one of M specified impedance levels; and

a control system configured to adjust an amplitude of a
voltage at the output of the reactive combiner by con-
trolling a relative phase between the N power amplifiers
as a function of all of the M specified impedance levels.

24. The system of claim 23 wherein effective susceptances
atthe N inputs of the reactive combiner are zero for at least N
output voltage amplitudes.

25. The system of claim 24 wherein for the range of output
voltage amplitudes between those for which said effective
susceptances are zero, the effective susceptance amplitude at
each of the combiner inputs is substantially the same.

26. The system of claim 24 wherein for the range of output
voltage amplitudes between those for which said effective
susceptances are zero, the effective immitance phase ampli-
tude at each of the combiner inputs is substantially the same.

27. The system of claim 23 wherein said M specified
impedance levels are selected as a function of a single design
parameter and a specified bad resistance.

28. The system of claim 23 wherein there are 2N-2 of said
reactive branches with 2™ branches having an impedance
magnitude at the m"*=1 . . . M impedance level.

29. The system of claim 23 wherein the reactive power
combiner can be transformed into a network including a
binary tree of reactances having complementary reactances at
each bifurcation in the tree through application of zero or
more of:

T-Delta transformations; and

topological duality transformations.

30. The system of claim 23 wherein M=3.

31. The system of claim 30 wherein the relative phases of
each of said N power amplifiers are controlled such that an
effective immitance phase amplitude seen at any of the reac-
tive combiner inputs is limited as output power varies over a
specified ratio, said effective immitance phase amplitudes
satisfying at least one of:

1 degree for 20:1 power;

2 degrees for 50:1 power; and

5 degrees for 100:1 power.

32. The system of claim 23 wherein said control system is
further configured to adjust an amplitude of a voltage at the
output of the reactive combiner by controlling one or more of:

the power supply voltages of said N power amplifiers; and

the RF input drive amplitudes of said N power amplifiers.
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