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(57) ABSTRACT

Methods and systems for vector combining power amplifica-
tion are disclosed herein. In one embodiment, a plurality of
signals are individually amplified, then summed to form a
desired time-varying complex envelope signal. Phase and/or
frequency characteristics of one or more of the signals are
controlled to provide the desired phase, frequency, and/or
amplitude characteristics of the desired time-varying com-
plex envelope signal. In another embodiment, a time-varying
complex envelope signal is decomposed into a plurality of
constant envelope constituent signals. The constituent signals
are amplified equally or substantially equally, and then
summed to construct an amplified version of the original
time-varying envelope signal. Embodiments also perform
frequency up-conversion.
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4

3
1110

RECEIVING A CLOCK SIGNAL IN ACCORDANCE WITH A DESIRED OUTPUT
SIGNAL FREQUENCY OF THE DESIRED OUTPUT SIGNAL

1120

PROCESSING THE CLOCK SIGNAL TO GENERATE A NORMALIZED CLOCK
SIGNAL HAVING A PHASE SHIFT ANGLE ACCORDING TO THE RECEVED | AND
| Q COMPONENTS

5

¥

1130 | -

PROCESSING THE | AND Q COMPONENTS TO GENERATE THE AMPLITUDE
INFORMATION REQUIRED TO PRODUCE FIRST AND SECOND SUBSTANTIALLY
CONSTANT ENVELOPE CONSTITUENT SIGNALS

N

1140

¥

'PROCESSING THE AMPLITUDE INFORMATION AND THE NORMALIZED CLOCK
SIGNAL TO GENERATE THE FIRST AND SECOND SUBSTANTIALLY CONSTANT
'ENVELOPE CONSTITUENT SIGNALS OF THE DESIRED OUTPUT SIGNAL

¢

115

AMPLIFYING THE FIRST AND SECOND SUBSTANTIALLY CONSTANT ENVELOPE
CONSTITUENTS, AND SUMMING THE AMPLIFIED SIGNALS TO GENERATE THE
DESIRED OUTPUT SIGNAL
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1600
J
'
RECENING A BASEBAND REPRESENTATION OF A DESIRED OUTPUT SIGNAL
1610

-3

RECEIVING A CLOCK SIGNAL IN ACCORDANCE WITH A DESIRED OUTPUT |
SIGNAL FREQUENCY OF THE DESIRED OUTPUT SIGNAL

5

1620

PROCESSING THE | AND Q COMPONENTS TO GENERATE IN-PHASE AND
QUADRATURE AMPLITUDE INFORMATION OF FIRST AND SECOND CONSTANT
ENVELOPE CONSTITUENT SIGNALS OF THE DESIRED OUTPUT SIGNAL

5

1630

¥

PROCESSING THE ‘AMPLITUDE INFORMATION AND THE CLOCK SIGNAL TO
GENERATE THE FIRST AND SECOND CONSTANT ENVELOPE CONST:TUENT

SIGNALS OF THE DESIRED OQUTPUT SIGNAL

1640

i

AMPLIFYING THE FIRST AND SECOND CONSTANT ENVELOPE CONSTITUENTS
SIGNALS, AND SUMMING THE AMPUFIED SIGNALS TO GENERATE THE

DESIRED QUTPUT SIGNAL

1650
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1960

RECEVING AND IN-PHASE (1)
DATA COMPONENT /J

{

1910 RECENING A QUADRATURE (Q)
DATA COMPONENT

| N ;
CALCULATING A PHASE SHIFT 1910
ANGLE BETWEEN FIRST AND

SECOND EQUAL AND CONSTANT

ENVELOPE CONSTITUENTS OF THE
{ COMPONENT

.33320 CALCULATING A PHASE SHIFT
’ ANGLE BETWEEN FIRST AND
SECOND EQUAL AND CONSTANT
ENVELOPE CONSTITUENTS OF THE
(O COMPONENT

CALCULATING IN--PHASE AND 1620
QUADRATURE AMPLITUDE
INFORMATION ASSOCIATED WitH
THE FIRST AND SECOND CONSTANT
ENVELOPE CONSTITUENTS OF THE
I COMPONENT

’89?30 CALCULATING IN-PHASE AND
QUADRATURE AMPLITUDE
INFORMATION ASSOCIATED WiTH
THE FIRST AND SECOND CONSTANT
ENVELOPE CONSTITUENTS OF THE
G COMPONENT

(

1930

OUTPUTTING THE CALCULATED
1940 ~_|  AMPUTUDE INFORMATION TO A
SUBSEQUENT VECTOR 7
MODULATION STAGE  FIG.19
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RECENING OUTPUT POWER AND OUTPUT
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OUTPUT SIGNAL OF A VECTOR POWER

AMPLIFIER (VPA)

4810

]

CALCULATING A SIGNAL ACCORDING TO
THE RECENED OUTPUT POWER AND
OUTPUT ENVELOPE INFORMATION

5

4820

-

APPLYING THE CALCULATED SIGNAL AT
AN OQUTPUT STAGE OF THE VPA,
THEREBY CONTROLLING A CURRENT OF
THE QUTPUT STAGE ACCORDING TO THE
QUTPUT POWER AND OUTPUT
ENVELOPE OF THE DESIRED QUTPUT
SIGNAL
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: POWER AMPLIFIER (PA)} SWITCHING
STAGE
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COUPLING A PLURALITY OF
IMPEDANCES BETWEEN SAID FIRST
PORTS AND A BIAS SIGNAL, WHEREIN
VALUES OF SAID PLURALRY OF
IMPEDANCES ARE SELECTED YO
CAUSE A TIME-STAGGERED SWITCHING
OF THE INPUT SIGNAL, THEREBY
HARMONICALLY SHAPING AN QUPTUT
SIGNAL OF THE PA STAGE.

qoooess

A
4920

FIG.49



Patent Application Publication = May 16, 2013 Sheet 69 of 78 US 2013/0120064 A1

502

~

STEP 504
DECOMPOSE AN INPUT TIME—VARYING

COMPLEX INPUT SIGNAL INTO SUBSTANTIALLY
CONSTANT ENVELOPE CONSTITUENT SIGNALS
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STEP 506

AMPLIFY THE CONSTANT ENVELOPE
" CONSTITUENT SIGNALS
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STEP 508
SUMMING THE AMPLIFIED SUBSTANTIALLY
CONSTANT ENVELOPE CONSTITUENT SIGNALS

TO THEREBY GENERATE AN AMPLIFIED (AND
OPTIONALLY UP-CONVERTED) VERSION OF
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SYSTEMS AND METHODS OF RF POWER
TRANSMISSIONS, MODULATION, AND
AMPLIFICATION, INCLUDING CARTESIAN
4-BRANCH EMBODIMENTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation of U.S.
patent application Ser. No. 11/599,390, filed Nov. 15, 2006,
which is a continuation of U.S. patent application Ser. No.
11/512,359 fled on Aug. 30, 2006, which is a continuation of
U.S. patent application Ser. No. 11/256,172, which claims the
benefit of U.S. Provisional Patent Application No. 60/620,
972 filed on Oct. 22, 2004, U.S. Provisional Patent Applica-
tion No. 60/671,542 filed on Apr. 15, 2005, U.S. Provisional
Patent Application No. 60/671,536 filed on Apr. 15, 2005,
U.S. Provisional Patent Application No. 60/673,397 filed on
Apr. 21, 2005, U.S. Provisional Patent Application No.
60/706,003 filed on Aug. 8, 2005, U.S. Provisional Patent
Application No. 60/709,092 filed on Aug. 18, 2005, U.S.
Provisional Patent Application No. 60/717,244 filed on Sep.
16, 2005, and U.S. Provisional Patent Application No.
60/721,114 filed on Sep. 28, 2005, all of which are incorpo-
rated herein by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates generally to modula-
tion and on-frequency power amplification. More particu-
larly, the invention relates to methods and systems for vector
combining power amplification.

[0004] 2. Background Art

[0005] In power amplifiers, a complex tradeoff typically
exists between linearity and power efficiency.

[0006] Linearity is determined by a power amplifier’s oper-
ating range on a characteristic curve that relates its input to
output variables—the more linear the operating range the
more linear the power amplifier is said to be. Linearity is a
desired characteristic of a power amplifier. In one aspect, for
example, it is desired that a power amplifier uniformly ampli-
fies signals of varying amplitude, and/or phase and/or fre-
quency. Accordingly, linearity is an important determiner of
the output signal quality of a power amplifier.

[0007] Power efficiency can be calculated using the rela-
tionship of the total power delivered to a load divided by the
total power supplied to the amplifier. For an ideal amplifier,
power efficiency is 100%. Typically, power amplifiers are
divided into classes which determine the amplifier’s maxi-
mum theoretical power efficiency. Power efficiency is clearly
a desired characteristic of a power amplifier—particularly, in
wireless communication systems where power consumption
is significantly dominated by the power amplifier.

[0008] Unfortunately, the traditional tradeoff between lin-
earity and efficiency in power amplifiers is such that the more
linear a power amplifier is the less power efficient it is. For
example, the most linear amplifier is biased for class A opera-
tion, which is the least efficient class of amplifiers. On the
other hand, higher class amplifiers such as class B,C,D,E, etc,
are more power efficient, but are considerably non-linear
which can result in spectrally distorted output signals.
[0009] The tradeoff described above is further accentuated
by typical wireless communication signals. Wireless commu-
nication signals, such as OFDM, CDMA, and W-CDMA for
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example, are generally characterized by their peak-to-aver-
age power ratios. The larger the signal’s peak to average ratio
the more non-linear distortion will be produced when non-
linear amplifiers are employed.

[0010] Outphasing amplification techniques have been pro-
posed for RF amplifier designs. In several aspects, however,
existing outphasing techniques are deficient in satisfying
complex signal amplification requirements, particularly as
defined by wireless communication standards, for example.

[0011] In one aspect, existing outphasing techniques
employ an isolating and/or a combining element when com-
bining constant envelope constituents of a desired output
signal. For example, it is commonly the case that a power
combiner is used to combine the constituent signals. This
combining approach, however, typically results in a degrada-
tion of output signal power due to insertion loss and limited
bandwidth, and, correspondingly, a decrease in power effi-
ciency.

[0012] In another aspect, the typically large size of com-
bining elements precludes having them in monolithic ampli-
fier designs.

[0013] What is needed therefore are power amplification
methods and systems that solve the deficiencies of existing
power amplifying techniques while maximizing power effi-
ciency and minimizing non-linear distortion. Further, power
amplification methods and systems that can be implemented
without the limitations of traditional power combining cir-
cuitry and techniques are needed.

BRIEF SUMMARY OF THE INVENTION

[0014] Embodiments for vector combining power amplifi-
cation are disclosed herein.

[0015] Inoneembodiment, a plurality of substantially con-
stant envelope signals are individually amplified, then com-
bined to form a desired time-varying complex envelope sig-
nal. Phase and/or frequency characteristics of one or more of
the signals are controlled to provide the desired phase, fre-
quency, and/or amplitude characteristics of the desired time-
varying complex envelope signal.

[0016] In another embodiment, a time-varying complex
envelope signal is decomposed into a plurality of substan-
tially constant envelope constituent signals. The constituent
signals are amplified, and then re-combined to construct an
amplified version of the original time-varying envelope sig-
nal.

[0017] Embodiments of the invention can be practiced with
modulated carrier signals and with baseband information and
clock signals. Embodiments of the invention also achieve
frequency up-conversion. Accordingly, embodiments of the
invention represent integrated solutions for frequency up-
conversion, amplification, and modulation.

[0018] Embodiments of the invention can be implemented
with analog and/or digital controls. The invention can be
implemented with analog components or with a combination
of analog components and digital components. In the latter
embodiment, digital signal processing can be implemented in
an existing baseband processor for added cost savings.
[0019] Additional features and advantages of the invention
will be set forth in the description that follows. Yet further
features and advantages will be apparent to a person skilled in
the art based on the description set forth herein or may be
learned by practice of the invention. The advantages of the
invention will be realized and attained by the structure and
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methods particularly pointed out in the written description
and claims hereof as well as the appended drawings.

[0020] It is to be understood that both the foregoing sum-
mary and the following detailed description are exemplary
and explanatory and are intended to provide further explana-
tion of embodiments of the invention as claimed.

BRIEF DESCRIPTION OF THE FIGURES

[0021] Embodiments of the present invention will be
described with reference to the accompanying drawings,
wherein generally like reference numbers indicate identical
or functionally similar elements. Also, generally, the leftmost
digit(s) of the reference numbers identify the drawings in
which the associated elements are first introduced.

[0022] FIG. 1A is an example that illustrates the generation
of an exemplary time-varying complex envelope signal.
[0023] FIG. 1B is another example that illustrates the gen-
eration of an exemplary time-varying complex envelope sig-
nal.

[0024] FIG.1C is an example that illustrates the generation
of an exemplary time-varying complex envelope signal from
the sum of two or more constant envelope signals.

[0025] FIG. 1D illustrates the power amplification of an
example time-varying complex envelope signal according to
an embodiment of the present invention.

[0026] FIG. 1E is a block diagram that illustrates a vector
power amplification embodiment of the present invention.
[0027] FIG.1 illustrates a phasor representation of a signal.
[0028] FIG. 2 illustrates a phasor representation of a time-
varying complex envelope signal.

[0029] FIGS. 3A-3C illustrate an example modulation to
generate a time-varying complex envelope signal.

[0030] FIG.3D is an example that illustrates constant enve-
lope decomposition of a time-varying envelope signal.
[0031] FIG. 4 is a phasor diagram that illustrates a Carte-
sian 4-Branch Vector Power Amplification (VPA) method of
an embodiment of the present invention.

[0032] FIG. 5 is a block diagram that illustrates an exem-
plary embodiment of the Cartesian 4-Branch VPA method.
[0033] FIG. 6isa process flowchart embodiment for power
amplification according to the Cartesian 4-Branch VPA
method.

[0034] FIG. 7A is a block diagram that illustrates an exem-
plary embodiment of a vector power amplifier for implement-
ing the Cartesian 4-Branch VPA method.

[0035] FIG. 7B is a block diagram that illustrates another
exemplary embodiment of a vector power amplifier for
implementing the Cartesian 4-Branch VPA method.

[0036] FIG. 8A is a block diagram that illustrates another
exemplary embodiment of a vector power amplifier accord-
ing to the Cartesian 4-Branch VPA method.

[0037] FIG. 8B is a block diagram that illustrates another
exemplary embodiment of a vector power amplifier accord-
ing to the Cartesian 4-Branch VPA method.

[0038] FIG. 8C is a block diagram that illustrates another
exemplary embodiment of a vector power amplifier accord-
ing to the Cartesian 4-Branch VPA method.

[0039] FIG. 8D is a block diagram that illustrates another
exemplary embodiment of a vector power amplifier accord-
ing to the Cartesian 4-Branch VPA method.

[0040] FIGS. 9A-9B are phasor diagrams that illustrate a
Cartesian-Polar-Cartesian-Polar (CPCP) 2-Branch Vector
Power Amplification (VPA) method of an embodiment of the
present invention.
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[0041] FIG. 10 is a block diagram that illustrates an exem-
plary embodiment of the CPCP 2-Branch VPA method.
[0042] FIG. 10A is a block diagram that illustrates another
exemplary embodiment of the CPCP 2-Branch VPA method.
[0043] FIG. 11 is a process flowchart embodiment for
power amplification according to the CPCP 2-Branch VPA
method.

[0044] FIG. 12 is a block diagram that illustrates an exem-
plary embodiment of a vector power amplifier for implement-
ing the CPCP 2-Branch VPA method.

[0045] FIG. 12A is a block diagram that illustrates another
exemplary embodiment of a vector power amplifier for
implementing the CPCP 2-Branch VPA method.

[0046] FIG. 12B is a block diagram that illustrates another
exemplary embodiment of a vector power amplifier for
implementing the CPCP 2-Branch VPA method.

[0047] FIG. 13 is a block diagram that illustrates another
exemplary embodiment of a vector power amplifier for
implementing the CPCP 2-Branch VPA method.

[0048] FIG. 13A is a block diagram that illustrates another
exemplary embodiment of a vector power amplifier for
implementing the CPCP 2-Branch VPA method.

[0049] FIG. 14 is a phasor diagram that illustrates a Direct
Cartesian 2-Branch Vector Power Amplification (VPA)
method of an embodiment of the present invention.

[0050] FIG. 15 is a block diagram that illustrates an exem-
plary embodiment of the Direct Cartesian 2-Branch VPA
method.

[0051] FIG. 15A is a block diagram that illustrates another
exemplary embodiment of the Direct Cartesian 2-Branch
VPA method.

[0052] FIG. 16 is a process flowchart embodiment for
power amplification according to the Direct Cartesian
2-Branch VPA method.

[0053] FIG. 17 is a block diagram that illustrates an exem-
plary embodiment of a vector power amplifier for implement-
ing the Direct Cartesian 2-Branch VPA method.

[0054] FIG. 17A is a block diagram that illustrates another
exemplary embodiment of a vector power amplifier for
implementing the Direct Cartesian 2-Branch VPA method.
[0055] FIG. 17B is a block diagram that illustrates another
exemplary embodiment of a vector power amplifier for
implementing the Direct Cartesian 2-Branch VPA method.
[0056] FIG. 18 is a block diagram that illustrates another
exemplary embodiment of a vector power amplifier for
implementing the Direct Cartesian 2-Branch VPA method.
[0057] FIG. 18A is a block diagram that illustrates another
exemplary embodiment of a vector power amplifier for
implementing the Direct Cartesian 2-Branch VPA method.
[0058] FIG.19isaprocess flowchart thatillustrates an I and
Q transfer function embodiment according to the Cartesian
4-Branch VPA method.

[0059] FIG. 20 is a block diagram that illustrates an exem-
plary embodiment of an I and Q transfer function according to
the Cartesian 4-Branch VPA method.

[0060] FIG.21isaprocess flowchart thatillustrates an I and
Q transfer function embodiment according to the CPCP
2-Branch VPA method.

[0061] FIG. 22 is a block diagram that illustrates an exem-
plary embodiment of an I and Q transfer function according to
the CPCP 2-Branch VPA method.

[0062] FIG.23isaprocess flowchart thatillustrates anIand
Q transfer function embodiment according to the Direct Car-
tesian 2-Branch VPA method.
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[0063] FIG. 24 is a block diagram that illustrates an exem-
plary embodiment of an I and Q transfer function according to
the Direct Cartesian 2-Branch VPA method.

[0064] FIG.25isaphasor diagram that illustrates the effect
of'waveform distortion on a representation of a signal phasor.
[0065] FIG. 26 illustrates magnitude to phase transform
functions according to an embodiment of the present inven-
tion.

[0066] FIG. 27 illustrates exemplary embodiments of bias-
ing circuitry according to embodiments of the present inven-
tion.

[0067] FIG. 28 illustrates a method of combining constant
envelope signals according to an embodiment the present
invention.

[0068] FIG. 29 illustrates a vector power amplifier output
stage embodiment according to the present invention.
[0069] FIG.30is ablock diagram of a power amplifier (PA)
output stage embodiment.

[0070] FIG. 31 is a block diagram of another power ampli-
fier (PA) output stage embodiment.

[0071] FIG. 32 is a block diagram of another power ampli-
fier (PA) output stage embodiment.

[0072] FIG. 33 is a block diagram of another power ampli-
fier (PA) output stage embodiment according to the present
invention.

[0073] FIG. 34 is a block diagram of another power ampli-
fier (PA) output stage embodiment according to the present
invention.

[0074] FIG. 35 is a block diagram of another power ampli-
fier (PA) output stage embodiment according to the present
invention.

[0075] FIG. 36 is a block diagram of another power ampli-
fier (PA) output stage embodiment according to the present
invention.

[0076] FIG. 37 illustrates an example output signal accord-
ing to an embodiment of the present invention.

[0077] FIG. 38 illustrates an exemplary PA embodiment.
[0078] FIG. 39 illustrates an example time-varying com-
plex envelope PA output signal and a corresponding envelop
signal.

[0079] FIG. 40 illustrates example timing diagrams of a PA
output stage current.

[0080] FIG. 41 illustrates exemplary output stage current
control functions.

[0081] FIG. 42 is a block diagram of another power ampli-
fier (PA) output stage embodiment.

[0082] FIG. 43 illustrates an exemplary PA stage embodi-
ment.

[0083] FIG. 44 illustrates an exemplary waved-shaped PA
output signal.

[0084] FIG. 45 illustrates a power control method.

[0085] FIG. 46 illustrates another power control method.
[0086] FIG. 47 illustrates an exemplary vector power

amplifier embodiment.

[0087] FIG. 48 is a process flowchart for implementing
output stage current shaping according to an embodiment of
the present invention.

[0088] FIG. 49 is a process flowchart for implementing
harmonic control according to an embodiment of the present
invention.

[0089] FIG. 50 is a process flowchart for power amplifica-
tion according to an embodiment of the present invention.
[0090] FIGS. 51A-I illustrate exemplary multiple-input
single-output (MISO) output stage embodiments.
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[0091] The present invention will be described with refer-
ence to the accompanying drawings. The drawing in which an
element first appears is typically indicated by the leftmost
digit(s) in the corresponding reference number.

DETAILED DESCRIPTION OF THE INVENTION
[0092]

Table of Contents

1. Introduction
1.1. Example Generation of Time-Varying Complex Envelope
Input Signals
1.2. Example Generation of Time-Varying Complex Envelope
Signals from Constant Envelope Signals
1.3. Vector Power Amplification Overview
2. General Mathematical Overview
2.1. Phaser Signal Representation
2.2. Time-Varying Complex Envelope Signals
2.3. Constant Envelope Decomposition of Time-Varying
Envelope Signals
3. Vector Power Amplification (VPA) Methods and Systems
3.1. Cartesian 4-Branch Vector Power Amplifier
3.2. Cartesian-Polar-Cartesian-Polar (CPCP) 2-Branch Vector
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3.3. Direct Cartesian 2-Branch Vector Power Amplifier
3.4.Tand Q Data to Vector Modulator Transfer Functions
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3.4.2. CPCP 2-Branch VPA Transfer Function
3.4.3. Direct Cartesian 2-Branch VPA Transfer
Function
3.4.4. Magnitude to Phase Shift Transform
3.4.4.1. Magnitude to Phase Shift Transform for
Sinusoidal Signals
3.4.4.2. Magnitude to Phase Shift Transform for
Square Wave Signals
3.4.5. Waveform Distortion Compensation
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3.5.2. Output Stage Current Shaping
3.5.3. Output Stage Protection
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3.8. Exemplary Vector Power Amplifier Embodiment
4. Summary
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1. INTRODUCTION

[0093] Methods, apparatuses and systems for vector com-
bining power amplification are disclosed herein.

[0094] Vector combining power amplification is an
approach for optimizing linearity and power efficiency simul-
taneously. Generally speaking, and referring to flowchart 502
in FIG. 50, in step 504 a time-varying complex envelope input
signal, with varying amplitude and phase, is decomposed into
constant envelope constituent signals. In step 506, the con-
stant envelope constituent signals are amplified, and then in
step 508 summed to generate an amplified version of the input
complex envelope signal. Since substantially constant enve-
lope signals may be amplified with minimal concern for non-
linear distortion, the result of summing the constant envelope
signals suffers minimal non-linear distortion while providing
optimum efficiency.

[0095] Accordingly, vector combining power amplification
allows for non-linear power amplifiers to be used to effi-
ciently amplify complex signals whilst maintaining minimal
non-linear distortion levels.
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[0096] For purposes of convenience, and not limitation,
methods and systems of the present invention are sometimes
referred to herein as vector power amplification (VPA) meth-
ods and systems.

[0097] A high-level description of VPA methods and sys-
tems according to embodiments of the present invention is
now provided. For the purpose of clarity, certain terms are
first defined below. The definitions described in this section
are provided for convenience purposes only, and are not lim-
iting. The meaning of these terms will be apparent to persons
skilled in the art(s) based on the entirety of the teachings
provided herein. These terms may be discussed throughout
the specification with additional detail.

[0098] The term signal envelope, when used herein, refers
to an amplitude boundary within which a signal is contained
as it fluctuates in the time domain. Quadrature-modulated
signals can be described by r(t)=i(t)-cos(we-1)+q(t)-sin(mwc-t)
where i(t) and q(t) represent in-phase and quadrature signals

with the signal envelope e(t), being equal to e(t)=V i(t)*+q(t)*
and the phase angle associated with r(t) is related to arctan
(qO/i(H).

[0099] The term constant envelope signal, when used
herein, refers to in-phase and quadrature signals where e(t)=

i(t)*+q(t)?, with e(t) having a relatively or substantially
constant value.
[0100] The term time-varying envelope signal, when used
herein, refers to a signal having a time-varying signal enve-
lope. A time-varying envelope signal can be described in
terms of in-phase and quadrature signals as e(t)=

i(t)>+q(t)*, with e(t) having a time-varying value.
[0101] The term phase shifting, when used herein, refers to
delaying or advancing the phase component of a time-varying
or constant envelope signal relative to a reference phase.

1.1) Example Generation
Time-Varying Input Signals

[0102] FIGS. 1A and 1B are examples that illustrate the
generation of time-varying envelope and phase complex input
signals. InFIG. 1A, time-varying envelope carrier signals 104
and 106 are input into phase controller 110. Phase controller
110 manipulates the phase components of signals 104 and
106. In other words, phase controller 110 may phase shift
signals 104 and 106. Resulting signals 108 and 112, accord-
ingly, may be phased shifted relative to signals 104 and 106.
In the example of FIG. 1A, phase controller 110 causes a
phase reversal (180 degree phase shift) in signals 104 and 106
at time instant t,, as can be seen from signals 108 and 112.
Signals 108 and 112 represent time-varying complex carrier
signals. Signals 108 and 112 have both time-varying enve-
lopes and phase components. When summed, signals 108 and
112 result in signal 114. Signal 114 also represents a time-
varying complex signal. Signal 114 may be an example input
signal into VPA embodiments of the present invention (for
example, an example input into step 504 of FIG. 50).

[0103] Time-varying complex signals may also be gener-
ated as illustrated in FIG. 1B. In FIG. 1B, signals 116 and 118
represent baseband signals. For example, signals 116 and 118
may be in-phase (I) and quadrature (Q) baseband components
of a signal. In the example of FIG. 1B, signals 116 and 118
undergo a zero crossing as they transition from +1 to -1.
Signals 116 and 118 are multiplied by signal 120 or signal 120
phase shifted by 90 degrees. Signal 116 is multiplied by a 0

of Complex Envelope
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degree shifted version of signal 120. Signal 118 is multiplied
by a 90 degree shifted version of signal 120. Resulting signals
122 and 124 represent time-varying complex carrier signals.
Note that signals 122 and 124 have envelopes that vary
according to the time-varying amplitudes of signals 116 and
118. Further, signals 122 and 124 both undergo phase rever-
sals at the zero crossings of signals 116 and 118. Signals 122
and 124 are summed to result in signal 126. Signal 126
represents a time-varying complex signal. Signal 126 may
represent an example input signal into VPA embodiments of
the present invention. Additionally, signals 116 and 118 may
represent example input signals into VPA embodiments of the
present invention.

1.2) Example Generation of Time-Varying Complex Enve-
lope Signals from Constant Envelope Signals

[0104] The description in this section generally relates to
the operation of step 508 in FIG. 50. FIG. 1C illustrates three
examples for the generation of time-varying complex signals
from the sum of two or more substantially constant envelope
signals. A person skilled in the art will appreciate, however,
based on the teachings provided herein that the concepts
illustrated in the examples of FIG. 1C can be similarly
extended to the case of more than two constant envelope
signals.

[0105] Inexample 1 of FIG. 1C, constant envelope signals
132 and 134 are input into phase controller 130. Phase con-
troller 130 manipulates phase components of signals 132 and
134 to generate signals 136 and 138, respectively. Signals 136
and 138 represent substantially constant envelope signals,
and are summed to generate signal 140. The phasor represen-
tation in FIG. 1C, associated with example 1 illustrates sig-
nals 136 and 138 as phasors P,;¢ and P, 4, respectively.
Signal 140 is illustrated as phasor P, ,,. Inexample 1, P, ;;and
P, ;g are symmetrically phase shifted by an angle ¢, relative to
a reference signal assumed to be aligned with the real axis of
the phasor representation. Correspondingly, time domain sig-
nals 136 and 138 are phase shifted in equal amounts but
opposite directions relative to the reference signal. Accord-
ingly, P, o, which is the sum of P, ;s and P, 54, is in-phase with
the reference signal.

[0106] In example 2 of FIG. 1C, substantially constant
envelope signals 132 and 134 are input into phase controller
130. Phase controller 130 manipulates phase components of
signals 132 and 134 to generate signals 142 and 144, respec-
tively. Signals 142 and 144 are substantially constant enve-
lope signals, and are summed to generate signal 150. The
phasor representation associated with example 2 illustrates
signals 142 and 144 as phasors P, ,, and P, respectively.
Signal 150 is illustrated as phasor P 5. Inexample 2, P, ,, and
P, ,, are symmetrically phase shifted relative to a reference
signal. Accordingly, similar to P, .., P, 5, is also in-phase with
the reference signal. P, ,, and P, ,, however, are phase shifted
by an angle whereby ¢,=¢, relative to the reference signal.
P50, as a result, has a different magnitude than P, ,, of
example 1. In the time domain representation, it is noted that
signals 140 and 150 are in-phase but have different ampli-
tudes relative to each other.

[0107] In example 3 of FIG. 1C, substantially constant
envelope signals 132 and 134 are input into phase controller
130. Phase controller 130 manipulates phase components of
signals 132 and 134 to generate signals 146 and 148, respec-
tively. Signals 146 and 148 are substantially constant enve-
lope signals, and are summed to generate signal 160. The
phasor representation associated with example 3 illustrates
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signals 146 and 148 as phasors P, and P, 4, respectively.
Signal 160 is illustrated as phasor P, 4. In example 3, P, .4 is
phased shifted by an angle ¢ relative to the reference signal.
P, 5 1s phase shifted by an angle ¢, relative to the reference
signal. ¢5 and ¢, may or may not be equal. Accordingly, P, 4,
which is the sum of P, , and P, ., is no longer in-phase with
the reference signal. P, is phased shifted by an angle ®
relative to the reference signal. Similarly, P, o, is phase shifted
by O relative to P, ,, and P, 5, of examples 1 and 2. P, ., may
also vary in amplitude relative to P, as illustrated in
example 3.

[0108] In summary, the examples of FIG. 1C demonstrate
that a time-varying amplitude signal can be obtained by the
sum of two or more substantially constant envelope signals
(Example 1). Further, the time-varying signal can have ampli-
tude changes but no phase changes imparted thereon by
equally shifting in opposite directions the two or more sub-
stantially constant envelope signals (Example 2). Equally
shifting in the same direction the two or more constant enve-
lope constituents of the signal, phase changes but no ampli-
tude changes can be imparted on the time-varying signal. Any
time-varying amplitude and phase signal can be generated
using two or more substantially constant envelope signals
(Example 3).

[0109] Itis noted that signals in the examples of FIG. 1C are
shown as sinusoidal waveforms for purpose of illustration
only. A person skilled in the art will appreciate based on the
teachings herein that other types of waveforms may also have
been used. It should also be noted that the examples of FIG.
1C are provided herein for the purpose of illustration only,
and may or may not correspond to a particular embodiment of
the present invention.

1.3) Vector Power Amplification Overview

[0110] A high-level overview of vector power amplifica-
tion is now provided. FIG. 1D illustrates the power amplifi-
cation of an exemplary time-varying complex input signal
172. Signals 114 and 126 as illustrated in FIGS. 1A and 1B
may be examples of signal 172. Further, signal 172 may be
generated by or comprised of two or more constituent signals
such as 104 and 106 (FIG. 1A), 108 and 112 (FIG. 1A), 116
and 118 (FIG. 1B), and 122 and 124 (FIG. 1B).

[0111] In the example of FIG. 1D, VPA 170 represents a
VPA system embodiment according to the present invention.
VPA 170 amplifies signal 172 to generate amplified output
signal 178. Output signal 178 is amplified efficiently with
minimal distortion.

[0112] In the example of FIG. 1D, signals 172 and 178
represent voltage signals V,, (1) and V (1), respectively. At
any time instant, in the example of FIG. 1D, V,,(t) and V_(t)
are related such that V_,(t)=Kev, (tat'), where K is a scale
factor and t' represents a time delay that may be present in the
VPA system. For power implication,

Youl®) _ Vi@
Zout 7

where output signal 178 is a power amplified version out in of
input signal 172.

[0113] Linear (or substantially linear) power amplification
of time-varying complex signals, as illustrated in FIG. 1D, is
achieved according to embodiments of the present as shown
in FIG. 1E.
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[0114] FIG. 1E is an example block diagram that concep-
tually illustrates a vector power amplification embodiment
according to embodiments of the present invention. In FIG.
1E, input signal 172 represents a time-varying complex sig-
nal. For example, input signal 172 may be generated as illus-
trated in FIGS. 1A and 1B. In embodiments, signal 172 may
be a digital or an analog signal. Further, signal 172 may be a
baseband or a carrier-based signal.

[0115] Referring to FIG. 1E, according to embodiments of
the present invention, input signal 172 or equivalents thereof
are input into VPA 182. In the embodiment of FIG. 1E, VPA
182 includes a state machine 184 and analog circuitry 186.
State machine 184 may include digital and/or analog compo-
nents. Analog circuitry 186 includes analog components.
VPA 182 processes input signal 172 to generate two or more
signals 188-{1, ..., n}, as illustrated in FIG. 1E. As described
with respect to signals 136, 138, 142, 144, and 146, 148, in
FIG. 1C, signals 188-{1, . . ., n} may or may not be phase
shifted relative to each other over different periods of time.
Further, VPA 182 generates signals 188-{1, . .., n} such that
a sum of signals 188-{1, . . . , n} results in signal 194 which,
in certain embodiments, can be an amplified version of signal
172.

[0116] Still referring to FIG. 1E, signals 188-{1, ..., n} are
substantially constant envelope signals. Accordingly, the
description in the prior paragraph corresponds to step 504 in
FIG. 50.

[0117] Inthe example of FIG. 1E, generally corresponding
to step 506 in FIG. 50, constant envelope signals 188-{1, . . .
, n} are each independently amplified by a corresponding
power amplifier (PA) 190-{1, . . ., n} to generate amplified
signals 192-{1, ..., n}. In embodiments, PAs 190-{1, ..., n}
amplify substantially equally respective constant envelope
signals 188-{1, ...,n}. Amplified signals 192-{1, ... ,n} are
substantially constant envelope signals, and in step 508 are
summed to generate output signal 194. Note that output signal
194 can be a linearly (or substantially linearly) amplified
version of input signal 172. Output signal 194 may also be a
frequency-upconverted version of input signal 172, as
described herein.

2. GENERAL MATHEMATICAL OVERVIEW
2.1) Phasor Signal Representation

[0118] FIG. 1 illustrates a phasor representation R1020fa
signal r(t). A phasor representation of a signal is explicitly
representative of the magnitude of the signal’s envelope and
of'the signal’s phase shift relative to a reference signal. In this
document, for purposes of convenience, and not limitation,
the reference signal is defined as being aligned with the real
(Re) axis of the orthogonal space of the phasor representation.
The invention is not, however, limited to this embodiment.
The frequency information of the signal is implicit in the
representation, and is given by the frequency of the reference
signal. For example, referring to F1G. 1, and assuming that the

real axis corresponds to a cos(wt) reference signal, phasor R
would translate to the function r(t)=R(t)cos(wt+¢(t)), where

R is the magnitude of K.

[0119] Still referring to FIG. 1, it is noted that phasor K can
be decomposed into a real part phasor T and an imaginary
part phasor Q. T and @ are said to be the in-phase and



US 2013/0120064 Al

5S'd .
quadrature phasor components of R with respect to the ref-
erence signal. It is further noted that the signals that corre-

spond to T and 6 are related to r(t) as I(t)=R(t)-cos(¢(t)) and
Q()=R(1)sin(¢(t)), respectively. In the time domain, signal
r(t) can also be written in terms of its in-phase and quadrature
components as follows:

#()=I(t)-cos(wt)+Q(1)-sin(w?)=R(t)-cos(¢p(?))-cos(wt)+R
(@) sin(§(2)) sin(wr) M
[0120] Notethat, in the example of FIG. 1, R(t) is illustrated
at a particular instant of time.

2.2) Time-Varying Complex Envelope Signals

[0121] FIG. 2 illustrates a phasor representation of a signal
r(t) at two different instants of time t1 and t2. It is noted that
the magnitude of the phasor, which represents the magnitude
of'the signal’s envelope, as well as its relative phase shift both
vary from time t1 to time t2. In F1G. 2, this is illustrated by the

— —
varying magnitude of phasors R; and R, and their corre-
sponding phase shift angles ¢, and ¢,. Signal r(t), accord-
ingly, is a time-varying complex envelope signal.

[0122] It is further noted, from FIG. 2, that the real and
imaginary phasor components of signal r(t) are also time-
varying in amplitude. Accordingly, their corresponding time
domain signals also have time-varying envelopes.

[0123] FIGS. 3A-3C illustrate an example modulation to
generate a time-varying complex envelope signal. FIG. 3A
illustrates a view of a signal m(t). FIG. 3B illustrates a view of
a portion of a carrier signal c(t). FIG. 3C illustrates a signal
r(t) that results from the multiplication of signals m(t) and
c(t).

[0124] In the example of FIG. 3A, signal m(t) is a time-
varying magnitude signal. m(t) further undergoes a zero
crossing. Carrier signal c(t), in the example of FIG. 3B, oscil-
lates at some carrier frequency, typically higher than that of
signal m(t).

[0125] From FIG. 3C, it can be noted that the resulting
signal r(t) has a time-varying envelope. Further, it is noted,
from FIG. 3C, that r(t) undergoes a reversal in phase at the
moment when the modulating signal m(t) crosses zero. Hav-
ing both non-constant envelope and phase, r(t) is said to be a
time-varying complex envelope signal.

2.3) Constant Envelope Decomposition of Time-Varying
Envelope Signals

[0126] Any phasor of time-varying magnitude and phase
can be obtained by the sum of two or more constant magni-
tude phasors having appropriately specified phase shifts rela-
tive to a reference phasor.

[0127] FIG. 3D illustrates a view of an example time-vary-
ing envelope and phase signal S(t). For ease of illustration,
signal S(t) is assumed to be a sinusoidal signal having a
maximum envelope magnitude A. FIG. 3D) further shows an
example of how signal S(t) can be obtained, at any instant of
time, by the sum of two constant envelope signals S, (t) and
S,(1). Generally, S, (1)=A, sin(ot+¢, (1)) and S, (t)=A,, sin(wt+
(1.

[0128] For the purpose of illustration, three views are pro-
vided in FIG. 3D that illustrate how by appropriately phasing
signals S, (1) and S,(t) relative to S(t), signals S, (t) and S,(t)
can be summed so that S(t)=K(S,(t)+S,(t)) where K is a
constant. In other words, signal S(t) can be decomposed, at
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any time instant, into two or more signals. From FIG. 3D, over
period T, S, (t) and S,(t) are both in-phase relative to signal
S(t), and thus sum to the maximum envelope magnitude A of
signal S(t). Over period T, however, signals S, (t) and S,(t)
are 180 degree out-of-phase relative to each other, and thus
sum to a minimum envelope magnitude of signal S(t).
[0129] The example of FIG. 3D illustrates the case of sinu-
soidal signals. A person skilled in the art, however, will under-
stand that any time-varying envelope, which modulates a
carrier signal that can be represented by a Fourier series or
Fourier transform, can be similarly decomposed into two or
more substantially constant envelope signals. Thus, by con-
trolling the phase of a plurality of substantially constant enve-
lope signals, any time-varying complex envelope signal can
be generated.

3. VECTOR POWER AMPLIFICATION
METHODS AND SYSTEMS

[0130] Vector power amplification methods and systems
according to embodiments of the present invention rely on the
ability to decompose any time-varying envelope signal into
two or more substantially constant envelope constituent sig-
nals or to receive or generate such constituent signals, amplify
the constituent signals, and then sum the amplified signals to
generate an amplified version of the time-varying complex
envelope signal.

[0131] In sections 3.1-3.3, vector power amplification
(VPA) embodiments of the present invention are provided,
including 4-branch and 2-branch embodiments. In the
description, each VPA embodiment is first presented concep-
tually using a mathematical derivation of underlying concepts
of'the embodiment. An embodiment of a method of operation
of'the VPA embodiment is then presented, followed by vari-
ous system level embodiments of the VPA embodiment.
[0132] Section 3.4 presents various embodiments of con-
trol modules according to embodiments of the present inven-
tion. Control modules according to embodiments of the
present invention may be used to enable certain VPA embodi-
ments of the present invention. In some embodiments, the
control modules are intermediary between an input stage of
the VPA embodiment and a subsequent vector modulation
stage of the VPA embodiment.

[0133] Section 3.5 describes VPA output stage embodi-
ments according to embodiments of the present invention.
Output stage embodiments are directed to generating the
output signal of a VPA embodiment.

[0134] Section 3.6 is directed to harmonic control accord-
ing to embodiments of the present invention. Harmonic con-
trol may be implemented in certain embodiments of the
present invention to manipulate the real and imaginary power
in the harmonics of the VPA embodiment, thus increasing the
power present in the fundamental frequency at the output.
[0135] Section 3.7 is directed to power control according to
embodiments of the present invention. Power control may be
implemented in certain embodiments of the present invention
in order to satisfy power level requirements of applications
where VPA embodiments of the present invention may be
employed.

3.1 Cartesian 4-Branch Vector Power Amplifier

[0136] According to one embodiment of the invention,
herein called the Cartesian 4-Branch VPA embodiment for
ease ofillustration and not limitation, a time-varying complex
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envelope signal is decomposed into 4 substantially constant
envelope constituent signals. The constituent signals are
equally or substantially equally amplified individually, and
then summed to construct an amplified version of the original
time-varying complex envelope signal.

[0137] It is noted that 4 branches are employed in this
embodiment for purposes of illustration, and not limitation.
The scope of the invention covers use of other numbers of
branches, and implementation of such variations will be
apparent to persons skilled in the art based on the teachings
contained herein.

[0138] In one embodiment, a time-varying complex enve-
lope signal is first decomposed into its in-phase and quadra-
ture vector components. In phasor representation, the in-
phase and quadrature vector components correspond to the
signal’s real part and imaginary part phasors, respectively.
[0139] As described above, magnitudes of the in-phase and
quadrature vector components of a signal vary proportionally
to the signal’s magnitude, and are thus not constant envelope
when the signal is a time-varying envelope signal. Accord-
ingly, the 4-Branch VPA embodiment further decomposes
each of the in-phase and quadrature vector components of the
signal into four substantially constant envelope components,
two for the in-phase and two for the quadrature signal com-
ponents. This concept is illustrated in FIG. 4 using a phasor
signal representation.

— —
[0140] In the example of FIG. 4, phasors 1; and I, corre-
spond to the real part phasors of an exemplary time-varying
complex envelope signal at two instants of time t1 and t2,

respectively. It is noted that phasors 1_1) and I_z) have different
magnitudes.

[0141] Still referring to FIG. 4, atinstantt1, phasorl_z canbe

obtained by the sum of upper and lower phasors ITZ and I:
—

Similarly, at instant t2, phasor I, can be obtained by the sum

— — —

of upper and lower phasors I, and I;,. Note that phasors I,

and I_>U2 have equal or substantially equal magnitude. Simi-

— —

larly, phasors I;, and I;, have substantially equal magnitude.
Accordingly, the real part phasor of the time-varying enve-
lope signal can be obtained at any time instant by the sum of
at least two substantially constant envelope components.

. — — . —
[0142] The phase shifts of phasors I;; and I; relative to I;,
as well as the phase shifts of phasors I_>U2 and I_>L2 relative to I_z)

are set according to the desired magnitude of phasors 1_1) and I_Z),
respectively. In one case, when the upper and lower phasors
are selected to have equal magnitude, the upper and lower
phasors are symmetrically shifted in phase relative to the
phasor. This is illustrated in the example of FIG. 4, and

— > — —
corresponds to I, 1; , I, and 1, all having equal magnitude.
In a second case, the phase shift of the upper and lower
phasors are substantially symmetrically shifted in phase rela-
tive to the phasor. Based on the description herein, anyone
skilled in the art will understand that the magnitude and phase
shift of the upper and lower phasors do not have to be exactly
equal in value
[0143] As anexample, it can be further verified that, for the

case illustrated in FIG. 4, the relative phase shifts, illustrated
as
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in FIG. 4, are related to the magnitudes of normalized phasors

— —
1; and 1, as follows:

¢_1 =cot! 171 ;and @
2 2
217

& =cot™! 712 s ®
2 2
21-7

[0144] wherein I, and I, represent the normalized magni-

tudes of phasors I_I and I_Z), respectively, and wherein the
domains of I, and I, are restricted appropriately according to
the domain over which equation (2) and (3) are valid. It is
noted that equations (2) and (3) are one representation for
relating the relative phase shifts to the normalized magni-
tudes. Other, solutions, equivalent representations, and/or
simplified representations of equations (2) and (3) may also
be employed. Look up tables relating relative phase shifts to
normalized magnitudes may also be used.

[0145] Theconcept describe above can be similarly applied
to the imaginary phasor or the quadrature component part of
a signal r(t) as illustrated in FIG. 4. Accordingly, at any time

instant t, imaginary phasor part Q of signal r(t) can be
obtained by summing upper and lower phasor components

—_— —
Qg and Q; of substantially equal and constant magnitude. In

—_— —
this example, Q,, and Q; are symmetrically shifted in phase

relative to G by an angle set according to the magnitude of G

at time t. The relationship of a; and (52 to the desired phasor
@ are related as defined in equations 2 and 3 by substituting
Q, and Q, for I, and L, respectively.

[0146]
representation, any phasor R of variable magnitude and

phase can be constructed by the sum of four substantially
constant magnitude phasor components:

It follows from the above discussion that, in phasor

- 55— —»
R=lytl +Quy+ 0y
IaL-1;

— —
QU+QL:6).
I=I;=constant;

Q=0 =constant; 4
[0147]

—_ = —> — .
phasors I, I, Q, and Q;, respectively.

[0148] Correspondingly, in the time domain, a time-vary-
ing complex envelope sinusoidal signal r(t)=R(t) cos(wt+¢) is
constructed by the sum of four constant envelope signals as
follows:

where,,1;,Q;, and Q; represent the magnitudes of
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(@) = ly(@ + 110+ Qu® + Qu(1); )
Iy = sgn(?) X Iy X cos(%) X cos(wr) + Iy X sin(%) X sin(wr);

I(0)= sgn(?) X1 % cos(%) X cos(wr) — Iy, Xsin(%) X sin(wr);
Qun) =

—sgn(é) XQu X cos(% ] X sin(wr) + Qy X sin(% ] X cos(wr);

QL) = —sgn(é) X QX cos(%] X sin{wr) — @y, X sin(%] X cos(wr).

where sgn(T)=+1 depending on whether T is in-phase or
180° degrees out-of-phase with the positive real axis. Simi-

larly, sgn(é)::l depending on whether 6 is in-phase or 180°
degrees out-of-phase with the imaginary axis.

corresponds to the phase shift of I_; and I_L> relative to the real
axis. Similarly,

$o

2

corresponds to the phase shift of a; and (52 relative to the
imaginary axis.

can be calculated using the equations given in (2) and (3).
[0149]
PO=I O+ O+ QD)+ 01 (9);

Equations (5) can be further simplified as:

IU(Z):sg_n(7)xIUchos(wl)+IUYxsin(wl);
IL(Z):sgn(T)xIUchos(mz)—IUYxsin((ol);
QA= Quxcos(@iprsan( O)xQupxsin(on);

0,(0=Qyyxcos(@i-sgn( 0 Qyyxsinwi). ©

[0150] where

Iyx = Iy XCOS(%) = ILxcos(%),
Iyy =1y XSin(%) =1 xsin(%),

Qux = Qu Xsin(%] = QLXsin(%], and
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-continued

Qur = Qu XCOS(%Q] = QLXcos(%Q].

[0151] It can be understood by a person skilled in the art
that, whereas the time domain representations in equations
(5) and (6) have been provided for the case of a sinusoidal
waveform, equivalent representations can be developed for
non-sinusoidal waveforms using appropriate basis functions.
Further, as understood by a person skilled in the art based on
the teachings herein, the above-describe two-dimensional
decomposition into substantially constant envelope signals
can be extended appropriately into a multi-dimensional
decomposition.

[0152] FIG. 5is anexample block diagram of the Cartesian
4-Branch VPA embodiment. An output signal r(t) 578 of
desired power level and frequency characteristics is gener-
ated from baseband in-phase and quadrature components
according to the Cartesian 4-Branch VPA embodiment.
[0153] Intheexampleof FIG. 5, a frequency generator such
as a synthesizer 510 generates a reference signal A*cos(wt)
511 having the same frequency as that of output signal r(t)
578. It can be understood by a person skilled in the art that the
choice of the reference signal is made according to the desired
output signal. For example, if the desired frequency of the
desired output signal is 2.4 GHz, then the frequency of the
reference signal is set to be 2.4 GHz. In this manner, embodi-
ments of the invention achieve frequency up-conversion.
[0154] Referring to FIG. 5, one or more phase splitters are
used to generate signals 521, 531, 541, and 551 based on the
reference signal 511. In the example of FIG. 5, this is done
using phase splitters 512, 514, and 516 and by applying 0°
phase shifts at each of the phase splitters. A person skilled in
the art will appreciate, however, that various techniques may
be used for generating signals 521, 531, 541, and 551 of the
reference signal 511. For example, a 1:4 phase splitter may be
used to generate the four replicas 521, 531,541, and 551 ina
single step or in the example embodiment of FIG. 5, signal
511 can be directly coupled to signals 521, 531, 541, 551
Depending on the embodiment, a variety of phase shifts may
also be applied to result in the desired signals 521, 531, 541,
and 551.

[0155] Still referring to FIG. 5, the signals 521, 531, 541,
and 551 are each provided to a corresponding vector modu-
lator 520, 530, 540, and 550, respectively. Vector modulators
520, 530, 540, and 550, in conjunction with their appropriate
input signals, generate four constant envelope constituents of
signal r(t) according to the equations provided in (6). In the
example embodiment of FIG. 5, vector modulators 520 and
530 generate the I, (t) and I,(t) components, respectively, of
signal r(t). Similarly, vector modulators 540 and 550 generate
the Q (1) and Q,(t) components, respectively, of signal r(t).

[0156] The actual implementation of each of vector modu-
lators 520, 530, 540, and 550 may vary. It will be understood
by a person skilled in the art, for example, that various tech-
niques exist for generating the constant envelope constituents
according to the equations in (6).

[0157] Inthe example embodiment of FIG. 5, each of vec-
tor modulators 520, 530, 540, 550 includes an input phase
splitter 522, 532, 542, 552 for phasing the signals 522, 531,
541, 551. Accordingly, input phase splitters 522, 532, 542,
552 are used to generate an in-phase and a quadrature com-
ponents or their respective input signals.
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[0158] In each vector modulator 520, 530, 540, 550, the
in-phase and quadrature components are multiplied with
amplitude information. In FIG. 5, for example, multiplier 524
multiplies the quadrature component of signal 521 with the
quadrature amplitude information I, of I (t). In parallel,
multiplier 526 multiplies the in-phase replica signal with the
in-phase amplitude information sgn(I)xI, - of I (t).

[0159] To generate the I, (t) constant envelope constituent
signals 525 and 527 are summed using phase splitter 528 or
alternate summing techniques. The resulting signal 529 cor-
responds to the IU(t) component of signal r(t).

[0160] Insimilar fashion as described above, vector modu-
lators 530, 540, and 550, respectively, generate the I, (1),
Q. (1), and Q,(t) components of signal r(t). I, (t), Q.(t), and
Q; (1), respectively, correspond to signals 539, 549, and 559 in
FIG. 5.

[0161] Further, as described above, signals 529, 539, 549,
and 559 are characterized by having substantially equal and
constant magnitude envelopes. Accordingly, when signals
529, 539, 549, and 559 are input into corresponding power
amplifiers (PA) 562,564, 566, and 568, corresponding ampli-
fied signals 563, 565, 567, and 569 are substantially constant
envelope signals.

[0162] Power amplifiers 562, 564, 566, and 568 amplify
each of the signals 529, 539, 549, 559, respectively. In an
embodiment, substantially equal power amplification is
applied to each of the signals 529, 539, 549, and 559. In an
embodiment, the power amplification level of PAs 562, 564,
566, and 568 is set according to the desired power level of
output signal r(t).

[0163] Still referring to FIG. 5, amplified signals 563 and
565 are summed using summer 572 to generate an amplified

version 573 of the in-phase component I (t) of signal r(t).
Similarly, amplified signals 567 and 569 are summed using
summer 574 to generate an amplified version 575 of the

quadrature component é(t) of signal r(t).

[0164] Signals573 and 575 are summed using summer 576,
as shown in FIG. 5, with the resulting signal corresponding to
desired output signal r(t).

[0165] It must be noted that, in the example of FIG. 5,
summers 572, 574, and 576 are being used for the purpose of
illustration only, Various techniques may be used to sum
amplified signals 563,565, 567, and 569. For example, ampli-
fied signals 563, 565, 567, and 569 may be summed all in one
step to result in signal 578. In fact, according to various VPA
embodiments of the present invention, it suffices that the
summing is done after amplification. Certain VPA embodi-
ments of the present invention, as will be further described
below, use minimally lossy summing techniques such as
direct coupling via wire. Alternatively, certain VPA embodi-
ments use conventional power combining techniques. In
other embodiments, as will be further described below, power
amplifiers 562, 564, 566, and 568 can be implemented as a
multiple-input single-output power amplifier.

[0166] Operation of the Cartesian 4-Branch VPA embodi-
ment shall now be further described with reference to the
process flowchart of FIG. 6. The process begins at step 610,
which includes receiving the baseband representation of the
desired output signal. In an embodiment, this involves receiv-
ing in-phase (1) and quadrature (QQ) components of the desired
output signal. In another embodiment, this involves receiving
magnitude and phase of the desired output signal. In an
embodiment of the Cartesian 4-Branch VPA embodiment, the
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I and Q are baseband components. In another embodiment,
the I and Q are RF components and are down-converted to
baseband.

[0167] Step 620 includes receiving a clock signal set
according to a desired output signal frequency of the desired
output signal. In the example of FIG. 5, step 620 is achieved
by receiving reference signal 511.

[0168] Step 630 includes processing the I component to
generate first and second signals having the output signal
frequency. The first and second signals have substantially
constant and equal magnitude envelopes and a sum equal to
the I component. The first and second signals correspond to
the [ (t) and I,(t) constant envelope constituents described
above. In the example of FIG. 5, step 630 is achieved by
vector modulators 520 and 530, in conjunction with their
appropriate input signals.

[0169] Step 640 includes processing the Q component to
generate third and fourth signals having the output signal
frequency. The third and fourth signals have substantially
constant and equal magnitude envelopes and a sum equal to
the Q component. The third and fourth signals correspond to
the Q,(t) and Q, (1) constant envelope constituents described
above. In the example of FIG. 5, step 630 is achieved by
vector modulators 540 and 550, in conjunction with their
appropriate input signals.

[0170] Step 650 includes individually amplifying each of
the first, second, third, and fourth signals, and summing the
amplified signals to generate the desired output signal. In an
embodiment, the amplification of the first, second, third, and
fourth signals is substantially equal and according to a desired
power level of the desired output signal. In the example of
FIG. 5, step 650 is achieved by power amplifiers 562, 564,
566, and 568 amplifying respective signals 529,539, 549, and
559, and by summers 572, 574, and 576 summing amplified
signals 563, 565, 567, and 569 to generate output signal 578.
[0171] FIG. 7A is a block diagram that illustrates an exem-
plary embodiment of a vector power amplifier 700 imple-
menting the process flowchart 600 of FIG. 6. In the example
of FIG. 7A, optional components are illustrated with dashed
lines. In other embodiments, additional components may be
optional.

[0172] Vector power amplifier 700 includes an in-phase (I)
branch 703 and a quadrature (QQ) branch 705. Each of the I and
Q branches further comprises a first branch and a second
branch.

[0173] In-phase (I) information signal 702 is received by an
I Data Transfer Function module 710. In an embodiment, 1
information signal 702 includes a digital baseband signal. In
an embodiment, I Data Transfer Function module 710
samples I information signal 702 according to a sample clock
706. In another embodiment, I information signal 702
includes an analog baseband signal, which is converted to
digital using an analog-to-digital converter (ADC) (not
shown in FIG. 7A) before being input into I Data Transfer
Function module 710. In another embodiment, I information
signal 702 includes an analog baseband signal which input in
analog form into I Data Transfer Function module 710, which
also includes analog circuitry. In another embodiment, I
information signal 702 includes a RF signal which is down-
converted to baseband before being input into [ Data Transfer
Function module 710 using any of the above described
embodiments.

[0174] 1 Data Transfer Function module 710 processes |
information signal 702, and determines in-phase and quadra-
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ture amplitude information of at least two constant envelope
constituent signals of I information signal 702. As described
above with reference to FIG. 5, the in-phase and quadrature
vector modulator input amplitude information corresponds to
sgn(DxI, and 1,4, respectively. The operation of I Data
Transfer Function module 710 is further described below in
section 3.4.

[0175] 1 Data Transfer Function module 710 outputs infor-
mation signals 722 and 724 used to control the in-phase and
quadrature amplitude components of vector modulators 760
and 762. In an embodiment, signals 722 and 724 are digital
signals. Accordingly, each of signals 722 and 724 is fed into
a corresponding digital-to-analog converter (DAC) 730 and
732, respectively. The resolution and sample rate of DACs
730 and 732 is selected to achieve the desired [ component of
the output signal 782. DACs 730 and 732 are controlled by
DAC clock signals 723 and 725, respectively. DAC clock
signals 723 and 725 may be derived from a same clock signal
or may be independent.

[0176] In another embodiment, signals 722 and 724 are
analog signals, and DACs 730 and 732 are not required.

[0177] In the exemplary embodiment of FIG. 7A, DACs
730 and 732 convert digital information signals 722 and 724
into corresponding analog signals, and input these analog
signals into optional interpolation filters 731 and 733, respec-
tively. Interpolation filters 731 and 733, which also serve as
anti-aliasing filters, shape the DACs outputs to produce the
desired output waveform. Interpolation filters 731 and 733
generate signals 740 and 742, respectively. Signal 741 repre-
sents the inverse of signal 740. Signals 740-742 are input into
vector modulators 760 and 762.

[0178] Vector modulators 760 and 762 multiply signals
740-742 with appropriately phased clock signals to generate
constant envelope constituents of I information signal 702.
The clock signals are derived from a channel clock signal 708
having a rate according to a desired output signal frequency.
A plurality of phase splitters, such as 750 and 752, for
example, and phasors associated with the vector modulator
multipliers may be used to generate the appropriately phased
clock signals.

[0179] Inthe embodiment of FIG. 7A, for example, vector
modulator 760 modulates a 90° shifted channel clock signal
with quadrature amplitude information signal 740. In paral-
lel, vector modulator 760 modulates an in-phase channel
clock signal with in-phase amplitude information signal 742.
Vector modulator 760 combines the two modulated signals to
generate a first modulated constant envelope constituent 761
of I information signal 702. Similarly, vector modulator 762
generates a second modulated constant envelope constituent
763 of | information signal 702, using signals 741 and 742.
Signals 761 and 763 correspond, respectively, to the I (t) and
1, (t) constant envelope components described with reference
to FIG. 5.

[0180] In parallel and in similar fashion, the Q branch of
vector power amplifier 700 generates at least two constant
envelope constituent signals of quadrature (Q) information
signal 704.

[0181] Inthe embodiment of FIG. 7A, for example, vector
modulator 764 generates a first constant envelope constituent
765 of Q information signal 704, using signals 744 and 746.
Similarly, vector modulator 766 generates a second constant
envelope constituent 767 of Q information signal 704, using
signals 745 and 746.
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[0182] As described above with respect to FIG. 5, constitu-
ent signals 761, 763, 765, and 767 have substantially equal
and constant magnitude envelopes. In the exemplary embodi-
ment of FIG. 7A, signals 761, 763, 765, and 767 are, respec-
tively, input into corresponding power amplifiers (PAs) 770,
772,774, and 776. PAs 770, 772, 774, and 776 can be linear
or non-linear power amplifiers. In an embodiment, PAs 770,
772, 774, and 776 include switching power amplifiers.
[0183] Circuitry 714 and 716 (herein referred to as “auto-
bias circuitry” for ease of reference, and not limitation) and in
this embodiment, control the bias of PAs 770, 772, 774, and
776 according to [ and Q information signals 702 and 704. In
the embodiment of FIG. 7A, autobias circuitry 714 and 716
provide, respectively, bias signals 715 and 717 to PAs 770,
772 and PAs 774, 776. Autobias circuitry 714 and 716 are
further described below in section 3.5. Embodiments of PAs
770, 772, 774, and 776 are also discussed below in section
3.5.

[0184] In an embodiment, PAs 770, 772, 774, and 776
apply substantially equal power amplification to respective
substantially constant envelope signals 761, 763, 765, and
767. In other embodiments, PA drivers are additionally
employed to provide additional power amplification. In the
embodiment of FIG. 7A, PA drivers 794, 795, 796, and 797
are optionally added between respective vector modulators
760,762,764 766 and respective PAs 770, 772,774, and 776,
in each branch of vector power amplifier 700.

[0185] The outputs of PAs 770, 772, 774, and 776 are
coupled together to generate output signal 782 of vector
power amplifier 700. In an embodiment, the outputs of PAs
770, 772,774, and 776 are directly coupled together using a
wire. Direct coupling in this manner means that there is
minimal or no resistive, inductive, or capacitive isolation
between the outputs of PAs 770, 772, 774, and 776. In other
words, outputs of PAs 770, 772, 774, and 776, are coupled
together without intervening components. Alternatively, in an
embodiment, the outputs of PAs 770, 772, 774, and 776 are
coupled together indirectly through inductances and/or
capacitances that result in low or minimal impedance connec-
tions, and/or connections that result in minimal isolation and
minimal power loss. Alternatively, outputs of PAs 770, 772,
774, and 776 are coupled using well known combining tech-
niques, such as Wilkinson, hybrid, transformers, or known
active combiners. In an embodiment, the PAs 770, 772, 774,
and 776 provide integrated amplification and power combin-
ing in a single operation. In an embodiment, one or more of
the power amplifiers and/or drivers described herein are
implemented using multiple input, single output power
amplification techniques, examples of which are shown in
FIGS. 7B, and 51A-H.

[0186] Output signal 782 includes the I and Q characteris-
tics of I and Q information signals 702 and 704. Further,
output signal 782 is of the same frequency as that of its
constituents, and thus is of the desired up-converted output
frequency. In embodiments of vector power amplifier 700, a
pull-up impedance 780 is coupled between the output of
vector amplifier 700 and a power supply. Output stage
embodiments according to power amplification methods and
systems of the present invention will be further described
below in section 3.5.

[0187] In other embodiments of vector power amplifier
700, process detectors are employed to compensate for any
process variations in circuitry of the amplifier. In the embodi-
ment of FIG. 7A for example, process detectors 791-793 are
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optionally added to monitor variations in PA drivers 794-797
and phase splitter 750. In further embodiments, frequency
compensation circuitry 799 may be employed to compensate
for frequency variations.

[0188] FIG. 7B is a block diagram that illustrates another
exemplary embodiment of vector power amplifier 700.
Optional components are illustrated with dashed lines,
although other embodiments may have more or less optional
components.

[0189] The embodiment illustrates a multiple-input single-
output (MISO) implementation of the amplifier of FIG. 7A.
Inthe embodiment of FIG. 7B, constant envelope signals 761,
763, 765 and 767, output from vector modulators 760, 762,
764, and 766, are input into MISO PAs 784 and 786. MISO
PAs 784 and 786 are two-input single-output power amplifi-
ers. In an embodiment, MISO PAs 784 and 786 include ele-
ments 770, 772, 774, 776, 794-797 as shown in the embodi-
ment of FIG. 7A or functional equivalence thereof. In another
embodiment, MIS( ) PAs 784 and 786 may include other
elements, such as optional pre-drivers and optional process
detection circuitry. Further, MISO PAs 784 and 786 are not
limited to being two-input PAs as shown in FIG. 7B. In other
embodiments as will be described further below with refer-
ence to FIGS. 51A-H, PAs 784 and 786 can have any number
of inputs and outputs.

[0190] FIG. 8A is a block diagram that illustrates another
exemplary embodiment 800A of a vector power amplifier
according to the Cartesian 4-Branch VPA method shown in
FIG. 6. Optional components are illustrated with dashed
lines, although other embodiments may have more or less
optional components.

[0191] In the embodiment of FIG. 8A, a DAC 830 of suf-
ficient resolution and sample rate replaces DACs 730, 732,
734, and 736 of the embodiment of FIG. 7A. DAC 830’s
sample rate is controlled by a DAC clock signal 826.

[0192] DAC 830receives in-phase and quadrature informa-
tion signals 810 and 820 from I Data Transfer Function mod-
ule 710 and Q Data Transfer Function module 712, respec-
tively, as described above. In an embodiment, a input selector
822 selects the order of signals 810 and 820 being input into
DAC 830.

[0193] DAC 830 may output a single analog signal at a
time. In an embodiment, a sample and hold architecture may
be used to ensure proper signal timing to the four branches of
the amplifier, as shown in FIG. 8A.

[0194] DAC 830 sequentially outputs analog signals 832,
834, 836, 838 to a first set of sample-and-hold circuits 842,
844, 846, and 848. In an embodiment, DAC 830 is clocked at
a sufficient rate to emulate the operation of DACs 730, 732,
734, and 736 of the embodiment of FIG. 7A. An output
selector 824 determines which of output signals 832, 834,
836, and 838 should be selected for output.

[0195] DAC 830’s DAC clock signal 826, output selector
signal 824, input selector 822, and sample-and-hold clocks
840A-D, and 850 are controlled by a control module that can
be independent or integrated into transfer function modules
710 and/or 712.

[0196] In an embodiment, sample-and-hold circuits (S/H)
842, 844, 846, and 848 sample and hold the received analog
values from DAC 830 according to a clock signals 840A-D.
Sample-and-hold circuits 852, 854, 856, and 858 sample and
hold the analog values from sample and hold circuits 842,
844, 846, and 848 respectively. In turn, sample-and-hold cir-
cuits 852, 854, 856, and 858 hold the received analog values,
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and simultaneously release the values to vector modulators
760, 762, 764, and 766 according to a common clock signal
850. In another embodiment, sample-and-hold circuits 852,
854, 856, and 858 release the values to optional interpolation
filters 731, 733, 735, and 737 which are also anti-aliasing
filters. In an embodiment, a common clock signal 850 is used
in order to ensure that the outputs of S/H 852, 854, 856, and
858 are time-aligned.

[0197] Other aspects of vector power amplifier 800A sub-
stantially correspond to those described above with respect to
vector power amplifier 700.

[0198] FIG. 8B is a block diagram that illustrates another
exemplary embodiment 800B of a vector power amplifier
according to the Cartesian 4-Branch VPA method shown in
FIG. 6. Optional components are illustrated with dashed
lines, although other embodiments may have more or less
optional components.

[0199] Embodiment 800B illustrates another single DAC
implementation of the vector power amplifier. However, in
contrast to the embodiment of FIG. 8A, the sample and hold
architecture includes a single set of sample-and-hold (S/H)
circuits. As shown in FIG. 8B, S/H 842, 844, 846, and 848
receive analog values from DAC 830, illustrated as signals
832, 834, 836, and 838. Each of S/H circuits 842, 844, 846
and 848 release its received value according to a different
clock 840A-D as shown. The time difference between analog
samples used for to generate signals 740, 741, 742, 744, 745,
and 746 can be compensated for in transfer functions 710 and
712. According to the embodiment of FIG. 8B, one level of
S/H circuitry can be eliminated relative to the embodiment of
FIG. 8A, thereby reducing the size and the complexity of the
amplifier.

[0200] Other aspects of vector power amplifier 800B sub-
stantially correspond to those described above with respect to
vector power amplifiers 700 and 800A.

[0201] FIG. 8C is a block diagram that illustrates another
exemplary embodiment 800C of vector power amplifier 700.
Optional components are illustrated with dashed lines,
although other embodiments may have more or less optional
components. The embodiment of FIG. 8C illustrates a mul-
tiple-input single-output (MISO) implementation of the
amplifier of FIG. 8 A. In the embodiment of FIG. 8C, constant
envelope signals 761, 763, 765 and 767, output from vector
modulators 760, 762, 764, and 766, are input into MISO PAs
860 and 862. MISO PAs 860 and 862 are two-input single-
output power amplifiers. In an embodiment, MISO PAs 860
and 862 include elements 770, 772, 774, 776, 794-797 as
shown in the embodiment of FIG. 7A or functional equiva-
lence thereof. In another embodiment, MISO PAs 860 and
862 may include other elements, such as optional pre-drivers
and optional process detection circuitry. In another embodi-
ment, MISO PAs 860 and 862 may include other elements,
such as pre-drivers, not shown in the embodiment of FIG. 7A.
Further, MISO PAs 860 and 862 are not limited to being
two-input PAs as shown in FIG. 8C. In other embodiments as
will be described further below with reference to FIGS. 51A-
H, PAs 860 and 862 can have any number of inputs and
outputs.

[0202] Other aspects of vector power amplifier 800C sub-
stantially correspond to those described above with respect to
vector power amplifiers 700 and 800A.

[0203] FIG. 8D is a block diagram that illustrates another
exemplary embodiment 800D of vector power amplifier 700.
Optional components are illustrated with dashed lines,
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although other embodiments may have more or less optional
components. The embodiment of FIG. 8D illustrates a mul-
tiple-input single-output (MISO) implementation of the
amplifier of FIG. 8B. In the embodiment of FIG. 8D, constant
envelope signals 761, 763, 765 and 767, output from vector
modulators 760, 762, 764, and 766, are input into MISO PAs
870 and 872. MISO PAs 870 and 872 are two-input single-
output power amplifiers. In an embodiment, MISO PAs 870
and 872 include elements 770, 772, 774, 776, 794-797 as
shown in the embodiment of FIG. 7A or functional equiva-
lence thereof. In another embodiment, MISO PAs 870 and
872 may include other elements, such as optional pre-drivers
and optional process detection circuitry. In another embodi-
ment, MISO PAs 870 and 872 may include other elements,
such as pre-drivers, not shown in the embodiment of FIG. 7A.
Further, MISO PAs 870 and 872 are not limited to being
two-input PAs as shown in FIG. 8D. In other embodiments as
will be described further below with reference to FIGS. 51A-
H, PAs 870 and 872 can have any number of inputs and
outputs.

[0204] Other aspects of vector power amplifier 800D sub-
stantially correspond to those described above with respect to
vector power amplifiers 700 and 800B.

3.2) Cartesian-Polar-Cartesian-Polar 2-Branch Vector Power
Amplifier

[0205] A Cartesian-Polar-Cartesian-Polar (CPCP)
2-Branch VPA embodiment shall now be described (The
name of this embodiment is provided for ease of reference,
and is not limiting).

[0206] According to the Cartesian-Polar-Cartesian-Polar
(CPCP) 2-Branch VPA method, a time-varying complex
envelope signal is decomposed into 2 substantially constant
envelope constituent signals. The constituent signals are indi-
vidually amplified, and then summed to construct an ampli-
fied version of the original time-varying complex envelope
signal. In addition, the phase angle of the time-varying com-
plex envelope signal is determined and the resulting summa-
tion of the constituent signals are phase shifted by the appro-
priate angle.

[0207] In one embodiment of the CPCP 2-Branch VPA
method, a magnitude and a phase angle of a time-varying
complex envelope signal are calculated from in-phase and
quadrature components of a signal. Given the magnitude
information, two substantially constant envelope constituents
are calculated from a normalized version of the desired time-
varying envelope signal, wherein the normalization includes
implementation specific manipulation of phase and/or ampli-
tude. The two substantially constant envelope constituents are
then phase shifted by an appropriate angle related to the phase
shift of the desired time-varying envelope signal. The sub-
stantially constant envelope constituents are then individually
amplified substantially equally, and summed to generate an
amplified version of the original desired time-varying enve-
lope signal.

[0208] FIGS. 9A and 9B conceptually illustrate the CPCP
2-Branch VPA embodiment using a phasor signal represen-

—
tation. In FIG. 9A, phasor R;, represents a time-varying com-

plex envelope input signal r(t). At any instant of time, I?;
reflects a magnitude and a phase shift angle of signal r(t). In

—
the example shown in FIG. 9A, R;, is characterized by a
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magnitude R and a phase shift angle 6. As described above,
the phase shift angle is measured relative to a reference signal.

[0209] Referring to FIG. 9A, I_{>' represents the relative

amplitude component of ﬁin generated by U'and L.
[0210] Still referring to FIG. 9A, it is noted that, at any time

instant, I_{>' can be obtained by the sum of an upper phasor I_J>'
— — —

and a lower phasor L". Further, U' and L' can be maintained to

have substantially constant magnitude. The phasors, I_J>' and

N
L', accordingly, represent two substantially constant envelope
signals. r'(t) can thus be obtained, at any time instant, by the
sum of two substantially constant envelope signals that cor-

— —
respond to phasors U' and L'.

[0211] The phase shifts of phasors I_J>' and Ij)' relative to I_{>'
are set according to the desired magnitude R of I_{>' In the
simplest case, when upper and lower phasors I_J>' and Ij)' are
selected to have equal magnitude, upper and lower phasors I_J>'
and Ij)' are substantially symmetrically shifted in phase rela-

tive to I_{>' This is illustrated in the example of FIG. 9A. It is
noted that terms and phrases indicating or suggesting orien-
tation, such as but not limited to “upper and lower” are used
herein for ease of reference and are not functionally or struc-
turally limiting.

[0212] Itcan be verified that, for the case illustrated in FIG.

— — —
9A, the phase shift of U' and L' relative to R/, illustrated as
angle

[NSTIacH

in FIG. 9A, is related to the magnitude of I_{>' as follows:

¢ -1 R @
I —cotlf ——
2 =co [ — ]

2. 01——

where R represents a normalized magnitude of phasor I_{>'
[0213] Equation (7) can further be reduced to

g :COSil(g) (7.10)

where R represents a normalized magnitude of phasor I_{>'
[0214] Alternatively, any substantially equivalent math-
ematical equations or other substantially equivalent math-
ematical techniques such as look up tables can be used.

[0215] It follows from the above discussion that, in phasor

e
representation, any phasor R' of variable magnitude and
phase can be constructed by the sum of two constant magni-
tude phasor components:
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R'=U%L’
|T\=IT |1=4=constant ®
[0216] Correspondingly, in the time domain, a time-vary-

ing envelope sinusoidal signal r'(t)=R(t)xcos(wt) is con-
structed by the sum of two constant envelope signals as fol-
lows:

ro=U0+L©; (©)]
Un=A Xcos(wt+ g),

L'n=Ax cos(w[ _ g),

where A is a constant and

is as shown in equation (7).

[0217] From FIG. 9A, it can be farther verified that equa-
tions (9) can be rewritten as:

r(O=U+L(1);
U (H)=C cos(wi)+a sin(wr);

L'(£)=C cos(ot)—p sin(wr); (10)

where C denotes the real part component of phasors I_J>' and Ij)'
and is equal to

A><cosi

@)

— —
Note that C is a common component of U' and L'. o and

— —
denote the imaginary part components of phasors U' and L',
respectively,

aV:,B:AXsini

@)

Accordingly, from equations (12),

¥ (1) = 2C X cos(wi) = 2A X cos(% X cos(wr).

As understood by a person skilled in the art based on the
teachings herein, other equivalent and/or simplified represen-
tations of the above representations of the quantities A, B, and
C may also be used, including look up tables, for example.

[0218] Note that IZ: is shifted by 0 degrees relative to I_{>'
Accordingly, using equations (8), it can be deduced that:

- s s
Ry, =R'&®=(U+L")O=U"e®+L'e"® an
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[0219] Equations (11)imply that a representation of I?:, can

be obtained by summing phasors I_J>' and Ij)', described above,
shifted by 0 degrees. Further, an amplified output version,

R_:M, of I?:, can be obtained by separately amplifying substan-
tially equally each ofthe 6 degrees shifted versions of phasors

I_J>' and Ij)', and summing them. FIG. 9B illustrates this con-
cept. InFIG. 9B, phasors U and T represent 8 degrees shifted

and amplified versions of phasors I_J>' and Ij)' Note that, since

e = . =
U' and L' are constant magnitude phasors, U and T are also

constant magnitude phasors. Phasors U and T sum, as shown
FIG. 9B, to phasor R_o:t, which is a power amplified version of

input signal I?;
[0220] Equivalently, in the time domain, it can be shown
that:

P o O=U@+L(D);
U(H)=K[C cos(wt+0)+a sin(wz+0)];

L(6)=K/[C cos(wt+0)—p sin(wz+0)]. (12)

where r,,(t) corresponds to the time domain signal repre-
—

sented by phasor R ,, U(t) and L(t) correspond to the time

out’

domain signals represents by phasors Uand T, and K is the
power amplification factor.

[0221] A person skilled in the art will appreciate that,
whereas the time domain representations in equations (9) and
(10) have been provided for the case of a sinusoidal wave-
form, equivalent representations can be developed for non-
sinusoidal waveforms using appropriate basis functions.
[0222] FIG. 10 is a block diagram that conceptually illus-
trates an exemplary embodiment 1000 of the CPCP 2-Branch
VPA embodiment. An output signal r(t) of desired power level
and frequency characteristics is generated from in-phase and
quadrature components according to the CPCP 2-Branch
VPA embodiment.

[0223] In the example of FIG. 10, a clock signal 1010
represents a reference signal fbr generating output signal r(t).
Clock signal 1010 is of the same frequency as that of desired
output signal r(t).

[0224] Referring to FIG. 10, an Iclk_phase signal 1012 and
a Qclk_phase signal 1014 represent amplitude analog values
that are multiplied by the in-phase and quadrature compo-
nents of Cik signal 1010 and are calculated from the baseband
T and Q signals.

[0225] Still referring to FIG. 10, clock signal 1010 is mul-
tiplied with Iclk_phase signal 1012. In parallel, a 90° degrees
shifted version of clock signal 1010 is multiplied with Qclk_
phase signal 1014. The two multiplied signals are combined
to generate Relk signal 1016. Relk signal 1016 is of the same
frequency as clock signal 1010. Further, Relk signal 1016 is
characterized by a phase shift angle according to the ratio of
Q(t) and I(t). The magnitude of Rclk signal 1016 is such that
Rclk=I°clk_phase+Q>clk_phase. Accordingly, Relk signal
1016 represents a substantially constant envelope signal hav-
ing the phase characteristics of the desired output signal r(t).
[0226] Still referring to FIG. 10, Relk signal 1016 is input,
in parallel, into two vector modulators 1060 and 1062. Vector
modulators 1060 and 1062 generate the U(t) and L(t) substan-
tially constant envelope constituents, respectively, of the
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desired output signal r(t) as described in (12). In vector modu-
lator 1060, an in-phase Rclk signal 1020, multiplied with
Common signal 1028, is combined with a 900 degree shifted
version 1018 of Relk signal, multiplied with first signal 1026.
Inparallel, in vector modulator 1062, an in-phase Relk signal
1022, multiplied with Common signal 1028, is combined
with a 900 degrees shifted version 1024 of Rclk signal, mul-
tiplied with second signal 1030. Common signal 1028, first
signal 1026, and second signal 1030 correspond, respectively,
to the real part C and the imaginary parts a and 3 described in
equation (12).

[0227] Output signals 1040 and 1042 of respective vector
modulators 1060 and 1062 correspond, respectively, to the
U(t) and L(t) constant envelope constituents of input signal
r(t).

[0228] Asdescribedabove, signals 1040 and 1042 are char-
acterized by having substantially equal and constant magni-
tude envelopes. Accordingly, when signals 1040 and 1042 are
input into corresponding power amplifiers (PA) 1044 and
1046, corresponding amplified signals 1048 and 1050 are
substantially constant envelope signals.

[0229] Power amplifiers 1044 and 1046 apply substantially
equal power amplification to signals 1040 and 1042, respec-
tively. In an embodiment, the power amplification level of
PAs 1044 and 1046 is set according to the desired power level
of output signal r(t). Further, amplified signals 1048 and 1050
are in-phase relative to each other. Accordingly, when
summed together, as shown in FIG. 10, resulting signal 1052
corresponds to the desired output signal r(t).

[0230] FIG.10A is another exemplary embodiment 1000A
of the CPCP 2-Branch VPA embodiment. Embodiment
1000A represents a Multiple Input Single Output (MISO)
implementation of embodiment 1000 of FIG. 10.

[0231] In embodiment 1000A, constant envelope signals
1040 and 1042, output from vector modulators 1060 and
1062, are input into MISO PA 1054. MISO PA 1054 is a
two-input single-output power amplifier. In an embodiment,
MISO PA 1054 may include various elements, such as pre-
drivers, drivers, power amplifiers, and process detectors (not
shown in FIG. 10A), for example. Further, MISO PA 1054 is
not limited to being a two-input PA as shown in FIG. 10A. In
other embodiments, as will be described further below with
reference to FIGS. 51A-H, PA 1054 can have any number of
inputs.

[0232] Operation of the CPCP 2-Branch VPA embodiment
is depicted in the process flowchart 1100 of FIG. 11.

[0233] The process begins at step 1110, which includes
receiving a baseband representation of the desired output
signal. In an embodiment, this involves receiving in-phase (1)
and quadrature (Q) components of the desired output signal.
In another embodiment, this involves receiving magnitude
and phase of the desired output signal.

[0234] Step 1120 includes receiving a clock signal set
according to a desired output signal frequency of the desired
output signal. In the example of FIG. 10, step 1120 is
achieved by receiving clock signal 1010.

[0235] Step 1130 includes processing the clock signal to
generate a normalized clock signal having a phase shift angle
according to the received I and Q components. In an embodi-
ment, the normalized clock signal is a constant envelope
signal having a phase shift angle according to a ratio of the I
and Q components. The phase shift angle of the normalized
clock is relative to the original clock signal. In the example of
FIG. 10, step 1130 is achieved by multiplying clock signal
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1010’s in-phase and quadrature components with Iclk_phase
1012 and Qclk_phase 1014 signals, and then summing the
multiplied signal to generate Relk signal 1016.

[0236] Step 1140 includes the processing of the I and Q
components to generate the amplitude information required
to produce first and second substantially constant envelope
constituent signals.

[0237] Step 1150 includes processing the amplitude infor-
mation of step 1140 and the normalized clock signal Relk to
generate the first and second constant envelope constituents
of the desired output signal. In an embodiment, step 1150
involves phase shifting the first and second constant envelope
constituents of the desired output signal by the phase shift
angle of the normalized clock signal. In the example of FIG.
10, step 1150 is achieved by vector modulators 1060 and 1062
modulating Relk signal 1016 with first signal 1026, second
signal 1030, and common signal 1028 to generate signals
1040 and 1042.

[0238] Step 1160 includes individually amplifying the first
and second constant envelope constituents, and summing the
amplified signals to generate the desired output signal. In an
embodiment, the amplification of the first and second con-
stant envelope constituents is substantially equal and accord-
ing to a desired power level of the desired output signal. In the
example of FIG. 10, step 1160 is achieved by PAs 1044 and
1046 amplifying signals 1040 and 1042 to generate amplified
signals 1048 and 1050.

[0239] FIG. 12 is a block diagram that illustrates an exem-
plary embodiment of a vector power amplifier 1200 imple-
menting the process flowchart 1100. Optional components
are illustrated with dashed lines, although in other embodi-
ments more or less components may be optional.

[0240] Referring to FIG. 12, in-phase (I) and quadrature
(Q) information signal 1210 is received by an I and Q Data
Transfer Function module 1216. In an embodiment, I and Q
Data Transfer Function 1216 samples signal 1210 according
to a sample clock 1212. I and Q information signal 1210
includes baseband I and Q information of a desired output
signal r(t).

[0241] In an embodiment, I and Q Data Transfer Function
module 1216 processes information signal 1210 to generate
information signals 1220, 1222, 1224, and 1226. The opera-
tion of I and Q Data Transfer Function module 1216 is further
described below in section 3.4.

[0242] Referring to FIG. 12, information signal 1220
includes quadrature amplitude information of first and second
constant envelope constituents of a baseband version of
desired output signal r(t). With reference to FIG. 9A, for
example, information signal 1220 includes the o and f
quadrature components. Referring again to FIG. 12, informa-
tion signal 1226 includes in-phase amplitude information of
the first and second constant envelope constituents of the
baseband version of signal r(t). With reference to FIG. 9A, for
example, information signal 1226 includes the common C
in-phase component.

[0243] Still referring to FIG. 12, information signals 1222
and 1224 include normalized in-phase Iclk_phase and
quadrature Qclk_phase signals, respectively. Iclk_phase and
Qclk_phase are normalized versions of the I and Q informa-
tion signals included in signal 1210. In an embodiment, Iclk_
phase and Qclk_phase are normalized such that that (I*clk_
phase+Q?clk_phase=constant). It is noted that the phase of
signal 1250 corresponds to the phase of the desired output
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signal and is created from Iclk_phase and Qclk_phase. Refer-
ring to FIG. 9B, Iclk_phase and Qclk_phase are related to I
and Q as follows:

Q] B tan,l(chk,phase] (12.1)

Loy phase

where 0 represents the phase of the desired output signal,
—

represented b phasor R, in FIG. 9B. The sign information of
the baseband I and Q information must be taken into account
to calculate 0 for all four quadrants.

[0244] In the exemplary embodiment of FIG. 12, informa-
tion signals 1220, 1222, 1224, and 1226 are digital signals.
Accordingly, each of signals 1220, 1222, 1224, and 1226 is
fed into a corresponding digital-to-analog converter (DAC)
1230, 1232, 1234, and 1236. The resolution and sample rate
of DACs 1230, 1232, 1234, and 1236 is selected according to
specific signaling schemes. DACs 1230, 1232, 1234, and
1236 are controlled by DAC clock signals 1221, 1223, 1225,
and 1227, respectively. DAC clock signals 1221, 1223, 1225,
and 1227 may be derived from a same clock signal or may be
independent.

[0245] In other embodiments, information signals 1220,
1222, 1224, and 1226 are generated in analog format and no
DAC:s are required.

[0246] Referring to FIG. 12, DACs 1230, 1232, 1234, and
1236 convert digital information signals 1220, 1222, 1224,
and 1226 into corresponding analog signals, and input these
analog signal into optional interpolation filters 1231, 1233,
1235, and 1237, respectively. Interpolation filters 1231, 1233,
1235, and 1237, which also serve as anti-aliasing filters,
shape the DACs output signals to produce the desired output
waveform. Interpolation filters 1231, 1233, 1235, and 1237
generate signals 1240, 1244, 1246, and 1248, respectively.
Signal 1242 represents the inverse of signal 1240.

[0247] Still referring to FIG. 12, signals 1244 and 1246,
which include Iclk_phase and Qclk_phase information, are
input into a vector modulator 1238. Vector modulator 1238
multiplies signal 1244 with a channel clock signal 1214.
Channel clock signal 1214 is selected according to a desired
output signal frequency. In parallel, vector modulator 1238
multiplies signal 1246 with a 90° shifted version of channel
clock signal 1214. In other words, vector modulator 1238
generates an in-phase component having amplitude of Iclk_
phase and a quadrature component having amplitude of
Qclk_phase.

[0248] Vector modulator 1238 combines the two modu-
lated signals to generate Relk signal 1250. Relk signal 1250 is
a substantially constant envelope signal having the desired

output frequency and a phase shift angle according to the I
and Q data included in signal 1210.

[0249] Still referring to FIG. 12, signals 1240, 1242, and
1248 include the U, [, and Common C amplitude compo-
nents, respectively, of the complex envelope of signal r(t).
Signals 1240, 1242, and 1248 along with Rclk signal 1250 are
input into vector modulators 1260 and 1262.

[0250] Vector modulator 1260 combines signal 1240, mul-
tiplied with a 90° shifted version of Rclk signal 1250, and
signal 1248, multiplied with a 0° shifted version of Rclk
signal 1250, to generate output signal 1264. In parallel, vector
modulator 1262 combines signal 1242, multiplied with a 90°

May 16, 2013

shifted version of Relk signal 1250, and signal 1248, modu-
lated with a 0° shifted version of Rclk signal 1250, to generate
output signal 1266.

[0251] Output signals 1264 and 1266 represent substan-
tially constant envelope signals. Further, phase shifts of out-
put signals 1264 and 1266 relative to Rclk signal 1250 are
determined by the angle relationships associated with the
ratios o/C and P/C, respectively. In an embodiment, a=-[
and therefore output signals 1264 and 1266 are symmetrically
phased relative to Rclk signal 1250. With reference to FIG.
9B, for example, output signals 1264 and 1266 correspond,

respectively, to the U and T constant magnitude phasors.
[0252] A sum of output signals 1264 and 1266 results in a
channel-clock-modulated signal having the I and Q charac-
teristics of baseband signal r(t). To achieve a desired power
level at the output of vector power amplifier 1200, however,
signals 1264 and 1266 are amplified to generate an amplified
output signal. Inthe embodiment of FIG. 12, signals 1264 and
1266 are, respectively, input into power amplifiers (PAs) 1270
and 1272 and amplified. In an embodiment, PAs 1270 and
1272 include switching power amplifiers. Autobias circuitry
1218 controls the bias of PAs 1270 and 1272 as further
described below in section 3.5.2. In the embodiment of FIG.
12, for example, autobias circuitry 1218 provides a bias volt-
age 1228 to PAs 1270 and 1272.

[0253] In an embodiment, PAs 1270 and 1272 apply sub-
stantially equal power amplification to respective constant
envelope signals 1264-1266. In an embodiment, the power
amplification is set according to the desired output power
level. In other embodiments of vector power amplifier 1200,
PA drivers and/or pre-drivers are additionally employed to
provide additional power amplification capability to the
amplifier. In the embodiment of FIG. 12, for example, PA
drivers 1284 and 1286 are optionally added, respectively,
between vector modulators 1260 and 1262 and subsequent
PAs 1270 and 1272.

[0254] Respective output signals 1274 and 1276 of PAs
1270 and 1272 are substantially constant envelope signals.
Further, when output signals 1274 and 1276 are summed, the
resulting signal has minimal non-linear distortion. In the
embodiment of FIG. 12, output signals 1274 and 1276 are
coupled together to generate output signal 1280 of vector
power amplifier 1200. In an embodiment, no isolation is used
in coupling the outputs of PAs 1270 and 1272. Accordingly,
minimal power loss is incurred by the coupling. In an embodi-
ment, the outputs of PAs 1270 and 1272 are directly coupled
together using a wire. Direct coupling in this manner means
that there is minimal or no resistive, inductive, or capacitive
isolation between the outputs of PAs 1270 and 1272. In other
words, outputs of PAs 1270 and 1272 are coupled together
without intervening components. Alternatively, in an embodi-
ment, the outputs of PAs 1270 and 1272 are coupled together
indirectly through inductances and/or capacitances that result
in low or minimal impedance connections, and/or connec-
tions that result in minimal isolation and minimal power loss.
Alternatively, outputs of PAs 1270 and 1272 are coupled
using well known combining techniques, such as Wilkinson,
hybrid combiners, transformers, or known active combiners.
In an embodiment, the PAs 1270 and 1272 provide integrated
amplification and power combining in a single operation. In
an embodiment, one or more of the power amplifiers and/or
drivers described herein are implemented using multiple
input, single output power amplification techniques,
examples of which are shown in FIGS. 12A, 12B, and 51 A-H.



US 2013/0120064 Al

[0255] Output signal 1280 represents a signal having the |
and Q characteristics of baseband signal r(t) and the desired
output power level and frequency. In embodiments of vector
power amplifier 1200, a pull-up impedance 1288 is coupled
between the output of vector power amplifier 1200 and a
power supply. In other embodiments, an impedance matching
network 1290 is coupled at the output of vector power ampli-
fier 1200. Output stage embodiments according to power
amplification methods and systems of the present invention
will be further described below in section 3.5.

[0256] In other embodiments of vector power amplifier
1200, process detectors are employed to compensate for any
process variations in circuitry of the amplifier. In the exem-
plary embodiment of FIG. 12, for example, process detector
1282 is optionally added to monitor variations in PA drivers
1284 and 1286.

[0257] FIG. 12A is a block diagram that illustrates another
exemplary embodiment of a vector power amplifier 1200A
implementing the process flowchart 1100. Optional compo-
nents are illustrated with dashed lines, although in other
embodiments more or less components may be optional.

[0258] Embodiment 1200A illustrates a multiple-input
single-output (MISO) implementation of embodiment 1200.
In embodiment 1200A, constant envelope signals 1261 and
1263, output from vector modulators 1260 and 1262, are
input into MISO PA 1292. MISO PA 1292 is a two-input
single-output power amplifier. In an embodiment, MISO PA
1292 includes elements 1270, 1272, 1282, 1284, and 1286 as
shown in the embodiment of FIG. 12. In another embodiment,
MISO PA 1292 may include other elements, such as pre-
drivers, not shown in the embodiment of FIG. 12. Further,
MISO PA 1292 is not limited to being a two-input PA as
shown in FIG. 12A. In other embodiments as will be
described further below with reference to FIGS. 51A-H, PA
1292 can have any number of inputs and outputs.

[0259] Still referring to FIG. 12A, embodiment 1200A
illustrates one implementation for delivering autobias signals
to MISO PA 1292. In the embodiment of FIG. 12A, Autobias
signal 1228 generated by Autobias circuitry 1218, has one or
more signals derived from it to bias different stages of MISO
PA 1292. As shown in the example of FIG. 12A, three bias
control signals Bias A, Bias B, and Bias C are derived from
Autobias signal 1228, and then input at different stages of
MISO PA 1292. For example, Bias C may be the bias signal
to the pre-driver stage of MISO PA 1292. Similarly, Bias B
anrd Bias A may be the bias signals to the driver and PA stages
of MISO PA 1292.

[0260] In another implementation, shown in embodiment
1200B of FIG. 12 B, Autobias circuitry 1218 generates sepa-
rate Autobias signals 1295, 1296, and 1295, corresponding to
Bias A, Bias B, and Bias C, respectively. Signals 1295, 1296,
and 1297 may or may not be generated separately within
Autobias circuitry 1218, but are output separately as shown.
Further, signals 1295, 1296, and 1297 may or may not be
related as determined by the biasing of the different stages of
MISO PA 1294.

[0261] Other aspects of vector power amplifiers 1200A and
1200B substantially correspond to those described above
with respect to vector power amplifier 1200.

[0262] FIG. 13 is a block diagram that illustrates another
exemplary embodiment 1300 of a vector power amplifier
according to the CPCP 2-Branch VPA embodiment. Optional
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components are illustrated with dashed lines, although in
other embodiments more or less components may be
optional.

[0263] Inthe exemplary embodiment of FIG. 13, a DAC of
sufficient resolution and sample rate 1320 replaces DACs
1230, 1232, 1234 and 1236 of the embodiment of FIG. 12.
DAC 1320 is controlled by a DAC clock 1324.

[0264] DAC 1320 receives information signal 1310 from 1
and Q Data Transfer Function module 1216. Information
signal 1310 includes identical information content to signals
1220, 1222, 1224 and 1226 in the embodiment of FIG. 12.
[0265] DAC 1320 may output a single analog signal at a
time. Accordingly, a sample-and-hold architecture may be
used as shown in FIG. 13.

[0266] DAC 1320 sequentially outputs analog signals
1332, 1334, 1336, 1336 to a first set of sample-and-hold
circuits 1342, 1344, 1346, and 1348. In an embodiment, DAC
1230 is clocked at a sufficient rate to replace DACs 1230,
1232, 1234, and 1236 of the embodiment of FIG. 12. An
output selector 1322 determines which of output signals
1332, 1334, 1336, and 1338 should be selected for output.
[0267] DAC1320’s DAC clock signal 1324, output selector
signal 1322, and sample-and-hold clocks 1340A-D and 1350
are controlled by a control module that can be independent or
integrated into transfer function module 1216.

[0268] In an embodiment, sample-and-hold circuits (S/H
1342, 1344, 1346, and 1348 hold the received analog values
and, according to a clock signal 1340A-D, release the values
to a second set of sample-and-hold circuits 1352, 1354, 1356,
and 1358. For example, S/H 1342 release its value to S/H 352
according to a received clock signal 1340A. In turn, sample-
and-hold circuits 1352, 1354, 1356, and 1358 hold the
received analog values, and simultaneously release the values
to interpolation filters 1231, 1233, 1235, and 1237 according
to acommon clock signal 1350. A common clock signal 1350
is used in order to ensure that the outputs of S/H 1352, 1354,
1356, and 1358 are time-aligned.

[0269] In another embodiment, a single layer of S/H cir-
cuitry that includes S/H 1342, 1344, 1346, and 1348 can be
employed. Accordingly, S/H circuits 1342, 1344, 1346, and
1348 receive analog values from DAC 1320, and each
releases its received value according to a clock independent of
the others. For example, S/H 1342 is control led by clock
1340A, which may not be synchronized with clock 1340B
that controls S/H 1344. To ensure that outputs of S/H circuits
1342, 1344, 1346, and 1348 are time-aligned, delays between
clocks 1340A-D are pre-compensated for in prior stages of
the amplifier. For example, DAC 1320 outputs signal 1332,
1334, 1336, and 1338 with appropriately selected delays to
S/H circuits 1342, 1344, 1346, and 1348 in order to compen-
sate for the time differences between clocks 1340A-D.
[0270] Other aspects of vector power amplifier 1300 are
substantially equivalent to those described above with respect
to vector power amplifier 1200.

[0271] FIG. 13A is a block diagram that illustrates another
exemplary embodiment 1300A of a vector power amplifier
according to the CPCP 2-Branch VPA embodiment. Optional
components are illustrated with dashed lines, although in
other embodiments more or less components may be
optional. Embodiment 1300A is a MISO implementation of
embodiment 1300 of FIG. 13.

[0272] Inthe embodiment of FIG. 13A, constant envelope
signals 1261 and 1263 output from vector modulators 1260
and 1262 are input into MISO PA 1360. MISO PA 1360 is a
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two-input single-output power amplifier. In an embodiment,
MISO PA 1360 includes elements 1270, 1272, 1282, 1284,
and 1286 as shown in the embodiment of FIG. 13. In another
embodiment, MISO PA 1360 may include other elements,
such as pre-drivers, not shown in the embodiment of FIG. 13,
or functional equivalents thereof. Further, MISO PA 1360 is
not limited to being a two-input PA as shown in FIG. 13A. In
other embodiments as will be described further below with
reference to FIGS. 51A-H, PA 1360 can have any number of
inputs.

[0273] The embodiment of FIG. 13 A further illustrates two
different sample and hold architectures with a single or two
levels of S/H circuitry as shown. The two implementations
have been described above with respect to FIG. 13.

[0274] Embodiment 1300A also illustrates optional bias
control circuitry 1218 and associated bias control signal
1325, 1326, and 1327. Signals 1325, 1326, and 1327 may be
used to bias different stages of MISO PA 1360 in certain
embodiments.

[0275] Other aspects of vector power amplifier 1300A are
equivalent to those described above with respect to vector
power amplifiers 1200 and 1300.

3.3) Direct Cartesian 2-Branch Vector Power Amplifier

[0276] A Direct Cartesian 2-Branch VPA embodiment
shall now be described. This name is used herein for reference
purposes, and is not functionally or structurally limiting.

[0277] According to the Direct Cartesian 2-Branch VPA
embodiment, a time-varying envelope signal is decomposed
into two constant envelope constituent signals. The constitu-
ent signals are individually amplified equally or substantially
equally, and then summed to construct an amplified version of
the original time-varying envelope signal.

[0278] In one embodiment of the Direct Cartesian
2-Branch VPA embodiment, a magnitude and a phase angle
of a time-varying envelope signal are calculated from in-
phase and quadrature components of an input signal. Using
the magnitude and phase information, in-phase and quadra-
ture amplitude components are calculated for two constant
envelope constituents of the time-varying envelope signal.
The two constant envelope constituents are then generated,
amplified equally or substantially equally, and summed to
generate an amplified version of the original time-varying
envelope signal R,,,.

[0279] The concept of the Direct Cartesian 2-Branch VPA
will now be described with reference to FIGS. 9A and 14.

[0280] Asdescribed and verified above withrespectto FIG.
9A, the phasor I_{>' can be obtained by the sum of an upper
phasor I_J>' and a lower phasor Ij)' appropriately phased to
produce I_{>' I_{>' is calculated to be proportional to the magni-
tude R,,,. Further, I_J>' and Ij)' can be maintained to have sub-

— —
stantially constant magnitude. In the time domain, U' and L'
represent two substantially constant envelope signals. The

e
time domain equivalent r'(t) of R' can thus be obtained, at any
time instant, by the sum of two substantially constant enve-
lope signals.

[0281] Forthe caseillustrated in FIG. 9A, the phase shift of

— il . I .
U' and L' relative to R', illustrated as angle
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in FIG. 9A, is related to the magnitude of I_{>' as follows:

¢ 1 R (13)
Z =cot | ——
2= [ Rz]

2, 1= —

where R represents the normalized magnitude of phasor I_{>'
[0282] Inthetime domain, it was shown that a time-varying
envelope signal, r'(t)=R(t) cos(wt) for example, can be con-
structed by the sum of two constant envelope signals as fol-
lows:

PO=U@+L'();

U (H)=Cxcos(of)+axsin(or);

L'(()=Cxcos(of)—pxsin(wr). (14)
where C denotes the in-phase amplitude component of pha-

sors I_J>' and Ij)' and is equal or substantially equal to

A Xcos (%
(A beinga constant). a. and f§ denote the quadrature amplitude

— —
components of phasors U' and L', respectively.

w:,B:AXsin(g).

Note that equations (14) can be modified for non-sinusoidal
signals by changing the basis function from sinusoidal to the
desired function.

[0283] FIG. 14 illustrates phasor R and its two constant
magnitude constituent phasors U and T. K is shifted by 0

degrees relative to I_{>' in FIG. 9A. Accordingly, it can be
verified that:

—Rxe®=(U+T xe®=TU+L;
R=R
?/Z?’xefe;

T =L'xe®. (15)

[0284] From equations (15), it can be farther shown that:

U:U/Xelgz(c+jw)><e’9; 16

>U-= (C + ja)(cosf + jsind)

= (Ccosf) — asind) + j(Csinf + acosh).
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[0285] Similarly, it can be shown that:

=T xe? an
=(C+jpxe”;

>L= (C + jp)(cosh + jsind)
= (Ccosf) — Bsind) + j(Csind + Beosh).

[0286] Equations (16) and (17) can be re-written as:

T=(C cos 6-a sin 8)+/(C sin 6+a cos 0)=U+U,;
L =(C cos 6-p sin 8)+/(C sin B+fpcos 0)=L,+jL,.
[0287]

VO=Up1()+U(2);

18)

Equivalently, in the time domain:

L@O=L 01 (D+L,9>(1); 19

[0288] where ¢,(t) and ¢,(t) represent an appropriately
selected orthogonal basis functions.

[0289] From equations (18) and (19), it is noted that it is
sufficient to calculate the values of a, f, C and sin(®) and
cos(®) in order to determine the two constant envelope con-
stituents of a time-varying envelope signal r(t). Further, o,
and C can be entirely determined from magnitude and phase
information, equivalently I and Q components, of signal r(t).
[0290] FIG. 15 is a block diagram that conceptually illus-
trates an exemplary embodiment 1500 of the Direct Cartesian
2-Branch VPA embodiment. An output signal r(t) of desired
power level and frequency characteristics is generated from
in-phase and quadrature components according to the Direct
Cartesian 2-Branch VPA embodiment.

[0291] In the example of FIG. 15, a clock signal 1510
represents a reference signal for generating output signal r(t).
Clock signal 1510 is of the same frequency as that of desired
output signal r(t).

[0292] Referring to FIG. 15, exemplary embodiment 1500
includes a first branch 1572 and a second branch 1574. The
first branch 1572 includes a vector modulator 1520 and a
power amplifier (PA) 1550. Similarly, the second branch
1574 includes a vector modulator 1530 and a power amplifier
(PA) 1560.

[0293] Still referring to FIG. 15, clock signal 1510 is input,
in parallel, into vector modulators 1520 and 1530. In vector
modulator 1520, an in-phase version 1522 of clock signal
1510, multiplied with U_ signal 1526, is summed with a 90°
degrees shifted version 1524 of clock signal 1510, multiplied
with U, signal 1528. In parallel, in vector modulator 1530, an
in-phase version 1532 of clock signal 1510, multiplied with
Lx signal 1536, is summed with a 90° degrees shifted version
1534 of clock signal 1510, multiplied with Ly signal 1538. U,
signal 1526 and U, signal 1528 correspond, respectively, to
the in-phase and quadrature amplitude components of the
U(t) constant envelope constituent of signal r(t) provided in
equation (19). Similarly, L, signal 1536, and L, signal 1538
correspond, respectively, to the in-phase and quadrature
amplitude components of the L.(t) constant envelope constitu-
ent of signal r(t) provided in equation (19).

[0294] Accordingly, respective output signals 1540 and
1542 of vector modulators 1520 and 1530 correspond,
respectively, to the U(t) and L(t) constant envelope constitu-
ents of signal r(t) as described above in equations (19). As

18
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described above, signals 1540 and 1542 are characterized by
having equal and constant or substantially equal and constant
magnitude envelopes.

[0295] Referring to FIG. 15, to generate the desired power
level of output signal r(t), signals 1540 and 1542 are input into
corresponding power amplifiers 1550 and 1560.

[0296] Inanembodiment, power amplifiers 1550 and 1560
apply equal or substantially equal power amplification to
signals 1540 and 1542, respectively. In an embodiment, the
power amplification level of PAs 1550 and 1560 is set accord-
ing to the desired power level of output signal r(t).

[0297] Amplified output signals 1562 and 1564 are sub-
stantially constant envelope signals. Accordingly, when
summed together, as shown in FIG. 15, resulting signal 1570
corresponds to the desired output signal r(t).

[0298] FIG. 15A is another exemplary embodiment 1500A
of'the Direct Cartesian 2-Branch VPA embodiment. Embodi-
ment 1500A represents a Multiple Input Signal Output
(MISO) implementation of embodiment 1500 of FIG. 15.
[0299] In embodiment 1500A, constant envelope signals
1540 and 1542, output from vector modulators 1520 and
1530, are input into MISO PA 1580. MISO PA 1580 is a
two-input single-output power amplifier. In an embodiment,
MISO PA 1580 may include various elements, such as pre-
drivers, drivers, power amplifiers, and process detectors (not
shown in FIG. 15A), for example. Further, MISO PA 1580 is
not limited to being a two-input PA as shown in FIG. 15A. In
other embodiments, as will be described further below with
reference to FIGS. 51A-H, PA 1580 can have any number of
inputs.

[0300] Operation of the Direct Cartesian 2-Branch VPA
embodiment is depicted in the process flowchart 1600 of FIG.
16. The process begins at step 1610, which includes receiving
a baseband representation of a desired output signal. In an
embodiment, the baseband representation includes 1 and Q
components. In another embodiment, the I and Q components
are RF components that are down-converted to baseband.
[0301] Step 1620 includes receiving a clock signal set
according to a desired output signal frequency of the desired
output signal. In the example of FIG. 15, step 1620 is
achieved by receiving clock signal 1510.

[0302] Step 1630 includes processing the I and Q compo-
nents to generate in-phase and quadrature amplitude infor-
mation of first and second constant envelope constituent sig-
nals of the desired output signal. In the example of FIG. 15,
the in-phase and quadrature amplitude information is illus-
trated by U,, U, L, and L,..

[0303] Step 1640 includes processing the amplitude infor-
mation and the clock signal to generate the first and second
constant envelope constituent signals of the desired output
signal. In an embodiment, the first and second constant enve-
lope constituent signals are modulated according to the
desired output signal frequency. In the example of FIG. 15,
step 1640 is achieved by vector modulators 1520 and 1530,
clock signal 1510, and amplitude information signals 1526,
1528, 1536, and 1538 to generate signals 1540 and 1542.

[0304] Step 1650 includes amplifying the first and second
constant envelope constituents, and summing the amplified
signals to generate the desired output signal. In an embodi-
ment, the amplification of the first and second constant enve-
lope constituents is according to a desired power level of the
desired output signal. In the example of FIG. 15, step 1650 is
achieved by PAs 1550 and 1560 amplifying respective signals
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1540 and 1542 and, subsequently, by the summing of ampli-
fied signals 1562 and 1564 to generate output signal 1574.
[0305] FIG. 17 is a block diagram that illustrates an exem-
plary embodiment of a vector power amplifier 1700 imple-
menting the process flowchart 1600. Optional components
are illustrated with dashed lines, although other embodiments
may have more or less optional components.

[0306] Referring to FIG. 17, in-phase (I) and quadrature
(Q) information signal 1710 is received by an [ and Q Data
Transfer Function module 1716. In an embodiment, I and Q
Data Transfer Function module 1716 samples signal 1710
according to a sample clock 1212. I and Q information signal
1710 includes baseband I and Q information.

[0307] In an embodiment, I and Q Data Transfer Function
module 1716 processes information signal 1710 to generate
information signals 1720, 1722, 1724, and 1726. The opera-
tion of I and Q Data Transfer Function module 1716 is further
described below in section 3.4.

[0308] Referring to FIG. 17, information signal 1720
includes vector modulator 1750 quadrature amplitude infor-
mation that is processed through DAC 1730 to generate signal
1740. Information signal 1722 includes vector modulator
1750 in-phase amplitude information that is processed
through DAC 1732 to generate signal 1742. Signals 1740 and
1742 are calculated to generate a substantially constant enve-
lope signal 1754. With reference to FIG. 14, for example,
information signals 1720 and 1722 include the upper quadra-
ture and in-phase components U, and U, respectively.
[0309] Still referring to FIG. 17, information signal 1726
includes vector modulator 1752 quadrature amplitude infor-
mation that is processed through DAC 1736 to generate signal
1746. Information signal 1724 includes vector modulator
1752 in-phase amplitude information that is processed
through DAC 1734 to generate signal 1744. Signals 1744 and
1746 are calculated to generate a substantially constant enve-
lope signal 1756. With reference to FIG. 14, for example,
information signals 1724 and 1726 include the lower in-phase
and quadrature components I and L , respectively.

[0310] Inthe exemplary embodiment of FIG. 17, informa-
tion signals 1720, 1722, 1724 and 1726 are digital signals.
Accordingly, each of signals 1720, 1722, 1724 and 1726 is
fed into a corresponding digital-to-analog converter (DAC)
1730, 1732,1734, and 1736. The resolution and sample rates
of DACs 1730, 1732, 1734, and 1736 are selected according
to the specific desired signaling schemes. DACs 1730, 1732,
1734, and 1736 are controlled by DAC clock signals 1721,
1723, 1725, and 1727, respectively. DAC clock signals 1721,
1723, 1725, and 1727 may be derived from a same clock or
may be independent of each other.

[0311] In other embodiments, information signals 1720,
1722, 1724 and 1726 are generated in analog format and no
DAC:s are required.

[0312] Referring to FIG. 17, DACs 1730, 1732, 1734, and
1736 convert digital information signals 1720, 1722, 1724,
and 1726 into corresponding analog signals, and input these
analog signals into optional interpolation filters 1731, 1733,
1735, and 1737, respectively. Interpolation filters 1731,1733,
1735, and 1737, which also serve as anti-aliasing filters,
shape the DACs output signals to produce the desired output
waveform. Interpolation filters 1731, 1733, 1735, and 1737
generate signals 1740, 1742, 1744, and 1746, respectively.
[0313] Still referring to FIG. 17, signals 1740, 1742, 1744,
and 1746 are input into vector modulators 1750 and 1752.
Vector modulators 1750 and 1752 generate first and second
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constant envelope constituents. In the embodiment of FIG.
17, channel clock 1714 is set according to a desired output
signal frequency to thereby establish the frequency of the
output signal 1770.

[0314] Referring to FIG. 17, vector modulator 1750 com-
bines signal 1740, multiplied with a 90° shifted version of
channel clock signal 1714, and signal 1742, multiplied with a
0° shifted version of channel clock signal 1714, to generate
output signal 1754. In parallel, vector modulator 1752 com-
bines signal 1746, multiplied with a 90° shifted version of
channel clock signal 1714, and signal 1744, multiplied with a
0° shifted version of channel clock signal 1714, to generate
output signal 1756.

[0315] Output signals 1754 and 1756 represent constant
envelope signals. A sum of output signals 1754 and 1756
results in a carrier signal having the I and Q characteristics of
the original baseband signal. In embodiments, to generate a
desired power level at the output of vector power amplifier
1700, signals 1754 and 1756 are amplified and then summed.
In the embodiment of FIG. 17, for example, signals 1754 and
1756 are, respectively, input into corresponding power ampli-
fiers (PAs) 1760 and 1762. In an embodiment, PAs 1760 and
1762 include switching power amplifiers. Autobias circuitry
1718 controls the bias of PAs 1760 and 1762. In the embodi-
ment of FIG. 17, for example, autobias circuitry 1718 pro-
vides a bias voltage 1728 to PAs 1760 and 1762.

[0316] Inanembodiment, PAs 1760 and 1762 apply equal
or substantially equal power amplification to respective con-
stant envelope signals 1754 and 1756. In an embodiment, the
power amplification is set according to the desired output
power level. In other embodiments of vector power amplifier
1700, PA drivers are additionally employed to provide addi-
tional power amplification capability to the amplifier. In the
embodiment of FIG. 17, for example, PA drivers 1774 and
1776 are optionally added, respectively, between vector
modulators 1750 and 1752 and subsequent PAs 1760 and
1762.

[0317] Respective output signals 1764 and 1766 of PAs
1760 and 1762 are substantially constant envelope signals. In
the embodiment of FIG. 17, output signals 1764 and 1766 are
coupled together to generate output signal 1770 of vector
power amplifier 1700. In embodiments, it is noted that the
outputs of PAs 1760 and 1762 are directly coupled. Direct
coupling in this manner means that there is minimal or no
resistive, inductive, or capacitive isolation between the out-
puts of PAs 1760 and 1762. In other words, outputs of PAs
1760 and 1762 are coupled together without intervening com-
ponents. Alternatively, in an embodiment, the outputs of PAs
1760 and 1762 are coupled together indirectly through induc-
tances and/or capacitances that result in low or minimal
impedance connections, and/or connections that result in
minimal isolation and minimal power loss. Alternatively, out-
puts of PAs 1760 and 1762 are coupled using well known
combining techniques, such as Wilkinson, hybrid couplers,
transformers, or known active combiners. In an embodiment,
the PAs 1760 and 1762 provide integrated amplification and
power combining in a single operation. In an embodiment,
one or more of the power amplifiers and/or drivers described
herein are implemented using multiple input, single output
(MISO) power amplification techniques, examples of which
are shown in FIGS. 17A, 17B, and 51A-H.

[0318] Output signal 1770 represents a signal having the
desired I and Q characteristics of the baseband signal and the
desired output power level and frequency. In embodiments of
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vector power amplifier 1700, a pull-up impedance 1778 is
coupled between the output of vector power amplifier 1700
and a power supply. In other embodiments, an impedance
matching network 1780 is coupled at the output of vector
power amplifier 1700. Output stage embodiments according
to power amplification methods and systems of the present
invention will be further described below in section 3.5.
[0319] In other embodiments of vector power amplifier
1700, process detectors are employed to compensate for any
process and/or temperature variations in circuitry of the
amplifier. In the exemplary embodiment of FIG. 17, for
example, process detector 1772 is optionally added to moni-
tor variations in PA drivers 1774 and 1776.

[0320] FIG.17A is a block diagram that illustrates another
exemplary embodiment 1700A of a vector power amplifier
implementing process flowchart 1600. Optional components
are illustrated with dashed lines, although other embodiments
may have more or less optional components. Embodiment
1700A illustrates a multiple-input single-output (MISO)
implementation of the amplifier of FIG. 17. In the embodi-
ment of FIG. 17A, constant envelope signals 1754 and 1756,
output from vector modulators 1750 and 1760, are input into
MISO PA 1790. MISO PA 1790 is a two-input single-output
power amplifier. In an embodiment, MISO PA 1790 include
elements 1760, 1762, 1772, 1774, and 1776 as shown in the
embodiment of FIG. 17, or functional equivalents thereof. In
another embodiment, MISO PA 1790 may include other ele-
ments, such as pre-drivers, not shown in the embodiment of
FIG. 17. Further, MISO PA 1790 is not limited to being a
two-input PA as shown in FIG. 17A. In other embodiments, as
will be described further below with reference to FIGS. 51A-
H, PA 1790 can have any number of inputs.

[0321] In another embodiment of embodiment 1700,
shown as embodiment 1700B of FIG. 17B, optional Autobias
circuitry 1218 generates separate bias control signals 1715,
1717, and 1719, corresponding to Bias A, Bias B, and Bias C,
respectively. Signals 1715,1717, and 1719 may or may not be
generated separately within Autobias circuitry 1718, but are
output separately as shown. Further, signals 1715, 1717, and
1719 may or may not be related as determined by the biasing
required for the different stages of MISO PA 1790.

[0322] FIG. 18 is a block diagram that illustrates another
exemplary embodiment 1800 of a vector power amplifier
according to the Direct Cartesian 2-Branch VPA embodiment
of FIG. 16. Optional components are illustrated with dashed
lines, although other embodiments may have more or less
optional components.

[0323] In the exemplary embodiment of FIG. 18, a DAC
1820 of sufficient resolution and sample rate replaces DACs
1730, 1732, 1734, and 1736 of the embodiment of FIG. 17.
DAC 1820 is controlled by a DAC clock 1814.

[0324] DAC 1820 receives information signal 1810 from I
and Q Data. Transfer Function n module 1716. Information
signal 1810 includes identical information content to signals
1720, 1722, 1724, and 1726 in the embodiment of FIG. 17.
[0325] DAC 1820 may output a single analog signal at a
time. Accordingly, a sample-and-hold architecture may be
used as shown in FIG. 18.

[0326] In the embodiment of FIG. 18, DAC 1820 sequen-
tially outputs analog signals 1822, 1824, 1826, and 1828 to
sample-and-hold circuits 1832, 1834, 1836, and 1838,
respectively. In an embodiment, DAC 1820 is of sufficient
resolution and sample rate to replace DACs 1720,1722, 1724,
and 1726 of the embodiment of FIG. 17. An output selector
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1812 determines which of output signals 1822, 1824, 1826,
and 1828 are selected for output.

[0327] DAC1820’s DAC clock signal 1814, output selector
signal 1812, and sample-and-hold clocks 1830A-D, and 1840
are controlled by a control module that can be independent or
integrated into transfer function module 1716.

[0328] In an embodiment, sample-and-hold circuits 1832,
1834, 1836, and 1838 sample and hold their respective values
and, according to a clock signal 1830A-D, release the values
to a second set of sample-and-hold circuits 1842, 1844, 1846,
and 1848. For example, S/H 1832 release’s its value to S/H
1842 according to a received clock signal 1830A. In turn,
sample-and-hold circuits 1842, 1844, 1846, and 1848 hold
the received analog values, and simultaneously release the
values to interpolation filters 1852, 1854, 1856, and 1858
according to a common clock signal 1840.

[0329] Inanother embodiment, a single set of S/H circuitry
that includes S/H 1832, 1834, 1836, and 1838 can be
employed. Accordingly, S/H circuits 1832, 1834, 1836, and
1838 receive analog values from DAC 1820, and each
samples and holds its received value according to indepen-
dent clocks 1830A-D. For example, S/H 1832 is controlled by
clock 1830A, which may not be synchronized with clock
1830B that controls S/H 1834. For example, DAC 1820 out-
puts signals 1822, 1824, 1826, and 1828 with appropriately
selected analog values calculated by transfer function module
1716 to S/H circuits 1832, 1834, 1836, and 1838 in order to
compensate for the time differences between clocks 1830A-
D.

[0330] Other aspects of vector power amplifier 1800 corre-
spond substantially to those described above with respect to
vector power amplifier 1700.

[0331] FIG. 18A is a block diagram that illustrates another
exemplary embodiment 1800A of a vector power amplifier
according to the Direct Cartesian 2-Branch VPA embodi-
ment. Optional components are illustrated with dashed lines,
although in other embodiments more or less components may
be optional. Embodiment 1800A is a Multiple Input Single
Output (MISO) implementation of embodiment 1800 of FIG.
18.

[0332] Inthe embodiment of FIG. 18A, constant envelope
signals 1754 and 1756, output from vector modulators 1750
and 1752, are input into MISO PA 1860. MISO PA 1860 is a
two-input single-output power amplifier. In an embodiment,
MISO PA 1860 includes elements 1744, 1746, 1760, 1762,
and 1772 as shown in the embodiment of FIG. 18, or func-
tional equivalents thereof. In another embodiment, MISO PA
1860 may include other elements, such as pre-drivers, not
shown in the embodiment of FIG. 17. Further, MISO PA 1860
is not limited to being a two-input PA as shown in FIG. 18A.
In other embodiments as will be described further below with
reference to FIGS. 51A-H, PA 1860 can have any number of
inputs.

[0333] The embodiment of FIG. 18 A further illustrates two
different sample and hold architectures with a single or two
levels of S/H circuitry as shown. The two implementations
have been described above with respect to FIG. 18.

[0334] Other aspects of vector power amplifier 1800A are
substantially equivalent to those described above with respect
to vector power amplifiers 1700 and 1800.

3.4) I and Q Data to Vector Modulator Transfer Functions

[0335] Insome of the above described embodiments, I and
Q data transfer functions are provided to transform received |
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and Q data into amplitude information inputs for subsequent
stages of vector modulation and amplification. For example,
in the embodiment of FIG. 17,1 and Q Data Transfer Function
module 1716 processes I and Q information signal 1710 to
generate in-phase and quadrature amplitude information sig-
nals 1720, 1722, 1724, and 1726 of first and second constant
envelope constituents 1754 and 1756 of signal r(t). Subse-
quently, vector modulators 1750 and 1752 utilize the gener-
ated amplitude information signals 1720, 1722, 1724, and
1726 to create the first and second constant envelope constitu-
ent signals 1754 and 1756. Other examples include modules
710, 712, and 1216 in FIGS. 7, 8, 12, and 13. These modules
implement transfer functions to transform [ and/or Q data into
amplitude information inputs for subsequent stages of vector
modulation and amplification.

[0336] According to the present invention, I and Q Data
Transfer Function modules may be implemented using digital
circuitry, analog circuitry, software, firmware or any combi-
nation thereof.

[0337] Several factors affect the actual implementation of a
transfer function according to the present invention, and vary
from embodiment to embodiment. In one aspect, the selected
VPA embodiment governs the amplitude information output
of' the transfer function and associated module. It is apparent,
for example, that I and Q Data Transfer Function module
1216 of the CPCP 2-Branch VPA embodiment 1200 differs in
output than I and Q Data Transfer Function module 1716 of
the Direct Cartesian 2-Branch VPA embodiment 1700.

[0338] In another aspect, the complexity of the transfer
function varies according to the desired modulation scheme
(s) that need to be supported by the VPA implementation. For
example, the sample clock, the DAC sample rate, and the
DAC resolution are selected in accordance with the appropri-
ate transfer function to construct the desired output waveform
().

[0339] According to the present invention, transfer func-
tion embodiments may be designed to support one or more
VPA embodiments with the ability to switch between the
supported embodiments as desired. Further, transfer function
embodiments and associated modules can be designed to
accommodate a plurality of modulation schemes. A person
skilled in the art will appreciate, for example, that embodi-
ments of the present invention may be designed to support a
plurality of modulation schemes (individually or in combina-
tion) including, but not limited to, BPSK, QPSK, OQPSK,
DPSK, CDMA, WCDMA, W-CDMA, GSM, EDGE, MPSK,
MQAM, MSK, CPSK, PM, FM, OFDM, and multi-tone sig-
nals. In an embodiment, the modulation scheme(s) may be
configurable and/or programmable via the transfer function
module.

3.4.1 Cartesian 4-Branch VPA Transfer Function

[0340] FIG. 19 is a process flowchart 1900 that illustrates
an example [ and Q transfer function embodiment according
to the (Cartesian 4-Branch VPA embodiment. The process
begins at step 1910, which includes receiving an in-phase data
component and a quadrature data component. In the Cartesian
4-Branch VPA embodiment of FIG. 7A, for example, this is
illustrated by I Data Transfer Function module 710 receiving
T information signal 702, and Q Data Transfer Function mod-
ule 712 receiving Q information signal 704. It is noted that, in
the embodiment of FIG. 7A, 1 and Q Data Transfer Function
modules 710 and 712 are illustrated as separate components.
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In implementation, however, I and Q Data Transfer Function
modules 710 and 712 may be separate or combined into a
single module.

[0341] Step 1920 includes calculating a phase shift angle
between first and second substantially equal and constant
envelope constituents of the I component. In parallel, step
1920 also includes calculating a phase shift angle between
first and second substantially equal and constant envelope
constituents of the Q component. As described above, the first
and second constant envelope constituents of the I compo-
nents are appropriately phased relative to the I component.
Similarly, the first and second constant envelope constituents
of'the Q components are appropriately phased relative to the
Q component. In the embodiment of FIG. 7A, for example,
step 1920 is performed by I and Q Data Transfer Function
modules 710 and 712.

[0342] Step 1930 includes calculating in-phase and quadra-
ture amplitude information associated with the first and sec-
ond constant envelope constituents of the I component. In
parallel, step 1930 includes calculating in-phase and quadra-
ture amplitude information associated with the first and sec-
ond constant envelope constituents of the Q component. In
the embodiment of FIG. 7A, for example, step 1930 is per-
formed by and I and Q Data Transfer Function modules 710
and 712.

[0343] Step 1940 includes outputting the calculated ampli-
tude information to a subsequent vector modulation stage. In
the embodiment of FIG. 7A, for example, I and Q Transfer
Function modules 710 and 712 output amplitude information
signals 722,724,726, and 728 to vector modulators 760, 762,
764, and 766 through DACs 730, 732, 734, and 736.

[0344] FIG. 20 is a block diagram that illustrates an exem-
plary embodiment 2000 of a transfer function module, such as
transfer function modules 710 and 712 of FIG. 7A, imple-
menting the process flowchart 1900. In the example of FIG.
20, transfer function module 2000 receives I and Q data
signals 2010 and 2012. In an embodiment, I and Q data
signals 2010 and 2012 represent [ and Q data components of
a baseband signal, such as signals 702 and 704 in FIG. 7A.
[0345] Referring to FIG. 20, in an embodiment, transfer
function module 2000 samples I and Q data signals 2010 and
2012 according to a sampling clock 2014. Sampled I and Q
data signals are received by components 2020 and 2022,
respectively, of transfer function module 2000. Components
2020 and 2022 measure, respectively, the magnitudes of the
sampled I and Q data signals. In an embodiment, components
2020 and 2022 are magnitude detectors.

[0346] Components 2020 and 2022 output the measured |
and Q magnitude information to components 2030 and 2032,
respectively, of transfer function module 2000. In an embodi-
ment, the measured I and Q magnitude information is in the
form of digital signals. Based on the  magnitude information,
component 2030 calculates a phase shift angle ¢, between
first and second equal and constant or substantially equal and
constant envelope constituents of the sampled I signal. Simi-
larly, based on the Q magnitude information, component
2032 calculates phase shift angle ¢, between a first and sec-
ond equal and constant or substantially equal and constant
envelope constituents of the sampled Q signal. This operation
shall now be further described.

[0347] In the embodiment of FIG. 20, ¢, and ¢, are illus-
trated as functions (1 T 1) and f(IQ1) of the I and Q magnitude
signals. In embodiments, functions f(1 T1) and £(1GI) are set
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according to the relative magnitudes of the baseband I and Q

signals respectively. f(l?l) and f(lél) according to embodi-
ments of the present invention will be further described below
in section 3.4.4.

[0348] Referring to FIG. 20, components 2030 and 2032
output the calculated phase shift information to components
2040 and 2042, respectively. Based on phase shift angle ¢,,
component 2040 calculates in-phase and quadrature ampli-
tude information of the first and second constant envelope
constituents of the sampled I signal. Similarly, based on phase
shift angle ¢,, component 2042 calculates in-phase and
quadrature amplitude information of the first and second con-
stant envelope constituents of the sampled Q signal. Due to
symmetry, in embodiments of the invention, calculation is
required for 4 values only. In the example of FIG. 20, the
values are illustrated as sgn(I)xI; v, Iy, Qrx. and sgn(Q)x
Q¢ as provided in FIG. 5.

[0349] Components 2040 and 2042 output the calculated
amplitude information to subsequent stages of the vector
power amplifier. In embodiments, each of the four calculated
values is output separately to a digital-to-analog converter. As
shown in the embodiment of FIG. 7A for example, signals
722, 724, 726, and 728 are output separately to DACs 730,
732, 734, and 736, respectively. In other embodiments, sig-
nals 722, 724, 726, and 728 are output into a single DAC as
shown in FIGS. 800A and 800B.

3.4.2) CPCP 2-Branch VPA Transfer Function

[0350] FIG. 21 is a process flowchart 2100 that illustrates
an example [ and Q transfer function embodiment according
to the CPCP 2-Branch VPA embodiment. The process begins
at step 2110, which includes receiving in-phase (I) and
quadrature (Q) data components of a baseband signal. In the
CPCP 2-Branch VPA embodiment of FIG. 12, for example,
this is illustrated by I and Q Data Transfer Function module
1216 receiving I and Q information signal 1210.

[0351] Step 2120 includes determining the magnitudes |1
and 1QI of the received I and Q data components.

[0352] Step 2130 includes calculating a magnitude IRI of
the baseband signal based on the measured |1l and Q| mag-
nitudes. In an embodiment, IR| is such that IRI*=IT17+IQI?. In
the embodiment of FIG. 12, for example, steps 2120 and 2130
are performed by I and Q Data Transfer Function module
1216 based on received information signal 1210.

[0353] Step 2140 includes normalizing the measured I
and Q| magnitudes. In an embodiment, |1l and IQ| are nor-
malized to generate an Iclk_phase and Qclk_phase signals (as
shown in FIG. 10) such that |Ic1k4hase|2+|Qc1k,
phasel*=constant. In the embodiment of FIG. 12, for
example, step 2140 is performed by I and Q Data Transfer
Function module 1216 based on received information signal
1210.

[0354] Step 2150 includes calculating in-phase and quadra-
ture amplitude information associated with first and second
constant envelope constituents. In the embodiment of FIG.
12, for example, step 2150 is performed by I and Q Data
Transfer Function module 1216 based on the envelope mag-
nitude [RI.

[0355] Step 2160 includes outputting the generated Iclk_
phase and Qclk_phase (from step 2140) and the calculated
amplitude information (from step 2150) to appropriate vector
modulators. In the embodiment of FIG. 12, for example,  and
Q Data Transfer Function module 1216 output information
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signals 1220, 1222, 1224, and 1226 to vector modulators
1238, 1260, and 1262 through DACs 1230, 1232, 1234, and
1236.

[0356] FIG. 22 is a block diagram that illustrates an exem-
plary embodiment 2200 of a transfer function module (such
as module 1216 of FIG. 12) implementing the process flow-
chart 2100. In the example of FIG. 22, transfer function
module 2200 receives [ and Q data signal 2210. In an embodi-
ment, | and Q data signal 2210 includes [ and Q components
of'a baseband signal, such as signal 1210 in the embodiment
of FIG. 12, for example.

[0357] In an embodiment, transfer function module 2200
samples I and Q data signal 2210 according to a sampling
clock 2212. Sampled I and Q data signals are received by
component 2220 of transfer function module 2200. Compo-

nent 2220 measures the magnitudes ITI and Iél of the
sampled I and Q data signals.

[0358] Based on the measured | T| and Iél magnitudes,
component 2230 calculates the magnitude IR| of the base-

band signal. In an embodiment, IR| is such that IR 1?= T |+|
g2
[0359]

sured | T| and Iél magnitudes. In an embodiment, IT)and |

In parallel, component 2240 normalizes the mea-

él are normalized to generate Iclk_phase and Qclk_phase
signals such that |lclk_phasel®+/Qclk_phasel*=constant,
where |Iclk_phasel and |Qclk_phasel represent normalized

magnitudes of | T1 and |G|. Typically, given that the constant

has a value A, the measured | T and | T| magnitudes are both
divided by the quantity

A

[
1 +1el

[0360] Component 2250 receives the calculated IRl mag-
nitude from component 2230, and based on it calculates a
phase shift angle ¢ between first and second constant enve-
lope constituents. Using the calculated phase shift angle ¢,
component 2050 then calculates in-phase and quadrature
amplitude information associated with the first and second
constant envelope constituents.

[0361] Inthe embodiment of FIG. 22, the phase shift angle

¢ is illustrated as a function f(IR ) of the calculated magni-

tude IR

[0362] Referring to FIG. 22, components 2240 and 2250
output the normalized |Iclk_phasel and IQclk_phasel magni-
tude information and the calculated amplitude information to
DAC’s for input into the appropriate vector modulators. In
embodiments, the output values are separately output to digi-
tal-to-analog converters. As shown in the embodiment of F1G.
12, for example, signals 1220, 1222, 1224, and 1226 are
output separately to DACs 1230, 1232, 1234, and 1236,
respectively. In other embodiments, signals 1220, 1222,
1224, and 1226 are output into a single DAC as shown in
FIGS. 13 and 13A.

3.4.3) Direct Cartesian 2-Branch Transfer Function

[0363] FIG. 23 is a process flowchart 2300 that illustrates
an example [ and Q transfer function embodiment according
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to the Direct Cartesian 2-Branch VPA embodiment. The pro-
cess begins at step 2310, which includes receiving in-phase
(D and quadrature (Q) data components of a baseband signal.
In the Direct Cartesian 2-Branch VPA embodiment of FIG.
17, for example, this is illustrated by I and Q Data Transfer
Function module 1716 receiving I and Q information signal
1710.

[0364] Step 2320 includes determining the magnitudes |1
and 1QI of the received I and Q data components.

[0365] Step 2330 includes calculating a magnitude IRI of
the baseband signal based on the measured |1l and Q| mag-
nitudes. In an embodiment, IR| is such that IRI*=IT17+IQI?. In
the embodiment of FIG. 17, for example, steps 2320 and 2330
are performed by I and Q Data Transfer Function module
1716 based on received information signal 1710.

[0366] Step 2340 includes calculating a phase shift angle 0
of the baseband signal based on the measured III and QI
magnitudes. In an embodiment, 6 is such that

—a

and wherein the sign of I and Q determine the quadrant of 6.
In the embodiment of FIG. 17, for example, step 2340 is
performed by I and Q Data Transfer Function module 1216
based on [ and Q data components received in information
signal 1210.

[0367] Step 2350 includes calculating in-phase and quadra-
ture amplitude information associated with a first and second
constant envelope constituents of the baseband signal. In the
embodiment of FIG. 17, for example, step 2350 is performed
by I and Q Data Transfer Function module 1716 based on
previously calculated magnitude IR| and phase shift angle 0.
[0368] Step 2360 includes outputting the calculated ampli-
tude information to DAC’s for input into the appropriate
vector modulators. In the embodiment of FIG. 17, for
example, [ and Q Data Transfer Function module 1716 output
information signals 1720, 1722, 1724, and 1726 to vector
modulators 1750 and 1752 through DACs 1730, 1732, 1734,
and 1736. In other embodiments, signals 1720, 1722, 1724,
and 1726 are output into a single DAC as shown in FIGS. 18
and 18A.

[0369] FIG. 24 is a block diagram that illustrates an exem-
plary embodiment 2400 of a transfer function module imple-
menting the process flowchart 2300. In the example of FIG.
24, transfer function module 2400 (such as transfer function
module 1716) receives I and Q data signal 2410, such as
signal 1710 in FIG. 17. In an embodiment, [ and Q data signal
2410 includes I and Q data components of a baseband signal.
[0370] In an embodiment, transfer function module 2400
samples I and Q data signal 2410 according to a sampling
clock 2412. Sampled I and Q data signals are received by
component 2420 of transfer function module 2200. Compo-

nent 2420 measures the magnitudes ITI and Iél of the
sampled I and Q data signals.

[0371] Based on the measured | T| and Iél magnitudes,
component 2430 calculates the magnitude IR|. In an embodi-
ment, |R1 is such that IR 1>=I T 1*+IQI>.

[0372] In parallel, component 2240 calculates the phase

shift angle 0 of the baseband signal. In an embodiment, 0 is
such that
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0= tan’l[@],
[l

where the sign of | and Q determine the quadrant of 6.

[0373] Component 2450 receives the calculated | K| mag-
nitude from component 2430, and based on it calculates a
phase shift angle ¢ between first and second constant enve-
lope constituent signals. In the embodiment of FIG. 24, the

phase shift angle ¢ is illustrated as a function I}Iﬁl) of the

calculated magnitude IR|. This is further described in section
3.4.4.

[0374] Inparallel, component 2450 receives the calculated
phase shift angle 6 from component 2440. As functions of ¢
and 6, component 2450 then calculates in-phase and quadra-
ture amplitude information for the vector modulator inputs
that generate the first and second constant envelope constitu-
ents. In an embodiment, the in-phase and quadrature ampli-
tude information supplied to the vector modulators are
according to the equations provided in (18).

[0375] Component 2450 outputs the calculated amplitude
information to subsequent stages of the vector power ampli-
fier. In embodiments, the output values are separately output
to digital-to-analog converters. As shown in the embodiment
of FIG. 17, for example, signals 1720, 1722, 1724, and 1726
are output separately to DACs 1730, 1732, 1734, and 1736,
respectively. In other embodiments, signals 1720, 1722,
1724, and 1726 are output into a single DAC as shown in
FIGS. 18 and 18A.

3.4.4) Magnitude to Phase Shift Transform

[0376] Embodiments of f(I1I), f(IQl) of FIG. 20 and f(IR)
of FIGS. 22 and 24 shall now be further described.

[0377] According to the present invention, any periodic
waveform that can be represented by a Fourier series and a
Fourier transform can be decomposed into two or more con-
stant envelope signals.

[0378] Below are provided two examples for sinusoidal and
square waveforms.

3.4.4.1) Magnitude to Phase Shift Transform for Sinusoidal
Signals:

[0379] Consider a time-varying complex envelope sinusoi-
dal signal r(t). In the time domain, it can be represented as:

#(O=R(Dsin(0t+3(£) (20)

where R(t) represents the signal’s envelope magnitude at time
t, 3(t) represents the signal’s phase shift angle at time t, and @
represents the signal’s frequency in radians per second.
[0380] Itcanbe verified that, at any time instant t, signal r(t)
can be obtained by the sum of two appropriately phased equal
and constant or substantially equal and constant envelope
signals. In other words, it can be shown that:

R(Osin(0t+8(D)=A sin(wd)+4 sin(or+p(f) 1)

for an appropriately chosen phase shift angle ¢(t) between the
two constant envelope signals. The phase shift angle ¢(t) will
be derived as a function of R(t) in the description below. This
is equivalent to the magnitude to phase shift transform for
sinusoidal signals.
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[0381] Using a sine trigonometric identity, equation (21)
can be re-written as:

R(Dsin(wr + 6(1)) = Asin(wr) + Asin(wi)cosd(7) + Asin(¢(r))coswr; (22)

= R(p)sin(wr + 6(r)) = Asin(@(2))coswr + A(1 + cosd(r))sincwr.

[0382] Note, from equation (22), that signal r(t) is written
as a sum of an in-phase component and a quadrature compo-
nent. Accordingly, the envelope magnitude R(t) can be writ-
ten as:

R() = (Asin(@(0)? + (A(L + cos(@())? ; @3)

= R(D) = V2A(A + cos((2)) -

[0383] Equation (23) relates the envelope magnitude R(t)
of'signal r(t) to the phase shift angle ¢(t) between two constant
envelope constituents of signal r(t). The constant envelope
constituents have equal or substantially equal envelope mag-
nitude A, which is typically normalized to 1.

[0384] Inversely, from equation (23), the phase shift angle
¢(t) can be written as a function of R(t) as follows:

2 24
(1) = arccos( 1;(;‘)2 - 1] Gd
[0385] Equation (24) represents the magnitude to phase

shift transform for the case of sinusoidal signals, and is illus-
trated in FIG. 26.

3.4.4.2) Magnitude to Phase Shift Transform for Square Wave
Signals:

[0386] FIG. 28 illustrates a combination of two constant
envelope square wave signals according to embodiments of
the present invention. In FIG. 28, signals 2810 and 2820 are
constant envelope signals having a period T, a duty cycle yT
(0<y<1), and envelope magnitudes Al and A2, respectively.

[0387] Signal 2830 results from combining signals 2810
and 2820. According to embodiments of the present inven-
tion, signal 2830 will have a magnitude equal or substantially
equal to a product of signals 2810 and 2820. In other words,
signal 2830 will have a magnitude of zero whenever either of
signals 2810 or 2820 has a magnitude of zero, and a non-zero
magnitude when both signals 2810 and 2820 have non-zero
magnitudes.

[0388] Further, signal 2830 represents a pulse-width-
modulated signal. In other words, the envelope magnitude of
signal 2830 is determined according to the pulse width of
signal 2830 over one period of the signal. More specifically,
the envelope magnitude of signal 2830 is equal or substan-
tially to the area under the curve of signal 2830.

[0389] Referring to FIG. 28, signals 2810 and 2820 are
shown time-shifted relative to each other by a time shift t'.
Equivalently, signals 2810 and 2820 are phase-shifted rela-
tive to each other by a phase shift angle
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4
o= e
radians.
[0390] Still referring to FIG. 28, note that the envelope
magnitude R of signal 2830, in FIG. 28, is given by:
R=AxAx(YT-1) (25)
[0391] Accordingly, it can be deduced that ¢ is related to R

according to:

26)

o=y |x@m.

R
T(A1A2)

[0392] Note, from equation (26), that R is at a maximum of
vA1A2 when ¢=0. In other words, the envelope magnitude is
at a maximum when the two constant envelope signals are
in-phase with each other.

[0393] In typical implementations, signals 2810 and 2820
are normalized and have equal or substantially equal envelope
magnitude of 1. Further, signals 2810 and 2820 typically have
a duty cycle of 0.5. Accordingly, equation (28) reduces to:

b= [0.5 - ;] X (270). @n

[0394] Equation (27) illustrates the magnitude to phase
shift transform for the case of normalized and equal or sub-
stantially equal envelope magnitude square wave signals.
Equation (27) is illustrated in FIG. 26.

3.4.5 Waveform Distortion Compensation

[0395] In certain embodiments, magnitude to phase shift
transforms may not be implemented exactly as theoretically
or practically derived. In fact, several factors may exist that
require adjustment or tuning of the derived transform for
optimal operation. Waveform distortion compensation is one
factor that may require adjustment or tuning of the magnitude
to phase shift transform. Waveform distortion compensation
is now described below.

[0396] In practice, several factors may cause waveform
distortion of constant envelope constituents of a desired out-
put signal r(t). Furthermore, it is expected that waveform
distortion in the constituents translates into waveform distor-
tion in the desired output signal when the constituents are
combined. FIG. 25 illustrates the effect of waveform distor-
tion on a signal using phasor signal representation. In FIG. 25,

=4 . . .

R represents a phasor representation of a desired signal r(t).
In reality, waveform distortion can cause the actual phasor
representation of r(t) to fall anywhere within a maximum

error vector magnitude from K. In the example of FIG. 25,

this is illustrated using a circle centered at K and having a
radius equal or substantially equal to the maximum error

vector magnitude. Phasors ﬁ: and ﬁz represent examples of
actual phasor representations of the desired signal r(t).

[0397] According to embodiments of the present invention,
expected waveform distortion to a desired output signal can
be estimated. In some embodiments, the expected waveform
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distortion is compensated for at the vector modulation stage
of the power amplifier. In other embodiments, the expected
waveform distortion is compensated for at the transfer func-
tion stage of the power amplifier.

[0398] In the former approach, compensation is achieved
by applying appropriate magnitude and phase shift tuning at
the vector modulation stage outputs. Accordingly, waveform
distortion is removed by waveshaping of the constituent sig-
nals of the desired output signal.

[0399] In the latter approach, the transfer function is
designed to factor in and cancel or at least reduce the effects
of the expected waveform distortion. As can be understood
from the above description of transfer functions, waveform
distortion compensation can be introduced at different posi-
tions within a transfer function stage. In some embodiments,
compensation is applied at the output stage of the transfer
function. For example, referring to FIG. 17, transfer function
module outputs 1720, 1722, 1274 and 1726 may be tuned
prior to being input into DACs 1730, 1732, 1734, and 1736. In
other embodiments, compensation is applied at the magni-
tude to phase shift transform stage of the transfer function.
Referring to FIG. 24, for example, magnitude to phase shift
transform ¢=f(IRIl) may be adjusted appropriately to com-
pensate for the expected waveform distortion.

3.5) Output Stage

[0400] An aspect of embodiments of the present invention
lies in summing constituent signals at the output stage of a
vector power amplifier (VPA). This is shown, for example, in
FIG. 7 where the outputs of PAs 770, 772, 774, and 776 are
summed. This is similarly shown in FIGS. 8, 12, 13,17, and
18, for example. Various embodiments for combining the
outputs of VPAs are described herein. While the following is
described in the context of VPAs, it should be understood that
the following teachings generally apply to coupling or sum-
ming the outputs of any active devices in any application.
[0401] FIG. 29 illustrates a vector power amplifier output
stage embodiment 2900 according to an embodiment of the
present invention. Output stage 2900 includes a plurality of
vector modulator signals 2910-{1, . . ., n} being input into a
plurality of corresponding power amplifiers (PAs) 2920-{1, .
.., n}. As described above, signals 2910-{1, . . ., n} represent
constituent signals of a desired output signal of the vector
power amplifier.

[0402] In the example of FIG. 29, PAs 2910-{1, . . . , n}
equally amplify or substantially equally amplify input signals
2910-{1, . .., n} to generate amplified output signals 2930-
{1, ..., n}. Amplified output signals 2930-{1, . . ., n} are
coupled together directly at summing node 2940. According
to this example embodiment of the present invention, sum-
ming node 2940 includes no coupling or isolating element,
such as a power combiner, for example. In the embodiment of
FIG. 29, summing node 2940 is a zero-impedance (or near-
zero impedance) conducting wire. Accordingly, unlike in
conventional systems that employ combining elements, the
combining of output signals according to this embodiment of
the present invention incurs minimal power loss.

[0403] In another aspect, output stage embodiments of the
present invention can be implemented using multiple-input
single-output (MISO) power amplifiers.

[0404] In another aspect, output stage embodiments of the
present invention can be controlled to increase the power
efficiency of the amplifier by controlling the output stage
current according to the desired output power level.
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[0405] In what follows, various output stage embodiments
according to VPA embodiments of the present invention are
provided in section 3.5.1. In section 3.5.2, embodiments of
output stage current shaping functions, for increasing the
power efficiency of certain VPA embodiments of the present
invention, are presented. Section 3.5.3 describes embodi-
ments of output stage protection techniques that may be uti-
lized for certain output stage embodiments of the present
invention.

3.5.1) Output Stage Embodiments

[0406] FIG. 30 is a block diagram that illustrates a power
amplifier (PA) output stage embodiment 3000 according to an
embodiment of the present invention. Output stage embodi-
ment 3000 includes a plurality of PA branches 3005-{1,. . .,
n}. Signals 3010-{1, . . ., n} incoming from respective vector
modulators represent inputs for output stage 3000. According
to this embodiment of the present invention, signals 3010-{1,
...,n} represent equal and constant or substantially equal and
constant envelope constituent signals of a desired output sig-
nal of the power amplifier.

[0407] PA branches 3005-{1, . . ., n} apply equal or sub-
stantially equal power amplification to respective signals
3010-{1,...,n}. In an embodiment, the power amplification
level through PA branches 3005-{1, . . ., n} is set according
to a power level requirement of the desired output signal.
[0408] In the embodiment of FIG. 30, PA branches 3005-
{1,...,n} each includes a power amplifier 3040-{1, ... n}.
In other embodiments, drivers 3030-{1, . . . , n} and pre-
drivers 3020-{1, ..., n}, as illustrated in FIG. 30, may also be
added in a PA branch prior to the power amplifier element. In
embodiments, drivers and pre-drivers are employed when-
ever a required output power level may not be achieved in a
single amplifying stage.

[0409] To generate the desired output signal, outputs of PA
branches 3005-{1, . . ., n} are coupled directly at summing
node 3050. Summing node 3050 provides little or no isolation
between the coupled outputs. Further, summing node 3050
represents a relatively lossless summing node. Accordingly,
minimal power loss is incurred in summing the outputs of PAs
3040-{1,...,n}.

[0410] Output signal 3060 represents the desired output
signal of output stage 3000. In the embodiment of FIG. 30,
output signal 3060 is measured across a load impedance
3070.

[0411] FIG. 31 is a block diagram that illustrates another
power amplifier (PA) output stage embodiment 3100 accord-
ing to the present invention. Similar to the embodiment of
FIG. 30, output stage 3100 includes a plurality of PA branches
3105-{1,...,n}. Each of PA branches 3105-{1, ..., n} may
include multiple power amplification stages represented by a
pre-driver 3020-{1, . . . , n}, driver 3030-{1, . . . , n}, and
power amplifier 3040-{1, . . ., n}. Output stage embodiment
3100 further includes pull-up impedances coupled at the out-
put of each power amplification stage to provide biasing of
that stage. For example, pull-up impedances 3125-{1, .. ., n}
and 3135-{1, . . ., n}, respectively, couple the pre-driver and
driver stage outputs to power supply or independent bias
power supplies. Similarly, pull-up impedance 3145 couples
the PA stage outputs to the power supply or an independent
bias power supply. According to this embodiment of the
present invention, pull-up impedances represent optional
components that may affect the efficiency but not necessarily
the operation of the output stage embodiment.
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[0412] FIG. 32 is a block diagram that illustrates another
power amplifier (PA) output stage embodiment 3200 accord-
ing to the present invention. Similar to the embodiment of
FIG. 30, output stage 3200 includes a plurality of PA branches
3205-{1,...,n}. Each of PA branches 3205-{1, ..., n} may
include multiple power amplification stages represented by a
pre-driver 3020-{1, . . ., n}, driver 3030-{1, . . . , n}, and
power amplifier 3040-{1, . . ., n}. Output stage embodiment
3200 also includes pull-up impedances coupled at the output
of'each power amplification stage to achieve a proper biasing
of'that stage. Further, output stage embodiment 3200 includes
matching impedances coupled at the outputs of each power
amplification stage to maximize power transfer from that
stage. For example, matching impedances 3210-{1, . .., n}
and 3220-{1, . . ., n}, are respectively coupled to the pre-
driver and driver stage outputs. Similarly, matching imped-
ance 3240 is coupled at the PA stage output. Note that match-
ing impedance 3240 is coupled to the PA output stage
subsequent to summing node 3250.

[0413] In the above-described embodiments of FIGS.
30-32, the PA stage outputs are combined by direct coupling
at a summing node. For example, in the embodiment of FIG.
30, outputs of PA branches 3005-{1, . . . , n} are coupled
together at summing node 3050. Summing node 3050 is a
near zero-impedance conducting wire that provides minimal
isolation between the coupled outputs. Similar output stage
coupling is shown in FIGS. 31 and 32. It is noted that in
certain embodiments of the present invention, output cou-
pling, as shown in the embodiments of FIGS. 30-32 or
embodiments subsequently described below, may utilize cer-
tain output stage protection measures. These protection mea-
sures may be implemented at different stages of the PA
branch. Further, the type of protection measures needed may
be PA implementation-specific. A further discussion of out-
put stage protection according to an embodiment of the
present invention is provided in section 3.5.3.

[0414] FIG. 33 is a block diagram that illustrates another
power amplifier (PA) output stage embodiment 3300 accord-
ing to the present invention. Similar to the embodiment of
FIG. 30, output stage 3300 includes a plurality of PA branches
3305-{1,...,n}. Each of PA branches 3305-{1, ..., n} may
include multiple power amplification stages represented by a
pre-driver 3020-{1, . . ., n}, driver 3030-{1, . . . , n}, and
power amplifier 3040-{1, . . ., n}. Output stage embodiment
3300 may also include pull-up impedances 3125-{1, .. ., n},
3135-{1, . . ., n}, and 3145 coupled at the output of each
power amplification stage to achieve a proper biasing of that
stage. Additionally, output stage embodiment 3300 may
include matching impedances 3210-{1, .. ., n}, 3220-{1, . ..
, n}, and 3240 coupled at the output of each power amplifi-
cation stage to maximize power transfer from that stage.
Further, output stage embodiment 3300 receives an autobias
signal 3310, from an Autobias module 3340, coupled at the
PA stage input of each PA branch 3305-{1, .. ., n}. Autobias
module 3340 controls the bias of PAs 3040-{1, ..., n}. Inan
embodiment, autobias signal 3340 controls the amount of
current flow through the PA stage according to a desired
output power level and signal envelope of the output wave-
form. A further description of the operation of autobias signal
and the autobias module is provided below in section 3.5.2.

[0415] FIG. 34 is a block diagram that illustrates another
power amplifier (PA) output stage embodiment 3400 accord-
ing to the present invention. Similar to the embodiment of
FIG. 30, output stage 3400 includes a plurality of PA branches
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3405-{1,...,n}. Each of PA branches 3405-{1, ..., n} may
include multiple power amplification stages represented by a
pre-driver 3020-{1, . . . , n}, driver 3030-{1, . . . , n}, and
power amplifier 3040-{1, . . ., n}. Output stage embodiment
3400 may also include pull-impedances 3125-{1, . . . , n},
3135-{1, . . ., n}, and 3145 coupled at the output of each
power amplification stage to achieve desired biasing of that
stage. Additionally, output stage embodiment 3400 may
include matching impedances 3210-{1, ..., n}, 3220-{1, . ..
, n}, and 3240 coupled at the output of each power amplifi-
cation stage to maximize power transfer from that stage.
Further, output stage embodiment 3400 includes a plurality of
harmonic control circuit networks 3410-{1, . . ., n} coupled
at the PA stage input of each PA branch {1, . .., n}. Harmonic
control circuit networks 3410-{1, . . . , n} may include a
plurality of resistance, capacitance, and/or inductive ele-
ments and/or active devices coupled in series or in parallel.
According to an embodiment of the present invention, har-
monic control circuit networks 3410-{1, . . . , n} provide
harmonic control functions for controlling the output fre-
quency spectrum of the power amplifier. In an embodiment,
harmonic control circuit networks 3410-{1, . . . , n} are
selected such that energy transfer to the fundamental har-
monic in the summed output spectrum is increased while the
harmonic content of the output waveform is decreased. A
further description of harmonic control according to embodi-
ments of the present invention is provided below in section
3.6.

[0416] FIG. 35 is a block diagram that illustrates another
power amplifier (PA) output stage embodiment 3500 accord-
ing to the present invention. Output stage embodiment 3500
represents a differential output equivalent of output stage
embodiment 3200 of FIG. 32. In embodiment 3500, PA stage
outputs 3510-{1, . . ., n} are combined successively to result
in two aggregate signals. The two aggregate signals are then
combined across a loading impedance, thereby having the
output of the power amplifier represent the difference
between the two aggregate signals. Referring to FIG. 35,
aggregate signals 3510 and 3520 are coupled across loading
impedance 3530. The output of the power amplifier is mea-
sured across the loading impedance 3530 as the voltage dif-
ference between nodes 3540 and 3550. According to embodi-
ment 3500, the maximum output of the power amplifier is
obtained when the two aggregate signals are 180 degrees
out-of-phase relative to each other. Inversely, the minimum
output power results when the two aggregate signals are in-
phase relative to each other.

[0417] FIG. 36 is a block diagram that illustrates another
output stage embodiment 3600 according to the present
invention. Similar to the embodiment of FIG. 30, output stage
3600 includes a plurality of PA branches 3605-{1, .. ., n}.
Bach of PA branches {1, . . ., n} may include multiple power
amplification stages represented by a pre-driver 3020-{1, . . .
,n}, adriver 3030-{(1, . . ., n}, and a power amplifier (PA)
3620-{1,...,n}.

[0418] According to embodiment 3600, PA’s 3620-{1, . . .
, n} include switching power amplifiers. In the example of
FIG. 36, power amplifiers 3620-{1, . . . , n} include npn
bipolar junction transistor (BJT) elements Q1, . . ., Qun. BIT
elements Q1, . . ., Qn have common collector nodes. Refer-
ring to FIG. 36, collector terminals of BJT elements Q1, . . .,
Qn are coupled together to provide summing node 3640.
Emitter terminals of BIT elements Q1, . . ., Qn are coupled to
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a ground node, while base terminals of BJT elements Q1, . . .
, Qn provide input terminals into the PA stage.

[0419] FIG. 37 is an example (related to FIG. 36) that
illustrates an output signal of the PA stage of embodiment
3600 in response to square wave input signals. For ease of
illustration, a two-branch PA stage is considered. In the
example of FIG. 37, square wave signals 3730 and 3740 are
input, respectively, into BJT elements 3710 and 3720. Note
than when either of BJT elements 3710 or 3720 turns on,
summing node 3750 is shorted to ground. Accordingly, when
either of input signals 3730 or 3740 is high, output signal
3780 will be zero. Further, output signal 3780 will be high
only when both input signals 3730 and 3740 are zero. Accord-
ing to this arrangement, PA stage 3700 performs pulse-width
modulation, whereby the magnitude of the output signal is a
function of the phase shift angle between the input signals.

[0420] Embodiments are notlimited to npn BJT implemen-
tations as described herein. A person skilled in the art will
appreciate, for example, that embodiments of the present
invention may be implemented using pnp BJTs, CMOS,
NMOS, PMOS, or other type of transistors. Further, embodi-
ments can be implemented using GaAs and/or SiGe transis-
tors with the desired transistor switching speed being a factor
to consider.

[0421] Referring back to FIG. 36, it is noted that while PAs
3620-{1, . . . , n} are each illustrated using a single BJT
notation, each PA 3620-{1, . . ., n} may include a plurality of
series-coupled transistors. In embodiments, the number of
transistors included within each PA is set according to a
required maximum output power level of the power amplifier.
In other embodiments, the number of transistors in the PA is
such that the numbers of transistors in the pre-driver, driver,
and PA stages conform to a geometric progression.

[0422] FIG. 38 illustrates an exemplary PA embodiment
3800 according to an embodiment of the present invention.
PA embodiment 3800 includes a BJT element 3870, a LC
network 3860, and a bias impedance 3850. BJT element 3870
includes a plurality of BJT transistors Q1, . .. , Q8 coupled in
series. As illustrated in FIG. 38, BJT transistors Q1, ..., Q8
are coupled together at their base, collector, and emitter ter-
minals. Collector terminal 3880 of BJT element 3870 pro-
vides an output terminal for PA 3800. Emitter terminal 3890
of BIT element 3870 may be coupled to substrate or to an
emitter terminal of a preceding amplifier stage. For example,
emitter terminal 3890 is coupled to an emitter terminal of a
preceding driver stage.

[0423] Referring to FIG. 38, L.C network 3860 is coupled
between PA input terminal 3810 and input terminal 3820 of
BJT element 3870. LC network 3860 includes a plurality of
capacitive and inductive elements. Optionally, a Harmonic
Control Circuit network 3830 is also coupled at input terminal
3820 of BIT element 3870. As described above, the HCC
network 3830 provides a harmonic control function for con-
trolling the output frequency spectrum of the power amplifier.

[0424] Still referring to FIG. 38, bias impedance 3850
couples Iref signal 3840 to input terminal 3820 of BJT ele-
ment 3870. Iref signal 3840 represents an autobias signal that
controls the bias of BJT element 3870 according to a desired
output power level and signal envelope characteristics.

[0425] Itis noted that, in the embodiment of FIG. 38, BJT
element 3870 is illustrated to include 8 transistors. It can be
appreciated by a person skilled in the art, however, that BJT
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element 3870 may include any number of transistors as
required to achieve the desired output power level of the
power amplifier.

[0426] Inanother aspect, output stage embodiments can be
implemented using multiple-input single-output (MISO)
power amplifiers. FIG. 51A is a block diagram that illustrates
an exemplary MISO output stage embodiment 5100A. Out-
put stage embodiment 5100A includes a plurality of vector
modulator signals 5110-{1, . . ., n} that are input into MISO
power amplifier (PA)5120. As described above, signals 5110-
{1, ..., n} represent constant envelope constituents of output
signal 5130 of the power amplifier. MISO PA 5120 is a
multiple input single output power amplifier. MISO PA 5120
receives and amplifies signals 5110-{1, . . . , n} providing a
distributed multi signal amplification process to generate out-
put signal 5130.

[0427] It is noted that MISO implementations, similar to
the one shown in FIG. 51A, can be similarly extended to any
of'the output stage embodiments described above. More spe-
cifically, any of the output stage embodiments of FIGS. 29-37
can be implemented using a MISO approach. Additional
MISO embodiments will now be provided with reference to
FIGS. 51B-1. It is noted that any of the embodiments
described above can be implemented using any of the MISO
embodiments that will now be provided.

[0428] Referring to FIG.51A, MISO PA 5120 can have any
number of inputs as required by the substantially constant
envelope decomposition of the complex envelope input sig-
nal. For example, in a two-dimensional decomposition, a
two-input power amplifier can be used. According to embodi-
ments of the present invention, building blocks for creating
MISO PAs for any number of inputs are provided. FIG. 51B
illustrates several MISO building blocks according to an
embodiment of the present invention. MISO PA 5110B rep-
resents a two-input single-output PA block. In an embodi-
ment, MISO PA 51108 includes two PA branches. The PA
branches of MISO PA 5110B may be equivalent to any PA
branches described above with reference to FIGS. 29-37, for
example. MISO PA 5120B represents a three-input single-
output PA block. In an embodiment, MISO PA 5120B
includes three PA branches. The PA branches of MISO PA
5120B may equivalent to any PA branches described above
with reference to FIGS. 29-37, for example.

[0429] Still referring to FIG. 51B, MISO PAs 5110B and
51208 represent basic building blocks for any multiple-input
single-output power amplifier according to embodiments of
the present invention. For example, MISO PA 5130B is a
four-input single-output PA, which can be created by cou-
pling together the outputs of two two-input single-output PA
blocks, such as MISO PA 5110B, for example. This is illus-
trated in FIG. 51C. Similarly, it can be verified that MISO PA
5140B, an n-input single-output PA, can be created from the
basic building blocks 5110B and 5120B.

[0430] FIG. 51D illustrates various embodiments of the
two-input single output PA building block according to
embodiments of the present invention.

[0431] Embodiment 5110D represents an npn implementa-
tion of the two-input single output PA building block.
Embodiment 5110D includes two npn transistors coupled
together using a common collector node, which provides the
output of the PA. A pull-up impedance (not shown) can be
coupled between the common collector node and a supply
node (not shown).
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[0432] Embodiment 5130D represents a pnp equivalent of
embodiment 5110D. Embodiment 5130D includes two pnp
transistors coupled at a common collector node, which pro-
vides the output of the PA. A pull-down impedance (not
shown) can be coupled between the common collector node
and a ground node (not shown).

[0433] Embodiment 5140D represents a complementary
npn/pnp implementation of the two-input single output PA
building block. Embodiment 5140D includes an npn transis-
tor and a pnp transistor coupled at a common collector node,
which provides the output of the PA.

[0434] Still referring to FIG. 51D, embodiment 5120D rep-
resents a NMOS implementation of the two-input single out-
put PA building block. Embodiment 5120D includes two
NMOS transistors coupled at a common drain node, which
provides the output of the PA.

[0435] Embodiment 5160D represents an PMOS equiva-
lent of embodiment 5120D. Embodiment 5120D includes
two PMOS transistors coupled at a common drain node,
which provides the output of the PA.

[0436] Embodiment 5150D represents a complementary
MOS implementation of the two-input single-output PA
building block. Embodiment 5150D includes a PMOS tran-
sistor and an NMOS transistor coupled at common drain
node, which provides the output of the PA.

[0437] Two-input single-output embodiments of FIG. 51D
can be further extended to create multiple-input single-output
PA embodiments. FIG. 51E illustrates various embodiments
of multiple-input single-output PAs according to embodi-
ments of the present invention.

[0438] Embodiment 5150E represents an npn implementa-
tion of a multiple-input single-output PA. Embodiment
5150F includes a plurality of npn transistors coupled together
using a common collector node, which provides the output of
the PA. A pull-up impedance (not shown) can be coupled
between the common collector node and a supply voltage (not
shown). Note that an n-input single-output PA according to
embodiment 5150E can be obtained by coupling additional
npn transistors to the two-input single-output PA building
block embodiment 5110D.

[0439] Embodiment 5170E represents a pnp equivalent of
embodiment 5150E. Embodiment 5170F includes a plurality
of pnp transistors coupled together using a common collector
node, which provides the output of the PA. A pull-down
impedance (not shown) may be coupled between the common
collector node and a ground node (not shown). Note than an
n-input single-output PA according to embodiment 5170E
can be obtained by coupling additional pnp transistors to the
two-input single-output PA building block embodiment
5130D.

[0440] Embodiments 5110E and 5130E represent comple-
mentary npn/pnp implementations of a multiple-input single-
output PA. Embodiments 5110E and 5130E may include a
plurality of npn and/or pnp transistors coupled together using
a common collector node, which provides the output of the
PA. Note that an n-input single-output PA according to
embodiment 5110E can be obtained by coupling additional
npn and/or pnp transistors to the two-input single-output PA
building block embodiment 5140D. Similarly, an n-input
single-output PA according to embodiment 5130E can be
obtained by coupling additional npn and/or pnp transistors to
the two-input single-output PA building block embodiment
5130D.
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[0441] Embodiment 5180FE represents an PMOS imple-
mentation of a multiple-input single-output PA. Embodiment
5180F includes a plurality of PMOS transistors coupled
together using a common drain node, which provides the
output of the PA. Note that an n-input single-output PA
according to embodiment 5180E can be obtained by coupling
additional NMOS transistors to the two-input single-output
PA building block embodiment 5160D.

[0442] Embodiment 5160FE represents a NMOS implemen-
tation of multiple-input single-output PA. Embodiment
5160F includes a plurality of NMOS transistors coupled
together using a common drain node, which provides the
output of the PA. Note that an n-input single-output PA
according to embodiment 5160E can be obtained by coupling
additional PMOS transistors to the two-input single-output
PA building block embodiment 5120D.

[0443] Embodiments 5120E and 5140E complementary
MOS implementations of a multiple-input single-output PA.
Embodiments 5120E and 5140E include a plurality of npn
and pnp transistors coupled together using a common drain
node, which provides the output of the PA. Note that a n-input
single-output PA according to embodiment 5120E can be
obtained by coupling additional NMOS and/or PMOS tran-
sistors to the two-input single-output PA building block
5150D. Similarly, an n-input single-output PA according to
embodiment 5140E can be obtained by coupling additional
NMOS and/or PMOS transistors to the two-input single-
output PA building block 5160D.

[0444] FIG. 51F illustrates further multiple-input single-
output PA embodiments according to embodiments of the
present invention. Embodiment 5110F represents a comple-
mentary npn/pnp implementation of a multiple-input single-
output PA. Embodiment 5110F can be obtained by iteratively
coupling together embodiments of PA building block 5140D.
Similarly, embodiment 5120F represents an equivalent
NMOS/PMOS complementary implementation of a mul-
tiple-input single-output PA. Embodiment 5120F can be
obtained by iteratively coupling together embodiments of PA
building block 5150D.

[0445] It must be noted that the multiple-input single-out-
put embodiments described above may each correspond to a
single or multiple branches of a PA. For example, referring to
FIG. 29, any of the multiple-input single-output embodi-
ments may be used to replace a single or multiple PAs 2920-
{1,...,n}. Inother words, each of PAs 2920-{1, .. ., n} may
be implemented using any of the multiple-input single-output
PA embodiments described above or with a single-input
single-output PA as shown in FIG. 29.

[0446] It is further noted that the transistors shown in the
embodiments of FIGS. 51D, 51E, and 51F may each be
implemented using a series of transistors as shown in the
exemplary embodiment of FIG. 38, for example.

[0447] FIG. 51G illustrates further embodiments of the
multiple-input single-output PA building blocks. Embodi-
ment 5110G illustrates an embodiment of the two-input
single-output PA building block. Embodiment 5110G
includes two PA branches that can each be implemented
according to single-input single-output or multiple-input
single-output PA embodiments as described above. Further,
embodiment 5110G illustrates an optional bias control signal
5112G that is coupled to the two branches of the PA embodi-
ment. Bias control signal 5112G is optionally employed in
embodiment 5110G based on the specific implementation of
the PA branches. In certain implementations, bias control will
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be required for proper operation of the PA. In other imple-
mentations, bias control is not required for proper operation
of the PA, but may provide improved PA power efficiency,
output circuit protection, or power on current protection.
[0448] Still referring to FIG. 51G, embodiment 5120G
illustrates an embodiment of the three-input single-output PA
building block. Embodiment 5120G includes three PA
branches that can each be implemented according to single-
input single-output or multiple-input single-output PA
embodiments as described above. Further, embodiment
5120G illustrates an optional bias control signal 5114G that is
coupled to the branches of the PA embodiment. Bias control
signal 5114G is optionally employed in embodiment 5120G
based on the specific implementation of the PA branches. In
certain implementations, bias control will be required for
proper operation of the PA. In other implementations, bias
control is not required for proper operation of the PA, but may
provide improved PA power efficiency.

[0449] FIG. 51H illustrates a further exemplary embodi-
ment 5100H of the two-input single-output PA building
block. Embodiment 5100H includes two PA branches that
can each be implemented according to single-input single-
output or multiple-input single-output PA embodiments as
described above. Embodiment 5100H further includes
optional elements, illustrated using dashed lines in FIG. 51H,
that can be additionally employed in embodiments of
embodiment 5100H. In an embodiment, PA building block
5100H may include a driver stage and/or pre-driver stage in
each of the PA branches as shown in FIG. 51H. Process
detectors may also be optionally employed to detect process
and temperature variations in the driver and/or pre-driver
stages of the PA. Further, optional bias control may be pro-
vided to each of the pre-driver, driver, and/or PA stages of
each branch of the PA embodiment. Bias control may be
provided to one or more the stages based on the specific
implementation of that stage. Further, bias control may be
required for certain implementations, while it can be option-
ally employed in others.

[0450] FIG. 511 illustrates a further exemplary embodi-
ment 51001 of a multiple-input single-output PA. Embodi-
ment 51001 includes at least two PA branches that can each be
implemented according to single-input single-output or mul-
tiple-input single-output PA embodiments as described
above. Embodiment 51001 further includes optional elements
that can be additionally employed in embodiments of
embodiment 51001. In an embodiment, the PA may include
driver and or pre-driver stages in each of the PA branches as
shown in FIG. 511. Process detectors may also be optionally
employed to detect process and temperature variations in the
driver and/or pre-driver stages of the PA. Further, optional
bias control may be provided to each of the pre-driver, driver,
and/or PA stages of each branch of the PA embodiment. Bias
control may be provided to one or more the stages based on
the specific implementation of that stage. Further, bias control
may be required for certain implementations, while it can be
optionally employed in others.

3.5.2) Output StagetCurrent Control—Autobias Module

[0451] Embodiments of the output stage and optional pre-
driver and driver stage bias and current control techniques
according to embodiments of the present invention are
described below. In certain embodiments, output stage cur-
rent control functions are employed to increase the output
stage efficiency of a vector power amplifier (VPA) embodi-
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ment In other embodiments, output stage current control is
used to provide output stage protection from excessive volt-
ages and currents which is further describe in section 3.5.3. In
embodiments, output stage current control functions are per-
formed using the Autobias module described above with ref-
erence to FIG. 33. A description of the operation of the Auto-
bias module in performing these current control functions is
also presented below according to an embodiment of the
present invention.

[0452] According to embodiments of the present invention,
power efficiency ofthe output stage of a VPA can be increased
by controlling the output stage current of the VPA as a func-
tion of the output power and the envelope of the output wave-
form.

[0453] FIG. 37, illustrates a partial schematic of a Multiple
Input Single Output amplifier comprised of two NPN transis-
tors with input signals S1 and S2. When S1 and S2 are
designed to be substantially similar waveforms and substan-
tially constant envelope signals, any time varying complex-
envelope output signal can be created at circuit node 3750 by
changing the phase relationship of S1 and S2.

[0454] FIG. 39 illustrates an example time varying com-
plex-envelope output signal 3910 and its corresponding enve-
lope signal 3920. Note than signal 3910 undergoes a reversal
of phase at an instant of time t,. Correspondingly, envelope
signal 3920 undergoes a zero crossing at time t,. Output
signal 3910 exemplifies output signals according to typical
wireless signaling schemes such as W-CDMA, QPSK, and
OFDM, for example.

[0455] FIG. 40 illustrates example diagram FIG. 37’s out-
put stage current in response to output signal 3910.1_,, signal
4010 represents output stage current without autobias con-
trol, and I_,,, signal 4020 represents output stage current with
autobias control. Without autobias control, as the phase shift
between S1 and S2 changes from O to 180 degrees, the output
current I, increases. With autobias control, the output cur-

rent [ ,,, decreases and can be minimized when at or near t, of
FIG. 39.
[0456] Note that I, signal 4020 varies as a function of

envelope signal 3920. Accordingly, I ,,, signal 4020 is at the
maximum when a maximum output power is required, but
decreases as the required output power goes down. Particu-
larly, I ,,signal 4020 approaches zero as the associated output
power goes to zero. Accordingly, a person skilled in the art
will appreciate that output stage current control, according to
embodiments of the present invention, results in significant
power savings and increases the power efficiency of the
power amplifier.

[0457] According to embodiments of the present invention,
output stage current control may be implemented according
to a variety of functions. In an embodiment, the output stage
current can be shaped to correspond to the desired output
power of the amplifier. In such an embodiment, the output
stage current is a function that is derived from the envelope of
the desired output signal, and the power efficiency will
increase.

[0458] FIG. 41 illustrates exemplary autobias output stage
current control functions 4110 and 4120 according to
embodiments of the present invention. Function 4110 may
represent a function of output power and signal envelope as
described above. On the other hand, function 4120 may rep-
resent a simple shaping function that goes to a minimum
value for a pre-determined amount of time when the output
power is below a threshold value. Accordingly, functions
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4110 and 4120 represent two cases of autobias output stage
current control functions with autobias control signal 4110
resulting in I, response 4130 and autobias control signal
4120 resulting in I, response 4140. The invention, however,
is not limited to those two exemplary embodiments. Accord-
ing to embodiments of the present invention, output stage
autobias current control functions may be designed and
implemented to accommodate the efficiency and current con-
sumption requirements of a particular vector power amplifier
design.

[0459] Inimplementation, several approaches exist for per-
forming output stage current control. In some embodiments,
output stage current shaping is performed using the Autobias
module. The Autobias module is illustrated as autobias cir-
cuitry 714 and 716 in the embodiments of FIGS. 7 and 8.
Similarly, the Autobias module is illustrated as autobias cir-
cuitry 1218 in the embodiments of FIGS. 12 and 13, and as
autobias circuitry 1718 in the embodiments of FIGS. 17 and
18.

[0460] Output stage current control using Autobias is
depicted in process flowchart 4800 of the embodiment of
FIG. 48. The process begins in step 4810, which includes
receiving output power and output signal envelope informa-
tion of a desired output signal of a vector power amplifier
(VPA). In some embodiments, implementing output stage
current control using Autobias requires a priori knowledge of
the desired output power of the amplifier. Output power infor-
mation may be in the form of envelope and phase information.
For example, in the embodiments of FIGS. 7, 8, 12, 13, 17,
and 18, output power information is included in I and Q data
components received by the VPA embodiment. In other
embodiments, output power information may be received or
calculated using other means.

[0461] Step 4820 includes calculating a signal according to
the output power and output envelope signal information. In
embodiments, an Autobias signal is calculated as a function
of some measure of the desired output power. For example,
the Autobias signal may be calculated as a function of the
envelope magnitude of the desired output signal. Referring to
the embodiments of FIGS. 7, 8, 12, 13, 17, and 18, for
example, it is noted that the Autobias signal (signals 715 and
717 in FIGS. 7 and 8, signal 1228 in FIGS. 12 and 13, and
signals 1728 in FIGS. 17 and 18) is calculated according to
received [ and Q data components of a desired output signal.
In certain embodiments, such as the ones described in FIGS.
7,8,12,13,17, and 18, the Autobias signal is calculated by an
Autobias module being provided output power information.
In other embodiments, the Autobias signal may be calculated
by the I and Q Data Transfer Function module(s) of the VPA.
In such embodiments, an Autobias module may not be
required in implementation. In embodiments, the I and Q
Data Transfer Function module calculates a signal, outputs
the signal to a DAC which output signal represents the Auto-
bias signal.

[0462] Step 4830 includes applying the calculated signal at
an output stage of the VPA, thereby controlling a current of
the output stage according to the output power of the desired
output signal. In embodiments, step 4830 includes coupling
the Autobias signal at the PA stage input of the VPA. This is
illustrated, for example, in the embodiments of FIGS. 33 and
42 where Autobias signal 3310 is coupled at the PA stage
input of the VPA embodiment. In these embodiments, Auto-
bias signal 3310 controls the bias of the PA stage transistors
according to the output power of the desired output signal of
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the VPA embodiment. For example, Autobias signal 3310
may cause the PA stage transistors to operate in cutoff state
when the desired output power is minimal or near zero,
thereby drawing little or no output stage current. Similarly,
when a maximum output power is desired, Autobias signal
3310 may bias the PA stage transistors to operate in class
C,D,E, etc. switching mode. Autobias signal 3310 may also
cause the PA stage transistors or FETs to operate in forward or
reverse biased states according to the desired output power
and signal envelope characteristics.

[0463] In other embodiments, step 4830 includes coupling
the Autobias signal using pull-up impedances at the PA stage
input and optionally the inputs of the driver and pre-driver
stages of the VPA. FIGS. 38 and 43 illustrate such embodi-
ments. For example, in the embodiment of FIG. 38, bias
impedance 3850 couples Autobias Iref signal 3840 to input
terminal 3820 of BIT element 3870. BIJT element 3870 rep-
resents the PA stage of one PA branch of an exemplary VPA
embodiment. Similarly, in the embodiment of FIG. 43, Auto-
bias signal 4310 is coupled to transistors Q1, . . ., Q8 through
corresponding bias impedances 71, . . ., Z8. Transistors Q1,
..., Q8 represent the PA stage of one branch of an exemplary
VPA embodiment.

[0464] Embodiments for implementing the Autobias cir-
cuitry described above will now be provided. FIG. 27 illus-
trates three embodiments 2700A, 2700B, and 2700C for
implementing the Autobias circuitry. These embodiments are
provided for illustrative purposes, and are not limiting. Other
embodiments will be apparent to persons skilled in the art(s)
based on the teachings contained herein.

[0465] In embodiment 2700A, Autobias circuitry 2700A
includes an Autobias Transfer Function module 2712, a DAC
2714, and an optional interpolation filter 2718. Autobias cir-
cuitry 2700A receives an I and Q Data signal 2710. Autobias
Transfer Function module 2712 processes the received [ and
Q Data signal 2710 to generate an appropriate bias signal
2713. Autobias Transfer Function module 2712 outputs bias
signal 2713 to DAC 2714. DAC 2714 is controlled by a DAC
clock 2716 which may be generated in Autobias transfer
module 2712. DAC 2714 converts bias signal 2713 into an
analog signal, and outputs the analog signal to interpolation
filter 2718. Interpolation filter 2718, which also serves as an
anti-aliasing filter, shapes the DAC’s output to generate Auto-
bias signal 2720, illustrated as Bias A in embodiment 5112G.
Autobias signal 2720 may be used to bias the PA stage and/or
the driver stage, and/or the pre-driver stage of the amplifier. In
an embodiment, Autobias signal 2720 may have several other
Autobias signals derived therefrom to bias different stages
within the PA stage. This can be done using additional cir-
cuitry not included in embodiment 2700A.

[0466] Incontrast, embodiment 27008 illustrates an Auto-
bias circuitry embodiment in which multiple Autobias signals
are derived within the Autobias circuitry. As shown in
embodiment 2700B, circuit networks 2722, 2726, and 2730,
illustrated as circuit networks A, B, and C in embodiment
2700B, are used to derive Autobias signals 2724 and 2728
from Autobias signal 2720. Autobias signals 2720, 2724, and
2728 are used to bias different amplification stages.

[0467] Embodiment 2700C illustrates another Autobias
circuitry embodiment in which multiple Autobias signals are
generated independently within the Autobias Transfer Func-
tion module 2712. In embodiment 2700C, Autobias Transfer
Function module 2712 generates multiple bias signals
according to the received I and Q Data signal 2710. The bias
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signals may or may not be related. Autobias Transfer Func-
tion module 2712 outputs the generated bias signals to sub-
sequent DACs 2732, 2734, and 2736. DACs 2732, 2734, and
2736 are controlled by DAC clock signals 2733, 2735, and
2737, respectively. DACs 2732, 2734, and 2736 convert the
received bias signals into analog signals, and output the ana-
log signals to optional interpolation filters 2742, 2744, and
2746. Interpolation filters 2742, 2744, and 2746, which also
serve as anti-aliasing filters, shape the DACs outputs to gen-
erate Autobias signals 2720, 2724, and 2728. Similar to
embodiment 2700B, Autobias signals 2720, 2724, and 2728
are used to bias different amplification stages such as the
pre-driver, driver, and PA.

[0468] As noted above, Autobias circuitry embodiments
according to the present invention are not limited to the ones
described in embodiments 2700A, 2700B, and 2700C. A
person skilled in the art will appreciate, for example, that
Autobias circuitry can be extended to generate any number of
bias control signals as required to control the bias of various
stages of amplification, and not just three as shown in embodi-
ments 5200B and 5200C, for example.

3.5.3) Output Stage Protection

[0469] As described above, output stage embodiments
according to embodiments of the present invention are highly
power efficient as a result of being able to directly couple
outputs at the PA stage using no combining or isolating ele-
ments. Certain output stage embodiments in certain circum-
stances and/or applications, however, may require additional
special output stage protection measures in order to withstand
such direct coupling approach. This may be the case for
example for output stage embodiments such as 5110D,
5120D, 5130D, 5160D, 5150E, 5160E, 5170E, and 5180E
illustrated in FIGS. 51D and 51E. Note that, generally,
complementary output stage embodiments, such as embodi-
ments 5140D, 5150D, 5110E, 5120E, 5130E, and 5140F of
FIGS. 51D and 51E, do not require (but may optionally use)
the same output stage protection measures as will be
described herein in this section. Output stage protection mea-
sures and embodiments to support such measures are now
provided.

[0470] Inoneaspect, transistors of distinct branches ofa PA
stage should generally not simultaneously be in opposite
states of operation for extended periods of time. Following a
restart or power on with no inputs being supplied to the final
PA stages, transients within the PA branches may cause this
mode to occur resulting in the PA stage transistors potentially
damaging one another or circuit elements connected to the
output. Accordingly, embodiments of the present invention
further constrain the Autobias module to limit the output
current in the PA stage.

[0471] Inanotheraspect, it may be desired to ensure that the
Autobias module limits the output voltages below the break-
down voltage specification of the PA stage transistors.
Accordingly, in embodiments of the present invention, such
as the one illustrated in FIG. 42 for example, a feedback
element 4210 is coupled between the common collector node
of the PA stage and the Autobias module. Feedback element
4210 monitors the collector to base voltage of the PA stage
transistors, and may constrain the Autobias signal as neces-
sary to protect the transistors and/or circuit elements.

[0472] A person skilled in the art will appreciate that other
output stage protection techniques may also be implemented.
Furthermore, output stage protection techniques may be
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implementation specific. For example, depending on the type
of PA stage transistors (npn, pnp, NMOS, PMOS, npn/pnp,
NMOS/PMOS), different protection functions may be
required.

3.6) Harmonic Control

[0473] According to embodiments of the present invention,
anunderlying principle for each branch PA is to maximize the
transfer of power to a fundamental harmonic of the output
spectrum. Typically, each branch PA may be multi-stage giv-
ing rise to a harmonically rich output spectrum. In one aspect,
transfer of real power is maximized for the fundamental har-
monic. In another aspect, for non-fundamental harmonics,
real power transfer is minimized while imaginary power
transfer may be tolerated. Harmonic control, according to
embodiments of the present invention, may be performed in a
variety of ways.

[0474] In one embodiment, real power transfer onto the
fundamental harmonic is maximized by means of wave-shap-
ing of the PA stage input signals. In practice, several factors
play a role in determining the optimal wave shape that results
in a maximum real power transfer onto the fundamental har-
monic. Embodiment 3400 of the present invention, described
above, represents one embodiment that employs waveshap-
ing of PA stage input signals. In embodiment 3400, a plurality
of harmonic control circuitry (HCC) networks 3410-{1, .. .,
n} are coupled at the PA stage input of each PA branch {1, . .
., n}. HCC networks 3410-{1, . . . , n} have the effect of
waveshaping the PA stage inputs, and are typically selected so
as to maximize real power transfer to the fundamental har-
monic of the summed output spectrum. According to embodi-
ments of the present invention, waveshaping can be used to
generate variations of harmonically diverse waveforms. In
other embodiments, as can be apparent to a person skilled in
the art, waveshaping can be performed at the pre-driver and/or
the driver stage.

[0475] In another embodiment, harmonic control is
achieved by means of waveshaping of the PA stage output.
FIG. 43 illustrates an exemplary PA stage embodiment 4300
of the present invention. In embodiment 4300, Autobias sig-
nal 4310 is coupled to transistors Q1, . . . , Q8 through
corresponding bias impedances 71, .. . , Z8. Notice that when
impedances 71, . . . , Z8 have different values, transistors Q1,
..., Q8 have different bias points and can be turned on at
different times. This approach of biasing transistors Q1, . . .,
Q8 is referred to as staggered bias. Note that using staggered
bias, the PA output waveform can be shaped in a variety of
ways depending on the values assigned to bias impedances
71,...,78.

[0476] Harmonic control using staggered bias is depicted in
process flowchart 4900 of the embodiment of FIG. 49. The
process begins in step 4910, which includes coupling an input
signal at first ports of a plurality of transistors of a power
amplifier (PA) switching stage. In the example embodiment
of FIG. 43, for example, step 4910 corresponds to coupling
PA_IN signal 4310 at base terminals of the plurality of tran-
sistors Q1, . . ., Q8.

[0477] Step 4920 includes coupling a plurality of imped-
ances between the first ports of the plurality of transistors and
a bias signal. In the example embodiment of FIG. 43, for
example, step 4920 is achieved by coupling impedances 71, .
.., Z8 between base terminals of respective transistors Q1, .
.., Q8 and Iref signal. In an embodiment, values of the
plurality of impedances are selected to cause a time-staggered
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switching of the input signal, thereby harmonically shaping
an output signal of the PA stage. In embodiments, a multi-
stage staggered output may be generated by selecting mul-
tiple distinct values of the plurality of impedances. In other
embodiments, switching is achieved by selecting the plurality
of impedances to have equal or substantially equal value.

[0478] FIG. 44 illustrates an exemplary wave-shaped PA
output using a two-stage staggered bias approach. In a two-
stage staggered bias approach, a first set of the PA transistors
is first turned on before a second set is turned on. In other
words, the bias impedances take two different values. Wave-
form 4410 represents an input waveform into the PA stage.
Waveform 4420 represents the wave-shaped PA output
according to a two-stage staggered bias. Notice that output
waveform 4420 slopes twice as it transitions from 1 to 0,
which corresponds to the first and second sets of transistors
turning on successively.

[0479] According to embodiments of the present invention,
a variety of multi-stage staggered bias approaches may be
designed. Bias impedance values may be fixed or variable.
Furthermore, bias impedance values may be equal or substan-
tially equal, distinct, or set according to a variety of permu-
tations. For example, referring to the example of FIG. 43, one
exemplary permutation might set Z1=72=73=74 and
75=7.6=7"7=78 resulting in a two-stage staggered bias.

3.7) Power Control

[0480] Vector power amplification embodiments of the
present invention intrinsically provide a mechanism for per-
forming output power control.

[0481] FIG. 45 illustrates one approach for performing
power control according to an embodiment of the present

— —
invention. In FIG. 45, phasors U; and L., represent upper and

— —> —
lower constituents of a first phasor R;. U; and L, are constant
magnitude and are symmetrically shifted in phase relative to

— — —
R, by a phase shift angle ¢/2. Phasors U, and L, represent

— — —
upper and lower constituents of a second phasorR,. U,and L,
are constant magnitude and are symmetrically shifted in

phase relative to IZ by a phase shift angle

[
5+¢0ﬁ.

[0482] Itisnoted, from FIG. 45, that ﬁ: and IZ are in-phase
relative to each other but only differ in magnitude. Further-

more, 6; and I: are equally or substantially equally phased

shifted relative to 17: and Ij, respectively. Accordingly, it can
be inferred that, according to the present invention, a signal’s
magnitude can be manipulated without varying its phase shift
angle by equally or substantially equally shifting symmetri-
cally its constituent signals.

[0483] According to the above observation, output power
control can be performed by imposing constraints on the
phase shift angle of the constituent signals of a desired output
signal. Referring to F1G. 45, for example, by constraining the
range of values that phase shift angle
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can take, magnitude constraints can be imposed on phasor ﬁ:
[0484] According to embodiments of the present invention,
a maximum output power level can be achieved by imposing
a minimum phase shift angle condition. For example, refer-
ring to FIG. 45, by setting a condition such that

[NST[acH

= dofr s

—
the magnitude of phasor R; is constrained not to exceed a
certain maximum level. Similarly, a maximum phase shift
angle condition imposes a minimum magnitude level require-
ment.

[0485] In another aspect of power control, output power
resolution is defined in terms of a minimum power increment
or decrement step size. According to an embodiment of the
present invention, output power resolution may be imple-
mented by defining a minimum phase shift angle step size.
Accordingly, phase shift angle values are set according to a
discrete value range having a pre-determined step size. FIG.
46 illustrates an exemplary phase shift angle spectrum,
whereby phase shift angle

is set according to a pre-determined value range having a
minimum step ¢,

[0486] A person skilled in the art will appreciate that a
variety of power control schemes may be implemented in a
fashion similar to the techniques described above. In other
words, various power control algorithms can be designed,
according to the present invention, by setting corresponding
constraints on phase shift angle values. It is also apparent,
based on the description above of data transfer functions, that
power control schemes can be naturally incorporated into a
transfer function implementation.

3.8) Exemplary Vector Power Amplifier Embodiment

[0487] FIG. 47 illustrates an exemplary embodiment 4700
of'avector power amplifier according to the present invention.
Embodiment 4700 is implemented according to the Direct
Cartesian 2-Branch VPA method.

[0488] Referring to FIG. 47, signals 4710 and 4712 repre-
sent incoming signals from a transfer function stage. The
transfer function stage is not shown in FIG. 47. Block 4720
represents a quadrature generator which may be optionally
implemented according to an embodiment of the present
invention. Quadrature generator 4720 generates clock signals
4730 and 4732 to be used by vector modulators 4740 and
4742, respectively. Similarly, signals 4710 and 4712 are input
into vector modulators 4740 and 4742. As described above,
vector modulators 4740 and 4742 generate constant envelope
constituents that are, subsequently, processed by a PA stage.
In embodiment 4700, the PA stage is multi-stage, whereby
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each PA branch includes a pre-driver stage 4750-4752, a
driver stage 4760-4762, and a power amplifier stage 4770-
4772.

[0489] Further illustrated in FIG. 47 are Autobias signals
4774 and 4776, and terminals 4780 and 4782 for coupling
harmonic control circuitry and networks. Terminal node 4780
represents the output terminal of the vector power amplifier,
and is obtained by direct coupling of the two PA branches’
outputs.

4. SUMMARY

[0490] Mathematical basis for a new concept related to
processing signals to provide power amplification and up-
conversion is provided herein. These new concepts permit
arbitrary waveforms to be constructed from sums of wave-
forms which are substantially constant envelope in nature.
Desired output signals and waveforms may be constructed
from substantially constant envelope constituent signals
which can be created from the knowledge of the complex
envelope of the desired output signal. Constituent signals are
summed using new, unique, and novel techniques not avail-
able commercially, not taught or found in literature or related
art. Furthermore, the blend of various techniques and circuits
provided in the disclosure provide unique aspects of the
invention which permits superior linearity, power added effi-
ciency, monolithic implementation and low cost when com-
pared to current offerings. In addition, embodiments of the
invention are inherently less sensitive to process and tempera-
ture variations. Certain embodiments include the use of mul-
tiple input single output amplifiers described herein.

[0491] Embodiments of the invention can be implemented
by a blend of hardware, software and firmware. Both digital
and analog techniques can be used with or without micropro-
cessors and DSP’s.

[0492] Embodiments of the invention can be implemented
for communications systems and electronics in general. In
addition, and without limitation, mechanics, electro mechan-
ics, electro optics, and fluid mechanics can make use of the
same principles for efficiently amplifying and transducing
signals.

5. CONCLUSION

[0493] The present invention has been described above
with the aid of functional building blocks illustrating the
performance of specified functions and relationships thereof.
The boundaries of these functional building blocks have been
arbitrarily defined herein for the convenience of the descrip-
tion. Alternate boundaries can be defined so long as the speci-
fied functions and relationships thereof are appropriately per-
formed. Any such alternate boundaries are thus within the
scope and spirit of the claimed invention. One skilled in the
art will recognize that these functional building blocks can be
implemented by discrete components, application specific
integrated circuits, processors executing appropriate software
and the like and combinations thereof.

[0494] While various embodiments of the present invention
have been described above, it should be understood that they
have been presented by way of example only, and not limita-
tion. Thus, the breadth and scope of the present invention
should not be limited by any of the above-described exem-
plary embodiments, but should be defined only in accordance
with the following claims and their equivalents.
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What is claimed is:

1. A method of amplification, comprising:

determining an in-phase (I) component and a quadrature

(Q) component of a desired output signal based on a
reference signal;

generating first and second signals having a desired output

signal frequency from the received I component;
generating third and fourth signals having the desired out-
put signal frequency from the received Q component;
amplifying each of the first, second, third, and fourth sig-
nals individually; and

generating the desired output signal by summing the

amplified first, second, third, and fourth signals.
2. The method of claim 1, wherein the first and second
signals have substantially constant and equal magnitude
envelopes and a sum equal to the I component.
3. The method of claim 1, wherein the third and fourth
signals have substantially constant and equal magnitude
envelopes and a sum equal to the Q component.
4. The method of claim 1, further comprising receiving a
clock signal set according to the desired output signal fre-
quency.
5. The method of claim 1, wherein the amplifying com-
prises amplifying the first, second, third, and fourth signals
substantially equally according to a desired power level of the
desired output signal.
6. The method of claim 1, further comprising determining
a relative phase angle and magnitude of the I and Q compo-
nents.
7. The method of claim 6, further comprising generating a
set of I and Q phase control signals based on the determined
relative phase angle and magnitude of the I and Q compo-
nents.
8. The method of claim 6, wherein the determining com-
prises determining a phase shift relative to the reference sig-
nal and determining a complex envelope.
9. The method of claim 8, further comprising determining
a first phase shift angle using the complex envelope, wherein
the first phase shift angle is the phase difference between the
first and second substantially constant envelope signals.
10. The method of claim 9, further comprising determining
a second phase shift angle using the complex envelope,
wherein the second phase shift angle is the phase difference
between the third and fourth substantially constant envelope
signals.
11. A vector power amplifier, comprising:
one or more phase splitters configured to determine an
in-phase (I) component and a quadrature (Q) component
of a desired output signal based on a reference signal;

one or more vector modulators configured to generate first
and second signals having a desired output signal fre-
quency from the received I component;

one or more vector modulators configured to generate third

and fourth signals having the desired output signal fre-
quency from the received Q component;

one or more amplifiers configured to amplify each of the

first, second, third, and fourth signals individually; and

a summer configured to generate the desired output signal

by summing the amplified first, second, third, and fourth
signals.

12. The amplifier of claim 11, wherein the one or more
vector modulators are configured to generate the first and
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second signals so that they have substantially constant and
equal magnitude envelopes and a sum equal to the I compo-
nent.

13. The amplifier of claim 11, wherein the one or more
vector modulators are configured to generate the third and
fourth signals so that they have substantially constant and
equal magnitude envelopes and a sum equal to the Q compo-
nent.

14. The amplifier of claim 11, further comprising a clock
configured to generate a clock signal according to the desired
output signal frequency.

15. The amplifier of claim 11, wherein the one or more
amplifiers are configured to amplify the first, second, third,
and fourth signals substantially equally according to a desired
power level of the desired output signal.

16. The amplifier of claim 11, further comprising deter-
mining a relative phase angle and magnitude of the I and Q
components.

17. The amplifier of claim 11, wherein the one or more
amplifiers comprise one or more multiple input single output
(MISO) amplifiers.



