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0] Sublect matter disclosed herein relates generally o radio frequency
{RF} ciroults and, more particudarly, to devices, systems, and techniquss for
implamanting RF amplifiers and transmitters that are capable of achieving high

Hnearity and high efficlenay simultanecusly.

BACKGROUND

{0021 As s known in the arl, & radio frequency (RF) transmiiter is a device
that produces RF signals. RF transmitters may be included, for example, as part
of & radio communication system that uses slsclromagnetic waves {radio waves)

o ransport information over g distance.

B003]  As s also known, 2 trade-off must generally be made in RF
sommunications ransmitters between enargy efficiency and linsarity, Overthe
decades of development of the RF ransmitter and coresponding RF amplifiers, §
has generally been true that one could obtain either high efficlency or high
finearily, but not both. | would, therefors, be desirable to provide sysiems and
technigues thal allow a user to amplify RF signals andfor transmit data canmyving

RE signals with both high efficlency and high insarity.

SUMMARY

Q004 Systems and techniques are described herein that allow radin
frequency (RF) signals to be amplified andfor transmited with both high efficlancy
and high linesarity. Digital control may be maintained over both the amplifudes and
the phases of RF input signals appliad o one or more powsr ampiifiers, Digital
contrel may also be maintained over the supply vollages applisd to the one or
more power amplifiers. In some embodiments, nor-linear power amplifiers may
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ba usad o achieve high power efficiency within the RF transmitter. Digital control
technigques may be used 1o achisve linearity and fo fusther enhance efficiency. In

al least ong implamentation, the amplifudes of one or more BF input signals of the
ong OF more power amplifiers may be controlied 1o achieve backoff in the powesr

ampiifier {o generale a desired ouiput power level.

0008 In accordance with one aspect of the concepts, systems, ciroulls, and
techniques desaribed hereln, an RF power amplifier system comprises: an RF
powsar amplifier; a digitalo-RF modulator to generate an RF input signal for the
RF power amplifier based on input Information indicative of amplitude valuss and
phase values! 8 vollage control unit {o provide a variable supply vollage to the RF
power amplifier in response (o g control signal; the variable supply vollage being
selected from a plurality of disonste vollage levels; and a condrofier to provide the
nput information to the digitalo-RF modulator and the control signal to the
voilage control unit based, at least in part, on data o be fransmitted from tha BRF
transmitter, the controtier being configured to make decisions about vollage level
changes for the RF power ampiifier basad, at laast in part, on a window of data
samples representing data (o be transmitied by the RF transmitler,

[BO08]  In one embaediment, the controller is configursd {o select amplitude and
phase values for the digital-to-RF modulator and voltage values for the BF power
amplifisr to generate an sccurate representation of the transmit data within an

output signal of the RF power amplifier system,

OGOYT  In one embodiment, the controller is configurad o select a discrete
voltage level for a current data sample based, at least in part, on & voliage level
selectad for ot least ong pravious sample, the current dala sample, and af least

ong future data sampls.
fGOG8]  In one embodiment, the voltags control unit includes a transition
shaping filter to filter 8 voltage signal applied o the powsr amplifier,

0008 in one embodiment, the controlier s configured to make voltags level
change decisions for the powsr ampilifier In @ manner thet achisves efficient power
ampiifisr operation with a8 reduced number of voltags level transitions.
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IO010]  In one ambodiment, the controller is capabls of adapting the length of
the window of data samples over time based on a predetermined ampliiffer

performancs oriterion.

OOT1] Inone embodiment, the window of dala samples has a fixad length,

10012]  Inong embodiment, the controlier is configured to adapt one or more
vaiues of the plurality of discrete voltage levels used by the voltags control unit

ovar imes.

{0131 Inone embodiment, to determine a voltags level for use by the power
amplifier for a current sample, the controfler is configured 1o select & new voltage
leval that is lower than that used for the previous sample for use with the current
sample T all samples in the window of data samples can use a lower voltags level

than was usad for a previous sampls {0 achieve a desired oulpul powar,

[0014]  In one embodiment, to determing a voltage level for use by the power
ampiifier for a current sample, the controlier is further configured o If &l samples
i the window of data samples cannot use a lower voliage fevel than the previous
sample to achiave a desired oulput power I the voltage lovel used for the
pravious sampile is sufficlent for use with the current sample, use the voltags level
used for the previous sample for the current sample; and ¥ the voltage level used
for the previous sample is not sufficient for use with the current sample, seleot a

new voltage level for the curmant sample.

B015]  Inone embaoediment, the controfiar is capable of selecting a8 voltags
value for the powsr ampiifier that is lower than required {o generate 8 desired
mstantansous oulput power level i the nesd for a higher voltage level is short in
duration comparad {o the ime duration of the window of dats samples.

H018] o one embodiment, the controfier Is capable of selecting & voltage
valug for the power amplifier that is higher than a minbmum voltage sufficient to
gsnerate a desired inslantansous oulput power level if the duration of time for
which & lower vollage level is sufficlent is short comparad {o the time duration of

the window of dala samplas.
O07] in one embodimant, the RF power amplifier is a first RF power ampiifier,

and the RF powsr amplifier system further comprises: at least one addiional RF
3
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power amplifier; and & combiner fo combine the oulput signals of the first RF
power amplifier and the at lsast one additional RF power amplifier,

{0181 in scoordance with another aspect of the concepls, systems, circulls,
and techniques described hersin, & machine implemented method for operating
an RF transmitier having & digitalMo-RF modulator driving 2 powsr amplifier
comprises: oblaining transmit data to be ransmilied from the RF transmitter
providing input information for the digital4o-RF modulator based, at least in part,
on the transmit dalg, the input Information {o control an amplitude and a phase of
an RF output signal of the digital-to-RF modulator; and selecting 2 supply voltage
for the powsr amplifier based, af least in part, on the fransmit dats, whersin
selecting a supply voltage includes making decisions about voltage lsvel changes
for the RF power amplifier based, at lsast in part, on a window of data samples
represanting data o be transmitiad by the RF tfransmitter,

00481 in one embodiment, the method further comprises delivering an output

signal of the power amplifier o one or more antennas for ransmission.

{00201 Inone embodiment, the method further comprises selacting & discrete
supply voltags lovel for & current data sampls based, at least in part, on a vollage
tevel selected for at least one provious sample, the curent data sample, and &t

least one future dats sample.

021 Inone smbodiment, the ampiitude of the RF output signal of the digital-
to-RE modulator and the selection of the discrete supply voltage level are
confrolied {o achieve a desired instantansous oulput power of the RF transmitier.

0022]  Inone embodiment, selacting & supply voltage for the power amplifier
comprises: i all samples in the window of samples can use a lower voltage lovel
than a previcus sample fo achieve a desired oulpit power, selecting & new
voltage level that is lower than that used for the previous sample.

{00231 Inone embodiment, selecting & supply voltage for the power amplifier
further comprises: f all samples in the window of samples cannot use a lower
voltags level than the previous sample to achieve the desired oulput power: if the
voltage level usad to suppont the previous sample iz sufficient for use with a
gurrent sampls, continue using the voltage level used to support the previous

4
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sample for the cwrrent sample; and ¥ the vollage lavel used 1o support the
previous sampie is not sufficlent for uss with the curent sample, selscting a new

voltage level that is sufficlent for use with the current sample,

0024 In one embodiment, selacting 2 new vollage leval that is lower than that
used for the previous sample o support all samplas includes selscling 8 new
voltage level that Is as low as possible and still capable of generating desired

nstantaneous oulpul powsr levels Tor all samples in the window,

0028 In one embodiment, selscting & new vollags level that is sufficient for
use with the current sample includes selecting a new voltage level that is as low
as possible to generale a desired instantansous oulput powsy level for the current

sampls,

002681 In accordance with still ancther aspect of the concepts, systems,
clirouits, and techniques described hereln, an apparatus comprises a computar
readable medium having Instructions stored theraon that, whean exacuted by a
computer, parform a method for operating an RF transmittar having a digitai-o-
radio fraquency (RF) modulator driving a power ampilifier, the method comprising:
oblaining transmit data o be transrmitted from the RF transmiter: providing input
information for the digitalto-RF modulator based, at least in part, on the fransmit
data, the input information {o control an amplifude and a phase of an RF output
sighal of the digitaldo-RF modulator; and selecting 8 supply vollage for the power
ampiifier based, at least in part, on the tansmit data, the supply voltage being
selactad from a plurality of discrete voltags lovels, wherein ssiecting a supply
voltage includes making & decision about supply voltages level for the RF power
ampiffier based, st lsast in part, on & window of dals samples representing data to

be transmitted by the RF fransmitier.

{027} In one smbodimeant, selscting a supply voltage for the power amplifier
ncludes selecting & disorate supply voltags level for 8 dats sample based, at least
in part, on the data sample, at lsast ons subseguent data sample, and a voltage

lovel selacted for af least one pravious sampls.

G028 In one embodiment, providing Inpu informetion for the digital-io-RF
modulator ncludes providing input information that controls an amplitude of an BF

G
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output signal of the digitallo-RBF modulator in g manney that achisves a desirad

power level at an oulput of the RF fransmitter,

00287 In one ambodiment, selscling a supply voltags for the power amplifier is
parformead In a manner that achisves efficient powsr amplifier operation with a

reduced number of vollags level transitions.

030 In one embodiment, the method further comprises adapting & length of

the window of data samples over Hime based on a pradetermined oriterion.
0311 Inone embodiment, the window of data samples has a fixed length

00321 in accordancs with a further aspact of the concepts, systems, cirouits,
and technigues descoribed herein, 8 machine implamented method for selecting a
voltage fevel for & power ampiifisr within a radio frequency (RF) ransmitter based
on input data o be transmitled comprises: identifying 8 window of samples o be
fransmitted from the ransmitter; and ¥ alt samples i the window of samples can
use a lower voltage level than a previous sample o achieve a desired
nstantanaous outpud power, selecting a new voliage level that is kawer than that

usad for the pravious sampls.

[0033] In one ambodiment, the method further comprises: i all samples in the
window cannot use a lower vollage level than the previous sample o achievs the
desired oulput power: If the voltags level used for the pravious sample s sufficlent
for use with a current sample, using the voliage leve! used for the previous sampla
for the currant sample; and i the voltage level used for the previous sample is not
sufficient for use with the current sample, selecting & new voltage level that is

sufficlant for use with the current sample.

00341 In one smbodiment, selscting a new vollage level that is lower than that
used for the previous sample Includes selecting a new voltage level that is as low

as possible {o support all samplss in the window.

G351 Inone embodiment, selecting & new vollage level that is sulficient for
use with the current samiple includes selecting & new voltage level thatis as low

as possibie for use with the current sampls.
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BRIEF DESCRIPTION OF THE DRAWINGS

{00367  The loregoing features may be more fully understood from the following

description of the drawings in which:

{00371 Fig. 1 is g block diagram Hlustrating an exemplary radio frequency (RF)
transmitler in accordance with an embodiment;

I0038]  Fig. 2 is a block diagram Hlustrating an exemplary RF transmittar in

accondancs with another embodimant;

{00381 Fig. 3 is a block diagram Hlustraling an sxemplary RF transmifter having

at least four power amplifiers in accordance with an ambodiment;

[O044]  Fig. 4 is 2 block diagram iHustraling an exemplary RF transmitter having

a single powsr ampiifier in accordance with an smbodiment;

[00414]  Fig. 44 i 3 block diagram lHustrating an exemplary RF transmitier
having a single power ampiifier that uses a discrate voltage swilching in

accordance with an embodiment;

10042 Fig. 48 is a schemalic disgram llustrating an exemplary switched
capaciior converier circul! that may be used within a vollage control unit in

acoordance with an embodiment;

0431 Fig. 40 is a schematic diagram #lustrating a vollage control
arrangement for switching among different discrele supply levels for a power

ampiifier in accordance with an embodiment;

{G044]  Figs. 40 and 4E are schematic diagrams Hustrating exemplary
switching network architectures that may be used In power ampliffer systems and
RF fransmitter systems in accordance with embodiments;

{0045]  Figs. 4F-4i are schamatic diagrams Hlustrating exemplary level
fransition filter architeciures that may be used in various embodiments;

{00467 Fig. 5 is a block diagram Hlustrating an sxemplary RF transmitier in

accordance with another embodiment:
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{00471 Fig. 8 is a schamatic disgram Hustrating an sxemplary voltage control

unit in accordance with an eambodiment;

00481 Fig. 7 is 2 schematic diagram #lustrating an exemplary voltage control

unit in accordancs with another embodiment;

[0048]  Fig. 8is a flow diagram fHlustrating a method for operating an RF
fransmitier having at least two digital-4o-RF modulators driving af least two power

ampifiars in accordance with an embodiment;

{00507 Fig. 9is a flow diagram fHusirating & method for operating an RF
transmilter having 2 single digitalMo-RF modulator driving 2 single power amplifier

i accordance with an embodiment:

{00511 Fig. 10 is a disgram Hustrating an exemplary sampls window that may
be usad {o make a voltage level change decision in a power amplification system

i accordance with an embodiment: and

00821 Fig. 11 is 8 flow diagram flustrating a method for selecting voltage
lsvels for ong or more power amplifiers of a power amplification system based on

& sample window in accordance with an smbodiment;

[0083]  Fig. 12 is a plot ustrating the efficlency and output power of 8 power
amplification system having a single powsr amplifier as a function of normalized

RF drive powsar al two diferemt do powsr supply lavels;

{0084]  Fig. 13 is a pair of IQ plots Hustrating achievable RF oulpul amplitudes
for a power amplification system having a single powsr amplifier using two

different supply levels;

{DOGE]  Fig. 14 is a plot of efficiency versus normalized output power for a
power amplification system having a single power amplifier using fwo different

supply lovels in accordance with an embodiment;

[0088]  Fig. 18 s an K plot Hlustrating achievable output signal ranges for a
power amplification system having two powsr ampifiers and & combiner, whers

gach power amplifier is suppliad from one of two supply levels;
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{00571 Fig. 18 s an K plot Husirating operation of an exemplary Asymmetric
Mulitlevel Quiphasing (AMO) based ampiification system that includes two-power

amplifiers and two power supply levels;

(0581 Fig. 17 is an 1Q plot Mustrating 8 control technigue that may be used
with a power amplification system having two powsr amplifiers and a combiner to
operate the power amplifiers al or close fo their achisvabls maximum ampifudes,

while minimizing oulpud at an isolation port of the combiner, and

[O068]  Fig. 18 s a series of plots Hlustrating how power amplifier drive levels
and supply levels may be adjusted to control oulput power over an oulpud powsr

rangs in accordancs with an smbodiment.

DETAILED DESCRIPTION

{0080]  Fig. 1 is a block diagram Hlustrating an exemplary radio frequency {RF)
transmitter 10 in accordance with an embodiment. As will be desoribed in greater
detall, RF transmilter 10 is capable of simultansously achieving both high
sfficlency and high linearity. As Hlustrated, RF transmitter 10 may include: a
controfier 12; first and second digital to RF modulators 14, 18: first and second
power amplifiers 18, 20; first and second voltage control units 22, 24; a power
combiner 28, and an energy recovery moduls 30, RF transmitter 10 may be
couplad {o one or mors antennas 32 andfor other ransducers {o faciiitate the
fransmission of RF signals to one or more remole wircless entities. In some
implemantations, first and second power amplifiers 18, 20 may use substantially
the same ampliifier design. In other implementations, different amplifier designs
and/or architectures may be used. in some embodiments, first and second power
ampiifiers 18, 20 may be non-linaar amplifiers (and, In some cases, highly non-
linear amplifiers]. As is well known, non-linsar amplifiers generally operate mora

gificiantly than linear amplifiers.

{G0G1]  First and second digital to RF modulzators 14, 16 are operative for
ganerating RF input signals for first and sescond power amplifiers 18, 20,
respactively, based on information received from controller 12, First and second

8
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voltage control unils 22, 24 are operative for providing variable supply voltages fo
first and second power ampiifiers 18, 20, respectively, based on control signals
raceivad from controlier 12, In a typical implementation, controlier 12 will receive
or otherwise oblain & stream of dats 1o be ransmitted from RF fransmitter 10 (e,
fransmil datal. Controfler 12 may than use this ransmit data, among other things,
o provide signals for first and second digital lo RF modudators 14, 18 and first and
second vollage control units 22, 24 that will resull In the transmission of the
fransmit daia from antenna{s) 32, Controller 12 may updats the information
deliverad {o first and second digital to RF madulators 14, 18 and the control
signals deliverad {o first and sscond voltags control units 32, 24 on a sample-by-

sample basis in some implementations.

00821 In ot loast one implementation, controfler 12 can provids indspendant
cortrol to each of first and second vollage control units 22, 24 so that different
supply vollages can be simultansously applied to first and second powsr
amplifiors 18, 20. Likewise, in some implementations, controfler 12 can provide
differant input information to first and sscong digital to RF modulators 14, 18 so
that different RF input signals are simultansously applied to first and sscond
powar amplifiers 18, 20, Power combiner 28 is operstive for combining the outpwt
signals of first and sacond power amplifiers 18, 20 to genarate an RF tranamit
signal at an output thereo!, The RF transmit signal may then be delivered to
antennals) 32 for transmission info 8 wirsless channel. As will be appreciated, the
RF transmil signal should include an accurate rapresentation of the original

fransmit data.

{0083] First and second powsr ampifiars 18, 20 may sach include any type of
power amplifier capable of amplifying an RF signal In some implamentations,
first and second powsr amplifiers 18, 20 may be non-linear ampiifters (o improve
the efficiancy of oparation of the RF transmilfer. In some embodiments, highly
non-iinear amplifiers may be used. First and sacond power amplifiers 18, 20 may
use the same amplifier design or diferent amplifier designs. Likewise, first and
socond powsr amplifiers 18, 20 may use the same amplifier architecture or
different ampiifier architecturss. First and second voltage control units 22, 24 may

aeach nclude any type of circult, component, or system that is capable of
10
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controflably varving 8 supply vollage level applied o a power amplifier inan RF
fransmitier. These unils may nclude, for example, variable power supplies,
discrete power suppliss, batleries, muitlavel power converters, andfor switching
circults that are capable of swilching belwesn preset vollage potentials,

0084 First and second digital to RF modulaiors 14, 18 may include any type
of circulils or componants that are capable of converting digital Input Iinformation
representative of a time varying amplitude and a time-varying phase into an
analog RF oulput signal having coresponding amplitude and phass
characieristics. Power combingr 28 may include any Hype of devics or structure
that is capable of combining mulliple RF signals. This may include, for sxample, a
hyvbrid combiner, a transformer combiner, a Wilkinson combiner, and or others.

Fower combiner 28 may be an isolating combiner or a non-isolating combiner.

OGBS As desoribad above, controfler 12 may receive or otherwise acquirs
franamit data that neads t© be ransmiited into & wireless channsl. The fransmit
data may ba In any format {8.¢., a2 binary bit stream; and Q daty; ele). Controller
12 may then uss this dats, as well as other possible factors, to provide signals for
first and ssoond digital {o RF modulators 14, 18 and first and second voltage
controf units &2, 24, In soms implementations, the goal may be fo generate an RF
fransmit signatl that includes an accurate representation of the transmit data, Any
of a number of different modulation and coding schemes (MUSs) may be used to
raprasent the ransmit data within the RF transmit signall The MOB may includs,
for exampls, binary phase shift keving (BRFSK), quadrature phase shilt keving
{QAPSK), quadrature amplifuds modulation (a.g., QAM, 18 QAM, 84 QAM, 128
QIARM, ate), orthogonal fregquency division mulltiplexing {(OFDM), andior others.
Some of these MUSs have relatively high peak {0 averags power ratios. Asis
wall known, MOSs having high peak to averags power ratios typically raquire
highly insar powsr ampiification to provide an accurste representation of ransmit
data. In varous embodiments desoribed herein, transmission systems and
fechniques are desoribed that are capable of providing efficlent power
ampiification with sufficient inearity to support MOSs having high pealdio average

power ratios.

11
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00881 As shown in Fig. 1, sfter controlier 12 acquires transmil data, it may use
the data to provide input information to first and sacond digital o BF modulstors
14, 18, In one possible approach, controfler 12 may provide separate Fand @
data o each of the first and second dightal o RF modulators 14, 18, That is,
controller 12 may generate 1y, Qg Tor first digital to RF modulator 14 and i, G for
second digial o RF modulator 16, First and second digital to RF modulators 14,
18 may than use the |, Q information o modulate an RF camrler wave {0 generate
& corasponding RF signal at an oulput thersol. As s well known, and Q data Is
ganarally reprasentative of an ampiitude and a phass, Thus, § and Qy may, for
axample, have 8 corasponding ampiifude Ay and phase 84, The RF signal output
by first digital to RF modulator 14 inresponse o ) and Q¢ may therefore be an RF
signal having amplitude Ay and phase 8. In some implementations, the input
information provided to first and second digital to RF modulators 14, 18 may be in
a format other than fand Q. For exampls, in one possible approach, ampltude
(A1, AZ) and phase {8, &) information may be delivered fo first and second
digital to RF modulators 14, 18 by controfler 12, As described above, the input
irformation appliad o first and second dightal to RF modulators 14, 18 may

changs on a8 sample by sample basis in soms eambodiments.

BO87]  In some implementations, first and second voltage control unils 22, 24
may each be capable of providing one of a plurality of predetermined vollages fo
corresponding power amplifiers 18, 20 in response o control signals from
controller 12, Thus, a control signal Veowry may select a vollage value for powsr
ampifier 18 and a control signal Veonr may selact a vollage value for power
ampiifier 20. As with the input information applisd o first and second digital to RF
modulators 14, 18, the supply voltage values applied o first and second powsr
ampiifiers 18, 20 may changs on 2 sample by sample basis i soms

ambodiments.

{00881 in addition o the above, in some ambodimeants, controller 12 may use
the ampiitude information delivered to first and sscond digital o RF modulalors
14, 18 {a.g., the amplitude value associated with 1 and (4, ofc.} o controlfadiust
powsr level oulput by the RF transmitter 10 {a.g., a ransmi power level). For
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axample, controfler 12 may use a reduced ampiifude valus for ons or both of the
digital to RF modulators 14, 18 when a lower fransmil power lavel is desired,

0088 In some embodiments, controlier 12 may determing input Information for
first and second digital to RF modulators 14, 18 and controf information for first
and second voltage control units 22, 24 in real ime based on the ransmit data. In
soms other embodiments, an optional lookup table (LUT) 38 may be usad fo
grovide the reguired information. Controller 12 may retrisve values from LUT 38
for the first and second dighta! to RF modulators 14, 18 and the first and sscond

voliage control units 22, 24 that are designed (o acourately reprasent the transmit

data in the transmit signal,

WOT0 I some smbodiments, power combiner 28 may be an isolating
combinar having an isclation porl. As is wall know, an isolating combiner will
somatimes oulput anergy at the isolation port due o, for example, mismalches,
imbalances, andior reflections in the clircullry coupled to the combiner. Typlcally,
a rosistive termination will be couplad o the isolation port of an isolating combiner
fo provide an impadance mateh for the port and o dissipate any energy output
from the porl, In some smbodiments, an energy recovery madule 30 may be
coupled {o the isolation port of an isolating combiner, rather than 8 conventional
rasistive {ermination, for use In recovering some or all of the energy that would
othanwise have baen dissipated. Energy recovery module 30 may includs ciroulry
for converting the recovered energy into 2 useful form. For example, the
recoverad energy may be converted o a form that can be used to charge a
battery. Allematively, the recovered energy may be converted o & form that may
he used o enegize other clroultry within RF transmitter 10,

{0071 In the smbodiment Hlustrated in Fig. 1, separate vollage control unils
22, 24 are providad for first and second powser amplifiers 18, 20, In soms
implamentations, the functions of multiple voltage control units may bs
implementad using a single voltage controd structure. Fig. 2 i 8 blogk diagram
Hustrating an sxemplary radio frequenoy {RF) tranamitter 40 in accordance with
an embodimant. As shown In Fig. 2, & single voltags controt unit 34 may be used

to provide variable voltages for both of power ampiifisrs 18, 20
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0O In some ambodiments, power ampiification systems are provided that
ncorporate dynamic selection from among a8 discrate set of voltags levels for
providing drain bias voltages (o a st of power amplifiers (PAs). Selection from
among muitiple discrele vollage levels In selting one or more drain bias voltages
B common {0 a number of system architectures, This Includes systems that
select from among a discrate set of nput vollages and then provids additional
regulation to provide a continuousiy-varying drain voltags {see, a.g., "Mullilevel
Fower Supply for Migh Efficlency RF Amplifiers,” by Vasic of al., 2000 EEE
Applied Power Electronics Conferance, pp. 1233-1238, Feb. 2008, and U8
Pafent 7,482 888 tn Wilson, entitled "High Efficiency Amplification.”) and svsiams
that directly sxplolt disorete drain levels, including "class Q" amplifiers (see, 8.¢.,
‘Average Efficiency of Class-G Power Amplifiers,” by F.H. Raab, IEEE
Transacfions on Consumer Elsclronies, Vol CE-32, no. 2, pp. 1451580, May
1688; and "A Class-G Supply Modulalor and Class-E PA In 130nm CMOS by
Walling et al., {EEE Journel of Solid-Siate Cireudls, Vol 44, No. 8, pp. 2338-2347,
Sept. 2008, mult-evel LING (MLUING) Power Amplifiers (see, 8.g., U8, Palant
Application Publication 2008/001 8488 {o Chen et al. entitled "Mullilsvel LINC
Transmitter;” and U8, Patent Apphication Publication US 2010/007 3084 to Hur et
al. entitled “Systems and Methods for & Level-Shifting High-Efficlency LING
Amplifier using Dynamic Power Supply” and Asymmetric Multifeve! Quiphasing
{AMO) Power Amplifiers (ses, a.g., U8, Patent Nos. 8,088,783 and 8,184,384 tv
Dawson af all entitled “Asymmetric Multilsvel Quiphasing Architecture for RF
Amplifiers” and "A 2.4-GHz, 27-dBm Asymmetric Multilevel Oulphasing Power
Amplifier in 88-rm CMOS” by Godoy at al, IEEE Joumal of Solid-Siate Cirouls,
2012). In the present application, dynamic sslection from among a discrate set of
voltage levels {or Ylevel selection”) is primarily discussed in the contexd of a singls
or muit-amplifier, muliHevel powsr amplifier architecture {such as, for axample,
the powsr ampiifisr architecturs used in RF transmitter 10 of Fig. 1) However, the
wved selection techniques discussed herain can also be usad o Improve
performance in other architsctures wilizing discrete vollage levels, including those

snumerated abovs,
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{00731 Levsl selaction can be performed based upon the instantaneous sutput
envelope vaiue or, whan procassing digital data from which to synthesize the RF
oiput, upon an individual digital sample 10 be synthesized. In ons possible
approach, the lowest disersle voltage level or levels may be used that are
compatible with synthesizing the required instantanesous RF oulput in order to
provide the highest instantansous “drain” sfficiency. In at least one smbodimeant,
discrate voltage levals may be selected basad upon a “window” of data to be
fransmitied, rather than 8 single sampla or “instantansous” valug. In this manner,
the number of level fransitions that are used to synthesize a particular data stream
can be reduced. I many cases, this technigus may result in higher voltage levels
being usad than are absolutely necessary to synthasize a particular sample (thus
raducing power amplifisr “drain” efficiency). However, overall efficlency can be
improved {or at least s degradation reduced) by miligating the energy cost of
fransitioning among levels., Morsover, linearity {(8.9., 88 measured by adjacent
chammsd leakage ratio (ACLR]) or adiscent channel power ratio (ACPR)Y), error
vacior magnituds (EVM), and other wavelomm qualily metrios can be improved by
raducing the number of lovel transitions required. This s bacause the sysiem
disturbance caused by transitioning levels on one or more PAs will typically have
a cost in terms of the oulput rajeciory, aven though this can be compensated for

using digital pre~distortion or other technigues,

074 In some ambodiments, decigions may be mads about the discrele
voltage levels to apply based on one or more extended ime pericds, rather than
relving solely on instantansous conditions. In one approach, for exampls, a
decision as o whether or not to changs seleciad lovel(s) looks across a8 window of
samples Ny long {8.q., from a current sample under consideration into the futurs,
from a previous sampls in the past through the current sample and for one or
more samples into the future, efc.). Fig. 10 is a diagram llusirating such a sample
window 220, These samples may be reprosented as LO data valuss, as
amplitudes/phases of the desired outpuls, as veclor valuss o be synthesized,
gig., or may simply represent the oulput power o vollage amplifudes dasired, For
the current sample 222, the system may only transition {o a lower level or set of
laveals {iLa., providing a8 lowsr maximum powsr} I that lower lovel or set of levels
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can provids sufficient output power over the whole window 220 of Ny samples. #
more power delivery is needad for the current sample 222 than can be provided
by the level/set of levels usad in the pravious sample 224, then s transition is
made {0 & levelisst of lovels capable of providing sulficlent power. Otherwiss, the

lavelfset of lovels remains unchangsed from the previous sample 224 & the current

sample 232,

BO7s] Using the above-describad tschnigus reduces the number of fransitions
by ensuring that 8 “downward” level transition only occcurs F an “upward” fransition
won't be necessary again in the near future. At the same Hime, an "upward”
fransilion may always be used ¥ nesaded 1o support the required output power
during a given sample. It will be appreciated that many variations are possible
which provide further reduction in number of ransitions. For example, inonsg
alternative approach, & decision may be made (o make sither an “upward® or a
“downward” transition as long as it is certain that another transition will not he
needad for at lsast a minimum number of samples {Le., within a window of
samples). In ancther altemative approach, § an "upward” ransiion 18 needed o
support an cutput for less than a certain number of samples, that transition could
be sliminated, and the powsr amplifiers driven {0 provide an oulput as close as
possible to the desired oulput {during either the sample in question or averaged in
some mannar over multiple samples). This may reduce transitions, at the
gxpenss of soms waveform guality degradation. I any of the above-desoribad
fachniques are usad, the input drives for the individual power ampliffers may be
adjusted accondingly for the selected drain vollage levels in order o provids the
dasired {otal culpul. In some embodimants, 8 controller may be programmaead or
configurad {o be capable of selacting & vollage value for a powsr ampiifier that is
iower than required to generate a desingd instantansous output power level f the
nead for & higher vollage level is short in duration comparad {o the time duration
of the window of dala samples. in other smbodiments, a controller may be
programmaed or configured 1o be capable of selacting 2 voltage value for a power
amplifiar that is higher than a minimum voltage suificlent to generate g desired
instantanaous oulput power leval i the duration of tims for which a lower voltage
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level is suflficient is short comparsd to the tims duration of the window of data

samplas.

0078 In some implesmantations, the above-described technigue may be
combined with other techniques including, for axample, peask-lo-averags powsy
ratio {(FAPR) reduction techniques, lechniques using hysteresis in the thrasholds
used o make lovel selection determingtions, technigues that filter the data before
andior after the leval-selaction process, andior others. In some implementations,
the window lengths that are used with the above-desoribad tachnigues may be
dynamically andfor adaptively selected based on a performance orfferion. Inone
approach, for example, the window lengths may be selected fo maximize a

combination of afficlency and oulput quality metrics.

BO771 To provide a better understanding of the oparation and benefits of the
ampiifier archileciuras described herein, the performance of a single powar
amplifier {PA} having two different de supply voltages will now be desoribed, This
power amplifier could represent any number of PA classes {(8.g., AABBF,
verse F, ete ) and could also represent a composite amplifier comprising an
aggregation of oulput from mulliple smaller PAs operated togsther {e.g., 8 Doherly
amplifier, outphasing ampilifisr, ele) Fig. 12 is 3 plot showing the efficlengy and
{normalized) ouiput powsr of 8 power amplifier as & function of normalized RF
drive powsr at two different do power supply lavels {La., a lowsr do supply, level 1,
and & higher do supply, level 2}, H can be seen that for the lsvel 2 do supply, ata
certaln RF input power {01 normaiized) the output powsr reaches a8 maximum
saturated oulput power {1 normatized). The oulput powsr can be reduced o any
valug balow this saturated maximum (e, “backing off the oulpul power) by
reducing the KE input power,  For low lavels of RF input and output power, there
is a nearly linsar {proportional) relation between RF input power and RF output
power, However, efficlency in this region is rolatively low {g.9., below 40% for RF
outpud powers below 0.28 nomalized). The highest efficiency is found in regions
of culput power at or somewhat below the level al which oulput power saturales
{a.g., efficiency above 70% for oulpud power above 0.83 normalized). Increasing
RF input power bavond the level that saturates the powear ampiifier, however,

actually reduces sfficiency. This cocurs becauss total input power ~ do plus RF -
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increases but culput power does not increase (and In some cases can decreass

with further increase in RF input power).

{00781  The power and efficiency for the lower voltage do supply (level 1} is now
considered. In this case, the madmum saturated ouiput powsr is much iower
than for the highervoltage (level 2) do supply {8.4., reaching & maximum oulput
oower of only (.25 normalized). The oulpud power can again be adjusted between
zero and this lower madmum value by adiusting RF input power {(8.9., backing off
the oulput power by reducing the normalized input power to values below that
which saturates the power amplifier), but higher output powers {above (.25
nommaiized) ars not obtainable at this supply level. | should be noted that for
valuas of oulput power that can be reached atl this lower supply level, higher
afficlency is achisved using the lower do supply level 1 than for the higher do
supply level 2, because the power amplifier is operaled closer o iis salurated
value. Thus, for low values of oulput power, it is generally desirable to use a
iower supply voliage value, 80 long as the desired oulput power is achisvable and
the desirad leval of linearity and controliability of the power ampilifier is achisvable.

D078 The variation in efficiency with a given do voltage supply lavel s a
motivation for power ampiifier systems such as "Class 3,7 that switch the power
amplifier do supply among differant levels depending on the desired RF autput
power level, Selecting from muttiple de supply values such that the powsy
amplifier operates at as high an afficlency as possible while being able o provide
the desired RF oulput power can yield significant improvemeants in efficiency over

that achieved with a single supply level,

0801 Fig. 13 includes two I3 plots llustrating the achisvable RF oulpuis in
terms of the ocutput RF ampiitude {i.a., phasor length, or RF voltage ampiitude) for
two different supply levels., For a given supply level, there is an RF oulput
amplitude {proportional to the square root of BF oulput power) that may be
specified as a maximum for that supply level. This maximum amplitude may be
that corresponding (o the absolste maximum saturated cutpud power {under
complate compression) for that supply level, as Hlustrsted in Fig. 12, ovmay be a
lavel somewhat below this, One may limit the maximum amplitude and power io
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somewhat slightly lower than those for complets saturation {o simplify
predistortion of drive signals {for insarization), fo account for parb-lo-part
variations in absolute maximum power, o place the specified maxdmum levelin g
desirable lbeation on the efficlency v, oulput characteristic, or for other reasons.
As Hlustrated In Fig. 13, with the higher supply level, any RF output vollage veolor
having an amplitude less than or squal to the radius of the oircle labeled L2 can
be synthesized, With the lower supply level, one can synthesize any RF sulput
voltage vector having an ampiifude less than or equal to the radius of the circle

labeled L1

G817 To exploit the availabifity of multiple supply vollages to achisve
ncreased efficiency, one may dynamically switch betwean the two supply levels.
One way to do this is o switch supply levels bassd on the amplitude of the RF
output vactor being synthesized at any given tims, such that the higher supply
leval is ulilized whenaver the desired output ampiitude is between L1 and LE, and
the lowsr supply level whensver the desired oulput amplitude is st or below L1,
Using this approach, lsads o the sfliclency vs. nomalized oulput powesr

characteristic shown in Fig. 14,

DG83 in ot lsast one ambodiment, the signal 1o be synthesized is considerad
over a longer interval {8.g., 8 window including multiple fulure digitsal samples) and
lovel swilching s managed based on the moving window of data. For exampls,
this may be done in g way that ensures that the desired instantansous outpwt
ampiifude can always be synthesized, but swifch down {0 the lower supply level
only if the desired oulput signal amplituds will remain at 8 level at or below L1 for
a minimum duration. Amplifude or ime hysteresis or other constraints can
fikawise be put into lavel swilching decisions. For example, one may require that
onee a swilching transition is made, no other transition will be mades for a8 specifiad
interval. Morgover, while this is Hlustrated for two powey supply lavels, the
approach may be sasily extended o an arbilrary numbaer of supply levels. The
langth of the window used could be pressiacied, or could be dynamically selecied
bhased on ons or more of a rangs of factors Including oulput power levels (short or
fong term), channsd characteristios, data bandwidth, signal statistics, transmit

data, ele. Likewise, one could select the power supply levels based on the
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contants of a block of samples at a ime, wherg the block length Is fixed or

dynamically selected,

00831 An important consideration in the above discussion is that
nstantangous sfficiency is higher for operating points where the length of the
synthasized veclor is close to the maxdmum achievable amplitude radius. From
this perspactive, { is desirable {o operate from the lowest supply for which the
desired oulpu oan be synthesized. Howsver, as theérg is an snergy cost fo
switching betwean lavels (8.9, owing to capaciior charging loss and swilching
logs of ransistors satting the supply}, § may be beneficial to overall system
afficiency 10 use a higher-than-necessary supply level {o synthesize an oulpwt
over 3 short duration, if the energy cost of switching back and forth between levels
s greater than thal saved by using 2 lowsr supply level over that duration.
Moraover, thers is also a cost {o insarity associated with switching among levals,
in terms of noiss njectad o the output and loss of insarily owing o temporary
disturbance of the power amplifier sach ime a lovel transition s made, BEven i
thers is an overall efficlency penally, one may choosse {o oparate from a higher
supply lovel than necessary to synthesize a particular culput over g short duration
if it reduces the number of supply transitions necessary, in order o improve
insarily. One may also choose not to briefly step up a power supply level fora
short duration, even if the desired instantaneous powear does not get synthesized
{possibly briefly clipping the peak of the signal), owing to the loss and nolse
injection penally of switching between levels. The impact of level iransitions on
both efficiency and linaarity may thus be considered as faclors in selgocling what

fevel o use in g particular interval,

084] Further advantage may be atiaihed in some embodiments by combining
powsr from muitipls power amplifiers {see, e.g., system 10 of Fig. 1). Inone
muitiple power amplifier ambodimant, there may be, for axample, wo power
amplifiers that can each be supplisd from two different {(nonzero} supply voltages
and an isolating power combingr 1o combine the oulput signals of the amplifisrs In
an isolating fashion. The voltage veclor at the oulput port of the power combiner
iz a weaighted sum of tha output voltags veclors of the two individual power

ampiifisrs. Likewise, a 2-way isolating combiner may produse an isolation voltage
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vector at the combiner isolation port that is a welighted difference of the two
ndividual powsar amplifisrs. The tolal energy deliverad by the powsr ampiifiars to
the combiner is ideally delivered {o either the outpul port {a.g., 1t be transmitied}
or to the isolation port {e.9., where | may be dissipated I an isolation resistor,
recovaerad via an enargy recovery system, or ransmitted via a second
transmission path). For exampls, if the oulput phasor veciors of the individual

PAs are Vi, Vs, the oulput port of the powsr combiner may producs a sum vagton
o= Vo = VitV
and the isolation port of the combiner may produce a difference vector

As is known in the art, for an isolating combiner, the input impsdances at the
combiner inputs and the impedances of the loads at the oulput and isolation ports

soale such that energy is conserved, as described above.

I0085] Becauss snergy delivered o the isolation port is usually lost, s
usually desirable o synthesize the desired output valtage vector whils minimizing
the amplitude of the voltags vector at the isolation port. One may thus select the
power supply levels, ampiitudes and phases of the two powser amplifiers o deliver
the desired oulput while putting small {and preferably the minimum} power into the
isolation port. Altematively, If the signal {o be provided at the isolation port s to be
ranemitted rather than dissipated, i may be desirable to control the supply
volages and PA Input amplitudes such that the desired signals are synthesized at
hoth the output and isolation ports while providing maximum overall efficiency of

delivering snergy 1o the two porls.

0881 Fig. 15 is an 1Q plot Hustrating achisvable output signal ranges fora 2-
amplifier system whers each power amplifier is supplied from one of twa supply
fovals. This is Hustrated as regions on the KQ disgram in terms of the culpt RF
armplitude {(phasor length, or RF voltage ampilitude). As usirated, sach power
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ampifier can generate an RF oulpul with & masdmum ampiitude that depends on
the powser supply level selectad for that amplifier, I both PAs are supplied using a
Hgher voltage L2, an RF oulput veotor anywhere insids the circle labeled L2AZ
can be synthesized, with this maximum achisved whan the fwo individual PA
vectors are in phase and at their specified madmum amplifudes Tor that supply
fovel, If one PA is suppiied at the higher voltage level and the other at the lower
voltage level, an RF output veclor anywhers inside the cirole labeled L2AL1 can be
synthesized, with this maximum achleved when the two individual PA vectors are
in phase and sach at their specifiad maximum amplifudes for thelr supply levels,
At this mandmum amplifude, nonzere output is deliverad fo the isolation port of the
gombiner, since there is a nonzern difference between the FPA outputs. 1 both
PAs are supplied at the lower voltage lavel, an RF oulpul vector anywhers ingide
the circle Iabeled LULY can be synthesized. Lastly, ¥ only one PA, supplied atthe
ower vollage lovel drives the combingr {e.g., with the drive amplitude of the
ssoond PA sat fo zero andfor the power supply for the second PA set o zero),
then a vector anywhere insids the circle labelad L1/ can be synthesized, Again,
there s nonzero oulput deliverad o the isolation port for this case | the combingr
is isolating. An additionsl circle with only one PA supplied at the higher supply
voltags level driving the combiner will also typleally sxdst, Howsver, operation
within this cirole will usually be less efficlent than the other oplions, The above-
describad technigues may be extendad for use within systems having mors than
wo PAg, systems having mors than two nonzero supply lavels, systems using

other types of power combiners, andior a combination of the above.

G087 Fig. 18 s an IQ plot ustrating operation of an Asymmetric Mulitievel
Quiphasing {AMO} based amplification system that includes two-power amplifiers
and two power supply levels. Each of the power amplifiars may be operated at a
specified maximum output amplitude (with respect to the power supply vollags
used by sach ampifier) such that the efficiency of each PA can be high. To
modulate oulput power, the two PAsS may be culphased {or phase shifted} such
that the sum vector has the desired ampiitude and phase, With an isolating
combiner, thers may be some dissipation associated with the diffsrence vector
sant o the isolation port. By changing the power supply lsvels depending upon
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the desired cutput ampiitude, one can keep the ampiituds of the differences vector

small, maintaining high efficlency.

[0088] In ol loast one smbodiment, mulliple power ampiifiers may be controlled
such that they synthesize individua! output veotors that are In phase, but with
amplitudes that may be different {and selecling amonyg different supply levels)
depending upon desired output. That s, for a given supply level selection for the
two PAs, thers is an achievabls output amplifude maximum, which is reached by
operating the two PAg at thelr achisvable maxdmum. Oneg can reduce the output
balow this by backing off one or both PAs below thelr achisvabls maximum.
While backing off the PAs reduces PA efficiency, keeping the PAg in phase kesps
the amplitude at an isolation port small, which can provide enhanced sificiency.
More generally, depending on the combiner type, keaping the two PA aulpuls
having a specified fixed phase relationship provides low isolation port loss and
enhanced efficlency. In ong approach, the lowest supply lovel set may be ulilized
that will enable the desirsd oulput to be achieved, and the drive of one or both
Pag will then be backed off to reduce powear for outputl amplitudes above that
achiavable with the next lower supply level set. This keeps the FAs opersted at or
close o their achisvable maximum while minimizing the sutput at the isolation
port. Fig. 17 is an 1Q plot #Hlustrating this approach. Fig. 18 is a serles of plols
Hlusirating how power ampiifier drive levels and supply levels may be adjusted to
conirod output powsr over an oulput power range in accordancs with an
embadiment. As shown, peaks in efficlency may be atlained through judicious
supply level selection as a funclion of power, and good efficiency may be

maintained over a wide oulput power rangs.

0088 In some embodiments, both backol and sutphasing techniques may be
combinagd in & powsr amplification system to reduce oulput amplitude below an
achievable maximum with a given set of supply voltages, as Hustrated in Fig. 18.
in this case, for each supply level set and outpud amplitude, a combination of
hackoll and ocutphasing can be selected fo provide desirable tradsoffs belween
afficiency and linearity. Moregver, at very low power, one of the power ampiifiers
may be compiletsly tumed off and the other ampiifier may be operated under
hackoff slone. it should also be appraciated that the combination of outphasing
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and backoW of the individual power amplifiers can be used fo provide further
conirol features. For example, instead of & difference veclor being delivered {o an
isolation port to be dissipated, the "isclation port” can be connscted to a second
autput for BRF ransmission {la., for a mult-output system). By controliing both
hackoff and cutphasing of the two amplifiers, desired outputs can be provided at
both the output port (first output) and the isolation port (second output} while

pressrving high efficlency.

[0080]  In some embodiments, multiple diferent types of power amplifiers, or
power amplifiers optimized for different characteristics, may be used within &
power amplification system. The parameters of the system may then be
controfied o best utilize the two types or characteristics of power ampiifiers. For
axample, it may be desirabla to oplimize a first power amplifier for operation near
its achiovable maximum {8.q., 2 swilched-mode or saturated power amplifier} and
a sacond powser amplifier for operation with good efficlency under a range of
backoff {e.g., using a Doherly power amplifier or chirelx cutphasing power
ampiifier). In this case, one may control the system such that the first power
ampiifier usually operates at or near iis achisvable maximum, while the second
ragulates the oulput amplitude by backing off from its maximum. Different oulput
power regions can further be covered by appropriately switching the supply lovels
of the power amplifier, with the second powsr ampiifier operated at the higher of
the supply levels if the supply levels are not the same. Al the lowest output levels,
the first power amplifier may be tumed off, and the output controlied only with the

sacond power amplifiar,

00811 In some embodiments, as desoribed above, more than bwo power
amplifiers may be used o generate & ransmit signal in an RF transmitter. For
example, Fig. 3 is a block diagram iflustrating an RF ransmitter 80 that includes at
least four power amplifiers in acoordance with an embodiment. As Hlustrated, RF
transmitier 80 may include: a controller 52; first, second, third, and fourth digital to
RF modulators 54, 56, 58, 80; first second, thivd, and fourth power ampiifiers 82,
£4, 66, 68; a powsr combiner 70; and 8 voltage conirol unit 72. As before, ong or
more antennas 32 may be coupled fo an oulput of combiner 70, Voltage control

unit 72 may provide variable supply voltages V@), Vil Vel Vi) to first,
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ssoond, thind, and fourth power amplifiers 82, 84, 88, 88, respectively, based on
ong or mors controd signals from controller §2. First, second, thivd, and fourth
digital to RF modulators 84, 58, 58, 60 provide RF input signals {o first, second,
third, and fourth power amplifiers 82, 84, 86, 88, respactively based on input
information recelved from controlier §2. Combiner 70 combines the oulput signals
of first, second, third, and fourth powsr amplifiers 82, 84, 84, 88 {o generale an RF

transmit signal for delivary to antenna(s) 32,

0082 Controller 52 may uss any of the controd technigues descoribed above in
various smbodimants. In some implementations, controfler 52 may use the
voliags control of voltage controd unit 72 and the phase and amplitude information
daliversd to first, second, third, and fourth digital to RF modulators 54, 58, 58, 80
{0 ansure that ransmil data is acouratsly reprasented within the RF quiput signal
of combiner 78, In addition, controlier 532 may use ampiituds information delivered
o first, second, third, and fourth digital to RF modulators 54, 88, 58, 80 o
controfadiust an cutpud power level of combiner 70 {8.q., 8 transmil power level,
gle) in some embodiments, this output power controd capability may be used o
provide power backolf for RF fransmitter 50, As b previous embodiments, an
anargy recovery module 30 may be provided {0 recover anergy at an isolation port

of combingr 7O when an isolating combiner architecture is used.

G083 In at loast one smbodimeant, an RF ansmitter may be provided that
ncludes a single RF power amplifier. Fig. 4 b a block diagram fHlustrating an
sxemplary RF frangmitier 80 that includes a single power amplifier in accordancs
with an embodimeant. As shown, RF ransmitter 80 includes: a controlier 82, a
digital to RF modulator 84, a powsr ampiifier 86, and a voltage control unit 88,
The output of power amplifier 88 may be couplad to one or more antennas 32 {o
faciiifale the ansmission of RF transmit signals o remote wireless entities,
Voltage control unit 88 may provide a variable supply voltage Vi {0 power
ampiifier 86 basead on a control signal from controller 82, Vollage control unit 88
may be configured o selectively supply one of a plurality of discrete voltages to
power amplifiar 88, and may supply the disorste voltage o the power amplifier via
a fransition shaping filter in some implemeniations. The ransition shaping fiter

may, for exampls, comprise pssiess filler sloments, including inductors and
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capaciiors, and may further include lossy slements, such as resistors and
magnetio beads. The ransition shaping filler serves to provide shaping andfor
handwidth imitation of the voltage transifions bebween discrate lavels and may
provide damping of oscillations that might otherwise occowr. The transition shaping
fiter may be selected o provide a low-pass filter responss. Discrele vollage
supply fevals provided by voltage control unit 88 may be predetermined or may be
adapted over ime based on required average tranamit power levels or other

factors.

0oa4]  Digial to RF modulator 84 may provide an RF input signal to power
amplifier 88 based on input information {8.g., &, Qq) recalved from controller 82,
Controlier 82 may use any of the control technigues described above in various
smbodimants, In soms implementations, controller 82 may uss the vollage
cantrol of voliags control unit 88 and the amplituds and phase information
dafiverad to digital to RF modulator 84 {0 ensure that the transmit data is
accurately reprasented within the RF output signal of RF transmitier 80,
Controller 82 may uss the amplitude information delivared to digital to RF
modulator 84 to controlfadiust an oulput power level of RF transmitter 80 {(a.g.. 8
fransmi power levell. As before, In some implementations, this output powar
santrol capability may be used o provids powsr backoff for RF transmitter 80,

IO08S] Fig. 44 is a block diagram Bustrating an exemplary RF transmitter 804
that includes a single power amplifier in accordance with an embaodiment, The RF
fransmitter 80A is a specific embodiment of the transmitter 80 Hlustrated in Fig. 4.
Ag shown, RF trangmitter 804 includes: a controller 824, a digital fo RF
modulator 844, 8 powser amplifier 884, and a voltage control unit 884, The oulpd
of power amplifier 884 may be coupled to one or mors antennas 3248, Voltage
control unit 80A includes: a8 supply selsct unit 244, a multilevel power converter
242, a switch unit 244, and a fransition shaping filer 248, Multlevel power
converter 242 i operative for generating 8 number of differant voliage potentials
{Le., Vi, Vo Va Vi) on a plurality of corresponding voltags ines. Although
{Hustrated with four differant vollage levals, | should be appraciated that any
number of different lovels may be used in different embodiments. Switch unit 244

is capable of controfiably coupling one of the plurality of vollage lines ata time to a
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powsr supply input of power amplifier 884, Supply selact 241 Is operative for
switching switch unit 244 hebwsen different voliage ines in response o a switch
control signal from controller 8240 In 8 least one embodiment, multileve! powsr
converter 242 may be capable of adapling the voltage valus on ons or mors of the
vollage Enes slowly over Hime o, for example, accommuodate slow variations in g
desirad averags outpul power. Transition shaping filler 248 is oparative for
shaping the fransitions between voltage levels within the powsr amplifier supply
voltage signall in at least one implementation, the transition shaping filter 248
may include a low pass filter,

0088]  Ag described above, in some implementations, a vollage controd unit or
vollage control system may include a mulh-output {or "multi-level™ power
convertar {0 generate multiple voltages from a single input vollage. In one
approach, a multi-oulput power converter may be implementad using 8 switched-
capaciior circull, A swilched capaciior converter can provide very high powsr
density for synthesizing mulliple ratiometric voltages from a single voltage. Fig.
48 is a scheamatic diagram Hlustrating an sxemplary switched capacior converter
giroult 300 in accordance with an inplementation. The single Input of this
muliiple-output converter may be fed directly from a source voltags or hattery 302,
or may be fed from another powsr converter that can adapt the Input voltage o
the multiple-ocutput converter {and hencs the multiple voltages) over time,
including, for axampie, a8 buck converter, boost converter, and other magnatics-
based converters., in some embodiments, 8 voltage control unlt can operate by
switching among different discrete supply levels and providing this switchad
supply dirsctly to the powsr amplifier, as Hustrated in Fig. 4C.

Q0971 Figs. 40 and 4k are schamatic disgrams llustrating two switching
network architectures 310, 312 that may be used it powsr amplifier systems and
RF tranamitter systems in accordance with embodiments. Thess two
architectures 310, 312 are both particularly well sulted for use In low-power
systems implementad in CMOE, but may also be used in other systems. In some
implementations, both a switched-capacitor (SC) clrcult and a swilching network
310, 31¢ may be realized fogether on a single CMOS dis. For higher-powsr
systems, i may be advantageous {o place a control cireult for switching an 8C
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clroult andfor the swilching nebwork on an integrated circuit, i showld be
appreciated that the switching network architactures 310, 312 of Figs. 4D and 48
raprasent iwo sxample architectures that may be used in somes ambodimants.
Other switching network architectures may be used in other implementations.

00881 As desoribed above, It some embodimeants, 8 supply vollage with
switched disorete lovels may be provided o 8 powsr amplifier through a transition
shaping filter. The filter, which may be low-pass in naturs, can imit the high
frequency content of the P4 supply voltags, provide shaping for the voltags
fransitions batweasn lovels, and provids damping for the transitions. This filter can
also incorporate parasitic slements associated with the interconnect of the vollage
gcontrol unit 1o the PA, and can be designed such that the frequengy content of the
supply voltags is matched o what may be adequately adiusted for in the PA drive
wavetorm. Figs. 4F-41 are schematics lustrating some levebiransition filter
architectures that may be usad in various embuodimeants, Other filler architectures

may altematively be used.

088l Flg. 5 is a block diagram Hlustrating an exemplary RF transmitter 100 in
accordance with an ambodiment. RF transmitler 100 is & specific implemantation
of RF {ransmitter 40 of Fig. 2. As Hlustrated, RF fransmitier 100 includes: &
controfier 84; first and second digital o RF modulators 82, 84, first and second
powesr amplifiers 88, 88; a voltage control unit 102, a power combinsy 104; and an
gnergy recovery module 120, In the Hustrated implamentation, voltage contrad
unit 102 includes: a mulli-level power convertar 108; first and second switch unils
108, 110; first and second supply selects 112, 114 and first and second transition
shaping filters 116, 118, MultMavel power convertar 108 s oparative for
generating a number of diferent voltags potentials (e, Vy, Vy Vg Vdona
plurality of corrasponding voltage lines. Although Hustrated with four different
voltags lovels, i should be appreciated that any number of different lovels may be
used in differant embodiments. First and second swiloh units 108, 110 are sach
capable of controliably coupling one of the plurality of vollage inss sl atime o a
power supply inpud of 8 corresponding power amplifier 88, 88, First and second
supply selects 112, 114 are operative for swilching the first and second switch
units 108, 110 between the different vollags ines in responss o switch controd
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signals 848, S raceived from controller 80, In 8 least one embodiment,
muliffevel power converter 108 may be capabils of adapling the voliage values on
the plurality of voltage fines slowly over ims to, for example, sccommodate slow
variations in & desired average output power. First and second transition shaping
filters 118, 118 are operative for shaping the transitions between vollage levels
within each powsr ampiifier supply voltags signal. In at least one implemantation,
ons of both of the transition shaping fiters 118, 118 may include 8 low pass filter.

i some implementations, ransiion shaping filtration is not used.

001001 As shown in Fig §, controller 80 may provide a time varying amplituds
value and a time varving phase value o sach of the digital to RF modulators 82,
84, That is, controlier 80 may provide 4,08, 8,8} to first digital to RF modulator 82
and Agff, &1} {o second digital to RF modulator 84, As described praviously, in
some implemantations, the amplitude and phase information may be specified
using ime varying | and Q data {or soms other format), rather than amplitlude and

phase values.

0101 Fig. 8 is a schamatic dagram Hlustraling an exemplary voltage controd
unit 122 in accordancs with an embodiment. Ag ustrated, voltage control unit
122 may includse: first and second mult-lavel power converters 123, 124; first and
second switch units 128, 128: and first and second supply selects 130, 132, First
muiti-level power converter 123, first switch unit 128, and first supply select 130
may be used o vary a supply voltage of a first power amplifier of an RF
fransmitter and second multi-level power convertar 124, sacond switoh unit 188,
and second supply select 132 may be used o vary & supply voltage of 8 second
power amplifisr of the RF transmitter.  First and second switch units 128, 128 and
first and second supply selects 130, 132 may operate in substantially the sams

manner as the coresponding unils desoribed above,

00102]  As Hustrated In Fig. 8, first mult-evel powar converter 123 may
generate a first plurality of voltage levels (Le., ¥y, Vo, V), Vi on a firsl plurality of
voltages lines 134 and second multhlevel power converter 124 may generale a
sacond plurality of voltage levels (e, Vs Ve V7, Vol on a second plursiity of
voltage ines 138, In some ambodimants, the voltage levels on the first plurality of
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voltage Hnes 134 may be the same as the voltage levels on the second plurality of
voltage Hines 138, In other embadimends, they may be different. As described
praviously, in some smbodiments, different power amplifier designs may be used
for the multiple different power ampiifiers within an RF franamilter. These different
power ampiifier designs may require different discrets voliage levels for oplimal
parformance. in the embodiment depicted in Fig. 8, the same numbaer of voltags
Ipvels arg provided for the first and second power amplifier. In soms other
ambodiments, different numbaers of vollage levels may be used for different powsr

amplifiers.

003 In some implementations, first and second multMevel power converters
123, 124 may sach bg capable of adapling coresponding output voltage levelg
over ime. As described above, this may be performed o, for sxamples,
aocommodats slow variations in a desired average oulpul powsr level, In at least
oneg implemantation, first and second multi-level power converters 123, 124 may
sach includs a control input 138, 140 to recelve a control signal from a
corresponding controlier (not shown) indicating when such adapiation is 1o take

place andfor valuss 1 usse Tor the new voltage levels,

O0104]  Fig. 7 is a schematic diagram llustrating an sxemplary voltage control
unit 180 in acoordancs with an embodimant. As Hlustratad, voltage contral unit
180 may include: first, second, third, and fowrth power supplies 182, 184, 188,
170; first and second switch units 170, 172; and first and second supply selecls
174, 178, First, second, thied, and fowrth power supplies 182, 184, 188, 170 may
aach be operative for generating a unigue supply potential on a corresponding
gutput line. First and second swilch unils 170, 172 may sach be capable of
controflably coupling one of the supply potentials at a time o & power supply input
of & corresponding powar ampiifier. First and second supply selects 174, 178 are
aparative for switching the first and second switch units 170, 172 batweean the
different supply polentials in response {0 switch controd signals 8,8, S8
racabvad from a corresponding contralier. In some implementations, firgl, sscond,
third, and fourth power supplies 182, 184, 188, 170 may sach adapt #s outpu
voltage value slowly over time to, for sxample, accommodate slow varigtions In

desired average outpud power lavel, In al lsast one embodiment, first, segond,
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third, and fourth power supplies 182, 184, 188, 170 each comprise a ballery or are
synthesizad from a single source using 8 multhoutput switched capacitor
converter. Although Hlusirated with four power suppliss 182, 184, 188,170, #
should be appreciated that any number of different power supplies may be used in

a particular implementation.

IN0105]  Figs. B and 8 are flow diagrams Hustrating processes for operating RF

ransmitisers in accordance with various smbodiments.

01081 The rectanguiar slements (typifled by elament 182 in Fig. 8) ars hereln
denoted “processing blocks” and may represent compuiter sofhware instructions or
groups of instructions. 1t should be noted that the flow diagrams of Figs. 8 and 8
rapresant exemplary embodiments of designs described hereln and variagtions in
such disgrams, which generally follow the processes outlined, are considered to
ha within the scope of the concepts, systems, and technigues deseribed and

claimed harsin,

001071 Alermnatively, the processing blocks may represent aperations
parformed by functionally squivalent ciroults, such as a digital signal procassor
cirouit, an application specific integrated clreult (ASIC), a fleld programmable gate
array (FPGA), or conventional slectrical or electronic systems or cliroults. Some
oracessing blocks may be manually parformed, while other procassing blocks may
be performad by olrcultry andfor one or more processors. The flow disgrams do
not depict the syntax of any parficular programming language. Rather, the flow
diagrams Hlustrale the functional information one of ondinary skill In the arl may
reguire to fabricate circults andior fo generate computsr software or fsmware 1o
parform the corresponding processing. I should be noted that many routing
program elements, such as inftielization of ltops and variables and the use of
tfemporary variables, are not shown. 1 will be appreciated by thoss of ordinary
skill in the arl that unless otherwise indicated herein, the particular sequences
described are Hlustrative only and can be vared without departing from the spirit
of the concepts describad andior claimed herein. Thus, unless otherwiss stated,
the processes describad below are unorderad meaning that, when possible, the
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saquances shown in Figs. 8 and 8 can be parformsd in any convanisnt or

desirable order.

B0108]  Reforring now to Fig. 8, a method 180 for operating an RF fransmitter
having at least two digital-do-RF modulators driving at least two power amplifiers
will be desoribed. Firgt, transmit data may be oblained that is infended for
ransmission o one or morg remole wirsiess entities {block 182). The transmit
data may be used o provide input information for the at least v digitabto-RF
modulators o control amplitudes and phases of oulput signals of the modulators
{hlock 1841 The input information generated for the at least two digitalo-RF
modulators may be differant for diferent modulators. The oulput signals of the at
isast two digtaio-RF modulators may then be delivered 1o corresponding inputs
of the 8! lsast two power amplifisrs of the RF transmitter {(block 188},

D008 The transmit data may also be used o select supply voltages for each
of the at lsast two powsr amplifiers {blogk 188). The oulput signals of the at least
two power amplifiers may be combinad fo generate a transmitler output signal for
the RF transmitter {(block 180} Any of the control techniques descoribed havein
may be used to generate the Input information for the at least bwo digital-o-RF
maodulators and 1o ssfect the supply vollages for the at least two powsr ampiifiers.
The transmitter output signal may be deliverad {0 one or more antennas fo be
ransmitied inlo a wirsless channa! (block 182). In at least one implementation,
the input information generated for each digitalo-RF modudator may be
representative of both an amplitude value and a phase value. The ampiitude
valus and the phase value will typlcally vary with time {Ls., they can changs from
sample to sampls). In at least oneg implementation, | and (3 values may be
provided for each of the at least two dightal-to-RF modulators. In some other
implementations, ime varying ampiitude and phase valuss may be provided, As
describad above, different input information may be generated for sach of the at

laast two digitabHo-RF modulators.

[O1101 o ot least one approach, the amplitude and phase valuss provided for
the at least wo digitate-RF moedulators and the supply voltages selecled for the
at least two power amplifiers may be selgcted in & manner that resulls in an

3



WO 2014/070475 PCT/US2013/065553

accurate represeniation of the transmit data within the RF output signal of the RF
fransmitter. The amplitude valuss generated for the at least two digital-to-RF
modulators may be salscted to control or adjust an output power level of the RF
fransmitter in some embodiments. In one approach, the amplituds values may be
selected o achieve a desired leve! of powsr backoff within the RF fransmitter,

0111 Fig. 8 is a flow diagram flustrating & method 200 for operating an RF
fransmiter having a single digital-to-RF modulator and a single power amplifier,
Transmit daia is first obtainad that is intended for transmission o one or mora
remote wireless sntities {block 202} The fransmit data may be usad o generale
input information for the digital-to-RF modulator to control an amplitude and phase
of an cutput signal of the modulator {block 204). The amplitude of the outpuwt
signal of the modulator may be controlied in order to achisve a desired transmit
sower level for the RF transmifter. The oulput signal of the digitallo-RF
modulator may be delivered o a corresponding input of the power ampiifier of the

RF fransmitter (block 208}

01121 The transmit data may also be used {o selgct 2 supply voltage for the
powsr amplifier (block 208). Any of the control technigues described herein may
be used o generate the input information for the single digitale-RF modulator
and o select the supply voltage for the single power amplifier. The output signal
of the power ampiifier may be couplad fo one or more antennas for ransmission
o 2 wirsless channal {(blogk 210). In af lsast one implementation, the input
irdormation deliverad to the digital-to-RF modulator may be reprasentative of both
an amplitude value and a phass valus. In at least ong approach, the phase value
generated for the digitalto-RF modulator and the supply voitage selected for the
power amplifier may be selecled in 2 manner that provides an acowrate
reprasentation of the transmit data at an output of the RF ransmitter. The
amplitude valus generated for the dightsbto-RF modulator may be selacted o
sontrol or adiust an output power level of the RF transmitier. In one approach,
this power control capabiiity may be ussed to achieve a desired level of power

hackoff for the RF transmiller.
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ID0113] Fig. 11 i3 a fow diagram Hustrating & method 230 for selecting vollags
lovals for one or more power amplifiers of a power ampiification system based on
a window of samples In accordance with an ambodiment, As described
praviously, Fig. 10 s a diagram Hustrating such a sample window 220, The
method 230 may be used, for sxample, within the methads 180, 200 of Figs. 8
and 8 {(8.g., in block 188 and block 208, raspectively). As shown in Fig. 11, # may
first be determined whather My current and fidurs samples can uss a8 lower sstof
vollage levels than a previous sample and still meet oulput powesr requirements
{hlock 232}, ¥ so {blogk 232-Y}, then a new st of voltags levels may be selecled
that are as low as possible {or al least lower than the previous sampile) to support
aft Ny current and fudure samples (block 234). i the Ny samples cannot use 8
lowar set of voltags levels than the pravious sample, § may naxt be determinad
whethar the set of vollage lovels used for the previous sampls is sufficlent to
support the current sample {(block 238). ¥ not {block 238-N}, then a naw set of
voltage lsvels may be sslecled that are as low as possible to support the current
sample {(block 238}, ¥ the set of voltage lovels used Tor the previous sampla is
sufficiant to support the current sample {block 238-Y), than the same level
ssisction may be usad for the current sampls that was ussd for the pravious

sampls. This process may be repeatad for sach new sample.

001141 In the description abowve, various concspts, circuits, and lechnigues are
discussed in the context of RF fransmitiers that are operative for transmitling
signals vig a wirgless medium. It should be appreciated that thess concepts,
gircufts, and techniques also have applicgtion in other contexds. For example, In
some implementations, featurss described herein may be implemented within
fransmitters or drivers for use In wirsline communications. In some other
implementations, features descoribad harsin may be implementad within other
fypes of systems that require highly efficient and highly linear power ampiification
for data carryving signals. In other implementations, featurss desoribed herein may
ba appliad 0 systems that require linsar power ampiification for audio
applications, for ultrasonic applications, and in BF power ampiification for heating,

industrial processing, imaging, and RF powsr delivery.

[y
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QO8] Having described exemplary embodiments of the invention, | will now
bhacome apparent 10 one of ordinary skl in the art that other embodiments
incorporating thelr concepts may also be used. Ths smbodimeants contained
harein should not be imited to disclosed smbodiments bud rather should be limited
only by the spirit and scops of the appended olaims. Al publications and
refarences oited horsin ars sxprassly incorporated hersin by reference in thelr

antirety.
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What is claimed Is:

1. A radio frequancy (RF) power amplifier system, comprising:

an RF power ampiifier;

a digitabio-RF modulator 1o generate an RF input signal for the RF power
amplifier based on input information indicative of ampiitude values and phase
values,

a voltage control unit fo provide 8 variable supply voltage o the RF powsr
ampliifier in response o a control signal, the variable supply vollage being
selectad from a plurality of discorete voltage levels; and

a controliser o provids the input information to the digital-o-RF modudator
and the contro! signal to the vollage control unit based, at lzast in part, on data o
be transmitfad from the RF transmitier, the controiller being configured to msks
decisions about vollage level changes for the RF powsr amplifier based, atl least
in part, on a window of data samples reprasenting data o be ansmitted by the

RF frangsmitter.

2. The RF powsr amplifier system of claim 1, wherain:

tha controller is configurad 1o select amplitude and phase values for the
digital-to-HF modulator and voltage values for the RF power amplifier {o generats
an accurate reprasentation of the ransmit data within an output signal of the RF

power amplifier system.

¥

3 The RF power amplifier systam of claim 1, wherain the controller is
configured v select a disorele voltage level for 8 current data sampls based, at
least in part, on 8 voltage level selacied for &t leas! one previous sampls, the

current data sample, and at lsast one fulure data sampls.

4. The RF powsr amplifier system of claim 3, wherain the voltage control unit
includes a fransition shaping filter fo filter a voltage sighal applied 1o the powsr

amplifiar,
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5, The RF powar amplifier system of claim 1, whereim
the controller Is configurad o make vollage level change decisions for the
power amplifier in 2 manner that achioves efficient power amplifier opsration with

a reducad number of vollage level transitions,

8. Tha RF power amplifier system of claim 1, whereim

the controlier is capable of adapting the length of the window of data
samplas over tims based on a predetermined amplifier parformance oriterion.

7. Tha RF power ampiffier system of claim 1, wherein:

the window of data samples has a fixed length.

8. The RF power amplifier system of ¢laim 1, whersin:

the controller is configured to adapt one or more values of the plurality of

discrete vollage levels usad by the voltage control unit over time.

g, The RF power amplifier system of claim 1, whersin, to determine g voliags
level for uss by the power amplifier for a current sampls, the controlier is
gonfigured fo:

if afl samples in the window of data samples can use a lower voltage level
than was used for a previpus sample o achieve a desired sulput power, selsct 3
new voltage level that is lower than that used for the previous sample for use with

the current sample.

18, The RF power ampiifier system of claim 8, whersin, to determine a voltage
level for use by the power amplifier for a current sample, the controfler is further
configured fo:

it all samples in the window of data samples cannot use 8 lower vollags

lnvel than the previcus sample  achiove a desired oulpu powen
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if the voltage level used for the pravious sample is sufficient for uss
with the current sample, uss the voltage level used for the previous sample
for the current sample; and

if the voltage level usad Tor the previous sample s not sufficlent for
use with the curreant sample, seledt a2 new vollage level for the current

sample.

11. The RF power amplifier system of claim 1, wherein:

the controller Is capable of selecling a voltags value for the power amplifier
that is lower than required to generate a desired instantaneous culpul power lavel
if the need for a higher voliage level is short in duration compared o the time

duration of the window of data sampies.

12, The RF power amplifier system of claim 1, whereln

the controlier is capabile of selaecting 8 voliage value Tor the powsr amplifier
that is higher than a minimum voltage sufficient {0 generate a desired
instantaneous oulput power level i the duration of Hime Tor which 3 lowsr voliage
fevel is sufficient is short comparad o the time duration of the window of dala

sampies.

13. The RF powsr amplifier system of claim 1, wherein:
the RF power amplifier is a first RF power amplifier; and
the RF powsr ampiifier system further comprises:
at lsast one additionat RF power ampiifier; and

a combingr o combine the oulput signals of the first RF power
ampilifisr and the at least one additional RF power amplifier,

14, A maching implemented method for operating an RF transmitier having 8
digital-to-radio frequency {RF} modulator driving a power amplifier, the methad
comprising:

obitaining transmit data to be transmitted from the RF transmitter;
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providing input Information for the digital-to-RF modulator based, at least in
parl, on the ransmit data, the inpul information fo condrol an amplitude and a
phase of an RF oulput signal of the digilal-io-RF modulator, and

selecting & supply vollage for the power amplifier based, al least in part, on
the fransmit dala, wherein selecting a supply voltage Includes making decisions
about vollage level changes for the RF power amplifier based, at least in part, on
8 window of dats samples representing data fo be ransmitied by the RF

transmitter.

18, The methoed of claim 14, further comprising:
delivering an output signal of the powser amplifiar to one or more antennas

for franamission.

16, The method of claim 14, further comprising selecting a discrete supply
voltage level for a current data sampls based, at least in part, on a voliage level

selected for at least one previcus sample, the current data sample, and at least

one fulure data sampls,

17, The method of claim 18, wherein:
the amplitude of the RF output signal of the digital-{o-RF modulator and the
selaction of the distrete supply vollage level are controlied to achisve a desired

instantanaous sutput power of the RF transmitter,

18, The method of claim 14, whersin selecting @ supply voltage for the power
amplifier comprisas:

if all samples in the window of samples can use a lowsr voltags level than a
previous sample o achisve g desired cutput power, selecting a new voltage loval

that is lower than that usad for the pravious sample.

18, The method of claim 18, whereln selecting a supply voltage for the power

ampiifier further comprises:
38



WO 2014/070475 PCT/US2013/065553

if afl samples in the window of samples cannot use a lower vollage levsl
than the previous sample o achiove the desired oulput powern
if the voltage level used fo support the previous sampls is sufficlant
for use with a current sample, continue using the voliags level uged to
support the pravious sampils Tor the current sample; and
if the voltage level used {o support the pravious sample is not
sutficient for use with the current sample, selecting 2 new voltage lovel that

is sufficient for use with the current sampls.

20, The method of claim 18, wherein:

salecting a new voltags level that s lower than that used for the pravious
sample {o support all samples ncludes selecting 8 new voltage level that is as low
as possible and sl capable of generaling desired instantanecus output powear

fovels for all samples in the window,

21, The method of olaim 18, wharel:

selecting @ new voltage level that s sullicient for use with the current
sample includes selscling a new vollage level that is as low as possible to
generate a desired nstantansous oulput powsy level for the current sampls.

22, An apparatus comprising a computer readable medium having hstructions
stored thereon that, when exsculsd by a computsr, parform a maethod for
operating an RF fransmitter having s digitalo-radio frequency {RF) modulator
driving a power amplifier, the method comprising:

obtaining transmi data to be rangmilted from the RF ransmitter;

providing input information for the digitlalo-RF modulator based, at leastin
part, on the transmit data, the nput information to control an ampiitude and &
phase of an RF culput signal of the digital-o-RF modudator; and

saelecting & supply voltage for the powsr amplifier based, at least in part, on
the transmit data, the supply voltags being selected from a plurality of disorele

voltage fevels, wherein selecting a supply voltage includes making a decision
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about supply voltage level for the RF power ampiifier based, al lsast in part, on a
window of dala samples representing data fo be ransmitted by the RF transmitter,

23, The apparatus of claim 24, whersin:

salecting & supply voltags for the power ampiifier includes selecting a
discrate supply voltags lavel for & dats sample based, at least in part, on the dats
sampls, at loast one subsequent data sample, and a vollags level selected for at

ipast ong pravious sampla.

24, The apparatus of claim 22, wherein

providing input information for the digitalo-REF modulator Includas
providing nput information that controds an amplitude of an RF output signst of the
digitabto-RF modulator in 2 manner that achisves a desired power level at an

output of the RF transmitter,

25. The apparatus of claim 22, wherein:

selecting a supply voltage for the powsr amplifier is performed in 8 manner
that achisves efficient powsr amplifier operation with & reduced number of vollage

lavel transitions.
28.  The apparatus of claim 32, whersin the method further comprises;
adapting a length of the window of data samples over time based on a

predetarmined criterion.

27, The apparatus of claim 22, whersiy:

the window of data samples has a fixed lengh.

28. A maching implementad method Tor selecling a vollage level for a power
amplifier within 8 radio frequancy (RF) transmitter based on input data {o be
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fransmitted, the voltage lavel baing selected from a plurality of discrete voliage
lgvals, the method comprising:
identifying a window of samplss to be transmittad from the fransmitler; and
if all samples in the window of samples can use a lower voliage level than a
pravious sample to achisve a desirsd instantanecus output powsr, selecting a

new voltage lovel that is lower than that usad for the pravious sampls,

28, The machine implementad method of clalm 28 further comprising:
i all samples in the window cannot use a lower voltage level than the
previous sampls to achisve the desired outpul power:
if the voltags level used for the provious sample is sufficient for use
with a current sampls, using the vollage level used for the pravious sample
for the current sample; and
if the voltage level used for the previous sample is not sufficient for
uge with the current sample, selecting 8 new voltags lavel that is sufficlent

for use with the current sampls,

3%, The method of clalm 28, wherein:

selecting a new voltage level thal is lower than that used for the previous
sample includes selecting a new voltage level that is as low as possible fo support

all samples in the window.

31, The method of claim 28, whersin:

selecting & new voltags level that is sufficlent Tor use with the current
sample ncludes selecting 8 new voltage level that is as low as possible for use

with the current sample,
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