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LINEARIZATION CIRCUITES AND METHODS
FOR MULTILEVEL POWER AMPLIFIER SYSTEMS

FIELD

{0001 Subject matter disclosed herein relates generally (o radio frequency
{RF} systems and, more particularly, to circuits and techniguss for multileved

power amplifier systems.

BACKGROUND

00027 Asis known in the art, achieving both high efficiency and high linearity
in radio frequency (RF} power amplifier systems is a longstanding challengs, Ong
means of improving sfficlency in such systems is an architecture wherein the
power amplifier system is swiched with digorsie transitions among & set of
operating states, For example, this includes an BF amplifier systam in which the
drain bias vollage for the one or more power amplifiers provided as part of the RF
nower amplifier system is dynamically selected from more than one possible
source o level {e.4., selected from among muitiple discrede supply voltages.)

30031 A rangs of power amplifier systems axist in which the drain bias forone
or more power amplifiers forming the power amplifier system is provided via
dynamic selection from among a pluralily of sources. For axample, some prior art
systems dynamically select drain bias voltages from among a discrete set of input
supply voliages and then provide additional reguiation o provide a continuoushy-
varying drain voltage {e.q., for pariially realizing a desired envelops in the output).
Gther prior art systems directly sxplolt discrete drain levels, including “class &7
ampliifiers, muiti-level LING (MLING) Powsr Amplifiers, Asymmetric Multileved
Cuiphasing (AMQO) Power Ampiifiers, and Multieve! Backolf ampiifiers,

SUMMARY

{G004]  Altlernatively, and in sccordance with one aspect of the concepts
gystemns and techniques describad herein, it has besn recognized that one can
provide a power amplifier system thal switches among a set of discrete levels for
soms operating conditions, and switches the drain bas to an input that provides
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continuous snvelops tracking for other conditions. Such conditions might includs
when operating at very low bandwidths or power lavels, such that the sfficilency

panally of continuous envelops tracking is not as severs.

{00087 Also described are concepts, circults, systems and methods for
achieving high linearity, high efficlency power amplifiers, including digital
pradistortion {(DPD) and pulse cancellation in switched-siate RF power amplifiar
gystems. This includes concepts, circults, systems and methods for providing
improved linearity in power amplifier systems in which componant power
amplifier{s) are switchad among a set of operating states. This includes, for
axample, RF amplifier systems having one or more power amplifisrs and in which
the drain blas voliage for at least one of the ons or mors powsr amplifiers (PAs) in
the RF ampiifier system is dynamically selected from more than one possible
source or leval (a.g., switched bebwaen mutltiple discrete supply voltages.)

00081 Becauss the characteristics of a swilched-state power amplifier vary in
praciice with the sslected stale {e.9., with the salaclted drain voltage supply), also
described herein s 2 system in which the signal predistortion used to enhance
inearily is indexad in part by the selected siate of the system. Such Stale-Based
{or Supply-Based) Digital Pre-Distortion (88-0DP0) enables smooth (high-iinsarity}
ouiput to be maintained from a2 switched-state power amplifier syslem as the

aparation of the system is switched among different stales.

00077 Moreover, when a swilched state power amplifier system is changed
among different discrete states, undesired componenis may be injecied into the
BA output during and around the transition {a.g., because the PA drain bias acls
as an additional input that causes fransients in the oulput when the drain bias
varies owing to supply switching). Alse addressed is the problem of siale
changes introdusing unwanted componsents in the output spectrum by infroducing
& “puise canceliation” techniguse, wherein the effects of the disturbance {e.g., at
the drain input of the PA) on the RF oulput are compensated {or "cancelied”) &t
tha PA output by a canceliation signal introduced via the RF drive input of the
transitioning PA or a different PA,



WO 2014/085097 PCT/US2013/070027

1008 Also described herein ars concapls directad fowards a means for
achiaving high inearity in RF power ampiifier systems, thereby yielding RF power
ampiifier systems having both high efficlency and high nearity.

08 in accordance with a further aspect of the concepts, systems, oircults,
and technigues desoribad herein & power amplifier system includes a switching
systam that switches among a set of discrste levels for some operating conditions,
and switchas a drain bias to an input that provides continuous envelope fracking

for other gondifions.

OO In accordance with a further aspect of the concepts, systems, circuils,
and techniques describad hereln, a method ncludes dightal predistortion {DPDY)
and pulse canceligtion i swilchad-state RF power amplifier systams to provide

high lineartty, high efficlency powsr ampiifiers.

0111 In accordance with a further aspect of the concepts, systems, ciroults,
and techniques describad heraln, a clroult for providing improved iinearity in powsy
amplifier svstams in which component powsr amplifien(s) are switthed among &
sat of oparating states includes an RF amplifier system in which a drain blas
voltage for the ong or more constitusnt power amplifisrs comprising the RF
amplifier system is dynamically selsctad from more than one possible source or

lavel.

0121 In accordance with a stll further aspect of the concepts, systems,
oirouits, and techniques desoribad herein, 2 system In which signal predistortion
used to enhance linearity is indexed, &t least in part, by 2 sslocied slate of the

systam.

ID013]  In accordance with a oti further aspect of the concapls, systems,
gircuits, and techniques described herein, 8 state-based {or supphebased) dightal
pre-distortion (S8-DPD) system which enables smooth (high-inearity} oulput to be
maintained from a swilched-state powsr ampiifier system as the operation of tha

system is swiiched among different states.

014 in sccordancs with a further aspect of the concepts, systems, cirouits,
and technigues describad hersin, a system comprising means for providing puise

canceliation o cancel undesired signal components injecied into anoulputof a

3
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switched state powsy ampiifier system as a result of the swilchsd state power

amplifier system changing among differant diserete siates.

IG5 In accordance with a further aspect of the concepts, systems, olrouits,
and fechnigues desoribed hereln, a system noludes canceliation means
rasponsive {o one or more unwanied signal components in an outpu speactrum of
an RF power ampiifier (PA) system.  In one embodimant, the unwanted signal
components are a resull of stale changes In the RF PA gystem and the
canceliation maans provides at least one of! {8} 8 canceliation signal at an R¥F
drive input of 8 power amplifier giving rise the one or morg unwantad signal
componants in the RF PA system such that the effects of the disturbance on the
RF PA system culput ars compensatad at an output of the power amplifier by the
cancaliation signal; or (b} a canceliation signal &t an RF drive input of & power
ampifier not directly giving rise the one or more unwantad signal componants in
the RF PA system such that the sffacts of the disturbance on the RF PA gystem
oulput are compensated at an culput of the powsr amplifier by the canceliation

signal.

0181 With this particular arrangement, a systam and related technigues for
achieving 8 high degree of insarily In swilched-state power ampilifier systems is

providad.

G171 In accordancs with another aspect of the concspls, syslems, cirouils,
and technigues described hereln, & system comprises: ong or more RF ampiifiers
sach having an RF inpul, an RF oulput, and a power supply input, a voltags
control unit couplad 1o provide & power supply voltage to the power supply input of
gt least ong of the ong or mors RF ampiifers, wherein the vollage control unit
dynamically sslscls the power supply vollags from among different inpuis or levels
hased in part upon one o more signal characteristics of a signat to be ampiified;
and a inearization unit {o Iimprove the Hnsarity of the system by pradistorting the

RF input to s loast one of the one or mors RF amplifiers,

e ®

O8] in one embaodiment, the linsarization unit includes a digilal pradistortion

L,
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0018 iInone embodimaent, the linsarization unit is indexad at isast in pant

based upon ong or Morg ssiscltad powsr supply lovels or inputs.

00201 Inone ambodiment, the system further comprises maans for training the
nearization unit in a8 manner that is indexed, al least in part, o the selected power

supply laved or input,

021 Inone embodiment, the vollage control unit is o dynamically select the
power supply voltags (o be applisd {0 the power supply input of & first RF ampiifier

from among a disorets set of lavels,

0221 In one embodiment, the voltags control unit is configuraed o dynamically
select the powesr supply vollage for a first RF amplifier from among a discrsle set
of voltage levels for a first set of operating conditions and o provide continuous
anvelope racking Tor the first BF ampiifier for other oparating conditions not

included in the first get,

00231 In one smbodiment, disturbances in the RF output of the system owing
fo changes in the selection of the power supply input of al lsast one of the ons or
mors RF amplifiers are compensated by a signal introduced via the RF input of

ang of the ong or more RF amplifiers,

00241 In one embaodiment, the system has first and second power amplifiers,
and disturbances in the RF output of the system owing o changes in the power
supply input selection of the first power amplifier are compansated by a signal

ntroduced via the RF input of the sscond powsr ampiifier,

00281 In one embodimeny, the compensation signal is introduced as an
additive componant in & baseband signal for input {o one of the one or mare RF
amplifiars.

00281 Inone embodiment, the compensation signal is introduced s a
multinlicative faclor applied {o the dightal data in 3 bassbhand signal for input io one
of the one or morg RF ampiifiers.

[BO271  In one embodiment, the lingarization unit is configured to improve the

finearity of the system by providing digital predistortion to the bassband signal
determining the RF input of the at lsast one RF amplifier.
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00281 inone embodiment, the insarization unil is configurad to adiust the time
alignment belween the soloclion of the power supply voltags Trom among different
nputs or levels and the RF input provided o at lsast one of the ons ormore RF

amplifiers based on the RF oulput of the system.

G028] In accordancs with still another aspect of the concepts, sysiems, circulls,
and technigues described hareln, a8 power ampiifier system comprises: ong or
more power amplifiers that are switched among & discrets set of operaling slates
hased at lsast iy part upon data provided o the dats input of the power amplifier
systam; and a digital pre-distortion (OPD) system, coupled to at least one of the
one or more power amplifiers, for improving Ensarily of the powar ampiifier system
by digital predistortion of signals provided {o the at lsast one power amplifier,

00301 In one embodiment, the discrale sst of operating states is delermined at
laast in part by the selaction of at lsast one drain blas vollage for at least one of
the ong of more power amplifiers, wherein the at least one drain bias vollage is

salecied from among mulliple sources or levels,

0311 In ons embodiment, the one or mors power ampliifiers coresponds o a
plurality of powsy ampiifiers, sach of the plurality of power amplifiers having ons or
more operating states; and the set of operating states for each of the plurality of
power amplifiers g determined at least in part by the numbaer of power amplifiers

selectad {0 provide power ampification.

{00321 Inone smbodimend, the powsr ampiifier system further comprises a
pulse cancaliation system, coupled to at least one of the one or more power
amplifiers, wharsin variations In an RF output signal at the RF outpud of the power
ampiifier system owing o switching among the discrete set of operating siates is
at loast partly cancelied at the power ampiifier culput by & cancediation signat
ntroduced via the RF input of at least one of the one or more power ampiifisrs.

00337 Inone embodiment, the powesr amplifier system further comprises a
coupler disposed o couple at lesast a portion of an RF oulpu signatl at the outpi
of the powsy amplifier system, wherain the canceliation signal is determined at

lsast in part from & signal coupled by the coupler,
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00341 In one smbodimant, the digital pre-distortion (DPD) system includes at
Inast one digital o RF modulator to convert a pradistoriad digital signal o an RF

input signal for the af least one power amplifier.

[0G35T In one embodiment, the digtal pre-distortion (DRPD) systam is
configured {o adiust a ime alignment bebwaen the switching of ong or more powsr
amplifiers among operating states and the application of a predistoried RF inpwt
signal o the at loast ong power amplifier based, &t lsast in pari, upon & sensed

RF output signal of the power amplifier systam.

381 I one smbodiment, the digital pre-distortion {DPD) system is
gonfigured to adjust the time alignment based, atlsast in parl, on operating stals.

G037 In one smbodiment, there are multiple possible state transilion points

relative to signal level

038 Inone smbodiment, the power amplifier sysiem s implemented as part
of a transmifter and the digital predistortion system includes a pradistortion
fraining system that performs training bassed, at least in part, on samples of

fransmitiad data.

0381 In one embodiment, the digital predistortion system includes &
pradistortion raining system that parforms training indexad by ong or morg oft the
selacied siale of the PA sysiam, the duration since the las! transition, and the

signal lavel at the transition point,

00407 In one embodiment, the digital pradistortion systam includes a
predistortion training system that uses gated training data to exclude samples of

data during transitions among the power supply levels.

00411 In accordance with a further aspect of the concepls, systems, cirouilts,
and techniques described hersin, an RE gystem comprisas: ong or more RF
ampiifiers sach having an RF Input, an BF outpwt, and a power supply input; and
a voltage controd unit coupled 1o provide & powsar supply voltags to the power
supply input of al least one of the one or mors RF ampiifiers, wherein the voltage
gondrol unit is configurad to dynamically selsct the powsr supply voltage from
among 3 or more discrete voltage levels based at least in part upon ong or more
signal characteristios of a signal o be amplifisd,

7
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{00421 In one embodiment, the one or more RF amplifiers are provided as ong

or mors RF power amplifiers.

00431 v one embodiment, the voltage contdrol unit dynamically salects the
sower supply voltags from among 4 or more discrete voltags levels based at least

in part upon one or more signal characteristios of the signal o be amplified.

00441 In one smbodiment, the powsr supply voltage provided 1o the power
supply input of the at loast one RF amplifier by the voltage control unit is selecled
from among the 3 or more disorste vollage levels for a Tirst set of operating
cotditions and s derfved from an input that provides continuous envelope fracking

for other operating conditions not included Iy the first set,

100487 Inone smbodiment, disturbances in the RF oulput of the system owing
fo changes in the selecled power supply voltage leved of at least one of the one or
more RF ampiifiers are compensated for by a signal applied vig the RF input of at

least one of the one or more RF amplifiers.

00481 In one embodiment, the system has first and second power ampiitiers,
and disturbances in the RF output of the system owing fo changes in the power
supply Input selection of the first power amplifier are compsansatad by a signal

introduced wa the RF input of the second powsr amplifisr,

047 In one embodiment, the compeansation signal is infroduced as an

additive component in a baseband signal,

00481 in one smbodiment, the compensation signal is introduced a8 a

mitiplicative factor applisd o dightal dats in & bassband signal

[0048] In one embodiment, the system further comprises 8 Enearization unit
coupled 1o each of the RF ampiifiers associated with the voltage control unit, the
inearization unit being configured o improve the linearity of tha system by
pradistoriing the RF hput o o least one of the one or more RF ampilifiers,
wherein the predistortion is indexed, at lsast in part, t© the ssfectad power supply

voltage level.

INGSGT In accordance with a still further aspect of the concepts, systams,
circuits, and technigues describad harein, an RF power amplifier system

LOMprises one or more power amplifiers each having an RF inpuwt, an RF outpd,
8
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and a powsr supply input, wharain a power supply voltags provided o the power
supply input of at least one of the one or more power amplifiers Is dynamically
selacted from among 3 or more different vollage levels based at least in part upon

Ong or more signal charactenstics of a signal v be amplified.

G081 in one smbodiment, the power supply vollagse provided 1o the power
supply input of the ot least one power amplifier is dynamically selected from
among 4 or mors diferent voltags levels basaed at least in part upon one or More

signal characteristics of the signal to be amplified,

G082 Inone embodiment, variations in an RF output signal at the RF output
of the powser amplifier system owing 1o changss in sslsction of a power supply
input of 8t loast one of the one or morg powear amplifiars arg compansated by a
compensation signal provided {0 the RF input of at loast one of the one or mors

power amplifiers.,

00831 in accordance with 2 still further aspect of the concepls, systems,
gireuits, and techniques desoribed hereln, a radio frequency (RF) power ampiifier
systam comprises one or more power amplifiars that are switched among 8
discrate sef of 3 or more operating siates based at lesast in part upon dala
provided o the data input of the power ampiifisr system.

{0084] o one embodiment, the discrete set of 3 or more opsrating siales s
datermined at lsast in part by the selection of at least one drain blas voltage forat
ieast one of the one or more powsy amplifiers, wherein the al least one drain blas

voltage is selscted from among multiple sources or levals.

OS5 In one embodiment, the one or more power ampiifiers includes multiple
power amplifiers, sach of the multipls power amplifiers having one or mors
operating states; and the st of opsrating states for each of the multiple power
ampiffiers is determined at least in part by the number of power amplifiers
salacted {o provide power amplification,

{00881 in ons smbodiment, the power amplifier systam further comprises a
puise cancallation system, coupled o gt least one of the one or more power
amplifiers, o at lsast parially cance! variations in an RF output signal st the RF
output of the power amplifier system caussd by switching among the disorsts set

&
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of operating siates by introducing a cancellation signal at the RF input of at lsast

ong of the one or more power amplifiars.

IOOST1  in ons embodiment, the powsr amplifier system further comprises a
coupler o couple at least a portion of the RF culput signal of the power ampilifier
sysiem o the pulse canceliation system, wherain the pulse canceliation system is

configured fo ganeraie ons or more cancellation signals based, atl least in part,
from the coupled signal.
{0088] In one embodiment, the one or more power ampiifiers are swilched

among a discrete set of 4 or more operating siates based at least in part upon
data provided o the data input of the power amplifisr system.

BRIEF DESCRIPTION OF THE DRAWINGS

0S8l The forsgoing features of this invention, as weall as the invention Hself,

may be more fully understood from the following description of the drawings in
which:
06801 Fig. 1 is a block diagram of a radio frequency (RF) circult In which a

power supply bias signal coupled 10 a power amplifier (PA} is dynamically
sslected from multiple inputs depending upon one or more characteristics of the

signal o he transmitled;

0081 Fig. 2 is a plot of RF oulput power and efficiency v, RF input power for
two different dirsct current {(DC) supply levels: a first lovel devel 1) and & second
fovel (ovel 2);

0821 Figs. 3 and 34 are IQ diagrams showing the range of oulput RF outpt
ampliludes {(phasor lengths) achisvable with two different DO supply lsvels: a
lower level {L1) and a higher level (L2}

{00831 Fig. 4 is a plot of Efficiency ve, RF cutput powsr for different PA powsr

supply configurstions, including Tor dynamically swifching among two power
supply levels based upon desired RF sutput ampiituds;

18
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[0084]  Fig. §is 2 block diagram of a systam which dynamically switches &
mimber of power amplifiers which supply an output and compensals an input

drive to achisve a desired oulpud power,

[O88T  Fig. 8 is a block diagram of a system having gain-stags switching;
0ga]  Fig. 7 is a block diagram of a switched-state power ampliifier systemy;
08T Fig. 8 is & biock diagram of an RF ampiifisr including a state-based
digital pradistoriion (SB-DPD) systemy;

[G088]  Fig. 8 is a block diagram of an RF amplifier with 3 switched power
supply and ncluding 8 state-based digital predistortion (SB-DFD) systemy;

00881 Fig. 10 is a plot of swilching threshold values, signal amplitude and lavel
salection versus Hme;

GOFO] Fig. 11 is & plot of discorete stotes versus time;

[OT11 Fig 1€ Is a flow diagram of a process Tor dynamically selecting
transition threshokids;

DOF] Fig. 13 is a flow diagram of a process for selecting levels;

[00T3] Fig. 14 is 8 plot of swilching threshold values, signal amplitude and lswvel
saelect versus tims;

[BO741  Fig. 15 Is 2 block diagram of a sysiem having two power amplifiers each
of which can have thelr drain supply voltage selectad from a pluralily of voltages,
along with a powsr combiner to combine the individual PA outputs info & single

ouiput and a subsystem for controfling the power amplifiers; and

[GOF8] Fig. 16 is a block diagram of a pulse cancellation portion of the

finsarization block in Fig. 8.

DETAILED DESCRIFTION

0078 Referring now to Fig. 1, an examplary systemn 10 in which thers Is
dynamic switching of & drain blas. Svystam 10 may correspond, for example, 1o an
gxemplary RF transmitier 10 having an input source 24 {8.¢. 8 powsy supply)
providing multiple lavels that can be couplad to 8 powser supply input of a radio

1
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fraquency (RF) amplifier, which in this exemplary embodiment is provided as an

RF powsr amplifier (PA)

[DOT7] As shown, RF systam 10 Includes a controfler 12 having an input
configured to accept data provided thersto and ons or mora outputs coupled o 8
digital o RF modulator 14, An oulput of digital 1o RF modulator 14 is coupled fo
an input of an RF amplifier 18, hers shown as an RF power ampiifier 16, snd an
gutput of RF amplifier 18 is coupled to nputs of one or more anfennas 17 o
facilitate the transmission of RF ransmi signals {o remols wireless entities {(not

flustrated in Fig. 1)

00781 Controfler 12 also has an culput coupled o a vollage controf unit 18,
Voltage controf unit 18 may provide a variable supply voltage V(1) fo a blas
terminal of RF amplifier 18, The signal characteristics of the variable supply
voltage V(1) are based, at least in part, upon a value or characteristic of a control
signal provided by controller 12, In one exemplary embodiment, digital to RF
modudator 14 provides an RF input signal to power ampiifier 18 based upon input
information {8.q., I, G4) received from controller 12, Controlier 12 may use any of
the control tschniques described herain, I some implementations, controfler 12
may use vollage control of voltage control unit 18 and the amplituds and phase
information defivered o digital o RF modulator 14 {o snsurs that the transmit data
is accurately representad within the RF output signal of RF transmitter 10,
Controller 12 may use ampiitude information deliverad to digital to RF modulator
14 o controladiust an oulpul power leval of RF transmitter 10 {e.g., & ransmit
powar levell. In soms implementations, this output power control capability may

be used {o provide power backof for RF transmilter 10

H078]  in the voltage control unit 18, voltage controf unit 18 includes a supply
select module 20 having an input couplad to controfier 12 and an culput coupled
{0 a switch colroult 22 comprising a plurality of swilches. Examplary voltage controd
unit 18 further includes a multilevel power converter 24 which provides g plurality
of voltage levels. In the exemplary smbaodiment of Fig. 1, multilevel power
converter 24 provides four vollags levels Vy — Vg, and swilch oiroult 22 comprises
a Hke number of swilches {La. four switches). In general, howsaver, switch aircult
22 comprises a switch fabric which aflows any desired combination of voltages
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avallable via multiievel power converter 24 © be providad at an output of switch

gircuit 22,

IG08G]  Exemplary voltage control unit 18 further includes a transition shaping
filter 268 coupled betwean swilch clroult output 22 and a bias lemminal of RF

amplifier 18

00811 In the sxemplary systam of Fig. 1, the powsr supdly inputlo the PA ls
dynamically swilched among different inputs based in part upon the signal fo be
fransmitted. The power supply inputs (8.q., V1, V2, V3, V4} may correspond o
fixad analog or digital voltages, or may be themselves dynamically varied based
upon one or more of a desired average power level or the signal {0 be transmitled.
The swilched power supply lovels may be directly applied to the PA ormay be
filterad to provide accepiable transitions among the power supply levels,

00831 The system of Fig. 1 has some characteristios that can result in
nonfineadty i synthesizing the cutput and can introduce undesived signals into
the oulput, bayond what occurs iy some conventional power amplifier {(PA)
implementations. This can fead o reductions in figures-ofmert! such as Adjacent
Channe! Power Ratio (ACPR) and Error Vector Magnituds (EVM},

0831 The exemplary system of Fig. 1 has the PA drain bias dynamically
saelected from different power supply sources as the input signal {or data) varies.
The drain blas can act as 2 "second inputl” into the PA, such that changss in drain
bias are directly raflected in the oulput of the PAL In one aspedt, this means that
the complex gain and distortion with which the PA synthesizes an outpud based on
input data changes as the power supply input is dynamically changsd. This effect
can be minimized by maldng the power amplifier gain as insensitive o drain blas
as possible, However, there {s a imit v how well this can be done, and gain will
st depend upon the draln bias whan the power ampiifier is in desp comprassion,
Morsover, In many cases, there is not a 111 mapping betwean the nstantaneous
data input and the supply lovel that is utilized (8.g.. 85 ovours with powesr supply
selaection based on a window of data), making Ensarization more challenging.

I084]  As described In detail below, however, this challenge is addressed by
introducing a DPD architecturs that producses corrections that are al least in part

13
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indexad by the powsr supply input sslection {or, mors genarally, the selsction of
states among a set of operating states that may he selected among) andfor the

powear supply voltage.

{00851 A second sowee of undasired components introduced into the PA
systam oulpul is the power supply input switching among different levels, The PA
drain bias supply acts as a second input {in addition to the PA RF input), such that
whan the PA drain bias vollage swilches {(e.g., among different discrels levels), a
disturbange "pulse” is Infroduced inlo the RF oulput of the PA systern, This can
be partly addressed by control of the transitions among different supply levels
{e.g., through transition filtering or other means.} Nevertheless, given that supply
ransitions can happen &t & high rate, this can introduce significant snergy into the
oulput that does not represant the desired signal. The dishurbances can appsar
as an inoreass in apparent “broadband noise” in the oulput spactrum of the power
ampiifier system. More generally, a temporary disturbance or pulse or other
change {collectively variation) in the output may ocour when the system is

switching among discrete operating modses or among states.)

G088 As descoribed in detall below, however, this challenge is addressed by
infroducing a "pulse cancsliation” technigus, wharsin the effects of the disturbance
{&.g., at the drain Input of the PA) are compensated (or "canceliled”™) by signals
nfroduced via the RF input of the PA. This may be done as a time- and level
dapendent multiplicative correction factor appiiad o the digital data
{comesponding o a complex multiplicative correction during the transition) andfor
as a time and lsvael-dependant additive corraction applisd o the digital data
{corresponding {0 a complax pulss added to the digital dala). His noted that while
the esxemplary embodiments described herein at tmes focus on digital date, such
gxamples are intended to promote clarity in the description of the figures and the
broad concepts disclosad herain and # s recognized that the approach concepts
and technigues desoribed herein can be similanly applied to RF wavelforms,

00871 The above-desaribed corgction and canceligtion measures can be
implameanted sither individually or in combination and when implemented in
combination the above measuras can provide much greater fidelity of the sutput In

systems of the arohiteclures considersd hera,
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IG088] Refering now to Fig. 2 and considaring the case of a systam having
hwo supply lsvals with level 1 corresponding o a first or lower divect currant (DG}
supply, and level 2 corvesponding o a second or higher DO supply. Fig. 2 thus
Hlustrates the efficlency and (normalized) oulput power as a function of normalized
RF drive power at two different DO power supply levels. | can be sesn that for
the level 2 DO supply, at a certain RF input power (0.1 normalized) the cutput
power reaches 8 maximum saturated oulput powsy (1 normalizad). The output
powsr can be reduced o any value balow this saturated maximum {L.e., "backing
off” the output power) by reducing the RF input power {or, equivalently, the RF
drive amplifude provided to the RF input of the PA)L  For low levels of RF input
and oulput power, thers is a nesrly linear {proportional} relation betwesn RF nput
nowar and RF output power. Howsver, efficlenay in this region s relatively low
{e.q., balow 40% for RF output powers below (.25 normalized), The highest
sfficlency is found in regions of ocutpud power at or somewhat balow the level at
which output power saturates (8.g., sfficiency above 70% for oulput power above
.83 normalized). Increasing RF input power beyvond the level that saturates the
nower amplifier, however, actually reduces efficlency. This ccowrs bacause fotal
input power ~ DO plus RF ~ increases but oulput pawer does not inorease {and in

sOme cases can decraase with further increase in RF input power),

00881 Consider now the power and sfficlency for the lower voltage DO supply
{lavel 1) In this case, the maximum saturated output powsr is much lower than
for the higher-voltags {evel 2) DO supply {a.g., reaching & maximum output powsy
of only 0,25 normalized). The oulput power can again be adjusted between zero
and this lowear maximum valus by adiusting RF input power {8.9., backing off the
output power by reducing the normalized input power 1o valuss below that which
saturates the powsr ampiifier), but highser output powers {(above .25 nomalized)
are not oblainable at this supply level. i shouwld be noted that for values of sutput
power that can be reached at this lower supply level, higher efficlency is achisved
using the lowsr DO supply level 1 than for the higher DO supply level 2, bacauss
the power amplifier is operated closer (o s saturated value. Thus, for low values
of outpul power, # is gensrally desirable (o use & lowsr supply voltage value, 8o
long as the desired oulpwt power is achisvable and the desired level of linsarity

and controflability of the power amplifiar is achisvable.
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100801 The variation in efficiency with a given DO voltage supply levelis a
motivation for power amplifier systemns such as “Class G, that switch the power
amplifier DC supply among differant levels depanding on the desired RF oulput
power lavel, Salecting from multiple DO supply valuas such that the power
amplifier operates at as high an efficiency as possible while being able o provide
the desired RF oulput powsr can vield significent improvemants in efficlency over

thal achieved with a single supply level

00011 Referring now to Figs. 3 and 34, IQ plots are used to lllustrate the
achievable RF oufpuls in terms of the oulput RF ampiitude {phasor length, or RF
voltage amplitude) with two diferent supply levels, For a given supply level, there
is an RF output amplitude {proportional to the squars root of RF output power)
that may be spacified as 8 maximum for that supply level. This maximum
amplitude may be that corrasponding to the absolute maxdmum saturated outpu
powsr {undsr complete comprassion) for that supply level, as Hustrated in Fig. 1,
or may be a level somewhat below this. Ong may fimit the maximum amplitude
and power {o somewhat slightly lowsr than those for complete saturation to
simplify predistortion of drive signals {for Insarization), to account for partdo-part
variations in absolute maximum power, (o place the specified maxdmum level in a
desirable location on the efficiency vs. oculput characteristic, or for othar reasons.
As Hustrated in Fig. 3, with the highsr supply level, any RF output voltage veclor
having an amplifude less than or equal to the radius of the cirele labeled LE can
ba synthesized. With the lower supply level, one can synthesize any RF oulput
voltags vecotor having an amplifude loss than or squal to the radive of the cirdle

jabsded L1,

(00821 Referring now to Fig. 4, to exploit the availabiiity of multiple supply
voltages to achisve Increased efficlency, one may dynamically switch betwsen the
two supply levels. Switching among two {or more than two) levels offers z level of
sfficlency over & wide output powsr range that is greater (higher) than a level of
sfficlency which can be achieved with a single supply lavel. One approach for
gaining such sfficlency is fo switch supply levels based upon the amplitude of the
RF output vector belng synthesized at any given time, such that the higher supply
leval is utilized whenaver the desired pulput ampiituds is bebween L1 and L2, and
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the lowsr supply lsvel whenever the desired output amplitude is at or below L1
Doing so leads to the efficiency va. normalized output power characteristic shown
inn Fig. 4. It should be noted that the efficiency curve for the low supply lsvel s the
same as the efficiency curve for the switchad supply system over it operating
range of 00,25 In RF output power. The sfficlency curve for the high supply loved
is the same as the sfficiency curve for the switched supply system over the rangs

(.28 ~ 1 in BF oulput power

G831 Alternatively, /s possibie o sxamins or characlterize the signal o be
synthasized over a longer nferval {8.4g., & window of muitiple digital samplas) and
manage switching betwaen lovels based upon a moving window of data related fo
ahe oF mors signal characteristios. it should be appreciated that the switching
nead not necessarily depend divectly upon one or more signal characteristics,
rather the swilching may be based upon information derved or otherwise related
o one of more signal characteristios. Switching may be selected fo depend on
considerations such as mindmum and maximum values of a signal during a
window, the minimum duration that a signal sits at a given level, the sstimated
anargy costs or inearily impact of making a transition, and other considerations.
For axample, § 2 current given supply level can support the outpud for an entire
window, and a lower supply level can support the oulput for a fractional portion of
the window but not the whols window, the decision fo move o saild lower supply
favel for the duration in which the lower supply is useabls may depend on the
duration with which ths lowear supply level can be used. Examples are provided in
the above-referenced Application No. 13/883,887 which application is hareby

incorporated heraln by reference.

0084]  This process could be performed, for example, in & way that ensures
that the desied nstantansous oulput amplitude can always be synthesized, but
switch down 1o the lower supply level only i the desired oulput signal amplifuds
will remaln at & lovel at or balow L1 for a minimum duration.  Ampiitude hysteresis,
minimum chvell times or other consiraints can likewise be put info level switching
decisions. Morsover, while this is Hustrated for two powsr supdly levels, the
approach is clearly axtensible {0 an arbitrarily farge number of differant supply
fovals. One of ordinary skill in the an, after reading the description provided
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harein, will appraciate the factors to consider selacting the numbser of different
supply levels for a particudar application. Such factors includs, but are not limited
o hardware and sofbwars complaxity, size and cost) desired overall sfficlency, and
resoiution and bandwidth of contral hardware.

G088 While exemplary smbodiments describad herein are directad toward
systems with drain bias switching, # should be appreciatad that the concepts,
systems and fechniques described herein also directly apply to other systems and
architectures including, but not limiled to; systems in which there is swilching of
the number of ampliffers driving the ocutput ogether: systems with ransistor “width
switching;” systams having “gain-stage switching, systems having gate bias
switching, as well as sysioms realizing combingtions of the above techniques {e.g.,
combining two or mors of drain bias switching, gate bias swilching, gain-stags
switching, ampiifier switching, and gate-width switching).

G088 Thus, the concepts, svstems and techniques infroduced herain also
directly apply to other systems and archifectures having discrels transitions

among different operating slates {swilched-stgte power amplifier architectures).

00871 One sxample of a system in which there is switching of the number of
amplifiars driving the output togsther is provided in the sxemplary ambodiment of
Fig. 8, In which dynamic switching is used v select & particular number of PAs tv
supply an outpul and compeansale an input drive accordingly 1o achieve a desired
powsr oulpul. Likewise includad are systems with transistor “width switching”
including those in which one switches among driving different portions of the gate
of a2 PA transistor Likewise included ars systems in which ong switches among
driving one or more gates of multipls transistors having a common drain

gonnection.

00881 Reforring now to Fig. §, 8 system 30 includes a control and processing
girouit 32 having an input at which data is providaed, Control and processing cirouit
32 provides drive signals 1o powsr amplifiers 3da ~ 34N, In the sxemplary
embodimeant of Fig. 5§, contrad and processing unit includes N outputs sach of
which is coupled {o a cormesponding input of one of the N power amplifiers 34a
34N, Cther lechniques, may of course, be used o coupls drive signals from

gontrol and processing unit 32 to power amplifiers 34a -~ 34N,
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00881 Conlrol and processing unit 32 also provides switch control signals
along signal path 35 to a switch circul 38 comprising a plurality of switch pairs 81,
§1 ~ &N, 8N where the swilches in sach pair function in & complementary
fashion {a.g. 81, 51 are complementary in the sense that when swilch 81 is open,

switch $1 is closed and viog-versa),

01001 The oulputs from switch circult 38 are coupled through a combiner 38
and provided {0 8 load Ry, Combiner 38 combines signals provided thereto in
any manner required 5o as fo provide g deslred signal to the load R, Thus,
system 30 is an sxampls of a system in which a control system dynamicatlly
selects a8 number of amplifiers ulilized o provide an outpud signalfo a load. Inthis
sxamplary ambodiment, the dynamic selection of the number of amplifters s
accomplished by s dynamic swilching technigue provided by control circult 32 and
swifch circult 38, Thus, dynamic switching is used to ssfect a particudar number of
PAs to supply an oulput and compeansate an input drive accordingly to achisve 8
desired power output. The particudar number of ampiifiers o dynamically select
for any application and/or st any point In time is seleclad in accordance with a
varlely of factors including, but not mited o the desired oulput power level, the
charactaristios of the amplifiers {8.g. gain, power handiing capabilily, powsr output
rating, ste...}), the characteristics of the switch clreuit 38 {e.g. inserlion loss
characteristios, input and output retum loss characteristics, swilching spesd,
powsr handiing capability, efc...}) and the characteristics of the combiner cirguit 38
{a.q. nsertion loss characteristios, input and cutpul retum loss characteristios,

power handiing capability, ste. )

01 Referring now o Fig. 8, the concepts, systams and techniques
described herein also find application in systems having “gain-stags switching,” in
which a variable number of gain slages are used depending upon operating point
{as shown in Fig. 8). This also includes systems realizing combinations of the
above technigues {&.g., combining two or more of draln bias switching, gain-stage

switching, amplifier switching, and gate-width swilching).

2] Tumning now fo Fig. 8, 8 system 40, a control and processing cireult 327
having an inpul at which datla is provided, Control and processing ofreuit 32" may

be the sams as or similar to, control and processing clroult 32 descoribed above in
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conjunction with Fig. 8. Contrel and processing oircuit 327 provides drive signal(s)
o one or more signal paths 42 {with only one such signal path 42 being shown in
Fig. 8) with aach such signal path including at isast one amplifier 44 (hers
cormesponding {0 a power amplifier 44) and one or mors additional gain stages 48,
Each gain stage 48 includes a first no gain signal path 48 and a second gain
signal path 50 which includes an ampiifisr 52 {or other gain providing slement or
device 521 One or more swilching slemeants 54, 58 {or other means) arg
disposad o direct signals provided o gain stage 48 1o sither the no gain signal
path 48 or gain signal path 80, Thus, In response o controd signsls provided
therelo from control and processing unit 327, switching slements 54, §8 are
operated o either uillize or bypass amplifier 52 depending upon the needs of the

particular application.

O3] K should be appreciated that the concepts, systems, cirouit and
tochnigues desoribed hergln may be ulilized in swilchad-state power amplifisr
systemns {or transmitier) as Hustrated In Fig. 7, and including the axemplary
implementation of Fig. 1. s noted that thare can be 8 need for such a systam {o
faithfully produce a desired output wavelorm {8.9., 88 represented by digital data
provided o a power amplifior systam or by an RF input signal), with little srror in
the output. A linsar relationship between the signal represented by the input dala
and the RF output of the PA is desired. To achiove the high degres of fidelity
raquirad in modem communications standards, some amount of inearization of
the PA input-output charactaristic is usually nesded, such as Digital Pre-Distortion
{130} of the data input {o the powsr ampiifier, s further noled, thet while
Hustrations such as Fig. 7 llustrate a system with a single RF oulpw, the
concapts, systems and techniques described herein explicilly apply 1o systoms
with muitiple data inpuls andfor multiple RF oulputs, such as "multi-input multh

output” (MIMO} transmilter systems.

01041 Tumning now to Fig. 7, a system 80 ncludes a contrad and procassing
gircuit 32" having an input at which data is provided. Control and processing
girouit 327 may be the same as or similar to, contre and processing circuits 34, 33
dasoribad above in conjunction with Figs. § and 8. Control and processing ciroult

32" provides drive signal(s) and stale control signals {o one or more switchead-
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state power amplifier systems 82 {with only oneg such system §2 being shown in
Fig. 7). An oulput of swilched-state power amplifier system 8¢ s coupled o a
oad Re. A coupler 84 couples a portion of the swilchad-state power ampliifier
system oulput signal slong an RF oulput signal detection signal path 68 to an

input of control and processing oirouit 327

I0108] Refering now o Fig. 8 a system 70 implementing stale-basad {or
supphe-based) digital pre-distorfion (S8-DP0D) includes a command and condrod
giroult 71 which gensrates state and RF control signals as wall as linearization
signals {e.g. predistortion andfor pulse cancelation signals} in response o signals

provided thereto,

1381 In response {o signals provided at inpuls thereof, command and control
cirouit 71 provides state control signals to a nsarization {e.g. pradistortion andfor
pulse cancelation) portion of command and an input of a swilched-state power
ampiifier system 74 and also provides predistoried wavelorm signals xind fo an
nput of & dighla-e-RF modulator 72, Digital-o-RF modulator 72 receives the
digital signals provided thereto from command and controf olrotdt 71 and provides
gorresponding RF signals o an input of a switchad-siate power ampiifier system

74,

01071 An output of switched-siate power amplifier system 74 is coupled to g
ioad R, A coupler 78 couples a portion of the switched-stats powsr amplifier
system oulput signal along a signal path 78 o an input of an RF-to-digital
procassing slemant 84 which converts the sensed RF signals provided thereto {o
digital signals yvini representative of the sensead signals and provides sensed
contant yvind to an input of the command and controf clrcuit 71,

[0108] Such state-based digital ore-distortion enables amooth {8.g. high-
finsarity) output to be maintained from a swilched-siale powser amplifier system
{a.q. such as that described above In conjunction with Fig. 7) as the operation is
switched among different states {8.9., a8 the drain-bias voltags of the PA i

switchad among differant inpuls in the system of Fig. 1.}

0108} it should bs noted that while axemplary embodiments such as that
shown in Fig. 8 Hustrate a system with 8 single RF output, the conceptls, systems
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and technigquas describad herain axplicitly apply to systems with mulliple data
nputs andfor multiple RF outputs, such a8 "multi-input mult-output” (MIMO)

fransmitier systems.

18] Referring now to Fig. 8, an exemplary system 80 implementing SB-DPD
ncludes a controa! and command system 82 which accepts digital data as an npul;
this may be provided as a series of digital words represanting samples of the { and
Q signals, as squivalent complex numbers, as dightal representations of amplituds
and phase or related representations of the baseband data to be transmitied at
the RF output.  To efficlently generate the RF oulput across high peak-lo-averags
power ratios, a state and RF control system 84 converts the digilsl data into &
combination of ong or more state commands {L.e., selecting & powsy supply inpud,
FA configuration, ste.) and one or more RF drive commands {selling magnitude
and phase of the RF drive {o the PA inpul{shl. The state command madulates the
state of the switched-state power amplifier system 84 {La., salecting the power
supply input for the PA), while the RF drive command xin] is converted {o RF by a
dightalto-RF modulator 88, The resulting output of 8 PA 100 s measursd via a
coupler 102 or other sensing devics or element or technique, and the sensed
rasponss is provided fo an RF-{o-digital modulator 104 and transformed into
digital form vinl

1Y The RF signal defivered from digtal to RF modulator 88 to the RF input
of FA 100 is adjusted {a.g., in amplitude andfor phase} to compensats for the
disorate changes in the stale of the power amplifier system such that the RF
autput appropristely reprasants the data provided for transmilssion. To
accomplish this, accurats time afignment between the state control commands
and the RF drive provided o the power ampiifier is neaded. This alignmeant can
he accomplished by adjusting the relative timing of the signals, with feadback
orovided by the sensed RF oulput. Looking at the response of changes in oulput
signal o state and RF drive changes indbhidually and together {e.g., such as by
using autocomsiiations between commanded and transmitied responses andfor by
aciusting relevant alignments in order {0 mininize emor betwaen the input and
fransmitied signals) provides the means o accomplish this, This alignment may
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be adiusted as a funclion of the state In order to provide the best operation across

the range of states.

{01121 Nonlinearlly and time variation of the Input-output characlaristics of the
PA are important constraints on the overall system parformancs {s8.g., in
spacifications such as EVM and ACPR). In accordancs with the concepts,
systems and fechnigues descoribed herein, digital pre-distortion (DPD) is ulilized to
pradistont 8 desirsd RF command rind info a new command x{n] such that the RF
output {and i sensed content yind) accuralely reflacts the desired data, Becauss
the power amplifier characleristics of a switched-state powser ampiifier vary in
practive with the selecied siate {a.g., with the sslected drain voltage supply), a
system in which the predistortion is indexed in part by the seleclad stale of the
system is desoribed, Firstly, this means that the data selected for computing &
pradistorted waveform such as xin] {such a3 a predistortion lookup table (LUT)
mapping 1o x, for nstance) will be Indexed in pant by the selecled siate. In
addition, there may be further indexing based on the time {or number of samples)
duration from the last stats selection change andior the signal level at the ime of
the change. For example, separately-indexad {ables may be ylilized in converting
r {0 x for brief durations after 2 transition, in order {0 account for the finite non-zaro
duration of practical transitions among states. H should be recognized that this
approach can be used with diferent forms of predistortion, including those that
incorporate memory {(polnomial fits, plecewise Ensar fits, mamory polynomials
and other technigues as are known in the art). In systems incorporating meamaory,
ong may choose to adjust the information representing mamaory or history {8.g.,
oravious siale data) o reflect the effects of commanded “switched state” changss.

113 Inmany systems and in keeping with the concapts, systams, olreult and
tachniques described herein, the digital predistorter is trained {intermitiently or
continuoushy) lo dentify the correct mapping to provide lincarization. As llustrated
in Fig. 8, this can be accomplished i an “indirset” learning method, in which a
DPD system s trained on samples of ransmitted datg, and the updatsed rasult
from training (e, an updated mapping of r o x} is periodically ransferred o be
usad in predistorting data. In accordancs with the present concepts, syslems,
gircuits and technigues described hargin, the DPD tralning may also be partially
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indexed by one of more of the selected state of the PA gystem, the duration since
the last fransition and the signal level at the ransition point. That is, by having the
DD fraining subsystem respond o what state is selected, DPD data can be
genarated that is corractly indaxad by selected state and other variables of

interest.

01141 B should be appreciated that the predistorter andfor predistortion
fraining svsiem may be designed {o window or gate capturad output data such
that training for a given state selection {a.g., supply lovel selection} is not
corrupted or influenced by transient behavior during state swilching. So, for
axample, caplured data within a cerlain number of samples of a stale transition
{&.4., supply selaction ransition} may be blanked or gated from inclusion in
fraining of a particular target state {8.g., sslscted supply level) during the transition
among siates, Data for tralning the DPD for culput levels near the transition
points can sl be available from transmit data where the desired output goes near
a desired transition point but doss not oross . Morsovar, the system can ba
designed such that there are multiple possible state transition points relalive to
signal level, such that there will be DPD training dala available for all neaded
signal levels even though thers is blanking or gating during transitions.  Data that
is blanked from training for a targst stete salection may be included in training for

inearization of transition periods.

{04181 Referring now to Fig. 10, a plot of level ve. tima I8 shown. The aspects
described above in conjunction with Fig, B are Bustrated In Fig. 10, In Fig. 10, x{l
is an envelope of & ransmit signal, Ly Is a first switching threshold used for
switching batwesn discrele slates 1 and 2 {8.g., selection from power supply 1
and power supply 2}, Ly’ is 2 second switching threshold used for switching
hahween states 1 and 2, 'SEL” indicates the selection batween states 1 and 2, and
the “greved” sections of the plot indicate galing or blanking windows during which
the state may be in & ansition period {8.q., the supply vollage provided to the PA
is transitioning behween that of supply inputs 1 and 2, the power amplifierisin a
fransient state owing o such a transition, stc.) Prior to times I, the system s in
state 1, and the captured response {of the sensed oulput) is used to train the DFD

for inearization of disorate stale 1. Al g, threshold Ly Is crossed in the positive
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direction, and the svstem initiates switching o discrete siate 2. This transition
may lake & finlle nonzere Hme {8.g., for the supply voltags provided o the PA o
satile o 8 new level associated with state 2). Consegquently, the duration belween
fn and i s not usad for raining the DPD for linearization for stats 2, though i may
ba used for insarization of the system during the transition {8.g., populating
predistortion information for Ensarization during the stats 1 to siale 2 transition, for
pulse canceliation, ste}) Neverthelass, data for lincarizing the syslem instate 2
for the appropriate level of signal x{t) (just above L) is svallable from other time
points in the signal {e.q., between {p and {; and betwean § and ;). Likewise, data
from behwasn Hmes b and & are not used o provide Information for predistortion
indexed for state 1, but other data {such as batweaen {, and ) is avallable for this
purpose. | is also notable that the use of the second switching threshold Ly for
fransition from siate 1 o slale 2 for some ransitions {g.g., attime {g) enables
additional linearization data for state 2 {0 be caplured {&.g., from the responss
after i) beyvond that available i only 2 single transition threshold weare provided,
Utilization of multiple transition thresholds bebween bwo siates is thus used to
hanafit inearization of the system. Morgover, ong can use multipls transition
threshoids to increase durations andior guarantse minimum durations in particular
states {8.g., the duration of the slale 2 afler iz s onger owing o the use of LY
than If Ly were used on that transition.} In all of the above, | should be noted that
ong might select different transition threshelds for "positivaliup” and
negative/down” ransitions. Lastly, one may have addiional predistortion tables
for during the transient duration of specific transitions {e.g., one or more sets of
saparate DPD parametersfablesfindices used for transient durations as batween
fs and fp ~ 1 1o 2 switching atl Ly; botween tp and &z~ 2 o 1 switching at Ly and

betwesn ip and fy ~ 1 o 2 swilching at Ly}

1181 Embodiments of the proposed system may dynamically selact among
riitiphe {e.q., a discrete sel) or variable transition threshoids for selscting among
states in order to provide increased performance andfor to ensurs sufficlent
durations in particular states while maintaining high efficlency. {These transition
thrasholds may also be adapled over ime or {0 maitch the characleristios of

ndividusal power amplifiers.)
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01171 Figs. 12 and 13 are flow diagrams showing the processing performed
by & processing apparatus which may, for example, be provided as part of an 88~
OPD system such as that described in any of Figs, 4+11 and 1418, The
rectanguiar elements {e.g. blogk 124 In FIG. 12) in the flow disgrams are herein
dencted *processing blocks” and represant steps or instructions or groups of
ngtructions. Some of the processing blocks can represent an empirical procedwre
or & databasse while others can represent computer sofbware instructions or
groups of instructions. The diamond shaped olaments in the flow diagrams {(8.g.
biogk 122 in FIG. 12} are hersin denoted "decision blocks™ and represant steps or
instructions or groups of instructions which affect the processing of the procassing
blocks., Thus, some of the processes desoribad in the flow diagram may be
implemented via computer softwars while others may be implemented in g

different manner 2.g. via an smpirical procedure.

1R Alternativaly, some of the processing and decision blocks can represant
processes performed by funclionally squivalent circuits such as a digits! signat
processor (D8R} clroult or an application spacific integrated circult (ASIC), The
flow disgrams do not depict the syntax of any particular programming languags.
Rather, the flow diagrams lustrate the functional information one of ordinary skill
in the art requires {o parform the processes or to fabricate oircuits or to generate
compider software {o perform the processing required of the particular apparatus.
i should be notad that where computer soflwars can be used, many rutine
program elements, such as inftialization of loops and variables and the use of
femporary variables are not shown, | will be appreciated by those of ordinary skill
in the art that unless othenwise indicated herein, the particular seguences of
processes described s Bustrative only and can be varled without departing from

the spirit of the concspls, systems and techniques disciosed herein.

0118]  In Fig. 12, an exemplary process for dynamically selacting transition
thresholds is Hustrated. The resuling thresholds {updated at sach sample point}
can be used sither with "instantansous” level selection (e, based only on the
refative value of the current sampls with respect to the sslected switching
thrashollis)), or with more sophisticated lsvel selection tlechniques such as that

shown in Fig. 13, Represeniative resulting waveforms are shown in Fig. 14
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01201 Tumning now fo Fig. 12, the processing of 2 new sampls begins as
shown In decision block 122 whare a decision is mads as whether g previous
sample was at 2 new siate. I a decision is made that previous samplawas ata
new state, then processing procesds 10 processing biock 124 where & threshold is
sat for a down fransition to a lowsr threshold value Ly, Processing then proceads
o processing block 128 whers the curvent sample is processed and processing

sontinues.

01211 Fin degision block 122 a decigion is made that previous sampls was not
at 8 new state, then processing procesds to decision block 128, In decision block
128 two conditions are checked: (1) have at least the last N, samples of data besn
inn the same state {or sst of states) and (2} was the last sample above the upper
value used for “down” ransition situations. if these two conditions arg both
satisfied, then processing procesds o processing block 138 in which the thresholg
for “down” transitions is set o the upper level L. Processing then procesds to
procassing block 128 where the current sample is processed and processing

gontinues.,

221 Hin decision block 128, a decision is made that al laast one of these
o conditions are not satisfied, then processing proceeds o procassing block
132 in which the threshold for down transitions is set {or held) at the lower value of
Ly, Processing then procesds fo processing block 128 whers the current sample

is processed and procsesing continuss.,

{01231 Thus, the sxemplary transition threshold selection technigue describad
in conjunction with Fig. 12 uses a single threshold {in sach state) for "up”®
fransitions (evel L) but for “down” transitions from a given siate the threshold is
salected among bwo values (a higher valus L or a lower value Ly} depending
upon oircumstances {the L1 value could be different for up and down transitions,
but thay are shown as the same have for simpliclty.} When processing each
sample, befors making transition decisions, the threshold level{s) are updated
{one can update the “up” thresholds individually or for all siales together).
Altematively, # is possible to update the “down” threshold for the slate selection
used in the previous sample.}  If the pravious sample used a stale selaction
different than that of the sample before, (8 "new” stale on the previous sample},

£7
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the threshold for down ransitions is set to the lowsr value Ly Othenwiss, s
checked # both: 1.) the state selsction was the same for the last N samples {8
“minimum” durgtion) and 2.) the signal at the last sample Is above the upper value
used for “down” transitions L. i so, the threshold for "down” transilions is sstto
the upper level Ly otherwise s held at the lower value of LY. The resulting
selacted threshold is then used o make lsvel selection decisions according o the

technigus selected {a.g., as in Fig. 13}

24]  Fig. 13 10s thus a flow disgram of a process for selecting levels, The
technigue desoribed in conjunction with Fig. 13 may be referred o as “ransition
reduction.” As notad above, the transition thresholds for use in this technique can

b dynamically selected as desaribad in conjunction with Fig, 14,

28] i should be noted that while the threshold selection process describad
i conjunction with Fig. 12 and level selection (8.g., by “instantansoug”
comparizson of the signal to thresholkds or on g window of data as in Fig. 13 below}
are described as sequential, separale processes, they can be marged. Thatis,
the processes of selecting thresholds and making level decisions needn’t
necessarly be done ssquentially but can be done togsther in parallsl or in an

interleaved manner while maintaining the overall benefil,

01281 i should be appreciated that the particular threshold selection technique
described in conjunation with Fig. 12 helps ensure a sufficient {ideally minimum}
duration in & stale after fransitions “up” info & higher siate from a lower slate. In
one embodiment, {level selection decisions are basaed sither upon the speciiic
ourrent sample being procassed, or with lovel selsction decisions based upon a
window of data as in the technigus of Fig. 13, The window-based lovel selection
technique of Fig. 13 {ncorporating “transition reduction™ further ensures a
sufficient {ideally minimum) duration i a state after ransitions “down” info 8 lower

state from a higher state.

2Tl Tuming now fo Fig. 13, a method 140 for selecting voltage levels for
ane of more powsr amplifiers of a power amplification system based upon &
window of samples bagins as shown i decision block 142 where a decision 8
made as to whether Ny samples can use a lower set of voltags lavels than a

previous sample and sl meet output power requiraments. | in decision block
28
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142 a decision s made that & lower sat of vollags levels can be used, then
procassing procesds fo processing block 144 where a new sel of voltage levels
that are lower than the previous sample {and praferably as low as possible) are
sedacted to support all Ny samples and the selection process ends,

01281 Hin decision block 142 a decision is made that a lower set of vollage
levals cannot be used, (Le. § the Ny samples cannot use a lower sst of voltags
levals than the previous sample), then processing fows to dedision blook 148
whers i is determinaed whether the set of vollage levels used for the pravious

sample is sufficient fo support the curent sample.

01281 K in decision block 148 a decision is made that the set of vollage levels
used for the previous sample is not sufficient to support the cwrrent sampls, then a
new set of voltage levels may be selected that are as low a8 possible to support

the current sample as shown In processing block 148 and selsction procassing

ands.

01301 I in decision block 148 a decision is made that the sel of voliage levels
used for the previous sample is sufficient to support the current sample, then
processing procesds fo processing block 180 and the same level selsction is used
for the current sample as was used for the previous sample. This process may be

rapaated for each new sample.

a1 Referring now o Fig. 14, example waveforms flustrating the effect of
the threshold selection process of Fig. 12 gre Hustrated in Fig. 14. Belore ime i,
the system is in state 1. When the signal reaches time fa, & excesds Ly, and the
system switches o state 2. The “down” thrashokl {setting switching from siate &
o 1) is updated to ba Ly in the next sampls, After 8 number of samples Ny
{corresponding to 8 ime duration ) the system has been operating in state 2 for
N, samples and the signal is above level Ly, 50 the “down” threshold is updated to
L at ime . Consegquently, the system swilches from state 2 o slate 1 at time g,
whan the signal falls below Ly, The state again changss to siate & attime &,
whean the signal again sxceads Ly, and the "down” threshold is updated to Ly
Since the lovel signal has fallen below Ly by time { before tims & when the
system has baen in iis prosent state for Ny samples, the lower threshold is used

for the down transition coowsring at time {o. In this case, the durstioninslste 2 18
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sxiended bevond that which would have ocourred If only Ly were used. This
mathod thus balances achieving high sfficlency {e.q., by using L at ime i} with

the desire for minimum durations in sach level {8.9., by using Ly at time {a).

{321 There are also advantageous methods for pretraining or initializing the
DPD system, sither with Bve data or with test sequences. In a system with
multiple states, It is advantageous o first inearize the system for the state
providing operation across the broadest {(andfor full) oulput rangs, and then
successively include operating siates covering narrowsy oulput ranges {preferably
successivaly inearizing slates providing successively narrower oulput rangss).
For axample, consider a system switching among 3 discrele states 8y through S;,
where 55 can achisve the full oulput powsr range, §; can achisve & reduced
output power range, and 54 can achisve a further reduced aulpul power rangs.
{This could ocour in & system swilching among three power supply levels, with &;
using the largest, 8; the second largest and 8, the smallest supply voltags.}

{01331 This process is Hustrated in Fig. 11

0134]  To initialize the DPD system, one could initiate operation in slate Ss.
After inearizing In siale 3 sufficlently (at ime 1), the system could then switch o
an operating mode using both S; and Sp, and inearize for S; as well a8 8
{hetwesn lims {y and {g). Finally, the system could Incurporate use of all of 8453
and achiove iinearization of & (afler time &), By starting with the stats that can
reach the full operating range of the system, linearizing for that siale, and
succassively moving to incorporate operation of reduced-oparaling-rangs states
and linearizing operation for those states {preferably from the largest range siate
o the smallash), the syslem can be linsarized more quickly and stably,

I35 i should be noted that the techniques desaribad here are applicable o
systams with a plurality of power ampiifiers, including where each power amplifier
has a corresponding set of states or o systems where thers I8 a sat of slates

common o the ampiifiers,

01381 For sxample, Fig. 18 in which fike slements of Figs. 8 and B are
orovided having ke reference designations, a system 180 compriging wo power
amplifiers {PAs) 182a, 162h each of which can have bias voltages {s.g. drain

3G
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supply volfages) selected from a plurality of voltages VISV, VTV, along with a
power combiner 184 o combine the Individual PA cutpuls inte a single culput. |
should be appreciated that voltages VI-VE and VT4 may all be unigus vollage
isvals of may be the same voltages {a.g. VIsVT V2=V ele. )

04371 Insuch a system, sach PA may have 8 slale associated with t{s.g.,
which power supply is selected), and the whole systam has an overall stale {Le.,
the power supply selections for the whole system), such that for a particular state
of & given PA the system may exist in a particular set of the ovarall stales.
Transition threshokds and updates i such 8 system may be hased on a "per-Pa
basis” {8.q., ransitions thresholds set based on the duration over which a
particular PA is in a carlain state or during which the overall system is within a
particular sef of siates, and transitions based on the signal applied o individual
PAs with respact fo their individua! thresholds). Alternatively, the syslem may be
considersd as a whole and treated as having a unigue setof slates. In this case,
fransition decisions may be made comparing multiple signals o multiple
thresholds, and degisions regarding thresholds mads based on duration in a

parficuiar state or among particudar sets of stales.

01381 Digital pradistortion may be camled out in multiple manners consistent
with the concepts, sysiems and techniques described hereln. One may perform
State-Based DPD on sach PA independently with respect o s states. One may
than optionally perform a system-evel DPD process that runs on top of the
individual PA insarization. Alternatsly, one may treat the systeam as a single largs
state-based powsr amplifiar system and run a single SE-DPD aigorithm. | may,
in some applications be, particularly valuable to spiit the signals to the multiple
PAg such that the contributions and performance of the individual PAs are
ohservable from the recebved signal in order to provide robust, stable adjustment
of the linsarization over ime. Morsover, in parforming DPD, it can be imporant fo
provide a means o achisve relative time alignment of the RF drive paths, a8 well

as aligning RF paths to drain paths,

138 When a system corrssponding to a powsy amplifier system such as that
describad in conjunclion with Figs. 7 and 8 for exampis is changsed among
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different disorele siates, undasired components may be injected inlo the FA

outout,

101401 In the system of Fig. B, for sxample, ths powsr supply input switching
among different levels may result in unwanted components being injectad into the
output at RF frequencies. The PA drain bias supply acls as a second input {n
addition to the PA RF input), such that when the PA drain blas vollage switches
sourcas {8.q., among different discrete levels), a disturbance “pulse” i introduced
into the RF output of the PA sysfam. This includss, for example, effective
dynamic complex gain variations of the PA while the PA ls transitioning.  This ¢an
be partly addressed by control of the ransitions among different supply levels
{e.q., through transition fillering or other means.) Nevertheless, given that supply
fransitions can happen at a high rate, this can introducs significant energy into the
output that doss not represent the desired signal. The disturbances can appear
as an increass in apparent "broadband nolse” In the output spactrum of the power
ampifier system, More generally, a temporary disturbance or puise in the outpst
may ocour when the system s swilching among discrete operating modss or

among stalss.

[0141] A "puise canceliation” tfechnigue can be used o addrass the problem of
siate changes intreducing unwaniaed components in the culput spectrum. in the
pulse cancellation techniqus, the effects of a disturbance or other type of variation
{2.4q., &t the drain input of the PA} are compensatad {or "cancelied™) at the PA
output by introducing & signal via the RF Input of the PA. The oulput of the PA
may vary from the desired value in both magnitude and phase during (and
around} the transition, vielding an amor in the RF output waveform. Considering
time-afigned versions of the signals representing the commandsd, transmitied,
and sensad data, one may generate commands o the PA system xind and snd
{sefling the RF drive and state) and find efnd = yn} ~ rin], where rin} is the desired
reference signal 1o oulput, vini is the digitized baseband version of the generated
output, and eln] is the arror betwaen the dasired oulput and the generated oulput,
whera n may be referenced for a given transiion} o a time where deviations stant
o peour owing to the sigle transition. One may congidar a limited effective pulse

duration of n = 1..N samples. s likewise possibla {o operale with the
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continuous-tims version of these signals, either at baseband or RF. For a ghven

transition, # is possible to approximaie the errer pulse with a signal ¢'In] as:

&' in] ~ Gyinl + Gyinlrind

01421 where Goln] represents a data-independent dynamic srror and Gyin}
raprasenis a dynamic gain emor. In a simplification that is applicable in many
Cases, ona may estimate that Gglnd s approximately zero and work only with Gyfnl
{or vice versa). Mors generally, one could consider higherorder polynomial fits
batweean the data and the aror {a.g., ncluding squars, cubse, or higher terms in 1),
or could consider a "memaory polnomial” formulation in which efn] is
approdmated as 2 sum of contributions deriving from present data and dats st

fimes earlier than n,

01431 By collecling arror information from numesrous ransitions, astimates of
the values of the cosfliclents {s.q., Guinl and G¢n]} that occour for n=1.. N of sach
fransition can be made, (it is possible fo use mars or less coefficiants as desirad
dapanding on the formulation. Also, it estimaling pulses, i is possible o utilize or
nclude dala that s "blanked” or “‘maskad” for DPD, as desoribad above) Values
for the cosfliclents characterizing the pulses can be oblained through least-
squaras caloulations, for example. Hased upon this estimation of the deviation, s
“‘canceliation pulse” pi) can be synthesized, and injecied into the data stream:

pind = @'} = {Golni + Gulni™ring

iH144] Referring now to Fig. 18, a pulse canceliation system 170 includes a

nulse astimation processor 172 which genarates pulse paramsters and providas

the parametlers v a puise genaration processor, The puise estimation and pulse

genaration processors develop a puise pind and provides the pulse {0 a first input

of 2 summing ciroull 174, A second input of the summing circull receives a data

siream rin] and an oulput of the summing circult is couplad to an input of 3 DPD
33
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systam 178, H should be noted that the pulse canceliation system of Fig. 18 may
be the same as or similar to the "pulse cancaliation” portion of the axemplary

inaanzation Mock Hustrated in Fig. 8.

48] When a slate transition ocours, an appropriate pulse s injscled that
provides “feedforward” nulling of the error associated with the pulss, i should be
noted that the system of Fig. 16 shows the pulse pind being developed and fed to
the input of the DPD systerm. This is often preferable for highest parformancs, as
ong wants to replicate pin] in the output well (such that “linear” canceliation
goclirs). Howaver, in some casas # may be desirable to synthesize and njeat
canceliation pulses into the data stream based on signals after the DFD {e.g., add
pin {o the DPD culput signal to form xind {o drive the digital to RF modulator)
Also, in cases whare only Gy is of Interest (that is, the system performancs is
determinad largaly a8 a time-varying gain during the transition), sffective pulse

canceliation can be performed by finding & dynamic gain

Graln] = 171 + Gyind

[0148]  and multiplyving the data stream rind {or xind) by Gialn to find the "pulse
corrected” signal. This multiplicative technique is equivalent o the additive &4
gomponant in pind for small ervor coefficients Gy and is applicable sven § Gy s not
small. In alf of these technigues, i is important o note that one must carefully
address the time alignment of the compensation pulss with the transition and data

signals, such that the pulss properly cancels the error.

101477 Additional opportunitiss arise in systems having multiple powsy
ampiffiers, such as that in the sxemplary smbodiment of Fig. 18 where two
amplifiers are shown {in general, however, a plurality of ampiifiers may be ussd).
Such systems hclude designs implamenting "Asymmetric Multileve! Ouiphasing”
or "Asymmetric Multileve! Backoll”. Often in such designs, the states of the
ndividual PAs do not change simultaneously. Conseguently, whean one P&
changes siats {a.g., the supply voltage sourcs for that PA changes), al least one
gther PA continuss {0 operate in the same siats (The slate of the overall system s
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fransitioning to 8 new state within 8 subsset of the overall states). In such cases |
is advantageous o inject @ cancellation pulse fo correct a disturbance owing to 8
supply {or siate} transition of ons PA through 2 second PA thet is not undsrgoing
& state ransition at that ime. This is because the second PAwill operate ing
more inear fashion during the transition of the first PA than the first PA ltself will,
Sa, for example, it the system of Fig. 15, a pulse compensating for the
disturbance occurring whan PAT has o slale transition can be injected via the data
stream {eading 10 x[nl) for the second power amplifisr PAZ, and vice versa. In
soms systems, ons may have a PA that does not undergo disorete transitions,
and may uss this PA {o inject canceflation pulses for other PAs that do.

01481 Having described sxemplary embodimants of the invention, i will now
hecoms apparent o one of ordinary skill in the art that other embodiments
incorporating their concepts may also be used, For axampls, the inventive
designs and mathods for providing improved linearity in power amplifier systems
int which component power amplifien{s} are switched among a set of operating
states can ba applied to RF ampiifier systems In which drain bias voltages foroneg
or more constituent power amplifiers in the RF ampiifier system are dynamically
selected from more than ons possible soures or level {e.q., swilched hatwaen

mullipte discorete supply voltages.)

01481 Accordingly, the concepts described hersin should not be Emited fo
disciosed smbodiments but rather should be limited only by the spirt and scope of
the appended claime. Al publications and references cited herein are exprossly

incorporated hersin by reference in their entirety.
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What is claimed is:

1. A gystem having an input and an RF oulput, the systam comprising:

one or more RF ampiifiers sach having an RF input, an RF outpd, and 2
powar supply input;

a voltags control unit coupled to provide a power supply voltags to the
power supply input of at least ons of the ons or more RF ampiifiers wherain said

voltage control unit dynamically selscls the power supply voltage from among
different inputs or lavels based In part upon one or more signal characteristics of a
signal {o be ransmitted; and

a linearization system coupled to sach of the at lsast one RF amplifiers
coupled to said voltage control unll, said linsarization system for improving the
inearity of the sysiem in which the RF input to at least one of said one or more RF
amplifier{s} is pradistorted, and whersin the applied predistortion is indexed, at
oast in part, by the selection of power supply lavel,

2. The systam of clalm 1 whereln said RF ampiifier is provided as an RF

power ampiifier,

3. The system of claim 1, wherein
sald linearization system is indexed af lsast in part based upon the selectad power

supply level or input

4. The system of olalm 1, further comprising means for training sald inearization
system such that sald inearization system is indexad at least in part based upon

the selectad power supply level or input

8, The system of claim 1, whereln a vollags appliad {o the power supply input

of sald RF amplifier is selecled from amang a discrate set of levels,
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8. The systern of olaim 1, wherein 2 voltage appliad {o the powsr supply Input
of said RF ampiifier is selectad from among a discrete set of voltage levels for a
first set of operating conditions, and from an input that provides continuous
arvelope tracking for other opsrating conditions not included in the first sel.

7. The systam of claim 1, wherein disturbancas in the RF osulput of the system
awing to changes in the seisction of the powar supply Input of at least one of sald
one or more RF amplifiers are compensated by a signal introduced via the RF

input of one of sald one or more RF amplifiers.

8. The system of clalm 7, whersin sald system has first and second power
ampilifiers, and wherein disturbances in the RF outpit of the system owing fo
changes in the power supply input selection of said first power amplifier are
compansatad by a signal introduced via the RF input of sald sscond power

amplifisr,

8. The system of claim 7, whersin said compensation signal is infroduced as
an additive component in 8 baseband signal for input to one of said one or more

RF amplifier{s).

10, The system of claim 7, wherein said compensation signal is introduced a8s a
multiplicative factor applied fo the digital data in the baseband signal for input to

one of said one or more RF amplifier{s}.

11, A powsr ampiifier system having an input and an RF oulpul, comprising:
ane or more power amplifier{s} each having an RF inpw, an RF outp, and
a power supply input, wherein the powser supply voltage provided 1o said power
supply input for st least one power ampiifier is dynamically selectad from among
differant inputs or lavels basad in part upon one oF More signat characleristics of a

signal to be ransmitted; ang
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whersin varations in an RF oulput signal at the RF oulput of the powsy
amplifier system owing o changes in salection of & power supply input of at least
one of said one or more powsr amplifiers are compensated by 8 compensation

signal provided o the RF input of at least one of said one or morg powsy

amplifiors.

12. The power amplifier system of claim 11, wharein the variations in tha RF
sitput signal of the powsy amplifier system owing fo changes in the selection of
the power supply input for a first power ampiifier are compensatad by a signal
introducad via the RF Input of sald first powser amplifier,

13, The power amplifier system of clalm 11, whersin sald powsr amplifier
svatem has first and sscond power ampliifiers, and whersin variations in the RF
output signal at the RF output of the powser amplifier system owing to changes in
the power supply input seleclion of said first power ampiifier are compensated by

a signal introduced via the RF input of sald second power amplifier.

14, The powsr amplifier system of olaim 11, wherein the compensation signal
is provided o the RF input 88 an additive compaonant in a baseband signal for

input to one of sald one or more power amplifiers.

15, The power amplifier system of claim 11, wherein the compeansation signal
is provided as s multiplicative factor applied to dightal dats provided in & baseband

signal for input fo at lsast of one of said one or more power amplifisrs,

18, A powesr amplifier system having & data input and an RF ouput,
compising:

One or more powsr ampiifisrs that are swilchad among a disorste set of
aparating siates based at least in part upon data provided o the data input of the

power amplifier systemy;
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a slate-based digital pre-distortion (SB-DPD) syslem, coupled {o at least
ane of the one o mora powar amplifiers, said SB-OPD gsystem for improving
insarity of the power amplifier system by pradistortion of signals provided to one
or mors of said ong or more powsr amplifiers, said predistortion depending at

iwast in part upon an operating statle of said one or mors power amplifiars.

17, The power amplifior system of claim 18, wherein the set of operating states
is determingd at least in part by the selaction of at least one draln blas voltage for
at least one of said one or more power amplifiers wherein the af least ong drain

bias vollage is selecied from among multiple sources or levels.

18, The powsr amplifier system of olaim 18, whereln:

said one or mors powsr ampiifiers corresponds to a plurality of powsr
amplifiers, sach of the pluralily of power amplifiers having one or more operating
states; and

the sat of oparating states for each of the plurality of power ampiifiers is
determined at lsast iy part by the number of powsr amplifisrs selected to provide

nowar amplification.

18.  The power amplifiar system of clalim 18, further compdsing:

a pulse canceliation system, coupled to at laast one of the one or more
power ampiifiers, wherain variations in an RF culpud signal st the RF output of the
powar ampiifiar system owing o swilching among the discrete sat of operating
states is gl lsast partly cancelied at the powesr ampiifier cutput by 2 cancaliation

signal infroduced via the RF input of at lsast one of sald one or mors power

ampiifiens.
28, The power ampiifier system of claim 18, further comprising:
a couplar disposad o coupls at least a portion of an RF oulpu signal at the

output of the power amplifier system; and
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wherein sald cancellation signals are determingd at least in part from

signals measurad by said coupler,

21, A sysiem having an input and an RF output, the system comprising:

ang or more RF amplifisrs each having an RF nput, an RF outpd, and a
power supply Input;

& voltage control unit coupled to provide a power supply voltags to the
power supply input of at least one of the one or more RF ampiifiers wherein the
voltags control unit dynamically selects the power supply voltage from among
differant inputs or levels based in part upon one or more signal characteristics of a
signal o be amplified; and

a linsarization unit to Improve the linearity of the systam by pradistorting the

RF input to at least one of the one or mors RF ampiifiers,

22, The system of claim 21 wherein the nearization unit includes a digial

predistorfion unit,

23, The system of claim 22, whearain the inearization unit is indexed at least in

part bassed upon ones or more sslected powsr supply levels or inputs.

24. The system of claim 22, further comprising means for training the
inearization unil in a manner that is indexed, at least in parl, 1o the seleciad power

supply svel or inpul.

2%, The system of claim 21, wherein the voltage control unit is fo dynamically
salect the power supply voltage o be applied o the powsr supply input of a first
RF amplifier from among a discrete st of levels.

268, Ths system of clabm 21, wherein the vollags controt unit is 1o dynamically
select the powser supply voltags for a first RF ampiifier from among a discrele set

of voltage levels for a first set of operating conditions and to provide continuous
40
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gnvelops tracking for the first RF amplifier for other operating conditions not

ncluded in the first set,

£7. The system of claim 271, whersin disturbances in the RF sulput of the
systam owing o changes in the selection of the power supply Input of at least one
of the one or more RF amplifiers are compensated by a signal introduced via the
RF input of ons of the one or morg RF ampiifiers.

28, The system of claim 27, wherein the system has first and second power
amplifiers, and wharein distwrbances it the RF cutput of the sysiem owing fo
changas in the power supply nput selection of the first powsr ampiifier are
compansated by a signal introduced via the RF input of the sscond power

amplifier,

28, The system of olaim 27, whersin the compensation signal is infroduced as
an additive component in a baseband signal for input to one of the one or more

RF amplifiers.

3, The system of claim 27, wherein the compensation signal is introduced as
a multiplicative factor applied to the digital data in a baseband signal for input to

ong of the one or more RF ampiifiers.

31, The system of claim 21, wherain:

the linsarization unit is configured {o iImprove the lnearlty of the system by
providing digital predistortion o the baseband signal detenmining the RF input of

the at least one RF amplifier,

32, The system of claim 21, whersing

the insarization unit is configured o adiust the fime alignment between the

selection of the power supply voltage from among different inputs or levels and
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the RF input provided o at isast one of the one or more RF amplifiers based on

the RF output of the system.

33, A power amplifier system having a data input and an RF outpud,
comprising:

one or more powear amplifiers that ars swilched among a discrete set of
operating states based at least in part upon data provided {o the data input of the
power amplifier system; and

a digital pre-distortion {DPD) systam, coupled to atlsast one of the one or
more powear amplifiers, for improving linsarity of the power amplifier system by
digital predistortion of signals providad fo the at least ang power amplifier,

34, The power amplifier system of claim 33, whersin the disorate set of
operating states is determined af least in part by the selection of at least ong drain
bias voltage for at least ons of the one or more power amplifiers, wherain the &t
fsast one drain bias voltage is selected from among multiple sowrces or levels.

35, The power ampiifier system of clalm 33, wharain:

the one or more powsr amplifiers comesponds (o a plurality of power
amplifiers, each of the plurality of power ampiifiers having one or more oparating
states; and

the set of oparating siates for aach of the plurality of power amplifiers is
determined at least in part by the number of power amplifiers selecled {o provide

power ampification.

38, The power amplifier system of claim 33, further comprising:

a puise canceliation system, coupled o at lsast ons of the ong or more
power ampiifiers, whareln variations in an RF outpud signal at the RF ouipud of the
power amplifier system owing {o switching among the disorete set of operating
states is &t loast partly cancelled at the powsr amplifier output by 8 canceligtion
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signal infroduced via the RF input of at least one of the one or more power

amplifiers,

37, The power amplifier system of claim 38, further comprising:

& couplar disposed o couple at least a portion of an RF ouput signatl at the
output of the power ampiifier systemy; and

wherain the canceliation signal is delermined at least in part from a signat

goupled by the coupler,

38, The power amplifier system of claim 33, wherein:

the digital pre-distortion (DPD) system includes at least one digitel o RF
modidator o convert a predistorted digial signal o an RF input signal for the at

loast one power amplifisr,

38, The powsr amplifier system of claim 38, wherain:

the digital pre-distortion {OFD) system s configured to adjust a time
atignment bebween the swilching of one or mors powsr amplifiers among
operating states and the application of a pradistorted RF input signal to the at
least one power amplifier bassd, at lsast in parl, upon a sensad RF auiput signat

of the power amplifier system.

40, The powsar amplifier system of claim 38, wherein the dightal pre-distortion
{DPD) system i configured to adjust the ime alignment based, at least in part, on

operating stats.

41,  The power ampiifier system of claim 33, wherain there are multiple possible

state fransition points relative to signal level

42. The power ampiifier system of olaim 33, whersin:

the powar amplifier system is implamentsd as part of g ransmitter; and
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the digital pradistortion system includes a pradistortion training system that

narforms training based, at lsast in part, on samples of ransmilted data.

43, The power amplifier system of claim 33, whereim

the digital predistortion system ncludes a predistortion training system that
narforms raining indexed by one or morg oft the selected siate of the PA systam,
the duration since the last transition, and the signal lsvel at the transition point,

44, The power ampiifier system of claim 33, wharein:
the digiial predistortion system includes a predistortion training system that
uses gated training data to exclude samples of dala during transitions among the

power supply levels.

45, A radio frequency (RF) system having an input and an RF ouipd, the
systam comprising:

ong or moere RF amplifiers each having an RF input, an RF output, and a
power supply input; and

a voltage control unit coupled o provide a power supply voltage to the
powsr supply input of at least one of the one or mors RF ampiifiers, whargin the
voltags controd unlt is configured to dynamically select the power supply voltage
from among 3 or mors discrets voltage levels based sl least in part upon one or

more signal characteristios of & signal o be amplified,

48, The system of claim 48, whersin the one or morg RF amplifiers are

providad as one or more RF powsr ampiifiers.

47, The systam of claim 45, whersin the voltage condrol unit dynamically
saiacts the power supply vollage from among 4 or more discrgte voltage levels
bhased at least in part upon ons or more sighal characteristics of the signatto be

ampiified.
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48 The system of claim 48, wharsin the power supply voliage provided fo the
power supply input of the at least ong RF amplifier by the voltage control unitis
salected from among the 3 or more discrete voltage levels for a first set of
operating conditions and s derved from an input that provides continuous
snvelope tracking for other operating conditions not includad in the first set,

48, The system of claim 45, whereln disturbances in the RF culput of the
system owing o changes in the selected power supply voltags level of at least
ang of the one or morg RF amplifiers are compensated for by a signal spplied via
the RF input of at lsast one of the one or more RF ampiifiers,

5, The system of claim 48, whereln the system has first and second power
amplifiers, and wherain disturbances in the RF oulput of the system owing fo
changes in the power supply input sslection of the first power amplifier are
compensated by a signal introduced via the RF input of the second power

ampiifian

1. The system of claim 48, whereln the compensation signal is introduced as

an adaitive componant in a baseband signal.

82, The system of claim 48, whereln the compensation signal ls introduced as
a multiplicative factor applied to digital data in & bassband signal.

§3. The system of claim 45, further comprising:

a linearization unit coupled 0 each of the RF amplifiors associated with the
voltage control unil, the linearzation unlt being configured o improve the linearity
of the system by predistoriing the RF input {o at least one of the one or mors RF
ampiifiers, whersin the predistortion is indexed, at least in part, 1o the sslected

powear supply vollags level
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84, A radio frequency (RF} power amplifier system having an input and an RF
oulput, comprising:

ona of more powar amplifiers sach having an RF input, an RF oulput, and
& power supply Inpul, wharein a power supply voltags provided o the power
supply input of at least ong of the one or more power amplifiers is dynamically
solacted from among 3 or mors different voliage levels based at lsast in part upon
one of more signal characteristics of a signal o be amplified.

88,  The powar amplifier system of claim 54, wherein the power supply voltage
provided {o the power supply input of the at lsast one powar amplifier is
dynamically selected from among 4 or more different voltags levels basad at least

irt part upon one or more signal characlerstics of the signatl fo be amplifiad.

58, The power ampiifier system of claim 58, whersin variations in an RF output
signal at the RF oulput of the power amplifier system owing to changes in
selection of & power supply input of at least one of the one or more powar
ampiifiers are compensated by a compensation signal provided to the RF input of

at least ong of the one or more power amplifiers.

87, Aradio frequency (RF) power amplifisr system having a dala input and an
RF outpud, comprising:

ORe oFf more power amplifiers that are swilched among a Jdiscrete setof 3
oFr more oparating states based at least in part upon data provided o the data

input of the power amplifier system.

58, The powsy amplifier system of claim 57, wherein the discrale setof 3 or
mors operating states s defoermined at least in part by the salaction of af lsast one
drain bias voltage for at least one of the ong or more power amplifiers, whareln
the at least one drain bias voltags is selectsd from among mulliple sources or

iovals,
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58, The powsr amplifier system of clalm 87, whereln

the one or more power ampiifiers includes mulliple power amplifiers, sach
of the multiple powsr amplifiers having ong or more oparating stetes; and

the sel of operating slates for each of the mullipls power amplifiers is
detemminad at loast in part by the numbaer of powsr amplifiers sslecled o provide

power ampilification,

88, The power amplifier systam of colaim 87, further comprising:

a puise canceliation system, couplad {0 at least one of the one or more
power ampiifiers, 1o at least partially cance! variations In an RF oulput signad at the
RF output of the power amplifier system caused by switching among the discrete
sat of operating stales by inroducing g canceliation signal af the RF input of at

ieast one of the one or mors power ampiifiers.

81.  The power ampiifier system of claim 80, further comprising:

a coupler o coupls & least a portion of the RF oulput signal of the power
ampiifiar system fo the pulse canceliation system, wherein the pulse canceliation
system is configured fo generate one or more canceliation signals based, at least

in part, from the coupled signal

g2, The powsr amplifier system of claim 80, wherslm

the onsg or more power ampiifiers are switched among & discrete set of 4 or more
pparating states based a lsast in part upon data provided {0 the data input of the

powsr amplifisr systam.
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