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RF AMPLIFIER HAVING A TRANSITION on input information indicative of amplitude values and 
SHAPING FILTER phase values ; a voltage control unit to provide a variable 

supply voltage to the RF power amplifier in response to one 
CROSS REFERENCE TO RELATED or more control signals , the variable supply voltage being 

APPLICATIONS selected from a plurality of discrete voltage levels ; and a 
controller to provide the input information to the digital - to 

This application is a continuation of co - pending U . S . RF modulator and the one or more control signals to the 
application Ser . No . 14 / 934 , 760 , now U . S . Pat . No . 9 , 490 , voltage control unit based , at least in part , on data to be 
752 , filed on Nov . 6 , 2015 , which is a continuation of output by the RF power amplifier system ; wherein the 
co - pending U . S . application Ser . No . 14 / 666 , 965 , filed on 10 voltage control unit includes : an output terminal to provide 
Mar . 24 , 2015 , now U . S . Pat . No . 9 , 209 , 758 , which is a an output voltage signal , the output terminal being coupled 
continuation of co - pending U . S . application Ser . No . 14 / 338 , to a supply input of the RF power amplifier ; first , second , 
671 , now U . S . Pat . No . 9 , 020 , 453 filed Jul . 23 , 2014 , which and third voltage terminals to carry first , second , and third 
is a continuation of co - pending U . S . application Ser . No . s discrete voltage levels in the plurality of discrete voltage 
13 / 663 , 878 , which is now U . S . Pat . No . 9 , 166 , 536 , filed Oct . 15 levels , respectively ; a first switch coupled between the 30 , 2012 and co - pending U . S . application Ser . No . 13 / 663 , output terminal and the first voltage terminal ; a second 887 , filed Oct . 30 , 2012 , now U . S . Pat . No . 8 , 824 , 978 , all of 
which are hereby incorporated by reference herein in their switch coupled between the output terminal and a first 

intermediate node ; a third switch coupled between the first entireties . 20 intermediate node and the second voltage terminal ; and a 
FIELD network comprising at least one switch coupled between the 

first intermediate node and the third voltage terminal ; 
Subject matter disclosed herein relates generally to radio wherein the controller is configured to control states of at 

frequency ( RF ) circuits and , more particularly , to devices , least the second switch and the at least one switch . 
systems , and techniques for implementing RF amplifiers and 25 In one embodiment , the network includes a fourth switch 
transmitters that are capable of achieving high linearity and coupled between the first intermediate node and a second 
high efficiency simultaneously . intermediate node and a fifth switch coupled between the 

second intermediate node and the third voltage terminal ; and 
BACKGROUND the voltage control unit further comprises : a fourth voltage 

30 terminal to carry a fourth discrete voltage level in the 
As is known in the art , a radio frequency ( RF ) transmitter plurality of discrete voltage levels ; and a sixth switch is a device that produces RF signals . RF transmitters may be coupled between the second intermediate node and the included , for example , as part of a radio communication fourth voltage terminal ; wherein the controller is configured system that uses electromagnetic waves ( radio waves ) to to control states of at least the second , fourth , and sixth transport information over a distance . switches . As is also known , a trade - off must generally be made in In one embodiment , the voltage control unit further com RF communications transmitters between energy efficiency 

and linearity . Over the decades of development of the RË prises a seventh switch coupled between the output terminal 
transmitter and corresponding RF amplifiers , it has generally and a ground terminal , wherein the controller is configured 
been true that one could obtain either high efficiency or high 40 to control states of at least the second , seventh and at least 
linearity , but not both . It would , therefore , be desirable to one switches . 
provide systems and techniques that allow a user to amplify In one embodiment , the first and third switches each 
RF signals and / or transmit data carrying RF signals with carrvino RF signals with include a diode . 
both high efficiency and high linearity . In one embodiment , the plurality of discrete voltage levels 

45 consists of three voltage levels . 
SUMMARY In one embodiment , the plurality of discrete voltage levels 

consists of four voltage levels . 
Systems and techniques are described herein that allow In one embodiment , the controller is configured to make 

radio frequency ( RF ) signals to be amplified and / or trans decisions about voltage level changes for the RF power mitted with both high efficiency and high linearity . Digital 50 antal 30 amplifier based , at least in part , on a window of data samples control may be maintained over both the amplitudes and the representing data to be output by the RF power amplifier phases of RF input signals applied to one or more power system . amplifiers . Digital control may also be maintained over the In one embodiment , the voltage control unit further com supply voltages applied to the one or more power amplifiers . 
In some embodiments , non - linear power amplifiers may be 55 P sprises a low pass transition shaping filter to filter the output 
used to achieve high power efficiency within the RF trans voltage signal before it is provided to the RF power ampli 
mitter . Digital control techniques may be used to achieve fier . 
linearity and to further enhance efficiency . In at least one In one embodiment , one or more of the first switch , the 
implementation , the amplitudes of one or more RF input implementation , the amplitudes of one or more RF input second switch , the third switch , and the at least one switch 
signals of the one or more power amplifiers may be con - 60 are provided as complimentary metal oxide semiconductor 
trolled to achieve backoff in the power amplifier to generate ( CMOS ) technology . 
a desired output power level . In one embodiment , the voltage control unit further com 

In accordance with one aspect of the concepts , systems , prises a switched capacitor converter to synthesize multiple 
circuits , and techniques described herein , an RF power ratiometric voltages from a single input voltage , the 
amplifier system comprises : A radio frequency ( RF ) power 65 switched capacitor converter providing at least some of the 
amplifier system , comprising : a digital - to - RF modulator to discrete voltage levels of the plurality of discrete voltage 
generate an RF input signal for the RF power amplifier based levels . 
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In one embodiment , the RF power amplifier system In one embodiment , the RF transmitter includes multiple 
includes multiple RF power amplifiers and a combiner to digital - to - RF modulators driving multiple RF power ampli 
combine the output signals of the multiple RF power ampli - fiers and a combiner to combine output signals of the 
fiers . multiple power amplifiers . 

In one embodiment , the controller is configured to control 5 In one embodiment , providing control signals includes 
states of the first switch , the second switch , the third switch , providing control signals to the first switch , the second 
and the at least one switch . switch , the third switch , and the at least one switch . 

In accordance with another aspect of the concepts , sys 
tems , circuits , and techniques described herein , a machine BRIEF DESCRIPTION OF THE DRAWINGS 
implemented method for operating an RF transmitter having 
a digital - to - RF modulator driving an RF power amplifier The foregoing features may be more fully understood 
comprises : obtaining transmit data to be transmitted from from the following description of the drawings in which : 
the RF transmitter ; providing input information for the FIG . 1 is a block diagram illustrating an exemplary radio 
digital - to - RF modulator based , at least in part , on the frequency ( RF ) transmitter in accordance with an embodi 
transmit data , the input information to control an amplitude ment ; 
and a phase of an RF output signal of the digital - to - RF FIG . 2 is a block diagram illustrating an exemplary RF 
modulator , selecting a supply voltage for the RF power transmitter in accordance with another embodiment ; 
amplifier based , at least in part , on the transmit data , the FIG . 3 is a block diagram illustrating an exemplary RF 
supply voltage being selected from a plurality of discrete 20 transmitter having at least four power amplifiers in accor 
voltage levels , wherein the supply voltage changes with dance with an embodiment ; 
time ; and providing control signals to a plurality of switches FIG . 4 is a block diagram illustrating an exemplary RF 
within a voltage control unit based on the changing supply transmitter having a single power amplifier in accordance 
voltage selection , wherein the voltage control unit includes : with an embodiment ; 
an output terminal to provide an output voltage signal , the 25 FIG . 4A is a block diagram illustrating an exemplary RF 
output terminal being coupled to a supply terminal of the RF transmitter having a single power amplifier that uses a 
power amplifier , first , second , and third voltage terminals to discrete voltage switching in accordance with an embodi 
carry first , second , and third discrete voltage levels in the ment ; 
plurality of discrete voltage levels , respectively , a first FIG . 4B is a schematic diagram illustrating an exemplary 
switch coupled between the output terminal and the first 30 st 30 switched capacitor converter circuit that may be used within 

a voltage control unit in accordance with an embodiment ; voltage terminal ; a second switch coupled between the FIG . 4C is a schematic diagram illustrating a voltage output terminal and a first intermediate node ; a third switch control arrangement for switching among different discrete coupled between the first intermediate node and the second 
voltage terminal ; and a network comprising at least one 35 embodiment : supply levels for a power amplifier in accordance with an 
switch coupled between the first intermediate node and the FIGS . 4D and 4E are schematic diagrams illustrating third voltage terminal , wherein providing control signals exemplary switching network architectures that may be used 
includes providing control signals to at least the second in power amplifier systems and RF transmitter systems in 
switch and the at least one switch . accordance with embodiments ; 

In one embodiment , the network includes a fourth switch 40 FIGS . 4F - 41 are schematic diagrams illustrating exem 
coupled between the first intermediate node and a second plary level - transition filter architectures that may be used in 
intermediate node and a fifth switch coupled between the various embodiments ; 
second intermediate node and the third voltage terminal ; and FIG . 5 is a block diagram illustrating an exemplary RF 
the voltage control unit further comprises : a fourth voltage transmitter in accordance with another embodiment ; 
terminal to carry a fourth discrete voltage level in the 45 FIG . 6 is a schematic diagram illustrating an exemplary 
plurality of discrete voltage levels ; and a sixth switch voltage control unit in accordance with an embodiment ; 
coupled between the second intermediate node and the FIG . 7 is a schematic diagram illustrating an exemplary 
fourth voltage terminal ; wherein providing control signals voltage control unit in accordance with another embodi 
includes providing control signals to the second , fourth , and ment ; 
sixth switches . 50 FIG . 8 is a flow diagram illustrating a method for oper 

In one embodiment , the voltage control unit further com - ating an RF transmitter having at least two digital - to - RF 
prises a seventh switch coupled between the output terminal modulators driving at least two power amplifiers in accor 
and a ground terminal , wherein providing control signals dance with an embodiment ; 
includes providing control signals to the first , second , third , FIG . 9 is a flow diagram illustrating a method for oper 
fourth , fifth , sixth , and seventh switches . 55 ating an RF transmitter having a single digital - to - RF modu 

In one embodiment , the first and third switches each lator driving a single power amplifier in accordance with an 
include a diode . embodiment ; 

In one embodiment , the plurality of discrete voltage levels FIG . 10 is a diagram illustrating an exemplary sample 
consists of three voltage levels . window that may be used to make a voltage level change 

In one embodiment , the plurality of discrete voltage levels 60 decision in a power amplification system in accordance with 
consists of four voltage levels . an embodiment ; and 

In one embodiment , selecting a supply voltage includes FIG . 11 is a flow diagram illustrating a method for 
selecting the supply voltage based , at least in part , on a selecting voltage levels for one or more power amplifiers of 
window of data samples associated with the transmit data . a power amplification system based on a sample window in 

In one embodiment , the method further comprises pro - 65 accordance with an embodiment ; 
cessing the supply voltage signal in a low pass filter before FIG . 12 is a plot illustrating the efficiency and output 
applying the signal to the RF power amplifier . power of a power amplification system having a single 
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power amplifier as a function of normalized RF drive power signals delivered to first and second voltage control units 22 , 
at two different de power supply levels ; 24 on a sample - by - sample basis in some implementations . 

FIG . 13 is a pair of IQ plots illustrating achievable RF In at least one implementation , controller 12 can provide 
output amplitudes for a power amplification system having independent control to each of first and second voltage 
a single power amplifier using two different supply levels ; 5 control units 22 , 24 so that different supply voltages can be 

FIG . 14 is a plot of efficiency versus normalized output simultaneously applied to first and second power amplifiers 
power for a power amplification system having a single 18 , 20 . Likewise , in some implementations , controller 12 

can provide different input information to first and second power amplifier using two different supply levels in accor digital to RF modulators 14 , 16 so that different RF input dance with an embodiment ; w 10 signals are simultaneously applied to first and second power FIG . 15 is an IQ plot illustrating achievable output signal amplifiers 18 , 20 . Power combiner 26 is operative for ranges for a power amplification system having two power combining the output signals of first and second power amplifiers and a combiner , where each power amplifier is amplifiers 18 , 20 to generate an RF transmit signal at an supplied from one of two supply levels ; output thereof . The RF transmit signal may then be delivered FIG . 16 is an IQ plot illustrating operation of an exem | 15 to antenna ( s ) 32 for transmission into a wireless channel . As plary Asymmetric Multilevel Outphasing ( AMO ) based will be appreciated , the RF transmit signal should include an 
amplification system that includes two - power amplifiers and accurate representation of the original transmit data . 
two power supply levels ; First and second power amplifiers 18 , 20 may each 

FIG . 17 is an IQ plot illustrating a control technique that include any type of power amplifier capable of amplifying 
may be used with a power amplification system having two 20 an RF signal . In some implementations , first and second 
power amplifiers and a combiner to operate the power power amplifiers 18 , 20 may be non - linear amplifiers to 
amplifiers at or close to their achievable maximum ampli - improve the efficiency of operation of the RF transmitter . In 
tudes , while minimizing output at an isolation port of the some embodiments , highly non - linear amplifiers may be 
combiner ; and used . First and second power amplifiers 18 , 20 may use the 

FIG . 18 is a series of plots illustrating how power ampli - 25 same amplifier design or different amplifier designs . Like 
fier drive levels and supply levels may be adjusted to control wise , first and second power amplifiers 18 , 20 may use the 
output power over an output power range in accordance with same amplifier architecture or different amplifier architec 
an embodiment . tures . First and second voltage control units 22 , 24 may each 

include any type of circuit , component , or system that is 
DETAILED DESCRIPTION 30 capable of controllably varying a supply voltage level 

applied to a power amplifier in an RF transmitter . These 
FIG . 1 is a block diagram illustrating an exemplary radio units may include , for example , variable power supplies , 

frequency ( RF ) transmitter 10 in accordance with an discrete power supplies , batteries , multi - level power con 
embodiment . As will be described in greater detail , RF verters , and / or switching circuits that are capable of switch 
transmitter 10 is capable of simultaneously achieving both 35 ing between preset voltage potentials . 
high efficiency and high linearity . As illustrated , RF trans - First and second digital to RF modulators 14 , 16 may 
mitter 10 may include : a controller 12 ; first and second include any type of circuits or components that are capable 
digital to RF modulators 14 , 16 ; first and second power of converting digital input information representative of a 
amplifiers 18 , 20 ; first and second voltage control units 22 , time varying amplitude and a time - varying phase into an 
24 ; a power combiner 26 ; and an energy recovery module 40 analog RF output signal having corresponding amplitude 
30 . RF transmitter 10 may be coupled to one or more and phase characteristics . Power combiner 26 may include 
antennas 32 and / or other transducers to facilitate the trans - any type of device or structure that is capable of combining 
mission of RF signals to one or more remote wireless multiple RF signals . This may include , for example , a hybrid 
entities . In some implementations , first and second power combiner , a transformer combiner , a Wilkinson combiner , 
amplifiers 18 , 20 may use substantially the same amplifier 45 and or others . Power combiner 26 may be an isolating 
design . In other implementations , different amplifier designs combiner or a non - isolating combiner . 
and / or architectures may be used . In some embodiments , As described above , controller 12 may receive or other 
first and second power amplifiers 18 , 20 may be non - linear wise acquire transmit data that needs to be transmitted into 
amplifiers ( and , in some cases , highly non - linear amplifiers ) . a wireless channel . The transmit data may be in any format 
As is well known , non - linear amplifiers generally operate 50 ( e . g . , a binary bit stream ; I and Q data , etc . ) . Controller 12 
more efficiently than linear amplifiers . may then use this data , as well as other possible factors , to 

First and second digital to RF modulators 14 , 16 are provide signals for first and second digital to RF modulators 
operative for generating RF input signals for first and second 14 , 16 and first and second voltage control units 22 , 24 . In 
power amplifiers 18 , 20 , respectively , based on information some implementations , the goal may be to generate an RF 
received from controller 12 . First and second voltage control 55 transmit signal that includes an accurate representation of 
units 22 , 24 are operative for providing variable supply the transmit data . Any of a number of different modulation 
voltages to first and second power amplifiers 18 , 20 , respec - and coding schemes ( MCSs ) may be used to represent the 
tively , based on control signals received from controller 12 . transmit data within the RF transmit signal . The MCS may 
In a typical implementation , controller 12 will receive or include , for example , binary phase shift keying ( BPSK ) , 
otherwise obtain a stream of data to be transmitted from RF 60 quadrature phase shift keying ( QPSK ) , quadrature amplitude 
transmitter 10 ( i . e . , transmit data ) . Controller 12 may then modulation ( e . g . , QAM , 16QAM , 64QAM , 128 QAM , etc ) , 
use this transmit data , among other things , to provide signals orthogonal frequency division multiplexing ( OFDM ) , and / 
for first and second digital to RF modulators 14 , 16 and first or others . Some of these MCSs have relatively high peak to 
and second voltage control units 22 , 24 that will result in the average power ratios . As is well known , MCSs having high 
transmission of the transmit data from antenna ( s ) 32 . Con - 65 peak to average power ratios typically require highly linear 
troller 12 may update the information delivered to first and power amplification to provide an accurate representation of 
second digital to RF modulators 14 , 16 and the control transmit data . In various embodiments described herein , 
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transmission systems and techniques are described that are module 30 may be coupled to the isolation port of an 
capable of providing efficient power amplification with isolating combiner , rather than a conventional resistive 
sufficient linearity to support MCSs having high peak to termination , for use in recovering some or all of the energy 
average power ratios . that would otherwise have been dissipated . Energy recovery 
As shown in FIG . 1 , after controller 12 acquires transmit 5 module 30 may include circuitry for converting the recov 

data , it may use the data to provide input information to first ered energy into a useful form . For example , the recovered 
and second digital to RF modulators 14 , 16 . In one possible energy may be converted to a form that can be used to charge 
approach , controller 12 may provide separate I and Q data a battery . Alternatively , the recovered energy may be con 
to each of the first and second digital to RF modulators 14 , verted to a form that may be used to energize other circuitry 
16 . That is , controller 12 may generate 11 , Q , for first digital 10 within RF transmitter 10 . 
to RF modulator 14 and 1 , Q , for second digital to RF In the embodiment illustrated in FIG . 1 , separate voltage 
modulator 16 . First and second digital to RF modulators 14 , control units 22 , 24 are provided for first and second power 
16 may then use the I , Q information to modulate an RF amplifiers 18 , 20 . In some implementations , the functions of 
carrier wave to generate a corresponding RF signal at an multiple voltage control units may be implemented using a 
output thereof . As is well known , I and Q data is generally 15 single voltage control structure . FIG . 2 is a block diagram 
representative of an amplitude and a phase . Thus , I , and Q , illustrating an exemplary radio frequency ( RF ) transmitter 
may , for example , have a corresponding amplitude A and 40 in accordance with an embodiment . As shown in FIG . 2 , 
phase 0 . The RF signal output by first digital to RF a single voltage control unit 34 may be used to provide 
modulator 14 in response to I , and Q , may therefore be an variable voltages for both of power amplifiers 18 , 20 . 
RF signal having amplitude Ay and phase 0 . In some 20 In some embodiments , power amplification systems are 
implementations , the input information provided to first and provided that incorporate dynamic selection from among a 
second digital to RF modulators 14 , 16 may be in a format discrete set of voltage levels for providing drain bias volt 
other than I and Q . For example , in one possible approach , ages to a set of power amplifiers ( PAs ) . Selection from 
amplitude ( A1 , A2 ) and phase ( 0 , , 0 , ) information may be among multiple discrete voltage levels in setting one or 
delivered to first and second digital to RF modulators 14 , 16 25 more drain bias voltages is common to a number of system 
by controller 12 . As described above , the input information architectures . This includes systems that select from among 
applied to first and second digital to RF modulators 14 , 16 a discrete set of input voltages and then provide additional 
may change on a sample by sample basis in some embodi regulation to provide a continuously - varying drain voltage 
ments . ( see , e . g . , " Multilevel Power Supply for High Efficiency RF 

In some implementations , first and second voltage control 30 Amplifiers , " by Vasic et al . , 2009 IEEE Applied Power 
units 22 , 24 may each be capable of providing one of a Electronics Conference , pp . 1233 - 1238 , February 2009 ; and 
plurality of predetermined voltages to corresponding power U . S . Pat . No . 7 , 482 , 869 to Wilson , entitled “ High Efficiency 
amplifiers 18 , 20 in response to control signals from con - Amplification . " ) and systems that directly exploit discrete 
troller 12 . Thus , a control signal V CONTI may select a drain levels , including " class G ” amplifiers ( see , e . g . , “ Aver 
voltage value for power amplifier 18 and a control signal 35 age Efficiency of Class - G Power Amplifiers , ” by F . H . Raab , 
VCONT2 may select a voltage value for power amplifier 20 . IEEE Transactions on Consumer Electronics , Vol . CE - 32 , 
As with the input information applied to first and second no . 2 , pp . 145 - 150 , May 1986 ; and “ A Class - G Supply 
digital to RF modulators 14 , 16 , the supply voltage values Modulator and Class - E PA in 130 nm CMOS , ” by Walling 
applied to first and second power amplifiers 18 , 20 may et al . , IEEE Journal of Solid - State Circuits , Vol . 44 , No . 9 , 
change on a sample by sample basis in some embodiments . 40 pp . 2339 - 2347 , September 2009 ) , multi - level LINC 

In addition to the above , in some embodiments , controller ( MLINC ) Power Amplifiers ( see , e . g . , U . S . Patent Applica 
12 may use the amplitude information delivered to first and tion Publication 2008 / 0019459 to Chen et al . entitled “ Mul 
second digital to RF modulators 14 , 16 ( e . g . , the amplitude tilevel LINC Transmitter ; ” and U . S . Patent Application 
value associated with I and Qi , etc . ) to control / adjust a Publication US 2010 / 0073084 to Hur et al . entitled “ Sys 
power level output by the RF transmitter 10 ( e . g . , a transmit 45 tems and Methods for a Level - Shifting High - Efficiency 
power level ) . For example , controller 12 may use a reduced LINC Amplifier using Dynamic Power Supply ” and Asym 
amplitude value for one or both of the digital to RF modu - metric Multilevel Outphasing ( AMO ) Power Amplifiers 
lators 14 , 16 when a lower transmit power level is desired . ( see , e . g . , U . S . Pat . Nos . 8 , 026 , 763 and 8 , 164 , 384 to Daw 

In some embodiments , controller 12 may determine input son et al . entitled “ Asymmetric Multilevel Outphasing 
information for first and second digital to RF modulators 14 , 50 Architecture for RF Amplifiers ” and “ A 2 . 4 - GHz , 27 - dBm 
16 and control information for first and second voltage Asymmetric Multilevel Outphasing Power Amplifier in 
control units 22 , 24 in real time based on the transmit data . 65 - nm CMOS ” by Godoy at al . , IEEE Journal of Solid - State 
In some other embodiments , an optional lookup table ( LUT ) Circuits , 2012 ) . In the present application , dynamic selec 
36 may be used to provide the required information . Con - tion from among a discrete set of voltage levels ( or " level 
troller 12 may retrieve values from LUT 36 for the first and 55 selection " ) is primarily discussed in the context of a single 
second digital to RF modulators 14 , 16 and the first and or multi - amplifier , multi - level power amplifier architecture 
second voltage control units 22 , 24 that are designed to ( such as , for example , the power amplifier architecture used 
accurately represent the transmit data in the transmit signal . in RF transmitter 10 of FIG . 1 ) . However , the level selection 

In some embodiments , power combiner 26 may be an techniques discussed herein can also be used to improve 
isolating combiner having an isolation port . As is well know , 60 performance in other architectures utilizing discrete voltage 
an isolating combiner will sometimes output energy at the levels , including those enumerated above . 
isolation port due to , for example , mismatches , Imbalances , Level selection can be performed based upon the instan 
and / or reflections in the circuitry coupled to the combiner . taneous output envelope value or , when processing digital 
Typically , a resistive termination will be coupled to the data from which to synthesize the RF output , upon an 
isolation port of an isolating combiner to provide an imped - 65 individual digital sample to be synthesized . In one possible 
ance match for the port and to dissipate any energy output approach , the lowest discrete voltage level or levels may be 
from the port . In some embodiments , an energy recovery used that are compatible with synthesizing the required 
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instantaneous RF output in order to provide the highest desired total output . In some embodiments , a controller may 
instantaneous " drain ” efficiency . In at least one embodiment , be programmed or configured to be capable of selecting a 
discrete voltage levels may be selected based upon a " win - voltage value for a power amplifier that is lower than 
dow ” of data to be transmitted , rather than a single sample required to generate a desired instantaneous output power 
or " instantaneous " value . In this manner , the number of level 5 level if the need for a higher voltage level is short in duration 
transitions that are used to synthesize a particular data compared to the time duration of the window of data 
stream can be reduced . In many cases , this technique may samples . In other embodiments , a controller may be pro 
result in higher voltage levels being used than are absolutely grammed or configured to be capable of selecting a voltage 
necessary to synthesize a particular sample ( thus reducing value for a power amplifier that is higher than a minimum 
power amplifier " drain ” efficiency ) . However , overall effi - 10 voltage sufficient to generate a desired instantaneous output 
ciency can be improved ( or at least its degradation reduced ) power level if the duration of time for which a lower voltage 
by mitigating the energy cost of transitioning among levels . level is sufficient is short compared to the time duration of 
Moreover , linearity ( e . g . , as measured by adjacent channel the window of data samples . 
leakage ratio ( ACLR ) or adjacent channel power ratio In some implementations , the above - described technique 
( ACPR ) ) , error vector magnitude ( EVM ) , and other wave - 15 may be combined with other techniques including , for 
form quality metrics can be improved by reducing the example , peak - to - average power ratio ( PAPR ) reduction 
number of level transitions required . This is because the techniques , techniques using hysteresis in the thresholds 
system disturbance caused by transitioning levels on one or used to make level selection determinations , techniques that 
more PAs will typically have a cost in terms of the output filter the data before and / or after the level - selection process , 
trajectory , even though this can be compensated for using 20 and / or others . In some implementations , the window lengths 
digital pre - distortion or other techniques . that are used with the above - described techniques may be 

In some embodiments , decisions may be made about the dynamically and / or adaptively selected based on a perfor 
discrete voltage levels to apply based on one or more mance criterion . In one approach , for example , the window 
extended time periods , rather than relying solely on instan - lengths may be selected to maximize a combination of 
taneous conditions . In one approach , for example , a decision 25 efficiency and output quality metrics . 
as to whether or not to change selected level ( s ) looks across To provide a better understanding of the operation and 
a window of samples Nw long ( e . g . , from a current sample benefits of the amplifier architectures described herein , the 
under consideration into the future , from a previous sample performance of a single power amplifier ( PA ) having two 
in the past through the current sample and for one or more different de supply voltages will now be described . This 
samples into the future , etc . ) . FIG . 10 is a diagram illustrat - 30 power amplifier could represent any number of PA classes 
ing such a sample window 220 . These samples may be ( e . g . , A , AB , B , F , inverse F , etc . ) and could also represent 
represented as I , Q data values , as amplitudes / phases of the a composite amplifier comprising an aggregation of output 
desired outputs , as vector values to be synthesized , etc . , or from multiple smaller PAs operated together ( e . g . , a Doherty 
may simply represent the output power or voltage ampli amplifier , outphasing amplifier , etc . ) FIG . 12 is a plot 
tudes desired . For the current sample 222 , the system may 35 showing the efficiency and ( normalized ) output power of a 
only transition to a lower level or set of levels ( i . e . , providing power amplifier as a function of normalized RF drive power 
a lower maximum power ) if that lower level or set of levels at two different dc power supply levels ( i . e . , a lower de 
can provide sufficient output power over the whole window supply , level 1 , and a higher dc supply , level 2 ) . It can be 
220 of Nw samples . If more power delivery is needed for the seen that for the level 2 dc supply , at a certain RF input 
current sample 222 than can be provided by the level / set of 40 power ( 0 . 1 normalized ) the output power reaches a maxi 
levels used in the previous sample 224 , then a transition is mum saturated output power ( 1 normalized ) . The output 
made to a level / set of levels capable of providing sufficient power can be reduced to any value below this saturated 
power . Otherwise , the level / set of levels remains unchanged maximum ( i . e . , “ backing off ” the output power ) by reducing 
from the previous sample 224 to the current sample 222 . the RF input power . For low levels of RF input and output 
Using the above - described technique reduces the number 45 power , there is a nearly linear ( proportional ) relation 

of transitions by ensuring that a " downward ” level transition between RF input power and RF output power . However , 
only occurs if an “ upward " transition won ' t be necessary efficiency in this region is relatively low ( e . g . , below 40 % 
again in the near future . At the same time , an “ upward ” for RF output powers below 0 . 25 normalized ) . The highest 
transition may always be used if needed to support the efficiency is found in regions of output power at or some 
required output power during a given sample . It will be 50 what below the level at which output power saturates ( e . g . , 
appreciated that many variations are possible which provide efficiency above 70 % for output power above 0 . 83 normal 
further reduction in number of transitions . For example , in ized ) . Increasing RF input power beyond the level that 
one alternative approach , a decision may be made to make saturates the power amplifier , however , actually reduces 
either an “ upward ” or a " downward ” transition as long as it efficiency . This occurs because total input power — dc plus 
is certain that another transition will not be needed for at 55 RF - increases but output power does not increase ( and in 
least a minimum number of samples ( i . e . , within a window some cases can decrease with further increase in RF input 
of samples ) . In another alternative approach , if an “ upward ” power ) . 
transition is needed to support an output for less than a The power and efficiency for the lower voltage do supply 
certain number of samples , that transition could be elimi - ( level 1 ) is now considered . In this case , the maximum 
nated , and the power amplifiers driven to provide an output 60 saturated output power is much lower than for the higher 
as close as possible to the desired output ( during either the voltage ( level 2 ) dc supply ( e . g . , reaching a maximum output 
sample in question or averaged in some manner over mul - power of only 0 . 25 normalized ) . The output power can again 
tiple samples ) . This may reduce transitions , at the expense of be adjusted between zero and this lower maximum value by 
some waveform quality degradation . If any of the above adjusting RF input power ( e . g . , backing off the output power 
described techniques are used , the input drives for the 65 by reducing the normalized input power to values below that 
individual power amplifiers may be adjusted accordingly for which saturates the power amplifier ) , but higher output 
the selected drain voltage levels in order to provide the powers ( above 0 . 25 normalized ) are not obtainable at this 
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supply level . It should be noted that for values of output factors including output power levels ( short or long term ) , 
power that can be reached at this lower supply level , higher channel characteristics , data bandwidth , signal statistics , 
efficiency is achieved using the lower dc supply level 1 than transmit data , etc . Likewise , one could select the power 
for the higher dc supply level 2 , because the power amplifier supply levels based on the contents of a block of samples at 
is operated closer to its saturated value . Thus , for low values 5 a time , where the block length is fixed or dynamically 
of output power , it is generally desirable to use a lower selected . 
supply voltage value , so long as the desired output power is An important consideration in the above discussion is that 
achievable and the desired level of linearity and controlla - instantaneous efficiency is higher for operating points where 
bility of the power amplifier is achievable . the length of the synthesized vector is close to the maximum 

The variation in efficiency with a given de voltage supply 10 achievable amplitude radius . From this perspective , it is 
level is a motivation for power amplifier systems such as desirable to operate from the lowest supply for which the 
“ Class G , ” that switch the power amplifier dc supply among desired output can be synthesized . However , as there is an 
different levels depending on the desired RF output power energy cost to switching between levels ( e . g . , owing to 
level . Selecting from multiple dc supply values such that the capacitor charging loss and switching loss of transistors 
power amplifier operates at as high an efficiency as possible 15 setting the supply ) , it may be beneficial to overall system 
while being able to provide the desired RF output power can efficiency to use a higher - than - necessary supply level to 
yield significant improvements in efficiency over that synthesize an output over a short duration , if the energy cost 
achieved with a single supply level . of switching back and forth between levels is greater than 

FIG . 13 includes two IQ plots illustrating the achievable that saved by using a lower supply level over that duration . 
RF outputs in terms of the output RF amplitude ( i . e . , phasor 20 Moreover , there is also a cost to linearity associated with 
length , or RF voltage amplitude ) for two different supply switching among levels , in terms of noise injected to the switching among levels in terms of noise injected to the 
levels . For a given supply level , there is an RF output output and loss of linearity owing to temporary disturbance 
amplitude ( proportional to the square root of RF output of the power amplifier each time a level transition is made . 
power ) that may be specified as a maximum for that supply Even if there is an overall efficiency penalty , one may choose 
level . This maximum amplitude may be that corresponding 25 to operate from a higher supply level than necessary to 
to the absolute maximum saturated output power ( under synthesize a particular output over a short duration if it 
complete compression ) for that supply level , as illustrated in reduces the number of supply transitions necessary , in order 
FIG . 12 , or may be a level somewhat below this . One may to improve linearity . One may also choose not to briefly step 
limit the maximum amplitude and power to somewhat up a power supply level for a short duration , even if the 
slightly lower than those for complete saturation to simplify 30 desired instantaneous power does not get synthesized ( pos 
predistortion of drive signals ( for linearization ) , to account sibly briefly clipping the peak of the signal ) , owing to the 
for part - to - part variations in absolute maximum power , to loss and noise injection penalty of switching between levels . 
place the specified maximum level in a desirable location on The impact of level transitions on both efficiency and 
the efficiency vs . output characteristic , or for other reasons . linearity may thus be considered as factors in selecting what 
As illustrated in FIG . 13 , with the higher supply level , any 35 level to use in a particular interval . 
RF output voltage vector having an amplitude less than or Further advantage may be attained in some embodiments 
equal to the radius of the circle labeled L2 can be synthe - by combining power from multiple power amplifiers ( see , 
sized . With the lower supply level , one can synthesize any e . g . , system 10 of FIG . 1 ) . In one multiple power amplifier 
RF output voltage vector having an amplitude less than or embodiment , there may be , for example , two power ampli 
equal to the radius of the circle labeled L1 . 40 fiers that can each be supplied from two different ( nonzero ) 

To exploit the availability of multiple supply voltages to supply voltages and an isolating power combiner to combine 
achieve increased efficiency , one may dynamically switch the output signals of the amplifiers in an isolating fashion . 
between the two supply levels . One way to do this is to The voltage vector at the output port of the power combiner 
switch supply levels based on the amplitude of the RF output is a weighted sum of the output voltage vectors of the two 
vector being synthesized at any given time , such that the 45 individual power amplifiers . Likewise , a 2 - way isolating 
higher supply level is utilized whenever the desired output combiner may produce an isolation voltage vector at the 
amplitude is between L1 and L2 , and the lower supply level combiner isolation port that is a weighted difference of the 
whenever the desired output amplitude is at or below L1 . two individual power amplifiers . The total energy delivered 
Using this approach , leads to the efficiency vs . normalized by the power amplifiers to the combiner is ideally delivered 
output power characteristic shown in FIG . 14 . 50 to either the output port ( e . g . , to be transmitted ) or to the 

In at least one embodiment , the signal to be synthesized isolation port ( eg wher isolation port ( e . g . , where it may be dissipated in an isolation 
is considered over a longer interval ( e . g . , a window includ resistor , recovered via an energy recovery system , or trans 
ing multiple future digital samples ) and level switching is mitted via a second transmission path ) . For example , if the 
managed based on the moving window of data . For example , output phasor vectors of the individual PAs are V , V , the 
this may be done in a way that ensures that the desired 55 output port of the power combiner may produce a sum 
instantaneous output amplitude can always be synthesized , vector : 
but switch down to the lower supply level only if the desired 
output signal amplitude will remain at a level at or below L1 E = Vout = V + V2 
for a minimum duration . Amplitude or time hysteresis or 
other constraints can likewise be put into level switching 60 and the isolation port of the combiner may produce a 
decisions . For example , one may require that once a switch difference vector : 
ing transition is made , no other transition will be made for 
a specified interval . Moreover , while this is illustrated for A = Viso = V1 - 12 
two power supply levels , the approach may be easily As is known in the art , for an isolating combiner , the input 
extended to an arbitrary number of supply levels . The length 65 impedances at the combiner inputs and the impedances of 
of the window used could be preselected , or could be the loads at the output and isolation ports scale such that 
dynamically selected based on one or more of a range of energy is conserved , as described above . 
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Because energy delivered to the isolation port is usually output vectors that are in phase , but with amplitudes that 

lost , it is usually desirable to synthesize the desired output may be different ( and selecting among different supply 
voltage vector while minimizing the amplitude of the volt levels ) depending upon desired output . That is , for a given 
age vector at the isolation port . One may thus select the supply level selection for the two PAs , there is an achievable 
power supply levels , amplitudes and phases of the two 5 output amplitude maximum , which is reached by operating 
power amplifiers to deliver the desired output while putting the two PAs at their achievable maximum . One can reduce 
small ( and preferably the minimum ) power into the isolation the output below this by backing off one or both PAs below 
port . Alternatively , if the signal to be provided at the their achievable maximum . While backing off the PAS 
isolation port is to be transmitted rather than dissipated , it reduces PA efficiency , keeping the PAs in phase keeps the 
may be desirable to control the supply voltages and PA input 10 amplitude at an isolation port small , which can provide 
amplitudes such that the desired signals are synthesized at enhanced efficiency . More generally , depending on the com 
both the output and isolation ports while providing maxi biner type , keeping the two PA outputs having a specified 
mum overall efficiency of delivering energy to the two ports . fixed phase relationship provides low isolation port loss and 

FIG . 15 is an IQ plot illustrating achievable output signal enhanced efficiency . In one approach , the lowest supply 
ranges for a 2 - amplifier system where each power amplifier 15 level set may be utilized that will enable the desired output 
is supplied from one of two supply levels . This is illustrated to be achieved , and the drive of one or both PAs will then be 
as regions on the IQ diagram in terms of the output RF backed off to reduce power for output amplitudes above that 
amplitude ( phasor length , or RF voltage amplitude ) . As achievable with the next lower supply level set . This keeps 
illustrated , each power amplifier can generate an RF output the PAs operated at or close to their achievable maximum 
with a maximum amplitude that depends on the power 20 while minimizing the output at the isolation port . FIG . 17 is 
supply level selected for that amplifier . If both PAs are an IQ plot illustrating this approach . FIG . 18 is a series of 
supplied using a higher voltage L2 , an RF output vector plots illustrating how power amplifier drive levels and 
anywhere inside the circle labeled L2 / L2 can be synthesized , supply levels may be adjusted to control output power over 
with this maximum achieved when the two individual PA an output power range in accordance with an embodiment . 
vectors are in phase and at their specified maximum ampli - 25 As shown , peaks in efficiency may be attained through 
tudes for that supply level . If one PA is supplied at the higher judicious supply level selection as a function of power , and 
voltage level and the other at the lower voltage level , an RF good efficiency may be maintained over a wide output power 
output vector anywhere inside the circle labeled L2 / L1 can range . 
be synthesized , with this maximum achieved when the two In some embodiments , both backoff and outphasing tech 
individual PA vectors are in phase and each at their specified 30 niques may be combined in a power amplification system to 
maximum amplitudes for their supply levels . At this maxi - reduce output amplitude below an achievable maximum 
mum amplitude , nonzero output is delivered to the isolation with a given set of supply voltages , as illustrated in FIG . 15 . 
port of the combiner , since there is a nonzero difference In this case , for each supply level set and output amplitude , 
between the PA outputs . If both PAs are supplied at the lower a combination of backoff and outphasing can be selected to 
voltage level , an RF output vector anywhere inside the circle 35 provide desirable tradeoffs between efficiency and linearity . 
labeled L1 / L1 can be synthesized . Lastly , if only one PA , Moreover , at very low power , one of the power amplifiers 
supplied at the lower voltage level drives the combiner ( e . g . , may be completely turned off and the other amplifier may be 
with the drive amplitude of the second PA set to zero and / or operated under backoff alone . It should also be appreciated 
the power supply for the second PA set to zero ) , then a vector that the combination of outphasing and backoff of the 
anywhere inside the circle labeled L1 / - can be synthesized . 40 individual power amplifiers can be used to provide further 
Again , there is nonzero output delivered to the isolation port control features . For example , instead of a difference vector 
for this case if the combiner is isolating . An additional circle being delivered to an isolation port to be dissipated , the 
with only one PA supplied at the higher supply voltage level “ isolation port ” can be connected to a second output for RF 
driving the combiner will also typically exist . However , transmission ( i . e . , for a multi - output system ) . By controlling 
operation within this circle will usually be less efficient than 45 both backoff and outphasing of the two amplifiers , desired 
the other options . The above - described techniques may be outputs can be provided at both the output port ( first output ) 
extended for use within systems having more than two PAs , and the isolation port ( second output ) while preserving high 
systems having more than two nonzero supply levels , sys - efficiency . 
tems using other types of power combiners , and / or a com In some embodiments , multiple different types of power 
bination of the above . 50 amplifiers , or power amplifiers optimized for different char 

FIG . 16 is an IQ plot illustrating operation of an Asym - acteristics , may be used within a power amplification sys 
metric Multilevel Outphasing ( AMO ) based amplification tem . The parameters of the system may then be controlled to 
system that includes two - power amplifiers and two power best utilize the two types or characteristics of power ampli 
supply levels . Each of the power amplifiers may be operated fiers . For example , it may be desirable to optimize a first 
at a specified maximum output amplitude ( with respect to 55 power amplifier for operation near its achievable maximum 
the power supply voltage used by each amplifier ) such that ( e . g . , a switched - mode or saturated power amplifier ) and a 
the efficiency of each PA can be high . To modulate output second power amplifier for operation with good efficiency 
power , the two PAs may be outphased ( or phase shifted ) under a range of backoff ( e . g . , using a Doherty power 
such that the sum vector has the desired amplitude and amplifier or chireix outphasing power amplifier ) . In this 
phase . With an isolating combiner , there may be some 60 case , one may control the system such that the first power 
dissipation associated with the difference vector sent to the amplifier usually operates at or near its achievable maxi 
isolation port . By changing the power supply levels depend - mum , while the second regulates the output amplitude by 
ing upon the desired output amplitude , one can keep the backing off from its maximum . Different output power 
amplitude of the difference vector small , maintaining high regions can further be covered by appropriately switching 
efficiency . 65 the supply levels of the power amplifier , with the second 

In at least one embodiment , multiple power amplifiers power amplifier operated at the higher of the supply levels 
may be controlled such that they synthesize individual if the supply levels are not the same . At the lowest output 
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levels , the first power amplifier may be turned off , and the Digital to RF modulator 84 may provide an RF input 
output controlled only with the second power amplifier . signal to power amplifier 86 based on input information 

In some embodiments , as described above , more than two ( e . g . , 11 , Q . ) received from controller 82 . Controller 82 may 
power amplifiers may be used to generate a transmit signal use any of the control techniques described above in various 
in an RF transmitter . For example , FIG . 3 is a block diagram 5 embodiments . In some implementations , controller 82 may 
illustrating an RF transmitter 50 that includes at least four use the voltage control of voltage control unit 88 and the 
power amplifiers in accordance with an embodiment . As amplitude and phase information delivered to digital to RF 
illustrated , RF transmitter 50 may include : a controller 52 ; modulator 84 to ensure that the transmit data is accurately 
first , second , third , and fourth digital to RF modulators 54 , represented within the RF output signal of RF transmitter 80 . 
56 , 58 , 60 ; first second , third , and fourth power amplifiers 10 Controller 82 may use the amplitude information delivered 
62 , 64 , 66 , 68 ; a power combiner 70 ; and a voltage control to digital to RF modulator 84 to control / adjust an output 
unit 72 . As before , one or more antennas 32 may be coupled power level of RF transmitter 80 ( e . g . , a transmit power 
to an output of combiner 70 . Voltage control unit 72 may level ) . As before , in some implementations , this output 
provide variable supply voltages Vi ( t ) , V2 ( t ) , V3 ( t ) , Vy ( t ) to power control capability may be used to provide power 
first , second , third , and fourth power amplifiers 62 , 64 , 66 , 15 backoff for RF transmitter 80 . 
68 , respectively , based on one or more control signals from FIG . 4A is a block diagram illustrating an exemplary RF 
controller 52 . First , second , third , and fourth digital to RF transmitter 80A that includes a single power amplifier in 
modulators 54 , 56 , 58 , 60 provide RF input signals to first , accordance with an embodiment . The RF transmitter 80A is 
second , third , and fourth power amplifiers 62 , 64 , 66 , 68 , a specific embodiment of the transmitter 80 illustrated in 
respectively based on input information received from con - 20 FIG . 4 . As shown , RF transmitter 80A includes : a controller 
troller 52 . Combiner 70 combines the output signals of first , 82A , a digital to RF modulator 84A , a power amplifier 86A , 
second , third , and fourth power amplifiers 62 , 64 , 66 , 68 to and a voltage control unit 88A . The output of power 
generate an RF transmit signal for delivery to antenna ( s ) 32 . amplifier 86A may be coupled to one or more antennas 32A . 

Controller 52 may use any of the control techniques Voltage control unit 80A includes : a supply select unit 241 , 
described above in various embodiments . In some imple - 25 a multilevel power converter 242 , a switch unit 244 , and a 
mentations , controller 52 may use the voltage control of transition shaping filter 246 . Multilevel power converter 242 
voltage control unit 72 and the phase and amplitude infor - is operative for generating a number of different voltage 
mation delivered to first , second , third , and fourth digital to potentials ( i . e . , V1 , V2 , V3 , V . ) on a plurality of correspond 
RF modulators 54 , 56 , 58 , 60 to ensure that transmit data is i ng voltage lines . Although illustrated with four different 
accurately represented within the RF output signal of com - 30 voltage levels , it should be appreciated that any number of 
biner 70 . In addition , controller 52 may use amplitude different levels may be used in different embodiments . 
information delivered to first , second , third , and fourth Switch unit 244 is capable of controllably coupling one of 
digital to RF modulators 54 , 56 , 58 , 60 to control / adjust an the plurality of voltage lines at a time to a power supply 
output power level of combiner 70 ( e . g . , a transmit power input of power amplifier 86A . Supply select 241 is operative 
level , etc . ) . In some embodiments , this output power control 35 for switching switch unit 244 between different voltage lines 
capability may be used to provide power backoff for RF in response to a switch control signal from controller 82A . 
transmitter 50 . As in previous embodiments , an energy In at least one embodiment , multilevel power converter 242 
recovery module 30 may be provided to recover energy at an may be capable of adapting the voltage value on one or more 
isolation port of combiner 70 when an isolating combiner of the voltage lines slowly over time to , for example , 
architecture is used . 40 accommodate slow variations in a desired average output 

In at least one embodiment , an RF transmitter may be power . Transition shaping filter 246 is operative for shaping 
provided that includes a single RF power amplifier . FIG . 4 the transitions between voltage levels within the power 
is a block diagram illustrating an exemplary RF transmitter amplifier supply voltage signal . In at least one implemen 
80 that includes a single power amplifier in accordance with tation , the transition shaping filter 246 may include a low 
an embodiment . As shown , RF transmitter 80 includes : a 45 pass filter . 
controller 82 , a digital to RF modulator 84 , a power ampli - As described above , in some implementations , a voltage 
fier 86 , and a voltage control unit 88 . The output of power control unit or voltage control system may include a multi 
amplifier 86 may be coupled to one or more antennas 32 to output ( or “ multi - level " ) power converter to generate mul 
facilitate the transmission of RF transmit signals to remote tiple voltages from a single input voltage . In one approach , 
wireless entities . Voltage control unit 88 may provide a 50 a multi - output power converter may be implemented using 
variable supply voltage V ( t ) to power amplifier 86 based on a switched - capacitor circuit . A switched capacitor converter 
a control signal from controller 82 . Voltage control unit 88 can provide very high power density for synthesizing mul 
may be configured to selectively supply one of a plurality of tiple ratiometric voltages from a single voltage . FIG . 4B is 
discrete voltages to power amplifier 86 , and may supply the a schematic diagram illustrating an exemplary switched 
discrete voltage to the power amplifier via a transition 55 capacitor converter circuit 300 in accordance with an imple 
shaping filter in some implementations . The transition shap - mentation . The single input of this multiple - output converter 
ing filter may , for example , comprise lossless filter elements , may be fed directly from a source voltage or battery 302 , or 
including inductors and capacitors , and may further include may be fed from another power converter that can adapt the 
lossy elements , such as resistors and magnetic beads . The input voltage to the multiple - output converter ( and hence the 
transition shaping filter serves to provide shaping and / or 60 multiple voltages ) over time , including , for example , a buck 
bandwidth limitation of the voltage transitions between converter , boost converter , and other magnetics - based con 
discrete levels and may provide damping of oscillations that verters . In some embodiments , a voltage control unit can 
might otherwise occur . The transition shaping filter may be operate by switching among different discrete supply levels 
selected to provide a low - pass filter response . Discrete and providing this switched supply directly to the power 
voltage supply levels provided by voltage control unit 88 65 amplifier , as illustrated in FIG . 4C . 
may be predetermined or may be adapted over time based on FIGS . 4D and 4E are schematic diagrams illustrating two 
required average transmit power levels or other factors . switching network architectures 310 , 312 that may be used 
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in power amplifier systems and RF transmitter systems in modulator 92 and Az ( t ) , 02 ( t ) to second digital to RF 
accordance with embodiments . These two architectures 310 , modulator 94 . As described previously , in some implemen 
312 are both particularly well suited for use in low - power tations , the amplitude and phase information may be speci 
systems implemented in CMOS , but may also be used in fied using time varying I and Q data ( or some other format ) , 
other systems . In some implementations , both a switched - 5 rather than amplitude and phase values . 
capacitor ( SC ) circuit and a switching network 310 , 312 may FIG . 6 is a schematic diagram illustrating an exemplary 
be realized together on a single CMOS die . For higher - voltage control unit 122 in accordance with an embodiment . 
power systems , it may be advantageous to place a control As illustrated , voltage control unit 122 may include : first and 
circuit for switching an SC circuit and / or the switching second multi - level power converters 123 , 124 ; first and 
network on an integrated circuit . It should be appreciated 10 second switch units 126 , 128 ; and first and second supply 
that the switching network architectures 310 , 312 of FIGS . selects 130 , 132 . First multi - level power converter 123 , first 
4D and 4E represent two example architectures that may be switch unit 126 , and first supply select 130 may be used to 
used in some embodiments . Other switching network archi - vary a supply voltage of a first power amplifier of an RF 
tectures may be used in other implementations . transmitter and second multi - level power converter 124 , 
As described above , in some embodiments , a supply 15 second switch unit 128 , and second supply select 132 may 

voltage with switched discrete levels may be provided to a be used to vary a supply voltage of a second power amplifier 
power amplifier through a transition shaping filter . The filter , of the RF transmitter . First and second switch units 126 , 128 
which may be low - pass in nature , can limit the high fre - and first and second supply selects 130 , 132 may operate in 
quency content of the PA supply voltage , provide shaping substantially the same manner as the corresponding units 
for the voltage transitions between levels , and provide 20 described above . 
damping for the transitions . This filter can also incorporate As illustrated in FIG . 6 , first multi - level power converter 
parasitic elements associated with the interconnect of the 123 may generate a first plurality of voltage levels ( i . e . , V1 , 
voltage control unit to the PA , and can be designed such that V2 , V3 , V . ) on a first plurality of voltage lines 134 and 
the frequency content of the supply voltage is matched to second multi - level power converter 124 may generate a 
what may be adequately adjusted for in the PA drive 25 second plurality of voltage levels ( i . e . , V5 , V6 , V7 , V2 ) on a 
waveform . FIGS . 4F - 41 are schematics illustrating some second plurality of voltage lines 136 . In some embodiments , 
level - transition filter architectures that may be used in the voltage levels on the first plurality of voltage lines 134 
various embodiments . Other filter architectures may alter may be the same as the voltage levels on the second plurality 
natively be used . of voltage lines 136 . In other embodiments , they may be 

FIG . 5 is a block diagram illustrating an exemplary RF 30 different . As described previously , in some embodiments , 
transmitter 100 in accordance with an embodiment . RF different power amplifier designs may be used for the 
transmitter 100 is a specific implementation of RF transmit multiple different power amplifiers within an RF transmitter . 
ter 40 of FIG . 2 . As illustrated , RF transmitter 100 includes : These different power amplifier designs may require differ 
a controller 90 ; first and second digital to RF modulators 92 , ent discrete voltage levels for optimal performance . In the 
94 ; first and second power amplifiers 96 , 98 ; a voltage 35 embodiment depicted in FIG . 6 , the same number of voltage 
control unit 102 ; a power combiner 104 ; and an energy levels are provided for the first and second power amplifier . 
recovery module 120 . In the illustrated implementation , In some other embodiments , different numbers of voltage 
voltage control unit 102 includes : a multi - level power con - levels may be used for different power amplifiers . 
verter 106 ; first and second switch units 108 , 110 ; first and In some implementations , first and second multi - level 
second supply selects 112 , 114 ; and first and second transi - 40 power converters 123 , 124 may each be capable of adapting 
tion shaping filters 116 , 118 . Multi - level power converter corresponding output voltage levels over time . As described 
106 is operative for generating a number of different voltage above , this may be performed to , for example , accommodate 
potentials ( i . e . , V1 , V2 , V3 , V4 ) on a plurality of correspond slow variations in a desired average output power level . In 
ing voltage lines . Although illustrated with four different at least one implementation , first and second multi - level 
voltage levels , it should be appreciated that any number of 45 power converters 123 , 124 may each include a control input 
different levels may be used in different embodiments . First 138 , 140 to receive a control signal from a corresponding 
and second switch units 108 , 110 are each capable of controller ( not shown ) indicating when such adaptation is to 
controllably coupling one of the plurality of voltage lines at take place and / or values to use for the new voltage levels . 
a time to a power supply input of a corresponding power FIG . 7 is a schematic diagram illustrating an exemplary 
amplifier 96 , 98 . First and second supply selects 112 , 114 are 50 voltage control unit 160 in accordance with an embodiment . 
operative for switching the first and second switch units 108 , As illustrated , voltage control unit 160 may include : first , 
110 between the different voltage lines in response to switch second , third , and fourth power supplies 162 , 164 , 168 , 170 ; 
control signals Si ( t ) , S2 ( t ) received from controller 90 . In at first and second switch units 170 , 172 ; and first and second 
least one embodiment , multilevel power converter 106 may supply selects 174 , 176 . First , second , third , and fourth 
be capable of adapting the voltage values on the plurality of 55 power supplies 162 , 164 , 168 , 170 may each be operative for 
voltage lines slowly over time to , for example , accommo generating a unique supply potential on a corresponding 
date slow variations in a desired average output power . First output line . First and second switch units 170 , 172 may each 
and second transition shaping filters 116 , 118 are operative be capable of controllably coupling one of the supply 
for shaping the transitions between voltage levels within potentials at a time to a power supply input of a correspond 
each power amplifier supply voltage signal . In at least one 60 ing power amplifier . First and second supply selects 174 , 
implementation , one or both of the transition shaping filters 176 are operative for switching the first and second switch 
116 , 118 may include a low pass filter . In some implemen - units 170 , 172 between the different supply potentials in 
tations , transition shaping filtration is not used . response to switch control signals S ( t ) , Sz ( t ) received from 
As shown in FIG . 5 , controller 90 may provide a time a corresponding controller . In some implementations , first , 

varying amplitude value and a time varying phase value to 65 second , third , and fourth power supplies 162 , 164 , 168 , 170 
each of the digital to RF modulators 92 , 94 . That is , may each adapt its output voltage value slowly over time to , 
controller 90 may provide Al ( t ) , 0 ( t ) to first digital to RF for example , accommodate slow variations in desired aver 
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age output power level . In at least one embodiment , first , channel ( block 192 ) . In at least one implementation , the 
second , third , and fourth power supplies 162 , 164 , 168 , 170 input information generated for each digital - to - RF modula 
each comprise a battery or are synthesized from a single tor may be representative of both an amplitude value and a 
source using a multi - output switched capacitor converter . phase value . The amplitude value and the phase value will 
Although illustrated with four power supplies 162 , 164 , 168 , 5 typically vary with time ( i . e . , they can change from sample 
170 , it should be appreciated that any number of different to sample ) . In at least one implementation , I and Q values 
power supplies may be used in a particular implementation . may be provided for each of the at least two digital - to - RF 

FIGS . 8 and 9 are flow diagrams illustrating processes for modulators . In some other implementations , time varying 
operating RF transmitters in accordance with various amplitude and phase values may be provided . As described 
embodiments . 10 above , different input information may be generated for each 

The rectangular elements ( typified by element 182 in FIG . of the at least two digital - to - RF modulators . 
8 ) are herein denoted “ processing blocks ” and may represent In at least one approach , the amplitude and phase values 
computer software instructions or groups of instructions . It provided for the at least two digital - to - RF modulators and 
should be noted that the flow diagrams of FIGS . 8 and 9 the supply voltages selected for the at least two power 
represent exemplary embodiments of designs described 15 amplifiers may be selected in a manner that results in an 
herein and variations in such diagrams , which generally accurate representation of the transmit data within the RF 
follow the processes outlined , are considered to be within output signal of the RF transmitter . The amplitude values 
the scope of the concepts , systems , and techniques described generated for the at least two digital - to - RF modulators may 
and claimed herein . be selected to control or adjust an output power level of the 

Alternatively , the processing blocks may represent opera - 20 RF transmitter in some embodiments . In one approach , the 
tions performed by functionally equivalent circuits , such as amplitude values may be selected to achieve a desired level 
a digital signal processor circuit , an application specific of power backoff within the RF transmitter . 
integrated circuit ( ASIC ) , a field programmable gate array F IG . 9 is a flow diagram illustrating a method 200 for 
( FPGA ) , or conventional electrical or electronic systems or operating an RF transmitter having a single digital - to - RF 
circuits . Some processing blocks may be manually per - 25 modulator and a single power amplifier . Transmit data is first 
formed , while other processing blocks may be performed by obtained that is intended for transmission to one or more 
circuitry and / or one or more processors . The flow diagrams remote wireless entities ( block 202 ) . The transmit data may 
do not depict the syntax of any particular programming be used to generate input information for the digital - to - RF 
language . Rather , the flow diagrams illustrate the functional modulator to control an amplitude and phase of an output 
information one of ordinary skill in the art may require to 30 signal of the modulator ( block 204 ) . The amplitude of the 
fabricate circuits and / or to generate computer software or output signal of the modulator may be controlled in order to 
firmware to perform the corresponding processing . It should achieve a desired transmit power level for the RF transmit 
be noted that many routine program elements , such as ter . The output signal of the digital - to - RF modulator may be 
initialization of loops and variables and the use of temporary delivered to a corresponding input of the power amplifier of 
variables , are not shown . It will be appreciated by those of 35 the RF transmitter ( block 206 ) . 
ordinary skill in the art that unless otherwise indicated The transmit data may also be used to select a supply 
herein , the particular sequences described are illustrative voltage for the power amplifier ( block 208 ) . Any of the 
only and can be varied without departing from the spirit of control techniques described herein may be used to generate 
the concepts described and / or claimed herein . Thus , unless the input information for the single digital - to - RF modulator 
otherwise stated , the processes described below are unor - 40 and to select the supply voltage for the single power ampli 
dered meaning that , when possible , the sequences shown in fier . The output signal of the power amplifier may be coupled 
FIGS . 8 and 9 can be performed in any convenient or to one or more antennas for transmission into a wireless 
desirable order . channel ( block 210 ) . In at least one implementation , the 

Referring now to FIG . 8 , a method 180 for operating an input information delivered to the digital - to - RF modulator 
RF transmitter having at least two digital - to - RF modulators 45 may be representative of both an amplitude value and a 
driving at least two power amplifiers will be described . First , phase value . In at least one approach , the phase value 
transmit data may be obtained that is intended for transmis - generated for the digital - to - RF modulator and the supply 
sion to one or more remote wireless entities ( block 182 ) . The voltage selected for the power amplifier may be selected in 
transmit data may be used to provide input information for a manner that provides an accurate representation of the 
the at least two digital - to - RF modulators to control ampli - 50 transmit data at an output of the RF transmitter . The ampli 
tudes and phases of output signals of the modulators ( block tude value generated for the digital - to - RF modulator may be 
184 ) . The input information generated for the at least two selected to control or adjust an output power level of the RF 
digital - to - RF modulators may be different for different transmitter . In one approach , this power control capability 
modulators . The output signals of the at least two digital may be used to achieve a desired level of power backoff for 
to - RF modulators may then be delivered to corresponding 55 the RF transmitter . 
inputs of the at least two power amplifiers of the RF FIG . 11 is a flow diagram illustrating a method 230 for 
transmitter ( block 186 ) . selecting voltage levels for one or more power amplifiers of 

The transmit data may also be used to select supply a power amplification system based on a window of samples 
voltages for each of the at least two power amplifiers ( block in accordance with an embodiment . As described previously , 
188 ) . The output signals of the at least two power amplifiers 60 FIG . 10 is a diagram illustrating such a sample window 220 . 
may be combined to generate a transmitter output signal for The method 230 may be used , for example , within the 
the RF transmitter ( block 190 ) . Any of the control tech methods 180 , 200 of FIGS . 8 and 9 ( e . g . , in block 188 and 
niques described herein may be used to generate the input block 208 , respectively ) . As shown in FIG . 11 , it may first 
information for the at least two digital - to - RF modulators and be determined whether Ny current and future samples can 
to select the supply voltages for the at least two power 65 use a lower set of voltage levels than a previous sample and 
amplifiers . The transmitter output signal may be delivered to still meet output power requirements ( block 232 ) . If so 
one or more antennas to be transmitted into a wireless ( block 232 - Y ) , then a new set of voltage levels may be 
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selected that are as low as possible ( or at least lower than the a third switch coupled between the first intermediate 
previous sample ) to support all Nw current and future node and the second voltage terminal ; 
samples ( block 234 ) . If the Nw samples cannot use a lower a network comprising at least one switch coupled 
set of voltage levels than the previous sample , it may next between the first intermediate node and the third 
be determined whether the set of voltage levels used for the 5 voltage terminal and wherein the controller is con 
previous sample is sufficient to support the current sample figured to control states of the at least one switch ; 
( block 236 ) . If not ( block 236N ) , then a new set of voltage and 
levels may be selected that are as low as possible to support a transition shaping filter having a low pass filter the current sample ( block 238 ) . If the set of voltage levels characteristic to filter the output voltage signal used for the previous sample is sufficient to support the 10 before it is provided to the RF power amplifier current sample ( block 236 — Y ) , then the same level selec wherein said transition shaping filter incorporates tion may be used for the current sample that was used for the parasitic elements associated with the interconnect previous sample . This process may be repeated for each new of the voltage control unit to the power amplifier and sample . 

In the description above , various concepts , circuits , and 15 said transition shaping filter is provided having a 
techniques are discussed in the context of RF transmitters filter characteristic selected such that the frequency 
that are operative for transmitting signals via a wireless content of the supply voltage is matched to a fre 
medium . It should be appreciated that these concepts , cir quency content which may be adjusted for in a drive 
cuits , and techniques also have application in other contexts . waveform provided to the power amplifier . 
For example , in some implementations , features described 20 2 . The RF power amplifier system of claim 1 , wherein : 
herein may be implemented within transmitters or drivers the network includes a fourth switch coupled between the 
for use in wireline communications . In some other imple first intermediate node and a second intermediate node 
mentations , features described herein may be implemented and a fifth switch coupled between the second inter 
within other types of systems that require highly efficient mediate node and the third voltage terminal ; and 
and highly linear power amplification for data carrying 25 the voltage control unit further comprises : a fourth volt 
signals . In other implementations , features described herein age terminal to carry a fourth discrete voltage level in 
may be applied to systems that require linear power ampli the plurality of discrete voltage levels ; and a sixth 
fication for audio applications , for ultrasonic applications , switch coupled between the second intermediate node and in RF power amplification for heating , industrial pro and the fourth voltage terminal ; cessing , imaging , and RF power delivery . wherein the controller is configured to control states of at Having described exemplary embodiments of the inven least the second , fourth , and sixth switches . tion , it will now become apparent to one of ordinary skill in 3 . The RF power amplifier system of claim 1 , wherein the the art that other embodiments incorporating their concepts voltage control unit further comprises a seventh switch may also be used . The embodiments contained herein should 
not be limited to disclosed embodiments but rather should be 35 coupled between the output terminal and a ground terminal , 
limited only by the spirit and scope of the appended claims . wherein the controller is configured to control states of at 
All publications and references cited herein are expressly least the second , seventh and at least one switches . 
incorporated herein by reference in their entirety . 4 . The RF power amplifier system of claim 1 , wherein the 

first and third switches each include a diode . 
What is claimed is : 40 5 . The RF power amplifier system of claim 1 , wherein the 
1 . A radio frequency ( RF ) power amplifier system com - plurality of discrete voltage levels consists of three voltage 

prising : levels . 
an RF power amplifier ; 6 . The RF power amplifier system of claim 1 , wherein the 
a digital - to - RF modulator to generate an RF input signal plurality of discrete voltage levels consists of four voltage 

for the RF power amplifier based on input information 45 levels . 
indicative of amplitude values and phase values ; 7 . The RF power amplifier system of claim 1 , wherein the 

a voltage control unit to provide a variable supply voltage controller is configured to make decisions about voltage 
to the RF power amplifier in response to one or more level changes for the RF power amplifier based , at least in 
control signals , the variable supply voltage being part , on a window of data samples representing data to be 
selected from a plurality of discrete voltage levels ; and 50 output by the RF power amplifier system . 

a controller to provide the input information to the digital - 8 . The RF power amplifier system of claim 1 , wherein one 
to - RF modulator and the one or more control signals to or more of the first switch , the second switch , the third 
the voltage control unit based , at least in part , on data switch , and the at least one switch are provided as compli 
to be output by the RF power amplifier system ; mentary metal oxide semiconductor ( CMOS ) technology . 

wherein the voltage control unit includes : 55 9 . The RF power amplifier system of claim 1 , wherein the 
an output terminal to provide an output voltage signal , voltage control unit further comprises a switched capacitor 

the output terminal being coupled to a supply input converter to synthesize multiple ratiometric voltages from a 
of the RF power amplifier ; single input voltage , the switched capacitor converter pro 

first , second , and third voltage terminals to carry first , viding at least some of the discrete voltage levels of the 
second , and third discrete voltage levels in the plu - 60 plurality of discrete voltage levels . 
rality of discrete voltage levels , respectively ; 10 . The RF power amplifier system of claim 1 , wherein : 

a first switch coupled between the output terminal and the RF power amplifier is a first RF power amplifier ; and 
the first voltage terminal ; the RF power amplifier system further comprises at least 

a second switch coupled between the output terminal one additional RF power amplifier and a combiner to 
and a first intermediate node and wherein the con - 65 combine the output signals of the first RF power 
troller is configured to control states of the second amplifier and the at least one additional RF power 
switch ; amplifier . 
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11 . The RF power amplifier system of claim 1 , wherein : associated with the interconnect of the voltage control 
the controller is configured to control states of the first unit to the power amplifier and said transition shaping 

switch , the second switch , the third switch , and the at filter is provided having a filter characteristic selected 
least one switch . such that the frequency content of the supply voltage is 

12 . The RF power amplifier system of claim 1 wherein the 5 matched to a frequency content which may be adjusted 
transition shaping filter comprises : for in a drive waveform provided to the power ampli 

a first inductive element having a first terminal coupled to fier . 
an input terminal of said transition shaping filter and a 15 . The method of claim 14 , wherein : second terminal ; the network includes a fourth switch coupled between the a second inductive element having a first terminal coupled 10 first intermediate node and a second intermediate node to the second terminal of the first inductive element and a fifth switch coupled between the second inter having a second terminal coupled to an output terminal mediate node and the third voltage terminal ; and of said transition shaping filter ; 

a first resistor having a first terminal coupled to the second the voltage control unit further comprises : a fourth volt 
terminal of said first inductive element and a second 15 age terminal to carry a fourth discrete voltage level in 
terminal coupled to the output terminal of said transi the plurality of discrete voltage levels ; and a sixth 
tion shaping filter . switch coupled between the second intermediate node 

13 . The RF power amplifier system of claim 1 wherein the and the fourth voltage terminal ; 
transition shaping filter further comprises : wherein providing control signals includes providing con 

a first capacitor having a first terminal coupled to the 20 t rol signals to the second , fourth , and sixth switches . 
second terminal of said second inductive element and a 16 . The method of claim 15 , wherein the voltage control 
second terminal coupled to the second output terminal unit further comprises a seventh switch coupled between the 
of said transition shaping filter ; output terminal and a ground terminal , wherein providing 

a first resistor having a first terminal coupled to the second control signals includes providing control signals to the first , 
terminal of said second inductive element and a second 25 second , third , fourth , fifth , sixth , and seventh switches . 
terminal ; and 17 . The method of claim 14 , wherein the first and third 

a second capacitor having a first terminal coupled to the switches each include a diode . 
second terminal of said first resistor and a second 18 . The method of claim 14 , wherein selecting a supply terminal coupled to the second output terminal of said voltage for the RF power amplifier includes selecting a 
transition shaping filter . supply voltage from a group of three discrete voltage levels . 14 . A machine implemented method for operating a radio 19 . The method of claim 14 , wherein selecting a supply frequency ( RF ) transmitter having a digital - to - RF modulator voltage for the RF power amplifier includes selecting the driving an RF power amplifier , the method comprising : 

obtaining transmit data to be transmitted from the RF supply voltage from a group of four discrete voltage levels . 
20 . The method of claim 14 , wherein : transmitter ; 

providing input information for the digital - to - RF modu selecting a supply voltage includes selecting the supply 
lator based , at least in part , on the transmit data , the voltage based , at least in part , on a window of data 
input information to control an amplitude and a phase samples associated with the transmit data . 
of an RF output signal of the digital - to - RF modulator ; 21 . The method of claim 14 , further comprising : 

selecting a supply voltage for the RF power amplifier 40 processing the supply voltage signal in a low pass filter 
based , at least in part , on the transmit data , the supply before applying the signal to the RF power amplifier 
voltage being selected from a plurality of discrete wherein said transition shaping filter has a first pair of 
voltage levels , wherein the supply voltage changes with terminals which form an input and a second pair of 
time ; terminals which form an output , the shaping filter 

providing control signals to a plurality of switches within 45 comprising : 
a voltage control unit based on the changing supply a first inductive element having a first terminal coupled to 
voltage selection , wherein the voltage control unit a first one of the first pair of input terminals of said 
includes : an output terminal to provide an output volt transition shaping filter and a second terminal coupled age signal , the output terminal being coupled to a to a first one of the pair of output terminals of said 
supply terminal of the RF power amplifier ; first , sec - 50 transition shaping filter ; ond , and third voltage terminals to carry first , second , a first capacitor having a first terminal coupled to the and third discrete voltage levels in the plurality of second terminal of said first inductive element and a discrete voltage levels , respectively ; a first switch second terminal coupled to a second one of the pair of coupled between the output terminal and the first output terminals of said transition shaping filter ; voltage terminal ; a second switch coupled between the 55 a first resistor having a first terminal coupled to the second output terminal and a first intermediate node ; a third 
switch coupled between the first intermediate node and terminal of said first inductive element and a second 
the second voltage terminal ; and a network comprising terminal ; and 
at least one switch coupled between the first interme a second capacitor having a first terminal coupled to the 
diate node and the third voltage terminal , wherein 60 second terminal of said first resistor and a second 
providing control signals includes providing control terminal coupled to the second output terminal of said 
signals to at least the second switch and the at least one transition shaping filter . 
switch ; and 22 . The method of claim 14 , wherein : 

a transition shaping filter having a low pass filter charac the RF transmitter includes multiple digital - to - RF modu 
teristic to filter the output voltage signal before it is 65 lators driving multiple RF power amplifiers and a 
provided to the RF power amplifier wherein said tran combiner to combine output signals of the multiple 
sition shaping filter incorporates parasitic elements power amplifiers . 

35 
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23 . The method of claim 14 , wherein : 
providing control signals includes providing control sig 

nals to the first switch , the second switch , the third 
switch , and the at least one switch . 

5 * * * * * 


