VARI ABLE CLASS CHARACTERI STI C AMPLI FI ER CROSS- REFERENCE TO RELATED

APPLI CATI ONS [ 0001] This application clains priority to U S. Application No.
5 12/ 763,%w00Q011fi2Bd on April 20, 2010, which clains thePb@nskét/oof448). S.
Provi sional Application No. 61/320,541, filed on April 2, 2010. The entire
di scl osure of the above applications are incorporated herein by reference.
FI ELD 10[ 0002] The present disclosure relates to power anplifiers and to

power anplifiers havARPABIBICIASS ICHARACIERIBGTEC AMPLIGHERCI ass of
anplifier. BACKGROUND [ 0003] This section provides background infornmation
related to the 15present disclosure which is not necessarily prior art.

[0004] vari ous | ndushices Aiemanice: THPARERTEN RPPLIGATIONS Pl asma chambers

in order to fabricate various conponents su as integrated circuits, solar
panel s, corrpac[OQms]ks Treos pppliiadionalclaimss aridtity (tor UVSde@pplnhaﬂos (\IDVDs) and

par 1 Gt o ZCSRon eBeiofg ARG e A0 Ba. WHEE G T5LL 1 BORSLed! dfton cal |

for deliverwisbn&FA Eﬁréaqwnat\lovamyzamsmeﬂ@@nsheﬁprnpgwmd)ewhé ,erfiné
ef ficiencies. [0005] Present RF power delivery systens tend to be
speci fi cadlsgzlosure of the above appllcatlons are incorporated herein by reference.

FIELD
10 [0002] The present disclosure relates to power amplifiers and to

power amplifiers having characteristics of more than one class of amplifier.

BACKGROUND
[0003] This section provides background information related to the
15 present disclosure which is not necessarily prior art.

[0004] Various industries use radio frequency (RF) to drive plasma
chambers in order to fabricate various components such as integrated
circuits, solar panels, compact disks (CDs), digital versatile (or video) discs
(DVDs), and the like. Each fabrication process can vary depending upon the

20  particular component being manufactured. The various processes often call
for delivery of RF energy at varying frequencies, power levels, and
efficiencies.

[0005] Present RF power delivery systems tend to be specifically
tailored to the requirements of the particular plasma manufacturing process.

25 RF power amplifiers and generators are thus not typically interchangeable or
easily modified to accommodate various applications. Rather, each
application typically has its own requirements, usually necessitating changing
the RF power amplifier and/or the RF power generator.

[0006] In one example, some plasma manufacturing processes call

30 for a power amplifier that operates in a mode characteristic of a class AB
power amplifier. In a mode of operation characteristic of Class B operation,
approximately half of the input wave cycle is amplified by a first switch, and
the other half of the input wave cycle is amplified by a second switch
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tailored to the requirenments of the particul ar plasma manufacturing
process. 25RF power anplifiers and generators are thus not typically

i nt er charnyoabliie2ers3easi |y nodi fied to acconmpdat e vari oRESTASpliIOALHDNS.

Rat her, each application typically has its own requirenents, usually
necessi tating changing the RF power anplifier and/or the RF power
generator. [0006]In one exanple, sone plasma manufacturing processes call
30 for a ppemtlngmpla' édraplemattalqpaaaners Class Am@@ewttwnalsttyepubamy turmfera cl ass

AB power a L@E{ qg'ro e of eratl on g\gar acterjstic of (.as
oper ati on®X fBB Pﬁteélcy %‘f'?e&f’” %t'rignﬁuﬁm FEQUAE w1Ng t&ﬁp‘?‘?riﬂ‘i”%@fby a
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second swtc oper at i ng er enment ary nmanner oper ation is
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typ| cally trade off ficiency in favor of linearity and greater power
out put . | ABceffidiency imlimitediaeabewip/Q%i ers, class AB efficiency is linmted to
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Class E anplifiers are knowmn to be arranged in a single ended
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anpl i fier g, iRk L% %wrf”‘té"\&dé eﬁe}H el it 88n@r5ﬁ@ oytput to a
circuit haV|ng an |1 nauctor an ltor In's rle a seri ‘crrecuit)
connect edopposdtetd macbwfnebmmmﬁlgueatldmof Qlasa A@ampjnﬂeml tl’acgeeﬁainmmleg@ a large
i nduct ance. In operation, the on state of a C ass i fi occurs when
vol tage i SWifgh '89 iGe ISHnNREeskat UK {Q B GlFRsH hﬁv @Ur‘?‘i‘ﬁto" 8N4 | owi ng

t hrough t &STBD curs
when t he 9%??%”8?28?’255 t}%enéls-vh\i% glréu@%l geé‘ﬂ(aercljgo u??ozar\fafﬁ(ﬁ@\l/)\nhﬁ%&téﬂ?%ugh t he

switctbi saa&upmly nelaageztmougr‘rhaa[arges,mdumam tbhoaemlonzmeasnestatmefrasi st ance
cl osed s urln .the on rt of . the RFt%\élc e, acts
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effici ency IS E)e/pl cally at | east 85% and can be as high as 95% Typi cal

Cl ass E aklgAsst Eepgpdifier ogpuisamhen| té@svgltt%gﬂ @crofiso the @Wlt@bl iSag@hs@asdi ng
e SO R ATARES SR S R g D ™
char azg er bsta Iovxpu@ewtammblbfse@rsth@h RievigdRe iIn Harver tH@RFacy@I@m aatocess for
certain applications. The s
as an open switch durlng the off part of the RF cycle. Class E amplifiers
typically trade off power output in favor of efficiency and other benefits. Class
E efficiency is typically at least 85% and can be as high as 95%. Typical
Class E amplifiers are typically less stable into high voltage standing wave
25 ratio (VSWR) load mismatches.
[0008] Returning to the RF plasma manufacturing process,
manufacturers may have a need for a Class AB characteristic power amplifier
to provide RF power for a plasma process for certain applications. The same
manufacturer, in other applications, may require a Class E characteristic
30 power amplifier to provide RF power for a different plasma process. The
manufacturer prefers to achieve either Class AB or Class E characteristic

operation from a single device in order to achieve flexibility and minimize



manuf acturer, in other applications, may require a C ass E characteristic
30 power anplifier to provide RF power for a different plasm process. The
manuf act wenoressss to achi eve either Cl ass AB or O as®CEUSh@nmetsdsi stic
operation froma single device in order to achieve flexibility and m nim ze
WO 2011/ 123183PCT/ US2011/ 021445 costs. Manufacturers have not yet been able
to neet this custoner requirenent. [0009] Conventional power anplifiers

i ncl ude acostwor Manofdctutersg aveapati yeir baed ablé nductest #iis acusiomgut pri or
to connection to a load. Such 5 networks may al so i nclude an additi onal
capaci t or "eHCME the referred to as a CLC network. Power anplifier
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di scl osure, 15and is not a conprehensive di sclosure o s full scope or
al | of itBsetikartesshape or copdden]tha eawet sigmgl icriceto iapgllioationy te teev t ch

o accor algit SECEE RiwhiR bag, APS ROk BRTERRL &N BuP th bla BT o i Pon
modul e si gsfRictandagie iemathédosn Hovxiersitgnabe of RiIcROBEC metor{d Bas oper at es

in a ‘?l uraliti of 20 npdes characteristic of ,aagl urality of power
anpl i er beendiguted tﬁﬁbeﬁﬁép@tﬁﬁtlc’éﬁr and sihey applie Qﬂi)ﬁ’f th fliCenetvaflr i ed to

ef f ect OpRLEL hBPbQé‘rli %ﬁgdé@a_ nodes for the input signal.

SUMMARY
[0010] This section provides a general summary of the disclosure,
15 and is not a comprehensive disclosure of its full scope or all of its features.
[0011] A power amplifier including a switch module which receives
an input signal and generates a switch module signal in accordance with the
input signal. An output module receives the switch module signal and
generating an output signal. The power amplifier operates in a plurality of
20 modes characteristic of a plurality of power amplifier classes, and the
configuration of the output module is varied to effect operation between the
modes for the input signal.
[0012] A power amplifier includes a switch module which receives
an input signal and generates a switch module signal in accordance with the
25 input signal. An output module receives the switch module signal and
generates an output signal. The output module includes at least a capacitor
and an inductor. The power amplifier operates in a plurality of modes
characteristic of a plurality of power amplifier classes. The value of the
capacitor is varied to effect operation between the modes for the input signal.
30 [0013] A power amplifier includes a first switch module which is
responsive to an input signal to generate a first switch module signal in
accordance with the input signal. A second switch module is arranged in a
push-pull configuration with the first switch module. The second switch
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[ 0012] A power anplifier includes a switch nodul e which receives an input
signal and generates a switch nodule signal in accordance with the 25

i nput si gmal2n11A?3®Bat put nodul e recei ves the swi tch nodulP€TAiSgmalo2anl
generates an output signal. The output nodul e includes at | east a capacitor
and an inductor. The power anplifier operates in a plurality of nodes
characteristic of a plurality of power anplifier classes. The value of the
capaci t or m'csjukarsi edpbasigéfteche dpsutadigroal tbgerweeatetdleewwasvx/ftom nididulé nput
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t he nodes nfp & nput signal. [0014] A power anplifier includes a first

switch nmodul e, Pm]fl rAtpowldt amiplifier Muilides iasfirsesgvaresi wiodute,athel figgt si gnal
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pl ur al’ t yseftcipavnedulenpignaisecoopersiedo @mlaratee avabmpoB@efsvvltrm cnmdetl ve
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capacitor and EW18lduch epwevﬁ@pﬁa%mcm@milréﬁ swﬁehlagéﬂ@vm ISPPRSI%E| ty of
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25 signal to generate a second switching device signal, the first and second
switching device signals cooperating to generate a composite switching
device signal. An output module receives the composite switching device
signal and generates an output signal. The output module includes a first
capacitor and an inductor. The power amplifier operates in a plurality of
30 modes characteristic of one of Class AB or Class E power amplifier classes.
The value of the capacitor is varied to effect operation between the modes.
[0016] Further areas of applicability will become apparent from the

description provided herein. The description and specific examples in this
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summary are intended for purposes of illustration only and are not intended
tolimt the scope of the present disclosure. DRAW NGS 5[ 0017] The draw ngs
descri bedwberdgin3mse for illustrative purposes only of eerastedoenddi ments
and not all possible inplenentations, and are not intended to limt the
scope of the present disclosure. [0018]Fig. 1 is a block diagramof a

vari abl e class characteristic anplifier arranged in accordance with the
princi pl esusindrparpirendéd rsmirpesesof 0EEMIE] &nlg.and are rotdnteaded toli agr am
of vari abLe c| ass chaggﬁ eri Stl% a]rrgl i fier arranged in accordance with the
pri nci pl edMyithe §EORE QL KR PTESSEl GisHraure- [0020] Figs. 3A-3C depicts
exanpl e waveforns of the output term nal voltage and out put term nal
current in various characteristics of operation of a variable class
characteristic anplifi er ar ranged DRAW INCGsh- puI | 15configuration in

accordance wt i es of ,the sent

o ® depi ot s T TR GERERaS crsdinBO SRR, S far e atve: myosk? ¢ ho
switch el @H@r@fsSér@@teaBérﬁb@@rmms @fndandtaél | possole! |ﬁﬁﬁerﬁ8ﬁfa®6h§raﬁ<§| ige
amplifier arranged in accordance with the principles of the present

di scl osur 8ot iPEFEERAPHint the mecquhe@res@w@lmlwef orm of the drain voI t age
char act er 1 st olq9i8lcodidancs daadk AER & progiie e BuBeBIRIE osure:
[ 0023] Fi ganplifisr amasgepl &coordidiceChan ttherpﬂnicuprescmmmptesymwrstcrbsure
denonstrating the variability in the CLC network to vary the cl ass

10 [0019] Fig. 2 is a circuit diagram of variable class characteristic
amplifier arranged in accordance with the principles of the present disclosure;

[0020] Figs. 3A-3C depicts example waveforms of the output
terminal voltage and output terminal current in various characteristics of
operation of a variable class characteristic amplifier arranged in a push-pull

15  configuration in accordance with the principles of the present disclosure;

[0021] Fig. 4 depicts example waveforms of the output terminal
voltages of the switch elements and main output of a variable class
characteristic amplifier arranged in accordance with the principles of the
present disclosure;

20 [0022] Fig. 5 depicts an example waveform of the drain voltage of a
variable class characteristic amplifier operating in a Class AB characteristic in
accordance with the principles of the present disclosure;

[0023] Fig. 6 is an example Smith Chart used in connection with
demonstrating the variability in the CLC network to vary the class

25 characteristic of operation of a variable class characteristic amplifier;

[0024] Fig. 7 is an example Smith Chart used in connection with
demonstrating the variability in the CLC network for tuning arrangement;

[0025] Fig. 8 depicts a block diagram of a variable class
characteristic amplifier arranged in accordance with various embodiments of

30 the principles of the present disclosure;

[0026] Fig. 9 is a circuit diagram of a variable class characteristic
amplifier arranged in accordance with the various embodiments of the present
disclosure; and



25characteristic of operation of a variable class characteristic anplifier;
[0024]Fig. 7 is an exanple Smth Chart used in connection with

denonst r avonegitthgissari ability in the CLC network for tumChgiSasmangehent ;

[ 0025] Fig. 8 depicts a block diagramof a variable class characteristic
anplifier arranged in accordance with various enbodi nents of 30the
principles of the present disclosure; [0026]Fig. 9 is a circuit diagram of
a variabl e cl afg02Mjar a€igsr i1QAi-tDCarmJérilét'seexampmgfai/eifmrmEmrtthenoatputt h the
vari ous enbodi rTentls of the present disclosur

e; and, WO .
2011/ 1231 E5P ULIASE #'04 £5ME0D2T] YIS fgﬁr%'ﬁi'@ﬁi ek §H§£%Hﬂﬂ é’fv@vef or ms
of the Oubgr?‘éblé%'iégsrﬁaré(&lehétg@a fi&Mafr&ded M é(%[ g%’én&@é“b@ﬁﬁ ﬁ@ralrh ;S of

operatlon a varlable class ¢ racteristic a arrang
si ngl e- entegcauddneriwib nhmpnncuatasarfdha@eemrﬁldlsdlnsbpeu nci pl es of the present

par t 5 2 hr ougholiUatle. Sev ey SO B SFoRHe T gL IR PACPEBSERIRg PTI N
[ 0029] Exaphts tieahgRbIEAE Skl vieavs Sethdesraividied more fully with 10reference
to the acconpanyi ng draw ngs.
DETAILED DESCRIPTION
[0029] Example embodiments will now be described more fully with
10  reference to the accompanying drawings.
[0030] Example embodiments are provided so that this disclosure
will be thorough, and will fully convey the scope to those who are skilled in the
art. Numerous specific details are set forth such as examples of specific
components, devices, and methods, to provide a thorough understanding of
15  embodiments of the present disclosure. It will be apparent to those skilled in
the art that specific details need not be employed, that example embodiments
may be embodied in many different forms and that neither should be
construed to limit the scope of the disclosure. In some example
embodiments, well-known processes, well-known device structures, and well-
20  known technologies are not described in detalil.
[0031] The terminology used herein is for the purpose of describing
particular example embodiments only and is not intended to be limiting. As
used herein, the singular forms "a,” "an," and "the" may be intended to include
the plural forms as well, unless the context clearly indicates otherwise. The

25 terms "comprises," "comprising,” “including,” and “having,” are inclusive and
therefore specify the presence of stated features, integers, steps, operations,
elements, and/or components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations, elements,
components, and/or groups thereof. The method steps, processes, and

30 operations described herein are not to be construed as necessarily requiring
their performance in the particular order discussed or illustrated, unless
specifically identified as an order of performance. It is also to be understood

that additional or alternative steps may be employed.
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[ 0030] Exanpl e enbodi nents are provided so that this disclosure will be

t horough, and will fully convey the scope to those who are skilled in the
art. Numewousiigpewsdfic details are set forth such as exaoplussoof2zspeci fic
conponents, devices, and nethods, to provide a thorough understandi ng of

15 enbodi nents of the present disclosure. It will be apparent to those
skilled in the art that specific details need not be enployed, that exanple
enbodi ment s maj0032] enbtiendan nelemmtdtbrf Iayeenits feferredatml ashataurtgei"oﬂnér shoul d
be constryed to limt the s In so

|
o men GN6Ager oG RRN SR B 5e &8 oI Ko aRo He Plesa AT dava ady mav]d el | -
20knoun t gghARoRgicRe cREBaBa! cSRREALDES ohlodet® ho dRBRLIFIs o1 g8l ooy

used herein Is r the ose of scrl ng particul ar exanpl e nbodlnents
only and bs mtervemmgmile:ﬁents be layerst may. b@\soresetdt hénemontraslhevmengam ar fornms

"a," "an," and . "the: nm nt.ende nc,, y Iur or wel |,
i es<bt heIRBtdk et B 19 b Bl ctebfhi Ssdefdon e 1 ses. -
" conpri si Bgnnected ¢ U@k ”ﬁlrect@'r@)ufdlwtd‘%notl@éﬁelbﬁférﬁ%‘r v@eanme?@%egf pse
specify the presence of stated features, integers, steps, operations,

el enent s, nanalesreningretareents, orﬂayerécprﬁa@ntpr@mandeorﬂawswet@eiﬁﬁ@nbe theldi t i on

o e o B Sl ot R e HERTe O 2RO BTERL ™ 5o

oper at i onsgleent hedslrergiréctyr Betvadert, 0 ¢ Q@Ja@@mst\vereds aﬁur@ememacdrw
requiring thelr performance in the artlcular order discussed or

i |1ust® at 68:)- ufip erseddipsein; thafern |Qﬂ§4@" fin@edes agy andgll combpations whnce. It
et oyed. 568 301 % /558 85t oRIRI B8T545" [ 5052] vinen an el omentor I ayer
is referred to[G033)ei nfgthcmgh tHee heyane dirgtp secbnontreat, estct ondy de Usedpl ed t 0"
anot her ehgrne?r?ttooae!sg beer varlous glements components, regions, layers and/or
sections, these elements, components, regions, layers and/or sections should
15  not be limited by these terms. These terms may be only used to distinguish
one element, component, region, layer or section from another region, layer or
section. Terms such as “first,” “second,” and other numerical terms when
used herein do not imply a sequence or order unless clearly indicated by the
context. Thus, a first element, component, region, layer or section discussed
20 below could be termed a second element, component, region, layer or section
without departing from the teachings of the example embodiments.

[0034] Spatially relative terms, such as “inner,” “outer,” "beneath,"

"below," "lower," "above," "upper,” and the like, may be used herein for ease
of description to describe one element or feature's relationship to another
25 element(s) or feature(s) as illustrated in the figures. Spatially relative terms
may be intended to encompass different orientations of the device in use or
operation in addition to the orientation depicted in the figures. For example, if
the device in the figures is turned over, elements described as "below" or
"beneath” other elements or features would then be oriented "above" the other
30 elements or features. Thus, the example term "below" can encompass both
an orientation of above and below. The device may be otherwise oriented
(rotated 90 degrees or at other orientations) and the spatially relative

descriptors used herein interpreted accordingly.
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be directly on, engaged, connected or coupled to the other el enent or

| ayer, or intervening elenents or |ayers nmay be present. In contrast, when

an 5 el ewonroiv3rseferred to as being "directly on," "dipceaisbyiimagayed to, "
"directly connected to,"” or "directly coupled to" another el enent or |ayer,
there may be no intervening elenents or |layers present. Oher words used to
describe the relati onship between el enents should be interpreted in a |ike

fashion (e.qg., [Uﬁﬁﬁ]meethhvaelmdéditm eibiel Yigheganesal, acbadjna@eircbt ‘Vavieusus

"directl adj acent , ) herein, the term nd/ | udes
oy oot L oBiE s (it SarS hREeSlice cHTULE! ALY HserbPS e
[0033T Al tigu) t bRy Pk $tblodeeatart 114 verhble ERSbE) MREREESI N 1O
descr| be varl ous enent S, CoeronentS regl ons, ayerS an or secti ons,

t hese el eaemnﬂlﬁer dﬁnrpAnelnpst sigagl ansppliey ¢o sararrrw/umrme@del ths et 15 not
be Ii?éte b terms fThese ttDerrrE ffl ﬁ used tdo disti nr%[["Sh one
el ement, HébﬁQH bPegihPl # JJHROL; O5 O5FTlg ngr AnotRHINR A S ™ ayer or
section. Eséﬁmmguﬁhth@SraoM rf.@huenc§QRGWCbandan%pnthﬂbdm@m ireadivé§tA® when
used herein do not inply a sequence or order unless clearly indicated by

t he cont eipout Bignal andr commusicaiesitthe dapniosienal, tor agiadnof pwitel reedwest i on

ayer o datvron WioRoietfis gz FiyBes HPeHat L TR o foTpR R heoh T O
enbodi menirfput to input mdcﬁlﬂé;‘ﬂ}l afﬁplaéw@hl Modeleatlidgcarice1 B, such as "inner,
"out er "beneat h, ' " "above," " and the |ike, may

be usk¥ herei n[qqgeleas%"”@ﬁh d@%@ﬂ?%t‘i% 14b decqive ngoﬁgn@ﬁe%ﬁ’yt dOMeat ure' s
relati Ons@&‘ﬂtl %8"1 bnd 2Bt AEBHhERH ebooélpﬁ‘ﬁ e[g(eﬁi)toaéomblln\é?trﬁ%?ﬁe in the

figures. relati ve terns 0 ehconpass er ent
orientati #6s ofombnetewiotile n1_615c&)mb|nepetrw |amp||freeda<$cgrtalsamutput Heom

orientation deﬁl cted ﬁ: thLﬁ flg gg For exa i ﬁhe devi ce |r? t he
figures i ESPGCHYE SWifep M A E@V‘idb%%ﬂ%{ eeb%ﬁt;wa IR OuipME MQGHe ot her
el ements g f@@cHFcﬁﬁ%%Ubﬂwetrh\%ho% %Fﬂb%&ﬁrﬁ@ntsa%‘fﬁbméh%é’&%ér1§0a|§6em3”tS
or features. Thus e exanple term can enconpass

ori entf@at i providesabopedamet brahsformatien destiveen nswitdie nuachidewilda, ddbeaned

(rotated 90, deqgre at other orientations) and the spatially relative
descri pt OPgtP&EgbOCﬁli? g%n interpreted accordingly. WO

2011/ 123183PCT{d¢37911/Odibdé todule 18 receives the signal from combiner module

16 and, according to various embodiments, can provide filtering and/or

conditioning to generate an output signal from output module 18. The output

20 signal is applied to a load 20 to drive load 20. In various embodiments, load

20 may be any of a number of elements or devices driven by a RF signal,
including, by way of non-limiting example, a plasma chamber.

[0038] Fig. 2 depicts a circuit in which various elements form

portions of the modules of Fig. 1. The input signal is applied to input module

25 12, which includes an inductor L1, capacitor C1, and transformer T1. Inductor

L1 and capacitor C1 cooperate to provide an LC circuit that provides

impedance transformation to match a predetermined input impedance, such

as 50 ohms. Transformer T1 receives the input signal at a primary winding

and transforms the input signal across a core to a secondary winding of T1.

30 In various embodiments, transformer T1 is a single ended to balanced

transformer with a floating center tap. The secondary winding of T1 connects

to respective switch modules 14a, 14b. Switch module 14a includes blocking

capacitor Ca and switching element Q1. Likewise, switch module 14b

8



[0035]Wth reference to the figures and according to various enbodi nents,
the variable class characteristic anplifier will be described herein. Fig.
1 depi ct swa 2bl1oekisdi agr am of a vari abl e cl ass char act er ipsTius2@mpbisfis er 10.
An input signal is applied to an input nodule 12. The input 5 signal could
be any of a nunber of oscillating signals, including a signal operating in
the radi o frequency (RF) band. Input nodule 12 receives the input signal
and commuimchatess dibekingpospadignalClt carad pawitchof elemdnth Qidul les vadiaus 14D.
| nput m)dul[@O%Z rovi des i npedanc 1t@gnsfor mat i on bet ween the input to

1

i nput nod§ gnanig. SWILER Kqmpents G@40e £H1P0igHESANY#ft & AUFRSI es 14a,
14b recei : i : i ; lified
signal s aggﬁ@%{(@@%}%@{ %g@teﬁ;?ﬁrpgmfen%d%@ ﬁ}'e{!t‘)gﬁ%gu e 1%(?(?@?1%5%5 t he

anpl i fi edtesimymalb soourains 6f switckseleoténie QW andh @Bdateecohracteti4by aad
enerates a_ Si.an t o out put dul e 18. Accordi t o .ot her.various

oo eneandtidiEie o Rl e TRO St oAbl s g st ARy AL &P35 rat s on
bet ween swiviiehedrodyl afd1é® hARhandramisBuice™siipgt Hapabéktd @t BHEh modul e

18 receives the signal from conbiner nodule 16 and, according to various
enmbodi mentespestive gwiighdelemeant R ranch - orln cdtigiusi @then gnizodigesisat @2 an

out put si output 20 signal is applied to a

| oad 20 tg{%}rlﬁ/@ﬁ%ﬁ@@%ﬁ a%ﬂﬁﬁ?"bggcgﬁ%ﬁ nents, |oad 20 may be any of a

nunber of el enfog39]or Ty ocgsutdiromredsh 8with silgnaht Qmohadigithechyoway of

non-limting exanple, a plasma chanber. R0038] Fig. 2 depicts a circuit in
o

whi chiQar PBPESIE ErEYias fogr%rp'ﬂ'ai‘laﬁ wirdiag of patpRidiaRsfoRerFT . GOMBPIREr i nput
i i h - O t 25 41 i i | s L1,
el t or TERAS, o6 GRS IndPAS® LoTE 4 roltBeC BauRE! VRS BRabSHIERL Lie 1o

provi de aimduCtarila; uesistdneR 1, para/ trdesformped@ancédd cansdécis nathe@gehtrimapch a
predet ermi ped i nput i.npedance, suc s 50 .ohns ransformer Ti receives the
P put o1 QRAPHINE NGB WATRIR ST aTAI T SaHET SY s her e AL RONGEGHAN Gher oos.
core 10 arshaender Ya MoroLall Thud) the PeHidOUSpETDREUTRIL Ehoks agsf or mer
Ti is a sirng e endead té) bal anced trgn’sfor rrbér witﬁpg fl oating c%nt er tap.
The sHzongavided indilargeoproportmmnbgdhe ¢amterepimeot iprinaswiwiotingodubetput4a, 14b.

Sui toh moful siodaa. LSt 4dse BLRRIS M. CaRAST \Wibpff? AP dLile 98 R BFent O
respective switch elements Q1, Q2. Capacitor C3 provides filtering of the
input voltage Vdd. Inductors L3 and L4, according to various embodiments,
may be implemented as external inductors or may be provided by transformer

20 T2 leakage inductance. Resistor R1 can compensate for high voltage
standing wave ratio (VSWR) transient or out of band energy dissipation.
[0040] As mentioned above, inductors L3, L4 may be provided by
the leakage inductance of an output transformer T2. Output transformer T2
may be a balanced output transformer having a turns ratio to provide
25 necessary impedance transformation and leakage inductance. In various
embodiments, with the transformer T2 secondary connected to a 50Q load,
transformer T2 transforms the 50Q impedance to a selected impedance at the
primary, which is then the load impedance seen between the output terminals
of switch elements Q1, Q2. The printed circuit board tracks from the, for
30 example, output terminals of switch elements Q1, Q2 to the primary winding
inputs each add a further inductance, depending on the track length and
width.



WO 2011/ 123183PCT/ US2011/ 021445 i ncl udes bl ocking capacitor Cb and sw tch
elenment Q2.1n various enbodi nents, switch elenents Q, Q@ can be enbodi ed
as any ofwe2ounters3of various transistor switch el enment CTiusedmarags MOSFET
devices. The output terminals or drains of switch elements QL and @ are
connected by a 5 capacitor C2. In various enbodi nents, capacitor C2 may be
provi ded across switches QL and @ by the drai n-source output capacitance
of each respec[OOAa]SWiS\mltcrelrandulbsQMandM@ aren avesnigeds irot Aepushivpalii ment s,

C2 may be inplenented as an external cap [ 0039] The o tputs from each
Sui toh o EHITRUTEION GEoroanRDING! T00n S « Sdrer ARHIAAID e PH

i ndi NG Ofer A ANr SHARAI GRS, gﬁ”‘?bﬁﬁéct%%oetéﬁuﬁe%'o\"‘i'ﬁ%f'n angtors L3,

L4, vol tage source Vd capaci t I nduct or resi stor
t r ansf or maindii2g thfansf@nmnecﬂ' 8 \ﬂ@lrtdwtamasdrs tldp Dhis monfrauratiannovigesf

transf r mer series wth the [l el nnec resi s R1 and

| nductar BRusRd! 8inSSmiat St §3hdeiter TanuRs e eblod BI0RleUeRn ar ge
proport I Ofbrtéechh@ss@étt\@rompm @fmpdl BREWitwh @Qérﬁ@nt@prL@Qlﬂ)TrO\hdﬂ@d'%E/Qhémr T2
and provides the power supply RF choke for each of respective swtch

el ement s QenteQrin alipedqrinparyaengingveideansfonmesrThgThes.isuppinpaltageoVddge Vvdd.

N I A AT T R e i

i nduct anceupfitgsésd RF dokearp.conpensate for high voltage st and| ng vvave ratio
(VSWR) transient or out of band enerqy d| SsSi patlon As
ment i thed abov042lducths segandary ng@f Sresimer g2 E‘%alfééﬂ(%@'ﬂ%duct ance

of 2, 9t BihnddiaR%) 4idBia L Pbhitla ANROidiieck BB Y.RE: ddlianged out pu

transforner havin necessa |rrpe ance

t r ansf or m@uitgourt randullee‘e&&gﬁﬂm;dwpwtoes Cbn O7aranauisdectioo dicrserdrsgedhint & t he

t ransf or T2 secon connected to a 500 | oad, transfornmer T2 transforns
the 300 | BbEUAAID Lo Nt BERUE 1 haetRImias 2 LU SO RS A% SN than t he
|0ad | Mpedagd® AP A aMbhGRaHater %Héf%ﬁilléd% B¥HC RoRlegEE i QL. Q2.
The printed circuit "board tracks fromthe exanpl e, out put

ter m Hal sreﬁogsm'/afet iblat EHash2hnayJle ofeerttbam taeplpsmmmhamberohm@maym& angach add

a furt her dd Pecstp%ﬂgﬁ/é t%egr? nods!cq%tlﬂa 5o%ert gl%%§| mpugi’t suc‘;’hn as ar?I tFﬂz signal
input. The CLC circuit of output module 18 may be embodied as an
equivalent circuit including a series output capacitance connected between
the secondary winding of transformer T2 and the plasma chamber.

20 [0043] In various embodiments, a series output capacitance is
transformed to the primary winding of transformer T2 from the series
capacitive reactance of the output CLC network. Omitting the series output
capacitance on the primary side is useful in various embodiments because
DC decoupling is not required and also the peak currents are lower on the

25 secondary side. Similarly, a resistance is provided by the real part of the
output CLC network of output module 18, which is then also transformed by
the transformer ratio. In various embodiments, the output network Q = 2 is
low and provides wider bandwidth and greater stability.

[0044] According to various embodiments, the system of Figs. 1 and

30 2 can be operated in a mode characteristic of Class AB in a first configuration,
in a mode characteristic of Class E in a second configuration, and in a mode
intermediate to Classes AB and E characteristics. For a given input signal,
the circuit can be tuned between a mode characteristic of Class AB in a first

10



WO 2011/ 123183PCT/ US2011/ 021445 [ 0041] Swi tch nodul es 14a, 14b are arranged
in a push-pull configuration across conbi ner nodule 16. Mre particularly,
t he out puwotzermizemsBs of switch el enents QL, Q2 connect wProTarsdomeerihal s of
the primary winding of transfornmer T2 via inductances L3, L4. This
configuration provides 5 a push-pull arrangenent across transforner T2
with the voltage supply Vdd for each respective output termnal of switch
el enent s CEbnfigRatiwoandedmuylet ¢rearaetetistic pf Clads Ehe apsecomdyconfigdirat@prof

transforngr T2. Thus, supply voltage VvVdd provides a supply voltage to

ot put ¢ b Wl CbOBHITRD SaiEe S Dranepd e Vel 91 FRRAIRE CioRed L2,

10[ 0042] Tpe %ge%@grwet@baﬁmgs@hst AR Bl HIEchafadidsstRs|ddnsthe éél'ii@\/@ﬁ'
connected to roun an a second term nal connected to out put nodul e 18.
CQut put notul & gheni inpllidignat apadhe yaso@S entihdimedts, redijstoent 6f &7 anged in a

CLC .. Qut put .modul e, 18 t t put _si.gnal to_load 20, which
& B e BuBROUT RRISRCREAFS PR SHiBbRoTlR KeRab B ChSRe e ¢
Wl 15 r epQeRterBitit divdreatbld@r Tetohairpimarcohfiatiods R Betaltanesand may

be any | oad responsive to an oscillating power signal 1nput, such as an RF
si gnal i npl andhelase (& cthasasterisicsoat peeratisdul én M@riedg poedibmiitedbrs an

the seconirybuRar b o et i Eoe it oo A AL R B85 [ ovas]
I n vari oushgmeastisie il awagdrdneTlass B chaRedrishoc e ikewiseabgflowsragt o the
primary w nding of transformer T2 fromthe series capacitive reactance of

t he ol putheceapardignee iof i QRaration 9é vadablesclass patpliiapaeicaanke vaned he
primry sj i etul . -LouUs i e e i i s not
equi rod B8 F1255T Ro opeladtBfict oddFahch BRI aBTERIE® A CRESNEHSIE, e

Si m | arl ypoperatieai stlaecealus pf @apdeitbrb@5t Ise arsealvaried ttooénalile opdratibn CLC

networ k of outpu dul e 18, ich_.is then al so_transforned by the
(ranst or maPtYeRn b Giass & 7o S ERARIHERGETS IS, AU FOPRIGETS | s | ow
and_ provi g Yodele LB ArihifBohliRg RhsS EXMakhdkrist 56064lig to
various enbodi ments, the systemo gs. 1 an 30 2 can be operated in a
node thar puskepull tdoofigiirabbas sThBvarows Emodiroentsi gjeo atisaose an ampliide

characterstic of C ass in econd canfiguration,.and in nod

i er med iratie, beiNeBRS Glass A CRRaEBl S I Soaioh ‘g R si gnal
the circugharterkEcs ehegdekibeen a node characteristic of Cass ABin a
first configuration and a node characteristic of C ass in a second

E
confi guration. [M8A3lay Regardng i et | ugingkafipme, Classvar yiang t GlassalAls of

char act or PUeReRIEG peSRER. ) BfioPS  YHRGoThARS . AR Ml “ther ori0g, i ous
enbodpgrenprocedidjalstmentaloé E1CAMMay ddasad bl et Pt CLhis ehiees khal | ows

the operation of the variable class characteristic power anplifier 10 to
vary in ar%rﬁarh@édﬁer'Bmf@aﬂéﬁv%tewedra%foﬁmeéﬁ@c@ﬁg%@ fanehara@dr P¥ti cs of

ot on1SH S| ARBGREDAME TEUE b CdBRalel 8 b SSRRBIAR! T,
AB char achetwaki €hdrigiregVC3ealstoynak dheeiffegt of reducing the center frequency of
the series LC resonance, so to re-center the resonant frequency. The value of
25 (G5 is then reduced by approximately 6%. To tune from Class AB to Class E
characteristics of operation, the reverse applies. In various other
embodiments to shift from a class AB characteristic to a Class E characteristic
of operation, the real portion of the output impedance may be decreased by
about 33% and the imaginary portion of the output impedance can be

30 decreased by approximately 50%, as can be seen in connection with Fig. 7.

[0046] In various embodiments, the transistor conduction angle
does not change substantially, but the amount of time that the drain voltage

spends at or near OV does change. In class AB characteristic operation, the

11



10 the capacitance of C7, operation of variable class anplifier 10 can be
varied from O ass E characteristic operation towards C ass AB
char act erwetoci/pssat i on. The val ue of capacitor C5 is &C3aSe@nioed4s o
enabl e operation between the Cass E and C ass AB characteristics. The
vari ous enbodi ments thus provide a power anplifier having Cass E
characteristics of operation in a 15 push-pull configuration. The vari ous
enbodi nentraial witagies spersds dittleariphe fateOVt andbll eutettweewef] ass GlBss E
characteristics of operation a%@r@ﬁ@s E characteristics of operation.

a

[ 0045] RegP@ATPrISHE GRAHRYRY1thE tageasReNESa3 exienaes: Rritien i he
operation 9Wﬂrd))/%}é3aﬁ8ﬁf’ﬂé‘ U SRBY t aﬂ%ﬁEd}%chhHB&‘ﬂi wih ﬂoroﬁa@a%e- The
val ue of may | ncrease y about 15% I's raises the real part of the

i npedancevaltagdhether kassistaredissipationi ds yloyvendanst iheace ) they pa®es anmpidier educi ng

the Qof the. series LC respnance . of t equi val ent networ k.  Changi hg C7
al's0 Yo PHEIERYcB: NNeF-edhBpny CIRSScAR BhaiA B LR PRI rel EL PR L

resonanceelesferdts O CENhAS offed tiasedayt af dirstiedipent T valtianefustml Co is
t hen reduced by approximately 6% To tune fromCl ass ABto Cass E

char act er R8soaigtedf apeiistionanglee KBSV wwrappl Thes, |they aarigbe oclhes

char act o PR EEERiG ap AR & bAee AcghRfl Bebfbet AR MR ce. ey
be decr eastdatyuphowifiiS38iaesst, iduehiaRQiazary aparClaes AB checergidgs of npedance

can be 30 decreased by approxi mtely 50% as can be seen in connection with
Fig. Y0 operationf 0046] In various enbodi nents, the transistor conduction

angl e does not d‘qﬁgge st andA : i e drain
vol t age spends[a r n@gg' %ré?o%gé éﬁgﬁ%‘iee_ bfbﬁs%{ﬁgg@gp\g&é ér“ég ztﬁr E::etrﬁlc

oper at i onwavbirmdr ati thevolitpbap eerapieaidStHe dtdies off @1 ,aR20df awitthilrhoduleput
power. In ass E characteristic operation, the ajp volta spends an
ot ended §0Rt TP ooTs RE. GORITRG cPETBROTBE ety T80 UMb (vt GRstor |'s
conductin i i i : e S b S0 bSSI | he | ower
and hencegrt] S‘t"%&%/grb arrvg? r?? ﬁjepyl%lg%gf%{] pfg?e%%c{/o@?@bhtfog&gtﬁ’@?ileg@dc%cﬁt’ﬁahgséS AB
char ati er Figgsi SAop8Lademonstrae smiexampé eekatiossigp, baiean ouwputetermirded by a

direct current ) with the usual soci at ed canducti.op angl as  shown.
Thus. 1 hevoideng ol detri b ApnE R doarprive GRSt g oAb BEI5; ASF mont

bet ween nugies ARAER&TefdrEtE medey F i spesaiom! IWagsfophassas E aHgpasEd ass E
and Cl ass AB characteristics of 10operation. [0047] Figs. 3A-3C are exanple

pl ot s shoilidigate olesagetiven¥obage eand wairenb rvaveiermhatoinepdrain epimantirss (t he
Ch s oh e b S A BTN S e AR BT o o
vari @3 ewnmpdiforems s26v E and 26i E indicate respective voltage and current
waveforms at the drain of a second transistor of the push-pull configuration for
Class E characteristic of operation. Similarly, waveforms 24v | and 24i |
indicate respective voltage and current waveforms at the drain of a first
transistor of the push-pull configuration for operation intermediate to Classes
25 E and AB characteristics of operation. Waveforms 26v | and 26i | indicate
respective voltage and current waveforms at the drain of a second transistor
of the push-pull configuration for operation intermediate to Classes E and AB
characteristics of operation. Likewise, waveforms 24v AB and 24i AB indicate
respective voltage and current waveforms at the drain of a first transistor of
30 the push-pull configuration for Class AB characteristic of operation.
Waveforms 26v AB and 26i AB indicate respective voltage and current
waveforms at the drain of a second transistor of the push-pull configuration for
Class AB characteristic of operation.

12



15 Figs. 3A - 3C denonstrate an exanple rel ati onshi p between out put
termnal voltage and output termnal current for respective O ass E,

i nt er medivaiDep11aneisel ass AB characteristic nodes of oper@Crars20ieeafidr ns 24v
E and 24i E indicate respective voltage and current waveforns at the drain
of a first transistor of the push-pull configuration for Cass E
characteristic of operation. 20 Waveforns 26v E and 26i E indicate
respective vol [Gof8]andAs gan dyd seev dlyazomparing Regsdi3d andf3G waesforns
transistor of_th ush-pul | configuratjon for Class E characteristic of
oper at | onPASEANG A, Cviiker BN REAK KRR WaYeTPT TR GATARE FRLBB PP vol ( age
and cur r epls SRAVALO TSR Wfertrit R4PE dhd 6% rdhaRSAS] Lhralt foPRresh- pul

configuration for operation intermnedi ate asse
char act er pstidods thdn swetarmsn24iVABedng 261 ABv  [Thandal&ormsiaidiigaBA foespecti ve

vol ta a gqﬁc#r ent.\/\%eforms at. the qrg' n_of a second transistor, of the
push- pul | iégu'F‘QtCia For RN EF AT En Pn)? PHERRSS: &1t OTIEIeRSK 0V ARG AB
char act er yWalbfoynefof g Rat foPTladd KBW se, waveforns 24v AB and 24i AB

I

i ndi cate respective voltage and current waveforns at the drain of a first
transi stor of [AB9he Ipulte yaripugembedimantsn theroutpuls SLAB netepectodri sti ¢

cur ront - waGBrs EBUE" TRARYPYo RIS, Tl el BeRBHC of AEFRD) 45 KBRERE, °°
conf i gur apimpifiéorirdAsies A8 obar ectRiridstérnergy. OpEs@té@mple, in varibQ948] As

can be seen by conparing Figs. 3A and 3C, waveforns 24v E and 26v E have a
hi ghel0 pe&RbORHRENSY E€ISFIRS Hansiar QlRutad banapenesgy isafediced fim

wavef or s } i i i an

waver or o5 R G fraBSEE Br B Bt 4 ERrdyCts refNBRY AL SRR 187

i ndi cat]? 88 appr (T>hierr€EL€ l@%bnkcgéa&ﬂapmtnrmfduﬁigﬁmjsoo@ﬂatﬁbethsaswﬂomms of
Fig 3C for ss ,AB. 049]1n the various odi ments, t out put CLC
netuork oMHS Ao dtite 12 1pad BIHAIGRSS (He HGe | Bsnent SRTYIEE er i ng
out pover &Rldd !rgrﬁsiéﬁta&sb&”éf E’énd)éher‘gfgﬁ%ggcﬁd;m%/nEHflin@éﬁfHQo@ Th& various

10 enbodi nents, selected transient or energy I's reduced from 28
dB t 01%5 tBnsirdt anteoutt ofabana renecgy dees aépidhndueng rygh iveltagel standihngom 33 dB

to 58 dB. The C k_of. output, nodyl e 18 al.so i.sol ates the switch
modul es 1486 1350 {HSHRDaBRNsTR L Bloda me P8 M dofeies aves
returned tgpagiipated. out of band energy produced by a non-linear |oad. The
15 transient and out of band energy rises rapidly during high voltage
standi ng wave [QASQ) (\VSORY. siews skabiagr1Iwakelorml Bé\/\f@raarp@umtﬁnte@mlrtahe

for an ol gt REAbESRRSRen iAo e BIDRGE N3 "and
vol t age waMedwpm Enfieal (RQingrfopwnpekamplaTssednd datich) eleatenarQexsingl e
second switch elenent 2 of a variable class characteristic anplifier 10

arranged VaiaRleorlaahcdaimetaristice amplifigl s G RHGA0RENINs acat8anes &bt HBe of Fi g.

4 corresp ] [ agt eri st LM pggan
effici encggg?diggﬁggﬁﬁn%@gl yﬂll%&%gﬁgﬁ @ﬁgutﬁ ngtrg':/\eéﬁabg?qu reim ma'{he?y 600

wat t s andCéassRE aaractefisti mitidle sisowiag ar? &ffloiersgyeot dpproximagelyd78%herwavef or m

o Bl B A B 676 B gl B W A T
it R s CLRRE S LR  s i G S
i ts peak. tRtgoutpubltemsiapiert $2 weasfiiiten Bolatiopr bevadmdghe rdraimst plitthe
respective switching elements. This finite isolation manifests itself when the
signal breakthrough seen in proximity to when the other switching element
nears its peak. Fig. 4 also depicts waveform 34 representing the output
30 transformer T2 voltage applied to a 50 Ohm load.
[0051] Fig. 5 depicts an example waveform showing an output
terminal (drain) voltage 38 of an example switch element Q1 or Q2 when

operation of a variable class characteristic waveform is moved towards the

13



30 transformer T2 voltage applied to a 50 Ohmload. [0051]Fig. 5 depicts an
exanpl e wavef orm showi ng an output termnal (drain) voltage 38 of an

exanpl e swdtot/eBsaent 01 or 02 when operation of a var pabltS2eihagsi4s
characteristic waveformis noved towards the C ass AB characteristic.
Waveform 38 indicates that C ass AB region term nates at around 450 watts
out put power. Class AB characteristic thus extends from about zero watts to
appr oxi maCédgs B oledrastedsiit.r edddeasfoan n8&i imdivatdd ithaerClasat ABboagiod 50
watts. The effici encgl i S hdiﬁ%her at hi&her 5 %crwer nd continues, hi gher as
vari abl e FTEYRAIEE R ArQRPH i40eWails QHPEY BOWPLs 15T Akt Shar@cilislie tBper at i on.

The hi ghe ihan c S t bkl i i its P3dB
conpr essi %gﬁte@g{s n?éﬁhg%%&dg%@n\g\gﬁgﬂtot ﬁgp%mérltbx%[%?y \é/gﬁ& ﬁe@e%@%&ﬁl n
various enaxéihmeneicienay pait atbowndd@ wadts. TT hewsiificienepyis Highdreai highement ed as

a bal transforner, .transforns the CLC output network Lppedance of output
modul & 15PPBEk N thiEY Pige” Bemat s s Bl amiiks | DRRESE %R  vor k
provi des Ehenfadehslic byetiondiTht higBestericieaty 8psLrs REMHYampIRANgnt s at
the outputs of switch elenments QL, Q2. By way of non-limting exanple, the
vari ous vaaiwsatedfatdist PadB reompresgien aiponeich Slependa s et peweigsuprivay

bet ween C@ﬁ; B and Class E characteristics of operation. In various
enbodi ment's, %e CLC network of out put nmodule 18 transforns 500 to 490 -

j 680 (39pF) in[ooB2]es IatvapidupUsmbbainsdras Meutple t@eoras Y2, Wahieh rnay
transforned as an inpedance of 5.20 + j3.10 (7.9nH) between the push-pull

out put0 t ePgiimpIeMeRtesyas arbalateansioraer, tanstorins thaoChGQuipeknetmork

t f i t T N o . s i
about 16 TS BogurBuSuMCARg 7836 oF fodeClieg At WMadfEhplBp eI 1
referenceThosFite @L.C Figiwobk deplides theStapdbildgaot adustingi thev agaloasd

enbodi nents i ndicates the inpact of the adjustnent of o ut. nodul e 18.
Par (1 cul aMgQiNgRGemPRRETtexl TRo oUlHISI VT CIEBIOHS Gl fiA. RYJURK O 25 18

can be vapj L O, , rati f o
can be vepbEAeASde, FIE salgldSaear of oo miElien b st
oper at5 oneaalbleClundrg Enicmeayabebvéart idass Apearad iCass As cdwmratieriséen ofn Fi g.

6, the value of capacitor C7  of.output e 18 define n_arc, 4

Cerm nat | AESTOR pBI fevios SRR ERand 3r e nstvelth ok BB tCrBEGE, T8 ¢ ange
defines atagsfolths SPQPQ AbE 466801 (SSHHONMH REriks Rapliptt tRinsichiegsTaf C7
along the arc 40. Simlarly, selecting a value of inductor L6 of output

nodul e 18séleqnsiarynwhich isoiransfagned @sgaarimpedasee thdr-2@omidA&e$7-8nHhoi nt 42

val ves of BEERT I Wshaet i QIRRy AR BE B Fic e R T RINSAL  Tilg 5 val e
of cagmci frefudds 1k tearigioimanidakegd Sndiragscd. o TRBdMpasuedSdainlionariaus 56,

starting fromend paqint 48. Point 54 determ nes tohe i, npedance of the output
CLC net woPRDORliBeRtsi i aPpeh! Gl 8RB atiRO0YY optrutiehsy 8%kielficiendys i nstructive for

I ndi cating thajoge¥]yi NRithIRAGELENES i, Fig. 6 depicts a Smith Chart which
in various embodiments indicates the impact of the adjustment of output
module 18. Particularly, capacitors C5, C7, and inductor L6 of output module

25 18 can be varied in order to effect the operation of variable class
characteristic power amplifier 10 between a Class AB characteristic of
operation and Class E characteristic of operation. As can be seen in Fig. 6,
the value of capacitor C7 of output module 18 defines an arc 40 terminating at
a point 42. Varying the value of capacitor C7 over a range defines a set of

30 points 46 corresponding to particular values of C7 along the arc 40. Similarly,
selecting a value of inductor L6 of output module 18 determines a point 48
along an arc 50 that commences at point 42 and terminates at point 48. The
set of points 52 correspond to the various values of capacitor C7 for a given
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5 and C7 provides two degrees of freedomin both the real and the inmaginary
axis. Further, Fig. 6 indicates that in various enbodi nents, C7 is adjusted
primaril ywownt2bssser adj ust nent of capacitance C5, i nPOTABROIO2MAF Y
operation of power anplifier 10 between Cl ass AB characteristic and Cass E
characteristic. 10[0054]Fig. 7 depicts a Smth Chart for a particular
tuning arrangenent of the variable class characteristic anplifier 10. Data
poi nt 60 valdecaitiaduttoe LGLCSéIepmdgaracmmerofa:apacmdrcOBmT dulpthtnmoﬂore Bass E
char act eri stjc of gper%;lﬁgn according to various enbodi nents. poi nt 62

i ndi cat es AlPBY 3[Cpabt PlariNg frpgh,e,rpg P%‘F‘t él%s?%@ 34
charact er Héférﬁ]wﬁgsc@%%ﬁ%!ogﬂcé%f?ﬁ&%hﬂilﬁ‘%ﬂ(‘? nSRIOIRYS BT vith that a poi nt

64 indicates the ance for a particular tuni ng for operation
i nt er medi autputt doad.aklsig. B mnidsClakive AB iadwatidg ribat wanyang oapacat&mdsr@ﬁt S.

Lo vard ou NG g TS Vo de0RsT O MEeabarn Pefcle,ier 308 hedfioiauiao

herei n asggissi Fgﬂtﬁeremi@deaﬁabaiésefhat\ﬁlr\ﬁaﬁbbg erhBsdinempd, | €7 a5 affudtegei ves an
i nput si gnal F ied to input nodule 72, which prOV|des i npedance
o

t r ansf or matimailyb titheleasemadjusipenttad qanggntarmﬁadGbeln?czrd@n@D yaiyt eperatidul e 74,

wi ton moabi RSB ApERTdorEebRReTVEMS AR Mt lRarfe o Sl e &

switch 25Ch§na@fmlsnbo out put nodul e 76. OJt put rmdul e 76 in turn generates
an out put signal applied to a | oad 78. [0056!1 . 9 depicts a circuit
corre’s(gondl ng 10954 | gt holepisks af St a'ltn[f)QIt %Eﬁﬂt@u@ f¢dBdves an

i t C10,
1 ana Bt ReH} ofiklvBridde d8LY ?@%@6&3&?@%&& {8 Pl naRAcEs O °
pﬁrti oE ofnduafagiel$ thLmd)JUClalrﬁmdatrmeafgggipmsttucbutdaﬁtlmlmgafcfoIaE%IEcbha’ﬁetmlrstlcQéo .
t hrou a OCKI acl tor W [ C e S own n |

as a IQ\'/DSFEEC P BRI OB eranG dd ‘A OPR SEPeIIaNS s CgrRcTl &k g b

el ement s 86, BRI Ol BnHEFEEDIaT RaASPagbst b bp&o@rlaﬁaﬁnt 010

is biased b tage source ftorne Vgate and resi stor
[ 005715/ar aacrbrdlrrg des vateusactrebodimentanpl Ddtaepoird b4 M@atgedtr‘@s @-Gingle

ended amplifier cordi ngl the drain of .swi.tch elenent 0 i

connect ed WReGATRS: (o e PaTLIEL WG I GtRmeUs B BEYE 12 GRes & rad i ¢
i nduct or Class ABQcesidmy td VABReMmBbdRErmEement QL0 is input to out put
nmodul e 76 which includes a CLC output circuit including capacitor C13,

i nductor L12, HMBapddp: & depigls Fheagablgutiass ophasaciglistieoriupiere70 s
applied t 80&&89197% vfrtb%\gnehgogl'r’rgentg %rfa%?é 8It385 a'ﬂ'rpllfler will be described

20 herein as a single ended amplifier. Variable class amplifier 70 receives an
input signal applied to input module 72, which provides impedance
transformation between the input to input module 72 and switch module 74,
according to various embodiments. Output from input module 72 is applied to
switch module 74, which is responsive to the input signal to provide a switch

25 signal to output module 76. Output module 76 in turn generates an output
signal applied to a load 78.

[0056] Fig. 9 depicts a circuit corresponding to at least portions of
Fig. 8. Input module 72 receives an input signal. Input module 72 includes a
CLC circuit having capacitors C10, C11, and inductor L14. The output from

30 CLC circuit, which forms a portion of input module 72, is applied to a gate of
switch element Q10 through a DC blocking capacitor C12. Switch element
Q10 is shown in Fig. 9 as a MOSFET, but one skilled in the art will recognize
other switch elements can be used rather than a MOSFET. The gate of

15



10[ 0058] I n operation, the variable class characteristic principles of Figs.
8 and 9 are simlar to that of Figs. 1 and 2, but variable class

char act erwetoci/2asBi fier 70 is arranged as a singl e- endedTarspéiitforsns r at her
than a pair of switching elenents arranged in a push-pull configuration. By
varying the value of capacitor Cl4 and resistor RL of output nodul e 76,
operation of 15 variable class characteristic anplifier 70 can be varied

f rom bet wewilctCeisseMBR a0 ds Blazsd Uy wilmgecicercs foraredby Vgatatndmnesitort her i n
operation_ according to various enbodinents, to nove fromC ass AB
characterfdfic to Oass E characteri sti C, the val ue of capacitor Cl4 is

A ohd RL . Cl L

o T ar 70 100873 Fetiahd e Pﬁ%&?’&%ﬁéﬁ% fmBRer PUSGHRNGEd @508 | C e

exanpl e pbioge sndedngmptfi¢rageActtudiogly; ehe deairefar awitm &Iemeotjt(bw) iser m nal
th f t of | ded

\(/ar ?a% ZI E@g@%cqeﬁgpai’{vgﬂggg@%%\ﬁ@ﬂgwgﬁanog}Cﬁgﬁg L\Jq_id i %geﬁr&evarl ous

enmbodi mentryuckdrds12.10fhe é&&ﬂwsévﬁﬁ;h RlENanP e 0 & Mpuanghbbideet ween
output termnal drain voltage 25 80v and output term nal drain current 80i

for respedtddue dtageich inglugesedli GLe, oulipdt @Ir@sl!i inBlugling @epacitet i(d rodes of

cur 1 ot WAREH 2 e eae OB The Rkt TRAG Thpd G dRunaRRES°

conf i gur atg lRAadf 78, sﬁbMSnE@,@aQ@égsmsﬂLc of operation. Simlarly, waveforns
80v | and 80i | indicate resPectlve vol tage and current . 30 waveforns at

the dt@in of alQ338lsi dhoPPrera Qnasih@l@“@h@e@'%én‘fh%‘jﬁ?@f'ﬁ% ArOEIRT At i on
i di E
| nt er med ?@%Vtgﬁadz?%le i@’ﬂ%r'&% GRA %?tﬁé55t1' Ca?‘]dOPt grgﬁgtr g%d&ﬂe !;|'a§§W' S€,

wavef or s I'ndicate respéctive vo curre
wavef or ms chdracheristic anmplifiier &0t is ameargfear as a angaiemgﬂdedemdpbhercrafheyuhaml on for

Class E characteristic of eration. [ 0060 n be seen by conparing
Figs. 10A2H3 af qw'tqtnm?@mﬁprﬁ@@rr@nssg '%WL&%PU'E%%'Q%%WP% 4VGr8ov AB.
As can al pﬁ%uéecﬁrba%a‘é’ﬁc}hebqﬁl éﬁ%s&of ﬁrmdfrb'%mgét t%erer?Qt F;Bé’r‘atubﬁ”&ﬁer

periods than waveform 80i AB and 26i AB. The veforns o OA for
CassliE i nalmmleeclms ap@mtermt:earmp%ernm eanebé rvaeédﬁmrer’agtweeerClahe

wavef or ms 10C_f Cl ass 0061] Various enbodi nents of

Vartabl o AEbad Gias: HarepRaSid oL hRpRRPE: Ui B kAT P BRHIN  ansi ent
and out ofo RangusrehEddimhes, tldemdoueioMUORIsY ABechdrasicsiat tRlciaebich hel ps
i nprove transistor reliability and circuit stabili thldurl ng conditions of

hi gh out pabargsigsistianthenvghe \iRpasias C1insvaisesugned hdailawares, whigh! e

connect i ngengs s B8 drradteiiia e 4 pafiEy gote Ry T RES R T RE s al o
transg®r ner, t{n(nsgt}undﬁ?By 1l02av0 09 atdieexamplectolsts Ehorin gn@oltag@ednd

resonances are renoved fromthe input side of switch ul es 14a, 14b which
ot her wi seCyrerl vayvef O\F\ﬁntstﬁtc'ihﬁ‘cwtpub&Fﬁ@@'o@h‘%\ﬁé@ﬂnh‘i’fg@Q): fofoaR O@gIRIRf | ect ed

back to tgf‘rgghﬁﬁéhtsbf’% ﬁbtﬁMPI% éihﬁlg &ndi s vatighie! 8|%9§ érﬁ%&ég%&; B%Wéﬁ)d' ent s,

the refle reaches e transistor gates due capaci t ance,
and the ouepdifier rwmrgednabd:drderg Saptarmmet emb8tiinehiar adtigs.i SOAcs 10C

[0062] In various enbodi Fg duri E&Q tgvh out put  power ag P there is a
hi gh VSWRIPBRASIRIG: 2P reRenRIR:81atiogs SivasanaUBHE feynieah %?ﬁbé@ta% t he
cent eg5 t agopt nb%ﬂ@h‘t‘t@%uﬁa’i ansh QUARht 88 fo\“‘ﬂ@éop%ﬁlvé@aéélEdﬁﬂ@ﬁﬁfdla@es nhot .

I n varlous e a Rl resistor value of non-Timting
and Class AB characteristic modes of operation. Waveforms 80v E and 80i E

indicate respective voltage and current waveforms at the drain of a transistor
in a single-ended configuration for Class E characteristic of operation.
Similarly, waveforms 80v | and 80i | indicate respective voltage and current
30 waveforms at the drain of a transistor in a single-ended configuration for
operation intermediate to Classes E and AB characteristics of operation.
Likewise, waveforms 80v AB and 80i AB indicate respective voltage and
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25 exanple, between 5 to 100 wll effectively dunp sone of the reflected
power fromthe high VSWR | oad, thus helping to isolate and protect the
push- pul IwoOrangi2stsérs from excessi ve hi gh voltages and edrrseaig/o2ikhs s
inmproves circuit stability and hel ps to prevent spurious outputs. [0063]1n
various enbodi ments, the output nodules 18, 76 30 conponents are tuned to
produce the desired class characteristic operation with its useful

ef fi ci encyumedt waesfopmklatshakirhintof aaspesistor ihra gieges-ahded kbenfigwhtont he
conduct i OPCH’Eﬂgl e _of switch, nodul es 14a, 14b, 74 and the |onger the outputs
of switch pe.& chasactenplic 9L0RRT8LOR: a mat ched i npedance on state, the
greater the mafghdanof A iy ' I r

probability of [(gjpdl?lll ou@é g%'? ggtésleégfuﬂrw ﬁgﬁ‘ﬁiagﬂgv%ﬁoggﬁq 1%6\% \{ﬁ?rin(])us
enbodi menB6v gt dvdsda highke mesakf thainewayeidiimc BOvrARBs| disesan @l$@wer seemni ng

costs and better reliability. rther, flexible tuni 5 between (J.ass AB
and. Seswaveietms i £ Jemats,abY bt iads it Datera iRt 50 i 1 o
oper at i NgABRN fada98i AR haraet eidvetdrtns @l erigt MO A ot CORs8 MBOfHdEIE Sahave
softer limting at the top of the dynam c power range which reduces the

r esponsi vepeexinate he%sinsreascin pificignoyeeveroifier wayelghinshofnkig hot fioe

desi r abl epil%s SR applications. Further, various enbodi nents provide 10 a
| ower cos éc‘s'gﬁ because of the minimalist design with fewer conponents.

The | ess conpl f00613r i adriouwy assocdieans of i ki vanawer crrp! tharaetettic 70
provides for a reduced size, which can result in inproved power density.
Vari ols eRBWHifieie descritach hprai i iemp dfansiertend oyt iaf oand eeaigyetMte e ch

nodul e 14 4 i rost f: t Suriap ] Vari ous
enbod; menPOWAf SypBly EEOTRCRA RY, Wik RS FEEYT IEPSREY RiabR R0, Simy
produci _ngciga:ugysweﬂiyy baving mgdﬁioaé c]gfpglgh gumlﬂmqwﬁbrsandelig\haVS\gtR doaypl e, 1})hi s
i's provi transi ent and out of band ener i N rbed into a

Chm | oad Theeous SEBPRFIop.able ond GReratom Yo HOnRn RN Reads o 88
substanti ghéé’eé isTerdhatiéel BL})' ﬁ&sécﬁimﬂ%glf’}ﬁg tlﬁ’é’beﬁﬂ(etrtfé‘ﬁ‘%f ﬁﬁ!ﬁﬂ%n@)rnﬁﬂ%ﬁ o |ow

pass characteristics of output e 18, 76 tuning. In a simlar way to an
i sol ator, whiakh mayf beca dxhlgowansianiirs $0 mrioend.i By leaviegitbei aannestidn Si nce

the fundagental .frequency is attenuated.at the transfornmer. T2 center tap,
the ef f ecloatp. dvned IEmEpmtRs B FIBPYEH MBRum& nane SRe AiRinamogdese) | n

various emnhgdi e pinch\beiRriviseatdraire WitSairadit c?@raﬁmmf‘etneﬁipﬁtﬂﬁ peRerati on,
the load |ine presented between the output of switch nodules 14a, 14b is

opti m zedist taflegtsd hapk povibe tranaiipedraing fepin @ NMTB@atRs I0ad: ndn WAUeESr m i s

& bse n enbefifhes i< esBaIE FinPRichel b Sttty BRnesh P B RGRLE Bea o
Cl ass2(E chapaditecesand trepeverall pawel kengligier Stparanidler o2dhhideeeristicsuned to a
| ower i npedanc and hence the of the series resonator is higher. This

m smat ched | oaﬁ_mﬁzﬂ_e NtVRrRHE R DQYIMesta, Cyiring TAg Oy ReME ansT WBaR out put
o 2% T SRl R B B G Lt 0

at the center tap of the output transformer T2, whereas the fundamental does

not. In various embodiments, a R1 resistor value of, by way of non-limiting

25 example, between 5 to 10Q will effectively dump some of the reflected power

from the high VSWR load, thus helping to isolate and protect the push-pull

transistors from excessive high voltages and currents. This improves circuit

stability and helps to prevent spurious outputs.

[0063] In various embodiments, the output modules 18, 76

30 components are tuned to produce the desired class characteristic operation

with its useful efficiency and load pull stability aspects. In general, the higher

the conduction angle of switch modules 14a, 14b, 74 and the longer the

outputs of switch modules 14a, 14b, 74 are in a matched impedance on state,
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In inproved efficiency, but at the expense of slightly | ower gain and

out put power. [0067]In various enbodi nents, output transfornmer T2 has the
ef fect ofwOnangf2era ng a series resi stance and capacit arC&/usko11log14wny of
non-limting 5 exanple, 49 ohns and 39pF (produced by the CLC of output
nodul e 18 and 50 Ohns of |load 20) at its secondary output, to a series

| npedance of 5.2 ohns and 7.9nH (i ncl udi ng transforner |eakage inductance)
at its prireagreatepie rlnatgme:fl stdrtalltymlltldeam'dsh@rcedmei lower Bye pehsttilitng t hi s
series | gdance it is SSI gﬁ%&g{ ust between a C ass AB conjugate
mat ch and S@I”%‘E’%@ B W'@Q load®o68] 1 n various enmbodinents, the

output wavef of [qog] S WARLTOdbeaIds IfBvake mum aéff.bréntcgrrm.ehﬂ ass AB

anplifiers unt | ast end portion of 't c range before
sat ur at i otransiatasetoi loweheun@ng @ostaaamda@etiar nehlabéjd:y eFughe flekib am;'n@

amplifiers, e n th u the 15 e .18, 76

FUni e of DEMER Rdat AR At A BBBMHCTjsuics  pwioRsy e JRIPBES e ned ror e
towards Chawer £BnfbRr Y¢hIRY bééwaﬁngfmomrsatff%a?@dteﬁw@ MéBe0 Whe WariBgyer and

| oad pull stability or nore towards Class E for peak effici ency.

[ 0069] Var emdmmhee/@t@f@rdimlm at hedhpmithe gyoemicapqwer iaageehich opol ogy

char act er [S1REs G BLbRy s ool ple Syt Berhr BB sPolel EGhO0aF o °°°
cont i nuousot e gieshablEr oM@ appitatiend. @mmr&mtwmhebdm’aem p@éw@@er ation
using the sanme printed circuit board desi g% In various enbodi nents, this

al | owt0 t ha lQwer aestdaaign beetisanet Biei Binimapghasigmpithiipwes CQOIPOTENtS be
tuned 10 $hc 1B HEILSH I BHRNGUSUBNB A ARSI 3] F0aRsTgLOn 1Nt

infinite various e a ser uct ance is
provi ded fyr arredUceahss‘im nwhlcmZCareaéange iRnithprdveecs ones dearsitgl t daceusoved to
the transforner seconda and Brow d %}é CLC i npedance t nsformati on

n '@@ %lnm

networ k. $FAROIHPPRIGsASADIAVINEN PSP ]e feduck Ulg any RF
power 30a|mb 2 ?rén@i%%o?%tr%%@%r hatialy SE?HM)%%@H{S' out put netvvork desi gns can be

synt hesi zed for any frequency ban low MHz up to GHz. [0070] Power
anpl i th ers 10, [(0B}per\daroust embbdineente el putimpmmer stability into open cable
loads (infinite VSWR), producing only very low levels of spurious outputs. By
way of example, this is provided by transient and out of band energy being
absorbed into a 10 Ohm load and a floating input transformer. Various
embodiments also substantially limit such transient and out of band energy
20 due to low pass characteristics of output module 18, 76 tuning. In a similar
way to an isolator, high reflected power is dissipated into a resistive load.
Since the fundamental frequency is attenuated at the transformer T2 center
tap, the effects on efficiency during normal operation are minimal.
[0066] In various embodiments when tuned for Class AB
25 characteristic operation, the load line presented between the output of switch
modules 14a, 14b is optimized for maximum power transfer and gain. The
resulting waveform is approximately double the power supply voltage Vdd as
is expected under Class AB characteristic operation. In various
embodiments, when tuned for Class E characteristic operation, the resistive
30 load line is tuned to a lower impedance, and hence the Q of the series
resonator is higher. This mismatched load line with higher Q results in a
higher peak to peak output voltage, which implies that the switch elements
Q1, Q2, Q10 are conducting while the output voltage is near OV. This results
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still have better efficiency. In various enbodi nents, the output tuning of
the power anplifier nmay be effected individually or through the conbination
of nodul ew0@oamd3tshe nat chi ng network. I n various enbodiPEEAISQ11ORBI4ET r cui t
design limts infinite VSWR | oads fromthe switch nodul es 14a, 14b outputs
by providing a dissipative |load for transients and out of band energy, thus
5 providing a partial alternative to an RF isolator which is not practi cal
at | ow RFirf iroreeedi efficieatebutval theuexeersed ofmehigtstyp foswerdgain rgresti aontpit
transformatlon with a series capacitive match for Cass E characteristic
oper ati onPOWRE out put CLC i npedance transformation networks of output
nmodul es 18, 76ygy r | oy wer
anplifier out th 563@ t Hﬁ\lﬁaﬁ%rﬁ‘%m%‘{'@%h 88% s (;Eﬁggm ng descérfrd;;)z?l on of

t he errbodbfmfansfohamgb@eanm osdistadcé (andpmmqmﬁasce)bf iyl way ohnioodinatiog

d i pt i t b
i viHuapRamplee Rs5hs A e (wdlSad VR e slioutiimanfilie o andr ol "
not |imted @ﬁmtsh@ft |oaar2cb cuHl A s@&b@@hmtput 16 é’lébrleéé\hﬁrp@dﬁﬁéé Io(f-asote are

i nt erchangeabl e and can e used in a sel ected enbodi nent, even if not
speci f i cabhmssaodry . anHd@@@iudlbgdtram@rmama‘n@gealnﬁucmcemtelts PAMaiYy ways.

and al 1 SCEE RBafed. I o€ AR RAARE, B AESRAL I a6 ThoRS Eoope o

the i nventsl possibleLi HSJu‘éh@etWQer(tlaﬁOI@ét AR conjugate Matéh peites @RREIE er,

conprji sing a switch nodule, the swtch nodul e receiving an input
si gnal© anﬂu%'éﬁ%?oéﬁTQfg a switch nmodul e signal in accordance with the input
signal ; gdbﬁé Lent n%hf&“th@‘)gtfip%t "REGEUHAS SGwMh t Ch
nodul e si gnal enera I Nng an output si

modules 14a, 14b are similar in form to Class AB amplifiers until the last end
portion of the dynamic range before saturation, where it then enters a region
characteristic of Class E amplifiers. Depending on the requirements, the
15 output module 18, 76 tuning of the Class E characteristics of operation region
can be tuned more towards Class AB characteristic of operation for maximum
output power and load pull stability or more towards Class E for peak
efficiency.
[0069] Various embodiments provide a push-pull power amplifier
20 topology circuit design and output network tuning, which allows the variable
class characteristic power amplifiers 10, 70 to be adjusted or tuned over a
continuous range between Class AB and Class E characteristics of operation
using the same printed circuit board design. In various embodiments, this
allows the variable class characteristic power amplifiers 10, 70 to be tuned to
25 maximum efficiency which also satisfies stable operation into infinite VSWR at
all phases. In various embodiments, a series inductance is provided by the
transformer T2 leakage and the series capacitance moved to the transformer
secondary and provided by a CLC impedance transformation network. The
various embodiments may be used in the output stage of any RF power
30 amplifier or RF generator. Equivalent output network designs can be
synthesized for any frequency band from low MHz up to GHz.
[0070] Power amplifiers 10, 70 operate at a lower output power, but
still have better efficiency. In various embodiments, the output tuning of the
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wherein the power anplifier operates in a plurality of nodes characteristic
of a plurality of power anplifier classes and wherein a 10configuration of
t he out puworrodui2g1883s varied to effect operation betweenPChaSrodaesidfivpr t he

i nput signal . 2. The power anplifier of claiml wherein the switch
nmodul e includes a switching el ement, the switching el enent being responsive
to the input signal to generate a voltage and a current across the

swi t chi ngpewemamplifieb Indy depeffectedniptiividueslly odr tHraing] Zhareometinatidre obut put
nmodul e i ncl udes acitive el enent and . nductive el epent,

t least a ¢
wherei n t MO 18 8rd he reatﬁﬁ & NWQLkonBnYaTRKS BEBGKUMERIS; 106 SHERE or
decreaseddéggﬁa}“ﬁ% RIFRfE IV OW a‘%jsfi‘rélﬁtthgo%tch modules 14a, 14

anplifier of °claim3 erelntevaueo the 20 capacitive element may be
t he ot her bpfprovidirgnaedissipaties l@ad éaf transnantseao@mwtwfobamm eaesy; dhds node.

& ase . Bty e oy Mardafidioned B BpRudtgathat BfuBatial aofREPEeS 18
power anpfrebiiéficies. Qbfh'eﬁ‘v!an%‘@refhhHdelﬁ@n%?ﬁd@ﬂﬁﬂé@aﬁ@ﬂﬁﬁéﬂo?mét@n
transi stor. power anplifier of claim®6 wherein the transistor

is a I\/DSFEflthd@vﬁiQfé?S mpa@tm m3teh3 \as20k 1¢luagiesistic operagon.A poeer

"oput s oRAPR G Bikscancagrdh S Beo ik o gRuBt RS e e
i nput si gprlvide for directgncOmbipitig MwEWush- deﬂEp@wbplaTmmmdub@tgLﬁQemmmlg t he

swi tch nodul e 5si gnal and generating an output signal, the output nodule
i ncl uth ngisalatiofast a

[0071] The foregoing description of the embodiments has been
provided for purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention. Individual elements or features of a
particular embodiment are generally not limited to that particular embodiment,

15  but, where applicable, are interchangeable and can be used in a selected
embodiment, even if not specifically shown or described. The same may also
be varied in many ways. Such variations are not to be regarded as a
departure from the invention, and all such modifications are intended to be

included within the scope of the invention.
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capaci tor and an inductor, wherein the power anplifier operates in a
plurality of nodes characteristic of a plurality of power anplifier classes
and wher ewp 20hie128mBue of the capacitor is varied to eff@ectr/uspanatision

bet ween the nodes for the input 10signal. 9. The power anplifier of
claim8 wherein the value of the capacitor nmay be one of increased or
decreased to cause operation in a first node. 10. The power
anplifier of claim9 wherein the vaCualME the capacitor nmay be the other of
increased or decreased to cause operation in a second 15 node. 11.
The power anpl WW%IHS 6%irBedi$h 8 wherein one of the plurality of nodes is

C ass AB and apot hep FSHWé I'iﬂérraééﬁw%ﬁ i9hghodes is Cass E 12. The
power anplifier of cllaim1l erein %e gWI tch nodul e conprises a

transistor. 2013 [aa i & [ 2 rei apsistor is
a MOSFET devi cé. S@Qahqgégv\%lre gprr(%)lgl\'?'%r %%%?i @%élﬁ'&q%n H?)uttgsqgrﬁérlsgﬁdﬂsw tch
modul €5 t henéidatiay ssswitcrhmonldld signalspatsordanice with thepopuissignall, and
generating a first switch nodule signal in accordance with the input

25si gnal ; anao§®EPNHoguke! Ghe NaplLie nidd e dedeiving tiel séwilh Imodule
configuration with the first switch nodule, the second switch nodul e

responsi v&ignal ameé geRp@tingiaghautpeheigganer ati ng a second switch nmodul e si gnal
in accordance with the input signal, the first and second switch nodul e
si gnal s cooper athergjnt éhgyepewat eamptibemposparatasai incla npidealidy sdignabges an

out put nodul e, . t he out put rm% |l e receiving the c osite switch.nodul e
i gnal andGEREEFng o BUrR0Y of grer Snbiter “AEBES: fahd Whefei S
10  configuration of the output module is varied to effect operation between the

modes for the input signal.

2. The power amplifier of claim 1 wherein the switch module
includes a switching element, the switching element being responsive to the
input signal to generate a voltage and a current across the switching element.

15 3. The power amplifier of claim 2 wherein the output module
includes at least a capacitive element and an inductive element, wherein the
value of the capacitive element may be one of increased or decreased to

cause operation in a first mode.

4. The power amplifier of claim 3 wherein the value of the
20 capacitive element may be the other of increased or decreased to cause

operation in a second mode.

5. The power amplifier of claim 1 wherein one of the plurality of

modes is Class AB and another of the plurality of modes is Class E.

6. The power amplifier of claim 1 wherein the switch module
25 comprises a transistor.

7. The power amplifier of claim 6 wherein the transistor is a
MOSFET device.
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S5wherein the power anplifier operates in a plurality of nodes
characteristic of a plurality of power anplifier classes and wherein a
conf i gur avpant1of23t8he out put nodule is varied to effect @pErstion2iaet ween

t he nodes for the input signal. 15. The power amplifier of claim 14
wherein the output nodul e 10i ncl udes at | east an inductive elenment and a
first capacitive el enent. 16. The power anplifier of claim15
further conpri8ing A EmearamplfiErcomprisired:enent . 17. The power
anplifier of claim14 wherein the first switch nodule conprises a first

switch el enent g &pich hRog@eONkRe SsWitabh niGulé ereeOVIY $@S irbul SSigeaINdngW t ch
el enent . 18. The power anplifier of claim1l7 wherein the first

swi t ch el epe@ating@ swiéeh aodulessigaaldn aeeorianerdvisWinedAPel ¥gRak i ncl udes a
second transistor device, and wherein the output termnals of the first and
second transi saoreutput oduectteel ewptiommeduie reesivinguithe sswitahgemechtle

2019. The power_.applifier of claim18 rein the qutput, module includes a
£ r anstr nop AkanageReAneeny, S sttal BB o RaPis iR Eer®ne “out put
t er m nal scapadifee ahdrat indnetosecond transi stors are connected to respective
first and second termnals of the primry w nding. 20. The power

ampl i fier of clybbidd e bBRer CAMpIfiel NShdrakd A0 ABrAR6¢ wbastri cal 'y

;
comuni cating with at ast one o e output termnals of the first and

second t r ahaiastesistic ohaduigialitt ofl pawer ampliiariaiassels arttewpeieaimitye walbeiohg.
21. The p%\’\e’egasgg{c}rfiéevrar%:j t%l 3ffé%t28pefrléfi(t)rr1‘ BetwdER " thd' M8u&YL for the input

10  signal.

9. The power amplifier of claim 8 wherein the value of the capacitor

may be one of increased or decreased to cause operation in a first mode.

10.  The power amplifier of claim 9 wherein the value of the capacitor
may be the other of increased or decreased to cause operation in a second

15 mode.

11.  The power amplifier of claim 8 wherein one of the plurality of

modes is Class AB and another of the plurality of modes is Class E.

12.  The power amplifier of claim 11 wherein the switch module

comprises a transistor.

20 13.  The power amplifier of claim 12 wherein the transistor is a
MOSFET device.
14. A power amplifier comprising:

a first switch module, the first switch module responsive to an input
signal and generating a first switch module signal in accordance with the input
25  signal;

a second switch module arranged in a push-pull configuration with the
first switch module, the second switch module responsive to the input signal
and generating a second switch module signal in accordance with the input

22



i nduct ance interposed between the voltage source and the at |east a portion

300f the prinmary winding. WD 2011/123183PCT/ US2011/ 021445 22. The
power anpWOf2oew128f83cl ai m 14 wherein the out put nodul e f eCThiSeo1cOMPAF Ses a
networ k including an inductor and a first a capacitor. 23. The

power anplifier of claim22 wherein the output nodule further conprises a
second capacitor, the first and second capacitor and the 5inductor being
arranged bignal, Ghé€ finsit smat kecond switcR4nodulp @igrialsicpbpéiatingaongericsatega a
first switch nodul e, theCJirst sw tch nodul e being responsive to an input

si gnal anBCYPRENREIVHEN &9 Url%ts'gé‘\%m ch nmodul e signal in accordance with the

i nput signal; 10a second switch nodul e arranged in a push-pull
configuration @NtUtpHlemaduig, to@i QWRUhBIAUWE reerivisaclhrICEMPeSile FYHah e

r esponsi v&%@l%gigﬂgpmg Pgh%ﬂhggaﬁg?@spﬁéaﬁélng a second swi tch nodul e signal

in accord nput s fitst and second swi tch nodul e
Si gnalg cooper atl nal_;, 15an

t t osite, swi.tch dul.e si
out put™ nodul e, Wbﬁgggu?fb%?Bﬁ%’gﬁfa%@ﬁ‘gﬁjvﬁ’%ﬁa{%e 'EOrﬁ)g@Pf%ﬁéV\P?cWo%ﬁul e
si gnal anghgieresraticnef an pltaly 6f Ptdler tHMepIviel PHbss®sI VAR | Whéregh ng a first
capacitive elenment and an inductive el enent, wherein the Bower

anpl i fi er Copféiguiatan oh the putpwl meduler isnvalies thatfeet eperatioe betwaepitogal ity of

power anpl.fij.er S wherein the val ue of 20t he capacitive el enent
is vari edHofdegffPfe;{cq% @ggtrggﬁ%lh bet ween t he nodes. 25. The power

anplifier of clLaim224 wherein the first _swftch nodule includes a first
awteh of enent "and THE SRUEn A SEE IPbalT e e Tae SauBhE dhdih
el emerg, ireRuded 4t08a st BIRBLEtREEIBEhaE SRENRSHirdE chPadifiee blepintsi gnal to
generate voltage and current across the switch el enent.

16.  The power amplifier of claim 15 further comprising a second

capacitive element.

17.  The power amplifier of claim 14 wherein the first switch module
comprises a first switch element, and the second switch module comprises a

15 second switch element.

18.  The power amplifier of claim 17 wherein the first switch element
includes a first and the second switch element includes a second transistor
device, and wherein the output terminals of the first and second transistors

are connected to form the push-pull arrangement.

20 19.  The power amplifier of claim 18 wherein the output module
includes a transformer having a primary and a secondary winding and
wherein the output terminals of the first and second transistors are connected

to respective first and second terminals of the primary winding.

20. The power amplifier of claim 19 further comprising a voltage
25  source electrically communicating with at least one of the output terminals of
the first and second transistors through at least a portion of the primary

winding.

21.  The power amplifier of claim 20 further comprising an
inductance interposed between the voltage source and the at least a portion
30 of the primary winding.
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2526. The power anplifier of claim24 wherein the capacitive elenment is one
of increased or decreased to cause operation in a first node. 27. The power
anpl i fi erwof2ocl/i2818826 wherein the capacitive el enent napChastéig/ootsher of

i ncreased or decreased to cause operation in a second node. WO

2011/ 123183PCT/ US2011/ 021445 28. The power anplifier of claim 26
further conprising a second capacitive elenment, wherein the first

capaci tive el eaént, Thbepsweorinpidipacoft chagm el £neinéreiranie tdwtpuhdusdule e

el ement are arran edln Pl network, , 29. The Power anplifier of claim
24 wher ei HIBIgE 8 "RES W%Our*wckd'%lﬂé%dti‘%o@%%éf e HRAPHAG her of the
plurality of nodes is Cass E . The power anplifier of claim?24
wherein the fiP8t sWechOWeH@RPldienm'i §I@§na22m@@remmth@rptép@hémdulgnd t he

second s 0 n e t The
pover ampluTF e EeErioR REH0 cRRGRR thef sl B S capapiior apdihe oot
conpr |$e incistordemgarranged in 8ZLO hetwwker anplifier of claim24 wherein
the output nodul e includes a transformer having a primary and a secondary

wi ndi ng and whenei nAtgwér driplifetGosgaitey:swi t ch nodul es incl ude respective
first and second output termnals, wherein the first and second out put

terminals are éﬁ%f‘@ﬁ/ﬁ&ﬁ%é&léeﬁi@ﬁ%t@mfdﬁ FlocRiel bBREOASLACALILNR! anof the

prinmary w nding. . The power anplifier of claim 32 further
conpri si ninpat g@nehged geuecaélnglaeﬁrtst swiCh ynatirensignahin accandanhceawithébgt one of
t he out put t?rm 3?| s of the first and second sw tch nodul es through at
| east a p ' the primary winding. 2034. The power anplifier of claim
33 f h duct |
U{CE er Congrs!escloﬂg savxntclhnmggule arranged in a push-pull configuration with the
first switch module, the second switch module responsive to the input signal
and generating a second switch module signal in accordance with the input
signal, the first and second switch module signals cooperating to generate a

composite switch module signal;

15 an output module, the output module receiving the composite switch
module signal and generating an output signal, the output module including a

first capacitive element and an inductive element,

wherein the power amplifier operates in a plurality of modes
characteristic of a plurality of power amplifier classes and wherein the value of
20 the capacitive element is varied to effect operation between the modes.

25.  The power amplifier of claim 24 wherein the first switch module
includes a first switch element and the second switch module includes a
second switch element, the switch elements being responsive to the input
signal to generate voltage and current across the switch element.

25 26.  The power amplifier of claim 24 wherein the capacitive element
is one of increased or decreased to cause operation in a first mode.

27.  The power amplifier of claim 26 wherein the capacitive element
may be the other of increased or decreased to cause operation in a second

mode.
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el enment interposed between the voltage source and the at |east a portion of

the primary wi nding. 35. A power anplifier conprising: a first
swi t chi ngwoevigce31sshe first sw tching device responsi vePCO/USR01LOPIIYS
25signal to generate a first sw tching device signal; a second

swi tching device arranged in a push-pull configuration with the first
swi tching device, the second switching device responsive to the input
signal to genepdte @heesoner swiglifibr vf digivi @6 Rirtheal corhpresifng rss tsegond second
swi t ching device si %nal S cooger,ati ng r1;Io generate a conposite switchin

g
30devi ce SRRRIIVE ~elementaWhgHghht tieoclick, CIRRSBA pRIEMAuIBSr SE6PTIng t he
COMpOSi t e SUAGY BBnfiaN! &Ry HeOPALCARIeIBRIAH 314 BEraRReO PYhefjgiial . the

8U e 1 ncludlng a

out put no I rst capacltor and an | nhductor, erein the

power anplifierqope | e | 1,y Of ; h teriSki cs0f one
of Class AB oré% asiﬁée%bg{/mée}ré‘rg%ﬁr}?{)feélﬁhrﬁggg@ggge#&%Vr\}%e(;i‘f;ﬁﬁe ?lrlljclraéﬁ& I%t];e of the
capaci3 or maglesgds iGiakd ABedridearothpesfathie piuratityvefanotiéeisnOdes E. 36. The

power anplifier of claim35 wherein the first switching device and the

second swi t chi Bg. deThegowed drfpIraf\tiailrP24 Rehdraputhesfirgnalittl® ridgaer at e
vol tage and current across the respective switching el enents. 37.

The power Campripes arfirst switeh elexsenthaneithe tsggond sheichf megelefGasprisaspdci tor i s
one of in%@&ﬁf&mﬁ#t} g%%egﬁ_sed to cause operation in a first node.

38. The power anp er claim 37 wherein the value of the first

capaci tor ey Re the,gtier. of L ELeaRelior sHSGRERTTThd §GP4RE SRERALi on i

10  switch elements comprise transistors.

32. The power amplifier of claim 24 wherein the output module
includes a transformer having a primary and a secondary winding and
wherein the first and second switch modules include respective first and
second output terminals, wherein the first and second output terminals are

15 connected to respective first and second terminals of the primary winding.

33. The power amplifier of claim 32 further comprising a voltage
source electrically communicating with at least one of the output terminals of
the first and second switch modules through at least a portion of the primary

winding.

20 34.  The power amplifier of claim 33 further comprising an inductive
element interposed between the voltage source and the at least a portion of

the primary winding.
35. A power amplifier comprising:
a first switching device, the first switching device responsive to an input

25 signal to generate a first switching device signal;

a second switching device arranged in a push-pull configuration with
the first switching device, the second switching device responsive to the input
signal to generate a second switching device signal, the first and second
switching device signals cooperating to generate a composite switching

30 device signal;
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39. The power anplifier of claim35 wherein increasing the value of the
first capacitor causes operation in a Cass E node and decreasi ng the val ue
of the fiwetonapamwsdt or causes operation in C ass AB nod®CT/US2011/02144810. The
power anplifier of claim35 further conprising a second 20 capacitor,
wherein the first capacitor, the second capacitor, and the inductor are
arranged in Pl network, and the first capacitor electrically comunicates
w th a term nabnautpitenoduecther owtpposiodeald feeetvimgrineatorhpasite ewikchieg t he
conposite switching device si

.gnal . , 41. The power anplifier of
ol ol m 35 AREFRISOTEL AT 9STeraHA0 26 HaULSORRL de SyILTTEad e BRFIngEA
respecti Vg d bé@ém@%ﬁ%ﬂ)%&@nsi stors. 42. The power anplifier of
nt

claim4l where e first and second transistor devices are MOSFET

devi ces. . e r AL f claim3 ej ut put
nodul e i ncl udeghgréﬁa%@;?oppr@&h%mgéé %éefr%{aersy 'gn§ aag}égg@i\dg?yh\t}maﬁ I ng and
30wher®i nchévacfaristit efndne exfohissWABchi Qipstel pewer rarhpldier ratsseest ane fir st
and seco)rvlll?1 oyt th term na%s, wherein the fi rs& and second output term nals
are conne®™&ffdne ©Of e 1CaPaEitelnig \Qiteship EERGH PREralieR tetwesh ithar y

wi ndi ng. modes. 44- The power anplifier of claima43 further conprising a
vol tage source electrically communicating with at | east one of the output

termnals of 36. The power amplifier of claim 35 wherein the first switching
device and the second switching device are responsive to the input signal to
10  generate voltage and current across the respective switching elements.

37.  The power amplifier of claim 35 wherein the value of the first

capacitor is one of increased or decreased to cause operation in a first mode.

38. The power amplifier of claim 37 wherein the value of the first
capacitor may be the other of increased or decreased to cause operation in a

15 second mode.

39. The power amplifier of claim 35 wherein increasing the value of
the first capacitor causes operation in a Class E mode and decreasing the

value of the first capacitor causes operation in Class AB mode.

40. The power amplifier of claim 35 further comprising a second

20 capacitor, wherein the first capacitor, the second capacitor, and the inductor
are arranged in Pl network, and the first capacitor electrically communicates

with a terminal of the inductor opposite the terminal that receives the

composite switching device signal.

41.  The power amplifier of claim 35 wherein the first and second

25  switching devices comprise respective first and second transistors.

42.  The power amplifier of claim 41 wherein the first and second

transistor devices are MOSFET devices.

43. The power amplifier of claim 35 wherein the output module
includes a transformer having a primary and a secondary winding and
30 wherein the first and second switching devices include respective first and
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5the first and second switching devices through at | east a portion of the
primary w ndi ng. 45. The power anplifier of claim43 further
conpri si yoaouol2smsge supply inductor interposed betweenpChaStahivages sour ce
and the at |l east a portion of the primary w nding. 1046. The power anplifier
of claim45 further conprising a resistive elenent in parallel wth the
vol t age supply inductor.

second output terminals, wherein the first and second output terminals are

connected to respective first and second terminals of the primary winding.

44. The power amplifier of claim 43 further comprising a voltage
source electrically communicating with at least one of the output terminals of
5 the first and second switching devices through at least a portion of the primary

winding.

45.  The power amplifier of claim 43 further comprising a voltage
supply inductor interposed between the voltage source and the at least a

portion of the primary winding.

10 46. The power amplifier of claim 45 further comprising a resistive

element in parallel with the voltage supply inductor.
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