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ate on a packet basis. That is, the transmitted information is sent in a series of one
or more short bursts, where the transmitter is active only during the burst times and
inactive at all other times. It is therefore also desirable that control of burst activa-
tion and deactivation be controlled in an energy-efficient manner, further contrib-
uting to extended battery life.

Power amplifiers are classified into different groups: Class A, Class B,
Class AB, etc. The different classes of power amplifiers usually signify different
biasing conditions. In designing an RF power amplifier, there is usually a trade-off
between linearity and efficiency. The different classes of amplifier operation offer
designers ways to balance these two parameters.

Generally speaking, power amplifiers are divided into two different catego-
ries, linear énd non-linear. Linear amplifiers (e.g. Class A ampﬁﬁers and Class B
push-pull amplifiers), maintain high linearity, resulting in faithful reproduction of
the input signal at their output since the output signal is linearly proportional to the

input signal. In non-linear amplifiers (e.g. single-ended Class B and Class C ampHh-
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Class C amplifiers conduct during less than 50% of the cycle, in order to
further increase efficiency; i.e., if the output current conduction angle is less than
180 degrees, the amplifier is referred to as Class C. This mode of operation can
have a greater efficiency than Class A or Class B, but it typically creates more dis-
tortion than Class A or Class B amplifiers. In the case of a Class C amplifier, there
is still some change in output amplitude when the input amplitude is varied. This is
because the Class C amplifier operates as a constant current source--albeit one that
is only on briefly—and not a switch.

The remaining classes of amplifiers vigorously attack the problem of
power dissipation within the transistor, using the transistor merely as a switch. The
underlying principle of such amplifiers is that a switch ideally dissipates no power,
for there is either zero voltage across it or zero current through it. Since the
switch’s V-I product is therefore always zero, there is no dissipation in this device.

A Class E power amplifier uses a single transistor, in contrast with a Class D
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even-order harmonics (i.e., X2, x4, etc.) in the output network.

An example of a known power amplifier for use in a cellular telephone is
shown in Figure 1. GSM cellular telephones, for example, must be capable of pro-
gramming output power over a 30dBm range. In addition, the transmitter furn-on
and turn-off profiles must be acéurately controlled to prevent spurious emissions.
Power is controlled directly by the DSP (digital signal processor) of the cellular
telephone, via a DAC (digital to analog converter). In the circuit of Figure 1, a sig- .
nal GCTL drives the gate of an external AGC amplifier that controls the RF Jevel
to the power amplifier. A portion of the output is fed back, via a directional cou-
pler, for closed-loop operation. The amplifier in Figure 1 is not a switch-mode
amplifier. Rather, the amplifier is at best a Class AB amplifier driven into satura-
tion, and hence demonstrates relatively poor efficiency.

Figure 2 shows an example of a known Class E power amplifier, described

in U.S. Patent 3,919,656. An RF input signal is coupled over a lead 1 to a driver
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the DC power supply of one or more preceding stages. The need for feedback con-
trol imposes constraints of feedback loop dynamics on a system.

The Class E amplifier arrangement of Figure 2, although it is theoretically
capable of achieving high conversion efficiency, suffers from the disadvantage
that large voltage swings occur at the output of the active device, due to ringing.
This large voltage swing, which typically exceeds three times the supply voltage,
precludes the use of the Class E circuit with certain active devices which have a
low breakdown voltage.

To operate an RF power amplifier in switch mode, it is necessary to drive
the output transistor(s) rapidly between cutoff and full-on, and then back to cutof,
in a repetitive manner. The means required to achieve this fast switching is depen-
dent on the type of transistor chosen to be used as the switch: for a field-effect
transistor (FET), the controlling parameter is the gate-source voltage, and for a

bipolar transistor (BJT, HBT) the controlling parameter is the base-emitter current,
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(PAE) of about 55% occurs at a power level of one-half watt or less. At higher

powers, PAE is dramatically reduced, e.g., less than 30% at 2W.

The PAE of a power amplifier is set by the amount of DC supply power
required to realize the last 26dB of gain required to achieve the final output power.
(At this level of gain, the power input to the amplifier through the driving signal--
which is not readily susceptible to measurement--becomes negligible.) Presently,
there are no known amplifying devices capable of producing output powers of I W
or greater at radio frequencies and that also provide a power gain of at least 26dB.
Accordingly, one or more amplifiers must be provided ahead of the final stage, and
the DC power consumed by such amplifiers must be included in the determination
of overall PAE.

Conventional design practice calls for an amplifier designer to impedance-
match the driver output impedance to the input impedance of the final switching

transistor. The actual output power therefore required from the driver stage is
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current as well to provide the impedance-matched power.

Another example of a conventional RF power amplifier circuit is shown in
Figure 5. This circuit uses “resonant interstage matching” in which the drive and
final stages are coupled using a coupling capacitor Ccpl.

As noted, conventional design practice fails to achieve high PAE at high
“output power (e.g., 2W, a power level commonly encountered during the operation
of a cellular telephone). A need therefore exists for an RF power amplifier that

‘exhibits high PAE at relatively high output powers.

Survey of Prior Patents

Control of the output power from an amplifier is consistently shown as
requiring a feedback structure, as exemplified by Sokal et al. and further exemli-
fied in the following U.S. Patents: 4,392,245; 4,992,753; 5,095,542; 5,193,223;
5,369,789; 5,410,272; 5,697,072 and 5,697,074. Other references, such as U.S.

Patent 5,276,912, teach the control of amplifier output power by changing the
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resulting signal is then amplified by a linear power amplifier and applied to an
antenna.

In AM signals, the amplitude of the signal is made substantially propor-
tional to the magnitude of an information signal, such as voice. Information signals
such as voice are not constant in nature, and so the resulting AM signals are con-
tinuously varying in output power.

A method for producing accurate amplitude modulated signals using non-
linear Class C amplifiers, called “plate modulation,” has been known for over 70
years as described in texts such as Terman’s Radio Engineers Handbook
(McGraw-Hill, 1943). In the typical plate-modulation technique, output current
from the modulator amplifier is linearly added to the power supply current to the
amplifying element (vacuum tube or transistor), such that the power supply current
is increased and decreased from its average value in accordance with the amplitude

modulation. This varying current causes the apparent power supply voltage on the
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met hods of acipQuitil, P9 eiekitdemADAY Rbiaffg b fin bOFarfeVRT Bt Obile O 2

nmul titude of q?gnst%%t amgl | tude si gr@l sa, S sqovvn Pn t ge:?o oW n%eu. S.
Pat - ents: 4, &BAngthénodlifadp@iek aniplifies 1REitARdigha bRl teAfreaAP Rnblitide

nodul ati on by us%ng pul sef&\;vi dt r?nrﬁr’odul atiortlﬁ\?o g?ary t he Sower upply of the
power anplifimgodilgted.shown in the following U S. Patents: 4,896, 372;

3,506, 920; 3,588,744 and 3, 413,570. However, the foregoing patents teach
that the operati ngOthermethodsofathieting amplitudd nivddiatiBiomode et ibadatiohist be
significantly higher than the maxi num nodul ation frequency. U S. Patent
5,126, 688 t 0 Makanltitide of corstant amipliteds signalias shoven 1l the followiept.S. apl i fi ers
using feedback control to set the actual anplifier output power, com bined
wi th periodi cerigiphd$0d ht4,804,9He 526868 anfbﬁ,ﬁﬁz,ﬁ6‘@??l:lgudm_?_ﬁtdamcagw to

| nprove the operating efficiency of the power a i fier. e prinmary
dggvvoack of ¥¥RePHsewidtmadylation e vasghe pewernsupplyrof e m@mﬂﬁm igont r ol

pover anpl | 11 EPWa Piigvng T Sderts AR nes Sl S s g A o e i ¢l ency.

and to effect 34 ﬂ%S‘ﬁp ﬁ%gl%vér]: thse?oregoing patents teach that the operating frequency of

the switch-mode DC-DC converter must be significantly higher than the maximum
modulation frequency.

U.S. Patent 5,126,688 to Nakanishi et al. addresses the control of linear
amplifiers using feedback control to set the actual amplifier output power, com-
bined with periodic adjustment of the power amplifier operating voltage to
improve the operating efficiency of the power amplifier. The primary drawback of
this technique is the requirement for an additional control circuit to sense the
desired output power, to decide whether (or not) the power amplifier operating
voltage should be changed to improve efficiency, and to effect any change if so
decided. This additional control circuitry increases amplifier complexity and
draws additional power beyond that of the amplifier itself, which directly reduces
overall efficiency.

A further challenge has been to generate a high-power RF signal having

desired modulation characteristics. This object is achieved in accordance with the



decided. This additional control circuitry increases anplifier conplexity
and dr awo eid#otd onal power beyond that of the anplifier iRCHAIS00/20841 ch
directly reduces overall efficiency. A further chall enge has been to
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graded out pgbwetidREsenBaB euabid the powerifieach of the tmilefude bei'gh)éﬂ?ciedé?r y large
nunber of individual high efficiency anplifiers nmay be required. This

cl early i ncampHiess. Ihfinely graged ovtpuppexértrysobitidnie reyujred fthex potehtfallyRat ent
5,321,799 perforns polar nodulation, but is restricted to full- response
dat a si gnal seridrgesumber ofSieflividual high leffyfienvywenplifiersghaybé required Thistpl i fi er s.
The patent teaches that anplitude variations on the nodul ated signal are
appl i ed t hclsadyineretises thaovenall complesity pbtheamplifiephase nodul ati on and si gnal
generation stages. The final anal og signal is then devel oped using a

di gi tal -t o- anal o§-2dPatens 8324799 perfermay Relan modylation, hukis sestrigted farfullsect i on
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already implemented in amplitude variations are not compatible with high-effi-
ciency, nonlinear power amplifiers due to the possibly severe distortion of the sig-
. nal amplitude variations.

Despite the teachings of the foregoing references, a number of problems
remain to be solved, including the following: to achieve high-efficiency amplitude
modulation of an RF signal by varation of the operating voltage using a switch
mode converter without requiring high-frequency switch-mode operation (as com-
pared to the modulation frequency); to unify power-level and burst control with
modulation control; to enable high-efficiency modulation of any desired character
(amplitude and/or phase); and to enable high-power operation (e.g., for base sta-

tions) without sacrificing power efficiency.

SUMMARY OF THE INVENTION
The present invention, generally speaking, provides for high-efficiency

power control of a high-efficiency (e.g., hard-limiting or switch-mode) power



nodul ati on control; to enable high-efficiency nodul ati on of any desired
char act er wanpbiiBude and/ or phase); and to enabl e hi gh- poRET/Us0828HE1 on
(e.qg., for base sta- tions) w thout sacrificing power efficiency. SUMVARY

OF THE | NVENTI Th nt i ti | ]y Ki i d f
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frequency of & switch-node DC-DC converter is reduced by foll owi ng the

swi tch- node gefiépdyt ffa sititch-raddedBCDE corvetar is talidedbpfollowi: the BwAch-

regul ator is designed so as to control the operating voltage of the power
amplifier w tiodeifdnvedterviittbansttivedinkap réguldten Thé linday regajrardsidssignee selesi r ed
anpl i tude nodul ati on waveform The lin- ear regulator is further designed
to reject varasabicomsolde ofesatingyoitageaifitixgpovesramplifiet with sufficient ypmt- vol t age i s
changed in response to an applied control signal. This rejec- tion wll
occur even t hwidgihtotfhighfully repraduee thenlesited amplidevnodulafionavaveformc Slimsu- rate
or even | ower frequency than that of the controlled output variation.

Anpl i t ude modtr seguintorikuriher destaned tareispt variatiens ap ityinpitveliagevEy Whille yi ng t he

P ah o1 Ti ¢f cHEUPH YalBEt rrparast o sspomeinsh JPrbes FOMER SEit FLISARRY- { ude
dul at ed ts ' | . Hi ffici. | S. d b | | ow th
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average out pug,pRisTyolthyedn the pB&ECIHIRE witilk SinrtBEHBRES dchiR¥ing HegMmu-

efficiency in the conversion of primary DC power to the amplitude modulated out-

put signal. High efficiency is enhanced by allowing the switch-mode DC-to-DC
converter to also vary its output voltage such that the voltage drop across the linear
regulator is kept at a low and relatively constant level. Time-division multiple
access (TDMA) bursting capability may be combined with efficient amplitude
modulation, with control of these functions being combined. In addition, the varia-
tion of average output power level in accordance with commands from a commu-
nications system may also be combined within the same structure.

The high-efficiency amplitude modulation structure may be extended to
any arbitrary modulation. Modulation is performed in polar form, i.e., in a quadra-
ture-free manner.

Single high-efficiency stages may be combined together to form high-

power, high-efficiency modulation structures.
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ni cati ons system may al so be conbined within the same structure. The

hi gh- ef f wo ermop13anpl i t ude nodul ati on structure may be ext RAGTAISDRB4HNY
arbitrary nodul ation. Mddulation is performed in polar form i.e., in a
quadra- ture-free manner. Single high-efficiency stages nmay be conbi ned _
t ogether to form hi gh- pBREEE DESGRIPTION ORTTHEMRIAMWANGN structures. 10 WO
01/10013 PCT/ US00/ 20841 BRI.EF DESCRI PTI ON OF THE DRAW NG The present

i nvention may be Thepressnt inversiontnsaycbe fuptirex wnslefstdddofom ghe fdllowingot i on i n
conjunction with the appended drawing. In the drawing: Figure 1 is a block
di agr am of alererintionjn eeijungtionwithothe appended, dpwing dndlre drawing: ol | ed by varying
t he power supply voltage; Figure 2 is a sinplified block diagramof a known
singl e-ended switch node RF anplifier; Figure 3 is a schematic di agram of
a portion of a known RF anplifier; Figure 4 is a schematic diagramof a
conventional RF [Fagwre 1aswpblotk diagmm of xknawn powerramplifies with ootpetpewer di agr am
of anot her converbhivoltdd tyFvapying theqpuwer supplgvoltagegui t; Figure 6 is a bl ock
di agram of a known | Q nodul ation structure; Figure 7 is a block diagram of

a power anplifi elFigite 2d€ @ kigplidied bldck didprarefaknawi skighoelider Bivitcli gure 8 is
a plot conpari nglﬁ@geq{laglﬁgﬁ iSs AB power anplifier output power versus
operating voltage wth the nmaf hematical nodel V = PR; Fi gure 9 is a

vavet orm di agr amps i3t & ¢HithaBe Aadkdr Bf 8 bortdR of ARAGWARE amplffightr ¢ 10 15 a

wavef orm diagramiflustrating operation of another nt> Figure 11

I's a waveform di ggpaaniil b Uehiitic AfhgPith 8F £ dorWhABE RF Wer amplifier cir-

cuit;

Figure 5 is a schematic diagram of another conventional RF power ampli-
fier circuit; ' '

Figure 6 is a block diagram of a known IQ modulation structure;

Figure 7 is a block diagram of a power amplifier in accordance with an
exemplary embodiment;

Figure 8 is a plot comparing saturated Class AB power amplifier output
power versus operating voltage with the mathematical model V' = J/PR;

Figure 9 is a waveform diagram illustrating operation of one embodiment;

Figure 10 is a waveform diagram illustrating operation of another embodi-
ment;

Figure 11 is a waveform diagram illustrating bursted AM operation;

Figure 12 is a waveform diagram illustrating bursted AM operation with
power level control;

Figure 13 is a block diagram of a polar modulation structure using a high-
efficiency amplifier;

Figure 14 is a block diagram of a first high power, high efficiency, ampli-
tude modulating RF amplifier;

Figure 15 is a waveform diagram illustrating operation of the amplifier of
Figure 14;

Figure 16 is a block diagram of a second high power, high efficiency,

11



Figure 12 is a waveformdiagramillustrating bursted AM operation with
power | evayoepidoi®! ; Figure 13 is a bl ock diagram of a pol rRCTMS00L0841 ON
structure using a high- efficiency anplifier; Figure 14 is a bl ock diagram
of a first high power, high_efficiency, anpli- tude nodul ating RF
anplifier; Figure apmphtademogitasimg H‘F‘Bgﬁgén illustrating operation of the
anplifier of Figure 14; Figure 16 is a block, diagramof a secaond high
power, high efficiBiguse 17 iy 2 wapefonn dingram Alusiraismasetion of s amplidier abdul at i ng
RF anplifier; FiguFigued6is a waveformdiagramillustrating operation of the
anplifier of Figure 16; Figure 18 is a block diagramof an RF switch node
anplifier in accorBigmeds8 i block disgranbafdinRIhswitdhimpdeenpdifiesin agcordénesat i ¢

di agram of a port i with ofie enbddimsng t ch node anpli- fier in accordance with
one enbodi nent of the present invention; Figure 20 is a schematic diagram
of a suitable |OadFE'gtﬁfverikaE@fenmﬁedia_@rMSfaﬁﬁﬁﬁi}(\bfﬁmmﬁ}ﬁc}aﬂmﬂé&hpﬁ- of
Figure 19; Figure fdih3cqyrdiée iith Bn cABbS&MeNOMhE Preb iR iveidbd; 20e and

rel ated wave- forns for the RF switch node anpliflier of Figure 19; Figure

22 is a wavef orm di : | : ; orns of
the switching tra?@gﬁ;ﬂ?:ﬁ%ﬂ&%@ﬁﬁ%ﬂﬂﬁ%laﬁfeﬁ&éd Méﬁfr%iri%‘{git%eg ol

Hf: o e 23 1S a wave
show ng out put voltage ofr?mfigérg%‘—ﬁ%rv]\% tlsgﬁlrg&r%’de anplifier of Figure 19;

Fi 24 | h tig .di fq i on _ of F it li-
fier in acl;irSaﬁge‘g\%a‘{ﬁ'gf‘gé'agﬁ%?@gg&%ﬁrﬁ‘%&&ﬁ’}‘g‘r" ggf’%n Ko F 8T o gr am
showi ng i nput vol t s f91d0s RY siteh fagge amplifier of Figure I9;

Figure 22 is a waveform diagram showing base and collector current wave-
forms of the switching transistor of Figure 19;

Figure 23 is a waveform diagram showing output voltage for the RF switch
mode amplifier of Figure 19;

Figure 24 is a schematic diagram of a portion of an RF switch mode ampli-
fier in accordance with another embodiment;

Figure 25 is a waveform diagram showing input voltage and related wave-
forms for the RF switch mode amplifier of Figure 24;

Figure 26 is a waveform diagram showing collector current waveforms of
the drive transistors of Figure 24;

Figure 27 is a waveform diagram showing a gate voltage waveform of the
switching transistor of Figure 24;

Figure 28 is a schematic diagram of an RF power amplifier circuit in accor-
dance with another embodiment; and

Figure 29 is a waveform diagram showing waveforms occurring at selected
nodes of the amplifier circuit of Figure 28.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring now to Figure 7, a block diagram is shown of a power amplifier
that overcomes many of the aforementioned disadvantages. A switch-mode (or sat-
urated) nonlinear amplifier has applied to it a voltage produced by a power contro}

stage. In an exemplary embodiment, the voltage V applied to the nonlinear ampli-
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forns for the RF switch node anplifier of Figure 24; Figure 26 is a

wavef or m Qice@fepizshowi ng col | ector current waveforns of tipeTasowzoss:
transistors of Figure 24; Figure 27 is a waveform di agram showi ng a gate
vol t age waveform of the switching transistor of Figure 24; Figure 28 is a
schemati c di d6F iRogtroled @S%QQ}Y@%F‘FW@P‘W}%%GFB“#’rﬁmaccor- dance with
anot her enbodi nent; and Figure 29 i Sf__war)ﬁor m di agr am showi ng wavef or ns
occurring at selected nodes of the dnpl Mi%er circuit of Figure 28.

DETAI LED DESCRI PT. OF THE PREFERRED E | IVENJ. Ref | Fi

7 block dMASFahT LS Breue P eLodrvel ApiRe Finbfines AR K I RsfBleddhy of °
e, af or ementh oRaiAlk SAMBRAAATS owchMddE e SRURNPIm A, HE RRRIRODRT] | noar
anplifier has apptie o It a voltagée produced by a power contro st age.

12 20 ST B SR B o YR BTSSR el vl a OB fiRlge P

0/20841 +tier 1s controlle

substanti al | y 4 N aaftéryCamdNebdivdsipoRr RivePébntrol sigid) 8h& oftphS alvORaglesi 1 ed
power output level of thé anplifier 'and Ris the resistance of the

anpli-fier. |nApbb®rdace with the fotbddifly édeoRr saturated anplifier, the

resistance R may be regarded as constant. The power control stage receives

a DC input voltagerhe effigacy off dirsethy doatrbRing ougid powecsfinlinesp amplifiesy el
control signal and outputs a voltage in accordance with the foregoing
equat i on. Theovef 4 widealynamictangehy splapmanyiig thegperating Nolpgeusdembnstaatéd near
anplifiers over a wide dynam c range by solely varying the operating
vol tage i s déydfiguned; shpwihg a ploj gemp@&ingsabuated Ga Aﬁ/pmmpl' 1§T ovipul at ed
Cl ass AB power anplifier output power versus gperating voltage with the
mat hemat i cal RANEE Vergus-opergtimcvoltageywih shemathematical mogel ¥ 3 -cont r ol

circuit in accordance with an _. . .
Referring again to Figure 7, a power control circuit in accordance with an

exemplary embodiment. A power control circuit includes a switch-mode converter

~ stage and a linear regulator stage connected in series. The switch—mode converter
may be a Class D device, for example, or a switch-mode power supply (SMPS).
The switch-mode converter efficiently steps down the DC voltage to a voltage that
somewhat exceeds but that approximates the desired power-amplifier operating
voltage level. That is, the switch-mode converter performs an efficient gross
power level control. The switch-mode converter may or may not provide suffi-
ciently fine control to define ramp portions of a desired power envelope.

The linear regulator performs a filtering function on the output of the
switch-mode converter. That is, the linear regulator controls precise power-enve-
lope modulation during a TDMA burst, for example. The linear regulator may or
may not provide level control capabilities like those of the switch-mode converter.

Note that, depending on the speéd of the Switch-mode converter and the
linear regulator, the power control circuit may be used to perform power control
and/or amplitude modulation. A control signal PL/BURST/MOD is input to a con-

trol block, which outputs appropriate analog or digital control signals for the
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exenpl ary enbodi ment. A power control circuit includes a swtch-node
converter wolbbggmiand a | i near regul ator stage connected i nPEEFNSES208The
swi t ch-node converter nay be a Cass D device, for exanple, or a

St eps downt hEVERR-THF St sy Nge epaior Dol blose S be oot
The owi tch: mods Roy bR R S DRETRie[P sl e BBl Vci controi
control 1o defino PagsakiokngS, ki Ml R i mofloBhl bl

requl at or D Lot aydibbora YBRELOMDaldhiml B BOEbiSt ol oh- mode

converter. Tha near re ator cont S preclt se power - ve- Iope

modul ation dur, 1%@% kasth the SHitcBAASR @nvdrte ahd REAE Phﬁﬁ%@h&&, may or

may not provide |evel control capabilities |ike those o e Sw tch-node

converter. Notgpbdiicly. TRO XKDV, SREVS RRskeft thé BEpStWoliafesBrdR: converter

and the |Ilinear regulator, the power control circuit may be used to perform
power contr ol swittiehde aomplerterigl totishlinit fegulafdroresicctivelRi Asamne Blat BldRST/ MOD

I's input to a con- trol block, which outputs appropriate analog or digital
control si gnalswittiomaddh eorh@rteyhas b/ riélafitdy REFe tisO©cH e 1i.e. . shatitclampe dda-convener
and the linear regulator. The control block may be realized as a ROM
(read-onl y metively)stowiy/ WhemtheaCnifelisignabA is set 4ma fiod nowaerepowey levelether ri ng to
Figure 9, a waveformdiagramis shown, illustrating operation of one

enbodi ment of vohege yeilkthembegihle romp édwards commetsumate spitagseBecansenidhe

control signals applied to the switch-node converter and to_the_ linear

regul ator, r éjekmodepgturerpfdheeanvertersthewroltagm i may hays eeansideraile out put

ERR LRI L TS CRTRG VI M T A
(1o ST oy bR sk St L e bR BB ARR BRI e
be0ln 0. 2P I URAI e BB AR RR b g o e
raised, the voliage V, ramps quickly up to a commensurate voltage, and when the
control signal B is lowered, the voltage V, ramps quickly down. Following a series
of bursts (in this example), the control signal A is raised in order to increase the RF
power level of subsequent bursts. The control signal B remains low during a wait
time. When the voltage V| has reached the specified level, the control signal B is
then raised and lowered to define a further series of transmission bursts.
The voltage V, is shown in dotted lines superimposed on the voltage V;.
Note that the voltage V) is less than the voltage V, by a small amount, greater than
the negative peak ripple on the voltage V. This small difference between the input
voltage of the linear regulator V; and the output voltage of the linear regulator V,
makes overall high-efficiency operation possible.
Referring to Figure 10, in accordance with a different embodiment, the

switch-mode converter is assumed to have a relatively short time constant; i.e., it

ramps relatively quickly. Hence, when the control signal A is raised, the voltage
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anount of ripple. An anmount of tine required to reach the desired voltage
def i nes wolwiomieup period. Wen that voltage is reached, PERUSEUHBH,|
signal Bis raised and |lowered to define a series of transm ssion bursts.

X“an?mﬁ,*;ﬁr Atk féﬁipﬁab%ﬂf‘ygﬂﬁwrﬁ%lﬁ% uiiig el Gy Tl Bign@ Y, P 1° @
vol tage V%gﬁggmﬂggwg}f %gtg@g\ﬁ&tm &céséeg%énwﬂtau{e%ﬁu&' AU

exanpl e), I's ral se in or to I ncrease the RF power

P et tt%ﬁt%?%g%% AR S e

e specified l'evel, the control

signal Bisg, ‘{)égfghdrﬁ Qpaiiélad PpdedrisBeings. e chftFol S5abB iof

transm SSI on sts.” The vo age V2 i's shown in dotted |ines superi rrposed

on the vol t@geloweked at'ié Sorichision dTahe/@hrisadssior?burst, hterawlibiathetcoatrolol t age V 1
by a smal|l anmount, greater than the negative peak ripple on the voltage

V1. This sraghal 4 isflewesd Foliowingethe ekamplepdFigured) indigwt 10/whén thear
regul ator V1 and the output voltage of the linear regulator V2 rrakes

overal | hi géonebf sighatiicis meptraiseioindefires iafhigher Rewer levelgAgainfthg voltageo,
accordance wth a different enbodi nent, the sw tch-node converter |s
assumed t o Waissugenimpeseid e dottethlines onithevalbge Vant : | .e., it ranps
relatively quickly. Hence, when the cont rol sign M raj sed, .t.he voltage
14 WD 01/ 10013 mmtmsuqmav ¢ usedioPeFg F@I@F&Pl etfmdl&%imﬁ'éng iat e

vol tage. The control naI t en rai and. the vo V2 S

r anped. ThehQﬂmQ’ﬂetﬁaBﬁlg Is"cgl"fé" Uoﬁt"?’%’eﬁy’b‘h Bs raised on
the control signgl Bjs,r efl Jay be very
short, maxi ?hoz*m@ Fst‘ﬁéie ‘gP@ é&ﬂ“ﬁ%& SIg?RleOfégE Wlm 1g‘lo%nal Bis

then I over ed at Ly }sss 8\%&@?%8&”(‘1_.8{1? tA@e 61{1‘ Qn%%%u{w Enal%fft]fer whi ch the

control si ow ng exanp lgure 9, in Figure.

10, when thg‘wn@ﬁ&%ﬁ@t sup, OFttondl ng a%g&o“m d&iueﬂqaﬁe,%@s@ﬁ&f power

| evel . Agai € VO PsPsuper | otted I'ines on the
vol tage V1. ;He cmeﬁﬁﬁyﬁrﬂﬁﬁ PRy fikén MS&dwlﬂpthB%hEﬁrragtﬂﬁth tffectiagandul ation

in addi- tion to power and burst control. Referring to Figure 11, a

wavef or m di ggiREiphitude modulation on the output sxgnal More preferably, from an effi-
ciency standpoint, the switch-mode converter effects amplitude modulation, pro-
ducing an output signal that, ignoring noise, is a small fixed offset AV above the
desired output signal. The linear regulator removes the noise from the output sig- -
nal of the switch-mode converter, effectively knocking down the signal by the
amount A V. The output signal of the linear regulator is shown as a dotted line in .
Figure 11. At the conclusion of the burst, the signals ramp down.

Full control of the output signal power level (average power of the signal)
is retained. A succeeding burst, for example, might occur at a higher power level, -
as shown in Figure 12. As compared to Figure 11, in Figure 12, all signals scale
appropriately to realize a higher average power output.

Incorporation of amplitude modulation on a phase—modulated signal,

though it complicates the signal generation method, is often desirable since such

signals may, and often do, occupy less bandwidth than purely phase-modulated
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shown il]ustrating bursted AM operation. An output signal of the
swi t ch- nodeoovoosverted is shown as a solid line. As a bur sPCHAFNS4Y he
out put signal of the swtch-node converter ranps up. Optionally, as shown

W th the 1§ nogpabuReeliagio SidtEe Tr. i ERgat Aot Lot ot on o ¢ e
i : R i o
i L oh- node. CURVEFptel) RpfEtcley AFRARCFb he oibeTReinB BRGRR, s "0,

signal that, ﬂo@#ﬁ%& 1R sftfotureds Sapadie!df cfte a%&fdéﬁléedeyo&@ﬂibﬁ Al desired

out put si gnal I near regulatdr renoves e"'nolse fromthe output sig-

nal of the sw; y ; ' | Q‘yg? sl gnal by
t he anount \(I)gl%?hilgh %ﬁﬁzﬁg‘gﬁ%&%&@ﬁgﬁé F?ﬁgg%ﬁ&g&?‘gor }gaegsﬁlgwn as a
dotted |ine ipyls, FhePhse biknalls applRd e B phakelfoduddtionRpkblé sdrriet fpetitignal s ranp
down. Full control of the output signal power |evel (average power of the
signal) is risgbek, efhichasutsesighdl gs 4180 sipliedl OA rexxhiNgIsipnalis dieh s0ptified at a

hi gher power |evel, as shown in Figure 12. As conpared to Figure 11, in

Fi gure 12, alby shgnlhear powérammifier ofthe dypel pretioudleddscrbeda Meagwhile, dheer age
power output. Incorporation of anplitude nodul ati on on a phase-nodul at ed
signal, thoughgniinde sigpdliicaplied themegjtule @hn&ﬂk&hmgnimmbhgﬁﬁr also of t en
desirabl e since such signals may, and often do, occupy |ess bandw dth than
purel y phase-msecivesaapayver sontinbsignali borespopes fspegritgs driverpyoducss alRef erri ng
to figure 13, a block diagramis shos i of_ a polar_ nodulation_ structure
using a hig h-@erabéxgéfﬁli%eégﬁ|l$ eppdied &y thementlipser amenlifier. e magnifudedriverh; s

pol ar nodul ati on, strugture iﬁ capabl e of effecting any desired_nodul ation.

A data si gnadndithe agssiincan applifierfagy pereplireddn disdeme pppnerasdigie d: magi t ude
Phase- mdul at JeSHIPPBHEBARs Fdaga B FUEFORE h 0et8d Boeni ch a t uni ng
on- i near pover  ahspP QR kL GSIOBBY ulof e BB inticle 1 e, 1 e
%0 | ocel veute SoagRnt St B Ra R bRl SR L R Ve
produces an Rgf signal generation exists in cellular telephone basestations. Basestations, how-

-

ever, operate at much higher power than handsets. The following structure may be
used to achieve high-power, high-efficiency RF signal generation.

Referring to Figure 14, a first high power, high efficiency, amplitude mod-
ulating RF amplifier includes multiple switch mode power amplifier (SMPA)
blocks, each block being realized as shown in Figure 7, for example. An RF signal
to be amplified is input to all of the SMPA blocks in common. Separate control
signals for each of the SMPA blocks are generated by a magnitude driver in
response to a magnitude input signal. Output signals of the SMPA blocks are
summed to form a single resultant output signal.

The mamner of operation of the amplifier of Figure 14 may be understood
with reference to Figure 15. On the left-hand side is shown an overall magnitude
signal that is applied to the magnitude driver. On the right-hand side are shown
SMPA drive signals output by the magnitude driver to be applied to the respective
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operating voltage that is applied to the non-linear anplifier. The-
magni t udewdoi/wet3 and the non-linear anplifier may be real RPCEUSI02084he sane
manner as Figure 7, described previously, as indicated in Figure 13 by a

uein, ”en%hﬁ%s Ok R b B e fte Al dios B RERUBHGAED, T, "

need for % %h fiency RF signal generati on exists in cellular tel ephone
basestatlons aSest ati ons, how ever, operate at much hi gher power than

handsets. The fo'Aﬁ‘Mt&ﬁaﬁ@é&ﬁBdﬂiﬁeﬁ@fat}ﬁ%h ArhplBER iSO whl i FiRpEer
hi gh-efficiency RF signal generation erri ng to Figure 14, a tirst high

power, high g4, h €ii®ewbodifiehl, insedd ofgeherati maﬂxmmglgﬂawfomfé udes
mul tiple switch node power arrpl ifier (SMP bl ocks, each bl ock being

realized as fespentive SMIAN,aeommonairive sigiial ie gereratel atid apyslied ih cotamoan®! i fi ed
Is input to all of the SMPA bl ocks in conmon. Separate control signals for
each of the &heRthb SMAs. Ata giwndnstantdn bneathewgmnanddrivir signat isicausedds ponse t o
a magni tude i nput signal. Qutput signals of the SMPA bl ocks are summed to
form a si ngl baveasvaluethat isomphlth ef apeveralinhagnitada signal applied to the maghi-t he
amplifier of Fiqure 14 e understood wth reference to Figure 15. On
the left- han@dQ%ﬂéefb yhgwd%ns the number0f| SMBA 4 Thedesultis dlinstratedan Figgreppl i ed to

t he magni tude_dri ver. right-hand, sid re shown A drive_ si gnal S
out put by th&’- .as@aema? B\ﬁéFhetsBmo‘éf mdf\egua? éﬂf'ﬁétgp%lgpm%;%ov

01/ 10013 PCT/ USQO 0841 SNPAs Note that the sumof the indivi dual dr| ve
signal s yi el BésHy magni - tude signal. An alternative enbodi nent of

hi gh- | ' ' 16. | hj. nb d' , d
gf_bgnefgﬂgarﬁd*\# &a’a&'&’a’? R HRuted o R sno o bk Hisar PR TR, 2 Cormron
drive si gnal 1-9@&% ﬁh@ﬁr&@ﬁa&% il aQaB er}xﬁ’odlﬁlleﬁt %Iﬁhﬁlg és Al a
gi ven i nstant conmmon r|ve S|gn caused val ue .

B T L
. active device to drive the active device switch. The active device switch is coupled
to a load network that produces an RF output signal for application to a load, e.g.,
an antenna. Preferably, pdwer is applied to the active device switch through a rapid
time variable power supply, realized by the series combination of a switch mode
power supply and a linear regulator, enabling the operating voltage of the active
device switch to be varied. By varying the operating voltage in a controlled man-
ner, power control, burst control and modulation may be achieved as described
previously.

The active device switch may be either a bipolar transistor or a FET tran-
sistor. Referring to Figure 19, a schematic diagram is shown of a portion of an RF
switch mode amplifier in which the active device switch is a bipolar transistor hav-
ing collector, emitter and base terminals. The collector of the bipolar transistor N1
is connected through an RF choke L to an operating voltage Vp, and is also con-

nected to an output matching network. The emitter of the bipolar transistor N1 is

connected to circuit (AC) ground.
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17.. Once ,again, note that the sumof the individual drive signals yields

t he over al lwosagevis ude signal. Referring now to Figure 18, temanssoo/sosshown a
bl ock diagram of an RF switch node anplifier in accordance with a anot her
enbodi nent. An RF | ' nal .is applied.to a.non-reactive drivin

circuit. The drivin %%qsglh?ﬁ‘e!bﬁ’%ﬁﬁﬂl@ﬁofHléﬁ"m‘_&é‘t‘tﬁ@@ téeem&t@rpsmzﬂthﬁfg t he
ot wrk thay - phgle Bensiotoral {obe Giver fafsisinh Do, s Saflvatiat o .
oh anenra e Lo BRI BB o A S e 8

e . f . , £ _ 1S ol
Che opar ot ng, cSlmeibd i TG caBRURY. A4hBaita 3ifh e 18 HanbiGE NS PA pioE 20 | 10
the operating yalhAdRchling, %Qﬁ’é fipbdReh éfﬁﬂéd'e@ﬁt; 'stﬁ&f‘kﬁﬁlg M%te active

control and nodul ation may be achi eved as scr1 be previo

device swi tch OBy rddftd? 1S Corhelicl Hohd the eAfiitdrdf tHe Rveftrifsistdr'td Giradt St OT -
Referring to Figure 19, a schematic diagramis shown of a portion of an RF

switch node an@louhd. Snolthtr ¥édistdt RS cofrddoted FRY tedaSdbthé dfiver drahinet &

transi stor hav- ing collector, emtter and base termnals. The collector of
t he bi pol ar t r greahd tThe fiNal resiStoRB xoheebtéd e gt ke HFthe HAkS thantiStoAN2
operating voltage VpA and is also con- nected to an output matching

networ k. The et VigippfAn RE itpup siigaal 18 applet $é tie bhke ofthe divereahdstof 0 circuit
(AC) ground. 17 WO 01/10013 PCT/USOQO 20841 The base' of 't he bi pol ar

transi stor N | threngharEdsodationsapdeor;,t t er of another bipolar transistor N2
(the driver transistor) in Darlington fashion. The collector of the driver
transistor N2 is coﬁpfémr@domuaw(g;sm etpytgetwnrk anpy ioRhyErmeefaniimped-so
connected to a bypass .capacitor. Associated with the driver transistor N2
is a bias net%&%&“?t%%lgﬂﬁ&‘ssiwlﬂ?émﬂ ¢3P4fHef Cenbodi nent, three

resistors, R, R2 B, resistar Rl i.s.connected framthe.emtter of
the driver transi sta@lgeﬁgI@ﬁﬁwef’&%ﬁﬁﬁpuﬁ%’t‘ﬁ%%‘%t?ys‘f’ﬁ‘f&?@‘ rgfggﬁnect ed
fromthe base gf o4 hfhecg%ﬁ/t%roltllgre%p fe'vélts%ﬂetd%pward to produce a voltage at the base of

the driver transistor N2, shown by waveform 2. The emitter voltage of the driver
transistor N2, shown by waveform 3, is one Vi, drop below and is applied to the
base of the switching transistor N1. At the beginning of the positive half-cycle, the
driver transistor N2 is operating as an emitter follower, with output (emitter) volt-
age sufficiently below the turn-on voltage of the switching transistor N1 so that the
switching transistor N1 is cut off. As the signal increases, the driver transistor N2
turns the switching transistor N1 on and drives it into saturation as shown in Figure
22. Current flows through the RF choke L and through the switching transistor N1,
and the output voltage decreases as the capacitor C, is discharged as shown in
Figure 23. Near the end of the positive half-cycle, the driver transistor N2 output
voltage falls below the turn-on voltage of the switching transistor N1, allowing it
to turn off. The value of the resistor R1 is chosen such that the switching transistor
N1 quickly cuts off. Current continues to flow through the RF choke L, charging

the capacitor C,; and causing the output voltage to increase.
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ground. The final resistor R3 is connected fromthe base of the driwver .
transi st IOMA00E30 VDRraR. An RF input signal is applied t®CTHisob20841 of t he
driver transistor through a DC isolation capacitor Cin. Referring to

Fi gure 20, the oyidFsking p&q,ke bﬁaéﬁ | - ~rat chi ng
transm ssi on Iingiqll'L a S6a capiaagixts%r ﬂtSt %ﬁ '|°nptrhfa{p§?‘?°§g°gna§iianal S

si nusoi dal  awitth evddeRmhpNRé¢LnOk ' P ETV pdﬁ%' e is

| evel shifted upward to producgbgﬂ%ﬁcﬁgggegfﬁvﬁgc%ggg of = lﬁieé’?gl%l;i§er

transi stor IEET, JABWPHEME ¢&f ) Having drfiiSscifde drdl gavelebramalsOfhd dgindie ver

transi stor N2, shown by waveform 3, is one Vbe drop below and is applied to
the base ofthe RET ¢mansistor Mj is camsicteddhrobigh an RF dhoke D&% anbpaattig ¥die positive
hal f cycle, the driver transistor N2 is operating as an emtter follower,
Wi t h out put ageMpiatasd)is sled connggied $aifri dOutpettietwortke Thewsduree 6fthe FET teat t age of
the switching transistor NI so that the switching transistor NI is cut
of f. As the S§tqjigronneeted sa sigcuit (MC)rownsk t ransi stor N2 turns the switching

transistor Ni on,ﬁ{}d drivgs [t into saturation as shown in Figure 22.
Current flows thrigi§giste ¢fd Fﬁ?ﬁ@ﬁ@s@f triviased fomy supphe- Vhrenghragargeansi st or* N

1, and the _output Vv age.decreases as, the capacitor Cout is discharged as
shown in Fi'g éesz%@%éﬁﬁﬁ@“@m%mq%ﬁ%@ @ﬁ?}%l%ﬂtmn@m@r%@ ari ver
transi stor N2.0 u vol.tage falls below the turn-on vo|tage of the

v tohi ng. « PR Ller RSB ey Fanssles conieched i erml Ppllrnasmmanhe

_ _ | _ PREPUARTESS T
of 1 Curr ent "I Elbspfed lche NN WahSbER AT Ghnsisraf i ' °

capaci tor A fGRN : I [ 01/10013
PCT/ US00/ 2%%%&6 Referri ﬁ%@?&%ﬁ%ﬂ%ﬁ%&%°ia§%§§%§§%%&$@§\é§w of a

portion of andR also\drnBote® t8a BYUss Edpatitor THOESIRcld? B f RPN dFEiGE- SWi tch is
a FET transistor (MES- FET, NET, PHIgaMT, etc.) hgvi ngaﬁré\ﬁﬁ? soﬁ‘%@e and gat.e

term nal s. TistorQ¥lds bomfectetihea negative actatentOvolidge LV, aRARCAILCnhBGOYQN an RF-
choke L1 to an operating volt- age VpA and is al sO connected to an out put

net wor k. The typasscapaxditor.EheftiEsest afahe drives transistorscne beleedd iPcahmeni t  ( AC)
gr ound.

- Large-valued resistors R2 and R3 connect the common node to the respective
power supply rails.

A further NPN bipolar transistor N2 is connected in common base configu-
ration. The emitter of the further bipolar transistor is connected through a resistor
R4 to -Vp and is connected through a capacitor C3 to the RF input signal. The col-
lector of the further bipolar transistor is connected through an inductor L2 to V¢
and is also connected to a bypass capacitor.

Referring to Figure 25, input voltage waveforms 1-4 are shown for the cir-
cuit of Figure 24. The input voltage 1 is level shifted down one Ve (producing
voltage 2) and is then applied to the emitter of the bipolar transistor N2. A large
voltage sw-;ving 3 is produced at the collector of the bipolar transistor N2 by action
of the inductor L2. This voltage swing is level shifted downward to produce a volt-
age 4 that is applied to the bases of the driver transistors at node N. In operation,

during the positive half-cycle, initially the further bipolar transistor N2 is turned
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The. gate .of the FET transistor is biased fromsupply -VB through a | arge
val ue resi 9iosi/gdss and is further connected through a DC i setmU$mR20841
capacitor O to a pair of bipolar transi stors (driver transi stors)

Cner oo N S B A RBR R el Al Bl R CL PSR 5 e
i d |

LL%RZL?ESHO A’aﬁwé@gﬁ%&ggﬁtﬁ?a@%&ﬁﬁé ‘Im‘f%éfrc SEFNL S b v@%sf?xﬁan-

si stor %@gﬁﬁ&&ﬂm&& P RAgAL afﬁﬁ YE 13 e s%gg n cé’;ﬁtcﬁ&dci al so

connect Ed tO a ass capacitor. ase rver ran5| tors are

connect ed in up flof HE VY2 rgﬁﬁlgwg%l\é‘«’%m g1 1 GFE R 1, cafiing OO

node to the resp e pome

transistor N2 Itmeﬂraﬁe(mg%zn D@:‘H@ﬂhe esftive hafficte th@hire;@rb}taﬁr&%s&ster of

the further bipolar transistor is connected through a resis to -VB
and is connecttgeN? iy tat@h of. Cabae fib®s tHedugtothe Meiublor Lo ptough Sdfurthéhe col -

| ector of the further bipolar transistor is connected through an i nductor
L2 to VCC andransistat B to tren¥gtraill Curent biyp A6 ss oapsthé base oRMeNP Rgnsiso Fi gur e
25, input voltage waveforns 1-4 are shown for the cir- cuit of Figure 24.
The input vol tteml, turninglitane The B iseldticmvapaciter Clbdisdharges Uoweing thelghiege 2)
and is then applied to the emtter of the bipolar transistor N2. A large
vol t age swi ng petentialafdhir ED Mk, causingabtol teu off. e outpat hetpotlaoperatenigitbe or N2
by action of the inductor L2. This voltage swing is level shifted downward
to produce a \ﬁé‘l‘lﬁma&g@%ﬁ%usb’sde&meﬂed to the bases of the driver
transistors at node N. In operatl LLI’I mtl t.he p05|t|ve hal f-cycl e,
initially the furt Reterrngpe%fo Fiey FroBs £ SFNCRIALIF dBgTATh cthow ofeymoi-Hee 3

capaci tor Co dUures Rl ‘sﬁcﬁﬁ%“@%%ﬁgig” 4 Gl R e new
(Figure 26). B Aot R Binf BRIk drdGolPling SRS a&ap%ﬁl%%% i vac
supply, raisi 1ﬁcﬂx%t09’1‘,t “r‘smEh%B%‘éétﬁL ﬁ{;utﬁiﬁgffﬁfe %ﬁ]{s%ﬁb{% i poiltag [\/[” n on

(Figure 27). I ng t he negati ve Iransi s-
and a final stage M, are shown as FETSs, although in other embodiments bipolar

P-q

transistors may be used. The drain electrode of the FET M is coupled to a supply
voltage V 4; through a drain bias network including an RF choke L, and a capacitor
Cs. Similarly, the drain electrode of the FET M, is coupled to a supply voltage V4,
through a drain bias network including an RF choke L; and a capacitor Cyq.

Respective gate bias networks are provided for the stages M; and M. In
the case of the stage M, the gate bias network is composed of an inductor L, a
capacitor C; and a capacitor C4 connected at a common node to a voltage Vg1 In
the case of the stage M, the gate bias network is composed of an inductor Ly, a
capacitor Cg and a capacitor Cg connected at a common node to a voltage V.

The driver stage and the final stage are coupled by an interstage network,
shown here as a series LC combination composed of an inductor L, and a capaci-
tor Cg, values of which are chosen so as to provide a resonance with the input

capacitance of the final stage M,. The final stage M, is coupled to a conventional
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In the example of Figure 28, the driver stage, stage My, is operated in

switch mode. Referring to Figure 29, waveforms diagrams are provided showing

the input voltage to the stage M, at node A, the drain voltage of the stage M, at

node B, the drain voltage of the stage M, at node C, the drain current of the stage

M, at node D, and the drain current of the stage M, at node E. Note that the peak

value of the gate voltage of the final stage, stage M, (waveform A), is considerably

greater than in conventional designs. In this arrangement, the input drive of the

switch may be sufficiently high that the operating voltage of the driver stage may
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capacitance is neasured in picofarads and inductance is neasured in
nanohenri ewooifiabize 1 Capacitor pf Inductor nh Voltage V QICT/USGORI®I2 Vd1l
3.3 0210L233Vd232 C3 0.01 L3 33 Vgl -1.53 C4 27 L4 4.7 Vg2 -1.27
C5 27 L5 NA C6 C 7C1115
C125.6 1n theb el i Wb o r B Sufnly vy G nchlv

operated in }t}ﬁgﬁ Referring to Figure 29, Waveforms d| agrams are
provi ded ShOWI ng I'nput voltage to the stage M2 at node A, the drain
vol tage of the stagggii} cﬁ'EmtsQH@?e@{)eHﬁ%ﬁé&'?)\ﬂ@”ﬁ/gﬁaﬁeeﬁﬁﬁaﬁ&&ﬂﬁaw at
node C, the drain current of the stage Mat node D, and the drain current
of the stage Mutpht pfigof2WNote that the peak value of the gate voltage of
the final stage, stage M (waveform A), is considerably greater than in
conventional designs. In this arrangenent, the input drive of the swtch
may be sufficiently high that the operating voltage of the driver stage may
21 WO 01/10013 PCTI Hefd, theftias bben descrilseichowehn amplifietoitciip arrangetrieats, r educes
the DC supply power to the driver, enhancing PAE. Using circuits of the
type illustrat judingirbingcisntinandremnltivetags amaplifier cirenit, that pllaw popeecisef 2W

generation of a desired RF waveform without the need for feedback and with high

power-added efficiency.
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Hence, there has been described power anplifier circuit arrangenents,

i ncl udi NWOY0E3g circuits and a nulti-stage anplifier ci PEATUSO0/2084t al | ow
for precise generation of a desired RF waveform w thout the need for

f eedback and wi t hyhi gh ower.- added efficiency. 22 WO 01/10013

PCT/ US00/ 20841 V\M&ngssc%ﬁ%d Is: 1. A variable output RF power anplifier
conprising: voltage regul ator neans for producing a specified voltage

i t hi ol ' d i trol si | f
berform ng at I chst  ohdugole SyBEt &6 pppeTa gr?co&%%ﬁﬁ%f S;%Samdﬁ{ation;
and a power anplifier a final ficatli o e ha t he
speci fPed vol '[rggla as alogﬁlﬁ ?g"\%?rtrﬁ!ﬁ@s &)nﬁéllﬁlr:%agpe gf’ Si ng t he
final anplificat Idﬁﬂgiaﬁgﬁta% s D& thr?c@ @&ﬁl(ylx ée}f%%%??% ates,

hard-on state an sta opera ier in a

lin- ear operati ”Eait%ﬂberefvglrcoﬁﬂoﬁBﬁfs?EéxﬁM Gnld§h Cafff U1ME; Wherein

the anplifier is control hout cont | ndous or reqhent f eedback

adj ustment. 2. The app@?@héﬁnﬁﬁlﬂ&ﬂidlﬂcﬁng%ﬁﬂ%fbﬁﬂ%&h&%tﬁg’@fh ROk at or

means conprises a first sw tch-node converter stage and a second | i near
regul ator stage. spcifitd&oR#gdsal suppl§fvolthgd didha vﬁ?@f &ive digital 6asinghthende
converter stage provides coarse |evel control and the |linear regulator
stage provides fifiralraaiphification stagelto bé driveereppatadigtbesveeh t&bataes3a wher ei n
the power amplifier is hard-lim ited. 5 The apparatus of C aim 4, whereln
t he power anpl i fikardion statsandia hardtoffistaepwithow operting thecimiplifier tmehg-r oup of -
Class A, Cass AB and Class C anplifi- ers. 6. The apparatus of Caim 3,
wher ei n t he power eaxigpeiating region for gnaprrrciable percentage of time;

wherein the amplifier is controlled without continuous or frequent

feedback adjustment.

2. The apparatus of Claim 2, wherein the voltage regulator means

comprises a first switch-mode converter stage and a second linear regulator stage.

3. The apparatus of Claim 2, wherein the switch-mode converter stage
provides coarse level control and the linear regulator stage provides fine ramp con-

trol.

4. The apparatus of Claim 3, wherein the power amplifier is hard-lim-

ited.

5. The apparatus of Claim 4, wherein the power amplifier is a satu-
rated amplifier selected from the group of Class A, Class AB and Class C amplifi-

€1s.

6. The apparatus of Claim 3, wherein the power amplifier is a switch-

mode amplifier.

L
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nmode anplifier. 1111111212122 (0000 1000P 1~2 * t L a 23 WO 01/10013

PCT/ USO0/ 288381410613 The apparatus of Caim 3, wherein the poRET/USIRAB4l er is

a Class C anplifier. 8. The apparatus of Claim 2, wherein the swtch-node

converter stage provid | evel .conttal and ranmp control...9. .The, appar at us

of Claim 2, wherei n9‘t he 71@5’?%@’3@?‘8}?}?( HB?&OW\‘?T ﬂ@gh‘i?%{%a@@rﬁgﬁol and

| evel control ?ﬁl@hﬁ he apparatus of Caim2, further conprising neans for
on

receiving sai fol signal and in response thereto producing a first
control signal for the swtch-node converter stage and a second contro

shanal for Xhe | incRr oA Sl lrtdin A e kiR RRRLELR, Bhuieial by
for producing o%&e?ﬁevﬁp&%ﬁa%@@ﬁglcpﬁ%l.the swi t ch- nbde converter stage

and a second contt ol "signa I'near regulator stage. 12. The
apparatus of Claim2, further conprising neans responsive to a phase

control signal for generating. a,cardi.er signal. having a phase, nodul ation
characteristic, the’car r?@?a‘% itry o%g%i’a%bﬁr?%@ﬁl&egﬂ@?&ﬁ%ﬁm?p%?r'rpl ifier.
13. The appar ag s pgwp%glﬁgi%@ge%%&&the nodul ation signal is a mag-

ni tude control "sirgna signhal is anplitude nodul ated. 14. The

apparatus of Caim 13, further conprising a nodulation encoder responsive

to o dara signal fog,0engalinb S oA Al BRphehs Hahfhr 30diilg® Phase
said control signal and in response thereto producing a first control signal for the

switch-mode converter stage and a second control signal for the linear regulator

stage.

11.  The apparatus of Claim 2, further comprising a magnitude driver
responsive to a modulation signal for producing a first control signal for the
switch-mode converter stage and a second control signal for the linear regulator

stage.

12.  The apparatus of Claim 2, further comprising means responsive to a
phase conirol signal for generating a carrier signal having a phase modulation

characteristic, the carrier signal being applied to the RF power amplifier.

13.  The apparatus of Claim 12, wherein the modulation signal is a mag-

nitude control signal, and the RF signal is amplitude modulated.

14.  The apparatus of Claim 13, further comprising a modulation
encoder responsive to a data signal for generating the magnitude control signal and

the phase control signal.
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WO 01/10013 PCT/ US00/ 20841 15. The apparatus of C aim 14, wherein-the
modul at i W @AGMAer oper- ates in a polar coordinate syst eRETAS002088
apparatus of Claim?2, further conprising: a plurality of anplifier nodul es,
each anplifi er mydul e 14e@Ppdrinus bP Elaifh FWhERITT nGRINRh ibodsPUpa @ pOver
I nput, a power out- put and a control 1nput; a regulator having a power.

I nput, a pO\&ﬁfsi&Hb@l&Ec@d?dinﬁteCs@Etenim' i nput, the power input of the

regul at or being coupled to the power output of the swtch-node converter;
a magni tude driver responsive to a nodul ation signal for producing a first
control signal cqgpl eet'}fe%pf)ﬁlﬁtlﬁ%?dﬂni,'fﬂ‘ﬂer‘éi)m HengSW t ch node converter
and a second control signal coupled to'the control I nput of the regul ator;
and an RF power anpl i falﬁmﬁ@vdﬂﬂlﬁiﬂ&?ﬂrohhﬁﬁ,aéacﬁ%?ﬁﬁéﬂﬂ@duleH&H is-& power
out put of the regul ator supplying a operating voltage of the RF power
amplifier; an RFisggnal applied in common to all of the RF power
anplifiers; and a nmagnitude driver responsive to an overall nagnitude
signal for generating one amwitthmeodeagni¢rtedhaving agosierinpht a ppwengut- t ude
drive signal being applied to each of the RF power anplifiers. 17. The
appar at us of O ai m 16,puhamt @ conteol snpubir at e respective magni - tude drive
signal s are generated for each of the RF power anplifiers. 18. The
apparatus of C ai m 16, wheradiegulatoshayjng apaysr inptie a@ewerowpatrand a dog- appl i ed

in coomon to all of the RF power anplifiers. I I"I"I LLI L iii™ 111 1 "l
25 trol input, the power input of the regulator being coupled to the

power output of the switch-mode converter;

a magnitude driver responsive to a modulation signal for
producing a first control signal coupled to the control input of the
switch mode converter and a second control signal coupled to the
control input of the regulator; and

an RF power amplifier having a non-linear oberational
mode, a power output of the regulator supplying a operating voltage
of the RF power amplifier; |
an RF signal applied in common to all of the RF power amplifiers;

and
a magﬁitﬁde driver responsive to an overall magnitude signal for
generating one or more magnitude drive signals, a magnitude drive signal

being applied to each of the RF power amplifiers.

17.  The apparatus of Claim 16, wherein a separate respective magni-

tude drive signals are generated for each of the RF power amplifiers.

18.  The apparatus of Claim 16, wherein a single magnitude drive signal

is applied in common to all of the RF power amplifiers.
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WD.01/ 10013 PCT/ US00/ 20841 19. A method of controlling a power anplifier,
conpri si ngvogbmeMat i ng a specified voltage in accordance whRGF/GE0 }ol
signal for performng at |east one of |evel control burst control, and

nodul ati on; applyijag t Iy ?Qm ?gyv% b ier as a
supply volt- age ofI@a fpﬁa a%%th |C\I{?A%n stage "0 them% anplifier; and
repeatedly driving the (ge hﬁ%@éﬂeﬁﬁﬂé&%ﬁ&%ﬁh%&r@ﬁc@%ﬂﬁé&ﬂu&m a
hard-on state and a hard-of f ate, without operating the anplifier in a

lin- ear operating foepérmin atdéastote o tévabtshtiof Hues taifol dndirhedilatioher ei n
the anplifier is controlled w thout continuous or frequent feedback

adj ustment. 20. The net hpplybig the spevified voltagettb apowenmnplificras apwply nat-an RF
input signal to the RF anplifier, wherein the RF input signal is phase
modul at ed. 21. The ageblfiadinal anilicati@Ostagewnfithepoveargmplifienignd encodi ng data in
pol ar coordi nates to produce a magnitude signal and a phase signal; and
generating the RF input repegtedly drivisgthefisahaeplification Bteg@lbﬂlweemtw\@rs@att;s,

wherein said nodul ation signal is derived fromsaid nmagnitude sig- nal. 1
{ 1"Vill11flhi,iiiighasdjon statelapdadard-off state, without operating eamphﬁer inalin-

ear operating region for an appreciable percentage of time;
wherein the amplifier is controlled without continuous or frequent

feedback adjustment.

20.  The method of Claim 19, further comprising applying an RF input

signal to the RF amplifier, wherein the RF input signal is phase modulated.

21.  The method of Claim 20, further comprising;
encoding data in polar coordinates to produce a magnitude signal
and a phase signal; and
generating the RF input signal in accordance with the phase signal;
wherein said modulation signal is derived from said magnitude sig-

nal.

\\

D o

26



