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LOW DI STORTI ON PONER AMPLI FI ER Field of the

| nvent i orwo 99/85783 This invention relates in general toPGIWSIS/ABRSPifiers
and, in particular, to high efficiency power amplifiers.

Background of the Invention | O P tus are avail able for
anplifying signals. In iiﬁhkpﬁfﬁbﬁEKNX5ﬁﬁﬁﬁﬁﬁ3®M§J¥ﬂ% I nvol ve the
anplification and transm ssion of nodul ated signals, a premumis

pl aced on anplifier effieiency. In addition, because many nodul at ed
signals contain information igitile 2NMHd LIHJEnGBNKE! OPe and the 15 phase of
the signal, a premumis pIacéU‘ﬁﬂ‘TﬁE‘ﬁb#Tgrg-ﬁo Create a hi gh
fidelity reproduction of the signal. In particular, the anplifier
preferably exhibits very | ow anplitude distortion and very | ow phase

di storsi on. This inveditioninietatesoms generadsto viower camgtifieranandt i gnal s
20 having information in both anplitude and phase, are an exanple

appl i cat i graniicutar,t tesbiglaefficiencir pawer amplifiersw di storti on al | ows
t he conmuni cations devices to communicate nore reliably and hi gh
efficiency allows the devices to operate |onger on a single battery. 25
One net hod of achi eving inﬁéiagﬁgtﬁqiiﬁiggcinig ﬁg use saturating
anplifiers. Saturating anpl ; anplifiers, achieve
t he goal of high efficiency at the expense of nonlinearity. Nonlinear
anplifiers, however, cannot be used in applications where information

i s compai ned i nyihguamapphvaris3Grecavellabre Foeagaplitfinlg igigAamt tpn i s
corrupted by the nonlinear
amplifier applications that involve the amplification and
transmission of modulated signals, a premium is placed on
amplifier efficiency. In addition, because many modulated
signals contain information in the amplitude envelope and the

15 phase of the signal, a premium is placed on the ability to create a
high fidelity reproduction of the signal. In particular, the
amplifier preferably exhibits very low amplitude distortion and
very low phase distortion. |

Communications devices, which often transmit signals

20 bhaving information in both amplitude and phase, are an example
application where these qualities are in demand. Low distortion
allows the commun"i"cations devices to communicate more reliably
and high efficiency allows the devices to operate longer on a
single battery. .

25 One method of achieving increased efficiency is to use
saturating amplifiers. Saturating amplifiers, such as class C
amplifiers, achieve the goal of high efficiency at the expense of
nonlinearity. Nonlinear amplifiers, however, cannot be used in
applications where information is contained in the amplitude

30 envelope because that information is corrupted by the nonlinear



- 2- anplification. When anplitude information has been corrupted by
a nonlinear anplifier, anplitude distortion has occurred. I n
addi t i onwigpegthsedzorti on and | oss of information, nonlinear PCT/US84085%6G on of
saturated anplifiers causes an increase in 5 internodul ation products.

| nt er nodul ati on products cause undesi rabl e amounts of energy to be
present in frequency bands other tBan the one intended for use. This
undesi rabl e energy i commonly quantified and terned Adjacent Channel

Power (AcrgmplificaéllazséAVh@waﬁmgmd@émf@rmatm has keereccarruptedi byer to
has trad 1 haRIeReaMgTAb APPURR StonShias epeurads "ot urati on,
oroducts to rioh” don' 8 isfrhon. arith 858 of rfBtRGTIY: BRRBREAEC < have
desi 1 abl o HeEo e D a0 g L icreme M i y et Ti ci ent

sat ur aki ndngéefphodulkitiort hrotluctebvi lmténgotintatiee dpfeduets redesef f o
bet ween the two. Accordingly, a need exists for a high efficiency

sat ur at i ngurxdesitatpei aiverurtst df #nerggato beppreseirt irsiequenaydoandal ting | ow
anplitude distortion. A need al so ?xi sts fqQr a hi gh efficiency
sat ur at i nPtiepI thanetne e dntanslads fobWsent ekhisqundestsable qngroy. is

B e Rk SRR 4O chert Adagert CREnbBLPbRRR LGB, Tt o2 o
the inventgofedilly high levels of ACP can cause an amplifier to be
10 unsuitable for a particular application.

Since efficiency has traditionally been gained by driving
amplifiers into saturation, and since driving amplifiers into
saturation causes intermodulation products to rise, high
efficiency and low intermodulation products have historically

15 been traded off against each other. It would be very desirable to
achieve low intermodulation products in a highly efficient
saturating amplifier, thereby obviating the need for a trade-off
between the two.

Accordingly, a need exists for a high efficiency saturating

20 amplifier with a linear amplitude response and resulting low
amplitude distortion-." A need also éxists for a high efficiency

saturating amplifier that exhibits low intermodulation products.

Brief Description of the Drawings
25

The invention is pointed out with particularity in the
appended claims. However, other features of the invention will

become more apparent and the invention will be best understood



.becone ‘nore apparent and the invention will be best understood

- 3- by referring to the follow ng detailed description in conjunction
with t hwo®808m™3anyi ng drawi ngs i n whi ch: FI G 1PCRARE8/9858¢ agr am
of an anplifier circuit in accordance with a preferred enbodi nent of
the present invention; 5 FI G_y2 shows a di agram of an envel ope
anplifier in accordance with a préferred enbodi nent of the present

acoor dandy JPISTIR debdliedaioRRe SRR e RiBIT IR COMGREACRY, & 4"
shows anyimﬁléagccfo%p?% ? eqt}ma%ngﬁdwivpﬁic}p distortion caused in a

power a er in acco enbodi nent of the present

i nvention; ang|G, 1 showsFaGdidgrahovef anf benpifier icifcRiit n Neéd@rdaeicd educi ng

distortion in an anplifier in accordance with a preferred enbodi nent

of the pwmittera prefentécdbrembbdiment of the present Dewveintieh;Description of the
Dr awi ngs General ly, the present invention_ _hel ps solve the
aboveb i ddfa.i i hows od| dagram pf An envelapgoasiPlfign Ifier circuit that

phase of 20ROTARGe BEnd Prafeired: RENPUENER off DincORRank IYQAUST i
rovided as f K_,l LXcui . s F ! a di agram of

gn anplifier ﬁﬁ%ﬁ?ts’#w’gcﬁﬁa@#&@ O? a\ﬁ%ﬂ"ﬁ”%?%ﬁé%eée@%\gﬁ? ment gf t he

present ijaueplihABe ﬁ'ﬂﬁe'a‘PP%ngéodﬁhéﬁi"@ft 8 Brekd s imiahtion; (EER) -type

anplifiers suc% as the one shown in FIG" 1 are recogni zed as high

ef ficiency amiid.i arshows a flow ch&R for a tresthodaoé redueirgd whi ch hi ghly

efficient but .
10 distortion caused in a power amplifier in accordance with an
embodiment of the present invention; and
FIG. 5 shows a flow chart for a method of reducing
distortion in an amplifier in accordance with a preferred
embodiment of the present invention.

15
Detailed Description of the Drawings

Generally, the present invention helps solve the above-
identified problems by providing a power amplifier circuit that
20 amplifies the envelope of the input signal separately from the
phase of the input siénal, where the 'envelope of the output signal
is prdvided as feedback into the circuit.
FIG. 1 shows a diagram of an amplifier circuit in accordance
with a preferred embodiment of the present inventibn. Envelope
25 elimination and restoration (EER)-type amplifiers such as the one
shown in FIG. 1 are recognized as high efficiency amplifiers.
EER is a technique through which highly efficient but

nonlinear radio frequency (RF) power ampiifiers can be combined



nonl i near radio frequency (RF) power anplifiers can be conbined

-4- with other, highly efficient anplifiers to produce a high

ef fici encwd o9nsags anplifier system The detected envel ope iscrus9s/osssy | fied
efficiently by a class S or other highly efficient power anplifier
which only has to operate on the bandw dth of the RF 5 envel ope.

Anpl i tude nodul ation of the final RF pofer anplifier restores the
envel ope to the phase nodul ated carrier _creating an anplified replica
of the inpuVitsi ghaer, highly efficieptramplifiesapta rpreduae iachighes pover

di vider 210, .envel ope detector 220, difference applifier 130, envel ope
anplifier 2HCIEREY ﬂf'?ﬁ%fera%@ﬁ%axé empl H‘Pefiei%@t,ecg?ﬁfﬁf@Pp%Zs, and

envel ope t QF: ¢ -1y i fi 0,.r | V. an .RF input into
pover i vi T sificierlly, BYCA KEeS: bt Blnerei G Stleltha powdt | oy o
an ampl i t udgmpiifir Which oMylha06! perals! 6t fo B2lh se path
whi ch feeds | P‘% ter 240. 1 %Eerdgﬁa@g @;et h o dvgggj??/fpéh%nﬁ I fier 10

i ncl udes | ienveiope. Andituded npsawiationpbf fther fi2@). RF Bdwér 2Apligesi ves the
si gnal out put from power divider 210 and anplitude limts the signal.

Li miter 240esiorase thei envelope taalhepphiasermsadulatedi camipr bréating ahimiter
240 preferabl ﬁ,Perfor ) har\fc,ivI limti nig so that the output 20 of limter 240
cont ai ns plAERlfigdrARIIFBNOH the IinpYT signaho anpl i tude information.

The, i fude 11 gkkes) SURDIBKLPHY HeBBes, mowhl H6iR T BRI oMl Lot
st 25 oSGt 2RO atliefeht e et fters (R eriBHe) Apheffugtre ol "
pat he. Becauee Cha. of dforod mobad ey CLUPRer B i Selobe Fon
provi des otdetecharai20.o BEEbiype simpliteddiCayecaivelsi ag. RF input into
power divider 210. Power divider 210 splits the RF input signal
into an amplitude path which feeds envelope detector 220, and a
phase path which feeds limiter 240.
15 The phase path of EER-type amplifier 10 includes limiter
240 and power amplifier 260. Limiter 240 receives the signal
output from power divider 210 and amplitude limits the signal.
Limiter 240 can be omitted, or can perform soft limiting, but
limiter 240 preferably performs hard limiting so that the output
20 of limiter 240 contains phase information with little or no
amplitude informatian. The amplitﬁde limited signal output from
limiter 240 is input to power amplifier 260.
Noticeably missing from the preferred embodiment shown in
FIG. 1, is the time delay element found in the phase path of most
25 conventional EER-type amplifiers. The time delay element
normally functions to balance the delay in the amplitude and
phase paths. Because the preferred embodiment of the present

invention provides other means to accomplish the delay matching,



-5- . the tine delay elenent may be advantageously omtted. This

advant ageous feature of the preferred enbodinent is di scussed further
in conngedbsyos7es t h t he anplitude path and the envel ope PCEMAI$IBIOBIS6 bel ow.
5 The anplitude path of EER-type anplifier 10 includes envel ope
detector 220, difference anplifier 130, and envel ope anplifier 270.
Envel ope detector 220 detects the envé$bpe of the RF i nput signal and
out puts an envel ope signal which represents e anpli tudﬁ]j nf ormati on

t A
cont ai nedthien time delay @iement; may: beo advaptageoursilye poptieget ebhisr 220 i s
preferably,a di ode detector however ot her, t f. det ectors, such as
a synchro%‘fhﬁ%n %‘?H%r%atmr%a%jewﬁp@f?férrc%{]tﬁrlgb8§ﬁ§%9§q'sm%}<%qd,s%I d be
used. further, i ééﬁﬁgggﬁna h thé'a ithBECPpYAY ang HéOLétn\%TBQEOpe si gnal
from envelope det ector and conpares It to an output envel ope 15 signal
gener at eda fiplffeel Beowet ector 120. The out put of difference anplifier
130 is a slightly distorted version of the | nput envel ope signal. The
di stomtion int Theuesdplitude gfathabf yEER-tyme uamplifieropporidledasy distortion

i ntroduced by power anplifier 260. To _a.ccongl ish this distorting
f unct i on, envelaperdetentier i22Qr differamce namplifigre 180t handt Bavelgne envel ope

o 7RG 270: o EETRRAE ST, 22l RSt o Rl e
b’ oor{ or i WSt signal" Wid Bale &n° efivefind 'Mgfial WS Fodtdtils ' S5%0
be 25 i nple Eﬁ%\ﬁ?i@rfﬁ%iaﬁbh ‘?:forﬁ%n Vi’ﬂyﬂwehel‘ggif?eﬂ htFiiﬁgefeferab'y

an operationa vel ope detector 120 and envel ope
det eafoor gighall e Envelppef eetdttorn820hizd prefdrably tdadiodet detsttopduce t he

same effects
however other types of detectors, such as a synchronous detector
based upon a double balanced mixer, could be used.
Difference amplifier 130 receives the input envelope signal

from envelope detector 220 and compares it to an output envelope

15 signal generated by envelope detector 120. The output of
difference amplifier 130 is a slightly distorted version of the
input envelope signal. The distortion introduced is breferably
equal and opposite any distortion introduced by power amplifier
260. To accomplish this distorting function, difference amplifier

20 130 may'scale either the input envelope signal, the output
envelope signal, or both before amblifying the difference. In
cases- where it is advantageous to have nonlinear scaling of the
envelope signals or of the difference signal, it can be performed
by difference amplifier 130. Difference amplifier 130 can be

25 implemented in a variety of known ways, however it is preferably
an operational amplifier.

Envelope detector 120 and envelope detector 220 are

preferably matched so that they both introduce the same effects



- 6- on the circuit. Wien both envel ope detectors are nmatched,

possi bl e distortion introduced because of m smatch is reduced. Furt her,
envel opewtpbgasshgy 120 and envel ope detector 220 are preCensbsgsssocat ed
wi thin the sane package and are manufactured 5 on the sanme substrate.

Coupl er 262 is used to sanple the output signal for the f eedback. O
course, any neans for sanpling the outpért signal coul d be used in place
of coupler 262 while still practicing the present invention. Coupler
262 takes en sthepcircoit. t WYhRR. beth envelopeadetectorarmref sratehied, back into the

anpl i tude path_ through .envel| ope, det ect or 0.. This feedback arrangenent
provi des t;ﬁ@ssmﬁe vé!sl%ﬂwny@rgé#qpe&%ﬁcql&ﬁjtﬁ%@‘@m%ﬁ?harﬁ%l'iqqcl%?re perating
at very ' fre y Wt t e c [ty of i.n ack the very
hi gh frequ%H@b%E’i &5’31%388%8%%% 134 2 Sivslohes deltSEhr g@@pgﬁ% are

di ctated v ihd aégj?o afﬁ?“ 1.d - he
benefits rétfﬁgaﬁl edﬁgg%%dégﬁ%&%ue % Pgtcﬁlgglgrze %\é\bt h{ehnufac@%g gnal s
i ncrease i¢nfiRIGAMEE - substrate. In practice, experinental results have
shown that a significant inprovenent in internodulation products can be
20 achi eved w Coupler 262 |ispasédddbsakmple the diBput ysignahfbr fther as

shown in FIG 1. The_nethod and apparatus of the present I nvention as

embodi ed ifieedbackl sQOf feauirse; 13ny Mpeansstorngamplingnthe msdpuhtsignal
per f or mance

operati on %‘Pn'gf% %elu%%tinge)@égﬂéélf:gbeﬁ gblzovgﬂyﬁétﬂt)iﬂﬂgg)ﬁg&@ﬁt@%ﬁ% gd.
the envel dpteantVestitu, “CoBbjer38a: takss. A SEnMRE, FEPb15E" S8 Ves ho
g;ggg 1{?>ioasw3fvelﬂ9r“|"ﬁrand feds it 19aciklGRto BReAHATIRNYE! pBEh AfPbLgher 270 only
envelope detector 120. This feedback arrangement provides the
well known benefits of feedback to an amplifier operating at very
high frequency without the necessity of feeding back the very
high frequency signals. The bandwidth requirements of the loop
15 are dictated by the envelope bandwidth and not the RF bandwidth,
so the benefits of the feedback can continue to be realized as the
RF signals increase in frequency.
In practice, experimental results have shown that a
significant improvement in intermodulation products can be
20 achieved with the envelope feedback in the EER-type amplifier as
shown in FIG. 1. 'I;He method and épparatus of the present
invention as embodied in FIG. 1 sufficiently improves the
intermodulation performance of the EER-type amplifier to allow
full power, saturated operation and still meet strict adjacent
25 channel power requirements that otherwise could not be met.
Envelope amplifier 270 amplifies the envelope signal output
from difference amplifier 130 and drives the drain bias of power

amplifier 260. Because envelope amplifier 270 only needs to



-7- - operate on the bandw dth of the envel ope rather than at the nuch
hi gher RF bandw dth of the RF anplifier, envel ope anplifier 270 can be
an i nexpwospmesrsand efficient anplifier with | ower ban ®&TFY98/08556
requirenments. One skilled in the art will recognize 5 that there are many
possi bl e ways to inplenment envel ope anplifier 270, but in a preferred
enbodi nent, envel ope anplifier o70 is a class S anplifier.

| evel

Envel ope anplifier 270 .a i fj.es e envelope signal, to a

comensur QPErge; AN ﬁéed@nﬂﬁ'(ﬁitﬁu?ﬁoﬂ?e. W'BB?p’IﬁtHSF thad # the ek e
anplifier,j | yef o LEi .

resul t ant h@%ﬂﬁ@%d@w}ﬁhéf gﬁ%sgim%gﬁ'ggpkbbb%pe. c%mlpﬁlg%rr?@or es the
envel ope, cRHOBWC iahd iﬁéxﬁ?ﬁéi’v@ ethd &HitRhtOhmplifier! RAtA NBWerSi gnal .

FIG 2 shows a diagramof an envel ope anplifier in 15 accordance with a
pr ef er r edbandeddtte requiirementy.esOne iskiltad iinnthe art Wil etemoggrdppl i fier 270
i ncludes difference anplifier 272, pul sew dt h nodul ator (PWW) 275,

dri vers 28thatsiiereniarg many tpegsibler ways2$e, impement erivedepe290, and

vol tage scal er,. 2 i ffere cg rg)l ifier 272 receives the input

to envel oﬁ@'@'ﬁie"g%ﬂqf but i@?@ ??{f&ff%ré a dimenty SB¥P & ARNRIHIESF ¢ he
out Ut of a7 s ALTBRE S RGRL 210 Ih, Soal e version of the output of
S Thew 2 oo SHlopb, ARyl 70, IRARRONE dhidigpe, dfbE 5. 472, 0,
The sanpl jg\@iotofrigeAstrite Withotieé edédited output. dITHRStoupaRest tgg, however
sanpling nmeans that introduce |ess circuit loading are al so suitable.
10 envelope amplifier is the power supply for RF power amplifier
260. The resultant remodulation of the phase modulated RF
carrier restores the envelope, producing an amplified replica of
the input signal.
FIG. 2 shows a diagram of an envelope amplifier in
15 accordance with a preferred embodiment of the present invention.
Envelope amplifier 270 includes difference amplifier 272,
pulsewidth modulator (PWM) 275, driver 280, switching
transistors 285, low pass filter 290, and voltage scaler 292.
Difference amplifier 272 receives the input to envelope
20 amplifier 270 and compares it to a scaled version of the output of
envelope amplifier 270. The scaled version of the output of
envelope amplifier 270 is produced by sampling the output of
envelope amplifier 270 and sbaling the resulting signal with
voltage scaler 292. This signal path provides feedback within
25 envelope amplifier 270. The sampling of the output is preferably
a direct connection, however sampling means that introduce less

circuit loading are also suitable,



- 8- Difference anplifier 272 may scale either or both of its

I nput signals before anplifying the difference. |In cases where it S
advant aggerggssgshave nonlinear scaling of the envel ope si gpetasesnssss of
the difference signal, it can be performed by difference 5 anplifier 272.
In the preferred enbodi nrent as shown in FIG 2, vol tage scal er 292
scal es the sanpl ed out put and differenée anplifier 272 does not scal e
either of its input signals. Difference anplifier 272 can be

i pl enented in &ifiaa'eheeyamiplifier mmwyspammmr ier ikotpr efeitabl y an

operational anplifier. WM 275 performs pul sewi dth nodul ation of
the envel dpput sngaabwaefem p%mpﬂlmﬁgdrtheeeléfﬁf@n&@m i N Gase® wheps dauce a

pul sew dth noqul at ed Si naI as a dut cyc pr o l?ﬁl onal. to
bl 1 ude 181 SEVRTA0RAUSD A Ve momiitied), Staling! R 08 BB %re%osgﬂa@ s
Lhen fed g gy d%ﬁ&ef%@ 55ghan h' 285! Bboprbimddhynetungass 111 er

290, in response to dri s an anplified
versi og ofarhpffier omg. Olfn ﬂhéfﬂe@éﬁr@d emb@dmﬁeﬁi *fs %ﬁ%wn in FIG, 2,In this

circuit arrangenent, the output of difference anplifier 272 1i's i nput
to PWV 275/dlt=agtersddian 292 swalet ot Sgmpled butipeitngndi ditétgndenput into
PWM 275. The resulting feedback causes the output of envel ope anplifier

270 to matampliiey 273sdogswnoh scalet gBhenpat its ivputl sigmadempl i fier 270,
del ayed ?Bstérégéﬁé‘%?nﬁqf‘%ﬁaﬁ canPeHpsSIonsed it pevABEGePhyed
(el Ve AR WK ROWERIS) G0F ATatBrM B SRR B, oL e
TTLRERS! WM, TSNS B SRR ATI A OB ERy Bl S
In the signal output from difference amplifier 272 to produce a
pulsewidth modulated signal which has a duty cycle proportional
to the amplitude of the envelope signal. The pulsewidth
modulated signal is then fed to driver 280. Switching transistors
15 285 and low pass filter 290, in response to driver 280, produce a
signal that is an amplified version of the output of difference
amplifier 272.
In this circuit arrangement, the output of difference
amplifier 272 is input to PWM 275 rather than the envelope signal
20 bemg directly input into PWM 275. The resulting feedback causes
the output of envelope amplifier 270 to match very closely with
the input of envelope amplifier 270, both in amplitude and phase.
The output of low pass filter 290 is delayed relative to the input
of PWM 275, but it is not delayed relative to the input of envelope
25 amplifier 270 because of the effects of the feedback.
Conventional EER-type amplifiers exhibit a significant time
delay in the envelope amplifier because of the delay §ntroduced in

the low pass filter following the pulsewidth modulator. In the



-9- . - preferred enbodi nent of the present invention as shown in FIG 2,
the effects of the delay introduced by |ow pass filter 290 have been
renoved Rkyobéres7eeedback. The inportance of the |ack of RICT/HE98/08556
envel ope anplifier 270 becones apparent when viewing 5 EER-type anplifier
10 as a whol e. As previously nmentioned, conventional EER-type
anplifiers I ncl ude a del ay el enem?in the phase path to match the

delay in t he envel gpe anpl i L@er | ow pass filter. Oten this delay mnust
be ne@@feere\%ewm@mm 2hdheapresen ﬂravwgar@§eﬁhowns.lrgrﬂﬁcam 10

o o1 or r ed ettt ob ik BpfLA AR AL JaM RERCeE 28D haVe: ne ol ay

' h h
conpl oxt 3’559“%5%#)’ W Befbzoic W Initittance GLiRENGECSE O L
EER t ype 18ela3Mih i éhwsiopet amﬁmnéﬁwloﬁ%dmﬁes apparsfbadried viewingy the

other. The cl 6sed | oop envel ope anplifier shown In forns
i nner fseedBEM-typopamplifieput@ras eedbhole.l oop is forned by det ect | on of
the restored envel ope at the output of the EER-type anplifier. The

GSing. o difier Oﬁfemevwfs.d’yéﬁm&nwwmgﬁ e BT e trﬁ'émfrl tiera) ope
envelg(lzpe a'ﬂ?fqg da Yse IsE¥enY; ﬂ'ﬂgﬂec’a @ﬁ?n@ath to 'P'Wécg dalay |Flecessary
distorti Z%%W&@ﬁ% Rifetler [PV, BBES Jfiter. "OHEN {HEYGRE] LIRSS .,
o 2 COMpGehbasefP ol s GESHMIBETAnLPydaBre Bl Tt o

t he present I ons I'nc S power
anmpl i fiiger éxpsnsé 37he removdl aftibendeRdp .in Releanddtuded patlhi 4§ Uhttha20 may

be any of th | ow di stortion anplifi'ers of the present invention,
i ncl udi ng pr_eferred embodiment exemplified herein allows the removal of
the delay in the phase path resuiting in cost savings and
decreased circuit complexity.
The combined circuit of FIG. 1 and FIG. 2 forms an EER-type
15 amplifier with two feedback loops, one embedded within the
other. The closed loop envelope amplifier shown in FIG. 2 forms
the inner feedback loop. The outer feedback loop is formed by
detection of the restored envelope at the output of the EER-type
amplifier. The detected envelope at the output is compared to the
20 RF input enveiope usmg a dlfference amplifier to generate a new
signal to drive the envelope amphfler This new signal contains
the distortion necessary to make the input and output envelopes
nearly identical to reduce distortion in the amplification process.
FIG. 3 shows a diagram of a communications device in
25 accordance with a preferred embodiment of the present invention.
Communications device 300 includes power amplifier circuit 320
and antenna 310. Power amplifier circuit 320 may be any of the

low distortion amplifiers of the present invention, including for



-10- exanpl e, EER-type anplifier 10 (FIG 1). Communications device

300 may be one of many different devices capabl e of conmuni cati ons.
Exanpl es woobostes but are not limted to, i ndi vi dual sPOBUSIMBSSQUNI t S
in a satellite comuni cations system 5 anmateur radi os, business band
radi os, two way pagers, and cel l ul ar phones. ' FIG 4 shows a
flowchart for a nmethod of reducing -1l8rstortion caused in a power

anplifier in accordance with an, enbodi ment of the present invention.

Met hod 400ekagirle, EER-vpe amplifierol0i (Flfhi th aFommunicatienRs devisgiit into
an anplitu omponent and a phase, c onent. After, step 410, the
anpl i tude QSO %&@n@rﬂe 8&@“?9)5 ﬁﬁ%ggnt:ﬁg‘?ﬁﬁncatﬂamﬁeoﬁ nput signal can
each [f {th Ci h t ) - Next, in step
420, an angﬁﬂﬁngiéeaﬁ&e dpegglbm%gi @cgl?%%ru?é’g %‘? nefs:[ gn}'tuergcttf)bn of the
anpl i tude FRAMAAEN sUbschidernbuitssSignal satdllite corﬂfml&ﬁi%a‘iwd@ts{?tﬁét@ﬁ@,' . To

acconplish this, an envel ope detected version of the outp signal is

fed back i atmatelue @dibs] busiregshband radibs, rtesumay pagers| fard envel ope
signal contains information fromthe input envel ope as well as the
out put enveelplar phangs 20 the anplified envel ope signal contains

o orat o0 1T OIS shang S ATt & DeclRY o Fse, 0P, Siamal 1
e iegion S Sised A Pov Ammiiarain dfediRacs SnBR S0 °pr oauced
o5 uncl EASSASENE S 0% pHBSer loroe! iRod 400 BUGRIE i, ©7) ! oP°
10 step 410, in which an input signal is split into an amplitude
component and a phase component. After step 410, the amplitude
component and the phase component of the input signal can each
be modified without affecting the other. '
Next, in step 420, an amplified envelope signal is produced
15 as a function of the amplitude component of the input signal and
of the output signal. To accomplish this, an envelope detected
version of the output signal is fed back into the amplitude path.
The resulting amplified envelope sighal contains information
from the input envelope as well as the output envelope. Because
20 the amplified envelope sighal contains information from the
output signal, the émpliﬁed envelobe signal is predistorted in
such a way as to decrease the effects of distortion caused in the
amplifier chain following the émplified envelope signal. In a
preferred embodiment, the amplified envelope signal is produced
25 as a difference between the input envelope and the output
envelope. This function is exemplified by difference amplifier
130 (FIG. 1).



-11- : After step 420, step 430 nodul ates the phase conponent
with the anplified envel ope signal to produce the output signal. Thi s
nodul at iwo soms7s3e perfornmed by nodulating the drain of a PCTHSEQBSES f ect
transistor (FET) amplifier. In this way, the anplified 5 envel ope signal
functions as the power supply of the fjnal RF anplifier. As a result
of the steps in nmethod 400, the outpul 1- signal is a nore faithful

Comvononal nosta8 420! 918 MR okl s bRERE St ho of
I 10

oo na iy thi Shaiied "eRVel0BE Sibfki 1B BREQUCSE e WliBuR BERAETTCC |
| nput 8'9 L'rﬁoﬁﬁfﬁ%ﬁ‘i‘fam%B’giuétlg%l?ﬁeanﬁgtm%’b‘{ﬁéﬁﬁ HePWhin of a Then, in

step 520, e envel ope of the si gn I's sanpfed prod%m ng an

out put enﬂéld)peffecgrtaéns@tber(m?)I@mﬁhfmvel pPahi® waygnie iamg@afiedt ed and
t he out put envel ope signal is sanpled, first signal is produced in

step 330 emveldpmcigoal dﬂncnensms the pmwerr apuppdy gofattise final RF Thi s
first signal is anal ogous to an "error"” signal in a conventi onal
f eedback &mplifighecAss? l’QSLt!brﬁfa'lh% Stﬁp§rl?atmelrhcﬂ) 400.0theceutpte i nput and

scal od andiann's i ire: ihliRerGalotiop, o8 b 9L el e 71 &rence”
sronal . could"thefifee B qpiain@y 67, pdfre0UEnal Sl L T Go s
produce 25 antl:q@al 5f$mv?nael|§ﬂ%h§mm@l a Methedieredudn garrpl i fier that

anplifies the rst signa wn as envel ope anpllfler (FIG
2) . lip st dpstoflonreran t amplifieat isi goedbrdancaivithi ed.prefgrred  anplifier

preferably contains a feedback | oop. The output of the
embodiment of the present invention. In step 510 the envelope of
the input signal is detected producing an input envelope signal.
Then, in step 520, the envelope of the output signal is sampled
producing an output envelope signal. After the input envelope
15 signal is detected and the output envelope signal is sampled, a
first signal is produced in step 530 as a function of the two
envelope signals.
This first signal is analogous to an “error” signal in a
conventional feedback system because it contains information
20 from both the input and the output. In the preferred embodiment,
the output envelope signal is scaled and then the first signal is
produced by taking the difference between the input envelope
sighal and the scaled output envelope signal.
Then, in step 540, the first signal is ampilified to produce
25 an amplified envelope signal. An example of an amplifier that
amplifies the first signal is shown as envelope amplifier 270
(FIG. 2). In step 540, where the first signal is amplified, the
amplifier preferably contains a feedback loop. The output of the



-12- anplifier is fed back to the input of the anplifier after being
scal ed. The scaled output is then conpared to the first signal,

produci Rgodepeeend signal which is then anplified with a ®EcIssSI®08556
anplifier. The class S anplifier generates a pulsewidth 5 nodul ated signal

having a duty cycle proportional to the second signal, and then the
pul sewi dt h nodul ated signal is | ow pas&- filtered to produce the
anplified envel ope signal. Then in step 550 an anplifier stage is

nmodul at edamiplifiarhés fed m@m itoi the dnput ople tbegamplifier aftersbeingf the steps

in method 10 500, the output signal is a nore faithful reproduction of the
i nput SC%QﬂialThﬁaﬁC%’&ﬂo gr’ﬁmtb@nbéom%r%&obﬁh Srsesigndal net hods.

s A, il i b o B ™
accept abl ¥g*ﬁmérnt efﬂgd#lé’gé & P ﬁ%‘i’sgehgd&és %D%ﬁ he met hod and

appar at us e present 1 nventi O repr esent a versatile

way ofs achfitilaged oy ?ﬁeiithﬁ\irhgna duty Idyc@erp rfibhél QBCthe Iget@mid power
anplifier. Hghly efficient i near anplifiers with |ow distortion are

very usef gigrial, tdred then &gl phlseatidthn mbdotatedasighali gnddw phissh contain
information in 20 both anplitude and phase. Conmunications devices, which
often filteredstn tproidyce shraamplified cenvelope isighat.h anplitude and phase,

“hvent | o Lovi et apt Q@pa%%ufﬁggﬂﬁmggsf i%@oée%teéiii@ the
Sﬁer”*t{? écfeﬁb@iﬁ%‘i ‘TR SRindl. A" HELER S g o AREMERE o o1 on o
the sy efft]é; ik Ssifnial is_a ﬁtgré Lihitfifdlei’@&iloddlﬁl \Mﬂie NRbyte of

t he |nvent|on hers appl yi ng current edge, readily
nodi fy angdigrialathedn could otherwnse be obtained by conventronal methods.

in summary, the method and apparatus of the present
invention provide a means for operating a saturating amplifier at
full power with acceptably low intermodulation products. In
15 addition, the method and apparatus of the present invention as
described represent a versatile way of achieving low distortion
in a high efficiency, linear power amplifier. Highly efficient
linear amplifiers with low distortion are very useful in the
amplification of modulated signals which contain information in
20 both amplitude and phase Communications devices, which often
transmit signals having information in both amplitude and phase,
benefit greatly from the apparatus and method of the present
invention. Low distortion allows the communications devices to
communicate more reliably and high efficiency allows the devices
25 to operate longer on a single battery.
The foregoing description of the specific embodiments will
so fully reveal the general nature of the invention that others

can, by applying current knowledge, readily modify and/or adapt



- 13- + for various applications such specific enbodiments without

" departing fromthe generic concept, and therefore such adapt ati ons and
nodi f i catwons/sisaul d and are intended to be conpr ehend RCTASIBIOBSS6he
meani ng and range of equivalents of the 5 disclosed enbodinents. For
exanpl e, coupler 262 and envel ope detector 120 could be conbined into
a single function, or power anpl iti%er 260 coul d be conpri sed of many

anplifier stages, is to be understood that the phraseol ogy or
t er i nol ogfPr varigup Qyﬁﬂcﬂﬁ%ﬁnsi@hf SPecHiC pemhndimantge Withaut on and not

nmb |1
Such il or REPR/BGY fiB rtheadeliedlc Eqnevilemnd Mierdlafeasichs 2o rall
W Lhi ¢ he o3Binkiioflg ahE CABGHSRTY SHRIAPRRISEH Shidred to be

-14- What is
claimed i Scompt‘iizhended withih- the AnBBhIRY #d TadYel BY étitﬁValéht@”oF%HéEd ina
power anplifier, said nethod conprising the ste

splittigg disclogped en'gmﬂlmemtts aRFoangxarnplis cam;bleatnﬂsa ahdsenyelope
detector 120 could be combined into a single function, or power
amplifier 260 could be comprised of many amplifier stages.
It is to be understood that the phraseology or terminology
employed herein is for the purpose of description and not of
10 limitation. Accordingly, the invention is intended to embrace all
such alternatives, modifications, equivalents and variations as

fall within the spirit and broad scope of the appended claims.



nodul ating an anplifier stage in said phase path with an anplified

envel ope signal fromsaid anplitude path; 10 envel ope detecting
an out pwygjozmisd power anplifier to produce an out pRCTAISIS8SHE

si gnal ; envel ope detecting a signal in said anplitude path to
produce an I nput envel ope ‘si gnal ; ampl i fyvi

di fference between said input envel opelétgnal 611 t—ﬂéSHEE’?'ﬂ-QSOBEFWt' envel ope
signal to produce a first difference signal; REPLAGHED! i fyllh

di fference between said first difference si gnal ahd
envel ope signal to produce a second gﬂﬁé éence si gnal ;
generating a pul sew dth nodul ated si esponsive to sai d second
di fference signal; and 20 filtering samg@lggtggg\/nesmtepm&dul ated signal

to produce said anplified envel ope si gna An
anplifier corrprwaﬂ AY%s clajgwed a first env uﬂl m
an envel ope of an I nput S|gnal to produce

for detectlng
ope signal;

a secogd envel ope detector for detecting an envel ope of an out put

signal to produce an out put envel ope signal; a first

di fference anplq fAeinélﬁ%lépN'l‘é@dcﬂn adl@ttbr'!iﬁﬁ AP a powe?I gnal and to
sai d out put em/el ope, e&‘_' I’OdU.CI n st dj fference 30 si gnal ;

a second AP '@Frcéaé‘irp'ﬁ] QF’ PQ rﬁ%'f‘\ge Qﬁf‘i’ st difference

signal and to asfplett"mgl aneihpitveigmzd ity nah , arﬁ'rphtudedpatmgara:l seqihase
dlfferencg%# nal ; - 15-

a pul sew duI ator responsive to said second difference si gnal
for pioduci ng ampdiudatingtan neoplifiesdstaiggan ; said phase path with an

amplified envelope signal from said amplitude path; and
feeding back an output of said power amplifier into said
amplitude path.

—

15 2. The method of claim 1 wherein said feeding back step
comprises the steps of:
envelope detecting said output of said power amplifier to
produce an output envelope signal; and
producing said amplified envelope signal as a function of
20 said input signal and said output envelope signal.

3. An amplifier comprising:
a first envelope detector for detecting an envelope of an
input signal to produce an input envelope signal;
25 .a second envelope detector for detecting an. envelope of an
output signal to produce an output envelope signal;
a first difference amplifier responsive to said input
envelope signal and to said output envelope signal for producing a
first difference signal,;
30 an envelope amplifier for amplifying said first difference
signal and producing an amplified envelope signal; and
a power amplifier which produces said output signal,
wherein said power amplifier is modulated by said amplified
envelope signal.

IR ) R



a filter- responsive to said pul sew-gth—neduatod=5 Fml  for pr oduci ng
" said anplified envel ope signal; ang THIS SHEET HAS@E Br anplifier which

pr oduceswoaionsmat put si gnal , wher eiln REPb&fJBDpOV\er Lanp| PET/ER98/08556
nodul at ed by said anplified envel opg=stgrat - 3. The
anplifier of claim2 wherein said pul sew dth nodul ated signal has a
duty cycle substantially proportional ™t said 10 second di fference

si gnal . im2 wherein said first

4. .Th ILfi
di ff erence 4. angihe iaé?Pg%%'ieégnEg'H‘I ?Ut"ﬁlﬁ?reéﬁvéﬁlﬂ)ee%Y%'P&!e bef ore
duci @k fjrst | f [ . 15 5. Th
g:rgl :J?: Q?ai&’@l'élﬂi prgzawﬁ@s& %s%ﬁr?ﬁ?ﬁéﬁsfl gin?f erence anplifier scgl es

said i nput envel ope signal bef ore producing said first di fference
signal. 20 The anplifier of claim2 wherein said first
envel ope et eéﬁmsr ammnﬁerdoée:dand éhweheraindsizdédt firstardiffenénbed.

' q g%ﬁfiérersc%rlegsaéﬁ‘ BUIBGY %rﬂléf@%? Elr%rﬁil B'é‘f&%ﬂ?roducmﬁdet ect or

and sa econa enve et ect'or are co package.
said first d|fference signal.

6. The amplifier of claim 3 wherein said first difference
amplifier scales said input envelope signal before producing said
10 first difference signal.

7. The amplifier of claim 3 wherein said envelope
amplifier is comprised of:
a second difference amplifier responsive to said first
15 difference signal and to said amplified envelope signal, for
producing a second difference signal; and
an amplifier stage responsive to said second difference
signal for producing said amplified envelope signal. |

20 8.  The amplifier of claim 7 wherein said amplifier stage
responsive to said second difference signal is a class S amplifier.

9.  The amplifier of claim 3 wherein said first envelope
detector and said second envelope detector are matched.
25

10. The amplifier of claim 3 wherein said first envelope
detector and said second envelope detector are contained in a
common package. '
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