WO 01/58012 PCT/ USOL/ 03393 HI GH EFFI CI ENCY POAER MODULATORS BACKGROUND OF
THE INVENTION 1. Field of the Invention The present invention relates to

radi o frﬁ zgﬁ%%(RF) power anplifiers. 2. State of the ﬁ(éﬁé‘hl}ogﬁ?’ar ea of

RF comu as the desire and need for greater trans- msSion
t hroughput grows, the preferred signals nust exhibit high data efficiency.

In general, high data eHIGH-SFRICSENTAl POSKERIMOBEARGRESty Of a varying
envel ope. Such envel ope varying signals generally require linear circuit

operation. In a conventionajxk ﬁotﬁﬁ?é@%ﬁ& hﬂVERﬁT@Rﬂ“'ator and power
g

anplifier (PA) are separate functions, omn in ure 1. A nodul ator

101 translateq_gﬂhibpﬁ@qﬂa&hgm i nput S|gnal 103 to the transmtter into a
passband signa

? € pre ent 1r¥venfao re(’f‘(%es ch = CeI &3 %#\{SH)Ch Can ave either a
const ant envel ope QVB S ilieghon relaiesig radie TEANFRCY (R Roser ampli Frpomer) or
a varying envel gpe (average signal power is |ess than peak signal power).
The passband é%éﬁ%ﬁ“lﬁ%‘#g applied to a power anplifier (PA) 107, which
produces an out put Iisihgnada of ®F ainsufitdtons s thpodwsire tiad nded dbgreatacttigs a
desired distance. It is generally understood in the radio art that cir-
cuitry that sopgem tbranghyuteness, dret prefewed sigeals mynidditalngh data gffeiewyl y nore
energy efficient than circuitry that supports envel ope varying signals,
since the envér spsralihigh sy eg‘l%@’i‘ﬁ)’ Sllgé%féu Pt therpaapertyi of @uiaryipeemisiapance.

Since the envel gpe y is nmore general, this disclosure is
f ocused on thg E‘PF&’ e gﬂ@i%g?FﬁHéﬂr%qu“g?mF%r%CH%PQCTF‘%%gm zed that
the desired joint %Qals of

h f
mut ual Iy excl usi ve, %ﬁ%annmugﬁ%g)n Sfﬁ%%q§f HP&H% ﬁggr r@ﬁfa%f;ﬁggydgég
n.Ot operate ' Arég ?at @ﬁénshé’snﬂno%% b%&ll‘%’ %nﬁ)‘iﬂﬂa’[ofr 6[ traf?sﬁﬁgsaiﬂ ng ina

| i near nanner es n exhi brt energ |C|enc e 1 nproving the

energy effici %@Mngi‘onqn;&dt RRAkI mmb Itﬁel BfnstttRr %Qe/qagassbls&a(gﬁgrfa)l 108%isually
historically proven to be essentially inpossible, nost efforts focus on

taki ng a nor e aefatiicClr&mendies) Wihithiasan &8 difhlefs c@idthnt BBIeMpe(@verdg® sidnaparity.
These power is equal to peak signal power) or a varying envelope (average signal power
is less than peak signal power). The passband signal 105 is applied to a power
amplifier (PA) 107, which produces an output signal 109 of sufficient power to
radiate across a desired distance. It is generally understood in the radio art that cir-
cuitry that supports only constant envelope signals can be inherently more energy
efficient than circuitry that supports envelope varying signals, since the envelope
varying signal requires linear circuit performance. Since the envelope varying sig-
nal is more general, this disclosure is focused on the generation of these signals.
It is widely recognized that the desired joint goals of linear operation and
high energy efficiency are mutually exclusive, that is, an amplifier with high
energy efficiency does not operate in a linear manner, and similarly an amplifier
operating in a linear manner does not exhibit high energy efficiency.
Since improving the energy efficiency of a linear amplifier (to 50% or

higher) has historically proven to be essentially impossible, most efforts focus on

taking a more efficient nonlinear amplifier and improving its linearity. These



WO 01/58012 PCT/ US01/03393 2 nethods include feedforward |inearization,
predi stortion, feedback predistortion, and nodul ator feedback. These
nmet hods are briefly sunmarized below. In the feedforward |inearization
met hod sMOM/3BH2Fi gure 2, the PA 207 is first characteri 2eHU8Y/43893nhat
distortions to the signal it will generate. The inverse of these

distorti i 1er f eed. f ar. | ack 211,..and th

ot ors | RSN RS kbl BRI SENRTELBL I By and, Lhen

215.  Thi's shouh go88068 redibskITLRAONE aﬁéeﬁéﬂa&%nﬁé,rizga%g%w resul ting in
n net ho S

inproved |inear operation. In the predistorti own in Figure 3,

agai n the PA 307 i $n fherfsddfor@Rad RedafibatZRdnasiod Shotith Mgt of the PAS2(179s t he
signal it will generate. The inverse of these distortions is generated by

a predistorti dinstbhoaktedadd 4 oo phadiisert@nsradiht isipdal ipasparehts ThaahvedRS' |
which is applied to the input of the PA. The PA should can- cel the

di stortions f obtheschdistortauis st axtdrnally gemsuakad moa fead forproltddck 2 Heand theer at i on.
In the feedback predistortion nethod shown in Figure 4, again the PAis
first charact swpped vifh the oyhut 204 fsars the Rintp fopmiaHmestizgdautiut sighdll21§ener at e.

The inverse f.these distortjons is_externally generated, and then applied
to the input %\hlstslli‘@“lﬁ,&?ncesrﬁ@ ‘ilﬁﬁorélﬁBﬂfrﬁméB?]%I1t5§1lfrée%ilt§”tgdﬂt“in8ﬁ§’e‘ﬁ HBeATt he

predi storter, resulting in inmproved |inear operation. Any errors in the
predi stortion®8f8"%nsed at the output of the PA, fed back in the form of

a signal 412, and ?%ﬁ% Sptr?déﬁﬁrrtfbﬁ %etﬁcniesh {;vﬁqh %éﬁ%lrrete g,rag'ﬁi-gg@e PA%@%?SLT?%P rt i on

bl ock 410" used in chnique 1s often ¢ aptiv di storter.

Sonme efforts Raye Besddns &@%&tdié&omn@wmeQﬂ:ghmygﬂﬁ deRdbagk iAlaung the PA
back into the nodul ator, so that PA errors can be Cont 1 huous y corrected.

Shown in Fi gukigesd distdMisnsiis g@ertd 18NS bRAIsRfrtib 1Bl 318 ioRodce dird Rl LT
nmet hod, where the predistorter function is included within the nodul ator

501' . Because pafsbsnd sgraul 30Eedhmbks sppdieadi@the insit abiteiPay Taé PAhBoflaedhack | oop
(which includes the feedback signal 512') is of particular concern.
Mai nt ai ni ng | celths timtyirtidrsyirdng theupredhgiorigx@selting baingoloted linker épecdtioai on of
known nonl i near Cor{l}??hr;efgéd%a((:l;[ Qr%diEtAo)rtigg rthtihgd gk?o%wl i%o]:egure 4, again the PA is
> ag

first characterized as to what distortions to the signal it will generate. The inverse

of these distortions is externally generated, and then applied to the input of the PA.

The PA should cancel the distortions from the predistorter, resulting in improved

linear operation. Any errors in the predistortion are sensed at the output of the PA,

fed back in the form of a signal 412, and used to correct the predistorter. The pre-

distortion block 410’ used in this technique is often called an adaptive predistorter.

Some efforts have begun recently to put continuous feedback around the

PA back into the modulator, so that PA errors can be continuously corrected.

Shown in Figure 5, this is an extension of the adaptive predistorter method, where

the predistorter function is included within the modulator 501°. Because this is a

feedback technique, stability of the feedback loop (which includes the feedback

signal 5127) is of particular concern. Maintaining loop stability is further exacer-

bated by the inclusion of known nonlinear components (the PA) within the loop.

Additionally, the allowable bandwidth of the signal modulation is restricted by the



Additionally, the allowabl e bandw dth of the signal nodulation is
restricted by the WO 01/58012 PCT/ US01/03393 3 dynam cs of the feedback

| oop. An v%r@%og% of this technique is the conbined ana- | (}%}I/l%glf/g%oop

uni ver sal or (CALLUM, descri b:gd in D. J. Jennings Geehan,
"A high-efficiency RF transm tter using VCO derived synthesis: CALLUM "

Proceedi ngs ofyrdahficslsF9%e febdacRabpoAandamplelf @S teChuiifjed BEconRASIENY) ,
August 1998, pp. 137-140. The LINC technique (D. C. Cox, "Linear

Ampl i fi cat i onlogilbdketldodp ungarsal Codplane €4 LLUMEHesEriaad sclD i Jo hemnangs, J. P.

Comuni cations, vol. COM 23, Dec. 1974, pp. 1942-5) is an anplifier nethod
that uses a LMdGealmpl IAihegh-&fizienesoRP deasmiser using VIO§! dervsalsymibenis:anpl i fiers
in combination to anplify an envel gpe-varyin sig- nal as shown in Figure
6. The key i sCASLLBYY dsasredimgs af et PR IEFaRadasad Wisess\Coafegenckal as the

vect or sum of two constant | op e-nodul ated signals. The two

const ant enve(%@@%}aﬁ’luguﬁﬁgggr%t ﬁffg‘gﬁl ndividually in high-efficiency
nonlinear anplifiers ich,are C ized. t Lde. one- . t he peak
requi red out put pi&%?ﬁ@gﬁﬁhflﬁgﬁag'odqub(?onxédf!](nﬁgrulg@gh?aﬁmg ‘%éhrs‘lgll’%/hen%fﬁret wor k)

for the final (Bl St BEE Mansabllbfly GPORMARNHSL:, LAl EOARDBYDEL §9vpat & the

out put power nonl i near e magnitu t he out’put

signal is | OWpP.-rlm_?aS)Fishﬁl dehpigick SedaHa &y 7 et bisplHe6f cbhifodedlder ent

efficiency of the individual nonlinear anplifiers. Another existing
approach to amplififly hogirRavehslFRryarphidehasiof iakmpifytdn ensélopd-taniguse-hi gh
energy efficiency is envel ope-elimnation and restoration (EER), described
in D. K Su, WilakshdekarFigoet,6. TAa keCisftoreprésantaam abigryRanPpave (radinypigh f i er s
Usi ng Envel ope Elim nation and Restoration,” |EEE Journal of Solid- State
Circuits, vol na38 thdeetor 590D tyyp copBR cpvd@e phage-mPfulped ignglselhd tWee t he
LINC technique, is for a separate anplifier follow.ng the nodul ator as
shown in Fi gepestant erprdonemsreEnatesrs amphiticdygdividyatly i1 ?lgg‘egf%ﬂwn&’fﬂé"e@ﬁe

a1 ude varl oL ans EOTLIS, 0B 0 LIRYL Shally LIS LT e | o

anplifier. Em{a%'w% ,%né ﬁ”nse% %E)r%%{n%(ri] (ﬁs%al%p Qli ae;ya%gv!: Hetmﬁo for the final output sig-
nal. This combiner must internally dissipate the output power from both nonlinear
PAs when the magnitude of the output signal is low. Thus, the LINC technique for-
feits much of the inherent efficiency of the individual nonlinear amplifiers.

Another existing approach to amplifying envelope-varying signals with

simultaneous high energy efficiency is envelope-elimination and restoration
(EER), described in D. K. Su, W. J. McFarland, “An IC for Linearizing RF Power
Amplifiers Using Envelope Elimination and Restoration,” IEEE Journal of Solid-
State Circuits, vol. 33, Dec. 1998, pp. 2252-2258. The EER technique, like the
LINC technique, is for a separate amplifier following the modulator as shown in
Figure 7. The EER amplifier 709°* must first demodulate the amplitude variations
from the applied input signal, then limit the input signal for amplification in a non-
linear (preferably switch-mode) amplifier. Envelope restoration is achieved in the
final output stage. A feedback loop is often used around the envelope restoration

process to more closely match the output signal envelope with the measured enve-



final output stage. A feedback |oop is often used around the envel ope
restoration process to nore closely match the output signal envel ope with
t he measured enve WO 01/58012 PCTIUSO /03393 4 | ope fron]}(lt;,f}g dl%ﬁibt.’. si gnal .
As with WRPBY4back control 1oop, the |oop dynanics res PO{IRE

achi evabl e nodul ati on bandw dth. Theret remains a need to enable the
generation of |gpadidn BRMFPNIEALIL AR withdmyTeddbadl cchtRPRRp, the IdplyRahfs
transm ssion while sinultaneously exhibiting high DG to-RF conversion
efficiency. Fustrivethe dchievaplahiodylatén boigiwddiynal so generated nust neet
often stringent performance specifications, such as the GSM EDGE specifi -
cati ons. SUWARY OFhdieEethvEATt«dNo Ehablp thesgentratiow efuaid mrongaewnecaioh pig-

speaki ng, incorporates the power anpli- fier as a fundanental constituent
of a nodul at onals asd pgvegeruablert taagmissior ehHe simuligaenusiyrpadibiting high Béssi bl e
to achieve the conbi nation_of precision sigpal . generation (including

envel ope vari &-th:g)wgw%afqunﬁyfﬁu&ﬁereﬂagrogxgh@quit@ B 59 generaderhiHett i ons not

possi bl e heretofore. I n accordance with_one enbodi nen f i nvention, a
Fodul at ed r adEe paes B SRR Re P PO R ERSF st9 Tt ol s
of gener al tyggﬁon\ghi ch specifically includes signals with varying enve-

| opes. Signal s are generated with high energy efficiency in the conversion
of . applied DC power to output RF signal power. The result is |onger
battery life for products sushMaSAR®LOF gHEENAI@set s. Dramatical |y

i nproved efficiency also allows for a dramatic reduction (10 to | or
greater) in the si Zdepfesemynvestjon rasdernbnspeakingkinfgrporates theaphiveertammtisi tt er,
which significantly |owers both cost and size. Fur- thernore, continuous
operation of tiseaea fundpmentalaeaptitiend ok a modaiy. WyargshPranodulaiondpedr |

tenperature rises ing smal |l heatsinks, or even w_thout any heatsink com
ponents. Thi snﬂﬁ‘k%iuﬁé’é’ 1t 5PORiIRIA T P EithgCapinadinn AfpEcISin 481l as for
greater through- gutngu&u&.o tnhveellor\ll er. o erlgt(;\pvg iorlr]e allo 1qéncAr}r(I)t her
aspect of the STAVERYT I UPT B PRe g P&t Poh P IR S P i nal s with
wi de bandw dt kW LRGHE nd: tﬂ‘c:;ssible heretofore. In accordance with one embodiment of the

invention, a modulated radio (passband) signal generator produces high quality
signals of general type, which specifically includes signals with varying enve-
lopes. Signals are generated with high energy efficiency in the conversion of
applied DC power to output RF signal power. The result is longer battery life for
products such as mobile phone handsets. Dramatically improved efficiency also
allows for a dramatic reduction (10 to 1 or greater) in the size of any required heat-
sink for the radio transmitter, which significantly lowers both cost and size. Fur-
thermore, continuous operation of these radio transmitters is made possible with
small temperature rises using small heatsinks, or even without any heatsink com-
ponents. This provides for high operating reliability, as well as for greater through-
put due to the longer operating time allowed. Another aspect of the invention
allows the generation of high quality signals with wide bandwidth, without the
need for continuous feedback during operation. This further reduces costs by
greatly simplifying the design, manufacturing, and complexity of the transmitter

circuitry.



need for continuous feedback during operation. This further reduces costs
by greatly sinplifying the design, manufacturing, and conplexity of the

transmt Irﬁiﬂ cuitry. WO 01/58012 PCTI USOL/ 03393 5 BRI TI ON OF
THE DRA ) e{zpr esent invention may be_ further under stoggTBEc@%s%e

following description in conjunction w ?h the appended drawi ng. In the
drawing: Figure 1 is a block diagramshow ng a _standard configuration of a
Qgr

radio transmitter. Fi gur eBBIFEDESHRIBKIQH &57 HAE SHWVRYGa f eed- f or war d

| i nearizer for a kngwn Power Anplifier A). Figure 3 is bl ock di agram
showi ng a conventi gﬂ?flerSr?Bh‘thf)‘?thdP%yt%erﬁug‘)e’g‘&}?ders?cfoﬁéhéf?f’i‘ ﬂerfg”%w%wer
anplifier. Fi 4. | j - ! a kno eedback

pr e- di stortergcltt%(?mﬁ 1*2%2?‘59%&%“?%%%%@%%% ? Ii%grlr.lg'%i]%rgéa‘%mgs a bl ock

di agram of a known power anplifier using nodul ator feedback. Figure 6 is a
bl ock di agram of ad‘}zaﬁpllilw lock diagrpm powdng astabdayd corfegurativingufe. radiiogure 7 is
a bl ock di agram of temmsmamet.i fi er using the known EER anplifier technique.
Figure 8 is a block diagram showi ng a three-port nodel of a power anpli-
fier. Figure 9 is d&ipgireCks ablagk drmgoim shoRouea fodidutvatrdtincanizacfopadtaoee Wt h
one enbodi nent of Rdwer phgdeiet (RA)venti on, with PA calibration neasurenent.
Figure 10 is a block diagram show ng further details of one enbodi nent of
the power nodul at orFigdre §us £blbtk diagearbbioekngh @@iamiofal snpROpRIdiBH Bt O
using a quadrat ur e linearizing a power amplifier.

Figure 4 1s a block diagram showing a known feedback pre-distorter for
linearizing a power amplifier.

Figure 5 is a block diagram of a known power amplifier using modulator
feedback.

Figure 6 is a block diagram of an amplifier using the known LINC tech-
nique.

Figure 7 is a block diagram of an amplifier using the known EER amplifier
technique.

Figure 8 is a block diagram showing a three-port model of a power ampli-
fier.

Figure 9 is a block diagram of a Power Modulator in accordance with one
embodiment of the present invention, with PA calibration measurement.

Figure 10 is a block diagram showing further details of one embodiment of
the power modulator.

Figure 11 is a block diagram of a power modulator using a quadrature
(rectangular) modulation mapper.

Figure 12 is another block diagram of a power modulator using a quadra-
ture (rectangular) modulation mapper.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The current invention is based on the realization that to meet the stated
objectives, the standard architecture of Figure 1 is insufficient. Rather, it 1s neces-

sary to include the PA as a fundamental part of the modulator. This means that not



(rectangul ar) nodul ati on mapper. Figure 12 is another bl ock diagramof a
power nodul ator using a quadra- ture (rectangul ar) nodul ati on mapper.

DETAI LED PTI ON OF THE PREFERRED EMBODI MENTS The ¢ [ ntion is
based onwgn%i%él ization that to neet the stated object %‘é@pnggyggt andard

architecture of Figure 1 is insufficieft. Rather, it is neces- sary to

include the Phnigss felffidasmBnh alheRané ndtiubia sTBEI:O%: thd Beﬁuf@qﬂpsPA,hat not
WO 01/58012 PCT/ USOL/ 03393 6 only is the first |ocation ere the

nmodul at ed si gagafull @sisddaraatmitipewet) bprals®fhat the PRActually nfust perétesi pagoft r ansmi t
power, but also that the PA actually must performpart of the nodul ation.
In order to atkimedldtiohs, it is essential to recognize that any PAis
actually a three-port device, with two input ports and one output port.
Thi s new PA oper a- It ¢rderdp aphyered thiss it dresaentiahtoreepgnizeghat shoRivngacivelbrepl i fi er
800. Each input port has its own transfer function to the output port 305.

Further, the ReFPYThASies MIlHAVLIIHNE PoRnndneyinus patt cthip Rew RAeqpefdent

d di .he .desi | f t J.fier. For. l.e, i

[ hear o ass- AOPATRREPB sfuf Byt sRVGE ap AORLAF OO BRI TS Hover |
| t i , i t i t .

Fol e ) onani p- BophlSaRithEithe ke AbluooBostuliteh Sl et hetigns e

out put si g- nﬂ%ay@)@ chrrPBQA IO} URpeHHEn ?g%ﬁ?ﬁqtr R& t%&és%%%?@ifﬂoWeh as

characteristic)” At the other extre of a swt suc

cl ass-E ther eajnﬁnﬁeryery weak relationship between the input signal port
magni t ude and the output signal port magnitude. There is a strong

rel ationshi p betwe&or éxdaepid)psihg ailigaal clpeA PRiaseisandry ealottlqishshisi gnal
port phase, and another strong relationship between the power supply port
and the out pubetsicgmtie pooret supphnpdaruael the butpst agsd porotveldld therte iam stoarer dr i ven
i near anplifier, such as class-A which is near or at saturation,

exhi bi t s t r ansdletfonsleip Beiwnss Hipapwisignakpaert magnituge gufl pldse apd éhe output sig-

nal port magnitude and phase (the designed amplifier characteristic). At the other
extreme, for a switch-mode PA such as class-E there is a very weak relationship
between the input signal port magnitude and the output signal port magnitude.
There is a strong relationship between the input signal port phase and the output
signal port phase, and another strong relationship between the power supply port
and the output signal port magnitude.

It is also noted that an overdriven linear amplifier, such as class-A, which is
near or at saturation, exhibits transfer relationships very similar to switch-mode
amplifiers. The current invention takes advantage of a strong relationship between
the power supply port and the output signal port magnitude, and so it works prefer-
ably with nonlinear PAs (switch-mode or saturated preferred, class-C to some
extent). This naturally enhances energy efficiency of the overall system, in that
these nonlinear amplifiers are maximally energy efficient.

This strong relationship between the power supply port and the output sig-
nal port magnitude is used to control the magnitude of the output signal. With this

ability to directly and independently control the output signal magnitude, it is



anplifiers. The current invention takes advantage of a strong rel ationship
between the power supply port and the output signal port nagnitude, and so
it works prefer- ably with nonlinear PAs (sw tch-nbode or saturated
preferredVO8VERI2 C to some extent). This naturally enhand&3/EH&PH3
efficiency of the overall system in that these nonlinear anplifiers are

mexi mal |y enert%éf%tﬁ)g A8t codBiS tﬁe{ SRl ﬁlgblﬂgéi@ﬂﬁg&ﬁiog% ﬁﬁlg o 1n§}8§l.ve r

supply port an e out put sig- nal port nagni I's Us 0 control the

magni t ude of tgs RUligRMicadilPB@erenYrbih thBwidelfRlbM Y ccSrR/eﬁitiicfrﬁFﬁéeyo/f%que-
i ndependently control the output signal nmagnitude, it 1s WO 01/58012

PCTI USO / 03393iankobhikadsah@upitienat of Quadesisiedasddliigrsover al | nodul ati on
operation in polar coordinates. This is significantly different fromthe
wi del y- adopt ed conveptefaredlem®dinpdnt oftheeurrsntainvanion d shatvasn FigueeighAt he use
of quadrature nodul ators. A preferred enbodi nent of the current invention

i s shown in Filglermation input Y0Aivenpdied énha medulata@igivesdMpphichdirives thetwdul at or
driver 901, which drives the two input ports (902, 904) of the power

anpl i fier 907, MREREIHFOZt 944 opthsawer arplifas 907 egusing it priproghepihe desired
Optional ly, the output. signa be neasured in order. to retrieve an
appropri ate caﬂuit%lélﬂp?)lnaf"g‘?ﬂahy’%%/%‘ﬁ?% Seipf ey b mepsuzed inigFdey fQStFY€@Br s.  The
calibra- tion factor is. ' t he l.at.or,.dri.ver to rrect the

si gnal out put .apBﬁQtpgl? teaC%h%ﬁ{e?H ﬁrgrté’tr grgfr} %tragFeld%lr% Oérc%‘&%a%%{aﬁ‘&és- @B%ﬁaei &4t or med

in which the RFJnfo&HPiE% pl‘fgd to e BANEE: méité i:c%'ecit gae% al Yft t.a‘ther a

appropriate correction ?act ors conputed an store e Ssa correction

factors can beydsfsk EMbRAGHPER edite ARPHQRPeAbENEPMWIALH tEeMErEReh of | M a
control value is used to control the power amplifier. For many applications

t hi s power poltas powettingilifienisopsiresd aainpppeiateor@tfi@clatbprd donimpedf mawar d
node, since the perturbations of nagnitude conpression (AMAM and

cr oss- nodul at i stered,Ahd fk)e @rrectsarefabtorsfan bappéd ©atrodins an eppropiiaig cograat er
preci sion, these small perturbations can be automatically and indepen-
dent |y neasur edlugrack timeagonsologiuels usaddn conteal dhespovimempdifiehr at i on factors
are then applied tFOortnPa% aapplli’c%ggrixsaﬁlg Ccl)iwrerecglarnr?ggllllg‘;[i on t%at ns andte:[ he polar
power nodul at or y app p p on system can opera

directly in feedforward mode, since the perturbations of magnitude compression

(AM-AM) and cross-modulation (AM-PM) are small. For applications requiring

greater precision, these small perturbations can be automatically and indepen-

dently measured and stored as calibration factors. The calibration factors are then

applied to the appropriate direct modulation paths and the polar power modulator

continues to operate in a feedforward manner.

There are two particular contributions to this method of correction. First, it

is not a closed-loop feedback system, so that the modulation bandwidths achiev-

able by the power modulator are not restricted by loop dynamics of such a feed-

back system. And second, the complexity of the system is greatly reduced from

that used in existing systems such as CALLUM. This is due to the independent

nature of the corrections in the present invention: correcting phase has no effect on

output signal magnitude, and correcting magnitude has no effect on output signal

phase. The correction is a set of two one-dimensional processes. This situation is



continues to operate in a feedforward manner. There are two particul ar
contributions to this nethod of correction. First, it 1is not a closed-|oop

f eedback so that the nodul ati on bandw dt hs achi evs he
power mﬁ#i@%mzare not restricted by | oop dynam cs of Sugﬁ?ﬁlsﬁg@%yi back

system And second, the conplexity of tBe systemis greatly reduced from

that used in @xiiled thd garfBin@ReBUGHeRS sichlllohddnititd 6r piasdléteortBrebR®oth .
i ndependent nature of the corrections in the present invention: correcting

phase has no didlenid @modolatiputigsilgivelichngniwordmenanthl pacescitiingelragni t ude
has no effect on output signal phase. The correction is a set of two

one- di nensi onahdgstoedwetvo MA¢psndent wat-idonenseoniprodys5@&0te maCH Aigsdar/t03393 8
unlike the cartesian system when a signal magnitude or phase error affects
both the | a#@rlomesdthirmeROlYosdigsasienal\gairelateddrecessan- di nensi onal process.

It i K d d that two ipd t one; di i onal
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modul at ed signal and the nmagnitude control signal at the Power Anplifier

(PA) is preci sgenf (DA BSI60UIT23 0 fhat @) Antichf EiROsIese hRUWRRA sidhal indanhpat hs) .
These signals are passed through band- limting filters (BL 1025a, 1025b

to control thenaaiudd echtriobsigrdl dt the PowehAanglifier (PA) isprgoiad (to bwuatfoput of t he
magni tude BLF 1025a is passed through a magnitude controller 1027 to set
t he magni t ude dsfaytduideronrep betwsey tgltwo Paihs). fbedecaeniats ag¢ padsed threnghtbaad-net hod
di scl osed in WD 00/48307, incorporated herein by reference. |If neces- sary,

correction forimigpafiters$BbF} 1 $7acHi?Shlte gonsel thecicaier brndwidired theuusut  of

BRI RE NG RO S T e

reference). Tr}:%nt?cl)jﬁe?l‘lbz'ﬂo set the magnitude of the output signal. This method is similar to
the method disclosed in WO 00/48307, incorporated herein by reference. If neces-
sary, correction for AM-AM distortion can also be included here. The output of the
angle BLF 1025b is used to control a phase modulated signal generator 1029 (such
as that taught in US 5,952,895, incorporated herein by reference). The output of
the PM signal generator is applied to the RF input 1002 of the PA to set the phase
of the output signal. If necessary, correction for AM-PM distortion can also be
included here.

For precision signal generation, cross-modulation (AM-PM distortion) and

magnitude compression (AM-AM distortion) in the PA may need to be corrected.
Since both of these effects are dependent on the actual output signal magnitude, a
recommended calibration procedure would be to: 1) generate a signal to be applied
to the input of the PA with a fixed (constant) phase modulation, 2) apply this signal

to the PA, 3) set the output magnitude to its maximum value, 4) measure the actual

phase of the PA output signal using an angle measurement block 1031, preferably



the PM signal generator is applied to the RF input 1002 of the PA to set
the phase of the output signal. |If necessary, correction for AM PM
distortion can also be included here. For precision signal generation,
cross- moWYQWASBYA (AM PM di stortion) and  magnitude conpr eBST/HR1(0ARBAM
distortion) in the PA may need to be corfected. Since both of these

ff d tud ded
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measure the a@ldé&heasmagsmahm%uaﬁa@wtmr oA dbstiitE 18ParfRRE
measur enent bl ock 1031, preferably WO 01/58012 PCT/USO7/ 03393 9 a sinple

means such as atrpéfied] Gct@s etk mens\WOd 9941t 868 aghitederphreatied nleaioey nohy ref -
erence, 5) neasure the actual magnitude of the PA output signal, using a
magni - tude mEakwer thy thignatedd 03 BrodLant Sasepdatt tbe trersutérocte and stodkak ed-i ng
logarithmc anplifiers, 6) store the neasured angl e and nagnitude val ues
in a nenory 1G%B; 7) |ower the magnitude control, and 8) repeat the
measur enent and st orage C Table 1: Pol ar nal. Map for Square
16QAM Symbol mag. (deg gﬁ?ﬁh‘o‘l %W%Slsmél\élép f‘g‘)ngr918§éM5 8 0.333 135 1
0.745 71.6 9 0.745 108.4 2 0.333 -45.0 A 0.333 -135.0 3 0.745 -71.6 B
0.745 -108.4 4S}Qnt7045 18y4 C O. 1711953 161.6 5 1. %QQD&S OA?agl 000Ph®s. 0 6

0

0.745 -18.4 E 0.7745 -161. 7 1(d¥8D -45.0 F 1.000 -135.0 (deg)
0 0.333 45.0 0.333 135
1 0.745 71.6 9 0.745 108.4
2 0.333 -45.0 A 0.333 -135.0
3 0.745 -71.6 B 0.745 -108.4
4 0.745 18.4 C 0.745 161.6
5 1.000 45.0 D 1.000 135.0
6 0.745 -18.4 E 0.745 -161.6
7 1.000 -45.0 F 1.000 -135.0

Though the use of polar techniques is the preferred embodiment, this
invention is compatible with conventional signal maps. This is shown in Figure 11,
and an equivalent signal map to Table 1 using quadrature coordinates is presented
in Table 2. Instead of a polar signal map, a rectangular signal map 1122 is used. A

rectangular-to-polar converter 1126 is used to convert the resulting 1,Q signals to

polar form.
Table 2: Cartesian Signal Map for Square 16QAM
Symbol X y Symbol X y
0 0.236 0.236 8 -0.236 0.236
1 0.236 0.707 9 -0.236 0.707
2 0.236 -0.236 A -0.236 -0.236
3 0.236 -0.707 B -0.236 -0.707
4 0.707 0.236 C -0.707 0.236



Though the use of polar techniques is the preferred enbodi nent, this
invention is conpatible with conventional signal maps. This is shown in

Figure 11, an equivalent signal map to Table | usin e
coor di na%'é)smfsg(ﬂﬁr esented in Table 2. I1Bstead of a pol ar g%&g/ﬂg(fl%%% a
rectangul ar signal map 1122 is used. A '“rectangul ar-to-polar converter 1126

is used to convert the Tasgubi CagtebiaRSsBN M 10 Sqral@ichoMN Table 2:
Cartesian Signal Map for Square 16QAM Synbol x y Synbol x y 0 0.236 0.236

8 -0.236 0.236 Synh1236 QO 707 9 +0.236 0.707 2yQpA36 -0,236 A 030 236
-0.236 3 0.236-0.707 B -0.236 -0.707 4 0.707 0.236 C -0.707 0.236 WD
01/ 58012 PCTI US014033930.700 Tabbg02: Cartesi an Spbgnal Mppofor Sguware 16QAM
Symbol x y Symbol x y 5 0.707 0.707 D -0.707 0.707 6 0.707 -0.236 E
-0.707 -0.236 7 ©.707 990707 FO0.236707 -0.707 FuEther, -&7Quadr &2t

nodul at or can be used i e ge tion of the phase ate ignal .
This is shown in Ei gurelaléfa Ins{bggg of rectangul ar-to- B@?(ﬁr cogg' ¢7grter, a
rectangul ar-to-nmagni t ude converter 1227 is used to produce a magnitude

signal for the maghi'ffiefe? guRretyTY rgpduliorycaneqisadinghe eencpHioseol HisdRilase i on
uadr at ure. phdSBH tgiil: Tinish SRR w2 Disicha o8 ecimen B kapelf b ver
prase cortoct ARG LARL S e LU, L .08 LSRR RIS
ey Lok e btakine (o bl VOl ol

generator 1229 uses 1,Q signals directly. With the use of the quadrature phase mod-

ulation signal generator 1229, the straightforward phase correction characteristic

of Figure 11 is no longer possible, although magnitude correction may be per-

formed using the magnitude measuring block 1233 and calibration tables 1211°.

Due to the difficulty of precise phase control in a quadrature modulator, along with

the usual inability of the quadrature modulator to independently adjust the phase of

its output signal, this option is usually not used when AM-PM correction is

required.

It will be appreciated by those of ordinary skill in the art that the invention
can be embodied in other specific forms without departing from the spirit or essen-
tial character thereof. The presently disclosed embodiments are therefore consid-
ered in all respects to be illustrative and not restrictive. The scope of the invention
is indicated by the appended claims rather than the foregoing description, and all
changes which come within the meaning and range of equivalents thereof are

intended to be embraced therein.



the usual inability of the quadrature nodul ator to independently adjust the
phase of its output signal, this option is usually not used when AM PM
correction is required. It will be appreciated by those of ordinary skill
in the aMO 4158912t he i nvention can be gnbodied in other sPEBRI038Br ns

wi t hout departing fromthe spirit or Hssen- tial character thereof The
presently discl osquﬁnbo iments are therefore consid- ered in all respects
to be iliustrative and HoeP¥EErictive. The scope of the invention is
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ampl 111 61 having a &1 anAlTERBOR POy TN S pan Ehah Gy powen by | nput
that is varied in qﬁgﬂ " tor i.ver responsive to an
i nformation i nput ?I(#Q P%%u%“?ﬁg n%{lar%pl)ﬁﬁgelggiﬁglcglgﬁcg{efjé]&anpgr’t he si gnal
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source applied to the power supply 1Input; wherel

amplifier is driveanhgesigedlapplidiabWrefieddMhpat 6188 thrék-PAH Fovedt aBipdier and a
hard-of f state, w thout operating the power anplifier in a |inear

operating region fandacospgledpoabt eipphr warde-appli€l ©fthd péveer sdpply gpugppar at us
of Claiml, further conprising a calibration |loop including neans for
measuring at |east one ohareacthethrse-portpbwanaroplifoartis diigmatpeatedtshe

three-port power anplifier, and neans for producing a calibration factor in
response to a neasBEEYREREVRtatehe hasdon slafrpndeainsd-of stafhevithopbereraimgof C ai m
2, wherein the calibration fagtor is applied to the nodul ator driver,

causi ng at |east of¥ Qﬁwe{rﬁ@pﬁﬁfﬁl‘? adINGARIPEEH IS REIOR i aR SPPregiabls RESENs Uppl

source to be vari ed, .
age of time.

2. The apparatus of Claim 1, further comprising a calibration loop
including means for measuring at least one characteristic of an output signal of the
three-port power amplifier, and means for producing a calibration factor in

response to a measurement of the measuring means.

3. The apparatus of Claim 2, wherein the calibration factor is applied
to the modulator driver, causing at least one of the input signal and the controlled

power supply source to be varied.

4. The apparatus of Claim 3, wherein the modulator driver and the cal-

ibration loop operate in an open-loop manner.

5. The apparatus of Claim 1, wherein the modulation driver comprises
a signal map responsive to an information signal for producing at least first and
second quantities, a phase modulation signal generator responsive to at least one of

the quantities for producing the input signal of the three-port power amplifier, and



4. The apparatus of Claim 3, wherein the nodul ator driver and the cal -
i bration | oop operate in an open-loop manner. 5. The apparatus of Claiml,
wherein the nodul ation driver conprises a signal map responsive to an

i nf or mat MhO%584Hal for producing at least first and secohd AP es, a
phase nodul ation signal generator respddsive to at |east one of the

quantities for; REoMal Bhtdoner deSIAkive kORNALasPhnd d18hd Qa8 8t
ampl i fier. and O ohl Boars BoE ST st et of rra(g%i B! pRaEEe he

responsi ve to @htrbaisioveneupply §digcqquantities for producing the controlled
power supply source. 6. The apparatus of Claimb5, wherein the signal map is
a polar signal map, and the quantities include a nmagnitude quantity and an
angl e quantity. 7. ¢The ameappirttasof CHAl IwherahBikBidhat MEp & DFtdhr SIEHAI T S @
rectangul ar signal map, further conprising nmeans for performng

rectangul ar t anpglaad theamustitics Snaide 4 Megretide guadite adaai@gfidntiele quantity
and an angle quantity. 8. The apparatus of Claim7, wherein the first and
second quantities are | and Q signals, and wherein the phase nodul ati on

si gnal generator i s7.respii-apfhrutislod Cldig 39, waeebiQheisghal Sap B Hreodh@fart he

i nput signal. 9. The apparatus of Caim5, further conprising tine

al i gnnent neansgnal orapclavbérmgniphisingageant fteedfoaning trgctarndlar kepamgdoaveuant ity
to occur in specified tine alignment relative to each other. 10. The
appar at us of Gleit fhesebyfrupdusens cwagitusle qyaniity prdan inghelquantititing filter in a
signal path of the magnitude quantity and a second band imting filter in
a signal path of the angle quantity. 11. The apparatus of Claim5, further
conprising a cali br&ti onHegpparajusoif Gdiimg/, wéaresn thefirstead sedongd qaentlteast one
characteristic of an output signal of the three-port power anplifier, and
means for prodieéiAgd Qsigngkisandofierein|thephase medplabemsignalgenesaionissesnon- a
measur enent of .t he {;re s%g)n rﬁgans. 12. The aBparat us of Claim1ll, wherein
the calibrati oH"$Qdpor 21 é‘%ﬁ? iQyproduce the input Signal.

9. The apparatus of Claim 5, further comprising time alignment means
for causing the magnitude quantity and the angle quantity to occur in specified

time alignment relative to each other.

10.  The apparatus of Claim 5, further comprising a first band limiting
filter in a signal path of the magnitude quantity and a second band limiting filter in

a signal path of the angle quantity.

11.  The apparatus of Claim 5, further comprising a calibration loop
including means for measuring at least one characteristic of an output signal of the
three-port power amplifier, and means for producing at least one calibration factor

in response to a measurement of the measuring means.

12. The apparatus of Claim 11, wherein the calibration factor is applied
to the modulator driver, causing at least one of the input signal and the controlled

power supply source to be varied.



to the nodul ator driver, causing at |east one of the input signal and the
controlled power supply source to be varied. WO 01/58012 PCT/ US01/ 03393

13 13. The apparatus of Claim 12, wherein the nodul ator driver and the

cal i br atWeR1E¥8p operate in an open-loop, manner. 14. The BgpE%0%3of Caim
11, conprising first and second calibration |oops, each including neans

for measuring at |east gng gl Ehin$ 15 GuiRheiR thOMbMUAtor SiigRahd afe t he
t hree- port power anpll%rl er, and neans for producing at |east one cali-

bration fact QL Rid&S atk Gn & BRASHbSRARerof the measuring neans. 15. The
appar at us of géfﬂart?}nnm?p\?\%gr ein one calllgbr ation | oop perfornms angle

cali bration and another calibration |Ioop perforns nmagnitude calibration.

16. The appar at us gf b BhPRar¥OECRIN 11 hnflsingrati d sbad chiibraper f or mi ng
angle calibration includes a direct digital phase quantizer. 17. An RF

pover modul atgs,s GRAMSifgneasHoreasanpg bf lesst ohavhagtaistic of amputpuist ages; a
modul ator driver for receiving an information signal and driving the power
anplifier aceomdi ehy three-poropared ampiididy laad svaRFopptqdueing hlsast one gHer ei n t he
nodul at ed RF out put signal first exists at an output of a stage of the
power anpl i f itedtion factor in response to a measurement of the measuring means.

15. The apparatus of Claim 14, wherein one calibration loop performs

angle calibration and another calibration loop performs magnitude calibration.

16.  The apparatus of Claim 15, wherein the calibration loop for per-

forming angle calibration includes a direct digital phase quantizer.

17. An RF power modulator, comprising:

a power amplifier having one or more stages;

a modulator driver for receiving an information signal and driving
the power amplifier accordingly to produce a modulated RF output signal;

wherein the modulated RF output signal first exists at an output of a

stage of the power amplifier.



