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significant inprovenent over currently available high fidelity nodul ator

| oops- and is_sufficient for many rel atively high power industrg

applicati onSYO? 2 the present invention provides a nodul at Olt@*/g%sg/ouss
designed to operate in a frequency range of interest. The |oop includes a
| oop out put t @hewWiHl ZeRREESw tROF nghis skeasene sufpltest oapashiier cblpl ed

to the loop oylePyrdwiidédiain JdwaFrél obifg £E8GBabBRSrashshith NGt Sy
associ at ed thgﬁwth. The output of a nodul at or Stagﬁgl s coupled to the

i nput of the IGRPREVRAE 190 £ | rSRPRCE PRk PaPROPUCESUR &@TR tiR e he
:‘OOSbOULDFFIt&W: c]ﬁrlfbc:jmg émkhab\kl}ﬂm&p@és%hg ﬁn_dUIa&tghlu&ttm A g
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frequency ran f i rest, t (of jn e, frequency
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of the presentntmeducesh imdp Khe daamedithyisg edif £hecelt otoheoraesmitniaidl
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DRAW NGS Fi g. B? ?g%aldfﬁlo%ﬁ sgil?lagr an%lt‘;(;% dzg{rr?%édul at%%él‘gg%ﬁdg_s gnedeécc%gro I ng
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tFig- 1; a_of Fi aaﬁghga @ntllb»o]cqls.tnﬁitwaﬁc{aes% raady,F_ Iﬁ@ralmﬂeii Haed acco;di ng
o a specific_e [ e invention; : is a pl]ock diagramof a
nodul at or | ooﬁlﬂégﬁaﬁg‘%@@&ﬁﬁ r‘f&qtedfaélcr?ora@dsg:é'b‘? e dP?t’égu? DCFe 35

i nyention; Figf bodaydsbmodulditagsam Onea sodditiximris oop wesi feedbackor di ng
to still no i 5l i f ot o i.aqn; .3
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nmodul at or Iogg ge5|gned Eccor |3_§ 51 the i nve(r‘})a‘_;I %DES.@ TI ON,OF _SPECI FI C
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bul e wi dt h rigtet 1 ae - gi Shleghall UiReReti® o Rtk LRCBEOTH 20 The
one describednddutatabnloondsi fnequensycspege of dntemmateriuappei thei on

No. 08/ 667, 9354 01 g&ET HeR:- AP APPARATHawEPRsgRSAM IR ol d ad- ST BG,
M XED- SI GNAL PROCESSI NG_ filed o 0, 1996, the_ e r e eci fication of

f d on_June 96,
which is i ncdFPerRt cBPRLLERRIBY N@fePé%@gaf'é#‘laffrp R ANR cording to
specific ao exPPERRATUSSFORDEERROBMANCE]EMRARDVEMENT BYS QUALIFYINGY of
filters inp d4iQr At i 1 i ﬁ@e%&he j
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In view of the foregoing, it is desirable to

30 provide an improved technique for compensating for delays
in modulator loops such that greater delays may be
tolerated without adversely affecting loop stability.

SUMMARY OF THE INVENTION
35 According to the present invention, a feedback
technique for modulator loops is introduced which =
addresses the difficulties discussed above. The feedback
technique described herein uses the output of a low
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30 variety of technidqués as appropriate for the desired output signal

content in a particular application. As with previous designs, nega3 il duL 2002
feedback may - be provided to nodul ator 302 fromthe outputs Qf_ swtching
stage 304 aW@/Q?f“oé& put filter 306 via summing - 35 junction ST&/USYP24s8
pur poses of this description, junction 310 is assuned to be ideal and
therefore, noraligageonatiuiaedbaskager tui taompensdtonEot-oriee edelinly Wil | be
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i nvention shqQw,ng: yal o i : ) ' pn_310 are
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Feedback is %ﬁow dlg'gytot heﬁéeedback i%put, of _nodul_at oro 02l fromthe output

of swi t chi ng SE¥GE aifectrd g rundefdrrRbeSnPpPAYLAG oS, OtRWr s 412 and
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%P &
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limtatign opehlgReNfNdTE GarRigss efETt & Tiei DoSsbP| &8 RYghhedse of
thefiltered nodul ator o%t s feedback. Ther:ﬁf re, further emqdi nents of
thé inventi ofCEPdaAFELer | ERE MIBRBAGE hHER R niaY sPRSS: &3y of
Fig. 4 whichioaddress tlm s Imoduletan. ¥ogp whichatbler&tdsagr 2m00mhsa

orbod; ment oferAy AU ST ML | 08 BHbenBORRTRAE  pu
filter 506 opbeaddddilen &f ithe [fegdhack |Seeknigee cdesespbad hgrein

| oopel enpnt shdAs Heldde GHRRY M ilderef At e d&1 Y oPerdivkt Heata to
correspondi ngrel erren%;lag; | oop 400, feedback isprovided tQ . the feedback
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J.eedback i nput_ of l.ator. r i i P ia filter capacitor
S08 and seri%@pggﬁg?%%o.lo?‘ﬁééla%@eé ﬁééégip%%é)#%r&%%%iﬁ%‘% {égﬁect ed to

at t enuat et hetrogbd esemeutdes ayigy st With rudaspdwed devgesof
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conmbi nation wth e attenuatedsw tchin stag]veﬁ si gnal . I t1onal
capaci t or 516apabdeo@fddelivering MaRsutthan M H ntp st ae ! bo4nte Bode 1

whi ch cancel spat hea@oha tntvieadueadH HiadlEc W trdy g staeR’ $ohgedbackpat h
by capacitor 508. This, e.u dersctc%gd f.rom anet.wor k apal xsi S perspective
by again tre&BrHgt G2 | g:lﬁlﬁ"{}t MACd i o rl B0 8 L P LVR4EREd O%nal yzi ng
t hef eedback path fromthe output of switching stage 504. [f35the ratio of
resistors 512 and 514 is made equal to theratio of capacitors S08 and 516,
the attenuation of theswitching stage output seen at node Z is the sane as
t hat seen at node 2, i.e., the voltage | evel should be the .3 .1 JuL
"Cuul WD 99140b80 PCT/ US99/ 02458 same. Because the voltages at nodes 1 and
2 are equal, there is no current through resistor 510 which can therefore
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ao effectively renmoved fromeither feedback path. Fig. 7 is a bl ock dl'gaggamuz
of a generalized enbodi nent of a nodul ator | oop 700 desi gned accoro$h

the invention. Replacing the feedback filter and signal conbinj i Ltry
of the pr évmg?’?}ﬁ%scri bed 35 enbodi nents is a 4-port networ Q"%‘éﬁ?{‘}%h. ch

modul ator stage 702, switching stage 704, and output filter stage 706 are
connect ed. Netomek thad tSkgs! t HEhiwdib ad osigngEdcant pliimpsioyemeranbver

attenuates it y. i § i n P I ugl ' WD _99/.40680
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gai ncontro is VA Qr.e e S [ (i uded _i.n_4- por
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éh SF Skg'Lgdtéﬁmiﬁﬁarhnﬁh&&mﬁgﬁaﬂhﬁfk1iﬂﬁhﬁ(ﬂﬁnﬁﬁﬁimﬁﬂﬁﬁéﬁoﬁfsthge.
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the swit chi ngfesdiorekzE3dker ige opegabdod® HARAMIL frrguenpies, for
exanpl e, t he naus f4E thbagee eh@?! PRI GRUSIHtR il tld ashriAugse the
circuitry and_techni gues yse tof ilter"' and conbr%e t he feedback signal
coul d be di gitERIEERFLER| ¢B h TXSFICREYs TGS AR dhTrS N xed- si gnal s
35ci rcui goy and t echni gaefurthelre unded standipice mehtt hehefsgndbacind|t shoul d
al so be under , ~@e di ns i ents of
The modul at oy a0k o R PR iR e S Zieet Lo ey

out puts in teefexrneeokol 6§58 Fempdadasc pardigasoel fhe areetfientetomi| ar,
and the degregd a-Nbi §Padgdgadation of the loop s output may be tolerated,
varying | evels of attenuation of the nodul ator output s A s conponents in

the range nay be appropriate. That is, the frequency conponents in the
nodul at oesst age out put whi cIBRIEF VDESCRIPHREONOOB THEr PRAWANGES ange of

gzéer est need not be cogpget ¢l Yoral gsbed Hla@:ag& $fn a %‘g" fsi;:%%ai ty

remain within the scopé of the Invention. here of
t he i nvent i odesiianed bacderdinbnE® WhehPrdfar &%&e to the appended cl ai ns.

to 31 JU ~uu~ Fig. 2 shows two waveforms from the modulator
loop of Fig. 1;

30 Fig. 3 is a block diagram of a modulator loop
designed according to a specific embodiment of the
invention;

Fig. 4 is a block diagram of a modulator loop
designed according to a more specific embodiment of the

35 invention;

Fig. 5 is a block diagram of a modulator loop
designed according to a still more specific embodiment of

the invention;



WO 991 40680 WHAT |I'S CLAIMED |I'S: PCT1US99/ 02458 1. A nodul ator | oop de5| aned
to operate with a frequency range of interest, conprising: ., 5 a I UL 20u2
output termnal; a switching stage having an |nput and an out

out put of tWe 29068hi ng stage being coupled to the |oop outpu T’é’ﬁﬁ?’??é?s
the switching stage having a first delay associated therewith; to a

nodul at or stage having mgOUtGDlits @%Eoékedbagkamn@ﬂta inBéuQHi:B&!t 18bpt he
nodul at or stage bei ng (Bi\?&%\%é‘éﬁ-to t he i nput of gf Swi t chi ng stage; a flrst
f eedback pat FPEBHERE Ohd9P P SYEPuEELEr MPEP SRE i-ﬁécf eedback

i nput of the ¢smBobament pfsttdge imrsheidepdmdk filter coupled between the
out put of the nodul ator _st ag ndt d of the dul gt or stage
for conpensating for thgsllgi'r?t el ay?lé‘ﬁﬁ (?Jgag%%ack #l?t%?mﬁﬁ bzsgerabl eto
transmt brerebodévent oft & dodiHatorqleor desigrediacoording todthe
attenuate frequ@%{__gg al.n the frequency range of interest. 2. The nodul ator

l-oop of claim e€rein the nodul ator loop is a baseband nodul ator | oop and
the 25 feedback filter conprises a high pass filter. 3. The nodul ator | oop

of claim1l wherein the myggcq@l@Ti@@pofsspE@gpﬂcpmgoﬁpﬁgﬁ@gor | oop and the
feedback filter conprises a notch filter rresoond vﬂ% to,.30 the frequency

range of interest. 4. TR&9moduf& & kﬂtﬂfd‘ I TH N SIAMLAERE b at or
| oop is @ohi Hopagesigebaheccrdimaartb t&@ﬁmﬁ@@ﬁbddﬂammlw a | ow

pass filter. , 35 5, r_1qo wherei n.t he dul at or
loop is a band Y& téi‘:?nrrodﬁggflg? PEof%a 3n°g f“éaéﬁé’aclf‘m Y19%2 M7 ses a
band pass f| Ivta—r:\.eny of todullagod? twpedo|i4EsE PG NS Gawaﬁﬂp.‘ﬁe Tde

nodul at or 33, 1 he,mogil Al aﬁpa.l lurality
of filters i %R‘par aﬂ'g?gh m%ﬁﬁ'ﬁlg%rﬁ)dﬁjl ator | oopS q=T.edal m 1 wher l?aﬁ:pt he
nodul at or st pSEbABPY s84ch BPULRS QR dasdrided iin caumonly Resigned,

modul at ogs | O%Qn&iﬁgnvlsmﬁaeeﬁtt hediaedhacn iNd.t s mrﬁ§$@rf eedback
signal using anal og tech ggg{i % FL&@S&%%@P Ioz\& Halml wherein
the is feedbdBEHIHPY AND g&% &g 3@ ARING,
techni ques. MIXED-SIGNAL PROCESSING filed on June 20, 1996, the
entire specification of which is incorporated herein by
reference for all purposes. According to specific
20 embodiments, modulator stage 302 comprises a plurality of
filters in parallel and/or in series. Switching stage

304 receives a control signal from the output of
modulator 302. Switching stage 304 may be any of a wide
variety of switch configurations and power levels.
25 Switching stage 304 may also be either inverting or
) noninverting. For an inverting switching stage, an
inverter is inserted in the modulator output feedback
path in front of feedback filter 308. Output filter 306
may also be implemented according to any of a wide
30 variety of techniques as appropriate for the desired
output signal content in a particular application.
As with previous designs, negative feedback may
- be provided to modulator 302 from the outputs of
switching stage 304 and/or output filter 306 via summing
s 35 junction 310. For purposes of this description, junction
310 is assumed to be ideal and therefore, no additional
feedback circuitry is shown. However, it will be
understood that summing junction 310 must, of necessity,
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f eedback filter also corﬁmihshf—‘l pg’efvapushdesegnad tibeaypodilattre Immtbllm(mr
| oop of clai mlf,d ush gﬁ'fé §0FBEhBhAg RraRCERE beeglackePRAbRILAM ey Ul PUL

of the switching sta to t back 1 n ator stage. 1s 18.
The modul &¢ or W%rﬁ%ﬁd@%rﬁl#‘c?ﬁr?‘Hért@oE{BFFE?ﬁgeﬂBGPFPoﬂépkl rcuitry

coupl ed to thedasdback. fihéwevée, eenpessat thg ﬁ@éaﬁﬂvénééﬁ'sreafﬂeﬁl
contribution to the seconglé\ﬁg gacg Eath by the {leeg a]cik filter._ 20 19 The
nodul at or Ioo;:f'O W 1 1EY ndiRguagadt 18nkhe PrEkPEPYnG tfeithey pol e
as;tr)ci ated w tﬂmxdm:imgh tplaaiss feétlback2fs Fhttemed! by ofilloep GfOBCIsaidh 19
whekein the 2 dit t rise a cou bet ween
the sw tching g’tg:ge out pu? rggi' EX %ggajé ?Elu[a? ‘g&Egi’ﬂ 31 or | oop
of claimi8 wrsdsilatde mpmbaufaequea@ngeammf smtarpsural Mysof st ages,
the feedback '&%‘ﬂ %&%f@aé@dsﬁiﬁ%@@ Ph&s <9f Epa Ewé@,al ity of

stages. 22. The rm at or aim1 wherein the - tchi ng stage

conprises an |nvert| ng %Qch‘fnﬁss?aﬁ%"df mﬁ%ral%ﬁehépﬁher
conpri si ng anmodAldtyr Qb 4o bedeetiméd acebpiingftd he wogdl spbelcifiage

and the feedba%c}cdlln%e%t olé; the :Lm;ef}yi‘or? "YModulator 402, switching
20 stage 404, and output filter 406 operate substantially

similarly to the corresponding loop elements discussed
above with reference to Fig. 3. Feedback is provided to
the feedback input of modulator 402 from the output of
switching stage 404 via a divider network comprising
25 Tresistors 412 and 414. Feedback is also provided to the
) feedback input of modulator 402 from its logic output via
filter capacitor 408 and series resistor 410. The value
of capacitor 408 is selected to attenuate the logic
output's signal content in the baseband range of interest
30 while passing higher frequencies to the feedback path for
combination with the attenuated switching stage signal.
Significant increases in delay tolerance have been
achieved with this configuration.
However, because the filtered modulator logic
35 signal is not combined with the feedback path using an
ideal filter and an ideal summer, an additional pole and
zero are introduced to the transfer function of the loop
by the actual circuit elements, i.e., capacitor 408 and
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(109D& ()- S, lwitH oel&' ¢prBebponding elements of loop 400, feedback is
provided to the feedback input of modulator 502 from the
output of switching stage 504 via a divider network

20 comprising resistors 512 and 514. Feedback is also
provided to the feedback input of modulator 502 from its
logic output via filter capacitor 508 and series resistor
510. The value of capacitor 508 is selected to attenuate
the logic output's signal content in the baseband range

25 of interest while passing higher frequencies to the

) feedback path for combination with the attenuated
switching stage signal.
An additional capacitor 516 is provided from
the output of switching stage 504 to node 1 which cancels

30 the pole introduced into the switching stage's feedback
path by capacitor 508. This may be understood from a
network analysis perspective by again treating the logic

- output of modulator 502 as ground and analyzing the
feedback path from the output of switching stage 504. If

AJ)

35 the ratio of resistors 512 and 514 is made equal to the
ratio of capacitors 508 and 516, the attenuation of the
switching stage output seen at node 1 is the same as that
seen at node 2, i.e., the voltage level should be the
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same. Because the voltages at nodes 1 and 2 are equal,
there is no current through resistor 510 which can
therefore be treated like an open circuit, effectively
removing capacitor 508 and its corresponding -pole from .
the switching stage feedback path. This makes the

modulator loop extremely stable as well as delay .
tolerant.

' Fig. 6 is a block diagram of a modulator loop
600 designed according to an even still more specific
embodiment of the invention. Modulator 602, switching
stage 604, and output filter 606 operate substantially
similarly to the corresponding loop elements described
above with reference to Fig. 3. Resistors 610, 612 and
614 and capacitors 608 and 616 operate substantially
similarly to the corresponding loop components described
above with reference to Fig. 5. 1In fact, the embodiment
of Fig. 6 includes all of the circuitry of Fig. 5 with
the addition of a feedback path from the output of filter
606 to the feedback input of modulator stage 602, the
additional feedback path being implemented with a
resistor 620. Capacitor 622 is also included from the
output of filter 606 to node 1 for the purpose of
canceling the pole in the new feedback path introduced by
capacitors 608 and 616. As discussed above with
reference to the embodiment of Fig. 5, if the ratio of
resistor 620 and resistor 614 in parallel with resistor
612 is made the same as the ratio of capacitor 608-in
parallel with capacitor 616 and capacitor 622, no current
flows in resistor 610 and thus, capacitor 608 is
effectively removed from either feedback path.

Fig. 7 is a block diagram of a generalized
embodiment of a modulator loop 700 designed according to
the invention. Replacing the feedback filter and signal
combining circuitry of the previously described
embodiments is a 4-port network 708 to which modulator
stage 702, switching stage 704, and output filter stage
706 are connected. Network 708 takes the modulator logic
output signal and attenuates its frequency content within

8
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the range of interest of modulator loop 700. It also
combines the resulting signal with the fed back outputs
of the switching and filter stages for use as feedback by
modulator stage 702. Network 708 may be implemented in a
variety of ways depending upon the technology used to
implement modulator loop 700.

Moreover, for modulators having amplitude
dependent stability (e.g., oversampled and pulse width
modulators), it may be desirable to control the magnitude
of the modulator feedback with respect to the feedback
from the power and/or filter stages to maintain an
optimal stability point. Therefore, an optional gain
control 710 is provided before the feedback filter
(included in 4-port network 708) to allow gain matching
of the modulator logic output signal and the power
output. According to a specific embodiment, gain control
710 is implemented using a digital-to-analog converter
(DAC) with a variable output amplitude.

While the invention has been particularly shown
and described with reference to specific embodiments
thereof, it will be understood by those skilled in the
art that changes in the form afid details of the disclosed
embodiments may be made without departing from the spirit
or scope of the invention. For example, the specific
embodiments described above with reference to Figs. 4 and
5 show the use of analog components (i.e., resistors and
capacitors) to both filter the wmodulator output and
combine the resulting filtered feedback signal with the
feedback path from the output of the switching stage. It
will be understood, however, that, where, for example,
the modulator stage is implemented using digital
techniques, the circuitry and techniques used to filter
and combine the feedback signal could be digital.
Similarly, with a mixed-signal modulator, mixed-signal
circuitry and techniques may be used to implement the
feedback. _

It should also be understood that, depéending
upon the degree to which the contents of the modulator

9
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and power outputs in the modulator loop's frequency range
of interest are dissimilar, and the degree to which
degradation of the loop's output may be tolerated,
varying levels of attenuation of the modulator output's

5 components in the range may be appropriate. That is, the
frequency components in the modulator stage output which
are within the loop's frequency range of interest need
not be completely rejected to maintain reasonable
fidelity and remain within the scope of the invention.

10 Therefore, the scope of the invention should be
determined with reference to the appended claims.
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WHAT IS CLAIMED IS:

1. A modulator loop designed to operate with
a frequency range of interest, comprising:
5 a loop output terminal;
a switching stage having an input and an
output, the output of the switching stage being coupled
to the loop output terminal, the switching stage having a
first delay associated therewith;

10 a modulator stage having an output and a
feedback input, the output of the modulator stage being
coupled to the input of the switching stage;

a first feedback path coupled between the loop
) output terminal and the feedback input of the modulator
15 stage; and
a feedback filter coupled between the output of
the modulator stage and the feedback input of the
modulator stage for compensating for the first delay, the
feedback filter being operable to transmit frequencies

20 outside the frequency range of interest and attenuate

frequencies in the frequency range of interest.

2. The modulator loop of claim 1 wherein the
modulator loop is a baseband modulator loop and the
25 feedback filter comprises a high pass filter.

3. The modulator loop of claim 1 wherein the
modulator loop is a band pass modulator loop and the
feedback filter comprises a notch filter corresponding to

30 the frequency range of interest.

4. The modulator loop of claim 1 wherein the
modulator loop is a high pass modulator loop and the
feedback filter comprises a low pass filter.

5. The modulator loop of claim 1 wherein the
modulator loop is a band reject modulator loop and the
feedback filter comprises a band pass filter.

11
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6. The modulator loop of claim 1 wherein the

modulator stage comprises a plurality of filters in

parallel.

7. The modulator loop of

claim 1 wherein the

modulator stage comprises a plurality of filters in

series.

8. The modulator loop of
feedback filter generates a feedback
techniques.

9. The modulator loop of

feedback filter generates a feedback
techniques.

10. The modulator loop of
feedback filter generates a feedback
signal techniques.

11. The modulatoxr loop of

claim 1 wherein the
signal using analog

claim 1 wherein the
signal using digital

claim 1 wherein the
signal using mixed

claim 1 wherein the

feedback filter comprises a capacitor and a resistor.

12. The modulator loop of

claim 1 wherein the

feedback filter comprises a digital signal processor.

13. The modulator loop of

claim 1 further

comprising additional circuitry coupled to the feedback

filter for compensating for an undesirable contribution
to the first feedback path by the feedback filter.

14. The modulator loop of

claim 13 wherein the

additional circuitry cancels a pole associated with the

high pass filter.

15. The modulator loop of

claim 14 wherein the

additional circuitry comprises a capacitor coupled

12
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