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METHOD AND APPARATUS FOR COMPENSATI NG FOR DELAYS | N MODULATOR LOOPS
BACKGROUND OF THE | NVENTI ON The present invention relates to del ay handling
10 .in nmodul NOPIMHEs. Mre specifically, the present inPERUSE2Bovi des
a filter in the nodul ator | oop which conpensates for delays introduced by,
for exanple, a power sw tching stage or an output filter. Wth pulse width
nodul ati on (PW) and other 15 nodul ation techni ques, the delay introduced
by switching and output filter stages nust be effectively dealt with to
all eviate the adverse effect y cireuit stability. This
IS particulﬁrly true for nnd@ﬁi@@&%%%hSCﬁpﬁgééxﬁ@$akp§ely hi gh power
switching 20 st ageOMPENSRTINGe FOR HELBAS HAE MRDUBATQRr@ORSt h r espect
to the pulse repetition frequency of the |loop. Atraditional solution to

t he probl em of del ay handling Méﬁﬁgﬁgs&iﬁ&gwggiﬁﬁerence to Figs. 1
nmodul a

and 2. Fig. 1 is a block diagramof, a typlca tor | oop 100. The
| ogi ¢ out put of nodul at orreLFFeFrRE cIETEiNPeFRiREL D SR Aedrrghandising e
out put of whi chini sofluliwseddopsoutpatte fapeicdfidbly A theeghbasknt esi st or

invention provides a filter in the modulator loop which

compensates for delays introduced by, for example, a
power switching stage or an output filter.
~With pulse width modulation (PWM) and other
15 modulation techniques, the delay introduced by switching
and output filter stages must be effectively dealt with
to alleviate the adverse effects such delays have on
circuit stability. This is particularly true for
modulators which have relatively high power switching
20 stages because the delays c¢an become very large with
respect to the pulse repetition frequency of the loop. 2
traditional solution to the problem of delay handling
will be described with reference to Figs. 1 and 2.
Fig. 1 is a block diagram of a typical
25 modulator loop 100. The logic output of modulator 102
drives an inverting power stage 104 the output of which
is filtexed by output filter 106. A feedback resistor
108 and attenuation resistor 112 are provided for the
purpose of introducing negative feedback from the output
30 of the loop to modulator 102. Fig. 2 shows two waveforms
202 and 204 from the modulator loop of Fig. 1 without
delay compensation. As shown, due to the delay
introduced by the switching and filter stages, the
positive swing of waveform 204 (i.e., the output filter
35 106} is nearly in.phase with the positive swing of
waveform 202 (i.e., the logic output of modulator 102).
Thus, where the original design of the loop
contemplates negative feedback, the delay converts it to
positive feedback and therefore loop instability (not



108 and attenuation resistor 112 are provided for the purpose of .
I ntroduci ng negative feedback fromthe output 30 of the loop to nDduIator
102. . Fig. 2 shows two waveforns 202 and 204 fromthe nodul ator | oop of

Fig. 1 withwowosesBeay conmpensation. As shown, due to the dEF‘é(ysﬁs'ﬁHsBduced by
the switching and filter stages, the positive swing of waveform 204 (i.e
t he out put flénumn)35esﬁmﬁ$.|sFouynhxg reapbmsea vifilterheapasitowerswi ng of

wavef orm 202 4(d p%ov:.ti@@ RO ErOUldAUlieh FRdgbahOreidkorThbE. sybEr e the
original design of the Ioog cont eér% at.ﬁ fg&tlve f eedback, the C‘}ﬁ)
converts it t sFPf“P@n’F% PRk CARACLREF of BY PTTMFSEn 8t ZBFPi 1% Yot
shown) resul tﬂaedﬁatckt hoepr eafientiveflyl bypasapeaithe atteniustponvi ded in
paral | el \eﬁ”}:affs%%b %rkrégﬁ'ééﬁé 11&8.-&@ 148! earqoigz@mhheamg@pamtor 110

pr oduces zero int effectjvely si.ng the attenuation
s caused by resi stors? Sr‘é‘l’ﬂaﬁé’ S’F jimslil 'f"]i”e%ufé’r%pé’g d84¥r t unat el y,
because this dqmpenﬂhtdehayscpemﬁnrmwﬂ afiter pbefdekemd halst beehhe del ay has

been i nt r oducegh e enk80Phe I fodg, di! LECHLEriQROMLEhrabEe a1l

of the delay's negative consequences with regard to loop
10 stability. In fact, this type of compensation technique

has had only limited success and, as a result, has
limited the delay tolerance and the overall performance
of today's modulators. One solution is to use feedback
gsignals directly from the logic output of the modulator,

15 4i.e., before the delay is introduced, in combination with
the output of the power stage and/or the output filter.
Unfortunately, while the output of the modulator (202)
and the filter output (204) have similar characteristics
there are significant differences in content in the

20 modulator loop's frequency range of interest due to the
non-ideal nature of the power stage as discussed in U.S.
Patent Application No. 08/898,544 for METHOD AND
APPARATUS FOR PERFORMANCE IMPROVEMENT BY QUALIFYING
PULSES IN AN OVERSAMPLED, NOISE-SHAPING SIGNAL PROCESSOR

25 filed on July 22, 1997, the entire specification of which
is incorporated herein by reference. This makes it very
difficult to achieve high fidelity operation while
feeding these signals back.

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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of the delay's negative consequences with regard to loop ac stability. 1In
fact, this type of conpensation technique has had only Iimted success and,

as aresult, has Ilimted the delay tolerance and the overall|l performance of
t oday' s modul WP8Y4680ne sol ution is to use feedback si gnal FCHUEBERIS from
the logic output of the nodulator, i5 i.e., before the delay is

i nt roduced, i nvedtbgeanddnlaticrh s&hgeom moampehsthe famaihesidagayand/ or the
“output filter. 1H@&86ﬁ8@&t1§‘3}ysuﬁﬂ@hh8nf: qﬁov@# ol ef14de g,lé' a,R§1£202) and

the filter outpg &2 ; al_te sim araterlstlcs eare S|gn|f|cant
differences inCoRfEnfsTH e 26‘° ﬁ%ﬂ’cﬂ%tao 1950 eve} iy féfeyirdnge of
“interest due tamotwétherandiaw thet ditfefertdes pnmigm]ag:e:mmil sgussed in

U.S. Patent sApRliiseakiod Mbvd)8/ 888, Bidedalo nwgzwoﬁ P%g”ﬁg? R

PERFORMANCE II\/P ALI FYI NG PULSES |
NOl SE- SHAPI NG Elﬂfhc%és Pyk Of | they nodulakgr sstagegnch: khaknits e

speci fication (ftreqhenhylcmmpmnpsraﬁm&erom nhbymds&iﬁtﬁicaoo s nakes it
very difficult f&@qﬁ@ﬁéﬁvﬁx%eg?ff EQ@H;}&Q‘: %{}%r @Eé&g}n}.’\@b e%g' ng these

signals back. In view™© %?e a2l abie o 30 provi de an
i nproved t echnit§§EPRek Rafpadae ﬁbsf RSy sCOMPoRANYSatlosifleople such t hat
greater dehays loap'bBerange of interest are attenuated. Thus, the

stability of the loop is enhanced due to the feeding back
of some portion of the modulator output, while the
fidelity of the output spectrum of the loop is not
adversely affected by undesirable modulator ocutput

15 components within the range.

Depending upon the type of modulator, the
frequencies attenuated and transmitted by the feedback
filter of the present invention vary. For example, for a
baseband modulator, the filter attenuates frequencies in

20 the baseband and transmits higher frequencies such as,
for example, a high pass filter. For a bandpass
modulator, the feedback filter may behave like a notch
filter, attenuating frequencies within the relevant band.

Similarly, for a band reject modulator, the filter may

25 behave like a bandpass filter, while for a high pass
modulator, the filter may behave like a low pass filter.

In a modulator loop which tolerates a 250 ns
delay without the improvements of the present invention,
the addition of the feedback technique described herein

30 has been shown to increase the delay tolerance level to
greater than 500 ns. This means that, according to the
present invention, very large power devices may be
employed with low voltage modulators despite the
troublesome delays associated with such power devices.

35 For example, a specific embodiment of the invention is
capable of delivering more than 1000 W (> 1 hp!) into a 4
ohm load with very high fidelity. For a 1 ohm load “
(e.g., an industrial motor) this is the equivalent of
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tolerated without adversely affecting |loop stability. SUMVARY OF THE
| NVENTI ON 35 According to the present invention, a feedback

techni que for nodul ator |oops is introduced which addresses tag .
difficulti ®#oew49@ssed above. The feedback techni que desch§ Y n_uses

the output of a low 2 vol tage nodul ator stage to conpensate for the
del ay introdmoee thamsUbsugueThigohera spidriifilcants tageeveneite over t he same
time, achi evigrantigrudHmanief nipHetiden et Wodaihessi Meopdeand filser ences in
si gnal content gs 5 di stcussed aboie .Th][e |n\égﬂt|on ach eves, this result by
filtering t h8UOELPHER LI MRy EPAREH Vet hdE 9 PRV ER P FEE F+a uency
conponent s oapplileabbionde nodul ator | oop's frequency range of interest are

transmtted to the feegigack RAatheWbht iddent iRl PeBGYAE8NR ORI mtidisi de the
10 loop's range gf [nterest are ﬁttenuat%‘?. Thus, the stability of the
loop i s enhanfeR GE8LIRET FP PPEXRNG HAK TETERSYEAPES°Df the nodul at or

out put, whil dntkeebtdel The lofopt Hacdudesta sipmpt owrput teeminab sl @ot
switching stage, the output of which is coupled to the

loop output terminal. The switching stage has a first

10 delay associated therewith. The output of a modulator
stage is coupled to the input of the switching stage. A
first feedback path is coupled between the loop output
terminal and the feedback input of the modulator stage.
A feedback filter is coupled between the output of the

15 modulator stage and the feedback input of the modulator
stage which compensates for the first delay. The
feedback filter is operable to transmit frequencies
outside the frequency range of interest and attenuate
frequencies in the frequency range of interest.

20 A further understanding of the nature and
advantages of the present invention may be realized by
reference to the remaining portions of the specification
and the drawings.

25 BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is a block diagram of a modulator loop
designed according to the prior art;
Fig. 2 shows two waveforms from the modulator
loop of Fig. 1;

30 Fig. 3 ies 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; '



adversely affected by undesirable nodulator output i5 conmponents within
t he range. Dependi ng upon the type of nodul ator, the frequencies attenuated
and transmtted by the feedback filter of the present invention vary. For
exanpl e, for VOPUWENand nodul ator, the filter attenuates fPEHFYEHORES in 20
t he baseband and transmts higher frequencies such as, for exanple, a high
pass filter. For a bandpBbs. modsl at biock hiidgadbetka fiddwrateay 1bepave |i ke

a notch filter gedtikaRdah&o8-diRAYBNGH ESvAN tdY A 1t vand, band.
Simlarly, for 5 P il tgFer%r%f?ez% Sehave |ike a

a,band reject .nd t he
bandpass fi | terg,mb\ﬁﬁilv‘ﬁmfo‘?fat}fﬁ FhvFaE° RSt or, the filter may behave
like a low pass filter. Figa Tdgukabbeck clipgramcbftal gerir@d igded50 ns del ay
wi thout thesi "prBYEIRBAE OF 4 %dﬂiﬁé@?tlddﬁ/%fs'ieﬂe%t:;&%# B Phethe
c

f eedback techni,que described herein 30 has been shown to 1 ncreasé the
del ay tol erancé™VERER®Po greater than 500 ns. This means that, according to
the present invention, very |large power devices may be enployed with | ow

vol tage nodul ators despitﬁEg¢ﬁﬁgﬂfaﬂbb§$$§§be3§a ﬁgﬁ @t ed with such

power devices. 35 For exanple, a specitic enbodi 0 he invention is
capabl e of delivering nof+dt Fart®1800199% dipggpm) of @ dioguiator loop

10 300 designed according to a specific embodiment of the
invention. Modulator stage 302 may be any of a wide
variety of modulator types including, for example, a
pulse width modulator, or an oversampled mixed-signal
modulator such as the one described in commonly assigned,

15 copending U.S. Patent Application No. 08/667,925 for
METHOD AND APPARATUS FOR OVERSAMPLED, NOISE-SHAPING,
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 alsc 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 alsgo 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

35 junction 310. For purposes of this description, junction
310 is assumed to be ideal and therefore, no additional
feedback circuitry ies shown. However, it will be
understood that summing junction 310 must, of necessity,
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ohmload with very high fidelity. For a 1 ohmload (e.g., an industria

notor) this is the equivalent of 3 nore than 5 hp! This is a significant
i nprovenent over currently available high fidelity nDduI and is
sufficient WOPY4EHYy rel atively high power industrial appl I C .%9%@24%8

Thus the present invention provides a_nodul ator |oop de5|gned to operate I n
a frequency feen gopdement ed cssindgrRetadpcirer i cempongsssogugtater m nal and
a switchi ng Hagexahpeepuidsistdraihi Cheiraéféneipl Gibdi®ithembeapméntput

t | . Th t h t th.
The out put 0% BHSd Iflg{?ngi&?gs%’%lﬁsn%coup o3t fuet RebtoRRRRELbEE dE° N L0
stage. A fi rﬁumaﬁﬂcﬁa@h 30 @xgpdegeribor helate M%Hpréﬁﬁm% erm nal

gnd t he f%edbﬁfll@ﬂgm?u ﬁt t tige NEBGuneY, ebﬁgent Ao eadbgekabatkefréw coupl ed
e e P e Bl W s o Roctailical pgeit o e
i s operabl e tonttaigies @ift thﬁehm'(ﬁ e‘.grequency range of 1nterest

Unlike previous designs, the modulator loop 300

also employs feedback from the output of modulator 302

10 via feedback filter 308 to further enhance loop
stability. However, to avoid the negative consequences
for output fidelity discussed in the Background of the
Invention, this feedback is filtered by filter 308 such
that its frequency content is largely outside of the

15 modulator loop's frequency range of interest. Thus,
stability is increased without loss of fidelity.

Fig. 4 is a block diagram of a baseband
modulator loop 400 designed according to a more specific
embodiment of the invention. Modulator 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 resistors 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 additiomal 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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outsi de the. frequency range of interest and attenuate frequencies in the
frequency range of interest. 20 A further understandi ng of the
nat ure-and advant ages of the present invention may be realized b rgference
to the remai "VRHBHt i ons of the specification and the dr akiAFS?BEE

BRI EF DESCRI PTION OF THE DRAWNGS Fig. 1 is a block diagram of a nodul at or

| oop desi gned &@ééFHPﬁg4¥Qrtlﬂ?lﬁrpéﬁq%?tSSQQ grom amakyarko analpgébs s from

the nodul ator |pegepettivg.byl tr@3dting the logiki Gutgut o nddRgkediagsam of a

Pﬁsgln? |t 8;1; | g?g .agiakggggbﬁ%gb |eagri %1% %?a%g%%f hﬁ%%grgﬂo%e%b%gt%ccor di ng

to a nore specitiiec 1eABORY ke Paes: hkluring &hej ewitehigig Btagea bl ock

di agram of & nmetitbator tienp dQsiygpepréssitiedanyihorae S Ion #REE Specific

embodi ment  of %@%fEQMgﬁgé(ghhé%cements made possible by the use of the
filtered modulator output as feedback. Therefore,
further embodiments of the invention are described below
introducing enhancements to the loop of Fig. 4 which

10 address this limitation.

Fig. 5 is a block diagram of a baseband
modulator loop 500 designed according to a still more
specific embodiment of the invention. Modulator 502,
switching stage 504, and output filter 506 operate

15 substantially similarly to the corresponding loop
elements described above with reference to Fig. 3. As
with the corresponding 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

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

2



Fig. 6 is a block diagramof a nodul ator | oop designed according te an even
still nore specific enbodinent of the invention; and Fig. 7 is a bl ock

di agram of a generalized s enbodi ment of a nodul ator | oop_desi ne(g

accor di ng tWOPH#$hyvent i on. DESCRI PTI ON OF SPECI FI C ENBOJF?JERﬁ’%’%‘i Y. 3is a
bl ock di agram of a nodul ator | oop 10 300 designed according to a specific
enbodi ment ofsamige | Beeanserthavbiplitages at rpd<ssD2 smgd Beazayegial, W de

variety of nmpgiehat 95 hy¥P&Sridit Whirdfghl SésBEWIs8.0 whBehSeaMi dt h modul at or,
or an oversat | ed .m xed- si gnal drgd | ator _such ,as t.he o%(% descrjbed in

comonly assigREGECFE RBpehdt Y S PR BT AT SATREEIBRI%67, 925 for
METHOD AND ARRNRAINS FapeciRERSAMSLEDd At SromStespionGinygl Kebe SERMWAL

PROCESSI N f ivhd s@f t $HE8g 29s add Feedbliekepith & SNEE Wakaki @ReOf Which is
i ncor porated herein by referenceefor L{g ur poses. Acgording to specific 20
embodi nent s, 'W?gb‘gf"&?ﬁr 18PR (&I é'é'n'sgl %g A pfUrad eé!?'yfl lters in
paral | el andtmleranteri es. Switching stage 304 receives a control signal
fromthe output of modphgtos 89% LIMckCALAGrEh A SAbATULBE oY Of a wi de
600 designed according to an even still more specific
10 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
15 similarly to the corresponding loop components described
above with reference to Fig. 5. In fact, the embodiment
of Fig. 6 includes all of the circuitry of Fig. 5 with
the addition of a feedback path from the ocutput of filter
606 to the feedback input of modulator stage 602, the
20 additional feedback path being implemented with a
regsistor 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
25 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
30 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
35 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



vari ety of switch configurations and power |evels. 25 Switching stage 304
may al so be either inverting or noninverting. For an inverting swtching
stage, .an inverter is inserted in the nodul ator output feedback path in
front of feed@edM0680| ter 308. Qutput filter 306 may al so bECTAEI®SAt ed
according to any of a wde 30 variety of techniques as appropriate for “the
desi red out put thiegrahge oof eniteresa PpArdodulladoraRbp CAIG .ON.I1rAR1¥LI h previ ous
desi gns, negat iyes.f b rovi ded . ul at or, 302 fromthe

out puts of sw tC\cSﬁ'P%gggtgg% %%&lggagp%%gﬁ%ptﬁﬁp {ngg%rp%‘gé°a\ﬂ9%°§ﬁmﬁg 35
junction 310. P&r ther pBtechidio ARdsfikkey ishages, fpurss as Feedbackssyimed t o
be ideal and timedelater smagietld'iotzi.Onnétﬁ&ﬂdh@@kmﬁyrlséliiﬂ%zleim%nﬁga% ;bvveve[) ;
it will be und : ' i |.on,.310 st .. of necessity, S e
| mpl ement o us Vg acy of ey HEpRAaL A Mechl e SHBoncgy Foknre. -
resi stors. TheddPdpment jirdylatornbeer s of the invention showi ng sone
actual inplenentations alowstwEr)gfbrneddulatdid BARikESp1Redahel ow with

reference dependent stability (e.g., oversampled and pulse width
modulators), it may be desirable to control the magnitude
10 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

15 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

20 and described with reference to specific embodiments
thereof, it will be understood by those skilled in the
art that changes in the form and details of the disclosed
embodiments may be made without departing from the spirit
or scope of the invention. For example, the specific

25 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 modulator output and
combine the resulting filtered feedback signal with the
feedback path from the output of the switching stage. It

30 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

35 circuitry and technigues may be used to implement the
feedback. . ,

It should also be understood that, dependiné

upon the degree to which the contents of the modulator
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5 to Figs. 4-6. The frequency content of the feedback fromthe sw tching
‘stage and output filter is both inside and outside of the |oop's frequency.
range of interest. Unlike previous designs, the nodul at orp%,g,gg%ﬁ%%sal SO
enpl oys feclBAYRO6BY om t he out put of nodulator 302 lo via ack filter
308 to further enhance |oop stability. However, to avoid the negative
consequences dmt powepubtutpdes i ity tdiesggdudaten 1orp ‘Badrgauendyofandge
'nvtentitorh lthifs i}‘:&%@%taekgké c}fli%éﬁ(i_@.@z*;’Yagw E?é'&élb?re%tl@:@f Whakhi ts frequenfcy
content is largely oytsi 0 e is ulator .l oqp'.s _frequency .range o

i nt erest. TH{F?F%L% P, ?g Fgeiﬂ%‘?pefsgg‘% Pt nSat ]?eog%lc?fraf:fa élity. Fig. 4is
a bl ock di agreanyiinen lexredbapfl sftrpuatdon o§ptieonetbyiadeed outpuktieng to a
more specigfi %&ﬁﬁ&(ﬂd&n&noﬁhé heandd/ @izl 98 appoprie 40ZnagWik¢hing 20

st age 404, agg output filter 406J.(S)rgei:rate u g}:antsl'tal IeyOS| m | arH Lo t he

cor r espondi ng-T BT e FERPERGRET WL S SaBETE R Th T8 SHERYEELER 3.
Feedback is paweivdddhino theelbep bt fideduepgy vangedef dimteres2 fieodh t he out put
of sw tching st@ags %pqggegyd}:gjé&g{emq;td/\ﬁaknggmrf&igwaﬁe resistors 412

and 414. Feegl ck is also F‘r ovi de .totﬁ,%esf eegbaﬁl&_sljén%_utv of .nodul at or "402
fromits |ogi I AR, TRPRER WY itor #5684 i BYePEEPB or 410, The
val ue 10 Therefore, the scope of the invention should be

determined with reference to the appended claims.
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of capacitor 408 is selected to attenuate the |logic output's signal content
I n the baseband range of interest 30 while passing higher frequencies to

t he feedback ath for combi nation wi ﬂ d SV\“Q@{- 99735%9
signal . Si gnif9 Oi ncreases in de g ﬂ maﬂm\mjﬂme been” ac |eve wi th
this configurati on However, because*t dul ator |l ogic 35

signal is not YHAB ASJCLAINED US: feedback path using an ideal filter and an
i deal summer, an additional pole and zero are introduced to the transfer
function of the |l oop by fhe g¢c el acifor 408
and 6 resi stor. 410. T% ?a&\“légtéllgfeglc%’fc}o d%g% & "Jkd Eé’rli'j fgs p%rspectlve
by treating theé FEéTQHBeB‘ElYﬁEﬁnS’(ﬁ %Hﬁ?%’ﬁﬁtﬂﬁ’?mﬁﬁﬁ%‘@f{md and observi ng that
capaci tor 4@8 adds del ayatlbcﬁh@uk:@ﬁe barmigaipass filtering the switching .
stage s output. This del n LjJg.tat Lan, h (formance
enhancenents nmade possi ble "{) hﬁ?@ Léa%? kﬁvl&g Il"?e}rg‘gl %‘dlp% or output as
f eedback. Ther GuSPEE. f the mt%eél Heatswigching phagmthedmoaceunéedri bed

bel ow 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 modulater locp 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.

35 '

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



I nt roduci ng enhancenents to the Ioop of Fig. 4 which to address this s
limtation. Fig. 5 is a block diagr dul ator | oop 500
desi gned according to a still nore sﬂm,} E M’? of the invention.
Modul at or” SW9994%8% chi ng st age 504, ahd cout'-pu 506 PEREPR{%4E 5
substantially simlarly to the corresponding | oop el ements described above

with reference to Fig. 3. As with the correspondi ng el enents of |oop 400,
f eedback is provided t@.t heThaenb@skaticiplbopl ofDELA B O wHeZefihOBhENE out put

of switching 4 Iy e r|S|n .Jresistors 512
and 514. Fee@%ac aﬁlso% asIY: e cg{'f“erg%g%io%%’h%&% g% Jf‘llptLﬁ ofPodul at or 502
fromits | ogiraakIRk- via fllter capaci tor 508 and series resistor 510. The
val ue of capacitor 508 is selected to attenuate the logic output's signal
content in the baseband ran 2 r si.ng hi gher
frequencies to the fee%backq‘ggt lgéaégglngf)% t?gﬂc%%'ﬁa]ts ﬁ‘@‘ngg?ed

swi t chi ng st apedulany stAgeagamPrifre  Marrldrysab iflslqﬁmll@ed fromthe
out put of sw g&Rid. stage 504 to node 1 which cancels 30 the pole

i ntroduced into the switching stage's feedback path by capacitor 508. This
may be understood from a

10 8. The modulator loop of claim 1 wherein the
feedback filter generates a feedback signal using analog
techniques.

9. The modulator locop of claim 1 wherein the

15 feedback filter generates a feedback signal using digital
techniques.

10. The modulator loop of claim 1 wherein the
feedback filter generates a feedback signal using mixed
20 signal techniques. '

11. The modulator loop of claim 1 wherein the
feedback filter comprises a capacitor and a resistor.

25 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
30 filter for compensating for an undesirable contribution
to the first feedback path by the feedback filter.

14. The wmodulator loop of claim 13 wherein the
additional circuitry cancels a pole associated with the
35 high pass filter.

15. The modulator loop of claim 14 wherein the
additional circuitry comprises a capacitor coupled

12



netwoy k anal ysis perspective by again treating the Togic output of

nodul at or 502 as ground and anal yzin ' th fromthe output of
switchjng stage 504. If 35 the ratlﬁlﬂmw@ﬁpgﬂ%ﬂFZ and 514 is nade
equal to the Woew40680f capacitors 508 ande 516, nt he att enuat FOHUSPO#R

swi tching stage output seen at node 1 is the sane as that seen at node 2,
i.e., the volt agewkenethe Hogpd cheput et ermigmie anBetlr siecibackof L hgers. at
nodes 1 and 2 are equal, there is no current through resistor 510 which can

therefore be treated |i ke an _open %lr cuit, effegt i vel y renovi ng capacitor
508 and its correspondi mf polT&er PeERts dogRi PERF RS 2addrtBEAback pat h.
Thi s makes t he congiaing dameputr Eikter dcuplledabetwddn ahedelidyput cber ant .

Fig. 6 is a_bl | f I | ac ding to an
even oti 11 oy 08 SuRILAS e oBDAta M 2P oBERLERNARIEORRE S 07 G0,
sWi t chi ng st ag@ubeut BRHCHUMFYLRE| Pt BPCYEh d5aY at WS thareyishni l arly

to the correspehndi fgefibagk cfidvent alse saondeeciatting efont tther @kepgace to Fig.
3. Resistors 63(,1%,16‘912 and

10 17. The modulator loop of claim 16 further
comprising a second feedback path from the output of the
switching stage to the feedback input of the modulator
stage.

15 18. The modulator loop of claim 17 further
comprising additional circuitry coupled to the feedback
filter for compensating for an undesirable contribution
to the second feedback path by the feedback filter.

20 19. The modulator loop of claim 18 wherein the
additional circuitrxry cancels a peole associated with the
high pass filter.

20. The modulatoxr loop of c¢laim 19 wherein the
25 additional circuitry comprises a capacitor coupled
between the switching stage output and the feedback
filter.

21. The modulator loop of claim 18 wherein the
30 modulator stage comprises a plurality of stages, the
feedback input being coupled to selected ones of the
plurality of stages.

22. The modulatox loop of claim 1 wherein the
35 switching stage comprises an inverting switching stage,
the modulator loop further comprising an inverter coupled
between the output of the modulator stage and the
feedback filter.
13



614 and capacitors 608 and 616 operate-substantialTy is sinmlarly.to the

correspondi ng | oop conponents descr] eference to Fig. 5. In
fact, the enbodi ment of Fig. 6 incl mﬁnm% ml rcui tr E{sﬁ 5 wth
the additi OMO@Y4e$8KF eedback path fro ilterP SQL’@ e

f eedback input of nodul ator stage 602, the 20 additional feedback path
being inplenmented with a resistor 620. Capacitor 622 is also included from

the output of filter 668, tom@d@:dhn‘a%rt heop UbP sk i 1@&&%@99 the pole in

t he new feedback pat.h introduce acitor 616. di scussed
above with 25°°'?pé'fgﬁlé’ﬁcg 3 e °!étﬁ)‘l§)3‘d| rJrEﬁPlgf 8‘?—’1‘& %bqtlwefeﬁe Stio of
resi stor 620 cutputesifstbe Badulatqmasiiagel anfdt khe cfsedbacks £21keriade t he
sane as the raid QAh e8Reebl0EiRABd rfoaaeahhﬁblmﬁgh HARAP1EeLg616f and

capacitor 622, no urrent OWS Jjn resis 610 an citor 608 is
30 effectiveld ¥ 8’rf PB%?‘é?tWe?nafle@&b%tg‘ﬁ BArR- Iﬂé%"f’ f"?%ﬁilﬁr“a’ék di agr am
of a gener al igtEpeenbodi nent of a nodul ator | oop 700 designed according to
the invention. Replacing the feedback filter and signal conmbining circuitry

of the previously described_35 ent nments is ort ne rk 708 to which
modul at or stage 702, s t'ch?ﬁ g“é@tf’@ °8Rd° gu‘f:’p m 23 & téﬂ"‘ ?f"ﬁg‘éﬁ
10 gain control c:.rcu:.t comprises a digital-to-analog
converter with a variable output amplitude.

14



706 are connected. Network 708 takes the nodul ator |ogic output signal and
attenuates its frequency content within the range of interest of
nodul at or | oop 700. It also combines the resulting signal with the fed back
out puts of -t hewows4oesti ng and filter stages for use as feedbZEFUEPREHAUI at or
stage 702. Network 708 rmay be inplemented in a s variety of ways dependi ng
upon the technol ogy used to inplenment mggul ator | oop 700. Moreover, for
nodul at ors havi ng anplitude dependent stability.(e.g., oversanpled and
pul se wi dth nmodul ators), it may be desirable to control the magnitude |0

of the nodul ator feedback with réspect to the feedback fromthe power
~and/or filter stages to maintainjan optimal stability point. Therefore, an
optional gain control 710 is provided before e feedback filter (included

in 4-port network 708) to allow ¢gain matching i{5 of the nodul ator |ogic
out put signal and the power outpyt. According o a specific enbodi nent,
gain control 710 is inplenented—dsiey a digitall-to-anal og converter (DAC)
with a variabl e output anplifude.
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VWil e the invention has been particularly shown 20 and described with
reference to specific enbodinents thereof, it wll be understood by those
skilled in the. art that changes in the formand details of the disclosed
enbodi nerit s WRYY#E8hmde wit hout departing fromthe spirit BYTEPIBHSHf the
i nvention. For exanple, the specific 2s enbodi ments descri bed above with
reference to Figs. 4 and 5 show t he us2ffof apal og conponents (i.e.,
resistors and capacitors) to both filter thefnodul ator output and conbine
the resulting filtered feedbdck signal with/the#feedback path fromthe
out put of the switching stagg. It 30 wll/be upderstood, however, that,
where, for exanple, the nodullator stage i/ inplenented using digital
techni ques, the circuitry and techniques used tp filter and conbine the
f eedback signal could be digital. Sim!l i

m xed-signal 35 <circuitry and techni ques nmay bg used to inplenent the
feedback. It should al so be st ood { hat, dependi ng upon the degree to
whi ch the contents of the nodul atpr 9

Fig. 2
(Prior Art)
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modulator
logic output

filter
output
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rly, wi{h a m xed-signal nodul ator,




and power outputs in the nodul ator |oop's frequency range of interest are
dissimlar, and the' degree to which degradation of the | oop's output may be
tol erated, varying levels of attenuation of the nodul ator output's 5
conponents ‘i n MoPIMeBHe may be appropriate. That is, the fr Ygpass _
conponents in the nodul ator stage output which are within the | oop's
frequency range of interest need not b ﬁorrpl etely rejected to maintain
reasonable fidelity and renmain within the scope of the invention. 10
Therefore, the scope of the inventijon should be determned with reference
~to the appended clains. 10 1. nodul at or | oop designed to operate
with a frequency range of interest,| conprising. 5 a | oop out put
termnal; a switching stage having fan i nput and an| out put, the output of
the switching stage being coupled tjo the | oop output termnal, the
switching stage having a first oci ated therewth;
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10 a nodul ator stage having an output and a feedback input, the
out put of the nodul ator stage being coupled to the input of the swtching
stage; a first feedback path coupl ed between the | oop output term nal and
t he feedbackWOrpa6sdi t he nodul ator 15 stage; and a feedba®kTUSI58 coupl ed
bet ween the output of the nodul ator stage and the feedback input of the
nodul at or stage for conpensating for th@Bfirst del ay, the feedback filter
bei ng operable to transmt frequencies outside the frequency range of
interest and attenuate frequencies in the frequency range of interest. 2.
The nodul ator | oop of claim1fherein the nodul ator |oop is a baseband
nodul at or | oop and the 25 feedpack filter conprises a high pass filter. 3.
The nodul ator | oop of claim1l erein the nodulator | oop is a band pass
nodul at or | oop and the feedback filter conprises a notch filter
corresponding to 30 the frequency range of interest. 4. The nodul at or

| oop of claim1l wherein tfieodorator |oop is a high pass nodul ator | oop
and the feedback filter conprises g |ow pass filter. 35
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5. The nodul ator | oop of claim1 wherein the nodul ator |oop is a band
reject nodul ator | oop and the feedback filter conprises a band pass filter.
11. .6. The nodul ator | oop of claim1l wherein the nodu

comprises a plWPBY468) of filters in parallel. 5 7. The mgﬁéf%?og%gog of
claim1l wherein the nodul ator stage conprises a plurality of filters in
series. 10 8. The nodul ato oop of claim1l wherein the
feedback filter generates a feedback S|5Ia usi ng anal og techni ques. 9.

The nodul ator | oop of claim1 wheffein the 15 feedback filter generates a
f eedback signal using digital techniques. 10. The nodulator |oop of claiml
wherein the feedback filter genergtes a feedback signal using m xed 20

si gnal techni ques.
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11. The nodul ator loop of claim1 wherein the feedback filter conprises a
capacitor and a resistor. 25 12. The nodul ator | oop of claim 1
wherein the f eedback filter conprises a digital signal processor. The
modul at or” | SYRO¥A%68| ai m 1 further conprising additional ciFOHPHR4 ?oupl ed
to the feedback 30 filter for conpensating for an undesirable contribution
to the first feedback path by the feegpack filter. 14. The nodul ator |oop
of claim 13 wherein the additional circuitry cancels a pole associated with
the 35 high pass filter. 15. The nodul ator | oop of claim 14 wherein the
additional circuitry conprises afcapacitor coupled 12 bet ween the | oop
output termnal and the feedback|filter. 16. The nodul ator loop of claiml
further conprising an output fil | ed between the output of 5 the .
switching stage and the | oop outjput termnal, the output filter having a
second del ay associated therewith, the feedback filter al so conpensating
for the second
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delay.. 10 . 17. The nodul ator | oop of claim 16 further conprising
a second feedback path fromthe output of the switching stage to the

f eedback i nput of the nodul ator stage. 15 18. The nodul at or

| oop of cl ai mwdediaessoher conpri sing additional circuitry coBgTEa0s8 he
feedback filter for conpensating for an undesirable contribution to thé
second feedback path by the feedback filter. 20 19. The

nodul ator | oop of claim 18 wherein the dd@itional circuitry cancels a pole
associated with the high pass filter. 20. The nodul ator | oop of claim19
wherein the 25 additional circuitry conprises a capacitor coupled between
the switching stage output and the| feedback filter. 21. The nodul ator | oop
of claim 18 wherein the 30 nodul atpr stage conprises a plurality of stages,
t he feedback input being coupled tp sel ected ones}of the plurality of '
stages. 22. The nodul ator | oop of flaim1l whereinjthe 35 switching stage

conprises an inverting swtchi Lage_ the nodul-gtor | oop further
conprising an inverter coupleﬁ
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bet ween the output of the nodul ator stage and the feedback filter. 13
23. The nodul ator |oop of claim1 further conprising a gain cg
coupl ed between the output of the nodul ator stage and the f ¢&®

s the gain co circui t whah nR M@l bloRSrAdkeNRnbt Uude of @
out put si gnal QP(?Te out putwof t he Hryutiong Begeu stGage. 24. The m
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(87) Abstract

A modilator loop (700) designed to operate in a frequency range of interest is described. The loop (704) includes a loop output
terminal and a switching stage, the output of which is coupled to the loop output terminal. The switching stage (704) has a fisst defay
associated therewith. The output of 2 modulator stage is coupled to the input of the switching stage. A fisst feedback path is coupled
between the loop output tenminal and the feedback input of the modulator stage. A feedback filter is coupled between the output of the
modulator stage and the feedback input of the modulator stage which compensates for the first delay. The feedback filter-(708) is operable
to transmit frequencies outside the frequency range of interest and attenuate frequencies in the frequency range of interest.




