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CROSS- REFERENCE TO RELATED APPLI CATI ONS Thi s
application clains the benefit of U S. provisiona
pat ent application, Serial 5No. 60/886,643, filed on
January 25, 2007, the disclosure of which is
incorporated in its entirety by reference herein.

FI ELD OF THE | NVENTI ON The present invention
relates to class D anplifier circuits. Mre
particularly, the invention relates to apparatus and
nmet hod for producing triangular waveformw th | ow
10audi o band noi se content. BACKGROUND

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. provisional patent application, Serial
No. 60/886,643, filed on January 25, 2007, the disclosure of which is incorporated in its

entirety by reference herein.
FIELD OF THE INVENTION

The present invention relates to class D amplifier circuits. More particularly, the
invention relates to apparatus and method for producing triangular waveform with low

audio band noise content.

BACKGROUND

A Class D audio amplifier is an electronic amplifier in which the active devices in
the output stage are operated in on/off mode, i.e. as switches. The audio input signal is
converted to a sequence of pulses whose average value is directly proportional to the
amplitude of the signal. These types of amplifiers may use PWM (Pulse Width
Modulation), pulse frequency modulation or sigma delta modulation. The frequency of
the pulses is preferably much higher than the highest frequency of interest in the input

signal. The switching output includes pulse trains whose width is a function of the
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A Cass D audio anplifier is an electronic anplifier
in which the active devices in the output stage are
operated in on/off node, i.e. as switches. The audio

i nput signal is converted to a sequence of pulses
whose average value is directly proportional to the 15
anplitude of the signal. These types of anplifiers may
use PWM (Pul se Wdth Mdul ation), pulse frequency
nodul ati on or sigma delta nodul ati on. The frequency of
the pulses is preferably nmuch higher than the highest
frequency of interest in the input signal. The
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éa)rgmé urRliRg1ANR ] é&gygngrnée(ﬂ%lﬁt@slét g&%&g‘éf? its }‘ia\fﬁb&@é) tat

cont ai ns undesi rabl ectral conp e pul se

Hag i REYis@Afdnl t s harnonics) that may lead to

di stortion. A typical Cass D audio anplifier

generates a PWM out put signal by feeding a 5Sconparator

10 ( FAgypida) Clast D aadioanplifier gudhies h RPN ohpuf gl byl Jeedingl a

an oscillator ranp input 14 froma triangular wave
genpratol0 (Fipf) whivaminalodudilio iland2 (g s apd eseswtllaian réryginput
triangle wave is is reproduced in the square waveform
PYWhowuttpartgubic graad gdbbrafdri(apt sHown) Chmdie haridondde prasgtin the triangle
f eedback techni ques attenpt to reduce the noise

vaYe io uepddiaed ithihs s@taggeaveHomeRMEM outpre sigoal6gBignlof a
class D anplifier is typically Iow at the high end of
Conveetienatihagatiwnfded dthtectinipree byentyit a teidngp thdeoise introduced in this
ef fectiveness of these techniques. The present

ftraee tavencother eureed eflrerlats Bavdifieniy égpicily idve aprhé bigh and of
by reducing audio noise that is present on oscillator
ihgmyhp Apdwidth, thesebyy lignjting wiest edfedtiveness of these techniques. The present

invention overcomes the disadvantages of the prior art by reducing audio noise that is

present on oscillator ramp input 14 (Fig. 1) instead.
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SUMVARY OF THE | NVENTI ON Sone enbodi nents

di scl osed herein are generally directed to an
apparatus and nethod for generating triangul ar
waveformw th | ow audi o band noi se content for use in
Cass D anplifier circuits and for other applications.
5In one or nore enbodi nents of the present invention,
a triangul ar waveform generati ng apparatus includes a
square waveform clock circuit and an active
integrator. The active integrator receives input from
the square waveformclock circuit and generates a

e SRR SRSt o
\rNZVg?g rr%lng%ﬁ ﬂ{lgnt%)%rs'] s@g Pg’r%g ela 1%\011‘{,( ted t I %gp% tv%énd
'B%%H%& &Qﬁ’ ttﬂ%%%a 9&% &f&ﬁ HJ o Be[hdtn'afse c&&&% Fdrie in

thet form o
. maveforn1generat|ng
gg%ﬁ82%%?%%ﬁ8?%§%%%F§H£%%%ﬁ%%g%ﬁ?he steps of: (a)
utilizing a square waveformclock circuit; 15(b)

provi ghigag o@ﬁo@%trﬂb\é@miems%@ R e MIh R 6:E QR MR8 Ial BBV orm
fromthe square waveform

generating apparatus includes a square waveform clock circuit and an active integrator.

The active integrator receives input from the square waveform clock circuit and generates
a triangular waveform output. An active feedback network is operatively added to the
active integrator to reduce the audio band noise content in the triangular waveform
output. The feedback network acts as a DC balance without significant sacrifice in the

linearity of the triangular waveform output.

In one or more embodiments, the triangular waveform generating method of th

invention includes the steps of:

(a) utilizing a square waveform clock circuit;

(b) providing an active integrator which receives input from the square waveform

clock circuit;

(c) configuring the active integrator to generate a triangular waveform output;

(d) operatively coupling an active feedback network to the active integrator; and

(e) adapting the operatively coupled active feedback network to help reduce the

audio band noise content in the triangular waveform output.

4



clock circuit; (c) configuring the active
integrator to generate a triangul ar wavefor m out put;
(d) operatively coupling an active feedback network to
the active integrator; and (e) adapting
the operatively coupled active feedback network to
hel p reduce the 20audi o band noi se content in the
tri angul ar wavef or m out put . These and ot her
aspects of the invention will becone apparent froma
revi ew of the acconpanying draw ngs and the foll ow ng
detail ed description of the innvention. BRIEF
DESCR . SFigure 1 is .
sche ng%:g% gll\éi %%r} r tc?(zéﬁ\@foe}}% npion Wil atfeg Q& néﬁﬁ’in iAppw of
j . 1 ar . . I = : j .
SRR Qn Tk prepipg SR Fol i gin
wavef orm 5generator of the prior art.
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Figure 3 is a graphical representation of the output
signal produced by the triangular waveform generat or
of Fig. 2. Figure 4 depicts a Bode nmagnitude
pl ot of the active integrator gain of the triangul ar
wavef orm generator of Fig. 2. 10Figure 5is a

schematic illustration of a triangular waveform
generator constructed in accordance with an enbodi nment
of the present invention. Figure 6 is a schematic

illustration of a triangular waveform generat or
constructed in accordance with an alternative

embodi nent  of BRIEF DESCRIPTIOREOF THE DRAWINGS Fi gure
7 is a Bode magnitude plot of the active integrator

gai n dfguteiistarsiiangitit dtustiionay efgidil gREED ahplifief deEll  of the
5. DETAI LED DESCRI PTI ON OF THE | NVENTI ON e

deoaut.ed description set forth belowin connectlon
with the appended drawings is intended as a
descr Fguiechis afsclielrlatis ilhatrgbnex e apivahyoranpiaaiuie RS cRad
is not intended to represent the only forns in which
tehesgorsfiiodpriventts may be constructed and/or utilized.
The description sets forth the functions and sequence
of st Ejgsrefois a graphical representation of the output signal produced by the
triangular waveform generator of Fig,. 2,

Figure 4 depicts a Bode magnitude plot of the active integrator gain of the

triangular waveform generator of Fig, 2.

Figure 5 is a schematic illustration of a triangular waveform generator constructed
in accordance with an embodiment of the present invention.

Figure 6 is a schematic illustration of a triangular waveform generator constructed
in accordance with an alternative embodiment of the present invention.

Figure 7 is a Bode magnitude plot of the active integrator gain of the triangular

waveform generator of Fig. 5.



5constructing and operating the present invention in
connection with the illustrated enbodi nents. However,
it is to be understood that the same or equival ent
functi ons and/ or sequences may be acconplished by

di fferent enbodi nents that are also intended to be
enconpassed within the spirit and scope of the present
i nvention. Sone enbodi nents of the present invention
will be described in detail with 10 reference to an
apparatus and nethod for producing triangular waveform
with | ow audi o band noi se content, as generally

depi ct ed i NDEAALENCRESORBP IO ©FSTHE . INAGN TGN al

enbodi nents, features and/or advantages of the

I nvenThodetailel ldedeaiptisreseafoplrbernty i kommet i @St Afpended
description or may be | earned by practicing the
idravemgsiioimtentierl 4shelesdripachetiliiitgudesemplag evdodRutts and is not
drawi ngs are not to scale with like nunerals referring
trderded @ epatant és odfytfhimeughaidh thet bmbodmeiitanian s cantucted
t he description. Figure 2 shows a conventiona
end/angilizat. Thadetoptinngendorat the fub8timistahd bdqokrice df Bepgfat n
whi ch receives input froma square wave clock 20 and
eensputtingand ppeartggltlar prasenehosmio? 2h coAn@eins omthskd flluechtddn
the art would readily appreciate that one di sadvant age
efbedingntsy dleareveraitéf romugdargpat tnt thdsans drlqiivillg fEtions
gain limt mnmust be | ow enough to 20 provi de acceptable
B/ gfsteusnces imayrbe angpui pishadebyefi erant@utbpditneR@ .thaf hiesylso intended
however, conprom ses the linearity of the triangle
{ebeeenperophgssd vithyn the ispingandascopvenf élfeqrresegeinemsibor 18, as
generally depicted in reference to Figure 3. Another

di sadbur agwdihentyofithgpresensinygision efill Hedésgribddsn tbteil kigh
gain in the audi o bandw dt h whi ch causes any noi se
pfegEato ymppeiats endvaetiod fFagkodOing tridngulanphveforedwitatow audio
shown in the Bode plot of Figure 4.

band noise content, as generally depicted in reference to Figures 5 — 7. Additional

embodiments, features and/or advantages of the invention will become apparent from the
ensuing description or may be learned by practicing the invention. In the attached
figures, the various drawings are not to scale with like numerals referring to like features
throughout both the drawings and the description.

Figure 2 shows a conventional triangular waveform generator 18 with limited DC
gain which receives input from a square wave clock 20 and outputs a triangular
waveform 22. A person skilled in the art would readily appreciate that one disadvantage
of triangular waveform generator 18 is that the DC gain limit must be low enough to
provide acceptable DC offset of triangular waveform output 22. This, however,
compromises the linearity of the triangle wave produced by triangular waveform

generator 18, as generally depicted in reference to Figure 3. Another disadvantage of

7



10

15

20

Figure 5 schematically illustrates a triangul ar
wavef orm generator 24 constructed in accordance with
an enbodi nent of the present invention. Particularly,
triangul ar 5 waveform generator 24 incorporates an
active feedback network 26 (Fig. 5) to advantageously
produce a triangular waveformoutput 28 (Fig. 5 wth
| ow audi o band noi se. Triangul ar waveform generator 24
receives input froma square wave clock 25 (Fig. 5)
whi ch introduces noise into the system Triangul ar
wavef orm generator 24 also includes an active
iusing griatype oA sighiiscthe high gpiarimthevediy baniwal@dvhid deedbagkoise
network 26. 10Active feedback network 26 (Fig. 5) is
contitgosedrd waveakek D ghbganplifat, autown forteeBedecpl esof&ighre 4.
| ow gain at the switching frequency to avoid the
out putigneril schereatictlly ibifistfitayurtsarulal vevdieedgmetts i2d oadstructed
includes a region of nearly flat gain in order to
$mpdegfdgnagye theam egtbatlinient of thepidsent ivBoide. Phtitulsihgwiangular
the forward gain and the feedback gain, respectively
Mavefepn eensehtor24 Fqpurogatd, anlBF qfierdbaék satenked6i (Eal 5yto
illustrates a triangul ar waveform generator 30
edyistaeeislypreducas isngidmoeavafarm aatpua8 g &b imitk low audio band
enbodi nent of the present invention. Particularly,
feisanfiAnarlansvef omeegener 34 meei3e input Gropor aues veave clock 25
active feedback network 32 (Fig. 6) which hel ps reduce
tiie: Audiicr ipisestecesaioie inta thersystamu Tairngntey efagefnmo gensrtor34t also
(Fig. 6). Triangular waveform generator 30 receives
MISBIEEs 3 asHyainsgirsere7wehieh ie bperkii®l omplgd tefeedt@alnnaivork 26.
i ntroduces noise into the system Triangular waveform
gener 2¢tHe fagbagkdistwask P6 (éie. %riis epafigwied forftagg high @ain3d audio
ich is operatively coupled to feedback network 32.
requencies and low gain at the switching frequency to avoid the output nonlinearity of

Figure 3. The feedback signal includes a region of nearly flat gain in order to satisfy
system stability needs. A Bode plot showing the forward gain and the feedback gain,
respectively is depicted in Figure 7.

Figure 6 schematically illustrates a triangular waveform generator 30 constructed
in accordance with an alternative embodiment of the present invention. Particularly,
triangular waveform generator 30 incorporates an active feedback network 32 (Fig. 6)
which helps reduce the audio band noise in triangular waveform output 34 (Fig. 6).
Triangular waveform generator 30 receives input from a square wave clock 36 (Fig. 6)
which introduces noise into the system. Triangular waveform generator 30 also includes

an active integrator 31 which is operatively coupled to feedback network 32.
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Active feedback network 32 is configured to have high
gain at audio frequencies and | ow gain at the

switching frequency to avoid the output nonlinearity

of Figure 3. The feedback signal has a region of

nearly flat gain to satisfy systemstability needs. A
person skilled in the art will appreciate that the
addition of an active feedback 5 network (such as the
one shown in reference to Fig. 5 or Fig. 6) with one

or nore pol es bel ow the crossover frequency and one or
nore pol es above the crossover frequency to a

tri anguetiog feeavaell RIIDGBEE @nBbure® S have high gaMls b\ fréduencies
reducti on of the audi o band noi se of the output

sing iy gai bi the $witching Mrel Gehdg @Savbliehabetp@ rbaﬁhcéaﬁ@i&@i%ﬁe 3. The
the pul se wi dth nodul ator and therefore the audi o band
rfeddbeckofgriahieas @ mégisreof Geass140 paiRb bdtisBr systd@AtaBBI P ARds.
skilled in the art would al so appreciate that the

i ncor pareason ekillef inale actilvapfeerthngkhd @idiMon lof hactive feedback
accordance with the general principles of the present
inatwenit (soch sahe sreshdweinaditedcbrras.itorthg, & with @n@sr @oPpoles
(Direct Current) balance without significant sacrifice
iblotrthaergssorer frguat prm @utoputord paleaibbie/the crossover fréféncy to a
| ow- audi o triangul ar wavef orm generator of the present
tnang el way efgmsgentredr fesultslib wgBtaataltridctangfahaiuwio baap ubise of
of a Class D anplifier, as well as for other
gpiuippasigomsThihie ten aeduosy thaididio Moidseist bf dagulkawidth modulator
waveformis desired. The exenpl ary enbodi nents
desbeiefraeithh @ndip hatsionogseax ¢hervatiel GlaisID asplifati ve of the
general principles of the present invention. Various

desi gh paseid $kildesltin thesirtmaguidasemprayedththhe innopbitivesf e

Wi thin the scope of the invention. For exanple, a

prsivs aed Dk ke iwogldinj agcartieca mithwisugedeabpire dil@tod thehpagsenthe
triangul ar wavef orm generator of the present

invention carries the added benefit of acting as a DC (Direct Current) balance without

significant sacrifice in triangular waveform output linearity.

The low-audio triangular waveform generator of the present invention is suited for
use as the comparator input of a Class D amplifier, as well as for other applications where
a low-audio noise triangular waveform is desired.

The exemplary embodiments described hereinabove are merely illustrative of the
general principles of the present invention. Various design modifications may be
employed that would reside within the scope of the invention. For example, a person
skilled in the art would appreciate that the triangular waveform generator of the present
invention may be implemented by various other configurations with off-the-shelf
components. Thus, by way of example, but not of limitation, various alternative

configurations may be utilized in accordance with the teachings herein. Accordingly, the



i nvention may be inplenmented by various other
configurations with off-the-shelf conponents. Thus, by
way of exanple, but not of limtation, various
alternative configurations may be utilized in
accordance with the teachings herein. Accordingly, the
draw ngs and description are illustrative and not

meant to be a limtation thereof. Thus, it is intended
that the invention cover all enbodinents and

vari ations thereof as |ong as such enbodi nents and
variations cone within the scope of the appended

Gl iBs MBUedcNBlion SOHINRIROLR not Wkt th Se & lidHiBSh thereof. Fhus, it
An electrical circuit for generating a single

fif ROMearHatlthd RAAGHHLR EoWRYIEEAPSHME L al OWria4cHs theP@IRYs Tong as
nol se content: a square wavef orm gener at or

G OdH dngHatiREkntsQing € Bt Rh Ec RSk Th BhelEERUS MeYa Eéﬁé@ﬁ €laims and their
wavef orm havi ng a pul se frequency hi gher P an audio
feg@icalensi es; an active integrator having an

i nput and an output, said input receiving said square
wavef orm from sai d square waveform generator, said
active integrator configured to generate a single
frequency triangul ar waveform at said output of said
active integrator; an active feedback network
exhi biting high gain at audio frequencies and | ow gain
at said pul se frequency having an input coupled to
said output of said active integrator and an out put
coupled to said input of said active integrator, said
active feedback network reducing audi o band noise in
said triangul ar waveformoutput. 2. The electronic
circuit of claim1 further conprising a conparator
that receives said triangul ar waveform out put and an
audi o i nput signal.

10



3. The electronic circuit of claim2 wherein said
conparat or provides an output signal conprising pul ses
based on an anplitude and frequency of said audio
input signal. 4. The electronic circuit of claim1l
wherein said active feedback network has at |east one
pol e bel ow a crossover frequency. 5. The electronic
circuit of claim1 wherein said active feedback
network has at | east one pol e above a crossover
Whadgid#ieppd 156, The el ectronic circuit of claim 4
wherein said active feedback network has at | east one
pol e above said crossover frequency. 7. A nethod for
lgenedatdlestrical sirqvgl fer gameqtiem e yinglei feaqyencartrignpnid omneipim fvith

%ﬁau@?gmuh§$¥ﬂmﬁ%n§e content, said nethod conprising
€ Steps o generatlng a single frequency

Squakequiay @hesfom gsticRigoracopfifiged for @aearcysinglgfequenbypsyuare
audj o frequenc grating said square
Q‘l@%PﬁYIP%aﬁPizﬁagf@%ueé‘C%wa?ré %%%PeP?lFsangul ar

wavehphiive gﬁegaﬁ)tr hBdn@ad ﬁlﬁgtbé%ﬁ lén%hﬁﬂ@'salﬁﬁl%ﬁt ?é%bfi’/mg said square
triangul ar waveform fying said feedback

vaivefiorn figyn wb$wr@9wwefqr@rg§ﬁ@rﬂt0ﬁl§ﬁ@ta0t§w nteeratgr canfipyid to
ggl?éé%ﬁ g%%lg_fédf‘reoquer{c%lq}‘igrpg%lla$ %a@@t‘gnﬁ { a4 &ﬁb& oépsala %Et‘fj\/eqmegl%tor;

an active feedback network exhibiting high gain at audio frequencies and low gain
at said pulse frequency having an input coupled to said output of said active integrator
and an output coupled to said input of said active integrator, said active feedback network

reducing audio band noise in said triangular waveform output.

2. The electronic circuit of claim 1 further comprising a comparator that receives

said triangular waveform output and an audio input signal.

3. The electronic circuit of claim 2 wherein said comparator provides an output

signal comprising pulses based on an amplitude and frequency of said audio input signal.

4, The electronic circuit of claim 1 wherein said active feedback network has at least

one pole below a crossover frequency.

5. The electronic circuit of claim 1 wherein said active feedback network has at least

one pole above a crossover frequency.

6. The electronic circuit of claim 4 wherein said active feedback network has at least

one pole above said crossover frequency.

11



conbi ning said nodified feedback signal wth said
square waveformprior to said step of integrating said
square waveformto reduce audi o band noise in said
triangul ar waveform 8. The nmethod of claim7 further
conprising the step of conparing said triangular
waveformto an audio input signal. 9. The nethod of
claim8 further conprising the step of generating an
out put signal conprising pul ses based on an_anpl

) tud .
Tand #yBgheREy ssreraline HRalP Jeqyspey rspgHa) waveigm i low audio
bgtt?& Ak Qhntcnt, %%ig‘lngetﬂmo%p?isﬁg'tﬁje sttép'%raﬁzf er function has

| east one f bel ow'a crossover frequency. 11.
The getdndthgofsinglafraqueoc e wevsioing hayiag efpalse figaeqncy higher
as at | east .one pol e above said crossover frequency.
‘%EauaﬁéhﬁgFﬁﬁﬁ’of claim7 wherein said transfer
f unctntegrativgSsait squar@stavefoem pe p®dadrovgngle Grqsoy atangular

freguency.
waveform,;

generating a feedback signal from said triangular waveform;

modifying said feedback signal by applying a transfer function having a high gain
at audio frequencies and a low gain at said pulse frequency;

combining said modified feedback signal with said square waveform prior to said
step of integrating said square waveform to reduce audio band noise in said triangular

waveform.

8. The method of claim 7 further comprising the step of comparing said triangular

waveform to an audio input signal.

9. The method of claim 8 further comprising the step of generating an output signal

comprising pulses based on an amplitude and frequency of said audio input signal.

10. The method of claim 7 wherein said transfer function has at least one pole below

a crossover frequency.

11.  The method of claim 10 wherein said transfer function has at least one pole above

said crossover frequency.

12.  The method of claim 7 wherein said transfer function has at least one pole above a

crossover frequency.
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