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entirety by reference herein. FIELD OF THE | NVENTI ON
The present invention relates to class D anplifier
W@R081092033 Mdre particularly, the invention reP@I/ES2008051954
apparatus and net hod for producing triangular waveform
with | ow audi o band noi se content. BACKGROUND A C ass
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 input signa
is converted to a sequence of pul ses whose average
value is directly proportional to the anplitude of the
signal. These types of anplifiers nay use PWM (Pul se
W dth Mdul ati on), pul se frequency nodul ati on or signa
delta nodul ati on. The frequency of the pulses is
preferably nmuch higher than the highest frequency of
interest in the input signal. The sw tching output
i ncludes pul se trains whose width is a function of

arpr i 11 SROTHARRENMTD B BRI

undesi rabl e spectral conponents (the pul se frequency
and its harnonics) that may lead to distortion
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 typical Cass D audio anplifier generates a PWM

out put signal by feeding a conparator 10 (Fig. 1) with
wa@eooangdoayy audi o i nput 12 (Fig. 1) and an osciPCHUS2008/051954

ranp input 14 froma triangular wave generator (not

shown). Audi o band noi se present in the triangle wave

is is reproduced in the square waveform PWM out put

signal 16 (Fig. 1). Conventional negative feedback

techni ques attenpt to reduce the noise introduced in

this stage. However, the loop gain of a class D

T h . ‘ ‘ hi ‘

s s Bheqline O it b ol o BB RS sypicglly

con B3 Boh U045 e R GR h YRRLEAL, ANSC SRS e
resent on oscillator ranp input 14 (Fig. 1)

that i
may ]ﬁéfi s BUORIRY OF THE | NVENTI ON Some. enbodi rent s
di scl osed herein are generally directed to an

aDDRLASUS AN IELROM, S GeRSLALL B ANOUAN by feedine a

waverorm w w au nor se con

o g o A L LR R B
14 fé%%?%ﬂ@ipé%\&ﬁfggqﬁ%% re &E‘OE giﬂlv?n% azggglgrﬁ)%]ta g?i%«ggrleggn?% t%e triangle

integrator. The active integrator receives input from

wavepeisgeRiafecefay dreaanie MeaRIEMIOYM owpet sgnablaflds. 1)

Conventional negative feedback techniques attempt to reduce the noise introduced in this
stage. However, the loop gain of a class D amplifier is typically low at the high end of
the audio bandwidth, thereby limiting the effectiveness 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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a triangular waveform output. An active feedback
network is operatively added to the active integrator
W@ 2008022082 t he audi o band noi se content in thePCT/US2008/051954
triangul ar waveform out put. The feedback network acts
as a DC bal ance without significant sacrifice in the
linearity of the triangular waveformoutput. In one or
nore enbodi nents, the triangul ar wavef orm generating
nmet hod of th invention includes the steps of: (a)
utilizing a square waveformclock circuit; (b)
providing an acgivail @&e@rﬁﬁE Wﬁﬁﬁéﬁei ves i nput
fromthe square maveébrn1cloc circuit; (c)
o rgoln%uefrnll‘tpo%nglgr% Q%Efo¥§dt Ille?t%iﬁ %regée%:raﬁl? d?r%gtg{i 8l & Sparatus and
tritangul ar wavef or m out put; operatively co & I'ng
n,.active feedback network to the active, integrator; .
et o i AR HY s 1O igH e bEH Bt ftent Fr use in
f eedback network hel p reduce the audi o band noi se
Clagsdpa@RLNE T HE 894 %ameé?m‘imfé%r m out put . These and
ot her aspects of the invention will becone apparent
froma review of the acconpanyi ng drawi ngs and the
f ollP 61U AgMEEs anhadimens et thePresantdhvantien niieRgyanY BRfEm
DESCRI PTI ON OF THE DRAW NGS Figure 1 is a schematic
gengrpling appatdtenineludes & sgyiteavavefagsclprlagisivitiand an gedyegintegrator.
t he
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



prior art. Figure 2 is a schematic illustration of a
conventional triangular waveform generator of the

w@eios92B83 . Figure 3 is a graphical represent abCDOS29D8/051954
t he out put 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
wavef orm generator of Fig. 2. Figure 5 is a schematic
illustration of a triangular waveform generator
constructed in accordance with an enbodi nent of the
PregRud o dWhaH ﬁ&ts (,):f{ HY S gtidnswﬁl ?&Bﬁ%@hﬁent from a review of
illustration of" a trlanguFar wavet or m gener at or
onstructed in accqrda w t ernat i . .

the GABBRRTAE S o RaSTHAERTE MR BBt @R pigt reigvgption.
Bode magni tude plot of the active integrator gain of
the triangul ar waveform generator of Fig. 5.DETAILED
DESCRI PTI ON OF THE | NVENTI ON The detail ed description
set forth belowin connection with the appended
drawi ngs is intended as a description of illustrated
exenpl ary enbodi nents and i s not
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intended to represent the only fornms in which these

enbodi nents may be constructed and/or utilized. The
wW@le®8n92083 on sets forth the functions and sequRCIYES2INS/051954

steps for constructing and operating the present

invention in connection with the illustrated

enbodi nents. However, it is to be understood that the

same or equival ent functions and/or sequences may be

acconpl i shed by different enbodi nents that are al so

i ntended to be enconpassed within the spirit and scope

of the presgp! '@ﬁgﬁ?' hﬁggﬁ { the
present i nv%%@%n W 1{%1@2@ ?E@‘gﬂl n e]$a| with
r efIfi‘ LGEGSs S‘Qch%” ap %?I{S?r%lﬁg ah 29 t mlat P@ asgC ]?ranp rh%%}‘l GLEh of the
tri;angul ar “waverorm w 1ow dtidito-bind Hdi 's& cont ent |
.as generally depicted in reference to Figures 5 - 7.
PrioRgHi’t i onal enbodi ments, features and/or advantages of
the i nventi on mﬁLIquoone apparent fromthe ensuing
deJEEYIBEI DA STIemRHE instpEen pleticayeiogat irnggyag yaveform
invention. In the attached figures, the various
gengfptfchths Paloeaot to scale with like nunmerals referring
to like features throughout both the draw ngs and the
deddgurpBiipa graphigal wpresetivien o thoovpwnt signhprode¢ediguhear
wavef orm generator 18 with limted DC gain which
triangataziweestormmenerfatonof Bigsduar e wave cl ock 20 and out puts
a triangul ar
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.
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waveform 22. A person skilled in the art would readily
appreci ate that one di sadvantage of triangul ar
W@R008/02083 generator 18 is that the DC gain |i nPCT/HB2D8/051954
be | ow enough to provi de acceptabl e DC of fset of
triangul ar waveform out put 22. This, however,
conprom ses the linearity of the triangle wave
produced by triangul ar wavef orm generator 18, as
generally depicted in reference to Figure 3. Another
di sadvant age ofusing this type of design is the high
gain int [ ' | i se
present oaETAIEED DESCRIFIDOT TRESAERNORY °F
sh in.the B I f.FLgure 4. Figur
crmst Pkt RoRRPRoR e BLogbfh Sriise B PHLG et gopenaed
enerator 24 copnstruycted.in acgordance with.an .
arn S b eRR e e it PG ek SAP A E R gnd is no
. triangul ar wavef orm generator 24 incorporates an
intepgad tg derrecab e lnhehoiBs K which fhege empoqimeriyant gepssyged
roduce a triangular waveformoutput 28 (Fig. 5) wth
andfopytibzadi Shedergripderstets tprthAbgyiungiionsnd sesusnefepfetiepsder 24
receives input froma square wave cl ock 25 é}gi . 5
congfpicting and predeidresthe piesentiipientiomen ennseesion With e dllnsgated
wavef orm generator 24 also includes an active
embodiregrta tirweX@r, whis chbé sndepeolt thatehy sanotiql egjdiviatent Sedbarcsk
network 26. Active feedback network 26 (Fig. 5) is
and /0 Béqughices tndytbeh@vempli hbd @ fidiffeéntauthodivhdnegihenat eBo amtended
| ow gain at the switching frequency to avoid the

to b8 WhdthipaR@alvi g ket pirdfand scope of the present invention.

Some embodiments of the present invention will be described in detail with
reference to an apparatus and method for producing triangular waveform with low audio
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
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Figure 3. The feedback signal includes a region of

nearly flat gain in order to satisfy systemstability
Woe®ds92088 Bode pl ot showi ng the forward gain apdI/Ukz08/051954

f eedback gain, respectively is depicted in Figure 7.

Figure 6 schematically illustrates a triangul ar

wavef orm generator 30 constructed in accordance with

an alternative enbodi nent of the present invention.

Particularly, triangular waveform generator 30

i ncorporates an active feedback network 32 (Fig. 6)

usini%ﬂhﬁ?y rehlfg%%l 1‘??&“@% {@egéﬂylg)tﬁe %ﬁﬁangu ng?thi/\‘gl\l/%1$ g@%@yéﬁﬁ noise
presggner %él re ave c o Iif)etg blean ‘ilf Cﬁoa@SﬁO\Rsllgrnotﬁl? '113\’(\)%3 10? o?%gure 4.

es nolrse 1I'n
Tr| g}%ular mavef enera 0 aIs |nclude

© P RERIAED y WFF%% r?%lg %W&W Ol FeResUpl %‘QC%“M

fee back . network 32. Active feedback network 32 is
ina q?%nga el s thadament Qﬁ thgareseat inerios- FrEiylaRg; wangwar

| ow gain at the switching frequency to avoid the
wavs{RIpLaenasiAri2Adagaregraiss aFpgiiedegibagieetvedoBndie s dhal

has a region of nearly flat gain to satisfy system
advaitagsiobsly provecel s (righgply serefokh lop gt 2§ (iped)arith law dudio band

appreciate that the addition of an active feedback
noiseeflinanguliiswatef@as gdneravore2dsiaosivesiinputdfoan e nqerd wavd goclo2s

or Fig. 6) with one or nore poles below the crossover
(Fig. segtihdytratude Omgseoihtonhe eyyxah eFrialaNe wdiefdmogaenerr 24 also

frequency to a
includes an active integrator 27 which is operatively coupled to feedback network 26.

Active feedback network 26 (Fig. 5) is configured to have high gain at audio
frequencies 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.



10

15

20

triangul ar waveform generator results in substantia

reduction of the audi o band noi se of the out put
WwWee@Rab2033rhis in turn reduces the audi o band nPCEHES29D8/051954

the pul se width nodul ator and therefore the audi o band

noi se of the entire Class D anplifier. A person

skilled in the art would al so appreciate that the

i ncorporation of an active feedback network in

accordance with the general principles of the present

i nvention carries the added benefit of acting as a DC

(DIA&GE fQbEE ekw Q%oﬁﬁ&@@cf%n%gg Iﬂilg;h' g%ﬁﬂét aPal%rﬂJ@gg&les

|ntr|angu ar wave ormout oW a

andtl(gvlvgﬂ teg{ sw1tcﬁ fre ? N&r 8ta951d9h 8uQSutpnro%f§ afit\éo 1%%81%: The

for conpara I npu

- ¥ far oth t _wh
reedif aam?ila%%?e@é“gw %ﬁam SR G rEbm S Feehe
1 AR S0 PO (e B abi i i i 8 1GR G148 B GoeRiBack

i nvention. Various design nodifications my be
netveprs| (I8 @s theaanebord it eéergeceip Fig. @ ariide. o ik @ or feore poles

i nvention. For exanple, a person skilled in the art
belaxo the ¢ resppves diegrency land onher mpicaredgs akovend efessener frequency to a

generator of the present invention may be inpl enented
triafpplar avavefosmaiehenator oesultg) i subs tamt$al weduketiod Hf thh@udibélafd noise of
the output signal. This in turn reduces the audio band noise of the pulse width modulator
and therefore the audio band noise of the entire Class D amplifier.

A person skilled in the art would also appreciate that the incorporation of an
active feedback network in accordance with the general principles 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



conmponents. Thus, by way of exanple, but not of
l[imtation, various alternative configurations may be

W@ R00B02®EB | N accordance with the teachi ngs herBCHUS2008/051954
Accordi ngly, thedraw ngs and description are
illustrative and not neant to be a limtation thereof.
Thus, it is intended that the invention cover al
enbodi ments and variations thereof as |ong as such
enbodi nents and variations come within the scope of
the appended clains and their equival ents. WHAT | S

dravg:llré% ?ésgl}\)/\/av e%@ 11ﬁ1s§&trl\;el a‘hﬂ' noft {nreﬁllljtl tB be Q‘Hﬁﬂ[a!tl%h '?&r@of Thus, it

angu orm genera or conprising

is 1nV\§} %d 911 equ\%rn ove%v %}b%fiﬁﬁlen% andr St 101%ythereof %Cl%

egra rece romsald square wave

tor ctlve |nt tor co f| ured,t

suclfg ﬁ?ﬁfﬂgnﬁ o i mnaf(%%@ﬁ} P OHAFR ERPPRRq Flaims and their
f eedback network operatively coupl ed to said active

equivaleBrat or. 2. The electronic circuit of claim1
further conprising a conparator that receives said
triangul ar wavef orm out put and an audi o i nput signal.
3. The electronic circuit of claim1l wherein said
active feedback network exhibits high gain at audio
frequencies and | ow gain at said pul se frequency. 4.
The el ectronic circuit of claiml wherein said active
f eedback network has at | east

10
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one pol e bel ow a crossover frequency. 5. The
el ectronic circuit of claim1 wherein said active
W0 e@diogaoB3 net wor k has at | east one pol e above BCT/US2008/051954
crossover frequency. 6. The electronic circuit of
claim4 wherein said active feedback network has at
| east one pol e above said crossover frequency. 7. The
el ectronic circuit of claim2 wherein said conparator
provi des an output signal conprising pul ses based on
an anplitude and frequency of said audio input
WILFA’?T?bL%&IM\E hod for generating a triangular
wavef orm said nethod conprising the steps of:
generating a square waveform having a pul se frequency;
integrating said square waveformto produce a o
Lt r idehejestaeal wiget. scomprigag artaen swaray fve Bdmageke s oy sampripis g
said triangular waveform nodifying said feedback
signal by applying a transfer function having a high
gaiarﬁqa%remrf%rmrg@a%ré?% fayngaguikse fisgrgsyn at sai d pul se
frequency; conbining said nodified feedback signa
with said square waveform .9. The nethod of claim8 .
f uPPREMYCORSAY TREEYIRG TaRYE froBY Sa&‘g?ﬂ%ﬁ Yoy ekgyygenerator, said

triangular )
active integrator configured to generate a triangular waveform output;

an active feedback network operatively coupled to said active integrator.

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 1 wherein said active feedback network exhibits

high gain at audio frequencies and low gain at said pulse frequency.

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.

7. 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.

11
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waveformto an audi o i nput signal. 10. The nethod of
claim8 wherein said transfer function has at | east

W r@80ed0e3 bel ow a crossover frequency. 11. ThePe®EURA8/051954
of claim8 wherein said transfer function has at | east
one pol e above a crossover frequency. 12. The net hod
of claim 10 wherein said transfer function has at
| east one pol e above said crossover frequency. 13. The
nmet hod of claim9 further conprising the step of
generating an output signal conprising pul ses based on

g. an ARRMLYEE g@f%gatifn'é %qHMar%aV%R)irﬁ, atig hf%tﬂo‘&%‘dhp?ﬂs&@%e steps

of:
generating a square waveform having a pulse frequency;
integrating said square waveform to produce a triangular 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.

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

waveform to an audio input signal.

10. The method of claim 8 wherein said transfer function has at least one pole below

a crossover frequency.

11. The method of claim 8 wherein said transfer function has at least one pole above a

crossover frequency.

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

said crossover frequency.

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

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