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DI A TAL SW TCHI NG AVPLI FIER 5 BACKGROUND OF THE | NVENTI ON ‘The present

i nventi owor@hebes to the power efficiency of switching anplpdigessoshbre
specifically, techniques are provided herein for.inproving the power
efficiency 10 of a switching anplifier by dynamcally controlling its

switching frequency. In VMI@S an (HE“N in Fig. 1, the
i nput signal is @;ﬁ mg WF: G%% ]}Eﬁn used to
control power sta ngp = T 15

amplified input signal is then recovered by a low pass filter conprising
I nductor L and capacitor CAP. Break-before-make circuitry 102 15 ensures
that M3 and M2 are never turned on sinultaneously and, as a result, there
is no DC power consunption in the power stage. Thus, the power loss in
anplifier 100 is largely attributable to switching |oss due to the

charging and dischargi ng ofgAbfKGROUAND OETHHPRVERTIONAL the power stage,
i.e., Cp. This switching |oss can be expressed as: 20 PL =CPXV'2xfS where

Gp is the total L aslL 'tdagggi%% refiisso tlYVpO\k/gr étﬂ&eﬁ&y\@f sx@ft’cﬁr%é’ amBilhége and

1[

f, is the switchPRgFre

More specifically, techniques are provided herein for improving the power efficiency
10 of a switching ambliﬁer by dynamically controlling its switching frequency.
In the switching amplifier 100 shown in Fig. 1, the input signal is modulated
into one-bit digital data which is then used to control power stage MOSFETs M1 and
M2 for power ampliﬁcation. The ampliﬁed input signal is then recovered by a low
pass filter comprising inductor L and capacitor Cpp. Break-before-make circuitry 102
15 ensures that M1 and M2 are ne\'er turned on simultaneously and, as a result, there is
no DC power consumption in the power stage. Thus, the power loss in amplifier 100
lis largely attributable to switchjng loss due to the charging and discharging of the
parasitic capecitance at the power stage, i.e., C,. This switching loss can be expressed
as:
20
P, =C,xV.’xf,
where C, is the total parasitic capacitanee, V.. is the power supply voltage, and £; is
the sWitchinu frequericy
To reduce the switching loeses anci _thus 1ncrease the efﬂeleecy of amplifier
25 | 100, any of these three quantxtles may be redﬁced at leaet theoretically However, in
practlce, because the power supply voltage determines the output power, it cannot be

changed for a particular output power requirement. In addition, because Cpisa



To reduce the switching | osses.and thus increase the efficiency of

anplifier _25:100,: any of these three quantities may be red t ast
t;tieorettivﬁgm@ﬁm wever, in practice, because the power sﬂ%‘gﬂysﬁ’@olf' ge

det erm nes . . i e e t put
pover T oquirLiuf Ve e Wbl bnERRERE THERRGRTES § fecfiBitdh W 0520
parasitic val it is virtually. uncontroll.able. Thetefore S.a .practi cal
ot tor. ¢ neenitle wavad syt SHasting TSdn v Rk ampl i S BT iRk B A7 g
anplifier is by reducing its switching freguency. Fig, 2 is a graph which
i Il ustrat esSWlF?}glﬂ@eﬁfmhFlﬁ-%éi%\E@ﬁhWh hstiafes theqglatiopship etvssar
efficiency for a switching anplifier. As shown in the 5 figure, by
reduci ng t hewitohirgfirequgnéy amlipowesr dffiiency fofr 2 swotching anaplifesrn Asrshpenen the
efficiency fromPE2 to PELl is realized. However, as shown in Fig. 3, when
the swi jchifighrk Che@idiig e s&zit‘dfﬁdgcﬁiécgﬁncﬁﬂ}ﬁdrﬁ bﬂrtoisﬁ,lh?zﬁﬁvirfpoﬂ&cr eases in
swi tching frequency are acconpanied by corresponding decreases in the
anplifier's ! s, to avoid a 10 |l oss of dynam c
ofBLfeR} AGHAD B B enl

range, the anpli guency shoul d be kept at or above It

is therefore desjrable to,provi t.echni ques .whi.ch the switchjn

T equancy of o chbRete A R e £ e dHE Srichint s o At Tohig,
efficiency is _inproved wthout unacceptable |osses in dynam c range. -2 WO
01/ 10016 | Feyplifiesappelowsa decsepacp myswitchmg-frequankiy prg\eccompanied by

corresponding decreases in the amplifier’s output dynamic range. Thus, to avoid a
10  loss of dynamic range, the amplifier’s switching frequency should be kept at or above
Jr
It is therefore desirable to provide techniques by which the switching
frequency of a switching amplifier may be controlled such that power efficiency is

improved without unacceptable losses in dynamic range.



According to the present invention, techniques are provided by which the
switching frequency of a switching anplifier is controlled to get a desired
power eVOM{18HEy A dynamic delay line is inserted in thPGREEMIRR22| oop oOf:
the switching 5 anplifier i r Llatain the | oop del ay of
the anplifier equal to a ?@%ﬁ?ﬁ%ﬁ%%’@@y line is controlled by
del ay detection ci r,cuitrael which, nmonitors the | oop dgl‘gg, conpares it to
the reference QEf0Xdingio theypsenhinyention, IAUEs AR Providegby whichdhe rents to
bring the actual loop delay in line with the reference delay. Thus, the
present i switohingftequency ofe switchingamipkifer is sontrelladitn geba desinedipowgr 10
frequency associated with a switching anplifier in which an actual | oop

del ay aseficienty dAwiyhimiddelsplinecis imgrtadii theifesdback thpp afittesdwitchémgnt rol [ ed to
correspond to a reference | oop delay. According to another enbodi nent, a
met hod f oxm@ipfkriand id dmtrdlisdtd mbintdn tﬁdlﬁ%‘ﬁ&ﬁy of e R4 egﬁatlﬁ'o @ sw tching
anplifier is provided. An actual |oop delay " 15 associated with the

swi tchin I..f4 [ It el | ypared with a
refer encgre oopéecfi Sfaé’y .ﬂ,&rgéle]db{alg{eﬁlg%%nqbglegﬁgl@!/ﬁ){%g%ﬁlgﬁgﬁ%?lﬁiv@?ms

dynam cally contrall eq such that .f he actual | del.ay caqrresponds to the
ref erenc emXP’ER}'E) ﬂ&fglf’&g/ 8°]3¥’&9FmaFFﬁ itig the fefgrﬁﬁ‘f?fgeﬁ%é #Bg 8%4%‘%? thed:Peg‘Wd]frt?n i ng
anplifier is provided 20 which includes an input stage havi ng a first node
associ at eit Yormsringremenis el being theeactual loggdlelanin dige yvithetbe refereperdela¥oci at ed
therewith. An actual |loop delay is defined with reference to the first and
second nodes. Thisathegeésent nventomrprovites/a methwdrfos corttmlling aiswitching

10  frequency associated with a switching amplifier in which an actual loop delay
associated with the switching amplifier is dynamically controlled to correspond to a
reference loop delay.

According to another embodiment, a metﬁod for controlling a switching
frequency associated with a switching amplifier is provided. An actual loop delay

15  associated with the switching amplifier is monitored. The actual loop delay is
compared with a reference .loop delay. A delay line in the switching amplifier is
dynamically controlled such that the actual loop delay corresponds to the reference
loop delay.

According to yet another embodiment, a switching amplifier is provided

20  which includes an input stage having a first node associated therewith and a power
stage having a second node associated therewith. An actual loop delay is defined with
reference to the first and second nodes. Delay cietection circuitry compares the actual
loop delay to a reference loop delay. A dynamic delay line controlled by the delay
detection circuitry controls the actual loop delay to correspond to the reference loop

25 delay.



| oop delay to a reference |oop delay. A dy.nam'.c delay line controlled by
the del ay pon circuitry controls the actual | oop del spond
to the refvggﬁ(g@tl#oop 25 delay. -3 WD 01/10016 PCT/ USOY 203%'}/&5@2{’%%9 to
a still further gphodi B £, hg: |k £J 1 1 i Rput
stage generates § svm;n h?%étﬂgi gna%rcegdn H‘géméé I rél%lhggg%ﬁggg%&r%ﬁggﬂ AR
therewi th. Break-before-make.circui.tr erages_t drive .sjignals fromthe
S tohi ng. JPBRCEsSERERIRA uthirk tira! sl B SEET abi abbrihdRanc
alternately_drjyen by the two drive 5 signals, and which has a second node
associ at ed B éﬁf"t"ﬁm CEEWIgePS‘@EFS&E’PéJPVP@%gfﬁ%GhWW}F& ggadled t o
the first and second nodes. A continuous-tinme feedback path is provided
from t he paweyerstagganaledesiwoiswitchesswhigh ardrltemyatelytdriven by the twaidtive

conpares the actual |oop delay to a reference |oop delay. A dynam c del ay
line cont ragiadaklywhich hdeh sscotd inedé associatedatierewithe Gt ddthdl 168edélgy isal | oop
delay to correspond 10 to the reference |oop delay. A further

under st andi NginRf withGreRAnte o ACARANRINRISPnGes! RE R60d-tifdEdib.0p MRy be

realized by reference to the renainin ortrons of the specification and
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compares the actual loop delay to a reference loop delay. A dynamic delay line
controlled by the delay detection circuitry controls the actual loop delay to correspond
10 to the reference loop delay.
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.



Fig. 1is a sinplified schematic diagramof a switching amplifier; Fig. 2
is agraph illustrating the relationship between swi tching frequency and
power efWQOVEWES for a switching anplifier; 5 Fig. 3 is aP§T&g0/20322
illustrating the rel atjionshi ol ncy and out put
dynam c range for a sﬁﬁ%&sgwmw%ggqﬁﬂﬁ\wggr aph illustrating
the rel ati onship between switching frequency and | oop delay for a

swi t chi ng anplFigleisa simplifipdschemptic diagranppf 2 pwitching amplifier;di agr am of a
switching anplifier designed 10 according to a specific enbodi mrent of the
present i nventHigr® is-atgrah llbdttatigthe rdPGionsiphepoSaswitohiny frédqheRES@R PTI ON OF
SPECI FI C EMBODI MENTS According to a specific enbodi nent of the invention, a

| oop del gywepefficiincy e ¥Witthend smplifier] ded whi ch takes advantage of the fact
that there is a direct relationship between the |oop delay of a sw tching

anplifier andg; i i f : ) | Qb Ay in the
fi gur{a, i ncr egslé'n%gﬁ%%ﬂo%%%iggﬂ ??ég%ymﬁglpﬁé% Zé%l?g&'g[fgequr%ﬁgf
correspondi ng ,decrease in_sw tching freguency fromsfl to sf2. Thus, as
shown in %‘%’?dﬁmﬁ’ﬁweﬁ{?ﬁ‘ﬁl@ﬂn%%gﬁ%‘ate | oop del ay, a desired power
efficiency may_be obtained. In addition, by mapping f, of Fig. 3 onto the
graph of Fig. Fig 4is agmaphnilivstrating therelationshiphefousen itching frequench@idow whi ch

the dynam c range of 10 the anplifier remains unaffected.
loop delay for a switching amplifier; and

Fig. 5 is a simplified schematic diagram of a switching amplifier designed

10  according to a specific embodiment of the present invention.



Fig. 5is a sinplified schematic diagramof a digital. audio swtching
power anmpl4fi 00 which is designed according to a speci fp&r/gstpdiizent
of the p?&bfﬂ /?*Joilﬁvent ion. Anplifier 500 operates simlarly to anplifier

100 of Fig. 1 excepbgiAdtER DESCRIPTICIICH/SPECFIEEMBODIMENTSI in the
f eedback | oop of anplifier 500. In addition, 15 delay line 502 is

controlled by dek@é’orﬁ]}lgﬁsggggﬁiﬁb (%ﬁiﬂohfrﬁerﬁ%ﬁﬂ’l&h@&ﬂﬁ?? 'lkgdl'?déli‘;ecdiﬁll&y from

the out put of conpara ode Y) to the output o e power stage

(node C), which is.defi.ned in.this embodi ne n 1A p delay for
anpl i fier SEERMERS lscPéﬂYlgﬁ‘?Wh‘*\A‘;F‘u‘F“rS %@%%?Q@‘Sg%tthhaittﬁ%gs %QI%E which is
nmeasured and used to control -the delay |line may be between . a two points
in the anpl relationshindetysen the laop;delay ofif syitohmg W%{%&é‘déﬁs %@%ﬁvent i on.

Del ay detection circuitry 504 conpares the nmeasured | oop delay with a

ref erense dfrkquenc¥Bs RieFyn intiFighd.c As shewn inlthetfiguze, pugreasing the leop dejay frgm
frequency and a desired power efficiency for anplifier 500. According to a

speci fi c emmdbi@Ntesults i dopfespaiiiting dedrease i swirdling Gequencherdre st tolsf) or
equal to the maxi mum al | owabl e 25 del ay bel ow whi ch the dynam c range of

the anplifigp,d gggﬁd?ﬁhs Hﬂr}éﬂg;f,t lecﬁflgtaﬂgg?rgﬁﬁxpl% A6 Rt £20322

measured | oop del ay an the“re ce del'ay, delay detection

ner oment s, SEeRGH A< RgRedh o pad ot ok eRPR: piTe SePR AP e BnBEFlE | han

the reference aelay, del ay detection circujtry 504 coptrols delay |jne 502
to decr ease4ia magisiyy allowale jeop %@%ﬁéﬁ?@%ﬂeﬁb@w which the dynamic faﬂge of

10  the amplifier remains unaffected.

Fig. 5 is a simplified schematic diagram of a digital audio switching power
amplifier 500 which is designed according to a specific embodiment of the present
invention. Amplifier 500 operates similarly to amplifier 100 of Fig. 1 except that a
dynamic delay line 502 is inserted in the feedback loop of amplifier 500. In addition,

15 delay line 502 is controlled by delay detection circuitry 504 which measures the delay
from the output of comparator 506 (node Y) to the output of the power stage (node-

- C), which is defined in this embodiment as the actual loop delay for amplifier 500. Of
course, it will be understood that the delay which is measured and used to control the
delay line may be between any two points in the amplifier and still remain within the

20 scope of the invention.

Delay detection circuitry 504 compares the measured loop delay with a
reference delay (TD_REF) which corresponds to a particular switching frequency and
a desired power efficiency for amplifier 500. According to a specific embodiment,
the reference delay is selected to be less than or equal to the maximum allowable

25 delay below which the dynamic range of the amplifier remains unaffected. If the

-6-



5 incremental changes in the delay continue until the nmeasured or actual
delay is substantially equal to the reference delay. Thus, when the
anpl i fi SYO8/LWEp del ay changes with, for exanple, tenperafGT@&S002RR2 de| ay

detection circyitr ut omat i cal | ust § .t he, del line.to ure that thé
total | o&’beaﬁgﬁcgfoé‘a XK gssttﬁ%l ‘i’%ﬁatdg#ff’ﬁ%a?l%'qq?%c@%ﬁ%n B‘Wé'ltgg‘?f i ci ency,
remains 10 rel atjively caonstant. y\hﬁn thehéoop del ay i r} gher

| creases at hi )
t enper at §eagolsdglydwie P2 toincrense e delpy i KA ns MCFerpgits Jlt, eyibs omalr%p del ay

decreases at |ower tenperatures, the delay is increased. Wile the
i nvent i orthtrsasieeshloppdelayis greater Sian ke referengesdolay, dealayidetection eiratiite t o
specific enbodi nents thereof, it wll be understood by those skilled in the

art that 508%ofitt6ls dekuyilinetS0R td decrease dis delagith 40 @b indsemelits.clThesed enmbodi nents
may be made wi thout departing fromthe spirit or scope of the invention.

For exanph&embhtal 886 thé‘&élﬂ%b&[ﬁnu@%ﬁﬁ%@%&ﬁﬁx‘éﬂio?ﬁ&uw ddlayigf erence to a

specific enbodinent i'n which the anplifier is configured for a baseband

audi o appl i an. ' i e understood that the techniques
descri be&uhéét%%tﬁag@aealg%v}@\é}géraeﬁrénc%e}a

u to a wde variety of anplifier 20
configurations_and i cati.ang and at .therefore the scope of the present
Cvention i o HoE Ve eatii i a e ni siees et Pemiindeppuzhit
~invention nmay be used to inprove _anplifiers used for other aptgl i cations
such as, thodelaxdetpttion cigitry autemati¢allyadjustsithe delay dine hensyecoihat 8¢ t he

I nvention should be determned with reference to the appended clains. 25
total loop delay, and thus the switching frequency and power efficiency, remains

10  relatively constant. When the loop delay increases at higher temperatures, the delay
of the delay line is reduced. When the loop delay decreases at lower temperatures, the
delay is increased.

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

15  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 present invention
has been described with reference to a specific embodiment in which the amplifier is
configured for a baseband audio application. However, it will be understood that the
techniques described herein apply equally well to a wide variety of amplifier

20  configurations and applications and that therefore the scope of the present invention is
not limited to audio amplifiers. That is, the present invention may be used to improve
amplifiers used for other applications such as, for example, ADSL line drivers.
Therefore, the scope of the invention should be determined with reference to the
appended claims.

25



-7 WD 01/0016 PCT/ USO0/ 20322 WHAT IS CLAIMED I'S: 1. A nethod for
controlling a sw tching frequency associated with a swtchin arrFI | fi er,
conpri si ngVQH4RMEal |y controlling an actual |oop delay 5 as® ‘g’c?i”

t he swtchrmm%respond to a reference | oop delay. 2. The

met hod of c rising conparing the actual loop delay with
the reference | oop delay. 10 3. The nethod of claim1 wherein dynamcally
controlling the actual |oop del ay conprises dynam.cally controlling a
delay line such that the actual |oop delay, corresponds to the reference

| oop del ay. 4. The nethwethofl for eontrollingeswitching fragyangy Rssosttad withang t he
delay line 15 conprises adjusting the delay line in equal increnents until
the actual kep¢hifigbmplifiecomprisingddyhamichBy certeolling en hetogl Idep dglay5. A net hod
for controlling a swtching frequency associated with a swtching

anplifiar, ﬁeaaatea'vm the SwitRing AhipHieR o SditeiBbnd ROPrefistbve 1859 gelagt ed with

the switching anplifier; conparing the actual loop delay with a reference
| oop del ay; and dynam cal | y controlling a delay line in the sw tching
anplifier such that the actual | oop delay corresponds to the reference | oop

del ay. 11111111311111 1111}]1.04

e met (')\1' claim 1 further comprising comparing the actual loop

delay with the reference loop delay.

10 3. The method of claim 1 wherein dynamically controlling the actual loop
delay comprises dynamically controlling a delay line such that the actual loop delay

corresponds to the reference loop delay.

4, The method of claim 3 wherein dynamically controlling the delay line
15  comprises adjusting the delay line in equal increments until the actual loop delay

corresponds to the reference loop delay.

5. A method for controlling a switching frequency associated with a
switching amplifier, comprising:
20 monitoring an actual loop delay associated with the switching amplifier;
comparing the actual loop delay with a reference loop delay; and
dynamically controlling a delay line in the switching amplifier such that the

actual loop delay corresponds to the reference loop delay.

T



-8 WD 01/10016 PCTRJIS00/ 20322 6. The nethod of claim5 wherein dynamcally
controlling the delay Iine conprises adjusting the delay-line in equal
i ncrenerive 0810016 t he actual | oop del ay corresponds to the BESM@Z8¥2| oop

delay. 5 7. A switching ifier,_c tising:. i nput.. st ayi ng a
first node assBci at em%%f{qlﬂmé‘ﬁ Fné’f"(fg@cﬂgﬂﬁ h’%@gﬁaﬂ‘xgﬂg

associ ated therewith, an actual |oop delay being defined with reference tq
the firstcempriscsediugtingthesielayding,in geual increyaents pat the pcugl loepdslayi ng t he
actual loop delay to a reference 10 |oop delay; and a dynam c delay |ine
cont r ol | egorbasporids td ehewefeetcedbomdelay.r cuitry for controlling the actual

| oop delay to correspond to the reference | oop delay. 8. A switching
anplifier, conprising: 15 an input stage for generating a swtching signal,
the input stage having a first node associated therewth;

br eak-bef or e- mgke ciyr Gk bk Qe g . two drive signals fromthe
5 S CA Siddide %ﬁg@lﬁl&, f‘ff@%ﬁ‘gﬁ-

swi tching signal; a power I nc wo switches which are
alternately driven the two .20 drive Si e power stage having a
second node as%ﬁpﬁ?éﬁg‘?ﬁ%‘?wpﬁ?n fe ?@?ﬂggaﬁ%gp lay being defined with
reference to the first and_second nodgs; ) X

a power stage having a second node associated therewith, an actual loop delay

being defined with reference to the first and second nodes;
delay detection circuitry for comparing the actual loop delay to a reference
10  loop delay; and

a dynamic delay line controlled by the delay detection circuitry for controlling

the actual loop delay to correspond to the reference loop delay.

8. A switching amplifier, comprising:
15 an input stage for generating a switching signal, the input stage having a first
node associated therewith;
break-before-make circuitry for generating two drive signals from the
switching signal;
a power stage including two switches which are alternately driven by the two
20  drive signals, the power stage having a second node associated thefewith, an actual
loop delay being defined with reference to the first and second nodes;
a continuous-time feedback path from the power stage to the input stage;

delay detection circuitry for comparing the actual loop delay to a reference

loop delay; and

) O A



a continuous-tinme feedback path fromthe power stage to the input stage;

del ay detection circuitry for conparing the actual |oop del agcto a
reference WPOYUE ay; and -9 11 rrrErrrEt i RCUp00G02

.............. - ' ' .r ol | ed
by the del ay del/\se)gil oncé‘?ga?&ﬁ%yﬁgﬁé%%ﬁﬁ%oﬁf%g t%hrelq'gjg u IfoFg%r%%gfé]ﬁéy to
cor respond 4,9 (S 165 SERYSS cbrdBos kit Stekerioe fodp dedy. | 111 1 TTIL T
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