| NVENTI ON Tl TLE METHOD AND APPARATUS FOR | MPLEMENTI NG SOFT SWTCHI NG IN A
CLASS D AMPLI FI ER DESCRI PTI ON Headi ng CROSS REFERENCE TO RELATED

APPLI CATIONS [Para 1 ] This application clainms priority of U S. Provisional
Application No. 60/704,241 filed on July 28, 2005, entitled "Method and
Apparatus for Inplenenting Soft Switching in a Cass D Anmplifier "; and a
Continuation-In-Part of U S. Application No. 10/908,063 filed on April 26,
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Class D Amplifiers", specifications of which are herein incorporated by reference.

Heading
FIELD OF THE INVENTION

[Para 2] The present invention relates to Class D amplifiers. More specifically, it

relates to reduction of switching losses in Class D amplifier circuits.

Heading
BACKGROUND OF THE INVENTION

[Para 3] High quality audio power amplifiers are traditionally large, heavy, and
inefficient. Typically these equipments are capable of high power audio oufput with very low
total harmonic distortion (THD). However, these equipments achieve only approximately
25% efficiency under normal audio operating conditions because they typically use

inefficient linear or quasi-linear amplifiers (e.g. Class A, B, G, and H).

[Para 4] In recent years, the demand for more efficient audio ‘power amplifiers has

increased. Thus the shift from Class B to Class D amplifiers for sound reproduction.

[Para 5] Class D amplifiers provide high efficiency, but typically have limited
bandwidths, resulting in high THD at high audio frequencies.



switching transistor(s) that provide power to a |load. The efficiency is

hi gh because the switches are not operated in their linear region. [Para
7] Figure 1 is an illustration of a sinplified Cass D topology. As
illustrated, a conparator circuit (not shown) inside the Pul se-Wdth

Modul at or 110 conpares the anplitude of incom ng anal og audi o signal 101
to the anplitude of a reference triangular waveform operating at an

i nt ended Psvvit hi ng frequency. The conparator circuit switches its output
high or H&## corﬁﬁiﬁﬁ%@ a{“ﬁéﬁ‘?rﬂ%b%ﬁcﬁﬁy asiitdd-modemotviet sipplyanedifisito t he
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wavef or g&égonvgagg%&)\?\%&?@%qﬁég‘?gﬁéta lggd?gpgﬁﬁﬁ%y i i’lg&i‘&e W tﬁg anpl i tude
of the $¥ichetaie aoet opergtefl bt fpir liher ;agiqput D+ of the PWMis at the OFF state.
Qutput D is the inverse, i.e., conplenentary of output D+. [Para 81 The

relatio i et L pput audi.0 anpl. e and the pul.se-w dth
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filter 140 1.5 t gi cally a second order |ow pass, e.g., LC configuration
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significantly higher than'the ba e au ei'ng reprodiced.
Thus, t &¢s eyaRiemertanyiofpetputddndwi dth audio with higher fidelity requires 2
relatively high switching frequency. However, the higher the swtching

frequengparaldle Mtk relationship between the input audio amplitude and the pulse-width
modulator outputs D+, and D- is linear to a first order. The outputs D+ and D- of the

comparator drive "totem-poled" transistor switches Q; and Q,. Each transistor switch is a
MOSFET device, with a diode device 131 coupled across its terminals to enable four
quadrant switching. The topology shown in Figure 1 is an example embodiment of a class D
amplifier where the same type MOSFETs is used for both switches. Alternate embodiments
include using complementary transistors, e.g. one p-type and one n-type MOSFET. For this
reason the MOSFET symbol used shows no polarity.

[Para 9] Output filter 140 is typically a second order low-pass, e.g., LC configuration
filter. The output filter 140 is essential for low pass filtering, or integrating, the carrier's
varying pulse width duty cycle for reproduction of the original audio content while

attenuating the switching carrier frequency.

[Para 10]  For high fidelity audio reproduction, the operating (i.e. switching) frequency
of the Class D power amplifier must be significantly higher than the bandwidth of the audio
being reproduced. Thus, to reproduce higher bandwidth audio with higher fidelity requires
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the switching | osses (i.e. reduced efficiency). Sone causes of sw tching

| osses are discussed wusing the illustration in Figure 2. [Para 11 ] Figure
2 is an illustration of a conventional Half Bridge Class D Anplifier wth
salient parasitic elenents. As illustrated, voltage source VgSQ drives the
gate of transistor QL and voltage source VgSQ2 drives the gate of
transistor Q. The illustration is a standard half-bridge show ng
parasitic el enments which is the intrinsic capacitance of transistor

1; and Geﬂtivmm_swgﬁih@fmwwﬂﬁwwqp&ém&%@e giichingrsiquensy, @ QORR.
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2 t her I ode

drop; and element D2 Is el Intrinsic ran external diode
wi t h | owesingtheplustitionauFigenst2s and direction of flow (i.e. drain to source)

are showmn with the double arrows. [Para 12] In this illustration,

transi st ang,. l. asi - I vient.qQ t i ter. formed by
out put |Wgﬁ%%; L%lg%%f%&86ul%sa%tg%é%ﬁtcglg}é%i&amggBlz-‘gﬁej egﬁsaé é&l pglgﬁrm)nl y by

t ransi stwitls saiént p@Rsitia elriend U ds dhustedted, Soltagp ssuredV h@rdives ths ghthef swi t chi ng
node. ring operation t he .vol tage .at sw.t chi. o] 201 is a square wave
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capacitor Cl ta pr ce.a_ r.elatively | ow frequency output voltage across
capaci totf‘a“@ft.‘)r&r 8%&3‘?‘%@@%&%‘ FAPRGARCE L rapsifter Q. I‘PL{EFP"é%t iffat is, at

zer o outgiitr @ haBsic diode bR &&RHMI @fbde Rith IdWeer Udpa R hed®) &f GihER (g;é) of
Figure 3. Trj gn%ul ar waveform 320 is a ripple current - which produces a

quasi - si REEsediade of Hhexéerya diodg withilovger dippy dis pyrreptoandrdinestipnad figw (6h out put

capaci t airaifrdo solide§ areWhdWt with BRlasudiOhdsge, 1.e. 330, nust be limted in
magni tude or there can be problens with radiated em ssions. For this

reason the value of the output inductor L1 is kept high enough to limt
the ri ppParadel enin tis ilesretiontipnsistora @ peshQofupplye quasitsapsewevedathsut
cur rent . leY Rirfigh by pdBfiicibr L Qfput B0 T, 0 i ' Hffrbii bon of
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t he

[Para 13]  The inductor current (Ir1) at idle, that is, at zero output voltage, is represented

by the triangular waveform 320 of Figure 3. Triangular waveform 320 is a ripple current
which produces a quasi-sinusoidal ripple voltage, i.e. waveform 330 of Figure 3, on output
capacitor C;. This output ripple voltage, i.e. 330, must be limited in magnitude or there can
be problems with radiated emissions. For this reason the value of the output inductor L, is
kept high enough to limit the ripple current to some small fraction of the full power output
current, typically 20% as a rule of thumb. Figure 4 is an illustration of the relationship

between ripple current and load current.

[Para 14]  Asillustrated in Figure 4, the current at idle is shown by waveform 410 while
the current at 1/8 power is shown by waveform 420. As shown in both waveforms 410 and
420, the ripple characteristic causes a non-steady disturbance in the output current about the
steady state value. At idle, the average current is zero and the ripple characteristic of the
Class D results in the non-steady negative and positive current oscillations. Since the

amplitude of the oscillation (i.e. ripple) is controlled by the size of inductor Ly, similar ripple
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anplitude of the oscillation (i.e. ripple) is controlled by the size of

i nductor LI, simlar ripple s 3 anplitude exists at other |oad val ues. For
instance, as illustrated in waveform 420, the steady state current at 1/8
power is represented by the current value ILIDC and the ripple current
superinposes thereon with ripple anplitude of approximately 20% peak to
peak around the 1/8 power |oad current value ILIDC [Para 15] Thus,

al t hough tfl_ere are no intentionally dissipative elements in the circuit
shown i nZBplidesxists of pilerpatyalueg| Foriinsarce, agilfustrated inyeavedoutad, fheitesdy because
of a varigb Yurlht allVgipdvier iQASSrefBREABY R Bt ARG RE I (!;:Q{d thm%ﬁ@&ﬁe ghere are
inherent |osses in the output LC filter and in The swit I ng T ansi stors.
Losses i TPeHBrose therporswith ripile amplitndd of approwsineatan d0% meaketh psakrarows tle cost

t r adeof fl/SE&’&/erh&h?l%ﬁﬁgithaqu?l Jansistors (FETs) have nore constraints.
Firstly, FETs Q@ and Q Wit have a finite ON resi stance, leading to
conduction loss. Secondly, Q and @ will experience sone |oss at

swi t chi ni§arad hbki t This althoggltthay aronsmientdraty dissipaie elentenissn theeseuit SWi t chi ng

| osses t LRl gt t.he. swi.t chi §regue . _Thus, even_though a
hi gher %%%ﬁ‘%é?f%ah%%l %‘5“&” iW\c’)mB%‘nq’&%%B(ﬁH%%ﬁ%‘aBﬁe 8 Py benefi ci al
t o audi dimleidse meelmoems thereinl Bar instaod, ttiseré arelithatmt Ridek ¢i 08 6MputtIitefigdor e,

prior ar tradeof f bandwi dt r efficiency. [Para 161 Wth the
appr oxi g 3‘?‘3‘% g‘gﬁﬁl%r;ﬁatfaélﬁlf&’fsr E‘SFS@S 8’ftn‘f Iﬂ]gerﬁF‘ft‘SPa ‘Y%W@F?Pfi gibehopsnass D
anpl i fi e acost kradedf, butrlodaay it thesinkistoisTBETY) ARG hbRRofkhiEtsS YRS FeYt pyt

current | §§"“§’l? Thisﬁfnli I g\gsgiéswi tching transition of the conventional C ass
D anpl i {182 M pve ddpitg QRlregistonsy leating (naondusting loss. Smogrdly Quand Qesilh 17) As
i T ust r aikpetiensd dfikeilohg avdviitehiad thankifidiB, 160 BlsRitthinElosdeb et @h&esuUpPpPl y vol tage
Vgs@ 1402 .. reater than the threshold value) and a | arge positive

i.S
current ,Swlltﬁl?m&g’é??? that iRy lipatthe syrtching diegieancy] Thusheven toweh ohighen r ent | Li
1403 f | ewsichilg B&EBn asdiSDhldesd i L | is a
negative vallﬁge ?tglprée%e nt ed gﬁt?ts%mﬁ%%@e%alla?gﬁe%gﬁﬁ %\taq{h?#e&f?%h% IS
turned @FsCARIE HEoWpRiBsieRCY ciheiefon, pripy artysiems tradenfliRindwidth for esi st ance t o
D2, whi ghrdigacei ther Q2's intrinsic diode or an external diode wth |ower
drop. The voltage across @, i.e. Vd8Q@ 1406, cannot rise until tine t2,
when Q turns ON, but this wll cause a |arge reverse recovery current
(1 D2 14883rat1blf | oWith Hrerpgroxrateln 20%icprreit nippled2 theasior art EonveitientilClassof f ti me

represen gohitdr, bhGs Pk ihQIQl) Q;%tt&&%%aglszmglp i wioy! glitpl}t WGrrlek sHigh This OVENY

lossy switching transition of the conventional Class D amplifier is illustrated using the

waveforms of Figure 14.

[Para 17]  Asillustrated, starting with Q, in the ON state (i.e. the gate supply voltage
Visqz 1402 is greater than the threshold value) and a large positive current, I; 1403, flowing
through inductor L;. The inductor current I; 1403 flows through Q,’s ON resistance from
source to drain, which is a negative valug represented by Ijsqr 1404.

[Para 18]  Attimetl, Q, is turned OFF and the inductor current I ; moves from Q;’s ON
resistance to D,, which is either Q,’s intrinsic diode or an external diode with lower drop.
The voltage across Q,, i.e. Vasqa 1406, cannot rise until time {2, when Q; turns ON, but this
will cause a large reverse recovery current (Ip; 1405) to flow through D5 and Q4, since D, has
a finite turn off time represented by the period between t2 and 3. Thus, the reverse recovery
period lasts until time t3. Therefore, from t2 to t3, transistor Q1 sees high current (Ip, 1405)
and high voltage (Vasq2 1406) simultaneously, the product of which will be high switching
loss (i.e. dissipated power).



period lasts until tinme t3. Therefore, fromt2 to t3, transistor Q sees
hi gh current (1D2 1405) and high voltage (VaSQ 1406) sinultaneously, the
product of which will be high switching loss (i.e. dissipated power). 4
[Para 1 9] Thus, inprovenent in efficiency can be realized with reduction
in swtching l|losses. Alternately, the switching frequency could be raised
to realize inproved perfornmance w thout reducing efficiency. But this
coul d not_be done in conventional Class D anplifiers wthout increasing
hi gh frelf@adyYlri phive, impraemend) eficiehgugh bt helikidghitt reewptien ayswiichipke | S
ener al | y,cdRaugi L, A resence is still undesirable
19 or seve%bgﬁeg'r ggg%lﬁtglyt ?‘f;saﬁ%d%%g%%cg%@(%ﬁ§£f?(ra§%fe§ ¢ improvied per 166 ¢
appear s wihent redusiog sfficientsh Buakhis ewlildnd da domenid cofiationdl GRESD afn)ifidr

i nfluenc ' nts. {g}g% provides a |limtation.on how clean the
h 3
% cgegﬁggg ?%ht%h uch %IH ‘r

out put signa e ; and (4) puts unwanted artifacts on a
feedback signal fed to the control circuit, limting the performance.
Thus, anfPasa0]i omithougtettiehizh Swiieaby figplk BISEGIRHhudbis & @6 diRSSealiigh

frequenc i ppl ara 211 As discussed above, waveform 330 clearly shows
the rip rgsegﬁeglﬁgﬁléﬂ%%@rq%}p f%b?eé{ Teasops 4 bis e gwissiopppreblsa. for fnstancey#ndwi dt h

class D a@ppars bd @tifac@iin (e AV rddiEbaat d8d otffr ALs; (Pt InflRERKs hiPeak with a
f undament al of sei\;ﬁ]al hundred kHz, making it extremely prone to
i nt er f er PRFUSHMERSHEhRO VPSR intaion opdawsiaen the cuiyg sigeg! Iqpkalg thegidoserecei ver s.

Modul at i gid (4)5seimEEnted althdidor 'R e®ALE & BN dlth RRYBREH cirduit, %Jiﬂ% fiie 51 5.

parti cul ae{xplgy troubl esone. fi [Para 22] Prior art nethods 'to reduce ripple

i ncl udesPHOPRHCEN Thys, wrsoluion foxduse swiiching lassep mwstalire addtepntighcipmendyor C1.
This appigaeh has several disadvantages. First, the Q (quality factor) of
the LC trap nust be extrenmely high ap in order to effectively shunt current
away from Cl, whose inpedance at the switching frequency is already well
bel ow arﬁp are 1 Be c drdiscussed abovewavefonmB30 dedrbchbwe thetippleghaginenb. cguency .
The hig : . ' t rap,.wll . be [ f the sw tching
frequen ngécints;@@g ﬂog%#g{pbﬁ@ atefp{éggidgx(gq] gfc%gsn% \Bgﬁ%f &P pah h’\?é’ng?f Oécfnfe nuati ng
har noni c®lt@pal-teepegkivith i fmgylafentglrefiseveral aludred iz, inhk g ibexEreti8lydrdne t20dB down

fromth émgggﬁp i | ati.ve terms, .t can st.ill sent problens if
their rrgrétﬁllt fude 1 sst?%)r(? &{'}g&ggg HPMShesp %{aélyp’g‘?f F&‘ﬁo recsivers. Modulation

schemes in which the switching frequency is variable are particularly troublesome.

[Para 22]  Prior art methods to reduce ripple includes using an LC series trap circuit
across the output capacitor C;. This approach has several disadvantages. First, the Q (quality
factor) of the LC trap must be extremely high in order to effectively shunt current away from
Ci, whose impedance at the switching frequency is already well below an Ohm. Second, the
trap is only effective at a single frequency. The higher the Q, the less effective the trap will
be if the switching frequency is variable. The trap is also not very effective at attenuating
harmonics of the switching frequency; although these are usually 20dB down from the

fundamental in relative terms, they can still present problems if their magnitude is too large in

absolute terms.

[Para 23]  Another prior art method of reducing ripple would be to add another second
order filter to the output, creating a fourth order filter. Some of the disadvantages of this
method include that the inductor must be sized to handle the full output current, and the filter
may add distortion due to nonlinearity in the devices used, and the filtered output is outside

of the control of any feedback loop.



[Para 2 3] Another prior art nethod of reducing ripple would be to add

anot her second order filter to the output, creating a fourth order filter.
Sonme of the disadvantages of this nethod include that the inductor nust be
sized to handle the full output current, and the filter may add distortion
due to nonlinearity in the devices used, and the filtered output is outside
of the control of any feedback |oop. 5 [Para 24] Another prior art method
to handling the ripple problemis to add a second LC |owpass filter in

t he out ph’@r@ RAd efnether prégryrtimeghodds hamlling élempdbrproﬁlerﬁ lﬂseto Qﬂki pstcodd Lger from

two to il and
| i neari t{(/)%a(s)sb eéen?ygﬂ% mngg t%kg%é@%i lnc'!n is%?ethgg are? ‘?‘1’“{ tﬁrcff%é%% t he
total hate dHogheserofouitlh nrd(er'rﬁlte)s pC{sE’aclsmroﬂal’ii]lty'Ehé lipsgiseprobleny.chitadoifioheaches

reducti e redu t ef fect of rlppleto
acceptab eg{ Vqr&&%gﬁ&%rg%g%gnﬂb cdcft?’l%ﬁ ?@ENTI ON [ Para 26] The
invention is a nethod and apparatus for reducing switching |losses in class
D anpl i fiPara25h CThs preRnainpéritioh esaches rbRsiiedAswitdhiiposed wm@%dﬁé}fi?fhewpp' y

driven béff& tyn%g t%é%gﬁ%qg¥eﬁg$dul ator (e.g. a pulse width nodulator). Thus,

hi gh frequen (e.g. high frequency switching noise) is
commonpl ace in con class D anplifiers. Because of the negative
effects of high frequenﬁ{barl ppl e, including degradation in the audio
reproduction, prior art OggenAResronge vedRTROVEr | oss (i.e. accept

hi gher power |oss) for reduced ripple by sizing the output inductor |arge
enough to limt ripple to no nore than 20% of the load current. [Para 2 7]
The hi glPa@Ie6] | 0%ge ma%ﬁisometﬁ&ﬂaﬁ%g bbb B 800Yho L Disdhiif: 1hQol 1

transi stors _swtching when the vol g and current are éagusly at
peak pod? PRI 4 sy Bamplifiergs basicaBpnewitettineds povst s@plwﬂrsrsn prtigh The high

t t |
Bhtch ol squio odlisiol (¥ SPUES willty hBGLEHS THEE b (R NS irpl ot o
the predesthighijesvenyrswitahiog aelse) is cogen@iplabhin cohpaitienaA tlatdie asplifiehi ng
transi stQLsse BPthé?Qélh{ré &?e@fs'o&‘hlrlgﬁ?}ééantc{r‘ﬁ g,\"’ﬂl'e{% F%‘gegﬁthgé?}b‘ﬂ O‘N'ug,% ei ther an

i nprovenent 1 n efficienc ncrease’ | bot h.
[ Para 2r@rodugtieh enmteclammwngme trbde miwer Ras (ileesespt highweswep sl y coupl ed

i nducto teduced ripple by sizing the output inductor large enough to limit ripple to no more than 20%
of the load current.

[Para 27]  The high power loss (therefore reduced efficiency) is due to the transistors
switching when the voltage and current are simultaneously at peak positive values resulting
in power which must be dissipated. The high positive current is a product of the relatively
large inductor value, which also limits the switching frequency bandwidth. Thus,
embodiments of the present invention take advantage of the ripple at the switching transistors

to significantly reduce the power loss thus allowing either an improvement in efficiency or

increase in switching frequency, or both.

[Para 28]  Furthermore, embodiments of the present invention apply coupled inductor

methods to steer ripple away from the output of the class D amplifier thus eliminating any

undesirable artifacts of the increased ripple in audio performance.
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met hods to steer ripple away fromthe output of the class D anplifier thus
elimnating any wundesirable artifacts of the increased ripple in audio

per formance. Heading BRI EF DESCRI PTION OF THE DRAWNGS 6 [Para 291 Figure
lis an illustration of a sinplified Cass D topology. [Para 301 Figure 2
is an illustration of a typical half bridge class D anplifier

configuration with salient parasitic elenments. [Para 311 Figure 3 is an

il lustraty t waveforms of a prjor_art class D anplifier show ng
out put rtﬁrﬁg@gﬁfi i) 133"?111‘}13Ff@‘£ﬂ"é’f531‘%91§Wdﬂlqsﬁ?ttﬁml¢wﬂ of the current
wavefornms at the output inductor of a typical class D anplifier

confi gur fRaraB0] [ P@grea3Bk ahiifidhSion df%tﬁjl’fcall M@@ﬁ({g@tciagp])%gﬁﬁ&oupl ed i nductor
c

circuit as _an jdeal transformer wth |unped parasiti l"'ement s bei ng shown
with t wotoREsYaleLIth wlicrtpatesitip plemettad. [Para 34] Figure 6 is an
illustration of the coupled inductor circuit redrawmn to reflect LM to the

secondar [Pasa §¢] f OFidaa! § Rlan Vil J ' Vol tage diyider. [Para 3 5]
Figure 7 is, an]i |1 ugsgt r at iagn oftllét ?@gﬁ%ﬁvg%r%%gfuac@{o% aﬁlﬁ?s 8WP{‘%‘°'fri ppl e

st eer i ngSHPWngtoMwulEprle.br i dge configuration. [Para 361 Figure 8 is an
illustration of the full bridge configuration of the coupled inductor

enbodirre[rpg ip ) E Par.g 37] Figure 9 is an illustratjion of a
zero ri pplgl E%{f Eirglﬁr(fgieﬁg{é%%ﬁ{rogtolf g‘r‘?cﬂ'lsnf%é‘% ef%’fnéfp?ﬁ QU PRt 3r oach.
[ Par a 381piFalglassD atpliSerannfiguratiohr at i on of the full bridge version of the

tapped i nductor enbodinment to ripple steering. [Para 391 Figure 11 is an
bridge .class D anplifier using

i1l ustrabi anZeraq ri e hal f ] j
back- wo 3?1)%&{(2%%{) | b8t Iﬁg’l}é f“g m‘lﬁtﬁaﬁlf’fl Qb7 squp .m‘{"PEW Siropy s ap ilgpldrapsformaer o
i | | ust r atitbolompéd ganaitfculdmdatsi tdR sHEWSWRA 106 AChRIRMd Ba! @nkiR! €d i nduct or
enbodiment to ripple steering. [Para 411 Figure 13 is an illustration of
I f f i ppl I D
sanpi e V@X,?a ?&]ms 191gur% 6zlse 51(1) 111%%%05 og thg?:gupled inductor circuit redrawn to reflect Ly

to the secondary side for better visualization of the voltage divider.

[Para 35]  Figure 7 is an illustration of the coupled inductor approach to ripple steering in
the half-bridge configuration.

[Para 36]  Figure 8 is an illustration of the full bridge configuration of the coupled

inductor embodiment to ripple steering.

[Para 37]  Figure 9 is an illustration of a zero ripple half bridge configuration using a
tapped inductor approach.

[Para 38]  Figure 10 is an illustration of the full bridge version of the tapped inductor

embodiment to ripple steering.

[Para 39]  Figure 11 is an illustration of a zero ripple half bridge class D amplifier using

back-wound coupled inductor configuration.

[Para 40]  Figure 12 is an illustration of the full bridge version of the alternate coupled

inductor embodiment to ripple steering.

[Para 41]  Figure 13 is an illustration of sample waveforms of a zero ripple class D

amplifier in accordance with an embodiment of the present invention.



anplifier in accordance with an enbodi nent of the present invention. 7
[Para 42] Figure 14 is an illustration of the |lossy sw tching
characteristics of the conventional class D anplifier. [Para 431 Figure 15
is an illustration of the current waveforns at the output inductor of a
class D anplifier of the present invention prior to ripple steering. [Para
44] Figure 16 is an illustration of the soft swtching characteristics of
the class D &Eplitier of an enbodi nent of the present invention. ppf

Headi ng n’BEf’rﬂc ED FisrscH i1t diustptionaf thelpasnavitkinephsractaiticTplghé nvent i on
conpri segnlediBhilRthseDAnpRRA at us for reducing switching losses in Cdass D
anplifiers. In the foll ow ng description, nunerous specific details are set
forth in_order to provide a nore thorough description of the present

i nvent i olfara 43} | Figyvee kyoip an dlustratioh ofithe enrent wavefernssiot theatpunintiigoraft, t hat

t he pres i I . i j .-these specific details. In
ot helro i ng%g?c%ﬂsﬁ%?ﬂhgﬁ%%%?gé@%%égg 3:,/&@%%%%%%‘&65@ desclroi bledI i n det :'B.i | so

as not to obscure the invention. [Para 461 In general, enbodinents of the
present [PAt@A4] on Figuovicdeat disstation of thie kel switrhing| chaactBrisiopbi thé ks DM t hout

t he negafl C f ri e. SwWtchi.ng | osses of prior art class D
anplifig#@“%%@é%ﬁf%%ﬁ%ﬁr?%33%§§g§¥g?%ﬁfﬂgturning on agai nst diode D2) are
only substantial due to the inductor current being positive at the tinme of
transition (see waveformILl 1403 in Figure 14). Thus, if the inductor
current were negatiyge gurjng this switching transition, @ turn off would
| et the inductor curfent tharge CQL and CQR causi ng the sw tching node

vol tage to resonant IDETAESASESORIPTIONDICoNEMGVENTIONS, @ woul d turn on
Wi thout incurring reverse recovery [oss, and wthout discharging the
energy in CQL and CQ2 into QL. As illustrated in Figure 4, negative ..
current [parad4t) onshd Abeds CORPHY i (il ers: ur at,
or veré near ]idLe pgéggﬁcondffgihgﬁ%??@%ﬂ%gsefggﬁék%fﬁsgﬁgﬂ%%F&%gring
most | oddClashRiampdifiers. Ictheyfollapingdspariptiog numpoas spedifif ddtads araseydordfinout put

| oad cur, j ' ' [ ar] V1. .0SS) ess

s i 1o to 6 e SloRnaighin Abifioh 0Bne b ke BT i BRRRUEDY Lo

t her eby however, to one skilled in the art, that the present invention may be practiced without these

specific details. In other instances, well-known features have not been described in detail so

as not to obscure the invention.

[Para 46]  In general, embodiments of the present invention provide lossless switching
class D amplifiers without the negative effects of ripple. Switching losses of prior art class D
amplifiers (described with respect to Q, turning on against diode D,) are only substantial due
to the inductor current being positive at the time of transition (see waveform Ir; 1403 in
Figure 14). Thus, if the inductor current were negative during this switching transition, Q2
turn off would let the inductor current charge Cq; and Cq2 causing the switching node voltage
to resonantly increase until D; conducts. Thus, Q1 would turn on without incurring reverse
recovery loss, and without discharging the energy in Cq; and Cq into Q. As illustrated in
Figure 4, negative current conditions for the conventional class D amplifiers only occur at, or
very near, idle power conditions (i.e. waveform 410) and not during most load conditions

(e.g. waveform 420).

[Para 47]  The range of output load current over which soft switching, that is, nearly

lossless switching, can be obtained, may be increased by reducing inductor L; thereby



8 increasing the inductor ripple current to a higher fraction of the | oad
current, as illustrated in Figure 15. [Para 48] Figure 15 is'a waveform
diagramillustration relationship between ripple and steady state current
wi th reduced out put inductance. The current at idle is represented by
wavef orm 1510 while the current at full load is represented by waveform
1520. As illustrated, the ripple or peak-to-peak anplitude of the current
oscillation i.s greater than the itude of _the |load current, which is

r epr esent s %%F'ﬁﬁf%ﬁ?mrrré@i‘? Furiegt P H%%ﬁgﬁigﬁ’f@%%"fék‘e ﬁ’ﬁ@@‘é‘f‘?"\tfé’sg traleft mat | oad.
Thus, i fFigweti6hi ng occurs at instances of small negative inductor current,
the dissipated power will be very mninmal. [Para 49] There is a significant

differen i ower dissjipation between _conventjgnal class D anplifiers
and enbo@i%%aﬁg \Qi’l&'lﬁf‘el%*ﬁ éyeelory diagrpmdiusyation rskstiashiprhetwasa rigpleapd st i ¢ of

the presaaiy sicRnir@Willtbdilied QiHR Sndt¥bieh TR cliRonPSG 1 iwﬁeﬁﬂase%tea%gl | negative
i nductor current  thus resulting in what is terned herein as "soft"

swi t chi ntRHem 1340 while the curren afill dfad & reprgtented by veavefors 18%hphs ed to t he
convent i@ I Ay ; i . Lifier, the
i ﬂﬁfate@hﬁ§ ﬁpﬁg\ﬁf@éak th BEak adplifidE o AP ¥E RNk 9&%&&1&8{1 %S@eﬁ%ﬁg{% él'lef

switching is "hard en output current exceeds a sna a cause of
the | ar§¥niedq ofjthelopdetrent whishiis iepresented b lnoc uessltipgiimipstases af |y with a
| arge posbitwenslihag .ﬂiﬁ ] tr ' resul ti in | arge power
t hat rrugtggbe di sg%_pat g%. S’?%@%ﬁéﬁ?@%%ﬁ%ﬂng%%ﬁﬁa@ﬁl %a?‘bgr%g%‘g?rrrent s of
t he presapent e dissipged povdrwill hevery hiinisigk at ed usi ng the waveforns of Figure
16 and the class D configuration of Figure 2. [Para 501 Just as in the hard

swi t che this illustrati tarts with.transi.stor in. the ON

st at e. ?ﬁg{??g] s:rﬁ‘i)r ar® S\‘/%11 %aﬁée)‘ﬂ@\%\e/’ﬁed? REVSIGS gqo E‘ﬁ??a(gz%?@mnfﬂm are
appl i ed cdass Dtaneplifiatsesd ehbddimnss of the pregdt ianehtil bedaBSFEid chetayteridtit dfl | ust r at e
the benefit of nethods.o he resent invention over the prior art. As

i |l ust rgﬁée’(gffase H@"?‘Waﬁé?%’if:‘“ t%‘i‘iﬁsrsgﬁtfﬁflﬂo LIV ast%ﬂﬁ%ﬂ%ﬁ%@cw YFEL pr esent

i nvent i ahusirssulting inwhams termeadiaddiv 6 "tofi Usvie BN v & dnleRtchdsiugiRIof ofight’ €nt | LI
1403 in the hard-sw CE%O?I case. alh' s makes the drain to source current on
transi stBFeRhgs cqmpareq ig thg cogygion X Pmblb@"!"t [nfhe gonvertipnal glss Py 51 1 When
transi sta@iplifir, ihe setHisH R dhddiFwhdn dutgiBcirlent SicOMS aBall YAIRS bédhse bRHR, the
current is diverted to intrinsjic capacitance ia?_nd CQ) where it is in

the propBEe RISHECHRAIRIof erreahwhigh osessemeisaally with e dargerasitiveaplegant i | DI
conduct gcrdks thé Fnsistor tis résulffig idtardepBRE! A Wustde diSsipated. The soft switching

operation of embodiments of the present invention is further illustrated using the waveforms

of Figure 16 and the class D configuration of Figure 2.

[Para 50]  Just as in the hard switched case, this illustration starts with transistor Q;in
the ON state. That is, similar voltage waveforms Vesqz 1402 and Ve 1401 are applied at
the gates of transistors Q, and Q, respectively, to illustrate the benefit of methods of the
present invention over the prior art. As illustrated, the inductor current I;; 1603 in
embodiments of the present invention is now a small negative value compared to inductor
current Ir; 1403 in the hard-switched case. This makes the drain to source current on

transistor Qy, i.e. Igsq2 1604, a small positive current.

[Para 51]  When transistor Q, is switched OFF at time t1, diode D, turns ON. Thus, the
current is diverted to intrinsic capacitance Cq, (and Cqr) where it is in the proper direction to
charge these capacitances positively until D, conducts at time t2. At time t3, transistor Q, is

turned ON and current is diverted from D, to Q;. Thus, the interval of simultaneous high



turned ON and current is diverted fromD 1 to Q Thus, the interval of

si mul taneous high 9 current and voltage across transistor QL shown in the
prior art exanple (see Figure 5) does not exist. Therefore, switching | oss
is greatly reduced. [Para 52] Thus, enbodi nents of the present invention
provide a first order inprovenent in efficiency at the sane swtching
frequency. Alternately, the switching frequency may be increased w thout

an effic atlon usin nts. of the present invention.

[ Par a 53#%0%%1@&%%% & 1t°?9éq1t')°wﬂ|5'il POt %‘ﬁ?xaﬁ??ea(ﬁeeogl%f’ Sh{oskagni t ude
results 1101exmﬂhasﬁm@dmgmmglbsﬁagﬁaﬂykeﬂmwI ppl e voltage on the output
capacitor ClL. Since this ripple is in the order of nagnitude of one volt

for a co i cl as design, an increase in ple fi voltage using
enmbodi rreﬁ’ %E*P g?f Lef b5, &0 @?f? ¥ BRSeRhiPE SRUeRPreyide; arﬁrﬁmd% AERIOVEIReIagni t ude
of ten vialefficidiBy atliRe saRRGHEKIA, ?fr@qxfeﬁé’y ARk, Xh@gwﬁcﬁﬁg %%‘en%ﬁhy% ng

radi at ed en18$wv1s and_ ] i performance in the audio syst

enbodi mefitiE3S Akt gp isincy drgeadationiising smbainients of thepresetduventionol e usi ng -
the ripple steering techniques d| scussed herein. [Para 54] Zero ripple is
essenti gPaya 58] et Ry, AddishG Q’wr v.ent i onal
class D arrpllfrer Ite i's not neces édnle B/yt e auxiqggﬁﬁ@e(r)%@ serve any
other (FOBEHONGipgEICTeass i f&@erpmletmltam\ibe eiputicagnelter Gir Ginct Hes rigglaisdut put .

The hal find5ideaR nElRtg xiliary out put whil e the
full bri %?e circuit m%?fﬁ&ve ﬂf%&%&b&iﬂ{ﬁoﬁﬁ%a@@ﬁ d%gg% 20 %aﬁe%? ]Se conbi ned
i nt o onevoltpgessing cobbdidients of the prasertt ﬁIB’eIﬁtldlﬂWIbch nigyebczmrtbe otérnegnitude

confi gur gured a floating
out put . @?égg}&gs %Bg?éﬁ E%g%(iﬁ%%‘?ger%gﬁﬁcg%s?@h o ‘ng #gat?freéglésﬁ nslaﬁ@le ntion, a
coupl ed nerfdmwmm thd qudioi dysters. Thes) embodsmaﬁs of thp ptegenditvyntfon@onttdi€hemai N Out put

of the g, upl ed i nductor circuit
steers r| p a@géo‘ufl[{rgot%np%wtﬁ%m?t%: B?S ﬁcﬂé“egg?fﬁ'ﬁi ed inductor is
represent ed as an ideal transfornmer as shown in Figure 5. [Para 56] As

i |1 ustrdPana 54]he Perb vipplpliessatialty ﬁﬁmpécﬂ@adadig%%mﬁ%oﬂ@m faend epresented as
an i deal tra rrrer vmt]g%tv\itns ratio NP:Ns. VWhere NP i S the nunber of

turns off° rt“ﬁ)@ %ﬁ? agp Idioh BecsssaryNiatitiee upHiapy oubRYt sgve My afleron t he

secondaruyefsi ﬁiﬂ:tiﬁh BdepOto rdhévelth bR the AR ofitpl. n]!ﬂe%amaagédlzsmg
i nductance.LM. a finite Lﬁncoug) i nduct ance L prifary side 510;
OURH

and a f CHHEYTHAR BRRAmE duxi pwhijeshe, fullbiidze @@@m@ay& teo @diany Par a 57]
| N pracbupeis, WEPMBRY BSlcMRGIARB GRe ISR ¥nd8albats2 %l Mk rALEHAS 2LAe

conbi nat j on
ripple configuration, the second auxiliary output may be configured as a floating output.

[Para 55]  In one or more embodiments of the present invention, a coupled inductor
circuit is used to steer ripple away from the main output of the class D amplifier. To
visualize how a coupled inductor circuit steers ripple away from a primary output, the

coupled inductor is represented as an ideal iransformer as shown in Figure 5.

[Para 56]  Asillustrated, the principles of a coupled inductor 501 may be represented as
an ideal transformer with turns ratio Np:Ns. Where Np is the number of turns on the primary
side winding and N is the number of turns on the secondary side winding. The transformer
has a finite magnetizing inductance Ly; a finite uncoupled inductance Lp on the primary side

510; and a finite uncoupled inductance Ls on the secondary side 520.

[Para 57]  Inpractice, uncoupled inductance Lgs may be characterized as the combination

of the coupled inductor leakage inductance and a larger discrete inductor. The two sides of

10



of the coupl ed inductor |eakage inductance and a | arger discrete inductor.
The two sides of 10 the coupled inductor are driven with AC voltage
sources, Vp and Vs, where Vs may be constrained to be a scalar multiple
("a") of Vp, e.g., Vs = aVp. No other constraints need be inposed on Vs
and Vp, thus they may have any waveform and spectrum These voltage

sour ces create currents, Ip and Is, that flowinto the coupled inductor

501. Whe e vol Joss. ual _to the_primary source
vol t age {l])ﬁ Hln %q?g}r@rei @Ar“?g g‘&‘i%’ﬂ”% r 38 Versap Velay Béluct ance Lp,
and the wmt@aiﬁedtde@s&Mhﬁﬁiplé Pahof VRS £ W La R URd ohBF Qnstrdifidhéba®®1 VWen
t he secondary, valtage sour@e Vs is scal ed down by the voltage divider

creat ed ¥RPOSHBUY B¢ Veniditthanmay havesany wendompmdspedannaklivs? Yoegy i nduct ance

LMt hensougsb &Qate Bikrdys, 1R8d t&fﬂﬁﬁﬂévﬁiﬂt@th@@oxﬁﬁed ihductdFBOEEWHn HRlVoRGE On the
primary w ndi ng bt hat can e made equal XE thus satisftfying the zero

ri ppl e cHHoe mng}ﬁng ¥ i§gaval i the primany|spysse Y@@B@‘HP, entthere iscuouilitege dropluct or

circuit g86kandu AR secondary
si de 520 cf or bet %Ig(riq@}tlét%%%?ﬁon o#dr%hl&gc r%gg%t‘%@gﬁ%gf (}uger g(?l‘l ppl e

condition will exist on the primary w ndings when the prinary side voltage
Vp and slPaomasdly Whea thareconderywoltagessonme ¥k is ssaieddmglh;sthh heht@eﬂmdﬁm vol t age

drop acr ag N u primary
ol o vol Fed QuRbIRI oD B reltpdiog el BE ol 0 Pt gl o
[ Para 59jp bﬂsethshmmammNFNg.unmpmestahelta@gmehemnmgymmﬂmgumﬁt s pe bade ef | ect ed

to the 52Q b ansf i on _equal n t he uare of the
turns ra%%&%#ety“\llo ﬁ%&‘gg ZX’f H@pe%’gﬁﬁgw rﬁél‘?@“ 36'8H8f VNs, nay be
CaI CuI ataemlplnd ﬁﬁuﬁbﬁ:lfcﬁﬁ hﬂdtﬁvﬂﬁo‘tﬁldcﬁ@énﬁgﬁﬂﬁdﬁg mcﬁStandel'lleb tRe seydilary @ Vp Np 2

VN, 1 S 0 B PR SRR, Forbr bRl Aot il et on B hp

Np primary windings when the primary side voltage Vp and secondary side voltage Vg are equal

so long as there is no voltage drop across the primary windings Np, i.e., voltage on Np equals

to primary side voltage Vp. The zero ripple condition is further illustrated below.

[Para 59]  As shown in Figure 6, the magnetizing inductance may be reflected to the
secondary side 520 by a transformation equaling the square of the turns ratio. The voltage on
the secondary winding N, denoted VNs, may be calculated with the resulting voltage divider

as:
2
Lm(—]]%:)
VNs = aVp———tl
Ls + Lm( NS)
Np

[Para 60]  The voltage across the primary winding Np, denoted VNp, is calculated by
transforming VNs by the tumns ratio.

2
N Lm(—NNEJ
S

[Para 61]  Since the voltage across Np must equal Vp for zero ripple, setting VNp to Vp

and simplifying terms gives:

11



PNs aF.PNS2 Ls + LmNP [Para 611 Since the voltage across Np mnust
equal Vp for zero ripple, setting VNp to Vp and sinplifying terns gives:
11 Np Lin ~p~ Ns aVp z Ls Np +Lm Ns [Para 621 Further sinplifying and
rearranging: 2 NNp Ns a Lin = NS Ls+Lm [Para 631 And solving for Ls: Np
a- 1 Ls=LmNs 2 Np Ns [Para 64] Finally, solving for the case when a
=1, that is, Vs » Vp: Ls =Lm (Ns Ns2 Np Np [Para 65] Under these
conditions, zero ripple occurs at the primary w nding. Thus, the coupled

i nductor approach | s one way pf solving the ripple problemw th class D

anplifiegg; Npt pould ben obvipus to those of ordinary skill in the arts
t hat ot hé? “pRgnét?ica N Equirv | ent nethodologies and circuits nay al so be
enpl oyed. [Para 6 L%i;fe);;iﬂnl strated herein, one or nore enbodi nents of
the present inventio N | oy t he coupl ed i nductor approach to elimnate
ripple artifacts in class D anplifiers. Figure 7 is an illustration of the

coupl ed jndu r roach tqQ ripple steering in the half bridge class D
anplifi etﬂa&ﬁ?j)gu%ﬁ‘l%i’%ﬁ‘mpmg?"éﬁar“ﬁ‘%‘&g: the main i nductor 710 conprises a

]up “p ’
i Lm =] —=-
(M)a L7 (]Vs) Ls+Lm

[Para 63]  And solving for Lg:

[Para 64]  Finally, solving for the case when a = 1, that is, Vi = Vp:
2
L] Mo (s
Np \ Np

[Para 65]  Under these conditions, zero ripple occurs at the primary winding. Thus, the
coupled inductor approach is one way of solving the ripple problem with class D amplifiers.
It would be obvious to those of ordinary skill in the arts that other magnetically equivalent

methodologies and circuits may also be employed.

[Para 66]  Asis illustrated herein, one or more embodiments of the present invention
employ the coupled inductor approach to eliminate ripple artifacts in class D amplifiers.
Figure 7 is an illustration of the coupled inductor approach to ripple steering in the half-
bridge class D amplifier configuration. As illustrated, the main inductor 710 comprises a
primary winding L, and a coupled secondary winding L;c in parallel. A first end of both
windings 114 and L, i.e., shown as the end without the dot in Figure 7, is coupled to
switching node 201 (i.e., the connection of MOSFET switches Q; and Q,). The second end
of winding L4 is coupled to capacitor C, which is then coupled to ground. Thus, winding
L4 and capacitor C; remain configured as the equivalent of the low-pass filter of the prior art

(See Figure 2) with an addition of an auxiliary output using secondary winding Lic.

12



primary w nding LI A and a coupl ed secondary winding Lie in parallel. A
first end of both wndings L1A and. Lie, i.e., shown as the end w t hout
the dot in Figure 7, is coupled to switching node 201 (i.e., the
connection of MOSFET switches Q and Q). The second end of wnding L1Ais
coupl ed to capacitor Cl, which is then coupled to ground. Thus, w nding
LI A and capaci tor Cl remai n confi gur ed as the equivalent of the |ow pass

filt t (S ddi t f |
out put L2418 7o e ronpaapiec 5584 cpimd iBHetoa Sams desdrs o Wei ng. 1 1c
of the Cmu@lhﬁjﬂoutﬁdldﬁﬁlpﬁsﬂé-&pﬁ@foﬂﬁlz,tah@ inda&bSLOh vihidh otk bipadifoy COWL Put

conpri si . and |nduct or L2 in which output "capacitor C2 i's

t
used pri ﬁ%plpp a?’é’rfggﬂlm‘?g TiRple # feom theynain eRPEE GreaPHmam)Pytpytest (i .
primary) capu&tw C,. At 111u§t?d@@ﬁ tHe%EcoQé end°§f Wlhhlﬂ% [ @Slupl&h@ a@ &N RGP f

wi ndi ng icou | ed to one end i nduc Is coupled to
capaci t ot &2uchy ¢papleq to eappriior F@rFlcQﬂyrraa,paﬁ@r&;mé@ cwplgifomndm .
capaci tOéapgat&t:ﬁ@cééisﬁbﬂi@h@aﬁ%}itﬁé“ma Gupll mary output. [Para 68] In this
illustration | ow frequency voltages on the main output capacitor Cl
and the ﬁ’ econd out put capacitor C2 are identical, because both outputs
track thPareo@h uéﬂ s illpdtwatiemithechivritpquendie volGiges Abthe maigoutmut sapsiteay; i al AC
vol tage } AC v e.at swi tching
node 201 n?stﬂil%g 600 t?dg%%&')% %é 3“\/3%%15%%%1%@ &ﬁﬁcﬁ‘é 11i‘eﬁfﬁstratl on
of Fi guritbs s8itching I@de ZWusAssmirmg rmmthntmerC &dnargemﬁmtﬁt dxoelﬂabaemmto ripple

conditio [ ng t i ta e and the
reflect e%p%s?té’%@ﬁdeé 'V%gégy\g\%g s élogcébg “'K}E é {Tg)(?ﬁh? aﬂdﬁgﬁ d gure 8
is an i I\IVIﬂsthdlusm:momfof Figarek §land br Tge theoshbodithédt b@ibsp&ndts |ﬁ£‘th€ Qéﬂ?

i nduct or nt 1o ripple stee . As,illustrate full rldge
confi gur aﬁg;g Sip{}gigry‘??ﬁglﬁvlgﬁlﬂcgeé‘ﬁ@gﬁ%fw‘dﬁ?’?ﬂ% araagi eé G8 of Figure 7
and conmemndgrytshievbwge&bﬁ&szhi&wqmr, when two hal f bridge configurations

are coupl ed together, the resulting circuit will have two L2 inductors and

t wo In one nore enbodi nents of the present invention,
t he twoCI?E b% ngpﬁgﬁﬁﬁdfé?g{%@t%%@f&?r@bpﬁ‘%@%ﬁ%ﬁ%ﬂ@C@Héed nduct or L3

and the mmweﬁubdﬂneﬂt ple 8RaGd A Sl Bted NS ﬂﬁfg Al citor C3
- oggra 70] gtAs uster at e9111 n gq?Jre uQﬁ'ﬁ#VISIr%ES’s? coupl ed

a hown | n _Fi gur :
i ?ld 3 cto rnnl’?ffﬂné:%‘g‘bﬁlif §Pﬁ@ grahategtyee qfj fégurq ‘Sandonepibaingthe éi“’@ Slﬂ@t Howgvero swi t chi ng
node 20lyhehhad héIancfg@ %oﬁﬁéu?&tmﬁ@ ghe lewg@drlﬂ%égﬂe{ (L)thé‘rvég@ gircu Q’ﬂﬁ Ihg% dygget her

with the first end of wnding Lic a 1. "A second
L, inductors and two C; capacitors. In one or more embodiments of the present invention,

the two resulting inductors L; are consolidated to create one inductor L; and the two resulting

C; capacitors are consolidated into one capacitor C; as shown in Figure 8.

[Para 70]  Asillustrated in Figure 8, a first coupled inductor 710 comprising Lia and L;c
is coupled at a first end to switching node 201. That is, the first end of winding L;5 may be
coupled together with the first end of winding Lic and then to switching node 201. .A second
coupled inductor 820 comprising L and Lp is coupled at a first end to switching node 401.
Switching node 401 is the coupling point of MOSFET switches Q3 and Qq. The dot-
orientation of both coupled inductors 710 and 820 are in the same direction and as shown in
the illustration.

[Para 71]  The second end of winding Ly, of coupled inductor 710 is coupled to one end
of capacitor C;. The other end of capacitor C; is coupled to ground. In like manner, the
second end of winding L, of coupled inductor 820 is coupled to the other end of capacitor

Ci, which is coupled to ground.
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coupl ed inductor 820 conprising Lle and LiDis coupled at a first end to
switching node 401. Sw tching node 401 is the coupling point of MOSFET
switches @B and Q4. The dot- orientation of both coupled inductors 710 and
820 are in the sanme direction and as showmn in the illustration. [Para 711
The second end of w nding LI A of coupled inductor 710 is coupled to one end
of capacitor Cl. The other end of capacitor Cl is coupled to ground. In

li ke ma e second.end of wi nding LI f.coupl ed_ inductor 820 is

coupt ed 113 Ael o, FRFBERGKERY olpult BsesShdend o kniEl i gt el togRound. 13

[ Para 72]10R9coupled taone dnll af irdactbilt which Recoasie@frbreREd 6f auitiag) digpuki C of
tq.one end of inductor L3, which is

coupl ed inductar _.7 s couple )

coupl ed ‘iagacétﬁﬁeb ern%g' %ﬁ)‘?ﬁﬁ gﬁf&é‘ﬁ’flhﬂ? output£ap3qitgr Coig coynletio e segand ot her
end of asmdiolf ivaidingdut PREoupRIdasduicRF 823 1S coupl ed to the second end of

wi ndi ng Li D of coupled inductor 820. [Para 73] Those of skill in the arts

woul d re@o%\%ﬁ thﬁt the coupl ed inductor windings LIA LIB, Lic and LiD
may al | 8 n theseohsidll iyhihe adswauld recpgnize thatdleg eoupled indyefet Windines uct ur e,
and onl yr,2, 559k end'D AbxiR I EeQ nxg@g& i |tor C3
are needéd.ﬁlg‘ﬁlér e%bqgﬁji nents may %Jnsl%gbtrao&d%%ﬁ%?e |%ﬁ%§%§?&?§%§%’nstance,
LI A- LI C 3 @nlyjaginglepmepypledsinguptor fn gadsegpndai dutput papahiéordistage needsdd Qtlesrogni ze
t hat theghdodinte i 1 be tically equivalent to
those. di moann R anBuor B LapleA i ipErs, kb BualBY LOPLERMIRERL Y nd B That

is, there ma¥ be nagnetically other ways to achieve the sane behavi or
di scussdBad 74l r eShaese of skill i e rws Wouldracognivstthat tiesre s pter améigahtisof bot h

wi ndi ng i r, i s.coupled.together, at the s node, the
vol tage%ﬁ%&@gg&%%?hyﬁgﬂ%%%{ ﬁeﬂmsg 8‘8%‘}-?%’&?‘3'}“} W%i?&&fir‘hevﬁnmogﬁ%eng’g’?er m ned by
t he t ur ddgurest? and 8TITihst iv,chéragmy batragnetinyllyadtse wags tor ehieirahe sdiye Behgviaddi t i on
of a si LAR; th in tLnductor winding, .as illustrated. in Figures 9
and 10. r&%ﬁlssss coﬁglpeé%%cgﬁqr%%m yggrlﬁﬁané’&ssi“é’fa Oa? ﬂg? ?fgboflbwwgﬁﬁf %‘bﬁre t han t hat
di scussedupled influat@spanpled odeitgtii@he/sanleMadd theSlolthdi the Suth@ siid of tHeust r at i on
of a zero rippl al f. hridge configuration usjhg a tapped inductor
appr oac ﬁ?ooﬁg@ H%H(é ’f‘é{'tlﬂ%i Cg?eﬁgmfglbﬁgﬁ t?rﬁﬁ{?ﬁlf’oﬂ“é %memﬂfﬂ}?ﬂ Bfes
conbi ni pelit&Ebyteh@litiofoftasfisle _taF}%h R Baif SHéuB RHdiNRChM8Rratdgn PigbRr Y and
secondary n .ngs. Thus, as_illustrated, the enbodi nent conprises one
i nduct of agjl\é\b llglﬁ Qqﬂg@@uﬁg Ay be an easier winding to manufacture than that discussed

with respect to Figure 7.

[Para 75]  Figure 9 is an illustration of a zero ripple half bridge configuration using a
tapped inductor approach. As illustrated, the tapped inductor embodiment involves
combining the number of turns that are equivalent between the primary and secondary
windings. Thus, as illustrated, the embodiment comprises one inductor L;g with three pins
910, 902, and 903. Pin 903 at the first end of the inductor L;5 is coupled to switching node
201. Pin 901 at the other end of inductor L.‘ g 1s coupled to one end of main output capacitor
Ci. The auxiliary output is tapped from pin 902 and coupled to inductor L, and auxiliary

output capacitor C,.

[Para 76]  The principle of the tapped inductor configuration may be explained using the
coupled inductor embodiment of Figure 7. For example, if the number of turns in the primary
windings (e.g. Np) of the coupled inductor 710 is thirty and the number of turns in the
secondary windings is twenty four (e.g. Ng), then the number of equivalent turns is twenty
four. Using the above example, in embodiments that employ the tapped inductor
configuration, the main inductor L, (referring to Figure 9) will have thirty turns between
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910, 902, and 903. Pin 903 at the first end of the inductor LIE is coupled
to swtching node 201. Pin 901 at the other end of inductor LIE is coupled
to one end of main output capacitor Cl. The auxiliary output is tapped
frompin 902 and coupled to inductor L2 and auxiliary output capacitor C2.
[ Para 76] The principle of the tapped inductor configuration may be
expl ai ned using the coupled inductor embodi ment of Figure 7. For exanple,

i f the nypbey A obalr d inbm gpupl ed

i nductor® 710 is thi r}tg*%edogld&?ﬁdgqnlurrbgérﬁaé tur nsﬁllmél%)SI ateu@e Tceinby windings is
twenty fasdP03 o rgprepeny thetnhmheltdf turpn afitles seodnderyuiinding nf L1tcu rIméle nmmnhe nty -four.
Using t V, duct or
confi gutr}g('fulﬁ gfr%’, ﬁ? E%’aaggilnﬁ)()? 'rllﬂlucqg&cyEl Qtztgeefgge]s%lﬂﬁtm% Sh%‘? egeg})% have
thirty tamdQ83. b’éhuﬁemateactloﬁjhmwO@ﬁndlagscbeMmb@dmﬁhlxanrgted iafFiguse 7 mmlyuded at
pin 902, t S 903 to_represent the nunber
of tur nson\g?épﬁge{v?g(l:n elifulg%ﬁegﬁoma e%l_?l CPWV?%SS?:IBH@'I’# exanpl e, the tap
at pin 902 is |located such that there is twenty four turns between pins 902
and 903.[Parau7] i nSigmeil 00 a Hiksttanion of the filbisridpé velsion Sfhedipfedindidtbrust rat ed in
Fi gure one d W, n ma |ized to netical |y achieve
t he sarreeh}b(?gﬁ%/e‘fﬁ to[r%)ﬁ }xg Fﬁfygllfl@%ﬁﬁl %&%gﬁaedg’fswaﬂvmv gf""ﬁ’?\"é“&"ml bri dge
versi on }ﬁff Hn‘age bropipRthré HONEIODH an@éﬂ@%ﬁﬂgﬂk tWw8 stdbd Hvevte %bﬁ‘gvo 0§

illustr %l% full bri dge version involves nmirroring the half-bridge
archite 8%0 gerafionsergcoyhled asatirm thsgeskimercieuis Wi bhave gm@/’éﬁuﬂ%en t Wo

hal f  brandego Gpéﬁph&tbﬁitlh%%oﬁﬁ@re eRURiREnt 68RE B%emm%nﬁo%ﬁtnbwv@g circuit
will have two L2inductors and two C2 capacitors. one or nore

embodi masuliinglo diiuciorseae pansplidpied to erpate 9%11@‘3960&1@@941 tble o reultingiGet ors are
consol i dgtLH Itsq‘tgf,ggéa% QRe apacitors
into oneaé:ap?im tor gs s%%ﬁ%%%g?%qgo% gg%@é‘@ﬁ%ﬁ%&@%ﬂ—”ﬁas a

pl ur al i ©of Pmgfe.gi 304, 9Q§; gad 9099 For chaﬁﬁuoms thd%melemﬂﬂd@;usmdlabom ng the
sanme exadlda { 4 and 906
will be th rtﬂéfgﬁﬁ%%gmﬁggn%ﬁsg%‘&tﬂgpﬁs fil, atld B s RRNESHBL BBl 7
twenty P&EMP05 prh9eo Wil beTwonp fawk. skill in the arts woul d recogni ze that the
tapped i nductor windings LIE, and Lir may all exist on the same core as a

i ngl dp d.o | ed ind
TR N L S G e e e

enbodi mén, sndibjy nuyeallt erizt biathp eaine mﬂmst adisgle mtepenal BigetiOstRsturd, ahd brilgt ance,

LI'E and a%ingle uncoupled inductor L; and a smgle auxiliary output capacitor C; are needed. Other

embodiments may use two tapped inductors in separate cores, for instance, Lz and L;g.

[Para 79]  As further illustrated in Figure 10, a first tapped inductor Lz is coupled at pin
903 to switching node 201. A second tapped inductor Ly is coupled at pin 906 to switching
node 401. The dot-orientation of both tapped inductors L;g and L, are in the same direction

and as shown in the illustration.

[Para 80]  Pin 901 of tapped inductor Lig is coupled to one end of capacitor C;. The
other end of capacitor C; is coupled to ground. In like manner, pin 904 of tapped inductor

Lir is coupled to the other end of capacitor C;, which is coupled to ground.

[Para 81]  For the auxiliary outputs, pin 902 of tapped inductor L;g is coupled to one end
of inductor L3, which is coupled to one end of auxiliary output capacitor C;. Finally, the

other end of auxiliary output capacitor Cs is coupled to pin 905 of tapped inductor L.
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[Para 79] As further illustrated in Figure 10, a first tapped inductor LIE
is coupled at pin 903 to switching node 201. A second tapped inductor LIF
is coupled at pin 906 to switching node 401. The dot-orientation of both
tapped inductors LiE and LIF are in the sane direction and as shown in the
illustration. [Para 80] Pin 901 of tapped inductor LIE is coupled to one
end of capacitor Cl. The other end of capacitor Cl is coupled to ground.
In like pi din tor LIE is.cqupled to the other end
of capacq?g%I ga, \I}\ﬂ?%)%%f gglg%d%%?%ba ?%&éﬁ?glﬁ39“T‘ﬁ%.’?‘tz§“‘3“_‘&tl‘nﬁ‘?}?’estcﬁlépl'é}§)'(‘i liary
out put s, wisiding $@2heduxilappadpit tuithe botput side df sheanaipiidetbn a8Riakg of i nduct or

L3, whi I I to.0one end of .auxili out put capacitor C3. Finally,
the "ot reack BB S Ehe G 518 P Flndld: Psnee Fiicm stion o5 of
taloloedI | wtoctigple halForidps lc[aEéHD amﬁliﬂi@rhlﬁinﬁbwkbﬁ%mﬁréb@ﬂf M@ﬁ&omr%oﬁ@@%_l fohC alt | yt :
equi val ept...ci.reui t inval ye ing a wnding for e auxiliary output to
t he out p&u{ iligs h&ge'éb%’e e Wé‘fciorﬁgﬁ@é S&%’,”%‘”’Wﬁ’@&ng coupiediasamaanal plags Bucki ng

fashi on ciuis Thanis| RS @uIdTiddingDL, (1€ shEWH Mo bid britndi el dotiRl dodfibgn. Of @
zero ri Flgl e.(ﬁ%f%gr! &g{e}| class D anplifier using back-wound coupled inductor
conf i guraflBAums 1ede 2PT ey figrcappectiopof MPSFE T awidehss Q1 andQfaTheseperdmar y

wi ndi ng ehd Ar BpiRleRIoBSindin I P ITIE R ' first, end of
wi ndi ng 1A, .i.e.. shaown g'gﬁeo@%ﬁcgbﬁgﬁ?r tlh{ghg%ﬁ}ﬁlnséoégllﬁgfoe%&ﬁ}db

swi t chi ngufhdRdiBgk1Aand gapaciier £ sernsia eenfignredfas KredmeEpassvilter bithe @iorartd Q@) . The
second (sakigire )it put end of winding L1A is coupled to capacitor Cl, which
is then coupled to ground. Thus, w nding L1A and capacitor Cl remain
configured as the |owpass filter of the prior art (See Figure 2). [Para
83] The [E¥@dttlar yTha seennderywislife Ensfotnisath basissof dife dutitiastotitput 8dypriditpp ut

conpri si i 4t ] L2 10 .which .out. apacitor C2 is
used pr :cgni%rc 1|t(IS\r§L/tB Ta&iérd 1gcliu\(/;gr?tiﬁ2 ﬁ‘gg’“ F‘?%%f‘}e*%gé‘”w‘évrf%ﬁm“%eﬁé’“%@%awﬁvﬁ%r out put ,
at capaé&iPplseweay fromghe inpin emplifiebutyiuh et epedtod Cends iifustr@es; evdadoyd shde Nng L1G

t he en | dagt ) led t0.the o t end of inductor L1A (i.e.
hode 1107 ity LY | he SRR 8 b ineormPEtdihe it abmdorton (e 11 o
end. Thaodd 1161), emtbackwonndii thgsanieGoteswiGDuldRg: It Q tdOMe At B fThis Feleidr L2,
whi ch i led to C citor . Finally, .capacitor C2 nmay be coupled to
gr ound. gﬁ'ﬁ%§glg?é %c@?@?f@fngﬁ%‘g?z n‘f‘i"f?ﬁk‘é vehiehy s crged to gapasiterfar y out put .

Finally, capacitor C, may be coupled to ground. Thus, capacitor C, steers ripple away from

the primary output.

[Para 84]  Using the same example as before with the primary side inductor having thirty
turns, the secondary side inductor L, is back—Wound six turns thus resulting in effectively
twenty four turns. This configuration produces nearly the same effect as if twenty four turns
of the secondary inductor were coupled to the switching node (see configuration of Figure 7).

[Para 85]  The embodiment illustrated in Figures 11 and 12 also produces the same
voltage ratio, but with far fewer turns added, these turns optionally being of a much smaller
ampacity with respect to the main winding. In addition, the back-wound method may be
better for external leakage field reduction on the coupled inductor if a toroidal core is used.
This is because the smaller bucking winding can occupy a smaller portion of the toroid
circumference, such that each winding, L; 5 and Ly, both have almost the ideal 360 degree

winding coverage, which will reduce leakage flux.

[Para 86]  Figure 12 is an illustration of the full bridge version of the alternate coupled

inductor embodiment to ripple steering. As in other embodiments discussed herein, the full
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[ Para 84] Using the sane exanple as before with the primary side inductor
having thirty turns, the secondary side inductor LiGis back-wound six
turns thus resulting in effectively twenty four turns. This configuration
produces nearly the sane effect as if twenty four turns of the secondary
i nductor were coupled to the swtching node (see configuration of Figure
7). [Para 851 The enbodinent illustrated in Figures 11 and 12 al so

pr oducegd S eRdBnvorR hAg6rid@ahé Raif-Bitge Wrdnhedt@E of BB 11 UhHSoAGIARE thd heSE
turns optionally bei r:ig a much smal% er anpacity with resgect to the main

of
wi ndi ngtwq sidesddine sespndapneinginexarpeemedneam 8 oyt #rdes bl raad 14Q)r ingigader nal
| eakage,, &@L@n&ﬁ%ﬁ&ﬁé&h%&ﬁ > \gﬂé{Pﬂv&%ai BikEdsQbe ddupfa te@bdafe COre is used.
This is because the smal |l er bucking wi nding can occupy a smaller portion of
t he t or reselting pirauiieild hevedwo iglyctarstihand b trpagiton Gy Haweaeraprp dth@re bot h have

i i, [ BFadEs ot p R e th O Pl FRY QR e e bl RS 7S on o

t he al t idnetorel.cod fHedwo résnifing Co capepiwsliniesrte capacitpyfpd as sbevaeiniHignre 22 i n ot her

enbodi i.seussed. herein, the full 16 f [ . veysipn-.invol ves

e o | AOE R UREIEE fraA Reabi b e cohled hbndbRERELE BB AL The -t wo
si des. dihiElgecyntlakigt o thel sangiscods #& acinghd imtbgfatadmdghetiostiupiute, aciedy 4101 and
1201 instead of. the switching nodes 201 and 4Q1. Wen, t hal f bridges are
coupl ed® 88???8?1,63Pﬁgcto’f%’s"ﬁ‘fits?‘ﬁﬂ‘%&'f”&tﬁwtca "I(ljt r‘tc‘)ﬁaﬂf‘én?‘:\aﬁd'i ctors L2 and two
capaci t e@hbodimentsDWENRItwo 061 indiRE®s, fethddicedni 3.4 indNg-IRg.esent i nvention
consolidates the two resulting L2 inductors into one inductor L3 and the
two resy| ti C2 capacitors_into one capacitor C3 as shown_in_Figure 12.
Those off 4 17 Fike e IjisEpipnad suppie yaviers of gecesBplestsst Rduct or

Wi ndi Nggmpiifdyr i-dcBordddcwithRd elnbbhifRMt Fihe fREdeht inRiAtibA ETIRANR cfoPEadS a Single
integrated magnetic structure, and only a single uncoupled inductor L3 and
secondafymadulbbridacgprdinply entbpdiment (feebigare Sprmaing a6 hifkdiziom 8 10y use two
coup! edaggVAis kil ThOElabdWS LRAAES obthitobd fr AR pbikEldokflbw bi2g Baridhaddl oure 13

is an illustration of sanple waveforns of a zero ripple class D anplifier

i n accofddpsimilaf torhegircaiibendi fmgmeration ofdhgvavedormsiiliusanied srfiguwnd fofavef or ns

are fr | rRr i . i i gure ni ng at

Lokt SFBAoL i THRTRERAT) bt CHRACTREL 200 TS o A ST 02 21 g

power afilsh tapariton €i.oThecaeniiptiiwinding compgsesiNear 30, Ofs t124, Bir~A00eHused f or

gener at | .0f . t vef or i d i n 5 aur f prior art. The

mai n C|‘§§§ %&Qgﬁoﬁe?r?ﬂ gr%?ogk%g%dé?%%c& Lﬁf ?%&ﬁﬁéﬁﬁg@gﬁ °LI and a SuF
uncoupled inductance Lg comprises approximately 7uH leakage inductance and 25uH

discrete inductance, e.g., L3. Auxiliary output capacitor C; may be varied within a wide
range (e.g. from SuF to 1uF) with no impact on the operation of the zero ripple class D

amplifier.

[Para 88]  Asillustrated, a square wave voltage 1310 is generated across inductor L as
a result of the modulator 110 driving the gates of transistors (MOSFETs) Q, and Q,. The
current at the output of inductor L4 is shown as waveform 1320. And finally, the voltage
output at capacitor C; is shown as waveform 1330. In contrast to waveform 330 of Figure 3
(prior art class D), the ripple characteristic is all but eliminated from waveform 1330. The

plots in both Figure 3 and Figure 13 are of the same scale.

[Para 89]  Note that the values of inductance and capacitance used herein are for
illustrative purposes only. Specifically, the circuit used to generate the waveforms of Figure
13 was optimized for high power and low bandwidth, and thus has a relatively low switching
frequency of 130 kHz. And the values of inductance and capacitance reflect this low
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filmcapacitor Cl. The zero ripple winding conprises Npo = 30, Ns = 24, LM=
200uH, resulting in a secondary side uncoupled inductance Ls = 32uH. The
secondary side uncoupled inductance Ls conprises approxi mately 7uH | eakage
i nduct ance and 25uH discrete inductance, e.g., L3. Auxiliary output
capacitor C3 may be varied within a wwde range (e.g. from5uF to |uF) with
no i npact on the operation of the zero ripple class D anplifier. [Para 88]
As i||uS$ﬂ£&6&iﬁﬂw@qualm%MMMﬂmwab&ﬁ@@mﬁiﬁgghﬁmg@@%Bﬁ&qgu@%&gﬁ&hinductor LI A
as are hh fﬁ&%% nodul ator 110 driving the gates of transistors

(1VI CSFETs %ﬁxbn Eﬁ. The current at the output of inductor LIAis shown
as waveform 1320. And finally, the voltage output at capacitor Cl is shown

as wavefiPana 9980, Tn addeosn sotitioRalNeswRARE Mad 3@is0f a@ﬁgﬁ ﬁwﬁ mﬁs‘%gri or *’i‘ggoc' ass
ro waver orm . e

D), the 54#% |l e characteristic is all but elimnate

plots in Bo Oﬁolgﬁﬁlf?’i? prigfdasDamrlifiesimplenetatione Thispddiioml exsofaRes maB9] Not e
that t hebeviuk tiethe addilisAVRHEMNGAndBDaGRR AT ik AREHR S Rl il Q]
illustrative purposes only. S eg(iq)ﬁi ca?llﬂy, t eargi%rﬁghll{halﬁs@’ds%@ltﬁ)élﬁlerate t he
wavef or rFES"BFmﬁilwrcéusef@r%ifén Ug@q tyipgt dootrolthedysteoneith feadbakblovrthaew dt h, and
t hus hasn®y Bealegitdb¥atb Yndve eS¥oh AL r ey -0f -130 kHz. And t.he val ues
of inductance and capaci tance ref F%%?Jettﬁ?}sé%%% gfﬂgwefl%‘fsﬁ’ﬁssf &dGency.
These v&rLekheyy pthaglesedllenpgasternhan | ow power full bandwidth circuits
applications. [Para 90] In addition, an additional resonance may exist in

t he openp ra ke of .the zerq.ripple ass D anplifier
i npl emegt éla'?l??nI Tﬁ?ifse&%lgéé ttﬂ?gﬁgﬁﬁ?%es%aﬁgﬁ)ceénwwe“%emaUg“f’ 8? brawdbayt i onal -
i nduct oruiRHtcapagier Cy tere. (On fir e fail-oritie) tisyat oy vt lifad When T swittgdligt | onal

resonan . | em when trying.to _contro] the systemwth

f eedbac Eﬁlt%ég 51%:6?1 %Z?fnatglrf%% ‘glém%‘"fef%ﬂmge g%etﬁﬂ?e Iﬁ‘ﬂ@‘?‘@b’d"ﬁ&ﬁ%@ Gxmay e to the

swi t chi hegadaquate triyft the apdiieriablesonahcetto a deﬁ@bleqfeqhé@yw@% ted ngg&ig;ﬁjng ?s edt Ihoop
Ss enbodi nment s, e

system 9 eferring to the half-bridge cla C

val ue OM%E@@}QU %?ﬁ%é’% the&ﬁ%%BﬂFe Saé‘pﬂ&%a\ied?ow by sinpltagepuslymaving theil | - bri dge)

is at i nembewéturhs inithe ssbuadary Rendidg Ne 0érd Glosy R th@iBnber Bﬂu&s%m%gmgﬁr feres
2

wth ze .1 pRl e operatiopn. Thus sinply adjusting C2 may not dequat e
to shi f%’%f(#egnlg’ﬂﬁdt Neiitimn:s %E??%{ﬁ?fén@‘g?% valasi dbisananperdberesonatie may tehe
swi t chi mgved toaquehigher frédauRyaFith tSefEs 0N ARG Bpkid tiab annﬁgiﬁg})ved by

si mul ta&%?éh%ln}/ nmovi ng the

[Para 92]  Application of the zero ripple technique herein allows use of the much higher
ripple current amplitude which is necessary to achieve soft switching without increasing the
output voltage ripple to an unacceptable level.

[Para 93] It will be understood that the above described arrangements of apparatus and
the method therefrom are merely illustrative of applications of the principles of this invention
and many other embodiments and modifications may be made without departing from the

spirit and scope of the invention as defined in the claims.
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nunber of turns in the secondary winding NS very close to the nunber of
turns in the primary w nding Np and decreasing the resonant inductor
value. In this manner the resonance nmay be noved to a nuch hi gher
frequency with little effect on zero ripple Cass D anplifier operation.

[ Para 92] Application of the zero ripple technique herein allows use of the
much higher ripple current anplitude which is necessary to achi eve soft
switching without increasing the output voltage ripple to an unacceptable
l evel . ti [WhaiwisA%3dinkdéd Wi:|l | be understood that the above descri bed
arrangenments of apparatus and the nethod therefromare nerely illustrative
of applications of the principles of this invention and many other

enmbodi ment 9 and® ABd I IRHEI¢ OIS PHEYE be nmade wit hout departing fromthe

spirit and scopgwathiid@dé;nvention as defined in the clains. 18 Wat is
clainmed is: I . Aclass D a[n(}il i;i el far conprising: a swtching node; a
primary output 3HERHAYRY BEAFECIGr " an i nductor operatively coupl ed

bet ween sai d swintishitncpprotielyamublsitictveeapdcividing nedeisfd sfdrderctBrsalei ng si zed
to provide g &gﬂﬁlng SMERb E&%Q@a G5 BBt A0 hen WRGRL A 0k 1dbe | oad
current, sai d greater ripple anplitude resulti ng in J%Stancesia(of negative

i nduct or cupireshsaidercatr sigele aPERISBESFUIENG P ERERG YO HE ANERE G fegat i ve

i nduct or cysdueterdsy Bitthia@st ikshced ossppat eductop owent, migimdzeathe Hiedstedone

auxi liary output including a coupled inductor circuit, said coupled

i nduct or~ ciPP¥i t"confi gured to steer ripple away fromsaid primary output..
2. The cl ass D ampitiohd kiliol cutpatiipalufiing plaeuplef ipdecir gr @it LEKPHREnode is forned
by operatiyel ' t it Wy &GhisME paieae &@sutW th each active

devi ce bei ﬁréoeug%rec?lg'%!g%h?%r&é%%l%??i&%odey3. Thepcl ass D anplifier of claim2,
wherein each of said active devices is a transistor, 4 The class-D
anplifier of cl @hdBlads DWhAIRE 6T cith dl, wheainshig bwitching neske it fheneNOBFET ( Met al

Oxi de Semi ConduCFyOcE)up'l:ilnge zlxtqcasl‘:fftjvoe z(x:cttiva:-:r 4913 »é&!qgc}x ab B Bevice being operated in

operative

on/off mode

3 The class D amplificr of claim 2, wherein each of said active devices is a transistor.

4. The class D amplifier of claim 3, wherein said transistor is of the MOSFET (Metal

Oxide Semiconductor Field Effect Transistor) type.

5 The class D amplifier of claim 4, wherein each of said MOSFETs is driven by a PWM
{(Pulse Width Modulator).

6. A class D amplifier, comprising:

a switching node;

a primary output including a capacitor;

an inductor operatively coupled between said switching node and said capacitor, said
inductor being sized to provide a ripple amplitude greater than the magnitude of the load

current, said greater ripplc amplitude resulting in instances of negative inductor current at
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5 The class D anplifier of claim4, wherein each of'said MOSFETs is driven
by a PMM (Pul se Wdth Mdulator) 6. Aclass D anplifier, conprising: a
swi tching node; a primary output including a capacitor; an inductor
operatively coupl ed between said swi tching node and said capacitor, said

i nductor being sized to provide a ripple anplitude greater than the

magni tude of the load current, said grcatcr ripple anplitude resulting in
i nstances of negative inductor current at 19 { C(, |oad, whereby

swi tching at instances of negative inductor current mnimzes the

di ssi pated power; a first auxiliar . I LEHLL L qeafh g 8ded O St eer
ripple awalP*frofcRai iy aﬁ?‘i‘?tﬁmcso%t%g&?% ‘gér{%!mgéuéeconn& auxi @i gﬁyc out put
circuit copéwgured as a floating output.. T. A class D anplifier,

conprising: a S;N}‘,r&%l{a DRt RhiifiRdiYo Qa4 Bifle Blay Bohissisprieapaci tor; a
coupl ed inductor 1ncluding a primary wi nding and a secondary w ndi ng,
wherein a oftpetsandend of said prinmary and secondary wi ndings is operatively
coupl ed to sai d, SWhi sRiNAG oupedecuicahthufed baefiostivg aging havi ng a second end
which is operatively connected to said first capacitor; and an uncoupl ed
i nductor operatively coupled between a second capacitor and a second end
of sai d segondak ylasiDnahiphifisr, ®apdsintgecond capacitor configured to steer ripple
away from said %ritic Vg@utput at said first capacitor, said secondary

it de,

wi nding form ngal asis of an auxiliary output including said uncoupled

i nductor and saidtingecett ¥AHEETPHI 8. The class D anplifier of claim?7,
wher ei n each of, gajih hilicet inatidngepiand Wwaperint assoidsry Wusingl ¥ ¢ ground. 9. .

Igegfgﬁﬁz %rg rcTrPdl (;f stfid ;)r?r{xaryg gndggcgéﬂ}yainmg{s%bgat%& QOJplCB $dsal@@Padhidgor i s coupl ed
- node, said primary winding having a second end which is operatively connected to said first

capacitor; and
an uncoupled inductor operatively coupled between a second capacitor and a sccond

end of said secondary winding, said second capacitor configured to steer ripple away from
said primary output at said first capacitor, said secondary winding forming the basis ol an

auxiliary oﬁtput including said uncoupled inductor and said second capacitor.

g The class D amplifier of claim 7, wherein each of said first and second capacitors is

coupled to ground.
9. The class D amplifier of claim 7, wherein said first capacitor is coupled to ground.

10.  The class D amplifier of claim 7, wherein the low frequency voliages at said first and

second capacitors are substantially identical.

11, The class D amplifier of claim 7, wherein each of said primary and auxiliary outputs

tracks the DC value of said switching node.

12. The class D amptifier of claim 7, wherein said primary winding and said furst

capacitor are configurcd asa low pass filter.
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10.. The class D anplifier of claim7, wherein the |ow frequency voltages
at said first and second capacitors are substantially identical.. |I L The
class D anplifier of claim7, wherein each of said primary and auxiliary
outputs tracks the DC val ue of said switching node. 12. The class D
anplifier of claim?7, wherein said primary winding and said first

capacitor are configured as a low pass filter. 20 { { 13 The class D
anplifier of claim7, wherein said switching node is forned by operatively
coupling at |east tw active devices with each active device being operated

in on/off goder tgy J Qﬁplfg’xluacr?gla% f’}‘JJRLrLiEisagé s@%hiﬁé':ﬁaidmsjfémcw_r ein each of

said active devices Is a transistor.. 15. e class D anplifier of claim
14, wher ei rPPeaivglytcpepiag & et tyosachfe detiess MESSFEET aiNptexice bamg e 'S conduct or
Field Ef f echy/ofeasi stor) type 16.. The class D anplifier of claiml1l5,
wherein each of said MOSFETs is driven by a PWV (Pul se Wdth Mdul ator).
17. A class D anplifier, conprising: a first switching node; a primry
out put at aa4fi r $ie chapaanglidier of alafi s tvhecoupkled skif datict davictyies udsisig-a pri mary
wi ndi ng and a secondary winding. wherein a first end of said primary and
secondary wi ndings is operatively coupled to said first swtching node,
sai d primarly- wi Hetiche haonlifgr of claist Wnaharigsaitiraersiar s S HeMT I tonnect ed t o
sai d first GaRaeloidcs wacemd: Bwstisehiypg node; a second coupl ed i nduct or
including a primary wi nding and a secondary wi nding, wherein a first end
of said primary and secondary windings is operatively coupled to said
second swi tishi nghervinskel) arsplifigr qb claira Sy wixirrigleaalyofseid MOPTE [siedoved behd which is

operativel yPWﬁ?ﬂPs%éﬁigﬂ MRusahd first capacitor; and an uncoupled inductor
operatively couple etween a second capacitor and a second

17. A class D amplifier, comprising:

a first switching node;

a primary output at a first capacitor;

a first coupled inductor including a primary winding and a secondary winding.
wherein a first end of said primary and sccondary windings is operatively coupled to said first
switching node, said primary winding having a second end which is operatively connected 10
said first capaéiior;

a second switching node;

a second coupled inductor including a primary winding and a secondary winding,
wherein a first end of said primary and secondary windings is operatively coupled to said
second switching node, said primary winding having a second end which is operatively
connected to said first capacitor; and

an uncoupled inductor operatively coupled between a second capacitor and a second
end of said secondary winding of said first coupled inductor, said second capaci{or
operatively coupled to a second end of said secondary winding of said second coupled

inductor and configured to steer ripple away from said primary output at said first capacitor

18 The class D amplifier of claim 17, wherein said secondary winding of said first

coupled inductor forms the basis of a first auxiliary output.
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end of said secondary w nding of said first coupled inductor, said second
capacitor operatively coupled to a second end of said secondary wi nding of
sai d second coupled inductor and configured to steer ripple away from said
primary output at said first capacitor . 18. The class D anplifier of'claim
17, wherein said secondary w nding of said first coupled inductor forns
the basis of a first auxiliary output. 21 19, The class D anplifier of
claim 18, wherein said first auxiliary output include said uncoupled

i nductor and said second capacitor.. 20. The class D anplifier of claim17,
wher ei n saiid semamdanyanvﬂhndiongasaﬂss\&ie&smﬁoﬁmauxneuypiuedz irmductor farns the
basis of'a sec cfj A &(}ra .8 ,gsego%%putcttogl The class D anplifier of claim17,
wherein sa|“8°°f‘? STE cap acitor Shiect ed to ground. 22. The class D
anplifier of claim17, wherei n said primary and secondary w ndings of said

first and sgcongh.caupl a%!;hhmtl&&&trﬁ @re%xmtafsé@wa@dmmngtdleausaee&dcore as a
single integrated magnetic struct 23. The class D anplifier of claim

17, wher ei ﬁo‘é’&él‘f’dﬁ‘t‘”é%{f“amflb‘fséstd%t?‘?ﬁ"“éjé%lt’f‘&y WY chi ng nodes is formed by
operatively coupling at |east two active devices with each active device

bei ng oper hed 'hlre] cg [PzI fph??r o?éla:m“l‘? Jl‘nsﬁex Ja@%x?st Bpézﬂ&l i I:dnﬁéctegfio grl)@Hdm 23,

wherein ea of €& d Ive devices is a transistor ) he cl ass D
anplifier of cIa|m24 vvhereln said transistor is of the I\/DSFET (Met al

Oxi de Sem g@ndugf. Qfassi zﬁxlqutf’gfoﬁ‘@ﬁtn 3_Er@k{%$dtr§5§aﬁrp)zm'éryﬁﬂi cz&nda'Fheuﬂtngs«sr D anplifier
of claim 25, wherein each of said fE S,iS ag\gss e lm &Pcyl se Wdth
Mbdul at or ) said frat a“%‘i??’%ﬁ’scg“ﬁffdé‘??ﬁftf"? P& L TIEH AL ‘E‘T Sﬁ@“" Cor(é W EEHT Y node; a

primary outnghetiabtridtufel r St capacitor; a tapped inductor i ncI ud| ng a first
pin at one end, a second pin at an opposite end, and a third pin disposed
between said first and second pins; wherein sai d first pin. is operatively
connect ed 128 sate clvi R ehilifier of gldien 1 Tavepraimiegh Sfans Attt BE PP sEHErag i vel v

connect ed t gde'?: ?s' | (el b dperaE RRAGLINRE at 16@itilo hdibSdevieapaniciddractbeidngeecoupl ed to

ground; an
bemg opcrated in on/off mode.

24 Theclass D amplifier of claim 23, wherein each of said active devices is a transistor

25 The class D amplifier of claim 24, wherein said transistor is of the MOSFET (Metal

Oxide Semiconductor Field Effect Transistor) type

26. The class D amplifier of claim 25, wherein each of said MOSFETs is driven by a
PWM (Pulse Width Modulator).

27. A class D amplifier, comprising:

a switching node;

a primary output at a first capacitor;

a tapped inductor including a first pin at one end, a second pin at an opposite end, and
a third pin disposed between said first and second pins, wl:erein said first pin is operatively
comnected to said switching node, and said second pin is operatively connected to said first

capacitor, said first capacitor being coupled to ground; and
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} an auxiliary output being tapped fromsaid third pin to steer ripple away
fromsaid primary output at said first capacitor. 28.. The class D
anplifier of claim27, further conprising an uncoupl ed i nduct or ,
operatively coupled between a second capacitor and said third pin. 29. The
class D anplifier of claim28, wherein said second capacitor is configured
to steer ripple away fromsaid primary output at said first capacitor. 30.
A class D anplifier, conprising: a first switching node; a prinmary output
at a first capacitor; a first tapped inductor including a first pin at one
end, a second PidhuliarAButARPASH thiRe®Rbhn saififld fn toticbdipieRwdi SRASRI bet ween
said first and secor]dgafdips, wherein said first pinis operatively

connect ed tRSER; P B¢ 'EHi°PHI°hg node, and said second pin is. operatively
connected to said first capacitor, said first capacitor being coupled to
ground; a sgcon LLChi ; [ - pncluding a first
pin at oneszghd,ghéz%gésc[ggr}h&%fﬁqgitgma%’ g%g%g%%éggﬁgf&%ggg&? ﬁ%“?d pi n di sposed
bet ween saidterriivelycoupird bewedndesphespacipiapetad Bedminfirst pin is operatively
connected to said second switching node, and said second pin is operatively
connected to said first paci tor; a first auxiliary .output being tapped
fromsaid tHir dnﬁicl?sscﬁ ag ’?’8’ Flpigy 28 Wpdnrdaerat 83"“’1‘% s 5?"§§?rc$tloppl e away
from sai d paeerapply agupt foud saditprisaiydbufpirasfaiddfapaeiatior.;, and a second auxiliary
out put being tapped fromsaid third pin of said second tapped inductor.
3.1. The class D anplifier of claim30, further conprising an uncoupl ed

i nduct or  ofer af chelReabiiy) @mPBBtseen a second capacitor and said third pin
of said first tappedictindid@;or. 32. The class D anplifier ofclairn 31,
wherein said second capacitar is configured to steer ripple away fromsaid
primary output SR7ER WY FEITSLEREC  or . 23 Ji

a first tapped inductor including a first pin at one end, a second pin at an opposite end,
and a third pin disposed between said first and second pins, wherein said first pin is
operatively connected to said first ﬁwitching node, and said second pin is operatively
connected to said first capacitor, said first capacitor being coupled to ground;

a second switching node;

a second tapped inductor including a first pin at onc end, a secand pin at an opposite
end, and a third pin disposed between said first and second pins, wherein said first pin is
operatively connected to said second switching node, and said second pin is operatively

connected to said first capacitor;

a first auxiliary output being tapped from said third pin of said first tapped inductor to
steer ripple away from said primary output at said first capacitor; and

a second auxiliary output being tapped from said third pin of said second tapped

inductor. -

31.  The class D amplifier of claim 30, further comprising an uncoupled inductor
operatively coupled between a second capacitor and said third pin of said first tapped

inductor.

32 The class D amplifier of claim 31, wherein said second capacitor is configured to

steer ripple away from said primary output at said first capacitor
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33. The class D anplifier of claim3 1, wherein said third pin of said
second tapped inductor is operatively coupled to said second capacitor.
34. A class D anplifier, conprising- a switching node; a prinmary output at
a first capacitor, said first capacitor being coupled to ground; an

i nductor including a primary w nding and a secondary w ndi ng, wherein a
first end of'said primary. wnding is operatively connected to said
switching node, said primary wi nding including a second end which is
operatively connected between said first capacitor and a second end of

sai d secondary WeRfiNgamtRbobsREEND whRdn oy 7l gl SeeaNE3RYaMicadi ng  bei ng
back-wound in the sanme core with said primary w nding;.and an uncoupl ed

i nduct or oﬁ@“%ﬁ"i’f‘/%ﬂegﬁt't‘,‘&@f‘@ﬁp‘Bé‘l‘ﬁ?\é‘?é‘i’f’déa%"é'@énd capacitor and a first end of
sai d back-wound secondary w nding, said second capacitor being coupled to
gr ound and potely ured steer. .ripple away fromsaid primary output at
said first *Capa % ‘tg%lpampgger oS ass D anplifier of claim 34, wherein said
swi t chi ng node & sviflorgmede;by operatively coupling at |east two active

devices wi th easzk}m?aﬂldu\iﬁtQg‘ﬁlfs@@dpgfﬁbrngné)@@rc%aadx b&ng&ﬂﬁ!&f{ﬁ gﬂiﬁldﬁ 36. The
class D anplifier of claim35, wherein each o sald wcgs is a

transistor. 3720 indygoipcludingr A3, yipdine Bf aéﬁ“%ﬂdﬁ‘iy 38" ’%w{}eé‘?‘ T2t ransi stor
is of the lmf;}n(awbmadmg 1&¢Mv8emmammdrswﬁ¢lmg@oid faprirEnansi stor) type.

38 The cl ass EE“WF% flaesg c]::ﬁnﬁ w%LgL Ogm’at SI‘ g)g]@c{&ﬁﬁgveglt sa§iaf¥rg %E)ETS i's

driven by a" 1tse hod for reducing
swi t chi ng Iaoésessoudmn@fagése@rdﬁ*wwi"ﬁ%r ssid seqndierghef Wﬁ’d‘e??@??@f FEPRG the steps

of . coupl i Ng;:g Rk Wolld ik e Mimecablel Wifh i@ YiieaF waRREahed in onl of f mode to form

a switching hnode; 24 definin out put _at, irst.c tor;
provi ding a coufl48ePuplsdiitdicsy © ”’E‘-‘I’fgb “I‘f&@ct‘é‘?‘i’ a gea] 3%"”‘0’&"‘%\%5%%&3 wherein a

first end_cﬁfsaxcl tiek-poindREcyndandvisdiog sddreyondiapdéinglriissoairdragiovd|spd coupl ed to
the swi tchi n ggf{stﬂampg* d ng)rfrf}{;%gé%% &%J?;gmﬂﬁ%‘t’éi@&}d frs@pRAck end which is

operativel y capaci t

3s. The class D amplifier of claim 34, wherein said switching node is formed by

operatively coupling at feast two active devices with each active device being operated in

on/off mode.

36. The class D amplifier of claim 35, wherein each of said active devices is a transistor.

37. The class D amplifier of claim 36, wherein said transistor is of the MOSFET (Metal

Oxide Semiconductor Field Effect Transistor) type.

38 The class D amplifier of claim 37, wherein each of said MOSFETs is driven by a
PWM (Pulse Width Modulator).

39. A method for reducing switching losses in class D amplifiers, said method comprising

the steps of:
coupling a plurality of active devices operated in on/off mode to form a switching

node;
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operatively connecting an uncoupl ed i nductor between a second capacitor and
a second end of'the secondary w ndi ng; and confi.guring the second
capacitor to steer ripple away fromthe prinmary output at the first
capacitor to reduce switching | osses during anplifier operation. 40, The
met hod of claim 39, wherein the secondary winding forns the basis of an
auxi liary output including the uncoupled inductor and the second capacitor.
41,. The nethod of claim 40, wherein each of said plurality of active
devices is a tdefonigagtrioreryARtpulfe firsetapasdorof ¢l ai m 41, wherein said
transistor is of the MOSFET (Metal Oxide Sem conductor Field Effect
Transistor) type.. 43. The nethod of'claim43, wherein %ach f said MOSFETs
is driven by aPPWiTEREPEEd PP MgIPR 2R} §econdey windings, wherein a first

end of the primary and secondary windings is operatively coupled to the switching node, the
primary winding having a second end which is operatively connected to the first capacitor;
operatively connecting an uncoupled inductor between a second capacitor and a
second end of the secondary winding; and
configuring the second capacitor to steer ripple away from the primary output at the

first capacitor to reduce switching losses during amplifier operation.

40 The method of claim 39, wherein the secondary winding forms the basis of an

auxiliary output including the uncoupled inductor and the second capacitor.

41.  The method of claim 40, wherein each of said plurality of active devices is a

transistor

42 The method of claim 41, wherein said transistor is of the MOSFET (Metal Oxide

Semiconductor Field Effect Transistor) type.

43.  The method of claim 43, wherein each of said MOSFETs is driven by a PWM (Pulse
Width Modulator).
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