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(57) Abstract: A self-contained DAC that is especially suitable for use as an IP core, particularly for SOC (System on Chip) im-
plementation. Techniques are applied to employ certain circuits (such as arithmetic element 302) to perform multiple functions in
the DAC, thereby resulting in space saving. Techniques are also applied to employ fewer circuits per functional block to achieve
further space saving. By employing multiple clock domains and turning on selective circuits on an as-needed basis, power saving is
also realized.
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METHODS AND SYSTEMS FOR IMPLEMENTING A DIGITAL-TO-ANALOG
CONVERTER
RACKGROUND OF THE INVE

TON

REEGY A Digid-te-Anslog Converter (DA meprosenis a Chiouit omploved 10 generate s andog
signal frorn s biney, digital ropresentation. Staplistically speaking, i the input of 3 DAC is coupled 10
approprisie computationd chionitny wnd ovipad s coupdad (0 an approprinie ransdocer arvangenend, a digital

audio systony is oreatad

JOHZ Y Muadern glectvmic dovives wad 0 be mnch more sophistioated. For exwaple, most deskiap oy
Laptop compsiars and oven portabls ontorainment devioes such as the IPod™, wailable bom Apple Compuier,
B, of Cuporting, O4&, can genemic bigh Gdolity andio Nom stored or siropmesd digitad data wsing highly

sophisticaied DACs

JOG0O3Y With respect to portithle devices, for example, there s a premins on devices that can gonetate
the ldghost qusttity sound using the lowest amaunt of power anddor e smallest forns factor. Accordingly,
msniacires constily iy 1o baprove DAL dosigns, sirfving i tmprose the oniput quality and reducing the
power reguirement andor the stee of the DAL or the sire of the sudic ciromitry of which the DAC plavs an

dispansabde vole.

JHH4 The present application pertains o an tuproved DAC architecture that s be coploved to

goneraie high fdeltty audio ouipal with suninal power mauireseont andéor mnioal fowipring,

SUMMARY OF INVENTION

JOGOS] The inveniton relaivs, in an embodinwm, o a digital-o-aulog converter (DAL clronit fox
comverting é:ig:ii‘:: dingasd data to analog dates The DAC chronit includes an inpat host interhoe chrouds configived
o wcarve the digital input data. The DAC cirouit fenbor bicludes an interpolator civcut! configeed o
i!?ti:?}}{ﬁaf& at Jeast & porton of e digital inpar data received by the inpat bost interface chrouit and o generate
inorpolated data, whereln the interpolator ciroult s aplemeniad winh muliiple intomolator stnges sharing an

anthnetic st for computing the intarpolated dats,

O] It snother cobodbnent, the bvention relates to a dighal-to-anidog converter (DA cronit for
comnverting digitad upud data 0 analog dats. be DAL ciwynit includes s inpat host derdace chroudt sonfigured
o reonive the digiad iopad data and an torpolator cirowt,. The DAL cirowit glso inchudes & vohune control
chroutt coupled to the intorpolator Chroudt, the interpolstor ciroait and the volame control ciromit baing configured
o reonive the digitsd topa dita snd o output volume-acighiod and ntcepolated data. The DAL clrouly
addinonadly cludes 8 notse shaper oircnit coupled to ooive the volume-weighted sad intorpolated data
gamrate rediond-widhh shapor outpr. The BAC aircent fimther invlades 4 ransinon gonerator ghrendt
confignned o generte o transition sigaal. The DA cirouit also tnctedes  polse width modalator civoust
configured to reoptve the reduned~widih shapor ouiput aud o prodece 3 Hrst pulse code modudation signal from
the roduced width shaper cutput when the DAC 15 operating in g first state. The pulse width sodalator cucait s
configand to reontve the wansiticn signat © produce 8 seoond pulse code modadation signagl Goa the tansition

sigoal when the DAC ik oporating i g soowrd state, The seooad state s charactoristic of &t loast aoe of @ power
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up condition sad a power-dovwen condition. The Hirst staie is charactenisiic of opemting conditions other thaw the

at koast ane of the power-uap condition and the powes-down condiiion.

{0007 Iiranother ermbodhiment, the fsvention relates to a dightad-te-analog corwerer (RAC) clait fow
converiing digitel input daticto snslog data. The DAL cironit tncludes an dopust host interfhics oircuit configured
o rogcive the dighal ioput data. The DAC oircudt alse inclndes an imtorpolator cirvuit confipued w0 intoipolate
at lonst a portion of the dightad o duta Gt is reoeived by the bt boet bdardace ciroull and to gesemie
inforpolated dafs. The DAC cirawit additionally imchsdes a vohune contol cloudt configured to gonenaie
vohuse-woighicd data Fongibe dempolaied dada. The DAC civoult alse dncludes a noise shaper oircust for

reducing the word widih of the vohune-weighted daia 1o genersie redovsdawidth shaper ouiput,

{O00K] frovet ancther embodiecnt, 1he invention relses o a digital-towmsiog conventer (DAC) circult
for conwvening digual input data o aralog dain. The DAC ciroud! includes an bput host infedace chroud

configred o reovive the dighad inpud deta. The DAC civontt also includes an interpolstor circuit sod o volures
contred circait couplded 1o e imarpolator cironit, The biterpolator ciroutt and Ui volumie control Clroudt are
configred o recebve the dighal input dsta Bomothe inpat host inferface crot and o ontput voluueweighted
and hterpolated dats. The DAC covuit also tclodes o noise shapor oircaif coupled o receive the volumng-
weighted and intorpolated dataoio gesemte reduced-width shaper ouiprd. The BAC circudl Buther molades a
pulse width modulator cironit condigrred 1 reccive the redocedwidth shaper ontpot and o produce a Fiest pulse
vade mndulaton sigral from the reduced width shapey vatput. The RAC circutt additiorsdly inclades an analog
patp cirat including an oty baffor and 3 ovw-pass Blfer for vecetving the firsd pulse code nodulaticn signal
and vaiputing e anatog data, whoschn the it host fnterfane civoutt evaploys & Best olock associated witha
first ook domsin, the fntorpolator cirvait, S volume conteol clrouit, and the noase shaper sivoudt, and af keasta
portion of the pulse widhh modelation cizouit exploy a seovmd ook associated with o second clock dowmin, the

8

second clock being ssyacluonos relative to the st olock

I:G{‘E{}‘_}] These and oter featnees of the present iveation will be deseribed B more detail below s

detatted desoription of the fnvention and in conjanction with the following figuses.

BRIEY DESCRIPTION QF THE BRAWINGS

fo01G] The prosent invention is iHostated by wiy of example, snd sot by sy of lmitation, o e

flgars of the aconmpanying drawings and i which ke relerence numends relor to simili clomenis wd in

which:
joul i} Fig, 1 shows, i sccondace with an abodiment of the invention, the Tagh-level logic blogk

diagnan architechure of e wventbve DAL,

{ao1z] Fig. 2 shows an input data intorfaoy fvplosd of those soploved in de an.
{0013} Fig 3 shows, in accordmmee with an cabodiment of the fnvention, an iterpolater blogk.
{0014} Fig, 44 shows, i acourdance with an cwbodinent of the bwostion, an inploneniaion of the

vahnee coniral function wherein a msdiiplior and a lookup able are coployed.
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{OG15] Fig. 48 shows, in seoondanog with s cmbodiment of the vention, anothey buplonentation
wharehs the multiplior in the anithmetic anit is amploved implomond the volume control function,

jaoie] Fig, 4 shows, in seoordance with an crbodinent of the ivention, another byplenentation of

o

the vohuvie conirol fimction by puaking direct use of the stople three wap filter kermel values of {1,317,

{00171 Fig 3 shows, in accordance with an eabodimend of the nventicne an oxample noise shapsr

anploaxmtation, i scomdance with an ombodiment of the proseat mventket

{0018} Fig. ¢ shows, to accordance with an cobodiment of the fnvantion, 3a oxavple output of the

FWH ook for various codes,

{0019} Fig. 7 shows, o acvordance with an sobodiment of the fwventivn an exavple of an sasleg

seopnstration fiker.

{00201 Fig. & shows anoxample upleacmation of 3 fesition corarol block ia acowrdanse with an

crbodimont of the pecsent nvention,

0021 Fig. 8B shows, inaccordanes with ae evbodimest of the tavention, a sunplificd PWM bkeek
] £ ; \ P

baving 3 PWM cironit and @ selection cirouit.

0022 Fig. @ shows animplomentation whercn the DAC s divided to three olock domamns, each of

which asy oporate avng a difforent clock,

DETAILED DESCRIPTION OF EMBODIMENTS

JOU23 The prosent invention will now be described in deta! with reforence W 8 fow cnbodimants
thereof as iHostuad in e scoompaneing denvings, fiotlie Bllowing desoaption, numeroes specthic details ar

set forth in order to provide a thorongh mnderstanding of the prosent wvention. 10wl be appareny, however, (o

oue skitted i the s that e prosent invention nay be practived withoat some or all of these spesific dotails, In

other fstanwes, wall knowa process steps andfor strustues have not bean descibed o detat! in order to not

wanccossarily obscure do presont tnvention,

0024} Vavious owmbodimants are described horein brlow, including methods aud wehniques. |
shoald be hept w adnd tat e fovantion might alse cover mticles of prmufactere that inclades a compater
readable modhun on which computor-readable lmstructions for carving o cabodiments of the wventee

tochdue e stored, The convputer readaddle medion may inchade, for example, senvconducion, maguetic,

aptu-nagnetic, aptival, or other fornas of compater readdabde medban for sloring compater wadable code.
Further, the tovomiion tay alse cover apparatuses for porcticiag cobodiments of the tavertion. Sweh spparates
aury nclade cirouits, dedicated andfor progrmumabde, o cany oul fasks porbdning fo sombodinends of the

-

twveation. Examples of such apparatus inclode a goneral-purpose cwnpeter andivr a dedicaied conypauing

device when appropriately proprmmaed and imay tnchide o combingtion of a compaterfcomputing devios and

dfprapranamably olscols adaptod for the varipes tasks portaining o cododimons of the invention,

A

dedicate

{00251 i accordance with shdbodiments of the present fnvertion, thewe i provided an fagproved DAC

architectore that is well-suited for being inplomented as an “IP core™ That is, the DAC architecturs discloss



WO 2008/045713 PCT/US2007/080121

1 accordancs with ambodimenis of te prosont tvention can be reudily integrated as part of an inlegmted
cirsuit erowhich other covmponands of an clectronic dovice {such as the aforomentioned IPOD™) can be
nplomentad avywell. By designing the invonitve DAL to bean 1P core, the invontive DAL can be readily

roased i different Systoneor-Chip (SO} infograted cironits to imploment difforont digits! sudio dovic

{0028] As the temmn is cmployed horeln, o dighal sodio device ropresents an cheotronis device or
conpunent configured o generate or cuntribunie © the govoration of mudibie sound signals fronmudigim] data
{which includes. for oxample, streamed digital dats, stoved digital data, or gononded digital datsr. The digial
audic dovices Tas cacomipasses 1ot only conputiing dovices (ach as {isskte:sp or fapiop computens b also
snfonamme devices (sach as for oxaniple musie plavens or viden plavors) or cotponents thersof that are
configured (o geverate or coninbute o the geveration of audible soumd s.igm}is fromn digitad signads, Fusther, e
Qi andio dovices may take sy Torm fuctor, including for example devices condigued 10 oporain only wlen

plgged nto the powar nuins or portable dovices condigured 1o oponste off g hatiery.

fonR?] e an endbodiment, the ventive DAC represents an oversampling DAC that s tmplemented

nstag seven fupctional blocks, These are an inpat interface, an interpolator, a volume control, a voise slapen, a
pulse width modakator, o output dfor, ard o arsdog low pass filier, lomovations were sade to oary of these

functional blocks 1o advanes the ovarall goad of s low-power, ligh-fidelty DAC IP core.

{002 D an entbodiment, a special purpose fanctionsd block kuow as a transition generator is
provided to improve the quality of the sudio outpat by addrossing the need 1o change the civculr elemant from a
state of 0o power o one i which power is applicd by a Sshion 1o cose squilibration withowd asdible anifacts.
The trunsition gonorator substantially redeces or elivmnates e audible “pop”™ dat is sometimes Jeard doe (o the

aforermentioned fansend wsponse, The transiticon genensor will e discussed v details Inter boredi

{0025 {r an cntbodiment, sepamate clock domains are provided sech that different fmctional blocks
can opovaty 3 difforent spocds based on different clocks, For example, coriabn blocks such as the ouwtpat baftfer
Y aponde & g cortain vale fo oulpat the destrod smusical sound. While the outpit Block works at s given speed
o outpat the expected sasteal tune, other compuiational blocks sy be operting at wuch higher speed and
may thus e able w0 compete and boffer dats in sdvancs, With a cufficiont budler, 1t 16 possible to i off the
covapatational blocks to save power. Ag the bulfer cinpties, the compatativeal bloocks may be srraed on g o

cornpate amd buffer additionad date. Details periaining o the sepanste clock doasias will be fanvished fater

hercin,
0030 Ax discnssed vaddivr, i cmbodiments of the fnvention, the iaventive DAC iy implemented

nsdag seven fouctivoad bleoks. 1o the follewing disclosure, each of these blocks wit! be discossed v tarne Big
shows, in acoordancs with an embodiment of the invention, the high-devel logic Mook diagram wchitectare of

the iventive BAC, With respent to Fig. §, cach of the majoy fenctional Bdocks will be discussed briefly finst. In

subscquent figures, the functoral Blocks tat compnse the ventive DAC of Fig. § will be discussed n dutails.
03 Ax care e seon in Fig 1 thore b shinvn s boput dita block TOU thiat receives and buffer data

to e used by an interpolstor block beterpolator ook 1R tha fs condigared fo interpolate the input dity stream
as neaded by downstroan provessing, The owtpt of interpalator block 102 is spphted to 1 voleme control block

104, Volume control block 104 yevedves the interpolsted data Gom interpolator bleck 12 and, Bnan
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cyabodiment, multiplies Uwe intorpolded data by 2 vohune control word o adjust the volunw to the lovel sel by
the user. Vohuwe condrol block 104 thon sutputs the resuliant word 10 nolso shupey block 106, whichis the

prinswy component o wduce te word width veeded for dighisd to amlog comversion,

{0032} Pulse Widih Modhdater block HR receives the reduosd widih word front noise shaper block
B o poneaic o 1Dt oulpad for digiial t snalog comversion using pulse width modulation. Qutput buffer 110
and Analog Low Pass Filtey |1 icoomplishes the digitel<to-anidog conversion using the owipsd frons pulse

wigth modilation hlock 108,

{0033} As mentioned, a tansition gencrator block 114 3¢ provided to clindnate sudible antifacts that
are generatod froom the trspsient exponse of the snslog suiput retwork thtt comprise oupatt baffer 110 and
analog fow pass fher 112 when poweer is Hest applicd or Snally romoved.  In an embodiment, transiion
genengtor 114 applics a misad cosing tper to the pulse widih modulaior. Transition gonerator block Hd will be

discussed hufer borobi in connootion with Figs. 84 and 88

{0034] Generally speaking. the data applivd © the DA via the input dars interface con be nmany
forme. Tn b examnple aplementation, the put dafa 18 10-Bi per channed storco o sampled a3 44,1 kHz. In
other nplenendations, difforont numbers of bits per channel anddor different sampling rates may be employed,
The svinad dati transfors info the DAL we porformed on a demand basis when sigoaled by the downsinogm

procossing. The inpat data interfeos seosives and buffers data fo be converted for nse by the imerpolator

{O035] Fig 2 shows an input dasa interfios typlosd of those sisploved in the ant. As shown inFig, 2,

duda from host {o g, daty stroun ropresomting musiv from stored memonyy I8 meeeived by bwo sots of regisiors

1

U2 angd 24, representing the seis of registers for the kB chanued interpolator and the sight claneel niserpolutor

ronpevtively, Hogdster sot 202 for the kit ohanpel horpolyor inchsdos a registor 2025, wihdeh fs clocked by the
heat wiite strobe signal, and 8 rogister 88y, which is clocked by an tterpolstor input strobe from iuterpolator
block 132, The host wiite strobe couses rogister 2024 1o caphare The duda prosented on bus 201, and the

perpolator input strobe causes the data from wgister 2028 1 be sunsfonnd 1o oatpig 203 o be provided o the

TR shaceed nerpelater. Ldewise, registor sot 203 for the right chaud intnpolator inclndes & segistor 304,
which is clocked by the host wriie strobe signal, and a rogistor 204b, which is clogked by an interpelator inpat

strabe frow fntorpolator black 102

jO036) ¥ shosddd be kept v wand that although e example horpin discusses the axpliclt
demuitiplexing nfo lefUand nght channels at thus stage, 1t 18 also posaible to process the feft channgl samples
aned (he right channa! samples sequertiatly by aceounting for the ft charmed data and the right channed data in
the hdeomodiate rosmdis in the varipes dages (e the interpolation stage, the dightal fihtor in the nodse shapes
e noise-shaped POM oyt of e noise shaper, eic In a embodimen, the amount of gorge mthe

infermediate stages may be invreased and registery gy be assigned W ket chaned dta and ngltt channe! dats

(e, odid vembeved vepisters for feft clumast date and evan rumbarad sogisters for right chauset dyga or some
anslogons schewes) s that miwe clock phase way be employved 1o operate wihe foft charact data and avother
clock phase maay be coploved 1o operate on the oghe chomel datr. The tnwesiion to the potput clock donwin
would allow reclecking the left clumne! data and the aght clemel data to be cuincident in time for DA

sommerion, so the sponsion wourld be essentiatly invisible o the DAC performuance.
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{0037) Generally speaking. 8 reduced word width is emploved for digiial to analog cormersion. A
COBPUIRNE Siep in genarating such i reduced word widiiuis i interpolsie the inpuf data strean as necded by the

Jownsiroun provessing. The injerpolaior reprosents 1he companasd for parforming this fusction

{003¢] Privr anl bis gereraily suggesied the design of intcrpelators with siopbund gatn sufficient to

attemutic the swnaphing hsges s the intorpolsied signal 1o the Jovel of 1he quantization noise ooy of the
channel. This constratnt reguires sigaificand computation & achiove, Oue roprosentative designises & cascade of

fhwee FIB filors with fongthe of 125, 35, aned 3 faps.

{0039} The baonirs horeln realiee that a sufficiont condition for sucoesstul operation of the
inisrpolator is 1o alionusts the ssapling hmages such tat the tofal energy of the baseband signsh aad its
altormsded hmages 18 less than the smplitade e would dove the downstroam bolse shaper ko an ovarloaded
sfate. Lifting fhe constraing in e prior art sdlows s algraficant roduction in the complexity of the fntarpadator
ard heboe e power requaremenis. In cormpariaon o dhe prior an, an embodiment of the inerpokior requires an
FIR cascade of fongths 47, 7. and 3 taps. The nyeantive FIR Bliers achseyve farther efficiency by constraining
thorn 4o be hall band, that is, sl ovon sawples of the kel ogusl o, and the HHer s anooven fanction. itis
typioat o dosten half band Hilters by the window wethod, bt i cwbodiments of the invention, a shaple
modifioation o the Romer oxchangs echiique is smploved o allow design of half buand Sliers with optiney
Chabyshey o, This teoliiges was fivst disclosed by Mintzer, See FL Mintrer, “On Hudf-Band, Thind-Basd,
asd Nibe-Band FIR Filters ard Thedr Design”, TEEER s, Acpustics, Speach, aud Signsl Brocessing, vol, ASSE-
30, No. & Qot. 1982, pp, T8

JOL ] Ax iy wall keown i the ag, when the integpolated signal Bas beon tnorsased 1n sompling mate
thy, #t 15 possible o amploy 3 e order hold (o effect spling mde moreases with ondy a bolding

ik can often be wnpliclt batween operations.

iﬁi\i H } i one axarnple inplorentation, one anthanetio clement and Iwo memonies are cploved o
inplement te interpolater. This particudar iplomsatation will be discussed in grosteor dotad in conpection with
Fig. 3 hominbelow, Tu th implomcntation, one momory i tandom avcess (RAMY, while the secound is soad

oaly (ROM). The ROM cortais & microprogram of the fixed filter kerne! dita and 2 361t control feld

{although the vamber of bits i the control Feld sy vary doponding ov implomentations),. When the progranm
connter changes value, 3 specific watruntion in the provided st of microprograms would be execated. To save
power, the arithimetic oloment an perfonm a number of compistations and stores then i a gueae o be worked

off by downsiream dages then idles o a power dows state wigd the dovnstream slage quins mor dats

fO043] Utata path feodbick atlows the movesment of the st of oe stage of the interpalation o the
nextatage i RAM, The haif band natun of the filiors gllows for further sconony v computation by avoiding

raktiphications by sero and taking sdvantage of the filter oven svmaretry.  Interpolator logio nmbies wse of the

sodated clock donwtin arohiiochire ax will be doscribed Iator horamn o auvhieve Turthor ecoaay aud reduse

POBDT BREHIOIMCRIS.

[0 3) Fig. 3 shows, i aconedates with an anboditent of (he tnvention, aninrepolator block 300,

Argthmetic elomont 302 s shown hiviag 3 muliplice 3, an adder 306, and so accumulating rogister 305,
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Momory 318 inchades & ROM oy blook 320 snd 3 RAM mamory block 330 ROM mcmory block 320
siores 8 plurslity of microprograms 332 3336, 332, 322d (e oxsot nuber of which nuwy by variable
depending on how vy itorpalator stages s desiady. Bach of microprognams 322, 3220, 322¢, mxd 3224 has

an assooiated controd fald 334 324, 3240, and 3244 as shown,

{0044] RaAM nrewory Mook 330 stores 2 phaslity of duts portons 332a, 332b, 332¢, 3324, each of
which is associated with a copesponding ndcroprogram 33283324, Dats portions 332334 are structured g
FIFQ munner suoh that the first data povtion stored s the Hrst data porion poppod. A program counter
detormines which of ndoroprograms 1223224 fand thus which of data portions 332a-332d) would by
swmploved by aritfenetic elemend 302, Baob of sricroprograms 32263224 and s associated dats portion (.o

one of data portions 3328-332d) implerent an inforpolator stage.

{004 5] Within the im'emniamr inthe &}::;.nf\pi{: of Fig. 3, dufa may Now Trom the input dats inteface
block 100 ndo one of FIFO data podions Zd in RAM meroory block 338, fronvong of FIFO data

portions 333a-333d fo mulliplior 304 of athinetic clement 303, from aconmulating rogister 308 back it adder
3k, or from scounnidating register 308 o the pext FIFO data portion that is assoofated with the next interpolator
stage i BAM meoory hiock 3300 Data inihe formn of picroprognm code from ome of microprogrms 322a-

3324 Is wso provided Do ROM memony blook 324G 10 muliiphior 304, The How of datiis contrellad by conivol

logis ooupded o RAM mamary block 338, ROM memonr block 320, and anthenetic anit 2

{O046] As discussed, prograntsouster 340 selecs which of microprogroms 323-322d and the
assockiied FIFQ dati portion s emploved. Hach of wicroprognams 322a-322d hay an associated controd field,
which may represant for axarnpde a 3-bit controd okl Whewn the data counter values matches the controd field
vithues of & pazticaler wucroprogran, that sicroprogram God associaed FIFO data block) 1 cmploved. The
cartrod field values associated with the aricroprograms may be predelined valies thit ponnit procise control of
interpalator siage soquencing. Gonerally speaking, the code tn each yicroprogran and e associatad contd
el value are provided tn ROM at the factory or upon coafigurstion sutup 1o contrdd the operation of the

interpolator sages, The prograe coumier valiie i also amploesd by the contrad Togie o determine how data ig

moved muong RAM momory block 330, BOM meamny block 330, sod antinvetic aumit 302

{004 7] Accnmuiating mgister 308 acmantates the product provided by moltiphicr 364 {which
oporates on the delaved inpad data in one of the FIFGs ssing one of the wncroprograrnsy and scoupalates with
thir provicus result inoadder 308, Onge acommmtated, the resolt 5 stomd in register 308, which w othor fod back

o adder 306 whey regquired by the next stage or cutpitied o neise shaper ook 196 vin data pmh I3,

JO048] &x o be appreviated Promt the foregoing, the intorpolater block doss not requiee multiple
cascading iferpodator stages with wultiple aritheneuc wndts, The ase of & single grithmetic wdt nstead of

mdtiple arithmedic s advantageously mduces the amomny of spacs roguirnd to imploment the interpolator,

[0 Geacrally speating, a tepieal component of aun audio DAT 16 an indepondeatly adjustable
volume ceadrol, o the nger can set the seund fovel to thetr Bhing. Prior st tvpically places the valame contral
at the tpat of the wicrpalator. 1 is ceadizad by fhe iwestors, bowever, that a redastion in logic amd power wmay

be achipved by placing the volume control bebwoen the interpolstoy cutput and the sose shaper mput. This way,

the typically 16 bit lnput deda i carriad throogh the derpolatae with 17 bits of precision. The vedwine contred
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requitres addiional bils in order to provest axcesstve additional notse aad distonion of the signal. A reasenable
chotcs for a volurae control range is 30 dB, which rogudres § sdditional bits b the deta path. This

unplonation reprosents a podest but finlte sswngs i logle sad posa

{0030 fraplemeniation of the valume contral requires that the bavpolatod dati be mnltiplied by a
vodume control word. Bather than use an explicht exiry multiplication w0 achicve this, an cwbodivpent of the
Hrantion uses 3 table of ROM values for the last interpolator slage. Sincg this is a singple three ap FIR filer
veith kormed values £1.2.11 i 15 casy o build a table with vilnes weighied by the desired vohune control taper.
The outpul from 1he Tast taterpolator stage ix then g 21 bit word rathor G a 17 Bl word as Broms the provious

stages. Thiy schore reduces logio aud pover, offset by the miivoy posslty of ¢ BOM abie,

{0031 The volues control taper can be go wbitrany function, Inan cbodiment  ogarittusic taper
in avcond with psyohosooustic Ienbure stating the comunonplsce oganthous perception of foudness is
araploved. Another cmdidate for o aper would be the wised cosing, 031 + costaag)], which Jus desimble

spectil chimctenstivs, Other candidates ave slso possible.

{{3{)52} The volune controd craplovs zamo orossing dotection to updste e polier fo the ROM values
sed i the conprtipticn. As i well krows in the an, chonging the level of o digitad saxhio signat in s arbitrary
panner can ousily gonoraie g stop discontinully which will be heard as 3 “olick”. In an smplomeniation, the host
PORES 3 segpeeat fospdate the BOM podutar, With o request ponding, beo things oo, Fiest, a thme oul countor i3
stanted, and second, # threshold detector looks at the filter outpat 1o determine if the absolute value of the vgnal
Bas docrcased o withist an intervad sround xers, When the signal falls fnzide the detaction window, the ROM
poiser s upduted, affecting U vohume change. 1 ihe signal doss not Bl into the detection threshold window
when the tins oof comnter reaches Hs ternnad coui, the toaainal vous fores e vobane apdate. This
prechudes the nser sensiag su undeximble g between thew reques o change the volame and the volume
aciually changing, The detection window and thng oot pertod sy be selocted over 2 wids range. Reprosentative

vishues ave pmplitudes on [FSAG2 PS4 and 4096 samples,

v

[0053) Fhually | 10 an ouauple hrerpolator vascade four stages of filtees, of loagthe 47, 7.3, and 3 s
an orpdoved. The foorth stage could have bosn a oo crder hadd as desoribod sbove. Inoan implomentation, a
thven tap Blter b omploved tnorder fo imploment the volame control schome, I 15 also possible to avhieve
Farther simplification of the volume control by nbing direct ase of the stple teve way filter kernel vatues of

$1,3.1%, That i, 8w posuble 1o allow the host 1o wate # volame pontrol word {VOW) {o o holding sagistor, and

thon perforn an bardware loft sl by one to realize a set of kemel vadues {VOW, 29VOW, VOWY, Within the

outpul word widih this would allow use of an sbitrary vohuue aper.

[O0s4) e addition, the vohone taper could be generated algovithumcally in hardeeare instead of in host
safhware as s subamyed here, Bither method will achieve the ond of providing 3 flexibis and inexponsive means

o contrl and update vobawe g

[O0sS] Figs, 4A-4C shaw, in aocondance with s cobodinent of the invention, various ermbodingags
of vodurne coatrd block 103, Fyg 44 shows srioplomentation $0€ whoretn o mudtiplier 402 and a lockup table
04 are onyploved, Lonkeup tabde 404 yopresonts o table of volunwe contro! coofficionts and iy be

ivplereenicd i RAM or ROM. Inda 400 fiow the Iadd stage of the interpolator is multiphiod with a valog (408)
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that is obisined frore fookap table 404 using the volwme contral word vabue CHH). The output (412) ropresenis

vahnne weighted dati 1o be provided to the nolse shuper block.

{0036} Fig. 48 shows another implomontation whoreis the madtiphior in the aothmetic wit (sach ag
nwliiphicr 304 of wriilunetic 302 of Fig. 3} is cmploved in oxder to tmplement the volwse conprol function. By
using w0 oxisting muldpher instead of reguining g soparaie muldplicn. e embodiveent of Fig. 48
adviningeously paies loss space to implomont, by fhds case, the 3 filtey kovoeds 424, 422, wod 424 (Jewing tap
fengthe of 47, 7, and ¥ ian example) implenwesd the inerpolator function. The fourth flier korne! has 3 ap
fitor keroel valoes of {13,115 sof ap as s table with 32 kemel values Shown s 420-0 o 4263 1 to
accommnodate the 353 volume control word applicd o a selection decoder 433 The voluwe control wond
sofocts which of 33 kerwed values 426-0 10 426-31 would be coploved to inplement te voluye contiod

funetion. These kernad Hilter values may be stored in ROM momory blook 320 of Fig. 3, for oxample.

{0037} Fig. 40 shows ancthor implomentation of the volume contra! function by making direct use of
the stiple teee wp Hler koel vadues of {12110 Inthis implementation, the host wiites 3 volume control
word (VOWY o a bolding wegiater (4000, and en perforns an hardware Teft shufl by one (nstag seithwetic shifl
nent $03) to reabize @ st of kovnel values {VOW, 33VOW, VOWE Progoa counter 464 then selects (v
sefection block 46463 the kool vadue 0 be emploved for use o implemont the vohawe control function. Within

fhe outprt ward wadth, thix weandd allew ase of an arbiiony voluwe taper as sentioned.

fO0sE) Conerally spoaking, the wotse shapor ropresants the primary mesns cmploved o reduce the
word width noaded for digital 1o snslog conversion. Inan cashodimend, 3 ovpe of delta sigma modulaor caliad
anarror feedback (distingt from outpat foodback) stnsctuse is coploved, Advaniageousiy, the arvor foedback

structa 18 sipler fo design, e comparisen &y the difficdiios desionng sp outpat feedback strocture,

{0059 Fig § shows an oxmvple notse shaper implomentation, 18 accordance with an eisbodiment of
the prosond Bvention. Ian oample notse shaper inplomentation, the 21 bl vesult from the volume comiol
{which nntegnally inplernented with the interpolator i an cwbodisent sbve the volisve contsol Clrouit
craplovs at feast some civenitty of (e ivtorpolaton) ix applind to one port of axt adder (302 e Fig. 3 The adder

produases o 23 It oatput. The 32 bit outgn i shmped (vie ssbaating clamp S04 of Brg. ) 1o assure that the sum

does not wrap sround; msioad, W satuoaing. The 22 bit rosult s tien spli 050 Lo picss, the fowr modt
stguificad bits, and the sighiesy least signdficant bits, The 4 MEBs are the vutput Trove the nose shaper. The 18

188y aw dee ooy feadback,

0060] The error feedhack s applicd o an FIR high pass filter, and the FIR high pass owtpat is
apphicd 1 the nput adder desoribed shove. The high pass Gler desdpn dads with o differentiador with a transfer
fonciin Hizy = {1 L This filer bas o gain that ncreases 10 a8 factor of 8 at the boop Nyguist froquency, This
is ogudvalant b adding tres additional Bits to form an undistortad Righ pass ootput. By maintaining the iapwt
adddor widt as the s as the ervor feadback word width seabibpliod by the gain of the high pass response, the

foop renins stable fn s ranch as oo satoratke or wiap wannd phoaanena soear

joh6 1] As it stands, the differontintor works over ¢ Hmuted bawdwidih, and then s monatowigally
increasing g with sespect & frequenny causes the parformsxcs 1o degrade. To alloviate this, the soms of the

faph pass response e shified to form owkder stopband. With the thind coder respoase, the throe serg s
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musipuiaiod so that one s loll a1 DO wd the others are wovad 1o nowr the wpper ond of the audio band (abowt 18
kHx This optinsization prodaces o modulator uoiss transfor fanction which naintains the stophand guin st a
fower kvl over o wider bandwidth, by slisviating de porfonmance delorioration caussed by the wse of a

difforentiator transter fanction.

{002} For the third order nodse shaper. the FIR kemel vidnes for the eror feadback are, fora
dfferentiator response, 3,23, 17 The epiindustion procedure changes this o {3977,-2.977.1%. In Flg. 5, theee
rogistors S0, 312 snd 314 aad shee muliiphiors 320, 332, and 524 baplomend the feadback loop. To Buther
simplify s crabodimeny, shifl and add oporations sre eaploved 1o tmplement these kerneds. The exparsion ased

hise four foras, 34 1~ 332 + 1280 This givos sesponse seghgibly dilforent fromt the optimued response,

R

{0003 Finally, a dither signal {3400 s added 1o the inpa 1o assure good performancs, froe of
artifacts, when the sigeal input approaches wure. The dither is gonerated by wall known techniques using
masimal longgh sequoncss. In an endodimont, the dither is updated 8 the nolse shaper mite, and uses an MLS
{Maxinsl Longth Sequence) of fergth 27~ 1 Simulation showed no probloms varving the loagloover a wide
ange. The dither can be applied in one of hwo places i the noise shuper Ioop. The fing olwdce 8 to add dw
dither to the crror feadback befors # is sapplind 1o the FIR Hler. Thag has the benelit of attonuating any nolse
oomporents thal could be inband. As g simphification, the dither s apphicd © the ot adder, sealed so the
dithar reproseated 2.6 i X5 complomeat quastity addod 1o the 21 bu e sinoad, the teeo words ahigaod on

thaiy LB, This sraphfication saves an adder and produced ne wessurable dilforence fothe rosudis.

{0004) The 4-bit ootput of the noise shaper is traosformsed to 3 1 bt ontput for dightad © amalog
conversion by pulse width modudation. In an cibodiment, the palse widih modulation takes the S MSBs Dom
the noise shaper 23-bit owtpit and adds +1 o round e 3 MEBs 1 8 4-bit resalt. This 4-bit result is then ased to
carnpete the widdh of $e cutpes pulse. In crder W minimize distortion, e owtpat palse width ds changed g
synpueine manner arand the conter of the PWM carser pertod. This can be doeglt of as Rt:cpin;g the center of
gravity of the wavaform condang;, if the PWM i "popitated” by sbnply counting b from the beglnning oy

ending epoch of the carrler, the conter of gravily mves with the modelation value, cansing 4 distortion,

Svawetnc apphoation of the modilation avoids this, bat it docs renuire incrasing the granudadty of the PWM

by a factor of two,

U An prample wiplemantaiion uses the $-bit fnpud 1o aocess @ codebonk taldde © goverate the
actisd PWM orgat. The codebonk table retivay a string of 37 suaple valves that s either zoo or one. The

patput ook scang this vector, setting or clearing the output as desired. Techniques soch as ushieg 4 re-clocking

register, widch is koows i the as, may be coploved 1o assure that the ousipat s free of glitches, Fig. 6 shows an

example poatpul of the PWA block for varivus oodes,

[OL66] The singls bit ontput from the pulse width modulator is then convestad o an anslog ngual,

For saocessiil conversion, i is destrable (o have the output buffer show 3 segligible ditfercace w oppat

inpodance ax § switches from one state 1o the wiber,

[O067] The baffer then drives o mulog recoustrantion flter. Fig. 7 shows an exampbe of an anadog

reconstraction Bler. This is  low pass {ilter with & cut off frequenty botween 30 and 70 kv The aceal cot off

Frogeanioy may vary scoording i inplementations. Madabing sn octave botwenn the filter cot off s the

10
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appey bid odee pashes the awre sovere group delay distorion above the audio band, such dwt the rosponse in
the sadic band is prodomiated by he resporse of the first stage of the terpolator cascade. The low pass filter
s typacally socond order so that 10 will not rosuli i excossive insortion loss. Ol of band nolse fends 1o be

sipidly attenusiod with such a filter, falling 44 dB a1 the noise shaper sampling mie.

{O00K] Generally speaking, a typisal embodiment of S DAL genorates an onfput signal that swings
botwonn #o30 and some positive volfage. The inmstion gonorator addresses e probloms with the tninsion

resporse of the amslog outpnt setvark,

{0009] Typiontly, this wdpolar” PWM will be spplied to the analoy fow pass filter and thenio
decoupling Sapacior so dut the solual analog output will be “bipoelar”. The decoupling Capacior hus a voliage of

Vo dovedoped sioross B, wiich cantbe chargad by application of te PWM ouipud.

{00701 In anembodimend, the transition gonorator appHes i rabsed cosiiee tapey 10 3 PWM applicd to
the oudpat. This has the form 851+ cosfargy]. This fanction mayv be generated with sunple hasdware, two

rogistars and two adders that ssploment a scoond order reonrsive section. This section 1s imtdiond 5o arg = ~%

and the filiey iy ncwmented 3 fised mbar of g steps, until. aquivalently, arg = 0. This gonerates & smaoth
ratsed cosive vadation o the section audpat, which s thos applied o the pelse width sedalator, albed with s

mistch Heher PWA olock o sappost the wider wond witdihs novded, fvpicslly 11 hilg,

[O07 1 Fig 5A shows an oxample aplomentation of a transition contrad block Braccordancs with an
ginbodivond of the prosent invention. Transition control bogk 804G provides a syisaxd vosive fapur to the PWM
blook duving strt up or shid dowa sttuations. Baised oosing faper is chosen for its desinsble spoctal
charscionistics though other fipors nay be enm}ayeﬁ. Transtiion conirol block 300 hmplemvnis a seeond-order
recussive network implomented by two registors 802 and 504, an adder 860, and an anthimetic righy shift nuit
B The writhsetic shift wrdl shifts the word recsdved at #s tnput X8 biis fo the right, resulting g vory small
value boing inpud info rogistor 804, Rogistors 302 and 894 wre sot to the imttial conditions. Clook 814
e the recarsive seotion, providing ouwipas 816 10 the PWM block o bo cmploved during start ap.
Ruonwsing the secarsive seohion backward roxolis in an cutpad 816 that can be provided o e PWM blnck dunng
the slaat down opention. Fig, 8B shows, in saccordance with an ombodiment of the baention, a simphifiod PWM
Bock Juving o PWM cironit 850 and o seloction civouit 832, Daving novial oporatinn, FWA circait 850
eeaives duta from the ouipit of the soise slaper. Duaring stagup or shutdows condition, PWM clironil 830

seoetves ditta From she catpsdt of the transition gencsior block

JO072] Fig, ¥ shows an unplomeniaton whersin the DAC is divided o sthree clock donns, ach of
which may oparate using a difforont clock. Clock dovnains 902 comprises the npat dats imterfaoe block. Cloack
dowin 034 comprises the warpolator bock, the volume controd biock, the nose shaper binok, the transition
gonerator Block, sud past of the pulse width modalator block. Clock donsain 806 comprises a pant of e pulse
witdth moduator blook and 2 pant of (e outpt baffir black. These clock domains am inked by FIFOs
hetweeen the clock domins and not shows, which are provided with senaphoses. In the exanple of Fig. 9,
Chrouityy e av ypstreann Chack domata fo.g., oloek oot 804y mae process data st gl spead for a shont period
of time, stores the wosult In & FIFQ, and then pocs into an ille mode o save power. As the ronud data inthwe

FIFO is cosumed by the downstream clock domaby e g, dosk domain $06} 10 some predefined lovel. the

11
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soxnapie 18 set 10 wabe wp U upstroam clook donmin cironiiny 10 allow the upstrvan clock domin o begin
processing dota sgain. Tnthis manrer, sdvaniage s taken of the Mgher spead offored by modem Chrogitny wlile
POWSE SOISBRHON 18 optimizad since clrouitny in g upstasun clock domain only gots woken up (such as
circifyy olock dowain P04, which tends fo consime the most posver when active) and asked 1o process data

of 3 as-needed basia,

[{30?3} As cancbe seen, ewbodinents of the bvention bnplearat a self-coniatmed DAC that is
espeoaily sutinble foruse as an 0P cove. paticndady for 8OC Systonr on Chip} huplementation. Inan
csnbociment, sfior the volume contrad word I sl iaput data mey be recotved and 1-bit ouiput per chaed 18
provided withou! requiring Rsnber adhustinent or ipat, The regdsters of the tansigon genenior may b pre-
foaded with values o, ff desived, the registers of ge transttion gonerator may be provided with costom values fo
oustomize 1he tansiton generaior block for o pwrtcudar apphcation, Technigues we appliod 10 coploy conain
ircunits Gsuehoas arithasaic eloment 302 o porfossn maliiple funciions inthe DAL, therehy rasulting napans

saving, Toechmiguey are also apphicd to soploy fower circuits per functional Block 1o scldeve further space

saving By

amploving molaple clock doraing and bumng on selechive ircoits on an as-needed basis, pawer

jO074) Winle this invention has boen described 1 terms of soveraf embodiments, there are alferations,
pormstations, and equivalonts, whick fall withdn the soope of this tnventton. 3t shoold alse be antad that there
s vy altorastive wavs of aplementing the methods aad apparatases of te presont tveation, 1t 15 therelors
tntendad that the fellowing apponded clatas be interproted as inchading alt such a.it;;:.mu}m:zs, porndaticns, and

equivadonts as sl within the tree spirit and scope of the presad investion.

12
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CLAIMS
Wit 3 cladmed i
i A digitab-eartdon convarter (ACH cvait for converting digital topaot data to analog data,
sovaprising:

am iapet host interface choult vontiguresd fo scotve the digiial ioput data; and
an interpahdor cliveii configumd to biomolate at least 3 partion of the dightal inpot dats recadved by
fhy input host interface cironit and (u gonerate nforpoland date, whemio the atorpolator cieall is implomanted

with swliiple derpolator stages sharing an arithmeiic wint for cwapating the interpolaied data

i The DAC ciwit of dlatm T whertin the saltiple stages of the imterpolatar ropresom 8 cascade of four
FIR half-band digiad filers Javing seleotible kornel lenptls and word widdls,

5 e
i i

Vhe DA otrcuit of olaim 1 whemin the multiple stages of the intorpolator ropresents a cascade of

cigital Nilters sod xewe crder holds having selcoble komel Tengihs s word wiiths,

3. The DAC circuit of olann 3 whorsin the digital filtces are FIR filiors
b} The DAC clweit of olaim 3 whereln the digital filices are UR Shors
o The DAC circutt of slaim 3 whorsin the digital Bliors are Lagrangian intorpolation filices

The BAC circuit of claim 3 whereln the digital Blters reprosem CIC filiers,
8. The DAC oircuit of olaint | whoreln the muliple interpolator stages are baplomented by a plavality of
mvroprograms configamd 1o be executed by the antduvetic anil
&, The DAC circuit of claiog 8 fusthor comprising o program oountder Circont, wherein each of the plosaliy
of ycroprograms 1§ assovtated with # control fiekd value, & mivroprogram of the phuality of microprograrms i
exeopmnd by the avithwatic wont whon U8 assosiated control finld vabee matches o program counter valag
providad by the progras cogrser Chowt,
183 The DAC circuit of claint § fasthor comprising:
a volume control circuit configuned to genemie vohuane-woighted data from the btopolated data; and
# noige shaper shroudt for weducing a word width of the voloms-welghied data b ponerate redoced-
weidth nodse shaper oot

il The BAC circalt of clabe 1 whessin the voliane contel cironit 18 imphomented by explicit lundwae

nwbiiphicndion nsing a multiphior snd volame control da provided by # host.

B2 The DAC circult of clabe 1) whoretn the volume contiol Cironit is implomended by axpliclt lewdware
nwmiiintication neing 3 muitiplior and volume condrol data provided by Inokup table cutpist from a lockap table,
the lookop bk reatving s volwme contrad word and providing the valams contral data to the yuuhiiplior.

i The DAL cirouit of claim 1 wheretn the voluime control ofrcait s inplomented as e fasd stage of the
interpolator chrouit,

i4. The DAL ciroatli of clsbe 13 whersin inivipodstor covfiicients of the last shige aw bdegess {xv.z). ihe

pcrpolator coviliowenis aw provided by a stnschre that is one of @ lookap table snd a phavahity of regision such

that for g ghven volamme saiting v, the structore msalts i vides Dxv, v, vk

13
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i The DAC chrouit of clabm 12 wherein the digitd input data is receivad a8 two separate data stregras
cornprising a fiest dats stoon for Lot channed sovploy and 2 second duta steoam for nght chanrel samples.

i

f&, The DAC chowit of cladm 12 whereln the dhwitad input data is secetved as single dada stream wiy

feft chanve! sampde dita aud right channel snuple date are provessed seguentially in different olock oveles inthe
intorpahator circad,
17 A digisl-to-amalog cawerter (RACY chiruil for converting dightal inpos data to analog data,
somprishg

an inpt host interface choalt confipmed 10 cotve the digital inpot dats

an interpelator claait configorad to ivorpolate at loast & povtion of the digital tapet data that is
received by te input bost interface circnit mxd o genenite interpolated data;

a volume contrsl Clrcult configured 1o gonente vohune-weighted data Prom the intorpolated data; and

3 noise shaper circpll for reducing e word widih of the vobume~weighted data o generate reduced-
width shaper output,
I8 The DAC chveit of olaim 17 wheretn the velume comtrof olroull is toplomented by expliclt hardware

muiiphication using & roudiiplier and volume conirol data provided by a host,

ig, The DAC circuit of cladnt 17 wherain tie volunwe contmd clrouit is boplemonted by oxplicit hasdhare
madiplicgtion nsing o mutiphior and volume contro! datg provided by Tookup table cutpit from g loskap bk,
the lonkup table recowving 3 vohame control word und providing the volume control data to the maltiplier.

kit The BAC ofrcuit of claing 17 wherin the voluwe controf cirowit ard the iterpolator civrouit share an
avithuatic cloment @ gonerare the terpolated data and (o geveraie the volame weighted data

I The DAL chrouit of claisn 380 wherein thy volame controd clait 6 mnplerented as the fast stage of the
inepolator nircuit,

32 The BAC circeit of clain 21 wharoin ttsrpolator coefficionts of te last stage are Dagers {xy.2). the
ferpelator cosflicionty are provided by a struchwe that is o of & ookup able and o plorality of wgisters such
that for a givea vahane seiting v, the druchne ©suls 1o values {xv, yv, 2yl

3. A digis

alto-anaiog convertor (ALY cirondt for comverting digital by data to analog dat,
Comprising:

an fnput bost fderface cirondt confignred © sevetve the digital put data)

san Hdorpolator chondn

s volnme condrol choull conpled o the bderpolator clraudl, the ntcipolator chronit and the vohune
contred oircuit being configared 1o weeive the digital input data aad o oudpet volume-welghied and iterpolaied
distal

i notse shaper chrondt couplod fo receive the volume-weighied and infompolated dati to gonerate
reduced~widih shaper outpi;

& ansition gonewtor chrcutt configired o gonenste 3 tansHion signal; and

a padse width modidator chioudt condigured fo seceive the seducad-width shaper output and o produce &

first puelse oode wandidation signal From the reduced width shaper cutput when the DAC s oparating ina fist

14
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siate, the polse width modelator oivouit configared 1o revedve the transiion sigral © prodece a sepond pudse
sode repdudation sigual from the traosition xgral whas the DAL {6 vperstiog 1o 4 second state, the seoond state
being charsctenistic of &f last one of 3 prwver-ap condition aud @ power-down condition, the fivst state baing

charactenstic of opevatiug conditions other tra the at losst owe of e povor<ap condiion and the powerdown

sondition.

3 The DAC cioruit of clatm 33 whoreln the transition signal is confipurnd to paduce 3 seomh transition
in the second pulse vade medolation slenal dusing the at east o of the power-ap condiiion and the poywer-
dov i oadition,

3 The DAC circait of olaint 23 wheretn the trensition signal comprises ¢ plumlity of pudse code
modulation values, the pulse cosde modulation valucs being genesiied by dedioated snthimetie bardware

i The DAC circait of olaint 23 wheretn the trensition signal comprises & plurality of pdse code
moduluiion values, the pulse cade modulation valucs being gonended by one of & Hinear comter and an
seonsulaior.

7 The DAC circuit of olain 23 wheratn the ransition signal comprizes & phaslity of pulse code
modulation values, the pulse code modudation values bong genonted by dedicated anthanetic hardware that s
conflpand w producs a solution for 3 sceond order dilfforence egnation,

IR The PAC circuit of latm 23 whoresn the ensition sigaal comprises & phaydity of pudse code
modulation values, the pulse code modulation values boing govemited by dedicated anthunatic hardware that is

configund to produce vahlees i sccondance with a fanction of 8.3 HrensGadl

R A digitalao-amtog convertar ALY ciropit for conveating digital fnpit data to analoy data,
comprising:

an inprd host interfie creait confligured © roogive the digies put dasy

an fepolator cirondt;

a volomy convrol chcull couplad to the brorpolater chcull, the bdeepolator clronit and the voluie

contea! ot botag configerad fo soceive the digital inpet data Troms the ioput host iatorface cirvelt aad fo
oastpet volume-weizhted and intcrpolated daty;

# ouse shoper shondt ooapled B recive the volamowiighted and intorpolated i W goneraie
sedhiced-widih shapor ovtpai;

st paise width nodulator ciromi configired o receive the reduced -width shaper outpat and o produce
Flrst pdae code modidation sigral foom the reduced width shaper ouiput; and

sn wedog oulpit chouit inchuding an output bafler and 3 low-pass Blier for roceiving the Ot pulse
code modidation stgral and cuiputitog the analog data, whorein the inpot host interfice cicait caplovs a That
clook sszoctated with a Dinst clock domain, the intorpolator circnit, the vohume control ciruit, and the notse
shipor chroait, aad o loast s portion of the pudsy width modubstion chreult ormploy 1 seeond clock assocksted with
a seeond Clovk domain, the second ook bemy asyachronous welisiive o the fist ok,
i The DAC clemt of cludin 29 futher comprizing a ransition genenitor ctrcait configumd o generte

franmition siguaal For use by e pulse width modulstor Cincuit o gonarsio # sevond palse code modulation signal

15
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during at least one of a power-ap coudition and a pewer-down condition, the {ransition genrator circuit
caployvs the sooend clock assoviated with the second clock domsin,
3 The DAC chowt of cladm 29 wherein the aunalog output ciscett cmploys a thisd clock associnted with a

thand slock dormain, the tded closk being aseuclwonous with yespeet 16 the second clonk and the fivst ckeek.

32 The DAC cioveit of olaim 33 wherein the second clock doowin and the thind clogk dowain e bridged
by a FIFO cirenit, circoitsies in the socond clock donwln ¥8 sctbvated from an idle stade 1o produoce the fivst pulss
cade moduelation sigaal from an e stule whon date sutpat by the chreuitaes 1o e sceoad clock duaain is
rogquired by chonitries by the thisd cleck domain,

oy N
2y ¥
33 H

he DAC chroait of olaim 2% wherein the socond clogk doosain aod the first clkoek domain are brdged
by g FIFQ crcodl, circoiiries in the first olock donwin is activated from s idle stafe o receive e digital inpul
daa when the digital inputdatn is roquared by cirouitnies i the second clock donsin

e

34 The BAC chalt of olaint 33 whoreln the input bost interface circalt &8 coupled o meceive data frionta

host netag & FIFO sucl that dat yomsmitied from ibe host toihe input host interlsce chronit ix free of gaps due

o nomamifonuly spaced pulse code modulntion saples.

16
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