«;e3eMiddeg.Jgh6 i T"ijgA 1 22 OCT 2002 A SIGNAL PROCESSI NG CIRCU T FI ELD OF
THE | NVENTI ent invention relates generally to digital to
anal 09 (D/Aﬂmmﬂmmﬂ “mmmmor anal og-to-digital (A/d) converters, and nore

cul ar | gnverter that uses a | ower frequency crystal cl ock '
sour ce W t hout STPPET | ng significant per.]‘ or mance degr adatbgn?%y %66’2 cl ock

fitter. 10 BACKGROUND OF THE I NVENTION I n digital-to-anal 69
conversion circuits) it is desirable to obtain high precision conversion

usi ng | ow precision conmponen d are often enpl oyed
in pursuit of this object. ﬁ'ﬁf’bﬁﬁﬁggﬁﬁlﬁ& é“g&mft a converters allow a
hi gh-resol ution signal to be translated to a | ower resol ution signal

i npl Enent abl e usi ng standard | ower precision conponents. FIG 1 illustrates
an exenplary prior art sigma-dEIBELD ©MVHEINVMENTIQNI t denoted general |y by

the reference nuneral 100. The sigma-delta conversion circuit 100 includes
a sigma 20 delta nodul ator 102 and a digital-to-anal og converter (DAC) 106.

The signg-delta nodnh@pmseh@awenﬂbuwatesrg@wmmpfosmgw& targha %D/a yquanti zer
116, an adder 118, and a ga@n fact.or qu} In a feedback Ioo e out put of

t he quanti zer QQLrB’eir@ri)PB@ Stﬁsd'gi?é CAHVEHBET _RNAIMPFRP ’GﬁH‘é‘deﬂ circuit
118 and to theyj néfthgfhseLh Mkery He 1t mqn bl ock 112
is provided as nggg%l ve ? a%:k tor glg%l{ehe?&%mmtlia%%lsgwrc%{}ﬁ 4. The
summat i on Ci rcsuffermlgmﬁeam@mrfcumance degradationpdue taaclackiited. i nput si gnal
120. For exanple, the digital input 120 may be 17 bit user data provided in
a sequential stream The quantizer 116 may be a 3-bit quantizer, for

exanmpl e10The i nput of 30 i BAGKGROUNOSOFSTHEINVENTIOND the out put of
sumat i on bl ock 114. The output of integrator 108 is connected to an i nput

of adder 118. The 112 22 QCCT 2002 out put of adder 118 is connected to
the input of summat !noﬂlgﬁllaﬂfd‘aﬁ R) WHrivelsioh TR itoR QbdiFdbid 48 drives
cl oc

the input of quantizer source 104 cl ocks the digital-to-anal og
converter 106.oktain dighk kpesicision tcaygrgjen eusingy lave qureeisiona cenprorendgjuency

crystal, S“Cha$ g?ﬁ% ?ﬁ@% rrtﬁ%&ﬂ%@gé %pd ﬁl‘teﬁ?efrr\plg &d $ Bﬁﬂ’qubfttﬁﬁ object. In

digital -to- an ency cryst al
di sadvamSageoupaﬁlcutae biggia- ﬂem]lmnvgrtensyalﬂcaﬂ/sa high-msotutiohl sngnar to eepensi ve

and therefore m t ket accept ance of . produc in which they are
i ncor por at ed. '3}?&%&&1 qV@rd?@PEE ONngopak r@%lg{geré;blphlésleg c?rcgﬁn‘?@%ci rcui t
of 10 FIG 1 I@Wé? (8Bsh SomPwREnts! CAKENE Yistiasédani ékénhﬁag BRI BA Circuit
along with a phase | ocked | oop (PLL) frequency nultiplier or exanpl e)

FIG 2 illustrSigga-gdelir i eanversion| girgiii dengtedrganeralbh by thei fefQ(ﬁB\C@rrpl oyl ng
S ompbend o Bl e 1 SHRUBIa B LRI OFAR 107 R £ugiial 222
20 delta modulator 102 and a digital-to-analog converter (DAC) 106.
The sigma-delta modulator 102 includes integrators 108 and
110, a quantizer 116, an adder 118, and a gain factor 112 in a feedback
loop. The output of the quantizer 116 is provided as negative feedback
to the summation circuit 118 and to the input of gain block 112. The
25 output of the gain block 112 is provided as negative feedback to
another summation circuit 114. The summation circuit 114 receives, as
its other input, a digital input signal 120. For example, the digital input
120 may be 17 bit user data provided in a sequential stream. The
quantizer 116 may be a 3-bit quantizer, for example. The input of
30 integrator 108 is connected to the output of summation block 114. The
output of integrator 108 is connected to an input of adder 118. The
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. 15 same clock speed (55.2 MHz) as in the circuit of FIG 1 a phase | ocked

, loop (PLL) clock doubter 205 is provided at the output of the clock circuit
204. The out put of the phase | ocked | oop clock doubter 205 is provided to a
“*clock input of the digital-to-analog converter 206 in FIG 2. The PLL is
needed in Fig 2 because the signa-delta gonversion ci rcuiézzgcfi to
noise ratio wll degrade significantly iT the clock speed Ts decreased by a
factor of 2. Wiile the circuit of Fig. 2 can be an acceptable solution to
the cost issue, the design and manufacturabilit f the pll 205 jn Fig 2
makes the sol LRYIBH! @ ﬁggﬁrﬂlﬁ:ﬁ quﬁl@é 1o g 4w P@mﬁﬁoﬂlpé’cih@%phase 25
| ocked | oop cl it bIER 110 PivE S RO btk bPRUAALAia 1Bhase | ocked

S HRidroFufigidieribigtlct 10 b E MRl ' i

| oop cl ock dou cult urther di sadvantageous in that it
i ntroduces undesir ableloek sourde 104rclockisstheadigitabtmantiog cormgutencl0& pect rum

of the digitalsto-anal g 0, rter clock signal., ock fitter,_on the

i i tal to anars EORARLETTH GEREw taruTee A ok TedtineY enitial Rubh30
donmain wsth thes di 565 baliHzGWEtadaRa, tar dlbekiAg Ihé Aigitap-te-anbRy comesigrer and
produce serious degradation’in the nqise f|loor of the converter. For

si gma- del t a colRfer Bdhighifrequensy crysdalds gisadvantageops gingechightfeequeneynit this
3 22 OCT 2002 i I b C L tgn.
Therefore) whi %Zg%?sg%é %%@lﬁﬁéﬁggg?elﬁég%eddgsﬁgqoég}egd;rg(}”b\n&ttﬁét rk?gﬂ(?gnver si on
circuit, it cracoeptantssofigprodudisnandficivtheyarelinegrppraietiens. For exanpl e,

versus frequency.  THNE STABRC S0 tebrétstia Ble, BORE o v frbiBh SE0R G o1 oo
The power “Spectriim o Che otnt! Satron ! or 345 and the ouey Seaet ram of
t he Bhase Igck@GngoWHhi Ad i éﬂedo&@ﬁdf‘OPPer(sbbh.freﬂ‘r@”ﬁﬁagﬁt!%i@k-edpﬁ%op (PLL)

[ nduced 10 <l ogkerhbiel #1030 41/skBM 8 phioP Bl el Al @Sfyotloh ol pb” Tance

of the phase | ocked ' he quanti zatTon noise 302 results from
converting theemplaying amheaking ciecuit 20dwithca slomier aingtlowee-cost 4.6 MHzt he 3bi t

quanti zer 216. be_s ' [ tLhere 1.5, S ] 3| riap

bet ween the 15”@%%%??:1??@ﬁ)%%{agég?géégn'gp‘gh@%@loﬁéﬁqgégwﬁeggctbg cl ock
fitter 394. QSSAmelclmms_pbéelolt (%.a:l\nHz)tdsairdiﬁgicﬂmhittoi F&Gﬁhogppawwd{edn f
process can be nat tic e such that the there is,a "mxing" o
the clock fitt©PPwR tnglaicéuggqr éﬁgdsimoi"ﬁﬁgd?’g ealouf%ﬁa?ifszgcg‘}ﬁverter.
This m xing f UgBEdiCP04.S TRREUDUEIUETSF the phaBd Abaldtdidopeciaie eolBle?f20BN e cl ock
fitter and the 20 deidgital data to arrive at the spectrum of the out put

si gnal of the Bicyided toracloekiinpuiadibe digial-ta-analegsLopvesesd06imEIG 2.t er
spectrumw | | jine; W L | hWSE i Sl | ar
frequency regi ﬁﬁg?nl' 'rs\z%%%%dr:@ ﬁfgggbgﬁ%éﬁ{h&ngpﬁ% é@ggﬁ%ﬂﬁ@mﬁggﬂrﬂdc' That
i's, quaBbizati signabitcen@§2? ratid wiledegrasie bigakiedntlpodb thedzloadd speedkisfi tt er
304 will undesirabl mx int digital to anal og conversion process,
resulting in dgﬁqrﬁaéﬁgg’yﬁélcb{ﬁﬁ?ty at the output of DAC 206, a

degradati on that hawHiethengitsuit 6tFig Deanbeadhczeptbls Bolutiohowethe

ci rcunst ances. Therefore, the use of a hi stal suffers

from cost |ini €@8ti §AYS. iR |désmaﬂﬁgmaﬁe}%g9?5fée{}$&e %?ﬁBéﬁaﬁ%scwagae with a
ot aveypor o ek SRk ok MOt dcpmicdnbbaty Uanherdidt > I
25 locked loop clock doubler circuit 205. The introduction of the phase
locked loop clock doubler circuit 205 is further disadvantageous in that
it introduces undesirable clock jitter noise across a wide frequency
spectrum of the digital-to-analog converter clock signal. Clock jitter on
the digital to analog converter clock signal will mix in the frequency
30 domain with the digital input data to the digital-to-analog converter and
produce serious degradation in the noise floor of the converter. For

sigma-delta converter circuits, the clock jitter requirements to limit this



.4 22 OCT 2002 Thus, while the use of a | ower frequency crystal is desirable
. froma cost standpoint, its use results in degraded system perfornmance. As
such, there is a need in the integrated circuit (1C and tel ecomrunications
“industries for an inproved digital-to-analog 5 conversion architecture

havi ng bot h hi gh performance and | ow cos§. SUMVARY OF TH These
and ot her di sadvantages in the prior artséare over cone inEzaﬁ %@P‘lﬁr@} part by
a digital-to-analog (D)A) or analog-to-digital (A/D) conversion circuit

according to the present invention. Briefly,. a or Al D cqnver.si on
circuit taughtd%g@?tﬁprﬁ sareoﬂ*tf%j'ﬂ?ede‘ﬂlﬂrm%c‘ﬁffick'gDéme design. ¢ "B ¢l ock

fitter noise tgnis F?;?;%\tﬂle\fgsetﬁlé%&ﬂs@ﬁ@fhs%c?a‘f@d withahé!Rplefdidr Biiculpi se may

be substantially se ed or filtered fromthe 15 quantization noise. By
ensuring that ihardades desigs andananutactwsabilityl greblesmsici de wi t h hi gher power in

the fitter noise, I ensa, e e i ion

noi se and phase Iogﬁ dg%‘%’ﬁByﬁ' ﬁ@céﬂ%ﬁ@é@%?@%‘?@%@] %%Q’xﬁ"%%m@he
signal b&nd i nspdutralli dehsity t (PSDRI versasnvegaienoy.pr othiss, graphr 899 adshi evi ng
enhanced system perforpance at a |l ower 20 cost. BR| EF BE[?CRI PTI ON OF THE
DRAW NGS A bet leBresaiieig @idine chrradieristicse Rl ite SOmastaiiceomeERohe 25
foll ow ng det ak; ERt 1N i A I I N e

Fol | ow g dr au (o 200 FIR. 22,1 GRS SRold U0 BoHBE Spsiin ot ey
frequency crysquantizaijion nhise 802 gnd dhe tpoweraseretum A thenphass lm:kegr cuit

frequency orysPaPifadicloorclir,dpdr e HBRsp Tobed Yoo (BL6) Tl

di gi L al ??o- anatlogk qm?vea%g?mlmcnbm anperfedtiogst ml tHO1lae pprfbrm?ame ofRh& 3 is a
r trat t t . j t i

Qe Ca di gi tal -PoASh POt IRt B TFF clvartEalef cnoise 504 isBlistfoBod F o

4 is a block digQfeMm@tne 1y i ihpaOSIeEEHM dIWstaB tHistattthb-dulpatnet tae 3-D/ A)

conversion architecture with inproved performance in accordance with one
embodi nent of bihguppzas@Al16.nvention; FIG 5 is a diagram of an exenplary

digital-to-analog c i i i )

enbodi nent of the pgg\séghfdeloﬁ%%}]ﬁ g@é,gﬁ{gg% éldg)sg&g%\‘/\gr sge%%eﬁﬁsi ty

graph ofls5t he dygantidation-rvisd 892 candyphase tockedHoor inducedodloéh (Btes304:1 G 7 i s

a diagramillugtrating a djigital:-to.apalog conversion 10 architecture

according to aﬁﬁt'ﬂ PO@M%M the qlg{%?it%%gﬁfq%ﬁ?n\fﬂrﬂoné)rpge%ﬁ EAgPam

il lustrating eximémblicalyofiodeRidesacHTEhatthehbera b “atidingtiop e @lock cl ock

doubter according to the present jnvention; and FIG 9 iQSf aL[b_I ock, di agram
hi

i | lustrating alittelnaitodne Gijgitiabﬂﬁtﬁ in thersligita) te ARARS convelt hig (xieg

f‘ﬁ,@g\#i oS L0 OffcHBR bBENEIEM td BENVINIRGthE Bpedthd 6t tHelb ISt riaHANeCOF THE

20 digital data to arrive at the spectrum of the output signal of the digital to
analog converter. In this process, the jitter spectrum will combine with
the quantization noise spectrum in a similar frequency region and raise
the noise floor in the signal band near dc. That is, quantization noise
302 and the phase locked loop induced clock jitter 304 will undesirably

25 mix in the digital to analog conversion process, resulting in degraded
signal quality at the output of DAC 208, a degradation that has been
measured to be as high as 40 dB in some circumstances.

Therefore, the use of a higher frequency crystal suffers from cost
limitations, while and the use of lower frequency crystal with a PLL

30 results in the creation of wide-band clock jitter that results in degraded
performance in the digital-to-analog conversion process.



.Generally, the present invention is an inproved digital-to-analog 20 (D A)
or analog-to-digital (A/D) converter circuit used for high perfornmance
signal processing, such as that required in high performance audi o and
“video, xDSL, G lite, cable nodens, high quality voice recognition, and |ike
applications. The sigma delta converters,taught herein use aokgv\%()fost
crystal clock source at a frequency 25 operating at fs/N \M%ere fsS'I's a
sanpl e frequency of the DDA or AID and Nis generally a finite positive

i nteger greater than one. The fs/N Si%{}%{ is nultiplied in frequency by a
frequency mul tipliefhys While theysecf @ rdrectiengy enetal ig degiralpledtoms hat

does not have 3 i gg)cgb?
Speci fically, %{“ﬁ§§t’0$§@§pg@ggfse{xéécg§§%§q I rr%{i e;dmsaﬁs?gspﬁnéc[fﬁm%ﬁcgf Cﬁlst ecture
t hat concent r asugh,t Hibet? odk fa t needatinl oth@l i indegratag oeircuih t(K&) f avduency

domain. Due to I . u finenment .of the clock fi [_Noi se,
the sigma del t‘gﬁ%%.f‘y&%h?{'ﬁﬁ@ E’S&Lilséﬁ%%sif%ne Mt d'%Bf%V(,eéj qgﬁ?l'gé%éﬂﬂgnoi se

6 22 OCT52002 gonvessioh anchitetture HavirsgBowyhiyle patfoamaned ahd dow cegiency
spectrumthat coincide with the concentration of clock fitter energy. These

one or nore additional nulls will result_in reducing the noise floor
degradation due to the nixi n@UWMARY QFaRdEAMVEMNTIRN se and the cl ock
fitter noise. In 5 this enbodi nent, the spectrumof the clock fitter and

spectrum of the dat.] i Qi I ' ryer

substantial |l y nut uaﬁ.'%/gge?(@{i %??%e&és%&{%g%gﬁg tﬁ%?ﬁ'ﬁ{]ggfér?r?ﬁﬁ‘%{ﬁ%gﬁ Sper ation
in thef fﬂOgi t al Ian'gglze apaﬁo@lycmvcggitwnomd gwo(tDr{Ayllﬁ]et amalegity-digital e(aéa/@f)t he

noi se oor in_the signal hand near . Wt is inventi.o sigpificant 1C
surface area 1_60??‘@3'88 Qe &%‘8_."5(‘9 t%?%rpée%ﬁﬂt;é’?l‘ﬁe_éﬁ'oﬁ‘ul éf'e‘{'}f’ta B?‘& dr ADis
not needed) WhAl® ehvedsidn4erEuit TROGNE RGN B Goafigaled Qo altRbfkse GRBVEr t er
noi se perfornmance may be obtained in sone cases at a |lower cost. In other

enbodi ment s, i MOTBY Hf dhriclaskrititer Hoise: tore Aamew, frequency Land se doatdhe
ooy Lo CHEbK B7 (RS WRED Bl SEphaied b7 sifySd iRy <

nodul ator so t I'n” quanti za not se ace
frequend§ spacquantizatignahoite onByhenspiagt thalt nudlsaini thes Juantizatsnchoisk fitter.
In this way, the mxin guant'zat'on noi se ,and clockfittgr will not

) S f th
dogr ade the peroBPideniEh BlonenBoief i e Tis? Bolkeo Ra it resh: e s¥eléni gnal

band frequencypfe@nen the’eglsﬁhﬁzaitmen\éijsoranmphb@e atKedelbopndansé®etbew t h
specific reference to F| G 4-9. rning now to IG 4 illustrates a

T FIG 4,
di gi tal - t o- anal'®f r@NANXENIR &%gig_a%h@'ﬂ%@t thecdigite) topn@leg gPRYATSIOH- anal og
conversion arc P&c%%%Ufl’?eréggacﬁi&ﬂ{gjbﬂﬂaﬁ%}cﬁ@gﬁwgbﬁsﬂtaﬁée e Rhksent
the um o

invention, 25 I's configured to separate pect

cl ock- m&dDt i pl i eesti nduced clock fitter fromthat of the spectrumof the
digital data input to a digital-toanal og converter, as will be discussed in
greater detail below Broadly speaking, the digital-to-anal og conversion

architecture 400 incl udeBRIEFIRESGRIPTICN QP THEDRAVEINGSUNi t 401 which
receives a digital input 30 signal 420. The digital-to-anal og conversion

converter (a0 d06A bRBSurBIBEaNG, Al bip ERvlh o8 dhuloefenheadhan nput.
the outpgt of {d)Rwihgddtailed description is considered in conjunction with the
following drawings in which:
FIG. 1 is a diagram illustrating a high frequency crystal sigma
delta digital-to-analog (D/A) conversion circuit according to the prior art;
FIG. 2 is a diagram illustrating a low frequency crystal and phase
30 lock loop (PLL) sigma delta digital-to-analog converter circuit according
to the prior art;
FIG. 3 is a graph illustrating the problematic power spectral
density for the sigma delta digital-to-analog conversion circuit of FIG. 2;



.7 22 OCT 2002 processing unit 402. Signal processing block 402 processes
the digital input streamin such a way that the spectrum of the digital
data that is output to digital to anal og converter 406 has frequency donain
“nulls. These nulls are placed in the frequency domain so that the mxing 5
function of digital data with clock fitt$w from cl ock nU|§iF6¢fH2 in
digital to analog converter 406 results 1 n acceptable signal to nolse
performance in the digital to anal og conversion process. The signal
processi ng bl ock 402 could be a sjgnma-delta nn?ulator or alte

) [ nat e
appr oaches of di gi tRI@-y4 i cllesk ciagram obér ove freqresy crystak 955@969 10

converter pro%ﬁdﬁ T | i T a?,?@i OB Gl ves as
an input a cloc ?%L(%')A)j @Htélétsllé)rgk %r‘éi g}( tglr E)rﬁ?ﬁ?gggaégg%n@éﬂ%ﬁt froma
cl ock gener at caccobdarmedwith ohe @mbmdimiept okthecpresentind@®ionrhe cl ock gener at or
404 includes a rel atively |l aw fr enc | 4 tively

| ow cost. The out pa%lbog %%aa%%ﬁa%%¥é§@¥%ﬁﬂ'q%?b¢36%@?%“379@&'?“ cl ock
nul tipligsr 40%rchifectarerali aidtoidahter withr ot efiodimenbeoferthedprsbemt a hi gh
qual ity phase | ocked | oop or another clock multiplier circuit such as an
edge triggeredN¥@M0;nultiplier (see FIG 8) with the latter being optinal
for cost and perfor : . q oA A inl w | |

mul tiply the input Iﬁ?éﬁ'esﬁlgj By as’r?-éll&ﬁ?gggﬁ&y(;yﬁqhtéfpﬁfee, &H!rt&me%@ﬁ% crystal
422 provi des adnvewienaychiieghue chfI@&sBN and the DAC i s designed for

operation at the sa'g'e%i g fre ncy .f S . parfi r Jul tiplier
405 is configured toI eﬂe'?a‘?eﬁg&a%c'ﬁ&%ﬁ@gbgsé'gﬁgk%f%%élgge%{@%ﬁ}gﬁf t he
crystal 1822, sarchitédtate absordidgubtanothdridrhieodiatent of thesinwontiemt rated at a
single frequency of _fs/2 when r one

n 25 N=2. Fo xampl e of sych an
edge-triggered cl ocklGnfl lsi%)Fjla&r‘?mFﬂlhétraé'”glquﬁ%W O%&Wﬁﬁ?é’r’?‘s‘&tﬁg?al
wavef orm 800 @n@l, V. |fﬂ)@@f f hitdrer  405.
In the exanpl gngHgaﬂgi n I%‘Sf %%H{cﬁle{i oc ockégrg;uo}@ﬁgIt{)gﬁé%gy?@gp%@drﬁ
mul tiplier, orantbubter. The doubter output is generated fromthe crystal
wavef orm 800 such t ver Ck: . f I clie: ock
transition causes aﬁg%rgégﬁgﬁg%%hgé%é%ﬁ "n@%%t'ﬁbn%'ﬁtagﬁroggfﬂ'é@tgﬁ%@g| ng edge
of the ¢hyst al convensibn0éhitetireekcarding 6 oné eaibarimieat dhthiehiaventipmal 802)

and a falling $ 22 OCT 2002 edge of the signal 800 cause the second cycle
in the clock signal 802 thereby resulting in the clock doubling function.

Since the crystal clock sppmaf FBDESCRPTON OPTHE NVENTIGKN and the
mul tiplier 405 functions as an edge-triggered doubter, the resultant clock

fitter is localized at 5 narrow frequency bands at nultiples of fs/N The
di gi tal -t o- anal og cGeunerallyotheuptasenbinveationlis anrisysoved digitabtmanalogck
(CLK2) ich e I d, f or..an jgn 0 [ f tions.
For exahpl e, %?ng$n%gg¥?§gtg @élt@uﬁw)engé'gvna eqﬁi‘%@@ﬁ%é%??%ﬁ@%oz and
perform ot her periotmante wsignal fprotessingdusuchonasrathatotretygireds o i highal . 1t

is noted 10 that ,CLK2 nay he at, the s f uen as K1 or, in.fact, may

be the same si aﬁﬁ?f%@ﬁ%ﬁ&P@@owae%ﬁaﬁhn‘éﬁﬁ%ﬁ&cﬁYﬁH? MW AEREY 5 " 4

di agram of a Sﬁ&ééfr‘ééo@!ﬁﬂbﬁ,ﬂﬁﬁﬁ am@rzﬁap;glfcakibﬁs.di Bhé aﬁi?ma-@éwd esngararer si on
own e

architecture of FIG 47is s : igital -to-anal og conversion
architecture 5HYgbf harein gsen@|lgwescest: Srystali elack (soLEemIa g RRMaNSYon uni t

501, whbhgh inc : i i i f /Al ~anal og
convertgr8 (DAC%DH%(%@FBE J?@?&h?@ﬁ?{ éc ocglg fE'?l(g}g%}Cgirt%jfatﬁ(?'?:(b)/?‘a{aﬁ{s‘](')ljiq%(':"gnverter
506. The cl ockNGElgeniesaltyea éinie positiye antegec graptarcthancene 0Thetfi/Nhsigsalpr ovi ded
to a clock doubter

IS mult%ﬁgd iinnfrgqggﬁ]cri/ ry aifrrgc;uae%ﬂ/%ﬁlﬁﬁﬁerqie.sg?,ug %ﬁ)%kao%%\ﬁ?ér

or a clock quadrupler) that does not have wide-band clock jitter

components, as does a PLL. Specifically, the clock doubler can be

30 implemented with an architecture that concentrates the clock jitter at
localized regions in the frequency domain.

Due to the tight frequency confinement of the clock jitter noise,

the sigma delta circuitry may be re-designed to place quantization noise



.20 In the enbodinment illustrated in FIG 5, the clock generator 504

i ncludes a crystal 522 having a frequency of 27.6 MHz in one form The

si gnal - processing unit 501, according to the enbodi nment illustrated,
“includes a sigma-delta nodul ator 503 and a quantization noise filter 508.
The sigma-delta nmodul ator 503 receives ag input a 25 desiped dihghh si gnal
i nput 520. The signma-delta nodul ator 503" functions to conver? a nulti-bit
digital input down to fewer bits. The sigma-delta nodul ator 503 produces an

out put at node that is an.input tq the quantization noise filter 508. The
Quant i zat i on rScat NPDZETG JEPOEHGY decalipntont s TEAURBRAY SEeFkuR, at

di gi tal -t o- ana¢iaciae \Widh the ctitfeenttatidi ©f SHEEK Eﬂér dRBRJY. Y THesBOLSE N the
W th I G 6. g 22

nodes A and B is di scussed reference to OCT 2002

Broadl y speakimgre edéitignahnubsawilbresudiisgetucingrthgomiseviipendagiadationne f or m

performthe se der. . [ 0 iy P engy

content of the&?é]ngouﬁ{edﬁxérf‘#@?B{Ecag%fzgéﬁﬁtr@%?é%%g‘%gg@?;\E‘Vﬁgghqﬁhere i's

si gni ficant clibikefdodiment) théspektram bf the Cloisk .jittEhand §peuttunorofahet he

guanti zation ngise filter, 508 is illustrated with referencei to ‘Iﬂ?ﬁ 6. FIG
g bRyl

6 illustrates 18 thsodigal Po%@'ogpﬁ?@ﬁ’?ﬁ?r 8Eh PP&SW@G@ _ for
the circuit ofgfei@ive sol ifatdihaPhesktOof kﬁé’egﬁi&g‘fgeépgﬁé@i%' ﬁgirkés)'aidlféﬂ EtS 602 at

node A and processed quantization noise 604 at” node B. 1f can be seen,
t he quanti zat i amalagicoavartehdaes mobGybatantially intriezse phevepisepiiaarrinlthdensity

relative to th r v, ; . 0 requency
fo/2. Aso shoniinorngteghide, MIRTshE, Rlehith. HOFicaR s Surl 4rpBli
;i tter 6508],c )/\hninat: be sawniege.gat admate ead\,iaggedfn}nenuleind?/ﬁbmd%m c85slmbtt he
requency fs/2 as,such .is SCri 15 with refere to FI above.
Thus: the 1 uncResedimlroul ida 1008 iRrsettin digH Spihalaccconyeel ¢ o
reduce the povgsise PREfoFMAnEE Aty e BbtdiMed Mussthe cakboat AOwEr éstnode B
relative to the quantization noise at node A It is noted that, with the

power spectral densint gthgr amleogimentss if Hag signal bamdnigsnet nean detbytsis2. Wil e

Si'gni fi cant. r CAUREIosh Spr S idhd iined v sBloach; \RUREE BRaBRbEIENC) T/

is enoudh to bsigntzadelta enochddtonssa tihatl thef owlls Hie quantizatien hciselsgleeteher ei n.

In other words_and,in certain applicatjons, it be sufficient .tq nerely
Feduce ¢ he_ quaREsd.dtd TinsieBop Rer g tsidha i ¥ cgpeckah et datce i
to zero. Thus, tHel flocR jiter. IneRTWaR! thed Mixing st thier guantRationdise langey be

pl aced into the power spectral density in addition to O Hz and fs/2 Hz as

POV P, L

shown in FI G @ockdittesavilli et degradgutet pedeinoaNGeo ot dhe j digital woBnaRd be any
other filter o k ; i Iy & reduce the quantization
noi se to desi ré%l e eg\l/'?ai segaI ﬁ%‘h%%cfg%ﬁuﬁﬁ%?@f equency, which is fs/2 in
t hi s 3028nbodi ment . The inventionanay theahsther undewstoo Wity spraific efgueneei zat i on
noi se filter ilsot,gigserh_gy the equation Hz) _ (1 + zZ-')2. 10 22 OCT 2002
FIG 7 illustratesTan dlternative enbodi nent of a digital-to-anal og

Turning now to FIG. 4, FIG. 4 illustrates a digital-to-analog (D/A)

conversion architecture 400. The digital-to-analog conversion
architecture 400, according to an embodiment of the present invention,
25 is configured to separate the spectrum of clock-multiplier-induced clock
jitter from that of the spectrum of the digital data input to a digital-to-
analog converter, as will be discussed in greater detail below. Broadly
speaking, the digital-to-analog conversion architecture 400 includes a
digital-to-analog conversion unit 401 which receives a digital input
30 signal 420. The digital-to-analog conversion unit 401 includes a signal
processing unit 402 and a digital-to-analog converter (DAC) 406. The
digital-to-analog converter receives, as an input, the output of the signal



.converter architecture 700 according to the present invention. The

- digital-to-anal og converter architecture 700 includés a digital-to-anal og
conversion unit 701 having a signal -processing unit 702) the output of 5
"which is provided to a digital-to-analog converter (DAC) 706. According to
t he enmbodi nent illustrated, the signal 3700e55|ng unit 702 Q&ied as
an i nproved second order signma-delta nodul at or having a trans?er nction
defined substantially as follows: Y(z) =z 2 X (z) + e~i-z2"""yl + z'12 10

f wh X th t 720, to th 702, Y
2 e X ol gtk bR ol FE2 Bipbathite ey 1)
quant i zat | on_nabsestrdfiiffbuich HthH@%%;cﬁﬂm@%f%ﬁé“di it el Hat 3§ noi se).

VWiile Y(z) is s erein wt noi se sh a around do and
second order rmitpet Khdigital tcara@alug convertes 406 haséreqt@glcy amainsnals. t he

invention is ef i S | a . rder of
noi se shapi ngbgfe n uﬁ%eargl @8§e$i ﬁﬁbﬁ ffgwc§ggwr?%gqhgaﬁcﬁggs%%§

i nventi ag can faasiidry obdigitakdataovithrplook dittoefrbnr cleck enufiplien 488yingkgitial i zed
data streamthat suffers from C!é% k fi tier i nduced noi se df:gradatl onin a

di gi t al - t 0- andPoFNARE, eFPrRYerefh Jesults qif; 2SEP i $198f t 1 RPIBR such a
way that the fﬁé{i‘fﬁi‘ﬁfﬂﬁéecﬂnf@nﬂ‘gﬁﬁl w‘%nﬁlﬁg{acbﬁvé@i&vﬁfﬁcbgﬂ The Isighal Wi th

the clock fitter spectrumin t o anal og converter. The approach
i s nost succesyPaessingrblocte 40R0eaule e it sigmeandeltarseodulatesl pr elterate snal |

those 11 squonciikSaglR ol i efecbstng Ball BYEE e gl dogaidbor T For

producei® nul |lconverteryprosass! YTHe digitel- td:lmélog(wmemeucm aunherfrebbnedat ain
the region of interest

formed on the 3588 iRt (ﬂ@f&mgﬁ-kﬁi I]' n%'ﬂé'{]@fl )(r:'g:ﬁtrf"?'g?dﬁsén QUtF)t/Lﬂe

circuit of Fl Grorha élbcﬂtdéﬁbrétbff 164 andfa dbﬁk?ﬁlﬂﬂﬁhéﬂdﬁ%ﬁlt%s‘c orpe clbBR
formati on of several alternative structures onto a single die is

advant ageous sgefsaiQn 4&40!”9&)683r?aﬁ?laiwbkﬁ%iregum¢@&ﬁ8é4?59h%'fehas Ag one or
nore control 9% n, or by
automatic CPU eqﬁré/g ilo%—%é%e per?&éHfaﬁfcte olgﬁpéeﬁ%gaﬁﬁgaﬁhg@%rtg, t he
system tan dyrhsi clicky madiqienotlf.e Whet clock mwttpiler sz:lmwtséﬂﬁl maf,/rbquenci es
fs by sinply cha in sone witche n.a dyna progra nner .
Therefore, di f‘?rQBa Saérﬁ's Q@tyoeoh?&%é‘?q%gl f%‘bp‘?r gaofpfgar @Cgar cui t
of FIG 7 \Ahermuttipﬁefcbrr@mt éuélvaéféncédlde/tr@ge\déd &Idckﬁﬂhlftlph\@{%%érﬂ@f erent

nodes of operatjon. In FIG 7, the DAC 7 recei ves a clock input
which is the ouithibe datter beingkorinak far cast. anmeﬁoﬁe%n%mwsvog Eecel ves

t t f th
ol ock 10 genaroigel MiiipI@FaFEat 405 (R mdiipd e Mbut e BEnET O U BBonr 0° |
ﬁhou! d %%hnot lemjutﬂwdﬂ INamhent ther cmwlﬁ&pmlfwg/ abfreqeentyi altgnabatarfdéltslm ment s

er el n. e C owe
spectr al densﬁr%(g%@éﬁ &a&%ﬁ%tﬁﬁgﬁg%@be tQE%EF@ﬁ'(‘g eeqtueﬁgy? t he
tszﬁrrpl i ng I requencxé rhspartuémherthﬁcﬂocﬂn‘mnﬁl dmrermsat do}lcnﬁ?uie@ic{o géﬁnémtd apl i Sr

a Creal e nore | er Ccou a 0 ener | om rove

i g del t o noHAPS(IK hDRSREAN INEL HEGHBRRET S0 CAYSIRh $eboSHGTL TIRIBR 702
receives a di gr'e%ﬁltm?gmgr ehéfoy & @on'iﬂéﬁﬁﬁiécpat 5'57@% ‘fre&i&éncﬁ Bef pWPRH Of the

summation circuit 1S prOV|ded to a nmulti-f requency aln circuit

708. The5nul t iN28. fRasqaneneyamplghoigguah an e@gettrlgweﬁa@ocm gwl ien, RIG.DC and

fs/2. Accordi ain
circuit 708 han%"é%tt'lragénlss r'%%ér&tlt% Ig\)()’%v?féwlééqqghg EL ne%“@yar{;ﬁ%%@ z1 1-z
2 25 As illustsea ef the Iimqmuenc;almulﬂﬂibnm&i rrmrhetnmreb(amm shosmninek s, ci r cui t
The' del ay operBeoReohdRUpRgY (05 Bea AhBHBHTE: FapEHuet or f%@p%?eﬁﬁp(‘i?;?y
storage devi cegutpgf id fq%rfé\r'étléﬁt frem e di‘%lté! V\fa'i/éfB#ﬁf“BEOhélﬁﬂfh Wdtnegérycui t 708
IS prOV|ded to a summation circuit 71 he out put of which is provided to

anot her 3Gl t i -¢ysighenavefongm glack CWC‘é%u t80f’10C|OFbV\é(,Qﬂ‘-5lthfheC@|ﬂ$Q§U| f of FIG
7 places two oyGtd N Bidkk HictbidrButhliePYSECYA rRing'BE5E 3F thd Crystal

signal 800 induces a first clock cycle in the signal 802, and a falling



1222 OCT 2002 circuit of FIG 7 may be changed to place only one null at

. the frequency fs. Such may be done by either renoving the elenent 752 or
renoving el enment 758 and altering elenment 740 fromthe circuit of FIG 7 to
-form other enbodinments. 5 Like the multi-frequency high gain circuit 708,
the multifrequency high gain circuit 71Qyincludes a su | [ it 760,
a del ay operator 756, and a del ay operas%r 758 within gnﬁééggggé{ oop.
Agai n, the delay operators 756, 758 may be enbodi ed as | atches or other

t enpor ar torage deyi ces. The output, of the nulti-frequency. 10 high gain
TR £ dus! PR O ecSBialh b s b Biok B MERC o3RS O
output of the ity RUaMhGARTNG HIRKUH HindtidrE cahREHnb Aeystarcigak n Fact or

712 is provided as negatiVe feedback from'the quantizer output to the
sunmmat i on ci r cadwed has a\niisimisarkobint okjitteraand the muutiplied 405 tunetigasi ve

Togetner) ¢ no 4% aupacie THetRed HnyBirt the, cBal i olodt RS I fochlidd 't . cui ¢
710 funcgion triarpswwduéguendyi Gandsi at ahulbfleandf fig2. TReedighekivsakalbgop

filter 740 may be enbodi ed, for exanple, as a de|lay operator and generally
may have a tr SVEFSION HBHAS @Y anCS'VG}:ﬁ pagond QQF'FZGS\#E%):\@’“I%‘ ragy

particul ar appld J i ﬁéT?TP i ¢ a eedback
| oop filter 72%# ﬁg’?l%drfgﬁsopgﬁx u%ﬂgﬁ?%n éi%(éz?{b:fdgfgégi. Fﬁﬂeg&rﬁ?lgfe erred
form H(z) = 1CUK2 mawnbe/uspd to ruhdhe signal prapessinglircuiti402canpedatsodi nent s,

ot her val ues f . L i t t i e, odi nment
of FIG 7 errpl%gﬁgﬁ%ﬁogsgg*ﬂ'gﬁ?tlg???%%'gﬂcr@aﬂ%@ﬁ%&aﬁgm uﬁ't'tsg%gsgﬁd a
mul ti - ft@quenchahOUK2Umay tse &E the sAAR, fréqeerioydad OLKIr oRrisdaciyndiebebt ai ned
using only one, or the other %fl_l%h_e circuit 708 or 710. Thus, FIG 7 is
exenpl ary~ onl ythe|§ame signat t IBFOMRLMBYIHTE M Sescri bed above in the
context of digital- eI5S | ‘%“Héb' nt

i nvention are 30 eqTJaI I i}] gg\gltiegg%f es’ tbg:ﬂ%%rtagﬁgf gg-to-"%iqnﬂ%rragtgﬂegrigi on. In
particul ar, ashendgiakie-anag Sonuersampehitesiu it BIG.cbris shown. 980e may
enpl oy an anal ganf.a-di o tal  Si p J |t ure . igh
reduces 13 2@8@0%‘5@&1 Vf%g% Po%]'%ﬁglaéfgp%o (?héfpﬁgru%@&%fjﬁg %requency
of the thock fdiylitairtopmvalog seenversion Theit ak@iogwhichli gidiadescoavesigral 900

Lo the. anal ag- HSSBRING ML SURAANG oh oneGo R Srbierer SDACI B o o

the 5 anal 0g- t gogk JOLK1)SEIERY 1RO NIGKdIb-amaldy coRlemer 808, mhebeiogrneral |y
simlar to the digital-to-anal og signal converter architecture 702 of FIG

7. Al though t helLBd eiseg@neratashbyom alrek peaeraiiers 804 puichiis orovidedeieca to a

speci fic enbodj r; LE T I ts will occur
to those skil lgg@?gokj@ggp?m %béﬁgﬁﬂ@??m@%ﬁﬁgggﬁ&t&gﬁgﬂt herein may be
ext ende@0so that a brihet enbotinient4llusiraieddn M&r bthe olock rgeinesatar 8041 aced i n
t he frequency spectrum bet .and Hz in_Fl For exapple, an
even | ower cos'tnI8 gtglc%qt\é\fggam%ylri%% / _ U‘Fr%ﬁy BE ﬁs%yu}t'ﬂ %e4>?<8)rm'pck _

mul tiplier to Phépwigriat-prdoetiiy dAit | BOY NI acmmg tiee thegn@mBetinferti rcuitry
woul d create nulls or | ow energy. regions around Hz, fs/4, fs/2, and naybe

3f/ 4 dependi ngllipiéaiedy dncdudes quSiadhasApda MpdulataroSe anthér QuanliratioRer ef or e,
that the i ”Ve_”ﬁbieédﬁfé‘?%ﬁ@.‘ssl% 8lgmaHeha WQ&JI&%@}S@%(IS%%% inpht gegart

fromthe spirit and scope of the” nvention_as defined e appende
clains.280 1degiredodiigital 08igoRIINBIIVGR0. | sThe asigin@-delta ImoedulatorapPar at us

Comprising:  fnctions to convert a multi-bit digital input down to fewer bits. The
sigma-delta modulator 503 produces an output at node A that is an
input to the quantization noise filter 508. The quantization noise filter
508 provides an output at node B to the digital-to-analog converter 506.

30 The spectral density of noise on the nodes A and B is discussed with

reference to FIG. 6.



_a digital-to-anal og converter; a clock circuit coupled to provide a clock
signal to the digital-toanalog converter; and circuitry coupled to the data
i nput of the digital-to-analog 10 converter which processes inconi ng data,

“the circuitry conprising a sigma delta circuit which provides processed
data to a null placenment circuit that isscoupled to the d | f the
digital -to-anal og converter. 15 2. The a%paratus of clain?%q%%ggg%%Pa first
of the at least two different frequencies is substantially near DC and a

second frequency is_substantially near fs/2 where fs is a sanpling
frequency of the diBraasly speaiag.cheiandzaton nQ@ejlltﬁﬁQBaM%'éﬁ%W IBf claim

Luherein the e hBahtodtiinfliid SeBbha 'UrAGHAIKIER SPTPLIYE Mubssho! our

di fferent frequencres. aratus of clarm i'n one of the at
| east four diffrequericyf canjarhof twe input data éol DAC 5064 alvtlee drelguenesiea atanpl i ng

25 frequency of  the, digital-tqg-anal converter. 5 he_ a tu f claim
1 wherein the.Wh'chumerrg '@oﬁlﬁpﬁgégﬁg?%kr L“fe’cPPcfﬂet C%#pﬁri‘%mﬁa ?r'gst adder
with a fErst ifupdtioh @t thepiantipgtich hoisetfilen 508 ishbusifitedodin rdednices, a

second i nput, and an output; i rst storage device having an inpyt coupled

t; af
to the output ¥ FlGe6:i MG Silstrated andeehp@R0 of Rower spectrahedensiyy
second storage ' ' | 4+ COU dgt first
st orage devi cevgﬁ\éégﬁe%\ﬁgg?f°§gﬁﬁ{%h{tg&t ﬁ?sse'cglr—l'bj@i r%%ﬁ@(go @Egﬁﬂaersst
adder. 5 6. Theuantjzatiahuwisd 632 ai no8e vhana proadssediquantizationcoipe 664s a
second circuit cougl Ed in series wwth the first circuit, wherein the second
circuit corrpri@‘e'%‘? ©Psecond adder with a first I nput for receiving a

functiongof the incagldh ¢t Seerd thecqidhtizagioh. nsiss aAmaud BUB04 hsaat hi rd
storage devi ce having an input coupled to the output of the second adder

and an out put ; regiuged PRNRR FPeqiE seasievelatve i thry PAWer SPEEITEBLRRIYL 0 the
m put ng t Lgeséﬂéﬂ% ngggre@@fg&wh%errm@ 1. PUlisS eHAWAdn tFAAG! feeisS@gond
power spectral density of the clock jitter 608, which is concentrated at a
tight frequency-band around the frequency fy/2 as such is described
15 with reference to FIG. 8 above. Thus, the function of the quantization
noise filter 508 (FIG. 5) is to reduce the power spectral density of the
quantization noise at node B relative to the quantization noise at node
A. It is noted that, with the power spectral density at the node B,
density 604 has a null at f/2. While “null” usually implies a zero power
20 output, it should be noted that a significant reduction (low, but non-zero
power value) at the frequency fs/2 is enough to be characterized as a
null for the purposes discussed herein. In other words and in certain
applications, it may be sufficient to merely reduce the quantization
noise power spectral density rather than reduce it to zero. Thus, FIG. 6
25 is exemplary only and more than one null may be placed into the power
spectral density in addition to 0 Hz and f¢/2 Hz as shown in FIG. 6.

In addition, the quantization noise filter 508 may be any other
filter of any order that is sufficient to reduce the guantization noise to
desirable levels at the clock jitter frequency, which is /2 in this

30 embodiment. An exemplary transfer function for such a quantization
noise filter is given by the equation H(z) = (1 + Z").



. 7. The apparatus of claim6 wherein a third adder |lies between the first

. and second circuits wherein an input of the third adder is a function of at
| east two different tine domain inputs to the digital to-anal og converter.

20 8. The apparatus of claim1l wherein the circuitry conprises a feedback

circuit that changes an output of the cifcuitry based up |pn of at
| east two different tinme domain outputsjl(?romthe Ci rcuit%lz.a%@’lgéd?ﬁe

apparatus of claim8 wherein the feedback circuit inplenments az+bz"'
wherein a is a con nt, b.is a constant, z is _.representative of the
present output of ﬁl@-ki'wﬁj@?ﬁ/aaﬁ@ewﬁ!\/g %B?@E&Fé’?ia\ég'iﬂl'ta'a@é&g out put
of the circui tdohvedEr bchitBefuraPPEd aidédrdihg Abaing Bra¥emt GhvertidS The
substantially equal to 1/4 and b is substantially equal to 3/4. 16 22 OCT
2002 11. The dligtal-4e-apalog eorvarier @rolmtaciire 702 inaludesppdigitalrto-analegii t

el gt 1 cehibridh Bnit A RR e B SGhaH sesdGa Al 762 s GuBlf'ol S o s
Ol ot SLIB L, phetiich 15 lovidud 1o A Al D0 o e T 00 > Aoporig o, o
Cuant ] oor i & SO0 SbodigiaTtc Tsalen - e, Sidliad PRaRsENdinin 08! i L | & a

posi tive finitnbhodied%s &fHhptdidd dtdnd drdier é[gn%)-%hétrﬁédﬁlﬁm?rﬂai}iﬁ@} a
na 5 a cl multiplier

clock input for providing a repeating clock si ;1 cl ock
coupl ed to the taprr funsltiondefined subatentigllwas falgwsacy of the repeating

clock signal to Cr%ﬂ&f—%”)k erp H_ D k+§h al; a sigma delta circuit for
recei vi and processin ) data; 20 a null placenent
circuit Tor placing a frequency dé ¥n null at a non-zero frequency in the

pover spectral, CeaS &Y ihe'inpuPBAtS theSighdl obassing LT Fo8e Vi3 i§ s v t Ty

output, f(z"') is some function of z, and e, is representative of the
quantization noise, (which is commonly modeled as additive white
15 noise). While Y(z) is shown herein with second order noise shaping
around dc and second order noise shaping around the clock jitter region
of fs/2, the invention is beneficial to any order sigma-delta modulator or
any order of noise shaping around the clock jitter frequency or
frequencies. The invention can easily be used to improve performance
20 on any generalized data stream that suffers from clock jitter induced
noise degradation in a digital-to-analog converter. The digital data
stream is filtered in such a way that the frequency content of the data is
removed that will mix with the clock jitter spectrum in the digital to
analog converter. The approach is most successful when the clock
25 jitter has been localized to a small frequency region or regions, and a
null is provided in the digital data at those frequencies. However, it is
not necessary that a the digital filter produce a null, it may merely

reduce the frequency content of the data in the region of interest.
In another form, the circuit of FIG. 7 may be formed on the same
30 die intermixed with the circuit of FIG. 5, the circuit of FIG. 1, or other
filters of different order or form. The formation of several alternative
structures onto a single die is advantageous since an end user may
dynamically configure (by setting one or more control bits, executing a



.a digital -to-anal og converter coupled to the null placenent circuit where
- the digital -to-anal og converter is clocked by the 25 internal clock. 15.
The apparatus of claim 14 wherein the frequency null is placed at a
"frequency that is a function of a frequency of the repeating clock signal.
30 16. The apparatus of claim 14 whereipqthe clock multiphiesahs, Ll ock
doubter that creates a first internal clock cycle froma rising edge 17
22 OCT 2002 of the repeati ng cl ock signal and a second internal clock cyle

froma fallin eof th ati cl.oc appar at sof
cl o 16 wher Sofware Tstadfiahc T adBring RO di8cond the eTeRBERAL "

equal to the fhiggysteny qiuriHé?rTfo%)eﬁ‘fe' Q%téhpéénde%ﬁﬁhcalﬂﬁacdﬁ?nﬁi@ﬂéfeat US
conprising: a clock input for providing a repeat’ing cl ock signal; 10 a

cl ock nul ti pl ireyltipleuprystals cprtwgleob'ﬁquwpmesffarbycﬁw@v@ammga@omﬁ:y of the

repeating ol ogkyithdRa) o' dyrBhAR LR tobRiARARe RS THBRID difdzhy 200e"

having a first 1 npu recervin feam o a second

i nput, &nd an owsttalstmastﬂaa sélacﬂtzelylappjled tlmathenglrcanhoQIFI@ai?nwhéreathé east two
different fre uenﬁles f|r |1C)ﬁlt haV| n i nput cou Iedtothe

output of the GTCHEdYRRRNGA Xﬁ"tﬁi’l @twegrgcfy Pf-QR&T8lIMN i nput

coupl ed to the outpytFEf 7t fife DV\G’?OG'réGéNés a%l&cﬁkClﬂBQt CORYtwhiA%s thePut put ;
20 a second circuit havin ain at at least two different

frequenci es, tqwép@ézf@walwgrd@ubterﬁ - niheslackslaublerufSeteceiveshits ipptput  of

t he second ad qu [ coupl ed
to the output qﬁmﬁgb@gc‘g&?ﬁbﬁﬁ“t gﬁé rgﬁ{go@t 6&%] etralgc?d{rln'%gnt ﬁtﬁglér.@%gt havi ng
an i nputO couplgetherattot W@4oinchudesod 216 Mhianbnysmi 22 audtfsaﬁﬁmmrdmt dtit
coupled to the se nd InEe"fq of, the f| st adder: .a feedhack cwcwt coupl ed

bet ween the o gt maty Br}eéu reqUEIFies, dnay, RG USEd: iNethecond
adder; and 30 e?nb’bd]l'rfe@its heréinal e 610K TUKT i gERéRAed SuEh ehatR MaksZeT

circuit and the internal clock si gna
jitter power spectral density concentrated at the frequency fs/2 (i.e., half
the sampling frequency fs). Alternate embodiments of the clock
15 multiplier that create more broad band jitter could also benefit from the
improved sigma-delta modulator as shown.
The digital signal-processing block 702 receives a digital input
720 to a summation circuit 714. The output of the summation circuit
714 is provided to a multi-frequency high gain circuit 708. The multi-
20 frequency high gain circuit 708 has high gain at DC and fs/2. According
to the embodiment shown, the multi-frequency high gain circuit 708 has
a transfer function substantially defined by:

Hiz) = 2!
1-z*
25
As illustrated, the circuit 708 is implemented as a summation circuit

754, a delay operator 750 and a delay operator 752 within a feedback
path. The delay operators 750, 752 may be embodied as latches or
other temporary storage devices.

30 The output of the multi-frequency high gain circuit 708 is
provided to a summation circuit 718, the output of which is provided to
another multi-frequency high gain circuit 710. However, the circuit of
FIG. 7 places two overlapping nulls at the frequency f;, whereas the



.18 '22 OCT 2002 19. The apparatus of claim 18 wherein one of either the

. first or second circuit is inplenented as a circuit conprising: an internal
adder with a first input for receiving the incom ng data, a second input,
"and an output; 5 a first storage device having an i nput coupled to the
output of the internal adder and an outgyt; and a second $40 I ce
havi ng an input coupled to the output of the first storage device and an
out put coupled to the second input of the internal adder. 10 20. The

t of cl.aim rein,both of the first and seco ircuits are
o ement ed. aCIGURGrENE TaBRpbeRgOd o PR Gl SReaB o R TECREY | npu
for receiving f h& cAGREY B8 dbHeby @nﬁ@ﬁ@h%\hﬂ@me eRtRe7aRubPmovinga fir st

storage devi ce havi ng an input coupled to the output of the internal adder
and an out put ;elamgni §8cemddalﬁrmgaglerrmh7é@ fremithe cirauit @b fGeddplfedmt o t he

out put of the devi ce and an out put coupled to the second
I nput of the |$1tbé€%%%%§gﬁgﬁs 20 21. The apparatus of claim 18 wherein the

feedbackscircuit pridke dése amuithfanuém:yt hdglsegaind dircpitt 708, t e sealtihd adder
az+bz' wherei n ais a cogstant ? 8 constant, z is represg%we of the
present out put/r@Auancy big ng"i“'ﬂe?'r%‘ﬂ'd 30 ingludesra summalior Gircu 'pAst

out put of the
substantial ly ﬁe&ﬂqﬁg}dp’té?tg 1%, Ehg éllag ggjygg@ﬁﬁ raﬁ@'\/\fe@uﬂaav‘ﬂtégﬂg/hﬁ( 190Sd 23. An
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representative of %%ﬁlhzﬁbt&nﬂ@'@%ro@ﬂed% FHeRRNi0E YecBBEEK fIn Ghe
guantizer output to the summation circuit 714. A feedback filter 740 is
provided in a negative feedback loop from the quantizer output to the
15 summation circuit 718. Together, the feedback filter 740 and the multi-
frequency high gain circuit 710 function to produce a high gain at DC
and fs/2. The feedback loop filter 740 may be embodied, for example,
as a delay operator and generally may have a transfer function derived
to optimize performance in a particular application. In the
20 implementation illustrated, the feedback loop filter 740 has a transfer
function of H(z) = a+b z"'. In a preferred form, H(z) = 1/4 + %(3/4)z"
where a=1/4 and b=3/4. In other embodiments, other values for a and
b may be used.

It is noted that while the embodiment of FIG. 7 employs both a
25 multi-frequency high gain circuit 708 and a multi-frequency high gain
circuit 710, desired performance may be obtained using only one or the

other of the circuit 708 or 710. Thus, FIG. 7 is exemplary only.
It is further noted that, while described above in the context of
digital-to-analog conversion, the teachings of the present invention are
30 equally applicable to an analog-to-digital conversion. In particular, as
shown in FIG. 9, an analog-to-digital converter 900 may employ an
analog-to-digital signal processing architecture 902 which reduces



~a clock input for providing a repeating clock signal; 15 a clock multiplier
coupled to the clock input for changing a frequency of the repeating clock
signal to create an internal clock signal; a first adder having a first
“input for receiving a digital stream of data, a second input and an
output; 20 a first circuit having a higqsgain at a DC fregy adde first
circuit having an input coupled to the output of the flrst adder and an

out put; a second adder haV|ng an i nput coupled to the output of the first
circuit, a second,in ond circ a hlgh

oLt o G dranizARoR otk nenet SPekiuBcebi RAdeay fbbie, ootk el

coupled to thep@v@rpu;seétfurhhem@%% @ig.tandorwzer@stgw thiis mmmeszsr
circuit having an input coupled to the output of the second circuit and an

out put; 30 a RPek Gours t90|4aan¢hga &IﬂqknmultIQJ@p?(&j which raéednppUﬁo dhet he

quanti zer circ wd he, first
adder ; 20 2%@53@8@'§Vﬁe¥{&a§¢%ﬁg%t&? %@L‘E’? %)6?'0 the Q'{] I %h% t he
guanti |265 ci rcatﬁatlomddllgital wgmidccbrmwﬁeroérchhectam:@m aualebe gedemllx

igital -to-anal.og converter t uanti zer .circuit a e
internal cl ocks'mﬂﬁha‘? th%d@ g’é@JBS ’lﬁg C@%Hﬁ?%ﬁwglteﬁt%ﬁ? dO ‘?r}ﬁﬂt;t for
providing a repeating clock signal; a clock multiplier coupled to the clock

input for changing a freduency of the repeating clock signal to create an
10 internal clock sAieugh athei reresemiddnventiamghas f been  idegoribedr withcei vi ng

a digital stregpaf datg. £ 5eand bAPmaRt Iy PitbrRalibhs!t by cul
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20 second adder and’an output; a quantizer circuit having an input coupled
to the output &nd {5 Hzda FdGd 7cifrayaxampie, am eyen lawerensscastaloftraegblyc ond
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one localized fggefreaigits.beltwzero He aundetdicosathdrefddef tiegiu i invention
encompasses all such modifications that do not depart from the spirit
and scope of the invention as defined in the appended claims.
20



.the apparatus conpri sing: 21 22 OCT 2002 a digital-to-anal og converter

- operating at the sanpling frequency; and a circuit providing data input to
the digital-to-anal og converter wherein the circuit places a null in the 5
data streamat a frequency that coincides with the clock fitter noise. 27.
An apparatus conprising: a digital-to-aqglog converter opgﬁaééfm?@gza
sanpling frequency 10 fs; a crystal input for providing an oscillating
signal operating at the frequency of roughly fs/N, a clock multiplier
coupl ed between the crystal and the dkﬁk@ﬁl-toanalog converter for

mul tiplying the frequency of the cloc 5& a factor of Nin order to
produce a clock operating at the sanpling frequency fs for use by the
digital -to-anal og converter; and a circuit coupled to provide data to the
di gi t al - t 0- ana\Vb gt iscpl@nedis: wherein the circuit creates at |east one
frequency domain 20 null based upon the value of N to reduce the effects of
clock fitter in the digital-to-anal og conversion for frequencies |ess than
fs. 28. &n apphr at ukn aeppardtas ogmpgiSingn i nput circuit conprising: an adder
having a first input,, cond input, and an output; a first storage device
havi ng an i nput codbpﬁﬁaﬁ gak °96¥BM?”%$ the adder and an output; and 30 a
second storage devigeideRvdirQitocbupttto PRINISE &i6ck BRINAMPHe BfgithPR-f i st
storage devi ce and an output coupled to the second i'nput of tHhe adder; and
22 22 OCT 2002 a digit alanajogasanveiteyoAn@rter receiving an output fromthe

Input circuit. 29. ApARPAEAIHS CRIMAES W% input of the digital-to-analog

10 converter which processes incoming data, the circuitry
comprising a sigma delta circuit which provides processed
data to a null placement circuit that is coupled to the data
input of the digital-to-analog converter.

15 2. The apparatus of claim 1 wherein a first of the at least two
different frequencies is substantially near DC and a second
frequency is substantially near f/2 where fs is a sampling
frequency of the digital-to-analog converter.

20 3. The apparatus of claim 1 wherein the at least two different
frequencies comprise at least four different frequencies.

4, The apparatus of claim 3 wherein one of the at least four
different frequencies is located at fs/4 where f; is a sampling

25 frequency of the digital-to-analog converter.
5. The apparatus of claim 1 wherein the circuitry comprises a first

circuit comprising:
a first adder with a first input for receiving a function of the
30 incoming data, a second input, and an output;
a first storage device having an input coupled to the output of the
first adder and an output; and



5 an adder having a first input, a second input, and an output; a

“digital -to-anal og converter having an output and an input that is a
function of the output of the adder; and a feedback circuit providing a
-value, that is a function of the present input of the digital-to-anal og
converter and a past 10 input of the digital-to-anal og copyerter Oéj)the
second i nput of the adder. 30. An apparatus conprising: & crés é% I'nput for
receiving a repeating clock signal operating at 15 a frequency of fs/2
where fs is a desired sanpling frequency; a clock doublet coupled o the

crystal input wher & $£QORE €P@RIe QRYIGR BAVIRG Akt iBBULCIURIEd 1q the-puiabt of ock
Tt W p Y . .
ChCernal 20 cl ook oycl o 8 L SSRRE et Sty ARAL SIS BT,

to create an internal clsecknd irgiutiohtheafifst addency substantially equal to fs;
and providing the internal clock signal to a digital-to-anal og converter.
25 31. An apparatus conprising: an input for selectively receiving one of

at leasts two @.ffermept apbafdtus rSfaeRNBY 5SWABRIA; the EiredtgNeompHséd R’ Yi ng
circuit coupled to the input for changing the frequency of the_ selected

cl ock frequency si §88PNdBCHit gogpled) intserigsavidy thaofiked cirgwit,cubereitthe recei ve

an out put of the fr, v MRkiYLOg circuit; 23 22 OCT 2002 a circuit
for providing dat ast%gUgﬁ?:I}f%%lf:nghgﬁéé di gital -to-anal og converter, the

circuit selectivel v appdnd agdet witbass firstvioput for receiving a function of the
incoming data, a second input, and an output;
10 a third storage device having an input coupled to the output of
the second adder and an output; and
a fourth storage device having an input coupled to the output of
the third storage device and an output coupled to the
second input of the second adder.
15
7. The apparatus of claim 6 wherein a third adder lies between the
first and second circuits wherein an input of the third adder is a
function of at least two different time domain inputs to the digital-
to-analog converter.
20
8. The apparatus of claim 1 wherein the circuitry comprises a
feedback circuit that changes an output of the circuitry based
upon a function of at least two different time domain outputs
from the circuitry.
25
9. The apparatus of claim 8 wherein the feedback circuit
implements az’+bz™ wherein a is a constant, b is a constant, 2°
is representative of the present output of the circuitry and z is
representative of a past output of the circuitry.
30
10.  The apparatus of claim 8 wherein a is substantially equal to 1/4
and b is substantially equal to 3/4.



_frequency domain nulls to the data; and a control nechanismto set the

- multiplication factor of the 5 frequency multiplying circuit and to pl ace
the at |east two frequency domain nulls depending on which of the at | east
‘two different clock frequency signals is selected. 32. The apparat us of
claim 31 wherein the input receives one gf at 10 | east thage ghfégéfnt
clock frequency signals at a selected fréquency wherein t Qoht
mechani sm di sti ngui shes between the three different clock frequencies. 33.
An apparatus conprising: 15 an anal og-to-digital converter having circuitry
coupl ed which frequency processes inconmng data to result in quantization

noi se that hasyqul "F‘n(f %@ﬁh%ﬂu@ aélain?% VJH@P%@' fﬁeehﬁﬁepl @tﬁéﬁﬂ%lr@élt and a

f
clock circuit couple rovi e a cl ock si og-to 20 digital
converter. 34. An aqmgatueatamuuowﬁrma frgquane.y spéctrup Letiveenpzaroi ldemiyy a

changi ng a 25 1 r sqtucecenAEG TSRy i BRer-bRabl 2oP8REr .0 i orna

cl ock signal; an adder having a first input for receiving a digital stream

of data, a second i ut, and an .o ut ; ain circujt having a, high gain
at at |east tw#di f¥& @Rparius Qg @ﬁ'& s Wr%ﬁ%'”gﬁ]ennb'll r@ﬁ?@mﬁgblcﬁﬁu'gn i nput

coupl ed to the out Bdrdins'the o@@%b@dﬂﬁ B bomm%éat%z OCT 2002 a

guanti zer circuit having an input coupl e e output of the gain circuit
and an output; a feedback circuit coupled to the out put of the quantizer

circuit and t hﬁ%.i "PHle gﬁpéﬁa?usagtdcﬁéi'm q%erein an L-bit quantizer is coupled to
10 the digital-to-analog converter wherein L is a positive finite
integer less than four.

14.  An apparatus comprising:
a clock input for providing a repeating clock signal;

15 a clock multiplier coupled to the clock input for increasing a
frequency of the repeating clock signal to create an
internal clock signal;

a sigma delta circuit for receiving and processing a stream of
digital data;

20 a null placement circuit for placing a frequency domain null at a
non-zero frequency in the power spectral density of the
output data from the sigma-delta circuitry;

a digital-to-analog converter coupied to the null placement circuit
where the digital-to-analog converter is clocked by the

25 internal clock.

15.  The apparatus of claim 14 wherein the frequency null is placed
at a frequency that is a function of a frequency of the repeating
clock signal.

30

16.  The apparatus of claim 14 wherein the clock multiplier is a clock

doubler that creates a first internal clock cycle from a rising edge



5 a digital -to-anal og converter coupled to the quantizer circuit and the

. internal clock signal. 35. An apparatus conprising: a converter coupled to
a clock signal input; 10 a sigma delta circuit coupled to the converter
“that reduces quantization noise around a frequency where clock fitter noise
is substantially present; and a quantizq?ion noi se filter,goyples,pet ween
the converter and the sigma delta circui the quantization noise filter
reduci ng 15 power spectral density of quantization noise at an output of

the quanti zation noise filter, relative t uanti zati on noi se at an input of
t he guanti zation ncﬁfsﬁef fqpte@#mg.%@@!s g%_ng?a d a second mternaF CIOCE‘ cyle g
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20 a second circuit having a high gain at at least two different
frequencies, the second circuit having an input coupled to
the output of the second adder and an output;

a quantizer circuit having an input coupled to the output of the
second circuit and an output;

25 a gain circuit having an input coupled to the output of the
guantizer circuit and a output coupled to the second input
of the first adder;

a feedback circuit coupled between the output of the quantizer
circuit and the input of the second adder; and

30 a digital-to-analog converter coupled to the quantizer circuit and
the internal clock signal.
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20.

21.

22.

23.

an internal adder with a first input for recelvmg the incoming
data, a second input, and an output;

a first storage device having an input coupled to the output of the
internal adder and an output; and

a second storage device having an input coupled to the output of
the first storage device and an output coupled to the
second input of the internal adder.

The apparatus of claim 18 wherein both of the first and second

circuits are implemented as a circuit comprising:

an internal adder with a first input for receiving the incoming
data, a second input, and an output;

a first storage device having an input coupled to the output of the
internal adder and an output; and

a second storage device having an input coupled to the output of
the first storage device and an output coupled to the
second input of the internal adder.

The apparatus of claim 18 wherein the feedback circuit provides
as input to the second input of the second adder az’+bz’
wherein a is a constant, b is a constant, z° is representative of
the present output of the quantizer and z' is representative of a
past output of the quantizer.

The apparatus of claim 21 wherein a is substantially equal to 1/4
and b is substantially equal to 3/4.

An apparatus comprising:
an digital-to-analog converter; and

& ()-laon& ()-!1@1
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24,

converter wherein the circuit signal processing is
substantially defined by the following operation:

output Y = (22X + en(1-2")2(1+2Y2)/f(z ™)

wherein
X is the circuit input data stream;
z' is the data value delayed by one sample;
z2is a data value delayed by two sample times; and
ey, is representative of quantization noise.

An apparatus comprising:

a clock input for providing a repeating clock signal;

a clock multiplier coupled to the clock input for changing a
frequency of the repeating clock signal to create an
internal clock signal;

a first adder having a first input for receiving a digital stream of
data, a second input, and an output;

a first circuit having a high gain at a DC frequency, the first circuit
having an input coupled to the output of the first adder
and an output;

a second adder having an input coupled to the output of the first
circuit, a second input, and a output;

a second circuit having a high gain at two different frequencies,
the second circuit having an input coupled to the output of
the second adder and an output;

a quantizer circuit having an input coupled to the output of the
second circuit and an output;

a gain circuit having an input coupled to the output of the
quantizer circuit and a output coupled to the second input
of the first adder;

(-& (°
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25.

26.

the internal clock signal.

An apparatus comprising:

a clock input for providing a repeating clock signal;

a clock multiplier coupled to the clock input for changing a
frequency of the repeating clock signal to create an
internal clock signal;

a first adder having a first input for receiving a digital stream of
data, a second input, and an output;

a first circuit having a high gain at two different frequencies, the
first circuit having an input coupled to the output of the
first adder and an output;

a second adder having an input coupled to the output of the first
circuit, a second input, and a output;

a second circuit having a high gain at a DC frequency, the
second circuit having an input coupled to the output of the
second adder and an output;

a quantizer circuit having an input coupled to the output of the
second circuit and an output coupled to the second input
of the second adder;

a feedback circuit coupled to the output of the quantizer circuit
and the input of the second adder; and

a digital-to-analog converter coupled to the quantizer circuit and
the internal clock signal.

An apparatus having quantization noise between DC and a
sampling frequency and having clock jitter noise at at least one
localized frequency between DC and the sampling frequency,
the apparatus comprising:
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27.  An apparatus comprising:
a digital-to-analog converter operating at a sampling frequency
10 fs;
a crystal input for providing an oscillating signal operating at the
frequency of roughly f¢/N;
a clock multiplier coupled between the crystal and the digital-to-
analog converter for multiplying the frequency of the clock
15 by a factor of N in order to produce a clock operating at
the sampling frequency fs for use by the digital-to-analog
converter; and
a circuit coupled to provide data to the digital-to-analog converter
wherein the circuit creates at least one frequency domain
20 null based upon the value of N to reduce the effects of
clock jitter in the digital-to-analog conversion for
frequencies less than f..

28. An apparatus comprising:
25 an input circuit comprising:
an adder having a first input, a second input, and an
output;
a first storage device having an input coupled to the
output of the adder and an output; and
30 a second storage device having an input coupled to the
output of the first storage device and an output
coupled to the second input of the adder; and
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29.  An apparatus comprising:
5 an adder having a first input, a second input, and an output;
a digital-to-analog converter having an output and an input that is
a function of the output of the adder; and
a feedback circuit providing a value, that is a function of the
present input of the digital-to-analog converter and a past

10 input of the digital-to-analog converter, to the second input
of the adder.

30. An apparatus comprising:
a crystal input for receiving a repeating clock signal operating at
15 a frequency of fs/2 where fs is a desired sampling
frequency;

a clock doubler coupled to the crystal input wherein the clock
doubler creates a first internal clock cycle from a rising
edge of the repeating clock signal and a second internal

20 clock cycle from a falling edge of the repeating clock
signal to create an internal clock that has a frequency
substantially equal to fs; and

providing the internal clock signal to a digital-to-analog converter.

25 31.  An apparatus comprising:
an input for selectively receiving one of at least two different
clock frequency signals;
a frequency multiplying circuit coupled to the input for changing
the frequency of the selected clock frequency signal;
30 a digital-to-analog converter coupled to receive an output of the
frequency multiplying circuit;
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32. The apparatus of claim 31 wherein the input receives one of at
10 least three different clock frequency signals at a selected
frequency wherein the control mechanism distinguishes between
the three different clock frequencies.

33. An apparatus comprising:

15 an analog-to-digital converter having circuitry coupled which
frequency processes incoming data to result in
quantization noise that has nulls located at at least two
different frequencies; and

a clock circuit coupled to provide a clock signal to the analog-to-

20 digital converter.

34. An apparatus comprising:
a clock input for providing a repeating clock signal;
a clock multiplier coupled to the clock input for changing a
25 frequency of the repeating clock signal to create an
internal clock signal;
an adder having a first input for receiving a digital stream of data,
a second input, and an output;
a gain circuit having a high gain at at least two different
30 frequencies, the gain circuit having an input coupled to the
output of the adder and an output;
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and the input of the adder; and

5 a digital-to-analog converter coupled to the quantizer circuit and
the internal clock signal.

35.  An apparatus comprising:
a converter coupled to a clock signal input;

10 a sigma delta circuit coupled to the converter that reduces
quantization noise around a frequency where clock jitter
noise is substantially present; and

a quantization noise filter coupled between the converter and the
sigma delta circuit, the quantization noise filter reducing

15 power spectral density of quantization noise at an output
of the quantization noise filter relative to quantization
noise at an input of the quantization noise filter.



