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sanpl (IDIEJCS) generally provide high accuracy over only limited frequency ranges, however.
DACS that are accurate at high frequencies tend to be inaccurate at low ﬁequencies, and

20 DACsS that are accurate at low frequencies tend to be inaccurate at high frequencies.

These limitations have induced ATE developers to provide different circuit topologies for
generating analog waveforms covering different frequency ranges. For example, an ATE
system might employ one circuit topology for generating low frequency sigoals, and
another circuit topology for generating higher frequency signals.

25 Developers have attempted to overcome these limitations in DAC performance by
using simple, high-speed, low-resolution DACs driven by sigma-delta loops. Fig. 1
shows an example of a DAC topology 100 employing a sigma-delta loop. As shown in
Fig. 1, aDAC 116 is configured to generate an analog output signal from an 8-bit digital
inpﬁt signal, The DAC 116 is sampled at a fast enough rate to generate an output signal

30  with sufficient fidelity (i.., at least the Nyquist rate), and a low-pass filter 124 smoothes
the output of the DAC 116 1o reduce artifacts of sampling.
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Despite these advantages, we have recognized that the DAC itself is still subject
20 o errors that exceed the levels that are desired for automatic test equipment. These errors
include, for example, DC errors, non-linearities, and trausient errors. Although the
mgma—delta loop greaﬂy enhances the effective resolution of the DAC, it does necessarily
improve the DAC’s accuracy. Consequenﬂy, multiple DAC topologies are still required,
each optimized for its own particular frequency range.

25 What is needed is a single topology for generating an analog output signal from a
digital input signal, which can cover a broad range of frequencies with both high
effective resolution and high accuracy.
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signal to match expected values of the DAC in response to the quantized signal. The
15 DAC model thus effectively emulates the DAC, including expected errors introduced by
the DAC. Through the operation of feedback, the expected errors are substantially

reduced and accuracy is improved.
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Fig. 5 is a block diagram of a noise-shaping requantizer that is suitable for use with the
15 circuit of Fig. 2; and

Fig. 6 is block diagram of a loop filter that is suitable for use in the circuit of Fig. 2.
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and provides the feedback SIgnal to the summer 210. The anti-DAC model receives the
digital input signal and generates an output signal that adds to the output of the loop
filier, via the additional summer 220. These differences from the conventional sigma-

20 delta DAC topology provide significant benefits, as will be described in more detail
below.

We have recognized that inaccuracies in DAC circuits employing sigma-delta

: ) loops generally derive from inaccuracies in the DACs themselves. Reﬁn‘nin_g to the
conventional topology of Fig. 1, the quantizer 114 generates a near perfect representation

25  of the digital input signal—as perfect as the sigma-delta loop’é feedback can make it. We
have found that errors principally derive from the fact that the DAC 116 generates an
imperfect 'analog' representation of the quantized signal.

The reason that the circuit 100 as a whole lacks accuracy, however, is not merely
that the DAC is inaccurate, A more fundamental reason, we have found, is that the
30 analog signal from the DAC 116 does not perfectly match the feedback signal from the
quantizer. We have surmised that if the analog output signal and the feedback signal
were somehow to be matched, then the errors from the DAC 116 would become
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the corrections it can achieve are limited by the bandwidth of the sigma-delta loop. For
frequencies omsx_de the loop bandwidth, the sigma-delta loop lacks sufficient gain to
correct for exrors in the feedback signal, and thus in the output of the DAC 216.

The anti-DAC model 218 and the summer 220 have been introduced to the circuit
of Fig. 2 to correct for DAC errors at frequencies higher than the loop bandwidth. As
shown in Fig. 2, the anti-DAC model 218 injects a feed-forward signal directly to the
input of the quantizer 214. The output of the anti-DAC model is equal to the digital input
signal, but deliberately distorted to 6ppose expected errors of the DAC 216. For
example, if the DAC 216 is known to produce an output level that is slightly too high in
response to a particular digital input, then the anti-DAC model is arranged to produce an
output that is slightly too low. The lowered value slightly reduces the quantized input to
the DAC 216, and causes the DAC to produce an output with substantially reduced error.

Except for the DAC 216 and low-pass filter 224, the entire circuit 200 is
preferably implemented within a single Field-Programmable Gate Array (FPGA).
Alternatively, the entire circuit 200, including the DAC and low-pass ﬁlter,: could be
implemented within a single Application-Specific Integrated Circuit (ASIC).
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The vatues stored in the DAC model preferably range from 0 to 2%.1
(33,554,431) and correspond to 16-bit DAC codes ranging from O to 261 (65,535).
These 25-bit values can be regarded as comprising a 16-bit part that covers the same
20 ramgeas the DAC codes, plus a 9-bit fractional part, which represents the resolution that
' the DAC model apphes to each LSB of the DAC 216.

Because errors in the DAC output can be either positive or negative, a swoall
additional range (not shown) beyond the 25-bit range is preferably provided that allows
the DAC model to produce values slightly less than zero and slightly greater than full

25  scale. Alternatively, part of the 25-bit range of the DAC model can be dedicated to
representing négative numbers, and the uppermost portion of the DAC’s range can be cut

back.

The DAC model is not imited to being a simple lookup table. For example, the
DAC model can be equipped with processing capability for computing emulated values
30 based upon a mathematical model of the DAC 216. The DAC model can also be .
equipped with additional memory for storing previous states of the DAC. By accounting



the rate at which the DAC is sanpled. Therefore,

operated at a fixed sanpling rate, and the calibration routine is

the DAC 216 is pzej%‘qplzgﬁl

preferably executed at this fixed sanpling rate. If a user wishes to

progr aMQ #&7%Hr cuit 200 using a variable sanple rate, FCEUEAYEHt i onal
sanpl e rate converter is preferably included to convert the variable sanple
rate to a fixed sanple rate prior to a Ilcat on to_the si -delta DAC

ci r cui tfopbwh cppent styigs apd Pegvigusgtates, the Lcaé’ri’ré‘jé%ﬂdee a8 anti- DAC
nmodel 313 khedrdrs otk Db @14,0r use W|th the sigma-delta DAC circuit 200.

Li ke the DAC nodel 222, the anti-DAC nodel 20 shown in Fig. 4 consists of a

TP € o 2 A KPSl B et R I R R Bl o

exanpl qhattihecianiti20DeGphoyse Prefd@bly; & talftaition routine idese@edatdin-timeemd

s pr opabapigl et el BRRCT RoH Oy el Aok RSO

val ue toialel 2Q(pr The oulibrtipn pSrtiag dspreferabdy eixagitedionaregelas basisaPt Oyt | s

whi ch

St ores a

et o e gﬁst%o%gﬁg%%g@%?? Wof 5 A GhnctEifics SFBRIEC ovlr (e DAC

216 is y out.put sj gnal e anti - DAC
nmodel maxd;t@mmra@ma é‘dntw}é&mé on gapebepRe aﬁtf%r%f ®responds to
the sl ipglit bye glnged éSﬁb—ﬁﬁb%ﬁm’é&eﬁi&ﬁﬁ%ﬁdE&nﬁﬁ%ﬁﬂ'ﬁrstﬁt@ﬁﬁhmh@*ﬂlafﬁe correct ed
for the DAC s er {hﬁﬁk S qlég ke the DAC nodel 222, the anti-DAC
nod@| m%ﬁc%é’“ | ex, account for a wide range of DAC
behavi or, both static and dynam C. Consequently the anti-DAC shoul d not

be regar ded Washdveireghizei thatithedehaomyfl the DASK2 TS isdighdy depsndextamphe,
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afixeh samplingyate,ansthe ealiration routipris prefpisblysrxerws é'h nodel based
upon nBLOAERLLEANE 4 Hi WidRs1d habrdese fcir@ﬁt?.b@uﬁﬁ%a%ﬁﬁbl@fsaxﬁlb‘ler%@ 216. In

ey

3

COr I eCqidida fied saMphciatethridr tegsplRatioretorthe sigmBatedta D}tk@lcucmt B@Qrat i on
anti - DAC nodel 218 is preferably acquired at run-

20

25

30

Anti-DAC model

Fig. 4 illustrates an example of an anti-DAC model 218 that is suitable for use
with the sigma-delta DAC circuit 200. Like the DAC model 222, the anti-DAC model
shown in Fig. 4 consists of a simple lookup table 410. The Iookup table 410 has a range
of addresses that corresponds to the range of the d1g1ta1 mput signal “Dlgltal In.” For
example, the anti-DAC model 218 preferably provides 2% different addresses, one for
each possible value of the digital input signal, which is preferably 25 bits.

For each address, the anti-DAC model 218 stores a value that approximately
equals the digital input signal, but is distorted to account for errors in the DAC 216. For
example, if the DAC 216 is expected to produce a slightly low output signal, then the
anti-DAC model would provide a slightly elevated value. The DAC 216 then :responds to
the slightly elevated value to produce an output signal that is corrected for the DAC’s
error to this input.

Like the DAC modei 222, the anti-DAC mode] 218 can be arbitrarily complex, to
account for a wide range of DAC behavior, both static and dynamic. Consequently, the
anti-DAC should not be regarded as being limited 1o a simple lookup table. For example,

emory to

Fovi de

for the



time using an automatic, calibration routine that neasures behavjo aEIVI

characteristics of the actual DAC 216 to be used, and stores th si AR 2005

characteristics in a nenory. Alternatively, 10 the behavioral information

can beW%¥E®ed fromthe DAC 216 during a one-tinme ch&CIAEIPYE6i on and

per mnent |y stored in a non-volatile nmenory accessible to the anti- DAC

nodel . anti zer 3@% 5 illustrates an exanple of a quantlzer 214 that is
C

sui t abl thefapi-RAE mpda] cambe equEppedgyth preressinpAmadlities fq Prowideiog:the-dly n
cont r astaitkdforsN THebBAGIAHME 21 b kel YoBistorShe ddifutdt the shti-DAC hRdguant i zer

f Fig.. 5 f bl t h As
s knowheseAupaRmEHIaGHRaigus i SACHn e Do ererr 9 G R HBsol ot on
digit ?I addifi€H) @hesmtpm@ abtlsiehy be pmlodmn amwﬁgmbmbrgsttogmbmm hout
sacr |C|n SIC noi se sha runcation errors
are Iﬁ’gH‘ ﬁé@?ﬁ%anglrthgrﬁ&r?gc]@rg&l f F%ﬁ?@ﬂ%é"é&ﬁ i aéltsarrpl es. The

net eff&misxanseﬁ-omredl stribute the noise spectrumof a requantlzed si gnal
froma relatively flat characteristic to one that has greatly decreased

noi se at thep SIS

frequenci es. Wﬂﬁﬁﬂrﬁé?%ﬁogﬁéy n%ﬁ?;ﬂggé?ngw?%ﬁgﬁ f%!bﬁ {g tegﬁﬁ, | eavi ng
si gnal stimé usingge guiogiptic. caliiraionysutac '&We@ﬁéﬁFPS & efH88t noi se
shapi ngacnh@tﬁsfc Qb@mls@uéebeaﬂd%ﬂ#&sﬂl@sé&t@:da&ﬁsﬁaﬁnaldx tb!ﬁteﬁnmal { 200 to

benefit framth : ues fromthe
anti® th#wO@l@fO@éB%g@bWeé %ﬁg‘&j& ?iﬁd‘éﬁ%‘&f’% i ncr eases
resol utdh@ﬁct@:ﬁzﬁfﬁﬂremﬂ pegmemsitlyistoaéd mm won-wolstile wemonp agcessiblp tethe antihe noi se
shaper el he hi gher resolution bits fromthe anti-DAC nodel 218 to

*yi npact tnf'l% jut put of the DAC 216. The noi se shaper thus inproves the
accurac of h circuit 200 by ensuring that high-resolution corrections
fromt "%{" “DAC nodel 218 are not sinply truncated away. 9 2 9 MAR 2005
WO 02/ 27944 PCT/ US01/ 30056 Noi se shapers are well known, and the particul ar
f orm of the FigiSiusti@eein é:3uiplé of a quantizer 214 that is suitable for use with the

15 mgma—delta DAC circuit of Fig. 2. In contrast with the simple truncating quantizer 114
of Flg. 1, the quantizer of Fig. 5 is preferably a noise-shaping requantizer or “noise

shaper.”

As is known, noise shépers are used to convert relatively high resolution digital
signals to relatively low resolution digital signals without sacrificing signal fidelity.

20  Through noise shaping, truncation errors are stored, and then added to or subtracted from
subsequent samples. The net effect is to redistribute the noise spectrum of a requantazed
signal from a relatively flat characteristic to one that has greatly decreased noise at the
frequencies of interest and increased noise at higher frequencies. The higher frequency
noise can generally be filtered, leaving signals with much lower total noise than can be

25 provided without noise shaping.

Noise shaping the mput to the DAC 216 allows the circuit 200 to beneﬁt from the
hlgh resolution of the values from the anti-DAC model 218. Because the noise shaper
214 effectively increases resolution by spreading quantization errors over many samples,
the noise shaper allows the higher resolution bits from the anti-DAC model 218 to impact
30 the output of the DAC 216. The noise shaper thus improves the accuracy of the circuit
200 by ensuring that high-resolution corrections from the anti-DAC model 218 are not
simply truncated away.



critical to the invention. W have found, however, that a second,o d@r
noi se shaper such as the one shown in Fig. 5 provides adequate ge ARa62
wi t hout adding significant conplexity. H gher order noi se shapers can be

used wi MO 02¥396ved performance, but 5 with commensuratep, tP&]%Fﬁi'
conpl exity. Al though the noi se-shaping requantizer inproves %erfor mance
of the circuit 200, it is not strictly essential to the invention, as it

only affects Eetsq&dxammaee otll khews, angd tihd p art?&ﬁ)arff&ﬁni)ftﬁgﬁﬁgg-sﬁ;ﬁ) E!; 'tde the
bandw dt&h&m%%ﬁk’gﬁ q}%ga\l’ﬁf boo ter 10 Fi ates an
exanpl e of a | oo gﬁm}, g%yqra P@%eﬁ?n%gewaw Sthhpersgclgrra del ta
DAG ci rfﬁ@ﬁeqﬁpygﬁ @F;e/\ﬁmwdﬁstadedtmapg? fé‘fgohmaﬁce%&out {ighirRaanal ES 1o
provi deGohplaxity] PRser 8fdeR nSid 20 b er..or si , via the
summer 61Q, to an accurruflate gna s h:b]%?‘%at n&“ﬁ@gﬁ"ﬁter 612.
Upomggea 8:'a aﬁsﬁﬁmplﬂw@’clock the register 612 is updated to
refl ect the accunmul ated sum of the 15 register's previous contents and the
oo eag, 3 ey nogi o CLciat e OO 1B RERRRRRS ol g or
612 ten tl%)gzg{%mftt]\"%?ﬁen}ai?‘a%%‘%{?ﬁﬁ%asE@nb’oﬁmﬁmmfongmchefdtermcuﬂl gnal
upon ea@mfoedgqumasmtsmmebaﬁvﬁmoftﬁteslg:@@aettdlb&ﬁr 212 behaves in a

manner anal ogous to an analog integrator, which i'ntegrates the error
si gnal boep Filtee. 20 Advantages From the foregoing description, it is
apparent that the sigma-delta DAC circuit 200 according to the invention
ca achl eve | ficantly greater accuracy than the conventional topology

|g 1. Bdéa e @ PRl pka lopp ddter 243 thatde syitabisafoe dse witkiias | vel y
5y neXpermgmedMAMchﬁowegizeriﬂnﬂ%@t%ﬂﬁﬁ @efhfe%%?&%ﬁa@‘er a wde 25
a brioad range of

f
1 equons aaal B il o g B0t 2 wﬁ@e s, wiashe sumumer 604 1o The

curren@ﬂlaﬁmmsm@mmuﬁoﬁare@aérm AfgoneHer SAhedge bAkES up | ess

space kﬁﬁ?hﬁgé]&l; s,bd‘ LR n add| Ne) e preferred
n‘ﬁ) di nen nd the vari at |ons scr?‘%@eﬁe%h ¥ S‘%c’éﬂ’ﬁodl ments and
at Wc%?ﬁﬁ@uﬁwnﬁ@l thg cument 201§ of the error signal. Because the

feedback of the sigma-delta loop tends to drive the error signal to zero, the output of the
register 612 tends to zero-in on a stable value. By accumulating the error signal upon
each edge of the sample clock, the loop filter 212 behaves in a manner analogous to an
analog integrator, which integrates the error signal over time.

20 Advantages

From the foregoing description, it is apparent that the sigma-delta DAC circuit
200 according to the invention can achieve si guificantly greater accuracy than the
conventional topology of Fig. 1. Because DAC erors are effectively compensated,
relatively inexpensive DACs can be used provide accurate performance over a wide
25 frequency range. A single topology can be used to cover a broad range of frequencies,
where multiple topologies wers previously reqmred The current invention thus reduces
the cost of ATE systems and takes up less space than prior techniques.

Alternatives

In addition to the preferred embodiment and the variations described above other
30  embodiments and variations can be made.

10



VD 02/ 27944 PCT/ US01/ 30056 For exanple, the loop filter 212 has HdeMAR 2003
"descri bed above as a sinple digital accumulator. However, this is nerely
an exanple. Miltiple accunul ators can be cascaded to effectively effect

nul ti py@otzmegr ati ons upon the error signal. Other adf( VIS 6can be made
to the loop filter 212 to enhance stability and | oop performance. 5 As
“descri bed above, the sigma-delta DAC circuit 200 is preferahly operated at
a fixed safplexagpleathe loop filier 242 heschepn desraibed plqyeras agnplg gl pr ovi ded wi th

a sel egt] ' N is$0Bk A xiabiesS Mdisle dbhinallgots dafer mati on can be
storeﬁ%ﬂ?ﬁgbﬁwﬁgﬁéﬁﬁgﬁz akéﬁg}r{\t i_f?DAC nghggl 218 t ovi de accurate

cor r ectasedsd tooptfaopive!y eFastinanitiple rsgmRtions YpeB e T SIEDAT: ling rates. As

yet angtiGherdh LAT Brahhdetto thdBoPAGe2A® 6 @Ahdirte spbiliay sl wop perfommanebl e
sanpling rates, with one set of behavioral information that provides

o S ol t ATSRNEAPE Sh0 pros e PSR 00T peflely opatRigag o0 The
nmodel f&a sanglingratent Akdonaively dhe Gtait 2ﬁﬁeambmpmhieieémﬁhml§cgﬁﬂ@f +218 f

POt eigRat BPLRa TR, S B HERRRAN G e Rorcif oy DARBIG 22D 0P, |

ant i - RACantrdpAC 24Bleb 218 therevidenesuraseicorpsions flop DA behayiog at ??g PEfifant i zer

Chat ' Lt ' tehe D AQUZIH datibe.operdbediave al so found
214 byl P AGE L e BhSBb s D

 but1on of” the anii-DAC.nodel 218 is |ess sjqgnificant as
pilel ivatakle sayBlingintssgMith pre 3ot Péfma"@é?é '%fgﬂn?@&dbﬁd?m\‘—‘a?s %dfﬁvﬁ} %, if the
numrbe iy g thQ%ﬁhﬂE;ﬂﬁbﬁﬂ&ukat&ﬁmndnsamgﬁng2ﬂﬁ&mere reduced to zero, the DAC
nodel 22§hwoul 20 correct for all DAC errors as they were produced. The

~~anti-DAC . 218 thus. ke el ini Id b
) 7epl aced witk sgmesiiaAgsitne 0 it AR R AUMBEIAEORETR (7 0 P
i |1 us ificaleb?22 and dneantitRACaBodeh 31 8lovierein e antioV AC medel AR FYaPSt 0 show

act| Oﬁéﬂgcﬁfgﬁlgﬁgﬁﬁe% Bad P of i 1t o6y BlcoReQihE Otisitlthé evel . The

actua ementation _nay differ sub ntially. fr t he structure
235 nradwidth of the ggp@rmé%qmeﬂhth@ aRirEH G W&‘F‘S i@l %E%ﬁr%“ﬂ?ai%a’ i88s for

i npl eI 0 hghbﬁ'gtréfgeanﬁ%dimhbﬁn !{J%Iﬁct@d g&lh&%p]btt;mnnaiﬁg\ﬁpmﬁtmﬂ: vari ?t i gng,
as we | as ot hers as,. been .cont enpl at e \e . i nt ende
Co 1 ae biverse tot CaEne Sort-pRAbT AEhE RS DAY ploSl 218 F g biehfftafsl Nt NG
under ﬁi}:@ﬁﬂe délgs thfomgh thet dimnitt208 afeoreduesidn §ot examplptif te mmbsyofiay of exanpl e,

and ;Bfggﬁgggagysa%eea}&ﬁmm thdiBed fo'Wckd theDAY: Rivde D2 Sidiuld t and scope of

20 - correct for all DAC errors as they were produced. The anti-DAC model 218 could thus
be eliminated, and the noise shaper could be replaced with a simple quantizer. -

In addition, the specific structures illustrated in the figures and described above
are intended to show actions performed on signals and signal flow at a conceptual level.
The actual bardware implementation may differ substantially from the structure
25  indicated, in accordance with conventional rules and practices for implementing digital

Fach of these alternatives and variations, as well as others, has been contemplated
by the inventor and is intended to fail within the scope of the instant invention. It should
be understood, therefore, that the foregoing description is by way of example, and that

30  the invention should be limited only by the spirit and scope of the appended claims.

11



11 2 9 MAR 2005 WO 02/ 27944 PCT/t7S0L/ 30056 What is clained is: % MARAQEIU
circuit for generating an anal og output signal froma digital 8 t sl gna
that 2 represents the anal og output signal, conprising: 3 a Ioop filter
havi ng va8 g9yt conveying a filtered signal that vari els% %&gnse to 4
a difference between the digital input signal and a feed signhal; 5 a
DAC having a input coupled to the output of the loop filter and generati ng
an 6 anal og output signal; and . 7 a DAC nodel storing a plurality of
behavi of&at isflamedtis:on about the DAC, the 8 DAC nodel having an input
coupled to the output of the loop filter, generating the 9 feedback signal
responsive to the plurality of behavioral information, and enul ating the
10 anal og output signal. 1 2. The circuit as recited in claim1l, wherein
t he ¥ eelbac kA@IguiaforcggnmﬁBgm aﬁa@gmitputzigna] frere ahfigital dopmt signall thati on gr eat er
t han, a .Circuit as recited in claim 2,
e?el néﬁ?g ura BH@ %11311 or ﬂl%formatlon 2 stored in the DAC nodel
accdunt s foralopp@éfﬂf W@P@fmﬂ\@m{gﬂiﬁl‘@eﬁ signplghati varigs tn respaneciot ed i n

cl aigm 2, divBRines Petivien f\did wmpup&lgmlaﬁah%eabamt%éﬁmtl 'on TﬁeSL ?;gglinats he

DAC nodel acc ts for transiént errors
recPted in (ﬂﬁ VIRG AR FOHR MW&“FH“}OB@%M@@&F!&BWW on 2
stoﬁedanﬂ]ogrmtﬂaﬁﬁgﬁﬂgﬁid accounts for at | east one previous state of the
DAC, 1 6. Th 'rcu' as. rec Lml fur her, c

quanti zer c&%@dﬂ% fletpea g“’%@?ﬁgp &?I??‘B%EW@ i nputs of
the8 3DMCnanigl bavinDixCinpotiatupled tﬂﬁm‘lﬁt@m Dfﬂlﬁllbopﬁlmegeﬁewtmgrthel aim 6,

whepei B N1 Z circuit
as ?em?édQE %F}Mﬁ} ‘\%nere % i%@ noi se g ap| Hrc" *ueolntj c}lzern%%@%an

or d@r énalﬂg\/@“tpml

1 2 The circuit as recited in claim 1, wherein the feedback signal comprises digital
2  values having a resolution greater than a resolution of the DAC.

1 3. The circuit as recited in claim 2, wherein the plurality of behavioral information
2  stored in the DAC model accounis for linearity errors of the DAC.

1 4 The circuit as recited in claim 2, wherein the plurality of behavioral information
2  stored in the DAC model accounts for transient errors of the DAC.

1 5. The circuit as recited in claim 2, wherein the plurality of behavioral information
2  stored in the DAC model accounts for at least one previous state of the DAC.,

1 6 The cirouit as recited in claim 1, further comprising:
2 a quantizer coupled between the output of the loop filter and the inputs of the
3 DAC and the DAC model.

iV}

1 A The circuit as recited in claim 6, wherein the quantizer is a noise-shaping

2  requamtizer.

1 8 The circuit as recited in claim 7, wherein the noise-shaping requantizer has an

2  order of two.

12



2 9 MAR 2005 WO 02/ 27944 PCT/US01/30056 1 9. The circuit as rec'teMw -
claim?7, further conprising: 2 an anti-DAC nodel having an inp % 2003
receives the digital input signal and an 3 output that provides a signal
that iwOdr2Mested to conpensate for a plurality of errBEBUSHLUINE 4 DAC;
and 5 a sunmer that provides a sumof the output of the anti-DAC nodel and
the output 6 of the loop filter to the input of the quantizer. 1 10. The
ci rdui t9.as rHeidirditias reditad m daimhduethar comprisingi - DAC nodel stores digital

val ues 2 that af : L 143+ ik d t he
pl ur%al ity o éiflrﬁol?lg@o?&?%gg%ﬁ%%gg%%rfg%ﬁé\%ﬁ@ﬁg@ Slti%?gpp urality of
er r 8r s output Kt prerides ajsignalrifat is distaried te sompeniseiedoy apleralityohierraghet en t he
| oop fiﬂd&éfaﬂd‘d udes at least one 2 digital accumulator for varying the

filtered signal in proportion to an accunul ated. symof . .3 the difference
bet ®een t he acﬁlglm%'ltg?td’ﬁ‘ﬁ‘ﬂd%agﬁ‘iﬁl ofathfaomeaﬁma@- Mm@dﬁ.&%ﬁ%‘%‘ftr cuit as
recigt e@f{ﬂélgbﬁﬂfbﬂmtﬁyﬁjphﬁiftﬁ@mﬁﬁérng a lowpass filter coupled to 2 the
output of the DAC. 1 13. The circuit as recited in claim1, inplenented

with digital circuitry. 1 14. The circuit as recited in claim13, wherein
t he1di got al Theciroiit ayrecited inqelahme,) whdreir? theiantiiAGimddehstbres degiePGluesl 15. A

nmet hod ,0 at i .S el | signal 2
rep esg}#?ﬁg&ﬁ% an‘% %@&féﬁgﬁ@%ﬁ%{‘°‘§@%ﬂn‘%ﬂ%%f§‘%’g r?tgr&lgtt?ﬂng}‘fg filtered
si ghal effegivelysianeclttbe plumility of arseobibedddp the digital input 4 signal and a
feedback signal; 5 quantizing the filtered signal; 6 converting the
quanti zed signal] into the anal oq ogt put .signal; an m)%el I ng the
conkerilng Thepirewt sriseited ia claia 1 wheisHthe 49 er inqipges @t KW ying 8 the
i eeglbagisiiail A2Badulafordor outing iy fileiréDgigndl i pRpoaivd thyn abamadaedsinhog step. 1
16. Th@ﬁgﬁ&hod S .reci eﬂgg'in .clatilﬁn%%ﬁ ‘:Y\pe{\eig 1 he, quanti zed signal has a
resdl u CrenGeRREVEEh tPLIDpY: ang tepglhac iS]gﬁn‘%al i nput signal. 13 2 9
MAR . 2005 :

1 12.  The circuit as recited in claim 1, further comprising a low-pass filter coupled to

2 the output of the DAC.

g

1 13.  The circuit as recited in claim 1, implemented with digital circuitry.

1 14. . The circuit as recited in claim 13, wherein the digital circuitry is implemented
2  within at least one FPGA.

15. A method of generating an analog output signal from a digital input signal

1

2  representing the analog output signal, comprising:

3 generating a filtered signal responsive to a difference between the digital input

4  signal and a feedback signal;

5 quantizing the filtered signal;

6 converting the quantized signal into the analog output signal; and -

7 modeling the converting step to generate the feedback signal, including varying
8 the feedback signal to account for errors introduced by the converting step.

1 16. The method as recited in claim 15, wherein the quantized signal has a resolution

2 lower than a resolution of the digital input signal.

13



WO 02/ 27944 PCT/USO /30056 1 17. The method as recited in clai nzlmege%gggn
the feedback signal has a resolution 2 that is greater than th esol ution
of the quantized signal. 1 18. The nethod as recited in claim 16, wherein

t he st 8p0822Y¥danti zi ng i ncl udes noi se- 2 shaping the firecEUsd/mognal . 1 19.
The nmethod as recited in claim 18, further conprising: 2 generating a

di st?rted version of the digital input signal, 3 wherein the guantizing

st eplopdrat esTbgpesthed arasitsd in plairh il 1t whereindhayfeadbaak dighhkhas4 redicsitiit ed

Ver s on tigit id reated @ht Sle rbddhtio %’fm Q; e nethod as recited in claim
19, wherein ?ﬁe step c?f gene%lati ng uta‘ﬁﬂez%ﬁ%ls%ngpt ed 2 digital input signal

I ncl udes appl yi ng behavi oral information about the converting step to 3

corrkct 180r &hé aiethddbsréiited ANVGHA | 6) k&R thelst LAl ecited in
cl aizm 1%? whetFleﬁ} tBe.%gtrner ating step 1 ncludes. aféﬁt ep o#g%gldgg%{;fg?ﬂ ating a
sumof THETH T SHETES Bt ween the digital input signal and the feedback 3
signal taken at different instances in tine. 1 22. The nmethod as recited in
claim 1 ' t of .o l.,ng includes 2 applying stored

behavi oiri)ail in?eg#l%té't%%ﬁ%gﬁg%’tnﬁlﬂ@dgom&ﬁ”’?fﬁmg?% to nodel the converting 3
ste@ 1 23. gemeratinghdlivertedeersiamofthe digitahingiat sigeakr ei n t he behavi or al

i nfagrmation ua%liihﬂ | | NGt | i pearit f the
convertjng Sé}lé&ip'éﬁi&{ﬁ%ﬂ I _eg,gn{aegﬁg%rg{ééﬁﬁé%?%O?Wezﬁgqﬁﬁﬁ?ﬂ%ﬁ%ﬁ’& n the
beh4vi sHsiPrisdiyessign of the digitel inpatsigmali nf or mati on concerning transi ent

behavi or of the converting step. 1 25. The nethod as recited in claim 22,
2 informati on concerni ng

wherei .t he .hbehavioral infarnption ipcludes
previ odd | e ??}*‘%‘Eﬁﬁf@‘é‘twngﬁgnégnw teinfhe step pf genepdingthedisiortadd as
“yr ec2t edigital npat sigidl indindes bpplying behiviéralink@waas Bbdut kieeddnRerin Step2o anal 0g
T Out YUt &8y exfits in the converting siep.

I 21.  The method asrecited in claim 15, wherein the generating step includes a step of
accumulating a sum of the difference between the digital input signal and the feedback
3 signal taken at different instances in time.

1 22, The method as recited in claim 15, wherein the step of modeling includes
2 applyg stored behavioral information about the converting step to model the converting
3 step.

1 23,  The method-as recited in claim 22, wherein the behavioral information includes
2 information concerning the linearity of the converting step.

1 24. The method as recited in claim 22, wherein the behavioral information includes
2 information concerning transient behavior of the converting step.

1 25.  The method as recited in claim 22, wherein the behavioral information includes
2  mformation concerning previous levels produced by the converting step.

I 26.  The method as recited in claim 15, further comprising low-pass filtering the
2 analog output signal. :
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