S| GH RESCLUTI ON SYNTHESI ZER W TH | MPROVED SI GNAL PURI TY Thi s invention

rel ates generally to signal generation and nore specifically to generation
- of periodic signals with high purity. BACKGROUND OF I NVENTI C]\l Direct

Digital JPGHEESOLUIION SYNEHESIZHR YW H IMPROVED ERbHXC signals
where control over one or nore signal properties is de5|red Anal og signals
can be generated with the period and the wave shape control I ed t hrough DDS.
10 Fig. 1 shows. |1 j:gﬂgﬁ dd cifidhviaei ng used to
generate a siﬁ%l %Jeéﬁ%}%lﬁgé"ée en con?eérlg%gg&?%oa t\/\k%lsva?ted cygck The DDS
100  r ecgin¢pfiondf pededivikighals withddgh @IrKACC and a digital input si gnal D1

I ndicating a phase increnent. The DDS out puts an anal og signal Four. The
freqlﬁency of FouT can be set by varying the frequency of CLKACC and/or

varying the phase incremeghcidSrOBINISOF INVENFION | on, accumul ator 110
produces a new out put value 1ACC on each cycle of clock CLKACC To produce

each new val uBijre¢tBigaaiSymicsis¢YDREY) is a(ﬂztbpiqae ueed;to generalepeRedicont ents. FI G
2 shows a bl ock diagram of an accunu %@t uch as_1i.S ﬁh{%o)v%%ﬂ the art. 20
The val ugnals ﬁb@rer?ema?ldwe&w FPORES! ?%’8@3?1535& e Unit 112.

Si ne “ %n&%fk\i%ﬂ?th@?Ef]o&’ﬂ:?cﬁﬁc%%‘@haﬁy%@nﬂéﬂlddﬁﬁ@ugh pP4.espondi ng

anplitu eval ustration, the DDS signhal generator is
prodici ng a sF:gelmmawmdmonhl ﬁlj)S/archlmturamihl sloabemgémﬁ d to the

val ue (DA,, by the fun pn, sin Si ne generate the
requi re&%ﬁaﬁﬂﬁnﬁg’aﬁﬁ MPW@’F&F“@%W B#HCHOQ hf%}h tljﬁlgéd]tl?o 25 produce
an out prkft S8Rl ac %r%lo%ﬁﬂﬁ,i&aﬂ@hﬂiﬁiﬁl in?ﬁiﬂglﬂlﬂh{c(imﬁdmtllﬁgho an i nput

Si gnal ernative I'S pOSSI le to i enment a sine unit by

pr e- conphaseipotement. r'EthEﬁobu@mtpm wénmgﬁaé ot cHheEEqueEnt oftliowr cont r ol

I nput. These pr.e-co out ues nory at
| ocat i orFs"n;BéE s@&% %ﬁ&%ﬁdﬁi af(’? % ?Bg&mﬁeﬁgﬁt rol inputs
are gp pl¢,ed as addresses to the nmenory, resuIt| ng in the 30 required out put

val ué of & n A, ) being read fromthe nenory for each of | ACC appl i ed
as an input. Iﬁwphraaoh,wkumplattaﬂﬂﬁproﬁusww entpytyalup Oagsen GaRhRYElLf  si ne

unit 112 1J cfocﬁ%ugﬂ;lcc To%%c'h?c%lc%éﬁ Me»{: %alﬁg %@Xc%gm%(f@fﬁ% A Py, to its
current contents. FIG. 2 shows a block diagram of an accumulator, such as is known

in the art.
20 The value in accumulator 110 serves as a control input to Sine Unit 112. Sine

Unit 112 converts each phase value @4 into a corresponding amplitude value. In the
illustration, the DD$ signal generator is producing a sine wave. Accordingly, the
amplitudes are related to the value ®.. by the function sin (Q@ae). Sine Unit 112
might generate the req{lired outputs using a math ei;gine — a circuit configured to

25 produce an output signal having a specific mathematical relationship to an input
signal. Alternatively, it is possible to implement a sine unit by pre-computing the
required output value for each value of the control input. These pre-computed output
values are then stored in 2 memory at locations addressed by the control input. In
operation, the control inputs are applied as addresses to the memory, resulting in the

30 required outpnt vatue of sin (®a..) being read from the memory for each of e

applied as an input. Such a look-up table is shown n FIG. 3.
The output of sine umit 112 is periodic. Periodicity is achieved because of

overflow in accumulator 110, The value stored in accumulator 110 increases (or

decrease if negative values of @y, are used) for every cycle of CLKacc. Eventually,



overflow in accumul ator 110. The value stored in accunulator 110 increases
(or decrease if negative values of a~"c are used) for every cycl e of
.CLKACC. Eventually, the yalue in accurulator 110 overfl ows under f | ows
- i f negaghk velue  etmadatédd 10, ovarfbwaiseul)derﬂtms-flflnlegﬂﬁfﬁl"@lll?épﬁ@he?wt he

accunmul ator is selected to cqrrespon 0, a_pha If the

addi ti on wdbl ajolliseale yelue o H’@a\?&l’ﬁ‘gmﬁ 15@@%@3&%0 %%cg%(gﬂdz%a‘ldd gyans by an

amount X, affer t :‘] th@éﬁ{ﬂnhﬁ cbih%zoﬁﬁlcdéﬁwtﬁé%luébmﬁé t®Bkdeed Bl val ue x. 5 As
a

e
a resul t,“BFoVer ow 0 ‘éunul ator has the same effect .as starting a
new cycl eradiahs byien preoitd] aﬂmheomrﬁvwmw heaupralaipterss palydhgvaluer.

rel ati onshi p maj ntai ne
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control | WA, ﬁ;hemmﬂﬁe opBe héserrelamsmplmmmnhmemmverf | ow.
This ti rr\ee&}'cigtélnp eotde&'rontrofJ fglsrcgang?ng t he frequency of clock CLKACC .

This ti ngheeamd aﬂmdyelecandtthﬂ)lbdgaunmglof tboaergeelet he value of (D b,. Digital

| DA th al
Converter suchediesan of pre ghik At B AR i PP oftisied by aflerdlt) 0
signal . dHaleliVtarés fo Léc%fnuna'imanms sk ilot. tTes v patt b@émﬁmcmbgu tal to

anal og converter to snooth 15 out the quantized signal Xl\h e a sine wave
i s reaqui rehdngihgtheffrdqnencyi of diackdThK ecc. Fhisdiae sau 3lsq @ee?fmﬁé' ﬁ‘iglé a bandpass
filter th i,ncl,ude eswedfrequency ‘of the sine wave in its pass
band wi | I® F‘F\%‘F%H’feaf%e ectral purity" of the signal. If a digital

signal, such %tgﬂalcd'aﬁ?e‘ﬁrepr&eﬁﬂﬁg ﬁlaqmtumea{mlfé@tosa digithl tompilegfed to a
conparator 118 to square off the signal . Thus, ‘?,‘PDS goSgna gener at or

Yprovi des canve‘t}r,cﬂ@tnhehDérQ 1 Hewhighiconyerls ﬂ@’é‘h@*@aﬂ‘@ngz ntrolled

frequenc ere GeRpt e a

cl ock, s %]&ﬁj?ﬁ &P%g?%ﬁ%’lgjg or(§ an?&lglt?égéh%l?gg%@%ﬁao pur:ﬁ?y in the
si gngk FQik the%ﬁ%@ieﬂ siishal. | WhbRra' sihewhiesis diquired| the filiedds likely a handpiss e

measur enent applications requiring a clock,, | OWdeélt-xte ortant.

Ther ef or dilter because aibandpnssgiitey thas sotugdes therdesiprd s : §‘|P§ 4V° Jener at or
wi th high, 25 speatrali, B 5 @gg‘f@a@B{lﬁﬁagfﬂfggﬁg{e a variabl e frequency,
esir

but |OWthptaser clock 1S Is’in automatic test equipnent. FIG 8
shows in gr eatrt y digitapsiphdlesich as aclck)|indésired, the analog signal may be fed to a
comparator 118 to square off the signal. Thus, the DDS signal generator provides a
20  convenient mechanism to generate a clock of controlled frequency. Where the DDS
signal generator is being used to generate a clock, spectral purity is also important.
Lack of spectral purity in the signal Fo appears as“jitter” in the digital clock. For
precise measurement applications requiring a clock, low jitter is important.
) Therefore, it would be highly desirable to provide a DDS signal generator with high
25 spectral purity.

One appllcatlon where a variable frequency, but low jitter, clock is desirable
is in automatic test eql_npment. FIG. 8 shows in greatly simplified form a block
diagram of an automatic test system 800 of the type that might be used to test
semiconductor chips. An example of such a systen is the Tiger™ test system sold by

30  Teradyne, Inc. of Boston, MA, USA.

The test systen; includes a work station 810 that controls the test system 800.
Work station 8§10 runs test programs that set up the hardware within tester body 812
and reads back results of tests. The work station also provides an interface to a human

operator so that the operator can provide commands or data for testing a particular



di agram of an automatic test system 800 of the type that m ght be used to
test sem conductor chips. An exanple of such a systemis the Tigefrmtest
.system sold by 30 Teradyne, Inc. of Boston, MA, USA. The test system
i ncl udes %wef densit@iducior 8ddcd. Hidr exampleal progrm ruwsng o Moskstgtion 818w r k
station 810 runs test prograns that set up the hardware .wi hi ter body
" 812 and m@ﬁgh@ﬁé@erm@‘lﬁa‘il‘é&‘glm %FR“@Q}%%HH%P\A%Q‘%&&%% es an
interface to.a human gp‘ﬁ{ t : L vhhe oPELat or can provi de commands or
data for 16&® ng ) pg?t |:Ct§l?a8(rﬁth§1phéﬂéo@ sem gom‘ﬁct or device, For exanple a
progr am r unni ro Arityestmanlyaypesiof 84Gcespbath andbg ansbdigivel testsignaliayusht a cl ock

body 512 brasarinira e mestieo et bpgy Rt fry el BN, G nd BRI | P!
bot h anal iﬁgcgﬂﬂ%ngﬂmgtgahtaﬁé@ﬁeammgume 1dBP1eSITO! Digilalaydek areasur ed.
ster dy 81

I nside te 0 are digirtal "pins" 820 and anal og instrunments 818.
Both are geaiiethiaegereraté bememvredigital degnatses DEvdtage gidanrrepisndnare circuits

t hat generate or npeasure digital si gnal s or voltﬁges and currents. In
cont r ast , coafastRyagnFtrHRTHE g"@‘@ﬁé?ﬂ&&“ﬁﬁ&”r?é’ &~®"3hal og signals. Pattern

generator 816 mhay] %éi%ra? H16 oV MRUoRrb PinpiRe 1@ dighlal pin 826264 ted the 10
. es

anal og i nstrunents control inputs define both the_values and the
tine mt ashlogfingtestents Bi8al Thesthermimg! inputgalefnebatl thy valuss apd dae I abnsure an

accurate test he ,actions of t el pi-fs. @ I Lastrument s
of ten ws?mﬁlét?{/ﬂﬁ?ﬁl%%\" _cgeppﬁpq%lgnq(?gﬁé@ 5?‘orﬂ8ef§ﬁ%ra%@ls des tt?%t%g si gnal s
that SyncREG FShoBRstal piRdard the Bealoy MisirRdents offbomestte syntlronizedst er body
812. 15 Autonmtic test ‘equi prment i s nade progranmabl e so ”}'E]tée it can test

ymany  di fRimisggenemies 1diproddesdiningisignply that sipehaenize opsrinPItee apl e within
“automatic t.est equipment, . a digital clock of a progranmable
frequencfa’t"ﬂ'éﬁcqﬁﬁg’r\?&ﬁyﬂwsﬁp{?@éﬁm exanpl e of such an application is
cal | g¢ an ar bi{giamutivRyeiQipmae nhadeprogiadiBble WEatdPGanctestatay a wavef orm
that can be programmed i'-nto an al npst 20 arbii $/ sha%ﬂe using a clock of

. ¢ , rajy
cont r ol | sbfferenttzpaserfapvicess § teofionidspirable to bg gpytomabiciestat or 100 has
been used as t C : ﬁ%gl% 2 pasaherins véaulod be nore
accurate elq?lp%eg?tc %%%E%%%IF%@?%‘(?%&\%E} Ei‘r;ags J1 ut er. Aut orrgte’;‘n c test
equi prentjitet. SAn eRamplevE sudhomi application iscalled gniartatranyrwavefaral gevgrator

(AWG). AWG 822 creates a waveform that can be programmed into an almost

20  arbitrary shape using a clock of controllable frequency. In the prior art, a DDS signal
generator 100 has been used as the clock for the AWG. The generated waveform
would be more accurate if the clock provided to AWG had less jitter.

Automatic test equipment also sometimes contains an analog instrument called

) a digitizer, Digitizer 823 also relies on 2 clock, which should preferably be

25  programmable. Digitizer 823 could also be made more accuratg if it were provided
with a clock with lower jitter.

More generally, there are many applications where sine waves of high spectral
purity are desirable for testing devices such as semiconductor chips. It would
therefore be desirable fo provide automatic test equipment with an improved

30  synthesizer circuit to generate signals with improved spectral purity.

We have recognized that the DAC strongly influences the overall spectral
purity of signals produced by a DDS., We have also recognized that spectral purity
strongly depends on the sampling rate at which the DAC operates. In particular,

impurities arising from signal-to-noise ratio (SNR) and spurious-free dynamic range



a digitizer. Digitizer 823 also relies on a clock, which should preferably
be 25 programmable. Digitizer 823 could al so be nade nore accurate if it

.were provided wth a clock with |aower, ji &er. ﬁ/bre egeﬁerally, there are
nmany appl(ﬁﬂ)mammr@mt%wlﬁmﬁi@& spmphngyate, WEHAYC 5 o desirabl e
for testing devices, such sem can I ' it aaherefore be
desi rabl ef W@Jﬁﬁ@%@{%@ﬁ@@é@{eﬂéﬁﬁg %eﬁ]w\?ﬁ lﬁlﬁlgrri]giy tglsrs})bil/é;d 30

SYNt hesi 2gpe fink Gt HofveUs! 18§ PREsSignabter sinipling natesbeeduspweilzbd, thvei ty. e

have recogni*zed that the: DAC_§tron_gI y influences thtg gver al | s‘ﬁeq&ral
purity of arsilignmkienpomthe exeilabjlity obEig: Iy thibhian senergte Be SHASYEI A s pect r al

purity str depends _on, t he s ' . Lo A rates. In
parti cul SpAL i reRRaae R g opfOr PG forh o ighisfocdtipRg 8

SpUr i 0US- s ferfYyAGT 9 ail bM6r rdetRbly elgpensves eonsupres toamueh powernlied y wi th
DAC sanpling rate. W have recogniz the benefits of operating the DAC
of a DDS ¥yt toptrauchispiessar ipoberpeundssiiadls-ng rate. However, as DACs with
faster sanpling rates becone available, there are limtations on the

avai lability of circuitry that can generate the data strearn into the

DAC. The circuitry needed t gUMSIARYE OF DNENTIONI generator for high
spectral purity is generally not available or .undesirab expensi,ve,
cousulnes t oo Witbih m&%ﬂ@gﬁ'o“%l&%ﬂ‘%nﬁésha"sﬂﬁﬁ‘g BP9 %atnﬁg"' vEd
undesira S R | NVENTI ON 10 Wth the foregoi ng background in m nd,
it is an%@?é@%&%@i de an inproved DDS signal generator. The forgoing
and ot her obj erfieSfofdoingpmid dtherdbbjdcts ae Bilfeved gma DDfbsignaligeneraior With 2 hi gh

~ sanpling rate DAC fed a circuit, that interleayv a Dl rgj' dat a

" )streans, high samém,srreqeé?ﬁéée%%aav%h al gterigayes aﬁw@ﬁ%@% : 3?\%%('a ed by

rel ati vely, bRgRHAhert, the b Ulrbinks are RefiSied bp celhtitdlpiriRperstgnal

gener ator Qgénerates a Sl ne wave, e preferred enbodinent, this sine
wave isS wsedittyo create a lowjitter digital clock, In another aspect, the

DDS signal is used to. geperate a lowjifter.diqgital 6l vari abl e
f r equency OPAATPEEL &qppg s g%@ﬂ@rﬁﬁh“&ﬁ?&ﬁﬁt‘%’c"et i’éﬁ'eg’;%/éﬁegré to clock an
20 ar bi iy dodinen Sh USR8 Lo to create a low-jitter digital clock,

In another aspect, the DDS signal is used to: generate a low-jitter digital clock

of variable frequency. ‘That clock is used within an automatic test system to clock an

20  atbitrary waveform generator.

BRIEF DESCRIPTION OF DRAWINGS .
The foregoing and other objects will be better appreciated by reference to the
following detailed description and accompanying drawings in which:
25 FIG.lisa block diagram of a prior art DDS signal generator used to generate
a digital clock; _
FIG. 2 is a block diagram of a prior art accumulator;
FIG. 3 is a block diagram of a prior art lookup table;
FIG. 4 is a block diagram of a DDS signal generator used to generate a digital

30 clock;
FIG. § is a block diagram of the fill-in unit used in the DDS signal generator

of FIG. 4; |
FIG. 6 is a block diagram of an altemnative embodiment of a DDS signal

generator used to generate a digital clock;

4



13RI EF DESCRI PTI ON OF DRAW NGS The foregoi ng and other objects wll be
better appreciated by reference to the follow ng detail ed description and

.acconpanying drawings in which: 25 FIG 1 is di gital ck; .FIG 2 is
FIG 3is Fl CFIGflﬁxsaéldﬁkdmgrmaéﬂ?&ﬁ@m@atﬁl?b%&‘%? ‘%E%Di#%ﬂﬁllﬁalgener at or
used to acneratogﬁ b%pc diagram of a prior an accwnulator; a block

" di agr am o$enETEY Gr¢s an okup table; a block diagramof a DDS signal

gener at or UsedeG?Sgﬁﬂﬁlﬁkﬂiz}grﬂilBi‘i?ﬁoﬂﬁt&hmktamﬁﬂﬁchGan'lﬂeimpfro‘ﬁﬂG 4: FIG 6
is a block diagar n of the fill-in unit used (j3n the DDS signal generator a

bl ock di athrauwghone afia BNSsigeal goecratapoifiFeAor 5IGH-DDS signal generat or used
to generate a digital clock; FIG 7 is a block diagram of the accunul at or
bank dsed in the DDS signal generator of FIG 6; and FIG 8 is a bl ock
diagramof a prior art test PEFTASHERMDESCRIETION i nproved through one of a

DDS signal generator of FIG 4 or FIG 6. DETALL SCRI PTI Thi.s
i nvention is rbhis inventiemisingt limifed iits @Q%lf%wntt%“’(e%taggf)g%@u}}&y% f ruction
and the ,arrangenen f ) hdtEtgaCri ption
o i1 ustaraaeent o opiaPASSH el i ok MllohihPadseRplt rlutianer

embodi mengs dARng TRiiRenboA dpaisle dOother afibddimens ent of tedngprectiosdvar i ous

ways. Al so, the phraseol o and term nol use ,
Y 10 orof beinge:arried out ing\}/arious ways. Aﬂo, tl?gzhrascoijogy and terminology used

herein is for the purpose of description and should not be.regarded as limiting, The
use of "including,” "comprising,” or "having," “containing”, “invelving”, and
variations thercof herein, is meant to encompass the items listed thereafter and
equivalents thereof as well as additional items.
15 FIG. 4 shows a synthesizer 400 used to generate a low jitter digital clock.
Synthesizer 400 uses a modified form of direct digital synthesis.
As in the prior art, synthesizer 400 is clocked by a clock CLKacc. Register
4072 stores a value of @y, For each cycle of clock CLK scc, the value stored in
accurmulator 410 increases by the value of &, stored in register 402.
20 The value in accumulator 410 is fed to accumulator fill-in unit 420. |
Accumulator fill-in unit is shown in more detail ity FIG. 5. For each new value of
®4cc, accumulator fill-in unit 420 produces N new fnhase values, ®p ... ©n.;. These N
phase values represent values between the value in accumulator 410 and the value that
will be in the accumulator 410 when the accumalator is incremented the next time
25  accumulator 410 is clocked by CLKacc.
As shown in FIG. 5, the values of @ .., ®.; are formed by a bank of adders,
of which 510, 512, 514 and 516 are shown, One of the inputs to each of the adders is

the value stored in accumulator 410.
The second input to each of the adders is based on the value of the phase
30  increment, ®yg, stored in register 402. A different fraction of the value of @y is
input to each of the adders. As shown in FIG. 5, the adders are ordered 0...(N -1).
The fraction of @y, input to each adder is based on the position of the adder in this
order. The first adder receives (O/N)* ®y,.. The next adder receives (1/N) * ®Dpne., The



herein is for the purpose of description and should not be regarded as
limting, The wuse of "including," "conprising,” or "having," "containing",
"involving", and variations thereof herein, is neant to enconpass._.the itens
listed t af dkinddy in G5 Fashioa with tHedimbiddas indbe prdgs reseiying BHBPYi % ens. i 5
FIG 4 shows a synthesizer 400 used to generate a low jitter digital clock.
Synt hesi z@-1MN) @ses a nodified formof direct digital synthesis. As in the
prior art, syngheskpzer .4 i locke fGsn niit AHiEs NRpggaslyer 402
stores a val ughﬂ*s’ %%r%]“quglce%éﬁ‘lgvgl’gc%@%tgﬂck CLKACC, the val ug stored in
accunul atigereddifle bREcales The sifimlsdy Ledpf ate roddedita sinalagkdddr 402, 20 The

value in accunulator 410 is fed to agcunulatog .fill.-i.n,ung
Accumsl at or fi$inebwllﬁﬁ2t°apé’eéﬁﬁmef1w ﬁ_ﬁ%ﬂ@%?ﬁﬂe ‘i'ﬁ']itsl'—lﬁ& r%a?chéggweach new
val ue 9f S(i,g“ﬁi%s igg@g%ﬁ%ﬁrg dibbs drlt of el sightfs Bf 00PESSs bphesy johaske val ues,

(Da , _ ase val ues represent val ues between the val ue
in accu Fﬁ@ﬁaﬂﬁ@fﬂﬁdiﬂeﬁﬂiwwimm difshank il 2 loutputsi adigiid vaRSTeRIPYEBRE 410 when
the accunulator is incremented the next .time 25 ac | LS clocked
by i KAGO poinkonsemprware. 1 s SPecirf Retny ah thscsis, 74 oIy 8 ghephabe © DEKEY
a bank Ofm@gdﬁﬁfaﬁ?dtto%e%m sli_}i'eQmit.512’ 514 and 516 are shown, One of the

0 he

I nputs to C ers Is the value stored in accupul ator, 410. The
secong i nput t'mee&@fboﬁni:olimpumdmpmséIQSﬁ!as:eMﬁnnméoﬂalnﬁémﬁfasflﬁ’é“ﬁﬁase 30

i ncrenment,  (Du, stored in register 402, ' I : | t he val ue
of (z", i@Ogiaﬁ&PSch@&cﬁc‘iﬁ’Fé’f‘glé{’ agwggoﬁﬁegh%\%\ﬁe?ﬁ&ﬁ{%aﬁgégitq?\gagdders are
or der ed Qwave(a’é'"fulﬁ gnﬁggjﬁmkﬁaﬁt. Hach OF the sucqpsdivé mparah .adlles i s based on

~the positron o Inthis order. The first adder receives (0/N)""
YD. The nepresshtics phiase dhat issshiflediplativotp, Pa. Anrerdinglychn oupht 8 inthis

~fashion, wth the final .adder jn,t L1Vl ' : (N-1/N) *
nr.,-. THEEESSIVEFng ypi W @n%"a"élfﬂ;é% rg&%f:s(r:tﬁérzrg lg% g?a falB F :‘J&?ﬁgtﬁﬁ% outputs N

i neagl y iRt RR%ivE e BR3aRe\pRdesd bTthe pécedink sineMmit in the(shie bankar e pr ovi ded
to sine bank 412 5 Sine bank 412 can_be i Upl,engwgasf% bankofﬁ_‘ sine units
112. Each of tTe outpuieofenchof the sinemits Hilhigsipe d8 155 R °BF °t HE si gnal s
(Do . . ON s.a bhase contspl q.il 0. Eagdk Lil&d $meltplixes™ W t hi n si ne
bank 412 S8 ﬂ:ﬁg mpy %?SF 1ae O{/a?él}eserlée%@legszezhtl ngu.ﬁ)éSc ?

connects one of the switchable inputs through to its output based on the value ofa

contro] input,
20 The control input of selector 422 is provided by counter 426. Preferably,

counter 426 is a counter that counts at least from 0 to (N-1). Counter 426 either
overflows to zero or is reset to zero for each cycle of CLKce.
Counter 426 is_élockcd by frequency multiP"lier 424, Frequency multiplier
) receives an input fromiCLKAcc. The ontput of ﬁ-e;luency multiplier 424 is a higher
25 frequency clock with é frequency that is N times th'e frequency of clock CLKacc- In
this way, for each cycl-é of clock CLK s¢cc, N succe;sive values are clocked through
selector 422,
Accumulator fill-in unit and sine bank 412 can be thought of as multiplying by
N the number of sampies of & sine wave available in each cycle of CLKace. To allow
30  the circuitry to operate at a relatively slow speed, these samples are generated in
parallel. Frequency multiplier 424, counter 426 and selector 422 convert these
parallel samples of a sine wave into a stream of digital values representing one sine

wave. However, the sample rate of that stream of values is increased by a factor of N.



a point on a sine wave. The specific point on the sine wave is controlled
by the phase input applied to the specific sine unit. 10 The first control

‘input no represents the control input to a sine unit as g‘%ﬁd ' pri or
art DDS ci r cui This dizeant of digital vahuesisapplied asghe fnput to;digial &9 %ﬁA' a val ue

rt oD _ _ ol sghe et |
Tnputs. ( Donveqedif. Fhs GGb Ristmianih RATT R i i PBY Repdy HAMPEE° @

Accordin { f 6 HasdE Y ke datdirhtewwut bf selestane bank 412
represenggx?%é?‘gté%eaqgkhégsgﬁ e mve shifted 5intinme rel ativ? to the

val ue pr opoc @y fyviding pdate sciangwith abigher saniplingtiete 40 RAGAP&OBIHOIout put s of
each of the sine units within sipe hank 412 Jjs
S cRabI BACAJdihes Brach grdsics speckoburis Pisp signely Eshfich By Dy S S |

"mul ti pl exfhits. connects one of the switchable inputs tluough toits
out put base&i on the value of a control ie&%gt,. 20 The conﬁ#ol i@gxt of
sel ector 422 iBhemuimitoéDAL4bbisshewn ipte dimenbp{FIG.ddakearesgwgd i s a

counter that counts,at agt .fromOQ t : 6f B §fenarover f | ows
to zero 4P aben '@é@tﬁ}%“igr g“%%ﬁ@ﬁ“@@%%ﬁ%é&‘é%ﬂ p?%‘ﬁ)ﬁt er A% i s

cl ocked n%%%g@rﬁx(;rmm Hohw eVbr, Batipats fleer @16 ynight!riot pe uexd ineBcei ves an

I nput fr . The out put of frequency nmultiplier 424 is a higher 25

f r equenc)implemdntations. a frequency that is Ntimes the frequency of clock

CLKACC. . 111 this way, .for each &ﬁggﬁgga c i ve val ues
are cl ocked tﬁﬁg@@%@&&&ﬂﬂ&%ﬁ*&@éﬁ%ﬁﬁgﬁgfht LTT=0 ntoglﬁ?? g‘:ﬁgﬁsi ne bank
412 can Hﬁ?ioggﬂ‘é?mmﬁicrﬁ%smﬂﬁri\w\yiitmﬂighpuﬁfjdahéemuedyergmérmm of a sine
wave avai'l abl n each cycle of CLKACC, To_a]lr:]ﬁg 30 the circuitry to

‘€S

" Joperate aﬂod;;hilWﬁ@rwswwf 3s1§BQwD Yy are generated in
parallel . Fr eg]q&gééb'?‘gééﬂ @'teisx?:fstilvé%éxboﬁﬂﬁﬁﬁ i whith a AGeref c?lg_hﬂ!is wkéd teonvert

these parall 0 ne wave Into a stream of digital val ues

I epr §§entdefsrafifhasd Viues)\@y &.. TROWSyathesitéres00 e an acaumulatortbank 610 ineam of
values is increased by a factor of N. This strearn of digital values is

appl i ed gdaceied apouprrlatord H) idaspumplaion fllol WAy converter 414, DAC 414
nave a hi gher ASMSTPHP A IR 7 foco Bk ek SO ClRENTT it of selector
422. By REcuhsihtoss, of oich R0; By 74 il 2l thirg Kleyws forpsimpliritya®ach ebtheDAC, t he
out put O];ccumulators, such as 710, 712, 714 and 716 receives the value of Oy, as an input.

20  This value is added to the current value stored in the accumulator once for each cycle
of CLK scc. To generate the signals @ ... On.; representing values staggered in
phase, each of the acoumulators is initially set to values that are slightly different.

For example, accumulator 710 can initially be set to 0. Accumulator 712 can
) initially be set to (I/N)*®pse. Accumulator 714 can initially be set to (2/N)*@ye. This
25  pattern continues in orjder, with accurnulator 716 being initially set to (N-1)/N*®ppc.
FIG. 7 shows that each of the accumulators contains a reset line. Each time
the accurnulators are reset, the initial value should be loaded into the circuit. It should
be appreciated that an accumulator having reset circuitry that computes and loads the
appropriate initial vatue could be constructed. The circuitry could be part of each

30  accumulator unit. Alternatively, in a system such as automatic test system 800, a
computer controller, such as work station 810, might compute the required value and
store it in the accumulator register before synthesizer 600 is enabled to operate. Set-

up of electronic circuits before enabling them and loading values in accumulator

registers are known filnctions of electronic circuits.

7



5 DAC 414 has nuch greater spectral purity than signals generated by prior
art DDS circuits. The output of DAC 414 is shown in the enbodi nent of
.FIG 4 to be presented to a band-pass filter 416, Such .a filter can

furt her |ncr ea‘s’mmpdmbwalteqhuﬂuﬁyc dbw@seé"t'g%stm@tm%@aﬁb?}* RE 414,
However,

| Ny
The out pLFtyn ﬁ"e Oryaq{cﬁbggggl%f:‘fegg%hgﬁé pdrf(ﬁ) i dlegle q%%é%%ﬂaﬁwzagt | ngl n

prior art a%%hxeasmgﬁrsﬁnple rte BRd Yeuvely laigenugibepafibitsy Irapréferredised t o
generate a digital = clock wth low jitter using a cgpparator ii?shown in

FIG 4. RnbodimentoRAGHL4wilbicesive @tée@h%éhsqqﬁ%twﬁ (3* Lhi e sgoqids NOEnt circuit
is used to ase. val N, hesi zer 600 uses
an acéumﬂrﬁfcﬁi’lgﬁ‘gégig “Fﬂ rece* a%eé 'Vgicu?g%rsefénh 1(%P§ens§b[ tyccunul at or

Fill-in yQinterfidfted Hp l%ﬂ:@ﬁ\ﬂanmfaeigcliﬁgayl{emﬁkﬁ 1sﬁsedace amul at or bank 610
i ncludes N1 accurmul ators of which 71Q, 712, nd 71 %re ﬁggs\ém for
sinplicity. Eakashatigitah salug inpuhion RAGrH 4 13 8 PFeS; erry mbggimney

e e e R s s U 1

current accnu each cycle of CLKACC .

To gener gh@cirdiftseittalisg digal-vatues afpdéd o Dmeﬁ)dbﬁlswdl gmratavdéﬁﬁ witlhggered in
phase, each of the accunulators is |n,|t|§ to vahues hat aTe

sl i ghol y merefite dhan DAG4 140508008 CORRTHAT 4P Ily be set to
0. Accumul e pldted Accunul ator 714
can init i é%y%a%t a??egsgf%@f?&és&@ﬁﬁ iné@reéén’d Fﬁ‘eéaonttfnues in order,

Wi th accympleiicptatibhfthe gengated valied haved 8tbits of re(solumyml\l*0~ . FIG 7 shows
that each of the accunulators cont a‘t\‘gﬁs@g t he

Yaccunul at or s drequeasaividee 424 copater selet Féﬂbga‘fc&é’ﬁ‘cpc?ae HREE { he
circuit. %ﬁ%ét"ﬁ%gs %F}%%?D‘ﬁ@ﬂlai hAbcodinggCteasvalydi gl Seiiaicy eset

C|rCU|try conput’es "and | oads the appropriate initial value could be
constis uciceshporiérs anemaadetdrty mphhanb@emomp@ﬂelﬁac'ﬁe@m% RIPEESr unit.

Alternatively, iri. such ,as au |c .
conput er ¢H§ F‘HPP%‘PE' \F/F%%\gt%rsli“&aéfﬁa ‘H""‘L‘?‘gﬁt g%%ﬁrrt%t%aggtqﬁggr equi r ed
val ue and; g0bEside ﬂrﬂcésﬁb% B et fic re@dicdlspéedpe i prefotrddhesi zer 600 s

enabl ed to operate. "Set- up of el ectronic ci rcwts before eri abgl ng them
and | oadiempodizhentsthese campanentawill be ieplerensed s HngleAJbaPrd REE PHHS of

el ectr OmACSIEJI 1;1%Htomanc test 800 that is used for other functions. These features could, for
20  example, be implemented as part of the same integrated circuit chip that holds DAC

414,

One advantage of the above described architecture ig that the sine bank 412
and accumulator bank 610 or accumulator 410 and accumulator fill-in unit 420 do not
) need to operate at the same data rate as DAC 414. Thus, these components, and any
| 25  other components clocked by CLK acc, can be implemented with relatively low spesd
cirenitry. In a preferred embodiment, CLKacc Will operate at a frequency less than
500 MHz. In a presently preferred embodiment, CLK acc will operate at a frequency
less than 200 MHz. These clock rates correspond fo a value of N that is at least 32.
In a presently preferred embodiment, N is 64.

30 Many techniqués are known to implement circuits operating at this range of
frequencies. For example, CMOS is widely used to construct circuits operating in this
range. A CMOS ASIC could be used for these components. However, because of the
simplicity of the design, a relatively low-cost CMOS gate array could be used to
jmplement these components. Moreover, the small size and relatively low power

8



7 Various known techni ques could beused to construct a synthesizer, such

as synthesizer 400 or 600. To achievchigh spectral purity, it is

_desirable that DAC 414 have both a hlﬁgg sappl e ,rate and relatively | arge
nunber of copsumsptiomotCIMIOS; allows e syatiswert 98 Apscribpgio BERIaCHPlY r ecei ve at | east

2 G ga-val yes 10 A o1t tibAenddAcost, | |

recei ve 4™ %qq;éqzﬁeag pﬁ%%@ﬁé@%ﬁ%ggg}sﬁwg ‘g?gg’g’ﬁ’ﬂ@& cg%? enpl at ed

| npl enentgikh R9autdmitiStesfdquipnidant z DAC is used. Each digital value input to
DAC 414 in a presently preferred enbodi nent has 0, bi tsé laﬁ] i S possi bl e,
as a way to redmdecrbed doved synihesizgBsneraics asignal W'@hh’@b’f?,cq Byt he

Cl 1 ouit S \ENelaLING M lrualica BlGS AR B, helNatdkbdoitictchs asfifessre val ues

with “10 uses a conversion. For exanple, each
val ue W |g sift whe 2id serveassan aipult eatht DINC.bThis stréam o wdlues ismonstmcigd pyesent | y
val ues have.18,bits_of

| d inpl lon, th
Fesol ut| aerleie RS PERLST holpy Botirnty a5k i APBGF SIS R,
conponentg., _ihg%e ?@gﬁfs%tf‘ﬁmastinetlﬁﬁts Egigﬁﬁehﬂﬂmf s 3fne Mived kdech Nossy thenal v,

relatively gquency 1S coO ents are -needed to inplenent these
conponentsame Teqharlyeyitlgssitowarkia theinteeleavedatatamen: Hoyrventthe at this speed

are known, Fqor exanple, cjrcuits, nade | ng an ECL or SL.Ce. pr. ses can
oper dfe &empleg ratennfthese spps agyves qsﬁt%ﬁer. zfth?rg'}“rpge@%arp&}ﬁfbhﬂﬁ?, lftﬁgse
conponen ' ! feséitinglsBmpie 6f fhe davepddd of an ASIC in
aut omat i ?%?%%{BL s@%@ﬁaﬁgﬂwﬁggﬁ%of ot Eesr uncti o%s. vThese features coul d,
for 20 eimetktavingthemnpoddelsobedpassifart of the sanme integrated circuit chip
t hat hol ds DAC 414 e vant a of ,th bove descr . rchitecture is
Ythat the sine @Eggcsﬁﬁge%&gﬁ%ﬁﬁsg%? oﬁ%ﬁ%ﬂf %?boéigggﬂuq?é@gr 410 and

accumul at@fenfibd lit isho B8 ppraded Qarists altBRE6ns, thodifvatibes, ahd ihgrosementslat a rate
as DAC 414. Thus, these conponents, and anyF 25 ot her conponents cl ocked by

CLKAGE, wih réndillyioptunte thasd skillediinythe axti Suchaliesationpanedificgtiansiandy |1 n a

f d embodi nent.. Ol W | f 500
Dhe. 1 1 SuposenRtt gro pimard 6 ok o Al Bt FEHFAHLA B Wil
frequencihe épﬁﬁ?anﬁﬁéébe?&Qhé\dd%nﬁUﬂe%c&dmgiyﬁtm Rfegoiig éspapibt mda val ue of N

that is at lTeast 32 In a presently preferred enbodinent, Nis 64,
drawings are by way of cxample only. '

For example, the invention is described in connection with a synthesizer that

20  generates a sine wave that is then converted to a low jitter digital clock. The

invention could be used to generate a sine wave that is used for other applications.

Also, the invention is illusirated as used in connection with aitomatic test
equipment. However, the invention is applicable in any other area where sine waves
of high spectral purity or digital clocks with low jitter are desired.

25 Furthermore, it should also be appreciated that DDS can be used to generate
signals other than sine waves. Sine bank 412 could be replaced by a memory or math
engine that implements a function other than a sine.function.

FIG. 4 shows that each stage of synthesizer 400 is clocked, allowing for the
circuit to be pipelined. It is not necessary that the circuit be pipelined.

30 Also, it was described above that the DDS circuit generates the multiple
streams of digital values, each representing a sine wave offset by a uniform phase
from sine waves represented by the other streams of digital values. These streams of
data were achieved by ;upplying sine bank 410 with multiple phase inputs, each offset

from the other by a uniform amount. The same effect could be achieved by supplying
9



30 Many techni ques are known to inplenment circuits operating at this range
of frequencies, For exanple, CMOS is wdely used to construct Crcuits
operating in this range. A CMOS ASLC.coul d be used for onponents.
However, anecqniel 16P“tt‘1’|§a°hs$1?ﬁﬂ’1"c‘flt"f“1?fb e‘glbeég F“Eﬁ,su%f & %f?ﬁ%gﬁg/ | ow cost
. CMXS gat %3@23@3}50 %ﬁ'vﬁﬂ?&siﬂé%\r& Bf a SIEMHIG Wifdrentiphase. CRRRAMPIS) mther Mor eover,
e and -re

the snal | atively I ow power 8 consunption of CMOS. _allows a
synt hesi aRin Recive Btinpihte depreschiingNaiifféreatifhyses; sint kankrdladnight eomiain Bat i ons

that are sensitive tq size, Powg% consunpti.gn iﬁﬂe/ or ggs%t such as

aut onat i gnermeresdhgisapbFered ¥ailugs Lo sRev sVt 2 ST RES®2er generates a

signale wi th hi ghy s ek aholBut botPbditored @il ihBadders sipamisiwithigidal val ues
e

at a ﬁi gh rate. se values represent sanples of ~a sine wave and serve as
an input sie Bahk, DAGhe ifiputs te thecsshoctor axedlondssed.'s Thimerdeting is@ ‘Peeicalnt er | eavi ng,

f h ' f th f Kk h - I pl '
i - TRRetng e 57t S REAIE FReshdre e ShoRHr e e 00 ! 22

having t sesxfzgﬁ th'cB Ywhieh 5iR6 uSis BEwhRY @irefunithe corrieet theauphdo dat a st ream
However, "t he sanpling rates of these sine waves is | ower. her

i pl enentselettonsutphit. Suchradogitalionderingglonenetmeeandhat aay seecific AYIchI val ues
representing. sanpl es of .si ne waves. and, 1 nterl ' t | so be
possilBl e or ngqqﬂggé)&'@% Arhipsog gibe ggl t;% g%‘fogg%#agq' #gggwlﬂfeéngnbod i ment
of this ANRRELR oligué Mift beesa PAIES, thé edening inay de abtublished bpany

modi fi cations, and I nprovenents 15 will readily occur,to, fhos kKilled in
the art. cSonenicak systesn. Bws%xﬂméﬁ,iﬁléa?ﬁnﬁﬁ@?ﬂaﬁ@ti‘%%mwg éﬂ%’?‘f"?ﬂrended to

__be part t hi I sclosur e ' ﬁp@e hiRiGemidae spirit and
" )scope of g’%%éwftﬁli‘/%’?tsffc%tn‘f“}fc]%@c]%%g ‘9,@% or e oﬂﬁg)egrgggyi%?i on and
dr awi nNgs cadventisn VRY prker®satip desited| orderingrof sigaalphay be heedi nvention is
described in connec? ener t(fes a sine wave

lon wth a s nthesiz& th?t t@gg
that 15s then Adsnepemter 426 is shaywp jo hecdocks éylaé ockthtits BeREAed MAnt i on coul d
be used t.0 generat Sin : | i £ ®hdwwms. Al so,
the i nveﬁeﬂ‘g??"??qflﬁ?@egt ﬁé&é’%@%@g{f thef nngéﬁgoﬁ&d\jmﬁ{)%@gﬁjmﬁaﬁ ic test
equi penfreqiinie® Yélatiorship miphebé iied. For examiple,atiigher fregngncytobesk maigha wher e
sine waves™ of high spectral guri.ttg/ ﬁ{ digi.tal cl ocks wi.th low jitter are
desi r ed. be generated fo clock counter 426, with CLKacc being generated m a frequency ,

divider having the higher frequency clock as an input. Also, though preferable, it is
20  not strictly necessary that the clocks be generated from the same clock.
Further, it was described that a sine unit could be implemented as either a

look-up table or a math engine. It is also possible that a combination of look-up and
computation could be used to generate the data streams that are provided by each sine
) unit. For example, a look-up table might have only 2° Jocations, meaning that the
25 memory is addressed by only 9 address lines, However, accumulator 410 might have
more than 9 bits of resolution. In this case, the high order bits of the accumulator
would be used to select a base value from one of the look-up tables., The low order
bits of the accumulator could then be nsed to interpolate between the base value and
the value at the next address in the memory. A simple linear interpolation might be
30  used, though other more complicated forms of interpolation could be constructed.
Also, it was described that a DSS synthesizer is used to generate a sine wave
of high spectral purity. The same circuitry could be used to generate a sinc wave at a
higher frequency than is possible with a traditional DDS circuit. In a traditional DDS

circuit, the frequency of a generated sine wave is limited to % the frequency of

10



25 Furthernore, it should al so be appreciated that DDS can be used to
generate signals other than sine waves. Sine bank 412 could be replaced by
a menory or math engine that inplements a function other, than a
" si ne: f uneCLERec. AnGhe desstibedserhbratimentctie Sieguancy of hyRERR eI SFEMAYIS ¢l ocked,
allowing for the circuit to b ipelined . It is not necessary that the
circuit Wﬁ?‘béﬂNﬁ’é@ﬁh@%ﬂW’éﬁf‘%}&’%‘ descri bed above that the DDS circuit
generates the WﬂaﬂsF&#ﬁme&fsﬁ eans of digital values, each representing a sine
wave offset by a unitorm phase from sine waves represented by the other
streans of digital values. These streans of data were achieved by
suppl ying sine bank 410 with nultiple phase inputs, each offset fromthe
ot her by a uniform amount, The same effect could be achi eved by supplying 9
one control input to each sine unit in a sine bank, where each sine unit of
the sine bank responded-with a sine wave of a slightly different phase.
For exanple, rather than -receive N inputs representing N different
phases, sine bank 412 in.ight contain N nenories that each stored -val ues
for a sine wave with a different phase. 5 As another exanple, it should be
noted that the adders, sine units within the sine bank, and the inputs to
the selector are "ordered.” This ordering is a "logical"” ordering in the
sense that the ordeiing is used, for exanple, in deterraining which phase
i nput to connect to which sine unit or which sine urdt to connect through
to the sclector output. Such a logical c)rdering does not nean that any
specific physical |o orderinR is required when a chip containing the unit
_Is constructed, Any convenient construction technique m ght be used. Al so,
Ythe ordering may be established by any convenient system For exanple, it
is not necessary that the control input O to selector 422 switch the first
value in the order to the output, Any nunbering systemor convention that
pTeServes the desired ordering of signal may be used. 15 Al so, counter 426
is shown to be clocked by a clock that is generated in a frequency
mul tiplier. Any conveni ent nethod of generating two clocks with a known
frequency relationship m ght be used. For exanple, a higher frequency cl ock
m ght be generated to clock counter 426, with CLKACC being generated in a
frequency divider ba,6ng the higher frequency clock as an input. Al so,
t hough preferable, it is

11



20 not strictly necessary that the clocks be generated fromthe same cl ock.
Further, it was described that a sine, unit could be inplenented as either
@ look-up table or a math engine. It is also possible that a conbination
of look-up and conputation coul dBAYEed to generate the data streans

_ that are provided by each sjne unit. . ni.e, a | ook-ap, table m ght
have onl yl.-29 |&&sth ,gcﬂgg#ﬁg]@p?q?éigc %'&gaﬁ’fgﬁﬁgen%gy is addressed by only 9
address lines._yHo s ; tréfs of dipital lvalves, eaglr sretlman 9 bits of
resol uti on. Ina)t hi gg‘é‘%‘,%%?{r?ghﬁfﬁrﬁ or der ,b%ts of , the accynul ator would be
used to sel ect a baspresauting sahplesofthe periodipagnal ipke generditbes, The | ow or der
bits of the aggunul.afar coul.d theg i L& 1t he base
val uc’and thg’sval d@*eafa%llﬂ‘f@;?g@a%?gg%ﬁﬁﬁbg}r‘ldedﬁhg?mﬁ?y Aaig?&nﬂrﬁﬁl i near

i nterpolation m ghtydags. , O used, though other nore conplicated forns of
interpolation could be constructed. Also, it was described that a DSS

synt hesi zer i )- us eenvetige Herfinabsteeas) wanmalee sighahi gh  spectral purity. The
same circuitry could be used to generate a sine wave at a higher frequency
than is possible with a traditional DDS circuit. In a traditional DDS
circuit, 4he fHeGHARGY oPElait Yadditiotaly coimpeising gendrating awplueadity of ph2se he
frequency of 10 CLKACC, in the descrj bed,-_enbocﬂerrent, ”}aiqf'r uency of the
generat edigialsén peoperiion to| theparied oftheperiodicsigngh % TRin earhy valye cc. \What

is claimed is: | CLA . : ' InBeFiRYimessi gnal ,
conpri si rPngtrch}fishFﬂBs 2\%%&%5&%{9@?@%% &gtiogint al val ues, each stream
repr esentgiggissanpl es of the Periodic signal to be generated; interleaving

_ the plurality of streans' to produce a final streamof digital val ues;
Jconverting the final streamto an analog signal. 2. The nmethod of claim!l

additional I'y URAGE AGRPS BldifiShalyRbibAking emratitipaah phase signghal s i n

proportion to e period of the periddic signal, wherein each value in the
pl ur aki t byatpetddbpinereading tlgi phake sigal by aipbagsriouement. i n r esponse to one of
t he phase

4. The method of claim 3 additionally comprising controlling the period of the
periodic signal by changing the phase increment.

20 5. The method of claim 1 additionally comprising processing the analog signal to

provide a square wave signal.

6. The method of claim 3 additionally comprising using the square wave signal
) as a clock to circuit generating a waveform.
25 . :
7. The method of claim 1 wherein the final stream of digital values comprises in

excess of 4 Giga-values per second.

8. The method of claim 7 wherein each of the plurality of streams of digital

30 values comprises less than 500 Mega-values per second.

9. The method of claim 7 wherein each of the digital values in the final stream

has at least 12 bits of resolution.
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signals, 3. The nethod of claim2 additionally conprising generating each
phase signal t5 by repeatedly i ncreasi ng the phase signal by a phase

T b s O LA

. method of i &ﬂsggﬁmléasﬁglflgﬁ.éaﬂ@%lfhygﬁpmﬁésm ng processing the anal og signal to
provide a°s re wave si . The nethod of claim3 additionally conprising

usi ng the square wave signal 25 as a clock to circuit generating a
waveform_ 7. The nethod of, c n_ the.tinal stream of digital

val ues cdilpri shRparatps %fﬁwgﬁpﬁnggﬁwﬁkﬁ% “ second. 8, The nethod of

cl ai mg7 wher eig ea%ﬁfcl&&@slﬁﬁl‘ﬁﬁd b bocofd cmggnaha@mgms quahcy tAft ival ues
corrprl ses |l ess’than 500 Mega-val ues per secon 9. The nethod of claim?7

wherei n each of theirdulglpleenfthtaﬁuédockﬁl% final stream has at |east 12
bits of resolytion. 10...Th 4 y of
streans of digVtal a\pj efc%rﬁb% g%‘% zft%%easbu@gﬁé@ ggfﬁgﬁgwug% étlﬁal val ues.

11. Apparatus for Q,ﬁ%g@aagc@c@@rbwﬁgzsvﬂﬁ@itltsmtpur@w@nhwgd| rst clock
signal and a second cl ock signal” having a frequency that is_ .a nultiple of

the first clock si gamplecétlpﬁmhlgslsnab#t%ﬁm%d?tﬁ%lﬂn BRIt RN IPUL ot ¢ of

i nput, a clock.input @I ue at its
out pdP repres&hti ncj"sﬁt%c 5%‘?‘8%&%& anal’og %ﬁ%%lgi@q&ch{%e et erni ned by
its control input; smcﬁéblam%ﬁﬂseﬁﬁﬁctsdltbmﬂdut}hnwfageGfthbphmﬂltyyofof

swi tchable inputs, each of the swltchagcg g{ghu 4o ted,to the out put
of one of the pl ur &irregs, 3nd a eeteal inpatt, claeked by tigspenn cﬂ‘ﬁft E¥ocked by t he
second cl ock si gnaly, o uf eeécf?:c{o?‘éuaﬁ{é‘dhh%ts & ffferdir 0BOBNRE S WitéhaBlicl  er ent one
)of its sw tchable 1T npu to I'ts output when its control input is clocked

by the second 15 c Im';ﬁits i itgromkput when its control input is clocked by the second
15 clock signal;
d) a digital to analog converter having a digital input coupled to the
output of the selector circuit and an analog output is representative of

the analog signal.

20 12.  The apparatus of claim 11 wherein the second clock signal has a frequency
that is at least 32 times the frequency of the first clock signal.

13.  The apparatus of claim 11 wherein the plurality of circuits are CMOS circuits.

25 14.  The apparatus of claim 11 wherein the plurality of circuits are implemented in

single FPGA, chip.

15.  The apparatus of claim 11 additionally comprising a filter connected to the
output of the analog to digital converter.

30 :
16.  The apparatus of claim 15 additionally comprising a comparator connected to

the output of the filter.
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a digital to analog converter having a digital input coupled to the output
of the selector circuit and an analog output is representative of the
anal og signal. 20 12. The apparatuys of c econd cl ock

.ar 4 2 I tai m 11 wherein_the
?: ?Q?I Palgl.(a fAldqtlméh@&eSt equfngns haying @ yeyeigom gendion e‘?’?‘écgffé‘icy of the
[« el avioe A ek BOPE B e Ao B o B Rer i 1o

mrcw;sg&F‘%‘ ! . e apparatus of claim 1l wherein the

pl ural it %offpafitdr@ficlamaee i npl enented in single FPGA chip. 15. The
apparatus of claim 1l additionally conprising a filter connected to the
output of the analog to digital converter. 30 16. The apparatus of claim 15
addi tLonglgly_ oLl & SOTPALA! AIARNTAGReln db schéifl Qudiptiinat had he
filter. 17. A ETaT I C T € equi pnent having a wavef orm generator, the
wavef or my erc that ibavieng 4@8HA. ock input, wherein the clock is derived from
the output of the conparator of claim16. 10 18. The autonatic test

equi E)rant 1(:)f 4cI aim 17 wherein the second clock signal has a frequency that
is at le ' W Efchiciiteasiprixes b he
pluralit §()f gﬂr%cagp@mg-é?}glra?@gg a p gécgﬁf?iﬁolgégccurﬁcg?or S, eacﬁ

accumul aiphirabily@fiseshrmlatone sédhrastumilatok cloickgdly the first Tlask sigbak at us of claim
19 wherein each accunul ator conprises an input coupled to a programmable
(r:_egl sl_ﬂter. 21. The apparatus of claim 11 wherein each of the plurality of

| rcul t s AGONMPrpS i @hies crhpitded gt wher ei n each
of the ITEZI’Q'DI’I gg%?‘ﬁp?’ﬁ{éﬁé’i ural ??ﬁ%%eﬂgiﬁgl?ﬁiatﬁg stg'r:esplgarrpaﬂ?hof a sine :
wave. ZQcBiﬁ:lenP\ppﬁpﬂﬂgtmnmdﬂep&gm:I@rci ng an output signal, conprising: a first
~clock signal and a second clock signal, having a frequency that

21.  The apparatus of claim 11 wherein each of the phurality of circuits comprisgs a

15 memory.

22, The apparatus of claim 21 wherein each of the memories in the plurality of

circuits stores samples of a sine wave.

20 23.  Apparatus for producing an output signal, comprising:

a) a first clock signal and a second clock signal, having a frequency that
isa mulﬁple of the first clock signal;

b) a plurality of accumulators, each having a storage location and
circuitry to add a predetermined amount to the value in the storage

25 location during each cycle of the first clock signai;

c) a plurality of memories having an address input and a data output, the
address input of each of the memories connected fo one of the
accumulators, each of the memories producing an output in response to
the value of the address input for each cycle of the first clock;

30 d) a selector circuit having a plurality of switchable inputs, each of the
switchable inputs connected to the output of one of the plurality of
circuits, and a control input, clocked by the second clock signal,

wherein the selector circuit connecis a different one of its switchable

14



is anultiple of the first clock signal; a plurality of accunul ators, each
havi ng a storage location and circuitry to add a predeterm ned anount to
.the value in the storage 25 | ocation during each c%/cl E’tﬁé t he %i rst clock
signal ; a pluralityinpits keitoeutpet wheniitsgoamolaeit dsdorked by Be3Fea%at 4 out put
t he address input cgf each. of .the nenories connected to one of the

accunul ators, each pck fenabang i es produci ng an output in response to the
val ue of the agdressipilib afislbg GaRRrteyiivingol diine ifpm soupédiokbe 30 d) a
selector circur't having a plurality of sw tchable inputs, each af the

swi t chabl e i nputs contprsef $ie selsctor sirgut gndianpalgg Quiput ql?é“ﬁ‘f“ﬁﬁ’%ﬁsi"?y of
circuits, and a contraol ig@%ﬁﬂ cl ocked by the second clock signal, wherein
the sél ector circuif®BRRLEEE s different one of its switchable 14 i nputs
to its output when its control input is clocked by the second clock

signal; and a digital to anal og converter havin digital .J.nput coupled to
the out P4k ofmmpmn@@ﬁ@hmﬂg@mwaﬂ W%ﬁﬁg%gﬁ&tcgﬁqectegﬁf’@geent atives of
t he out put _ si | .,.24. The s of claim23 additionally conprising a
filter c&mﬁggﬂ‘etdéglf%éo a&‘fa%%?(’g#&t he digital to anal og converter, to 25.
The apparatus of claim24 additionally conprising a conparator coupled to

the output of the digital_ to_analogs converter, the C(%ﬁr’?)ara Q" H%vi ng an
out pup f @5.a Thegpparptugjobelaim 24 addifi GORRFSE ASPUIRAR a‘ﬁﬂ“ﬁ% A %rpitrary
wavef orm gener e i A Qftpitded £9 a cl ock

i nput, W?%*ﬁ‘ﬁ?{}ﬁéh%fagaﬁl{a?d&%tcaﬁg‘)s’eﬂc%g% e tagﬁt?llhe gl gi ta? clock of claim

25. 15  digital clock.

26.  Automatic test system having an arbitrary waveform generator, the arbitrary

15  waveform generator having a clock input, wherein the clock input is coupled to the

digital clock of claim 25.
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