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ABSTRACT

At TexasInstruments,integratedcircuits in productionare
continuallybecomingmorepower efficient andfaster. The
time associatedwith testingthesedesigns,saywith a with
Taradynetestplatform, representsa largecostof theover-
all price of theseintegratedcircuits. This paperdiscusses
thedesignandlayoutof acompactmixedsignalprintedcir-
cuit boardusingadigital signalprocessor(DSP)thatcanbe
usedin thetestenvironment.In general,we live in anana-
log world, but theprocessingandtransferof informationis
typically digital. Mixedsignaldesignsoffer thebestof both
worlds sincethesedesignscan take advantageof the pro-
cessingpowerof a DSP, while operatingin closeproximity
to the analogsignals. The paperpresentsa discussionof
our designalongwith a pictureof our mixedsignalboard,
moredetaileddiscussionsandpicturesmaybeviewedat
http://ee.tamu.edu/� mbyeary/mixedsignal.html

1. INTRODUCTION

DSPsystemsaregainingmoreprominenceto solve a wide
rangeof engineeringproblemsas their processingpower
andfunctionalitycontinueto increase.As it turnsout, inte-
gratedcircuits in productionat TexasInstrumentsarecon-
tinually exceedingthe 1GHz clock rate. Thesehigh speed
ICs producemajorproblemsfor thetestengineerresponsi-
ble for characterizingthis product. The solutionhastypi-
cally beena tradeoff of bit resolutionfor speed.To solve
this problemof bit resolutionfor speed,undersamplingis
typically employed.Thisparticulardesignemploysaswept
delaygeneratorthatwill sampleaperiodicwaveformasde-
pictedin Figure1. Theproblemwith this designis that the
delaytime,

�
, doesnotalwaysfactorevenlyinto theperiod,�

, of thesamplingwaveform,i.e.
������ � , given � anin-

teger. This discontinuityintroducesnon-coherenceinto the
sampledwaveform. In otherwords, the sweptdelaygen-
eratordoesnot have the ability to accuratelymodulate

�
,

which is neededto provide coherentsampling. Moreover,
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Fig. 1. SweptDelayUndersampling

�
, is not alwaysconstantsincethedevice thatproducesthe

delay is an analogdevice. Coherenceis of prime impor-
tance,asreportedin thecurrentliturature[1][2]. Coherence
implies that the testwaveform is sampledover an integer
numberof cycles[3].

Coherencein a sampledwaveformis preferredin order
to usethe DiscreteFastFourier Transform(DFFT) which
is commonlyusedto takemeasurementsof gain,distortion,
andsignalto noiseratio. Onetechniqueto remedytheco-
herenceproblemis to window the dataprior to processing
[4]; however, windowing will causea lossin theresolution
[5]. Windowing alsorequiresextra processingtime, which
is critical [3]. Other researchershave worked to sample
over an integernumberof cycles[3]. While this technique
hasproveneffective, it assumesthat thesignalundertestis
slow enoughfor theA/D conversionstrategy to provide an�
	 bit word at every samplepoint. As describedbelow, we
haveemployedamodifiedSARtechnique[6] to digitizeex-
tremelyhigh speedsignalsby assumingthatit successively
modifiesonly one bit of the �
	 bit word at every sample
point overseveralcycles.

This paperprovides a discussionof our mixed-signal
DSPsystem,in the context of providing a solution to the
coherenceproblemin high speedundersamplingA/D con-
version.Ourdevice,theCoherentUndersamplingDigitizer,
is aDSPbasedcircuit employsanew technique[6] thatpro-
videsa methodof maintainingclock speedandbit resolu-
tion without discontinuitiesin theoutput.



This paperis organizedasfollows. Section2 provides
thetheoreticalformulationof thesamplingtechnique,while
Section3 discussesits implementation.Finally, Section4
presentsoneexampleof our laboratorymeasurements.

2. THEORY OF OPERATION

TheCoherentUndersamplingDigitizerovercomestheprob-
lem of non-coherenceby replacingthe swept delay gen-
eratorwith a precisefrequency ratio that generatesevenly
spacedsamplingtimes. In this manner, thesampledwave-
formsareguaranteedto wraparoundsmoothlyfrom thelast
sampleto the first enablingthe useof DFFTs for testing
and calculations. The precisefrequency ratio is achieved
throughthe useof two clock generatorswith onesetat a
slightly lower frequency thenthe second.The comparator
strobeis generatedat a particularfrequency, �
����� , which is
slightly lessthatthefrequency of thetestsignal, �
����� .

Referringbackto Figure1, it is possibleto createthe
sameundersampledsetof samples,without the useof the
sweptdelaygenerator. Thedifferencebeing,weuseaclock-
ing signal which is running at a lower frequency that the
signalundertest,andit is not synchronizedto it.

It is impossibleto holdthedelaytimeataconstantpoint
for all samplesto be taken for that point. For this reason,
all the MSB comparisonsmustbe performedfirst, thenall
the next lowest bits, and finally all the LSB comparisons
areperformed.The final digitizedwaveform mustthenbe
outputby unshuffling thesebitsandsendingthemout in the
properorder. The block diagramin Figure 2 depictsthe
arrangementof the hardware, as it resideson the printed
circuit board.

As seenin Figure2, theCoherentUndersamplingDig-
itizer is a five chip solution. Only the comparator, DSP,
andthe DAC arethe vital componentsof the design. The
two translators(ECL-TTL andTTL-ECL) areincorporated
into thedesignfor voltagetranslationonly. Thelogic levels
betweenthe comparatorandDSPareunlike andtherefore
translationbetweenthesignalsof eachmusttakeplace.

As depictedin Figure2, two frequenciesareof prime
importance.� ����� is therateatwhichthecomparatorstrobes,
and ������� is thefrequency of thesignalto besampled.The
theorybehindtheCoherentUndersamplingDigitizer is that
thefrequency sourcecontrolsthesetwo frequenciesmustbe
setusinga preciseratio to producea linear controlledslip
in comparatorstrobetimes.This ratio is

������� � �
����� �
������� (1)

The frequency sourcethat governs � ����� is preciselysetat
a lower frequency than the frequency sourcethat governs
� ����� . The variable � representsthe numberof samplesto
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Fig. 2. Block diagramdepictingcomponentsandfunctions
on themulti-layerprintedcircuit board.TheDSPis usedto
storethedigitizedsamplesof theDeviceUnderTest(DUT)
andto controltheDAC andcomparator.

betakenin oneperiodthesignalto besampled.To facilitate
subsequentDFFT analysis,� shouldbe a power of 2, i.e,

� �! #" , given � is aninteger.

3. IMPLEMENTATION DETAILS

Using a digital signal processor(DSP)proved to be ideal
sincea bankof waveform capturerandomaccessmemory
(RAM) is necessaryto temporarilystorethe resultingdig-
itized samples.The TexasInstrumentsTMS320F206DSP
waschosen.The’F206 is a 16-bit fixedpoint DSPcapable
of operatingat speedsup to 20 million instructionspersec-
ond.TheDSP’ssoftwarewaswrittenwith CodeComposer,
a developmentsystemby Go DSP. As it turnsout,muchof
thefunctionalitycostcanbeembeddedinto thesoftwareof
a DSP, asopposedto extra hardware[7].

As depictedin Figure2, the analogoutputof the DAC
is thesignalcomparedto theinputsignalsof theDUT. This
comparisonallows the SAR algorithma basisto make its
bit decision.Theselectionof theDAC wasbasedonits res-
olution andsettling time. With 12-bits parallel input, the
TLV5619providedenoughresolutionfor thesignalsbeing
digitized. Since the algorithm is basedon a precisefre-
quency ratio, the ideal caseis to have the entirealgorithm
andDAC outputavailableinstantaneously. Sincethis is un-
realistic,the lower the settlingtime of the DAC the better.
Theexecutionspeedof the’F206DSPis notanissue.With
a nominal � �%$ (& �%$ , worst case)settling time the DSP



codemustprovideadelaybetweenwritesto theDAC.
As part of the SAR, an MC10E1651comparatorwas

used.Theselectionof thischipwasbasedonits highspeed.
Thecomparatorreceivesaninputsignalfrom theDUT (de-
viceundertest).Thisvoltageis comparedto theoutputsig-
nal of the DAC, which initially is set to mid scalein ref-
erenceto thereferenceinput of theDAC. This comparison
outputis sentthroughtheMECL/TTL translatorto theDSP
aspartof theSARroutine.Thelatchsignalis receivedfrom
the DSP, through the TTL/MECL translatorto the com-
parator. Whenthe latch enableis at a logic level high the
MC10E1651actsasa comparatorandwhenthe latch en-
ableinput goesto a low logic level, theoutputsarelatched.
Thecomparatoris ECL logic andthereforetheoutputswill
bepuredifferentialECL levels.

Thecomparatorstroberatewasveryimportant,soit was
examinedduring thefirst partof thedesign.While digitiz-
ing a signal,theDSPis runninga loopingprogram.In this
loop thereare4 differentpathsthat canbe taken, depend-
ing on the SAR routine. No matterwhich routewastaken
the sameamountof time neededto have passedbetween
comparatorstrobes,otherwise� �'��� would not beconstant.
Thenumberof clockcyclesthathavepasseddeterminesthe
time betweencomparatorstrobes.Eachinstructionof the
DSPassemblycodehasaslightly differentnumberof clock
cycles. Thenumberof clock cycleswasdeterminedby al-
lowing the comparatorto properlysettlebetweenstrobes.
Thereforeequation(1) wasmodifiedto become

�
����� � �)(+*
�,(-*����

�
�.����� (2)

Theinteger * denotesthenumberof clockcyclesthatmust
passbetweeneachcomparestrobe.Sincewe ranour DSP
at approximately20 MHz, selecting* � �0/�1 provedto be
sufficientwhile takinglaboratorymeasurements.

Figure3 depictsa pictureof our new device. The Co-
herentUndersamplingDigitizer boardwasdesignedto be
compactin size,aboutthe sizeof a businesscard. Its fi-
nal dimensionswere2700mils 2 2200mils (68.58mm 2
55.88mm).Thethicknessof this four layerboardwas62.5
mils (1.59mm). The boardwas designedusing four lay-
ers. The primary reasonfor this wasto isolatethe ground
andpower from thesensitive signalsof theCUD. The lay-
erswereestablishedas follows. Layer 1: signal, layer 2:
groundplane,layer3: split powerplane,layer4: signal.To
reducetheeffectof noiseon thesignals,decouplingcapaci-
torswereusedon all powerpins.Sincethecomparatorand
thetranslatorsrequireboth 354 V, theboardincludedasplit
power plane. By careful placementof all of the devices,
thesplit planesatisfiedtheir voltagerequirements,without
introducingtheextracostof anadditionalplane.

Sincethedigitizedoutputof theDAC hasthepossibil-
ity of exceeding1 GHz,shieldingthesignalfrom noisewas

Fig. 3. Top Layerof the Multi-Layer Mixed-Signal
EmbeddedDSPSystem

extremelyimportant.On theboardlayout,this wasaccom-
plishedby providing a guardtrace[8] aroundthe analog
output at all connections.This tracewas then connected
to ground througha via. By shielding the signal with a
groundedtrace, the analogoutput becomeslesssuscepti-
ble to noiseinterferencefrom othersignals.In general,the
frequency contentof eachsignalwasexamined.High speed
lineswerelaid out on 67498 anglesto preventreflections[9].

4. LABORATORY MEASUREMENTS

As a representativeexampleof our laboratoryexperiments,
we examinedthe rise time of a periodic squarewave, as
depictedin Figure 4. The signal was quantizedwith 12
bits of resolution. The numberof sampleswas assigned
to be � � �  +: and the following settingswere made:
� �.��� �� 7;=<>;+;+;?<' &+4 Hz, � ����� � �0@ < @+@7@ <' @+@ Hz. It took 5
digital samplesto span10 - 90%full scale,which relatesto
a 1.9531� $ risetime. While this degreeof resolutionmay
seemvery high, it is on a par with the high ratesachieved
with beatfrequency testing[10]. Thedifferencehowever, is
thatoursamplesetis coherent.

Wewould liketo mentionthatcoherentsamplingof sig-
nals is not new. To point out a philosophicaldifference,
Tangelder[11] discussescoherentsampling,but heassumed
thatthesignalundertestis slow enoughfor theA/D conver-
sion strategy to work at every samplepoint. In our paper,
we developeda modifiedSAR techniqueto digitize higher
speedsignals. The basicprinciple is that it successively
modifiesonly one bit of the �
	 bit word at every sample
point over several cycles and holds the bits of all of the
samplesin the memoryof a DSPchip, without the useof
a sweptdelaygenerator. It shouldalsobe mentionedthat
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Fig. 4. LaboratoryDataDepictinga CoherentlyDigitized
Squarewave

a 20 MHz signal can easily be digitized using traditional
converters. By incorporatinga fastercomparator, sayone
ratedat1GHz,weexpectto digitizemuchhigherfrequency
signals. The examplesdo not pushour digitizer into the
frequency rangewhereits advantageis eminent.

5. SUMMARY

Figure5 depictsour DSPsystem.By applyinganalogand
digital designtechniques,we havebeenableto take advan-
tageof a DSP’s processingpower andinternalmemoryto
digitize high speedsignalsandproducecoherentsequences
of sampleswith relatively high resolutionwithout thetradi-
tional employmentof a sweptdelaygenerator. The desire
for a coherentdigitizedoutputcomesfrom theneedof test
algorithmssuchas DFFTs. Thesealgorithmsrequireco-
herency in thesignalin orderto work. Lateradditionsto this
projectwill involve writing codeon a Teradynewhich will
automaticallyprogramthe ’F206. This is possiblethrough
theon-chipsynchronousserialportof the’F206.
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