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Abstract— This paper presentsan efficient approachto test-
ing on-chip Analog to Digital Converters (ADCs) and Digital to
Analog Converters (DACs) in loop-back mode. On-chip digital
signal processingunits can be usedto generatestimuli. With this
methodology go/no-gotestsaswell as characterization of the in-
dividual ADCs and DACs are possible.The proposedapproachis
simple and overcomesthe low parametric fault coverage of con-
ventional loop-backtests. Simulations on a Matlab model of loop-
backed corverters are presentedto validate the feasibility of the
method.

|. INTRODUCTION

The great demand for mixed-signal devices from the
telecommunicationgmbeddedystemandmulti-mediamar
kets has increasedthe importance of researchinto cost-
effective testsfor mixed-signaldevices. However, thereare
mary limiting factorsto testinganalogpartsin an efficient
fashion.Theseincludethe large numberof testsandlong test
timesfor someanalogcircuit specificationsaswell asthehigh
costof analogtestequipment.Anotherserere problemis the
lack of easyaccessibilityto analogmoduleson a mixed-signal
chip.

Analog to Digital Corverters(ADCs) and Digital to Ana-
log Converters(DACs)arecommonmoduleson mary mixed-
signalchips,sincethey provide the interfacebetweerthe out-
side (analog)world and the digital circuit on the chip. In
addition, mary of the mixed-signalbuilt-in self-test(BIST)
scheme$l, 2] requirethe useof bothADCsandDACs. Thus,
testingADCs and DACsbecomesa crucial part of the overall
teststratay.

Thereare mary ways of implementingtestsfor ADCs and
DACs. Oneof themis to testADCs and DACs directly (the
conventionalmethodfor discreteparts). The methodapplies
inputsignalsandinputcodego ADCs andDACSs,respectiely,
andthe outputsof thesedevices are measuredy voltmeters
andoscilloscopesVariouscomputationsareperformedon the
measurediatato obtainthe staticanddynamiccharacteristics
of thecorverters.While this methodprovidesaccurateesults,
it requiredong testtimes,expensve testequipmentanddirect
accessibilityto themodules.

In orderto reducethesehigh testcosts,a Hybrid Built-In
Self-Test(HBIST) techniquewvasintroduced1]. This method
reusegheexisting on-chiphardwareandsignaturecompaction
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schemesvhich areusedin digital BIST (Fig. 1(a)). Theloop-

backtestschemeausedin transmissiodines hasalsobeenpro-

posedasa solutionto the problem[3]. Theapproacthasbeen
shawvn to be effective in detectingcatastrophidaults. How-

ever, lossesn parametridault coveragemay be expecteddue
to pseudo-randormputsthataredifferentfrom thetestinputs
for ADC andDAC specificationsFig. 1(b) shavs anotherap-
proachto testingADCs andDACs|[2]. In this approacha se-
guentialtestmethodis employed, in fact, this methodis sim-

ilar to the corventionalmethodmentionedabove. While one
canexpectbetterfault coveragefor catastrophi@andparamet-
ric faultsthanHBIST, alongtesttimeis still expected

In this paper we proposea simpleandefficienttestmethod
for on-chip ADCs and DACsthat exploits loop-backtest,and
usegheexistingdigital processinginitsto generaténputstim-
uli. The particularteststratgyy largely depend®on the type of
circuitry undertest. Dueto the demandor simplicity andtol-
erancdo parametevariationsn analogcomponentspversam-
pling AY ADCs andDACs hasgainedpopularity Therefore,
wefocusonoversamplingA¥. on-chipADCsandDACsasthe
targetof our new approach.

The organizationof this paperis as follows. We review
loop-backtest methodsin Section2. The basicconceptsof
our methodareexplainedin Section3. Sectiord discussethe
modelingof the loop-bacled corverterswith Matlab and the
initial simulationwith SIMULINK. The equationsextracted
from this initial simulationare usedto characterizehe con-
verters. Comparisonof the solutionsfrom the characterized
equationsand exhaustie simulation on Matlab model with
SIMULINK are presentedo validate the feasibility of our
methodin the following section. Finally, conclusionsare
drawn in thelastsection.

Il. REVIEW OF ON-CHIP ADC AND DAC TEST

In communicatiorsystemsjoop-backmodesare generally
provided for the testof the transmitterand recever circuitry
[3]. The outputof a transmitteris usually connectedlirectly
to theinput of arecever. This methodhasbeenappliedto test
anddiagnosticsolutionsfor microprocessoandDigital Signal
Processo(DSP)basedoards.Theinputsandoutputsof each
elementin theseboardscanbe testedwithout connectingary
othercomponentshroughthe loop-backtest[4]. While loop-
backtestshave beendevelopedfor componentsnachipusing



Signature compaction

e | woe oo |~

Stimulus generation

e

Other circuitry
(a)
digital Digital digital
Processing
Unit
Signal
Generator
DAC. digital
Smoothing ADC
Filter
analog
switch multiplexer
Analog Output Analog Input
(b)
High-speed clock Nyquist clock
PCM Register Digital
Filter
Nyquist clock High-speed clock
PCM o
Register Digital

Filter
(c)

Figurel. Thevarioustestset-upfor ADCs andDACs

theon-chipADCsandDACSs[5, 6], loop-backtestsfor the on-
chip ADCs and DACsthemseleshave rarely beenattempted
dueto obstaclesuchasfault maskingandlow fault coverage.

Fault maskingoccursbecausesomefaultsin the DAC can
be masled by otherfaultsin the ADC. Fig. 1(c) shows the
overall block diagramof theloop-backpathfrom theinput of
an oversamplingA¥ DAC to the outputof an oversampling
AY. ADC. The behaior of eachelementcanmaskor cancel
outthefaulty behaiors of otherelementsTo preventthis, the
circuits shouldbeimplementedn sucha way asto reducethe
possibility of fault masking.Internalmonitoringnodesneedto
be usedor suitabletestvectorsneedto be developedin order
to detectfault masking.

Input stimulus generationcan also be one of the difficul-
tiesin loop-backtesting. Two kinds of loop-backmodescan
be consideredfor testingoversamplingAY. corverterson a
chip. Oneis analogloop-backwhich loopsthe outputof DAC
backinto theinputof ADC. Theotheroneis digital loop-back,
which loops the outputof ADC backinto the input of DAC
[5, 6]. Input stimuli canbe generateckitherfrom externalin-
strumentor from DSP. Most mixed-signaldevicesaredevel-
opedbasedon DSR which canemulatehigh costexternalsig-
nal generatoraising DACs. Therefore, DSP-basedestingof
mixed-signaldevicesis preferred[7]. In loop-backmode,the
factthat ADCs and DACs are testedat the sametime should
be consideredn thegeneratiorof theinput stimulus.

I1l. LOOP BACK WITH MONITORING

The main focus of the proposedmethodologyis to extract
ADC and DAC characteristicfrom the loop-bacled output

responsesBoth the input stimulusand the loop-bacled out-
putresponsearedigital. In analogloop-backmode,in which
the outputof the DAC is connectedo the input of the ADC,

thereis no directway to monitor the loop-bacled analogbe-
haviors. Furthermorethefinal digital outputsof the ADC do
not provide muchinformation on the individual loop-bacled
corverters. This resultsin fault maskingandlow fault cover-

age. In addition, this makes characterizinghe ADC andthe
DAC verydifficult. In fact,monitoringinternalnodescanpro-
vide moreinformationthanmonitoringthefinal digital outputs
of the ADC. Thuswe addthe monitoringof internalnodesto

the corventionalloop-bacledschemeTheinternalnodespro-
vide useful datawhich can be usedto split the loop-bacled
outputresponsesf theindividual units. Note thatthe outputs
of the internalnodeneedto be digital bit streamsn orderto

perform DSP-basedesting. Details of the selectionof inter-

nal nodesand the test techniquesrelatedto thosenodesare
explainedbelow.

A. Internalnodeselection

The selectionof internalnodesdepend®n the type of con-
verter and the specificsof its circuitry. In the caseof over-
samplingAY. corverters,spectralseparatiorbetweenthe in-
putsignalandthenoiseintroducedby quantizatioris possible.
As mentionedearlier, the final digital outputsof the ADC do
not provide much information on the individual loop-bacled
corverters. However, the spectraldensity of the digital bit
streanmof the ADC beforedigital filtering shovsthefrequeny
responsavhich canbe split into individual ADC/DAC char
acteristics.While thein-bandcharacteristicshavs both ADC
andDAC characteristicsthe out-of-bandcharacteristichovs
mainly the ADC characteristiddue to filtering of the out-of-
bandnoiseby thelow-pasdfilter in the DAC, ascanbeseenin
Fig. 2(a).
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While corventionalcorvertersaregenerallytestedby com-
paringthevaluesof correspondingnputsandoutputsof asam-
ple, oversamplingAY. corvertersaretestedby calculatingthe
RMS valuesof modulationnoiseandits power spectralden-



sity[13]. Inthecaseof asecondrderAY. corverter thepower
spectraldensitycanbe expresseasfollows.

Y(flpc = STFapc(N(f)pac,f<frr)+ NTF(f)apc
~  klderms 2Tsin2(7rf)|foLF +
npac + 4erms 2Tsin2(7rf)
@h)
Y(f)ac = STFapc(STFpac(X(f))+N(f)pac.f<irr)

+NTF(f)apc
A08(f — fo) + klderms V2T sin®(n f) s < fr
+npac + 4ermsV QTSin2(7rf)
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@
Here, STF standsfor the signal transferfunction and NTF
standsfor the noisetransferfunction. e, is \/%. Ais
thelevel spacing.For two-level quantization(+1V, -1V) A is
2. Ay istheamplitudeof asinewave and f is thefundamental
frequeng. Theincomingsignalof adigital AY modulatorand
the outgoingsignal of an analogAY. modulatorare sampled
atthesamplingfrequeny f, = 1/T'. Equationl is the power
spectraldensity function of a constantinput code generated
by DSRE andEquation?2 is the power spectraldensityfunction
of one-tonesineinput codegeneratedy the DSP. The power
spectraldensity of the ADC, beforedigital filtering the out-
of-bandfrequeng, primarily shavs the characteristicef the
ADC. Thepowerspectrabensitywithin thein-bandfrequengy
shawsthecharacteristicef boththe ADC andtheDAC. In our
proposedmethod,the ADC characteristicsvhich obtainedin
the out-of-bandfrequeng areusedto extractthe characteris-
tics of the DAC. Thus,moreerrorsin the DAC characteristic
thanthe ADC characteristi@areexpected.

B. Extractionof dynamiccharacteristic§rom frequeng bin-

ning

In orderto usethe proposedechnique collectingthe fre-
queng responsesf randomlygeneratedault-freeandfaulty
samplesis necessary Eachfrequeng responsas classified
into a certaingroup accordingto its dynamic characteristics
suchassignal-to-noiseatio (SNR).Theseclassifiedesultsare
usedto benchmarkcorvertersto be tested. If we take every
frequeng into accounffor its classificationalarge memoryis
requiredto storetheboundarie®f eachgroup. Sincethisis not
practical,splitting the frequeng responseby somefrequeny
spanis introducedo reducetherequiredsizeof memory The
numberof binsis determinedy the bin order(n) asshavnin
Fig. 2(b).
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Thefrequeng responsem eachbin areintegratedasEquation
4.

the number of bins = 2™

f=fe_1
R
F=fp

where f;, is the frequeng boundaryof the k** bin. The ma-

nipulationof nearbins(Y'bin) is performed.TheseY bins are

Xbin} = 4)

classifiedinto an ADC or a DAC groupaccordingto their fre-
queng.

k1=2"

Ybinhac() = Y (b Xbinky +bpia Xbingyp,) ()
k1=1
k2=2™

Ybinlipe() = Y (bkaXbingy + byaga Xbinjy,,)  (6)
k2=1

In orderto obtain SNRapc values correspondingto the
ADC group, simulationof a stand-aloneADC is necessary
By performingthe mentionedprocedureswith M samples,
the SNRapc of the ADC group can be expressedas a
function of Ybin4pc and classifiedinto one of the groups
(IDX apc) which areboundedby their pre-determine@&NR
rangeASN R. Thenumberof Ybin4pc in thegroupi is de-
finedasL; for ADC.

IDXapc(i) = {Ybin% po(1), ..., Ybin po(Li)} 7
Therangeof Ybinapc (AIDX) in agroupis determinedy
theminimumandthe maximumY bin valuesof thegroup.

AIDXapc(i) = MAX((IDXapc(i)) — MIN((IDX apc(i)) (8)

The SNRapc and Ybinapc valuesof a group are aver-
agedandusedto build SNR4pc equationsasa function of
Ybinapc. The equationgelatedto thesecalculationsareas
follows.

L; .
Dy (Y0 o (m)
L;

L; .
Yo SNRapo(Ybin'y 1, (m))
L;

9)

Ybi'nApc(i) =

SNRapc(i) = (10)
ASNR()

=20 v )+ B (11
ATDXapo (i) inapc(j) + B (11)

SNRADC(YbinADC(j))

ASNR(i)) ——————
msznADC(Z))
Then,SN Rp 4¢ canbeexpressedisafunctionof SNRApc,
SNRpp, andYbinpac. SNRyp is obtainedby simulation
of loop-bacled corverters. Using thesevalues, Zbinp a¢ IS
definedasfollows.

B = (SNRapc(i) - (12)

SNR1B(j)
wSNRapc(d)
wherew is a weight constantwhich is obtainedby heuristic
experiments. The remainingequationdor SN Rp a¢ arethe
sameexceptthatY bin 4 pc is replacedy Zbinp ac

Zbin'p 4o (d) = YbinD 4o (4) (13)

IDXpac(i) = {Zbinp 4 (1), ..., Zbin’y 4 o(Ls)} (14)

AIDXpac(i) = MAX((IDXpac(i))-MIN((IDXpac(i) (15)

L; .
Zm:l (Zbin 4o(m))
L;

L; :
2 me1 SNRDac(Zbin} 4(m))
L;

Zbinp ac(i) = (16)

SNRpac(i) = (17)




. . ASNR(i . .
SNRDAC(ZbZnDAC(])) = WDA(C?(Z')ZI)WLDAC(]) + B (18)

ASNR()) ——
7AIDXDA(C)(z’) Zbinp ac(i))
With theseequationsthego/no-gaestof loop-baclkedcorvert-
ersis possible In addition,the SNRsof theDAC andADC can
beextracted.

B =(SNRpac(i) — (19)

IV. MODEL FOR LOOP-BACKED CONVERTERS

Thesamplesanbeobtainedby simulationor realmeasure-
ments.Currentlythe samplesaregeneratedby injecting para-
metric faultsinto a Matlab modelof the loop-bacled system.
In fact, the Matlab modelwith SIMULINK [10] canbe simu-
latedexhaustvely. In orderto obtaingoodbenchmarldata,an
accuratamodelis aprerequisiteConsideringhatanoversam-
pling AY modulatoris typically implementedisingswitched-
capacitorsthemodelshouldincludethe performanceparame-
tersof thebuilding blocksandnon-idealitiessuchassampling
jitter, KT/ C noise,andoperationabmplifier parameters[98].
Operationabmplifier parameterinclude noise finite gain, fi-
nite bandwidth,slew-rate, saturationvoltage, etc. The char
acteristicsof noisein AY. modulatorsdependdargely on fre-
queng asillustratedin Fig. 3(a). Themodelcanbebuilt using
equation-basedpproachef®, 8, 12]. Thedetailsonthemodel
will bedescribedelow.
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A. Noiseandnon-idealitymodels

The effect of clock jitter on a switch-capacitorAY modu-
lator by an amountd is expressedn (20) whena sinusoidal
signalwith amplitudeA andfrequengy f;, is applied[9].

z(t + 9) ~ 27 find cos(2m fint) = 6%:6(75) (20)
Switching noisein a switched-capacitocircuit is associated
with thermalnoise.Therewill typically betwo switchedinput
capacitorsanda switch resistor(R) in the switched-capacitor
circuit, suchasa samplingcapacitor(C;) anda feedbackca-
pacitor(Cy). Thenoisecausedy switchingactiities, includ-
ing thermalnoise,canbeexpresse@sEquation21wheren(t)
is the Gaussiarprobability function, & is the Boltzmanncon-
stant,andT is the absolute¢emperaturg¢l?]. The noiseis su-
perimposedn the input signalz(t) asexpressedn Equation
22[8].

er(t) = Z—fn(t) (21)
y(t) = [a(t) + emng—; (22)

Fig. 3(b) shonvsatypicalop-ampcircuitfor noiseanalysis.The
RMS noisevoltageincluding thermalnoiseandflicker noise
canbeexpresse@gsEquation23[11].

eop(t) = \/ ENB4ET Ry A + €3, A%( femln;—” + ENB)n(t) (23)
L

where EN B is the equivalentnoisebandwidth,A = (R; +
R»)/R; is thenoisegain, ey is thewhite voltagenoisespec-
ification, f.,. is the voltagenoisecornerfrequeng, and fg
and fr, arethe highestandthe lowestfrequeng. Integrator
non-idealitiessuchas DC gain, bandwidth,and slew ratecan
be modeledby using Equation24. Slew rate is definedas
27 frmaz Vp, Where fr o, is the maximumsinewave frequengy
withoutdistortionof theintegratoroutputandV/, is apeakvolt-
age.If theslew rateis greaterthanthe the changeof theinte-
gratoroutputto a samplingperiodT’, the outputof theintegra-
tor is expressedsEquation24.

v(kT +1t) = HOM(I —et/™) + v(kT) (24)
1—e T/
where Hy = % is the DC gain, a is the integrator leak-

age,r = ﬁ is thetime constanbf the integrator, and f,, is
the unit gainfrequeng. The effect of outputdistortioncaused
by slewing canbe estimatedhoughcircuit simulation,andbe
addedto Equation24. A saturatioreffectin theintegratorcan
be modeledby insertingits modelinsidethe feedbacKoop of
theintegrator

Figure4. The Matlabmodelof loop-bacled AY: modulators

B. Modelfor loop-backedAY. modulators

Noiseandnon-idealbehaior canbe modeledin Matlab as
shawvn in Fig. 5 [8]. In this sub-sectionjt will be explained
aboutthe block diagramof the loop-bacled corverter which
is modeledfrom the digital AY. modulatorto the analogAX:
modulator Both modulatorsare2™? order The input signals
X from the linearinterpolaterare summedwith the feedback



signalfrom the truncaterof the digital AY modulator These
signalsgo throughthe noiseshapingloop, arefiltered by are-
constructiorfilter which eliminatesthe truncationnoiseof the
modulator and smoothedby a continuous-timdow passfil-
ter. The nonlinearitiescauseddy slewing or signal-correlated
settlingin a reconstructiorfilter canbe modeledby usingthe
valuesfrom circuit simulation. This model can be inserted
betweerthe reconstructiorfilter andthe continuous-timdow
passfilter. The filtered signalis further filtered by the other
low passfilter, andthe re-filteredsignalis the input signalto
theanalogAY: modulator This input signalandthe compara-
tor output,thatis, from the 1-bit DAC, arecornvolvedwith the
clock jitter and superimposedvith the switching noise. For
a 2" orderanalogAY. modulator only the first integratoris
modeledwith the non-idealitiessincethe distortionis mainly
causedy thefirstintegrator Theerrorsintroducedby thesec-
ondintegratorareattenuatedby the noiseshapindoop. Fig. 4
shaws the overall model including the noise modelsin AX
modulators.
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V. SIMULATION RESULTS

Theloop-bacled corverterswith 27¢ order AX modulators
aremodeled,which is explainedin the previous section,and
simulatedusing Matlab with SIMULINK. The modeledAX:
corvertershave audiobandwidthgBW=20- 20kHz) andtheir
oversamplingatio (OSR)is 256. Thesamplingfrequeny (f;)
is 11,264kHz, which canbe calculatecby 2 - BW - OSR. A
2kHz single-tonesine wave digitized to 16-bit codesis used
asan input stimulusto the digital AX modulator 2"¢ order
frequeng binningis usedto extract ADC/DAC dynamicchar
acteristicsfrom the power spectraldensitycalculatedby per
forming an FFT on the frequeng response®f loop-bacled

corverters.Fault-freeandfaulty samplesaregeneratedby in-

jecting parametricfaults into the model. The extraction of

equatiorparameterstartswith X bin from powerspectratlen-
sity of frequeng responseasshavn in Fig. 6. X bin is calcu-
latedfrom the power spectraldensitydataasshowvn in Fig. 7.

Ybinapc is obtainedby Equation6 basedon the calculated
Xbin. If 2ndorderfrequeny binningis appliedto the Ybin

calculation,4 X bins arerequired. Fig. 8 (a) shovs the SNR

valuedistributionaccordingo Ybin apc. The SN R 4pc dis-

tribution characteristido Ybin 4 pc shavs pieceavise linear

ity. In orderto expressSN R 4 pc asafunctionof Ybin4pc,

a pre-determined5NR range, ASNR, is setto 5 dB. This

ASNR determinesthe Ybinapc boundaryof the groups
(IDXs).
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With this extracteddata,the parameter®f the SNRapc
equationparametersn Equation11 are obtained. Through
similar proceduresghe SN Rp 4¢ valuedistributionaccording



to Zbin, whichis expressedn termsof SNRapc, SNRLB,
and Ybinpac, is obtainedas shavn in Fig. 8(b). The
SN Rp ac distribution characteristico Zbinp 4 alsoshavs
piecavise linearity. With the sameASNR, SNRpac can
be expressedasa functionof Zbin. The SN Rpac equation
parameterin Equationl18 areobtainedthrougha similar pro-
cedureo thatfor the ADC. Fig. 9(a)and(b) shav comparisons
betweenSNR from the extractedequationsandfrom the sim-
ulation. As expected thereis somedeviation betweerthe two
values.If we setthemaximumacceptablealueof deviationin
Fig.9(c,d)to 25,whichisaASN Rrange5dB, all ADC sam-
plesarewithin therange.However, 24% of DAC samplesare
outof range.As shavn in Fig. 9 (c,d),deviationof SNRpac
is worsethan SNR4pc. This resultsfrom the fact that the
calculationof SN Rp a¢ dependonthe SN R4 pc whichal-
readyhassomeerrors. In fact, the accurag of the proposed
methoddepend®n the numberof samplesbinningorder, and
ASNR. If thenumberof sampleds larger, binning orderis
higher or ASN R is smaller thenthetestis moreaccurate.
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V1. CONCLUSIONS

We presented simpleandefficient approacho testingon-
chip ADCs andDACSs. This approactexploits loop-backtests
andusesthe existing digital processinginitsto generatenput
stimuli. The proposednethodextractsDAC and DAC perfor
mancecharacteristicérom the overall frequeng responsesf
theloop-bacledcorvertersandprovidesgo/no-gaestsanddy-
namic characterization Resultsof detailedsimulationsshov
that the SNR valuescalculatedfrom the extractedequations
have errors1 — 3dB (about1 bit in resolution). We plan to
extendthis approacho testingothertypesof corverters.
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