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Abstract— This paper presentsan efficient approach to 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 ascharacterization of the in-
dividual ADCs and DACsare possible.The proposedapproachis
simple and overcomesthe low parametric fault coverageof con-
ventional loop-backtests.Simulationson a Matlab modelof loop-
backed converters are presentedto validate the feasibility of the
method.

I . INTRODUCTION

The great demand for mixed-signal devices from the
telecommunications,embeddedsystemsandmulti-mediamar-
kets has increasedthe importance of researchinto cost-
effective testsfor mixed-signaldevices. However, thereare
many limiting factorsto testinganalogparts in an efficient
fashion.Theseincludethe largenumberof testsandlong test
timesfor someanalogcircuit specifications,aswell asthehigh
costof analogtestequipment.Anothersevereproblemis the
lackof easyaccessibilityto analogmodulesonamixed-signal
chip.

Analog to Digital Converters(ADCs) andDigital to Ana-
log Converters(DACs)arecommonmoduleson many mixed-
signalchips,sincethey provide the interfacebetweentheout-
side (analog)world and the digital circuit on the chip. In
addition, many of the mixed-signalbuilt-in self-test(BIST)
schemes[1, 2] requiretheuseof bothADCsandDACs.Thus,
testingADCs andDACsbecomesa crucialpartof theoverall
teststrategy.

Therearemany waysof implementingtestsfor ADCs and
DACs. Oneof themis to testADCs andDACs directly (the
conventionalmethodfor discreteparts). The methodapplies
inputsignalsandinputcodesto ADCsandDACs,respectively,
and the outputsof thesedevicesaremeasuredby voltmeters
andoscilloscopes.Variouscomputationsareperformedon the
measureddatato obtainthestaticanddynamiccharacteristics
of theconverters.While thismethodprovidesaccurateresults,
it requireslong testtimes,expensivetestequipmentanddirect
accessibilityto themodules.

In order to reducethesehigh test costs,a Hybrid Built-In
Self-Test(HBIST) techniquewasintroduced[1]. This method
reusestheexistingon-chiphardwareandsignaturecompaction

schemeswhich areusedin digital BIST (Fig. 1(a)). Theloop-
backtestschemeusedin transmissionlineshasalsobeenpro-
posedasa solutionto theproblem[3]. Theapproachhasbeen
shown to be effective in detectingcatastrophicfaults. How-
ever, lossesin parametricfault coveragemaybeexpecteddue
to pseudo-randominputsthataredifferentfrom thetestinputs
for ADC andDAC specifications.Fig. 1(b) shows anotherap-
proachto testingADCs andDACs[2]. In this approacha se-
quentialtestmethodis employed, in fact, this methodis sim-
ilar to the conventionalmethodmentionedabove. While one
canexpectbetterfault coveragefor catastrophicandparamet-
ric faultsthanHBIST, a long testtime is still expected.

In this paper, we proposea simpleandefficient testmethod
for on-chipADCs andDACsthatexploits loop-backtest,and
usestheexistingdigital processingunitstogenerateinputstim-
uli. Theparticularteststrategy largely dependson thetypeof
circuitry undertest.Dueto thedemandfor simplicity andtol-
eranceto parametervariationsin analogcomponents,oversam-
pling

���
ADCs andDACshasgainedpopularity. Therefore,

wefocusonoversampling
���

on-chipADCsandDACsasthe
targetof our new approach.

The organizationof this paperis as follows. We review
loop-backtest methodsin Section2. The basicconceptsof
ourmethodareexplainedin Section3. Section4 discussesthe
modelingof the loop-backed converterswith Matlab and the
initial simulationwith SIMULINK. The equationsextracted
from this initial simulationare usedto characterizethe con-
verters. Comparisonof the solutionsfrom the characterized
equationsand exhaustive simulation on Matlab model with
SIMULINK are presentedto validate the feasibility of our
method in the following section. Finally, conclusionsare
drawn in thelastsection.

I I . REVIEW OF ON-CHIP ADC AND DAC TEST

In communicationsystems,loop-backmodesaregenerally
provided for the testof the transmitterand receiver circuitry
[3]. The outputof a transmitteris usuallyconnecteddirectly
to theinput of a receiver. Thismethodhasbeenappliedto test
anddiagnosticsolutionsfor microprocessorandDigital Signal
Processor(DSP)basedboards.Theinputsandoutputsof each
elementin theseboardscanbe testedwithout connectingany
othercomponentsthroughtheloop-backtest[4]. While loop-
backtestshavebeendevelopedfor componentsonachipusing
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theon-chipADCsandDACs[5, 6], loop-backtestsfor theon-
chip ADCs andDACsthemselveshave rarelybeenattempted
dueto obstaclessuchasfaultmaskingandlow fault coverage.

Fault maskingoccursbecausesomefaults in the DAC can
be masked by other faults in the ADC. Fig. 1(c) shows the
overall block diagramof theloop-backpathfrom the input of
an oversampling

���
DAC to the outputof an oversampling���

ADC. The behavior of eachelementcanmaskor cancel
out thefaulty behaviorsof otherelements.To preventthis, the
circuitsshouldbeimplementedin sucha way asto reducethe
possibilityof faultmasking.Internalmonitoringnodesneedto
be usedor suitabletestvectorsneedto be developedin order
to detectfaultmasking.

Input stimulusgenerationcan also be one of the difficul-
ties in loop-backtesting. Two kinds of loop-backmodescan
be consideredfor testingoversampling

���
converterson a

chip. Oneis analogloop-back,which loopstheoutputof DAC
backinto theinputof ADC. Theotheroneis digital loop-back,
which loops the outputof ADC back into the input of DAC
[5, 6]. Input stimuli canbegeneratedeitherfrom externalin-
strumentsor from DSP. Most mixed-signaldevicesaredevel-
opedbasedon DSP, which canemulatehigh costexternalsig-
nal generatorsusingDACs. Therefore,DSP-basedtestingof
mixed-signaldevicesis preferred[7]. In loop-backmode,the
fact that ADCs andDACsaretestedat the sametime should
beconsideredin thegenerationof theinputstimulus.

I I I . LOOP BACK WITH MONITORING

The main focusof the proposedmethodologyis to extract
ADC and DAC characteristicsfrom the loop-backed output

responses.Both the input stimulusandthe loop-backedout-
put responsesaredigital. In analogloop-backmode,in which
the outputof the DAC is connectedto the input of the ADC,
thereis no direct way to monitor the loop-backedanalogbe-
haviors. Furthermore,thefinal digital outputsof theADC do
not provide much informationon the individual loop-backed
converters.This resultsin fault maskingandlow fault cover-
age. In addition, this makescharacterizingthe ADC andthe
DAC verydifficult. In fact,monitoringinternalnodescanpro-
videmoreinformationthanmonitoringthefinal digital outputs
of theADC. Thuswe addthemonitoringof internalnodesto
theconventionalloop-backedscheme.Theinternalnodespro-
vide useful datawhich can be usedto split the loop-backed
outputresponsesof theindividual units. Notethat theoutputs
of the internalnodeneedto be digital bit streamsin order to
performDSP-basedtesting. Detailsof the selectionof inter-
nal nodesand the test techniquesrelatedto thosenodesare
explainedbelow.

A. Internalnodeselection

Theselectionof internalnodesdependson thetypeof con-
verter and the specificsof its circuitry. In the caseof over-
sampling

���
converters,spectralseparationbetweenthe in-

putsignalandthenoiseintroducedby quantizationis possible.
As mentionedearlier, the final digital outputsof the ADC do
not provide much informationon the individual loop-backed
converters. However, the spectraldensity of the digital bit
streamof theADC beforedigital filtering showsthefrequency
responsewhich canbe split into individual ADC/DAC char-
acteristics.While the in-bandcharacteristicshows bothADC
andDAC characteristics,theout-of-bandcharacteristicshows
mainly the ADC characteristicdue to filtering of the out-of-
bandnoiseby thelow-passfilter in theDAC, ascanbeseenin
Fig. 2(a).

(b)(a)

Low pass filter

In−band Out of band

k: the order of bin
n: sub−bin of nth order

PSD Y(f)LB

Frequency

P
ow

er
 S

pe
ct

ra
l D

en
si

ty

Frequency

Xbin Xbin Xbin

Xbin

Xbin

Xbin

2

n

k

1 3

2 2

1
1 2

1

2nd

1st

3rd

Xbin
2

2 4

Figure2. Thefrequency responseof aselectedinternalnodeandfrequency
binning

While conventionalconvertersaregenerallytestedby com-
paringthevaluesof correspondinginputsandoutputsof asam-
ple,oversampling

���
convertersaretestedby calculatingthe

RMS valuesof modulationnoiseandits power spectralden-



sity [13]. In thecaseof asecondorder
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converter, thepower
spectraldensitycanbeexpressedasfollows.�����
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Here, STF standsfor the signal transfer function and NTF

standsfor the noisetransferfunction. RAS5T�U is
V WJXY1Z .

�
is

the level spacing.For two-level quantization(+1V, -1V)
�

is
2. []\ is theamplitudeof asinewaveand ^A\ is thefundamental
frequency. Theincomingsignalof adigital

���
modulatorand

the outgoingsignalof an analog
���

modulatoraresampled
at thesamplingfrequency ^
U`_baAc d . Equation1 is thepower
spectraldensity function of a constantinput codegenerated
by DSP, andEquation2 is thepower spectraldensityfunction
of one-tonesineinput codegeneratedby theDSP. Thepower
spectraldensityof the ADC, beforedigital filtering the out-
of-bandfrequency, primarily shows the characteristicsof the
ADC. Thepowerspectraldensitywithin thein-bandfrequency
showsthecharacteristicsof boththeADC andtheDAC. In our
proposedmethod,the ADC characteristicswhich obtainedin
the out-of-bandfrequency areusedto extract the characteris-
tics of the DAC. Thus,moreerrorsin the DAC characteristic
thantheADC characteristicareexpected.

B. Extractionof dynamiccharacteristicsfrom frequency bin-
ning

In order to usethe proposedtechnique,collecting the fre-
quency responsesof randomlygeneratedfault-freeandfaulty
samplesis necessary. Eachfrequency responseis classified
into a certaingroup accordingto its dynamiccharacteristics
suchassignal-to-noiseratio(SNR).Theseclassifiedresultsare
usedto benchmarkconvertersto be tested. If we take every
frequency into accountfor its classification,a largememoryis
requiredto storetheboundariesof eachgroup.Sincethisis not
practical,splitting thefrequency responsesby somefrequency
spanis introducedto reducetherequiredsizeof memory. The
numberof bins is determinedby thebin order(n) asshown in
Fig. 2(b). e%f , ;hg
i`j ,:k�l ��jm9I;*7�� 6on (3)

Thefrequency responsesin eachbin areintegratedasEquation
4.

Gpjm9I; n q � �-r��-stouhvw�-r&� st �K�I�
	
(4)

where ^
x is the frequency boundaryof the y*z�{ bin. The ma-
nipulationof nearbins(|H}D~m� ) is performed.These|�}D~m� s are

classifiedinto anADC or a DAC groupaccordingto their fre-
quency.
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In order to obtain �J���`����� values correspondingto the
ADC group, simulationof a stand-aloneADC is necessary.
By performing the mentionedprocedureswith � samples,
the �J��������� of the ADC group can be expressedas a
function of |C}D~m�B����� and classifiedinto one of the groups
( �"��� ����� ) which areboundedby their pre-determinedSNR
range

� �J��� . Thenumberof |Q}D~m� ����� in thegroup ~ is de-
finedas ��� for ADC.�>�$GE����3�@9%	����/��jm9I; n���� ���5	m�/�1�5�1����jm9I; n���� �< ¢¡�	�£ (7)

Therangeof |�}D~m�B����� (
� �h��� ) in a groupis determinedby

theminimumandthemaximum|Q}D~m� valuesof thegroup.¤ �¥�$G$����8�@9%	&�§¦ M G����I�>�$G$�&��8�<9�	�	�PQ¦¨�>�H���<�¥�$G$����8�@9%	�	
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The ����������� and |C}D~m�B����� valuesof a group are aver-
agedandusedto build ����������� equationsasa function of|�}o~©�B����� . The equationsrelatedto thesecalculationsareas
follows. ��jm9<; ���� �@9%	¢�«ª¬
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Then, �J��� ����� canbeexpressedasafunctionof �J��� ����� ,�J���`³F´ , and |�}o~©� ����� . �J���`³F´ is obtainedby simulation
of loop-backed converters. Using thesevalues, µ]}o~©� ����� is
definedasfollows.¶�jm9I; n �B�� �·�¥	��¨��jm9I; n ���� �·�¥	 �&��¯ ¬L¸ � ��	¹ �&��¯�������·�¥	 (13)

where º is a weight constantwhich is obtainedby heuristic
experiments.The remainingequationsfor �J���`����� arethe
sameexceptthat |�}D~m�B����� is replacedby µ]}D~m�B������>�$G �B�� �<9%	����D¶�jm9<; n �B�& ���5	m�/�1�5�1�©¶�jm9<; n �B�& �< ¢¡�	©£ (14)¤ �>�$G��B����<9%	&�¨¦ M GC���<�>�$G��B��3�@9%	�	:P3¦¨�¥�����<�>�$G��B����@9%	�	
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With theseequations,thego/no-gotestof loop-backedconvert-
ersis possible.In addition,theSNRsof theDAC andADC can
beextracted.

IV. MODEL FOR LOOP-BACKED CONVERTERS

Thesamplescanbeobtainedby simulationor realmeasure-
ments.Currentlythesamplesaregeneratedby injectingpara-
metric faultsinto a Matlabmodelof the loop-backedsystem.
In fact,theMatlabmodelwith SIMULINK [10] canbesimu-
latedexhaustively. In orderto obtaingoodbenchmarkdata,an
accuratemodelis aprerequisite.Consideringthatanoversam-
pling

���
modulatoris typically implementedusingswitched-

capacitors,themodelshouldincludetheperformanceparame-
tersof thebuilding blocksandnon-idealities,suchassampling
jitter, y*dKc
» noise,andoperationalamplifierparameters[9, 8].
Operationalamplifierparametersincludenoise,finite gain,fi-
nite bandwidth,slew-rate, saturationvoltage,etc. The char-
acteristicsof noisein

���
modulatorsdependslargely on fre-

quency asillustratedin Fig. 3(a).Themodelcanbebuilt using
equation-basedapproaches[9, 8, 12]. Thedetailsonthemodel
will bedescribedbelow.
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A. Noiseandnon-idealitymodels

The effect of clock jitter on a switch-capacitor
���

modu-
lator by an amount ½ is expressedin (20) whena sinusoidal
signalwith amplitudeA andfrequency ^ �@¾ is applied[9].¿ � e ! O 	&À 6 ?*�/¡ n O*Á1ÂoÃ � 6 ?*�/¡ n e 	�� O�ÄÄ e ¿ �

e 	
(20)

Switching noisein a switched-capacitorcircuit is associated
with thermalnoise.Therewill typically betwo switchedinput
capacitorsanda switch resistor( � ) in theswitched-capacitor
circuit, suchasa samplingcapacitor( » U ) anda feedbackca-
pacitor( »EÅ ). Thenoisecausedby switchingactivities, includ-
ing thermalnoise,canbeexpressedasEquation21where��Æ%Ç:È
is the Gaussianprobability function, y is the Boltzmanncon-
stant,and d is theabsolutetemperature[12]. Thenoiseis su-
perimposedon the input signal É8Æ%Ç:È asexpressedin Equation
22 [8].

,5Ê � e 	¢�ÌË ( �Í 2 ;&� e 	 (21)Î � e 	&�ÐÏ ¿ � e 	"! ,/Ê � e 	IÑ Í 2Í � (22)

Fig.3(b)showsatypicalop-ampcircuit for noiseanalysis.The
RMS noisevoltageincluding thermalnoiseandflicker noise
canbeexpressedasEquation23 [11].

,5ÒmÓ � e 	&� Ë Ô �`± +-( �8¯ = M ! , =Õ M = �I�/Ö n¥×/Ø ; �DÙ� ¬ ! Ô �`±�	�;&� e 	
(23)

where ÚH��Û is the equivalentnoisebandwidth, [Ü_ÝÆ�� Y]Þ� Z È/c � Y is thenoisegain, R ß is thewhite voltagenoisespec-
ification, ^
à ¾"á is the voltagenoisecornerfrequency, and ^ â
and ^ ³ are the highestand the lowest frequency. Integrator
non-idealitiessuchasDC gain,bandwidth,andslew ratecan
be modeledby using Equation24. Slew rate is definedasã ä ^
TEå-æLç*è , where ^ T�åoæ is themaximumsinewave frequency
withoutdistortionof theintegratoroutputand ç�è is apeakvolt-
age.If theslew rateis greaterthanthethechangeof the inte-
gratoroutputto asamplingperiod d , theoutputof theintegra-
tor is expressedasEquation24.é � ( ��! e 	¢�ëê NÌì ¡ n � ( �8	�BP ,>í Ê"î1ï ���BP ,/ð î:ï 	h! é � ( �8	 (24)

where ñQ\ò_ YYDó�ô is the DC gain, õ is the integrator leak-
age,ö§_ YZ5÷ Å:ø is thetime constantof theintegrator, and ^ ù is
theunit gainfrequency. Theeffect of outputdistortioncaused
by slewing canbeestimatedthoughcircuit simulation,andbe
addedto Equation24. A saturationeffect in theintegratorcan
bemodeledby insertingits modelinsidethefeedbackloop of
theintegrator.
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B. Model for loop-backed
���

modulators

Noiseandnon-idealbehavior canbemodeledin Matlabas
shown in Fig. 5 [8]. In this sub-section,it will be explained
aboutthe block diagramof the loop-backedconverter, which
is modeledfrom the digital

���
modulatorto the analog

���
modulator. Both modulatorsare

ã ¾Lú order. The input signals� from the linear interpolateraresummedwith the feedback



signalfrom the truncaterof the digital
���

modulator. These
signalsgo throughthenoiseshapingloop,arefilteredby a re-
constructionfilter which eliminatesthetruncationnoiseof the
modulator, andsmoothedby a continuous-timelow passfil-
ter. Thenonlinearitiescausedby slewing or signal-correlated
settlingin a reconstructionfilter canbemodeledby usingthe
valuesfrom circuit simulation. This model can be inserted
betweenthereconstructionfilter andthecontinuous-timelow
passfilter. The filtered signal is further filtered by the other
low passfilter, andthe re-filteredsignal is the input signalto
theanalog

���
modulator. This input signalandthecompara-

tor output,thatis, from the1-bit DAC, areconvolvedwith the
clock jitter andsuperimposedwith the switching noise. For
a
ã ¾Lú orderanalog

���
modulator, only the first integrator is

modeledwith the non-idealitiessincethe distortionis mainly
causedby thefirst integrator. Theerrorsintroducedby thesec-
ondintegratorareattenuatedby thenoiseshapingloop. Fig. 4
shows the overall model including the noisemodelsin

���
modulators.
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V. SIMULATION RESULTS

Theloop-backedconverterswith
ã ¾"ú order

���
modulators

aremodeled,which is explainedin the previous section,and
simulatedusingMatlab with SIMULINK. The modeled

���
convertershaveaudiobandwidths(BW=20– 20y Hz) andtheir
oversamplingratio(OSR)is 256.Thesamplingfrequency ( ^ U )
is 11,264 y Hz, which canbecalculatedby

ãpû Û�ü û ý �J� . A
2y Hz single-tonesinewave digitized to 16-bit codesis used
asan input stimulusto the digital

���
modulator.

ã ¾Lú order
frequency binningis usedto extractADC/DAC dynamicchar-
acteristicsfrom the power spectraldensitycalculatedby per-
forming an FFT on the frequency responsesof loop-backed

converters.Fault-freeandfaulty samplesaregeneratedby in-
jecting parametricfaults into the model. The extraction of
equationparametersstartswith �þ}D~m� from powerspectralden-
sity of frequency responsesasshown in Fig. 6. �þ}D~m� is calcu-
latedfrom thepower spectraldensitydataasshown in Fig. 7.|�}o~©�B����� is obtainedby Equation6 basedon the calculated�þ}D~m� . If 2ndorderfrequency binning is appliedto the |Q}D~m�
calculation,4 �Ð}D~m� s arerequired. Fig. 8 (a) shows the SNR
valuedistributionaccordingto |�}D~m� ����� . The ����� ����� dis-
tribution characteristicto |�}o~©� ����� shows piecewise linear-
ity. In orderto express����� ����� asa functionof |�}D~m� ����� ,
a pre-determinedSNR range,

� �J��� , is set to 5 dB. This� �J��� determinesthe |Q}D~m�B����� boundaryof the groups
( �"��� s).
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With this extracteddata,the parametersof the �J���������
equationparametersin Equation11 are obtained. Through
similarprocedures,the �J��������� valuedistributionaccording



to µ]}D~m� , which is expressedin termsof �J���`����� , �J��� ³F´ ,
and |Q}D~m�B����� , is obtained as shown in Fig. 8(b). The�J���`����� distribution characteristicto µ�}D~m�B����� alsoshows
piecewise linearity. With the same

� ����� , �J���`����� can
be expressedasa functionof µ]}D~m� . The �J���`����� equation
parametersin Equation18 areobtainedthrougha similar pro-
cedureto thatfor theADC. Fig.9(a)and(b) show comparisons
betweenSNRfrom theextractedequationsandfrom thesim-
ulation. As expected,thereis somedeviation betweenthetwo
values.If wesetthemaximumacceptablevalueof deviationin
Fig.9 (c,d)to 25,whichisa

� �J��� range,5dB,all ADC sam-
plesarewithin therange.However, 24%of DAC samplesare
out of range.As shown in Fig. 9 (c,d),deviationof �J���������
is worsethan �J���`����� . This resultsfrom the fact that the
calculationof ����������� dependson the ����������� which al-
readyhassomeerrors. In fact, the accuracy of the proposed
methoddependson thenumberof samples,binningorder, and� �J��� . If the numberof samplesis larger, binning order is
higher, or

� �J��� is smaller, thenthetestis moreaccurate.
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Figure8. ADC SNRasa functionof
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andDAC SNRasa function
of
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VI. CONCLUSIONS

We presenteda simpleandefficient approachto testingon-
chip ADCs andDACs. This approachexploits loop-backtests
andusestheexisting digital processingunitsto generateinput
stimuli. TheproposedmethodextractsDAC andDAC perfor-
mancecharacteristicsfrom theoverall frequency responsesof
theloop-backedconvertersandprovidesgo/no-gotestsanddy-
namiccharacterization.Resultsof detailedsimulationsshow
that the SNR valuescalculatedfrom the extractedequations
have errors1 – 3dB (about1 bit in resolution). We plan to
extendthis approachto testingothertypesof converters.
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