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ABSTRACT

Highresolutionanalog-digitalconversion(ADC)isakeyinstrumenttoconvertanalogsignalstodigital
signals,whichisdeployedindataacquisitionsystemtomatchhighresolutionanalogsignalsfrom
seismometerssystems.Toachievehighresolution,architectureofΣ-△oversamplingorpipelineADC
architecturehavefollowingdisadvantages:highpowerconsumption,lowlinearityofmodulators,and
complexstructure.Thisworkpresentsanovelmodelarchitecture,whichdesignprincipleisvalidated
bymathematicalformulationswhichcombinedadvantagesofbothpipelineandΣ-△oversampling
ADCarchitecture.BydiscussingtheadverseeffectsofthewholeADCarchitecturewithanexternal
noise theoretically,anamendedtheoreticalmodel isproposedaccordingto theassessmentresult
ofanoise simulationalgorithm.The simulation results represent that thewholeperformanceof
combinedarchitecture isdeterminedby thenoise levelof integrator and subtractor.Using these
twocomponentswithanoiseindexnomorethan10-7V/√Hz,theresolutionoftheprototypecan
achieveareservationof144.5dB.
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INTRODUCTION

Largebandwidthandwidepowerdynamicrangearethetwoexperimentallyidentifiedcharacteristics
of free oscillations of the Earth (Woodhouse, 2013). The minimum probed displacement using
seismeterisaboutaccuracyof0.1nm.Thedynamicrangeofmajorearthquakeis220dB,whoserange
ofbandwidthisfrom10-5Hzto103Hz.Recordingpropagatingseismicwavescanbeemployedto
analyzetheEarth’sinterior(Curtis,2009).Oneofrequirementsofgeophysicalinstrumentisdetecting
andrecordingshakesof1nm-10mminbandwidthof0.01-10Hz.Tocollectabovementionedseismic
signalswithvariousdistanceandpower,thedynamicrangeofseismicdataacquisitionsystemshould
exceed120dB(Shapiro,2015).Highresolutiondataacquisitionsystemwithslowsamplerateishard
toachieveduetoitsvolumeofcode(Doerfler,2013)Torecordearthquakewithvariousdistances
andmagnitudes,thedynamicrangeofseismicdataacquisitionsystemshouldbefurtherimproved.
Aseismicinstrumentisconstitutedbyseismometers,whichisusedtocollectanalogsignals,and
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dataacquisitionsystem,whichisemployedtoconvertanalogsignalstodigitalsignalsforanalysis.
Thenoiselevelofseismometersisabout1uVwhenoutputvoltageis±20V,e.g.,thedynamicrange
ofultra-widebandJCZ-1seismometeranditssuccessor-verybroadbandseismometerCTS-1has
exceeded140dB(Cai,2007,Cai,2004).Thedynamicrangesofhigh-resolutionseismometersare
morethan150dB,e.g.,KS-2000andCMG-40T,(Zeng,2014).However,commondataacquisition
systemcanonlyachievesignalandnoiserate(SNR)of135dBat50SPS(samplepersecond),thereis
thegapbetweenthedynamicrangeofdataacquisitionsystemandtherequirementsofseismometer,
whichwillcauselowSNRandmissingkeyseismicinformationstoredinseismicwave.Thelimit
oftheresolutionofdataacquisitionsystemcancauseinaccuracyresultsoflocalmeasurementsfor
geologicalandearthquakeinformation.

Toimprovedynamicrangeofseismicdataacquisitionsystem,highresolutionanalog-to-digital
conversion(ADC)shouldbeemployedinit.TheresolutionsofADChavedevelopedfrom8-bits
to24-bit.TheoreticalvalueofADCdynamicrangeofwithsingle24-bitchipscanachieve144dB.
Buttherealizeddataacquisitionsystemwithsingle24-bitADConlyhaslowdynamicrange,i.e.,
nomorethan100-120dB(Bulgakov,2001,Nash,2012).32-bitADCelectroniccomponentshave
beendeveloped,suchasADS1263ofTexasInstruments(TI)andLTC2500.However,thenoiselevel
can’tsatisfytherequirementsofseismicdataacquisitionsystem.Sincethegeologicalenvironments
arecommonlyunpredictable,anoptimalsolutionthatuseshighresolutionseismicdataacquisition
systemstominimizenoiseandimproveresolution(Vigh,2014).AccordingtoNyquistsampling
theorem,Nyquist-ratedataconvertersareachievable,e.g.,successiveapproximation(SAR)ADC,
timeintersectsADC,andfoldingADC(Huang,2013,Namgoong,2015).Theconvertiblerateof
abovementionedADCisequaltoNyquistsamplerate.However,thenon-idealconditionsofcircuit
andcomponentmatchingcauselowresolutionofNyquist-rateADC,whichcannotexceed120dB
(Tual,2016).TorealizehighresolutionADCfordataacquisitionsystem,Σ-△oversamplingand
pipelinearchitectureADCareneeded.Thedetailprinciplesof those twoADCarchitecturesare
elaboratedinnextsection.

Using Σ-△ oversampling and pipeline architecture ADC to improve resolution separately
canleadfollowingproblems:increasedpowerconsumption,reducedlinearityofmodulators,and
increasedcomplexityofcircuitstructure,andtheresolutionofwholesystemcannotberegulated
easily.Tosolveabovementionedproblems,somemathematicalformulationscombinedpipelineand
Σ-△oversamplingarchitectureprinciplesarepresentedinhighresolutiondataacquisitionsystem.
AsimpleandmathematicalcombinedADCmodelisamenabletoanalysisispresented.Thispaper
analyzestheoreticallythevarioussourcesofnoisebythismodel.Afurtheramendedmodelbased
onanalyzedresultsisverifiedbysimulationofMatlab/simulink.Theresultsrepresentthatnoises
levelofintegratorandsubtractorinfirstleveldeterminethewholeperformance.Topromotethe
implementationresolution,lowoutsidenoisedeviceshouldbeusedforsubstractorandintegrator.At
1Vreferencewiththepowersupplyof3.3V,theADCmodelachievesreservationresolutionof150dB.

ThispaperisanenhanceversionofourpreviousworkpublishedinproceedingsoftheICCICC
2019conference.Theremainderofthispaperisorganizedasfollows.InSectionbackground,we
describetherelatedworksforresearchandapplicationofhigh-resolutionADC.Thedesignprinciple
andresearchmethodforthemodelarepresentedinSectioncombinedarchitectureforhighresolution
ADC.Sectionmodelimplementationdiscussesimplementofthemodel.Sectionresultsanddiscussion
presentsthesimulationresultsanddiscussionsofmethodforimproveADCresolution.Theconclusions
andfutureresearchdirectionsareoutlinedinSectionconclusion.

BACKGROUND

Works for Σ-△ Oversampling ADC Architecture
ThedesignprincipleofΣ-△oversamplingADCiselaboratedbelow:△isfromthedifferencefrom
theanaloginputsignalandtheoutputofDAC.Σistheturntheresultof△intointegral.Theresult
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comparedwithreferencevoltagewilldeterminewhetherornottheoutputof1-bitADCishigh.To
improveresolutionofADC,theoutputstreamissmoothedbydigitalfiltering,whichisthebasisof
oversampletechnique.ThetheoreticalmaximummultiplesofΣ-△modulatorare64-256multiples
to convert rate (Shu, 1995). Based on variables analysis in Equation 1, an effective method to
enhanceresolutionofΣ-△modulator,i.e.,SNRdB,istoincreaseorderoftheloopfilterL.Additional
integratorsandfeedbackpathscanbeaddedtothebasicoffirstordermodulator(Johnston,2001).
TheimprovementgoalofADCperformanceistomodulatenoisebandinhighfrequencyandreduced
noiseinspecialbandwidthvianoiseshapingandoversampletechniques.Usingdigitaldecimation
filter,theoutputfrequencyisreducedtosignalbandwidth.SetmodulatorisLorderandquantization
bitisB,SNRofmodulatedquantizationnoisecanberepresentedasEquation1:

SNR
L

L OS
dB

B

L
= −( )+ +

+








+ +( )20 2 1 1 76 10

2 1
10 2 1

2
lg . lg lg

π
RR( )  (1)

IfweincreaseorderLorquantizationbitB,theperformanceofmodulatorcanbeimproved
whenoversamplingrate(OSR)isincreased.Forexample,whenLisequalto4,theSNRishigher
21dBthanthatofLis3.ButSNRcannotbeimprovedendlessbyenhanceL.Thereasonisthatthe
higherLis,themodulatorwillbemoreunstableandcostsofcircuitarehigher.

Works for Pipeline ADC Architecture
TheprincipleofpipelineADCiselaboratedinFigure1.

PipelineADCiscomposedofmultistagewiththesamecircuitstructure.Thekeymoduleis
pipelineconvertmodulewhichlocatedinfirstordertocomposeofsample/hold(S/H)circuit,low
resolutionconvertor,substract,andgainamplifier (Ginés,2017).TheprincipleofpipelineADC
architectureiselaboratedasbelow:Thewholedataconvertingprocessiscomposedwith3parts:
analoginput,digitaloutputandconvertoutput.AsshowninFigure1,bitconvertoriscarriedout
inprimaryorder,thendigitalsignalissubtractedfromsamplesignal,andtheresultistheinputfor
nextlevelorder.Signalsconvertinlowbitarecarriedoutinprimaryorderandthoseinhighbitare
carriedinhighlevelorder.Thefinaldigitalsignalsareconvertedviaiterationconversionmethod.
Settheorderiasexample,clockcircuitgeneratesdualclocksCLKtocontrolsamplemoduleand
amplifiermoduleseparately.Sampleandhold(S/H)circuitsamplesanaloginputsignalsinsampling
phase,andtransfersthemtothenextorderasinputvoltageViinholdingphase.Sub-ADCconverts
Vitodigitalsignals.k1bitsfromdigitalsignalsarestoredindelaymemoryarrayandasdigitalinput
forsub-DAC.ViisdifferencebetweeninputandanalogquantitypassedthroughK1bits,theresult
willbeamplified2k1-1multiples.Inorderi,thewordlengthofsub-ADCandsub-DACareKi,the
amplifiedresultsofresiduesdifferenceare2ki-1,theeffectiveresolutioncanbeaccumulatedKi-1.Nis
theresolutionofwholepipelineADCarchitecture,whichcanbecalculatedbyfollowingEquation2:

N=K1+K2+…Kn-n+Kn+1 (2)

Forexample,in12bitspipelineADC,Viisquantifiedto3bitsdatabyfirstlevelADC.The
resultwillbe input to3bitsDAC.ThedifferencebetweenViandoutputof3bitsDACwillbe
amplified4timesandtransfertosecondlevelADC.Theabovementionediterativeprocesswillbreak
untilthefinallevelusing4bitsADC.Inonesamplingtime,convertresultsaregotinalllevelsin
differenttimes.Therefore,theshiftregistershouldbesetorclearedtocalibratetimeofeachlevel.
Theadvantagesofpipelineareobvious:(1)parallelprocesspromotethetransferefficiency;(2)To
enhanceresolutionofpipelineADC,onlyneedtoprovidemoretransferlevels;(3)UsinginputSHA,
highfrequencycanbesampled.
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Themajorshortcomingsofpipelinearchitectureare:voltagereferenceandoffsetcircuitsaretoo
complextobecomparableinidealaccuracy,pretreatmentforpipelinedelaysofinputsignalmustbe
done,andsatisfiedtherequirementsofstrictlatches.Anyill-consideredcircuitdesignwilldecline
theresolutionofwholeADCarchitecturesignificantly.

UtilizingindividuallyΣ-△oversamplingADCarchitectureorpipelineADCarchitecturecannot
realizetheresolutionof24-bitADC(144dB).Forexamples,Kongetalfoundtheresolutionofdata
acquisitionsystememployed24-bitelectroniccomponentis19.6bits(Kong,2015).Nguyenetal
usedaΣ-△ADCwithahybridtuningcircuittoadjustRCtimeconstant,thisADCachieves106dB
SNR(Nguyen,2005).Zengetalused24-bitelectroniccomponentin2kHzsignalbandwidth,the
SNRis129.35dBandrelatedsignificantbitsare21.2-bit(Zeng,2015).Schreieretalusefourth-order
continuous-timetechniquetodesignaquadraturebandpassdelta-sigmaADCwithtotaldynamic
rangeof90dB(Schreier,2006).Inseismicfield,mainstreamseismicdataacquisitionsystemsare
basedon24-bitADCelectroniccomponentsofΣ-△oversamplingarchitecture,e.g.,EDAS-24GNof
Gangzhengco.,ltd,TDE-324ofTaideco.,ltd,and130seriesofReftekco.ltd,whichdynamicranges
are135dB.Toexceedthelimitof144dB,aninnovatedADCmodelwithnewarchitectureisneeded.

ResearchersalsoproposevariousmethodstopromoteSNRofADC.Forexample,Kimuraetal
useadelta-sigmamodulatortoreducetheeffectsofclockjitterandadjustloopdelaywithavector
filter(Kimura,2013).TheimprovementofSNRis84.5dB,whichis22.5dBhighercomparedtoSNR
ofaconventionalADC.Wangetalemploydifferentialinputprogrammablegainfrontendchanges
from1to128,sothattheweakvoltagesignalscanbedirectlytransferredfromanalogsensors(Wang,
2018).ThepresentedADCcanachieve20bitsofresolutionwithsamplingclockof19.5kHz.Wang
et al. present a current mode capacitively-coupled chopper instrumentation amplifier embedded
delta-sigmaADC(Wang,2017).Theinputreferrednoisecanachieve128dBviachopper-stabilized

Figure 1. The principle of pipeline ADC
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current-mode.Asourknowledge,theabovementionedmethodscannotdirectlypromotetheSNRof
ADCexceedthelimitationof144dB.

ComputersimulationhasbeenusedtoverifythecharacteristicsofADCindifferentapplication.
Forexample,InKimura’swork,theclockwithjitter,whitenoise,andtimedelayaregeneratedand
verifiedinMATLAB/simulink(Kimura,2013).Schreieretalusecomputersimulationtodetermine
thestabilityof1bitΣ-△modulatorsuptoorder8(Schreier,1993).MaximumSNRareplotted
andoversamplingrateispresented.Posseltetal.usedmixed-signalorthogonalfrequencydivision
multiplexsystemsimulationtoevaluateafrequencyagiledirectRFADC.Themethodallowsflexible
testingofdifferentADCsandanalyzesthenoiseofADC(Posselt,2015).Thenecessarystepsof
thesignalprocessandcombinationinfluenceofnoiseshapesaretestifiedonmulti-domain.Inour
work,wealsouseMatlab/simulinksimulationtoagiledevelopthemodelofADCandverifythe
performanceofcombinedmodel.

COMBINeD ARCHITeCTURe FOR HIGH ReSOLUTION ADC

Design Principle
ToimprovetheresolutionofADC,anarchitectureforADCmodelcombinedpipelineandoversampling
ispresented (KinYua,1999). It iscomposedof twoorders. In firstorder, simplifiedΣ-△ADC
architecture is used for receiving analog input signals. To reduce noise, the integrated result of
singlebitsignaliscalculatedandcomparedwithreferencevoltage,thenoutputsinglebitDAC.In
secondorder,pipelineADCarchitectureisusedtoaccumulatetheincrementalsignalstoimprove
resolution.Themaximumamplitudeofnoisewillbeeliminatedinfirstorderandtherestnoisewill
bereducedviathesemethods.Thedetaileddesignprincipleandtheproposednoiseshapingtechnique
areelaboratedinFigure2asbelow:

Figure 2. The model structure combined pipeline and Σ-△ oversampling ADC architecture
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Thesignalstransferringpossessinfirstorderiselaboratedasbelow:inputsignalXandnoise
emshouldbeconsideredseparately.SinglebitDACisanoptimallinewhichgainis1.Thewhole
circuitisasingle-feedbackclosed-loopsystem.OnesinglebitDACisusedforacomparatorto
transferanalogsignaltovariousloworhighelectricallevel.Theroleofintegratorisdescribedas
following:accumulatethedifferencebetweensignalsandoutputofDAC.Thetransferfunctions

ofthefirstintegratorwillbeH(z)=z-1/(1-z-1).ThesignalcanbepresentedbyY
H

H
X

s z

z

z
z( )

( )
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Thenoisecanberegardedasawhitenoisesourcegeneratedfromtwobitselectorsstructuredby
voltage-controlledswitch.Thenoisewillbetransferredviatwopaths,transferringfunctionofone
path is1, another isnegative feedbackwith integratorH(z).Transfer functionofnoisecanbe
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AsshowninFigure2,modulatorwithemnoiseinfirstorderisthebasicofwholecircuit.The
signaladdedprocessioninsecondordercanbepresentedinEquation4:

y z x z z e z z e e F z
m( ) = ( ) + ( ) −( )+ −( ) ( )− −1

1
1

1
1  (4)

Notethat,thequantizationnoisecanbeeliminatedviaselectiveparametersoffiltersF(z),i.e.,
LetF(z)=(1-z-1).

Thesimplifiedy(z)whicheliminatedquantizationnoisee1isshowninEquation5:

y z x z z e z
m( ) = ( ) + −( )− −1 11  (5)

Whenthepotentialmaximumnoisee1iseliminated,quantizationnoiseemgeneratedbyADC
ofsecondorderstillcanbereshaped.Inthesubsquentprocess,wedescribehowpipelinetopology
inFigure2toreducenoise,i.e.,residualsignalsgeneratedinfirstorderarefilteredandshapedin
nextorder.Forexample,theinputsignalis1.13V,quantizationDACis16bits,i.e.,216=32768,and
referencevoltageis2.5V.Theactualvoltageshouldbe1.13*32768/2.5=14118.136.However,DAC
onlycanconvertvoltagetointeger,e.g.,14118or14119,whichwillcauseerrorwith1count.The
differencebetweenactualvalueandconvertedvalueofDACisthereasonfordecreasingresolution
ofourADCmodel,whichwillbediscussedinnextsection.

Model Structure for Combined Pipeline and Oversampling ADC Architecture
Afurtheranalysisofmodelstructurebasedformerdesignprincipleisdescribedinthissection.As
wehavediscussedinabovementionedparagraph,outputy(z)canbecalculatedasbelow:

y z x z z e z z e z F F e z F F e z
m a b m b( ) = ( ) + ( ) −( )+ ( ) −( )+ ( ) −( )− ( ){− −1 1
1 2

1 1 }} ( )F z
c

 (6)
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F,Fa,FbandFcareselectivefiltersforourmodelinEquation6.Toeliminatequantizationnoise
e1andem,thefilters’parametersarewell-designedforcounteractingFa(z)andFb(z).

Equation6canbefurthersimplifiedtoEquation7byusingchosenparameters:

y z x z z e z z k
m( ) = ( ) + ( ) −( )− −1
2

1
2

1 /  (7)

InEquation7,wecanidentifyfollowingcharacteristicsofthemodel:thetwomajorquantization
noisese1(z)andem1(z)areeliminatedbywell-designedstructure;Usingthirdordermodulation,another
quantizationnoiseem2(z)ishandledassmallaspossibletomaximize.Bythismeans,thewholeADC
modelSNRisimprovedfundamentally.

MODeL IMPLeMeNTATION

Modified Model Structure With Outside Noise Sources
Inpracticaluse,inherentnoiseofeachpartinADCarchitectureshouldbeconsidered.Design
principle of ideal model combined pipeline and oversampling ADC architecture in previous
section.Variousoutsidenoisesshouldbeconsideredinpracticeonthebasisofidealcombined
architecture.Table1describesdifferencetypesofoutsidenoisesfromelectroniccomponents

exceptforthediscussednoisesinidealmodel.Noisenamesandtheirdescriptionaredirectly
showninthefirsttwocolumns.Typicalelectroniccomponentsandtheirnoiseleveldeclared
indatasheetareelaboratedinlasttwocolumnsofTable1.Theinputvoltagenoisedensityand
currentnoisedensityarethekeyreferencenoisesforeachelectronicdevice,whicharedescribed
indatasheetsofinvestigateddevices.

Toconsiderabovementionednoises,Figure3showsthepracticalmodelcombinedpipelineand
oversamplingADCarchitecture.Theexternalnoisesandtheiraffectedcomponentsarerepresented
byreddottedarrows.Inthenextsection,asimulationalgorithmtoevaluatetheeffectofexternal
noiseispresentedbasedongraphicalrepresentationofFigure3.

Table 1. Outside noises for model combined pipeline and oversampling ADC architecture

Noise 
Name Description Typical Electronic 

Device Noise Level

ea1-ea6
Noisefromsubtractor,whichisgeneratedbyamplifiersandtheir
peripheralcircuit OP140 9nV/√Hz

eb
Noisefromintegrator,whichisgeneratedviaamplifierandits
peripheralcircuit AD620 9nV/√Hz

ec
Noisefromzero-crossingcomparator,whichisgeneratedby
severalamplifiersandtheirperipheralcircuit AD620 9nV/√Hz

er
Noisefromreferencevoltage,whichisgeneratedfrompower
supplyripple LTC6655 9nV/√Hz

em1-em2 NoisefromADCelectroniccomponentsinsecondorder ADS8681 100dB

ef
NoisefromLogicarray,whichisgeneratedfromFPGA
electroniccomponent AlteraCycloneIV 123dB/Hz
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Simulation Algorithm
AsimulationmodelwithexternalnoisebasedonMatlabisperformedtointegratevariousoutside
noisesandsignalsasawhole.Themodeliscomposedofthreemodules:oneorderDACtoeliminate
noisee1(z)basedonΣ-△ADCarchitecture,twoorderDACscollecttheconvertedanalogvalues
andstoreanddescribetheminadigitalfile.Thelaststateisstoredsynchronouslyinstoragebased
onpipelineADCarchitecture.Digitalvaluesofvoltagescollectedineachorderaremergedtofinal
output.Table2showssimulationalgorithmandtheircorrespondingannotationusingMatlab.Psedo
codesandtheirbelongedarchitecturemodelaredirectlyshowninthefirsttwocolumns.Detailed
annotationsforeachlineofcodeareelaboratedinlasttwocolumnsofTable2.

ReSULTS AND DISCUSSION

Simulation Result
ActualcodesareimplementedbyMatlab/simulinkbasedonthedesignprincipleinprevioussection.
Figure4presentstheresultsofsimulationbasedonpseudo-code.AsshowninFigure4,(a)and(d),
inputsignalsanditsamplification,i.e.,asinewavewhichfrequencyis50Hzandrelatedsamplerate
is8KHz.(b)and(e)presenttheoutputsignalsanditsamplificationthroughtheADCmodelcombined
pipelineandsigma-deltaoversamplingarchitectureseparately.Wecanfindthedistortionofoutput
sinesignalcausedbyvariousnoisesinFigure4(e).Notethat,sinesignalisamplifiedpartiallyand
showninFigure4(d)and(e)sothattheeffectcausedbyvariousnoisescanbedisplayed.Figure
4(c)presentssingle-sidedamplitudespectrumofsignalsandnoisesand(f)showsthemagnified
version.AmplitudespectrumisdefinedintermsofthemagnitudeoftheFouriertransform,whichcan
beusedtoquantitiestheunitsofvoltsperHz(Aki,2012).Theamplitudeof50HzSignalisclearly
showninFigure4(c).MeanwhiletheamplitudeofnoisecannotbeshowninFigure4(c)directly

Figure 3. Modified model structure with outside noise sources
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foritsmagnitudeistoosmalltodisplaywithsignal.WepresentthemagnifiedwhitenoiseinFigure
4(f).SNRcanbecalculatedwithEquation8:

20log10(S/N) (8)

Forexample,amplitudeofnoiseinFigure4(d)is0.8*10-4V.ThecorrespondentsignalS=1
andN=0.8*10-4canbesubstitutedtoEquation8andcalculatethatSNRis81.94dB.SNRinvarious
parametersiscalculatediterativelyduringthecalculationprocess.

Asdiscussedinsectionbackground,modelcombinedpipelineandΣ-△oversamplingADC
architecturehavebeenadvocatedinsectiondesignprincipleanditspseudo-codesareshowninsection
modelstructure.VarioustypesofnoiseareanalyzedinthissectionbasedontheADCmodelandits
pseudocodes.Byaddingvariousoutsidenoises,signalstransferprocesscanbesimulated.Bystudy
thedegreeofimportanceforeachoutsidenoise,wetrytoidentifytheinfluencefactorsforoutside

Table 2. Simulation pseudo code and their annotation using Matlab for model combined pipeline and oversampling ADC 
architecture

Architecture 
Model Psedo Code Annotation

Σ-△
oversampling
ADC
architecture

Uref=Uref+er; thenoiseofreferencevoltageshouldbeconsideredfirst

U=(X-W0)+eb; z-1meanslaststateofz,henceweconsidereb

IfU>0,W=Uref+er+ec; Wistheoutputoffirstorderanditsrelatednoise

ElseW=-Uref+er+ec;
ecisthenoisefromzero-crossingcomparator,whichwill
effectUref

A1=W*FSC; A1istheresultofconvertingthehighestbitofWtodigital

E=W-U;

T1=U-W+ea6

PipelineADC
architecture

U1=T3F(z)+T1+ea2;

U2=T2Fa(z)

W1temp=[U1+em1(z)]*FSC/Uref; UsingproportiontoconvertW1todigital

W1={W1temp}R*Uref/FSC; SubscriptRmeansroundingvoltageresult,whichwillbe
storedandusedinnextorder

A2={W1temp}R; Subscripttempmeanstempsingleforfurtherprocessing

T2=U1-W1+ea3;

W2temp=[U2+em2(z)]*FSC/Uref;

W2={W2temp}R*Uref/FSC;

A3={W2temp}R*Fb(z); Roundingvoltageusedinnextorder,i.e.,it’sthesourceof
errorforconvertinganalogtodigital

T3=W2-U2+ea5;

Y=(A1(k)+(A2(k)+A3(k)-Fz))/
FSC;

Fz=A2(k)+A3(k); CyclestorageforstateofFz,whichisastandbyfornextloop

Fouler(Fz);
FouriertransformofFztocalculatethedynamicrangeand
relatedSNR

Backtostart Loopandbeginanothercollectionprocess
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noise.Noisespectraldensities(NSD)ofoutsidenoiseareusedtospecifycharacteristicofoutside
noise.TheunitofnoisespectraldensityisV/√Hz,i.e.,1Vnoisevoltageper√Hz.Forexample,if
theNSDis30nVat100Hzbandwidth,thevalueis0.3uVin10kHz.Byusingthedataofcolumnnoise
levelinTable1,announcednoisesindatasheetforeachcomponentaresubstitutedinoursimulation
programtocalculatetheSNR.TheanalysisresultsareelaboratedinTable3andFigure5.

Table3shows the finalSNR(units:dB)ofcombinedarchitecturewhendifference typesof
outsidenoisesarechanged.Noisenamesaredirectlyshowninthefirstcolumns.Typicalelectronic
componentsandtheirnoiselevelusinginMatlabsimulationareelaboratedinthefirstandsecond
linesofTable3.Forexample,aselectedcomponentwith10-6noiselevelforebwillmakethewhole
system’sSNRto143.65dB.Figure5usesaradarmaptoshowtherelationshipsbetweendifference

Figure 4. Results of Matlab simulation

Table 3. Simulation results between outside noises level of various noise and ideal SNR for combined architecture

Noise Name
External Noise for Various Outside Noise Level (dB, V/√Hz)

10−4 10−5 10−6 10−7 10−8 10−9

ea1 180.92 182.5 179.09 185.35 178.94 178.42

ec 100 125.93 147.33 166.19 178.13 178.42

eb 99.07 118.62 143.65 158.06 168.24 178.42

ea6 133.48 143.81 167.41 183.74 178.94 178.42

em1 122.36 146.41 168.18 178.71 178.42 178.42
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noiselevelofoutsidenoiseandSNR.Table3showsnumericalvalueforeachdotelaborateinFigure
5.VariousnoisesourcesarerepresentedbydifferentlineswithspecialmarkinFigure5,e.g.,noise
ecisrepresentedbylinewithsquaresdot.Regularhexagonborderwithgreylinesrepresentdifferent
SNRofADCarchitecture,e.g.,fromoutsidetoinside,thesecondregularhexagonmeans150dB.
Ifresultdotisoutsidethehexagonborder,itmeanstheresultisbeyond150dB,andviceversa,it’s
below150dB.Toidentifytheeffectofseparatenoisesource,onlyonenoiselevelforeachnoise
sourceischangedwhenthesimulationprogramisperformed.

Principle Prototype
UsingtheabovementionedADCarchitecture,aprincipleprototypeofdataacquisitionsystembased
on combined pipeline and oversampling ADC architecture is represented in Figure 6. The data
acquisitionsystemconsistsofthreelayersPCBstructurefrombottomtotop:powersupplylayer,
ADCarchitecturelayer,andsignalprocessinglayer.Inthisprototype,theADCarchitecturelayerand
partialsignalprocessinglayerarebasedonthetheoryadvocatedinthiswork.Aftershorttheinput
endsofdataacquisitionsystem,wecancalculatetheSNRforthewholesystemisabout144.5dB,
whichisincreasedSNRby9dBtoformersystem.

Discussion
ThisexperimentfocusesonhowtorealizehighresolutionADCmodel,i.e.,morethan144dB(about
24bitADC).Figure5presentsthefollowingfindings:

• Key noise sources:Figure5presentsthetrendsofdeclineforSNRwhenthenoiselevelischange
fordifferentnoisesource.Forexample,SNRismaintainabout180dBwhentheea1changes
from10-9to10-4V/√Hz,i.e.,thebluesquaredotareallnear180dB.Aswehavediscussedin
Section,thereasonofthisresultisthateea1isthepartofe(m),whichhavebeeneliminatedvia

Figure 5. Relationships between various level of outside noise and SNR
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selectiveparametersoffiltersF(z).AsshowninFigure5,thetwotypesofimportantnoisesources
areebandec,whoseSNRreducesrapidlywhenthenoiselevelexceeds10-7V/√Hz.Thismeans
thatthosetwonoisesources,i.e.,ecandebarethekeynoisesourcesaffectedSNRofourmodel.
Thereasonofthisresultisthatbothnoisesourcesareinfirstorderandcannotbeeliminated
subsequentiterationsprocessioneasily,whichwillbeamplifiedorgenerateself-excitationin
secondorderbasedonthemodelprincipleelaboratedinsectiondesignprinciple;

• The requirements of noise level:ThemodelisdesignedforrealizingADCwithhighresolution,
i.e.,thevalueofSNRshouldexceed144dBforsingle24-bitADCchip.Itmeansalloutsidenoise
foreverysourcemustbelessthan10-7V/√Hz.AsshowninFigure5,ifhighleveloutsidenoise
isemployed,i.e.,exceeds10-7V/√Hz,SNRofwholesystem,whichmeansthedotsisbeyond
150dB.Thereferencenoiseofselectiveelectroniccomponentsincircuit,e.g.,multi-bitsADC,
amplifiers,andFPGA(Bai,2017),mustsatisfytherequirementsofnoises.Forexample,low
noisechips,suchasOP140,isselectedinfirstorderforthemodelforitsloweroutsidenoise
comparedtootheramplifierelectroniccomponents.Meanwhile,wecanfindthatoutsidenoisesin
sameorderaresimilartoothers.Forexample,ea6andem1changesynchronouslyinFigure5.The
reasonofthisresultisthatbothnoisesourcesarebasedonpipelineADCarchitectureinsecond
order.Bothtwonoisesourcescanbereducedbythirdordermodulationtomaximizeaslessas
possible.Aspresentindesignprinciplesection,outsidenoisescannotbeentirelyeliminated
becausetherearenoelectroniccomponentswithoutself-noisesinpractices;

• Various noises sources for combined model:Differentnoisesourcescarryvariousweightsin
applicationofthecombinedADCmodel,suchascomparator,switched-capacitor,andmulti-bit
ADC(Sepke,2009).Thenoiseofcomparatorfromvirtualgrounddominatestheoverallnoise
performanceoftheADCmodel.Sizeofcapacitorforreferencecurrent,whosecontributionis
smallinsimulation,andamplifiersoffirstorderarecriticalforimplementofthismodel.They
canbemanagedthroughappropriatedesignandcomponentsselection.

CONCLUSION

Tomatchtherequirementsofhighlysensitivesensorsinseismometerssystems,dataacquisitionsystem
shoulddeployhighresolutionADCaskeycomponent,whichcanbeusedtoimproveresolutionand
accuracyofseismicdataset.Aswehavediscussedintheprevioussession,existingADCmodels

Figure 6. Principle prototype of data acquisition system based on combined pipeline and oversampling ADC architecture
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architecturebasedonΣ-△oversamplingorpipelineADCwillincreasepowerconsumption,reduce
linearityofmodulatorsanddependoncomplexcircuit.Tosolvethoseproblemsforhighresolution
ADC,asimpleandconstructurecombinedpipelineandoversamplingADCmodelispresented.This
paperanalyzestheoreticallythevariousnoisesourcesbysimulationmodel.Afurtheramendedmodel
basedonnoiseanalyzedresultsisverifiedbyproposedsimulationalgorithm.Theresultsrepresent
thatnoiseslevelofintegratorandsubtractorinfirstorderdeterminethewholeperformance,which
canachievereservationresolutionof150dB.Aprincipleprototypeisdesignedbasedontheoryof
thiswork.ItsSNRreaches144.5dB.

Thisworkhasilluminatedseveralpromisingresearchdirectionsthatareunderexploredincurrent
researchinpractice:

1. Selectingproperhigh-performancedevicestoimplementthecircuit.Theresultsshowthatat
thepropercondition,theadvocatedcombinedADCmodelcanachieveresolutionof150dB.
Butnotalldeviceshavetheirclaimednoiselevels,whichcausetheSNRofprincipleprototype
is144.5dB.Optimaldevicesforcircuitshouldbeselectedaftercomparingtodevicewithsame
type.Thecombinedmodelwhichsimplifiesthedesigningofdataacquisitionsystemswithhigher
performanceshouldbedevelopedinthefuturework;

2. Howtobetterapplysimplifiedstructure.Aswediscussedinmodelstructuresection,several
componentsareusedinADCcombinedpipelineandoversamplingADCmodel.Inpractice,some
componentscanbeunitedtosimplifystructureevenmore,e.g.,anintegratorandasubtractor
canbeconvertaunitedcomponent,whichcansaveanamplifier.Weneedmoreresearchon
qualitativeorquantitativeonthecostsandbenefitsofusingthiscomponent.

ACKNOWLeDGMeNT

ThisworkispartiallysponsoredbytheScientificResearchFundofInstituteofSeismologyandInstitute
of Crustal Dynamics, China Earthquake Administration (Grant No. IS201726156), the National
NaturalScienceFoundationofChinaNo.61866014,andScienceFoundationofJiangxiUniversity
ofScienceandTechnologyunderGrantNo.jxxjbs18059.ThanktheICCICC2019reviewersfor
theirvaluablecommentstothiswork.



International Journal of Cognitive Informatics and Natural Intelligence
Volume 14 • Issue 3 • July-September 2020

131

ReFeReNCeS

Aki, K. (2012). Scaling law of seismic spectrum. Journal of Geophysical Research, 72(4), 1217–1231.
doi:10.1029/JZ072i004p01217

Bai,Y.,Gaisbauer, D.,Huber,S.,Konorov, I.,Levit,D.,Steffen, D.,&Paul,S. (2017). Intelligent FPGA
Data Acquisition Framework. IEEE Transactions on Nuclear Science, 64(6), 1219–1224. doi:10.1109/
TNS.2017.2708510

Bulgakov,A.Y.,V’yukhin,V.N.,&Popov,Y.A.(2001).A24-Bitdataacquisitionsystem.Instruments and 
Experimental Techniques,44(2),180–182.doi:10.1023/A:1017554717595

Cai,Y.,Lv,Y.,Cheng,J.,Yu,J.,&Lv,P.(2007).ApplicationofJCZ-1TUltraBroadbandSeismometerasan
instrumentforintegratedobservation.Seismological and geomagnetic observation and research, 9(5),29-34.

Cai,Y.,Lv,Y.,Zhou,Y.,&Chen, J. (2004).CTS-1verybroadbandseismometer.Journal of geodesy and 
geodynamics, 24(6),109-104.

Curtis,A.,Nicolson,H.,Halliday,D.,Trampert,J.,&Baptie,B.(2009).Virtualseismometersinthesubsurface
oftheEarthfromseismicinterferometry.Nature Geoscience,2(10),700–704.doi:10.1038/ngeo615

Doerfler,D.W.(2013).Dynamictestingofaslowsamplerate,high-resolutiondataacquisitionsystem.IEEE 
Transactions on Instrumentation and Measurement,35(4),477–482.doi:10.1109/TIM.1986.6499120

Ginés,A.J.,Peralías,E.J.,&Rueda,A.(2017).Black-boxcalibrationforADCswithhardnonlinearerrors
usinganovelINL-basedadditivecode:ApipelineADCcasestudy.IEEE Transactions on Circuits and Systems. 
I, Regular Papers,64(7),1718–1729.doi:10.1109/TCSI.2017.2662085

Huang,G.Y.,Chang,S.J.,Liu,C.C.,&Lin,Y.Z.(2013).10-bit30-MS/sSARADCUsingaSwitchback
Switching Method. IEEE Transactions on Very Large Scale Integration (VLSI) Systems, 21(3), 584–588.
10.1109/TVLSI.2012.2190117

Johnston,J.E.(2001).A24-bitdelta–sigmaADCwithanultra-lownoisechopper-stabilizedprogrammable
gain instrumentation amplifier. Computer Standards & Interfaces, 23(2), 123–128. doi:10.1016/S0920-
5489(01)00066-6

Kimura,Y.,Yasuda,A.,&Yoshino,M. (2013).Continuous-timedelta-sigmamodulatorusingvector filter
infeedbackpathtoreduceeffectofclockjitterandexcessloopdelay.Analog Integrated Circuits and Signal 
Processing,75(2),279–286.doi:10.1007/s10470-013-0038-6

KinYua.M.K.(1999).Obersampledmulti-bitSigma-deltaA/DConvberters.Master.Texas,USA:TexasTech
University.

Kong,F.,Ding,G.-Q.,&Chen,X.(2015).Designofmulti-channeldataacquisitionbasedonADS125xand
relatedaccuracyimprovingmethod.International Electronic Elements,22(8),97–99.

Namgoong, M. A. W. (2015). Comparator Power Minimization Analysis for SAR ADC Using Multiple
Comparators.IEEETransactionsonVeryLargeScaleIntegration(VLSI).Systems,62(10),2369–2379.

NashE.(2012).UsingtheAD771xfamilyof24-bitsigma-deltaA/Dconverters.

Nguyen,K.,Adams,B.,Sweetland,K.,Chen,H.,&McLaughlin,K.(2005).A106dBSNRhybridoversampling
ADCfordigitalaudio.InProceeding of IEEE International Digest of Technical Papers. Solid-State Circuits 
Conference (ISSCC)(pp.1-8).IEEE.

Posselt,A.,Berges,D.,Klemp,O.,&Geck,B.(2015).EvaluationofafrequencyagiledirectRFADCbased
onmixed-signalOFDMsimulation.InProceeding of 26th IEEE Annual International Symposium on Personal, 
Indoor, and Mobile Radio Communications (PIMRC)(pp.694-697).IEEE.10.1109/PIMRC.2015.7343387

Schreier,R.(1993).Anempiricalstudyofhigh-ordersingle-bitdelta-sigmamodulators.IEEE Transactions on 
Circuits and Systems,40(8),461–466.doi:10.1109/82.242348

Schreier,R.,Abaskharoun,N.,Shibata,H.,Paterson,D.,Rose,S.,Mehr,I.,&Luu,Q.(2006).A375-mW
quadraturebandpassdeltasigmaADCwith8.5-MHzBWand90-dBDRat44MHz.IEEE Journal of Solid-
State Circuits,41(12),2632–2640.doi:10.1109/JSSC.2006.884340

http://dx.doi.org/10.1029/JZ072i004p01217
http://dx.doi.org/10.1109/TNS.2017.2708510
http://dx.doi.org/10.1109/TNS.2017.2708510
http://dx.doi.org/10.1023/A:1017554717595
http://dx.doi.org/10.1038/ngeo615
http://dx.doi.org/10.1109/TIM.1986.6499120
http://dx.doi.org/10.1109/TCSI.2017.2662085
http://dx.doi.org/10.1016/S0920-5489(01)00066-6
http://dx.doi.org/10.1016/S0920-5489(01)00066-6
http://dx.doi.org/10.1007/s10470-013-0038-6
http://dx.doi.org/10.1109/82.242348
http://dx.doi.org/10.1109/JSSC.2006.884340


International Journal of Cognitive Informatics and Natural Intelligence
Volume 14 • Issue 3 • July-September 2020

132

Sepke,T.,Holloway,P.,Sodini,C.G.,&Lee,H.S.(2009).Noiseanalysisforcomparator-basedcircuits.IEEE 
Transactions on Circuits and Systems,56(3),541–553.doi:10.1109/TCSI.2008.2002547

Shapiro,B.,Kissel,J.,Mavalvala,N.,Strain,K.,&Youcef-Toumi,K.(2015).LimitationsofUnderactuated
ModalDampingforMultistageVibrationIsolationSystems.IEEE/ASME Transactions on Mechatronics,20(1),
393–404.doi:10.1109/TMECH.2014.2333715

Shu,T.H.,Song,B.S.,&Bacrania,K.(1995).A13-b10-Msample/sADCdigitallycalibratedwithoversampling
delta-sigmaconverter.IEEE Journal of Solid-State Circuits,30(4),443–452.

Tual,S.L.,&Doris,K.(2016).Session27overview:Hybridandnyquistdataconverters.InProceeding of 10th 
IEEE International Solid-state Circuits Conference (ISSCC)(p.^pp.454-455).SanFrancisco,CA,USA:IEEE.
10.1109/ISSCC.2016.7418103

Vigh,D.,Jiao,K.,Watts,D.,&Sun,D.(2014).Elasticfull-waveforminversionapplicationusingmulticomponent
measurementsofseismicdatacollection.Geophysics,79(2),63–77.doi:10.1190/geo2013-0055.1

Wang,H.,&Mercier,P.P.(2017).Acurrent-modecapacitively-coupledchopperinstrumentationamplifierfor
biopotentialrecordingwithresistiveorcapacitiveelectrodes.IEEE Transactions on Circuits and Wystems. II, 
Express Briefs,65(6),699–703.

Wang,Y.,Liu,Y.,Zhou,X.,Wang,A.,&Cao,B.(2018).Anon-chipsignalconditioningdelta-sigmaADC
formicro-mechanicalgyroscopeapplications.InProceeding of 12th IEEE International Conference on ASIC 
(ASICON)(pp.48-51).IEEE.

Woodhouse,J.H.,Giardini,D.,&Li,X.(2013).Evidencefor innercoreanisotropyfromfreeoscillations.
Geophysical Research Letters,13(13),1549–1552.doi:10.1029/GL013i013p01549

Zeng,J.Q.(2015).Design and implementation of 24-bit Delta-Sigma A/D converter.BeijingJiaotongUniversity.

Zeng,R.,Lin,J.,&Zhao,Y.(2014).Developmentsituationofgeophonesanditsapplicationinseismicarray
observation.Diqiu Wulixue Jinzhan,28(5),2106–2112.

Wei Ding is a senior engineer of Key Laboratory of Earthquake Geodesy, Institute of Seismology, China Earthquake 
Administration. His major research directions are seismic instrument and software engineering.

Heng Liu is an associate professor of School of information and Management, Guangxi Medical University. 
She is the corresponding author of this paper. Her major research directions are artificial intelligence and 
software engineering.

Tao Wu is an engineer of Key Laboratory of Earthquake Geodesy, Institute of Seismology, China Earthquake 
Administration. His major research directions are seismic instrument and electronic engineering.

http://dx.doi.org/10.1109/TCSI.2008.2002547
http://dx.doi.org/10.1109/TMECH.2014.2333715
http://dx.doi.org/10.1190/geo2013-0055.1
http://dx.doi.org/10.1029/GL013i013p01549

