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ABSTRACT

We presentan algorithmicanalog-to-digitalconverter (ADC) ar-
chitecturefor large-scaleparallel quantizationof internally ana-
log variablesin externallydigital arrayprocessors.Theconverter
quantizesandaccumulatesa binaryweightedsequenceof partial
binary-binarymatrix-vectorproductscomputedon the analogar-
ray, underpresentationof bit-serial inputs in descendingbinary
order. The architecturecombinesalgorithmicconversionof the
residue,asin a standardalgorithmicADC, with synchronousac-
cumulationof thepartialproductsfrom thearray. In conjunction
with row-paralleldigital storageof matrix elementsin the array,
two pipelined architecturesare presentedto accumulatepartial
productswith commonbinary weight acrossrows: row-parallel
ADC with digital post-accumulation,and row-cumulative ADC
with analogpre-accumulation.Simulationresultsarepresentedto
quantify the trade-off in precisionandareafor full-parallel flash,
androw-parallelandrow-cumulative partial algorithmic,analog-
to-digital conversionon thearray.

1. INTRODUCTION

An internally analog,externally digital architecturefor parallel
matrix-vector multiplication (MVM) was reportedin [1]. The
VLSI mixed-signal processingoutperformspurely digital ap-
proachesby several ordersof magnitudein throughput,density
andenergy efficiency, owing to massive parallelismin the archi-
tecturewith bit-level distributedmemoryandprocessingelements.
This templatematchingarchitectureconsistsof ananalogcompu-
tationalarrayandabankof row-parallelflashquantizers.A three-
transistorunit cell combinesa single-bitdynamicrandom-access
memory(DRAM) andachargeinjectiondevice(CID) binarymul-
tiplier andanalogaccumulator. Digital multiplicationof variable
resolutionis obtainedwith bit-serialinputsandbit-parallelstorage
of matrixelements
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by combiningquantizedoutputsfrom multiple rows of cells (in-
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with binary-binaryMVM partialscomputedin asinglearrayrow
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Thedataflow over bit planesin the input andstoredtemplatesis
illustratedin Figure 1. The benefitsof using row-parallel flash
ADCs to quantizepartial products(4) arehigh conversionspeed
andadditionalgains(1.6bits) in resolutionachievedby averaging
weightedquantizedoutputsacrossmultiple rows andover several
computationalcycles[1]. Thedrawbackof suchimplementationis
exponentialdependenceof integrationareaandpower dissipation
on resolution,makinghigh-resolutionimplementationsexpensive
andimpracticalfor useon portableplatforms(e.g. miniaturemo-
bile artificial visionsystems).

A secondgenerationKerneltron processorwasreportedin [2].
Its applicationto real-timeobjectdetectionin streamingvideo in
the framework of supportvectormachinelearningparadigm[3]
was demonstratedin [4]. Kerneltron II performs row-parallel
delta-sigmaanalog-to-digitalconversioncombinedwith oversam-
pled (unary) encodingof inputs achieving 8-bit output resolu-
tion and yielding significantdata throughputfor low-resolution
inputs.Thearchitectureemploys algorithmicdelta-sigmaanalog-
to-digital converters[5] combiningpropertiesof algorithmicand
oversamplingADCs. As shown in [5] analgorithmicdelta-sigma
ADC canbeconfiguredto allow for lineardependenceof through-
put on the numberof bits in the bit-serial input representation
by alternatingsamplingof a row outputwith residueresampling.
Sucha configurationyields a level of computationalthroughput
comparableto that of the flash ADC architecture(for the same
analogarray computationalcycle time) but with sometemporal
overheaddueto several cyclesneededto implementthe radix in
algorithmicconversion[5].

In this work we presenttwo methodsof quantizinganalogar-
rayoutputsachieving highercomputationalthroughput,andoffer-
ing advantagesin conversionresolution,powerdissipation(for the
samearea)and complexity of implementation. Section2 intro-
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Figure1: Block diagramof onerow of thematrix in a matrix-vectormultiplicationmixed-signalVLSI architecturewith flashanalog-to-
digital convertersasthechoiceof quantizers.Matrix elements

� � �
arebinaryencoded(

! � � � ���
aretheir binarycoefficients),andshown

for a single @ and A �CB
bits. Dataflow of bit-serial(LSB-first) inputs

� � � ��
, partialoutputs

% � � �-, ��
, quantizedpartialoutputsD � � �-, �� ,

andtheconstructedquantizedinner-product D � ( D �'E �GF � areits binarycoefficients,k=0,...A + H -2) with H �IB
bits.

ducesthearchitectureof a row-parallelalgorithmicpartialanalog-
to-digital converter. It usesanadditionalresiduemodulatorto ex-
tendits inputdynamicrangesuchthateverycycleasumof thepre-
viousiterationresidueanda newly computedpartialproductout-
put from thearraycanbepartiallyquantizedandaccumulated.Al-
gorithmicanalog-to-digitalconversioniterationsandaccumulation
of partial productsarethusinterleaved. For every computational
cycle on the matrix-vectormultiplying array, the ADC performs
one algorithmic iteration. This is in contrastto the full-parallel
ADC configurationof Figure1, wherea flashconverterperforms
a full ADC for every computationalcycle,with digital outputsac-
cumulatedin thedigital domain.Section3 demonstrateshow out-
putsof several rows, storingmatrix elementsin bit-parallelfash-
ion, canbe accumulatedin analogdomainwhile beingpartially
quantizedby usinga row-cumulative algorithmicpartial analog-
to-digital converter. Conclusionsaregivenin section4.

2. ROW-PARALLEL ALGORITHMIC PARTIAL
ANALOG-TO-DIGITAL CONVERSION

Insteadof full quantizationof analogarrayoutputs(4) afterevery
computationasin thecaseof flasharchitecturein Figure1, algo-
rithmic partial analog-to-digitalconverteraccumulatesarrayrow
outputs(theinnersumin (3)) while performingtheirpartialquan-
tizationby resamplingtheresidueat thesametime. Theprinciple
of operationcombinespropertiesof pipelinedanditerative algo-
rithmic quantizersin that the bit-serialinput signalis interleaved
with thepreviouscycle of residuemodulationin algorithmiccon-
version.

To design a row-parallel algorithmic partial ADC we use
residuemodulators[6] comprisinga quantizerandan adder. Its
diagramandtransferfunctionareshown in Figure 2 (a). Thedig-

ital codeis generatedas:
JLKNMPO ��Q �SR�T � � �/U TWV�XNY
Z�[

(5)

with thesignalrangedecreasingby a factorof two:
T�KNM)O � �\T � � �^] TWV�XNY�JLKNM)O � [ (6)

asshown in thefigure.
A radix-2 iterative algorithmicADC consistingof a residue

modulator, multiply-times-two element,andunit delayelementis
shown in Figure2 (b). Theoutputcodeis generatedserially:

J_KNM)O Q �\R � T E� � U TWV�XNY`Z
(7)

At initializationtheinput signalis sampled:

T E � ���� � �\T � �a[ (8)

producingMSB value in the sameclock cycle. For standardal-
gorithmicanalog-to-digitalconversion,theremainingbits areob-
tainedby iterativeconversionof theradix-2residueof theprevious
conversioncycle: T E � ��b � �� � �\T � ���KNMPO (9)

wheretheoutputvoltage(in theradix-2case)is definedas:
T KNMPO � � T E� � ] J KNM)O T V�XNY [

(10)

andwhere
T V�XNY

equalsthe(effective)inputsignalrange.Therange
of theresiduesignalis thesameastheinputrangeasshown onthe
transfercharacteristicon theright of Figure2 (b).

The radix-2 residuemodulationschemefor the algorithmic
ADC canbe extendedto accumulateandquantizepartial results
from the computationalarray in synchrony with the algorithmic
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Figure2: (a) Block diagramof aresiduemodulator;(b) astandard
algorithmicADC; (c) analgorithmicpartialADC with cumulative
input;andtheir respective transfercharacteristics.

iteration.Theinherentpropertyof theanalogarrayarchitectureis
bit-serialrepresentationof therow outputs,

% � � �-, ��
. As the input

vectorsbinary coefficients,
� � � ��

, are presentedMSB-first over
time, the outputsfrom the arrayarebinary weightedin descend-
ing order (MSB-first) aswell. We usethis propertyin a design
of a residue-inputadditive algorithmicpartial ADC presentedin
Figure2 (c).

In thisscheme,theinput to therightmostquantizeris notonly
the residueof thepreviouscycle computation,but alsocombines
therow outputproducedin thegivencycle,whichcarriesthesame
binaryweightbecausepartialanalogoutputsfrom thearrayarrive
in descendingorderof binaryweights.Theadditionof theresidue
andthe additionalinput from the arraydoublesthe signal range
makingit

� T VdXeY
. Thiscallsfor anadditionalblocktoperformextra

1-bit quantizationandhalve therange.For this purposewe insert
theresiduemodulatorshown in Figure2 (a) in theconversionloop,
with generateddigital codedescribedby (5).

The codefor the secondoutputbit of the algorithmicpartial
ADC is: J KNMPO * Q �fR � T KgMPO � U T V�XNY Z

(11)

Substitutingequation(5) into (6) andtheninto (11),weget:
J KNMPO * Q � h � R�T � � � ] J KNMPO � T V�XNY Z U T V�XNY�i

Q � h � R�T � � �j] R�T � � �'U TWV�XNY)Z�TWVdXeY`Z U TWV�XNY i
(12)

Theexpressionfor theoutputvoltage
T�KNM)O * � � T�KgMPO ��] JLKNMPO * T V�XNY (13)
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Figure 3: Block diagramof the ADC block implementedwith
row-parallelalgorithmicpartialADCs, in commonfor @ -th out-
put vectorcomponentwith A -bit matrix elementsand H -bit input
vector. The caseshown is A � H �nB

with MSB-first bit-serial
input representation.

canbeexpanded,usingequation(6), as

T KNMPO * � � R�T � � � ] J KNM)O � T VdXeY Z ] J KNMPO * T V�XNY [ (14)

describinga four-segment,double-range,gain-2transfercharac-
teristicshown in Figure2 (c).

The described2-bit-per-iterationalgorithmicpartial ADC is
usedin the row-parallel architectureshown in Figure 3, imple-
menting an alternative to the flash-parallelADC block of Fig-
ure1. In digital accumulationof partialproductsD E E� � ��� , in Central
Limit, thequantizationnoisetermsvariancesareadditive. It canbe
shown thatdueto averagingthesignal-to-noiseratioof theoverall
computationis enhancedby approximately0.8 bits comparedto
thatof eachrow-parallelquantizer[7] asshown in Figure5.

When all of a row outputshave beenfed into the algorith-
mic partialADC, theconversioncanbecontinuedby operatingon
thesignalresidue(asin standarditerative algorithmicADCs). In
this casethe input signalis equalto zeroandtheresidueis of the
range

T V�XNY
, sotheoutputof thefirst quantizeris alwayszero.The

resolutionin this caseis limited only by circuit implementation
inaccuracies(i.e. gainerror, secondquantizercomparatoroffset).

3. ROW-CUMULATIVE ANALOG-TO-DIGITAL
CONVERSION

Thearchitecturedescribedabovecanbeextendedto performquan-
tizationof outputsacrossmultiple rows in the analogarray, stor-
ing digital matrix elementsin bit-parallel fashion. Several rows
thus producepartial productsof the sameoutput, which can be
pooledand quantizedusing the samealgorithmic partial ADC.
Analogoutputscommonto @ -th matrix row arecombinedusing
a pipelinedaccumulator. The accumulationis performedboth in
analogand digital domainsby meansof the cumulative residue
modulationarchitectureshown in Figure4 (in thisexamplematrix
elementsare4-bit binaryencoded).

For MSB-firstbit-serialinputvector,
�o�

, elements
% � � �., ��

of
theanalogarrayoutputmatrix have thesamebinaryweightwhen
they aresampledfor commonvaluesof #�pq$ in time andspace.
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Figure 4: Row-cumulative quantizerarchitecturewith a single
algorithmicpartial ADC for @ -th outputvectorcomponentwith
A -bit matrix elementsand H -bit input vector. The caseshown is
A � H �qB

with MSB-first inputvectorsbit-serialrepresentation.

This canbeaccomplishedby delayingaccumulatedcontributions
alongrows in pipelinedfashion.In ananalogaccumulator, every
additionof twoequallyweightedoutputsincreasesthesignalrange
by

T V�XNY
. To retainlargedynamicrangewhile avoidingsaturation,

a cascadeof residuemodulators[6], oneper row, is usedinstead
with their outputsaccumulatedby a digital delayline. Whenever
ananalogsumexceedstherange,acarrybit is generatedandprop-
agatedin the digital domain. Effectively two goalsarereached.
Thesignalrangeis kept constantwhile the analogvalueis being
partiallyquantized.

By thetimeananalogvalueis accumulatedover A rows, A ]vu
bits of its digital representationarealreadyavailable. Cross-row
partial sumsarefurtherquantizedby analgorithmicpartialADC
presentedin the previous section. Here,they arecombinedwith
the previous cycle residueto produceremainingoutputbits. In
digital domainall of the bits areaccumulatedto producethe full
digital representationof theconstructedinner-product,D � , for @ -
th matrix row. Furtherfine-scaleconversioncanbeperformedby
operatingsolelyon thesignalresidue.

The cumulative algorithmic partial analog-to-digitalconver-
sion schemeusesone ADC per one output vector component,% �

. Addition in analogdomainprior to conversionrequiresfewer
ADCs per array. It alsosimplifiesdigital post-processing,elimi-
natingmostof theneedfor additionandmultiplication. Thesys-
temhowever is notasversatileor scalable,hashigherlatency and
reducedthroughput,andforfeits thegainsin resolutionthatchar-
acterizerow-parallelarchitecturesasillustratedin Figure5.

4. CONCLUSIONS

We presenteda partial quantizationtechnique,algorithmic par-
tial analog-to-digitalconversion,and its usein row-parallel and
row-cumulative dataconversionin mixed-signalarrayprocessors
with bit-level binarydataencoding.Algorithmic partialADC si-
multaneouslysamplesiterative residueandanalogarray binary-
weightedserialoutput.By accumulatingarrayrow outputsin time
while performing partial quantization,algorithmic partial ADC
achieves computationalthroughputequivalent to that of a flash
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Figure5: Comparisonof resolutiongainsin threeparallelanalog-
to-digital convertersfor ½ �¿¾ u`u and A � H �ÀB

. Dueto quan-
tizationnoiseaveragingin digital accumulationof quantizedarray
outputs,flashADC architectureenhancescomputationresolution
by approximately1.6 bits [1], algorithmicpartial ADC architec-
ture – by 0.8 bits. Row-cumulative architectureoffers the native
resolutionof theconverterasnodigital averagingtakesplace.ForÁÂ�SÃ

theresolutionof ADCsexactlymatchesthedimensionality
of theinput vectoryielding theidealoverallSNR.

ADC architecturewhileofferingadvantagesin areaandpowerdis-
sipationover their exponentialdependenceon resolutionin flash
ADCs. Therow-parallelarchitectureallowsto maximizethecom-
putationalthroughput,at a slight expensein resolutionover the
flash-parallelarchitecturesincebinary weightedaccumulationis
partially performedin the analogdomain. The row-cumulative
implementationfurther simplifiesboth analoganddigital imple-
mentation,but offersthenative resolutionof theconverterwithout
thegainsin resolutionthroughdigital averagingthattheothertwo
architecturesoffer.
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