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ABSTRACT

We presentan algorithmic analog-to-digitakconverter (ADC) ar
chitecturefor large-scaleparallel quantizationof internally ana-
log variablesin externally digital arrayprocessorsThe converter
guantizesandaccumulates binary weightedsequencef partial
binary-binarymatrix-vectorproductscomputedon the analogar-
ray, underpresentatiorof bit-serialinputsin descendingbinary
order The architecturecombinesalgorithmic corversionof the
residue,asin a standardalgorithmicADC, with synchronousc-
cumulationof the partial productsfrom the array In conjunction
with row-paralleldigital storageof matrix elementsn the array
two pipelined architecturesare presentedo accumulatepartial
productswith commonbinary weight acrossrows: row-parallel
ADC with digital post-accumulationand row-cumulatve ADC
with analogpre-accumulationSimulationresultsare presentedo
quantify the trade-of in precisionandareafor full-parallel flash,
androw-paralleland row-cumulatve partial algorithmic,analog-
to-digital conversiononthearray

1. INTRODUCTION

An internally analog, externally digital architecturefor parallel
matrix-vector multiplication (MVM) was reportedin [1]. The
VLSI mixed-signal processingoutperforms purely digital ap-
proachesby several ordersof magnitudein throughput,density
andenepy efficiengy, owing to massie parallelismin the archi-
tecturewith bit-level distributedmemoryandprocessinglements.
This templatematchingarchitectureconsistsof ananalogcompu-
tationalarrayanda bankof row-parallelflashquantizersA three-
transistorunit cell combinesa single-bitdynamicrandom-access
memory(DRAM) andachageinjectiondevice (CID) binarymul-
tiplier andanalogaccumulatar Digital multiplication of variable
resolutionis obtainedwith bit-serialinputsandbit-parallelstorage
of matrix elements
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The dataflow over bit planesin the input andstoredtemplateds

illustratedin Figure 1. The benefitsof using row-parallel flash
ADCs to quantizepartial products(4) are high conversionspeed
andadditionalgains(1.6 bits) in resolutionachieved by averaging
weightedquantizedutputsacrossmultiple rows andover several

computationatycles[1]. Thedravbackof suchimplementatioris

exponentialdependencef integrationareaandpower dissipation
on resolution,makinghigh-resolutionmplementationgxpensie

andimpracticalfor useon portableplatforms(e.g. miniaturemo-

bile artificial vision systems).

A secondyeneratiorKerneltron processowasreportedn [2].
Its applicationto real-timeobjectdetectionin streamingvideoin
the framework of supportvector machinelearningparadigm([3]
was demonstratedn [4]. Kerneltron Il performs row-parallel
delta-sigmanalog-to-digitaktorversioncombinedwith oversam-
pled (unary) encodingof inputs achiezing 8-bit output resolu-
tion andyielding significantdatathroughputfor low-resolution
inputs. The architectureemploys algorithmicdelta-sigmaanalog-
to-digital corverters[5] combiningpropertiesof algorithmicand
oversamplingADCs. As shavn in [5] analgorithmicdelta-sigma
ADC canbeconfiguredo allow for lineardependencef through-
put on the numberof bits in the bit-serial input representation
by alternatingsamplingof a row outputwith residueresampling.
Sucha configurationyields a level of computationathroughput
comparableto that of the flash ADC architecture(for the same
analogarray computationalkycle time) but with sometemporal
overheaddueto several cyclesneededo implementthe radix in
algorithmiccorversion[5].

In this work we presentwo methodsof quantizinganalogar-
ray outputsachiezing highercomputationathroughputandoffer-
ing adwantagesn conversionresolution power dissipation(for the
samearea)and compl«ity of implementation. Section2 intro-
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Figurel: Block diagramof onerow of the matrix in a matrix-vectormultiplicationmixed-signaNVLSI architecturawith flashanalog-to-
digital corvertersasthe choiceof quantizersMatrix elements¥,,,, arebinaryencodedwnm»? aretheir binarycoeficients),andshavn

for asinglem andI = 4 bits. Dataflow of bit-serial(LSB-first) inputsz, ), partial outputsY;, ), quantizedpartial outputsQ,, 7,

andthe constructedjuantizednnerproduct@, (Qm’("’> areits binary coeficients,k=0,..I+.J-2) with .J = 4 bits.

duceshearchitectureof arow-parallelalgorithmicpartialanalog-
to-digital converter It usesanadditionalresiduemodulatorto ex-
tendits inputdynamicrangesuchthatevery cycle asumof thepre-
viousiterationresidueanda nenvly computedpartial productout-
putfromthearraycanbepartially quantizecandaccumulatedAl-
gorithmicanalog-to-digitatorversioniterationsandaccumulation
of partial productsarethusinterleared. For every computational
cycle on the matrix-vector multiplying array the ADC performs
one algorithmiciteration. This is in contrastto the full-parallel
ADC configurationof Figure1, wherea flashconverterperforms
afull ADC for every computationatycle, with digital outputsac-
cumulatedn thedigital domain.Section3 demonstrateBow out-
putsof several rows, storingmatrix elementsn bit-parallelfash-
ion, canbe accumulatedn analogdomainwhile being partially
quantizedby usinga row-cumulatve algorithmic partial analog-
to-digital converter Conclusionsregivenin sectiord.

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

Insteadof full quantizatiorof analogarrayoutputs(4) afterevery
computatiorasin the caseof flasharchitecturen Figurel, algo-
rithmic partial analog-to-digitakcorverter accumulatesrray row
outputs(theinnersumin (3)) while performingtheir partialquan-
tizationby resamplingheresidueat thesametime. Theprinciple
of operationcombinespropertiesof pipelinedanditerative algo-
rithmic quantizerdn thatthe bit-serialinput signalis interleaved
with the previous cycle of residuemodulationin algorithmiccon-
version.

To designa row-parallel algorithmic partial ADC we use
residuemodulators[6] comprisinga quantizerand an adder Its
diagramandtransferfunctionareshavn in Figure 2 (a). Thedig-

ital codeis generateas:
Dout1 := (Vin1 > Vyey), (5)
with thesignalrangedecreasingdpy a factorof two:
Voutt = Vin1 — Vreeg Dout1, (6)

asshawn in thefigure.

A radix-2 iterative algorithmic ADC consistingof a residue
modulatoy multiply-times-two elementandunit delayelementis
shavn in Figure2 (b). Theoutputcodeis generatederially:

Dout := (2Vin > Vres) @
At initializationtheinput signalis sampled:
Vil = Vi, )

producingMSB valuein the sameclock cycle. For standardal-
gorithmicanalog-to-digitatonversion,the remainingbits areob-
tainedby iterative conversionof theradix-2residueof theprevious
corversioncycle:

Vi = Vol (©)

wherethe outputvoltage(in theradix-2case)s definedas:
Vout - 2Vz{n - Dout‘/;‘efa (10)
andwhereV,..; equalshe(effective)inputsignalrange. Therange
of theresiduesignalis thesameastheinputrangeasshavn onthe
transfercharacteristion theright of Figure2 (b).
The radix-2 residuemodulationschemefor the algorithmic
ADC canbe extendedto accumulateand quantizepartial results
from the computationakrrayin synchrogy with the algorithmic
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Figure2: (a) Block diagramof aresiduemodulatoryb) astandard
algorithmicADC; (c) analgorithmicpartial ADC with cumulatie
input; andtheir respectie transfercharacteristics.

iteration. Theinherentpropertyof the analogarrayarchitecturas
bit-serialrepresentationf the row outputs,Y;,, ©7). As theinput
vectorsbinary coeficients, z, ", are presentedVISB-first over
time, the outputsfrom the arrayare binary weightedin descend-
ing order (MSB-first) aswell. We usethis propertyin a design
of a residue-inputadditive algorithmic partial ADC presentedn
Figure2 (c).

In this schemetheinputto therightmostquantizeiis notonly
the residueof the previous cycle computationput alsocombines
therow outputproducedn thegivencycle,which carriesthesame
binaryweightbecausgartialanalogoutputsfrom the arrayarrive
in descendingrderof binaryweights.Theadditionof theresidue
andthe additionalinput from the array doublesthe signalrange
makingit 2V;.. . Thiscallsfor anadditionalblockto performextra
1-bit quantizatiorandhalve the range.For this purposewe insert
theresiduemodulatorshavnin Figure2 (a) in thecorversionloop,
with generatedligital codedescribedy (5).

The codefor the secondoutputbit of the algorithmicpartial
ADC is:

Dnut2 = (2Vout1 > ‘/tr'ef) (ll)

Substitutingequation(5) into (6) andtheninto (11), we get:
Dnut2 = [2(‘/1711 -D

Theexpressiorfor the outputvoltage

outlvtref) > Vref]
- (V;,n] > ‘/;ef)vref) > ‘/ref] (12)

Vout2 = 2Vout1 — DothV;‘ef (13)
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Figure3: Block diagramof the ADC block implementedwith
row-parallelalgorithmicpartial ADCs, in commonfor m-th out-
put vectorcomponentvith I-bit matrix elementsand J-bit input
vector Thecaseshawnis I = J = 4 with MSB-first bit-serial
inputrepresentation.

canbeexpandedusingequation(6), as

Voutz = 2(‘/1,1'1,1 - Doutlvref) - DothVrefa (14)

describinga four-segment,double-rangegain-2transfercharac-
teristicshavn in Figure2 (c).

The described2-bit-periteration algorithmic partial ADC is
usedin the row-parallel architectureshavn in Figure 3, imple-
menting an alternatve to the flash-parallelADC block of Fig-

urel. In digital accumulatiorof partialproductsQ”, , in Central
Limit, thequantlzatlommsetermsvanancesareadd|twe. It canbe
shavn thatdueto averagingthe signal-to-noiseatio of the overall
computationis enhancedy approximately0.8 bits comparedo
thatof eachrow-parallelquantizel[7] asshavn in Figure5.
When all of a row outputshave beenfed into the algorith-
mic partial ADC, the corversioncanbe continuecby operatingon
the signalresidue(asin standardterative algorithmicADCSs). In
this casethe input signalis equalto zeroandtheresidueis of the
rangeV;. s, sotheoutputof thefirst quantizeiis alwayszero.The
resolutionin this caseis limited only by circuit implementation
inaccuraciegi.e. gainerror, secondjuantizercomparatooffset).

3. ROW-CUMULATIVE ANALOG-TO-DIGITAL
CONVERSION

Thearchitecturelescribe@bore canbeextendedo performquan-
tization of outputsacrossmultiple rows in the analogarray stor
ing digital matrix elementsin bit-parallelfashion. Several rows
thus producepartial productsof the sameoutput, which can be
pooled and quantizedusing the samealgorithmic partial ADC.
Analog outputscommonto m-th matrix row arecombinedusing
a pipelinedaccumulatar The accumulatioris performedbothin
analogand digital domainsby meansof the cumulatve residue
modulationarchitectureshavn in Figure4 (in this examplematrix
elementsare4-bit binaryencoded).

For MSB-first bit-serialinputvector X, elements/;, 9 of
the analogarrayoutputmatrix have the samebinary weightwhen
they aresampledfor commonvaluesof i + j in time andspace.
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Figure4: Row-cumulatve quantizerarchitecturewith a single
algorithmicpartial ADC for m-th outputvectorcomponentvith
I-bit matrix elementsand J-bit input vector The caseshawn is
I = J = 4 with MSB-firstinputvectorshit-serialrepresentation.

This canbe accomplishedy delayingaccumulatedontrikutions

alongrows in pipelinedfashion.In ananalogaccumulatgrevery

additionof two equallyweightedoutputsancreaseshesignalrange
by Vrs. To retainlargedynamicrangewhile avoiding saturation,
a cascadef residuemodulatorg6], oneperrow, is usedinstead
with their outputsaccumulatedy a digital delayline. Wheneer

ananalogsumexceedgherange acarrybit is generate@ndprop-

agatedin the digital domain. Effectively two goalsarereached.
The signalrangeis kept constantwhile the analogvalueis being

partially quantized.

By thetime ananalogvalueis accumulateaver I rows, 7 — 1
bits of its digital representatioare alreadyavailable. Cross-rav
partial sumsarefurther quantizedby an algorithmicpartial ADC
presentedn the previous section. Here,they are combinedwith
the previous cycle residueto produceremainingoutputbits. In
digital domainall of the bits areaccumulatedo producethe full
digital representationf theconstructeéhnerproduct,Q ., for m-
th matrix row. Furtherfine-scaleconversioncanbe performedby
operatingsolelyonthesignalresidue.

The cumulative algorithmic partial analog-to-digitalconver
sion schemeusesone ADC per one output vector component,
Y. Addition in analogdomainprior to corversionrequiresfewer
ADCs perarray It alsosimplifiesdigital post-processinglimi-
natingmostof the needfor additionandmultiplication. The sys-
temhowever is notasversatileor scalablehashigherlateny and
reducedhroughputandforfeits the gainsin resolutionthatchar
acterizerow-parallelarchitecturessillustratedin Figure5.

4. CONCLUSIONS

We presentedh partial quantizationtechnique,algorithmic par
tial analog-to-digitalcorversion,and its usein row-paralleland
row-cumulatve datacorversionin mixed-signalarray processors
with bit-level binary dataencoding. Algorithmic partial ADC si-
multaneouslysamplesterative residueand analogarray binary-
weightedserialoutput.By accumulatingrrayrow outputsin time
while performing partial quantization,algorithmic partial ADC
achieves computationalthroughputequivalent to that of a flash
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Figure5: Comparisorof resolutiongainsin threeparallelanalog-
to-digital convertersfor N = 511 andI = J = 4. Dueto quan-
tizationnoiseaveragingin digital accumulatiorof quantizedarray
outputs,flashADC architectureenhancesomputatiorresolution
by approximatelyl.6 bits [1], algorithmicpartial ADC architec-
ture— by 0.8 bits. Row-cumulative architectureoffers the native
resolutionof the corverterasno digital averagingtakesplace.For
L = 9 theresolutionof ADCs exactly matcheghe dimensionality
of theinputvectoryielding theidealoverall SNR.

ADC architecturavhile offering advantagesn areaandpower dis-
sipationover their exponentialdependencen resolutionin flash
ADCs. Therow-parallelarchitecturallows to maximizethecom-
putationalthroughput,at a slight expensein resolutionover the
flash-parallelarchitecturesince binary weightedaccumulationis
partially performedin the analogdomain. The row-cumulatve
implementatiorfurther simplifies both analogand digital imple-
mentation put offersthe native resolutionof the converterwithout
thegainsin resolutionthroughdigital averagingthatthe othertwo
architecturesffer.
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