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Abstact— A mixed-modeinner-product vector processons
presented.lt performs high-dimensionalmatrix-v ector multipli-
cation on afine-grain analogarray and hasa purely-digital inter-
face. The array incorporatescharge-modeanalogcomputational
cellsand row-parallel analog-to-digital converters (ADC). Each
of the cellsincludes a dynamic storageelementand a chargein-
jection device computing binary inner-product of two arguments.
This eliminates constraints on memory-processorcommunica-
tion bandwidth leading to very high computational thr oughput
limited only by the capacityof the array. The matrix elementsare
storedin the array in bit-parallel fashion,and the input vector is
presentedbit-serially. Digital post-processingallowsto construct
resulting inner-productswith precisionhigher than that of each
A/D corversion. In addition, analogcomputation offseterrorsare
compensatedor in a multi-chip configuration. The architecture
is tailor ed for high-density VLSI implementation.

|. INTRODUCTION

One of the mostcommon,but computationallymost expensve
operationsn moderrvision,imageandspeectprocessinglgorithms
is thatof vectormatrix multiplication(VMM) in largedimensions:

N—-1
Y(m) — Z W(m’n)X(n)

n=0

1)

with N-dimensionainput vector X ™, M-dimensionabutputvec-

tor Y™ and N x M matrix elements¥ (™) In artificial neu-
ral networks, for instance the matrix elementsiy (™) correspond
to weights, or synapsesbetweenneurons. The elementsmay also
representemplatesXﬁm) = W™ in avectorquantizer[1], or

supportvectorsin asupportvectormaching?2].

Basedon currentsemiconductotechnologiesthe only possibil-
ity to achieve real-timeprocessingds by meansof massiely parallel
computationDedicatedparallelVLSI architecturebiave beendevel-
opedto speedupVMM computatione.g. [3]. Theproblemwith most
parallel systemsis that they require centralizedmemoryresources
i.e., RAM sharednabus,therebylimiting the availablethroughput.
A fine-grain,fully-parallel architecturethatintegratesmemoryand
processinglementsyields high computationathroughputandhigh
densityof integration[4]. Theideal scenariq(in the caseof vector
matrix multiplication)is whereeachprocessoperformsonemultiply
andlocally storesonecoeficient. Theadwantageof thisis athrough-
putthatscaledinearlywith thedimension®f theimplementedrray
Therecurringproblemwith digital implementatioris the lateng in

1Thiswork wassupportedy NSFMIP-9702346andONR N00014-99-1-
0612.Chipswerefabricatedhroughthe MOSISfoundryservice.

accumulatinghe resultover a large numberof cells. Also, the ex-
tensve silicon areaand power dissipationof a digital multiply-and-
accumulatemplementatiormalke this approactprohibitive for very
large (100-10,000matrix dimensions.

AnalogVLSI providesa naturalmediumto implementfully par
allel computationabkrrayswith high integrationdensityand enegy
efficiengy [5]. By summingchage or currenton a single wire
acrosscellsin the array low lateng is intrinsic. Analog multiply-
and-accumulateircuits are so small that one can be provided for
eachmatrix elementmakingit feasibleto implementmassiely par
allel implementationsvith large matrix dimensions. Fully paral-
lel implementatiorof (1) requiresan M x N array of cells, each
cell containinga productcomputingdevice and a storageelement.
Eachcell (m,n) computesthe productof input componentx
and matrix elementW (™™ and dumpsthe resulting current or
chage on a horizontal output summingline. The device storing
W ™™ is usuallyincorporatednto the computationatell to avoid
performancdimitations dueto low external memoryaccesdand-
width. Variousphysicalrepresentationsf inputsandmatrixelements
have beenexplored, using synchronouschage-mode[6, 7, 8, 9],
asynchronousransconductance-mog&0, 11, 12], or asynchronous
current-mod¢13] multiply-and-accumulateircuits.

Themainproblemwith purelyanalogimplementatioris theeffect
of noiseandcomponenmismatchon precision.To this end,we pro-
posethe useof hybrid analog-digitaltechnologyto simultaneously
add a large numberof digital valuesin parallel, with careful con-
siderationof sourcesf imprecisionin theimplementatiorandtheir
overall effect on the systemperformance.Our approachcombines
thecomputationaéfficiengy of analogarrayprocessingvith the pre-
cision of digital processingandthe corvenienceof a programmable
andreconfigurabldligital interface.

A mixed-signahrrayarchitecturavith binarydecomposeahatrix
and vector elementds describedn Sectionll. VLSI implementa-
tion is presentedn Sectionlll. SectionlV quantifiesthe improve-
mentsobtainedin systemprecisionobtainedby postprocessinghe
quantizedoutputsof the arrayin the digital domain. An expanded
architectureusingmultiple processorand compensatindgor analog
computatioroffseterrorsis discussedn SectionV. Conclusionsare
presentedh SectionVI.

I1. MIXED-SIGNAL ARCHITECTURE

A Internally Analag, ExternallyDigital Computation

The systempresenteds internally implementedn analogVLSI
technology but interfacesexternally with the digital world. This
paradigmcombineghe bestof bothworlds: it usesthe efficiengy of
massiely parallelanalogcomputing(in particular: addingnumbers
in parallelonasinglewire), but allowsfor amodular configurablen-
terfacewith otherdigital pre-processingndpost-processingystems.
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Figurel: Block diagramof onerow in the matrix with binary encodedelementay; (™™, for asinglem andwith I = 4 bits.
Dataflow of bit-serialinputsz; (n) andcorrespondingpartialoutputsYZ-,j(m), with J = 4 bits.

Thisis necessaryo make theprocessoageneral-purposeevice that
cantailor thevectormatrixmultiplicationtaskto the particularappli-
cationwhereit is beingused.

Thedigital representatiois embeddedin both bit-serialandbit-
parallelfashion,in the analogarrayarchitecturgFig. 1). Inputsare
presentedh bit-serialfashion,andmatrix elementsarestoredocally
in bit-parallelform. Digital-to-analog(D/A) corversionat theinput
interfaceis inherentin thebit-serialimplementationandrow-parallel
analog-to-digita(A/D) corvertersareusedattheoutputinterface.

For simplicity, anunsignedinary encodingof inputsandmatrix
elementds assumedhere,for one-quadranmultiplication. This as-
sumptionis notessentialit hasno bindingeffect onthearchitecture
andcanbe easilyextendedto a standardnes complementor four-
quadranmmultiplication, in which the significantbits (MSB) of both
argumentshave a negative ratherthanpositive weight. Assumefur-
ther I-bit encodingof matrix elementsand./-bit encodingof inputs:

I-1

W(m!n) Z 2*(i+1)w£m,") )
=0
J—-1

x ™) Z 2—(j+1)$§n) 3)
=0

decomposingl) into:

N-1 I-1J-
Yo = 3 wmmx e - Z Z ~GHtym (g
n=0 =0 j=0

with binary-binany’WMM partials:

N-1
Y = 3 gl

n=0

(5)

The proposednixed-signalapproachs to computeandaccumulate
the binary-binarypartial products(5) usingan analogVMM array

andto combinethe quantizedesultsin the digital domainaccording
to (4).

B Array Architectue and Data Flow

To corvenientlyimplementhe partialproductq5), thebinaryen-
codedmatrix elementsw; ™™ are storedin bit-parallelform, and
the binary encodednputs z; (™) arepresentedn bit-serialfashion.
The bit-serial format was first proposedand demonstratedn [7],
with binary-analogpartialproductsusinganalogmatrix elementgor
higherdensityof integration. The useof binary encodednatrix ele-
mentsrelaxesprecisionrequirementsindsimplifiesstoragd8].

Onerow of I-bit encodedmatrix elementsusesl rows of binary
cells. Thereforeto storean M x N digital matrix W™  anarray
of M I x N binarycellsw; ™™ is neededOnehit of aninputvector
is presenteatachclock cycle, taking J clock cyclesof partial prod-
ucts(5) to completea full computationatycle (1). Theinputbinary
componentsg; () arepresentedeastsignificantbit (LSBY) first, to fa-
cilitate thedigital postprocessintp obtain(4) from (5) (aselaborated
in SectionlV).

Figure 1 depictsone row of matrix elementsiw ™™ in the bi-
naryencodedirchitecturecomprisingl rowsof binarycellsw; ™™,
wherel = 4 in theexampleshavn. The dataflow is illustratedfor
adigital input seriesz; ™ of .J = 4 bits, LSB first (i.e., descending
index j). The correspondin@gnalogseriesof outputsY,-,j(m) in (5)
obtainedatthehorizontalsummingnodesof theanalogarrayis quan-
tized by a bank of analog-to-digitalcorverters(ADC), and digital
postprocessinff) of thequantizedseriesof outputvectorsyieldsthe
final digital result(1).

The quantizationschemeusedis critical to systemperformance.
As shavn in SectionlV, appropriateostprocessini thedigital do-
main to obtain (4) from the quantizedpartial productsY; ; (™) can
leadto a significantenhancemerih systemresolution,well beyond
thatof intrinsic ADC resolution.This relaxesprecisionrequirements
ontheanalogmplementatiorof thepartialproducty5). A denseand
efficientchage-modevLSI implementations describedext.
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Figure2: CID computationatell with integratedDRAM stor
age(top). Chage transferdiagramfor active write andcom-
puteoperationgbotton).

I1l. CHARGE-MODE VLS| IMPLEMENTATION

The elementarycell combinesa CID computationalunit [7, 8],
computingoneargumentof thesumin (5), with aDRAM storageele-
ment. Thecell storesonebit of amatrix elementw; ™™, performsa
one-quadrarbinary-binarymultiplicationof w; ™™ andz; ™, and
accumulateshe resultacrosscells with commonm and+ indices.
The circuit diagramand operationof the cell aregivenin Figure2.
An arrayof cellsthusperforms(unsignedbinary multiplication (5)
of matrixw; ™™ andvectorz; ™ yielding ¥; ; (™, for valuesof i
in parallelacrosghearray andvaluesof j in sequencevertime.

The cell containsthree MOS transistorsconnectedn seriesas
depictedin Figure2. TransistoraM1 andM2 comprisea dynamic
random-accesmemory (DRAM) cell, with switch M1 controlled
by Row Selectsignal RS;™. Whenactivated,the binary quantity
w; ™™ is writtenin theform of chage storedunderthe gateof M2.
TransistordM2 and M3 in turn comprisea chage injection device
(CID), which by virtue of chage conseration moveselectricchage
betweertwo potentialwells in anon-destructie mannei7, 8, 14].

The cell operatesn two phases:Write and Compute Whena
matrix elemenwalueis beingstored.z; ™ is heldat Vdd andV out
atavoltageVdd/2. To performa write operationeitheranamount
of electricchageis storedunderthe gateof M2, if w; ™™ is low, or
chageis removed, if w; (™™ s high. Theamountof chage stored,
AQ or 0, correspondso the binaryvaluew; ™™,

Oncethe chage hasbeenstored,the switch M1 is deactvated,
andthe cell is readyto compute. The chage left underthe gateof
M2 canonly be redistributed betweenthe two CID transistorsM2
andM3. An active chage transferfrom M2 to M3 canonly occur
if thereis non-zerochage stored,andif the potentialon the gate
of M2 dropsbelawv thatof M3 [7]. This conditionimpliesa logical
AND, i.e., unsignedinarymultiplication,of w; ™™ andz; ™. The
multiply-and-accumulateperatioris thencompletedy capacitvely
sensingthe amountof chage transferredonto the electrodeof M3,
theoutputsummingnode.To this end,thevoltageon theoutputline,
left floatingafterbeingpre-chagedto Vdd/2, is obsered. Whenthe

chagetransferis active, the cell contributesa changen voltage

AVout = AQ/Cus (6)

whereC)y3 is the total capacitancen the outputline acrosscells.

The total responsds thus proportionalto the numberof actively

transferringcells. After deactvatingthe inputmj("), thetransferred
chagereturnsto the storagenodeM2. The CID computatioris non-

destructve andintrinsicallyreversible[7], andDRAM refreshis only

requiredto counteracjunctionandsubthresholdeakage.

The bottomdiagramin Figure 2 depictsthe chage transfertim-
ing diagramfor write andcomputeoperationsn the casewhenboth
w; ™™ andz; ™ areof logic level 1. A logic level 0 for w; ™™
is representedsVdd, andalogic level 1 is representedsVdd/2,
whereVdd is the supplyvoltage. For z; ™) logic level 0 is repre-
sentedasVdd, andlogic level 1 asGND.

Transistoflevel simulationof a 512-elementow indicatesa dy-
namicrangeof 43dB, andacomputationatycle of 10 uswith pover
consumptiorof 50 nW percell.

IV. QUANTIZATION AND DIGITAL RESOLUTION
ENHANCEMENT

Significantimprovementsn precisioncanbe obtainedby exploit-
ing the binary representatiomf matrix elementsand vectorinputs,
andperformingthecomputatior{4) in thedigital domain from quan-
tized estimate®f the partialoutputs(5). The effect of averagingthe
quantizatiorerrorover alargenumberof quantizedraluesof Y; ; (m)
booststhe precisionof the digital estimateof Y ), beyond the in-
trinsic resolutionof theanalogarrayandthe A/D quantizersised.

A Accumulatiorand Quantization

TheoutputsY;-,j(m) for asinglem obtainedrom theanalogarray
over J clock cyclescanbe conceved asan I x J matrix, shavn
in Figure 1. Elementsof this matrix locatedalong diagonals(i.e.,
elementsvith acommonvalueof ¢ + 5) haveidenticalbinaryweight
in (4). Thereforethesummatiorin (4) couldberearrangeas:

I-1J-1 K—1
ym) _ Z Zz—(i+j+2)y'i$n) — Z 2—(k+2)ka(m) @)
i=0 j=0 k=0
wherek =i+ j, K =1+ J—1and
k—r(k,I)
Y/ — Z Yl(km—)l (8)
i=r(k,J)

with k(k, I) = max(0,k—I+1) andk(k, J) = max(0, k—J +1).

Several choicescanbe madein the representationf the signals
beingaccumulate@ndquantized Onechoiceis whetherto quantize
eackarrayoutput,Y,-,j(’"), andaccumulatehetermsin (8) in thedig-
ital domain,or accumulatehe termsin theanalogdomainandquan-
tizetheresultinng’(m). Clearly theformerleadsto higherprecision,
while the latter haslower compleity of implementation.We opted
for the former, and implementeda parallel array of low-resolution
(6-bit) flashADCs, onefor eachrow outputs.

B Row-paallel FlashA/D Corversion

Consideffirst the caseof row-parallelflash(i.e., bit-parallel)A/D
corversion,whereall I x J valuesof ¥; ;™ arefully quantized.
Figure 3 presentghe correspondingarchitecture shavn for a sin-
gle outputvectorcomponentn. Eachof the I horizontalsumming
nodes,one for eachbit-plane: of componentn, interfaceswith a
dedicatedlashA/D converterproducinga digital output@;_; (m) of
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Figure3: Diagramfor the A/D quantizatioranddigital postprocessinglockin Figurel, usingrow-parallelflashA/D corvert-
ers.Theexampleshavn is for asinglem, LSB-firstbit-serialinputs,andl = J = 4.

L-bit resolution. The summationg8) and(7) arethenperformedin
thedigital domain:

I-1J-1 K-1
Q(m) — Z Z 2*(i+j+2)Qz(':f;) — Z 2*(k+2)Q;c(m) . (9
i=0 j=0 k=0
and
k—r(k,IT)
QM= > QW (10)
i=r(k,J)

A block diagramfor a digital implementatioris shavn on the right
of Figure 3, assuming_SB-first bit-serialinputs (descendingndex
7). With radix 2, a shift-and-accumulateperationavoids the need
for digital multiplication. The LSB-first bit-serialformat minimizes
lateny andreduceghelengthof the registeraccumulatingd ™.

If the ADC is capableof resolvingeachindividual binarytermin
theanalogsum(5), thenthesumis retrievedfrom the ADC with zero
error, asif computedn the digital domain.For zeo-error digital re-
constructionthe ADC requires(atleast)NV 4+ 1 quantizatiorevels,
thatcoincidewith thelevels of the chage transfercharacteristidor
ary number(0 to N) of active cellsalongthe outputrow of theana-
log array Providednonlinearityandnoisein theanalogarrayandthe
ADC arewithin oneLSB (atthelog, (N + 1)-bit level), the quan-
tizationerror thenreducedo zero,andthe outputQ‘™ is obtained
at the maximumdigital VMM resolutionof I + J + log, (N + 1)
bits. For large arrays,this is usuallymorethanneededandplaces
too stringentrequirementsn analogprecision,L > log, (N + 1).

In what follows we study the error of the digitally constructed
outputQ™ in the practicalcasewherethe resolutionof the ADC
is below thatof the dimensionof thearray L < log, (/N + 1). In
particular we study the propertiesof Q™ assuminguncorrelated
statisticsof quantizatiorerror. Theanalysisyieldsanestimateof the
gainin resolutionthat can be obtainedrelative to that of the ADC
quantizersindependenof the matrix andinput representatiov, I,
andJ. Thequantizatioris modeledas:

(m) (m)
Ym+e/;’,

QY = (11)

where e(".“ representsghe quantizationerror, modeledas uniform

randomi.i.d. within one LSB. Conceptually the error term e(m)
in (11) could alsoinclude effects of noiseand nonllneardlstortlon
in theanalogsummation(5), althoughin practicethe precisionof the
arrayexceedghe ADC resolution.From(9) and(11),theerrorin the
digitally constructeautput

Q(m) =y 4 E(m), (12)
canthenbeexpandedas
I-1J-1
Bm — Z 22—(%+J+2)egz}) ] (13)
i=0 j=0

Defines thefull-scalerangeof the ADC acquiring@;,; ™, andS
thecorrespondingangeof theconstructedligital outputQ ™. Then
accordingo (9),

S = 22 (i+1) 22 (G+1) _ S — 9~

i=0

Ha-277") 19

whichapproaches forI, J — oo. Thereforethefull signalrangeis
approximatelyequalto the outputsignalrangeof eachof the ADCs.

Let thevarianceof theuniform quantizatiomoisee in (11) beo?Z,
identicalVi, j. In theCental Limit, thecumulatve quantizatiorerror
E canbe roughly approximatedas a normal processwith variance
equalto the sumof the variancef all termsin the summation(13).
Eachsignalcomponent@); ; (™) with quantizatiomoisee but scaled
with binary weight2~(+7+2) | contritutesa variance2 ~2(i+7+2) 52
in the sum(13), andthe total variances of the outputerror E is
expresseds:

_9—2I 2J
aE_anz—WDZz—ww e

(15)
which approachego. /3)? for I, J — occ. Therefore the signal-to-
guantization-noiseatio (SQNR)approaches

S

S
— x~3—
OF (o)

(16)



for large I andJ. In otherwords, by quantizingeacharray output
Y; ;™) insteadof the combinedtotal Y (™), we obtainanimprove-
mentin signal-to-quantization-noigatio of afactor3.

To characterizéheimproved precisionin termsof effectivereso-
lution (in bits), it is necessaryo relatethe secondorderstatisticsof
the quantizatiorerrore or E to a measureof the errorindicative of
resolution.Thereis a certaindegreeof arbitrarinessn doing so, but
in what follows we defineresolutionasthe medianof the absolute
errori.e., the (symmetric)extent of the 50 % confidencentenal of
theerror Thechoiceof corventionmatterspecausé¢hedistributions
for e andE aredifferent—e is approximatelyuniform,andE in the
Cental Limit is normal.

Let e be uniformly distributedin theinternval [-A, A]. The me-

dianabsolutevalueis thenM. = 1A, andthevariances? = 1 A?,
yieldingtherelation
M. = ?03 (17)

for theuniformdistribution. The medianabsolutevaluefor anormal
distribution, in termsof the standardleviation, is approximately

Mg =0.6750E (18)
This allows to expressthe SQNRgainin (16) asa gainin median
resolution /3
S 3/2 s s
Ms ~ %0 M S8, 49

or, in otherwords,a gainof approximately2 bits over the resolution
of eachADC.

V. MULTI-CHIP ARCHITECTURE WITH OFFSET
COMPENSATION

A Multi-Chip Architectue

The proposedmethodof on-chip VMM computationallows for
anarraysizeof 1000 x 1000,in a 0.35um CMOStechnologyim-
plementecbn a6 x 6 mmdie. Computationn matricesof higher
dimensionalityatmaximumpossibleprecision canbeperformedby
usingmultiple VMM chips. Processorsanbe cascadedo expand
matrix row or columnspacesdeyond the limits of a single chip ca-
pacity

In the ideal case,to extend matrix row space digital outputsof
systemswith shorterinput vector lengthscanbe combinedto per
form a computationin a higherdimensionainput space.Extension
of columnspaceis in principle alsounlimited (assuminchigh read-
outspeeds)Cascadingilongrows of thematrix (allowing for higher
dimensionalityof inputvectors)requiresadditionof digital numbers,
while cascadinglongcolumns(in orderto increasethe numberof
matrix elementdor a fixed input vectordimensionality)only neces-
sitatesmulti-chip outputmultiplexing in time.

In reality, thereare a numberof sourcesof error that contrikute
offsetsto the outputof eachVMM chip. Theseoffsettermscanbe
compensatedor in the multi-chip architectureas describedn the
next section.

B OffsetCompensation

In Sectionlll we already consideredsome of the sourcesof
computationerror They are imprecisionof binary multiplications
throughchage sharingbetweenpotentialwells in a CID unit with
capacitvely coupledoutput,and chage-modeanalogadditionon a
singleline. Becausef linearity errorsthe resultof sucha computa-
tion is valid up to approximately7 bits. We have discussedhe effect
of theseerrorsandADC resolutionontheoverall systenmprecisionin
SectiondV.
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Figure4: Multi-Chip Architecturewith OffsetCompensation.

Other significantsourcesof errorin analogarray-basedompu-
tation are input-outputfeedthroughand leakagecurrentin DRAM
storagecells. The architecturgresenteds capableof compensating
theseanalogcomputatiorerrorsin digital domainby usingan extra
reference&/MM chip asshavnin Figure4.

The input-outputfeedthrougkterror is a resultof capacitve cou-
pling of input (vertical) lines onto the output (horizontal) lines
throughparasiticcapacitance@netallinesoverlapcapacitancegate-
to-diffusion capacitanceetc). From Sectionlll we know that the
outputof the analogcell ideally changesy AV,,: only whenboth
matrixelementoeficientandinputvectorcomponentoeficientare
logic“1”: w; ™™ = Vdd/2 (chagestored)and,in thecomputation
phaseg; () = oV (inputswitched).Any othercombinatiorof input
amgumentshouldproducezerovoltagechangeattheoutput. Thecell
is effectively ananalogAND gate.In practice switchingof theinput
line z; () evenwhenno chageis storedin CID cell, causes small
changan the outputvoltage,e, asaresultof input-outputcapacitve
coupling. We modelthis effectasshavn in Tablel. The outputof a
singlecell is denotedasy; ; ™™.

Fromequationg5) and(11), takinginto accountheinput-output
feedthrougterror, theVMM quantizedutputpartialsof thep-th pro-
cessolin a (P — 1)-processoarchitecture&eannow beexpresseds:

N-1
Ql(’f;t,p) — Zyl(:;z,n,p)_f_ez(,r;},p)
n=0

N-1

= 149 3w

n=



Tablel: Input-outputmappingof CID/DRAM computational
cell. Theinput-outputfeedthrougherror is introducedwhen
theinputis logic “1".

xJ(n) Wl(m,r» y(rir:jn)
0 0 0

0 1 0

1, 0 €

1 1 |1t+e

2

-1

+ € Z (1- wg’”’“”’))xy‘”) + egj;’p)
n=0
N-1 N-1
S WO 43 a4 e 20)
n=0 n=0

Theterme 22:01 :cj(") in equation(20)is anoffsettermproportional
to the numberof active vectorcomponents.To compensatéor this
termanidenticalextra, referencechip is usedin the multi-chip ar
chitectureasshavn in Figure4. The sameinputsarepresentedo all
chipsin the systemwhile only logic “0” matrix elementcoeficients
arestoredin thereferencechip. It outputsquantizedpartialsof the

form:
N-1

_ (n) (m)
—EZ%’ te€i; rer-

n=0

Q7 per (21)
In orderto compensatéor feedthrougloffsets,oncecomputatiorhas
beenperformedon chips, the output of the referencechip is sub-
tractedfrom the outputof processorfn digital domain:

(m,p) _ (m,p) (m)
Qi,j coMpP QH _Qi,j REF

N-1
— Z wl(m,n,p)mj('n) + eg,j(m,p) . (22)

n=0

where )

m, )

T = e el (23)

Anotherimportantsourceof errorsrequiring specificconsidera-
tion is DRAM leakagecurrent. In a standardwo-level DRAM cell,
theexactamounf chagestoredis notcrucial. It is usedonly for bi-
naryoperation®f readoundrefresh andaslow refreshschemean
beused.In contrastthe CID/DRAM cell producesan analogoutput
whichis proportionato theamountof chagestoredin thechagein-
jectiondevice (6). Over multiple computatiorcycles,differentrows
arebeingrefreshedproducingdifferencesn thetemporaldecaypro-
file of chage storedalongrows of cells.

In the multi-chip configurationshavn in Figure 4, the refresh
clock of the samefrequeng asin standardDRAMs is used. It is
fedto all processordncludingthereferencechip. Usingareference
chipwith all cellscontainingogic “0” coeficientsandrefreshedyn-
chronouslywith processochipsensureshe samechage decaypro-
file in its cellsandvoltageincreaserofile atits outputs.To compen-
satefor chagedecaysausedy leakagecurrent theoutputsfromthe
referencechip are subtractedrom the outputsof the corresponding
rows of eachof the processors.

Therefore both input-outputfeedthroughinput-dependenoffset
andchage decayinput andtime-dependentffset are compensated
for in the multi-chip VMM architectureby usingonereferencechip

suppliedwith identicalinputs,synchronousefreshclockandall logic
“0” matrix elements. Subtractionof outputsof equivalentrows in
digital domaineliminateshothinput-dependerdandtemporalerrors.

VI. CONCLUSIONS

A chage-modeVLSI architecturdor parallelvectormatrix mul-
tiplication in large dimensiongd N, M = 100-10,000hasbeenpre-
sented An internallyanalog externallydigital architectureffersthe
bestof bothworlds: the densityand enepetic efficiency of anana-
log VLSI array andthe noise-rolastnessandversatility of a digital
interface. The combinationof analogarray processingand digital
post-processinglsoenhanceshe precisionof thedigital VMM out-
put, exceedingthe resolutionof the quantizedanalogarray outputs
by 2 bits. A referencesubtractionschemewith oneadditionalpro-
cessorlsocompensate®r clock feedthroughandchageleakagen
thearray

Fine-grainmassie parallelismanddistributedmemory in anar
ray of 3-transistorCID/DRAM cells, provides a computationakf-
ficiengy (bandwidthto power consumptiorratio) exceedingthat of
digital multiprocessorandDSPshy several ordersof magnitude.
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