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Abstract

The pattern recognition processor performs digi-
tal vector matrix multiplication using internally ana-
log fine-grain parallel computing. The three-transistor
CID/DRAM unit cell combinessingle-bit dynamicstor-
age, binary multiplication, and zero-latencyanalog ac-
cumulation. Delta-sigmaanalog-to-digital conversion
of the analog array outputsis combinedwith oversam-
pled unary codingof the digital inputs. The256 � 128
CID/DRAM processorwith integrated 128 delta-sigma
ADCs measures 3 mm � 3 mm in 0.5 � m CMOSand
delivers1.1GMACS/mW.

1. Introduction

Real-time video pattern recognition [1] on a mo-
bile platform imposesgreatdemandson computational
throughput and power consumption. The presented
mixed-signalprocessorcontainsafine-grainparallelcom-
putationalarray, achieving a computationalthroughputof
1.1 GMACS for every mW of power. The internally
analogprocessorinterfacesexternallyin digital format.

The computationalcore of templatematchingopera-
tionsin imageprocessingandpatternrecognitionis thatof
vector-matrixmultiplication(VMM) in highdimensions:
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with � -dimensionalinput vector ��� , � -dimensional
outputvector

���
, and ����� matrixelements� � � (tem-

plates).In whatfollowsweconcentrateonmassively par-
allel VMM computationin anoversampledmixed-signal
architecture.

2. Mixed-Signal Computation

2.1. Internally Analog, Externally Digital
Computation

The approachcombinesthe computationalefficiency
of analogarray processingwith the precisionof digital
processingand the convenienceof a programmableand
reconfigurabledigital interface.

The digital representationis embeddedin the analog
arrayarchitecture,with matrix elementsstoredlocally in

bit-parallelform
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andinputspresentedin bit-serialfashion
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wherethe coefficients , + areassumedin radix two, de-
pendingon the form of input encodingused.TheVMM
task(1) thendecomposesinto
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with VMM partials
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The binary-binarypartial products(6) are conveniently
computedand accumulated,with zero latency, using an
analogVMM array[2]-[4]. In principle, the VMM par-
tials (6) can be quantizedby a bankof flash analog-to-
digital converters(ADCs),andtheresultsaccumulatedin
thedigital domainaccordingto (5) and(4) to yield adigi-
tal outputresolutionexceedingtheanalogprecisionof the
arrayandthequantizers[5]. In thepresentwork, anover-
samplingADC accumulatesthesum(5) in theanalogdo-
main,with inputsencodedin unaryformat( ,

! �98
). This

avoids the needfor high-resolutionflash ADCs, which
arereplacedwith single-bitquantizersin thedelta-sigma
loop.

2.2. CID/DRAM Cell and Array
The unit cell in the analog array combinesa CID

(chargeinjectiondevice[6]) computationalelement[3, 4]
with a DRAM storageelement. The cell storesone bit
of a matrix element $ � � &

!5(
, performs a one-quadrant

binary-unary(or binary-binary)multiplicationof $ � � &
!5(
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and . � & +
(

in (6), andaccumulatesthe resultacrosscells
with common � and � indices. The circuit diagramand
operationof the cell are given in Fig. 1. It performsa
non-destructive computationsincethe transferredcharge
is sensedcapacitively at the output. An array of cells
thusperforms(unsigned)binary-unarymultiplication (6)
of matrix $ � � &

!)(
and vector . � & +

(
yielding
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valuesof � in parallelacrossthearray, andvaluesof � in
sequenceover time.

To improve linearity andto reducesensitivity to clock
feedthrough,we use differential encodingof input and
storedbits in theCID/DRAM architectureusingtwicethe
numberof columnsandunit cellsasshown in Fig. 2. This
amountsto exclusive-OR(XOR), ratherthanAND, multi-
plicationontheanalogarray, usingsigned,ratherthanun-
signed,binaryvaluesfor inputsandweights,. � & +

( ����8
and $ � � &

!)( ����8
.

3. Oversampling Mixed-Signal Array
Processing

The conventional delta-sigma ( ��� ) ADC design
paradigm allows to reduce requirementson precision
of analogcircuits to attainhigh resolutionof conversion,
at the expenseof bandwidth. In the presentedarchitec-
ture a high conversionrate is maintainedby combining
delta-sigmaanalog-to-digitalconversion with oversam-
pledencodingof thedigital inputs,wherethedelta-sigma
modulatorintegratesthepartialmultiply-and-accumulate
outputs(6) from theanalogarrayaccordingto (5).
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3.1. Array Architecture

Fig. 3 depictsonerow of matrix elements� &
� 3 �
(

in
the ��� oversamplingarchitecture,encodedin ¦ �¨§ bit-
parallel rows of CID/DRAM cells. Onebit of a unary-
codedinput vector is presentedeachclock cycle, taking©

clockcyclesto completea full computationalcycle (1).
Thedataflow is illustratedfor a digital input series.@+ & �

(
of
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unarybits.
Over

©
clockcycles,theoversamplingADC integrates

thepartialproducts(6), producinga decimatedoutput
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where , + �8 for unarycoding of inputs. Decimation
for afirst-orderdelta-sigmamodulatoris achievedusinga
binarycounter.

3.2. Row-parallel ®°¯ Algorithmic ADC
Higherprecisioncanbeobtainedin the samenumber

of cycles
©

by usingahigher-orderdelta-sigmamodulator
topology. However this drasticallyincreasesthe imple-
mentationcomplexity. Instead,we usea modifiedtopol-
ogyshown in Fig. 4 thatresamplestheresidueof theinte-
gratorafter initial conversion.A sample-and-holdresam-
ples the residuevoltageof the integratorandpresentsit
to themodulatorinput for continuedconversionat a finer
scale.Theprincipleis analogousto extendedcounting[8]
but avoids additionalhardwareby reusingthe same���
modulatorto quantizetheresidue.

Similar to residueresamplingin an algorithmic (or
cyclic) ADC, for eachresamplingthescaleof conversion
subrangesto theLSB levelof thepreviousconversion.For
a first-orderincremental��� ADC [7], resamplingof the
residuescalestherangeby afactor± , where± is thenum-
berof modulationcycles.If ± is of radixtwo, i.e., ± � "V² ,thenthe subrangingis convenientlyaccomplishedin the
architectureof Fig.4 by shiftingthebits in thedecimating
counterby ³ positionsfor everyresamplingof theresidue.

Every resamplingimprovestheoutputresolutionby a
factor ± , or ³ bits, limited by noiseandmismatchin the
implementation. The effect of capacitancemismatchis
minimizedby usinga ratio-insensitiveschemefor resam-
pling theresidue,shown in Fig. 5. Thepresentedscheme
is equivalenttoalgorithmicA/D conversion,but avoidsin-
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terstagegainerrorswithout theneedfor preciselyratio-ed
analogcomponents.

Theresamplingof theresiduein theoversampledADC
canbe combinedwith correspondinglyrescalingthe co-
efficients , + in the input encoding. In principle, higher
resolutiondigital inputscanbepresentedby unaryencod-
ing bits in groupsof ³ , eachcovering ± modulationcycles
of the subrangingoversampledADC. In the exampleof
Fig. 3, only the first 4 bits are unary encodedand pre-
sentedin thefirst algorithmiccycle, with ± �Ý8]ª . With
a singleresamplingof theresidue,the ��� modulatorob-
tains " ³ � Þ bit effectiveresolutionin " ± �Ãß " cycles.

4. Experimental Results

A patternrecognitionprocessorprototypeintegratedon
a
ß � ßÐà�àhá diewasfabricatedin 0.5 � m CMOStechnol-

ogy. Thechipcontainsanarrayof "Jâ ª � 8 " Þ CID/DRAM
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cells, and a row-parallel bank of 128 ��� algorithmic
ADCs. Fig. 6 depictsthe micrographandsystemfloor-
planof thechip. The layoutsizeof theCID/DRAM cell
is 18ê°� 45ê with ê � ë 6 ß ��� .

The processorinterfacesexternally in digital format.
Two separateshift registersloadthe templatesalongodd
andevencolumnsof theDRAM array. Integratedrefresh
circuitry periodicallyupdatesthechargestoredin thear-
ray to compensatefor leakage.Vertical bit lines extend
acrossthearray, with two rows of senseamplifiersat the
top and bottom of the array. The refreshalternatesbe-
tweenevenandoddcolumns,with separateselectlines.

Fig. 7 shows the measuredlinearity of the computa-
tional array, configureddifferentially for signed(XOR)
multiplication.Thecaseshown is whereall binaryweight
storageelementsareactively charged(‘1’ bit sequence),
and an ‘1’ sequenceof bits is shifted throughthe input
register, initialized to ‘0’ bit values.For everyshift in the
input register, a computationis performedandthe result
is observedon theoutputsenseline.

The chip contains128 row-parallel ��� algorithmic
ADCs, i.e., , onededicatedADC for each� and � . In the
presentimplementation,

���
is obtainedoff-chip by com-

biningtheADC quantizedoutputs
� &
!5( �

over � (rows)ac-
cordingto (4). The ��� ADC yields8-bit resolutionover
two subrangingcyclesof 4-bit each,for a totalof 32clock
cyclesasshown in Fig. 8.

Table1 summarizesthe measuredperformance.The
CID/DRAM arraydissipates3.3mWfor a10 � scomputa-
tionalcycle,andthebankof ��� ADCsdissipates2.6mW
yielding a combinedconversionrateof 12.8Msamples/s
at8-bit resolution.

5. Conclusions

An oversamplingcharge-modeVLSI architecturefor
parallelvector-matrix multiplication hasbeenpresented.
An internallyanalog,externallydigital architectureoffers
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Technology 0.5 ó m CMOS
Area 3mm ô 3mm

Power 5.9mW
SupplyVoltage 5 V

Dimensions 256inputs ô 128templates
Throughput 6.5GMACS

OutputResolution 8-bit

the bestof both worlds: the densityand energetic effi-
ciency of ananalogVLSI array, andtheconvenienceand
versatilityof a digital interface.A ��� oversampledalgo-
rithmic ADC architecturerelaxesprecisionrequirements
in thequantization.

A 256 � 128 cell prototypewasfabricatedin 0.5 � m
CMOS. The combination of analog array processing,
oversampledinputencoding,and ��� algorithmicanalog-
to-digital conversiondeliversa computationalthroughput
of over 1GMACS per mW of power, while maintaining
8-bit effectivedigital resolution.

Acknowledgments: This researchwassupportedby
ONR N00014-99-1-0612andONR/DARPA N00014-00-
C-0315.ThechipwasfabricatedthroughtheMOSISser-
vice.

[1] Papageorgiou, C.P, Oren, M. and Poggio,T., “A General
Framework for ObjectDetection,” in Proceedingsof Inter-
nationalConferenceon ComputerVision, 1998.

[2] A. Kramer, “Array-basedanalogcomputation,” IEEEMicro,
vol. 16 (5), pp.40-49,1996.

[3] C. Neugebauer and A. Yariv, “A Parallel Analog
CCD/CMOS Neural Network IC,” Proc. IEEE Int. Joint
Conferenceon NeuralNetworks (IJCNN’91), Seattle,WA,
vol. 1, pp 447-451,1991.

>�? AwBJDOF0õ�I�|¥F]UV}eBED5F]b�j ?YXVFpU�D�? ^\l�a���^_T]F�ReawgikJB]^¡U]^`? aCXoUEjoU1D\DOU/lReawXp�CAwBJDOFpbï��a�D#}%? AwX]F]bvgiBEj ^`?YkEj ? R/U]^`? aCX�aCX�FpUoR1ThReF1jsj�P�£� �yReawXp�CAwBJD�U]^`? aCX1feIÛ�#t2aÁRpUV}¡Fp}ïU1DOFH}eTVaVt�X@öLÅ�?YXoU1D5lÆt2FV? ACT]^}q^qa�D�UVA�FrF1j F�g�F1X]^q}�U1DOFvUEjsj-UoRe^`? d]F�j l�RoToU�D5AJFpb Ç UEXobÍUEjsj-b@? }qmRoToU�D5AJFpb�I�÷�U]dVFe��a�D\g�}�}eTVaVt�X'U1DOF Ç top to bottom
ö�^_TVF�UEXVU]mj a�A�d]awj ^¡UVA�F�aCB]^_kJB]^�aCX�^_TVFÐ}[F1XV}¡F0j ?YX]FEøJ?YXEkJB]^�bEU]^¡UiPÊ?YXuR/aCgumg�awXu��a�DÜÅ1a�^_T'?YXEkJB]^¿UEXob't2Fo? ACT]^-}/T1? ��^�DOF/A@? }q^qF1D�feøEUEXobÑ?YXEkJB]^}eT�? ��^�DOF/A@? }q^qF�D�Roj a@RoÀEI

1.5 2 2.5 3 3.5
−0.02

−0.01

0

0.01

0.02

Analog input (V)

Q
ua

nt
iz

at
io

n 
E

rr
or

 (
V

)

+1 LSB

−1 LSB

256 incremental

1.5 2 2.5 3 3.5
−0.02

−0.01

0

0.01

0.02

Analog input (V)

Q
ua

nt
iz

at
io

n 
E

rr
or

 (
V

)

+1 LSB

−1 LSB

16+16 algorithmic

>�? AwBJDOF�ùwI
Integral quantizationresidue, recordedfroma

singlequantizerchannelof the CID/DRAM processorin
Figure6, configuredfor 8-bit conversion.Top: ��� incre-
mentalconversion( � � "�â ª ). Bottom: ��� algorithmic
A/D conversion( � ��8pª , 2-step).

[4] V. Pedroni, A. Agranat, C. Neugebauer, A. Yariv, “Pat-
tern matchingand parallel processingwith CCD technol-
ogy,” Proc.IEEEInt. JointConferenceon NeuralNetworks
(IJCNN’92),vol. 3, pp620-623,1992.

[5] R. Genov, G. Cauwenberghs“Charge-ModeParallelArchi-
tecturefor Matrix-VectorMultiplication,” IEEE T. Circuits
andSystemsII, vol. 48 (10),2001.

[6] M. Howes,D. Morgan,Eds.,Charge-CoupledDevicesand
Systems,JohnWiley & Sons,1979.

[7] O.J.A.P. Nys and E. Dijkstra, “On ConfigurableOver-
sampledA/D Converters,” IEEE J. Solid-StateCircuits,
vol. 28 (7), pp736-742,1993.

[8] R. Harjani andT.A. Lee, “FRC: A Method for Extending
theResolutionof NyquistRateConvertersUsingOversam-
pling,” IEEET. CircuitsandSystemsII, vol. 45 (4), pp482-
494,1998.


