A 5.9mW 6.5GMACS CID/DRAM Array Processor

RomanGenw, GertCauwenbeaghs,GrantMullik en,FarhanAdil
Departmenbf Electricaland ComputerEngineering JJohnsHopkinsUniversity
3400N. CharlesSt. Baltimore, MD 21218,USA
{romangertt @jhu.edu

Abstract

The pattern recaynition processor performs digi-
tal vector matrix multiplication using internally ana-
log fine-grin parallel computing The three-tansistor
CID/DRAM unit cell combinessingle-bit dynamicstor
age, binary multiplication, and zeo-latencyanalog ac-
cumulation. Delta-sigmaanalog-to-digital corversion
of the analag array outputsis combinedwith oversam-
pled unary codingof the digital inputs. The 256 x 128
CID/DRAM processorwith integrated 128 delta-sigma
ADCs measues 3 mm x 3 mmin 0.5 um CMOSand
delivers 1.1 GMACS/mW

1. Introduction

Real-time video pattern recognition [1] on a mo-
bile platform imposesgreatdemandson computational
throughput and power consumption. The presented
mixed-signaprocessocontainsafine-grainparallelcom-
putationalarray achiezing a computationathroughputof
1.1 GMACS for every mW of power. The internally
analogprocessomterfacesexternallyin digital format.

The computationalkore of templatematchingopera-
tionsin imageprocessin@ndpatternrecognitionis thatof
vectormatrix multiplication(VMM) in high dimensions:

N-1

Yo=Y WinnXn 1)

n=0

with N-dimensionalinput vector X,,, M-dimensional
outputvectorY,,,, andM x N matrixelementd¥,,,,, (tem-
plates).In whatfollows we concentrat®n massiely par

allel VMM computationin an oversamplednixed-signal
architecture.

2. Mixed-Signal Computation

2.1. Internally Analog, Externally Digital
Computation

The approachcombinesthe computationalefficiency
of analogarray processingwith the precisionof digital
processingand the corvenienceof a programmableand
reconfigurablaligital interface.

The digital representatiois embeddedn the analog
arrayarchitecturewith matrix elementsstoredlocally in

bit-parallelform
I—1
W = »_ 27w, 2)
=0
andinputspresentedh bit-serialfashion
J—-1 )
Xn =) ya 3
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wherethe coeficientsy; are assumedn radix two, de-
pendingon the form of input encodingused. The VMM
task(1) thendecomposeimto

N-1 I-1
Y=Y WaunXp=) 277 (4)
n=0 =0

with VMM partials

J—1

Y@ = 3 v, (5)
7=0
N-1

ym(i,j) — Zwy%ng) (6)
n=0

The binary-binarypartial products(6) are cornveniently
computedand accumulatedwith zerolateng, using an
analogVMM array[2]-[4]. In principle,the VMM par
tials (6) canbe quantizedby a bank of flash analog-to-
digital corverters(ADCs), andtheresultsaccumulatedn
thedigital domainaccordingo (5) and(4) to yield a digi-
tal outputresolutionexceedingheanalogprecisionof the
arrayandthequantizerg5]. In thepresentvork, anover-
samplingADC accumulatethesum(5) in theanalogdo-
main,with inputsencodedn unaryformat(v; = 1). This
avoids the needfor high-resolutionflash ADCs, which
arereplacedwith single-bitquantizersn the delta-sigma
loop.

2.2. CID/DRAM Cell and Array

The unit cell in the analog array combinesa CID
(chageinjectiondevice [6]) computationatlemen{3, 4]
with a DRAM storageelement. The cell storesone bit
of a matrix elementw,,,®, performsa one-quadrant
binary-unary(or binary-binary)multiplication of w,,, ("



RS).

1 vouf)
vt w2l _Twms
T~

[ES— i R —y

i

|

Ly

DRAM :
W0 10

T et

| bo
! vdd/2
l—/l— Lvdd
1
| 0
| Hvdd/2

-vdd

— | Ao
Y [vdare

Lvdd

Figure 1. CID (charge injection device) multiply-and-
accumulate cell with integrated DRAM storage (top).
Charge transfer diagram for active write and compute
operations (bottom).

andz, ) in (6), andaccumulateshe resultacrosscells
with commonm andq indices. The circuit diagramand
operationof the cell are givenin Fig. 1. It performsa
non-destructie computationsincethe transferrecchage
is sensedcapacitvely at the output. An array of cells
thus performs(unsignedpinary-unarymultiplication (6)
of matrix w.,,® andvectorz,, ) yielding Y;, "%, for
valuesof ¢ in parallelacrosghe array andvaluesof j in
sequencevertime.

To improve linearity andto reducesensitvity to clock
feedthrough,we use differential encodingof input and
storedbitsin the CID/DRAM architecturausingtwice the
numberof columnsandunit cellsasshovnin Fig. 2. This
amountdo exclusive-OR(XOR), ratherthanAND, multi-
plicationontheanalogarray usingsigned ratherthanun-
signed binaryvaluesfor inputsandweights,z,, () = +1
andw,,,,() = +1.

3. Oversampling Mixed-Signal Array
Processing

The corventional delta-sigma (AY.) ADC design
paradigmallows to reducerequirementson precision
of analogcircuitsto attainhigh resolutionof corversion,
at the expenseof bandwidth. In the presentedrchitec-
ture a high cornversionrate is maintainedby combining
delta-sigmaanalog-to-digitalcorversion with oversam-
pledencodingof thedigital inputs,wherethe delta-sigma
modulatorintegratesthe partial multiply-and-accumulate
outputs(6) from theanalogarrayaccordingo (5).
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Figure 2. Two charge-mode AND cells configured as an
exclusive-OR (XOR) multiply-and-accumulate gate.

3.1. Array Architecture

Fig. 3 depictsonerow of matrix elements¥ (™" in
the AY. oversamplingarchitectureencodedn I = 4 bit-
parallelrows of CID/DRAM cells. Onebit of a unary-
codedinput vectoris presenteceachclock cycle, taking
J clock cyclesto completeafull computationatycle (1).
Thedataflow is illustratedfor a digital input seriesz; ("™
of J = 16 unarybits.

Over J clockcycles,theoversamplingADC integrates
thepartialproducts(6), producinga decimatedutput

J—-1
QW ~ Y Y, Y]

Jj=0

wherey; = 1 for unarycodingof inputs. Decimation
for afirst-orderdelta-sigmanodulatoris achievedusinga
binarycounter

3.2. Row-paralle AY Algorithmic ADC

Higher precisioncanbe obtainedin the samenumber
of cyclesJ by usinga higherorderdelta-sigmanodulator
topology However this drasticallyincreaseghe imple-
mentationcompleity. Instead we usea modifiedtopol-
ogyshowvnin Fig. 4 thatresamplesheresidueof theinte-
gratorafterinitial corversion.A sample-and-holdesam-
plesthe residuevoltageof the integratorand presentst
to themodulatorinput for continuedcorversionat afiner
scale.Theprincipleis analogouso extendedcounting[8]
but avoids additionalhardware by reusingthe sameAX.
modulatorto quantizetheresidue.

Similar to residueresamplingin an algorithmic (or
cyclic) ADC, for eachresamplinghe scaleof corversion
subrangeto theLSB level of thepreviouscorversion.For
afirst-orderincrementalAY ADC [7], resamplingof the
residuescalegherangeby afactorL, whereL isthenum-
berof modulationcycles. If L is of radixtwo, i.e., L = 2¢,
thenthe subrangings corvenientlyaccomplishedn the
architecturef Fig. 4 by shiftingthebitsin thedecimating
counterby £ positionsfor everyresamplingdf theresidue.

Every resamplingmprovesthe outputresolutionby a
factor L, or £ bits, limited by noiseand mismatchin the
implementation. The effect of capacitancanismatchis
minimizedby usinga ratio-insensitie schemedor resam-
pling theresidue shavn in Fig. 5. The presentegcheme
is equivalentto algorithmicA/D corversion but avoidsin-
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Figure 3. Block diagram of one row in the matrix

with binary encoded elements w ..., for a single m
and unary encoded inputs. Data flow of bit-serial in-
puts 29, and corresponding partial product outputs
Y3 with J = 16 bits. The full product for a single
row Y is accumulated and quantized by a delta-
sigma ADC. The final product is constructed in the dig-
ital domain according to (4).
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Figure 4. Block diagram of AY algorithmic ADC with
residue resampling, including decimator. One ADC is
provided for each row in the array architecture.

terstagagainerrorswithouttheneedfor preciselyratio-ed
analogcomponents.

Theresamplingf theresiduan theoversampledADC
canbe combinedwith correspondinglyrescalingthe co-
efficients; in the input encoding. In principle, higher
resolutiondigital inputscanbe presentedby unaryencod-
ing bitsin groupsof £, eachcovering L modulationcycles
of the subrangingoversampledADC. In the exampleof
Fig. 3, only the first 4 bits are unary encodedand pre-
sentedn thefirst algorithmiccycle, with L = 16. With
asingleresamplingof theresiduethe AY. modulatorob-
tains2¢ = 8 bit effective resolutionin 2. = 32 cycles.

4. Experimental Results

A patterrrecognitiornprocessoprototypeintegratedon
a3 x 3 mm? diewasfabricatedn 0.5 m CMOStechnol-
ogy. Thechip containsanarrayof 256 x 128 CID/DRAM
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Figure 5. Invertible, resetable analog accumulator.
(a) Circuit diagram. (b) Operational modes.

cells, and a row-parallel bank of 128 AX algorithmic
ADCs. Fig. 6 depictsthe micrographand systemfloor-
plan of the chip. The layoutsize of the CID/DRAM cell
is 18X\ x 45\ with A = 0.3um.

The processolinterfacesexternally in digital format.
Two separateshift registersload the templatesalongodd
andevencolumnsof the DRAM array Integratedrefresh
circuitry periodicallyupdateghe chage storedin the ar-
ray to compensatdor leakage. Vertical bit lines extend
acrosghe array with two rows of senseamplifiersat the
top and bottom of the array The refreshalternatese-
tweenevenandoddcolumnswith separatselectines.

Fig. 7 shavs the measuredinearity of the computa-
tional array configureddifferentially for signed (XOR)
multiplication. Thecaseshowvn is whereall binaryweight
storageelementsare actively chaged(‘1’ bit sequence),
andan ‘1’ sequencef bits is shifted throughthe input
register initializedto ‘0’ bit values.For every shiftin the
input register a computationis performedandthe result
is obseredontheoutputsensdine.

The chip contains128 row-parallel AY. algorithmic
ADCs,i.e.,, onededicatedADC for eachm andi. In the
presenimplementationy, is obtainedoff-chip by com-
biningthe ADC quantizedutputsY (. overi (rows)ac-
cordingto (4). The AX ADC yields8-hit resolutionover
two subrangingyclesof 4-bit each for atotal of 32 clock
cyclesasshowvnin Fig. 8.

Table 1 summarizeshe measurederformance.The
CID/DRAM arraydissipate8.3mW for a10uscomputa-
tionalcycle,andthebankof AY ADCsdissipate®.6mwW
yielding a combinedcorversionrate of 12.8 Msamples/s
at 8-bit resolution.

5. Conclusions

An oversamplingchage-modeVLSI architecturefor
parallelvectormatrix multiplication hasbeenpresented.
An internallyanalog externally digital architectureoffers
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Micrograph of the mixed-signal pattern

recognition processor prototype, containing an array of
256 x 128 CID/DRAM cells, and a row-parallel bank of
128 AX algorithmic ADCs. Die size is 3 mm x 3 mm

in

0.5 um CMOS technology.

Table 1. Summary of measured performance

Technology 0.5pum CMOS
Area 3mmx 3mm
Pover 5.9mwW
SupplyVoltage 5V
Dimensions 256inputsx 128templates
Throughput 6.5GMACS
OutputResolution 8-bit

the bestof both worlds: the densityand enegetic effi-
ciengy of ananalogVLSI array andthe corvenienceand
versatilityof adigital interface.A AY oversampledlgo-
rithmic ADC architecturerelaxes precisionrequirements
in thequantization.

A 256 x 128 cell prototypewasfabricatedn 0.5 yum

CMOS. The combinationof analog array processing,
oversamplednputencodingandAY. algorithmicanalog-

to-

of

digital corversiondeliversa computationathroughput
over 1IGMACS per mW of power, while maintaining

8-bit effective digital resolution.
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