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480-GMACS/mW ResonanfAdiabatic
Mix ed-SignalProcessoArray for
Chage-BasedPatternRecognition
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and Gert Cauwenbaghs, SeniorMembey IEEE

Abstract— A resonantadiabatic mixed-signal VLSI ar-
ray delivers 480 GMACS (10° multiply-and-accumulates
per second)thr oughput for every mW of power, a 25-fold
improvement over the energy ef ciency obtained when
resonant clock generator and line drivers are replaced
with static CMOS drivers. Losses in resonant clock
generationare minimized by activating switchesbetween
LC tank and DC supply with a periodic pulse signal,
and by minimizing the variability of the capacitive load
to maintain resonance We show that minimum enemy
is attained for relatively wide pulse width, and that
typical load distrib ution in template-basedcharge-mode
computation implies almost constant capacitive load.
The resonantly driven 256 512 array of 3-T charge-
consering multiply-accumulate cells is embeddedin a
template matching processorfor image classi cation and
validated on a face detection task.

Index Terms— Adiabatic low-power techniques, reso-
nant clock supply, computational memory, pattern recog-
nition.

|. INTRODUCTION

OW power dissipationis a critical objective in

the designof portableandimplantablemicrosys-
temssupportingthe use of a miniature battery power
supply wirelesspower hanesting,or otherlow-enegy
power sources.Typical power budgetsare in the low
milliw atts for wearabledevices and low microwatts
for implantablesystemsDespitethe shrinking power
budgetsthereis ever morea needfor high throughput
computing and embeddedsignal processing.Future
generationf wearableand implantabledevices call
for the integration of complex signal extraction and
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coding functions along with sensingand communi-
cation.Portablereal-timepatternrecognitionsystems,
such as wearableface detectionand recognitionsys-
tems for the blind, are examples of such applica-
tions. The enegy efciency, de ned ascomputational
throughputper unit power (or, equivalently, the recip-
rocal of the enegy per unit computation),thus has
to be maximized.In this work the adiabaticchage-
regycling principle is appliedto mixed-signalchage-
basedcomputing to decreasepower dissipation be-
yond f CVdd?, while high computationalthroughout
is maintainedby employing an array-basedparallel
computingarchitecture.

Whena CMOSinverter in Fig. 1(a),chagesa load
capacitanceC to voltageV dd, the total enegy taken
from the voltage supply sourceis CVdd?. Half of it
is usedto chage C, andthe otherhalf is dissipatedn
the pull-up network. When the outputis driven low,
the pull-down network dischagesthe enegy storedin
C, %CVddz, to ground.The resistancesf the pull-up
and pull-down networks affect the minimum chaging
and dischaging times, but not the dynamic enegy
dissipated.The dynamic enegy dissipation can be
loweredby reducingsupplyvoltage,load capacitance,
or both.

Dynamic enegy dissipationhasa quadraticdepen-
denceon the supplyvoltage.This makesthe reduction
of supply voltagesthe most effective way to reduce
dynamicenepy dissipation.Dynamic voltage scaling
hasbecomea standardapproachfor reducingpower
dissipation when performancerequirementsvary in
time. In modernprocessorshe voltageand frequeng
are controlled in a feedbackloop to maintain op-
eration within a target power and temperaturebud-
get [1]. Local voltage dithering which toggles the
supply betweena small numberof voltage levels to
locally optimize enegy consumptionbasedon the
workload of eachcircuit block hasbeenreported[2].
Subthresholctircuits operatewith the supply voltage
belon the threshold voltage of devices to further
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Fig.1. Dynamicdissipationandresonanadiabaticenegy recovery.

(a) CMOS logic modeledas inverter driving a capacitie load; (b)

CMOS dynamiclogic equivalent; (c) Adiabatic logic modeledas
transmissiorgatedriving a capacitve load from a "hot clock' Vi ¢ ;

and (d) Adiabatic mixed-signalmultiply-accumulation(MAC). A

single cell in the MAC array is shavn, with the chage-coupled
MOS pair comprisinga variablecapacitve load.

reduce dynamic enegy dissipation. A subthreshold
static random accessmemory (SRAM) [3] and fast
Fourier transform (FFT) processor4] have recently
beenreportedwith optimal supplyvoltagesof 300mV
and 350 mV respectiely. By applying forward body
biasthethresholdvoltagecanbe shiftedlower to allow
further voltage scalingand thus enegy reduction[5].

The dynamicenegy dissipationis reducedinearly
with the load capacitancelf the speedis not critical,
minimum device sizing reduceshe capacitancet the
costof non-optimalpropagatiordelaytimes.Dynamic
logic, in Fig. 1(b), can be usedto eliminate most of
the PMOS capacitanceFinally, capacitancecan be
loweredby migratingto anew technologyprocesswith
smallerminimum featuresize at the costof increased
static power dissipationdue to transistorleakage.

As opposedto static or dynamic CMOS logic
drivers,adiabaticdriversslonly rampthe supplyvolt-
agefrom O V during the pull-up phaseto reducethe

voltage drop acrossthe pull-up network. The voltage
drop is made arbitrarily small by keepingthe ramp
periodsufciently longerthanthetime constantof the
driver [6]. Generationof the ramp signalimplies that
power dissipationis reducedat the systemlevel, not
only the gatelevel. For long ramp periods,the voltage
acrossC is approximatelyequalto the supply ramp
voltageandthe enegy taken from the voltage source
is %CVddz, the minimum requiredto chage C to
V dd. In generalalinearincreasen therampchaiging
time resultsin a linear decreasen the voltage drop
acrossthe pull-up network, andthusa linear decrease
in dynamicenegy dissipationIn the pull-down phase
the enegy storedon C is slowly dischaged back
into the supply voltage source by slowly ramping
Vdd back to 0 V, again keepingresistve lossesat
a minimum. A number of adiabatic logic families
utilizing voltage rampshave beendevelopedsuchas
adiabaticdynamiclogic (ADL) [7], ef cient chagere-
covery logic (ECRL) (2N2P)logic [8], pass-transistor
adiabatic logic (PAL) [9], clocked adiabatic logic
(CAL) [10], and true single-phaseenegy-recoery
logic (TSEL) [11].

Generatingideal linear voltage rampsto provide
constant chaging and dischaging currents incurs
power dissipationin thesupplygeneratordefeatinghe
savings by adiabaticenegy recovery. An oscillatory
waveform, or hot clock (HC), from a resonatoris
typically usedinstead6]—[8], [12], [13]. Theincreased
enegy dissipationin the pull-up network, due to the
non-optimalsinusoidalshape[6], is offset by the low
enegy dissipationandsimplicity of resonantot clock
generationResonanadiabaticcomputing,in Fig. 1(c),
reg/cles enegy in an oscillating LC tank where the
total on-chiploadcapacitanceC, is utilized asthetank
capacitor Theinductorcanbe implementecdexternally
or canbedistributedoverthe chip[14]. In eachperiod,
thechagestoredon C is shiftedbackinto theinductor
andis reusedin subsequentomputationsgdecreasing
the dynamic enegy dissipatedwell belov CV dd?.
In principle, dynamic enegy consumptionper unit
computationin adiabaticcircuits approachegerowith
increasingoscillation period. In practice,the enegy
gainis limited by resistive lossesin the tank andvari-
ability of load capacitancewhich dependson signal
activity. Resonantdiabaticarithmeticunits [13], [15],
[16] andline drivers[17], [18] have beenreportedwith
up to seven-foldenepy ef ciency gainsovertheir non-
adiabaticmode.

Someexisting adiabaticdigital circuits rely on re-
versiblelogic [19] to minimize non-adiabaticenegy
losses[20]. Fully adiabatic circuits [19] require a
backward path, where computationsare reversed,to
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recover the enegy. The needto reverseinformation
o w placeggreatconstraintson whatcanbe computed.
For example,an AND gaterequiresanauxiliary output
in orderto make the architecturereversible.

Instead of implementing digital adiabatic logic,
we perform reversible computingadiabaticallyin the
mixed-signaldomain[18]. Reversibility is inherentto
thereversalof chage o w betweenwo coupledMOS
transistors,shavn in Fig. 1(d). TransistorsM1 and
M2 comprisea chage-injectiondevice (CID) which
performs a one-bit multiply-and-accumulatgMAC)
operationas detailedin Sectionll. To maintain high
computationalthroughput,the mixed-signaladiabatic
computingis performedon a chage-modearray[21],
[22]. This work demonstrateghat simple adiabatic
techniquessuchasa resonansingle-phase&lock gen-
erator can be utilized effectively in parallel signal
processingapplicationswherearray power dissipation
often dominates.

There are a number of bene ts in the choice of
a parallel mixed-signal architecture.While parallel
digital processorsoffer high throughputand enegy
efciency with high accuray [23], parallel analog
processorften allow for further increasesn inte-
grationdensity computationathroughput,and enegy
efciency at the expenseof reducedaccurag [24]-
[26]. High integrationdensityis achiezed by compact
analogcircuits suchas thoseoperatingin chage do-
main. Computationathroughputis enhancedy larger
dimensionsof computing arrays with compactcells
and by the low-cost natureof someof analogopera-
tions suchas zero-lateng additionin chage domain.
Enegy efciency is increasedas clocking is reduced
or performedadiabaticallyasin the caseof the pre-
sentedarchitectureLower accurag of computationis
aresultof non-idealitiesof analogcomponentsuchas
inherentnon-linearityand mismatchesandis typically
only weakly dependenbn the dissipatedpower for a
givenimplementationA detailedquantitatie analysis
of the analog-ersus-digitatrade-of is givenin [27].
In targetedapplicationssuchaspatternrecognitionand
dataclassi cation a modestaccurag of under8 bits
is often sufcient.

The chaige-modecomputing array presentechere
is embeddedn a processomwhich performsgeneral
purposevectormatrix multiplication(VMM), thecom-
putationalcore of ary template-matchindjnear trans-
form. The combinationof resonantpower generation
and mixed-signaladiabaticcomputingon a massvely
parallel chage-modearray yields a 25-fold gain in
enegy efciency relative to the samearray operated
with static CMOS logic line drivers.

The paperis organizedas follows. Sectionll de-

scribes the architectureand circuit implementation
of the chage-modetemplate-matchingrray In Sec-
tion Ill, a resonantadiabaticclock generatoris in-

troducedin order to achieve high enegy efciency

of the array-basedcomputation.Limitations of the
resonantlock generatoare formulatedand analyzed.
Section IV describesthe circuits and VLSI imple-

mentationof the resonantadiabaticchage-modearray
processorovercoming these limitations. Section V

presentexperimentalresultsfrom the adiabaticarray
processormrototypedin 0.35- m CMOS technology
and SectionVI concludeswith nal remarks.

Il. CHARGE-MODE TEMPLATE-MATCHING ARRAY

The chage-mode array supports general analog
multiplicationof a digital matrix by a digital vector, by
using reversiblechage o w betweencoupledtransis-
tors[21], [28], [29]. As shawn in Figure1(d), eachcell
in the array performsa multiply-accumulationMAC)
operationby selectvely transferringchage between
two chage-coupledransistoravil and M2, wherethe
gateof the rst transistoM1 connectdo theinputline,
and the gate of the secondtransistorM2 connectsto
the outputline. HenceM1 implementsmultiplication
by selectvely performingor not performingthe chage
transfer and M2 implementsthe accumulationby
capacitve coupling onto the outputline. The chage
transferis non-destructie, andthereforethe computa-
tion performedis intrinsically reversible,returningthe
transferredchage after deactvation of the input. The
adiabaticmixed-signalprinciple outlined hereexploits
thelosslessatureof reversiblechage o w in anarray
of MAC cells, with inputs suppliedby adiabaticline
drivers from a hot clock supply The multiplication
andaccumulatiorare performedin parallelin a single
cycle of the resonantclock, with the enegy regycled
upon recovery of the chage at the end of the cy-
cle [22].

The resonanfgeneratoiis critical in achieving high
enegetic ef ciency, andis describedn Sectionlil.

A. Array Architecture and Circuit Implementation

The array performs general-purposezectormatrix
multiplication (VMM), the computationalcore of a
variety of linear transformbasedalgorithmsin signal
processingand patternrecognition.The VMM opera-
tion is de ned as:

K 1

er‘l ><I"I
n=0
with N -dimensionalinput vector X, M -dimensional
outputvector Y, andM N matrix elementsW .

Yo =Wn X = 1)
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Array processomrchitecture(left), circuit diagramof CID computationalcell with integratedDRAM storage(right, top), and

chage transferdiagramfor active write and computeoperationg(right, bottom).A 1-bit binary dataexampleis shawvn.

Fig. 2(left) depictsasimpli ed architectureof thearray
processorfor one-bit binary input vector and matrix
coefcients, and matrix dimensionsof M = N =
4 [22]. The analogarray is interfacedwith a bank
of on-chip row-parallel analog-to-digital corverters
(ADCs) to provide corvenient digital outputs as
neededin some applicationsas well asin the array
experimentaltestingand demonstration.

Theunit cell in theanalogarrayshavn in Fig. 2(top,
right) combinesa chage injection device (CID) com-
putationalelement[28], [29] with a DRAM storage
element[21]. During the write operationthe datato
be storedis broadcasbn the vertical bit-lines (BLS),
which extend acrossthe array A row to be written to
is selectedby actiating its word-line (WL) turning
transistorM3 on (e.g., the secondrow in Fig. 2).
The output match-line (ML) is held at Vdd during
the write phasecreatinga potential well under the
gateof transistorM2. This potentialwell is lled with
electronsor emptied dependingon whetherthe BL
is logic-one or logic-zero respectiely. Logic-one on
BLs correspondgo 0V, while logic-zerocorresponds
to Vdd During the computeoperation,the input data
is broadcasion the compute-linegCLs) while MLs,
previously prechagedto Vdd, are now left oating.
Logic-oneCL bit correspondgo voltage2Vdd while
logic-zero correspondgto OV. Each cell performsa
one-quadranbinary-binarymultiplication of its stored
logic value andits CL logic value. An active chage
transferfrom M2 to M1 canoccuronly if thereis a
non-zerochage stored (e.g., rst, second,and third

cellsin the secondrow in Fig. 2), andif the potential
on the gate of M1 rises above that of M2, to 2Vvdd
(e.g., second third, and fourth columnsin Fig. 2). In

this case,the high-impedancegate of M2 couplesto

its channeland raisesabove Vdd by a x ed voltage
dependingon the chage and capacitanceof M2 and
the numberof active cellsin thatrow (e.g., secondand
third cells in the secondrow in Fig. 2). The output
of a row is a discreteanalogquantity re ecting the
numberof active cells coupling into the ML of that
row (e.g., two cells,secondandthird, correspondingo

the outputof the secondow equalto two in Fig. 2). In

the numericalexamplegivenin Fig. 2, the correlation
of the binary vector “1110” stored in the second
row of the array with the binary input vector“0111”

computedby the methoddescribedabove yields the
correctoutputequalto two.

As said, the cell performsnon-destructie computa-
tion sincethe transferrecchageis sensedcapacitvely
on the MLs. Once computationis performed, the
chageis shiftedbackfrom M1 into the DRAM storage
transistorM2. Capacitve coupling of all cellsin a
singlerow into a single ML implementszero-lateng
analogaccumulatioralongeachrow. An arrayof cells
thus performsanalogmultiplication of a binary matrix
with a binary vector The architectureeasily extends
to multi-bit data[21].

B. Accuracy and Power Consideations

Sizingof transistorsn the cell is of importanceThe
switch transistorM3 is of minimum size asneededo
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lower its parasitic capacitanceand chaige injection.
TransistorM2 is 30 timeslarger than M3 in orderto
avoid DRAM soft errors, as dictated by the DRAM
BL capacitanceand by subthresholdeakagein the
storagecell. TransistoM1 is sizedsuchthatthe output
dynamicrangeof the arrayis large yielding sufcient
noise mamins. It can be shavn that the voltage on
MLs is a monotonicallyincreasingsaturatingfunction
of the areaof transistorM1. The areaof M1 is chosen
to be 50 percentof that of M2. Increasingthe area
of M1 beyond this value doesnot yield a substantial
increasen the dynamicrangebut reduceghe density
of thearrayandtheresonanfrequeng of the LC tank.

When the computationalarray is integrated with
high-speeddigital CMOS circuits on the samechip,
excessie interferencedue to crosstalkmay affect the
operationof chage-modecells. The resulting noise
may be correlatedfor mary cells andthusmay not be
averagedout during row-wise accumulationOneway
to remove the effect of interferences by utilizing one
row in the array as a referencerow. This dedicated
row has all logic-zero bits storedin it and hasthe
sameinputs as all the other rows. The output of the
referencerow is subtractedirom outputsof all rows
in a differentialfashionin digital domainrejectingary
common-modesignals.

Most of the power in the computationalarray is
dissipatedon driving CLs. If CLs are driven by
corventional CMOS inverters, the power dissipated
in the array is proportionalto the frequeng, array
capacitanceand the squareof the supply voltage.As
describedn Sectionl, this poweris lostandcannotbe
recovered.To reducethe enepy dissipatedn thearray
insteadof beingdrivenby CMOSinvertersall CLsare
selectvely coupledto an off-chip inductor such that
the enegy neededor computingcanbe adiabatically
reg/cled by meansof resonanceas describednext.

I11. RESONANT POWER GENERATION

The array capacitancetogether with an external
inductor form an LC resonatardriven by an external
clock CLK atresonancérequeng to generatehe hot
clock power supply waveform Vi ¢ (t) in Fig. 1(d).
Resistve lossesin the adiabaticline drivers of the
chage-modearrayareminimizedby keepinghot clock
oscillation frequeny sufciently low. High compu-
tational throughputis neverthelessmaintainedby a
ne-grain parallel architectureof the processarThe
massie parallelismalso allows to maintain the on-
chip load capacitancet or nearits meanvalue,tuned
at resonancavherethe enegy dissipationin the tank
is lowest.

/—/R
\Y L RL Rc Vhc(t)
Rs
C
pullHC S I
VHC(t) VHC(T)
pullHC

O 71—
F::l

t

Fig. 3.
tanceC.

Lossy LC oscillator and switch with x ed load capaci-

The ef ciency of resonanpower generatioris thus
limited by resistive lossesin the tank and variability
of on-chipload capacitanceEachof theselimitations
is analyzednext.

A. Tank ResistivelLosses

A simplemodelof a constant-capacitandeC oscil-
lator usedto generatethe hot clock voltage, Vg ¢ (t),
is shavn asan RLC circuit in Fig. 3, whereC is the
load capacitancemplied by the chage-modearray
L is the tank inductor and R representsparasitic
resistve lossesin the tank. The tank resistanceR =
R_ + Rc decomposeBto two contributions: parasitic
resistancein the inductor R due its nite quality
factor Q. = ! L=R|; and parasiticresistancdan the
capacitorR¢c accountingfor non-zeroon-resistancef
the adiabaticline driversrepresentedby the IN switch
in Fig. 1(d). Theparasiticshuntresistanc&k s accounts
for non-zeroon-resistancef the switch S, whenit is
activated.The switch S is usedto initiate andmaintain
oscillationsby periodically dischaging C to ground.
It is activated by a narrov pulse pullHC. The step
responsef the RLC circuit with small dampingfactor
(in the limit for small R) is of the form:

(@)

Switch S dissipateseneny if the voltage acrossthe
capacitoris non-zerowhenit goesactive. This enegy

1
Vuc(t)=V 1 e 2tcos pﬁt
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Fig. 4. Enegy dissipationasymptoticallyapproaching nite non-
zerovalue determinecby the quality of inductor

is minimized by pulsing pullHC at the minima of the
LC tankpv%ge, and thus at the resonantfrequeny
f =( LC) !, asshownin Fig. 3 for T = 1=f.

Resistve lossesin R causeminima of the voltage
Vi c(T) at the next pullHC pulseto be non-zeroas
describedby the exponentialervelope:

p_
Vic(T)=V 1 e R T

Assuminga constantvalueof C, the dynamiceneny,
%CVHZC(T), dissipatedin eachcomputationcycle is
thusgiven by:

h —is
V1e RPE A3)
The choice of a minimum capacitancevalue is ob-
vious. As for inductance,n theory for a given load
capacitanceC, the dynamicenepy dissipationcanbe
made arbitrarily small by increasingL asis evident
from (3). In practice,the dynamicenegy dissipation
asymptoticallyapproaches nite value, determined
by the quality of the inductor, asthe Baiasiticresis—
tanceof a wire-woundinductorR, / = L dominates
the total resistanceR for largeL . ! ThusincreasingL
beyonda certainlevel maynotbejusti able asit yields
diminishing reductionin enegy dissipationas shavn
in Fig. 4 but resultsin a lower oscillation frequeng
andthuslower throughput.

. 1
Ejc=const = EC

B. Switdh Resistanceand Pulse Wdth

The shuntresistancef the switchRg, to rst order,
does not contribute lossesand does not affect the
efciency of the hot clock supply generataorprovided
thatRs is sufciently small.During thedurationof the
pullHC pulse, the load capacitanceC is dischaged

1For an integrated, spiral-wound inductor the dynamic enegy
dissipationincreasedor large L .

v L Ve (1)
o—/ 6 6 ﬁ \ T L 4 O
pullHC S % Cc
Vic(T)
Vi (1)
H n
pullHC ::_
0 T
t
Fig. 5. LosslessLC oscillator and switch with variable load
capacitanceC.

through the series resistor combination R¢c + Rs.

Incompletesettlingin this RC network impliesincom-
plete compensatiorof the exponentialdecayin the
sinusoidalhot clock waveform, leadingto a reduced
amplitude hot clock and further resistve losses.A

sufciently smallvalue of Rc + Rs, andsufciently

large pulsedurationpull[HC ensureghat V¢ settles
closeto zero.

As the sine wave of Vyc(t) is approximately
guadratic around its minima, the enegy in (3) is
insensitve to the pulsewidth variationof pullHC near
its minima. This allows for a relatively large pulse
width resultingin smallenegy lossesFor largerpulse
widths, the currentthrough the inductor signi cantly
affects the resonantclock waveform which extends
outside the 2Vdd interval and exerts extra enegy
losses[30].

C. Load CapacitanceVariability

A simplemodelof a variable-capacitanceC oscil-
lator is shavn in Fig. 5, whereC hasa meanvalue
of ®, andresistie lossesasmodeledin Sectionlll-A
arehereassumeaerofor simplicity. SignalpullHC is
pulsedat the LC‘ptzﬂ( mean-capacitancesonanfre-
queny f = (2 L@) 1. Howgyer the instantaneous
LC tankresonanfrequeng, (2 LC) !, dependsn
the load capacitanceC, causingthe pulsepullHC ac-
tivating S to missthe minima of the oscillationswhen
C de/iatesﬁoié as showvn in Fig. 5. Substituting
t=T=2 L®into (2) andignoringresistive losses
yields the instantaneousoltageon C just beforeit is
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Fig. 6. (a) Dynamic enegy dissipationin switch S of a lossless
varying-capacitare LC oscillator and (b) correspondingvy ¢ (t)
waveforms.

dischagedto groundby S:
2 0 s_13

Vhc(T)= V41 cos@2 §A5:

Thedynamicenegy %CVHZC (T) dissipatedeachcom-
putationcycle,
0 2 0 s_131,

Ejr=o0 = %C@\/41 cos@2 gASA L (4)

is plotted in Fig. 6(a), along with the corresponding
hot clock waveformsin Fig. 6(b). WhenC = ® (case
K)orC = b=4 (casel), V4 ¢ (t) completeoneor two
full oscillation(s) respectiely, beforepullHC is pulsed
sono enepy is dissipatedn S At the minimum point
with the widest concaity region, the dynamicenegy

2.0

=
4]
T

Energy per cycle (pJ)

Cs #
0.5
K
%% 05 1 15 2
(C+ Cg)=(®+ Ca)
Fig. 7. Increasingthe bypasscapacitorCg desensitizeslynamic

enegy dissipationto C variation.

dissipationapproachezeroasthe load capacitanceC
approachegts mean® (point K in Fig. 6).

Adding anexternalbypasscapacitoyCg , in parallel
with C increaseghe total load capacitanceo C +
Cg . The addition of sufciently large Cg attenuates
the effect of capacitve variationsin the array on
oscillationfrequeny and henceenengy dissipation.In
theory without resistve losses,suchoscillator would
always operateat its ideal point, point K in Fig. 6,
and dissipate zero enegy. In practice, the enegy
dissipationdueto bothresistve lossesandC variation

must be considered:
0 2 0 s_131>»

E:%C@\/41 e RVE cos@ §A5A: (5)

As shavn in Fig. 7, adding Cg desensitizesthe
dynamicenegy dissipationto C variation at the cost
of increasingthe resistve enegy dissipation.Thusan
external capacitorwas not utilized in this design.

D. Parallel Architectue

As shavn in Sectionlll-A andin Fig. 4, theresistve
lossescanbe reducedby increasingnductancewhich
alsoreducesscillationfrequeng. In orderto maintain
high computationathroughput,a parallelarray-based
architectureis neededto perform large numbersof
operationseach clock cycle. Furthermore,as shavn
in SectionV, data-dependenbad statisticsover large
numbersof inputsin the array allow to maintainthe
array load capacitancet or neara constantvalue (at
point K in Fig. 6) with approximatelyhalf of all cells
active at ary time. This minimizes dynamic losses
not only in the array but alsoin the resonantclock
generatosshown in Sectionlll-C. Next, we present
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Fig. 8. Circuit diagramof functionsperipheralto the cell including store, refresh and charge-recycling adiabatic compute.

amassiely-parallelarray rst introducedin Sectionll
thatimplementsmixed-signalresonantadiabaticcom-
puting over large numbersof chaige-coupledransistor
pairsas showvn in Figure 1(d).

IV. ADIABATIC ARRAY PROCESSOR

The hot clock supply generatorseesthe array of
MAC cells as a variable load capacitanceC as in
Fig. 5, wherethevariationin C is implied by variations
in input. As demonstratedurther below, thesevaria-
tions are kept at a minimum by virtue of the parallel
nature of the computation.The architecture circuits
and implementationof the processorare described
next.

A. Circuits

Fig. 8 shaws the block diagramof the arrayperiph-
eralfunctionswith signalpathsfor store, refresh com-
pute and charge recyclefunctions marked [22]. Two
columns,n th and(n+ 1) th, of the rst row are
shavn. Matrix coefcients areloadedinto the dynamic
randomaccessnemory(DRAM) from a shift register
in the store phase.The CID/DRAM cells on folded
bit-lines (BLs) are periodically refreshedafter several
compute cycles, alternating betweeneven and odd
columnswith separatevord-lines(WLs). In the com-
putecycle theinputdata,X,, n = 0;::;;N 1, enable
adiabaticenepgy recovery logic (ERL) drivers [13].
They conditionally connectthe off-chip off-the-shelf
inductorto the on-chipcapacitancef actve compute-
lines (CLs) to enablecharge recyclingthroughreso-
nance.

The capacitancef all active CLs is utilized to per
form adiabaticcomputingon the full arrayasschemat-
ically shawvn in Fig. 9(a). The LC tank s replenished
with externalenegy from the DC voltagesourceVdd
by pulsingpullHC at the minima of voltagewaveform
Vyc (). A doubleddynamic range of 2vdd is thus
obtained SignalpullHC alsosenesto synchronizehe
hot clock waveform to other circuits in the processar

The choice of the frequeng of signal pullHC is
important. As discussedin Section llI-C, variations
in the total CLs capacitancecausethe frequeng of
tank oscillationto deviate from that of signal pullHC
f = 1=T resultingin additional enegy losses.One
solutionto this problemis to usedifferentialcodingof
data,with complementaryinputs and complementary
stored coefcients. This ensuresthat exactly half of
all CLs areconnectedo theinductor The capacitance
of each CID/DRAM cell is approximatelyidentical,
regardlesof whetherchageis storedasdeterminedy
the binary matrix elementvalue. This invarianceowes
to the fact that transistorM1 operatesitherin strong
inversionor accumulationmode, with approximately
samegate capacitanceThus, by ensuringthat always
half of all CLs are active, the array capacitancds
kept constant.This approachhowever, requirestwice
the number of cells and thus doubles the silicon
area.Ilnstead,we obsere thatin typical data,suchas
images,the probability of a binary coefcient being
zero or one is approximatelyhalf for most of the
coefcients. This impliesthatthe numberof logic-one
bits in theinput vectoris typically approximatelyhalf.
In the CentralLimit, the numberof logic-onebits in
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Fig. 9. (a) Resonantlock generatorfor adiabaticpower supply
and (b) input-enablecenegy recovery logic (ERL) driver.

an N -dimensionalbinary vector follows a binomial
distribution approximatedby a Gausga_ndistribution
with meanN =2 andstandardieviation N . Hencethe
relative width of the distribution tendsto zerofor large
N . This property of typical datais exploited herein
orderto minimize enegy lossesin the LC tank dueto
arraycapacitanceariability asvalidatedin SectionV.
For applicationswhere mary binary coefcients are
non-Bernoulli,we have developeda simple stochastic
data modulation schemeto pseudo-randomizénput
data with ary statistics at the expenseof a small
modulationand demodulationoverhead[31].

The circuit diagramof a modi ed ERL driver is
shavn in Fig. 9(b). Whenthe input vectorcomponent
bit, X, is logic-one, the correspondingcompute-
line, CL,, is connectedto the inductor through a
passgate. A passgate is utilized in order to real-
ize an enegy-efcient fully-adiabatic driver. As the
maximumvoltage on the inductoris 2Vdd while the

logic-onelevel of X, is Vdd, a cross-coupledMOS
transistorpair ensureghat the passgateis turned off
completelywhen X, is low. High-voltagedevicesare
usedto accommodatéhe doubleddynamicrange.The
signal pullHC is synchronizedwith the clocks for all
peripheralcircuits, generatedfrom the same master
clock. Tuning of the resonancecondition is achieved
either by tuning of the masterclock frequeng, or by
adjustingthevalueof the externalinductancelntegrat-
ing adaptve mechanism$or tuningmayfurtherreduce
power dissipation,especiallyfor highly variable data
or for off-the-shelfinductorswith a large spreadof
values,but with a potentially signi cant overhead.

The transistorsizesshavn in Figs.9(a)and9(b) are
determinedasfollows. Referringto Fig. 3, Rs corre-
spondsto the resistanceof the nMOS switch driven
by signal pullH C in Fig. 9(a), and Rc corresponds
to the parallel combinationof the ERL drivers on-
resistancen Figs. 9(a) and 9(b). The value of Rg is
chosensuch that the circuit operatesat an optimum
point where the resistanceof the switch driven by
pullH C is small enoughto keepresistive lossesin it
small, andthe capacitancef its gateis small enough
to keepthe enegy neededto drive it small. In this
design,Rs = 10 and the gate capacitanceof the
switch is 270f F. To minimize resistve losses,Rc
hasto be small, but thereis little bene t in makingit
muchsmallerthanRs. The sizing shovn in Fig. 9(b)
yieldstheaverageresistancef thepassgatein anERL
driver of lessthan 5k . With approximatelyhalf of
the ERL driversactive for typical inputs (seebelow),
the correspondingvalue for R¢ is lessthan 10 as
neededo balancelossesin Rc andRs undersilicon
areaconstraints.

B. Implementation

The integrated prototype of the mixed-signaladi-
abatic vectormatrix multiplication (VMM) processor
depictedin Fig. 10 occupies4 4 mm? in 0.35- m
CMOS. The processorconsistsof four self-contained
cores.Eachcorecontains128 256 CID/DRAM com-
putational storage elements,a row-parallel bank of
128 8-hit algorithmic analog-to-digitalcorverters
(ADCs) [21], pipelined input shift registers, sense
ampli ers, refreshlogic, and scan-outlogic. All of
the supportingdigital clocks and control signalsare
generatean the chip. Themodulararchitectureallows
the four coresto operatein 1 4, 2 2, and4 1
con gurationsto compute128 1024 256 512 and
512 256 dimensionalbinary vectormatrix products
respectiely. This e xibility is necessarin implement-
ing linear transformswith various input and output
dimensions.
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Fig. 10. Adiabatic VMM processormicrographand oorplan.
Fabricatedin a standard0.35- m CMOS process,the processor
occupies4 4 mm?

V. EXPERIMENTAL RESULTS

The processorfunctionality was validated in a
template-basedace detectionapplication. Real-time
detection of objects such as faceson a low-power
wearableplatform allows to implementminiature vi-
sualaidsfor the blind. Template-basegatternrecog-
nition is computationally expensve as it requires
matching of eachinput with a set of characteristic
templates.The parallel processingarchitecturelends
itself naturallyto suchanapplication A patternrecog-
nition enginewas trained off-line on a face recogni-
tion datasetdistributed by the Centerfor Biological
and ComputationalLearning (CBCL) at MIT. 2 The
classi er wasthenprogrammedn the processomwith
visualtemplatesstoredin the CID/DRAM array Inner
productbasedsimilarities betweeneachinput and all
templateswere computedon the array Both inputs
andtemplatesare 11 11 pixel image segments.Ex-
perimentally we validatedthat the processoproduces
classi cationresultson anout-of-clasgestsetthatare
identical to thoseobtainedby emulationin software,
testifying to the robustnessof the architectureand
circuit implementation.For this task, perfect classi-
cation was obtained.A few examplesof the correct
classi cationsof facesandnon-facesby the processor
aregivenin Fig. 11.

Fig. 12 shaws typical statisticsof imagesfrom the
MIT CBCL facedataset.Mostof naturalscendmages
have binary coefcients which are equally probable
(Bernoulli distributed, P(0) = P(1) = 0:5). This

2http://cbel.mit.edu/softare-daases/index.html
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Fig. 11. Examplesof facesand non-facescorrectly classi ed by
the prototypedVMM processoifrom a face detectionexperiment.

implies that the sum of logic-onebits in a fragment
of a typical image (the sameas the numberof logic-

onebits) follows a normal(Gaussianyistribution with

low variance Over 95 percenbf thedatain Fig. 12 fall

within lessthan 18 percentof the entire input range,
within two standarddeviations of the mean. Points
labeled , 2 ,and+2 are tted parameterdased
on an ideal normal distribution and mark the mean
and two standarddeviations spread, evaluated over
the face data set. The correspondingexperimentally
measuredot clock waveformsare shavn on the top

of Fig. 12. The hot clock oscillatesat a frequeng

determinedby the number of compute-lines(CLS)

connectedo the externalinductorplusall the parasitic
capacitancen the hot clock path. The pullHC signal
frequeng andits duty-cycle aretunedto coincidewith

the minima of the hot clock oscillations when half

of the inputs, X,,, are active. As input datadeviates
from this mean,pullHC missesthe minimum voltage
point in dischaging the tank capacitor increasingthe
dynamicenegy dissipation.

Fig. 13(a)shavs the experimentalsetuputilized for
measuringpowver consumptiorof the array The array
is con gured to operatein one of the two modes,
adiabatic and static, for comparatie purposes.DC
currentdeliveredby the DC power supplyis measured
in eachcase.In the adiabaticmode, eachactive CL
is driven by the hot clock through the passgate of
an enegy recovery logic (ERL) driver. The product
of measuredaveragecurrentthroughthe DC supply
and its voltage Vdd representsthe total measured
power which includesthe lossesin the resonanttank
supplygeneratorimplementedusingan externalwire-
wound inductor, as well as in the ERL drivers and
CID/DRAM array Power dissipatedto generateand
drive the signal pullHC in the adiabatic mode is
small comparedto the power dissipatedin the clock
generatorandthe array [30].

In the staticmode the CLs aredrivenby anexternal
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Fig. 12. Probability density of the numberof active inputs for

the MIT CBCL face data (bottom) and correspondingexperimen-
tally measurechot clock waveforms (top). The nominal hot clock
frequeny is 13.7kHz. The peak-to-peakvoltageamplitudeis 3.3V
with 1.65V power supply

digital signalCLK throughCMOSinverters(only one
inverter is shavn for simplicity), with ERL drivers
functioning as static CMOS huffers, as shovn in
Fig. 13(a). In this mode the inductor is shortedand
thevalueof the supplyvoltageis increasedo 2V dd to
yield the samevoltageswing. The power in the static
modeis measured@sthe productof theaveragecurrent
throughthe CMOS invertersas shovn, multiplied by
the DC voltage 2V dd supplying this current. Pover
dissipatedo generateanddrive thesignalCLK in the
static mode is similar to that for the signal pullH C
in the adiabaticmode. Both are small and thus are
omitted from the comparatie analysis.

Fig. 13(b) shavs enegy consumptiorper computa-
tion of the CID/DRAM arrayin the static mode and
in the adiabaticmode as a function of the number
of active inputs (humberof logic-one bits in the in-
put vector). Theoretical simulatedand experimentally
measuredresults are plotted. The experimentaldata
were measureditilizing the testing setupdepictedin
Fig. 13(a).In the static mode,as expectedthe enegy
consumptionper computationis a linear function of
the total capacitanceof active CLs. In the adiabatic
mode, the enegy consumptionper computationis a
non-monotonidunction of the the total capacitancef
active CLs matchingthat describedby Eqn. (5) and

shawvn in Figs.6(a) and7.

The probability density distribution of the number
of active inputsfor theMIT CBCL facedatasetis also
shawvn in Fig. 13(b). For the MIT CBCL facedataset
theadiabatigorocessoyields experimentallymeasured
computationaknengy ef ciency of 480 GMACS/mW
This numberis obtainedby multiplying the measured
enegy efciency of the array by the corresponding
MIT CBCL facedataprobability densityfunction for
eachnumberof active inputs and adding the results
together For the samedata, the processotyields en-
ergy efciency of 19 GMACS/mW when con gured
in the static mode. This correspondsto a 25-fold
improvementin enegy ef ciency. The processoiper
forms 128 256 binary multiply-and-accumulatep-
erationson eachof the four arrayscorrespondingo
1.8 GMACS computationathroughputat 13.7kHz hot
clock frequeng.

Contritutions of subthresholdleakage, junction
leakageor gatetunnelingto overall power dissipatedn
the array are insigni cant. Scalingthe designto deep
submicrontechnologiegnay requireadditionaldesign
considerationssuch as negative voltage gate biasing
andlow-voltagejunctionbiasing.ln generalcompared
to high-speedligital designs)ow power dissipationof
the array maintainslower temperatureof the die and
thus lower leakagecurrents.

Not includedin the MAC arrayandsupplygenerator
power is the power dissipatedin the ADCs, and
otherperipheralfunctionssuchasshift registerswhich
can be efciently implementedusing corventional
digital adiabaticdesigntechniquesThe bank of 512
ADCs [21] including non-adiabaticclock generators
measuress.3mW of power dissipationfrom a 3.3V
supply at 15kHz parallel samplerate. Even though
this ADC designyields adequateenegy ef ciency of
3.2 pJ per sampleper quantizationlevel, this power
level is ordersof magnitudelarger than that of the
adiabatic array and resonantsupply In the present
prototype the ADCs were included for corvenience
of characterizationFor applicationsrequiring quan-
tized outputs,the challengeis to extend the mixed-
signal adiabaticVMM principle to implementadia-
batic analog-to-digitalcorversion. Possibledirections
for adiabatic ADC design are chage-redistrilution
ADCs [32] or chage-basedolding ADCs [33]. Other
applicationsin pattern classi cation, such as vector
guantizationor nearesneighborclassi cation,call for
winnertake-all (WTA) or rank-orderedselection of
best template matches.WTA selectionis ef ciently
implementedusing a cascadeof comparators,and
potentially adiabaticallyimplementedin the chage
domain[34].
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Fig. 13. (a) Experimentalsetupfor measuringsupply current,and correspondingoower consumptiorof the arrayin adiabaticand static

modes.(b) Theoretical,simulatedand experimentallymeasurecenegy consumptionper computationcycle of the array as a function of
input datastatisticsin the adiabaticmodeandin the static mode.The MIT CBCL facedatasetstatisticsare shavn in gray

The measuredadiabaticVMM processoicharacter
istics are summarizedn Tablel.

VI. CONCLUSION

We have showvn that an array of simple multiply-
and-accumulatecells, consisting of chage-coupled
transistorpairs, constitutesa virtually losslesscapac-
itive load to a resonanthot clock generator lead-
ing to signi cant (25-fold) savings in enegy ef-
cieng/ over a lossy driven systemwhere adiabatic
line drivers are replacedwith CMOS logic drivers.
The 4mm 4mm, 512 256-cell array in 0.35- m

CMOS delivers 480 GMACS (4:8 10! muiltiply-
and-accumulateper second)or every mW of power.

Minimum enepy dissipationrequiredow-resistance
line drivers,but doesnot requirelow-resistanceswitch-
ing in theresonansupplyfor areasonablyhapedliow
duty cycle clock signal.Minimum enegy alsorequires
minimum variability in the capacitve load, which is
ensuredowing to the statisticsof inputs controlling
chagetransferin a large array of MAC cells.

The adiabatic array and resonantsupply genera-
tor was embeddedin a vectormatrix multiplication
processoand demonstratean a face detectiontask,
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TABLE |
MEASURED CHARACTERISTICS

CID/DRAM Cell Area
CID/DRAM Cell Count

Array Enegy Ef ciency

0.35 m CMOS
1.65V
4 4 mm?
2.7 1.8mn?
9.9 36 m?
131,072
1.8 GMACS at 13.7kHz
19 GMACS/mW Static mode
480 GMACS/mW Adiabatic mode
8 bits
1 LSB for 97% of columns

Technology
Supply Voltage
Die Area
Array Area

Throughput

OutputResolution
Columnmismatch

with stored coefcients obtainedby off-line training
overexampledata.Furtherresearchs directedtowards
implementing ADC quantizationor WTA selection
in the adiabatic domain [33], [34] for a complete
adiabatic mixed-signal system-on-chip.Applications
includepatternrecognition[22], datacompressiofi23]
and CDMA matched lters [26].
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