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Abstract— A resonantadiabatic mixed-signalVLSI ar-
ray delivers 480 GMACS (109 multiply-and-accumulates
per second)thr oughput for every mW of power, a 25-fold
impr ovement over the energy ef�ciency obtained when
resonant clock generator and line dri vers are replaced
with static CMOS dri vers. 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 energy
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 dri ven 256� 512 array of 3-T charge-
conserving multiply-accumulate cells is embedded in 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.

I . INTRODUCTION

L OW power dissipationis a critical objective in
thedesignof portableandimplantablemicrosys-

temssupportingthe useof a miniaturebatterypower
supply, wirelesspower harvesting,or otherlow-energy
power sources.Typical power budgetsare in the low
milliw atts for wearabledevices and low microwatts
for implantablesystems.Despitethe shrinkingpower
budgets,thereis ever morea needfor high throughput
computing and embeddedsignal processing.Future
generationsof wearableand implantabledevices call
for the integration of complex signal extraction and
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coding functions along with sensingand communi-
cation.Portablereal-timepatternrecognitionsystems,
suchas wearablefacedetectionand recognitionsys-
tems for the blind, are examples of such applica-
tions.The energy ef�ciency, de�ned ascomputational
throughputper unit power (or, equivalently, the recip-
rocal of the energy per unit computation),thus has
to be maximized.In this work the adiabaticcharge-
recycling principle is appliedto mixed-signalcharge-
basedcomputing to decreasepower dissipationbe-
yond f CVdd2, while high computationalthroughout
is maintainedby employing an array-basedparallel
computingarchitecture.

Whena CMOSinverter, in Fig. 1(a),chargesa load
capacitanceC to voltageV dd, the total energy taken
from the voltagesupply sourceis CV dd2. Half of it
is usedto chargeC, andtheotherhalf is dissipatedin
the pull-up network. When the output is driven low,
thepull-down network dischargestheenergy storedin
C, 1

2 CV dd2, to ground.Theresistancesof thepull-up
andpull-down networks affect the minimum charging
and discharging times, but not the dynamic energy
dissipated.The dynamic energy dissipation can be
loweredby reducingsupplyvoltage,load capacitance,
or both.

Dynamicenergy dissipationhasa quadraticdepen-
denceon thesupplyvoltage.This makesthereduction
of supply voltagesthe most effective way to reduce
dynamicenergy dissipation.Dynamic voltagescaling
has becomea standardapproachfor reducingpower
dissipation when performancerequirementsvary in
time. In modernprocessorsthe voltageandfrequency
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 energy consumptionbasedon the
workloadof eachcircuit block hasbeenreported[2].
Subthresholdcircuits operatewith the supply voltage
below the threshold voltage of devices to further
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Fig. 1. Dynamicdissipationandresonantadiabaticenergy recovery.
(a) CMOS logic modeledas inverter driving a capacitive load; (b)
CMOS dynamic logic equivalent; (c) Adiabatic logic modeledas
transmissiongatedriving a capacitive loadfrom a `hot clock' VH C ;
and (d) Adiabatic mixed-signalmultiply-accumulation(MAC). A
single cell in the MAC array is shown, with the charge-coupled
MOS pair comprisinga variablecapacitive load.

reduce dynamic energy dissipation.A subthreshold
static random accessmemory (SRAM) [3] and fast
Fourier transform(FFT) processor[4] have recently
beenreportedwith optimalsupplyvoltagesof 300mV
and 350 mV respectively. By applying forward body
biasthethresholdvoltagecanbeshiftedlower to allow
further voltagescalingand thusenergy reduction[5].

The dynamicenergy dissipationis reducedlinearly
with the load capacitance.If the speedis not critical,
minimum device sizing reducesthe capacitanceat the
costof non-optimalpropagationdelaytimes.Dynamic
logic, in Fig. 1(b), can be usedto eliminatemost of
the PMOS capacitance.Finally, capacitancecan be
loweredby migratingto anew technologyprocesswith
smallerminimum featuresizeat the costof increased
staticpower dissipationdue to transistorleakage.

As opposed to static or dynamic CMOS logic
drivers,adiabaticdriversslowly rampthe supplyvolt-
agefrom 0 V during the pull-up phaseto reducethe

voltagedrop acrossthe pull-up network. The voltage
drop is madearbitrarily small by keeping the ramp
periodsuf�ciently longerthanthetime constantof the
driver [6]. Generationof the ramp signal implies that
power dissipationis reducedat the systemlevel, not
only thegatelevel. For long rampperiods,thevoltage
acrossC is approximatelyequal to the supply ramp
voltageand the energy taken from the voltagesource
is 1

2 CV dd2, the minimum required to charge C to
V dd. In general,a linearincreasein therampcharging
time results in a linear decreasein the voltage drop
acrossthe pull-up network, andthusa linear decrease
in dynamicenergy dissipation.In thepull-down phase
the energy stored on C is slowly discharged back
into the supply voltage source by slowly ramping
V dd back to 0 V, again keeping resistive lossesat
a minimum. A number of adiabatic logic families
utilizing voltagerampshave beendevelopedsuchas
adiabaticdynamiclogic (ADL) [7], ef�cient chargere-
covery logic (ECRL) (2N2P) logic [8], pass-transistor
adiabatic logic (PAL) [9], clocked adiabatic logic
(CAL) [10], and true single-phaseenergy-recovery
logic (TSEL) [11].

Generatingideal linear voltage ramps to provide
constant charging and discharging currents incurs
powerdissipationin thesupplygenerator, defeatingthe
savings by adiabaticenergy recovery. An oscillatory
waveform, or hot clock (HC), from a resonatoris
typically usedinstead[6]–[8], [12], [13]. Theincreased
energy dissipationin the pull-up network, due to the
non-optimalsinusoidalshape[6], is offset by the low
energy dissipationandsimplicity of resonanthot clock
generation.Resonantadiabaticcomputing,in Fig. 1(c),
recycles energy in an oscillating LC tank where the
totalon-chiploadcapacitance,C, is utilizedasthetank
capacitor. The inductorcanbe implementedexternally
or canbedistributedover thechip [14]. In eachperiod,
thechargestoredonC is shiftedbackinto theinductor
and is reusedin subsequentcomputations,decreasing
the dynamic energy dissipatedwell below CV dd2.
In principle, dynamic energy consumptionper unit
computationin adiabaticcircuitsapproacheszerowith
increasingoscillation period. In practice,the energy
gain is limited by resistive lossesin the tank andvari-
ability of load capacitance,which dependson signal
activity. Resonantadiabaticarithmeticunits [13], [15],
[16] andline drivers[17], [18] havebeenreportedwith
up to seven-foldenergy ef�ciency gainsover theirnon-
adiabaticmode.

Someexisting adiabaticdigital circuits rely on re-
versible logic [19] to minimize non-adiabaticenergy
losses [20]. Fully adiabatic circuits [19] require a
backward path, where computationsare reversed,to
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recover the energy. The needto reverseinformation
�o w placesgreatconstraintsonwhatcanbecomputed.
For example,anAND gaterequiresanauxiliaryoutput
in order to make the architecturereversible.

Instead of implementing digital adiabatic logic,
we perform reversiblecomputingadiabaticallyin the
mixed-signaldomain[18]. Reversibility is inherentto
thereversalof charge�o w betweentwo coupledMOS
transistors,shown in Fig. 1(d). TransistorsM1 and
M2 comprisea charge-injectiondevice (CID) which
performs a one-bit multiply-and-accumulate(MAC)
operationas detailedin SectionII. To maintainhigh
computationalthroughput,the mixed-signaladiabatic
computingis performedon a charge-modearray[21],
[22]. This work demonstratesthat simple adiabatic
techniquessuchasa resonantsingle-phaseclock gen-
erator can be utilized effectively in parallel signal
processingapplicationswherearraypower 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 energy
ef�ciency with high accuracy [23], parallel analog
processorsoften allow for further increasesin inte-
grationdensity, computationalthroughput,andenergy
ef�ciency at the expenseof reducedaccuracy [24]–
[26]. High integrationdensityis achieved by compact
analogcircuits suchas thoseoperatingin charge do-
main.Computationalthroughputis enhancedby larger
dimensionsof computing arrays with compactcells
and by the low-cost natureof someof analogopera-
tions suchas zero-latency addition in charge domain.
Energy ef�ciency is increasedas clocking is reduced
or performedadiabaticallyas in the caseof the pre-
sentedarchitecture.Lower accuracy of computationis
a resultof non-idealitiesof analogcomponentssuchas
inherentnon-linearityandmismatchesandis typically
only weakly dependenton the dissipatedpower for a
given implementation.A detailedquantitative analysis
of the analog-versus-digitaltrade-off is given in [27].
In targetedapplicationssuchaspatternrecognitionand
dataclassi�cation a modestaccuracy of under8 bits
is often suf�cient.

The charge-modecomputingarray presentedhere
is embeddedin a processorwhich performsgeneral
purposevector-matrixmultiplication(VMM), thecom-
putationalcoreof any template-matchinglinear trans-
form. The combinationof resonantpower generation
andmixed-signaladiabaticcomputingon a massively
parallel charge-modearray yields a 25-fold gain in
energy ef�ciency relative to the samearray operated
with staticCMOS logic line drivers.

The paper is organizedas follows. Section II de-

scribes the architectureand circuit implementation
of the charge-modetemplate-matchingarray. In Sec-
tion III, a resonantadiabaticclock generatoris in-
troducedin order to achieve high energy ef�ciency
of the array-basedcomputation.Limitations of the
resonantclock generatorareformulatedandanalyzed.
Section IV describesthe circuits and VLSI imple-
mentationof theresonantadiabaticcharge-modearray
processorovercoming these limitations. Section V
presentsexperimentalresultsfrom the adiabaticarray
processorprototypedin 0.35-� m CMOS technology,
andSectionVI concludeswith �nal remarks.

I I . CHARGE-MODE TEMPLATE-MATCHING ARRAY

The charge-mode array supports general analog
multiplicationof a digital matrix by a digital vector, by
using reversiblecharge �o w betweencoupledtransis-
tors[21], [28], [29]. As shown in Figure1(d),eachcell
in the arrayperformsa multiply-accumulation(MAC)
operationby selectively transferringcharge between
two charge-coupledtransistorsM1 andM2, wherethe
gateof the�rst transistorM1 connectsto theinput line,
and the gateof the secondtransistorM2 connectsto
the output line. HenceM1 implementsmultiplication
by selectively performingor notperformingthecharge
transfer, and M2 implements the accumulationby
capacitive coupling onto the output line. The charge
transferis non-destructive,andthereforethecomputa-
tion performedis intrinsically reversible,returningthe
transferredcharge after deactivation of the input. The
adiabaticmixed-signalprincipleoutlinedhereexploits
thelosslessnatureof reversiblecharge�o w in anarray
of MAC cells, with inputs suppliedby adiabaticline
drivers from a hot clock supply. The multiplication
andaccumulationareperformedin parallelin a single
cycle of the resonantclock, with the energy recycled
upon recovery of the charge at the end of the cy-
cle [22].

The resonantgeneratoris critical in achieving high
energetic ef�ciency, and is describedin SectionIII.

A. Array Architecture and Circuit Implementation

The array performs general-purposevector-matrix
multiplication (VMM), the computationalcore of a
variety of linear transformbasedalgorithmsin signal
processingandpatternrecognition.The VMM opera-
tion is de�ned as:

Ym = W m � X =
N � 1X

n =0

Wmn X n (1)

with N -dimensionalinput vector X , M -dimensional
output vector Y , and M � N matrix elementsW .
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Fig. 2. Array processorarchitecture(left), circuit diagramof CID computationalcell with integratedDRAM storage(right, top), and
charge transferdiagramfor active write andcomputeoperations(right, bottom).A 1-bit binary dataexampleis shown.

Fig. 2(left) depictsasimpli�ed architectureof thearray
processorfor one-bit binary input vector and matrix
coef�cients, and matrix dimensionsof M = N =
4 [22]. The analog array is interfaced with a bank
of on-chip row-parallel analog-to-digital converters
(ADCs) to provide convenient digital outputs as
neededin someapplicationsas well as in the array
experimentaltestinganddemonstration.

Theunit cell in theanalogarrayshown in Fig. 2(top,
right) combinesa charge injection device (CID) com-
putationalelement[28], [29] with a DRAM storage
element[21]. During the write operationthe data to
be storedis broadcaston the vertical bit-lines (BLs),
which extendacrossthe array. A row to be written to
is selectedby activating its word-line (WL) turning
transistor M3 on (e.g., the secondrow in Fig. 2).
The output match-line (ML) is held at Vdd during
the write phasecreating a potential well under the
gateof transistorM2. This potentialwell is �lled with
electronsor emptied dependingon whether the BL
is logic-one or logic-zero respectively. Logic-one on
BLs correspondsto 0V, while logic-zerocorresponds
to Vdd. During the computeoperation,the input data
is broadcaston the compute-lines(CLs) while MLs,
previously precharged to Vdd, are now left �oating.
Logic-oneCL bit correspondsto voltage2Vdd, while
logic-zero correspondsto 0V. Each cell performs a
one-quadrantbinary-binarymultiplicationof its stored
logic value and its CL logic value. An active charge
transferfrom M2 to M1 can occur only if there is a
non-zerocharge stored(e.g., �rst, second,and third

cells in the secondrow in Fig. 2), andif the potential
on the gate of M1 rises above that of M2, to 2Vdd
(e.g., second,third, and fourth columnsin Fig. 2). In
this case,the high-impedancegateof M2 couplesto
its channeland raisesabove Vdd by a �x ed voltage
dependingon the charge and capacitanceof M2 and
thenumberof active cells in 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, correspondingto
theoutputof thesecondrow equalto two in Fig. 2). In
the numericalexamplegiven in 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,thecell performsnon-destructive computa-
tion sincethe transferredcharge is sensedcapacitively
on the MLs. Once computation is performed, the
chargeis shiftedbackfrom M1 into theDRAM storage
transistorM2. Capacitive coupling of all cells in a
single row into a single ML implementszero-latency
analogaccumulationalongeachrow. An arrayof cells
thusperformsanalogmultiplicationof a binarymatrix
with a binary vector. The architectureeasily extends
to multi-bit data[21].

B. Accuracy and Power Considerations

Sizingof transistorsin thecell is of importance.The
switch transistorM3 is of minimum sizeasneededto
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lower its parasitic capacitanceand charge injection.
TransistorM2 is 30 times larger thanM3 in order to
avoid DRAM soft errors,as dictatedby the DRAM
BL capacitanceand by subthresholdleakagein the
storagecell. TransistorM1 is sizedsuchthattheoutput
dynamicrangeof the arrayis large yielding suf�cient
noise margins. It can be shown that the voltage on
MLs is a monotonicallyincreasingsaturatingfunction
of theareaof transistorM1. Theareaof M1 is chosen
to be 50 percentof that of M2. Increasingthe area
of M1 beyond this value doesnot yield a substantial
increasein the dynamicrangebut reducesthe density
of thearrayandtheresonantfrequency of theLC tank.

When the computationalarray is integrated with
high-speeddigital CMOS circuits on the samechip,
excessive interferencedue to crosstalkmay affect the
operationof charge-modecells. The resulting noise
may be correlatedfor many cells andthusmay not be
averagedout during row-wiseaccumulation.Oneway
to remove theeffect of interferenceis by utilizing one
row in the array as a referencerow. This dedicated
row has all logic-zero bits stored in it and has the
sameinputs as all the other rows. The output of the
referencerow is subtractedfrom outputsof all rows
in a differentialfashionin digital domainrejectingany
common-modesignals.

Most of the power in the computationalarray is
dissipated on driving CLs. If CLs are driven by
conventional CMOS inverters, the power dissipated
in the array is proportional to the frequency, array
capacitanceand the squareof the supply voltage.As
describedin SectionI, this power is lost andcannotbe
recovered.To reducetheenergy dissipatedin thearray,
insteadof beingdrivenby CMOSinverters,all CLsare
selectively coupledto an off-chip inductor such that
the energy neededfor computingcanbe adiabatically
recycled by meansof resonance,asdescribednext.

I I I . RESONANT POWER GENERATION

The array capacitancetogether with an external
inductor form an LC resonator, driven by an external
clock CLK at resonancefrequency to generatethehot
clock power supply waveform VH C (t) in Fig. 1(d).
Resistive lossesin the adiabatic line drivers of the
charge-modearrayareminimizedby keepinghot clock
oscillation frequency suf�ciently low. High compu-
tational throughput is neverthelessmaintainedby a
�ne-grain parallel architectureof the processor. The
massive parallelism also allows to maintain the on-
chip load capacitanceat or nearits meanvalue,tuned
at resonancewherethe energy dissipationin the tank
is lowest.

PSfragreplacements

V VH C (t)

R

RL RC

RS

L

S

C

VH C (t)
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pullHC

0 T

VH C (T )

t

Fig. 3. Lossy LC oscillator and switch with �x ed load capaci-
tanceC.

The ef�ciency of resonantpower generationis thus
limited by resistive lossesin the tank and variability
of on-chip load capacitance.Eachof theselimitations
is analyzednext.

A. Tank ResistiveLosses

A simplemodelof a constant-capacitanceLC oscil-
lator usedto generatethe hot clock voltage,VH C (t),
is shown as an RLC circuit in Fig. 3, whereC is the
load capacitanceimplied by the charge-modearray,
L is the tank inductor, and R representsparasitic
resistive lossesin the tank. The tank resistanceR =
RL + RC decomposesinto two contributions:parasitic
resistancein the inductor RL due its �nite quality
factor QL = ! L=RL ; and parasiticresistancein the
capacitorRC accountingfor non-zeroon-resistanceof
theadiabaticline driversrepresentedby the IN switch
in Fig. 1(d).TheparasiticshuntresistanceRS accounts
for non-zeroon-resistanceof the switch S, whenit is
activated.TheswitchS is usedto initiate andmaintain
oscillationsby periodically discharging C to ground.
It is activated by a narrow pulse pullHC. The step
responseof theRLCcircuit with smalldampingfactor
(in the limit for small R) is of the form:

VH C (t) = V
�
1 � e� R

2L t cos
�

1
p

LC
t
��

: (2)

Switch S dissipatesenergy if the voltage acrossthe
capacitoris non-zerowhenit goesactive. This energy
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is minimizedby pulsingpullHC at the minima of the
LC tank voltage,and thus at the resonantfrequency
f = (2�

p
LC ) � 1, asshown in Fig. 3 for T = 1=f .

Resistive lossesin R causeminima of the voltage
VH C (T ) at the next pullHC pulse to be non-zeroas
describedby the exponentialenvelope:

VH C (T ) = V
�

1 � e� � R
p

C
L

�
:

Assuminga constantvalueof C, the dynamicenergy,
1
2 CV 2

H C (T ), dissipatedin eachcomputationcycle is
thusgiven by:

E jC = const =
1
2

C
h
V

�
1 � e� � R

p
C
L

�i 2
: (3)

The choice of a minimum capacitancevalue is ob-
vious. As for inductance,in theory, for a given load
capacitanceC, the dynamicenergy dissipationcanbe
madearbitrarily small by increasingL as is evident
from (3). In practice,the dynamicenergy dissipation
asymptoticallyapproachesa �nite value, determined
by the quality of the inductor, as the parasiticresis-
tanceof a wire-wound inductorRL /

p
L dominates

the total resistanceR for largeL . 1 ThusincreasingL
beyondacertainlevel maynotbejusti�able asit yields
diminishing reductionin energy dissipationas shown
in Fig. 4 but resultsin a lower oscillation frequency
andthus lower throughput.

B. Switch Resistanceand PulseWidth

Theshuntresistanceof theswitchRS , to �rst order,
does not contribute lossesand does not affect the
ef�ciency of the hot clock supplygenerator, provided
thatRS is suf�ciently small.During thedurationof the
pullHC pulse, the load capacitanceC is discharged

1For an integrated, spiral-wound inductor, the dynamic energy
dissipationincreasesfor large L .
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Fig. 5. LosslessLC oscillator and switch with variable load
capacitanceC.

through the series resistor combination RC + RS .
Incompletesettlingin this RC network implies incom-
plete compensationof the exponential decay in the
sinusoidalhot clock waveform, leading to a reduced
amplitude hot clock and further resistive losses.A
suf�ciently small value of RC + RS , and suf�ciently
large pulsedurationpullHC ensuresthat VH C settles
closeto zero.

As the sine wave of VH C (t) is approximately
quadratic around its minima, the energy in (3) is
insensitive to thepulsewidth variationof pullHC near
its minima. This allows for a relatively large pulse
width resultingin smallenergy losses.For largerpulse
widths, the current through the inductor signi�cantly
affects the resonantclock waveform which extends
outside the 2Vdd interval and exerts extra energy
losses[30].

C. Load CapacitanceVariability

A simplemodelof a variable-capacitanceLC oscil-
lator is shown in Fig. 5, whereC hasa meanvalue
of bC, andresistive lossesasmodeledin SectionIII-A
arehereassumedzerofor simplicity. SignalpullHC is
pulsedat the LC tank mean-capacitanceresonantfre-
quency f = (2�

p
L bC) � 1. However the instantaneous

LC tankresonantfrequency, (2�
p

LC ) � 1, dependson
the load capacitanceC, causingthe pulsepullHC ac-
tivatingS to misstheminimaof theoscillationswhen
C deviates from bC as shown in Fig. 5. Substituting
t = T = 2�

p
L bC into (2) andignoringresistive losses

yields the instantaneousvoltageon C just beforeit is
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dischargedto groundby S:
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2

41 � cos

0
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Thedynamicenergy 1
2 CV 2

H C (T ) dissipatedeachcom-
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2
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is plotted in Fig. 6(a), along with the corresponding
hot clock waveformsin Fig. 6(b). WhenC = bC (case
K) or C = bC=4 (caseI), VH C (t) completesoneor two
full oscillation(s),respectively, beforepullHC is pulsed
sono energy is dissipatedin S. At theminimum point
with the widestconcavity region, the dynamicenergy
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Fig. 7. Increasingthe bypasscapacitorCB desensitizesdynamic
energy dissipationto C variation.

dissipationapproacheszeroas the load capacitanceC
approachesits mean bC (point K in Fig. 6).

Adding anexternalbypasscapacitor, CB , in parallel
with C increasesthe total load capacitanceto C +
CB . The addition of suf�ciently large CB attenuates
the effect of capacitive variations in the array on
oscillationfrequency andhenceenergy dissipation.In
theory, without resistive losses,suchoscillator would
always operateat its ideal point, point K in Fig. 6,
and dissipate zero energy. In practice, the energy
dissipationdueto bothresistive lossesandC variation
mustbe considered:

E =
1
2

C

0

@V

2

41 � e� � R
� �

C
L cos

0

@2�

s
bC
C

1

A

3

5

1

A

2

: (5)

As shown in Fig. 7, adding CB desensitizesthe
dynamicenergy dissipationto C variationat the cost
of increasingthe resistive energy dissipation.Thusan
externalcapacitorwasnot utilized in this design.

D. Parallel Architecture

As shown in SectionIII-A andin Fig. 4, theresistive
lossescanbereducedby increasinginductance,which
alsoreducesoscillationfrequency. In orderto maintain
high computationalthroughput,a parallelarray-based
architectureis neededto perform large numbersof
operationseach clock cycle. Furthermore,as shown
in SectionV, data-dependentload statisticsover large
numbersof inputs in the array allow to maintainthe
array load capacitanceat or neara constantvalue (at
point K in Fig. 6) with approximatelyhalf of all cells
active at any time. This minimizes dynamic losses
not only in the array, but also in the resonantclock
generatorasshown in SectionIII-C. Next, we present



8 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 42, NO. 11, NOVEMBER 2007

Vdd

A/D

Latch Latch

Latch

L

I/O I/O

Refresh

ERL
DRIVER

- +

Xn+1ERL
DRIVER

Xn

EN
ComputeCompute

Refresh
StoreStore

WL1

ML

BLBL

CLCL

Recycle
Charge

WL0

Vdd

Charge
Recycle

& Logic

Fig. 8. Circuit diagramof functionsperipheralto the cell including store, refresh andcharge-recycling adiabatic compute.

a massively-parallelarray�rst introducedin SectionII
that implementsmixed-signalresonantadiabaticcom-
putingover largenumbersof charge-coupledtransistor
pairsasshown in Figure1(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 impliedby variations
in input. As demonstratedfurther below, thesevaria-
tions are kept at a minimum by virtue of the parallel
natureof the computation.The architecture,circuits
and implementationof the processorare described
next.

A. Circuits

Fig. 8 shows theblock diagramof thearrayperiph-
eral functionswith signalpathsfor store, refresh, com-
pute and charge recyclefunctionsmarked [22]. Two
columns,n � th and(n + 1) � th, of the �rst row are
shown. Matrix coef�cients areloadedinto thedynamic
randomaccessmemory(DRAM) from a shift register
in the store phase.The CID/DRAM cells on folded
bit-lines (BLs) areperiodically refreshedafter several
compute cycles, alternating betweeneven and odd
columnswith separateword-lines(WLs). In the com-
putecycle the input data,X n , n = 0; ::; N � 1, enable
adiabaticenergy recovery logic (ERL) drivers [13].
They conditionally connectthe off-chip off-the-shelf
inductorto theon-chipcapacitanceof active compute-
lines (CLs) to enablecharge recycling through reso-
nance.

The capacitanceof all active CLs is utilized to per-
form adiabaticcomputingon thefull arrayasschemat-
ically shown in Fig. 9(a). The LC tank is replenished
with externalenergy from the DC voltagesourceVdd
by pulsingpullHC at theminimaof voltagewaveform
VH C (t). A doubleddynamic rangeof 2Vdd is thus
obtained.SignalpullHC alsoservesto synchronizethe
hot clock waveform to othercircuits in the processor.

The choice of the frequency of signal pullHC is
important. As discussedin Section III-C, variations
in the total CLs capacitancecausethe frequency of
tank oscillation to deviate from that of signalpullHC
f = 1=T resulting in additional energy losses.One
solutionto this problemis to usedifferentialcodingof
data,with complementaryinputs and complementary
storedcoef�cients. This ensuresthat exactly half of
all CLs areconnectedto the inductor. Thecapacitance
of eachCID/DRAM cell is approximatelyidentical,
regardlessof whetherchargeis storedasdeterminedby
the binary matrix elementvalue.This invarianceowes
to the fact that transistorM1 operateseither in strong
inversionor accumulationmode,with approximately
samegatecapacitance.Thus,by ensuringthat always
half of all CLs are active, the array capacitanceis
kept constant.This approach,however, requirestwice
the number of cells and thus doubles the silicon
area.Instead,we observe that in typical data,suchas
images,the probability of a binary coef�cient being
zero or one is approximatelyhalf for most of the
coef�cients. This implies that thenumberof logic-one
bits in the input vectoris typically approximatelyhalf.
In the CentralLimit, the numberof logic-onebits in
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an N -dimensionalbinary vector follows a binomial
distribution approximatedby a Gaussiandistribution
with meanN=2 andstandarddeviation

p
N . Hencethe

relative width of thedistribution tendsto zerofor large
N . This propertyof typical data is exploited here in
orderto minimizeenergy lossesin the LC tank dueto
arraycapacitancevariability asvalidatedin SectionV.
For applicationswhere many binary coef�cients are
non-Bernoulli,we have developeda simplestochastic
data modulation schemeto pseudo-randomizeinput
data with any statistics at the expenseof a small
modulationanddemodulationoverhead[31].

The circuit diagram of a modi�ed ERL driver is
shown in Fig. 9(b). Whenthe input vectorcomponent
bit, X n , is logic-one, the correspondingcompute-
line, CLn , is connectedto the inductor through a
passgate. A passgate is utilized in order to real-
ize an energy-ef�cient fully-adiabatic driver. As the
maximumvoltageon the inductor is 2Vdd, while the

logic-onelevel of X n is Vdd, a cross-coupledPMOS
transistorpair ensuresthat the passgateis turnedoff
completelywhenX n is low. High-voltagedevicesare
usedto accommodatethedoubleddynamicrange.The
signal pullHC is synchronizedwith the clocks for all
peripheralcircuits, generatedfrom the samemaster
clock. Tuning of the resonancecondition is achieved
either by tuning of the masterclock frequency, or by
adjustingthevalueof theexternalinductance.Integrat-
ing adaptivemechanismsfor tuningmayfurtherreduce
power dissipation,especiallyfor highly variabledata
or for off-the-shelf inductorswith a large spreadof
values,but with a potentiallysigni�cant overhead.

Thetransistorsizesshown in Figs.9(a)and9(b) are
determinedas follows. 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-
resistancein Figs. 9(a) and 9(b). The value of RS 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, and the capacitanceof its gateis small enough
to keep the energy neededto drive it small. In this
design,RS = 10
 and the gate capacitanceof the
switch is 270f F . To minimize resistive losses,RC

hasto be small, but thereis little bene�t in makingit
muchsmallerthanRS . The sizing shown in Fig. 9(b)
yieldstheaverageresistanceof thepassgatein anERL
driver of less than 5k
 . With approximatelyhalf of
the ERL driversactive for typical inputs (seebelow),
the correspondingvalue for RC is less than 10
 as
neededto balancelossesin RC andRS undersilicon
areaconstraints.

B. Implementation

The integratedprototypeof the mixed-signaladi-
abaticvector-matrix multiplication (VMM) processor
depictedin Fig. 10 occupies4� 4 mm2 in 0.35-� m
CMOS. The processorconsistsof four self-contained
cores.Eachcorecontains128� 256CID/DRAM com-
putational storageelements,a row-parallel bank of
128 8-bit �� algorithmicanalog-to-digitalconverters
(ADCs) [21], pipelined input shift registers, sense
ampli�ers, refresh logic, and scan-outlogic. All of
the supportingdigital clocks and control signalsare
generatedon thechip.Themodulararchitectureallows
the four cores to operate in 1� 4, 2� 2, and 4� 1
con�gurations to compute128� 1024, 256� 512, and
512� 256 dimensionalbinary vector-matrix products
respectively. This �e xibility is necessaryin 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 mm2 .

V. EXPERIMENTAL RESULTS

The processor functionality was validated in a
template-basedface detectionapplication.Real-time
detection of objects such as faceson a low-power
wearableplatform allows to implementminiaturevi-
sualaids for the blind. Template-basedpatternrecog-
nition is computationally expensive as it requires
matching of each input with a set of characteristic
templates.The parallel processingarchitecturelends
itself naturallyto suchanapplication.A patternrecog-
nition enginewas trainedoff-line on a face recogni-
tion dataset distributed by the Centerfor Biological
and ComputationalLearning (CBCL) at MIT. 2 The
classi�er wasthenprogrammedon the processorwith
visualtemplatesstoredin theCID/DRAM array. Inner-
productbasedsimilaritiesbetweeneachinput andall
templateswere computedon the array. Both inputs
and templatesare11� 11 pixel imagesegments.Ex-
perimentally, we validatedthat theprocessorproduces
classi�cationresultson anout-of-classtestsetthatare
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 theprocessor
aregiven in Fig. 11.

Fig. 12 shows typical statisticsof imagesfrom the
MIT CBCL facedataset.Mostof naturalsceneimages
have binary coef�cients which are equally probable
(Bernoulli distributed, P(0) = P(1) = 0:5). This

2http://cbcl.mit.edu/software-datasets/index.html

Fig. 11. Examplesof facesand non-facescorrectly classi�ed by
the prototypedVMM processorfrom a facedetectionexperiment.

implies that the sum of logic-one bits in a fragment
of a typical image(the sameas the numberof logic-
onebits) followsa normal(Gaussian)distribution with
low variance.Over95percentof 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 parametersbased
on an ideal normal distribution and mark the mean
and two standarddeviations spread,evaluatedover
the face data set. The correspondingexperimentally
measuredhot clock waveformsare shown on the top
of Fig. 12. The hot clock oscillatesat a frequency
determinedby the number of compute-lines(CLs)
connectedto theexternalinductorplusall theparasitic
capacitancein the hot clock path.The pullHC signal
frequency andits duty-cyclearetunedto coincidewith
the minima of the hot clock oscillations when half
of the inputs, X n , are active. As input datadeviates
from this mean,pullHC missesthe minimum voltage
point in discharging the tank capacitor, increasingthe
dynamicenergy dissipation.

Fig. 13(a)shows theexperimentalsetuputilized for
measuringpower consumptionof the array. The array
is con�gured to operatein one of the two modes,
adiabatic and static, for comparative purposes.DC
currentdeliveredby theDC power supplyis measured
in eachcase.In the adiabaticmode,eachactive CL
is driven by the hot clock through the passgate of
an energy recovery logic (ERL) driver. The product
of measuredaveragecurrent through the DC supply
and its voltage V dd representsthe total measured
power which includesthe lossesin the resonanttank
supplygenerator, implementedusinganexternalwire-
wound inductor, as well as in the ERL drivers and
CID/DRAM array. Power dissipatedto generateand
drive the signal pullH C in the adiabatic mode is
small comparedto the power dissipatedin the clock
generatorand the array [30].

In thestaticmode,theCLs aredrivenby anexternal
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digital signalCLK throughCMOSinverters(only one
inverter is shown for simplicity), with ERL drivers
functioning as static CMOS buffers, as shown in
Fig. 13(a). In this mode the inductor is shortedand
thevalueof thesupplyvoltageis increasedto 2Vdd to
yield the samevoltageswing.The power in the static
modeis measuredastheproductof theaveragecurrent
throughthe CMOS invertersas shown, multiplied by
the DC voltage 2V dd supplying this current.Power
dissipatedto 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 comparative analysis.

Fig. 13(b) shows energy consumptionper computa-
tion of the CID/DRAM array in the static modeand
in the adiabaticmode as a function of the number
of active inputs (numberof logic-one bits in the in-
put vector).Theoretical,simulatedandexperimentally
measuredresults are plotted. The experimentaldata
were measuredutilizing the testingsetupdepictedin
Fig. 13(a). In the staticmode,asexpectedthe energy
consumptionper computationis a linear function of
the total capacitanceof active CLs. In the adiabatic
mode, the energy consumptionper computationis a
non-monotonicfunctionof the the total capacitanceof
active CLs matchingthat describedby Eqn. (5) and

shown in Figs. 6(a) and7.
The probability density distribution of the number

of active inputsfor theMIT CBCL facedatasetis also
shown in Fig. 13(b).For the MIT CBCL facedataset
theadiabaticprocessoryieldsexperimentallymeasured
computationalenergy ef�ciency of 480 GMACS/mW.
This numberis obtainedby multiplying the measured
energy ef�ciency of the array by the corresponding
MIT CBCL facedataprobability densityfunction for
eachnumberof active inputs and adding the results
together. For the samedata,the processoryields en-
ergy ef�ciency of 19 GMACS/mW when con�gured
in the static mode. This correspondsto a 25-fold
improvementin energy ef�ciency. The processorper-
forms 128� 256 binary multiply-and-accumulateop-
erationson eachof the four arrayscorrespondingto
1.8GMACScomputationalthroughputat13.7kHz hot
clock frequency.

Contributions of subthreshold leakage, junction
leakageor gatetunnelingto overallpowerdissipatedin
the arrayare insigni�cant. Scalingthe designto deep
submicrontechnologiesmay requireadditionaldesign
considerationssuch as negative voltage gate biasing
andlow-voltagejunctionbiasing.In general,compared
to high-speeddigital designs,low power dissipationof
the array maintainslower temperatureof the die and
thus lower leakagecurrents.

Not includedin theMAC arrayandsupplygenerator
power is the power dissipated in the ADCs, and
otherperipheralfunctionssuchasshift registerswhich
can be ef�ciently implementedusing conventional
digital adiabaticdesigntechniques.The bank of 512
ADCs [21] including non-adiabaticclock generators
measures6.3mW of power dissipationfrom a 3.3V
supply, at 15kHz parallel samplerate. Even though
this ADC designyields adequateenergy ef�ciency of
3.2 pJ per sampleper quantizationlevel, this power
level is ordersof magnitudelarger than that of the
adiabaticarray and resonantsupply. In the present
prototype the ADCs were included for convenience
of characterization.For applicationsrequiring quan-
tized outputs, the challengeis to extend the mixed-
signal adiabaticVMM principle to implement adia-
batic analog-to-digitalconversion.Possibledirections
for adiabatic ADC design are charge-redistribution
ADCs [32] or charge-basedfolding ADCs [33]. Other
applicationsin pattern classi�cation, such as vector
quantizationor nearestneighborclassi�cation,call for
winner-take-all (WTA) or rank-orderedselection of
best templatematches.WTA selection is ef�ciently
implementedusing a cascadeof comparators,and
potentially adiabatically implementedin the charge
domain[34].
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The measuredadiabaticVMM processorcharacter-
istics aresummarizedin Table I.

VI . CONCLUSION

We have shown that an array of simple multiply-
and-accumulatecells, consisting of charge-coupled
transistorpairs, constitutesa virtually losslesscapac-
itive load to a resonanthot clock generator, lead-
ing to signi�cant (25-fold) savings in energy ef�-
ciency over a lossy driven system where 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 � 1011 multiply-
and-accumulatesper second)for every mW of power.

Minimum energy dissipationrequireslow-resistance
line drivers,but doesnot requirelow-resistanceswitch-
ing in theresonantsupplyfor a reasonablyshaped,low
duty cycle clock signal.Minimum energy alsorequires
minimum variability in the capacitive load, which is
ensuredowing to the statisticsof inputs controlling
charge transferin a large arrayof MAC cells.

The adiabatic array and resonantsupply genera-
tor was embeddedin a vector-matrix multiplication
processorand demonstratedon a facedetectiontask,
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TABLE I

MEASURED CHARACTERISTICS

Technology 0.35 � m CMOS
SupplyVoltage 1.65V

Die Area 4� 4 mm2

Array Area 2.7� 1.8 mm2

CID/DRAM Cell Area 9.9� 3.6 � m2

CID/DRAM Cell Count 131,072
Throughput 1.8 GMACS at 13.7 kHz

Array Energy Ef�ciency 19 GMACS/mWStaticmode
480 GMACS/mWAdiabaticmode

OutputResolution 8 bits
Columnmismatch � 1 LSB for 97% of columns

with storedcoef�cients obtainedby off-line training
overexampledata.Furtherresearchis directedtowards
implementing ADC quantizationor WTA selection
in the adiabatic domain [33], [34] for a complete
adiabatic mixed-signal system-on-chip.Applications
includepatternrecognition[22], datacompression[23]
andCDMA matched�lters [26].
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