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ABSTRACT
This paperproposesan energy-recovering (a.k.a.adiabatic) static
RAM with a novel driver that reducespower dissipationby effi-
ciently recoveringenergy from thebit/word line capacitors. Pow-
eredby asingle-phasesinusoidalpower-clock,ourSRAM delivers
readandwrite operationswith single-cycle latency. To that end,
a precharge-low schemeis employedalongwith a modifiedsense
amplifier designthat achieves high efficiency at differential volt-
agesnear ����� . A simplecontrolcircuit is usedto maintaindriver
operationin synchrony with thepower-clock waveform. Feedback
circuitry from the driver output to the control circuit ensuresthat
ourdriver remainsefficient, independent of theaccesspattern.

Our energy recovering SRAM functionscorrectlywhile achiev-
ing substantialenergy savingsoverawiderangeof supplyvoltages
and operatingfrequencies. Hspicesimulationsof a simple full-
customadiabatic256x256SRAM, that includestheenergy recov-
eringbit/word line drivers,thecell array, andthesenseamplifiers,
show over 2.6xenergy savingsat 3V, 300MHzin comparisonwith
its conventional counterpart.

Categoriesand SubjectDescriptors
B.3.1 [Memory Structur es]: Semiconductor Memories—Static
memory (SRAM)

GeneralTerms
Design,Performance

Keywords
Adiabaticcircuitry, chargerecovery, cachememories,on-chipmem-
ories,low-energy design,low-powercomputing.

1. INTRODUCTION
StaticRAMs areusedextensively in modernprocessorsason-

chip memoriesdueto their largestoragedensityandsmall access
latency. Low power on-chipmemorieshave becomethe topic of
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substantialresearchas they can accountfor almosthalf of total
CPUdissipation,evenfor extremelypower-efficientdesigns[1].

Energy recovery is a particularlyattractive approachto the re-
ductionof power dissipationin high-densitymemorieswith large
switching capacitance. Energy recovery schemesreduceenergy
dissipationby limiting voltagedifferencesacrossconductingde-
vices and by recovering chargesfrom the load capacitors. This
controlled mode of operationis typically accomplished through
thecoordinationof time-varyingvoltagewaveforms,calledpower-
clocks. Previous energy recovery approaches for staticmemories
achieved considerableenergy savings over conventional SRAMs
[2, 3, 4, 5, 6, 7, 8]. Theseschemesrequiredmultiple-phasepower-
clocks,however, andexperienced avarietyof drawbacks,including
relatively low operatingfrequencies,longlatencies,non-trivial area
overheads,andaccess-patterndependent energy savings.

In this paper, we proposea novel energy recoveringstaticRAM
that achieves substantialenergy savings. With its fast operation
andlow overhead, our memoryis suitablefor on-chipcaches. In
particular, our SRAM providessingle-cycle latency readandwrite
operations,if decodingis pipelined,while avoiding theshortcom-
ingsof previousenergy recoveringapproaches. It is poweredby a
single-phasesinusoidalpower-clock to minimizepower-clockgen-
eratordissipation,couplingnoise,andareaoverhead.

The main featureof our SRAM is an energy recovering driver
that reclaimsenergy from the capacitorsof the bit/word lines. A
small control circuit embedded to the driver keepsits operation
in synchrony with the power-clock. Throughthe useof feedback
from the driver output to the control circuit, the operationof our
driver remainsefficient, independent of the operationsequence.
To provide single-cycle readwith a single-phasepower-clock, a
precharge-low schemeis employed in conjunctionwith a current-
modesenseamplifier that is modified to operateefficiently near����� . With theexceptionof theenergy recoveringdriversandthe
modified senseamplifiers, the structureof our static memory is
identicalto thatof conventional SRAMs.

In Hspicesimulationsof a 256x256SRAM in 0.35� m TSMC
process,ourenergy recovering memoryachievesenergy savingsin
excess of 2.6x in comparisonwith a conventional counterpartat
3V, 300MHz. Our SRAM functionscorrectlyover a wide range
of supplyvoltagesandoperatingfrequencies.Maximumoperating
frequency rangesfrom 1MHz at0.7V to over500MHzat2.75V.

The remainderof this paperhasfour sections. Section2 de-
scribesthe energy recovering driver of our SRAM. The architec-
ture and operationof our energy recovering SRAM is explained
in Section3. Hspicesimulationresultsarepresentedin Section4.
Section5 concludeswith asummaryof ourcontributionandongo-
ing research.



2. ENERGY RECOVERING DRIVER
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Figure1: Core structur eof energy recovering dri ver.

Figure1 shows the coreorganizationof our energy recovering
driver. Thedriver is composedof atransmissiongatethatdrivesthe
loadin anenergy recoveringmannerandcontrolcircuitry thatsyn-
chronizesdriver operationwith a single-phasesinusoidalpower-
clockPC.

The transmissiongateenablesthe correctoperationof our en-
ergy recovering driver over a wide rangeof supply voltagesand
operatingfrequencies.Thebuffersdriving thelargePMOSdevice
arecarefullyratioedto minimizethepotentiallylargepower dissi-
pationassociatedwith driving heavy loads. An alternative to the
transmission gatewould have beenbootstrappedNMOS,asin [3].
Thisapproachwouldhaveyieldedlowerdissipationthanthetrans-
missiongateby enablingtheuseof smallerbuffers. Theresulting
driver would operatecorrectlyonly over a narrow rangeof supply
voltagesandoperatingfrequencies,however, sincethebootcapac-
itance,on which thecorrectoperationof thebootstrappedNMOS
depends,varieswith timeandsupplyvoltage[9].
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Figure 2: Various output waveforms of energy recovering
dri ver with (a) full gradual transition, (b) partial gradual tran-
sition, and (c) abrupt transition. Power-clocksare denotedby
dotted linesand dri ver outputs aredenotedby solid lines.

Theenergy efficiency andthemaximumoperatingfrequency of
anenergy recoveringdriversuchasoursdependonthetiming of its
operationwith respectto thepower-clock. Accordingly, energy ef-
ficiency canbetradedoff for speedby appropriatelycontrollingthe
on-timeof thedriver. Thedriveroutputin Figure2(a)resultswhen
the driver is turnedon for the entire power-clock period, allow-
ing the outputto track the graduallychangingpower-clock wave-
form. This approachis usedin mostof previous energy recover-
ing drivers andyields high energy efficiency, sincedriver output
changessmoothlythroughout. It inevitably resultsin the lowest
operatingfrequency, however, due to the short stay of the driver
outputat thepeakvalue.

The result of turning the driver on only at the peaks(positive
or negative) of thepower-clock waveformis shown in Figure2(c).
This modeof operationyields maximumspeed,sincethe driver
outputstaysat its peakvaluefor aboutahalf clockcycle. It alsore-
sultsin thelowestenergy efficiency, however, dueto theabruptness
of theoutputtransitions.

Ourdriveroperatesatanintermediateconditionwith partialgrad-
ual transitions,shown in 2(b), resultingin bothhigh efficiency and
high speed. Anotheradvantage of our partial approachover full
gradualtransitionis thatthedriveroutputdoesnotneedto bepulled
down to ����� aftereachoperation.Consequently, unlike otheren-
ergy recoveringdrivers,ourdriverdoesnotdissipateenergy during
consecutive operationsof thesamekind. asevidencedby our sim-
ulationresultsin Section4.
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Figure 3: Synchronizing circuitry and associatedwaveforms
for the dri ver’s (a) pull up and (b) pull down control.

Figure3 showstheschematicsandwaveformsof thecontrolcir-
cuitry for thePMOSandNMOS devicesof the transmissiongate.
Thecontrolcircuitry resemblesa Schmitttriggerandreturnssharp
transitionsfrom slow power-clock transitions.Thetransitionpoint
with respectto the power-clock and the pulsewidth canbe con-
trolled by ratioing the transistorsof thefirst inverterandthestand
alonePMOS(for pull-up control) or NMOS (for pull-down con-
trol) in a way similar to theoneshown for CMOSSchmitttriggers
in [10]. The signalsch anddch selectively enablethe control
circuitry, minimizing idle power dissipation.As evidenced by our
simulationsin Section4, thesimplestructureof our driver ensures
correctoperationof ourSRAM for abroadrangeof supplyvoltages
andoperatingfrequencies.

As thesupplyvoltagechanges, thedelaythroughdifferentpaths
changes non-linearlycausingvariancein timing of thecontrolsig-
nals.SincethePMOSandNMOScontrolsignalsmuststayin syn-
chrony with thepower-clockdespitechangesin thesupplyvoltage,
thecontrolcircuit mustbetolerantto thevariancein thetiming of
thedriver control signals.Figure4 shows the timing of thedriver
control signalsch anddch for correctdriver operation. Signifi-
cantvariancein the timing of thecontrol signalscanbe tolerated,
making it possiblefor the driver to operatecorrectlyover a wide
rangeof supplyvoltages.
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Figure 4: Timing margin for control signalsch and dch. For
correct dri ver operation, thesesignalsmust cover the intervals
betweenthe closedcircles. To prevent faulty operation, they
shouldnot beassertedbeyond the opencircles.
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Figure 5: Completestructur e of energy recovering dri ver with
feedback.

The driver core in Figure 1 dissipatesunnecessarilywhen the
driver performsthe samefunction in consecutive cycles. In such
cases,theinternalnodesandbufferstagesdissipateenergyalthough
thedriver outputstaysthesame.Thedissipationof internalnodes
canbeminimizedby addingfeedback circuitry thatpreventstheir
unnecessaryswitching.Figure5 showsourcompleteenergy recov-
ering driver with the feedbackpath. Two multiplexors selectively
passthe pull-up and pull-down control signalsto the driver and
holdthetransmissiongateoff if theoperationis notnecessary. Due
to this feedback,the energy efficiency of our driver doesnot suf-
fer from the operationsequencedependency that previous energy
recoveringmemorieshaveexperienced[3].

Figure 6 shows the operationof our energy recovering driver
comparedto that from [3], which usesa two-phasepower-clock,
at 3V, 300MHzwith a 1pF load. Theoutputof our driver staysat
peakvaluefor longerperiodsof time, makingit suitablefor high-
speedSRAM applications.Moreover, ourdriverdoesnotswitchits
loadunnecessarilyduringconsecutiveoperationsof thesamekind,
sinceits outputdoesnot needto be pulled down after eachoper-
ation. Hence,for the first two consecutive charge operations,our
driver stopsdissipatingoncethe output reaches����� . The other
driver, however, dissipatesenergy oneverycycle.

3. SRAM ARCHITECTURE AND OPERA-
TION

Thissectiondescribesthearchitecture,timing requirements,and
operationmodesof our energy recoveringSRAM. As canbeseen
in Figure7, our energy recovering SRAM usesgeneral6T SRAM
cellsandhassimilar architectureto a conventional SRAM. Except
for thedriversandthesenseamplifiers,all thecomponents of our
adiabaticSRAM arethe sameastheir conventional counterparts.
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Figure 6: Operation of energy recovering dri vers for 2 cycles
of charging, discharging, and back-to-back charging and dis-
charging,with idle cyclesin-between.(a) Our dri ver. (b) Dri ver
fr om [3].
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Figure7: Ar chitectur eof a 256x256energy recovering SRAM.



Our modificationsensurethattheword linesandbit linesarepow-
eredonly	 by thepower-clock to minimizeenergy dissipation.

Correcttiming of thebit/wordlinesis especiallyimportantin en-
ergy recovering SRAMs, sincethe power-clock canprovide peak
voltagesonly at thepeaksof its waveform. Hence, chargeanddis-
charge of the load capacitorcannotoccurat the sametime. The
timing requirementsand necessarymodesof operationenabling
single-cycle operationswith a single-phasepower-clock are de-
scribedin thefollowing paragraphs.
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Figure 8: Waveforms of bit/word lines for writing and reading
a “1”. An idle cycleis addedin betweenfor clarity.

Figure8 showsthetiming necessaryfor enablingsingle-cyclela-
tency operationswith asingle-phasepower-clock. Write operations
occurin amannersimilar to thatof conventionalSRAMs.First,the
bit line BLF0 storing“0” is pulleddown. Then,boththeword line
WL0 andthebit line BLT0 storing“1” arepulledup, storingdata
into thecell.

For every memoryaccess,only oneselectedword line is pulled
up, and all other word lines are pulled down. In a conventional
SRAM, pulling down theunselectedword lines is not dissipative,
since ����� level is alwaysavailable. In our SRAM, however, this
operationdissipatespower. Sincethe pull down startswhen the
power-clock is above ����� , the word lines are actually pulled up
above ����� andthenpulleddown. Hence,in our energy recovering
SRAM, the selectedword line needsto be pulled down explicitly
aftereachaccess.

Readoperationsaredifferent from conventional SRAM. Since
precharge mustprecedethe assertionof the word line, all bit line
pairsmustbeprechargedlow for thereadto occurin asinglecycle.
After precharge,theword line is charged,andthecell nodescause
a voltagedifferencebetween eachpair of bit lines. Precharging
low is moreenergy-efficient in our energy recoveringSRAM than
precharging high, sincethechargepumpedfrom thecell to thebit
line canbe recoveredthroughthe bit line driver. This precharge-
low schemenecessitatesthemodificationof conventional senseam-
plifiers to make themmoresensitive to thevoltagedifferencenear����� asopposedto ����� . Precharge-low hasalreadybeenproposed
for low powerdesignsresultingin themodificationof othercompo-
nentssuchasthememorycells[11] in conventionalSRAM. A pre-
viouslyreportedadiabaticSRAM with full gradualtransitiondriver
usedprecharge-low anda current-modesenseamplifier to reduce
dissipationduringconsecutive readandwrite operations[8].

To enablethe operationof our SRAM with precharge-low, we
modified a previously reportedhigh-speedsenseamplifier [12].
Our senseamplifier circuitry, shown in Figure9, is a 2-stagede-

BLT BLFeq

DATAensa

Figure9: Structur eof modified senseamplifier.

sign composedof generalcross-coupledandcurrent-mirrorsense
amplifiers. The only differenceof our modifiedversionfrom the
original one is the input PMOS pair in circles, which is NMOS
in [12]. We did not selectthe latch type senseamplifier with two
cross-coupledinverters,sinceit drivesthebit line pair duringam-
plification in anon-energy recoveringmanner.

Thevaryingloadcapacitancebetweendifferentoperationsin our
SRAM causesload dependent voltageandtiming variations. For
consecutive operations,word lines causeinsignificantvariations,
regardlessof the operation,sinceword line capacitancesare de-
signedequal. Bit lines causemoresignificantvariationsbetween
write andreadoperations,however, dueto thedischarging of a bit
line in eachpair during precharge-low. Thesevoltageandtiming
variationscanbereducedby addingenoughredundant capacitance
to thepower-clock generator. A resonantsingle-phasepower-clock
generatorsuchastheonein [13] canbeusedwith ourSRAM.

4. SIMULA TION RESULTS
We have designedan energy recovering 256x256SRAM using

MOSIS SCMOS4MSUBM designrules for the 0.35� m TSMC
process.For comparison,we designeda conventional SRAM with
the samecomponents,exceptfor the driversandthe senseampli-
fiers. Figure10 shows the structureof the simpleandlow-power
conventionalbit/wordline driversweimplemented for comparison.
The senseamplifier we usedin the conventional SRAM wasbor-
rowedfrom [12].

Hspicesimulationswereperformedtostudytheenergyefficiency
of our SRAM. To reducesimulationtime, actualsimulationswere
doneonasubsetof theSRAM thatincludesa2x2cell array, 2 word
line drivers,4 bit line drivers,and2 senseamplifiers.Lumpedca-
pacitors,measuredfrom driving a 128-cellrow anda 256-cellcol-
umn,wereaddedto word linesandbit linesto matchthebit/word
line capacitanceof a 256x256SRAM. The energy dissipationof
eachmodulewasmeasured,andthe energy dissipationof the en-
tire 256x256SRAM arraywascalculated.
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Figure 10: Structur e of conventional (a) word line dri ver and
(b) bit line dri ver.
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Figure 11: Hspice waveforms of energy recovering SRAM for
2 consecutive writes and a read. Idle cyclesare inserted in be-
tweenfor clarity. (a) Bit/word lines and data output. (b) Cell’s
internal nodes.

Figure11(a)shows theHspicewaveformsof thebit/word lines
andthedataoutputof theenergy recoveringSRAM for thefollow-
ing operationsat3V, 300MHz: Write “1” to cell (0,0),write “0” to
cell (0,1), andreadcell (0,0). Figure11(b) shows the waveforms
of the cell’s internalnodesduring read. As canbe seen,the read
operationwith precharge-low is nondestructive. Initially, astheac-
cesstransistorsareturnedon, thecell nodeat high is pulleddown
below ���
� . However, it recoversto high astheaccesstransistors
areturnedoff, sincethecell nodeat low is clampedby thebit line.

Theenergy breakdown for eachcomponentof theconventional
SRAM andour SRAM runningworst-casewritesandreadsat 3V,
300MHzis given in Table1 andTable2, respectively. In Table2,

Table1: Energy breakdown of conventional SRAM (pJ/cycleat
3V, 300MHz).

Write Read Mean
Wl drivers 27 27 27
Cell array 32 0.64 16.3
Bl drivers 4950 5225 5088

Senseamps - 525 262.5
Total 5009 5778 5394

Table 2: Energy breakdown of energy recovering SRAM
(pJ/cycleat 3V, 300MHz).

Write Read Mean �
���������������
Wl drivers 19.6 19.6 19.6 1.38
Cell array 41.5 214.5 128 0.13
Bl drivers 3050 64 1557 3.27

Senseamps - 650 325 0.81
Total 3111 948 2030 2.66

the relative energy savings �
��������������� arealsoshown. The cell
arrayof our SRAM dissipatesmoreenergy during reads,because
it chargesthe precharged-low bit lines. This charge is recovered
throughthe bit line drivers,however, thusreducingbit line driver
dissipation.Oursenseamplifiersaremoredissipativeasa resultof
their modification. However, our energy recovering bit/word line
drivers,which areresponsiblefor thebulk of total energy dissipa-
tion, dissipatefar lessenergy thantheir conventional counterparts.
Overall energy savings in excessof 2.6x areachievedunderthese
conditions,assumingan ideal power-clock generatorwith 100%
energy recovery.
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We studiedthe operationof our SRAM whenvoltageand fre-
quency arescaled.As canbeseenin Figure12, our SRAM func-
tionscorrectlyover a wide rangeof supplyvoltagesandoperating



frequenciesandis thussuitablefor generalon-chipcaches. Both
SRAMs� eventuallyfail dueto incorrecttiming of thesenseampli-
fier enablesignalensa which is setfixedwith respectto theclock.
However, thisspeedlimitationcanberelaxedby implementingtim-
ing controlcircuitry [14].
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Figure 13: Minimum energy dissipation versusoperating fr e-
quencyfor energy recovering SRAM and conventional SRAM.

Figure13 comparesthe trendsof minimum energy dissipation
versusoperatingfrequency betweenour SRAM and its conven-
tionalcounterpart. AlthoughtheconventionalSRAMfailedatlower
frequencies,extrapolated dissipationfrom closestworking condi-
tion was plotted, sincethe failure is causedby the mistiming of
sensingandis notinherentto its structure.Ourresultsshow thatour
SRAM achievessignificantenergy savings over a wide frequency
rangefrom 1MHz at0.7V to 500MHzat2.75V.

5. CONCLUSION
Thispaperdescribesanovel energy recoveringSRAM with sub-

stantially lower power dissipationthanconventional SRAM. Our
SRAM runson a single-phasepower-clock andcandeliver single-
cycle latency write andreadoperations.A novel energy recover-
ing driver reducesSRAM dissipationby efficiently recovering the
energy from thecapacitors of thebit/word lines. Simplesynchro-
nizing circuit enablescorrectandefficient operationof our driver
without introducingadditionalcontrolsignals.Feedback from the
driver outputkeepstheenergy efficiency independentof theoper-
ation sequence.To enablesingle-cycle readswith a single-phase
power-clock, a precharge-low approachis used. Accordingly, a
modified senseamplifier hasbeenimplementedthat operatesef-
ficiently at bit line voltagesnear ����� . The structureof our en-
ergy recoveringSRAM is very closeto conventional SRAM, thus
enablingthe applicationof otherlow-power SRAM techniquesto
furtherreduceits powerdissipation.

Simulationsof 256x256SRAMs show that our energy recov-
ering memory achieves energy savings in excessof 2.6x at 3V,
300MHz. Moreover, our SRAM functionscorrectlyover a wide
rangeof supplyvoltagesandoperatingfrequencies. We arecur-
rently in theprocessof fabricatingourenergy recoveringSRAM to
validatetheefficiency androbustnessof our designthroughactual
measurements.
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