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ABSTRACT

This paperproposesan enegy-reco/ering (a.k.a.adiabatig static
RAM with a novel driver that reducespower dissipationby effi-
ciently recovering enegy from the bit/word line capacitos. Pow-
eredby asingle-phassinusoidapower-clock, our SRAM delivers
readand write operationswith single-gcle lateng. To thatend,
a prechage-lov schemds emplo/ed alongwith a modifiedsense
amplifier designthat achieves high efficiengy at differential volt-
agesnearVss. A simplecontrol circuit is usedto maintaindriver
operationin synchrory with the power-clock waveform. Feedback
circuitry from the driver outputto the control circuit ensureghat
our driver remainsefficient, independat of theaccesspattern.

Our enepgy recovering SRAM functionscorrectlywhile achiev-
ing substantiaknegy savingsover awide rangeof supplyvoltages
and operatingfrequencis. Hspice simulationsof a simple full-
customadiabatic256x256SRAM, thatincludesthe enegy recor-
ering bit/word line drivers,the cell array andthe senseamplifiers,
shav over 2.6xenegy savingsat 3V, 300MHzin comparisorwith
its corvertional counterpart.

Categoriesand Subject Descriptors

B.3.1[Memory Structureq: Semicondutr Memories—Static
memory (SRAM)

General Terms
Design,Performance

Keywords

Adiabaticcircuitry, chagerecovery, cachememoriespn-chipmem-
ories,low-enegy design,Jow-powver computing.

1. INTRODUCTION

StaticRAMs are usedextensvely in modernprocessorason-
chip memoriesdueto their large storagedensityandsmall access
lateng. Low power on-chip memorieshave becomethe topic of
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substantialresearchas they can accountfor almosthalf of total
CPUdissipationgvenfor extremelypower-efficient designg1].

Enegy recovery is a particularly attractve approachto the re-
ductionof power dissipationin high-densitymemorieswith large
switching capaitance. Enegy recovery schemeseduceenegy
dissipationby limiting voltage differencesacrossconductingde-
vices and by recovering chagesfrom the load capacites. This
controlled mode of operationis typically accomgished through
the coordinationof time-varying voltagewaveforms, calledpower-
clocks. Previous enegy recovery approachefor staticmemories
achieved considerableenegy savings over corventiond SRAMs
[2,3,4,5,6,7,8]. Theseschemesequiredmultiple-phasgower-
clocks,however, andexperience avarietyof dravbacks, including
relatively low operatingrequenciesionglatencies, non-trivial area
overheals,andaccess-patterdependenenegy savings.

In this paper we proposea novel enegy recovering staticRAM
that achieves substantialenegy savings. With its fast operation
andlow overheal, our memoryis suitablefor on-chipcactes. In
particular our SRAM providessingle-gcle latengy readandwrite
operationsjf decodingis pipelined,while avoiding the shortcom-
ings of previous enegy recoveringapproachs. It is powveredby a
single-phassinusoidapower-clock to minimize power-clockgen-
eratordissipationcouplingnoise,andareaoverhead

The main featureof our SRAM is an enegy recovering driver
thatreclaimsenegy from the capacitorsof the bit/word lines. A
small control circuit embeddd to the driver keepsits operation
in synchrory with the power-clock. Throughthe useof feedback
from the driver outputto the control circuit, the operationof our
driver remainsefficient, independst of the operationsequence.
To provide single-g/cle readwith a single-phaseower-clock, a
prechage-low schemds employ/edin conjunctionwith a current-
mode senseamplifier that is modified to operateefficiently near
Vss. With the exceptionof the enegy recorering driversandthe
modified senseamplifiers, the structureof our static memoryis
identicalto thatof corventioral SRAMSs.

In Hspicesimulationsof a 256x256SRAM in 0.35um TSMC
processpurenegy reco/ering memoryachiezesenegy savingsin
excess of 2.6x in comparisonwith a corventiond counterpartat
3V, 300MHz. Our SRAM functionscorrectly over a wide range
of supplyvoltagesandoperatingirequenciesMaximumoperating
frequeng rangesrom 1MHz at 0.7V to over 500MHzat2.75V.

The remainderof this paperhasfour sections. Section2 de-
scribesthe enegy recovering driver of our SRAM. The architee
ture and operationof our enegy recovering SRAM is explained
in Section3. Hspicesimulationresultsare presentedn Section4.
Section5 concludeswith asummaryof our contritution andongo-
ing research.



2. ENERGY RECOVERING DRIVER
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Figure 1: Core structur e of energy recovering driver.
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Figure 1 shaws the core organizationof our enegy recovering
driver. Thedriveris composeaf atransmissiomatethatdrivesthe
loadin anenegy recoveringmannerandcontrolcircuitry thatsyn-
chronizesdriver operationwith a single-phasesinusoidalpower-
clock PC.

The transmissiorgate enablesthe correctoperationof our en-
ey recovering driver over a wide rangeof supply voltagesand
operatingfrequenciesThe buffersdriving the large PMOSdevice
arecarefullyratioedto minimize the potentiallylarge power dissi-
pationassociatedvith driving heary loads. An alternatve to the
transmisin gatewould have beenbootstrappedMOS, asin [3].
This approachwould have yieldedlower dissipatiorthanthetrans-
missiongate by enablingthe useof smallerbuffers. Theresulting
driver would operatecorrectlyonly over a narrov rangeof supply
voltagesandoperatingfrequencieshowever, sincethe bootcapa-
itance,on which the correctoperationof the bootstrappedMOS
dependsyarieswith time andsupplyvoltage[9].
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Figure 2: Various output waveforms of energy recovering
driver with (a) full gradual transition, (b) partial gradual tran-
sition, and (c) abrupt transition. Power-clocks are denotedby
dotted lines and dri ver outputs are denotedby solid lines.

The enepy efficiengy andthe maximumoperatingfrequeng of
anenegy recoveringdriver suchasoursdepencdnthetiming of its
operationwith respecto the power-clock. Accordingly, enegy ef-
ficiengy canbetradedoff for speedby appropriatelycontrollingthe
on-timeof thedriver. Thedriver outputin 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 enegy recover-
ing drivers andyields high enepy efficiengy, sincedriver output
changessmoothlythroughout. It inevitably resultsin the lowest
operatingfrequeng, however, dueto the shortstay of the driver
outputatthepeakvalue.

The resultof turning the driver on only at the peaks(positive
or nggative) of the pawer-clock waveformis shavn in Figure2(c).
This mode of operationyields maximum speed,sincethe driver
outputstaysatits peakvaluefor aboutahalf clock cycle. It alsore-
sultsin thelowestenenpy efficiency, however, dueto theabruptness
of theoutputtransitions.

Ourdriveroperatesitanintermediateonditionwith partialgrad-
ualtransitions shavn in 2(b), resultingin both high efficiengy and
high speed. Another adwantage of our partial approachover full
graduakransitionis thatthedriver outputdoesnotneedto bepulled
down to Vsg aftereachoperation.Consequentlyunlike otheren-
ergy recoveringdrivers,our driver doesnot dissipatesnegy during
consecutie operation®of the samekind. asevidencedby our sim-
ulationresultsin Section4.
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Figure 3: Synchronizing circuitry and associatedwaveforms
for the driver’'s (a) pull up and (b) pull down control.

Figure3 shavs the schematicandwaveformsof the controlcir-
cuitry for the PMOSandNMOS devicesof the transmissiorgate.
Thecontrolcircuitry resembles Schmitttriggerandreturnssharp
transitionsfrom slow power-clock transitions.Thetransitionpoint
with respectto the power-clock andthe pulsewidth canbe con-
trolled by ratioingthe transistorsof thefirst inverterandthe stand
alonePMOS (for pull-up control) or NMOS (for pull-down con-
trol) in away similar to the oneshowvn for CMOS Schmitttriggers
in [10]. The signalsch anddch selectvely enablethe control
circuitry, minimizing idle power dissipation.As evidencel by our
simulationsin Section4, the simplestructureof our driver ensures
correctoperatiorof our SRAM for abroadrangeof supplyvoltages
andoperatingirequencies.

As thesupplyvoltagechangs, thedelaythroughdifferentpaths
changs non-linearlycausingvariancein timing of the controlsig-
nals.Sincethe PMOSandNMOS controlsignalsmuststayin syn-
chrory with the power-clock despitechangesn the supplyvoltage,
the control circuit mustbe tolerantto the variancein thetiming of
the driver control signals. Figure4 shaws the timing of the driver
control signalsch anddch for correctdriver operation. Signifi-
cantvariancein the timing of the control signalscanbetolerated,
makingit possiblefor the driver to operatecorrectly over a wide
rangeof supplyvoltages.
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Figure 4: Timing margin for control signalsch and dch. For
correctdriver operation, thesesignalsmust cover the intervals
betweenthe closedcircles. To prevent faulty operation, they
should not be assertedbeyond the opencircles.
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Figure 5: Completestructur e of energy recovering driver with
feedback.

The driver core in Figure 1 dissipatesunne@ssarilywhenthe
driver performsthe samefunction in consecutie cycles. In such
casestheinternalnodesandbuffer stageslissipateenegy although
thedriver outputstaysthe same.The dissipationof internalnodes
canbe minimizedby addingfeedbagk circuitry that preventstheir
unnecessargwitching.Figure5 shavs our completeenegy recos-
ering driver with the feedbackpath. Two multiplexors selectvely
passthe pull-up and pull-down control signalsto the driver and
holdthetransmissiomateoff if theoperationis notnecessaryDue
to this feedbackthe enepy efficiency of our driver doesnot suf-
fer from the operationsequencelepenéng that previous enegy
recoseringmemorieshave experiened[3].

Figure 6 shavs the operationof our enegy recovering driver
comparedo thatfrom [3], which usesa two-phasepower-clock,
at 3V, 300MHz with a 1pFload. The outputof our driver staysat
peakvaluefor longerperiodsof time, makingit suitablefor high-
speedSRAM applicationsMoreover, ourdriver doesnot switchits
loadunnee@ssarilyduringconsecutie operation®f the samekind,
sinceits outputdoesnot needto be pulled down after eachoper
ation. Hence,for the first two consecutie chage operationsour
driver stopsdissipatingoncethe outputreachesVpp. The other
driver, however, dissipategnegy on every cycle.

3. SRAM ARCHITECTURE AND OPERA-
TION

This sectiondescribeshearchitectue, timing requirementsand
operationmodesof our enegy recorering SRAM. As canbe seen
in Figure7, our enegy recovering SRAM usesgeneral6T SRAM
cellsandhassimilar architectureo a convertional SRAM. Except
for the driversandthe senseamplifiers,all the componets of our

adiabaticSRAM arethe sameastheir corvertional counterparts.
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Figure 6: Operation of energy recovering drivers for 2 cycles
of charging, discharging, and back-to-back charging and dis-
charging, with idle cyclesin-between.(a) Our driver. (b) Driver
from [3].
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Figure7: Architectur e of a 256x256energy reavering SRAM.



Our modificationsensurethatthe word linesandbit linesarepow-
eredonly by the power-clock to minimizeenegy dissipation.

Correcttiming of thebit/wordlinesis especiallyymportantin en-
ey recovering SRAMs sincethe power-clock canprovide peak
voltagesonly atthe peaksof its waveform. Hence chage anddis-
chage of the load capacitorcannotoccur at the sametime. The
timing requirementsand necessarynodesof operationenabling
single-g/cle operationswith a single-phaseower-clock are de-
scribedin thefollowing paragraphs.
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Figure 8: Waveforms of bit/word lines for writing and reading
a“1”. Anidle cycleis addedin betweenfor clarity.

Figure8 shavsthetiming necessarfor enablingsingle-gclela-
teng operationsvith asingle-phaseower-clock. Write operations
occurin amannesimilarto thatof conventionalSRAMSs. First, the
bit line BLFO storing“0” is pulleddown. Then,boththeword line
WLO andthebit line BLTO storing“1” arepulled up, storingdata
into thecell.

For every memoryaccesspnly oneselectedvord line is pulled
up, and all otherword lines are pulled down. In a conventiona
SRAM, pulling down the unselectedvord linesis not dissipatve,
sinceVsg level is alwaysavailable. In our SRAM, however, this
operationdissipatespower. Sincethe pull down startswhenthe
power-clock is abore Vsg, the word lines are actually pulled up
above Vss andthenpulleddown. Hence,in our enegy recovering
SRAM, the selectedwvord line needsto be pulled down explicitly
aftereachaccess.

Readoperationsare differentfrom corventional SRAM. Since
prechage mustprecedehe assertiorof the word line, all bit line
pairsmustbe prechagedlow for thereadto occurin asinglecycle.
After prechage,theword line is chaged,andthe cell nodescause
a voltagedifferencebetwe@ eachpair of bit lines. Prechaging
low is moreenepy-efficientin our enegy recosering SRAM than
prechaging high, sincethe chage pumpedfrom the cell to the bit
line canbe recoveredthroughthe bit line driver. This prechage-
low schemenecessitatethemodificationof cornventiond sensem-
plifiers to make themmoresensitve to the voltagedifferencenear
Vss asopposedo Vpp. Prechage-lav hasalreadybeenproposed
for low power designgesultingin themodificationof othercompo-
nentssuchasthememorycells[11] in corventional SRAM. A pre-
viouslyreportedadiabaticSRAM with full graduatransitiondriver
usedprechagelow anda current-modesenseamplifier to reduce
dissipationduring consecutie readandwrite operationg8].

To enablethe operationof our SRAM with prechage-low, we
modified a previously reportedhigh-speedsenseamplifier [12].
Our senseamplifier circuitry, shavn in Figure 9, is a 2-stagede-
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Figure 9: Structur e of modified senseamplifier.

sign composedf generalcross-couple@nd current-mirrorsense
amplifiers. The only differenceof our modified versionfrom the
original oneis the input PMOS pair in circles, which is NMOS
in [12]. We did not selectthe latch type senseamplifier with two
cross-coupledhverters,sinceit drivesthe bit line pair duringam-
plificationin anon-enegy recoveringmanner
Thevaryingloadcapaitancebetweerdifferentoperationsn our
SRAM causedoad dependat voltageandtiming variations. For
consecutie operationsword lines causeinsignificantvariations,
regardlessof the operation,sinceword line capacitacesare de-
signedequal. Bit lines causemore significantvariationsbetween
write andreadoperationshowever, dueto the dischaging of a bit
line in eachpair during prechage-lowv. Thesevoltageandtiming
variationscanbereducedy addingenoughredundancapacitace
to thepower-clock generatarA resonansingle-phas@ower-clock
generatosuchastheonein [13] canbe usedwith our SRAM.

4. SIMULATION RESULTS

We have designecan enegy recovering 256x256SRAM using
MOSIS SCMOS4M SUBM designrules for the 0.35um TSMC
processFor comparisonyve designech corventiond SRAM with
the samecomponats, exceptfor the driversandthe senseampli-
fiers. Figure 10 shows the structureof the simple and low-power
corventionalbit/wordline driverswe implemente for comparison.
The senseamplifier we usedin the corventiond SRAM wasbor-
rowedfrom [12].

Hspicesimulationsvereperformedo studytheenepy efficiency
of our SRAM. To reducesimulationtime, actualsimulationswere
doneonasubsebftheSRAM thatincludesa2x2 cell array 2 word
line drivers,4 bit line drivers,and2 senseamplifiers. Lumpedca-
pacitors,measuredrom driving a 128-cellrow anda 256-cellcol-
umn, wereaddedto word lines andbit linesto matchthe bit/word
line capacitace of a 256x256SRAM. The enegy dissipationof
eachmodulewas measuredandthe enegy dissipationof the en-
tire 256x256SRAM arraywascalcuated.
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Figure 10: Structure of conventional (a) word line driver and
(b) bit line driver.
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Figure 11: Hspice waveforms of enemy recovering SRAM for
2 consecutve writes and a read. Idle cyclesare insertedin be-
tweenfor clarity. (a) Bit‘word lines and data output. (b) Cell’'s
internal nodes.

Figure 11(a)shows the Hspicewaveforms of the bit/word lines
andthedataoutputof the enegy recorering SRAM for thefollow-
ing operationsat 3V, 300MHz: Write “1” to cell (0,0), write “0” to
cell (0,1), andreadcell (0,0). Figure11(b) shavs the waveforms
of the cell's internalnodesduring read. As canbe seenthe read
operationwith prechage-low is nondestructie. Initially, astheac-
cesstransistorareturnedon, the cell nodeat highis pulled down
belov Vpp. However, it recoversto high asthe accesstransistors
areturnedoff, sincethecell nodeatlow is clampedby thebit line.

The enegy breakdaevn for eachcomponenbf the corventiond
SRAM andour SRAM runningworst-casewnritesandreadsat 3V,
300MHzis givenin Table1 and Table 2, respectiely. In Table2,

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

Write | Read| Mean
WI 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 enermgy recorering SRAM
(pJ/cycleat 3V, 300MHz).

Write | Read | Mean | Econy/Fer
Wl drivers | 19.6 | 19.6 | 19.6 1.38
Cellarray | 41.5 | 2145| 128 0.13
Bl drivers | 3050 64 1557 3.27
Sensemps - 650 325 0.81
Total 3111 | 948 | 2030 2.66

the relative enegy savings Econv/Eer arealsoshavn. The cell
arrayof our SRAM dissipatesnore enegy during reads,because
it chagesthe prechaged-lav bit lines. This chage is recovered
throughthe bit line drivers, however, thusreducingbit line driver
dissipation.Our senseamplifiersaremoredissipatve asaresultof
their modification. However, our enegy recovering bit/word line
drivers,which areresponsibldor the bulk of total enegy dissipa-
tion, dissipatefar lessenegy thantheir corventionad counterparts.
Overall enegy savingsin excessof 2.6x areachieved underthese
conditions,assumingan ideal power-clock generatomwith 100%
enepgy recovery.
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Figure 12: Schmooplot of SRAM in 1.5\-3.5V range. Only
conditions that result in correct operation are marked. Our
SRAM is denotedby a circle. Conventional SRAM is denoted
by atriangle.

We studiedthe operationof our SRAM whenvoltageand fre-
quengy arescaled.As canbe seenin Figure12, our SRAM func-
tions correctlyover a wide rangeof supplyvoltagesandoperating



frequenciesaandis thussuitablefor generalon-chipcaches. Both
SRAMs eventuallyfail dueto incorrecttiming of the senseampli-
fier enablesignalensa whichis setfixedwith respecto theclock.
However, thisspeedimitation canberelaxedby implementingim-
ing controlcircuitry [14].
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Figure 13: Minimum enemy dissipation versusoperating fre-
guencyfor enemy recovering SRAM and corventional SRAM.

Figure 13 compareghe trendsof minimum enegy dissipation
versusoperatingfrequeng betweenour SRAM and its conven-
tionalcounterpa. Althoughtheconvertional SRAM failedatlower
frequenciesgxtrapolded dissipationfrom closestworking condi-
tion was plotted, sincethe failure is causedby the mistiming of
sensingandis notinherento its structure Ourresultsshav thatour
SRAM achiezessignificantenegy savings over a wide frequeny
rangefrom 1MHz at0.7V to 500MHzat2.75\V.

5. CONCLUSION

This paperdescribesnovel enegy recorering SRAM with sub-
stantially lower power dissipationthan corventiond SRAM. Our
SRAM runson a single-phas@ower-clock andcandeliver single-
cycle lateny write andreadoperations.A novel enegy recover
ing driver reducesSRAM dissipationby efficiently recovering the
enepgy from the capadtors of the bit/word lines. Simplesynchro-
nizing circuit enablescorrectand efficient operationof our driver
without introducingadditionalcontrol signals. Feedbak from the
driver outputkeepsthe enegy efficiency indepemientof the oper
ation sequence.To enablesingle-gcle readswith a single-phase
power-clock, a prechage-lov approachis used. Accordingly, a
modified senseamplifier hasbeenimplementedthat operatesef-
ficiently at bit line voltagesnearVgs. The structureof our en-
ey recovering SRAM is very closeto corventioral SRAM, thus
enablingthe applicationof otherlow-power SRAM technigesto
furtherreduceits power dissipation.

Simulationsof 256x256 SRAMs shaw that our enegy recov-
ering memory achie/es enegy savzings in excessof 2.6x at 3V,
300MHz. Moreover, our SRAM functionscorrectly over a wide
rangeof supply voltagesand operatingfrequencie. We are cur-
rentlyin the procesf fabricatingour enegy recovering SRAM to
validatethe efficiency androbustnesof our designthroughactual
measurements.
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