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1 Abstract: To dateall the proposalfor low power designs
of RAMs essentiallyfocus on circuit level solutions. What
we proposehere is a novel architecturelevel solution. Our
methodologyprovides a systematictradeoff betweenpower
andarea.Also, it allows tradeoff betweentesttime andpower
consumedin testmode.Significantly, too, theproposeddesign
hasthe potentialto achieve performanceimprovementswhile
reducingpower. In this respectit standsapartfrom otherap-
proacheswheretheconventionalwisdomof reducingpowerre-
ducesspeed.

I . INTRODUCTION

Progressin low-power VLSI technologyincluding of low-
power RAM designsis crucial for the future progress.Addi-
tionally, the successof future SOCdependsheavily on inno-
vationsin low power embeddedRAM design. All the previ-
ousworkson RAM focuson circuit level solutions.Thereare
mainly two directionsin which researchhave beendevotedto
designof low power RAM [2], [3], [4], [5]. Specificallythese
arereductionin (a) chargingcapacitance[4], [7], (b) operating
voltage [10], [7], [5].

Thechargingcapacitancecanbereducedby partialactivation
of Multi-dividedDataLine (DDL) and/orMulti-Di videdWord
Line (DWL) [4]. [8] describesa methodto reducethe charg-
ing capacitanceduringthedataretentionperiodalongwith the
loweringof refreshfrequency. However, lowering the refresh
frequency shootsup the refreshbusy rate unlessdevices are
scaledproperly to have higher maximumrefreshtime. Such
modificationsin devicesarenot alwayspossibleandis limited
by the cell leakagecurrent. Schemeto useof long word line
for refreshoperationandDDL/DWL for normaloperationfor
reducingpower is presentedin [2].

Thepopulartechniqueof loweringthesupplyvoltagefor low
powerdesignrequirescorrespondingreductionof thethreshold
voltage(

���
). Apart from speed,thenoiseandDC currentcon-

siderationsalsolimit reducingthesupplyvoltagearbitrarily.
Proposedmethodology, here,departsradicallyfrom all these

andprovidesanarchitecturalhigh level solution.With ourpro-
poseddesign,we have achievedreductionin power consump-
tions for normaloperation,refreshoperationandduring test-
ing. This doesnot precludeapplicationof lower circuit level
techniquesfor low power design,in additions.Therefore,any
existing circuit level techniquescanalsobeappliedto our pro-
posedmethodologyto achievefurtherpowersavings.However,
�
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a unique featureof our designthat cannotbe accomplished
throughcircuit approachthat power reductionin our design
is achievedwith potentialperformanceandtestimprovements.
Thespeedof testingcanalsobevariedallowing varyinglevels
of powerdissipations.

Further, our approachdiffers from earlier approaches[4]
in that we don’t sharedecodersbetweencell array partitions
- thereinproviding additionalpowersavings.

I I . PROPOSED ARCHITECTURE

The proposedarchitecturepartitionsthe RAM into a num-
ber of modules,whereeachis a smallerRAM modulewith
decoderandrefreshcircuitry. Themodulesarethenintercon-
nectedby a H-treewhich providesfor plannerlayout and in-
corporationof a particularbuilt-in-self-testtechnique. Major
power/performancetradeoffs is achievedby allowing themod-
ulestohavearbitraryaspectratios.Ourdesignallowsswitching
off of portionsof the RAM during both normaloperationand
testing. Sucha dynamicreconfigurationcapabilityallows for
smoothtradeoff of testapplicationtime andpower dissipation
duringtest.

I I I . DESIGN OVERVIEW
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Fig. 1. LPRAM architectureincludingdetailsof memorynode,teststructures

Ourdesignfor low-powerRAM, assumesthe �����
	 cells
divided into equal-sizedmodules,� representingthe sizeof
theRAM in bitsand � , thenumberof addresslines(assuming
an ���� bit organization).Thesemodulesappearasleafnodes



in a completebinary tree. The depthof the tree, � , and the
numberof modulesor leaf nodes,� , arerelatedby ����������� .
The size of eachnodeis �����
� , where ��� �"!#�%$&� .
Note that the root nodeis at level 1. The parameters� and
� definethe propertiesof this architecture.A large � meansa
highergranularity, a higherdegreeof power saving, speed-up
andtestability, with increasedchipsize.

A SimplifiedModelof RAMfor Comparisons: In this paper
we assumea simplified modelof RAM asshown in encircled
portionFig. 1. This modelis usedfor bothconventionalRAM
andthemodulesusedin proposedarchitecture.Thereasonwe
usethesimplifiedmodelis thatit admitsdevelopingsimpleand
accurateexpressionsfor comparingpower estimatesasshown
later.

Basedon our SimplifiedModel of RAM, we observe thata
conventionalRAM canbethoughtasaspecialcaseof LPRAM
with �'�(� . In conventionalRAM, �)�#�*	 cellsarearranged
in 4 quadrants,eachholding + , cellsarrangedin a two dimen-
sionalmatrix of -/. rows and 01. columns. The addressbus is
divided into two equal(nearequal,when � is odd)parts,one
half is usedtodecodetherow andtheothertoselectthecolumn.
For thesakeof comparisonweassumea4 quadrantarchitecture
but thearchitectureallowseachmoduleto bebuilt out of more
numberof cell arraypartitions.

Basically, two typesof nodesareusedin our design:mem-
ory nodesandswitchnodes.Memorynodeshave thecell array
basedon the traditionalmulti subarray(eg. four quadrant)or-
ganizationwith independentcontrolunits,refreshcircuitry and
certainbuilt-in test circuitry. Eachmoduleitself can also be
designedwith larger numberof subarraysasdonein current
designs.For thesake of modeling,we proposethateachmod-
ulecontaining� cellsis arrangedin 2 quadrants,eachquadrant
holding 3 , cells. Eachquadrantis a two-diamentionalarrayof
memorycellsarrangedin - 	4� rows,eachrow containing0 	4�
cells. But, unlike conventionalRAM, we divide the address
bus ( � addresslines) into two parts 57698 and :;698 respectively,
to give preferablya non-unitaspectratio. These5 698 and : 698
addresslinesareseparatelydecodedin therow andcolumnde-
coders,respectively, to give - 	4� �<�*=?>A@ rowsand 0 	4� �#� . >?@
columns. We define B �
C 8ED , the aspectratio of the memory
nodein LPRAM, equalsto 0 	%�

F - 	%� . Additionally, eachmem-
ory nodecontainssometri-stateswitcheson therunsof power
line(s) to cut it off from the power sourcewhenrequire. The
numberof suchswitcheswill dependon themaximumnumber
of elementsactiveatany timeandonthepower line layout.

The switch nodes are simple 1-out-of-2 decoderswith
buffers. As Fig. 1 shows, thememorynodesareconnectedhi-
erarchically, using the switch nodes,and laid out in a H-tree
layout. Let eachmemorynodebe identified by GIH , whereJLKNMPO � . Therefore,asshown in theFig. 1 (for �����7Q ), the
nodesare numberedGSRUTAG � TWV;VWV9TAGYX �Z� , consecutively num-
berednodesareadjacentto eachotherin thelayout.

The address/data/controlbus is connectedto the root, a
switch node. The mostsignificantbit is decoded,generating
a left subtreeor a right subtreeselect. The other signalsare
bufferedandpropagateddown the tree. This actionoccursre-
peatedlyat eachlevel until a singlememorynodeis selected.
At this point, the remainingaddressbits ( � ) are latchedinto

the addressbuffers of the selectedmemory node only, and
are then usedto selecta cell within the node. The address
buffersof all othernon-selectednodesremaincompletelyun-
changed,therebynullifying any possibility of activity within
them(otherthannormalrefreshactivity). Eachcell be identi-
fied by theaddress[S\^] H , where

J_Ka`IO � (nodeaddress)andJ�KbMPO#c � F �ed (addresswithin a node).
TestStructure: Fig. 1 shows theteststructureto beusedfor

the proposedlow-power LPRAM during testing. All these�
moduleshave beendividedinto f"�#� F�g quadrants(shown as
dottedboundaryin Fig.1), eachquadrantholding

g
(apowerof

2,assumed2 in thefigure)modules.So,wehave �#�hfL� g . In
eachquadrant,comparatorsareplacedbetweenadjacentmod-
ules,shown in Fig. 1, GY\iTAGkj \ml �?n�	4C 8%o ,

JPKh`pO g
. Theoutput

of all thosecomparatorsis fed to a
g

input OR gate,centrally
locatedin thatquadrant.Theoutputof all thesef ORgatesis
taggedandsentasa singleFAIL line, to generateerrorduring
testing. So, in eachquadrant,all themodulo

g
adjacentnodes

arecomparedsimultaneously, eventuallyleadingto a speed-up
of
g

fold duringtesting.
TestModeOperation: TheLPRAM canbeput into testmode

by activating the TESTpin. Testdatais fed into LPRAM, as
usual,throughtheexternaltesterby addressingas [qH ] \^] r , JsKM�O f , JtKu`_O g . Thesè bits are ignoredduring testing,
anddatais written parallel into all

g
nodessimultaneouslyin

the
`

th quadrant.Testingproceedsby activating eachoneof
thesef quadrants,oneatatime. Identicaldatais simplywritten
into all themodulesin thequadrant,thedatais thenreadback
andcomparedagainsteachotherinternally for test. Thus,all
modulesin a quadrantcanbetestedsimultaneously.

IV. POWER ESTIMATION MODEL AND COMPARISONS

Thefollowing is theactive powerequationfor CMOSRAM
of size 2s�v-N�b0 cells (i.e. -N�v0 cells arrangedin - rows
andeachcontaining0 cellsin eachquadrantof a four-quadrant
memorymodule),givenby [2]w �&x 0�V ` 6 .zy{!"0kV c -|$}�~d�V `?� � 8 !

c -�!b0�d�V;�%���sV ��� 3
� VW�*���

!}� � � V � � 3
� V7� ��� !v� ������� V � ���

where
� ��� is anexternalsupplyvoltage,̀ 6 .zy is theactualcur-

rentdrawn by the selectedcells,and
` �
� 8 is the dataretention

currentrequiredby any inactive or non-selectedcell. � ��� is
theoutputnodecapacitanceof eachdecoder,

� �
3
�

is theinter-
nal supplyvoltage, � � � is the total capacitanceof theCMOS
logic anddriver circuits in the periphery. Let �9���'� represent
the total static (DC) currentof the periphery, and ���'� is the
operatingfrequency.

The above equationcan be simplified for high frequency
DRAM operation(Fig. 2), and by the useof CMOS NAND
Decoder, aswell asby eliminationof very low dc components,
yielding thefollowing reasonableapproximation.

Data ReadingPower of ConventionalDRAM: The destruc-
tive readoutof a DRAM cell requiressuccessive operationsof
amplificationandrestorationfor theselectedcell oneverydata
read.Here,eachcell is, basically, a trenchcapacitor, requiring
charging anddischarging duringeachreading.This is accom-
plishedby alatch-typeCMOSsenseamplifieroneachdataline.
So,during thereadingof a dataline, theassociatedtrenchca-
pacitor is chargedand dischargedwith a large voltageswing
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Fig. 2. Power dissipationmodel

of � � � (usually �1� ��������� V) andwith charging currentof
� � � � � � , where � � is thedataline capacitance.Theactive
powerconsumptionduringreadis givenby :w
= D?698���x��70 . V9� � V;�

� � !b� � � V � � 3
��� � ��� !N� ���'��� V � ���

Data RetentionPower of ConventionalDRAM: In the data
retentionmode,internaldatais retainedandrefreshedwithout
any accessfrom outside.Therefreshoperationis performedby
readingdataof all the cells on a singleword line andrestor-
ing themto their original values. The refreshingcircuitry se-
lectseachof theword linesin order, andduringthewholetime
(calledrefreshbusytime), theRAM is not accessiblefrom the
outside.For high performanceRAMs, refreshbusytime is ex-
pectedto be as low aspossible. The refreshcycle frequency
equals -�. F~�i� �'� , where

�i� �'� is the refreshtime interval of
cells in the retentionmode,andincreaseswith reducingjunc-
tion temperature.In general,

�i� �'� is muchsmallerthan the�i� �'�Z  >?¡ whichis providedin specificationanddependsonthe
cell technologyfor the trenchcapacitor. Thepower consumed
for refreshing01. cellscanbederivedas¢¤£i¥§¦¨¥§©«ªh¬ E®7¯±°³²�´�°³µ«¶�´|·L²�¸±¹S°³¶/º?»'¹Z¼�½¿¾�¯ÁÀEÂiÃ±Ä{ÅZÆ~·kÇ9´'È�¸�ÉE°³¶�´�´

It follows from the eqationsof
w
= D?698 &

w
= D y D � that the

following factorsare crucial to reducethe power during any
read/writecycle: 1) reducingcharging capacitance( 01.IVU�%�#V
� � � , �%� � ), 2) lowering the external and internal voltages
(
� ��� ,

� �
3
�

, � � � ), and 3) reducingstatic current( � ���'� ),
4) reducingrefreshcycle frequency ( - . F~� � �'� ). As mentioned,
several techniqueshave beenofferedto reducecircuit param-
eters. Thesetechniquescan be usedin conjunctionwith our
proposedarchitecturalsolution to low power design. It is to
notethat reducingdesignparameterslike 0 and - canalsore-
ducepower consumption.Therefore,for instance,if previous
researchershave proposedsegmentingthe word line, the pro-
posedlow power architectureallows a systematicway to re-
duce0 . It furtherallowsreductionof the - to reducepower, not
possiblepreviouslyby thecircuit level techniques.

In theLPRAM, datais readoutor writteninto by first choos-
ing a selectedmoduleby the treedecoder, power is beingdis-
sipatedonly by thedecoder(switchnodes)on its path(Fig. 2).
Theaddressis thendecodedin selectedmodulesto locatethe
exact cell containingdata. For example,in Fig. 2, only those
switch nodesthat are hatchedconsumepower while reading
a datafrom module G�Ê . No otherswitch nodeis activatedat
all. Thisobservationis usedfor modellingpower for switching
nodes.

Considertheexampleof a 16 M of DRAM, with 01.I�<Ë��WÌU�

and -/.Í��� J 21Ë . The samesizeof RAM implementedusing
LPRAM architecturewill have 0 	4� �(�

J ��2 and - 	%� �(�
J �*2 ,

with 16 nodesof 1M each. In addition, if DWL is usedfor
16 divisions of the word line, then 0
�pÎPÏu�Ð�±�7� for tradi-
tional RAM, and the correspondingvalue for LPRAM is Q
2 .
Thepowerreductionin theproposedRAM is achievedprimar-
ily by reducingtheseparameters.In the following we develop
variousequationsfor powerestimates.

DataReadingPowerof LPRAM: Thedatareadoutpowerfor
LPRAM canbeformulatedasw Ï±� ��Ñ +LÒ§Ó >?@ �ÔxÕ�W0 	4� V
�p�ÖV
�

� ��!h�%� � V ��� 3
� !h�py = D?D V���

3
� � �����×!v�;����� � V � ���

where0 	4� couldbeassmallas01. F � and �py = DiD (derivedbelow)
is theeffectivecapacitanceseenin thetreedecoderof LPRAM.

Estimationof �py = DiD : In the treedecoder, eachswitch node
consistsof a simple1-out-of-2decoderandbuffers. The de-
coderis a onebit decoderconsistingof onelevel of logic. Ad-
ditionally, eachdecodedsignal is controlledby the preceding
subtreeselect(chip enablefor the first level), and this intro-
ducesanotherlevel of logic. In eachswitchnode,onebit of the
addressis decodedandthe restof the addressbits aresimply
transmitted.At eachnode,thesignalhasto drivea loadof �
�pØ
(two gateseach,offeringa loadof � Ø ), andtheoutputgatehas
adrivecapabilityof �1� Ø . Thebuswidth is assumedto be Ù1Ú .

All bus lengthsof thetreearecomputedwith respectto Û�Ü ,
thelengthof theverticalsideof theLPRAM Fig. 1. Theinput
buffer drivesthebusup to theroot node-length

c Û�Ü�d F � . Let � ,
thenumberof levelsin thetree,beassumedodd.Thelengthof
the bus connectinglevel 1 to level 2 is Û�Ü F � . Thus,if : 	qÝ is
thecapacitanceof metaloverfield oxide,thentheloadoffered
by thebus,betweenlevels1 and2, is

c Û Ü F �1diÙUÚ�: 	qÝ . Eachnode
is connectedto two nodesat the next lower level. Therefore,
a buffer at level

`
hasto drive two buffersat level

` !&� , each
offeringa loadof �1� Ø . Thus,this loadcanbemodeledas 2U� Ø .
The total load that hasto be driven at level 1, by the second
gate,is

cAc Û Ü F �
diÙUÚ�: 	4Ý !h2U� Ø d andis in parallelto �
� Ø . The
totalcapacitanceseenat level 1 canthereforeberepresentedasc Û�Ü F �1diÙUÚ�: 	qÝ !}Q1�pØ�d .

Thecapacitanceat level 2 is thesameaslevel 1 becausethe
bus lengthsarethe same. Further, after every two successive
levels, the lengthof the bus to be driven decreasesby half of
thelevel before.For example,level 3 andlevel 4 have to drive
busesof lengthsof Û Ü F 2 ; andsubsequentlevels5 and6 haveto
drive busesof length

c Û Ü F ËUd , andsoon. Let Û + �&Û Ü ÙUÚ�: 	qÝ .
In general,the bus length to be driven by the nodeat level

`
canbe expressedas

c Û +
F �¤ÞEßàWá d . A treeof depth � will havec �'$a�7d decodingstages.Therefore,the total capacitanceover

theentiretree,from level 1 to the leaf nodes,canbemodeled
by their paralleloperation,givenby â �¿���\äã �

c Û +
F �¤Þ ßàWá d�!hQ1�pØ ,

whichevaluatesto Û + �
c �I$N��� j �����?n^åçæWd�!èQ c �¤$t�7d?�pØ . So,the

capacitancevalueseenfrom therootof thetreeto theaccessed
nodeis givenby
��y = DiD �Ö�YVWÛ�Ü~Ù1Ú�: 	qÝ V

c �q$N� � j �����?n^åçæ d�!}Q«V c �¤$è�~d?�pØ
Data RetentionPower of LPRAM: The LPRAM achievesa

correspondingreductionin retentionpower, as well, because
of thereductionin both 0 and - architecturalparameters.The
equationfor dataretentionpower is givenby,w Ï±� ��Ñ + Ò§Ó³é¨Ó^êWé ßmë ê �ìx

c - 	4�
F~�i� �'��dÁ�70 	4� V~�%�hV��

� �t!t�%� � V



���
3
� � !v�;����� � V � ���

Refreshingis doneindependentlywithin eachmodule.Also,
wehave - . VÁ0 . �a�hVÁ- 	4� VÁ0 	4� . If weassumeí is of theform
�
î K � astheratio between0 . and 0 	%� ; i.e., í}� ïÁðï   ê , then
- 	4� �uñEðÁò óX . So,by appropriatechoiceof í boththedataread
outpowerandthedataretentionpowercanbereduced!

We have calculatedthe power dissipationof the proposed
LPRAM for a large rangeof modulesizes,and for four (4)
differentRAM sizes,4 M, 16 M, 64 M and256M. Thereduc-
tion in powerdissipationoverthetraditionalRAM is illustrated
in Fig. 3 with a rangeof aspectratios of individual memory
node. Thesesavings areshown aspercentageof reductionin
power dissipationover the samesize of conventionalRAM.
From Fig. 3 we seefor the samesize of RAM, we achieve
greateraccesspower savings when aspectratio of individual
memorynode( B �1C 8ED ) is more.However, whenaspectratiobe-
cometoo largetheretentionpower increases.But, from Fig. 4
wealsoseethatthereis asaving of theretentionpoweraswell.

V. TESTING

Thetestabilitytechniqueusedhereenablesthe
g

of � nodes
to be testedin parallel,asmentionedearlier. Dependingupon
the sizeof the RAM andthe numberof modulesin LPRAM,
we set the value of

g
. Thus, we get a test time saving of

g
fold, withoutdissipatingmuchpower, aswell. A testalgorithm
with � c ��d r stepsnow definitelyrequiresfqô{: c �õd r stepsonly.
TestingtheRAM involvesthreesetsof tests:1) testingthetree
decoder, 2) testingthebuilt-in teststructure(BITS) and3) test-
ing thememorynodes.will discussthe testingof thememory
nodesonly, thetestprocedureof theotherpartsbeingthesame
asgivenin [1].

CommentsAboutPower During Test: As all
g

modulesare
testedsimultaneously, the instantaneouspower consumption
duringtestingalsogrowscloserto

g
fold. But asLPRAM con-

sumesvery low powerfor accessing,andthetestdatais written
andreadlocally within thequadrant,with

g
upto 2 , westill get

areductionof about� J/ö powerin 256M RAM, depictedin the
Fig. 5, comparedto thetraditionalRAM whenweapplyMATS
procedure,presentedin [1]. At thesametime we geta 2 times
reductionin testtime.

VI . CONCLUSION

An architecturefor low-power high-performanceRAM is
proposed.The LPRAM architecturesavesabout35% power
duringnormaloperationfor a256MRAM comparedto thetra-
ditionalRAM. Also, for a256MRAM, LPRAM providesabout
20%reductionin powerduringtesting,with 75%saving in test
time dueto thepresenceof BITS. Thus,it reducespower con-
sumptionbothduringnormaloperationandtesting.
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