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Abstract

As the operating supply voltage for commercial CMOS devices falls below 2 V, research activ-
ities are underway to develop CMOS integrated circuits that can operate at supply voltages well
under 1 V. Although dramatic power reductions can be achieved using low supply voltages in
high performance applications, the increased subthreshold leakage that results when transistor
threshold voltages are lowered can render some conventional logic circuit styles unusable. Fur-
thermore, some low voltage circuits are not robust when faced with normal variations in threshold
voltage. This paper examines the design considerations for logic and memory circuits in very low
voltage CMOS, and compares simulated behavior with measurements of fabricated test circuits.
These circuit examples were chosen because they illustrate the unique design challenges of low
voltage CMOS.

1. Intr oduction

Drivenby theneedto reducepower consumptionandmaintainhigh reliability in leadingedge
integratedcircuits, thenominaloperatingsupplyvoltagefor thesedevicesis falling steadily[3–
6,9]. In orderto maintainhigh switchingspeedat low supplyvoltagesit is necessaryto reduce
thetransistorthresholdvoltage,VT , in proportion.For supplyvoltagesmuchbelow 1 V thevalue
of VT may be just tensor hundredsof milli volts, andthe subthresholdleakagecurrentof these
transistorsbecomessignificant[2].

However, thepowersavingsachievedby operatingat low voltagescanbemuchlargerthanthe
powerlostto increasedstaticcurrent.Thetotalaveragepowerconsumptionof aCMOScircuit can
beexpressedasPTOTAL � PSTATIC

�
PDYNAMIC if we focuson thesetwo primarycomponents.To

first order, PSTATIC is proportionaltoVDD andPDYNAMIC is proportionaltoV 2
DD � CLOAD � FCLOCK ,

whereVDD is thesupplyvoltage,CLOAD is theaveragecapacitancethatmustbeswitchedin each
clock cycle,andFCLOCK is theoperatingclock frequency. Becauseof theV 2

DD natureof dynamic
power, dramaticgainsin overallpowerconsumptioncanbemadeby reducingthesupplyvoltage.
If we simultaneouslydecreaseVT to maintainperformancethenthestaticpower componentwill
increase,but notasquickly asdynamicpower decreases.Theminimumaveragepoweroperating
pointfor any circuit occurswhenthesupplyvoltageis reducedto thepointthatthedynamicpower
andstaticpower componentsareroughlyequal.

However, thereareadditionalengineeringchallengesthatappearwhenattemptingto usetran-
sistorswith very smallVT values[8]. Thenormalvariationof VT duringmanufacturing,andwith
�
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environmentalfactorslike temperature,canbea significantfractionof thedesiredVT value.This
variationmakesit very difficult to fix VT ata level thatwill resultin robustcircuit operation.One
approachto solvingthisproblemis to abandontheconceptof VT asaconstantparameter. Instead,
VT is treatedasanoperatingparameterthatcanbeadjustedin real time to compensatefor man-
ufacturingandenvironmentaleffects[7,10,11]. To accomplishthis thetransistorsarefabricated
with a native, or intrinsic, thresholdvoltagethatis very nearzero.Biasvoltagesarethenapplied
to the transistorbody, throughthe substrateor well, to raisethe thresholdto the desiredlevel.
We refer to thePMOSbodybiasvoltageasPBIAS, which is a positive voltagefrom VDD to the
N-well. Similarly, theNBIAS is themagnitudeof thevoltagethatdrivesthesubstrate(or P-well)
to a level below VSS. This biasingtechniquecancompensatefor globalmanufacturingvariation
andenvironmentaleffects, leaving the local variationsin VT acrossa singledie as the limiting
factorin reducingthesupplyvoltage.

Figure1 shows relative NMOS draincurrentasa functionof gatevoltagefor severaldifferent
NBIAS voltagesettings,illustratinghow thetransistor’s behavior canbetunedduringoperation.
The biasvoltagesarecompletelyindependentof the supplyvoltage,andas they form reverse
biasedPN junctionstheir currentdemandsarequitelow.
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Figure 1. Typical NMOS I/V Curves

Notethat themaximumsaturationcurrentfor this transistorincreasesby about50%with low
biasvoltages,while thesubthresholdleakageat low biasis several timeshigherthantheleakage
with a high bias. An importantoperatingparameterfor thesecircuits is the ratio of saturation
currentto leakagecurrent,referredto as the ION

�
IOFF ratio. At low biasvoltagesthis ratio is

low, but thenetdrive currentis at its peak.On theotherhand,high biasvoltagesgreatlyreduce
subthresholdleakagebut thelower drivecurrentreducesperformance.

We have fabricatedanddemonstratedcomplex microcircuitsoperatingwith a supplyvoltage
of only 0 � 5 V using this technology[1]. Someof the CMOS logic stylesthat have beenused
successfullyin conventionalprocesseswere found to work poorly, if at all, in the low voltage
process.Examiningthesecircuitsprovidesageneralinsightinto theappropriatedesignstylesfor
logic andmemorythatareintendedfor operationat avery low supplyvoltage.



2. Static latchesand flip flops

A numberof flip flop circuitswerefabricatedon thefirst waferlotsof thelow voltageprocess,
beforeaccurateSPICEmodelswereavailable.Examiningtwo of thesecircuitsillustratesa com-
monproblemwith subthresholdleakagein ratioedlogic. Thecircuit on the left sideof Figure2
is a simplemasterlatch from oneof theexperimentalflip flops. The latch is intendedfor static
operationandhasbeenusedsuccessfullyin conventionalCMOS processes.The feedbackpath
in the latchusesvery weaktransistors,MN1 andMP1. Thesedeviceshave a W/L ratio of only
0.16andareeasilyover driven by the input passtransistor(W/L = 4.57) to changethe stateof
the latch. In conventionalCMOS the weakfeedbackinverter is more thanadequateto supply
any leakagecurrentthroughtransistorMN0 at thefeedbacknodeandmaintaina suitablevoltage
level. Unfortunately, in a very low voltageprocesstheleakagecurrentthroughtransistorMN0 is
a large fractionof thedrive currentavailablefrom MN1 or MP1. Theratio of W/L betweenthe
passtransistorandthe feedbackdevicesis about29, andthis circuit will fail if ION

�
IOFF is less

thanseveraltimesthatvalue.
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Figure 2. Schematic of Latch Circuits

The latch circuit shown on the right sideof Figure2 is a simplemodificationto the original
latch that providesmuchbetteroperation.The weakinverterhasbeenreplacedwith a clocked
inverter that hasconsiderablyhigher drive. The feedbackdevices now have a W/L ratio half
as large asthat of the input passtransistor, andthey canmaintainthe desiredlogic level at the
feedbacknode.Thedisadvantageof thiscircuit is thattheclocksignalmustberoutedto theadded
transistorsandthecapacitive loadon theclock netswill beincreased.

Theoperationof theimprovedlatchcircuit wasevaluatedoverarangeof backbiasconditions,
asshown in Figure3. The left shmooplot indicatesthosecombinationsof NBIAS andPBIAS
thatresultin correctfunctionof a sample32-bit shift registerusingthis latchcircuit. Theshmoo
plot on theright presentsSPICEsimulationsof theflip flop from theshift register, usingSPICE
transistormodelsextractedfrom thesamewafer lot. In bothcasesthesupplyvoltagewas0 � 5 V
and the clock frequency was1 MHz. Although the shift registerswill operateat muchhigher
frequenciesany failuremodesdueto leakageareexacerbatedat low frequencies.

Thefailuremodefor eitherlatchcircuit occurswhenit is first loadedwith ahighlevel. Suppose
that after thepasstransistoris disabledtheD input is driven to a low level. The leakageof the
NMOS passtransistormustbesuppliedby thePMOStransistorsin the feedbackcircuit, which
have relatively lower draincurrentsthantheNMOS transistorsbecauseof the lower mobility of
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Figure 3. Measured and Simulated Shmoo Plots for Improved Latch Circuit

holes.Thelatchfailswhenavalid ‘1’ logic level cannotbemaintainedby thefeedbackcircuit.
SPICEpredictscorrectly that the improved latch circuit will not function for an NBIAS of

0 � 0 V, regardlessof the PBIAS voltage. Under theseconditionsthe leakageof the input pass
transistoris simply too large for the feedbackcircuit to supply. At somewhat highervaluesof
NBIAS the latch will function only with lower valuesof PBIAS becausethe PMOStransistors
in thefeedbackpathmusthave fairly low valuesof VT to provide sufficient current.For NBIAS
levels of 1 � 5 V andabove the NMOS leakageis reducedto a low enoughlevel that the PMOS
feedbackdevicescansupplythis currentatany PBIASvalue.

Measureddatafrom 32-bit shift registersbuilt using thesetwo latch variationsis shown in
Figure 4, and provides a macroscopicview of their behavior. This datawas collectedwith a
supplyvoltageof 0 � 5 V anda clock frequency of 1 MHz. Thetop tracein this figureis theinput
datawaveform, consistingof a “010110” patternsurroundedby zeros. The secondtracein the
figureshows thecorrectshift registeroutputasgeneratedfrom ashift registerusingtheimproved
latch. Thethird andfourth tracesshow theincorrectbehavior of theoriginal latchcircuit. With a
low biasvoltagethe leakageof the input passtransistoroverwhelmstheweakfeedbackinverter
andthe input dataflows asynchronouslyto the registeroutput. Whenthebiasvoltageis higher
theshift registerbeginsto show somesignsof synchronousoperationbut theflip flopsstill donot
work properly.

3. Multiplexer examples

In theprevioussection,latcheswerediscussedwhich illustratedsomeof thedesignconcerns
usingvery low voltage. In this section,threedifferentmultiplexer circuitswill bediscussedthat
will provideadditionalinsightsasto thesensitivitiesof circuit topologyto differencesin delayand
power givenlow andhigh thresholds.Theschematicdiagramsfor thesethreecircuitsareshown
in Figure5. The circuit shown in Figure5(a) is a multiplexer that is very regular in structure.
It is alsorepresentative of sometypesof programmedtransistorarraysthat insert transistorsor
short out transistorconnectionsat variouspoints in the array [12]. The secondcircuit shown
in Fig 5(b) is a binary treestructure(BTS) [13]. The leavesof the treeareinputsandthe tree
reducesdown to a single2 to 1 multiplexer for both the N devicesandP devices. Thesefirst
two multiplexer typesusetransmissionsgateswith bothN andP deviceswhile thethird typeof
multiplexer usesan NMOS BTS input combinedwith a PMOSpull-up to restorethe degraded
‘1’ logic level that would resultat nodeX. The non-BTSandBTS multiplexer designswill be
discussedfirst followedby theNMOSmultiplexer.

TheSPICEmodelswereextractedfrom wafersfabricatedusingthelow voltageprocess.The
intrinsic thresholdsof theN andP deviceswerevery low andwereincreasedthroughtheuseof
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backbiasvoltagesasdescribedin Section1. Thedifferencebetweenlow andhigh thresholdsin
thiscomparisonis only tensof milli volts. Thenetlistsusedwereextractedfrom drawn layoutand
includedall parasiticwiring capacitancesanddiodevalues.VDD wassetat0 � 5 V andVSS at0 � 0 V.
A temperatureof 27 � C wasusedin thesimulations.A seriesof four multiplexerswasusedin the
simulationsfor eachmultiplexer typesothattheoutputsof eachmultiplexer woulddrive realistic
loads.All unselectedinputsweretied low.

Cascadingan even numberof multiplexersprovided morerealistic loadsthanjust analyzing
a singlemultiplexer, but it alsohelpedto remove someof the statedependency in power con-
sumptionunderDC conditions. While it is not a concernfor high voltageprocesses(3 � 3 V for
example),in low voltagedesignthesubthresholdchannelleakagedominatestheDC currentand
increaseswith transistorwidth. If aninverteris sizedsothatit hassimilar pull-up andpull-down
strengththeP device will be larger thantheN device dueto thelower mobility of carriersin the
P transistor. A logic ‘1’ at theinput to aninverterturnson theN device while nearlyturningoff
theP device. Undervery low voltageoperation,theP device will leakmorebecauseof its size
thanwill a turnedoff N device. This causesmeasurablymoreDC currentflow undera logic ‘1’
conditionthanundera logic ‘0’ condition.

3.1. BTS and non-BTS comparisons

Figures5(a)and(b) show theschematicsof thenon-BTSandBTS multiplexer circuits. The
areasof the two circuit layoutshave beenmaintained,the transistorsizesareidentical,andthe
input capacitancesareconstant.Becausethe BTS layout allows for an increasein someof the
transistorsizesthetransistorswhosegatesarecontrolledby signalsY1, Y1B, Y2, andY2B were
doubledin sizeto createanothercomparisoncircuit labeled“BigBTS”.

Table1 shows rise andfall delaysmeasuredfrom VDD
�
2 of the input signalto VDD

�
2 of the

outputof the secondmultiplexer in the testseries.The non-BTScircuit is significantlyslower
than the BTS circuits. This is primarily due to the addedcapacitanceat nodeX. The BigBTS
circuit wasthe fastestdueto reducedimpedanceof the input signalpath. The right sideof the
table was normalizedto the fastestdelay illustrating that the BTS circuit with nearminimum
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Figure 5. Multiplexers

Table 1. Rise/Fall delays. Right half is normalized
Vt param non-BTS BTS BigBTS non-BTS BTS BigBTS
low td1 qr 2 � 92ns 1 � 56ns 1 � 24ns 2.35 1.26 1.0
low td1 qf 2 � 45ns 1 � 43ns 1 � 26ns 1.94 1.13 1.0
high td1 qr 3 � 94ns 2 � 16ns 1 � 64ns 2.40 1.32 1.0
high td1 qf 3 � 45ns 2 � 12ns 1 � 65ns 2.09 1.28 1.0

sizedtransistorswas13-32%slower thanBigBTS while thenon-BTScircuit wasapproximately
100%slower. As canbeseenfrom the table,increasingthe transistorthresholdincreasesdelay
by approximately40%for all multiplexer types.

Figure6 shows thepower versusfrequency relationshipfor eachof themultiplexer testcases
at the low andhigh thresholds,asobtainedfrom SPICEsimulationsof thesecells. Power is for
all four multiplexers.TheBTS circuit consumeslesspower thanthenon-BTS.This is especially
significantin thedynamicconditionsin whichthesmallinputdevicescombinedwith highinternal
capacitanceatnodeX increasedynamiccurrentconsumption.Evenunderstaticconditions,there
is an increasein sub-thresholdleakageof thenon-BTSover theBTS circuit dueto having more
off transistorsin thedesign.

Whatis interestingabouttheBigBTS multiplexer is thatit consumeslessdynamicpower than
theothermultiplexersbut consumesapproximately25%morestaticpower thantheothers.The
dynamicpower reductionis dueto fasterriseandfall timesat nodeX. TheDC currentincrease
maybeexplainedin partbecauselarger transistorsexhibit greatersubthresholdchannelleakage
current.ThesmallerBTS circuit exhibitedtheleastleakagecurrent.

It shouldbe notedthat in a typical 3 � 3 V process,usingan identicalnetlist, the staticpower
dissipationfor themultiplexersis lessthan2 nW. With high thresholdvaluesthesub-threshold
channelleakagecurrentisn’t amajorconcern.With verylow voltages,andhencevery low thresh-
olds, thesubthresholdleakagecurrentsdominatethestaticcurrentresults.With the low voltage
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process,usinga low threshold,thestaticcurrentsareapproximately40 to 50 timesgreaterthan
the static currentsusing the low voltageprocesswith the higher threshold,andapproximately
500timesgreaterthanthestaticcurrentsfoundin a typical 3 � 3 V process.Theaveragedynamic
power savings, however, is substantialwhencomparinga 3 � 3 V processwith eitherof the low
voltageprocessconditions: thereis a reductionin dynamicpower of a factorof approximately
35 by migratingto thelow voltageprocesswith thelow thresholdconditionanda reductionof a
factorof about55 whenmigratingto thelow voltageprocesswith ahigh threshold.

3.2. NMOS multiplexer with a PMOS pullup

TheNMOSmultiplexer shown in Figure5(c)hasdelaycharacteristicsthatarehighly sensitive
to thresholdvariations. The dynamicpower consumptionis very sensitive to pull-up strength.
Thesetwo constraintsmake this circuit harderto designfor low voltageapplicationsthan the
multiplexerspreviously discussedthathave full transmissiongates.
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Figure7 andFigure8 plot thevoltageof internalnodeX aswell asXB andQ overacycle. Fig-
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ure7 illustratesthelow thresholdconditionandFigure8 illustratesthehigh thresholdcondition.
The simulationperformeda sweepof channellengthof thepull-up from minimum length,to 2
times,and3 timesminimum. INV1 wassizedsoits switchpointwasloweredto 200mV to help
compensatefor theslow risetimesthroughtheNMOS devices.Underlow thresholdconditions,
a minimumdelayis achieved by having a weakpull-up. This is becausetheworstcasedelayis
determinedby thetimeit takesto pull-down theinternalnodeX. A weakpull-upreducesthetime
for aninputdevice to pull-down theinternalnode.Thiscanbeseenin Figure7 .

The high thresholdcaseis shown in Figure 8. This plot shows the resultsof altering the
thresholdby approximately50mV. Whatis noticeableabouttheplot is thatthefall timeof node
XB is muchslower thanthefall time of the low thresholdcase.Theincreasedthresholdslowed
down charging nodeX. With theinverterthresholdstill at about200mV INV1 takesa long time
to switch.To compensatefor theincreasedtransistorthreshold,INV1’sswitchingthresholdcould
be loweredat thecostof noisemargin. As in the caseof the low thresholdcondition,having a
strongerPMOSpull-up resultsin slower pull-down timesatnodeX.

Thedifferencein powerconsumptionbetweenthelow andhighthresholdcaseswasonly afew
percentin thedynamiccase(10MHz) but nearlyanorderof magnitudeunderthestaticcondition.
Thedynamicandstaticpowerconsumptionfor theNMOStestcaseswasapproximately20to30%
morethanthatof themultiplexersthatusedfull transmissiongates.

4. Low-voltagememory design

The designof a 10k x 16 single-accessRAM is consideredto illustratethe issuesrelatedto
RAM designwith low thresholdtransistors.The 10k x 16 SingleAccessRAM (SARAM) is a
10240wordx 16-bitstaticrandomaccessmemory. TheSARAM is split into 5 blocksof size2k x
16. Each2k x 16block is dividedinto two blocksof size1k x 16. Each1k block is furtherdivided
into four sub-blocksof size256words.The256wordsarearrangedas32rowsx 8 columns.The
SARAM is partitionedinto smallersub-blocksto reducetheleakagecurrenteffectsonthebit-line
asdiscussedin thenext paragraph.

Figure9 shows a 32-row stackconsistingof 32 bit-cells (B0 to B31) anda write accesscon-
trolled by WC with a precharge CLK. Assumethe bit cell B0 is storinga logic ‘1’ andall the
othercells B1 throughB31 arestoringa logic ‘0’. Whentheaddressline A0 is active, thecell
B0 is driving a logic ‘1’ on the bit line D. All the otherbit-cells (B1 to B31) aretrying to pull
the bit-line low dueto the leakagecurrentthroughthe off transistors.If the numberof rows is
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increasedthentheincreasedleakagecurrentcancausethebit-line to drift down to anintermediate
voltage.Therefore,oneof thefirst considerationsin designinga low voltageRAM shouldbeto
determinetheminimumnumberof rows thatcanbestackedandpartitiontheRAM basedon the
minimum-row stacks.Reducingthenumberof therows from theminimum-row stackwill cause
theaddressdecodingandthereaddecodinglogic to increase.This will slow thespeedandalso
increasethepower consumption.Thesetradeoffs mustbecarefullyconsideredto determinethe
optimumpartitioningof theRAM.

4.1. Comparisonof the low thr esholdand the high thr esholdtransistors

Anotherimportantfactor in designingthe RAM is the staticpower consumptionof the non-
switchingnodes. We consideredtwo designapproaches,oneusingvery low transistorthresh-
old voltagesandanoperatingvoltageof 0 � 5 V andanotherwith higherthresholdvoltages(over
100mV) anda higheroperatingvoltageof 1 V. For thehigh thresholdcaseanoperatingvoltage
of 1 V wasneededto provide asufficient switchingrangefor thebit-lines.

SPICEsimulationswererunto comparethepowerconsumptionof theSARAM for low thresh-
old transistorsat0 � 5 V with thehigh thresholdtransistorsat1 � 0 V. Table2 andthecorresponding
graphin Figure10show thecomparisonof themodelsfor thepowerconsumptionin the32-row s-
tackin theFigure9. Dueto thesymmetryandthesizingof thetransistors,thepowerconsumption
resultsarenot sensitive to whethera zeroor oneis storedin thebit cell.

Table 2. Power Consumption for 32-Row Stack
Frequency Power

lower threshold,VDD � 0 � 5 V higherthreshold,VDD � 1 � 0 V
DC 5 � 03 � W 1 � 65 � W

20MHz 5 � 18 � W 3 � 53 � W
30MHz 5 � 38 � W 4 � 61 � W
40MHz 5 � 60 � W 5 � 60 � W
50MHz 5 � 81 � W 6 � 61 � W
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The power consumptionresultsof one32-row stackoperatingat a frequency of 50MHz are
extendedto all thebit-cellsin theSARAM 10kx 16,andtheresultingpowerconsumptionvalues
arediscussedin thenext section.

4.1.1. Low thr esholdtransistors

The smallestsub-blockin the SARAM 10k x 16-bit is a 256 word x 16-bit block. The 256
wordsarearrangedas32rowsx 8 columns,soin any readcycleof theSARAM all the8 columns
of 16-biteachwouldbeswitchingattheclockfrequency. So128(8 x 16),32-row stackswouldbe
switchingin onereadcycle. Thedynamicpowerconsumptionin the128,32-row stacksswitching
at 50MHz frequency, basedon theTable2 is:

PDYNAMIC ��
 5 � 81 � 5 � 03��� W � 128 � 0 � 1 mW

Thetotal numberof the32-row stacksin theSARAM 10k x 16 is 5120 
 10240� 16
32 � . Staticpower

consumptionin all thebit cellsis:

PSTATIC � 5120 � 5 � 03 � W � 25� 73mW �
Totalpowerconsumptionin thebit cellsis:

PTOTAL � PDYNAMIC
�

PSTATIC � 0 � 1 mW
�

25� 73mW � 25� 83mW

4.1.2. High thr esholdtransistors

Similarly, for thehigh thresholdmodels,thedynamicpower consumptionin the128,32-row
stacksswitchingat50MHz frequency, basedon Table2 is:

PDYNAMIC ��
 6 � 61 � W � 1 � 65 � W � � 128 � 0 � 63mW �
Staticpower consumptionin all thebit cellsis:

PSTATIC � 5120 � 1 � 65 � W � 8 � 45mW �



Totalpowerconsumptionin thebit cellsis:

PTOTAL � PSTATIC
�

PDYNAMIC � 0 � 63mW
�

8 � 45mW � 9 � 08mW

Due to very low activity factorin theRAMs thestaticpower consumptionis higherthanthe
dynamicpower consumption.The low thresholdmodelswith a 0 � 5 V operatingvoltagehave a
higherstaticcurrentascomparedto high thresholdmodelsat 1 V operatingvoltage. Basedon
theabove discussion,it canbeconcludedthat theRAMs shouldbedesignedwith high threshold
modelswith an operatingvoltageof 1 V. Level shifting interfacescanbe usedto interfacethe
RAM to otherlogic operatingat0 � 5 V.

5. Conclusions

CMOSdevicesoperatingatvery low supplyvoltagescanprovidedramaticreductionsin power
consumption.In orderto maintainhighperformancelevelsit is necessaryto reducethetransistor
thresholdsaswell, andthiscanleadto slow switching,higherthanexpectedpowerconsumption,
degradedlogic levels, andeven lossof functionality in someconventionalcircuit designs.De-
signersmustconsidertheeffectsof increasedsubthresholdleakage,andshouldusecircuits that
arerobust in the presenceof thresholdvariations. Whentheactivity level is quite low, asfor a
RAM, it maybemoreappropriateto chooseahigheroperatingvoltage,andhigherthresholds,to
minimizeleakagecurrents.
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