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Abstract

As the operating supply voltage for commercial CMOS devicesfalls below 2 V, research activ-
ities are underway to develop CMOS integrated circuits that can operate at supply voltages well
under 1V. 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 variationsin threshold
voltage. This paper examines the design considerations for logic and memory circuitsin 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 the needto reducepower consumptiorandmaintainhigh reliability in leadingedge
integratedcircuits, the nominaloperatingsupplyvoltagefor thesedevicesis falling steadily[3—
6,9]. In orderto maintainhigh switchingspeedat low supplyvoltagesit is necessaryo reduce
thetransistorthresholdvoltage Vr, in proportion.For supplyvoltagesmuchbelov 1V thevalue
of Vit may be just tensor hundredsof millivolts, andthe subthresholdeakagecurrentof these
transistordbecomesignificant[2].

However, the power savingsachieved by operatingatlow voltagescanbe muchlargerthanthe
powerlosttoincreasedtaticcurrent. Thetotal averagegpower consumptiorof aCMOScircuitcan
be expressedsProra. = Psratic + Poynawmic if we focuson thesetwo primary componentsTo
first ordet Psraric is proportionalto Vpp andPpynamic 1S proportionaltoV§D X CLoap X FeLock,
whereVpp is the supplyvoltage,Ci oap is the averagecapacitancéhatmustbe switchedin each
clock cycle, andFc ock is the operatingclock frequeng. Becauseof theVj2, natureof dynamic
power, dramaticgainsin overall power consumptiorcanbe madeby reducingthe supplyvoltage.
If we simultaneoushdecreas&/t to maintainperformancehenthe staticpowver componentvill
increaseput notasquickly asdynamicpower decreasesl’he minimumaveragepower operating
pointfor ary circuitoccurswhenthesupplyvoltageis reducedo thepointthatthedynamicpower
andstaticpover componentgareroughlyequal.

However, thereareadditionalengineeringchallengeshatappeamwhenattemptingto usetran-
sistorswith very smallVy values[8]. Thenormalvariationof Vr duringmanugcturing,andwith
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environmentalfactorslik e temperatureganbe a significantfraction of thedesiredvy value. This
variationmakesit very difficult to fix iy atalevel thatwill resultin robustcircuit operation.One
approacho solvingthis problemis to abandorthe concepf Vi asaconstanparameterinstead,
V7 is treatedasan operatingparametethat canbe adjustedn realtime to compensatéor man-
ufacturingandervironmentaleffects[7,10,11]. To accomplishthis thetransistorsarefabricated
with a native, or intrinsic, thresholdvoltagethatis very nearzero. Bias voltagesarethenapplied
to the transistorbody, throughthe substrateor well, to raisethe thresholdto the desiredlevel.
We referto the PMOSbody biasvoltageasPBIAS, which is a positive voltagefrom Vpp to the
N-well. Similarly, the NBIAS is the magnitudeof the voltagethatdrivesthe substratdor P-well)
to alevel belav Vss. This biasingtechniquecancompensatéor global manufcturingvariation
and ervironmentaleffects, leaving the local variationsin V; acrossa single die asthe limiting
factorin reducingthe supplyvoltage.

Figurel shaws relatve NMOS drain currentasa function of gatevoltagefor seseral different
NBIAS voltagesettings,llustrating how thetransistors behaior canbetunedduring operation.
The bias voltagesare completelyindependenbdf the supply voltage,and asthey form reverse
biasedPN junctionstheir currentdemandsrequite low.
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Figure 1. Typical NMOS I/V Curves

Note thatthe maximumsaturationcurrentfor this transistorincreasedy about50% with low
biasvoltageswhile the subthresholdeakageat low biasis severaltimeshigherthanthe leakage
with a high bias. An importantoperatingparameteffor thesecircuits is the ratio of saturation
currentto leakagecurrent,referredto asthe lon/lopr ratio. At low biasvoltagesthis ratio is
low, but the netdrive currentis at its peak. On the otherhand,high biasvoltagesgreatlyreduce
subthresholdeakagebut thelower drive currentreducegperformance.

We have fabricatedand demonstrate@omplex microcircuitsoperatingwith a supplyvoltage
of only 0.5V usingthis technology[1]. Someof the CMOS logic stylesthat have beenused
successfullyin conventional processesvere found to work poorly, if at all, in the low voltage
processExaminingthesecircuits providesa generalinsightinto the appropriatedesignstylesfor
logic andmemorythatareintendedfor operationat a very low supplyvoltage.



2. Static latchesand flip flops

A numberof flip flop circuitswerefabricatedon thefirst waferlots of thelow voltageprocess,
beforeaccurateSPICEmodelswereavailable. Examiningtwo of thesecircuitsillustratesa com-
mon problemwith subthresholdeakagen ratioedlogic. The circuit on the left sideof Figure2
is a simplemasterdatch from one of the experimentalflip flops. Thelatchis intendedfor static
operationand hasbeenusedsuccessfullyin conventional CMOS processesThe feedbackpath
in thelatch usesvery weaktransistorsMN1 andMP1. Thesedeviceshave a W/L ratio of only
0.16 andareeasilyover driven by the input passtransistor(W/L = 4.57)to changethe stateof
the latch. In corventional CMOS the weak feedbackinverteris more than adequatgo supply
ary leakagecurrentthroughtransistotMNO at thefeedbacknodeandmaintaina suitablevoltage
level. Unfortunatelyin avery low voltageprocessheleakagecurrentthroughtransistotMNO is
a large fraction of the drive currentavailablefrom MN1 or MP1. Theratio of W/L betweerthe
passtransistorandthe feedbackdevicesis about29, andthis circuit will fail if lon/lorr is less
thanseveraltimesthatvalue.
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Figure 2. Schematic of Latch Circuits

The latch circuit shavn on theright side of Figure2 is a simple modificationto the original
latch that provides much betteroperation. The weakinverterhasbeenreplacedwith a clocked
inverter that has considerablyhigherdrive. The feedbackdevices nov have a W/L ratio half
aslarge asthat of the input passtransistor andthey canmaintainthe desiredlogic level at the
feedbacknode.Thedisadwantageof thiscircuitis thattheclock signalmustberoutedto theadded
transistorsandthe capacitve load onthe clock netswill beincreased.

Theoperatiornof theimprovedlatchcircuit wasevaluatedover arangeof backbiasconditions,
asshavn in Figure3. Theleft shmooplot indicatesthosecombinationsof NBIAS and PBIAS
thatresultin correctfunctionof a sample32-bit shift registerusingthis latch circuit. Theshmoo
plot on theright presentsSPICEsimulationsof theflip flop from the shift register usingSPICE
transistormodelsextractedfrom the samewaferlot. In both caseghe supplyvoltagewas0.5V
andthe clock frequeng was 1 MHz. Although the shift registerswill operateat much higher
frequenciesry failure modesdueto leakageareexacerbatedtlow frequencies.

Thefailuremodefor eitherlatchcircuit occurswhenit is first loadedwith ahighlevel. Suppose
that after the passtransistoris disabledthe D input is drivento alow level. The leakageof the
NMOS passtransistormustbe suppliedby the PMOStransistordn the feedbackcircuit, which
have relatively lower drain currentsthanthe NMOS transistorsdecausef the lower mobility of
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Figure 3. Measured and Simulated Shmoo Plots for Improved Latch Circuit

holes.Thelatchfailswhenavalid ‘1’ logic level cannotbe maintainedoy thefeedbaclkcircuit.

SPICE predictscorrectly that the improved latch circuit will not function for an NBIAS of
0.0V, regardlessof the PBIAS voltage. Undertheseconditionsthe leakageof the input pass
transistoris simply too large for the feedbackcircuit to supply At somevhat highervaluesof
NBIAS thelatchwill functiononly with lower valuesof PBIAS becausdhe PMOS transistors
in the feedbaclpathmusthave fairly low valuesof Vit to provide sufficient current. For NBIAS
levels of 1.5V andabore the NMOS leakageis reducedto a low enoughlevel thatthe PMOS
feedbacldevicescansupplythis currentatary PBIAS value.

Measureddatafrom 32-bit shift registershuilt usingthesetwo latch variationsis shavn in
Figure 4, and provides a macroscopicview of their behaior. This datawas collectedwith a
supplyvoltageof 0.5V andaclock frequeng of 1 MHz. Thetop tracein this figureis the input
datawaveform, consistingof a “010110” patternsurroundedyy zeros. The secondtracein the
figureshaws the correctshift registeroutputasgeneratedrom a shift registerusingtheimproved
latch. Thethird andfourth tracesshav theincorrectbehaior of the original latch circuit. With a
low biasvoltagethe leakageof the input passtransistoroverwhelmsthe weakfeedbacknverter
andthe input dataflows asynchronouslyo the registeroutput. Whenthe biasvoltageis higher
the shift registerbeginsto shav somesignsof synchronousperatiorbut theflip flopsstill donot
work properly

3. Multiplexer examples

In the previous section latcheswerediscussedvhich illustratedsomeof the designconcerns
usingvery low voltage. In this section threedifferentmultiplexer circuitswill be discussedhat
will provide additionalinsightsasto thesensitvities of circuit topologyto differencesn delayand
power givenlow andhigh thresholds.The schematidiagramdor thesethreecircuitsareshavn
in Figure5. The circuit shavn in Figure 5(a) is a multiplexer thatis very regularin structure.
It is alsorepresentate of sometypesof programmedransistorarraysthat inserttransistorsor
short out transistorconnectionsat variouspointsin the array [12]. The secondcircuit shavn
in Fig 5(b) is a binary tree structure(BTS) [13]. The leaves of the treeareinputsandthe tree
reducesdown to a single 2 to 1 multiplexer for both the N devicesand P devices. Thesefirst
two multiplexer typesusetransmissiongjateswith both N and P deviceswhile the third type of
multiplexer usesan NMOS BTS input combinedwith a PMOS pull-up to restorethe degraded
‘1’ logic level that would resultat nodeX. The non-BTSandBTS multiplexer designswill be
discussedirst followed by the NMOS multiplexer.

The SPICEmodelswereextractedfrom wafersfabricatedusingthe low voltageprocess.The
intrinsic threshold=f the N andP deviceswerevery low andwereincreasedhroughthe useof
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Figure 4. Measured Waveforms for 32-bit Shift Register

backbiasvoltagesasdescribedn Sectionl. The differencebetweenow andhigh thresholdsn
this comparisons only tensof milli volts. Thenetlistsusedwereextractedfrom dravn layoutand
includedall parasiticwiring capacitanceanddiodevalues.Vpp wassetat0.5 V andVsgat0.0 V.
A temperaturef 27 °C wasusedin thesimulations A seriesof four multiplexerswasusedin the
simulationsfor eachmultiplexer type sothatthe outputsof eachmultiplexer would drive realistic
loads.All unselectednputsweretied low.

Cascadingan even numberof multiplexers provided morerealisticloadsthanjust analyzing
a single multiplexer, but it alsohelpedto remore someof the statedependengcin power con-
sumptionunderDC conditions. While it is not a concernfor high voltageprocesse$3.3V for
example),in low voltagedesignthe subthresholdhanneleakagedominateghe DC currentand
increasewvith transistomwidth. If aninverteris sizedsothatit hassimilar pull-up andpull-dowvn
strengththe P device will belargerthanthe N device dueto the lower mobility of carriersin the
P transistor A logic ‘1’ attheinputto aninverterturnsonthe N device while nearlyturning off
the P device. Undervery low voltageoperationthe P device will leak morebecausef its size
thanwill aturnedoff N device. This causesneasurablynoreDC currentflow underalogic ‘1’
conditionthanunderalogic ‘O’ condition.

3.1 BTS and non-BTS comparisons

Figures5(a) and(b) shav the schematic®f the non-BTSand BTS multiplexer circuits. The
areasof the two circuit layoutshave beenmaintained the transistorsizesareidentical,andthe
input capacitanceare constant.Becausehe BTS layout allows for anincreasean someof the
transistorsizesthetransistoravhosegatesarecontrolledby signalsY1, Y1B, Y2, andY2B were
doubledin sizeto createanothercomparisorctircuit labeled*BigBTS”.

Table 1 shaws rise andfall delaysmeasuredrom Vpp /2 of the input signalto Vpp /2 of the
outputof the secondmultiplexer in the testseries. The non-BTScircuit is significantly slover
thanthe BTS circuits. This is primarily dueto the addedcapacitancet nodeX. The BigBTS
circuit wasthe fastestdueto reducedmpedanceof the input signal path. The right side of 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
Vit param|| non-BTS| BTS | BigBTS || non-BTS| BTS | BigBTS
low | tdlgr| 292ns | 1.56ns| 1.24ns 2.35 1.26 1.0
low | tdlgf || 2.45ns | 1.43ns| 1.26ns 1.94 1.13 1.0
high | tdlgr || 3.94ns | 2.16ns| 1.64ns 2.40 1.32 1.0
high | td1gf | 3.45ns | 2.12ns| 1.65ns 2.09 1.28 1.0

sizedtransistoravas13-32%slower thanBigBTS while the non-BT Scircuit wasapproximately
100%slower. As canbe seenfrom thetable,increasingthe transistorthresholdincreaseslelay
by approximately40%for all multiplexer types.

Figure 6 shavs the power versusfrequeng relationshipfor eachof the multiplexer testcases
atthe low andhigh thresholdsasobtainedfrom SPICEsimulationsof thesecells. Pawer is for
all four multiplexers. The BTS circuit consumes$esspower thanthenon-BTS.This is especially
significantin thedynamicconditionsin whichthesmallinputdevicescombinedwith highinternal
capacitancatnodeX increasalynamiccurrentconsumption Evenunderstaticconditions there
is anincreasen sub-thresholdeakageof the non-BTSover the BTS circuit dueto having more
off transistorsn thedesign.

Whatis interestingaboutthe BigBTS multiplexer is thatit consumegessdynamicpower than
the othermultiplexersbut consumespproximately25% more staticpower thanthe others.The
dynamicpower reductionis dueto fasterrise andfall timesat nodeX. The DC currentincrease
may be explainedin partbecausdarger transistorexhibit greatersubthreshold¢thanneleakage
current. ThesmallerBTS circuit exhibitedtheleastleakagecurrent.

It shouldbe notedthatin atypical 3.3V processusingan identical netlist, the static power
dissipationfor the multiplexersis lessthan2 nW. With high thresholdvaluesthe sub-threshold
channeleakagecurrentisn't amajorconcernWith verylow voltagesandhencevery low thresh-
olds, the subthresholdeakagecurrentsdominatethe staticcurrentresults. With the low voltage
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Figure 6. Power versus Frequency for Multiplexers with high and low threshold.

processpusinga low threshold the staticcurrentsare approximately40 to 50 timesgreaterthan
the static currentsusing the low voltage processwith the higherthreshold,and approximately
500timesgreaterthanthe staticcurrentsfoundin atypical 3.3 V process.The averagedynamic
power savings, however, is substantiawhencomparinga 3.3V processwith eitherof the low
voltageprocessconditions: thereis a reductionin dynamicpower of a factorof approximately
35 by migratingto the low voltageprocesawith thelow thresholdconditionanda reductionof a
factorof about55 whenmigratingto the low voltageprocesswith a high threshold.

3.2 NMOS multiplexer with a PMOS pullup

The NMOS multiplexer shavn in Figure5(c) hasdelaycharacteristicghatarehighly sensitve
to thresholdvariations. The dynamicpower consumptions very sensitve to pull-up strength.
Thesetwo constraintsmale this circuit harderto designfor low voltage applicationsthanthe
multiplexerspreviously discussedhathave full transmissiorgates.
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Figure 7. NMOS multiplexer node switching, Low threshold

Figure7 andFigure8 plot thevoltageof internalnodeX aswell asXB andQ overacycle. Fig-
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Figure 8. NMOS multiplexer node switching, High threshold

ure 7 illustratesthe low thresholdconditionandFigure8 illustratesthe high thresholdcondition.
The simulationperformeda sweepof channellengthof the pull-up from minimum length,to 2
times,and3 timesminimum. INV1 wassizedsoits switchpointwasloweredto 200mV to help
compensatéor the slow risetimesthroughthe NMOS devices. Underlow thresholdconditions,
aminimumdelayis achieved by having a weakpull-up. This is becausehe worstcasedelayis
determinedy thetime it takesto pull-down theinternalnodeX. A weakpull-upreduceghetime
for aninput device to pull-down theinternalnode.This canbe seenin Figure? .

The high thresholdcaseis shavn in Figure 8. This plot shawvs the resultsof altering the
thresholdby approximately50 mV. Whatis noticeableaboutthe plot is thatthefall time of node
XB is muchslower thanthefall time of the low thresholdcase.Theincreasedhresholdsloved
down chaging nodeX. With theinverterthresholdstill atabout200mV INV1 takesalongtime
to switch. To compensatéor theincreasedransistoithresholdJNV1's switchingthresholdcould
be loweredat the costof noisemamgin. As in the caseof the low thresholdcondition, having a
strongePMOSpull-up resultsin slower pull-down timesatnodeX.

Thedifferencen power consumptiorbetweerthelow andhighthresholdcasesvasonly afew
percenin thedynamiccaseg(10 MHz) but nearlyanorderof magnitudaunderthestaticcondition.
Thedynamicandstaticpowerconsumptiorior theNMOS testcasesvasapproximately20to 30%
morethanthatof the multiplexersthatusedfull transmissiormgates.

4. Low-voltagememory design

The designof a 10k x 16 single-acces®RAM is consideredo illustrate the issuesrelatedto
RAM designwith low thresholdtransistors.The 10k x 16 Single AccessRAM (SARAM) is a
10240wordx 16-bitstaticrandomaccessnemory The SARAM is splitinto 5 blocksof size2k x
16. Each2k x 16 blockis dividedinto two blocksof sizelk x 16. Eachlk blockis furtherdivided
into four sub-blocksof size256words. The256 wordsarearrangedas32 rows x 8 columns.The
SARAM is partitionedinto smallersub-blockgo reduceheleakagecurrenteffectsonthebit-line
asdiscussedh thenext paragraph.

Figure9 showvs a 32-rav stackconsistingof 32 bit-cells (BO to B31) anda write accesson-
trolled by WC with a prechage CLK. Assumethe bit cell BO is storinga logic ‘1’ andall the
othercells B1 throughB31 arestoringa logic ‘0'. Whenthe addresdine AQ is active, the cell
BO is driving alogic ‘1’ onthe 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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increasedhentheincreasedeakagecurrentcancausehebit-line to drift dowvn to anintermediate
voltage. Therefore oneof thefirst considerationsn designinga low voltageRAM shouldbe to

determinethe minimum numberof rows thatcanbe stacled andpartitionthe RAM basedon the

minimum-raw stacks.Reducingthe numberof the rows from the minimum-rav stackwill cause
the addresslecodingandthe readdecodinglogic to increase.This will slow the speedandalso
increasehe power consumption.Thesetradeofs mustbe carefully consideredo determingthe

optimumpartitioningof the RAM.

4.1 Comparison of the low thr esholdand the high thr esholdtransistors

Anotherimportantfactorin designingthe RAM is the static power consumptiorof the non-
switching nodes. We consideredwo designapproachespne usingvery low transistorthresh-
old voltagesandan operatingvoltageof 0.5 V andanothemwith higherthresholdvoltages(over
100mV) anda higheroperatingvoltageof 1 V. For the high thresholdcasean operatingvoltage
of 1V wasneededo provide a suficient switchingrangefor thebit-lines.

SPICEsimulationswvererunto comparehe powver consumptiorof the SARAM for low thresh-
old transistorsaat0.5 V with thehighthresholdransistorat 1.0 V. Table2 andthecorresponding
graphin Figure10showv thecomparisorof themodelsfor the power consumptionn the32-row s-
tackin theFigure9. Dueto thesymmetryandthesizingof thetransistorsthepower consumption
resultsarenot sensitve to whethera zeroor oneis storedin thebit cell.

Table 2. Power Consumption for 32-Row Stack

Frequeng Power
lower thresholdVpp = 0.5V | higherthresholdVpp = 1.0V
DC 5.03uW 1.65uW
20MHz 5.18 uW 3.53uW
30MHz 5.38 uW 4.61 uW
40MHz 5.60 uW 5.60 uW
50MHz 5.81 uW 6.61 uW
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Figure 10. Power vs. Frequency for the 32-row Stack

The power consumptiorresultsof one 32-rov stackoperatingat a frequeng of 50MHz are
extendedo all the bit-cellsin the SARAM 10k x 16, andtheresultingpowver consumptiorvalues
arediscussedh the next section.

4.1.1 Low thr esholdtransistors

The smallestsub-blockin the SARAM 10k x 16-bitis a 256 word x 16-bit block. The 256
wordsarearrangedis32 rows x 8 columns soin ary readcycle of the SARAM all the 8 columns
of 16-biteachwould beswitchingattheclockfrequeng. S0128(8 x 16), 32-row stackswouldbe
switchingin onereadcycle. Thedynamicpowerconsumptiorin the128,32-row stacksswitching
at50 MHz frequeng, basedntheTable2 is:

Poynamic = (5.81—5.03) uW x 128= 0.1 mW

Thetotal numberof the 32-rav stacksin the SARAM 10k x 16is 5120(1923%¢16)  Staticpower
consumptiorin all thebit cellsis:

Psratic = 5120 5.03 uW = 25.73mW.
Total power consumptiorin the bit cellsis:
ProraL = Povnamic + Pstatic = 0.1 mW 4+ 2573 mW = 25.83 mW

4.1.2 High thr esholdtransistors

Similarly, for the high thresholdmodels,the dynamicpower consumptionin the 128, 32-rav
stacksswitchingat 50 MHz frequeng, basedon Table2 is:

Povynamic = (6.61 uW — 1.65 uW) x 128=0.63 mW.
Staticpower consumptiorin all thebit cellsis:

Psratic = 5120x 1.65 pW = 8.45mW.



Total power consumptionn thebit cellsis:
ProraL = Psratic + Poynamic = 0.63mW + 8.45 mW = 9.08 mW

Dueto very low actvity factorin the RAMs the staticpower consumptions higherthanthe
dynamicpower consumption.The low thresholdmodelswith a 0.5V operatingvoltagehave a
higherstatic currentas comparedo high thresholdmodelsat 1V operatingvoltage. Basedon
theabove discussionit canbe concludedhatthe RAMs shouldbe designedwith high threshold
modelswith an operatingvoltageof 1V. Level shifting interfacescanbe usedto interfacethe
RAM to otherlogic operatingat0.5 V.

5. Conclusions

CMOSdevicesoperatingat very low supplyvoltagescanprovide dramaticreductionsn power
consumptionln orderto maintainhigh performancdevelsit is necessaryo reducethetransistor
thresholdsaswell, andthis canleadto slow switching,higherthanexpectedoower consumption,
dggradedlogic levels, andeven loss of functionality in someconventionalcircuit designs. De-
signersmustconsiderthe effects of increasedsubthresholdeakage andshouldusecircuits that
arerohbustin the presencef thresholdvariations. Whenthe actvity level is quite low, asfor a
RAM, it maybe moreappropriateo choosea higheroperatingvoltage,andhigherthresholdsto
minimize leakagecurrents.
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