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Abstract– Efforts are underway to develop CMOS integrated circuits that operate at supply
voltages well under 1 V. For a variety of reasons it is often desirable to interface these low
voltage devices to conventional electronics operating with nominal supply voltages of 5 V or
3 � 3 V. This paper examines circuit techniques used to create such interfaces.

1 Introduction

Driven by the needto reducepower consumptionandmaintainhigh reliability in leadingedge
integratedcircuits,thenominaloperatingsupplyvoltagefor thesedevicesis falling steadily[1–3].
Complex integratedcircuitsoperatingwith supplyvoltagesaslow as0 � 5 V havebeendemonstrat-
ed. In order to test thesedevicesor insert theminto existing systemsit is usuallynecessaryto
provide interfacesfrom the low voltagelogic to conventionallogic devicesoperatingat 5 V or
3 � 3 V. Commerciallyavailable logic interfacesdo not supportthesevery low logic levels, and
solutionsbasedondiscretecomponentsor analogcircuitstendto belargeandslow.

Thispaperdescribeslevel shiftersthathavebeenmanufacturedusingcommercialCMOSpro-
cessesfor useasstand-aloneinterfacecomponents.Prototypeshiftersthatcanbe integratedinto
theI/O padson low voltagecircuitsarealsopresented.In eachcasebothadownshifterandanup-
shifterhavebeenimplemented.Thedownshifterconvertsahighvoltagelogic level in therangeof
2 � 5 V to 4 � 0 V down to a low voltagelogic level of around0 � 5 V. Similarly, theupshifterconverts
a low voltagelogic signalto ahighvoltagesignal.

2 Level Shifters in Conventional CMOS

In orderto resolve a classic“chickenandegg” predicamentwe neededinterfacesto low voltage
logic beforethelow voltagedevicesthemselveswereavailable.Theseinterfaceswererequiredto
build testfixturesfor low voltagedevices,andcould not themselvesdependon the low voltage
process.A genericinterfacedevice wasdesigned,which is similar in function andpinout to the
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venerable74LS245octal,bidirectionalbuffer. Theprimarydifferencein thenew interfacedevice
is that it requirestwo supplyvoltagesasthe pins on onesideof the interfaceoperateat a much
lower voltagethanthepinson theotherside. CommercialCMOSprocesseswith featuresizesof
0 � 50 � m and0 � 35 � m weresuccessfullyusedto fabricatetheinterfacedevices.

Thebasicdownshiftercircuit is shown in Figure1, which is basedon a very commondesign
[4,5]. Whendriving ahighvoltageoutputanormalinvertercanbeused,whereaPMOStransistor
is usedasa pullup device. However, a conventionalinverterdoesnot work well whenthe low
outputvoltage,VDDLO, is likely to be lower thanthethresholdvoltage,VT , of a PMOStransistor.
Sincethetransistorgateis drivenno lower thangroundits gateto sourcevoltage,VGS, will always
belessthanVT andthepullup transistorwill haveverypoordrive.

VDDLO

3V INPUT

0.5V OUTPUT

U2

U3

MN1

MN2

U1

Figure1: Schematicof Down Shifter

The solution to this problemis to usean NMOS transistoras a pullup device in a source-
follower configuration. As long as the differencebetweenthe high supplyvoltageandthe low
supplyvoltageis significantlygreaterthan theVT for an NMOS transistorthen the NMOS can
provide a strongpullup capability. This outputdriver arrangementrequirescomplementarydrive
signalsfor the two NMOS transistors,which canbe accomplishedby simply addingan inverter,
U1. However, if the raw input and its complementwere usedto drive the NMOS transistors
directly therewould bea significantshortcircuit currentduringswitching. Whenthe input rises
thereis a brief periodof time, equalto thedelaythroughthe inverter, whenthe input signaland
its complementsignalarebothhigh. If thesetwo signalsdrovetheNMOStransistorsdirectly then
both transistorswould beenabledat thesametime, providing a low impedancepathfrom VDDLO
to ground.Theresultingcurrentspikeswould introduceconsiderablenoiseinto thepower supply
rails andwould increasethechip’s power consumption.Therefore,thecrosscoupledNOR gates,
U2 andU3, areaddedto preventanoverlapbetweenthegatedrive signalsfor theNMOS output
transistors.

Figure2 shows measuredwaveformsfor this circuit implementedin a commercial0 � 35 � m,
3 � 3 V process.Notethattheverticalscalesaredifferentfor theinput andoutputtraces.Theinput
signalis a typical 3 � 3 V signalwhile theoutputhasa nominalhigh level of only 0 � 5 V. Thetotal
propagationdelaythroughthe interface,includinga standard3 � 3 V input padanda downshifting
outputpad,is about3 ns.

Implementingtheup shift functionis considerablymoredifficult. Whenusinga typical com-
mercial3 � 3 V processthe low voltagesignalsaresmallerthan theVT of a transistor, making it
verydifficult to achievehighspeedswitching.A simplifiedschematicof thecircuit thatis usedin
our interfaceis shown in Figure3. TransistorsMP1 andMP3 actassourcefollowers,with MP1
shiftingtheinputsignalupby thevalueof thePMOSVT . Thegateof MP3is drivenfrom aresistor
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Figure2: OscilloscopeDatafor Down Shifter

divider thatproducesVDDLO

�
2, soits sourcewill beat a constantlevel of VT � VDDLO

�
2. Transis-

torsMN1, MN2, MP2, andMP4 form a differentialamplifier thatcomparestheconstantvoltage
at thegateof MN2 with thevaryinginput at thegateof MN1. Theoutputof thedifferentialstage
is thenbufferedto createausable3 � 3 V logic signal.
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Figure3: SimplifiedSchematicof Up Shifter

Theresistordividershown in theschematicis formedfrom thelightly dopedN-Well. A single
divider is sharedby all eightof theupshifterson thesamedie,sothetotal staticcurrentconsump-
tion is just a few microamps.Theabsolutevalueof theseresistorsis not critical aslong astheir
valuesarereasonablywell matched.

Typicalmeasuredwaveformsfor theupshifterareshown in Figure4. Theaddedcomplexity of
theupshiftercausesit to beslower thanthedownshifter, but thedelayis still only about10ns.
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Figure4: OscilloscopeDatafor Up Shifter

3 Level Shifters in Low Voltage CMOS

In somesituationsit may be desirableto have the level shifting function integratedinto the low
voltageintegratedcircuit ratherthanusingaseparateinterfacedevice. We have alsoimplemented
prototypelevel shiftersin a processwherethetargetsupplyvoltagelevel is only 0 � 5 V. Thebasic
designof thedown shifterremainsthesameasFigure1. However, thetransistorthresholdsin the
low voltageprocessarequite low andasa result thereis significantsubthresholdleakage.The
inverterandNOR gatesoperatewith a supplyvoltageof 3 � 3 V so this subthresholdleakagecan
causesignificantstaticpowerconsumption.Thetransistorsin thesegatesshouldbedesignedwith
the minimum gatewidth thatwill allow the circuit to meetits timing requirements,andthe gate
lengthcanbe increasedabove the minimum to provide a small increasein VT . Measuredwave-
forms for this downshifterareshown in Figure5, wherethesignalpathincludesa downshifting
input padanda low voltage(non-level-shifting)outputpad.

Designingan upshifterin a low voltageprocessis not ascumbersomeasthecircuit given in
Figure 3. Low voltagesignalsare capableof driving NMOS transistorsinto saturation,so the
simplified differentialcircuit shown in Figure6 canbe used. The low voltagelogic on the left
providesnon-overlappingdrive signalsto NMOS transistorsMN1 andMN2. The cross-coupled
PMOStransistors,MP1 andMP2, provide the differentialamplificationto producehigh voltage
logic signals.Thehighvoltageinvertersshown on theright simplyprovidesufficientdrive for the
outputpadandexternalload. The transistorsthatoperateat high voltagelevelsareoptimizedto
reducestaticpowerconsumption,asdescribedabove. Themeasuredwaveformsfor this upshifter,
andthenon-level-shiftinglow voltageinputpadthatdrivesit, areshown in Figure7. Thepropaga-
tion delayfor this pathis considerablyimprovedover theversionthatusedtheconventional3 � 3 V
process.
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Figure5: OscilloscopeDatafor Down Shifter
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Figure6: Schematicof Low VoltageUp Shifter

4 Reliability Considerations

The low voltageprocessusedhereis derivedfrom a conventional3 � 3 V, 0 � 35 � m process.Since
the gateoxide is designedto allow voltagesof up to 4 � 0 V we neednot be concernedaboutthe
reliability of theseoxideswhenthetransistorsareusedin level shifters.

However, the low voltageprocessdoesnot use,or need,lightly dopeddrains(LDD). LDD
structuresareaddedto reducethemaximumfield at thetransistordrain. High fieldsin this region
cangiveelectronssufficientenergy thatthey areinjectedinto thegateoxideandcausepermanent
damage,alsoknown ashotelectroneffectsor hot carriereffects.For productioncircuitsit will be
necessaryto modify thecircuitswherelow voltagetransistorsareexposedto high drainvoltages.
Cascodecircuits are typically usedto accomplishthis, as shown in Figure 8 [6–8]. The gates
of MN1 andMP1 arebiasedto VDDHI

�
2 by the resistordivider. Whenthe 3-Volt input is high

transistorMN2 conductsandpulls its drain low. As soonasthe sourceof MN1 is pulled below
VDDHI

�
2 � VT it will alsobegin conductingandwill pull the 3-Volt outputnodelow. SinceVT

for the low voltagetransistorsis quite low with respectto VDDHI MN1 easilyreachessaturation
anddoesnot seriouslycompromisethe switchingspeedof the circuit. Whenthe 3-Volt input is
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Figure7: OscilloscopeDatafor Up Shifter

thenbroughtlow transistorMN2 will bedisabledandMP2 will now conduct.MP1 thenpulls the
outputnodehigh. Sincethegateof MN1 is atVDDHI

�
2 andits sourcewasleft nearground,it will

continueto conductcurrentandthevoltageat its source(alsothedrainof MN2) will rise. Once
thevoltageat thisnoderisesto approximatelyVDDHI

�
2 transistorMN1 will bedisabled.Thus,VDS

for bothMN1 andMN2 is roughlyhalf of VDDHI whichgreatlydecreaseshot electrondamage.
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3V OUTPUT3V INPUT

Figure8: Schematicof CascodeInverter

5 Conclusion

Level shifting interfacesbetween3 � 3 V and0 � 5 V logic have beendemonstrated.Thesecircuits
canbe fabricatedin conventionalCMOS asstandaloneinterfaces,or they canbe integratedinto
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low voltageCMOSdevicesoperatingat very low supplyvoltages.
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