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Abstract— Efforts are underway to develop CMOS integrated circuitsthat operate at supply
voltages well under 1V. For avariety of reasons it is often desirable to interface these low
voltage devices to conventional electronics operating with nominal supply voltages of 5V or
3.3V. Thispaper examines circuit techniques used to create such interfaces.

1 Introduction

Driven by the needto reducepower consumptionand maintainhigh reliability in leadingedge
integratedcircuits,thenominaloperatingsupplyvoltagefor thesedevicesis falling steadily[1-3].
Compl« integratedcircuitsoperatingwith supplyvoltagesaslow as0.5V have beendemonstrat-
ed. In orderto testthesedevicesor inserttheminto existing systemst is usually necessaryo
provide interfacesfrom the low voltagelogic to corventionallogic devicesoperatingat 5V or
3.3V. Commerciallyavailable logic interfacesdo not supportthesevery low logic levels, and
solutionsbasedon discretecomponent®r analogcircuitstendto belarge andslow.

This paperdescribedevel shiftersthathave beenmanufcturedusingcommercialCMOS pro-
cessedor useasstand-alonenterfacecomponentsPrototypeshiftersthat canbe integratedinto
thel/O padsonlow voltagecircuitsarealsopresentedin eachcasebotha downshifterandanup-
shifterhave beenimplementedThe downshiftercorvertsa high voltagelogic level in therangeof
2.5V t04.0V downto alow voltagelogic level of around0.5 V. Similarly, the upshifterconverts
alow voltagelogic signalto a high voltagesignal.

2 Leve Shiftersin Conventional CMOS

In orderto resole a classic“chickenandegg” predicamentve needednterfacesto low voltage
logic beforethelow voltagedevicesthemseleswereavailable. Theseinterfaceswererequiredto
build testfixturesfor low voltagedevices, and could not themselesdependon the low voltage
process.A genericinterfacedevice wasdesignedwhich is similar in function andpinoutto the
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venerabler4LS245octal, bidirectionalbuffer. The primary differencein the new interfacedevice
is thatit requirestwo supplyvoltagesasthe pins on oneside of the interfaceoperateat a much
lower voltagethanthe pinson the otherside. CommercialCMOS processesvith featuresizesof
0.50 um and0.35 um weresuccessfullyusedto fabricatetheinterfacedevices.

The basicdownshiftercircuit is shavn in Figure 1, which is basedon a very commondesign
[4,5]. Whendriving a highvoltageoutputa normalinvertercanbe used wherea PMOStransistor
is usedasa pullup device. However, a corventionalinverter doesnot work well whenthe low
outputvoltage,Vyp, o, is likely to be lower thanthe thresholdvoltage,V;, of a PMOStransistor
Sincethetransistorgateis drivenno lower thangroundits gateto sourcevoltage Vg, Will always
belessthanV; andthepullup transistowill have very poordrive.
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Figurel: Schematiof Down Shifter

The solutionto this problemis to usean NMOS transistoras a pullup device in a source-
follower configuration. As long asthe differencebetweenthe high supply voltageandthe low
supply voltageis significantly greaterthanthe V; for an NMOS transistorthenthe NMOS can
provide a strongpullup capability This outputdriver arrangementequirescomplementarylrive
signalsfor the two NMOS transistorswhich canbe accomplishedy simply addingan inverter
Ul. However, if the raw input andits complementwere usedto drive the NMOS transistors
directly therewould be a significantshortcircuit currentduring switching. Whenthe input rises
thereis a brief periodof time, equalto the delaythroughthe inverter whenthe input signaland
its complemensignalarebothhigh. If thesetwo signalsdrove the NMOS transistorglirectly then
both transistorsvould be enabledat the sametime, providing alow impedancepathfrom V5, 5
to ground. Theresultingcurrentspikeswould introduceconsiderablaoiseinto the power supply
rails andwould increasehe chip’s power consumption.Therefore the crosscoupledNOR gates,
U2 andU3, areaddedto preventan overlapbetweernthe gatedrive signalsfor the NMOS output
transistors.

Figure 2 shavs measuredvaveformsfor this circuit implementedn a commercial0.35 um,
3.3V processNotethatthevertical scalesaredifferentfor the input andoutputtraces.Theinput
signalis a typical 3.3V signalwhile the outputhasa nominalhigh level of only 0.5V. Thetotal
propagatiordelaythroughthe interface,including a standard.3 V input padanda downshifting
outputpad,is about3 ns

Implementingthe up shift functionis considerablymoredifficult. Whenusingatypical com-
mercial 3.3V processhe low voltagesignalsare smallerthanthe V; of a transistoy making it
very difficult to achieve high speedswitching. A simplified schematiof the circuit thatis usedin
our interfaceis shavn in Figure 3. TransistordMP1 andMP3 actassourcefollowers,with MP1
shifting theinputsignalup by thevalueof thePMOSV;.. Thegateof MP3is drivenfrom aresistor



9th NASA Symposiunon VLSI Design2000 3.1.3

______ b

\/\—/ 10ns

Figure2: OscilloscopeDatafor Down Shifter

divider thatproduces/y, /2, soits sourcewill beata constantevel of Vi +Vpp, /2. Transis-
torsMN1, MN2, MP2, andMP4 form a differentialamplifier thatcompareghe constantoltage
atthe gateof MN2 with thevaryinginput at the gateof MN1. The outputof the differentialstage
is thenbufferedto createa usable3.3V logic signal.
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Figure3: Simplified Schematiof Up Shifter

Theresistordivider shavn in the schematiags formedfrom thelightly dopedN-Well. A single
divideris sharedoy all eightof the upshifterson the samedie, sothetotal staticcurrentconsump-
tion is just a few microamps.The absolutevalue of theseresistords not critical aslong astheir
valuesarereasonablyvell matched.

Typical measuredvaveformsfor theupshifterareshovn in Figure4. Theaddedcomplexity of
the upshiftercausest to be slowerthanthe downshifter, but the delayis still only about10ns.
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Figure4: OscilloscopeDatafor Up Shifter

3 Leve Shiftersin Low Voltage CMOS

In somesituationsit may be desirableto have the level shifting function integratedinto the low
voltageintegratedcircuit ratherthanusinga separatenterfacedevice. We have alsoimplemented
prototypelevel shiftersin a processwvherethe targetsupplyvoltagelevel is only 0.5V. Thebasic
designof thedown shifterremainsthe sameasFigure 1. However, thetransistorthresholdsn the
low voltageprocessare quite low andasa resultthereis significantsubthresholdeakage. The
inverterand NOR gatesoperatewith a supplyvoltageof 3.3V sothis subthresholdeakagecan
causssignificantstaticpower consumptionThetransistorsn thesegatesshouldbe designedvith
the minimum gatewidth thatwill allow the circuit to meetits timing requirementsandthe gate
lengthcanbe increasedbove the minimumto provide a smallincreasen V;. Measuredvave-
forms for this downshifterare shavn in Figure5, wherethe signal pathincludesa downshifting
input padandalow voltage(non-level-shifting) outputpad.

Designingan upshifterin a low voltageprocesss not ascumbersomeasthe circuit givenin
Figure 3. Low voltagesignalsare capableof driving NMOS transistorsinto saturation,so the
simplified differential circuit shavn in Figure 6 canbe used. The low voltagelogic on the left
providesnon-overlappingdrive signalsto NMOS transistoraVIN1 andMN2. The cross-coupled
PMOStransistorsMP1 and MP2, provide the differentialamplificationto producehigh voltage
logic signals.Thehigh voltageinvertersshonvn on the right simply provide sufficient drive for the
outputpadandexternalload. Thetransistorghat operateat high voltagelevels are optimizedto
reducestaticpower consumptionasdescribedabove. The measuredvaveformsfor this upshifter
andthenon-level-shiftinglow voltageinput padthatdrivesit, areshavn in Figure7. Thepropaga-
tion delayfor this pathis considerablymprovedovertheversionthatusedthe corventional3.3 V
process.
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Figure5: OscilloscopeDatafor Down Shifter
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Figure6: Schematiof Low VoltageUp Shifter

4 Reliability Considerations

Thelow voltageprocesausedhereis derived from a corventional3.3 V, 0.35um process.Since
the gateoxide is designedo allow voltagesof up to 4.0 V we neednot be concernedaboutthe
reliability of theseoxideswhenthetransistorsareusedin level shifters.

However, the low voltage processdoesnot use,or need,lightly dopeddrains(LDD). LDD
structuresaareaddedto reducethe maximumfield atthe transistordrain. High fieldsin this region
cangive electronssufficient enegy thatthey areinjectedinto the gateoxide andcausepermanent
damagealsoknown ashot electroneffectsor hot carriereffects. For productioncircuitsit will be
necessaryo modify the circuitswherelow voltagetransistorsareexposedto high drainvoltages.
Cascodecircuits are typically usedto accomplishthis, as shavn in Figure 8 [6-8]. The gates
of MN1 and MP1 arebiasedto V5, /2 by the resistordivider. Whenthe 3-Volt input is high
transistorMN2 conductsandpulls its drainlow. As soonasthe sourceof MN1 is pulled belov
Vppu /2 — Vy it will alsobegin conductingandwill pull the 3-Volt outputnodelow. SinceV;
for the low voltagetransistorss quite low with respectto V5, MN1 easilyreachessaturation
anddoesnot seriouslycompromisethe switching speedof the circuit. Whenthe 3-\Volt input is
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Figure7: OscilloscopeDatafor Up Shifter

thenbroughtlow transistotMN2 will be disabledandMP2 will how conduct.MP1 thenpulls the
outputnodehigh. Sincethe gateof MN1 is atVp,, /2 andits sourcewasleft nearground,it will
continueto conductcurrentandthe voltageat its source(alsothe drainof MN2) will rise. Once
thevoltageatthis noderisesto approximatelypp,, /2 transistoMN1 will bedisabled.Thus,Vg
for bothMN1 andMNZ2 is roughly half of V5,4, which greatlydecreasehot electrondamage.
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Figure8: Schematiof Cascoddnverter

5 Conclusion

Level shifting interfacesbetween3.3V and0.5V logic have beendemonstratedThesecircuits
canbe fabricatedn cornventional CMOS as standalonenterfaces,or they canbe integratedinto
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low voltageCMOS devicesoperatingat very low supplyvoltages.
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