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Abstract

The voltage distribution diagram (VDD) is an easy-to-uséool for designingan inverting or non-irverting
op-ampcircuit with somearbitrary (linear) transferfunction. It makesit easyto investigatethe inverting and
non-inverting circuit configurationgo determinenhich will work bestin a givenapplication.

Thesamediagrammay beusedto illustratethe effect of variousop-amplimitations suchasfinite open-loop
voltagegain,offsetvoltageandslew-ratelimiting.

It' susefulin the designof positive feedbaclcircuitsaswell. The voltagedistribution diagrammay be used
to designasinvertingor non-inverting Schmitttriggerwith arbitrarythresholdsandoutputbounds.
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1 Intr oduction

This paperdescribesa methodof graphicalanalysisfor op-ampcircuits. The sametechniquewith minor modi-
fications,appliesbothto linearamplifierswith negative feedbackandSchmitttrigger circuitswith positive feed-
back. Themethodis usefulbothasa practicaltool in circuit designandanaid to understandingircuit operation.

Origins
A graphicalmethodsimilar to the onepresentedherefor inverting amplifier circuit design,is givenin [5]. The
applicationto linear amplifiersis mentionedbriefly in referencg4]. An unrelatedgraphicalmethodof Schmitt
trigger designis givenin [6]. Thetechniques not presentedat all in the standardextbooksin op-ampcircuit
designsuchas[1],[2] or [3]. Thisarticle extendsandunifiespreviouswork by shaving how it maybeappliedto
avarietyof op-ampcircuits.

Sincethereappeardo be no generallyacceptechamefor this technique,l shall refer to it asthe voltage
distribution diagram.

1Theapplicationto linearamplifiershasbeenreferredto elsavhereasateetertotter diagram.Franco[4] callsit amedanicalanalagy. As
farasl amawarethereis no namefor thetechniquevhenappliedto Schmitttriggercircuits.



2 Negative Feedback:Linear Amplifiers

2.1 Thelnverting Amplifier

The standardp-ampinvertingamplifier circuit is shovn in figure 1.
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Figurel: InvertingOp-Amp Circuit

Thevoltage-distrilution-diagranfor theinvertingamplifier circuit of figure 1 is shavn in figure 2.
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Figure2: InvertingOp-Amp, VoltageDistribution Diagram

This diagrammay be consideredasa plot of the voltagedistribution acrossthe two resistorsR; and R for



somevalueof input voltageV;. In the caseshown in figure 2, theinput voltageis —3 volts. The circuit hasa
closed-loopvoltagegainof —2, sothe outputvoltageis +6 volts. PointA correspondghe virtual earthpoint.
Whenthe input voltagereversespolarity, the voltage-distrilution-diagrambecomesasin figure 3. The dis-
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Figure3: Reversingthe Input Voltage

tribution swingsover the rangebetweernthe dashedandsolid lines on the diagram. The diagrambehaesin the

samefashionasa playgroundeetertotter.

Somepointsareimmediatelyobviousfrom this diagram:

Voltage Gain Ignoringpolarity for amoment:becausehetwo trianglesaresimilar,

and
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thatis, the closed-loopvoltage gain of the circuit is proportionalto the ratio of the feedbackto input
resistanceln otherwords,aspoint A movesto theleft onthediagram theratio of V, /V; increasesndthe

gainincreases.

Inverting Operation Thedirectionof changeof the outputvoltageis oppositeto theinput. As V; movesup the

page,V, movesdown.

Finite Gain The conceptof the virtual earth point at A on the diagramis a very useful approximationidea
for analyzingop-ampcircuits. However, for the op-ampto develop a finite outputvoltagewith a finite
open-loopgain,theremustactuallybe somenon-zercsignalat point A.



Exaggeratinghe effect (or for amplifierswherethe open-loopgaincannotbe ngglected) the situationis as
shawvn in figure 4. Finite open-loopvoltagegainrequiresanerrorsignalto appeamattheinputterminaland
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Figure4: Finite Gain, InvertingOp-Amp

causeghe closed-loopgainto decreaséelon — R/ R;. Theeffectis to move the pivot pointfrom A to B
by anamountwhich maybe shavn to be

Ry
1 + Aol

As theopen-loopgain A, increasesthis offsetandthe error signalbothdecreasén magnitude Theerror
voltagereversessignwith theinputsignal.



Offset Voltage Unlike errorvoltage,offset voltagedoesnot changepolarity with the input signal. The voltage
distribution diagramis shavn in figure5. Theinputsignalstill swingssymmetricallybetweent3 volts but
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Figure5: OffsetVoltage,InvertingOp-Amp

the outputis offsetin the positive directionby theinput offsetvoltage.

The effect of offsetis alsodemonstratedh the gain distribution diagramof figure 6. For aninput signal
of zero, the outputsignalshouldalsobe zero. Becauseof voltageoffset, the outputis non-zeroand will
increasaastheclosed-loopgain R/ R; increasegie, point A movesto theleft). Thelessonfor thecircuit
designeiis thatoffsetvoltageis morelik ely to be a problemat large valuesof closed-loopgain.

Clipping and the Err or Voltage Whenthe outputvoltagereacheghe positive or negative limit of the op-amp,
the systemof negative feedbackno longerfunctionsandthe error voltagebecomessignificant. Figure 7
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Figure6: OffsetVoltage,ZeroInput

shavs how clipping appear®n the voltagedistribution diagram.Whenclipping occurs,the pivot point of
theline becomegheright-handaxis.

Theclosed-loopmyain— R/ R; is equalto 2 volts/wolt andthe limit of the op-ampoutputvoltageV,, is +8
volts. In the caseshawn in figure 7 the input voltageis —6 volts, so the outputlimits at +8 volts. The
resistorsR; and R; function asa voltagedivider and createa non-zerovoltageat point A, the inverting
input of the op-amp.Whentroubleshootinganinvertingop-ampcircuit, it is usefulto checkthevoltageat
theinvertingterminal: if it is not equalto the voltageat the non-irvertingterminal (often ground,or zero
volts), thenthe op-ampis not operatingasa negative feedbaclksystem.

SlewRate Limiting A large voltagestepof the input voltageV; will causeslew ratelimiting to occur, asthe
amplifiercompensatiocapacitancés chaigedby afinite current.On the voltagedistribution diagram the
input changesbruptlyfrom onevalueto another The outputvoltagerampsrelatively slowly from its first
to secondvalue.

While the amplifieris slewing, the diagramshaows that a large error voltageappearsat the invertinginput
terminal of the op-ampduring slew rate limiting. Consequentlya measurabldransientvoltage at the
invertinginputterminalindicatesthattheamplifieris slew ratelimiting.

2.2 The Non-Inverting Amplifier

The non-inverting negative feedbackamplifier configurationis shavn in figure 8, andthe correspondingoltage
distribution diagramin figure9.
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Figure8: Non InvertingOp Amp Circuit

For the closed-loopgain,we have by similar trianglesthat

Vi Vo
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Figure9: VoltageDistribution, Non Inverting Circuit

Rearranging,

R; + Rf
R;

Ry
= 1+ R,
whichis theusualequatiorfor the closed-loopgain,non-invertingop-ampconfiguration.

From the voltagedistribution diagramof figure 9, it is evidentthat the outputvoltagechangesn the same
directionasthe input, ie, the amplifier is non-inverting. As well, the outputvoltagecannever be lessthanthe
inputvoltage ,evenwhenthefeedbackesistors reducedo zero.The effect of finite gainopen-loopvoltagegain,
offsetvoltage,outputclipping andslew ratelimiting may also be shovn on the samediagram,asdescribedn
section2.1 above. However, the real utility of the voltagedistribution diagramis is designingthe generalized
inverting/non-irverting amplifier, shavn in the next section.

14
Vi

2.3 Generallnverting/Non-Inverting Amplifier

Theinvertingandnon-invertingfunctionsmay be combinedn the samecircuit, asshovn in figure 10.
This may be regardedas an inverting amplifier with input signal V,, and offset V4, or asa non-irverting
amplifierwith offsetV, andinputsignalVj. By superpositionthe outputvoltageis equalto:

Ry Ry
V,=Vy (1+2L) —v, (2L
(1+ %) v (%)

The correspondingoltagedistribution diagramis showvn in figure 11.



Figure10: Generalizednverting/Non-lrverting Amplifier

Theequationfor astraightline is
y=mx+b

wherem is the Slopeandb is the Y-Intercept.In the caseof figure11,

_‘/b_Va

b=V,
R,

Substitutingtheseexpressiongor m andb in the generakquationwe have

Onepointonthisline correspondso z = R; + Ry, y = V,. Substitutethesevaluesfor x andy andsimplify:

Vo = Va
vV, = (”R. )(Ri+Rf)+Va

Ry Ry
1+ ) v, (2L
Vb<+Ri) V(Ri)

This is the sameas the previous equationobtainedby superposition so the voltage distribution diagram
correspondso the behaviour of the circuit.

2.4 Application to Amplifier Design

WhenV,, is aninputandV} anoffsetvoltage we have agenerlizedinvertingamplifier. WhenV}, is aninputand
V., anoffsetvoltage,we have a generlizednon-irvertingamplifier.

Supposehat the designrequirements for an amplifier with an input voltageof +1 volt input signal that
correspondso anoutputsignalbetweerD and+5 volts. Thevoltagedistribution diagramfor aninvertingdesign

10
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Figure11l: VoltageDistribution Diagram,GeneralizedAmplifier

is shavn in figure 12. Two tracesaredravn betweerthe correspondingnput and outputvoltages.The point of
intersectiondefineshoththe offsetvoltageV;, andtheratio of R; : R;. Readingvalue$ off figure12, Ry /R; =
2.55 andV; = +0.75 volts. Thevaluesobtainedby circuit analysisare Ry /R; = 2.5 andVj, = +0.714 volts.

The voltagedistribution diagramfor a non-invertingamplifier that meetsthe samerequirementss shovn in
figure 13. Readingvaluesoff figure 13, Ry /R; = 1.40 andV, = —1.7 volts. The valuesobtainedanalytically
areR;/R; = 1.5 andV, = —1.66 volts.

With the graphicalimagesof figure 12 andfigure 13 in mind, the circuit designercaneasilyexplore how an
invertingor non-invertingcircuit designwill implementsomearbitrarytransferfunction.

3 Positive Feedback: The Schmitt Trigger

Thevoltagedistribution diagrammay be appliedto positive feedbaclcircuits. As in the caseof linearamplifiers,
therearetwo caseso consider:itheinvertingandnon-inverting SchmittTrigger.

3.1 Inverting Schmitt Trigger

Theinverting SchmittTriggeris showvn in figure 14. It is identicalto the non-invertingamplifier discussegbrevi-
ouslyexceptthattheinput terminalsof the op-ampareexchanged.
The correspondingoltagedistribution diagramis showvn in figure 15. The amplifier recevvespositive feed-

2We determinedhesevaluesby scalingoff the original xfig drawing.

11
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Figurel2: VoltageDistribution, Generalizednverting Amplifier

back,soit will drivethe outputto oneof its outputlimits. We referto this configurationastheinverting Schmitt
trigger becausehe outputswitchesto its negative limit asthe input voltageexceedshe positive inputthreshold,
andswitchedto its positive limit astheinput voltageexceedgmoving in a negative direction)the negative input
threshold.

Let's assumehatthe outputlimits (bounds)areV,;, = +3 voltsandV, = —3 volts. Assumethattheinput
voltageis zero,andthatthe amplifieris currentlyat the upperbound. ResistorsR,, and R, areequal. Thenthe
voltageat their junction, the non-inverting input terminal of the op-amp,will be at +1.5 volts. Thisis V,,;, the
upperthresholdof the Schmitttrigger, representetdy the uppersolid slopingline onfigure 15.

The equationgoverningthe genericbehaiour of the op-ampis

Vo=Au(Vt -V7)

whereA,; is theopen-loopgainof theop-amp,V 1 is thenon-invertinginput voltage(+1.5volts),andV ~ is the
inverting input voltage (0 volts). In this circuit, with the outputat its +3 volt positive limit, hereis a netinput
voltageof 1.5 volts. Thisis multiplied by thelarge open-loopgainof the op-amp driving the outputup againsits
positive limit. This situationcorrespondsn the voltagedistribution diagramof figure 15, the solid slopingline.
Now considerthattheinputvoltageV; attheinvertingterminalincreasegositively to slightly morethanthe
upperthresholdV,,;. Thenetinputto theop-ampwill benegative (V+ — V), andthiswill drivetheoutputof the
amplifiernegative. As theoutputmovesnegative, it increasesheeffectiveinputvoltagebetweertheop-ampinput

12
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Figurel4: InvertingSchmittTrigger

terminals,acceleratinghe movementof the outputto its lower boundVj;. On the voltagedistribution diagram
of figure 15, this new stablestatecorrespondso the dashedslopingline. In this state theinput mustexceedthe
lowerthresholdV;, = —1.5 voltsto causethe SchmittTriggerto switchbackto its positive state.

As in the caseof the linear amplifiers,a biasvoltagesourcel, may be usedto modify the behaiour of the
inverting Schmitttrigger, asshown in the designexampleof figures17 and18 in the section3.2.

13
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Figure15: VoltageDistribution Diagram,Inverting Schmitt Trigger

3.2 DesignExample

Supposeve wish to designan inverting Schmitt Trigger circuit wherethe outputlimits at +5 volts andO0 volts.
Theinputthresholdsare+1 volt. This might correspondo anapplicationwherean AC coupledsignal(onewith
zeroDC component)s to besquaedup for measuremerity amicroprocessoiTherequirementaresummarized
in figure 16. Thenthevoltagedistribution diagrammustlook like figure 17.

| Parameter | Symbol|[ Value,volts |
InputUpperThreshold | V; +1
Input Lower Threshold Vit -1
OutputUpperBound Vb +5
OutputLower Bound Vin 0

Figurel6: SchmittTrigger DesignRequirements

Accordingto the voltagedistribution diagramof figure 17, the designrequiresthat the bottom end of the
voltagedivider bebiasedo —1.75 volts. Theratioof R, : R is 10 : 7. Theschematids shovn in figure 18.

Thevoltagedistribution diagramindicatesimmediatelythat a negative voltageis requiredfor this circuit. If
thecircuit mustoperatdrom asinglepositive supply the —1.75 volt biassignalmaynotbecorvenientto provide.
Section3.4 shavs analternatve thatusesa non-irverting Schmitttrigger circuit.

14
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Figurel7: Inverting SchmittTrigger, ExampleCircuit

3.3 Non-Inverting Schmitt Trigger

The non-inverting Schmitt Trigger is shown in figure 19. The input signalis moved to the groundend of the
R, : Ry voltagedivider. The correspondingoltagedistribution diagramis shown in figure 20. In this case we
have assumedhatthe amplifieroutputlimits arethe V,,; (upperbound)at+2.5 voltsandV}; at—2.5 volts.

In this circuit configuration the amplifier changestatewhenerer the voltageat the centretapof the R, : Ry
voltagedivider movesthroughzerovolts. Fromthestraightline construction®n figure 20, we candeterminghat
theupperthresholdV,; will beat +1.5 volts andthe lower thresholdV;; at —1.5 volts.

Considerthatthe input voltageis positive and Schmittis in its outputhigh state with the outputvoltageV,
equalto theupperboundvalueV,;, +2.5 volts. This correspondso the upperdashedine in figure 20.

Now supposedhattheinput voltagemovesnegative throughzero,endingup in the positionindicatedby the
uppersolid line in figure 20. Whenthe left endof this line passeshroughthe lower thresholdevel V}; of —1.5
volts, voltageat the op-ampnon-invertingterminalpasseshroughzero. The op-ampimmediatelyswitchesinto
the outputlow state with V,, equalto —2.5 volts. This new statecorrespondso the lower solid line in figure 20,
with the outputvoltageV,, equalto thelower boundvalueVj,, —2.5 volts.

To revertbackto the original state outputpositive, the input voltagehasto move positive to take the op-amp
non-invertingterminalthroughzerovolts, asindicatedby the lower dashedine in figure 20. This requiresthat
theinputvoltagemove up throughthe upperthresholdevel V,,; of +1.5 volts.

The voltagedistribution diagramis usefulin visualizingthe action of this circuit, but its main utility is in
designinga circuit to somespecificrequirementsasdescribedn section3.4.

15
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Figure19: Non-InvertingSchmittTrigger

3.4 DesignExample

Now we will revisit the previous design this time usingthe non-inverting SchmittTriggercircuit. As previously
summarizedn figure 16, the outputlimits areat +5 volts and 0 volts, andthe input thresholdsare+1 volt. The
voltagedistribution diagramfor a non-inverting Schmitttriggerwith thesethresholdsandoutputlimits is shavn
in figure21.

The diagramindicatesthata biasvoltageof +0.75 volts is requiredat the inverting terminal of the op-amp.
Theratio of R,: Ry is 2.53:1.Thefinal circuit designis shovn in figure 22.
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Figure20: VoltageDistribution Diagram,Non-Inverting SchmittTrigger

Comparingthe circuit designdgn figures18 and22, the non-irvertingversionin figure 22 is probablyprefer
ablé’. In thatdesign,the +0.75 volt biasvoltagemay be derived from the systempositive supply voltagewith
anothewoltagedivider.

4 VoltageDistrib ution Diagram and Transfer Function

A plot of the transferfunction for an amplifier or Schmitt trigger circuit is anotheruseful aid to designand
understanding.For example,in teachingmaterialaboutthe Schmitt trigger, it is quite commonto shov the
transferfunctionbecausédt illustratesthe conceptf hysteresis.

As a designaid, however, the voltagedistribution diagramis a more usefultechniquesincevaluesof offset
voltageandresistorratio canbereaddirectly from thediagram.

5 Summary

Section2.4 shoved how the voltage-distrilution-diagramtechniquecan be usedto designa specificamplifier
circuit where somecombinationof input signal and offset must be combinedto producea specifiedrangeof
outputvoltage.

Similarily, the two designexamplesof sections3.2 and 3.4 shav how voltagedistribution diagramsmay be
usedto explorealternatve Schmitttriggerdesigns.

3This assumethatthephaseof the outputwith respecto theinputis notamajorissueandcanbeaccountedor easilyfurtherin thesignal
chain.Thisis certainlythecasef thesignalis usedby a microprocessor
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Figure21: Non-InvertingSchmittTrigger Design

Onceaworkablelinearamplifieror Schmitttriggercircuit configurationis identifiedalongwith approximate
circuit valuesmoreaccuratecircuit valuesmay be calculatedby analyticalmethods.
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