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ABSTRACT

Thecurrent-feedbaclOTA (CFB OTA) recentlyappearedh anev
classificatiorof operationaamplifiers.It is dualto theoperational
floatingamplifier (OFA), soall OFA circuitscanreadily betrans-
posednto CFB OTA circuits. This paperdiscusseshetheoretical
basisof theCFB OTA, shawsits relationto theOFA, andcompares
their performancen a simpleV-I corverterby shaving how both
canbe built with the sametwo transistorstages.The advantages
anddisadwantage®f the CFB-OTA implementatiorarediscussed
aswell, butthemainadwantageof introducingthe CFB OTA is that
its introductionis virtually for free: mostcurrentopampdrom the
literaturecanbecorvertedinto CFB OTAs by re-wiring theirinput
stage without addingor re-sizinga singletransistor

1. INTRODUCTION

The current-feedbackOTA recentlyappearedn a new classifica-
tion of operationalamplifiers[1, 2]. This classificationis based
on four-terminaltheoryinsteadof two-porttheory andthuscon-
tainsnineinsteadof thefour classe®f operationabmplifiersthat
appearedn earlierclassificationge.g.[3,4]). Eight of theseam-
plifier classearewell known, but the ninth seemgo benew. The
classificationis briefly describedn Section2, whereit is alsoex-

plainedwhy the name*“current-feedbaclOTA” wasgiven to the
new device, althoughit is actuallya currentopampwith an addi-
tional voltagebuffer.

This new device is dual to the operationalfloating amplifier
(OFA) [5], whichmeanghattransposin@circuit containingOFAs
will resultin acircuit containingCFB OTAs. Thusmary of theap-
plicationsdevelopedfor the OFA canalsobe built usingthe CFB
OTA. The mainadwantageof the CFB OTA is thatalmostno ef-
fort is neededto designit from a currentopamp. Most current
opampscanbe usedasCFB OTAs already simply by usinga cir-
cuit nodethatis normally connectedo analoguegroundasanad-
ditional voltageinput, without addinga single transistor On the
otherhand,to build an operationafloating amplifier from a con-
ventionalopamp thecurrentflowing throughtheoutputtransistors
of the outputbuffer hasto be mirroredandinverted,which means
that two current-mirrorstageshave to be added. This doesnot
mean.however, thatthe CFB OTA is lesscomplex thanthe OFA;
it rathermeansthat currentopampsare normally more comple
thanvoltageopamps Thiswill bediscussedurtherin Section3.

A designexampleis presentedn Section4, whereboth the
CFB OTA andthe OFA areimplementedisingthe sametransistor
stagesconnectedn differentorder andwherethe two amplifiers
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CLASs COMMON NAME
V-1 operationatransconductancamplifier (OTA)
V-V operationabmplifier (opamp)
V-H operationafloatingamplifier (OFA)
I-1 current-modepamp
-V operationatransresistancamplifier (OTRA)
I-H floatingOTRA
H-T current-feedback OTA (CFB OTA)
H-V current-feedbackpamp(CFB opamp)
H-H operationafloating corveyor (OFC)

Table1l: Commonnamesof the nine operationabmplifiers.

areusedn averysimpleapplicationalinearV-I corvertercircuit.
The resultsshowv thatthe CFB-OTA circuit is much morelinear
(theinputsignalthatproducesl % THD is 10dB higher),but also
morenoisy, suchthatits SNRat 1% distortionis 2dB betterthan
thatof the OFA circuit.

2. DERIVATION OF THE CFB OTA

Earlier classificationof operationabmplifiers(e.g.[3, 4]) started
with thetwo-portequationf theuniversalactive element,

HEEREAL @

andshaved how thesecan be approximatedwvith realisabletwo-
ports. As a result, the classificationscontainthe four high-gain
controlled sourceswith voltage and currentinputs and outputs,
written asV-V, V-I, I-V, andI-I in this paper The two termi-
nalsof eachof the four stagegV andI, input andoutput)always
have thesamempedancéevel: very high or very low. Whenfour-

terminalinsteadof two-porttheoryis used,asin [1, 2], thenthe
two input terminalsandthe two outputterminalsare not seenas
oneporteachbut asfour independenterminalsthatcanhave dif-

ferentimpedancdevels. As a consequenceyybrid stagesappear
namelyaH input stageandaH outputstage.

The™ input stagewhich hasbecomewell known throughthe
CFB opamp,canalsobe understoochsan extendedl input stage
whoseanaloguegroundvoltageis notfixed, but canbesetthrough
an additionalterminal. The V outputcan also be extendedto a
hybrid stage.It copiesthe currentflowing into the voltageoutput
terminalto anadditionalcurrentoutputterminal. This technique,
which is called outputcurrent sensingor supplycurrent sensing
hasplayedanimportantrole in the developmentof new opamps,
e.g.the current-feedbackpamp[6-8], or its extension,the oper
ationalfloating corveyor (OFC,[9, 10]) which hasbothaH input
andaH output.
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As Table 1 shaws, all operationalamplifiers are already
known, with the exceptionof the H-I amplifier We decidedto
call it current-feedbaclOTA (CFB OTA), althoughit is a current
amplifierwith an additionalvoltageinput. The mainideabehind
this decisionwasto maintainthe symmetryin the classification:
the CFB OTA hasthe samerelationto the OTA which the CFB
opamphasto theopamp.

It shouldbe mentionedherethat the samefunctionality can
also be describedfrom a completelydifferent theoreticalback-
ground. One can shav that the so-calledinfinite-gain second-
generatiorcurrentcorveyor (CClloo) from [11] is essentiallythe
sameasthe CFB OTA. The backgroundfrom which it cameis,
however, different, the CClloc was developedon the transistor
level in orderto optimisethe trade-of betweenspeedanddistor
tion in currentamplifiers. Thusboth the theoreticalconceptsand
thetransistoimplementationsliffer from whatis discussedh this
paper

3. CFB OTA AND OFA

Thereis animportantrelationbetweernthe amplifiersin Table 1:
duality. It wasshawn in [1] thatthe V input stageis dualto the
T outputstagetheT input stageis dualto theV outputstage,and
theH inputstages dualto theH outputstage.Thismeansamong
otherthings,thatthe CFB OTA andthe OFA aredual. Transposing
a circuit containingOFAs will resultin a circuit containingCFB
OTAs, andvice versa.Thusall applicationghatweretheoretically
derived for the OFA (c.f. [5]) canbetransposednto applications
of the CFB OTA.

Bothamplifiersareshowvn in Fig. 2. Withoutthefeedbaclkand
thefeedbackesistorR, whichwill beexplainedin Sec4,theOFA
is describedby

i1=i2=0, vs=A,(v1—v2), ia=—is, A, —o00, (2)
andthe CFB OTA is describedy
i]_:O, Vo = V1, i3:*Aii2, i4:Aii2, Ai —> OQ. (3)

(All currentsareconsideredspositive whenflowing into theam-
plifier terminals.)

All opampsarebuilt asaninputstage a high-impedanc@oint
with an attacheccompensatiortapacitor andan outputstage,as
shavnin Fig. 1. Theactualimplementatiorof thehigh-impedance
nodemay differ stronglyfrom this simpleview, c.f. [12], but this
is notrelevantfor our comparison.

The V input stageof a conventionalopampfeedsa current
into the high-impedancepoint, andits V outputstagecopiesthe
voltagefrom the high-impedancepoint to a single output. Thus
its V input stageis an OTA, andits V outputstageis a voltage
buffer. To cornvert the opampinto an OFA, i.e. to corvert this V
outputinto a H output,anadditionalcurrent-outputerminalmust

be built thatreproduceshe currentof the voltageoutput. As ex-
plainedin [1, 5], this canbe doneeitherby sensingandreplicat-
ing the supply currentof the whole opamp,or by doingthe same
for the outputbranchof the opampoutputvoltagebuffer. In both
casesiwo current-mirrorstagesnustbe addedto the opampcir-
cuit, sincethe currentflowing into the current-outputerminaland
thecurrentflowing into thevoltageoutputterminalmustaddup to
zero. Looking closelyat the function performedby the H output
stage pnefindsthatit maybe seenasa second-generatiocurrent
corveyor with negative unity gain (CCIl-) [13].

The samecan now be donefor a currentopamp. It hasan
T input stage normally with only oneinput, andaI outputstage.
Thel outputstagecorvertsthevoltageatthehigh-impedanceoint
into two balancedcurrents,thusit is an OTA, like the V input
stage.Thel input stageis only a currentbuffer thattransfershe
input currentto the high-impedanceode. Corverting the T input
stageinto a H input stagemeansproviding an additionalvoltage
input throughwhich the voltage at the currentinput can be set.
Again, aswith theH outputstagejt appearshattheH input stage
performsthe function of a CCII, but this time it doesnot matter
whetheiits gainis positive or negative (thiswill bediscussea@gain
in thefollowing section).Providing anadditionalvoltageinput to
a currentopampis normally very easy In mary implementations
of currentopampg(e.g.[14]), the analoguegroundvoltageat the
currentinput terminalis setby a voltage buffer whoseinput is
connectedo areferencevoltage. Thusa current-mod@pampcan
be corvertedinto a CFB OTA simply by usingthe input of this
voltagebuffer asanadditionalvoltageinput. This meansjn other
words,thatstructuresmplementingCFB OTAs have alreadybeen
in usefor alongtime, they have just not beenusedin this way.

Note that a CFB OTA is generallynot lesscomplex thana
floatingopamp.Theabore discussiorshavs thatit is moreprecise
to saythat every T input stageis a H input stageof which one
terminalis wastedby connectingt to analoguegroundinsteadof
usingit asa signalinput. In otherwords, this meansthat current
opampsarein generaimorecomple thanvoltageopamps.

4. DESIGN EXAMPLES

Theproblemwith giving adesignexampleis to find anapplication
thatis sosimplethatit makessenseo implementit in a straight-
forwardway, without speciallymodifying theamplifiers. Thuswe
have chosera simpleV-I corverterin orderto give anillustrative
example.

Fig. 2 shavs the V—I corverterbuilt with an OFA (corverting
v; to i4) andwith a CFB OTA (converting v, toiz). Thefunction
of the OFA V-I converteris simply to buffer the voltagev; to v,
usinganopampwith high-gainfeedbaclkandthencopy thecurrent
flowing throughtheresistorR to theterminalZ. TheV-I converter
built usingthe CFB OTA performspreciselythesamefunction,but
herethevoltagecopying is doneby a simplevoltagebuffer. In the
OFA circuit, the high-gain feedbackmalesthe voltagedifference
betweerthe two inputsvery small, whereasn the CFB-OTA cir-
cuit, thefeedbackmakesthe currenti, very small. Thusthe OFA
circuit will have the moreaccuratevoltagetransferfunctionfrom
v; to vy, while the CFB-OTA circuit will have betterlinearity, be-
causethe voltagebuffer conductsonly very little current. For the
samereason,the output currentnoise of the voltage buffer will
play alargerrole in the CFB-OTA circuit thanin the OFA circuit,
sothe CFB-OTA circuit will benoisier
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M11,M21,M31,M41 15x 1.8um
M12,M 22 600x 0.6 um
M 13 45 x 7.2pm
M33,M 43 45 x 1.8pum
M51 13.5x 1.8 pum
M 52,M 62 600x 0.6 um
M53,M63,M73,M83,M93 45x 1.8pum
M61,M71,M81,M 91 15x 1.8um

Figure2: Linearvoltage-to-currentonverterwith OFA (top) and
CFB OTA (bottom).

nMOS  pMOS
Vo 0.85 —0.85 V]
u-Cox 120 40 [pA/VE]
y 0.8 0.5 [VV]
b0 094 091 V]

Table 2: Typical thresholdvoltages,transconductancparame-
ters,bodyfactors andcharacteristipotentialsof the AMS 0.6um
CMOSprocess.
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Figure3: OTA (top) andCCllI (bottom).

Table3: Sizesof all transistorsn thecircuits.
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Figure4: AC transferfunctionof bothcircuits.

We will now discussimplementationf both circuits using
the AMS 0.6pum CMOS processwhosemain procesgarameters
areshavn in Table2. Both amplifierscanbe implementedusing
almostthe sametwo stages.Thetop of Fig. 3 shavs an OTA that
canbe usedeitherasa single-outputOTA whenconnection(a) is
madeor asa balanced-outpuDTA whenconnection(b) is made.
Sincewe did not have to meetspecificdesigncriteria, we simply
choselarge transistorsM 12 and M 22, a bias currentof 40pA,
anda maximumdrain-sourcevoltageof 0.4V for the currentmir-
ror transistors. The analoguegroundwas setto 1.2V above the
negative rail for a supply of 3.3V to maximisethe swing at the
voltageinputs. The transistorsof the currentmirrors were made
a bit longerfor bettermatching,andthe currentsourcetransistor
of the differential pair wasmadeeven longerto provide a higher
resistance The resultingtransistorsizescanbe foundin Table3.
The CClI— shown at the bottomof Fig. 3 wasdesignedwith the
samebiascurrentandthe samedesignconsiderations.

Using thesestagespne canbuild an OFA by connectingthe
outputof the single-outpuiOTA to the Y-input of the CCll—, and
one can build the CFB OTA by connectingthe Z-output of the
CCll- to oneinput of the balanced-outpuDTA. We did this, and
usedboth amplifiersto build V-I converterswith a transconduc-
tanceof 520uS. In orderto make the speedof the two circuits
identical,theOFA needed Cc = 9 pF, while the CFB OTA needed
aCc of only 2.5pF.

The simulatedAC transferfunctions(simulatedusing BSIM
3v3 models)are showvn in Fig. 4. It canbe seenthat the CFB-
OTA circuit hasthe smallerphaselag, which may play a role in
someapplicationsThisis sobecaus¢heoutputsof the CFB OTA
are symmetrical,andthe phaselag is compensatethy feedback,
whereasthe large phaselag in the OFA circuit is therebecause
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Noise Response 4]

o: Noise Spectrum CFB OTA
1g—180: Noise Spectrum Floating Opamp
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Figure5: Noisespectraof bothcircuits.

the currentmirrors M 61-M93 are outsidethe feedbackoop. Of
course phaselag compensatiomy feedbackhasimplicationson
themaximumspeedf thecircuit. TheCc of the CFB OTA circuit
cannotbe mademuchsmallerwithout compromisingthe stability
of the circuit, whereaghe OFA circuit could still be mademuch
fasterby decreasinghe valueof Cc.

Transientsimulationswith both circuits shav that the THD
for a100-kHzsignalreached % for aninput signalmagnitudeof
7.8mV in the CFB-OTA circuit andonly 2.5mV in the OFA cir-
cuit, whichis afactorof 10dB lower. Thisconfirmsthetheoretical
amgumentgivenabove for the betterlinearity of the CFB OTA cir-
cuit. Looking at noise,onefinds, asexpected thatthe CFB OTA
circuit is noisierthanthe OFA circuit. Thefactorbetweerthetwo
noisespectrashavn in Fig. 5 is 8dB, thusif onelooksatthe SNR
at1% THD, the CFB-OTA circuitis only 2dB betterthanthe OFA
circuit.

It follows from this discussiorthatif linearity is mostimpor-
tant,the CFB-OTA circuit shouldbe used,while the OFA is more
suitablefor low-noiseapplicationsand also makesit possibleto
build fastetV—I corverters.Notealsothatthetwo amplifierscould
bothbe madefasterin anothemway, namelyby usinga CCII+ in-
steadof a CCll—. This canbe doneby omitting the transistors
M 71-M83. If thisis donewith a CFB OTA, theresultingcircuit
will still bea CFB OTA, but if it is donewith an OFA, theresult-
ing circuit is notan OFA arymore, at leastnotin the strict sense,
becauseat doesnot meet(2) arymore. Thusthe modified CFB
OTA will still work in all applicationsput the modified OFA will
only work in thoseapplicationsvherethesignof i in theequation
i = —izisnotrelevant.

We decidedto usethe more complicatedbut slower circuits
to give a comparisorthatis asfair andasexpressve aspossible.
For the samereason,the common-modedeedbackcircuitry and
theoffset-compensatiodircuitry neededn arealapplicationwere
omitted,sincethey would be quite differentfor the CFB OTA and
the OFA. It can,however, beexpectedthataddingthesecircuitsto
bothamplifierswill not qualitatively changethe discussiorin this
section.

5. CONCLUSION

In this paper a new kind of operationaamplifieris discussedthe
current-feedbaclOTA. Theoreticadiscussionsindsimulationsof

an applicationexampleshov thatthe CFB OTA canhave advan-
tagesover the operationafloating amplifier (OFA), to whichit is

dual. Specifically a V—I converterbuilt with a CFB OTA is much
more linear than the samecircuit built with an OFA. Sincethe
CFB OTA is essentiallythe sameasa currentopamp,additional
circuitry for common-modeejectionandoffsetcompensatiocan
be built asfor conventionalcurrentopamps.Althoughit is notin

ary generalway betterthanary of the other operationalampli-

fiers,the CFB OTA may have advantagesn specificapplications.
Its introductionslightly broadenghe horizonof analogueC de-
sign, andalmostfor free, becausemostcurrentopampsfound in

theliteraturecanbeusedasCFB OTAs withoutaddingor re-sizing
asingletransistor

References

[1] HanspeteSchmid,“Approximatingthe universalactive ele-
ment, IEEE Trans.CAS—I| vol. 47,no0.11, pp.1160-1169Nov.
2000.

[2] HanspeteSchmid, Single-AmplifieBiquadatic MOSFEF
C Filtersfor VideoFrequenciesPh.D.thesis,SwissFederalnsti-
tute of Technology Ziirich, Nov. 2000, (ETH ThesisNo 13878;
copiescanbeobtainedrom h.p.schmid@ieee.gy.

[3] Alison Payne and Chris Toumazou, “Analog amplifiers:
Classificationand generalizatiori, IEEE Trans. CAS—| vol. 43,
no.1, pp.43-50,Jan.1996.

[4] Rafael Cabezaand Alfonso Carlosena, “Analog universal
active device: theory designandapplications, Analag Int. Circ.
andSignalProc,, vol. 12,n0.2, pp.153-168Feh 1997.

[5] JohanH. Huijsing, “Operationalfloating amplifier” 1EE
Proc.,pt. G, vol. 137,n0.2, pp.131-136 Apr. 1990.

[6] DerekF. Bowers, “The so-calledcurrent-feedbaclopera-
tional amplifier... technologicalbreaktroughor engineeringcu-
riosity?} in Proc.ISCAS Chicago,1993,pp. 1054-1057.

[7] Sengio Franco, “Analytical foundationsof currentfeedback
amplifiers; in Proc.ISCAS Chicago,1993,pp. 1050-1053.

[8] BarryHaney, “Currentfeedbaclopamplimitations: A state-
of-the-artreview,” in Proc.ISCAS Chicago,1993,pp.1066—1069.
[9] Alison Payneand Chris Toumazou, “Operationalfloating
corveyor,” in Proc. ISCAS Singapore, 1991, vol. 3, pp. 1813—
1816.

[10] ChrisToumazouAlison Payne,andJohnLidgey, “Current-
feedbackversusvoltage-feedbackmplifiers: History, insightand
relationships, in Proc. ISCAS Chicago,1993,pp. 1046—-1049.
[11] Kimmo Koli, CMOScurrentamplifiers: Speedversusnon-
linearity, Ph.D.thesis,Helsinki University of Technology Nov.
2000.

[12] David A. JohnsandKen Martin, Analag Integrated Circuit
Design JohnWiley & Sons,New York, 1997.

[13] John Lidgey, Chris Toumazou, Alison Payne, Doug C.
Wadsworth, Sittichai Pookaiyaudomand Erik Bruun, “Tutorial
10: Current-modeanalogsignal processingfart 2: currentcon-
veyors; in Proc.ISCAS London,1994,pp.569-641.

[14] 1gor Mucha, “Currentoperationabmplifiers:basicarchitec-
ture, properties,exploitation and future; Analag Int. Circ. and
SignalProc,, vol. 7, no. 3, pp. 243-255May 1995.

[-658



