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A CMOS Rail－tO－RailCurrent Conveyor

TbkashiKURASHINA†a），StudentMemberTSatomiOGAⅥ仏†）Nonmember，
andKenzoⅥ柏JANABE†，R印ularMember

SUMMARY Thispaperpresentsasecond一generationCMOS

Current COnVeyOr（CCII）consistingofa rail－tO－railcomplemen－

tary n－and p－Channel differentialinput stage for the voltage

input，a Class AB push－pull stage br the currentinput，and

Current mirrors for the current outputs．The CCII wasimple一

mented using a double－pOly triple－metal O．6FLm n－Well CMOS

process，tO COnfirmits operation experimentally．A prototype

Chip achieves a rail－tO－rail swing士2．3V under±2．5V power

SuPplies and showstheexact voltage and current following per－

fbrmanCeS up tOlOOMHz．Because ofits high perfbrmances，

the CCIIproposed hereinisquite usefulfor abuilding block of

current－mOde circuits．

たeywordβJ CげremtcoγVeyOr CA0gれfegrαfedcrC規正　m仏0－

γα坊Cα55月β　もり拍eαmd

l．Introduction

A recent trend toward alarge electronic system on a

ChipdrivesCMOSprocesstothesubmicrometerfbature

Size．Oneofthebiggest problemsassociatedwiththe

highdensitypackingbythereducedftaturesizeisthe
power disslpation，and electronic circuits are obliged

to operate under thelow supply voltage．Tb meet

SuChrequirementsasthewidedynamicrangeandthe

Widebandwidthoperationsunderthelowsupplyvolt－

age，Current－mOdeanalogslgnalprocesslnglSreCeivlng

muchattentionasavoltage－mOdealternative．Anop－

ampequivalentincurrent－mOdecircuitsisthesecond一

generationcurrentconveyor（CCII），anditsCMOSre－

alizationishighlyrequestedtofacilitatetheanalogcir－
CuitdesigninamixedanaloganddigitalCMOSASIC

［1日2］・
The CCIIis a three－terminaldevice whose termi－

nalrelationscanbeexpressedbythefollowlngmatrix

representation：
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Wherevy，ix，andvzaretheexcitationsappliedtothe

VOltagelnputterminalY，thecurrentinputterminalX，

andthecurrentoutputterminalZ，reSpeCtively，andiy，
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Vx，andiz aretheresponsestotheseexcitations．The
element士1in the matrix assumes＋1ifthe direction

Ofizisthesameasthatofix and－lotherwise．

Theidealcharacteristicsgivenby（1）indicatethat
the CCIIis characterizedin terms of the terminal

impedancesandthevoltage－andcurrent－bllowlngper－

fbrmances［3日4］・Theseperbrmanpescanbeachieved
byasourcebllowerandacurrentmlrrOr．TheCCIIcan

thusberealizedbycombiningthesesimplecircuitssuch

thattheoutputofthesourcefollowerbetheinputofthe
current mirror．Such an architectureexhibits an excel＿

lentcurrent－bllowlngaCtionoverthewidebandwidth，

butsuffersfromthepoorvoltage－bllowlngperfbrmance

duetothehighoutputimpedanceofthebllowerl5ト
［9］・Tbreducetheoutputimpedance，theconstantpo－

tentialandcurrentfeedbacktechniqueshavebeenpro－

POSed【10］，［11］，but theoutput swinglimited by the

source bllower remains unsoIved．

Muchbettervoltage－bllowlngperbrmancecanbe

realized bytheop－ampWith unity－galnCOnfiguration．

Therail－tO－railinput andoutput capabilitiescanalso

be provided with the op－amp under class AB opera－

tion［12ト［17］・Basedonthisidea，aCMOSrail－tO－rail

CCIIisdeveloped．Itscircuitconfiguration，Simulated

performances，and a prototype chip fabricated using

O．6IJmCMOS processwillbedescribedinthebllow－
ings．

2．Circuit Description

ThecircuitconfigurationoftheCMOSrai1－tO－railCCII

isshowninFig．1，WhereYisthevoltagelnputtermi－

nal，Xis the voltage／output currentinput terminal，

and士Zarethecurrentoutputterminals．ItcomprlSeS

fiveblocks；therail－tO－railinputstageconsistingofthe

Fig．l Thecircuitdiagramoftheproposedrail－tO－railCCII・
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（a）

Fig・2（a）Aninputstagemodeloftherail－tO－railinputstage．

（b）Thetailcurrentsintherail－tO－railinputstage．

COmplementaryn－andp－Channeldi鮎rentialpairs（M1－
M8）fbrthevoltageinput7）y，thephasecompensation
andthelevelshiftstage（Rcl，Rc2，cc1，cc2，几先
M12），therail－tO－railclassABpush－pullstage（M13，

M14）fbrthevoltageoutput／currentinputix，the？ur－
rentmirrors（M15－ル先2）brthecurrentoutputs富士Z，

andthebiasstage・Thedifkrentialinput，levelshift，

and class AB push－pullstages R）rm the operatioIlal

transconductanceamplifier（OTA）．

2・1ComplementaryInputStage

The schematic ofthe complementarylnput Stageis

ShowninFig・2（a），Wheren－andp－Channeldifhrential

palrSareCOnneCtedinparallel・Theoperationcanbe

dividedintothreeregionsshowninFig．2（b）：Thepos－

itiverailregionwhereonlynMOSpairisactive，the

mid－railregionwherebothnMOSandpMOSpairsare

active，andthenegativerailreglOnWhereonlypMOS

palrisactive・Thetransconductancegmoftheinput

Stagetherefbredependsontheinputvoltage・Thede－

pendencemaycausetheharmonicdistortion，butthe

COmmOn－mOdefbedbacktomakegmindependentofthe

lnputvOltageisIlOtincorporated．Thisisbecausethe

OTA丘）rmSthevoltagefbllowerbythefullyfbedback

COnfiguration and this configuration reduces the har－

monicdistortionbyafactoroftheopen－loopgalnOf
the OTA．

2・2　VoltageFbllowlngOperation

Regardingthevoltageandcurrentinputstagesasthe

lnputandoutputstagesoftheOTA，reSpeCtively，One

CanmodeltheinputstageasshowninFig．3（a）．Fig－

ure3（b）showsthesma11－Signalequivalentcircuit．Re一

kmngtOthismodel，OneObtainsthevoltagetransfbr
gainAv fromthenodeYtothenodeX：

．1．、－＝
γご　（gm9Ap＋gmlOAm）月

勒　1＋（gm9ノ4p＋gTr朗An）月’
（2）

WhereAnandAparethegalnSOfthen－andp－Channel
di鮎rentialstages，gmisthetransconductanceofMOS
transistor and Risaloadresistorat the nodeX．A

lJ

lSveryclosetoIsince（9m9Ap＋gmlOAn）R≫1holds

usually・Therefbre，VTeXaCtlyfbllowsvy・
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Fig・3　TheinputstagemodeloftheCCII（a）andits

Small－Signalequivalentcircuit（b）．
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Fig・4　Thesmall－SlgnalequlValentcircuitsatthedrainsofM13
andルナ14．

2・3Input／OutputImpedanceatNodeX

Figure4showsthesmall－SignalequlValentcircuitsat

thenodeX・RefbrrlngtOFig・4，theimpedancerxnpre－

SentedbyM14isglVenby

l

rJ、‖　＝

9m149m104了

gmll＋鋸510

（3）

Wheregdsisthedrain－SOurCeCOnductanceofMOStran＿

sistor．

Similarly，theimpedancerxppresentedbyM13is
glVenby

l

gm13gm9Ap

gm12＋gd59

（4）

Theimpedance rx at thenodeXistheparallel

COnneCtionofrxnandrxp，andthus

鮎514＋
gm14gmlOAm 且m139m9Ap

且mll＋鮎510　　　　　耳m12＋gd59
鋸513＋

餅m13gm9Ap．9m14伊mlOAm gm9Ap＋gmlOAm

gm12　　　　　　9m11

（5）

Inderivlngthelastexpression，gds≪9m，gm12＝

gm13，andgmll＝gm14areaSSumed．
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Equation（5）indicatesthattheimpedanceatthe

nodeXofabasicCCIIisreducedbytheopenloopgain

Ofthedifferentialstage．Withthesimpleconfiguration

ShowninFig．1，thegainhigherthan40dBcanbere－

alized．ItbllowstherebrethatthenodeXinFig．1is

VirtuallygroundedwhenthenodeYisgrounded．

2．4　Rail－tO－RailClassABOutputStage

Referrlng agaln tO Figs．1and4，0ne Obtains the丘）1－

lowlngeXpreSSionsfbrthecurrentflOwlngthroughM13
and〟14：

ね13＝J＋鮎513Ud13－

ね14＝J＋鋸514γd14＋

where

γd13＝Vbか－γご，

γd14＝γエー1句5

gm99m13Ap（勒－γご）

9m12＋鋸59
，（6）

gmlO耳m14Am（勒－即。）

gmll＋gd510
，（7）

In（6）and（7），the same quiescent currentJis

assumedflOwlngthroughM13andM14．Becauseofthe
exactvoltage」bllowlngaCtionvy＝Vxandgds≪1，the

acFOmpOnentSin（6）and（7）aremuchsmallerthanthe
quleSCent Current．Then

γ9514＋γ9513

＋坑ん13＋

仇ね（侮8－1有5）

2J
＋坑ん13＋Ⅵん14

（10）

WhereK13andK14arethetranscoIlductanCeparame－

tersofM13andM14，reSpeCtively，andK13＝K14＝K

and gds13＝gds14are aSSuIned to derive thelast ex－

pression・Equation（10）indicates that M13and M14
0perateunderthepush－pullmode．

ThecurrentixappliedtotheIlOdeXissharedbe－

tween M13and M14．Taking the push－pullcondition

（10）intoaccount，OneCanderivethefbllowingexpres－

SioIISbrid13andid14：

症4＝J一室訂2＋五三／1町　　　　　　　（11）

症3＝J＋扇2＋弓…／16J．　　　　　　（12）

Equations（11）and（12）indicate that the push－

pulloperationcontinuesuntilixreaches±4Jwherethe

Slngle－endedoperationstarts，aSShowninFig．5．The

maximumcurrentislimited bythevoltage headroom

inthepush－pullstage．

2．5　CurrentFollowingOperation

Figure6shows thelower half section of the current

Fig．5　Thecurrenttransfercharacteristics．

手一三二
（b）

Fig・6　Theactivecurrent mirror（a）anditssmall－Signal

equivalentcircuit（b）・

input and output stages．The diff6rentialstage An，

M14，andM15formtheactivecurrentmirror［18］－［20】・

ReftrringtotheequivalentcircuitshowIlinFig．6（b），

OneCanderivethefbllowlngeXpreSSionR）rthecurrent
transfer：

1

ld15　　　　　　9d514

JdlJ
1　　　　　1

（13）

gd514　■　Am×gm15

Wheregm14＝9m15isass？med・EquatioIl（13）iIldicateS
thattheactivecurrentmlrrOraChievestheexactmirror

operationbyreducingtheiIlputimpedanceeffbctively

bythedi鮎rentialstagegalll・Thesimilarrelationalso
holdstrueoftheupperhalfsectionofthecurrentlnput

andoutputstages・Thus，uIlderthequitereasonable

assumptionAngm15≫gds14，Wehave

ZZ＝Zd19‾Zd16＝7d13‾7d14＝＝lご・ （14）

2．6　PhaseCompensatioII

TheOTAinFig・1hasthreepoles；thedominantpOle

PIPreSentedbyM8（M6），thesecondpole角by鳩
（MlO），andthethirdpolePibytheoutputnOdeX・
TheBodediagramwhentheOTAisloadedbylkOiB
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（b）

Fig・7　BodediagramsoftheOTA（a）andthephase
COmpenSationnetwork（b）．

SketchedinFig・7（a）・Thetwohighーfrequencypolesfち

andP3arelocatedcloselyinthisconfiguration．Sucha

polelocationinvalidatesthepole－Splittingandphase－

lead techniques fbr the phase compensation，and the

phase－lag methodis applied thoughit degrades the
high－frequencyperfbrmance．The compensated Bode
diagramisshownbythedottedlineinFig．7（a）and

thecompensationnetworkisshowninFig．7（b）．The

polefpcandzerofzcfrequenciesintroducedbythe

networkareglVenby

存C＝

J／一・二

2打C。（rd56＋月C）’

1

2打C。月C

Locatingfpc andfzc between汽aIldP2Stabi－
1izestheOTA・aSShowninFig・7（a），becausetheopeI1－

100pgaincrossesOdBwiththeslope－20dB／Decade．

3．　Performances

3．1　Simulations

PerfbrmaIICeSOftheCCIIshowninFig・1aresimulated

uslngHSPICE・nanSistordimensionsandthecompeIl－

SationelementsarelistedinTablel・TheparaIneterS

usedbrthesimulationsassumeO・6FLmCMOSprocess．

SupplyvoltagesareVbD＝－t与S＝2．5VandJisset．

to50〃A・Simulatedper丘）rmanCeSareShownbysolid

anddottedlinesinthefbllowIIlgfigures・

Figure　8　shows the total harmonic distortion

（THD）inthevoltagebllowerwhenlVp－PSinusoidal
Slgnalisapplied tothenodeYandthenodeXister－

minatedbyRx＝1kO．THDislowerthaI1－75dBin

thelow－frequencyreglOrl，butincreaseswithh・equency

inthehighーfrequeIICyreglOnabovelMHz．Thisisat－
tributed due to the galn reductionin the differential

StageWhichinvalidatesthepush－Pullcondition（10）．

TheBodediagramoftheOTAwhentheoutput
nodeXisterminatedbylkOisshowninFig・9・The

dcgalrlis49dB・TheunitygainfrequencyislOOMHz
andthephasemarglnis600．
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Tbblel　Transistordimensionsandthecompensation
elements．

7ナα〝∫血わr W 仙m ） L 仙m ）

M l，M 2，M 7，M 8 2 4 1．2

M r M 6 6 0　 l l・2

M 9，M ll，M 14－M 18 42　 1 1．2

M lO，M 12，M 13，M 19－M 22 12 6 1．2

助 川g〝J lW血g∫ （kQ ） （p F）

R c l，糧 2 2

c c1，c c2 l　 1

旬 ＝J V 押 ノ

l　　　　　 l1　　　　 1　　　　　 1 l　　　　　　 l
0 1 1 0 3 1 0 5 1 0 7

1 0

Frequency（Hz）

Fig．8　THDoftheCCII．

▼■ 　ヽ　　ヽ
0

－1

－2

、、 朗 〝∫g

匝 ル y l 、・、

ヽ

　ヽヽ
－　 －－、

ヽ
ヽ
ヽ

t

l

t

l
l

l

l　　　 ■　　　　 －　　　 1　　　 1　　　 1 1

0 2　　 1 0 4　　 1 0 6　　 1 0 8

Frequency（Hz）

Fig・9　TheBodediagramoftheOTA．

FigurelO shows theinput characteristics at the

nodeX・Thepositiveslgninthecurrentindicatesthe

CurrentflowlngintothenodeandtheminusSlgnthe

CurrentflowlngOutOfthenode・Theimpedancerxis

6・670inthepush－pullreglOnanddecreasesslightlyin
theslngle－endedreglOn．

Figurellshowsthevoltagetransfbrcharacteristics

fromthenodeYtothenodeXwhenthenodeZisshort－

Circuitedtoground・Theexactvoltage－bllowlngper－

fbrmanceandtherail－tO－railinputandoutputcapabil－

itiesaredemonstrated・Theoffsetvoltageatthenode

XwhenthenodeYisgroundedislessthan1．7mV．

Figure12shows thecurrent transfもrcharacteris＿

ticsfromthenodeXtothenodeZ・ThetransfbrgalnS
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ー2　　　－1　　　0　　　1　　　2

I●：lI（V）

Fig．11　ThevoltagetransfercharacteristicsoftheCCII・

－0．4　　－0．2　　　0　　　0．2　　0．4

′ズ（mA）

Fig．12　Thecurrenttransfbrcharacteristics・

I＋Z／Ir andI－Z／Ix arel・00and－1・08，reSpeCtively，

andtheoffsetcurrentsinI＋zandI＿Z are31．1nAand

2．96nA，reSpeCtively．

The hequency characteristics ofthe voltage galn

when the node Xis terminated by Rx　＝1kO are

Shownin Fig．13．The－3dB bandwidth extends be－

yond200MHz．

Figure14shows the frequency characteristics of

thecurrenttransfbrgaln．Thebandwidthextendsagaln

beyond150MHzandnodegradationduetothediffer－

entialstageisobserved．

Figure15showsthefrequencydependenceofthe

lnputimpedanceatthenodeXwhenthenodesYandZ

aregrounded．SimilarlytoTHD，theinputimpedance

●●●

一一一∫∫〝I〟血書わ〝

＋ 肋 α∫〟rg〝Ig〝J

l l l l l l

102　　　104　　　106　　　108

Frequency（Hz）

Fig．13　The frequency characteristics ofthe voltage transfer

gain．
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Fig．14　The frequency characteristics ofthe current transfer

galnS・
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0
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0 106　　　107　　　108

Frequency（Hz）

Fig・15　Thefrcquencydependenceoftheinputimpedance・

increaseswithfrequencyinthefrequencyreglOnabove

lMHz．Thisis also duetothegaln reductioninthe

di鮎rentialstage．

3．2　Measured Performances

Theproposed CCIIwasimplemented uslngadouble－

poly，triple－meta10．6ILm n－WellCMOS process．The

microphotograph of the prototype chiplS Shownin

Fig・16・Thechipmeasures250FLmX150pm・Allthe

measurements are done under±2・5V supplies・The

Staticcurrentis300FLA．Measuredperfbrmancesarein一
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Fig・16　Amicrophotographoftheprototypechip・

dicatedbydotsintherelevantfigures．

Theli versus鴨characteristics are plottedin
Fig・10・The measuredinputimpedance rxis41．70

inthepush－pullreglOn．Thesimulatedvalueis6．670．

Thelarge di鮎renceis attributed to the wire resis－

tancebetweenthenodeXandthepondingpad・The

VOltagetransftrcharacteristicsareplottedin Fig・11，

Whichdemonstratestheexactvoltage－bllowlngperfor－

manceandtherail－tO－railinputandoutputcapabilities．

Theoffset voltageat thenodeXwhenthenodeYis

groundedislessthan30FLV．

Thecurrenttransfbrcharacteristicsareplottedin

Fig・12・The exact current－followlngperbrmancesin

goodagreementwiththesimulationscanbeseenover

thewidecurrentrange・ThetranskrgainsI＋Z／Ixand

I－Z／Ix arel・00and－1．03，reSpeCtively．The offget

CurrentSinI＋z andZ－ZWhenthenodeYisgrounded

are85nAand4nA，reSpeCtively．

Thefrequencycharacteristicsofthevoltagegaln

WhenthenodeXisterminatedbyRx＝1kOareplot－

tedinFig・13・The－3dB bandwidthofthevoltage

gainvJvy extendsbeyondlOOMHz．Theh・equency
Characteristics ofthe current transfbr galnS are plot－

tedinFig・14・Thebandwidthextendsagainbeyond
lOOMHz．

Theh・equencydependenceoftheinputimpedance

atthenodeXisplottedinFig・15・Inthelowfrequency

range，themeasuredinputimpedanceishigherthanthe
Simulatedone．Thisisduetothewireresistance h：Om

thenodeXtotheponding pad，aSeXPlainedearlier．

In the highfrequencyrange，Onthe other hand，the
measuredimpedanceislowerthanthesimulated one．

Thisisduetotheparasiticcapacitanceoftheponding

pad．

4．　Conclusions

Arail－tO－railCCIIdevelopedfbrwidebandsignalpro－

CeSSlngunderlowpoweroperationwasdescribed．Per一

brmancesmeasuredinthe prototypechip fabricated

using O・6〃m CMOS process are summarizedin Ta－

恥ble2　Perbrmancesofaprototypechipcomparedwith
thoseoftheCCIIproposedin［21］・＊‥Simulatedperbrmances．

Prototypechip CCIIin【21】

亜 ⊥

3V

34n＊

0．5mv＊

左：450nA＊

18MHz＊

25MHz＊

Input／outputvoltagerange 4．6Vr5V＊1
SuDDIvvoltaEe 5V

Impedancerr＠DC 41・7n（6・67Q＊）

0飽etvoltage 3叫Ⅴ（1・7mV＊）

0飽etcurrent
I＋＝：85nA（31．1nA＊）

7－ニ：4nA（2・96mA＊）

－3dBbandwidth

involtagetransfer
120M Iz（250ⅦIz＊）

－3dBbandwidth

incurrenttransfer
120M旺Z（170MHz＊）

ble2，tOgetherwiththoseoftheCCIIproposedear＿

1ierl21］・Comparisondemonstratesthattheprototype

ChiplSquiteusefulbrwidebandcurrentsignalprocess－

lng・Theoperationundertheslnglesupplyvoltageas
lowasIVhasbeenconfirmedexperimentally・Sucha

low－VOltageoperationandthesmalldevice－COuntare

alsoquiteattractivetoASICs・Thecommercialchipis
nowunderfabricationuslngaStandarddigitalCMOS
prOCeSS・
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