
Chaptcr 11.1

Current-Conveyor Basics and Applications

John Lidgey and Oris Tournazou

11.1.1 Intreductlon

The ctnent-conwyor ir e wrsatile analog device which is in@nded !o be used with othcr
circrrit comporrcnts lo implcmant many urdog signal pmessing furrctiors" It is en anelog
circuit building-block in much the setre way es e rcltage oprmp, but it prescnts en
altsnative mcthod of inpbmcnting analog sysilsns which trrditionally harc bccn bosd on
volage opamps. This rlemadw approcch bads to ncw methods of inplcmcnting analog
transfer frnoionc and in mrnycrses tb conveyor-bard impbrmrution offcrs improved
pcrfonnarc o thc voltrgc opampboscd inpbmcnution in crms of uuracy, bandwidth
rnd convtnicnca Cfucnits bosod m volqge opamp erc gcrstly casy o design sirc thc
bchaviour of a voltege oprmp con be approrimarcd by a few sinple &sign rules" This is
dso truc forcunent-conve)Drs, rnd oncc ttc rpproprirr dcsign ruhs rre mdentood, thc
applicatim engincr is rble o dcsign mrcyor besd circuis just aseaily.

Although theannent-conrreyoroonepthas becn amund fora rrcry lotrg tfune it is only
in thc past live years generrl purpose monolilhic devices heve been availablc. Thc
cmergcne of tltcs hrsrc$ltcd in arwrvcd awarencss and an improrrcd un&rslendingof
the bcnefiB of designing anelog sysMrs usingiurent-conwycs ard it is lihely tharctnent-
cmveyors will bccomcverymrrch morccommm-plae in the ncarfuure.

ll.l.2 Brckgrourd

Tlr fint gcncration cuncnt-conrEyor u CtI was propred by Smith end Sedre in 1968 [U
rnd the more versatib scmnd gereratim crrrcnt-conncyor, oTOCIL wesintrodud by the
same two eudrors in l9l0 [2], es en ex.Gnsion of tbcir nrst gcmetion omveytr. The CCtr
is without doubta mrrchmse valurblc and adaptrbbbuiHing bhck rnd re will orpntrar
mostly on this device throughout this chapar. Figurc le shows thc voltage-cun€nt
descdbing mauix fm tb CCII end Figurc lb thc slmatic normdly usd for tbc CCII with
thc pouter supply connections omircd.

(r) Ifcccrlblng I-Y metrft (b) Schcmrdc

Fl3urc I Thc CCII currcntconvcyon

Thc voltage at thc low impc&nce input nodeX follows rhar at rhe high funpedurc inprr
node f, whib thc inpt currtnt u no& X ir minorcd or 'oonvryed' 'io the high inpdrne

[B] =tii, []tul
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oulput node Z T1r.X sip indicarcs the polarity of the output current with Esp€ct to the
inpmqtnEnq byconrcntion, apositiwsign indhaEs tatboth tlrinprtrnd ouputcunents
simultrnemsly flow into or out of the devioe, thns Figure lb illustrate.i a CCII+. For the
fint gemation omve:y4or, mCCI, the inpnt ctrrcnt at node Xwas rellected to input Z, that
is, thc two inputshad oqrnl cunarts" In thc cose of the seond gerrcrationconveyor input f
drarvs nocunEnt,and this scud g@ation, orCUI formulation has proved to be much
morc adeptabb rnd nclsatib thrn ia first garcrrtion prc&ocssor. Because of the combined
voltagc and crnrent following gopaties, CCXIs mry be used to synthesise a number of.
analog circuit functions which arp not so easily or accrnzrcly realisable using volage op
amps"

At tlr timc of the conception of the cunent-conveyor in l!)68 the semiconductor
indury wes absorbed with thedevelopmentof themonolithic wltage opampand without
ury charly sad advantages tbre was nomotivuion forthe developmentof a monolithic
cufl€nt-conttyc. However, sine tlpn sev€ral hurfted popcrs haw been publishcd on the
theory and rppli:aticts of cun€nt-conwlnrs Some of tlrcse application areas are slrounr in
Figue 2 and circuit rcalisations rrc gim thmughort this chaptcr. As cunrnt-conrrcyors
becme morc rcadily availableend circuitdcsignc$ beome morc familirrwith the wrsatib
of crrrentovclus it is ccruin that ftntlrer inguriors uses will be devised.

11.1.3 Amplltrcrs bullt rltr currcna-@nvcyors

The cunrnt-oonrayor has prccise mity cunent gain between Z nd )L rathcr thrn the high
ill{efined opcn-loop grin of tre volage opemp, thecfore in amplifrer applicarions the
otlrlolfrI'eyris gffiely usd withouteny mell n4atire fcdkk The advanuge of
tbiseprornirthrttbtndftiilrlcbcd-loopgainbadwidthonflictof negariwfcdback
voltegeopmpcirctirsisevofolcd- Ofcoursethebercfiaofglobalrcptivefeedbachfor

Flgurc 2 Currcntconvcyor rpplicedons.
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cxrmplc noircrEdrrc|bn, inDrov@d in inputrndorputimpedrrc hrcls,cur no tongpr
bc cxpbid, but dtc rbsncc of ortnll rrcgetirc fccdb$L gcmdty rcrulrs in widcr
bdwidttr u hishcr hr|r dgrin. Hilerr€r, o mrimein e high lcvel of grracy wirhout
tb uc of rcguivc ftcdboc,k, a high qrnlity ctncntorcyor ircEnbd circuir rcatisation is
requircd"

(0 Currcnt rnpltrcn (CCCtl) G) VOf convcrtr (YCCS)

F[ur 3 Corrent oufint rnptricr*

Thc CqI cen eesily bc uscd !o aonfigurc trc tro crnrcnt orpnt rmptificrq es shown in
Iigurc 3. In Figre 31 X2 mrut bc muc,h b$ than thc input inpcdam at node f for
currcnt urnsfer rccorrcy, tbrt i+ R2 << inyy, rnd this frtor will limit thc mrximum
postibb Sdn of thc cfucuit In both circuits Rl fcms e pob wi0r pqnsiric cepccirrre to
grund etnodcx, thcrcforc thc vrlrr of this rcsirtorshold bc @low ro cnsure that this
pnresitir: pob das not dominrrc the froquency rcspons"

The onenrconvrycrn be rsed o advrntrge in cm€nt-modc circuits end probably
thc nost useful utility buildiry+locL bdng 6eunitycurcntgain $n€nrrmplifier, shown
in Figrtrc 4 Thc xnode h.s e low input inpedme ald convcys the inpntorrent throrrgh
to the high ouput impcdua Zooda llm fu cunent grin iE utiry, regadrE fc rGCtr+
andpitivefaeOC[-. ThircircuitisfurntithcrirofrrcltrgefotlwrcrrndisEfcrredto
as t cuntnt buffcr orcutrcnt-follorcr I3l td cur bc used to advanage rs an interfrce
bcturccnwltegerndcunent-rno&circuits Forcxrnplc,rddingecurnnt-foll,owerbefore
thcemplificrofFigttrc3r pmvidesthccircuitwitfirgcetlyreduedinpnrimpedaneand
improws the furcgrity of tlr currcnt driw ino tlr Inode of trc scond currcnt-conwyor.

Fl$rrc I Curul-buffcr or currcnt-follotcn

Voltage rmplifrcetiar calr bc obraincd by edding e vollryc blrtr€rb rb VOCS of Figure 3b.
Thecfuctit of Ftgurc 5 is erch rn emplificr, with e mndc€ll+ bcing used es a voltnge.
follo*cr.

Vdrr R2
im'Ei

f|3rrc 5 Voml3G rmplltrcr.
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Using two CCIIs, Tqrmanu rnd Lidgcy t4l descdbed a diffcrential voltage-to-current
aonveru asfuwn in ligurc6.

Iour - I
Vtrf Rr

Ifuurc 6 Dllfcrrnd.l V b I onvcrtca

Any diffcrcotialinput voltagc rppcers acmcs rcristornl b gwte ecrnrentwhich is fien
onvcyed to thetwo oupur. The oonmoo-mode gein of thc circuit will be ao pmvi&d
&at both &vies ac rell mrrchod md have a prccise wltrgFfo[oryftU gim betwa their
ttspctiw I and X inpnts. Thc circ{it does not rely on my extcrnal rcsistor merching for
hiSh CIIRR" horcrrer thc CMRR will roll-off at higbr fieqwncies due to parasitic
crprcitrnc to gurnd u thc Xnodcq c,hbh win thcn givu risc to cmmon-mo& cufl€nB.
The CXIIRR cen bc improved by increosing rhc dilfcrentiel gein, dnt i+ by rcdrrcing the
value of R. Thc ultimer limit on CIIIRR will bc deurnined by the misrnarch in opcn-toop
bandwidth of the tro wrw5lcs.

By convcrting the ouput cunent bact to a single-ended voltrgie, this differential
transadmittrncc coll crn bc cxrcnded to produce a high performenoe instnrmcntation
amplifier [5, 61, as shown in Figurc 7. This instrurrcntrrion rmplificr has a higb CMRR,
rcquitrs no cf,Bnd o(npwnt mabhiry rnd cxhibits e bandrvidth indepcndcm of gain.
Expcrimental rcsults of this archirccnuc instrumentrtim amplifier rre irrcluded latcr in
scction ll.l.l0.

@--&
VF{ Rl

Flgun 7 IncSruncntrdon rmplificr.

This instrumentrtion rmplificrhaspnoved obe prrtbulerlysuiteHcforfuimplcrenrrdon
of EtrtlG amplificrr witt shutdonm conuol f/1. Shutdown cmtol is nmscary b isolarc fie
EIrIG rmplificr during the period that rn chcrical stimulerion is applied to the muscbs,
sine Sis targc rtinuhu will othcrwise sebrar the rmplifrcr. Thc amplifrcr would thcn
rcquirc a EcovEry period bcforc it is able !o mcesurc thc mrrch w€abr Hr{G muscb'respons" Thisshut&wnoontsolirmoeteasilyimplcmcnrcdbyprovidingaswirchconuol
at the amplificr inputs Cmventionrl EIIIG amplifcrs bascd on voltage ofrmp requirc
switching at a high impcdrnoe node, and thir an& to curse trusient spihes which
th€msclwscrnsannrcthcemplifkr. UsingthcinstrurmmadmamplilicrofFigurc6,the
swirching conEol can bc moved to e low inpedancc nodc, so that rcsistor Rt is eitbr
disconnocad oromred betwccn thc trolow im@neXinputs" This conrreyor-bosed

Y @ *

x z Y @ *

x z
x z
y G(xI+
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EMG amplifier demonstntcs no saturation or Fcovery problems, and is able o measure the
EMG sipal acctrateln immediaely aficr thc stimulation prlsa

11.1.4 Andog computedon

(e) Input summlng. (b) Output rummlnt.
tr'lgure t Currcnt summlng wlth currcnt-convcyors.

Currcnt surnmation is readily achievad with r current-conrreyor, either at the low input
im@ance X node or rt the high outrur impedance Z n&, as shown in Figure 8.

tn their original papers prcsenting the ctnent+onrreyor, Sedrr & Smith [1,2] outlirpd
a number of current-mode analog compuadonal elemcnts, ranging fmm integrron and
differentiaors to morc oomplcx furrtion gen€rators. Cunent differentiaton and integraors
arc cesily implemented, as shown in Figurc 9. In Figure 9a, r€sisor f should bc fairly
smell o minimisc thc cffect of sray capaciturce at node X, meanwhile in Figure 9b, R
should be limitcd in rize to minimise currcnt transfer crrors, that is, R << R/vr.

(e) Current Int€grrtor. (b) Currcnt dlffcrcndrton

Flgurc 9

For voltage difrerentiation end inogration, an additional ouput volrage buffer is required to
supply load cun€nt, as shown in Figure 10.

vnr-ffi1 vnv--lTfrfrl

f f i f f i
l-J lvour = 

F-J lvorn =
=

(e) Voltege Intcgretor. (b) Yoltrgc dlffcrcndetor.

I'fturc l0

x cEtr+
Y Z

brnr{rt +lnn+lnn) Iou l rQt+D+I r )
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In mmy cases circuic voltags ofrmps with cepacitive feedbck comporrnts
mustbc &siSncd vcrycrrcfully dre acrprcioronribuas plrase lag, whichcan rcsultin
citcuit instability. Horcvcr, bccause o.f tb a|rc of global negative fcedback, these
cmveyor-bosed inrcgretor end diffcrpntiaor circuits do not suffer the srme porcndal
instatltity problcms Thc circuits of Figures 9 sd l0 also utilise groundcd rather than
Aosfing caprcitorsr nrtich is en advantrgc forinte$rrcd circuitrealisatiurs.

11.1.5 Inpcdencc convcrrilon

Much of tb rcsuclt in tte areaof crrrcnt-conreyors has focued on the implcmenution of
in@ance oonvcrlcs. Meny voltege opampbased impedance converters require
complicarcd circuitry end tight compooent matching rcquirements. With its cosrbined
volnp end anncm fotlwing pmpcrties, thc0ffi is a more fbxibh alternatirc to implcmcnt
ftcsfucrios.

lm@areonrarars rrc uscd in many areas of actiwcircuitdesign, forexample in
*tivc filErs rnd indrrcure simulation. The fiequcncy dcpendent ncgative resistor, or
FDN& is e cirqit elemcnt used in highcr ordcr filtcr dasigr which is synthesicd using
inpcdrnecmvcrte Cmpom witt rgatiw im@ne arc used to canoel $tpocitiyr
tcy ompocots in sain cfocuits by gwrting m fohntical rcgatire mpmeil and ttrcse
cmpom also tc simulared udng a rcgCIire im@ne conv€der, [4 5j.

U.SJ Gtotndcd ugdtc lspefuncc convcrtn (NIC)

Figwe lla shows e neguive impedenae cqncrt€r prcscnrcd by Sedra & Smirh [2]. By
gnmdng inprt I with en impedam 21, as slrown in Figure llb, a crnrcnt-conuolled
MQ or rcgrtiw rdmiurnpe amvcrcr is obtaincd. Similadn by tamin*ing inputX wirh
en impcdanoe of 21, as shown in Figure llc and driving input Iwith a voltage, a volrage
cotrolbdMCisobtaid.

J ccu+
x z

(r) NIC O) Currcnt controlled

Flgurc l1 Groundcd ncgedve lmpcdance convcrlcrs.

il.1.5.2 Gnandcd gencmlbcd lmpcfuncc conycflG" (GIC)

Using two CtIIs es shown in Figurc 12, none general impedance conversion can be
i-ptcncnc4 dcpelrding on 6enemrc of thccircuitcqopon€ols

If bott omvcyffs are of equal polarity, thet is both CCII+ or CCtr-, then e rrgative
GIC is obtrfurcd" By tcrmineting VZ with a grounded im@ance Zl the resulring input
inpeduce tt Vy Z1y = 4ZfiZlZi. Conwrseln if rhe two oonvcyors arc of opposie
pohity then apoaitiveGEisobtained, andrheaddirionof agrounded impdareTa*V2
will rcoilt in an in@arre 7ay = @122p{ at V1. By choosin g 21 anil 22 as resisors and
Zg as t caprcitor as sltowl in Figure 13, e grounded inducor where L = RtRzC can be
implemcnrcd- Similarly e grounded FDNR can be obained by choosing ZtandZzas
caprcitiw end 23 es resisiva

(c) Voltage-onlrolled
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Ffurc 12 Gcrcrdl$d Inpcdrnc @nvcrlcr (GIC]

Morc rmrly, syshetic rcttods have bccn pcmcd for tho imphmcntetion of eny
rcquircd immitrre funcrion rsing qrrcnt€otrc,yae By cxrndiqg thc circuit of ligurc
12, rcsel rcrcarchcn I&lU prcscn3 mcthods for synthcriring crics and panllel
immire combinetims,ld dso imphmcnt imitrre frrmins of rny odcr by hciling'
strges of thc besic circuit. Tlrcsc omphx immitrre frrncrions crn thcn bc uscd !o
implcmcnt fillcr cirutiB wtfti rc pncricdly innrdtivc o gire prrrffi vaistios.

Flgutt 13 Slnuleicd 3rmndcd Inductenct-

Himun ct el tl3, l4l herc prrurud rcdca nd Frdhf impodrne sinulnon which rcquir€
mly e sitglc CCII urd Fitruc 14 Ehwi ruch e si:s inpodore simul$tr

Fl3ure l{ Scrlcr Inpcdrre dmuletor.

Whco ilE nrrching mdirim Cft = 2CcGt is M" th rlE inprtr in@ane of rhc circoit
bcm escrics oonmaim of fudrnrncc 15, ruddare&s and capritem C9 whcrc

Is=(TzCilKCr + CzXhcs+GdCn +GsGdl
ps = (G5Cz + GoCz - cAC i llG t + C2I(GIG 5 + Gfio + GgG6rl

Cg=(C1+Cf.

By dering thsccdtrponcntvrhrs, the velrrof f,gcrn be raedc politivc, rcg$ire orao,
end rhus ttc circuit of Figurc 14 can impbmcnt cither en LC-R scftr inpedanq m I-C
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sics fun@ne (rcte tlut hk w$g.mtin beE rcgires tight conrpnent marchhg),t
an Lc-rcgativc R sedes impcdrne. Thccc scrir inpedanccs rrc usefirl in designing
circuits srrclr as acrire ladder filrn and ocittators

il.1.5.3 Fbattng ncgadtc lnpcfuncc conrlrar

ztrt=-Zt

(r) Flodng MC udry CCII+ (b) Flodng NIC udng CCtr-
Flgun t5 Flodng ncatdvc lmpcdrncc convcrter.

A floting NIC crn bc irndcmcnrcd by mbining rhe grumded MC of Frgurc I lc with tb
diffcrcntial tmncrdmittrnoc etl of Egure 6. Thc two conveyors must haw the same
polrrity; rhc choic of cithcr OCtr+ c ccII- will dercrmirc rhe nsrurr of the feedback
conrctimq !E shown in figsrc 15.

n.r.S.a Fbafutg gcncmlhcd lnpailarcc conycrar

Byoombining twodifrcrential trrnsadmiuaneells, afloming GICcan be implcmcnted as
shown in Figue 16.

If ell tbcmw5rcrsarc ofcqual pohdty, thrris, rllCCII+ordlCEII-, rhcn apmirive GIC
is obteird. By comrcoing rn inpcdurce23 rross Vz.ta rcsulting inpedane at V1, is
gircn by Zp = (Z1Z7lZ3r. If the tso oonveyos mrrtcd 'a'rre of equal polarity whih
thoce mertcd b'rre of tb opposia pohity, thcn a floating negntive GIc is obtairrcd.
Altcrnetivcln e negrtirc GIC can bc irnphmentcd by rcvcrsing one sct of fecdbact
conncctions in thc circoit of Figurc 16 as slrown in Figurc 17. This negativc GIC
implemcnuio hrs te rdvrntrge hat dl tfie onvcycs ec of thc sarc pohity. The circuit
wld tlprcfoc bccAocially ndtrbb formooolithic fabricdiotr, sinefoudevfors of rhe
sere type m tbc sarc rilion wfcr rurH hane a hig[ @rc of matching.

Floating indrrcors rnd FDI{R impbmorarions becd on mly tm CEIIs have also
ba rcporad I&lOl. lbse turooveyor implmntations geocnny rcqufu€ an incrcasd
numbcr of exunel compmcn& mury of which have O be righily mflchod, and in somc

Flgutt 16 Flord4 GIC.
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cers they also suf.fer from highcompmt scnsitivitics One circuit with low cmpornt
srsitivitbs is the twoonveyorimplmnnim leeacd by senani [15], urd implemorad
pruically by Wilson U6l, which b slrown in Egurc 18.

Flgurc l7 Floldry ncgrdvc GIC.

With cithcr 22 orZacepecitirc Nnd ltl o&crchmcnts rcsistinc, a floaring inductor can be
syntlrcsisd whcrc f, = Rp2ft9g/Ra.

Wifh two clfftiv€ cmpma (21 afr 23 v 21 d4 or 7a urdz6), lnd ill ottcr
chmcnts rcsiltirlc, a floaing IDNR is obaino4 rhat is

4x= -&($s/RtR+

Flgurc lE Trvo.convcyor llotdng GIC.

Sine the circuit of Figure l8 requires only two C1CIIs it is more suitable for discrete
implcmantetion thrn the four-conneyor circtits of Figures 16 end lz. Horerur in Figue
18, rn increasd number of exemel olmptncnts rG rc$ircd.

11.1.6 Flltcrc

Currcnt-onrtyors have reived consi&rabb rrendon from dcsigtss corcemed with the
funpbmatrtbn of rcrire fila$, sire volngc opmpbascd filers ere bedwidfilinied by
thc volagc oprmps thcmselrcs. Many of rhc carlicr OCII-basd filar dcsigrs rcquircd
noadng capocito$, hd pmrscnsitivity vetucs and *crc only ebb b r€di$e olr perticuler
tiltcrtypc t&101. The cmcrgure of GICs desdbed in thc prcvious sc*ion allorrcd for e
widcrnngcof liltcrsobe impbmcntd basdonsimulead inductors, fccxemplc,clliptir:
leddcr filccr es *rll as veriors types of Burcnmt& filtr*

A 3rd"ordcr lory-pess Buucrrorh lilar reporad by Nrndi tlTl x/hich is pertictlrrly
dltativc, drE to is usc of groun&dcrpocilors urdequat-valudmponcnt$, ir shown in
Figurc 19.

x m -
Y Z

a
7s
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hrfucfucuisof ltgue f9

vow -
vxg

rvhcrc ca = f, GfitQtRtCt, ct = RtCtRzCz + RlCaRtCs + RtRgct(Crcz)'

rnd at=Rt(CrCt) + RzCz+ RgCl-

rvfuh cqrnl-valucd oomFxrcnts that is fi1=x2=x3=R and C1=Q2=Q3=C' t 3rd-ordet

transfcr frmim is obtrfurd

v o w =  - . - :  - l = -
VN PCf  +Zt (Cf  +2RCs+r

The resulfing filtcr is pnctcdly insensiriw j9 rtiw parameters' thar is insensitive to the
qlrtcil m*ing crrors of the conunonwyom.

Tounaziu and Lidgcy llsl pmposed rnd dcmonstrated the first universat cctr

brSu.d fils, based on "i-e"rtlcriitcoit reportcd by Newmcki -d-Kl"-- tl9l- Tho

inplcmcnUfion used only gform&d cepacittrs and rpsistors, but requfued serrcn CCIIs

o.i-Clog - howtheCllIIs arp rcaliscd-inprrcricc,ttis Ehriwly lugo nlmtcr of cuneot-

;;r",yd,ttd to shierc a 2nd-order fil6r rcsponse can be rednced significantly rsing

hlrddrc rcducrion tochnlpcs in tlE full filrcr impbmentation. A similrr pcrformang

uniw3d rctivc frlrcr ttqtii.lng thrcc C€II3 was proposed by Singh and Senani [20]'
hmrcwr rhb cinuitncOs-aOCitonrt voltags bufrers o provide a high inprt im@nce and

hnv ouQut im@oog. Mae rcmtly, Lui-rnd Tsao [2ft hane parentcd a family of biquad

malr *t mln inplt impedrne ",nicn roq,ria ontyasingbCgll and fogrexrcmal passive

cmp@ts. nsutt 20 $ows rhc gcn€rrl cimft implcmcntation

lfz - -Y!(Y2+YI+Y.)+Y2Y3
tt0{ - Y{Y2+Y3+Y|)+ Y3Y.

E=-Y-lIlJIll-
Vr{ Y5(Y2+Yr+Y.)+YtYr

Flgurc 19 Buttcrvortt lorpss lilter.

Fl3rrc 20 Gcrcnl blqurd filtcr archltccture.
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Tb morc of thc rdnifiam Y1to 15 dccmhcs thc filer rcsponr. For cxrmpl+ with
Yt{ ,Yz=llRz,I3=sC3, Ia=C4tfr Yg=ll?r5, r bw-pass cherectcristfo: is obteircd et
V1 end e bud-prsdrrrr:rirrb isoboined et Vs, witi

rlo= lCsC.R2ftsluz ud g = 
EfuiBtCsC4nSrn

Ifigh-porE, bm&pcss, dl-prat td norch filcncen dro bcimplcmcnrcd wi6 setctionof
thc rypropriac rdminrmr 11b 15, mddl filarlrcxhibite tw scnsirivity b rbCUI
arrcnt urcfilg crru, nd pnaicrlly zroundtivityto tb rlollrp tndingcnu.

Thc fiftcr dcdFs dirurcd so frr heve bcn volbgc.proesdns cilpuitq tbat is, thcy
arpmdcrnatirencthodofinplemntingrcltrgcoponpbesodfitcrdcsiglls. Ho*GvEr,
beensc of its curcnt-follwing cep$ility, fu ccll is rlso .bb !o impbmcnt c-un€nt-
pmessing filtr cfucliislZ2-?J|. Sinihr m their wlrrgo-mo& bhuad filtrE, I.rri et il t23l
beru prccrcd efrmilyofcurcnt-no& bftped$ 6gs6ls6 lringlcOfi with frrcertcmel
possive oomponcms, Tb gffid filrcr ooofig[dim b shmm in liguru 21.

Apin schction of thc eppmprier ednittrnces ?tto Ys grvcs thc rcquired liltcr
rc{sposa For cxmph, witt lf =UXf , IV- , Yt=llRt, Yt=tCt ed YS<CS rcnrltl in e
low-prss filcr with a5 = (R1xrCtcsfrn d bn = (Ct+CsYRtCaC5. Depcnding on
ttc vrhpof thcadmifians, m inputcunenthrffcrmey bc mseryto peranr3cxassiw
lmdiag of thc curcnt soure iqlrt

YraYrYr-Yrvrl

Y t Y{YFY3+Y.FY IY{Y3+Y.FY2Y.Y5

F[ur,c 21 Gcncnl cnrtut-mdc blqurd trltcn

A univtrsel nivc ctrurttilrbascd on e singb CCII has bs pcrnrcd by Cbang [25],
rsdronm in Figuc2e

F[urc 22 Unlvcrlrd currcnt-nodc fillcr.

Wilt f,2opcn cfucuit, this rrchitcctnre co implmnt notch, rtl-pui end low-pesr fittcr
charrcrisics by dcdng thc velrrcs of C4 urd i+ Wift rerdlrorR2 pcmt, benepes rnd
higbFss cherslcrirnhr m bc obtainA, rgdn by tuning rhc vdrrcs of, C4 ard R+ TIE
tcsulting filcn herc low parsivc ssrsitivitict, rnd erc dmost inscnsitiw !o thc cun€nt

hn
[il
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tnrc,kingcnuoftheconvcyr. Aneltrnetivemcthodof&dvingqrcnt-filteringcircuiB
ftom reeady crising troltoge filus hrs bm prccened by Robctts urd Scdre 1261.

Meny voltegemo&acaiyc-iCfilcc rre opampccmfigurcd asunity gain brffcrs to
naxinise tb useablc bondrridth of tb cimit, andqnEnt-mo& filers can be derirred fmm
thesrclqgebuftr-brsdfilctlsuringilteadjointcircni3dod. Tofurdtbadjointcircuit
of any rctwort, a rcplice of thc oriSind circuit must bG cmsfiucEd first All elemcnts in
thisrcplicacfucrtitarc thcn rcplred bylhcirldfrrintdemcnts; pessivecomponants srrch as
rcsistors and cepacibrs rcmsin thc same, whib unity grin volt4ge bufrcrs are rcplaoed by
unity ggin cufl€nt bufiers, or cun€nt-oonveyon. Voltage input and output signals ar€
repleced by currcnt ouput and input signals, so thc two adjoint circuits are exactly
oquivalcnt in the rclogemodc and cunent-mode. The rcw cunent-mode circtit will hew
tte seme cmpmentscnEitivitbs as thc roltage.mo& original, so low sensitivity cunent-
mo& ciroiscan bcobtained ftom bwsclrsitivity roltage.mo& circtits which haw ateady
bcen developed. The Selkn-Kcy rtivc bdurd (SAB) of Figue 23a would be thcrefore
tnrndonred o fu CCII-bescd cimdt of Figure23b by 6c edjointcircuit method.

Itshold be nred futinpnstbe an inputDC cun€ntpeth mustbc provided forall
rctive devioes anployed aS for ell analog circuits and in the cirsri|s described in the
Impedrnce Convcru end Filcr *ctions above any soch edditionel DC bias oomponents
hevc nc bccn induded in ttc cilcuit diagrms.

Flgurc 23 Sdlcn-Kcy ecdvc Hqurd filtcrs.

ll.l.7 Thc ldcel trrdsior end Orc currcnt-convcyor

So fer a trrmistor-bvel rcatisation of the CtII haE nottsr discnssed. The currcnt-voltage
trrrsfcr relationship fq the OCtr+ is girrn by

VX=Vy. ff =O and IZ=IX.

Thcse oqrnrionsshow thettlrcreis esimpb voltegefollowing rtion bcturco inputnode I
and orputnodeXmd |hat tlEr€ isasimplecnrrent-followingrction between inputnodeX
md ouqut nodc Z Atso tlEs chrefub c$ndons ctl us that the im@noe rclatiottship
fatheannem-omve5mrrc

ZXgy=-, ZX=O d ?4grJ2=-.

Figurc Z shows a schematb rcprescntalion of a OCtr- built with a single BJT and on
rcflocionitisclearthatttcctrrcnt-onrreyaisefrectirelyrnideal raruismr,wilhinnnibp
andinfinircgpj

Ihiving into thc bos of e BtT giy€s dmost rmity voltege gain ftom input bos to
output€mitrcr, wilh high inpuSinpcdurrnd low urqrtinpcdanca end driving into thc
cmirerof a BJTgircs dnoct unity cun€nt-grin ftiomemircrinput o collcctorouput, with

(e) Volalg3-fo||orcr SAD

Iour I R2

(b) CurrcnGfollowcr brscd SAB
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low input impedance urd high ouput impedanoe. Drawing thc comparision fuflh€r rh€ high
input impedancc r nodc conesponds to the base (or gatc) of a transistor, the low input
impedancc Xnodccorresponds o tlteemitter(or source) of a rursistdr, and thc high ouput
impedancc Z node conesponds to the collector (or drain) of a transistor. Clearly one
transistor cannot function alotp as a compl€tc cun€nt-conveyor as'an unbiasscd singlc
transistor can only hurdle unipoler signals and thc high accurrcy unity volage and unity
cun€nt gain rcquircd for a high perfomance currcnt-convcyor.crnnot bc obtained.
However the gcncric rclatiorship betwccn thccunent-conveloris velid and it dcs providc
valueble insight ino the development and operation of monolithic curr€nt-conveyonr
d€scribed in the rprt scction

lz

E,{4p+UD(
.'.lZ--Dr

Vx- VY
ll +(l/FR8l

sirrcc orF( >>t ... Vx - Vy

Flgurc 24 Slnglc BJT CCn-.

11.1.E Supply-current scnslng, currcnt fccdbrck op.emps end thc CCII

Orcr thc last &cade cun€nt-sonverter research and cun€nt-con\Eyor rcsearch has proceeded
in parallel with little cross refcrcnce, despite the fact that thc two ar€,as ere vEDf closely
rclated. Thc difference baween the two rescarch areas is really only orrc of semantics and
not substsnoe, as the current-con\Eyor, or ptrt cuncnt-oonveyor, Gen be identified easily in
nearly all the cunent-converter wort. Toumazou and Lidgey worked extensively on
cun€nt-convertcr rcalisations bssed on the technique of powcr supply-current scnsing on
voltage-mode oFrmps, dcscribcd in [3, 5], ro achiera c-uttcnt urput performance. Thc
circtit performances obtaincd wrre exremcly encouraging, with ucful prrtical cirqrits
rcporad on cunent-folloc/€n and follourcr-brsed amplificrs, high spoed pocision rcctifreis,
instnrmentrtion amplificrs, and cunEnt unplificrs 15, nl.

! ' " .-

Flgurc 25 Currrnt-fccdbecl op-emp stnrcturc.

Monolithic currcnt-feedbeck op-amps havc relatively recently become commercially
available rs high-spc€d rltematives to voltrgc ofrmps [2t]. Ereminuion of rhe intcrnal
structurE of the crnutt-fccdback oprmp is revealing rs thc devkc is essentially e CCIl+
widr thc intemal high impcdance Z node conrccrcd b m ouFut voltrgc-follow€r, as shown
in Figurc 25. fuiy cuncnt flowing at th€ low impcdane invcrting input ir convcycd b rhe
gain node (Zr), end the rcsulting voltege is buffcrcd io the output Z7 is thus thc opcn-



562 Tboriol It furunt-Mo& Analog Sigrul proccssnf- Curtent-C.anvcyott

bop tnnsinpedrne gain of tb cunent-fcedback opamp, which in practice is equal to the
panllel omtimtio of the CCXI+ oilpot im@rca dr rclt4ge brffcr iryut impdane and
uy mpcnsation crpaciAre at ib g'dn t 27 r&.

Ccneratty tte gpin node is notcmncted to an €xrcrnal pin and so the Znode of the
CCII+ mnot bc ressod- Howerrcr, simpty rcmoving the ouput buffer from a cunent-
ftedbeck oprmp is dl ttet is requfu€d to obhin e high perfonnaneCCtr+.

11.1.9 CCn0f currcna-convcyor

Thefirstcomscially availablectncntonveyorbosed on thecunent-foedback opamp is
thc CEtrOf from LTP Eletnonics [29], shown in Figure 26. The circuit is fully
symmctrfoel, with @1 to @a compising the innrt stage f inpm being higb in@ance and X
input/outErt being low inpodrne. A volt4ge applied o the f input is followed by the X
inpur The colhcttrcrrnqili 6 e2sld Q3 arc rellocrcd and rwmbirpd through curcnt-
nilrorl Cllt and CMZo the hiSh ouput impedance Zr&,. Ilenac any input into the X
node ir mw5rcd with unity cu.r€ot gain tfuough to the Zouptrt node.

+Ve

Flgnrc 26 Intcrnd sdrcmetic of thc CCrIO1 curretrt conycyor.

The CCIrcf is built on a high speod ditktic isoluion frrlly ccnphmenary bipolar procesr
and supplind as drnl d€vioe in an &pin DIL paclage" The &vice features an equivdent
shnrnrc of aID Vtfts ad a fm MHz bon&uidth. Thc equiraknt open-loop gain is E0 dB
and the CMRR pcrformane is bcficr thrn 53 dB at I MHa The maximum ouput cuncnt
ftom lhe devfore is tlO mA end it opemrcs ftom t5 V o tl5 V srpplies.

11.1.10 IA rd PFWR epplicrdon cremples ol the CCIIO1

IIJ.IOJ CCIIU lnslrr,;cnbdon atnpltfur

A porticuledy useful erd elegrnt application of the currcnt-conveyor is the currcnt-mode
instrumntrtionamplifierQA)cmployingthediffercntiel Vof converterof Figurc6. The
circtit sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssshcmatic and mcasured ChIRR perfamare is shown below in Figuc tl. Ttrby
advantageof this uchibcurc IAiE the highCMRR*hievabh at high frquencics without
oy EluirEo€nt fc an reurarcly marchod rcsistor rchrcds
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neqrrey

Flgurc 27 CCn0l IA md mcrsurGd CMRR pct{ormrnce.

TlrouputsignlistabnfrorneitherZnode. Convtrsionofth€orrtrutZnodecur€ntinto
a voltage is cadily rchieved using the conventiond invcrting rensresistane stage shown in
Figure 28. Alternrtircly thc ouput sigrd cunurt can bc taken from the two conveyor Z
nodes ard fcd into e diffcrentiel raluesistilpc amplifhr o rhierc doubb thc gain.

Vour- -n RP

Fl3urc 2t Tnnsrcdstrncc onvcrdon of 12.

IIJ.IO.2 CCIruI prcchlon fill-vavc ncclficr

fuiothcr oqudly elcgnnt us of ttc cunent-conrrya is fa high s@ precision rcctification.
Theclessfoal goblern withcqrwntional procisicr roctifrcrs bascd m diodc.r and opamps is
thet during thc non-condrctiory'condrrction transition of thc diodcs thc oprmps have to
rccover with a finir rmdl-rignal dUld, rcortlfuin rigrifrcrnt distortion during thc zro-
crossing of the input eignal. Using high sbw-rrc opamps does not solve this fundamenal
drawback sine it is e small-signal trursient problcm [301. Conrcntiond rectifiers arp rhus
timibd to a ftequcncy pcrformane rell below ilrc gafuFbandwidth prodrrct of the amplifbr.

Imptovcmants [3Ol hene bcn mdeto rctifiahigh ft€qrrrrcy performance by the use
of cunent-modc techniqrrcs prrrmrrily bascd upon cmploying the power supply rails of the
oPtmp as e cun€nt retificetion patl|. Ho*rrcr, a problcm cncountered witlr such schemes
is th* signal lewls nced o be significantly higher than the supply bias to guarantoe
ptcision rectification u high fr€quency rnd so aggin loss ofprocision occurs at signd zero-
crossings. Erren using high specd cuncnt-fcedback amplifien thc performarrcc is still
limited to somc rcns of kiloHertz [30], which is significantly below rhef of rhe cun€nr-
fcedbrk rmplilirxs used.

A full-wave procision rectificr cen bc configurcd easity rsing two CCtrq as shown in
Figutc 29. Both thc Cttrs form e diffcrentiel voltege to current corrrarter srch that during
thc positivc input c1rcb, thc orprr eurrcnts of velw V61/R flwr out of thc Tnodc of
C€tr(a) ud into fu Z&, of CEtr(b), thuc naking only Dr urd Dz rctirc. Bccaur Dr is
active, ttc currcnt from thc Znodc of C€tr(a) flows ino lhe ouput r€sistorR making VOfrr
= Vzv. During the rcgetire innrt cycki only D3 and D1 are diw thus thc ortput cun€nt of

€
&
c

B
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CEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEtO) is &iwn ino R making VOW = Vrr. Clearty tbe magninrde of gain is RzlRr and
thic 6sa be inqeasod ftom unity by meting Rz > Rr.

(r) Edl-trvc pndCotr rG.d0cr O) Full.revc Fddon rccdtrcr
ngurc 29 Curlcntconvcyor prcrldon r,ccdfcrr.

The circtit was built witl l(x) O rcsisocs ed Schoflky diode$ and Egrrc a0 shws typicrl
performem fa tbc helf-wavc preision rectifier slrown in Figurc 29a at two operating
frEqtncicq l(Dkllzand I MHz

Flgurc 3l Imprwcd orrtnr.cotrvctor PFWR

Thc perfornene is good but wirh thc CCIl0l crhibiring mJhof eppoximacly fm MHa
ap wontd nenmlly cxgc 6e chuit to wort cbc b the/aof thc devba Hqrcvcr, thil is
not thc case sincc rt vcq/ low aignd bvcls sll tlte dio&s arc oG and rs e rpsult thc
diffcrcntial rcltrgeocurrcntoonvquis tnnsf,orm€d ino ehigh gsin difrerential voltage

OVptmnVptrldd{r OVpl0ollfitrlFE
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rmplificr. Although thc c€IIOl exhibis a nery high slew-rare, in thc rcgion of 20fi) v/ps,
it is the smdl signal dr/ldttlnt limits pcrformanqe rt zero+rossings. Thc solution to this
prcbl€m is to modify thccircuitby offsaing thc ouputof drcconvclors by biassing all rhe
diod* appmpriatcly. The new schcme [3ll is drown in Figure 31.

ln the circuit, thc voltage at the anodc of diodes, Dt and D4, is biasscd by a low
impedancc voltage souncer Vg, at rpproximaely 0.6 V, allowing 0.3 V forward bias for
each Schot&y diode. Thus whcn D1 and D4 conducr thc voltagc st rhe su@lurlnt Z-
terminsl is approxfunarly d).3 V and 0rc orput roltage is ao. This condition cnsures that
the load imp€drne pre.sentcd o thc Z-tcrminal is kept low at all times, especielly as thc
diode pain D{Dg nd DlDl swap cordwtion roles. The net cffect is that thc cun€nt-
conveyor outpub do not go into slew at erch rcrc-crcssing. Effectively thc improrcd
rhcme pmvides aclass AB roltrge biasso thetall thcdioda; alcon thccdp of cmduction
during the zcro input condition. Notc that thc batrcry, vg, mry be rcpleced by an
appropriarcly biassed diodc voltage srlrtne. Thc impmrad r6dner operates rrcll up to a
frcqrcncy of 30 MHa as shown in [3U. Quite an acceptablc rectifier performanoe is
achieved and charly is nrbsantially lcss distort€d than thc nondiode biassedcirctitwhbh
bcgins o show significrntly poor pcrformancc rt rbout 4 MHz Beyond 3O MHa thc
rectifier intcgrity of the final circuit does sutrt to deteriorete. This is drrc o rfrc roll-off in
VxNt with frequcncy. Howevcr thc mcrsurcd resulB arc ercouraging and represcnt a
significant imprcvcrtr€nl

11.l.ll Thc firturc ol thc currcnt convcyor

Atthough 20 years old, the currcnt-conveyor is a circuit concept whosc timc has now somc.
There is no doubt thrt thc cun€nt-conwyor is both versdtile and conwnient for many
applications The applications &scribed dcmorxtntc thc ease with which complex analog
furrctioru can be rcaliscd using annent-convcyom. Oficn fwer pans sre nceded lhan thc
oFrmp c{Nnter pan, drc o thc very attractive combined voltagdcrrnent capability of thc
curcnt-conveyof. Tlrcrc rre many rpplicetions whcre opamp rcalisatiors rre signifhantly
lcss p,ractical than thc oquivdcnt currcnt-conrryor rcalisation. Furthcr more, the curcnt-
conveyor cen provide high performance operation, particularly in terms of speed and
bandwidth, drr to tlr inlsent lcal fecdbact of tlp fotlorrcr-bosed sructle of the dcvice.

Comncrcially eveilablc curcnt-ootrr'€yon rrc e rclcomcd rnd vduablc addition for
thc application cnginccr, complementing the ubiquitious op-smp. Thc scmiconductor
industry has now recogniscd thc potontial of c,urrcnt-mode @hniqucr, attcrEd by thc
snccc$ftrlcurcnt-fcedbac&ryampwhichisrcloscreletiwothecurcntomr€'ror. All 6e
ingEdfornB fora high pcrfcrnarcecurrcnt-oonr€lrorreelisation erc dready ressable to drc
scmicondwtor industry, so it is only I matbr of timc beforp thc cunent-convryor takes its
place as a stmdrrd part in the applicarion designcrs tool-kil
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