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Abstract— Log-domain filters have recently come into the
limelight of the VLSI community asan important classof cir-
cuits for implementing continuous-timefilters in the currentdo-
main [4], [3], [2]. Somepapers have discussedog-domain cir-
cuit analysis[1] and somehave addressedcircuit synthesis[2],
[5], [6], [7]- In this paper we describe synthesisof a second-
order log-domain bandpassfilter, addressissuesrelatedto low-
frequency(audio-frequency)filter design,and showv experimen-
tal resultsfr om a systemfabricated in a standard 2 um BiCMOS
technology

|. INTRODUCTION

Log-domainfilters comprisea subclasf circuits having
externally linear transferfunctions but internally nonlinear
component$4]. As the nameimplies,log-domainfilters are
specificallythosecircuits whoseinternal stateis a logarith-
mic function of theinputandoutput. An importantproperty
of log-domairfiltersis thattheequationgoverningtheinter
nal nonlinearityof the systemaregenerallytractableeading
to completesolutionswhich do not requireseparatédC and
transientanalyses.

A betterunderstandingf the underlyingprinciplesgov-
erninglog-domaindesignis now emeging, revealingwhat
circuits are possiblefor implementinga given filter trans-
fer function. Translinearcircuits are known to be impor-
tant structuresn log-domaincircuits [1], [6], [5], [8], with
translinearanalysisgreatly simplifying circuit design. Our
methodof circuit synthesids closelyrelatedto the analysis
methodpresentedh [1] andallows usto synthesizdilter cir-
cuits without resortingto state-spacequationsor explicitly
usingtransistorequationgc.f. [5]).

For purposeof analysisand synthesiswe will consider
all transistorgwhetherBJT or, equivalently MOSFET op-
eratingin weakinversion)to beideal devicesimplementing
thesimplifiedexponentiafunctionl, = ¢"+/V: orinversely
Vie = Vi In (I.), whereV; is thethermalvoltage(0.025V at
room temperature).Circuit modificationsnecessaryo deal
with someof the nonidealitiesf realdevicesis addresseth
SectionV.

Il. PRINCIPLES OF LOG-DOMAIN SYNTHESIS

Translinearcircuit equationsgive a simple rule for gen-
eratinga currentwhich is the productor division of other

currents.We would like to have a simplerule to generatea
currentwhich is thetime derivative of someothercurrentin
the system sothatwe caneasilyconstrucffilter functionsin
theLaplacedomain.In otherwords,wewouldliketo directly
compute )
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The propertyof the derivative of an exponentialfunctionis
the key to this problem. Applying the derivative to the sim-
plified transistorequationresultsin a simple expressionfor
thetime derivative of the current:
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By addinga capacitorC' to the system,we cangeneratehe
voltagederivative in termsof a capacitorcurrent/c, to yield
anequationrcomposeackntirelyof currentterms.Fig. 1 shavs
sucha system,a basicbuilding-block of log-domainfilters
(cf. [2], Fig. 1, and[1], Fig. 1), in which a constantoltage
Vsnige Mmaybeinsertedoetweerthe capacitomodeZ andthe
transistotbasewithout affectingthe equationsolution:
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Fig. 1.



From this equationwe cancomputethe derivative of a cur
rentby multiplying two currentsogetherwhich canbedone
usingatranslineatoop circuit.

I1l. CIRCUIT SYNTHESIS

To shaw how thesecircuit conceptanbeusedin practice
to synthesize&completefilter circuits, considerfor instancea
genericfirst-orderbuilding-block with the (current)transfer
function: I 1

=Ty (8)
i + 78
We substitutethe expressionfor the currenttime deriative
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We thencandefinethetime constant- in termsof somefixed
biasvoltagely:
_WcC
=7
Substituter into Equation(10) andmultiply throughby I, to
get

(11)

Towt (Al + Ic) = IinIy. (12)

This equationis afour-componentranslineatoop equation,
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Fig. 2. First-orderlog-domainbuilding-block.

with theconstrainthatl andI,,; musthavetherelationship
shavn in Fig. 1. Oneof several possibleimplementationss

shawn in Fig. 2, in which transistorsQ)1 through@4 form

thetranslinealoop I, Iy = I;, I. Q3 is avoltagelevel-

shifter(c.f. [2], Fig. 2), andEquation(10) s satisfiedf I, =

I; (1 + A). Inputandoutputcurrentsarepositively biasedo

keepthetransistorghroughwhichthey flow operatingn the
active region, so thatthe translinearequationgemainvalid.

This DC biasis independensf theinputsignal.

IV. A SECOND-ORDER BANDPASS FILTER

Generatinga higherorderfunctionis a matterof factoring
thecurrenttransferfunctioninto equationsvhich candirectly
beimplementedy simplesubcircuits For example,consider
the second-ordelbandpasgquation

Tour _ T$
L, 1+ (1/Q)ts + 1282

We canimplementthis equationdirectly, yielding a circuit
with a bidirectionalcurrentoutput. In general,however, it
is moredesirableto have the outputbiasedto the sameDC
level asthe input, for exampleto malke it easyto cascade
filters together The mostelegantway in termsof circuit im-
plementations to adda DC componentvhich is a low-pass
filtered constanbiascurrent,i.e., thefiltering doesnot affect
the constani(the sameformulais usedin [2] for state-space
synthesiof asecond-ordesection):

(13)
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Thereasorfor addingthecomplicatedsecond-ordeiow-pass
expressionbecomesapparenwwhenthe equationis factored
into two simplecurrenttransferfunctions:

Iout — 1 : Iw — i (16)
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The right-hand side of both equationsis easily imple-
mentedasa basicfirst-ordersectionbuilding block (Fig. 2),
thefirst onemadeby settingl, = I;(1 + 1/Q), andthesec-
ond onemadeby settingl, = I;. Theinputto eachblock,
however, involvesthe subtractionof two currents. Because
theinputto alog-domairfilter mustbepositively DC-biased,
this subtractiorcannotbe performedat the input to the first-
ordersection.Insteadanequialentvaluemustbesubtracted
from thecentralnodeZ, shavn schematicallyn Fig. 3. If we
equatehesewo circuits,wefindthatl, = (I, Iy)/I,y. This
familiar form canbe implementedy a 4-transistoitranslin-
earloop circuit, two transistorsof which arealreadyin one
of the first-ordersections. One possiblecircuit is shawvn in
Fig. 5, wherebipolartransistorg)2 andQ7 through@9 cre-
atethe translineatoop, but the current/},, flows into node
Y ratherthanout of it. The currentI},, is mirroredtwice,
doubled,andsubtractedrom nodeY to make the netvalue
negative.

This circuit is degradedby mismatchin the two mirrors,
andit is sensitve to feedback. So the circuit is not appro-
priatefor generatingl’,, which requiresgood matchingand
alsohasfeedbackirom its outputbackto its input. Instead,
we implementthe equation!’ = (I, I)/I,, anothemway,
asshowvn in Figs.4 and5. Transistorg)1 through@6 im-
plementtheloop equationl, I;? = I, I I,,:, whichreduces

Iout(s)
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Fig. 3. Computinga currentdifferenceat alog-domairfilter input. Left: Theunderlyingidea,whichis physicallyunrealizableRight: An
equialentworking circuit.
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Fig.5. Completecircuit schematidor the second-ordebandpasilter.



to thedesiredequation.This circuit doesnot have ary unsta-
ble states.However, this kind of structurecannotbe usedto

generatd},, dueto currentdraw throughthe bipolarbases:

thereforeboth of the methodsarerequiredto realizea band-

passfilter, eachone governedby its particular constraints.

Notethatin the completebandpassircuit (Fig. 5), the cur
rent I, is not useddirectly, sothatthe outputstage(Q3 and
@4) which generated is removed. Additionally, the output
of thefirst first-ordersectionis mergedwith theinput of the
seconda methodwhichis describedriefly in [2].

V. TECHNOLOGY LIMITATIONS FOR LOW-FREQUENCY
FILTER DESIGN

Previously publishedwork on log-domainfilters hasgen-
erally extolled their potential for high-frequeng filter de-
sign. Our work insteadconcentratesn the use of bipolar
log-domairfilters for audio-frequeng applications.Thelow
frequeng rangerequiresalarge RC time constantyhichfor
thelog-domairfiltersdescribedereis inverselyproportional
to a bias current. For large-scaleintegratedsystemswhere
capacitorscannotreasonablype madelarger thana few pi-
cofarads the biascurrentcanbe aslow asa few tensof pi-
coampswhich placessomeimportantrestrictionson circuit
technology Problemsrisingfrom establishedlesignsare:

1. MOSFET designshave poor matchingof currentsin
mirrors; Inputandoutputarecloseto the noisefloor.

2. Traditionalbipolardesigndail dueto basecurrentdrav
andcansuffer from 8 mismatchat low emittercurrent
values.

The first of thesetwo problemsis inherentto the design
of MOS circuits operatingin weakinversion,andis gener
ally difficult to alleviate. The secondproblemlisted stems
from the designassumptiorthatbasecurrentis negligible in
translineatloop circuits. This assumptiorbecomesnvalid at
low bias currents,suchaswhentransistor@1 in Fig. 5 at-
temptsto drive Q2 whenthe currentl,,,; is mary ordersof
magnitudehigherthan,. This problemhasa simpledesign
solution: we have adaptedhe diode-connecteblipolar pairs
(shadedegionsof Fig. 5) with a “regulatedcascode’struc-
ture, shovn in the shadedbox on theright in Fig. 5. V, is
a biasvoltagewhich mustbe large enoughfor the circuit to

generateéhe basecurrentdravn by both bipolar transistors.

Any remainingdependencen 3 doesnot greatlyaffect cir-
cuit performance.

VI. EXPERIMENTAL RESULTS

Our test chip was a completesignal-processingystem
containingafilterbankof 15 channelseachcontaininga cas-
cadeof two second-ordelog-domainbandpassilters of the
typeshowvnin Fig. 5.

Fig. 6 shavsmeasurementskenfrom alog-domainband-
pasdilter atthreedifferentfrequenciesn theaudiobandand
threedifferent values.Thefirstfilter in the cascadédnasan

4

adjustible@ value,andthe secondhasa Q) fixed at a value
lessthan one and is usedprimarily to give the responsea
40dB/decadalrop on the skirts of the passbandBoth filters
are biasedto have the samepeakfrequeng. Resultsshav

thatconsiderableeductionin rolloff occursonthelowerside
of the responsedueto mismatchof componentsn the cir-

cuit. Thecircuit behaesasexpectedhearandaborethe peak
frequeng, andthe responsenapswell over the entireaudio
frequeng band.
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Fig. 6. Measuredmagnituderesponsef onebandpasshannelin
thefilterbanksystem,madeof two cascadedecond-ordelog-
domainbandpasdilters, over threetuningsof the centerfre-

queng.
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