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Abstract— Log-domain filters have recently come into the
limelight of the VLSI community as an important classof cir-
cuits for implementing continuous-timefilters in the curr ent do-
main [4], [3], [2]. Somepapers have discussedlog-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-
fr equency(audio-frequency)filter design,and show experimen-
tal resultsfr om a systemfabricated in a standard2µm BiCMOS
technology.

I . INTRODUCTION

Log-domainfilters comprisea subclassof circuitshaving
externally linear transferfunctionsbut internally nonlinear
components[4]. As thenameimplies,log-domainfilters are
specificallythosecircuits whoseinternalstateis a logarith-
mic functionof theinput andoutput.An importantproperty
of log-domainfilters is thattheequationsgoverningtheinter-
nalnonlinearityof thesystemaregenerallytractable,leading
to completesolutionswhich do not requireseparateDC and
transientanalyses.

A betterunderstandingof the underlyingprinciplesgov-
erning log-domaindesignis now emerging, revealingwhat
circuits are possiblefor implementinga given filter trans-
fer function. Translinearcircuits are known to be impor-
tant structuresin log-domaincircuits [1], [6], [5], [8], with
translinearanalysisgreatlysimplifying circuit design. Our
methodof circuit synthesisis closelyrelatedto the analysis
methodpresentedin [1] andallowsusto synthesizefilter cir-
cuits without resortingto state-spaceequationsor explicitly
usingtransistorequations(c.f. [5]).

For purposesof analysisandsynthesis,we will consider
all transistors(whetherBJT or, equivalently, MOSFETop-
eratingin weakinversion)to be ideal devicesimplementing
thesimplifiedexponentialfunction �������
	���
���	�� , or inversely,����� � ��������� ���� , where

�!�
is thethermalvoltage(0.025V at

room temperature).Circuit modificationsnecessaryto deal
with someof thenonidealitiesof realdevicesis addressedin
SectionV.

I I . 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 the time derivative of someothercurrentin
thesystem,sothatwe caneasilyconstructfilter functionsin
theLaplacedomain.In otherwords,wewouldliketodirectly
compute ��"$#&%('*)��+-,/. (1)

The propertyof the derivative of an exponentialfunction is
thekey to this problem. Applying thederivative to thesim-
plified transistorequationresultsin a simpleexpressionfor
thetimederivativeof thecurrent:��"$#0%1� �32 	���
54���	�� (2))� "$#0% � 6687:9 � 2 	
�<;=	 
 4>�?	��A@ (3)� B�!� ��"$#&% 66C7 �<� �ED � �  (4)

� B� � ��"$#&% )� � . (5)

(6)

By addinga capacitorF to thesystem,we cangeneratethe
voltagederivative in termsof a capacitorcurrent �HG , to yield
anequationcomposedentirelyof currentterms.Fig. 1 shows
sucha system,a basicbuilding-block of log-domainfilters
(c.f. [2], Fig. 1, and[1], Fig. 1), in which a constantvoltage�JI�K + L�% maybeinsertedbetweenthecapacitornode M andthe
transistorbasewithoutaffectingtheequationsolution:)� "$#0% �NB� � � "$#0% � GF . (7)
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Fig. 1. Filter poleformedusinga transconductor.
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From this equationwe cancomputethe derivative of a cur-
rentby multiplying two currentstogether, whichcanbedone
usinga translinearloopcircuit.

I I I . CIRCUIT SYNTHESIS

To show how thesecircuit conceptscanbeusedin practice
to synthesizecompletefilter circuits,considerfor instancea
genericfirst-orderbuilding-block with the (current)transfer
function: � "$#&%�&+�, � BSUTWV!X . (8)

We substitutethe expressionfor the currenttime derivative)� "$#0% for
X � "$#&% :S � "$#&% TZY V �HG� � F\[ � "$#&% � � +�,^] (9)

��"$#0% Y S_T V �HG�!� F`[ � ��+�,^. (10)

Wethencandefinethetimeconstant
V

in termsof somefixed
biasvoltage��a : V � � � F� a . (11)

Substitute
V

into Equation(10)andmultiply throughby ��a to
get ��"$#&% � S ��a T �HG� b����+�,!��a�. (12)

Thisequationis a four-componenttranslinearloopequation,
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Fig. 2. First-orderlog-domainbuilding-block.

with theconstraintthat � G and� "$#&% musthavetherelationship
shown in Fig. 1. Oneof severalpossibleimplementationsis
shown in Fig. 2, in which transistorsj B through jlk form
the translinearloop ��"$#&%C��mn�o�&+�,p��a . jrq is a voltagelevel-
shifter(c.f. [2], Fig. 2), andEquation(10) is satisfiedif ��s����a � B TtS  . Inputandoutputcurrentsarepositively biasedto
keepthetransistorsthroughwhich they flow operatingin the
active region, so that the translinearequationsremainvalid.
ThisDC biasis independentof theinputsignal.

IV. A SECOND-ORDER BANDPASS FILTER

Generatinga higher-orderfunctionis a matterof factoring
thecurrenttransferfunctioninto equationswhichcandirectly
beimplementedby simplesubcircuits.For example,consider
thesecond-orderbandpassequation��"$#0%� +�, � V!X

B T � B0u jv V!X�TWV�w0X�w . (13)

We can implementthis equationdirectly, yielding a circuit
with a bidirectionalcurrentoutput. In general,however, it
is moredesirableto have the outputbiasedto the sameDC
level as the input, for exampleto make it easyto cascade
filters together. Themostelegantway in termsof circuit im-
plementationis to adda DC componentwhich is a low-pass
filteredconstantbiascurrent,i.e., thefiltering doesnotaffect
theconstant(thesameformula is usedin [2] for state-space
synthesisof asecond-ordersection):

��"$#&% � X  x� ��+�, � X  Y V!X
B T � B
u j� V!XyTWV w X w [ (14)T �0z|{ � X  Y BB T � B
u j� V!X�TWV�w&X&w [ . (15)

Thereasonfor addingthecomplicatedsecond-orderlow-pass
expressionbecomesapparentwhenthe equationis factored
into two simplecurrenttransferfunctions:��"$#0%� +�, D �H} � BB0u j TWV!X�~ � }� "$#&% D �0z|{ ��BV!X . (16)

The right-hand side of both equationsis easily imple-
mentedasa basicfirst-ordersectionbuilding block (Fig. 2),
thefirst onemadeby setting��s�����a � B T B0u j� , andthesec-
ond onemadeby setting ��s`����a . The input to eachblock,
however, involvesthe subtractionof two currents. Because
theinputto a log-domainfilter mustbepositively DC-biased,
this subtractioncannotbeperformedat the input to thefirst-
ordersection.Instead,anequivalentvaluemustbesubtracted
from thecentralnodeM , shown schematicallyin Fig.3. If we
equatethesetwo circuits,wefind that ���� � � � � � a  u � "$#&% . This
familiar form canbe implementedby a 4-transistortranslin-
ear loop circuit, two transistorsof which arealreadyin one
of the first-ordersections.Onepossiblecircuit is shown in
Fig. 5, wherebipolartransistorsjv� and jv� through j�� cre-
atethe translinearloop, but thecurrent � �� G flows into node�

ratherthanout of it. The current � �� G is mirroredtwice,
doubled,andsubtractedfrom node

�
to make thenetvalue

negative.
This circuit is degradedby mismatchin the two mirrors,

and it is sensitive to feedback.So the circuit is not appro-
priatefor generating� �} , which requiresgoodmatchingand
alsohasfeedbackfrom its outputbackto its input. Instead,
we implementthe equation� �� � � � � � a  u � "$#&% anotherway,
asshown in Figs.4 and5. Transistorsj B through jr� im-
plementtheloopequation� } ��a w ����a!� �} ��"$#&% , whichreduces
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Fig. 3. Computingacurrentdifferenceat a log-domainfilter input. Left: Theunderlyingidea,which is physicallyunrealizable.Right: An
equivalentworkingcircuit.
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to thedesiredequation.Thiscircuit doesnothaveany unsta-
ble states.However, this kind of structurecannotbeusedto
generate� �� G dueto currentdraw throughthebipolarbases:
thereforebothof themethodsarerequiredto realizea band-
passfilter, eachone governedby its particularconstraints.
Note that in the completebandpasscircuit (Fig. 5), the cur-
rent � } is not useddirectly, so that theoutputstage( jrq andjlk ) which generatesit is removed. Additionally, theoutput
of thefirst first-ordersectionis mergedwith the input of the
second,a methodwhich is describedbriefly in [2].

V. TECHNOLOGY LIMITATIONS FOR LOW-FREQUENCY

FILTER DESIGN

Previously publishedwork on log-domainfilters hasgen-
erally extolled their potential for high-frequency filter de-
sign. Our work insteadconcentrateson the useof bipolar
log-domainfilters for audio-frequency applications.Thelow
frequency rangerequiresalarge §rF timeconstant,whichfor
thelog-domainfiltersdescribedhereis inverselyproportional
to a biascurrent. For large-scaleintegratedsystemswhere
capacitorscannotreasonablybe madelarger thana few pi-
cofarads,thebiascurrentcanbeaslow asa few tensof pi-
coamps,which placessomeimportantrestrictionson circuit
technology. Problemsarisingfrom establisheddesignsare:

1. MOSFET designshave poor matchingof currentsin
mirrors;Inputandoutputarecloseto thenoisefloor.

2. Traditionalbipolardesignsfail dueto basecurrentdraw
andcansuffer from ¨ mismatchat low emittercurrent
values.

The first of thesetwo problemsis inherentto the design
of MOS circuits operatingin weak inversion,and is gener-
ally difficult to alleviate. The secondproblemlisted stems
from thedesignassumptionthatbasecurrentis negligible in
translinear-loopcircuits.Thisassumptionbecomesinvalid at
low biascurrents,suchaswhen transistorj B in Fig. 5 at-
temptsto drive jv� whenthe current ��"$#0% is many ordersof
magnitudehigherthan ��a . This problemhasa simpledesign
solution: we have adaptedthediode-connectedbipolarpairs
(shadedregionsof Fig. 5) with a “regulatedcascode”struc-
ture, shown in the shadedbox on the right in Fig. 5.

� � is
a biasvoltagewhich mustbe largeenoughfor thecircuit to
generatethe basecurrentdrawn by both bipolar transistors.
Any remainingdependenceon ¨ doesnot greatlyaffect cir-
cuit performance.

VI . EXPERIMENTAL RESULTS

Our test chip was a completesignal-processingsystem
containingafilterbankof 15channels,eachcontainingacas-
cadeof two second-orderlog-domainbandpassfilters of the
typeshown in Fig. 5.

Fig.6 showsmeasurementstakenfrom alog-domainband-
passfilter at threedifferentfrequenciesin theaudiobandand
threedifferent j values.Thefirst filter in thecascadehasan

adjustible j value,andthe secondhasa j fixed at a value
less than one and is usedprimarily to give the responsea
40dB/decadedropon theskirtsof thepassband.Both filters
arebiasedto have the samepeakfrequency. Resultsshow
thatconsiderablereductionin rolloff occursonthelowerside
of the response,dueto mismatchof componentsin the cir-
cuit. Thecircuit behavesasexpectednearandabovethepeak
frequency, andthe responsemapswell over theentireaudio
frequency band.
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Fig. 6. Measuredmagnituderesponseof onebandpasschannelin
thefilterbanksystem,madeof two cascadedsecond-orderlog-
domainbandpassfilters, over three tuningsof the centerfre-
quency.
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