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General Current-Mode Analysis
Method for Translinear Filters

Jan Mulder, Albert C. van der Woerd, Wouter A. Serdijn, and Arthur H. M. van Roermund

Abstract—Log-domain or translinear filters are regarded as Companding is implicitly performed in translinear filters
being a promising alternative in the area of low-voltage filter as a consequence of the exponential behavior of the bipolar
design. To date, most publications have reported on Synthesis ., qistor or the MOS transistor in the subthreshold region.

of translinear filters. Although synthesis is more powerful than h | . i . . | h
analysis, it must go together with a generally applicable analysis | € Voltages in a translinear circuit are proportional to the

method in the same domain. In this paper, a general current- logarithm of the input and output currents.
mode analysis method is proposed. By using a current-mode No definite statements regarding the achievements of
approach, we stay close to the existing theory on static translin- translinear filters with respect to dynamic range can be made
ear circuits, which might be beneficial in developing a general, . . .
possibly more powerful synthesis method. as yet. Thg dyna_mlc range is not only dgtermmed by the
maximum input signal, but also by the noise produced by
the circuit. Therefore, the noise behavior of translinear filters
. INTRODUCTION has to be examined as well, before any such statements
HE APPLICATION OF translinear networks is not re-<can be made. At present, none of the publications regarding
stricted to the implementation of static transfer functionstanslinear filters has reported on the noise behavior. Besides,
Dynamic transfer functions can be realized as well. The firsteasurement results of translinear filters have been published
publication regarding this topic was the introductionlog- only in [7].
domain filters by Adams [1]. The first-order filter described in Until now, most publications have reported sgnthesis
this publication is in fact a translinear circuit. Some op ampsf translinear filters [2]-[4], [7]. Synthesis is more powerful
are used, but their main function is to make implementatiahan analysis. However, a useful synthesis method has to be
of linearV—I conversion at the input arldV conversion at the accompanied by a general analysis method in the same domain.
output feasible, using resistances. A number of valuable synthesis methods have been reported,
Another example is the general class of filters, called “expagiffering in the primitive functions on which the filter is
nential state-space” filters, published by Frey [2], [3]. Besidgfapped. One synthesis path is to use an integrator as the basic
the log-domain filters, some other members of this generfiinction block, and to build the filter by making the right
class are theanh andsinh filters. As all exponential state- network connections between a number of these integra’[ors
space filters comprise a number of (coupled) translinear loopg, [8]. If a log-domain integrator is used, the input and output
they are in fact translinear circuits. For example, diwh filter  signal are both currents. The voltage across the capacitance
reported in [3] comprises nine independent translinear 100R§.the integrator is nonlinearly related to the input current,
Therefore, the term translinear filter is used throughout thig;t the transfer function is linear as a whole. Consequently,
paper. nonlinearity is only present within the basic integrator block.
At present, translinear filters are supposed to be a promisiggers designed using this approach can be easily analyzed
alternative in the area of low-voltage filter design [4]. Thgce the integrators are identified.
trend toward low supply voltages has resulted in a decreaseyngiher synthesis path uses incomplete translinear loops as
of the dynamic range of filters designed using conventiongl pasic building blocks [2], [3], [7]. A transformation is ap-
circuit techniques. This decrease is due to the decrease of gy (5 4 voltage-mode state-space description of the filter to
maximum possible _voltgge SWINgs across the capacnan(_:es ‘realized and the resulting equations are mapped on the basic
. A possible solution is compandm_g [(.3]' The mput SlgnaIlunction blocks. From a translinear point of view, the resulting
is compressed before the actual filtering operation and thnslinear filter is one inseparable block, i.e., integrators with
expanded afterwards. As a consequence, the voltages ac PfRear input-current output-current transfer function cannot

the capacitances in the filter are nonlinearly related to “B distinguished and consequently, nonlinearity is present at a

input signal, and thus the capacitance voltage swings are mlf’flzg er level. The analysis of filters designed according to this

smaller than the corresp_ondlng mpu'; s!gnal SWINgs. Thereforsgfnthesis path may be quite complicated, since the filter has
the low supply voltage is less restrictive with respect to tt} o )
0 be analyzed in its entirety.

maximum allowed input signal. . .
P 9 A general analysis method has not been published as yet.
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by means of hand calculations. The method might be used as '
a basis for the development of an alternative, possibly more : I
powerful synthesis theory, in which the signals are directly I l |
related to currents. cap | |

First, the choice for a current-mode approach to analysis + J_
is explained in Section II. Next, in Section lll, the general
principle behind translinear filters is treated. In Section IV, cap IC VBE

the analysis method is explained and a second-order low-pass
filter, designed by Frey [2], is analyzed in Section V, as an
illustration of the method.

Fig. 1. Principle of dynamic translinear networks.

Il. CURRENT-MODE APPROACH The collector current~ of a bipolar transistor is in good

In this paper, a current-mode approach to analysis @pproximation given by
translinear filters is used. In our opinion, the term current- Vi /U
. . . e ) IC:IeBE/T (1)

mode only applies to the description of the circuit in question. s

Translinear filters can be described using other methods jusig@sere 1, is the saturation currentysy is the base-emitter
well. An example is the synthesis path published by Frey [2]oltage andU; is the thermal voltagéZ/q. The derivative
[3], which starts with a voltage-mode state-space descriptigfan exponential function is equal to the exponential function
and uses a transformation to arrive eventually at a transling@g|f multiplied by the derivative of its argument. If we

implementation of the filter. Therefore, we believe that thgifferentiate the collector current, (1), with respect to time,
circuit is not current mode, but the description of the circufhe result is

is current mode. .

Though translinear filters can also be described in terms of Ic = @ I (2)
voltages, there are some reasons why a current-mode approach Ur
to analysis is better suited. First, the input signal and the outputere the dot represents differentiation with respect to time.
signal are both currents. Second, the capacitance voltageFhe time derivative oz is very similar to the equation
are nonlinearly related to the currents in the circuit. Using describing the current.,,, through a capacitana@, which is
voltage-mode description, we will have to use logarithmic afiven by
exponential functions to describe the circuit. Third, to obtain .
a voltage-mode differential equation describing the transfer Teap = CVeap (3)

function, an inverse transformation has to be applied [2], [3hereV.,,, is the voltage across the capacitance. If we multiply
This transformation has to be derived from the circuit, whic{y, . in (2) by ¢, the productCVip can be regarded as the
may be a very complicated task. And last, static translinegrrent through a capacitancewith a voltageVs g across it.

circuits are naturally described in terms of products of curren$is js illustrated in Fig. 1. Equation (2) can thus be written
[9]. By using a current-mode approach, the theory developgd [9], [4]:

for static translinear networks will be useful for synthesis . .
of dynamic translinear networks also. The analysis method CUrlc =1c-CViEi
proposed in this paper can be regarded as a first step in the = I Icap. (4)

direction of an alternative, current-mode synthesis method. ) ) ) )
The dimension of both sides of (4) j&]?. The right-hand

side (RHS) of (4) consists of a multiplication of two currents.

A collector current is multiplied by a capacitance current.
The key to dynamic translinear networks is the exponenti@he derivative of the voltagd’..,, across the capacitance is

behavior of the bipolar transistor or the MOS transistor igqual to the derivative of the base-emitter voltagg: of the

the subthreshold region. In this paper, the analysis meth@dnsistor;f/‘:ap =Vge. Thus, Veap 1s equal toVer + Veonst,

will be explained on the basis of the bipolar transistor, singghereV,.,.; is an arbitrary constant voltage. This explains the

this type of transistor is used in almost all publications ovoltage source/..,s: in Fig. 1.

translinear filter circuits. The important difference with respect Translinear loops are described by products of collector

to translinear filters between the bipolar transistor and t@rrents of the transistor currents comprising the translinear

subthreshold MOS transistor is the slope of the exponentigbp [12]. The loop equation is given by

characteristic. The slope of the MOST is characterized by the

process-dependent parametefl 0], whereas the slope of the HIC = /\HIC ()

bipolar transistor is almost process independent. Therefore, cw cew

when bipolar transistors are assumed, the equations will \Wwkere ) is the emitter area ratio and the products on the

simpler owing to the absence of the subthreshold slope pardeft-hand side (LHS) and RHS are over the clockwise and

eter . With some minor modifications, the following theorycounterclockwise connected transistors, respectively.

will also be applicable to subthreshold MOS translinear filters From this description, it is clear that the RHS of (4) can

[11]. easily be realized in translinear technology, as part of a

I1l. PRINCIPLE OF DYNAMIC TRANSLINEAR NETWORKS
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translinear loop. Then, the terdx - I.,, can be interpreted
as a translinear realization of the LHS of (&)UrIc, the
derivative of the currenfc.

Clearly, the factolC Uy is on the LHS. This implies that it +
is not a part of the translinear realization and thus it has to be a
part of the transfer function to be realized. As a consequence,
the transfer function will be temperature dependent through Vcap
Ur. This temperature dependency can be compensated for by
making some (or all) currents PTAT [4].

IV. EXPRESSIONS FORCAPACITANCE CURRENTS

In developing a general analysis method for dynamfdd-2- A capacitance in (a part of) a translinear loop.
translinear networks, the first thing to be done is to get a
clear picture of the difference between static and dynamicwe now describe a general method to derive an independent
translinear circuits. In other words: Why can't we use theecond expression. In a translinear filter, a capacitance is
analysis methods developed for static translinear networkgways connected between two nodes of the translinear loops.
e.g., [9]? To answer this question we will have to find thas a consequence, the capacitance is connected in series with
fundamental difference between static and dynamic translineagertain number of base-emitter junctions. This is illustrated
circuits. in Fig. 2. Though any translinear loop comprises an even
We will now examine the general analysis method fafumber of junctions, the number of junctions in series with
static translinear networks. The first step is to write down thRe capacitance may be odd or even. Also, the junctions in
system of all independent equations describing the circuit fhis loop may be connected in the same direction, in opposite
guestion. To a first approximation, base currents are neglectgglections or in a combination of both.
since these are a second-order effect. The equations fall intzs the Capacitance and the junctions together Comprise a
two groups: the Kirchhoff's Voltage Law (KVL's) and the|oop, the capacitance voltage can be expressed in terms of the

Kirchhoff's Current Law (KCL's) . junction voltages, using the KVL:
The KVL's are the loop equations, the number of indepen-
dent KVL's is equal to the number of independent translinear Veap = Z tVeEe
loops. As a consequence of the translinear principle, the KVL's i
can be described by products of collector currents [12]. Ic
The KCL'’s are set up for each of the nodes of the circuit. =Ur Z +In <)\ijs> ()

The KCL'’s are linear equations in the collector currents, input

currents, bias currents and output currents. In general, in hamderel ; are the collector currents corresponding to the base-

calculations, the KCL's are directly substituted in the currenémitter voltagesVgg,; and ); are the relative emitter area

mode KVL'’s. ratios. The sign of each voltagezg; in this equation is
The second step in the analysis of a static translinear circdépendent on the orientation of the base-emitter junction in

is to solve the system of loop equations to obtain the transf@e loop.

function of the circuit. The current through the capacitance is equal to the deriva-
Now, the difference between static and dynamic transline@fe V,, multiplied by the valueC of the capacitance.

circuits comes forward in writing down the KCL'’s. In dynamicDifferentiating (6) and multiplying it byC thus yields the

networks, the KCL's are linear equations not only in theapacitance currenfe,,:

collector currents, input currents, bias currents and output

currents, but also in theapacitance currentsA capacitance

current can be viewed as a special kind of bias current, which

is derived from the input and/or output currents. It can be

single-ended or floating. This equation is the basis of the general analysis method for
During analysis, the capacitance currents are unknown, adginamic translinear circuits!

therefore, the set of loop equations cannot be solved unles3he equation gives an expression for each of the capacitance

additional expressions can be found for these capacitarerents which is independent from the loop equations and

currents. This is exactly the problem to be solved in ord&CL’s comprising the rest of the system of equations. With

to obtain a general analysis method for dynamic translineue aid of these additional equations, the system can be solved,

networks. In order to eliminate an unknown variable frome., the transfer function can be obtained.

a system of equations it is, in general, necessary to have akike the loop equations and the KCL's, the expressions re-

least two independent expressions in the unknown variabdeilting from (7) arecurrent mode Thus, a dynamic translinear

A first expression for the capacitance currents is found froaircuit can be described by a system of equations completely

the KCL's. in terms of currents.

Ic
Ieap =CUry_ i% )
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Fig. 3. Second-order low-pass filter by Frey.

Each capacitance comprises at least two loops with theNext, two expressions fol., and I, are derived. In
junctions in a translinear circuit. Therefore, more than or@der to apply (7), two loops have to be chosen. Fer
expression for a capacitance current can always be deriveth loop C; — Q; — Qs is used, and forl-, the loop
With respect to the other equations necessary to describe ghe— Q; — Q, — Q7 — Qs is used, yielding
circuit, these capacitance current expressions are dependent.

Consequently, (7) has to be applied to each capacitance just Tow
once. The other possible capacitance current expressions are le, = 01(2UT)Iout (10)
superfluous. . .

Direct current collector currents flowing through some of the Ic, = Cy(2U7) e + Lout . (11)
transistors in a capacitance-junction(s) loop are automatically Iey +1o Tous

eliminated from (7), since the derivative of a constant equals
zero. The collector currents of)s and @, are equal to the constant

bias currentl,,. Since the derivative of a constant is zero, the
collector currents o3 and(); do not appear in the equations
V. AN ANALYSIS EXAMPLE for I, andI¢,.Qs and Q; can in this context be regarded
As an illustration of the proposed analysis method, was dc voltage sources, as in Fig. 1.
analyze the second-order low-pass filter designed by Frey [2].The particular choice for the two capacitance-junctions
The filter is shown in Fig. 3. All transistors comprising thdoops, used to derive (10) and (11), has led to relatively
translinear loops are compound transistors, to simplify biasiggmple expressions fai, and/c,. Other choices result in the
of the circuit, but for analysis purposes they can simply b#ppearance of the derivati\i@1 on the RHS of (10) and/o?cz
treated as single transistors, changingin (1) into 2Ur. The on the RHS of (11). In these cases, expressioniéprand/or
filter shown in Fig. 3 consists of two coupled translinear Ioops‘c2 have to be calculated from (8) and (9) and substituted in
The first loop comprises transistafy — Q2 — Q3 —Q4—Q7— the RHS of (10) and (11).
Qs, the second loop compriség; — Q4 — Q5 — Q6. For both  Now, the system of (8)—(11) has to be solved to obtain the
loops, a loop equation can be derived. Direct substitution of th@nsfer function of the filter. First, (10) and its derivative can

KCL's to express the loop equations in termsiQf, ou:, Lo,  pe used to eliminatéc, andic, from (8), (9), and (11)Ic,
and the capacitance curredts, andlc,, as much as possible, i, ;s pecomes:

yields:

_ C(1(2[]T)-'['0ut + Iojout
IinIoIo = I?(Icl + Io)Iout (8) ICZ o 02(2UT) 01(2UT)jout + Io-[out ' (12)

20,1, =(Ie, + 1)+ 1, — Ie,) 9

Substitution of this equation fof-, in the loop equations
where the factor 2 is a consequence of the emitter area scalhand (9) yields two expressions containing two unknowns:
of Qs, and I, is the collector current of),. This is the I.u. and I. Since these two expressions are linear/in
only transistor current which cannot be expressed as a lingis current can easily be eliminated. The result is a linear
combination ofl;y,, Iout, L, I, and/orlc,. differential equation, expressing the transfer function from the
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input current to the output current: [10] A. Pavasovic, “ Subthreshold region MOSFET mismatch analysis and
modeling for analog VLSI systems,” Ph.D. dissertation, John Hopkins

93 . Univ., Baltimore, MD, 1991.
0102(2UT) Tou + (02 - Cl)(2UT)IOIout [11] C. Toumazou and T. S. Lande, "Micropower log-domain filter for
+ Igfout _ Igfin- (13) ((a)lgftrfggi.cochlea, Electron. Lett, vol. 30, no. 22, pp. 1839-1841,

[12] B. Gilbert, “ Translinear circuits: A proposed classificatiorElectron.
Clearly, the termg”; Uy and CyUr are part of the transfer Lett, vol. 11, no. 1, pp. 14-16, Jan. 1975.
function, as explained in Section lIl.
This example demonstrates the applicability of the general
analysis method for dynamic translinear circuits proposed in _ _
this paper Jan Mulder was born on July 7, 1971, in Medemblik, The Netherlands. He
paper. received the M.Sc. degree in electrical engineering from the Delft University
of Technology in 1994. Since 1994 he has been working toward the Ph.D.

degree on static and dynamic translinear analog integrated circuits, at the

Electronics R rch Laboratory.
VI. CONCLUSIONS ectronics Research Laboratory

The synthesis methods for translinear filters published
to date are not attended by a generally applicable analysis
method. In this paper, a general analysis method was propog#egrt C. van der Woerd was born in 1937 in Leiden, The Netherlands.

; : : 1977 he received the “ingenieurs” (M.Sc.) degree in electrical engineering
Translinear filters can be analyzed completely in terms m the Delft University of Technology, Delft, The Netherlands. He received

currents. By choosing a current-mode approach, we stay cl@geph.D. degree in 1985.
to the existing theory regarding static translinear circuits, From 1959 to 1966 he was engaged in research on and the development

. . . . . radar and TV circuits at several industrial laboratories. In 1966 he joined
Consequently' it mlght be pOSSIble to epr0|t this theorge Electronics Research Laboratory of the Faculty of Electrical Engineering

in developing an alternative synthesis method for dynamé€the Delft University of Technology. For the first 11 years he carried out
translinear circuits, in which the relevant signals are related "&search on electronic musical instruments. For the next eight years his main

. . . . . . earch interest was carrier domain devices. More recently he has specialized
currents. Research is going on in this direction and the resqﬁ e field of low-voltage low-power analog circuits and systems. He currently

will be published in subsequent papers. teaches design methodology.
The difference between static and dynamic translinear cir-
cuits is in the capacitance currents, which can be regarded as
a special kind of bias currents. To find the transfer function
of a translinear filter, expressions for the capacitance currer?_"\%’“ter A. Serdijn was born in 1966 in Zoetermeer, The Netherlands,

. . . ,He’received the “ingenieurs” (M.Sc.) degree from the Delft University of
which are independent from the loop equations and KCL $echnology in 1989, and the Ph.D. degree in 1994 from the same university.

have to be derived from the circuit. A general method to obtain His research interests include low-voltage, ultra-low-power, and dynamic-

these capacitance currents equations was derived. The metFyglinear analog integrated circuits along with circuits for hearing instru-
) nts and pacemakers. He is coeditor and coauthor of the Analog IC

will be useful for hand calculations. The proposed metho’aihniques for Low-Voltage Low-Power Electron{@elft: Delft University

was illustrated by performing a current-mode analysis of Raess, 1995), and of the bodlow-Voltage Low-Power Analog Integrated

translinear second-order Iow—pass filter, designed by Frey. Circuits (Boston, MA: Kluwer Academic, 1995). He authored and coauthored
more than 40 publications. He teaches analog electronics for industrial
designers, analog IC techniques, and electronic design techniques.
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