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A Generalized Class of Dynamic Translinear Circuits

J. Mulder, W. A. Serdijn, A. C. van der Woerd, and
A. H. M. van Roermund

Abstract—This brief proposes a generalization of the class of “dynamic
translinear,” or “exponential state-space,” circuits. As an illustration of the
proposed general class of dynamic translinear circuits, the brief describes
the design of a second-order translinear filter that does not fit into the ex-
isting classification of exponential state-space filters. The externally linear Fig. 1. A four-transistor translinear loop.
behavior of the designed filter is demonstrated by means of simulations.

Index Terms—Companding filters, translinear circuits.

|. INTRODUCTION

+
In the area of analog continuous-time filters, the design of dynamic J_
translinear (DTL) andog-domain circuits has become a definite (aca- cap C VBE
demic) trend [1]-[17]. Translinear (TL) filters were originally intro- I
duced by Adams in 1979 [1] and independently by Seevinck in 1990
[2]. The log-domain filters presented by Adams and Seevinck weliplg 2. Principle of dynamic translinear circuits
first-order. The interest in TL filters really started to increase from = ™ '
1993, when Frey published a synthesis method enabling the design
of higher ordeflog-domain filters. Furthermore, Frey recognized thaf. Static Translinear Principle

log-domain filters only constitute a subset of a more general class ofrransiinear circuits are based on the exponential relation between
“‘exponential state-space” (ESS) filters [18], [19]. In particular, Freyo|tage and current, characteristic for the bipolar transistor and the
described the subsets inh andsinh filters. MOS transistor in the weak inversion region. The STL principle ap-
The aim of this brief is to show that the “general” class of ESS gjjies to loops of semiconductor junctions. A TL loop is characterized
DTL filters proposed in [18], [19] can be generalized even further. Asy an even number of junctions [20], [21]. The number of devices with a
anillustration, the brief describes the design of a second-order TL filt§pckwise orientation equals the number of counterclockwise-oriented
that does not fit into the framework suggested in [18], [19]. devices. An example of a four-transistor TL loop is shown in Fig. 1. It
Section Il first provides a short review of the static translinear (STLg agssumed that the transistors are somehow biased at the collector cur-
and dynamic translinear principles. Next, Section Il treats the genegnts7, throughl,. When all devices operate at the same temperature,

alization of the class of DTL and ESS circuits. The generalization {gjs yields the familiar representation of TL loops in terms of products
addressed both in terms of currents and in terms of voltages, as bgtlyrrents

the current-mode and the voltage-mode approach are used in the lit-
erature. A circuit design example is described in Section IV. Finally, I I3 = 11, (1)
Section V presents the conclusions.

This generic TL loop equation is the basis for a wide variety of static

electronic functions, which are theoretically temperature and process

independent.

Translinear circuits can be divided into two major groups: STL

and DTL circuits. Static TL circuits realize static transfer functiond3. Dynamic Translinear Principle

both linear and nonlinear; DTL circuits realize frequency-dependentthe DTL principle can be explained with reference to the subcir-

(transfer) functions, i.e., differential equations (DEs). The underlyingit shown in Fig. 2. Using the current-mode approach, this circuit is

principles of STL and DTL circuits are reviewed in this section.  characterized by the relation between the collector cuferind the
capacitance curretdt.,, flowing through the capacitaneg. Note that
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current can be mapped onto a product of curremMisw, the product
of currents on the right-hand side of (3) can be realized very elegantl
by means of the STL principle. In other words, the implementation of
(part of) a DE becomes equivalent to the implementation of a produc C
of currents. I

Equation (3) directly states the DTL principl&:time derivative of a l '
2

I1l. GENERALIZATION (a) (b)

The specific characteristics of each subset within the class of E§iS 3. Two capacitance current definitions
filters (e.g.log-domain,tanh andsiul filters) can be described either g- 3. P '

in terms of voltages [19] or in terms of currents [10], [23]. )
Using the voltage-mode approach, the capacitavcitages suggested by (5), as bofly, andi¢, are functions of both state cur-

Ve, are chosen to represent the memory of a filter circuit, whef8NtSZ: and/Zou..

i € [1, ..., n], andn denotes the order of the filter. In DTL circuits, | he voltage-mode equivalents of (8) and (9) are given by
the capacitance voltages anenlinearly related to the linear state Ve =Urln T Lous (10)
variablesz;. For the class of ESS filters, the relations between the L 12
variablesz; andVe, are given by [19] I
Vo, =Ur In 7 i (11)
z; = fi (Ve,) (4) out

wherel is the saturation current of the bipolar transistor. Note that
where the functiong; are transcendental and have to be strictly mond10) and (11) do not fit into the general ESS framework of (4).
tonic. Different subclasses of ESS filters result from different choices A possible implementation of (8) and (9) is depicted in Fig. 3(b)
for the functions;. The functions proposed in literature asg, tanh, and (a), respectively. It is assumed that the transistors are somehow
andsinh [19]. The transcendental nature of these functions reveals tpe@perly biased at the currenfs and ... These subcircuits can be

internally nonlinear behavior of ESS filters. used as parts of a complete TL filter implementation.
Alternatively, using the current-mode approach,¢bgentsl,. are
chosen to represent the state of a TL filter [10], [23]. The currénts IV. DESIGN EXAMPLE

arelinearly related to the state variables. The internally nonlinear
behavior of DTL circuits is now revealed by the equations for the c
pacitance currentk:, . The current-mode equivalent of (4) is given b

As an illustration of the proposed generalization, we now describe
the design of a second-order TL filter, based on (8) and (9). Starting
with a suitable DE, the current-mode synthesis path of DTL circuits
comprises the following design steps: definition of capacitance cur-
rents, translinear decomposition and hardware implementation [23].

A possible state-space description of a second-order Butterworth
Ié)w-pass filter is given by

Io, = gi (Iw“ j:ui> . (5)

Different choices for the nonlinear functiopsresult either ifog-do-
main,tanh orsinh filters. For example, note that (2) is a special cas )
of (5). Obviously, there exists a very tight correspondence between the 2CUr Iows = Io(I; — 2Lout) (12a)
functions f; andy;. CUrly = I(Iim — Lout) (12b)

In (5), each capacitance currefi; is a function of onlyonestate
currentl,, and its first-order derivative. This restriction to a depe
dence on one state current only is not fundamental. Equation (5)
be generalized by allowing each capacitance cutfento be a func-
tion of all state variables and their first-order derivatives, which AR Definiti .

> = . . . Definition of Capacitance Currents

represented by the vectafs and ..., respectively. This yields

nwherel,, is a dc current/i, is the input current ané.. is the output
&yrent. The (linear) state variables dreand Lou:. The filter cutoff
frequencyw. equalsl, /(1/2CUr).

) The first step toward the TL implementation of (12a) and (12b) is the
I, =g ( I, fx> . (6) definition of two capacitance currents. These capacitance currents are
used to implement the derivativés,; andl,.. We use (8) and (9) to ob-
Equation () constitutes a class of DTL circuits more general than tkfén a circuit that is not a member of the class of ESS filters. These defi-
class of ESS filters proposed in [18], [19]. The voltage-mode equivalehitions are valid iff,. andZ... are class-A biased, i.e., if they are strictly

of (6) is given by positive. Assume thak,, contains a dc componef,, 4.. Then, as a
result,I,,¢ andl, contain dc components equalfQ, . and2liy, ac,
x; = fi (V’o) (7) respectively. Consequently, for a sufficiently “small” ac signal swing
Al of Iy (i.e.,|ALn| < Lin, ac), Lot @ndI, are strictly positive and
whereV is the vector of capacitance voltagés. . can be implemented by collector currents (see Fig. 3).
As an example, consider the definitions of two capacitance currentsSolving (8) and (9) forl... and . and substitution in (12a) and
I, andIc,, given by (12b) yields two current-mode polynomials
i fou Low(Ie, = Io,) =I(L. — 21out) (13a)
foy =CUy <I— tI ) (8) L(Io, +Icy) =2Iu(Tin — Tow)- (13b)
I, =CUy <§_l - ?’“t) 9 B. Translinear Decomposition
x out

To implement (13a) and (13b) using STL circuit techniques, suitable
where the current$, andl,.; are (strictly positive) linear state vari- TL decompositions have to be derived, resulting in TL loop [21], [23].
ables. It is easily seen that (8) and (9) do not fit into the framewoth principle, many TL decompositions exist for (13a) and (13b). The
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Fig. 4. A Butterworth second-order low-pass filter.

solution described below is only one of many possibilities and not ndwias current of 1, I, ¢, = I, does not affeclc, ; compareVeons:
essarily the best or most simple one. shown in Fig. 2.

First, we derive a TL decomposition for (13a). Addition of a redun- Translinear loop (14a) is implemented by transistors
dant term21, I... to both sides of (13a) directly yields a valid TL loopQs—Q10—Qo—Qs—Q2—Q1, wherelc ¢, = I, Ic, s = I, and

equation I¢, 9, = I.. The second TL loop, (14b), is not implemented
; directly. Instead, combining (14a) and (14b) results in an alternative
Lo (2L + Icy, — Ioy) = LI, (14a) second TL loop equation, given by

Note that all linear factors in (14a) are strictly positive. Hence, they cadont (21o+1cy —Icy ) (2Lo+Ic, +1cy) = 212 (fin—Iowi +1.). (16)
be mapped directly onto collector currents; compare Fig. 1 and (1).This  third-order loop is implemented by transistors
A second TL decomposition, for (13b), can be derived by adding@, —Q.,—Q3-Q4—Qs—Qs, wherelc, 0, = 2L, + Io, + I, Ic, 0,
term2,I.. to both sides of (13b). This yields = I,,andIc, o, = Iin — Iou + I.. The factor 2 at the right-hand
L(2I, 4 1oy + Io,) = 210 (Iin — Lows + 1), (14b) side of (16) is realized by the scale factor @%. All unnumbered
All factors i_n (14b) are again strictly positive making (14b) a valid TL;nF:j r;;:ﬁ)ﬁﬁ;gégggﬁ;ﬁi Zr:qduffgzj ?g?f,}gl;itﬁgsgmu?rl)isli\fﬁ;ﬁ;n-p
loop equation. transistors implement a current mirror, which is also used for biasing
the TL loops. Note that the subtraction &f ¢, andIc, ., equals
21c,, and the addition off¢, ¢, and Ic, q,,, implemented by the
Next, (14a) and (14b) have to be mapped on TL loops and a propeh-p mirror, equal@(21, + Ic, ).
biasing scheme has to be designed. This step requires quite a bit ofhe output current,,., of the filter is the collector current @g. A
heuristics and the implementation depicted in Fig. 4 is again only 08gpy of I, can be obtained by connecting an additional n-p-n tran-
of many possible implementations. The only aim here is to demonstratgtor in parallel with()s.
the existence of a more general class of DTL circuits.
Equation (8) forlc, is implemented byQs, @7, and Ci. The D. Simulation Results
collector currents of these two transistors are the state variables, i.e
Ic,gs = Iout andIc, g, = I.. Note that the loo)s—Q+—C1 is
identical to the subcircuit shown in Fig. 3(b). e
The second capacitance current is implemented in a different Wﬁg
Combining (9) and (14a), an alternative expressiorf¢gris obtained

C. Hardware Implementation

Correct operation of the circuit was verified by means of simulations,
using realistic transistor models. In the simulations, the dc cufrent
uals 0.5:A. The supply voltages ar¢-2/—1.3 V. Fig. 5 shows a
nsient simulation at 40 kHz. The amplitude of the input signal is
90% of I, 4., Which equals uA. With C' = 1 = C% = 100 pF,
Io, — I, 15) Ur =26mVandl, =1 A, w. equals 43.3 kHz.

21, + I, — Ic,’ Fig. 5 clearly shows that the relation betwelenand ... is linear.
Equation (15) is implemented by the lo6h —Q>—C-, where the col- Hence, the circuit is externally linear [24]. However, internally, the
lector current of), equalsic, ¢, = 2L, + I, — Ic,. Note that the dc filter is strongly nonlinear, which is evidenced by the wave forms of

I, = CUr
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V. CONCLUSION

This brief has described a class of dynamic translinear circuits, or
exponential state-space circuits, that is more general than the existing . . .
classification found in literature. The proposed generalization has beer%Ct'Ve'R Design Using CFOA-Poles: New Resonators,
articulated both in terms of voltages and in terms of currents. As an Filters, and Oscillators
example, a second-order translinear filter has been designed, that fits

only into the generalized class of dynamic translinear circuits. Abdhesh K. Singh and Raj Senani
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