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An RMS-DC Converter Based on the Dynamic Translinear Principle
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larger than the quiescent currents. This increases the dynamic
range without increasing the average power consumption.

Last, translinear filters are excellently tunable. Not just the
cutoff frequency and thé€), but any parameter can be made
(linearly) current controllable [7], which makes these filters
attractive as programmable building blocks.

In literature, the dynamic translinear principle has been used
mainly to implement filters, i.eljnear differential equations
However, conventional static translinear circuits are well-
known for the wide variety of nonlinear functions they can
implement. Obviously, the dynamic translinear principle can
be applied just as well to the implementation rdnlinear
differential equationsthus extending the applicability of the
dynamic translinear principle.

A simple example of a nonlinear frequency-dependent trans-

. INTRODUCTION fer function is rms-dc conversion, which is a basic function

RANSLINEAR filters [1] (which are also calledog- used in many signal processing applications [8]. The rms-dc

domain filters [2], companding current-mode filters [3]function is used in this brief to demonstrate the applicability
or exponential state-space filters [4]) are receiving increasinfthe dynamic translinear principle to the implementation of
interest in literature, mainly due to their suitability for low-nonlinear differential equations.
voltage applications. Translinear filters are based explicitly Some other examples of functions described by nonlin-
on the exponential behavior of the bipolar transistor or thear differential equations are mixer-filter combinations [9],
MOS transistor operating in the subthreshold region. This classcillators [10], phase-locked loops (PLL’s) [11], syllabic
of circuits is instantaneously companding. The voltages incampanding filters [12], and possibly even chaos.
translinear filter are logarithmically related to the currents, the In Section II, the dynamic translinear principle is explained
principal carriers of information, which is advantageous in f.om a current-mode point of view. The design of an rms-
low-voltage environment. dc converter based on this principle is treated in Section IIl.

Translinear filters can be regarded as a generalization Méasurement results of a semicustom IC realization of the
the conventional, i.e., static, translinear principle [5]. Byms-dc converter are presented in Section V.
judiciously adding capacitances to the translinear loops, all
kinds of frequency-dependent linear transfer functions can
be realized. Since the dynamic translinear principle is an Il. DYNAMIC TRANSLINEAR PRINCIPLE

extension of the static translinear principle, translinear filters goth the conventional translinear principle and the dynamic
inherit the advanta.ges of conventional translinear circuits. Th@ns“near princip'e are based on the exponentia| law describ-
main advantages are, first of all, a high functional density,g the large signal behavior of the bipolar transistor or the
which explains the extensive application of translinear circuifgos transistor operating in the weak inversion region. The

in neural networks, e.g., [6], and second, translinear circuggjlector currentl. of a bipolar transistor is described by
are theoretically process and temperature independent.

Next to these general characteristics of translinear circuits,
translinear filters have some additional advantages with respect

to other filter implementation techniques. First, only transis-h I bols h hei | .
tors and capacitors are required to realize a filter functioff!1€"€ @l Symbois have _t €Ir usual meaning. .
This simple exponential model is accurate across a wide

Especially in ultra low-power applications, where resistance .
nge of currents. A measurement@fUr /I, whereg,, is

values become too large for on-chip integration, this is a ve ll-sianal d fan i d mini
important advantage. the small-signal transconductance, of an integrated minimum-

Second, translinear filters can be implemented very el%_j_zed NPN transistor is shown in Fig. 1. This dimensionless

gantly in class AB. Hence, the currents swings can be mugHantity g Ur /I represents the slope dfsp, normalized

with respect tol/r, versus the logarithm af~, which should
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iideally equal one. The figure shows that the exponential model,
@[), is valid across approximately seven decades of current.
Thus, the translinear principle has a very solid foundation.
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Fig. 1. Measurement of the slope b, versusin Ic:. This equation shows that.,, is a nonlinear function of

and its time derivativelc.
A better insight in (3) is obtained by slightly rewriting it.
Multiplying (3) by the (strictly positive) denominatdg- yields

C(UYT-[‘C = ICIcap- (4)

This equation directly states the dynamic translinear principle:
A derivative of a current is equivalent to the product of that
I current and a capacitance currenét this point, the conven-
tional translinear principle comes into play, for, the product
of currents on the right-hand side of (4) can be realized very
elegantly by means of this principle. Thus, the implementation
The exponential model is less accurate for MOS transigf (part of) a differential equation becomes equivalent to the
tors in weak inversion, which behave exponentially acrog;iplementation of a product of currents.
approximately four decades of drain current. Equation (4) reveals another characteristic of dynamic
In Fig. 2, a basic four-transistor translinear loop is depictelanslinear circuits. In general, translinear loops can be
The conventional translinear principle states that this circyjbscribed by current-mode polynomials. The relation between
can best be described in terms of the collector currdits these current-mode polynomials and the differential equations
through,. The translinear loop is thus described by a veryescribing the transfer functions of dynamic translinear
simple equation circuits is given by equations like (4). The right-hand
L1 = L1, @ side of (4) is implemented by (part of) a translinear loop.
The left-hand side is part of the differential equation
The dynamic extension of the translinear principle will bgescribing the transfer function to be realized. This mapping
explained based on the generic subcircuit shown in Fig. Getween a time derivative and a product of currents implies
Just like the conventional translinear principle, the dynamifiat the transfer function, i.e., the differential equation,
translinear principle can be explained best in terms of currengacomes temperature dependent throligh Fortunately, this
By using a current-mode approach, no logarithmic functiongsmperature dependence can be canceled easily by making
or other transcendental functions [4], have to be used (ome of) the currents in the dynamic translinear circuit

describe the circuits, thus increasing insight. proportional to absolute temperature (PTAT) [2], [3].
Another important advantage of a current-mode approach is

the emphasis on the close relation between conventional and |, pynamic TRANSLINEAR RMS-DC CONVERSION

dynamic translinear circuits. As a consequence, existing theory.

regarding both analysis and synthesis of static translinear! N€ ranslinear principle already plays a key role in con-

circuits, see e.g., [13], can be applied directly to analysis a@ntional implementations of rms-dc converters [8], [14]. A
synthesis of dynamic translinear circuits [1], [7]. well-known block schematic of an rms-dc converter is shown
Using the current-mode approach, the subcircuit shown 'fy Fig- 4. The system consists of wo separate functions: a
Fig. 3 is described in terms of the curreft,, flowing through squarer-divider and a low-pass filter. The core of the imple-
the capacitance’. Note that the dc voltage Souréa,,.; does mentation of the squarer-divider is a second-order translinear
not affect.,,. An expression forl ., can be derived from loop. This loop calculates the curref}, / Lou, Wherel,, and
the time derivative of (1). This yields an expression for thiput are the input and output current of the rms-dc converter,
derivative Vg, where the dot represents differentiation Witﬁeserctlvely. The output curredt,, equals the mean value
respect to time, of the base-emitter voltage. By applying tlﬁ)é L/ o

Fig. 2. Second-order translinear loop.

constitutive law of the capacitance, a current-mode expression 132
i i i Iout = = (5)
for I.., in terms of I is obtained Tout
i . L
Loap = oup=E., 3) where (- - -} represents the averaging operation, i.e., the low-

Ic pass filter shown in Fig. 4. By dividind2 by I, instead
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Fig. 4. Block schematic of a conventional rms-dc converter.

of applying a square root function to the mean &f, the
requirements on the offsets in the system are relaxed [8], [15]. \j_
In most implementations of the system shown in Fig. 4,
a squarer-divider facilitating one-quadrant operation is US&f}. 5. subcircuit of the dynamic translinear rms-dc converter introducing
In that case, the translinear loop is preceded by a full-wave,.
rectifier.
The low-pass filter function is often just first-order. In most
cases it is implemented by means of a simple RC section.
The key role of the translinear technique could be enlargéljn’ o
by realizing the low-pass filter by a translinear filter. However,
as in that case both system functions are implemented in the
translinear domain, there is actually no reason why these two  Q,
functions have to be treated as separate system blocks. By
merging the two functions in one system block, a higher
functional density can be obtained. To this end, we start at

[t

5

oﬂ 7N

a higher hierarchical level, describing the rms-dc function by Q C 6
means of a differential equation. I ’j
The current-mode description of a translinear first-order
low-pass filter is given by [1], [2] Fig. 6. A nonlinear-dynamical translinear rms-dc converter.
CUrly + 1,1, = LI, (6)

. . . junctions. The two transistors have a collector current equal to
where I, is a dc bias current and the curreht is the low- . The capacitance current shown in Fig. 5 is also described

pass filtered version of,. For low frequencies, the transferpy (3), which can be used to eliminate,; from (8). The
of this filter equals one. The cutoff frequeney of the filter result is a current-mode polynomial

* glven by I (Icap + Io)Igut = IOIi2n- (9)

We = Cup () In fact, the derivative is hidden in the capacitance curienpt

) ) ) B ) Current-mode polynomials, like (9), can be implemented by
This equation demonstrates the linear tunability of translinegiaans of the conventional translinear principle [13]. Since all
filters by means of one bias curreljt Note thato. is inversely t5ctors in (9) are positive, if the input current is full-wave
proportional to absolute temperature through, unlessi, is rectified, which is common practice [8], they can be mapped

PTAT. ) ] o _directly on the collector currents of a third-order translinear
In the rms-dc conversion given by (5), the filtering operatlolr(l)op comprising six transistors.
is not performed on the input signd},, but on the current '
5 . . . 9
L/ Tout- That s, the variabld,, in (6) equalsly,/Ioui- The  gar |00 is formed by transisto€d, through(s. The quadratic
output currentl, of the filter equals the output curreff,,

! S factor 12, is implemented byQ; — s. The structureC’ —
of the rms-dc converter. Applying these two substitutions @4 — Qs — Qg is identical to the subcircuit shown in Fig. 5,

(6), the.diff(.arential equation describing a first-order rms'déxcept forQ,. Since, is biased by a dc current, it acts as
conversion is found a dc voltage source. Consequently; does not change the

A possible implementation is shown in Fig. 6. The translin-

CUp L Iows + 1,12 =112 (8) capacitance current introduced in Fig. 5.
o " Dynamic translinear circuits not only inherit the advantages
Obviously, this is anonlinear differential equation. of conventional circuits, but also the disadvantages and error

In Section Il, we saw that the derivative of a current casources. An important error source is the finite current gain
be replaced by a product of currents. In other words, lpf the bipolar transistor. With respect to this problem, the
introducing a capacitance current, the derivatiyg, can be most sensitive point of the circuit shown in Fig. 6 is the node
eliminated from (8). The capacitance current is introducembnnecting the bases @), and 3. The collector current
through the circuit shown in Fig. 5, which is a slightly(, + I..;) of Q3 can be much larger thed,|. Using a diode
modified version of the circuit shown in Fig. 3. In Fig. 5, theonnection to forcél;, | through, would result in significant
capacitance” is connected in a loop with two base-emitteerrors, as the base current@g is not always negligible with
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respe_c_:t 10/ ia]. .The pmb.lem Ci.in be .SOIVed by us_lng a buﬁe ig. 10. Measured error versus input voltage.
amplifier. In Fig. 6,7 is a simple implementation of this
buffer. The other CC stage, transistQg, buffers the bases
of Q4 and Q. The capacitance current is measured across a{.iegistor.

RMS-DC converters of second-order or higher can bEhe output voltage of the generator is 2.Vhe figure illus-
designed by choosing a higher-order low-pass filter, instettdtes the nonlinear relation between the capacitance current
of (6). Then, two or more capacitance currents will have tha;, and the output currerdt,. Further, it shows thak..;, can
be introduced to eliminate the derivatives from the differentiélave much larger values théf, | around the cutoff frequency.
equation. For the next two measurements, a capacitance of.&.%

used, which yields a cutoff frequency of 55 Hz.
IV. MEASUREMENT RESULTS Fig. 10 shows the measured relative error for a rectified

. . ? e wave, at a frequency of 100 kHz, as a function of the
The rms-dc converter was implemented on a semlcustoma

in DIMESO02, a 7-GHz bipolar process. A photograph of the plitude. In this figurey, is the voltage supplied k_)y the
circuit is sh0’\Nn in Fig. 7. The bias current sourdgsshown denerator. For low values df,,, the error curve is dominated

in Fig. 6. are implemented by simple current mirrors by offsets in the measurement setup and the rms-dc converter,
9. 5, P y P ' and by the limited bandwidth of the transistors at low current

Full-wave rectification and voltage-to-current conversio . N .
9 £évels. For intermediate input levels, the curve shows a scaling

are accompllsh_ed by means of the sefup s_hown in Fig. 8. effor due to mismatches of the source and load resistors and
HP33120A Arbitrary V\_/a_\veform Generator is programmed t(())f the transistors in the translinear loop. For valuesVgf
supply a full-wave rectified output voltage, thus excluding thaebove 4V, the output transistor of the rms-dc converter starts
nonidealities of the alternative, an on-chip full-wave rectifieEb saturat é

Th'e output voltage of the genergtor_is conver'ted toa currentThe error of the output of the rms-dc converter as a function
using a 47-K resistor. The combination of a discrete op am f the frequency is shown in Fig. 11 for various values of the

and a discrete PNP transistor is used as a current buffer. mSut voltageV,,.. The —3 dB cutoff frequency could not be

output current of this buffer is the input currefity| of the measured due to the limited frequency range (5 MHz) of the
rms-dc converter. The output current of the rms-dc converter

. . . .~ signal generator.
is measured across a 47tkesistor. To facilitate a sufficient .

. he worst-case waveform for an rms measurement is a
voltage range across the output resistor, a supply voltagerg t

; ! o angular pulse train, where all energy is contained in the
4V is used for_ the rms-dc conve_:rter, though its mm'mu"ﬁeaks. The collector current @§; takes its maximum value
supply voltage is only 2 V. The bias currefy has a value duri h ks of the i . L Th | f
of 85 jA. I, .max during the peaks of the input signal. The value o

In Fig. 9, the relevant currents flowing in the rms-dc con‘(QS’InaX can be derived from (9) and is given by

verter are shown. In this figur&; is 47 nF, which yields a
cutoff frequency of 5.5 kHz. The input frequency is 12 kHz. 1o, max = CFI, (20)
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currents by means of the conventional translinear principle and
to perform instantaneous companding. The dynamic translin-
ear principle, a generalization of the conventional translinear
principle, cannot only be used to realitieear filters, but
can also be applied to implemenbnlinear differential equa-
tions.

RMS-DC conversion is one example of an operation de-
scribed by a nonlinear differential equation. The dynamic
translinear principle was used to synthesize a completely
translinear implementation.

To verify this new approach, the developed dynamic
translinear rms-dc converter was realized on a semicustom
IC. Measurements show a relative inaccuracy of several
percent, mainly due to mismatch. The rms-dc converter has
a bandwidth beyond 5 MHz and operates properly for crest
factors up to ten.
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Fig. 12. Additional error versus crest factor.

where CF is the crest factor, the ratio between the peak valld
and the rms value of the input signal. 6]

For high crest factors/g, max becomes quite large, and
as a consequence, transist@s, which is minimum sized, no 7]
longer behaves exponentially during the peaks, due to parasitic
resistances anfly high-current roll-off. Therefore, to perform
a measurement of the error as a function of the crest factor, ﬂluse]
current/, is scaled down to 850 nA. The input resistor, shown9]
in Fig. 8, and the output resistor are scaled up by a factor 1390]
The input voltagé/;,, switches between a bias level of 0.15
and a certain peak voltadé,..x. The duty cycle and the peak
voltage V,,..c are varied to obtain different crest factors atttl
a constant rms value of 0.4 V. The pulse width of the peak
is constant and equals 2Q6. Fig. 12 shows the measured!?]
additional error as a function of the crest factor. The error
remains below 1% for crest factors up to ten. [13]

[14]
V. CONCLUSION

Translinear filters exploit the exponential V-I characteristi[:lS]

of the bipolar transistor both to implement multiplications of
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