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ABSTRACT

It is often stated in papers that there may be a fundamen-
tal difference between current-mode and voltage-mode circuits.
In this discussion paper, we show that there is no definition that
would clearly divide al circuits into current-mode and voltage-
mode. Then we provide evidence that a voltage-mode Gm—C fil-
ter and its current-mode counterpart have the same performance.
The reason why current-mode circuits often perform differently
from voltage-mode circuits is that current-mode circuits often use
less loop gain and are less complex. Because one can also build
voltage-mode circuits in that way, and current-mode circuits with
more gain and complexity, the actual difference between current
mode and voltage mode comes from the different preferences of
the research groups. We conclude that conscious efforts should be
made to re-integrate the knowledge produced by the current-mode
research groups into main-stream analog | C design.

1. INTRODUCTION

Originally, theterm “current-mode processing” was coined by Bar-
rie Gilbert when he worked on strict trans-linear loops (c.f. [1]),
in which the voltages truly are incidental. Nowadays we are per-
suaded that current-mode integrators, filters, and oscillators have
some special merit. But is this really true? In contrast to strict
trans-linear loops, these circuits rely on an intimate dialogue be-
tween voltage signals and current signals.

When comparing current-mode to voltage-mode filters, one
should perhaps first ask two questions:

First question: Arethere any definitions of current mode that
make a clear divide between voltage-mode and current-mode cir-
cuits? We will call this a precise definition from here on.

Second question: Isit necessary to have a precise definition?

Our answer to both questionsis no.

First, none of the definitions used in the literature are precise.
For example, some authors write that signals are represented by
currents in current-mode circuits and by voltages in voltage-mode
circuits. Thisisnot a precise definition, because every circuit node
has an associated voltage and every branch an associated current,
and it is a matter of definition which ones represent signals and
which ones do not. It does not seem possible to refine this defini-
tion suchthat it still includes all kinds of signal-processing circuits.

To give a simple example, it is sometimes said that a current
mirror is a current-mode circuit, since the currents have a linear
relation to the signal, which the voltage over the diode-connected
transistor has not. Thisargument, however, gives problems as soon
as it is applied to log-domain filters. Although one could refine
the definition again, and again, ad infinitum, doing thisis useless,

0-7803-7448-7/02/$17.00 ©2002 |IEEE

because the definition will ultimately become a list that states for
every imaginable class of circuits whether it operatesin the current
mode or the voltage mode. Such a list cannot be used to derive
general statements about current-mode and voltage-mode circuits.

Nevertheless, the current-mode approach to IC design pro-
posed in [1] and in many newer papers has clearly had a great
impact on IC design. Several new circuits and amplifiers (e.g.,
the operational floating conveyor or the current-feedback OTA [2])
emerged from this way of thinking. We think that the success of
the current-mode idea did not occur in spite of the lack of a pre-
cise definition, but because of the lack of a precise definition. In
other words, reading the papers of the current-mode community
does not enable the reader to explicitly define the current-mode
approach, but it enables the reader to apply it. This is because,
from a certain level of complexity on, an implicit definition can
convey much more information than any explicit definition pos-
sibly could [3]. An implicit definition can, however, not make it
possible to clearly fence off current mode from voltage mode.

Should such a clear divide be made? We think not. The
current-mode approach is mainly an alternative way of looking at
analog IC design, and not atool to classify circuits. Taken in this
sense, the current-modeideaisapowerful concept mainly because
it broadens the horizon of analog IC design. A clear definition
would actually destroy its explanatory power.

In the following technical sections of this paper, we will sup-
port the views presented in the introduction with two technical dis-
cussions. First, we will discuss a recent comparison of a current-
mode and avoltage-mode Gm—C filter [4]. That discussion showed
a dight advantage of the voltage-mode filter, but we will point
out an omission made in [4] which, if corrected, shows that the
current-mode and the voltage-mode filter have the same perfor-
mance if they are built with the same technique.

However, there are indeed performance differences between
published voltage-mode and current-mode circuits. The reason for
thisis that voltage-mode and current-mode circuits are often built
with different design techniques. Voltage-mode circuits often use
higher loop gains than current-mode circuits, and current-mode
circuits are often made less complex than the voltage-mode cir-
cuits they are compared to. We will discuss thisin Section 3, and
we will argue that this is not a technical necessity, but simply the
designers’ preferences.

The conclusion of the whole discussion is: one should not use
acurrent-mode vs. voltage-mode distinction to divide al circuitsin
two classes. It would, however, be beneficial for voltage-mode de-
signersto study the work of the current-mode community, because
there is much to learn from the results provided by their different
approach to analog IC design.

I-29



r— Vou

o [
i

I

lout

Figure 1: Voltage-mode and current-mode Gm—C filter [4].

2. OTHER THINGSBEING EQUAL ...

To find out whether it makes a difference to represent signals by
currents instead of voltages, a ceteris paribus (other things be-
ing equal) comparison must be made. To our knowledge, only
one attempt do do this was published at al [4]. There the au-
thors thoroughly compared the two filters shown in Fig. 1, which
are not dual, but have the same loop structure and the same low-
pass transfer function.! The study takes into account the noise of
the OTAs and the harmonic distortion induced by their non-linear
transconductances, but not clipping effects caused by output stage
saturation. It is shown that both circuits have similar amounts of
harmonic distortion. The circuits are compared with a figure of
merit,
DR- fp2

F= bz (2)
where DR is the dynamic range, f, isthe pole frequency, and P is
the power consumption. The result shows that the dynamic range
of the voltage-mode filter is better by at most 6dB in the relevant
range of pole Qs and DC gains of the low-pass filter function.

The problem with [4] is that it is not really ceteris paribus.
The difference mainly occurs because the noise of the input OTA
in the voltage-mode filter is processed by the filter, which is not
the case for the noise of the output OTA in the current-mode filter.
Obviously, if both the input OTA of the voltage-mode filter and
the output OTA of the current-mode filter wereideal and noiseless,
both filters would perform identically.

The problem with the study in [4] is that the voltage-mode fil -
ter has a high-impedance output and the current-mode filter has
a high-impedance input. Therefore, on a rea IC, the voltage-
mode circuit needs an output buffer, since a resistive load con-
nected to the output node would otherwise change the transfer
function, and the current-mode circuit needs an input buffer, since
the input nodes must be driven by a high-resistance device. How-
ever, this time the noise of the current buffer is filtered, but not
the noise of the voltage buffer, and the performance difference
between the two filters is reduced to the performance difference
between the circuits used to insert signals into the feedback loop
and extract signals from it. The resulting performance difference

1Actually the filter in Fig. 1 realizes two transfer functions. Choosing
the node to which C; is connected as the output node (top) or input node
(bottom) results in a bandpass transfer function, but all that is said in this
section applies to the bandpass filters as well.
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Figure 2: Transfer functions and terminal impedances of (a) the
CCll4in[9], the AD SSM 2135 opamp (b) connected as avoltage
buffer and (c) open-loop. The AD SSM 2135 is actually an audio
opamp, itsfrequency has been multiplied by afactor of 50 to make
the curves comparable.

is certainly small, and it is not a question of signal representa-
tion, but of transistor-level design. Thus, [4] establishesthat, other
things being equal, thereis no performance difference between the
current-mode and the voltage-mode Gm-C filter discussed in the

paper.

3. WHICH THINGS ARE NOT EQUAL?

In most of the papers proposing very fast current-mode circuits,
open-loop current amplifiers are compared to results obtained with
closed-loop voltage amplifiers [5-8]. Many of the amplifiers de-
rived with a current-mode approach base on current mirrors and
provide a specific, low gain without feedback around the ampli-
fier. Thetypical low-gain voltage amplifier uses feedback around
ahigh-gain amplifier. Thisfeedback stabilisesthe gain and reduces
harmonic distortion, it also improves the termina impedances of
the amplifier.

Fig. 2 showsthe transfer functions and terminal impedances of
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a second-generation current conveyor (a CCll+4 presented in [9];
c.f. Appendix for a description) and Analog Device's SSM 2135
audio opamp connected as a buffer and in an open-loop config-
uration. The frequency of the opamp has been multiplied by 50
to make the curves comparable. A look at the transfer functions
shows that the closed-loop transfer function of the opamp and the
open-loop current transfer function of the CCll+ look very simi-
lar. The reason is that both transfer functions are determined by
non-dominant poles only, the dominant pole of the voltage opamp,
whose effect is clearly visible in the open-loop transfer function,
only plays a stabilising role once the feedback loop is closed (see
below). The impedance curves show that feedback decreases the
output impedance of the opamp but increases the input impedance,
which can be considered an improvement in both cases. How-
ever, close to the unity-gain frequency f; of the opamp, there
is some peaking, which means that feedback actually makes the
impedances worse above approximately f;/5. Note that the out-
put impedance of the opamp is far below the input impedance of
the CCll+ because the former is built in a bipolar technology, but
the latter in CMOS. Although Fig. 2 only shows two specific de-
vices, the effects discussed are the same for other amplifiers.

Coming back to gain stabilisation, the low-gain amplifiers that
are used in many filter and regulator circuits are normally built
using one voltage opamp and two resistors, asin Fig. 3. Itstransfer
function isthen

\% A(s)
T = =g @
Vin 14 mrm; AS)
For very high gains,
. R>
A(IS')TOOT(S) =1+ R =V 3

and if the gain of the amplifier is expressed by the gain-bandwidth
product, A(S) ~ wgow/S,

4)

Calculating the relative sensitivity of the transfer function to
variations in the gain-bandwidth product gives:

(9 _ dT(s) [ @gw __ avS . ®)
“gbw da)gbw T(S) Ol\/S—I—a)ng
Similarly,
T Wgbw
g =0 (©)

oy S+ Wgbw '

For low frequencies, Safg(;)v ~ Zﬁ and is very small. This means
that variations of wyy,y have little influence on the overall gain. On
the other hand, S ~ 1 for low frequencies, which meansthat any
variations of the feedback gain directly trandates into variations
of the overall gain. Thus the overall gain is set by the precision
of the ratio of the feedback resistors, which can be very precise
on chip. Note that the latter sensitivity can only get smaller for
high frequencies, while the sensitivity to variations of the gain-
bandwidth product goes towards one for high frequencies. This
means that the stabilising effect of feedback around a high-gain
amplifier decreases with increasing frequencies. We can now find
out at which frequency the contributions to the standard deviation

Ro

i
Figure 3: Low-gain voltage amplifier.

of T(s) caused by the standard deviations of oy and of wgyy be-
come equal:

Ouy

Gy S =00 S = (7)

S = Wghw — .
Qy G”ngw

On CMOS ICs, resistor ratios can be precise to within 0.1 %,
while the precision of wgy can be around 1%. Thus, setting e.g.
ay = 2, the variance of the wgy,y determines the variance of oy
for frequencies above wgyy /20, i.e., it normally dominates close
to the pole frequency of a filter built with a feedback amplifier,
and the matching precision of the feedback resistors is lost. Ide-
aly, the gain variation isthen 1 % around the unity-gain frequency
of the opamp and decreases with 20 dB per decade towards lower
frequencies, but as with the resistances, some over-peaking occurs
in practical cases. The feedback opamp can now be compared to
CClls, whose current gains can aso be precise to within 1%. It
then turns out that again, the feedback opamp is decidedly better
than the CClI+ only for frequencies below wgpw /5.

4. WHY THE PERFORMANCE ISDIFFERENT

Thus we can now explain why current-mode circuits are consid-
ered to be faster than voltage-mode circuits: although both would
be similarly good from an ideal point of view, over-peaking caused
by second-order effects makes problems close to the wgsy product
of the feedback opamps. It isimportant to see that the same over-
peaking effects also occur in CClls that use local feedback to re-
duce the input resistance of the X terminal; in this case, the speed
advantage of the CCII vanishes. It is aso possible to build the cir-
cuit that isdual to the onein Fig. 3 using a current-mode opamp; its
performance will then be similar. Furthermore, one can also build
open-loop voltage amplifiersthat show no over-peaking. However,
it turns out that circuits without local stabilising feedback are just
more typical for the current-mode approach.

Both the transfer function of the closed-loop opamp and the
behaviour of the CCII are determined by the |low-impedance nodes
of the circuits only. These low-impedance nodes all look similar
in both voltage-mode and current-mode circuits: a transistor gn
sets the node resistance, parasitic capacitances of transistors set
the node capacitance, and the voltage swing is limited by transis-
tors that would otherwise leave the region of saturation. Thus the
non-dominant poles and zeros will be at similar frequencies, and
the harmonic distortion at high frequencies and the noise proper-
tieswill also be similar. What mainly determines the performance
of acircuit is the number of low-impedance nodes and the way
they are connected, i.e., the complexity of a circuit determines the
performance of an amplifier or filter. Aswith feedback, one finds
that less complex circuits are more typical for the current-mode
approach, but there are a few voltage-mode circuits with reduced
complexity, like the very fast Gm—C filters presented in[10]. They
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were built with OTAsthat only have input and output nodes, but no
internal nodes at al. Of course, current-mode circuits can also be
made more complex to improve their linearity and signal-to-noise
ratio, but that slows them down again.

Thus the advantages of current-mode circuits that are often
cited in the literature, like a potential for reaching higher frequen-
cies, lower power consumption, and smaller chip area, are in fact
real, but the reason is not technical, and has nothing to do with
choosing voltages or currents to represent signals. The reasons for
the difference are mainly the design preferences of the proponents
of the current-mode approach (c.f. [3]).

5. CONCLUSION

While it is true that many current-mode circuits live up to the re-
puted advantages of the current mode, the reason is not that current
has been used as a signal, but that circuit simplicity, lower power
consumption and speed are often achieved at the cost of higher
distortion, higher gain variation, and so on.

Therefore the work done in the many current-mode research
groups also may give valuable insight to voltage-mode designers
who need to build low-power, low-voltage, or high-speed circuits
and are ready to trade in gain variations, distortion, or noise per-
formance to achieve the goal. In the same way, the techniques
used in classical voltage-mode design, like Miller feedback, offset
compensation, and so on, can also be used in circuits that process
current signals. We believe that the current-mode-voltage-mode
divide that is so thoroughly described in [1] has now served its
purpose, and conscious efforts should be made to re-integrate the
current-mode community’s knowledge into the main stream of IC
design.

In spite of this conclusion, there will remain the question:
What would happen if a designer set out to build a current-mode
opamp that has approximately the same properties (CMRR, PSRR,
linearity, chip area, etc.) as, e.g, the well-known opamp LM 741,
and design it with the maximum possible speed? In the light of
the above discussion, we believe that the speed would also be ap-
proximately the same, but until somebody tries this, which is not
likely because the effort would be immense, the question will re-
main open.

6. APPENDIX

Figure 4: Symbol used for all types of current conveyors.

The second-generation current conveyor with current gain +1,
the CClI+ [11, 12], is often drwan with the circuit symbol shown
in Fig. 4. The CCll+ is described by three equations,

iy=0, vy =0y, i, =lx. (8)

Various ways to implement current conveyors in CMOS and
bipolar technologies are described in [2, 13].
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