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Abstract. In this paper it is argued that there are good reasons to choose current as the information-carrying quantity 
in the case of low-voltage low-power design constraints. This paper focuses on the influence of the transfer quality 
on that choice. To obtain power-efficient transfer quality, indirect feedback is shown to be a good alternative to 
traditional feedback techniques. 
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Introduction 

Low-voltage circuit techniques are applied in the area 
c,f battery-operated systems. For portability reasons, 
the size of the equipment must be small, which necessi- 
tates the maximum integration of the signal processing 
circuitry. However, as the size of batteries is now be- 
coming the limiting factor, the reduction of the power 
dissipation has become an extra design constraint. As 
a consequence, the key point is to develop, simultane- 
ously, both low-voltage (i.e. 1-1.5 V) and low-current 
(i.e. < 100/~A) operating integrated circuits in order 
to reduce the battery size. 

Another design criterion that must be fulfilled is 
transfer quality. This quality is influenced by two dif- 
ferent kinds of errors: stochastic ones and systematic 
ones. By stochastic errors we mean inaccuracies in the 
input-output relation caused by noise or interference. 
Though impossible to eliminate, their influence can be 
minimized by a proper design strategy. 

Systematic errors arise from network imperfections, 
such as offset, non-linearity, inaccuracy of the device 
parameters, drift and temperature dependence. Proba- 
bly the most effective method to reduce their influence, 
and thus to obtain an accurate transfer function, is by 
means of applying negative feedback, which allows us 
te exchange the large gain provided by the (highly non- 
linear) active devices for quality provided by (usually 
linear) passive devices. 

Design strategies for the reduction of stochastic er- 
rors and systematic errors are normally not consistent 
with design strategies which take into account power 
dissipation, voltage range and current range. There- 

fore, it is the combination of transfer quality, low volt- 
age and low power that must be considered during the 
whole design process. 

In the following sections, attention is paid to five de- 
sign aspects that all have an important influence on the 
overall system transfer quality: the system's input and 
output signals, the signal processing inside the system, 
the available technology, the parasitics and the power 
supply. It is shown that current becomes more favor- 
able than voltage as the information-carrying quantity 
in a low-voltage low-power environment. 

System Requirements 

The first step in the design process is to determine 
how the communication of the system with the exter- 
nal world, carried out by the source at the input and 
the load at the output, must be performed. Source and 
load are generally formed by other electronic systems 
or transducers. Depending on these, current or volt- 
age (or a combination of these two), or linearly related 
quantities, such as charge or flux, must be chosen on the 
basis of the best reproducing relation to their physical 
input or output quantity [ ! ]. 

The importance of choosing the correct source and 
load quantities can be illustrated by an example: a 
piezo-electric pressure transducer. A piezo-electric 
transducer, such as a piezo-electric microphone, con- 
verts pressure into charge. Since charge is linearly 
related to current (i = dq/dt), the output current 
of the sensor must be chosen as the electrical input 
quantity of the amplifier. The result is a charge am- 
plifier. Yet, for many decades, voltage was chosen as 
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Fig. 1. Four basic direct negative-feedback amplifiers: a voltage amplifier (A), a current amplifier (B), a transconductance amplifier (C) and a 
transimpedance amplifier (D). 

the information-carrying quantity--the amplifier being 
a voltage amplifier--which caused the piezo-electric 
microphone to be considered inferior to its magneto- 
dynamic counterpart. 

Signal Processing 

Assuming that the input and output quantities of the 
system have been determined by the foregoing system 
requirements, the next step in the design process is to 
decide which electrical quantities are best suited for 
a particular signal-processing function inside the sys- 
tem. When, e.g., signals coming from several subcir- 
cuits with a common terminal have to be added, current 
is a better choice for the information-carrying quantity 
than voltage. Currents can be added by simply con- 
necting the output terminals of the subcircuits in par- 
allel, When, however, a signal has to be distributed 
to several subcircuits, voltage is a better choice for the 
information-carrying quantity than current. Voltages 
can be distributed by simply connecting the input ter- 
minals of the subcircuits in parallel. For this reason, 
most of today's measurement instruments communi- 
cate by means of voltages, not currents. 

Another example of choosing the correct electrical 
quantities is the use of a simple bipolar transistor when 
an exponential function over a wide range is required. 
Since the collector current is proportional to the expo- 
nent of the base-emitter voltage over a large range of 
collector currents, one device can do the job, if we are 

willing to choose voltage at the input and current at the 
output as the information-carrying quantity. 

Indirect Feedback 

As mentioned earlier, systematic errors can be reduced 
by means of negative feedback. Figure 1 shows the four 
basic ways of applying (single-loop) direct feedback by 
means of two two-ports. If all the transfer parameters 
of two-port H approach infinity, i.e., H is a nullor, the 
output signal (VL or iL) is related to the input signal (Vs 
or is) as the inverse transfer function of the feedback 
network Tf. 

In low-voltage circuits, however, due to the restricted 
voltage swing, it is often not possible, or at least not 
preferable, to connect two ports of these two-port net- 
works in series, thus to sense the output current or to 
compare the input voltage of a circuit directly. This oc- 
curs in configurations A (at the input), B (at the output) 
and C (at both input and output). Hence, all direct- 
feedback configurations, except the transimpedance 
amplifier (configuration D), are less suited for low- 
voltage applications. 

To clarify the disadvantage of connecting two ports 
in series, let's consider the configuration shown in Fig- 
ure 1B, of which a possible embodiment is given in 
Figure 2. Here, the two cascaded transistors Ql and 
Q2 perform the nullor function while the feedback net- 
work is implemented by the resistive divider (R1 and 
Re). Clearly, the maximum output voltage swing, and 
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Fig. 2. Possible embodiment of a direct-feedback current amplifier. 
Transistors Q] and Q2 perform the nullor function. The feedback 
network is implemented by resistors R1 and R2, 

therefore the maximum output current swing, is limited 
by the supply voltage (not shown), the voltage across 
tile output port of the nullor (the collector-emitter volt- 
age of Q2) and the voltage across the input port of the 
feedback network (R1). There are similar problems 
related to the low supply voltage for the configurations 
shown in Figure 1A and C. 

To realize voltage, current and transconductance am- 
plifiers, a useful alternative to direct negative feed- 
back may be a technique called indirect negative feed- 
back. In an indirect-negative-feedback circuit, the out- 
put and/or the input stage is copied, so that it has an 
equivalent input-output relation, and the feedback sig- 
nal is taken from and/or fed back to that copy. Thus, it 
is possible to obtain a circuit response which is deter- 
mined by the feedback network only, assuming that the 
copying does not introduce errors. A voltage amplifier, 
a current amplifier and a transconductance amplifier, 
all using the indirect negative-feedback principle, are 
depicted in Figures 3, 4 and 5. It can be seen that series- 
connected ports are now avoided in all configurations. 

Again, if all the transfer parameters of two-port Tr 
approach infinity, 7"2 = T1 and T4 = T3, the output 
signal (vL or iL) is related to the input signal (vs or is) 
as the inverse transfer function of the feedback network 

:rr. 
As an example of the advantage of using indirect 

negative feedback in low-voltage circuits, let's con- 
sider the configuration shown in Figure 4, of which a 
possible embodiment is given in Figure 6. Two cas- 
caded transistors inside Tr perform the nullor function 

Fig. 3. A voltage amplifier with negative feedback and indirect 
voltage comparison. 

Fig. 4. A current amplifier with negative feedback and indirect cur- 
rent sensing. 

Fig. 5. A transconductance amplifier with negative feedback and 
indirect current sensing and indirect voltage comparison. 

and the feedback network is implemented by the re- 
sistive divider (RI and R2). The indirect outputs are 
provided by T1 and T2. Clearly, now the maximum 
output voltage swing, and therefore the maximum out- 
put current swing, is limited only by the supply voltage 
(not shown) and the voltage across the output port of 
7"1 (the collector-emitter voltage). Similar arguments 
hold for the configurations of Figure 3 and 5. 

The Available Technology 

As third step in the design process, we now investigate 
how applying indirect negative feedback relates to the 
choice of the electrical quantities inside the system. In 
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Fig. 6. Possible implementation of the indirect-feedback current 
amplifier. Two cascaded transistors inside T,. perform the nullor 
fnnction. The feedback network is implemented by the resistive 
divider (RI and R2). The indirect outputs are provided by TI and 7"2. 

is that, in order to compensate each other, the non- 
linearities of the two input stages must be symmetrical 
or opposite, because the sum of their output currents 
must be nullified by the nullor. In practice, this requires 
either two balanced input stages or two complemen- 
tary stages in a complementary IC process. The use 
of two balanced input stages, since their input noise 
voltages are placed in series, again doubles the power 
density spectrum of the equivalent input noise voltage. 
A complementary IC process is often not available and, 
moreover, exact complementarity can never be accom- 
plished. 

Indirect feedback at the output, however, calls for 
two identical output stages, to compensate for the non- 
linearities. These can easily be made in any ordinary 
IC process. For this reason there again may be a pref- 
erence for current sensing and thus for current as the 
information-carrying quantity. 

electronic circuits, indirect voltage comparison results 
in a doubled power density spectrum of the equivalent 
noise voltage at the input, because the direct and in- 
direct input are connected in series. Indirect current 
sensing results in a doubled power density spectrum of 
the noise current at the output, because the direct and 
indirect output are placed in parallel. In practice, often 
the noise is most critical at the input, so on that ground 
there may be a preference for current sensing and thus 
for current as the information-carrying quantity. 

Another disadvantage of the use of voltage as the 
information-carrying quantity is that, when the cir- 
cuits are 'voltage-driven', i.e,, from a low-impedance 
source, the equivalent input noise voltage is predomi- 
nantly the result of the input noise voltage of both input 
stages. For bipolar transistors and CMOS transistors 
in weak inversion, this input noise voltage is inversely 
proportional to the bias (collector or drain) current, and 
thus, in order to obtain a low input noise voltage, these 
bias currents must be rather large. This, of course, is 
in sharp contrast with our low-power requirement. 

When, however, the circuits are 'current-driven', 
thus with a high impedance, the equivalent input noise 
current is mainly determined by the input noise cur- 
rent of the input stage. Since the input noise current of 
bipolar transistors and CMOS transistors in weak in- 
version is proportional to the bias current, this calls for 
small bias currents, which is in line with the low-power 
requirement. This favors the choice of current as the 
information-carrying quantity. 

A third disadvantage of indirect voltage comparison 

Parasitics 

Let us now, as fourth step in our design considera- 
tions, address the influence of parasitic immitances. 
The influence of parasitic admittances in parallel with 
the signal path can be reduced by terminating the sig- 
nal path with a low impedance. The parasitic admit- 
tances then have no voltages across their terminals and 
thus no current flows in them. The influence of par- 
asitic impedances in series with the signal path can 
be reduced by terminating the signal path with a high 
impedance. Then no current flows in the parasitic 
impedances and thus there is no voltage across their 
terminals. 

In low-power integrated circuits, often the parasitic 
admittances, i.e., the node capacitances, e.g., the tran- 
sistors' junction capacitances, due to their (non-linear) 
voltage dependency, have more influence on the signal 
behavior than the parasitic impedances, i.e., the branch 
inductances and resistances, e.g., the transistors' bulk 
resistances. Therefore it is convenient to terminate the 
signal paths with low impedances as much as possi- 
ble. In this situation it is best to choose current as the 
information-carrying quantity. 

This argument is also at the base of the popularity 
of 'current-mode', 'switched-current' and 'switched- 
transconductance' techniques [2], [3], [4], of which it 
is rightly stated that they have an inherent ability to 
exhibit good high-frequency properties. 
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Power Supply 

Finally, we have to consider the power supply. In prac- 
tice, this power supply is a voltage source (battery), 
giving a limitation in voltage. The limitation in current 
is only indirectly given by a limitation in the power of 
lhe battery and might be less restricting than that of 
lhe voltage. This favors the choice of current as the 
information-carrying quantity. However, not using the 
total range of this supply voltage for signal swing gives 
rise to waste of power [5]. 

Conclusions and Applications 

From the above discussion it will be clear that for low- 
voltage low-power analog ICs the total design process 
faust be considered, in which transfer quality plays 
a dominant role. The theory was verified in several 
practical applications, such as circuits for hearing in- 
struments, which, for the sake of brevity, cannot be 
discussed here. See, e.g., [61-[8]. Our designs, based 
en the design principles shown above, confirm' that 
current becomes more favorable than voltage as the 
information-carrying quantity and that indirect feed- 
back is to be preferred in a low-voltage low-power en- 
vironment. 
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