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ABSTRACT

The �ve major requirements of a transconductance-C in-
tegrator for use in cochlear �lter banks are: low voltage,
low power, small area, wide tuning range, and high dy-
namic range. The BiCMOS transconductor of Andreou
and Liu [1], which incorporates MOSTs operating in strong
and weak inversion and a bipolar current multiplier, simul-
taneously satis�es all of these design criteria. Moreover,
each stage of the transconductor can be optimized in order
to achieve the best overall performance. A similar design
strategy can be applied to MOSFET-C implementations.

1. INTRODUCTION

Cochlear �lter banks abstract the function of the mam-
malian cochlea, in particular, the movement of the basilar
membrane in response to acoustic vibrations. From a signal
processing viewpoint, cochlear �lter banks can be thought
of as multiresolution analyzers. As such, they retain good
frequency resolution at low frequencies and good temporal
resolution at high frequencies.
To date, continuous-time cochlear �lter banks have been

largely implemented with �lter sections based on the
transconductance-C integrator. These integrators encorpo-
rate MOSTs operating in weak inversion for reasons of low
power consumption, small area, and very wide (exponen-
tial) tuning range [2, 3]. However, an integrator, consisting
of a simple di�erential pair operating in weak inversion,
a current mirror, and a capacitor, has a linear range of
only �10 mV [4, 5]. At the expense of modest increases
in area and power consumption, several linearizing schemes
have been introduced which extend the linear range of the
di�erential pair, including source degeneration via diode-
connected transistors [6], source degeneration via single and
double di�usors [7], and the application of the input signal
to the substrate, or \back-gate" [8].
Summarized in Table 1 are the �ve main requirements

of a transconductance-C integrator for use in cochlear �l-
ter banks. In general, one can trade-o� one design criteria
for another. For example, increased power dissipation can
generally yield an improved dynamic range.
Groenewald [9, 10] suggests that the highest dynamic

range continuous-time �lters can be built using MOSFET-
C integrators under the constraints of �xed capacitance and
supply voltage. Indeed, the author derives an upper bound
on the highest achievable dynamic range (DR) as a function
of power dissipation as follows:

DR =
P

4�2
p
2kTf

(1)

Table 1. Cochlear Filter Bank Design Criteria

REQUIREMENTS MOTIVATION
Low Voltage Battery operation, � 3 V
Low Power Long battery lifetime, � 3�W
Small Area Low cost
Wide Tuning Range Speech range, 0:1� 8 kHz
High Dynamic Range Speech range, � 60 dB

where P is the minimum power dissipation, f is the fre-
quency of operation, and other terms are by convention.
Consider now the additional constraint of a wide fre-

quency tuning range, covering normal speech frequencies
from 100 Hz to 8 kHz. In order to implement a lowpass
�lter with cuto� frequency fC , the following relationship
between integrating capacitance C and transconductance
G is given as

G = 2�fcC (2)

Thus, to implement a lowpass �lter with a cuto� frequency
of 100 Hz, assuming a �xed integrating capacitance of 5 pF,
the required transconductance is 3.14 nA/V. Moreover,
this transconductance must be tunable up to a value of
251 nA/V in order to implement the same �lter function
with an 8 kHz corner frequency. In practice, tuning of
MOSTs operating in the linear region is limited to a little
more than a factor of four, which is more than enough to
compensate for process variability. But this value does not
begin to approach the design goal of an 80-fold tuning range.
On the other hand, transconductance-C integrators span-
ning more than two decades can be easily achieved using
MOSTs operating in weak inversion or, at higher transcon-
ductance levels, bipolar transistors.
In general, MOSTs in strong inversion o�er a high linear

range, while MOSTs in weak inversion and bipolar transis-
tors o�er a wide tuning range. In this work, the simultane-
ous requirements of high dynamic range and tunability are
isolated into separate circuit blocks. In this manner, it is
possible to match the MOS and bipolar device characteris-
tics to a particular circuit function.

2. A TRANSLINEAR TRANSCONDUCTOR

The transconductance-C integrator recently introduced by
Andreou and Liu [1] e�ectively isolates the requirement of
dynamic range and tuning range into two separate func-
tional blocks. A schematic of the original transconductor
design is depicted in Fig. 1. It consists of a di�erential
input stage using MOSTs operating in strong inversion, a
translinear bipolar current multiplier, and a current output



stage using MOSTs operating in close to the weak-strong
inversion boundary.
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Figure 1. BiCMOS translinear transconductor
from [1].

The design of Andreou and Liu is readily analyzed by
considering the three stages separately. Fig. 2(a) is a block
diagram of the translinear transconductor. The �rst stage
is a linear voltage-to-current conversion. Let Ib be the �xed
bias current for the di�erential pair, such that the di�er-
ential pair is biased in strong inversion. Now apply a dif-
ferential input voltage VDM � V1 � V2 across the gates of
transistors M2�M3. From [11], the di�erential output cur-
rent IDM � I1 � I2 of the di�erential pair is given as

IDM = �K 0W

L
VDM

r
2Ib

K 0W=L
� V 2

DM (3)

The second stage is a Gilbert current multiplier [12]. It
consists of a multiplier core, Q1 � Q4, a DC level shifter
implemented with the diode-connected transistor M4, and
a current source Q5 � Q6. A Darlington pair is used for
the current source in order to achieve a very high input
impedance. Let I1 and I2 be the di�erential inputs of the
current multiplier, where I1 + I2 = Ib. Then one can show
that the di�erential output current Iout � I3 � I4 of the
translinear current gain stage is [12]

Iout = �IDM IGo
Ib

(4)

where IGo is a tunable bias current. This result is largely
independent of transistor � and temperature and holds for
a very wide range of bias currents, IGo.
The last stage in the BiCMOS transconductor is a current

mirror/bu�er. Transistors M5�M8,M9�M12, and M13�
M15 form three diode-connected cascode current mirrors.
The chief purpose of this block is to increase the DC voltage
gain and to form the single-ended output current, Iout.

Combining (3) and (4), the nominal transconductance Go

is found to be [1]

Go � @Iout
@VDM

���
VDM=0

=
IGo
Ib

p
2K 0IbW=L (5)

Go is therefore linearly related to the tail current IGo.
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Figure 2. Block diagrams of (a) transconductance-
C, and (b)MOSFET-C integrators with wide tuning
range.

By analogy, the technique of inserting a translinear cur-
rent multiplier between the input and output of a tun-
able conductance can be applied to MOSFET-C design,
as shown in Fig. 2(b). The nominal conductance is �xed
through the applied gate potential Vg, and optimized for op-
eration in strong inversion. Fixed linear resistors could even
be employed. Because the output of the conductance is the
input to an operational ampli�er, it is at virtual ground. A
bi-directional current multiplier that incorporates a virtual
ground can therefore be inserted into the current path in
order to tune the e�ective conductance to a vastly di�erent
value.

3. DESIGN IMPROVEMENTS

Major improvements in the overall design of Andreou and
Liu can be made by optimizing each stage separately, and
then as a complete design. In this section, we detail a design
methodology for such optimization.

3.1. The Transconductance Stage

A value of 1�A has been chosen as the nominal bias current
for the input transconductance stage. Several linearizing
schemes can be employed to increase the linear range of the
simple di�erential transconductor. In this work, the sim-
ple di�erential pair of Fig. 3(a) is compared with the four-
transistor di�erential pair of Fig. 3(b)[13]. The linearized
di�erential pair uses source degeneration via two MOSTs in
the linear region. The linear range of this input stage can
be optimized for a particular bias current, Ib, which is �xed
for our design.
In Fig. 4 the simple and linearized di�erential pairs are

compared for the same bias current and similar device ra-
tios. If we de�ne the linear range as the continuous set of
input voltages for which the transconductance has a max-
imum deviation of 1%, we see that the simple di�erential
pair has a linear range of +/-75 mV, whereas the optimized
linearized di�erential pair has a linear range of +/-300 mV,
representing a fourfold increase.
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Figure 3. The input stage: (a) the basic di�eren-
tial pair and (b) the di�erential pair with source
degeneration via two MOSTs in the linear region.

−300 −200 −100 0 100 200 300
0.98

0.985

0.99

0.995

1

Normalized Transconductance (Simulation)

Vdm [mV]

G
m

 / 
G

m
M

ax
 [S

/S
]

Figure 4. Normalized transconductance as a func-
tion of di�erential input voltage for the simple dif-
ferential pair (`x') and the di�erential pair with
source degeneration via two MOSTs operating in
the linear region (`*'). Ib = 1�A.

3.2. The Current-Multiplier Stage

Whereas the bipolar current multiplier stage of Fig. 1 ap-
pears to be ideally suited for the task of tuning the over-
all transconductance, in practice, two major problems arise
from its use. The �rst is that severe distortion in the out-
put current as a function of the di�erential input voltage
can be seen for currents in the range of 1 nA, which is at
the low end of the tuning range. The second is very large
o�set voltages, which grow with decreasing tuning current,
IGo. We believe that these problems are due to beta reduc-
tion, beta mismatch, and/or leakage currents which occur
for collector currents at or below 1 nA.
In Fig. 5 we propose to use a translinear current mul-

tiplier stage based on MOSTs in weak inversion in order
to alleviate the problems which occur at low bias currents.
To a �rst-order, the relationship between input current and
output current is the same as that of the bipolar current
multiplier, as expressed in (4). Nonidealities such as the
body-e�ect and proximity to the transition region render

this equation only approximate.
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Figure 5. A translinear current multiplier using all
nMOSTs operating in weak inversion.

Other improvements to the current multiplier are the
use of MOSTs for the current source and the DC level
shift, which reduce the minimum supply voltage by approx-
imately 0.5 Volts from the original design.
In Fig. 6, the current gain as a function of the di�er-

ential input current, IDM , is given for the bipolar current
multiplier, an nMOST multiplier in a p-well process, where
sources are tied to local substrates, and an nMOST multi-
plier in an n-well process. Because an n-well technology is
readily available, the least linear of the three designs must
be used. However, by an appropriate re-sizing of the tran-
sistors in the input stage, it is possible to compensate for
curvature in the normalized current gain.
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Figure 6. Normalized current gain as a function
of di�erential input current, for the bipolar current
multiplier (`x'), an nMOST multiplier with sources
tied to local p-well substrates (`*'), and an nMOST
multiplier with all substrates tied to Vss. Ib = 1�A,
IGo = 100 nA.

3.3. The Current Mirror/Bu�er Stage

The output stage can be improved through the use of low-
voltage cascode current mirrors, as shown in Fig. 7(b). In



simulation, the diode-connected cascode mirror saturates at
1 V, whereas the low-voltage cascode operates down as low
as 400 mV. Note that the additional bias line for the low-
voltage cascode represents a cost. Therefore, it will only be
used if an overall reduction in the supply voltage is realized.
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Figure 7. The current bu�er: (a) diode-connected,
and (b) low-voltage cascode current mirrors.

3.4. Complete Design

In simulation, we have combined the four-transistor
pMOST input stage, the nMOST current multiplier, two
pMOST diode-connected cascode current mirrors, and one
nMOST low-voltage cascode current mirror. Transistors
M5 �M6 of the input stage have been re-sized from 8/23
to 8/25 to optimize the linear range. In Fig. 8 the out-
put current as a function of the input voltage is plotted for
transconductance values from 2.6 nA/V to 260 nA/V.
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Figure 8. Output current as a function of di�er-
ential input voltage for transconductance values of
2.6 nA/V (solid), 26 nA/V (dashed) and 260 nA/V
(dotted).

The linear range at 1% distortion over the entire tuning
range is �260 mV. The minimum supply voltage is 2.8V.
Assuming a sinusoidal input signal with peak amplitude

Vmax and integrating capacitance C, the dynamic range of
a lowpass �lter with conductance Go and noise factor � is
given by [9]

DR =
V 2

maxC

�2kT
(6)

The above equation only considers white noise. Due to
the source degenerated input pair, the current multiplier,
and two sets of current mirrors, a noise factor much greater
than unity is anticipated. A conservative estimate is a noise
factor equal to 10. For Vmax = 260 mV , the estimated
dynamic range is 66 dB, which meets our design criteria.
Further improvements in the dynamic range will come

from reductions in the noise factor through simpli�ed circuit
structures and/or increases in the linear range.

4. DISCUSSION AND SUMMARY

In summary, we have examined the translinear transcon-
ductor design of Andreou and Liu [1]. We have shown that
it is possible to simultaneously satisfy the design criteria
by separating the transconductance and tuning functions.
More importantly, one can optimize each of the building
blocks independently in order to arrive at the best overall
solution. This design strategy appears to be equally well
suited to MOSFET-C as to transconductance-C cochlear
�lter bank implementations.
Chip layout and fabrication are pending.
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