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ABSTRACT

Continuous-time bandpass �lters implemented in sub-
threshold CMOS have limited operating range. When pro-
cessing real acoustic stimuli, input signals exceeding this
range may be encountered. We compare the design of a
second-order bandpass �lter based on three transconduc-
tors to that of one based on four transconductors. We show
that the four transconductor design does not tend toward
oscillations in response to large input signals.

1. INTRODUCTION

Low-power continuous-time bandpass �lters implemented
in subthreshold CMOS �nd application in multi-resolution
�lter banks [1]. The linear range of such �lters is limited,
owing to the strongly nonlinear voltage-to-current charac-
teristic of subthreshold CMOS [4, 5]. Indeed, the basic
CMOS di�erential pair operating in the subthreshold re-
gion has a linear transconductance range at 1% distortion
of only �7:4 mV [6].
Several techniques which extend the linear range of

the basic CMOS di�erential pair have been proposed re-
cently [6, 7, 8]. Nevertheless, when processing real acoustic
data, such as speech [9] or certain classes of transients [10],
input signals which exceed the linear range are sometimes
encountered. Under these circumstances, a bandpass �lter,
which is small-signal stable, can be rendered oscillatory.
In order to keep signals within the normal range of opera-

tion, diode-clamping, non-linear compression, and/or adap-
tive gain control are variously employed. These techniques
require careful design involving tradeo�s between power
consumption, non-linear distortion, dynamic range, and sil-
icon area. To complement the above circuit techniques, we
are interested in �nding circuit structures which are robust
to inputs which may be momentarily out of the operating
range.

2. FILTER BANK ARCHITECTURE

We have chosen to investigate a silicon implementation of
the multi-resolution �lter bank model proposed in [2, 3].
This model is made up of a cascade of lowpass �lters with
taps leading to two series bandpass �lters, as depicted in
Fig. 1. The �lters are designed with corner frequencies
that are linearly spaced on a logarithmic scale, in order
to achieve multi-resolution.
A mathematical description of this �lter bank model is

as follows:
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Figure 1. Filter bank architecture proposed in [2, 3].
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where n = 1; 2; : : : ;N is one of N output sections, !c(n) is
the corner frequency of the lowpass �lter and the bandpass
�lters of the nth output section, and Q3(n) is the 3-dB
quality factor of the two series bandpass �lters of the nth
output section.

3. BANDPASS FILTERS

3.1. Three Transconductor Design

Liu [2] proposed the second-order RLC proto-type band-
pass �lter for use in continuous-time multi-resolution �l-
ter banks. This particular second-order section is the op-
timum design for low-Q, wide frequency range �lters [11].
Fig. 2(a) shows the RLC proto-type bandpass �lter imple-
mented in [2]. It consists of three transconductors and two
capacitors, which, in practice, are made equal.
For small input signals, the transfer function of this �lter

is
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Setting C = C1 = C2, the the corner frequency and 3dB
quality factor are given by
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Figure 2. Bandpass �lter architectures: (a) based
on three transconductors, and (b) based on four
transconductors.
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The peak gain of this �lter is unity.
In order to study the behavior of this circuit in re-

sponse to large-signal transients, it is necessary to make
assumptions concerning the non-linearities introduced by
the transconductor. We assume that the transconductor
exhibits a saturating characteristic, such as that shown in
Fig. 3. The scales on the x and y axes are unimportant in
this discussion. We de�ne the transconductance, G, as the
slope of the curve in Fig. 3. Qualitatively, we note for small
di�erential input voltages, Vdm, the slope is at a maximum.
On the other hand, for large values of Vdm, either positive
or negative, the slope, and hence the transconductance, is
greatly reduced.
In Fig. 2(a), for transconductor G1, Vdm corresponds to

Vin � Vout. For small input signals, jVin � Voutj is small.
However, for large input signals, jVin�Voutj becomes large.
In this case the e�ective transconductance of G1 will be
much smaller. From (3) it is clear that as G1 decreases, Q3

will increase. It can be shown that the noise power in the
bandpass circuit is proportional to Q2

3 [1, 12]. Thus, even
in the absence of an input signal, the �lter can be made to
oscillate by applying a large DC input voltage.

3.2. Four Transconductor Design

In order to avoid these oscillations, we propose the bandpass
�lter structure shown in Fig. 2(b) for use in multi-resolution
�lter banks. The same �lter topology is commonly found in
di�erential transconductance-C designs [13]. The proposed
�lter has four transconductors, instead of three, thereby in-
creasing static power consumption, silicon area, and output
noise level.
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Figure 3. Output current as a function of di�eren-
tial input voltage for a transconductor with a satu-
rating non-linearity.

Assuming linear operation, the transfer function of the
four transconductor �lter is
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With C = C1 = C2, the corner frequency and 3dB quality
factor are given by
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and the peak gain is G1=G4. The nominal cuto� frequency
and quality factor for this architecture can be made iden-
tical to that of the three transconductor design by setting
G1 = G4.
The major bene�t of this bandpass �lter structure is that

it is found to be stable under very large input signal con-
ditions. As with the three transconductor design, for jVinj
large, transconductance G1 is greatly reduced. Under this
condition, the peak gain of the �lter decreases. However,
we note from (5) that the quality factor is independent of
G1 and, hence, independent of the input voltage.

4. RESULTS

Whereas for small input signals, these two �lter designs
give virtually identical outputs, their response to large in-
put signals is markedly di�erent. In order to demonstrate
this di�erence, we simulated these designs in T-SPICE. T-
SPICE employs the physically-based Maher-Mead MOS-
FET model, which is accurate in the subthreshold region [4].
We implemented transconductors G1 �G4 using the di�er-
ential pair with source degeneration via double di�usors [6].
A schematic of this transconductor is shown in Fig. 4. Its
linear range at 1% distortion is optimized at �29:2 mV
when the width-to-length ratios of di�usors M2a;b are cho-
sen to be half that of the input transistors M1a;b.
Transconductors G1 and G4 are biased at 1 nA, while G2

and G3 are biased at 2 nA. All capacitors are 2 pF. Supply
voltages are +1.25V and -0.75V. The transconductance can
be computed from the bias current as [14]

G = Ib
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Figure 4. Linearized CMOS transconductor based
on the double di�usor di�erential pair.

where � � 0:7 is the substrate electro-static coupling coe�-
cient and Ut � 25 mV is the thermal voltage. The nominal
cuto� frequency and quality factor of the designs are com-
puted as 1.44kHz and 2, respectively. Magnitude transfer
functions of the bandpass �lter designs are shown in Fig. 5.
Deviations from the predicted response can be attributed
to parasitic poles within the transconductor [15].
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Figure 5. Simulated AC small-signal response of
bandpass �lters based on the three transconductors
design (solid) and the four transconductor design
(dashed). The �lters are ideally tuned to have a
corner frequency and quality factor of 1.44kHz and
2, respectively.

We chose an input signal that has a small sinusoid close
to the resonant frequency of both �lters and a large sinu-
soid that is approximately one decade below the resonant
frequency. In particular, the input signal is de�ned by

Vin = 50 sin(2� 1250 t) + 450 sin(2�120 t) mV (7)

The low-frequency component is o� during the �rst four
cycles of the high-frequency component, as seen in Fig. 6(a).
The response of the two bandpass �lter designs is shown

in Fig. 6(b). During the �rst four cyles of the high-frequency
input signal, we see that the output response is linear and

virtually identical for both designs. However, as the large,
low-frequency component becomes active, the design based
on three transconductors gives large output voltages which
tend to increase in amplitude and are far outside the linear
range of the transconductors G2 and G3. This problem is
compounded in the real circuit by the presence of random
noise, which is maximum at the resonant frequency [1, 12].
On the other hand, consider the response of the �lter based
on the four transconductor design. It is limited to less than
�50 mV, which does not greatly exceed the linear range.
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Figure 6. (a) Input signal consisting of a sum of
two sinusoids at 1.25kHz and 120Hz and (b) the
response of the three transconductor �lter (top) and
the four transconductor �lter (bottom).

We have submitted for fabrication a 20-channel �lter
bank using the four transconductor design. However, parts
were not available for measurement at the time of printing.
The layout of the second-order section with four transcon-
ductors is shown in Fig. 7.



Figure 7. Layout of a second-order bandpass �lter, consisting of four transconductors and two grounded
capacitors. Metal2, which is signal ground, has been omitted to aid in viewing.

5. SUMMARY AND DISCUSSION

The bandpass �lter made with four transconductors has
the same linear range as the three transconductor design.
However, when the former design encounters signals that
are out of range, the output tends to shut down, rather
than oscillate at the resonant frequency. It is impossible
to guarantee that naturally occurring sounds will �t neatly
within a speci�ed amplitude range. In those circumstances,
we desire the behavior of the circuit to change gracefully,
rather than break into oscillation.
In summary, continuous-time bandpass �lters imple-

mented in subthreshold CMOS have a limited linear range.
When dealing with real acoustic data, input signals which
exceed the linear range are generally encountered. An
RLC proto-type �lter based on three transconductors will
in practice oscillate for large slowly-varying input signals.
In this work, we have proposed the use of a bandpass �lter
using four transconductors. The transfer function of the
two designs are identical for small-signal inputs. However,
in response to large input signals, the output of the three
transconductor design is shown to oscillate, whereas that of
the four transconductor design is signi�cantly damped.

REFERENCES

[1] P.M. Furth and A.G. Andreou. A design framework
for low power analog �lter banks. IEEE Trans. Circ.
and Syst., 42(11):966{971, November 1995.

[2] W. Liu, A.G. Andreou, and M.H. Goldstein, Jr.
Voiced-speech representation by an analog silicon mo-
del of the auditory periphery. IEEE Trans. Neural Net-
works, 3(3):477{487, May 1992.

[3] W. Liu, A.G. Andreou, and M.H. Goldstein, Jr. Ana-
log cochlear model for multiresolution speech analysis.
In S.J. Hanson, J.D. Cowan, and C.L. Giles, editors,
Advances in Neural Information Processing Systems 5,
pages 666{673. Morgan Kaufmann, San Mateo, CA,
1993.

[4] C.A. Mead. Analog VLSI and Neural Systems. Addi-
son-Wesley, Reading, MA, 1989.

[5] E.A. Vittoz. Micropower techniques. In J. Franca
and Y.P. Tsividis, editors, Design of MOS VLSI Cir-
cuits for Telecommunications and Signal Processing.
Prentice-Hall, 2nd edition, 1994.

[6] P.M. Furth and A.G. Andreou. Linearised di�erential
transconductors in subthreshold CMOS. Electronics
Letters, 31(7):545{547, March 30 1995.

[7] L. Watts, D.A. Kern, R.F. Lyon, and C.A. Mead. Im-
proved implementation of the silicon cochlea. IEEE J.
Solid-State Circuits, 27(5):692{700, May 1992.

[8] R. Sarpeshkar, R.F. Lyon, and C.A. Mead. An ana-
log VLSI cochlea with new transconductance ampli�ers
and nonlinear gain control. In ISCAS-96, volume 3,
pages 292{296, Atlanta, GA, May 1996.

[9] P.M. Furth, N.K. Goel, A.G. Andreou, and M.H. Gold-
stein, Jr. Experiments with the Hopkins Electronic
EAR. In The 14th Speech Research Symposium, pages
183{189, Baltimore, MD, June 1994.

[10] F. Pineda, K. Ryals, D. Steigerwald, and P.M. Furth.
Acoustic transient processing using the Hopkins Elec-
tronic EAR. In World Congress on Neural Networks
95, volume 1, pages 136{141, Washington, DC, July
1995.

[11] H. Nevarez-Lozano and E. Sanchez-Sinencio. Mini-
mum parasitic e�ects biquadratic OTA-C �lter archi-
tectures. Analog Integrated Circuits and Signal Pro-
cessing, 1(4), Dec. 1991.

[12] P.M. Furth and A.G. Andreou. Cochlear models imple-
mented with linearized transconductors. In ISCAS-96,
volume 3, pages 491{494, Atlanta GA, May 1996.

[13] Y.P. Tsividis. Integrated continuous-time �lter
design|an overview. IEEE J. of Solid-State Circ.,
29:166{176, March 1994.

[14] P.M. Furth. On the Design of Optimal Continuous{
Time Filter Banks in Subthreshold CMOS. PhD thesis,
Johns Hopkins University, Baltimore, 1996.

[15] A. Rodr��guez-V�azquez, B.Linares-Barranco, J.L. Huer-
tas, and E. S�anchez-Sinencio. On the design of voltage-
controlled sinusoidal oscillators using OTAs. IEEE
Trans. Circuits Syst., 37:198{210, Feb. 1990.


