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Abstract

We present a two-dimensional passive silicon cochlea
based on the work of Watts [6]. The model propagates
waves in the backward and forward directions with suc-
ceeding stages loading earlier stages. CMOS resistors op-
erating in the subthreshold ohmic region implement the uni-
form cochlear fluid. SPICE simulations reveal a cutoff slope
in excess of 100 dB/oct, which compares well with experi-
mental results.

1 Introduction

The cochlea is the organ of hearing in mammals that pro-
cesses sound and converts it into neuro-electric impulses for
transmission to the brain. This efficient natural organ has
become a subject of concerted experimental and theoretical
research. The aim of this research is to understand the dy-
namic behavior of the cochlea as it processes sound, with
the intention of designing a corresponding mimetic micro-
electronic system.

The pioneering experimental work of von B´ekésy and
subsequent investigations [3] have helped to establish a
framework for developing theoretical cochlear models.
These models incorporate various characteristics of the real
cochlea in order to obtain responses that compare closely to
those of the real cochlea. In a passive mechanical cochlear
model, the basilar membrane and cochlear fluid are taken to
be the two main elements that process sound.

In this work, the basilar membrane is treated as a linear
mechanical system completely described by its mechanical
impedanceZ. The fluid is taken to be incompressible, in-
viscid, and linear [1]. In VLSI realizations of the basilar
membrane and fluid, some measure of nonlinearity is toler-
ated.

Watts [6] developed theresistive-networkcochlear
model to simulate a two-dimensional mechanical passive
cochlea. He implemented the resistive network with the
horizontal resistor of Mead [4]. In contrast, in this work
the resistive network is built using CMOS resistors, which
consist of parallel NMOS and PMOS transistors biased in
the subthreshold ohmic region [5].

2 Two-Dimensional Architecture

A two-dimensional mechanical cochlear model is con-
structed as a cascade ofN identical stages. Each stage
represents a small lengthdx of the basilar membrane and
a corresponding section of fluid mass. This architecture is
shown in Fig. 1. The electric analog of fluid pressure is volt-
age. The input voltagev(t) determines the fluid pressure at
the left side of the cochlear fluid. The top edge is where
the basilar membrane interacts with the fluid. The final two
edges are assumed to have hard walls.N output voltages
are taken where the basilar membrane and cochlear fluid
meet. The electric analog of membrane displacement is the
current injected into the basilar membrane circuit. Thus,
an additionalN output currents can be taken at the mem-
brane/fluid interface.

2.1 The Basilar Membrane Circuit

We assume that the basilar membrane behaves as stiff
uncoupled beams. The damping, stiffness, and mass vary
along the lengthx of the basilar membrane. Hence, the
basilar membrane has an associated mechanical impedance
ZBM (x). This impedance determines the basilar mem-
brane’s behavior in response to pressure waves in the
cochlear fluid. The impedance function is given by

ZBM dx =
S(x)

s2
+
�(x)

s
+M(x) (1)
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Figure 1. Architecture of a passive N -stage
two-dimensional cochlea.

whereS(x), �(x), andM(x) are the membrane stiffness,
damping, and mass, respectively.
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Figure 2. Basilar membrane circuit from [6]

Fig. 2 shows a circuit that implements the impedance
function of (1) [6], where

S(x) =
g1

C1C2

�(x) =
1

C2

M(x) =
1

g2
(2)

In the above expressionS(x) andM(x) are tunable viag1
and g2, respectively, whereas�(x) cannot be tuned after
fabrication.

The optimized double diffusor transconductor [2] is used
to implement the basilar membrane sections. It has a linear
range of�29:2 mV at 1% maximum distortion. Its nominal

transconductance is given by

g =
2

3
Ib

�

2UT
(3)

Thus, tuning is achieved by varyingIb. A schematic of this
transconductor is shown in Fig. 3.
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Figure 3. The double-diffusor transconductor
used in the basilar membrane from [2].

2.2 The Cochlear Fluid Circuit

The uniform fluid medium is well approximated by a
two-dimensional resistive network, one element of which
is shown in the shaded box of Fig. 4. The NMOS and
PMOS transistors are biased in the subthreshold ohmic re-
gion. For smallvDS , they behave as voltage-controlled re-
sistors whose resistance value is determined by the voltage
at the gates. The advantage of complementary transistors in
parallel is increased linear range and a symmetric response
for bipolar input signals. Fig. 4 also shows the biasing ar-
rangement for the PMOS and NMOS transistors.

The current-to-voltage relationship of an NMOS resistor
in the subthreshold ohmic region is given by [2]

iDS = I0Se
�vG=VT

�
e�vS=VT � e�vD=VT

�
(4)

wherevG, vS , andvD are referenced to the bulk voltage,
S �W=L the width-to-length ratio,I0 is the zero-bias cur-
rent,� is the electrostatic coupling coefficient between the
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Figure 4. (a) The CMOS resistor, (b) PMOS and
(c) NMOS biasing circuits.

gate and channel, andVT � kT=q is the thermal voltage.
WhenvD > vS +4VT , the transistor is said to be in satura-
tion andiDS = iDS;sat is given by

iDS;sat = I0Se
�vG=VT e�vS=VT (5)

The resistance of an NMOS resistor operating in the sub-
threshold ohmic region is found by differentiating (4) with
respect tovD and evaluating the derivative atvD � vS . We
have

1

Rn
�

@iDS
@vD1

����
vD=vS

=
I0S

VT
e�vG=VT e�vD=VT

����
vD=vS

=
I0S

VT
e�vG=VT e�vS1=VT (6)

=
iDS;sat
VT

The last line in the above expression follows from (5).
Referring to Fig. 4, letSb;n, Sr;n, Sb;p, andSr;p be the

width-to-length ratios of transistorsMb;n, Mr;n, Mb;p, and
Mr;p, respectively. The small-signal equivalent resistance
of the CMOS resistor can then be computed as

Req = RnjjRp (7)

where

Rn =
Sb;n
Sr;n

VT
Ib;n

Rp =
Sb;p
Sr;p

VT
Ib;p

(8)

(9)

2.3 Tilted-Bias Line

A long polysilicon resistor with taps at every stage of the
cochlear fluid and basilar membrane circuits implements a
tilted bias line. This line is used to varyg1, g2, andReq

along the lengthx of the cochlea. From 5, we see that a lin-
ear change in gate voltage results in an exponential change
in drain current. Thus bias currents forg1 andg2, andReq

will have equal spacing on a logarithmic axis [4].

3 Results

We performed simulations of both the one- and two-
dimensional cochlea circuits using T-SPICE Level V in a
1.2�m CMOS process. Fig. 5 shows the voltage magnitude
response of every fifth tap in a 64-stage one-dimensional sil-
icon cochlea, obtained by collapsing the two-dimensional
resistive network in they-direction. The voltage response
corresponds to the cochlear fluid pressure while current
response (not shown) corresponds to membrane displace-
ment. A cutoff slope in excess of 100 dB/oct is observed
for each output.
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Figure 5. Voltage magnitude response of ev-
ery 5th tap, from tap 5 (upper right) to tap
60 (lower left) of a one-dimensional cochlear
model.

Fig. 6 shows the voltage phase response of the same one-
dimensional cochlea. This plot shows a phase accumulation



in excess of 1080 degrees along the basilar membrane, in-
dicating that the silicon cochlea propagates waves.
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Figure 6. Voltage phase response of every 5th
tap, from tap 5 (upper right) to tap 60 (lower
left) of a one-dimensional cochlear model.

Fig. 7 shows the voltage magnitude response as a func-
tion of frequency along the five rows (y-dimension) of tap
35 in a two-dimensional silicon cochlea. This response
shows low frequency long-wave and high frequency short-
wave characteristics, as found in the real cochlea. At low
frequencies the response is depth independent, hence, mag-
nitude and phase response along all five rows is the same.
At high frequencies, the wave is dispersed and the response
becomes depth dependent.

4 Discussion and Conclusion

The voltage magnitude curves of Fig. 5 show a flat re-
sponse at low frequencies followed by a sharp cut-off at
high frequencies. This general behavior is found in sim-
ulations of both one- and two-dimensional cochlear mod-
els. According to [6], these results are in agreement with
in vivo measurements. In the two-dimensional cochlea, we
see from Fig. 6 that the voltage response at the basilar mem-
brane surface, corresponding to row 5, has a sharper cutoff
slope than those at heights beneath the surface, i.e., rows
0-4.

In addition, the response of Fig. 7 shows that notches
can occur in the magnitude response of the two-dimensional
cochlea. These notches are found in the short-wave region,
i.e., beyond the cutoff frequency. The depth of the notch
depends on the cutoff frequency of the particular output tap
and position in they-direction. In Fig. 7, which shows the
response of tap 35, a dominant notch occurs at 900Hz. This
finding is consistent with data observed in live cochlea [6].

Row 5 (y=h)
Row 4      
Row 3      
Row 2      
Row 1 (y=0)

10
3

−120

−100

−80

−60

−40

−20

G
ai

n 
(d

B
)

Frequency (Hz)

Figure 7. Magnitude voltage response for tap
35 along the five rows of a two-dimensional
cochlear model. Row 5 corresponds to the
voltage response at the surface of the basilar
membrane.

Our results indicate that the two-dimensional silicon
cochlea mechanical circuit model is functional, exhibiting
characteristics consistent with biology. Layout and chip
fabrication of these circuits are pending.
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