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ABSTRACT

A parallel filter bank is proposed to implement cochlear fil-
ters using very large time-constant {VL.T) switched-capacitor
(SC) biquads. Significant hardware reduction is achieved in
three ways. [irstly, the number of biquads is reduced by
biquad-sharing such that cach channel consists of three bi-
quads in parallel, and a n-channel filter bank requires only
n+2 biquads and n sum-gain amplifiers for implementation.
Secondly, area-efficient SC biquads are used, and the capac-
itor spread of each biquad is approximately 1/+/TlT, where
{3 is the pole frequency and T is the sampling period. Fi-
nally, lowpass notch (LPN) biquad is used to avoid a zero at
z=-1 which results in a very small capacitor in each biquad.

1. INTRODUCTION

Cochlear filters are used extensively in speech research.
Software implementations are computationally intensive and
difficult to process information in real time, while hard-
ware implementations promise to achieve real-time perfor-
mance. Previous attempts included building biquads using
subtlireshold and operational transconductance amplifier(l,
2]. Another approach is to use switched-capacitor multi-
channel filter bank[3], which is more reliable and no post-
fabrication tunning is needed.

Several difficulties arise when implementing the cochlear
filters for sound processing using switched-capacitor biquads.
One is the broad frequency range that stretches to relatively
low frequencies. Another is the large number of channels
needed. Finally, some zeroes of the cochlear transfer func-
tions are at = = —1 in the z-domain and this always results
in a large capacitor spread.

In this paper, we propose a parallel dilating-biquads VLT
SC filter bank to solve the above problems. The SWIT-
CAP simulation result of a 32-channel filter bank is given
to demonstrate the validity of this design.

2. SYSTEM DESIGN: DILATING-BIQUADS
FILTER BANK

The cochlea can be thought of as a filter bank consisting
of a series of bandpass filters, with bandwidths and center
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[requencies that change systematically along its length. The
transfer functions of the channels are related by a dilation.

The system topology of a 32 dilating-biquads filter bank
is shown in Fig. 1. In the present design, each channel is a 6
order bandpass filter, which can be implemented by connect-
ing 3 lowpass notch biquads in parallel. Gains of the biquads
are chosen such that alter summing the 3 outputs by a sum-
gain amplifier, the bandpass function is oblained. Biquads
are designed to be dilated w.r.t. one another. This par-
allel structure results in reduction of hardware by biquad-
sharing. For example, Channel 1 consists of biquads 1, 2
and 3 (Fig. 1) which are dilated with respect to one and
other, and their responses are scaled and summed by the
sum-gain amplifier 1 (to be discussed in Sec. 3). Channel 2
can he realized with the addition of biquad 4 and the sum-
gain amplifier 2 as shown in Fig. 1. Thus, for a 32-channel
cochlear filters, the parallel structure requires 324+2=34 bi-
quads and 32 sum-gain amplifiers.

Based on the above discussion, the transfer function of
the n-th biquad is chosen as

Gals) = H{k"'s)

where, II{s) is a 2nd order LPN flter in the s-domain, k =
dilation constant, and n = 1,...,34. That is, biquads are
related by a dilation. Using these biquads, the transfer func-
tion of the m-th channel of the cochlear filter is

i=3

Ya(z) = Z ;Gigm—1(2)

=1
where, a;'s are gain factors. Since the same set of a;'s is used
in every channel, only one sum-gain amplifier has to be de-
signed. The rest will just be its duplicates. Note that move
biquads can be used to approximate the cochlear responses
and this usually depends on application.

More cochlear channels can also be realized by using
more biquads and sum-gain amplifiers, but then the IC chips
will be too complex. Another possibility is to take advan-
tage of the SC circuits. [t is well known that by changing
the sampling frequency by a factor F, then all the zero and
pole frequencies will be changed by the same factor. Hence,
by connecting several similar chips together, each with a
different sampling frequency, more cochlear channels can be
obtained.



[n realizing lowpass notch functions with very low pole
frequencics, the Type [I charge differencing LPN biquad[]
shown in Fig. 4 is used to avoid an extremely small capacitor

(Cg).
3. CIRCUIT DESIGN I: SUM-GAIN AMPLIFIER

~In this filter bank design, the outputs of 3 biquads are
added together to simulate one channel of the cochlear fil-
ters. Therefore, a sum-gain amplifier which can sum input
signals in the same phase is needed in this system. A new
sum-gain amplifier is shown in Fig. 2 and its principle of
operation is as follows:
Consider input v;,; first, while v;,9 and v;,3 are set to zero.
In phase 2, c,2 is discharged, and since in phase 1, its left
plate is connected to v— of the op-amp only, no charge can
be injected to ¢z, and the oulpul remains at ground level,
which lielps ¢, to discharge in this phase. During phase
2, €1y Cup, and the op-amp constitute a noun-mverting gain
shage, which gives v (- 1/2) = (e /e Jeaa(n). The inpat
Uing can be analyzed in similar fashion.
Next, set vin1 and Uiy to zero. In phase 2, ¢, is discharged
as in the previous case, but in phase 1, ¢;, ca.2, and the
op-amp constitute an invefting amplifier, hence, v,,,(n) =
—(c2/ca2)Vinz(n). This voltage is stored in cqy, and is to be
lheld constant during the next phase 2

The final output is the superposition when all the 3 in-
puts are activated. The signal {low graph of the sum-gain
amplifier is shown in Fig. 3, and the transfer function can
be obtained as,
Cy (593 C3

Ulnl( ) -~ ~_‘_l"x‘rx2(3> +
al Ca2 Cal

Uout( ‘ = ( 1);"3(2))2-1/12
Hence, the output is the sum of v;,; and vin3, while subtracts
Vina, all of which are scaled by appropriate gain factors. The
gain factors can be individually controlled through ¢y, ¢,
and c3. Moreover, it is ohvious that this sum-gain amplifier
can be designed to include any number of inputs for either
addition or subtraction.

Oue disadvantage of this sum-gain amplifier is the lack of
a continuous feedback path across the op-amp. Hence, if the
op-amp used in this circuit is very fast, a glitch at the output
may occur at the non-overlapping interval between the two
clock phases. This glitch is readily removed by connecting a
capacitor cyr between the op-amp output and the left plate
of e{3].

4. CIRCUIT DESIGN II: AREA-EFFICIENT
BIQUADS

The design of the lowpass notch biquads falls into two
categories. Tor the 17 biquads with high center frequencies
(Table 1), the Type Il gain- and oilset-compensated (GOC)
Nagaraj VLT biquads are used[6]. The circuit diagram is
shown in Fig. 3 of [6], and the design equations are given by
eqns. 6 and 9 of {6]. For the other 17 biquads with low center

‘ing the biquads with low center {requencies.

Lo
!

frequencies (Table 1), the capacitor spread using the above

biquads will be too large. In order to reduce the capacitor

spread, the Type 11 GOC charge differencing biquads are

used(4, 6]. The corresponding circuit diagram is shown in

Fig. 4. Define @, # and 7 as in eqn. 3 of [6], and assign the
capacitor values as follows :

Ca2 = Cp2 = €1 = €3 = Cop = Cpp = 1
Caa=cn=1+§
ca=cg=KN

to reduce the capacitance spread, then K is the solution of

(K+1) 420128+ (K 412504 +al)65—~‘52(1 —A) _y

-

For unity DC gain, QT <« 1 and O, T < 1, it can be shown,
Koz J§[(QeT) ~ 1

cr=c¢s=1
c = (B8)/{a (I\+1+5) K+1)) = 1/Q
cs = (/YK + 1+ c) = (/N +1+c)

Note that & should not be too small due to the sensitivity
problem{4]. In this filter bank, we choose § = 0.5 in design-
The largest
capacitor is /' units and the smallest capacitor is 1 unit
{Qo < 1 all the biquads).

5. SIMULATION RESULT OF THE FILTER
BANK

To demonstrate the validity of this design, the capacitor
values of biquads based on a 500k H = sampling {requency are
given in Table 1 and the capacitors of the sum-gain ampli-
fiers are chosen as ¢, = ¢,2 = 1.0, ¢; = 9.574, ¢; = 20.939,
and ¢3 = 11.365. The capacitor spread ratio of this filter
bank is less than 25. The SWITCAP simulation output of
this filter bank is shown in Fig. 3.

6. CONCLUSIONS

A parzilel dilating-biquads switched-capacitor filter bank
is described in simulating the cochlea. Area-saving is achieved
by biquad-sharing and using area-eflicient biquads. The
structure is easily expandable to include more channels by
extending to include more biquads and sum-gain amplifiers,
or using several chips with different sampling {requencies in
parallel connection.
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Figure 1: Dilating-biquads filter bank.
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Figure 2: Sum-gain amplifier circuit.
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Figure 3: SFC of sum-gain amplifier circuit.



c2 L Ci=C1=Cs=Co=Cpr=1 J
HQ’K [ Cal = Cb1 =1 and Cuz = Cn =0 J

= c4, Biquad { | Center freq. | C,4 and Cg Cy Ce

U 1 20000.00 1.313 [ 1.310 | 1.038

L 2 16849.20 1.484 | 1.281 | 1.109

L2 il 3] 1419478 1673 | 1.254 | 1.190

2 2 cal 220 cor 4| 1195853 1.879 | 1.230 | 1.279

— T — i 5 10074.58 2.106 | 1.208 | 1.378

vin 1 G5 +CA 12 Ci - C8 6 §487.43 2.353 | 1.188 | 1.487
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. e 10 4975.37 3.592 | 1.128 | 2.036

i 11 3601.83 3.976 | 1.117 | 2.206

12 3034.40 4.394 | 1.106 | 2.392

Figure 4: Type II GOC charge differencing biquad. 13 2556.36 4.851 | 1.097 | 2.595

14 2153.62 5.348 | 1.088 | 2.817

15 1814.35 5.891 | 1.081 | 3.058

16 1528.51 6.482 { 1.074 | 3.321

17 1287.71 7.126 | 1.067 | 3.607
T T T T T L ALAL r Cau=Chu=15and Cyy =Cpp = ]

L i 13 1084.85 4558 ] 1.089 | 2.931

19 913.94 5.100 | 1.081 | 3.170

20 769.96 5.690 | 1.074 | 3.431

Channel 32 <———> Channel 1 21 648.66 6.334 | 1.068 | 3.716

29 546.47 7.034 | 1.062 | 4.027

b1l - 23 460.38 7.798 | 1.057 | 4.363
A
a: S
E mmmmm “““m” 2 275.97 10.524 | 1.043 | 5.574
S hhntanu o
WA
QN}‘W‘%“.}.‘}‘.‘O“)’Q‘O‘Q}” 29 164.59 14.049 | 1.033 | 7.139
},0,0,0,0,0‘0,0,0,0,0‘0,0’0,0‘0,0.0,0,0,0\ 30 138.66 15.440 | 1.030 | 7.757

A S IIA I IS .

. Z é{ﬁgg&x\\g ! 31 116.82 16.956 | 1.028 | 8.430
95 »e e T 32 98.41 18.608 | 1.025 | 9.164
FREQUENCY 33 82.91 20.407 | 1.023 | 9.963

34 69.84 92.369 | 1.021 | 10.835

Figure 5: Simulation resuit of the filter bank. Table 1: capacitor values of the filter bank.



