How to build high-quality filters

If the operational ampilifier is wired as a voltage follower,

out of low-quality parts

an active filter can use loose-tolerance resistors
and capacitors—and still perform well

by Philip R. Geffe, tynch Communication Systems Inc.. Reno. Nev.

(O An active filter’s sensitivity to component values is an
important factor in determining its cost. If the circuit is
designed for minimum sensitivity to these values, then
inexpensive low-tolerance components can be used
without harm to its performance.

In the three-pole filter of Fig. 1, the amplifier closed-
loop gain, K, is the parameter that governs sensitivity.
This results from the presence of the factor (I — K) in
terms of the transfer-function denominator. If K is
greater than unity, the denominator will contain negative
terms that lead to high sensitivity. For this reason, the
amplification is provided by an operational amplifier
connected as a voltage follower. In addition to providing
K = 1, use of a voltage follower also saves two gain-
fixing resistors in the op-amp connection.

Low-pass design

If the amplifier in Fig. 1 is a voltage follower and the
resistor values are all 1 ohm, a normalized Butterworth
or Chebyshev filter response is obtained by choosing
capacitance values from Table 1. The zero-ripple design
is the normalized Butterworth filter. It has an attenua-
tion of 3 decibels at a frequency of 1 radian per second,
and its asymptotic slope in the stopband is 18 dB per
octave. The exact attenuation at any frequency w is given
by the formula:

Con/Cin = 1/(1 +w®)'”?

J

1. Uses loose-tolerance components. The performance of this
three-pole low-pass active filter is insensitive to values of resistors
and capacitors if the amplifier gain, K. is unity. Therefore inexpensive
components with relatively loose tolerances can be used.
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The capacitance values corresponding to the nonzero
values of ripple in Table 1 yield Chebyshev filters. These
filters have equiripple passbands, with the edge of the
ripple band at | rad/s. The attenuation for the Cheby-
shev filter designs can be calculated from the voltage-
ratio formula:

eoul/cin = ]/[] + (2(4w3 = 3w)2]|/2

where ¢ is the ripple factor obtained from Table 2. The
user can be expected to define the attenuation at the
edge of the passband, but the choice of ripple value is
usually left to the designer. As an aid to mecting the
passband edge requirement, Table 3 gives the frequen-
cies for attenuations of 1, 2, and 3 dB for all ripple
values.

As an example, consider the design of a low-pass
Chebyshev filter with 0.3-dB ripple and the calculation
of its attenuation at twice the 3-dB frequency.

Frequency scaling

The normalized circuit is shown in Fig. 2, with capaci-
tance values taken from Table I. Table 2 shows that a
0.3-ds ripple corresponds to ¢ of 0.0715193. The 3-dB
frequency of this filter is given by Table 3 as 1.22906

[ 0.085819 F—[ Eout ‘
o . o

2. Normalized low-pass filter. Design of low-pass Chebyshev filter
with 0.3-dB ripple starts with R values of 1 ohm and C values from
Table 1, plus a voltage-follower op amp to make K = 1.

rad/s; at twice this frequency, i.c., w = 2.45812 rad/s,
the attenuation is calculated to be 0.0716734. Expressed
in decibels, this attenuation is 20 log (0.0716734), or
—22.89 ds.

To scale the design so that the edge of the ripple band
(that is, the highest 0.3-dB frequency) occurs at 10
kilohertz, divide all capacitance values by 2#(10,000).

3. Practical 10-kHz low-pass filter. The
example in the text shows how the compon-

ent values in Fig. 2 are scaled to provide the

edge of the ripple band (the highest

frequency at which attenuation is equal to or C, 0.0786 uF

less than 0.3 dB) at 10 kHz. Boctor compen-

sation is added to voltage follower that uses Rs i Ry
oO—AWNW—1

a type 741 operational amplifier. 1.5k 16k 1.5 kS ’o)
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GAIN THROUGH FILTER (d8)
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R, = (1/Cy) £

©

!

> Ry = (1/C) Q2 L
%R (1/C4) 2

.
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4. High-pass filter. In the normalized high-pass three-pole active
filter, the series capacitors are all 1 F, and the resistor values (ir
ohms) are found by reciprocating the numbers in Table 1.

This gives:
C, = 1.36585 u¥r
C, = 117.897 ur
C; = 26.7888 ur

These values are correct but impractical. A practical
design can be obtained by multiplying all impedances by
a suitable scale factor, say 1,500. This gives:

R| = Rz = R3 = 1,500 Q
C, = 910.6 pr
C, = 0.0786 ur
C; = 0.0179 ur

The frequency response of this filter is the same as that
of the normalized design, except that all attenuations are
referred to the band-edge frequency, f., of 10 khz,
.nstead of to 1 rad/s. Consequently, the attenuation
formulas serve for the denormalized filters if w is
replaced by f/f..

Gain compensation

These filters require rather precise values of closed-
loop gain, which is why an operational amplifier is used
instead of some simpler unity-gain amplifier. But even
an op amp may require compensation if its open-loop
gain drops to less than 60 dB at the band edge of the
filter.

A voltage divider consisting of resistor R, and capac-
itor C, provides the Boctor compensation, as it is called,
by shunting off part of the feedback at high frequencies.
R, and C, are given by:

R,Co = 1/(2.6 X 2xf,)

where f, is the 0-dB frequency of the amplifier open-loop
gain curve.

For a 741 op amp, the open-loop gain is less than
40 dB at 10 kuz, and the measured value of f, is
581 kitz. Therefore, R, and C, are | kilohm and 106
picofarads, respectively. The complete circuit for the 10-
kHz filter in the example, including Boctor compensa-
tion, is shown in Fig. 3.

High-pass design

The element values given in Table 1 are the recipro-
cals of the resistances in a normalized high-pass filter, as
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5. Practical 200-Hz high-pass filter. The example in the text gives
Jetails of the design of this filter, which has 0.3-decibel ripple above
200 hertz and 31.35-dB attenuation at 60 Hz.

The following equations will yield component values for
three-pole active filters not covered by Table 1. Given:

€on/Cn = 1/(ass®+as?+as+ 1)

with known numerical coefficients as, a,, a;, component
values for the circuit in Fig. 1 are obtained by finding a
positive real root of:

18x3 — 12a,x2 + (2a.2+3az)x + (2a; — aa,) = 0
If X0 is such a root, then:

Yy = —as/(3%xe? = aiXo)

zZ=a, — 3%
Then the element values for Fig. 1areK = 1, R, = R,
=R; =1 C) = %o, C; = y. and C3 = z, where
resistances are in ohms and capacitances are in
farads.

shown in Fig. 4. The normalized capacitance values for
the high-pass filter are all 1 farad. In the attenuation
formula used for frequency-response calculations, w
must be replaced by f./f, where f. is the band-edge
frequency: this applies to both normalized and denor-
malized highpass filters.

As an example, consider the design of a high-pass
filter that must pass signals above 200 hertz and must
suppress 60-11z signals by at least 30 ds. Here f./f is
200/60; the voltage-ratio expression shows that a Cheby-
shev filter with 0.3-dB ripple will give an attenuation of
31.35 dB. Therefore, the resistors in the normalized
circuit (Fig. 4) have values found from Table 1 as

follows:
R, = 1/C, = 1/0.085819 = 11.6524 Q
R, = 1/C, = 1/7.4077 = 0.1350 @
R; = 1/C; = 1/1.6827 = 0.59428 Q

Frequency-scaling this design t0 w. = 27(200 Hz) gives
1256.6 for w,, and dividing the 1-1 capacitances by this
number gives the value C, = C, = C; = 795.8 ut for
the capacitors.

Finally, to get practical component values, all the
impedances are multiplied by the factor 7,958 to make
the capacitors 0.1 ur. The resistors then turn out to be as
shown in Fig. 5. O
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