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Preface

This book was primarily written to provide readers with a simplified approach to
the design of active filters. Filters of some sort are essential to the operation of most
electronic circuits. It is therefore in the interest of anyone involved in electronic
circuit design to have the ability to design filters capable of meeting a given set of
specifications.

Three basic active filter types are used throughout the book: Butterworth,
Chebyshev, and Bessel. Those three types of filters are implemented with the
Sallen—Key, infinite gain multiple feedback, state-variable, and Biquad circuits that
yield low-pass, high-pass, band-pass, and band-reject circuits.

Many examples of low-pass, high-pass, band-pass, and notch active filters are
illustrated in complete detail, including frequency normalizing and denormalizing
techniques.

It is felt that this book can be used for the following purposes:

1. As a self-study book for practicing engineers and technicians, so that they
easily design working filters

2. As a supplementary textbook for graduate or undergraduate courses on
the design of filters

3. As a reference book to be used by practicing filter design specialists

S. A. Pactitis



’l Introduction

1.1 FILTERS AND SIGNALS

A filter is a circuit that is designed to pass a specified band of frequencies while
attenuating all signals outside this band. Filter networks may be either active or
passive. Passive filter networks contain only resistors, inductors, and capacitors.
Active filters, which are the only type covered in this text, employ operational
amplifiers (op-amps) as well as resistors and capacitors.

The output from most biological measuring systems is generally separable into signal
and noise. The signal is that part of the data in which the observer is interested; the rest
may be considered noise. This noise includes unwanted biological data and nonbiological
interference picked up by or generated in the measuring equipment. Ideally, we would
like to remove it while retaining the signal, and often this is possible by suitable filtration.

If the spectra of signal and noise occupy completely separate frequency ranges,
then a filter may be used to suppress the noise (Figure 1.1).

As filters are defined by their frequency-domain effects on signals, it makes
sense that the most useful analytical and graphical descriptions of filters also fall
under the frequency domain. Thus, curves of gain versus frequency and phase versus
frequency are commonly used to illustrate filter characteristics, and most widely
used mathematical tools are based on the frequency domain.

The frequency-domain behavior of a filter is described mathematically in terms
of its transfer function or network function. This is the ratio of the Laplace
transforms of its output and input signals. The voltage transfer function of a filter
can therefore be written as

_ V()

Vo (1.1)

H(s)

where s is the complex frequency variable.

The Laplace transform approach to the filter analysis allows the designer to work
with algebraic equations in the frequency domain. These are relatively easy to
interpret by observation. In contrast, a time-domain approach to filter mathematics
results in complex differential equations that are usually far more difficult to manip-
ulate and interpret.

The transfer function defines the filter’s response to any arbitrary input signals,
but we are most often concerned with its effect on continuous sine waves, especially
the magnitude of the transfer function to signals at various frequencies. Knowing
the transfer function magnitude (or gain) at each frequency allows us to determine
how well the filter can distinguish between signals at different frequencies. The
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FIGURE 1.1 Using a filter to reduce the effect of an undesired signal.

transfer function magnitude versus frequency is called the amplitude response or
sometimes, especially in audio applications, the frequency response.

Similarly, the phase response of the filter gives the amount of phase shift
introduced in sinusoidal signals as a function of frequency. Because a change in
phase of a signal also represents a change in time, the phase characteristics of a
filter become especially important when dealing with complex signals in which the
time relationships between different frequencies are critical.

By replacing the variables s in equation (1.1) with jw, where j = \/—_1 ,and W is the
radian frequency (2pf), we can find the filter’s effect on the magnitude and phase of
the input signal. The magnitude is found by making the absolute value of Equation (1.1):

: Vo (jo)
H(jw)| =0 1.2
|H (jo)| o) (12)
or
A=20log|H(jo)| in dB (1.3)
and the phase is
, Vo (jo)
H(jm) = arg -2 1.4
arg H(jo) algvi(jm) (1.4)

1.2 BASIC FILTER TYPES

There are four basic filter types:

1. The first type is the low-pass filter (LPF). As might be expected, an LPF
passes low-frequency signals, and rejects signals at frequencies above the
filter’s cutoff frequency (Figure 1.2.). The ideal filter has a rectangular shape,
indicating that the boundary between the passband and the stopband is abrupt
and that the rolloff slope is infinitely steep. This type of response is ideal
because it allows us to completely separate signals at different frequencies
from one another. Unfortunately, such an amplitude response curve is not
physically realizable. We will have to settle for the approximation that will
still meet our requirements for a given application. Deciding on the best
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FIGURE 1.2 Low-pass frequency response.

approximation involves making a compromise between various properties
of the filter’s transfer function. The important properties are the following.
Filter order: The order of a filter has several effects. It is directly related
to the number of components in the filter and, therefore, to its price and
the complexity of the design task. Therefore, higher-order filters are
more expensive, take up more space, and are more difficult to design.
The primary advantage of higher-order filters is that they will have

steeper rolloff slopes than similar lower-order filters.

Rolloff rate: Usually expressed as the amount of attenuation in dB for a
given ratio of frequencies. The most common units are “dB/decade” or

“dB/octave.”

From Figure 1.2, four parameters are of concern:
A

max

is the maximum allowable change in gain within the passband.

This quantity is also often called the maximum passband ripple.

Amin
passband gain) within the stopband.

fi is the cutoff frequency or passband limit.

[ is the frequency at which the stopband begins.

These four parameters define the order of the filter.

is the minimum allowable attenuation (referred to the maximum

2. The inverse of the low-pass is the high-pass filter, which rejects signals

below its frequency (Figure 1.3.).

3. Band-pass filters pass frequencies within a specified band and reject

components outside the band (Figure 1.4).

Band-pass filters are geometrically symmetrical, i.e., symmetrical around
a center frequency when plotted on linear-log graph paper with fre-

quency on the logarithmic axis. The center can be computed by:

f0=\/R

where f, is the lower cutoff and f, is the upper cutoff frequency.
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FIGURE 1.3 High-pass frequency response.

For narrow filters, where the ratio of f, to f] is less than 1.1, the response
shape approaches arithmetic symmetry. f, can then be computed as the
average of the cutoff frequencies:

£ =% (1.6)

A
L N T
Amax
dB min
‘e— Ideal Filter —»-
Amin + /<—— Stopband ——>\

fsl fl f2 fs2 f

4‘\7‘{‘@‘7 Passband —b-—N‘fStopband
Stopband Transition Region

FIGURE 1.4 Band-pass frequency response.
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Band
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FIGURE 1.5 Band-reject frequency response.

The selectivity factor Q is the ratio of the center frequency of a band-pass
filter to bandwidth, i.e.,

fo __Jo
=Jo __Jo 1.7
0 BW  f—f (1.7)

4. Band-reject filters reject frequencies within a specified band and pass
components outside this band (Figure 1.5).

1.3 THE MATHEMATICS OF ELEMENTARY FILTERS

The transfer functions consist of a numerator divided by a denominator, each of
which is a function of s, so they have the form:

N(s)
D(s)

H(s)= (1.8)

The numerator and denominator can always be written as polynomials in s. To be
completely general, a transfer function for an nth-order network can be written as

Kb,

H(s)= - >
s"+b, _s"1+b _,s"2+bs+b,

(1.9
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TABLE 1.1

Butterworth filters: s" +b,_s"...bs+b,

n b, b, b, b, b, b, b, b,
1 1.000

2 1000 1414

31000 2000  2.000

41000 2613 3414 2613

5 1000 3236 5236 5236 3236

6 1000 3.863 7464  9.142 7464  3.864

71000 4494 10098  14.592  14.592  10.098  4.494

8 1.000 5126 13.137 21.846 25.688 21.846  13.137  5.126

where by, b,,...b, | and K are calculated depending on the order of the transfer
function n. The Butterworth, Chebyshev, and Bessel filter circuits differ only by the
choice of the coefficients b;, which yield slightly different response curves. The
coefficients for the normalized Butterworth, Chebyshev, and Bessel cases are given
in Tables 1.1 to 1.7.

Another way of writing a filter’s transfer function is to factor the polynomials
in the denominator so that they take the form:

Kb,
(s=p)s—p)...(s—p,)

H(s)= (1.10)

The roots of the denominator, p,, p,,...,p,, are called poles. All of the poles will
be either real roots or complex conjugate pairs.

Another way to arrange the terms in the network function expression is to
recognize that each complex conjugate pair is simply the factored form of a second-
order polynomial. By multiplying the complex conjugate pairs out, we can get rid
of the complex numbers and put the transfer function into a form that essentially

TABLE 1.2

0.1-dB Chebyshev filter

n b, b, b, b, b, b, b, b,
1 6552

2 3313 2372

31638 2630 1939

4 0829 2026 2627 1.804

5 0410 1436 2397 2771 1744

6 0207 0902 2048 2779 2996 1712

70102 0562 1483 2705 3169 3.184  1.693

8 0052 0326 1.067 2159 3419 3565 3413  1.681
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TABLE 1.3

0.5-dB Chebyshev filter

n b, b, b, b, b, b, b, b,
1 2.863

2 1516 1426

3 0716 1535 1253

40379 1025 1717 1197

5 0179 0753 1310 1937 1172

6 0095 0432 1172 1590 2172 1159

70045 0282 0756 1.648 1.869 2413 1151

8 0024 053 0574 1149 2184 2149 2657 1146

consists of a number of second-order transfer functions multiplied together, possibly
with some first-order terms as well. We can think of the complex filter as being
made up of several second-order and first-order filters connected in series. The
transfer function thus takes the form:

K
H(s)= (1.11)
(2 +a,s+a,)s2+ays+ay)...(s2+a,s+a,,)

1.3.1 BUTTERWORTH FILTERS

The first, and probably best-known, filter is the Butterworth or maximally flat
response. It exhibits a nearly flat passband. The rolloff is 20 dB/decade or 6 dB/octave
for every pole. The general equation for a Butterworth filter’s amplitude response is

|H(jo)|= B S . (1.12)

2n
( j
::l

TABLE 1.4

1-dB Chebyshev filter

n b b, b, b, b, b, b, b,
1.965
1103 1.098

0.491 1238 0.988

0276 0.743 1454 0.953

0.123 0581 0974 1.689  0.937

0.069 0307 0939 1202 1931 0928

0.031 0.214 0549 1358 1.429 2176 0.923

0.017 0.107 0448 0.847 1.837 1.655 2423 0.920

BN e Y R T
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TABLE 1.5

2-dB Chebyshev filter

n b, b, b, b, b, b, b, b,
1 1.308

2 0823 0.804

30327 1022 0738

4 0206 0517 1256 0716

5 0082 0459 0693 1450 0.706

6 0051 0210 0771 0867 1746 0.701

70020 0166 0383 1144 1.039  1.994  0.698

8 0013 0070 0360 0598 1.580 1212 2242  0.696

where 7 is the order of the filter and can be a positive whole number, w, is the -3
dB frequency of the filter, and K is the gain of the filter.

We see that | H(0)| = K and | H(jw) | is monotonically decreasing with w. In
addition, the 0.707 or -3 dB point is at W =1 for all »; that is,

\H(jm)\:ﬁ for all n (1.13)

V2

The cutoff frequency is thus seen to be W =1. The parameter n controls the
closeness of approximation in both the band and the stopband.

The amplitude approximation of Equation (1.12) is called Butterworth or max-
imally flat response. The reason for the term maximally flat is that when we
expand ‘H ( ju))‘ in a power series about w =0, we have:

|H(jo)| =K 1= Lo 3t = D oy 3 oy (1.14)
2 8 16 128
TABLE 1.6
3-dB Chebyshev filter
n b, b b, b, b, b b b,
1.002
0.708  0.645

0.251 0928  0.597

0.177 0405 1.169  0.582

0.063 0.408 0.549 1415 0574

0.044 0.163  0.699  0.691 1.663  0.571

0.016 0.146 0300 1.052  0.831 1.912  0.568

0.011  0.056 0321 0472 1467 0972 2161 0.567

0 N NN AW N =
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TABLE 1.7

Bessel filter

n b b, b, b, b, b, b,
11

2 3 3

3 15 15 6

4 105 105 45 10

5 945 945 420 105 15

6 10395 10395 4725 1260 210 21

7 135135 135135 62370 17325 3150 378 28

We see that the first 2n-1 derivatives of ‘H ( ju))‘ are equal to zero at w = 0. For
W >> 1, the amplitude response of a Butterworth function can be written as (with K= 1)

H(jm)zi o>>1 (1.15)
Hjo)|=—

We observe that asymptotically, H( jw) falls off as w™ for Butterworth response. In
terms of dB, the asymptotic slope is obtained as

A =20log|H(jo)|=-20nlog® (1.16)

Consequently, the amplitude response falls asymptotically at a rate of -20n dB/
decade or -6n dB/octave.

Figure 1.6 shows the amplitude response curves of Butterworth low-pass filters
of various orders. The frequency scale is normalized to f/f; so that all of the curves
show 3-dB attenuation for f/f, and K = 1.

Figure 1.7 shows the step response of Butterworth low-pass filters of various
orders. Note that the amplitude and duration of the ringing increase as n increases.

1.3.2 CHeBYSHEV FILTERS

Another important approximation to the ideal filter is the Chebyshev or equal ripple
response. As the latter name implies, this sort of filter will have a ripple in the
passband amplitude response. The amount of passband ripple is one of the parameters
used in specifying a Chebyshev filter. The Chebyshev characteristic has a steeper
rolloff near the -3 dB frequency when compared to the Butterworth, but at the
expense of less “flatness” in the passband and poorer transient response.

The general equation for a Chebysheyv filter’s amplitude response is

K
172

Hio)l= X
Fitje) [1+e2C2(w)]

(1.17)
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-10

Magnitude/dB
b
S

=30
\ \ \ 5\\
= ‘v’
-40
0.1 0.2 04 06 081 2 4 6 8 10

®

FIGURE 1.6 Amplitude response curves for Butterworth filters of various orders (K = 1).

where
cos(ncos™ m) ‘w‘sl (1.18)
C,(0)=
cosh(n cosh™ ) ‘m‘>1 (1.19)
12 -
AALRLN
10 g e e
2. 1.8 N A
3 n:2/3:'75,’/7,’8/9//10
& f R
& 1.6 7 ', ',' 7
= " :’ :' :’
£ 14 o
5 A AP
1.2 1
0 S ‘/ e s

0 4 8 12 16

t —

FIGURE 1.7 Step response for Butterworth low-pass filters; W, =1 rad/s, and step amplitude
is 1.
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For n = 0 we have:

Cy(@)=1 (1.20)

and for n = 1 we have:
C(@=0 (1.21)
Higher-order Chebyshev polynomials are obtained through the recursive formula
C,(=20C, (0)-C,_,(m) (1.22)

Thus, for n = 2, we obtain C,(®) as

C,(0)=20(0)-1=20%-1 (1.23)

In Table 1.8 are given Chebyshev polynomials of order up to n = 8.

Within the interval ‘0)‘ <1, |H( j(x))‘ oscillates about unity such that the maximum
value is 1 and the minimum is 1/ (1+¢€2). Outside this interval, C>(®) becomes very
large, so that as increases, a point will be reached where €2C?(®) >>1 and ‘H ( jw)‘
approaches zero very rapidly with further increase in w. Thus, we see that ‘H ( j(o)‘ in
Equation (1.17) is indeed a suitable approximation for the ideal low-pass characteristics.

Figure 1.8 shows a Chebyshev approximation to the ideal low-pass filter. We
see that within the passband 0 <w <1, |H( j(n)‘ ripples between the value 1 and
1/ (1+¢€?). The ripple height, or distance between maximum and minimum in the
passband, is given as

. 1
Rlpple =1- m (124)

TABLE 1.8
Chebyshev polynomials C, (®) = cos(ncos™ o)

n

1

w

2w? - 1

4w3 - 3w

8w* - 8w?2 + 1

16w’ - 20w 3 + 5w

32we- 48w4 + 18w?2 - 1

64w7 - 112w5 + 56w 3 - 7w
128w?8 - 256w + 160w * - 32w?2 + 1

00 NN N R WD = O
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[H(jw)|

1/(1 + )

0 1 [0}

FIGURE 1.8 Chebyshev approximation to low-pass filter.

At w =1, we have:

, I
H(jD|= R (1.25)

because C2(1) =1.
In the stopband, that is, for ‘u) >1
€2C%(m) >>1 so that

, as o increases, we reach a point ® » where

|H(jo)| = 0>0 (1.26)

1
eC, () b

The transfer function in dB is given as

A=20log|H(jo)

=—[20loge +201ogC, (@) ] (1.27)
For large », C,(®) can be approximated by its leading term 2"-'®", so that

A=—[20loge+20log2" ' |

=—[20loge+6(n—1)+20nlogo ] (1.28)

A few different Chebysheyv filter responses are shown in Figure 1.9 for various
values of n. Note that a filter of order n will have n-1 peaks or dips in the
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—_

—_

Magnitude
—
+
:‘

FIGURE 1.9 Examples of Chebyshev amplitude response: (a) 3-dB ripple, (b) expanded view
of passband region showing form of responses below cutoff frequency.

passband response. Note also that the nominal gain of the filter (K = 1) is equal
to the filter’s maximum passband gain. An odd-order Chebyshev will have a dc
gain to the nominal gain, with “dips” in the amplitude response curve to the ripple
value. An even-order Chebyshev will have its dc gain equal to the nominal filter
minus the ripple values; the ripple in this case increases the gain to the nominal
value.

The addition of a passband ripple as a parameter makes the specification process
for a Chebyshev filter more complicated than for a Butterworth filter, but also
increases flexibility, because passband ripple can be treated for cutoff slope.

Figure 1.10 shows the step response of 3-dB ripple Chebyshev filters of various
orders. As with the Butterworth filters, the higher-order filters ring more.

1.2

1.0

0.8
n=2 / 3/ 4
0.6 /
0.4 / / .
0.2 ‘ ‘

Normalize Step Response

t —»

FIGURE 1.10 Step response for Chebyshev low-pass filters; @, = 1 rad/s and step amplitude
is 1.



14 Active Filters: Theory and Design

1.3.3 Besset—-THOMSON FILTERS

So far, filters have been discussed mainly in terms of their amplitude responses,
which are plot of gain versus frequency. All these filters exhibit phase shift that
varies with frequency. This is an expected and normal characteristic of filters, but
in certain cases it can present problems. When a rectangular pulse is passed through
a Butterworth or Chebysheyv filter, overshoot or ringing will appear on the pulse at
the output. If this is undesirable, the Bessel-Thomson filter can be used.

Suppose a system transfer function is given by

H(s)=Ke™T (1.29)

where K is a positive real constant. Then, the frequency response of the system can
be expressed as

H(jo)= Ke=/°oT (1.30)
so that the amplitude response A(W) is a constant K, and the phase response
o(w) =—-0T (1.31)

is linear in w. The response of such a system to an excitation is
Vo (s) = KV, (s)eT (1.32)

so that the inverse transform v, () can be written as

Vo @)= 3_I{V() (S)}
vy () = Kv.(t = Tyu(t - T) (1.33)

We see that the response v,(¢) is simply the excitation delayed by a time 7, and
multiplied by a constant. Thus, no signal distortion results from transmission through
a system described by H(s) in Equation (1.29). We note further that the delay T can
be obtained by differentiating the phase response ¢(®) by w; that is,

do(®) _

delay = — T (1.34)

If ringing or overshoot must be avoided when pulses are filtered, the phase shift
between the input and output of a filter must be a linear function of frequency, i.e.,
the rate of change of the phase with respect to frequency must be constant. The net
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effect of a constant group delay in a filter is that all frequency components of a signal
transmitted through it are delayed by the same amount, i.e., there is no dispersion of
signals passing through the filter. Accordingly, because a pulse contains signals of
different frequencies, no dispersion takes place, i.e., its shape will be retained when
it is filtered by a network that has a linear phase response or constant group delay.
Just as the Butterworth filter is the best approximation to the ideal of “perfect
flatness of the amplitude response” in the filter passband, so the Bessel filter provides
the best approximation to the ideal of “perfect flatness of the group delay” in the
passband, because it has a maximally flat group delay response. However, this applies
only to low-pass filters because high-pass and band-pass Bessel filters do not have
the linear-phase property. Figure 1.11 compares the amplitude (a) and phase response

0
~—
\\
N Butterworth
-2
2 N
T 4
§ Bessel
g
%P -6
-8
-10 \ \
0.1 0.2 0.4 0.6 0.8 1.0 2.0
o)
(@)
0
\
-90
\Qessel
g 180 ~
i \<\ Butterworth ™~
< 270
é 360
_ ~_
~ |
—450
-540 1 )

FIGURE 1.11 Response of Butterworth and Bessel: (a) amplitude, (b) phase.
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Bessel Chebyshev 0.1 dB ripple
|
I
/ //K [~ Butterworth
2 4 6 8

10

FIGURE 1.12 Step response for Bessel low-pass filters; w, = 1 rad/s and input step amplitude

is 1.

of a Bessel filter with that of a Butterworth filter of the same order. Bessel step
response is plotted in Figure 1.12 for various values of .

To determine which basic filter is most suitable for a given application, it is
useful to have a side-by-side comparison of their amplitude, phase, and delay
characteristics. These characteristics are determined by the location, in the s plane,
of the n poles of H(s). Thus, the poles of a Butterworth filter lie on a semicircle in
the left-half s plane, those of a Chebyshev filter on an ellipse that becomes narrower
with increasing ripple, and those of a Bessel filter on a curve outside the Butterworth
semicircle. This is shown in Figure 1.13.

Bessel .

L,

,
\% -=27
g XX
. .
' " .

,
’
’

Im
Butterworth

’
’

5

Chebyshev

PP

'
'
I
1
1
1
]
'
xK
1
[
[l
[l
[}
)
)

Re

ST .

FIGURE 1.13 Comparison of pole location of Butterworth, Chebyshev, and Bessel filters.
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FIGURE 1.14 Magnitude characteristics of an elliptic LP with arbitrary € andn=2,4, and 5.

1.3.4 Evruetic orR CAUER FILTERS

Cauer filters, or elliptic filters, have ripples both in the passband and in the stopband
for an even sharper characteristic in the transition band. Consequently, they can
provide a given transition-band cutoff rate with an even lower-order n than Chebyshev
filters.
The elliptic filters give a sharp cutoff by adding notches in the stopband. These
cause the transfer function to drop at one or more frequencies in the stopband Figure 1.14.
The squared magnitude response is given by

]
\H(jQ)P=— 135
= e @) (1.35)

where € is the passband parameter and U, (€,L) is the nth-order Jacobian elliptic
function. The parameter L contains information about relative heights of ripples in
the passband and stopband.

1.4 WHY ACTIVE FILTERS?

An active filter is a network of passive R, C elements, and one or more active
elements. Its function is to simulate the action of the usual passive RLC filters. The
active element is usually one or more op-amps.

The single system parameter that dictates the filter technology is frequency.
Figure 1.15 illustrates the advantages of active filtering compared to passive tech-
niques as a function of frequency.

Active filters offer accuracy, stable tuning, and high immunity to electromagnetic
interference. The high input and low output impedance found in active filters allow
combinations of two or more stages without the interaction found in passive cascades.

Active filters function similar to simple, frequency-selective control systems; as
such, any desired filter characteristic can be generated from the interconnection of
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Well suited low cost
Moderate performance Y
Large inductors, poor tuning qualities
capacitors

Passive Filtering
Relative Performance

T T T T T
0.01 0.1 1 10 100 1K 10K 100K 1M 10M 100M f(Hz)

Excellent performance,

exellent tuning Require
. \ very high speed
Capacitors active elements
too large x

Active Filtering
Relative Performance

T T T T T
0.01 0.1 1 10 100 1K 10K 100K 1M 10M 100M f(Hz)

scale of the art

'

T T T T T T
0.01 0.1 1 10 100 1K 10K 100K 1M 10M 100M f(Hz)

\ Beyond present

Digital Filtering
Relative Performance

FIGURE 1.15 Comparing filter techniques.

integrators, inverter, summing amplifier, and lossy integrators. Efficient and low-
cost active filter design, therefore, depends on the realization of a desired transfer
function into a circuit that uses the fewest components while maintaining all per-
formance requirements. Numerous circuits have evolved to meet this objective. Some
of the more common are Sallen—Key, multifeedback, state-variable, and biquad.
Each circuit has been designed to optimize specific performance aspects. Some are
easily tuned, others use a minimum number of components, and still others feature
a fixed bandwidth. Most designers would rather not “reinvent the wheel”; however,
they would like to develop a basic engineering understanding of the operation,
advantages, and restrictions of each type of filter design.

Once the concept of the active filter as a frequency-selective control system is
understood, active filter analysis becomes straightforward. In the next chapters we
will present some basic active filter techniques. Several examples will be used to
show the trade-offs and guidelines of active filter design and op-amp selection.

1.5 PRACTICAL APPLICATIONS

Active filters find use in a wide variety of applications. Some of the more widely
recognized are described below.
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1.5.1 TONE SIGNALING

The “touch-tone” telephone systems use active filters to decode the dual tone gen-
erated at the telephone into the characters 0-9, “*”, and “#”.

1.5.2 BIOFEEDBACK

The four commonly recognized brainwaves, delta, theta, alpha, and beta, can be
segregated using active band-pass filtering techniques. Various graphical techniques
may be employed to monitor transitions between wave-ground as a response to
stimuli. Careful attention must be paid to the amplifier’s low-frequency noise char-
acteristic. The OP-07 (PMI) has the lowest noise of any monolithic op-amp.

1.5.3 INSTRUMENTATION

Applications of active filters to instrumentation is the most diverse of all fields. The
low-pass filter is often used as a signal conditioner or noise filter. Because low-pass
filters are designated to operate down to dc, low op-amp offset voltages, such as those
offered by the OP-07, are of prime importance. In harmonic distortion measurements,
notch or bandstop filters allow harmonic interference to be accurately determined.

1.5.4 DATA ACQUISITION SYSTEMS

The noise caused by input switches or high-speed logic is removed with low-pass
active filters. Signals reproduced from digital information through a digital-to-analog
converter often appear as staircases. In more extreme cases, because of limited
sampling, the reproduction appears at only a few discrete levels; however, sophisti-
cated filters can accurately reconstruct the input signal. Remote sensing, in noisy
environments, requires the noise-rejecting properties of simple active filters.

1.5.5 Aubio

Electronic music and audio equalizers use a large number of active filters. Synthesizers
combine various low-pass, high-pass, and bandpass functions to generate waveforms
that have spectral densities similar to orchestra instruments. Symmetrical positive and
negative slew rates make the OP-11 (PMI) well suited for audio applications.

1.5.6 LAB SIGNAL SOURCES

Because of the active filter characteristics, high-purity oscillators are easily designed
with very few components.

1.6 THE VOLTAGE-CONTROLLED VOLTAGE
SOURCE (VCVYS)

In many applications where a high-impedance source must be interfaced to a filter,
a noninverting VCVS op-amp filter may be used. Typical input impedances are
greater than tens of megaohms, and output impedances are typically less than a few
ohms. This, of course, depends on the amplifier being used.
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Vi
i T Ry TVo

FIGURE 1.16 A noninverting VCVS operational amplifier with resistive feedback.

For a circuit operating in the noninverting mode, for an ideal op-amp, we find
from figure 1.16, the gain K.
From node v,, we have:

~G,V, +(G, +G,)V, =0

R
V, = [1+2JV,.
Rl
V R
K="=1+"2 (1.36)
Vi R,

because V., =V, (for an ideal op-amp).

Generally speaking, the VCVS active filters are much easier to tune and are
adjustable over a wider range, without affecting the network parameters, than the
infinite gain topologies.
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2 Sallen—Key Filters

2.1 INTRODUCTION

There are many ways of constructing active filters. One general-purpose circuit that
is widely used is that of Sallen and Key. We refer to the Sallen and Key circuit as
a VCVS because it uses an op-amp and two resistors connected so as to constitute
a voltage-controlled voltage source (VCVS). Such a configuration offers good sta-
bility, requires a minimum number of elements, and has low impedance, which is
important for cascading filters with four or more poles.

2.2 FREQUENCY RESPONSE NORMALIZATION

Several parameters are used to characterize a filter’s performance. The most com-
monly specified parameter is frequency response. When given a frequency-response
specification, the designer must select a filter design that meets these requirements.
This is accomplished by transforming the required response to a normalized low-
pass specification having a cutoff of 1 rad/s. This normalized response is compared
with curves of normalized low-pass filters that also have a 1 rad/s cutoff. After a
satisfactory low-pass filter is determined from the curves, the tabulated normalized
element values of the chosen filter are transformed or denormalized to the final
design.

The basic for normalization of filters is the fact that a given filter’s response can
be scaled or shifted to a different frequency range by dividing the reactive elements
by a frequency-scaling factor (FSF). The FSF is the ratio of the desired cutoff
frequency of the active filter to the normalized cutoff frequency, i.e.:

FsF =1 2 21
(0]

n

= onf @1

The FSF must be a dimensionless number. So, both the numerator and denominator
of Equation (2.1) must be expressed in the same units, usually rad/s.

Frequency-scaling a filter has the effect of multiplying all points on the frequency
axis of the response curve by the FSF. Therefore, a normalized response curve can
be directly used to predict the attenuation of the denormalized filter.

Any linear active or passive network maintains its transfer function if all
resistors are multiplied by an impedance-scaling factor (ISF) and all capacitors
are divided by the same factor ISF. This occurs because the ISFs cancel one
another out in the transfer function. Impedance scaling can be mathematically

21
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22 Active Filters: Theory and Design

expressed as

R=ISFXR, (2.2)
C
C=-—= 2.3
ISF 2-3)

where R, and C, are the normalized values.
Frequency and impedance scaling are normally combined into one step rather
than performed sequentially. The denormalized values are then given by

R=ISFXR, (2.4)
c=— S 2.5)
ISF x FSF

2.3 FIRST-ORDER LOW-PASS FILTER

Figure 2.1 shows the first-order low-pass filter with noninverting gain K.
From this figure, we have:

node v,
-GV, +(G+sC)V,(s)=0
G
V(is)=——V,
=G
where

R
V, =KV, andK:1+;b \

a

KG
V.(s)=—V.
o(s) G+sC '
RV, =V,K

FIGURE 2.1 First-order LPF with gain K.
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Sallen-Key Filters

Hs)= Vi, (s) _ KG
Viis) G+sC
by KoL _ K
SHO LS
(’01
where
§=jO
1
and b=0,=——+
RC

o, =21 f, f; is the cutoff frequency of the filter.
For the normalized filter G, =1S (R, =1 Q).
Hence

2.3.1 FREQUENCY RESPONSE

From the transfer function, Equation (2.6), we have:

s
1. For — << 1, we have:
0‘)1

H(jo)=K

The slope is 0 dB/dec and
A=20log|H(jw)|=20logK dB

2. For S >>1
0)1

-1
. K ]
HG|=-g= K{mJ

o,

-1
A =20log|H(jo)|=20logK +20 log[wj =20logK —20 1og(
()

1

®
0)1

Jas

23

(2.6)

2.7

(2.8)

2.9)
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For 2 =10 \ slope =—20 dB/dec

,

For 2=2 .  slope=—6dBloct
(1)1

A=20logK—-20log10 dB=20logK —20 dB

3. Forizl
0‘)1
K
H(jo)=——
(jo) It
, K
|H(jo)| =

J2
A=201og%=201ogK—201ogJ5=2010gK—3 dB

Figure 2.2 shows the frequency response of the filter.

ExampLE 2.1
A first-order LP Butterworth filter must be designed with gain of 5 at a cutoff
frequency of 1 kHz.

Solution

From the Butterworth coefficients of Appendix C, we have (n = 1):
b =1, hence, from Equation (2.9), we have:

A
dB

20 log K ———=sszz---- . —20dB/dec = I

20 log K =3 |-===---==""""" or
ideal ' .. —6dB/oct
™~ / 20 dB
0.1f; h A log f

~— g decade co——
:

FIGURE 2.2 Frequency response of first-order LPF.
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20 + 11 |<—adecade—>|

; 2OIdB
PP -19-{ log f (kHz)
—20 dB/dec
20 F
(a) (b)

FIGURE 2.3 LP Butterworth filter, where f,= 1 kHz and K = 5 (14 dB).

Denormalization

ISF =104

FSF=20 22" _opyos
w, 1

C= €, = ! =159nF
ISFXFSF 2mx107

R=ISFxXR =10*x1Q=10kQ

R,=ISFXR, =10x1kQ=10kQ

R, = ISFXR,, =10x4 kQ =40 kQ

Figure 2.3 shows the designed filter with its frequency response.

2.4 FIRST-ORDER HIGH-PASS FILTER

Figure 2.4 shows the first-order high-pass filter with noninverting gain K.

K:1+&
R

a

For the node v,/K, we have:

—sCV, +(G+sC)%: 0

KsC  Ks  Ks
G+sC s+1 S+,

Vo _
H(s)= v (2.10)
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—o

R
T"o K=1+ Rb

a

FIGURE 2.4 First-order HPF with gain K.

where

-
RC

0, b

For the normalized filter C, = IF, ®,, = 1rad/s, hence

and for R, =1Q
R, =K-1

2.4.1 FREQUENCY RESPONSE

From Equation (2.10), we have:

K(s J
(,02
H(s)=— 2%
1+(S J
(1)2

From this transfer function, we have:

s
1. For —<<1
2

H(jo) = K[JO(;)J

2

A=20log|H(j) =20log K +20 log[m] dB
(O]

2

@2.11)

(2.12)

(2.13)

(2.14)
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For 2 =10 -  slope=20 dB/dec.
0,
()]

For —=2 slope =6 dB/oct.
0,

A=20logK +20 dB

2. For>>>1 .~ H(jo)=K \
w,

A=20log|H(jo)|=20logK dB

The slope is 0 dB/dec.
3. For— =1
O‘)Z
K K
H(jo)=—— =  |H(jo)=—=
I+ o= 7

A= 2010g%= 20log K —20log/2 = 20log K —3 dB

Figure 2.5 shows the frequency response of the filter.

ExAmMPLE 2.2

A first-order HP Butterworth filter must be designed with gain of 5 at a cutoff
frequency of 100 Hz.

Solution

From the Butterworth coefficients of Appendix C, we have (n = 1):
b =1, hence:

A

dB

20 log K
20log K= 3

dB

10f, logf(Hz)

20 dB/dec or 6 dB/oct

a decade—>| .

FIGURE 2.5 Frequency response of first-order HPF.



28 Active Filters: Theory and Design

-6 /<\ 100 1K 10 K log f (Hz)
L _10 ~ 20 dB/dec

(a) (b)

FIGURE 2.6 HP Butterworth filter, where f, = 100 Hz and K = 5 (14 dB).

Cc,=1F R =1Q

n

R,=1Q and R, ,=K-1=4Q

Denormalization

ISF =10*

FSFzﬁzzn—lfz:anlOO:ZOOn \
()]

n

— Cll J— 1
 ISEXFSF  2mx10°

=159.2 nF

R=ISFxR, =10*x1Q=10kQ
R, =ISFXR,, =10x1kQ

R, = ISFXR,, = 10x4 kQ = 40 kQ

Figure 2.6 shows the designed filter with its frequency response.

2.5 SECOND-ORDER FILTERS

In a passive RC network (Figure 2.7), the transfer function has poles that lie solely
on the negative real axis of the complex-frequency plane.

For the active elements, an ideal voltage amplifier can be used. And because the
device is ideal, its characteristics are a gain of K, zero phase shift, infinite input
impedance, and zero output impedance (Figure 2.7b). Adding the amplifier to the
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o ’\/1\3/1/\, —T_ ’\/I\?/%/\, —L o] e |+ K o]
vlT G T G —‘— Tv0 VIT TVO
[ . *—o0 [ o

FIGURE 2.7 (a) Passive RC network, (b) active device (op-amp).

RC network is best achieved in a feedback configuration, although there are several
ways to choose (Figure 2.8a).
From Figure 2.8a, for node v,, we have:

—iVi+ i+i+sCl V,—LVZ—SC,VO:O (2.15)
Rl R] RZ R2
node v,
1 1
——WV+| —+sC, |V,=0 (2.16)
R2 2
but
Vv
Vv, =-2 2.17
2T (2.17)
jo
C k=1|J k=2

(@) (b)

FIGURE 2.8 (a) An RC passive network and an op-amp are combined to form a general
active filter. (b) When the gain K is varied throughout the s-plane, the response with respect
to pole position is obtained.
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From Equations (2.16) and (2.17), we have:

LVlz L+SC2&
R, R, K
V

V. =(1+sR,C,)-2%
= szz)K

From Equations (2.15), (2.17), and (2.18), we have:

v,
(R + Ry + sRR,CV, = Ry =2 = sRR,C\Vy = Ry,

(14 sR,C,)(R, + R, + sRlecl)% -R, % —sRR,CV, =R,

R,[sR,R,C,C, +s(RC,+ RC, + R,C, — RC,K)+1V, = KRV,

H(s)—&— K
V. sRR,C,C,+s[C,(R +R,)+RC,(1-K)]+1
H(s) = L
as?+bs+1

where

a=RRCC, and b=C,(R+R,)+RC,(1-K)

which reduces to the transfer function of the RC network itself when K = 0.

The poles are

_ —b*+b*—4ac

2a

N

where

a=CC,RR,, b=CR(-K)+C,(R+R,), c=1

(2.18)

(2.19)

(2.20)

With C, = /42, C, = V212, R, =R, =1, and K =0, the poles are on the negative
real axis, one pole at -2.41 and the other at -0.414 (Figure 2.8b). As the value of
K increases, the poles move toward each other until, at K = 0.586, both poles
converge at -1. As K is increased further, the poles go different ways and follow
the circular paths of unit radius. At K = 2, the poles cross the jw axis at £j1. The
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behavior in the right half-plane for larger values of K is then analogous to that in
the left half-plane, with the right half-plane characteristics representing unstable
network behavior.

Of interest are the network characteristics at K = 1. In this case, the poles are
located at s =—0.707 % j 0.707, which is the same as that of a two-pole Butterworth

low-pass filter.

2.6  LOW-PASS FILTERS

The basic circuit of the VCVS low-pass filter is shown in Figure 2.9. From this
figure, we have:

K=1+ R,
R[,l
node v,
Yo
-GV, +(G, + G, +5C,)V, —GzF—SCZV0 =0 (2.21)
node v,(v,/K)
Yo
-GV, +(G,+ sCl)? =0 (2.22)
\
V= (G, +sC)V, (2.23)
KG,
C2

FIGURE 2.9 A second-order Sallen—-Key (VCVS) LPE.
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From Equations (2.21) and (2.23), we have:

G, +sC1)(I?é+G2 +5C)y % V. — s =G,
2

{s2C,C, +5[C,(G, + G,)+(1- K)C,G,1+G,G,}V, = KG,G,V,

K GIGZ

H(s)= i

G, G

24 Gi+G  (1-K)G, |, GG,
C1C2

Kb

H(s)=——2
() s2+as+b

where

and

G, C

ForR,=R,,=R,=1Q

and

2.6.1 FREQUENCY RESPONSE

From Equations (2.24) and (2.26), we have:

2
H) - Ko
4| GG 12KG, +w?
C2 Cl
H(s)= K

2
s )|, 1[G+G,  (1-K)G, | s |
0‘)1 (01 C2 C2 0‘)1

1

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)
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(2.30)

1. Forl— << 1,| we have:

H(jo)=K

The slope is 0 dB/dec and

A=20log|H(jo)|=20logK dB

2. For i>> 1,| we have:

-2

H(jo)|=z- X 2:1([‘”]
o
(“’J

o

(’01 1

-2
A =20log|H(jm)|=20logK =20logK —40log @ 4B
& (O]

For 2 =10 -  slope=—40 dB/dec
®,
()

For —=2 slope =—12 dB/oct
(’01

A=20logK —40 dB

3. For—=1

HGo)=—"— o~ |H(o)|="<

1+ J2

A= 201og%= 20log K — 201og~/2 = 201og K — 3 dB

Figure 2.10 shows the frequency response of the filter.


GPatsis
Rectangle

GPatsis
Rectangle

GPatsis
Rectangle

GPatsis
Rectangle


34 Active Filters: Theory and Design

A
dB 40 dB/dec

20log K 4 7
20 log K —3 oy —12 dB/oct

log f
dB

FIGURE 2.10 Frequency response of second-order LPF.

2.6.2 DESIGN PROCEDURE

First method
From Equation (2.28), we have:

C,=— (231

From Equations (2.30) and (2.29), we have:

2bcl+1;—K=a . 2bC?—aC,+1-K=0

1

Clzai\/az—Sb(K—l) 2.32)

4b

The capacitance C, could have two values that satisfy Equation (2.31) because plus
and minus signs appear outside the radical. However, we will use the plus sign on
the radical for our solutions to active filter design, hence:

C = a++a*>+8b(K-1) (2.33)

In = 4b

and from Equations (2.31) and (2.32), we have:

4

C. =
" a+\Ja>+8b(K 1)

(2.34)
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The radical in the foregoing equations must be positive, hence:

a2
K>1-— (2.35)
4b
For, Equation (2.33) becomes:
a
C = 2.36
1n 2b ( )

and from Equations (2.34) and (2.31), we have:

c, =2 (2.37)

n
a

ExampLE 2.3

A second-order low-pass Butterworth filter must be designed with gain 10 and
fi=1XkHz.

Solution

From Butterworth coefficients in Appendix C, for n = 2, we have:

la = 1414, b = 1.000

From Equation (2.33), we have:

1.414+./1.4142 +8
C = N X9 :1.41418.602:2'50413

: 4

and from Equation (2.31):

C,=— —0309F
2.504

Finally, we denormalize the resistance and capacitance values. We find the frequency-
normalizing factor FSF and the impedance-scaling factor ISF from Equations (2.4)
and (2.5), respectively.

ISF =10* and

FsF=2 20 _orq08
w, 1
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R=ISFXR,=10*x1 Q=10 kQ

C = Cu, = 2.504 C,=399nF
ISFxFSF 2mx107

C, = Gy = 0.399 C,=64nF
ISFxFSF 2mx107

R, =(K-DR,

For R,=1kQ . R,=9R, or R,=9kQ

a

The active filter circuit designed in the example is shown in Figure 2.11a and its
frequency response in Figure 2.11b.

10K 10K

Ry R,

@
30.00
20.00 =
,,,,,,,,,,,,,, N s s N
10.00
(=2 R A IR [ O I i O
o
= e e e 1T
- I SUELSEEE SRS Y A N I
0.00
-10.00 \
,,,,,,,,,,,,,, JEN N S ) A N ,,,,\,,
,,,,,,,,,,,,,, b N
—-20.00
100 1K 10K
Frequency in Hz
(b)

FIGURE 2.11 (a) The second-order Butterworth VCVS LPF, f; = 1 kHz, K = 10; (b) its
frequency response.
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ExampLE 2.4

A second-order LP Butterworth filter must be designed with gain 1 and f; = 750 Hz.

Solution

From the Butterworth coefficients in Appendix C, for n = 2, we have:
a=1414, b =1.000

From Equations (2.36) and (2.37) we have, respectively:

c =@ 1M 6007
2b 2
C, =—=L=1.414
1.414
Denormalization
ISF=10*

FSF:&ZZ”Tﬁzzano:Ls;rxlm
()

n

c., _ 0707

= = -=15nF
ISFXFSF 1.5mx10

c,= C,, _ 1.414 —30nF
ISFXFSF 1.5mx107

R=ISFXR, =10*x1Q =10 kQ

The final circuit looks like the one shown below in Figure 2.12a, with its frequency
response in Figure 2.12b.

ExAMPLE 2.5

Design a 300-Hz LP Chebyshev filter with gain 5 and ripple width 3 dB.

Solution

From Chebyshev 3-dB coefficients in Appendix C, we find:

a=0.645, b =0.708
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22.5n
| |
I
G
10K 10 K
St AA A e AAAY + LM741
Ry R J_ _
113 n
a]
(@)
10.00
0.00 ]
,,,,,,,,,,,,,, R e G O P A P B
 —10.00
L A S N A U AP N D
= it miie i il el et Al e il il 1171
6 ,,,,,,,,,,,,,, PR S A L N -
—-20.00
-30.00
,,,,,,,,,,,,,, JR R A i Y AP R ,,,,\,,
,,,,,,,,,,,,,, b N
—40.00
100 1K 10K
Frequency in Hz
(b)

FIGURE 2.12 A 750-Hz LP Butterworth VCVS (a); its frequency response (b).

Hence,

c - a+Ja>+8b(K—1) _ 0.645++/0.6452 +8x0.708 x4 194 F
! 4b 4x0.708 '

1 1 1

C,=—= - =0.734 F
bC, 0.708x1.924 1362

Denormalization

ISF =104

FSF:%:@:anwozmmc

n



Sallen-Key Filters 39

c, _ 194

= = =102 nF
ISFXFSF  6mx10°

co G _ 0734
2 ISFXFSF 6mx106

=389 nF

R=ISFxR =10*x1Q=10kQ

R,=(K-DR, .~ R=5kQ .~ R,=20kQ

Figure 2.13a shows the designed filter, with its frequency response in Figure 2.13b.

10K

Ry

20.00

T U

0.00

Gain dB

—10.00

—-20.00

-30.00

10 100 1K 10K
Frequency in Hz

(b)

FIGURE 2.13 (a) Second-order LP Chebyshev 3-db VCVS, f, = 300 Hz, K = 5; (b) its
frequency response.
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ExAMPLE 2.6

Design a 1-kHz Bessel filter with gain 10.

Solution

From_Bessel coefficients in Appendix C, we find:

la = 3.000, b = 3.000 |

Hence:
c-at a*+8b(K—1) 3++9+8x3x9 “15F
! 4b 4x3 '
1 1
C,=—+=——-=0222F
bC, 3x1.475
Denormalization
ISF =10*
0, 3
FSF=—=2nf,=2nx10
0,
= Ci, _ 1.4757 —93.8 nF
ISFXFSF 2mx10
C = C,, _ 0.2267 —35nF
ISFXFSF 2mnx10
For R, =2.2 kQ

R,=(K-1R, =9x2.2 kQ =20 kQ

Figure 2.14a shows the designed filter, with its phase response in Figure 2.14b.

|Second method (equal components)|

In this method

From Equation (2.31), we have:

(2.38)
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35n
Il
[l
C.
10K
R,
(@)
30.00 0.0
IR o 1 OO IO O AN R N B
™~
,,,,,,,,,,,,,, ,,,\,,,,, J D IS DR A AU NN S B I O
20.00 -36.0
EUQ 10.00 -72.0 &0
s [T B N A
S e T XU b
,,,,,,,,,,,,,, I N 3
0.00 -108.0 ~
-10.00 -144.0
,,,,,,,,,,,,,, S O IO N B NW B
,,,,,,,,,,,,,, R U A P O N A DR I e U
2000 BN R O Y I 7—180.0
100 1K 10K

Frequency in Hz

(b)

FIGURE 2.14 (a) Second-order LP Bessel filter, f;, = 1 kHz, K = 10; (b) its phase response.

and Equation (2.29), becomes

3K
=a
a
K=3--L (2.39)
Jb

We have an “equal component” VCVS low-pass filter, for a normalized cutoff
frequency of w, = 1 rad/s. However, we pay a premium for the convenience of having
equal resistors and capacitors. The passband gain will be fixed (Equation 2.39).
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ExampLE 2.7

Design a 1-kHz “equal-component” Butterworth low-pass filter.

Solution

From Butterworth coefficients of Appendix C, for n = 2, we find:

a=1414, b = 1.000

Hence:
a
K=3-—=3-1414=1.586
Jb
Denormalization
ISF =10*
— (’01 — — 3
FSF=—=2nf, =2nx10°
('On
Hence:

R=ISFXR, =10*x1Q=10 kQ
R,=ISFxR, =10*x1 Q=10 kQ
R,=(K-DR, =0.586x10 kQ=5.9 kQ

C= G, = 1 =159 nF
ISFXFSF 2mx107

Figure 2.15a shows the designed filter, with its frequency response in Figure 2.15b.

ExAmMPLE 2.8

Design a 1-kHz LP Chebyshev 1-dB “equal component” filter.

Solution

From Chebyshev 1-dB coefficients in Appendix C, we find:

a=1.098 and b = 1.103
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10K
Ry
10.00
0.00
o —10.00
(== S B - S B I
= el By - R el e e
K e St R I A I\ NG I A ) I
—-20.00
-30.00
,,,,,,,,,,,,,,, b e N
,,,,,,,,,,,,,,, - - -4- - i - - ,,,,,\
—40.00
100 1K 10K
Frequency in Hz
(b)

FIGURE 2.15 (a) Second-order LP Butterworth filter; (b) its frequency response.

Hence:
C, = L = ! =0950 F
b 1.103
K=3-% -3 108 _ 954
Jb 1.103
Denormalization
ISF =104

FSF =L =0 f = 2mx10°
o

n
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10K
Ry
@
10.00
bbb
0.00 \
o —10.00
g8 b R N () M\ R N O ) A
A S - X N,
I R T e e ) A N N O i o o
—-20.00
,,,,,,,,,,,,,, I A e N NN
-30.00
,,,,,,,,,,,,,, b NG
—40.00
100 1K 10K
Frequency in Hz
(b)

FIGURE 2.16 (a) Second-order LP Chebyshev 1-dB LPF; (b) its frequency response.

R=ISFxXR, =10*x1Q =10 kQ

= o = ! =159 nF
ISFXFSF 2mx107

R,=10kQ . R,=(K-DR, =0954x10* Q=9.54 kQ

Figure 2.16a shows the designed filter, and its frequency response is shown in Figure 2.16b.

2.7 HIGH-PASS FILTERS

Active high-pass filters can be derived directly from the normalized low-pass con-
figurations by a suitable transformation. To make the conversion, replace each
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resistor by a capacitor having the reciprocal value and vice versa as follows:

1
1
RHP = a (241)

It is important to recognize that only the resistors that are part of the low-pass RC
networks are transformed into capacitors by Equation (2.39). Feedback resistors that
strictly determine operational amplifier gain, such as R, and R,, in Figure 2.9, are
omitted from the transformation.

After the normalized low-pass configuration is transformed into a high-pass
filter, the circuit is frequency- and impedance-scaled in the same manner as in the
design of low-pass filters.

ExAmPLE 2.9

Design a 100-Hz HP Butterworth with gain 10.

Solution

From Butterworth coefficients in Appendix C, we have:

a=1414, b = 1.000

@ +\Ja>+8b(K—1)  1.414++/1.4142 +8x9

C, =2.504 F
4b 4
1 1
C,,=—=-——=039F
bC,, 2504
Hence:
R, —L:L=0.399 Q
C, 2504
=Ll osma
C,, 0399
¢,=¢C,=C =1F
Denormalization

ISF =10*
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FSF=22 —onf, = 2mx10°
(0]

n

c=c,=c=— S - 1 _i5004F
ISFXFSF~ 2mx106

R = ISFxR,, =10x0.399 kQ =3.99 kQ
R, = ISF X R,, =10x2.504 kQ = 25.04 kQ

R,=10(Q . R,=(K-DR,=9x10kQ=90 kQ

Figure 2.17a shows the designed filter, with its frequency response in Figure 2.17b.

159 n
|
|
C
(a)
40.00
20.00
o 000
- , n ERERIIE A
£ - - - St AT A
8 ,,,,, _ R 4 B O _ L 1 Y S oLl
-20.00
,,,,, ,,,,,,,/,,,,,, — - [ | I—— — - (- -] - - = — ] |-
,,,,, ,,,,,/,,,,,,,, - I I | IR I —— |- = — .
,,,,, BN 1 N o I o A
-40.00 ¥
-60.00
1 10 100 1K 10K

Frequency in Hz

(b)

FIGURE 2.17 (a) HP Butterworth filter, with f, = 100 Hz, K = 10; (b) frequency response.



Sallen-Key Filters 47

ExawmrLE 2.10
A second-order HP Chebyshev 0.5-dB filter must be designed with a gain of 1 at a
cutoff frequency of 100 Hz.
Solution
From Chebyshev 0.5-dB coefficients in Appendix C, we find:
a=1426and b = 1.516

a 1.426

C,=—=7—"--=0470F
2b 2x1.516
C,, =g=i=1.403 F
a 1.426
Hence:
" —Lz;zll% Q
¢, 0470
R,, ! :L:0.713Q
C,, 1403
Denormalization
ISF =10*

FSF=22=2nf, =2nx10?
(O]

n

c=C=c=— S - 1 _i505F
ISFXFSF~ 2mx10°

R =ISFXR, =10x2.126 kQ =21.3 kQ
R,=ISFXR,,=10x0.713kQ=7.1kQ

Figure 2.18a shows the designed filter, with its frequency response in Figure 2.18 b.

ExampLE 2.11

Design an HP Chebyshev 3-dB “equal component” filter at a cutoff frequency of 200 Hz.

Solution

From Chebyshev 3-dB coefficients in Appendix C, we find:
a =0.645, b = 0.708
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—| [} h LM741

10.00

0.00

—-10.00

Gain dB

000 AT NN N

-30.00 /

—40.00

10 100 1K
Frequency in Hz

(b)

FIGURE 2.18 (a) HP Chebyshev 0.5 dB, f,= 100 Hz, K = 1; (b) its frequency response.

(a) For a low-pass filter:

1
" Jb V0708
0

.645

a
b o708

=3-0.767=2.233

=r=1= 1 _osuE
C, 1.188
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Denormalization
ISF =10
_0, _ _ _ 2
FSF=—=2nf, =2nx200=41x10
(Dﬂ
¢, =C,=C G, 1 =79.6 nF

T ISFXFSF _ 4mx10
R =R,=R=ISFxR =10x0.841 Q=8.4 kQ

R =10kQ . R,=(K—DR,=(2.233-1)x10kQ

Figure 2.19a shows the designed filter, with its frequency response in Figure 2.19b.

20.00

10.00

0.00

Gain dB

—-10.00

-20.00

Frequency in Hz

(b)

FIGURE 2.19 (a) HP Chebyshev 3-dB, “equal component,” f, = 200 Hz; (b) its frequency response.
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2.8 HIGHER-ORDER FILTERS

In the preceding sections of this chapter we have considered the realization of second-
order filters using Sallen—Key circuits. Many filtering applications, however, require
filters of higher than second order, either to provide greater stopband attenuation and
sharper cutoff at the edge of the passband in the low-pass or high-pass case, or to
provide a broad passband with some special transmission characteristic in the band-
pass case. In this section we discuss some means of obtaining these higher-order
filters.

One of the simplest approaches to the realization of higher-order filters is to
factor the specified network function into quadratic factors, and realize each of these
by a separate circuit using the second-order realizations given in preceding sections.
Because these circuits all have an operational amplifier as an output element, their
output impedance is low (in theory, zero) and, thus, a simple cascade of such second-
order realizations may be made without interaction occurring between the individual
stages. As a result, the overall voltage transfer function is simply the product of the
individual transfer functions. An advantage of this approach is that each of the filters
may be tuned separately, a point of considerable practical importance when high-
order network functions are to be realized.

In the nth-order case, the general low-pass voltage transfer function is

Vo(s) K
Vi(s) s"+b,_s"'+...+bs+b,

H(s)= (2.42)

Such a function has a magnitude characteristic that decreases at the rate of 20n
dB/dec or 6n dB/oct outside the passband. If n is even, Equation (2.42) may be
written in the form

n/2
K.
Hs)=1 | V———— 243
) H s?+a,s+b, 249

and the individual quadratic functions K, /(s> +a;s+a,,) may be synthesized by
any of the second-order low-pass realizations given in the earlier sections. The
realizations may be individually impedance-normalized to provide convenient ele-
ment values. The constants K. are, of course, arbitrary, unless we want to realize K
exactly, in which case the product of the K;s must be equal K.

If n is odd, Equation (2.42) may be written as

n—1

2
H(s)= ! H K (2.44)

2
s+b s*+a,s+b,,

i=1

The quadratic factors are realized as before, and the first-order filter may be realized
by the circuit shown in Figure 2.1 with unity gain.
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Although it is theoretically possible to construct higher-order filters by cascading
the necessary filter sections in any order we like, we will cascade the sections in
the order of decreasing damping. This is the same as cascading the sections in the
order of increasing voltage gain.

Occasionally, the filter specification may include all the necessary information,
for example “design a fourth-order Butterworth low-pass filter with a 3-dB frequency
equal to 200 Hz,” but this would represent a rather trivial design exercise. It is much
more likely that the designer will be presented with a requirement for a filter whose
gain within the passband falls within a specified range, and whose gain in the
stopband is less than or equal to some other specified value. If the frequency limits
of the passband and the stopband are also given, the design can commence.

The following expression calculates the order n required for a Butterworth filter
to meet a given set of attenuation/frequency specifications:

1001 4min — 1
lg(l()—lj
A
h

n=

(2.45)
2log

When n has been determined, the attenuation in dB at £, can be found from the expression:

2n
A, =10log| 14 (10% Amax — 1)[?] dB (2.46)

1

Next, f,,; must be found. Note that f,,;, is the nominal cutoff frequency. f,;; can
be found from the expression:

100 1Amax — 1 (2.47)

100'3 _1 jl/Zn

f‘3dB:‘f1(

Consider a low-pass filter with f; =300 Hz, A, =1dB, f, =500 Hz, and A,;, =20 dB.

Hence
102 -1
o8| i
=5.82

2log 500
300

n =
Because n must be an integer, we take the next highest value, which is 6.

12
A =101c>g{1+(100-1 —1)(288] 1520.8 dB
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1003 — 1
1001 -1

1712
f3dB:3OO( ] =300x1.119 Hz=335.7 Hz

The order n for a Chebyshev low-pass filter can be found from the expression:

n= ln(x+7 V2 —1) (2.48)
In(y++y*-1

where

1091 4min — 1
x=, /7100“% - (2.49)

and

f
=25 2.50

The attenuation in dB of a Chebysheyv filter at any frequency f can be calculated from:

A(f)=101log{1+[v10%4mx —1 x0.5(e* + e~2)]?} 2.51)
where
z=nln i+ (sz -1 (2.52)
fi hi

Consider a low-pass Chebyshev filter with f, =1kHz, f, =3 kHz, A, =0.2 dB, and
A, = 50 dB. Hence

10°-1

X = 1002 =1456.65
In(1456.65++/2121834)
n= =4.53 n=>5
In(3++/8)

z=5In(3++9-1)=8.8137
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A(3kHz) = 10log {1+ [\10002 1 x 0.5(e5814 + ¢=5514)]2}
A(3 kHz)=57.3 dB

Another way to determine # is to use the nomographs in Appendix B. They are used
to determine the order n necessary to meet a given set of specifications. To use a
nomograph, A .., A .., and the ratio f/f; or f,/f, (for HPF) must be known. Draw a
straight line (1) from the desired value of A, through A . to the point of intersection
with the left edge, corresponding to f,/f, =1, of the nomograph. Then draw a vertical
line (2) corresponding to the desired value of f./f,. Finally, draw a horizontal line (3)
from the end of line (1) to line (2). The point of intersection of line (2) and line (3)
should be between two of the numbered nomograph curves, and the required order n
will be equal to the higher of the curves. Figure 2.20 illustrates the procedure.

ExampLE 2.12
Design an LP Butterworth filter to realize the following specifications: f; = 3 kHz,
fi=9kHz, A,,,=3dB,A,,=40dB, and K = 9.

Solution

From the Butterworth nomographs we find the order of the filter, n = 5. From the
Butterworth coefficients in Appendix C, we find:

First stage (first order)

b, =1, hence:

S
®)
— T

Sl

FIGURE 2.20 Example of nomograph use.
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Second stage (second order)

a=1618,b=1K,=JK =9 =3

hence:

C = 1.6184++/1.6182+8x2

= —1.483F
4

C, =L —0674F
1.483

R =R

1n m =

1 Q

Third stage (third order)

a=0618, b=1, K, =K =9 =3

/ 2
c, = 0.618++/0.6182+16 —1.166 F
4
G, = L =0.857F, R, =R, =1Q
1.166
Denormalization
ISF=10*
()
FSF=—L=2nf,=2nx3x10*=6mx103
O‘)n
First stage

R=ISFXR, =10*x1 Q=10 kQ

C= €, = ! =5.31nF
ISFXFSF  6mx107

Second stage

R =R,=R=ISFXR,=10*x1 Q=10 kQ
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co Cu 148 o L
ISFXFSF~ 6mx107

C= Cu 06T _ o0
ISFXFSF  6mx107

R,=10kQ .. R, =(K-DR,=2x10 kQ=20 kQ

Third stage

R =R,=R=ISFXR,=10*x1Q=10 kQ

C - C, _ 1.166 —62 nF
ISFxXFSF 6mx107

C,= Gy, = 0.857 =45 nF
ISFxFSF 6mx107

R, =10 kQ, R, =20 kQ
Figure 2.21a shows the designed filter, and its frequency response is shown in Figure 2.21b.

ExampLE 2.13

Design an HP Chebyshev 3-dB filter to realize the following specification: Gain 1,
f,=1kHz, f, =333 Hz, and A,,,, = 30 dB.

Solution

From the Chebyshev nomographs in Appendix B, we find n = 3. From Chebyshev
3-dB coefficients in Appendix C, we have:
First stage (first order)

b=0.299

10K

LM741

FIGURE 2.21 (a) LP Butterworth filter, n = 5, f; = 3 kHz, K = 9; (b) its frequency response.
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40.00

20.00

0.00 L B \7” 77777 L

Gain dB

—20.00

-40.00 \
~60.00 L RN
10

100 1K 10K 100 K
Frequency in Hz

(b)

FIGURE 2.21 (Continued)

Low-pass filter:

High-pass filter:

Second stage (second order)
a=0.299, b=0.839
Low-pass filter:

Chp= o 0178 F
2x0.839

S 6.689 F

C2n =
0.299

R =1Q
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High-pass filter:

1 1
R,=—=——=5618 Q
c, 0.178
1 1
R,=—=——=0150 Q
C,, 6.689

Denormalization
ISF =10*

FSF =22 =02n f, = 2mx10°
(O]

n

First stage

R=ISFxR, =10%x0.299 kQ=2.99 kQ

= €, = ! =159 nF
ISFXFSF 2mnx107

Second stage

R =ISFXR, =10x5.621 Q=562 kQ
R,=ISFxR,, =10x0.150 Q=1.5 kQ

C= G, = ! =159 nF
ISFXFSF  2mx107

Figure 2.22a shows the designed filter, and its frequency response is shown in Figure 2.22b.

15K
WWA
159n 159n | 159n
— LM741 — ——] LM741
3K 56.1 K

(a)

FIGURE 2.22 (a) HP Chebyshev 3-dB filter, f, = 1 kHz, K = 1; (b) its frequency response.
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0.00

—20.00

Gain dB

—40.00

—-60.00

—-80.00

100 K

Frequency in Hz

(b)
FIGURE 2.22 (Continued)

ExamrLE 2.14

Design an LP Bessel filter with the following characteristics: “equal component,”

third order, and cutoff frequency of 500 Hz.

Solution

From Bessel coefficients of Appendix C, we have:

First stage (first order)

b=2.322

C =l=#=0.431 F,
"b 2322

Second stage (second order)

a=3.678, b=6.459

Denormalization
ISF =10%

FSF =

@,
(Dn

R =

n

1 Q

or 3.8 dB

=2n f; =2nx500 =1 x10°
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First stage
R=ISFxR =10*x1 Q=10 kQ

C= €, = 0431 =13.7 nF
ISFXFSF mx107

Second stage
R=ISFxR =10*x1 Q=10 kQ

_ C, ~0.393
ISFXFSF mwx107

R,=10kQ . R =(K-DR,=0553x10 kQ=553 kQ

=12.5 nF

Figure 2.23a shows the designed filter, and its frequency response is shown in Figure 2.23b.

10K
LM741

13.7n

I

20.00 0.0

0.00 -54.0

—-20.00 -108.0

Gain dB
Phase Deg

—40.00 -162.0

—-60.00 -216.0

—-80.00 —270.0
100 1K 10K

Frequency in Hz

(b)

FIGURE 2.23 (a) Bessel filter, “equal component,” f; =500 Hz; (b) frequency and phase response.
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2.9 WIDE-BAND FILTERS

Very often, particularly in audio applications, it is desired to pass a wide band of
frequencies with relatively constant gain, as illustrated in Figure 2.24. Such a band-
pass response is said to be characteristic of a wide-band filter.

When the separation between the upper and the lower cutoff frequencies (f;, f,)
exceeds a ratio of approximately 2, the band-pass filter is considered a wide-band
filter. The specifications are then separated into individual low-pass and high-pass

requirements and met by a cascade of active low-pass filters having a cutoff fre-
quency of f; and a high-pass filter having a cutoff frequency of f,.

ExampLE 2.15

Design a 100-1000 Hz, Butterworth wide-band filter with the following specifica-
tions: A,,, = 3 dB, A,;, = 30 dB at f, = 40 Hz, and 2500 Hz, with K = 9.

Solution

(a) High-pass filter
ForA,, =3dB,A,, =30dB, f, = 100 Hz, and f,, = 40 Hz, we find n = 4 (f,/f,, =
100/40 = 2.5).
From the Butterworth coefficients in Appendix C, we find:
First stage

a=1.848, b=1.000
Kp=JK=19=3 . K=K ={3=1732
A

dB

20log K
20log K — 3

log f

FIGURE 2.24 Characteristic band-pass response of a wide-band filter.
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_ 1.848++/1.8482 +8x0.732

C, 1223 F
4
1
C,, =0.818 F
1.223
R =1 -1 _os180
c, 1223
R,=1 =1 _1230
c, 0818

Second stage (second order)

a=0.765, b=1.000

2
c - 0.765++/0.765> +8x0.732 _ 0.826 F
4
oy = L =1211F
0.826
R, =L=#=1.211 Q
C, 0.826
R, = L = b =0.826 Q
c,, 1211
Denormalization
ISF =10*
(’02
FSF=—==2nf,=21x100
O‘)n
First stage

R =ISFxR,=10*x0.818 Q=82 kQ

R,=ISFXR,, =10*x1.223 Q=12 kQ

c=C=Cc=— S - 1 _i50F
ISFXFSF ~ 2mx10°

R,=(K—-DR,=0.732x10kQ=7.3 kQ

61
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Second stage

R =ISFxR,,=10*x1.211 Q=12 kQ

1n

R,=ISFXR,, =10*x0.826 Q=82 kQ

€, ! =159 nF

T ISFXFSF _ 21x10

R,=10kQ . R,=73kQ

(b) Low-pass filter

For A,,,x =3 dB, A,;, = 30 dB, and f,/f; = 2500/1000 = 2.5, we find n = 4.
From the Butterworth coefficients in Appendix C, we find:

First stage

a=1.848, b=1.000
Kp=vK=9 - K=K, =3=1732

_1.848+ J1.848% +8x0.732

C, = =1223 F
4
C,, Ll o818 F
c, 1223
R,=R, =R =1Q
Second stage
a=0.765, b=1.000
2
c - 0.765++/0.765% +8 x 0.732 0826 F
4
1
C,=——=1211F
0.826

Denormalization

ISF=10%, FSF=0=2nf =2nx10%, ISFxFSF=2mx10’
(O]

n
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12K

159 n 159n

82K

159 n

40.00

20.00

0.00

Gain dB

—-20.00

—-40.00

—60.00

Frequency in Hz

(b)

FIGURE 2.25 (a) A 100-1000 Hz wide-band filter; (b) frequency response.
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First stage

R =R,=R=ISFXR,=10*x1 Q=10 kQ

C = Cu, = 1223 =19.5 nF
ISFxFSF 2mx107
c,- C,, _ 0.818 —13 nF
ISFxXFSF 2mx107
R,=10 kQ R,=(K-DR,=7.3 kQ

Second stage

R=R,=R=10*x1Q=10 kQ

C, _ 0826

C = = =13 nF
ISFXFSF 2mx107

c,= Cu 12 g5k
ISFXFSF  2mx107

R,=10kQ . R,=73kQ

Figure 2.25a shows the designed filter, and its frequency response is shown in
Figure 2.25b.

2.10 WIDE-BAND BAND-REJECT FILTERS

Wide-band band-reject filters can be designed by first separating the specification
into individual low-pass and high-pass requirements. Low-pass and high-pass filters
are then independently designed and combined by paralleling the inputs and sum-
ming both outputs to form the band-reject filter.

A wide-band approach is valid when the separation between cutoffs is an octave
or more so that minimum interaction occurs in the stopband when the outputs are
summed.

An inverting amplifier is used for summing and can also provide gain. Filters
can be combined using the configuration of Figure 2.26, where R is arbitrary and K
is the desired gain. The individual filters should have a low output impedance to
avoid loading by the summing resistors.

ExampLE 2.16

Design a band-reject Butterworth filter having 3-dB points at 100 and 400 Hz and
greater than 30 dB of attenuation between 180 and 222 Hz with gain 1.
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LPF KR

HPF

FIGURE 2.26 Block diagram of a wide-band band-reject filter.

Solution

Because the ratio of upper cutoff to lower is well in excess of an octave, a wide-
band approach can be used. First, separate the specification into individual low-pass
and high-pass requirements.

(a) Low-pass filter

A, =3dB, A, =30dB, f,/f=180/100=18

and from the Butterworth nomographs, we find n = 4.
First stage
From the Butterworth coefficients, for n = 4, we find:

a=1.848, b=1.000

c, =138 0024 F
2
C, =2 1082 F
1.848
R =1Q

Second stage

a=0.765, b=1.000

c, =279 0383 F
2
C, =2 =26l4 F
0.765
R=1Q

Denormalization

®

ISF=10%, FSF=—1=2nf =2nx10?

°

n
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First stage

R=ISFxR, =10*x1 Q=10 kQ

C = € _ 0924 40 0F
ISFXFSF 2mx10°

C,= Co _ 1082 10 R
ISFXFSF 2mx10°

Second stage

R=ISFxR, =10*x1 Q=10 kQ

co Cu _ 038 o o
ISFXFSF ~ 2mx10°

C= Cu _ 264 _ 0k
ISFXFSF ~ 2mx10°

(b) High-pass filter

For A, =3dB, A, =30dB, f,/f,=400/222=1.8, and from the Butterworth
nomographs, we find n = 4.

First stage

a=1.848, b=1.000

c, =138 0024 F
2
C, =2 1082 F
1.848
R=1 =1 _j0820
C, 0924
Ry=1 =L _0940
C,, 1.082
C,=1F

Second stage

a=0.765, b=1.000

C =0L265=0.378F

1n
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10K

10K 10K

10K

39.8n 39.8n 39.8n 39.8n

— LM741 — —— LM741

10.00

0.00

- -10.00
C R N T T
N R R
6 ,,,,,, RN R I A R S AN N S N

—-20.00

-30.00
4000 B B B LT

10 100 1K 10K
Frequency in Hz

(b)

FIGURE 2.27 (a) Wide-band band-reject filter; (b) its frequency response.
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Denormalization

ISF=10%, FSF="2=02nf =21x400=8mx102
()

n

= G, = ! =39.8 nF
ISFXFSF  8mx108

First stage

R =ISFXR,, =10*x1.088 Q=10.9 kQ

R, = ISFXR,, =10*x0.924 Q =9.2kQ

Second stage

R =ISFXR, =10 x2.614 Q=26.1 kQ

R,=ISFxR,, =10*x0.383 Q=38 kQ

Figure 2.27a shows the designed wide-band band-reject filter, and its frequency
response is shown in Figure 2.27b.

2.11 COMMENTS ON VCVS FILTERS
2.11.1 Low-Pass FiLTERS

1. In the case of multiple-stages (n > 2), the K parameter for each stage need
not to be the same.

2. For best performance, the input resistance of the op-amp should be at
least 10 times R,, =R+ R=2R.

3. Standard resistance values of 5% tolerance normally yield acceptable
results in the lower-order cases. For fifth and sixth orders, resistances of
2% tolerance probably should be used, and for seventh and eighth orders,
1% tolerances probably should be used.

4. In the case of capacitors, percentage tolerances should parallel those given
earlier for the resistors for best results. Because precision capacitors are
relatively expensive, it may be desirable to use capacitors of higher tol-
erances, in which case trimming is generally required. For lower orders
(n <£4), 10% tolerance capacitors are quite often satisfactory.

5. The gain of each stage of the filter is 1+ R,/R_, which can be adjusted to
the correct value by using a potentiometer in lieu of resistors R, and R,.
This is accomplished by connecting the center tap of the potentiometer
to the inverting input of the op-amp. These gain adjustments are very
useful in tuning the overall response of the filter.
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6. In the low-pass filter section, maximum gain peaking is very nearly equal
to Q at f,. So, as a rule of thumb:
(a) The op-amp bandwidth (BW) should be at least

BW=100xKxQ*%f, (Q=1/a)

For the real-pole section:

BW =50x f,
(b) For adequate full-power response, the slew rate (SR) of the op-amp must be

SR>mn XV,

Opp

X BWf

where BWf is the filter bandwidth.

ExampLE 2.17

A unity gain 20-kHz 5-pole Butterworth filter would require:

BW, =100x1x0.618°x20x103 =472 kHz
BW, =100x1x1.618*x20x10%=8.77 MHz
BW, =50x20x103=1 MHz

The worst case is 8.8-MHz op-amp BW.

SR>mnx20x20x10% V/s>1.3 V/us (for 20-V p-p output)

2.11.2 HigH-PAass FiLTERS

1. For multiple-stage filters (n > 2), the K parameter for each stage need not
be the same.

2. For best performance, the input resistance of the op-amp should be at
least 10 times R, = R,

3. Standard resistance values of 5% tolerance normally yield acceptable
results in the lower-order cases. For fifth and sixth orders, resistances of
2% tolerance probably should be used, and for seventh and eighth orders,
1% tolerance probably should be used.

4. 1In the case of capacitors, percentage tolerances should parallel those given
earlier for the resistors, for best results. Because precision capacitors are
relatively expensive, it may be desirable to use capacitors of higher tolerances,
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in which case trimming is generally required. In the case of the lower orders
(n £ 4), 10% tolerance capacitors are quite often satisfactory.

5. The gain of each stage of the filters is 1+ R, /R , which can be adjusted to
the corrected value by using a potentiometer in lieu of resistors R, and R,.
This is accomplished by connecting the center tap of the potentiometer
to the inverting input of the op-amp. These gain adjustments are very
useful in tuning the overall response of the filter.

PROBLEMS

2.1 Design an “equal component” Butterworth band-pass filter having 3 dB
at 300 and 3000 Hz and attenuation greater than 30 dB between 50 and
18,000 Hz.

2.2 Design an “equal component” Chebyshev 2-dB band-reject filter at 250
and 1500 Hz and attenuation greater than 30 dB between 500 and 750 Hz.

2.3 For the high-pass filter:

a. Find the transfer function.
b. Find the formulas for the normalized filter, i.e., C =1 F and w, = 1 rad/s.

Ry
YWWWA

C
| S e L I
R,

2.4 For the following narrow-band band-reject filter:

a. Find the transfer function.
b. Find the formulas of the normalized filter.
c. Design the filter for f, = 100 Hz and Q (1/a) = 5.
2.5 Design a Chebyshev 3-dB LPF with f; = 3000 Hz and attenuation 40 dB
at 10.5 kHz with gain 1.
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2.6 Design a Chebyshev 3-dB HPF with f, = 300 Hz and attenuation 40 dB
at 85.7 Hz with gain 1.

2.7 Design an “equal component” Butterworth LPF with 3 dB at 10 kHz and
50 dB at 35 kHz.

2.8 Design a Butterworth “equal component” HPF with 3 dB at 1 kHz and
50 dB at 285.7 kHz.

2.9 Design a Bessel filter with 3 dB at 1 kHz and 45 dB at 4 kHz, with unity
gain.

2.10 For the following filter:

a. Find the transfer function.
b. For R =R,=R=1Q, C,=C,=C=1F, find the formulas to design
the filter.



3 MultiFeedback Filters

In this chapter we present a different approach to the design of active filters, namely,
the use of the entire passive RC network to provide the feedback around the
operational amplifier. A general configuration for the second-order case is shown
in Figure 3.1. It is called a multifeedback infinite gain amplifier filter. The
resulting transfer function is an inverting one, i.e., the dc gain is negative. With
this configuration we can have a low-pass, a high-pass, and narrow-band band-pass
characteristic.

3.1 LOW-PASS FILTERS

The basic circuit of the second-order infinite gain MFB (multifeedback) low-pass
filter is shown in Figure 3.2. By using nodal analysis the transfer function can now
be solved. For an ideal op-amp we have:

node v,
-GV, +(G, +G, + G, +sC)V, -GV, -G,V,=0 3.1

node v,
-GV, + (G, +sC,)V, —sC,V, =0 (3.2)
V,=0 (3.3)

From Equations (3.3) and (3.2), we have:

5,

=~
G3

v, (3.4)

From Equations (3.1), (3.3), and (3.4), we have:

[ GG,
V. 5?2C,C, +5C,(G, + G, +G,) +G,G,
GIG3
CcC
H(s)=- =2 (3.5)
e G,+G,+G, o4 G,G,
Cl CICZ
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YZ
L&
Y, 5
p
Yl Y3
o—{ 1

FIGURE 3.1 General multifeedback infinite gain amplifier filter.

For s =0, we have:

K=H(O)=—i=—&

G, R,

Hence, Equation (3.5) can be written as
K
H(s)=—————
(5) s?+as+b
where
g G, +G,+G,
Cl
and
b=w?= G,G;
CICZ
RZ
AW
CZ
—f—
Ry | Rs
—O
shoaT f,
O L g - O

FIGURE 3.2 An infinite gain multifeedback low-pass filter.

(3.6)

3.7

(3.8)

(3.9)
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If we set

|R=R=R=1Q| (3.10)

from Equation (3.6), we have:
R, =K 3.11)

and from Equations (3.8) and (3.9), we have, respectively:

216, _, (3.12)
Cl
G oy (3.13)
CICZ
From Equations (3.11) and (3.6), we have:
2+ L
KR _,
Cl
2K +1
C = 3.14
! akK ( )
From Equations (3.11), (3.13), and (3.14), we have:
G, 1 1
C2 = —= =
bC, bR,C, bKC,
a
C,=——— 3.15
2 Q2K+Db (3.15)

ExamrLE 3.1

Design a second-order LP Butterworth filter with a gain of 10 at a cutoff frequency
of 1 kHz.

Solution

From the Butterworth coefficients in Appendix C, for n = 2, we find:

a=1414 b=1.000
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Hence,
2Kl 21 g5 E
akK 14.14
c, =4 1% 4067 F
Q2K +1b 21
Denormalization

ISF=10%, FSF=""L=2nf = 2mx10°
()

n

C 1.485

= =23.6 nF
ISFXFSF 2mx107
c :
c,= Cu 0067 ok
ISFXFSF  2nx107

R=ISFxR, =10*x1 Q=10 kQ
R, =KR=10x10* Q=100 kQ

Figure 3.3a shows the designed filter, and its frequency response is shown in
Figure 3.3b.

ExampLE 3.2
Design a second-order LP Chebyshev 3-dB filter with a gain of 1 and cutoff fre-
quency of 1 kHz.

Solution

From Chebyshev 3-dB coefficients in Appendix C, for n = 2, we find:
a=0.645 b=0.708
Hence,

R,=1Q,R, =KR, =1x1 Q=1Q

_2K*l 3 esiF
"TTaK | 0.645

C. = a _0.645
 (2K+Db  3x0.708

G

=0.304 F
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100 K

1.1n

10K 10K

23.6n LM318

40.00

20.00 =

0.00

Gain dB
z

-20.00

—40.00

—-60.00
10 100 1K 10K 100 K

Frequency in Hz

(b)

FIGURE 3.3 (a) Second-order LP Butterworth filter, f, = 1 kHz, K = 10; (b) its frequency
response.

Denormalization

ISF =10*

o _2nf,

FSF = =2nx103

R=ISFXR, =10*x1 Q=10 kQ
R,=ISFX R, =10*x1 Q=10 kQ
c_ C, _ 4651
' ISFXFSF 2mx107

c - C,, _ 0304
2 ISFXFSF 2mx107

=74 nF

=4.8 nF
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10K

4.8 n

10 K 10K

74n_ LM741

10.00

0.00 e \\
-10.00

—-20.00

Gain dB

30,00 —— R e h Rk R B S N

—-40.00
10 100 1K 10K

Frequency in Hz

(b)

FIGURE 3.4 (a) Second-order LP Chebyshev 3 dB filter, f, = 1 kHz, K = 1; (b) frequency
response; (c) its ripple.

Figure 3.4a shows the designed filter, with its frequency response in Figure 3.4b
[From mCap III].

3.2 HIGH-PASS FILTERS

High-pass filters can be derived directly from the normalized low-pass configurations
by suitable transformation, as in the case of Sallen—Key filters.

Figure 3.5 shows the high-pass MFB filter.

From Figure 3.5b, for the normalized HPF, we have:

C,=C,=C=1F (3.16)
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R, G
AMA I
c, UK
2
—F—s 1
R, Ry (o) Cy 1/C,
O—A—4—ANAN— L o—}—+— -
1Q 1Q 1F 1F
vl G T by, vt R % /¢, ty,
O L 4 ha [e; L 4 s
(a) (b)
FIGURE 3.5 LP- to HP-transformation.
b
K= oC, _ C
oG
oC,
C 1
C,=—1l=— 3.17
T Tk (3.17)

ExampLE 3.3

Design a second-order HP Butterworth filter with a gain of 5 and a cutoff frequency
of 100 Hz.

Solution

(a) Low-pass filter
From Butterworth coefficients of Appendix C, for n = 2, we have:

a=1414 b=1.000

Hence:

2Kl g
aK ~ 1414x5
a  _ 1414 _ oo o

Czn: =
QK+D)b  11x1
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(b) High-pass filter

R,=—=——>=0647 Q

C, 1556
1

R, =—= 7.752 Q
¢,, 0.129

Cln =C3n:Cn:l F
C

c,, ——”=i=0.2 F
K

Denormalization
ISF =104

FSF="2 =on f, =21 x10?
®

n

R =ISFXR, =10*x0.643 Q=64 kQ
R,=ISFxR,, =10*x7.752 Q=775 kQ

c=C=— G - 1 5054
P ISFXFSF~ 2mx10°
c, 02

C,= = .
ISF X FSF  2mx10

=31.8 nF

Figure 3.6a shows the designed filter, and its frequency response is shown in
Figure 3.6b.

ExampLE 3.4

Design a second-order HP Chebyshev 3-dB filter with a gain of 10 and a cutoff
frequency of 100 Hz.

Solution

From Chebyshev 3-dB coefficients of Appendix C, for n = 2, we have:

a=0645 b=0.708
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FIGURE 3.6 (a) Second-order HP Butterworth filter, f, = 100 Hz, K = 5; (b) frequency
response.

(a) Low-pass filter

2K+l 21
" aK  0.645x10

C. = a _0.645
O QK+Db  21x0.708

C =3.256 F

=0.043 F

(b) High-pass filter

Ro=1 =1 _0307 @
C, 3256

R = =1 _x0s510
c, 0043
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FIGURE 3.7 (a) Second-order HP Chebyshev 3 dB, f, = 100 Hz, K = 10; (b) frequency
response.

Denormalization

ISF=10%, FSF="2=2nf, = 2mx102
®

n

C
c=C=C=—n - 1 505 F
: ISFXFSF 2mx10
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c - C,, 01
> ISEFXFSF 2mx106

R =ISFxR, =10*x0307 Q=3.1 kQ

=15.9 nF

R, = ISF X R,, =10* x23.051 Q=231 kQ

Figure 3.7a shows the designed filter, and its frequency response is shown in Figure 3.7b.

3.3 HIGHER-ORDER FILTERS

We may obtain higher-order low-pass Butterworth, Chebyshev, or Bessel filters and
high-pass Butterworth or Chebysheyv filters by cascading two or more networks until
the order of filter that the designer desires is attained. With these configurations we
can have only (usually) even-order filters.

ExampLE 3.5

Design an LP Butterworth filter 3 dB at 1 kHz and attenuation 35 dB at 4 kHz with
a gain of 5.

Solution
From Butterworth nomographs for A, =3dB, A, =35dB, and f,/f, =4, we find
n =23, hence n =4 (only even number).
K, =K,=vJK =5=2236

From the Butterworth coefficients of Appendix C, we find:
First stage

a=1.848 b=1.000
Rln = R3n =1Q
R, =KR, =2.236x1 Q=2236 Q

C2K+1_ 2x2236+1 5472
" gk 1.848x2236 4.132

co._a 1.848 1848
2T QK+Db (2x2236+1)x1 5.472

=1.324 F

¢

=0338 F

Second stage

a=0.765 b=1.000
Rln = R3n :1 Q


GPatsis
Line

GPatsis
Line

GPatsis
Line

GPatsis
Line
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R

,, = KR, =2.236x1 Q=2236 Q

1n

C2K+1 2x2236+1 5472
" 4K 0.765%x2.236 1.711

co-_a _ 0765 0765
OQRK+Db (2x2236+1) 5472

C =3.199 F

=0.140 F

Denormalization
ISF =10*
@,
FSF =—-=2nf =2nx103
0)11
R =R, =ISFXR =10*x1Q=10 kQ
R, =ISFXR, =10%x2.236 Q=224 kQ
First stage
C = Cu, = 1.324 =21.1 nF
ISFXFSF  2nx107
C, = Ca, = 0.388 =54 nF
ISFXFSF  2mx107
Second stage
C = € = 3.199 =509 nF
ISF X FSF  2mx107
C,- G, _ 0.140 99 1F
ISFX FSF  2nx107

Figure 3.8a shows the designed filter, and its frequency response is shown in Figure 3.8b.

ExampLE 3.6

Design an HP Butterworth filter with the following specifications: 3 dB at 100 Hz
and attenuation 30 dB at 50 Hz, with a gain of 5.

Solution

From the Butterworth nomographs for A, =3 dB, A, =30 dB, and for
Hilf,, =100 /50 =2 we find n = 6.

K =K,=K,=K"=5"=171
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FIGURE 3.8 (a) Fourth-order LP Butterworth filter, f; = 1 kHz, K = 5; (b) frequency
response.

(a) Low-pass filter
First stage

a=1.932 b=1.000

C2K+1_ 2x171+1 4420

C = -
" gk 1.932x1.71  3.304

=1.338 F

a 1932

C,, = = =0437 F
QK+1)b 4420
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Second stage

a=1414 b=1.000

1,122K+1: 4.420 =4'420=1.828F
ak 1.414x1.71 2418

c, =4 144 30k
QK+Db 4.420
Third stage
a=0.518 b=1.000
c, = 2K+1 _ 4.420 —499 F
ak 0.518x1.71
c, =4 98 i
QK+Db 4420
(b) High-pass filter
First stage

R, = ELE =0.747 Q
c, 1338
oy = ! =;=2.288 Q
c,, 0437
Second stage
R, :L:L:0.547 Q
C, 1828
R,, —L=#=3.125 Q
c,, 0320
Third stage
1 1
R,=—=—-=0200 Q
C, 499
o = L: L 8.547 Q
C,, 0.177
¢,=C,=C =1F
C,, = <, =L= 0.585 F
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Denormalization

First stage

Second stage

Third stage

ISF =10%, FSF =22 = 2nf, = 2mx 102
()

n

C
=C, = - = ! =159 nF
° ISFXFSF 2mnx10¢
C .
C, = w0585 =93 nF
ISF x FSF 2mx10°

R =ISFXR, =10*x0.747 Q=7.5 kQ

R, = ISFX R, =10*x2.288 Q=229 kQ

R =ISFXR, =10*x0547 Q=55 kQ

R, =ISFXR,, =10 x3.125 Q=313 kQ

R =ISFXR, =10*x0.200 Q=2 kQ

R, = ISF X R,, =10* x8.547 Q=85.5 kQ

87

Figure 3.9a shows the designer filter, and its frequency response is shown in Figure 3.9b.

ExampLE 3.7

Design an HP Chebyshev with the following specifications: 2 dB at 500 Hz and
attenuation 40 dB at 200 Hz, with a gain of 1.

Solution

From the Chebyshev nomographs for A =2 dB, A, =40 dB, and f,/f,=
500/200=2.5, we find n=4.

(a) Low-pass filter
First stage

From Chebyshev 2-dB coefficients, we find:

a=0.506 b=0.222

2Kl 3 so6E
ak 0506

C. = a _0.506
O QK+Db 3x0.222

=0.760 F
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FIGURE 3.9 (a) Sixth-order HP Butterworth filter, f,= 100 Hz, K = 5; (b) frequency response.

Second stage

a=0.210 b=0.929

2Kl 3486 F
ak 0.210

=4 - 0210 5
QK+Db  3x0.929

(b) High-pass filter
First stage
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Second stage

R L_ 1
"oc, 14.286

n

=0.070 Q

R, =1 =1 _130m10
c,, 0075

n

31.8n 31.8n

132.7K

10.00
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FIGURE 3.10 (a) Fourth-order HP Chebyshev 2 dB, f, = 500 Hz, K = 1; (b) frequency
response.
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Denormalization

ISF =104, FSF = 2 = 2nf, = 2mx 500 = 1t x 10?
(O]

n

First stage

R =ISFxR, =10*x0.169 Q=1.7kQ

R, =ISFxXR, =10*x1316 Q=13.2kQ
Second stage

R =ISFxR, =10*x0.070 Q=0.7 kQ
R, = ISFxR,, =10* x13.271 Q=132.7 kQ

C 1
C=C,=C,= 1 = =31.8 nF
ISF X FSF  mx107

Figure 3.10a shows the designed filter, and its frequency response is shown in
Figure 3.10b.

3.4 BAND-PASS FILTERS

When the separation between the upper and lower cutoff frequencies exceeds a ratio
of approximately 2, the band-pass filter is considered a wide-band type of filter.
The specification is then separated into individual low-pass and high-pass require-
ments and met by a cascade of active low-pass and high-pass filters.

ExampLE 3.8

Design a Butterworth band-pass filter with the following specifications: 3 dB at 200
to 800 Hz and attenuation 20 dB below 50 Hz and above 3200 Hz, with gain 1.

Solution

Because the ratio of upper cutoff frequency to lower cutoff frequency is well in
excess of an octave, the design will be treated as a cascade of low-pass and high-
pass filters. The frequency response requirements can be restated as the following
set of individual low-pass and high-pass specifications:

High-pass filter ~ Low-pass filter
3 dB at 200 Hz 3 dB at 800 Hz
20 dB at 50 Hz 20 dB at 3200 Hz
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(a) Low-pass filter
From the Butterworth nomographs for A, =3dB, A, =50dB, and f/f, =
3200/800 =4, we find n = 2. From Butterworth coefficients, we have:

a=1414 b=1.000

Hence,
R
R,=1Q R, = '”:1=IQ
K 1
KL 3 s E
aK 1.414
c, =& M e
QK+Db 3
Denormalization

ISF=10%, FSF =21 =21 f =2nx800 = 1.6 x 103
O‘)n

R =R,=ISFXR, =10*x1 Q=10 kQ

C = Cu = 2.122 =422 nF
ISF X FSF 1.6mx 107
C .
C, = 2n = 0471 =94 nF
ISFx FSF  1.6mx107
(b) High-pass filter
R,=1 =1 _o4710
Cc, 2122
oy = L1 =2.122 Q
C,, 0471

Denormalization

ISF=10%, FSF = 2 = 21 f, = 27 x 200 = 4007
(O]

n

C
c=C=C=C=— 1 =1 _g96uF
: ISFX FSF 4mx 100




92 Active Filters: Theory and Design
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FIGURE 3.11 (a) Wide-band band-pass Butterworth filter 200 to 800 Hz, K = 1; (b) frequency
response.

R =ISFXR, =10*x0471 Q=47 kQ

R, =ISFXR,, =10*x2.122 Q=212 kQ

Figure 3.11a shows the designed filter, and its frequency response is shown in
Figure 3.11b.

3.4.1 NArRrow-BAND BAND-PAss FiLTER

The basic circuit of the second-order infinite gain MFB narrow-band band-pass filter
is shown in Figure 3.12. From this figure, we have:
node v,

—G,V,+(G, +G, +5C, +5C,)V, - sC,V, — sC,V, = 0 (3.18)
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FIGURE 3.12 Second-order multifeedback narrow-band band-pass filter.

node v,
—sC\V, +(sC, +G,)V, - G,V, =0 (3.19)
V,=0 (320)
From Equations (3.20) and (3.19), we have:

G
Vi=——2V 3.21
1 sC, 0 ( )

From Equations (3.18), (3.20), and (3.21), we have:

{GZ[GI +G,+5(C+C | SCZ}VO Gy
sC,

{1G,+G, +5(C,+C,)IG, +5°C,C, }V, ==sC,G Y,

[52C,C, +5(C, + C,)G, + (G, + G,)G, 1V, = —sC,G,V,

H(s)=Y0 =_ sC,Gy (3.22)
V., $2C,C,+5(C,+C,)G, + (G, +G,)G,
For C,=C,=C, we have:
H(s)=— sCG,
§2C* +25CG, + (G, +G,)G,
Gy (3.23)
H(s)=— ¢

2,26, G+G)G,
C C?
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Hence,
G,
Hs)=-——C—— (3.24)
52 +as+ o}
where
— (Gl + G3)G2
and
azi: 26, = 2 (3.26)
Q0 C RC
For s = jw,
1
K =H(jo,)=- c :_QCI
-2+ j—0,+ 03
k- € G __R 327
2G, C 2R,
3.4.1.1 Design Procedure
For C=1 F and from Equation (3.26), we have:
R, =20 (3.28)
and from Equation (3.27), we have:
0
R == 3.29
= (3.29)

From Equation (3.25), for ®, =1 rad/s, we have:
(G, +G,)G, =1

i_{_i:Rz
1 R3
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—=R,—— (3.30)

and from Equations (3.30), (3.28), and (3.29), we have:

1, K
R, 0
1 _20°-K
R, 0
R, = 0 (3.31)
T 20%-K
From the preceding relationship, we have:
202>K (3.32)
For K as a free parameter
K=20? (3.33)
hence
R, = (i.e., open circuit) (3.34)
3.4.1.2 Frequency Response
From the transfer function, Equation (3.23), we have:
G, G[]
5 0,C| ®
H(s)=- ¢ =- 0 0
52+ 2 5+ w3 s | 2G| s |,
, o,C{ o,
®,
H(s)=— (3.35)
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(1) For > <<1

0,
H(s)z—KO((;j H(j(oo):—KO(j(f)oJ

0 0

A=20 log‘H(ja)O)‘ =20logK, (03)]
0

A=20logK, +20 log(w]
(’0()

Hence, we have:
slope = 20 dB/dec

(2) For > >>1
®,

-1
H(jo) =K, (1;‘)]

0

-1
A=201log|H(jo)| = 20log K, [u‘fj

0

A=20logK, —20 log[m]

@,

Hence, the slope is —20 dB/dec.

(3) For > =1
0
H(joy=——2% __oKk, -k
1
0
K
K=y (3.36)

Figure 3.13 shows the frequency response of the filter.
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FIGURE 3.13 Frequency response of band-pass filter.

ExampLE 3.9

Design a narrow-band band-pass filter with f,= 1 kHz, O = 7, and K = 10.

Solution
2.7 _g70
K 10
R, =20=2x7=14 Q
R;, =  __ T _ T _pma
; 20°—-K 2x7*-10 98-10
Denormalization

ISF=10%, FSF=-"=2nf, =2mx103
0‘)0

C 1

= n = =15.92 nF
ISFxFSF 2mx107

R =ISFXR,=10*x0.7 Q=7 kQ
R,=ISFXR,, =10*x14 Q=140 kQ

Ry=ISFXR,, =10*x0.08 Q=800 Q
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FIGURE 3.14 (a) Band-pass filter, fy= 1 kHz, O = 7, K = 10; (b) frequency response.

Figure 3.14a shows the designed filter, and its frequency response is shown in
Figure 3.14b.

A much sharper band-pass filter may be obtained by cascading two or more
identical band-pass second-order filters. If Q, is the quality factor of a single stage
and there are n stages, the Q of the filter is expressed by the following equation:

9

Q:
Y21

(3.37)

The value of Q, and corresponding bandwidths are shown for n =1, 2, 3, 4, 5,
6, and 7 in Table 3.1, where BW, is the bandwidth of a filter with a single stage.

ExampLE 3.10

Design a narrow-band band-pass filter with f, = 1 kHz, Q = 10, and with gain as a
free parameter.
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TABLE 3.1
Bandwidth (BW) and Q for identical cascaded second-order
band-pass filter

n Q BW

1 0, BW,

2 1.5540, 0.664BW,
3 19610, 0.510BW,
4 2.2990, 0.435BW,
5 2.5930, 0.386BW,
6 2.8580, 0.350BW,
7 3.1000, 0.323BW,

Solution
K=20?=2x10%=200 or 46 dB
1
2210 _hs 0
K 200
R, =20=2x10=20 Q
Denormalization
ISF=10%, FSF="0=2nf, = 2mx10°
wn

Hence,

= C, = ! =15.9 nF
ISF X FSF  2mx107

R =ISFXR, =10*x0.05 Q=05 kQ

R, =ISFXR,, =10*x20 Q=200 kQ

Figure 3.15a shows the designed filter, and its frequency response is shown in Fig-
ure 3.15b.

ExampLE 3.11

Design a sixth-order (three-pole) narrow-band band-pass filter with f;= 750 Hz,
Q =853, and K = 6.
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FIGURE 3.15 (a) Band-pass filter, fy = 1 kHz, Q = 10, K: free parameter; (b) frequency
response.

Solution

We will use three identical stages.

0,=0510, Q=0.510x8.53=435
K, =K' =6"3 =182

=228 h390
K, 182

R, =20=2x435 Q=87 Q

R;, = e . 435 = 433 _ 435 =0.121 Q
U202 - K, 2x4352-182 37.845-182 36.025
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Denormalization

ISF=10%, FSF =20 =2 f, = 2mx750 = 1.5wx 10}
()

n

€, ! =21.2 nF

T ISFXFSF _ 1.51x107
R =ISFXR, =10*x2.39 Q=239 kQ

R,=ISFXR,,=10*x8.7 Q=87 kQ
R,=ISFXR, =10*x0.121 Q=121 kQ
Figure 3.16a shows the designed filter, and its frequency response is shown in

Figure 3.16b.

212n 212n 212n

87 K

24 K 21.2n

121K LM741 121K LM741 121K LM741

40.00

,,,,, R JC1EEE LI
0.00 — /& 77777 —

I O I A :Z:ﬁﬁ&’\::::::::ﬁ: 111
~40.00 — 1T T T T

~80.00 X

Gain dB
A
/S
i

A
|
I
|
|
|
i
i
i

—-120.00

N
N
,\5

—-160.00
10 100 1K 10K 100 K

Frequency in Hz

(b)

FIGURE 3.16 (a) Sixth-order band-pass filter, f; = 750 Hz, Q = 8.53, K = 6; (b) frequency
response.
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3.4.2 NArRrROW-BAND BAND-PAss FiLTER wiTH Two Opr-AMps

A high-Q band-pass filter cannot be designed with a single op-amp. A circuit
using two op-amps, which can obtain Q values of around 50, is the circuit shown
in Figure 3.17.

From this figure, we have:

node v,
—GV.+(G+G,+ G, +2sC)V, —sCV, —sCV,, - G,V, =0 (3.38)
node v,
—sCV,+(G+sC)V, -GV, =0 (3.39)
1%
Vy =2 3.40
= (3.40)
K= Ry (3.41)
Rl
V,=0 (3.42)

From Equations (3.39), (3.40), and (3.42), we have:

G
V=—"-2V 3.43
' sCcK ( )

From Equations (3.38), (3.40), (3.42), and (3.43), we have:

R,
MW
C
I
[
R R,
p
R v C v, R
o—AM—e—] Vo1 3
—O
WR
TVO
o * . - . o

FIGURE 3.17 A second-order band-pass filter with two op-amps.
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G sC
(G+G,+G, +2sC)SC—KVO +?V0 -G,V, =GV,

[G(G +G, +G, +25C) + 5°C? — sCG,K]V, = sCGKV,

His)= & _ sCGK
V. §2C*+(2G-KG,)sC+G(G+G, +G,)
KG
c*
H(s)=
E 2G - KG, N G(G+G,+G,)
C2
KG
¢
HO=""6-kG, .
§2 4+ ——"5+ 0}
where
G(G+G,+G,)
2= —C21 = (3.44)
Hence,
0,C\ o
H(s)= . 0 0
s 2G-KG, | s
— — |+1
o, 0,C ,
KG s
H(s)= 0,C\ o,
s)= > (3.45)
— | +—= — |+l
(D() Q 0‘)()
where
a= L_2G-KG, (3.46)
0 o,C
For s = jo,, we have:
i KG
Ko = H(j(l)o) = (l)olc = KOG = KG . (DOC
o, o,C 26-KG,

14 j—+1
0
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104
K, = __ kG (3.47)
2G-KG,
From Equation (3.46), we have:
KG, =26 - 2
0
K_2_of
R, R Q0
, = __KOorR (3.48)
20 -, RC
We put
®,RC =40 (3.49)
From Equations (3.48) and (3.49), we have:
KOR KOR
R2 = =
200 Jo 20,
Jo
K\/ER (3.50)

Rzzz\/é—l

From Equation (3.44), we have:
11 1 1
(@,CP == —+—+—
R\R R R,

((DOC)ZR=l+L+L
R R R

1 _eRC-1_ 1
R, R R,

1 _eRC*-1_2J0-1
R, R KR\/E

L_1 (3.51)

2 1
R—R[Q‘I‘HK@]

1
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3.4.2.1 Design Procedure

For w, =1 rad/s (normalized), we accept
C,=1F, R, =1Q (3.52)

From Equation (3.49), we have:

R=.J0 (3.53)
11 21
Rl—R[Q—l—K+K\/§] (3.54)
J— (3.55)
2J0-1

ExampLE 3.12

Design a second-order narrow-band BPF with two op-amps with a center frequency
of 1 kHz, Q =40, and K = 5.

Solution
R, =0 =40=6325 Q
R, =1Q
R,=K=5Q
- 5V40 x6.325 _ 200 _ 7 o
2x6.325—-1 11.65
SELD S 7 P DU N S PR
R, 6325 5 5x6.325
Denormalization

ISF=10%, FSF =20 =onf =21 x10°
(O]

n

R=ISFXR, =10*x6325 Q=63.3 kQ
R =ISFXR, =10*x0.164 Q=164 kQ

R, = ISFX R, =10*x172 Q=172 kQ
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Ry=ISFX Ry, =10*x1 Q=10 kQ

R,=ISFXR, =10*x5 Q=50 kQ

K, = KG _ KR - 5633=31.3 or 299 dB
2-k%2 -k 2-5222
G R, 172

1

=m=1592 nF
T

Figure 3.18 shows the designed filter with its frequency response.

40.00

20.00

0.00
,,,,, LT T AT NG L

Gain dB
N\

—20.00

—40.00 S

—-60.00
10 100 1K 10K 100 K

Frequency in Hz

(b)

FIGURE 3.18 (a) Second-order narrow-band BPF, f, = 1 kHz, Q = 40, K = 5; (b) frequency
response.
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3.4.3 DeLIYANNIS’s BAND-PAss FILTER

The active filter shown in Figure 3.12 appears to be a good filter for Q <10. Deliy-
annis has proposed the band-pass filter shown in Figure 3.19 in which the Q value
can be very large.

From this figure, we have:

node v,
1 1
——V.+| =+2sC |V,-sCV, —sCV,=0 (3.56)
R R
node v,
1 1
—sCV,+| —+sC |V,——V,=0 (3.57)
kR kR
node v;
V. —LV =BV, (3.58)
URAR, T '
where
R
R __ T ! (3.59)

"R +R, r+Mr 1+M

For an ideal op-amp, we have:

V,-V,=0
V,=V, =BV, (3.60)
C
{
kR
R C
V1_| D .
R,

Vi v ”
1 s ty
R,S>r
o % o

FIGURE 3.19 Deliyannis’s band-pass filter.
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From Equations (3.60) and (3.57), we have:

sCV, = i-i—sC BV, —LV
bR * kR

_ (1+skRO)B-1

V, V,
! skRC 0
v, =_%% (3.61)
S

From Equations (3.59) and (3.56), we have:

_ (1-PB)—BkRCs

- RC }VO — SRCBV, — sRCV,, =V,

a+ 2sRC){

{(14+2sRC)[(1- B) — BkRCs] + s> R>C2kB + s>R2C?k}V, = sRCKV,
[(1—B) — BkRCs +2(1— B)RCs — s>R*C?k3 + s>R>C?k]V, = —sRCkV,

Hes)= v, skRC
TV, s2R2C%(1-B)+ RC[2(1-B) - kBls +(1—B)

S
_(1-P)RC
 20-B)-Bk 1
(1-P)kRC = kR2C?

H(s)=

S
(I-B)RC
H(s)= (3.62)
@ 2A=P =Bl
(1-BkRC

where

0= — (3.63)
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Hence
_I[SJ
H(s) = : (l—B)wORC ®,
BE=n%
®, (1-P)kRCw, \ o,
oo
H(s) = 1P @RCL 0 (3.64)
) ale)
|+ = = |+1
, o\ o,
where
_ (I-BkRCa, 365
¢ 2(1-B) - Bk (369

It is important that Equation (3.65) be well understood. In particular, note that
when 2(1-) =B k. the denominator goes to zero, and Q* becomes infinite, which
means that the filter oscillates. Thus, given a value of k, which sets f, and the
minimum Q, we can find the value of B that will give the maximum Q. From
Equation (3.65) we can find:

2
== 3.66
From Equation (3.59), we have:
B=—! (3.67)
1+M ’

and from Equations (3.67) and (3.65), we have:

e

1+ M
0= 1 1
21— - k
1+M ) 1+M

_ Mk
Q_ZM—k

* This technique is frequently referred to as Q enhancement.
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kQ
M= _ 3.68
20k (:68)

From Equation (3.65), we have:

2(1-B)Q - BkQ = (1- Pk

20—k
T 0 r0 Tk 3.69
20+k0Q -k (3.69)
For s = jo,, Equation (3.64) becomes:

K= H(joy) = PR (ZDORE (za_ﬁza?fsk

—1+j—+1 = 2(1-P)-Pk

Q (1-B)kRCa,

k

K== sk 3.70
2(1-B) - Bk (3.70)

If we desire unity passband gain (K = 1), as is often reasonable, we have to attenuate
the input signal by a factor of 1/K. Here, we will be looking for an attenuator formed
from resistors R, and R;, as shown in Figure 3.20.

Hence,

1__ & (3.71)
K R+R,
o
|1
I
kR
]
R =R o
o—AWN—e—] .
R,
R
V‘T 3? " Tvo
R, Sr
O *- O

FIGURE 3.20 Deliyannis’s band-pass filter with attenuator input R,, R;.
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R= RR, (3.72)
R +R,
From these equations, we have:
R =KR (3.73)
KR
R, = . 3.74
S (3.74)
3.4.3.1 Design Procedure
For , =1 rad/s and C =1 F, from Equation (3.63), we have:
1
R=—7 (3.75)
Jk

Choose k to be a number that is a perfect square for convenience of calculation
(e.g.. 4,9, 16,..., 100, 121,...).

From Equation (3.68) calculate M.

Select resistors R, =r and R, = Mr such that their sum is greater than 20 KQ
and less than 200 KQ.

If the passband gain K is not going to be a problem, leave out R, and
make R, = R. However, if you want to ensure unity passband gain, calculate K from
Equations (3.70), (3.67), and (3.68), i.e.,

k k

K= =
2-P-Bk L, 1 )k
1+ M 1+ M
oo k+M)
2M -k
kQ 20—k +kQ
k| 1+ ——— o NPT Y
K_[ 2Q—JE]= 20-k
20 2kQ-2kQ—kvk
20—k 20—k
kQ
20-Vk)| 1+——
2Q—J%+kQ_(Q I)[UQ—\/E]

K=

oo Vi
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_ 1m0k _1+M (20-kkQ

K
Jk Jk kQ
:1+M'@
Jk M
- Q0+ MWk (3.76)

M

ExamrLE 3.13

Design a filter with f,= 200 Hz and Q = 12.

Solution
We accept k =25 (\/E =5).

R =i=1=o.200 Q

n \/E 5
o MO _25x12_300 _ g
20—k 24-5 19
00+ MWk _12x168x5
M 15.8

R, = KR, =63.8x0200=12.8 Q

K =63.8 or 36 dB

R, =kR, =25x0200=5 Q

KR, 63.8x0.2

R, =—n = ~0.203 Q
WS K_1 6381

r=1Q . Mr,=158 Q

Denormalization
2
ISF =10, FSF:&:anO:ZRXZOO:MLXIOZ
O)ﬂ
C, L 796 nF

C= =
ISFXFSF  4mx10°
R=ISFXR,=10*x02 Q=2 kQ

R =ISFXR, =10*x12.8 Q=128 kQ

R, =ISFX R, =10*x5 Q=50 kQ
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0.00

—-10.00 /

. /\ I

—-30.00

Gain DB
™

—40.00

—-50.00

10 100 1K 10K

Frequency in Hz

(b)

FIGURE 3.21 (a) Deliyannis’s band-pass filter, f,= 200 Hz, Q = 12, K = 1; (b) frequency
response.

Ry=ISFx R,, =10*x0.203 Q=2 kQ
r=ISFxr,=10*x1Q=10 kQ

Mr =ISF X Mr, =10* x15.8 Q=158 kQ

Figure 3.21a shows the designed filter for K = 1, and its frequency response is shown
in Figure 3.21b.

Figure 3.22a shows the designed filter with K as a free parameter, and its
frequency response is shown in Figure 3.22b.
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79.6 n
50K
2K
60.00
40.00

. A

g 000 B 1 760 I
S ””” ”””””’;// ””” ”””\<” ””” 1T
© Lo ,,,,,,,,yz, ,,,,,, PRSI [ S . N A A U, PR U R S
©) | N
0.00
,,,,,, 5= S U 1 N O 1~ QN OO I A
et I 0 B B R B S B S B D S I A
,,,,,, N DU S A iy N S P S A . ,,,,,,,,,,,,>\§,
™~
—-20.00 S
—40.00
10 100 1K 10K
Frequency in Hz

(b)

FIGURE 3.22 (a) Deliyannis’s band-pass filter, f, = 200 Hz, Q = 12, K: free parameter;
(b) frequency response.

3.5 BAND-REJECT FILTERS
3.5.1 WIipe-BAND BAND-REJECT FILTERS

Wide-band band-reject filters can be designed by first separating the specification
into individual low-pass and high-pass requirements. Low-pass and high-pass filters
are then independently designed and combined by paralleling the inputs and sum-
ming both outputs to form the band-reject filters.

A wide-band approach is valid when the separation between cutoffs is an octave
or more for all-pole filters so that minimum interaction occurs in the stopband when
the outputs are summed (Figure 3.23).
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LPF KR

HPF

FIGURE 3.23 Wide-band band-reject filters.

ExamrLE 3.14

Design a wide-band band-reject Butterworth filter having 3 dB at 300 and 900 Hz
and greater than 40 dB of attenuation between 750 and 360 Hz, respectively, with
a gain of 1.

Solution

As the ratio of upper cutoff to lower cutoff is well in excess of an octave, a wide-
band approach can be used. First, separate the specification into individual low-pass
and high-pass requirements.

Low-pass High-pass
3 dB at 300 Hz 3 dB at 900 Hz
40 dB at 750 Hz 40 dB at 360 Hz

(a) Low-pass filter

From the Butterworth nomographs for A, =3 dB, A , =40 dB, and f/f, =750/
300 =2.5, we have n = 5; hence, n=6 (only even order).

First stage

From the Butterworth coefficients of Appendix C, we find

a=1.932 b=1.000
R,=R, =R,,=1Q (K=1)

c 2Kl 3 _ss3E
ek 1932
a 199 ;64

Czn = =
Q2K+Db 3
Second stage
a=1414 b =1.000

3
" 1.414

C, =%=0.471 F

n

C =2.122 F
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Third stage
a=0.518 b=1.000
3
C,=———-=5792 F
0.518
C,, =28 0173 F
3
Denormalization
ISF =10, FSF =L =21t = 210 x 300 = 67 x 102
wn
R =R,=R,=ISFxXR,=10*x1 Q=10 kQ
First stage
C = Cu, = 1.553 =82.4 nF
ISF X FSF  6mx10°
C, = G, = 0.644 =342 nF
ISF X FSF  6mx10°
Second stage
C = G, = 2.122 =112.6 nF
ISF X FSF  6mx10°
C,- G, _ 0471 _ 25 nF
ISFXFSF  6mx10°
Third stage
C = G, = 5.792 =307.3 nF
ISFXFSF  6mx10°
C,- C,, _ 0.173 —92 nF
ISF X FSF  6mx10°

(b) High-pass filter
From the Butterworth nomographs for A, =3 dB, A, =40 dB, and f,/f, =
900/360 = 2.5, we have n = 5; hence, n=06.

C,=C, =C, =1F (K=1)

1n

From the preceding low-pass filter, we have:
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First stage

R, = ! = L =0.644 Q
C, 1553
oy = ! =;=1.553 Q
C,, 0.644
Second stage
" L =0.471 Q
C, 2122
oy = ! ;:2.122 Q
c,, 0471
Third stage
R, =L=;= 0.173 Q
C, 579
o = ! =;=5.792 Q
C,, 0.173
Denormalization

ISF =104, FSF =22 =2nf, = 21 x900 = 1.8 x10°
®

n

C,=C,=C,= &% 1 7
ISFXFSF 1.8mx107

First stage

R =ISFXR, =10*x0.644 Q=64 kQ
R,=ISFXR,,=10*x1.553 Q=155 kQ

Second stage

R =ISFXR, =10*x0471 Q=47 kQ

R, =ISFXR,, =10*x2.122 Q=212 kQ

117
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FIGURE 3.24 (Continued)

Third stage

R = ISFXR, =10*x0.173 Q=17 kQ

R, = ISFXR,, =10*x5.792 Q=57.9 kQ

119

Figure 3.24a shows the designed filter, and its frequency response is shown in Figure

3.24b.

3.5.2 NArRrRoOw-BAND BAND-REJECT FILTER

The circuit of Figure 3.25 is a narrow-band band-reject or notch filter. Undesired
frequencies are attenuated in the stopband. For example, it may be necessary to
attenuate 50 Hz, 60 Hz, or 400 Hz noise signals induced in a circuit by motor

generators.
From this figure, we have:
node v,
1 1
—V.+| —+5C, +5C, |V, =sC,V,—sC\V, =0
Rl Rl
node v,

1 1
—SC2+[R+SC2JV2—R2VO =0

(3.77)

(3.78)



120 Active Filters: Theory and Design

FIGURE 3.25 Narrow-band band-reject or notch filter.

node v;
=ty by,
R,+R,
where
b= R,
R,+R,

From Equation (3.78), we have:

For an ideal op-amp, we have:

V,=V,=bV,

From Equations (3.81), (3.82), and (3.77), we have:

(1+5R,C, + sR,C,)V, — sR,C,V, = sR.C\V, =V,

bV.(1+sR,C,)  V,
sR,C, sR,C,

(+sRC, + stCZ){

(I1+sRC, +sRC, +s*R R,C,C,)V, = (b—sR,C, + sbR,C, + sbR,C,

+52R,R,C,C, + sbR,R,)V,

:|_ sRC,bV, = sR,C\V,, =V,

(3.79)

(3.80)

(3.81)

(3.82)
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H(s)=-% : (3.83)
v, 52+ RR,C,C, +sR,(C,+C,)+1
If we put
) 1
O = RRCC, (3.84)
1212
and
0=— (3.85)
®,R,(C,+C,) '
Hence
2
S S
b(w] +,[b(RC, +R,C, +RC,)— RZCZ](Q)] +b
H(s)= 0 0 (3.86)

3.5.2.1 Design Procedure

For w,=1 rad/s, C,=C,=C=1 F,and R, =1 Q, from Equation (3.85), we have:

2R,
1
R=— (3.87)
20
From Equation (3.84), we have:
R = R 20 (3.88)
2 Rl .

When s = jo, = j1, from Equation (3.86), we have:

_=b+jlb(R+R,+R)-R,]+b _

H(jo,) 0

LI
o
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R2
=——=— or
2R +R,
R4 — R2
R,+R, 2R +R,
R, 20 207
- - 2
1+R, 2L+2Q 1+20
20
R, =20?
ExampLE 3.15
Design a notch filter for f,= 50 Hz and Q = 5.
Solution
LetC,=1F
R, =1Q
=11 s
20 20
R, =20=2%x10=20 Q
R,, =20?=2x102=200 Q
Denormalization
Let ISF =103

FSF =20 =21 f, =100n
(O]

n

C 1

= 1 = =32
ISFXFSF mwx10° uE

R =ISFxR,, =10°x0.05 Q=50 Q

R,=ISFXR,, =10°x20 Q=20 kQ
R,=ISFXR,, =10x1 Q=1 kQ

R, =ISFxR,, =10°x200 Q=200 kQ

(3.89)

Figure 3.26a shows the designed filter, and its frequency response is shown in Figure

3.26b.
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| |
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1K
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200 K

0.00
-1.00 \ /
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-5.00
1 10 100 1K

Frequency in Hz

(b)
FIGURE 3.26 (a) Notch filter, f = 50 Hz, Q = 5; (b) frequency response.

3.5.3 MFB Narrow-BAND BAND-REJECT FILTER

By combining the band-pass section with a summing amplifier, the band-reject
structure of Figure 3.27 can be derived.
From this figure, we have:

v, =—v,.(Ks+Kj (3.90)

§2+as+ 0}
where

R (3.91)

K=-¢
RS
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]
%
1

FIGURE 3.27 Multifeedback narrow-band band-reject filter (Q < 20).

and

K= 3.92
" (3.92)
and for R, =1 Q and R, = R, =1 Q, hence
R
R, =—"% 3.93
= (3.93)
and
2
52 +as+ o}
2
H(s)=—K6+D (3.94)
s2+as+ o}

ExampLE 3.16

Design an MFB narrow-band band-reject filter with f,= 1 kHz, Q = 6, and K = 5.

Solution
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Denormalization
Let ISF =104,

FSF=20—on £ = 2mx10°
(O]

n

= G, = ! =15.9 nF
ISF X FSF 2w x 107

R =ISFXR, =10*x12 Q=12 kQ

R,=ISFXR,, =10*x12 Q=120 kQ
Ry=ISFXR,, =10*x0.09 Q=09 kQ

R,=ISFxR,, =10*x1 Q=10 kQ

12K

09K LM741 =

@
16.00
NN
12.00 /f

8.00

Gain dB

4.00
0.00
—4.00 ] 11 B N - 1 _ [T

10 100 1K 10K 100 K
Frequency in Hz

(b)

FIGURE 3.28 (a) Multifeedback narrow-band band-reject filter, f,= 1 kHz, Q = 6, K = 5;
(b) frequency response.
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R =ISFxR,, =10*x02 Q=2 kQ

R, = ISF xR, =10*x1 Q=10 kQ

Figure 3.28a shows the designed filter, and its frequency response is shown in
Figure 3.28b.

3.6 COMMENTS ON MFB FILTERS

3.6.1 Low-Pass FILTERS

1.

2.

In the case of multiple-stage filters (n > 2), the K parameter for each stage
need not be the same.
For best performance, the input resistance of the op-amp should be

=R + RR,_

R 3.95
“ "7 R +R, (3:95)

Standard resistance values of 5% tolerance normally yield acceptable
results in the lower-order cases. For orders five and six, resistances of 2%
tolerance probably should be used, and for order seven, 1% tolerance
probably should be used.

In the case of capacitors, percentage tolerances should parallel those given
earlier for the resistors for best results. As precision capacitors are rela-
tively expensive, it may be desirable to use capacitors of higher tolerances,
in which case trimming is generally required. In the case of lower orders
(n<4), 10% capacitors are quite often satisfactory.

The inverting gain of each stage of the filter is R,/R,. Gain adjustment
can be made by using a potentiometer in lieu of R,.

For minimum dc offset, a resistance equal to R, of 2 W can be placed in
the noninverting input to ground.

In a low-pass filter section, maximum gain peaking is very nearly equal
to O at f. So, as a rule of thumb:

(a) Op-amp bandwidth (BW) should be at least

BW =100x K x QX f, (3.96)
(b) For adequate full-power response, the slew rate (SR) of the op-amp must be
SR>n><V0pp><BWf Vis (3.97)

where BW, is the filter BW.

ExampLE 3.17

A unity-gain 20-kHz 5-pole, 3-db ripple Chebyshev MFB filter has:

BW, =100x1x2.139x20x 103 = 4.3 MHz



MultiFeedback Filters 127

BW, =100x1x4.795x20x103 =17.6 MHz
BW, =50 f; =50x20x10° =1 MHz

where a=aq,/ /b, and Q =1/a and BW =50 X f, is the bandwidth of the first-order
filter.
The op-amp BW = 17.6 MHz (worst case).

SR>nx20x103V/s>1.3V/us

3.6.2 HiGH-PAss FILTERS

1. For best performance, the input resistance of the op-amp should be at
least 10 times R, = R,.

2. Standard resistance values of 5% tolerance normally yield acceptable
results in the lower-order cases. For orders five and six, resistances of 2%
tolerance probably should be used, and for orders seven and eight, 1%
tolerance resistances probably should be used.

3. Inthe case of capacitors, percentage tolerances should parallel those given
earlier for the resistors, for best results. As precision capacitors are rela-
tively expensive, it may be desirable to use capacitors of higher tolerances,
in which case trimming is required. In the case of low orders (n < 4), 10%
capacitors are quite often satisfactory.

4. The inverting gain of each stage of the filter is C,/C,. Gain adjustment
can be made by trimming either C, or C,.

5. For minimum dc offset, a resistance equal to R, can be placed in the
noninverting input to ground.

3.6.3 BAND-PAss FILTERS

1. Standard resistance values of 5% tolerance normally yield acceptable
results. In all cases, for best performance, resistance values close to those
indicated should be used.

2. In the case of capacitors, 5% tolerances should be used for best results.
As precision capacitors are relatively expensive, it may be desirable to
use capacitors of higher tolerances, in which case trimming is generally
required. In most cases, 10% capacitors are quite satisfactory.

PROBLEMS

3.1 Design an LP Butterworth filter 3 dB at 3 kHz and attenuation 40 db at
12 kHz with a gain of 10.

3.2 Design an LP Chebyshev 1 dB filter at 800 Hz and attenuation 35 dB at
2400 Hz with a gain of 1.

3.3 Design an LP Bessel filter of order six at 1 kHz with K = 1.

3.4 Design an HP Butterworth filter at 600 Hz and attenuation 40 dB at 150
Hz with a gain of 5.
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3.5 Design an HP Chebyshev 3 dB filter at 350 Hz and attenuation 45 dB at
140 Hz and a gain of 9.
3.6 Design a Butterworth band-pass filter 3 dB from 300 to 3000 Hz and
attenuation 30 dB below 60 Hz and above 15,000 Hz, with a gain of 10.
3.7 Design a Chebyshev 1-dB band-pass filter from 300 to 3000 Hz and
attenuation 35 dB below 100 Hz and above 9000 Hz, with a gain of 1.
3.8 Design a narrow-band band-pass filter with f,=750Hz, 0 =5, and K = 15.
3.9 Design a narrow-band band-pass filter with two op-amps with f;= 2.5 kHz,
Q =25, and a gain of 10.
3.10 Design a Deliyannis filter with frequency of 500 Hz, Q = 20, and K = 1.
3.11 Design a wide-band band-reject Butterworth filter having 3 dB at 100 Hz
and 400 Hz and greater than 40-dB attenuation between 350 and 114.3 Hz
with a gain of 10.
3.12 Design a notch filter for f;= 400 Hz and Q = 5.
3.13 Design a notch filter for f,= 450 Hz, Q = §, and K = 10.
For the following filter:

R
MWW
aC/3
p
R R
O—AM—8—ANA—¢ Lo
3C |
Vi? FT TVO
o 3 - o

(a) Find the transfer function of the filter.
(b) Find the formulas to design the filter.
(c) From step (b) design a Butterworth filter 3 dB at 350 Hz and attenu-
ation 50 dB at 1750 Hz.
3.14 For the following filter:

C
|
11
3R/
C C
14— 8
aR
ViT 3 % T"o
O < O

(a) Find the transfer function of the filter.

(b) Find the formulas to design the filter.

(c) From step (b) design a Butterworth filter 3 dB at 750 Hz and attenuation
50 dB at 150 Hz.



4 Filters with Three
Op-Amps

In this chapter, a different type of multiple-feedback filter, called the state-variable
filter and biquad filter, will be presented.

4.1 STATE-VARIABLE FILTER

The state-variable (SV) filter was initially developed for the analog computer.
Although this type of filter uses at least three operational amplifiers, we nevertheless
have the capability of simultaneous low-pass, high-pass, and band-pass output
responses. When used with an additional op-amp, we can use the state-variable filter
to form a notch filter.

Figure 4.1 shows that the state-variable filter, sometimes called a universal filter,
is basically made up from a summing amplifier, two identical integrators, and a
damping network. Because of the manner in which these functions are intercon-
nected, we are able to simultaneously have the following filter responses:

1. A second-order low-pass filter
2. A second-order high-pass filter
3. A 1-pole band-pass filter

The cutoff frequency of the low-pass and high-pass response is identical to the
center frequency of the band-pass response. In addition, the damping factor is equal
to 1/Q for a band-pass filter, and is the same for all three responses.

Figure 4.2 shows the circuit connection for the state-variable filter.

From this figure, we have:

R
3 Rg Rq +R, R, Rg
1
Vip =— SRC Vip 4.2)
1
Vip= _TRC Vip “4.3)
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(0]
VHP

FIGURE 4.1 Basic state-variable filter.

4.1.1 Low-Pass FILTER

VBP Vip

From Equations (4.2) and (4.3), we have, respectively:

V,, =—sRCV,, 4.4)
Vyp =—SRCV,, 4.5)
From Equations (4.4) and (4.5), we have:
Vgp =—SRCV,,, 4.6)

From Equations (4.1), (4.5), and (4.6), we have:

s2R2C?V), :—ﬁvm—ﬁ - R, 1+&+& SRCV,,
R, R, R+R| R, R,
RS
MW
R, C C
W I ——

pes

T VLp

FIGURE 4.2 Inverting input state-variable filter.

VBP
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R
crc 1 | 1p R R lpe B sz—&Vi
R +R, R, R, R, R,
R,
R
HU,=V7”’=— 2 & 4.7)
i 2R C? + —1— 1+&+& sRC+&
Rq+R1 R, Rg 8
K
H,=——— 4.8
LP s’+as+b “8)
where
R3
K=— (fors=0) 4.9)
8
f_ﬁ ! (4.10)
R, R2C?
R, R 1
R +R R, R, |RC

4.1.1.1 Design Procedure

For the normalized filter, we have:

R=R, =R =1Q

4.12)
C=1F 4.13)
From Equations (4.9) and (4.12), we have:
R, =K 4.14)

From Equations (4.10), (4.12), (4.13), and (4.14), we have:

R

b="2
K

R, =bK

(4.15)
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From Equations (4.11), (4.12), (4.13), (4.14), and (4.15), we have:

1 ( bK bK)l
a I+—+— |

TR K 1)1
R = 1+b(1+[<)_1
o

ExampLE 4.1

(4.16)

Design an LP state-variable Butterworth filter 3 dB at 1 kHz and attenuation 40 dB

at 3.5 kHz with a gain of 1.

Solution

From Butterworth nomographs for A,,, =3 dB, A, =40 dB, and f,/f; =3.5/1 =3.5,

we find n = 4. Hence

R, =R,=R,=1Q, C,=1F
R, =K=1Q
R, =bK=1x1=1 Q

First stage

o =1.848, b=1.000

g =HATRb 3 . 3 o630
a a 1848
Second stage
a=0.765, b=1.000
R =2-1=—> _1=2020
a 0.765
Denormalization

We accept ISF =10*.

FSF=21 — 2 % 103
()]

R=R,=R =R,=R,=ISFXR,=10"x1 Q=10 kQ

C= C, = ! =15.92 nF
ISF x FSF 2mx107
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First stage

R =ISFXR, =10*x0.623 Q=623 kQ

Second stage

R =ISFXR, =10%x2.922 Q=29.22 kQ

Figure 4.3a shows the designed filter, and its frequency response is shown in
Figure 4.3b.

ExampLE 4.2

Design a low-pass state-variable Chebyshev 3-dB filter at 1 kHz and attenuation 35 dB
at 2 kHz, with a gain of 5.

Solution

From Chebyshev 3-dB nomographs for A, =3dB, A, =35dB, and f/f,=2/
1=2, we find n = 4.

R,=R,=R,=1Q, C,=1F

K, =K, =K =5=2236

R,, =K, =2.236
First stage

a=0411, b=0.196

R,, =bK =0.196x2.236=0.438 Q

_1+d+K)p 1634

R =
n a 0411

1=2.976 Q

Second stage

a=0.170, 5=0.903

R,,=bK =0.903x2.236 Q=2.019 Q

e _IHU+KDH 3922

. = 1=22.071 Q
a 0.170
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Frequency in Hz
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FIGURE 4.3 (Continued)
Denormalization

ISF =104, FSF =21 — 2% 10°
w

R=R,=R =ISFxR,=10"x1=10 kQ

C= G, = ! =15.92 nF
ISFXFSF  2mnx107

R, =ISF xRy, =10* x2.236 Q=22.36 kQ

First stage

R = ISFXR,, =10*x2.976 Q=29.76 kQ
R, =ISFxR,, =10*x0.438 Q=4.38kQ

Second stage

R =ISFxR, =104 x22.071 Q=220.71 kQ
R,=ISFxR,, =10*x2.019 Q=202 kQ

135

Figure 4.4a shows the designed filter, its frequency response is shown in Figure 4.4b,

and its ripple in Figure 4.4c.
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FIGURE 4.4 (Continued)

4.1.2 HiGH-Pass FILTER
From Equations (4.2) and (4.3), we have:

1 1 1
Vyp=-— —— Vo |= v,
v sRC( sRC H”J s2R>C?

and from Equations (4.1), (4.2), and (4.17):

4.17)
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R
Vip =| $?R*C? +—1 1+ R Bl e B =—&s2R2C2Vi
R +R R, R, : R,
&SZRZCZ
Hyp AP = Rg
V. R
2R C? + —1— 1+&+& sRC+&
R,+R, . R, R,
R
Hy,=- £
R, R, R |1 R, 1
2 — L1+ 2+ 2 |—s+—2 Y=
R,+R| R, R, JRC R, RC
Ks?
H,=——— 4.18
hp s2+as+b ( )
where
R 1
2
b=w? » RIC? (4.19)
R
a= 1 1+&+& L (4.20)
R+R\| R, R, |RC
For s — =, we have:
K=H, ()= R 4.21)
Rg
4.1.2.1 Design Procedure
For the normalized filter, we have:
R =R =R =1Q (4.22)
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We can prove easily that

R, =K (4.23)

R, =bK (4.24)

Rln = L+ b(K * 1) -1 (425)
a

ExamrLE 4.3
Design an HP Butterworth 3-dB filter at 100 Hz and attenuation 40 dB at 28.6 Hz,
with a gain of 1.

Solution
From Butterworth nomographs for A, = 3 dB, A,,,, = 40 dB, and f,/f, = 100/28.6 @
3.5, wefindn=4.

R,=R,=R,=1Q

qn gn
C,=1F
R, =JK=1Q

First stage
a=1.848, b=1.000

_ 1+b(K+1)_1_ 1+2

R, = 1=0.623 Q
a 1.848
R,=bK=1Q
Second stage
a=0765  b=1.000
R =1FPEAD 3 _soma
a 0.765
R, =bK=1Q

3n

Denormalization

ISF=10%, FSF =2 =2nf, =2mx100 = 200n
®

n

C= C, = ! =0.159 uF
ISF X FSF  2mx10°




140 Active Filters: Theory and Design

R,=ISFXR,, =10x1=10 kQ

First stage

R =ISFxR, =10*x0.623 Q=6.23 kQ

1n

R,=ISFXR,,=10*x1 Q=10 kQ
Second stage

R =ISFxR, =10*x2.922 Q=29.22 kQ
R,=ISFxR,, =10,x1 Q=10 kQ

Figure 4.5a shows the designed filter, and its frequency response is shown in
Figure 4.5b.

ExamPpLE 4.4

Design an HP Chebyshev 3-dB filter at 100 Hz and attenuation 40 dB at 40 Hz,
with a gain of 5.

Solution

From Chebyshev nomographs for A, ,, = 3 dB, A, = 40 dB, and £,/f, = 100/40 = 25,
we find n = 4.

K=+5
R,=R,=R,=1Q

C,=1F
First stage

a=0411, b=0.196

R - 1+b(1+K)_1= 1+0'196X3'236_1=2,976 Q

n a 0.411
R, =K=2236 Q

Ry, =bK =0.196x2.236 = 0.438 Q
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0.00
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—40.00 /

Gain dB

—-60.00

—-80.00
10 100 1K 10K

Frequency in Hz

(b)

FIGURE 4.5 (Continued)

Second stage

a=0.170, b=0.903

_ 1+0.903x3.236
n 0.170

R, =2236 Q

-1=22.071 Q

R;,=0.903%x2.236=2.019 Q

Denormalization

ISF=10%, FSF =2 =21 f, = 21x100
()

R=R, =R, =10 kQ

= C, = ! =0.16 uF
ISFxFSF 2mx10°6

R,=ISFxR, =10*x2236 Q=224 kQ

First stage

R =ISFXR,, =10*x2.976 Q=29.8 kQ

R, = ISF X R,, =10*x0.438 Q=438 kQ
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Second stage

R = ISFXR,, =10*x22.071 Q=220.7 kQ
Ry=ISFX Ry, =10*x2.019 Q=202 kQ

Figure 4.6a shows the designed filter, and its frequency response is shown in
Figure 4.6b.

ExamPLE 4.5

Design a Butterworth band-pass filter 3 dB from 300 to 3000 Hz and attenuation
30 dB below 50 Hz and above 18,000 Hz, with gain 1.

Solution
(a) Low-pass filter
From Butterworth nomographs for A, = 3 dB, A, = 30 dB, and f,/f, = 18,000/
3000 = 6, we find n=2. Hence
a=1414, b=1.000
Rn = Rgn = an = R3n =1 Q

R, =bK=1x1=1Q

I’l:M_lzé_lzi_lzl.lzz Q
a a 1.414
Denormalization
—104 _0 _ _ _ 3
ISF =104, FSF—(D——21tfl =21 x 3000 =67 x 103

R=R =R =R,=R,=ISFxR,=10*x1 Q=10 kQ
R =ISFxR,=10*x1.122 Q=112 kQ

= €, = 1 =5.3 nF
ISFXFSF  6mx107

(b) High-pass filter
From Butterworth nomographs for A, =3dB, A, =30dB, and f,/f, =300/50 = 6,
we find n=2.
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40.00

20.00

00.00

Gain dB

—20.00 /

—40.00 /

—60.00

10 100 1K 10K
Frequency in Hz
(b)
FIGURE 4.6 (Continued)
Denormalization
2
ISF = 10°, FSF:&:%ﬁz 21 % 300 = 67 x 102
wn
c 1

C= = = =53.1 nF
ISFXFSF  6mx10?

Figure 4.7a shows the designed filter, and its frequency response is shown in Figure 4.7b.

ExampLE 4.6

Design a wide-band band-reject Butterworth filter having 3 dB at 100 and 1000 Hz
and greater than 20 dB of attenuation between 500 and 360 Hz with a gain of 5.

Solution

Because the ratio of upper cutoff to lower cutoff is well in excess of an octave, a
wide-band approach can be used. First, separate the specification into individual
low-pass and high-pass requirements.

(a) Low-pass filter

From Butterworth nomographs for A, = 3 dB, A,.;, = 20 dB, and f, /f; = 500/100 =5,
we find n=2.

a=1414, b=1.000
R,=R,=R,=1Q, C,=1F

qn n
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FIGURE 4.7 (Continued)
For K = 1, we have:
R, =K=1Q, R,,=bK=1Q

_l4b+bK 33

Rln
a a 1.

-1=1.122 Q
4

Denormalization

ISF =10%, FSF=—-=2nf, =21nx100

o,

(071

c=— S 1 __jisouF
ISFXFSF  2mx106

R=R,=R,=R,=R,=ISFXR, =10*x1 Q=10 kQ

R =ISFxR,=10*x1.122 Q=11.22 kQ
(b) High-pass filter

Denormalization

ISF=10%, FSF =2 =21 f, =21 x103
(0]

n

C= G, = ! =15.9 nF
ISFXFSF 2mx107

Figure 4.8a shows the designed filter, and its frequency response is shown in Figure 4.8b.
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FIGURE 4.8 (a) Wide-band band-reject S-V filter, 100 to 1000 Hz, K = 5; (b) frequency

response.
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4.1.3 NArRroOw-BAND BAND-PAss FiLTER

From Equations (4.1), (4.2), and (4.3), we have:

R 1 R R R, R
—sRCVy, = —2(—CVBPJ—RzVi ~ R :R [1+2+R2]VBP
4 3

R\ sR TR 3 o
R
sRC+—2—1 N R Ry VBP—&V,
RysRC R +R| R, R, R,
src 1 iR Bl pe B VBP_&sRCV,
! . R R, R
q 8
%SRC
V
HBP(S)=%= .
Y YL T PN 7o)
q R] R3 g R3
&SRC
Rg
Hyp = R
R+ ta iR Ry 1 R
R+R| R, R, JRC™ R, RC
R1
R, RC
H,, d (4.26)
.. R R, R|1 R 1
s+ I+—=+—=|—s+—*=
R +R| R, R |RC R, RC?
q 3 g 3
If we put
2 R 1
* R, RC?
R,
R3
0, = (4.27)
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Hence
R, 1
Rg RC
HBP R R
24— 1+2+2 | —s+m]
R +R R, Rg RC
R, 1 [S]
R, ®,RC\ 0,
Hpyp = 2
o, R +R, R, R, Jo,RC|®,
If we put
a= 4 1+&+& b (4.28)
Rq+R1 R, R, o,RC
we have

Hy, £ (4.29)
[] +a[sj+1
@, g

For s = jw,, from Equations (2.27) and (4.26), we have:

R, 1
Ko R, ®,RC
R,+R| R, R, Jo,RC
R
R
K= . (4.30)
i 1+ L) + LY
R +R R, R,

4.1.3.1 Design Procedure

For the normalized filter, , =1 rad/s and
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R=R,=R,=1Q (4.31)
C=1F (4.32)

From Equations (4.25), (4.26), and (4.28), we have, respectively:

R=1Q (4.33)

3R

o= 1
R,+R

3R,
Rq+R1 :7=3QR‘I
R =(GQ-DR, (4.34)
From Equations (4.28) and (4.32), we have:

1 _1430-1
3R a 3

q

R, +(30-DR,

K=

K=0 (4.35)

ExamrLE 4.7

Design a narrow-band band-pass filter with a center frequency of 1 kHz and Q = 40.

Solution
R":Rg”:Rq":Rzn:RSnzl Q
C,=1F
R,=BO-DR,=119R, =119 Q
K=Q=40 or 32 dB
Denormalization

ISF=10%, FSF =0 =21 f, =21 x 103

n
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R=R,=R,=R,=R,=ISFxR, =10°x1 Q=10 kQ
R =ISFxR,=10*x119 Q=119 kQ

C 1

n

T ISFXFSF _ 2mx10°

=0.159 uF

Figure 4.9a shows the designed filter, and its frequency response is shown in Figure 4.9b.

10 K
AWV
10K 16n 16n
|_
10K
—WW
LM741

10K

20.00

10.00

0.00

Gain dB

-10.00

—20.00

100 1K

Frequency in Hz

(b)

FIGURE 4.9 (a) Narrow-band S-V BPF, f;= 1 kHz, Q = 40; (b) its frequency response.
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A number of manufacturers offer “ready-to-go” state-variable filters. Depend-
ing on whether the unity-gain or four op-amp state-variable types are required,
only three or four external resistors are required to “program” the filter to your
requirements.

The commercial devices essentially follow the aforementioned design, except
that the frequency-determining capacitors and the resistors associated with the sum-
ming amplifier are already inside the filter. An additional op-amp section, which is
uncommitted, can be used to form notch filters. Some of the commercial types
available are listed as follows:

AF100 Universal Active Filter, National Semiconductor
UAF41 state-variable filter, Burr-Brown

ACF7092, 16-pin DIP, General Instrument Corporation
FS-60, Active Filter, Kinetic Technology Corporation

ExamrLE 4.8

Design a 100-Hz notch filter with Q = 25.

Solution
Rn:Rgn: qn: m = 3n:1 Q
C,=1F
R,=30-1=3x25-1=74 Q
K=0=25 or 28 dB
Denormalization

e

0 =21t x10?

n

ISF=10%, FSF=

e

R=R,=R,=R,=R,=ISFxR, =10*x1 Q=10 kQ

R =ISFxXR,, =10*x74 Q=740 kQ

1n

c=— S 1 __jis0uF
ISFXFSF  2mx10°

To complete the design, add the two-input op-amp summing amplifier to the LP and
HP outputs, giving the final circuit of Figure 4.10a; its frequency response is shown
in Figure 4.10b.
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FIGURE 4.10 (a) State-variable notch filter, f;= 100 Hz, Q = 25; (b) its frequency response.

4.2 BIQUAD FILTERS

The biquad filter demonstrates a particular useful characteristic, constant bandwidth.
The band-pass output of the state-variable filter has a Q that is constant as the center
frequency is varied. This in turn implies that the bandwidth narrows at lower and at
higher frequencies. The biquad filter, although appearing very similar to the state-
variable filter, has a bandwidth that is fixed regardless of center frequency. This type
of filter (shown in Figure 4.11) is useful in applications such as spectrum analyzers,
which require a filter with a fixed bandwidth. This characteristic is also needed in
telephone applications, in which a group of identical absolute bandwidth channels
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FIGURE 4.11 Biquad filter.

—O

T Vip

is needed at different center frequencies. The center frequency is easily tuned by merely
adjusting the value of R,. Also, O may be adjusted by changing the value of R, and
the gain of the filter may be changed by adjusting the value of R,. The biquad filter
is capable of attaining high values of Q, in the neighborhood of 100, and is a much
more stable network than those discussed in the previous band-pass filters.

From this figure, we have:

VBP__E‘/I_EVLP
Rg Rf
Vi==Vy
_ 1
" 1
sR,C;
1+sR C,
Y:l:L+SCf= i’
Z Rq Rq

4.2.1 NArRrOW-BAND BAND-PAss FILTER
From Equations (4.37) and (4.38), we have:
1 1
Vip = _7(_‘/313) =—Vp
stC I SR fC ;

From Equations (4.36) and (4.40), we have:

VA VA 1
Ver == VYo% e
< o SLy

V4 Z
VBP(I—"_z]: _7‘/1
stCf R

4

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)
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1+sR;C,Z 7

BP o Vi
SR%Cf Rg
0= Var _ sR;C,Z _ SR;C
BP
V. R,(SR%Cf- +7) SR%Cf
g R, |1+——+

Z
sR‘%C ;

Rg
1+ quCf-

Hyp=—
1+ st%C ’
q
SR3C/R,
R

H,, =— 8
BE R +sR2C,(1+sR.C,)
q f~r 9 f

SR.% Cf Rq
R

Hyr == G ReR C2+sRIC. <R
SR, G SRGL T Iy,

1

RC,
_ o™ f
Hy=— 84

s2+ s+ 0?2

N

9 f

where

0y =—— (4.41)

la)
QR m"] (4.42)

where

0=w,R,C, (4.43)
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For s = jo,, Equation (4.42) becomes:

1
o,R,C
K =Hpyp(0,)=-—~
0 R C,
R
K=-—-1% (4.44)
Rg
4.2.1.1 Design Procedure
From Equation (4.41), we have:
1
R, = 4-45
s (4-43)
From Equations (4.43) and (4.45), we have:
0
R =—=—=0R, (4.46)
q (D()Cf f
and from Equation (4.44)
R
R, = ?" 4.47)
From Equation (7.46), we have:
R
Qo=—-1 (4.48)
Rf
But
BW =20
)

Upon close examination of Q, it should be apparent that as R, increases [lower
center frequency, Equation (4.45)], Q drops, keeping the bandwidth constant as
predicted. This type of tuning is satisfactory over two to three decades.
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For the normalized filter,

o, =1 rad/s

and

and from Equation (4.45), we have:

From Equation (4.46), we have:

and from Equations (4.48) and (4.52)

ExampLE 4.9

Active Filters: Theory and Design

(4.49)

(4.50)

(4.51)

(4.52)

Design a narrow-band band-pass filter with f, = 1 kHz, Q = 50, and a gain of 5.

Solution

R,=R,, =1Q
C,=1F

R,=0=50 Q

R ~Bw_Q_50_

“" K K 5

Denormalization

ISF=10%, FSF =0 =2 f, = 21 x10?

®

n

R=Rf:ISF><Rn=104><1 Q=10kQ

R,=ISFXR, =10*x10 Q=100 kQ
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16n 10K 1|6 n
1

AAAA ~ 10K
LM741 + LM741
= LM741

(a)
20.00

0.00

—20.00

)5

m
g8 R AR B e
L
R REni A T DN T
[D ””” I e i DV ST \;’ TTTTPT1TTIrN
~40.00 G

A ———)

—60.00

—-80.00

10 100 1K 10K 100 K
Frequency in Hz

(b)

FIGURE 4.12 (a) Narrow-band band-pass filter, f,= 1 kHz, Q = 50, K = 5; (b) its frequency
response.

R, =ISF xR, =10%x50 Q = 500 kQ

C= C, = ! =15.92nF
ISFxFSF 2 x107

Figure 4.12a shows the designed filter, and its frequency response is shown in
Figure 4.12b.

4.2.2 Low-Pass FiLTER

From Equation (4.40), we have:

Vyp =SR,C,V,, (4.53)
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From Equations (4.36) and (4.53), we have:

R
SRC +——— |V =Ly
R (1+sRC,) R,(1+3R C,)

R R
[stcf(1+qucf)+I{cijP =V,
8

RRCI4sR,C, 4t |y, =T
SRy TSy T Ve T TR
f g

R,
\% R

Jip
V.

i

- g

H,,=

R
s’R,R C7+sR,C, + £

s 4.54
st+as+b ( )

where

e (4.55)

and

4.56
T; (4.56)
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For s = j =0, from Equation (4.54), we have:

Hy=K=-"1
Y
8
4.2.2.1 Design Procedure
From Equation (4.55), we have:
1
R =——
f Cf\/Z
From Equation (4.56), we have:
gL
aCy
and from Equation (4.57)
R,
__f
Rg = ?

For the normalized filter, ®, = 1 rad/s and

C, =1F

we have:

ExampLE 4.10

161

(4.57)

(4.58)

(4.59)

(4.60)

(4.61)

(4.62)

(4.63)

(4.64)

Design a second-order low-pass Butterworth filter with a cutoft frequency of 1 kHz

and a gain of 10.
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Solution
a=1.414, b=1.009
R :l:L=O.7O8 Q
" o a 1414
1 1
R =——=——=01 Q
“ kb 10x1
1 1
R =—f/—=-=1Q
fn \/Z 1
Denormalization
ISF=10%, FSF =21 =21 f =21 x10°
(D}’l
C.
C, = S = ! =15.92 nF
ISF X FSF 2mx107

R =ISFXR,=10*x0.707 Q=7.1 kQ

R, =ISFXR, =10*x0.1 Q=1 kQ
R, =ISFXR,=10*x1 Q=10 kQ
R=ISFXR,=10*x1 Q=10 kQ

Figure 4.13a shows the designed filter, and its frequency response is shown in
Figure 4.13b.

ExampLE 4.10

Design an LP Chebyshev 3-dB filter at 1 kHz and attenuation 40 dB at 2.5 kHz,
with a gain of 10.

Solution

From Chebyshev nomographs for A, ,, =3 dB, A, =40 dB, and f,/f; =2.5/1 = 2.5,
we find n=4.

K=+10=3.162

R,=19Q, C,=1F
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10K 16 n

10K 10K —

LM741 LM741

30.00

20.00 S

10.00 \

””” o L S0 oo S E 11 R B WAE 11| R M RRE

—-10.00

Gain dB

—20.00
10 100 1K 10K 100 K

Frequency in Hz

(b)

FIGURE 4.13 (a) Low-pass Butterworth filter, f; = 1 kHz, K = 10; (b) frequency response.

First stage

a=0411, b=0.196

R :l:L:2.433Q
™ a 0411

R =1 ! ~0714 Q

" kJb  3.162x~/0.196
1

1
b Jo.196

=2.259 Q
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Second stage

a=0.170, b5=0.903

L. =5.882 Q

” a 0.170

=
[
\
I

1

1
R = = =0.333 Q
Kb 3.162%+/0.903
R —L— ! =1.052 Q
NN T
Denormalization
—104 _w - 3
ISF =104, FSF=—=2nf =2nx10
(on
R:ISFan:104><1 Q=10 kQ
C
C, = N NP IS
ISFxFSF 2mx107
First stage

R, =ISFXR, = 104 x2.433 Q=243 kQ
Rg:ISFngn=104><O.714 Q=71 kQ

R, =ISFXR, =10*x2.26 Q=226 kQ

Second stage

R, =ISFXR,=10*x5.882 Q=588 kQ
R, =ISFxR, =10*x0333 Q=33 kQ
R, =ISFXR, =10*x1.052 Q=10.5 kQ

Figure 4.14a shows the designed filter, and its frequency response is shown in
Figure 4.14b.
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PROBLEMS

4.1

4.2

43

4.4

4.5

4.6

4.7

4.8
4.9

4.10

4.11

Ry
AN
O0—A\—4 R
R
=
S o
i VHP

Design an LP state-variable Butterworth 3 dB at 1 kHz and attenuation
45 dB at 2.5 kHz, with a gain of 10.

Design an LP state-variable Chebyshev 2 dB filter at 350 Hz and attenu-
ation 35 dB at 700 Hz, and with a gain of 1.

Design a BP state-variable filter with a center frequency 100 Hz, Q = 20,
K =10, and n = 4.

Figure P4.1 shows the state-variable filter with four op-amps. With this
circuit the gain and Q are independent of each other.

C
i —f—

R1§ TVLP
Ry

ForR=R,=R,=R;=R=1W,C=1F andw, =W, =W, =W, =1 rad/s:
(a) Find the transfer function of the LPF.

(b) Find the formulas to design the filter.

For Figure P4.1:

(a) Find the transfer function of the HPF.

(b) Find the formulas to design the filter.

For Figure P4.1:

(a) Find the transfer function of the BPF.

(b) Find the formulas to design the filter.

Design an LP biquad Butterworth filter at 1 kHz at 3 dB and attenuation
40 dB at 3.5 kHz, with a gain of 10.

Design a BP biquad filter with f; = 100 Hz, O = 40, and K = 10.
Design a Butterworth LP state-variable filter with four op-amps (Problem
4.4) at 100 Hz at 3 dB and attenuation 40 dB at 350 Hz and a gain of 10.
Design a Chebyshev HP state-variable filter with four op-amps at 1 kHz
and 30 dB at 500 Hz, with a gain of 1.

Design a BP state-variable filter with four op-amps at 1 kHz, Q = 35, and
a gain of 5.
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4.12 Prove that the following filter can be used to realize the general biquadratic
function (Figure P4.2):

Ry

s2+bs+b,

H(s)=-K
s2+a;s+a,



5 Sensitivity

5.1 INTRODUCTION

A desired function is realized by interconnecting electrical components of carefully
chosen values in a filter network. These components are subject to change due to
variations in temperature, humidity, aging, and tolerances in manufacturing. In order
to measure the change in filter performance due to drift or change in component
values, we use the sensitivity concept.

The basis for all modern-day sensitivity analysis methods is rooted in the work
of W.H. Bode. S.J. Mason further expanded Bode’s definition, and it is Mason’s
definition that is most often cited, and hence used here.

Sensitivity is a measure of deviation in some performance characteristic of the
circuit due to some change in the nominal value of one or more of the elements of
the filter. Low-sensitivity circuits are naturally preferred over high-sensitivity cir-
cuits. The relative sensitivity is defined as

y_ X OH _onH
Y Hodx Jdlnx

5.1

where H is the system transfer function and x is the parameter or network element
that is causing H to change.
In general, the network function will be a ratio of polynomials in s, such that

_ N(s,x)
His0= 0 (5.2)
and
dH _ D(s,x)N’(s,x)— N(s,x)D’(s, x) 5.3)
dx [D(s, x))?
where
N'(s.x) = IN(s,x)
ox
(5.4)
D'(5.x) = dD(s,x)
ox

169
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Hence,

_ xD(s,x) D(s,x)N’(s,x)— N(s,x)D’(s,x)

H
T N(s,x) [D(s,x)]?
a_ X D(s,x)N’(s,x)— N(s,x)D’(s,x) (5.5)
Y N(s,x) D(s,x) .
s =){N’(s,x)_ D’(s,x)} 5.6)
N(s,x) D(s,x)

ExamrLE 5.1

Determine S for the network function:

K

H(s,x)= —
s2+xs+9

where K is some constant, and x will be assumed to have a nominal value of unity.
Then,

si=x| Qo5
K s2+xs+9

XS

H —
S T 2 vea 0
s2+xs+9

At a frequency ® =1 rad/s, we have:

SH = _j — _.j
-1+ j+9 8+

s =S8N 2B o 015_jo.123
8241 65

The interpretation of the answer is that the real part of the sensitivity specifies a
normalized change in the magnitude of the given network function, whereas the
imaginary part indicates a change in the argument (phase) of the given network
function.

Consequently, the normalized magnitude change of S¥ with respect to normal-
ized change in x is 0.015, and the phase change with respect to a normalized change
in x is 0.123 radians.
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5.2 SOME GENERAL PROPERTIES

We next formulate some general properties of the sensitivity function from its
definition (Equation 5.1). One form that we will encounter most often is

H = hthbhs 5.7
The natural logarithm of this function is

InH=alnh +blnh, +clnh, (5.8)

If we differentiate this expression with respect to In &, we have:

f:gEZ:“ (5.9)
Similarly, we have:
N ,Z =b (5.10)
Si=c (5.11)
If H is expressed as the product of two functions H, and H,, then
H=HH, (5.12)
showing that
Sty = St 4 §H (5.14)
Likewise, we can show that
Stity = §th — St (5.15)
Other useful relationships are the following:
S§H =_giH (5.16)

Sc =S (c is independent of x) (5.17)
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H,SH + H,SH

Sty = (5.18)
H, +H,
SH" = p St (5.19)
1
SH = =St (5.20)
n

ExAMPLE 5.2

Perform sensitivity analysis for the low-pass Sallen—Key filter of Figure 2.9.

K GIGZ
CcC
H(s)= 172 (5.21)
e G, +G, N (1-K)G, o4 GG,
C2 Cl CICZ
GG
0312 =p=—1"2_ Rl—1/2R2—1/2CI—1/2C2—1/2 (5.22)
CICZ
B=ao, _0 G, +G, N (1-K)G,
Q CZ Cl
o 11 I-K (5.23)
Q R1C2 R2C2 RZCI
k=KR{'R;'C;IC5! (5.24)
where K =1+ R, /R,
For convenience, we write
SA - =SH=8H = =§H (5.25)
X X2, o Xy X x *q
Then, from Equation (5.7) we obtain
Sllél,Rz-Cvaz =-1 (5.26)
Sk =1 5.27)
o _ 1
SKRZ,CI‘C2 =—— (5.28)
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Seh = S,‘;’“‘ = ng =0 (5.29)
To compute the Q sensitivity, we turn to Equation (5.15), which states that
S¢ =S8y -S? (5.30)
where

s X 9B_ 0 0B 531
5= B 0Jx 01)1 ox 63D

We begin by computing Q sensitivity with respect to R,. For this we differentiate
Equation (5.23) with respect to R, to give

9B __ 1
R, R,

Substituting this in Equation (5.31) in conjunction with Equation (5.23) yields

1
RiC,

Sz = RORR,C,C,)™"? (_ ) = —QR2R;2C;12C; 12 (5.32)

giving from Equation (5.15)

1 [rR,C
S¢=-—+0Q |22 5.33
W=7, Te RC, 6-33)

le\/g+(l—l<)\/g} (5.34)

52 = { Jg \/g } (5.35)
Sg _—7+(1 K)Q\/: (5.36)
52 = KQ\/g (5.37)

Similarly, we obtain
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RC
0 __QQ0 __ 1~1
57 =55 =0-K00, [l
1-K
St =75, =

(5.38)

(5.39)

All of these sensitivity functions have been derived for general values of the filter
parameters. Once a specific circuit design is chosen, these parameters are known,
and the numerical values sensitivities can be ascertained. As a specific example,

consider the normalized Butterworth transfer function of

2
s2+4/2s5+1

H(s)=
giving from Equation (5.21)
K=2 ®, =1rad/s 0=0.707
This response can be realized by a Sallen—Key low-pass filter with

R=R=1Q, C=C=1F R=10Q, R,=586Q

equal component configuration.
Using these parameter values, we obtain

58 =-58 =0.207
§¢ =-Sg =0.914
S2=1.121

S,% = —S,%b =-0414
Sk =—Sk =-0.369

5.3 MAGNITUDE AND PHASE SENSITIVITIES

(5.40)

(5.41)

(5.42)

To compute the sensitivity functions for the magnitude and phase functions, we

express the transfer function in polar form and substitute s by jw to give
H(jo) = |H(jo)|er

Hence, the sensitivity function becomes [Equation (5.1)]

X
H(jo)

H(jo) —
Sx J0) =

FRICIIE

(5.43)

(5.44)
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which can be expanded by making use of the product rule for differentiation of a
product to give

x  O|H(jo)| 4 2 20©)

SH(j®) = .
t HG)  ox dx
SHGo) = SIHGOL 4 jo(©)Se@ (545)
or
SLH(/(»)\ =Re SH0e) (5.46)
So© = _r Im SHGe (5.47)
0(w)

These equations state that the magnitude and phase sensitivity of a transfer function
with respect to an element are simply related to the real and imaginary parts of the
transfer function sensitivity with respect to the same element.

ExamPLE 5.3

Find the sensitivity of the low-pass transfer function

Ko?
H(s) = o (5.48)
s2+ El s+?
The sensitivity function is found from Equation (.5.1) to be
o
gio- @ OH®_ 0 (5.49)

5o =
H(s) 00 52 +%s+(1)l2

To compute the sensitivity function of ‘ H( jm)‘ with respect to O, we apply Equation
(5.46) by first substituting s by jw in Equation (5.49) and then taking the real part.
The result is given by

(o/m,)?

sl Z Re sHG =
0[1-(0/m)*]*+(0/m))*

(5.50)

At ® = m,, the preceding equation becomes

Sl o) =1 (5.51)
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The above equation is the sensitivity function of ‘H ( jm)‘ due to the variations in the
cutoff frequency ®,. Applying Equation (5.1) yields

252 +(0)1]s
Sg](“') = R (5.52)

()]
52 +[l)s+m12
0

giving

S(\g(./’m)\ = Re S([:l(jm) — — X (5'53)
(’01 QO‘)I
At o = ®,, the preceding equation becomes
Il o) =1 (5.54)

5.4 ROOT SENSITIVITY

The location of the poles of an active filter determines the stability of the network.
Therefore, it is important to know the manner in which these poles vary as some of
the network elements change. As poles of a network function are roots of a poly-
nomial, it suffices to examine how the roots of a polynomial change as the value of
an element changes.

The root sensitivity is defined as the ratio of the change in a root to the fractional
change in an element for the situation when all changes concerned are differentially
small.

Thus, if s i is a root of a polynomial D(s), the root sensitivity of s i with respect
to an element x is defined by the equation

5= 0 9 (5.55)
T xsx ax )
If the transfer function has only poles, i.e.,
His)=— (5.56)

[Te-roo
j=1
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In term of the logarithms, the preceding equation becomes

k
lnH(s):an—Ekj In(s—p,) (5.57)

J=1

Taking partial derivatives with respect to x on both sides yields

InHE) 1 9K o aa;;
Tax K ax’L;s_pj (5.58)
which can be put in the form
x O0H(s) x 0K K kx aa[;]
H(s) ox K ox +2 (5.59)

s=p;

This gives a relationship between the function sensitivity and pole sensitivity:

kS
SH = SK + Z (5.60)
S _p]

ExampLE 5.4

Consider the transfer function of the second-order active filter

H(S)ZL (5.61)

(O]
s+ —Ls+?
0

In the only case of real interest, the poles are complex (Q > 0.5), so that p, and p,
are conjugate, i.e., p, = p;, with

1 1
P =—0 [ZQ j 1—4Q2] (5.62)

From the preceding equation and Equation (5.55), assuming that Q and , are func-
tions of x, we calculate

Sn=p, [sw - j"] (5.63)
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and Q> =(Q”)". From the preceding equation we observe that the location of a
pole is ,/4Q? —1 = 2Q times more sensitive to variations in ®, than it is to variation
in Q.

Having established an expression for the pole sensitivity S7t in Equation (5.63),
we now investigate its effect on the passband of the biquadratic transfer function
[Equation (5.61)]. To this end we evaluate Equation (5.58) for H(s) under the
assumption that the parameter x does not affect the gain constant:

P Py*
s = S8 G (5.64)
S=p S—p

If we express the right-hand side in terms of its common denominator s+
(o, / Q)s + ®? and use Equation (5.57), we obtain

(20312 +°;'s)sgn —%ssg

SHO = — . (5.65)
s+ —Ls+w?
0
Finally, if we use Equation (5.46), we can derive the magnitude sensitivity
o, ) o, )
SLH(M)‘ == ¢ 2 S+ ¢ 2 Sf;’
® ®
(1-m2)? +("] (1-m2)? +(”j
0 o
or
slriel = sl 4 splse (5.66)
where ®, = @/, is the normalized frequency, where
@ 2
2(1-w2)+ (”)
s = - e/ (5.67)
®
(1-w2)? + (”j
Q
2
(wn ]
sl = 0 (5.68)

2

[0

1_ 2)2 _n
(I-w?) J{QJ
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A better appreciation of the meaning of Equations (5.67) and (5.68) is obtained from
the plot of Slf: | and S‘QH . As shown in Figure 5.1, both S(‘fl | and S‘QH | are strong functions
of frequency.

From the aforementioned equations:

At ® = ®,;, we have

max (3| =1 (5.69)
and for large Q
max(slf‘)zi at 0z, [1+1J (5.70)
1 1+l 20
min(slf‘);—L at wzwl(Hlj (5.71)
1 1+l 20

FIGURE 5.1 Transfer function magnitude sensitivities of pole frequency w, and quality
factor Q.
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Note that the extreme values of S(‘:‘ occur approximately at the 3 dB frequencies of
high-Q second-order functions.

For good practical second-order sections with high values of Q, it is more
important to pay attention to low values of S than to small values of S.

PROBLEMS

5.1. For the circuit shown in Figure P5.1 (assume an ideal op-amp):
(a) Find the transfer function.
(b) To synthesize a normalized Butterworth two-pole transfer function,

namely,

10

H(s)=—F
s2+~2s5+1

what are the design equations?
(c) Find the sensitivity with respect to the gain at s = j.

5.2 For the circuit shown in Figure P5.2, assume an ideal op-amp:
(a) Find the transfer function.
(b) Determine the various sensitivity functions S®% and S2, where x
denotes the R’s and the C’s, respectively.

o b,

5.3 For the circuit shown in Figure P5.3 (assume an ideal op-amp):
(a) Find the transfer function.
(b) Determine the various sensitivity functions S, where x denotes the
R’s and the C’s, respectively.
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5.4 For the circuit shown in Figure P5.4:
(a) Find the transfer function.
(b) Calculate all S¥, where the x denotes the RLC components.

o AW . o
wl L cl I
e & T O

5.5 For the circuit shown in Figure P5.5, assume an ideal op-amp:
(a) Find the transfer function.
(b) Determine the sensitivities $¢, S, SX, where x denotes the R’s and
the C’s, respectively.

R,
AW
G
|1
I
R, Ry
>—0
vlf C2:|: TVo
o . - o

5.6 For the circuit shown in Figure P5.6 (assume an ideal op-amp):
(a) Find the transfer function.
(b) Determine the sensitivities $®2, S¢, Sg] , S§4 , where x denotes the R’s
and the C’s, respectively.
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5.7 For the circuit shown in Figure P5.7 (assume an ideal op-amp):
(a) Find the transfer function.
(b) Determine the sensitivities S®, S¢, where x denotes the R’s and the
C’s, respectively.

=<
—
=
no
b—AAM
—
<
(=]

5.8 For the circuit shown in Figure P5.8 (assume an ideal op-amp):
(a) Find the transfer function.
(b) Determine the sensitivities S®2, §¢, where x denotes the R’s and the
C’s, respectively.

Rl
AN

)
|

¢,
o—|

+
ViT R,

Ry

5.9 For the circuit shown in Figure P5.9 (assume an ideal op-amp):
(a) Find the transfer function.
(b) Determine the sensitivities S®, §¢, where x denotes the R’s and the
C’s, respectively.




6 Filters with GIC

6.1 INTRODUCTION

Impedance converters are active RC circuits designed to simulate frequency-dependent
elements such as impedances for use in active filter synthesis. Among the various
configurations is the generalized impedance converter (GIC), which can be used to
simulate inductances.

This topology allows one to easily realize active filters beginning from a passive
filter design. In addition, the GIC filter provides extremely low distortion and noise,
at a reasonable cost. Compared with more familiar feedback techniques, such as
Sallen—Key filter topologies, the GIC filter has superior noise gain characteristics,
making it particularly suitable for audio and DSP type applications.

6.2 GENERALIZED IMPEDANCE CONVERTERS

GICs are electronic circuits used to convert one impedance into another impedance.
GICs provide a way to get the advantages of passive circuits (the transfer function
is relative insensitive to variations in the values of the resistances and inductances)
without the disadvantages of inductors (which are frequently large, heavy, expensive,
and nonlinear). The GIC (Figure 6.1) converts the impedance Z,(s) to the imped-
ance Z,(s).

Z,(s)=K(s5)Z,(s) 6.1)

Figure 6.2 shows the way to implement a GIC using op-amps. The equivalent Z of
this circuit is V/I. Because each op-amp has vt =v~, the voltage at the input nodes
of both op-amps is v. By Ohm’s law, we have:

I=(V-Vp)¥, 6.2)

node v,
=Y,V + (Y, +Y)V =Y.V, =0 (6.3)

node v,
-Y,Vy + &, +Y5)V=0 (6.4)

183
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GIC @

I

Z,(s) —> K(s) ZZ(S)
O—

FIGURE 6.1 The GIC converter.

Eliminating V;,, and V,,, and solving for the ratio V/I, we have:

vy = uths (6.5)

Yy

From Equations (6.5) and (6.3), we have:

Y. .Y, +Y,
YoV =+ 1)V - 1y IS)V
14
Y. Y, —Y.Y,
V, = 12114 = Nishis (6.6)
Y,Yy,

From Equations (6.2) and (6.6), we get

I=lv- YoV, —YsYs vy
Yot !

FIGURE 6.2 Generalized impedance converter (GIC).
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SV _ N,
I Y)Y,
7 = ZIIZISZIS (67)
Z12Z14

1. If Z,,,Z,,,Z,,, and Z  are resistances and Z,, = 1/sC, Equation (6.7) gives

ZZMSCZSL (6.82)
14
where
L= 7R‘1§13R15 C (6.8b)

14

indicating that the circuit simulates a grounded inductance (Figure 6.3). If desired,
this inductance can be adjusted by varying one of the resistances.

2. If Z,,,Z,,, and Z,, are resistances and Z,; are capacitances, Equation (6.7)
gives

R
= 13 N (6.92)
5°R;3R,C C s ©>D
o )
o} b
» L= RuRisRis Chy

FIGURE 6.3 Inductance simulator.
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— R12R14C11C15
RIS

FIGURE 6.4 Realization of D element.
where

_ RoRC\Cs
R

D (6.9b)

13

The circuit now simulates a grounded frequency-dependent negative resistance
(FDNR or D element) (Figure 6.4). The D element can be adjusted by varying one
of the resistances.

If all the impedances of an LRC filter are multiplied by 1/s, the transfer function
remains unchanged. This operation is equivalent to impedance-scaling a filter by the
factor 1/s and should not be confused with the high-pass transformation.

When the elements of a network are impedance-scaled by 1/s, inductors are
transformed into resistors, resistors into capacitors, and capacitors into a D element
(Table 6.1). This design technique is very powerful. It enables the designer to design
active filters directly from the passive RLC filters, using suitable filter tables or
computer programs. The filter is then realized in active form by replacing its inductor
with the simulated ones. The resulting filter is expected to have low sensitivity, as
its passive counterpart, except for the imperfection in the realization of the inductor
using the RC circuit.

TABLE 6.1
The 1/s Impedance Transformation
Transformed
Element Impedance Element Impedance
R R C R/s
L sL R L

C 1/sC D 1/s*C
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6.3 LOW-PASS FILTER DESIGN

To design a GIC filter, the starting point is a passive ladder prototype, which is
designed using suitable tables or computer programs. The filter is then realized in
active form by replacing its inductors with simulated ones. The resulting active
network retains the low-sensitivity advantages of its RLC prototype, a feature that
makes it suitable for applications with stringent specifications.

ExampLE 6.1

A third-order low-pass Butterworth filter must be designed with cutoff frequency 1 kHz.

Solution
From Appendix E we find the normalized RLC filter.

L

1Q 1.000

1.000 1.000

— 1.000

Vi 2.000 —D

FIGURE 6.5 Third-order LP Butterworth filter using FDNR.
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We cannot use GIC simulation because the RLC filter contains floating induc-
tances. This obstacle is overcome by applying the 1/s transformation, after which
to capacitances, the inductances to resistances, and the

resistances are changed

capacitances to D elements.

The D elements are realized using the GIC as shown in the following figure:
Frequency and impedance scaling (FSF =2 x 103 and for C = 10 nF \ ISF =
15.92 ¥ 10%) gives the designed active GIC filter (Figure 6.5a) and its frequency

response (Figure 6.5b).

500 K
1592 K

A%

10n

20.00

0.00

—20.00

Gain dB

—40.00

—60.00

—-80.00
1

FIGURE 6.5 (Continued)

Active Filters: Theory and Design

7

Frequency in Hz
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We use 500 KW resistance at the input to provide a dc path for the op-amps. To
ensure a dc gain of 0.5, this resistance must be counterbalanced by a 500 KW resistance
at the output. To avoid loading problems, an output buffer is used. The FDNR can
be tuned by adjusting one of its resistances.

1 1.977 1.719
o— —WW\W——— W\ AW o
0.188 0.520
ViT i TV"
0977 = 0794 —
: B .

1

|

(c)

FIGURE 6.6 LP elliptic filter: (a) normalized low-pass RLC filter; (b) circuit after 1/s trans-
formation; (c) normalized configuration using GICs for D elements; (d) denormalized filter;
(e) frequency response.
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6.3|7 n 198K 249K
!

LM741 LM741

0.00

—20.00

—40.00

Gain dB

—-60.00

—-80.00

—-100.00

Frequency in Hz

(e)

FIGURE 6.6 (Continued)

ExXAMPLE 6.2

A fifth-order low-pass elliptic filter must be designed with f, =2.5kHz, 1dB pass-
band ripple, and ®, =1.50.

Solution

From Appendix E we find the normalized RLC filter (Figure 6.6).
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ISF =104 also, we calculate FSF =2n f, =2nx2.5x103

k=ISFXFSF=5rx10" .. C=6.37 nF

6.4 HIGH-PASS FILTER DESIGN

An active realization of a ground inductor is particularly suited for the design of
active high-pass filters. If a passive RLC low-pass filter is transformed into a high-
pass filter, shunt inductors to ground are obtained that can be implemented using
GICs. The resulting normalized filter can then be frequency- and impedance-scaled.
If R is made variable, the equivalent inductance can be adjusted.

ExXAMPLE 6.3

A fifth-order high-pass Butterworth filter must be designed with cutoff frequency
5 kHz.

Solution

From Appendix E we find the normalized RLC filter, and from this we design the
GIC filter (Figure 6.7).
ISF =10% also, we calculate FSF =2n f, =2nx10* and C =C,/(ISF x FSF).

1 0.618 2.000 0.618

v, 1.618 % 1.618 % 1.000
(

R Cl C3 CS
o AAAA | ° I ° I
11 17 11
1 1 1 1
0.618 2.000 0.618
1 L, 1 L, R %1
0.618 1.618 3

(b)

FIGURE 6.7 Fifth-order Butterworth HP filter: (a) prototype low-pass filter; (b) transformed
high-pass filter; (c) high-pass filter using GIC; (d) frequency- and impedance-scaled filter;
(e) its frequency response.
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0.618 0.618

GV

FIGURE 6.7 (Continued)

ExXAMPLE 6.4

A third-order high-pass elliptic filter 0.1 dB and &, =1.5 must be designed with
cutoff frequency 10 kHz.
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0.00

—-20.00

—40.00 /

Gain dB

—-60.00

—-80.00

—100.00
100 1K 10K 100 K 1IMEG

Frequency in Hz

(e)

FIGURE 6.7 (Continued)

Solution

From Appendix E we find the prototype RLC filter from which we design the GIC
filter (Figure 6.8).

ISF=10% FSF=2nf,=2nx3x10* =6mx10* .. ISFXFSF=6mx108

FIGURE 6.8 Elliptic high-pass filter: (a) RLC normalized low-pass filter; (b) transformed
high-pass filter; (c) high-pass filter using GIC; (d) frequency- and impedance-scaled filter;
(e) frequency response.
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FIGURE 6.8 (Continued)

6.5 NARROW-BAND BAND-PASS FILTER DESIGN

Figure 6.9 shows the narrow-band band-pass RLC filter. From this filter, we have:
node v,

-GV, +(sC+1+GJVO =0
sL
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0.00

—-10.00

—-20.00

Gain dB

—-30.00

—40.00

—-50.00
100 1K 10K 100 K 1IMEG

Frequency in Hz

(e)

FIGURE 6.8 (Continued)

G sGL

H(s)—V"— =

Ty T2

Vv, sC+iL+G S2LC+sLG +1
S,

(o)
H(s) = e\o, (6.10)

where

02=— (6.11)
and

0=w,RC (6.12)

FIGURE 6.9 RLC narrow-band band-pass filter.
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ExXAMPLE 6.5

Design a narrow-band band-pass filter with GIC circuit with f, =1kHz and Q = 10.

Solution

(a) Design the RLC normalized filter.

For ,=1rad/s, choose C=1F.. L=1Hand Q=10,R=10W.
(b) We specity the components for the GIC circuit.

We accept equal resistors and capacitors:

R,=R,=R,=1Qand C=C,=1F
(DU

®

n

ISF=10%, FSF==2=2nf, =2nx10° .. k=ISFxFSF=2mux10
R=ISFXR,=10*x10 Q=100 kQ
R,=R,=R,=R5=ISFXR,, =10*x1Q=10 kQ

c=c,=Sr—— 1 __i504F
kK 2mx107

Figure 6.10 depicts the designed narrow-band band-pass filter with GIC.

o}

tv,

s

—
0
=

FIGURE 6.10 (b) Narrow-band band-pass active filter with GIC circuit; (c) its frequency response.
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100 K

Vi(T: W1W5.9n —T— ?VD
1

10K
:‘: : LM 741

20.00

0.00
N A . /\ AR A
~20.00

—-40.00 =

Gain dB

N\
/

VA

L

—60.00 s

—-80.00

10 100 1K 10K 100 K

Frequency in Hz

(c)

FIGURE 6.10 (Continued)

6.6 NARROW-BAND BAND-REJECT FILTER DESIGN

Figure 6.11 shows the narrow-band band-reject RLC filter. From this filter, we have:

1
sL+—
H(S)Zﬁ: ZZ — sC
V.

i
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R
C I
of b,
L
O L g O

FIGURE 6.11 Narrow-band band-reject RLC filter.

where
o L
° LC
and
o, L
Q= R

EXAMPLE 6.6

(6.13)

(6.14)

(6.15)

Design a narrow-band band-reject filter with GIC circuit with f, =1kHz and Q =10.

Solution

For w, =11ad/s, choose C = 1 F and from Equations (6.14) and (6.15), we have L =

1Fand R=10=0.1Q.

We use equal resistors and capacitors for the GIC circuit:

R,=R,=R,=1Q, C=C,=1F . R,=1Q

ISF =10, FSF=2rf,=2nx10% .. k=ISFXFSF=2nx107

R,=R,=R,=R,=ISFXR,, =10*x1Q=10kQ
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—
2
=

100
o—e— AN ® o}
T L 159n T
\Z I} V,
15.9n
1K
159n
1K
1K
1K

(b)

FIGURE 6.12 (b) Narrow-band band-reject active filter with GIC f, = 1 kHz, Q = 10;
(c) frequency response.

C
c=c12=—"=¥=15.9n1:
k  2mx107

Figure 6.12a depicts the designed filter, and its frequency response is shown in
Figure 6.12b.
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0.50
,,,,, 0 0 e s 1 | At I O B
-0.50
m —150
8 L A 1 AN R S 1) ) A o
= B E Uttt
& - A 1 1 ot 1 ) S
-2.50
-3.50
—4.50
10 100 1K 10K 100 K
Frequency in Hz
(©

FIGURE 6.12 (Continued)

PROBLEMS

6.1 Provided R=,/L/2C, the circuit of Figure P6.1 yields a third-order low-
pass Butterworth response with 3 dB frequency o, = 1/\/2LC.
(a) Specify suitable components for w; =1 rad/s.
(b) Convert the circuit to a GIC realization for f; = 1 kHz

TT% "

6.2 Provided R=,/L/2C, the circuit of Figure P6.2 yields a third-order high-
pass Butterworth response with 3 dB frequency w, =1/\/2LC.
(a) Specify suitable components for ®, = 1 rad/s.
(b) Convert the circuit to a GIC realization for f, =3 kHz.
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6.3 Using GICs and information of Appendix E, design a seventh-order 1-dB
Chebyshev 1-dB ripple passband high-pass filter with f, =300 Hz.

6.4 It is desired to design a seventh-order 0.5-dB Chebyshev low-pass filter
with f; =5kHz using FDNR implementation.

6.5 Find an FDNR realization for the third-order low-pass Chebyshev 0.5-dB
ripple, with f,=5kHz (Figure P6.3).

6.6 (a) Find the transfer function of the filter of Figure P6.4:
(b) If the normalized transfer function of the preceding filter is

1

H(s)=—F
s2+4/2s5+1

(c) Find an FDNR realization of this filter for f, =3 kHz.

V; cl R- ;Vo
: I

R=1

6.7 Find an FDNR realization of the second-order high-pass filter using the
results of Problem 6.6 for f, =300 Hz.

6.8 Using GICs and information of Appendix E, design a fourth-order But-
terworth LP filter with f; =500 Hz.

6.9 Using GICs and information of Appendix E, design a seventh-order low-
pass elliptic 1-dB passband ripple with o, =2.00 and f, =10 kHz.

6.10 Using GICs and information of Appendix E, design a third-order high-

pass 0.1-dB passband ripple with ®,=2.00 and f, =1 kHz.



7 OTA Filters

7.1 INTRODUCTION

An ideal operational transconductance amplifier (OTA) is a voltage-controlled cur-
rent source. What is important and useful about the OTA’s transconductance param-
eter is that it is controlled by an external current, the amplifier current /,, so that
one obtains

8n="1p (7.1)

From this externally controlled transconductance, the output current as a function
of the applied voltage difference between the two pins labeled v, and v, is given
by

io = gmvtl (72)

or

i,=8,(v,=v) (7.3)

where g, is the transconductance parameter provided by the active devices. The
transconductance of the OTA is in the range of tens to hundreds of uS (CMOS
technology) and up to mS (bipolar technology). The OTA can work in the fre-
quency range of 50 to several MHz. Its circuit model is shown in Figure 7.1a. To
avoid loading effects both at the input and at the output, an OTA should have
R =R, = oo

OTAs find applications in their own right. The OTA is a fast device. More-
over, g, can be varied by changing the bias current by differential transistor pairs,
making OTAs suited to electronically programmable functions.

Programmable high-frequency active filters can therefore be achieved by using
the OTA. However, single OTA filters may not be suitable for full integration as
they contain resistors that require large chip area. In recent years active filters use
only OTA and capacitors. These filters are called OTA-C filters. The single OTA
filter structures can be converted into integrated OTA-C filters by using OTAs to
simulate the resistors.

203
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7.2 SINGLE OTA LP FILTERS WITH THREE
PASSIVE COMPONENTS

Figure 7.2a shows an OTA with three impedances, and Figure 7.2b shows its
equivalent circuit. From Figure 7.2b we have:
node v,

LV +(L+5)V, -g,V,-V)=0 (7.4)
node v,

—Y,V, +(Y,+Y,)V,=0 (1.5)

Vao———+
I0
Vio— |-

vyo—)

vio—5)

(b)

s
8mVd Ro
Vi

(c)

FIGURE 7.1 (a) OTA: symbol, (b) ideal model, (c) equivalent circuit.
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——oO Vv, Vi O_®
8m(vi — V1)
Vi é ) Vl é Vo
Z H] Z3 Z H] Z3
T I

(a) (b)
FIGURE 7.2 (a) Single OTA filter with three impedance, (b) equivalent circuit.

From the preceding equations we have:

Y, — Y
rxyy, - B8y oy
Y +7,
Y +Y
Hl(s)zﬁz gm( 1 2) (76)
Vi YhL+YY+Y Y +gY,
and
Y
Hy(s)= 11 = 2uYs (7.7)
Vi YL+YY,+YY,+gY,

From these expressions we can derive different first- and second-order filters.

7.2.1 FirsT-ORDER Low-PAss FiLTER

Figure 7.3 shows a low-pass filter and its equivalent circuit.

FIGURE 7.3 First-order low-pass filter and its equivalent circuit.
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From Figure 7.3b, we have:

From the preceding equations, we have:

— g)n(‘/i B ‘/())
‘ sC+G

H(s)=Ye—— 8n
V. sC+g,+G

1

H(s) :L

N
I+ —
(Dl

where

1+g,R
= "Rke
8.R

“1+g R

m

7.2.2 FirsT-ORDER HIGH-PAss FILTER

Active Filters: Theory and Design

(7.8)

(7.9)

(7.10)

(7.11)

(7.12)

(7.13)

Figure 7.4a shows a high-pass first-order filter with three passive components, and

Figure 7.4b shows its equivalent circuit.
node v,

(C+G)V,—sCV =0
node v,

—SCV, +(sC+G,)V,—g, (V,=V,)=0

(7.14)

(7.15)
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——o Vv, Vi O_@
8m(Vi = Vo)
i ol
Ry R, % R, R, %
I I

FIGURE 7.4 (a) First-order high-pass OTA filter, (b) its equivalent circuit.

From these equations we have:

(sC+G))(sC+G,)

Vot (8, =sOV, =g,V

sC
H(s)="Ye = 38.C
V. sC(g,+G, +G,)+GG,
0‘)2
H(s)=——% (7.16)
S
I+—
0‘)2
where
K — gm - gm (7.17)
8§,tG +G, 1+g,R
R=R,//R, (7.18)
and
GG, ! (7.19)

0) = =
* C(g,+G,+G,) C(g,RR +R+R)

7.3 SECOND-ORDER LOW-PASS FILTER

Figure 7.5a shows a second-order low-pass filter, and its equivalent circuit is shown
in Figure 7.5b.

From Figure 7.5b we have:
node v,

(sC,+G)V, -GV, =0 (7.20)
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R
Vo MW
Ci=— Cy=/=
L

FIGURE 7.5 (a) Second-order low-pass filter; (b) equivalent circuit.

node v,

Active Filters: Theory and Design

vio——®)
* gm(vi - Vo)
R
omal AN
Ci= Cy=
T

GV, +6C+G)Y, g, (V,-V,)=0

From Equations (7.20) and (7.21) we have:

(sC,+G)(sC, +G)

V,+(@, - OV,=3,V,

G o
H(S) = ﬁz g'"G
V. s2CC,+s(C,+C,)G+g,G
8,0
cC
H(s)= =2
Sz+(Cl+C2)G . 8.G
C1C2 C1C2
1
H(s)= 5
S N (C,+C,)G s
(’01 (DICICZ (01
where
0 =h=—5nC
(’OICICZ
and
(C,+C,)G
a=-———">="

0,C\C,

(7.21)

(7.22)

(7.23)

(7.24)
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Design Equations
For C,,=C,,=C,=1F and ®, =11ad/s
From Equation (7.24) we have:

R, = 2 (7.25)
a
and from Equation (7.23) we have:
8 Z& (7.26)
a

ExampLE 7.1

Design a second-order Butterworth low-pass filter with a cutoff frequency of 100 kHz.

Solution

From Butterworth coefficients we find a = 1.414 and b = 1.000, hence

R, _2_ 2 440
a 1414

gmzﬁzizmms
a 1414

ISF=10 . FSF=2L=2nf =2mx10°
(O]

n

k= ISF X FSF =2mx10°

c=S -1 _is590pF
K 2mx10°
g 1414
= B _ — 141448
8= oF T 100 H

R=ISFxXR, =10*x1.414 Q =14.14 kQ

Figure 7.6 shows the designed filter.
The sensitivity of this filter is

1
S;:‘ =-Slfa = 5 (7.27)

Skia =0 (7.28)
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gm = 1414 uS
Vi Dil : :
R
Voo MWW
14.14 KQ
C,==159.2 pF C,==159.2 pF
T

FIGURE 7.6 Second-order Butterworth LPF f; = 100 kHz.

These results indicate extremely low-sensitivity performance of this OTA filter. This
is generally true for other OTA filters.

7.4 SECOND-ORDER LP FILTER WITH FOUR
PASSIVE COMPONENTS

Figure 7.7a shows a second-order low-pass filter with four passive components, and
the equivalent circuit is shown in Figure 7.7b.
From the equivalent circuit we have:

node v,
(sC,+G)V, -GV, =0 (7.29)
node v,
-GV +(C,+G,+G,)V,—g, V.=V )=0 (7.30)
Vi
vio——3)
* gm(vi - Vo)
R R
Vo e ©, Yo A fa
Ci== C, T R, Ci=—— CZT R,
1 T

FIGURE 7.7 (a) Second-order low-pass filter with four passive components, (b) equivalent
circuit.
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From the aforementioned equations we have:

[(sC, +G)(sC, +G, +G,) - G(G,— g )V, =g,GV,

H(S) —_ & —_ gmGl
V. s2CC,+5[C\(G,+G,)+C,G]1+G (g, +G,)
H(s)= > K (7.31)
s s
— | ta| —|+1
[“’1 J [‘”1 j
where
= Sufs (7.32)
1+g,R,
0 =b=Ent )G (7.33)
CIC2
and
g C,(G, +G,)+C,G, (7.34)
CG0,
IfC,=C,=C and R, = R, = R, we have:
R
= EnT (7.35)
I+g,R
0 = b= EntDC (7.36)
CZ
a= 3G (7.37)
Co,
Design Equations
For normalized filter, ®, =1rad/s and C, =1F, we have:
R, = 3 (7.38)
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G o
Rn = b
Rﬂ
_ 2
_9b-a (7.39)
3a
ExampLE 7.2
Design a second-order Butterworth low-pass filter with f, =100 kHz.
Solution
From Butterworth coefficients we find a = 1.414, b = 1.000.
R, :i:i:2.1229
a 1414
) _ 2
g, = 9 —a _ 9x1-1.414 ~1650S
3a 3x1.414
0
ISF=10* .. FSF=—=2nf,=2nx10°
(Dn
k=ISF X FSF =2mx10°
c=S -1 __i500pF
k  2nx10°
R=ISFXR,=10*x2.122Q=21.2kQ
g 1.650
=2 - =165uS
8= sF T 100 "
-5 3
__8uR _ 165x10°x21.2x10° _ 0.779
I+g,R 1+165x10°x21.2x103
Figure 7.8 shows the designed filter.
The sensitivity of this filter is
S =-8 S (7.40)
C 1/R 2 .

2
(")I_l — g
ng—z{l [3)] (7.41)
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gn =165 uS
Vi j : :
R
Vo AW
21 KQ

C==159pF 159pF=—=C R <21KQ

™7

FIGURE 7.8 Second-order Butterworth LPF, with f, = 100 kHz.

SK=0 (7.42)

2
a
SK = (3) (7.43)

The filter has a very low-sensitivity performance.

7.5 SECOND-ORDER BAND-PASS FILTER

Figure 7.9a shows a band-pass filter, and the equivalent circuit is shown in Figure 7.9b.
From Figure 7.9b we have:
node v,

2sC+G)V,—sCV, =0 (7.44)
node v,

~sCV, +(sC+G)V,—g (V,.=V,)=0 (7.45)

FIGURE 7.9 (a) Second-order band-pass filter, (b) equivalent circuit.
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From these equations, we take

{(sC+G)(2sC+G) ~ sC+gm} V=gV
sC
H(S):ﬁ— chm

V. s2C*+sC(3G+g,)+G?

H(s)= 5 (7.46)
— | +—= +1
0)0 Q o
where
G
o =— 7.47
o= (7.47)
l = M (7.48)
0 o,C
8
K =-°m 7.49
’ o,C (7.49)
Fors=jm,
Ki
H(jo,)= K:—f: K,0
ji
Q
K, = K (7.50)
Q
Design Equations
For w,=1rad/s, C,=1F
R,=1Q (7.51)
From Equation (7.48), we have:
== 3 + gﬂl
gy =2 (7.52)
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and from Equation (7.49)

K,=g,. (7.53)

o

K=0g,, (7.54)

ExampLE 7.3

Design a narrow-band band-pass filter with f, = 100 kHz and Q = 10.

Solution
g = 30-1 _ 3x10-1 ~295
0 10
C,=1F and R =1Q
ISF=10*
(0]
FSF=—2=2nf =2nx10°
w}l
C 1

C= 1 = =159 pF
ISF X FSF 2mx10°

R=ISFXR, =10*x1Q=10kQ

g 2.9
= 8m 22 _ 2908
&n = sF T 104 H

Figure 7.10 shows the designed filter.

FIGURE 7.10 Narrow-band band-pass filter with f, = 100 kHz and Q = 10.
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7.6 OTA-C FILTER

A popular OTA application is the realization of fully integrated continuous-time
filters. OTA-based filters are referred to as g, — C filters because they use OTAs and

capacitors. Figure 7.11 shows a popular g, — C filter.
Its analysis proceeds as follows:

Vo=Vr=Vy

V.=V

a

where v, v,, and v, refer to the input pins of the respective OTAs.

The current out of OTA1 is

Iol = gml(‘/l+ _‘/17) = gml(va _‘/o)

For OTA2:

1 V-V
Vi=] — = a 0
2 ol SCI gml SCI

Because V; =0, the current out of OTA2 is

l,= Vi-V;)=
02 = &m (V3 5) sC,

For OTA3, we have:

1
ViV, andVy =V, = 24,

SC,

103 = gm3(‘/3+ _V3_) = gm3(‘/b _Vo)

gmlng(‘/a - VO)

FIGURE 7.11 Second-order g, C filter.

(7.55)

(7.56)

(7.57)

(7.58)

(7.59)

(7.60)

(7.61)
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At the output of both OTA2 and OTA3, Kirchhoff’s current law gives:

I1,+1,=(V -V)sC, (7.62)
From Equations (7.59) and (7.62) we have:

gmlg)nZ(‘/u - ‘/())

+8u3(Vy = Vo) =(V, = V) sCy
sC,

(SZCICZ + gm3scl + gmlng) Vo = SZCICZ‘/C +s gm3cl‘/b + gmlgm2‘/a

_ 5°C\C, +58,,CV, + 8,180V,

i > (7.63)
s CICZ + ng3 + gmlng
ForV. =0, V,=0, andV, =V,
\% sg C
Hpp(s)=—"= 2 Su1
‘/i s CICZ + sgm3C1 + gmlng
1ps
Q (D()
Hp(s)= 5 (7.64)
K 1{ s
— |+ — |+1
[‘Do] 0 [‘D]
where
mg — gmlgm2 (765)
GG,
0=2C (7.66)
gm3

By setting g,,, = &,.» = &,,» it is clear from Equation (7.65) that the center frequency
can be literally dependent on g,,.

O =—F— or

f=—tn (1.67)
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At the same time, g,, can be separately adjusted to yield a controllable value for
the filter Q:

1 8
0=—0C,—2n_
Em3 2\' C1C2
0=2n |& (7.68)
8 \ Ci

Therefore, the band-pass filter realized with this circuit has independently controlled

f, and Q.
Ifv,=vV.=0andV, =V,

Hw(s)zﬁz > gm]gm2
Vvi s CICZ + gm3C1 s+ gmlgm2
1
Hp(s) = 5 (7.69)
[S] + g'ﬂ[sJ + 1
®, 0,C, | 0,
where
(,l)% — b — gmlng (770)
GG,
gn 3
a == 7.71
C, (7.71)
FOf gml = ng = gm
Cc,=Em (7.72)
a
and
2
C =28n (1.73)

Ifv,=V =0and V, =V,
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s2C,C,
S2C1C2 + gm3ClS + Eni8m2

Hp(s)=

Hyp(s)= 3 (7.74)
W, ®,C, | 0,
where
a=-Sn (7.75)
(’02C2
and
g lng
0F ==ment 7.76
Forw,=1rad/sand g,,=g,, =8,
2
In =L (7.77)
bgm3
C,, =5 (7.78)
a

7.7 SOME NONIDEAL FEATURE OF THE OTA

One of the biggest drawbacks of the first versions of the OTA was the limited range
of the input differential voltage swing. The limited input voltage swing applies only
if the OTA is being used in the open-loop configuration. In that case, if the difference-
mode voltage exceeds about 25 mV and the load resistance is relatively low, then
the circuit does not operate in the linear region. Of course, for the circuits that use
negative feedback, the linear behavior is maintained.

The more recent versions of the OTA, such as the National Semiconductor’s
LM3600, Harris” CA3280A, and Philips’ NES517, all use internal linearizing diodes
as the input differential pair of the OTA. These make the OTA’s output current a
linear function of the amplifier bias current over a wide range of differential input
voltage.

As with all active devices, OTAs have finite input and output impedances and
a frequency-dependent gain parameter, leading to the more realistic circuit model
of Figure 7.12. The capacitors C; and C, are not only the parasitic device input and
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Vy 0 - » ® * o
N Cil (5102~ )
T ) R3 C=
v, 0 . ©
o o

FIGURE 7.12 Practical OTA circuit model.

output capacitances but also those contributed by wiring. The input resistor R, is
from >10 MW up to >100 MW (in CMOS circuits), so that its effect can be neglected.
The output R is usually small, of the order of 100 KW or less, so that its effect must
be included.

The transconductance frequency dependence can be modeled via a dominant
pole or excess phase shift:

8,(8)= S o (7.79)

12
®,

where ®, is the bandwidth of the OTA and g, is the dc transconductance. The phase
shift model is also often used, which is

g, (jo)=g, e i*= gmo(l - s‘r) (7.80)

where ¢ is the phase delay, T=1/w, is the time delay, and ¢ = ®T, when ® << ®,.
Some typical values of OTA (CMOS) parameters are:

g,,=50uS, f, =100 MHz, R, =oo

R,=1MQ, C,=0.05pF, and C,=0.1pF

PROBLEMS

7.1 For the circuit of Figure P7.1, find the input impedance.
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7.2 For the circuit of Figure P7.2, prove that

Vn :@Vl +MV2

m3 m3

7.3 Figure P7.3 shows an integrator. Prove that

8 [
v, =?IO v, —v,)dt

7.4 Find the transfer function of the filter of Figure P7.4.

Vio
D—OV0

R

C

1

Ans.

_g,(RC+1)

H
) sC+g,
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7.5 Prove that the transfer function of the filter of Figure P7.5 is

where

7.6 Find the transfer function of Figure P7.6.

Vio
—o v,

= gm
sC+g,

H(s)

7.7 Find the transfer function of Figure P7.7.

€m A 4 l oV,

R C
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Ans.

8
H = m
() sC+G

7.8 Find the transfer functions of Figure P7.8.

(@) H(s)= % (b) H(s) = %

i i

R;
Va ANV
C——= % R,
1
Ans.
(a) H(S)= ngc+gmG1
sC(G,+G,)+G(g, +G,)
(b) H(s)= &)

sC(G, +G,)+G,(g, +G,)

7.9 Find v, = f(v,,v,) of the circuit of Figure P7.9.

Vio
Vy O r—O Vo
1

Ans.

gml
Vo=—7?>"—(V,-V,
sC+gmz( 2=V

7.10 Find the transfer function of Figure P7.10.
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K
H(s)= K=—S8n_ o=

_GG,+6)
2C?




8 Switched Capacitor
Filters

8.1 INTRODUCTION

Many active filters with resistors and capacitors have been replaced with a filter
called a switched capacitor filter (SC filter). The switched capacitor filter allows for
very sophisticated, accurate, and tunable analog circuits to be manufactured without
using resistors. The main reason is that resistors are hard to build on integrated
circuits because they take up a lot of space, and the circuits can be made to depend
on ratios of capacitor values, which can be set accurately, and not absolute values,
which vary between manufacturing runs.

8.2 THE SWITCHED CAPACITOR RESISTORS

To understand how a switched capacitor circuit works, consider Figure 8.1a, in which
the capacitor is connected to two switches and two different voltages. Assum-
ing V, >>V,, we observe that flipping the switch to the left changes C to V|, and
flipping it to the right discharges C to V,. The net charge transfer from V| to V, is

Ag=CV,-V) 8.1)

If the switched process is repeated n times in a time At is given by
Ag=C (V,- V)~ (8.2)
q 2 At :

The left-hand side of this equation represents current, and the number of cycles per
unit time is the switching frequency or clock frequency, f,,, hence:

i=C(V,=V) fox

Rearranging, we get

== (8.3)

225
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Req
(e, O (e, O oO——WA——o0
T g
[e; JT_ O oO——F 0
(@ (b)
AR
Vo T L . T L oV, /_\ /_\
| 3
C
: | : AwA

FIGURE 8.1 (a) Switched capacitor; (b) approximate resistor; (c) MOS implementation;
clock signals ¢, and ¢,.

This equation indicates that the switched capacitor behaves approximately like a
resistor. The value of the resistor decreases with increasing switching frequency or
increasing capacitance.

8.3 THE SWITCHED CAPACITOR INTEGRATOR

An active RC integrator is shown in Figure 8.2a. The input resistance to the integrator,
R, is changed to a switched capacitor in the circuit of Figure 8.2b.
The input capacitor C; charges to V, during the first half of the clock period; that is,

g=CYV,

|1
I _| I_I I_I I_
R Clock C
N i ?
o T ] ll
2 | |
VIT T Vo Vi o—oO o—4¢ v
—o
4 C, ©°

I .

(a) (b)

FIGURE 8.2 (a) Active integrator; (b) switched-capacitor integrator.
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Because the clock frequency f,, is much higher than the frequency being filtered, V,
does not change, while C, is being changed.

During the second half of the clock period, the charge C,V; is transferred to the
feedback capacitor because v~ = v+ =0. The total transfer of charge in one clock
cycle is

q=CY, (8.4)
Hence, the average input current is
. _q_GV
L= T = lT =GV, fax (8.5)

The equivalent input resistor (R, ) can be expressed as

V.
R=-—+= ! (8.6)
i Cifox
and the equivalent RC time constant for the SC filter is
RC=—% 8.7)
Cl fCLK

The RC time constant that determines the integrator frequency response is
determined by the clock frequency, f,,,, and the capacitor ratio, C, / C,. The clock
frequency can be set with an accurate crystal oscillator. The capacitor ratios are
accurately fabricated on an IC chip with a typical tolerance of 0.1%. We need not
accurately set a value of C,, because only the ratio C, / C, affects the time constant.
We use small values of capacitances, such as 0.1 pF, to reduce the area on the IC
devoted to the capacitors. We can obtain relative large time constants [Equation
(8.7)], suitable for audio applications, with small areas on the IC.
The frequency of the active integrator is given by

1
2nRC

fi

Replacing R by the SR resistance, we have:

G

h= 2nC,

Sewx (8.8)
The input frequency f is such that

<< fox (8.9)
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8.4 UNIVERSAL SC FILTERS

The universal SC filter consists of two high-performance, SC filters. Each filter, together
with two to five external resistors, can produce various second-order filter functions such
as low-pass, high-pass, band-pass, notch, and all pass. The center frequency of these
functions can be tuned by an external clock. Up to fourth-order full biquadratic
functions can be achieved by cascading the two filter blocks. Any of the classical
filter configurations, such as Butterworth, Chebyshev, Bessel, and Cauer, can be
formed. Two popular and well-documented examples are the MF10 or MF100
(National Semiconductor) and the LTC 1060 (Linear Technology).

8.4.1 THe LMF100 UNiversaL SC FILTER

The MF100 or LMF100 integrated circuit is a versatile circuit with four SC inte-
grators that can be connected as two second-order filters or one fourth-order filter.
This chip includes a pin that selects the clock to center frequency ratio at either 50:1
and 100:1. That is,

f.= fg(L)K or {%Lg (8.10)

where f. is the integration unity-gain frequency depending on the state of the
50/100 pin. Figure 8.3 shows the block diagram of the left half.

N/AP/HP,

4
INV, >
.
15
AGND[ | /1 o
|
|
10 1| Non Overl '
Leve on Over |
CLK |_ o~
A Shift | Clock |
|
|
|

12

50/100 || Control ] Sus
9

L.Sh. Di

FIGURE 8.3 Half-block diagram of the MF100 Universal monolithic dual SC filter.
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The pins are described in the data sheet, and we will describe a few of them:

* 50/100: determines if the value of f, is f., /100, or f, /50.

* CLK,: is fr-

e INV,: is inverting input of the op-amp.

e N/AP/HP,: an intermediate output, and the noninverting input to the
summer. Used for notch (N), all-pass (AP), or high-pass (HP) output.

e BP,: the output of the first integrator. Used for band-pass (BP) output.

e LP,: the output of the second integrator. Used for low-pass (LP) output.

e S1,: an inverting input to the summer.

* §,5 determines if the switch is to left or to the right, i.e., this pin
determines if the second inverting input to the summer is ground (AGND),
or the low-pass output.

8.4.1.1 Modes of Operation

Each section can be configured for a variety of different modes. The mode of Figure
8.4 is referred to as the state variable mode (mode 3) because it provides the high-
pass, band-pass, and low-pass responses by direct consecutive integrations; other
modes can be found in the data sheets and application notes.

node v,

~GV.+(G,+G, +G,+G,)V, =GV, —GV,p, —G,V,, =0 (8.11)

Vi =~ Vi (8.12)

| | oVip

FIGURE 8.4 Mode 3 (HPF, BPF, and LPF) of SC filter MF100.
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Vir="Var (8.13)

V, =0 (for an ideal op-amp) (8.14)

For Equations (8.11) and (8.14), we have:

G,V,p +G,Vyp + GV, =GV, (8.15)

8.4.1.2 Low-Pass Filter

From Equations (8.15), (8.12), and (8.13) we have:

(s2G, + G, +G,)V,, =GV,
Gl

Hop(s) =2
s)= -
“” 52G, +5G, +G,

_LP
v,

R,
R
H (s)=— ! R
24+ 2542
3 R,

Fors —» 0

_x-R
H,,(0)=K = R (8.16)

=t 8.17
s2+as+b ( )

where

E (8.18)

(8.19)
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For a normalized low-pass filter, we have:

R,=1Q, o, =lrnds (8.20)

R, =KR, 6 =KQ (8.21)

R,, =bK Q (8.22)

R;, B _bK g (8.23)
a a

ExamrLE 8.1

Design a low-pass Butterworth filter with the following specifications: f; =1kHz,
f,=25kHz, A, =3dB, and K =1.

Solution

From the Butterworth nomographs, we find: n = 5, and from Butterworth coefficients,
we have:

a, =1.618, b, =1.000, a, =0.617, b, =1.000, and b, =1.000

For K = 1 we have:

First stage
R
R,, :A:#=0.617Q
a 1.618
Second stage
R
= 2 1 =1.618Q
’ a 0.618
Third stage
R =1Q
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ISF =2 x10% we calculate

FSF =L =g f = 2m x10°

R =R, =R, =ISFXR, =2x10*x1Q =20 kQ

First stage

Ry=ISFXR,, =2x10*x0.617 Q=12.3kQ

Second stage

Ry = ISF X Ry, = 2x 10* x 1.618 Q = 32.4 kQ

Third stage

R=ISFXR,=2x10*x1Q=20kQ
C 1

n

T ISFXFSF 2x10% x2nx 10°
fcu(zsoﬁ =50x1kHz =50 kHz

=8 nF

Figure 8.5 shows the designed filter using MF5 (half of MF100).

8.4.1.3 High-Pass Filter

From Equations (8.15) and (8.13), we take:

1 1
G, ( Ve j +G,Vpp + G ( VHP) =-G\V,
s s

11 G
G, (SSVHP j +G,Vip + T3VHP =-G\V,

H (s)=h=—¢
e v, 52G, +5G, +G,
%sz
H,,(s)= R (8.24)
s2+—2Ls+—2
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For s — o .-
R
Hyp(0)=K=—> (8.25)
1
K
e (5) == s2+as+b .
where
wi=b= L} (8.27)
R4
a= L} (8.28)
R3
For ®,, =1rad/s and R, =1Q
R, =K (8.29)
Ry, = 1 (8.30)
a
K
R, =— 8.31
4n b ( )

ExampLE 8.2

Design an SC high-pass Butterworth filter with the following specifications:
f,=430Hz, f, =215Hz, A, =3dB, A, =21dB, and K =1

Solution

From the Butterworth nomographs, we find n = 4.
First stage

a=1.848, b=1.000

R,=1Q, R, =K=1Q, R3n=l=ﬁ=0.5419
a .

R, =10

1

n

_K_1
b
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Second stage

a=0.766, b=1.000
R,=1Q, R,=K=1Q

R;, =l=;=1.3059
a 0.766
R,, =£= 1Q
b
ISF =2x10%
0‘)]
FSF=—-=2nf, =2nx430=8.6m x 102
O‘)n
R =R, =R, =ISFXR, =2x10* Q=20kQ
First stage

R, = ISFx R,, = 2x10* X 0.541 Q= 10.8 kQ

Second stage

Ry = ISF X R, = 2x 10* x1.305 Q = 26.1 kQ

Figure 8.6 shows the designed filter.

8.4.1.4 Narrow-Band Band-Pass Filter

From Equations (8.15), (8.13), and (8.14), we have:

i

1
G, (SVB,,)+Gz(s Vi) + GV, = =GV,

R

V R

Hyp(9) =~ = =S
i 24 2oy 2

R3 R,



236 Active Filters: Theory and Design
R;p 20 K
MW
Ry 20K 1 20 Ry 20K
—VWW————1 ] LP, LPy (———VWW\—9
Ry, 108K 2 19 Ryp 26.1K
— WM ———— BP, BPp —— MWW —9
Ry, 20K 3 18 Ryp 20 K
— A————e——| N/AP/HP, N/AP/HPy =
4
Vio A ¢ — INV, INVp 1
R;x 20K 5 16 ————————°Y
5k Sly
6 LMF100 15
—5Ve—{— Spp AGND
7 14
— 1 VX VaE——
+5V — Vb Vb _'12 100 nE sV
pum— n
50/100/CL
100 nF = _,_—1% L Sh. - 1 1
A1 CLK, CLKg :b‘
FAdp Nl IR
0 forx = 43 kHz
FIGURE 8.6 Fourth-order SC HP Butterworth filter: f, = 430 Hz, K = 1.
R, | s
O)URI (’0(1
Hy,(s)= 5 (8.32)
s 1[ s
— | +=| — |+1
(0] o\,
where
R
0:=-—= (8.33)
R4
1 R
—=—2 (8.34)
Q (’OOR3
For s = jw,, Equation (8.32) becomes
R
! (8.35)

HBP(jmo): K:_?

1
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For normalized filter, &, = 1 rad/s:

R =1Q (8.36)

n =

From Equations (8.35) and (8.33), we have:

R, =K (8.37)
(8.38)

ExampLE 8.3

Design a narrow-band band-pass filter with f, =750 Hz, Q =10, and K =5.

Solution

5

R,=1Q Ry ="_=-"=050Q R,=K=5Q

Q| >

R, =R, =05Q
ISF =2 x10*
R =ISFXR, =2x10*x1Q=20kQ
R,=R,=ISFXR, =2x10*x0.5Q=10 kQ
Ry = ISF X R, = 2x10* x5 Q=100 kQ

Figure 8.7 shows the designed filter.

ExamrLE 8.4
Design a Butterworth band-pass filter with the following specifications: BW = 2 to 8 kHz,
f,=16kHz, f,=1kHz, A, =3dB, A, =12dB, and K =9.

Solution

From the Butterworth nomographs, we find n = 2.
(a) Low-pass filter

a=1414, b=1.000

K =K, =\K=,9=3

Rln=19’ R2n=KRln=3XIQ=3Q» R4n=3Q

R, =

n

=——=2121Q

33
a 1414
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ISF =2x10*
R =ISFxR, =2x10*x1Q=20kQ
R, =R, =ISFXR,, =2x10* x3Q =60 kQ
R, =ISFXR,, =2x10*x2.121Q =424 kQ
(b) High-pass filter
R,=1Q, R, =3R, =3Q, R, =3Q
R,, :E:L:Z.IZIQ
’ a 1414
ISF =2x10*
R =ISFXR, =2x10*x1Q=20kQ
R, =R, =ISFxXR, =2x10*x3Q=60kQ
R, =ISFXR,, =2x10*x2.121Q =424 kQ
Figure 8.8 shows the designed filter.
Rsp 424K 1 60 K
3A Lp, LP,
Ryp 424K
BP, BPy
Ryp 60K
N/AP/HP, N/AP/HPy p
—OV,
INV, INVy ———
16
LMF100 15
Sam AGN]? T
+ Va —F—
Y%
—,—_|:8 A -
5V =V} D —F—¢— =5V
100 nE 9 12 =100 nF

50/100/CL :{
}: L Sh. o

10 CLKg

‘—4: CLK,
5V
VL,

fcrx = 400 kHz

FIGURE 8.8 Broadband band-pass SC filter: BW = 2 to 8 kHz, K = 9.
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SC Filter MW i o

£ - f I
la(-3dB) = 1b(-3dB) = 27RC

21 RC

FIGURE 8.9 RC passive antialias filter, f,,, and to remove sampling steps from the output of
SC filters, fiy,.

8.5 PRACTICAL LIMITATIONS OF SC FILTERS

There are some limitations we must be aware of when using SC filters. These are
limits on the permissible range of clock frequency. The permissible clock range is
typically between 100 Hz and 1 MHz.

SC filters are sampled data systems, and as such, they possess some character-
istics not found in conventional continuous-time filters.

The maximum frequency component a sampled data system can accurately
handle is its Nyquist limit; that is, the sample rate must be greater than or equal to
twice the highest frequency component in the input signal, f, 22 f,. When this rule
is violated, unwanted or undesirable signals appear in the frequency band of interest.
This is called aliasing.

For example, to digitize a 3-kHz signal, a minimum sampling frequency of 6 kHz
is required. In practice, sampling is usually higher to provide some margin and make
the filtering requirements less critical.

The sampling process results in an output signal that changes amplitude every
clock period. This creates the stairstep characteristic of a sine wave input. The steps
depend entirely on the clock rate and the rate of change of the output voltage.

Because the steps are relatively small compared to the signal amplitude, they
are often not bothersome. If they must be reduced, we usually use a simple RC filter
at the output of SC filter.

Also, it is a good idea, when very wide-band input signals are encountered, to
provide some antialias prefiltering using a single-pole low-pass filter before the SC
filter. The prefilter need not be very accurate, as it will be operating at frequencies
well above the SC filter’s center frequency (Figure 8.9).

PROBLEMS

8.1 The circuit of Figure P8.1 provides the notch, band-pass, and low-pass
responses (node 1), with the notch frequency f, and the response frequency f,
independent prove that

— _ _ 3 _R3
KN_KLP_?’ KBP_?’ Q_Ri
1 1 2
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1LP

fo=f= e f=Ak o g Jax

8.2 The circuit of Figure P8.2 provides the all-pass and low-pass responses
(mode 4). Prove that

LP

8.3 The circuit of Figure P8.3 provides the notch, band-pass, and low-pass
responses (mode 1). Prove that

R R
K,p=Ky=-12 KBP:73 Q

s s
1 1

R

— 3 —
- Rz (fN f;))
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8.4 The circuit of Figure P8.4 provides band-pass and low-pass responses
(mode 2). Prove that

R R
f, = Jex [}, Ry or Jerx 1+—%, f, : center frequency
100\ R, 50\ R,
1+& Ry
R R R
0= R . s Kip= ;3 , Kgp —
22 1+72 1
R, R,
R,
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8.5 The circuit of Figure 8.5 provides numerator complex zeros, BP, and LP
responses (mode 5). Prove that

f, = Jax [1, R or o
100\ R, 50
f,= Jax 1+ or fCLK
100
R3 _ & /
RZ QZ - Rl

_R(R,-R) R (. fu
K= Rryrry V70 Ko [f - )

R R R +R,
KBP:3(1+2]’ ( j
R, R, R, +R,

8.6 The circuit of Figure P8.6 provides single-pole HP and LP filters (mode 6a).
Prove that




244 Active Filters: Theory and Design

fCLK R2 fCLK R2
= or == L L or
ﬁ100R3 /. 50R3ﬁf1 5

R R

Kp=—"2, Kp=——2%

LP R] HP R1

8.7 The circuit of Figure P8.7 provides single-pole LP (inverting and nonin-
verting) (mode 6b). Prove that

f;=fCLK& or fc=fCLK&
100 R, 50 Ry
. . Ry . .
K, =1 (noninverting), K= e (inverting)

2

8.8 Using the MF100, design a minimum-component fourth-order Butter-
worth low-pass filter with f; =2 kHz and 20-dB dc gain.
8.9 Using MF100, design a fourth-order 1-dB Chebyshev 0.1-dB high-pass
filter with f, =500 kHz and 0-dB dc gain.
8.10 One of the numerous SC filters produced by National Semiconductor
Corporation is the MF6, a sixth-order SC Butterworth low-pass filter
(Figure P8.8).

The ratio of the clock frequency to the low-pass cutoff frequency is internally set
to 100:1.

Design a Butterworth filter to satisfy the following specifications: A,,,, = 3 dB,
fi=3kHz,3kHz, A, =35dB, and f, =6 kHz.
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Appendix A: Node Voltage
Network Analysis

The node-voltage method of circuit analysis is a method in which the Kirchhoff
voltage law (KVL) equations are written implicitly on the circuit diagram so that
only the Kirchhoff current law (KCL) equations need to be solved. The method also
permits a minimum number of voltage variables to be assigned. The method will
be developed through a study of the circuit of Figure A.1. In this circuit, two unknown
voltages, v, and v,, are chosen. The voltage v, is chosen as a voltage rise from node 3
to node 1; v, is similarly chosen as a voltage rise from node 3 to node 2. As node 3
is the point from which the unknown voltages are measured, it is called the reference
node.

The voltage rise from node 2 to node 1 is the third unknown voltage in the
circuit; it is found from the KVL equation to be

V,=Vi-V,
There are three nodes in the circuit, and as a consequence, two independent KCL

equations can be written, assuming that all branch currents are leaving the node.
node v,

=0 (A1)

The selection of the direction of the currents is arbitrary.
node v,

=0 (A2)

1 1 1 1
L+—+— Vi—-—V,=—V, (A3)
Zl ZZ Z% Z} Zl
11 1 1
—LVI+ —t—+— |V, ==V, (A4)
Z, zZ, 7, Z Zs
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v, %

V3

¢t —

FIGURE A.1 Circuit illustrating the node-voltage method.

or

Y, +Y, +Y,)V, =YV, =YV, (A.5)

YV, + (Y, +Y, + YV, =Y.V, (A.6)

Examination of Equations (A.5) and (A.6) shows a pattern that will permit
equations of this type to be written readily by inspection. In Equation (A.5), written
at node 1, the coefficient of v, is the positive sum of the admittance connected to
node 1. The coefficient of v, is the negative sum of the admittances connected
between nodes v, and v,. The right-hand side of the equation is the sum of the current
sources feeding into node 1.

Now consider Equation (A.6), written for node 2. An analogous situation exists:
The coefficient of v, is the positive sum of the admittances connected to node 2; the
coefficient of v, is the negative sum of the admittances between nodes 2 and 1; and
the right-hand side of the equation is the sum of the current sources feeding into 2.
The fact that these two equations are similar in structure is not a coincidence. It
follows from KCL equations and the manner in which the voltage variables are
selected.

The formal procedure for writing equations of the type represented by Equations
(A.5) and (A.6) is called the node-voltage method.

ExamprLE A.1

Use the node-voltage to determine the transfer function in the circuit of Figure A.2.

Vy =V

FIGURE A.2 Circuit of Example A.1.
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Solution

node v,

-GV, +(G+sC)V, -GV, =0
node v,
-GV, +(sC+G)V, =0
From Equation (A.8), we have:

sC+G
G

V)= Yo

From Equations (A.7) and (A.9), we have:

CCHONC+20) ), oy
G

[(sC +G)(sC +2G) -GV, = G*V,

V. G?
H(s)=-%=
=y = e 306+ G2

1
§2R?C? +3sRC +1

H(s)=

249

(A7)

(A.8)

(A.9)

(A.10)



Appendix B: Filter Design
Nomograph

B.1 BUTTERWORTH LP FILTER DESIGN NOMOGRAPH

h Js S
Passband Stopband
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B.2 CHEBYSHEV LP FILTER DESIGN NOMOGRAPH
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Appendix C: First- and Second-
Order Factors of Denominator
Polynomial

D=(s+c,.)H(s2+a,s+b,,)
i=1

Butterworth

n

1 (s+1)

2 (s2+1414s+1)

3 (s+D(s2+s+1)

4 (52 +1.848s+1)(s> +0.765s + 1)

5 (s+1)(s2+1.6185+1)(s2 +0.765s +1)

6 (52 +1.9325 + (52 + L.414ds + 1)(s2 + 0.518s + 1)

7 (s+1)(s* +1.802s + 1)(s% +1.247s + 1)(s> + 0.4455 + 1)

8 (52 4+1.962s5 + 1)(s2 +1.663s + 1)(s% + 1.111s + 1)(s% + 0.390s + 1)

Chebyshev 0.1 dB

n

00 NN R W -

(s+6.552)

(s2 +2.3725+3.314)

(s +0.969)(s2 + 0.969s + 1.690)

(s? +1.2755 + 0.623)(s? + 0.5285 + 1.330)

(s +0.539)(s2 + 0.872s + 0.636)(s2 + 0.333s +1.195)

(52 +0.8565 + 0.263)(s2 + 0.6265 + 0.696)(s2 + 0.229s + 1.129)

(s+0.337)(s2 + 0.679s + 0.330)(s + 0.470s + 0.753)(s> + 0.168s + 1.069)

(52 +0.6435 + 0.146)(s2 + 0.545s + 0.416)(s2 + 0.364s + 0.779)(s2 + 0.128s + 1.069)

253
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Chebyshev 0.5 dB

1 (s+2.863)

2 (s2+14265+1.516)

3 (s +0.626)(s2 +0.6265 +1.142)

4 (s2+0.8475+0.356)(s? +0.3515 +1.064)

5 (5 +0.362)(s2 +0.5865 + 0.477)(s2 + 0.2245 + 1.036)

6 (s2+0.5805+0.157)(s? +0.424s + 0.590)(s2 +0.1555 +1.023)

7 (s+0.256)(s2 +0.4625 + 0.254)(s2 + 0.3195 + 0.677)(s2 + 0.114s + 1.016)

8 (s2+0.4395+0.088)(s2 + 0.372s + 0.359)(s2 + 0.2485 + 0.741)(s2 + 0.087s + 1.012)

Chebyshev 1 dB

n

1 (s +1.965)

2 (s> +1.0985 +1.103)

3 (5 +0.494) (52 + 0.4945 + 0.994)

4 (52 +0.674s +0.279)(s2 + 0.279s + 0.987)

5 (5 +0.289)(s2 + 0.4685 + 0.429)(s2 +0.179s + 0.988)

6 (52 +0.4645+0.125)(s? + 0.340s + 0.558) (s> + 0.124s + 0.991)

7 (5+0.205)(s? +0.370s + 0.230)(s> + 0.2565 + 0.653) (s> +0.091s + 0.993)

8 (52 +0.3525 + 0.070)(s> + 0.2985 + 0.341) (s> + 0.199s + 0.724) (52 + 0.070s + 0.994)

Chebyshev 2 dB

n

1 (s+1.308)

2 (s> +0.804s5 +0.823)

3 (s +0.369)(s? + 0.369s + 0.886)

4 (s2 +0.506s +0.222)(s% + 0.210s + 0.929)

5 (s +0.218)(s% + 0.353s + 0.393) (s> + 0.1355 + 0.952)

6 (s +0.351s + 0.100) (s + 0.257s + 0.533) (s + 0.094s + 0.966)

7 (s +0.155)(s* +0.280s + 0.212) (s + 0.194s + 0.635)(s? + 0.069s + 0.975)

8 (52 +0.266s + 0.057)(s% + 0.2265 + 0.327) (s + 0.151s + 0.710)(s% + 0.053s + 0.980)
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Chebyshev 3 dB

n

(s+1.002)
(52 +0.6455 + 0.708)

(s +0.299)(s2 + 0.299s + 0.839)

(52 +0.411s +0.196)(s2 + 0.170s + 0.903)

(5 +0.178)(s2 +0.287s + 0.377)(s2 + 0.110s + 0.936)

(52 +0.2855 + 0.089) (52 + 0.2095 + 0.522)(s2 + 0.07s + 0.955)

(5 +0.126)(s2 + 0.2285 + 0.204)(s2 + 0.1585 + 0.627)(s2 + 0.0565 + 0.966)

(52 +0.2175+0.050)(s2 + 0.184s + 0.321)(s2 + 0.1235 + 0.704) (s> + 0.043s + 0.974)

00 N N AW =

Bessel

n

(s +1.000)

(52 +3.000s + 3.000)

(5 +2.322)(s2 +3.6785 + 6.459)

(52 +4.208s +11.488)(s2 +5.792s +9.140)

(5 +3.647)(s2 + 4.6495 + 18.156)(s2 + 6.704s + 14.272)

(52 +5.0325 +26.514)(s2 + 7.471s + 20.853)(s? + 8.4975 +18.801)

(5 +4.972)(s2 + 5.371s +36.597)(s2 + 8.140s + 28.937)(s2 +9.517s + 25.666)

(52 +5.678s + 48.432)(s2 +8.737s + 38.569) (s2 + 10.410s + 33.935)(s2 +11.1765 + 31.977)

0 N AN N AW =




Appendix D: Formulas
of Normalized Filters

D.1 SALLEN-KEY FILTERS

(a) First-order (K = 1)

R(Q) | C(F)
1
1 b
(b) Second-order
CZ
I R=1Q, R,=1Q, R,=K-1Q
R R K Ci(f) Cy(f)
O— MWW ——AW\— ¥
l _ p—o 1 a+-Jat+8b(K-1) | _1_
G 4b bCy
ViT Ry,
Tvo 1 _a l
2b a
R, 3__4_ 1 1
Jb Jb Jb

D.2 MULTIFEEDBACK FILTERS

(a) Low-pass
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R2
AV
G
R 2 R =R;=R=1Q
O VW YVVY o R,y (Q) Ci(F) Cy(F)

v. T G =|: TVo ; 2K + 1 a
1

ak 2K+ 1)b

O L4 O
(a)
(b) Band-pass
(i) BPF with one op-amp
G
[l
I & C-1F Q<10
i K | RQ | R(Q) | RyQ)
on | B|Q Q
£ L
—o 2R, K 2Q 2K
A R o
! 3% I | 2 2Q o
O L g - O K
(i1) Deliyannis BPF
c
I C=1F, R,=1F Q<30
B R | R(@ | RAQ) | R | R,
R C L] ke kR KR, M
oA | o | %k K-1
§ K: Free Parameter
Vi R3 Vo
T Mr T | = kR oo M
: K
° L N P Y L. QU+ M)k
2Q-k M

C=1F Ry=R,=1Q Q<50

Ry(Q) Ry(Q)
__Q
Q F-@Q+1
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(c) Notch
C
I
I
RZ
— W —
R C=1F Ry=1Q Q<10
>—| |—< -
Ryi(Q) Ry(Q) Ry Q)
Ry 1 N
TV 20 2Q 2Q
ViT °
R4
O <+ O
(©
D.3 FILTERS WITH 3 OP-AMPS
(a) State-variable
RS
M
R, ﬁ ¢
I ——
Rg
O—AA—t R R
AN —e—=
o [ Ean
Vhe I T
R, Vip
[¢)
Rq% VBP
C=1F Ry=R,=R=1Q Q<100
Ry(&) Ry(Q) | R3(Q)
LPF # 1| bK K
I IR ALY O .S
a b
BPF 3Q0-1 1 1 K = Q Free Parameter

(@)
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260

(b) Biquad filter

R=1Q Cf=1F Q<100
R(€) R/(€) | RAQ)
1 1 1
LPE | G
BPF By Q 1
K
BPF 1 Q 1 K = Q Free Parameter




Appendix E

TABLE E1
Element Values for Low-Pass LC Butterworth Filters

, = 1rad/s

1 L1 L3 L2K+1

p
o

C2 C4 ...Cnl 1
: J | :

O
n Ll CZ LS C4 LS CG L7 CS L9 CIO
2 1414 1414
3 1.000 2.000 2.000
4 0765 1848 1.848 0.765
5 0618 1618 2000 1618 0618
6 0518 1414 1932 1932 1414 0518
7 0445 1247 1.802 2000 1.802 1247 0445
8 0390 1111 1663 1962 1962 1.663 1111 0.390
9 0347 1.000 1532 1.879 2000 1.879 1532 1000 0.347
10 0313 0908 1414 1975 1975 1975 1782 1414 0908 0.313
n G L, & Ly Cs Lg G Lg Gy Lo
1 L2 Ln
O—WW—IfO’O’O’T s J: * o
C1 T C3 T 1 C2n+1 T

O o < LRI Y L 2 o L 2 O

TABLE E2

Element Values for Low-Pass Chebyshev Filters

Chebyshev 0.01 dB

n L G, L, C, L Cs L, Cy L

3 L181  1.821 1181

5 0977 1.685 2037 1685 0.977

7 0913 1595 2002 1870 2002 1595 0913

9 0885 1551 1961 1.862 2072 1862 1961 1551 0.885

n C L, G, L, Cs L c L Cy
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S O N W WS S O N W W3 S O N W W3 S O N W WS S O N W W3

S O N W W3

L,
1.433
1.301
1.262
1.245
c

1.633
1.540
1.512
1.500
G

1.864
1.807
1.790
1.782
G

3.350
3.482
3.519
3.534

c,
1.594
1.556
1.520
1.502
L,

G
1.436
1.435
1.417
1.408

G
1.280
1.302
1.296
1.292

G
1.088
1.128
1.131
1.131

c,
0.860
0.909
0917
0.920
L,

G
0.712
0.762
0.772
0.776

Ly
1.433
2.241
2.239
2.222
c

1.633
2.440
2.453
2.445
G

1.864
2.691
2718
2716
Gy

3.350
4.538
4.639
4.669

Active Filters: Theory and Design

Chebyshev 0.1 dB

G

1.556
1.680
1.683
L,

Ls

1.301
2.239
2.296
GCs

Co

1.520
1.683
L

Chebyshev 0.25 dB

o

1.435
1.535
1.541
L,

L

1.540
2.453
2.508
cs

Co

1.417
1.541
L6

Chebyshev 0.5 dB

o

1.302
1.385
1.392
L4

Chebyshev 1 dB

G

1128
1.194
1.202
L,

Chebyshev 2 dB

o

0.909
0.959
0.968
L,

Chebyshev 3 dB

G

0.762
0.804
0.812
L4

Ly

1.807
2718
2773
Gs

Ls

2.207
3.147
3.208
GCs

L

2.864
3.901
3.974
Cs

Ly

3.482
4.639
4.727

Co

1.296
1.392
LG

Co

1.131
1.202
L

Co

0.917
0.968
L6

Co

0.772
0.812

L,

1.262
2.222
G

L,

1.512
2.445
&)

1.790
2716
G

L,

2.882
3.920
G

3.519
4.669

Gy

1.502

Ly

1.408

Gy

1.292

Gy

1.131

Gy

0.920

Ly

Gy

0.776

Ly

1.245
Gy

Ly

1.500
Gy

1.782
Gy

Ly

2.890
Gy
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TABLE E3

Element Values for Elliptic Low-Pass Filters

1

L1

L2

L3

L4

L2k+1

000

L2k+2

C2k+1

3 110
1.50
2.00

4 1.10
1.50
2.00

5 110
1.50
2.00

6 110
1.50
2.00

7 110
1.50
2.00

8 110
1.50
2.00

0.446
0.770
0.895

0.173
0.628
0.776

0.813
1.028
1.088

0.576
0.866
0.951

0.988
1.116
1.149

0.779
0.978
1.033

0.270
0.746
0.938

0.328
0.940
1.176

0.924
1.215
1.293

0.888
1.274
1.393

1.167
1.336
1.380

1.133
1.384
1.456

2.704
0.478
0.207

2.310
0.407
0.180

0.493
0.151
0.073

0.613
0.186
0.089

0.244
0.097
0.038

0.338
0.109
0.053

0.446
0.770
0.895

1.049
1.247
1.335

1.224
1.632
1.794

0.973
1.431
1.601

1.277
1.757
1.920

1.089
1.561
1.725

0.894
0.935
0.934

0.372
0.935
1.143

0.591
1.272
1.519

0.597
1.152
1.352

0.707
1.343
1.575

2.135
0.441
0.200

1.357
0.330
0.154

1.357
0.372
0.177

1.151
0.321
0.153

0.291
0.815
0.977

0.943 1.014
1.283 1.033
1.395 1.036

1.040 0.679
1.638 1.125
1.857 1.270

0.866 0.927
1417 1.504
1.614 1.697

0.967
0.268
0.127

0.745
0.218
0.104

0.583
0.956
1.067

1.096
1.358
1.440

1.061
1.081
1.085
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1-dB Passband Ripple
now, L ¢ L L, ¢, L L Co L L, Cy

3 110 1225 0375 1948 1.225
150 1.692 0.733 0.486 1.692
200 1.852 0.859 0.226 1.852

4 1.10 0.809 0540 1.400 1.181 1.450
1.50 1.257 1.114 0344 1.390 1.532
2.00 1407 1324 0.160 0.468 1.551

5 110 1.697 0.775 0.588 1.799 0.399 1989 1.121
1.50 1.977 0977 0.188 2492 0.794 0.520 1.719
2.00 2.056 1.034 0.092 2736 0936 0.249 1919

6 1.10 1221 0942 0577 1.109 0.757 1.058 1.017 1.647
1.50 1.554 1.259 0.188 1.625 1.466 0.287 1270 1.725
2.00 1.657 1354 0.092 1.809 1.724 0.136 1.357 1.744

7 110 1910 0927 0307 1936 0480 1.688 1.553 0.593 1.107 1.420
1.50 2.079 1.048 0.100 2.614 0.874 0.490 2440 0905 0.333 1.877
2.00 2.124 1.080 0.049 2.844 1.016 0.235 2.753 1.006 0.160 2.019

8§ 1.10 1.466 1.101 0348 1.288 0.759 1.072 0.900 1.113 0.620 1.078 1.760
1.50 1.719 1283 0.118 1.837 1369 0315 1438 1.772 0.185 1.261 1.830
200 1791 1334 0.058 2.028 1589 0.152 1.626 1996 0.089 1321 1.848




Appendix F: Coefficients
of Denominator Polynomial

s"+b,_s"M -+ bysT+bs+b,

TABLE F1
Butterworth Filters
n b, b, b, b, b, b b, b,
1 1.000
2 1.000 1414
3 1.000  2.000 2.000
4 1000 2613 3414 2,613
5 1000 3.236 5.236 5.236 3.236
6 1000 3.864 7.464 9.141 7.464 3.864
71000  4.494 10.098 14.592 14592 10.098 4.494
8 1.000 5.126 13.137 21.846 25.688 21.846 13137 5.126
TABLE F2
0.1-dB Chebyshev Filter
n b b, b, b, b, b, b b,
1 6552
2 3313 2372
3 1638 2630 1939
4 0829 2026 2627 1.804
5 0410 1436 2397 2771 1744
6 0207 0902 2048 2779 2966 1.712
7 0102 0562 1483 2705 3.169 3.184  1.693
8 0052 0326 1.067 2159 3419 3565 3413 1.681
TABLE F3
0.5-dB Chebyshev Filter
n b b, b, b, b, b b, b,
1 2863
2 1516 1426
30716 1535 1253
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40379 1025 1717 1.197
5 0179 0753 1310 1937 L172
6 0095 0432 1172 1590 2172 1159
7 0045 0282 0756 1.648 1.869 2413 1151
8 0024 0.I53 0574 1149 2184 2149 2657 1146
TABLE F4
1-dB Chebyshev Filter
n b b, b, b, b, b, b b,
1 1965
2 1103 1.098
3 0491 1238 0.988
4 0276 0743 1454 0953
5 0123 0581 0974 1.689 0937
6 0069 0307 0939 1202 1931 0928
7 0031 0214 0549 1358 1429 2176 0923
8 0017 0.107 0448 0847 1.837 1655 2423 0920
TABLE F5
2-dB Chebyshev Filter
n b b, b, b, b, b b, b,
1 1308
2 0823 0804
30327 1022 0738
4 0206 0517 1256 0716
5 0082 0459 0.693 1450 0.706
6 0051 0210 0771 0867 1746 0.701
70020 0166 0383 1.144 1.039 1994  0.698
8§ 0013 0070 0360 0598 1580 1212 2242 0.696
TABLE F6
3-dB Chebyshev Filter
n b, b, b, b, b, b, b, b,
1 1.002
2 0708 0.645
30251 0928 0.597
4 0177 0405 1169  0.582
5 0063 0408 0549 1415 0574
6 0044 0163 0699 0691 1.663 0.571
7 0016 0146 0300 1.052 0831 1912 0.568
8§ 0011 0056 0321 0472 1467 0972 2161 0.567




Appendix F: Coefficients of Denominator Polynomial

TABLE F7

Bessel Filter

n b, b,

1

2 3 3

3 15 15

4 105 105

5 945 945

6 10395 10395
7 135135 135135

b,

45
420
4725
62370

b,

10
105
1260
17325

b,

15
210
3150

21
378

b,

28
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Index

A

ACF7092 circuit, 153
Active filter
advantages of, 17-18
applications, 18-19
definition, 1, 17
from passive RLC filters, 186
programmable high-frequency, 203

replaced by switched capacitor (SC) filter, 225

AF100 circuit, 219

Apae 3

A 3

Amplitude response, 2

Audio system applications, 19

max>

B

Band-pass filter
biquad, 155ff
definition, 3
Deliyanis’s, 107-114
formulas, 258
narrow-band, 92ff, 102-105, 155ff
narrow-band multifeedback, 92ff
second-order using OTA, 213-215
wide-band, 90ff
Band-reject filter, 114ff
Butterworth wide-band, 143-145
definition, 5
narrow-band, 119-123
narrow-band multifeedback, 123-126
wide-band, 114-119
Bessel filter, 14ff
denominator polynomial factors, 255
design, 4041
low-pass, 58-59
pole locations, 16
from SC filter, 228
step response, 16
Bessel-Thomson filter, see Bessel filter
Biofeedback applications, 19
Biquad filter, 18
definition, 154
design, 154ff
formulas, 260
Burr-Brown UAF41 circuit, 153
Butterworth filter

band-pass, 90-92

band-pass state-variable, 143-145

band-reject, 64-68

denominator polynomial factors, 253

design, 24-25, 27-28

designing, 51-52

design using SC filter, 235-239

equal-component, 42

fifth-order high-pass, 191-192

high-pass, 45-46, 234-235

high-pass multifeedback, 79-80

high-pass state-variable, 139—-140

low-pass, 53-55, 231-232, 251

low-pass cascading, 83-87

low-pass LC element values, 261

low-pass multifeedback, 75-76

low-pass second order, 161-162

low-pass state-variable, 132—133

mathematics of, 7ff

nomograph, 251

perfect flatness from, 15

pole locations, 16

response curves, 10

from SC filter, 228

second-order low-pass, 34-37, 209-210,
212-213

third-order low-pass, 187-190

wide-band, 60-64

wide-band band-reject, 143145

C

CA3280A circuit, 219

Cauer filter, 17, 228

Chebyshev filter
denominator polynomial factors, 253-254
designing, 52, 52-53
equal-component, 42-44, 47-49
high-pass, 47, 55-58
high-pass cascading, 87-90
high-pass multifeedback, 80-83
high-pass state-variable, 140-143
low-pass, 37-39, 162-165, 252
low-pass element values, 261-262
low-pass multifeedback, 76-78
low-pass state-variable, 133—-137
mathematics of, 9ff
nomograph, 252
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272

orders of, 13
passband ripple in, 13
pole locations, 16
from SC filter, 228
Circuit types, 18
Commercially available filters, 153, 219, 228
Constant bandwidth, 154
Cutoff frequency (f)), 3

D

Damping, 51

Damping network, 129

Data acquisition system applications, 19

D element, 186

Deliyanis’s band-pass filter, 107-114
formulas, 258

Denominator polynomial factors, 253-255

Design tolerance, 126—127

E

Elliptic filter, 17

fifth-order low-pass, 190-191

low-pass element values, 263

third-order high-pass using GIC, 192-194
Equal ripple response filter, 9ff

F

S 3
FDNR (Grounded frequency-dependent negative
resistance element), 186
Filter; see also specific filter types
active, defined, 1
band-pass, defined, 3
band-reject, defined, 5
cascading, defined, 83ff
characteristic curves, 1
definition, 1
equal ripple response, 9ff
frequency-domain effects, 1
high-pass, defined, 3
ideal, defined, 5
Laplace transform analysis, 1
low-pass, defined, 3
maximally flat response, 7ff
narrow, defined, 4
for noise suppression, 1
order, defined, 3
passive, defined, 1
types, 2-5
types compared, 18
Filter design nomographs, 251-252
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Filter order, 3
nomographs for, 51, 251ff
Filter types, 18
First-order high-pass filter, 25-28
First-order low-pass filter, 22-25
Frequency, cutoff, 3
Frequency-dependent negative resistance (FDNR)
element, 186
Frequency domain, 1
Frequency response
definition, 2
of first-order high-pass filter, 2628
of first-order low-pass filter, 23-25
of low-pass filter, 32-34
Frequency-response specification, 21
Frequency-scaling factor (FSF), 21
fs 3
FS-60, 153
FSF, see Frequency-scaling factor (FSF)

G

General Instrument Corporation ACF7092 circuit,
153

Generalized impedance converter (GIC), 183ff

g,—C filter, 216

Grounded frequency-dependent negative
resistance (FDNR) element, 186

H

Harris OTA circuit, 219
Higher-order filter, 50ff, 83ff
High-pass filter, 441f, 791t
definition, 3
design using generalized impedance circuit,
191ff
design using OTA, 206-207
first-order, 25-28
state-variable, 137ff
using SC filter, 232-234

Ideal filter, 5

Impedance-scaling factor (ISF), 21-22
Instrumentation applications, 19
Integrators, 129

ISF, see Impedance-scaling factor (ISF)

K

KCL, see Kirchhoff current law (KCL) equations
Kinetic Technology Corporation FS-60, 153
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Kirchhoff current law (KCL) equations, 247248
Kirchhoff voltage law (KVL) equations, 247-248
KVL, see Kirchhoff voltage law (KVL) equations

L

Lab signal sources, 19
Laplace transform filter analysis, 1
Linear-phase properties, 15
Linear Technology
LTC 1060 circuit, 228
SC filter, 228
LM3600 circuit, 219
LMF100 circuit, 228-229
Low-pass filter
biquad, 159ff
definition, 2-3
design using OTA, 205-206, 207-209
first-order, 22-25
formulas, 257-258
generalized impedance, 187-190
general transfer function, 50
multifeedback, 73-74
second-order using OTA, 209ff
state-variable, 130-132
transfer function poles, 31{f
using SC filter, 230-232
LTC 1060 circuit, 228

M

Magnitude function, 174-176
Manufacturing tolerances, 169
Maximally flat response filter, 7ff
MF10, 228
MF100 circuit, 228-229
MF10 circuit, 228
MEF5 circuit, 232
MF6 circuit, 244
MEFB filter, see Multifeedback (MFB) filter
Multifeedback circuit, 18
Multifeedback (MFB) filter, 73ff
band-pass, 127
design tolerance, 126, 127
formulas, 257-259
high-pass, 127
low-pass, 126
narrow-band band reject, 123—-126

N

Narrow-band band-pass filter, 155ff
design using SC filter, 235-237
design with OTA filter, 215-216
using GIC, 194ff
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Narrow-band band-reject filter, 119-123
using GIC, 197ff
Narrow filter, 4
National Semiconductor
AF100, 153
LM3600, 219
MF10, 228
MF100, 228
MF6, 244
OTA, 219
SC filter, 228
NES5517 circuit, 219
Network function
filter frequency-domain behavior, 1
mathematics of, 5ff
Node-voltage method, 248, 248-249
Noise and signal, 1
Nomographs for filter design, 53, 251ff
Normalized filter formulas, 257-260
Notch filter, 120ff
design, 153-154
formulas, 259
Nyquist limit, 240

(0]

OP-07 op-amp, 19
Operational transconductance amplifier (OTA),
203ff
commercially available, 219-220
definition, 203
OTA-C filter, 216-219
programmable high-frequency, 203
OTA filter, see Operational transconductance
amplifier (OTA)
Overshoot, 14

P

Passband gain, 3
Passband limit ( f}), 3
Passband ripple, 3
in Chebysheyv filter, 9
Pass-band ripple filter, element values, 264
Passive filter, defined, 1
Passive RC network, 73ff
transfer function poles, 28
Perfect flatness, 15
Phase function sensitivity analysis, 174-176
Phase response, 2
Phase shift
and phase response, 2
varying with frequency, 14
Philips NES517 circuit, 219
Pole locations, 16
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Q

QO (Selectivity factor), 5

R

RC network, passive, 73ff
Reference node, 247
Relative sensitivity, 169
Ringing, 14

Ripple height, 11

RLC filter, 17

Rolloff rate, 3

Root sensitivity, 176-180

S

Sallen-Key filter, 18, 21ff, 79
formulas, 257
sensitivity analysis of, 172-174
SC filter, 225ff
limitations, 240
Second order filters, 28ff, 34ff
Selectivity factor Q, 5
Sensitivity, 169ff
Sensitivity analysis, 172-174
Signal and noise, 1
Signal dispersion, 15
Signal distortion, 14
Spectrum analyzers, 154
State-variable circuit, 18
commercially available, 153
formulas, 259
narrow-band band-pass, 149ff
State-variable (SV) filter, 129ff
Summing amplifier, 129
SV filter, 129ff
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Switched capacitor integrator, 226-227
Switched capacitor (SC) filter, 225ff

T

Telephony applications, 154-155
Tolerance factors, 126-127, 169
Tone signaling applications, 19
Transfer function
filter frequency-domain behavior, 1
filter response described by, 1-2
general for low-pass filter, 50
inverting, 73
mathematics of, 5ff

U

UAF41 circuit, 153

Universal filter, 129ff

Universal SC filter, 228ff
structure, 228

\Y

Voltage-controlled voltage source (VCVS) filter,
19-20
high-pass, 68-70
low-pass filter, 31ff, 68—-69
Voltage gain, 51

w

Wide-band filter
band-reject, 64ff, 114-119
definition, 60
low-pass, 60ff
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