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8-2 ACTIVE FILTERS

== —————— 1

An electric filter is often a frequency-selective circuit that passes a speéiﬁed band

of frequencies and blocks or attenuates signals of frequencies outside this band.
Filters may be classified in a number of ways:

/1. Analog or digital e, wonhey R,
2. Passiye or active = ——>" ————— s RL,C

/sr. Audio (AF) or radio frequency (RF)
L LIRIPR

Analog filters are designed to process analog signals, while digital filters
process analog signals using digital techniques. Depending on the type of ele- _

_ments used in their construction, filters may be classified as passive or active.
Elements used in passive filters are resistors, capacitors, and inductors. Active

“filter he other hand | I diti '
‘ﬁlters, on the other hand, employ transistors or op-amps in addition to the resis-
tors and capacitors. The type of element used dictates the operating frequency

range of the niter. For example, RC filters are commonly uém
_frequency operation, whereas LCor crystal filters are employed at RF or high

frequencies. Especially because of their high 0 Value (Rgure-ot merit), [hie crys»
—fals provide more stable o—mﬁigﬁe"r‘"f“rgdﬁénmes. |

I

—

290 Artivia Eiltara acd Mo ofllcacua rhao. 8

Scanned with CamScanner



Fi :
irst, this chapter presents the analysis and design of analog active-RC

audio-fre .
E)ften notqllxlseﬁ::jC Ygeﬁlters U;mg op-amps._In the audio frequencies,.inductors are ,
Py - Cause they are very large, costly, and may .dissi )
n 5 : —and may .dissipate more
ower. ‘I\ndu\,tomemit magnetic ﬁelds_L y

G T L TS
Anactive filter offers the following advantages over a passive filter:

L/ Gam. é{"d fr equency adjustment flexibility. Since the op-amp is capable of
& ll"o‘“ Ing a gain, the input signal is not attenuated as it is in passive filter.
In addition; the active filter is easier to tune or adjust. -

2, _&). loading problem. Because of the high input resistance and low output
_resistance of the op-amp, the active filter does not cause loading of the
source or load. . T =

3. Cost. Typically, active filters are more economical than passive filters. This
is because of the variety of cheaper op-amps and the absence of inductors.

. Although active filters are most extensively used in the field of communica-
tions and signal processing. they are employed in one form or another in almost all
sophisticated electronic systems. _Radio, television, telephone, radar, space satel-

. . - . MMM'—'——I—_-—__——
lites. and biomedical equipment are but a few systems that employ active filters.

The most commonly used filters are-these:
L he most commonly usec

%Low-pass filter

_27 High-pass filter
__37Band-pass filter

—Band-reject filter

/S/All—pass filter

Each of these filters uses an op-amp as the active element and resistors and

itors as the passive clements. Although the 741 type op-amp works satisfac-

_capacitors _ \
torily in these filter circuits, high-speed op-amps such as the LM318 or ICL8017

improve the filter’s performance through their increased. slew rates and higher
unity gain—bandwidths. N |
Figure 8-1 shows the frequency response charactenst.xcs of the five types of
filters. The ideal response Is shown by dashed curves, while the solid lines indi-
cate the practical filter response. A low-pass filter h_as a constant gain from 0 Hz
to a high cutoff frequency fu. Therefore,_ the bandwndth. is also f”' At fy the gain
is down by 3 dB; after that (f > fu) it decreases with the increase in input

frequency. The frequencies between 0 Hz. and fy are known‘ as_the passband

frequencies, whereas the range of frc?quenC|es. those beyond fy, that are attenu-

ncludes the stopband frequencies. ‘

Figure 8-1(a) shows the frequency response of the low-pass filter. As indi-
cated by the dashed line, an idea}[ ﬁl;c?r has a zero loss in 1.ts passband and infinite
loss in its stopband. Unfortunately, ideal filter response is not practical-because

“linear networks cannot produce the discontinuities. However, it is_possible to

" obtain a practical response that approximates the ideal response by using special
e i—— i i it ot AR FI T gy

o alat .~ Ciltare IR ! 291
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Figure 8-1 Frequency response of the major active filters. (a) Low
pass. (b) High pass. (c) Band pass. (d) Band reject. (e) Phase shift be-
tween input and output voltages of an all-pass filter. |

design techniques, as well as precision component values and high-speed °P-
amps.

_Butterworth, Chebyshev, and Cauer filters are some of the most commonty
_uscd practical filters that approXimate the ideal re:s[W:'."1''h?126)755511%{555’(i.E
of the Butferworth filter is that it has a flat passband as w opband.
~reason, iU is sometimes called a flar-flat filter. Tﬂfﬁmc
P ——————— g

chap. 8
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pu_assband and flat stopband, while the Cauer filter has a ripple passband and a
ripple stopband. Generally, the Cauer filter gives the best stopband response
among the three. Because of their simplicity of design, the low-pass and high-pass
Butterworth filters are discussed here. '
Figure 8-1(b) §hows a high-pass filter with a stopband 0 < f < f and a
passband f> f; - f; is the low cutoff frequency, and fis the operating frequency.
A band-pass filter has a passband between two cutoff frequencies f and fz,, where
fu > fi, and two stop-bands: 0 < f < f; and f > f;;. The bandwidth of the band-
pass ﬁ}ter, therefore, is equal to f; — f;. The band-reject filter performs exactly
opposite to the band-pass; that is, it has a bandstop between two cutoff frequen-
cies fy and f; and two passbands: 0 < f < f; and f > fy. The band-reject is also
called a band-stop or band-elimination filter. The frequency responses of band-
pass and band-reject filters are shown in Figure 8-1(c) and (d), respectively. In
these figures, fc is called the center frequency since it is approximately at the
center of the passband or stopband.
/'f"/‘*w\_ \F’Mﬁ?ﬁﬁ@hﬁshiﬂ between input and output voltages of an
_allpass filter. This filter passes all frequencies equally well; that is, output and
mges are_equal 1n_amplitude for all fm‘énﬁﬁf‘with'the“phmff -
- ‘_l;gt_\ie_c____ﬁfﬁc two a function of frequency. The highest frequency up to which the
“ input and output amplitudes remain equal is dependent on the unity gain—-band-

width of the op-amp. At this frequency, however, the phase shift between the
input and output is maxirmum. R
Bcforfpfﬁéceding with specific filter types, let us reexamine the filter char-
acteristics, especially in the stopband region. As shown in Figure 8-1(a)-(d), the
actual response curves of the filters in the stopband either steadily decrease or
increase or both with increase in frequency. The rate at which the gain of the filter
changes in the stopband is determined by the order of the filter. For example, for
the first-order low-pass filter the gain rolls off at the rate ot 20 dB/decade in the
“stopband, that is, for f > fu; on the other hand, for the second-order low-pass”
“filter the roll-off rate is 40 dB/decade; and so on. By contrast, for the first-order
Wﬁéf the gain increases at the rate of 20 dB/decade in the stopband; that™
—is_until f = /. ; the increase is 40 dB/decade for the second-order high-pass filter; .
and soon. T———— =t - PR

e

e e —— - —

PASS BUTTERWORTH FILTER

BVRGT—ORDER LOW-
2 shows a first-order low-pass Butterworth filter that uses an RC network

Figure 8- : ) . . )
the op-amp is used in the noninverting configuration; hence

for filtering. Note that . '
it does not load down the RC network. Resistors Ry and Ry determine the gain of

the filter. .
According to the voltage-divider rule, the voltage at the noninverting termi-
nal (across capacitor C) is
B L. (-2
il A (8-1a)
Sec. 8- First-Order Low-Pass Butterworth Filter ' 293

Scanned with CamScanner



=20 dB/decade

20-k pot at

o 15.9 kN

Vin.

(b)

(a)

Figure 8-2 First-order low-pass Butterworth filter. (a) Circuit. (b) Fre-
quency response. T N~—————— —————

where

_ s )
j=V-1 and _"XC_j___Zﬂ'fC

~ Simplifying Equation (8-1a), we get

v = UVin
"7 1+ 2nfRC
and the output voltage
RF
Uo (1 + R_|) U,
That is,
Vo = ( + &) Vin
R/ 1 + j2nfRC
or
Uo Ar

(8-1b)

Uo :
where — = gain of the filter as a function of fre

quency

_ Rr :
Ar =1+ R—n = passband gain of the filter

f=fr

= 5—FC high cutoff frcquency of the filter

uency of the input_signal

Active Filters and Oscillators . Chap-
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'tl;?;eﬁa;,ny Tgﬁg::’tqc and ph.asc angle equations of the low-pass filter can be ob-
ing Equation (8-1b) into its equivalent polar form, as follows:

Uo | A
Mol F
|~ v / o

a

Pae—— (JL) (8-2b)

H

where ¢ is the phase angle in degrees.

:l‘h: operation of the low-pass filter can be verified from the gain magnitude
equation, (8-2a):

1. At very low frequencies, that is, f < fy,

Vo
vl = A7
2. Atf = fu,
Yo| _ Ar _
Vil V2
3. Atf> fu,
'li""; < Ar

Thus the low-pass filter has a constant gain Ar from 0 Hz to the high cutoff
frequency fy. Atfy the gainis 0.707AF, and after f it decreases at a constant rate
with an increase in frequency [sce Figure 8-2(b)]. That is, when the frequency is
increased tenfold (one decade), the voltage gain is divided by 10. In other words,
the gain decreases 20 dB (= 20 log 10) each time the frequency is increased by 10.
Hence the rate at which the gain rolls off after f;; is 20 dB/decade or 6 dB/octave,

where octave significs a twofold increase in frequency. The frequency f = fy is
called the cutoff frequency because the gain of the filter at this frequency is. down
by 3 dB (= 20 log 0.707) from 0 Hz. Other equivalent terms for cutoff frequency

—are —3 dB frequency, break frequency, or corner frequency.

8-3.1 Filter Design

A low-pass filter can be designed by implementing the following steps:

1. Choose a value of high cutoff frequency fy.

2. Select a value of C less than or equal to 1 uF. melum capacitors
are rec mmendWamce.

3. Calculate the value of R using

Sec. 8-3 First-Order Low-Pass Butterworth Filter . 295
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4. Finally, select values of Ry and Rr dependent on the desired passband gajp
, A using

i

8-3.2 Frequency Scaling

Once a filter is designed, there may sometimes be a need to change its cutoff
frequency. The procedure used to convert an original cutoff frequ.enc'y fytoa
new cutoff frequency f} is called frequency scaling. Frequen_cy scaling is accom-
plished as follows. To change a high cutoff frequency, multiply R or C, but not
both, by the ratio of the original cutoff frequency to the new cutoff frequen'cy. In
filter design the needed values of R and C are often not standard. Besides, a
variable capacitor C is not commonly used. Therefore, choose a standard value of
capacitor, and then calculate the value of resistor for a desired cutoff frequency.
This is because for a nonstandard value of resistor a potentiometer can be used
(see Examples 8-1 and 8-2).

EXAMPLE 8-1

Design a low-pass filter at a cutoff frequency of 1 kHz with a passband gain
of 2. o

= SOLUTION Follow the preceding design steps.

1. fu = 1 kHz.

2. Let C = 0.01 uF.

3. Then R = 1/Q27)(10°)(1078) = 15.9 k. (Use a 20-kQ potentiometer.)

4, Since the passband gain is 2, R, and Rr must be equal: Therefore, let Ry =

'Rr = 10 k). The complete circuit with component values is shown in Figure
. 8-2(a).

AMPLE 8-2

Using the frequency scaling technique, convert

the 1-k f
the low-pass filter of Example 8-1 to a cutoff frt:que'nc;I zfcluté’g l_t;rzequc:ncy 0

= SOLUTION To change a cutoff fre -- i
15,940 resistor b quency from 1 kHz to 1.6 kHz, we multiply the

e g

original cutoﬁ‘frcqucncy | kHz
new cutoff frequency! = T.g kg = 0625
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Therefore, new resistor R

= (15.9k0)(0.625) = 9.94 kO However, 9.94 k) is not
a standard value, Therefore, use R = g oy P,

’ = 10 9.
kQ.. Thus the new cutoff e cylic kQ potentiometer and adjust it to 9.94

= = 1 =
Ju (27)(0.01 .F)(9.94 kQ)

- = 1.6 kHz

EXAMPLE’{\

A ‘
;7/.1 Pl6t the frequency response of the low-pass filter of Example 8-1.

J/ OLUTION To plot the frequency response, we have to use Equation (8-2a). The
da‘ta of Tqble 8-1 are, therefore, obtained by substituting various values for Sfin
this equation. Equation (8-2a) will be repeated here for convenience:

Yo Ar
Uin V1 + (f/fH)z
where Ar = 2 and fy = 1 kHz. The data of Table 8-1 are plotted as shown in
Figure 8-3.
A
+20 |
N
~ oY
+10 |- (7/
/9 S ~e__}3d8
s C
z |
c 0dB|- |
g f —20 dB/decade
s -0 |
> |
|
-20 :
|
|
|
~30 |- ;
- Passband > Stop band -
11111111 L Lol 1 Lol | sy w ywigill
10 I 100 fy=1k 10k IOOk*.-
Frequency (Hz)
Figure 8-3 Frequency response for Example 8-3,
" Sec.83  First-Order Low-Pass Butterworth Filter : 297
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TABLE 8-1 FREQUENCY RESPONSE DATA FOR EXAMPLE 8-3

Gain Magnityq
Input : e
frequgncy, f magnitude, (dB) =
(Hz) [vo/ il 20 loglu, /y, |
T
10 2 6.02
100 1.99 5.98
200 1.96 5.85
700 1.64 4.29
1,000 1.41 3.01
3,000 0.63 —-3.98
7,000 0.28 -10.97
10,000 0.20 ~14.02
30,000 0.07 ~23.53
L 100,000 0.02 —33.98

8-4 SECOND-ORDER LOW-PASS BUTTERWORTH FILTER e

A stop-band response having a 40-dB/decade roll-off is obtained with the second-
order low-pass filter. A first-order low-pass filter can be converted into a second-
order type simply by using_an additional RC network, as shown in Figure 8-4.

~—

20-k pot at
R, 15.8 k)

r WAA,
J; 27kQ Re
Voltega gain
/7 Ve A
Q
*/(
Ry
Ve 210k
-15V

(a)

(b)

Figure 8-4 Second-order

low-pa I
Frequency response. pass Butterworth filter, (a) Circuit. (b)

. de-
cause highe.-order filters can bel:ii]c
order filter is set by R, and Rr+ ¥

by R,, C2, Ry, and C,, as follows:

Second-order filters are im
. : { portant
signed using them. The gain of the szccomli-c
the high cutoff frequency Ju is determined
8
_Active Filters and Oscillators . ‘chap 4
Scanned with CamScanner



- 1 (8-3)
fH 2 \/RzR; C2C3

For the derivation of fy, refer to Appendix C.
Furthermore, for a second-order low-pass Butterworth response, the volt-

age gain magnitude equation is L
~ @ ey
Yo| _ AF (8-4)
Uil V1 + (flifn)?
R N\
where Ap =1 + F‘: = passband gain of the filter
f = frequency of the input signal (Hz)
il 1
fu = AR
CH/ _21"—}152 R.C.C 9 j high cutoff frequency (Hz)
~—”’
8-4.1 Filter Design
Except for having twice the roll-off rate in the stopband, the frequency response
of the second-order low-pass filter is identical to that of the first-order type.
Therefore, the design steps of the second-order filter are identical to those of the
first-order filter, as follows:
1. Choose a value for the high cuteff frequency fy.
2. To simplify the design calculations, set R, = R3 = Rand C; = C; = C. Then
choose a value of C = 1 pF.
3. Calculate the value of R using Equation (8-3):
1
e 27 fuC
4. Finally, because of the equal resistor (R; = Rj) and capacitor (C; = C,)
—values the passband voltage gain A7 = (I + Rf/R;) of the second-order low-
~pass filter has to be equal to I.586. That is, Rr = 0.586R,. This gain is
—necessary 10 guarantee Butterworth response. Hence choose a value of
“R, = 100 k{2 and calculate the value of Rr. |
As outlined in Section 8-3.2, the frequency scaling method of the first-order ,
filter is also applicable to the second-order low-pass filter.
) e
EXAMP[;E/S-d

',(:f)/ Design a second-order low-pass filter at a high cutoff frequency of 1 kHz, :
S (b) Draw the frequency response of the network in part (a).

SOLUTION (a) To design the second-order low-pass filter, simply follow the steps
just presented: ‘

Sec.. 8-4 Saecond-Order Low-Pass Butterworth Filter 209
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1. fu = 1 kHz. f At |
2. Let C, = C; = 0.0047 uF. ‘ ' 97 iy A
3. Then » iR

‘ — 33.86 kO

R, = Rs = Goy(io)@n(o™) -

(Use Ry = Ry = 33 k(1)
4. Since Rf must be equal “
Rr = (0.586)(27 k(}) = 15.82 k{2

(Use Rr = 20 kQ pot.) Thus the required components are
R, = Ry = 33 kQ)

Cz = C3 = 0.0047 [.LF
R, =27kQ and Rr=15.8 kQ (20k — Q pot)

to 0.586R,, let R, equal 27 k(2. Therefore,

Another method to design the second-order low-pass filter is to use the same
values of resistor and capacitor obtained for the first-order filter in Example 8-1.
This is because the cutoff frequency of both the second-order and first-order filters
is 1 kHz. Therefore, we may use R, = R; = 159kQ and C; = C; = 0.01 uF.
However, the values of R, and Rr must be chosen such that Rp = 0.586R;.
Therefore, use R, = 27 kQ2 and Rr = 15.8 k(1.

(b) The frequency response data shown in Table 8-2 are obtained from the magni-
tude equation, (8-4), by substituting various values from 10 Hz to 100 kHz for f.
Equation (8-4) is repeated here for convenience:

Yo| _ Ar
Ul V1 + (flfp)!

where Ar = 1.586 and fy = 1 kHz. The frequency response of the second-order
low-pass filter of Example 8-4 is shown in Figure 8-5. -

TABLE 8-2 FREQUENCY RESPONSE DATA FOR EXAMPLE 8-4

Freqlgncy,f Gain magnitude, Magnitude (dB) =
( :Z) |v‘7/vi"| 20 logIUo/Uin|
10 1.59
100 1.59 38:
200 1.58 '
700 1.42 s
1,000 1.12 g
3,000 0.18 ey
7,000 0.03 S
10,000 0.02 =280
30,000 1.76 x 10-3 —
100,000 1.59 x 104 e
300
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TS, Jas

\/_40 dB/decade

|
|
|
|
-10 |
I
|
|
a1
-20 |- |
5
I.‘
I
|
|
|
|
|
|
|
|
[
[
I
|
|
|

Voltage gain (dB)

A

Passband >t Stoppandq——>@

Lol 1 L1l 1 ENLINENS | >

) — | [} llllll |
-60
10 100 f=1k 10 k 100 k

Frequency (Hz)
Figure 8-5 Frequency response for Example 8-4.

8.5 FIRST-ORDER HIGH-PASS BUTTERWORTH FILTER

High-pass filters are often formed simply by inter.changing frequency-determining
resistors and capacitors in low-pass filters. Thatis, a first-order high-pass filter is
‘  formed from a first-order low-pass type by interchanging components R and C.
a second-order high-pass filter is obtained from a second-order low-pass
are interchanged, and so on. Figure 8-6 shows a first-order high-
pass Butterworth filter with a low cutoff frequency of f,. This is the frequency at
which the magnitude of the gain'is 0.707 times its 'passbgnd valug. Obviously, all
frequencies higher than f,, are passbar_ld frequencies, with the highest frequency.
determined by the closed-loop bandw!dth of the op-amp.
Note that the high-pass filter of Figure 8-6(a) and the low-pass filter of Figure
8-2(a) are the same circnilit's, except that the frequency-determining components (R
interchanged.
e Cp)oirfhlcn ﬁerst-ordgcr high-pass filter of Figure 8-6(a), the output voltage is
Rr\ J2wfRC '
bd: & (" ¥ 'R_.) [+ j2mfRC Ui

Similarly,
filter if R and C

Sec. 8-5 First-Order High-Pass Butterworth Filter s 301
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R, Re Voltage gain
| WW MWW |
‘L 10k 10 k2

+Vee
NJ 1BV
vo
741/351 —0 20 dB/decade

0.01 uF
—
+
4 _ Ael |-
+ C 4 15v RL ______
Vin R ~Vee S 10kQ 0.707A¢ |
_ 20-k pot at }
15.9kQ . +Stopband->+<—— Passband —»
fL Freque;c-_y
(a) (b)

Figure 8-6 (a) First-order high-pass Butterworth filter. (b) Its
frequency response.

or

Upes JU/fL) k
w - AF 5 j(f/f;.)] (&-2)

where A = 1 + %ﬁ = passband gain of the filter
|

f = frequency of the input signal (Hz)
L fi = TRC low cutoﬁ frequency (Hz)

Hence the magnitude of the voltage gain is
Yo| _ _Ar(fifL)
Vin V1 + (f/fL)2

Since high-pass filters are formed from low-pass filters simply by interchanging
R’s and C’s, the design and frequency scaling procedures of the low-pass filters
are also applicable to the high-pass filters (see Sections 8-3.1 and 8-3.2).

(8-6)
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8-6 SECOND-ORDER HIGH-PASS BUTTERWORTH FILTER —_

—
As in the case of the first-order filter, a second-(?rder high-Pass filter can be tormeg
from a second-order low-pass filter simply by interchanging the frequency.geq,

mining resistors and capacitors. Figure 8-8(a) shows the second-order high-pyq
filter.

‘ 20-k pot at ;
R, 15.8 kQ
—— VW ANV Voltage gain
27 kQ Re A
+Vee

+16 V
h "
0.0047 yF  0.0047 uF 741/351 0

40 dB/decade
+
® 4 C, Cy —1\/5 v $ RL Ap ‘
R T VEE 10kQ2 iy (=
v . 3 0.707A
= Ry 33 k0 F |
= 33k |
I
vl Stop

<— —»<«———Passband
band J .

fL Frmu;:y

(a) (b)

Figure 8-8 (a) Second-order high-pass Butterworth filter. (b) Its fre-
quency response.

The voltage gain magnitude equation of the second-order high-pass filter is
as follows: |

87

where Ar = 1.586 = passband gain for the second-order Butterworth response
f = frequency of the input signal (Hz)
fr = low cutoff frequency (Hz)

Since second-order low-pass and high-pass filters are the same circuits except that
the, positions of resistors and capacitors are interchanged, the design and fre-

quency scaling procedures for the high-pass filter are the same as those for the
low-pass filter.

T

1 |

. EXAMPLE 8-6
"

(.
/e

(a) Determine the low cutoff frequency £, of the filter s AT rc8-3.(5)"""
(b) Draw the frequency response plot othhe ﬁlfér. Lo s nan In Flgu s
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~SOLUTION  (a)
1
f =
L 27T VR2R3C3C3
. 1
27 V(33 kQ)%(0.0047 uF)?

(b) The freqUenc,:y response data in Table 8-4 are obtained from the voltage gain
magnitude equation, (8-7), which is repeated here for convenience:

~ | kHz

L] [ Ar
Uin \/l + (fL/f)4
where Ar = 1.586 and f; = 1 kHz. The resulting frequency response plot is shown

in Figure 8-9.

TABLE 8-4 FREQUENCY RESPONSE DATA FOR SECOND-ORDER HIGH-PASS
FILTER OF EXAMPLE 8-6

Input frequency, Gain magnitude, Magnitude (dB) =
f(Hz) [Uo/Uin| 20 log|v,/vin|
100 0.01586 —35.99
200 0.0634 —-23.96
700 0.6979 -3.124
1,000 1.1215 0.9960
3,000 , 1.5763 3.953
7,000 1.5857 4.004
10,000 1.5859 4.006
30,000 1.5860 4.006
100,000 1.5860 4.006
A
+10 |-
+4.006 -————~ " ;5T _~ = <
0dB |-
S
c
e -10 -
: 3
;30 —
-35.09 Stopband e ' 1 Pnsband‘ l | -
o T Tk 10k 100 k T
Frequency (Hz)
- Figure 8-9 Frequency response for Example 8-6.
i Sec.8-6  Second-Order High-Pass Butterworth Filter . 305°
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8-7 HIGHER-ORDER FILTERS

——

From the preceding discussions of filters we can conclude that in the stopbanq the
gain of the filter changes at the rate of 20 dB/decade for first-order ﬁltcr,gaudkat_c;
g‘cﬁﬁdccadc for second-order filters. This means that, as the or(.lcriof th%
increased, the actual stopBﬂﬁwﬁhammr—apmﬁgﬁiﬁfiﬂl_ stopbang
<characteristic. I
Higher-order filters. such as third, fourth, fifth, and so on, are formed simply
by using the first- and second-order filters. For cxample, a third-order low-pass
filter 1s formed by connecting inseries or cascadi - ond-order low-
pass filters: a_fourth-order low-pass filter is composed of two cascaded second-
order lmv-paasm so on.. Although there is no limitto the order-of-the
filter that can be formed., as the order of the filter increases, so does its size. Also,
_ its accuracy declines, in that the difference between the actual stopbame
; aWz@__ﬁg@d response increases with an increase in the order of
‘thefilter. Figure 8-10 shows third- and fourth-order low-pass Butterworthfilters.
Note that in the third-order filter the voltage gain of the first-order section is one,
_and that of the second-order section is two. On the other hand, in the fourth-order
filter the gain of the first section is /./52,.while that of the second section s 2.235.
@mlﬁm&“mguaramee Butterworth response and have to
remain the same Tegardless of the filter’s cutoff frequency. Furthermore, the

overall gain of the filter is equal to the product of the individual voltage gains of
the filter sections. Thus the overallgain of the third-ordmﬂﬁfﬁ,‘aﬁa‘mbf

the fourth order is (1.152)(2.235) = 2.57.  ——————— i e

N

Since the frequency-determining resistors are equal and the frequency-
determining capacitors are also equal, the high cutoff frequencies of the third- and
fourth-order low-pass filters in Figure 8-10(a) and (b) must also be equal. Thatis,

fu = ! (8-8)

As with the first- and second-order fi
filters are formed by simply intercha
mining resistors and capacitors in th

llC_FS. the third- and fourth-order high-pass
nging the positions of the frequency-deter-

¢ correspondin . . The high-
order filters can be designed by following the ;fmcedfrégzufﬁiiglft;rfhcmsa- :nd
second-order filters. However, note that the overall gain of the higher-order fil-
ters |ls Jixed because all the frcqucncy-detcrmining resistors and capacitors arc
equal.

.Gcn.crully, the minimum-order filter required depends on the application
specifications, Altho'ugh a higher-order filter than ncccssar); gives a better stoP’
pand rcsponsc,.thc higher-order Lype is more comple e space, and’
is TOTE ‘expensive. plex, occupies more sp
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Second-order !
low-pass >

section
R
27k
+Vee
+15V
vo
-15V R,
—VEE " ' 10 kﬂ
(a)
—«+——Secaond-order low-pass section > Ir- Second-order low-pass section —
| R) Re
R l —AMA—
1 VF\‘& : 18 kQ 22 k2
15 k2 2.2kQ2 : Ve
+Vee [
\Qv l '
- |
R R
‘ 20-k potat | a4 o — :
R 15.9 k2 | 20k potat | 20k potat _L Ry
AMAN——— - ! 15.9kQ 15.9 kQ ¢ V-Vee 10 k2
20-k pot at R _I_ | c = 0.01 pF
15.9 k2 c } 0.01 uF
b c 0.01 uF | e
vh(-..) 0.01 yFT i —
L . |
v ! NN Ae
. (o 4k [T
A7 e
X b ve
s == A
Gain, IVlﬁ |
Al Third order (—60 dB/decade roll-off)
P 7 |
0.707A¢ : Fourth order (—B0 dB/decade roll-off)
I
|
| re—
fu Frequency
(c) o
. 810 (a) Third-order and (b) fourth-order low-pass Butterworth
g}tg'" < (c) Their T€q responses. Aj and A dualop-amp:1458/353.
ers.
307

Sec. 8-7 Higher-Order Filters

Scanned with CamScanné’r |



8-8 BAND-PASS FILTERS o

A band-pass filter hay a passband between 1Wo cutoff fr o Ju and fj, sy,
that fy, > f,. Any input frequency outside this passband is attentated,
_Basically, there are two types of band’wi.ﬂ“i’”“;q ) }.’/.’S!v”,_b?’-”d pass, and
(2) narrow band passUnfortanately, there 1s no set dividing line betwees the
two. However, we will define a filter as wide hand past if ity figure of merif ¢
quality factor ) = 10, On the other hand, if @ ~ 10, we f,’.(‘.];]._ca,l',”."f',ﬂ].f“,'fff”f‘f” Yo
band-pass filicr. Thus O is a measure of selectivity, meaning the fu;z)v:rlthf; Value
of 0, the more selective is the filter or the narrower its bandwidth (BY), The
relationship between @, the 3-dB bandwidth, and the center frequency fois give

by ﬁ/"—_‘———-—_f
fo _ e o
=~ BW  fy.— f /’) )

o)
-

94
|
For the wide band-pass filter the center frequency fo can be defined 45
P g oonter Dedupey Je e (
(./f.' = Vfull B et (3-9b)

where f;; = high cutoff f'rcqucncym(.f_'f'/.)
fi. = low cutoff frequency of the wide band-pass filter (Hz)
In a narrow band-pass filter, the output voltage peaks at the center frequency.

8-8.1 Wide Band-Paszs Filter

A wide band-pass filter can be formed by simply cascading high-pass and lov-pass
sections and is generally the choice for simplicity of design and performance. To
obtain a +20 dB/decade band-pass, first-order high-pass and first-order low-pzass
sections are cascaded; for a £40-dB/decade band-pass filter, second-order high
pass and sccond-order low-pass sections are connected in series, and so on. In
other words, the order of the band-pass filter depends on the order of the high
pass and low-pass filter sections.

Figure 8-11 shows the £20-dB/decade wide band-pass filter, which is com
posed of first-order high-pass and first-order low-pass filters. To realize 2
pass response, however, fi; must be larger thag f1, as illustrated in Example g-7.

% AMPLE 8-7 ./

(a) Design a wide band-pass filter with f; = 200 Hz,f, = 1 kHz, and a passband _

b gain = 4,
/ ~ (b) Draw the frequency response plot of this filter, - B
' () Calculate the v’avluc_foﬁQ for the filter, i s o £
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~——— high-pass Al s Fistorder .
section * m‘i’;’
R’ R;
‘H 1 R F y \, AA Fh A
VWA W 10k§2 10 k2
10kQ 10 k2 v

20-k pot at
15.9 k2

(@]
' »
> h
Y
o,
m <8

R
1L . ) L
0.05 . R 1 iy 10 kS
vil‘l R _V E
_ 20k pot at
15.9 kD
f_ = 200 Hz f, =2 kHz
(a)
v 4
Gain, | = | -
Vin +20 dB/decade
Apr [
0707 A} ———f—fC T ~20 dB/decade
! |
| [
| |
| | N /
s | -
Stop Stop '
B s —
band | Passband ———>+<——I band —
1 1
f fy Frequency

(b)

Figure 8-11 (a) =20 dB/decade-wide band-pass filter. (b) Its
frequency response. A; and A; dual op-amp: 1458/353.

—SOLUTION (a) A low-pass filter with fy = 1 kHz was designed in Example 8-1:
therefore, the same values of resistors and capacitors can be used here, that is
R’ =.15.9 kQ and C' = 0.01 puF. As in the case of the high-pass filter, it can be
designed by following the steps of Section 8-3.1:

1. fi = 200 Hz. o _ atC— .
2. Let C = 0.05 pF. C L -
3. Then
_ 1 _ 1
R =52f.¢c = &mo0G)109
= 15.9 kQ)
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Since the band-pass gain is 4, the gain of the high-pass as well as low-pass section
could be set equal to 2. That is, input and feedback resistors must be equal ip

value, say 10 kQ each. The complete band-pass filter is shown in Figure 8-11(za),

the band-pass fil*er is equal to the product of

' i fi
(b) The voltage gain magnitude 0 oh-pass and low-pass filters. Therefore, from

the voltage gain magnitudes of the hi
Equations (8-2a) and (8-6),

Uo

Uin

Arr(flfL)
=V + AN+ Slfu))

where Arr = total passband gain '
f = frequency of the input signal (Hz)
f. = low cutoff frequency (Hz)

= high cutoff frequency (Hz) .
Here AF{H= 4, f, = 200 Hz, and fy = 1 kHz. The frequency response data in Table

8-5 are obtained by substituting into Equation (8-_10) Fhe values of ffrom 10 Hz to
10 kHz. The frequency response plot is shown in Figure 8-12.

(8-10)

(c) From Equation (8-9b),

fe = V(1000)(200) = 447.2 Hz

)

+15 -

+1046 ) - - e ——(—— =
+101 -

+5 [

20 dB/decade ~20 dB/decade

Voltage gain (dB)

0d8
454 _ ___
-5
-10
-13800 I—-—Bandwidth—l
|
1 11111:1' ol i L pegegioga] 1 1 IJ—%
10 100 f, = 200 T fu=1k 10k !
fo = 447
Frequency (Hz)
Figure 8-12 Frequency response for Example 8-7.
- chap-8
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Substituting this value in Equation (8-9a),
0 = 4412
1000 — 200 ~ 0-°
Thus Q is less than 10, as expected for the wide band-pass filter. -
TABLE 8-5 FREQUENCY
AP o7 RESPONSE DATA FOR THE BAND-PASS FILTER OF
Input frequency, Gain magnitude, Magnitude (dB) =
f(Hz) B |0/ Vil 20 log|v,/ Vil
10 0.1997 7 -13.99
30 0.5931 —4.54
100 1.780 5.01
200 2.774 8.861
447.2 3.33 10.46
700 3.151 9.969
1,000 2.774 8.861
2,000 1.780 5.001
7,000 0.5655 —4.95
10,000 0.3979 —8.004

F;AK %8—8.2 Narrow Band-Pass Filter
T P

)j//T he narrow band-pass filter using multiple feedback is shown in Figure 8-13. As
4 / shown in this figure,_the filter uses only one op-amp. Compared to all the filters

( discussed so far, this filter is unique in the Tollowing respects:

\__——_1. It has two feedback paths, hence the name multiple-feedback filter.

2" The op-amp is used in the inverting mode.

—
.

Generally, the narrow band-pass filter is designed for specific values of
center frequency fc and Q or fc and bandwidth [see Equation (8-9a)]. ‘The circuit
components are Jetermined from the following relationships.

To simplify the design Calc“‘fﬁf’“s’ choose Cy = C; = C.
e 0
Ri = 2mfcCAF (Al
5 | R, =5 g 8-12
\ R=gced - A) (812
/ 0
SR (¢ e (8-13)
wherWe,n s
"R
— ; \ (8-14a)
3N

Sec. 8-8 Band-Pass Filters
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The gain Ar, however, must satisfy the condition
Ap<2Q° (8-14b)
nother advantage of the multiple feedback filter of Figure'8-13 is that jts

fter frequency fc can be changed to a new frequency fe without changing the
gain or bandwidth. This is accomplished simply by chapgmg R; to R; so that

2
c\
(' p (-—) (8-15)
R =% \fe
(see Example 8-8).
EXAMPLE 8-8
(a) Design the bandpass filter shown in Figure 8-13(a) so that fc = 1 kHz, Q0 =
3. and Ar = 10. ' ;
(b) Change the center frequency to 1.5 kHz, keeping Ar and the bandwidth
constant. :
CZ
-
RJ
—AM
+V
R, C, «
—win——i-
741/351 —0 VY,
¥ L
Vin R, < RL
- ] Ry ~Vee iw kQ
oV

\O
(a) ‘
i ; 7
Vo y _.P‘\. k
Gain, | — | , \1/ v
vh f 4 . ‘,"' .r".. .
Apfb e —— Bandwidth A~ iy
L/ YY)
0.707A; —————— - ye,
F 1[ i | w .«{7 ft \/.
LA 7 Y
I V. gl
e Lg%
RE 45
R
1I } ‘l . L4 feed_
o, ———  Figure 8-13 (a) Multiple-
- *4eneY  back narrow band-pass filter:
o (b) Its frequency responseé-
312 Active Filters and Oscillators ~ +.Chap- 8.
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~sOLUTION

(a) Choose the vall.les of C; and G, first and then calculate the values of Ry, Rz,
and R; from Equations (8-11) through (8-13). Let C, = C; = C = 0.01 pF.

3
R, = -
' Emaeesag) - 477k
A
R, = i
2= B oHear — 10~ o ke
R, E = 95.5 k)

~ (m10%)(1079)
Use R, = 4.7k}, R, = 6.2 k), and R; = 100 k(2.

(b) Using Equation (8-15), the value of R} required to change the center frequency
from 1 kHz to 1.5 kHz is

2
R} = (5.97 kQ) (1—'5%) = 2.65 kQ

(Use R; = 2.7 kQ.)

8-9 BAND-REJECT FILTERS

The band-reject filter is also called a band-stop or band-elimination filter. In this
filter, frequencies are attenuated in the stopband while they are passed outside
this band, as shown in Figure 8-1(d). As with band-pass filters, the band-reject
filters can also be classified as (1) wide band-reject or (2) narrow band-reject. The
narrow band-reject filter is commonly called the notch filter. Because of its higher

"0 (>10), the bandwidth of the narrow band-reject filter is much smaller than that
of the wide band-reject filter.

8-9.1 Wide Band-Reject Filter ) & > T H

Figure 8-14(a) shows a wide band-reject filter using a low-pass filter, a high-pass
filter, and a summing ampliner. To realize a band-reject response, the Tow curoff—

mf the high-pass filter must be larger than theigh cutoff frequency fy,
of ?he low-pﬂlcr. In addition, the passsland gain of both the high-pass and

"Tow-pass sectjons must be equal (see Example 8-9). The frequency response of
“the wide band-reject filter is shown in Figure 8-14(b).

* EXAMPLE 8-9
' Design a wide band-reject filter having fi = 200 Hz and f;, = | kHz.

Sec.8-9 .- Band-Reject Filters. b ¥ 313
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n

R, Re
MM AN~
10k 10k
+Vee
+15V
Al
c
l1
|| t
0.01 uF —Vee
-15V
20-k pot at
- 15.9 k2

20-k pot at +
15.9 k2 Ve
+15V
+
Ri
Cl

Rom

A2
0.05 uF
~Vee
-15V
ANN— AN—
J7 R; 10 k§2 R;; 10 kQ
v
Gain, | — |
V.

3.3kQ

(a)

band

R,
10 k2 Ra
—— AW
10 kQ
+V
— AM—b § +Vee
Ra ~J+15v
10 k2

g |
|« Passband ——<— RejECT —»<—Passband —

fH
200 Hz

Frequency

(b)

P

Figure 8-14 Wide band-reject filter. (a) Circuit. (b) Frequency

response. For A;, A, and

MC34004.

Az use quad op-amp uAF774/

—SOLUTION  In Example .8~7’ a wide band-pass filter was designed with f — 200 Hz
and fy = 1 kHz. In this example these band frequencies are interchange'd,‘that is,
Ji =1 k22 and fir = 20(.) Hz. This means that we can use the same components as
in Example 8-7, but interchanged: between high-pass and low-pass s ections:
Therefore, for the low-pass section, R' = 15.9 k() and C’ = 0.05 F. while for the
high-pass section AN o

R=159kQ and C = 0,01 uF

Active Filters and Oscillators Chap-ﬂ
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Since there is no restriction on t

Hence let he passband gain, use a gain of 2 for each section.

Ry = Rr =R} =R} =10k
Furthermore, the gain of the summing amplifier is set at 1; therefore,

Rz =7R73 = R4 = 10 kQ2
Finally, the value of Roy = Ry[Ry||R, & 3.3 k.

. ~ I'he complete circuitris showmim Figure 8-14(a), and its response is shown in
Figure 8-14(?)). The Vf)ltage gain changes at the rate of 20 dB/decade above fuand
L below f1, with a maximum attenuation occurring at f¢.

8-9.2 Narrow Band-Reject Fiiter

Jhe narrow band-reject filter, often called the notch filter, is commonly used for
the rejection of a single frequency such as the 60-Hz power line frequency hum,

_The most commonly used notch filter is the twin-T network shown in_Figure
8-15(a). This is a passive filter composed of two T-shaped networks. One T net-
work is made up of two resistors and a capacitor, while the other uses two
capacitors and a resistor. The nofch-out frequency is the frequency at which
maximum attenuation occurs; it is given by

1
fn = 27RC

(8-16)

Unfortunately, the passive twin-T network has a relatively low figure of merit Q.
The Q of the network can be increased significantly if it is used with the voltage
follower as shown in Figure 8-15(b). The frequency response of the active notch
filter of Figure 8-15(b) is shown in Figure 8-15(c). The most common use of notch
filters is in communications and biomedical instruments for eliminating undesired
frequencies. To design an active notch filter for a specific notch-out frequency fy,
choose the value of C =1 wF and then calcu.late.&he required value of R from
Equation (8-16). For the best response, the circuit components should be very

close to their indicated values.

EXAMPLE 8-10
Design a 60-Hz active notch filter.

~SOLUTION Let C = 0.068 uF. Then, from Equation (8-16), the value of R is

I _ l = I3
R =77 C ~ (2m)(60)(68)(107°) 39'9_1, E_I_J

(Use 39 k(1.) Foi' R/2, parallel two 39-k(} resistors; for the 2C component, parallel
o two 0.068-uF capacitors.

Sec. 8-9 Band-Reject Filters 315
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741/351

= Vee

A\
(b)
v
Gain, | -2 |1
Vin Bandwidth
Ap=1 |1
o707—-—-—— =" e
|
N
n
| |
| [
[ |
L1 1 =
i fi -
Frequency
(c)

8-10 ALL-PASS FILTER

‘j: ¥
LAENS
w f
-\ f
. 1',
’:, P ’45(
RPN
/P v : ; A /
ey
N \\
\\

Figure 8-15 (a) Twin-T notch
filter. (b) Active notch filter.
(c) Frequency response of the
active notch filter.

As the name suggests, an all-pass filter
input signal without attenuation, while p
ferent frequencies of the input signal.

mission lines, such as telephone wires,
pensate for these phase changes, all-pas

passes all frequency components. of the
rovndlqg predictable phase shifts for dif-
When signals are transmitted over trans-
they undergo change in phase. To com-

s filter :
are also called delay equalizers or phase S are required, The all-pass filters

pass filter wherein Ry = R,. The output

: It vol
using the superposition theorem:

—

UU= —U|n+ R.f

316
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Xc
'fYC‘Uln(z) el

correctors. Figure 8-16(a) shows an all-
tage v, of the filter can be obtained bY

(8-17)
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o = 1-i27fRC
o 7+j2xfRC "

Voltage 4

—» Phase angle (deg) -

-v_ b
¢=

—3» 80° |+

(b)

Figure 8-16 All-pass filter. (a) Circuit. (b) Phase shift between
input and output voltages.

But —j = 1/jand Xc = 1/2mfC. Therefore, substituting for X¢ and simplifying, we

get

A g ) 2 )
U, = Uin ('“'1 +_]27]'ch 1

Uo _ I _jzﬂfRC
vm 1 +j27fRC

? \ he input signal in hertz.
the frequency of the inpu . . | -
whereEf :jsati on (8-18) indicates that the amplitude of v,/v;, is unity; that is, oo =
q eful frequency range, and the phase shift between v, and vj,

- hout the us 5€ S
lizni tt!:ll:;igon of input frequency f. The phase angle ¢ is given by
B T — St e (8-19)

. (8-18)

; Sec. 8-10 . All-Pass Filter ol
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where ¢ is in degrees, fin hertz, R in ohms, and C in farads. Equation (8-1

: 9) i
used to find the phase angle ¢ if f, R, and C are known. Figure 8-16(b) sho X

; Ws a
phase shift of 90° between the input v, and output v,. That is, v, lags v;, by 90°,
For fixed values of R and C, the phase angle ¢ changes from 0 to —18(° as the
frequency fis varied from 0 to . In Figure 8-16(a),

if the positions of R and ¢ are
interchanged, the phase shift between input and output becomes positive

- That s,
output v, leads input v;,.

EXAMPLE 8-11

For the all-pass filter of Figure 8-16(a), find the phase angle ¢ if the frequency of -
Uin 1s 1 kHz. e

- SOLUTION From Equation (8-19),

6 = =2 tan~1 2O HAOA0Y]

= —90°

This means that the output voltage v, has the same frequency and amplitude but
- lags vi, by 90°, as shown in Figure 8-16(b).

With the advance of integrated-circuit technology, a number of manufactur-
ers now offer ready-to-use universal filters having simultaneous low-pass, high-
pass, and band-pass output responses. Notch and all-pass functions are also
available by combining these output responses in the uncommitted op-amp. Be-
cause of its versatility, this filter is called the universal filter. 1t provides the user

with easy control of the gain and Q factor. The universal filter, sometimes called 2
state-variable filter, is presented in Chapter 10.
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