Active

15

Filter Circuits

Assessment Problems

AP 15.1 o
H(S): _( 2/ 1)5
s+ (1/R,C)

LI d/s; R =10 C=1F
Rlc = 1lra S 1 = 5 =
Ry
21 Ry=R, =1Q
Rl ) 2 1

—S
Hprototypo(s) = s+ 1
AP 15.2 1/R,C 20,000
H(S):_(/l):_’
s+ (1/RyC) s+ 5000
L 900000 C=5uF
Rlc - ’ ) - :u
R, = ! — 100
"7 (20,000)(5 x 10-6)
1
= 5000
R,C
Ry = ! — 400
27 (5000)(5 x 10-6)
15-1
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15-2 CHAPTER 15. Active Filter Circuits

AP 15.3
we = 21 f, = 21 x 10* = 20,0007 rad /s

k; = 20,000m = 62,831.85

C 1
C'=—— . 05x10%=
e m T ko
1
b = = 31.83

(0.5 x 106)(62,831.85)

AP 15.4 For a 2nd order Butterworth high pass filter
2
24425+ 1

For the circuit in Fig. 15.25

H(s) =

82

2+ (e) s + (mmen)

Equate the transfer functions. For C' = 1F,

H(s) =

=2, . Ry=+2=1414Q
Rz

1
Ry =—=0.707Q
1 /2

1
— =1
R\R,C? 7

AP 15.5
Q=8K=5w,=1000rad/s,C = 1uF
For the circuit in Fig 15.26

1
- s
(7c)
H g
) e (Yo (P
RsC R Ry R3C?
B Kps
82+ 5+ w2
2 2
/6 - R307 R3 - /6—0
w, 1000
=—=—=12
I6; 0 3 Srad/s
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Problems 15-3

2 x 106
Ry = - —16kQ
> (125)(1)
1
K pr—
b R,C
1 1
"7 KBC T 5(125)(1 x 10-9)
s i+ Ry

Yo T RIR,Rs(C?

(1600 + R,)

10° = (1600)(R2)(16,000)(10-6)2

Solving for Rs,

(1600 + Ry)10°

Ry =
2 256 x 105

246R, = 16,000, R = 65.04Q

AP 15.6
w, = 1000rad/s; Q = 4

C=2uF
2 212
H(s) s*+ (1/R*C?)
52 4+ 4 -o) s+( ! )
RC R2C?
s2 4 w? 1 4(1 - o)
= 5 Wo = —=) f=——F
s?2+ Bs + w? RC RC
1 1
R= = = 5002

w,C  (1000)(2 x 10-5)

wo, 1000
=—=—=2
b=5= 50
4(1 — o)
= 250
RC

4(1 — o) = 250RC = 250(500)(2 x 1076) = 0.25

2
l—0= 04—5 = 0.0625; .. o = 0.9375
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154 CHAPTER 15. Active Filter Circuits

Problems

P 151 [a] K =101929 =316 = el
Ry
1 1
R, — _ —212.210Q
2T w.C (2m)(10%)(750 x 1079)
Ry, 21221
=— = =67.16Q
=T =55 ~ 0010
[b]
?50IrI1F
AN
2122100
67160 —e
V.
1 VD
v
P 15.2 [a] — =27(1000) so RC =1.5915 x 10~*
There are several possible approaches. Here, choose Ry = 150€2. Then
1.5915 x 1074
C="—""""_=106x10"°
150 8

Choose C' = 1 puF. This gives

W, = =6.67 x 10° rad/s so f.=1061Hz

(150)(10-6)

To get a passband gain of 10 dB, choose
Ry 150

Ri=——==—=4747Q

3.16 3.16

Choose R; = 47%) to give K = 20log;,(150/47) = 10.08 dB.

mgnc U] er Saddle River, NJ. All rights reserved. This publication is protected by Copy f‘vavntten irén]
STU ubli ri reproductlon storage in a retrieval system, or transmission in any form or sg?é pyBJO rﬂat

recording, or likewise. For mformatlon regarding permission(s), write to: Rights and Permissions Department, Pearson ducation, Inc., Upper Saddle R|ver NJ 07458.



Problems

The resulting circuit is

11UF
AN
150}
471
+® oy y
—. +
V.
1 VD
v
1061 — 1000
[b] % error in f. = W(lOO) =6.1%
10.08 — 10
% error in passband gain = T(lOO) =0.8%
P 153 [a] ! Ro— — ! 6366 Q)
3 [a] we=—=—= =0 = = =
R,C 7 w0 27m(2500)(10 x 10-9)
Ry R2 6366
K== R = —— =1273Q
rRCTTTK TS
10nF
AN
63660
12730}
+® oy y
—. +
V.
1 VD
v

[b] Both the cutoff frequency and the passband gain are changed.

P 154 [a] 5(3.5) =175V so V,>175V
‘ —5(27)(2500
b] H(ju) = — 20
Jjw + 27(2500)
‘ —5(50007) ‘ 5
H(750007) = =-2.5 2.5 = —/135°
(750007) = =350x + 750007 + V2 [135°
175 oo .
V, = —=/135°V; so w,(t) = 12.37cos(50007t + 135°) V

7
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15-6 CHAPTER 15. Active Filter Circuits

—5(50007)
50007 + ;6257

V, =17.36/172.9°V; so w,(t) = 17.36 cos(625mt + 172.9°) V

= 4.96/172.9°

[c] H(j625m) =

—5(50007)
50007 + 40,0007

V,=22/97.1°V; so w,(t) = 2.2cos(40,0007t 4+ 97.1°) V

= 0.62/97.1°

[d] H(j40,0007) =

P 15.5 Summing the currents at the inverting input node yields

0—-V n 0-V, 0
Zi Z;
o _ Vi
Zy Z;
Vo Zy
H(s) = =2 - 21
(s) 7 7
Rg(l/SOg) R2
P 15.6 Jy = —
la] 7 [Ry + (1/5C3)]  RaCas + 1
S
s+ (1/R202)
Likewise
1
4 - oy

S+ (1/R101)

—(1/Co)[s + (1/R1Cy)]
[s + (1/R2C2)|(1/Ch)
Cy[s+ (1/R1Cy))
Oy [s+ (1/ReCh)]

. =C [jw+ (1/R:Ch)

[b] H(jw) = C, l]‘w + (1/3202)]
‘ —C1 (RO i

H(j0) = Cy (R1C1> TR

"éjpyﬁornat
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Problems 15-7

[d] As w — 0 the two capacitor branches become open and the circuit reduces
to a resistive inverting amplifier having a gain of —Ry/R;.
As w — o0 the two capacitor branches approach a short circuit and in
this case we encounter an indeterminate situation; namely v, — v; but
v, = 0 because of the ideal op amp. At the same time the gain of the
ideal op amp is infinite so we have the indeterminate form 0 - co.
Although w = oo is indeterminate we can reason that for finite large
values of w H(jw) will approach —C/Cy in value. In other words, the
circuit approaches a purely capacitive inverting amplifier with a gain of

(—1/](.4}02)/(1/](4}01) or —01/02.

P15.7 [a] Zf = %
Zi= Rt g = e (VRO
e s
T = T RG] R+ (/0]
1 S
T T RC s+ (RO + (1/RoCa)]
DL G =~ Bt o 2) (o + i)
H(j0)=0
[c] H(joo) =0

[d] As w — 0 the capacitor C; disconnects v; from the circuit. Therefore
v, = v, = 0.
As w — oo the capacitor short circuits the feedback network, thus
Zr = 0 and therefore v, = 0.

1 1
P 15.8 Ry = = = 5.10k2
2] o= 6 = Gr)E < 10)(3.9 x 109)
K = 1004/20) _ 5.7 — 12
R,

Ry =5.01R; = 25.55k2
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15-8 CHAPTER 15. Active Filter Circuits

[b]
A
2555k}
— i e >
+ 39nF 510 k{1 ﬂb——o N
Ui v
(=]

w

1
P 159 [a] el 27(8000) so RC =19.89 x 107°
There are several possible approaches. Here, choose C' = 0.047 uF. Then

19.89 x 1076
= ————————— =42
s 0.047 x 106 ?
Choose R; = 3902. This gives
1

= 54.56 krad/s so f.=8.68kHz

We =

(0.047 x 10-6)(390)
To get a passband gain of 14 dB, choose

Ry = 5R; = 5(390) = 19500

Choose Ry = 1.8k(2 to give a passband gain of 20log,,(1800/390) = 13.3
dB. The resulting circuit is

Wi
1.8kt
3900
+ u.uafmF :I> o
+
W
1 ‘.i"D
v
8683.76 — 8000
[b] % error in f. = <000 (100) = 8.5%
13.3 — 14
% error in passband gain = T(lOO) = —5.1%
P 15.10 [a] ! Ry = — ! 1500
R.C T w.C T 2m(4000)(250 x 10-9)
Ry
K=22 so RBy=KRy = (8)(159) = 12730
1
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Problems 15-9

12730}
1590}
L i -
250nF . o
/ -
W
1 W
a
v

[b] The passband gain changes but the cutoff frequency is unchanged.
P 15.11 [a] 8(2.5) =20V so V.. >20V
—8jw
Jw 4 80007
8(780007)

- 8
H (j80007) = = —=/—135°
(780007) = 35607 + 780007 — V3 [=135°

V, =14.14/ — 135°V; so wv,(t) = 14.14 cos (80007t — 135°) V

[b] H(jw) =

—8(;10007)
80007 + 10007

V, =248/ —=97.1°V; so wv,(t) = 2.48cos(10007t — 97.1°) mV

[c] H(j10007) = =0.99/— 97.1°

—8(j64,0007)
80007 + ;64,0007

V, =19.85/—172.9°V; so w,(t) = 19.85 cos (64,0007t — 172.9°) V

[d] H(j64,000m) = = 7.94/— 172.9°

P 15.12 For the RC circuit
V, s

H(s) = 2 — >
) =3 =33 (1/RC)
/ X ! C
R =k,R;, C =
RC 1 1
RO = = — —k
& ke RO
8 s (s/ky)

H'(s) =

s+ (1/RC")  s+kr (s/ks) +1

For the RL circuit

S

0= @mm
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15-10 CHAPTER 15. Active Filter Circuits

R R
7=k (z) =t

s _(s/ks)

Hl(s) B s+ kyf N (S/k‘f) +1

P 15.13 For the RC circuit

V. (1/RC)
") =3 = S a/ro)

(L/RC) ky
s+ (I/RC)  s+k;

H'(s) =

1

T = G+

For the RL circuit H(s)=——— so

N7 N
T =i s+ iy

1

B = Gy
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P 15.14

P 15.15

STUBENTS-HUIE, cdit

recording, or likewise. For inf

Problems

(B/L)s _ Bs
2+ (R/L)s + (1/LO)  s*+ Bs + w3
For the prototype circuit w, =1 and = w,/Q = 1/Q.
For the scaled circuit

(R'/L')s

H(S):s

H'(s) =
&) = T m s+ o)
where R = k,,R; L' = k—mL; and ¢’ = L
kf fk;m
R knR R
- =k (L) = ko
L ’Z—’;L L
1 kka K,
e kwpe o Le
f
o Ry

therefore the @ of the scaled circuit is the same as the () of the unscaled
circuit. Also note 8’ = k3.

ky
H/(S — (Q)
2+ (F) s+
1 S
a) e
H/(S) — - 2( )1( fs)
[@)+ﬂﬂ+4
[a] L=1H; C=1F
11
R=—=—=005Q
Q20
W R 5000
b] kf = 22 =40,000; Ky = — = >—— = 100,000
[b] ks Wo ’ R 0.05
Thus,
R = kR = (0.05)(100,000) = 5kQ
= By 1000000y oy
k40,000
C 1
Cr = - — 250 pF
Fomks  (40,000)(100,000) P
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15-12 CHAPTER 15. Active Filter Circuits

[c]
Z50pF 2.5H
—i .
+ +
sk
v v
o

P 15.16 [a] Since w? =1/LC and w, = 1 rad/s,

11
C=p=gF
_ (R/L)s
bl H) = 5 R/L)s + (1/10)
(1/Q)s

HO) = o (/s +1

[c] In the prototype circuit

1
R=1%; L =16H; C:EZO.OGQ5F
R w!
k,, = — = 10,000; k; = —2 = 25,000
R f We
Thus
R =k,R =10k
k 10,000
ks 25.000 0
C 0.0625
C'= = = 250 pF
kmks  (10,000)(25,000) P
[d]
* 250pF 6.4H +
v 10k = v,
1 s
[e] H’(s) _ 16 (25,000)

(25,%00)2 + % (25500) +1

1562.55
I0'(s) =
(5) = 2 1562.55 + 625 x 10°
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P 15.17 [a] Using the first prototype

Problems 15-13

w, = 1 rad/s; C =1F; L =1H,; R=250Q
R 40,000 w!
hpp = — = 2 21600k = <2 = 50,000
R 25 T @,
Thus,
m 1
R = k,,R = 40kQ; L = k—L = 600 (1) = 32mH;
kr 50,000
C 1
o — _ — 12.50F
kmks  (1600)(50,000) "
Using the second prototype
w, = 1 rad/s; C =25F
L= L_ 40 mH; R=10Q
To5 0 -
R w!
kn = — = 40,000; k; = — = 50,000
R f We
Thus,
ko 40,000
R =k, R=40kQ: L' =" = 27""(0.04) = 32mH:;
ks 50,000 (-04) = 32m
C 25
o — _ — 12.50F
kmks  (40,000)(50,000) "
[b]
° A )
+ 40k ) +
v, §32 mH T 12 .5nF .

P 15.18 [a] For the circuit in Fig. P15.18(a)

1
+ =
H(s) Vo _ ST _ s 41
s V. 1 1 2 1
i — 4+ s+ - S—l—(a)s—l—l
Q S
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15-14 CHAPTER 15. Active Filter Circuits

For the circuit in Fig. P15.18(b)

s = Voo @D
Vi 1+Qs+ ¢

Q%+ 1)
Qs’+s+Q
s2+1
1
2+ (g)s+1

(80800)2 +1

2
S 1 S
(o) + 7 (o) + 1
_ s2 4+ 64 x 106
~ $24800s + 64 x 106

P 15.19 For the scaled circuit

H(s) =

[b] H'(s) =

oo 52 4 (L,lc,
B = e @Y s+ ()
, km , C
V=L s
R ,
po = e kR

H'(s) = (

= H(S) |s=s/kf

P 15.20 For the circuit in Fig. 15.31

i = ()
’ _324’%4'(;_0)
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Problems 15-15

It follows that

2 1
H/(S) — . S ‘L‘L/C/ -
S+ ro T oo
/ / k;m
where R' = k,, R; L'=—1I;
ky
C
C'=—
kmkys
L
e LC
L _ K
R'C" RC
k2
= - -
52 + (m) S+ ﬁ
s 2 1
_ (&) +7c
- s 2 1 s 1
7+ G )
= H(S)|s:s/kf
P 15.21 For prototype circuit (a):
Ve
V Q + TI Q + 211
241 241
H(s) = Q(s*+1) _ s 4

Q(s2+1)+s 524_(%)54_1

For prototype circuit (b):

Vo 1
H(s) = —==
(5) =37 =7 o)
s2+1
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15-16 CHAPTER 15. Active Filter Circuits

P 1522 [a] b = o2 — 0.4
200
ko (0.4)(0.4)
0.4) = 0.02 k= U g
iy 5, 0= T 002
20 x 10~
=2 625uF
(0.9)(3)

1 4 1 JwRL
b] Z.,, = — + R|[jwL = - ‘
[b] Za JwC + Bflje JwC + R+ jwL

(R4 jwL —w?RLC)(—w?LC — jwRC)
(—w?LC + jwRC)(—w?LC — jwRC)
The denominator is purely real, so set the imaginary part of the

numerator equal to 0 and solve for w:

—wR2C — WP L*C3R*LC? = 0

2

Y T RLO L% (80)2(0.02(6.25 x 10-6) — (0.02)

Thus,
w = 4000 rad/s

[c] In the original, unscaled circuit, the frequency at which the impedance Z,,

is purely real is

) (200)2
_ — 250,000
“us = 1900)2(0.4)(20 x 10-5) — (0.4)2 ’

Thus, wys = D00 rad/s
Wscaled o 4000

s 500 f
10.000
P 15.23 ke = ——— = 40
la] k=5
100 x 10~°
O'=—"—"" "  _—925uF
40 H
0.8
L'=—=2 H
10 Om
1-340€2 10002
Ia
A 0mA, ’19
200 jzoo L2
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P 15.24

P 15.25

STUBENTS-HUIE, cdit
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Problems 15-17

20 — j40

[b] Io=—Frr"s
120 + 5160

(0.06) = 13.42/ — 116.57° mA

i, = 13.42 cos(10,000t — 166.57°) mA

The magnitude and phase angle of the output current are the same as in
the unscaled circuit.

From the solution to Problem 14.18, w, = 100 krad/s and [ = 12.5 krad/s.
Compute the two scale factors:

wy  2m(25x10%) 7
w, 100 x 103 2

okl T 25><10—6<>_7r
k0 T T T 0% 1078 \2) T 800
Thus,
80007 C 10 x 10~
R = knR = = 3140 ¢ = - = 1.62 0
800 kb (1/800)(7/2) a

Calculate the cutoff frequencies:

Wy = kywe = g(93.95 % 10%) = 147.576 krad /s

Wy = kjwe = g(106.45 x 10%) = 167.211 krad /s

To check, calculate the bandwidth:
B =wl, —w., =19.6 krad/s = (7/2) (checks!)

From the solution to Problem 14.38, w, = 80 krad/s and [ = 5.33 krad/s.
Calculate the scale factors:

w16 x 10°
k:f = —-——
w, 80 x 103
C 62.5 x 107?
k= - x —6.25

C’ky (50 x 1079)(0.2)
Thus,

R = kyR = (6.25)(3000) = 18.75kQ
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15-18 CHAPTER 15. Active Filter Circuits

koL (6.25)(2.5 x 1073
L= (6.25)( 0; ) _ 78.195mH
f .

Calculate the bandwidth:

3 = kB = (0.2)[5333.33] = 1066.67 rad/s

To check, calculate the quality factor:

0= _ 80,000
[/ 533333
W' 16,000
Q' = 5 T 106667 15 (checks)

P 15.26 [a] From Eq 15.1 we have

1=

where K = %, We = RiC
He= T

where K’ = e ! !

R T RO
By hypothesis R} = k,,R1; Ry =k Ro,

and C' = L It follows that
ko

K' = K and w, = ksw,, therefore

H'(s) = —Kkw, _ —Kuw,
S + kaC (é) + we
-K
[b] H(s) = ——
, -K — Kk
[c] H'(s) = =—~

()41 otk
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Problems 15-19

P 15.27 [a] From Eq. 15.4

-K R
H(s) = ° where K = —2 and
S+ we 1
1
T RC
—K's R,
H'(s) = St where K' = R,
1
and w, = RO
By hypothesis
R, =k, Ry; R, =k, Ry; C/:L
1 m4ll, 2 mLl2, kmkf
It follows that
K' =K and w, = kfw,
—-K —K(s/k
sthree o (35) 4o
—Ks
b| H
b) H(s) =
K(s/ky) —Ks
o 1) = k) E
(=+1) /
s W, 200(27)
P 15.28 [a] Hyp = ——; = 2o _ —4
5.28 [a] hp 51 1’ k‘f o 1 00w
s
H ="
P s 44007
L 400 R L 15.915 k02
= T . = = lo.
RuCy ’ = (400m) (50 x 1079)
1 W) 2000(27)
Hy, = k=0 = T 4600
P sy U 1 i
, 40007
s+ 4000
! 4000 ~ R L 1591.5Q
= T . = = .
R.C ’ b (40007 (50 x 10-9)
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15-20 CHAPTER 15. Active Filter Circuits

Ay
15.92k0

50nF

H0nFE 1 -
*—i— | e [~
+15.92k0 . 1591.594
+

V.
i

Ay
1591.50

100kD

10kn

h 4
s 40007
s+ 4007 s + 40007
40,0007 s
~ (s + 4007)(s + 40007)

[b] H'(s) =

[¢] wo = \/@awer = 1/(4007)(40007) = 3973.8 rad/s

(40,0007) (5j3973.8)
(4007 + 53973.8) (40007 + j3973.8)

H/(jWO) =

—9.1/0°

[d] G =20log,,(9.1) = 19.2 dB
[e]

20 _ — e —
dB '

10

f (Hz)

30 100 300 1k

P 15.29 [a] For the high-pass section:

I _w_é_800(27r)
f_w_ 1

-5
s -+ 16007

= 16007
H'(s) =

— — _—1600m; Ry =99.5Q
R1(2 x 10-9) ™ !
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Problems 1521

For the low-pass section:

w,  80(2m)

fep = o — 160
f w ™
1607
/ = —-———-
() = S 160m
1
— 1607 Ry —=9947Q . Ry = 99470

Ry(2 x 1076)
0 dB gain corresponds to K = 1. In the summing amplifier we are free to

choose Ry and R; so long as R;/R; = 1. To keep from having many
different resistance values in the circuit we opt for Ry = R; = 994.7€.

[b]
i
99,582
2UF -
i —— | CaLd
99.50 / 994.7Q
v
2
—WWh— Ay
854,70 S94,7€2
——inh—d = -
+ 994,78 Ay —
904,70
‘Ui -
. ° -
v
5 1607
H'(s) =
el 7 = 600 T 5 1600m
524 3207s + 256 x 10°7?
(s + 1607)(s + 16007)
[d] w, = /(16007)(1607) = 1589.5
—(1589.5)2 + 3207 (j1589.5) + 256 x 10372
H'(j1580.5) — —LD89-5) + 320m(j1589.5) + 256 x 107m
(1607 4 j1589.5)(16007 + j1589.5)
= 0.1818/0°
[e] G = 20log,,0.1818 = —14.81 dB
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15-22 CHAPTER 15. Active Filter Circuits

[£]

0 —
HGD)
dB
-5
-10
s _ £ (Ho)
10 30 100 300 1k 3k 10k

P 15.30 w, =27 f, = 4007 rad/s
8 = 2m(1000) = 20007 rad/s
Wey, — We, = 20007

VW, We, = Wy = 4007

Solve for the cutoff frequencies:
We,We, = 16 x 10172

16 x 10*72

Wey =
Wey

16 x 1072

Wey

we, = 20007

or w? + 2000w, — 16 x 10*7* =0

we, = —10007 £ /10672 + 0.16 x 10672
we, = 10007(—1 £ v/1.16) = 242.01rad/s

We, = 20007 + 242.01 = 6525.19rad /s
Thus, f.; =38.52 Hz and f.o = 1038.52 Hz

Check: ﬁ = fcg — fcl = 1000Hz

1
o = ——— = 6525.19
ez R.CL
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P 15.31

STUBENTS-HUIE, cdit

1
R, = — 30.65Q
L (6525.19)(5 x 109)

Wel = RCor = 242.01

Ry = ! = 826.43 (2
(242.01)(5 x 10-6)

w, = 1000rad/s; GAIN =6

£ = 4000 rad/s; C=02uF

B = we, — we, = 4000

Wo = 1/We, We, = 1000

Solve for the cutoff frequencies:

w2 + 4000w, —10° =0
we, = —2000 £ 1000v/5 = 236.07rad/s
We, = 4000 + w,, = 4236.07rad/s

Check: = we — we = 4000 rad/s

1
RLCL

Wey =

1
Ry = = 21.18k{
L7102 % 1076)(236.07)

= 4236.07

RHCH

1
Ry = = 1.18kQ
702 x 10-6)(4236.07)

By

=6
R;

If R; =1kQ  R;=6R; = 6kQ
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15-24 CHAPTER 15. Active Filter Circuits

Vo —Z
P 15.32 H(s) = V=7
1 (1/Cy) 1 siCi+1
02 ||R2 s+ (1/R202)’ Rl * 801 801
—1/Cy
H(S) _ S+ (1/R202) _ _(1/R102)5
S—I—(l/RlCl) [S—I—(l/RlCl)][S—l—(l/RgCg)]
S/R1
B —Kps
824 Bs+ w?
—250s —250s —3.57(70s
fa] H(s) - - - o)

(s+50)(s+20)  s2+70s+ 1000 2+ 70s + (1/1000)2
= /1000 = 31.6 rad/s
G =70 rad/s
K = —357

[b] Q= % —0.45

2
Wel 2 = i—g—l— (g) + w? = £35+ V352 4 1000 = £35 + 47.17

we = 12.17 rad/s Wwep = 82.17 rad/s

s - -
H(w) = —S
|H(juw)] = wji/ ﬁ%@z
G =
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Problems 15-25

[b] Let V, be the voltage across the capacitor, positive at the upper terminal.

Then

Vo = Vin Va
sCV,
R1 * * Rz + SL

Solving for V, yields

(R2 + SL)‘/m

‘/;1 pr—

R1L082 + (RlRQC + L)S + (R1 + Rg)
But

sLV,

Vo =

Rz + sL
Therefore
Vo §LVin

" RILCs2+ (L + RiRyC)s+ (R + Ry)
L
H(s) = ’
R1L082 + (L + RlRQC)S + (Rl + Rg)
‘ JwlL
H pr—
() [(Ry + Ry) — RILCW?] + jw(L + Ry RoC)

. wlL

|H(jw)| =
VIR + Ry — RILCW?? + w*(L + Ry RyC)?

4 w212

|H(jw)* =

(R1 + Ry —

w2L2

R1L0w2)2 + wz(L + R1R20)2

T RL2CPW +

(L2 + R2RIC? — 2RLCYu? +

(R1 + Ry)?

[c] Let V, be the voltage across Ry positive at the upper terminal. Then

Vo =Vin  Va

— + VosC + V,sC =0
i + Ry + VasC + Vys
0-V,
(0—=V,)sC + (0 —V,)sC + =0
3
V . R2V;n
“ 2R1R20$ + R1 + R2
Vo
dV,=—
an 2R30$
It follows directly that
5 -2
H(S) _ V. RgRgCS

va - 2R1R20$ + (Rl + Rg)
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15-26 CHAPTER 15. Active Filter Circuits

—2R2R30(j(d)
(R1 + Rg) + ](.U(QRlRQC)

2R2R30w
V(Ri + Ry)? + w4 RFR3C?

H(jw) =

[H(jw)| =

AR R2C2L?
(R1 + R2)2 + 4R%R§C2w2

[H(jw)|* =

(—0.05)(—30)
= Tog,,(7000/2000)

P 15.34 [a] n ~ 276

n=23
1
\/1+ (7000/2000)°

[b] Gain = 20log, = —32.65 dB

P 15.35 For the scaled circuit

1/(R)?*C!C!,
H/(S) — 5 /2( ) 1 21
85 RCT® - (R)2C1Cy
where
R = k,R; C) = Ch/kskm; Cy = Cy/ksky,

It follows that

1 K
(R)?C1C3

R2C1Cy

2 2k
R'C;  RC,

k2 /RC, C,
H(s) =
8+ rerS T moG
1/RC,C,

(i)z + 2 () + e
ky RCy \ky R2C1 03

1

P 15.36 [a] H(s) = (s+1)(s2+s+1)
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Problems 15-27

[b] f.= 2000Hz; we = 40007 rad/s; ky = 4000w
1
E+ OGP+ 211
’f?
(54 kf)(s* + krs + k7)
B (40007)?
(s + 40007)[s2 + 40007 + (40007 )2]
64
(4+ j14)(—180 + j52)

= 0.02332/ — 236.77°

H'(s) =

[c] H'(j14,0007) =

Gain = 20log,,(0.02332) = —32.65 dB

P 15.37 [a] In the first-order circuit R =1Q and C' =1 F.

R 1000 W) 2m(2000)
b = = — 000; ks = : 0007
, , C 1
R =k, R =1000; C'= = = 79.58nF

kmks  (1000)(40007)

In the second-order circuit R =1, 2/Cy =1s0 C; =2 F, and
Cy =1/Cy = 0.5 F. Therefore in the scaled second-order circuit
4 2

- — 159.150F
kmks  (1000)(40007) "

R =k,R=1000Q; C|=

Co 0.5

Oy = = = 39.79nF
27 mk;  (1000)(40007) "
[b]
1%
Ay
1KC

- Tk | 1kQ —

+ +

i 39.79nF 1 v,

3 - il :
1 2n

P 15.38 [a] y = 20log,) —=——== = —10log;((1 + w™")

V1+w?

From the laws of logarithms we have

NE
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15-28 CHAPTER 15. Active Filter Circuits

Thus

dy (—10) 2nw?n1

do  \In10/ (1 + w?n)
] B Inw

T 00w = In 10

Inw=21n10

1
1dw — In10, 1o
dx

w dz
dy dy dw —QOnw
—= =—dB
dx (dw) (d:v) I+w - dB/decade
at w = w, = lrad/s
d
% = —10n dB/decade.
[b] 201 ! 10nlogo(1 + w?)

= 20log;) —=—=— = —10nlo w

Y €10 VIt o €10
—10n 9

~ In10 In(l +w%)
dy — —10n ( 1 ) B —20nw
do  In10 \1+ w? ~ (In10)(1 + w?)
As before
dw dy — —20nw?
= —w(nl0); o L= T
dx w(In 10); dr  (1+w?)
At the corner w, = V2" — 1 coowr=2Yr
dy  —20n[2'/" — 1]
pri oi/n dB/decade.

[c] For the Butterworth Filter For the cascade of identical sections
n dy/dx (dB/decade) n dy/dx (dB/decade)
1 -10 1 =10
2 =20 2 —11.72
3 =30 3 —12.38
4 —40 4 —12.73
00 —00 oo —13.86
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STUBENTS-HUIE, cdit

recording, or likewise. For mformatlon regarding permission(s), write to: Rights and Permissions Department, Pearson

Problems

[d] It is apparent from the calculations in part (c) that as n increases the
amplitude characteristic at the cutoff frequency decreases at a much

faster rate for the Butterworth filter.

Hence the transition region of the Butterworth filter will be much

narrower than that of the cascaded sections.

P 15.39 n =51+ (-1)"s" = 0; s=1

'=1/(0+360k)° so  s=1/36k°

s-plane

o /-
17180 /7

conjugate pairs

k sk41 k sk

01/0° 5 1/180°
11/36° 61/216°
21/72° 71/252°
31/108° 8 1/288°
41/144° 01/324°

Group by conjugate pairs to form denominator polynomial.
(s 4+ 1)[s — (cos 108° + 5 sin 108°)][(s — (cos 252° + j sin 252°)]
- [(s — (cos 144° 4 j sin 144°)][(s — (cos 216° + j sin 216°)]

= (s + 1)(s + 0.309 — 50.951)(s + 0.309 + 50.951)-

nc,, U er Saddle River, NJ. All rights reserved. This publication is protected by Copy f‘vavntten
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15-30 CHAPTER 15. Active Filter Circuits

(5 +0.809 — j0.588)(s + 0.809 + j0.588)
which reduces to
(s+1)(s* +0.6185 + 1)(s* + 1.618s + 1)
st?2=—1

n=6:1+(-1)%"=0

12 — 1/180° + 360k

™ S
4
1/185° /[ 7
.:. S s-plane
: s

k sk41 k Sk

01/15° 6 1/195°
11/45° 71/225°
21/75° 8 1/255°
31/105° 9 1/285°
41/135° 10 1/315°
51/165° 11 1/345°

Grouping by conjugate pairs yields
(s 4+ 0.2588 — 70.9659)(s + 0.2588 + 70.9659) x
(s +0.7071 — 70.7071)(s + 0.7071 + 70.7071) x
(s + 0.9659 — j0.2588)(s + 0.9659 + j0.2588)

or (s* +0.5176s + 1)(s* + 1.4142s + 1)(s* + 1.9318s + 1)
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P 15.40

P 15.41

STUBENTS-HUIE, cdit

recording, or likewise. For inf

Problems
2
H'(s) = 5 > ;
2
S T Ro(C k)" T Rk Ra (C2R2 )
2
S
H'(s) =
;. 52 4 2y s+ kj%
RyC R1R,C?
) (5/ky)?
2 S 1
k)2 —— [ =
PR+ Roe (@) " RiRC
0.05)(—55
[a] n (20.05)(=55) =3.93 n=4
log10(2500/500)
From Table 15.1 the transfer function is
2
S
H(s) —
() = 0765 T ) (o2 + 16885 + 1)
The capacitor values for the first stage prototype circuit are
2
= 0.765 Ci =261F
y '
Cy = L_ =0.38F
2=
The values for the second stage prototype circuit are
2
— = 1.848 Cy =1.08F
C '
Cy = L _ 0.92F
2= =0
The scaling factors are
R w!
k., = — = 8000; k; = —2 = 5000
R / Wo m
Therefore the scaled values for the components in the first stage are
Ry = Ry = R =28000¢2
2.61
C, = 0 = 20.8nF
(50007)(8000)
0.38
Cy = = 3.04nF
2= (50007)(8000) "

The scaled values for the second stage are

Ry = Ry = R =2800012

nc,, U er Saddle River, NJ. All rights reserved. This publication is protected by Copy
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15-32 CHAPTER 15. Active Filter Circuits

L.
C) = U —8.61nF
(500077) (8000)

.92
(50007)(8000)

[b]
8KQ2 £

20.80F | 3.04nF e
P —_ 8.6H1nF. 735nF<l>* .

W

v < 8kQ £ 8kQ °

k4 \ 4 v v

_ (—0.05)(—55)

log10(200/40)
From Table 15.1 the transfer function of the first section is

1
524+ 0.765s + 1

For the prototype circuit

P 15.42 [a] n =393 .. n=4

Hl(S) =

2 1
= 0.765; Ry = 2.619; R = — =0.3830Q
R2 2 ) 1 R2
The transfer function of the second section is
1
HQ(S) =

s%2 4+ 1.848s + 1
For the prototype circuit
2 1
— = 1.848; Ry =1.082€; Ry =—=10.92400Q
R ’ ’ ’ R
The scaling factors are:

Wl 2m(40,000)

k= 2 — 80,000
f Wo 1 aaadl
C 1
C'=— - 2550x107?=——
Foks T 80,0007k,
1
K, = —15.9

80,0007 (250 x 10-9)

Therefore in the first section

R, =knRi=6.1Q;  R,=knRy=4150Q
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Problems 15-33

In the second section

R, =knRi =147Q; R, =knRy =17.20Q

[b]
= 250nF L=
=250nF j— S
il il + +

-—i A % 14.7C2 1720

P 15.43 [a] The cascade connection is a bandpass filter.

[b] The cutoff frequencies are 2.5 kHz and 40 kHz.
The center frequency is 1/(2.5)(40) = 10 kHz.
The Q is 10/(40 — 2.5) = 0.267

[c] For the high pass section ky = 50007. The prototype transfer function is

Fi(s) = i
PP (62 £ 07655 + 1)(s? + 1.8485 + 1)
H! (s) = (s/50007)%
oA (5 /50007)2 4 0.765(s/50007) - 1]
1
[(5/50007)2 + 1.848(5/50007) + 1]
84

(s 4 3825ms + 25 x 10072)(s? + 92407s 4 25 x 10672)

For the low pass section ky = 80,0007

Hiy(s) !
S =
P (s2+ 0.765s + 1)(s% + 1.8485 + 1)
HL (5) !
S =
Ip [(5/80,0007)2 + 0.765(s/80,0007) + 1]
1

"[(5/80,0007)2 + 1.848(s/80,0007) + 1]

B (80,0007)"
~ ([5% + 61,2007s + (80,0007)2)][s2 + 147,8407s + (80,0007)2]

The cascaded transfer function is

H'(s) = Hy,(s) iy (s)
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15-34 CHAPTER 15. Active Filter Circuits

For convenience let

Dy = 5% 4 38257s + 25 x 10%7?

Dy = 5% 4 92407s + 25 x 1072

Ds = 5% 4+ 61,2007s + 6400 x 10°72
D, = s* +147,8407s + 6400 x 10°72

Then

4096 x 10107151
D1Dy D3 Dy

[d] w, = 27(10,000) = 20,0007 rad/s

H'(s) =

s = 20,0007

s* =16 x 10*7*

Dy = (25 x 10°7% — 400 x 10%72) + 5(20,0007)(38257)
= 10%72(—=375 — j76.5) = 10°7%(382.72/ — 168.47°)

Dy = (25 x 10°7% — 400 x 10%7?) + §(20,0007)(92407)
= 10%7%(—375 + j184.8) = 10°7%(418.06/153.77°)

D3 = (6400 x 10°72 — 400 x 10°7%) + 5(20,0007)(61,2007)
= 10°72(6000 + j1224) = 10°72(6123.58/11.53°)

Dy = (6400 x 10%7? — 400 x 10°7%) + 5(20,0007)(147,8407)
= 10°7%(6000 + j2956.8) = 10°72(6689/26.23°)

(4096)(16)7® x 1032

A Geo)l = s 101 (382.72) (415.06) (6123.58) (6689)]

= 0.999

P 15.44 [a] First we will design a unity gain filter and then provide the passband gain
with an inverting amplifier. For the high pass section the cut-off
frequency is 200 Hz. The order of the Butterworth is

~ (—0.05)(—40)

— 2.86
~ logy,(200/40)

n=23

83

Hw(s) = G315 1 1)
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Problems 15-35

For the prototype first-order section
Ri=R,=1Q, C=1F

For the prototype second-order section
R =05Q, Ry=2Q, C=1F

The scaling factors are

/

k= z— — 27(200) = 4007
1
= O — 795.77

C'ky  (1076)(400m)
In the scaled first-order section
R, =R, = kR, =795.77Q
C'=1uF
In the scaled second-order section
R} = 0.5k, = 397.9Q
R, = 2k,, = 1591.5Q
C'=1uF

For the low-pass section the cut-off frequency is 2500 Hz. The order of
the Butterworth filter is

_ (—0.05)(—40)

 log(12,500/2500)
1

(s+1)(s2+s+1)

=286 .. n=3

Hy,(s) =

For the prototype first-order section
Ri=R,=1Q, C=1F

For the prototype second-order section

Ry =Ry =1¢; C, =2F; Cy=05F

The low-pass scaling factors are

R W'
ky = == 2500; ky = w_: = (2500)(27) = 50007
For the scaled first-order section
C 1
R, = R, = 2.5kQ; C = = = 25.46nF

kkm  (50007)(2500)
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[b]

STUBENTS-HUIE, cdit

CHAPTER 15. Active Filter Circuits

For the scaled second-order section

R) = R) = 2.5kQ

Ch
ol = - — 50.930F
Y Kk (50007)(2500) "
Cy 0.5
Cl = — — 12.730F
2= Jorkm  (50007)(2500) "
GAIN AMPLIFIER
20log,, K = 40 dB, K = 100

Since we are using 2.5 k() resistors in the low-pass stage, we will use
Ry =250k and R; = 2.5k ) in the inverting amplifier stage.

795,770 £
My
795,770 397.94
) 1pF ‘ 1uF
+ 1uF fp—t—] s
Vi * £1591. 50
‘ v high-pass section
_}\.’v\‘,—
2 5k} 250k0
25.46nF T .
- 50.593nF
2.5k il A ] + 2.5k4 —& +
* 2.0k 2.5k 212 73nF v
low-pass section gain ;

P 15.45 [a] Unscaled high-pass stage

53

Hw(s) = 3D 1511

The frequency scaling factor is ky = (
scaled transfer function is

(s/4007)?
Hyy(s) = — —2
(05 + 1) [(m) +m+1]
3
(5 +4007)[s2 + 4007s + 160,00072]
Unscaled low-pass stage

1
(s+1)(s2+s+1)

Hl:n(s) =
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Problems 15-37

The frequency scaling factor is ky = (W) /w,) = 5000m. Therefore the

scaled transfer function is

1
Hj,(s) = 5
(508% + 1) [(508%) + (500%) + 1]
B (50007)3
(54 50007)(s2 + 50007s + 25 x 10672)
Thus the transfer function for the filter is

125 x 10M 7363

H'(s) = 100H,,(s)Hy,(s) =

D1DyDsDy
where
D; = s+ 4007
Dy = s+ 50007

Dy = 5% + 4007s + 160,00072

D, = s> 4+ 50007s + 25 x 10572

[b] At 40Hz  w =80mrad/s

D1 (j807) = 7 (400 + 580)

) =

Dy (j80m) = (5000 + 580)
Ds(7807) = 7%(153,600 + 532,000)
Dy (j80m) = 7%(24,993,600 + j400,000)
Therefore

D1 Dy D3 D, (5807) = w010%(8/24.9°)

(12573 x 10')(512 x 10373)/ — 90°

H'(j80m) = 70 x 1015(8/24.9%)

= 0.8/ — 114.9°

201log,, | H'(j807)| = 201log,,(0.8) = —1.94 dB
At f = 1000 Hz, w = 20007 rad /s
Then
D4 (j20007) = 7(400 + 52000)
D5 (j20007) = 7(5000 + 52000)

Ds(520007) = 72(—3,840,000 + j800,000)
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15-38 CHAPTER 15. Active Filter Circuits

Dy4(520007) = 7%(21,000,000 + 5107)

(125 x 7% x 101)(8 x 10973)/ — 90°

H'(52000m) = 10.02 x 102076/ — 65.8°

=99.8/ —24.2°

201og,, |H'(j20007)| = 39.98 dB

[c] From the transfer function the gain is down 39.98 + 1.94 or 41.9 dB at
40 Hz. Because the upper cut-off frequency is 25 times the lower cut-off
frequency we would expect the high-pass stage of the filter to predict the
loss in gain at 40 Hz. For a 3nd order Butterworth,

1

1 + (200/40)6

1000 Hz is in the passband for this bandpass filter. Hence we expect the
gain at 1000 Hz to nearly equal 40 dB as specified in Problem 15.44.
Thus our scaled transfer function confirms that the filter meets the
specifications.

P 15.46 [a] From Table 15.1

1
Hlp(S) = (s—l—1)(82+0-6185+1)(52+1‘618S+1)
1
O G roas () ) (E e ()
Hiy(5) = z

(s +1)(s? +0.618s + 1)(s? + 1.618s + 1)
P 15.47 [a] ks = 800

(5/800)°

) = w00+ 1]

1

"[(5/800)2 + 0.6185 /300 + 1][(s/800)2 + 1.6185/800 + 1]
(s 4+ 800)(s% 4 494.4s + 64 x 10%)

1
(8% + 129445 + 64 x 10%)
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(j800)°
[800 + j800][494.4(;j800)][1294.4(7800)]
4(800)
— (1 + 51)(494.4)(1294.4)

[b] H'(j800) =

= 0.707/ — 135°
201og,, |H'(j800)| = —3.01 dB

P 15.48 From Eq 15.56 we can write

- (RjC) (R§O> (RiC) i

H(s) = —""3 R + R,
s° + s+
RsC RiRyR3C?
or
(o) (me?)
52 4+ 2 5+ 11+ My
R3C RiRyR3C*?
Therefore
2 Wo R1 + R2 2
=0 =—=; = = Wob
R3C Q R1R2R302
Rs
K= -3
and R,

By hypothesis C' = 1F and w, = 1rad/s

2 1
e orR3=2
R, g 1=
R _Q
f=op =%
R1—|—Rz_
RiRsR;
= ()
= (2 (2Q)R
o Q
R2_2Q2—K
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15-40 CHAPTER 15. Active Filter Circuits

P 15.49 [a] From the statement of the problem, K = 10 ( = 20 dB). Therefore for the
prototype bandpass circuit

Q 16
Ri=-2=—=16Q
"TK 10

Q 16

S S—————)
1z 202 — K 502
Ry =2Q =320

The scaling factors are

/

kp = <2 = 27(6400) = 12,8007
Wo

C 1
h C'k; (20 x 10-9)(12,8007)

Therefore,
R, = knRy = (1.6)(1243.30) = 1.99kQ
Ry =k, Ry = (16/502)(1243.40) = 39.63
R, = k,, Ry = 32(1243.40) = 39.79kQ
[b]

~ogpr  £39.79kQ

1.99k0
., W\' ||
+ 20pF — +
+.
v, £39.63k0 v,

4 v 2

P 15.50 [a] At very low frequencies the two capacitor branches are open and because
the op amp is ideal the current in Rj3 is zero. Therefore at low frequencies
the circuit behaves as an inverting amplifier with a gain of Ry/R;. At
very high frequencies the capacitor branches are short circuits and hence
the output voltage is zero.

[b] Let the node where Ry, Ry, Rs, and Cs join be denoted as a, then
(Vo = Vi)G1 4 VasCo + (Vo — Vo) G + VoG = 0
—V,G3 —V,sC1 =0
or

(G + Go + G3 + sCy)V, — G5V, = G1V;

ti nc,, U er Saddle River, NJ. All rights reserved. This publication is protected by Copy f‘vavntten irén]
STU mmﬂg reproductlon storage in a retrieval system, or transmission in any form or sgy pyBJO I’I’]at

recording, or likewise. For mformatlon regarding permission(s), write to: Rights and Permissions Department, Pearson ducation, Inc., Upper Saddle R|ver NJ 07458.



Problems

—801
Vo = Vo
Gs
Solving for V,/V; yields
-GG
H =
(S) (G1 + G2 + Gg + 802)801 + G2G3
B -GG
N 820102 + (G1 + G2 + Gg)Cls + G2G3
- Neleletes
st [l Gl
_ G1G1Gy
— G210
7+ [0 e
B —Kb,
C s2+bis+ b,
G, GoG
here K = —; o =
where Gy b aXe
Gi+G+G
and by = #
[c] Rearranging we see that
G, = KGy
b,C1Cy  b,C4
G = =
TGy Gs
since by hypothesis C, = 1F
G +G2+G
by=———— =G+ G+ Gy
Cy
b,C
by =KGy+ Gy + !
G2
b,C
by = Gg(l + K) + !
G2
Solving this quadratic equation for G2 we get
G — by b — b,Ch4(1 + K)
T 21+ K) 41+ K)?
by £ /b7 — 4bo(1 + K)C
B 2(1+ K)
For (G5 to be realizable
bi
O R
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15-42 CHAPTER 15. Active Filter Circuits

[d] 1. Select C5 =1F
b2
2. Select (' such that 4 < m

3. Calculate G2 (Rs)
4. Calculate G (Ry); G; = KGo
5. Calculate Gg (Rg); Gg = bocl/Gg

P 15.51 [a] In the second order section of a third order Butterworth filter b, = b =1
Therefore,
b 1
¢ < L =
T A1+ K) (1))

=0.05F

Cy =0.06F (limiting value)

1
- 2(1+4) =0.13

1
Gy = 57(0.05) =058

Gy =4(0.1) =048

Therefore,
1 1 1
R = 2.5€); Ry=—=10Q; Ry=—=20Q
1= G1 2 G2 ’ 3 Gg

/
[c] kf = & — 27(2500) = 50007

Co 1

Ky, = = = 6366.2
Ciky (10 x 1079k
0.05

C=+—-=05x10"" =500pF
ko

R, = (2.5)(6366.2) = 15.92kQ
R, = (10)(6366.2) = 63.66 k)
R} = (2)(6366.2) = 12.73kQ

[d] R, = R, = (6366.2)(1) = 6.37kQ

O

C =
krkn 108
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Problems 15-43

[e]

10nF
i 363.66]{Q
.37k B.37k0 T 500pF
*—n— )
+ iy Ay :
v, + 15,92k 12 .73k 0 % +
_ =10nF + V.
3 - v 3

P 15.52 [a] By hypothesis the circuit becomes:

i z Rl

3+ - ¥
For very small frequencies the capacitors behave as open circuits and
therefore v, is zero. As the frequency increases, the capacitive branch
impedances become small compared to the resistive branches. When this
happens the circuit becomes an inverting amplifier with the capacitor Cy
dominating the feedback path. Hence the gain of the amplifier
approaches (1/jwC5)/(1/jwCh) or C1/Csy. Therefore the circuit behaves
like a high-pass filter with a passband gain of C}/Cs.

[b] Summing the currents away from the upper terminal of Ry yields
VaGa + (Vo — Vi)sCr + (Vo — V5)sCa + VosC3 = 0
or
VolGa + s(Cy + Cy 4 C5)] — V,5Cy = sC1V;
Summing the currents away from the inverting input terminal gives
(0= V,)sCs+ (0 — V)G = 0

or
-GV,
803

sC3V, = —=G1V,; Vo =

Therefore we can write
-GV,
803

[Go + s(Cy + Cy + C5)] — sCLV, = sChV;
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1544 CHAPTER 15. Active Filter Circuits
Solving for V,/V; gives

E . —010382
V; N 020382 + G1(01 + 02 + 03)8 + G1G2]

—-C 2
52+
—K52

Cz
52 4 bys + b,

H(s) =

(01 + 02 + 03)8 + GIGZ}

Therefore the circuit implements a second-order high-pass filter with a
passband gain of C}/Cs.

[c] C1 =

by = ——(K +2) = Gy (K +2)

K +2
G = by ; R1:< b—l— >
1

by

=K+

[d] From Table 15.1 the transfer function of the second-order section of a
third-order high-pass Butterworth filter is

Ks?
s2+s5+1
Therefore by = b, =1

H(s) =

Thus
Cy =K =8F
842
Ry = °*2 100
1
1
Ry, = =0.1Q
1(8+2)
P 15.53 [a] Low-pass filter:
_ _(F005)(=24) 399, . n=4
log;(2000,/1000)
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Problems 15-45

In the first prototype second-order section: by = 0.765, b, =1, Co, =1F

b2 (0.765)?
R N EN )

choose C; = 0.03F

< 0.0732

0.765 + 1/(0.765)% — 4(2)(0.03) 0765 & 0.588

2 =

4 B 4
Arbitrarily select the larger value for Gg, then
1
TGy
1
1
b,C1  (1)(0.03)
Gs = = =0.089 .. R3=1/G3 =11.3Q
PTG 0.338 3= 1/Gs

Therefore in the first second-order prototype circuit

R1 = R2 = 2.96 Q; Rg = 1139
C, =0.03F; C,=1F

In the second second-order prototype circuit:
bl = 1848, b(] = 1, 02 = 1F

(1.848)2
8

C < < 0.427

choose C; = 0.30F

1.848 + \/(1.848)2 — 8(0.3)  1.848 + 1.008

2 =

4 B 4
Arbitrarily select the larger value, then
1
G2
1
1
b,C1  (1)(0.30)
Gs = = =0.4202 S .. R3=1/G3 =2.3796
PTG, 07139 3= 1/Gs
In the low-pass section of the filter
w/
k= — = 2m(1000) = 20007
Wo
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15-46 CHAPTER 15. Active Filter Circuits

C 1 20,000
Clk‘f (25 x 10~ g)kif ™

km =
Therefore in the first scaled second-order section
R, = R, = 2.96k,, = 18.84k2

R, = 11.3k,, = 71.94kQ

0.03
O = —— = T750pF
1 k‘fk‘m p
Cy, =25nF

In the second scaled second-order section
R, = R, = 1.4008k,, = 8.92k2
R} = 2.38k,, = 15.15kQ

C) = k:(;—k?:n = 7.5nF
Cy = 25nF
High-pass filter section
- lo(glOO(éOOE)O)(g /4%%))0) =399 n=4

In the first prototype second-order section:
b1 :0765, boz 1; 02 = Cg =1F

Ci=K=1F
K42 3
YT b 0765
by ~0.765
R =0.255¢)
T (K+2) 3
In the second prototype second-order section: by = 1.848; b, = 1;
Co=C3=1F
Ci=K=1F
K42 3
T 1.848
by 1.848
R =0.616¢2
T (K+2) 3

In the high-pass section of the filter

/

kp = 2 = 27(8000) = 16,0007
Wo
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Problems 15-47

C 1 2500

by = =
C”k:f (25 x 1079)(16,0007) s

In the first scaled second-order section

R} = 3.92k,, = 3119.4Q

R, = 0.255k,, = 202.9Q

C! = C) = Cl = 250F

In the second scaled second-order section
R = 1.623k,, = 1291.5Q

R, = 0.616k,, = 490.2Q

Ol =) = O = 250F

In the gain section, let R; = 10k and R; = 100k(2.

13. 84k9£7’1 94+?5o
BF
X §.92k0=15.1517 5uF
el NG
18.84 L p5np J :
l N 8.92kQ Lo o
il il
10k 100k0
Aty Ay
10k
ity
.+
+ VD
T25nF £3119.40
? 1 £1291.5Q
L, I I 265nF T ZonF
25nF 25nF I It :
Vi £202.9[ ¥ 190,208 2°0F _

R < +

P 15.54 [a] The prototype low-pass transfer function is
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CHAPTER 15. Active Filter Circuits

The low-pass frequency scaling factor is
ky,, = 2m(1000) = 20007

The scaled transfer function for the low-pass filter is
1

s \2 |, 0.765s s \2 |, 1.848s
[(200%) + 0007 T 1] (20007r) + %0007 T 1]
16 x 10127%
[52 1 1530ms + (20007)2] [s% 1 36965 + (20007)?]

The prototype high-pass transfer function is

84

(s2+0.765s + 1)(s? 4+ 1.848s + 1)
The high-pass frequency scaling factor is

kg, = 2m(8000) = 16,0007

Hj,(s) =

th(s) =

The scaled transfer function for the high-pass filter is
(s/16,000m)*
s \? ., 0765s s \? | 18485
[(16,00%) + 160007 T 1] [(16,00%) + 16000 T 1
4
s
 [s2 +12,2407s + (16,0007)2][s2 + 29,5687s + (16,0007 )2]

The transfer function for the filter is

H'(s) = |Hj,(s) + Hj,(s)]

Hj,(s) =

[b] f, = \/furfiz = 1/(1000)(8000) = 2000v/2 Hz

W =21 f, = 400027 rad/s
(jwe)? = —32 x 10%72
(jwo)* = 1024 x 10"27*

o 16 x 10"27*

Hlp(]WO) = _ 69 ; o) X

[—28 x 10672 + j1530(4000+/272)]
1
[—28 x 10672 + j3696(4000/272)]
= 0.0156/53.9°
4 1024 x 10274
H;Lp(]WO) =

[224 x 10972 + j12,240(4000+/272)]
1
[224 x 10672 + j29,568(4000+/272)]

= 0.0156/ — 53.9°
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Problems 15-49

H'(jw,) = 0.0156(1/53.9° + 1/ — 53.9°)

= 0.0156(1.18/0°) = 0.0184/0°

G = 20log,, |H' (jw,)| = 2010g;(0.0184) = —34.7 dB

P 15.55 [a] At low frequencies the capacitor branches are open; v, = v;. At high
frequencies the capacitor branches are short circuits and the output
voltage is zero. Hence the circuit behaves like a unity-gain low-pass filter.

[b] Let v, represent the voltage-to-ground at the right-hand terminal of R;.
Observe this will also be the voltage at the left-hand terminal of Ry. The
s-domain equations are

(V.= Vi)Gy + (V, = V,)sC; =0
(Vo - VZL)Gz +sCyV, =0
or

(G1 + sC)V, — sC1V, = G1V;
—GQVZL + (Gz + SCQ)VO =0

- G2 + 802‘/;
Vo = s
(G1+ 801)M —sC1 | Vo =GV,
G
v, GiGs

V; (G1 + SCl)(GQ + 502) — C’ngs

which reduces to
Vo  G1Gy/CiCy b,

Vi 52+%5+% s2 4+ bys+ b,

[c] There are four circuit components and two restraints imposed by H(s);
therefore there are two free choices.

G
[d] b, = Fl S G =0C
1
GGy b,
bo = aXe Gy = 6102

[e] No, all physically realizeable capacitors will yield physically realizeable
resistors.

P, Edugati nc., Upper Saddle River, NJ. All rights reserved. This publication is protected by Copyrmanf‘vavritten permjssi sh_ot;ljb obt; irén]
STU mmﬂgy Qﬁiﬁn reproduction, storage in a retrieval system, or transmission in any form or P @:dnsigvych lﬁ) Fré pyBJO rl’]a'[
er Sa

recording, or likewise. For information regarding permission(s), write to: Rights and Permissions Department, Pearson Education, Inc., Upp ddle River, NJ 07458.



15-50 CHAPTER 15. Active Filter Circuits

[f] From Table 15.1 we know the transfer function of the prototype 4th order
Butterworth filter is
1
H(s) =

(s2+0.765s + 1)(s? + 1.848s + 1)
In the first section b, = 1

G

by = 0.765
= (0.765)(1) = 0.765 S

Ry =1/Gy = 1.307Q

1

- (1) =1.
2 0.765( ) 3073
Ry =1/Gy = 0.7659

In the second section b, = 1, by = 1.848
G = 1.8488S

Ry =1/Gy = 0.5410Q

1
Gz (1.848) (1) =0.5418

Ry =1/Gy = 1.8480

1F

0.76502
+

i

1.2070 T1F
“3 v

1F

1.8480

ilE‘

/
P 15.56 [a] k; = —0 = 2m(3000) = 60007

0.541¢0

[u}

€0 .0

C 1
b = Gty =

(4.7 x 10-9)(60007)
In the first section

10°
28.2m

R, = 1.307k,, = 14.75kQ
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Problems 15-51

R, = 0.765k,, = 8.64k0)

In the second section

R, = 0.541k,, = 6.1k
R, = 1.848k,, = 20.86k<

[b]
4.7nF
5.64K0
+ .
& 4.7nF
vi$4.?5kQ i "
4.1nF
20.86K0

s - .o

T4_7nF
6.1k0 i

P 15.57 [a] Interchanging the Rs and C's yields the following circuit.

S
At low frequencies the capacitors appear as open circuits and hence the
output voltage is zero. As the frequency increases the capacitor branches

approach short circuits and v, = v; = v,. Thus the circuit is a unity-gain,
high-pass filter.

[b] The s-domain equations are
(Vo = Vi)sCr+ (Vo = Vo)G1 =0
(Vo = Va)sCo 4+ V,Go =0
It follows that
Va(G1 + sCh) — GiV, = sChV;

(Gy + sCy)V,

dV, =
an s
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15-52 CHAPTER 15. Active Filter Circuits

Thus

{l(Gg + 5Cs)

] (Gl + 801) — Gl} V; = 501‘/;
502

‘/;{820102 + SClGQ + Gng} = 820102‘/;

Vi s24bis+b,

[c] There are 4 circuit components: Ry, Ry, Cy and Cb.
There are two transfer function constraints: b; and b,.
Therefore there are two free choices.

GGy G
d 0: ’ = —
[d] b C.Cy b C,
Gy = b,Cy: Ry—
2 — U122, 2_6102
bo b
Gl—aCl.. Rl_bocl

[e] No, all realizeable capacitors will produce realizeable resistors.

[f] The second-order section in a 3rd-order Butterworth high-pass filter is
s?/(s*> + s+ 1). Therefore b, = b; = 1 and

1

Ri=——=10Q.
ENOI0

Ry= =10

/
P 15.58 [a] k; = —0 — 16007

C 1
ko = = = 39.8
C'k; (5 x 1075)(16007)

C| =C,=5uF; R, =R)=knR=239.80
[b] R=398Q; C=5uF
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Problems 15-53

[c]

39.80
iyl
SuF
[
v, 39.80 !
ity
39,80
e+
T
|1 5 UD
5113 > 39.80 3
3
S
d| H =
[d] Hip(s) +D(s2+s+1)
H! (s) = (s/16007)3
b [(s/16007) + 1][(s/16007)2 + (5/16007) + 1]
53

(s + 16007)(s2 + 16007s + 256 x 10%72?)

(j16007)3
(16007 + 16007)[(16007)2 4 16007 (j16007) + 256 x 10472]

le] Hj,(j16007) =
= 0.7071/135°
H] | = 0.7071 = —3.01 dB
P 15.59 [a] It follows directly from Eqs 15.64 and 15.65 that
s+ 1
H(s) =
(s) s2+4(1—o0)s+1

Now note from Eq 15.69 that (1 — o) equals 1/4Q), hence

s?+1
s+ gs+1
[b] For Example 15.13 w, = 5000rad/s and @ = 5. Therefore k; = 5000 and
(s/5000)2 + 1

1 S
5000)2 —( ) 1
(/50000 + = { 5500 ) +
2425 x10°

~ $241000s + 25 x 106

H(s) =

H'(s) =
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15-54 CHAPTER 15. Active Filter Circuits

P 15.60 [a] w, = 80007 rad/s
/
kp = 2 = 80007
Wo

P O _ ! _ 250
" C'kp o (0.5 x 1076)(8000w)

R =k,R=T796Q so R/2=398Q

1 1
—1-—=1-—— =097
7 40 4(10)

oR =T7.6; (1—0)R' =2Q

C'=0.5uF
2C" = 1uF
[b]
0.5pF 0. 5pF

79,60 78,60 2Lz

= 1
10,803 hE
w
. - a
L

- 7r.E0E
v v

[c] k= 8000

(5/8000m)% + 1
(s/80007)2 + 5(s/80007) + 1
B 52 + 64 x 10972
52+ 8007s + 64 x 10672

H(s) =

P 15.61 To satisfy the gain specification of 14 dB at w = 0 and a = 1 requires

R+ Ry

R1 =5 or R2 = 4R1

Use the specified resistor of 10k{2 for R; and a 50 k2 potentiometer for R,.
Since (Ry + Rs)/R; > 1 the value of (' is

1
Cy = — 63.66 nF
1 97(50)(50,000) "

mBnc U] er Saddle River, NJ. All rights reserved. This publication is protected by Copy f‘vavntten irén]
STU ubli ri reproductlon storage in a retrieval system, or transmission in any form or sg?é pyBJO I'na'[

recording, or likewise. For mformatlon regarding permission(s), write to: Rights and Permissions Department, Pearson ducation, Inc., Upper Saddle R|ver NJ 07458.



Problems 15-55

Choose a capacitor value of 64 nF. Using the selected values of Ry and R, the

maximum gain for a = 1 is
50
10 a=1

When €} = 64 nF the frequency 1/R2C is

O U
R,C;  50,000(64)

= 312.5 rad/s = 49.7 Hz

The magnitude of the transfer function at 312.5 rad/s is

50 x 103 + j312.5(10)(50)(64)10~2

H(j312.5)|q=1 = - = 3.61
[H(5312.5) a=1 |10 » 10% + 7312.5(10)(50)(64)10-3
Therefore the gain at 49.7 Hz is
2010g,4(3.61)aey = 11.1 dB
Ri+R
P 15.62 20log,, (g) =20
R+ Ry
—= =10 5. Ry =9R
Rl ) 2 1
Choose Ry = 100kS2. Then Re = 900k
1
= 1507 rad/s; SO = = 2.36nF

RyCy (1507)(900 x 10°)

R+ aRy 10 + «(50)
P 15.63 |H -
563 [HGO) = =R, ~ 10+ (1 - a)50

, 20
IE(30) 1
(dB) 15 |

10 A

0.6 07 0.8 09 1

-10 4

-15

-20 -
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15-56 CHAPTER 15. Active Filter Circuits

P 15.64 [a] Combine the impedances of the capacitors in series in Fig. P15.64(b) to
get
1 -« a 1

5Ceq - sCy * sCy - sCy

which is identical to the impedance of the capacitor in Fig. P15.60(a).

[b]
o o
sC, sC,
+e—1
W
3 A ——— AN
v (l-®R, v OR,
a/sCy
Ve = V=aV
(1 —a)/sCy + a/sCy “
R
V, = ot —aV =V,

[c] Since z and y are both at the same potential, they can be shorted together,
and the circuit in Fig. 15.34 can thus be drawn as shown in Fig. 15.53(c).

[d] The feedback path between V, and V; containing the resistance Ry + 2R3
has no effect on the ratio V,/V;, as this feedback path is not involved in
the nodal equation that defines the voltage ratio. Thus, the circuit in
Fig. P15.64(c) can be simplified into the form of Fig. 15.2, where the
input impedance is the equivalent impedance of R; in series with the
parallel combination of (1 — «)/sC} and (1 — ) Ry, and the feedback
impedance is the equivalent impedance of R; in series with the parallel
combination of a/sC; and aRs:

19 (1 —a)R
Zi = Rl _I_ 1 ( (?[—j)
(1 — a)Rz + o
. R1 + (1 — Oé)Rg + R1R201$
B 1+ RyCis
OéRg
Zy = Ry + 73(’1
! ! alRy + g
. R+ aRy + R1RyCys
B 1+ Ry(Cys

P 1565 Asw — 0

‘ 9Rs + R,
H STy
(H(jw)| — 9Rs + R,
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Problems 15-57

Therefore the circuit would have no effect on low frequency signals. As w — oo

) [(1—08)Rs+ R,|(BRs+ R3)
B = 10 3R+ R (R + Ro)

When g =1

R,(Ry+ R3)

H(j ==
| (]OO)|5 1 Rg(R4—|—R0)

If R4 > R,

R,
H(j 1 =—=—>1
[H(joo) 3= = 7

Thus, when 3 = 1 we have amplification or “boost”. When 3 =0

. Rs(Rys+ R,)
H = ——
| (]OO)|5 0 RO(R4—|—R3)
If R4 > R,
R
[H(jo0)la=0 = 7= < 1

Thus, when 3 = 0 we have attenuation or “cut”.
Also note that when = 0.5

(0.5Ry + R,)(0.5Ry + R3)
(0.5Rs + R3)(0.5Rs + R,)

|H(jw)|s=05 =

Thus, the transition from amplification to attenuation occurs at § = 0.5. If
£ > 0.5 we have amplification, and if § < 0.5 we have attenuation.
Also note the amplification an attenuation are symmetric about 3 = 0.5. i.e.

1

H(jw)|gepg = —————
| (] )|5 0.6 |H(]u))|5:0.4

Yes, the circuit can be used as a treble volume control because

e The circuit has no effect on low frequency signals

e Depending on [ the circuit can either amplify (5 > 0.5) or attenuate
(6 < 0.5) signals in the treble range

e The amplification (boost) and attenuation (cut) are symmetric around
B =0.5. When 3 = 0.5 the circuit has no effect on signals in the treble
frequency range.
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P 15.67 |H(joo)| =

CHAPTER 15. Active Filter Circuits

Ro(Ri+ Rs)  (65.9)(505.9)

P 15.66 [a] |H(joo)|p=1 = = =9.99

R3(Ry+R,)  (5.9)(565.9)
maximum boost = 20log;;,9.99 =19.99 dB

‘ R3(R4 + R3)

b =

b] ()0 = ot
maximum cut = —19.99 dB

[C] R4 = 500 kQ, RO = R1 + Rg + 2R2 = 65.9k2
Ry =T7.59R,
Yes, R, is significantly greater than R,.

(2R3 + Ra) + j32(Ra + R3)

[d] [H(j/R3Cs)lp=1 = (2Rs + Ry) + j (R4 + Ry)

[511.8 4 22(505.9)
| 511.8 + j565.9

= 7.44
201og, |H(j/R3Cs)| =1 = 20log,, 7.44 = 17.43 dB
[e] When 3 =0
(2R3 + R4) + j(Ra + R,)

R,
(2R3 + Ry) + yR °(Ry + R3)

Note this is the reciprocal of |H(j/R5C2)|g=1.
20 loglo |H(j/R302)|5+0 =—17.43 dB

|H(j/R3C2)|p=0 =

[f] The frequency 1/R3C5 is very nearly where the gain is 3 dB off from its

maximum boost or cut. Therefore for frequencies higher than 1/R3C5 the

circuit designer knows that gain or cut will be within 3 dB of the
maximum.

(1 = B)Ra + Ro|[GRa + Ry
[(1— BRy+ Rs][BRs+ R,

(1= 3)500 + 65.9][3500 + 5.9]
~ [(1 = 3)500 + 5.9][3500 + 65.9]
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Problems 15-59

20
14
10

|Hij-infinity)| (dB)

-10
-15

beta
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