Active Filter Circuits

15

Assessment Problems

—(Rg/Rl)S
AP 151 H(s) = —F——

() =57 (1/R.C)

L = 1rad/s; R, =10 . C=1F
R,C ’ e o N
Ry
— =1, .. Rh=R, =10
Rl ) 2 1

-5
Hprototype(5> - s+ 1
—(1/R,C) —20,000
AP 152 H(s) = =

() = ST (/RC) ~ 5 % 5000

L =20,000; C =5uF
RlC - ) ) - M

R, = L =100
"7 (20,000)(5 x 10-6)
1
= 5000
RxC
1
Ry, = =400

(5000)(5 x 10-)
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152 CHAPTER 15. Active Filter Circuits

AP 153 w, = 27 f, = 27 x 10* = 20,0007 rad/s

k; = 20,000 = 62,831.85

C 1
C'=—+ . 05x10°%=—n
Fethom . ik
1
ko = = 31.83

(0.5 x 10-6)(62,831.85)

AP 15.4 For a 2nd order prototype Butterworth high pass filter

2

5

H(s) = ——F———

(5) 24425 +1

For the circuit in Fig. 15.25

52

+ (7o) s + (mmee)

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

H(s) =

2

=2 . Reo=v2=1.414%
X V2, 2 =2

1 =1 ) R—L—O7O7Q
RiR,C2 7 0 T T

AP 155 Q@ =8, K =5,w, =1000rad/s, C' = 1 uF
For the circuit in Fig 15.26

1
- s
(7e)
H(s) —
(5) 2+< 2 ) (Rt R
s s -
RsC R1RyR3C?
B Kf(s
T 824 s+ w?
2 2
- Ra = —
ﬁ Rgcw 3 ﬁC
1
B = (ZQO = 0800 = 125rad/s



Problems

2 x 106
Ry = — 16 k0
° T (125)(1)
1
K pr—
b R,C
1 1
R, = — — 1.6kQ
"7 KBC T 5(125)(1 x 10-9)
o it B
© " R, RyR3C2
Lof — (1600 + Ry)
(1600)(R5)(16,000)(10-6)2
Solving for R,
R, — 1000+ B)10° ) 16000 R, — 65.040
2T 256 %105 2T e

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

C=2uF
2 1 2,12
H(s) = s+ (1/R*C?)
2 4(1—o) +< 1 )
i rc |° T\ R
_M _i ﬂ_4(1_0)
2+ Bs+w?’ ’  RC’ ~ RC
R = ! = ! = 5002

woC — (1000)(2 x 10-6)

w, 1000
=2 =—— =250
g 0 1

4(1—o)
——— =250

RC
4(1 — o) = 250RC = 250(500)(2 x 10~5) = 0.25

l—0= 0425 = 0.0625; .. o = 0.9375
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154 CHAPTER 15. Active Filter Circuits

Problems

P 15.1 Summing the currents at the inverting input node yields

0-Vi 0=V, _,
Zi Z;
Vo Vi
Zy 7
Vo  Zy
=y =77
RQ(l/SCQ) R2
P15.2 = —
lal Z [Ro + (1/5C3)]  RaCas + 1
(o)
S + (1/R202)
Likewise
(1/Ch)

T s+ (1/R.CY)

~ —(1/G)[s + (1/RiCh)]

1) = o U me)I/C)
_ Ci[s+ (1/RiCh)]

N CQ [S + (1/R202)]

. —C |jw + (1/R101)
[b] H(jw) = C, lijr (1/R202)]

_ —C1 [ RyCh —Ry
H = g
U0 =3, (RlCl) Ry
. 4 j) -4
C H = —— — =
[e] H{joo) = ~7 (j s

[d] Asw — 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}/C5 in
value. In other words, the circuit approaches a purely capacitive inverting
amplifier with a gain of (—1/jwC5)/(1/jwC}) or —C}/Cs.



Problems

(1/C,)

P153 |[a] Z; = s+ (1/RoCo)

1 R
Zi=Ry+ — = —[s+ (1/R,C})]

801 - S
o) s
1) = " (/me)] Rl + (/RO
1 S
T Ry [s + (/RC)][s + (1/RaCh))
. 1 Jjw
b] H(jw) = —
bl H(jw) =~ 5= (o + 7 ) (oo + 1)
H(j0) =0
[e] H(joo) =0

[d] As w — 0 the capacitor C; disconnects v; from the circuit. Therefore
Vo = Uy, = 0.

15-5

As w — oo the capacitor short circuits the feedback network, thus Z; = 0 and

therefore v, = 0.

P154 [a] K = 101920 =316 = Lib)
Ry
Ry = L _ ! — 212210
2T w0 (2m)(103)(750 x 1079) T
R, 212.21
R, = 2 _ —67.110
'7 K 3.16
[b] {}
Ta0nF
A
2122100
+0 A0, -
67 160 o
+
v, ;/— )
v
P155 [a] R, = 1 1 = 5.10kQ
‘ YT w0 M) (8 x103)(3.9x 1079)

R
K = 100420 — 501 = =2
Ry

Ry =5.01Ry = 25.57k()
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[b]
iy
20 57 k0
+ [ i R -
zanF EA0 k[
v, |
—»

P 15.6 For the RC circuit

Vo (1/RC)
1=y = S Wro)
C

R =k,R, C'=——
Kok s

C

1
R'C'=k,R—— = —RC =

kmky kg

(1/R'C") ky

H'(s) = —

s+ (1/R'C") s+ ky

1

fr(5>::(s/kf>%-1

For the RL circuit

Vo R/L
H(s) = -2 — 1~
&)= = ST (RD)
R =k, R; L':k—mL

ky

R k,.R (R) I
=g =k 7 ) =k
L WL L

R/L) ky
H/ — ( —
(5) s+ (R/L) s+ ky
H'(s) = ——

(S/kf) + 1

1

ky



P 15.7

P 15.8

Problems

For the RC circuit

1) =5 = e
R =knR; O = k:kf
=3 (1jR’C’) s +s ko (s%ﬁfi 1

For the RL circuit
s
H(s) = ———
(s) s+ (R/L)

R =k,R, L ="~

R R
p=h(g) =t

/ o S o S _ (S/kf)
H{s) = s+ (RJL)  s+kp  (s/ks)+1

24+ (R/L)s+ (1/LC)  s*(s+ w?
For the prototype circuitw, = 1 and f = w,/Q = 1/Q.
For the scaled circuit

R/L)s

Hl — (

&) = T mm)s + 00

where R = k,,R; L' = k—mL; and C' = “
k; k ko

R k,R h <R
T Fmy N
L ’;—fL

L) =i

1 ks —k‘i‘—k?
L/O/‘%;LC_LO_ 4
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15-8 CHAPTER 15. Active Filter Circuits

" krw,
o f _Q

VT T s

therefore the () of the scaled circuit is the same as the () of the unscaled circuit.
Also note ' = k¢f3.

P159 [a] L=1H; C=1F

1
R=—=— =005
Q 20
W R 5000
bl kf = =2 =40,000;  ky = — = —— = 100,000
b1 &; W e R~ 0.05
Thus,
R = kR = (0.05)(100,000) = 5k
k 100,000
=" ="""(1)=25H
ks 40,000 (1)
C 1
C' = = — 250 pF
kmks  (40,000)(100,000) P
[c] 250pF 25H
» i} »*
+ +
v, S5kQ = v
. »

P 15.10 [a] Since w? =1/LC and w, = 1 rad/s,

11
C=1=5
_ (R/L)s
bl H(s) = 5 R/ L)s + (1/L0)
(1/Q)s

HO) = e q/gp+



Problems

[c] In the prototype circuit

R=1Q; L=16H; 022:0.0625F
R w'
km = -_-— 1 y ; k p— 70 p— 2 y
7 0,000 7 o 5,000

Thus

R =k, R =10k
1

Iy kmL 10,000

ky 25,000( )
C 0.0625
C' = = = 250 pF
kmks  (10,000)(25,000) P
T mgpF  B4H f
v, okfl 2 V,
— i ‘ —_
1 s
[e] HI(S) — - 216 (215,00())8
(25,000) T 16 (25,000) +1
1562.5
H'(s) = .

52 4+ 1562.5s5 + 625 x 106
P 15.11 [a] Using the first prototype
w, = 1 rad/s; C=1F; L =1H; R =250
B E’ 40,000 !

w
. —1600;  ky= 2o — 50,
== 600 p= 0= 50000
Thus,
k 1600
R = k,,R = 40k; L'=-"L= 1) = 32mH,;
k 50,000 ) = 32m

C 1

o — _ — 12.5nF
konks  (1600)(50,000) !

Using the second prototype
w, = 1 rad/s; C =25F
1

L:
25

=40mH; R=1Q
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15-10 CHAPTER 15. Active Filter Circuits

R W’
ko = & = 40,000;  kf = 22 = 50,000
R ! Wo
Thus,
k 40,000
R = knR=40kQ;,  L'="7"1 = 270 00.04) = 32mH;
B, L= 50,000 004 = 32m
C 25
o — _ — 12.50F
konks  (40,000)(50,000) !
L s 9
[b] + 40k} +
v, ggz mH T12.5nF .

P 15.12 For the scaled circuit

O )

I k:]%
L'C' ~ LC’

R R
L’:kf<L)

It follows then that

H'(s) = )

P 15.13 For the circuit in Fig. 15.31

(s - >+ (i)

s 1
82+R70+ m)



It follows that

82—1—%
H/(S) — 5 p LCL
S+ we t oo
, , ke
where R’ = k,, R; L'=—1L;
ky
C
C'=—
ks
I kj%
e LC
1 _ ke
R'C"  RC
2
()
H,(S) = 2
k k
82 + (%) S + %
S 2 1
_ (E) T ic
N S 2 1 S 1
(5) + (de) (&) + 6
— H(s)|8:5/,€f

P 15.14 [a] For the circuit in Fig. P15.14(a)

1
‘/o s+ — 2 1
Ho) =y =T T
7 — 4+ s+ = S+(§)S+1
Q S
For the circuit in Fig. P15.14(b)
v, Q
H(S):izQsiJrsQ
‘/Z‘ 1+Q$+§
Q(s*41)
Qs*+s+Q
2
1
H(s) = 57+

(g

Problems
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15-12 CHAPTER 15. Active Filter Circuits

/

b] k72 =10 Q=8

Replace s with s/k;.
H'(s) = 984)2 =
(i) 5 (i) +1
52+ 108

s2 4+ 1250s + 108
P 15.15 For prototype circuit (a):

I )
Ve T e
H(s) = Q(s*+1) _ s2+1

Qs>+ 1)+ 82+($)s+1

For prototype circuit (b):

V, 1

‘/; 1 + ((582/_?1))

B s24+1
EEORT

H(s) =

P 15.16 From the solution to Problem 14.15, w, = 100 krad/s and 3 = 12.5 krad/s. Compute
the two scale factors:

' 2m(200 x 103
fy = < 200310
Wo 100 x 103

1C’_110><10’9 1

km = " = —
ke C" Am25x107° 7
Thus,
8000 k., 1
R =k, R=—— = 2546.480 L'=-"L= ﬁ(m X 1073) = 253.303 uH
T kg 47

Calculate the cutoff frequencies:

why = kjwa = 41(93.95 x 10°) = 1180.6 krad/s
why = kwe = 47(106.45 x 10%) = 1337.7 krad/s
To check, calculate the bandwidth:

' =wl, —w., = 157.1 krad/s = 473 (Checks!)



Problems 15-13

P 15.17 From the solution to Problem 14.24, w, = 10 rad/s and 3 = 27(10.61) krad/s.
Calculate the scale factors:

w50 x 10°
k= T 0.05

kgL 0.05(200 x 107%)

km = =0.2
L 50 x 106 0

Thus,

C 20 x 1079
"= knR = (02 = 1500 C' = = = 2pF
R R =(0.2)(750) = 150 kmks  (0.2)(0.05) M

Calculate the bandwidth:
B = ks3 = (0.05)[27(10.61 x 10%)] = 3333 rad/s

To check, calculate the quality factor:

W 106
= — = - = 15
@= "5 = 21061 x 109
/ 3
LW 5010
— Yo 20X 15 (Check
@ =3 = 3333 (Checks)
R 1000 C 1
P15.18 [a] ky = — = — —1000;  k; = - — 5000
[a] R~ 1 I = knC ~ (1000)(200 x 10-9)
k 1000
="y = =22(1) = 200mH
kD= 5000 m
Ml Ml
1k 1k
1ouit) V(Z \\/ gzuumH T 200nF
il:\
V-10/s V 1%
b —0
Pl 500~ " 0.2s T 1000+ (5 x 105/s)
1 5 s 1
Vi{—+2 —
(1000 s T 10005 + 5 106) 1005
10(s + 5000) B 5(s + 5000)

T 2524 10,0005 + 25 x 105 52+ 50005 + 12.5 x 106
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oV 25(s + 5000)
7 0.2s  s(s2+5000s + 12.5 x 106)
K, K, K

s 542500 — 52500 T 2500 1 42500
K, =0.01;  Ky,=—0.005
io(t) = 10 — 10e” 2% cos 2500t mA

Since k,, = 1000 and the source voltage didn’t change, the amplitude of the
current is reduced by a factor of 1000. Since k¢ = 5000 the coefficients of ¢ are

multiplied by 5000.
P 15.19 km:g=5gém=1oo; kf:z‘;’:moo
¢ = kfkf - (1%5)(1500_030) = snF
500 = 5k T00Q — 70K
L= IZ’;‘L — 5100000(20) — 0.4H

0.05
0.05U¢ — WU¢ =5 X 10_4U¢

The original expression for the current:

io(t) = 1728 4 2880e ™" cos(15t + 126.87°) mA

The frequency components will be multiplied by k; = 5000:
20 — 20(5000) = 10°; 15 — 15(5000) = 75,000

The magnitudes will be reduced by k,,, = 100:

1728 — 1728/100 = 17.28; 2880 — 2880/100 = 28.80
The expression for the current in the scaled circuit is thus,

io(t) = 17.28 + 28.80¢ " cos(75,000¢ + 126.87°) mA



Problems

P 15.20 [a] From Eq 15.1 we have

—Kuw,
H(s) = %
S+ we
R 1
whereK:R—j, We = RoC
—K'W
H'(s) = —2¢
5+ w,
/
1
where K' = fy !

R T R
By hypothesis R} = k,,, R1; R, = k. R,

C
and ¢’ = v It follows that
fhvm

K' = K and w, = kjw,, therefore

-K —-K
H,(s) = + wac = 5 wc
stk (i) e
-K
b] H(s) =
—-K —Kk
€] H'(s) = 3=
(£)+1 stk
P 15.21 [a] From Eq. 15.4
H(s) = — ° where K = -2 and
S+ we 1
1
We =
R, C
7 R
H'(s) = " where K' = ﬁ’j
1
and w, = RO
By hypothesis
C
R,1 = kpRy; Rlz =k Ra; C' = m

It follows that
K' = K and v, = kjw,
—Ks —K(s/ky)

H'(s) = s+ krwe - (é) + w,

15-15



15-16 CHAPTER 15. Active Filter Circuits

—Ks
bl H(s) = 7273
[c] H'(s) = —K(s/kf)  —Ks
(é + 1) (s +ky)
-5 W/ 1000(27)
P 1522 Hy,, = _ Y _ _ 9
522 [a] Hy, T by == 1 0007
H o= %
P s 20007
! 2000 " R ! 1.59kQ
= T, .. = = ].
RyCy ’ " (20007) (0.1 x 10-6)
-1 W 5000(2m)
Hy, = ; kp=—"2="2""2—10,000
P = aeadd
,  —10,0007
P 5 4 10,0007
1
= 10,0007; C. Ry = = 318.30
R,C, == (10,0007)(0.1 x 10-9)
0.1pF
L
1.59k(0) AW
31802
. 0.1pF -
L i1 Al _
+ 1.5910 + 3180 D_. .
.
Ul v
. °—
h 4
] H(s) = —10,0007
~ 5+2000m s+ 10,0007
10,0007s

(54 20007)(s + 10,0007)

[e] wo = v/@awa = /(20007)(10,0007) = 10007v/20 rad/s

(10,0007)(5j10007+/20)
(20007 4 510007+/20) (10,0007 + 510007+/20)

j10v/20
(2 + jv/20)(10 + jv/20)

H'(jw,) =

= 0.8333/0°




Problems 15-17

[d] G = 20log,,(0.8333) = —1.58 dB

[e]
Y H G | e
5 (9B pt HI.E‘“\
z'// \\"\_
-10 / N -
# \\
15/ \_\
s S
% N,
-20 N
N
\\
-25 |
30 f{kHz)
0.1 1 10 100
P 15.23 [a] For the high-pass section:
’4000(2
by — @o - 20002T) _ g00r
w 1
—5
H(s) = ———
(5) = T So00m
1
= 8000; Ry =398k .. Ry = 3.98k(2
R.(10 x 10-9) ™ ! 2
For the low-pass section:
*400(2
by = Yo = A00CT) _ g0
w 1
—8007
H'(s) = ————
() = S 800m
1
= 800m; Ry =39.8kQ2 .. Ry = 39.8k2

R(10 x 1079)

0 dB gain corresponds to K = 1. In the summing amplifier we are free to
choose Ry and R; so long as Ry/R; = 1. To keep from having many different
resistance values in the circuit we opt for Ry = R; = 39.8 k(.
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[b] AW
2,98 k)
10nF -
—y,————f p—— Ay
E.QBKQ / BQ.EKQ
v
10nF
Ad, Ay,
39 8k 39._8k0
e i [- =
+ 30 .8k Iy PN
30 .8k
V.
1
K ¥
s 8007

H'(s) =
el H'(s) = ~o00x * 5+ 8007

52 4+ 16007s + 64 x 10°72
(s + 8007)(s + 80007)

[d] w, = 1/(80007)(8007) = 8007v/10

. ~ —(8007/10)? + 16007 (j800m+/10) + 64 x 10°7*
H'(78007v10) = , ,
(8007 + 58007+/10) (80007 + j8007+/10)

_ 7128 x 10*/1072
(8007)2(1 4 j+/10)(10 + j4/10)

_ j2VT0
(14 4v10)(10 + jV10)
= 0.1818,0°

[e] G =20log,,0.1818 = —14.81 dB



Problems 15-19

-10

_15 .'-._/' f(HZ)
0.1 1 10 100

~(1/sC)  (1/RC)
P 1524 [a] H(s)= R+ (1/sC) ~ s+ (1/RC)

 (/Ro)
HUw) = 0 Ro)

(1/RC)
2 + (1/RC)?

[H (jw)| =

(1/RC)?

|H (jw)|* = o+ (1/RC)

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

Vo=V Va
R +sCV, + Ro+ s =0
Solving for V, yields
(Re + sL)V;
R{LCs? 4+ (R1RyC + L)s + (R, + R»)

‘/(L:

But
B sLV,
° RQ + sL

Therefore

sLV;
R1L082 + (L + R1RQC)S + (Rl + RQ)

sL
" RILCs2+ (L + RyRyC)s + (Ry + Ry)

‘/():

H(s)

H(jw) = Jwl
TV =R, + Ry) — RiLCw?] + jw(L + RiRsC)
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) wlL
|H(jw)| =
VIR + Ry — RiILOW?2 + w2(L + R RyC)?
2L2
H(jw)[? = -
(Rl + RZ — R1L0w2)2 + wQ(L + R1R20)2

w?L?
 RIL2C2wt + (L2 4 RIR302 — 2R3LC + 2R Ry LC)w? + (Ry + Ry)?

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

Vo—=Vi V,
! 2+ V,sC + VosC =0
7 +R2+ sC + Vs

0-V,
R

(0—V,)sC + (0 —V,)sC + =0

_ RyV;
N 2R1R203 + Rl + R2
Rz
2R30$
It follows directly that
E o —2R2R308
Vi 2R RyCs+ (Ry + Ry)

Va

and V, =

H(s) =
(R1+ R2) + jw(2R1 Ry C)

2R2R36’w
V(Ri + Ry)? + w? 4R R3C?

- H(jw) =

|H (jw)| =

AR R2C%?
(Rl + R2)2 + 4R%R§C’2w2

[H(jw)|* =
P 1525 w,=2nf, = 4007 rad/s
B = 27(1000) = 20007 rad/s
Wey, — We, = 20007
VWeWe, = wo = 400
Solve for the cutoff frequencies:

We,Wey = 16 x 10*7?



P 15.26

Problems

B 16 x 10472

Wey
Wey

16 x 1072

— w,, = 20007
We,

or w? + 20007w,, — 16 x 10*7* =0

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

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

Check: (= fo — fa = 1000Hz

1
2 =——— = 6525.19

“? T RiCy

R, = ! =30.659
b 6525.19)(5 x 1076) —
o= = 242,01

Y RuCr

1
Ry = = 826.430)

(242.01)(5 x 10-6)

w, = 1000 rad/s; GAIN =6
(= 4000 rad/s; C =0.2uF
/3 = Wey — Wep = 4000

Wo = /We,We, = 1000

Solve for the cutoff frequencies:

w2 + 4000w, — 10° =0

we, = —2000 + 1000v/5 = 236.07 rad/s

15-21



15-22 CHAPTER 15. Active Filter Circuits

We, = 4000 + w,, = 4236.07 rad/s

Check: [ = we — we = 4000 rad/s

1
Wey =
! RLCL
Ry = ! = 21.81k0
P 02%1076)(236.07) T
L _ 193607
RHCH N .
Ry = = = 1.18kQ
1702 % 10°6)(4236.07)
Ry
_¢6
R;

If R, =1kQ Ry =6R; = 6kQ

P 1527 [a] y = 20log,, = —10log;o(1 + w™)

1
Vit o

From the laws of logarithms we have
—10
= (—— ) In(1 +w*>
= (o) 1+
Thus
dy <—10) 2nw?n 1
do  \In10/ (1 +w?)

lnw

:1 = —
v 0810 In 10

Inw=2In10

1 dw dw

— — =Inl — =wlnl

i n 10, In wlin 10

dy dy dw —20nw*

L =(-—=2]|— ] = —————dB/decad
dx (dw) (dm) 14 w?n ecade

at w = w, = lrad/s

d—y = —10n dB/decade.
dx



[b] y = 20logy,

1

—10n
_ In(1 + w?
1o )

—10n

dy

Problems

—10nlog;y(1 + w?)

—20nw

do  Inl0

As before

diw
dx

dy
dx
At the corner w, = v/21/7 — 1

dy — —20n[2"/" —1]
de 21/n

= w(In 10);

- g

dB/decade.

[e] For the Butterworth Filter

n  dy/dx (dB/decade)
I =10
2 =20
3 =30
4 —40
oo —00

<1 +1w2> 2= M 10)(1+ w?)

—20nw?

+ w?)

w?=2Y" 1

For the cascade of identical sections

n  dy/dx (dB/decade)
1 —-10

2 —11.72

3 —12.38

4 —12.73

oo —13.86

15-23

[d] Itis 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.

_ (=0.05)(—30)
P15.28 lal n = 700072000

~

2.76

n=3
1

= —32.65dB

P 15.29 [a] For the scaled circuit
1/(R)*C1Cy

H/<5) = 2 1
s+ mops T wpog

where

R = k,R; C] = Ch/kkm;

/1 + (7000/2000)8
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It follows that
1 K

(R2CIC, — R2ChCy

2 2k
R'C;  RC,

k3/R2C
H(s) = — 1/ TG

]{32
5% + 12?%3 + RQCJ;CQ
1/R20102
2
(E) + R201 (E) + R?élcz
1

(s+1)(s24+s+1)

[b] f.=2000Hz; w. = 40007 rad/s; k¢ = 40007
1

&+ DIEP+ %+
i

(s+kp)(s2+kps+ kJ%)

B (40007)?
(s +40007)[s2 4+ 40007s + (40007)2]

64
(4 + j14)(—180 + j56)

= 0.02332/—236.77°
Gain = 20log,,(0.02332) = —32.65 dB

P 1530 [a] H(s) =

H'(s) =

[e] H'(j14,000m) =

P 15.31 [a] In the first-order circuit R =1Qand C = 1F

R 1000 Wl 2m(2000)
R Sl k= : 0007

o 1
~ kyky  (1000)(40007)

K

R =k,R=1000Q; '

= 79.58 nF

In the second-order circuit R = 12, 2/C} = 1so C; = 2 F, and
Cy = 1/C7 = 0.5 F. Therefore in the scaled second-order circuit

e 2
R =k,R=1000Q; = — — 159.15nF
Y7 Tk (1000)(40007) .
C 0.5
Ch=-—" = = 39.79nF

kmks  (1000)(40007)
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[b]
7958nF  199.75nF
1kQ
'y
1kQ2 =
iy = 10| 1kQ ——»
+ Ay * +
i + 39.79nF L v,
; v w ;
(—0.05)(—48)
P 15.32 = =399 .. =4
LAl n = (2000/500) "

From Table 15.1 the transfer function of the first section is

82

s2+0.765s + 1
For the prototype circuit

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

82

524 1.848s + 1
For the prototype circuit

Hy(s) =

HQ(S) =

2 1
— = 1.848; Ry = 1.082€; Ry = — =0.9240Q
R2 ) 2 ) 1 R2
The scaling factors are:

' 2m(2000
k= Yo = 2720000 h00n
Wo 1
C 1
C'=— .. 0x10Y=—"——
ks 8 40007k,
1
= T7957.75

b = 2000m(10 x 10-9)
Therefore in the first section
R} =k, Ry = 3.04k; R, = k,, Ry = 20.80k2
In the second section

R, = kyRy =7.35kQ; R, = kynRy = 8.61kQ
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[b]

7 35k 0) = ‘
3Dk L j T

.\-\-\-H' 1L L

- I 4" 10n®  0nF

+ 10nF idnr 2 Bl v,
L iﬁ'ﬂf‘ﬂkﬂ i
P1533 n=>51+(-1)" =0; s =1

s =100+ 36%

ko s 1/108"

0 1/0° 1/142” *
1 1/36° K
2 1/72° /
31m . s-plane
41/144° ’
5 1/180°
6 1216°
71052
8 1/288°
9 1,/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° + jsin 144°)][s — (cos 216° + j sin 216°)]

= (s+1)(s+ 0.309 — 70.951)(s + 0.309 + j0.951)-
(s 4+ 0.809 — 5j0.588)(s + 0.809 + 50.588)

which reduces to

(s+1)(s* +0.6185 + 1)(s* + 1.618s + 1)



n==6:1+(-1)°%=0
s'? = 1/15° + 36°k

ko Sk
0 1/15°
1 1/5°
2 1/75°
3 1/105°
4 1/135°
5 1/165°
6 1/195°
71/225°
8 1/255°
9 1/285°
10 1/315°
11 1/345°

312 -1

Grouping by conjugate pairs yields

Problems 15-27

[u]

l{ 105

1/135" *
.
/
1/165° ’
f. ! s-plane

(s +0.2588 — j0.9659)(s + 0.2588 + j0.9659) x

(s 4 0.7071 — j0.7071)(s + 0.7071 + 50.7071) x

(s 4+ 0.9659 — 50.2588)(s + 0.9659 4 j0.2588)

or (s> +0.518s + 1)(s* + 1.414s + 1)(s* + 1.932s + 1)

P 1534 H'(s) =

52

1

52

82

2
T BTk T TR B

H'(s) =

2k

k2

2 ¥
$°+ oS T mR.or

(s/k)*

(s/ks)* + 7o

S 1
(E) + R1RyC?

2(C2/R2,52)



15-28 CHAPTER 15. Active Filter Circuits

—0.05)(—48
P 15.35 [a] nzwzi{% n=4
10g10(32/8)
From Table 15.1 the transfer function is
1
H(s) =

(s2+0.765s + 1)(s% 4 1.848s + 1)
The capacitor values for the first stage prototype circuit are
2

— =0.765 .. Cy =261F
C '
Cy = L 0.38F
2=
The values for the second stage prototype circuit are
2
— =1.848 .. C, =1.08F
C '
Cy = L 0.92F
2= =Y
The scaling factors are
R w!
kp = — = 1000; ks = —2 = 16,000
R f Wo m

Therefore the scaled values for the components in the first stage are
Ry =Ry, = R=10009

2.61
o) = — 52.01nF
'~ (16,0007)(1000) !

0.38
Oy = — 7.61nF
2= (16,0007)(1000) !

The scaled values for the second stage are

Ry = Ry = R =100092

1.08
o) = — 21.531F
= (16,0007)(1000) !
0.92
Oy = — 18.381F

(16,0007)(1000)
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[b]
52 .01nF 21.53nF
11
1r 11
1kQ | 1kQ —‘I 1kQ | 1kQ N
i A % Ay Ay . +
+
- VD
Vi T.61nF ::18.38HF
- \ 4 v -

P 15.36 [a] The cascade connection is a bandpass filter.

[b] The cutoff frequencies are 2 kHz and 8 kHz.
The center frequency is 1/(2)(8) = 4 kHz.
The Qis4/(8 —2) =2/3 =0.67
[c] For the high pass section k¢ = 40007. The prototype transfer function is

84

H, —
wl®) = 207655 7 1) (52 7 L8185 7 1)
H (s) = (5/40007)*
e [(5/40007)2 4 0.765(s/40007) + 1]
1

[(5/40007)2 + 1.848(s/40007) + 1]

84

(s2 4 30607s + 16 x 10672)(s2 + 73927s + 16 x 10672)

For the low pass section k¢ = 16,0007

1
H =
wl8) = T 07655 £ 1)( 1 18485 7 1)
Hiy(s) = :
') = 7(5/16,000m)2 + 0.765(s/16,0007) + 1]
1

[(5/16,0007)2 + 1.848(s/16,0007) + 1]

(16,0007)*
~ ([s% + 12,2407 + (16,0007)2)][s2 + 29,5687s + (16,0007)2]

The cascaded transfer function is

H'(s) = Hip(s)Hyp(s)
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For convenience let

Dy = s* 4+ 30607s + 16 x 1072
Dy = 5% 4+ 73927s + 16 x 1072
D5 = 5% +12,240ms + 256 x 1072
Dy = 5% +29,5687s + 256 x 10572

Then

~ 65,536 x 10127t s
D1DsDsDy

[d] w, = 27(4000) = 80007 rad/s

H(s)

s = 780007
st = 4096 x 10%7*
Dy = (16 x 10°7% — 64 x 10°7) + 5(80007)(30607)
= 10%7%(—48 + j24.48) = 10°7%(53.88 /152.98°)
Dy = (16 x 10°7% — 64 x 10%7%) + 5(80007)(73927)
= 10%7%(—48 + j59.136) = 10°7%(76.16/129.07°)
Dy = (256 x 1072 — 64 x 10°7?) + 5(80007)(12,2407)
= 10%7%(192 + 597.92) = 10°7%(215.53/27.02°)
Dy = (256 x 1072 — 64 x 10572) 4 5(80007)(29,5687)
= 10%7%(192 + 5236.544) = 10°72(304.66 /50.93°)

(65,536)(4096)7® x 102
(8 x 1024)[(53.88)(76.16)(215.53)(304.66) 360°]

= 0.996/— 360° = 0.996/0°

P 15.37 [a] From the statement of the problem, K = 10 ( = 20 dB). Therefore for the
prototype bandpass circuit

H/<jw0) =

Q 16
=2 = =160
f=fr=1716
Q 16
pu— p— Q
H 202 — K 502

Ry =20 =320



The scaling factors are

/

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

Wo
C 1
kp, = = =1243.40
C'ky (20 x 107?)(12,8007)
Therefore,

R} = ky Ry = (1.6)(1243.40) = 1.99kQ
R, = kn Ry = (16/502)(1243.40) = 39.63 (2
R} = Ky Ry = 32(1243.40) = 39.79k0)

[b]
Logpr  339.79kQ2
1.99k0
*— I :
+ Z0pF — +
v, £39.63k0 v,

+ v v

P 15.38 From Eq 15.58 we can write

2 R3C 1
H _ <R30> ( g ) (Rlc) 5
<S) T2 + _2 + R1+Rs
S Rgcs R1RoR3C?
or
R 2
()
(S) T2 + _2 4 Ri1+Ro
ST Rs0S T RiRa2RsC?
Therefore
2 CL)O Rl + R2 2
— ﬂ = —; —_— e = Wy;
RsC Q RiRyR3C?
R3
dK = -3
an R,

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

2 1
— = —orR3 =2
Rs QOF 3 Q

Problems

15-31
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RFzQz—K

P 15.39 [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 500
Hz. The order of the Butterworth is
(—0.05)(—20)

"~ Togy(500,/200)

n=3

83

Hip(s) = (s+1)(s2+s+1)

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

For the prototype second-order section
R, =050, Ry=2Q, (C=1F

The scaling factors are

w/

ky = —2 = 2m(500) = 10007
C 1 106

K

T C'k; (15 x 1079)(10007) 157

In the scaled first-order section

R = Ry = kit = 2% (1) — 21.22k0)
e T

C" =15nF

In the scaled second-order section

R} = 0.5k, = 10.61k$

R} = 2k, = 42.44KQ)
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C'" = 15nF

For the low-pass section the cut-off frequency is 4500 Hz. The order of the
Butterworth filter is

~ (—0.05)(—20)

 log,(11,250/4500)
1

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

=251; .. n=3

Hlp<5) =

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

For the prototype second-order section

Ry = Ry =11 C, =2F; Cy =0.5F
The low-pass scaling factors are

R w!

km = 7= 10%; ky= w— = (4500)(27) = 90007
For the scaled first-order section

C 1
_ _ — 3.54nF
krkm  (90007)(10%) n

For the scaled second-order section

R, =R,=10kQ;  C'

R, = R, = 10k
C, 9
' — _ — 7.07nF
Y Kk (90007)(109) n
Cy 0.5
c— _ — 1.77nF
27 Kk (90007)(10%) !
GAIN AMPLIFIER
20log,g K =20dB, .. K =10

Since we are using 10 k€2 resistors in the low-pass stage, we will use
R; = 100kS2 and R; = 10k{2 in the inverting amplifier stage.
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[b]
21.221k02
Ay
21.22kQ 15nF £10.61k0 :
* Al I - 15nF 15nF —t
+ i} i} +
i * %42.44}:@
; v high-pass section #
"\.l"'\.l"v .
10EC 100k
11 "\"‘\"‘\'
10k | 3.54nF T7.07nF :
. Afi _
Ay Ay |+ 10k —— +
+ 10k 10key L 1.770F + E‘:‘
v low-pass section v gain ;

P 15.40 [a] Unscaled high-pass stage

g3

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

The frequency scaling factor is ky = (w), /w,) = 10007. Therefore the scaled
transfer function is

th(s) =

(s/10007)3
2
(1ooo7r + 1) {(100%) + Too0x T 1]
$3
(54 10007)[s2 + 10007s + 10572]
Unscaled low-pass stage

1
(s+1)(s?+s+1)

Hj,(s) =

Hlp(s) =

The frequency scaling factor is k; = (w),/w,) = 90007. Therefore the scaled
transfer function is

1
Hi,(s) = 5
(908077 + 1) [(908%) + (90807r> + 1}
B (90()07r)3
(54 90007)(s2 + 90007s + 81 x 10672)
Thus the transfer function for the filter is

729 x 10197343
H'(s) =10H, H] =
(5) = 108}, (5)Hiy(s) = 20
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where
D; = s+ 10007
Dy = s + 90007

D3 = s? +10007s + 10%72
D, = s2 +90007s + 81 x 10%72

[b] At f =200Hz w = 4007 rad/s
D1 (74007) = 4007 (2.5 + j1)

( )
Ds(j4007) = 4007(22.5 + j1)

Ds(54007) = 4 x 10°7%(2.1 + j1.0)
Dy(j400m) = 4 x 10°7%(202.1 + 59)

Therefore

D1 Dy D3 D, (j4007) = 2567°10'*(28,534.82/52.36°)

H(j400m) (72973 x 1010)(64 x 10°73)
Tmw) =
J 25676 x 1014(28,534.82/52.36°)

= 0.639/— 52.36°
20log, |H'(74007)| = 201og,,(0.639) = —3.89 dB
At f =1500Hz,  w = 3000 rad/s

Then
D1(330007) = 10007 (1 + 53)

)
D5 (j30007) = 30007(3 + 51)
Ds(530007) = 10%7%(—8 4 53)
D4(530007) = 9 x 10°72(8 + 53)

(729 x 73 x 10'9)(27 x 10%73)
27 % 101875(730,270° )

= 9.99/90°
20log, |H'(j30007)| = 19.99 dB

H'(j30007) =
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[c] From the transfer function the gain is down 19.99 + 3.89 or 23.88 dB at 200 Hz.
Because the upper cut-off frequency is nine times the lower cut-off frequency
we would expect the high-pass stage of the filter to predict the loss in gain at
200 Hz. For a 3nd order Butterworth

1
GAIN = 20log,, — —23.89 dB.

/1 + (500/200)8

1500 Hz is in the passband for this bandpass filter, and is in fact the center
frequency. Hence we expect the gain at 1500 Hz to equal, or nearly equal,
20 dB as specified in Problem 15.39. Thus our scaled transfer function
confirms that the filter meets the specifications.

P 15.41 [a] From Table 15.1

1
Hils) = 0518 1 1) (32 + Vs T 1)(2 + 19325 + 1)
Hyp(s) = !

e (E+0518(4) +1) (&+v2(2) +1) (F+1.932(2) +1)
Hipls) = d

(524 0.518s + 1)(s2 + /25 + 1)(s2 + 1.9325 + 1)
P 1542 [a] k; = 25,000
, (5/25,000)°
Hy(s) =
P [(5/25,000)2 + 0.518(s/25,000) + 1]
1
[(5/25,000)2 + 1.4145/25,000 + 1][(s/25,000)2 + 1.9325/25,000 + 1]
(82 4+ 12,9508 + 625 x 106)(s2 + 35,3505 + 625 x 10°)
1
(52 4 48,3005 + 625 x 10°)

—(25,000)°
[12,950(725,000)][35,350(725,000)][48,300(725,000)]

[b] H'(j25,000) =

B —(25,000)?
~ (12,950)(25,350)(48,300)°

— 0.7067/— 90°
201og,, | H'(j25,000)| = —3.02 dB
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P 15.43 [a] At very low frequencies the two capacitor branches are open and because the op
amp is ideal the current in Rj 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 R;, Rs, R3, and Cs join be denoted as a, then
(Vo = Vi))G1 + VosCy + (V, = Vo) Gy + V,G3 =0
—VaGg — ‘/oSCl =0

or
(Gl + G2 + G3 + SCQ)% — GQ‘/O = Gl‘/;

—8C1
Gs

Solving for V, /V; yields

—G1Gjs
(Gl + G2 + G3 + 802)801 + G2G3

—G1G3
520102 + (Gl + G2 + Gg)Cls + G2G3

—G1G3/ChC
s2 4+ {(Gl-‘rg;-‘rGii)} 54+ g?g;

__G1GaGs
G2C1Co

2 (G1+GQ+G3)] [eeR
s7+ { Co s+ C1C2

—Kb,
s2+bis+b,

Va: ‘/o

H(s) =

G GoGly
here K = —%; b, =
where Gy’ C1Cy
G+ Go + Gy

and b; = C
2

[c] Equating coefficients we see that
Gl == KG2
~ b,CiCy b,Chy

G Go Go

since by hypothesis C, = 1F

G+ G+ Gy

b
1 Cy

=G+ G+ Gs
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b,C'
b= KGy+ Gy + :
G
b,C
by = Gy(1+ K) + =2
Go
Solving this quadratic equation for G, we get
G — by b; — 0,C14(1 + K)
T 21+ K) 4(1+ K)?
by £ /07 — 4b,(1+ K)Cy
B 2(1+ K)
For (G5 to be realizable

bi

G < 4b,(1 + K)
[d] 1.SelectCy =1F
b2
2. Select ] such that ('} < m
3. Calculate G5 (R2)
4. Calculate G (Ry); Gh1 = KGy
5. Calculate Gg (Rg); Gg = boCl/GQ

P 15.44 [a] In the second order section of a third order Butterworth filter b, = b; = 1
Therefore,
b? 1
) < L — = 0.05F
P Ab(1+ K) - (4)(1)(5)

C; =0.05F (limiting value)

=0.1S

2(1+4)
Gs = ——(0.05) = 0.5S
ST o T
G1=4(0.1)=04S
Therefore,
1 1 1

Ry =— =25, Ry=— =109, Ry =— =20
1 Gl ) 2 GQ ) 3 G3
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/

[e] k; = “° = 27(2500) = 50007

Wo
Cy 1
k,, = — = 6366.2
Chky (10 x 1079k
0.05
Cl = ——=0.5x10"" = 500 pF
k fhim

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
1

¢’ = = _— =10nF
krkp 108
[e] 1L
10nF
A 263 .66k0
6.370 6.370 T 500pF
—00 .
+ A Ay :
v, 5 15,920 | 12.73k0 S P
— =10nF + v,
; v i v -

P 15.45 [a] By hypothesis the circuit becomes:

i IR
c, 1
E‘l E‘B
+ I \\-;_
&+

- -

1 % R-’_\. F "i"l:'

- L - v

For very small frequencies the capacitors behave as open circuits and therefore
v, 1s 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 C; dominating the
feedback path. Hence the gain of the amplifier approaches
(1/jwCs)/(1/jwC) or Cy/C5. Therefore the circuit behaves like a high-pass
filter with a passband gain of C /Cs.
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[b] Summing the currents away from the upper terminal of R, yields
VoGo + (V, — V)sCy + (V, — V,)sCs + V,sC3 = 0
or
Vo[Ga + s(Cy 4+ Cy + Cs)] — V,sCy = sC1V;
Summing the currents away from the inverting input terminal gives
(0—=Va)sCs+ (0 =V5)G1 =0

or

—-G,V,
sC5V, = =GV, V= —2
803

Therefore we can write
-GV,
803

Solving for V, /V; gives
‘/0 —010382
H(s)=— =
‘/Z' [020382 + Gl(C’l + 02 + 03)8 + GlGQ]
=C1 o2

oy S
G1G
(Cl + CQ + 03)8 + 0205}

(G2 + s(C1 + Cy + C5)] — sCyV, = sCLV;

[82 - C’fé:s
—Ks?

s2+bis+ b,

Therefore the circuit implements a second-order high-pass filter with a

passband gain of C /Cs.

[c] C) = K:

Gy
W)
G = Kbif = (KI:Q)
GhGh
()
by b,

_ b _bop o
Go=Gr =5 (E+2)

by = (K +2)=Gi(K+2)

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

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

H(s) =

Thus
Cl - K - 8F
2
R =32 100
1

Ry, = L =0.10Q

2T 1+2)

P 15.46 [a] Low-pass filter:
_ (F005)(=30) _ 3.77; coon=4
log,,(1000/400)

In the first prototype second-order section: b = 0.765,b, =1, Co = 1F
b? < (0.765)?
(I+K) — (4)(2)

choose C; = 0.03F

< 0.0732

<
Cr < 4b,

B 0.765 & \/(0.765)2 —4(2)(0.03) ~ 0.765 £0.588

2

4 4
Arbitrarily select the larger value for (G5, then
1
G, =0.338S; .. Ry = =2.96(2
Go
1
1

_ bCh_ (1)(0.03)

G —
PTG, 0.338

=0.089 .. R;=1/G3=11.3Q

Therefore in the first second-order prototype circuit

Ry = Ry = 2.96€; R3; =11.3Q

Cy = 0.03F; Cy,=1F

In the second second-order prototype circuit: by = 1.848, by =1, Co = 1F

1.848)2

< 0.427
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choose C; = 0.30F

18484 /(1.848)2 — 8(0.3)  1.848 % 1.008
B 4 B 4

Arbitrarily select the larger value, then

2

1
G, =0.7139 S; .. Ry = — = 1.4008 Q2
Go
1
Gy =KG,=0.7139 S; .. Ry = o= 1.4008 €2
1
b,Cy  (1)(0.30)
Gs = = =0.4202 S .. R3 =1/G5 = 2.3796 2
PTG, 07139 2= 1/Gs
In the low-pass section of the filter
CL)/
k= —2 = 2m(400) = 800w
Wo
P c 1 125,000
" Cky (10x 1079k, 7

Therefore in the first scaled second-order section
R’1 = R’2 = 2.96k,, = 118k
Rg = 11.3%k,, = 450k2

0.03
C" = —— = 300pF
€’ = 10nF

In the second scaled second-order section
R’1 = R’2 = 1.4008k,,, = 55.74Kkf2
R'3 = 2.3796k,, = 94.68 k(2

0.3
O] = —2 —3nF
Y k0
C} = 10nF

High-pass filter section

(—0.05)(—30)
n =
log,,(6400/2560)
In the first prototype second-order section: b; = 0.765; b, =1; Co = C3 =1F

Cy=K=1F

=377, n=A4
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K+2 3
R = =

! by 0.765
by ~0.765

Ry = = = 0.255Q)
27 by(K +2) 3

=3.920Q

In the second prototype second-order section: b; = 1.848; b, = 1;

C,=K=1F
K +2 3
R, — _ =1.623Q
! b, 1.848
1.84
b _ L8 6160

R pr—
27 by(K +2) 3

In the high-pass section of the filter

/

kp = 2 = 27(6400) = 12,8007
Wo
C 1 78125

ko = - _
C'k; (10 x 10-9)(12,8007) 7r

In the first scaled second-order section

R} = 3.92k,, = 9.75kQ)

R, = 0.255k,, = 634 Q)

O = O = ¢, = 10nF

In the second scaled second-order section
R} = 1.623k,,, = 4.04kQ

R, = 0.616k,, = 1.53kQ2

O = O = ¢, = 10nF

In the gain section, let R; = 10k(2 and Ry = 10k(2.
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[b] |
119}:@% i
| asgra] SOPFF 55 ?41‘:;% anE‘
NV p4.68K02 ]
118kQ L, o :
i . 55.74KQ L. o
v T &
10k 10k0
Ay Ay
10kQ
Ay
S
+ W
[u]
v v
T10nF 2873k gqf 04kQ
— i 10nF T 10nF )
+ |
10nF 10nF {1 {}
W, 10nF
' 26340 1.53K03

+

i

P 15.47 [a] The prototype low-pass transfer function is

Hlp(s) =

1

(s240.765s + 1)(s? + 1.848s + 1)

The low-pass frequency scaling factor is

ky

1

= 27(400) = 800

r

The scaled transfer function for the low-pass filter is

H},(s) = |

th(s) =

1

(80807r)2 +

0.765s
8007

- 1} {(Sosoﬂf -

4096 x 10874

1.848s
8007

+1]

 [s2 4 6127s + (8007)2] [s2 + 1478.47s + (8007)2]
The prototype high-pass transfer function is

84

(s240.765s + 1)(s? + 1.848s + 1)

The high-pass frequency scaling factor is

ky

h

= 27(6400) = 12,8007




Problems 1545

The scaled transfer function for the high-pass filter is
(s/12,8007)%
s \? . 07655 s \? . 1.848s
(1278007r) T 12,8007 T 1} [(1230%) * 28007 T 1
4
s
82+ 97927s + (12,8007)2][s2 4 23,654.47s + (12,8007)2]

The transfer function for the filter is

H'(s) = [Hi,(s) + Hy,(s)]

Hj,(s) =
|

] fo =/ forfeo = /(400)(6400) = 1600 Hz
w, = 27 f, = 32007 rad/s
(jwo)? = —1024 x 10*7?
(jwe)* = 1,048,576 x 1087*

4096 x 10874 y
[—960 x 1072 + j612(320072)]
1
[—960 x 10%72 + j1478.4(320072)]

40,000
(—3000 + j612)(—3000 + j1478.4)

Hl/p(jWO) =

— 3906.2 x 1075 /37.76°
B! () = 1,048,576 x 10874
hp\J%0) = 115 360 x 10472 + j9792(320072))]

1
[15,360 x 10472 + j23,654.4(320072)]

10.24 x 10°
(48,000 + j9792)(48,000 + j23,654.4)

= 3906.2 x 107%/— 37.76°

H'(jw,) = —3906.2 x 107%(1/37.76° + 1/ — 37.76°)

= —3906.2 x 107%(1.58 0°) = —6176.35 x 107°/0°

G = 201log,o |H'(jw,)| = 2010g;((6176.35 x 107°%) = —44.19 dB

P 15.48 [a] Atlow 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.
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[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 Rs. The s-domain
equations are

(Va = Vi)G1+ (Vo = V5)sC1 =0
(Vo = Va)Ga + sCyV, =0

or

(Gy + sCy)V, — sC1V, = G,V
—GoV, + (Gy + sCy)V, =0

- G2 + SCQ‘/O
Vo= 22
(G + 801)@22;302) _ |V, = GV
2
v, ene

‘/i (Gl + 801)(G2 + SCQ) — ClGQS

which reduces to
Vo . G1Go/CCy . bo

Vi 2+ Gs4 @2 24 histb,

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

G
[d] bl = é G1 - blCl
o GlGQ . o bo
b, = cc, Gz—blOQ

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

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

H(s) =
(8) = (207655 + 1)(s2 + 1.8485 + 1)
In the first section b, = 1, by = 0.765

Gy = (0.765)(1) = 0.765 S

1

Gy= ——
27 0.765

(1) =1.307 S



Problems
In the second section b, = 1, by = 1.848
G, =1.8488S
Gy = (1> (1) = 05418
27 \1.848 o
Ry =1/Gy = 1.8481)
1F
L -
0.7a65C —
Ay +
+ + _l_lF
v, o 1.307Q l
1F
1.848C ——
"\"\"\' ] + +
"\"\"\' |+ — UD
0.5410 ilF ;—

/

P 1549 [a] k; = —2 = 27(3000) = 60007

Wo

C 1 106

km — — =
C'k; (4.7 x 109)(60007) 2827

In the first section

R} = 1.307k,, = 14.75kQ)
R, = 0.765k,, = 8.64k)

In the second section

R = 0.541k,, = 6.11kQ

R, = 1.848k,, = 20.86kQ

15-47
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[b] 4.70F
g .64k \\;,—
- Firldh, | _;.f"-r
+ l—= " ==
. 4_7nF
. 14.75k0 i .
_1,;,
4.70F
20 .86k \\;—
. Firldh, * _;.f"-r
s .ﬂ'"-r

-
+

L =4, TnF ¥

6,11 ko l " ;—:’

P 15.50 [a] Interchanging the Rs and C's yields the following circuit.

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
(Va = Vi)sC1+ (Vo = Vo)G1 =0
(V= V)sCy + V,Gy = 0
It follows that
Va(G1 + sC1) — G1V, = sC1V;

(G2 + 302)‘/:)

dV, =
an G,

Thus

{ [(Gg + sCy)

802 ‘| (G1+801)—G1}V;)2801‘/z’

‘/0{520102 + SCIGQ + GlGQ} = 820102‘/1'



P 15.51

Problems

2

V, s
H(S):Vi_ ( ) Ga G1G2)
§+ —s+
Co o GiGy

V, s
Vi 24 bis+ b,
[c] There are 4 circuit components: Ry, Ry, C; and Cs.

There are two transfer function constraints: b; and b,.
Therefore there are two free choices.

GGy Gy
[d] b, = CCy b s
Go=0Cy  Ry=
2 — 12, 2 — b102
bo b
G1 = EC& . 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

=1Q.

[a] k; = Z— — 10'7

o

C 1 10°

o, = - _
C'k; (75 x 10-9)(10%7) ~ 75m

Cy=Cy=750F; R, =R, =k,R=4244Q

[b] R =424.44; C = T75nF

1549
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[c] 424.40
A
T5nF
+ —— ;
v, 424.40 |

A
424.40
— .+
" 75nF * v,

T5nF _

53

[d] Hip(s) = (s +1)(s2+s+1)
/ B (s/10%m)3
th(5> - [(8/10477) ¥+ 1“(8/10471-)2 + (8/10477) —+ 1]

83

(s + 10%7)(s? + 10*7ms + 10872)
(j10%T)°

(100 — = 0.7071/135°
(el Hip(G10°7) = (5108 1 108m)[(G104m)2 + 107 (j10%) + 10°77) A

|Hflp| =0.7071 = -3dB
P 15.52 [a] It follows directly from Eq 15.64 that

s24+1

H =
(s) s2+4(1—o0)s+1
Now note from Eq 15.69 that (1 — o) equals 1/4(@), hence

s24+1
s?+ g5+ 1
[b] For Example 15.13, w, = 5000rad/s and () = 5. Therefore k; = 5000 and

(s/5000)2 + 1
1 S

5000)2 + = ( ) 1
(s/5000)* + = { =55 +
B 52 4+ 25 x 108

s2 +1000s + 25 x 106

P 15.53 [a] w, = 20007 rad/s

H(s) =

H'(s) =

/

kp = <2 = 20007
Wo



Problems 15-51

C 1 10°

k,, = — _ v

C'k; (15 x 1079)(20007) ~ 3m

10°
' = kR = ——(1) = 10,6100
R = kR = 5 (1) = 10,610
R/
i 0
5 = 5,305
1 1

o e 20 0.9875

oR =10478Q;  (1—0)R =133Q
C’ = 15nF

2C" = 30nF

[b]
150F 15nF _

10,6100 106100 1330z

5305605 30nF
Ui E vﬂ

_ 1047803
v v -
[c] k; = 20007

(5/20007)% + 1
(5/2000m)2 + 55(s/20007) + 1
B 52+ 4 x 10572
524 1007s + 4 x 10672

H(s) =

P 15.54 To satisfy the gain specification of 20 dB at w = 0 and o = 1 requires

R+ Ry

Rl =10 or R2 = 9R1

Choose a standard resistor of 11.1 kS for R, and a 100 k2 potentiometer for R,.
Since (R + R2)/R; > 1 the value of ] is

1
- —3079nF
= Sroyaos) 2N
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Choose a standard capacitor value of 39 nF. Using the selected values of R; and R»
the maximum gain for a = 1 is

111.1

100 (71

> = 20.01dB
a=1

When C = 39 nF the frequency 1/R,CY is

1 109

_ — 956.41 rad/s — 40.81 H
RaCi — 105(39) e ‘

The magnitude of the transfer function at 256.41 rad/s is

[111.1 x 10° + j256.41(11.1)(100)(39)1073|

=711
11.1 x 103 + 5256.41(11.1)(100)(39)10-3]

|H(7256.41)|0=1 =

Therefore the gain at 40.81 Hz is

2010g,(7.11)q-y = 17.04 dB

Ry + Ry

P 15.55 QOloglo( 7
1

> = 13.98

R+ Ry

= 9; . Ry =4R
Rl 3 2 1

Choose R; = 100k€2. Then Ry = 400k

1 1
— 1007 radls; . Cy = — 7.96nF
RoC T radss; 7 (1007 (400 x 109) .

P 15.56 [a] |.

IH{OI (dE)

alpha



Problems 15-53

P 15.57 [a] Combine the impedances of the capacitors in series in Fig. P15.53(b) to get
11—« « 1
Ce = =
4 SCl * 801 SCl

which is identical to the impedance of the capacitor in Fig. P15.53(a).

[b]
X
I -
1-o O
sC, sC,
+ —
v
B A ———
v (l-0R, v OR,
a/sCy
v, = V=
(1—a)/sCy+ a/sCy “
R
‘/y: & 2 Oé:‘/ZB

(1 — Oé)RQ + OéRQ -

[c] Since x 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 R, + 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. 15.53(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 —«)/sCy and (1 — ) Ry, and the feedback impedance is the equivalent
impedance of R; in series with the parallel combination of «//sC; and aRy:

(1-a) (1 _
7. = Ry + 5O, (1 &)1?2
(1 — Oé)RQ + (20(11)
o R1 + (1 — Oé)RQ + R1R2018
N 1+ RQCIS

2 . aR
e
CYRQ—FE
B Rl + CYRQ + R1R2018

1+ RQClS

P1558 Asw —0

2R3 + Ry

Hi ki B
H(iw) > S

1
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Therefore the circuit would have no effect on low frequency signals. As w — oo

(1 = B)Rs+ Ro](BRs + Rs)

|H (jw)| — [(1—B)Rs+ R3](BRs+ R,)
When 3 =1
] B RO(R4 + RS)
|H (joo)|p=1 = Ry(Ra+ Ry)
If Ry > R,

R
Hi(i 22>
[H(joo) |1 = 5

Thus, when 3 = 1 we have amplification or “boost”. When 5 = 0

. R3(Ry + R3)
H = AT el
| (.]OO)’B—O RO(R4+RO>
If Ry > R,

. R
H o= =<1
H(joc) 0 = 72

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

| (0.5Ry + R,)(0.5R, + Rs)
H(jw)|gos = _1
[H (Gw)ls=05 = (05 R, + Re)(05R: + Ro)

Thus, the transition from amplification to attenuation occurs at 3 = 0.5. If § > 0.5
we have amplification, and if 5 < 0.5 we have attenuation.
Also note the amplification an attenuation are symmetric about 3 = 0.5. i.e.

1

H(jw)|gep = ————
| (.7 )|5 0.6 ’H(]W>|B:OA4

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

* The circuit has no effect on low frequency signals

* Depending on (3 the circuit can either amplify (5 > 0.5) or attenuate (5 < 0.5)
signals in the treble range

* The amplification (boost) and attenuation (cut) are symmetric around 5 = 0.5.
When ( = 0.5 the circuit has no effect on signals in the treble frequency range.



Problems 15-55

. _ R,(Ri+Rs)  (65.9)(505.9)
P15.59 [a] |H(joo)|ser = ARt R~ (9)(55.9) =9.99

maximum boost = 20log;;9.99 = 19.99 dB

) R3(R4 + R3)

b H o0 =

[b] [ H(j0)l5=0 Ro(Ri+ R,)
maximum cut = —21.93 dB

[c] R4y = 500Kk, R, = Ry + R3 + 2R5 = 65.9k(2
Ry =T7.59R,

Yes, R, is significantly greater than R,,.

(2R3 + Ra) + j52(Ra + Rs)

A1 G/ BsCo)lom = |5 R T i (Ra + )

511.8 + j565.9

511.8 +j6§’;g’(505.9)’

= 7.44

20log,o | H (j/RsCs)|p=1 = 201og,, 7.44 = 17.43 dB
[e] When 3 =0
(2R3 + Ry) + j(Rs + R,)

R,
(2R3 + R4) + jﬁ(R4 + Rg)
3

Note this is the reciprocal of |H (j/R3C5)|s=1.
201ogyo | H (j/RsCs)| g0 = —17.43 dB

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

[f] The frequency 1/R5C, 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.
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P15.60 |H(joo)| = L= D+ Ro|[BF + Fs]

[(1 = 8R4 + Ry|[BR4 + R,

[H{j-infinity)] (dE)

beta



