Chapter 16: Filter Circuits

Exercises
Ex. 16.3-1 1
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Problems

Section 16.3: Filters

P16.3-1 Equation 16-3.2 and Table 16-3.2 provide athird-order Butterworth low-pass
filter having a cutoff frequency equal to 1 rad/s.

1

Ho = iy @esr)

Freguency scaling so that w, = 21100=628 rad/s:
1
2
(S+1) (Sj +i +1
628 628) 628
_ 628°
(s+628)(s” +628s+6282)

_ 247673152
" (s+628)(S” +6285+394384)

H (9=

P16.3-2  Equation 16-3.2 and Table 16-3.2 provide a third-order Butterworth low-pass
filter having a cutoff frequency equal to 1 rad/s and adc gain equal to 1.
1

Ha(9= (s+1)(S +s+1)

Multiplying by 5 to change the dc gain to 5 and frequency scaling to change the cutoff
frequency to w, = 100 rad/s:

HL (9 = > _ 5100°
L) = 5 — ,
(S+1j (Sj LS | (5v100(s+100s+100%)
100 ) |{100) 100
5000000

~ (s+100)(s? +100s+10000)
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P16.3-3  yse Table 16-3.2 to obtain the transfer function of athird-order Butterworth
high-pass filter having a cutoff frequency equal to 1 rad/s and a dc gain equal to 5.

_ 56’
Hn(9 = (s+1)(S +5+1)

Freguency scaling to change the cutoff frequency to w, =100 rad/ s
{0)
100
S sV s
(=
100 100/ 100

_ 583
(s+100)(s? +100s+100?)

~ 5
~ (s+100)(s? +100s+10000)

H,(9 =

P16.3-4 Use Table 16-3.2 to obtain the transfer function of a fourth-order Butterworth
high-pass filter having a cutoff frequency equal to 1 rad/s and adc gain equal to 5.

H (9= 58t
n (32 +o.765s+1)(s2 +1.84ss+1)

Frequency scaling can be used to adjust the cutoff frequency 500 hertz = 3142 rad/s:

H (s) = 5[631542)4
((3;42) +0'765[31842j+1)((3f42) +1.848(31‘12j+1J

55"
(s°+2403 65+3142° )(s” +5806.45+3142° )

P16.3-5 Firdt, obtain the transfer function of a second-order Butterworth low-pass filter
having adc gain equal to 2 and a cutoff frequency equal to 2000 rad/s:

2 _ 8000000

s )2 s &2 +28285+4000000
S 41414 > |42
2000 2000

Hi (9 =

Next, obtain the transfer function of a second-order Butterworth high-pass filter having a
passband gain equal to 2 and a cutoff frequency equal to 100 rad/s:
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2
S
2[6100] ~ 20

s \2 s\  $+1414s+10000
S ) v1a4 > a1
100 100

Hu(s) =

Finaly, the transfer function of the bandpass filter is

16000000

H =H H =
8(9 = HL(9MH (9 ( +14145+10000) (* +28285+4000000)

P16.3-6 ,
250
~ s _ 25000082
H B (S) = 4 250 - 2
& o s 2502 (s2 +250s+ 62500)

P16.3-7  First, obtain the transfer function of a second-order Butterworth high-pass
filter having adc gain equal to 2 and a cutoff frequency equal to 2000 rad/s:

7, i
2000 _ 25
[ s \? ( s &% +2828s+4000000
2 | +1414 > |+1
2000

Next, obtain the transfer function of a second-order Butterworth low-pass filter having a pass-
band gain equal to 2 and a cutoff frequency equal to 100 rad/s:

2 ~ 20000

s \2 s "~ 2+14145+10000
S ) +1414 > )41
100 100

Hy(s) =

Finaly, the transfer function of the band-stop filter is

28 (32 +141.4s+1oooo) Jrzoooo(s2 +28285+4000000)
(s +141.4s+10000)(32 +28283+4000000)

Hy(s)=H (s)+H,(s) =

_ 25" +282.85* +40000s” +56560000s+810™
~ (°+14145+10000)(s” +28285+4000000)

P16.3-8
2
250
B 4(s2 +625oo)2
Hy(9) = 4-4 — 53 = ,
& s 2502 (52 +250s+ 62500)
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P16.3-9

2 4
HL(S = 4 22(5)0 _ 4250 2
& +TS+ 2507 (32 +250s+ 62500)
P16.3-10 2
4
& +os 2502 (52 +250s+ 62500)
Section 16.4: Second-Order Filters
P16.4-1 s
V(S RC
T(S) _ (9 RC
Vg(s) 2,5, 1
RC LC
o K=1 0=+ ad + =%10=rcw= R/C
=l.wg = ¢ ad ge =g U Q=RCwg RyF
Pick C=1yF. Thengzizzl_ and
Cuwy
R = Q\/f =1000 Q
= c
P 16.4-2 1
() LC
=109 = g, 5,1
RC LC

SoK=1, mg:rlc and %:%D Q=RCus R\E

Pick C = 1uF thenL=

1 >=25H and
Cwg

R= Q\E = 3535Q
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P16.4-3 1

" R,RC?
T = 1(. R 1
L+ | 24— |st——
RCl R, R2C?
Pick C = 0.01 uF
% = w,= 20000 R= 50006 50kQ
W _o 1 RIgR R - g3 = gm:ka
Q RC(TR )" T Q2 T T
P16.4-4 Pick C = 0.02uF. Then R, = 40kQ, R, =400kQ and R, =3252kQ.
P16.4-5 ,
Pick C, =C, =C=1yuF
10°
=Wy
RlRZ
1w, R R
== 0 Q= /Jm R 1
RC Q Q R, 2 Q2
10°
InthiscaeR, =R; and R; =—— =1000 =1kQ
000
P 16.4-6
[ﬁ;
{ na I__J\
_ —_ '5
G 0
o—|| = f
H H V Vs
{
Vis)y  Va) % ) 0
e- 0
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Vo(9= 2 V(9
R,+—
C,s

Vo(9)=Va(9) _ CiqVa(9-Vi(9) =0
Ry
53
SR N
R,C, R;R,C,C,
1

CJRR,

Ao -t =%png= Ry re? R,
RC Q R,

InthiscaeR; =R, =Rand C_lR =w, O R=1000Q

Pick C; = C, =C = 1uF. Then =Wy

P16.4-7
Ls 1 1
V(9 Cs _ LC
N T9 = 00 = -
Vi (S) Ls+ R+i 32 +Es+i
4§ I + Cs L~ LC
‘LJ:. ) E; - Vofbﬁ WhenR =25, L =102and C=4 x 107 then
25x10°
- T(s) =
% +2500s+25x10°
So

Wyq =V25x10° =5000

Ky = Onew 250 =005
The scaled circuit is Wgg  ©000
255 ,2H
W—
Ve t
I ) 80}.{‘: —_ "Ja(;(:)
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P16.4-8

-

R, 1
T(9 = Vo(9) _IHRCs R,C,
Vi(s) R1+i 2 1,1 ), 1
Css R,C; R,C,)  R;R,C,C,

S

Pick K, = 1000 so that the scaled capacitances will be 100uF - _ SO0uF

=T = 0pF  and

1000 1000

Before scaling (R, =20, C, =100pF, R,= 10 and C, = 500uF)

-100s

T(s) = & +700s+10°

After scaling ( R,=20000, C,= 0.1uF, R,=10000, C,= 0.5F)

- (s) : -100s
~ £+700s+10°

®
K—9s

P16.4-9 Thisisthefrequency response of abandpassfilter, so T(s) — Q

2+ 0540,
From peak of the frequency response Q

W, = 2p x10x10° =628 x10°
k =10dB = 3.16

next

Do = Bw = (10.1x10° ~9.9x10°) 21t = (0.2 X10%)2 T1=1.26 X10°
Q

9 = 3.16(1.26)10%s _ (3.98)10%s
% +(126)10°s+62.8210"2 &% +(126)10°5+3.944.10"

= O54F
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P16.4-10 v .
(@  Asumeideal op amp (inverting),then H = 70 = _?2
1

S
. R, V
where Z, =R, - ¥/ . andZ :@
1 1 (,oC1 2 Rz"'}/wc
Jwl,
JwR,Cy

T IR e B

(b) @ = /]{?1C1and “2 :%2(32
(0 aw <<w<<w

R.,C
H| = B = wR,Cy = R%Ql_

W
W,

0 H=

P16.4-11
. nt
I Ve
mR g >—L—n
F‘m -T-
v Vo AsumeV; =~ 0, thenV+=V-=V,
A C ? _vﬁ Uss = jw
— —i3

Voltage divider yields: V, =V, A, 0 Vi @ ROV,
R+1e

KCL a Vy: (V;=Vg)/ MR + (V;=Vo)/R + (V;-V,) snC =0

Plugging V; into above yields

Vo[l+sc + SC+32nRCZ} - Vs
mR m mR

<

O 0= 1
Vs 1+dm+1)RC +nmR?C?s?

0 H(w) =E 21 where w, = B and Q= vmn
V, 1_(% ) +j(u/ ) JmnRC m+1
Wo Quw,
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[Hﬁuﬂl ] -=—’//:\ 3 L

(d8) W, \
N
P16.4-12
L
L CaS
Rq C% |l
[ U
Wt "
Kz, +
£+
-]
Rzi RZ _ 1 S
H(9 = Voo _ _lICS _ ReCostl R,C,
VS(S) R:ﬁ'i Rlcls'i-l B 32+ 1 . 1 N 1
€. Cis [Rlcl chzjs R;R,C,C,
1

Wy =————— =707 k rad/sec= 21(11.25 kHz)
Wy _ 1 + 1

=150k rad/s =2n(23.9 kHz)
Q RC RyG

BW =
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P16.4-13

Cls(va_vs)-"va_vo = ~ 1 S
Ry Vo(s) R2C,
O H(s = 1
_ﬁ_czs\/ =0 Vs(9) £+ 1 s
2 ° RiC: RiR,CiC,
S S 10* rad/sec
° JRIR,CG,
BW =~ = 10%ad/sec
R1Cl
Wo
=—-=10
Q BW
P16.4-14
aCSVC(S)+VC(S)_VS(S) + Vc(s)_VO(S) -0
R R
C Vs(9)-Ve(9)
—s(Vi9)-Vy(9))+ ———-=0
a ( S() 0( )) R
52+(2+a) 11 >
Vo(9) a JRC (RO
HE = - 2y 1 1
Vs(s) 52.{) —st———
a/ RC (RC)
b
Us @ ¢ Werequire
Q)
10°= 1
= RC
Pick C = 0.01puF then R = 1000Q
2
a7
Next ‘H(wo)‘ = ? = 1+?
a
Werequire

2

a
201 = 1+7D a=20
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P16.4-15

1+& 212

_ R, JR’C
Ry 1,1
R2

1
gl
III—O
<
e
NUBARGD
“*X
+
VR
N

RC ™ R?C?
1 1

Wy = RC = (1.2><103) (20x10_9) =41.67 k rad/sec

Section 16.5: High-Order Filters

P16.5-1 Thisfilter is designed as a cascade connection of a Sallen-key low-pass filter designed as described in
Table 16.4-2 and afirst-order low-pass filter designed as described in Table 16.5-2.

I
[}

i c
c
O—AANA—AAA VNN
R R —0 + 1 =2
’ * ) 0
- W,
<) == CA-DR Ve ' +
- R N v (B
o - ! —_0 O =+ E)
Sallen-Key Low-Pass Filter First-Order Low-Pass Filter
MathCad Speadsheet
The transfer function is of the form T(s) = %
s 2+bsta
Enter the transfer function coefficients: .- gog? b: = 628
Determine the filter specifications: w,:=+a Q:= % w, =628 Q=1
Pick a convenient value for the capacitance: C:=0.10107°
. 1 1
Calculate resistance values: R:= o A=3- o R=159210* ROA -1) =1592 mo*
0
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Caculatethedc gain: A=2.

The dc gain of the Sallen-key filter is 2. Therefore, the dc gain of the first-order filter must be 2 so that the dc
gain of the wholefilter is 1.

MathCad Spreadsheet
The transfer function is of the form T(s) = _—k
stp
Enter the transfer function coefficients: p:=628 k:= 0.5[p

Pick a convenient value for the capacitance: C.01 DLO_6
Calculate resistance values: R2:= 1 R1:= 1 R1= 3.185 EL04 R2 =1.59210%
Clp Ck

P16.5-2 Thisfilter is designed as a cascade connection of a Sallen-key high-pass filter, designed as described

in Table 16.4-2, and afirst-order high-passfilter, designed as described in Table 16.5-2.

The passband gain of the Sallen key stage is 2 and the passband gain of the first-order stageis 2.5 So
the overall passband gainis2x25=5

AAYAV
R 1
—t G A IR A
C C " 1 c 2
+
v, (1) —0
Vl(t) = | -
- vty
- o
© me © na ©
Sdllen-Key High-Pass Filter First-Order High-Pass Filter

MathCad Spreadsheet:
cs2
s 2+bs+a
Enter the transfer function coefficients; a = 10000  b:100

The transfer function is of the form T(s) =

Determine the filter specifications.  wg: = Ja Q: :% wy; =100 Q=1
Pick a convenient value for the capacitance: C:= 0.100°

1oa=3-1 Re110? RIA -1)=110°
Cldbg Q

Calculate the passband gain:  A=2

Cadlculate resistance values: R: =
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P16.5-3

—-ks
s+p
Enter the transfer function coefficients: p:=100 k:=25

The transfer function is of the form T(s) =

Pick a convenient value for the capactiance: C:= 0.1107°

Calculateresistance values: R1:= 1 R2:=k[R1 R1=1[10° R2 = 25010°

Clp

Thisfilter is designed as a cascade connection of a Sallen-key low-pass filter, a Sallen-key high-
pass filter and an inverting amplifier.

O I f
1 11
O—"AN C c
=
+
¥ () v
O— O
Sallen-key Low-Pass Filter Sallen-Key High-Pass Filter
MathCad Spreadsheet:
Thetransfer function is of the form T(s) = %
s 2+bs+a
Enter the transfer function coefficients: a = 4000000 b: = 2828
Determine the filter specifications. wg: = Ja Q= % W, = 2M0% Q = 0.707

Pick a convenient value for the capacitance: C: = 0.110°°

L A=3-1 R=500° RIA-1) = 293010°
Cl, Q

Cdculatethedc gain: A =1.586

Cdculateresistancevalues: R:=
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Thetransfer function is of the form T(s) = Cs 2 .
s 2+bs +a

Enter the transfer function coefficients. a = 10000 b: = 141.4

Determine thefilter specifications: wg: = Ja Q:= Do Wy =100 Q=0707
b

Pick a convenient value for the capacitance: C = 0110
1A=zt r=mmo° RI(A -1) = 58610%
Cld, Q
Cdculate the passband gain: A = 1586
The passband gain of these two stagesis
1.586 x 1.586 = 2.515
The required passhand gainis
16x10°
141.4x2828

Cdculateresistance values. R: =

=4.00

2515

An amplifier with again equal to =159 is needed to achieve the specified gain.

P16.5-4
Thisfilter is designed as the cascade connection of two identical Sallen-key bandpass filters

Sallen-Key BandPass Filter
—— M A————————

R
_...,._"_ -
R c
.',,.
vt =L £Z2r
MathC
=

Thetre o

Enter the transfer function coefficients. a: = 62500 b: =250

Determine the filter specifications: wg: = Ja Q= Do Wy =250 Q=1
b

Pick a convenient value for the capacitance: C: = 01107°

Calculate resistance values: R:= 1 A:=3—i
Cldg Q
4 4 4
R=400 2[R=8010 ROA-1) =400

Cadlculate the passband gain: A [Q =2

Thisfilter is designed using this structure:
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P16.5-5 S

low- pass filter

Wy= 106, @ =007

hicoh pasS K Hrer
W= 2a00 &= 0701

Here' s the low-pass filter design:

Sallen-Key Low-Pass Filter
H

il
C
O—AAA—AAA,
) R
+
vitti =C
", e
MathCad Spreadsheset
Thetransfer function is of theform T(s) = _c
S2+bs+a
Enter the transfer function coefficients: a = 10000 b: =141.4

Determine the filter specifications. wg: = Ja Q= Do wy, =100 Q=0.707
b

Pick a convenient value for the capacitance: C: = 0.1[107°

Calculate resistance values. R:= L A:=3-

1
Cldo, Q
Cdculatethedcgain:. A = 1.586

R=100° R{A —-1) =586 10*
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Here' s the high-pass filter design:

Sallen-Key Low-Pass Filter

o—i
C
+
viC‘l:)
c_
MathCad Spreadsheet
The transfer function is of the form T(s) = =2
s 2+bst+a
Enter the transfer function coefficients: a = 4000000 b: = 2828

Determine the filter specifications: wg: = Ja Q= Do w, = 200° Q= 0.707
b

Pick a convenient value for the capacitance: C: = 0.110°°

1 A=3-1 R = 510° RIA-1) = 29310°
Cld, Q

Calculatethedcgain:. A = 1.586

Cdlculate resistance values. R: =

The required passband gain is 2, but both Sallen - key filters have pass band gains equal to 1.586.The

amplifier hasagain of 2 . 126, to make the passband gain of the entire filter 2.
1586

P16.5-6

Thisfilter is designed as the cascade connection of two identical Sallen-key notch filters.
Sallen-Key Notch Filter
i

1]
ac
AN —AAA
o—¢ R R
I " 1l
. H 1 .
c ¢ ¢A-1IR
<t R v
_ g R
0 3- o
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Thetransfer function is of the form T(s) = os2+a)

$2+bs+a
Enter the transfer function coefficients:  a: = 62500 b: = 250
Determine the filter specifications: wy:=+va Q:= 0 w,=250 Q=1
b
Pick a convenient value for the capacitance: C: = 0.100°° 2[C = 201077
Calculateresistancevalues: R: = 1 A:= 2—i
Clb, 2@
R = 4m10* R - 2mof RIA -1) = 2m0*
2
Calculate the passband gain: A =15
The required passhand gainis 4. An amplifier having again equal to . = 1.78 is needed to achieve
(1.5)(1.5)
the required gain.
P16.5-7
(@ H, =V /V = Ry _ ResC
17717 %s T R +1/sC ~ 1+R;sC
W
0 [Hy(o¥ WRC Yn , w=1/R,C

VIHORO? 149, )?

w,
b Vv _ s . /o R
e L e

(%,

2
(R0 SRy SRi' 0%,
(WsR10) (1+sb ) 1+s(Ry C+%2)+52(R1L%2)

2
()
) ) S
1

2 R% _
where w, = R, LC, w,Q= R1C+|—R2

(©  H{w)=H1( ) H2( @
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14}

(d) The circuit of Figure P13-32d is not the same as H=HH, sincethefirst filter (looking from V)
consistsof Cand R; || (Ry+sL). Thuseffectively H; isaltered, and we won't get the response as
sketched in part (). Sowe need to place abuffer to the right of R, to isolate each first-order filter, then
H=H;H, will be obtained.

P16.5-8
10t 4
o OVt rall
, L
io
&Iﬂi Im -
b +
|‘ -
.l ; : } ! ) - F( f‘f.})
il les to* o* 105 10°
total midband gain = 2000
FH,) |Gy 0] Vo
- - V,
1 2 1
10 20 10 200
100 20 100 2000
2000 20 100 2000
10,000 4 100 400
100,000 0.4 10 4
P16.5-9
R% 2
- R =H? = (R% )2 1
M1z = 1+j6R,C I rea =H, =R, 1+juR,C
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@ At low frequency,
H-=(R2/ )2 O for Hy= 1, need R,=R
T R, =1, 1= R
Now also w,;=1000 = C, nlet C=1WF
. R, i

— — -6\ —
OR,= R,= %1000) (107%)=1kQ

(b) At w = 10,000
\H‘ _ 1 = 1 o= 1072
1+(wR,C) 1+[(1o4) (10%) (10‘6)]
O 20log|H: 2010g10 = —_40dB
PSpice Problems
SP 16-7
2000 210080 50
® of @
" )
© @ L L
s L L' L 2
o C c
— 1 E 5 1
u b e e e —_4—0
Vs 7 0 ac 1 T T $
RL 7 6 200 Ny S |
R 7 1 100 MW/ |
RZ 7 2 50 e ‘
L1 6 5 10m iy :
2 1 3 10m 1 :‘
L3 2 4 10m ] :
CIL 5 0 1u | 3
C2 3 0 lu | g
C3 4 0 1u ol - e e e e e e e e e -
SBEHz 1. 8Kz S.QHHZ|
.ac dec 100 100 10k S vde{1) & Udb(2)

. probe Frequescy
.end S
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SP 16-8

el °
403 TP1I-77
G- - emeeseesmres-meeeoeaoromes -
. AR S IEALY
-:u.a-suu‘.si.wzp____{ﬂ_m“ T
. - e - i
. -
e
MB oo e .
1.iHz 10KHz ATEKHz
3 Gl &)
reequency
SP 16-9
] 34,82 Jr% Ta |
Vs t L g E@ 5 uF=r= €5
. o 25 mH
pplfier | > <> 2.354 1H &
& 2 @
i - wrnfnr ‘ﬂ 'ﬂqd-rnngﬂ 4 t.meetn'
I i =13} g1l n
| &
— @
{H#) SP13-15
|
B o =~sscs-ose—g e
i _}"{:\h ;,}‘L{}_ ,i
: - T e i
o - \‘l:‘,\ \\ |
. - 7 . . "
: = - e . :
: - ™~ N
l S
5 e
1 o ol
oo ol
_h“.l.;'...... B T I - _____||
18Hz 1. BHHz 108KHz i
O Udb{2) « Ydb(a) + Udb{5) i
Frequency |

Vs 1 0 ac 1
RL 1 2 100
Cl 2 3 0.2u
R2 3 4 200k
C 3 4 50p
Xoa5 3 0 4 FGOA
.subckt FGOA 1 2 4
*nodes listed in order - + 0
Ri 1 2 500k
E 3 0 1 2 100k
Ro 4 3 1k
. ends FGOA
.ac dec 100 1k 100k
. pr obe
. end
Vs 1 0 ac 1
L1 1 2 2.5m
Rw 2 0O 8
c 1 3 34.82u
L2 3 4 0.364m
Rnr 4 0O 8
G 1 5 5u
R 5 0O 8
.ac dec 100 10 100k
. pr obe
. end

Bw=4.07k - 493 H; O 3600H;
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Verification Problems

VP 16.1

w, = 10000 = 100 rad/s

100
25 0 Q== 4 5

Wo
Q
Thisfilter does not satisfy the specifications.

VP 16.2

W, = ~10000 = 100 rad/s

Do _ 50 Q=12
Q 25
K=" =3

25

Thisfilter does satisfy the specifications.

VP16.3

Wy = 400 = 20 rad/s

D 250 0=22 os
Q 25
- 800 _ g
400

Thisfilter does satisfy the specifications.

VP16.4
W, = 4625 = 25 rad/s
D _ 65 0 Q= 2= 04
Q 62,5
=0
625

Thisfilter does satisfy the specifications.

VP 165
Wy = V144 = 12rad/s
D -3 0 Q== o4
Q 30

Thisfilter does not satisfy the specifications.
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Design Problems

DP16.1

Vo(9 _

S

“RC

Vi(9)

21(10010%) = W, =

St~ st
R:C~ RR4C

2

2

2m(1010%) = Bw = %0 =
Q R3zC
C = 100 pF issecified so

2

RR,C?

2

Rs

2

R= ———
R;C%w3

DP16.2

©(100x107%2) (2mx10x10%)
= 16kQ

318 kQ

- — = S e
i e L v 1 b 8 E Fae e
- | . — B SEmeneai i
o : r— :
. — - I — - t+
. : J : e e e L
— e i 5 B
'. = AR 0 Bt - ! ae
it — K = e
. =, ] m e
B S HH [ H IRNEE S INNE
—+ — ; = B i3 i
.'—*E"" = N — ; : = T
ey o iy :
______ : : E— = it
p——y 12 - — -] o 1 . S— —
[ NN
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DP 16.3

Choose w; = 01, w, =2, wy =5, w, =100 rad/s
The corresponding Bode magnitude plot is:

4
20les (WY {5
1-1o
-do
- 30 4
-40
-850 " 4 + i + t e
ool .ol .l 1 6 loo (ooo

o - (o) (0]
(20, (20,

Minimumis -462 db at f;, = 0505 H,
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