Denominator of H(s)

s+ 1
Sz?lf\/i5+1
(s+1)(s®+s+1)

(s* +0.76537s + 1)(s + 1.8477s + 1)
S 18 §s_+ 1)
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Example 5.1 Given the specification a, = 1dB; s = 30dB; 0, = 200 rag);
%

25 = 600 rad/sec. Determine the order of the filter.

Solution

From Eq. (5.25)

0.las __ 0.5
A_N_ (Lo 1
€ 100 1% —1
10° -1 f
From Eq. (5.26) iy _fﬁ 200 1
o 6005 3
From Eq. (5.27) N> 1084
— log1/k
log 62.115
= °1 —— = 3.758
Qgo
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Infinite Impulse Response Filters 5.13

log \/

100.10'5 b

100.10’p i
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Example 5.4 Design an analog Butterworth filter that has a — 2 dB passband# '
tenuation at a frequency of 20 rad/sec and atleast — 10 dB-stopband attenuationd &

30rad/sec.
Solution _
ap = 2dB; (), = 20rad/sec

Given :
as =10dB; s =30rad/sec
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Infinite Impulse Response Filters 5.15

> 3.37

ding off N to the next highest integer we get
(

N =4

The qormalized lowpass Butterworth filter for N = 4 can be found from table 5.1

8
v H(s) = 7 = !
1 (s? 4 0.76537s + 1)(s2 +1.8477s + 1)

5.31) we have

meEq(

Qp 20

(100-1aw — 1)1/2N - (1002 — 1)1/8 = 21.3868

Qe =

~ Note: '
To find the cutoff frequency Q. either (5.31) or (5.32a) can be used. The Eq. (5.31) satisfies

‘ and specification at Q. while the stopband specification at ), is exceeded. The Eq. (5.32a)
| uisfies the stopband specification {25, while the passband specification at (2, is exceeded. All the
examples in this chapter are solved using Eq. (5.31). Students are advised to solve the exercise

. | problems using Eq. (5.32a).
The transfer function for . = 21.3868 can be obtained by substituting

H(s) i

S :
§ = 31,3868

1

(srees) + 07 (7msam) **
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w20 Uigital Signal Processing
IHG)

10—
0.9

02f--c-----

0 -02n Q=04n 9

Fig. 5.8 Magnitude response of example 5.5

e =0.484 and A = 4.898

] [ A ] ! 4.898
og | = 0g
) _ 0.484 _
Nz—g == —rodr) ] s
e, N=4
From the table 5.1, for N = 4, the transfer function of normalised Butterworth

filter is

1

H(S) - ‘ . 4 2
(52 +0.76537s + 1)(s* + 1.8477s+ 1)
Qp Q, 0.27

we know Qe = oGe " yiaN ~ ZUN T (0.484)1/1
in H(s) i.e-,

H (s) for Q. = 0.24w can be obtained by substituting s — 5 ; T
. 1

H(s) = - s : :
{[0.247r) + 000001 ('0,_227?) +1}
X

Practice Pro

blem 5.
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5.6 Given the specifications ap = 3dB; a; = 16dB; £

Example _
xamp er of the filter using Chebyshev appm"imation Fand
" ing

f, = 2KHz. Determine the ord'
H(s).

Solution
From the given data we can find
2, = 2m x 1000 Hz = 2000 7 rad/sec

), = 27 x 2000 Hz = 4000 7 rad/sec

and a;, = 3dB; oy = 16dB.

g 1001as _ 1 10°% =1
i COS 100.1017 B L) h—l 1003 | bt AL
= ¢ = 28 iy 40007

, h_l b e
cosh’ q, cosh_ 20007 . e

Step 1:

= 1.91

Step 2: Rounding N to next higher value we get N = 2.

V1+ 2

For N even, the oscillatory curve starts from

Step 3: The values of minor axis ar
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Sk = @ COS ¢, +Jbsing,, k= 1,2

T (2k-Dr
Ok = —
Dk 2+ ON c=1,2
2 4 °
052*—‘3—1-?—71—2 N
' g T g =
81 = acos ¢y + j bsin ®1 = —643.467 + 71554~

§2 = acos ¢y + j bsin ¢y = —643.46m — j15547

Step 5: The denominator of H(s) = (s + 643.46m)2 + (15547)>2

E 2 2
- Step 6: The numerator of H(s) = (643'467\;)1%&2554ﬂ) = (1414.38)272
(1414.38)%x2

s2 4+ 1287rs + (1682)272

The transfer function H(s) =

Example 5.7 Obtain an analog Chebyshev filter transfer function that satlsﬁes the
constraints L <|H@GN)| <1; 0<0<2

V2~

|H(j2)| < 0.1; Q>4

Solution

~ Step 1: From the given data we can find that

1 15 Ligydon
Jite V2 V1IN

QO = 2and 2, = 4, fromwhlchwccanobtame—landA 9.95.
8 . T
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5.26 Digital Signal Processing

[HGSY)|
1.0

0.707 -

0.1

" -
y) 4 — Q

Fig. 5.12 Magnitude response of example 5.7

Step 3: Finding the values of @ and b

p=el4+V14+e2=2414

B rul/N _ l'l’_l/N- _ 2 F(2.414)1/3 — (2'414)..1/3.'
= 2 B 2
] ! ]
=059 |
[ /N 4 = UN [(2.414)1/3 + (2.414)-1/3]
b=10, . =2 =
i - i ]
= 2.087

Step 4: To calculate the poles of Chebyshev filter

o (2k—-1)n
¢k—2+——2N—- k=1,2,3

¢1 =120°, ¢pg = 180°, ¢p3 = 240°

We know s, = acos ¢ + jbsing, k= 1,2, 3 from which we get

o 180
$1.=acos ¢ + jbsin ¢1 = 0.596 cos 120° + ;2,087 sin 120° = —0.298 + 1
52 = a.cos ¢z + jbsin ¢ = 0.596 cos 180° -+ ;2,087 sin 180° = —0.596

ey - _ j180
§ = acosgs + jbsin g = 0.596 cos 240° +- j2.087 sin 240° = —0.298
S'25 5: The denominator polynomial is given by

(s +0.596){(s + 0.298) ~ j1.807){(s + 0.208) + j1.807)
* 15 +0.596)[(s + 0.298)2 + (1.807)2]
= (8 +0.596)(s? + 0.5965 -+ 3.354)
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HHHe Impulse kesponse rilters J3.27

; t ep 6: The numerator of H(s) can be obtained by substituting s = 0 (for N odd) in
e denominator.
; erefore the numerator of H(s) =2

The transfer function gf Chebyshev filter for the given specifications is given by

_ (8) = (s + 0.596)(s% + 0.5965 + 3.354)

ample 5.8 Determine the order and the poles of a type I lowpass Chebthev fil-
ier that has a 1 dB ripple in the passband and passband frequency 2, = 10007, a
topband frequency of 20007 and an attenuation of 40 dB or more.

;». olution

Given data a;, = 1dB; €, = 10007 rad/sec; s = 40dB
Q, = 20007 rad/sec

- 109-1e. — 1 o1 [ 1001
cos h cosh —_— .
1001ﬂn—1 1001 -1 _ 4
120007r = 4.536
cos h~ Qp cosh~™ 10007

fe, N =5

= 1001ar — 1 =0.508; p= el + /142 =417

—1/N ) ]./N+ —'1/N ‘
/ }:289.%; b=10, |E s — 10417

uMN g
2

a=1{y 2

% =3 2N
¢ = 180°%; ¢ = 144%; 93 = 180%; ¢4 =

Sk=acosq‘>k+1bsm¢k k=1,2,...9
s = —89.9m + 79891  S2 = —234.27r + j612m;  s3 = —289.57

84 = —9234 .27 — .76]_271', Sz = —89.5m — ]9897['

7r+(‘.2k,-—1)7r E=1.2,...5
2165 ¢5-252°

__———-—"-—'—-—-_——_ %
hebyshev filter with a maximum passbénd attenuation of
d the stopband attenuation of 30dB at 25 = 50 rad/sec.

' (AU ECE May’07)

_ xample 5.9 Design a2 C
: SdB; atQ, = 20 rad/sec an

" olution

Given
Q, = 20 rad/sec; dp = 2.5dB;
Qs =90 radfsec; «z = 30dB;
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We know

cosh T\ /¢

N = .
cosh "1/
A= V1001w | 2 g1 607
£ = /10010 _ | — 0.889
0
k=—-L=04
(4
. |
o | —1 31.607
cosi
N> 0-§82 = 2.726
h=1 —
cosn 04
re., N =3

| 1/N _ , —1/N

0= 0, 2“ | _ 66
/Ny ,~1/N

b=0, [“ - ] = 21.06

Sk = aCosdp + jbsingy: k=123

? b)

T 2k—-1Y
¢k=§+[ ]7r; k=1,23

2N
P1=120°, ¢ = 180°, by = 240°
$1=-33+ 41823 |
$2 = —0.6
53 = ~3.3 -~ j18.93

Denominator of H(s) = (5 4- 6.6)(s? + 6.65 -+ 343 2)

) = (6.6)(343.2) = 2265,27
Transfer funcyjgy, H(s) = ___ 2265.27

tased e ———————
— (5 +6.6)(s2 + 6.63 + 343.%//
Practice Prob] §

she\“ 1
: : o _f*hcby |
€M S4 For . - Scanned with CamScanner
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i_' Example 5.10 For the given specifications oy, = 3dB; oy = 15 dB; 92, = 1000 rad/sec
. and Q, = 500 rad/sec design a highpass filter.

Solution

- First we design a normalized lowpass filter and then use suitable transformation
~ to get the transfer function of a highpass filter.

For lowpass filter. For highpass filter
Q. = 2, = 500rad/sec Qe = Qp, = 1000 rad/sec
Q, = 1000 rad/sec 2 = 500 rad/sec
T
& e

Scanned with CamScanner



5.32 Digita] o1gndal & 2= A
[HGQ)l4s

[HGQ)gp]

Fig. 5.17 Lowpass tC highpass transformation

Lowpass filter speciﬁcaﬂon% ' - ; §
Q. =, — 500rad/sec; ap=3dB -

Q, = 1000 rad/sec: = 15dB
~ We have
A
lOg g
N = log 1/k

Therefore N = % 2.468. Approximating to next hlgher integer vl
N =3.

H(s) for Q. = lrad/sec and N = 3 is

H(s) = L

(s +1)(s2+s+1)
To get highpass filter having cutoff frequency

e = Q, = 1000 rad/sec

Substitute s — 2000
’ S
Ha(s) = H(s)| 1009 |
. S—*T
b 1
(s + 1)(s2 i 1QOO J
g, '

3

y : |
(s + 1000)[sZ + 10005 + (1000)?] A
o b

er
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5.40 Digital Signal Processiiie

Example 5.11 For the analog

(ransfer function H(s) =
Assume 1" = 1 sec.

2
m de'[ermi
N

. . . 54 My ~ ‘d-
using impulse invarianee methc Sy,

Solution

D)
- . '<\\ o e
Given H($) T (s +2)
Using partial fraction we can write

—

[ S A= (o4 Do T

(b)—s%—l s+ 2 = =

i) = 2 2 Bi(—s+2)m2ml
7T s+1 s+2 =2 '
_ 2 B 2 —
Ts—(-1) s—(-2)

Using impulse invariance technique we have, if

N

H(s)———ZS

k=1

Ck
— Dk

N A
Ck
then H(z) = Z T ond
k=1

ie., (s —pk)is transformed to 1 — eP*T 271,
There are two poles p; = —1 and p2 = —2. So

2 2
H — _
(=) 1—e Tzl 1-—e 22!
ForT = 1 sec
2 2
H(z) = - -
1-036782z-1 1—0.1353z""
,—1
H(z) = 0.4652 .
1 —0.503z~1 + 0.04976= /
| s
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Example 5.13 Desi gn a third order Butterworth digital filter using impulse invari

technique. Assume sampling period T' = 1 sec.

Solution

ant

From the table 5.1, for N = 3, the transfer function of a normalised Butterwerth

filter 5 given by

1

H (5) = (’;Tﬁl’)‘(’:@—w g _|.._]_5
A 5

—) i

T s+ 1

54 0.5+ 50.866

JUPHES 7 .

'

—
s+ 0.5 — 50.866
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5.42 Digital Signal Processing

1 B 1
‘ - —7_1\2_ 1 o =
A=(s+ 1)(.9 F1)(s2+5+1) =1 (1) -147 71
1
B = (s 4 0.5 + j0.866) (s +1)(s +0.5+750.866) |_
(s + 0.5 — j0.866) i
1
= (~0.5 — j0.866 + 1)(—j0.866 — 70.866)
1 B 1
= T;1.732(0.5 — j0.866)  —350.866 — 1.5
_ L8 +3j0-865 = 0.5+ j0.288
- C=B*=-0.5-750.288
Hence
1 —0.5+0.288j7  —0.5 — 0.288;
H(s) = S
(3) s+ 1 + s+ 0.5 + 70.866 + s+ 0.5 — 50.866
_ 1 —0.5+0.2885 —0.5 — 0.288;

+ —
s—(-1) " s—(-0.5-350.866) s — (—0.5+ 0.860)

In impulse invariant technique

it | N
if H(s) = Ck ¢ _\ Ch
(s) ;;1 Py hen H(z) Z T
- k=1
Therefore,
- ) | | |
H(z) = —+ 0.5 -I—jp.288 M —-0.5 — j0.288
1-el2 1 — e=05¢=70.866,—1 ' ] _ g—0.50866,"]
= 1 -1 + 0.662_1 -

n |
1-0.3682-1 " 1 — 0.7862~1 4 0.3682—2
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gxample 5.16 Apply bilinear transformation to H(s) 2

§) = — with T = 1
.~ secand find H(z). (s +1)(s +2)

Solution

Given H (s) = =

Substitute s =

Given T" = 1 sec

H(z) = w77 1 -z

6 -2z s
0.166(1 + 27 1) T
0.166(1 + 2~ )

- (1—0.33z’1)

~ the bilinear transform, design a highpass filter, monotonic in
ng

. Example 5.17 Usi 1000 Hz and down 10dB at 350 Hz. The sampling

'j', Passhand with cutoff frequency of
- frequency is 5000 Hz.
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Solution

Given o, = 3dB; w, = wp, = 2 x 7™ x 1000 = 2000~ rad/sec

ey = ]” (i'g, We = l—! X T {')” = 7“”‘* rad/:ﬁc
] ]

P s o= e = D % 10~ Y500
5000

HOQ) g

Fig. 5.27

The characteristics are monotonic in both passband and stopband. Thersfors, 2
filter is Butterworth filter. _
Prewarping the digital frequencies we have

0= Zean@T 2 (20007 x2x107)
T 2 2 & G 2
= 10" tan(0.27) = 7265 rad/sec
2, = E tan el == ——-——-2 — tan (7007 x 2 x 1077)
T 2 2 x 104 2

= 10" tan(0.077) = 2235rad/sec

: : : —_ e suitable ™
First we design a lowpass filter for the given specifications and use suit?
formation to obtain transfer function of highpass filter,
The order of the filter

00Ty 100000 )
N = = O W Oy logd _ 04TT% 0¥
g s 965 T T fogaon - 06118
O " DR e
( l" .).;235

Therefore, we take N — 1. 1

The first-order Butterworth filter for Q. = 1 rad/sec is H (3) = ﬁ-‘g
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Infinite Impulse Response Filters 5.51

» The highpass filter for Q. = O — 7965 i ‘
. : p = (205 rad/sec c: :
R formation an be obtained by using the
Q.
s — —
s
€., & (7265)
s

The transfer function of highpass filter

1
H(s) = e
s

s+ 7265

g 7205
8

Using bilinear transformation

S
S et (15250)

1—z~!
10000 (155 )
10000 (4555 + 7265

0.5792(1 — 27 1)
1 —0.1584z"1
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lowpass filter. Wty

U
IR e B ———, |u!
e ————————— —

Example 5.33 Determine the system function H(2) of the lowegt ot v
and Butterworth digital filter with the following specificatiop ¢t (hnh_‘_L

(a) 3dbripple in pass band 0 < w < 0.27
(b) 254b attenuation in stop band 0,457 S w < 7
JN ,
TUNovg (

o +
W8 \

Butterworth filter

Using bilinear transformation

wp =027 ws=045m; ap=3db; @, = 25db; T < 1

2 wp 2 |
p = = tan 3 =T tan(0.17) = (.65
w

75
2 s 2 0.457
Ttan-§-=ftan( 5 ) =17

{2 =
log 10%° — 1
0.3 _
N> 109 L _997
log —
2
N =3
Qp =0 = 0.65
ForN =3

(s+1)(s2+ 5 +1)
Ha(s) = H(s)| - (0.65)°

posed ——

s~hs (5 0.65)(s2 -+ 0.655 -+ 0.4225)

=# (i)
__(0.65)°(1 4 z71)® S '
N0 - T2 o651 = 22y + 0420+ % 7 )

-l
= 0.65)3(1 + z~1)3 gloe
( F) (4= 8T g2 +0.65 — 0.652—2 + 0.4225 + 0.42252

H(z) = H,(s)

—

[2(1 - 2=1) + 0.65(1 7 o=
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—‘T‘*‘—-—-—«—_h (U () )) (| 4 2=1)4
‘2("5 o l 352 )( ), (] 2!’ _—A»T ﬁj;r Y R
0.02066(1 4 ,-1y3 h

PP
(1-001~-T)(‘r_7“~

-
-~

"L 0.75122)

cosh™1 _li)i:_{ |
N> V1%

cos h-1 S_z_"_

Q,

Chebyshev filter

= N=3

E=m=1
= +VIvezo 2414

[ /N _ 1N - , _

a=0p |E B T | 65 [ 2419)13 (9. 414)-1/8
e | 5 | = 01035

[ JUN L —1NT T -

a z“ / —0.65 | (2414)'73 + (2.414)-13] .

X 2 =0.

_ (2k — )7 ) -

_2— __QT k= 1,2,3 '

$1=120"% ¢y =180°% gy = 240°

S1 = acos @1 + jbsin ¢,
= 0.1935¢os(120°) + j0.678 sin(120°)
= —0.09675 + j0.587
89 = acos ¢z + jbsin ¢y
= 0.1935 cos(180°) + 50.678 sin(180°)
= —0.1935
g3 = a.co8 ¢y + jbsin ¢y
= 0.1935¢05(240%) -+ j0.678 sin(240°)
= —0.00675 ~ j0.587 "

] ;
NN

T - v aof I
he denominator polynomial of H(s) = (5 -+ 0.1935) [(s +0. 09675)2 - . 5872

= (54 0.1935) [(s® + 0.19303+0.354)]

The transfer of H(s) = (0.1935)(0.354) = 0.0685
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5.90 Digital Signal Proccs
o 0. 0()85

Thc transfer function 1 (8) = (s{()l 035)(s% + 0. l();)q H)\";%/l\)

0.0685(1 4 571)1
- (2.19 1935 — 1.80652~1)(4.5475 — 72()27 i F’l\ﬁ
0.00687(1 + 2~ 1)3 X

T (1- 0823 1)(1 - 16271 + 0.975,72) -

h.—'

Example 5.34 Design a Chebyshev filter for the follbwm S

pﬁCiﬁCaﬁOn s \
bilinear transformation (b) impulse invariance Method. Usjpy

08<IH(E)| <1  0<w<092,

Solution

(a) Given wy = 0.67, wp =0.27

1
W =0.2= )\ =4.899
1

14 g2

H

wiﬂ[m

W
L 3” =0.6498 (- T =1 sec)
Q, =

'ﬂ

= " tan =% —
anQ 2.752

N = cosh™1 /e
cosh™'1/k

h=elp /11223

/N ~1/N ;
= Qp [&\&____J o 0.3'752

=1.208

2

YN | ~1/N o
AR
\______ ey
; 0.75.
(2k — 1)
S = acos Ok + jbsin ¢y,
$1 = =0.2653 + Jj0.53

PR

b:QP
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inie Impulse Response Filters 5.91
Denominator of

H(s) = (s +0.2653)2 + (0.53)2‘

= 5% +0.53065 + 0.3516

For IV even, Numerator of H(s) is 0016 _ 0.28
. 1+ (0.75)7172 = 7=°

5% +0.53065 + 0.3516

Using bilinear transformation

H(z) = H(z)|

2(1—-z"1y Lo T=1scc| -
3fier) R
H(z) = 0.28(1 + 2~1)2
0.4128 — 7.2982~1 4 3.292-2

0.052(1 + z~1)2
1 —1.34802~1 4 0.608z—2

(b) By using impulse invariance method

w=0T=w, =0T and w;=Q,T

ForT =1 scc
ws _ s _ 06m _ 3
qu T Q, T 027
4.
cosh™! A cosh™! i
: _ 075 _ 145
N= F=—= =1
sh-ls cosh™ 3
co k
Approximating N to next higher integer, we get N =2 Weknow =3
[ 1/N _ ,,~1/N]
o=, |E———| = 03627
I ]
[,1/N 4 ,,—1/N
b=, || = 07255

¢y = 135°; 62 = 225°
sy = —0.2564 + j0.513
sy = —0.2564 — j0.513

Numerator of H(s) = 0:264 : |
0.264 _ __ (0.5146)(0.513)
H(s)= 705135 +033  (s+0.2564)% + (0.513)2
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Example 5.35 Design a bandstop Butterworth and Chebyshev type-I filter oz

the following specifications

(a) Stopband 100 to 600Hz. - -

(b) 20dB attenuafion at 200 and 400 Hz.

(c) The gain at w = 0 is unity. .

(d) The passband ripple for the chebyshev filter is 1.1 dB.
(¢) The passband attenuation for Butterworth filter is 3 dB.

Solution

Given |
Ji=100Hz; f; = 200 Hz: J2 =400 Hz; f, = 600; Hz
Then |

4 =2 xmx 100 = 2007 rad/sec
{31 =2 X 7 x 200 = 4007 rad/sec
2 =2 x 7 x 400 = 800 - rad/sec
Dy =2x7 x 600 ':;_1260#....’7'213(1/386

B i | i
m;rsl We design a prototype normalizeq lowpass filter and then use "

formatj -
tion to obtain the transfer function of bandstop filter.

Scanned with CamScanner
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| Infinite Impulse Response Filters 5.93
[HGD)up
0|
J -3
For the normalized lowpass filter
= f
Qr ='min {|A],|B}, ., . oo lF0 0
- where _ |
\ ‘. , : .
C (- 4007[12007 — 200@] 2
-2 O, /-(400«) + (2007)(12007)
5/ ' ’
B Qa( —Qy) 8007[12007 — 200m7]
03k 0y —(800m)? + (2007)(1200m).
| == 2
‘ . [T §
 O=min {5, -2} =2 / =
(a) Butterworth filter '
The order of normalized Butterworth filter is
o F - o2
ST og et ®
Q) - N=t )
/,'"f.‘g ‘ logm/ <2 -
Given Ve | | | I
Op = 3dB, a, = 20 dB OVEE SO SR
f 1 ()L) Q ol Lo S0
9. _ Q=2
I’ 4 -
]Og\/ - 0.9978
= 1og9, = 93010 ~ 052
Take N = 4. ~ '
For N — 7 th{ cransfer function of Butterworth filter is
1

H(s) = (52 +0.7655 + 1)(s2 + 18485 1 1)

e —
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Digital Signal Processing

594
To get the transfer function of bandstop filter, use the transformatio
o n
S(Qu g Ql)
) ) o
§ ‘(’.2 +- Q'u.Ql
$(10007)

€58 77 04 % 10472

H(S) — s 107
(s2 + 24 x 10%7%)*
_ %)
[(1000m)?s? + (0 765 x 10007s)(s? + 24 x 10%7?) 4 m

[(1()007r) 2 1 1.848 x 10007s(s* + 24 x 10%7%) + (52 +24/(1042
(s + 24 x 10%7%)*
~ [s7 +2403.325% + 1. 4607 x 1075% + 5.69 x 1095 + 5.61 x 1012
[s" + 5.805 x 103s% + 1.4607 x 107s? + 1.375 x 100 4+ 561 X1

(b) Chebysheyv filter
The order of the Chebyshev filter
-1 102-1
N _ COS h W—f
cos h=12
=120

Take N=3

£ = ‘\’10(, loy, _.1)0'5 — (100.]1 _ 1)0'5 — 05368
A= (1002 — )% = (102 —1)°° = 9.95

p=cl4+1+e-2 =397

/ — l/N _ _ N
= i ! 1/N 1/
a=, / . p +u
Lo } b=y T }
[ - (3.97)-115 [ (3.97)1/3 + (3.9
2 : =1 ________.’/2
= 0. ; K
b | = 1.107
( (€, = 1for normalized Chebyshe¥ filter) -
d) N = E I 2]C - 1)7T '
Kk 2 F N k= 1,2’ 3
b= ® '
b= 5 + '6 = 120°
_ T
h2= 3+ 5 =180°
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. Infinite Impulse Response Filters 5.95
¢3 = 9 t8 " cal
gy = ACOS P14 1hsin ¢,
= 0.476 cos 120° + j1.107 in 1900
~ 0.238 4 70.9586
gy = aCO8 ¢y Jbsin ¢y
= (0.476) cos 180° + j1.107 sin 180°
= —0.476
sq = a@cos ¢3 + Jbsin ¢y
= 0.476 cos 240° + 71.107 sin 240°
= —0.238 — 70.9586

minator of the transfer function
Tendi

= (s + 0.476){(s + 0.238)* + (0.9586)*}
— (s + 0.476)(s* + 0.4765 + 0.975)

vumerator of the transfer function

— (0.476)(0.9755) = 0.46463
0.4643
H(s) = (5 + 0.476)(s? + 0.4765 + 0.9755)

Tie trensfer function of Bandstop filter can be obtained by using the following

uformation
“6}:5._, #(10007)
be424x10%
. 0.4643(s2 + 24 x 10*7°
500m5 1 0, 476(s2 + 24 x 10%7?)] [‘,2(1000”)

( + 24 % 1017?) + 0.9755(s" + 24 X 10 tnf)’]

31 0.476(10007s)

‘ 4 “)
0.4643(s2 + 24 x 1077
\M"‘——.‘
”47‘»5‘ T 100075 41,1275 % 10°)(0.97558"
547 1012 4. 9,369 x 10°n°s” + 149548

T 4.621 x 10°
3 + 85 X 1093)

ST 424 x 10%02)?
"+ 66005 6 12
+2.3687 x 10°) . e w0

\(+ 15335 +1.45 107s° +3- 589‘21__'_,/
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Lﬁ;ﬁr—
R 'z

. N N3 5 ?-).(\Ssin‘!:
5.06 Digital Signal Proc

tincar transformation design a digital 1.
36 Using bilinca transforma snadigital I"'“"Dnsg

Example 8 : et Bugg,,
filter with the following spectheations RN - o
Sampling frequeney 1= 8 K117 f < 1000 Hz
Qw = 2dB in the passband S00Hz = /" = i _
1;» — 20dB in the stopband 0 < f < 400 Hz and 2000 Hz < 5 < &
Solution !
.Hd&n} A J( e
0 loicis - & « = s »
/./, v /( W 1 2 % o
- IR —— /AR, - 400 '
: NEET ks
/o ! @l 2mxgy
I y o T aT—— = =
/ | \ 2 2 x 8000 10
[ ! wul' _ 2xwx gy |
-15 / ¢ | 2 m =3
) ‘/""“l """"""""" . . wa T 2 X x 2000 .
,/: 1 ! ! 2 S-
100 s00 1000 2000 — T (ITz) 2% 8000 "
fl l’, rll ; r:

Fig. 5.65 [

Prewarped analog frequencies are given by

)T w T 7r
Ky —~ =tan 2= = tan ~ — 0.1584
e 2 2 20
n EY ¢ QT wyT" 0
) - =tan — = tap — — 0.325
e 2 2 10
Q.7 ~ tan wy, T _ 0 965
o =t T—tmlg—OJ 65
QT tan 2T T
T = Il — = {an — =
5 an — tan 1 1 ,
Are » 1 P o . H ] .ns.
f Ak dCSlg_" A Prototype normalize lowpass filter and then use suitable
om,;:monllo obtain the (ransfer lunction of bandpass filter, st
tute O:C(Jli(‘_.c- rOMPutationg] complexity we use above values to find - and \u“
8 = 17 for bilinear transformation (- - requencies contm
T atton (.- all the above frequenc
term 7). ;
We haye
MURAY
A= __2° 112, 42 0
s D~y sl and ULt

(- ).

= “(% 11i84)2 i+ (0.325)(0.7265) e (0.7265)(0'325)
s 318. 984(0.7265 = 0.325) = W
= 1.90258

k Scanhed with CamScanner



Rl RART TSIV n\.h[lUIl!‘iU I'”l(.'rs 5.()-/

n {]Al; |B|} = 1.90258

_mi
0 =1

y 102 “\ &b
_ log \/10;—]1 ( _,\\
logo(1.90258) = H9889 ({7 )\

N

(ot us choOSC N =4.

e Fourth order normalized Butterworth lowpass filter transfer function i given

by |
H(S) p—t 5 i O.(‘ )

(5% +0.76537s + 1)(s2 + 1.847765 1 1) %

The transformation for the bandpass filter is -

ST 240236
= S
s(u =) 5(0.402) o

-

1

1
(52 +0.76537s + 1)(s? + 1.84776s + 1) } 5% 4 0.236
75(0.402)

H(s) =

1

[-{ s2+0.236). (240236
{s +0 36] +0.70537[S +0236] .

0.402s 0.402s

s+ 0.236 s2 +0.236 0y
0.402s 0.402s

2
] + 1.84776 [

0.0261s%
~ (8% + 0.30768s3 4 0.63365% + 0.07265 -+ 0.055696)
(5% + 0.74285" + 0.63365" + 0.1753s + 0.055696)

1—2"1
14zl

0.0261(1 — z*)*
)= 53563 — 21,2308z 1 + 44.5662~2 — 60.51227% - 58.16352™4
_ 30,862~ + 19.2827° — 6.008727" + 1.00927°

0.004837(1 — z~1)*
- 1 —3.936z"1 + 8.25872”2 —11.214273 + 10.7782~4
238662~ + 35673270 — 11135277 +0.18727° e

-~ e —
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infinite impuise Kesponse riers J. 1ua

5.40 The normalized transfer function of an analog filter is given by

1
s2 4+ 1.414 8, + 1

Hq (sp) =

convert the analog filter to a digital with a cut off frequency of 0.47 using bilinear

ransformation AU 2006 CSE
Solution
2 w
Q. = 7 tan EC = 2 tan (0.27) = 1.45
1 (1.45)
S)= —
2a15) (_S_)2 +1.414 (i) +1 52 + 2.055s + (1.45)2
1.45 1.45
2 (1-271
H(z)= Ho(s) s= T (1+z-1)
H(z) 2.1
=)= e | 2 l_z—-l
10-27) (2.055)2(———;1—) +2.1
(1 + 2z~ )2 142
2.1(1+27Y)°
T a(l-z ) 4d11(1-27) 4210+ 2-1)?
2.1(1+ ;z")2

= 4(1-2271+ z2-2) +4.11(1 —272) +2.1 1 +2z-1+272)
2
21(1+z7")
= 1021 — 3.8z~ +1.99z72

_1\2
0.2(1+27})
= 1= 03721 +0.195z77

i ' ' d in the design of low pass
umerate the varous steps involve . |
iﬁ%ﬁ,;ﬁé&% filter. (ii) The specification of the desired low pass filter is

0.8 < |H ()| £10;0sw=<02n
|H(ej“')| <02; 0.32r <wsw

8.6 o ‘o ing impulse invariant transformation
Design Butterworth digital filter USing 1P AU 2006 CSE

Solution
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log 2
N = —2 = 3.99
lo 0
Select N =4
. 1
H(s) = 7210765875 + 1) (s2 + 1.84775 + 1)
QS 0327T et
P L = 0.21517 = 0.6757
© = NN T 14.808)WN -
0.2084
H,(s) =

(s2+0.5171s + 0.4565) (s? + 1.24855 + 0.45¢5)

The poles are —0.2585 + j0.6242 and 0.6242 x 7 0.2585

A A
" ,
s+ 0.2585 — 50.6242 s+ 0.2585 + 50.6242
+ ’ =07 B —
s +0.6242 — j0.2585 s + 0.6242 + 50.2585

H, (s) =

Solving for A = —0.3121 + j0.129
B =0.3121 - 70.7538

5y = 03121 +0.129 (-0.3121 — 50.129)
(2) = 1 — ¢—0.2585 £j0.6242 ,—1 | ] _ o—0.2585 g—j0.6242,—1
0.3121 — j0.7538 0.3121 + 50.7538
1 — e—0.6242 £70.2585 ,—1 ' | _ p—0.6242 o—j0.2585 -1
_ —0.6242 + 0.2747 2~} 0.6242 — 0.1168 2~}
T 1-0253 271405963 2-% © 1— 10358221 +0.2869 2"

__-—/
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