3.1 DESIGN OF FIR FILTERS USING WINDOWING TECHNIQUES

Design of FIR Filter:
FIR Filter can be designed using three following techniques.

1. Fourier series method
2. Windowing technique
3. Frequency sampling method.

Filter design using windowing technique:

i Explain the designing of FIR filters using windows. [April/May-2011] i

N

The desired frequency response of any digital filter is periodic in frequency and can be expanded in a
Fourier series.

H, (/)= D h,(me ™" >(1)
Where, \

h (n)= H(e’®)e’™" dw >(2)
d E .

Gibb’s Phenomenon:

One possible VY gﬁi{mding an FIR filter that approximates H (e’/®)would be truncate the infinite Fourier
series atn =+ . Abrupt truncation of the series will lead to oscillation both pass band and stop band.

2

This phenomenon is known as Gibbs phenomenon.
Types of window:

» Rectangular window.

» Hanning window.

» Hamming window.

Rectangular window:
The rectangular window sequence is given by,
g () ' fq Lwﬂ yLrM_ﬂl
w (n)= or — <n<
R 3 \ J \ J

| |0 for otherwise.

Hanning window:
The hanning window sequence can be obtained by

2mn M—1) (M —-1)
w () = O.5+0.500$m_ for — —2—|Sn£|_2_|
Hn ﬁ \ } \ }

| |0 for otherwise.

Hamming window:
The hamming window can be obtained by




[ 2mn (
y (n\:l0’54+0'46COSM_1 Jor=l 5 |<n<| 5|

Hm

| |0 for otherwise.

Filter coefficient (hq(n) ) for different types of Filters:

Type of Filter | ha(n)

®c
LPF h,(n) = n—forn=0c
sino.(n—a)

h (n)= forn #a
d

T(n—a)
Wc
HPF hd(n)ZI—Tc—fornZOL
h (n)= ! [sin(n—a)n —sin(n—a)o Jforn=a
d n(n—o) ¢
Wy = O
BPF h,(n) = Tforn =a
h (n) = § [sho (m—a)-sinew (n—a)]forn=a
d TC(I’Z—(X,) Cc2 C1
BSF h (n)=1—|| Pez = Oc l(ornza
] — N
L =~ 1
h (n)= ! [sinoa (n—0o) —sin® (n—oc)+sin(n—oc)n]forn =0
d TC(I’Z—(X) Cl1 C2

-
7
4

Design an ideal low pass filter with a frequency response

1 for — Tcp<l
Solution: H,(e Y = 2
Given: i
for — <|<mn
( p o <l

Find the valu | els f @ Woi)fo SM(’)=11Sus ing hanning window. Fing (z). Plot the magnitude and frequency response. (May/June-
\ [—[ldél)((eN’o“\r ~14) (AprilMay 2011)(April/Ma; n (cNeOV(%[kQ:—éB) (Nov/Dec-10)

e O£ P

%tﬁtpl)l: To fihd ﬁlﬁfe%?gﬁﬁiec{log'

¢ 27 Jn
1~ .
=—|2 1./ do
2n -,
sin(n—oL)®c
- o=0
T(n-a)
. U
sin™ n
_ 2 .
h,(n) = » —=5<n<s

n




Forn=0; h,(0) =

<O,
sin™
-2 ~1im
2 TC_I’Z 0—>0
2
1
O =3
sin = (1)
1
Forn=1; h(I)=h (-l)=—2—="=03183
d d i
n(l) =m
sin 7t
Forn=2; hd(z):hd(—2)= =0
21
. 3T
sin
2
Forn=3; hd(3):hd(—3)= =-0.106
sin 27
Forn=4; hd(4):hd(—4)= =0
4n
. oW
sin
2
Forn=5;  h,(5)=h,(=3)= ; =0.06366
yis
Step 2: To find hannin% window:
{05 05 " p (M—1\| |(M—l\|
D+ 0U.0Cc0Ss or — <n<
w (m = M —1 gl =12
Hn ) \ } \ }

| |0 for otherwise.

21n
=0.5+0.5c0s™ for—SSnS(S)

10
Forn=0:  w, (0=05+05 cosﬂsm =1
1
Forn=1;  wy (1= CD=05+ 0.5c0s *H = 0.9045
n n 5
Forn=2" w (2 =w_(-2)=0.5+0.5cos 22)_ 6545
Hn n 5
Forn=3: w (3)=w (-3)=05+05c0s ™ _03454
Hn Hn 5
4
Forn=4  wy, )=y (9=05+05 cos =2 ~ 0,0954
4 n n 5
(s
Forn=>5; Wi (5) = Wi (—5)=O.5+O.500s_(—)=0
" 5

Step 3: To find filter coefficients using hanning window are
h(n)=h,(n)*w,,(n) for-5<n<5

h(0) = h,(0)*w,,(0)=(0.5)*1=0.5

h(1) = h,(1)*w,,(1)=0.3183%0.9045 = 0.2879
h(2)=hy(2)*wy,(2) =0%0.6545=0
h(3)=h,3)*w,,(3)=-0.106%0.3454 = 0.0366
h(4)=h,(4)*w,,(4)=0.0636*0.0954 = 0.00606
h(5)=h,(5)*w,,(5)=0%0.65=0

SI111 U

0




Step 4: The transfer function of the filter is given by

M-I

He =h)+ Y [z +27)]

n=1

:0,5+ih(n)(zn +z7)

=05+ hD)(z! + 27 )+ h@) (22 + 22 )+ hB)(2> + 272 )+ h@d)(2* + 274 )+ h(S)(25 +275)
=0.5+0.287z' +0.287z7! +0.0366z° +0.0366z 3 + 0.006z* + 0.006z *
Step 5 : The transfer function of therealizable filter is

(M-1)

H'(z)=z ? H(2)
=z7[0.5+02872' +0.287z71 +0.036623 + 0.0366z + 0.0062* +0.0062~* |
H'(z)=0.5z7+0.287z7* +0.287z° + 0.0366z 2 + 0.0366z % + 0.006z "' + 0.006z~°
The filter coefficients of causal filter are givenby
h(0)=h(3)=h(7)=h(10)==0,h(1) = h(9) = 0.006, h(2) = h(8) = 0.0366, h(4) = h(6) = 0.287; h(5) = 0.5
Step 6 : The frequency response is given b y
_ 5

H(e®)= Za(n) cosn

where, (M =1

a(0) = h = h(5)=0.5

M-7 )
=1

o

a(l) = 2h(5 — 1) = 2h(4) = 2(0.006) = 0.12
a(2) = 2h(5—2) = 2h(3) = 0
a(3) = 2h(5—3) = 2h(2) = 2%¥0.036 = 0.072
a(4) =2h(5-4)=2h(1) = 2*%0.006 = 0.12
a(5) = 2h(5—5) = 2h(0) = 0

am)=2h

I:I(ef‘” )= Za(n) cosmn

n=0
=a(0)+ a(l)cosm + a(2)cos2®m + a(3)cos3® + a(4)cos4m + a(5)cos S®

=0.5+0.12cosm +0.072cos3m + 0.12 cos 4w
Magnitude in dB is calculated by varying 0 to 10 and tabulated below.
o(in degree) | 0 1 2 3 4 5

0.812 | 0.8115 | 0.810 | 0.8083 | 0.8054 | 0.8018

H(e™)
H(e’®) -1.8 |-1.814 | -1.83 | -1.85 |-1.88 | -1.91
dB
1 for T |(0‘ <n
Design an ideal high pass filter with a frequency response H d (e im) = 4
L0 for |(1)‘ <—

. Find the values of (n) for N=11 using hanning window. (May/June-16)(April/May-08)

\,
S

Solution:

e




Given :

1 forﬂ g‘w‘gn Hencew =T
el !
'O for |m|£ %+
h (n) 1 = HL(e JoYeon deo Step 1: To find filter coefficient.
d =E -

1 )
=—|21.e/"dw
2n-[2 €

1

h,(n = ————|sin(n—0o) —sin( n—oL )® # 0l
(1) TE(I’I—OL)[Sln(n ) —sin( n - )wc [for n
h (n) =  sinnm-—sin P -\
. _ .
TtnlL 4 |J
Step 2 : ] -
Forn=0 h (0)= |sin(0)n—sin( S
Ol Tl
Usin g, L'hospital rule h, (0) 21_7[:0-75
Forn=1-  h()=h(-1)= 1 rsin(l)n—sin(1)ﬂ=—0.225
A © | ER $
Forn=2: h@Q)=h (-2)= 'sin( 2) —sin *“’"" '=-0.159
« R\ =l 3 ]
1k . Q)i |
Forn=3; h(B)=h (3= sin( 3)7 —sin =-0.075
¢« 4 el 4
Forn=4: h &) =h (-4)= "sin(4)r—sin ' " =0
¢ wal 3l
1 ™ . D)L
Forn=>5; h(S)=h (5= sin( 5)7 —sin =0.045
d d TE(S) |L 4 U
Step 2: Using Hanning window:
s 2 ros 0.500s 2 |(M—1\| l(M—1\|
.S +0.5¢cos i <n<
w (n)= M —1 —2 —2—
Hn i \ J \ J
| 10 otherwise

W, (0)=0.5+0.5=1
w (e +o.5cos(|“—(l)\|: 0.9045

Hn Hn

an(z) - an(—z) =0.5+0.5 cosh(mf 0.655
an(3) - an(—3) —0.5+0.5 COST@\F 0.345
w (4) = " (—4)=0.5+ o.5cos}|<ﬁﬂ>ﬂ|: 0.0945
" (5) = " (-5)=0.5+0.5 cosfﬁi)j\l =0

L5 )

Step 3: The filter coefficients using hanning window are,
h(n)=h,(n)wy,(n) for—-5<n<)




h(0) = h,(0)w,(0)=(0.75)(0)=0

h(1) = h, (1w, (1) = (=0.225)(0.905) = —0.204
h(2)=h,(2)w,, (2)=(~0.159)(0.655) = —0.104
h(3)=h,(3)w,,(3) = (~0.075)(0.345) = —0.026
h(4)=h,(4)w,,(4) = (0)(0.8145) =0
h(5)=h,(5)wy,(5) =(0.045)(0)=0

Step 4: The transfer function of the filter is given by

The transfer function of therealizable filter is
(M-1

HE = Z_H‘)H(z)
=27[0.75-0.2042" —0.204z' =0.10427> —0.1042> — 0.0262° —0.0262* |
=0.75z7 —0.204z°—-0.204z*—-0.104z77 - 0.104z3 — 0.026z 8 — 0.026z > H

M-I

H(z) =h0)+ Eh(n)(z‘” SaZ ¢ )

=h(0) + ZS; h(n)[z‘” +z" ]

=075+ b))z + 2 |+ n@)| 2 + 2 [+ )2 + 2 | n@)[ 4 4 2 [+ ) [ 25+ 27 ]
=0.75-0.204z"' —0.204z' —0.104z72 — 0.104z2 —0.026z > —0.026z
The causal filter coefficients are

h(0) = h(1)=h(9) = h(10) = 0;
h(2)=h(8)=—0.026

h(3) = h(7) = —0.104

h(4) = h(6) =—0.204
h(5)=0.75

jo M5-1

H(e )= X a(n)cosmn

a(0) = pf M h(5) =0.75

a(l) = 2h(5 —1) = 2h(4) = —0.408
a(2)=2h(5-2) =2h(3)=—0.208
a(3)=2h(5-3) =2h(2) =-0.052
a(4)=2n(5-4)=2h(1)=0
a(5)=2h(5-5)=2h(0)=0

IZI(ef“ ) =0.75-0.408cos® —0.208cos 2m — 0.052 cos 3®

o (in degrees) | ( 1 2 3 4 5
H(e™) 0.082 0.0822 0.083 0.08433 | 0.08615 | 0.08848
H(e™) -21.72 -21.70 -21.61 21480 | -21.29 2111

b) Using Hamming window:
The hamming window sequence is given by




| 25 ) 7 M
0.54+0.46cos - for — <n<
w ()= —T°"° —o>—sns
Hm ﬁ \A/I } \ } \—2—}
| [0 otherwise
(7n
o (= %|0.54+0.46 coslk_5_J; for—5<n<5
Hm
| [0 otherwise

Wi(0) =1
Wy, (1) = wy, (=1) = 0.912
Wi (2) = Wy, (=2) = 0.682
Wi (3) = Wy, (=3) = 0.398
Wi (4) =Wy, (—4)=0.1678
Wi (5) =Wy, (=5) = 0.08
The coefficients using hamming window sequence are,
h(n) = h,(n)*wy,(n); —5<n<5
h(0) = h,(0)*w,, (0) =1%0.75=0.75
h(1)=h,(1)*wy,,(1)=(-0.225)*(0.912) =-0.2052
h(2)=h,2)*wy,(2)=(-0.159)*(0.682) =—-0.1084
h(3)="h,(3)*wy,(3)=(-0.075)*(0.398) = —0.03
h(4) = h,(4)*w,, (4) = (0)*(0.16787) =0
h(5)=h,(5)*wy,(5)=(-0.045)*(0.08) = 0.0036
The transfer function of the filter is given by

M-I

=h(0)+ Zh(n) [z

1(z) -

n
ey

= h(0)+ i h(n)[z‘” +z" ]

=0.75+h() [Zf] + Zl]+ h(z)[f2 +2 ]+ }’(3)[[3 +2 ]+ h(4)[z’4 + 24 ]+ h(5)[2’5 + 25]
=0.75-0.2052z"1 —0.2052z' —0.1084z% —0.1084z%> —0.03z3 —0.032* + 0.0036z7 + 0.00362°

The transfer function of the realizable filter is
(M-1

H'(z) =z ‘\T)H(z)
=273[0.75-0.20522" = 0.20522" —0.1084z2 —0.1084z2 - 0.0327 —0.032° +0.0036z 5 +0.00362" ]

H'(2)=0.75z73-0.2052z75-0.2052z7%—0.1084z77 - 0.1084z72 - 0.03z7% - 0.032 72+ 0.0036z "' + 0.0036
The filter coefficients of causal filter are

h(0) = h(10) = 0.0036,h(1) = h(9) =0;h(2) = h(8) =—-0.03;h(3) = h(7) =—=0.1084,h(4) = h(6) = —0.2052;
h(5)=0.75

M-1

H(e’*) = i a(z? cosmn

a0y =n M N _ h(5) =0.75

a(n) = 21\1“\2[ = - n\ =2h(5—n)

2
a(1)=2h(5-1)=2h(4) =—0.4104
a(2) = 2h(5-2) = 2h(3) =—0.2168




a(3) = 2h(5-3) = 2h(2) = -0.06
a(d)=2h(5-4)=2h(1)=0
a(5) = 2h(5 - 5) = 2h(0) = 0.0072

H(e’®)=0.75-0.4104cos®m — 0.2168cos 2m — 0.06 cos 3® + 0.0072 cos 5®

o (in degrees) | 0 30 60 920 120 150 180
- 0.07 0.28 0.7168 0.9668 1 1.003 1.0108
H(e’)
‘ H(e’® )| -23.1 -11 -2.89 -0.29 0 0.028 0.093
dB

o o o kR R o ok o o R L R o R A o A T LR R A o ok R o ok ok ok ok ok

-
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4

' For a FIR linear phase digital filter approximating the ideal frequency response

|

I
e
Hd (ej00 ) = % T
0 _< |03‘ <
| 6
Determine the coefficients of a 5 tap filter using rectangular window.

\

\\
\

\
Solutien: Given:

yis
(1 o=

Hd(ef‘”):T 6 Hence o ~ ‘

0 E < |03| <7
| 6
Step 1: To ﬁndhﬁbtﬁr c:()eiﬁcm%(e ) o doy
d E _n
1 ¢t

=—|%1.e/*do

21 j—z ¢
_sin(n—0)oc

Tt(n—o)

T.nN=5s




.
sm6n
h,(n) = 5 —2<n<2
mn
sin T (0)
_ 6
For n=0: h,(0) =
2(0) Y
- Tn
Sin
_1_ 6
6 ™
1 . sin©
hy(0) =—=0.16 lim—=!1
i = =0
sin~ (1) M
forn=1  hM=h (H=—5—=""-0159
d d n(l) n
sinn—@)

6
Forn=2;  h,(2)=h,(-2)= ¢ =0.1379

(M-1)
J \—2—
0 forotherwise.
=1 for-2<n<2
We(0) =we (1) =we(2) =1
Step 3: To find filter coefficients using rectangular window are
hm)=h,(n)*w,,(n) for—-2<n<2
h(0)="h,0)*w,,(0)=(0.16)*1=0.16
h(1)= hy(1)*wy,(1)=0.59%1=0.59
h(2)=h,(2)*w,,(2)=0.137*1=0.137

Step 4: The transfer function of the filter is given by
M-I

H(z) =h0)+ Zz‘, [h(n)(Z” +z7" )]

=0.5+ ZZ; h(n)(z" +z™" )

=016+ h(1)(z' + )+ h2) (2 + 7?)

=0.16+0.59z' +0.59z7! +0.137z72 +0.137z
Step 5 :The transfer function of the realizable filter is

H'(z) = z_%__l)H(Z)

=22[0.16+0.592 +0.59 +0.13722 +0.13722 |

H'(z) =0.162%240.59271+0.5923 +0.137z7* +0.137
The filter coefficients of causal filter are given by
h(0) = h(4)=0.137,h(1) =h(3)=0.59;h(2)=0.16;h(5) =0

M-1

H(e’®) = 22: a(n) coson

Step 2: Us1rrg Rectangylar qudOW
w (n) =J 1 fOl" E

R




(M -1

a(0) = hlk_ |=h(2)=0.32
a(n) = 2h|(1@ -1 - n\| =2h(2—n)
L\ 2 )

a(1)=2h(2-1)=2h(1)=1.18
a(2)=2h(2-2)=2h(0)=0.274
H(e/®)=0.32+1.18cos® +0.274cos2®

o (in degrees) |9 30 60 90 120

150

180

= 1.774 147 0.773 0.046 20.407
H(e™)

-0.564

-0.586

Y

Design an ideal band pass filter with a frequency response

. jl' L <fo|<3®
i H, )= 4 4
i | 10 otherwise
i _Find the values of h(n) for N=11 using rectangular window.
‘Solution:
Given:
1. E ey — 3—TC
H, (/)= J + S
| 10 otherwise
o =ﬁ and ® ., = =
“ 4 Step 1: Filter coefficients are,
1 : .
h,(n) = 7[s1n0)C2 (n—a)—sinw, (n —a)]forn =0
,/l —
1], SQL no . mnl
= sin —sin
w4 4 1)
Forn=0;
h,(0)=0.5
sin 37541 —sin—(—)n 41
hy(1)y=h, (=1)= =0
(1)
sin _(_)371’42 —sin T(2) 42
h,(2)=h,(=2) = =-0.3183
m(2)
sin _(_)37c4 ¥ _ sin E(3) 43
h 3)=h (3)= =0
sin 3n(4)_ sinn—(ﬂ
4 4
h,(4)=h, (-4)= =0
(@) =h, (-4) @
sin 3n(3) — sin ()
4 4
h,(5)=h,(-5)= =0
1 (5)=hy (=5) )

Step 2: Using rectangular window




w (n) =
R A \ J \ J
| |0 forotherwise.

=] for-2<n<2
wp(0) = wr (1) = wg (2) = wp(3) = Wi (4) = wp (5) =1
Step 3: Filter coefficients using rectangular window
h(n) =wy(n)*h,(n); —-5<n<s
h(0) = wr (0)*h,(0)=1*0.5=0.5
h(1)=wr(1)*h,(1)=1*0=0
h(2) =wr(2)*h,(2) =1*-0.3183 = -0.3183
h(3)=wz;(3)*h,(3)=1*0=0
h(4)=w,(4)*h,(4)=1*0=0
h(S)=wr(5)*h,(5)=1*0=0
Step 4: The transfer function of the filter is

M-I

1) =h() + Y how[z + 2]

=0.5-0.3183z> —0.3183z2
Step S: The transfer function of the realizable filter is

H'(z)=27(0.5-0.3183z 0318322 )
=0.5z°-0.3183z3 - 0.3183z"7
The filter coefficients of the causal filers are
h0)=h(10)=h(9)=h(2)=h(8)=h(4)=h(6)=0 h(3)
=h(7)=-0.3183
h(5)=0.5

M-1

)= ga(n) cosmn

H(e®
a(0) = h(M) _1\| =h(5)=0.5

INCEEN

= 2h(5—n)

a(1) =2h(5—1) = 2h(4) =0
a(2) = 2h(5 - 2) = 2h(3) = —0.6366
a(3)=2h(5 - 3) = 2h(2) = 0
a(d) = 2h(5 — 4) = 2h(1) = 0
a(5) = 2h(5—5) = 2h(0) = 0

H(e/™) = 0.5—0.63660s 20

o (in degrees) | 0 30 60 90 120 150 180
- -0.1366 | 0.1817 0.818 1.1366 0.818 0.1817 -0.1366
H(e’)
‘H(ef"’ )| -17.3 -14.8 -1.74 1.11 -1.74 -14.8 -17.3
dB

___________________

-’

and(D<E

1 .
H (e")= J f”T”l 3 3

’

o otherwise

N, | SF——




Solution:

Given: T
1, for(r)lﬁ_ and|®|/ﬁ
H (e)*) = 3 3
| 10 otherwise
_I 2n
©q " 3 and W, = 5

Step 1: Filter coefficients are,

h,(n) = ;[sincoa (n—0.) —sin ®, (n— o) +sin( n — o )7 |
=) o 1
= sin —sin + sin nT
nn||_ 3 3 |J
Forn=0;
h,(0) = 0.667
sin~  —sin +sinnw
3 3 0
h,()=h,(-1)= 30
(D) =hy —
sin®~  —sin +sinnaw
3 3
h,(2)=h,(-2) = =0.2757
. (2)=h, Q)
sin~ —sin +sinnw
3 3 _
h,(3)=h,(-3) = =0
«3)=h, )
. Th . 2mn .
sin= —sin~ +sinnamw
3 3
h,(4)=h,(-4) = =-0.1378
@) =h, ™
sin™ —sin +sinnw
3 3 =0
h,(5)=h, (-5 = 3
(5 =h, 2 6)
Step 2: Using rectangular window
i g ()g - s L;W LTM_I\I
w (n)= or— <n<
R 3 \ J \ J

| |0 forotherwise.
=] for-2<n<2
We(0) = we (1) = wp(2) = we (3) = wi(4) = we (5) =1
Step 3: Filter coefficients using rectangular window




h(n) = wp(n)*h,(n); -5<n<5

h(0) = w, (0) * h, (0) =1*0.667 = 0.667

(1) =wp(1)*h,(1)=1*0=0

h(2) = we(2)*h, (2) =1%0.2757 = 0.2757
h(3)=w(3)*h,(3)=1*0=0

h(4) = wy(4)*h, (4) =1%*-0.1378 = -0.1378
h(5) = wr(5)*h, (5)=1*0=0

Step 4: The transfer function of the filter is

M-I

1) =h() + Y ho[z7 2]

=0.667+0.2757z° +0.2757z2 —0.1378z* —0.1378z*
Step S5: The transfer function of the realizable filter is

H'(2)=275(0.667+0.275722+0.275722 - 0.137824 - 0.13782*)

=0.667z° +0.2757z3 +0.2757z7 —0.1378z — 0.1378z""
The filter coefficients of the causal filers are
h(0)=h(10)=h(2)=h(8) =h(4)=h(6) =0 h(1)
=h(9)=-0.1378
h(3)=h(7)=0.2757
h(5)=0.667

E

H(e’)= > a(n) cosmn

(M-1)
a(0)=nh =h(5) =0.667

W—_\

a(n) =2h —-n =2h(5—-n)
= )
a(l)=2n(5-1)=2h(4)=0
a(2)=2h(5-2)=2h(3)=0.5514
a3)=2n(5-3)=2h(2)=0
a(4)=2h(5-4)=2h(1)=-0.2756
a(5)=2h(5-5)=2h(0)=0

IZI(ef“) =0.667 +0.5514cos2m —0.2756 cos 4m

'~

o (in degrees) | 0 30 60 90 120 150 180
- 942 1. S2 1 S2 1. 942
H(e™) 0.9428 08 0.526 6 0.529 08 0.9428
H(e™) 0.5 0.67 -5.53 -15.9 -5.53 0.67 -0.5
dB

il Design a high pass filter using window, with a cut-off frequency of 1.2 radians/sec and N=9. [Nov/Dec-2016]

‘Sotution:

Given

Q. =1.2radians / sec

if T=1 sec

o =Q.T =1.2 radians




The impulse response of a high pass filter with a cut off frequency . is

h (1’1) _ —SImM ®:n
d

|n‘>—0
T

I-_* for n=0
I8

(Dc=1.2
h©O)=1- 20618
‘ T _sinl2
h(~D=h ()=""""=-02966
T

h(-2)=h (2)= 24 61075
S

T

h(-3)=h (3)= —sin3-6 _ 0469
%

T

h (~4)=h (4)= —sind8 _ 0719
L1r /

T
Hamming window for -4<n<4 is

W, (0)=0.54+046c0s 2 for-4<n<4
8
=0.54+O.46cosn_n
4

wy(0)=1

wy(=1)=w, (1) =0.865
wy (=2) =w, (2) = 0.54
wy(=3)=w,(3)=0.215
wy (—4) =w,(4) =0.08
h(n) = h, (n) w, (n)
h(0)=(0.618)(1) =0.618
h(=1) = h(1) = (-0.2966)(0.865) = —0.256
h(-2)=h(2)=-0.058
h(=3)=h(3)=0.01
h(—4) = h(4) =0.0057

The casual filter coefficients are

h(0) = (0.618)(1) = 0.618

h(=1) = h(1) = (=0.2966)(0.865) = —0.256
h(=2) = h(2) =—0.058

h(=3) = h(3) = 0.01

h(~4) = h(4) = 0.0057
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