WINDOWING TECHNIQUES

Design of FIR Filter:
FIR. Filter can be designed usmg three followmg techmques.

L Founer senes method
2 Windowme techmeue
% Frequency sampling method

Filter design nsing windowing technique: e
l Explain the deziening of FIR filters using windows. [-lplil-'"nim '-'{lll] |

N

The desmed frequency response of amy digital filter 15 periodic n frequency and can be expanded m a
Fourier senies.

H, (&)= Y h,(me ™ 2o =(1)
HWhere,
o _[_ Hie'™)e'™ dar - e =(2)
. 2xew
(+ibh*s Phenomenon:

One possible way of finding an FIR filter that approximates (e’ ywould be tnncate the infinite Fourier

serles atn = i'I\M 1} Abnupt truncation of the senes will lead to escillation both pass band and stop band.
This phenoneenon 15 known as Gibbs phenomenon
Types of window:
¥ Rectangular window.
#» Hanming window.
¥ Hamming window.
Rectangular window:
The rectangular window sequence 15 given by,
[ M-I M —I]
3 ar— EmEl—
Wipey { ) [ 2
L!} for otherwise.
Hanning window:
Thehannmgmdmvsaquememhe obtamed by
( M & (M -1
0.5+0.5 = .
o (1) = ::n.r.M ] _;I'“ﬂr ] n lk 5 ]
0 forotherwise
Hamming window:

The hamming window can be obtamed by




(M-1) (M-1)

2/m
0.54 + 0.46 cos for — | <n<
w_(n)= l ™M-T 2 )| L—2— )|

LO for otherwise.

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

Type of Filter | hq(n)
wc
LPF hs(n) = —forn=«a
st (n-a)
h(n) = c forn=a
d z(h—a)
wc
HPF hy(nN=1-—forn=«
/4
h (n) = ! [sin(n - )z —sin(n —a)w Jforn = a
z(n—a) ¢
W~ Wy
BPF hy(n)=—""forn=«
h (n) = [sin ® (n-a)-sine(n- a)]forn =«
7(n—a)
_ | W, — Wy | _
BSF hd(n) =1 | |for n=a
, -
h(n)=__"_ [sin@ (n—a)-sino (n-a)+sin(n-a)z]forn=a
7Z'(n . a) C1 Cc2
," Design an ideal low pass filter with a frequency response
1for - Z<op<Z
Solution: H, ()= 2
: Vs
i Find the vaIL[Qs Bpﬁ(rvfg %/Ic‘ll—qng hannlng window. Flnc}zH(z) Plot the magnitude and frequency response. (May/June-
1 FMIM)DECT‘D (ApnI/May 2011)(Apr|I/MaM-Qéh@go\dD@c—_OQE(Nov/Dec 10) J
------------- F I
A I
%te(p‘)l: To fihd fi|l_]:e(£ gp)egmicar&;c.
d = Z .
1 2 n
= J' lel dw
2r
sin(n — a)a)c ,
=———~; [Oa=0
7(n—a)
./
sin—n




sin E(O)

Forn=0; h,(0) = 2
7(0)
sin™—
_1 2 r
2 @ ..IIH—>O
2
1
h(© =3
. T
sin— (1)
Forn=1; h (1)=h (-1)=2="=03183
‘ ‘ (1) V4
sin
Forn=2; h,(2)=h, (2= -0
2
.37
Sin

Forn=3  h,(3)=h,(-3)=2 =-0.106
3

Forn=4; h,(4)=h, (-4)=32Z _g
A
Y1
Sin
Forn=5; h,(5)=h, (-5) =5D_2 = 0.06366
T

Step 2: T? find hannin%window:
m

|0.5 + 0.5cos for —
wn) =" M—T" S

[O for otherwise.

2/m
=0.5+0.5c0s = for—5<n<(5)

10
b n 5
Forn=1;  w, (1) =w,, (1) =0.5+0.5c0s ﬁz(l) =0.9045
Forn=2" w @ =w (<2)=05+0.5cos =& _ 0 6545
Hn Hn 5
Forn=3; w3)=w (-3)=05+0.5 cosm:0.3454
Hn Hn
5
For n =4; w,, (4) = w,, (-4)=0.5+0.5cos f@) =0.0954
(5
Forn=>5; w,,, (5) = Wy, (-5)=0.5+0.5cos ;(—) =0

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

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

h(1) = hy (1)* w,,, (1) = 0.3183*0.9045 = 0.2879
h(2)=h,(2)* W, (2) = 0*0.6545 = 0

h(3)=hy(3)* w,, (3) =-0.106*0.3454 = 0.0366
h(4)=nhy(4)* w,,(4) =0.0636 * 0.0954 = 0.00606
h(5)=hy(5) * W, (5) =0*0.65=0




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

M-1

@ =h©)+ Y [ +2)]

n=1

=05+ Z h(n)(zn +z™" )

=05+ h(l)(z 1yt )+ h(2)(z 2472 )+ h(3)(z 34773 )+ h(4)(z dyzH )+ h(5)(z Sz )
=0.5+0.2877' + 0.287z ! + 0.0366z * + 0.0366z — + 0.006z * + 0.006z ~*
Step 5 : The transfer function of the realizable filter is

_(m-1)
H'(z)=z °2H(2)

=7 [0.5 +0.2877 + 0.287z 1 + 0.0366z 3 + 0.0366z ~% + 0.006z * + 0.006z ~* ]
H'(z) = 0.5z ° +0.287z * + 0.287z ® + 0.0366z 2 + 0.0366z ~® + 0.006z ~* + 0.006z ~°
The filter coefficients of causal filter are given by
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 (eJ) = > a(n) cosen

where, (M=1)

a(0) =h =h(5) =05

M—1 )

a(n) =2h -n
2
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(b)=2h(5-5)=2h(0)=0

I:I (e1) =>a(n) cosen

=a(0) + a(1)cosw + a(2)cos2w + a(3)cos3w + a(4)cos 4w + a(5) cos 5w

=0.5+0.12 cosw+ 0.072 cos 3w+ 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
|:| (e ja)) 0.812 | 0.8115 | 0.810 | 0.8083 | 0.8054 | 0.8018
H(eja)) -1.8 -1.814 | -1.83 | -1.85 -1.88 -1.91
dB
1 for’ <lowl<z
Design an ideal high pass filter with a frequency response H p (e j“’) =

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

\,
\\

Solution:

\,

N

N,




Given :
[

1for? <p<n Hence o =%
. | 4 | | 4
Hfelo) =1 .
\0 for |a)|£ "
h (n) 1 = H(el*)el do Step 1: To find filter coefficient.
d - g .

1%
=~ [21lend
27r~[—”2 @

hy(n) = nl— [sin(n—a)z —sin(n—a)ax Jforn = a
h (n) =_sin nz—sin 11; _5<n<5
d m| 4 |
Step 2.
Forn=0 h (0) = 1 |—sin(O)ﬂ—sin 07
« zol 4 |

Using, L' hospitalrule N (0)=1-_=0.75

4
Forn=1; h D=h(1)= il—slin(l)ﬂ'— sin (1E: —-0.225
d d 71'( )
Forn=2; h (2)=h(-2)= iLlrsin( 2)7r— sin %—' =-0.159
d d T 2)
Forn=3; h 3)=h(-3)= i:{sin( 3)zr—sin %ﬂ: —-0.075
d d T 3)
Forn=4; h (4)=h (-4)= iksin( 4)7r— sin (ﬁ‘)_ﬂ}‘ =0
d d T 4)|
Forn=5; h 5)=h (-5)= itin( 5)7— sin %ﬂ: 0.045
e ael ¢
Step 2: Using Hanning T\gr;dov(;/.s 2 |(M _1\| |{M —1\|
.5+ 0.5co0s <n<
w (n) =" MTk_z_) n K_Z_)
0 otherwise

WHn(O)ZO.5+O.5=1 (l(l)_\

WH(nl) ~w (H—nl) =05+05cos T = 09045
W(2)=w(-2)=05+05 cos(\fﬁ))ﬂ - 0655
w(3)=w(-3)=0.5+0.5 cos(%(@\f: 0.345
w (”4) =w (_”4) =05+ o.5cos(}|ﬂ§NT 0.0945
w (5) = w (-5) = 0.5+ 0.5005\|(£§))\| =0

\ 5 )

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




h(0) = hy (O)wiy, (0) = (0.75)(0) = 0

h(1) = h, (L)wy, (1) = (-0.225)(0.905) = —0.204
h(2) = hy (2w, (2) = (-0.159)(0.655) = —0.104
h(3) = hy (3)W,y, (3) = (-0.075)(0.345) = —0.026
h(4)=h,(4)w,,(4) = (0)(0.8145) =0

h(5) = hy (5)W,, (5) = (0.045)(0) = 0

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

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

H@ =z "2H()
=7-5[0.75 - 0.204z° — 0.2047* - 0.104z% — 0.10472 — 0.0267°3 — 0.0267° |
=0.75z > - 0.204z % - 0.204z * — 0.104z " — 0.104z % — 0.026z ® — 0.026z > H

M-1

H@) =h(0) +22:h(n)(2‘" +z”)

= h(o)+z h(n)[z*”+z”]

=0.75+h(1) [z*1 + zl]+ h(2) [2*2 +2? ]+ h(3)[z*3 - z3]+ h(4) [2*4 +7 ]+ h(5)[z*5 +2° ]
=0.75-0.204z ! — 0.204z" — 0.104z 2 — 0.104z 2 — 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

HEe )= X a(n)cosan

a(0) = W M nilj’: h(5) = 0.75

a(n) = Zh[fMZ__1 — n—| =2h(5-n)
2

a(1) = 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)=2h(5-4)=2h(1)=0
a(5)=2h(5-5)=2h(0)=0

I:I (e1®)=0.75 — 0.408cos @ — 0.208c0s 2@ — 0.052 cos 3w

o (in degrees) | 0 1 2 3 4 5
H (e1o) 0.082 0.0822 0.083 0.08433 | 0.08615 | 0.08848
HEe!) 21.72 -21.70 -21.61 -21.480 -21.29 -21.11

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




0.54+0.46 (Zm\l'f (M_l\ M-
w_m-1" +0. COSKWITI)’ or ! _2_)| <n< L _2_)|
0 otherwise
O.54+O.46cos|( ﬂn\ for—5<n<5
w,,, (n) = 5 ) S
LO otherwise
Wy (0) =1

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

1

H(2) T I
=h(0)+3 hmlz +2 )

= h(o)+z h(n) [z—n + 27" ]

=0.75 + h@)[z1 + 2]+ h@)[ 22+ 2 [+ h@) [ + 2]+ h@)[ 4 + 2 [+ h5)[25+ 25 ]
—0.75 - 0.2052z" — 0.20527" — 0108422 — 0.108472 — 0.032° — 0.03z% + 0.00362-° + 0.00367°

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

H@=2'"2H@

—7-5[0.75 - 0.20522 1 - 0.20527" — 0.1084z % — 0.10842 2 — 0.03z ~* — 0.032° + 0.00362 ° + 0.00367° |

H'(z) =0.75z"° —0.2052z7° —0.2052z* —0.1084z " —0.1084z2 —0.03z® —0.03z2 + 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(el®) = 3 a(n) cosan

n=0 (M _1\

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

(M- —n\=2h(5—n)

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

a(n) =2h




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

H (e!?)=0.75 - 0.4104 cosw — 0.2168cos 2 — 0.06 cos 3w + 0.0072 cos 5w

o (in degrees) | 0 30 60 90 120 150 180

N 007 | 0.28 0.7168 | 0.9668 |1 1003 | 1.0108

H(el?)

H () 231 |11 289 |-029 |0 0.028 | 0.093
dB
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For a FIR linear phase digital filter approximating the ideal frequency response

v oe?
[o %S 12){27[

. Determine the coefficients of a 5 tap filter using rectangular window.

Hiel) =

Sotution: g
Given:
e
Helo) =/ 7[6 Hence o = N=5
0 _<pgnx
<

Step1: To fin%fit%e)r c:oeific're]qt(e )6 1 4 g

27 o=

107,
=—|21e'"dw

27[-"_2

d

_ sin(n—a)ac

Do =
(- a) a=0




hy(n =— —-2<n<2
smE(O)
For n=0: hy(0) = 6
7(0
sinA
_1_ 6
6 7n
! sin @
hy(0) =-=0.16 lim =77 -
0—>0
sin =
forn=1 h(l) h (1) =6 %)5 = 0.159
‘ ) 7«
ggnm
Forn=2  h,(2)=h, (-2 :—2=0.1379
T
Step 2: Using Rectangular window:
ep S|?g ectang Na)lr—\,\a!? ow M 1)
w (n) =J1 for — _2_J£nsk J
R

LO for otherwise.

=1 for-2<n<?2
Wg (0) = Wg (1) = Wg (2) =1
Step 3: To find filter coefficients using rectangular window are
h(n)=h,(nN)*w,,(n) for—-2<n<2
h(0) = h, (0)* Wy, (0) = (0.16)*1 = 0.16
h(1) =h,(1) * w,, (1) =0.59*1 = 0.59
h(2) = hy(2)* Wy, (2) = 0.137 *1 = 0.137
Step 4: The transfer function of the filter is given by

M-1

H@z) =h(0) +Zzl [h(n)(Z“ +27" )]

=05+ Z h(n)(zn +z7" )

=0.16 + h(1)(z + z1)+ h(2)(22 +
=0.16 + 0.59z' + 0.59z 1 + 0.1372 2 + 0.137z2 2
Step 5 :The transfer function of the realizable filter is

H'(z) =z‘(Mﬁlgl (2)
=7-2[0.16 + 0.592* + 0.597°1 + 0.1372°2 + 0.1372 |

H'(z) =0.1622+0.59z7! + 0.59z7% + 0.137z°* + 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(el®)= i a(n) coson




(M-1)_ h(2) = 0.32

a(n)=2h('\%_ —n\=2h(2—n)

2
a(1) = 2h(2 1) = 2h(1) = 1.18
a(2) = 2h(2 - 2) = 2h(0) = 0.274

H (e'?)=0.32 +1.18cosw + 0.274c0s 2@

a0)=h

o (in degrees) | 0 30 60 90

120

150

- 1.774 147 0.773 0.046

-0.407

-0.564

Design an ideal band pass filter with a frequency response

1 3z
Hd(e"“’)=J1 4S4D1E 4

{O otherwise
Fin%itgﬁ values of h(n) for N=11 using rectangular window.

SN

\N

GIVER"

T 3z

o TResrT
Hm(e Ja)) — 4 T)F 4
0 otherwise

z 3
="andw _2°7
Wy =

4 ¢ 4 Step 1: Filter coefficients are,
hd(n)_#[sma)cz(n a)-sin wg (n— a)]forn= a
n a
__fzsm ~ s sin |
mll 4 4
Forn=0;
h,(0)=0.5
- 3r(l) . (1)
—sin
hy (1) = hy (—1)=Sﬂ2l -0
7 (1)
. 3ﬂ(2)_sinl@)
hy(2) =h, (-2) 4 53063
7 (2)
% in 2
h@=h (=——
7 (3)
sig—”jﬁ sm—(—)
hy(4)=hy (-4) =220
(-4) = )
Sirz]l_(_)ﬂ45 'n—@
hy (5) = hy (-5) = =0
(-5)=—— 15)

Step 2: Using rectangular window




w(n):Ii for—(M_1\<n<{M_l\
"=, —— el
LO for otherwise.
=1 for-2<n<2
Wr (0) = Wg (1) = Wg (2) =Wg (3) = Wg (4) = Wg (5) =1
Step 3: Filter coefficients using rectangular window
h(n) =wg(n) *hy(n); —-5<n<5
h(0) =wg(0) *h,(0) =1*0.5=0.5
h(1)=wg(1) *h,(1)=1*0=0
h(2) =wg(2) * h,(2) = 1* -0.3183 = -0.3183
h(3) =wz(3) *h,(3)=1*0=0
h(4) =wg(4) *h;(4)=1*0=0
h(5) =wz(5) *h,(5)=1*0=0

Step 4: The transfer function of the filter is
M-1

H(z) = h(0) + Zzlh(n)[z g |

=0.5-0.31832%-0.3183z 2
Step 5: The transfer function of the realizable filter is

H'(2)=2°(05-0.318372 -0.31832°2 )
=0.52°-0.3183z-%-0.3183z"
The filter coefficients of the causal filers are
h(0) = h(10) =h(9) =h(2) =h(8) =h(4) =h(6) =0
h(3) =h(7) =-0.3183
h(5)=0.5

Hel?)= ga(n) cos an
a0 =h' ™1 e =05

a(n):Zh(I\%_ —n\=2h(5—n)

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

H (i) = 0.5 — 0.6366 c0s 2

‘H (e iw‘% -17.3 -14.8 -1.74 1.11 -1.74
B

w (in degrees) | 0 30 60 90 120 150 180
I:| (o) -0.1366 | 0.1817 0.818 1.1366 0.818 0.1817 -0.1366
-14.8 -17.3




Design an ideal band Reject filter with a frequency response Find the values of h(n) for N=11 using rectangular window.

[ < 4 2r
_ 1 < and @ | <=~
H(elw)zu —f-or|w| 3 (f)|< 3
|LO otherwise
Solution:
Given:

[, z 2z
Hd(eiw)=4l for|a)|§33”d‘[0|s 3

{0 otherwise

~Zandw _2z

@y 3 @ = 4

Step 1: Filter coefficients are,

hd(n)=;[sina)m(n—a)—sinwcz(n—a)+sin(n—a);z]
nin—o
_m . 2m ]
= Sin —Sin +Sinnmz
7zn||_ 3 3 |J
Forn=0:;
h,(0) = 0.667
sSin —SIn +Sinnx
3 3 _
h,(1)=h, (-1) = =0
¢(1) =h; )
SIn —Sin +Sihnx
hy(2) =h, (-2) = 3 3 =0.2757
7(2)
Sin —SIn +Sinnx
h,(3) = h, (-3) =—3 3 =0
7(3)
SIn —Sin +Sihnx
hy(4) =h, (-4) = 3 3 =-0.1378
7(4)
SIn —Sin +Sihnrxz
3 3 _
h,(5) = h, (-5) = =0
¢(5) = hy 2 5)

Step 2: Using rectangujar window
P 2: Using rectang. Mo1) (M1
WR(n): for — 5 JgngL 2 J

LO for otherwise.
=1 for-2<n<2

Wr (O) = Wg (1) = Wg (2) =Wg (3) = Wg (4) = Wg (5) =1
Step 3: Filter coefficients using rectangular window




h(n) =wx(n) *hy(n); —-5<n<5

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

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

h(2) = wg (2) * h, (2) = 1* 0.2757 = 0.2757
h(3) =wg(3) *hy(38)=1*0=0

h(4) = w, (4) * h, (4) = 1* -0.1378 = -0.1378
h(5) =wg (5) * h,(5)=1*0=0

Step 4: The transfer function of the filter is

M -1

H(z) = h(0) + Zzlh(n)[z g |

=0.667 + 0.2757z 2 + 0.2757z 2 - 0.13782 * - 0.1378z *
Step 5: The transfer function of the realizable filter is

H' (2) = 2-°(0.667+0.27572% +0.27572°2 —0.13782* —0.13782* )
=0.667z°+0.275723+0.2757z" —0.13782° - 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

H(el»)= ga(n) cosan

a(0) = h( -1 _ h(5) = 0.667

a(n) = 2h“\£_ - n\: 2h(5 - n)
2

a(l)=2h(5-1)=2h(4)=0

a(2) = 2h(5 - 2) =2h(3) =0.5514

a(3) = 2h(5 — 3) = 2h(2) = 0

a(4) = 2h(5 — 4) = 2h(1) = -0.2756

a(5) =2h(5-5)=2h(0)=0

I:| (e1?) =0.667 + 0.5514 cos 2@ — 0.2756 cos 4w

o (in degrees) | 0 30 60 90 120 150 180
I 0.9428 1.08 0.526 16 0.529 1.08 0.9428
H(el?)
H(el®) -0.5 0.67 -5.53 -15.9 -5.53 0.67 -0.5

dB

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

Q.= 1.2radians / sec
if T=1sec
ax = QT =12 radians




The impulse response of a high pass filter with a cut off frequency ax is
—sin axn

h (n) = In[>-0
d T
= for n=0
T
=12
h(0)=1- 12— 0,618
d T e
h(1)=h D =""2__0 2066
d d P
h(2) =h@=""24_ 51075
d d - 2§_
h3)=h@)="""30_ 00469
d d 372_
hay=h(@)=""%8_ 00719
o

Hamming window for -4 <n<4is

W, (n) = 0.54 + 0.4605 2—’8”‘ for-4<n<4

~0.54+0.46c0s 22
4

w,(0)=1

w, (1) = w, (1) = 0.865
w, (-2) = w, (2) = 0.54
w, (=3) = w,(3) =0.215
w, (—4) =w,(4) =0.08
h(n) =h, () 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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