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Abstract

The purpose of this thesis is searching for a finite-length positive sequence
so that its spectrum can optimally‘approximate to a given spectrum. In this
thesis, we use the Min-Max criterion and Parks-McClellan algorithm to
design this optimal approximation-error-of spectrum. Moreover, we give
constraint of this optimal spectrumto:get the positive spectrum. Then the
positive spectrum can be factored by Spectrum Factorization Theorem and
can be realized by FIR system. Moreover, we also give some examples to
compare with our spectrum with maximal approximation error and discuss
its result. Finally, we simulate different weighting functions of K and give
some comparisons. From the results we can get the optimal approximation

error of positive spectrum when K equal to 2.
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min-max

response)

min max

min{m[glx]W(w) |H(e'”)- Ae') |}
st. A€E“)>0 wel0,r]
AE”)= Y hinje

Ae!)

(weighted function)

we[0,7] we[0,7]
[1] (
FIR(finite impulse
(1.1-1)
H(e") W(w)
o AEe“)>0 wc[0,r] @



W(a)):{%’ =@ (1.1-2)
, o,<wsr

0, o, (passband edge frequency)
(stopband edge frequency) K

o, 0,
12

min

max Parks-McClellan




2.1 2.2 min max

2.3
Parks-McClellan
2.4 FIR
2.1
x}
X(ef?y = ix(n)e-i”n >0 (2.1-1)
(2.1-1) x(n)}
(Conjugate Symmetric)
X(—n) = X(n) vn (2.1-2)
X X
Parseval’s
1 ¢= - L2
— I_”X(e"”)r\N(eJ”) de
Zﬁm . (2.1-3)
= D x(m=-kywmw(k)



X(e'”)  W(e'") X wm)

(2.1-3)
X (e!”)
[3]
2.1.1 {x(n)}
ki ix(m—k)w(m)v_v(k)zo
fw(m}
(2.1-4)
kZL:L ZL:Lx(m— K)W(myw(k) > 0
(2.1-5) {x(m} k
X(0)  x(1) - _i(k)
X, =| XD X0 - x(k=1)
x(:k) x(k:—l) x(ZO)
(2.1-5)  (k+1)x(k+1) Hermitian-Toeplitez
Hermitian-Toeplitez (2.1-5)

(2.1-3)

(2.1-3)

(2.1-4)

(2.1-5)

(date matrix)

(2.1-6)



L
k=—L

=Lm=L

D x(m=kwm)w(k)

= ZL:[X(—L—k)w(—L)W(kH X(—L+1— KWL + HWK) + X(—L + 2 —K)wW(-L + 2)w(k)

- X(—L =2 = KWL —2)W(K) + X(L —1—kw(L - ))w(k) + X(L — k)W L)w(k) ]

= X(—L + L)W(—L)W(L) + X(—L + L= )WW(—L)W(L+1) + X(—L + L = 2)W(—L)w(-L+2) +---
X(—L— L+ 2)W—L)W(L—2) + X(—-L— L+ Dw(—L)w(L—1) + X(—L — Lyw(—-L)w(L) +
X(—L+ L+ DW(—L+ DW—L) + X(—L +1+ L= )W(—L+ )W-L+1) +-- -+
X(L—1+ LWL —W-L)+x(L—1+ LWL —-DW-L+1)+x(L—1-L+2)wL—)wW-L+2)
X(L—1—L+2)WL—wWL—-2)+x(L—1-L+HwL-DHwWL-1)+xL—1-L)wL-1)+wWL)+
et XL+ DWLW-L) + X(L + L= DHw(LW(—L + 1)+ X(L + L=2)W LYWL +2) ++ -+
X(L—L+2)WLW(L-2)+x(L—L+DHwL)WL—-1)+X(L— Lyw(L)w(L)

=
CwD I X0 X)X
WL (| x) X0 6D
W-L+2) || X2 x(1) X0)
WL-2) || x2L-2)
wWL-1) || x2L-1) x2L-2)
Wb || K@D x@L-D) x2L-2)
2L =k
=
- x(0) x(-1)  X(=2)
x(1) X(0)  x(=1)
X(2) x(1) X(0)
W(k)'| : :
x(k-2)
x(k—1) x(k-2)
L x(k) x(k=1) x(k-2) -
(2.1-2) x(=k) = X(k)

Hermitian-Toeplitez

5

(2.1-7)
X2L+2) x2L+1) x-2L) | w-L) ]
X2L+2) X-2L+1) | w—L+1)
X(2L+2) [W-L+2)
X=2) | WML-2)
(1) X0) X=1) | wlL-D)
X2) x(1) X0 ] wb |
(2.1-8)
- X(=k+2) x(=k+1)  x(=k) ]
X(=k+2) x(-k+1)
X(-k+2)
: W (k)
X(—2)
X(1) x(0) X(=1)
X(2) x(1) X(0)
(2.1-9)



2.1.2 {x(n)}

X,,k=0,1.2,

(2.1-5) (2.1-9)
W(k)" X W(Kk) >0 W(K) = {w(n)} X, >0
Xk
Xk
[1]
2.2 (Alternation Theorem)
F X P (X) L
P(X) = zL“akxk (2.2-1)
E00
E,(X) =W, (X)[H ,(X) - P(X)] (2.2-2)



H (%) F W, (X) F

I1E
I E = max | E;(X)] (2.2-3)
IE] L P(X)
IE | (L+2)  x F X, < Xy <. < X
E,(X)=-E,(X +D)=+[[E[| i =12,...(r +1) L
P(x) F (L+2)
(L+2)
L P(X) 222) E,(X)
221
L (L4 3) (L+2)
L
(L—1) 0=0,0,,0,,7
(L-1)
(L+3) (L+2)
(L+3) (extraripple filter)

H(cosw) = ZL: a, (cos )

k=0



L
:M =—sinw-(Q_k-a(cos®)")
k=0

de ~ (2.2-4)
=—sinw-(k;(kH)'ak+1(cosw)")
w=0 7z (L-1) (L-1) (2.2-4)
(L+1) IS
s=%|E[ @,
C | E(@y) |5~ [ E(ey) | CACE
L+2
2.3 - (Parks-McClellan algorithm)

2.3.1 Parks-McClédlan

min max

Parks-McClellan [1]

Parks-McClellan

algorithm

h[n]=h[-n] neR (2.3-1)



Ae”)= Y hinje
= Ae") = h[0]+ ZL‘,Z -h[n]- (cos(w-Nn))
h0]=d,, 2-h[l]=d,, 2-h[2]=d,, -
= AEe'”) = idn -cos(@- n)
AE'")
d, =h[0], d,=2-h[1], d,=2-h]2], -
W(o )[H (™) - Ae'™)]=(-D)""-5, k=12,.,(L+2)

(_1)k+1 . 5

_ jax
= Hw) = Ae™)+ s

(_1)k+l . 5
W(a®, )

L
Zdn -cos(w, -N)+
n=0

(_1)k+1 . 5

do + d1 cos(w, 1)+ d2 cos(@y +2) 4+ + eS

1 cosw, cos2-w, -+ cosn-w, ! o -
W(a,) [d, H(w,)

1 cosw, - d, H (@)
W(w,) | .

= . N
. dn *

_1\L+3 o H(a) N )

1 cosam,,, D70 LT

L W(a)n+2)_

Parks-McClellan
(2.3-5) AE™)

cos(w)

(2.3-2)

(2.3-3)

(2.3-4)

(2.3-5)

cos(an)



cos(an) =T, (cos w) (2.3-6)

T,(X) n T.(X) = cos(n(cos ™' X))

Tn+1(x) =2- X'Tn(x)_Tn—l(X) (23'7)

T.(X) = cos(n-cos™" X)

T, ,(X)=cos((n—1)-cos™ X) =cos(n-cos™ X—cos™" X)
= cos(n-cos™' X)-cos(cos™ X)+sin(n-cos™ X)-sin(cos™ X)
=T (X)-X—sin(n-cos™ X)-sin(cos™ X)

T,.,(X)=cos((n+1)-cos™ X) =cos(n-cos™ X+cos™ X)
=cos(n-cos ™' X)-cos(cos™ X)—sin(n-cos”' X)-sin(cos™ X)
=T,(X)-X+sin(n-cos™ X)-sin(eos™ X)

ST () +T, (X)) =2-T (X)X

=T (X)=2-T,(X)- x=T,,(%)

(2.3-5) cos(w) L

. L L
= A€”) =0, -cos(an = d, T,(coso)  let, x=coso
n=0 n=0

d, - T,(cosw)=d,-1=d,

d,-T,(cosw)=d, - X

d, T,(cosw)=d,-(2-X* =1)=2-d,-x* —d,

d,-T,(cosw)=d,-(2-(2-X* -1)-x-X)=4-d, - X’ -3-d, - X

d, -T,(cosw)=d,-(2-(4-X =3-X)—(2-x* =1))=8-d, - x* =8-d, - X’ +d,

(2.3-8)

= A€”)=d,+d,-x+2-d,x’ -d, +4-d,x’ -3-d,x+8-d,x* —8-d,x’ +d, +---
=(d, +d, +--)+(d, =3-dy +--)- X+(2-d, =8, ++)- X* +--
=ao+al.x+az.xz+... (2.3-9)

= ZL:aK X = ZL:ak -(cosm)*
k=0 k=0

(2.3-4)

10



k+1 L k+1
S H(e™)= Aen)+ D0 Zan-xl’j+—(_1) 0

W(w,) n=0 W(w,)
_ k+1.
:a0+a1-xk+a2-x§+---+%, k=12,---L+2 (2.3-10)
k
1 x X X’ !
W(oy) a7 [ H(a,)
-1
1 X, X Xy a, H(w,)
SN W) o) 2.3-11)
: a, :
| , e 8] [H@w),
XL+2 XL+2 XL+2 W(a) )
L L+2/ ]
(2.3-11) Ae!?)
a)i,i=O,1,2,---,(L+2) a)p [ON
a)k = a)s a)k+l = a)p (23‘11)

a o Parks-McClellan

L+2

> b H(e"™)

_I-*'zbk(—l)kﬂ (23-123)

Z W(a,)

L+2 1

bk:l:[(xk_xi)

izk

(2.3-12b)

5 (2.3-11) 5

11



0<w<wo,( ) o AEe“)=1xKs <w<rz( )
o Ae")=+6 E(w)<5,we[0 7] E(w)>06
(
)
(L+2)
Parks-McClellan Lagrange
Ae")  E(w)
Ae”) = ZH[I(X 5" (2.3-13a)
Z[(X Xk
Cia H(em)—% (2.3-13b)
m, = lL_ki X —x) =B (X = X,») (2.3-13¢)
o, k=01,.,L+1 (L+1)
o, L+1
Ae')
(2.3-11) (2.3-11)

Parks-McClellan

12



2.3.2 Parks-McClédlan

23.1

1 L+2 @,i=0,12,,(L+2)
o, @,

2 L+2 (2.3-12) S

3 L+1 (2.3-13)

4 Ae!”) E(w) Ae!”)

5

13

L+2

AE™)



(L+2)

o

'
(L+1)
Ae)

'

Ew) [EW) 8

2.3-1
2.4
[3] z-domain

z-domain

X(2) = x(0) + Zq:[x(n)z’" +x(N)Z"] (2.4-1)

X(2) = x(0) + Zq:[x(n)z’” +x(N)z"] = x(0) + Zq:[>_<(n)z” +x(MZ"]=X(Z') (2.4-2)

X(0) = x(0) z=17 (2.4-2) z, X(2)

14



(zero) (Conjugate Reciprocal) Z
(2.4-1)
(2.4-1) z1

X(2) = 279X 2> + X(q = D)2 + -+ X(0)Z 3 +---+ X(q = 1) + X())]

= 79 X(Q)[22% + XA=D o, X0y, X@=D X(@) (24-3)
X(a) X(q) X(@ X
29 z (2.4-3)
X(2)=2" -i(q)f[(z— Z,) (2.4-4)
7z,  (2.4-4) X(z)=0 1<k<2q
24.1
2q+1 {x(n)} [-a d
Z
X(2)=z"¢ -ﬂq)ﬂ(z— Z) (24-5)
z, X2 Z
X(2) z =r-e"
Zd =1 .¢e” r£1 r=1
r+1 r=1

15



24.2 (Factorization Theorem)

2q+1 {xm} z

X(2) = aH (1-22")1-22) (2.4-6)
o’ (2.4-6)
2 4 6
2 3 4
(2.4-6)
X(2)=B,(2):B,(z ) (24-7)
B,(2) = alﬁ (1-2z2")=b(0)+b(1)z" +---+b(q)z (2.4-8)
Bq(Z") = alﬁ (1— z«2) = b(0) + b(1)Z' +---+ b(q) 2° (2.4-9)
(2.4-8) (2.4-9)

Z, 2z B,(2)

X(e'”) = B,(e/”)-Bq(e") =| B,(e") | (2.4-10)
(2.3-10)

16



24.3

2q+1 x(m} b(0)  b(1)
b2) .. b(g
X(n) =:Z:::b(k)b(k+n) 0<n<q (2.4-11)
FIR {x(n)}
{b(n)}

17



31

{min max W(w)|H (") - Ae") |}

st. AE“)>0 wel0,7]
Ae”)=> h[nle ™"
-L
Parks-McClellan [6]

MatLab h[n]

Ay = ZL:h[n]e‘j“’”
h[n] = h[-n]

A(e™) =h[0]+ ZL:2h[n]cos(a)n)

n=1

5 5,

@, k=12,..,L+2

L+2

Zka(e’“’“)

L+2 bk( 1)k+1 >
z W(w,)

18

(3.1-1)

(3.1-2)

(3.1-3)

(3.1-4)

(3.1-5a)



3.2

|0 ]

|0 ]

L+2 1

bk:l:[(xk_xi)

izk

DC h[0]

Ae™) = {h[0]+6,} + izh[n] cos(an)

n=1

Ae”)>0

1
1+0,

A(e'”) = A(e) x

K=
3.2-1,3.2-3
K=6,/0,=1
322 324
FIR
matlab 6.5 )

FIR 5 xeR,7 xeR’,9 xeR”)

xeR xeR xeFR’

19

(3.1-5b)

(3.1-6)

(3.1-7)



I, 0<w<o,

H(e”) = ,
") {0 o.<wirx

b s —

, 0fw<fow, 0. <w<rx
p s

W(w) = 0 <

, W, < 0= o

K=—=1 o,=03*7,0,=05*rx

xe R’ [0.4107,0.2857,0.1010,-0.0691,-0.0637 ]

xe R’ [0.3980,0.2953,0.0837,-0.0590,-0.0638,-0.0065,0.0312]

xe R’ [0.4011,0.2989,0.0877,-0.0557,-0.0597,0.0016,0.0316,0.0166,-0.0101]

3.2-1

16,
xe RS 1100814~
xeR' 00407 -
xe R 00230 -
332 0T A6

x e R’ [0.4551,0.2642,0.0934,-0.0639,-0.0589 ]

xe R’ [0.4215,0.2838,0.0804,-0.0567,-0.0613,-0.0062,0.0300]

xe R’ [0.4146,0.2922,0.0857,-0.0544,-0.0584,0.0016,0.0309,0.0162,-0.0099]

3.2-3
|6 ] 6]
passband stopband
xeR’ 0.0753 xeR’ 0.151
xeR’ 0.0391 xe R’ 0.0782
xe R’ 0.0225 xe R’ 0.0449
3.2-4 |0 |

20



Zero-Phase Response

apnydwy

Normalized Frequency ( xx rad/sample)

—
1
N
on

Phase Response

Zero-

apnyjdwy

Normalized Frequency ( xx rad/sample)

xe R’

3.2-2

21



Zero-Phase Response

Normalized Frequency ( xn rad/sample)

xeR’

3.2-3

243

gq=n

> b(k)b(k +n)

0<n<q (2.4-11)

X(n)

=0

k

xeR (q=5)

1

A(e'”) = -0.0589e'*” — 0.0639e"*” +0.0934e'* +0.2642e' +0.4551 +

0.2642e7'” +0.0934e 2 — 0.0639e ** —0.0589e*/*

z=¢e

= Ae")=-0.0589z" —0.0639Z° +0.09342" + 0.2642z+ 0.4551 + 0.26422""

+0.0934z% —0.0639z° —0.0589z"*

Let A(Z)=H(2)H(z")

=>H(2)=b,+bz'+bz” +bz” +b,z",

b, +bz'+b,z? +bz’ +b,z"*

H(z")

[0.4498,0.3463,0.3377,-0.0412,-0.1309]

[bo b1,bs ,bs,bs]

22



2 xeR (q=7)

A(e”) =0.0300e!” — 0.0062e"*” —0.0613e'*” —0.0567e’*” + 0.0804e'*” +
0.2838e'” +0.4215+0.2838e ' + 0.0804e'2? —0.0567€** —0.0613e /*®
—0.0062e%? +0.0300e /%

z=¢e
= Ae'”)=0.0300Z2° —0.00622° —0.0613z* —0.05677° +0.08042> +0.2838z+
0.4215+0.2838z" +0.0804z> —0.05672> —0.0613z* —0.0062z"° +0.03002"°
Let A2 =H(2H(z™")

= H(2)=b,+bz' +bz? +bz” +b,z* +b,z” + bz,

H(z')=b,+bz ' +bz” +bz° +b,z* +bz”° + b,z

[bo b1 ,bz ,bs,ba,bs,bs]=[0.3407,0.4121,0.3103,0.0629,-0.1094,-0.1244,0.0879]

3 xeR’ (q99)

Ae™) =—-0.0099¢e*” +0.0162e!"%+0.0309e°” + 0.0016e'*” — 0.0584e'*” — 0.0544e"*”
+0.0857€%? +0.2922€'” + 0.4146 +0.2922e7 ' + 0.0857e12“ — 0.0544e 3* — 0.0584e 1*®
+0.0016e7°? +0.0309e°° + 0.0162e ' 7° —0.0099e 5

7= ej{u

= Ae")=-0.00997" +0.0162Z" +0.03092° + 0.0016Z° — 0.0584z" —0.05447" +
0.0857Z* +0.292272+0.4146 + 0.29227" +0.08572* — 0.05447 — 0.0584z"*
+0.00162° +0.03092° +0.0162z7 —0.0099z*

Let A(Z)=H(2)H(z")

=>H(2)=b+bz'+bz?+bz  +b,z* +bz° +bz* +bz" +b,z°,

H(z)=b,+bz"' +bz? +bz° +b,z* +bz” +bz° +b~ +hz*

[bO ,bl 9b2 9b3 :b49b59b67b7:b8]:
[0.3016,0.4113,0.3374,0.0948,-0.1033,-0.1012,0.0049,0.0985,-0.0328]

23



3.3

(Least Square Error)

min max
[81[9]
0]
331
min ]ﬁ W(o)|lp(w) — i a(n)cos(nw)} dw

Sst. ia(n)cos(na))zo Voel0 ]

W(w) (weighted function)
o)
1 00 o]
W)= 0 welow, ]

x=[a(0),a(l),a(2),---a(N )]T ,S(w) =[1,cos(w),cos(2w)

min% Xx'Qx+c'x
st S(®)'x20, wel[0 =]
1= .
Q= |, We)s(@)s(@)" do
c= —2.[0% S(w)dw

24

,...,COS(Na))]T,



[9]

min%XTQX+ s
st S(@)'x20,j=012,---,N-1

szo
dw
S(a)i)TXZO

)

min%XTQX—f- c'x
st S(0,)7x20,j=012:N-1
[ s(@)" xdw=>0

@y, 0,

min%XTQX—i- c'x
st. S(w,)' x>¢,j=012,--,N-1

&

1 wel[0 03]

W(w)z{o wel05 7]

25



Zero-Phase Response

T
—— min max

1.2

apnydwy

Normalized Frequency ( xx rad/sample)

Zero-

Phase Response

—— min max

1.2

apnyjdwy

Normalized Frequency ( xx rad/sample)

min max

xe R’

3.3-2
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Zero-Phase Response

T
|
—— min max

1.2

apnydwy

Normalized Frequency ( xx rad/sample)
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03,0, =0.5

wp

|5

Min max

min max

(least square)
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Min max [@,,0,]=[0.3%7,0.5% 7]

|0] |0]
passband Stopband
Min max xe R’ 0.0753 xe R’ 0.151
Xxe R’ 0.268 xe R’ 0.2031
Xxe R’ 0.128 Xxe R’ 0.157
xe R’ 0.117 xe R’ 0.161
33-1 xeR’
| 0] |0]
passband stopband
Min max xe R’ 0.0391 xe R’ 0.0782
xe R’ ..0.194 xe R’ 0.0922
xeR 43 00714, xeR 0.135
xeRl | 10042 = xeR 0.161
332 %eRL 15
P 0] & el
passband stopband
Min max xe R’ 0.0225 xe R’ 0.0449
xeR’ 0.081 xeR’ 0.0369
xeR’ 0.065 xeR’ 0.0701
xe R’ 0.025 xe R’ 0.0846
3.3-3 xeR’
K=1

28



2 =2 K

34

K=2

K=—=2 ,=03*7,0,=05%7

x e R’ [0.4069,0.3098,0.1073,-0.0366,-0.0668]

xe R’ [0.3934,0.2951,0.0901,-0.0540,-0.0675,-0.0163,0.0223]

xe R’ [0.3941,0.2967,0.0930,-0.0505,-0.0614,-0.0039,0.0299,0.0206,-0.0042]

3.3-4
BN 16,1
passband 3} stopband
xe R’ 0.1182 ¢ | XeR’:  0.0591
xeR’ 00674  xXeR - 00337
xeR® 00342 ““xeR' - 00171
33500 Y

x e R’ [0.4400,0.2925,0.1013,-0.0346,-0.0631 ]

xe R’ [0.4132,0.2855,0.0872,-0.0522,-0.0653,-0.0158,0.0216]

xe R’ [0.4043,0.2917,0.0914,-0.0497,-0.0604,-0.0038,0.0294,0.0203,-0.0041]

3.3-6
J]
xeR’ 0.111
xeR’ 0.0652

xe R’ 0.0336

3.3-7 15|
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Zero-Phase Response

apnyjdwy

Normalized Frequency ( xx rad/sample)

Zero-Phase Response

apnyjdwy

Normalized Frequency ( xx rad/sample)

xe R’

3.3-5
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Zero-Phase Response

()
e
2
‘s
£
<
"o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Normalized Frequency ( xx rad/sample)
33-6 xeR’
1 xeR (q=5)

A(e!”) =—-0.0631e*” —0.0346e"” £0.1013e!22+0.2925e'” + 0.4400 +
0.2925e7'” +0.1013e712* — 0.0346e *? —0.0631e™*1”

z=¢e"

= Ae™)=-0.0631z" —0.0346Z° + 0.1013Z> + 0.2925z + 0.4400 + 0.29257""
+0.10132 —0.03462° —0.0631z*

Let A(Z)=H(2)H(z")

=>H(2)=b,+bz'+bz” +bz” +b,z",

H(z')=b,+bz' +bz”* +bz”° +b,z"*

[bo b1 ,bs ,bs,ba]=[0.3592 0.4015 0.3311 0.0999 -0.1756]

2 xeR (g=7)

A(e”)=0.0216e'*” —0.0158e*” —0.0653e!*” —0.0522e"*” + 0.0872e'** +
0.2855e!” +0.4132 + 0.2855e7'“ + 0.0872e2* — 0.0522¢e 3 — 0.0653e /*®
—0.0158e7°? +0.0216e 7%

31



z=¢”
= A€e!”)=0.02162° —0.01582° —0.0653z" — 0.05227* + 0.08727* + 0.2855z +
0.4132+0.2855z2"" +0.0872z> — 0.05222" — 0.0653z2* —0.015827° +0.02162"°
Let Ai2)=H(2H(z™")

= H(2)=b,+bz'+bz? +bz” +b,z* +b,z” + bz,

H(z')=b,+bz ' +bz” +bz° +b,z* +bz” + b,z

[bo b1 ,b2 ,b3,ba,bs,bs]=1[0.3232 0.4107 0.3193 0.0789 -0.0980 -0.1338 0.0668]

3 xeR (q=9)

A(e!”) =—-0.0041e"*” + 0.0203e!7” + 0.0294e'*” —0.0038e'*” —0.0604e'** —0.0497e"**
+0.0914€'*? +0.2917€' + 0.4043 + 0.2917€'° + 0.0914€12“ — 0.0497e >* —0.0604e**
—0.0038e7°? +0.0294€7'°“ + 0.0203e /7% — 0.0041e7 3¢

z=¢"

= A(eM)=-0.0041Z° + 0.0203Z" '+ 0.02942° = 0.0038Z° — 0.06042* - 0.0497Z* +
0.09147* +0.29172+0.4043 + 0.29172"+0.0914Z* — 0.04972"° —0.0604z"*
~0.00382° +0.02942° +0.0203Z 7. — 0.0041z°

Let A(2)=H(2)H(z")

=>H(2)=b+bz'+bz?+bz  +b,z* +bz° +bz° +bz" +b,z°,

H(z')=b, +bz"'+bz’ +bz° +bz* +bz° +bz° +b " +hz*

[bO ,bl ab2 9b3 :b49b53b67b7:b8]:
[0.2730 0.4057 0.3503 0.1170 -0.0874 -0.1067 -0.0167 0.0967 -0.0150]

0] 0]
passband stopband
Min max xe R’ 0.111 xeR’ 0.111
xeR’ 0.268 xeR’ 0.2031
xe R’ 0.128 xe R’ 0.157
xe R’ 0.117 xe R’ 0.161
33-8 xeR’
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151

1]

stopband

passband

0.0652
0.0922
0.103
0.135

xe R’
xe R’
xe R’
xe R’

0.0652
0.194

0.071

xe R’
xe R’
xe R’
xe R’

Min max

0.042

339 xeR’

151

|51

stopband

passband

0.0336
0.0369
0.0701
0.0846

xe R’
xe R’
xe R’
xe R’

0.0336
0.081

xe R’
xe R’
xe R’
xe R’

Min max

0.065

0.025

xe R’

3.3-10

Zero-Phase Response

apnyijdwy

Normalized Frequency ( xx rad/sample)

xe R’ K

3.3-7
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Zero-Phase Response

apnyjdwy

Normalized Frequency ( xx rad/sample)

Zero-Phase Response

2 min max

2

— R°K
-~ R'K=2

— R°K

1.2

apnyjdwy

0.8 0.9

0.7

Normalized Frequency ( xx rad/sample)

339 xeR’ K
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=2

1

=2
K
xeR® K |6 ] |51
passband stopband
1 0.0753 0.151
1.5 0.0893 0.119
2 0.111 0.111
2.5 0.1319 0.105
3 0.1507 0.100
3.3-11 xe RSK,‘ |0
xeR K I Ema, 5]
passband n'.' . stopband
1 =.0.0390 : 0.0782
1.5 ©0.0531 0.0708
2 0.0653 0.0653
25 0.0754 0.0603
3 0.0845 0.0564
33-12 xeR'K |5
xeR’ K 0] 0]
passband stopband
1 0.0225 0.0449
1.5 0.0288 0.0384
2 0.0336 0.0336
2.5 0.0374 0.0300
3 0.0408 0.0272
3.3-13 xeR°K |0 |
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Zero-Phase Response

apnyjdwy

Normalized Frequency ( xx rad/sample)

Zero-Phase Response

apnyjdwy

0.2 0.25 0.3
Normalized Frequency ( xn rad/'sample)

0.15

0.1

0.05

K

33-11 xeR’
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Zero-Phase Response
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Zero-Phase Response
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Zero-Phase Response
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Parks-McClellan

Parks-McClellan

we[0,7]

5 /(143 ) (3.1-7)

FIR

K=2

K=2

K=2 K 2

K=2
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min max
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AEe?)>0
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