Continuous-time low-passfilter
Butterworth filter

N™-order Butterworth filter with cutoff frequency W :
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Magnitude is monotonically decreasing in W
Passband error is worse near W,

L= [Eonor
2
W,

S : poles of He(s)

,88jmp— . o]
OddN: W," ce N that arein Re{s} <0+; 0£m<2N
e 2

; &jg‘i+mp_g ) o]
EvenN: W, ge N No that arein Re{s} <0+; 0£m<2N
@

ROC: region to theright of all poles

Fact: "‘A'c(vv)‘z = Hc(' S)Hc(s)|gjw




He(s) = 5—
_O(S_ SI)

V\/c\l - VVZN

- C

¢ B
20(-s-)0( )% D5 55D (s 52
From this equation, H, (- s)H.(s) has2N poleN s’sand N -s's
Want Hc(s) to be stable
P havepolesin Re{s} <0
P the left-haf-plane polesis for H(S);

( theright-half-plane polesisfor He(-S) )
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From this equation, H, (- s)H,(s) has2N pole at
Wc2N +(_ 1)'\‘ S2N -0pb S2N — _(_ 1)’\‘ \chN

If N isodd, poles: s =wW_"

2
s=W,’ ((ZN)th -roots of unity):Wc' e N: 0EM<2N

If Niseven, poles: s =- W =ePW "
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Chebyshev filter
Typel

N™-order Chebyshev filter with cutoff W, type |
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Vn(X) = the N™ Chebyshev polynomia in x
Vnr1(X) = 2XUN(X) — V1 (X)
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Euiripple in passband P error is distributed uniformly
To achieve a given passband max. error, require lower-order (N) than butterworth
Monotonic in stopband
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N™-order Chebyshev filter with cutoff W, type |
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Monotonic in passband
Equiripple in stopband

Elliptic filter
" order Elliptic filter with cutoff W :
~ 2 1
H =
(W) — o
1+e?U?
cﬂ

Un(x) = N Jacobian elliptic function of x
Equiripple both in passband and stopband
Require smaller N than Chebychev to achieve max error in passband or stopband
Digital filter design
Old-fashioned DSP paradigm

Processing continuous-time signals with the aid of discrete-time systems

w, (1) @ |G [a¥i% |H (w)| %% | D | %% | ® y(t)

C

7 7
H’\C(W)

A

Objective: Given H,., (W)= H (W), find T and H (w) sothat
Y(W)» H (WM (W)
P

Restrict to band- limited input we(t) and T < W

m

Solution: use H{w)=H g—— W|£p




Note: here, we are not sampling he(t) to get h[n]. So, can't find the relationship using
the deconstruction. h[n] is some signal that, when used, will make the whole discrete

system(%, H (w)], %) act like H, (W)

Proof

A

Tic(\/\l) for |V\{£p assuming no aiasing

3 ol -~ aw 2poo
W (w =W, o
( ) a¥gT 8T+ T ﬂﬂ

If no aliasing, W( )—EW ?—VO ;for-pEwWEp

Thus, want H () = HAcgg—vg W|Ep, or
el g
-9 p
H(WT)=H.(W) at least for |V\{£?.
Don't need to worry about || >% since W, (W) = Othere.

New-fashioned DSP paradigm

Given H ge(W).

Design an implementable discrete-time system with H (W) » H ges(W)



IR filter design

[IR b infinite-duration impulse response
Always assume h[n] is real- valued

IR filter design using impulse invariance

Design a discrete-time low-pass filter H_(w)

(from available H_(W))

with cutoff we
need to meet design specs
Pick T¢>0; d=design

Viaw = WTq, trandate H (W) ® H_ (W) ; gW along with design specs

Design he(t) that meets the continuous-time design specs and
stable & causal
rational Hq(9)

Set h[n] =T h, ( nT,) . See whether this work.

5 0
H( g—+k Q:
dﬁ k -¥ Td T 9
Tq > 0 doesn't matter
P

o> W, =% b small diasing if H,(W) » 0 outside some bound (W)
d d

Aliasing might cause H (w) not to meet original design specs (especially if H_ (W)
barely does the job in continuous time) b If this occurs, then should over-design

ih(t) = akesv() g 2hin]=Ta k(z)uln:z =™l
| o
{(Hc(s):é[ ;Re{s}>m(axRe{sé}L ¥H(z):ng} ZZZ :|2| > max|z) i

he(t) is stable, causal, and has rational Hc(s) P
h[n] is stable, causal, and has rational H(2)
he(t) is not band- limited P there is diasing when convert to h[n]

pole Hy(s) @ s P pole H(2) @ e™™
()-8 keu(i)==H, (5 =&

Re{s} >maxRe{s }

= poles of Hc(s)




Stable iff al polesof rational H(s) liesin Re{s} <0. So need Re{s} <0, " ¢
h[n] =T,h, (nT,) =T, 4 ke uln] =T,4 kf(es'Td )nu[n] =T,a k,(z)"u[n]
/ / 14

z = polesof H(z) = e*™

. k,z
h[n] :Td% k.(z) u[n]—\;H(z)=Tdé[_ z-é 7 :Td%. e

sTy '

|4 > max| 7| = max|e*"

ST
e/,d

Re(s} <0P [z|= <1b sable

Reverse process is not uniquely determined

IR filter design using bilinear transformation

Want a discrete-time low-pass filter H,_(w) with cutoff we

need to meet design specs
Pickany T4>0

Via W=T£tan8%19, trardlate H,. (W) ® H_ (W) (equal height); along with design
. é2g

specs
Design hy(t) / He(s) that meets the continuous-time design specs and
stable & causal

rational Hc(9)

Idea
Trapezoidal approximation

y(t)=gp(t)dt b y(nT,)- y((n-1)T,)» T?d(w(an) +w((n- l)Td))
y[n]- y[n- 1 » TEd(w[n]+w[n- 1)
(1- z'l)Y(z) » T?d(l+ z‘l)W(z)

H(Z): Y(Z) »T—d:l'-'-z-1
w(z) 21-z°

Imaginary axisin s-space (s= jW)
maps onto




unit circle in zspace (z = eiw)

- elw
b jw=21C
T,1+e”’
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Note: Continuous-time integrator P H(s) =

tn |~

All of W-gpace, ie, -¥ <W< ¥
maps onto
-p £ w £ p in w-space (and 2p-periodic)
No aiasing
Nontlinear mapping between w and W

Not a big problem if H_ . (W) » piecewise-constant
H. s (W)'s phase characteristics get dangerously twisted
2
sisapoleof H(s) b 7= -2 isapole of H(2)

f'sb

If Re{So} <O, then [n| <1
H(2) isrationa and stable, if He(s) isrational, causal, and stable

He(s) isrational & steble(Re{s)} <0), b isredl, and M is a non-zero integer.

Then
H(2) isrational
H(2) is stable (|z,| <1) if b and M have same sign

Proof
M

o
&

1-Z M M
—b 5 +5%" =b-bz"p =
S +S$2 z z
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+
&




b+§)| ‘b+Re{so +jIm{ 30|
b-s| |b- Re{s}- jIm{s}|
:\/(“Re{%}) +(im{s)})’

(b- Re{s})"+(Im{s})’

For M>0; want |z|<1b |z|" <1

o el kT <[ el ok
p7 + 20 Re(s} + REIST < p7 - b Re{s} + RES]
b Re{ s} <-b Re{s}

2b Re{s} <0
b >0;Re{s} <0

For M<0; want |z|<1pb |z|" >1

(b +Refs} )"+ (ImfsT] >(b - Re{s})" + (1mfsTT"
p” + sbRe{s} + REAST > 7 - R0 Refs) + BEEAS]

b Re{s)} >-b Re{sy}

2= 2" \

2b Re{s)} >0
b <0;Re{s)} <0
Equalization
Design H (w) to undo effect of G(w)
1
Canset H(2) = —r—
an (2 G(z)

asd
VA

polynomia (z) degree =d
H(2) = ko + kyiz*+... and h[n] = kod[n]+ked[r+1]+...
Not always get causal/stable answer

Ex. work if G(2) =

a<d

z

polynomid (2) degree =d

Get Z" in H(2) and h[n] is not causal

solution: design so that H(z)G(2) = 2" and then the result is simply a delay

Ex. G(2) =




Phase
In general, we have H (w ‘H ){e it (w)
f (w) is2p-periodic,
not uniquely determined due to 2p-multiple ambi guity
Causal real-valued h[n] cannot have zero phase H ‘H )( nor constant phase

:‘H W ‘e‘ ® unless h[n] = Kod[n]
hinlred b H(-w)=H" (W)
Casewhen I:I(\/v):

I—i(w)(e‘ w3 =ng, a(positive) integer

If w[n]®

I-Alds(w)‘ ® Y[ ], then

w[n]® |H ‘H ‘e T ® Yy [N 1]

P smpletime-delay
Proof

A

Y.

des

A

H es (W)‘

Y q(w) :W(W)‘qu&s(w)‘e' =Y (W) e ™ %Y@ vy [n- ny]

() =W(w)

by time-shift rule.
h[n] =hy[n- ny]
e[ 1]

h[n]%¥7%® ‘I—Alda(w)‘e‘”bw %Y ® hy[n - no]

A

H ges (W) :‘Flda (W)‘

If haes[ ] iS FIR, then h[n] =h, [n- n,] will be causal for no large enough

Casewhen H (W ‘H )(e law - real a
~ 1 p . . i -
H(w)=e "™ 3%%%® h[n] -1 O e™dw =M
% p(n-a)
for integer a =y, h[n]=d[n- ny]
w[n| ® % V9% [e ™| %51 Ve % ® y[n] =y, (nT)
; :

Proof
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Generalized linear phase: H ()= Alw)e” /@)
Red a, b, A(w)

Can be expressed with b =0 or % for rea h[n]

Proof
hin]isred b H(-w)=H"(w)
Al- w)e 16am) = Ay Jei@weo)

A-w)=Aw)e® real
So e'® isrea =trivial 0, 1, or -1
If e =1,&°=+1p absorbe®intoA(w)andb =0

If e/ =-1,d°=+jp absorbsigninto Aw) ande’=jb b= %
Truly linear phase whenb =0and A(W) 30"w
LetA(W):‘I-]( ‘then H w ‘H ‘e jaw

FIR filter design

FIR filter with generalized linear phase (g.l.p.)

Every generalized-linear-phase FIR filter H (W)= Alw)e ®"**) is of one of these 4
types.



Type | I 1T IV
h[M +m]= h[M -] | M +2-m] | -0 M- ] | -y [M +1- ]
M = midpoint
h[n] duration = N odd even odd even
Midpoint @ M M, M+1 M M, M+1
h[n] around midpoint even even odd odd
#unknown h[n] = N+1 N N-1 N
2 2 2 2
A(w) about O even even odd odd
Aw) @0 10 10 0 0
A(w) about p even odd odd even
Aw) @ p 10 0 0 10
a M M+E M M+1
2 2
b 0 0 B B
2 2
Think about A(w) as cos(w) cos?—vg sn(w) s‘né"_@
e2g e2g
filter H,L L H
After shifted by p inw | Y, | I
or” (-1)"inn

A (w h[M]+n§0{2h[M +m]cos(mw)}

2h[M +m]cosggm- —o Qz)

A (vv):é

m>0

v (w) = & {20[ + m]sin(rmw)

m>0

A, (w)=a :’2h[M + m]smggm- —6 z

m>0T

Typel
h [n]
Odd duration N
Evenrsymmetric about midpoint h[M]: h[M +n{=RK[M - m|," m>0

a=Mb=0




A (w)=h[M]+ & {2h[M +m]cos(mv)}

m>0

Proof

N

H,(W):é h[n]e ™

—h[M]eJMW+a{h[M+m] (M 4 h[M - m]e’ W}

m>0

=h[M]e Ay {h[M +m]e ™ +h[M +m]| ””‘W}

m>0

= eh[M ] +n§0{2h[ M +m]cos(mw )} He‘ Mw
Even about w = 0: A(0+w) = A(0- w)
Proof cos(m(-w)) = cos(mw)

Evenaboutw=p: A(p +w)=A(p - w)

Proof
_1 +mw) +mw)
cos(m(p +w) ‘E(ejm " )
:1 jmp qimw mp g mw ) — (7)™
oo e e ™) =(- 3 cos{mu)
cos(m :i(ejmm e ))
2
R S

Periodic with period 2p: A(w +2p) = A(w)

Proof - cos(m(w +2p )) = cos(mw +m2p ) = cos(mw)

Typell
h[n]
Even duration N
Evenrsymmetric about midpoint h[M] =h[M +1] :

h,[M+m|=h,[M +1- m]," m>0

a=M +l,b:0
2

A (w)= a|2h[M +m]cosggm 19 :lg

m>0|




Proof

H, (w)

h[n]e ™

1
3 Q)O :QJO

¢ iyl (M +me & ' " h[M +me”

m>0 |

4 ) eR/H _W
S : 2h[M +m]cos m- 1gwouﬂe €z
én>0T 88 g

Evenaboutw =0: A(0+w)=A(0- w)

"
Proof coseatn- = T—cos - —
T
Odd about w =p: A(p +w) =- A(p - W)
Proof
% 10 O cosFmp - B wo
cosecm 2E’(p +W)B COSCTIP - =+~ =+

_ . & WO
=(-1) singhw - 5+
e 10 O_ 0By . P wo
cosgém a(p W)B cosgrrp 5 mw +—=

=(-1) sn?rn/v+%g
_ . e wo
=-(-1) singhw- 2=

Periodic with period 4p: A(w +4p ) = A(w)

{h[M +m] M+mw+h[M +1- m]e i(M+1- m)w}

1..

9w

4
°y
b



& 10 0 ae 10 o]
Proof cos.~cm- ==(w+ ~=CO0Sn~cM- —2W+4m - -
g™ 53T ). = Cosgem- S anp - 2

(4] 4]
18 6
=CO0s - —=W_.
& 27 5
Typelll
h[n]
Odd duration N
h[M] =0
Odd-symmetric about midpoint h[M] =0: h, [M +m| =-h, [M - m|," m>
0
a=Mb=R

2
v (w) = & {20[ + m]sin(rmw)

H, (w) = a h[n]e ™

:h[M]e-iMw +é_{h[M +m]e' J'(M+m)w+h[M ) m]e-j(M-m)w}
m>0
=e'jMWé{h[M +m]e' jmw _ h[M +m]e+irn/v}

m>0

Il
> D~
Q_)o

{2(- 1)h[m + m]Sin(mw)}ge-JMw

0

2

- W+29
{2h[M +m]sin(mw)}3e 2,
U

1
D> (D
7%

Odd aboutw=0: A(0+w)=- A(0- w)
Odd aboutw=p : A(p +w) =- A(p - w)
Periodic with period 2p : A(w+2p) = A(w)

TypelV
h[n]
Evenduration N
Odd-symmetric about midpoint h[m|=- h[m+1]:
hy[M +m]=-h,[M +1- m|," m>0




a:M+£,b=p—
2 2

A, (w)= é}Zh[M + m]smggm- —g i

m>0]

Proof

A

A )= & Hile ™

= é {h[M + m]e' j(M+mw + h[M +1- m]e-j(M +1- m).N}

m>0

B +18 & L8 +iBn 18y §)
—e ¢ 2’Z‘a|h[M +m]e &2 _ M +m]e]g Zﬂy
m>OT
‘géi j )M +m]sn m 6 Lp s
=89 2 -z
i & %

19, t‘iJU iy

@M% 2h[M +m]sn ggm- —g %Q
Odd about w = 0: A(0+w) =- A(0- w)
Evenaboutw =p: A(p +w)=A(p - w)
Periodic with period 4p: A(w +4p) = A(w)

a =mid-location of the duration interval

b= % when having odd-symmetric h[n] about midpoint(s)

To seethis, odd b negative signinthe middleb snp -j
AQ)=0(llland V) P block DC P bad low-pass filter
A(P)=0(landIll) P bad high-pass filter
Typel isn't the best since passw =0, p

Cascading g.l.p FIR filters acts as a g.l. p FIR

0

i) =0 A (=D A% F

Adding (“+") g.l.p FIR filters may not actsasa g.l.p FIR

To seethis, consider the symmetry of resulted h[n]

Filter Design technique
Given I-A|des(w)




Targeting FIR g.l.p. filters
Frequency-sampling Design
Find red h[n] FIR g.l.p. filter with duration interval O£ n<N

and ‘ﬁ%ﬁ% ﬁ%%ﬁgom«N
& N & N

(always exist)

Step

1) GivenN

2) Pick filter type according to the magnitude of H . (w) around 0, p
P know a, b
3) Setred A{w) which
has required symmetry for the targeted filter type

:|A(W)|:‘I:|d$(w)‘
4) Get N equations from: AZ 2P O_ e 2D 0
AN ‘é N o
Note that we now look at A{w) for 0 <w < 2p

5) Do one of the following:
51) Solve for h[n]-values from the above N equatiors, using linear algebra

) 3 B0
52) et Gk]= A& 0 FNE op k<N

& Ng

h[n]——aG[k}/ “*-0£n<N
Time-domain least-squares design

A6 Fioaton )

L-
Minimize §
=0

for genera set of w-points: w, , OE/<L ; L can> N

Match (approximately) at a general set of w-points: w, , 0 £ ¢ <L not necessarily
uniformly spaced b can prioritize matching regions

Find h[n], 0 £ n < N, such that 51|A(Wﬁ)- Alw,) is minimized

O

2 hfirt] o 2.9
Leta,= AWw,), h=¢ : sa=¢i
Shifirst +h-1; &, 5



G.,, = matrix with entries from coefficientson h's
b Minimize [Gh- a|’ ® h=(Gg)'Ca

Weighted time domain least squaresfilter design

2 0 09
Given weights e, > 0. LHM] io . 0=+
&0 0 e g

Choose hto minimize gle,|[Gh_]€ - a[|2 or (Gh- a_)T E(Gh-a) b
/=0
h=(GEQ GEa
Windowing
Minimize ipC},I—AI(W) I:|d$(w)|2dw by
2

1 |n|<Lu

{0 |n® L{)

h[n] :DL[n] hdes[n] _l hdes[n] IHI3 L%—truncated version of hgedn]

Windowing hged[n] with rectangular windowing function o [n] = 1

Proof Use Parseval [ dentity:

A (1) oo () 0w = & [nln]- [

70
Ldl 2 o 2
= a [n[n]- h[n] +a Jo- hu[n]
n=-(L-1) [nfe L
Tominimize, set h[n] = hgeg[N] ;-L <Nn<L

h[n] isn't causal b shiftitby (L-1) ® O£ n<2L-1

~

(Ls1) _ R ¥ .
Hw)= & hy[nle ™ =apartial sumof H (w), whichis § h,[n]e’™

n=-(L-1) n=- ¥
O 6 g &N 0
sin —_ =
( ) 88 20 ﬂ 82 g
avo awvo
smgz_ snng

Proof



2La)1 1 95'”8 W
__DmFT_ ImW 2 .
(;—
a d[n k] ael 6 =+
Sng=w= -
§ 2" 5
ﬂL 1 oo
L-1
A d[n- k]%f/u/ﬂ/ B: gl fime-shift rule
k=- (L-1) smaelw_ N
2 g
sng_-%gwg )
o(w) = &Wég z—Off?_-ngzrrp,mlob
. aav @
Ty
W:ﬂ:zﬂ,mlo
-1 N
2

Central lobe' swidth = A:A'—p— P P decrease as N increase
.1 2t-1 N

2

2p
—_— 1 0 . .
%smggf_ W %"sna%wg
Areaunder one side of first side-lobe= () g gd = Hdw
o §n®O 2 §n2?
LI T 825 v &2

P roughly the same @ -0.868 as N increases

- 0868 T T T T

x|
]

20 40 60 80 100
3 X 100

©

A

OHae (M)a(w - mdm
p

h[n] = [n]hy, [n[====H (w) =

1
2

©

AW)=g

Start with w = 0 and increasing it.

OHee (MB(W- mdm



Assume that the side lobes beyond the first one don’t contribute too much.

First, central and two first-side-lobeof &(w- m) isin the passband of
- a@reaundery _g@reaunder ¢
H (M), SO LQNI UKD . = 2¢,. . . =
ool §main lobe 5 ~ g&first-side-lobe
Next, the right first-side-lobe is going out of H_(m)’s passband so the
integral increase until all of the right first-side-lobeis gone out of H . (m)'s

3 ea under 0
passband. Then, integral » a@rea under 8- g@r _ _ 2
&main lobe g &(left)first-side-lobe

so, height of the overshoot is proportional to the area of the first-side lobe

Then, Central lobe start going out of I-Aldes(m)’s passband so the integral start
to decrease again (big decrease). This is where the transition region occurs
and it is proportiona to the width of the main lobe.

Finally, all of the main lobeis gone out of H . (m)’s passband. The left first-

side lob starts to get out, so the integral increases again because less negative
part is included.

Gibbs Phenomenon (9% overshoot) at jump
Bigger N b narrower central lobe b narrower transition region
Same first-side-lobe area b same peak overshoot (Gibbs); " N

O.[n for—-L <n<L | PDQ®EH [ G -G&L
(=0for |n|3 L) Z1GK KHIKAMGH -
GEHDID
5 HABQI XD 4p - G
N
7UDQIX0J] |n| 8p - G
YN L N
+ D 1 1 np 8p -
—+=cos— —
+DQY 2 22 N
Hamming .54+.46cosm & - G
2 N
0 QPO D IOMIOMIQ
w = cutoff

W, = last w < W, (in passband) where H () =

W = first w > w (in stopband) where H (w)

Ws-Wp ~ transition region width
di1 = passband ripple max
d IIWREDQAUSSGRP O

1
0



SUIRMASLARIREGP
DHRLIQIGXDARQ -1 [) ,51GMI]
transition region width ws-w, < a specific amount
minimizes the maximum of d; and d;
SRR NRGVRQ
Equiripple in both passband and stopband
d d

number of ripples between 0 and w; isN
HJJHI1 b BOU1 d (0d MHISS®V

Signal flow graph
Any signal flow graph describing filter is a realization of the filter

Minimal/canonical realization b fewest possible delay branch “ %%®
#delay branches » amount of memory required viathe given signa flow graph

In generdl, H(z)= P(2) = p(z)aeig, a proper rational function
(D) k(D)5
IIR

Order of thefilter = degree of q(2 =N (assume fraction is in lowest terms)
Ex.

FilterisFIRU q(2) =2
Minimal realization have # delay branches = Order of thefilter = N
y[n] +ay{n- 1 +ay[n- 2]=bwn]+bwn- 1 +bw{n- 2]
2
H(z) =22 *B2*b, oy
z’+az+a,
Direct Form I1: Controllable canonical realization

+bz'+bhz?
Y(2) =22 Ty
az +a22

e W(z) 6
dlvazi+a,z’y

(2) :(b0 +bz* +bzz'2)

Q(2)
W)
Qlz)= 1+az'+a,z?

Q(2) +az 'Q(2) +a,2"Q(z) =W(2)
a[n] +a.q[n- 1+ a,q[n- 2] =w[n]
afn] =w[n] - aqn- 1]- a,q[n- 2]




Y(2)= (b0 +hz* +bzz'2)Q(z)

Y (z) =,Q(2) +bz'Q(2) +b,z Q(2)

y[n]=b,dn] +b,qn- 1 +b,q n- 2]
qin] bo

win
WO O O Q) O yin
71
-d1 b]_
O O O
Z-l
N2 N bk A
O O O
+b -1
H(z) = biiaj - fio:blél
.z
bo
win () () ) () (O vinl




winl(O——) O O vin

\S
\S

Transposed Direct Form |1: Observable canonical realization
yinl=gwn] + (bwn- 3 - ay{n- 1) +(bwn- 2]- ay[n- 2])

W[n]Q Y % ™ M O yIn]
U/ ), .

Z-l

(Y
/

L b N2
O _/ O
Guarantees that it also realizes H(2)

To get from direct form I1, just reverse all the arrows and switch roles of w[n] and
yinl

" LUHWRP [
QRQP LQP DWHD[ DARQ
g[n] =bw{n] +bw[n- 1] +b,w[n- 2] =y[n] +ay[n- 1] +a,y[n- 2]




y[n]=g[n]- ay[n-1]- a,y[n- 2]

bo
winl(C) O O O O O yin
#1 71
by &
O——O O——=O
z?! z
b, a

Cascade Realization : a chain of direct form redlizations of the individual 1¥- and
2"% order factors

SDUTMRP [
([mﬂ@mmnmumm/
5 HIO) HEFKSIHR-GAVD

HRR\XSTTEDH®O
Cascade of an FIR system with an | IR system

aelo

(2)=P2)
q(2) m)gq
(Causal) FIR Filters

ntnl = & Hidan- KI: H@ = & nlkdz 3y = & hlnlfo- K

N N M) N
h[O]T h[ﬂI h[ZII h[3] h[NZ]I h[N-1]
wln] O O

71 N\ 71 N\ 71 21 N\ 21

FIR filters with generalized linear phase
) RICR3E10,,



h[0] h[2] h[M]

y[n]

1
W[n] zt
(] O
h[1] _

use—1 for odd symmetric h[n] (1)

) ROCHHD, |9
h[O] h[l] h[M yIr
O

use -1 for odd symmetrlc h[n] (IV)



