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“Af+z1
i.I—[ 1-Az71
+ EBE-NERR (BEXIR)
72,*4»271
Al2) 1-2Az1
+ 1BE (z=|2¢® B 1 =re?)
A = 1-2rzcos(w— )+ 2|22 1 (1-~)(|z?-1)
= |2|2 —2r|z|cos(®@ — @)+ |22 — 2r|z| cos(®w — ¢) + r

+ MTFRRBERGRE (RRULFRVER r<1)

<1, |z>1
A@)IP{ =1, |d4=1
>1, |z7<1
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A(ejw) _ e/'e(w)

+ NN 6(w) NERERREE;
+ MmN 0(w) FIEERE;
A e i i e A . . do(o) .
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+ TE-MEARRELRBEBERY
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+ HAMREN

e<w):—w-zarctan{ rsin(® —¢) }

1—rcos(w—¢)

ﬁi_(l;rz) 0.Vr<1
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+ EE-NRBRESERSBER (4= rd? r<1)
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AR =TT

+ BERMER, AE)=1, Bl 6(0)=0

do

+ M REERIER
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T do
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» Since |A(€®)| =1, we have |G(2)A(¢?)| = |G(®)].
= Overall group delay is given by the sum of the group delays of G(z) and A(z).
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+ THBEREH
0(w)=0, Vo

+ BEBERBTLERARL S S BB~ 4 %K
+ EREHETIH. BAERN
H(e®) = |H(&®)|e° = |H(e®)]

+ TiEBfERRENER:
+ & H(z) AZRBEE 7 THh, ERRELRERSA, B [H(®)| <
+ B4 F(2) = H)H(z ') B2~ SEBIEHRER (55 DTFT ZHRAHRIE)
F() = F(2)| _go
= H(2)H(z )| _jo = H(¢®)H(e®)
=[H(€*)? >0
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+ TRBEREYAATR
F(2) = H(2)H(z™)

+ SRADT:
0 fif 2= v NIEHEY H(z) MR (RER)
© H(z) hunEERT

zZ—V
0 Hz') hpREERT )
SV
o z:% BRRE H(z ) MR (RERS)
0 B4 z=vH z=1)v HHEERBERREI F(2) = H2)H(Z ) HEA (HERS)

+ THEBRRARENER (IERR) EHREXNTRHN.

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT

45 / 192



Ak g

WUHAN UNIVERSITY

A% RN SRR

THBIRRR F2) BT RFRRK T AR RGN

T T
1l PN .
~
/’ ‘\
7’
’ \
’ \\
4 -1
N 1 M | Ay
— 0 1
£ ! 1
\ I
N ’
A ’
A .
Al ’
S~ -
1 ~~q4-- ;
-1 0 1 2
Re(z)

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT 46 / 192



A% RN SRR

Im(z)

T T
1 PR N
/,6 \\
’
! \
' Ao At
0 + t
! 1
\ 1
\
\
» ’
k—l AN L
~11 é N ]
| | |
-1 0 1 2
Re(z)

ARAEIRTE,

2018 FX

FESD: MFREEIE

Ak g

WUHAN UNIVERSITY

46 / 192




WUHAN UNIVERSITY

SHEBERRBNTRR

-1
ORI 4 i
£ ' )
\ * ,
\ 6 ,
» ’
» ’
k—l AN -
1} é Ssad--7 ]
| |
-1 0 1 2
Re(z)

46 / 192

ARAEIRIE, 2018 7



B ERRENT R

+ R, BIESHBERER F(2) = HH(z!), B

HZ)=1+az '+ +anz V= 6(2) = Hz 1) =1+ ayz+ -+ a2

+ Xf R AUENE R FF 5
hlnl={1,a1,---,an}, n=01..N

glnl = {an,an_1,---1}, n=—N,—N+ 1,...,0} = hin] = g{=n]

+ 55, BB L R EXS R RN R 5
fln] = hln] ® g[n] =
fl—n]= h[—n] @ g[—n] = g[n] @ h[n] = f[n]

+ SHEBERRY F(2) BRABRATER
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‘| hin)
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TIPS

Xt ST FF B SR -
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SR IER: X(?) — X (&?)

+ Tk

ARAEIRIE, 2018 7 CHFE S



WUHAN UNIVERSITY

THRBIRR AR T

o IRIEBRILIT ML : ,
[H(e™)?

o Bih o= %Inz, % (z+21)/2=cosw

H(z)H(z ') = |H(”)[|

—1
o=; Inz

o EE—FMERMRRER H(z).
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BERITREIE NN TR XN SEBIERKES:

4(1.09+ 0.6cos w)(1.16 — 0.8 cos @)
(1.04 — 0.4cosw)(1.25+ cos )

|H(®)2 =

ALY cosw = (z+21)/2 AR ERXFEFE

1y 4(1.09+40.3(z+271))(1.16 — 0.4(z+ 27 1))

H@ (=) = 104 02(s 12 1)) (125 1 05(s 1 2 1))
_ 4(140.3z71)(1+0.32)(1-0.4271)(1-0.42)
T (1-02z1)(1-0.22)(1+0.521)(1+0.52)

B4, ZEREREES H(?) HENIBERL,
« B z={0.2,5,-0.5,-2}
« B z={-03,-10/3,0.4,2.5}
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z={02.5 -05 .—2}
RERE—FHNER (—HEEYHRNETRRE R), AAREINMAEMAS
z=1{-0.3,0.4}, or z={-0.3,2.5} or z={-10/3,0.4} or z={-10/3,2.5}

XF R A e R g A
Hz) — 2(1+0.3z771)(1-0.4z71) _ 2(1+0.3z71)(0.4—271)
(D= 02 Dat05-7) D=1 02110527
Hlp) = 2(0.3+z71)(1-04z71) _2(03+z1)(04-21)
@ =0z Dat05: 0 "M@= 02 (140521
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H(e®) = e @D
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2 MEAR A 15 % R

MRBRIEESEEIERRZ FREMMELEBALE (undistorted) , FBAEBHNR
(pass-band)

= BEMK (magnitude response) = 1
« FA{IMR (phase response) FZLMERY

i .
|HLP (ej )| arg HLP(e/w)

e

- -o: 0 Oc T

ARAEIRIE, 2018 7 3 B R 55 / 192



L MEARALIRIR AR BT

AR IRAR IR IR R 25

e jon, 0< |0l < o

0, o.<|ol <z
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sinwc(n—n,
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sin o:(n— ng)

IA1Lp[n]: ﬂ(n—no) OSI‘ISN

)

B2 N+1 KENRRERKIERS.
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+ LMHRNRRIRIERMEAREFMTER
H(®) = () H(&)] = () i)
He (o) BEEMEE= Ho) cR,.
+ FFIM DTFT TiEHEF TR
H(e®) = H (e @)
E A
SEN = o) = [-0)] = F0) = £(-0)

¢ H(w) = H(-w), B4 Ho) ABEL
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HHS: Ho)=-H-o0), B4 Ho) RERE;
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+ H(o) FBEE,H(0) = H(-o)

H(e®) = &P (o 4 4
() . (2 s> =ePopB=0orf=n
H (@) = e HA-0)+B) [y _ )
4+ TERMXFHEE:

N
H(w) = £e ™ H(®) = + ¥ h[n]e (=)
n=0

~ N ) N )
A-o)=+Y A[f)&@let) = + Y AN n]efo(ctN=-n)
=0 n=0

+ B FIR SRR FHIRMER: hln] = AIN—n], B c=-N/2
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+ H(w) HEEEH(0) = —H(-o0)

H(e®) = é\<+P) (@)

B — _o—iP -
H (e 0 = ej(c(“’”ﬁ)f-l(w)} =é e =pB==xn/2

+ TEAIMRFHEE:
N
Fi(0) = —je 0 H(&®) = — Y hlne o+

n=0

~ N ) N _
H(—w) = —jz h[/]el“(CJr’) — _jz A[N— n]e/w(chN—n)
=0 =0

+ B FIR SRR FFIRMR: hln] = —h[N—n], B c=-N/2
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1 BV MERRALIRIR =8

+ FRENHRFI: LAEE (BERE N=L—1 51885, h[n] = h[N—n]

+ 1 BEMAAN FIR JRKEFMSAEMR (recall Chapter 5)

N/
H(e/“’) — XN" h[n]e’j“’" — g JoN/2 <h[,2v] +2n;jh[%l —n] coswn)

n=0
=F(e®)
- N
+ MR 6(0)=-Jo
_ ) NoN2
+ IR H(e'w):h[f]JFZZh[E*n]coswn
n=1
1
l 05| |
! ol |
Ml |l |
fte | )
0 o !
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1 BV MERRALIRIR =8

+ FRENHRFI: LAEE (BERE N=L—1 51885, h[n] = h[N—n]

+ 1 BEMAAN FIR JRKEFMSAEMR (recall Chapter 5)

N/
H(e/“’) — XN" h[n]e’j“’" — g JoN/2 <h[,2v] +2n;jh[%l —n] coswn)

n=0
:F{(ejw)
" N
+ MR 6(0)=-Jo
_ ) N N2y
+ BEWR: H(e) = h[5]+2 ), hl5 —nlcoswn
n=1
1
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1 BV MR AIIER 28
¢ FRENHES L AR @ENE N=L—1 NEL), ] =hN-n]

+ 1 BIZEAE(L FIR JRIREZAISAEMIRL (recall Chapter 5)

. N ) ) N N2y
H(e®) = Z h[n]e~/®" = e JoN/2 h[E] +2 Z h[E — n]coson
n=0 n=1

=H(e?)
o N
+ AR 6(0)= -0

_ , N, N2 N
+ BEENDR : H(e’”’):h[i]+22h[§7n]cosa)n
=1
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1 BV MR AIIER 28
¢ FRENHES L AR @ENE N=L—1 NEL), ] =hN-n]

+ 1 BIZEAE(L FIR JRIREZAISAEMIRL (recall Chapter 5)

. N ) ) N N2y
H(e®) = Z h[n]e~/®" = e JoN/2 h[E] +2 Z h[E — n]coson
n=0 n=1

=H(e?)
o N
+ AR 6(0)= -0

_ , N, N2 N
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+ BREXNHRFI: L AEH (RSN N=L-1 AFE), hln]=h[N-r]
+ 2 BV FIR JERERAISAZEMIR (recall Chapter 5)

H(E®) = Y. Hirle o = e-f‘””/2< Z h[w — n]cos (w <nf ;)))

n=0

=F(ei®)
+ BRI 6(w)=—=

+ BEMR: H(®)=2 NE/Zh[Nifn]cos<w(n7%>)

it | 1 ]

0 0
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+ BREXNHRFI: L AEH (RSN N=L-1 AFE), hln]=h[N-r]
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+ BRERWHRET: L HEE (RENE N=L—1 HBE, h[n)=—h[N—n]
(hIN/2] =0)

+ 3 HEMA FIR R BHIAEME (recall Chapter 5)

. N . . N/2 N
H(é®) =Y hinle " = je®N/2 (2 Y h[5 —n] sina)n>
n=0 n=1

=F(e)
& N
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) N2y
+ TREENRY : H(e’m):22h[§7n]sina)n
n=1
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3 B MEAR{Y FIR JEIK 28
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(hIN/2] =0)

4+ 3 BEMARN FIR JRKEBASAEMIR (recall Chapter 5)

. N . . N/2 N
H(&®) = ngo h[n]e/®" = je=JoN/2 (2 n;l h[5 — n]sin a)n>

=F(e)
& N
+ RAMmR: 9((1)):75&)4,”

) N2y
+ TREENRY : H(e’m):22h[§7n]sina)n
n=1

T

TT : 05 % |
| A
i 0 =7 M 0 =0 RMFAHRZIESEEEZ 0

i I f

T
o

ARAEIRIE, 2018 7 CHFESAEY: HFIRFEESZIT 65 / 192



WUHAN UNIVERSITY
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+ BRERXNHFY: L B (&EMEB N=L-1 "5, hln]=—h[N-n]
4+ 4 BV FIR JERERAISAZERMIR (recall Chapter 5)

H(e?) = ZN; hn]e " = je JoN/2{ 2 < Jim h[M —n]sin (co <nf ;)))

n=0

—Fi(e0)

+ AREIRL: 6(0) = gwﬂ

(N+1)/2

+ BEBE: HE) =2 ) thL*”’““(“’(”*%D
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4 BIZRMERERL FIR 8K 28
+ BRERXNHFY: L B (&EMEB N=L-1 "5, hln]=—h[N-n]
4+ 4 BV FIR JERERAISAZERMIR (recall Chapter 5)

H(e?) = ZN; hn]e " = je JoN/2{ 2 < Jim h[M —n]sin (co <n7 ;)))
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- N
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+ BRERMRFS: L HEH (KREMEB N=L-1 FEFH), hln]=—h[N-n]
4+ 4 BEMARN FIR JRKEBAISAZRMIR (recall Chapter 5)

H(&) = XN: h{je-ion :je—ij/2< Jimh[w — ]sin (w <nf ;)))

n=0
— (o)
+ LR 0(0) = 0+ 7
(N+1)/2 1
+ BEMR: H(®)=2 Z h[ifn]an(w(nfE))
n=2
1
?T : 0.5 —
|
t 0
|- |
| ==
o 1o ”'r‘%
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WUHAN UNIVERSITY

4 BIERVEAR{Y FIR JEIK 28

+ BRERXNRFS: L ABE (ZEMBN=L-1 AFH), hln]=—-h[N-r]
+ 4 B MAE{ FIR JEKBRMISAZEMAY (recall Chapter 5)

H(e) = XN: hlnle 0" = je JOM2 | 2 < +Z)/2 h[M —n]sin <co <n7 ;)))
n=0

=H(e®)
N N
+ RN 0(0)=-Jo+7
Y (N+1)/2 1
+ IREMIR: H(”)=2 Z h[**ﬂ]Slﬂ(“’("*g))

1

—0.5

T : 0.5 —
? iiy) 0|o=0MFERLESEESHE 0 .

o
o
ST
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SR FIR 2R B T R B
FIR SMARSHEMNEATE (1-2 DHEESAR; 3-4 DRHESTR):

h[n] = £h[N—n] = H(z) = £z VH(z )

WANFER z=¢, M z=1/¢ BRER
HE)=0=H(E ) =0

FrEl, FIR &MAR R RN T R B2 HENTRN.

T
1 P :
/, \\

’ A —

1 & éll
= 0 + o—1 ©
= \ 1

\ ’

A ’
\\ 4’
1} ~-4- ]
| | |
-1 0 1 2
Re(z)

FESD: MFREEIE
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SR FIR 2R B T R B
FIR SMARSHEMNEATE (1-2 DHEESAR; 3-4 DRHESTR):

h[n] = £h[N—n] = H(z) = £z VH(z )

WANFER z=¢, M z=1/¢ BRER
HE)=0=H(E ) =0

FrEl, FIR &MAR R RN T R B2 HENTRN.

T
1 P R |
/% iR
1 \ -1
N 1 & 3
T 0— o—1 ©
§ \ ]
\ ’
&N e
-1 0 ~=4-° s
! ! !
-1 0 1 2
Re(z)

FESD: MFREEIE
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SR FIR 2R B T R B
FIR SMARSHEMHEATE (1-2 DHEESAR; 3-4 DRHFESTR):

h[n] = £h[N—n] = H(z) = £z VH(z )

MAXNFER 2=, M z=

1/ BRER

HE)=0=H(E ) =0

FTEl, FIR &AM R RN T R B2 HENTRN.

Im(z)

1 {— ~. N
2 N
7’
o \
‘ 1
1 & o )
0 + o—1 o
\\ 1
’
—»
2~ .’
-1+ ~ - |
!
2

ARAEIRIE, 2018 7
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z=11 LNER

1-2 BgMRMERREHEERZ I
H(z) =z NH(z ') = H(-1) = (1) "VH(-1) = H(-1) =0(2 &, N #7#)
3-4 BEMBNEREEHE R TGS
H(z)=—-zVH(z 1) =

H(1) =-—H(1)= H(1) =0(3-4 %)
H(-1) = (1) VH(-1) = H(-1) = 0(3 2, N v{8%)
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z=11 LNER

1-2 BEMRMERRETEE TG Z I
H(z) =z NH(z ') = H(-1) = (1) "VH(-1) = H(-1) =0(2 &, N #7#)
3-4 MR ERREEEREEZ TR
H(z)=—-zVH(z 1) =
{H(l) = —H(1) = H(1) = 0(3-4 %)
H(-1) =—(-1)""H(-1)= H(-1)=0(3 &, N }{8%)

2 BEMRMERRBTEARMESRIELSE, BN z=-1 288,
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z=11 LNER

1-2 BgMRMERREHEERZ I
H(z) =z NH(z ') = H(-1) = (1) "VH(-1) = H(-1) =0(2 &, N #7#)
3-4 BEMBNEREEHE R TGS
H(z)=—-zVH(z 1) =

H(1) =-—H(1)= H(1) =0(3-4 %)
H(-1) = (1) VH(-1) = H(-1) = 0(3 2, N v{8%)

2 BEMRMERRBTEARMESRIELSE, BN z=-1 288,
» 3 BEMAMERHRETREARMEE. SEBMEHRIERSE, B z=+1 44F
G

ARAEIRTE, 2018 FX (CHFESAEY: HFIRFEESRIT



z=41 AT

1-2 BEMRMERRETEE TG Z I
H(z) =z VH(z ') = H(-1) = (-1)"VH(-1) = H(-1) =0(2 &, N J7#})
3-4 BEMHENERREBRERRERS I
H(z)=—-zVH(z 1) =

H(1) =-—H(1)= H(1) =0(3-4 %)
H(-1) = (1) VH(-1) = H(-1) = 0(3 2, N v{8%)

» 2 BEMAUERRETRARMEERKR, BN z=-1 M4BT,

» 3 BEMAMERHRETREARMEE. SEBMEHRIERSE, B z=+1 44F
G

v 4 BEMAMEHRETRARMEERKRE, BA z=1 A2FER.

ARAEIRTE, 2018 FX (CHFESAEY: HFIRFEESRIT
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Outline
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BR/NMEAL. RABAER R

Ak g

WUHAN UNIVERSITY

FERTHEMAD 1 MERERE (o) <1,|p <1

z+b bz+1
H = H. =
(@)= @)=,
T T
1 1 .
1/7 7\ :/7 \\ 1/b
of— a C,.? of— a 1O
I N P N 1
| | | | | |
-1 o0 1 2 -1 0 1 2
+ BEMMAER: Hi(2)Hi1(z 1) = Ha(2)Ha(z 1)
+ NN AE:
arg[Hl(e"“’)]:tan’l sin® _1 sinw

—tan " —
b+ cosw a—+cos®

; bsinw sin@
Ho(¢®)] =tan ™t ————— —tan™! ———
arg[H:(e™)] an 14 bcosw an a+cos®

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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AL 2

Let a=0.8 and b= —0.5, the phase responses for two transfer functions

2 . ,
b H (2) |
8 0 1
Ey -
[*]
o -1f —_— H (z .
o - 2
= -2 '“x-\_\ b
-\\
AY
3t |
4 . .
0 02 0.4 0.6 0.8 1

o/t

ARAEIRIE, 2018 7 3 B2 R 72 /192



Ak g
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AL B

2 : :
I H (2) 1
Ey -
[*]
= -1t —_— H (z ]
o - 2
= -2 -R.\.\ i
-\\
AY
al J
4 s s
0 02 0.4 06 0.8 1

o/t

Ha(2) BIETF Hi(2)
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AL 2

Ho(2) BIETF Hi(2) HIRE:

H(z)_bz+1_ z+b ) bz+1
2= z+a \z+a z+b

——
Hy(2) A2)

Hr, A(z) ARzEMEBRE.
A, Hi(z) T Ho(z) MABLIIBR A9 X R

arg[Ha ()] = arg[Hi1(&”)] + arg[A(e””)]
LRERERY (FER 1(0)>0,Y0),
arg[A(¢?)] <0

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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;i;&%?ﬂ’ﬂ%i%i%iﬁ@%ﬁ H(z) (FrBHRAEERAREA), IBAR IR R S
H(z) = Hm(2)A(2)

» Hn(2) MBS REERAER
» A(z) AERBESEEREE

ARAEIRTE, 2018 FX (CHFESAEY: HFIRFEESRIT



/N BRI R

;i;&%fﬂ’ﬂ%i%i?ﬁﬁ&%ﬁ H(z) (FrBHRAEERAREA), IBAR IR R S
H(z) = Hm(2)A(2)

» Hn(2) MBS REERAER
» A(z) AERBESEEREE
The unwrapped phase function of Hp,(z) and H(z) are thus related through

arg[H(e"®)] = arg[Hm(&)] +arg[A(e)]

H(z) iwlEF Hm(2)

ARAEIRTE, 2018 FX (CHFESAEY: HFIRFEESRIT
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ERBEFRRE RREBELLER)
 BERASREERMER, NFR&IMER LS
 BRAZREAERMCLRS, R H AR R
s BRAEAMBESMIETR, WRARSHEMER R

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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Example

ZRTHARSBEMERRE,

_2(1+403z1)(04—21)
H@) = A0, 05,1

ALERSBAN TR

H(z) = 2(1+0'3271)(1*0.4z*1)} (0,4,271>

(1-0.2z1)(1+05z°1) 1-0.4z1

Minimumn-phase function Allpass function

ARAEIRIE, 2018 7 CHFESAEY: HFIRFEESZIT 76 / 192
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rRoeE

A TR BRI A )
Hinr(€°) = —
jo

SEPREFIR S ERIB B R AR LR SR I R A 75 5
= BIMAAEFF28 (Forward rectangular integrator)
= FEMAMEFIRSES (Backward rectangular integrator)
= #EHZFR9 88 (Trapezoidal integrator)
« FEEHFSEE (Simpson integrator)

ARAEIRIE, 2018 7 3 B2 R 78 / 192
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A [0 EFZ AR 53 28

NEBARLHXRA

n=yln—10+T-x[n—-1] T FFHEH

Her(z) = T(%)

T B T
2|sin §|

R OEE o

SN
|Her(e)| =

(1—cosw)? +sin’ @

ARAEIRIE, 2018 7 CHFESAEY: HFIRFEESZIT 79 / 192
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[REFERTR 25

REmAREXRA

ylnl=yln—1]+ T-x{n] T AREFEH

Hpr(z)=T (;>

1-z1

fERR IS

SRR
T T

= )
/(1 —cos)? +sin’ @ 2|sin 3|

|Her()| =

ARAEIRIE, 2018 7 CHFESAEY: HFIRFEESZIT 80 / 192
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B IR D28

SR X R A

Al =yln =14 1 () +xin—1]) T B

kR

T/14+z1
HTR(Z):E <1fr1>

SRR

(1+cosw)?+sin?w T
(1—cosw)?+sin’m  2|tan 2|

|Hrr(e?)| = T\/

ARAEIRIE, 2018 7 CHFESAEY: HFIRFEESZIT 81 /192
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REmARBLERAA
AAnl=yln—2]+ §T~(x[n] +ax{n—1]+x{n—2]) T HFFEEH

RIS

T /14+4z1 4272
H =_ (= T2
5i(2) 3 < 1_72 )
SRR 9

|Hsi(¢”)| = =

T|24cosw
3

sinm

ARAEIRIE, 2018 7 CHFESAEY: HFIRFEESZIT 82 /192
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WUHAN UNIVERSITY

N EFR 2SN N Y

Magnitude

|Hrr(e™)]
|Hinr ()|

0.2 0.4 0.6 0.8 1

o/m
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15558

BT MO BRAIAEMN R )
Hpire(e) = jo
SEPRE IS 2R IB H SR AR (LR SRR R A 75 5K
= —MZEHNHES (First-Difference Differentiator)
= FOLZEDRSES (Central-Difference Differentiator)
= M4 28 (Higher-order Differentiator)

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT 84 /192
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—ENRHB

R ARLE XA A
ynl = x{n] =x[n—1]
RHR A
Hep(2) =1- 7!
e ESDINY . o
(Hep(e)] =21sin 2|
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HOZEDHIEE

NEBARHXRA

inl = 5 (<dn] ~ xln—2))
fEHIR BN )
Hep(2) = 5 (1 -z

RS ,
|Heo(&®)] = [sino|
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g ABEXRRN
yin] = f%x[n] n %X[nf - %X[nf 3]+ = x{n—4]
iR

SISV .
[Hip(€®)] = 5 |8sin @ —sin(2w)|

ARAEIRIE, 2018 7 CHFESAEY: HFIRFEESZIT 87 / 192



R %+ 4

WUHAN UNIVERSITY

R4 22 MU SR

N 71 | Hoier(€))|
Y 2 . —---==7IHe()]
o -
E T
c -
o ot
s .

1 s~ N

////
0 | | | |
0 0.2 0.4 0.6 0.8 1

o/m
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Outline

A

WUHAN UNIVERSITY

PR IRIT &
= IR B FIRi 28

m FIR #FiEiH 28

n THEAUHEBIIERERRT
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Outline

PR IRIT &
= IR B FIRi 28
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Basic Approaches to Design IR Filters

Input: s=F(z) | Specification Convertion:
BRI BRI g TEHURIK B8R HE 4T

zDomain s-Domain

Re(2 @

Y

Transform: z=F(s) Analog Filter Design:
Ha(s) = G(2) | WITREIURREE Ha(s)

ARAEIRIE, 2018 7 3 B2 R 91 /192



Analog Filter Design

Bl —T#EBUERKERRITTE (MR A):
« BEMERLOE 5 FIEE
» SURBK — FEES

Family PassBand StopBand
Butterworth flat flat
Chebyshev | ripples flat
Chebyshev I flat ripples
Elliptical ripples ripples

ARAEIRIE, 2018 7 CHFESAEY: HFIRFEESZIT



Continuous time Transfer Function

BEHIRGHERRMEX APEMRA Laplace ik

Continuous-time Discrete-time
Transform Ha (S) = J ha (t)e_Stdt H, (Z) = Zhd [n]z_n
aonsd H,(jQ)
Pole/zero
diagram

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT



WUHAN UNIVERSITY

Butterworth Filters

EfSRiREREEFMETNEFTR R TIEE
1B AR AR R 2R R IR EE M AL -
N J3iER 2R3
T o NaN Qo RIEHSEME

) Q< Q. |Ha (i) =1
Q=Q, |H,(Q))> =1/2

[uny

Ha(j)|” =

0.8

0.4 |-

LA

0.2

Q/Q

ARAEIRIE, 2018 7
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Butterworth Filters

ffi7E Butterworth JEiR SERIMTEL

. 1 |
i lHa(]Q)l ()" 1
fie ‘ Q. Design
Equation
¥<i lo (A2—1)
A N R L e
X 1 """""" e -~ N ‘ J 2 IOgm(nJ\l

n Factors of Polynomial By, (s)
1 (s+1)
2 5% +1.41425+ 1
1 3 (s+1)(s>+s+1)
A S —
TR R & Ha(s) = m 4 (5% +0.76545 + 1)(s* + 1.8478s + 1)
N c 5 (54 1)(s*+ 0.6180s + 1) (s> + 1.6180s + 1)
- BREF 6 (5% + 0.51765 + 1) (s> + 141425+ 1)(s* + 1.9319s + 1)
oo S 7 (5 +1)(5* +0.4450s + 1)(s> + 1.2470s + 1)(s* + 1.8019s + 1)
* Matlab FfESLET A 8 (s> 4 0.3902s + 1)(s* + 1.1111s 4 1)(s* + 1.6629s + 1) (s> + 1.96165 + 1)

CHFESAIEY: T 95 / 192



Example

Butterworth Example

Design a Butterworth L - &’

filter with 1 dB cutoff "%
at 1kHz and a

minimum attenuation

of 40 dB at 5 kHz =40 B4

1
~1dB=20log,, —— =¢*=0.259

= Qp =Q

1+¢&°
—40dB =20log,, ; = A =100 N>

Q, _s log,, 5
/2,, Bl —N=4>3.28

RE AR ARAEIRIE, 2018 7 CHFESAEY: HFIRFEESZIT
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Example

Determine Butterworth Transfer Function:

« EHSSMEHEAR N=4, BT Q, = 1kHz R {RIRE H-1dB,

Q 2N
—10logqq (1+ (—5> ) =-1dB=Q.-3 °
QC - -10
£ 2
- BEERET Ha(S) g-so
1
Hi(s)= ——~+—+ 0
O aEem)
« EEY Matlab ATRUEER): % 2000 4000 6000
[B,A] = butter(N,Wc,’s'); freq/ Hz
15
Ha(s) 3.063 x 10

T #1944 x 10°s3 + 1.890 x 10852 + 1.076 x 1025+ 3.063 x 1015

ARAEIRIE, 2018 7
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Chebyshev | Filter

= Equiripple in passband (flat in stopband)

— minimize maximum error

o 0
HGDP = a6
1+ 82T]%,(Q%) O

cos(N cos™1 Q)
Tn(Q2) =
() {cosh(N cosh ™ Q)

RE AR ARAEIRIE, 2018 7

0.5

1

15 QZ

ripple
depth

Q<1
Q] > 1

FESD: MFREEIE




Chebyshev |l Filter

= Flat in , equiripple in stopband
% Oﬁ\
N2 1 = \
H,(jQ) = B wa
T, ( s) %0 peak of
2| TNYQ et <= jStopband
I+¢ o 0 \f ripples
TN(QS) % 05 1‘J 15 Q) 2

= Filter has poles and zeros (some-)
= Complicated pole/zero pattern

RE AR

ARAEIRIE, 2018 7

FESD: MFREEIE



Elliptical Filter

= Ripples in both passband and stopband

l PB
% UZX’TTXZX:Z:ZZ:Z:ZZZY ripple
5 1 =" \ T depth

. — (—“ -20 \\ N: 4

MU = oy 5 0

€ N\Q Bl R (A 7=y SB
P -50 \/ ripples

-60 |
0 05 1 150 2

= Complicated; not even closed form for N

RE AR ARAEIRIE, 2018 7

FESD: MFREEIE
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Analog Filter design

Analog Filter Types Summary

Butterworth Chebyshev |
m 0 H m [1] S A R
©° T
~ -10 ~ -10
C C
(_“ -20 a -20
(2 o,

0.5 1 1.5 Q 2
Chebyshev Il

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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Basic Approaches to Design IR Filters

Input: s=F(z) | Specification Convertion:
P IRIR SRR o RS R ERTERR

z-Domain s-Domain
o<0
Ir n
Re(z -
L Y
Transform: z=F"(s) Analog Filter Design:
Ha(s) = G(2) | WITREIURREE Ha(s)
W ER A

ARAEIRIE, 2018 7



Design IIR Digital Filters via Analog Filters

IR IF AR BLIE I 2R TR A S5 BRI B IR IR 2]

Ha(s) = G(2) 33 G(2) = Ha(5)|s=F(z)
Im{s} Im{z}

e{s} Re{z}
1

s-plane z-plane

TR XM s 2 BT s= F(2)?

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT



CT to DT Transformation

s=F(z) BERBMTERME:
s SsIHARYQ B o ZRPRENE
(R T HF IR T

s sHPRNAEEER < ZFPRRTVER
ERTRERFRENTE

LHHP<UCI

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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Bilinear Transformation

EXM z FEE s FEOWEHETH s = F(2)

1+-5rs
z T
1-5s

<1l o0p<0

FONNCEE LIRS S,
1— T64)2 T0.)2 ) -
(=200 +(3%)* | 4 6o >0

ARAEIRIE, 2018 7



%%

i
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c
.2
)
T
S
o
L
0
=
T
—
-
—
T
Q
=
&

z-plane

0

-2

KAXHAKIIAAKAHANK

KRRREIXLIKRRRLKK,
EXXIAXKIIAARIHNAK

0

s-plane
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Bilinear Transformation

s FENER (s=/Q) 5 2 PEMBHE (2= ) ZHHER

o 2 (1-e¥® 2
Q= T <1+e—f‘°> :J?tan(w/Z)

BELSER Q MBBEINE o ZENXAEN

22 ()

(%)
@ = 2arctan -

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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Frequency Warping

MEMTRE— ST
—2arctan<Q ) AR MBI (—oo,o0) MESHE O MG EIEEE

(—m,7) NBEEUAE o
W TR T RITEBE

G(?) = H,(jQ)|

w:Zarctan( %T)

G -

(PSS
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Design IIR Filters via Bilinear Transformation

B (FH) =R R: B (PR FBRamE:
Wp, O Qp, Qs

Input: i@ 2= ?tan (5) _| Specification Convertion:
ISR 2SR AT o RS R RS TEIR

[Glei®) |

f=—"Passband—»1

-~ Stopband———

——
0 o o Ea

-

Transition
band
2 ( 1-z1 ) v
S=T 1 - -
Transform: | T\1+z Analog Filter Design:
Ha(s) = G(2) |~ RIHEBIERK SR Ha(s)
G(Z):Ha(s)‘572(1 z 1) Hs(s)
1+z

ARAEIRIE, 2018 7



Example 1

RitH R TS RE B F iR
Lowpass, 1 dB ripple in PB, w,= 0.4,
SB attenuation 240 dB @ w,= 0.5,
attenuation increases with frequency

Qg 0
=~ -
) = PB ripples,
° SB monotonic
— Chebyshev |
-40

04 05 1o om

RE BBE ARAEIRIE, 2018 7 CHFESAEY: HFIRFEESZIT
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Example 1

« IRIRER:
o,
Qp=tan 7” =tan0.2w = 0.7265rad/ sec
Qs =tan % =tan0.257 = 1.0rad/sec

- DEEEIEMR:

Hol

1dB EH KL

.t
V14 ¢€2?

40dB FAH IR,

=10"Y20=0.8913 = £ = 0.5078

1
éZ:ﬂ04Wm:OOL¢A:1%
= Chebyshev | JEiE 8%t - ROE:

cosh™! (7v A8271>
— 4 =7.09=N=8

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT



R %+ 4

WUHAN UNIVERSITY

Example 1

= RIHERURIREE — WEMETHRBRRFIRERE
N=8;
wp=0.7265;
pbripple = 1.0;
[ B,A']| = chebyl(N,pbripple,wp,’s’);
[ b,a] = bilinear(B,A,.5);

- BRI

% [ i~ % [ — A
~ 0 | ~ -0
—~ —~
20 3 2
g 3
5 -30 ‘\ G/ -30
E 40 \ = -0
50 \\\ - 50
fregs(B,A) fregz(b,a)
0 05 1 15 2 0 0.2 0.4 06 08 1
Q /T

ARAEIRTE, 2018 FX CHFESAIEY: BT
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Example 2

®itH R TR FIRE S
» RITRAEIREE RN EB IR
« BIINFRIAER 0, =0.25%
= FEFBRME o, =0.551
= BEKLAEN 0.5dB
= BR/NBEFZORN 15dB

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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Example 2

« 1EEREEH:
Dp
Qp=tan - =tan 0.1257 = 0.4142136

Q. = tan % — tan0.2757 = 1.1708496

EIEHR:

.
=
Hol

0.5dB B L

1

= =1079%20 = ¢ = 0.3493114
V14¢€?

15dB [HHE TR

1
= 5= 10715/20 = A2 — 31.62278

= Butterworth JEif85i&iT-R/ &
| (\/A2—1>
g 3
N>

- s()

=2.6587=N=3
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Example 2

= BIESRE Q.

1

H.(iQ,)2 = _ 10—05/10 —0.
[Ha(j<2p) 15 (Q,/0 10 = Q.= 0.588148

= JA—1k (Q.=1) 3 Bl Butterworth {EEIRIRE Han(JQ):

1 s
Han(s) = GiDEistD = H,(s) = Hap <Q—C>

- MBI G2) = Ha(9)]_, o1

14z 1

T 0 T

6(2)|
|6(2)|.dB

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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Filter Design via Matlab

DedER a<« i DA MNMNM4 D0 BEHORE W

Current Fitter —Fiter
Mag. (dB)
Structure: Direct-Form Il
Second-Order Sections
Order: 3
Sections 2 0
Stable Yes
Source:  Designed
Store Fiter .
o w (normaized)
Filter Manager ... et T
— Response Type  Fiter Order _ Frequency Magnitude Specifications
aml|| © | toweess & Specity order Units:  Nommalized (.. [i6J Units:  dB ]
= Highpass T}
© Winimum order
Bandpass lApass: 05
Bandstop —Options_______ wpass: 0.25
lAstop: 15
Differentiator
| V] Match exactly pass... (o wstop: 055
@ | DesignMethod |
W
N
] IR Butterworth .
o o f
ba FIR Equiripple n
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Filter Design via Matlab

@
=
P
=1
3
€
=
g
=

20 L

a0 b

s L L L L L




Other Filter Shapes

oy

B B HEERBRITAE
CT
tra? H(s)
DT CT H, (s)
specs specs tr Gp(2)
G, p2) DT
W TR

trans
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Continuous-time Spectral Transformation

EELRRY IR R TTE

- K8 - 5@

- K& -

3
o

= ki@ — %A

BESEWR B
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Example 2

RITILLE X 1 B @IRRRE, BiRA:
» BEBFIRE F, =700Hz
» PEHEBFRE F, =500Hz
» BHRS ap,=1dB
» PEFR/INRRE as =32dB
« SREERE Fr=2000Hz

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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Example 2

o JF—LAmE

2nF,
Wp = =0.7n
p Fr
2nF,
0s = FTS =0.57

o XL BHME — ELMNE
Q) = tan (wp/2) = 1.9626

Qs =tan(ws/2) =1.0

o RIHRBIRIKE — S@IBKaSE

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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Example 2

MATLAB I

» [N,Wn] = cheblord(2,3.9252,1,32,’s');
» [B,A] = chebyl(N,1,Wn,’s’);

» [BT,AT] = Ip2hp(B,A,3.9252);

» [num,den]=bilinear(BT,AT,0.5);

S ]

S /

o /
S0}
2.5
s
e
g2
=af

a5 [

%0 . s L L s , 1

a 01 0z 03 04 05 06 07 [E] 1
Normalzed Frequency (xr rad/sampie)

Y

50 - T
RS ™
\
£ o
B 250 ~
2 ™~
£ -3 ~

350 -

400 L L L

0 01 0z [E] 1
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Discrete-time Spectral Transformation

BEE EIE RIS E

TR z= F(2) BITHRE
= BNE - RNRRE (RIEFRMEZAIE)
= BARRE - SAUEABRS (RIEREN)

>1, |z>1
<1, |7 <1

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT



Lowpass to lowpass
KiE — K|

&® — o 2 -« 2
o l+a [ sin (252 )
ﬁm%—)_——ﬂn =)= a= -
l1-o 2 i (wcwztmc)

a>0: By’

o < 0: R0 &




Lowpass to highpass
Kig — @K

1 1 1-az
71 - _
Fz 2-a
N 1—oe? 1
3= sl o= .Aa :>tan(9>: +acot @
a0 2 1-— 2

a>0: By’

o < 0: R0 &
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Other shapes

HRAHEEMIEERS A [BF] 2EHE% 361 1T, * 9.1

CHFESAIEY: T
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Example 2

RITILLE X 1 B @IRRRE, BiRA:
» BEBFIRE F, =700Hz
» PEHEBFRE F, =500Hz
» BHRS ap,=1dB
» PEFR/INRRE as =32dB
« SREERE Fr=2000Hz

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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Example 2
BT R
o JA—fkAmE RIBIEE R T — L AR
2nF, .
o = FTP =0.7 R cos (%;%)
27TF5_05 = é\)s =w, ia:f(:OS(mp—Ap) =1
= =0 2

o MELH: HHE — EENHE
Q, =tan(®,/2) =1.0

€, = tan (ds/2) = 1.9626

PUes s 3l

© RITEMREIBKEE Ha(s) HFRBEIBKEE GLp(2)

R

BEBBERE Gup(2)

0 BFMBEBEHESE Gp(2)

Gup(2) = GLP(£)|Z':,%

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT



Example 2

MATLAB 3231

» [N,Wn] = cheblord(1,1.9626,1,32,'s');
» [B,A] = chebyl(N,1,Wn,’s’);

» [num,den]=bilinear(B,A,0.5);

» [n0,d0] = iirlp2hp(num,den,0.7,0.5);

———

5

Magnitude (dB)
3

8

[ 01 0z 03 04 05 06 07
Normalizad Frequency (= rad/sampie)

3
g \
p
3

o1 0z
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Design Digital Filter is Simple!

File Edit Analysis Targets View Window Help
D EHSE @<~ 0 DA MNM#+0 - BLORE W

~Current Filter Information — Filter
Mag. (dB)
Structure:  Direct-Form FIR l
Order: 50 o A

‘pazs
Stable:  Yes T

Source:  Designed

Store Filter
o E 1 w (normalzed)
Filter Manager ... =L
— IRHEMBIRE
— Response Type [ Filter Order. Frequency Magnitude Specifications
ol A A
®) [ Lowpass v Specity order: 10 Units:  Normalized (.. Units:  dB ¢
e
Highpass ¢
© Minimum order 48000
ETE Bandpass Apass: |1
% Bandstop —Options || wpass: 9600
Peaking ¢ Match exactl stop.. O feop [0
¥ v wstop: 12000
|_ Design Method o WBREIEAR
N e IR Butterworth — — =
&3 e BEMLE. PEHEIRE SARIEIR
@I FIR | Equitipple ol
HR: Design Fiter

]i{lﬁmw? ]

Ready
3

TR
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Summary
® (PR) SRR B () .
@p, 0 Q0 Qs

Input: i@ 2= ?tan (5) _| Specification Convertion:
ISR 2SR AT o RS R RS TEIR

[Glei®) |

f=—"Passband—»1

-~ Stopband———

——
0 o o Ea

-

Transition
band
2 ( 1-z1 ) v
S=T 1 - -
Transform: | T\1+z Analog Filter Design:
Ha(s) = G(2) |~ RIHEBIERK SR Ha(s)
G(Z):Ha(s)‘572(1 z 1) Hs(s)
1+z

ARAEIRIE, 2018 7



Outline

BRI BRIT A

m FIR #FiEiH 28




FIR Filter Design

BUT

RE AR

= No feedback = Feedback
(just zeros) (poles & zeros)

= Always stable = May be unstable

= Can be = Difficult to control
linear phase phase

= High order = Typ. < 1/10th
(20-2000) order of FIR (4-20)

= Unrelated to = Derive from
continuous- analog prototype
time filtering

ARAEIRIE, 2018 7 CHFESAEY: HFIRFEESZIT
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FIR Filter Design

N B FIR &% 25 2 iR
N
H(z) = Z h[n]z="
n=0

SR
N
H(&®) = Y hln]e i@
n=0

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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FIR Filter Design

B (BE) #nFmER:
Wp, Ws

feei|
1438 N
1-3,
|~—Passband— ———— Stopband———
3 W&L
©

o o, o n

Transition
band

Output:
BT FIR JEE2S He(2)
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Windowed Impulse Response

BT .
OM+1 EMEMELFF] heln] TR BIRENIRL Hy()
BINASTHIRERN:
= DTFT{h¢[n]}

0= %/:(Hd(ei“’y (@) | doo

min
htn]

ARAEIRTE, 2018 FX PSSy #
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Windowed Impulse Response

BT .
M+ 1 EEIRIFFF] heln] SR BIREMEL Hy ()
SR EFREEN:
= DTFT{h¢n]}
= L [T Hy(eo) — Hy(e® 2d
0= [ |Hate®) - H(&®) [ do
P &
o) R Y (bl — bl
heln] n=—co

ARAEIRTE, 2018 FX PSSy #
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Windowed Impulse Response

BT .
2M+]_ ﬁlq:lT-_Eur]F‘_ §|J ht[n] ;:»;E%’ﬁiguﬁlﬁz Hd(e‘w)
SR EFREEN:
= DTFT{he[n]}
1= j oy |
:%/m(Hd(e’“’)f Hi(el®) | do
el S el = b
ht[n] n=—c
Z lhaln] = hen]l>+ Y [haln]f?

|n|>M

ARAEIRTE, 2018 FX PSSy #
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Windowed Impulse Response

BT .
2M+]_ ﬁlq:lT-_Eur]F‘_ §|J ht[n] ;:»;E%’ﬁiguﬁlﬁz Hd(e‘w)
SR EFREEN:
= DTFT{he[n]}
1= j oy |
:%/m(Hd(e’“’)f Hi(el®) | do
el S el = b
ht[n] n=—c
Z lhaln] = hen]l>+ Y [haln]f?

|n|>M

REMGIT
he[n] = hg[n], V—M<n<M

ARAEIRTE, 2018 FX (CHFESAEY: HFIRFEESRIT
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Windowed Impulse Response

UEB/NADEHFIREENNREDIT A R I

helr] IDTFT{Hg(¢®)} —M<n<M
nl=
¢ 0, otherwise

ATERFHARMN, WHELR M RfES h[n]=0,Yn<0

zero hyln] h'yn]

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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Approximating Ideal Filters

= From topic 6,

ideal lowpass o
-7 —wc wc T
has:
. 1 w| < w
Hrp(e’”) = o ©
0 we < lw| <
and: I
sinw.n |
hrp[n] = - TH h
m 979 T T 2790
5358 ISR 538°

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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Approximating ldeal Filters

= Thus, causal
approximation to an ideal lowpass
sin w.(n—M) 0 <
. n <2M
hLP[n] _ m(n—M) — —
0 otherwise
? %6 ?TQH%(T? 09?
) ‘ (g/L(L ‘ ‘ (L/L&, ‘ &b

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT



Gibbs I 5

X FIR JERSBMNKE, HRERALBENEFNROIBE, SMASKKRIEHHAR

a2 1.2

S

e
mO

0.6
0.4

8

021

0_,

-0.2
0

RE AR

— Gibbs ears

0.2

ARAEIRIE, 2018 7
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Gibbs MK =AERREHA

HET « RUBEERH

1, —M<n<M

mmmeM,ww%

I
|

otherwise

0.2

0.15

01f 2

0.05-

Q

5556

off 7o
b

[
b

-0.05
-20

-15

-10

ARAEIRE

-5

, 2018 X

FESD: MFREEIE
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Gibbs MR AR REHA

FE SRR < SR ER
hd[n] . WR[n] — Hd(e“”) ® WR(e"")

®
Il
e

! NI® | !
= anle-sastiilikasas 2l l %
H (elw
£e) DTFT{w[nl}
periodic sinc...
sin Nx
sin x

FESD: MFREEIE

ARAEIRIE, 2018 7
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Gibbs MR AR REHA
EREEHE DTFT T

We(e?)= Y, edor

, —M<n<M n=—M
wg[n] = . =
0, otherwise sin(2M+1)%
- sin§

ARAEIRTE, 2018 FX CHFESAIEY: T
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Gibbs MR AR REHA

MR E R DTFT Tk
W e;w — —Jjon
D Menem WIS Lo
weln] = . =
0, otherwise _sin(2M+1)9

H )
Slﬂj

ARAEIRIE, 2018 7 CHIFESAEY: #
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Dirichlet Kernel

Dirichlet Kernel:

N N
Dn(x) = %;SOXS)X) Z en X=1+2Y" cos(nx)

- FH: AR 2n
1 [tw
¥iE: 5/,7[ Dn(x)dx=1

T
N+0.5

= BTN Dy(x)=0at x=+

= IgfE: Dy(0)=2N+1
« EWAS (H N EBRIRE, 5 NIX):

Nfos siny
dx= / sy
./o Du(x) N+05 S'”Wﬁl y

T siny

- N+0.5 0 ﬁ

dy ~ 27 x 0.58949

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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Gibbs Phenomenon |

1
Hi(0) = - Hs®Dy  (Dm = W)
1 Oc 1 Wc
= —/ Hy(t)Dy(ow —t)dt = Dy(t— w)dt
27 J-w.

=an ),
1 jotoc b J
= E/w—wc wi(x)dx

= When o = @

1 20c
Hi(owc) = %/0 Dp(x)dx
1 1 (2M+1) o siny
~2r M405 /o

w1 (s
M%f/ Y y=0.5
TJo y

Y
SIN SNFT

ARAEIRIE, 2018 7
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Gibbs Phenomenon |l

T

- =0:— F—F5
When o = o, M105 (%8 )
T 1 (20575
He(we— —2 ) = 7/ Dup(x)dx
M+0.5 2 s
0 20— 72 r
-1 < / Dui(x)dx+ / s DM(x)dx>
27\ - s Jo

~1x0.58949+ 0.5 =1+0.08949

= When 0 0 (FEFL)

1 %
lim H, = — D, d.
1= 2 [ Dute

( /0 o DM(x)dx>

=oe

Q

ARAEIRIE, 2018 7
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Gibbs MR AR REHA

M M=6 K

/\ T\

% " I >
W -06 -04 -0.2 02 04 06 \Gé

A4

1
L M=9 Rt
05 1
~ : : >
-1 ¥-08 -06 —-04 —-02 02 04 06 038

ARAEIRTE, 2018 FX CHFESAIEY: T
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Gibbs in Real Life

CHFESAIEY: T



' 4
ISR AR IEIR S E R BA KR

HleJ®)
= Do M s s e .
1+ h — T '| Hd[t‘-‘lm}
[l ] R, |
I
U.j = ——— e |':'I.LL'|‘

ARAEIRIE, 2018 7
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ISR AR IEIR S E R BA KR

EMWEE = FIR EHRSHNIEST T
o 4w
T 2M+1

BRIBREKE, WLUHVNERERE, MR/ NGER R

BlfEtEE = FIR JBIRZRMBHHEEFIRS

KTENBRKE, BREBEE/LFEERE, RitBHEREFRS TR AREEK
ERS L]

Apr

ARAEIRTE, 2018 FX (CHFESAEY: HFIRFEESRIT



ISR AR IEIR S E R BA KR

EMWEE = FIR EHRSHNIEST T
o 4w
T 2M+1

BRIBREKE, WLUHVNERERE, MR/ NGER R

BlfEtEE = FIR JBIRZRMBHHEEFIRS

KTENBRKE, BREBEE/LFEERE, RitBHEREFRS TR AREEK
ERS L]

Apr

R P EI Y T R 48

ARAEIRTE, 2018 FX CHFE S
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Windowed Impulse Response

he[n] = ha[n] - ‘wr[n]

Hth& R &%

CHFESAIEY: T



Window Shapes for FIR Filters

= Rectangular:
wln]=1 -M <n<M

m ;

0.5+0.5cos(27 5327)
= Hamming:

0.54 +0.46cos(2m

0.42 +0.5¢c08(27 5;7.7)

11 990000000 DOOOOC “ b’g |
os o\ sidelobes! |
G0 s o s a0 ! o 02 //04'7 Wofe‘ o5 nC
' o o \reduced 1st
n 05 P a H
i) h | \ sidelobe
- Do s 0 5“ o n Dn o; 04 06 08 @
M+1 10 5 o 5 10 0 0.2 04 06 08 T

+0.08 cos(27 5 2*

ARAEIRIE, 2018 7
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Window Shapes for FIR Filters

[W(ei)| / dB

Rectangular
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Relationship between filter spec. and window shapes

HleJ®)
= Do M s s e .
1+ h — T '| Hd[t‘-‘lm}
[l ] R, |
I
U.j = ——— e |':'I.LL'|‘

ARAEIRIE, 2018 7
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Properties of Windows

FWERE iERSPEL LR YINCE =y SN Lt
’ R ‘ AN ‘ Asl ‘ Os ‘ Aw ‘
. %3
ERE m\gﬁ 13.3dB | 29.9dB | 0.927/M
/
Hann & 2"@“ 31.5dB | 43.9dB | 3.11n/M
> T
XA ) . :
XAE 2%“ 42.7dB | 54.5dB | 3.32n/M
T
Blackman & M1 58.1dB | 75.3dB | 5.56w/M

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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Steps to Design FIR Filter

EEEHH FIR B ITHR:
o HER LR
_Opt s
‘T2
o RER/INEHRA o HEE R HSEH
CREphE

c
Ao = |0s— wp| = v

ARAEIRIE, 2018 7
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Example

RITHREZERMN FIR RBIRFEES: BHBARE 0, =037, BEFHRME o, =0.57,

B/NBEHRR as = 40dB

ISR
0 HEHLIR o ~
0 T/NEH TR s=40dB = ERAMEEB KA Hann F. XPBNGERER
o JEEEEME

Dot Os _ o an

Aw=|ws—wp| =021~ ,\%
15,55 Hann &

=>M2><16.6 R
278 HEREH

ARAEIRTE, 2018 FX CHFESAIEY: T



Example

Magnitude (dB)

20

-20

-40

-60

-80

-100
-120
-140

-160
0

T T T T T T

Hanni, 32§

RERE, 35MH

HERBE, 57H [

1 1 1 1 1 1

0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized Freq./m
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Adjustable Windows

B & R &
- BEE. XTE. XHAENHXRER
= FIR JER S LU = E 2R
AT EES: TUBTARENS R SIS/
= ZIRK-YILLERX (Dolph-Chebyshev) &
« Kaiser &

ARAEIRIE, 2018 7 CERESAEY: %
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Dolph-Chebyshev Window

KEHN 2M+1 B Dolph-Chebyshev &R EEX A

1 1 M knt 2nkn
=g |7 1t2LT: —_— —M<n<M
wp[n] M1 7/+ k;l 2M<ﬁcos2M+1c052M+l) , <n<
»
RIS R IR
A\N ——Chebywin - a,=30dB)
07 9 ? B ,’\‘ 8\

ARAEIRTE, 2018 FX CHFESAIEY: T
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Dolph-Chebyshev Window

KEHN 2M+1 B Dolph-Chebyshev &R EEX A

WD[n] =

1

2M+1

Y

»
iEbS P il

1 M
—+2) Tom
k=1

(ﬁcos

ARAEIRE

, 2018 X

km

MT1 cos

2nkm
2M+1

—M<n<M

)

“© {
|
|

f

Magnitude (¢B)

1

® Cheby Eﬁ7;ﬂ§

—Chebywin - o -3008
Chebywin - o _=600B
N
IRV

T | | ‘ |
‘ I

CHFESAIEY: T
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Dolph-Chebyshev v.s. Hamming

KEA 31 I ERESINHARE:
- SNIAE - TWEE Ay — % ~ 025817
» PILLERE - TWEE Ay ~0.247

0 IEEE ML H42.7dB
T T T T T T T T T
101 REER 1
20} ——— PLTRE-20
-30 4

Magnitude (dB)
s s b
-
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Dolph-Chebyshev v.s. Hamming

KEA 31 I ERESINHARE:
- SNIAE - TWEE Ay — % ~ 025817
» PILLERE - TWEE Ay ~0.247

0 IEEE ML H42.7dB

T T T T T T T T T
-of SREAE-30H 1
20} ——— P EXRE-300 | |
-30 4
40+ 4

Magnitude (dB)
s s b
-

T HHEMEIT, Cheby B EMEELLNBEE

90 | | ﬂ‘
100 . . . . . . . . .
0

0.1 0.2 0.3 0.7 0.8 0.9 1

0.4 0.5 0.6
Normalized Freq./m

ARAEIRTE, 2018 FX CHFESAIEY: T



Properties of Dolph-Chebyshev Window

ML E RE AR
s TESREE
» NFHEEKESR, AHEEMERY, BEREIREE

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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Kaiser Window

KEAHN 2M+1 #9 Kaiser BEX A

b (B V1-(n/MP)

wi[n] —M<n<Mm
- Nﬁ )
. o A
B IERZM NE/REEL WAS %
FEASH B &
0.11(0s —8.7), os > 50dB
B =1 0.58(cts —21)°.440.08(cs —21), 21 < o5 <50
o, s <21
&bt o
— a57
N= 3350

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT
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Kaiser Window

BHEBSAASH B ZEMHXR:

Magnitude (d8)

{119

LEshnd

74

» p MR = IWEEMK
s B X = HEXEMETEN

CHFESAIEY: T
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Example

WITHRERK FIR RBHERESS: BHURMAE 0, =037, BEHBRAE o, =057,

B/NBEFERA as =40dB

RitHEg:
0 TEFLIAE o~
o &/NEF TR a,=40dB
o IEIRAEMEN

Dot s _ o 4n
5 =0.

N> os—8 40-8

- —223= N=23
“23A0  23x(057—023n) -

o ITEIASH
B = 0.58(ats — 21)°.4 4 0.08( ot — 21) = 3.4033

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT



Example

Magnitude (dB)

120

140 I I I I I I 1 1 1 =
0

04 0.5
Normalized Freq./r

& 1 SRR TRKE

[ [ Hann & [ XFA®E [ Blackman & | Kaiser & ]
ME] 32 [ 35 ] 57 [ 23 ]




Smooth Transition

A

WUHAN UNIVERSITY

he[n] = hd[n] - wrln]

BEEATEX
HLP“Jm)

1

- —0; -0 0 0, o T

hyp[n] = IDTFT{H; p(e®}

CHFESAIEY: T
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Smooth Transition

B0 Hep(” M%sy

0,  a<|olr IDTFT
G(?) = d;‘{—l(:p = , —0s < 0 < —@, ——>g[n]
—Aw, w0, <0< 0s
GIESE]
/7, n=0
hip[n] = jgln]/n= sin(Awn/2) ) sin(@cn) In >0
Awn/2 mn
WMRA P M FRECRIE AT ER
a)c/n'-, I’IZO
hip[n] = sin(Awn/2P) P_ sin(@cn) In>0
Awn/2P an "
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AN UNIVERSITY

FIR 87K e i RiEE

i\ (F) HhfmE:

®p, s
Input: .| Ideal Filter:
oK 2R TE AT e = (05— wp)/2
[Gero) |
1+, N
1-8)
) Y
[~ Passband— e Window type selection from as
b s
0 o
(] o o n
Transition
band
Output: | A

_ = - -
B FIR JEee He(2) l‘ | Filter order estimation




Outline

BRI BRIT A

n THEAUHEBIIERERRT
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Computer Aided Design

= IR JEFEBRMITEV BRI
= FIR &R 23R T ENEENEIT
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[IR Filter Design via Optimization

IR fE4REH
l+pzt+.. +puz™
1+diz 4. +dyzN

AR IR IBRBH BB LR

X = {p1, . prt i,y iy, €T

H(x, ®) = H(&®) — D(®)

H(z)=C

ARAEIRTE, 2018 FX (CHFESAIEY: T



Basic Idea

e _
E(x,0) = W(w) - [H(x, w) — D("”)]

Optimization Problem

K
x* = argming(x) = Z |E ()] p
x i=1
NEARER p FIEE:
= p=oo, MATILLE RAMSER/NMEZEAEN
= p=2, WARASNFEFTEN
= p AEME, WA p AN

ARAEIRTE, 2018 FX (CHFESAEY: HFIRFEESRIT
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Error Criteria

o=, o) [pfe) (e o

(O]
W(w) o
e(w) .
1 NAL AN Ay = W(w) [D(ev)

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT



Matlab example

Matlab AR RR %X

RIB IR EESE

©® NG A WN R

o o

. % MW IIR R 28 B9 2 5 & ¥
. % BTSRRI IR IR K 88
@\%%mﬁem;@ M
12,...% 2B ZIRXMM
‘/ Eﬂﬁ ’J%]’J/\‘ﬁmﬁ
uyﬂ?:
, (/ X R 5
}); % iﬂ‘&s/\\ﬁ)ﬁﬁé

$D (e {j\omega})$
A - $W(\omega)$

D(e®)

15
16
0.5




Matlab example

3
&
=}

0.5}

L

0.2

0.4
Normalized Fr

0.6
eq. /n

0.8
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Computer Aided Design

IR IR BT EAHBNIR T
» FIR JERH T EA BRI
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FIR Filter Design via Optimization

N By FIR G 8EME N "
H(z) = Z h[n]z="
n=0

BAIRIT FIR JEH2E — HiF N+1 DNEK
x 2 {[0]. h[L]..... A[N]}

H(x, ®) = H(&®) — D(&®)

ARAEIRTE, 2018 FX (CHFESAEY: HFIRFEESRIT



Iterative FIR Filter Design

. Desired
Filter coefs GOOC(:E:"SE:‘C fit <_response
h[n] H(elv)
— error ¢
- Estimate
Lth[)a (rjea:;i (1;|Ieter derivatives
© 0c/0h[n]

ARAEIRIE, 2018 7
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Linear Phase FIR via Parks-MaClellan Method

LML FIR FERESH — IR
H(&?) = e N2 Fi(w)

B, A(o) A, BEES H(J) HERBENF.
HREE R HRIB M R A
o |1, FE@HEH
D)= {0., AR
NERE
1, EREH
M) = {5,,/55, FEFEES T

ARAEIRTE, 2018 FX CHFESAEY: HFIRFEESZIT



Linear Phase FIR via Parks-MaClellan Method

LS RAENHERNFAENFIR JER BRI

Optimization Problem

x*:argmxin{s(x)é max \5(X~,w)\}

0e[0,n]

IR E T
£(x,0) = W(0) - [H(x,®) — D(e?)]
= W(o)-[H(x,®) — D(e)]
B4 E(x,0) HIRER 0 HR

dE(x®) _ WH D ARBREES ge(x,0) _ dH(x0) _

R dw dw 0

ARAEIRTE, 2018 FX (CHFESAEY: HFIRFEESRIT



Type 1 Linear Phase FIR

XEHE—RKEMAN FIR RE, N ABE, BRBRKEN N+1-5E
h[n] = h[—n]

~ (type |
, order 2M)

IarTTTTT?

M n

; Ny2
H(x,0) = l;Oa[k] cos(kw)

HR a[k] = 2h[N/2 — K], a[0] = h[N/2].

RE AR ARAEIRIE, 2018 7 CHFESAEY: HFIRFEESZIT
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Chebyshev Polynomials

~ N2 N2
H(x,0) = ;;o alk] cos(kw) = ;;0 alk] cos*(w)

FRAXRE:
cos(kw) = Ti(cos(w))

MREEXEmA (ERBEAR):
Ti(x) = cos(kcos t x) = 2xTy_1(x) — Th_2(x)

Hf To(x) =1, T1(x) =x

cosw) =1

T
To(cos®) =2cos? ® —1

a
o
(%]
PR
,_\
CARCIRCIRCS
H

To(
(cos®) = cos
(
(

Ti(cos®) = 4cos® @ —3cos ®

ARAEIRIE, 2018 7
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Linear Phase FIR via Parks-MaClellan Method

N/2
A(x, 0) = Z alk] cos*(w)
k=0
MEN/2 EMXBEERE M—-1 MRE:
M -
Z afk](cos w)® H(w‘)

ARAEIRTE, 2018 FX CHFESAIEY: BT
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Alternation Theorem

H(x,0) FETRIRIENIR D(°) BIME— SRR, HE{Y
= g(x,0) ELFE M+2 MRER gy <01 < ... < Oy < Op1
» RERY ¢ ERERLIREHES

le(x, o) =¢ Vi
s RERFEERNFSEHEN

e(x, ;) = —€(x,0i11)

ARAEIRTE, 2018 FX (CHFESAEY: HFIRFEESRIT



Alternation Theorem

: /D(é/“)) desired frq.resp.

_H(e/®) response mag.

€ scaled error
W) pound
K ®

0 wp O n

g(m) 2 i\
error_ / ¥ \/

&

Qband-edge extrema

o\ [ oo o a5 o
local min/max extrema

ARAEIRIE, 2018 7

= If ¢(w) reaches a peak

error magnitude ¢ at

some set of
w

= And the sign of the peak
error alternates

= And we have at least
M+2 of them

= Then optimal minimax

FESD: MFREEIE
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Alternation Theorem

THEEREELE M+2 MFSIBEUNRES, B2 Hx 0) ZZ2E M-1 4
RIER

/band—edge extrema

N /i
Y

error®

&
w\(\ / oW 0304 05 O

local min/max extrema

- B (AT BFRRERTREAIURM 4 MUER = RERH e(x,0) AJREES
BE M+3 MRER

ARAEIRTE, 2018 FX PSSy #



= For M =5 (10t order):

= 8 extrema (M+3,
4 band edges)

= 7 extrema (M+2,
3 band edges)

= 6 extrema (M+1,
only 2 transition
band edges)
— NOT OPTIMAL

RE AR ARAEIRIE, 2018 7

="
Hi@ — \
0.5
0 \Sm
0 0.2 0.4 0.6 0.8
y
~ \
Hy(w)
0.5
\ /
0 YY"
0 0.2 0.4 0.6 0.8
Hy(®) .
0.5
0 \W

0 0.2 0.4 0.6 0.8
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Parks-McClellan Algorithm

= To recap:
= FIR CAD constraints

= Zero-phase FIR

= Alternation theorem

= Hence, can spot ‘best’ filter when we
see it — but how to find it?

RE AR ARAEIRIE, 2018 7 CHFESAEY: HFIRFEESZIT



Parks-McClellan Algorithm

Deo) Ayl

Remez ZZMEX - EMBEMEMNMUE — FIR I8K
SBAREWR hln]

o o it (W) M+2 MRESR {0}

o K& a[n],e — HHEMR A[n]

o ITH e(x,0) WRENE - FH {0}

o REDE 2, EREE |e(x, )] NEE

ARAEIRTE, 2018 FX (CHFESAEY: HFIRFEESRIT



Matlab example

Matlab AR B& 25

>> h=firpm(10,

0.6
0.4

0.2

-0.2

RIBIT FIR JEiKSE

[0 0.4 0.6 17,

[1100],
[1 2]1)9

ARAEIRIE, 2018 7

hln] 1 H(o) 1,0 0]
0.5
. o
o 05
9] 9] O
b b n 0 P © - z-plane ©
-5 0 5 0 0.5 -1 0 1 2
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