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Bo5# 1813 Signal - Processing 738l 73]
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1960EE S Ad4 LC2 &3t $
Resistors, Capacitors, Operational Am-
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PROGRESS IN FILTER TECHNOLOGY

(M) MO QF BIGUADRATIC SECTIONS

1960
SWITCHED CAPACITOR
BUILDING BLOCK (1)

LT e
[ I

1973 THIN FILM

7k BotAl H vt

gEt BHEKS MEL MRS B dE
HHTO M o AL LER St HWREME
o chadet Egol S o g,

IO. jR¥ELEe] 5340 (Types of

Filters)

(A) E8sts B2 (Low-pass Filter)
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{c) H 2z S MERF| S-plane
Pole-zero HA|

(C) #eE8 ®:EE8 (Band-pass Filter)
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(c) 2%} MidmEERC SEEolA o]
Pole-zeroF®

(D) ## SEE® &35 (Band-reject Filter)
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(c) 2z} MiMEx BigaRel S M2
Pole- zeroZRs

(E) Notch @iEe] EAT} Pole-zero &1
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M. iEdkdy SihE 918 pEichi:
(Approximation Methods for
Filter Design)

(A) Butterworth KB g EIS| Bk
(Butterworth Low-pass Filters)
R ARl (SR AR #EehE
EHFREE 2788 A 2skal

|H(jw) |2=ﬁ_+f1%m

n=1, 2,3, rceereen (1)

|H{jw) & ZAg40]

Pole? (rBE REs7l 915 (1) Kg whgst
ol ¥ F ok

|H(s) |*=H(s) H* ()

si"— (_ 1 ) n+l
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aQ
§=exp [j<2k—1+n) >”J .
2 n Q%QMH 2
k: 1’ 2 L mrrreees n 40 :\\\\\5 h\*
_ k \\'\ ™
Fig 1. Butterworth 2, 3, 4x E#°| RS ®FR gz © 0 \S N
EH:L z —B0 -1 k\\ \
? 3 \k\\\\s
—100 -2 X WA
. : . —120 _3 \ \\ \
Jw 4 [ & jw 0 \\
o 60° ?’ Tr/‘:/}\’ 0.1 02 0304 060810 2 3 456 8 wy
o X
457, L '{ A .o KMI;L:\ » 0 Fig2, n=109] #82 Butterworthil;zag2| Fi
" N i 8% S4 Graph
12| T Butterworth IE %3] FIBEZE £
s L, . 4.8 Fig 29} o] Bejalv)

(B) Chebyshev {K[Eif MigEES Bk
a3 1 " gEe] nak all-pole (L8 EIE (Chebyshev Low-pass Filters)

M £ Y o e Lo L
ERAE e B Chebyshev (B 245 ohgat 2ok,

H(8)=8"+bn18" +bn:s ‘+...+bls%(-31) Ho) | 1+Ezgl:(w/wc) "
Butterworth £3EA H(s)el HIES BRE H,=H(0) N
T At nol BRY Ao HHL AE £F BB Ripple & e'=10""— 10]3L De-
che g b} cibels (dB)T s} P:rafl;ter e HE
ns2 . ol 2 Ayl fEay 13l 2o}
n even: ;El (s"+ (2cosbx) s+ 1] Chebyshev #HEH® Culw/w) o3 2
(2k—1)rm o] EFE= =t
L T
(n-1).2 4) w ( COS( TLCOS_X'E)— ) 0 é;wé 1
n odd: (s+1) l]=I1 [+ (2c086:) s+ 1) C”(TuT): l ‘i’:‘ © w° (2)
L cosh(n cosh -w—c> ;c> 1
fy=—
n TABLE 1 — 2 Chebyshev polynomials
3) &2 FEES FES Table 2 FTdHd -
eh-gsh 2ok, Co( o )=
. 0\
TABLE 1 - 1 Butterwerth Polynomials C;(;J—wc
w 2
n Polynomial Cz(i ) =2 (-c;)— 1
w w \? w
AR (g=4(2)-3(2)
2 $f+vV2st1 c<ﬂ>=2<ﬂ)c (ﬂ>—c 2<£>
38+28+2st1=(s+1) (&+s+1) ™ we we ! 2\ e n-
4 5'+2.6135°+3.4145+2.613s+ 1 Pole ¢ (ZBE Zohd7] B3l S=j(w/we)
= (s"+0.7655+ 1) (s"+1.8485+ 1) (1) -8 Bhe3p 7re] & < glc}.
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|H(s)|*=H(s) H*(s) =‘1T%3/T

Chebyshev®] Polef] (wBEE b FEHS A
FHETE & 4 A All-pole EEFRLS 58
H £EA-L (3) RS2 el d o

TABLE 1 - 3

H, 3)
8™ n 18" 4 an_ 28" s+ ao

H{s)

Table 1 -3 1/2dB, 1dB, 2dB9] &%k
Ripple 2718 Wbl nol 4314 74z & tel
et

n Polynomial

1/2-dB ripple (¢ =0.3493)

s+2.863
§°+1.4255+1.516

Y R e

s+1.2538°4+1.535+0.716= (s+0.626) (s +0.626 s+1.142)
s'+1.1978 +1.717 §*+1.025 s+0.379= (& +0.351 s+1.064) (s’ +0.845 s+0.356)

1-dB ripple (¢ =0.5088)

5+1.965
§+1.098 s+1.103

B W N =

§'1+0.988 5" +1.238 5+0.491 = (s+0.494) (5* +0.490 s+0.994)
§+0.953 8°+1.454 §'+0.743 s+0.276 = (s*+0.279 5+0.987) (s"+0.674 5+0.279)

2-dB ripple (¢ =0.7648)

s+1.308
s +0.804 s+0.637

W N

§+0.738 8*4-1.022 s40.327 = (s+0.402) (s +0.369 s+0.886)
§'+0.716 $°+1.256 s*+0.517 8+0.206 = (&* +0.210 s+0.928) (s* +0.506 s+0.221)

Chebysher B %59 27| BEEEEL Fig 3

0
_20 e
\ ~]z
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-6 o |
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z NN
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Fig 3. n=<109| &< (#:8) 2| Chebyshev Mk
o| F{SEE Mtk Graph.

(C) Bessel (£ BEEES] HaR A&
(Bessel (Thomson) Low-pass Filter)

Bessel 2] {KEE EKOEE B¥~ SBSHER
2 FolA I o] Bk K-> Linear Phase

2} Flat Delay = z#Al 5+ golct.
H(s)—Ke " 1
kg e ol gk All-pole Approxima-

tion FHE=

B bo

B I e

(2)4er T}
o] DBessel FHire] %£1EKXL Table 1 -4
Z veld 4 golul TABLE 1 -4 Bessel

Polynomials

(2)

H(s)

Polynomial

s+ 1
s+3s8+3

&+ 6 s+ 155+ 15= (s+2.322)
(s*+3.678516.460)
4 8+108+455*+1055+105

= (&°4+5.7925+9.140) (s*--4.208 s+11. 488)

Wy =3
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(D) Elliptic (Cauer) &35 2| #HAE
(Elliptic Low-pass Filters)

o] MBS Bt EEBMEEe] ol A B
[ Bl A b ed fERE RS
L K] Butterworthi} Chebyshev o =}7]
HREE T S mEE vebda gl Aol o
R ot o EmHE 2=
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Elliptic {8282 FI1§ BEAHHHS Figoz
ERH I gl oo B BikAEs @A T
gl A EF2] Ripple ko] &= Bhelo}

me S(Q )

Fig 6. Elliptic (Cauer)
RS FEAFIE X 45 dhig

Elliptic Ji& i $52] BEREE= o33k el £
TR}
H(s)
K1 (s+a)
s+ bra Sn_l =+ bn-. Sn_z+"'+ b, 5+ by (3)
KE= 4288 T F3E Jekhio Ak 23
I 5k Elliptic BZEES 78 &4 o1&

K(&+owl) (84 i)

(S‘I"Po) (8+P1) (S—f—P?) (S+Pz) (S+P:)
ar=2.92X 10*rad/sec
w:=4.32%X10" ~
P,=1.68x10*

Py, P¥=(—0.97+ j1.75) X 10* rad/sec
P:, P¥= (—0.236 7 2.24) X 10*rad/sec
Elliptic (RIS ##-S 2 KRPE FHEco] =
I GFe 5EE S ¥k=4] Polesl Zero 7t
gl Low-pass Notch ¢ High-pass Notch
7F ZA grel= Bhel o EES HrErel

5% Elliptic #7422 ##-$ Graph® 12|

= Fig 73 vt (2apoll H=)

t
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