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Abstract

In this paper, we are proposed a 2-D zero-phase IIR second-order filter which have separable
denominators. The filter combines the advantages of the separable denominator and the simplicity
of the McClellan transform.

Generally, the McClellan transformation is not suitable for IIR filter because the 1-D to 2-D
substitution can not be achieved easily in most of denominators. So we have designed the second
order denominator using a separable condition via a first order McClellan transformation. The
implementation of a higher order filter can be achieved by cascading such second order parts with
different coeffiecients in denominator.

As a result, we have suppressed the ripples in stopband and obtained the narrow transition
band.

FEE, AR R ¢ VR

149

(Dept. of Elec, Eng., Induk Ins.of Design) . ¥ B

TR, RIS A LR olubd o ok el Hele] A2 kA
(Dept. of Elec, Eng., Sungkyunkwan Univ. ) Al ’;}ﬁ#f“t(Non separable) W] Foll ¥ 8} = %]
P HE T 1990 108 100 Fabodvh o RBe) oo vl R Pl AdAL o

(1940)



150 19904~

g 2kt HEXY J#tE AHoz J#(se-
parable) sl 7]¥-% ©]-&31 McClellan %#ifaikie] 7t
2 e o] gl ol o]z & McClellanii i i
© FIRIeZ AdAS~] g whjoznt o] §5lof
ghou) 2 =Fol IR o uEKEL Fol
A SpRpEel 2 MpEEdrEe]l FIRD el ol JH#
FepEst FAbstobe doll zhekslod phbEel A
fi% (Separable) oll o|-&sld om], A{rf1el V¥
o MRS 2= )] $18ed McClellan -#24i
Zoll & ZLAFQ] ghubg FH sl A A sp = siel

aabe] HRLE S AAshe AFols 5298 2K
jﬂlﬂ% cascading 4] 7]i= HLH‘OI elort o] A &
ol & HLEREON TLET YL R A e MRS
%ﬂ Al Z)e], EEET B ol A el METER Srel el Rke)

sbebis mhle] glome B Foldi  LM{LiE
el ool A7 K 2l T Ao Casea
BRSNS 7

ding A7l ez [Hex HEa
ovk TIR vl A ek 2 o A 74] ulel 9

W‘Omm

A ]o}ﬁiL’r.

I. BEfFel EHAE

1. -&c? ko TIRSARHD 20 2l 9
i
alubdol  yk [TREUENZ (prototype) HE| o] (i

s A %51'9_‘11,[8‘9'
by+b, z '+b, 2 ?
1+a, 2z '+a,z7?
R A O e G A= ol i
W}‘E}— 41(2)9} 7ho| 28 4 ) o}

Hy (2) =

T =

)
2]

'J>UJ

(Z
Z (1)
T BRGPETTAN

53

No (2)

D, ()

Be(z) Ap(z ") +Be(z7}) AT(2)
Ae(7) Ap (27)

H, (2) =, (2) +H, (z71) =

A sy AT pRAES ARl sk A3)
27 e NS dEfmgERs T3 5 Adrh
H, (™) = B, +2B, cosw+2B;cosw _ N, (w)
Ao +2A,coswt2A,cosw Do (w)
(3)

[ A,=(1+a2+a})

A =a (1 +a,)

A,=a,

B,= 2 (b,+a, b,+a, b,)

B,= (a,b +a, b,+a,b, +b,)
| B,= (a,b,+b,)

(1941}

12 Ef IRE&RGE 827 &

B 12 %

o] 79 McCleallan 58 &(4) 5" o] Loto] —rk 1
o] ANRE oo g Fifgekd AGG)T e kT
IR Lrfl —w "ol Emus +¢ + Aok

cosw=F (w,, w,)

H, (e™1, t) =

Nﬂ (F (Wl, Wz))
Dy (F (w,, w,)

“Drten (s)
2. Separable 7y RHE {E#:
QJ\NLE D, (w,, w,) = FifRgs 2 aARlE|
KA PO RS M En e %
A g 2 8k Abd 92 non-causaldb®] ¥ HF ow,,
wooll thshol def=#] ek whebs GRBH S D
(w,, w) 7F 2] 7b5 @ gk oS3t gel FEdd

Folnz

cos w=F(w,, w,)
= Too+ Trocoswi+ Tacosw,+ Ticosw cosw,

1

“T { (To+Ticoswy) (Tt Ticosws) +X1,

X= (Too T, =T To)
(2091 5rEBH D, (w) ol A1(6) ehalstol Al el s
@3} 3ol Het,

A 2AX
D, (w,, w,) = [(ArzA)+zx<T +—TT>]

+ 2<,.[ +4 ’? ; X) (Tol+’r|1C()S Wl) (T10'+ T, cos Wz)
4A, 2
+ 7T 3 (To\+ Tiicos W1) (T10+ Tiicos wz) (7)

A 7)ol A 1wl ) o} _,_Hl =) g} o] %%(7} 0°] k]tlrud
bbpie Feld 4 glom o] g

(®)3F 2-ch.

Qolql 4e 4

Ty

Do (wy, w,) =4 A, Tllz(,,Fl +cos w,)? ( *+cos w,)?
(8)
Z D, (wh, w27t #2ls 7] HeliAd Aot
W sigo] 0o =ojol st o] S fFrslw AR
o] ®257] 3 #EpEkol sk
A T T, _
A‘_\—z - 4 ( Tn no) Kl(Tu) (9)
o Liqm)+8)-Ko(m) 10

Q)7 M0z e K, (T,) & mxshd Aa)E <
< 4 glow Alpel A(3)2 FEEke i s A
195 et



LEEL et BBEINS 2 2%oC BOCH R o xe Fee] it 151
A?+8AZ—4AA,= 0 (1) o kS ubEsloiok dhoh, F(w,, w,) ol A
(1—a,)?(a?—4 a,) =0 (12) g2 o} 3o iy Al WA gH

Aol 4 a,= 12 WL Lo Kot o 2] sho] %

R A ko mz A8l sle], al—da,oll4i W
@ WS (T, el BAgel al1AY Aoz

dampping & 3] -& 3k %+ FEIAN (prototype) e &

ek
a?=4a,, a,>x1 (13)

2122 prototype U E] & ¥ 7} 58 3 Dy(w)

 H0497 Zel & ek

Dy (w) =4 A, (-2

iA, +cos w)? (14)
a2
| a2=1
\< a1t =4a2
-2 -1 ‘ 2 al

O, REEAE RN 8 T} e, o WEKE BIF
Fig. 1. Critically damped a, versus a, plot on the
stability triangle.

3. ’u\liif,fiﬂ Mt

309 A, A, A A(9)e 200l ol shed a,0l
»Jrow dejshud A0 E A5 4 Ao HEREY
fepkol whab a0 He A0 s dooh

ajta, (4—k)+1=0 (15)
Ko (T;,) > 6 or K,(T;,) > 4 (16)

Al8)ell Al Do (wy, wa) 7F H-2]7b5 8 A8~k 47
EHAC] 08 wes 4 (173 Feol =k HhpA] 09l
Wp1, Wp2 7’;@5% &l" 9/1

_ T
cos Wp = — V w,
11
T,
COS Wp, = — Tm V o w, (7
11

ubeba) B 55 REE Do(w,, w,) 7F H(zero) BZ
2}

iz AASob AlEkA] gEEetvl AsAe A1yt

A Fel7hsd S REES A8l A
Do (w,, w,) & HErEstolof shof A14F a, o
oz Aeslyd Aa9et Aol =l
4 +a?

1 al_ +cos w)?

Do (W) =Ap(2) Ap(z7") =a](

19)

4.0 (MR

5 PR Aol uheh chobg Yehel EEMM S
= e E dE 5 e by, b, b, (52 B, B,
Bt hE o B bebol Slal 2Ae & ol
wAe 7F iz DCRIf S e 2% Aegat A2z

A RN

B,+2B, +2B,

ot LI e ISRt SE |

Ay +2A,+2A, @0

botb +b, _ 1

1 +a, +a, 2 @)
N o] 260 E] & o & 3hod M@ Mol 4 —3dB 2] 3
s AR ) A A2 ¥ Aest el
w4 glek

B,+2 B, cos w,+2 B, cos 2w,
A,+2 A, cos wet2 A, cos 2w,

20kl oy e H2det ol el z=—1 ol
Ao e we-t ol A kel Sus s
z=-—coll Aol Fphew —3dB Sl MKl (ZES

2771/(2N1 (22)

248 4 drh & cdtol How W MEE A
© e b He citel 2 S MMES Hw 2
g} 7} ot

By (z)=by(1+2"") (1+cz™) (23)

“}'al'*i {1(1)1}' (23)1'?“&“31. bz—t\ff C*‘%

R

L A A
3} 7ol 4 4

=(1-4c)by, by=c b,

9l DC {82 4% Aonz
gl et

e 400% 2% 4

G b — _ cG
4(1+c)’
G=(1+a,+a,)

by = -



152 1990 128 EFTAGGLE B 2T & %128

4o0% ol gakel A (22)0 e 44T+ 9 o| ZF AAE BEHEK wiel 9B B &
on] 2(7)9] McClellan 8§88 ol &3t 4|25 f 3 B el A o) 2, 24 Prigdrd 1 A
ol -t 4 e k.

(w,, W,) z} 2 b;, cos'w, cos’w, (25)
£ 1. JLF‘Q[H(&%(Q} cZk (To= —0. 2839,

boo:Bo+2BlToo+ZBz 2T— 1) Tw=0.5 Tu=0. 5)
bro=2B,T,s+8B, T T}o Table 1. Cutoff frequency and coefficient C,
b= 2B, Ty 8B, (Too T, 4+ T Ty (Tor= —0.2899, Tw=0.5, To=0.9

520:4821‘13 —————
o Wo 0. 1n 0.37 0.5x 0.7x 0.97
b =8B Ty 0 | 381 |L47 |04 |0.28
C — -
b, =4B, T} T R R AR ' '
k o 94 IMAX | 10 |3121 0.9 0.9 1.216
b =2B, T, 8B, To Ty L MIN |-37.8  |163E-3 |6.3E-4 |8.49E-3 |4.65E-2
_ 2
boy = 4B, T 119 |6.68 0.84 0.51 0.17 (
b, =8B, T, T, 4% IMAX |5.4E-4  |3.36E-7 [0.9999  10.9999 |88
MIN | —407.8 '1.89 2136 |3.49E~4 |3 4E-3
M. &% %5t A& ‘ ¢ 130 l2.2 0.67 0.46 ‘o. 14

(B ‘MAX 3.91E-6 {0.9999 0.9999 0.9999 2.947
l MIN \2524A2 L. 15E-8 |1.87E-7 |1 14E-5 |2 12E-4

¢ - 143 (146 0.6 0.44 10.13

i MAX | L44E-8 ]0.9999 0.99999 ]0.9999 J4. 617
- 10743 2.12E-13 |1.43E-3 13.61E-7 l L43E-5

L @Efr Jikel ps ol R

7] o) nb Vol 4 20 H 9] 5 HAIA et
M 314 7] 0. 2 4 Y5l E%ﬁ}*}oﬁﬁe e W5 A LS
Alstol ol crkubo g HE AN EE Hs 2

HEAQS 9e 4 aleh NAS 2 DS casca-

ding 4] 7| EHSE B wooll 4] 40dBR A s A £ 1olA wu EERHRECL A LTS otk A
F v AF dshe EHAEE well HEsks ek Abol x|l JEEA M Aol T E cgtefs
= Aol sistel T g aleh o G2 shAe) kel A9 owke gkl 4t
— F(wy, N} — (14a,+a, cos 2w,) . h QOJXJE)F el A Rk SRR 0.8 ol4del
(cos 2watayt2;) —F (wo N) (@6) A A4S Ahghe 10] 4] i ke 7 5o,

: sl ulj = ZH A& Zko] /x\ B —9— =
F(Wa, N): %Dq(Wo)Z VN —(Ccos W, 0.1_30] }O " ]/_ ]o N Bh ) 77\7“5]0-1 IDH
- A gl Wik ZA 5"1‘4 ulebs 28] 3
WA RSO Al 2 e iR RO e G, (o), (o ),
= aa29 P, (m—m)eld Q) 0,00 Yl T 1o Al

g zkolnt oRel 2 2he ke sk Al sl
EnKE A2 0164 g 5o Aol vl AlshE|of
¢ c Ashe Leldfhe 2z 23

C
]
PPN vy B ---_,.f.,,) e el odot e aE Aol w
(IR o TR Loy 5 A s 7Sl
.

L

o

&g odn 3 OE a2 e e

45 Aol BERMKS
« = oAAE 4 stk 71E ol 2a e
cascadingA] 7 A sh= EETTE M BrE

cl c2 e3 o .

: 1 & o slglech delsl g ol el MK i

o

A5 ~Hentw, wo fJtes (e, war === O masih Ae] S g % g BT FE B
" B e & gl Eel faan ) A ohan -
42 S 4 gles] £ WEMEBES 2-

o,
a8 2. Ak Heo (i B e s
g4 gl & H;;“ 5= 7

(a) BEAT 7k () SHE KL =4 ol = ik 2l
Fig. 2. Serial connection of higher-order filter, o] FAsA Frhsted KiEEE K FAZE A
(a) conventional-method, (b) proposed-method. Aol hrh

(1943)



LER At Al BRERIRS 2

3-D Image Contour 3-D Image Contour

i \\gpresy
(a) (b} Returm- !t
a3 w4 59
(a) wo=0. 17 {b) wo=0.9x (83}
Fig, 3. Unstable frequency-response.
(a) wo=0.1n, (a) wo=0. 9r.(Border)
[’[} ’"’('i = T"i'o ﬂ@frhh’kol EI =, J@me—’j( E@[

5b: 48 1[44 R S ol el AR sled |lst
TR e E oo AA sk WS A4k

<,

2. WK M K
CgOr KHEE D e o
28] 4o} 3o,

ol 442l

B8 111 il =

R F ik

2000 R

O3 4. o) AHel ki Dele] VmEiE e Bl
Fig. 4. Flat and cross-section of ideal lowpass
filter,

J@lf:h& JJE%TI (E(g(a Wp, E@[mﬁ& JE&E’EJ&
e Weel shal SRk Al ztow ¢ls)
fglﬁﬁﬂ%%t{ 9]‘ )iﬁ}ll_, mfﬁ D] Egﬁh * 'gf'%
et AlA o) (5 e E e o Bkl 13 59

T-

Wk

b

AF= ] ws— wp | 27)

ol 4% o de o ol E(w, w)) & M3t

(1944)

IIR ol x| &t Ao Fif 153

3D [mage Cantour

3-D Image Contour

\\\

=

Press -

Retwrn-1 Press -
Return- !t

(a) (b}

32l 5. 2-D {hGEd e RS wE

(a) Yot ER (v, w,)

(b) A ] BER:A (W, w,)

Fig. 5. Cross-section of 2-D lowpess filter
frequency response.

(a) ideal-response:I(wi, w,),

(b) specified-response: A (wy, wy).
owl 2oge] ot 247k 5w 7t 2 kel
HES Helot ok

| E(Wl. Wz) |: 3 I I(Wh Wz)*A(thz) ’
0< Wl W2< T
(28)
ufeha] 7]EL] McClellan B452- o' &3lo] T, Fh-

AAE & Hske LA we, ws, 86, 852 0] A<
(S del s A steh ool e kggel wet
b2 B0 eptEd 27|57 F 286l ol

A

o

wak whez Aol R Alw, w,) & Albsted 4
28 2] ofe lmﬁ&% Alakgket, ol O%MLMM et

Rl g A% el g A 2l o g
dapol o A4

A BEEL 1363 e

o gl
A e,

N. Al 83lold o &R

2 el 4= ctﬁ el A4S Ay Lol
+ ol&ste] Tl e VI3 c
% F 2 oA washoich

2 9} A% gl 7oA e RS EnnilelE
7t el oishe] vhebglowd 7k nglel Aol gy
ik °} e ol 3L 3ol & HEio RS
ebgdel, Rloll A kel Aol RS 2lE

o

}:L:l ru

o] HEfF }Jrle-LCF Y A& o Folov ks A
2 24 zol7t dFE & 4 A=k BEfFHILSL
735 BN eu——“’# et & ’é%dli e
kel #l ol Azl Fol Fx| wskxlab 8% fipkol A
B ogke #4E gEe] §49 ¢ 01 5] BRI



154 19907 128 & f Il B 27 & 8 12 9%
START L 2. coE BERAIEAF (Te= —0. 2839,
Ti=0.5, Tn=0.5)
INPUT: Tas, Tot, Tror Tos (a) JEERST I8 W,=0. 57
We We On 0 (b) SRS I B W, We—=0.57,0. 77
L A&t D I(wy, wa) ] Table 2. C coefficient and transition band width of
— AF (o= —0.2839, Tio=0.5, Tor=0. 5)
[ Awy, wo) b (2 4) j (a) cotoff frequency:w,=0.57,
I c el sk (b) cutoff frequency:wp, ws=0.5r,0. 77,
[ E (Wb Wz) nf"ﬁ _l -
no K WAy Wik R Nk
E (w,, w,) <tolerance .
' c=0.835| aF=0.5°14 | c1=2.232| AF~0.4
[ Holw, wpil® ] ves 2=0, 987
l OUTPUT:3-D Display | ¢=0.674| AF=0.5°14 | c1=3.16 | AF=0.37
6 c2=1.8
c=0.600| aF=0.5014 | c1=1.272| AF=0.24
a8l6. fE Kk A SRS 8 ez 26
Fig. 6. Flow chart of proposed-method. 3=0.953
c4=6, 1447
miol sk AT AL FE4E 4 5 Ak

crel 8% 8kl A WA T BRI e L L hAssen, o

7S vhebd Llofrh, Pace \ 1iwl, w2) ‘] \ Alwl, w2)
B | Pass
V. & F]

HoeFoll A= 22k TIR tizel e 9 f"(}Jil/’K] ‘ Stop Stop
ol A vhebebas 2tk 0 %A Je it 71 0. AF 0| AF L moaang 82
o] FIRZe] AAoll aF A& 5 0] ghd McClellank# Wp Ws x Wp Ws x
Bk olgelel 1R phpmel s shalovd of " "

2] JAN 3-8 hr o i 0] (i -0 o]l E e B . A B
ol -57“ /Jﬁ@ \l Z(j\JL %IEJ_& 1 Hixiliﬁ@u\ El Io f’]’ :EA::'I 8. 8‘(5\' ﬂ(.h’k,lfﬁl@ *‘;}E‘]Q] )rﬂ()}i%ﬂ,@% lti')i
o] 240G 2k e & AAl st s wodrh =& (a) BE{EFU: b) R H
ek el o] AAA] 2k el el ikl vlepht Fig 8. Frequency-response comparison of 8 order

= REMEE sl BRfUK sl

Cross Section Graph

e

Cross Section Graph

lowpass filter.
(a) conventional-method,
(b} proposed-method

Cross Section Graph

N\

\\\

;
\ |
N

1

/, \‘\ \:\\\ 5
/ yd
X / 0. 0. %
*rﬂr T j | d T j | ‘+I( 77{' " o T ) 0 +Il —n ’ N 0
(a) (b) (c)

Ay 7. F 20l e HEBHER S BmE

{a) 4K b 6K

(¢) 8

Fig 7. Cross-section of frequency responge for table2,

(a) 4 order, (b) 6 order,

(1945)

(c) 8 order.



EE A Ptk ERGUES Zv
< MaEmRggel A Y CAlF e Fol EIIE
ol whE REHMES TAAZ o2 BRAK &
2t —L-:i % B|oL ROl A vheb vl g TR
ol el Eghol Hifl =l whl & 2 glch

2 £ X #
[1] JJH. McClellan, “The design of two-

(21

dimensional digital filters by transformatio,”
in Proc. 7th Annual Princeton Conf. on
information Sciences and Systems, pp. 247-
251,1973.

R.W. Mersereau, W.F.G. Mecklenbrauker and
T.F. Quatieri, “McClellan transformations

2RI KoM IR o=

HH e it

-

155

2-dimensional recursive digital filters,” Elec-
tronics Letters, vol. 12, pp. 288-289, May.
1976.

P.K. Rajan and M.N.S. Swammy, ‘“Design
of circularly symmetric two-dimensional
FIR digital filters employing transformations
with variable parameters,” IFEE. Trans.
Acoust. Speech, Signal Processing, vol.
ASSP-31 pp. 637-642, June 1983.

&, o], “McClellan Transformation
o] &3 224l FIR clxet e A1A1986
W ek Abgets] slhA Fgeteds) =57

[7]

(8]

[0}

Agd, 1% 352-355 1986.
for two-dimensional digital filtering I- [9] J.S. Lim, Two-dimensional signal and image
design,” [EEE Trens. Circuit Syst, vol. processing, Prentice-Hall, Editions, 1990.
CAS-23, pp. 405-413, July. 1976. __[10] D.F. Elliot, Hand book of Digital Signal

[3] D.E. Dugeon and R.M. Mersereau, Mult‘zdz- Processing engineering application.
gen]sionald Clgigmlz\j 7 Signatl. gricef‘;lgi’ Academic Press, Inc., 1987.

nglewoo iffs, N.J.: prentice Hall, . ) . .

[4] D.I\i. Goodman, “A deiign technique for ~ L111 #&A, &&e, 2AEsh ]2, “McClellan
circularly symmetric lowpass filters,” IEEE e o83 olA 4l 44 FIR fan L
Trans. Acoust. Speech, Signal Processing, of AAY 19901 % o3t AT FAEY
vol. ASSP-26, pp. 290-304, Aug. 1978. sl =3 A13Y Al23 679-682%,

[5] JM. Costa and A.N. Venetsanopoulos, 1990,

“Design of circularly symmetric two- [12] A, $8e], 238 o|Zod “ ZAsix]
dimensional recursive filters,”” IEEE Trans. ol ‘]Holﬁok E}%lﬁg O]i}%l oA ek 1 ‘3191 "éﬂ]"
A Sk, Sl Mo 0 s e SASE s
[6] F. Bernabo and P.L. Emiliani, “Design of %%ﬁ A 13:& Xﬂ 2% 687_6912' 1990'
EE BN
&t M B&H) F IR #®(E€RH)
1958% 3H 20H74. 1985%F A 19474 128 30084, 1973% Adddta A7]28 4
FRhetm Fre AT Fof. 1975% forujetm ek AA-Bekn dape
9119876 AFBeNea He 8 HE 19786 sebehstm et Axbgeln u)
A Aabehe HE5 19904 AT Ababel # 5. 1979% 3H ~1980%F 28 Denmark &
et dzbgela whalny 2o ek (7). 19874 98 ~1988F 883 4= Lough-

A

B, 1989%F 3A~& A oldHdE
FA Hok= e A5 A 3
AlsA el A AA £

[ J
F R FUEGH)
19624 4 A 1504, 198458 A
TN gt Axlgsta)
19864 A Fadieta o3t
A Aareky # 5, 19884 38 ol
F AgHdsty dxlgetat g
AlhA FRARole tix|E Al
Helel4] S

o u.

Al
o

F ol
T H.

L+ ]
i

2, spAe,

(1946)

borough W&t (d-1). 19774 38 ~19814E 87 #&+%

o Zu4 19814 98 ~&A Addpdn HAAF
a3 w4, FHRAF-okE AYA o] vlojzE =
2AA, dAHE, AR R} 59l



