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Abstract

The constant modulus algorithm (CMA), one of the widely used blind equalization al-
gorithms, equalizes channels using the second-order statistic of equalizer outputs. The
performance of the CMA for multi-level signals such as the quadrature amplitude modulation
(QAM) signal degrades because the CMA maps all signal power onto a single medulus. In this
paper, to improve the equalization performance of a QAM system., we propose a shell
partitioning method based on error magnitude. We assume the probability distribution of an
equalizer output as Gaussian, and obtain decision boundaries by maximum likelihood
estimation based on the fact that the distribution of the equalizer output power is noncentral
7%, The proposed CMA constructs a multi-moduli equlization system based on the fact that
each shell separated by decision boundaries employs a single modulus. Computer simulation
results for 32-QAM and 64-QAM show the effectiveness of the proposed algorithm.
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Fig. 1. Channel equalization system.

II. Blind &%

I3 1L Yukgel Ad E3AAEE Ve
Soiolla] s QJHAE a.01Ad h & E38N
Algte]] Aasle] £37] IHAE x0] F3b¢} ARE
2 .08 Z&Ed dukyez blind E319
Tz 7P wkedle] 8] HE¥DA (trans-
versal) HelZ o}Foix]n] LMSe} AR Wjes
A%g AR 29 2= blind S3le] BEAE
E Jehe LMS <dwelEae] Aol™L  zero-
memory<! B]A3 = g(-)\% olg3le £8< AR
3l Alolrt, & AAAlE 93 LA e 53}

A
A~
5



19964

7l 29 2% vlAd¥dT g(z) = o8 AR
(D

3 zho] Aol of 7|4 Ha} pg sequenced] n

A ke hehdch o] LAkl o)

e, = g(z,) — 2,

(2)

3} 7o) F3pr|o] AeE A} 7 e 53
719 Al s, X S8 (84S Meloln] 4]
F7) pe FEEEe) NS A Aol 4]
(2)ell 28] 3717} +3dsPa 7ik= (eye pattern)
7 delA "z o] W Sle YAy m=lfg
gl APAA wel 2|53l wol A2
S3E 3] A% ASE A 4 (2)9 B
& o] wle] Qg o, A (1)9] glz,) S AAF
2 (decision device)E T3 5371 4 dec(zn)

22 i3t Aeolct.

Wory = W — X, e,

Channe Transversal Filter
5 {hn} ¥n Wa} In
|
CMA

22 2. Blind $37]9 44dx
Fig. 2. Block diagram of a blind equalizer.

. CMA®} dual-mode CMA

7R e daelge] AlkEdEd o gare
=2 =7 Sato A 4uelE'*! 3} Godard Al <
we|EVeg 258 4 glon Mk S3b) Y
A5 13 A4 AL, Al 550 284139 2
A} ojake} BA] AL o] 83k} B Godard
Ad gae]ge] shiel CMALF o8] Wy dv=lE
2l dual-mode <25 S48 Yolic]

1. CMA

CMAE AAZAA z=2 Ad#sl] 3 2758
ARgslc) o)9] BALE YAERS SR ebuthe Aol
o 27)Z8Fl e carrier recoveryol 2%+ $34HE
flo] Y3}

1A EFIS8AmLHE B33 % BR £ 1R

(135)

135
CMAS] H1§957}

J = TE{U2) - R)Y (3)

2 Foidl o olel Wel iR Aol kg P

al
oW

E{ 2y X:x (‘znlz - Rp)) (4)

olc}. ol&YE] CMAS] AF74Al4]

Woet = Wo — 1 X5 2,2,/ — R (5)

< dert. CMA® modulus R

E [la,']

B = B e ©

2 Aegich Als Azpe] Agwsl LY g,z
a7V - -3, -1, 1, 3, -~ A€ A%
16-QAMelIA R, = 13.2013 32-QAMOIA R, =
26,2°]T$]-_ f11]

CMAANA 25=27] 4
s3I 449 5 slok

L
o

oupAal LMS A$¢} v
[10] M=

(7

‘= TR
2 2873715 AYed 9714 L& e8] 4ol
Al ()24 A4z Y o] vt dele A
7} Z7HSE A5zl A Addselol e o
T uck. QU eR A% AR A5 Sl g
Y] FrlshAl ez Ag=7]18 AA Aol &
ot FHEEs A9V E59F wWang A5 A
3 Mgt F7He et Agar)r) Aol L s
= "ejAlct LMS 531719 A% u]83+= convex
e e I A%+ gley CMAY A%
H887t convexdHAl ¢k =% Azt (local
minimum)e] &3l H=HRo vl F3E Y4 X
A% = qdch. 53] saddle pointell 48 % gl
el qledl ol9k L blind YHEY ill
convergences A7 AAZ o} g}, 12

2. Dual-mode CMA

CMA® 93 QAM 41EE 33 4% =717t A
2 o8 A5ES s modulusell %99 (pro-
jection) A7l Az}t el A F3& nAs|
5 ") Dual-mode CMA'TE 4] (5)9)




136
CMA7} 149 modulus RuHe o|83p= 73 o=
A o5 modulus R, k = 1& R,% Agsld S35
Aee AT o= RE A ()94 Bo A4
A3 A3l djal Tl A 2ol 45 4HE 3
717 MR AL AZER PAEE YIEE FEY
F )& 4] (6)oll ddsiA ezt

£ 53l o)83l] HslM 53] E-AlEe w)
2t 178¢] modulus R, & o83l Skl dds
t}F modulus R ol43le] Fslsle ddozg v

ok &, 2941359 AYe] Dy <€ z02 < D
ZA$E oI modulus RE ol43l S3lsln &7

Aze] AHol o] AHE uHlold HFee Uubyal
CMAZR F2Bl= dxegeldt. A7IM Dt Dose
w7l ) A4 whle] gl
7o) dual-mode CMA®] 714 & Wo|c}.

IV. AMetst Shell 8 2I%F CMA

EAHE dual-mode CMASH SABHA 8415
2 709 shellZ &’ ¥ 7 shellol 27) &
modulusE A4ty R JfAE F3KTE P
shell #& 7|4} CMAE ARt} AQKE wbyel &
o3t Adv-S ¢lalA 32-QAMS A2 2t}

’1. Aol Wik A 24}
714 1. A3 a2 Fgo] Ooln Asiel ey
7} 412 independent identically distri-
buted (i.i.d.)al Al&olr} o]o] & o=z
QAME & it
YAE gyl iR B3] £HAE z,S B
S 7HS-AIRE B3
riable)olr}.
3] WAS What S3b) d¥as
A2 Aol gich o] 7L ke Adlm
71ellA] fasie},
A4 (steady state)oll] 2HAE gz,
2 HAZ a0 2HEH}

2] EHAsAYL] A BEAL dotrs] ¢
3 o]o} o] 7+ Az chaf sHAT ZALE g} )

S37] 2284 FAH B4
Ad TS AUY ¥ A" 248

(impulse response) si&

=

=

7 2.
W4 (random va-

713 3.

.9_
\_

4 4

Shell ¥& 7] CMA

(136)

FEE A

Sn = ha *wy= Tw,_ b (8)

2 A n, 5319 Aeg w0, 02 Yehd o E
7] 2HAS 2,2
2y = gan-—l 5y

2 vepd 5 9t} o)F o] g3l 2z |z,
9 7]dgt (expectation)&

(9)

E[ 121 = El |Zapsi’]
= ZXEl e,y a1-n] 15
= El la)4 ZMZ (10
2 yepd <= gle} 7

3. 53] 24415499 v
WA YAE {an)ol NI S3p7] 2459 =
=8 (probability density function)E 7}
Ak (Gaussian) B¥ 2 slsialr (18] zealge)

H

Aol 3487} 27} 2 = rcosé, 2z = r sing
d o, EHAF Zrle = \lzR‘-l-z, > (o]lx
joint FEUEZE plzr, zne

Nz 2) — Z;r;,,g, exp(— {(zg 2;‘%?#19)2 _ & 2;2’/11)2) (11)

2 joint 7FAlQE BES 2kt o714 w3 4
72t AeAEs AR gHade  9ua

o = o = o= Fod

rd¢

- 2 5 . 2
pin = Le’“’( (’Cﬁsé ur) (rsmgrm))

_ ﬁﬁhexp(' 2+ guj? + 42 + r(;mcos¢az+ sing) )d¢
- Gew(- T bt ) ol i) (12)
ofct. 71X =
2T
Ijx) = %fo exp(x cos 6)dé (13)

2 Aol®lE= modified Bessel ol 4] (12)=
Rayleigh #X& Zech olaye 234134y
c = A9 BE¥FPpe

35-; e

ple) =



19964
g exp( -ttt ol (LG e ) (1)

o . 2w e
& poncentral chi-square (¢°) £3£8 g}

4. £37) 25459 24 37
Qe AE 4ol g g = {1, 2. ... @A
7| E[ 14%e] = E[ 2% + 2Hq] &

Bl ld%a] = | quv%;‘exp( —L—“—i@ﬂ’—)dzm
+ [ exp( Lot = 10" )dz,,,
= 28 + phy + 4, (15)
2 vebd o AA Nl Aol etk Sldighe ok
(% A #x2)
El 1z4*] = 28 + E[ laJ’] Isf? (16)

ols 4] (10)22RE F317] F8x15e] ke
& = %E( a1 Siss? an

2 AEENS) R b 5 ook Yilse
Es)7] 294159)e) MSES

E (le'] = E{iz, - a3

= El (2 — 2Re{E[ 2.}l } + E[ a8

1

i

E[ fa,l] Zisi® “ZRe[E[ Xa, sy a4} | + El laif

EClad? i = 17 + st (18)

%

2 Helal 0 gapselel ERu4E SAlE AR
7} 19 7Pk Sz T gabadeei e

E[ leJ?] = 24 19)
o) fAP} Al
5 B3] EH¥Ase] il o} moduluset

shel] #-%

2% 3a)e 32-QAM Aoy spg 29 7o)
2] EYHAUEE JMAIRLE E g9 @ dz2
P = 0.2590 A99 E3P1 £8439 3-D plot#
contours vyehicl 19 3(b)E YAz RE9] 7
215 wejsle] 3] 234158 509 PR G,
1 < k < 58 v} 7lojch 28] G A& Ao
2 3AE Al AFE 3422 O/ 3(a) 9 7o) 7}

18 BETIS®HmIE #$33% BR B 1% 137

FANEEE o|Fn] T3] SHAlFe] Bile] o
symbol error rates} FEHzjo] shelle Faksl=d]
A4l Symbol error rate £ (35 B &%)

P.= R awo - Lewo (20)

B o] 29% 2Pt ARle BA4E e} of7)
ok ool el

A Qn =

om
8(za, 1))
0o

[ e

(b)

a3 3. 32-QAMAN $317| 2HAFe] BE
) €3] 2¥4lE9) 3-D plotst con-
tour (b) 5-3p] §¥4lse] ¥#Al5
Fig. 3. Distribution of an equalizer output
for 32-QAM.
(a) 3-D plot and contour of an eq-
ualizer output, {(b) Subsets of an
equalizer output.

$3b) #9AsHYEY REg B A9 ooz 7

£ F 2 F94 42 ohE modulusE H4dd 5
Fds< A Hls) A (5)9) dwkgal CMA Al

(137}



138

F73AA 4 1702) modulus R ©l-83l= #Ax} o}
24} 5709 modulus Rk

El la,£Gd]

Bl la,e G4l (1)

R, =

zhzbe] ol sl 53lsly] el shell 28
gafor ¥} Shell ¥&& g TFsPd 4 7
g pE3l7] 9% AAAA (decision boundary)

=)

£ ke Ad AHAAE ek whe

=
=3

KB
=
=

K2 1GY , HGY)
w2 1Gy © HGY)

L(l2h = (22)

2 maximum likelihood (ML) F9HS o83
1=

PGesficy

LELED)

o
Uflﬂ 2 1 4 m,m

Dﬂ w2 2 LN R ey ] 2l

k1]

{a) PG plla)* 1G). 1 Sk <5 (b) P(G)) plfz 1G))

Wy P10
Vo) ¥ YR
id

o -
n*mfm ¥ 0 T @ N

J
0 10 1 0 % w
lal ' ﬁ

il
it

(©) P(G) pllzf” 1Gy) @ P(Gs) pllz’ 1Gs5)

IR o PG
8 By i)

PP * 1

L) T 2 4 0 8 %
4 2

2]

o
[1] 0 1 k3 0 % 0 ZID
4 4]

(e) P(Ge) pllzf° 1Gs) N P(Gs) pllzf 105)

a2 4. 53] 2¥A5dHe] BE (32-QAM)
Fig. 4_. Distribution of the equalizer output
power (32-QAM).

q7IA Gye AARRAN GE AR AREeE
TRz Gl #HERFE A (149 non-
central ¥’ BEE o]Br} Tapy] ZeAsHyen
YE] AHAAE Fihe ol A (5)eAe} 7ol A
F73AAle] EHAEAHT modulusohe] o] &
zZ3hsl] dfeln EHASE 22 ¥EE /Y
FHA34H L 1A EXE 7RRlEE 23] Al3e]
it AAAE 130 78 5 e Axe] Wl

Shell #3% 7]4F CMA

(138)

FEE M}

wjFolc} ol2HE] 7} shell Sk, 1 < k<58

0 < lz)? < ds k=1
Sy = { dioy < 124° < du £=234 (23
dp—y < 2% ¢ o, k=
2 Aoglc}

3 1. 53] Aol @& moduliet AA7
Al (32-QAM)

Table 1. Moduli and decision boundaries
depending on the state of an
equalizer (32-QAM).

271 A el
I3 2
R 10
modulus R 26.2 18
Ry 26
Rs 34
di 52
do 14.5
AA7A FAEA 2
ds 21.1
ds 30.1

a8 4% 53] 28439 Bale] 0.129 A$e
53] A5 Bxelrt I3 4(a)E e
noncentral * ¥%% vehlz 28 4(b)-(e)E 4
(22)9 ML FHo2Re] ARAAE Tsl7] At 7
EXE vepdicd, a7 4elld sibEE AAAAE ¢
ujsi o] ZAAAAIL 4] (21)¢] modulusE F 19
dehligicl CMASH AAHAA n=g 23R 53
He) A% mragl] 24t B ( 107 | 1%
o} A& Aol kA o = 0.12a B P
= 6.3x10722 o] 27 W&t 19 5¢ B35
7] EHAES] ikl w®E FHEHCE Afole
modulus”} shbal dubzel CMAR E2hs sheirt
5371 3259 Babe] a7 ol ooskg A
19 modulus®t ZAZAES o83l shell ¥
o o&) 33 wje] FHEEAS et 19 5&
® 29 AL ooz o = 0.07, 0.1, 0.11,
0.12, 0.15, 0.2¢04 shell & 714 5312 A3y
& vje] FEHeg of = (.29 wje} o] Halo]
Z 7359 AR 22} e Aol vig) A LdAs)



19964

o pEAFo] DA o = 0.07d we} o] B4

o 2 A9 WBE shell Feoll o} 2= 7}
£BAT D2 Aol uls) 2o W] o) Tl 4

HAdo] "olAh A3 o = 0.13Y A= o
0.119 s} o}F FARE 38 Zhert

~

(a) A 1
S
—
gm ‘,oxsocllsow
s ccf:on'/' \;Gi"‘/w:“u
(b) A 2
a8 5. 53] 2HARY HAld wE $YEA
(32-QAM)
Fig. 5. Convergence characteristics as a
function of the variance of an

equalizer output (32-QAM).

7z} 3] £3A159 Aol thgh symbol error
rate 0° = 0.07¢ ® P, = 2.55%10™ o® = 0.1
Ao po=254x10% o = 011 W P = 4.2
x107% o® = 0.12¢ W P. = 6.3x10°%, ¢® = 0.15
Jdw P =15%x102 ¢° = 0.20d ©) P. = 4.03
x107%]ch. 23 622%E o = 0.12d W 23}
Atz A A71E w=d 4 P 2 A
& g o =

o=

V. M 2o AH

2 Aoldle Al g3t dubdlal CMAS IV
el Alekzk shell ¥3 7|4k CMA, 22|a Agkgk v
W3 o] oF modulusE o]83H= dual-mode
CMA2] A58 A4 29 AYS Eslo] naih},

©

15 BYTEEHLHE £33 % BR # 1%

(139)

139
2 Py
NN
o - ‘\?L\
g. e
;. R
12 N
" NN
. \ dust-modes CMA
i . prapossd CMA
o 000 10000 15000
Iteration number
(a) Ad 1 (32-QAM)
s
°
S
g° -
5
£ DN
w-l—-ndn cMA
) . \\_“
® \p'\wx\—- roponed O
o saoo o0 15000
Iteration number
(b) A 2 (32-QAM)
T4
o 4
a4
2 4
s 4
g .
-
-5 4
E
-7
-8
oT proposed CMA
10 4 e -
[ 5000 10000 15000 20000 25000
Iteration number

(¢) A4 3 (64-QAM)
a8 6. 7 W EY #¥EA

Fig. 6. Convergence characteristics of each
method.

RelAg-2 ARl o3t A5 zhel 7184
ot 3RS T3 X 29 AA diE ssielon
Aol AR AlE: 32-QAMT  64-QAMO]t},
CMAS®] A% ODAAM AF7 RALE AHEsigw Al
okt shell B8 714k CMA2 7S & 19 AHE o]
falo] EAlsel Balo] o ) 0.122 A$E shell

F&E 312 a4 (5)2 CMAS o8 S3tsted of
< 0.129 # shell ¥ ol83le Sz

Dual-mode CMA®] A AYAd 1dMEe D = R
- Dik = Dox - B = 2.1, APAD 264 D =
1.8% o]-83lxlom o] e UYL Edlo] dL 3
o] greleh, AFAd 344E R = {2, 10, 18,
26, 34, 50, 58, 74, 98}°ld Dx = {0, 4.5



140

14.5, 20.5, 29.5, 40.0, 54.5, 65.0, 86.0ie]lx
D, = {3.5, 13.5, 19.5, 28.5, 37.5, 53.5, 63.0,
83.0, 114.0}& o] @& [15] ol AT o2y
e 78 Aot}

k14 2. A3
Table 2. Test channels.

A A7 AlZ 7k #4+  |Gaussian &
(symbol) (dB) (degree) (dB)

1 -14 30

Ad 1 5 -24 0 27
11 -26 -40
B 1 -11 45

A 2. 3 -20 -10 30
8 -29 30
1 -18 15

A 3 23
4 ~23 =30

the-2 Akt shell £% 714 CMAS] A4 &3
dzelgeld}..
A S5 dn2lE
D W & B3] 2HAE g9
MSEE Sla, — 22025 343} (4] (18)
ol8).

@ E3p7] 294359 B4 048 A3} o] wje
MSE+ 6.2 (dB)ell si3&cl. (4] (19) ©]9)
® S3b7] 29459 B4 ol upet SsHEE A

Al (0% 2 0.12).
@ ARAA dERE] S37] 2HAEAY | z,]%]
= shelldll £3=x1& AAstE modulus Rk,
=1, 2, ... &2 lookup table2%¥ 73t}
(%1 o}8).
® CMA dwxz]Eddxe) RS A9™ modulus
Reeteet = R A3}

an

Worr = W, — 1 X, 2,(12,0° — Ruwe) (24)

2 AFYALE

a3 62 74 uhle] $35AE mean square
error (MSE: dB)E ZAI§ A& Frie] A4
F oF modulusE ¢]43l= shell & 7|4l CMA
2} dual-mode CMAZ} 1709 modulus® AHE3Y
CMA®] vls) A delo) =d3)s =) MSEZT 3%

=

Shell #+¥ 714k CMA

(140)

FEE

7b "R =) o 4 rkh AgEzeNE A’
shell #8 7|4 CMA¢} dual-mode CMAZ} f413F
A5-& 7HE o 4 slok 22y, dual-mode CMA
Ade] BAdol wel Ao F3E A =i
W D, Doatks WSpAAo s o] sloH
o] }EL HAske FAY rIFe] FAER] =t
w3, 27] F3lollA Ade] dsr} Alg A s
7Fe#del CMAXT dual-mode CMAZ}F & wHdo]
odet.

2% 6(b)7F 28 6(a)ell Hls) sHgr} EoA]l=
AL AR 27 AYRAd 19 vlE) 7MiAEO B
o] X3t=|e] sl7] wiols #F MSEZ} 2 olfi=
AgArd 271 AFAd 10 wlsf ZAlgE Aol A
A 3o} 9l7] wWiEolch o]9zke olfollA] 71e-Al
b Aol H ZA 23 AAd 39 AR
shell 714t CMA2} dual-mode CMAS ARt el
A9 22t ok & Aol vls Atk A 3elix
CMAS] AAPdelolxel a7t o} & Adel] wvis) 2
olf= CMAZ} A3, Axe| 7Agvt v1drE A%
o] Wojz|7] wjie]c}. ‘

5 modulus® °]4¥ A5 2zl 1749
modulus& °|-83 wje] 2glav|nc} 4o =4 A
g=dl ol MANA A3t vls} o] Aze] Xz
Aol 25=7) wjE Al ] wiield). &,
tF modulus® o4 7% ZE 32-QAM A% A
ol o3 S3lste Aol ohel 7 shelldl] Egsle
40 87lel AE ARl e S3kshe onlelmg
293718 48] ol SRR 4 et 2=l
FH&Ee] vHElER a5l737)7) qe) FoBsl 5
£5F qu) wi2A & 5= glvhs 9vjojr}

3] Aegle]l Al =dde ASsE w,
W22 t© o] Ag7gAle] o]FoAA] Y= AlH
2 A 5 gled A (59 CMAY A% W,
w,olsiw

[« 3]
oa

1.

L

lzJ2 — R, = 0 (25-a)

olar A (24)F °183t shell ¥ 7Nt CMAS] #¢-

1247 — Reteer = 0 (25-b)
olojo} jht}. H37t FEH AHAfe
{2,4% = la,l® (26)



19964

2 53] 29o] WAlsol AR gew AT
Hidl A (25)90 4] (26)& vl A (25-a)9]
A4 R, = 2620122 dAF Aol w47} 4 o)
Rzkol BA Aok HbH shell B&E o]4d 4% 4
(25-b) oA Reeecr?} 9AIZ. A3} A Hlug o)y}
Aq 3¢ HAY 38 & 4 slth Dual-mode
CMAE AAE] dodsts 75 A’k CMAH 2
2 idez A7 4 gl

CMA dual-mode CMA
(a) Ad 1 (32-QAM)

shell #¥ 71 CMA

i

»wlew

L]
¢
]
L4
.
»

& » ¢ ¢ 9
A B R BN N

. =

¥
L]
*
L4
L4
[ ]
-2

[-5 28 o 28 3 MY

shell £ 7]4 CMA

CMA dual-mode CMA
(b) A4 2 (32-QAM)

CMA dual-mode CMA shell ¥& 714 CMA

(c) A2 3 (64-QAM)
a8 7. 53171 39 scatter™

Fig. 7. Scatter diagrams of the
output.

equalizer

a3 78 Adardel gl scatter=2 AR’
shell #& 7|4} CMAQ] scatter®=7} o} 7 uhye]
scatter=¥r} AlE7ke] ¥z} & EHolglss o &
ot} Ay A 2137 A=A oz A% AF
£ Fieg Fysisd dukHoE CMAT 4ld9
A4S vAklA] EslmE carrier recovery’t ¥4
st A AFT A 2ol CMAS] 53Md5°] He
A B}l JA} 35 S A ns2 A
4ot} HbH shell ¥ 718F CMAS] 3% car-
rier recovery®} @7 ¥ 79 AAAER 2o

1A BYIE®HLE $ 33 % BE £ 1K 141

dgo] deskA] ygntE 3} 2585 ¢ &
ole} Al 29 Ayl AFAd 19 Al uls
2O o]g3 Fg-Alab ghgel AbR o HA 1

of si7] whtoirt.

Vi. 2 &

B =Rl QAM AlEel o shtkel modulus
o & AEE dSAFI7] FE Aol A3 shelld

o g ol o g waslyclh B3] %4l
sH#e] %7} noncentral ¥ EEE 0]FL ¥yl
on Y £¥X35Y ARECERE maximum
likelihoodell 2}§t AAAAE T3t zzte] A4A
AE olgsle] aigdddd Fshe Azl digt mo-
dulus® 223k shell £&ol &g CMAE Agks}
A}, Akt dmElEe MY 2akar)7)
27} whgel CMASIM AA7AA daelgeR Hd
Agg sl] 5318 4 9o carrier recovery2}
o] AMgal A HAAAA duzlFoze] o]
8314 e AL g FFAs S3br] 234l
F FAbel ah2 Aleuisie) #Aslel] At dolt)

Bt % A

AR} S5 Re A ol R} [ e
B B T e

ur = E[ 2,2 = E[ Z,(an/ue Sig ~ @p-rt 5101
= EL gﬂn—/,n S/R] - E[ 2[ dn—l,lSl,l] (A 1)

u; = E[ 2,1 = El TTaan—/.R sl + E[ zlan—l,ISI,R] (A 2)

2 ek 4 gleh 2 Qe 4 elel @ 3

a7t AFARE ¥

tpg = EL apm o T :L-zﬂn—lk sl = El aygesos + Z anrssidl
= Ay gy Sue t %E[ @po1k] Sir — @upg Sos t "ZOE[ I
= QnRe S0.R T @nke S0 (A 3)

(A 4)

Ble = Qppy S0 T Qe Sok



142 Shell & 74 CMA

olc}. ol 2 HE

(A 5)

2 2 2 2
Hpe + pie = lanlal Isof

oltk. A (A 5)& A (15 dlglsln ol 2%E] A
QN Azl sl 2dsh Al (16)E deth

fft % B

3] FHAII ZHAIE BEE o1RH o<z
< 2013 0 s lzd < 20 Gi®} RS PF shie] o
o $1x1% e} &

PloomrectiG] = 11 - 2Ua1? = 1 — 41/ + 4@/ (B 1)

ol o|ZHE| LApES

(B 2)

2 vehd £ ik Gl G Gse AFSo HF%
BT olR{ A&l EAEE G, G GOl T
3= A3 ealslg2 A (B 2)¢} 2t

G2 8709 7AF & 7oxe) EHAEe) 24

= 0
L

PlerorlG,] = 1 ~ PlcorveciG, ] = 4X1/a) — 4F(1/0)

HoermrorlG] =1-[1-2l/a] [ 1 - l/a)}

= 3Ql/a) — 2¢°(1/0)
2 Fos e Wos Gl el TAE T 7
ol Hig FHAE LAHEle| o] W] LA4E

[=]

L

(B 3

P oemoriG) =1 -11 - Ual? = 21/0 - @9 (B 4)

2 izl A (B 2), (B 3), (B 4)2%E] P

P, = 34—213[ ervorlG] + 3%[‘[ erroG,] + 542—[‘[ error|Gs]
+ B H erolG) + A erodGy)
(B 5)

2 4 (2009 A3E et

doed

{11 S. U. Qureshi, “Adaptive equalization,”
Proc. IEEE, vol. 73, pp. 1349-1387,
Sept. 1985.

(2] B. Widrow and S. D. Stearns, Adaptive

(3]

(4]

[51

(61

[71

(81

(9]

(101

[11]

[12]

FEE N

Signal Processing. Prentice-Hall Inc..
1985,

ol7|d, A3, kg, 43 Ay, oW
%, 'LMS 7|4t A$ 53p7leld wE $4E
A 71EAE E1Y) NI EEA, A
1978 A 5%, pp. 939-951, 19949 5%

T. J. Wang, “Complex-valued ghost
cancellation reference signal for TV
broadcasting,” IEEE Trans. Consumer
Electronics, vol. CE-37, pp. 731-736,
Nov. 1991.

G. D. Forney, Jr., “Maximum-likelihood
sequence estimation of digital sequen-

ces in the presence of intersymbol
interference,” I[EEE Trans. Inform.
Theory, vol. IT-18, pp. 363-378, May
1972,

C. R. Johnson, Jr., “Admissibility in
blind adaptive channel equalization.”
IEEE Contr. Syst. Mag., vol. 12, pp.
3-15, Jan. 1991.

Grand Alliance HDTV System Specifi-
cation, submitted to the ACATS Te-
chnical Subgroup, Feb. 1994.

J. E. Mazo. “Analysis of decision-
directed equalizer convergence,” Bell
Syst. Tech. J., vol. 59, pp. 1857-1876,
Dec. 1980.

Y. Sato, “A method of self-recovering
equalization for multilevel amplitude-
modulation,” IEEE Trans. Commun.,
vol. COM-23, pp. 679-692, June 1975.
D. N. Godard, “Self-recovering equali-
zation and carrier tracking in two-
dimensional data communication sys-
tems,” IEEE Trans. Commun., vol.
COM-28, pp. 1867-1875, Nov. 1980.

N. K. Jablon, “Joint blind equalization,
carrier recovery, and timing recovery
for high-order QAM signal constella-
tions,” IEEE Trans. Signal Processing,
vol. SP-40, pp. 1383-1398, June 1992.
Z. Ding, R. A. Kennedy, B. D. O.
Anderson, and C. R. Johnson, “Ill-con-
vergence of Godard blind equalizers in
data communication systems,” IEEE Tr-



[13]

{141

{15]

[16]

19964

ans. Commun., vol. COM-39, pp. 1313~
1327, Sept. 1991,

J. R. Treichler and B. G. Agee, "A new
approach to multipath
constant modulus signals,” IEEE Trans.

correction of

Acoustics, Speech, Signal Processing,
vol. ASSP-31, pp. 459-472, Apr. 1983.
J. R. Treichler, C. R. Johnson, Jr., and
M. G. Larimore, Theory and Design of
Adaptive Filters. John Wiley & Sons,
Inc., 1987.

V. Weerackody and S. A. Kassam,
“Dual-mode type algorithms for blind
equalization,” IEEE Trans. Commun.,
vol. COM~-42. pp. 22-28, Jan. 1994,

V. Weerackody, S. A. Kassam, and K.
R. Laker. "Convergence analysis of an
algorithm for blind equalization,” IEEE
Trans. Commun., vol. COM-39. pp. 856~

FEARERE BN B E 4L BR

A Azt AAhges b
4

7= MOERR)

1980.

3, ~ 1984, 2. FeFEw Axlzsta &)

Ab 1983, 12, ~ & is-AAt daddTa Addd
7. 1995, ~ dA oA T Aa 2
T4 Bol= txg HDTV, oixld §Al, 2/d=k
4 AA Axd T

1 EFIS8ERLHE

X Ap 2 Y

$£33% B £ 1% 143
865, June 1991.

[171 O. Shalvi and E. Weinstein, “New
criteria for blind deconvolution of

(181

[19]

(201

(211

nonminimum phase systems (channels),”
IEEE Trans. Inform. Theory.
IT-36, pp. 312-321, Mar. 1990.

K. Metzger, “On the probability density
of interference,” [EEE
Trans. Commun., COM-35, pp.
396-402. Apr. 1987.

C. W. Helstrom, Probability and Sto-
chastic Processes for Engineers. Second
ed., Macmillan, Inc., 1991.

E. A. Lee and D. G. Messerschmitt,
Digital Communication. Second ed.,
Kluwer Academic Pub.. 1994,

R. D. Giltin, J. F. Hayes, and S. B.
Weinstein, Digital Communications Pr-

vol.

intersymbol
vol.

inciples. Plenum Press, 1992.

# 3k SLOIEEB) % 23 4 % 6 R 2R

WAl st AR 24

F @ MOE&RR)

1975. 3. ~ 1979. 2. A&WE=x
Mgt ) 1979, 3.
1981. 8. ¥=alried 7] 2
AALgstzt KAl 1985, 8.
1991. 6. Stanford University
Electrical Eng. ¥FA}. 1981. 8.

~ 1983. 4. W3HdA Video 7% 1983. 5. ~
1985. 8. W-¢-AAL FYAT4 Video 7BEHF. 1991

7.

1995. 8. di9Azt <dadTa YT

1995. 9. ~ #al o)slodxlista AxA}lTET} Zae,
Z3A] Hol= AR TSl AHEE] v|H HETe] =)
2 34

(143)



