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ABSTRACT

Partial response maximum-likelihood (PRML) and fixed-delay tree search with decision feedback (FDTS/DF)
yield a sub-optimum performance in storage systems. However, they suffer from the inevitable complexity
problems. This paper focuses on detection schemes to overcome the drawbacks of the sequence detections by
exploiting minimum run-length d=2. It is expected that the proposed systems yield substantial reductions of both
processing speed and receiver complexity. When combined with a decision feedback equalization (DFE), they prove
to keep pace with the FDTS/DF with =2 and even outperform the PR(1111)ML at normalized density S>5.6.
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71% Wxr} Z71E ol#i’t 4187 744 (inter-
symbol interference; IST)ol] 2J3F A% d3}7} 473}
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2 doka geA .

B =EollA Ade Al @l o3t A8z 7
o] ks wh=tlaw 7HYsla, 2 o]9e] RE A
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1. Partial Response Maximum Likeli-

hood (PRML)

PRML 7| A3 F3p7]ol o3l golxl A
4 ovireld dis] wlem] HE 71HE g
PR target®] zdoll o3t A3 2] noise
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AE719 BxE A= F83 Q20
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a3 1& Fashd, 718 49 s7F 3715kl o)
2} DVD Hde o] & n*°— 7}2]+= PR targetel] 2]
3 Ags] mdsy He A4S o 5 ook dukEe
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= o] fElEkk & Ae E3kw 4leld
trade-off- 5 wei3le] FHAe| »ghs AAs= Zlo]
HEE PRML A|2g] AA|2] #4]o] ok

2. Fixed Delay Tree Search with
Decision Feedback (FDTS/DF)

718 A Alzglell] PRML 7|H#} 3] F5
3] A== 7] AR AF 53} 7ol AA
A3t S31719] #u} ou}r| (feedforward filter)+=
Ad S5+ causaldhA| W= H3HS- sla, 714
A5 AEES dHoR 7H= 54 (feedback) I
Eloll ofsf] AlE7E ZHde] AAF) o]#3t 33
Sl o8l AA A% s3Il Ay Sl &
2] noise enhancement”} ¢t} 1=}, AlE le9]e]
A% 71¥el2E, AxHd 7E 7]l PRMLe| H]
M Lo} ZVEE A d3b) Adsi)

FDTS/DF 7|42 A¥d A% 79 54 2
A A% 7ol B4 AN AEF 7geldh
FDTS/DF= 7% #A3 53p7i} 533 53 34
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]
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(Buclidean) Az]7} 7V7kg- 7ko® F=A%Ich

8 2% =2 FDTS/DFe] Eg| (tree) 1-X%
vepdich (o)A Al g, 5=+12 7}, 2764

P! =[by+b, +b,,b, + b, +b,,b, +b, +a,_,b,]

P} =[~by +b, +b,,by+b, +b,,b,+b +ad,_.b,]
P}

PA‘ =[-b, = b, +b,,~by + b, +b,,b, + b, + aL-cbzl

X
23 [ ho b h2 ho I b2 ho h ak-sh2]
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d A 21& ks x= (node)= A7 HE

718 Qs 4= gJrk Tree-search Aol f-32
tigk Azt 7B 7lRe- grol o] AhukRolA

vem, 1 2 FAsla, shbRelx dewl -
1" 2 3 =k o] ul, tree2] 37} AF a1
Ao} 9l7] wiiell, vlefn] HE7)9] wellis -2}
= <] path historyS A HQ7} ok =3k
ZA%] Al (decision delay) %A ¢ A% F7kes
TAE7] wjiel, PRML 7|9l nldle] sl=go]
Halw W A (process) Ewol|A] oS 7t
=t}

V. N SZ AE Iy

old Aoz F A9 AHrEd AEF 7
PRML3¥} FDTS/DFE Ats{dolr) 152 o
A ARG AF 7 F3he Ades Btk 1
v, 715 Hxr} Z715kel ulel, PRML A28z}
FDTS/DF A|~H]e- 7z}zb Q%]+ PR target®] Z
ole} o] =77} FIHl Hok AR HE 7S
ojz] AlZo] AA metric AARE E3F §Ze)gk
Aelell o] 715 dlolelE FA3FEE, PR target
o] Zole} o] Fyl= dl=de] EXE 2 ZaA
22 £ ol Alx"] A Al Z o] ot

olzidt TAIHE FH3P] fIsle] £ Aol =
JIUE DVD AlzHleo] HRE A EAte AE 7]
Hes AR

1. 28 #HE okt HFE ofupPl(discrete
matched filter with decision feed-
back: DMF/DF)

a=1 ARt =21& 3=’ 2P| 7|15 AHeA,

PRML 7|"je] nlel] 7A&7|7} 7hddgt ol4b A3t
oj35}7| (discrete matched filter; DMF)} 1A% 7]
%7] (threshold detector) = A" 4 glch= 7o)
vl ARk = FAe] ¢=29] Agolw
A4 5 Qlek 2y F Alzd Al 571 A
o d AR 273 A3kEl S 7Sl AlF
g $ gl

WA 7 A2"E AHREE Sl HE A

A9 Aoz} EAF ¥, F Azl Aqd £
< 53 PR targeto]] Z3=o] FAZF 53} AAS
Az}t 53} 3} el|4] noise enhancement®} -§-2
AH53} (colored noise)7} $lvhar 7FAshd, ZHxpA|
Ql A =l Wi Yol AHgst Ahge] K
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d, = ';211),,;,»/)_,
‘g(ﬁakuﬁﬂk PRI )
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Al @A p_= oA A3 A5rle] A7t &

24, target §5 8] A7 ASHE e
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gii= PR oJab Ade) oik A3 oJupr|e] ZEF
41 (convolution) 0.2 FaljA]+= A AE] 35ho FA]
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_&_’ P(D) ) ‘k VA L k

(a) PRML

Gl poy oD oy (G

n
(b) oJ4t A3t A5 o] 83t A4

3% 3. PRML A|2gs} o4 A ofupy|g o] 43t
57F BdE. (@ellrle] wle] 7E7171 (b)2)
olit A oriel dAA AE72 dAE

% slek

=1
0= Zpbi; forli<m—1 ®)

A @AM g2 R WA FEZ (ax9) h2A (B
wE AEFAAL 9n), o4t AF gyl 13t
+ 4L viEid, o dde zZe di3A As
o] el s v 5S4 2ok
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dehlieleh. Dol ke e Ha =)
ofefe] AL I o g9} ek

0120
[ q,1+q2=20
q3=0 (6)
a1+taq:ta3;=0
g1~ a2~ q3=0

e 290 q= oA AL F FAE &
Ho] PR o4t Ad p] oA sfdels 7
= #=Ae] A9l matched filter bound (MFB)e]|
et & 21 (6 WE3PE, g=29] 79l
e o4t A3t our|E o] 8] A2Hle] FHA
o] A% (MFB)S 98 F Slth= 2 9vigch
53], 7= Aol disiA, MFB= 2o fAF A
ol 73Ze] vlg-= (MLSD bound)e} &lx|gkc}. u}
2], 27 (6)& W3R target PR poll tsiA
PRML3} o4t A3§ Aur]|& o]43t A|2Hle] A
2 T3

271 (6)°ll ¢J3PH, PR target®] Zo] m<43l 73
Sl disix] PRML X|2=gle] wlepH] ZE7]5 o]
A A3t oAuir|e} JAIA AEE HAZ = Sk
% AdE aef3hd, PR target®] o] mo] F
=2 noise enhancement= ¢ & glv)k 1Evh
m=43] 755 W53 PR & poll oHs
p3<07}F F|ojof g} o]712 <dubx<el DVD Ad
o] BEAS y#E uf), A3} target 5] oprk
a2ug, okt AHF oAFr|E o8]t AJxwle]
PRML A|xdlz} 57le] Aas Holr] Al
m<3<Q] PR target-3 AME3R= 7lo| HAslc) vl
g AYE Edl] 2 =Fdde m=3d

P(D)= éOD"=1+D+D2 target-S ARE3H= o)At

A¥ AAulr] Al2awlE AR} (o] DMFE(111)e]
g} Zch. AkEl DMF(111) A|~gle]  A$
PR(11DML®]  H[efR] HZ7|E 2dsF  3-tap
transversal ©j3}7|¢} AR FAE7|E WA=
U3 Ass 45 & otk

dubHQl PRML A|2gloflx= wlgjn] 73E7]9
AA AdeZ Qlsld AA A%t e A=
Zlo] BrVFsslcl v, Ak DMFE(111) A28
o AA AL =2 o 2 A& FZeE vAH
v, A4 A3t 715 Z¥sle] noise enhance-
mentE A|AZ = ik

a3 4= AA A% oA AF o] A2
(discrete matched filter with decision feedback;
DMF/DF)-$- vepdic} (o]5 DMF/DF(111) o]z} &t
t}). Noise enhancementZ F-A|& uw] PR(111)ML
Al2<8l3} DMF(111) A|2le] S7ller =, DMF/
DF(111) A28 PR(111)ML A]~ele]| n|ale] 2
A AF ol5L A& F US ALE U=k o
HkH o2, A A3t o]5L 715 Ux S v}
B2 DME/DE(111) A|~He 74% DVD o
s e Ao sluEich (vl we} Ay 2
3} B2)

_/’+\ %
& ) poraE) (]

LAY ) r\‘ - P(D™) f —’

B(D)

-

%

a2 4. A4 A% ol4t A3} ojsly] (DMFDF) Al~H.
24 A% 531719 target S5 P(D)o]vt.

E L d=2% 78T o, 73 715 e o dgshe olat A ofupr]e] 2.

Ak-3y eeveesy Ak+3 (G*Q)k

Qk-3, sasssry Bk+3 (a*q)k

-1-1-1111-1 qo-2q;3

=1 1LLl qo*2q:

-1-1111-1-1 qo*2q1-292-2q3

-111111-1 qo+2q1+2q2-2q;3

A111-1-1-1 q0-2q5 1.1 1L <l 4o+24q
1-1-11111 o AL11111 40+2q1+2q:
14 17411 40+241-2q3 1 O R q0+2q1+2q:
S T 4o+2q1-24; IS 05 T Q0+2q1+242+2q3

1111-1-1-1 Q@

@oapyright (C) 2003 NuriMedia Co., Ltd.
www.dbpia.co.kr




=¥/ IUE DVD Al28E 9% A 54k AF 71y

2. N SRz AE 32F A&7 (simplified

signal space detector: SSSD)

A& g7k 71%7] (signal space detector; SSD)+=
FDTS/DFe| #] Zxtw ZAl3} (approximation) A
z"og & deid gl B "oy 7|29
A5 I AHAE7] A="dE 7] QR ¥ A
EAx A% 37t A7) Aads AljRRi.

1) A% 37+ #&E7| (signal space detector:
SSD)HZ] 13)

FDTS/DF A28l ZAA FHdellA] $41 W
o} §FErigt Ayl A B FAks WEeE A
A= Zloll 7ukgke) vk, A3 33 &7
44l e vid T} H1'H
“rel ARk AW 3 F ofelel &sheAr}
FaAbelct (o] o, 7 += “E] transposeS }E}
deh. A% AR U3 LUl e 2 Bl
Aol #HE5E A7 19} gEt ¥ W, 252N
e Aol sl 27kl AW AAM (decision
boundary line - r>29l tislj*]i= ¥ (hyperplane))
< o3t o] Foizick

vk=[vk,uk_l,...,

PHIEPNBLED HEEPMPL @)
A (D& W] Yol xS chgst Rk

wvite=0 ®)
ol W, wsb ci= vhgw} Rk

w;=2(fi—g))

= (82— f?

for i=0,1,...,7
)]

= 7] A" AAA ()2 flo]lE (weight) )
E]  wE zH= FIR (finite impulse response) ©Jsi}
719k 224l (offset) coll oM &L 4 Utk
a3 29 =29 d9] treeE FHw3PH, =28
A& 9 py, bl Pk 223, piel HE3t
= 49 ¥k delZ EAe =8 (1318 #
&, pist piE TEShe Wl AR AAA
ko2 =2 FDTS/DFe} 5§ A58 B 5
U2 & 7 ok (ol Al 3 7% (signal
space detector; SSD)2} glch. o] w, FIR $o]E
HE]Q} @ AL c}g ) 7o) Foixlr).
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w =[by,b,,b0] 7
(10)
c =byb,+b,by+byb
FDTS/DF4] 7|18 A& WE]  a,=[a4, ap),
ap] Tk 3 o] delE wWE b=[s,,0,,
b—2] 7o chisl FAks HlE} =
pu=laib,af b,ay ,b]"] HFe|Z Folzic) o]
uﬂ, 7]73;45) Aly_ 2;, ,!;,1]_ gk 4_‘5 1«4:: cﬁoﬂ,q
ol5S A E3lr=, gk FE (feedback loop)
HlE] s=[0,by a4y, by @p_3+by a7l
o3 olEe WS AANE,  pi=pi—sw
Vi=vi—s, 2 Hepd £ gk AspHel =2
Az 37V AZE719) AA 373 (detection rule)-S
okt 2

s P s
ap-y = sgn( w v+ ag_sc)

(11)

Il

sgn( w'(vi—s)+ a sc)

2) N S®z AME: 3 AEI| (simplified

signal space detector; SSSD)

A5 2 AR Bapes Aud 4%
9l =2 FDTS/DFe|| ula| &x|5] H=x|al, F7}2el
A= s =8 4 Ak A aneld Az
termQl  w's, o} ZA g, & AAE 9l
© 55 AES 7/ sk F, 4] DS o
Zo] A=l & 4 glck

ap-r =sgn( w'(vi—s)+ a,_s0)
(12)

=sgn( w'vytc)

o] uf, c'= Bp3c— w s =bgb,
( @p-3— apy) °Itk 3714 9] AA 23
BAe s A% 5+ deS s Bk wiA,
a,3=+1Q1 7S5 7P’k 2kl
W, ¢ =00]22 AsA AAL 4 Uk @,
=-lol] tfsiH = 7} sksHAl AAE 5 9leol
BAW 4 ek 4 el vi=p.+n, (o] ),
n i noise MENE oijiehH, 4] (12)9] 235 <t
9] term-S t}&a} 3ro] 4lF term¥} noise term S
2 el 4 4 stk

&‘.;4=+1°]

1005

www.dbpia.co.kr



g EA1843]=52] "02-10 Vol.27 No.10A

wivite = wi(pe+n)+c
‘ ' (13)
=( wpytec)+n

o] @, » = w'n, °ltk A (»13)ellA olel=
n o ap-2<08 In 1> wipi+c |& FAl WA
7 o Wl g=2 AlRF 24w q),
apy=-13} a,_y=+1e HallA, a, .2} a, = 4t
A +loJojo}  Fht  ejmE,  dlg]  #FE
Pr( ay_s=—llax_o=+1D [ay ..., ar-J=[-1,
+1, +1, +1, -1]13] dlo]e] sl ofsl 7}k gk
°] 7é‘°r“°“ prk‘Q]' C'TL'_“ 7—}7-}' b¥+(b0—bz)2+
2(bob,+b,b2)2F 2b4b,01ck o714 F 7] AR
ol A3l & HEHA AAL 5 Uk AA,
Fub oulr] do|E wg]  po] dukHQl =] ¥
5 3#3% o, | w'pu>lc| o]tk EA, DVD
Ade] B4 A9 BE deje AlE He| 73l
AowAReRs e Al 7%
[@ps.crasq]=l-1, +1, +1, +1, -1]ol] chalA] oll2]
BF  Pr(n -a,<0 and In | wpy+c D
e dre e ¢ 5 Utk areEE
Pr(n +a,—5<0 and In [>| w'py+c D=

Pr(n -a,_»<0 and In [>] w'p)=00]3, ¢ =
s AAD Sk AzpHel =2 A HAbE
A% 3¢ 71Z7] (simplified SSD; SSSD)e] 7Z#
FAL b ek

@4n=sen( w'vy) (14)

a4-y=-1] WA (149} FATF AHE 4&
% olry. AFAQl g=2 SSSD A|~Ele- ] FIR
olE ME] w=[byb,,b)] TS QT 3}vi, o]
23 APl =7 [14]9] e a=19] 799 A3t
o} Fdsict

23 5% A|okEl SSSDe] A|xH] BERE W]
Fok b=1S 7WEHE, w1 2709 FA7)e} 270
o] QA7) wreg e 4 Qok = [13]9] 3l
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3) Multi-level Decision Feedback Equalizer
(MDFE)

a2 5. A B3kx A% F3F 73E7] (simplified SSD;
SSSD). vk+= —*§]'7| EE%” viepdic}h bO=1S
7HE o, 2e] GiAlzl 2e] FAlte s 74l
& 4 9k

d=2 A¥ 275 e o, DVD g ZHo]
59 Al Suke w2 A3 T, AH
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27 s AEZY 7ol EAEA] ¢ o]z
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o] EAFIA| o= 715 A, F; olle] #Ee] 2 7]
= el ‘HKW gb ohe) Al 3 ell2] (mean-
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o W, z= A FH HEE ehick o]9f 3
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1

MLE®| FZof A% 3 71HE 23 A|2H)
o] u}E multi-level decision feedback equalizer
(MDFE) o]t}. MDFE: ¢=1% a3t 2] 715
AAoA Agoz AFAY. a2, 2%
ae3hs % 715 AAedMe AL HLHA W4t
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E[( w'z,—b" 2,
(16)
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4) Run Detector (RD)
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Hck afellA X-52 718 UEE depin, Y-5
2 10%9] H]E 93} #F (bit error rate; BER)S
8 87EE As o AHE eRich oS
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ok & 9las, Zol7} 411 PR(1111)MLe] 7 2
Zeolal PR(1331MLS] A5S shxdfar Ao} 5
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