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ABSTRACT

In bit-patterned-magnetic recording /(BPMR) channels, two-dimensional (2D)
interference consisting of inter-track interference(IT)-and inter-symbol interference
(IS) becomes/a /major-impairment due to the small-bit and track pitches. The 2D
interference €an .causeboth. constructive  and destructive—effects. . One way to
alleviate the destructive effect is to encode ‘the data-sequence.before recording. In
general, two-dimensional-coding scheme requires many. redundant bits, thus lowering
the code rate. This thesis-proposes novel 2D coding schemes with:high code rate to
combat the destructive effects. | Specifically, the recorded-bit patterning scheme
(RBP) and multitracks recorded-bit patterning scheme (M-RBP)-can improve the data
patterns by circular [ shift method. Although they (can_improve the channel
performance; but they-still have high complexity. Therefore, we proposed the 4/5,
5/6, 7/9 and 6/9"modulation“codes providing lower complexity ‘with table lookup
method.  Simulation results' indicate-that the proposed scheme can provide a

significant perfermance improvement.if comparedto the system without coding.
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n1381eBaanmse madeudidudeya niemsldssazmanuugain (Euclidean distance)
PniwhmmeaeuUsEAnsnmyeuagisns

1.5 YOULIAVBINISIAY

yauwhteinginusatul fo nseenuttnmsdnsiaaoslidenareIan1s
asnsavdndsevierumstiufinguauidayaiuaaney ntuian1eAe UsE AV AN
Tnensdrgaslulusunss MATLAB Balanwnalusiaesshaiafianain iletuTeuiisuiy
gaansinIausasuTRavssUuAlkinTsidhsFase Anerdnusatiuiudaiiemesnidu 5
un fail

uniio

a3 inafaiuuasAnLdAgasinm, augosidas ey sraiTesuite,
auufgulun1sidy, npyiuasuuAnluniside

N2

oRUnesnguuasvanmg I wannaisndRiugiiasuuiSaesesnstuiin
Yoyadalmdnutudnunaiisy; uasiuudiaestsedynauuulisailes

‘U‘wﬁ 3

adunEnIsunNs NAgaRUUAeiRlUNS DUTnIBuliEn wheihisesunanansenuT
Lﬁﬂ“ﬁﬂﬁﬂﬂﬂ’]ﬂmiﬂaaﬂﬁ\‘mﬁﬂ, NASMNNUTBINITUTUNN (equalization), #ENNITATITM
Jaya (detection) LLaﬁ%’msLﬂﬁwsﬁaaaaﬁﬁﬁﬁagj@u (Convéntional 2D coding)

undl 4
a5unedanfiEnsidisaseiifiiausuasnaniseass s1Niensiimedh

Rendes Taethuniuseuifisutussuuiildiinsidnsia

unii 5

ayUnauaUaiausuue



undl 2
VOB LATUANNTT

Tuunilaznanfmquijuaendnnisvesmstuiindeyafudivinuuulnuwaisy
fiAeTuiin (bit-patterned media recording: BPMR), wuusiasstesdygauuuliseiio
wagnaianssuiumseuLasileudoya Lﬁa’lﬁ’ﬁﬂﬂumwmmaaszwmsﬁ’uﬁﬂ‘ﬁagaL%q‘
Lslidnunnd et

2.1 nstuiindeyaleusimnuuulaunaifisuliiie (bit-patterned media
recording: BPMR)

Tullglunrsduiindeyaiiausiingn (magnetie recording) fnudasnislunisiiia
UmnnruglfisinnTuagninisawensenureddeiainguiiosnsuuaiuin (1] iy
guassesapsLinAT I MumM sTuindeyalunistudindeyadusind nuuuuuade
(perpendicular.magnetic | récording)- gmudsianetomianmalulatifoifiuaiug
dwiunsindudeyalusisananiasw (hard disk drive) diuninugléxnnnih 1 mseda
domsaiia (Tb/in)) mealidlafimsvuiinteyaduuindniuutaimmdsufid wienstudin
foyadasimdnuuudnstiuunesdetiuiin (bit-pattermed media recording: BPMR) 1
welula@uildifmussadlunafiyrmummniuumstuintegadmitorsaiaiins fail
wandluguil 2.1 lnseadnsussnastiufindeyaidsudmanuuudnumaisufidefinnsdnass
fudldmuiiiTedoya (it area) #stuunduinmsisingn (magneticisland) fidlzunss,
pnauazimrsuirauusulasfmeuunlungs (hanometer) [11]

- Patterned Media

Granular Media \\__\ e

magnetic
transi\?ion

single domain
magnetic island

©+ magnetization
¢« magnetization

JUN 2.1 Tassadevedotuiindeyavesmstuiindeyalusivanuuudaunafisuliide [11]



lunseuiuniseudeya #191ULVNNIINTIITUN SR UL UaNEnDundn o
o 1 el'el A 1 d' o Y a 7 (7 € U
Faundaniinisiwasuaniuzananulunlivan Feihliiiadyyrunadussaulni
wilgathluvaain aunguensuad (Faraday's law)  Fekguaglviusaiulni fie

d = P [J - v 6w
14 =—N7¢IWEJVI N A9 9UIUVAAIN WAL ¢ AB NanTdayyId
t

luuvudrassnanauausdyIUNadLUUAIANIYIHIB1UMUU MR (magneto-
resistive) usssulnineunduasidudndruiunanddygyin o USIUNURIYEY ABS (air-
bearing surface) Jsanunsailleuaunisn 2.1 lagad [12]

Vir(x,y) = CO(x,2) (2.1)

5Uft 2.2 uandlagee$aeRTE LUy MR uasimswalindnuuudivasudnia dle Vi,
Ao ussrulnneupdls” C Ao-atmint. | A/ Wandusinan tadhe Ao ALENITBUNE
uilindn, § fe papdamenmeudivand Ao sgenTsiuveniieiy, g Ao AuniNwes
fovinssemidathulastugauvanBi MR, t-@® L Ue a1 MR way W
Ao mnuniisdostuauiag d MR

§U1 2.2 VA59a g nius JHLUT-MR Uazin i aa [12]

(2
=

wdnnsnevausanduliviBng i TagalisUiinaun s et

a d+d a H\,(x',y'z')
@(x,y):,uoj I I‘—‘——M},(x'—x,y',z'—z)dx'dy'dz' (2.2)

-a d -a I

dle L Ao anwduruldvestesindase (free space), i A9 Nvhaluvnaln
Juanm, H, Ao auuulndnsufitinanuaalIndunnmw, M (x,y,2) Ao ANINANY
Huwindnvesdetufin (media magnetization), y e Aamsluuuassanfudotudin
Fatuanwauduwimdnuuuuuag nsUINUSTeINanavauesaunsouanslatugudng
auuusivan (p) fe



a d+6 a
D=t [ | [ HETEM, (o 22y 23
-a d -a
‘vﬁa @(x }’)=ﬂjdfjw(x' yv z')[w}dx'dy'dz' (2.40)
b i LA 2 b a})' .

Tneiftomuinedesmunlihsudouiiuuulifnnsdurinldszornsduluwuads
VEBUWIUAY ¥ Tume

dlensuianmenuduwimdnuuuuunds Sawifudaeia M ansusiud
Hunguualingn feduaunisd 2.4 Jeuldded

V(x,z)=C. JhJ_M(x'—x,y',z'—z){y/(x‘,d,z')—(//(x',d+2§,z')}dx'dz' (2.5)

x-a/2 z%ai2

o M (mediamagnetization), x;z-€ island & e
W M(x3,z) £ was WC AR AAYY
0, else
d" : o U o U U/ U e ¥
naunsgunsafaxisiatanseii Wl aya s sundulussutvuiindeyauuu
wiwvandulod ey #adals 100 sas Wrase Uaue idigaaifad buua sl g usunse

vawhstuLaznaullimantsinei

e response

S

norphalized 20pLls

40 40

along-track cross-track

JUT 2.3 naneuaueadygaiaduuvasdiivesnguuivanuin a=11 uluwes,
S =10 wiluwmes uaz d =10 wluwns [12]



v &

wuusrasmaneuausidyyaaduuvasdifvesnstuiindeyadausdmanuuy
Jaunaisudifvanansaussanaadygraiadlifund@ounuuanis Wewduaunis

[

1éigradl

2 2
P(x,z)=Aexp L X 2

2|7 sz (2.6)

ilo P(x,z) fin nanovaussdygaiaduuuanild, 4 fie woundyaamplitude)
a1 ]

geaniliniiiu 1, x e szaesluluiniuunin (along track), z Feszeridluuuizg
un3n (across track), W, fia A1 P50, (ANuninsvasiadiueundgns0%) vosdyyio

Wadluwwmuundn, 7, fe PW50; Tasdna aiadiuiuaydnaunsn

along = trackPW 50
W=
= 2.3548 @n

W= across —trackPW50

[ 2.3548

(2.8)

Fuaasunmudetidin (media noise) intuldminarsilaibivewussaninaanu
Jusdindnludaduiin wieifinuinnisiurausesiisustivan sadudygimsuniud
rolviAnnansEnuse sz Ul tesdnymIaannTidaiag gl e sousssr uvanas lagssuy
mstuiindeyadaulminuuudnunaiifuiife amunsnasfndynmsurudetuiinldain
5 ag [12), fesplull emadurauTssiumi (position Aluctiiation) A EUEUTEs TR
(size fluctuation) A2 IUATNIRYBIAIAUNUI (thickness fluctuation).AINUARAIUYDITUI N
(shape fluctuation) -wazn1suainilletedu(magnetization) eehslstaulussuunistudin
‘ﬁagaL%ﬂLLﬂmﬁmeﬁmLmeLﬁ%‘uﬁLﬁemswué’zyiywtu'i‘uﬂauﬁaﬁuﬁﬂﬁL‘flummﬁumwaa
s wagmnLiurYeILnEnATan [12]
éTtyzpnfui‘umuﬁaﬁ’uﬁﬂ‘luiswmiﬁ'uﬁnﬂé’fau“aL%QLLajmﬁmeﬁmLmeﬁéuﬁLﬁaﬁ'

ARNAMNNUNILYRIR WL aansodsuldrtauniseasaldl

2 2

P(x,2) = (A+A, )expl—|| - 2FAc | | ¥4,

2|\ (. +Ay,) e(W.+a,) (29)

e P(x,z) \Junarsvavesdygraiaduuvasdia A Aauauniyngegailen
Wiy 1, x e seezidlunwimuunin, z fe szezvitdlunnyinanin, A, fis Arudy
HAUTDILAUIILWILMSEN, A, fio AaudumiuresiuisuLuenunin, w, Ao A
PW,, vinrininaiadiiuoundganimilslumnniuunin, . #e e PWy, 3pR0



niafadiveundgansmidlunuininunin, A, fie muduriuvesoundyn, A, #e
AIUALIIUTDY P, Tukwisuunsn uas A, Ao AMUAUNIUYEY PI,, TULUITINS

unsn uazAnsil c=1/2.3548 Ao ArnafionAuEuRUSSENINg PWs, wazAndeaiuy
Wnsgruvasilaitunddeu [12]
\annsadiaewesdyyaeundudmiussuunstuiindeyalaivinuuude
wwaLfisuilifeld Tnedygrusiunduanindeyandniisiauls Wuninasiuves
nanpUaussdyyIRaduuulLduTsInguLLmANTULLIA NS LazaesRInumInd
s Mlnuduiusiuuesmdgauesdyaaiildaniiney szerlunuinuuninuasluiu
P219UN3N ﬁﬂﬁunﬁsiam?Tig_zyml,m%ﬂwé’ﬂﬁqﬁwanswmmné’mzy,mmmmmaamwiw
wn3n IEunsadausuUUIIasdy g asundure e sdyyadlideidoamiuian

[ v
2/
YV

(discrete-time) 31nnsulasannisin-2:5 dunuvlkaotiaslasadl

M N
r},k v Z Z hm,nxl—m,k—n + nl,k = xl,k ® hI,k + nl,k (210)

m==M n=-N

lpeisiviundunslutesdaanm x  Swiudateya M Jn Lazs1uUmEn
N uninidle n,  AeehdussavtranousuD e REyANMABR, m uaz n Ao dudves
Frnudanguudmsniuwnaiuinsn uaslusnvmsNAEETvY,, 1, f dyaasUnu
WA gUATTILULUIN LABEINISAR UM A NE NS IEA USRI d sy R o d Y e
JUN7U (signal=to-noise ratio: "SNR) ﬁagnﬁmﬂma SNR ="201081,(1/0) imiefundiua
(decibel: 'dB) il 0 Aepnleuvusinssiutesdiyyiasuniuindideudm uanand

aunns? 2.10 Sanusaldenwuupowligtimesiin (2D convolution :®) eandne
LSIEINTTDU ST B DI Y INDUNE UNIHERBUAU B DULINE NV 3x3

Tarsaunisil
By Hamt Ppaga Qq oF ‘¢
H="hy po b " b = B b7 B (2.11)
Boin Pt a¢ a «
Tned
h,,=P(-mT,-nT,)) m,ne(-L,0,L) (2.12)

A s

n:‘d! = aa .
99 P(x,z) A8 NANBUAUDILUULNELTEUEDINR (2D Gaussian pulse response),

Y] a

2L+1 e Amuenvesdygnassldd, T, uaz T fs Anundedanazannuninuninay

[ )

<

d1u legusniinisduiindeyaiBeudwinuuudounafisuilifessd 7. wihiu 7 wae

annsaAaANIudunItuindeyaldainaunis



6
AD = _10 Tb/in? (2.13)
1550(7.T,)

log?l 4D Ao evuvnwdunstuiindeyaiiviiedumsednsdenisnaiin laed 1

AISINAS WA 1550 ans1eiia wag T, waz T, dmbheofuuluwes de 7.=7, =18nm

Iy ' IS . 2 )
wagldrmununsiunistuiindeyaidu 2.0 Th/in® wagld
0.0213 0.2321 0.0213

H=|0.0919 1.0000 0.0919
0.0213 0.2321 0.0213

(2.14)

A . v 1 o = v . 2 v
dlo T, =T, =36pm iagldnnumnudunstuiindegalu 2.5 Th/in® uagld

0.0478.10.3154 -0.0478
H=|0.1517" 1.0000 " 0.1517
0:0478 0.3154 " "0.0478

(2.15)

P o 1 [V~ 73 . 2 2
o oF, =7, =14.5nm s7agldnnamuununasiufindeyaidu 3.0 To/in~ uazld

0.0824,.0:3876 .10.0824
H=}0.2125 11.0000:0.2125
0:.0824 . 0.3876 0:0824

(2.16)

weNIINTUIIATNIIAE TN NI UNMIINAMNHUNILVBIRALMUL (position
jitter: A, A)) ldleefsddunisnssargrnumasduuuuindduundaniade duguduazen

malsUTIN o) 188 o, [BulUesigus (%) vesarmenidin 2 luaunsiansuausuuy

AT uudaIlR P(x, 2)
Undoyaluszuy

sudaluuananmaiiauedygradundusuulidsaiiissveudas
ARl

mstufindeyadadminuuudaunaiisufiifeifinanavaussunn 3xn |

Ro k1 Viaga Tipa Fiapa Vi
oo Tk T Tiag Fink (2.17)
Ko k41 ik Tiga  Viga Viongs1

Tagldaunisn 2.10 19AU50ATUIUNANF YIS TUNAUTDILARZAILAUILLNE

Toyafiaula r,, Tnevmendygruandanseutaisluluinuuninuageinaunsnduam 8
WosanmsunInaenaadin (2D interference) lansaunssialud

[y

U9 DU
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I = [hj—l,kxj—l.k +h X+ hj+1,kxj+l,k:|
+ I:h kX ok T hj,k—lx k1t h i+ k1% k1 ] (2.18)

+|:hj—l,k+1x e T hj,k+1x jka T hj+1,k+1x 4Lk :| tn;,

9/

NnaNN1sA 2.14-2.16 asiuldinfeannununuiumstuiindoyagatu deyain
12¢0AT0UT9AEIANTULTAUBULTBWNIIINATUNINADARDITANTUL TR UTULDY

2.2 dgunquiuasnannis

Tuunilislananisdnumenairannasiingades S1UHIN19918090 0 YYIUNTT
JufindoyaiBauwimdnuutdainaiisudifie Jehlnstdaladsdadefifeades wiedu

wugulunsdtanissul Inenrstudindoyadssdvanuuudniweiiisuiiifeiaunsaan
28271952190 T L UL IS ALAZI S AT e TS LU AN AU LL NS TUTN

3/

Tyl egnlsAnuiSnistannsavilinialguanisinsnaendedifladmvasidenazey

afl

Tugusiald



undl 3
Jaymuazuuanialunisuitdeymn

n‘l’ a = aad a o 36 44 o w a 5 U
‘U‘V]u@ﬁ'U’]EJO\1{]QJM"Iﬂ']iLLﬂiﬂﬂ@ﬂﬂQﬂMﬁﬂ\ﬂU')%Elmﬂﬂ’)'ma’]ﬂfy, 1AyALSUAILANIS

adurgane wansenulunuueieg sasnvukuInslunisundgyindeglutagiu 1o
Touds uwazuwiminsuiulgs Weiluwuimslunsviidesely

3.1 NISUNSNaanda9dn (two-dimensional interference)

Ffrpauvuklunastiaveyafmesulinasufindoyaidsusiminuuua
unaiisuilife edawalissetnasendnaniglesa (data Bit island) WU
nuninuazausirininuauananty dnivdwidiiisnntutaifensunsnaonasdii
Fauseneulusbpfsunsnaanszyhsdaanuenl Gnter-symbol interfeferice : 1SI) FaAnan
msiidyaraddanaaldSUnan sadvn Tt iuassluimigmuusn Wagn1sunsnasn
seninaundnl (intertrackl ) intefference’ /S MY EninaadmsAdggiadednnarslasu
wansznudnUnd wdedlunusn Junsn /M EUT 81

Cross-track Direction

d a o
JUN3. 1 MSUvSidenaodils

NANIENUIINNITUNINADAADINAALNTANB IALARNITANESN (constructive) uag
nsaaviey (destructive) dyaails Adasranansaglinnmssudyaunduinilenesys
(overshoot) ifntuvieliifl warvestniigsourdaiisaulatuduesndls lusridereu
uiidldRnnsunfensddyyrusunduiiflenesyminiu 23] Fudunauiannisiide
Sufinlsifl SUL (soft under layer) finosgeduviodsinuinusimandndunilaiinssdusuda
fsdeamstudin ilianmeuduwindnduitlifosmsiuasfeundumdmaiusin

(3 3 a

seuinedeya aufikandlugui 3.2 iWewnanlaneiyn dyqyiuveslinnalsuaniavggn

Wity wunsdiile 1 gndeuseumiedn -1 @udunsdifan) Tuvasndygrnmesdnnais
g ' ada % Y a a o aa oo &
uAsIRzgnaanel Wunsdide 1igndeuseudaele 1 (Junsdifugan) Tunsdinuegnail



14

'
a

Fyyruvesiniisioinisezgnaaveudustnsunidedygyiusuniuaindedudin uas
oy rusunumdl@sudvniuuunin - iliiaauRanaialun1seunseinaulyl

'
[ =)

Wnenelunsruumssteyanaunninsy

“‘r ¥

{ Sﬁ 0!

0 ¢ 0 o ‘(g { 1 1
! L
;i

R e

Single Bit Case Constructive:Case Destpuctive Case
(a) (b) (c)

JU# 3.2 guuuudipaiequnauilenpiyalinaoyiEn  (a)-Nstitniael (b) nsdinegn

= 1

() nstinugan [3)

1 [y

sglsinuisiansandgygusundulasusaanlenesyn @ SUL) muiiuans

o

LY a

Tuguil 3.3 usumdgnuesdyasiunduvesdnnansazgnifiu ida ‘1 yndagnludin
(n3clififign) Hufe msunsnaendoslnuiduuuuduaiy Tuvauziiueundgnvesdnnansay
anasndledn ‘1’ gndeuseudedn -1’ (n3difludae) nanzuenndgavasdaygasun
fusirefazifinaruiiawainiinszuiuniseudoyandy tufienisunsnaenaesiifnadi
\Wuuuuaaveutiuies
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1 2

0.4

26

0 3 ¢

Single Bit' Case

(a)

Constructive Case

(b)

Destructive Case

(c)

JUN 3.3 guluudgygrasminaunbidlenasynluisaznsal @)-nsdidained (b) nsdinfgn

<
]
=

(©) NS0T

3
9

Y

TuviueathsafulsIRaIsu d Y Iue W nduIsILUUIIa0sda s ussuuul

P

» B B

L 4

aiflos (discrete! Voronoi model) Tngtsimainlawae sgmtuntstuiindoya dswimanaes
7 auidandlugu 3.4 Leundyavesdmamainauveidnnaizgnimy §10a 1 N
Tngnuudin (nssliifae) Wudansunsngenaeadifiuuvdauasy lurasiiuonnidgavosds

naazangdiedn ‘1 gnaauseumedn =1’ (AsalAkEaR) AN 1z nFIAve Y0
g Sudetendsiinanuiswateinsetaun1sedeyendu dufenisunsnaenaalin

Asdididunuvasme
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-1 -1

estructive Case

N~

o
lndatedluusarnsdl
.
ue
=

4
G

o
@
. s 4
DULINNGAAVRIT YU IUT

1% “‘3% 35n1slunnsan
o

; N ALUUINIINITIINN

o

N S g

f19101%

9NN
AN UIUNNAD
Y a L2 =
daRananilaeeisn
KALNISOBNLUUNIS

3.2.1 NMI99ALULD
shdatiazeiusiinsannansenuaes 1Sl uag M lagldmsifnanaifuazdame
lawesanalii [12] Felaussousinindmelaweiviledid [13] U 3.5 uansdesdygyn
BPMR Aldguvaneialunssudeyadmiuniseenuuudmelatwesuaznfiinassdiddn
auuAiiuniadndeyaldgnimunuegrsuusundiludetuiindeduninnizdoya

P ~ v a & . ° ' %) g
(LNUNATITUIAN) DIWITIULNDT R G k LW]UW"ILWWG‘U@QLﬂ'\t’:‘UﬂHﬂI‘NLLU'J‘U'J'NLLVIiﬂLLaz

o w o, v 19
Tuwnmuuninanuaisu laefl j =0 azdonrdasiuuninnans

S 2 = 2 o 1Y £ P =2 O 1 Y o v & v £%
nansiiluenansianulidmsumsldanuienisdinwivingu leygnlmhluldusslesimunism

ludnsdllagvsau Snvivhudlvidaudasilon wazsesedadadivesenarsynasainisinluly
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desdtyqo H n .k Saoelaed F
,/i Fik Zik e o G
4y > H@mn) ——{+r——> F(D,,D,) > Viterbi Detector — %o
|
I
] miifin G
l +
I G(D .D dj.k TN . W
——————————— > ( 2> x) - r-\: s r Jjk

-] [ 1

JUT 3.5 wuudaewesdygindmiunasesnuuumsiinaesifuazdmelaweiandii

a A

NngUteyadunn a e {£1} Iggnieudirdesdyna BPMR  Nillnanauaues

9

[

[ aa o o I o =t [ v &
oaaduuuaeddin H(m,n) Ynlnladeineimndu s -aunsalizuiduaunislacad

L]

rj,k = z Z hm,naj—m,k——n + nj,k (3.1)

m n

o

o4, , Ao ArdulssAvcYasYIdn I T (nm,n) WAz 1,

L7 Y] Ip

LADFYQIMTUNIY

AWGN Tuvimseadieanu ol 299s5nATu dgnaneunau r,, szgnddidsenialawedaes

iR F(D,,D,y nilgdaun1spe

M X
F(Dzli) & Z z f;n,nD;"DJ’c’ (32)

m=—M n=-K

= [

o £, fo AIdLUssANsY E(D, D) A M, K }-fie wuduiuduuin, uae
D, uay D, fio ¢miBeuwdamiae (unit shift) Tuuurwansumvdniagmuuninauanau e
USupaantfvesdygyradmaduliduldaunsiiaassdin G(D,,D,) Mireins Failsy

A1N5AD

L 2L
G(Dz’Dx) = Z ng,nDz""D: (33)

m=-L n=0
dle g, , s Andudsz@ndass G(D,,D,)aua1au tag L Aolarduiufuuan
ewdzdwaanslnludnasasavimesiomassnaesdviuleyn a,, (ufe 4,,)
9aUsTaRIeIRIMAsUABIvi IR TIamdduloyammizvesuninnan (u

Aej = 0) fwlu lunisesnuuunsineaedfuasdmelawesaediniagldldianzdoya
l1awAvesdmelawesvawuninnaiuasiannnavawninnatwintu Jadeuunuldnae
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z,, way dg, MEfU wszaztuinlv F(D,,D,)luaun1si 3.2 d5Uiuvsndouin

QM +1)x (2K +1) fp

—f_M,—K f_M,o f_M,K

F=| fox - Joo = Jox (3.4)

_fM,—K fM,o fM,K_

wegl G(D,,D,) lugunny B.3) AgUluyinduunn (2L+1)x (2L +1) Ao

(g—L,O NANNE L S E L
G S 1ol — 201 78015 b4~ Boor (3.5)
L S\ £\ / 509 \ 75/l

e 2M +1 fg uukIe, N =2K +1° fg amnuwivusdeislawesluwes
azlnd Waz 2L +1 fs nuuAvrswsinaluLaasLe) AU nLlvitaesdesdygyin
BPMR Tuguii 3.5 feyaieawrvesdaialawesvewminnandifnmiiu

K

M
Zk = ZO,k = Z z f;n,nr—m,k—n =fTrk (36)

m=—M n=-K

Faduntethpoulgduuuuansdid (207 convolution) sevdeleya r,, uae f£,,

o T
e f=|:f_M,_K f_M,-K+1 f_M,K f—M+1,—K P el fM,K—l fM,K:I Ay
nAwasiuRedmelawes (uAatidmdnluwsazinivesunsng F unsessanudy
nnwed f) Allaudn M Q2N +1) 7 uae

T
Pptp-kv1 Tomp-x :|

rk=|:rM,k+K Pmpexa Y Tmpx Tmogex 0 Tog
AaNmasLWIR ey IMsunfuTANdnrdasiunnmes £ Tuvhusuderiudeya
LAY SLinvaunSnnasdiAviniu

L 2L
3.7
dk = do,k = z ng,na —m,k—n: gTak ( )

m=—L n=0
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P T

o g= l:g—L,O g1y " 8o Boiwmpo t &or 0 8Lz gL,2L:|
Aolnmasuulfeanisiie TuRsaudnluldazuoiveuunsng G wnSssranuldy
wnwed g) Mtunasnsenisdudoya z, uae drdudeya d, dawviniy

w,=z,—d, =f'r, -g'a, (3.8)

o .

wazadeRananideaonaie (MSE) iy
2 2 T T T
El:w :|=E‘(zk—dk) ‘=f Rf +g Ag-2f Pg (3.9)

e w €

e R=E x| fio wydnddnandiniusvestoya e,y P=E[ra] | Ao

Qs [ % w &

ndanduiusdrtuosioye - Nay ja, uay ‘A=E[a,a] | Ao uminddnanduiuives

an)

aya a,
nseenuuumsifisuaedmelaeimeitnnsdafanainidaasadetiongn
(minimum /mean-squared. error:. MMSE) aeldssuludeduiunluiin tufa g,, =1 (e

wanideantsiameetilu £=g =0) yenanfltfiovandemisldnuinsssandmesdass

-3
a a

fifdenadudougainesrinsldtaulatedusndenddiiu g Tnemsidedulssans
vosniiApvesinSndnafiwiwsiiinmg O (ero AT) fordng: ‘constraint) 1ierdn
HanTEUTRY Tl wavhlffeninsaléisasnsaavimestuuuinlU (a9 a5 iwesd 1
117) 16 fegasmiiAn G wun-3x3 (ANeape IS uaz Wi 3-wiad) fiaenaded

U/ A vV e & dgj 1
ﬂUL\‘iau‘lﬂJUﬂﬂUﬁ@\‘ﬁlau LYU

N
G=8go 1 & (3.10)
D3I PN 8

Fadgulveglusunnneslafe

g=|:0 0 0 o ! &, 00 O:| (3.11)

1
o

LWi’WQZHUN@UI‘UiT\‘iﬁUﬁQﬁ@GLL'U‘UﬁW@J'TiﬂL%HULﬂuaNﬂﬁléﬁ@

E'g=1 (3.12)

133787
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Tneil
I=[1 0 0 0 0 0 O] (3.13)
LLES
[0 0001 00 0 O]
100000000
01 0000O0O00O0
E'=0-01 000000 (3.14)
0 0 _0-0-0-0-1.0 0
0000 0 0 0 0 10
0 0-0-0.0//0/0.0 1,

/N3 MMSE nigsenladdivrisastuuusgngtuauyiniia MSE luaunis 3.9 dan
Ueeiign lnedhwly E'g=1 naoslian naifenisesniuumasiinisdazyilie

E[w*]=E ’(Zk A )2’ =f'Rf +g'Ag 2f"Pg 22" (E"g" 1) (3.15)

7 =

dAioean e A Asnmasiuananiianadnlufauatnsudsiuiy 7 6

o o

(@enradsfuiIuIuLgatesysnd ET) andulvinieuiiuseatauns 3.15 wWieudu £, g
wae & udilimadwsuaiuianwes o fazldfmmaude

RV
= (ET (4=P"RP)" E) I (3.16)
g <(A=P/RP)"E (3.17)
f=R'Pg (3.18)

F519281@UN15N 3.16 - 3.18 w1 ldlun1sudulsednsvaamisng (G) way
#uUszansvesdmslawes (F) Wwathluldaussly

3.2.2 N199RNLUUNIATATIVNILUUHDIER

N159BNKUUINTIATIANT (detector design)  Tussuvarindaninswludagiud
fugunnannsla99snsaaminesd (Vitkerbi  detector) Faiflursasnsramiddy
(sequence detecton) flasdlnglddaneiiuinesd (Viterbi algorithm) [24] wteldlunis
nensviadayaignidnsviade “siarewlagdu (convolution code)” Wiy Tumaufdiud:
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SORG uzymmmmgnﬁmsmﬂ"\Lﬂuiﬁaﬂauhqﬁffuﬂisanﬁqﬁﬁﬁmiﬁﬁa (code rate)
Wity 1 (ufe doyaduym 1 s ileitsviaudrezlédeyaiondymennun 1 dnwufy) 2eas
msaﬁmﬁma%ﬁﬁmmmmsaﬁ%%’ﬂmif“fummmnaamﬁLLr;JaaQ’Lu‘ﬁauﬂaﬁ%v‘im'\sﬂaﬂsﬁa
I@peeiiuszansnm Tnefl Snnsunsndondenn aududeursiasaaiuimesifay
91N wardmsunsnasatios MINTUTeuTeNITITIIN mesDiteey Wensviay
ﬁmuL%ﬂﬂﬁdwasﬁuLﬁ&nﬁ'wé’ﬂmsﬁw]wamwimawﬁma%ﬁaaaﬁﬁﬁﬁwé’ﬂmiﬁwm
AdEfU9RIRTI Mool aaTe Tuduseluissasunendnm s urenwsnsIan
Aesdnidinneuudrdeiueddiunnssiulunsasanimestaeds
franufindmelawduluuuvanysel (perfect equalization) aglduuudtadly
g‘uﬁ 3.6 10 w, ~N(0,0%) fo dygamsunaiu AWGN lumaufiandnmaiaurenas

A5 Ime UL et uuNUgTUYBLHUA T WVSATA (trellis. diagram) Laggui 3.7 asafuney
doyanwallunsuniniadiansl . =[a, |\ @/ g, | A8 daug (state) u a0 &k

o
¥ o

, Q=|A|2 fia Swrvanusveuafliululs, 4| da sSnnnaduldliomuavesteua

a P 4 (3

Buwn, v famthernudivestadyann (iamsin), was (u,q) Ao dydnvalildunu

(3

nsasugnnuznaaTLy, u AUgEnus ) g

2
m3ifa w, v N(0;07)

ATATAM
/ “. v - da A
Ay —> G(D) -—-——-y\;;—-—;» Anesiu-—>d,

é Qs
HHIUA

5U#1.3.6_uuuinassiosdannuulanya

=
+

L’Jﬁl1 k

stateu

state ¢
seuedl k

k-th state

!
|

|

|
<
|

1

-——y_

'
o

JUN 3.7 Aefuneunun mmsaia
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gﬂf/’i 3.8 _WRUATWYITAAAYRIYRIFY I PRE, H(D) =1- D’

U4 PRG Tifie H(D)=1-D?
Fal 0 =22 £ 4 apusAuamdedadnuel (0), (W) () waz () Lﬁ@%’agaﬁuwm a,, € {£1}

JUN 38 Uaneinog iNUAIINTaRa e e ad

Tumsvhauwesdanedfiniivesd ddidesAuinitiyoyaaian fe-AwmnInaivn (oranch
metric) g4 1Ia7 k/UasnasREuEn U INdadY 1 WS EaE q Hufie A (u,q), A1
wrdnidumelpath metric) @ msUannuz ¢ o ek +1H5ufe @, (g)), Wasiivih
(predecessor) dmudnIly g/ pAdan k+1 Hude. 7, (¢). TasiiuarannueEuiuiidy
wav AR nAsWREan s TRge (best fransition) 1 Radsninfiaoug (2) o 1an
k+1 9sfidunnsnisideuaniuy 2 Wuvnehe (1,2) waz (3,.2) Panesriuimesdasiden
Funeiinge Radun iR funieaniug(2) miran k+1 SrauAdaduma (1,2) fe
WunamsiAsudanusiagn fagliin 7, (2) =1
remnaivhliasegluedeismarnddutoyatioudn fe 29950329M1
ﬁ’]ﬁuﬁmilﬂuq\‘@ﬂ (MLSD: maximums-likelihood “sequence  detector) Faaselalaeld
Sane3Tiudesl 910U 3.6 2sesnsranimestasfendwudeyadunm q,, Mviilviar

Uasiuresdisudogs 7, W38 riudenmundisudeun a;, M3e a) uld dufe

S+v

1 1 2
o _W%{_ 207 &5l } (319

fewnngn lne? S fe Ihuulndeyanvunved a,, Nntuldasni3Ausssuea

(natural logarithm) vi4@8s1199098UNTAE LA
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S+v-1

1
Z |l"k _dk|2 (320)
k=0

ln{p(rla)} =In —2;2

272-0-2 )S+v

ggnuINsvinliaunis 3.20 frdeega dnaisuiiiunisvinlinatinsaedinu
ynilevesaunisiiintosgn WWesnnnauinilaUieuaiiouanwh AuIeInsIanimes
Jazidenddiudeyadunm a,, NYilaesn (metric)

S+v-1

Z |rk _dk|2 (3.21)

k=0

Jerdeege Bevinlalasnisauniduna(path) A NMATNTUEARUNUKUATN
WSAAE L aLUAS NFEUNISLATYIIAUNATILYBHNAS NEYT TAETILUASNATIUNYBINSHUAU
anugananIug u Wsanue g fenulay

A 2
A (u.g) = ‘rk =4, (u,q)‘ (3.22)

Wod, (usq) Ao 19NBLDINNAUBIVBITUYAUTIADAAIAY. (;g) UABIUATA
- U q v

WEUNANN S LA

D alg) = Zko:/%,- (3.23)
(A1) FvuseEuRErsLNsIndume O, J(p)=0 dmiuvinnanius p
(A-2)  For k=0,1..55 +v—1
(A-3) For ¢ =0, 01
i A (p,9) = ’rk =d(p, q)‘2 for v,
(A-5) 7 (q) =argmin, {®, (p)+ 4, (p,9)}
(A-6) () =Py (7 (@) + A4 (70 (9D, 9)
(A7) S1a(9) =8, (7 (@) | 7 (9) ]
(A-8) End
(A-9)  End
(A-10) nensviadoyadunn 4,, ndunTsdTinegfillen @, doudign

:
= a

5U# 3.9 Jumaunisyinuvesdanasisimeaiiniadls
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=

gﬂﬁ 3.9 UARTURBUNSTNUEaNeTTLAMes Fegrady Rasanszesi
YoaunuNInIaAAluFUR 3.8 azwuindidunienisiasuaniug 2 durnefiundeaniue (2)
oAt k41 Tude (12) uag (3,2) MntrnsunmuAmadnaasaauduns tude
4, (1,2) waz 4,(3,2) ausupau (A4) TasaonusBuduiidenadosiuidunianisasy
amugiinaaiindaniue 2) anan k+1 aggnidenmutuneudl (A-5) auuid (1,2) Ae
umamswasuanusiiage fazléin z,.,(2) =1 9ndudfummesndunieiiunfeaniug

aaa 1

(2 w1 k+1 Uuhe @,,,(2) autuneudl (A-6)  uazUsurAdun1enddidine
(survivor path) Miunflsaniue (2) ;i 19an k+1 dume S, (2) sudusoui (A-7) Timen

I
a §a o v o \d

Tuneuinarinudaneiiuimestidwiuardutoyn {r} Nlasuanmvun Lagduney

t 4 v

grvhefenisdndulamaddudiaga-{a,, | frasestugegn lnoidenanduneidsdidin

U

1

oeffidmminidumeniinan S+v (13 \0,/) foegn

{HomnpistsnsianTimestashnisdssinanasdudegaiuadousaduladn
Srudayaildmsmfiudwudoysdunelaninian fefiluma fiRianududeuves
1150 TImMesTas s fusans Dase s squaumidulUifansevesdoyaduns
|A|, AU IVBIETRU VBT UNA S, AZITUIUNUITANNLRIBINIS AR Y

TaeihluisgsnsnamiviesDaesifesidunatnisieindadiuisasn e imes
Iniledif Wedismufmmsasailiinssmimosldsdieneziiduitenus Q
Wy, Tduannnadviadultwiasnisiiguaniusainanius 2 TUSEanus g uazil
duana NN aed NN N0 nAanRASAaNNS. AT 99 A STV io S Dde iR usas
wuasiinnifudeulianssiulnetuetfusurnmsiaanizuazusliduanyouaiils
usiazsesdl & ABuHUIISAda

Tnelumdseileldidanldmsfintuvatansssnunavsnduamesdugodifoua
3x3 FNANNTS 3,28 axvuiedvsiinaesdn. G fidadulsyanivewunsavuuasuningne
wirfu Hude

G (D) .

b '¢c d
G=| G(D)f=tu~p w (3.24)
GD)| |b ¢ d

o & v L3 § & o Y
ﬂﬂ‘uu%%‘lﬂL@']GlV!G]?J@QV]’ﬁLﬂG]EJ_ﬂ’]WHﬂU

d, = b(a—l,k + al,k) t+c (a—l,k+1 + al,k—l) +d (a—l,k—z + al,k—z) + “(ao',k) + P(ao,k—l) + W(ao,k—z)
(3.25)

P 5/ ¢ aa = o8 ¥ 1Y a
\Wiosanszuu BPMR Mdmnsifeaesdifuuvauunns Svildawnsalddeyadunmnves
WISNUY @, uasunsnan g, anvaufiuld@adavingy
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TO1US v ARk TOIUS g 13AN k+1
7 ™, a,,+ta 4 ™~
\ 1 T A / \
x( (@ T ) l: } /d, (@, +a) '

(a—l,k—2 + al,k—z) (a—l,k—l + al,k—l) I

Ao,k e | Qo

|
H i
l.\ Ao k-2 j { Qo k-1 J

5UR 3.10 mswasuudasaniugluviadunnanveununimnsadanasiamisiiauuy
GHETRlb

-2,"ifa, =1 andag, =1
0’ ifa——l,k =-1and al’k =+
0, ifa,, =+l anda, =-1 (3.26)

+2,vifa '=+landa , =+1

nistihdeyaBunRtey sea IS nuR A SR TN UABT s AL AU D099
nsrawivesiaedidld nanferingy 3.10 tanispazidunvesnaasuaniuzlundudy
AT BUAINNSRAdTES s TS AR u LT NS Taelusagaoius ol a1 kg
anfimunmedeya ¢ Fafie HasINTeITeYAUNAYRIVISAULLASLNINGIY of an k-2,
NATILUDIT LA UNAVOINY SATULELNSAAI B 1aT =1, {oyadunnpdninnans o
nan k2, wztoyaBunnrasvsnnaie o Bat k-1 Asduuunmmsedaiiaaannnis
gl fnuuaNLdseefisnuvdats e 3x3x2x2 =" 36@gnuy (iesen
(a,+a,)&{0,£2} fandhiluliionmiies 3 wou dmso 7=k <1 way k—2) uasun
avanuy o e A axiis e uiduanuaviarun 3x2 = 6 duaafAunslds 6 anusd
WANANNAY 8 198 'k +1 uaﬂmﬂﬁLwia3Le’1’ua'1°uwzgﬂﬁmum€ffsEJé’zyé’ﬂwiﬁ x/y laed
x=[(a, +a,) a) Ao Teypdunnvesnififip minark, uaz y=d, Ao foya
levarenAin o a0 & firenrdestunsiAsuaniugusduaunty

mﬂﬁﬁaﬁmumLﬂlﬁ@%maﬁa%umaumiaaﬂquamalavua%uazoﬁ’amawﬁa;&a
wugesiiifietisanuansenunsunsnaeawuudesin seslsinnaluiveninud slald
auaulalunisesnuuunisidisiadeya (coding design) Wesanistutlamsend Taeld
mswasuuasgUuuLdeya (data pattern) fis1desnstudin itevdnidesnsdiiudganou
sghmstuiindeyaasuudetuiin Finmslreneandenanunsnosung e

3.2.3 miaanLmun'm%"ﬁﬁﬁ%'agaLmuﬁ'"a‘h]

Tnevhlunanssnuannnisunsnasnassifaunsadululdfuuudeasy uasuuy
anou fdsgninlaeguuuundudnygnas undy (readback signal waveform) uazAvasdn
NN Iumu%’aﬁﬁa';’UJ'Lﬁmﬁ?uﬂﬂwsMWﬁmUmeméﬂuﬂﬁuﬁﬁiana%'*gm (laifl soft under layer)
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[

aufiuanslugufl 3.2 2] weundyavesdyqrusiunduvesdanarsazgnannaudidn 1’

L}
1 o =] P

yndngndudin (nsdllugge) Isienasiinanuranaiafinseuiunseutoyandu tufe

9
[
a

nsunsnaenaesdnsdidiluluuanveu lu*‘umzﬁLLauwﬁgm‘uaaﬁmﬂmwsl,ﬁm%umﬁaum
‘1 (unumeanmanuluwivin +1)  gndeuseusheln ‘00 (wusheanmaru
wiwan -1) luww3ng 3x3 (ﬂifﬁ‘ﬁﬁ?jﬂ) fufensunsnaonaesdifiiJusuvdaadumsns
WOUNEYAUBIHEYEYNTUEHN enBnideanisunsnaenaesifiuuuannou Jansdnsiaaes
fafdsns1ia 7/9 gneenuuuiluiiawly 21 lovdnidsansdilugan Adadmiiy
(redundant bit) 0 uay 1 gnunsalusumisilanzasiimnauving 3x3 ludeyaiidosnis
Yuin sugudl 3.1 Faansanisnaassiiliuandiifiuiniinstiannsoantnfinnainadld
Tusedunils '

U 341 wunarunssiagaiavisne s 7/9 (2]

o8 l3fmuBnasdsiatfetianudredaiuilidamadisalunsudle
ofianann fuu Shao wasame (3] ShiauesnsEhsiaaeiRuGUsuTiTens3va 5/6
nudnfuimmasaeiissansndiangd

g‘uLLUUiﬁaaaqﬁaﬁgnﬁﬂLauau%ﬁa%’mmsﬁumaniswumﬂﬂ'mma?ﬂaamamﬁﬁ
L“Wiwwaniwumﬂmnmsnaaﬂ%uasjﬁ’ug‘duuuﬁagzymémﬂé'u 19y IvTelaidleiesyn)
LLasﬁmﬁ'agsaU‘], gULLUUﬁmmﬁmﬁﬁﬂﬂﬁu Lazadafimnenatuvesnisiiesiilufe wuu
Awdsuvdouuunnuaen) thihliFeeenuuusialimnyay ’Ludauﬁmaﬁmagﬂuwiﬁa
aeulidmiunsdsshludeuuuivisuuasuniniey fvsesdyraildanduwuuile

LI05YM
Y

9
GRREY

]
aad

sULUUTARliAN Shao ﬁ’]Lﬁuaﬁﬂﬂ%luﬁaﬁﬁm@hLLUU?%LTH%EJ@JQMLEINIUN]W?]‘
3.12 lugugedengnldifterfiuindeyauasddldiAudan3aidn (parity check bit) vasdail
agffiniu Tunsdifiugan fe yndndu 0 vieyndadu 1 Tuwmind 3x3 awnsngnvanides
18 salundrfudmAufimihddusudladetanaade idemniududan3finusauns
Tndoya mufinanludeuniid sunuusiaaesdin 7/ wandssnsdudgalnenisidde 1

wag 0 lushumiisfilangas (fixed place) Msdnimfunililifiudeyalagfisdaanistuiin
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ATUFULUUSTaaRlAN Shao YnaustivelivsednsamiAninguuuusa 7/9 unlunitu

' v
=

EULstﬁaaaaﬁﬁﬁ' Shao ULAUDILLBNII1IE (code rate) 5/6 ﬁ%qﬁﬂﬁtﬁu*ﬁa;&aﬁlﬂmu
5.5% LﬁaLﬁaUﬁ’ugﬂLLUUiﬁ’aaaaﬁa 7/9

g‘dmeﬁaaaqﬁa'ﬁ'ﬁﬁLauaﬁawmsm%’ﬂﬁ’l‘z’fﬁuﬁaﬁL%'&Jdﬁamenm?{aaﬂﬁasm
fememuiuandlugui 3.12 Wufeiufe gedvndulndeyadiugedsndudomifdn
ziulaingagldiitn 1 Vigﬂﬁamauﬁwﬁm 1 n30Um 0 ﬁgnﬁ”amauﬁwﬁm 0 1a lag
dmsudefiseasuuy 6 wasuduesiisnsisvadu %
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Example

d ¥ o/ Qe
U9 3.12 UWOURNUNSWIDSHAADITRY03.Shab [3]

3
U

aad v °
mwswammwmmiuLL‘Uinaaaamw Shao u%auaaﬂﬂsuLuumamimaaa Tu

nsallilalddmelaweslag uazflilaldinesdfanesfiufiuivediussavsamusidniny

o

‘ZI‘U‘UE]‘L!Z“I\‘] 15] I‘Uﬂ’liLL‘VﬁﬂﬁE]ﬂLL‘U‘Uﬂ’eJ\’ilIWWJJTJu’]ﬂ LxL QuVIWIM’JLVlE)UE)aﬂ@iVINNﬂ'J'IM

9/

Fudeuiutuauuiandigs (exponential) L? Wmlmwm“au’lumaﬂgum 16] muu Shao
Fudenldsanedviulunsasanaduesshelagldrdnsuuasuy (threshold) lefiaznansia

o

wanddunsdnaes n1slEesmegdesstislmisuiulssssuuluisemududeou

o
v
A &/

Wewu Jusraunsavaveyssaniamnanasiulalagldzuuuusiaasdid wenainuu

a

gana3fiuieasnsamndudeunitfanunsatunussenalddnfinududousiine iy

(3

[

fanasuivesinududounusodanea3iuddiaens (low complexity Viterbi or BCJR)
[17) dwsunisdiaetiazilinnnid 15 anudnaggnaiiiunistesdyainuwuulewdleas s
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fiflonesyn uanaintiu Shao Iéfwmualitinindeusummennedoya (position jitter)
1umiﬁl°waaﬁhLﬂuﬁaiumwé’ﬂiuizwﬁagﬂLL‘U‘Uﬁm (141 Tumsmaaeswes Shao dnisiday
Fuviaanigteyagnivualinsyaieegluyiemuduniuresiuns wazdienamning
58111999 (dot period) fivainyuane

Tn Shao 1414 3 wuuusulunisdaes wuuusudl 1 fe Wldsuuuusiala 9 Tuns
AANANTENUIINNITUNINABR LUULNLT 2 Ao Td5Uuuusaaeslia 7/9 lun1sannanszyu
MNMTaANBUEYNUTBNSUNINADRABIA WazuuuuALTl 3 TisuuuuTiaassdifegeine
i Shao thiausilefiegvanideensdiugianvemanssnuannisunsnasnassdld dmiude
AfimsSssiuuunnivasuazanusaFeufisulfuatuuieg 1 waguuuu 3 Tngdoy
stuvuiuguuuusvagesiuuy 6 wassmmingaaliiesy

dmsumsiTeuliieiuseavsnwiu Shao iinsiU3ouifisussinessuuitld
nsidhsia ssuuiidasiid 7/9 uasssuuiiingdideiia 5/6 Amtuvudunistuiindeya
waziia i ueS s ARy i Faugtiae nsidnsviauun 56 Tseaviang
fign uasvhowlgfilormiummaosiunsiangs
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Bumn 4 Inlvnatadudeia.s Unilitinnisuninapasgninae aiusuil 3.13 udad
Funsunisaensdd selindnnisssosinautignas Laznsusuusasniant dald
Usgavisnnilauotaasiul it
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3 T T T T T T T T T

m—— Single Bit
25l ‘,,.s-—“""--"-.‘,% e m s Constructive AD 2.5 | _|
3 ,’ \q‘ e w1 Constructive AD 3.0

I, \\ ------- Destructive AD 2.5

2 & . Y Rt Destructive AD 3.0
- 2 =y T

AR
151 { . \\'0 4
& X,

normalized amplitude
(=]
m
T

0.5~

50 -40 =30 -20 -10 0 10 20 30 40 50

i

Single Bit Constructive Destructive
JUN 3.14  nefinwananseyiuyensinInaendasliiiionammuiinunsduiindeyaiiuguy

NNgU 3.14 hassliiduiademnmutidunisdufindiedung 2.5 10u 3.0
Th/in” wonmagnatituduean 2 Wy 25 Tunsilduasudqan (Arddnflagdousauiien
wisleunulnnae) uazaganasan-049u 0.5 Tunsalannoudygio (ﬂiiﬁﬁmﬁagjﬁamauﬁ
Anssdufuinnate) Bauandliiiuinaveanisunandentgsuusstuiiomumuuiunig
Yuiindoyagetu Fudufiuvesauiigruiiiidalsaunsaidiusuuuudeyauuvanney
Fyanailinare fugluvudeyalvvduasudyapals szuunstuiindeyaasildya il
Leundgalassiudigeduifuageunn vildszuvansanusedyaasuniuldisdu
Tnslawzegnsbaslemmmnuiumstuiindeyagaiutines

3.3 ayulgwuazuuimslunisuideyun

qum‘iiﬂé’ﬂa'n5@%&91}11msLmiﬂaamamﬁa%aﬁmmquLLiaLLazﬁwaﬁﬂﬁLﬁﬂ
FoRemarslunszuiunssuteyandulnsiangegsbailesinumuinunisduiindeyags
Iﬂaﬁﬂﬂ%’mﬁ'mﬁ’faaﬁﬁﬁaujﬁagﬂLLuumaaé’mzymémné’uLLazﬁmsﬁagaﬁagiau Fauuanslu
nsufdymiley a1dsnmvan fie nseenuuusalelawas N158BNLUUINRINTIIN Uag
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NNSPBNLUUNISITSR %ﬁluﬁméﬂﬁwuéaﬁuﬁléﬂﬁmmau’tﬂﬁunﬁaamwumﬂ%ﬁﬁaﬁaga
Jundninsrzduimsiesfunasvanideumnuesdymidedauszansami avinls
ABnssuansavheuldatunuludetuies %amu%sﬁaﬁﬁagjLﬁmﬁ?u%Wﬂmﬁuﬁmﬁu
Humdn Filvianuglumstuiindeyatuanas suianmsidisiamanignosnuuuuniiteld
ﬁuﬁaaé’magmﬁﬁiaLaa%ymwhﬁgu idshiausiEmsiisiaueagiaduildliuudesdymy
ﬁﬂi’]ﬂﬁ]’lﬂi’é}na%‘gm fennuvannvansuasiussavsnmislugu BER mnududou uazdns
TV ImﬁwasLﬁaﬂ‘ummilﬁﬁ'\iﬁaﬁﬁwLauamﬁwﬁ%gna‘%ma‘luumﬁdﬂ



undl 4
WBNsTiaNangLatuaaliA

Iumu%’aﬁwﬂé’ﬁﬂmaﬁ’suuﬁ%mﬁmgﬂLLUUG@%’agaﬁaumiﬂ’uﬁﬂ (recorded-bit
patterning: RBP) [4,6,7] Lﬁawmuumimﬁmiymﬁlﬁﬁiana%ymaﬂﬁﬁﬂmmsﬂﬁmLﬁu 1ae
o iBnsdeudeyauasmhemusiiudnisadntos Fdutuusniforuhesld
ﬁsuuﬁ‘%msﬁuuuwﬁﬂaaaﬁiaaﬁzgzyﬂm 3 unsn %ammmﬂ’mmda’LﬁﬁJumsﬁmgﬂLL‘U‘U‘G@
faganaunmstuiinuuunateunin (multi-track recorded-bit patterning: M-RBP) [5] i
annsevauuutesdyadilidinsiuauaninld witinis M-RBP szdavssousdiu BER
Firdu uazsmmavatigatu uigesanssrEmmsudsILazalunsUsEInanatigs 13
ﬁwmmsﬁﬁﬁauam@JLaﬁuﬁﬁé’mﬁﬁa 4/5 [9,101, 5/6 [251:8/9.[26,27] waz 6/9 [28] Al
A1550UAY BER ﬁqqndﬂLLasmm%’U%’auﬁ@an’h UnissesuNeannIsennLUY, lassadng
LLaSﬂiZ‘U’mﬂ’]iL‘ﬁﬂ’iﬁﬂaa\‘iﬁﬁnﬂgﬂLLUUﬁIﬁﬁWLﬁUB‘Luaﬂﬂ’lﬁwuﬁ“ﬁ FIUNNINBATTETDYA
LaENSNRABUANSSausYINTs N TRaT L auB daemTI A sy UL L AL a 1S B Ui
UszAvsnmiuszuudilddnsdissia

4.1 F/nsdngluunindayanaun1suuiin (Recorded-Bit Patterning: RBP)

24 k74
a ter e

INSITANNNTULTIUBIN T UNINARaIRY L ag AU UL UuARR e N ULz dn

a b2 1

Yeyafielsau LiduliauedBnisdnsuuvulndeyanaunisdudin (Recorded-Bit

Y
1oal

Patterning:. RBP) [4,7)Inensinsesindoyalmiiflonanidossiuvudoyatnsguuuud
da’Lﬁﬁm%’aﬁmwam‘Lé’d'}EJ’Lunssmumiém%'agaﬂé’wuﬁugwwENﬂ'liL%’ﬁﬁaLLuuuam@La
LAY L'ﬁafuzuSiqﬁ;mﬂizaaﬁﬁﬁﬁmimgﬂLLUU%iméi’iyzyﬂm‘[ﬂaﬂsmmﬂé’muzymiumul,t.az
AURANANAYDIRIUILUS ﬁ%wﬁaﬁmLﬁ'm%a%ﬂag‘uLLUU?szzywmdmné’uimﬂimmn‘[ana%
:qmmmgﬂﬁ 33
Tnanmsanwdaudtasddadymiamifindeyalainafisulifvansauans

laraguil 4.1 Susdunddiuteyaalgiuaes(binary.data sequence) g, € {1} idiaans

U Y
e 1

3 < : A v 14 < | v v as I
UUVlﬂQﬂLLUQaaﬂLﬂu 31NN ﬂ@uwcﬂau‘laﬂ\‘i 3 LLWiﬂQ%QﬂﬁQ@@IﬂUQ@@ﬂ@?WN RBP taL15%d

o = A @ e ) | o a v a ,th a th o
feyaneunstudinatufotuiin dygraswnduvesiadeyai £ vuwinil  Jeowdy
aunNsAaFanstanall

T = z Z P Xrcmpmn 1y =% @by + 1y, (4.1)
n m

le xy Ao dndeyanignitrsiaudmSeutuiinasundeduiinteya, h,, Ao A1
duuszivsvemanauauasasdygnasdii, n uay m unusmuniieunizdoyaluiirnig
AUMILNINUAZLLITINNINANLE IR, © Aowriawnenisdiumsneuligfuuuudes
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[

iR (2D convolution), wag ny Ao dygrasununid@eudviawuuuin Tunaufofean

LY

duUszANSU0INANDUANDITDIT DA Y YIUEDIA Ay, TUIZUU BPMR  w1lRia1nn199n

[
[

f1e819 (sampling)  Hamavausidy iadvesnisdeyalapeiniiaunaitn  (bit

o

period) T, WasAUNIIBIUNSA (track pitch) T, Ao

h =P(—m1;,—n7;), {m,n}e(—L,O,L) (4.2)

‘m,n
oy Plx, z) Aonanouauasdygunddouluuasdd [12] was 2L+1 ADIIUY

duUszdvivestosdygrunuuaesdin  IngnansuaussdygIuiadimdideunuuanip
dmSuszuu BPMR Tuauiddeiimleann [12,13]

1| [ x+A, ’ z+4, : “3
P(x,2) = (A)exp{‘il[c@w,)) +(C(PWJJ ﬂ

o A= 1 i weundgegigauemanavausdymrasiadindlgunuuasils, A,

ADAIUAANALAT DU YD LNUINNULUIUNEN, AL FDA I ARIMAG DU IR LI LA IULUD
9219un3n, PW, AoAN PWep U038 aayiadiadmnsiuuiunsn, PW, fisan PWs, 183deyunuiad
ANLULITINUNSN, PWsp Aenanuninte dmionad o aaa3wlveleundyngdn, uay
A g PYRPRr™) o/ @) € r i = Y

¢ = 1/2.3548 AoANABIRYIlUNATUENNUGIENING PWsp LasSANUEIULLNASE I UTD el
ndden luliaAnwaiauossilndtiniedeya (position jitter noise) ANULUILNGN A,
LaTAINLITINUNSA AL Azgnidnaaslaefianidunisianuaseatiasiduiuuinddaund
1 o 3 | 24 ¢ 3 a
Anduguduaginauwlsvnu O) We O (Julaiduiveiaanenida 7,

~ Ak o Xp_1k
»
% ) S 4l RBP
a,,, . | Transmitter
- [
>
; a:l—l.k < Af"“" Tl ss,_l_k i——1p rrl_l'k
k]| a X 3 & +
—fi RBP4 2D-VB Lk )] L O
Qg ecerver < Xk Detector 1+1.k Equahzer 1+LE O + AWGN
~ P +

JUM 4.1 uuuiassedyginnistufinUauwaiisuiiiiensoudanaiyiu RBP

913U 4.1 wudrdrdudeya o, azgnutseanidiu 3 undn { agy, g G} Hite
dgatlulursasiinevia RBP iedniSeadnteyalimiondmsunstuiinasludetuiindu 3
SWUTONAL Xerp Xy Xk } S7U2U 3 uwnSndAndudaundnl (1), (O wag (+1) awdndu
Tunssurunseiudoya w 29asniasu dogaris 3 undnasgnemilacld 3 gy Tunan
fenfiu 3eld 1 e uilesudeyaiiazunn udlitmesvismizemnudidiglunis
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Aiudayaitazunsn) mniulunszuIunse (read process) aiuteyavesdyy ey
ndu r, vzgndaelad (equalize) lnedmislaiwesuuuasilid (2D equalizer) Bum 3x7 7
gneanuuulagmsinaaelifivuin 3x3 wuuaNuns (2D symmetric target) wagdtnig
MMSE [20,21,22] viteusudayanadiifiudwudona s, wazgnieuirgrsnsnsianimesd
wuvaesdf (2D Viterbi detector) lagldununtwinsada (trellis diagram) 64 @nue (state)
fifl 8 @uavioenanuRazaniug (outeoing branches) [21,22] Lﬁamﬁﬂé’u%gaﬁﬂﬂﬂ
fnnilgn deunzdsfeyailidnlugidaneiiu ReP . MagfuniafuiiledniFedduteya
Tnslseanuahgmdsvessanuiiedwines %q‘dmé’iyzgmgﬂLLUULﬁaaﬁuﬂfﬁ]ﬂi’ﬂu
nsnaasunsdrstauuuBulfiiausiie udazAeiuRidauduge,  S1uduedn
AN aTUNMLazdanesiNlum s uaznonsia
HoswmnanuguuswasnsuyTdesdadiftuay fuigUuuudyg e unduves

o
) =

UndoyanaulauazUndayanagsoutna ludriuiavinianedanesiiu RBP  ienanifes
sUnuudoyauneguutuiinelvifadefiananalosie ol 29a3n579m) lnen1sinieslntoya
Tl (eldlviigdutunnelinfinveianaindie) Aeunsturnasludedudin

[~

finnspimiisnsandisduunn 8x3 fiaseuraudndayaiaua 9 On Ao 3 dran
WVSNUY [Aiks Gk @ctiil 3 DARNUNTANGN (A Qe (Quind bag 3 DR nunInans
[Qut gt b1k Tivtestl muﬁuamﬂugﬂﬁ 4.2 ImwﬁwhaﬁaﬂﬁﬁaﬁumgﬂLLUU%’auua [QLi ar
RN o P TR VAP SRS U0 b Aol AiAndoRanatnle selunsznunsey o
2993957991 WnsEsuse i rualiisUeduvesdyansunduvasadeyaliend
Us1annlolassynnInguin 3.3() Wudtnimsieds . (reference | signal) | Ssldunan
wuusiaestasdaanailifidaanasunalag amfuwﬁmsmgﬂquﬁa%aﬂ”'wmﬁagui
neluntsneeasisduton 3X3 TELBUNGAVEEANMEAUNEUVRITANAIN {r} unneing
MnALeNNEIAtesdryAus1Esatnls Taeguuuudayalediinarialvidnieunagaves

Y

dyrusrunduracionan ) TiaTeansneATInUIATBMLIEYRAN LB NEYAYDY-

[

Foyeyrudnade azliorilugUuuutoyaiuuanyaw (destructive, ‘data’ pattern) luvaued

o

sUnuudayadus uenwidasndaziiodtfusluuureyawuuduadulconstructive data
pattern) A5197 4.1 daRssUuu U eganUUAANeUVsIa A d g e undy i Innans

&

M1P1U1198NV899IATIANN TS aRsBsvIEns T IAuTnToyaIRglLed
TEagl8uANTYNUYeINATeNTTA RBP Idnaueausaesuiglanuguil 4.2

SunliRTnYeya 3 LwﬁﬂLLé"gﬁ'\miLﬁawﬁWiWUmﬂ 3X3 ﬁﬁﬂuéﬂmaaéﬁm%ﬂﬁ [
Wndnnan) andurtasuEy (Fudregaueauvsn) Iﬂmml,muqaﬂma (FuvIgAT0
wnsn) LLaauummusﬂwaauaquammaumwmwanuimamnﬁwumaunmmwu
maga‘tummw 4.1 mﬂuummﬂimmiﬂw [ Asit wdnAowiu (circular shift) ’mesnm (-1

2 o o ) ) a 2 v & =4 ' I = 2
waguning (+1 ieadesguuuuteyaimiululinivun Beluusdazasavesnmadeuuluuning

[]

(-1 wSeunindl (+1 Aagyhdinszuiunisidouninauuin 3x3 ansundasusiuluds
funsgarineveawnindnasy ietuinunuviuudeyanuuanneuiomuaiiiniu Tnaile
Vnsideuudeyavianunuds flaggiinisiiouiuueunind (-1 uasunsnd (+1 asslaniing

yinbilasunuudeyafifdge (dudefidmnugviuuleyawuuanveutioedn) Ianuufagtuiin
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Fuauassildlunsideuivreeyayatulilumhsarudmsedvives e luldluns
Wowrudeyalvinduindwihumiafu s 193snensiia RBP finaTu

Upper track shifting direction [>
D" biq K bit¢ ¢(k+1)th bit

Upper Track - -1 -1 -1 1 1
Center Track - -1 -1 1 -1 1
Lower Track - 1 -1 -1 1 -1

<] Lower track shifting direction

sUN 4.2 35075 RBP Minaua

U

A19189 4.1 sulUuYeyaLuuanyay

‘Destructive Upper, Track Center Track Lower Track
Pattern Number ™ j g 1y (1) 2 CGREDE (1) - AT et D)
1 1 1 1 1 -1 1 1 1 1
2 -1 1 1 1 -1 1 1 1 1
3 1 1 41 1 -1 1 1 1 1
4 -1 1 -1 1 -1 1 1 1 1
8 1 1 1 -1 -1 1 . 1 1
6 1 1 1 1 -1 -1 1 1 1
7 1 1 1 1 =1 1 -1 1 1
8 -1 1 1 1 -1 1 -1 1 1
9 1 1 -1 1 -1 1 -1 1 1
10 -1 - N Y) G ¥ A 1 1
11 -1 -1 1 -1 1 -1 1 -1 1
12 1 -1 -1 -1 1 -1 1 -1 1
13 -1 -1 ) -1 1 -1 1 -1 1
14 1 -1 1 -1 1 -1 -1 -1 1
15 -1 -1 1 -1 1 -1 -1 -1 1
16 1 -1 -1 -1 1 -1 -1 -1 1
17 -1 -1 -1 -1 1 -1 -1 -1 1
18 1 1 1 1 -1 1 1 1 -1
19 -1 1 1 1 -1 1 1 1 -1
20 1 1 -1 1 -1 1 1 1 -1
21 -1 1 -1 1 -1 1 1 1 -1
22 1 1 1 1 -1 1 -1 1 -1
23 -1 1 1 1 -1 1 -1 1 -1
24 1 1 -1 1 -1 1 -1 1 -1
25 1 -1 1 -1 1 -1 1 -1 -1
26 -1 - -1 1 -1 1 -1 1 -1 -1
27 1 -1 -1 -1 1 -1 1 -1 -1
28 -1 -1 -1 -1 1 -1 1 -1 -1
29 -1 -1 -1 -1 1 1 -1 -1 -1
30 -1 5 T | 1 1 -1 -1 -1 -1
31 1 -1 1 -1 1 -1 -1 -1 -1
32 -1 -1 1 -1 1 -1 -1 -1 -1
33 1 -1 -1 -1 1 -1 -1 -1 -1
34 -1 -1 -1 -1 1 -1 -1 -1 -1
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i levimsnaaauBnis RBP fitaue Tusyuu BPMR fhemnumuiuiunistuiin
2 Th/in” fidsrunirdnwasamunraundndy 18 unluwns (nm), PWs, Tunuanisunsn
19.4 nm uae PWs, Tuluinaaunsn 24.8 nm wuieatu [12] Tngsnsidiuseninadayaion
AdNNTUNIU (signal-to-noise ratio: SNR) gnilenalag SNR = 20log;(1/0) finaeidu
wWHUa  (decibel: dB) dle O ﬁaﬂ'ﬂLﬁmwummigﬂwaaﬁﬁymwzusumul,mﬁl,%auﬁsu'n
UBNAINisEUL BPMR vhlssuuiindnsndnfianans (bit-error rate: BER) Wity 10 Tng
lumsmardnsiUnianainvesusasal SNR agmeaindninnainagreias 500 On way
mvualideya 1 wnines (sector) ﬁ‘ﬁa;&aﬁv'wm 4095 Un

SU# 4.3 uansdndnfnnainuesssuu BPMR  Aidanufanainvessuyaniy

%’a%al,‘f]u O;= 0% uag O;=6% Iu‘ﬁ'“ﬁl “Normal-Case”;.“Best Case” way “Worst Case”
Tdununsdlusnlunistiuiindeya, nseinldsanediiu RRP Tumsandruiuvesguuuudeya
LLuuawauiﬁﬁaaﬁqm, wasns iy sanas T REP IumiLﬁuﬁi’wqumaagml,uu%'a;gaLL‘UU
anveulinniide mudiu_Tagedemins “%7 wmineia weidudenuianasvesns
iAousumjitoya sangissnudmsiissuulifiamufisnaimvesiundy (G = 0%)
o A BER =10 ssuilldifanatiia REP Aefianssnnefndasvundildisnstuiinuuudsnd
wagsyuyiiltdane3ie RBR Tunmsiimsniumsagdicudesauuuanyievlnniian Jszana
0.3 W3WA uaz 0.6 Lndia mueadu uenaniifossuyiemasRananvesuymiaiuang
T 1y 0 =6% AasnuTeruuiithisueiidussausiinnitu Gnnmissudigismsthiin
wuudsniiay RBP lunsuind v spuuuudioyauuvaaveuliundian 05 uag 1 1ndiua
PuEAY) uaRsiIB s aLeaITsnaaRansEnUTLA TR TUY S NAeaaR iR A T
othef uang gl BUTE ATz TR UULFUTR A SNR TisvuuldiiiliAn BER
= 10" a syummifianaiavessiasuRumtlsdagarne | Fuilandlusifl 4.5 Seazdiulin
szuuiiltidanesfin Ber fanssousfnissuunasy lnsawizededuilsauRananues
msideusuvsayaiiatosunsifidannty
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Position Jitter
Noise 6%

107

BER

=== Normal Case (0%)
10 t | ——©— Best Case (0%)
et Worst Case (0%)

=== Normal Case (6%) Position Jitter

. =--O--~ Best Case (6%) Noise 0%
10 ¢ | =&k~ Worst Case (6%)
1 L ! : : I
0 2 4 6 8 R, ©?
SNR/(dB)

{ ; o o 94 2] a o 1
E‘Uﬁ 4.3 AU52andnin-RBP a1 BER A ubANa1In989R L AWS 0 Lay 6 %

T T T T T T T T

N
N
T

~—f— Normal Case
~—E— Best Case
e Worst Case

]
o
T

—_
(o2]
T

—_
[=2]

SNR required torachieve BER = 1074 (in dB)

1 I
2 3 4 5 6 7 8 9
Position Jitter-Noise (%)

a

gﬂﬁ 4.4 UsgAVEnW RBR.FM-SNR fuseaumuianaInveasuye BER 10

4.2 Fnsdaguuvutndeyanountsiuiinuaieunsn (Multi-track Recorded-
Bit Patterning: M-RBP)

11099933113 RBP panuuuLLloresdygauuy 3 wnsn sndauiaue 38ms
M-RBP fudasdayqadilisindiuauunsn Tngamsinvesszuuludgy 4.5 Suduain
mﬂwauma‘u%maaq (binary data sequence) a, € {£1} Vlﬁla\‘]miuuwnnmmdaamﬂu 5
unsn naumauam 5 Lmsmvanaama‘lﬂmaaﬂasmmiamﬂLmuumauaﬂaumiuuwn
wuUvaeunsn (M-RBP) LwaLmﬂwamau“aﬂaumsuuwnaﬂuaauum
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A2k
A1k
[N

[
Cr2.k

Xi_24
X—A
M-RBP [
Transmitter [

YYVVY

K2k

2D-VB
Detector

M-RBP
Receiver

Ul 4.5 wuuiaesiesdygumstidindnuwadisuiifenieusanasfiu M-RBP
seasBeamsauYesasidnaia MAREP Aivaustigansneungldnugud
4.6 il
Tumgufl 1 wilaufuiini ABP. Re Wnisandeya 3 wiinudwhmaideu
wisnavung 3x3 ilgudnansedfiunsnd ((vinnans) anFmiasudu (udregnues
un3n) ludsfivsgniing (Fruangavesunsn) wdrdusiuaugduuudogauuvanveu
evanfiiniulpensieufisofogusuudeyalumssdl 4.1 sndutmualinnd ( el
udndeuanluunindl 1 lasivsndl (41 deassgunuidenaiidutulévionmn vluudas
afavoansidouanluuninil 1 videunindl L1 Assidhnssuiumadeuniindlwunn 3x3
MUl s syesunnBnads ietfudnnugluuidoyatuuanou
ool Antudasidevhmsidowndayafovunuda fasgainsinouusemindl (1
wazundndl el Astoiduavilildsuiudenetifan uffafisnausuuoudeyauuuanen
forgn) ntuazuiinsuaddiiflunndeunisssdeyayniililumhens e
Tied o lUdlumsdouudeyslinduind s umiaRu o 29asnensiid M-RBP Annasu
Fumaudt 2. Funotiazldwinmsrung 3x3 500 2 gndiUudaseroiu lnedl
Fusgudnantuesiimasegundn £1 1 BagIA ° mudidy augudl 4.60) aniu
svunlidoyaluundndl (1, ( taslrT meitudaiinsdouruunind (2 uaz (+2 e
Swnuefilumsideuuiiilildguuuutoyaiingn (Wuidenfuduneud 1) vesadoya
Tuwndn (-2, (1 uas § uasundn 4, (+1 uag (-2} audndu Wevindunoud 2 laSauds fee
isunuutoyaiiigaris 5 unsn Anfeuasgniufinadludetudin uazsuuadeilélums
Aewuiiigausaunin (-2 ua (+2 fezgniufinaslumbemnusnduietu lunsdideya
funnin 5 unin Adssannsaldimedadldiduiy Tnedufunisludneasioatusu
fumeudl 2 draundrezasurnundn Tnslisndusesiunutiostususeminunsn Ssedndu
fofBnetnemisveanadaihinauefivstouiuilunssafudeyalfifunntude
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(1) bit K bit], | Ce+1)" it (k1™ bit], K" bit], | (k+1)" bit
N S U S T S U O S T U S T | T T O dsl'r‘::t‘l':)gn
Sl AR I N I i‘r‘i‘tﬁ Fix | -1 | -1 1 | -1 |1
I S O IR U R b Fix | 1| -1 1] 1]-1
dsl}r‘éfc‘t‘l';gq afla |- Fix | -1 | -1 |1 [j1 |-
Al dsl}r‘::t‘l'(‘)i Q1| atadi |
(a) (b)

JUN 4.6 38M15 M-RBP i iaue (a) Tumaud 1 uag (b) Tumeud 2

TunsufiRsanesan M-BPR, | idnaueazlfaatiunisuszananardsudiegs
IﬂaLawwasm?hLﬁmm%ﬂsﬁaa&aﬁmmanmﬂ pgalsfmtdifaanisaniialunisuseanana
avfanunsavhld T nnsudsumindeyaeanudnitens Tunwissiasiusddudoya (o
sravun 6720 Do penfiu-5 undn Uiaguyniiaannend L= 1344 On natuTusdeya
YR 5X1364 (= 6720~ Om). eanidu21 d lnstdazdauilvuin 5x64 I iieaniarly
mMsUszanara meisnasudsaiutbeivinlfaunsafmanuuintes s A L Tidadld
Tunsiumsunuadailstums deuauldivhay noX8log,(ny) TR A8 ng =L /n, AB 2UA
maqduuejaaﬁgmma (Uw), n, ﬁaaﬁmudau&iaaﬁgnuﬁa, LAY N, ABENUIULUSN (AusAsed
Wn = 5unsn) SefumiosnaniisiAldvane ity 6Xax21t- £ 504 Unsiavoya
6720 Un

3lEiIn1IVeEaYIE s MRBPTIE LA Ue lusEuUBRNR s emautunuuulunng
Tufin 2.5 Thin” Aigerniuniedauasnamsinsundniianwiaiy 16 wiluwas (hm), PWis,
TULIUNSN 194 im —4ae PWsy TULUARINUNG D 24:8 nmAatwfgniu [13] Taw
amswmuivmNammmmaammmiumuaﬂumaﬂﬂa SNR = 20log,((1/0) Fivilsszuuiia
Sandefanaawintu 10” ImaiumsmmammmmwmmmLma £A1 SNR agfoainin
Hananagutios 500 U tagiwunlvdaya 1 wniwes (sector) 1 6720 T

iﬂﬁ 5.3 WA ARANEINUBISEUU-BPMR  7iiinnuRananveasiiunuainig
Joyallu o= 0% uay O;= 6% Tufid “Normal”, “M-RBP” waz “RBP” T¥uvunsaiUsnd
Iumiuuwﬂmaa&a, nsaifldSanasiiu M-RBP Tunisandrnuvesgliuudeyauuuanmeul
ffoufian, uasnsdiillidanedfiu ReP fnauerounthd audiy Taoedomny “%”
RN LUa%L%uﬁmmﬁﬂwam‘uaqmﬂﬁlaus‘hLmu'ﬁa:ga mmgﬂ%wudﬂniiﬁﬁizuulajﬁ
AAANANAYBITIULY (0 = 0%) A1 BER = 10 szuudlldSanedfiu M-RBP agil
aussauEANsE LU S MsTufinuuuUsninasssuuildsanesiiu RBP Ussunn 0.6 1dlua
uag 0.3 indlua muddu uenaniliflessuuiiarufiawaiavesuaiivinny iwu O; =
6% faznuiissuuiithaveiiaussausiunngdu Gnnndissuuidianmstuiinuuulsniues
syuUTildSane3Tin RBP Usvanas 1 1odwua was 0.5 1n3lua muansu) uaneiianisiiiaue
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aunsaannansenuinaInnnsunsnaenaedflfilusgned venanidsldiuieuidiou
ausInuyvessruUluzUvasA1 SNR fsvuuldfivhliiAn BER = 10°  sefuauRawatnues
nsidaudumisdoyanieg duandusuil 4.5 feasifiuldinseuuildsanaiiiu M-RBP
flaussougfninseuvdu q T,ﬂEJLawwaEJNéqLfiammﬁﬂwmmmmmé‘auﬁwLmﬁafﬁ’auuaﬁ
mﬂm;ulml,ﬁmmnﬁfu

Tudusisluiiasuansaussousvosdanadiiu M-RBP finausluguvesnrmdudeu
(complexity) Lagdns139a (code rate) g Lﬁadauéaa‘uaﬁagaﬁmmmﬂ%q 8, 16, 32, 64,
128, 256, 512 way 1024 On Tnslufiimnududen C vesdanosfiy M-RBP a¥fiansanan
Uhinamhemuifigeddlumsifiumsiuundsildlunsidouuusasungn Tngluduney
7 1 agldmnududiou ¢, = NeXNpXnpXn, = NpXnpXLe U6 (usnnsideuunnuy msideu
wnsnans LLasmsL?{awﬁwmuﬁaﬁfuﬁnmugﬁLLUUﬁTa;&aLmuawauiunﬂﬁw%'au”aﬁgmma)
wagludumeud 2 xldrmadudon ¢, = 2XnpXnpXn, = 2XngXL, v (Ananmsideu
wivisaesyananidetioyaly 2 uwiinidassseiusmmiacdayatianuus) deiusanesii
M-RBP agiimmudtudiousausia 2 Suneiniu C = CHC, = (24n,)XMpXL, Wiy uenand
Snsrarumldan R = (XnaXn.-alossng) - A3 a7 a:2 LLazgﬂﬁ 4.9 LARANY
Fudeuuardnssiaversanodiiu MRBP Blaliiguiuvuisuesdiugesdoyaiignuus Seaz
Wiulddadnislevuinresdaus sadasadrifuie paoududeunatsniiswatiasiniy
fuafmnﬂy’umsTamminﬁﬂmzumm%’u%’au‘uaammamﬁﬁlﬁﬁqﬁ Ca. .= Astp i C, fo
ANUTULOUVOINTOARATHE, Ny FD f\i’ﬁuauLLmﬂﬁgnL?{auﬁ’uLm Fauan i fiuindaudiin
nS¥UIUNNS M-RBP %ﬁmm%’u%’@u‘lumsL%'ﬂsﬁ’a*?iqq wefidpdudeulunisaaasaii

=i

10°

Position Jitter
Noise 6%

BER
S
T

10 —&— Normal (0%)
—3k— M-RBP (0%)
eswee RBP (0%)
==Ek= Nomal (6%)
10°L ~=%=~= M-RBP (6%)
=~~~ RBP (6%)

10 1 I ! I I ! )
0 2 4 6 8 10 12 14 16

SNR(dB)

JUN 4.7 UsgdvSam M-RBP AMUBERTIAIMURANAIATDIRIULII O WAz 6 %
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#

Position Jitter Noise (%)

4 = e L9 .24 QU = d I ﬂl '4
4.8 /Ys£ansn1n M-RBP A1 SNR AUSEAUANURANAIAUDIFA1LANIY BER 10

1 T T T T T T — 10
o Pl
s 8
8 &
B €
o S
Code rate
------ Complexity
’l
!
]
1
!
i
)
1
1
1
0.5 1 1 L I ' i )\ ' I I I
0 100 200 300 400 500 600 700 800 900 1000
Portion Size (Bits)

4.9 UssEnSam M-RBP Mmuanududauuassnsisiaile 1 uwnsnivuia 1344 Oa



a0

A5199 4.2 mm%’usﬁ’auuazé’mﬁﬁmﬁauﬁ’wmmamhﬁauvaﬁgﬂLLﬂaLﬁammamm%ﬂ
1w 1344 I

Portion Complexity Complexity, C Code rate (calculated with addional

sizes memory), R
Ly = 1344 Ly =1344
8 80 L 107520 0.7692
16 288 L; 387072 0.8333
32 1088 L; 1462272 0.8888
64 4224 [, 5677056 0.9302
128 16640 L, 22364160 0.9580
256 66048 L, 88768512 0.9756
512 263168 Ly 353697792 0.9861
1024 1050624L; 1412038656 0.9922

vengntusdeiainyssansaTwges MREP lalagnaiAsunsmsuuuudoya
fiTgmannsiiI v iayanuuaameuliRnTy sl mas A miTnazay
(accumulated “weight calculation) uusnativnawsly (5,61 Tngwsinunaisvendild
UaNIERUAI L TUNSIMDINITUNINASN#8STA Faradmindaiosvineduldtuan
(positive) wazay (negative) — Juagfiusnisinanaendasaansiautiunuuduas
(constructive)- w58 LUuaANeY (destructive) - maNs1Ay taglsfia sananiiminainnns
AT UNUULDYAINAR 3X3 Aitldlaionn widdunneingureidanadlulsias
stnuuInAMUfud Y Qe UNEUYBIDANa TIAE il

Y. 7Y Y.>0and Y, >0 (4.9)
%]+ 7.), ¥<04and 7, >0
~(¥, ) Y,>0and ¥'<0’
|¥;]= Y, <0.and¥, <0

Seaumstainmnmsiesginsadululifovmnvedyanasunduresinnans
TuusagsUwuuindnaiudygusunduvesdanaaier e 7, fe ﬁwﬁmﬁfn‘uaqsﬁaga
3%3 ;;ULL‘UU‘?; i, ¥ @s LLamwagmé’fp,iyma'mﬂé'waqﬁmﬂmﬂugﬂLLUU%’@Haﬁ' i way Y,
) LLauwﬁgﬂé’m_,wﬂméwné’waﬁmmqlﬁ'm Pnaun sl ldaniminueas 512
suuuuteyamumset 4.3 Tnsmsafazgninluldluumufimseguuuudeyauuuaamey
Fas1egld 3 FWlunsazasanimidn Ao Bmsit 1 Wnswasuynethwiin (efidy

]
=

uInuagav), 380159 2 Mnsvaasaunnendminewiziduuan was 380159 3 1nnsm

wasmynarminawenduau lnevieawisianilvldmguuuudoyaiinfigalasgan
nsguuuuteyaiilirdminavauanniige Tnenadildisiaziiuinisnsiiias de 273
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1%
[ v 1 ° o o

WWS123719nE093 0NN VAU N T UL UUanNDY %Qﬂaué'wmUﬂqumunmﬁuuw
P | ] o i )

duaiudus vilinismvuuuteyanangatueiaaglilasuuuuiafiganundesns Al

9

D

R

9 -

1513414359 3 Mnnsmwasiunandmdnewsiiduaulunsveassdu 9

ﬂl ’/ 1 1 ‘o’ U
M99 4.3 I8 NAUINUN

Index Upper Track Center Track Lower Track .
Pattern k1® K" kel® k1® K7 kel® k1T K0 kel” ot
1 -1 -1 -1 -1 -1 -1 -1 -1 -1 1.1255
2 1 -1 -1 -1 -1 -1 -1 -1 -1 1.0298
3 -1 1 -1 -1 -1 -1 A1 -1 -1 0.4947
4 1 1 1 a4 a4 <1 1 -1 -1 0391
5 -1 -1 1 -1 -1 -1 -1 -1 -1 1.0298
15 0 4 1 1 1 -1 -1 -1 -1 -1 0.0957
16 1 1 1 1 -1 -1 -1 -1 -1 0.0000
17 -1 -1 -1 -1 1 -1 -1 -1 -1 -1.1255
18 1 -1 -1 -1 1 -1 -1 -1 -1 -1.0298
19 -1 1 -1 = 1 -1 -1 -1 -1 -0.4947
254 1 -1 1 1 1 1 1 1 -1 0.3991
255 -1 1 1 1 1 1 1 1 =1 0.9341
256 1 1 1 1 1 1 1 1 -1 1.0298
257 -1 -1 -1 -1 -1 -1 -1 -1 1 1.0298
258 1 -1 -1 -1 -1 -1 -1 1 0.9341
259 -1 1 -1 -1 -1 -1 -1 -1 1 0.3991
494 1 -1 1 1 -1 1 1 1 1 -0.4947
495 -1 1 1 1 -1 1 1 1 1 -1.0298
496 1 1 -1 1 -1 1 1 1 1 -1:1255
497 -1 -1 -1 -1 1 1 1 1 1 0.0000
498 1 -1 -1 -1 1 1 1 1 1 0.0957
508 1 1 -1 1 1 1 1 1 1 1.0298
509 -1 -1 1 1 1 1 1 1 1 0.3991
510 1 -1 1 1 1 1 1 1 1 0.4947
511 -1 1 1 1 1 1 1 1 1 1.0298
512 1 1 1 1 1 1 1 1 1 1.1255

YBNINUUIITIVIINITUTEUUTELENTAINTD IS NTN U AU BAIUAUILUUNNS
P-4 L/ a' ngi‘l 1 a tJ o 5 o Y z:' 1 o p=4
winveyaiudu tsamuindsnmsfiisdnauetwinulan laeiaunuindunisdudin

.2 4 -4 1 ' Aaaa o o v o
9@ 2 Th/in” 91 BER 10 22199799949 SNR 581952 UUNINS s aUBLagseUUn LUl

ad A o o ) o o Y .2 I
Fnnsiminaue 1 dB uagauvudunstuiindeya 3 To/in” a¢ld 2 dB

LY

4
il
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BER

—&A— Normal Case

107 Best Case (Approach 1)

------- Best Case (Approach 2)

—E— Best Case (Approach 3) 1
1

10' ! ! I I !
0 2 4 6 8 10 12

SNR (dB)

JUN 410 wanswIeuiieu 3 2amstunasmeaniwineasau

10 : . , . [ . : .
108

10?

BER
(S

—A~— Normal Case
—&— Best Case
g Worst Case
102l  =+A-= Normal Case :
~--@-+= Best Case AD = 2. Tblin?
=-f%-= Worst Case

10 1 L 1 I 1
0 2 4 6 8 10 12 14 16 18

SNR(dB)

{ o o ala o | ' e v .2
JUT 4.11 manisiSeufleutssdnsamianuvusdumstuiindeya 2 was 3 Th/in

] 1
acla

nmslinisindulaiengluuudeyanangalagldmniminasay sUn 4.12 uans

9

TuisUszdnsamenu BER vaeszuuiifianufiawatsvasdumianizdoya ;= 0% uas
0, = 6% dunainlugull "Normal', "M-RBP" wag "RBP" &avunede nsaiush (liiinnsldnns

\$hs9¥a), 3l M-RBP Iumaam‘)’nmu"uaﬁgﬂLLUUﬁﬁa;daLLuuaﬂwauaﬂﬁﬁaaﬁqm Lag Nl
714 RBP [4] muASU "%" vaneis Wesidudanufanatavesiumianedoya 1iuladn
ns6i M-RBP tuRinnsdiusniuasnsel RBP diolifinufinwainuessiunis nsdl M-RBP
seilsvesvhadlefisuiunsdiusniuasnsd RBP Uszunas 1 dB uae 0.3 dB 9 BER 10™ wn

TunintdudleauBianainvaesiuridaiuduain 0 Wu 6 wWesidud nsdl M-RBP Adednin
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nseidu Tneflszssviaiioufiunsdiusnfuaensdl RBP 1 dB uaz 3 dB 7 BER 107 ins1en
35A15 M-RBP mmmmé’auguLLUUﬁ'L;iﬁ’lﬁﬂmaLﬂugﬂLLUUﬁﬁlé’ﬁﬂfh

m”lﬁud%smLﬁEJUU'isﬁmﬁmwﬁmmﬁﬂwmmmﬁwLmu'aLms%gawawazé\’u’tugﬂﬁ
4.13 Fasilduadwivue SNR 7 BER 10" wuufouidiouiu daauiinsdl M-RBP ineinin
n3digug ImEJLawwashq?}aLﬁ'ammﬁmwmmaaﬁ%mﬁqngt‘ﬁa;&aqumq (11U 6%)

10 T . T
10.1 : E
10° .
Position Jitter
Noise 6%
10°
1
w
a g\
10 B A hal
Me R
5 ~———ff—— Normal (0%) )
V4 —&—— M-RBP (0%) E
——A—— RBP (0%)
5 --==E~--- Nomal (6%)
==r=6-=-- M-RBP (6%) Position Jitter Noise 0% E
--—=8---- RBP (6%)
10'7 I L ! L

0 2 4 6 8 10 12 14 16
SNR(dB)

§UI4.12° YszAvo WA UBERTIAIMHANE 1P UdUMEe O Uag 6 %

22 T T T T T T T

21 B
stz— Normal

20F —A— RBP 7
—8— M-RBP

19

18
17
16
15
14
13

SNR required to acheive BER = 107 (in dB)

11 ] 1 L ] ) ) L
0 1 2 3 4 5 6 7 8

Position Jitter Noise (%)

dl o C= 1'% L U a o 1 dl '4
E‘U‘Vl 4.13 UgansnImAIUSNRAUTEAUAINUNANAINYDIATUAUINBER 10




a4

/M3 M-RBP lduutosdyanauuunaisuniniutieantansenuannIsunsn

cad a & a & a i Py ' v oa
danansdinindulussuu BPMR LLmﬂﬂﬁﬂwamﬁmgﬂLLUU‘ua;gaﬁaawaimﬂmmiamwau
dynn (Guuuudeyafiirgdenisiinauianatnilegudayandu)  Iagiinisasu

sUnuudayaneunistuiinasuude nan1sveaswandiiiuinisnis M-RBP Mdaus

U
(Y]

A13150978RMUIUTERYS N NYesEUU  BPMR 18 Taelanizag1edailaiianuianainuad
AumiainIgdeyaniuuse wiin3snstiaslivssdvinmifuasldmhoaudiiubuidey
wAfFIwaANNIAIELIa1 I UNNTUTEIANE AatuILIduselURosATeaen1saatiatlunis

Usgananawasiuuszansnineu BER

4.3 A5N15NSRAdaIARY9NSISVE 4/5

\flonnseuIumsRBP  uay M-RBP ‘lfua’mﬁﬂaﬂﬂ’]iﬁ)uﬁﬂgﬂLLUU‘i’JJEJ:HaLLUU
anveuduniuslildfionn nfosaidunsiieniiuuuasuindaadudn < 17 luvae
Funsnnaradudn 1 Fmmadusivhasuidgimiteensiieitenleildnssuiuns
RBP WAz M-RBP  snuszgnaldlunisesnuuunasiiisvediiusydninmgstu Tnsfianna
Fudoutlesas Uiengydslssavtawmsdudnssvdauie 4/5 vio 08 Tanmsinwes
sruvannsnosUnelanail

AWGN
Gy 00 “ e Ska | Crt T
i 2 S 2D 1 "l a
‘15 —» CITI v » . 2D 5 ALY » CITI NG
N v > : > Viterbi' —m i
» encoder » equalizer > .t decoder >
q g »| detector [ U >
a, Cj 7, S, 2 5
103 £, 104 k04 k04 €, 0, a; 3

BPMR medium

SUN 4.4 _uuudiaestoldnniniasnsidsiEnuy 45

U

Ingaunfdniisausaudeyaiiunind | uwasasivsnaenluiiavnsununingn

o

SvauALNSn 1 was (+1 Tieeudenatena.5 wnsn
v 5 5 Bers Yewsts Tepeao Tegsss Trigga

gnelng 5 hgunfeutu (3eld 1 eudmuninunariusaraddasedemiemud
)

138 REP 15 i siuenfiagruvesdygnaiitndoyail k undndl ( (o) dwiu
dwiuguuudoys 3 gau 3 fuandneiu 3 Savnuninuu e, 0, ¢ Crarg |» 3 TM
VUYEANAN [Cp iy Copp Cpayy |» WAE 3 DIVNUNENEN [y s Coers Cpanm | W
Yosdaunyes BPMR umemndsyanaisunau mnﬁ”'umﬁmumgﬂLLUU%agaﬁdaiﬁLﬁmLLauwagm
maﬁé’mmmaﬁuﬂé’uﬁﬁeﬁy’amﬁmﬁ’uLLauwﬁgﬂﬁmmvﬂmaﬂnﬁm%agaLﬁm oy Wuguuuudeya
wuuanmau ImamﬁLﬂi'}xﬁ'gﬂl,mu%'asgaLmuawauﬁﬁ”’wm Li’]wudmﬂgmmuﬁmﬁmﬁa Tt k
yssuvniidafuiuusimntndayafiunsnnan iy [Coris o Crin |= [1. =1 1] o
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L 5 L & -4 LY 1 a Gﬂ' d‘
[-11 -1] dnhusldnadnsdunsenuuumsidisia M wuvduadu waldudeulalunis

a o v a v e a4 o e

vanidesguuuutayauuuaaveuiavgnUuiinasuudatuiin
Tunis e uauakUULNUNISINSHANITUNS NABATENI NN N UUALAS UFE
onsIia 4/5 dwmiudesdygras BPMR nseuiunsidiuaznensiialusguuinugIueesniseg
tJ v dv 2 L4 5 o o L3
m1579 (look-up table) NgNas1evumel Juusnisiinisfivuaiames
N ada o & ada U < a % < o
¢ k~,=]:ck.,, Corots oo ck.1+N—l’:| TeNUnN k IINUNSANRATU N UNSNSUAUINNUNSNT

L

( uagmsidsiaagyimsudas Teyadune a’,, Wiludeyanezgniuin ¢,

v

v v a o« a /5 o _w o %
wag ¢, Usenousdedeya 5 Un 341 2° = 32 A1s9ia (codewords) Tdululs

5 | [3 P v 3 _ o =
NINUA aaleﬂmmuawmgﬂuuumayja ¢ = [ck.j, Gy s Ciua [ NUR

je{ll+ L1+ 2} Vwufinnsuvsnaesueranmewss [1 -1 1] vie [-1 1 -1] Arsvaladdl
v 1 a‘lj ] QU ! 3 da’l’d d L2 5 n‘; <~ o CY d'
sUuuuteyawailegawgaatmell lunsdlilll 16 JULUUNGnaEBen Awluazivie 16 Arsad
S .5 [~ o~ - 4 ~ W\ %c ﬂ o \Lu o al o v
A e € =[G, G, 80 Csr SpJaRIOQnATR G aldmnIMlaa U317 4.4 dae
] L% dl 1% a 4 o o v v
16 Asvianld 13034 4 O (2 =16)-1tmswaudain =y, Tunisdsig\gavesiaunse

fmunsia/c] dwdousiayduyn @l teainmisndiusun ndwaznapsialinmiag

ANS197l 4/8) P uRIS 1T /5

bi'ih }5?

kJd a ‘ a ~1 !Eh

-1 - S n na 1 > =1 | 1
J & A ) T 1 ™ )~ 1
1 1 1 4 3 1 NlrY/i 1
1 \l 1 1 ¥ ' 1 & Af 1
n { 1 Y| 9 w1 St I 1
1 1 1 { 3 DL &/ 1
-1 1 1 o 41 IQE‘/L 1 -1
-1 1 ) 1 by A N A 1 1
1 A N R di ¥ LA 1 -4
! 4 o oy - -1 4 1
1 i 1 R e 4 1 1
1 1 1 1 1 1 1 -1 1
1 1 1 1 1 1 4 -1 1
1 1 1 1 1 1 1 4 o
1 1 1 -1 1 1 1 1 1
1 1 1 1 1 1 1 1 1

dmiunisnensiaruszan (estimated value) vosdrdudeya 5 unsn &, gn
LY ¥ I~ @ - < ! 14 a A4 @
nensvialagldnsuderiuieudadluiluuszanamesdoyadunn a;, inszdyyin

sumuﬁw‘lﬁnszmuﬂwsnaﬂsﬁamﬂwv‘hmulﬁlﬁgﬂﬁaqﬁm%'umagﬂquﬁaga
A " & A A A av o -~ A P o ) F-1
&, =[G Cup> Cursas Corens Coges | ThiDGIUNTN ¥F0 &, 2 & tieazuAilymiil 11
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louszendldndnmaviszeevingadifiey (Euclidean distance) [23] lunsnensalaegasly

W Y [y} o 1 A5 [y} ~5 v A5 ~5) 4 ~ ~ 2 &
Yapuadneiusening &, fu & Tneldaunis d(ck,,,c,)—\/zho(ck,,ﬂ.—c,+,.) N
o ¥ 1 o a A4 _ A ~ ~ A o L ~5 d' v o
leglariUssuiuvasdune ak,,—[ak,,, 8y ut> By pans ak,,+3:| MINAISRE € AlAN
AS ,..,5 ¥

d(&,,& ) viougn

uBNINTUVEHATIBNI IS 4/5 gnifientiu IFuannnsfiisgdwiuvewvindeya
nesmsdwsumsiadiui N On andusldinnsderiulunisdnguiuudeyaannoy

9 2 o [} v da & [V [ o o 14 a pm) o Y
uwarledwausanaidu N, Tagld v W Judwiudevesdoyadunmdsduanlaain
o ) & dad o v oA | W v o @

M =|log,(N;)| 7 | v | Redrdnuduiiffigaiidesniwiowindu v aavhedasisa
R gndunles R = M/N Tuniisaléfansan N = (3, 4, 5, 6, 7} Aiidas ey {0.67,
0.75, 0.8, 0.67, 0.71} muadiu_fedusia 4/5-agnidenmsglvidnsnsiagenan

TunsveassserUlaBn1591a09tULs 19 US s UEUSENINY 1) SLUUNTINNSLINSd

Qs LY &

WU 4/5 Pauninaeueni -1 uaz 45 Usznousisdeyadu(ddaydnvaldu “with
CITI”) wag 2) Apsylunufunilawuteyadvnn ag gnilisuasiu 1 unSpuasiunindrafe
Judayadu (ddydnwehdu“Without’ Cm”): Sasanuseninemauussdygauazay

wsedyeyaisunau gadwuai 10log, (I/RO"Z) lunmen®iua (dB) wiagen BER gnmn

PNIUIUTPRANaINRENLRY 5000 laui 1 wnwas (sector) Ussnauaae 4095 U

InFU TS BUREUYsE AN S A RN BER YadsyuLiLazElilms s warianu
wiulunstuiinteya 2.5 Th/in (T = Ty = 16 'nin) Wag-3 To/in (T, = T, = 14.5 nm)
Tnglsiflenuiiawainvassiuuns foya wiulsdmdtsyuundnsisaiauldfinissuy
Flalflneianae1edidiiio AD GRER a7l BER 107 uAgAD 2.5 W Tb/in® seUuiviaue
anunsalvszeyinnes SNR'3 0B —ifleufussuunad uenaintussdldiseudeu
Uss?m%mwaswﬁu’aamﬁaaisﬁ‘ummﬁﬂwmmjaaﬁ']Lmﬁumz%'a;éalwawssﬁ’umm
uusIusUT 4,16 FamandliuinssLuatinsdistadunninssouibiflasaneegiebs
Lﬁassﬁ’ummﬁmwmmaqﬁwLLwﬁaLﬂwssﬁamvai?uqq
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BER

SNR requited to achieve BER =10 (indB)

#

10 ‘ _

107k

107

[ | =l With CITI (2.5 Tb/ir’)
107 | = M = Without CTTI (2.5 Tb/in’)
[ | == With CTTI (3 Th/in®)

= = = Without CITI(3-Tir)

10_- E 1 ! 1 I 1
4 6 3 10 12 14 16 18
SNR (dB)

(1)

5UN 4.15-UseAvSamuassvia 4/5 anamnudunisiuiin 2\ seeu

24 . . ] ; n
I'4
il With CITI 11
~ey o | = Il =Without CITI 4 i
Ry 7
Z
e
l4
20 ol 1
-
L
-
»
1S+ ey ¢ i
.

B--— e =\
16} i
14 /

T —— Ll
12 ] 1 1 1

0 1 2 3 4 5

Position jitter, 0’)./'1‘X (%o)
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Abstraci—In bit-patierned magnetic recording (BPMR), inter-
symbel interference (ISI) and infer-track interference (ITI) becotne
A major imprirment due fo small hit and track pitches. One way
to alleviate IST and ITI is fo encode the data sequence before
recording. In gemeral, two-dimensional (2D) coding scheme
requirves many redundant bits, thus lowering the code rate. This
paper proposes a novel 2D coding scheme (veferred to as a simple
recorded-bit patterning (RBP) scheme) with high code rate to
combat both ISEand ITI effects. Specifically. the data bits will first
be patterned by finding the best data pattern based on a look-up
table that can aveid severe ISI'and ITI effects before recording.
Simulation results indicate that the proposed schemne can provide
a significant performance improvement if compared to the system
without coding.

Keywords—BPAMR; position jitter noise; recorded-bir patterning
(RBP}; two-dimensional equalization

Is INTRODUCTION

To keep up with the rapidly growing demand for data
storage. a recording density must be increased to-an ultra-high
level for future storage systems. Bit-pasterned media recording
(BPMR) is -oue of the promising candidates for  the next
generation of hard disk drive (HDD) technology. which is
expected toachieve the areal density up t0'4 terabits per square
inch (Tban®) [1]. Becanse of high recording densities, BPMR
has very small gap between data bit islands in bath the along-
track and the across-track . directions. thus | causing two-
dimensional. (2D) interference ~consistng -of | infer-svinbol
interference (IST). and_ inter-track | interference | (ITD {21-[4],
which degrades the ovetall system performance significantly.

Generally, the 2D inferference effect, can be constructive
and destructive, which is determined by the readback waveform
of the detected bit and the value of its swrounding bits. In this
paper, we consider the readback waveform without overshoot
as shown in Fig. 1 [5]." Specifically; the signal amplirude of
the derected bit {or the center bit)ds boosted if all suronnding
bits within a 3-by-3 data array have same polatity as the
detected bit. which is referred fo as the bess.case. On the other
hand. the signal amplirude of the detected bit is dropped if all
surronnding bits have opposite polarity, which is referred fo as
the worst case. Clearly, in the worst case, because the signal

978-1-4799-0545-4:13/531.00 ©2013 IEEE

amplitude of the detectad bit is poor, it can easily cause an
errorat the data recovery process.

To avoid.the destructive interference. the constuctive ITI
code based on the equalized level of class-I partal response
was proposed 1 [2]. Next. the authors in [3] presented a 2D
coding scheme with a code rate of 7/9 to avoid the worst case.
where the redundant bits were placed in fixed positions at
every. 3-by-3 data array. Nonmetheless. the drawback of this

‘scheme is-that the redundant bits had no emor coirection

ability. Therefore, another 2D coding scheme with a code rate
of 5/6 was introduced in(4]. which has lower redundancy and
vields berter performance than the 2D code in [3]. However,
this paper proposes a simple RBP scheme with high code rate
to avoid the destructive interference. In the RBP scheme, we
split a data sequence info three tracks. and then rotare them to
find the best pattern based on a look-up 1able before recording

. the resulting data bus onto a medinm.

The paper is organized as follows. After describing a BPMR
chamel model in Section-II, SectionIII explains how the
proposed RBP scheme works. Simulation results are given in
Section-IV. Finally, Section-¥ concludes this paper.

I CHANNEL MODEL
Fig. 2 illustrates the BPMR channe] model with the RBP
scheme. A binary inpur sequence a; & {1} with bit period T,
is split inro three wacks. and thenis sent to the RBP wansmitter
block, The readback signal from the &* data bit on the * uack
can be-expressed as [§]

rn’,l‘ = 'Tl‘k ® h-’J: + ”!J = ZZ hm.r:"‘l—m,}:—n + Hyzs (1)

n _m

where x;;'s are the tecorded bits on the islands, /,,,’s are the
2D channel response coefficients, # and nr represent the indices
of thebit islands in the along-track direction and the across-
track direction. ®is the 2D convolution operator. and ;. is an
additive white Gaussian noise (AWGN) with zero mean and
variance 6. For the BPMR system, the channel response
coefficient /y.,'s can be generated by sampling the isolared
island’s pulse respouse at integer multiples of the bit period T,
and the track pitch 7., i.e.,
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surrounded by all ‘-1° bits) | All of them are generared withow any noisss,

My =P(—=mT.—nT.) -mome (—L0,L), (2)

where P(x, z) is the 2D Gaussian pulse response [5]. ‘and 2I+1
is the 2D channel length. The 2D Gaussian pulse response for
the BPMR system in this smdy is given by [5. 6]

L)

(WKL Y)L0 § :‘l ;
P(x’_-)=_iexp{—ifl+“\x ! [ﬁj L_ ()

21w,y I

Le®W,) ) Le(PW)
where . =-1'is assumead to be the peak amplitude of the 2D
pulse response, A is the along-track location flucruation. A, is
the across-track location fluctiation. PW, is'the PWg, of ihe
along-tack pulse. PW_ is the PW;, of the actoss-track pulse.
PWsg is the pulse width ar half its maximuny ¢ = 1/2.3458 is a
censtant 1o account for the relationship betiveen PW; and the
standard deviation of a Gaussian. In- this paper, we assume
that there is only the position jitter noise in the along-track
direction (i.e., A- = 0). and the position jirter noise A, is modeled
as a nuncated Gaussian probability distribution function with
zero mean and, vatiance o). where ¢ is specified as

percentage of the bit period 7.

In this work, we assume that only two adjacent tracks (/1)
and (4 1) cause most.of 1T, and consider the BPMR madium
with two guard bands for the'two cuter tracks-(/-2) and ¢(/2).
Specifically, we assume that the tluee input data sequences
[¥iax %1% Xp12] are recorded on the.three adjacent tracks (/-1).
(N, and (?+1), respectively. These three.data tracks will be
detected by an amray of three read heads simmltaneously (or
using one single read head to detect these wracks one by one
with the help of the buffer memory). Then, the readback data
sequence ry; is equalized by a 2D equalizer [6] o obrained the

data sequences sz and is fed ro the 2D Viterbi detector [5] to
determine. the most likely input sequence. - Finally. the RBP
receiver.block is used to rearrange the data sequence with an
aid of the redundant Dits.

II.| A PROPOSED RBP SCHEME

Because the severity of 2D inferferences depends on both
the readback waveform and the surrounding bits, we propose a
simple RBP schewie by rearranging data bits to avoid some
data patterns that, easily cause an error at the data recovery
process. - To achieve this. we consider the channel model
without noise and position jitter noise. where one single bit
will produce a readback waveform without overshootr as
depictad in Fig. 1(a).

We define a window of a 3-bv-3 amay that covers 9 bits,
i.2..-3 bits fiom the upper ack {ar, 14 611z a2y 0] 3 bits from
the center track [ayz @y azs+]. 'anxd 3 bits from the lower wrack
[G21 41 @1z Gr-13a1]. as demonstrated in Fig. 3. Using this
window. we search for the data parein [a;y 41 auix Gy disa
Gif Qe Grysg Apyp Op15-1) that can easily cause an error at
the detector. For simplicity, we define the data patsrn that
tesults in the readback amplitude of the cenfer bit {i;} 0 be
an.opposite polarity of the signal amplitude of {a;;} as a
destrucrive data pattern: Table I shows all destructive data
patterns that cause the center bit to be detected in error. In
addition. the restof all possible data panems within the window
will be considered as a conspucrive data patern,

Therefore, this paper classifies the 2D inferference info rwo
cases, namely constructive and destructive interferences. as
shown for example in Fig. 1(by and Fig. 1(c), respectively.
Specifically. when the ‘1 bit is smrounded by all ‘1" bits, it
vields the construcrive interference resulting in the relative
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Destructive Upper Track Center Track Lower Track - b“‘ £ b“¢ ¢( )
R e i .
Upper Track -1 -1 -1 I 1
1 11 1ot 1111
2 1 1 S S 1 1 N\t -
3 i 4 1 L 1 1 1 Center Track -1 -1 1 -1 1
4 1 PG 1 ININ NN\ ]
s 17 40 ZERUEEE T S O N NN\ (] S gl -
. g L ) — Y ' 1 A tower Track - I -1 1 [ {
7 W11 1 A 1
8 -1 1 = =N\ —1 1 < Lower track shifiing direction
9 1 1 g W8> [
:;’. '; : '} ; '} t { i } Fig, 3. The simple RBP scheme. whete the center nrack is fixed and the
by '1 :1 o — 1 . N B :l 5 upper and lower tracks are cirewdarly shifted. The data bits in the windaw
P Rl O w | .t ¥ 2.y 1 (8.3-by-3 square block) are considerad.
11 .l AR —— - " P €
15 1 a ) gV o) Al N mh f1 \ -
A i W ad . A/ 3-by-3 window (cenlered @t the center track as shown in Fig.
15 1 P22 4 N PAY o\ VAR 3-by-3 tow (cenlercd at 11 ter track it Fig
17 IS U GRS (S (RS I GRS TS | 3) from the beginning (¢ the end-of the racks. and count the
i: i i } } } i i } 'i total number of data patterns that corrasponds to the one listed
5 [ TN F RO W Y A A A in Table I {(i.e..destuctiva data patram).
21 B [l O NI LY )] XY We circularly shift the upper track and the lower track to
zg i i ! i i } i : ; create all possible daia patteras (i.e.. the center track is fixed).
,2,_'1 W), ; M 12 £ LAV Then. for each shifting time. we perform a similar procedure
25 1 el N N RGN, o count the tokul number of destructive data panterns. Finally,
6 4 de PBIHN T WO I the munber of shifting times (used in the upper and the lower
7 iy 0 | | 14 A0 =W : .
| N N [N IR tracks) (that yields  the  lowest number of destructive data
39 3™ ] D | PR R R patierns will be added at the end of the data sequence (serving
30 S S 1 RN (-1 as the redundant bits). This numbcer of shifting times will be
% i -: 1 ': 1 ; i : '; employed to shift the data bits back 1o the original position at
;; . i DR \Y the RBP recciver block. Forstmplicity, we assume there is no
34 40 1. a1 1 DA G E QY error detected 1n these redundant bitsin this study.

high amplitude of the readback signal ar the cenrar position.
This will be referted to as the bess case. On the othier hand:
the destructive interference is occurred when the *1° bir is
surrounded by all ‘-1 bits, which significantly decreases the
amplitude of the readback signal at the center position. ' This
will also be referred to as the worsz case because the center bit
exiracted from this readback signal can be easily detected in
RITOT.

The detail on how the proposed BRP scheme works can be
explained as follow. Given the three data tracks. we move the

Although the proposad RBP sclieme takes large processing
time especially when the data track is long. it can be reduced
by dividing the data track inro many portions. In this work,
we first split one 4032-bitdata sector {a;} into three data track,
each with-1344 bits (i.e..a 3-by-1344 data aray). Then, to
reduce: the processing time. we divide the 3-by-1344 data
aray into 21 portions with 3-by-64 data array each. With this
splitting method, the code rate of this system can be calcunlated
from (3%64)/(3x64 + 2logag). where g = 64 is the maximum
number of possible shifting times in each wack. Hence. the
code rate in this case is 0.9412.
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IV. S2MULATION RESULTS
We test the proposed RBP scheme-in the BPMR system as
shiown in Fig. 2 with an areal density.of 2 I'b/in. where the bir
period and the track pitch ars 18.nm. the along-track PWs, is

19.4 nm. and across-rack PWy, is 24.8 mras similar e [71. A
signal-to-noise 1atic is defined as \
SNR= 20logo(17s). {4

in decibel (dR), where G is a standard deviation of AWGN,
The 2D 3-by-3 tacget and 2D 3-by-7 equalizer are designed
based ou: a MMSE approachi 5. 8] at the SNR required {0
achieve biterror rare {BER) of 107, I sitaulation, 2ach BER
is compured based ona minimum nunher of 500 ezer birs.
and one data sector consists of 4032 Dits.

Fig. 4 shows the BER perfennance of different schemes for
BPMR system with g;= 0% and g,= 6% position jirter noise.
Note that the percentage inside the. parenibesis in Tig, &
indicares rhe_percentage of the position. jiTar noise nsed fo
generate each curve. The cirves labsled as “Normal Case™
“Best Case™. and “Worst Case” represent the regular case (ie..
recording random bits), the recorded bits were patiered based
on our proposed scheme, and the worst case (i.e., the mos:
occurring of the worst panerns). respeciivelv. Clearly, the
Best Case performs beter than both the Normal Case and
Worst Case withoeu( position jitler poise, I addition, when the
position jitter noise is increased from 0% 1o 6%, the Bast Case
still provides better performance than the others. and vields
about 0.5 dB and 1.dR gain at BER = 10~ ¢ver the Nomnal
Case and the Worst Casc, zespectively. - This is because the
proposed RBP schieme witl wlways chianige auy Dad data patters
into the best one bafore recerding tha best data pattem onte the
medium. .

We also compars the parfonnance of different schemes as
various position jifter noise amounts in Fig. 5, by plotting the
SNR raquited 1o achieve BER = 107 as a function of position
jitter noise amounts. It is apparent that the Best Case is sull
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Fiz, 5. The cods rare ‘and e complexity of th2 proposed RBP schear as a
fiaelion of potitn stzes,

better than other schemes, especially when the position jitter
noeise is sevare (iiew. at 9% position jitter poise).

Furthermcre. we anzlyze the code rate and the complexity
of the proposed RBP scheme when varving the porion size
used 1o divide the dara ack In this paper. the complexity is
defined as the toral mumber of shifting times. Here. we
consider the puition sizes of 8, 16. 32, 64, 128, 236, 512, and
1024'bits. 1t can ba shown that the code rate can be calculated
from
[N

", + 2log, (g)

-
)
pads

whete », is the mumber of data tracks and #; is the portion size.
Additionally, the complaxity can be computed fiom

C=n,Xuxu, %, (6)




TABLEL  CCMPLEXITY AND CCDE RATE COMPARISON

Pornion e tapin,  Complexiiy, © Cude rale, R
sig LU L=1314  L=1it
8 oLy 9.8000
16 256 L 0.8571
32 1€23 L, 9.9987
64 4006 7, 09412
128 163847, 22020 O848
255 65336 38080384 0.079¢
f12 262144 L, 352321536 50884
1024 1018576 L, 1406286141 0.0033

where n, and n; are the maximum number of possible shifting
times in tae upper and the lower wacks, respeciively, 7, is the
number of shifting times for the 3-by-3 window, 1, = L, /n; is
the number of portions in each block. and Z, is the number of
bits in each wmack Tn general, n,. w; andom: 2r2 equal 10 2.
Therzfore, the proposed RBP scheme has-the complexity of
xL, Fig. G displays the code rate and the complexity
as a function of the portion sizes. Ir is apparant that the
complexity and the codei rate increase as.the portion size
increases. Furthermore. Table I alse.shows the complexity
and the code rate of the proposed RBP.schene in details.

V. CONCLUSION

This paper proposed-the simple RBP scheme ® mitigate
the 2D interference effect that-exists in BPMR system.  The
basic idea 15 to avoid.the destructive data parterns (1. the
daty patten: (hat easily vauses an enor 4t data recovery
process) hefore writing the pre-patremed data onto a medium.
Simulaton resulis show that the proposad RBP scheme can
help improve the BPMR system performance, especially when
the system faces with severe position jitrer noises. Although
the propased RBP schieme provides good perthrmance with
high code-rate, all advantages gained by the proposed RBP
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scheme need to be balanced against the increased processing
linee.  Thus. 1nure research work 1s requited 50 as w develop
an efficjent RBP schema that performs rapidly and requires a
sinafler nuniber of the reduncant bits.
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Abstract

The rwo-dimensianal (2D interference, consisiing of

the inter-symbol tuterference (ISI) and ‘the intai-mack
interference (ITi) 1s a criicial problew; tn bir pawerned
media recording (BPMR) sysiems._Becausz the severiny
of 2D interferconce ar the detecred bit depends on its
swrronnding Diis,we | propose - simple—multiack
recorded-bit patierning (M-RBP) scheme io combar
the 2D fwierference cffeci, which requives no reduadant
bis ar the expense —of increased bifler) memon.
Specificaliy, ave lelreularh<khif eack data track to find
the best dara partern based on tie accumlated weigin
before recording.  Compared to the recorded-bii
batteriing (REP) scheine proposed i [1j under samne
areal dzisity, the M-RBP scheme performs berer than
the RBP selenre und dhe systeu yilirout coding!

Keywords: BPMR, multitrack recorded-bit patteming
(M-RBP). position jitter noise. recording-bit pasterning

1. Introduction

To uchicve Ligh recording deusities it BPMR, e
spacing between data bit islands in Loth e along-
track and the across-track directions must be reduced,
thus increasing the 2D interference. which can degrade
the overall systam performance significantly. | There
are " many 2D coding schemas have recem]y been
proposed [2-3] to cope with the 2D inerference,
Howevyer, these 2D coding schemes had a drawback
that the redundant.bits decrease the secording area.

Therefore. this paper proposes the M-RBP scheme
without redundant bit (i.e., a code rate of 1) to combat
the 2D interference at the expense of incrensed buffer
memory. Specificallyra data.saquence of each wack is
rotated untl the best data patien is obtained based cn
a look-up table. where the best data-pattern is cefined
as the data pattern with the maximum accumulated
weight, which causes the lowest effect of the 2D
interfersnce in the readback signal of the detected bit.

2. Channel Model

Fiz 1 ilnswates the BPMR system based on [4] with
tlie M-RRP scheme., A binary inpir sequence o € {+1}
with bit period 1 is split into five wacks. and is sent to
the M-RBP trensmitter block. The rcadback signal from
L M Gata bit ou the 7 wack can be expressed s

Z ? I e Ny =7, ® h.'.r RUTS Y
n
where x7's_are the recorded bits, A,.,’s are the 2D
channchrcsponse cocfficionts [4]. » and i represent the
indices of the bit istands i (e along-gack and the
across-track - dwections.  respectively. & is the 2D
conpvolmion operator. and #;x ds-an’ additive white
Gaussian noise (AWGN) with zerc mean and variance
o~ Note that the position jitter noise is modsied as a
truncated  Ganssian pmbability distiibution function
with zero mean and r where _G; i5 specified as
percentage of the bit pcnod F 4
Then. the readback data sequence r3; is equalized
by a 21 equalizerand fedto the 2D Virerbi detecior 1o
determine the most likely input sequence [1]. Finally,
the M-RBP receiver block is used 1o rearrange the data
sequence with ~an- aid of he huffer memary.
Specifically. the data sequence in each track will be
shified back to its original position according to the
munber of sifting times siored in the huffer memomy
that is obtained from the M-RBP fransmitter block.

Fig. 1 4 BPMR chamnel modsl witk the M-RBP schane.
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3. Proposed Scheime

To cxplain the proposcd MRBP schemie, we firstly
define a window of a 3-by-3 array rhat covers 9 birs.
Within this 3-by-3 window. we define the weight t
describe the severity level of the 2D meerference. We
found drat the value of the weiglyt can be either positive
or negative, depending on whether the ZD interference
is constructive or destrucnve. Accordingly, the weight
ol e ™ tlat patier denoted us T, is defined as

i’)’,-r_,. Y,»0and T, > 0
- _}I_T,|—Yf‘ «Dand ¥, >0 @
NN =) T 0 end 30
=+ ). %=<0and¥, <0

where Iy and Y are the peqk amplitude of the readback
signal obmuuu" from the /' data pxmem and the single
bit case [1]. sespectively. Basedon {23, we cbtain 512
weights for all possible data pattems:

Fig. 2 shows the M-RBP process. ‘In the first step,
we move the 3-by-3 sliding window {centered at| the
centar wack) from the beginning to the end of the
track. Notz that we compute the weight and
accumuiateat cach time when the windew is moved so
as to chmin the toal weight. Next. we fix the cenfer
track and then circularly sh:ft the upper tack to the
right ot the lower track  the left 1o crcate all possible 3-
irack.<lara pamarns. For eéack 3-nack dara pamern, we
perform a similar procedure 1o conpre the toral
weight, Tinally. the number of shifting times used. in
bothothe apper and the lower mracks that vields the
maxinnun rofal weight will be stored in the memery.
which wili be used to shift the data bits back to their
origitial pusition in the M-RBP receiver block. - Note
that e data pattern. that gives the maximum toral
weight will practically cause the lowest effect of the
2D interference in the readback signal.

in the second step, we fix the {J-1)® and {7+ 1™ track.
Tacn, the 5-by-2 sliding window will be eentered on the
(1-1)} and (.-—l\’" nack, Nuw, the data seyuence onthie
(-2 and =2y % frack will be circularly shifted o find
the best dara pattern. Here, we usea sumlar PIGCESS Bs
used i the st step 1o compuie e wtal weight.

it e Prid |G [ W T
RN RN R . S T R f
~|al e i | | o W
o I e R N e
EERE N EE NN E RN Fodt || |=
”’gﬁ'a alaf oo fafa txialaly e fal=
SIEREEER RN RN A ENR 3|

]"? 2 The propossd M-RDP scheae with the 1¥ step (eft) and the
step iright),

4. Simulation Results

We tost the performance of the M-RDP scheme in
the BPMR ch annel shown in Fig. 1 ar an araal densiry
of 2.5 Tbén". The nan'll-to-noxs- rario (SNR) is defined
&s 20loge(l/6) in decibel (dB) 1. where ¢4 is assumed
(0 be the peak anplitude of e readbuck sigmd. The
2D 3x3 target and the 2D 347 equalizer are designed
bascd on an MMSE approack [4] in the prescnce of
posilion jitter noise al e SNK required (o achieve tie
bit-error rate (BER) of 107,

Fig. 3 compares the performance of different schemes
by plotting the SNR required (o achieve BER = 167 a3
o function of position jireer noise amounts. It is clear
tharthe M-RBP scheme performs betier than the RBP
scheme and. the system withous ceding {denvted as
“Nomal™), especially when the position jitter neise is
large.

2 T ™ T T v

SHR rexuisg L2 acheive BER = 10+ nd3}

) £
Posmen Jiter Nesse (%}
N R R
Fig. 2 Posfonmance sonpanisen of differsnt schames a3 2.5 Thin®
with various position jitrer noise amounts,
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1. Intredoction

Foomeat with an enormous demand oy dictiabdats sieape
gz reconding density of fubue slorsee davioes most ba oow-
gnuously inereased, Recentdy, o haod disk drno BB e
elows e perpendical armagnetic recoriing (PAME) techned-
Hecamse the oo oy reediem weed in cenent HDDs
has phyvsicel asd sapineering Undindoes due fothe supes
parasagnsic Hodt Ui provents s Toorn fporeasing the
starage capacity Beyond 1 terabits per synare inch (Thia™;
Thus, moze 8o

tional techrolopital solutinns beomme
erpciat. Bil-patbsrmed soadia eecording §BPME e oo of the
promising candidates for the nest generution™s MDD tech-
oty shat o achieve zn aresl Sepsity op to 4 Thied 121
I genosal, to gohiese hieh recording density in BPME,
the spacing bebwesn data bt sfends fa both dhe slona-track
and he serpss-iraeh girections sest be rodeoed) Sies Toad-
ing o the lncreass of two-dimensicnal (200 interiedenos, It
shonid be noted that the 20 Ierference consiss of e
symsbod intzeference (T38) and Inter-trsek interfersnee {780
E35-{3], which can significantly dewrfarasthe svstem por-

Napuscript revelved March I8 28R

Mamseript sevised Anmust I3 2085,

The xhors are with College of Dotr Swrage lanovation

L ETARL King Mongkat's Institute of Tochunology badbrabang.

ok MRS Thedlnd,

#th the Dty Slorspe Tocheology Resexech

Certer, Nobhon Pabom Hojabhal Usdvemsite, Makbon Pathom

THE, Thatland.
wri-mail piva@aproac th Cormsponiding suthor)

I (LS Ml BRE. 1458

TRrmRnoe.

Practoully, the effes: of 2D imterfosonce exporienced
in the dessoed bl e, +1 or ~ 17 can be either constrae-
tive or destracsbve, depending oo the readBack waveform
wd B and it seeropnding bigg |31 Lo this pe-
per wie consiider apty the rpadbeck wavefbrm witkows oeer
shoot a5 shosn n Pie. 1 165 which can be obaloed Dom
the chanasbomoded shown in Fig. 2 (will Do expletned later.
Speaifcalty siven a sionad ampliinds of an Isodated B (o0
ope siple b, the copstrntive/destructive Indesforence will
wimplifyfdecrease i sipngl smplineds, Thorefre, whes the
readback wigml of the deteosed B Taces wih the destnue-
pve dnterfarease, I comtd casily ca3nse an emor o e dan
FCCOVRTY prodlss.

Blary weorks Swe rocentdy bopn propussd & cops
with the 20 fmterference.. For instanre the apthoes in
13} propesed 2 comnzctive TT-coded papfial-response (PR}
mazimom-tkelBood ovatrm based oo a twa-eek st for
PhIR svsterms, Speaifically, e constructive 1T codes were
desivried based pn the cqpatined ovel spoh i the opposite
podar kel can mever ooy sirftancoyshy afier chuss-i PR
suualization. beeddidun, e 20 codine seberss with acode
fate of 7 as spegistly desipned i 4] w0 avodd the destrus-
v intario : pane, whaes the redundant blis wers placad
i flved posiions ab ovary 35
thiz ending sobemes 28 3 drawback that the redupdons Bis

zd nopmror coarection capability. Thas, Shap of al |57 in-
trduced another 200 coding, scheme wig e of 346,

S code
which hadlowersedundancy and pizldedbener performance
then theeode prezented in 4.

Hoavewves, shils pages prneses & novel recorded-Bit pat-
eming (REFY schems withowd redundarg b (e, & oode
radee o 13 fre comdint the 210 sterforencs, ag e eapense of
msing more Saffer memery. To achBoe hiz, o datn sequonce
i figst split Aot these trecks fa which with then be retsted 1o
find e fesd duie patien: based vadhe Jook-ap table, Here,
the'best date pattern i defined o2 the date pettorn with the
sraviarg accemmlsed woight, which couses S st der
stractdve affvet pf 20 interfessnos in the rezdback signal.

The st of this paper is organived o follows, See
tion 2 deserdbes o BPMR chones] model, and Sect 3 ex-
plains e proposed REP scheme,  Stmulation sesulis ase
givey ig Sect 4. Finally, Seet 5 concludes this paper.

2. Chansne] dTodel

Fienge 2 lustrates the BPME channel masded with the RBP

Copyright € 2013 The Tustiang of Electronies, laformation mul Communicgtion Enalneers

82

2 dats arrsy, MNonetheless,



AEBATANOEO0 o sl A REOUREDILRIT SATTRRNIRG STHBRME W AR

SELATED WHIGHT DECESIGR

U
Hinghe L8 ooz Vo ez
T T T = ¥ T »
1 L+
Lt
&%
' f ot
4 wsp g i
s it y o Tow 0 R 3 o w2 = )
s mm aat
¢
X ® X | ] 1 <1 |
3 L
x i x i 1 [ RS 1 -1
H I T I IS i J bl | RS I
{a) b} )
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bt cormtnactive: inderfaronroarse v e bl YT A saeunded Bealt B, snd G the destniste
intasfemncs o when the ba B S marrnded by ofl 300 Al readheck mignads are penmmisd e
o e churel sl e g2 withos: no
AR
‘ss-u
a P oo
N, Fe N Lol
WViinai receiver

sehenie, A biapey dnpus segquence gy £ {25 with b porosd
Te fs spilt into theeetracks, aamoke thedi — THb ggpertrack,
ghe i conter raek, undahe (o Db Sower ack, Tha, those
gree dula are fed e S BRP rensmiter block o
search for the best 3-track date pottern before recoding the
e dake segmentes [o a0 G 1] o0 e theee pdfacent
trachs {f — 3% (. and §f + D3 respoctivele

The readback sfpnsl from the Eth data B on theith
wack can e exprossed ag [8]L {7

Fp =ty By o+ iy

13

z }_‘ Boe g Rry
[ 1

where pyp"s are the revorded BiIs, 8,5 ars 13 2Rochanmed
sesponse covilicionts, prand a vepresent the Indices of the bit
istands in the along-track wrd the aceoss-trpek directions, @
ix the 212 convoliiion aperatorn, and sy s an addigve white
Crapsstan nofse LAWGHND with zern movan and veones o7

Far the BPMHE systom, the 20 channel responsa enclli-

ciords P ean b obigined by sempiing the ssoluted island
palse respanse at integes muttiples of the bit perind Ty and
Ui irack pitch T da

Mg =2 PimTo~n¥yl. {2}
Shis e 2 Chassian pulss regponse, xend oo
es it the alosg-irsck angd the aowoss-irack 4%

S5

whese 40
the time in
rections, Je ot & (L, o, .
the 20 chapne] responses azd 4 8 an intepes. Goeneradly, L
shpeld he baree enopghoto gearentee that the i amplisnde
ol P2 b sl dhees, wotse L= 1 for stimplicdiy). In ad-
ditton, this papereonsiders the 20 Ganssian pulse resposss

of e form [G470

Pr = Awxp i»—‘ ;

2L+ 1is the lengthof
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where A = 1 is assumed 3 b the peak ampiituds of the 22
Crrussian pulse response, A, B the slong-track location e
taasion, A is the soruss-track jocation Sectation, PW, i
the PW s of the slono-wrack pelse. FW, is the PWg of the
sorose-rack petse, and o = F2.3548 s a constant 0 acoount
fur the relatonship between PWa and the standard devie-
thom of ¢ Gaussian polse [6]. Addigonally, we sssome gt
By = Ay, aral it ks modeted gs » trenvated Geusslan probubil
fy distritation foncton withzero mean and oo, where erpis
specified ps U percominge of Bt pesiod Tx

Hext, the readback date ssgoencs [rd equalized by &
20 eqealizer to oltain hednta sequences {5}, which is thes
e amie the 3B Witeshd detector 1o determing the mos! Bkely
data seguence [l 5] Finally, the REBP roceiver block raas-
renges the dat sequense B b with the help of bofisr mom-
ory fe obiain an estirmated fupst sequenes, . Speoifically,
the data soquente el in each track wifl be shifted back 1
fs orfpingl position o obiads (B acoording fo dhe mumber
of shifis storesd In the huffer memony that s recgived s
fhe BBF ransmitier Mok,

3. FProposed Scheme

T simplify por discussion, we assume Misr the read beed
vy the daix b the &b owack, and the Inferfercnce in e
cross-trck directiony Is Hmited fo the tvwo sdjacent tracks i
13 and 2 1L Additionally, we alsn consider the BPMR
spschistrn weith e puard bands (e, nosmmagnetic tracks’ for
g s puter Brweks b 2 sod {14 By as she baselioe. Henee,
the theee dafs fracks (o g0 S0 Bpe] o detecizd by an
array of tiree read beds stmulaneously for using onc siogle
read fvad 9 detect Thess racks nag by ong seith {be help of
baffer sernoryd. 3 should be painted vul i the readback
signal from e Ab track hus the TT1 affect from e toacks
(o Lpand (F 4+ 1), wheesas g fross the acks i ~ $iand
{4 1y expesiences the 171 effvo: meraly from the Th track.

Bromze the ssverity of 2B interference relies on both
the readback waveftes of the defocted it and the valas of
s surroonding b, we propose a simple REP scherme by ree
seranging the duta bitsbefore popnding so s o avoid same
diata pusteras that oftar cavse 2o ormip gt the data monwey
process. Before sxploining the REF sochome, Ionps consider
the chanzed soodel i Fig. 2widthout sy nobee, and defias the
F-by-3 window that covess 9bits, Lo, 308 from the ugper
frack fopgge1. G g b 3hits fooecthe copter track
E9paas Mope Wepa | 20d 3bits from e fower track [dng .
121 k- Grenpet |- 5 showenin Fig. 3. Then, we analyze the sig-
nad amplinde of the detectzd Bis for Efecemt daln palienns
within the 3-be-3 window,

We first Iook o the Ssingle BT oms whene only ooe
{isolpted) BR Is mocorded on the mdivme oy Semonsirated
fv Fig. Hz}, whee X' mpresonts oo recontedibit,. Gener-
sy, the 20 imerforence can be classified oo dwo opens,
namely constrecive and destractive Interfesences. Here, we
s the rewdback waveform of the single bit case a3 2 refer
ence o determine i the 2D Intefercnce 8 constractive or
degiructive. Specifically, oivan the same demoted bi the

SEIIR THANES, ELIRCTROHN. LN, SRR DRI 201X

spperirecd S Biog dietion D»

{::;1;“1 iﬂ J'{i«z»ix)%gz

wpper franh
& };gx e =i -1 -I 1 3

s %

senter ek .

o - o | oo ] i 3§ 1|
by ek

= SO I O U I I T R

<% fewer-teek $hiBhng
Fiz.d A simpds RBD schorme, whese the ihcomar track s Sved, und the

- b opper ek and the {4+ 1 Jower teh o clealuivsbilad e
right zad f 1he Joft, rapectiedly, Somalz ol possilbe 3dnack dats ptems

20 Impecforence is sabd o be constoctve i e signdd ame
plitude. of B detecsed bl i lazger then that of dee singie
Bt case, ge depioled i Fix WO S example. O the other
hand, the 213 interfersase §s destmezive iF the siowt smpli-
tude o the doeteeted Bit fs smalier than that of the stagle Bt
casel In practiceswhea the destructive intesferonce soours
i the peadback sipeal, O covld easily canse an seror i the
duta reenvery process, depending on how sever it iz Bor
fnstance, Fig, Ke) depiots e resdbook wavelosm thet en-
counters g severs destiractbve Interivrence, where I this
caze e delegtnr conld aot defoct the DHTIT reliably.

Mext, within the 3-by-3 windew, we define the welght
to: determing the geverity of 2D Interference. Based on owr
study, it i foond thar dhe welnht valae can be citiur posithve
oy nemutive number, depending o whether the 21 fuierier
spee s conspnctive or destmetive. Axa comsegugnoe, siven
the Btk detected bit oe the B center anck, e welght of
the i dote patherms Lew a4 koo Sk Sy Bt Bpe
ARt St 1. Srenge Sisnase L depnied ax W, is defined a3
(Y2t
wia =L

T 3 “i,Yf%é}_{E‘.
L~

Verd apd Ve O
P 1 and ¥, < D
Yool and ¥, 5 0
e agd e

whers Yeund Foare thepend signal ammpliteds of thedelected
bt frosn the Bh dase patiern and e single Bif case, sosmec-
thvely Based oo 8) oee are 332 welshis for sl possible
data patterns, within the 3-by-3 wdador, o5 Hsted in Table |
for axamphe

31 How s REP Algorithm Wacks

Thzdetail on how the BEF scheme works can be explained
wx e Todlowdng steps

13 Givendhe thooe date racks [ayq 5. 2. S ] we move
the Z-he-3 window (centersd at gz Mo conter track)
from the beginning o the end of the center wock. For
gach tme sieg T, the window is o], we oomputs
the woight and zecamtuie i astil the window is ot the
ered of the frack se as wo oblodn the sebed weighl,
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Eable ¥ The weight of some det poitens within fhe Bbed windome
Laper ok, § -~ Tk Lenier trovk. ik Lawer gk,  + Tid Wedghi
£k- ik BiG 0 -k kb e lh f-Tdh BH O 4 inb T
-} -1 ~% -1 -§ ~1 -1 ) L3Z8%
1 ~1 -1 -1 -t -1 -1 -3 LAINE
3 H -~ -1 - -] -3 -} 4847
H H -1 -] -3 - -1 w} L3851
~1 -] 1 -l -1 - -} ~1 -} LR
-1 -1 -1 -1 ¢ ~3 —f -3 ]
i -1 -1 -1 L - -1 -1 -1
~1 H -1 - i - ~1 ~1 -1
1 -1 1 1 i H 1 i1 -1
-1 H 1 1 £ H 1 1 -1
1 k 1 H 3 H H { ~1
-i -l -1 i ~1 ~% -1 ~1 §
1 -} - i w1 b 3 -3 H
-3 : -1 ~f ~1 ~ ~F -1 i
] -1 1 1 -3 H i i 5
~1 § 1 -1 3 ¥ 1 -1
1 i 1 3 -1 ] i 1 -l
i i -1 i i F H 1 &
-1 -1 1 1 i ¥ 3 t ¥
i ~1 1 H 14 3 H 1 i 847
- % 1 1 £ ] i T H G208
1 H i 1 L 3 3 1 ¥

20 Bext. e fix e comer tracland then sircularly shift
sl wpper mack woche el or e Joweer track o e deft
{see Fipo 3y inoreate alf zogsible 3-rach dale potlenos,
For cach B-traek data pebiern, we pesivem asimily pro-
cedune {8ep 30 o oot the toagl wataldl

Finally, $e pumber of shifts used b1 bolh Sue spper and
the lawer waeks thay viekds she seatdan tolal weisht
will be stored I e memory, wiich will be wed ©
shiftthedatebits {8 1y, Bpfugpd back o their origiasl
postiens tn the RBF recedver blook. MNode thay the 3=
femck duts petlern with the masiooom total weight will
capse e inast destreotive effect of 20 intacferenss in
e readhack epal '

L)
At

1n this papes
e total welabt, The st eppeosck dosoted 23 "“Appmach 17
e s all welshis (both neastive il positive sembees)
st ax fo gocumnixe ot the dessrpctive and constrpctive of-
feeps, The seovrd spprosch selorrsd o aa P Appeoaeh 27 vl
sun only the posiive weight seohdui only ihe consiructive
eifect s ronsiderad, Finalhe e losl approoch deacted o
“Appoh 37 i wosom oaly the nepardve welght soom @
ke merely the destnuctive oifs o HCCTRL
eperally, the REP scheme cupstses buree process-
Smz e, especkadly when the S-reck detesegnenre is long.
Howeser, such Jarge processing tme can be redoeed by di-
viding the 3-frack data sequence inn many small portions.

To stmplify e dscussion. this paper considers the cuse

where ons datn seoior [gp] consiss of 4032 bhs. Thus, of-
ser a4032-hit data sector is aplit into thres tarks Lo g . 0.
aurxl cach with L = 1384 bits, we divide e S-hy-13484

v present thras appenacies o osmp

data ey Indo n, pordons, each with 2 3-By-n, data arway,
whose b = Ly frp is the poction Jengrhe Adthough this splic
ting techrigqus helps sedoce e processing fme, 1 reauies
thie alditionsal memory amotnsad

IXwp KilnEs el b, (%
wlzre {ul is e smallest Inteper greaier han or ogead o,
for one date sectos 1o sove the negber ol shifhs geed tn tha
uzgsr ang the lewer trpcks, which will be saployed @n the
RBF vpredver block.

4. Stmulation Resulfs

W teat the proposed REP schwns in' the BFME sysiem de-
picted in Fig, 2, where the bit perded Ty end the irack plich
T ore Y .o epproximansly egual 1o an arcal donsity
of 2 Thife® 1 there = o pusnd Bed), the along-irack Py
is 104 nm, aad e aross-trock PWa 8248 om [61 {71 A
signai-ioencdse rade (SR Iy doliomd ax

i}

imdecitel (dBLowhere ¥y = 1 s assumed fo be the pedk
smpiisde of thereadbock signal. The 20 3-by-3 tarsel and
the 213 30T sguatizer ars designed based o & minhmam
moan-squared error AMBEY appeoach [6] 18] o the SNR
requires o achive o bit-wrpor rate {BER) of 1Y inthe
sienplation, cach BER & cosppuied based on g mdsimum
b of 300 opor Bite. Apain, cach B35 daw seo-
tor il be written inde thres adioverd wacks (f — 13, (0 and




o
I
—r Conwentioned
(b e Briesned ot $ia
ok Best Alper
Figd  HER porformomee of diffocent schemas Ty = T 18am and

.

¢ + 1), with the reo guand bands ot the tracks 0 = 25 apd
£+ 2% To regdoes the processing e, e divide e 3-by-
1344 duta aivey Into s = 21 portdons (e, the pertion leagth
5 i = 1344121 = fd bish

Figure 4 compures e BER gerformatcs of differen
RBP schemes 8 Ty = T, = 18nm and oo position Jitter
moise {he, oy = O, where theourve Iabeled os *Comva-
gonal” represents e eeavemioadd gystem {adthoet 30 cod-
Imed, and thag labeled oz "Best Case” denwdes the systom us-
iy the REP scheme with the muariomsy gl weishn Ap-
parestly, all RBP appreaches perfoom better tzn the cons
yepdonal sptem. in addion Appsonth 3 providesths beat
preclormance dlowed by Approsch | end Spomack 20 Thiz
might be Beoapss same severs desirpotive wiahts g o
cedbzd ool By sormecconstruplive wetgis congidesed in the
Apprpech 1 and Spprogch 30 Thus, uplike Approwsh 5, the
B daty pattem B Agproach § asd Apprmech 2 may st
eoptain some severe destopative Jitg palierns. A & result
frosim newy o, we will sonsider cody Appeosch 3o ineesti-
g the perfonmance of the proposed RBP scheme,

Figare 5 Wusirales e BER porfonmance of different
szhemesatboth Tpw o= Bamand Ty = T = 4.5 nmil
apgromimely eonel by g areal deosity of 3 TR ifibens
5 no guard bad) without posidon {iuer aoise, whore the
curve fnbeled az "Worst Case™ ropessunss the sysicm using
ghr RBP scheme with the aeladoog ta] welght, B s olear
ghat whaa the roording depsiiv s low e when Te = Tee
T nm}, only small sorfosmunte palg con beoliadasd o
3 compared o other sohnmes. Speciicatly,
e “Hest Case”™ can provide & porformancy osinof 0938
aver the comventionsl sestem’ st BER = 107 Newestheless.
5 darpe performence gap oan bo achieved vwhen ter reconding
dessity 85 tporessed e, when Tr = D= 4.5 mm) Specifi-
eally, Sue “Best Case”™ performs bolter than the cogventionsl
system and the “Warst Case”™ by aboat 23 dB and 348 &
RER = 15, respectively,

HRTETHANS, TLEUIRON,, VOLESG- L R T

5w
2
'
G Frass o Woent Gy
. - = yenpmfoead
BE 0= Fripost Tt O
8~ Inyeesd W las
15’} 1 1 L 1 L
2 H 4 ] + ™ 3
Fig. 3 HEE 22Ty w Ty om Bnm und

= Tr= Wl am withoy

ek L 1 1 1 L 1
o % 3 5 o i 12
ENR Y
Fig. & HER sefoomene of diffesntschemema T 5 T = 1o wit

% and B postsion Buer naden,

Fiaure & depicts-the 8ER parboomuwe of diffesnt
seheres ot @y =3 = [ with 0% and 5% position jit-
(o notse. Mol that the percontize insids the parssihesis
Bl 6 indicetes the prpcentsee of the position jiver aolse
used 1o gentrate coch curve. Agparenthy, the “Best Cuse™
performs beater than the othises ater, = 05 {no position fi-

tergoised fedditon, when the position fller nodse is in-
creased 10 g = 55, e Best Case” ot provides mors than
1508 and LAAR paierd BER = 107% aver fie omentiznal
systerry o the " Worst Case)” respectively. Clearly, the per-
formance of @il sestoms sols worse whan the position jiter
nodse i3 increared,

W also compase the peefuroance of differest schermes

Bactivally, the perfoomance of the comentionsd sust
ways ies between that of the “Best Case™ and the “Worst Case™
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for wurionss pooiiion filer nude
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s,

a7, = T, = 18 for various pesition Htter nolse amonenis

in Fig. 7. b plotting the EMR requinsd o nchie':: #
[0 s ﬁ.m.tmn of positdon fiter poise armoamrs,

et tiat the “Hesr Case” performs better than amur::&fmﬁs
For i} position fitker nnise lovels, Addidonally, alwge pes-
formance sap cun be obisined from e “Bes if oo
pared wy the others, sspecislly whep thepos ther nofse
is high.

Fusthergmore, welavestizate he somplezity of the BEP
schemne By varging the podtdondeagth (a, ) used o divide the
Zegrack dala segoeee. bnibis work, we deiing the compiog-
iy us i’f’ tead pusmber of shifts vsed we praernde 2l possible
datz pattems. Hence, $hacamplaxity €oof the BBP schume
R :ts::’:@mg,uwd izl

[N

* 0 K g R, {31

whers gy and o are See neximuma
for the: vpper and e Jower Tacks, res) L and s b5 the
st npober of shifts Revdhe 3-by-3 window. lngensral, v,
a1y and gy, zre 2l eqeal o g, Fhersfore, the propnsed REP
scheme will Rave the'lital complexity of O sp X5

Figars # displavg the moempry reguiremasnt and the
crgmplaxity of the BAP scheme ax 2 fenction of i pov-
thon lanphe, Appamntiy b Insser dha portion leagth, the
foweer the memory amoend, sad the higher Gie comploity
For instancy, Tohls 2 dempesrnies e momosy soauirement
snt the complexity of the REP szheme In delails, when Te
= 13 s peed Ror g 2032-B Jatx seston Awgaln, bow sddi-
Gonad memary rogaisensent oo be obizioed st e expense
of increasad complexily, Accordingly, snenseds i vadeatl
Betwesn e additions] smewory regquirsmest and the com-
plerity =0 a3 o achisve o sood performanes gnin obiain]
{roos the REP schome.

boraf poesible shifts

*l"?.'l_’(r’

5. Conclusion

At high recording depsities e 20 inteoforence is wory sp-
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enprlenity ol the REP schume

Tkl 27 Tre semeey eirement amd the compleniy of the RHP

sicheme wt dilfrend ponion lenghes feith Lo = 1344 Bk
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o in Gie BPAIR systvmn, which can be consldored wx s
mgjor cause of performance degradation. Therefore, this
paper proposed the RBF scheme o alleyviate e 20 inter-
ferepen, The hasic bdsa & o aveld Swe destrective Jals pat-
tems (hey the datt pattern that easily Coeses ag e at the
data reetvery process] before writing thy sre-aatiorned date
oate A mediv, Simulation resalis shre thal the proposed
HBP soiwme can help froprores the svsem perfoomance, es-
peoially wdwa the socording deasity s Bigh andfor the po-
sitinm Jitler nodss is zovers, Unlilie the existing 20 coding
seheme, e groposed RBF scheme oon provide a gosd per-
frnsance gain without amy rodundant bt a8 the expense of
usfng more batfer memoss. Congequersly, a8 sdvaniages
prined by the prapased RBP seheme need 1o o balunond
srainghibe Inoreesed procsseing tme and mamory smoend

Ag o resd], roove rescaeeh work B regquived so as o Jevelon

thie sificient REP schme they can performs rapiddy assd re-
quises dew wdditiona! memary.
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‘The inter-track interference (I1'1) can severely degrade the system performanze of bit-patterned media
tecording {BPMR). One way to alleviate the TTT effect §s to encede an input duts soquence before

recutding o avoid some dati paticrns (hat easily cause at

teror at the data detection prucess. This

paper pmposes a constructive TTHCTTI coding scheme for a multi-track multi-haad BPMR system to

sliminate the data pattems that lead to severe ITI

umerical results indicate that the systema with

CITT coding ouperfonus that without CETE codingespecially whet an sreal densily (AD) is high
andjor the position jiier is large. Specificatly. for she sysiem withong position jiver a bil-error mafe of

1074, e proposed scheme can provide about 2dB gain al 1he"AD of 2.5 Thiin?

over the system

without CIT coding, 82074 AIP Publishing LLC. [tp:/&lx. dolorg/1D1 0631 4855935]

I. INTRODUCTION

To achizve high_areal deasity {AD) 'in bit-pattermned
media reconding (BRPMR), the spacing hetween hisislands in
the alonp-track and-the” across-wack directions must \be
reduced, thus leading to the increase of wo-dimensional
(20) interference. . Practicnlly, the 2D inerference consisi-
ing of inlerssymbol fnterference (ISI) and infertrack inierfer-
ence  (ITH  can’ deferioraie the  sysiem
considerably if precautions are not taken.

Several 2D coding schemes™™ have recently been pro-
posed to-copewith the 2D interfercnce.in BPMR, For exam-
ple. a raie-7/9 2D coding scherme was introduced” 0 avoid
the: 2D interference by placing ke redundant-bils in fixed
positicns.at'every 3-by-3 daia array. Shao ez ol presenied a
rate-376 2D coding scheme. which had lower reduadancy
andd yielded beiter parformanca than the ‘previons code” In
addition, . rate-/6 modulition vode? was introduced o
remove tae fatal 2D ISEpuitars in holographic data storage.
Recenlly, Amayangkonl eral’ proposed a recasded bit pai-
terning (REPY scheme 1o combat the 2D imterterence. but it
hud high complexity und required large huffer memory.

Tn general. the TTT effect experienced i the deteciad bi
can be sither destructive or constructive. depending on the
readback wavetorm‘of the.deiected bit-and/its_surrounding
bits.” Specilically, viven @ signul amplitude of an_isolated
bit. the destruclive/constructive ATT will decrease/amplity its
signal amplitude. As o result. whenoihe readback signal of,
the detected bit encountsrs the destructive TTT ¢
conid easily cause an error atihe data recavery proc

To combat the DITL we propoese thesconstructive ITI
(CITD coding scheme (or a rew modulation codel. Specifically,
aninput data sequencs is (irst split inta four tracks in which will

perfanmance

Hauthor to whom corrspondence shouid be adun»scd Elecironic mail:
piya@npniac.h.

0021-897%/2014/1 15{317){17BT0¥3/$30.0D

115, 1787031

then beencaded by a CITE encoder based on a look-up table
hedore recoriding onto & magnaiic medinn. This coding scheme
guarintees that the BPMR rendback sigmad will no: be conupted
by the severe TTL thus facilitating the data recovery process.

il.. CHANNEL MODEL

Consider a multi-irack multi-head BPMR \Vslun © with

a rate-45 CITL coding scheme in Fig. 1. A binary inpul

sequency ae € 41} with bit period Ty i split into Tour

imeks {a; ). which are then encodert hy the CITT encoder 1o

ablain five dma iacks {6} where ¢, € {11, before re-

cording them onto amedivm, The'readback signal from the
&th data biton the /il imek caa be written as

i ) Z’ln:,-:ll-nmj—q =+, 83

nom

where ¢;;'% arcithe rc*ordnd bits. /1,»"s are the 2D chaane!
response coefficienss.'“m and n-are tae tims indices of he
bitisland in the along-track und the scross-track directions.
annd w18 anaddiive white Gaussian notse {(AWGN)Y with
zero mean and varance ¢,

In BPMR_B,, . "s canshe ahtdined by \.unplmﬂ the isn-
luted islnd prlse response at integer muitiples of the bit pe-
od Ty and the hack pitch T, diee, By = P{—miTy, —nT:).
pulse response, r and = are
ack and the across-track diree-
LY, 2L+ 1 s fength of

ihe time mdx(es in the t['::mgm
toas, fm,nt € {=L. .

Plr.oy, and L'is an mtenc
enough 1o esisure that the tail amplitvde of P{x,z} is small
thereywe use L=1 for simplicityi. Additionally, this paper
consitders the 2D Guussian puise iespomne of e fome,”

-1 (,'+A;‘)2 ) z+A:\’:
WNBW TP, )

22014 AlP Publishing LLC

Tn general, L should be large

N

Plx.z) = Aexp
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FIG. 1. A channel model with the CITI 2 ading scheme.

where A= is assumed to be the pe.ik amplitude of the pulse
nse. b=1/2.3548 is a constant,” A, is the alonz-track
Incation fuctustion (or position jimer (Refl 13, A; is the
across-track location fluctuation, PW is the PWsy of the
along-track pulse, and PW. is the PWsqq of the across-track
pulse. This paper assurnes that the position jitiers (A, and
At are modeled us a truncated Gaussian probability distribu-
tion function with zero menn and variarce 67, where o; is
specitied as the percentageof 1, \

At the recelver, the readback data teguence I 9 1} is
equalized by a 20 equalizer to obrsingd ‘1 wqunw {u 1}
and is then'sentdo the 2D Viterbi detecior’© 1o determine the
must likely recorded sequence ez} Finally. w CITT decoder

is emploved to decode the S-track-data sequence {¢/} inta’

the 4-track dara sequence {Fs} before grouping it to obtain
an estinated inpuf sequenced;.

Hl. PROPOSED SCHEME

We assume that the read head reads the duia ut the 4ib
and the interferenee in the arosssirack direction is Hm-
ited to the rwo adjacent wacks (7= 1) and { + 1), At the
read sides the five dataaracks men Fen (- Cegss. Frgsse sl
are detected by an army of five read heady simuliseously
(or using one single read head o detect these tracks one by
one with the haipof buffer mamony).

1n the RBP scheme,? we analyzed the signal amplitude of
the £ih data bitwa thedh ek Qe for different 3-by-3
data patiems, i.e.. 3 bits from the upper trck [Cro s
i}y 3.bits from the Ih eonterdrack feed g, ox 1
tom ihe lower wack fes.. e n Chrats Gy inthe
BPMR chancel without noise. Then, we defined the data pat-
em that cavsesithe readback amplitede of the detected bivto
be an opposite polarity of the signal amplitude of the isolated
bit, ¢ p, a8 Wedestructive Gata pastern.” By analyzing all destrug-
tive data parteras, we found that most of them are occurred
when the Ath bit ol the adjacent acks differs from that of the
conter track, te., | al={i—=11lorj=11 -1
Hence, we use this resalt o de the CTTT codeto avbid-such
destructive data patterns (o bewriitenonto a medium.

Here, we propose the rate-4/3 CITI coding seheme (will
be explained iater) for BPMR. The encoding and decoding
processes are performed based vn the look-up table, which
can he constracted as follows. Defing a vector ('; ¢ = lera.
ChLide oemn Ckgasnt] 5 4 collection of the kth duta bits from
the N adjacent tucks saiting with Llu. Ith track. Specific
the CITT code maps the input data af
¢} ; before recording it oato n |md1un1.

ally.
. to the recorded data

Beeause ¢, cortains 5 bits, there are 2% =32 possible
codewords  in total. However, stace  the data pattom
6= [y 2l where je{ll+1,0+2), thar
causes the DITT is either |1 —1 [Jorf—11 —1}, the codeword
thut comtains these data patferns must by discirded, T this

case; we {ound Ili pmhihimd codewords. Thus, crly 16
(poodycodewnrds. € = [ Cry s Crane Cre3y 14a), car be uti-
lizad 1o censtruct (he CITT code, as shown: in Table L With 16
codewords, only 4 bits ("4 -~ 16} are neaded for the input of
lhc CIPl encoder. Le.ad,. Pinally. we can assign a codeword

> for each A}, 50 2510 peneratg the look-up table for the CTTT
wle as given in Table 1. Note thut the mcmdul data of Ty 1S
the codeword that correspoirds w e Bput Jata dk,

For decoding process. the estimated S-track recorded
sequence 4Cx s} is decoded by a CITL decoder, which uses
the same lock-aptable o Table I, 10 determing the estimated
4-track inpat data sequence {d, . Baeawse of the noise, the
decogding provess mig,ht not be able ' perform correctily for
some data pattems ¢ e

Crs Craats Eofan € s Crpaal that

we ot Tabled, te, L“ 3
propase to apply the Euclidean distance® coneept in the CITI

er fo measare the resemblance bepween ¢, and &,

~5 .
€. Tosulve dlis problen, we

chis

Specifically, for each-codeword ], the CITI decoder com-

putes ~the -~ Huclidean distance  of (: acvordimg  to
Then, the essimated

TABLE L. Alook-up whie for tha ClTLeode.,

4B gt deta, af, 5-Bit codewonl, &

Wl Mg dner ages 8 Sdy B [
- 1 =i -4 -1 —1 -1 —1
-1 -1 =1 1 -1 -1 -1 1
-1 ~1 H -1 -1 —1 1 {
—1 -1 b 1 -1 —1 i -1
-1 1 =1 -1 -1 -1 1 H
-1 1 - 1 -1 { -1 -1
—1 1 =1 —1 1 H i -1
-1 i ] —i 1 3 1 t
i 1 H 1 i 1 H 1 i
1 -1 =1 i i -1 -1 -1 ]
1 -1 i -1 1 -1 -1 1 i
! -3 H 1 i 1 ~3 -1 -1
1 1 — —1 i 1 -3 -1 H
1 H H i i 1 H 1 i
1 1 H -1 1 1 H 1 -1
1 1 i 1 1 i H 1 L
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== With CITT (2.5 Twia)
1ok | M Withoot CITTH2.5 Taind)
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TIG. 2. BER perfommance at different areal densities without position jitter
(iu6o0 74 Ty e D50).

input duta uu [depe Bepan. @iisa, Grpsabeoires nmdmﬂ (]

the codeword L, that yizlds the minimum (I(ck,‘.,c;) will be
chosen as the ouput of the CLTT decoder.,

In addition, the reason why the code rate of /5 is chosen
can be explained as follows: Fisst. we look at the number of
data tracks needed for an N-bit codeword. Thea, for each N,

we igitore the total number of prohibited pattems so that the
total number of good codewords, N, is obtuined. Given Ny,
the number ol bits for the enveder inpat. M, cancbe computed
from M = | log, (N} | where {6} 718 the greatest integer less
than or equal (o . Finally. the code rate, R, of the CITI code
cane beenlentsted  fromy R=A7V.  Here. wa consider
N={345,6.7], whose code rae 15-{0.67,0.73,0.8.0.67,
respectivelv, Therefore. e rae-d/5 CITT code (...
is preferred because of high code rute.

IV. SIMULATION RESULTS

We make a compurison between (1) the system with
CITI coding in Fig. ). where the two outer tracks (/- 1) and
(!+ 8} centain mndun* data {dencred as “With CITI™) and
(7) the vonventional system where an input saquence. ag is
wriiten oo 6 _single track with random data on_adjacent
tracks (denoted as “Withour CFFETL The Rignalua-noise 1
(SNR} is definedas 10 logo{1 /R¢?) in dB. The 2D 3-by-3
symmelric target and its corrésponding 2D 3-by-7 equatizer
are desmred bused on .a_minimum -medn-squared. érror
approuch ™ at the SNR. required to achieve fhie biteror rite
(BER) of 107, where the 2D Viterti detector for this 3-by-3
symmetric target employs the wrellishaving 36 states with 6
paralie! branches between any two Connected sates.”

Fig. 2 vompares the BER pedormance of thesysten:
with sad withour CITT codec st the "AD.of 2.5 Thin®
(Te=T.=160m) and 3 Th/in.® (T, =T, =14.50m) withon!
postdon jiter. ie.. ¢;/T = 0%. Clearlv, the systern with
CITI coding outperforms that withouwt CIT1 coding, espe-
cially at ligh ADs. Spedifically, ot BER = 1074 il pro-
posed scheme can provide about 3 dB gainat 2511/ in,. We
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SNR requizend to achigve BER = (]

" X . . A
G 1 2 3 4 s
Posttion jitier, 9 {L

FIG. 3. Pedormanee comparizon for various position jitler amoumts at
2.5Thfin~

also compare the performance of different schemes by plot-
ting :he SNR required 1 uchieve BER = 107 as a function
of position jitter amounts in Fig. 3. It is apparent that the sys-
ternrwith CITHcoding s sugeror o that withow CITI cuod-
ing, especially when the position jister is large,

V. CONCLUSION

In high-densicy BPMR, the ISI and ITI can be consid-
ered as a mjor cause of performunce degradation. This pa-
per proposes the rate-4/5 CITI coding schems to mitizaze the
ITI. The key idex is to prevent the duta pattern that easily
cuses an error at the data recovery process to be recorded
onto_ g magn mediam. Simulation results show that the
system with CITI coding <can_provide a large perfomance

gain it compared to that without CITI coding. espscially
uhen the areal density is high und/or the position jitter is
large,
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