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Mdad1lndvadndalun1siiuA P anen duAen1siiuAuPTiund msunalulad PMR
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ludeanruinvosnsuliingn (magnetic grain) ludetufinusoandununsusenistufindoya

#ilaln willlesarnnisanvuinvatnsusiinanazlminanuldaiesvesanudunsingn u
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gaumIives FaUTngn1salilisenintedianenugiuesnIsuunNLUAN (superparamagnetic limit)

[1-5] faiuddlafouiseriietostumaluladmstuiinuuulndduunuiivelulad PMR [3] 1wy
walulagnsUuiin@audwaniuunistdaiuseuidngie (heat assisted magnetic recording,
HAMR) [6] waluladnsTufindeuimaniuu 2 16 (two dimensional magnetic recording, TDMR)
[7] wazwaluladnisnistudinuuudauwmnsuiife (bit-patterned media recording, BPMR) [1-2]
ogslsfmuanuideijaduluiinelulad BPVR Gsanmnsnifiunawgdanuiilégeds 4 To/in? (1]
wazdietnalulad BPMR wldsausunisldndsanudvie (enerey assisted) fanunsaviliiiia

AN lAgedia 10 Th/in? [1]
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(inter-track interference, ITl) [2] 3néne Funmnisaifisaasiindnuniulddamansenuogasuuside
ansInurTesszUUMITUindoyafaualininuuy BPMR swaztusideiasadulumsdanig
uazanNanszuiAna N ISUT fensdisfadeyauuuassfiidosiauengaduneumiauianis
Waun1siuazoensawuugend (softinformation encoding and decoding schemes) 71311
aonndestusviailsvhnisesnuuuluseuy BPMR
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Suumuagyilfgmamnssusninfadiafivesssmalneddnonwlumsudeiufusnenfsndely

Tnevhlunsneasiaiuuiut (iterative decoding) léigninantdlussuunistufindoyaids
wlwdn VedlmseudazseuresnsrugiazanansavinlidasSafianaia (bit eror rate, BER) 984
Yoyaanatenaunn FasgnoufiersasnsiavnimesuuuTems (soft-output Viterbi algorithm,
SOVA) [8] wagasasidnsanisuan (outer code) 1u 1A3BATWANTIVABUNIHALAU ML UG
(low-density parity check, LDPC) [9] Tneitsdasiasasinnisuand Beurinansuuueons (soft
information) luusiagsauresnisiugy egaslsimuioiindafianainainnisunsnaanszning
dydnwal (inter-symbol interference) Wagn1sunNsna@ensENINaUNSA (inter-track interference)
9E197UU39 Awal 1A TUUUTeNF1NI9eT SOVA TdeRnnatnaInnisunsnasadizuusagnaai
1Uge99308n59a LDPC 9azsinlviAndafiawaindiuiuniniidiuiendnave1asas LPDC tiu
oA feyaiideinisasnonata LOPC ndulugnsasnsam SOVA Tuusiazsauvesnmsius
wdsnsdidoyafnnanussogiaue deiudlafinsusluteRananameaniieudsinaisuuurensdly
12493959991 LDPC flagmuinsguaumsnonsiauuuiudiagldaunsoutladeianansiiinan
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nuITeiiaglaAnAuIsn1ssani1ely (inner code) MgTaMsidnsviatengatuaniifiuuy
gedLilonanas/UTIM/anNansEMUNAARINNNTUNINAensEMINsdRdnwallaznisunInaon
sgarieunin Snstadsannsarhauldodisaenndesiuisasnonsifa LDPC wag99sngaan SOVA
Tnouiunsiisiadiiidnsasitags (high code rate) wasn1sitsiaazyinnuuuiiugiuves Look up
table dhumsnensianeldisussndudnnisves Euclidean distance [10] niouvisdszgnsmdnms
484 Maximum a-priori Algorithm (MAP) [11] iieln snenswaauisavinauldfiuuseansam
uazihauldaenndosiusiauenguadunuuassdanislfinisesniuy deavdmalviuszansam
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L fiefnuInansenuMifine1nnIsunsnaenseninadydnsel (inter-symbol
interference, ISI) LA¥NISWNINADATENINUNSA (inter-track interference, IT1) ﬁLﬁﬂ‘?ﬁJ{uiu
FosdyaanistiuiinteyaiBudmanuuuinwnuisuiiie

2. iilefnwuazimuiinsdsianenagatuuuu 2 if (2D modulation code) Haluy
Fifusdauazgans (hard and soft encoding) AlddusunisuilonansenuiiiAnen IS
way 1T Tuszuumstuiindeyadawivaniuudnuniuiisuliie
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2.1 nstudindayardeusimanuuudnunaiiisuiiiie (BPMR Channel Model)
waluladmstufind@asimanuuy BPMR 1iumalulaglvsfiddaesdwuwuiimeluladns
SufiniBeusindnuuuiuds (PMR) Aldegluilagiu msrssuy PMR lanunsauiuaugudeiuld
desanusingnisaigilasinsuuniufin lasssuy BPMR annsaifiaideiudléas 4 To/in? vie
unnin dleldfuiumaluladanadeudiiae 1] 5UT 2.1 wansuuansnsseninsdetuiinyes
53UV BPMR Wazszuu PMR Tngssuu BPMR dgflguuuuvesdodudinfifinanuiuou deildnuasdu
imzdegavselonaunidauiiman (magnetic island) Wnusazlowaudgldinsuusdivin 1 insuuasd
yundidosnia 20 unluwes legazgnansesradussidevuuianilifianinanmdunivgn (non-
magnetic material) [2,3] dmsuiudeunazimeruaglduuuienfufussuumssuiinuuuialy dof
1935200 BPMR fatasifinauqudaiiuil Usimaindyaasuniuiinannisidsuanius
(transition noise) kazn15iaeuTaLUUlBudadu (nonlinear bit shift) (4] 8g1lsAnuszuy
BPMR SefitlymniiAefiussuunisuszananadaia fie kansenuaindyiasuniuaindetudin
n1seuuenunindaya (track mis-registration, TMR) [3-4,5-7] LLazﬂ@wwﬁﬁﬁﬁmﬁamnmsﬂaam
sgwiaundn (T) FeazdamaiiliRedefianatndalunssuiunmsnsaam masssautladofianan

wuuMlUAlaI11509RN 13 UL RANAINMLAARINNITNISUNINADATENINLNS NT LAFWe
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Patterned Media

Granular Media \ﬁ

00508
magnetic E @ # v1\od

M.}trar:k

—_——
.
transition  bit period )
= ~

single domain
magnetic island

o+ magnetization
grains - magnetization

U 2.1: Wisuileudetuiin PMR Audetufinuuy BPMR [4]

N MR read head

upper track D D D B_ I S
main track D D D B'
lower track D D DI Dl Tcross-track

«—>
___’ Tx

along-track

5UN 2.2: N1591UY89I91UIUU MR uudetuiinvesszuy BPMR

t

Z

X
I ,

<+
a

JUN 2.3 1591ARIRUDITIEIULUY MR wazlauaus
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Ul 2.2 uansdnuairn1381uYeeiguLUY MR (magnetoresistive) Uudotiufinyesszuy
BPMR nefiszasrinasenineienandlosaudniedeienandlosaudndsiifafuluiimnismiuunin
(along-track) fsvazminfu Tx 13uni1szayda (bit period) wagszervisseninafanadlouaudi
AnAulufiaviaranin (cross-track) Aszuzwiniu Tz Fend1szesunsn (track pitch) TunsUjum
5¥UU BPMR $n1sunsnaenagaieiu 2 inn1s Ao nswnsnaenseninedyanuad (IS) FaAnenda
Paeslufianiamiununin warn1sunsnaenserinawnsa (T) Wunansenuandadnameduianig
s Inemsunsndentsastegedionsauiuiinsunsnaeauuu 2 37 (2D interference) @9
danansenuagaTuLsaszuunsUuiindeya BPMR

Tnelusuusiasweinaneuauesdyyiuiadansfiafildaniieuilesauaziden
Foutsgauazadldonn dmufioliiedenmshuuusiaasdmiulusunsunauiiaumes Nabavi [4]
Jelavinsussunuadygraiadaodlfnuuinididun 1nenensunansuInanIe9ieuLuY MR
LLazlaLLauﬁLLamﬂugUﬁ 230 t e AunuIvesiisIu, Wie A1uni19eeiieiy, ¢ Ae
SYeyUTEMINeNeIunUTan (shield) way d Aesyeziuvesiieu (fly height) @usunisines

[ Y)

vaslowaun a fepruninvedlouavdilielowaudiisusrndudmvasy (squared island), waz

b
oy

G
s fin Anwgvedtlanaun neflaunsnlaannisuseuuaanauauatdyIMNadapdifuuuLd

Weunlaannisilwesaniuansad 2.1 aunsaauaunislady
1(x2 2° (2.1)

2+ 2
i

H(z x) = Aexp Y,

w w

X

iy
X OGN
N
SIS SRIIR

Normalized 2D pulse response

40
0

Across-track (z) -40 40 Along-track (x)

o a

5UN 2.4: nameuauesdyuiadaasliinussanamuundideu
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5199 2.1: M51T09B5URIMBIU MR hazdaTuiinuesszuunisuufin BPMR

Parameters Symbol Default value (nm)
Square island a 11
Thickness 5 10

Fly height d 10
Thickness of the MR head t aq

Width of the MR head w 16

Gap to gap width g 16
Along-track PW50 Wy 19.8
Cross-track PW50 W, 24.8

dlo A ABAMBUNTIAGUAAL AW 1, W, = PW50,10ne/2.3548, W, = PW50,,0./2.3548,

Y 9

%

PW50,0ns ABA1 PW50 YO8 eUsy e Wad LuiiAmn1amuunsn, PW50,,.., AD A1 PW50 vasdyayiasiad
TuAn1993196n30, Lag 2.3548 AaA1AINY8IAINAUN NS TENIN9AT PWS0 wasdrutlequy

WmsgIuveslsntunIdifeu (4] JUN 2.4 wansmanauauasdygyiaiadansdinantaainnisussuiu

Y

aaa

AwuuMddsuluannisi (1) Tneinansuauesdyauiadas dlinnliavdenndosiunisdinosiu

A5197 2.1
location fluctuation / ARG elemar(
|

upper track ] & o
' et et BV R read-
i IAT head

main track - (== CTESTS] [ -y offset
H track
H z pitch

lower track I:' ..... H SO I R P 2

|[—>]
size fluctuation TZ (bit period)

optimum position

UM 2.5: sUsuumstuiinteyawuudnunniiisuiliie
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sUM 2.5 wanslaymanndagrusuniuaindetuiinuesszuu BPMR Tneuuslailu 2 Useian

Ao ATwfurIuTesKoNNAgA (amplitude fluctuation) FuAntuatnvuiavesuiaylouausdlsidy
N3y (non-uniform) Wa¥AINNUNIUYBHIUNIUS (location fluctuation) éTfaLﬁmmlaLLauﬁﬁ’magj
vuanildfinnuduwimdniinisnsiiliiduszdou dmiunansznuain TMR Anainiagu
\nApufiaananunsnudn (main track) llufirmevnsuninuanddugud 25 e A, Aeszozuns
newien (track offset) Insrimuaainaunsil (2.2) [4]

TMR = AT_T x100% (2.2)

z

FeEun19NN1TUTTUIUATNAN D UAUBIA Y N UNAFLUUEDINR Hizx) Tuannis (2.1) Nfinansenuain

e usuniudetufinuasuansenuann TMR anunsalouluailadu [4,8]

2 2
) B _l A, 4 Z+A,
H(z-Ap,x)=(A+4,)exp 20| c(w, +4,.) c(w, +4,.) (2.3)

= A Y a A U o | < A
bl® AA AB ATTUNUNIUTBDILDUNE DA, AX A ﬂ’)']llNUN’JUTBQWWLLﬁUﬂULLU’MWNLmiﬂ, AZ AB

ANUTUNIUVDIA WAL ULLIVIWN SN, ¢ ABAIRasTiAvNAY 1/2.3548, Ay f8 AU
X
v3 PW50 Tufirnienmunin, uaz Ay, fie aa1ufuniuves PW50 Tufirniswinswunsn lnedyaou

o

sumudedudin x% wnefsiuniiwazauavedlotauniinisivdsusUasuuuduainaundluidu

Usunas x% lasdfinsuanuatannuunvziduwuundniianafomnuamguduasanuiususiumiiu
O° il O fip Tewasuesizey Tx e A, Ay, Udg Ay, Jumimunmuul s weInuRY
X z

HIUWNNAYn A, kaz A Wudiimuanusulsresnuiunaudunls lneniluaunmues

AU IUBUNAULAZANTIOULYDITEUY BPMR asduag funansenum1ae sl

AA AA

x Tz %AWZ n(t)
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JUN 2.6 Lanawuudnaestosdayaias BPMR Nllnansenuandetuiinuas TMR lammuali

[y

Amy € 11,1} fio d1dudeyadunm uazinuali m = 0 fis arutoyadunAvaunsNNaI wae m

°o v v a < @ 1 o w !

= -1 wag 1 AvdAutoyadunmvauninuukazuninanNa1au gnawiludwesdyaa BPMR

Y

€

Y

NAHAADUAUDITDIAYUIUUUVEDINA H(zx) AIUFUNITN (2.3) FIUFY 18 1Undu (1) Nl

oo

9)
[

wansEnuINdysunIudetuiinuas TMR ansnsaleuduaunsléssd
1 0
> 2 a, HEmT -Apx-kT )+n(1)

m = -1k =-0 @

v {

W9 Hzx) Ao Nanouauesdy g Inadhuuaoslii, At Ao 2820Wwnv091181Y, n(t) Ao
FYQIUTUNMULUUNIFFT1ILUUUIN (AWGN: additive white Gaussian noise) 18A21UMULUY
ALlAnSuAIAY (power spectrum density, PSD) WUUEBIAIUNINY Ny/2 dunisil (2.4) oindu

WUUIBDURIAQ U BPMR Nsatidsnianan

[

U 1ITNATU dYYIUTUNAUNNUYI0DNVBIRIBU r(t) Fzandud1lUdsasnToum

Y

(low-pass filter, LFP) wuudmnaesiisseusudl 7 (7th order Butterworth) vllédauanas y(0) wae

o v v =

9n1N15TNAI8E (sampling) deyeunad 4381 ¢ = KTx vibulaafutaya (v, Feazgnaesialuds

Y

= s o wa o v - o o v
ﬁﬂzﬂi@ﬂ?alaL"'U'EjﬁL'WE)‘U5‘UﬂmﬁN‘Umﬂ@ﬂﬁﬁg)@}’]mlWLﬂUIﬂmqﬂwqiLﬂﬁ]ﬂc‘]@\?ﬂqﬁ LLaSa']@‘UGU'E]N“a {z/} Y

gnassialudinnsnsianimest (Viterbi detector) [9] Wemaduteya ag, Niluldlaunngs
wananilieliitgsianisiituudiaswaznisinsivnseuy azdlonlduuuiiaes

ﬁaqawwwm BPMR WIMWBLUQQ%NL’M’] %Qﬁiﬂﬂlﬂ’ﬂ?ﬂﬂ?i%ﬂm?@&ﬂﬁ £ nmmva ¥939Un (Tx) V99

]

Ay 1de1UNAU ﬁwiﬁlmﬁzymwmémmé’wlﬂ&iaLuawm’;mé’fﬂu

ro=r)., Z Za JHEmk-n) + n,
k (2.5)
m=-Mk=-N
dlo n, fie Ay usuniunidduinuuuineas Hm,n) fe dyanaiaduuvasiailidewdomns

(v

nafildnnisinsiegsdyaaiad Hzx) luaunisi (3) o naifilusuauwiifussesdn (Tx)

]

WaLsEEELNSn (T2) WuAe Himn) = HmTz, nTx) dm5uar -M < m <M uag -N < n <N il
2M+1 Aosuiuuninuay 2N+1 AeAnue1ivestesdanaduiianismiuunin lneviludesdeymin

BPMR wuvlimaiiasashnumeunsng H Adanviniu
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h-l,-l h-1,0 h-1,1
H = hO,-l ho,o hO,l 06
2.6

1,-1 hl,O h1,1

Wio hy,, Ao ANduUsTANSTRITRIdy 1 BPMR aosdifuuulisdeiies

2.2 N59NUUUNISLINSHELUUERER (2D-Coding)

[

mainsawuuaesdiininisnaveluszuunstuiinteyaduivanuuudaunadisuiiiie

dudnnisdadl [10-11] BuanmsAnwizluuuresday me undy (readback) nuindeisidudin
Foyauuuingiden (single dot) 1519z lddnya s undudgud 2.7 (1) uwilussuunsdudindeya
Fausindnudn desiinstufindeyaunusioides deduidldannsofiigvinidomansenuresnis
wnsnaensynInedydnwal (ISI) 2090nT1 LA MS DU LARANTENUYBINSUNINERASEMINUNSA (IT))
fiananuninsoutrald dadu 19Tmereamanimasssuuuunistufindeyadineliiamnnisal

£ |
2 ! = =

AaNaITu Feanunsauuteentaasinsal Ae nsdiineliianansznutiasan tufe nMIduiindeya

a

On “1” dousauredn “0” deuandlugun 2.7 (v) uaz nsdifideliinaanssuuniign Fadunsdl

Nswesnsvanvies tuRe mstuiinln “17 deuseudietn “1” dwanslugui 2.7 (A)

1.5

a . :
7 2 PO

0
05 7% overshoot 05 05

signal amplitude

0 100 200 300 400 0 100 200 300 400 0 100 200 300 400

JUN 2.7: sUsuuvesdygrasundunsaindunmaies (n) nsdifineliianansenutiosan (v) way

nsaivinelviinnansenunngn (a)
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5UN 2.8: M svialuUaellAndns sELiniu 5/6 [10]

a A

MANNSNISINTRaLUUARER Asnetgunaniaesguiuuiinelilinnansenuiingalaenis

=3 ¥ U

uwnsndndrududlunoudinsTuiindeyaasluddotiuiin feguil 2.8 dnnstudindn “0” wazde
“17 adludghumisiiuiuou Inefdnssiamiafy 5/6 Suasvinliiussansninaesssuuiituagis
il uenanduudaddinmiadefinensuduandanatalvigaulnensidisradaes oyl
wansluzuil 2.9 Tneildnmsawintu 7/9 [11] Fluifissuddroiudnnsialigdusintiy uide

Winanssaueliszuuguanelg

i o ITRERR  BE
110 0111H
1 {1 ol ol ol 1[1]1]0
i - REMIAE . BE
adREID  Hinng
ol ofol0 1| 1llo]o
1Hooc11 olo
11 ol dl 1] m]

. =E Example

Ao v 1

JUN 2.9: s sviawuuaeliinen sty 7/9 [11]

[ v =2

WAiL89391NN150RNIUUTHATY 2 Wuufinaaneuntiil gnesnuuuliteyesdyaiansiud

LA
Ly

Joyauuy without overshot Funaluladidagiulifilduds Falivasuluvesdyayiunistudin

q L7 Ae>]

Foyauuu with overshot [12] n1ssuniudaiuuazivvesdoyaludndrafesiazunnssiueanty

Ya v =

o § Yo ! o = ' o = v & v o
VIWIV&@IQWNBWUﬂaUNEﬂLLUUWLLﬁﬂmqﬁ@ﬂLLﬁﬂﬂiuzﬂﬂ 2.10 @\‘luu@ﬂJSN?QSQQI@WWﬂWi@@ﬂLLU‘UﬂWi

Y

Whsiatoyariesanengiatuluuasslinniaududeusi dnssatoyaas wasiuseansninlu

Y Y

L= a

A15TANIS/MANIALY/AANANTENUYDINITUNINADATENINUNT NAINTUTZUUNITUUTNLTINAULAEN
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Y] [y

BPMR Bawwafan1sidnsiauanslugui 2.11 lagiindnnisasil d1dudeya a, Mean1stuiinaggn

Y

a

Wasuliduuuuassiid Aowdsuaindeya 1 undn 1ludeya 3 undn ieidesgunuudoyadosin
(forbidden pattern) 1 [+1 -1 +1]" w38 [-1 +1 -1]” Fs3Uuvvvesdoyalunuiuninaiuisa
fudseiuldimansznuiinanunanaensgninuninagliifindu aannisAneilud safumudn
stuvuidululufaztdnasadusiadeyaiiisnun 32 sUuuu (patterns) fauandlugud 2.12 &

sUnvumantazgnihunasiudumsafienissfateyasely

(@) — B

Constructive case

L
=
= . - el
= Isolated bit case
) X
g (b) = -
.§ 0 /. 1
= - =
=2 X
o
~ = =
A+ =1 _
¥ -1 -1 -1
Destructive case (C) = =
e S S
) I 1 1 1 1 - —
-40 -20 0 20 40 1 -1 -1

nm = =

1 % A a 4

5UN 2.10: Fygyreusunduves (a) Indeyatned (b) natiitagn WWiedndeya ‘1 gnaeuseumein

< 9 Y

2

¥

doya ‘1" uag (o) nidifiveugn Welntoya ‘1’ gnasuseuslsindoya =1’
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5UN 2.11: WMsiisiadeyaneviauangiaduluualfngsns1Tvid 5/6

C G G G Ce Ci Cu C
1 1 1 1 1 1 11 -1 1 1 s 1 1 1 1 1
1 1 1 1 1 1 1 1 -1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Cy Cs Cy Crr Cp Cxp Cy Cys
1 1 1 1 1 1 1] -1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 -1 1 1 1 1 1 1 1
C Co Cy Cis Cie Cyy Cys Cy
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Ci Cio Cy Cy Gy Cso G Cy
1 1 1 1 1 1 1] -1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 -1 1 1 1 1 1 1 1
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lunwideiginsanlowaudsunsmnvasuiiiduugudnalaiiiu 12 unluuns seeerng

seninsgeaudnansvesusazlouauivindu 16 wiluwes Feldilurnumundundanuiiyini

/7readhead sensitivity

T.,=16 nm
‘ t~
upper
: O
i Il
=ik 1 — >
L= Zampy o 8 nm 3

lower|track

\_sampling point

.
|

JUN 2.13 g ninunminisuiiiioniniuuigesn 2.5 Th/in® gnunAquimexanauausnulives

297U [13]

2.5 mszlnren1519lia Tugua 2.13 wanamiag winunmiiisuiifionsauuuigendagnunaguaie
HanoUaLDIAIN1ITB9HI8IU (Read-head sensitivity response) [13] Tnglunisdtassinunliinigasl
1A 0.01x0.01 Mm13eualuigs lnslouausnssnimasuiinaininausznouiuaulanuuuing

$99n15 N1591a9UasSuANLN UM UYRIR LU sa s lakauA R RuA LAY

- Tﬂucjtllation x100 (2.1)

fluctuation —
X

108 Thuceton A T882AURUKINNLINTGATENINRAAUINA19YRBLAUADANAR U A
Audnalsvedlanaundse lngszezdind1niin1snseaedInuuUnd way T, A Te8en19TEndngn

Audnanvasusazlonaus dwnstasaasidunnuduriuveuinveslauaudivualdlag

L .
Sﬂ _ ﬂucltluatlon %100 (2.2)

uctuation —
x
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108 Ligeaion A0 Aunsidululgvaslonausass Weuiy ANunIvetlenaungauai 3
NSNSEERMUVUNG L, Ao ldunuaudnataveialaus

1umu3%’ﬂﬁé’ig§yﬂmémﬂé’ulﬁmmﬂmiﬂauhqfﬁuuw 2 ffsyrinsanmanudundivdn fu
namauaussanhwesiisuiinseuaquunndeyaiifesnmasusmiunindrafesie Tassunsge

[

quéﬂmwaqmamauauaﬂmmhmaﬂﬁaém%a@jiw'jwﬁqﬂmwaum%ﬂ%’aga 2 Lméﬂmgﬂﬁ 2.13
mﬂﬁuﬁmﬁgwméwuﬂé’uﬁiﬁé’agﬂiumuiﬂaﬁzgfyﬂmumu Faraeuwnndyrausuninnddeudun
LUUUIN (AWGN: Additive-white Gaussian noise) fiA1tadgmafy 0 uazauuwUsUsIumingy 02
anThedyanaunduiliduszgnininesutogauuuiiuais Tnasumisrasmsdndogsdeyatiuae

Jushundsgaaudnaisvesusarlowaudvesis 2 uwindeyaruansluguin 2.13
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N159aNLUUSURUUNSIUSTENBRLaTY

3.1 N58NLUUFUUNNWUULENYLINUDA
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[

Upper Track

|
|
~ P
N
TZ =

=l \] 3 { = 14.5 nm
| \ [
L 5712 Y
2 _f\ P ¥, J | Lower Track
O, 2 ~ e~

” r\np;ling at 2/ T
L= 1£| nm & m

3UM 3.1 etduiinuuuienvelnues AAUVHILUTINUN 3.0 Thb/in’

sULULIRIMINAARItiY Agvihnsesnuudetufinuuuienyglnuealaziuudaesdesdynyunld
wiatlan1stndeg10Ainass (Oversampling) AunalinAIsazilugignoinanauauaIu1sdIu (PRML)
T Tngwedan1seunansunsn (multi-track reading technique: MRT) flagukuun1ssnumaiswns

v YNl a o o PN Y IR v aAa o o ° o
NAIYKRIDTULANEY @IQV]LL?'@\TIUE‘UV] 3.1 LLaﬁlﬂ@@ﬂLL‘U‘UEULL‘U‘Uﬂ'ﬁlfﬂ'ﬁ‘wallﬂﬂLa%umu@ﬁs"liﬁa 5/6 @13U

| Y o

deduiinuuulgnezlnuealnglan1zdnaiy 1HesagiuAITUIURTIVOINITUNINADALUY 2 TF Tundl

Y

wialanseuranaunsn (MRT) axlduanilsmsuiiesudoyaaewninniouiu juwuureanmsidnsia

o v v =

Yoin1INAaeItagynsdnisssaisuindeyasgiaminzan wWiluds 2 unsnardudeyantuiingadu

Y
[

fugruvesgluuuteayantdidumsialunissdmsunisdnsfandiaindaiazgniuiinuunisdudin

Toyaainaninlouausuuuibios
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Tngn1sinassieuatusavilemefendulaosluanwnulaus feaun1si 3.1 waz 3.2 F9laann

Asaaadlnluddausaadi@ (2D finite elements method) [32]

w(x,y) = @, {tanh(a, x+ @,) - tanh(, x— @, ) }{tanh(a,y + &,) — tanh(e,y - @,) } (3.1)
&, =((H,G,T.U, hyotyot,) s ;) (3.2)

e piy Aoflsidunnudaulmvesiieiu o, Wuileidugusniwesmsiuinainnasiudadures

Y

3

H A95282119587I90a00 U979 G AeY093199997an 7 ABANNAINUB9aIY U ABANUNUI8Y

e h, Aosvagriienwiiian ¢, Aeanuruvestuiuiindeyavewnutuiindeya ¢ Aoaumun
Yostutunavesuuluiintayauas w, Aeflandunrninin duwanddugui 3.2 uansdeilenduning

goulmvesieuigninaesanaunisi 3.1 way 3.2 lagldmuusangg

Reader bottom view

structure Reader sensitivity

'y
i G | i1
| £
il =
2 5
B B \T
5 Z
03
0
v o]
-+
y U
Side shield

20 a0 0 B0 100 20

Down-track (nm)
3UN 3.2 M3dnaesilanduaiugeulmvewing1u (Reader sensitivity)
Pnileiduanugeulnvewiiemty Wetewheuding nluguwiuduinteyalakandlugy
#1 3.3 aglady e unaunagun 3.4 Fauandlugliuudygineiunauwuvassdia vilalagniseulu

fwsdanngg Tuwuivnaunsinuanhuindensiutwduiaunin mndesnsduiaerunduniadifag

aunsailalaensidendyaaluiuminauninfinesnisiisaniitunle
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JUT 3.4 dyqrasmndugesifdleliieilugun 3.2 sruvuusuduiindeyalusun 3.3

s L

3.2 N399NKUUINABIVFYIME MU Uuiinwuuenezlnuaa

v AWGN noise _i‘,]

"k, ' s - % a

| k.l -1 1D Vite > e
. D 11D iterbi - Pedidir k N

Equalizer detector -

- Encoder

A‘J‘R!’?l

o & o =

JU# 3.5 uuudnaesgesdgaradmsvieduiinuuuisneslnueanldinalin MRT

wuudaedesdyguvesdmiudetuiinuuuignazlnueanuuigadlagsuwuunisidnsiauay

o aAa & PEY, a{' A va a 3
ponTaniasaunlunmaaesliauisananalanagun 3.5 lunrsmaaesiilafiansannisnsdnlewaus
wuuBesilugunniviendsdiduningudnans 12 nm uaza1uresdn (bit period) 7 16.0 nm wag 14.5
nm FadaenAdesiuAUNUILIUTINUAYEY 2.5 Wag 3.0 Tb/in? Tasvinisdudeyadunauuuluund

& 14 o aa v o av yo ~ Y Y < ! d‘
a, € {£1} \Tun1sisvialagisnisidnsianlmiaueiielvlateya 2 unsn {xkl, X, ,+1} naunag

= v

Tuiindayaasuuiietuiin diufiniasu dygrusiunduunaindidniunisasuligduasdis (2D
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convolution) sgninsan nanuduwivinvesdetuiinuazilsidunansuaueseiien fauiidele
lfmafinndsezilugeanveinanauaueiundiu (PRML) wazinaiianisdndiegnaiuass

(Oversampling) 92wy dmTunsiraeudeyandsanerudeyadindetuiin lngdnsinistndlegiuiu
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3UT 3.6 sULUrRsMsiindeiiana1aviliiindueundgaiianain (n) Aweundganeulasudoyyin

JUNU (V) ALBNNEATIgNAAVIOUANA YY1 NTUNIU

1.2 T T T T T T 0

08 1 04}

0.4 1 -08fF

0 19 1 1 . . o

(n) (%)

JUTI 3.7 Aueundgnvesdygiaeiunauvesdaiifidnugifeaiueginiznduiu (n) Saiflaniuzdu 1

a d‘d [~ :j
YNUUA (V) Upniaarustdu -1 N9nue

0.3 T T T T T 04 : T 4 T T

01 1 02r

| V! A
: v

02 1 -041 L

03 1 -02f

04 L 1 1 i L I .03
]

(n) ()

UM 3.8 Aweundgavesdyaasunduvestnifianiuznssdiuduey (n) dandaniusdu 1 fu 1

Y

aduiu () Unndannusidu -1 fu 1 aduiu

nswdenjukuudeyanffian 32 JUsuy 3njUsuudeyanun 64 sUuuuiazlaidumsia

9 Y

54

va ada

(codewords) Huaginannsiden Aelitandan usifeniusginisnguiuliuinigawinivinle 1esin
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'asmmﬁ'lmn'ﬁmuuanLminmay’a 25

[y o

anilanugifgiuaziiiansduasuvesAaunagn (amplitude) vaadya e unauIzilALaUNg

[t}

L Ag 7]

a

3ANgINAIIURN 3.7 wazagyinisvanideslnilaougasetnuduniznguiu wu [1-1 1 wag [1 1 -
1] 1pannUnfiilanugnsaduiuagyiniinn15an neuvasAlaunagn (amplitude) vosdyaiaisundu

rilrmueunagafignasnewauluialarmueundailinseiulnteyandaludsgun 3.8

A Aaal

luiilagyihnisensiiegeisia (codewords) Neglusunuutoyaiaiian 32 JULUU 9MNIFULUY

Y

foyavisnun 64 UuvulFinausluiu Aeguiddndeyade [111-11 1] uag [1-1-11-1-1] lag

!
o L A U 2 a v

AYIINTUARIFIDE 1R TURBUNTTINRRFER TuTInNTuinTndayaninaitnenu Juseunfedayyin

U =% a v =

grunduassiiadleldioulugun 3.2 srvuusutuiinteyantuinndeyainaniinasiu uasduney

Y

' (Y] = = A

gavhefednyarnerunduIriaeundgavesdndeyaiinaratisiu Fenudatnludunuan 4 azgn

o

anneuINTnteg Mllanugasatudwiliiianislidweundgavesdndeyatuianain mnAeans

g1ulntayaluduvisliuigsdmumiadel wilunienaduiun1sesnuuudsva (codewords) Miniaue

al

Huarihnisgandaaasunduresiueundynvesdadoyaduansauvisundwinividudsiaie

TugUuuudeyana dauansluguin 3.9 wag 3UN 3.10

()

(A)
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'
VU X a [ 1

JUN 3.9 msdaesdetuiiniiuiindateya [-1 -1 -1 1 -1 -1] (n) ygrausrunduassiiiiilaldiiey

A

guvuiHuTuAntaya (¥) dygaeunaurasruaunagavesintoyatiug (A)

Y

(A)

|

3UN 3.10 Mm3drassFetuninniuiiniaveya [1 1 1 -1 1 1] (n) dysyrusrunauaesiifiilelyieiusu

U g7

(%
o

vuwsuduindeya (v) Ay aeiunduveiaweunagavesintoyaius (a)

7 by}

v
(Y a ¥ a

aa o Y v o o a sda a |
’Jﬁﬂ'ﬁlﬂni‘wamaﬂLasﬁu@fﬂiqﬁﬂﬁ 5/6 LL'UUI'VI@JUU UsUala 5 Us GLULN‘Wiﬂ“?J‘VlﬂJGUU']ﬂ 1x5 Us LU

U

s A

A ps Qpps Qs Qs G,y | F2QAWWABLLTUASHE 6 D0 Tulum3nd x ATvuna 2x3 On (Wiede
ki> Yt Yr2r Gz Chaa | V9N X X
Asvia) Fauszneuteyadiuau 2 dausnvesteyadunnazgniiulilumeduilusn [xkl, X, 1+1} du

v e’-dl Y & a a a ¥ v 4 4
AORLUTAD S [xkﬂ’,, xk+1,l+1} zgnldiiudndune 2 Ialinsenans uazAeduuganie

a a o w 14

[xk+2l, X, \s m} aggnldiiudndunndinuaniineuasindiuiu (redundant bit) Feazuandlugud

9 9

3.11 (n) 3B UTuwwmeiugIvvesgULuunsds e
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a A

drunisaensiadnfigniuiinaiuguuuuvesisia 6 Oa £ azgninguuuulndliiludndeya

Y

lnguszann 5 On 4 Feazuanslugun 3.111 () lagldnannismiszegnisgada (Euclidean distance)

Tunnsoenssianae

1 2
d(f(k’ik) = \/zz(ﬁker,Hn_‘;éker,Hn)z (37)

m=0 n=0

A a cent track Adjacent lrack

Ad_]acenl track

Encoding process l

X
Adjacent track

@ @ @ X lDecoding process
‘ ‘ | Adjacenttrack

Adjacent track AL ljacent tra Lk

(n) (¥)

Adjacent track

JUN 3.11 sUuuumsidasiia (n) waen1snensiid (@) Judrsiadnduns 1x5 10y 6 Indsialuamsndd

=

] a v a A Y a < a A o v
YU 2X3 UA LaEDRNINAUANINUUNN 6 U LU 1x5 URBUNA ANUATAU
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A1919% 3.1 esAumdusudsturinLuuengzlnuea (look-up table)

5-bit input data. az X, 5-bit input data. ai X,
B Ay A A3 &y | codeword Qr  Age;  Aer  8ge3  Aq | codeword
2] 2l &l &b < G I = = =i < Cao
o «l <1 &l [ G 1 =f = 1 Cs
1 o« A 1 -1 Cio R | 1 -1 Cas
1 «f A 1 | Cig P, -1 1 1 Cy
S I | 1 -1 C . ] I | Cas
o 1 -1 t Cy i/ /i 1\ 1 Cis
S I | 1 | Cy Y, -] 1 NN Coy
5 1 1 I Cio ) =1 1 1 1 Cy
-1 1441 -1 0ad Cy 1 W10 -1 -] Cs
+1 7/ -1 -1 1 Cp» 1 N Sied -] 1 Cs
-1 Y 1 ALAY Cas 1 , V@R N €5
-1 b . 4l 1 1 Coo 1 hY o 1 1 Cy
| 1 it g — Cyy 1 1 — Cis
5| 1 17 B P Ci3 1 1  — 1 Cos
| 1 1 s Cs 1 1 1 - I ¥ s Cs
5| 1 1 1 1 Cyy 1 1 1 1 1 Cs;
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¢ Cy o Cig
-1(-11-1 -11-11-1 -1 (-11-1 -1)-11]1
-1]-11-1 -1]-1]1 1011 1011
cz C i 19
-1]-11-1 -1 11 101 -1 1)1
-1 1 -1 -1 -1 1 171 ]-1 -1 1 ]-1
C4 i Cas 20
-1]-11-1 -1 -11-1 -1 -1 1 -1)-11] 1
111 |-1 11-111 -1 -1]1 1( 1] 1
Cy7 Ci3 Cs C
£ 1T At —T1 [N
R IR R 1]
Cy Cs Cg Cy7
1]-1]-1 11-1]-1 -1 11-1 1011
-1-11-1 -1(-1]1 14, 19l 1011
Ca6 Ci6 Co4 Cia
171 (-1 1]11(-1 11111 11111
-1(-11-1 11111 111 )-1 101 |1
Cn C30 s C;
1]-1}-1 1]-1/-1 11111 1 -111
1|-1]-1 1]-1]1 1|-1]1 11111
Cis € Cg C3
111]-1 1 (111 1117)-1 1111
1]-11-1 11-1]-1 1117]-1 IN S g

U 3.12 fsvia (codeword) MlARnmseaniuy
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References
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a
Unn 4

NANISNAADILAZNISILATIZI

(%
v

Iuwf:wﬂumiﬁﬂLauawamaaﬁ’waaqmﬁmﬂmiaaﬂLLUU;ULmeiLﬁﬁﬁama@jLa fuvidludetudin
LL‘UUﬂ%mg:umﬂLLaz'ﬁaﬂ’uﬁmeLéj@ﬁ’;mmﬁqmaa’%maﬁmmé’ﬂwmmumazmiwﬁma%ﬁﬁmﬂsﬁﬂumi
DONLUUNAADIIAUTEANTNINUYDITEUUAILE Fananssrassresiiseiissfinnsandinumuiuga
Nuft 2.5 uay 3.0 Th/in? Tnermualiissozinsseninda T, WAYSTELUINTENINNSA T, Windu 16 way
14,5 nm Ay aansadeuduaunslineiaumsy 2.7 Tldnarluuntoumindu saumalunnsed

2.1 F99zuanedean 7, way Tz TuAIAUNUILULLTINUT (AD) duq wavteliiinn1siuseuliiou

AUTIOULVOITTUUANNE windienduiy agldaranuuinduleanu (UD: user density) Mvinfuiein

12
[y

UseanSamueaszuu lunuddetaglarinnuvuiwdulaany (UD) windud 2.5 Th/in? Ingan UD @1unse

Analaan

User density (UD) = AD xR (@.1)

Wia R = 5/6 ARdn3"5¥d (code rate) vossaNag@iuilaweluiite Fadnsviaaganiindu 0.833

[ %
Y

atinswSeuiieuanssaugvesssuuIzgnamuniegluguiuuvesrdnsdeianainvesdn (BER: bit-

[

error rate) ADANBRNTIAIUANGIVDIF QYU URDNAIUB ISR IUTUNIU (SNR: signal to noise ratio) Felumng

a wva |

UfuReAT SNR Tudyaaeunduagduiusivdmununsudeteeas (bit cell) Farn SNR ilgazilmiedu
\wBiua (dB: deciBel) anansafewduaumslesai

SNR=10log,,(1/ Rc™*) (4.2)
dee o ﬁaﬁ’mmul,ﬁmmmgmmm TUUTUNMU R ABENTI9WA (code rate) way 1 AoAvadLexiiage

gearvasdaygraeunau TumAdeilazlvziandu 1
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4.1 aussauzvasnsidhsiauegquaduludetuiinuuuniaguain

dwsunsilieuiisvaussauglugun 4.2 asdunmsuaninisiieuiisuresssuuluguuuuesen
BER iU SNR wasnseenuuunsiinsfauegiadudmiumedufinuinanvanemadudedufinuuun
Jundayuain @t SNR mldanaunsi (4.2) Sveduediua (dB) wazagldnisiia (Target) wuuaes
aada s & = 3 aa = ax '
fianflyuinvemisiiawuy 3x3 uagdmislawesiuuanslivuin 3x7 Fegnesnuuulagidnismean
Hanaaitasaeuatetasgn (MMSE) Minlvsvuuiindnsidaianain (BER) winiu 107 wazivuali 1

w3 (sector) i 4096 T a3l 4.1

JUN 4.1 vunveagninesluinuilifey

JUN 4.2 wansgnsndnRanainvesssuy Wnglissuuildmssenwuumsiiisiaseguadusuunily [1] 2
fg1131 “Conv-2D Mod Code” fusguuiildniseaniuunisiinsiadegiaduiuuidiausazienuin
“Proposed-2D Mod Code” Tagfiansan a AURUIMILLTSNUATIYNAY (AD) 2.5 uay 3.0 Th/in? muasu

wuirszuuildniseaniuumsidisiasegaduiuundnauelvaussausianinsyuuildnisesnwuuns
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Whsianegratunuuily [1] Ineiiszuundnaveilaussausinitssuuilsiasuuilueg sz 04
dB 1 BER=1x10" uagianunuiuiudenun 2.5 To/in” (T, =T, =16 nm) uazegfuszann 0.8 dB

WlalAANUVUNUUT LAWY AMANUUILUUAIUT 3.0Tb/in® T, =T, =14.5 nm) 4anin3snis

' [V A
a o a o a A

Mnaveanunsnanuansenuiinannsunsnasalailueged Neliillesnsiafiosnuuuinaiusoan
ANUTULIIVRIN TSNANSEIaWSEN () ldannnduagdBnsseysumistayavesesa (codeword)
alunsidiaznensiasiuiy rBieiiuussdnsnmeessnisiinsiaiasnsoensialnilanugnaeuin

899U MNNTEUIUMIISTaRAznensiaa NI UL uUM s siawuunalulildss usuistoyadniae [1]

.....

4
--------

i
2.

10 E

Bit-Error Rate (BER)

- Areal density of 2.5 Tb/in?
107 F

e
=——@— Proposed-2D Mod Code ".. E
s=—{l—= Conv-2D Mod Code [25] % ]
10° E.L g @ Proposed-2D Mod Code K5 4
Py R W Cony-2D Mod Code [25] ® ]
107 : ' 4 s . ,
2 4 6 8 10 12 14 16

SNR (in dB)

JUN 4.2 malSeuiluaussauzvesszuuildnmsidnsianegudud miuisuiuiinulminnaneiasly

dotuiinuuunIayuantusguusine 7 UD = 2.5 Tb/in?
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U=

4.2 aussauznsidhsianegadunifetuiinuuuieneslnuea

FusumailSeuiisvanssauslusun 4.3 azdunisuansnisiseuiisuvesseuulusuluuvaean
Y Y

BER fiuei SNR wasnseanuuunsiinsianegadulaeldinaiinguuuumsaumaneuninaenilans1un

v =

A TuiinlkuuenwLlnuea®ad SNR laainaunisi (4.2) Swmheduwdiua (decibel: dB) Wis o Aaan

a § @

deauuinasgiuvesdygainideudina wavazldnife (Tareet) wuunilsifidumfiouuy [1 2
1] f935U7 4.4 uagdaelawesuvundsdidvuin 1x11 Fsgnesnuutlnsmaianisazidugsgnues
HARDUAUBIUNEIU (PRML) LLazﬁmummmmﬁmlaLLauﬁLLUULﬁyaqﬁlff]ugﬂmLméamsﬁaﬁl,é’um@uéﬂam
12 nm uazATUYeIdn (bit period) 7. = 16.0 nm waz 14.5 nm Sdenapdesiuanumuiudaiuives

2.5 wag 3.0 Th/in® auansu

0
10

-1

10
10

3
10

BER

4
10

[ UD =25 Toin?
10t

Coded system AD 3.0 Tb/in
5 5
10+ —®@— Uncoded system AD 2.5 Tb/in™ [4]
—8— Conventional system AD 2.5 Th/in’

107‘ | 1 1 |
10 12 14 16 18 20

SNR
3UT 4.3 nsilSeuidisuaussaugvassyuuildnsdsfauegatulagldmadaguwuunmseumalaunsn

v =

PVl unldeturnuuuengzlnueaszuunIge 1 UD = 2.5 Th/in?
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V

JUT 4.4 NanaUANDIUNEILLAZINSNAKUY PR2 [2]

TnelwszuuiildniserunuuiilUazdenuin “Conventionalsystern” szuuiildniseanwuunis
sianogiaduuvuiititausvzionmdn “Coded system”wagszuuiiliiladsianogiaduazieonuin
“Uncoded system”Inefiansan o eramusiuldouiivinegiu (UD) 2.5 To/in? WisliinnsiSeuiieu
aussaurveaszULTiinenfunuissuuiildnsesnuuumstistanegatunuuiinauslusnsnsia
5/6 IanssnugAnninsuuildlsidrsiameguadu (3] ilesansdariosnuuuinannsnanaLguLsves
MIUNINARALUUABIIRLAR NI uarIEmsssysunlsteyavaassia (codeword) Milumsidnsaway
nensaTufutuasdwilissuuiivsednsamunnndtssouitlildidasiaegiadu Sassuuilaild
dhsanegadulaldinalinaisasidugegnuainanauausiunvdiu (PRML) uazwadan1stnmeogaiu
934 (Oversampling) Sy dwisunsandeudeyandaaneiuteyasindetuiinuduazdelseenuuude

a

FUNNLUULENTLINUDALN DY UTTININTNI NADALUUADI A LA NS TlRUszANS Ml unawlaisudiu

a a J

av v oo 3 g v ] v ° A o
ig‘U‘U‘V]VL@I‘U']Lau@LLmﬂNﬂi%aWﬁﬂq‘WNqﬂﬂ')']igﬂUVlI‘Uﬂ']ia']ULLUUVl'ﬂTJ LACUINUITEUUNUNEUBDUN

LY

- a o an v ' o a g v Aaa = =
WIgun EJUﬂUiS‘U‘UWIﬂmWi@WULL‘U‘UW'ﬂ‘UQzﬂﬁi‘ﬁauiiﬂugsﬂﬁﬂiz‘U‘Uﬂ@ ENGU‘NVL‘U'E]ﬂ

' upper track

main track

' lower track

sampledat 1/7,

v

qgﬂ‘ﬁ 4.5

M

N R 2 3
iz

gﬂﬁ 4.5 syuuildnssruwuurialy [4]
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drumsiSeuiieuanssousesseuuguil 4.6 Tuaslumsuansvasszuuluguuuuvesan BER AU
A1 SNR Lilo5zUUl9 5 UNANTENUNA QY IAUTUMUEBTUTINIINAMURUNIUYDIALAUST 2% Wag 4% Nslu
alv vaa Y Y LY . . .. 5 U o v
zuuPldlaldigmainsianegiatu“Uncoded system with position jitter”fuszuuiildnisesnwuunis
Whsiaueguaduwuunaue “Coded system with position jitter” d@ussuuiildmssudeyanuunily
“Conventional without position jitter” aglallsunansenuaindgaasuniud@etuiin wuinssuunldns
gudeyanuuntdnauenuuuiiihaegadusatlildidisvaueaaduny fudineldsunansenuain
% A v =2 Y o I Al @ o £ Aa 1 g v
UANAUTUNMUFRTUTINAINANRUNIUTOIIILNLNN 2% uay 4% Ndensliaussausianinszuunldnis

gudeyanuunily wazagliaussousiifgumnssuuiildniseudeyanuundnauelagndisiaueg.a

Fumpguwuunlidiauesneie

4
10 Conventional without position jitier
—t— Coded system with position jitter 2%
10'5 | === Coded system with position jitter 4%
== |Incoded system with position jitter 2%
=+ lIncoded system with position jitter 4%

i
10
10 12 14 16 18 20

SNR (dB)

JUN 4.6 NSLUTEUMBUANTIOUSVRITEUUKUUANE BELASUNaNTENUAINd I sunIudedufinanAIy

ULV 2% way 4% oy UD = 2.5 Th/in?
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Q,‘, d" < q' o a a Y} dl Y o o
yanantifiasdunisiiuanudulavazwanauseansanlinussuuntadnaus agyinnis
WS U UANNHANTENUINF YY1 UTUNIUF BT UTNIINAURUNIUTDIAUNUILAZVUIA NITUERS

AUTIAULVRITTUUALRYlUTULUUVRIAT SNR UAT (P ) way (S ) AUTUANUAUNIUYDS

fluctuation fluctuation

Fuvisuazruanudiu @veduesidud wmesszuuililildisnsdhstategiadu “Uncoded
system” fuszuulinseenuuumaiiisiauegatuLuuTiiaue “Coded system”fimumunuildan
(UD) 2.5 Th/in? idesszuuiiielfiAnnsissuifisvaussousasssuuivinfiousu Samsmenaudu
ALY ILLAY YU

MN3UT 4.7 uaz U7 4.8 uanslisiunfimuuniiulian (UD) 2.5 Th/in uawilen SNR 18 dB
ffu szuviilénisoenuuunisdhsiauegiaduuvuiitnaus “Coded system” Hudanslianssous
UsgansnmvasszuuldfninszuudililaldiBnnsidhsianegiadu “Uncoded system” wifazgnsuain
Tyaasumudetuiinanmiiunureshumlsiisiuresledidus 0% JUNTEINT 5% WarAUAUNIY

YDIVUINNANUVBUUDTTUA 0% UNTLIT 3% ALY

1 0’3 T T T T
UD =2.5 Th/in> + Uncoded system
SNR =18 —@— Coded system
N
107 [ g
m
10,5 1 1 1 1
0 1 2 3 4 5

Position fluctuation (%)

JUT 4.7 MSlUSHUMEUALTINULYBINANTENUIINANURUNIUYBIA UL
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T
UD =2.5 Th/in’ —P— Uncoded system
SNR = 18 —@— Coded system

BER

0 1 2 3
Size fluctuation (%)

10

UM 4.8 MIUIBUEUaNTIaUEYDIHANTEMUIMNANLKUHIUTDITUIN

4.3 sy

szuuiilésunssanuuunsdisiauegadulusuuiiinausluisaesssuuiu wflanssnuzuay
UsedvBnmiindnssuuiildlifliismadhetauegiaduuasidanitszuuildmssudeyauuumnly iiesann
ssuufildsuniseenuuumadnaaazgniasualilivhmstufinguuuudeyafiiansanvou (OIM) ety
Wu 1-1 1] uag [1-1-1] pondansvdnidssgUuuudogamarideunstuiinasiiie astaevinld
ANTIOULVDITFUURTY WardBnsseysundsoyavesiavia elunsidsiawasnansiadoutuiuasds
slsiszuuivsydnsnmannniszuuiildlfidsvauegudunonaniunsdudistasegasuluwuud
thiauedisdamsiuguuuuiviliiiansunsnaenuuuaesii aunsaiiumnuguosteyaludiniig

Mmduae) uasdangnnnisiinterananvesdnteyaluszuuladnce
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FBnsudlumssuusnunindaya

unegu

TumAfeildjuiufnwiuuunsdhstaseaaduasludetufinuuuuuuniaguninuasdotudin
wuuienvglnueadmivszuudaumniiisuilifouasinuinsdsfafielilunstesiunaznanides
PomiiinarnanuunwdesvesnsidhaiaseasiBen satatiudnuinisdhsiadndeyaiondnides
wazUoafunanszyuiiAnannisuninaenassfif 1lesainszuumstufindeyaidausindniisesiuaiug
VRRGHE mm%umﬂm%aﬁuﬁqﬂq suintyniSesnisunsndenseninsdudnual wasn1sunInaen
szuinaunin egdlianmnsandnidedd Taginlunansznuainmsunnasauvuassiifenansadululs
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Abstract

A reduction in the track width of magnetic recording systems results in a welcome increase in arcal density (AD), but also
in the unfortunate appearance of ex treme inter-track interference (IT1) that can severely deteriorate system performance. The
clfccl of severe IT1 may be mitigated through the use of coding schemes, In this paper, therefore, we present a rate-5/6 two-

nal (2D) modulation code that is designed based on a proposed single-reader'two-track mading (SRTR) echnigue to
cope with this scrious problem in staggered bit-patterned magnetic recording (BPMR) sysiems. We then evaluage the bit-error
rate (BER) performance of the propased system in the presence of media noises, e.g., position and size fluctuations. Qur
simulation results indicats that, at the same user density (UD), the proposed system is better than an uncoded system by about
1.0dB at the BER of 10 ¥ and is also superior to a conventional recording system.

@© 2019 Published by Elscvier Ltd.

KEYWORDS: Bit-Paterned Media Recording, 2D Interfereace, 2D Modulation Code, Single-Reader/Two-Track Reading

1. Introduction

To increase an areal density (AD) of magnetic
recording technology, bit-patterned magnetic record-
ing (BPMR) is one of the promising candidates for the
next generation of hard disk drive (HDD) technolo-
gies, which is expecied to extend AD by up to 4 ter-
abit per square inch (Ttyin) [1]. However, when the
track pitch and bit Jength in BPMR syseems are much
reduced to obtain higher AD, the reader’s sensitivity
response still has awider width than the written track

*Chanon Warisam (Corresponding author) Clearly indicate who
will handle comespondence at all stages of mferecing and publica-
tion, also post publication (e mail:chanon. wa@ kmitlac.th).

' Wiparat Busyatrasiemail: wiparat_b@ rmutt ac th).

*Chanon Warisam (email: chanon. wa@kmitL.ac th).

3Santi Koonkamkhai (e mail:santi@ npru_ac. th).

*Piya Kovintavew at (email:piya@npru.ac. th).

width; the two-dimensional (2D) interference consist-
ing of the inter-symbol interference (ISI) and inter-
track interference (ITT) [2] will also unavoidably in-
crease. Moreover, severe ITI can degrade overall sys-
tem performance significantly. Therefore, ITI cance-
lation or precaution techniques such as ITI cancellers
[3],/4}. multi-head/multi-track schemes [S], and 2D
modulation codes [6]. [7], [8] were considered to pre-
vent and combat this situation.

In the previous work [9], H. Muraoka and S. J.
Greaves _proposed two-track reading with a wide-
track reader that performs together with a stag-
gered recorded magnetization. The results are sat-
isfactory for their proposed channel: however, we
have not vet considered them with a staggered ar-
ray BPMR channel. Therefore, C. Buajong and C.
Warisam [ 10] introduced a multitrack reading scheme
with a single reader in a staggered BPMR sysiem as
shown in Fig. 1. An over-sampling technique and
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Fig. 1: Config of the proposed single-reader/two-track read-
ing (SRTR) echaique at the AD of 3.0 Thyin® under the readhead
that was positioned b the desired upper

lndlawaurks

partial-response maximum-likelihood (PRML) defec-
tion were used together with a two-track reading
scheme in a staggered BPMR system. The simula-
tion results indicate that the effect of severe IT1 can
be mitigated using a multitrack reading scheme with a
wide-track reader.

The several 2D encoding/decoding schemes were
recently proposed [11], [12], [13] in dealing with the
severe 2D interference effect. For instance, Kurihara
etal. [12] introduced a constructive ITl-coded partial-
response (PR) maximum likelihood system based on
a two-track model for perpendicular magnetic record-
ing (PMR). Specially, the constructive ITI code has
designed based on the equalized level such that the
opposite polar level can never occur simultaneously
after class-1 PR equalization. Moreover, a recorded-
bit patterning (RBP) schemes were also presented to
combat the 2D interference in both of regular [6] and
staggered [14] BPMR channel but they had high com-
plexity and required large buffer memory. Therefore,
the easierencoding schemes such as the ITT-mitigating
5/6 2D modulation code in BPMR system [15] was

in emoving the fatal ITI data pattemns ie.,
[-1 +1 -1] and [+] -1 +1] in across track direction,
which converts an input data sequence into a 3-track
recorded sequence based on a look-up table hefore
recording them onto the 3 tracks of the magnetic
medium, simultaneously, which yields a good perfor-
mance.

To improve the BER performance of the multitrack
reading scheme in the staggered BPMR sysiem, there-
fore, we propose a rate-5/6 2D modulation code that
can guarantee the BPMR readback signal will not be
corrupted by severe interference, thus easing the data
detection process. Our encoding process easily oper-
ates based on a look-up table while the Euclidean dis-
tance [16] concept is applied in the decoding process

5. a5, v 23ans | dysynavit: 2562-02-62-003 [

Fig. 2: Block diagram of the SRTR technique combined with the
proposed rate-5/6 2D modulation code in a staggered BPMR sys-

Fig. 3 Readhead seasitivity finction [4]

0 make sure that the received data can be decoded
accordingly. The results show that our proposed sys-
tem has greater ability over an uncoded system under
the SRTR echnique and is superior to a conventional
recording system at the same user density (UD). More-
over, we also evaluae the BER performance of the
proposed system in the presence of media noises, e.g.,
position and size fluctuations. The simulation results
indicate that. at the same UD, our proposed system
still provides better performance for all position and
size fluctuation levels, Furthermore, it seems that the
effect from size fluctuation has a greater efiect on the
proposad system than position fluctuation.

The rest of this paper is organized as follows: Sec-
tion 2 briefly describes the staggered BPMR channel
model, Section 3 explains the proposed encoding and
decoding schemes, simulation results are given in Sec-
tion 4, and finally, Section 5 concludes this paper.

2. Channel Model

The staggered BPMR system with the proposed en-
coder and decoder. which is considered in this paper,
is illustrated in Fig. 2. We consider a hexagonal island
with a diameter of 12 nm and a bit period of 16.0 and
14.5 nm, which correspond to the ADs of 2.5 and 3.0

N1
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Thyin?, respectively. The bit islands were arranged as
a staggered array and covered with a readhead sensi-
tivity response [17] as shown in Fig. 1. Here, the cross
and down track readhead sensitivity function are fixed
to be 64 nm as similarly used in [4] as illustrated in
Fig. 3. In this paper, we define the pixel size to be
0.01x0.01 nm?®. Then, the hexagonal bit islands of
the medium are constructed using many small pixels
until they reach their size limit [10]. [18]. A binary
input sequence ax € (+1] with bit period T is en-
coded by the proposed 2D modulation code to obtain
the two data tracks xz, X; 5. where x.; € (=1, be-
fore recording them onto a medium. In addition, the
writing process is assumed to be precise, where the
recording field of the write head covers only within
a bit pixel area. Therefore, its magnetization will al-
ways be the same as that of the recorded bit. Here, the
sidetracks are also covered with a readhead sensitiv-
ity function. which implies that the readback signal is
not only interfered with from tweo desired data tracks
but also corrupted from their sidetracks. It is very im-
portant to note that the encoded data sequences will
be written one by one into the medium using only one
single writer with the help of buffer memory.

At the receiver, the readback signal is simply ob-
tained from the 2D convolution between. the magne-
tization and the readhead sensitivity response of the
reader whose track width covers more than two whole
neighboring tracks. The center of the readhead sensi-
tivity function is positioned at the intermediate point
between the paralle] tracks as illustrated in Fig. 1. In
this work, we first consider the madback signal as a
function of x (in nm) and ¥ (innm) coordinates, r(x, »)
which can he produced from the following equation,

nx,y= ﬂ'mg.mhu—f,r—mdédq, (1)

where, mix,y) is magnetization of bit island in the
media plane and h(x, ) is the readhead sensitivity re-
sponse of the reader. The continuous readback sig-
nal r(f) can also be constructed from the readback sig-
nal of x and ¥ coordinates as r(r) = ris, i), where iis
the middle point of the obtained readback signal of x
and ¥ coordinates in an across-track direction. Then,
the readback signal is further corrupted by electronics
noise that is modeled as an additive-white Gaussian
noise (AWGN) with zero-mean and variance o=, To
obtain the sample amplitudes, the readback signal is
perfectly over-sampled at the sampling period. 0.57%,
which is located at the centers of the recorded mag-
netization. Next, the readback data sequence, 1, is
equalized by a 1D equalizer [19]to obtain the datase-
quence, 5y, and is fed to the ID Viterbi detector to pro-
duce estimated data sequences. Finally, this sequence
will be rearranged to become two data sequences, ie.,
£, and £, 4., before being passed on to the proposed
decoder to produce the estimated user bits. It is very
important to note that the partial response channel (1,

5. a5, v 23ans | dysynavit: 2562-02-62-003 [

Table 1: A look-up table of the proposed coding scheme for SRTR
in staggered BPMR systems.

All possible 5-bit input data, a X
G @il G2 @3 &s | codewords
-1 -1 -1 -1 -1 G,
-1 -1 - -1 1 Gy

1
-1 -1 -1 1 -1 Cuw
3 & B 1 1 Cn
4 49 T TR C,
-1 -1 1 1 1 G
-1 -1 1 1 -1 Cn
Nl ! 1 1 o
ey, | N -] 1 C,
-1 1 =1 -1 1 Cn
-1 -1 1 -1 Cas
2 ) Ca
-1 1 -1 -1 Cp
A1 1 -1 1 Cus
-1 1 1 -1 Cs
4 —T 1 Ga
1 S T Ca
-1 -1 1 Ce
1 1 1 Cx
@ ) 1 =
Ty — B Cx
3 .. Y9 Ci
1 i -1 Cu

ST e B e Ry, ey, ol e o B e [ Y s Y B e

R SRR Y o L T T Sy

-1 -1 Cyx

-1 1 -1 Ca

(1 ehone &
— e Cy
AP pany Cn
1 1 -1 G
1

2, 1) or PR2 is used to design the 1D equalizer and
the equalizer’s length is given to be 11 taps [10] that
was desi based on minimum mean square error
(MMSE) criterion [19].

3. Proposed Technique

We first analyzed the peak amplitude of all possi-
ble 2% = 64 dafa patterns in a matrix form of 2x3
bits that were arranged as a staggered array BPMR,
where the peak amplitudes of each data paitern were
obtained from 2D convolation between their magne-
tizations without sidetrack data and readhead sensi-
tivity response, as shown in Fig. 1. Since we found
that the desired bit peak amplitude will always re-
verse in the opposite direction when the data bits of
each pattemn contains many 1's and -1's which easily
causes an error during the data recovery process. We
name these data patterns as the destructive data pat-
terns. To avoid this unwanted situation, therefore, this
condition will be defined as a criterion for designing a

N1

45



ad

4 Wiparat Busyatras, et al.
G € & S
8888 BIOBS '
: Celeiglet '
| Enosding ' € ©
x % - s ol
! Decoding a n 3 1 1 1]
B8 oo T [T
S8 GO O e ————
afa]a Al |2 A alafa
- - 4[] - RER 1 1 [ 1
Fig. 4 The proposed (a) encoding and (b) decoding schemes, which o 'S s %
encodes the 1x5 user bits to be the 2«3 coded bits and decodes
the 23 estimaed rcorded bits to be the 1x5 estimated user bits, b 1 [l iR .
Tespectively. 1 I 1 W BN i fala SR E
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B
: 1
codeword, which can efficiently avoid such destructive g ",‘ ) = ] K
data patterns. We name these data pattems as destruc- o =] Bl U
tive data pattemns. To avoid this unwanted situation, & c o '
therefore, this condition will be defined as a criterion = 1 [ ala Y11 I \ T T
for designing a codeword, which can efficiently avoid J
such destructive data patterns. In this work. we se- A2 7 , : . ol B
lect all 32 data patterns that provide the highest peak e o e .
amplitude according to their bit's status. Then, those TINE ‘nq 6K B B
data paterns are defined as all 32 code patierns for ) 1 =
single-reader two-track reading BPMR systems. The i \E - K 1T
details of the encoding and decoding processes can be 4 ' B o
explained as follows. IFH vl a1
- 1
3.1. Encoding Scheme ﬂnr Al . \ -

Since we consider 6 data bits to be as codeword,
there will be 2° = 64 possible data pattems composed
of: 2 bits in the first column [x; ;. & 141 ]). 2 bits in the
second colmn [Xg.1 7. Xest e, and lastly, 2 bits in
the third column [Xx.24, Xksar+11as shown in Fig. 4a).
We have selected the best 32 data patterns that provide
the biggest group from the same data bit i.e. the 1's
data bit should be grouped together with 1's, while the
-1"s data bit should be also grouped together with -1°s.

The best 32 data patterns are then assigned to be
the 32 code patterns and they become the proposed
codewords as shown in Fig. 5. Then, we match the
5 input bits, a =[ay, G;.1, Gr+2. Gess. G4r4] With 36
bit codeword, X = [Xgs. Xepe1: Xend el sedy Xka2ts
Xgs24e1 1%, [0]" s transpose operator, as iflustrated in
Table ). Moreover, to create more accuracy in the
decoding process, we have partially defined a map-
ping condition to create a codeword so that the first
two input bits match the first column of the codeword,
the second two input bits match the second column of
the codeword, while the remaining one input bit cor-
responds with the upper track in the third column of
the codeword. Unfortunately, there are i4 patterns of
input bits that cannot match with remained 14 code-
words by using the above condition: however, we use
the random mapping to map the remained 14 patterns
of input bits with the remained 14 codewords. These

5. a5, v 23ans | dysynavit: 2562-02-62-003 [

Fig. 5: The list of 32 codew ords that yield good readback signals,
which all of them ar the unique codeword according to all input
data bits as shown in Table 1.

remained 14 codewords still are one of the best 32 se-
lected codewords so they can output the appropriate
readback signal It is very important to note that the
specified constrains at the boundaries between each
codeword was nat considered in this proposed encod-
ing scheme.

3.2. Decoding Scheme

The estimated recorded data sequences; %y and
fip 1 are decoded by the rate-5/6 2D modulation de-
coder, which employs the same look-up table as Table
1. to determine the estimated user bits, & as shown
in Fig. 4(b). Here, a pair of 3 symbals from the esti-
mated recorded data sequences, & = [£; 5. £xp10 Beer s
Spetre1: ea2s, Tuaaper]’, will be rearranged to be-
come the estimated user bit vector, & = [8;., 84,,. 84,2,
8,3, 8;,4) Due to severe interference and electron-
ics noise. however, the decoding process may operate
incorrectly for some received patterns that are incon-
sistent with the codewords in Table 1, ie.. x # . To
solve this problem, therefore, we apply the Euclidean

Snsudlunisguuenunindaya
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distance [16] concept in the decoder to measure the
similarity between & and x. Here, the decoder com-
putes the Euclidean distance of the estimated recorded
data sequences R for each codeword x. according to

Z ot
d@.x) = JZZ(&..M—&”.F‘ @)

mell ne0

Thus, the estimated user bit vector, 4. corresponding
to the codeword X that yields the minimom Euclidean
distance in (2) will be defined as the outpul of the de-
coder.

4. Results and Discussion

We compare the BER performance between 1) the
proposed SRTR system performs together with the
proposed 5/6 2D modulation code, 2) the proposed
SRTR system [10], here the sidetracks of both sys-
tems contain random data, and 3) a conventional read-
ing system which uses one reader, reads the data form
one track i.e., an input sequence g is written onto a
single track with random data on sidetracks. For a fair
comparison, the staggered BPMR system performance
should be compared using the UD. In this paper, the
UD is then defined as UD = ADxR, where R is a code
rai, ie., R = 0.833. It reveals that whenwe consider
the system performance at the same UD e.g., UD =
2.5 Th/in?, the coded system will be affected with the
higher 2D interference in both higher ISI and ITI ef-
fect because it must be considered under the higher
AD e.g.. AD = 3.0 Thyin?. However. both uncoded
systems can be considered at lower AD = 2.5 Tlin?
which implies that the uncoded system encounters

5. a5, v 23ans | dysynavit: 2562-02-62-003 [
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Fig 7: Histogram of the normalized received inensities of the (a)
uncoded and (h) codad systems with 3% position fluctuation.

lower 2D inerference when was compared with the
coded system. The signal-to-noise ratio (SNR) is de-
fined as SNR = 10log,4(1/c?) in decibel (dB), where
o is a standard deviation of AWGN.

In this paper, the percentage of the position fluctua-
tion. A, can be defined as A, = (A /T p<100, where Ay
is the maximum possible distance of the center of a bit
island from the center of the ideal tarpet iskand accord-
ing to Gaussian distribution, and 7, is the length of the
bit period. The percentage of the island size fluctua-
tion, A is defined from the shrinking or expanding of
islands, which can be defined as A; = (Aw/L: 100,
where Au is the maximum possible width of island
size compared with the ideal island size that has a
Gaussian distribution, and L, is the diameter of the
bit islands {18].

We first study the histograms of the normalized re-
ceived intensities at the input of receiver to evaluate
the performance of the uncoded and proposed coded
systems using single-reader/two-track reading scheme
under the effect of 2D interference. Fig. 6 shows
the histograms of the raw. signal and signal that ob-
tained from the propesed code without position fluc-
tuation. Here, the effect of 2D interference is revealed
by the overlapping area between the “-1” and “1” bits as
shown in Fig. 6(a) for the raw signal. It seems that the
overlapping area is significantly reduced when using
the proposed code as shown in Fig. 6(b). Furthermore,
we also analyze the overlapping area when the system
encounters with 3% position fluctuation as illustrated
in Fig. 7. It is clear that the signal that produced with
the proposed code outperforms the raw signal of the
uncoded system.

In addition, we also consider the comparison of the
BER performances in the different sysiems as shown

Snsudlunisguuenunindaya
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in Fig. 8. itis clear that the proposed SRTR system that
performs together with the proposed 5/6 2D modula-
tion code at the UD of 2.5 Thyin® (ie., corresponds to
the AD of 3.0 Thyin?) is better than the uncoded SRTR
system by about 1.0 dB at the BER = 105 and is su-
perior to a conventional reading system. Morover,
we also consider the position and size fluctuations at
the UD of 2.5 Thy/in®. The SNR is fixed at 19 dB for
all position and size fluctuation levels. Evidently, our
proposed system can yield the best BER performance
over theuncoded SRTR system as shown in Fig. 8. Al-
though, the BER performance of the proposed system
has gotten slightly cioser to the uncoded SRTR system
at the higher position and size fluctuation as illustrated
in Fig. 9(a) and Fig. 9(b), respectively. However, our
propased system still provides better performance for
all position and size fiuctuation levels. Morover, it
seems that the effect from size fluctuation has a greater
effect to the proposed system than pesition fluctuation.

5. Conclusion

To extend the areal demsity capability of bit-
patterned magnetic recording systems. we propose us-
ing a rate-§/6 2D modulation code that performs to-
gether with a single-reader/two-track reading (SRTR)
technique. Here, the over-sampling technique is used
to obtain the data sample, which providas the data rate
twice as rapidly as with conventional reading. The en-
coding and decoding schemes operate based on a look-
up table, which matches each of the 1x5 user bits to
a 6-bit codeword in a matrix form of 2x3 data bits.
Above all, the merit of the proposed 2D modulation
codes is that they avoid a destructive data pattern that
easily causes an error during the data recovery process
before being recorded onto a magnetic medium. The

5. a5, v 23ans | dysynavit: 2562-02-62-003 [
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Fig. 9: The comparison of BER perfi versus the (a) posi-
tion and (b) size Muctuations between the proposed SRTR with and
without code systems at the UD of 2.5 Thin™.

simulation results indicate that the proposed system
provides 4 large performance gain when compared to
one without a coding system, and it is also superior to
a conventional reading syseem at the same user den-
sity. Furthermore, our proposed system yields better
performance gains than other sysiems when they en-
counter with position and size fluctuations.
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