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AU TNINNNTITU (Sense)  annaNudusiirdnvesdatuiinwazidsuluiduns sl

FezgnnIzuaunsUsealanadyyIa (Signal processing) wlasnduldiludeyafidnaaniums
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o

ﬂgULLU‘Uﬁm (Bit pattern media magnetic recording, BPM) [3] way msﬁ’uﬁn%’amﬂm%ﬂLszmﬁmeaaﬂ

1% (Two-dimensional magnetic recording, TDMR) [4]
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WuawukiwannuInAINAulun15N&U (Switch)  ARMIsaUINwvEan FavandedunurluuuuInves
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dwsunistudindeyadadwmanilddeturiniiinnsdaguuuudn sdeduiingnesnuuuliingu
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wamdndanwazduinig (Island) Seamnugukuy (Pattern) Afnuald (asetuivdeduiinildauly
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Yagtuinisisesiveunsuniimandudnvauzdy) wiazinizveunsusdivanazgniumeansilily
wlwédn (Non - magnetic) Liioansesmnednuan (Zigzag) s¥winensunavan sadunuivesdyaiu
sunau (Media  noise)  egndlsimulgmddguenistuiindeyadauwimanilddeduiinifinis

o

agUwuudn fie nsilguianaia (Error writing) nanfie Wilouazfesdneawuulmdniinswwi
YounsuLiwan Nazdularvviianisdoufiadiumis ludeuusnuasildldudvan mueanuin
Tayanvuiinaziinnisgymie uenanidlanudivinlunssuiunsaiisdeduiinliudasinizang

f0819E AN LAL VULV LN UYDIFDUUNN

muanuenlunsuiunsaiivileudmsunistuiindeyadeuwmanildnnufeutisuasaiy
8INVOINTEUIUNTAS 1O TUTInd WS unstufintoyaiBuwdmanilddevuiiniinisdnguuuudn 3aled

nstauenistuiindeyaideusivinuuuassdia lneduuifnfizdansdddetuiinildnuegludagiuus
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UYFuUgenseuIum oy - n1597u wagldusednsnanvesnsussaianadyyiawuy 2 3fsuiuisnis

v = Y a

Wrswadeyatugs weviglunisifiuaugliiussuunistuiindeyaidauiivan Fen1stuiindeyaids

U
a

1 < aa < v v = . 2 1 @ o v = v
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A (% '

WiManLuUaeIlA Ae dyay1s1undu (Readback signal) azdianufiniiauag193uLse faluiadiaay

(g7}

o

Lhauia]asm?jm‘/‘i%ﬁwmsﬁﬂwﬁuﬂ'ﬁwLﬁ'mﬁumsﬂizmamamyzymiuswumsﬁuﬁﬂﬁagauwamﬁa
TuenAdetuilaldnnuddlud 1) nsfnusnsiamdudnualuuvaesdd (2D Symbol detector)
Fudunszuaunmsmaduiidullfinnfignandeyafisunduduainandeduiin uaznsuseyndnisld
NuFeTImdudnvaluvaedin wnndmie eusufuiedfisanudidedelunsaaduliuin
Fu 2) MsfnwmdnnsvessasUSuhuuumesty (Turbo equalizer) fimsvhausuuiglagende
nsuanasurmenseriizens (a prior) sTuinsinIadudnuelarsiauTueania (Low density
parity check, LDPC) @slutlagiusiausariianoidusiaudlateianarndifiign deazdrouitam

dnsutesdygunlinssunIuegaTuLse Wi nMstuiindoyaainaniuuasiia s

1.1 ngUsradAvadlasanisive

[

1) ANWILATHAILINITYINNUVDIFINTIIFYanwalliuUaedlR (2D Symbol detector) Wiaumes

]

ATIIHUUTAIBUNTN (Multi-track detector) NiinsuaniUasutayaorisoasseninadmsaduiiiem

1
=

Winsasamdeyaininugnessuazkdugndeuy

2) Anwmanmisuagiiniuneasysumiuuumesiu (Turbo equalizer) nilnsuaniUieudesaayiis

2935¥NININTIITUNUTVALDARNDY é’m%"umiﬁ’uﬁﬂ%’aga@majmﬁﬂu:uuaaqﬁa

3) AnwwuimslunsvmunsuanifsudeyassiisenIseninemnnadukuunatsunsnd miv

SSUUﬂ’li‘fJJuﬁﬂ%EmUaL%\‘iLLﬂLMéﬂLLUUﬁ@Qﬁa

4) endnynainsnisauszuunsuiindeyadaudndniiinnuianuaiunsanesiussuunis

Uszananadyantoya

5) wiedunisysannanisiidegnisseunsaeulusnein Signal Processing vastn@nwiszau

USeyey e anvniynImNTIusEuUMSRGn Inenaeuinnssunisdnnisteyas
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1.2 YaULUAYRIIATINISIAY

1. a¥wandwisduluudnsunisasianuuiiassvesdeduiin (Media)  wuukusenduLuy

Discrete Voronoi Diagram 7fimanulaiiunsdinén (non-magnetic) AusEwinansu

2. adgordwisAuLuudmIunsaiewuuasn slisuteya (nTeuiunsiliw) asluludeduiin

LUULLIAG

3. adnwendwisauLuudmsunisaiedy e undu (nseuiun1sey) vesssuunstuiindeya

WDaankuUaBINR

o (9

4. PRNRUULATHAUINITVINNUIBIAINTIIFUSNwalUUaBIdR (2D Symbol detector) w3au

&y
VIFIRTILUUTAIELNTA (Multi-track detector) filimsuanidfeudeyaeziizeaiseninemingiadu

5. PanuuulariauRsUFuwiiuumesiu (Turbo equalizer) ninmsuaniUfeudeyaeyiisens

FENININTINTURUTHaLERARE drmsunistufindoyadauiiwanuuuaedi

6. PONLUULATIMUIITLANUGEUTRYaRE i30T TENINFINTIITULUUNAEUNTNAMSUTEUUMS

ﬂ’uﬁﬂﬁﬁagal,%qLLajmﬁmeamﬁa

(9 (9

7. d1aueIsn1999nkUULAZITNITAANANTENUIINATTUNINADATENINIFYanwal i UN 1SN INEDN
1 o N v =2 g a & . . . Ao [
FENINUNTNAINLUVIIA9V09FTUTINLUIRINILTULUY Discrete Voronoi Diagram  Midlaanulaiiduy

WUan (non-magnetic) TUTEWINUNTUMBFINTITINE QYN BalLUUADITRA

8. fenanssAauTiavinalulagniaulaliiunianirgeavngsy e1saaantasi a1AnsAne

MAgeamnTsy wasyaulamly
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Ui 2

wuUTIABIYRsdy N stuiindayaigawsiain

Tu¥ a./. 2000 Roger Wood [1] Minawedngunsaldnfiudeyaduimanioaninfaniasnay
farumuiudsiufivesteyaldasanliifu 1 To/in® Sudosnanaimgessngnisalgtivesng
wnwFn Y a.A. 2009 Y. Shiroishi [5] ﬂﬁﬂ?’jﬂﬂlﬂuﬁ;q&@@“uaﬂqﬂﬂiﬂjfl’mﬁv‘ﬁ/@%aLS?NLLﬁLMéﬂLLUULLU’Jé{’J
(Perpendicular magnetic recording) Iuizﬁuﬁawmaa&f]wﬁuq&qmﬁ 612 Gb/in” agn4lsAAlLT A.e.
2009 Roger Wood [4] Ishinausuuidalmilunisifiuanuguesgunsalinifudeyaidsuimaniifidodn
nstuiindeyaideuimanuuuaesdii (Two-dimensional magnetic recording, TDMR) Fausznouse 2
dundnfe 1) NsLlsukuutousiu (Shingled  writing)  wag 2) n1sUszunanady gy 1a0dlf (Two-
Dimensional Signal Processing) ﬂizmumilfduaul,wusi’fauﬁuL‘flumiﬁuﬁﬂ%mﬂagﬂLLUUIWJﬁGiNmﬂ?%ﬁ
Tlutlagtu mstuiindléideuiifivualngjuaziienuduanuuingngs smsdeuliusazunsnd
Snunedeutu nadildfenunirswetusazuninazanas Jevirlianumuuiudeiuiiiuiy ue
Toidevesnmailsunuudouriu Ao dyaae1undu (Readback signal) agldFunanssnuoenaguLsd

a a

LAAINAITTUNIUAINADITIANI AD LUINIULNTA (Along track) ey WUIUILNTA (Cross track) A9t

= o

JeinlinszurunisUszananadygiamids ldlulagduiivszdnsaimanasegraun weduns
wAUgy1AINaI39TNITULEAUDNTEUIUNITUTTUIARA QY IULUUADINR F3a111909An15AUNTENY
Aana1 egnelsimunszuIunsUTEINaNady g aLuUaesdn dullnududouniimilalifiedwnn ¥

Tnenmgufudinisiufindeyaideudininiuuaeddld aunsoiiuanunuiwiudsiiuilunisdaiv

v

Foyaldunnds 10 Th/in”. 1l A.f. 2009 ARKrishnan [6] Ifinausuuusiaesiasiieguasszuunis

v a

Y
= 1 [ aal v =
uindeyaldeusianaeiial) 3 EULL‘U‘U A8

U

2.1 uwuudnassnsauluuns (Binary erasure model)

Aawandlugun 2.1 Wukuuiaesiteyadunagniinlviianainlaeduegivanuiiszlunasgn

9 Y

au (erasure probability) wagmuunaviufiavasiianain (Transmitted error probability, p) W31

WAL, A5, ¥Iuul 23613 | sEmu 2559-02-10-001 [
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WUUT1aDIRAETANNLAT D USIFLAALNUIZE NS UTEUUNI TS ALUUTHALA luTaRianain (Error

correction code)

JUR 2.1: wuudraesnisauluun3 (Binary erasure model)

(@) (b)

JUN 2.2: wuudnaeansulilsieiiiad (a) gaunad (b) lignuad

S=
H H HE BN
p

pl p2 p3
U 2.3: sUuvuinsuusimanidulule 4 woy

4

WA, A5, YU 3615 | S9EYY 2559-02-10-001 .
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(a) (b)

JUN 2.4: wuudnaesnistuiinveunsuliisewlios (a) aauad (b) lugaund

U 2.5: usunmilalsues (Vorono)

2.2 uuudnasansuladnaiiies (Discrete grain model)

1% '

Tuwuudraeslidnuaugvesdetuiinasysenouiunnnsuwidmanivuawagsusisgnivuaienty
' 'Y = P ) a o a | | < P~ I\ v oa v

pg1amne nIdlvesdetungauai Auandlugui 2.2(a) wiavinsuwlivanaziivinawinudndeya
ntuivuagluuunsuwivaniulule duandugui 2.3 Tnedanuiasduiinsiawingu pl, p2,
p3 way pd Aud1au nasntuagladeduiinuuuliaauad dawandugun 2.2(b) dmsunszuiuns
Tufinagylaedeusesdiduuwnar Tndoya nafainsuwimaniifvualivgnitvuwinvesindoyaszgn
ﬁ’uﬁﬂsﬁwmﬂﬂﬁwamﬂ%’qmﬂﬁuv‘hmiéwumﬂé’uimamu?}dwﬁaéﬂuﬁmmauﬁaﬂqqLLaIaJLﬁﬂmiiumu
NTTYATIUALINAINNTYNTBUTIURARIRIFUN 2.4 MNUUVALARILILTIUI Vo RANAIAILLANTY

igﬁ’jﬂﬂﬂigUQUﬂ’]ifmﬁﬂ)
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2.3 wuuInaaelllsuae (Voronoi model)

%ni%wé’ﬂmsa%ﬁqLLmumwiﬂiuaaiuﬂﬂiﬁiﬂaaqgﬂi'ﬂaLLammmaamiuLszmﬁﬂ LANUAIN LIS UBY

v o

Usgnausme 2 diumvdn e 9alen (Site points) wag Ldwweulilsuse (Voronoi edge) Asuanslugud
2.5 duwenlalsuseusenauluainnvesganiagiinanseninvaasledlag (Site  points) €15y

Y

mei’waaﬂﬂiuaagﬂi'wummsul,m'mﬁﬂ%ﬁmmLaﬁauﬁﬁwmﬁﬁu ANSASIBUUIIABI5UINN

= = v o (9

mnusligalenisesdegsadnanefiudaglinsunivinniidnvauzdmdendnda dwanslugui 2.6()
i saewiuraleiegvguanguinatsvesdnteyauddsmmaniduioulilsuey lag
Wenlilsuegazunusessasenituiazinsu duanslugun 2.6(0) luwuuirassasivualinisideu

duntsazdetegngludnteyatiugwiniy FeszAurainsifouiuniivegalenizdmasausiaag

'
a

YUIAVDILNTULILNEN JUN 2.7 wansseaunsifeusunisnuansieiueg1adaau diuguin 2.8 uana
[~ 1 @ a a £ 1 dl' Y = a 1 Qd‘
anmanuduiiimdniSeuiieuiuseninsdeduiinuuuaauaivasligaunfnauin 14x14 lng
) v I3 1 <@ I3 a o I3 1 I3 I a [ 1 [y}
mnualwaninanuduainan +1 Wudanazaninauluulvgn -1 1Wudvn dygrusiundu
a1115091b991nN15UsEaU (Convolution)  an wAutduniianuesdetuiinLasNanauanuaIvad

e U Aauandlugun 2.9

(@) (b)

JUN 2.6: wuudnaesdetuiinlagldununinlalsuey (a) gaund (b) liigauad
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(@) (b)

JUN 2.7: 52AUAUTULITIUBIMTERUMUMININAUENA1 (a) TALadetayY (b) idnadeuind

(@) (b)

JUN 2.8: wuudnaesnistuiinvedliuesinsu (a) aauai (b) liigauad

E‘Uﬁ 2.9: {HANDUAUDIVDINIDIU

WA, A5, YU 3615 | S9EYY 2559-02-10-001 .
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dmsunsgurunsussunanadygyiuaodia linisAnAumaiialvdg Yuun Tud a.a. 2007
Nabavi [7], [8] launausn1soonuuuIasUsumitasmsinanlddmsuresdygiuiinissuniuain

(%

WNSNTNAE (Inter track interference, ITI) %aqﬁaﬂuﬁﬂﬁﬁﬂﬂiﬁmgﬂLLuuﬁm YDNINNUTIULAUDIONT
nyateyalagliimnsaniimesdfdnnsuiuuss (Modified viterbi detector) Fadumstdasianm
3L‘Vl’ejgﬁLLUUVII}’JIUN’IU%JUUEQIG]EJﬂWiLﬁ‘iJLguwﬂdLNW%ﬂaﬂ%ﬂ (Parallel Branch metric) tfietagannanssny
NNI5UNILERIIR Feran1snaasuandlifivegrsdmauidnsanimesdififiudumauninanen
viauldenaUseansamannnindansianimesSuuusiily (Conventional viterbi detector) sewrly
Y a.f. 2009 Lin. M. M. Myint [9] laiiausiinisanuansenufiiinainnissumusuniueaesdii Taevh
mMsUszanmuAransEnuUIsdilefuIMmALLEEna1 (Branch metric) doyafitufinazgnuaay
WHULBNAY 3 WNTN ‘Lusamﬁauﬁwﬁaé’mmmémﬂé’wzgﬂmwﬁ’uiﬂa&’amwmLLUU%V\I&L@?M@%

v

w933 (Soft Output Viterbi Algorithm, SOVA) 21ntut17815 (Toua) 9 #3093MNAINTIIMNALYNAS

Y

L% aaa o

soludnnansiaLoanng eﬁamaamﬁauaamwmzmmiaamﬁaLLazﬂauﬂé’umﬂizmm%mﬁm%ga
(Estimated  bits) LLazﬁaaﬂaasﬁ%aa%ﬂﬁumé’q&’amawﬁmai‘ﬁﬁy’aam ievhnisiuseuiiass Tnei
Asznaveslntoyaszgnltifievinnsussanaamansgnuuau (Partial IT) FevirlinnsAmean
WF3Na1 (Branch metric) Sarmgndesutugunndadu nanismaaesuandifuegnsdaauiing

a

vhauresiInsImmfidnisteundumuszannvesdndeyaifiovinisussanainansenuuisdiu
annsovhnuldiussAnsamannninfnsanimesiffinsusuuss uasitetudednaumsuseu
qﬁu Uam 2010 Chang [10] ldiausuuddnifenfunisasiamiuuumaiounsn (Multi - track
detector) wuaRaugLAe fnmavazvhalasiifinsuaniudeuteyaoriseesseninetu na1ie
fouflazyhnismsramdeyaunsnlag azdoshnisasmamdoyaunsnirifssiiaesdrsosunandy
ponIIfEuIN Huiwhmsnsamdeyaunaniidesnislaelivstlemiandeyasrisoeiiléanunsn
Iradesiaaes ilevilimansramiarugnioanndsiu
ﬁqﬁ?uiumuiﬁaﬁﬁuﬁmLLuaﬁmﬁ%ﬁﬂmmiéhmnmLL‘U‘U‘wmEJLmiﬂ%qﬁmmaﬂLﬂﬁlau%’aaﬂaazﬁ%aa

Sfusgnheiesiuuagyhausiiusiaweasiigive dieiudsyansamlunisasiamviianugndes

WNBTY AsgUudenlaesunsudaguil 2.10 way 2.11 s

WAL, A5, ¥Iuul 23613 | sEmu 2559-02-10-001 [
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I
Lo )
2D-SOVA
(upper)
- , -
- I
AWGN i, ;:,“ i -
. ) 4 I
. w-sova ! 4 i
w, | LDPC |4 2 Yim N — , A= LDPC
= i [center) 1
encoder equalizer | 3, Y l ‘l Lt decoder »
Al | N ——
Y o Ng 2
m-sova | ¥
(lower]

E‘Uﬁ 2.10: ‘Ug’e)ﬂ‘lﬂagLLﬂiNi%UUﬂ?iﬁUﬁﬂ“ﬁmﬂaL“TNLL%J L‘VigﬂLLUUﬁ@QﬁaW%’aNéjﬁﬂE]%ﬁll“U’EN'Nﬁ]i@]i'ﬁf\]‘:]jU

wuugesianiinsuanUisudeyassisess

Uy Ty
u, | LDPC | % > CITI =
— — —
encoder  encoder / g
(43 mk’lﬂ @
R Y Tyiia Shi+4 hlra —
Uy L D < modified | «— le =
I LDPC | % |« Soft-CITI [« SOvAle—— 2D |3 =
decoder | < decoder ¢ N +— equalizer [&¥——2 —
< «— sova _[* G
%m z,, X2441 Skl ’I‘HT
@A Grivs Splia AWGN
| » Soft-CITI
a, < encoder
Ay, Spi

JUN 2.11: vdenlpezunsuszuunistuiindeyadawimaniuuaesdlifindoudanasiuvedisasnsiadu

wuugelAninsuanilisutoyaeyiseainsaurnisinsiaves outer code

wuUTaessruUNsUuindayailuivinuuuaedii Ussnausmie 3 dumndnfe
1) wuudnaesdevuninusoresdgyial (Media or Channel modeling)

2) 1TUTUWINEDINRA (2D Equalizer)
3) 2995959 INB3T (Viterbi Detection) waI3a30TIAMTRNAMBINANDIT (Soft Output Viterbi

Algorithm)

WA, A5, YU 3615 | S9EYY 2559-02-10-001 .
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2.4 WUUINaRIvasaaUUinuUUaINsY (Four grain model)

LuUsIanvesdevulinuuuiinsuUsEnauseTtondn 3 du fie 1) n1sdiassdetudin 2)
nsruIuNsTuindeya wag 3) NTEUIUNITBUTRLANAUAY

2.4.1 ns3aesdatudin

LLUUf\i”la@W’a\‘i%@ﬁjuﬁﬂLL‘U‘U%Lﬂiuﬁ]%ﬁﬂwuﬂiﬁmimmL%gﬂﬁ%uﬂﬂLLﬁzgﬂi’ldﬁLﬁulﬂiéjﬁgﬂﬂuﬂ q
LU BB 2x2, 1x2, 2x1 uay 1x1 IpedishdetuiinasUssnoudumnanninsuusiudnii 4 wuudanan
Muunliisaruuuiainnudiazidulunisnseaesuduwuuasda ( Uniform  distribution) wnusae
dyanwal pl, p2, p3 way pd ﬁmamiugﬂﬁ 2.12 Fumeunsadrauuusiassdetufinuuuainsusuein
YNMSGUNUNTUIIMANIUY 2x2, 1x2, 2x1 WA 1x1 amddufauandugui 2.12 feuflaziiennsy

weazlUULNdnE eI uAIIUN 2.4

p1:1/6 p2:1/4 p3:1/4 p4:1/3

WUU 2x2 WUU 1x2  WUU 21 WU Ixl
JUN 2.12: wansvunansuinduldle 4 wuuwazaruinazdunesnuludetuiin

2.4.2 NSEUUMSUEUTaYA

u

'
= £ A

lngusnidmsunistufindeyavesdeduiindudmanyiliusazunsnazgnideuliueniaiuy
Inedisyertesiu (Guard band) Fetesiunissuniutuseninaunsnua ludetuiinBaudivdnuuuaedln
AnugnLitdlagniseniansrezdesiunasldguwuunsileulndinitendt “nmsieudeuriv” (Shingled
writing) Bsunsndeyavzgniieulnbeniulaeiideuiniivuinivguasainnuduauiuwdmvangayilild
3 A a dy = = [y a a (Y PN 1 < v a o
IuwNINRRINTUEe isui UMWk UURY deuanslush 2.13 uag 2.14 agelsiaudaiden
auunffe Wesnierulivualugniinnuniteewnsnilidygyiaeiunduazgnsuniuedis

JULTIINUNINdGAes i dudeddnisussianadyaaniannududounndu

WA, A5, YU 3615 | S9EYY 2559-02-10-001 .
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JUN 2.13: fegevaauuuinassisn1siluudeyauuudauiumenisidyuvesiilou

Y U

(shingled magnetic recording)

-+
-+

Y

— I TR

JUN 2.14: f9819900UnSngnLlsuiy (write-track

>

Y

I R 4N \j J<7

\ \\\\\?

N \\\.

pitch),  dduluniserunazn1silisudeya

(reading/writing - order), wagunindoyaanvinelifinsdewiiv (write-core width) Tun1stuiindeya

WDANWUUR B UG UTIU

WA, A5, YU 3615 | S9EYY 2559-02-10-001 .
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Mnuuuhaesesdetufinuuudinsudledmualivinadadeyafiagymstuiinuintu 3x3 insusiends
Sndoya uazimualiniunsulivung 5.5 uluwes Sufaaansafunuarmuiuiundei (Areal
density) Iy 2.37 Th/in® dwsulunssuiumsdeuagynstuiinaslufiazdngadiSesanuly
Tngduiinanuuasans $1eluan uansdsgud 2.15 Tunsdininsusionawiduagldanmanmdy
wivdn (Magnetization) vesdetufinluguil 2.16(a) Fsdvraunuaniweuduuivdndauin s

ﬁﬂ’lWﬂ’J’]ﬁJLﬂULLﬁméﬂ%’]aU "memﬁ’waaqquﬁmiu%qqu’gmmLﬂiuu,u'm?ﬁﬂﬁuaaﬂmuaﬂﬁnmﬁm

s o

wadihnsulugnilsugannniving %aﬁﬂﬁamwmml,'fluLLaJméﬂﬁuaqﬁmwaéﬁuhiaugmmﬁ

wanalugui 2.16(b) Wievinnmseuanduasynliifinanuraieugainndyyinsunudeduin

Media noise)

Trackn Trackn+1  Track n+2

WK
AR

UM 2.15: uansandunstuiindeya

E Track E

L width
l [ |
e
cell
! Hm.
|| | |
(a) wuugAUAR (b) wuUFENTY

JUN 2.16: matUaeuan mdwimanuesdotudin (a) aauas (b) dnsu

WA, A5, YU 3615 | S9EYY 2559-02-10-001 .
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2.4.3 NTUIUNITIUAINGU
NSTUIUNITEUANAUM IAIINNNSUSTAUAULUUEDINRA (2D Convolution) S¥#INS@nINAINY
I 1 < 4' v = U v 1 Ql'
Wuwimanue g tunnduiio1usuaunsi (1)
w5, ) = [[ & mh(e=&,y=mdédn + n(x,»), (1)
WO v(x,y) WNULSIPUVDIAUINBUNAU m(&,n) wnuan1naslundivdnuesdotusin cy, y) wnu
Handunanauauay (Sensitivity  function)  U89%I91ULAE n(x,y) WAUQYIATUNIU HIATU

HANBUALBIIBINE LA TsUlAlgaNnTT (2) uALLanIRIgUN 2.17

h(x,y) =« {tanh(alx+a2)— tanh(alx—az)} (2)
{tanh(a3y +a,)—tanh(a;y —a, )}
lag 7 a, =|wk0H+wk1G+wk2T+wk3U+wk4hm + Wy st + Wit +wk7|, k=0,1,...4 W,k U Weight
matrix, H WiuANLN311wesTadnandng, G unutesinsseningda, T, U vwevedlnandn, hy WNU
Magnetic spacing, t,, bNUAINUNUIVBY Recording layer, t; LNUAIUKUIVBY intermediate layer gﬂﬁ
17 wanansnauili Sensitivity function vesas udien H = 26 nm, G = 15 nm, T = 13 nm U = 2

nm

g‘dﬁ 2.17: u@n3 Sensitivity function v99%#I87U

WA, A5, YU 3615 | S9EYY 2559-02-10-001 .
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2.5 fINTIRNMUUYDNALNAIMBIT (Soft Output Viterbi Algorithm, SOVA)

29930529 Amesinldndnnisasramdydnvaluuuaiduiinisazidugaiiagn (Maximum-

U
aniivaianainlafan

likelihood ~ sequence detector) @evinisnendeyalaenisidendinudey
il

(wmsnanniiadesign) wilildsuuseiuiinisaenteyalnuiaziniasiidgnaeign Tuueidn

asmkuugendiomaiwestldndnnsnsiamanuiasduezisossgean (Maximum a posteriori
probability detector) Ingazyinn15nsandunInfunffianlneAuaAUASNa119INANNILTY
geanveIn1sildsuaniug LagliAnunsnaIu1veIiinsankuugende e Imesy aunsawinle

fanangbuaunis (3)

1 (3)

2o

J—;%n—ﬂm@f+M%=@
O

IMMyA%D=m[

Tef  Fuq) ﬁaé’ﬁu%;ﬂal,mﬁwmawm”zgiyﬂmﬁaaﬂé’mﬁ’mmﬂ?{auamuz (1, q) PIULNUNIN
wIadd o AeAnuuUsUTINvedyy usunIuLasmeanaavnemanAedeyanuulwslussisens
YoIAUTRYAOEN o,  Sniuhitimualiruzluesisessuindiuaudzyiliauns  (3)
whiudnsamuuugendemeiinesiaginumileuiufmnsamesimivesd  nanfe 993
pImaTTimestardnudmEnalnefiaudliudardidudoys o, Tamnhazduozizes
Sy egnlsidmndeya ﬁiamaﬁ%Lﬁmhjwhﬁ’u%v‘iﬂﬁﬁamnmmaﬁmﬁma%ﬁﬁmmgﬂﬁm
fovas  uendNidmmamLuUTeNdiomeRe e saliodnmdusandiuariniiandu

(Log Likelihood Ratio, LLR) Taed LLR Senléainaunisi (4)

lw)zm{m%=uw} @
e =-11y)

WeavonAMuULIedovsn1sindulavesintuadauisailvldnusiviusiaiugLoanng

WAL, A5, ¥Iuul 23613 | sEmu 2559-02-10-001 [
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uni 3

[ %4

A RUIN5VDINISUUTNLT L LAAN

3.1 MIganuuuszuuMsUuiindaya BPMR adeuann1sn1sdnalegnadayaiiugsy

Wlevdnidesnusiosnisnislivheuuuuuay (narow track reader) lumsduiindeyauuy
Ggauﬁuﬁﬁmmmwmuﬁugﬂ 1513inARluNTERNWUUIBNISARAIIE (decoding schemes) @S
mseudeyn 2 LL‘I/]%ﬂI‘L!L’Jﬁ?LaEJ’JﬁuéﬁEJﬂ’lﬂ“gﬁﬁa‘ﬂuLLUUﬂ%ﬂﬂﬁﬁ%uﬂ@IWﬂmﬂﬂﬂ’j’]“UU’m%E]\‘iLWl%ﬂ“ﬁamua
NansENULAnIINNsWINaeaTEiuminiguLsiadudesinigiovusld  dwiuiBnamanides

1% Ly

] < o 4 o o= v < = &
[Tl U am’ssmmL‘LJuLLaJmaﬂ%aqaauuwﬂ%;ﬂﬂmzuu 2 N3N ﬂ'li‘\]gLUU?%U%&&‘UWUanﬁiaLL‘UULEJ'E‘N

(staggered pattern) é’auamiugﬂﬁ 3.1 wiadiansaeasiawuvdesdianinnudulldaenan fe 1)
MsnonsHELULILEY  (recursive decoding) lnenstnssgadeyadyiae1undunigdnsinisdn
fhegnafiganinnd (oversampling) uaz 2) MInsIamanauaussutsduisimmdululfnndian
(Partial Response Maximum Likelihood : PRML) \ilesanndoya 2 uwningnemutusmdontu ey

gnansingleudeyadsgenitnisenudeyaunfuuuwnsniien

T =14.5nm
A
Upper Track
Center Track T 14.5 nm
12
L =725 nmI Lower Track
L :}47_;5 nm

JUM 3.1:  n1sedndeyauwuuiged (staggered  pattern) Anglinanauausavesiig1u (readhead
sensitivity function) WienaNGEINITUNINABATENIUNINTITURSIIE5TRIsUNsIdnaTianisTn
ZPLEANGITEER

WA, 915, Y1 93813 | sWamu 2559-02-10-001 [
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(9 1

ogndlsfimudausiasiisnsmadiieyafigiiuusitewidesansns wieyaiiiniuasdongs
§he Fsaunsavinlilag anainue1ives shield gap 1dnas ansvesrnsszninadetufinuivaniu
Frendlilngtu [11] udu

'3%msLﬁﬁﬂsﬁaﬁﬁa;ﬂaﬁauﬁ%v‘hmsv’ﬁau%’mﬂamlﬂé’q?iaﬁ’uﬁﬂﬁﬁmﬁammmv‘hlﬁé’qﬁ [11] 3513
LLiﬂﬁ%ﬁ%mﬂaﬂé’uﬁumléfmﬂizw 2 wnisn fisruanlddhersunuuninssiufumaia oversampling
Taeguil 3.2 wansliiiudisgavesnistniegisteya (sampling points) dmduniseuailu 2 undn 90
yosmsinshegsteyaazeglusumimssnanssnunthuayedmdsvesanzusimandtuiinle ilesan

¥ a =

Joyalnnsdosvzgnasistuneluanuendnvesanziimanituiinlduazsnsinisaneloudeyade

LAg7}

sziludeavinvesnnueniteyainluaniizudivanta q dygyiugiunduainyisassdiogsuiiin

= o

PUNtNkarAsIrdasannewdwan M, lundazuninaziinnuadieadeiu lneAnnuduwusisinaus

feaunsi (3.1) Adansiudeyadld A, annsuimén M, wasdyanasundu R,

M, =4
R =M, + M,
A =R -M (3.1)

A19197 3.1 Msiisiadeyanaunisiuiinteyaasludetudin

A My M, Ry = Mp1y My
+1 -1 -1 -2
+1 +1 +1 +2
-1 -1 -1 0
-1 +1 +1 0

P & v I & a ] I3
‘i]’]ﬂE‘U‘VI 3.2 13719LUINIMINNT VAN UL AU ULULAANYDIUANDUNUN LYY M, MJuUNg

= [

uiindeyadn “1” w38 “-1” adlUud Waisgudeyadoundunsouduinmegadeyanyniiviouriu

3
aaa v N

YounInUULazUNINna1nElATEAvvesdIMe unaUTaiNA 3 n3el 1) nsandaneuntuaydn

Uagduduiinide “17 dyarusrunduinlaasiiveundyanindu <27 2) nsdifndaneuniuastndagiu

v =

Guitndn “-17 dygrasundunliasiveundyaminiu “-2” wag 3) nsalfidaneuniuasintdaqiu

WA, A5, YU 3615 | SWaNY 2559-02-10-001 .
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Tuiindn “Oaitwanaiefiu’ ”z:ymﬂméwuné’uﬁlﬁ%ﬁLLamwagmwhﬁ’U “0” AUAUNUSAINAIEINNTE
sonuuuidunsdsianew (pre-decoden Miwaunanslunisnad 3.1 [11]
asj'mlﬁﬁm'ms[,uwmmﬁlé’ﬁwLauammiaaé’zyzyﬁmqmma Fagslallgdinshinseiianansenui
na1nANNRUNILYeIdnteys WU AuduNIueuInYeIdndaya (size fluctuation) AIURUKNIY
vosiuvisvasiindeya (position fluctuation) duduaimemdndineliAsdeianaialuszuunisduiin
Toyadudmanuuudaunaiisu @1’@514@114’3%’85@]334&11]1’71'miﬁﬂmmamzmﬁLﬁmmﬂﬂﬁ]ﬁaﬁmdn s
sonuuUkasTRWYesdyg unsTuiindeyatoyadudmanuuudnunaiisualonusss n1sesnwuy
mwﬁﬁﬁaLﬁw%m?‘immaﬂiwuﬁLﬁmmﬂ?%aﬁuﬁﬂsﬁaga sdeansiaudnsaiuiievesdyayio

2T2H [12] fe

UM 3.2 Mmadsudeyaadludetuiinteyaninmynediuuibes [11]

3.2 AS9RNLUUNISHUNSHALUUEDINRA (2D-Coding)

aaaa ° % a

M siawuvaeslianiinisiausluszuunistufinteyadauiwinuuudaguuuuie

Y

Guiinbidule Swdnnisdadl [13] Buannsfnyzuuuuvesdyaaeundu (readback) wuinie
wdufindayanuunzied (single dot) 15n1avladaameiundudeun 3.3a uiluszuunisduiin
Toyadaudmanuds desdinistuiindeyauvudeiies duiudddaunsafivesvdniemansenuves

NMIuNINaenszINdydnwal (1S1) 2030nT19LABINTOUTLANANTZNUTOINITUNTNADATLIINUNTN

a1

() Adnanunindnadedls feliu indanenenamdnidessueuunistufinteyanneliinmenisel

Y

'
v A

fanadTu Feanunsawueenlagensal fie nsdinnelviianansevutoyan Tude n1sdufindeya

WAl. 15, YUY 93813 | sWamu 2559-02-10-001 [
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On “1” deusaudedn “0” Awandlugu? 3.3b uaz nsdifineliAnnansznuuiniign Fadunsdin

¥ a o A Y RS w9 X oD €10 X =
L319DINTVANLUAYY UUAD NITUUNAURN “17 dauUIpUMIBUR “1 @QLLaﬂ\ﬂUEUW 3.3c

15

1 ! !

05 \ J o5} | __

bl T overshost B g;vnal amplitude

1o 100 200 300 400 0 100 200 300 400 10 100 200 300 400

JUN 3.3: JUnuvvedyg e undunsdiidunienes () nsdiinelifanansenutiosdn (b) waz

aa Y a
ﬂSﬂJVlﬂ@IMLﬂﬂNﬁﬂSSVlUEJ’IﬂEjﬂ (C)

JUN 3.4 NMsIRLUUADINATIE NS SavINAY 5/6

NANN1INSLNTARUUAREA Ar nereuvanifesgluuunnelmiianansEnuiIngalaens
wnsninduniunluneunazduiinteyaasludadeduiin degun 3.4 In1stuiindn “0” wazln “1” aq
TUFsdundsnuiuay laelsnsiswavindu 5/6 Favruvilruseansainvesssuuaiuagraiuladn

wenNNTuLmTanAdeingeaiiuadn s sialigdulagnsidisiamesUuuunddauanslugun
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3.5 Wnednssviawiiiu 7/9 [14] Beliiieauadigiiugnssialiasduminiu uidseivaussaugl

SrUUgudnmeRauandlugun 3.6

-] e

[ — ]

JUR 3.5: nsiinsvialuvaesiiRnanssawiniu 7/9

- (b)

1073

;1
e
*x :
(=]
I~

0.1 012 014 016
Jjitter factor
—8— No Coding —P—7/ Coding —#—5/6 Coding

—

o]}

[—2n

| %)

-
=
= .
-

-

=)

-

b

=

o

JUN 3.6: UARANTIAULYDITTUUNINM TN SRaRUUARANSns 15Wasneq [13]

[ v =

uiilosannsoonuuusiais 2 wuuiinanideunthil gnesnuuuiiiotesdynunistud
fo3auuy without overshot ameluladiilagtulidléud dalduasududesdyaumstuiindeya
WUU with overshot [15] G?iﬁmsﬁumuﬁumaﬁagaiuﬁm%"mLﬁmﬁf\mmﬂ@mﬁuaaﬂlﬂ Mnlidey e
nduiisuuuuiinaninsdauandusuil 3.7 fuhuisdfinaueiinisdaguuuuindeyanuumatsunsn wio
M-RBP (multi-track recorded-bit patterning) [16,17] ﬁﬁﬁmﬁﬁaqaﬁm%sﬁmé@mmmsﬁuﬁﬂﬁﬁ'aga
WUU with  overshot Tagagyinnisideudisuteyalunsazunsniievnsuuvuvestoyaifgaainniss
fum (look-up table) Mniudstiufinddudeyaiifgradludetufin BBnstastisanuansenuiiiinain
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S wag 1M I¢nn Geainwanismeassmuinismsiitiausaansatisifivaussauzvesszuuldunnile
Wivuitsuduszuuiilsifinisidhsiasgslsfinm 35 M-RBP finsfinnududeugs
uenntuundnndtldiinisesnuuuniadhsadeyadestanenguadunuuassiinfdeny
Fudous dasrsadoyags uariiuszansamlunisdnnis/manides/annanssuvenisuninaen
seuaundndmsussuumstiufindausivgn BPMR Gawnfnnsidhsauandlusud 3.8 Tasiindnnis
fail Algvihmaidistanindoya 4 undnloenlussia 5 99/ 5 undn deuflasvhmstuiinadlude
Sufindeya Failiidaierlifanmsunsnaoniisuusaintusvinaunin (18] wassdldinauenis
Wiswashedmsnsviawindu 5/6 [19,20] fauandluzuil 3.9 Tnesuanddiuteya a, Afesnisduiinazgn
WasulhOuuuuassdid Aowdsuandeya 1 unin udoya 3 unsn ileidesunsguuuuu [+1 -1
T

T = v < Y] I A a
+1] 5o [1 +1 -1] Fegduuuvesdoyalunwinninamnsadulsziulaiuansenuiiinanunsnaen

~ o v

] < L a X = & v i & I3 o v =
sendrninazldiindu annsfnwiludesiunuirgdwuundululuiissiunasradusiadeyad

Viaviag 32 ULUU (patterns)  Aauanslugudl 3.10  aguuuumaiazgninunadialumsiaiionis

v %] v 1 \/L
WwIvidUayanaly
s The single bit ) The constructive case The destructive case
0.7 0
2 2 3 02
g 06 8 15 s
8 8 3
& 05 -4 & 04
8 8 3
Foe El £ 06
< H H
§ 0.3 2 3 0.8
S 0a & N
= 04 2 2,
-200 -100 0 100 200 1.4
nm -200 -100 0 100 200 -200 -100 0 100 200
0 0] 0 1 1 1 S I |
O |1 |0 1 1 1 a1 | -
0
0 0 1|1 1 ST I I I
a)
( (b) ©

JUN 3.7: dygyrnueunduves (a) dndeyainen (b) nsdlnfgn Welnteya ‘1’ gnasuseusmeindeya

9

‘1’ uag (o) n3dinnewan Wednveya ‘1’ gndeuseumedntoya -1’
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<

gU 9 3.8: 35115 M-RBP (a) ¥ umaumimm@wamam
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DEED § s,

Encoding

O Em
EEEE
j 0@ mE O
"OD0D0D0
EOOO0

»
along-track direction

Aftgnueauninnatsuay (b) Tumeunsiadiy

~

s vesiiltl

% 4y | 4y | s akﬂ g """" xCﬁD "
T 77 g
encodmg‘ ER
)&3’ XC:B” decoding"f
N . i
k2 xk+1,1+f % ag, | a4y | 4 ﬁkﬂ;‘%

JUR 3.9: s sviadeyamenianengatuluuaodia

=

o -

=+1

ag3lsAmunIsIdnsaIands lanusavinauluszuunisugld wesandunisinsianuu

gninueangiatudnedalifenounsisosseseninuyaasiadidinaliiinnisunsnaensenitaunineg

e

o

At lfauiulunnisimunnisdisiasuurenanfauianmu e savinnusauiussuunis

P L
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C, C, G G

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 Co Ciy

1 1 1 1 1 1 1 1

1 1 1|-1 1 1 1 1

1 1 1 1 1 1 1 1
Cs Cu Cn Cis

1 1 11-1 1 1 1 1

1 1 1 1 -1 1 1 1

1 1 1 1 -1 1 1 1
Ci Ci Cy Cy

1 1 |- 1 1 1 1

1 1 |- 1 1 1 1

1 1 |- 1 1 1 1
Cs Ci Cu C

1 1 1|-1 1 1 1 1

1 1 1 1 -1 1 1 1

1 1 1 1 1 1 1 1
Cn Cxn Cys Cos

1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1
Cis Co Cas Cyp

1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1
Cas Czo Cs Cs

1 1 |- 1 1 1 1

1 1 1 1 1 1 1 1

-1 1 1 1 1 1 1 1

U7 3.10: fhegrevasmsranliannsithstase 5/6 2D Modulation Encoder [19]

= Y

3.3 A atuazddauinisvasnistuiindoyawivanuuudadin
v = v a v aa o W | a & A4 L2 2% v a
mstuiindeyataudindnlutagtuidadiinvesrnuvuiuiui@iung 1 Tb/in” 8981989310
U5InN130lusiindnnis1deen (super-paramagnetic) waztgymauegislunistuiindeyawsiman

[211-23] 1ud 2008 Msduiindayaiduivanuuuaediflignunausiiionanaulinnunuiunganud
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Widndrdnsenaniaedinddddmlsznounnlunstuiinuuutagiu meduiindeyadeudmaniuy
goadifiiinannisnuiuvesnalulagnisileutauiusiuiuniserunaulaznsduassds nedimata
Aenslideyaunazunindanuduiusiiu
msduiinteyaifausiivdnuuuassdialdignanidssiinisldauainideufiguasivinanineey
anusaaninsukimvdnvesurutuiindeyalduasduhlinisussadygramesdininnuannsouniu
Frensldinadagrumuuninundmfunssrdlusnenaunin suiu nstufindeyaiausindnuuy
aosdfthiaueludosiuiaruguesdutufinudvgn fo <1 Sase 1 10w winlassaiansuasdu
wuuldutueu uaziileids 1 dldfiuneraninauenrumuuiudaiuiifangaugedan (4] unaanu
fanamlfdianssieunarmssundusmiinsnsaduloyastnamnzandiqn (241-126] s usly
asiduataudarfisnzanazgnanas 10%-30% oenslsAmunistuiindoyadausimanuuuassiiai
Sudusnmiuneluladiiidusmes Meilidesandaudssuazanuduarganiumaluladdus (5) Ty
vaneTiruan inldouinadnuarresnstuiintoyaiBsulmdnuuuassiifsnineifenisideunuy
Fouriuuazdudinlafsnsruiunseunuuaesiiuagmsuiumi/mmatuiiazannsataasululdluns

indnsganesvesrnudutouvetwutuiindeyala

Y
] <

nstuiindeyauwdmanuuuasadifigniiuluiiniseuazdesdnsanininaiauninusasunini

Y

WY ULUUTDUNU 981015091 L AN9I81 UL AgILAENaNg B Y ngﬂ%’aaﬂamﬁ]ﬁ]zayj%mﬁ’umﬂ%u AU

v

NITUNINABATENINUNINIGY N1ATUITARIUTENOUMETayaduNRLasiaINAraIedIl Aeudeasy

q

TudagiuAenisiuaddeluiinisiinszidoyad unduunazn1snIdnnIsunsNaenseninunnNgady

3
9819110 wnAnnstuiindeyalswsimanuuuassiiiuluiiniseuuminnansvesudazuniniidou
Fourruiumanes wndn Msnszvhdinanavddadenseumane 9 adssaufumsldmhernusisunn
Tng) Miooragldhenuvans o th awnvesuninasdandtlndruniisvesnseruannty Swenavili
\Aannsunsnaonseninsuniniiuintudie ludrunasudindudedddiafifiadunm-fiafifiaiesing
Swiudmnemsing (Target)  apalifuazniniuassifnuaisiu aasueavgldanuineaifives
lassadauiuduiinteyasiusie IuﬁumzﬁLLmﬁ@Qﬂﬁuﬂ%ﬁﬁﬂaqu Toyaleanazlaunanyesdeyay

Weuauieativayunsiteyaiiianain disevanalarenaasilunsidesmuiifegunsaliivend

WAna1nnsiadudygimvale s uwnin uenainddandgyyiusuniu §9Rn11n1981UINNITUNINEDA

SENIUNSN
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3.4 myvuiindayaiBawsianuuudauiiu (shingled-write magnetic recording)
nsleudeuiiuilunistuiindeyaiiliauuins Wesvndeyailmieazgnilewivlusiiudig 9
wouunin Tuaduaiedlassadiswaznginssuninunefazdevitaudilaieildn sleusud
AMIANNZAN U 3.11 wanatiauiuene vesdyanauasdayannsuniy nsloudeya 3 uninszy
Talaen1siInuawnSNA N-1, N, N+1 aud1su eewnsn N Ao wn3nfiana1anse home track 9157
fon13erudeya Weasniideudvuianite n1siligulsinnisdeuriuwaznisavarufindy usiiu
1 1 <@ I 4 LY} a I a v & 1 1 <
59888521 I19N5 N2 TULUANLIUINAINUTUVDIRUNTEU Aza1UTARUIATIEITLTY 5 du wuadu

gl +1, A, B, C, way -1 muanau sawanslugun 3.11

JUN 3.11: ununmeSungdyaia SUaIuTunIl karnIsuNInaenveIusame 9 lunsduiindeya

WBauwdndauivu [27]

U3 B dygyauannuninfienansasinan dygiusuniuazgnindnegluuiiiuveuwasd

g asuMusErIaninios AnududygIuavanamIuszey N+1 89 N-1 1 enainuavesnanu

[

Tasvasaunwudeu Tuvugdoniuiazylinnsideuresdygrusuniunudnuniy

i
Ui A uusnaidyginuewniniinaisuius 1edangnideuiuuiadiuain
auuwdianslvavesiudou TunaufiRudimaniisnduwlduisziinauiuwimanavdisinlian
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fynunNIRdugs dyaannuenaaugazgnnduiiamduuinaunin N esnauiniala
vosudeunnunin N+1 iliAsnsdeuiv dygrasunalurinailiguasiduiunamianiuis
fredausumusesdeuardyaiusuniuatds vina ¢ Wuuinaiuenlisondnduuin A
vidoli s iuluBsmsdeurufeaiuuiin A

mMsdeutoyasziudeuluitnunind N-1 Aoy sudounind N uaz N+1 sudisy eus
azunIngniBou undnneunthazgnidewiunazaudseenluundiu deifissusdiuidnstoyaiiali

L= ¥ Y]

JUN 3.11 wanadialaseasnedaya 3 uninfigniuiinasukuiuiindeyauasaeuisauuudininvean

Weu Tuusiw -1 uansdsdoyarawnin N-1 Nfinsdeyaiuliad Fsnmanvuzdinaunignaunuly

U9 Salo [28] Lay Galbraith [29]

3.5 mIguunszuumstuiindayailusindnuuusodin
msnsesidyaaluagtuesiiesgilufiansnaunindedyyuenuiimnzauuaz sy

ndvluguanuidenauuuniaifiiioguansuausivesszuy Wesnnluszuunstufinuiménazgn

anupbAduszuuadu wdluanuduasdussuuasadianulidudeduwleg sUsuudiavduiionds

17 L

gninldlunisimsevssuunmsduiindeya [30] meauautairwaswiavduiion nsvinaeulig
TudgyruerunavazlinanovaueIvesssuulssaonaduduazyiou [31] walladenanddsainise
° a PR a v v P ] a ¥ = aa a ¢ & a v X
Wandasgilanassvuldaduianazssuuibiiludadu 393sn 15 seiauliidudaduign
Uauslu [32]

JUT 3.12 uansdananauausanadassifvesnavduiion P awn 7x73 Wudyaansziuues
sruunaeaIntuiinteya P iudesdgyaruusuduiindeya 91unduaieiiguning 30 nm  wagdl
S¥EEMITENINUNIN 38 nm WethussnduesdyausunauinmAsaanduiusiumnsng P azls

HanaUauasadnigu 3.12 nadunanevausmdnfiganilawazaduszaonasifinduszaonusniin

Y

Ly

91 Volterra kernel SusiuasdaenaaaiUHAaAUTRUIAY PP 1) T9RSUAU Volterra kernel Uauen
fansndufianiavesdunalidmasenisnaufiavisesoming Usingnisaliifeanuliidudaduves

JPUU [33],[34]
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aa

JUN 3.12: drunilavemansuausaiadaedinnignAnueneanuwandbiiiuanududadusaslidud

wulagldymavduiieuaesiifivun 7x73 [27]

AAUsZaDNTIARdluUSINYINAAIN Volterra kernel dudiuay adenndasiuragMIUsi L Ay

2 & R s v A a = = o R

WUIYINUNTAUAEAIUUNTN Py, PPy ANMHLITMBO AU Annauiuunlnieturesuruduin
v =

JayaninasensWeudeya 5UN 3.13 LAAINMYLILVDINARDUAUDINAE WUTUAM undershoot Faiin

NUssuimantutiu soft underlayer vosusulufindayauazaunufinauUs MU UTEITIEY

JUT 3.13: fegvesnnudududuvemansuaueanadluguueanindauuwazdaans [27]

3.6 NITIUNAUFDINALALNITNTIVIV
wnAndmsunseudeya fe erulidustluuinainalwemats q unindeya egalsinnu

A15ARL MUY U Ao UTUL LIV INIWNS NYin L ARNaNSENUaEaun Taatanizlun1sisugausivu
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ilesnmnuliasnasvesunindoyatiues ileliidrlamaAnnansevudnanluszuunstuiindeya
Bawimanuuvassdii Seesfnuigadnvugniseudesaivinnismieyuvesioiu sesvinesening
unin uazmsuiusmumidunisnsunin sansveassdananazanmsathansineanuquestoyad
Juldlala

aunsuvassUAaugnTLinIINAITAaR LU UINTaYavwIA 2.5 17 UNATEY spin-stand

Y Y

Y a 3

= I ¢ Y] v ° Y = Y o S Adou |
WJL‘USJULL@SMUE)WM@WWmaﬂmhﬂﬂgﬂu'mﬂsiﬂuﬂ”l'ivmaad ﬂ'liuuvmgﬂﬂaulmm 5 ATV TAUVDILLNY

e

wiindayasiafiu ausvewiudufindeyasgf 5400 seUROUIT S38EWNTENINNITUTNAUWNY

1 = 1

Juiineindu 1 nm  gesdnaalvusiulalduuuiieanuansanantaswidenndlvgnalunieisnis
maximum transition run luwsagsAdvinnns mwwmLLu'uL%ﬁLﬁuLLazﬂmmmLLﬂuLLﬁﬂﬁ]ﬂ%’mqqqﬂﬁ
I~ 9/::4' v a o 1 ::4' a 1 1 3 v [ 1 dy o I3
Jululandsiiveu 9 nm andumibsiiseninssegsenituninauval ssezdnaitignivualagidy
ANSEEZYeTEN I USNIVITISasIn1sRena e games 50% edaumeiadsgn
‘LumasmimmaamsﬁLméﬂ%’aga 6 N3N nsWeuivazeglufiamalsudmdainanaluny
Tufindoya egndlsinu drususiunisisnansagldnsideuiurisaesiianie suadugnduiiniinn 4 5
NM ARBAKLITINLNTN TOULNINNAE UAZNN 9 2.5 nm VaIunsnNNa lunsastunauasgnauUaay
& A o a & a ¢ \ a P | 1%
aeansavenendyyrusuniudiannselindeanu usiazguaduazUsenaume 95-160 du andeya 4

(%
[

kB 1@ensegafimnud 2.5 Wudumeg ot luudagdafinistiudin madouazsi 5 A udazase
wiAsuAszerinseriuninanas 4 nm fadu Suuvesdoyatanunasdl el 6 f1 seogiing
sgwhaundn 5 i sumidlunissiuszana 40 A mstufindn 2 afs 52 2400 Faya
ﬂszmumsiaugﬂﬂ?ﬂ'uamgﬂLﬂwﬁagﬂlﬁuamiugﬂﬁ 3.14 ﬁ;mzjmmama@ﬂWiiamgﬂﬂﬁuﬁaﬁﬂﬁ
#nsnmsfianaaiitiosasniiniseusuaduien dunounsnfenisuiusiifionmaneuaussuisaau
Ingldnaesfusuin #1 wazdusuin #2 ﬁm%’umsmamgﬂﬂ?{u FIN304 finite impulse response
(FIR) uazmsuInusiazqalsgnld finses FIR Bunmassduazidsimanieigniaduliliidmanems

WARILABINU

WA, A5, YU 3615 | SWaNY 2559-02-10-001 .



N1599NULUV9AINTIAIUAWINATIANTITIUGT 30

JUN 3.14: namauauekunfiganazinavesimnsasdmiunausuadu Mo 1 egluuiianlndianais
2 v | v 9y o 2 o 2 v a & ¢ =~
wnindaya ewn 2 gnusulvivdulumiauning N+1 1dntey Bunansasuaziowinaiidmaneuwuy

WU PaUU AIUSUWIN #1 wazsUSUWN #2 JNaRBUANSINTIaLNY

gﬂﬁ 3.14 uansdaranaUauesuiniiyaLazHanauaualavesiinges FIR Neeoes dyaases
”tyzymgﬂﬂ%fuwhé’wﬁaﬂ%fuwhﬁﬁLﬂmmmamﬁu ﬁﬂamﬁqq 9 HANTENUNAN & ANNITTILFY QI8
A MITaesdygalaensunaiulaziiuiniyaminiu ﬁaﬁ?ué’iymm%gﬂiumué’asé’mmmiumu
diannsefindognaguus fieudsh q dyaraendiuSusih #2 Sandashatndu 1/3 vesiauuwi
#1 villauindns ilaanisiinnisunsnaensewinauwninle asdiuidfedefivesnisrudyyuaes
é’zgzynmﬁagﬂﬂ?{wﬁmgﬂuﬁﬁLmiiq 15%-30% UBITZHLNIITEWINUNIN

'3%ﬂﬁﬁuﬁm%’mﬁmaugﬂﬂﬁuﬁaﬂﬂiﬁmﬁaﬂﬂiiauﬁ’mmmidaqﬁf’jmﬁﬂ%agﬂmwamﬁa FIILLERN
Tuguil 3.15 1389703V Gaussian aesfifidugussdsatszanamesiliiduauseulmvesieu (read
head sensitivity function) mmau‘lﬁaq%’ugﬂé’w%qﬁ’ugﬂ‘ﬂqﬁ%’uéhﬂiaaamﬁﬁﬁwiﬁﬁﬂﬁlﬁmﬂmﬁﬂq

venfsnsnilanduaussulmvesiieuazgnuiulsseddlaielvlaussansamuindu U 3.15
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mwa%uwaiﬁmimaugﬂﬂﬁummﬁw%’uwiﬂmamsﬂ%’uLLmﬁqﬁ%’umma'aulmﬁumﬁaa'm Hangu
Gaussian aosliAgnlfiduileidudneds aesn ndudruansdaflsiduanugaulmngnuiuwiudiniy
a a £ CY) =3 1 a @ a 1 6 1 [y} a

A5 gUgouny NIUTIMENSN N+1 wag N-1 assussvesilanduunnsneiu nedivang

wiaulUTuRamaferfuRen19Ins e ugauiu

JUM 3.15: wansdsninvesilanduainuseulmiignuiudsawa amusn Ae amdlsidugeulmiign
USuusailetayagnidsudeunuluiiansimiivesluunn waznmniewin Ae Mnduwniaialiuinlules
- 1 o I~ A Ay v v ] | o 3 s A v Y%
ielildnisrandyaaid suaaunlaandmuiuringnasludwenauisiiertignszuiunisnansiasiey

S¥a LDPC [27]
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uni 4

NaN13INNaBN

4.1 wuvuanaanlglun1snaasy

ﬁ%ﬁ;ﬁuﬁ ladnsuausuuinaoesesdyy alun1se1u-13eu (Read-Write Channel, R/W)
wannvaneuuy ldasiduuuy d-grain model LLazLLUUﬁa%ﬁﬁumﬂﬁugﬂmmLLU‘Uﬁ‘haaq Voronoi
seLilas (Continuous Voronoi Model) wuusnass Voronoi laistelilas (Discrete Voronoi Model) 5237
wuusasnnsuiildseiies (Discrete Grain Model) [351-137] Tuwuushassialy [35], [36] wadvadlals
uew ( Voronoi Cell) azgnadilnsnmssdnndsavesusasinsuadludmaaudnatsotusanead dafy
frandesuuveimsnsiundsasinanieaiuly mmLaﬁauaﬁwaqﬁy’agﬂi'ml,awhLmiiaﬁuaqmauﬁ
Ipsuiveldduiunuvesdetufinildnussdiidivmes wieludnuwinils duAndandeauuweinisng
Jumdeadananuinauiul msnszaevesuansy Aesutulusgiann fuudadunsendiay
asuvuiaedifivumnsuaiiowvedsse egulsinu §idelivinisfnwinisnszanedivesiinaiva
WUU Poisson Disk [37] uagds Lloyd’s Relaxation [38] 33dazannsoadrauuusiiaosvennsuld
IndiRsfuinsuiintusseiudetuiin - wdeuuiinisadrweuwnvonnsuiilihduwingn  Taenns
Usegniis Convex Hull [39] lunszuiunisadiawaduas Voronol Mmen1sIusaunIsyinay fauansly

gﬂﬁ 4.1 way 4.2

ST,

e

¢ [/
h!‘--‘ .::'-";'A- L L] ..- —

UM 4.1: fegansiyans (Granular) YosdetuiinaINTsn1snsynemvesiiafganuu Poisson Disk
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il

Ty p{fi':p ?:‘:ng‘:}?iﬁ

& 3‘. ] i .:- -.?" o
%:-.-:E%?:" S S et e:::'e?i'ﬁi%fi‘i‘f‘ '

=

JUN 4.2: fee19ves Magnetization Nlivasainsunsyuiunslieou Fwasunuy 1 §h&u -1)

MEa1NTLILANT1AI$IINNTTIERIE NSUIUNTMRININTUuARENSEUINNSWsUTRyaasly

a 1

Tunsayans 95198138091 magnetization  Inediaudunimdnuagesaniugiufe 1 v -1 39

va o

nsruIuNIslsuifideladanwazimuaengagudnaisveuaazinsudunan lnefidoulyin d19n

I = o v = gdd <
Ju

ﬂu%jﬂaWQ?JBQLﬂiu1ﬂ€] W’J’NE)EILWUEJUL%m%@ﬂﬁﬂL%ﬁﬁWLi']ﬂ’]ﬁﬂﬁ]&sllﬂu bATUUUNITUANTNAINUL
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This work presents the effect of hotspot position fluctuation to writing capability in heated-dot magnetic recording systems atan areal density (AD)
beyond 2 Thpsi via a micromagnetic modeling. At high ADs, the hotspot and the write field gradient may not be correctly focused on the target
island because the bit islands are closely positioned to one another. This may lead to the overwriting ferasing of the previously written islands,
which can severely affect the recording performance. Therefore, this work studies the 3-by-3 data patterns that easily cause an error when the
hotspot and write head positions are fluciuated by various island pitches. Simulation results indicate that the data pattern that leads 1o the highest/
lowest error ocourrence frequency is the one with the first, second and fourth islands having the opposite/same magnetization direction tof as the
write field, regardless of the magnetization direction of the third island. This result can, for example, be utilized to design a two-dimensional
modulation code to prevent such destructive data patterns, thus helping enhance the overall system performance.

© 2016 The Japan Society of Applied Physics

1. Introduction
The next generation of magnetic recording technology has
been expected to capable of storing digital data at multi-
terabit per square inch (Tbpsi)."® Heated-dot magnetic
recording (HDMR) is one of the promising technologies to
achieve an ultra-high recording density,” because it can
prevent the (ansition noise caused by zig-zag grain
boundary, and can improve the writability by temporarily
reducing the coercivity of magnetic media. ™™

HDMR is a new technology that combines many
techniques employed in heat assisted magnetic recording
(HAMR),” bit-patterned media recording (BPMR),® shingled
magnetic recording (SMR),” and two-dimensional magnetic
recording (TDMR).'” However, there are still many parame-
ters that limit an achievable storage capacity,™'" such as
hotspot position fluctuation, the recorded-bit data pat-
terns, "% and so on. Recently, BPMR with a lollipop near
field wransducer is investigated at about 1 Thpsi. In practice,
the optical spot on the patterned media is better concentrated
than that on the continuous media. Additionally, the produced
hotspot size has been lower below 100nm and it can be
reduced by adjusting curved edges at the bottom of the pcg.'”

Practically, the inappropriate thermal distribution and write
head field gradient that cover the neighboring recorded bits
in both the along- and across-track directions can cause a
written-in error during the writing process.™'"'®" Therefore,
the effect of hotspot position fluctuation needs to be
investigated, and the durability of recorded-bit patterns
against this effect must be understood before writing the
data onto a magnetic medium. In this work, the position
jitters of hotspot and write head field have been examined by
the realistic micromagnetic modeling based on a finite
difference (FD) method.'”

2. Micromagnetic modeling and writing process

This paper considers an island size of 10> 10 x 10nm* and
an island pitch of 17, 15, and 13 nm, which correspond to the
arcal densities (ADs) of 2.2, 2.8, and 3.8 Tbpsi, respectively.

07MBO1-1
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Because the bit islands become smaller, the thermal stability
must be compensated by utilizing a high anisotropy material
such as Llg-FePt.'® Nevertheless, this work considers the
material Llg-FePt with a magnetocrystalline anisotropy
constant (K,) of 4.6MJ/m’ and a saturation magnetization
constant (M) of 1125kA/m,'” which can be obtained by a
magnetron sputtering method. Note that these values allow
the minimum stable grain size of about 2.8 nm at a thermal
stability of 60.'" In addition, an intradot exchange coupling
is set to be 12 pI/m. 2020

The micromagnetic modeling procedure and how to
evaluate thermal effect on bit-patterned media via the
Landau-Lifshitz-Gilbert (LLG) equation®"*? can be summa-
rized as follows.

a) To generate a bit-patterned medium, we consider the
island size and pitch as mentioned above, which are used to
specily the geometric volumes of spaces or regions. Each
island region has a different easy axis that declines in range
of 0-20° with Gaussian distribution.

b) To create the magnetization staie for all possible data
patterns as listed in the Table I, which is used to define the
initial magnetization of a medium before the fifth island is
being written. Note that this paper assumes that the first—
fourth islands are the previously recorded bits (i.e., there are
16 possible data pattems), and the fifth-ninth islands are
initially assumed to be the bit =17,

¢) To produce the write head field contour, the triangular
write pole is utilized with trailing and side shields, whose
dimension 1s 93.5nm wide (along-track) and 50.5nm long
(across-track) as shown in Fig. 1. The write field gradient
in the along-track direction is 500 Oe /nm, whereas that in the
across-track direction is 483 Oe/nm.Z** Afier the magnetic
field amplimde was carefully investigated, we found that its
maximum value should be greater than or at least equal to
20 kOe so as to obtain the error percentage (will be defined in
Sect. 3) below 10%.

d) To gradually reduce media coercivity, the heat from a
laser should be applied, where a thermal profile is Gaussian
in both directions according 0o

© 2016 The Japan Society of Applied Physics
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Fig. 1. [Color online) Write heod ficld contour modeled with the

maximum amplitude of 20k0e,” where the corer is used to magnetize the
fifih isiand.

T =Tyexp —’—?lnl), (i
]

where T is the temperatare (K), Ty is the maximum tem-
perature (K), r1s the distance (), and ry 18 the Tull width at
half maximum of the thermal profile (m). Finally, a thermal
spot size of 70nm s considered in this work, as demonsiraked
in Fig. 2 (not scaled 1.

Because the L1y FePt m.m,rl.zl is cmp m-u:i as a rocordmg
ld}‘ (=3 Ul a I.'il

is 750K ") then the h1ghu;[ n,cordmg temperature should
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Fig. 2. (Coloronline) The island layout wita 10 x 10 x 10nm® bit
volame hested by tie Gaussian thermal profile (FWHM = 70 nm).

be lower than this limit. In addition. Chen et al.>® have tested
and measured an erasure wmperature of Llp-FePt HAMR
media for a laser heating method. They found that the old
data can be completely erased at the emperature of 650K
with the laser power of 72 mW. Thus, 530 K is set 10 be the
maximinm temperature (at a noclens) for the writing process,
where a room emperature is 295 K.

Be rcause we cannol compuie the themmal effect dlrocll),
Fonmana thoa T T 7 ansotioe  tha Tall
from the LLG equation, the Bello
mw account for My calculaton under the thermal e
according to (in CGS nniti?**)

omin fanotion o thae
i wnclion 8 Uisn

K.(T) M(TY]" )
,—=[,] . (4
Wyl i

where Ky(0) is the Ky at room temperanie, and n is about 2
according to the parameters of FessPlys.
Figure 3 demonstrates the dependence of M, and K, on the

SHIPETALUTe I wher

o JY}H end & u decreasc as 7

This means that the magnetic property of a magnetic material
it T, In ad

¢ paramagnefie at in ag

deelines and i annears o he naramacnetic

declmes and i appem

the summation of magnetic moment vectars is appm(lmglt,ly
rern when the magnetic field disappears. As a resnlt, we have
modeled the writing process by using the thermal profile and
the bit-patterned mediur, where the K, and M of magnetc
islands are calcolated with different values corresponding to
the thermal profile expansion.

Furthermore, the heat and magnetic field pulses are
assumed to be constant every moment, where they are applied
Lllllll lIlL, Llll.,ls}‘ \JJ a W Hu\. i

than 0,01 A/m?" Consequently, the calculation should be

is

in the LLG L,Ljudll\ OWET
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Fig. 3. (Coloronhne) Dependence of (a) M, and [b) K, on the lemperature
T plotted via the Brillown function.*

eonsidered complete. Tt showld be pointed ont that the torque
criterion is employed for determining a writing duration. and
a switching time will not be considered in this work.

To study the effect of hotspot and head field contour
position flucruations, their deviations are modeled as a

akla A A n T . .

Gaussian random variable. Adds liﬁll)ll}‘. the thenmal pluulc
covers all U islands inboth along- and across-track directions

the magnetic held ol the

as illustrated n kg 2
riangular head comer is applied to write the data on the
center bit (e, the filth island) w be the bit “+17, as
demonstrated in Fig. 1. It is very important (o note that the
micromagnetic modeling is performed using the OOMMF
package”" based on the LLG equation, which has been
solved by the FD method, where the FD mesh used in the

calculation is (1.5 = 0.5 x 10nm’.

T'hen,

3. Results and ciscussion

To identify results after the writing process, the principles of
a magnetization reversal a‘ter the writing process should
be described first. The magnitude of magnetic moment
vectors across all spins in an individual sland and magnetic
domain are considered to be a eriterion for a magnetization
reversel. Such a measured magnitude from an individual bi
should be above 50% of M. where it is decided o be a
complete magnet: zanon %wﬂchmg The magnetic domain is

A o

also i e 21 One o

be double checked. Other cases will be decided to be an
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nt ADe (2} the hotspot and the main pole are m

oocan he

above definition. Moreover, an error is dd‘ll"l.,d as the error

acenrred from the writing process under heat, which can he
classified into two conditions. Firstly, the error occurs when
some previously recorded data ere magnetized into different
states by the write head that is currently writing a bit on the
target island (ie., the fifth island). Secondly. the error
happens when the bit cannot be recorded onto the target
island because of a drastic inaccuracy of hotspot and write

P

isce

puu, p\mu\ms i'"ﬁl‘

1o Foe ook doio s
1(.:, D Cacll ddla lJ'dll

accord: ng o lha., criteria m\,nnona,d abma, Then. for each
round, if any or both of the two conditions have occurred. it
will be counted as one error. Therefore. for each data pattem,
the snm of all errors will he multiplied hy 100% to obtain “an

error percentags”.

3.1 Worst case of positon fiuctuations
The center of the hatspot posu on is rlmrualua with rccpocuo
i “'-I". PGL\. .Ihkh afl JI fiific
islands. For cach data pam.m based on the previously

recorded bits, we L_ppl\' the magnenc fizld 1w write the bat

“+1" on the fifth island, and then investigate the written-in
error thal might have oceurred within the surrounding bits
(caused by the thermal expansion).

Figure 4(a) shows the emor percentage as a function of
data paterns al three different ADs. Clearly, they have an
error percentage close o one another énd the maximum one
is close 90K, The main cause of this error comes from the
target island that could not be recorded. Furthermore, it
1 head feld oradients mey lead

thermal and head field gradients may lead
0 overwriting in some previously writen tracks and bits
(mostly in the second and fourth islands) becanse of severe
position fluctuation and large thermal spot size.
Additionally. we Tound that when the magnetzation

seems that the t

directions of the second and fourth islands are opposite to
the direction ol the write Deld, it will definitely cause the
wirittzn-in error. The error percentage can be decreased when
the second or fourth island has the same magnetization

direction of the fifth island). Moreover, whcn the second and
(@ 2016 The Japan Society of Applied Physics
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fourth islands have the same magnetization direction with the 1
write field, it will yield the lowest error percentage. 2
3
3.2 Position deviation improvement 4;
To approach the “error free” in the HDMR. writing process
and to make the simulation model more realistic, the g;
fluctuations of hotspot and head positions are adjusted to
be within the target island’s area. Figure 4(b) demonstrates 7
that the error percentage greatly drops and decreases below
10% for the island pitches of 15 and 17 nm, while the error
percentage drops to around 21-24% for the island pitch of 8)
13 nm. Although the position fluctuation has been improved,
the cause of error is still similar to that described in
Sect. 3.1. To obtain a lower error percentage, the deviation 13;
of hotspot and head positions should be smaller than the
island area. In this case, the second and fourth islands are 1)
often overwritten, which is resulted from a very high write
field gradient even if an island pitch is increased. In addition, 12)
we also found that the cause of error from the first and third
islands may be neglecied because the thermal distribution  13)
and the write field gradient that cover these bits are
insufficient. :g;
Decreasing the hotspot size is also one of the choices to 44
prevent the written-in error, which depends on the optical
design. Because the shingled writing technology is used, the 17
hotspot and head position can move in any direction while
the target island is being writlen. Thus, optimizing the  4g)
thermal profile and the write field gradient should also be
taken into consideration. 19)
Consequently, given the optimal writing temperature and 20)
write head field gradient, the written-in error in HDMR
systems can be alleviated by avoiding some data patterns to 21)
be written onto a medium. This can be achieved by applying
a two-dimensional modulation code on the input data before 2
recording as proposed in Ref. 32.
4. Conclusions 23)
The written-in error occurred during the writing process of
HDMR has been smdied using a realistic micromagnetic o4
simulation at the AD beyond 2Thpsi. Simulation resulis
show that the error percentage is increased with a decrease of
island pitch (i.e., AD is increased ). Then, to reduce this error, 25)
the position deviation has been improved by allowing the g
hotspot position to move within the target island’s area. The
other ways to decrease the error during the writing process  27)
include using a smaller hotspot size, writing the media at 28)
lower temperature, and utilizing the two-dimensional mod-
ulation code to prevent the data pattern that easily cause a  29)
writien-in error.
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