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Lﬁasaa%’uﬁmmsmmﬁmmﬂums%’mLﬁuﬁagaﬁqaﬁu’luamﬂﬂ Fodunelulad
mstuinteyalawimanuuuassfiii (Two-Dimensional Magnetic Recording, TDMR) w38
fifiduens Jsgninaue Iﬂaﬁu,mﬁm‘lﬁm’l“ﬁﬁaﬂ’uﬁﬂqunsmm% (Granular Media) Tuns
Tufindeyasrufiunisldnatinnisilieunuudeusiu (Shingled  Writing)  lumsifiuaanu
WU (Areal Density) fati drug1udunau (Readback Signal) wean1stiudin
Toyanvuiididueisazgniliidenisedioguns ilesuainnisunsnasnuuuaesiii
Faldun munsnaeaiintusswinedyadnus] (Inter-Symbol Interference, ISI) uagn1s
LmiﬂaamﬁLﬁﬂ%usm’i’la&m%n (Inter-Track Interference, IT1)

nAde IWauemaiialunsdamsiunisunsnasauuudssdia M3ondt nns
AsI9dayauuIuT (iterative Detector) lngliinsaammandioanwaimestuuuansia
(2D-Soft Output Viterbi Algorithm, 2D-SOVA) fiimsufuusnsdminaiuninatu
(Branch Metric) ¥inlsfamnsevihnisuaniudeutmansesisess (A prior Information) AU
AsyaMUnSnaABaranansavhanludnvazIug (terative) ilaaananssIuIINNIs
UNSNFDALUVABIIRA Lﬁaﬁﬂmsw‘%smﬁauﬁ%nﬁmnwﬁay)aﬁﬂ%aua (Proposed Method)
799 Losuwan UasAndy (2012) uag AUIBNIIATIIVTBLALUUUIIININISUNSNEDAUNEIY
(Partial [T Mitigation Method, PIMM) Fadlugnuiaunaialunsudlansunsnassauuuass
ﬁﬁLLaz‘i“ﬁ'mimwm%’au‘,aquﬁ"ﬂﬂ (Conventional Method) HAN1IVNAGBILEAITALIUITID
fdnaueliussansnmitania T,ﬂaLawwaEJ"N?J'qﬁmﬁwmuﬁm%qﬁuﬁqa (Uszanad 4.12
Tb/in2) Fe3sTinausl¥samdyanadedtyaasunu (Sienal to Noise Ratio, SNR) fifn
Ussinal 1.5 iadlua (dB) fishsrtefianatade (Bit Error Rate, BER) Wiy 10°
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To ensure the continued dramatic increasing in areal density of magnetic
recording, an alternative Two-dimensional magnetic recording (TDMR) was proposed.
It extends the use of conventional granular media but take more radical approaches
for writing that known as "Shingled writing" and the powerful of advanced signal
processing. TDMR proposes to store one data bit on a few grains. Thus, the readback
signal contains both high levels of inter-symbol interference (ISI) and inter-track
interference (ITl). So we propose the technique that is called iterative detector by
using 2D soft-output viterbi algorithm (2D-SOVA) with modified branch metrics. This
2D-SOVA can exchange a priori information between adjacent detectors. We
compare the proposed technique with the Partial ITlI Mitigation Method (PIMM) and
the conventional one; the results show that our proposed technique has
performance gain of about 1.5 dB at the bit error rate of 10'6, especially at high
density of about 4.12 Terabits per square inch.



a A

ARNIsUUSZNA

Tneriinusatuiidneadsess famaunsean asvuwi Sans ddadueransd
muruinendinug AU duusi waslisasslumsvinnuungiBounaann

YONTIWVBUNIEAMANINTEIUINEFBUTRNTTUNSIAN1sTaya anrtumalulad
wszasundndgummsaransels yaviuildussansussavinlitufiou Tneane
atadvovaunm sr.asnsTy NIWGTS uas a3 Dos Taduvinidand §ldduuzdilums
WHUUNAMIAYTIMSLENDIN, ‘uawauqmﬁauq Tuudu Lin, 815a dmuAtuus wazrhadla

ahefivensureunssam Om wsmiidudusdddauarlimsaduayuaaenn

susdng Lavigasses



U BTV oo e e e s s e ssee s s s e s s ee e es e e e eeeeseeeeeeees s ee e
UNAREBA NI VBN covvvrererereeesessssssssssssssssssssssessssss s ssssssssssssssssnre e
P B LT T U TSN I oo s ee e s s ee e s e s s s ee e s s s s s e eeee e s se e ses s

AVTUTURNTN cooreoeevveeevessssssseee s ssssssss s sssssssss e sssssssss e eessssesesssessnseneons
BVTULININ cooeeeeeeeersssss s ssssss s sssssss s ssssssss s sensssmsssss s
= o
UTHT 1 UTIHY et essssie s s s
o Qs d
11 A MEAIUAETIUY o eoevererreessesseereesssseseseee s sissses s s ssees s
1.2 A avanguas TQUTSAIATBNIUITY cerreeeseeerssasee s
NI 0LV = TR SN0 o, N, NS
L4 AURUAZUUIRRTUNITITE eeeeiorerrscsesnsie s sssceessesssseess s e
1.5 fefuivnvon Bafe YV 3o/ NN N AL N

b
[

Uil 2 msﬁuﬁn%’azgaL%QLLaJmﬁﬂaaaﬁﬁ .................................................................................
2.1 wﬁnnwsﬁuﬁnﬁagaL%QLLa,J'mﬁﬂLﬁ'aqﬁu ................................................................
471 nasiyassibdasiati ] JRRONSD. WO, BLLLLUY 3% o R
2.3 58UUTUTINToURIBIUIWENADUEIR e
2.4 wuudaswwasdynyadmiunstuiindoyatosivandosdit ... ...
2.5 FIDENMUUSIROMUUNTUTNTU oo
2.6 MSMMUAAUMULLTIRUT tasmseiu-Buveuustasd

WSROI N, 2 SRl &8 Moo
2.7 F20e1UU U180 T UREULUUIHROION e
2.8 miL%au%’a;&aﬂuaqmei’ﬂaaﬂﬂiuaa‘lﬂsial,ﬁm .................................................
2.9 msa’wuﬁagawaaLLUUf\Tﬁaaﬂ'g‘Isuaa‘Lajs{aLﬁaﬂ ...................................................
2.10 M3UsEINANaFYYIUEMTUNSUNTNEDAUUUADIIR ...

unfl 3 MaUszIANad Y AU BT U N BB NEDR . e
3.1 ¥anN1sUTEIIANad Y MEMTUNITUNINADALUVEBIR .oooooeeeeee e
3.2 MIDDNUUUNITUTUWIMAZIINIIORN oorereee oo eeeeeeeeeeceesese e
3.3 NATUSUMIVTR oo ers e ses e
3.4 199U UNaB T AUUUTITUAUE o
3.5 NITUTUVNABITRAMUUTUNINT cevoooeeeeeeeeceeeeeeveeeeeeeesesssss e eesesses e seesenns
3.6 WATUSUYINADITAUUULHEUL AT oo
3.7 ANHUIRLTUOLINATIBIDOTEIERN 1ooovoereosioreeeeoeeossesssee s ssser s
3.8 FIATIIMTOWALBAHATINDTUUUABIAANN (oo enene e e

v



#1508y (si0)

TAve

3.9 BABT IRV oo 30

3.10 FIRTIINAOTAMUULITUAUD .o 30

3.11 AIRTIIMADIIFUUUBLLINT oo eeeeeeseeseeeseeseesee e sesesseeseeeee 31

3.12 AINTIIMADITRUUULLALIIAT oo es s 32

3,13 SHAUALYUDRAWANAMBARTD e eeeeenereermeeesseeseeeseeeseseeemssssssssssssssessennees 33

318 AU VTIHARDARTIY ...oooooeeoooe e eeeseeeeesseseesesereessseesemsessesssees e e s ssssssssesenees 34

3.15 AITOOATRAUDARTID .....ooooveeeseiceisesisssncsssesseesesseessessssssssseseessessssessesssemsmssseseeees 35

unl 4 msmsawﬁayjatwmu%ﬂﬂamﬂ*z’f%’ayjaazﬁ%aa‘% .................................................. 38
4.1 VENNITATIIITBYSUUUNAIBUIIIN oo 38

4.2 MIIRBENTIOULYBINITATIITEURUUUMENBUNIN oo 39

4.3 MIAAAINNTUTDUTDIFIATITRILUUABIER oo 42

4.4 m’ims'sﬁmﬁa;&awmaLm%mmmusgw ................................................................. 43

45 msﬁhaENamsﬂuswaqmsmawﬁau"awmEJLm%mLumusg’l ..................... .44

486l VTR A2 002028\ X o SANARWY vl B EELERM AT 00 ol 1 N 47

UNT 5 ATUNARASTOIAUOUUE |ttt ot et e re 49
Gh A G G T b T TR ST immen s ssmuviinn 0 A @0 N1 Moo, SO Nl 1 S 49

DREL R . W A PR NAR AT o W/ f S e - 4 AR 50
ARTCITI T T T, N, W7 A, O €28 </ S\ 50 ) Iy S T XY/ A 53
Tt TG T N N M, S5\ /G /S0 ST, N 4 A 63



#15UAIT

A5 g
4.1 madSsudisurnududoulunsnsoy N, veusiasiininrandeya.....47

\Y



g3y gUnW

sUnW W
2.1 dUUTENOUYEIB LA T UL AT DT UT AU URYIR oo 4
2.2 fethuandygransiulnihiildanisulaemssaedunsufiunes. ... 5
2.3 MISUNEUTERUYBINITUNINABAUBITOUA oo 5
2.4 JUuuuR M ITUANToy A TIIABNMUUEBIR .o 6
2.5 gwuumstuiinteya (n) Msilisudowiy, (1) MSBEULUUUTOR. ..o 7
2.6 WUUTIRBIUUTNTU (T L7D-eeeeeeeeeeeoeeeoeeeeoeeoeeoeeoeoeeeeoeeoo 8
2.7 MU O TUTMUURNIY e 9
2.8 LLUUfé"laaaﬁmsuﬁ"uu'mﬁm%au“a NS (P LtBTRUR 1.42 To/inD) ., 9
2.9 msﬁuﬁﬂ%’agamaaLrumhaaaLLUU?iLnsuﬁﬁm%ay,amuﬂﬂ ENGRT01) I 10
2.10 msUszanufuseninanmanuduudivdnusdetufinuasnansuauss

LN Ehy 7 At o A TS N ¢ A, oy W, N 10
2.11 MSUFgUEUNBAEASNTE R IVBUNTULIAEN oo, 11
212 Funounsad auuus e lsuElABUEIOg. e 11
2.13 Wisuitsuarnaduwimdn (n) deyaiivihnistuiin,

() A TUTA AT RO e e 12
2.14 m3dszauiussminanmanuduuimanuesdodufinuasnanauauss

YeRIIE ... e AT ). HOIOIAIAION €7 T Ndy~ = = J§ 13
2.15 Takee o iagTON | A VNI T (7 Cm LA SN ) o H 14
3.1 SEUUUSEIIANAd AR AY A DTSN 16
3.2 AIDBNLUUNATUSUMILAENISINARTUAENNS VDD UBIOED o 17
3.3 DTUFUNIWITNTIR oot e, 17
3.8 YRTUTUWIMMUURBAIR oooevoeo et sssesetese et eeee ettt et eeeeeeeeeesesese s 19
3.5 WMATUTUVINADITAUWUUTUEINT ... eeeecets e se et eese oo eeseseese oo 21
36 AMNLTUTBINTUREARIUE pu = g) TIWIAT =1 oo 25
3.7 mnudesulumsdeuaniugves pil fivana k=2 dedmun y ik 26
3.8 WHUATWNNTIUREUATUE BV SNANTEIR oo 30
3.9 mitﬂﬁsuamuwaam%mmamﬁﬁLLUU:;N’LﬂuQuEi ......................................................... 31
3.10 LLmumwmiLUf?{auamusmaam%mmamﬁamegmﬁ']u@ué ........................................ 31
311 MAUBUAOEVINITNAFD AU UTIAT oo 32
312 WHUAMNUABLASUEYISINAEiRLUUANLNS (36 @0nuE, 6 A1) ... 32
3,13 MIUBEUAONEVDININAEDTRUUUIIANINAT oo 33
3.14 wnunawnnsiUasuanusessndinaaedinuuyllauanns (64 @nnuz, 8 @w).......33
3.15 1Asa3 958N DAt ORI IIUAEINIATI oo 34

Vi



#15UygUN N (6i0)

sunm wii
3.16 NTMIULESTIAS NS NTW ISR LUAUANS (3.67)emmeeooeeoeoeoeoeoe 35
3.17 MSAMWINABEINANDT00T A, A, BT Ay eeeeeeeeeceeeoeesseomsmsmsssosmsessssosseseseessssesess 36
4.1 NIIATIVATOYBUUUMBNBINIT - eeceeereeeeeeeersessssessssoss s ssssssssssssmsee oo 39
4.2 FRUN TSN EUT TN TEW NI INTINA oo 40
43 Sane3fiumsuaniUsudoyaos 3o seni M ATIIM. oo 40
4.4 maUSaudisusamdeianandasewinemumuiniy 1.2 To/in’, 1.77 To/in’,

WA 2.37 TH/IN e ettt sees e e et a1
4.5 ﬁwé’umsm’mm%’agawmaLm%mmmusgw ..................................................................... 43
4.6 Uﬁan"l,ﬂasLmsumimsawﬁagammaLm%mwmusgw ................................................... 44
4.7 mM3udstoya a, 80NUU 3 URDNEOY ... eseerssceesersie e 44
4.8 m3TsuiigudnsteiianandnseninmsnTiaindeyanuusingg Firnumuuly

TRUT 2,37 THANT WBZ B.21 TH/IN ot sesestset et a5
4.9 SasdeRanaindnluilsiduressiny N, . @ 4.21 To/in® Wedasidan SNR

Rl 1 k= Yol € Ml o B (L VI A2 Nl N 4 47) Bl s TR D) T2 1 W 46
4.10 MswSeuleusnstoRanaindnfian uFUF U o 47

Vil



undi 1
UNUI

1.1 arwddnuaziiun

naulrednaivenaietdumesiuauasladuawnisa vildgunsaldafiu
U03aRdnoa (Digital Data Storage) ﬂmamLfJuqﬂJnm‘iﬁugmﬁﬁmmﬁﬁmmn Tnelaniy
odubigninnarilasi (Hard Disk Drive, HOD) Fedmbugunsalimiiiutoyaiineatilizy
mmﬁaugaqﬂLﬁaamnmiﬁﬁmuﬁi’mﬁaLLaziﬁmﬁsﬁ"wn'jﬂqﬂnmﬁmﬁu%gaﬁ%maamﬁﬂﬁ'u-]
(1]

MsLRnATITILLLE SR (Areal Density) Tunmsdnifivtoyaiduitimunevdnly
NSIRBLATARIUNTBIESARER LA “luﬁﬁ]agﬂ’umﬂwmLLﬂuL%qﬁuﬁagiﬁUszmm 750 Gb/in’
[ HadendefidaelfiAuanumuuiudiud fenskmuvssnalulainiedunig
Ussunanadtygm (Signal Processing) figniinuszgndlflunsusulssliensanariasd
annsavinauldegaiuseansnwanng ety

ﬂﬁymﬁwﬁ'@ﬁmumLﬁammwmLLﬂuL%qqﬁuﬁﬁmqq%u fia nsiiutuwosnisunsn
denszninadrynydnenl (Inter-Symbol  Interference, 151 lutlagiu finsldanusmmnsiam
sevmadnimesoniauulif (1D Soft Output Viterbi Algorithm, 1D-SOVA) Tun1sudly
Aulgvsand Iﬂaﬁalﬂﬁamawwaﬂﬁmﬁwmima%ﬁLLUwﬁaﬁﬁ%lﬁmmimawﬁauva
Tusuvesnnmiagiiiu (Probability) Gevinlenunsavausaufivisesudledefianaauuy
2 (fterative Error Correction Code) Lﬁav‘l’ﬂmmanLﬂﬁauﬁagaﬂinmsssijﬁ’uuasﬁu
v‘h’tﬁmimaww%’agaﬁﬂ'smgﬂﬁaamﬁqﬁu

aeslshiniu muﬁummwmLLﬁuL%qﬁuﬁlﬁqqsﬁu Mlrrasdygisinnisunsn
daauuvasdia nanAe uenINAzinIsUNINaenTEIdyLdnueidIddinsunsnasn
sewInun3n (Inter-Track Interference, IT) ansiiuturesmsunsnasnsewinundn vils
myhoueshesenildmilutagiudesussavsnmadlvegiann duuamuiselugu
Y8INTOBNLUURIATIIMINULADIRR Tlarursasireuldedraussansamaunnausy
‘ziaaé’iytymﬁﬁmﬂmsnaaﬂLLuuaaaﬁﬁﬁaﬁmmﬁﬁau’l%LLazﬁmmﬁwé’ﬁya&mﬁq UBNNIIHs
mmsmhsJLﬁummumLLu'uL%qﬁuﬁlﬁgﬁuLﬁamauauaammﬁaamaﬂ%mm’tumﬁmLﬁu
Foyaiigetu

Inendwudatuifahauonisinmenmamdeyauuuaesiid (2D-Detecton) Tnefl
fhmsrvndeyaaunsauaniudsudoyass#3ess (a prior Information) fuMRsIadeya
wiSntaiAsafierIannanIENUIINNITUNSNABATENIUNEN LAZAISIYIIUIINRY
2asufladoiianainuuuiuga Fevzdamalinimsinwsanisitnuvessindaiingi
fiuszAnsnmilaTu



1.2 ANuavNeuazIngUIYaeAres i
AnwmdnnHiuvesiinssmzensieinnivestuuvaedlid wagimuinig
vhaswiuresnsadeyalsendunmsuanivdsuteyasstess oannansenuatnns
unsnaeaUULERER uananivhmsfinynsvanusufusewisiesamuasstaudly
foRananiuuIus (terative Code) M3or99sUSuLUUMBsTY [2] (Turbo Equalizer)
aguszasdiiie Yunaliadinaninussgndldnutussuumstuiintoyaidausivdnuuuaes
9% FaszuumstuiindeyaBauiminuuuassiii gninausiiiadusnvianadenves
waluladnsdmivdeyalusunan Tummgefssuumsdufindeyafauimdnuuuasida

a ' ' W ) = .2
'mmatnqummwmuuﬂumsa}ﬂLﬁwauva‘lﬁgmm 10 Tb/in™ [3]

1.3 guufgiulunisive

MNMsANYMANMSTIUTRIIRITLUUERIER wudilunisesiamdoyaunin
a9 Sndudesiuameiniuniresfiuresnisideuanug (Transition  Probability)
fiululgfounlununiwunsda (Trelis Diagram) — Faflumnanrezfudang
Uszneusne 2 wail Ae neifdl 1) Hedduaumuiuiuresainmiresdy (Probability
Density Function, PDF) wavnailfl 2) Ao AAnuuezlussisesiueeniswasuaniug
Felunaiifiaesauisondadu 2 dau l6un ArezASeasueeuninfiniidemsaan uasen
orfiteaTuequndnirafes Aefuauuigiy fio mnnmudtesiseesvetundndrafsnou
a29%1n ﬁ%ﬁﬂﬁmiﬁﬂmmﬁmawﬁwsL‘f]u‘uaamsL‘uﬁauamuzﬁmmgné’mmnﬁﬁu
ety Sevhmsiusnsiamnsn 2 7 iWevhwmthivnAnasisonsveamininades nournis
asrvvndeyauninnans %'aﬁﬁmhav‘iﬂﬁmimsawﬁamvaLm%ﬂﬁmmgnﬁaamnéﬁu
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fldnuszneundn fie 1) Wideu (WritingHead). 2) Wagau (Read Head) uaw 3) dovudin
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Wuusaulwih U7 2.1 uanadauvsznauveaisu-deunazdetuiinlutiagiuduiu
Lwﬂ‘lu‘[a§miﬁuﬁnﬁay’auuuuu’aﬁa (Perpendicular Magnetic Recording, PMR) @aiiieiinis
onszudliih varudveainasitidanisvioniauuwivdnaelusnumin

] | o a | o e Y
JUN 2.1 dnlsenaureaiisiu-lsunasdatuiinuuuwiin (Anuuaiunain [4)
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JUM 2.2 fethwansdygraussiulwihnldnnmelasnmsiasdupsuiines

L

ilniAnaunudmdnisihudeduiinuazmilonihlvdeduinifieneauuuimnda
wdmnduanuuivdnigdsihuluivhudimwesdetufinitsenin Yenrsumediawes (Soft
Under Layer, SUL) uazisdeunduludadnsusasindou lumanduiu devihnsnduiia
nensinaveanszuaninebivaalnesianivdntusnumanislufirnsetudiu Faaei
Widetuiingmindenilvidausiuivmdndtu dwiunsguunissndeya aunsavildlas
W uaRsuii LY MEUUNT AN e uaEFu AN TILImEn un ndnarty
PnuFalieuludunsasulii U7 2.2 uamssnesnsdyninusesulwihuesdygmeiu
n&u (Readback ~ Signal) = &gy iaudana1azgnneietng (Sampling) tazinlunu
nszmumsﬂszmawaﬁ'zyiymﬁ'auﬂaané’ulmﬁwﬁay,aLa‘ugmaaq

9 ) x; 21 [nm]

N4 | N-3 | N-2 [ N1 PPNGY N+T | N+2 | N+3 | N+4
2

-3 3

N+4

N

; Along track 1

(M) NISENTNADALUUNTINA (V) NISLNINADALUUADINR

i
L

o < o ) Y
JU 2.3 nlSsuliibussauvssnisunsnasavesdaya




2.2 NMIUNINHDAUUUEFDIA
deanuvuuiulunisduiindeyageaziinusingnisaliisendt nmsunsnaen
sewindadeya Sedwmavhlidygusundufiansiauiu (Distortion) JUT 2.3 uananis
syiuvesnsunsnaenvastoyaludetiufiniBauivan JUR 2.3(n) wanamsunsnasauuunile
1# 1lesanhisuiivuanireaniimiunhavesindeya ey Wevinmseuteyalni N

LY

WI81ULDIUAIVDITATINABI N-1 LAz N+1 520701978 138NTINITUNINADATLNIN
drydnwal (Inter Symbol Interference, ISI) gﬂﬁ 2.3(9) \iloanAnunitsvesuninasasiivle
hsuilvunlugninanunitsvesunin ilduenainiiansunsnaenseninedydnwal
wdaduiansunsnaensewinaunin (nter track interference, ITN) induan &aden
Usangnisaiiidn msunsnasauuuassiii (20 Interference) Fsazidutlymindnvasnis

Uuiindeyafuivaniedeyaianuvuiiuugdu

2.3 szuuluiindayaidawimanaasiin

nstuiindayafauimdnuuuasadiil (Two-Dimensional Magnetic Recording,
TOMR) (3] (Hunilslumeluladmadenvesnsturindayaidawimanlusuwaniuiiedv
(5], (6] TOMR thiauslvgandldaetuiinuuurhiumsdaiivtoye wiviuugamaideudu
WUUFOUU (Shingled writing) [7] Wa¥RBMALANIIAUNITUTENIANAR QYT Tumsiiy
ANUMiLLLYeINsIiudoya

32 channel bits 32 estimated channel bits

o LI g

A ol

16 user bits 16 estiamted user bits

= v e Y a ' < aa
E'U‘VI 2.4 gﬂqumaamsuuwnmaypmuumanuuvaamm

a vy a ' a & ayv = o 2 P
Tnenqufudidelaueves TDMR dzamnsaiiuauvuuudanuilagads 10 Tb/in® 3Uf
2.4 UanamanN15¥1aved TOMR Fuain @ agldgnvinmsidnsianesnsisia 0.5 ld @



a 1 o

Unvosdygi @ mnﬁ'uﬁwﬁmimﬁmmwmﬁuﬁnaauuﬁaﬁuﬁmmunswgaw%ﬁalﬂ lnedaya
avduinlasldinsuwimanyszann 1-2 1nsu [3] 9ty @ yimseumdygrueiundu
dyqy g unduariinnuiaiieuguazszau SNR MIs1n SN INHATEINITUNSN
aanluvaDdiAkasdyYITUNIULTIINGBEAD (Transition Noise) 3ntu B ¥11N159159311
Joyanndysrunduuazgavine © vinmsneasiiauazleyandufiu
o L a = v £ al ' = a o w
dmsumalianmsifounuudounu uanslugui 2.5 wiazuningnideulaeiFesaiy
) % ) P v . ' % o
ludnwazdouiu lnsfinuniegewunin (Track  Pitch) 9zuAunNIIAUNIveITIToY
. . v P ' = v P o v
(Write Core Width) 3slannugiiunnninnisilisunuumilvuagiiieanniideugnesniuuli
ol 1= 1l dl [l [3 o al ' @ al v v o
fpuaingdsliiiigvidesaunwimanliismelunsiliou sgslsinunisi@eudeusivll
Yymddny Ae nsfisundudu (Reverse Writing) tilasanilunmsifisuwvuisesansu e
v 1% = Y v v ' ) &
sosnsuiludeyauninlauninnils Snduszdesdinis@eudeyavndundudiu (Jyminu
wuuludeduiinuuulvdeannlasi (Solid State Drive, SSD) Adiu 33919UsegnAlg L5y
. @ 4 L% 1 [
W (Firmware) 784 SSD ffu TOMR) uoninifludetuiinisuideaiuenaazisuuvuns
Weuvawuudewiutaziuuiall vinadnnanswedeuiinezsifumsifisuwuutowiv diu
a v P P Y P =~ 4 a
vinavausmuuenuazauludunisi@susuumiv wessaniignnieyuaia (Skew
Angle) wilafasjausvianislennuazdongivislvduuinivg (Meta Files) 8199zgniden
g qua a a % @ i I3 o~ v Ay o
wulindrwndeunvudeuiu vanludieonals (Spread Sheet) uiansndayaidedinis
' val g a a P ¢ P | ' a s
wilvegiaue oranulindudsutvunuulsnd movall nsinsededsszwinpeniiames
g o/ a 3 bd a i o
wavigunsaldnivdoyaszdedivszdnsamanntu Ingdesanunsassysilavestoyainin
v e a4 & ° ° " oA ° @ Vo
nstudin ieIgyiinisdendunuiiasyinnsiuinlasgamngey

'I
()

(n)
d L kel - ¥ L =~ a
JUN 2.5 gUwuumMsuunngaya (n) NSiBugauiy, (1) NMSIWBULUUYSNA



(n) gﬂs'wnaunsuuwsm‘] 4 WUy

a4 o o ° P
(1) AaUUANPINLUUINADIANTY
5UT1 2.6 LUUIIRBLUENTU (T (8)

2.4 wuuinaestasdyaadmiunsiuiindayaidaivand i

Tl A/, 2009 ARKrishnan | [8] ‘lenausuuusiansiiiunia wuusiassdinsy
(Four Grain Model) wuusiaestifmustidetufinUsenauiuainnsuusimniituunnuas
JUTUANANAY 4 Loy danandluzy 2.6(n) FetmueliUsenaumensuLng 1x1, 1x2,
2x1 uay 2x2 Tasfnsuudvdnita 4 wuu agnszaredieduuuievuiinlagiauinae
Juwhiu B, B, B, uaz P, asd iy sauanasuil 2.6(v)

2.5 §19819UUUIIADILUUINSUANTY

fmualidetiufingaueffuuin 15x15= 225 insu_dwansluguil 2.7(0) i
AvualiALLe T YeINNSNTEIBMVBUNTULLIN: 2X2 WU 1/6, YU 1x6 Wiy
1/8, wwe 2x1 Wty 1/4 wagawan 1x1 Wiy 173 seussiinsusunn 2x2 Wity
225x(1/6)=37.5 n5Y, TU1A 1x2 uag 2x1 WU 225x(1/4)=56.25 nsunazauisn 1x1
Wity 225x(1/3)=75 1n3u §U 2.8(%) WARINSEINNTUILIA 2x2 31U 37.5/4~ 8 INTU
asuudetufin, 3U 2.8(A) ULAAINIFUNUNTUTLNN 1x2 TIU 56.25/2~ 28 InTU atuude
Yuiin, U 2.8(1) LAMIMSANNUNTUTIA 2x1 S 56.25/2~ 28 1nsu asuudetuiin,
drufiwmdormualidunsuring 1x1 audeu



I [
| I

(n) devuiingauad (%) MSFNUATUTUIN 2x2
l | ==
[ ] |
l i
[
|
l E
1
| ]
11 | . |
(A) NMTFNNUNTUVUIN. 1x2 (@) n13duNTUTLIN 2x1

- 2 ° A =
E‘J‘VI 2.7 MIATNLUVAIADIADUUNALUUALNTU

o ) &’ a ' =~ °
2.6 NIINTUUAAIUAUILUULTINUY HAZNITIU — 1Y VDILUUINADMUY

nsudinsu
1 a J d' o a vV <5 a ] o v
UL auansamvualagruiaveslntayanietaigad sy dvualn
a v - o ) P o ' p =S va v o
Undoyativun 3x5, 3x4 w3e 3x3 insu \Jusiy, UM 2.8 uansieruilenmualidadeyad
YUIA 3x5 WNTURALLIBNVUA IR ANTULIWININNU 5.5%5.5 U1luLLeT fauu 9¢lanay
1 aldd Y O o 2 | 2
MULUUTINUNVINY. 25.4°/ (3x5.5%5x5.5) = 1.42 Tb/in’,

=y |

= ° - da v ‘ I e & A 52
E‘U‘VI 2.8 HUUINABIALNIUNUATDLRUUIN 3x5 1NTU (AMUNRUIBUUTINUN 1.42 Tb/in’)
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T 1
T
o v | '
() WWeutayatinnatu “+1” (@ anmaanduusingn

> U~ = | ° a‘ aAa v
z‘l.'“/l 2.9 NITUUNNTBIAVDILUUITABILU VAN IUNUATBURUUIN 3x5 1NsU

yuzifigrfuitadeyauuin 3xa insu axldarmmuinBaiiuiivingy 2547/
(3x5.5%0x5.5)= 1,77 To/in’ wagidatoyatna 3x3 insu seldm sy
25.4°/ (3x5.:5x3x5.5)=2.37 Tb/in’ \Busu Tumsvudinfeyaimuslinng insumeluiiuii
voslndoyatiuggaiiilitianmen iduwindnasafudndesaiimasiufin suil 2.9 (n)-)
wansdiunstuiindeyaasuuuvudtae swuudinsunazanma i duisivanild Tag
fvualiianstuiinanieuuasasuazdelue dunglain Sunansuviegszminssesse
vosndeyavzgnifewsnnnimiseds venanidisosdeussdatoyadafndnuen dsangi
iliiAndnynsuniuindeduiin éﬂﬁ 2.10 uananszvunsauteya Faudunisuszay
wuaedifuszuitdnamennduwiminuesdetuiniayividunanaUaussveaie

o ) ' & - < A o
JUN 2,10 N13UsEAUNUIENINENINANUTULIAN VDI UUNNUALHANBUAUDIVBY
287U
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2.7 fegrauuusiaslalsussuuulidaios

Tl 2011 Yamashita [9] Idausuwvushasslalsussuuulisailes (Discrete
Voronoi) dudunisadrsdetuinfiinissrasinisSewivennsuuivgn Tneldudnnisves
suTalsues (Voronoi Digram) wuushassiiiimuiaiiousiunniukagsinsdassuiinmes
anslildusiman c"TaLLam’LugUﬁ 2.11 Wiguileun15anuaeNIsNTEINMITBANTULLMEN
yasdetuiinaswardetudinfildarnuuusiassdnan Tnefiwuusiaeslalsuesliseiies
Usznaudie 3 Tuneu dauandlugui 2.12

1) MuuANIsNsSEANEMYBNNsY  Insardendnnisnseanevesthdessdan (Poisson
Disk Distribution) [10] teynsduafuiaYeusazinsuLimEn

2) myaduguhlsuesuuubideidiosnyaiildvihinsdulutunsuusniiesiass
JUINTBANTULIWAN

3) Srapsdiuvesas ildudmansaunsuwiviniagisnsneuningad (Convex

Hull)
:»@ :
) "05?2 :
KO L I LA
iy ?fz‘.ﬁ co::»'“.’gﬂ

4Ee e os Rene Ry
(3 XA EOCL P |
(n) ARTUNNNLITIUATS () wuvdnasdlalsuagluseliies

o - - 9 Y " &
SUN 2.11 N1SIUI8ULNBUANBENITNIZANEAIVBILNTULILAGA

Y

|
|

et & 5 ¢ .4 g L
¥

)

() Tumoud 2

v
o

n) Tupeu 1
] & v ° oA
JUN 2.12 Fumeumsasiawuuinasdilsuegbideiiie

—
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2.8 msidsuteyavesuuuitasilalsusyliseiios

an 1A TULIMAN YR ILARTINTUGN AN UALAL AL MLIYBIRAAUENA1NNIAYEY
insutiug Megnsluiiuiivesindeyaln Wy dyagudnaranasgluiiuiivesdadoya +1
fagfmualiinsudufezdanmanuduwdndndu +1 dunsunielumendusudia
U 2.13  uansheg e uiduusiivdnvesdetuiinfinumuniudeiud 2.37 To/in’
Funalditimnuduwimniliauynivinusesrevesinteyadaduannuesdygyin
sumuiiAnandetuiin (Media Noise)

d < = 1 L 4 q‘ o L =5 lﬁl L ¢ '
JUN 2.13 nsilSeuiisupnuduwi;van (n) deyadivionasduiin, (a) deduiinlilsueslsl
RGN
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2.9 mssudeyavesuuuitasilalsussliseiiios

nsEUIUN1TEIU Yildlaensuszanuiuuuuaassia (20 Convolution) sewineanIn
ruduwivnvesdeduiinluguil 2.13@) funanevaussweshswduandluauns (2.6)
uazuandlugui 2.14

o ) ' - A4 e
EU‘W 2.14 ms‘dixmunuszm’namwmmL;Juu,umaﬂwaaaauuwﬂuawamauauaa’uaa
W9

DY h(x—=& y=mm(é.n)
Ve Y) =

. +n(x, y) (2.6)

sat

e v(x,y)fe. ussdulwiesdagaswndu, m&n) Ao anmemuduwivin
yasdavuiin, n(ey) Ao FygIinsunutuuindifounas A Ao sedunisdud
yasleluianiad (solate Pulse)uay h(x,y) Ao lidunaneuaussvoseiilianns
naaeslul9] Awmansluaunis(2.7)

h(x,y) = a,{tanh(a,x + @,) — tanh(e,x — @,)} x{tanh(e, y + ,) — tanh(et,y — @)} (2.7)
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e xyfosregvnaainguinarslulunuimuunsnuazyinaunsn,
a, =|(H.G.T.U.h,.1,.1.1)|  Fefuusilénnnsusuanummzanveadulds (Curve
Fitting), H Ao AUNINIIENINTanaud e (Side Shield), G Aiv MIUNINNUBITaR, T Ao
anunievestndndn, U e arwmuivestwdudn, 4, e Auuniufnaisds, 7, Ao A
munvesdutuiindoya  (Recording Layer), 1, fe ArmMuIvestuBuRDsTifnn
(Intermediate Layer) gﬂﬁ 2.15 uanslASIAs VB IRIB U

Side shield

d 2/ L% 1
JUN 2.15 lassasnaveienuy

2.10 N1SUSTUIANARYYIUFINTUNISUNINFRARUUEDITR

T 2007, Nabavi [11], [12] iauafansianimesinfimsuiulgs (Modified
Viterbi Detector) dwiudetuiiniuu BPM (Bit Patterned Media, BPM) %atﬂumsﬂ%’wqa
MnfnsInimesduuunidaiannsodanisiunisunsnaeauuvaadi lnanisiiy
We3nanv1 (Branch Metric) fillunazesnisunsnaandnunindiades nanisvinapuansls
wWiuddnsaam imesTiviuusasninnulaesniivszang nmmilenindinsiady
Amestuvuiily T 2008, MKeskinoz [13] l@uea9asuiuwinuuuaesiifiuuy Generalize
Partial Response (2D-GPR) d wsudevudinuuu BPM Ingldudnnsvesaiadeidaans
#i1an (Minimum Mean Square Error, MMSE) InAsihinue sy ans nawdianinnaasusu
wirnuuUaunau (Decision Feedback) ¥ 2009, Lin.M.M.Mynt [14] 1auan1sn32ankuy
a03dd dwdudetufinuuu BPM . Iagldmsmatianisusgninanisunsnaenseninaunsn
(Il Estimated) §3aggniirluausenandyaiaerundy vinlidganusundumdeitonis
unsnaeauuuniedA Filiansalimesamuunididlunsasandeyals Ssazdivan
AMUTUTDUVRIRINTIIT U 2010, S. Karakulak [15] LauamsaaﬂLLumwﬁmmfomﬁ'
mmxauﬁmwiaxmmwmLLﬁumm‘zTa;gaé’W%'Uﬁaﬂ’uﬁﬂLLUU BPM lagansanmnudutouss
fIN529M WU n1snnseanuuulimisinavesuni nuuLazuninanafianviniu (Symmetric
Target) wiaeanuuumiinaliieduussaniviyuduaud (Zero Corner Target) U 2010,
Chang [16] thiausminsramdagauuuvalsunin (Multi-Track Detector) dwsudetiudin
WUy BPM Fsiluwadndnnewvhnisesamdeyaunsnlag Thinsessamdeyaveaunindns
\Wsstuanau (Side Tracks) 9ntudwihnmsnsamdeyauniniidesnis snduldudnms
waniUasutassErnainnmnunsniidesmsuazundnirafies ieteiiuyszansam
Tumsamamdeya ¥ 2011, Jkim (17 dauenislimmsamuuuvildifassininy
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Sy lnefindansranilusuasne wazdndnidansamlusuivey dnduie
Jufinuuu BPM lnediednsiatursofiasuaniuisudiiasszuinety T 2011,
M.Yamashita [18] lela@uenisesnuuureasuuminuuuassinlagldlaseouseamidion
(Neural Network) 113U TDMR Sswanisnaasauansliifiuinasusunihitiaueauansa
vhendldRmnasduruuuiedshdaesieniian venmnildniaueneianissians
dothuiinuuunsiyans tneldununimlaTsuasliseides fuvusraesianunsosrassnis
nsvanefveanTuwivinidlndidefudeTuiinildnussanntu



UNA 3

nsUsERaRadyyIMamMIURoUUTNBwimanae «if

luuntiagnanfmguiiiierdesdunisuszanadygrudmivdetuinida

1

wimandausenausienasuiuviuuvdedit, aruiezdussinamesesigegn, nannis

9
t%

MNUeInTIIMUEa1s [19], Masravmgendiondwaimnesy [20], [21] wazgavinesia
unlutainwainueadng [22]

3.1 wdnnmsmsUszananadygudmiuievuiin@auivanao i

ndnnsiugIuveszvuUszananadyyiuAdnealudeduiinBuiindn
Usznausie 3 diuvan fie 1) siauiludarawainuaafiiig 2) 19sUsuinuay 3) MnsIam
sauansly 3UT 3.1) Topugridrsvialsesiia G'E'uflumsl,ﬁuﬁmei'ml,ﬁu (Redundant Bits)
Lwama'lumsl,l,r’flﬁumawﬂwamLLavmummmmaﬂasuawaaaaymm U Msaszgnudas
Hunszualviiileadwaumimdnlunsmienhdetuiin anduiewagyinisiuian
Lﬂaauuﬂawaaammmmanu,auLUaauIULUuacgzmmwNMﬁw 138N71 AYYIUBIUNFU
dynnasunduazgnasludniasuiumia evinmssusuisdgabioglugunanauaues
Fyanadiresmsaniiuisdssielieasasamviinisinaulapuiasuvesdsta noud
wdsipuihandulumsindulalisaseeasda iayinisuflvdeRananaiiiatuly
szuu ludaguusiaudladeiananausefnmamannsouaniasudayalu-n Jaiuasiu
1% Tnslustawe Smpsnsuanidoutoyaasylimsfiutoyatiaugnaonnndatiu

) AQYUITLNIY @

I
| o o

L LY PRTT ' ganvia .
]

——— dvaueaAN | [ Fuwi
]‘ Fryryansunay |

: |

deriuiin ©)
I [~ B Rttt > i |
bapowm | - > :
o =l e | Y |
<+ 00AMIAUARATNT | | > T FIMTIAM :
| < T \
————————————— P - - - - - -

= ) aa 4 o 2 a '
JUM 3.1 szuudsuananadygafineavesdotuiindauivan

3.2 NN599NLUUL9ATUSUWINLAZNISINA
Nﬁ]iﬂ%"uwi'w‘l’”mﬁﬂﬁﬂ%gﬂs'wwaaﬁ’tymwméﬂuﬂﬁuwﬂulﬂmmamauauaa*‘?‘i

fosnslumtorzeduieifimsesnwuunanauauamising Aildn1svesdefinnainfdsaes

WdeiesTign (Minimum Mean Square Error, MMSE) (23] ¥382995U5uivinuuuiduiduiead
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TngUsnAndreasusuinuuuiduldueadagrinanudiniuinsnsiam vieisend 1993
M3 REISLOULeA (Partial Response Maximum Likelihood, PRML), ﬁagagnménuné’uﬁ
W sUTuinazgnusulvedlugunanauauasuedu (Partial Response, PR) &edansil
nmmsﬂaawaamﬁaagiﬁ'mLwiﬁwmﬂﬁéiv’uaaLLasmwnﬁuasgnﬁné’m‘[ﬂmaawswm’tumwﬁq

Wmnelunisesnuuy Ae MsAuamduUsyavsvenasuiumiuasmanad
wangauign nanfe ﬁﬂﬁuﬂszﬁwéﬁaanLLUU‘lﬁwmmst%’Ugﬂ‘i’)waaﬁmmémnﬁu‘lﬁﬁ
wamevaueadlndlAssiumiinaiifesnsuiniign sUil 3.2 uanmdnn1sesnuuusienan Tag

3
=y

Bunmsdedeyadunm g, e (1) swdesdygaildidygasundu y, snduihdeys
Bunn a, wasdyaue1undu y, lkunszuaunsmauduiuslunneeda antuaglden
é’uUssﬁw‘é%nwsU%’uMqLLa::m%mmﬁmmzauﬁqm, AnduUsEavBuanasUiumasgn
iluldlunisuSususedyanausndu Anduluaunifinefidesnis) sasiierfuen
é’l’uﬂszﬁwéwaam%mmgnﬁﬂﬂl%"aamwuc?hms'm'm (WonTamdngaiiinanevauainss
AURBINS) NMseentuuNasUTuWasmSineamnsaudaldidu 2 Ussian §ad 1) 299
UFuivimileld (1D Equatizer) uae 2) 2995U3uWiansdd (2D Equalizer) Fsanunsanvafu
2.1) miinanuuyandugud (Target with Zero Comers), 2.2) mfinaduuuuauuing

(Symmetric Target) wag 2.3) ymsinaiduuuulianunns (Asymmetric Target)

Rryoyanusunau

a, €t]l —» dedfgayms > Y — wmlfuvh > Z,

(3

4 plFb il

e

> ~ Agalls=dvsneaiuwin 4
| eavRlumaw > " P 4

Agus=@nEm5inm

N\
a_Q:d

U9l 3.2 N1599NKUVNITUTULYNLAEMSINARIUVEN ﬂ']'i‘U?J\?L’SlILSNL@ﬂS

€af

a+l,A
oy Zok ,\
F » DETECTOR —» 4,
a—lk
d Ty
> G : >D > e,

U 3.3 1995USUVIUTA

132328
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%4 1 ‘:’ o
3.3 299TUTUMIIULLUR
a o o v a v 2 o 3
WU 3.3 ieveyaduwaauyn Ussneuse deyauninuu (a,,) deua
uwEnnans (a,, ) wazdeyaundna (a,,, ) gnifuiinasuutesdyanuuuvassdin sniudu
Toyandulalewinatesdyga 5, swivdygrasuniuwuuindden », IWdygimdiu
nduwmsnnans y,, fygrugundugnadluusuuddaenasuunild z,, mntudsgndsly
dnnsaramnierhnsasiammaniesiluresdeyauninnats 4, wusivaiudeya
a < ] [ s 1% =L < s '
BUNAUNINNGN a,, gnasluussauiumsing Gla 4, vSednaraumising, 199sUsuia

a

o ° @ £ o | a0 g w 1
LLUUL'SNLSQJL@?{@"U31’?’1"IU'Jmﬂqﬂqauﬂigaﬂﬁﬂaﬂ')\ﬂﬂsﬂillLVl'] FLLag'V]']%Lﬂﬂ G ‘VI'VH‘LVIN?IW'I\T

a o o U = W o [ L4 L3 4 aad o
HRAUNIANEIRITENIN 2z, LAY d, dAUBENIER, ﬂ']‘MUﬂI‘VWHiLﬂﬂﬁU\?&JGIiJ‘UU"Iﬂ 1x3 PR

Tuaunis (3.1)
G=|:go.—| &o,0 go,+1] (3.1)

1 a A o s a % o = b
ARananlRdeasEegniemlaefmaliunsaiavung (Expectation Operator),
E[s] By

E[ek]:E[{zo.k ‘dk}z] (3.2)

Ele,]=E [{(yo,k *fi) = (ap, * gk)}z} (3.3)
e * fie shsiiunseeuligiunasanusaideulugumsndldiiy

E[e,|=F'RF -2F'PG +G'AG (3.4)

Tneil R=E| y,,7 | A0 Anadsvonunsndnanduiudvesdunusunduuninnans
WA (2N +1)x (2N +1), leN #e PUIULAYYRI99TUT U, A:E[ao,kag,k] )
ﬂ'ﬁLa?{amaqmm%nsz?é’mawé’uﬁuﬁ‘maﬁayjaﬁuwmLm%ﬂna'm WA 2L +D)x (2L +1), ile L
Ao Swuwiivvesmsiing, P=E[y,,a, | fe Anadeveauy3ndsmanduiusiusning
dynngunduuasdoyadunauninnars vuin (2N +1)x (2L +1), ’Lumimﬂ'ﬁﬁﬁqﬂ
(Minimization) #esfmuadeulusfuifevdndensiémmnoudl F=0 uas G =0lunsdls
Awualiduussansinans g, witunis dufulfazdeuludedu (Constraint) Wiy
CG=1 e C=[01 0]'uaz A Ao fMauansTud (Lagrange Multipliers) unuideuly
Jedulu (3.0) Iemmsildlunsvndgn



E[e,]=F'RF-2F'PG+G"AG-A(CG-1)

vhmsweyiusauns (3.5) Weudu F, G waz 1 9ntudwualivinduaud

OEED _opp_2pG =0
oF

%:—ZFTP+2GA—AC=O

B(Ele,]) _
oA

-CG=0

wiauns (3.6), (3.7) waz (3.8) azl@

’?’=[ T 1'r 1 J
C(A-PR'PC

G=A(A-P'R'P)'C

F=R'PG
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(3.5)

(3.9)

(3.10)

(3.11)

> G(+1)
O,
G(0) D4

NN

» DETECTOR

s —/?‘/ d,

5UM 3.4 299sUSuminuuuaesdii
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g

[ ) [
3.4 asUsuwidesiinnuuiissnlugud
= o | & aa o 0vy a 9 a '
JUN 3.4 wannsasuiuvinileds, delideyaduwsnnunindnufeandisluns
oanuuu laedeyaduyn 3 uningndsiudesdyyralddyyrudunduuninnas y,,

[ e-v]

5 ) U 1 ) LY 1) Vo A 1}
nniuddUUTUUAgUIIlREI9sUSUVIN F=f, [ foSis £ T IE e asdinin
MU z,,, ‘UﬁUuLﬂEJ’JﬂU‘U’eJMﬁEJUWGWN 3 uningnasluuszauiumsing G,,, G, uaz

G, (Wszamuwvuniladiflasuenusazunin mnfudaiunsut) Wygaminn 4,
Amuald mitnaaesdiuuuiiyulugudvinu (3.12)

0 g+l,0 O
G =| &1 &0 o (3.12)
0 g0 0

Siuelf g =lg,, 801 Zoo Bowt 8rol” iR MEiNA G TihduUsrAvEudasuntnun
=1 U L2 o 1 a " LY < 2/ =
Seesiery (thusazuannGesony), o, =(a,, . dy o ay, 17 7 Toyadunad

denndesiulInmes g, AL HaseMAsTeNRBesEiIN 2,, uay d, Wity

ASRATLA N (3.13)
Ele,]= E[{(F"y,.)— (g"a,)}] (3.14)
Ele,]=F'RF -2F"Pg+g"Ag (3.15)

Iumsmmmam gimundeulytafuiienindesineudy F=ouas G =0lunsdi
mwum‘lwauﬂiuawﬁmnmagoomwnwua faulddeulateduiniu Cg=1 il

C=[0 10 0 0] uaz 4 Ae fMAuansus wuloulvdsiuly (3.15) WWaunsilldlums
ALAERET)

E[e,]=F'RF-2F"Pg+g'Ag-1(Cg-1) (3.16)

nsmeyRusauns (3.16) Wieudu F, g uas A nndufmualvviniuaud

mzzm_ng=o (3.17)
oF
D __oprp, 2gA - AC=0 (3.18)

og
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06D _ .y _,

7 (3.19)
wAENMS (3.17), (3.18) uae (3.19) azld
,1=( 1 ] (5.20)
C"(A—P'R'P)C
g=A(A-PR"'P)"C (3.21)

F=R'Pg (3.22)

) T = ' P o ¢ @ v @ ¢ os ' [ 2
Tnen R=E[yo’ky0,k:| AB ANLRALYBULUNINTDNANFUNUSVDIAYYIUBUNAULNTANAN

= o Qs ] ) A
WM CN+D)x 2N +1), N 9 :1uiuuiiueenaasusum, A=E[aka:] A9 AQALYDY

a .3 (Y w ¢ L

[ a o 1 <
wvinddnanduiusveadoyadunm 3 unsn vumsx5, P=E[y,af | e Anadeve

wvEnddnanduiusinusswindygasiunduuninnanuazdeyaduneauin (2N +1)x5

I’lo’ k

a+1,k

by

DETECTOR [—* ao, k

g G(O) | — ¥ i
P G(+1) k

‘J U ] aa
JUN 3.5 195U UERifluUHEIINAS
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3.5 29asUSuvinaasliRLuvaNNIAS

farsanguil 3.5 uannesuummildii-miinndasdifuuvannns, foyadunn 3
uwingniuiinasesdtyanalidaygrusunduuninnans y,, vuzineniudeyadunpgnadly
Uszauiumsinaladganamiiing 4,, fvuslinsinngedifuuvananaswinty

G, g1 Eap Bara
G=|G, |={& . &oo Zom (3.23)
G, i1 81,0 Ea,ai

° EY - a o w - o £

MUY g=[g,, Zno &m Zom oo Low) ADMIING G MduUszAvSurazunin
= 1 [ 'r <

HNILINBNU, ak=[(a-1.k—l+a+l,k—l) (a—l,k+a+l,k) (a-l,k+l+a+l,k+l) Aopoy Gop Gopey] FD

8/ a = 19 % s LY 5 ! o as o ' [
Teyadunnfidenntaaiuinmes g Aull NaRvMAeuaBsENInN 2, Uas d, Wiy
Ele,]= El{z, — d.}'] (3.24)
Ele ]= E[{(FTyo.k) —(g"a,)}’] (3.25)
iawsuluguminglaviiu
Ele,]=F'RF-2F"Pg+g"Ag (3.26)
L ¥ o = w o ﬁl = o o de‘l‘
lunmsmemgadosimunteulydaduiiendnidesimoudu F=0 waz G=0lunsdlil
Avualiduussdntdinana g tirdunids asduldideulaveduivinducg=1
< < w (3 o w s
e c=[0 0 0 01 0] uaz A Aa fMamaInswd  uudeulvdduluaunis (3.26)
Ipaunisildlumsmaisign
E[e,|=F'RF-2F"Pg+g"Ag-A(Cg-1) (3.27)

o [ < L% :.II [J 2 1 L3
MNITDYNUTAUNTT (3.27) Wigunu F, g uag A QWﬂﬂUﬂWMUﬂI‘WL‘Vﬂﬂ‘UQUB

9(Ele])

= 2RF-2Pg=0 (3.28)

Q(Z[i]) =2F"P+2gA-AC=0 (3.29)
g

OEle]) _ —Cg=0 (3.30)

oA
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wheun1s (3.28), (3.29) was (3.30) azla

z:[ N ) (3.31)
CT(A-P'R'P)C |

g=A(A-P'R'P)'C (3.32)
F=R'Pg (3.33)

1 LY <

e' T =] J A a [ . Q (.7 -4 Q
oo R=E[ y, 00, | fo Anafevesuvinddnanduiusvosdyyrnsiunduuninnans
WINQRN+)x (2N +1), N fe Suruufivres@susuim, A=E[aka,f] A9 ALABYDY

@ w ¢ k4

by € s a P J o
wanddnanduiusvesdoyadunn 3 unn wwIn6x6, P=E[y0,ka,f:l AB AQABYBY

wwindsnanduiusdusenivdygyiusiunduuninnaruasdoyadunn 3- undnvunn
(2N +1)x6

3.6 29sUiuwindastfuuuliauning

fnsanguil 3.4 muualvdayadunn 3 uwnsn gndaiutesdyaalddyanusm
nduuninnane y,, wnsdefuddunsuligiuiumanalddygamisinn 4, fwuald
nsinaasfuuulaannng

G, i1 8110 ain
G=|G, |=]g. &oo 80,41 (3.34)
G, 8111 &-10 E-141

Al 8=[8u-1 &G0 8w o1 oo Sow &1 8o g-1,+l]T weansing - G i

AdudsevsunSosetuluuiney, e, =la, . Gy G G G Gopn Gags Ao

a1 Ao doyadunniiaonadesiunnnes g iy sesheidwenaiosswing z,, uas
d, Wiy
Ele 1= E[{z,, ~d}] (3.35)

E[ek]=E[{(FTJ’o,g)—(gTak)}2] (3.36)
vivadeuluguumdndlevindy

Ele,]=F'RF-2F"Pg+g"Ag (3.37)
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Iumsmﬁiﬁﬁqﬂé\'mﬁmumﬁau‘l‘aﬁaﬁ’uLﬁwﬁmgmﬁmamﬂu F=0 uaz G=0lunsdld
frvualddudszdndainais gt unila Fedulddeuloteduirinfy Cg=1
o C=[0 0001000 0 uag A Ao Mgmuansud  wnudoulededuly (3.37)
Ioaumsaililunsmensingn

E[e,]=F'RF-2F"Pg+g'Ag-A(Cg-1) (3.38)

L3

vihmsymeywusaunts (3.38) \leudu F, g uag 4 aniurmualivihiugud

oEle]) _ 2RF —2Pg =0 (3.39)
oF
_a_(@ =2F P+2gA-AC=0 (3.40)
g
oEle]) _
ol AR , (3.41)

WAaun1s (3.39), (3.40) way (3.41) azl@

1
A= 3.42
(CT (A PTR"P)C} 342
g=A(A-P'R'P)'C (3.43)
F=R"'Pg (3.44)

loght R=E| y,,»;,] o Anadevenuninddnanduiusvesdygrusiunduuninnans

W 2N +D)x(2N+1), N fs wruwiveensasusum, A=E[aka,"{] A AlRaY
a € v o & 14 a < T 4 1 o

TesmEINgOnavauius s loyadunn 3 WSnUUN9x9, P=E[y, .l | Ao Auadeves

wvisnddnanduiusihuseniedygraugaunduuninnanuazdoyadunnaun (2 +1)x9

3.7 mmﬁwmﬂuaz‘lwama%aa%gqqﬂ
GT'Jmsnmﬁl%’wé’nmimmﬁwm‘ﬂuaﬂwama%aa‘%gaqﬂ (Maximum a posteriori

Probability, MAP) T#a1n1sdadulaifunuudn BitWise  Detector) #evi1auniels

215MIuuAgegn (Argument of the Maximum) luannns (3.45) o a, e {+1} uaz y o

NNNDTTRIE YIS TUNEY
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a, =argmax P[a, |y] (3.45)

Tnenalu danesiuddiaens udanesiunldlunisaruiuniainissndulalavende
2151 1uA (3.45) Ansanaulavesidasiafivusdudasidiuninuunazidu +1 deau
wnawilu -1 ludnsrdruaeni3iusssued (Log-Likelihood Ratio, LLR)

. Pla, =+1]y]
A(a,)=1In (*P[&k - y]J (3.46)

le AMa,) fef LLR veslndeya a, ﬁmmmmumwmaﬁa’lugﬂﬁ 3.6 wanIN1sWasY
anuzntim & WH £ +1 fadumaniswaouaouziianun 8 dumns uwusldiiu 2
nau Ae 1) dumemnuyesdulunisiddsuanussesiadoya “-17  (dudiv) uay 2)
LﬁumqmmﬁwzLﬂuiumsLﬂﬁauamuvwaaﬁwﬁaua “0” (Fuusy) Wnefimanuuendu
mawm‘uaua‘lm ansofnnalinraswverninsndulunsasuanusfivasian
k uw] FeannsoFuaaldmeaiinns (3.47) uae (3.48)

P(a,=+1p)=p" +p;"+ p;' +p}'

- Pla =+1]y)
Pla,=-1|y)

P(a,=~1yp)=p"+p;' +p," +p,'

N o k=

=] ' = a
JUn 3.6 A dureinsaeuaniueg P(u—q) "8 k =1

Pla,=+11y]=> p" Wi =u, v, =qly) (3.47)
-

Pla,=-11y]=> p"' W, =4, ¥\, =4qlY) (3.48)
2

e $* unuwaveamsildsuantugvesdndaya “+17, S unuwaveanisiivaniurin
doya “-17, y Ao MuUsveanisidsuaniuzuay y fe nmesdygiueundu  laed
nnweTdygINEWNaY  y awnsowutleilu 3 dw A y=[y,,. vi» Vil W0y,
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wiudayansuidunynnewnan k, y,, wutayanTuntNvawaT k war y, unu

(v

Teyanisudun adan £ anudandulunsdsuaniugin u — g awnsafnIn

oinati
(A, B)
Py, =u. v, =41¥]= p(. q|y) ; p(4]By="L
ik p(B)
u, ¢ ]
ZM 3Y =Y Yer Yiuid
p(y)
_ P .Y s Yir Yioi)
ry)
Py G,Y, s Yis Yioi)
T
= 4 s p(A,B)= p(B| A) p(A)
p(y)
= p(y1>k Iu’ q,ykk’ yk)p(u’ q’yl<k’ yk)
p(y)
PCY i | 456 Y i VP G,Y s Vi)
Wi 75
= ; p(A,B) = p(B| A) p(A)
py)
PO 45 55 YOI PG Y | 1,Y,5) P Y 4 )
r(y)
a J B
——— _
= Py ) gy, Ll v Y P(Yise |G, 9, Vi) (3.49)
p(y)

NnauNIs (3.49) wansbiiunanmihasdulunsdeuanive aunsewdsléiu 3 du
fo a,puazy aed auwummﬁmtﬂuﬁﬁwmmmm’fayjawxmmdawﬁwnmk,ﬂ wnu
rnezduiidnuamaindeyandinan & waz y unumnminezibuisuinindeya &
. eyt duandluguit 3.7 defiorsamatiawluaunis (3.48) fMoauauifusnew
(Markov Property) \ilosa 0 y ., 10uBas#9n u, y,..s , (@1wtasduves y,., fiudn
mn*ﬁauvaﬁ‘dammmnﬂdw k ﬁ’qﬁuamiﬂmé’ui‘fﬁu'lugﬂﬁ 3.7 daduiududase
NNy, v,) S A(g) awsnanjuleilu

Yick

k=0 k=1 k=2 k=3 k=4 k=5
o @ ' ' o a A o
UM 3.7 fegeanuiissidulunisiwdsuaniugves p;" NYIIAT k=2 LUBNINUA p

v

1l
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B@) =l 0.Y,4, v:) =01 |9) (3.50)

4 a e o o w a 2 a ) v &
WaRasuInaunassluaunis (3.49) WBRINUVIYBRBUNR a, WUdaTEADNY AIUUAINY

sl p(g,y,) ssdudassan y,, dalunay y(u,q) awnsoanguliiy

YW.q)=p(g, i |u,¥14) = P(9, 7, |u) (3.51)
auns (3.49) annsaeulnailamdu

(1) xy, (u,q) B..(q) = P(,Y,)P(0, ¥, [)p(¥,k | 9) (3.52)
r(y) p(y)

P[u, ql y] =

[

] a ° o
lnenswns a,(u), B.,,(q) 483 7,(u,q) arnsarwInlidad
1) 7,(u,q) @msamuInlAlAeRIINNADIRLNMOUNGY y

7: W, q)= p(g,y, |u)

oy f . _p(4,B)
—p(%&l%) ; (4| B) »(B)
_ (g 1)

p(u)

_P@yn) [p(u,q)} _pw,q)  p(g, 1)
p(u) p,q)]  pl)  p(u,q)

= plg|uw)x p(y, |u,q) (3.53)

P A aa a A o v o
LN@WT\]ﬁLLiﬂ p(qlll) ADAIDENIDBIVUD Y LLEWLﬁJaﬂ’l‘Vl‘LIﬂI‘VI ﬁyin']ﬂJiUﬂ'JuLﬁULLUU

L | . " 5 e’& Vo
LAY U (Gaussian) ALY WAUNFDIISNINY

1 -1 .
(v lu,q) = T 2exp{262 lyk—r(u,q)lz} (3.54)
yiie)
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2) a,(u) annsamnnlaannsieuialuiidludremii (Forward Recursion)

ak (ll) = p(ll, yl<k)

ak+1(€1) = P(q,YIm)
= (9, Y5: Y1)

0-1
= ZP(Qayk:“’yld.-)

u=0
0-1
= ZP(%J’); 11,Y,0 )P, ¥ 1)

u=0

0-1
= 0(g, 7, |0)p(w,y, )

u=0

= %}/(u,q)a(u) (3.55)

3) B (9) ausosmunnlinnmsieuialufindeundu (Backward Recursion)

B @ =00

B ()= p(¥ s |10)
= D(Y oo Ve 1 18)

0-1
=2 P o Visq 1)

q=0

0-1
= 211 1 ¥6:0:0)P(¥;,q | 1)
=0

q

0-1
s Zp(ybk P (¥y-q 1)

0-1
= Zﬁkﬂ (q)}/k (ll, q) (356)
=0

q

IMNANNIN (3.55), (3.56) wansliiiui a, () way B, (q) awsamunlaannisdey
WinDe ¥, (1,q) Aeduaunsy (3.46) anansadieuludladu

o, 1)y, (,9) .1 ()
Pla =+ y]] = sign| In ‘"??5’ : (3.57)
P[ak =-1| y] z o ()7, (11,9) B (9)

(n,q)eS”

a, =sign(i(a,)) = Sign[ln(
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L4

lngardengnissindule sl
o [(+1, Aa,)20
a, =
f -1, Ae) <0

(4 '3 '3 a fa =\
3.8 GI'Jﬁi??ﬂ‘v]']sﬂ@‘ﬂmLE]’W\Wﬁ"JL‘Vl@iULLUUﬁ@QWﬂVI'N
mMasmweniiernaimeiduuvassiiems uddmasiamidanisdndula
Duardnnusdwduidisrivsesamifiens lnevhnsusulgenandaneiininesd
L = P [ a A:ﬂ:‘ o
[24] dnmrameeridiondnalinesdazimsamaniuninanfitngn Iasduimain
] [-1 d (%) :‘
AUzl UYBINISIUAsNEN LY Aanuandluauns (3.58)

1

2nc

-

7(1,q) = In(p(y (@)= h{ ]—z%m P q))?
G

(yk — P(u,q))° (3.58)

2 2

o ~ = 1 [ 4 A < (3 1 Q) <
e 7 =(u,q) An msuranduresnisieuaniue, #(u,q) Ao LD IANA VDYDY QYU
aamaaanumnﬂaauamuu(u ) MULHUNINNTARE, o ABANLUIUTIuY &y
FUNIU ﬂ’mu{ﬂl‘ﬁLllﬁiﬂﬂﬂ‘U’Wlﬂ‘V]?j,ﬂiJﬂﬂLVI'lﬂU

k
(D =27 (3.59)

3

mualiiuuEnauvesdndeyenseiudin  (Complementary Bit) whitu @, (q)

[
Q)

WU MIAWINNAT A(a,) veslndeya a, aansawusls 2 nsdl Ao

1) ﬂizﬁﬁum‘uaua a, =+1: 3zlan Pla, =+1|y)= exp{®F} muu@m =% Yz
P&, =-1]y) ~exp{a@:, } Tatlunsdll] o, =02 fufu aumsi (3.46) Foulmildidu

Pla, =+1]y] (exp {@'f'“(q)}] -
Ma)=|In| ————== | |~ In| ———H= o D (3.60)
(@) [ [P[akz—ll)’]]:! exp (@, (g )~ @7 PR @

2) ﬂszﬁﬁﬁm%’aua a,=-1: 8 p@G =-1]y)~ exp{CDM} PRTI OF= = @& s
p(a, = +1]y) ~exp{a@t, } Tnedinsdli] @, =0~ defu aunnsit (3.46) Teulmilén

Pla, =+1]y] (exp{cbzl (q)}) netl s
A k)= In| ————=||=In| ——=—— q)k:-l D (3.61)
@) [ [P[ak=—1|y]ﬂ (O ()} @-Puile)
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ot d =,
3.9 AIRNIIIWINUIHA
HISUIFINTIIVTRRVUN 1x3 Al

G=[ay, g4, ay;-] (3.62)

913U 3.8 uansmsUdsuanusTesfinaviled®, Wermuald Ay 41 Ao sg € {21} WNU
Suauanug (State) FafuaiisnauanusAiluldiomaihiu 22 =4 aanus wiefldwou
ANMBVAU (-1, +1-1, =1+ 1, +1+ 1}, vassfimunlyl q,, e {21} unudwouam oy
wiiunuamuiiluldieimuainty 2 =4 aen vialswnuann wiiu {-1,+1)

u state a,, / 3 g state
I:aO,k—l ao,k-z] > [ao,k aO,k—l:]

branch

+1 -1

+1  +1

= = < < aa
E'U‘VI 3.8 UNUNTNMISIUASUARIULYBIMSINAVTINLRA

3.10 fmTamaasdifnuuyalugud
finsandnsimmaesdifuuuyuitiugug 2wt 3x3 fel

O g+1.0 0
G =|8-1 8o Zom1 (3.63)
0 g0 0
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o d aa
3.9 AATININUIUA
NITAUNFINTIIVNTNAVUIN 1x3 A9l

G =[ao_k Ay k1 ao_kfz] (3.62)

- < ¢ % aa 4 o v
9N3UN 3.8 uanmsivasuanugvesinaniladd, Wefwualv a,, . a,,, € {£1} unu

FnuanIue (State) sanuaziisnuiuanueniulanauawinny 22 =4 @a1uy sl
AT {—1 -1, +1-1, =1 +1, + 1+ 1}, VueAAMUAW a,, € {1} WnuTnnuaw) daiu

-

sefiifudnnuannallaviaauawiniu 2' =4 awn viedlidwauaw winnu {-1,+1}

u state G5 / v g state
[ao,k—l aO,k—Z:] > [aO,k ao,k—l:l

branch

o o ¢ & aa
FUN 3.8 LHUNMNITURUANIUEVBINIINANUIG

3.10 fanstavindesiinuuuydugud
Asanfansiemnasdifuuunilugud vuia 3x3 el

0 810 0
G= 8o.-1 80,0 &o+1 (3.63)
0 g,,0
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UM 3.9 wanansidsuaniusvesmiinaaesdiduvuspnduaud fwueliia,, . a,, , € {+1}
W audaue faussdisuauaousiiululdiome wihiu 22 = 4aonuy, vl
ops @151 A5 €421} WNUTIWINAIY Fafusriifwavamdululdtomn wiafy
2 =8 @1, JUAl 3.10 uanuHuMWINSARATRINTWABUaN UL FIUsENOUIY 4 @n1uy

Ineviusaranued 8 a1v1 Jendnaniuzdagiuludianusdnly

a+l,k—|
u state A k v g state
Ay k-1 A1 k-1 Ay k
branch .

Ay k- A k-1

L4

= - ¢ aa
JUN 3.9 msidsuanuzuesnsinnasdiftvugdueud

2 =) ak =—-1
¥ o' o 28]

= a s aa «
31]1’! 3.10 LHuUAN ’lwmSLUaEJ‘uamus‘uaﬁw’ﬁmmaammmw‘m L{Juquﬂ

3.11 AIASIIREDINARUUAUNING
- L% Qaa / J
WANTEUININTIINADIUALUUAUNUINT YUIR 3x3 AU

G” g+|,—l g+l,0 g+l_+l
G=|G, |= 8o-1 oo &o+1 (3.64)
G, 81 8410 841,41
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SUTl 3.11 uamsmsivAsuanuggesmsinnaesfifuuuanuins, sl Qo 41> o ps e{+1}
(@400 + 0 ,) €{0,22} UBE (a,,, , +a_ - ) {042} unuduauanusidululy fafuesd
SMWIUANUEIINAU 22 x32 =36, Ve a,,+a,, €{0,£2} uag aq e{xl} unuiuu
aBululy Feduasianmviiy 2x3=6 a1 Teeenvnusavaniug Fauanslugui
312

u state gt ay, g state
g a4, Ay i Ao T A,
LN R %’k | G T Ao

o 11 branch - ay
Qox-2 Qp ey

gﬂﬁ 3.11 MAUAsUAN LSS INAED IR LUUALLGS

=t -
-

-1 -1
111
-11-1

—
'
e

USRS

U™
&)
-
&

=
3Uv 3.12 LLmumwmiLﬂaauamuvmmmsmmaaqummuaumm (36 d@n1ug, 6 @1v7)

3.12 amsrmndssdnuuulisuuins

é’amwmaaaﬁﬁqulaiaummﬁaL*'fJué'hmwmﬁﬁmm%’u%’auﬁqm Wl
wamauauaqﬁlﬁﬂﬂﬂé’ﬁmﬁuwamauauawaa‘dmé’ﬁyzymmnﬁqﬂLszf'uh"u NIITUIRAINTIIN
goaifuuuldaumnasauin3x3 feil

G g+l,—1 g+1,0 g+1,+l
G={Gy |=| 81 Lo 8ou (3.65)
G, E_1-1 &-10 1,11
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gﬂﬁ 3.13 wansmsivdsuaniugvesmsinaaesdisuuulianuing favueld
Qo pot> Bopez> Baricrs Boypors Goypogs Aoy € {E1} UNUTIUIUAD UL Faduasiisuuaniue
damawhiy  2°= 64 antue voued s Ay A,y € {E1} unudruauanwn Fatfuasd
Frnuauiiululfivhiu 2°=8 a1, feumdineaesdifuuuldanunsess 64 antuy
uwrazanuedl 8 anaieenlusianuzdaly ﬁmam‘iugﬂﬁ 3.14

a+l,k
Aok
u state q state
Ak
Aorpr Qg v, Qi Aoypa
Qo Lo > | Qo Qo

branch

Ay Cipa Ax A

=i < aa )
JU% 3.13 mswlsuantuzremmsinaaesdfnuuldaninns

-
e

-
o
[

o
S
el

0
-
S

.
R
-
P )
~
.
-
v
-

-
-

1] 11
1)1 @\— N ERE!
M~

3N 3.14 waunmwmsideuanuressineaediiuuuliaungs (64 donug, 8 aw1)

3.13 saunlvdelanainueanng

wannsvessiauiladoRinwate (Error Correction Code, ECC) lnevialy azende
vanmafindndruiudiluludenny (Message) tietaelunsudladeRanaiaiionadiaiy
sEwinnsdataya s‘z’iaﬁaLﬂunmﬁummmL%aﬁalﬁﬁ'uﬁaaﬁzgnujmm sWaweaAnd feilu
sviaudonidadu (Linear Block Codes) vllawdls swauoafiid gnilnulaoumsndni3as
wmildnutesdedisutuaun Welidssesving d,., (Minimurn Distance) g1 JU7l 3.15
LLaﬂﬁIﬂsaa%qﬁﬂiﬁ'ﬁ%ﬂﬂssﬂauﬁaaﬁmﬁaﬂ'gml,aswﬁﬁﬁm et Wy Wernusalidonny
Ao m=[11 01 0] wasfmualidndiniunden3nonaieiulngefomiudunus foi
Py =my+my, p, =m +my +m,, p, =m, +m, +m; VINAMIUATIUFUNUSAINEN? @150
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anasradumsa (Code Word) winfiu c=[m:.pl=[m m, m m, m:p p, p]1=[11010:001]
FeAsRaRzUsEnOUM Y

p=ms m,

L Dy =mys my+ mg

‘lllfT

c=[m:pl=[m my, my my my:p, p, p,]

Py =my+ My + m,

5U% 3.15 Tassasneseninsdndanuuaswiside

ToAu m uagwi3ide p, Wemsia ¢ gndwinwdesdyaimuasdmniideinwainty
MasuIEshLd lvteRanatntasnansialstemnulasandunnudunusvemisaun

3.14 N15U1SVELaRNT

TuaAdeduil Bentauhsvedivauslag [25] Faiiisnsudnsariielne in3aon
anunsamunldlaensRInumIngwi3a (Parity Matrix, H) Tneftlasududsfiunindadng
(Generator Matrix, G ) un3ngW13H H Qnaamwu‘lﬁmmmﬁauéw%’wLﬂuguéLﬁa‘lﬁLﬂu

9 a v o a ¢ aa ° o o g oo
sanvUBsdUTuImsndwTAgnimualagaIwls 3 6 (k& p) lagiluung

LT /ANONT |
01 a...aj'z aj“l ak—Z

H={00T1-: V™ g2t .. g2t (3.66)
000 ---I b L gUE=D

VoAU K =(k—)p Tn, Wi3ATavnAU M = jp T, Msiawiniy N=ip U 1am
SnawisRannsaadelilaadlormueld I feumindiendnusiving pxp, 0 AoLvEng
Audun px puay o Aelvidndadusiuns (Permutation Matrix) v84 I fidoundn
(Colurnn Shift) x wihelulufamemuduuniing fedrady fwusld j=3,k=5p=3
glamsngn 3wy

100 001 010 100 001
I=[{010|,2={100|,a’=|001|,&={010},a*={100 (3.67)
001 010 100 001 010]
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(100100 (100100100
010010010 010|010
001({001[001 001001

ITIYI] |000/100/001 010[100
H(j=3k=5p=3)=[01 aa’a®|=[000[010{100;001|010

001 o*a*| [000/001/010 100|001
000/000/ 100 010/ 001
000{000[010;001/100
[000/000]{ 001, 100] 010

(3.68)

wnsngwisianunsaunulaiiensmunulues (Tanner Graph) [26] SsUsznausie 3 duu e
) . £74 nﬁ' J 5 =
Wuadn (OBit Node), usaidia (O Check Node) wasiduidoussyinslvuniiaass U

e w v \ & | \a ¢ a
3.16 LARINSINLNULUDTNASININUNSNGNISF (3.68) Feillvuatn 15 Iuanasivuada 9
' ' %) ad Y] o
nug, wiaglvumdaunumeaun1swi3a 9 aunis Auanstuaunis (3.69)

C3+ Co+ Cy + Oy + Cy5 Cs+ Cg + g + Cp5 Cot Gt Oy

i o o < =
U 3.16 nsWunuLLeITIAS1INUVEAgNSHluENMS (3.68)

®,=cl+c4+c7+cm+cl3, D, =c,+cy+¢, +cp, D, =c,+¢, +¢;
D, =c,+¢; +eg+ey +0y Ds=cs+e,+o,+0, Dy =¢;+cp, +¢5 (3.69)

D, =c, +c tey e, teg, D=c tegteytos, Qy=cy+cy+c,

s aAaA s Yo 1 1
3.15 ﬂ’ﬁﬂaﬂ'ﬁ'ﬂﬁtkaaﬂW‘?JIﬂEJ@ﬁﬂ'e]i‘l’lllﬂ']'iﬁd']ﬂ‘ﬂ’]'?ﬁ'ﬁ

Aeslnawmaeions 4, awsammaliannauinvesdasduanuiiendy ves
WABEANNTNIER (4,,,) Maenndasiuraanan & duq deuandufiaunts (3.70) Tngende
laseaderaaun3ndwiss fedradu Wedvumamindwisifianvinfuaunisi (5.4)
i k=7 1% i 10eInane3oasIEWNAY 4, =4y + Ag + 4
AV k=7 FgawnsadwInd1eslnaneIonIamiafiu 4, =2, + Ao + Aog
Wesandrdudeyafivinian k=7 faun1swiiifiaenadosiu 3 aunis Ae aun1smi3a
N 0, ©,uaz®,, iorezlnameses: A annsafmualindnsdiuauuinsdues
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aunswi3an @, vieezlwamesens 4, awisadwinlannuauvinvesdnindiu
pasduresaunsnnidno,, o, war @, \Jusu dwanslugun 3.17

A = Z Ao (3.70)

J.
i=1

Avualiauinasiduiaunswsaaneg luaunisi (3.69) azwiiu 0’ w3s ‘17 Ay
aun1s (3.71), (3.72)

PleMy=0]r,,]

- | PleM =1r,,,] PleG)=1|r,, Pl =1]r,,,]
A= /LD(I) * A«p(i) + 10(7) > l"|:P[¢(]) = 0| r"ﬂ]}-i- ln[ P[(D(S) 0| r"‘7]:|+ IH{P[(D(_” Y r”ﬂ]

A=A _ln{f’[cb(l):nr,,,l]]
= Moy T

Ay = }‘wm + Aom + 4,

D(8)

,n[P[¢<3)=nrn,,z]}m{P[¢(5>=11r,,,.z]}+m[ P[<1><8>=l|r,,,.2]}

P[®(3)=0}r,,] P[®(5)=0]r,,,] P[®@8)=0]r,,,]

® 100100100100 100]
®,]0/1 001 0010010 010
|
[0/ 01°0.0-101 010 041700 1
|
@, 0000 10 0'.0:0 1010100
|
®, 0100 01 011000 01010
| | }
;01070 001101010000 I
|
;010 00 0 011100010, 001
|
@, 0,0 000 0.0 10001100
|
®, (000000 000 1100 010
A ° 1 - -
JUn 3.17 AMSANIMAEINANET083 4, 4, Uag A;;
: 1 n=1
P[Q(z):llrm,”deq]=5(l+ [T a-2p (3.71)
n=0,n#k
. I n-1
P[(D(;)=0|rm,"dec‘]:5(1— [T.a-2p) (3.72)

n=0,nzk
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4 (Y 5 t adcd o o (J v
e p*' Aa P(c, =+1) Aalu A1 LLR YeaNNINSANERUTBYa & anansadunledie

- 1 2™
. 1+ 1-2p" 1+ 1-
_ [Pl:q)(l) =1Irgc1ud26‘k ]] _ln ( n=0];|[¢k( p" ) ___ln ( n:()’Ilk( 1+e;" ))
o) — T N - n-1 - n-1 A,
PlOO=00rmus |] |- T a-2o| |- [T 02
n=0,n=k n=0,n%k l+e
n-1 1 - e/ln n-1 /1
1+ 1+ tanh| =
IS
=In : =In = (3.73)
1- ﬁ 1-¢* 1- H tanh(ﬁj
n=0,n=k 1 + eln n=0,nk 2
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mstuiindeyaduwinuuuaediiduniddumeluladmadeniiaunsafudoya
Itgefie 10 Th/in" [3] aehaﬁmuijam'nmmLLﬂu’lumsﬁuﬁﬂﬁauﬂagﬁu dyaueiunduay
YNUNINABALVUABIAIANIA NE1AD UN1SUNINABATEnINdydnvallasMsUnNsnaen
seninunindrades luundl 3 WWedurenisviauresinsiamuuusons Aliantg
snaulafusuussduhivansouanudsugmansuasyhaununiugs  dsdunrassou
gasmsuttelvadnaulaudeiesnnieiu

[Y] : <
4.1 ‘Vlﬁﬂﬂ']'iﬂﬁ"?ﬁ]‘ﬁq%agﬁLLUUﬂﬁ'lEJLWViﬂ
#HII5UINITUATNNISIUABUARIUZINAD U ¥ AnaY k lUSeaaus g 9
Ak +1 W38 7,(u,q) VewWane3uldinens Fawmisamuwinldlaensendyayiueiu

nau
Y :,9) = P(y, . |1, 9) < P(q | ) (4.1)
1 -1 2
Ve (w,q) = CXP{ 7Yk — 1005 )| }x P(g|u) (4.2)
J2nc? 26
In(y, (,2)) = ln[ £ ]~%lym — ru, @) +In(P(g|0) @3)
2no 20
72 0s) = | = rs )] +In(Pg ) (4.9)

) [ [

watlusnluaums (4.4) Audsildandyagusunduuninnats v, Wafuusld
fyanusumuduluunddeusas ru,q) fio Ausssaidululatomuslunsiasy
aonug @uwand 2 fie anuiesduesiSessvenundnmsdsuaniuzan « W g 3
Dudndaludnedinugt fady werl In(P(q |w)) luguns (4.4) anursawuslaidy 3 dwu
fis Faunaslueziiteeivesdeyauninuy Pa,,,), doyauninnan P(a,,,) uasdeya

un3nan Pla,,,)

7, (u,q) = —217] Vo ~ )| +(P(ay,,)x Pla, ) x Pla, ) (4.5)

1
207

7o @) == |V — 7,0 +10(P(a,,) + In(P(a ) + In(P(a,,,)  (46)
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manuisluesiisess P(a,,), Pla,,,), Wag P(a,,,) luaunsi (4.6) awnse
muailslaenssndr LLR defwual a,, e{£1}, a,,, {1}, a,,, € {1} Awuandu
#un1sn (4.7) - (4.9)

exp(Aa,,))

P(a =+ = ’
( kup ) 1+eXp(ﬂ'(ak_np))

P(a,,,=-1)=1-P(a,,, =+1) a.n

P(ak,cn = +1) = M P(ak,cn = —1) =1- P(ak,cn = +1) (48)

1 + exp(ﬂ’(ak,m )) ’

Play, =+1)=—22 2l p i b, = +D) (@.9)

1+exp(A(a; 4, )) ’

4.2 A1591ABIANTIOULVBINITATINMITOYARUUVAIBLNSN

UM 4.1 usnsmdnmsiausesnsnsiamdeyauunaneunda [27] Iefindnns
sl Foyadunmuninnans a,, e {x1} gridrsvialassaneadfid @ariunindr
\Aea b, ,, uaz b, ,, lignidasia Luaqmnmaamswmaamlivamsmwmmmsmawwaua‘uaa

um%nmmaLﬁaumsLLanLﬂaﬂuwa;gaﬁnnl,t,mnsumﬂm) nstuiindeya 3 Y@ SO
{oefiu (Guard Band) (autlesiu Ae Feysdruiuiidectufindiudnly Wesannisads
Funrusrundusuu 3 unindududedlddoyadunniuau 5 unin wnsniiiuse
faualhdunautestulaefidndugud) asuuTesdaauuuinsuiildesueuide 2.5
mnﬁu'uwlﬁé’zgﬁgmémné’uné’u 3 wnén deudansasmnudmmesidstud 7 uagdn
ﬁ’aa&iwﬁﬂuéﬂmwmﬁmwaé andudsludnasusuniaedfiiendladygnsunduld
aa‘lmﬂwamavauaqmmmms iR sdueniuluddnsiamian Tusoud 1) AINTIN
mam Fundn LR Tnefvuslsianerfiseesanunindradeaviity 0.5 aanuunsn,
50Ufl 2) FansremunsnuusasInnaYinsAuIet LLR Tagenduasfiassanunin
nans, 5eUT 3) Fnsaamuninnansdunen LLR lnge1deaneyfisessildsuainuninuy
wazundndraiftevilinsasamdeyadianugnieanndety fauandugui 1.2 Mniiudeds
MexiBess (Rmwindnnany) Winssueadi@husltoyn sniuiedsdositesinduly
Summauninnansinads ilevhnisuseumesTudaly Sanesfiulumsuandsudeya
sriseesseiufnTIamuazIsLeaRiduandlugun 4.3

Itcrahvc Dctcctor(l\quA =3)
fom--moscooeeas -

AWGN — sova1 | |
. ! i
_/M, i) iPlar) l TP("‘ D Wo=3)
QG L.LDPC LPE LTI ZQ Yy :A'] SOVA II ! LDPC | 9 .

Encoder " Equalizer| 4 ' S| ; Decoder
» P (”k,IH)T l Pas)}

i (" Turbo loo;

i SOVAI} ! N=3P




' 1" SOVA ! 2"SOVA ' 3" SOVA

—— ale . e

! ieration ! ieration [ ieration '

z !_ i i ¥ H '

ka | 2D-SOVA | 2D-SOVA ' '

! (upper) ! (upper) ! !

Z. i ‘ ¥ i

ke | 2D-sova |/ | ™ 2D-SOVA | 4.

! (center) \; 1 (center) '

zlﬂ‘ 2D-SOVA | 2D-SOVA i E

H (lower) H (lower) ! !

. d o L d’ 1 1 L2
JUN 4.2 @1nUMSUaNUaBUTIAITIENINNAINTIINY
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Turbo loop (Nyge0)
SOVA loop (Nyqn)

soUTnils . Mmsaavieansniinisduanan LLR 9anaunsd (6.6) lngi

Anunliarnuinaziuesiseosisudu Pa,,,). P(a,,)

End

SaUVdns ;

SOUNAY :

WAL P(a, ) 1INV 0.5 yiseaumnin

AINTIINT upper - SOVA LazmInsaan lower-SOVA awyin

NM3AUINAT LLR U9aunsnvunazaalagenduainiuuigg

aa a a
1uaris 03185 NNAIIAINTaUTNNTY
AIM539%)  center-SOVA. A1WatuA1 LLR - lagerferininy

W9l UUpE 303 ARIRTUINGAINTIN upper ~-SOVA Uaysi

R399 lower -SOVA luseuiiass

LDPC loop (N, ppc)

End
End

Winmsnaasialneasns Sum of Product lawizdayauninnans

U

o
N

4.3

[

saneTiuNsuanAuuleyaeriseaiseninegingiam
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Tummeasamruansfinesanee fsil 8nsINsidnsia 0.89, Anueteya 3638 Un,
MENALUUlHANINATIUIN 3x3, TWIUNITIUTOU  Nygao =3, Neova =3 Nipre =3, SRR
sumMuLUUIMA@Beudv Falleulagaunis (4.10)

SNR = ZOIogm(in (4.10)
(e}

o 4 Ao sziumsdumivedleleaniad (solate Pulse), o AAIIWUSUTIY,
wsiazyalun1siuIngnstelanaindn (Bit Error Rate, BER) Awinandwiudnteya
wavun viliAadadeRananazan vty 500 On 3U 4.4 Wisuieuusraninmues
msmmIndeyaurazuUImm L Ui fu Saszneusie 1) msasiam
foyauuuhilu (Conventional Method) fis msasaavdayalnefnsiamasaiiiuuuinly
lifinsuanildsuregitoeianinsamunintades, -2) msnsramdeyauuuvane
un3n (Proposed Method) fie nsmsrsvndieyatuumaisunsnlasiinsramasdifiiiinis
uandsuriegfizooinnunindindes  uarmsnIImdeyauUUNAIBLNINAFAUNS
f10fe (Known Side Tracks) Ao minsivmdeyauuuvatsuninlasiimsuanidou
FariGensiigniasanuniniafes (e ndsandlibunsdlgaund)

s Y T T

—&— Conwentional Method
—A— Proposed Method
—%— Known Sidetracts

BER

2.37 Tblin?

1 L 1

5 6 7 8 9 10 1 12 13 14

SNR (dB)

a P ) v a a ' ' .2
g‘uﬁ 4.4 mawisuidisusasdefianaindinsevinanrumuuniul 42 To/in’, 1.77 Tb/in',
wag 2.37 Tb/in’
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Mnuamavaaesssziiuldiinnumiiuligann wud 1.42 To/in® M
?TauammmﬁlwﬂiuawﬁmwﬁlnamenuLuaammnsvmumsLm'snaaﬂs gwinaunsndisn,
IAnuvuiutungs Wit 1.77 To/in® Bnsesramdeyaininaue Suiulddaeuii
Ui"ﬂ‘i/lﬁﬂ’]WVlﬂﬂ’J‘] msmnmmauauwm‘tﬂ wazifiourdlndnsdigaund, Belundndy
fienumuuugs WUl 237 Tb/in® 'JﬁwmsmawwauavnmLaualuﬂivawﬁmwmmn
m‘smaﬁ)m‘uaaﬂamlﬂaa’mmulmw, fadu aguldhmanmamdeyaiiinisuanudou
A19zR3a03sENniAuAITNaARANTENUTBINITUNINADNTENI1unS nlAITuE 4R

b

boa d e &4
IﬂEJLQ‘W’)%'?)FJ’NEN‘V]ﬂ'NiJWUWLLuuL‘UQWHVI?JQ

4.3 NITAAANNTULIUYBININTIINIMUUADINR

AMANANIINAFADUANIIOU I'U'VT'J‘UB‘VI 4.3 LLﬁﬂﬂlﬂ@Eﬂ\‘i‘UﬂWU’ﬂﬂ"ﬁmS'JQM'WJEJJJ@LL‘U'U
‘Via']EJLL‘Vﬁﬂ‘V]Nﬂ’ﬁLLaﬂLUaEJUﬂ']@”WiaE)iﬁ']ﬁJ'ﬁﬂ‘Vl']\ﬂu‘Lﬂﬂﬂ'ﬂﬂ']'imi'l'ﬂ‘w]‘ﬂallﬁLL‘U'U'V]'J‘L'LI IWEJ
LQW'I“VIﬂ'J']ﬁJViU’]LLUU“UE]Nﬁﬁ\‘]“] ‘U\?ﬁJﬂWiLWﬁﬂﬁE}ﬂi“'WJ'NLL'Vliﬂ‘Vli‘ULﬁ\‘i E]EJ']\ﬂ‘SﬂCﬂ']iJWW]TJ?]W’]
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‘Vl\'i'ViiJﬂ 512 @191 IﬂEW]iJ 3 ﬁ"l‘U'YJ\‘iE‘JEJﬂ'ﬂ']ﬂLLﬁauﬂQWUw‘WLUu‘lﬂlﬂ‘ﬂQ 64 gn1ug) ﬂ\TUULWBaﬂ
ﬂ?WN%U%QUT\NVHﬂﬂiaaﬂLLUUIWVﬂiLﬂmiJ“UU'W]WHﬂ‘U 3x3 LLﬂllﬂﬂﬁuﬂ'ﬁ%ﬂﬂﬁauuqmiﬂlﬁ%ﬂ?'N
wnSnuLLasuNINg e 9 naunnsi (4.6) aldin

7. (u,q) = _;7,);"'“" —r(u, q)|2 +In(P(a, )+ ln(P(ak’up )+ In(P(a, ) (4.11)

X (B~ —5};] Vi ~ @)} +1n(P(ay )+ In(P() (4.12)

Auual In(p(2)) =In(P(a, )+ In(Pay,,) 31837 (a,,, +a,,) € (0,22} faidu @unsa
wUanat! In(p(z)) luaunsd (4.12) 16y 3 nsdl Ae

In(P(z = -2)) = In(P(a,,, =-1)x P(a;,, =-1)), (4.13)
In(P(z = +2)) = In(P(ay,,, =+1)x P(ay ,, = +1)), (4.14)
In(P(z=0)) =In(P(ay,, =—1)x Pa,,, =+1)+P(a,, = +)x P(a,,, =-1)), (4.15)
et wualimsineaesid flvwm 3x3 wuvauaes seilaausidululdianas

& aa Py e P A
Lae 36 ﬁmuﬂﬂEJ‘VlLmasamuzf\]&ma’]‘lj’lwmaaﬂ 6 @191 (UAUWIUEWIVNVUA 216 &1
da o '
Iﬂ&]'ﬂl] 6 F1VTNODNINNLAAY 36 ANTUY)
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4.4 N5ATIVNTBYANABUNTNUUUIUTT
NNMsMAdBUANSIAULTBINIATIMNTByauuUaeunsnluhded 4.3 léfige
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Tfuanudululdlunmsnmamdeyauuunaisunin  uazUssansamiliiini ded
aamiinsuanidsumezisesssevinetu agrslstmudunisuaniasudna vie
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uanwasudstunaziu Uil 4.5 uananiswandedeyasewinsiingiam 3 filensram
foyauninuy, uvinnany, uazuvinany Safinnsvhaudedl luseuusn Fesaaviia 3
swvhmsfe LLR nedwuslirnnihazduszizessisusuvesusasuninviifu 0.5
Tunsyuseufiaes MnsITmninnaassfuInel LR Tasardaaianuuiazdy
E30039INMIUNENULLAZINSNEN YL ufIns 9 UNsNuLILAwIMAT LLR Tng
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Abstract— Two-dimensional magnetic recording (TDMR) is a
recently magnetic recording architecture that can avoid super-
paramagnetic phenomenon and can achieve an areal density
upto 10 Th/in® by storing one user bit per magnetic grain [1]. In
this paper, we propose a two dimensional (2D) multi-track
detector for a four-grain TDMR channel model [2, 3] by utilizing
the soft information from the detection of the side tracks.
Simulation results indicate that at areal density approximately
equal to 2.37 Tb/in?, the proposed scheme provides a significant
performance improvement if compared to a conventional scheme,
which does not cxploit the sidetrack information in decoding
process.

I.  INTRODUCTION

Nowadays, data storage devices are important components
and have been used in digital world that grows rapidly in
recent years. A magnetic recording or hard disk drive (HDD)
is a major choice of data storage devices because it has lower
price per storage capacity than other devices. However, in the
next few years HDD’s areal density will reach its fundamental
limit known as super-paramagnetic. This phenomenon causes
the recorded bits to lose their thermal stability, thus resulting
in irretrievable information from those recorded bits. In
practically, the areal density of conventional magnetic
recording (specifically, perpendicular recording) will be
limited around 1 Tb/in®. Nevertheless, many altemative
technologies that can surpass this limitation have been
proposed, such as heat-assisted magnetic recording (HAMR)
[4], bit-patterned media (BPM) recording [5], and two-
dimensional magnetic recording (TDMR) [1].

For HAMR, a near-field laser embedded in the write head
so as to heat a tiny spot on a very high coercivity medium
before writing a data bit. This technique can reduce the
coercivity sufficiently for the head field to change the
medium magnetization. Such high coercivity media can be
kept stable at smaller grain size, thus supporting smaller data
bit and allowing continued areal-dénsity growth. Nonetheless,
the way to obtain the media that can maintain the magnetic
property during high temperature is still a challenge issue.
Furthermore, the method to embed a laser into a head is also a
considered issue.

For BPM, each data bit is fabricated in an exactly defined
location called an island, as opposed to a conventional

medium, which has the location of grains randomly. In
addition, each data bit is separated from neighboring by non-
magnetic material so as to reduce transition noise, thus
improving the signal-to-noise ratio (SNR). Clearly, the BPM
media experience less noise than conventional media.
However, the process to create the medium with uniformly
distributed island at very high precision (both in location and
shape) is a crucial issue. Although HAMR and BPM can
provide more data density, they require novel designs in
media and head. To avoid this problem, Wood et al. [1]
proposed an altemnative technology called TDMR, which can
achieve the areal density of 10 Tb/in%.

TDMR tries to achieve this areal density by encoding the
user data with very powerful error-correction codes (ECCs)
and recording a channel bit into one or a few magnetic grains
over the conventional media. The shingled-write with a
specially designed “corner writer” has been used for writing
process to achieve high areal density. Also, the 2D signal
processing and powerful decoding techniques have been
employed to overcome errors caused by a severe noise.

Practically, the 2D detection [6-8] has recently been used in
many applications. For example, in [7], they used a perfectly
equalized channel (without an equalizer) and a modified 2D
soft-output Viterbi algorithm (SOVA) to get sidetrack
information and exchange soft information with the low-
density parity-check (LDPC) decoder. Chang and Cruz [8]
employed the 2D detection to recover only the user data on
the center-track, but did not address how to simultaneously
recovery the user data from adjacent tracks in multi-track
recording systems. Moreover, both works were proposed for
BPM channels.

@

Fig. 1. Media modeling (a) ideal magnetization (b) non-ideal magnetization.



In this paper, we consider the four-grain model of TDMR,
and focus on studying the possibility of using the 2D
detection to combat both the intersymbol interference (ISI)
and the intertrack interference (ITI), which severely occurs in
TDMR signal. Specifically, we employ one 2D equalizer and
three 2D-SOVA detectors, and exchange the sidetracks’ soft
information among the three 2D-SOVA detectors.

This paper is organized as follows. After explaining the
four-grain channel model in Section II, Section III describes
the 2D equalizer and the multi-track detector. Simulation
results and discussion are given in Section IV. Finally,
Section V concludes this paper.

II.  CHANNEL MODELING

A.  Method to generate recording media

A four-grain model for TDMR channels has been proposed
in [2, 3]. The concept of this model can be expressed as
follows. First, imagine the magnetic grain like a plane of
tiling that all grains are arrayed in a uniform manner, where the
grain size is assumed to be 5.5x5.5 nm? per pixel [1], as shown
in Fig. 1 (a). Second, make a media granular more realistic by
assuming that all magnetic grains are not same size, but they
have four possible shapes, namely 1x1, 1x2, 2x1, and 2x2
pixels with the occurrence probability of py, pa, p3 and py,
respectively, as displayed in Fig. 2.  All magnetic grains
distribute randomly over the media corresponding to their
probabilities, as illustrated in Fig. 1 (b).

B.  Writing modeling

The writing process can be explained as follows. First, let
us set one user data bit equal to 3x3 pixels, which means one
user bit requires at most nine grains. In case of ideal granular
(all grains have same size), the magnetization is shown in Fig.
3 (a), where positive magnetization is black and negative
magnetization is white. In general, a uniform magnetization
is an effective method, where all grains associated with a
given user bit will not span outside that user bit’s boundary.
On the other hand, in non-ideal magnetization, all grains do
not have same size and shape, thus they inevitably span
outside the user bit’s boundary. Additionally, we assume that
the writing sequence of data bits is in the direction from top to
bottom and left to right, and the whole grains associated with
one user bit will be polarized depending on the polarization of

the most bottom-right grain. For example, if the most bottom- -

right grain fall in positive region, the whole grains will be
positive. An example of non-ideal magnetization is displayed
in Fig. 3 (b).

Grain size 2x2
Prob 1/6

Grain size 1x1
Prob 1/3

Grain size 1x2  Grain size 2x1
Prob 1/4 Prob 1/4

L] H [

Fig.2. Four possible grain shapes and their probabilities.
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Fig, 3. (a) Ideal magnetization (b) Non-ideal magnetization.

The storage capacity of a four-grain model can be
computed as follows. Assuming that the one grain size is
5.5x5.5 nm?, if the one user bit is 3x3 pixels, one bit cell
equal to 3x3x5.5x5.5 = 272.25 nm®. This areal density can be
approximated as 2.37 Tb/in®. In other cases, if the user bits
are 3x4 and 3x5 pixels, the areal density will approximately
be 1.77 Tb/in?, and 1.42 Thfin?, respectively.

The readback signal as a function of x (in nm) and y (in nm)
coordinates is given by 2D convolution between the
magnetization of each pixel point m(x, y) € {*1} and the
reader sensitivity function A(x,y) [10]. The readback signal
v(x,y) shown in Fig. 4 can be expressed as

Vo y) = [[mEmhGe=¢,y=n)édn+ n(x, ), (1)

where n(x,y) is additive white Gaussian noise (AWGN),

The readback signal v(x,y) is filtered by a seventh-order
Butterworth low-pass filter (LPF) and is sampled at time ¢ =
kT, assuming perfect synchronization at center of the user bit
cell. The readout data sequence is assumed to be recovered
simultaneously from the readback signals of the three tracks
vAx.y), where / is the /®-track. The read out data sequence,
1, . is equalized by a 2D equalizer [6]. Finally, the multi-track

2D-SOVA detectors perform sequence detection to determine
the most likely input sequence of the center-track.

III. EQUALIZER AND DETECTOR

A. 2D - Equalizer / Target

In conventional recording, a guard band is used between
tracks, thus the interference from sidetracks are small and can
be negligible. Because TDMR has no guard band, the
readback signal experiences severe ITI, which causes a
conventional 1D equalizer to perform poorly. Therefore, in
this paper, the 2D equalizer [6] is employed in our proposed
method in conjunction with the multi-track detector.

B. Multi-Track Detector

The multi-track detector using partial ITI estimated, where
soft-information is exchanged between sidetrack and center-
track was proposed in [7]. However, we propose the multi-
track detector using soft information exchange without partial
ITI estimated. Specifically, the sidetracks are detected first,
and then the obtained soft information will be used in the
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Fig. 4. A TDMR channel model

modified branch metric calculation of the center-track

detection. The modified branch metric calculation with

exchanged soft information can be described as follows.
Nommally, the branch metric is computed from [7]

A=(z,,~d, )’ —log p(G, ), 2

where z,, is the equalizer output, d,,is the noiseless channel
output, and log p(4,,) is a priori probability of data input
sequence a, .

For a multi-track detector, we can apply a priori probability
from the sidetracks to improve the relability of the center-
track detection by modifying (2) as

A=(z, - dy )3
—(log p(a, )+ log p(4, ,,,) +log p(&k,l-l s
where p(4, ,,) and p(d, ) correspond to a priori probability

3

of the upper track and the lower track, respectively. The
multi-track detectors consist of 2 steps following. At the 1*
step all of 2D-SOVA produce log-likelihood ratio (LLR)
without a priori probability (assumed to be zero). The 2™
step the center SOVA reproduces symbol detection of center
track by aiding of a priori probability from two sidetracks
which is computed from LLR in the first step and also the
sidetracks SOVA reproduce symbol detection by using a
priori probability from center track.

IV. SIMULATION RESULTS

In our simulation, we compare the performance of several
different schemes for areal densities of 1.42, 1.77, and 2.37
Tb/in®. We utilize the 2D equalizer, which is designed based
on the MMSE approach [6]. The equalizer is a 3-by-7 matrix
and the target is a 3-by-3 matrix.

The SNR is defined as

SNR = 20log,,(4/ o) 4 .

where 4 is a saturation level of an isolated pulse [10], and o
is standard deviation of AWGN. Each BER point is
computed using as many 4096-bit data sectors as needed to

collect 500 error bits, whereas the equalizer taps is designed
using only one data sector.

Fig. 5 compares the BER performance of different
detections as a function of SNRs, where “Known Sidetracks”
denotes the 2D-SOVA assuming the data of sidetrack is
known. 1t is clear from Fig. 5 that when the areal density is
low (142 Tb/in®), we observed that no significant
performance improvement by using “Multi-track 2D-SOVA”
instead of “1D-SOVA, and 2D-SOVA.”
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However, when the areal density is moderate (1.77 Tb/in%)
as displayed in Fig. 6, it is evident that the multi-track 2D-
SOVA has lower BER than 1D-SOVA, and 2D-SOVA.
Specifically, at BER = 10%, the multi-tack 2D-SOVA
provides a performance gain of more than 6 dB over the 1D-
SOVA and 2D-SOVA without using sidetrack information.
We also compare the BER performance of different detection
schemes at high areal density (2.37 Tb/in?) as depicted in Fig.
7. Apparently, similar results are obtained as in low to
moderate areal densities. That is, the multi-track 2D-SOVA
outperforms both the 1D-SOVA and the 2D-SOVA.
Furthermore, it is apparent that the multi-track 2D-SOVA
performs close to the multi-track 2D-SOVA with known
sidetracks.

V. CONCLUSION

In this paper, we propose we propose the 2D multi-track
detector for a four-grain TDMR channel model, which utilizes
the soft information obtained from the sidetrack detection in
the branch metric calculation of the center-track detection.
Simulation results indicate that the multi-track 2D-SOVA
performs better than both the conventional 1D-SOVA and
2D-SOVA, especially when an areal density is high. Clearly,
the proposed method is necessary when the system
experiences severe ITI and 1SI, especially when the areal
density is high.
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A Study of Iterative Detection Method for
Four-Grain Based Two-Dimensional
Magnetic Recording

T. Losuwan, C. Warisarn, Member, IEEE, 1.. M, Myint, Member, IEEE
and P. Supnithi, Senior Member, IEEE

Abstract—Two-dimensional magnetic  recording
(TDMR) is one of the novel magnetic recording
technologies for the future ultra-high storage density
beyond 10 Tb/in? [1]. Hovwever, due to the high areal
density, the readback signal is extremely corrupted by
the inter-symbol interference (ISI) and the inter-track
interference (IT) in the recorded data retrieving. This
problem can be alleviated by utilizing an advanced
iterative decoding technique. This paper proposes a
novel jterative decoding technique incorporating the
iterative detectors and an iterative decoder to combat
the severe ISVITI. Simulation results show that the
proposed technique can reduce the ISVITI effect and
provides a significant performance improvement in
terms of bit-error rate if compared to the conventional
receiver, which employs a non-iterative detector.

Index Terms—Areal density, Iterative detector,
Multi-track 2D-SOVA, Two-dimensional magnetic
recording (TDMR).

L. INTRODUCTION

In the current hard disk drives (HDDs),
perpendicular magnetic recording (PMR) technology
is used to store the data bits. However, the storage
capacity of the conventional technology will soon
reach the limit, known as a super-paramagnetic limit.
In order to increase the density beyond the limit,
several new technologies have been proposed in the
HDD industry [1], [2]. Among these technologies,
two-dimensional magnetic recording (TDMR) is an
attractive choice since it has promised to achieve the
storage density up to 10 Tb/in? [1]. In TDMR, one
data bit can be stored using a few grains of a
magnetic medium with an ultimate goal of storing
one data bit per one grain. Due to the high areal
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T. Losuwan and C. Warisam are with the Coliege of Data
Storage Innovation. King Mongkut’s Institute of Technology
Ladkrabang, Bangkok 10520, Thailand. (phone: +668-6997-
1001; fax: +662-329-8362; e-mail: k\\'chanon@kmill,ac.th).

L. M. Myint is with the School of Information Technology,
Shinawatra  University, Pathumthani, Thailand (e-mail:
lin@siu.ac.th).

P. Supnithi is with the Faculty of Engineering, King
Mongkut’s Institute of Technology Ladkrabang, Bangkok,
10520, Thailand. (e-mail: ksupornc@kmitl. ac.th).

density, the TDMR system cannot circumvent the
severe inter-symbol interference (ISI) and inter-track
interference (ITI) in the data recovery. To mitigate
the ISIITI effect, a two-dimensional (2D)
detection for shingled magnetic recording is
considered with a LDPC decoder [3]. However,
this paper purposes to apply an iterative decoding
technique utilizing the iterative detectors and the
iterative decoder to combat the sever ISATI of
TDMR channel generated based on the four-grain
model. In the proposed technique, three soft-output
Viterbi algorithm (SOVA) detectors are employed
and the detectors exchange the soft information
among themselves and the decoder during the
iteration process.

II. CHANNEL MODELING

Figure I illustrates the TDMR system based on a
four-grain channel model. In the model, a message
input sequence of a main track ay €{xl1} 1is
encoded by a low-density parity-check (LDPC)
code but the two adjacent tracks (i.e., iy and bypuy)
are not encoded because this study is interested in
detecting the data on the main track. The readback
signal v(x,y) can then be expressed as

v(x,y)= _Um(f,n)‘l(x—f’y—’l)dfdﬂ +n(x,y) (1)

where x is an along-track direction, y is an cross-
track direction, m(xy) e {£1} is the medium
magnetization generated by the four-grain model]
and its polarity is according the input bits, A(xy) is
the reader sensitivity function [4], and n(x,y) is an
additive white Gaussian noise (AWGN). The
readback signal v(x,y) is filtered by a seventh-order
Butterworth low-pass filter (LPF) and is sampled at
time 7 = A7, assuming a perfect synchronization.
The three filtered readback data sequences {ry.,, 1y,
'y} are assumed to be recovered simultaneously
from the readback signals of the three tracks {(-D",
m (#1)™.  The filtered data sequences, are
equalized by a 2D-equalizer. Finally, the equalized
sequences {z.i, z, , Zip} are fed to a turbo
equalizer, which iteratively exchanges soft
information between the iterative 2D-SOVA
detectors and the LDPC decoder.
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Fig. 1 A TDMR channel model.
III. PROPOSED MEDTHOD “Conventional Method,” is the conventional 2D-

In practice, a conventional 2D-SOVA detector
[5] does not directly exchange soft information with
adjacent detectors. In this paper, we propose a
iterative detection, which consists of three 2D-SOVA
detectors, one for each track. The basic idea is
SOVA 1I (center track) would have the highest
performance since the sidetrack information is
known. Therefore, a priori probability from the
sidetracks will improve the reliability of the
center track. At the first iteration, these three
detectors will exchange soft information among them
for a pre-determined round before sending soft
information to the LDPC decoder. The details on the
proposed iterative decoding scheme are shown in
Fig. 2.

Turbo loop (NV=23)

SOVA loop (NVsova =3)
1" iteration:  After receiving the readback
sequences (zxr1, Zis, Zem) from three tracks, all
SOVA detectors generate the first log-likelihood
ratio (LLR) sequences without using a priori
probability (assumed to be zero).
2" jteration: SOVA I and SOVA Il perform the
second LLR sequence with the assistance from a priori
probability obtained from SOVA II (during the first
iteration) and themselves.
3™ jteration: SOVA 1I performs the LLR sequence
using a priori probability obtained from SOVA 1,
SOVA 1II and itself, and then send it to the decoder.

End

LDPC loop (Niy=3)
LDPC decoder performs the sum product algorithm
using only soft information obtained from SOVA II.

End

End

Fig. 2 The proposed iterative decoding scheme.

IV. NUMERICAL RESULTS

We consider a rate 0.89 coded systems in which
each block of 3638 message bits is encoded with an
LDPC encoder, resulting in a coded block sector
with the length of 4066 bits. The signal-to-noise
ratio (SNR) is defined as 20log,o(4/c), where A is the
saturation level of an isolated pulse [4], and o is the
standard deviation of AWGN. Each BER point is
computed using as many data sectors as needed to
collect 500 error bits, whereas the equalizer is
designed using only one data sector. Figure 3 shows
the BER performance comparison of three detection
methods as a function of SNRs, where

SOVA detector which unknown sidetracks,
“Proposed Method,” the proposed iteration schemes
and “Known Sidetracks is the baseline scheme that
sidetracks were assumed known, respectively. At the
areal density 1.42 Tb/in’, it is apparent that the all
schemes are not different because the IT1 level is not
high. However, when the areal density is increased
to 1.77 Tb/in’, the proposed scheme performs close
the Known Sidetracks and slightly better than the
Conventional Method. At the higher areal density
(2.37 Tb/in®), it clears that the proposed scheme
provides better performance than the conventional
scheme.

—E— Comwentional Method
N —&— Proposed Method
—%— Known Sidetracks

1.42 Toin?

5 s 7 8 9 10 11 12 13 M
SNR (dB)

Fig. 3 BER performance of different schemes at 1.42 Tb/in?,

1.77 Tb/in®, and 2.37 Tb/in’,
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GW-01.Three-Dimensional Transition Characterization in Perpendi-
cular and Shingled Recording. E.E. Lin' and X. Wu' 1. Western Digital,
Fremont, CA

In perpendicular recording, narrower transition width in the down-track
direction, less transition curvature in the cross-track direction, and higher
transition amplitude in the vertical direction are the enablers of the higher bit
density and higher track density recording. Characterizing transition shape in
three dimensions is helpful for evaluating and improving head and medium
designs for high areal density recording. This paper introduces some three-
dimensional transition shape visualizations for both perpendicular recording
and shingled recording. The transition shapes of two head designs were char-
acterized with different write frequency and track pitch. The transition width
change in the cross-track direction for both perpendicular recording and shin-
gled recording was characterized. In shingled recording, transition occurs not
only between adjacent bits in the same track, but also between adjacent bits
in the adjacent tacks. The signal amplitude of the shingled tack is reduced
and the side reading on the adjacent tracks increases due to the lack of guard-
ing gap between two tracks. The different polarity, length, and down-track
position shift of the two adjacent bits in adjacent tracks lead to various tran-
sition distortions. Measured by reader, the transition shape is decided not
only by the intrinsic properties of writer, reader, and medium but also by the
test conditions such as write frequency, fly height, write current, and track
pitch. Some typical transition shapes were characterized. A simplified transi-
tion model based on the published models and the experimental data was
introduced. The model was then used to explain the experimental phenome-
na on how the transition width changes up and down with the decrease of
write frequency, why the transition width and curvature increase with the
decrease of signal amplitude, and how transition width changes in the cross-
track direction. Finally, a new transition width measurement method based
~won time-domain peak detection and frequency-domain harmonics ratio was
:raoposed. The measurement method was used to further verify the simplified
nsition model.
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- wshall, Steven B., Measurement of transition shape, width, and total magnetic
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""™odel and Detection for Shingled Magnetic Recording, IEEE Transactions
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Yoshida, K., A study on read-back signal generation modeling for shingled-
write magnetic recording from experimental results, 2012 International
ymposium on Information Theory and its Applications (ISITA); Publica-
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sheng Zhang, Writer Footprint Measurement on Spinstand and Media Tran-
sition Curvature Characteristics, IEEE Transactions on Magnetics, Volume:
48, Issue: 5, Part: 1; Publication Year: 2012, Page(s): 1738 — 1743 8. Naka-
mura, Y., Analytical model for estimation of isolated transition width in per-
pendicular magnetic recording, Journal of Applied Physics; Volume: 87,
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PMR Transitions vs. Frequency

SMR Transitions vs. Track Pitch

GW-02. An Iterative Inter-Track Interference Mitigation Technique for
Two-Dimensional Magnetic Recording Systems. C. Warisarn',

T. Losuwan', P. Supnithi'? and P. Kovintavewat® 1. College of Data Stor-
age Innovation, King Mongkut's Institute of Technology Ladkrabang,
Bangkok, Thailand; 2. Faculty of Engineering, King Mongkut s Institute of
Technology Ladkrabang, Bangkok, Thailand; 3. Nakhon Pathom Rajabhat
University, Bangkok, Thailand

Two-dimensional magnetic recording (TDMR) is one of the promising tech-
nologies to achieve a storage capacity of 10 Tb/in? [1]. At high recording
densities, the readback signal is inevitably corrupted by two-dimensional
(2D) interference consisting of inter-symbol interference (ISI) and inter-track
interference (ITI), which can significantly degrade the overall system per-
formance. Consider the TDMR channel based on a discrete Voronoi model
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[2], where we propose an iterative ITI mitigation technique to combat the
severe 2D interference, as shown in Fig. 1. An input sequence 1, is encoded
by an LDPC code and is split into three data tracks. The readback signal cor-
rupted by AWGN is fed to a 2D equalizer [3] before sending each output to
each 2D-SOVA detector. Unlike a partial ITI mitigation method (PIMM) [4],
the 2D-SOVA detectors exchange soft information among them for N,
times before passing the refined soft information to an LDPC decoder (with
N, ppe iterations) so as to output the LLR of #,. Then, the LLR is split into
three sequences before feeding them back to each 2D-SOVA detector for
next turbo iterations (Npygp0)- Specifically, at the 1% iteration, all 2D-SOVA
detectors utilize only the equalizer outputs to produce the LLR {)\,} without
a priori information. Nonetheless, at the 2™ iteration onwards, the center 2D-
SOVA detector additionally exploits a priori information from both side-
tracks (i.e.,, A, and A,), whereas the upper and the lower 2D-SOVA detectors
additionally utilize a priori information from the center 2D-SOVA detector
(i.e., A_). Fig. 2 compares the performance of different schemes at 4.6364
To/in® with Ny, = 3 and N gpc = 10. Clearly, the proposed scheme with
Nrurpo = 4 can perform better than the PIMM with N .00 =12 by 1 dB at
sector-error rate (SER) = 10”, Note that all advantage gained by the proposed
scheme must be balanced against the increased complexity.
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Fig. 1 ATDMR channel model with the proposed iterative ITI mitigation
technique.
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Fig. 2 Sector-error rate (SER) performance of different schemes at an
areal density of 4.6364 Tb/in®.
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A procedure is developed to study the evolution of high anisotropy magnet-
ic recording media due to thermally activated grain reversal [1]. Single-
domain grains evolve by passing through a sequence of relatively long-lived
metastable states punctuated by abrupt reversals. Solutions to the rate equa-
tions are obtained using a stochastic integration procedure that calculates the
time between successive reversals. Transition rates are formulated from the
Arrhenius-Neel expression in terms of the material parameters, the tempera-
ture and the applied field. The method is applied to study the rate dependence
of finite temperature MH loops and the thermal degradation of a recorded bit
pattern in perpendicular recording media. A significant advantage of the
method is its ability to extend simulations over time intervals many orders of
magnitude greater than is feasible using standard micromagnetics with rela-
tively modest computational effort. In addition to single layer calculations,
results for dual layer exchange coupled media have been produced [2].
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Comparison of kinetic Monte Carlo simulation and typical LLG simu-
Iation. Calculations for single layer, granular recording media. kMC
shows good agreement with LLG, but spans 6 orders of magnitude
greater time evolution with only a fraction of the computational time
(minutes instead of days).
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Two Dimensional Magnetic Recording (TDMR) [1] is a new recording
scheme proposed to extend the densities of the current granular magnetic
recording technology. TDMR combines with Shingled Magnetic Recording
(SMR) that is currently being implemented by the recording industry. Current
TDMR research efforts include the design of 2/3 reader head structures,
which generate 2 or 3 tracks of readback with each pass of the head. The
skew angle of a 2/3 reader head poses 2 major challenges, increased adjacent
track erasure [2] during writing, and increased 2D-inter-symbol interference
(2D-ISI) due to rotated reader sensitivity profile and reduced reader pitch
during readback. In this work, we run micromagnetics simulations at differ-
ent skew angles to train the grain flipping probability (GFP) mode! {3], and
then evaluate uncoded/coded channel error rate performances at skew. In
particular, we investigate the performance degradation caused by skew, of the
2/3 reader head. The performance of the 2/3 reader head is investigated in
two different modes. The first mode is the TDMR mode, where 2 or 3 tracks
are detected simultaneously. The second mode is the SMR mode, where a
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