sguatuaNyInl

MINAMUIAATIIURUUTID W Id WTUsTUUN s UUindayalde

MRBNAITURU UGBS

The Development of Multiple Readhead Detection for Ultra-High
Density Magnetic Recording Systems
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Juiindayadauiivanaedialy 3 sUku fAp

2.1 wuudnaesnisauluun3 (Binary erasure model)

T o
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« L Y
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LUUD188HE AL AL DU WwAN AL d S UTEUUNISI ST alvuswausladefinnaa (Error

correction code)

sUN 2.1: wuudrassmsadluing (Binary-erasure model)
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2.2 wuudaaunsuldeaidies (Discrete grain model)

o 2 :
] v = ¥ o - gt

Tuwvudaeslianyiugveifituiineedssne i ninrlwivaiiuras sussgnivusentd

o

DYNALF ﬁmmmwwmm RGO ﬁg‘r 9 2.263) Lmaxsﬂimmmémzﬁmmmﬁuﬁmﬁﬁaya
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2.3 uwuuaaedlalsuay (Voronoi model)

gdlgnannisadraununimlilsusglunsdassgusnuasinnvadnsuwimén wuunmwlilsuey

Usznausme 2 diumdn fe galesi (Site points) way dwiiealalsuey (Voronoi edge) dwandlugui

.

=

2.5 W@ueuhilsueeuszneviuangavesyaiieginanseninaesledla (Site  points)  dmiu
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a a
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Boslalsussazunusessioszuiiatirazingy Aadanduguil 26(b)  Tuluudassazimuslinsidon
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SusgmsnsaduuazinnusiusvaLeafidnenuiuUseniamlunnsiamivdianugndes

N8 @’@gﬁwﬁaﬂlmawmmﬁﬂgﬂﬁ 2.10 way 2.11 Wudu
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I O
: 2D-80VA
it E -t
s 7 i A
AWGN P Sl ST e
- = i, £ i
a S5 R 3 5.
iy e an.sova | e :
i AT i ! % 5 . —t P e A
5 LOPC |4 2, i P ] Tee b ki {cenert g 3 o A L %
engoder o a, ; : . equatizer | ¥ Y .y A decoder
i § ; il — = i, Wi 1
Y, W ; ¥ it
&%\U@. U ', D-80VA | Y
T s

JU# 2.10: UéaﬂlmafzLmsmzuumﬁﬁ’uﬁn%apL%ﬂLL;J'mémwuamﬁaw%am5aﬂa'%ﬁmamwammé’u

wuuaesllAniinsuanifeuleyatynsans

@, Ty
Uy LBPC " % » CITI | A=
> encoder g * encoder ’§
LA 5Z’k,z+4] O
. p i I, i N\ I g o L
| wope | G T sofecii f2 Qodiief [/l il (P 1=
P s A ~ - -
decoder | decoder ¢ 1_D-7§O'\ (¥ ] equalizer [* T =
(;‘k_,’fi _)"‘ A A 5(“\ AL 5;\.‘7 T;.‘_I u
Nv( Orgis ; ;’i;AH—A AWGN
- o Soft-CITI
a, € encoder
(}’k..’ o §k.l
JUM 2.11: Ué’aﬂlma:Lmwﬁxwﬂ13ﬁuﬁn%’aga@mmmﬁmw"uaaaﬁaw%famé’aﬂ@%ﬁmamamm’mﬁu

@
L4 LY kg

wuvARIIANENSuaN IS BLTIERaar NS 0aSWERLY InasTinswava s outer code

LY a 1 3

HUUNEBITTUUNTUUNNY B U ALY IIMaguUTa080A Uitnounie-8 aatlvanaa

1.

o Qx i o %
1) WUUINRDIADUUNINAIDYBIAY 18U (Medid Or-Ehanmetfodeling)
2) 21935U5unaeslif (2D Equalizer)

3) 2WINTIINNANEST (Viterbi Detection) LLamﬁ)smaﬁ]wwawégmmima%ﬁ (Soft Output Viterbi

Algorithm)
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2.4 wuuIaBwBsdaluInLUUAINIY (Four grain model)

WUUT1E09UBIEa TUNNWUUANTUUIENaUMIEMITEAN 3 du AB 1)  N13Napsdatunin 2)
nsruIun1sUuiinteya wae 3) Nszuluniseudayanduau

2.4.1 N1531889F8UUNN
LLUUﬁ’lﬁEN‘UEJdﬁaﬁuﬁﬂLL‘UU§Lﬂiuf\}a‘,’ﬁ’lwu&ﬂﬁmimmméﬂﬁ‘;ﬂu’mLLﬁngﬁNﬁLﬂﬂﬂlﬁﬁd%Nﬂ 4
LUU D 2x2, 1x2, 2x1 uag 1x1 laedddstufinazdsenauduunaininsuudivanys 4 wuusenan

fviua liusaruuuilaianudissdulunisaseaedndunuuasea ( Uniform  distribution) wnusie

€

doydnwal pl, p2, p3 uay phAwmaniluzuin 2,12 Turpunsai I wUvmeEe TuriniuuaInTwENIN

<

PINSENIINNTURLIANUUY 2x2, 1x2, 2T s 1 X T ssdnunuandluziiig. 12 neuiissdnennsy

WARZWUUIN IR EINURITUT 2.4

pPi= 1/6 Pz = 1/4 72§ 1/4 Pa= 1/3

WUy 2x2 WU 1x2 WU 2x1 WU 1x1
JUN 2.12: uansvupan sl g Lousaspaamtasitdufissnuludeduiin

2.4.2 nszvauntsligudoys

1@mJ3ﬂaﬁm%uﬂwsﬁuﬁn%agammﬁaﬁuﬁﬂL%au,:u'méﬂ‘ﬁﬂ,ﬂL,m'a:umﬂazgﬂl,%uiﬁu,mmaﬁu
Tneilszuzdosiu (Guard band) FelleaiBmassunuiuIE AN Bah ludo Tufindsuwimvanuuuas s
mmggmﬁﬂ@amimLaﬁiza:ﬂaﬁmga:ﬁlﬁﬁmunm%u‘imﬁﬁamfw “MIguLpuviv” (Shingled
writing) %qmﬁﬂ%m@%gﬂﬂL%@u‘?ﬁ?gé}amﬁui@a*ff{:rﬁ;auﬁﬁwwﬂmujuasmmmL%';Jaummmﬁﬂ@@ﬁﬂﬂﬁ
Sauwnsnidunniudledeufunsdsunuuiy ﬁﬂLLa@ﬁugﬁ' 2.13 uay 2.14 agwlsfianudaided
RIRRED L‘ﬁmmﬂﬁf;émﬁﬁuu1cﬂmjm‘Wmmﬂi’"maaz,maﬂﬁﬂﬁé’wviywma‘wuﬂé’uaxgﬂaumuadN

JULSIINUNSNTIAEE iR dudesldnisussananadyyiaifianududounnddu
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Main pole

Main pole - side
shield distance

£
Shingled -
tracks 7
Mamn pole — vailing
shyeld distante

JUN 2.13: fMegretuuuinaeddsnsdivuteyaiuudawmiveensiduuye siudeou

(shingled magnetic recording)

Scale
: Read-track
» Pitch
X34 Py

N Read-cor@
WAGHT

Write-track Write-core
Fitch width

d‘ LY i & - = (9] - " o o i =3 9/
JUN 2.14: fedveuniniignilowiu (witetrack  pitch),  dwiulunisguukasnialeutoya
(reading/writing  order), wazgunindeyagavinedilifinslewiu (write-core width) Tun1stufindoua

WWandivdnuuuiisugouriv

WAL AT, YIUUY 23673 | MEVU 2560-02-10-003




ANSHAILIAINSIVIULUUTBIUKANNN

Mnuuuaeedetuiinuuudinsudlermuslivunadndeyafiagyinstiufinminiy 3x3 insusevil
Tndoya uazdwusliviansuouin 5.5 wiluwes fduieunsaduumumuiwiudoty (Areal
density) Iy 2.37 To/in® dwsulunssuiunsdeussynmstuiinaslufiasSnmadiSoewanuly
Tnevuiinannuuasans $1eluan uamedegud 2.15 Tunsditnninsulfawawiuaglsianmanudy

wslnin (Magnetization) vesdotuiinlugufl 2.16(a) Fsdvrunuanwarudunsimantavan dfumy

anwarlundvdndaau lutuuiaswuvdinTudsunsdiuveansuutiindndusenunuenunaude
wamhlnsudugnigugnannnimiienss Suilananadnuduwivinvesdagaduulyauysalfsi
wanslugui 2.16(b) WeavhnmssaumiadUazyiliinauraitesudadaaindygiusuniudetuiing

Media noise)

Trackn+1l Trackn+2

Trackn

Al 88
B IFALR

12

< 8

JU# 2.15: uansaiiunsiiuninveia

" '
4 Track |
v Width™
' '

= e

(a) wuvgAUAR

JUN 2.16: nswsuanwifssimanvasdetiudin (a)
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2.4.3 N3TUIUNTBIUAINGY
NITUIUNMIBIUAINGUMLAINATTUSEAUAULUUEDER (2D Convolution) SEWINNENINAIY
Juuldmanvesdotuiinfumeumuaunsi (1)
v(x, y) = ”m(g’,ry)h(x—;’,y—n)d:fdn + n(x. ). (1)
dle vie ) WNULIIPUVDITYQYIUBIUNGY m(Z.n) wiuanmaluniivdnvesdetudin atr.y) unu
Herfdunanavauss (Sensitivity ~ function)  ¥BIWIBTULAY n(x.y) HNUFYYIMTUNIU i

Hanauauewewns umIalsulnlaaunIs(2) taZlARagUN 2.17

h(x, v)= a, { tanh(c, X +a;) = tanh(a x ~a, )} . (2)
{tanh(a,y +a,) —tanh(a, y— &, )}
1oy ﬁ a, =]w“,H + Wi G WL E+w JU F w0, 1 Wt vy T +wk7;, k=014 W Lnu Weight
matrix, H WAL wesiarTuaesing 6 Wudesiiseniiegs, T U aunveslnandn, h, unu
Magnetic spacing, t,, LNUAIURUIYDY Recording layer, ¢, WNUAIIUNRUIYDY intermediate layer g‘dﬁ
17 uansnswa il Sensitivity function w0380 H =26 nm, G =15nm, T=13nm U =2

nm

A

@

" “’:)'sr ¥ 4‘3{3 1

= 04t0G = 1"}’ ot foo = 40nm
= 0.3, D = 1311m tom =, 10 pm
.9 ! BB\ 1731 nm
e

=

JUM 2.17: uans Sensitivity function vaaasu
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2.5 AINTRMUUUTIHALE AW (Soft Output Viterbi Algorithm, SOVA)

1aTAsIImImesinldndnnsesiamdydnvaiuvuarduiinisasilugeiign (Maximum-

v v i

likelihood ~sequence detector) Fwhnsaeadeyalasnisidendduteyadififefanarmtiosiian
(wesnanfiandosfian) udldliiuussiuinisaendoyadnusasdnfiasiiagndeciian Tuvasdis
asamLULTewilemameiTldndnnsnsamanuinzlusr i3eedgean (Maximum a posteriori
probability detector) I@U%ﬁvmsma:wnLé’umaLauﬁﬁﬁqﬁimaﬁﬁmmﬂ'wLm'%ﬂmmmﬂmwmwmﬂu
gegnvaansidsuaniug Inefiduninainiuesdansaaniuuugendiampiinesd annsafuiald

fanuansbuauns (3)

(3)

In(p(y ,|a, )= ln[\h:{?:l——;;(yk —~u,q))” +pla;=a)
Toefl Au.g) fedfudayale winevesesdn aiiaendeeiunisUdsUanIug, | (u.q) MuuNunIw
Wsadd o ABANNLUTUTINRAN Y INSUNMuLAsW oAV I o TeyarNth ez Tuss S ees
voswvudeyaeIina ) o~ wwmiwhdnmelimuinsdueyiesiiifugudasildauns  (3)
wirfufnsamiuuTevnlemeivestagyumiiouiuiesamesnanivest: nanfe 1993
ATIMATIITIle STerR LR BRS N e Rlisava didena -4, Tanutinaduezites
g eglshiavindeys e ﬁianwa?’iamﬁmhjwhﬁuazﬁﬂﬁéx’umnmmmmﬁma%ﬁﬁmmgﬂﬁaa
DEEEN uaﬂmﬂi‘jﬁfmsawmuwaﬂémmeﬁma%ﬁﬁaawmaa‘lﬁﬁ%mﬁwmLﬁué"mwﬁ'gummﬁwmﬂu
(Log Likelihood Ratioy LER) Tnei-EL R Tem i dnatin5714a)

A ) = h{MuU' -
pa; =L

WavenanulLTeiieven sagaul e ey Feaunsai iU AUiaugueaing

WEL. AS. YUY 25615 | SWAYU 2560-02-10-003



diTanedyanan nizsaunMalanssh

ASHAILIAINTIDIULUUNIBTUNAET

UNN 3

Q/

9 WU”IﬂWi?JBQﬂ']SﬁJUﬁﬂL"?NLLSjmgiﬂ

3.1 mevsnkuuIzUUNsULindaya BPMR feuann1snisdniagiedayaiiuase

WievanideenudonisnsliwiemsuTiay (Rarow. track reader) Tumstufindeyauuy
Jowruiifiinmnumnuiugy masiunAalunisopnuutisnisoonsia. (decoding schemes) &3y
nmsdwdeyn 2 wiinlubafessusagnmsliheutuuniadivuelvginnnhvuesunindoya
wansznufiinainansiisnasnsevineuninilsuussadudoseiniasiansurld | dmsuiemsuanides
ubi anmzaudiuivdnveddetuiintonalussuy 2 wnin mstniiuszoraduilulaviouuuifes
(staggered pattern) é’mmm‘lugﬂﬁ 3.1 wellensaensautvaemanitradulddeennn fe 1)
N1500ASHALUUIUS - (reclisive decoding) lagmisinseenstogadaaIme MnausssnIIN1Idn
fetreiigeanining (oversampling) kay 2) MsAsIIkanguatssuasdLide e dululdinniian
(Partial Response MaximurmyLikelihood :/PRML) Lf‘iaamn%'mga 2 Lm%ngﬂéwu%umw%fauﬁu oty

onsnsanelewdeyaisganinmssrudeualnfiluuunsniie

7 =145nm
N : tipper Track
4
I
Center Track 7. =145nm
v
L =725 ﬂmi ; Lower Track
<P
L =725nm

JUN 3.1:  mvnelndoyanuuibios (staggered  pattern) neldnanauauaswaine1u (readhead

sensitivity  function) liteviinidganisunsnasassuituminfigunsslvaanssasfunisldmaiianisdn

A9Y19AUTY
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azhalﬁﬁmmﬁaLLﬁwﬁﬁmwﬂﬂiéd%@gaﬁqa%um%émﬁﬁmmmiadm‘ﬁagaﬁﬁmmaslﬁamqq
¢e Gesanunsoviildlan ana1ueves shield cap 1HiEnas anszezviessninedetufinusindndy
sgulilnddu [11] s

Brsdhstedeyaneuiissvhmsideudeyaaduddetuiindeyaaunsayléded (111 s
usnfiszfdeyandufuinlininssuy 2 undn fisudlddesuuuuniesuiumeda oversampling
Tnogui 3.2 uansdliifufagnuasnstniegnsdioya (sampling points) dwsuniseuaniy 2 unsn 30
vosmsindetideyaregluiumimsinansuminasaimimosanmsuindnfitufinld ewin
Sﬁagaﬁmﬁy’qaawzgﬂa%fw‘z‘j”uma'tuﬂmuanﬁmaqamaxu,:,imﬁnﬁﬁ’uﬁn‘té’uaza“mwmimaiau%’azgaﬁm
wluaswirvesanuedarainluaninswivdnle 7 Fyenweunduainiiaesdaog1euiiom

AUVt AL AT AW sEnzwivan M, luwsaguninazlinnurdisndsiu Tnefeuduiusliaiaue

Meauns? (3.1) Miensiudeyadld A, enrazutivdn M, kasdygiwewndu R,

A{” —
R" &= .A’j" i Mn—l (3 1)
‘4)1 - Rn ] A'[nwl -

a13199 3.1 nishviadeyadeuntsduiindegaadudetudin

A, My M, Ry =Mp4. M,
+1 =1 <1 -7
+1 1 41 -2
N -1 -1 0
-1 +1 +1 0

1T 3.2 sediuird s UammeeamBTivdnvesdatounth Wy M, uduns
tufindeyadn “17 w50 “-1” adluud Weiseuteyadoundunieunuinfetoyaiyniinasuriy

%aum%mwuazLmiﬁﬂiﬁ'wLiwzl@%zﬁumaaé’@mmmunauﬁmm 3 n3dl 1) nsdifidaneunuazdn

Uagduduinda “1” é%"ay,zyqméwumﬁuﬁlﬁ%ﬁuawémwhf’i’u “27 2) nsaintansuviuazdniagiu

g

@ o

vunnide “-1” “cyzywma‘mﬂ“’Uﬁlmymawmmmﬂu -2” uaz 3) nsaifidmnewniuaztnagiu

[

Yunnda “Oniuanmnaiu” agy WW@WUHEUWI@R]WNLL@N‘WE? (ﬂLW’IﬂU ‘07 ANUFUNUSAINGTIZIUSO

sonuuutlunisidnsianou (pre-decoder) laifsuanslumstad 3.1 [11]

HEL. A3, YIUUN 33673 | SWaNU 2560-02-10-003



NMSHAILNFIINTRIVUUUT G WREERD |

sgnslsinuluunanudldhaveriutedygngruad Fadslaldinsienseiimansenud

@ v

WnanAnuiumuvesindeya 1y anufuniusesvunvesindoys (size fluctuation) ANURUNIY
o i a v s = & & U a1 v a Y a L=
vasruvusreslndaya (position fluctuation) Fuluanveuaniinelviadeiianainluszuunistuiin
Toyaidudmaniuulaunaiisu duluauidelavdduiins@nwmanssnuiitinaniiadudandn ans
sonLUUkar iR Yesdyg aunsiuiindeyadeyaldwivinuuulnunwaiisuladousss n1seonuuy
nsisiaoninidewansgnuiinaindetuiindeya saufisnisiaufmesisduiievesdygy i

2T2H [12] M

Read data ,‘?, * A ;?; /?,
Userdata A, A, A, A,

JUN 3.2 Ml wlewaa Tudatufindeyaniins 1erauuugo s [11]

3.2 N159DNLUUNSIIISVaLUUERRRA (2D-Coding)

=

ﬂwsL%ﬁmmaaamaﬁﬁmsﬁwLaua‘lusswmiﬁuﬁﬂ%'azgaL%ummﬁﬂuw%’@gmwu?a
Tudinliidude dvdnnnsieiNg 3] BEwnn sAnerduyvvedynaBatindu (readback) wuinile

sufindeyauuuimeiien (single Botlus s lndgiaenatnguil 3.3a uilusyuunistuiin

=¥ 3/ 1

Toyaidaininuds fesdinstuiindeyauwuuseiuss ssduisliaunsafivendnidewmanssnuves

u
'

MIuNINaensynInsdyansal (iIS) Y8300t 10AEINIDULLANANTENUTBINISUNSNADATENINEUNSA

)

() Ahaannunindnadsls dsidu indmeeumdndesguuuumsiuiindeyadineliifnmenisal

CV

AT Feannsaudseenlaasensl Ae nidifineliiianansevutean Yufe mstufindeya

=

Un “1" deusousnoln “0” dwandluzun 3.3b uaz nsdiidelifanansenuanniian Fudunsdl

LSIRBINITRANIALY WUAB NSTURNGR “17 dsusausiedn “1” Aanansluzui 3.3c
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: A

y ;X_‘/ \
\
0 0 T
7% overshoot / low

o d \ &S5 signal amplitude

-4 4 -1

] 106 200 300 400 8 100 200 300 40D 0 100 200 300 400

JUN 3.3: suuuuvesdynugundunsdifitiumeings @) asdnneliiianansenutovan (b) uay

nstifinelvlinuansgnuuinga (0

LNINURAEIUL

uammﬁ”‘Lgéha“f@iwﬁiﬁmnamgﬁm=f15@'\;7 sialvigetulaen *ﬂmﬁﬁﬁaé@ﬁj‘LLU%ﬂiﬁﬁiﬁsggamﬁuiuﬁ

3.5 lpellonsnsyawinay 7/9 [14] Feluiieauaan meawnwﬂwawummu wedhoivanssaue T
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; TE ‘7 Bl 11110 011

T oL+ Mol 0] 1] 1] 1
[ {ololol [ [1]o
_____ s BE | 1 clololbpl 1Y 1]

= = Ole i 1 B 440
olo an
1 o BNKIEE o A

1l 1]e il th

T
BE- Example
sU# 3.5: nsiihsvianuuae AR svEvinAY 7/9
(b}

l(‘-z - i o B e Ly - F: S ' I o oy N I.: 1

1™ b

BER

107

& 002 604 606 008 01 612 614 Q16018 0.2
Jjitter factor

e N Coding =Pee T8 Cading =t 3/6 Cading

JUN 3.6: UansauII0UEY B UNTIN BT alUNABST A e AT 1S WaR 199 [13]

-1

LLWLL&‘H“W WLL“’U‘U?WG‘WQ UYU %.ﬂmm nuu Qﬂaamt,uv“rm%@ai @Wmﬂ"ﬁﬁu%ﬂ

£y

¢ P i 5 d: u A o .
%az‘gagwu without overshot Senelitad L Jaetulilansy elswietidurasdyaunis unntoya

<

2

9

ﬁﬁa,,;gma‘m

e R nazumnesiuennly ¥

' 1%
t Y, 9 f R Y

P < S0 et i ~ =
ﬂaUéﬁ‘ULL‘U‘L‘Mm NANAILAAILUIUN 3.7 AIUUINUHUNEUDTION 13%\713“ wuuis UQNQLQU U8 I

M-RBP (multi-track recorded-bit patterning) [16,17] A&l “m’ﬁﬁaajaémiwam@@wmmwwn@uam

U

=

WU with overshotImawﬁmiﬁauéw uiayaluusazunsnifiemsuuuvresiayaiingnainansg

Y
Aum (look-up table) ntudstufindwutoyefinanadlufetudin BnsiasdoanmansenuiiAnan
IS wae M l§u7n Fsanuansveassnuiisnmsiitiaueaunsorledfivaussouzvesszuuldunde
Wesuwsunuszuunidnisinsiassgalsfanu 35 M-RBP fansinrududouas
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wsnantuuausdelavinnisesnuuunsitsiadeyamesiavengiaduuuuassdiandany

Fudpun gns1sateyags uazliuseaninnluni1sinnis/manidey/aanansenuveinIsunsnasn
' < o 1 v o . ' < = = £ v < [ T

sevinaunindwiuseuunisUuiiniBudvian BPMR Sawwifianisidnsvauanslugui 3.8 lasiivdnnis
o & avwo Y o v £ 9 v & o _w = < : = o o = =
fadl Alevinnsinsianinteya 4 wninlveaniludsva 5 s/ 5 undn deudivgvimstuiinadlude
Tuiindeya Fwihlidulainashifansuvsnaoniijunsafinusenineun’n [18] wazisdeldinauenis
WhsviaRgsnssviawiniy 5/6 [19,20] fwanduzudl 3.9 laesuandidudeya a, ieeanisduiinazgn

wWisulviiluwuuassdd Aowdeuaindeya 1 uwdaddudeya 3 unsn iieidsaunsguuuuidu [+1 -1

T o« o 5 < v A o a
+1] w3 [-1 +1 -1] Fssuuvvredfasaluwuiuninaunsaivysefiuldimansenuiiiinainunsnaen
] < e & = & ; o & = o v < o v =
sewinuninagliifindu nnasanululesdunyingduuuidululumasinnaiadusiadeyad
& o i = ) o 1Y P
VavuA 32 UL (pattefns) _dsuandlugui 3.10. Ssgtuvymariargnumanasiadunisadienis

Whsviateyasialy

The destiuctiv case

o & ®

>
&l -6
N s,

&
)

Normanzed Amplitude Response
e ©
-
el e N

Normalized Amphtude Response

Nomalized Amplitude Resporse

2,

b

60 s N Fo 200

B <

Ul 3.7: Aygaugunduves () Tndeyaiea (b) naaimagn Weladeya *1” gndeuseusielndoy

- U U

£

‘17 uag (o) nsdlndouge Hededoya ‘1’ gndeuseumislndeya -1’
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Sensitivity

L R
> function
Xg 124
along-track direction 2 ;
4 =
PE &

9 133 2 =~
= =
< i
= : s
= 45CITL 3|
% LERY. Z
a2 S e R Encoding =
s -8
&= b4 = =]
(l"\«
=
=

d =+1
Y a.,

: l(;ﬁg-track direction
5U# 3.8: 75115 M-RBP (a) FusBunandduleyafiffianveuninnatuay (o) duseunisididiy

Joyan na A LUl UAES

ﬁ{acy.mzmck 4 // / & "4 id)ac»eﬂmk

[ I v\ [0 4 N R e N oo K
O O @S DI @
- N D WL ‘. = ]
RO it o
. a : ;
encodmg‘
X
,/ L b S x A 7 ,» ITh 3 ’
0d i i ladacém ek "
JA EA ! X
17 RIS decoding | X
%y 1@ '
LTI LR - :
o2) AN (S Ly zﬂun:cut Track e/
‘3& ”m é.. “k— ay.
-~ ddjaent track 7 ad;aceéa’xracy

JUN 3.9: TnsdrsiadeyameniauenmesuliEesdn

2/
@ o

sgnslsfmnumsdnswansgedsliausovinaulussvunisiugls Wesnduniswnsiauuy

v

g1sauangatud ﬂ”@&Jmﬁiaﬁaamﬁawiaiwiwwﬁﬁﬁﬁ%ﬁﬁ@lﬁﬁmmmwmaamwdwLnﬁﬂag
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4.3 Multi-track detection technique using single-track 2-D Viterbi detectors
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Two-dimensional (2-D) intesferenceds one of the promineatchallenges in ultra-high
density recording system sueh as bit patterned medin recording (BEMR). The muldi-
truck joint 2-1) detection technique with the help of the arpay-head reading can tackie
this problem effectively by jointly-processing the multiple readback signals from the
adjucent tragks, Moreover. it can robustly wlleviate the impairments dueto trackmis:
registration (TMR) and media noise. However. the computational complexity of such
detectors i normally tou high and hard ro implement inareality. even for a few
multiple tracks. Therefare. in this paper, we mainly foeus on reducing the complex.
ity of multi-track joint 2-D Viterbi detector without paying 2 large penalty in terms
of the perfopminee. We propose 2 simplified multi-track joint 2-D Viterhi deteetor
with @ manageable coniplexity fevel for the BPMR s mudti-track muiti-head (AITMH)
system.dn the proposed method, the complexity of detector’s trellis is reduced with
the help of the joint-track equalization method which employs 12D equalizers and
2:D) generalized partial response (GPR ) target. Moreover, we also examine ihe-per:
formanee of a fullfledged multi-track joint 2-D detector and the conveptional 2-D
detection. The results show that the simplified detector can perform close ta the
full-fledge detector, espectally-when the systent faces ngh media notse. with the
significamt fow complexity & 2070 Author(s). All article couient, exeeprwhere oili-
erwise foted] dicernsed wnder o Creative Commaens Aitribrtion 1CC RY  lieense
{hfps/oréagivecompons orgdlicensesdyAL . T tpldRdorerg/ 1006 344807 32901

I. INTRODUCTION

Bir paterncdunedia recording (BPMR S o next eenerafionulira<high magnetiorceording tech-
nology for the arealidensity heWond 1 Thitin®, However the feudback ebanne! in BEMR <vsfens uffers
with the severe twa-dimensionad {2-D) interference? inter-Symbol interferegfe (18I anddnter-track
interference (1T and a high Semplexity'2-0) detection technigue and ajeintirack gqualization is pro
posed'= 1o tackle it. Moreover, considering the déncgived muitl-head array te€hnolfogy, researchers
focus on « multi-track multi-headrecording (MTMH ) recording systembecause processing
signals can improve the performance of datagecoveryfromhe 2-D.imerference channel. ™
ing the MTMH technique. 2 multi-track joint 2-D deteCton has recently been proposed for the hig

mudtiple
Exploit

density magnetic recording system.®* Unlike a single-track 2-D detector.! it jointly processes the
multiple readback signals from the different location from a track or different tracks: therefore. itcan
be robust in nutigating on the 1T effects from the signals as well as in tackling the system impair
ments due 1o tack mis-registration {TMR) and media noise. Zhen et al. studied the performance of
a full-fledged multi-track joint 2.1 detection and showed that better performance can be achieved

by processing more number of tracks together.” On the other hand, the complexity of such detectors

grows exponentially with the number of tracks.” Therefore. it is necessary to reduce its complesity
uniil practicable fevel without paving « large penalty i terms of the performance ™!

Inthis work. we develop o multi-track joint 2-I Viterbi detector using a full-fledge trellis designed
with afi tracks tn system. To avoid using the high complexity detector. we propose a simplified

2158-3226/2017/7{5)/056502/6 7. 056502-1 @ Author{s} 2016
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multi-track joint 2-13 Viterbi detector making a trade-off between the trellis’s complexity and the
performance gain. The performances of multi-track joint 2-D detectors are compared with a conven-
tional 2-D detection using two single-track detectors. Finally, we also compare the complexity of ail
detectors.

ll. BPMR'S DISCRETE CHANNEL MODEL

In this work. we consider a discrete-time channe! model of BPMR system with the media noise
so that the readback signal from the &™ data bit on the /'™ track. vy is expressed as

Vik= ZP Z, Py gm0k (b

where g7 ¢ are the recorded bits freomthe bit island £ at the track /™y, g S are the 2-D BPMR channel
response coefficients, wy . asadditive white Goussian noise {AWGN) withwa standard deviation ./
and it are the indices of frack in thecross-track directiond and -k and m are theindices of bit islands
of the along-track direction. The ¢haanelresponse coefficients /i,y in (1) is generated by swupling
a 2D Gaussiag puke response at the integer multiples of the bit-period. 7. and the track period, 7.
18

Z

Il( nily + Ay '):+( w1 A, ): )

Fam = AR — = -  Ja | 2
o “Xp{ C(PW, 3 Apwer] © e PV s apm ] T e

where A is the amplitude of the pulse respanse. PW, and PW. are the width of the pulse response
at ity half paximum (PWsgn A, and Ay are the focation fluctations. and Apwy and Apw: are the
PW so fluctuations. ' The Tocation fluctuations Ay and A, and'the size fluctuations Apwy and Apy-
are generated by the Gaussian random vanables with the standard deviation whichiis defined by the
percemtage of Ty apd 7o, Assuming that each read-sensor receives the magnetic field from the three
adjacent islands on the ek under it as well as thedslands on the two adiaeent tracks, adiscrete
BPMR chumel canrbesrepresented bya IX3 matnxlic.

AT Aol B
Had by e A< (3
sy e, M

. TWO-TRACK TWO-HEAD RECORDING SYSTEM

in this works we modela two-trackawe-head (2F2H) reCording system of the BPMR S illustrated
inFig 1. In the syStem, fourdftasequences {1 }. 1 € 10. 1. 2, 3} ape dduecoding@ata sequences
on the adjacent trackSe ASsuming atthe desired track€e/ = 1, e scanned hy'a head-array with
two read-sensors concurrént! Vathe readbabk signhl Segdenices {31} and™ e} are generated using
two chunnel matrixes in (2). Anthe"read channel. those sequeneds are®qualized by two separated
1D equalizers which are optimally desigaed for the 2.1 GPR#¥argets based on that the minimum
mean square error (MMSE) criteria.” Finally the equalized signal sequences. {ry;}and {ry,}

processed by u detector to generute the estimated recarded bit sequences {d } und {424}

e

A. Multi-track joint 2-D Viterbi detector with a full-fledged trellis

Firstly we consider a multi-track joint 2-D Viterbi detector with a full-fledged wellis for BPMR's
2T2H system as depicted in Fig. I For this detector. two 2-D GPR targets with the size of 33
are considered in order to tackle alf IT7 effects in the readback signals. For each signal. a pair of 1-D
equalizer fy with the size of IX(2N + 1 where 2N + | is the [-D equalizer tap numbers. and 2-D
target Gy oare opumally designed based on MMSE technique similar 1o the joint-track equalization
method.™ The vector f; and the matrix Gy are defined as

Li=lfinfio - -fixk (4}
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Sise
Dietacsar > %

) by

FIG. 1. BPMR’s 2T2H reeording svstem mpdel-with (a) full-fiedged multi-track joint 2-D Viterbi detector. (by simplitizd
multi-teack ot Z- B Vierbi detecra and o1 2Dy deiccu on fechaique Using owo sipgle-track 2-D Vierb: deteeion

and

S-1-18-16 &-14
Gu=| g0l oo Soliv! 53]
Si-r &gy

For the wrellis. cuch of its mpuat symbols s modelled wiath the bits from all four tracks in the
2T2H system and each state is contposed by two symbaols based on (5.1 Hence. the trellis containg
232 = 256.sldtes and cach staw has 2Y= 16 incoming vr-outgeing branches at cach state-A state
transition between theetinent and next state of the resulted 2-D trellis iy tllustrared in Fig. 2l n
the algagithim, the branchanetric for cach state trausition can be computed with beth of two equalized
signal seguenees. oy op and {7 Ftogether, e

|
»
’f{":g;:—-sﬁ(r’k—:'!h""-))'. H)
230 o o WATRD
=

where & représotl s theState tranSitonbetseed (hecuffontstate S at time 4™ amdithe ngxpbiote 5o
at time A+ 1P and (601 the noisclesspOssible sharpel Gupur Calculateg byothe 2 DIGPR turget
of £ £ {1 2} el forthe trapdition &. 1.e..

= E Iy o P {7}
& v : ,hg tf o L AR e

where qay ¢ are the respective bits frofhe inpursymboeland€lrrentstiite of the rransition & and g,
are the 2-D GPR rarget’s coefficients in (3). FiaalIvih@diecior generates the estimated recorded bit

sequences {dy g ; a

FIG. 2. Swate wansition betnveen ¢he current and next state of the trellis for G full-fledged malu-tack joint 2.1 Vierdy
detector. (B simphified mubo-track jome 2.1 Vierbi detector
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B. Simplified multi-track joint 2-D Viterbi detector with a low complexity trellis

To avoid using the full-fledged detector, we propose a simplified version of multi-track joint 2-D
Viterbi detector reducing complexity trellis. In here. the trellis is constructed with the bits from only
the detecting tracks i.e.. /= 1. 2 and ITI effects from outer tracks. 1.e.. / = 0. 3 are alleviated using a
L-D equalizer which and a 2-D GPR target with the size of 2x3 as shown in Fig. [(b), which different
from the previous system that considers the a 2-D GPR target with the size of 3x3. Therefore. the

target G, 15 redefined as
G, = | S0t 800 S0 | )
| £1-1 210 &1

Similar to Chang and Cruz’s MMSE echsiguesthencans squarcd error is now expressed in

terms of vectors as,
£ {l('/f; 3:} = RIS Ef,-Tngg # gﬁR‘;?, (9

where f; 1s the golumn vector ofthe D equaliver from 4, gr= [go.1. 200w 800- L1t L10-
gr1)? is w columa vector rearranged from the target matgx Gpin (%), R, = E{rrT} is an auto-
correlution matrix of the readback signal sequence with-the size of PN +1IX(2N+1). Ry = E{aa’}
is an awto<arrelation of recording data-sequences with the §ize of 6X6, and-Re = E{ra’} is the
cross-correlation of the readback signal sequence and the input data sequences with the sive of
(2N+1) M6 In berger )= [ dv s Lt rraatT is ‘an colwmn vector of the eadback signal
sequence/ {r7k} where J/€ 1.2} and & = |Adkadu i i aif @ A1zt @251 )7 18 4B Col-
umn veetor of the recording data formed by aranging two recording data sequences {ay « b and
{azi}. Finalie the set of 4. g/ and £/ for gach readback siznals is computed using the following

.8
equations,
A= AT (REZRIRR) ao
T 371
w= R -RIRR.] A (1
DR IR e [ $3)

Busad on the2-D GPR tagget fromd S thednpul symibighof the trellis is designed with just two
bits ay g and @ etherefore. the trellis somains 21 = 16 states iud 27= 4 branchescal each state. A
siate fransiian between the oOprent state and the next Jdateof the resulied 2-D arellis 8 ilustrated
in Fig. 2(b ) Inestimdting process. the detectos usesithe, same branch metric computation as (6) and
(7 for each wansiion alonge the tellis "I the preposed-détector the complexify indrellis is notably
reduced using the simpliicd 22DEGPR wget from (8).

C. Multi-track detection technique using singlestrack 2.D Viterbi deteciors

Farthemiore. we also modePaconvenuenal_multi-tack-deteciion technique using two single-
track 213 detectors as a conventional metho@=Heresmwense™ 0 single-track 2-D Viterhi detectors'
and cach detector processes cach of the equalized readback signal separately as shown in Fig. el
Far each detector, the trellis has 64 states and 16 branches at each state and the branch metric for each
state ransition s computed with c:zss;h of two equalized signal sequences and the noiseless possible
channel output calculated by the 2-D GPR target Gy in (5).

V. SIMULATION RESULTS AND DISCUSSICN

For the simulation model. we consider 1 BPMR svstem with the areal density of 2.5 Thits/in”
by meuns of setting the bit period and the track pitch to 16 nm. The along- and eross-track PWs; are

j 24

considered with 9.4 nm ang K nm respectively and each data \cqucntcx sectar contains 4096 bits,

The signal-to notse rutio (SNR 15 defined as 2Wog o (Y

Jorgowhere Vi = 1is the peak value of the

readback signal and oy s the standard deviation of AWGN. The numiau of taps in the 1-D equalizer
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FIG. 3. Performance compatison of various detectons (a) withou! aud (B) with % media nose at aread deasity of 2.3 Tohn®.

TABLE 1. Comparison of the compuiationa] somplexity for cach databit estimation for the 2-D Viterhi detectors,

Tepe of 2-D Detectons Number af States Number of Branches Branch Computation
Full Jout 2-B) Dictector 256, 16 40496
Sanplified Joant 2.1 Deteeten i6 % 64
Mulriple 2-D Deteciory Pxidanl 280 ® 4

AEachiof 2 detagmos uses the vedls wirh 63 sates

is 1x11. For the BPMR system with media noise. we generate the 2-D Gaussian-pulse response with
the standurd deviation of ol fircwations by 3% of therbitpeniod T

Firstlvowe study the bt error rate ( BERY performance of all detection techniques for the BPMR
cystem with'and withiow the media noise. The simulation result i< chownin Fig. 3 swhere the multi-
wack joint 25D Viterbi derectorwith full-fledoed trellis. the proposed simplified multi-track joing 2D
Viterhi detectgrwith low Complexity trellissand the teehmigie ising two singlestrack 2-D detectarsare
lubeled g WFatl Joint 2-D Detegptor”, “Simphifieddeint 2-D Delecior’/and “Multiple 2-D Detectors.”
respectively The stmalation result shavws thatthe proposed sinplified multi-track jouy 2-D deiectors
significantly outperierm overthe woehniguelusing two Single-tradk detectors for the BPMRS 2H2T
recording svsteims. The performance affproposed detector isinferion abott 1 dB &t BER = 10 1o that
of detector withifulk fledgerellis because of reducing thefretisss complexitya® showndn Fig. 31
However, the perfopnances afitvo multi-track joint 2-D detectors are almst stmilar when the system
is suffered by the mediy npise asxhown in Fig. 3th)

Finally, we comparedthe eamn plexitvief ol 2-D Vitethidetectors copsifleged in this work in terms
of the number of branch metnCegmpiations for one data bit estimation.af Hlustrated in Table. 1 'The
proposed stmplified mudti-track jont 2=Rdetector needs only64 branch for cach bit computations

which is significantly less than others,

V. CONCLUSION

In this wark, we propose o simplified muiti-track jomnt 2- Viterbi detector with a low complexity
treflis for BPMR s muehii-track multi-head system. In the proposed method. a fundamental wade-off
between the performance and its complexity is done by using a joint-track eyuaization method.
For simphity. we considered « BPMR'S two-track two-head system where the detectar recovers the
recorded bits of twa adjacent tracks simultaneously. The performance of proposed detector is com-
pared with those of the multi-track joint 2-D detector with full-fledged trelhis and the technique using
twiy stngle teack 2D detectors. The simulution results show that the proposed detector outperforms

obviously over the technique using two single-track 2-D detectors and vields performunce very close
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to the full-fledged multi-track joint 2-D detector, especially when the system suffers the media noise
although its complexity is reduced to the manageable level.
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