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ABSTRACT

This thesis studies the effects of write current on the performance of hard disk drives, and
proposes a method of write current optimization based on the contour graph. The contour graph is
plotted based on the bit error rate (BER) obtained from running the full write current cbmbination on
the drives. We study the effects of the write current based on three parameters of write current: write
current amplitude (I,), write current overshoot (I,) and write current duration (I,). It is found that
increasing these parameters can result in the saturated performance, measured as —log(BER). In
addition, the write current overshoot affects the performance more than the write current duration. For
the optimization, we improve the baseline method by selecting the best write current overshoot that
gives widest BER area, then selecting three levels of the write current durations. On the contrary, in
the proposed method, we plot the contour graph between the write current amplitude and the write
current overshoot, then select the best write current duration that gives the widest BER area. Finally,
we select three upward edge points of the write current overshoot. After that, we select eight points of
the write current amplitude, resulting in the total of 24 sets of the write current. Finally, the base eight
write triplet is determined. We can deduce from the experimental result that, the proposed method
gives better performance than the baseline method. Moreover, we observe that the fixed write current
duration yields the higher performance than the fixed write current overshoot. However, in the
unsqueezed mode, the result is opposite to the squeezed mode in that the write current overshoot

affects the system performance more than the write current duration.
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Linear density

i 255 Tassadumsdaiudeyaluariadadlasi

U1 2.5 uaaslnseadunssaiudoyaluasadadlasi doyaszgmiuiinasluaiu

g { ' { -] [ a &
witnanglanauiiFendn “Platter” lasiuaag platter W HAISUNNANAADVBYUUAINIADIATY
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9 v d kY o 4 1 o Aa 3 -] & ¥ ]
HazZYBYAWYNIAUNUANLAUTIUWNNUYAFTUINANTIVNUNLTYNI “UNTH (track)” SHIUAATLUNT
FY

CY ]

v ‘i‘_] « o 9 & = dy P a EY
2190l “annes (sector)” AstiuaTMNiwEsRuRansodowIdan
A, =LT,, @1
{ 1A 1 a <
Taeh L, Aoanunuumiuidudy uaz 7, foanunuwiwdumin

o v 3 Y ¢ d|
2.5 l!ﬂnﬂ]aﬂqm9\1531]1]ﬂ-liﬂﬂ!ﬂﬂsllﬂgﬁﬂlua'liﬂﬁmﬂiﬂ

Input J—U—]_””.

userdata | ECC Channel | Channel write data
—> :

A4

encoder encoder

Read-back signal
output
ECC Channel
user data < <—— Read channel
decoder decoder

4 0 o a
51 2.6 suvdrasswesszuumstanudoyaluasanan lasi

$ o v o a a a

517 2.6 ugasuuudiaesvesszuumsdaiudeyaluafadadlasd Sudueinia
419815 (message bits) zgnid1siaTaervesdrsiaud ladoRawain (Ermor-Correction Code:

A o A a 14 v A [ a o J (D4
ECC Encoder) aimsiiudiadoyaunsndililieflosfumsifamsfianarnsznitdedoyn
J ¥ 3

Tasialilazilon¥s9a RS (Reed Solomon code) [17] uazaziinsiswadnasa ol
sy 9 Y Y] ] [ d a é @ AR 9 4
quaulitvestoyalfininzauiuresdyanuersafad lasd ilesnmstuiindoyaaslude

k4
CY - Y

P o H - = a v & yaa g a
u'Vlﬂuu%zuﬂ’]ilﬂﬁﬂul!ﬂﬁqqlﬂ\i‘inuﬂlﬂﬁﬂulﬂﬂﬂm@y}ﬂilﬂ’]ﬁlllaﬂullﬂﬁq ﬂquuﬂ'mﬂwﬂﬂgﬁlﬂll
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a o a Y & o A

Aanummiu ldaei IFBensdsanazlumstuindeya FesiadidenlFlumsdisviade

U

g o 9

AT RLL (Run-Length Limited code) [18] #asmniiriumsidsdia RLL udriindoyaszulasld
aglugtvesnfunszua IWfu@ow (write current waveform) udagnfloulufaiadouierims
=t 9 4 o =&
@eudeyandludoiiuin

1 Y kY @ 1 o v Y { o & £ o A 1Y
“lumummmsmmwa mmmzmm‘smuﬂlagamnﬁanuwn “N’c'filgi’g'lﬂ!ﬂﬂ]ﬂllﬂ‘ﬂ%

9
[ Y o kY

[Fondndaya st read-back VINTUILYNUIWTYYIUAIINTVNOADU (pre-amplifier) 11183910

)

Fayananism1aTivueveweundyn @mpliude) thnun udadslifvesdannansoiu (ead
channel) 92152001 1Ud18 2993n509H 14 (low-pass _filter: LPF), 29935020679 (sampler),
8a10lawwed (equalizer) 4AZ2995A399M1 (detector) 1Hudu Foyaiildninsesasaamezgn
08ATHAAI8I99300ATHATBITYaY 104 (channel decoder) gAThBIzgANDAsTHEAI1B199500ATIT

udladeRianaia (ECC decoder) sanuuiludind1nais

= ) K
2.6 NITVIUMIVHUBYA (Write process)

Message Write current
. ECC modulation Write )
bits Pre-coder modulator EM}D
encoder encoder precomp

d’ < o =
3‘1]7] 2.7 TJﬁi’)ﬂulﬂ'é)&’uﬂinﬂ'li‘ﬂ'l\i'l‘Ll‘U?NﬂSZ‘U'J‘Nﬂ'l'iﬁlﬂu

{ -] o a 4
U7 2.7 werasudenlaszunsumsiinuvesnszuaums@oudoynlusfadad lasd 4

3 v
Tunszuaums@eudeyad lduimdhiimshinuvesmsithifavewdazsdiuannsosiueld

o &
FNU

2.6.1 2193nsviaud ludoRanaa

R

] 9/
siaud ludeRanarafifion ¥ lusfadad lasAdwdluodnaudeilogtiude swa S 4

9/

o | ¥ | =Y 5 =y é’ o
msdhsialudrudideidamisansamuazud ladeRanaiafiornfaduluszuy'ld #ld

¥
a A =S

Use@nTMnvessuugUu s zNsHa RS dunsoud ludoRanaanarwiindany ldod1el

lszansnn
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9 Y Y Y a o 9 v 9 - [~ v [ =
'N%il‘ll'liﬁﬁ!.!,ﬂll‘ﬂ‘llﬂNﬂWﬂ1ﬂ%$ﬂ'lﬂ']5!"lﬂiﬁﬁﬂlﬂgﬂﬂﬁ&’ﬂﬁﬂﬂ UAASURBNATHUANNYN
9 a vy 7 a o A o a Ao 1
YoIUoyn kua uaz‘lme;{amemaﬂmwazuaﬂﬂmumman nuf Tﬂﬂﬂﬂﬁ’i']ﬂ?uﬁ]ﬂﬂ

9y a 9 d = 1w u a 9
YOYABDUNALUASVIYAVDUBIANAISLISND 9M5151 e (code rate) umu"lmnn

R= L , (2.2)
n

Taef R<1 Judiuvesiasmaiy 29soeasiaud ludefanatnszimdinlumsneasia
[ v @ a o a
foyafiazudonsudu anwmmnsalumsudlvdoRianaravessia RS szasremideianaia
A a o da 1t a a Y a 9/ a a o d4a
waeiinfatufitianuen livu -k da vazaunsouflvdefianain ldnareindaduniiai
e hifu (n-k)/2da

Tauia 1 ssuumatafiudoyadtnealusiadad laslzvonldiidnsinnuianaa

:
A o

fin (it error rate: BER) < 10° ifefionsanainduvidivesisasesasiaud lvdoranaia

o £4

v ] o 1 LY Y a v A9 a4 o a g a 1
'rJEJN"liﬂﬂ'm ENW'U'J'Iﬂ'Iii‘HiﬁﬁLLﬂVl‘IHI’E]NﬂWﬁ'lﬂfJ\iJJ‘U’t]Lﬁﬂﬂ'ﬁ) UIUUAUDIAWAITHNINAN

o a a 9 A da 3 g 1 a v a . Y d' 19
$nouiinduna TnedoyadaifuaniuSendriad ufiu edundant bit) iudeyai hidoams

4
] A A A

4 o o a v a § o

tufinaalyIuderiuiin MildRemsqanduilefinmsdanudoynludetiuiin

2.6.2 29931159 a3ioguat i (Modulation encoder)

rvsthsauequaduluszuuiuiindoyaiBunimin (magoetic recording system) 987

v 2 3

i lumslfugaauifvesdygraldmunzauiuresdygin iNoaannufiaiioy
(distortion) vesdayanas uazdatslumsnuaszezviwesiian/fouanius (ransition bit) 19z
= 4 U] A 1 @ oW ¢ .
Wouasludotiudin ileaananssnuvoinisunsnaeaserdedaansel (nter  symbol
interference: IS (flosnindoyafidouacludeiufinlyuuuiiu NRZL (non-return-to-zero

{ { i a o o ) = o 3 o
interleaved) Tasflazlimsnlfeuaauzilodaimdadowiuia <1 duiufsfoddimadisia

¥
o [ @

Y d'l [ a a 9} o P} = s A a 9y
veguatuiieflosfumaifadadoyaiduivadadumniuld siaveqadundonlslu

]
o LY

¢ A o =} Y & o 9 Ao a9 a da
a'liﬂﬂﬁﬂulﬂiﬂﬂﬂ THE RLL  #39SMAUINMUUANNNYIIVOIUAVDYALANNLIGIAANY

o @ o a 4 o d & o o
Tawiialusva RLL %zgﬂmﬁuﬂﬁ"wwwmm{ (d,k)iile d Aamuduanuay dafmuasiuay

- a9 P s v a & o o £ o a P a o
YIUA 0 NUBUNYANDYITSHINDA 1 4ag kA2 1HINAN FINTUUAINUA 0 NUINNTANDEY

¢

sEH191a 1
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2.6.3 1993113 aneN (pre-coder)
v 1 o { g o’ lé 4 1 a T
vwesidsaneun azhmihilunsidhsdadeyadndnuazniluiedietoadu’lild
o o 9 o 4 @ AR A 9 A 19 1 A a
rdudeyan@eouadlyludotiuiing patem doyaii lidesms uazdufinszoznisgadn
. . Y] P - T 9 ° & w
(euclidean distance) Yoddoyangmisvid Farae1R BER vosszuvaadas uenvimiu faae
o =) ol o a 9 1) % J Aa 9/ da o
anMmsensi1nnvesdade laesnivwsmasudadie 2esdhsiadouidon1¥luesaan
o o 1 1
TasdosfifleAduaroTou (transfer function) 19U P(D)=1/(1® D) nie P(D)=1/(1® D?)
g ¥ d 4 4 @ o A . i =
Hudu TesfnIosnute @ AoAaduIUMT exclusive OR (XOR) dIU518088AN1500ALUY

295dnsianeu iz auiusesdaana swisadnu lden [19]

2.6.4 MITATENDUMISITVesn (write pre-compensation)

mssaweneumdoy fandfiasnansznufifannmsdeusumsvesmsalden
aoruzsuy il wBaudu on-linear transition shift: NLTS) Tasmssuauman/Suanmsitou
Sumisvosmsidfouaains §an 11U UL 1UDY NLTS %zﬁuagﬁugﬂuuwm%’agaﬁﬁmﬁ
fuitn ioifa NLTS  Suseniumadoudanidouanmzasludotufin dumiseams

o 1 9/

Lﬂﬁ'ﬂuﬁmuzﬁﬂﬁ'si‘]%%qﬁui]zgmﬁauh’hmmﬁnmﬁmqnmﬂﬁﬂuanmzﬁmmnauﬂmﬁ
ety mmmuf’ﬂmi"ltyw15‘lﬁiﬂﬂﬂ1sﬁ1msﬁﬁamm (time delay) Tunis@oudandouaatue
adlludetufinfiodunmssamwenansenufifasin NLTS  #odn17 & unwilSamsidou
funiavesmsnlfougae: 1218 vdwinmumssamerounsfeusumisemsn/aou

aouzazgridou il & uazilioifamgnsel NLTS  Mldfumvilsvesmsfouaniuzifon

ee
D, e

Y P o anAq o a A ° " A a1 an
ﬂa‘UJJ‘l’EJQ‘YWI‘ILmu\WIQﬂﬂN ’Jﬁﬂslcﬁﬁlufniﬂ']u'Juﬂ51”mﬂ'ﬁlaauﬂ'nlﬁuquﬁﬁ’]ﬂfm Y ITMI

a v .Y o o4 o 4 A =
wsaUIndyguWadngnainoonu (extracted pulse shape) [20] 13077 U lauA1ud
[14] fludu

2.6.5 299530gAIN03 (modulator) |

2asueguannd seimihfiuasdeyadinlioglugdvesntunssua Iudhyudmaoy
n3oiFendnszuaeu mmfuﬂszum%u%zgﬂﬂau'lﬂf‘]'aﬂmmﬂmmﬁ'aﬁmu (write head) i1 1#
Aaduaunu@euivan (magnetic write field) aswTnaresisznindetufinfuiadon

o ] ’ ] [~ § o
Tﬂﬂm'lﬂﬁmm%mmmﬁﬂﬂzﬁ'mﬁﬂmmH%"ommﬁ’fumﬂmmm‘wau’é’wuumaﬂﬁlmﬁ’onuﬁﬂ
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A dd o v 4 o > ﬂ 1 S a ~
mawmzmmmm‘lwﬁeuuwﬂmminmuuummt HUNIRANATUNANIIUDITUIUIVY U

udmanfitloudh Ty

2.6.6 Jiluvudoya
sluuuvesdeyaildlumsadregintunssua Ifhunugd@masudmsussiuiinuy
T d A =)
usiwan 3 2 upufe
1) NRZ (non-return-to-zero) TﬂElﬁu’t)ll‘wﬁ@,ﬂﬂlﬂﬁgﬂﬂﬁuﬂi%’,uﬁvl‘lﬁlﬁwzﬂﬁﬂiﬁ}lﬁuﬁ\i
finluws nanfeueundyageezlfunuiadeya <17 uazueuwdyadifunudadoya <o
2)NRZI (non-return-to-zero) Iasfiindioya «17 nunefemsulfouaninzvesgiadu

nszue TWih wazdadoya «0” nunedls Tifimsulfeusonizuesgadunseualndh

Channel bit: 0 1 00 110

NRZ — : — -
01101010
Longitudinal T I |
o7 il > | 7]
Recording
311 2.8 fredlindoyauuy NRZ tag NRZI

719 2.8 waasdrededadeyauny NRZ uag NRZI ieillndoyavodayana: (channel
. a d y o < Y [ o a
bit) Aodeyaeenideamsideunddudotudin szl indeyasesdyarauazindoyauuy

[y & a 1 [~ a
NRZ szmilouny dadnvindedoyauuu NRZI 0619 lsAny luasiinnedssuums

Uszaanadyguvesesadanlasdl dadoyaunn Nrz1 dngnsinunldlumseSuednvas

a o ' =) A o 1 A P 2 ~a Ay P> a
MINATYIM read-back NATIND e undounIUsNUNIMslasuaaIuzIzifiams

~ o 1 4 9 o o dd A " L4 d' ..
mienhawumanee ladyanatad G enndyauiadmsffeuan1ug (ransition pulse)

mifoumsinordadeya 1 mguivnanouauensilfouaniug (ransition response) V89
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v
' v @

o 2 a o "V Aa a ] ] i o = &
FOIAYY 1N muumuummumnmumnmanauuamuwmﬁmmmmaﬂ'luﬁauuwnuﬁ"m

a ° oAy 1A = T = § o X a
Ua 1 uaztmumtmmw"lmjm'mJaﬂuamuwmﬁmmmmaﬂaluﬁauuﬂﬂﬁ'wUﬂ 0

2.7 NIZUIUNTOIM (read process)

LY N o

' v @ { @ v g
Tunszuaumssudoya smasimsassdudygramsnlasuulasldnduiman

. a ° v Aa = g o q ¥ a
(magnetic flux) U3PARUMLIRTMsAsuaauzvosanwanuiiuwiman Juwaih e
FyanawaduseduIiilumiioniveaianungues1suad (Faraday’s law) dmsuuinui

o

= ] < Y Y o v d @ A a ' v
maldsuanugvesauniman suwssIddyanuiadussau IihnGonhdgyapswad
wasuaae issnnnszurumssmdeyaluaiadad laslawisalsznaldniiguanyay

v
WunvuFadu daiusReannsauaaidyyw read-back 1Haglugilvesnasiuvesdaygiu
v d P a 9 v a a 9 :iw K4 P da o =)
waduldsuanuzhaeandesiuiianlaguamuz 14 Tasndyaaiadildsuanuzindanueil

A o 9 @
lﬂiﬂ\]ﬁllW‘lJiZQﬂNﬂU‘lﬂiJﬂu

2.7.1 Usannvesrizeny

e luardadadlasilvsimihiudasddndisimanfifiuus s i lugves
Yoy 101 read-back 1120 U IFLTMmwszan i

1) i anuunleslsd (errite) Buthun1Fomlugat aa. 1970 aansahan1dd

dleldmniluiaudow udderinnlduiluiioueeiiam 181ia ms1zdgayia read-back 1

v
o

TRezlinoundgad
LY =] 2 a o ) |-

2) WANIMANIUY MR - (magneto-resistive) 13131 1991 1ue093] .7 1990 a11se
o ya A o v Oy W "ow = 5. 3 1
wauldaiesunlfdurieiy msizaieuuey MR a2l (sensitivity)  ABNS
wasui/asvesanusimaniih 19 daya 1o read-back 1 IANVINAYDBUNAATA

3) WNIMANIUY GMR  (giant magneto-resistive) 1311 14 lugel a.a. 1997
annsamau ldedaiidsz@ninmwinnnimiguuuy MR

[

@ ' g S U @ 1 d Ao
4) Muuvanuuy TMR (tunneling magneto-resistive) [22] fouduunimanifas

@ a LY ' a a " [~ 4 o @ v g
&sunuiivnluilagiiu mnghilszaniamandiunimanuuudug  Tasiall siawiman

a ada

A ] o a a dt.g
U\iﬂﬂﬂﬂ’C’NNﬁ“ﬂﬂﬁ‘ﬂigﬁﬂﬁﬂ1W§’JlﬁlB»ﬁ$‘U‘Uﬂﬂlu

1178995
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2.7.2 11009 Y IUBIUNTL (read-back signal)

LA
A o 1

J @ 4 4 J a y o

Tumsamdeya wrgezinioui liliGosqmuuninvediotiudin uesiiodmnclal

a A A = a v g ¥ o o o [
msuldsuaaugnielimsnlfouiiansvesasumiman seldifludygnaiadesnuuiy

o SO & = v <3
wameuaueInmsidsuaniuz g(¢) Tavvzlinuiuvinnioaunuiianievesauumimdn

o s { ) o o T oo K4 .
fygraiadfeuanuzdmsussuumsiufinuuuuiueusSend dyaawad Lorentzian

¥
awsedeufeglugilvesaumsmndiamandIdaail [23]

1
2 2

14| -2
PWy,

@ d v o Y]

Tasi PW,, Aoanuntavesdyanaiad g(@) JaiivSnaudwmishdyanawadinwgaily

o o U

- g)= 5 (2.3)

]
=

A A 1 o/ Q/ o Q o/ g
ATINUIVOIANTNGIGIYA muamﬂapmwaﬁtﬂaﬂuﬁmuzmﬂ511mﬁuuﬁmmmtmmmmm

t4
@euledlugilaumsldasil [21]

2.4)
PWs,

g(O)=erf [@} ,

ilo In(.) AoadMSAUTTINYIA (natural logarithm), erf(.) AoandudoRanaia (error function)

& =N 2 j 42 Qs [ a o 1 {
gaienulng erf(x) =—— (e dr uaz PW,, Aoanuntsvesiad g'() Jausnadumiand

Jz g

o’ Qs { A é g { o o
ganaiadnnuguiiunTmiiesnnugegega dwaastugilil 2.9 () ez (@) mudwy
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517 2.9 uaasnanovauoImMsildsudousdmsumsTufinuu LU UUASILY

UG
[]

} 4
EHR Asrdunuvuutinvesmstuinuuuuesuealad (normalized recording density: ND)

s LY

1 oA A1 A d? 4 [ 3 :
[22] @199 %']ﬂg‘lJ‘W‘U'J'lLMﬂ ND uﬂ']!.‘wNﬂluﬁﬂgﬂngWﬂﬁlﬂﬁﬂuﬁﬂ1u$ﬂlﬂﬁ‘Vl\iﬁi’)\ﬁ%'l]ll'il?;
1 ) d . d?’ 4 o 3/ = d?l A
ATDUAYUT NI AIBUALYOD (bit cell) H1NVU 391119 1SI UMV TULUITININUH lu'ﬁ]\i%'lﬂI'OﬂTﬁ
A o o & A Yo A 3 Y P ] o R
WﬁﬂJﬂJ']ﬂlWﬁﬁLﬂﬁﬂuﬁﬂTuZﬂ@giﬂﬂﬂuﬂJIﬂﬂ'lﬁ“]f’f)u‘l’l‘llﬂuqx'l HIAITNUUUUUBINITUUND

4 o a
unuvesuen ladezgnielag

Nl (2.5)

wva |

4 a A a 1A a y o
Tagi T Aemunawesdadeyanileda nioSondiiinmad lunsfiddr ND Haziilud

] ] a { P~ o {a 9] 3 o v 4 4

Yeveniwsim P, awnsafiesiafiudeyalddruoniiin duludi ¥ 7 ilusdinsii e
A g <4 1 a <4 -4 L] o {

PW,, 50 ND fuduimneanunasanaslastansafudeyalduniy edelsham @

a

L] Y T

J (< ~ 2 ey o v 3 a & A [
ﬂﬁ'l'J?J'lL‘lJ‘LII.WENNEW]E)']Jﬁui’)\iﬂ']iLﬂﬂﬂuﬁﬂ'lu%’;ﬂ'iimﬂﬂwnuu lunsadriouaunuIegs

H
s o

a Aa P a o 3 ~ o d a ::’l
‘ummwunmﬂaauamuzmnuﬁmmq ‘ﬂﬁ’;!iUﬂﬁﬂluﬂg'liuWﬁﬁ‘U’éNﬂ'l‘il‘ljﬁfluﬁﬂ'luzu'l'] YUY
9

=

1Y =y 8 a ) & 4 & A [
Wad'lafin (dibit pulse) n5onanoveuea lailn (dibit response) Fatu ladaemstl

m(t)=gt)-g-T), (2.6)

@ 1 d' a [ o A o a o4
frotvesnanouausInisilfeuantgladauansdegilii 2.10 diediimsuasyFosn
darlesnanarfudaans m@) o2 ldwaneuaususinnudues m() dmsuszuuduiinuuy

=}
HUHIUDUAD
M(Q) =exp{-7|Q| ND}(1 -exp{-j2703}), @.7)
a a e o o o R 3 A
11!"11’;11314Nﬁﬂﬂijﬁuml‘mmma‘um m(t) AWM TUISUUUUNOUUUUUINIAD

T r*QIND?
M(Q) = .—-exp {—W

e }(1 —exp{—j272Q}), 2.8)
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o Q= ST Aoanuduvuuesuoa lad (normalize frequency)

517 2.11 uansdredvesnanauausuFIANdvR TR wRad lada d1Sums

U

k4 X v H
tuiinuuutueulazuuUNLIng a1y ey ND 315 1ueinanauauausinl1ng

F4 v e k4
vosdyamiad ladiaisaewuvzgnivldmegasiuiinuanuddr venvndudanud

[y

Fosdganmuvesmsiufinuuuuuiuoussiianlnafumgud (uull spectral) & Awvidsfianud

r
A

S =0 uun

A o LY

o lufidmilsznouvesldihnszuaass Tuvasidosdygmvesmsiuiinuuy
-

wuadatidulszney dhnssuaase

0.8

0.6+

0.2

Amplitude

-0.2

T

0.4

0.6

T

-0.8

T
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a v KX Y a 1T
ﬂizummﬂﬁluiwuuummﬂyamsmmaﬂ

& P a s = a ' .
Tuuntieznaads winlmesvosnssua@eufineesverenoy  (pre-amplifier) uag
a o a2 ety A 9 a A v
HANISNUYBIMIT NIRRT nIeualsunlnessuundwaliifanansenuluszuy Ao msavdie
URAIUVOIFU N ANTOUNTY (return field-induced partial erasure: RFPE) (tagmsiaouvoq
{ [~ a L)
msnlfeuanruguuy TuiluBaduy (mon-linear transition shift: NLTS) 521 lUdeanuduius

STNTNNTTUATIULRZONT1TARANAIA (bit error rate: BER)

3.1 gildyananszumIauiinsesvananeu

~ o ' ) = ¢=' ' v & Y
?’1]7] 3.1 Uﬁﬂ\1@\'J'f)ﬂ‘]qzﬂﬁﬂ‘liy']mﬂiguﬂl‘uﬂuﬂ3\1%5%615”]0“ [24] ﬁluizﬂnuu‘ﬂﬂ‘ﬂﬂﬂ;}ﬁ

a - Yo @ A ~ I A o 9 a g Y 1
l%mlntﬂﬁﬂﬂﬁﬂuiﬂﬂﬂﬂ’umﬂu 'N%iWﬁu'ﬂllﬂquNVJQL‘UUH%%V]’]W”’]VHUJﬁQUﬂmﬂuuﬁolﬂﬂgﬂugﬂ

= H o

' o a o q Y a A o - -
vosnszumsutazdinu lldwaaiavesiudiou ildiemanfionihiduauaimin@eu
a T ’ L i v AR W @ o R o &L 9 =) a
USNUFDIIN (gap) sevinfetiuindudaiiuinlumsiiuiindoya [16]  aszuaiFonssd
mnfimesifeados 3 s 1dud uoundganssue (urite current amplitude: 1), dausjafiv
NTEUSAYU (write current overshoot: 1) UAZFIuIAWBIAIUWURUATYUATOYU (write current

duration: 1,)

ImA)| NN, _VoloainaaaNb® .
100% —
IW
0% 4 >

Time(ps)

Qo

Ui 3.1 Mededygnunseua@ouiiaseswiuowd
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3.1.1 HeNWAYANITHMVY

HONNAYANTSUAAULY (write current amplitude: 1) A szAUFaaUATU@GoUNTAe 1A
d 3 4 4 {1 Y 1
0- 100 lesiud uaadlugiii 3.1 FuTlunszuafisrwlihieaudranmanuduwimdnuu
q o 22 & o Y d' n’/’ = 9/ a = n:!' J Y v @ A
fetiuiinuiomldlimsnfsudavesiindoyanuueundganssumFounisrnldfuidon
v g4 Ao v A ¥y a & ¥ ' Y [~
gunmiman@sunesnivniulisudsslivinanseanuduunnaanaudieanuiy
v d i o A . . Y a ) ° 1 o 9
witnanvesdetiuiin (demagnetization) Awennaganszumdsuinigildanimanuiuy
v 8 o A v o o Ya H v g . . § o =
wiandensraunaoed Huraih 1¥nem193ve198UnNs UUNINAN (magnetic grain) Tudoiiufin
[ 4 ' a I o & v =] 4
Tidwldawiinrsezdiu  uaziffoneundganssualougaiuilddveunsumiminiue
(Y a { [ Y] o ' < { ¥ qs &
tuindfidenefinaseziiu uagddfinah lfausimand@euignadedunniaudouiuly
o S 9 ~ A @ v @ Yo o S 9 = o EY
psgnuiuunIndiufes iliewie i sdyanaszdsudyanannunindrufssndumndae

VELNIER R adjacent track interference (ATI) [7]

3.1.2 dunuRunszum ey

'
1 1 L3

AIUWAUAUNTUTAYY (write current overshoot: 1)) A szAUdRIAANITUARBUNTAIN

s J =3

J a P = a N d' & o
0 Wledidun audgagegaveueunagauaasluzli 3.1 wilkademuilaend uazduau

d' 3 9J 1 1

1 v E
vaunsunaeuds reuyufunssum@eud sz idldnannulumsaiadda swaunsu

4

A (A H a Y =R 1 a = o 9 a H 3 dgl o A 4
‘Vllﬂﬁﬂu"]nﬂzlluﬂﬂ meﬁ’mmmuﬂizumwuqa 1/11114ﬂ15a”:|@1°1ﬁnw’3°uu PIUAs UL deu

k4 ¥
o =S o

3
Ptindy i lwd e 1ae1undy (read-back signal) Aduau l1lde [4], [5], [6] o lsham &1

1 s

] ) o 9 a A o o Y a
muwamunszuﬂwauqq ‘Vlﬂﬂlﬂﬂﬂ'l‘i!.ﬂﬂu"llﬂsiﬂ'l'ilﬂﬁﬂuﬁﬂ'1‘1!3 Lﬁuwﬁﬂﬂﬁlﬂﬂﬂ’lillﬂiﬂﬁﬂﬂ

1 a 4 4 [~ a
521111910 (inter-symbol interference: ISI) [9] uazmsidasuvesmsilasuan sy laidlwd

1 (non-linear transition shift: NLTS) [4], [5]

3.1.3 FaanmvesmIuHufunszum e
FIINVBITIUHUAUNTZUENAY (write current duration: 1)) Ao ANUNAI9UDITINIAT
[ 1A ~ v & a 4 ' a o s a o8 et ﬁ
vosdmunUnIEuaAsu Fanusadwdeunagaszay 100 nlesiudtiulinfianuguily

‘é A \ 1 1 = H 1 1 1 =
Asantlavesgagege sxlinadenisgidiguesndganssuad@oufidiaivesduyuiunssue

o ' ' a g & ' ] )
Auuavezd dnsgingmuoundyanszua@enlfizdn  uadwiawesdrujuiunszue

L'}

g 1 a

@eunezt ldnmsgdduoundgansauad@oulddas  ualumalfiides liduiaivesday

1)
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Wununszua@sunlivinanianldanuilowineelinadradest 1dadousudr Inddetudin

g (-] L
iy Mldlinansenudoszuy Tagsu [26]

I}
3.2 HANISNUVINITLUAIVEU

¥
o Y ¢ a

o a 1 [

aussouzvesszuuiuiindeyafunimansiiiuddiannuquazqanmvosnsaaad

ll ﬂ 2 . Ay o a a A @ A -} slfxl yﬁ'
ATN FINANTENUNUADAUTIAUSUDITSUUIZLNADINATSUIUNTIVYUAD HUVYUIANT INAAD
CV ] o 9 v g A v @ A w A s ¥ a &
'Uu‘l’lﬂll'lﬂ%u‘ﬂ'l‘lﬂﬁu'mlml‘ﬁﬁﬂ'ﬂgﬂﬂﬁﬂﬂﬂﬂﬂ%'\ﬂ'ﬁ'Jl"'llﬂu‘l‘].lﬂiz‘ﬂUﬂﬂﬂﬂ!mgu‘ﬂiﬂ‘ﬂ“!ﬂﬂq 0]
o Y Y = a Aa a dy v Y a s ] 2
mwﬂmmgamnmiauqmmwuwmwau mwaimﬂﬂmmmwam"lunszmumsam §3

deHansZNUABAINIE AN TOUZYEIE s AR IS

3.2.1 MsUUUNGn (Squeezed)

& = I~ o o & a o P
111¥) squeezed ﬂﬂﬂ15'1]'1]‘Uu‘]ﬂ‘llﬂ\nlﬂiﬂ‘lﬁlaﬂﬁqcﬁqﬂluﬂ5$U'Juﬂ1ﬁl‘1|Uu YUIAVDILNINISHUUIA

[ -4 < a ] s g @ v d do o a S 9 a
Ihll'l’l'lﬂuﬂﬁﬂﬂﬂ\ﬂlmiﬂ TﬂEﬁ]zu‘uNmuwmau‘wunuizmmminwmamauuaztmsnﬂmmm

v & 2 g A C] ~ < o S 9 =] ~ -] 1
AUUWAIUNTUINTTUUUNTANIIADINITYNTUAIUIINUNTNVIUAYY Tﬂﬂﬂ'li‘lj'ﬂlmiﬂu‘ljﬂ

2.

a 1 g [~ ]
ponidlu 23% FBusnezBendn DC - squeezed fonisiAouuNS nd1aifed (side track) Wiviumsn

.

Qo

° a v agd - ' A & d ¥ a d
A1AUNYY (test track) DIUITN 2 8ITUNIT AC — squeezed ADNITIADULNTAVIUALULASUNTNN

[y (]

o w Y { { S a g S| d do o
Mds@eudnmiu dumrasdiedinlugili 3.2 Teaefinoudhduilwiuuniafimdudeow, noud

hy

mfuunindhafios uazidudinsananiaaosdodunanaiamsn center track) Tunsdi il
msfuunn dauduiuasdoduinatuninlunsdfifanstumdn  Juasadadlasdms
nageUAIsaULYesTUY luvesmignsumunaumindiufes szdionldmstiuunIauu
AC - squeezed Lﬁawmiumsﬁmuﬂ?wmmﬁ'ﬂﬁﬁﬁ"lmﬂ%zgnsnﬂ'sumnuw%‘n%’mﬁﬂw‘?@ 2

41 [7]
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Cantar Track

MNominal

Track Spacins |

(M)

e =

Track Spacing ¢

Q)

517 3.2 msfiuumSnuu (n) DC - squeezed A () AC = squeezed

3.2.2 MSAVA NV T IUVOITINUAIHANHOUNHY (Return  field-induced  partial
erasure: RFPE)
v R g a iAt P o = v 4 A qw e
TussypfunndeyaiFunimanuuans wslidulssneuvesaunuinimaniiogld trailing
. a o 5 o a a [
shield (TS) Wuiirm1sas afud1uuns main pole (MP) Wldadayaiinamevesauiman
AAUAININ TS iufindemsGududiounin MP i 1wuiaves TS 9¢11ajnan MP inLIY air-
bearing surface (ABS) uanldnd (flux) foundulasdmlngazegluusnuiisiialnds Mp aaea
[ 1 = v =3 - v A 199y A a
FouTuMsBoy o lsimuaumandeunduieg1d TS seliarge Tasmmizinnugalums
a . o A A a A ad v o
U (fly height) dmFanuaunagavenszuadougs Tunsdilamuimandoundveivzay
dunuiiadeyan@ouaslillmivnedu Wusunaues RFPE msida REPE 1814unusians

Y04 Stoner-Wohlfarth field a15adiey lddsaums
2.
Hg, =[(H +H})" +H |" sign(H,), 3.1)

4 v ] < o w
Taoh H, uaz H, feduisgnouvesauiuusiivaniy downtrack Hag cross-track MUSAL H
A ] ] [~} q’: A s A 5 = v ] ]
fodulszapuauuuuvanlunuade enszum@oiyay Tumsadauuudmanlunms
o A J 1 q’/’ ] ' < v A 13 [ 4
UNNIIN MP  aZNUVINITY uaauuvandoundunaziuiuaulidrs dodunan

IS

v 9 ' v
UBNINTIBINMISINNAINIZUAY Stoner-Wohlfarth field velimgagavingasudu lidegaduda
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¥
o/

@ o H =] YY) v oA 4 [ o
Y833 MP ‘lu‘maﬂaUﬂuﬁmmmmaﬂé’fauﬂaummﬁmtwuﬁu RFPE Ejanﬂum%mﬁaﬁmmug

9 K

¥9IMILUiin 15w MIBeUTUNTD (reverse overwrite) uazdandudgaudoyadodygia
. . . ~ dg ~t g g a = VA ]
SUNIY (signal to noise ratio: SNR) vzlinafvwfsuandosninmsiiinainszuadou uaifvede
A3y RFPE 9819410
31 3.3 wasdavgemsifia RFPE vastisnatlunszuaumsiiuiin doduna ifleanin
£ ' ' = . v o~ o @ o [ LY @ v a A A A
ANVYIIVRIRBITNMIITEN (write gap) Hulinadiiad msuanwdoundy lufiliafiiation
v A& 1 Y a = ' A A o i o = a
Il Falszanaaumiu g/v Taell g Aevoainamsi@en uag v foanuGivesifotiuiin B
v & ) w a A a 1 a va d 4 '
Tniiu megmsalauwdoundu lfsdafimaudonlni REPE 010vz1fanTe liifad 14 dueg
o S a . o . y o . :
Auudingiga (magnitude) VB9 UINEBUNTUULAUIN nucleation TOIUTN (media nucleation field)

[3]

Y Headniphb:

—

51 3.3 davd19msifia RFPE () aunandey (write field) uazauudoundy () msnlfenaatus
] a o V- | w0 . . i o 2 a da a 1A 9 A
AMuUANNUTHRUNANURATEUMIRUA coercivity Yo3dRIUNN (7) TiaNmadenlniTudul
aundounau uads liifia REPE (1) Aafewadeuiuvinmsifeuraiis auwaudisanu

] I~ a 1 A Y] by o o
anudluimannieludaus iy Faanuuswosauudounduiiviil¥ifa REPE
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3.2.3 maaeuvesmaddeuaeiusuuriduFudy (non-linear transition shift:
NLTS)
o A1 1 ' " A a ° Y A A a &
ﬂi%u’dﬁlﬂu‘l’l‘luMﬁ’.]u‘l]5$ﬂﬂ‘1J"ll’0\1ff’JuT!\uﬂ‘L!ﬂi&’llﬁL‘UEJu‘Wﬂﬂﬁﬂﬂlﬁﬂ\iﬂﬂﬂﬂﬂlﬂﬂﬂ
iy L. o -~ o A J Y a . . 4 d
‘ll'ﬂ\?hl'i’lSJMﬂ (tlmmg) ﬁﬂtjiy']mﬂigllﬁlﬂlﬂu%&’?ﬂmﬂ’lﬂ‘l’!ﬂ%ﬂ\'i’Ni]i“lﬁJﬂ'liL"UfJu (write driver) 150N
o 1 { o [ 4 A U [
Lﬂ'l@]'i’!ﬂﬂl’i]\i’.]\i‘i]i‘ilﬂ'lﬂﬂﬂu na1ﬁ€1’mmimmnﬂizuﬁﬁ‘mmﬁmwumsﬁ’hqamazmmﬁ rise
. 3 1 a @ v o @
time (7,) VBINsIUA 10-90 esidud a1 7, uaznamswannduawmuiminnaiidou
. .. . . S @ o [ . - Y
(intrinsic head magnetic field reversal time: z'h) WUAIMAUAAT rise time VOIFUINULINANT?
. . & ' '
(VeU (head field rise time) Feasotssanaming v=477 +7° 1 7, (Uszm 650 lu
a a, W Yoy . B L] V= 9 Y ¢ & =
M) ¥ 1ae147% footprint method - At UAMIMIMANINH AT IndunSniTu nsvuadeou
a v =) T @ a a9 1 I~ V- | T 9 YR a
WU 7, PINNNHITDININY 1 ‘LI'IT‘L!’J‘H‘I‘VI mammmmaﬂ%mﬁ'mlau"lmﬂnqamwﬂmaﬂ'aumﬂ

o 22

H v k4 .
ﬂ'liWﬁﬂﬂa'lJﬂﬂ"l‘ﬂ v'h"lﬁ'ﬂmﬂ?muamusﬁanuuwﬂ%zmﬂmmwmﬁUmjm'l‘wum 1 REY

F 4 ] E 4
Aafisnves Inufieiifiunaliifie NLTS Sandeyagegasunsoimldld ¢, dsznasinnms

A 4 a4 ; < T d i
(WNTUYRI NLTS  msudugendi 15 -20 nlofiduduaasltiviuiimanlfonaaiuzanuigs

wzgnidlon 1a 1id

Dl Rate; MbiUs

QU

d' s a d' =y g T o 9) ) o 1 d' \
g‘ll‘ﬂ 3.4 AYYIUNISURIVEUNINA NLTS 913UDYNUDATIVOYAT NIV 7, NANNY



33

& . T v
My3a NLTS sstiuegiudasdoyadivsum ¢, Adnduuaaslugli 3.4 dmsva 7,
J o a { o & { o o
nha nlesiduduenisiia NLTS anasiisasideyadnunn Fullugunmiiaeandosfudyga
= o o v o o A v Jdo A R
nszud@ouaagl 3.5 A1 NLTS Smuaain 3 lede fie Wdndvudeu (head flux dynamic), field
. 1 a 9) v g L) o’dy Y o 1 9 v K
gradient tagaumwIdwEudy 061 Isfinwnadwiduaadldimuianudesmslumsivin
] H 1 g 1 v 1 4 o
Foyafiugnuiuanuuman@ou (write field) Khgannzaiinoumsnlasuaazda lilzgn
o R P LY [ 9 o A o &K . . A dg’
iuin 7 7, frermtlunalddygrasuniudeiuin (media noise) INNAUUALNITVEIBDBNYDY

msnldsuamuzihlddhgannzasdinudetiufiod lusisnaivesnszuiumsdeu

=‘ [ = A v - o Y =
g‘lh‘l 3.5 AYYUNTSUTIVYUNDT 7, ANAUFIIATUDIANAVDINITVUMILVYU

dusjuiunszusdoududiad1anaudge (high-frequency boost) ludnaunszud

@eutaziluilgedrudrandveinanouausdnI D (front-end frequency response) 31l 3.6

U

as v @ 1 1 < {1 T w a [ Y] v
Llﬂﬂﬂﬁ'.]ﬂEJ'N‘Ui’JQﬂ']i'Jﬂﬂ']ﬁﬂ']Wﬂ'J'lﬂJlﬂullmWﬁﬂﬁﬂ'l T, Wyl uﬂmmﬁ HAZISAUTIUNN

1 d’ s H 1 =)

a v o < { a a =]
Hunszua@oudreii 0-100 nlesidud) A1, =45 Taduondl sumnhifisedudinjuiunssue

q

1
1 =y

dougunmiuraldnansaiaddadunn Jadygranssua@euiissavdmjuiunseue
= 1 [ = v £ A v @ 1 P 14 o
Feuaeiutasinarvesmsiiufin@erdudeaaslugili 3.7 Tasfirnavaenndeclugii 3.6
a v A A = A 1 1 1 a =3 P
msnlfenaaiuzezgniuinlenssua@suiisnlssinumgegavesdunuiunseuaoy A

o v 1T A =} Yt o o v @ o A 9 a Iy
52;’ﬂ1Jﬁ'Ju1/!\3LﬂuﬂizllﬁlﬁlﬂuqqN'lﬂlf]uNﬁTﬂMﬂmElmﬂﬂJ'lﬂﬁiJ‘Wuﬁﬂ‘ﬂﬂ'lﬁlillﬂu‘ili]ﬁﬂ'l'i'ﬂﬂﬂﬂﬁ‘ﬂ



34

nszum@ounazsedunszualumstufinganin  Hildumstudusinnsfanisuuain

LA L= | a A ! ) A 4 4 YRR | 1A )
(parametric) ﬂﬂlllllﬁaﬂll‘l]53ﬂﬂﬁﬂ1ﬂl‘llfluﬂ'.l’]llﬂ'3']§ﬂwNmuﬂﬁ%ﬂﬂﬁ?u?’!ﬂlﬂuﬂimlﬁl‘ﬂﬂuq%ﬂﬂ
[4]

U 3.7 dygnanszuad@enuaznamsiufindwmsussdudiuaiunssuadondeiy  Taeh

naNLEAIRIMUTYRIMITUANSa
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. it
=

31 3.8 uaas NLTS figniadinsunnendved yoke = 15 TuTasiuas (micrometer) (slow heads)

wazf 10 luInsIUAT (fast heads)

{ s L o [ U o/ ¥ i 1 Qo & 3
117 3.8 narasdiegnueanIsia NLTS drusuragni-@eu 2 uuuiaedu nifelusiudl
yoke 817 (15 W1 THINAT) tazdniiIe u-Geui yoke iy 10 wiTumas  lun1eal§iid sedu

1 ¢ d a o/ ' i o a ¥ [N a
NLTS g4n31 20 tlosidud munarvesdasensuly'ld dfeszduvesnrmfadmiow lidhududu
willuagunglda BER  luszuuudas inmamsnenss s u-dsuduusafisasdoya
1szu1ae 800 Mbit/s daua8 u-Feuduiiaesannsom 1dng 1.1 Gbivs  NLTS ueaslugili

o @ 1 1T a | - 3 o i 1A ~ P J
3.8 flumsiafissdudmjuiunszuaidouniiy 0 wesidud drurufunssumouiiiondua
Y8990 TUMsAENTIeU SUgea rise time uazinnszualilfsadeudae dauuiunszue
= o o o A =3 (4 =) =) A A v _ o
Feuduhduaiiewiudaie lawesvenssumsunasyassmsgafailoninmaousodiu
(interconnect) tazmumileniwesiadon lunmuiiueie naneuausaia@ou lifluuumd

Y { [ Y P-4 = = 9 1 -}
muuazmummuﬂizumﬂmummmmmaaawm'luﬂ”lmmazﬂm
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511 3.9 teras NLTS fifannsedudmmuiunseuai@ouiaiu 25 nlofidud

5191 3.9 uerasdIveenIsda NLTS dmsuiaudeuimiouiulugyn 3.8 uatimsiu
o ¥ 1 a = & ’d o g 1w A LY v 2 9
seduvesdunuiunssuaFouily 25 Wesiiud w1 Hadeusunsnaunsatiuiindoya
. 4 £ ] 4 [ 4 1 LY o o { o
41 Gbits tnTwINds 20 wWofidudiliafoufugilh 3.8 druiadvuduiiaesilssdu NLTS

Wiy 20 iWosidue amnsoni11dng 1.6 Gbits induGa 30 wasiFud [5]

v w (Y]
3.3 ANNTHNUS IZHNINTUIVSUNAZOASITARANAIA (bit error rate: BER)

dm§udeiiuiin aun13v99 Landau-Lifshitz-Gilbert (LLG) 921 193ad1inu83 damping
fige doruitniluuun hideiflouilue1sd (amay) veaU5FuFmtouniolsFunnmaen any
1 aaa [ ] ] o @ 1 o Y
1719291 §As o snuauuulivan (magnetostatic) udadrudanufumsavdreannaiy
o [T~ o af . A '
{Whuusimin daneSfiy Fast Fourier transform (FFT) agsisa1ndou luvoiungaana (@191
d' d' A A d' ' d' 9 ] o Y]
fmdow) nFelli¥oulvvemvatiulal (ms1anamasy) 1H5IMIFIBAIUIUVDINATY
anuiman gy dilsedniam  Anisotropy tazauiumsuanilaeudionsinyuis
NATTIN  Aunnmeuennioamunniadeu lduninmsilsznaninislinssd (vu
, , 2 _ : o B! 2 -
Karlqvist 139 Lindholm) 593974910 finite element model (FEM) ¥99¥audoudaansafinanui

a a i o { g a [~ ] < 4
fsedniammuudetiufin wansenuidlulyldvestuanmmvssanmanuiuuimanuuie



37

C=

tuinludmlaregavesdaniaudion (writer pole tips) lildiwinsandis dyanasundy
gauiumswny uaa micromagnetic UBIAANUNHIDIU giant magnetoresistance (GMR) 39

WoudeduMsnywaures 1187 daufuanmaesmanmanuiuiminuaznszualy
. ;’ Y o o dy ] a 9 Aa :‘ ]

shield 114 2 91w lugloynsuvosquanm  Tuaadisreanusanyusuduflinimudiedia

9
418 MuA28 Newton-Raphson H1 1A 198enAs T auAvD4 discretized pinned 112 free layer a@
4 1 v =] & (K] a
fosns uenfiussuvesmanwarndumimanludy feromagnetic vz hiviunfinisen
audyauneluyeIIeiae 1 (read gap) Nlosfumurosiie1u GMR aw1sadlszuiae

&0

HF) =Y H,G~F)F (3, ~y)e "™, 3.2)
J

1
a

i H,G -7) fomuwdygadiuviuoui 7 hifunsudetufing 7, Tunsdifias e luifims
shield  Hladu F(y) Aommnuduiugi 18910 FEM  fiusfunemifiaanauuinaifids
(exponential decay) YOIaHINTYY NN TUFDITIVDIHIDIU ATNAANIYOMAU y 11 down-
track (fMeveauni x) MidunlszAnTves shield () azgnimua B 0.5 15 anmne
voutad (pulsewidth) iganTanile (P, ) fadiofud dninmadnsesownthil saudems

9199901311914 VB micromagnetic (§0INfA) WD shield VBIFU WA HIHIAMSIReuaaruzlu

£
T Y |

Fotfufinaunsnliurlyaluaa il idwoendiezhid dufufifiesnssauantes
FadwimfuAtamniudedelumsimsned [27]
Sandausenindygauunzdyanasuniumsilieudas (Sigal to Transition Noise
Ratio) z'?'aﬁﬁﬁmumnmm%’aﬁ‘lumﬁﬁuﬁﬂﬂ’f@gaL%msjmﬁﬂﬁaﬁﬂsrchuszwinﬁmuaﬁmuaz
Faym8I5UNIN (signal to noise ratio: SNR) il SNR gedredenisasaomidoyn Snatwien
Y94 SNR 7981991 SNR a11159H81491n5A5 181403 A9989T Y194 single-pulse peak AD

MdadayaMsunIuMsIlasuanIug (transition noise power)

(Vszeak)l _ 2BPW/50

2 3
7o,

SNR,, = (3.3)



38

é ' o s o 1 ! { o =

Fufevazilummdsassvesdandinuvesaunfosvintavesnaendin (bit length) wazaau
niaWad (pulse width) foYszAnInadamesmsldouaIue (rransition jitter) IR 1UBS
Ao a1 SNR - ansaileny Idaindasidiuveshdsdysugegananuvuuiudady

@ o

(linear density: D = 1/B) dofhasdgygnasuniuveamsasuaoius

peak 2 2
SNR E'(T)' ESNRsp .Rz ~ ZBPVVSO '[ ﬂpuyso /2B ] ) (34)

no> | sinh(zPW,, /2B)

:; A =) o s o R 4' A a A ~ 9 a o

n R ﬂﬂﬂ'J'lllﬁxlf]Elﬂﬁ'lﬂi‘Uﬂ'li‘lJuVlﬂE‘IJﬂﬂuﬁlﬂﬁﬂﬂ'ﬂﬂﬁl'mﬂ']')ﬂﬂ‘llﬂq B 0115108195019
Wasuan g a AuNI19904 cross-track correlation (cross-track correlation width) o [, uag

< i 4 4= a {
ﬂ']‘lﬂﬂ}l"l\i‘ll'ﬂ\ulﬂiﬂﬁﬂ'lu (read track width) ﬁﬂ W ﬂ\ﬂuu‘ﬂF‘l!ﬂﬂgﬂ'lﬁ'lﬂaﬂuaﬂ'luzﬁ'liniﬂ

szl
7a |1
YL G § (3.5)
7 k)4
A9
SN o SSPWoBW._ O3IPW B 6

z wa’l, a’l

c

Taviien 0.31 Aefasiinnmemyfgliemsnfvuaniug tnh Tudames  doduna i SNR
willudadudeniunaminiiem uaniiudadiuretdiaesveaniuenia

TumswIA1 BER 4842903a529M13ai3101/500 (threshold detector) 9214 a0491AA1 SNR
voevoadayaal (channel)  $11H 7_ Aousuwmdgavosusedu uag 7, , Aousedu RMS vo9

E ¥ v H
fyanaUsunIU (RMS noise voltage) Ad1iUA1 SNR 1299303 9MmvATudeuiionn

v,
SNR(dB) =20 1ogV°—"’ : (3.7)

rms,n
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Tunsiszuial BER 1997995059195 u11/88u (threshold detector) IU¥DIT Uy 14n1g

[

o’

AIIIN1PAGIGA (peak detection channel) FUNA MRS IAUTYYIMTUNIU 7 Tudosdyanams
@ &R At d . P = @ o o
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Fixed squeezed (3%, 6%)
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Write Current Optimization From the Contour Graph

Pornchai Pliamsup', Pornchai Supnithi', Kanawat Senanan’

'Faculty of Engineering, King Mongkut's Institute of Technology Ladkrabang, Bangkok 10520, Thailand
’Seagate Technology (Thailand) Co., Ltd., Nakorn Rachasima, Thailand

4bstract- In this paper, we propose a method of write current
ptimization based on the contour graph in which three
arameters of the write current: write current amplitude, write
arrent overshoot and write current duration we selected. The
coposed method has the performance better than the baseline
tethod. The fixed write current duration performs better than
4¢ fix write current overshoot when considering the squeeze
vels, and the fixed write current overshoot performs better than
ae fixed write current duration when considering the unsqueeze
wels because the write current overshoot affects the
erformance more than the write current duration dose.

Index Terms—Write current optimization, Write current
mplitude, Write current overshoot, Write current duration,
queeze and -log;(BER).

1. INTRODUCTION

HE capacity of hard disk drive is an important factor for
the hard disk drive design and optimization. There are two
arts of the basic elements: heads and media.

Currently, the industrial design of a hard disk drive has the
near densities at ~1,000 kbpi, track densities between 200-
40 ktpi equivalently areal densities more than 200 Gb/in® [1].
hus, three parameters for write current are used to optimize
1e areal densities. The increase of the write current amplitude
auses not only the write magnetic field to increase but the
:mperature of the heads to increase resulting to the heads
‘hich protrude to the media [2], [3] and affects the return
1agnetic field underneath the trailing shield [4]. The write
urrent overshoot increases resulting to shorter switching
mes of pole or larges amount of grain change pole [5] and
elps to overcome bandwidth limitations in the write driver,
iterconnects and write head. However, excessive write
urrent overshoot may cause pattern-dependent transition
hifts and significant distortions of recorded transitions [6],
7]. Therefore, the write current optimization is important to
erpendicular magnetic recording system [1], [8], [9].

This paper is organized as follows. After explaining the
rite current waveform in Section II, Section III return filed-
_duced partial erasure. Section IV squeeze condition. Section
" write current optimization. Section VI result and discussion.
inally, Section VII concludes this paper.
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Fig. 1 The write current waveform at the output of a preamplifier

II. WRITE CURRENT WAVEFORM

The write current waveform at the output of a preamplifier is
shown in Fig. 1 [10]. The preamplifier transforms the data bits
into the write current waveform, then sends it to the coil of
writer causing magnetic induction in the gap between heads
and media [11], [12]. There are three parameters for the write
current waveform: write current amplitude (1), write current
overshoot (I,) and write current duration ().

A. Write current amplitude

The current was applied for demagnetization on media or
change the polarity of the data bits as the write current
amplitude. The magnetic of the writer must intensify more
than the magnetization of media. On the other hand, the
magnetization remains on media resulting to an irregular
direction of grain. When the write current amplitude is
increased, the heads protrude to the media [2], [3] resulting to
the reader received magnetic from side track call adjacent
track interference (ATI).

B. Write current overshoot

The current over the write current amplitude and the effect
of the write current overshoot to switching times and an
amount of grains changing polarity. Lower write current
overshoot levels results to longer switching times and amount
of grain slightly changed. In contrast, higher write current
overshoot levels results to shorter switching times, then an
amount of grain increasingly changed. However, it causes the
transition shift result in inter-symbol interference (IST) [5], [6],

[7].



Write current duration

Lower write current duration levels results to shorter
mverging into write current amplitude. On the other hand, it
sults in longer converging. However, it is not used in
-actice because the side effect of heads protruded through the
edia.

III. RETURN FIELD-INDUCED PARTIAL ERASURE

The perpendicular component of the field underneath the
ailing shield (TS) is of opposite direction to that of the main
rite pole (MP), the bits will experience this reverse field
om the TS immediately after being written by the MP.
Ithough the dimension of the TS is much larger than the MP
1 the air-bearing surface (ABS), the return flux is mainly
icalized to the close proximity of the MP across the write
1p. Therefore, the return field under the TS could be fairly
igh, especially with low fly height and/or high write current.
1 such cases, the return filed may partially erase the newly
ritten bits, causing return field-induced partial erasure
{FPE). The Stoner-Wohlfarth field is defined as follows:

1/

3/2
st=[(Hf+Hf)3+Hj’3] wsign(Hy), (1)

here H, and H, are the field components in the downtrack
d cross-track directions, respectively, and H is the
srpendicular field component [4].

IV. SQUEEZE CONDITION

The squeeze distributed two models: DC — squeeze and AC
squeeze. The DC — squeeze is the diametrical shift of the
de track into the test track. The AC — squeeze is the
iametrical shift of the side track and test track encounter as
ie shown in Fig. 2

Nominal

Track Spacing

g. 2 (a) DC - squeeze, (b) AC — squeeze

V. WRITE CURRENT OPTIMIZATION

The write current optimization is necessary to achieve
:quired areal density. The write current optimization selects
te optimal three parameters: write current amplitude, write
arrent overshoot and write current duration. But the writing
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process has unequal track size. Consequently, the squeeze is
considered to the performance test or the write current
optimization, which AC—squeeze is extensively used in the
industrial production. Because the write current selection of
the industrial uses the perfect contour graph. Therefore, we
propose the optimum write current selection method for the
imperfect contour graph which the proposed method is
described in the next section.

VI. RESULTS AND DISCUSSIONS

In this section, we present the write current optimization by
selecting the contour graph showing the -log,o(BER) average.
In the experiment there is capacity about 500 — 1,000
GB/drive, areal density maximum in the drive more than 300
Gb/in2, track density (0 - skew) more than 200 kTPI, linear
density maximum in the drive more than 1,000 kBPI and data
rate maximum in the drive more than 1,000 Mbps. We used
squeeze levels at three and six percentages and also divide into
two cases: fix write current overshoot and then select the write
current amplitude and the write current duration, fix write
current duration and then select the write current amplitude
and write current overshoot. The write current optimization is
proposed the write current selection, which different baseline
method is selectively the twenty four points of the contour
graph. After that, select the eight points with the best -
log)o(BER) as shown in Fig. 3.

In Fig. 4, we can see that all proposed method yield the
average -log;o(BER) more than the baseline method. Because
there are increase the selective amount of the write current and
write current amplitude or write current duration/overshoot
can be repeatedly selected. When we specifically consider our
proposed method, we found that the case of three percentages
squeeze levels has the average - log;o(BER) more than six
percentages over the squeeze levels in both cases fixing of the
write current overshoot and fixing the write current duration.
This is because the squeeze levels at three percentages shift
between test track and side track less than the six percentage
squeeze levels. Thus, the read head receives the signal from
side track lower than the case of six percentage squeeze.
Moreover, we observe that the fixed write current duration
yields the average -log;o(BER) more than the fixed write
current overshoot because the write current overshoot affects

wd3as
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wiiss
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l"’ig. 3 The exampié for write current selection of the"propose method, where
select the cight points at the best of —log;o(BER) from the twenty four points.



45

44

43

42

41 4 M Base line

-log(BER)

# Proposed

39 A

sqrz=3% sqrz=6% sqrz=3% sqrz=6%
(fix lo) (fix Io) (fix Id) (fix 1d)

"ig. 4 the —logo(BER) average at the squeeze that compare between the
roposed method and the baseline method.

52

51

5

48 4

48 - W Base line

-log(BER)

% Proposed
47 4

46 1

45 A

sqrz=3% sqrz=6% sqrz=3% sqrz=6%
(fix lo) (fix lo) (fix Id) (fix 1d)

g. 5 the —log,o(BER) average at the unsqueeze that found selectively the
rite current at the squeeze, which compare between the proposed method
i the baseline method.

1¢ performance of the system more than the write current
uration.

In Fig. 5, we show -log;o(BER) average of the unsqueeze
10de which find the write current selection of the proposed
1ethod at the squeeze = 3% and 6%. From the observation,
e found that the proposed method has the -log;o(BER)
verage more than the baseline method, and the fixed write
urrent overshoot has the -log,o(BER) average more than the
xed write current duration. Because the write current
vershoot selected from the fix write current overshoot more
1an the write current overshoot of the fix write current
uration, in other words, the write current overshoot affect to
ie performance of the system more than the write current
uration.

VII. CONCLUSION

This paper proposes the write current optimization by
electing the write triplet from the contour graph, which show
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that the proposed method has the better performance than the
baseline method for both the squeeze and unsqueeze cases.
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Effect of Write Current to Performance of Perpendicular Magnetic Recording System
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MU wazuamenaaanyilugileed -log,(BER) ImsRarsninaanwimiiwafzenssuadow 2 fudsie
WaNWRYATBINTZUA (current amplitude: 1,,) uazdIUNNITUTIBINTZWA (current overshoot: 1) o I, v
Az iianTstinaan (protrusion) 1aia1Tudin (recording head) WaENTUNINABATININAUNSN (adjacent
track interference: ATI)  dul, avlRannndeureann Aeuanaue (transition shift) wazsed
HANTENLITAINITAULNAUIasAUNNLNmEANSaUNAL (return field-induced partial erasure: RFPE) Aqntia
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squeezed 5uﬂuua1ﬁammuzé§ﬁmmwLﬂ@iﬁ,«ﬁus‘fmmm? squeezed ﬁzjq"ﬁu

ABSTRACT

This paper studies the effects of write current on the performance of perpendicular magnetic
recording system, and the resuits are shown in terms of -log,,(BER). Consider two parameters of the
write current: current amplitude (I,) and current overshoot (I)). I, determines protrusion level of the
recording heads and the adjacent-track interference (ATI) effect, whereas |, causes the transition shift
effect and the return field-induced partial erasure (RFPE) effect. The increase of |, and |, leads to
performance improvement in an unsqueezed case, but the performance it degrades in a squeezed

case.

Key Words: write current, current amplitude, current overshoot, RFPE
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