;] ke3et qH6~TIJN - 1METHOD AND SYSTEM FOR | MPLEMENTI NG I N SI TU LOW FLYHEI GHT
VARNI NG Field of the Invention The present invention relates generally to
the ‘data processing field, and nore particularly, relates to a nethod and
apparatus for inplenmenting in situ low flyheight warning in a direct access
storage device. Description of the Related Art Conputers often include

auxiliary nmenory storage units having nedia on which dat ten
and from which data can be read for later use. D sk drlvgll‘@
incorporating stacked) comonly rotated rigid magnetic disks 08, used for

storage of data in magnetic formon the disk surfaces, Data i$S 'Pecorded' in
concentric, radially spaced data information tracks arrayed on the surfaces
of the disks. Transducer heads nmounted on air bearing sli Hmwuumﬁ “ﬂmm’ ven
in a path toward and away fromthe drive axis, wite data and
read data fromthe disks. In disk drives or di rect access st ofce@e+devi ces
(DASDs), the continuing increases in data storing capacities are
acconpl i shed by increasing |inear recording densities and track densities.
To provi de an adequate signal-to-noise ratio (SNR) of the readback signal)
the nom nal head to disk spacing is reduced. This decreased head to disk
spacing can significantly increase the occurt-ences of head to di sk

i nteractions and tRETROPPARD SYSTEM FOR MPLEMENTING IN'ST0-Low AKHERIT Y
vari ous net hods and arrangenents are use éﬂ [Ecgsure hea yher gh

i ncluding harmonic ratio flyheight (HRF), N rance change detector

(CCD), and generalized error neasurement (GEM. Some of the di sadvantages
of the conventi ongheigEdftRE nvettionde the sensitivity to track

m sregistration (TMR) and that dedicated pre-witten test tracks are
required. Current nethods that use dedicated test tracks cannot neasure
sliding contact correcThg preseatiswentionTsiRtes/Jeseraliyito thet date provessing fiekl, as GEM
FH require signi fdnaanére a?ﬁ&r‘l%ﬁ’l “&lé!&sdﬁé ﬁ‘weﬂmdaé rpfa aagﬂir%ngreet ecﬁn%rnest

tracks. A need exi I,n.situ n of
| ow flyhei ght and Sﬁg?“\’ﬁﬂ]%?{ﬂﬁﬁ"ﬂag F‘na g'i"?‘ﬁ aF‘E)%sfﬁt?fﬁg? SﬁY'%r ning. Summary
of the Invention Enbodi nents of the present invention provide a nmethod and

apparatus for inplpysRnptiod dfthé Relaté@wrf | yhei ght warning. O her inportant
obj ects of the present invention are to provide such nethod and apparatus

or inplementing in situ [ow flyheight warning substantially wthout
negative effect and t h§P"Wtﬁf§9ﬁ%n ingligle guxiliany ragmennsioteae uBitohaving mediar t

arrangenents. on which data can be written and from which data can be read for later use.
Disk drive units incorporating stacked, commonly rotated rigid magnetic
disks are used for storage of data in magnetic form on the disk surfaces,
Data is recorded in concentric, radially spaced data information tracks
arrayed on the surfaces of the disks. Transducer heads mounted on air
bearing sliders, are driven in a path toward and away from the drive axis,
write data to the disks and read data from the disks.

In disk drives or direct access storage devices (DASDs), the
continuing increases In data storing capacities are accomplished by
increasing linear recording densities and track densities. To provide an
adequate signal-to-noise ratio (SNR) of the readback signal, the nominal
head to disk spacing Is reduced. This decreased head to disk spacing can
significantly increase the occurrences of head to disk interactions and the
probability of a terminal head crash.



In an enbodi ment of the invention, a nethod and apparatus are provided for
inplementing in situ low flyheight warning in a direct access storage

‘devi cte (DASD). For each head in the DASD, a readback anplitude ratio is
identified fromtwo different disk radii. The initial ratio value is stored
for each head in the DASD. During operation of the DASD, readback anplitude
is nmonitored and an openi ng readback anplitude ratio is identified fromtwo
different disk radii. A change fromthe initia ratio value and the

fper gt i tngf r eadlbac kf rati OCUﬁ'el‘iW Gitioat atbtRGds SaranRemehisarg UskHgs Prfé%tgur\éf" ue
O 1 dentl a | OW rnln e nsi ve 0 he

change val ﬁe bei ng b}{ g?e'qrﬂi'ﬁc'?‘ﬁ}égwﬁﬁ%%rﬂ% %'Oq'éﬁ ﬁl(E%Fré’f §f§“i°‘f)@ Yot

the Drawi ngs The prds@nton(tacamtartdrgemg@tznélenwmhasutemabb(\ﬁﬁrdhdsmlaefthe

obj ects and advant agRgayERKadsSf HE cHVRIBhATRLhEA TG, %@ttﬂﬁ%ﬁli@k' ed

the drawi ngsy 3 %ﬁ%ﬁ@'ﬁ{ﬂat'% @Rf%ed;t%%t el PR P AT 85k s 6 feghirea.
illustrating a d| reCUrranbmethoslsdiuaigmediedloated(tmmpké canniotrieaisart diidpgi N situ
ow flyhel ghtwar ni Bt GFSRIIBAGRY!dr TMRISARS EheriStbiRERe LLER AL GE&EB) 1B

is a diagramillustrat er posi I nner
and an ogter di anet Eﬁq“i e%}gnﬁppaa RfOERS '{fg? @ﬂnﬁa? PU"'BIW'F'B?" iestira

digital anmplifier control (DAC) signal for i npl enenting in situ | ow

f1yhei ght warning in ﬁCCRhee@eﬂrswfbhahg?@ cﬁégs ttlﬁgﬁg@&? gﬁ@heteﬁﬁoﬁofms a
situ | ow flyhei ght &Hﬁ?ﬁ'ﬁ rt'ﬂ%' "anﬁ'lt‘tioa’ ﬁigﬂk‘ff@fpﬂ"&wce with theg
preferred enbodi nent; FI GS 3A and 3B are diagranms respectively
illustrating a spacing between the read and wite heads on a slider and a
di sk surface in a dj rect ac%ﬁs StoF'&ﬂg device (DASD) during normal flying

and when in sliding EBHT'%\'B’t ¢ Invep nting in situ | ow flyhei ght warning
in accordance with the preferred enbodinent; FIG 4 is a chart histogram

showi ng the | D/ CD differ ghfedinferteafthé bidsept inedrgibh préwede & nitiateand s
contacting the disk, E;Sarﬁ!u%'?&flm Ié?nén@n Tn@gloﬁlﬂ {heigh t'v@arﬁm h@ftﬁer'n%bé‘rﬁr{tat' ng

ol heaa monoegbey e Rl Bkt ety 1
ed

illustrating a conpft igPlespeRjing A B'%'B yh?'ﬁh %%ramasﬂf@étamf%'b{ "Y'W@”b
enbodi ment . Det ai | e@ffexaodithat ogercemetmanym dedisadyapiagediohBitrarHavi ng
reference now to therrdngemmerds, in FIG 1, there is shown a direct access
storage device (DASD) or disk drive systemfor inplenenting nmethods for in

situ detection of |owff ydn”é?n%édnqgﬁt%fﬂ{le 'h %eé AN Mapﬁgg ageneral ly

designated by the r e[fo(\a”r egeor mp%me ttlng in S|tu low Tlyheight warning in a direct access

storage device (DASD). For each head in the DASD, a readback amplitude
ratio is identified from two different disk radii. The initial ratio value is stored
for each head in the DASD. During operation of the DASD, readback
amplitude is monitored and an opening readback amplitude ratio is
identified from two different disk radii. A change from the initial ratio value
and the operating readback ratio is calculated and compared with a
threshold value to identify a low-flying slider. A warning is generated
responsive to the change value being greater than the threshold value.

$ing a

Brief Description of the Drawings

The present invention together with the above and other objects and
advantages may best be understood from the following detalled description
of the preferred embodiments of the invention illustrated in the drawings,



shown in FIG 1, DASD 100 includes a recorded disk 110 that is spun at
constant speed and that is magnetically coated on both surfaces. Reference
character 112 generally designates an assenbly of a read/wite head and an
airbearing slider where the airbearing slider carries the readlwite head.
Readl wite head of the slider/head assenbly 112 is positioned over the top
surface of the spinning disk 11 D on a given track for reading data stored
on that track and for witing data onto the sginning disk surtace. DASD 100
i ncludes an armelectronic (AE) nodule 114 that serves two functions, a
read function and aWeie® function. In the read function, AE nodule 114
anplifies and provides high-pass filtering for a continuous readback signal

fromthe read/wite heag_-lgf_ 1AREa %ﬁd ecﬁéd;%qeg‘%%wv%r} m%‘%/&&ﬁqa%fg'%?’ﬁwge%aéhe

AE nmodul e 114 is applied to, a variable ialn 0T, N
channel 118. Read cHarm#e deyics (PAS §m§ ementingin gty IawifyBeighbwamingn di ng a
digital anplifier ceasdorddnce®AB)theipgafatred embbeimédh 116. | n read channel 118,
t he readback is decoded and converted Into a binary data stream used by
host system under the handshaki n%_ control of a disk drive controller 122.
inthe wite function, ABGnb8is adiegrarpilstraing tworsliden Rositions ahen iU at ed
signal to a thin figiamstert(iD)xeddancdiderdiamefer (GD)6N disk ohthedASE of BIG.Wfok i Ng

data onto the spinnj ' . isk.driv
controller 122, a wrh‘l:at;l Ié&lcrﬁi;an%'é'l@#f;&q @%rcé)%ggpgﬂ*cp )g ri@(%lg&}@ﬁm%%ﬁfugq lgss(ﬁfj r[pew
custoner data. The Bhsightpeming i gesopiance with heprefereedgmbpdimgntli sk 110 i s
received fromthe host system In accordance with features of the preferred

enbodi nent, DASD 100 in d i ' - e DAC
signal is applied to an @%ﬁ%‘pﬁ@‘@g&h%ﬂﬂ%ﬁ%%@h@% %?q%%féﬁ%%tﬁxg?g em
126. The |ow, flyheinyemeriingdn P%‘%i}fﬂ@fa iwé"ﬂn%%ita% AR ¢ F16: #dp war ni ng

si gnal of | ow fl yheaghrdanep withdhe¢ prefereediemkodiment control |l er 122. Operation
of the high-flyer detection system 126 is illustrated and described in the

process flow di agram of Fl . Referring nowto Fl 1 B, two positions of
the slider/head assenbly '?%23éta"9§q ?fﬁ&TagQﬁ?'Bﬁé?s@FCY‘(%bS 'ﬁ%ﬁ?@t'ﬁﬂ asRaeng
di aneter (QOD) of a betweern i@ refd ahd WiitDheddiOorf a slider@ntd ardisigsurfage dh g idiredt

anplifier control {fAGkssi dévide (DA@fiidmﬂhgﬁsﬁﬁélWing%nSiﬁﬂédi@‘éﬁc_fir‘ug’ hei ght
war ni ng i n accordanc

e.w h.t;E referregd e iment . Respective digt.al
anplifier control (mdi?rdwgﬁgpeﬁggilrhﬂ UC'QQB@HQQFBK@W ,'fﬁ)ﬁngﬁ%{‘%@éﬁ? t)
for the illustratedpreféredrampladimerisenbly 112 at an inner dianmeter (1D) and
an outer dianeter (OD) of a disk 110. In accordance with features of the

enbodi ment, |ow flying t i.di rjpsti or at
| east two different di sﬁg'éa‘g?ﬁ 58@%{.@@@%}%{? ﬁéwﬂg?%eg)agﬁcﬁ&%ﬁé% 'Iggrlseagi sk
radii-. The enmbodi nefiiirg hejoitahentresiisies i W&S’Fmﬂ&ee‘g?k alpitheathed PrarQPif or

| ow-flying heads that are contacting the disk surface. Wile nost disk
drive makers enpl oy headsat hat i - al [ e i ders
and di sk surfaces, the- G'??%Eﬁ’ﬁ"'gs‘%“ gg}:ﬁiﬁ@%&% 'M‘gg%s ﬁ‘o%lagg%rnot
be guaranteed. In oﬁﬂéFedéWGishd'QQ@QB'@P&éf Bultipler headumbges (e PASRHef EiGe an
result in a head crgsh and | oss of data, an in situ warning of |ow
flyheight is provided. In accordance with features of the enbodi nent,

dedi cated test sectors or tracks on the disk 110 are not required. This
makes the invention easyFiBobisdblosk diageam Blystratingicoeampitelragiapepiodaetint s. A
second i mportant adyssdrdrRe Withithe pIeest émbédiment. hat sl i der-di sk contact
can be detected i ndependent of track msregistration (TVR). This is

i mportant as any slider-disk contact invariably creates TMR which causes an
error in flyheight Betalleddesariptionof thePrefeaed Emhodimentsiti onal met hods,
such as, GEM CCD and HRF. The reason for the error in conventional nethods
is that TVMR reduces the signal .anplitud or, the tes ct,or.s. The reduced
anplitude is falsely i nt%‘ﬁ?@?@tﬂg@&e oY féyl;‘ﬁéirwp%tm E@ﬁgh’ﬁrﬁéﬁs oyn a

uncal i brat ed, that dised hecasslstaiage denes A diskl drive systeimFfonimpdémentingi des

a calibrated flyhei glaihdd836196 st dedcish 6ﬁ@sﬂlﬂ?ﬁg sﬁa&%hh@rméfefaéae cannot be
relied upon. In accordance wth f&gc&u[a%s of ﬁﬁbodl nt, ﬁgw f|éh€l ght

i s detected based ufBROIRENLgRIGellyfesignatadPythg 399%55?{&@6 4Quf®d in the
servo fields around a disk track. Since the servo information is radially
continuous, unlike the data sectors, the anplitude of the readback signal
stays constant when a read head is off-track. This is intentional. The
position of a head relative to the track centerline on a disk is derived
fromservo burst information which in turn taken fromthe anplitude of
previously witten servo information. By having radially seanl ess servo

i nformation, the head



-6position can be easily determned. If the servo informati on was not
radially continuous) for exanple) if the servo information was witten at
the sane track pitch as data sectors, there would be a | arge dead-band

bet ween tracks. In these regions, no servo informati on woul d be avail abl e
and followng a track during reading and witing would be inpossible)
Referring nowto FIG 2, exenplary sequential operations for in situ
detection of |low flyheight in accordance w tf t he preferred enbodi nent are
shown. in situ detswwroin RG. | AWASD WA incldeder mcetdedidiskd tththahiz sppeiat i on of
t he i nvention begi | ' I ' for
each head in a dis c?lr&}iﬁ\sgs é‘?dJé;t.)dWQ\aE Qﬁnﬁég@%ﬂ?&! xz(i)% tI %qtﬂtshﬁgg?%enﬁéﬂgiegrg?ve
manuf acture. The afffI"R&tELE %en?érg@deé@"at%iwsag& r‘gr‘i’t’eafig’wt?aﬁw apthan t he

rati o results) suctirkesring siiderwhere thatainbebringsjder tamesthe readivatte beédd.VR) f or

each head are stor THpTel ! eg%_, oTon I t he
DASD 100, the anpl '??%gﬁ’”{f?ﬂﬂéﬁ?f?%%@g?ﬂ%f&gﬁm , Sa%fsads& {tﬁ’giﬁ& é@ﬁaﬁéﬂ i s
moni tored and a LVRTRGP Q& ther sRining disk 110 op g iyan gk der repdinddata siered ofp di sk
radii is cal cul at ethattsadkmatidcfat wdtingdaia bhtodke 2pimningrdisk sumacge i n t he
sequentially calculated LVR and the initial LVR for each head is conpared
with a threshold val ue as Lcated in a decision ock en t he
change for any head |S‘%ﬁé3§b? RS @R& %@WBI(‘C"\%PHWF&@M mf pves

fl yhel ght war ni ng tsiofnadtions,-a paddumttied and a widte dartationi in thelread KuritdiBn, A& nce

he Vil | ace spac: riopag ik Ainss ai@“ﬁ%@%@?ﬁ mendPRfaseAflals 100 Lo
natural logarit hmrg'PdtP §i a@Eﬁ%ﬁpaEdé‘@fg? A §?h‘$&"d?'§ﬁ?%£%§%eﬂ1b(%h%rt
head anplitude chaftgeoutpiioftkadEmgduley1Heisgppliedbnaearidiids gaintemplifitis ol ut e

head flying hei ght&a(nqk iR 8 rERASHEMAE! PRS ReLNcHAARIPAEINETBLS b ¥ilfital ddh L Ni S
regard, flying hei 8§t g@asur ment,, lsl anq.li_oigourﬁ(“quétlituai? g‘eqz e n‘ in
an aircraft using 'BeP dARPFViding adigialamplifierconirg 31914l 19 tha Yah i fen
aircraft's absol utreadichanngld1ddbe teashackie despderband conyeded inte atirmydeta at
the aircraft. One dipsan Hseby kot Byst@iRmbeCthe haREsH=RIN conliBl & PHBR dhive Or der
to get absolute altlg{uﬁer ove the ground. In a simlar way, readback
anpl i t ude nust be FYESIT €df“when a head is contacting a disk in order to get
an absolute head flying height. For the enbodinent to operate, it is not
necessgry to knowlth_e atbmlwﬁteflhﬁﬂdn,fAl?/inbgubeﬂgmroﬁﬂ@b & birgdry cufe@Ur enent s
are nade at nornma [ﬂgE oo son
t hat the enbodi nenmqg@%ga%ﬁ%‘ @%ﬁ‘"ﬁ_ﬁ@"ﬁ S b?&;g}eﬁ{eﬁgrﬁpﬁeﬁg/wﬂgg\aggﬁé%f& may
be understood as fWitingwata entgthg,srinning disk 140 Yndenihssortralfithe disk dive head
flyi ng hei ght changatrobasiZeeaestesclianneitd drivedesandiretuentyimodutstes the

t enper at ure depen kD Md GRS j l ik 1A
tenperature for tﬂ(gﬁg’rmég%g%ﬂ%ém CS %Et §t1d4§e %%@@ﬁp%?m"mé%mér%ases,
its gain decr ease§eﬁﬂYéH1f"&'§G§"eE°%{sV%t Mction in the anplitude of the
readback signal. Therefore) any increase in AE tenperature w || suggest

hi gher. tenper at ur & M&%ﬁﬁmw‘“‘hﬁ‘“?ﬁ%ﬁ@eﬁ%@r@ SHIRQISAE DASD 167 |0
due to protrusion B§U ‘?Feaﬁ@’a %@Bﬁ&ﬁ?%ﬁé@ﬂeﬁb%s{)%@g%ﬁé% r‘%%EPl?‘ﬁ;?% a

di sk drive with 1ardanotsitqpécibythedow Ayhaighi eletectior sysiem: 126, cthepberfigheigit h t he
convent | onal gener i sS5EA 1ZFIUIETEDI ANk a0 ok o BAC

readback anplitude r asured as t t erat ur, rrve )
nmonitored. It is ARP ?‘ﬂ% g difki etcﬂ'étrﬁ@%lgﬁcépg'i pRaper the 'Qlﬁré’e\iqva";?%g

hei ght change w | |systeim 128 Is iliustrated and alesenibelddn Wiecprecelss floav Hizgramn af BIGe m ght
fluctuate nore thap 30 degrees C over its |life, for exanple, from25Cto
55C. A 25Cincreasé in tenperature woul d appear to result in about a 13 nm
FH increase if based on readback anplitude when in fact the head FH

actual | y decreased by &efartinggnownto FiG\dBetwo prssitiomsrafikiid glider/bead ksseaubly
anpl i tude represe i Sl i F SA0Gter Ui i

elimnates this | gfr%teét;ég 'ﬁ'l'eér}g:?d lﬁeetbg(e"%fs:él;ﬁ Vi t .gr %@I&Féergggﬁﬁgg}h%ﬁ} :Ouoée in
the servo filed, ftB¢ (éf,Ome@'te@?ﬂ/BeQlﬂteﬁ%lvp'lﬂe@%mf%&%%rsgoﬂl@) filed,
despite its extrene tenperature sensitivity is used in accordance with the
enbodi nent, because the servo readback anplitude is insensitive to TMR
Furthernore, the tenperature sensitivity is elimnated when using the
enbodi ment, resulting a robust method for detecting head FH change in situ
and may be further understood as follows. The readback voltage obtai ned
froma read head can be expressed as: V(~,, HEAD DI SK, AE, R T) =

AE(T) *HEAD* DI SK( R) *exp(-2ndl ~,} ~ (1) where AE is the gain of the AE 114
which is tenperature (T}, dependent, HEAD and DI SK are the head and di sk
paramnmeters which contribute to the readback anplitude, d is the

- " Y b1 e



The wei ghted difference between flying heights d~ and d2 can be found by
taking the natural |ogarithmof equation 2 resulting in: (R-IRa)d~ - d~
(1 n(V-N2) -1 n{DISK(Ri)/DfSK(R~)} ) ! (2~rJ~,~) (3) Since R~ and R2 are
known, [3] gives the difference iln head flying height for a head at radii
R- and Rz subject to the unknown ratio: DI SK (R~)Idisk (R2). Wat is known
about DI SK(R~~DI SK(R2), however, is that this ratio should not change over
tima. So for all intent$ and purposes DI SK(R~El-bl SK(R2) is a constant. |If
we define (R-IR2)d2~- d~ as 0d, In{DI SK(R~)IDISK(R2))as a constant D, and

In (V-N2)as LVR then uation 3 ca tten as _a change i d at

1 or om Li mpe, 1o SN ey Puttbpeiohbydiitgy Socqdtie i M pared
LVR(t=ta)) (4) w,\ noW“ﬁQ(?‘é‘eét}u%@i’rp@ﬁ“\@ digitel agiplifies conleol dPALEpignRale armmﬂﬁéted
flying hei ght of a hea®AD(ID Wandi DAGIGDt) foatheiillstratedslidéiHeatentembliyed 2 at

solely as a functlonamnnte,dfameté?qlm%huraalouké?gsearnhét&rzoﬁ drBeyigked igo  of

readback voltages fromthe _radii. In accordance wth features of
t he enmbodi nent, | ow flyhei ght S det ected based upon storing LVR for a

gi ven head and conparing irfaddérianté With fsht@esrefihe ehtbodihartiowdlyimaene a sl i der
flying height differ @Qt‘égteﬁ%% @ln&nM@cﬁE@l‘terﬁﬁQé 'for@@ﬁaa@h@?sgcﬁﬁ’eréht%éli izamntly.

The DAC si gnal can b, W%f%%‘?& Rl SO b oo

in flyheight and the

(~ ~12=)(I'n(Vin(t)) Pfqb féett% ’?ﬁ ¥"é\91 ea 5([3 qe cpptacting g
to)) The ratio of DAdsKsyriage. %?Termo K@é vemakersrropley heedfathat fetain paeio of
change fn the FH andcashiorbeetween theastilerd anfl diskesxeagdse thelday is quickly approaching

when the cushion can not be guaranteed. In order to avoid excessive slider
and disk wear, which can result in a head crash and loss of data, an in situ
warning of low flyheight is provided.

In accordance with features of the embodiment, dedicated test sectors
or tracks on the disk 110 are not required. This makes the invention easy to
implement across various disk drive products. A second important advantage
of the embodiment is that slider-disk contact can be detected independent of
track misregistration (TMR). This is important as any slider-disk contact
invariably creates TMR which causes an error in flyheight measurements
when using current conventional methods, such as, GEM, CCD and HRF.
The reason for the error in conventional methods is that TMR reduces the
signal amplitude for the test sectors. The reduced amplitude is falsely
interpreted as a flying height change that is uncalibrated, that is the Wallace
spacing loss relationship which provides a calibrated flyheight change based
on readback signal amplitude cannot be relied upon.

In accordance with features of the embodiment, low flyheight is detected
based upon the amplitude of the readback signal measured in the servo
fields around a disk track. Since the servo information is radially continuous,
unlike the data sectors, the amplitude of the readback signal stays constant
when a read head is off-track. This is intentional. The position of a head
relative to the track centerline on a disk is derived from servo burst
information which in turn taken from the amplitude of previously written
servo information. By having radially seamless servo information, the head



eDAC(I1 D~I eDAC(OD) = elDFH | eODFH Having reference to FIGS. 3A and 3B,
causes for a significant difference in flying height nmay be further
understood. The interaction between a slider and di sk during sliding
contact is conplex. There is, however, a phenonenon that occurs with al
sliders that nmakes the invention workable. It is easily understood by
exam ning FIG 3B which shows a slider in contact with a spinning disk and
t he acconpanying pitch nmonent that results f-fomthe friction force at the

slider-disk Inter L@‘?ﬁ?“ NG By é&éagwgr&mneer Iftﬂé%ﬁ/orlﬁﬁoﬁﬁﬁ%r%\?ﬁﬁéfifg@éq;ﬁgch

that the read ele as I.ncrea ? fsﬁgaratlon d Iromt

| ncreased separ at | SRNtNEEYS fQ §xampley didpe servoiinforpaiionvanuidtien & the game The
amount of slider ripackpich asrdhtdsenterst thereawould beaf lagmadsadchdnddict@sen Wi | |
depend on the amup) & \PERsbi offd, Abeflo ihRFmERIH FE.IE B Gofld BFg 511 der S
surface facing the dclsk 'ﬁ%l t%@ rictron force |c?1 in%turn IS a function

of the amount of dfOQRWi"Q@rtf“i%tquHHQ "?ﬁ‘ﬁ'kg ?Qﬁjﬂh‘ﬁ@s‘g‘?u'ﬁﬁﬂ IppeseiRjey ocity and

finally the slider's skew or angle of the longitudinal axis of a slider

ith t tothet i i j [ f:
¥V|act o; g:spte (r:\e diosk \e/el gg?%q y ghggg"lggvtslét ??Le??ﬁ\pfyy’? E%@lge%{ll#?pgeﬁgg)péﬁr "ﬁrﬁ'ful' uence
since the di sk roudgiaelion aiiew fiyhsightdn aégerdance yyith the prefersechembodimentianene

crown is vell contgwredn she datectonbt lowtflyrigestiase stariyWith tha dpetlitioh ®f gieces 1 n

the sliding contact, bet: j t i tr . i s has
been verified expe'W?r@?\ﬁ%%gV%%&srﬁ?%%Bgmet %ggyﬁé*ﬁ?@?béﬁggﬁé@de % paci ng
d exists between téachhasd imadgliskshive atspietimen fpriepamples t thartimecef drivee
spacing d during neafAefacture/i Tie AmpH0asVEs meadtréd atoalitbreiiadick radh hhdl i

tact in FIG 3 [Woll frigti
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bet ween the di sk afa, theeamplitddeatthemreadbable sigaal, suchosigliie DAC pigaxKst hat t he
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VGA gai n val ue. The average VGA gain was then converted to raw head

|'itude. Flyi hei ' or=\ [ b
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on the flying hei gptesedrea slider at normal conditions. The pressure
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t he hi ghest nom nal flying height since they require the | owest pressure in
order to achieve sliding contact at OD or ID. Heads 2 and 3 are nomnally

| ower flying heads. Referring nowto FIG 6, an article of manufacture or a
‘conput er program product 600 of an enbodi nent of the invention as
illustrated. The conputer program product 600 includes a recording nedi um
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-12 Cains Wiat is clained is: 1. A nethod for inplenenting in situ | ow
flyheight warning in a direct access storage device (DASD) conprising the
steps of: for each head in the DASD, identifying and storing an initial
readback anmplitude ratio fromtwo different disk radii; during operation of
t he DASD, nonitoring readback anplitude and sequentially identifying an
operating readback anplitude ratio fromtwo different disk radii;
sequentially calculating a change val ue between said initial ratio val ue
and said operating readback ratio; sequentiallry conparing said change val ue
with a threshold value to identify a lowflying slider, and generating a
| ow flyhei ght warning responsive to the coppared change val ue being greater
than the threshol d val uelheXeagenipahibg embodimgit sagseifytheR cae disk rady forthe
f1 yhei ght war ni ng asmeasurement may bandersighe peifeliowne Aspreblemfwith esinh head in
the DASD, of identi fidadback anslituiecior ngadaflyingtidigraichamgedipaasuramphistisithet that i o
1(‘) ][ Oimdte m)i ]gl fferent ?&e%&bé&ouﬂapmdu‘el S e 8pdrBRreSd §RPdER Aeﬁgﬁfimﬁe?dtja@ it iy DASD)
ing ara ok r
obt ai ned f?/omga readb%re]g%n%}\}gﬂ#\{f\a@'{pﬁiéﬁgﬁé?g]ragﬁr?te?ed# @ﬁ'gr g’ﬁlié)l ¥&3.@%g%%t hod
for inplenenting in SMREIYS REGRRASeHR 9HA ARFIEFSSRWRIGR CoYsESiaTegiigiopin the
wherein the steps fofMmpiude pidhe reasbaplesiop@pTherefqracatyiingpase BE st ori ng an
initial readback anptenpedsumeatiil sudgestrihbtve hdad sdlymgthighes iromettie ilowarcéanbask t he
steps for each head ér'i\g)ﬁth@e.DAFP@aIit)th_iQr@eanH;féfétUQa_s&eﬂ@détﬁeﬁhﬁa@flfih‘?hé@htor
anpl : fher cont rolj ﬁ]%% r}e%b%rih%'s %%H{;'fdﬁg td ?rogué’iéﬁ bARESe ARLBARAP! TRy nhy/GA
coupled to a rea eEleen [56(‘) orrtn\elz\§W| h a celsrkeé]rlve V\Int?'u 12rﬁie%|dls ‘placed on a temperature
controlled plate. Both the conventional generalized error measurement
(GEM) flyheight (FH) and readback amplitude were measured as the
temperature of the drive was monitored. It is clear that using the readback
signal to measure flying height change will not work in the real world where
drive temperature might fluctuate more than 30 degrees C over its life, for
example, from 25°C to 55°C. A 25°C increase in temperature would appear
to result in about a 13 nm FH increase if based on readback amplitude when
in fact the head FH actually decreased by about 3 nm. However, using
multiple track radii amplitude representative signals in accordance with the

embodiment eliminates this large temperature sensitivity.

The readback amplitude in the servo filed, for example, the servo
automatic gain control (AGC) filed, despite its extreme temperature
sensitivity is used in accordance with the embodiment, because the servo
readback amplitude is insensitive to TMR. Furthermore, the temperature
sensitivity is eliminated when using the embodiment, resultingin a robust
method for detecting head FH change in situ and may be further understood
as follows.

The readback voltage obtained from a read head can be expressed
as:

V(», HEAD,DISK,AE,R,T) = AE(T)*HEAD*DISK(R)*exp(-2nd/A) (1)

where AE is the gain of the AE 114 which is temperature (T), dependent,
HEAD and DISK are the head and disk parameters which contribute to the



-134. A nethod for inplenenting in situ low flyheight warning as recited in
claim1l wherein the steps for each head in the DASD, of identifying and
storing an initial readback anplitude ratio fromtwo different disk radii

i ncludes the steps for each head in the DASD, of identifying and storing an
initial readback anplitude ratio froman inner disk track and an outer disk
track. 5. A nmethod for inplenenting in situg.ow flyhei ght warning as
recited in claiml1l wherein the steps during operation of the DASD) of

nmoni tori ng readbac ' nd, .s entially identifying an operating

readback anplit ude}'(erag’glgéﬂ %’5@@%“?% ¥ L*'éq‘agrfﬁs REing i X is e waedengil okt eps

of monitoring readBSCRCYAABY PaLRIB baing readudRAPsarametdesincifige sochethingpesat i ng

readback anpl it udetheawifh #nddhe amountafibiadi cukreht inthe MagnatoreRistios (MR$lkealjr ack.

6. A nethod for inplegmant DISK patamiters neNGE kﬁé\ﬁicﬂﬁésswd%ﬁlgnaﬁ d @ﬁhé ed in
)

; . . \ C
claim1 wherein thgaghémsc n i : SD,.. 0 nitoring
readback anplit udehéﬁ% ﬁ,ggﬁgﬁ% g?ﬁf{;%@%??? %Eﬁk ggen%&é’#fa?’ﬂ ﬁgoﬁﬁéﬂﬁ‘é{fﬂ?e
anplitude ratio fr@r%‘%wo i 'F FRPEE ) ffependensi | Oig’er_!' radentnRots HEAD a1d
identifying a rati arg gigemperalygideppedent dit this is(rOAD)pastaghtalr treppl i ed t o
a vari abl e gai n an®Pnbedigmen{ VGA) coupled to a read head fromtwo different
disk radii. 7. A nethod for inplenenting in situ |ow flyhei ght warning as
recited in claiml1l wherein the steps during operation of the DASD,- of

nmoni t ori ng readback anpWoew ecdesiderch gleeubedad arid disk dietwbi diffénegt radii,pernat R g

r eadback anpl | t udeakgliflg iPMRUaNEadt Whétb @Y 56 kroydétidled dislcdfstant i St ePs
of |dent|fy|ngarat|ﬁo f a ol tage

a natural, | rithm of e c
obt ai ned from a re¥aveiengihs F?{ﬁ"ﬁﬂ%d'apg‘?gﬂ apd &]waé'kb? gﬁ?'l“P ZlfR'XMB. Appar at us
for inplenenting irespettivelyouettinghéi aytat Vavepresent the readivacke woltagecs §5 aad B age

devi ce conpri si ng: b Qi tamdidra! J tio
fromtwo different r Pgﬁl%r éf?iﬁé ﬁé?@gggﬁar@a%él?n P{E?‘gﬂ%%%t @?Hre;éttlu'g}eggger at or

f A
nonitoring a read E?‘fh‘ﬁﬂ@lrt #& "oﬁ?c%aldé’é@fmgaﬁ:eadback anpl i tude data and

generating an operating readback anplitude ratio fromtwo different disk

radii; a conparator conpay, ilg)lsKgﬂaﬁ)ﬁEGSK(F@)}u%xngmgn éagpg,th.pgmti gg) i o

readback anplitude ratio and sald stored initial readback.anplitude

for each head in the DASD with a predefined threshold value to identify a
| owf | yi ng slider; &hewaichtadditierepenbetwesn fiyjae beightsity and dxgan berfeunshiy

war ni ng responsi vetdkingtthe natorgd iogasithmh ehgpiation Aeeddtinggngr eat er than the

t hreshol d val ue.

(R1/R2)d2 -d4=(1 n(V1N2) - 1n{DISK(R1)/DISK(R2)} Y/ (211’./7\.1) (3)

Since Ry and R; are known, [3] gives the difference in head flying height for
a head at radii Riand R, subject to the unknown ratio: DISK (R,)/disk (Rz).

What is known about DISK(R1)/DISK(R2), however, is that this ratio
should not change over time. So for all intents and purposes
DISK(R;)/DISK(R2) is a constant. If we define (Ry/Rz)d2)- d4 as Ad,
In{DISK(R4)/DISK(Rz)}as a constant D, and In (V4/Vz)as LVR then equation
3 can be written as a change in Ad at two different times, t; and {; as:

Ad(t=ty) - Ad(t=tp) = (L/27) (LVR(t=t4) — LVR({=t2)) “4)
We now have equation 4 that gives the difference in the flying height

of a head at two different radii at two different times solely as a function of
LVR, the natural logarithm of the ratio of readback voltages from the two



9. Apparatus for inplenenting in situ low flyheight warning in a direct
access storage device as recited in claim8 wherein said initial readback
anplitude ratio fromtwo different disk radii for each head in the DASD
includes an initial ratio of a natural logarithmof a readback voltage
obtained froma read head fromsaid two different disk radii. 10. Apparatus
for inplenmenting in situ low flyheight warning in a direct access storage
device as recited in claim8 wherein said Pnitial readback anplitude ratio
includes an initial ratio of a digital anplifier control (DAC) signal
applied to a vari alielrgadcordampe with @at(rdS&e) the@nioRitnér, IBwIfeAsightgdefetem sai d

two different di Sifasreadjdgn suing/f:w«)as?ﬁ/ea%aa 4 B6RPLAMGt bibrSihlelhd #W

flyhei ght warning_ln a rect -access aor.age  de as recited,in claim8
whersi 0 sai g Oper@?ﬁwggrdeeé%rgg@w_%ﬁs S0G PEGN ipRRet BENeBR A AERKG a0
of a natural | ogai@dfiRAS srangedsigniicartikol t age obtained from a read head from
said two different disk radii. 12. Apparatus for inplenenting in situ | ow

flyhei ght warning in argd pactsi EaPb6 D@ty ce as recited in claim8
wherein said operating readback anplitude ratio includes an operating ratio

of a digital amplifier controIEéDAC) signal applied to a variable gain
anplifier (V&) coupl ddACE b5 20" lo@din/38)bm said two different disk radii.
-1513. A computer program product for inplenenting in situ |low flyhe(ght

warning in a diregt access, st e, dev] including a |ow flyheight
detection syst em)R§H?'aﬂecMﬁ?@[‘?%?%@‘ﬁﬁﬁ&gP'SB%?&F"P&%PW&F ed %} urality of
conput er executable instructions stored on a conputer readable nmedi um

wherein said instructigm$= m{)hgw-q LHov id low flyheight detection
systen) cause the | ow fl yhe(i ght( et e‘g{i or(l\hsgoz?em to performthe steps of:

for each head in the DASD, identifyi Qg and stori ng an initial readback
anplitude ratio from tARAGIRIFCenstand* SkHRa &)l i FHRubdng operation of the

DASD) nonitoring readback anp~~c~e and sequentially identifying an

(i db ( e = . ! i
sbquent ol 1y cal oo dr 4% b &t elDignd 46 1 proberoil f mec Gfbramge,
and sai d oper at i g the ERRRdcanfe rgprasepisdnfor 8¥aWPledi¥pari ng sai d change val ue

with a threshold value to
ADAC(ID)/ ADAC(OD) = AIDFH / AODFH

Having reference to FIGS. 3A and 3B, causes for a significant
difference In flying height may be further understood. The interaction
between a slider and disk during sliding contact is complex. There Is,
however, a phenomenon that occurs with all sliders that makes the invention
workable. It is easily understood by examining FIG. 3B which shows a slider
in contact with a.spinning disk and the accompanying pitch moment that
results from the friction force at the slider-disk interface. The pitch moment
or torque rotates the slider such that the read element has increased
separation d from the disk 110. The increased separation resuits in a
decrease In the readback voltage. The amount of slider rotation and hence
the amount of spacing increase will depend on the amount of positive crown
or the convex shape of the slider's surface facing the disk 110, the friction
force which in tumn is a function of the amount of disk lubrication, disk
roughness, and disk velocity and finally the slider's skew or angle of the
longitudinal axis of a slider with respect to the tangent line at a given disk
radius. The latter factors, the disk velocity and skew, typically have the
greatest influence since the disk roughness and lubrication is falrly uniform



identify a lowflying slider; and generating a |ow flyhei ght warning
responsive to the conpared change val ue being greater than the threshold
value. .Af "e.A9[.ALn. A A .Al.A@.Ah .A .Ayy .A@.AF ,.A3 9. A E . A2+0F] .M P
6] hl u. <"} xsni d_YU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca]ca]ca]c
a] ca] ca] ca] cal] ca] cal] cal] ca] cal] ca] ca] cTa] ¢l F! f##&(C)*.228:::;
;5 =, ?1 ?2?24@N0ASB| wr e Y] cal cag a] cal ca] ca] ca] ca&]caU] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca] ca] e*&ﬁ%% yed v ?E llpdare fresle sheppa G} FEBEIUK5M
} O]DPTiI'uV\]Y(Z[ ][ [[ ]6\ s} injthé XNding xsnﬂ'adt_tita]t\}vea} sm% kha%im&z{ea%i @&}e@d}skada@a:},cwggghga] fca]
ca] cal] ca]ca]ca] ca ca]ca]ca]ca]ca]ca]ca!*_X "bJbcc2ef*g
Thhhht kk| nmt ndnmo%%%'ﬁ?%’m@h%%w"g%ﬁﬁ
tytt}xsnid}xsnid_Z]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]lca]calcalc
g] ??] pilog/g] ??] 9?] f{al cg]m@iygaia.;@q el IGE. GAlama>3H, alcsﬁbyig}g%fe'x{s,ls @Wlégh elaog 1 010%BB
101 - 109& ()2 * 100}%5@@%0{%%%@ )amm;& élﬂ%%% Fh8 s%géugég‘d@unng nofmal
6j a?aSl! s!, s&$10%&fying igg%ﬁwgq&F -3} and when in sliding contact in FIG. 3B. In the
sliding contact case of FIG. 3B, the friction force due to contact at the slider-

disk interface produces a moment that rotates the slider in a manner that
increases the spacing d generally between the disk and the read and write
heads.

In order to prove that the embodiment works, disk drives with special low-
flying heads have been tested in a vacuum chamber. The vacuum chamber
was used to slowly reduce the head flying heights while the head amplitudes
were measured at both the inner and outer disk diameters (ID and OD).

This was done to simulate a gradual reduction in flying height over time in a
customer application. In order to simplify the data collection: the servo VGA
gain measurement was made using the read channel at all 124 sector
locations around a track. The individual sector measurements were then
averaged in order to produce a track average VGA gain value. The average
VGA gain was then converted to raw head amplitude. Flying height
differences were then calculated using the above equation 4.

FIG. 4 provides a histogram of experimental results showing the
ID/OD difference In head fiying height when a slider Is contacting the disk at
either the ID or OD. Due to differences in the slider skew and disk speed at
the ID and OD, there will always be differences in the ID and OD sliding
contact dynamics which will cause an inflated difference in head flying height
at the two radil. When a head is flying correctly, the ID/OD flying height
difference is very small (usually less than a nanometer (nm)). In contrast,

. FIG. 4 shows very large flying helght differences during contact. The x-axis
in FIG. 4 corresponds to approximate nanometers of FH difference. FIG. 4
also shows that the range for flying height difference is quite large, for
example, between 4 and 24. This should be compared, however, to an
expected difference of less than 1 when a slider Is flying correctly. The data
in FIG. 4 was taken from multiple disk drives that were buiit with sliders
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FIG. 5 illustrates the amblent pressure in the vacuum chamber
required to have sliding contact based on the above-described calculations.
The vacuum level required for sliding depends on the slider. This permits a
ranking of slider-disk clearances since the reduced pressure, that is vacuum
level required to cause sliding at either 1D or OD, or both depends on the
flying height of a slider at normal conditions. The pressure resulting in
sliding contact at either the OD or ID or both is shown for one of the tested
disk drives in FIG. 5. From FIG. 5, heads 4, § and 6 have the highest
nominal flying height since they require the lowest pressure in order to
achieve slldlng contact at OD or ID. Heads 2 and 3 are nominally lower

flying heads.

Referring now to FIG. 6, an article of manufacture or a computer
program product 600 of an embodiment of the invention as illustrated. The
computer program product 600 includes a recording medium 602, such as,

a floppy disk, a high capacity read only memory in the form of an optically
read compact disk or CD-ROM, a tape, a transmission type media such as a
digital or analog communications link, or a similar computer program product.
Recording medium 602 stores program means 604, 606, 608, 610 on the
medium 602 for carrying out the in situ low flyheight warning methods of the
preferred embodiment in the DASD 100 of FIG. 1A.

A sequence of program Instructions or a logical assembly of one or
more interrelated modules défined by the recorded program means 604,
606, 608, 610, direct the DASD 100 for in situ implementing low flyheight
warning of the preferred embodiment.

While the present invention has been described with reference to the
details of the embodiments of the invention shown In the drawing, these
detalls are not intended to limit the scope of the invention as claimed In the
appended claims.
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Claims

What is claimed is:

1. A method for implementing in situ low flyheight waming in a

direct access storage device (DASD) comprising the steps of:

for each head in the DASD, identifying and storing an initial readback
amplitude ratio from two different disk radii;

during operation of the DASD, monitoring readback amplitude and
sequentially identifying an operating readback amplitude ratio from two
different disk radii,

sequentially calculating a change value between said initial ratio value
and said operating readback ratio;

sequentially comparing said change value with a threshold value to
identify a low-flying slider; and

generating a low flyheight warning responsive to the compared
change value being greater than the threshold value.

2. A method for implementing in situ low flyheight wamning as
recited in claim 1 wherein the steps for each head in the DASD, of identifying .
and storing an initial readback amplitude ratio from two different disk radii
includes the steps for each head in the DASD, of identifying a ratio of a
natural logarithm of a readback voltage obtained from a read head from two
" different disk radii.

3. A method for implementing in situ low flyheight warning as
recited in claim 1 wherein the steps for each head in the DASD, of identifying
and storing an initial readback amplitude ratio from two different disk radii
includes the steps for each head in the DASD, of identifying a ratio of a
digital amplifier control (DAC) signal applied to a variable gain amplifier
(VGA) coupled to a read head from two different disk radi.



& 1 1F109%& ()- !&10% ()-!Sy10%& ()- 10 h h 10 h h 10 h h! "10% h

h&' ()-3W} COPTTTTTUMASI=! S S109%&' ()--!; f10%& ()- 10 10

10! y&109&' ()-s! 109& ()- FL109%& ()- UMYZ[[[[[[}0P1=S109& ()-F 1094& ()- 10
10

10! @. 109 ()-! @ Y109 ()-!, S@O0% ()-f[[6\s\\]] <oP1=S! 0@ 10% ()-! 0@ 10%T
T& ()-! @ 1099 T& () - @O0%F& ()-109F& ()- , YIOUT& ()-]]6~X A dEoP1=S! 0 #
10967& ()-@ f1099& ()- 9109%4& ()- S1094& () -

-13-

4, A method for implementing in situ low flyheight warning as
recited in claim 1 wherein the steps for each head in the DASD, of identifying
and storing an initial readback amplitude ratio from two different disk radii
includes the steps for each head in the DASD, of identifying and storing an
initial readback amplitude ratio from an inner disk track and an outer disk
track.

5. A method for implementing in situ low flyheight warning as
recited in claim 1 wherein the steps during operation of the DASD, of
monitoring readback amplitude and sequentially identifying an operating
readback amplitude ratio from two different disk radii includes the steps of
monitoring readback amplitude and sequentially identifying an operating
readback amplitude ratio from an inner disk track and an outer disk track.

6. A method for implementing in situ low flyheight warning as
recited in claim 1 wherein the steps during operation of the DASD, of
monitoring readback amplitude and sequentially identifying an operating
readback amplitude ratio from two different disk radii includes the steps of
identifying a ratio of a digital amplifier control (DAC) signal applied to a
variable gain amplifier (VGA) coupled to a read head from two different disk
radii.

7. A method for implementing in situ low flyheight warning as
recited in claim 1 wherein the steps during operation of the DASD, of
monitoring readback amplitude and sequentially identifying an operating
readback amplitude ratio from two different disk radii includes the steps of
identifying a ratio of a natural logarithm of a readback voltage obtained from
a read head from two different disk radii.
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8. Apparatus for implementing in situ low flyheight warning in a

direct access storage device comprising:

a memory storing an initial readback amplitude ratio from two different
disk radii for each head in the DASD,;

a ratio generator monitoring a read channel for processing readback
amplitude data and generating an operating readback amplitude ratio from
two different disk radii;

a comparator comparing a change value between said operating
readback amplitude ratio and said stored initial readback amplitude ratio for
each head in the DASD with a predefined threshold value to identify a low-
flying slider; and

a warning generator generating a low flyheight warning responsive to
the campared change value being greater than the threshold value. '

9, Apparatus for implementing in situ low flyheight warning in a
direct access storage device as recited in claim 8 wherein said initial
readback amplitude ratio from two different disk radii for each head in the
DASD includes an initial ratio of a natural logarithm of a readback voltage
obtained from a read head from said two different disk radi.

10.  Apparatus for implementing in situ low flyheight waming in a
direct access storage device as recited in claim 8 wherein said initial
readback amplitude ratio includes an initial ratio of a digital ampilifier control
(DAC) signal applied to a variable gain amplifier (VGA) coupled to a read
head from said two different disk radii.

11.  Apparatus for implementing in situ low flyheight waming in a
direct access storage device as recited in claim 8 wherein said operating
readback amplitude ratio includes an operating ratio of a natural logarithm of
a readback voltage obtained from a read head from said two different disk
radii.

12.  Apparatus for implementing in situ low flyheight warning in a
direct access storage device as recited in claim 8 wherein said operating
readback amplitude ratio includes an operating ratio of a digital amplifier
control (DAC) signal applied to a variable gain amplifier (VGA) coupled to a
read head from said two different disk radii.
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13. A computer program product for implementing in situ low
flyheight warning in a direct access storage device including a low flyheight
detection system, said computer program product including a plurality of
computer executable instructions stored on a computer readable medium,
wherein said instructions, when executed by said low flyheight detection
system, cause the low flyheight detection system to perform the steps of:
for each head in the DASD, identifying and storing an initial readback
amplitude ratio from two different disk radii;
during operation of the DASD, monitoring readback ampljfude and
sequentially identifying an operating readback amplitude ratio from two
different disk radii;
sequentially calculating a change value between said initial ratio value
and said operating readback ratio;
sequentially comparing said change value with a threshold value to
identify a low-flying slider; and
generating a low flyheight warning responsive to the compared
change value being greater than the threshold value.

and



