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LOW FLYHEI GHT WARNING Field of the Invention The present invention
relates generally to the data processing-field, and nore particularly,
relates to a nmethod and apparatus for inplementing in situ |low flyheight
warning in a direct access storage device. Description of the Related Art
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Field of the Invention

The present invention relates generally to the data processing field,
and more particularly, relates to a method and apparatus for implementing in
situ low flyheight wamning in a direct access storage device.

Description of the Related Art

Computers often include auxiliary memory storage units having media
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 signai, 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.



probability of a termnal head crash. 7 AUG 2006 -2 Currently vari OLVsA(qgamUB
t Hods ,and arrangenents are used to neasure head flyheight Including
hRarrmonic ratio flyheight (HRF), a clearance change detector (CCD), and
generalized error neasurenent (GEM. Some of the disadvantages of the
conventional nethods Include the sensitivity to track msregistration

(TMR) and that dedicated pre-witten test tracks are required. Current

met hods that use dedi.cated test tracks cannot _geasure sliding contact

correctly because of TMR _ Al sqQ current npethods, such as GEM FH, require
significant processing ofCUienty ¥erousiaethodsangakanganenis areused toandasura.
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Summary of the Invention

Embodiments of the present invention provide a method and
apparatus for implementing in situ low flyheight warning. Other important
objects of the present invention are to provide such method and apparatus
or implementing in situ low flyheight warning substantially without negative
effect and that overcome many of the disadvantages of prior art
arrangements.:

In an embodiment of the invention, a method and apparatus are
provided for implementing in situ low flyheight 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.

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,



and the operating readback ratio is cal cul ated and conpared with a
threshold value to identify a lowflying slider. Awarning i's -997‘?0@19[!99
responsi ve to the change val ue being greater than the threshold val ue

Brief Description of the Drawi ngs The present invention together with the
above and ot her objects and advantages nmay best be understood fromthe
follow ng detailed description of the preferred enbodi nents of the
Invention Illustrated In the drawings, 7 AUG 2006 -3 wherein: FIG 1 Ais

a bl ock diagramrepresentation illustrating a3direct access ..storage
device (DASD) for ippdementing in situ low flyheight warning in accordance
with the preferred enbodinent; FIG | Bis a diagramlllustrating two

slider positions at an inner dianet er (1D and an outer dianeter (OD) of a
di sk of the DASD of FI GFIG. tAis a blosk disgratg reprasejitation ibisbiating ardirestagegss

(DAC) signal for I 5@1&%@@%\/@9 (leSBgdﬁ imermentidid i Gt lowdiynéiget warmmgdoer dance
wit h the preferred enbodi meg}h;hFl f 218 M&%ﬁ{.chart Il lustrating
exenpl-ary sequenti a?CCBBg'ﬁnﬁ?iw dhg e err%{ﬂzrg g in situ | ow flyhei ght
warning in the DASD of FIG 1 in accordance with the preferred enbodi nent;
FIGS. 3A and 3B are di aggimp {55 aRGHnY fuktratingu®brsidémnmsiionpacanhnebet ween

the read and wite heads a _slider and dj ; i

access storage devi‘@émeﬁ&gﬁ) aaaﬁpﬁé’tq{dﬂ]%?atef,t@%%&@ﬁ%@% %Slglo:f gfén& for
contact for inpl enembhitagingra digital alplifién sontrpliBAGAesigniahtpr implamesting ictUJew h
the preferred enbwpgé i in‘hckSrd@n6dWIth tHY Srefe@reanarsiudimest; t he | DY 013

difference in head el'ght When a slider is contacting the disk at
either the ID or QD ' ..
FIG. 2 is a flow chart illustrating exemplary sequential operations for

implementing in situ low flyheight warning in the DASD of FIG. 1in
accordance with the preferred embodiment;

FIGS. 3A and 3B are diagrams respectively illustrating a spacing
between the read and write heads on a slider and a disk surface in adirect
access storage device (DASD) during normal flying and when in sliding
contact for implementing in situ low ﬂyheig'ht warning in accordance with the

preferred embodiment;

FIG. 4 is a chart histogram showing the ID/OD difference in head
fiying height when a slider is contacting the disk at either the ID or OD;

FIG. 5 Is a chart illustrating ambient pressure in the vacuum chamber
required to have sliding contact for multiple head numbers in a DASD of FIG.
1 ; ..

FIG. 6 is a block diagram illustrating a computer program product in
accordance with the preferred embodiment. :

Detailed Description of fhe Preferred Embodiments

Having reference now to the drawings, in FIG. 1, there is shown a
~ direct access storage device (DASD) or disk drive system for implementing
methods for in situ detection of low-flying sliders of the preferred
embodiment generally designated by the reference character 100. As



FIG 5 Is a chart illustrating anmbient pressure in the vacuum chanber
required to have sliding contact for nmultiple head nunbers in a ?S@zpoim
FIG FIG 6 is a block diagramillustratidng a conputer program pro fn
accordance with the preferred enbodinent. Detailed Description of the
Preferred Enbodi nents' Having reference now to the drawngs, in FIG 1,
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In the write function, AE module 114 provides a binary current modulated signal to a thin
film write head element of read/write head 112 for writing data onto the spinning disk
110. Under the control of the disk drive controller 122, a write channel 124 encodes and
frequency modulates the customer data. The customer data to be stored on the spinning

disk 110 is received from the host system.,

In accordance with features of the preferred embodiment, DASD 100 includes a low
flyheight detection system 126. The DAC signal is applied to and monitored by the low
flyheight detection system 126. The low flyheight detection system 126 provides an in
situ warning signal of low flyheight applied to the disk drive controller 122. Operation of
the detection system 126 is illustrated and described in the process flow diagram of FIG.
2. The low flyheight detection system 126 includes a memory 128 for storing an initial
readback amplitude ratio from two different disk radii for each head in the DASD, a ratio
generator 130 monitoring the read channel, a comparator 132 comparing a change value
between the operating readback amplitude ratio and the stored initial readback amplitude,
and a warning generator 134 generating a low flyheight warning responsive to the

compared change value being greater than a threshold value.

[RALIBE]04440.doc:edg



frequency nodul ates the custonmer data. The custoner data to be stored on
the spinning disk I 10 is received fromthe host system In accord&ﬂﬁpﬂmﬁ
with features of the preferred enbodi nent4a DASD 100 i ncludes a | ow
flyhei ght detection system 126. The DAC signal is applied to and nonitored
by the low flyheight detection system 126. The | ow f|yhei ght detection
system 126 prdGriagsiom te F1Gsil By twigpasiigns phtha slister/head ﬁssngbgw apgniisget o

t he di sk dri €, o ' : Chl 6

1T ust r at od SERAELIDMACE dae RO aick 160 SPLR"DASH RO T,
f1 yhei ght ddbedigitelnnsplgieewvdtdd (DA sies! far nenory 128 for storing an initial
readback anplitude ratio fromtw different disk radii for each head in the
DASD, a ratio generator 130 nonitoring the read channel, a conparator 132
conparing a change value between the operating readback anplitude ratio
and the stored initial readback anplitude, and a warning generator 134
generating a | ow flyhei ght warning responsive to the conpared change val ue
bei ng greater than a threshold value. R \L1BEj 04440.doc:ed g -4a - - 7 AUG
2006 Referring nowto FIG 113, two positions of the slider/head assenbly
112 at an inner dianeter (ID)and an outa dianeter (OD) of a disk 110 of
the DASD 100 for nonitoring the digital anplifier control (DAC) signal for
R\LIB E] 04440. d oc: ed g 7 AUG 2006 -5 inplenenting in situ |ow
flyheight warning in accordance with the preferred enbodi ment. Respective
digital amplifier control (DAC) signals are indicated as DAC(ID, t) and
DAC(OD, t) for the illustrated slider/head assenbly 112 at an inner
dianeter (ID) and an outer dianeter (OD) of a disk 110. In accordance with
features of the enbodinent, low flying are detected by any sliding
characteristics for at least two different disk radii,

[RALIBE]04440.doc:edg



typically the largest and smallest disk radii. The enbodi ments solves the
probl em of detecting and warning for |owflying heads that are cont-chumgms
the disk surface. Wiile nost disk drive nmakers enpl oy heads that retain an
air cushion between the sliders and disk surfaces, the day 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 | oss
of data, an in situ warning of |ow flyheightgis provided. In accordance
with features of the enbodi ment, dedicated test sectors or tracks on the
di sk 110 are not required. This nakes the invention easy to inplenent
across various di sk dnplementingdosits lowAlybeigbhdarnimgan becdrdadbearitratge prajérrédne

enbodi nent is that sbkngdedinnekRegrEAR! digitakgliftetest@IDABISBRAIER indlated
war ooty o s os. TIYPRCID, YSRDACOTARE g agapR gt Beetpiral
fit )

nvari i ch d
ey et T Ao T 1ol eg b e o

reason for the error in conventional nmethods is that TIVIR reduces the

si gnal anplitude for the IraeoRBAE Iitn Eﬂﬁe §F¥H§%ﬂ]b%gﬁ'5'ngj% bt el Y
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change based on reatiBigaly the daraestangismallesd disknadit T erabodinientgsnlves the

accordance with feat obenoéf detectingiaod waenitg for mw-fijindieéagistthatard ebstated the
based upon the anpli gigkeuricet Wehileansafsk dpive Rtlke FRBASHEERAT? thaGeBHT ¥Pair

fields around a diskg sfhﬂa?\la%et@éé}f:ﬁletsn@ertéﬁéa gisk @L,?éé(}%:‘ ‘“?%{"kis é@%ﬁé@{f

continuous, unlike e ta sectors |1 e Oa?%rﬁ%l
stays constant when a-t, 5&“?1’3'889?% “8%99-9%%99‘}rﬁf‘§’&§ '? AYUA excrRsive SfN%'
position of a head @ digk vear whicheapregult inamhead ciask apd lessdif drta, en desitued
from servo burst i nivamingtdfdow fiytieightisprovided.t aken from t he anplitude of.
previously witten servo information. By having radially seanl ess servo

i nformati on, the head
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 fiyheight 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



7 AUG 2006 -6 position can be easily determned. If the servo. information
was not radially continuous, for exanple, if the servo Information/wyg 2006
witten at the sanme track pltch as data sectors, there would be a | arge
dead- band between tracks. In these regions, no servo Information would be
avai l able and follow ng atrack during. readi ng and witing would be

| npossi ble. Refening. nowto FIG 2, exenplary sequential operations for In
situ detecbon of low flyheight in accordangge with the preferred enbodi nent
are shown. In situ detection of lowflyin sllders starts with

the. operation of tReltion ﬁ%ﬁ?ﬁaﬁ"m&jﬁrﬁ@"e%y theasqive. Inderiadion wag et radéaliynal

v?l E ﬂget anpl i ]E uge cf)ﬁtrnuoaacfer beafplb Nif theddepko mdyguaabn asWwritteAt tHedanfxanpl e,

a e tinme of drive nu u

different disk radi@fk Bﬁ%‘ @&5%3? foss qﬁ%’%%&” ’%%5#4'@2 Hg?ﬁﬁﬁn(?pg{weﬁat ural

| ogarithm of the tratks lplthgde regions, R&esrvo Inferenation woulst eaavallabledindat ed | n a
bllock 202, Duri ngf&BWir@té ﬁﬁcb@éuﬁ@e%ﬁEan&Wmné RRURIBY inipedeibrl the readback

si gnal , such as the DAC Si gnal monitored and a LVR value of the natural
Iogarlthmof the ratio at two dIS| radii |Is calculated as Indicated in a
bl ock 204. Any change Reaferring. nmmjlélﬁ,lzaemrnldanyca@memtal bjvirations fohin sitoi ti al

LVIR for each.hea e&ﬂ@ﬁaﬁﬂ'@%hﬁ .R@c&la ﬁ ithg%aﬂrléferr%a maﬁg%rﬂt ph a

deci si on bl ock 2060. eater t

threshol d val ye. Shewnaln %&»c#th@n@?iow- reslgriapith e eprrplionel e
| ndi catea | n a bl agnen@diBbedinsibemeasutirthe reambaclk slgpaloqottagé amplitutie farhe

"exponential of hegg ch RB&AF I Pdisk BAbe éﬁs&%lwlfb@%tﬁﬂé%'ﬁ% {hﬁé%f drive

rel ati onship,. hea I ogarl t hm of

aC| ng opQrti onal ﬁ
the reAdback vol tggwu aPFH’% fl'bgtan}p?i C@ﬁ%ﬂ“’?ﬁ”’@ﬂrﬁ?@’f"? 'ﬁ@% diskraditand heange
into head flying hatiogbsultshaucheas aNiiteal hétatal kgmdthm ef the aatid (LYIR) dortezichht

cannot be measur efleh@sffstard as indicated in a block 202. During operation of the DASD
100, the amplutude of the readback signal, such as the DAC signal is
monitored and a LVR value of the natural logarithm of the ratio at two disk.
radii is calculated as indicated in a block 204. Any change in the
sequentially calculated LVR and the initial LVR for each head Is compared
with a threshold value as indicated in a decision block 206. When.the
change for any head Is greater than the threshold valye, then a low fiyhelght
waming signal Is generated as indicated in a block 208.

Since head amplitude is proportionél to the exponential of head
spacing, that is the Wallace spacing loss relationship, head spacing is
proportional to the natural logarithm of the readback'_ voltage. This factis
used to convert head amplitude change into head flying height change.
Note that absolute head ﬂying height cannot be méa'sured based.o.n
readback amplitude. In this regard, flying height measurement is analogous
to altitude measurement in an aircraft using barometric pressure. Itis not
possible to know the aircraft’'s absolute altitude based on the barometric
pressure measured at the aircraft. One must know the barometric préssure
at the ground in order to get absolute altitude above the ground. In a similar
way, readback amplitude must be measured when a head is contacting a
disk in order to get an absolute head flying height. For the embodiment to
operate, it is not necessary to know the absolute head flying height and so
all measurements are made at normal disk speed and local ambient

pressure.



readback anmplitude. In this regard, flying height neasurenent is anal ogous
to altitude neasurenent in an aircraft using baronetric pressure.ylﬁuslzﬁqsnot
possible to know the aircraft's absolute altitude based on the baronetTrc
pressure neasured at the aircraft. One nust know the baronetric pressure
at the ground in order to get absolute altitude above the ground. In a
simlar way, readback anplitude nmust be measured when a head is contacting
a disk in order to get an absolute head flying height. For the embodi nment
to operate, it is not necessary to know the __a,b_sol ute head flying height
and so all neasurenents are nmade at normal di sk speed and | ocal anbient
pressure. 7 AUG 2006 -7 The reason that the enbodi nent uses nore than one
disk radii for the neaslinersason thayteemniultmenitasds amrd Mahne digh radiot @
wi t hhusi ng 1 eadggckn@éﬁbﬁeh‘»éﬂﬁmfa?'befﬂﬁ@é‘rsfdoﬁ'a@%lflﬁg\}sgm%r%thl%ﬂg\@gr?ﬁé}ﬁ#’r g”et”t S
Is that the readbac . :
cause is the gain sgerzgj Etgl&vlé@g:ﬁ%%fgérﬁ%%mf'\tg gagorcl?'fei ﬁge gﬁﬁﬁf‘_"gfa@@ﬁ{;dﬁ}h@z@@AE)
114. As AE tenper at [PROPHc7 BRI isiteropers BRGWEER A HAnEFan sautesis dhe
reduction in the anPRiNSERRIGY te RNpasatyfiokths agmeaglectroniss ¢AB) €14. aky/AENncr ease
in AE tenperature wenpesatgpeintrenses, itaghieadcieaséd whiol chigiser rebiuetidntifi el ower
readback anplitude. amplitu@gbf thi redtibabEigh@MIREAISHEESY iREHESS: i head flying
Testing has  been pertiag el Rug: kit BHELE Kby @@"%Z%a@‘ﬁg ek
| g . . \
tg?rpergture cont rgl ?@gﬁtg& -t_ﬁfeﬂlﬁ?('ﬁ"qfl?ét%?ﬁfaﬁlff%scfﬁaﬁ_’ceg@ﬁ Paf fly'eg heishisr
measurenent  (GEM f ihgHisRgtiskpasing dye tep@bHsiRn ahibrireadielcment Trstisghad as
the tenperature of bern pRrfofmedmith modisk drivedvithl 12 hesads|pteed ohat tetiperagurt he
readback signal to cwasiedplhteyiBgh e @htemibABORENdlized BiroMREXsUrémbite T eal
wor | d where (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, resulting in 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(A, HEAD,DISK,AE,R,T) = AE(T)*"HEAD*DISK(R)*exp(-2nd/X) (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



drive tenperature mght fluctuate nore than 30 degrees C over its lit?"Amfgmﬁ
exanpl e, from 250C to 550C. A 250C increase in tenperature would appear
result in about a 13 nmFH increase if based on readback anplitude when in
fact the head FH actually decreased by about 3 nm However, using nultiple
track radii anplitude representative signals in accordance with the

enbodi nent elimnates this |large tenperaturg sensitivity. The readback
anplitude in the servo filed, for exanple, the servo autonmatic gain

control (AGC) filed, despite its extrene tenperature sensitivity is used

in accordance wit eadteck sompditudend js the baad-disk Bpadey ¥ed 1 ithe harisieagil dit ude is
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recorded pattern being read. HEAD paraneters i-nclude such thi ngs as the
wi dth and the amount of bias current in the magnetoresistive (MR read

" elenent. DI SK paranete t t

magnetic coating. The b&&‘) &ﬁ\sf&gg OCWE r%agéng?%kﬁdgt% ‘tgjﬁ ?id" Eé%n(i?ﬁé
surface hence DI s*ssu@mgaﬂaieu@umasedﬁ}?&ﬂérﬁ@warf@%eaﬁlﬁﬁ Ia"Qas‘(Qfl?ﬁﬂm thet h HEAD
and DI SK are al sqyiverspgtiitdonesperimsiRim, andR, wilibs AyanadqR/RIMQrtant for the

respectively. Letting V4 and V; represent the readback voltage at Ryand R,
respectively for a head with parameters: HEAD and at temperature T we
can write the ratio of V4 over V; as:

ViiV2 = {DISK(R1)/DISK(R2)} * exp{(2n/M) * (d:R4/Re ~ d1)}  (2)

The weighted difference between flying heights dy and'dz can be found by
taking the natural logarithm of equation 2 resulting in:

(R/Ra)dz — dy = (1n(V4lV2) — 1n{DISK(R{Y/DISKR2)} ) / (2/%)  (3)

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

What is known about DISK(R;)/DISK(Ry), however, Is that this ratio ‘
should not change over time. So'for all intents and purposes
DISK(R{YDISK(R,) is a constant. If we define (Ry/Rz2)dz)- dq as Ad,
In{DISK(R4)/DISK(Rz)}as a constant D, and In (V4/V,)as LVR then équation

" 3 can be written as a change in Ad at two different times, t; and t; as:

Ad(t=ty) - Ad(t=ty) = (M/2r) (LVR(t=t) — LVR(t=t,)) 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



enbodi ment. tqgow consider a given head and disk at two different radii, Ri
and R2. Assum ng the usual case where the servo frequencies are con%tA;thzuﬂs
the wavel engths corresponding to R, and R2 will be %4 and (R2/R1) X1
respectively. Letting V, and V2 represent the readback voltage at Rl and R2
respectively for a head with paraneters: HEAD and at tenperature T we can
wlite the ratio of V1 over V2 as: VN2 = JDISK(R )/ DI SK(R2)) * exp((2n/X1)
* (d2R,/R2 - di)) (2) The weighted diffemence between flying heights d,
and d2 can be found by taking the natural |ogarithm of equation 2

resulting In: (RI/R2)d2 - d, = ( VI N - |, n(Dl | YDI SK( R2 2, n/ Xi
(5" Snte R nirdhomesordtingg wiieatises B ther i eRo oL RO A deRCGg
hei ght for a heb@segtupoaditeringiLVAntpr RBIvendjead and Gomparingik avsirtimeds &: DI SK

(R ydi sk (RO Waieahs tddetenmindahien Bishddryinglh8igit Bference hetasen tws diskat t hi s

rati o shoul d nofadfihag¢RandddeigriicdBiy. So' for all Intents and purposes
DISK(RL)/DISK(R2) is a constant. If we define (RI/R2)d2)- d, as Ad,

| n( DI SK(R1YDI SK(R2))as a_constant D, and in (ViN2)as LVIR then equation 3
can be witten as a cHnBAG signal §an baseRIsIeERY: tines, ti and t2 as:
Ad(t=ti) - 4d(t=t2) = (XI/2n) (LVR(t=ti) - LWk(t=t2)) (4) We now have

equation 4 that gi vesph %gégf@tbq%@g{slg@%he flying height of a head at two

different radii at two ere lely as a. function of |ILVR the
natural |ogarithmof the ratio of readback voltages fromthe two 7 AUG 2006

-9 radii. In accarfiangsinviyheightaidtesDAC sighal emtediepRizbnteddy: f | yhei ght is
detected based upon storing LVR for a given head and conparing it over

time as a neans to determi ne when a slider flying height difference
bet ween two di sk AFH = (A4/2r)(In(Vin(t)) — InVin(to)))

ADAC(R) = Constant * (FH(R, t) - FH(R, to))
The ratio of DAC signal at the ID and OD is proportional to a ratio of change
in the FH and can be represented, for example, by:

ADAG(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. Itis easily understood by examining FIG. 3B which shows a slider
in contact with a.spinning disk and the accompanying pitch moment that
results fro_m 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 results ina
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 tum 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 lubricatlon is fairly uniform



radii has changed significantly. The DAC signal can be represented by: DAC
= 255 - (20*l og(Vin/30)) A change in flyheight and the DAC signal -C;'anu[pmﬁ
represented by: AFH = (Xj/2n)(In(Vin(t)) - In(Vin(to))) ADAC(R) = Constant
(FH(R, t) - FH(R, to)) The ratio of DAC signal at the ID and ODis
propofflonal to a ratio of change in the FH and can be represented, for
exanpl e, by: ADAC(I D~ / ADAC(QO D) = Al DFH / -HEDFH Havi ng reference to FIGS.

Fur Cher umder ot ood T oG ok oartrol| 16aagsd, Ubrs X S Hlrefieg®
sliding contact i sihctgggpdé&.& gﬁlﬂégtebﬁq??en %M@Sé’?f!efé“gﬂaﬁbﬁﬁhyﬁcmﬂhi@b@ws
It

with all sliders thean vedided experimentait.i on' wor kabl e. -is easily under
stood by examning FIG 313 which shows a slider in contact with

a.spi nnl ng di sk and t he_agccqonpanyi. itch monent that results fromthe
friction force at the 351 '&éﬁ%‘gi‘ Iﬂﬁiﬁi#?\@@g_s RSPRFING H eistRchrtween theor que
rotates the sliderreaddiad loata slider erdtheedignmniackaTht Bpachape duris§RaHA i on d
fromthe disk 110. I han. r ' degr e In.the
readback vol tage. ﬂf@e&gr?gsﬂgﬁif R%f’?ﬁ%ﬁ%%@g'@iS@ﬁmgtﬁgnﬂﬁéﬁgi&mtﬁé’ Eﬁﬁﬁnt of
spaci ng | ncrease W' !"gtfé’B%? caip efifd CanButhe figtiop derre due tapantpct ab thetdlideconvex
shape of the sli defisk isterfaae précmeng mbmenlithat rdtlas the Biddr e h nfdhnef @ge Whi ch
In turn I's a functyQk t L, Iy I adi rqughness,
ih&@Bads tﬁ@%}eﬁgﬁg 'asqefﬂtéreérﬁg ngleléh the aisk gﬁd t ﬁ[%ﬁg and Wit

and di sk velocity  and final ew or ang

1 ongi tudi nal axis h&AdS: siider with respect to the tangent line at a given
disk radius, The latter factors, the disk velocity and skew, typically
have the greatest infihgeiesto gowe that the aiddimentgronies diskmidivesiwith spddia tow-s

fairly uniform?7 AfagdUdBs 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 collectiort 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 flying helght when a slider is contacting the disk at
elther the ID or OD. Due to differences in the slider skew and disk speed at
the 1D and OD, there will always be differences in the ID and OD _slid'ing
contact dynamics which will cause an inflated difference in head flying height
at the two radii. 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 height 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 bullt with sliders



-10 and the crown is well controlled, As a result, there are significant
differences in the sliding contact between say the inner and outer @Hﬁk?gqﬁ
tracks. This has been verified experinmentally. As illustrated in F(

-and 313, a spacing d exists between the read head on a slider and the disk
surface. The spacing d during normal flyi ng Is shown in FIG 3A and when
in sliding contact In FIG 313. In the sligdijng contact case of FIG 313,
the friction force e,to con t, .t he er - sk Interface produces a
nonent that rotat e%'%ﬁBYE?fPH‘@h %@1 eﬂ‘?l‘@?“”mk’ plyageed fee sliteaci ng d
general | y bet ween aontactivak batwkenHb6 aedd. hAthouphers. heads. | n order. to prove
that the enbodi mnent works, disk drives with special |ow flying heads have
been tested in a vacuu% ﬂb§ The vacuum chanber was used to-slowy
reduce the head flying raps i g apieniIse N the degiunnehambwasur ed at.
both the inner andequitegrto diasé sktlimoredrdact basBd an%@l)ove‘-&bb&nb’&ﬁcéiélﬂeﬁnohg

ool catt on’ i oy araih s ik 15 SThG U ol WS Tus iR gai n

appl i cation. In order 10 n;p ect
measur enent was M ?fn“é}d? @SK elsarapsan piare fie rgducetbmresssce,dhat is seatiinons
argund a tragk Thevel retﬁuireditoa:tat&e(slidihgﬁeamyrmabb Wb&h%ﬁ@nd@%ﬁfﬁge‘j in
order to produce aver a ain was
t hen converted toﬂylh%ﬁ%@hﬂfﬁé QIﬁfet \c{%rﬂ%'%%@'% I‘?Pfﬁﬁsflf%&‘@hlﬂl@g h’Were t hen
cal cul ated using ?M”%S@V@C‘é’lﬁ@ﬁh‘?fdhe 2D g B-orbath mhdws for driesofdbe testef
\%perl rrenlt alj r esuldis dsivesinrRIGt Be FrorFED, §liHeagk ans and B Haga thd iu? é&l hei ght

en a silider o[ Due _
di fferences in theSQWﬁ%hQEel\%nps'@é%{ﬁ gye%uérgéﬁgﬁ)'@veﬁgeﬁyr%mo [0 her e WI | |
al ways be differ eAeevq slidingcontach aHOBPrdP; Hargs 2andi3are nopriaatiydewarhi ch wi '
cause an Infl at edﬂxdngheacmuce -in head flying height

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 defined by the recorded program means 604,
606, 608, 610, direct the DASD 100 for in situ implementing low fyheight
waming 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
details are not intended to limit the scope of the inventibh as claimed in the
appended claims.



at the two radii. Wien a head is flying correctly, the 1D OD flyi ng_:?eh@g%m
difference is very small (usually less than a nanoneter (nn)). In cont ,5
FI G- 4 shows very large flying height dlifferences during contact. The
x-axis In FIG 4 corresponds to approxi#@te nanéneters of FH difference.
FIG 4 also shows that the range for flying height difference is quite

| arge, for 1exaAphehodbfsrwapleméntiipdin2du Ioiflyhapaul smbg ig arhcesteedsavaygy , to
an expected difference of less then 1 when a slider Is flying correctly.

The data | gebGDAS m th¢ gmpgad tiple disk drives that were built
G ASIRSriHR he 08

with sliders 7 2006 which fly nomnally about 10 nm The vacuum | evel
required for slider contact was between 0.6 and 0.3 Atnospheres. FIG 5
Il'lustrates the anbient pressure in the vacuum chanbe r required to have

sliding contact based gn ahovedescdbed cal cul ations. . The vacuum | evel
required fo%or?f“?}ljl?eﬁ ‘Hg‘ﬁé@dﬁe‘%tﬁé‘nglw‘gé@m& AR dpdrRsqback amplide fgicof
slider-disk clearances since the reduced pressure, that is vacuum |evel
requi red toffemuwe dfferantiiskardiéinchisling for eachdmad or thio ) ASId eidentdiyinga tahie of a
flying height of a slider at normal conditions. The pressure resulting In

sliding condizatl aatipldiet battrol (IRAOPsignallaPpitdd toalariableatVampIdfiergVe Df coliprRd
tested disk drives in FIG 5. FromFIG 5, heads 4, 5 and 6 have the

hi ghest  nogs d@hd hibadi fRgn Reé Giiferchit BSR r{dieY require the lowest pressure in
order to achieve sliding contact at OD or ID. Heads 2 and 3 are nominally

| ower flying heads. Referring nowto FIG 6, an article of manufacture or

a conputer program product 600 of an enbodi nent of the invention as
illustrated, The conput.er ram.product 600 ingcl ydes a recording

" medi unt 602, SEREPPEE '%8}%‘3 dpg%orgxgﬁqullk;a%ﬁgelptpae phspayamallyenory i n

the formof an optically read conpact disk or CO-ROM a tape, a

transni ssi oeRifymeABPParagpg rradlack 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 warning as recited in claim 1
wherein the steps during operation of the DASD, of monitoring readback amplitude and
sequentially ident.ifying 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.

K LIBKUlot? doc



digital or analog comunications link, or a simlar conputer program
product. Recording nedium 602 stores program neans 604, 606, 608, GIT0AYN00
the medium 602 for carrying out the in situ | ow flyhei ght warni ng net hods
of the preferred enbodiment in the DASD!300 of FIG 1A A sequence of
program lnstructions or a |logical -assenbly of one or nore interrel ated
nodul es defined by the recorded program neans 604, 606, 608, 610, direct
the DASD 100 for in situ inplenenting | ow flyheight warning of the

preferred egbodiameethod WhiihmBlehlRAtimY SR Tow TNRBEHORARRS Be&Med S5 Chinped Wi th
reference to the details gf them%nbodine2¥§ gf t%eﬁ%ébenﬁfonﬂs 5€E in the

draWhg, the : : t Ny ope..of, the.invenfion
a5 ol o med et SR B ore R P thel S bbb oriG PR P e

impl ementing, in situ low.flyheight warni in.a direct access_storage

devi ce ( DASDI'EINY i“é‘?“%‘{‘%g“ 8?%%5“%@%@? aplide eatig f%‘ﬁ“ fe differgyt dis
identifying and storing an initial readback anplitude ratio fromtwo

di fferent di*dR iRdpdss thestenspfigpntibingartiornd admatunallegarinsioba réadback Yoliapg a
ratio of a digital anplifier control (DAQ signal applied to a variable

gai n anpl i f owaingd/Gan ceaphed frdm two defederhdat! ridiom two di fferent disk radii;
during operation of the DASD, nonitoring readback anplitude and
sequentially identifying an operating readback anplitude ratio fromtwo
different disk radii; sequentially calculating a change val ue between said

i8Sl At VA A 55 neRRGA. 10 e AORAGK k2 SRKILLE Wb o

conparing said change value wt res ue

slider; and td | ow fl yhei ght warning responsive to the conpared
change val u%&g%ﬁ%)g\gﬁs%o%lpnsmg the’ sers%l},

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 including
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;

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

shider; and

generating a low flyheight warning responsive to the compared change value being

RALIBKW03b87 doc



greater than the threshold value. 2. A nethod for inplenenting in situ | ow
flyheight warning as recited in claiml wherein the steps during ope]rmydm
of the DASD, of nonitoring readback anplitude and sequeiitially
identifying an operating readback anplitude ratio fromtwo different disk
radii includes the steps of nonitoring readback anplitude and sequentially

i denti fyi ng gbdater BpmrtA¢ thigsho@adhrck anplitude ratio froman inner disk track
and an outer disk track. R LI Li K.3.8 7 d., 7 AUG 2006 -13 3. A nethod

for inplementing in situ low flyheight warning as recited in claim!|
wherein the steps during operation of the DASD, of nonitoring readback

anpl i tude and equenti.al.ly identifying a perating readback ‘anplitude
ratio from ?V\D g‘i‘ﬁ?@?‘ifﬂ” %?E‘enp%l S“iuﬂEY"[}Hg@gph%‘a@t‘%%s Is¢itgddaglaimd ng a

ratio of a natural |ogarithmof a readback voltage obtained froma read
head from t Woegsi thesiens farieagh headiin theADARDneft iHeiffimg andstosimgraniinigial n si t u

| ow flyheight warning in a direct access storage device (DASD) conpri sing
t he steps ofcadbank apgditudeaatib fromttive diAGENt dislentii fiydlindes aRdstedsOot BthaRad [ t1 al
readback anmplitude ratio fromtwo different disk radii; during operation

of the DASDiheDASDOS1 iaentTgiagdRagko m&ﬁﬂdﬂ%gmﬁ%%%ﬂg?klelt%%?o%@e}iLéqy ing an

operating readback anplitude ratio fromtwo different sk r I 1ncluding

i dentifyi ng_ﬁ@mrégﬁ'%(?lh .deﬁfbgjﬁrf’ﬁﬁ%ﬁ‘gﬁle%fr{’ﬂ control (DAQ signal applied to a

vari abl e gain 0'a read head fromtwo different
disk radii; sequentially calculating a change val ue between said initial
rati o val ue and said operating readback ratio; sequentially conparing said
change val ug with a threshold value to identify a lowflying slider; and
generating & | ofvM§thereiogHuPgmentnegn sty pom diybe ghlovammgrs mpeted dn chamge val ue
bei ng o

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.

7. Apparatus for implementing in situ low flyheight warning in a direct access storage

device (DASD) comprising:

a memory storing an initial readback amplitude ratio from two different disk radii for

each head in the DASD; said initial readback amplitude ratio including an initial 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

a ratio generator monitoring a read channel for processing readback amplitude data and

generating an operating readback amplitude ratio from two different disk radii,

R SLIBKW03687 doc



R \LIBK\03b87 dm 7 AUG 200 -14 greater than the threshold value. 5. A

met hod for inplenenting in situ low flyheight warning as recited @ AUGS0H 4
wherein the steps for each head in the DASD, of identifying and stoning an
initial readback anplitude ratio from.it4w.different disk radii includes
the steps for each head in the DASD, of identifying a ratio of a natural

| ogarithm - i fr. - WO ,.

i frerent o SEyEact et oo R IR en BB TR SR, Sh P Biigr,
warning as recited in.claim4 whereipn the_.steps, faqr. eac ad. in the DASD,
of 1 dent | 1 yitguidiaipred il ceRaqkare ide a8 68 e b v ERIGASEY R fr om two
different disk radii includes the steps for each head in the DASD, of

i denti fyi ngprededingd grpshgldayalyerptidentify égmﬁmgashém gadle ratio froman inner
di sk track and an outer disk track. 7. Apparatus for inplenenting in situ

| ow flyheight warning in a direct access storage device (DASD) conprising:
a nenory storing an initial readback anplitude ratio fromtwo different

di sk radii f WimirgashefRgendtatinye I%S@ihe%ﬁi @afn{i'ﬂé te@porsRRUS A AR ude

ratio including an initial ratio of a gital amplifier control (DAQ

si gnal appl.g It‘]gaf‘&%%é %?%Eft?%ﬁjﬁe%m*iom gl { VGA) coupled to a read head

fromsaid two erent aratio génerator nonitoring a read
channel for processing readback anplitude data and generating an operating
readback anplitude ratio fromtwo different disk radii; R %.JBK~03687 doc 7
AUG 200 -15 a conparator conparing a change value between said operating
readback arfpl i tARPAratus fopimplemensmigdn sitw foadflyhaight ararmisa dibadicectmptdss sidmgeat i o
for each head in the DASD with a

device as recited in claim 7 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.

9. Apparatus for implementing in situ low flyheight warning in a direct access storage

device (DASD) 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; said
operating readback amplitude ratio including 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;

a comparator comparing a change value between said operating readback amplitude ratio

RVIBKAORGRY dog



predefined threshold value to identify a lowflying slider; and a wagzlol{b%
generator generating a |low flyhei ght warni ng responsive to the conpar 2006
change val ue being greater than the threshold value. 8. Apparatus for
inmplenenting in situ low flyheight warnity in a direct access storage

device as recited in claim7 wherein said operating readback anplitude

rati o incl ud@saidRtor@Piitad rédbicktantplididedaticiforeath heagda tHeMASD wath £adback
vol tage obtained froma read head fromsaid two different disk radii. 9.

Apparatus f L i [ § hyhei . ning in a direct access
storage d \%dggq?(#_‘)ﬁg%?&@mdre{}g?%%nﬂf)lagwngyggéﬁgéri%ch{an initial readback
anplitude ratio fromtwo different disk radii for each head in the DASD, a
rati o generator nonitoring a read channel for processing readback anplitude
data and generating an operating readback anplitude ratio fromtwo

di fferent divsuningdicneraoagencryperalpvrilyhehtimasiknganepransiygéo thacosppigél udi ng an
operating ratio of a digital anplifier control (DAQ signal applied to a
vari abl e gahangenpllucfhearg grviEé) theothpltladstodd salnead head fromsaid two
different disk radii; a conparator conparing a change val ue between said
operating readback anplitude ratio R It IBKD (~~7 7 AUG 2006 -16 and said
stored initial readback anplitude ratio for each head in the DASD with a

predefined jhr Q}a(f]usvfg{' g%l%@?hgﬁq I 1 h%&éﬂt%a%n?\kﬂeg?{réct %&%S r%‘%%gi ng

generator generdting a el-ght war ni espons 0 the co d
change val ue bein reater. than the threshol d val ue.. 10. Apparatus for
ol amenti R S8 re e BT, RaRgh el AT A b e AR BN HGY age
device as recited in claim9 wherein said initial readback anplitude ratio
fromtwo differentedisk @y forregah headdp thed2 ASRaReludas anreitipagtio phe naiged an
initial ratio of a natural

logarithm of a readback voltage obtained from a read head from said two different disk

radii.

11. A computer program product for implementing in situ low flyheight warning in a
direct access storage device (DASD) 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 including for each head in the DASD, 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;

during operation of the DASD, monitoring readback amplitude and sequentially

R ‘LIBK13687 doc



| ogarithm of a readback voltage obtained froma read head from sakg £
different disk radii. 11. A conputer program product for inplenenting in
situ low flyhe'ight warning in a direct access storage devi ce (DASD)
including a | ow flyhei ght detection system. said- conmputer program product
including a plurality of conputer executable instructions stored on a

conputer re j.ed by said
Iom1f|yheigﬁ§ det é%?ginHgygngﬁﬁh@%ﬁggqgﬁpé%gQE%}Rﬂidﬁ%M§@e§§§%#dn systemto
performthe steps of for each head in the DASD, identifying and storing an
initial readback anplitude ratio fron1tmo different disk radii including
for each head in the DASD, identify aratio of. a digital anplifier
control ( DAYSIYSRAY Calaﬁlaflaaatcba%ew&me fweeyapid iaitpl fafip ¢plue\iodpaid onprating t o
a read head fromtwo different disk radii; during operation of the DASD,
moni t ori ng readdbckciatianpl i t ude and sequentially R %.1BKW®3687 doc 7 AUG
2006 -17 identifying an operating readback anplitude ratio fromtwo
different disk radii; sequentially calculating a change val ue between said
initial ratio value and said operating read back ratio; sequentially
conparing s& I | | yi ng
slider; and§ggﬁﬁ????ﬁg*?&“%&%ﬁmeg?bﬁPgaggﬁﬂgégéﬂgv%ﬁgfggﬁiogmh@“bgﬁ%gred

change valuq. eing greater than the threshold value. R UBK\ 03697 doc
stider; an

generating a low flyheight warning responsive to the compared change value being

greater than the threshold value.
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