METHOD AND | MPLEMENTATI ON OF | N-SI TU ABSOLUTE HEAD MEDI UM SPACI NG
MEASUREMENT 5 TECHNI CAL FI ELD This invention relates to the flying height
of a head in a disk drive.. Mire particularly, it relates to a method of
measuring the absol ute spacing between 10 the nedium and the head directly
in-situ fromthe readback signal and the inplenmentation of the nethod
t hrough an apparatus for performng the nethod disclosed herein.
BACKGROUNDMEFTHED IANNBNMEDENF N'TIATEOMNOFANISIEU ARSOUE THMESE3, dat a-
information is stored and retrieved through the use of a magnetic
transducer or head per$ﬂﬂ?ﬂUﬁ§SﬁﬁﬁaH@GdW@FﬁﬁﬂkﬁhﬂﬁﬁTations on a magnetic
"medi um The transducer is also comonly referred to as a head. The
magnetic head is deposited on a slider 20 and positioned close to the
surface of a disk where the magnetic nmaterials are disposed formng the
magneti c di sk medium The gap between the magnetic head and the surface of
t he magmetsncdiskKEmdi um i s known as head- nedi um separation or nmagnetic
separation. Wien the magnetic disk spins about the spindle on which it is
nount ed, the nmagnetic head on the slider '"flies' above 25 the surface of

. the nmagmehd envlirsion fdletes!todee fipinabh@ghe of fd Meaditn tahgiski dribet ieere t he
slider and the disk surface supports the slider. The spaci ng between the
ai r beapiangcdarlyaid eelatesstol aigretlavd Dhendasaringrthe etigel e dpsding detweere of
magneti ¢, disk is defined as the_ flying height or the_ physical spacing. The
| norasdhe FediumnABds %\eelvﬁa@é%rea%y Ansitgy gg@l e sradiackasignaland dhen -

i ncrease._| a i tvrand .data _|inear density on.a netic
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r eadbackn&hefalisdlo& héreffpgnetic separation, a head is required to fly
progressively closer to the disk to. 1 o

BACKGROUND OF THE INVENTION
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In magnetic data storage devices, data information is stored and.
retrieved through the use of a magnetic transducer or head performing read
and write 6perations on a magnetic medium. The transducer is also
commonly referred to as a head. The magnetic head is deposited on a slider
20 and positioned close to the surface of a disk where the magnetic materials are
disposed forming the magnetic disk medium. The Vgap between thelrnagnetic
(“ | head and the surface of the magnetic disk medium is known as head-medium
separation or magnetic separation. When the magnetic disk spins about the -
- spindle on which it is mounted, the magnetic head on the slider ’ﬂies’ above
25  the surface of the magnetic disk. The slider is able to ‘fly’ as the air between
the slider and the disk surface supports the slider. The spacing between the
air bearing surface of slider at the trailing edge and the surface of magnetic
disk is defined as the flying héight or the physical spacing. The increase in
demand for l‘nigher data storage caf)aci.ty has lead to an increase in data track
30 density and data linear density on a magnetic (disk) medium. To achieve
higher linear density, and to compensate readback éignal loss in magnetic

‘separation, a head is required to fly progressively closer to the disk to




mai ntai n signal strength. The physical spacing is currently around 10nm
Wth the annual growh rate of areal density at 60 - 120% there is a need
for the physical spacing to be reduced to | ess than 10nm For exanple, at
an areal density of 200Gb/in2, a stable physical spacing of 5nm- 7nm

woul d benmineduisigehl dtterdth. AMRAPhYsiosl byadifg i BChaeaatl fAbhAGT 10nhe
head- medi um sepa?gt}tlon vgtlhl neeg 0 be I?edu%ed further to ensure adequate

si gnal sWighgh¢ anbeahgmwithetendneed ddnoigisit £0d 1208, dhkee isranked Wi | e t he
physi cal étééaaﬁl n is reduced, the magnetic head should not contact the disk
surface H€PRY %ﬁﬁ@ngd@d?ear@émﬁé t@é@ﬂﬁéhmm@noqum@Hm siatiamareakhice and
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close to the surface of t or adequat’e SI streng

wi t hout se;&kanbnmﬂ thesiic’ bdé aeduddl fLRthed totdheutt sde I%nal sfrefigth
conventional mnmethod for determ ning the flying height he opti cal
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ce. The u ecial. transparent
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t he actu t e h inte face HDI ). w t h..t he
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in opyi cahtaABteRDER thiirhBret e apitiiealuRl PhOWASHD tRORMbING 6Dt
insufficient to accurately provide the physical spacing nmeasurenent in the
“sub- 10nnheadhghisk 'ﬁht&rfanet heelds tedsaicenstahdyphysiitoabd spat imgirasinkedath gi nbl e
-assenbl y lingGA) Iev but not during head -stack assenbly (HSA) |evel or
during dFigHe] gkt TeaHanedaes Wgsufisquélycé osRi & Hhe wusfacarefothe désk i tat e

quality ﬁg_rat_r SN pt i,sk ves:. ., Therefore
al ternatTve R’tfﬁgé eﬂg?% I 3153 ngft(fls(f‘e?é%'feg‘%g ‘?‘F&H\“GHPQB%\U ng
measur engi diddhé®iybe manufacturing process. Alternative nethods are
based on the Wil |l ace equati on where data 30 information encoded on the

magnkt i ¢ nmedi dnedrventionabedhed foeddisatining the flying height is the optical
testmg method wh1ch is based on optical interference pr1nc1ples for |
.determining the shder~dlsk interface. The use of a special transparent glass-

disk in this method for testing the flying height does not reflect the actual

| situation of the real head disk interface ‘(HDI)‘ with the lubricant and the

20 topogfaphic features. Another limitation is the limit in optical wavelength

( . | with a resolution at around 0.25nm, which is insufficient to accurately provide
i the physical spacing measurement in the sub-10nm range. This method
measures the physical spacing at head gimble assembly (HGA) level but not

during head stack assembly (HSA) level or during drive level manufacturing.

25  Hence this method cannot facilitate quality control during thé manufacturing
process of disk drives. Therefore alternative methods were developed so as to

~enable head-medium spacing measurement during the manufacturi_ng

process. |

Alternative methods are based on the Wallace equation whe_fe data

30 information encoded on the magnetic medium is retrieved as readback

signals, which is used to measure the head-medium spacing. In these prior




signals, which is used to neasure the head-nedi um spacing. In these prior 2
art nmethods, the spacing to be neasured is suitable for estimating the
relati ve change in head-nmedi um spaci ng but not the absol ute head- medi um
spacing. U S. Patent No. 4,777,544 denonstrates a typical harnonic nethod
wher et hat iRaBUAS BBtspatinge Hel MeBslrBd 19 3hithBlel8s %siuﬂaﬁhgltﬁ& rM@gpaci ng 5
changes. The anplitude of the readback signal is detected at different

f r equencitesgand headahedioh spacingbus nob tieephddwiddseadsmedigputspecinigi ch for ns
mai nly as a function of the head-nedi um spacing. Wile interfering factors
li ke the effedtS ofateRb N¢.adR7 b4t Hemenstrates enigpicalnbaemonichimegtheds (M T)

are elimnated by takin h atjo. of . the anplitudes to obtain.a nore
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spaci ng neasurenent w thout the contact of the head™ 15 and medi um duri ng
t he neasmabdgrs. a SUMBRYoOheThiEad-MaNENOp ading priwbdatinterfering tactqusovi des a
met hod tggt rn::af ures the absolute 20 head-nedi um spaci ng when the head is
at its ridfede etfget g the Hedk widiheand tharemnrntaemenidbinkagsa(Mdpbkatgat t ern on
t he magngt i ¢ [ detegtin readback sigpal ,fr.omthe nediumthrough
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(*?si gnal s measwed by |hawdng thel lad¢ddrshtaet whe hdiskt saticeg vihiehuenagy cavsed
~applying_ the linear relationship to conpute the absol ute head- medi um
spaci ng.damage kythe giant magaetasegistivelGMR) headaoni ¢ anpl i tudes has a | i near
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15 and medium during the measurement.

SUMMARY OF THE INVENTION

The present invention provides a method that measures the absolute
20 head-medium spacing when the head is at its normal flying status. The
y method includes encoding a code pattern on the magnetic medium; detecting
<w a readback signal from the medium through the head, where any two
harmonic signals can be isolated to extract amplitudés of the two harmonics; |
7_ app_ljing a series of computation to obtain a logarithmic ratio of the spacing
25  loss-term of the harmonic signals to form a linear relationship with a testing
frequency; and applying'the linear relationship to compute the absolute head-
medium spacing. The logarithmic ratio of the two harrhonic amplitudes has a
linear portion and a nonlinear portion, which is made up of a spacing loss-
term, a gap loss-term and a thickness loss-term. The nonlinear portion is
30  generated by nonlinear components of a gap loss-term and a thickness loss-

term. The series of computation includes eliminating the nonlinear portion of




term The series of conputation includes elimnating the nonlinear portion
of 3 the logarithmc ratio of the two harnonics and the |inear conponents

of the logarithmc ratio of the gap loss-termand the thickness |oss-term
such that only the spacing |loss-termrenmains. The nonlinear portion of the
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- thi cknesthedfneangelatibAsPphifpanivg oSO R 06rsii9 tédidgaEadncPtHEdndagngt h and
medi um t hi ckness. At zero frequency, the gradients of 'the” logarithmc '

rati os oformpengdp dfode- boganitamit tafeo olfiithk rgapsldsesermh e thee thickoessst ant .
Therefore, when.test frequencies are close' .to zero, the_error of
proj ect STHETTRN Selatiny t9aissiing frenauengy e clkinanatest by roplEmgmewn
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(Lo onhe b ssshoiy o opante Sudedrcad nkione
spaci ng dmpHtudesnarahdedthieed@stdyngThe diranaynmpuiandds elinginaciceat lewd a
constant, The absql ute head-nmedi um spaci ng, which is independent of the 25
testi ng Fe@apencyalups te arisimiaceer 1oy imnthe preigried garelengiliicdmeaditenda product
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 logarithmic ratios of the gap loss-tertn and the thickness loss-term are a
constant. Therefore, when test frequencies are close to Zero, the érror .of‘
projected values of the gap lengfh and thickness of the medium is negligible.
- From the spacing loss-term a linear relationship with the test frequency is
20  established and through the gradient of the linear relationship, the absolute
( head medium spacing is deduced;
In one embodiment, the linear relationship between the logarithmic
ratio of spacing loss-term and the testing frequency includes a gradient and a
constant. The absolute head-medium spacing, which is independent of the
25  testing frequency, is calculated by multiplying the gradient with a product of
a constant and the linear velocity of the disk drive. Any encoding code
pattern which provides readback signals with at least two harmonicswit_ﬁ
amplitudes is used to estimate the absolute head-medium spacing.
| The harmonic amplitudes are taken at different test frequencies such
30 that one of the two harmonic amplitudes is taken from a lower. order

harmonic signal and another is taken from a higher order harmonic signal. It |




The harnonic anplitudes are taken at different test frequencies such 30
that one of the two harnonic anplitudes is taken froma | ower order

har moni ¢ si gnal and another is taken froma hi gher order harnonic signal.
It 4 is also possible to have the | ower harnonic anplitude isolated through

an ultrg AR6rEWsiAEdoNRSS fHid Icﬁ/l?(leraﬂﬁinﬁgﬁicrﬁ Eﬁfu&@@@l’&@ﬂ th?eh &4 t hrough

another ultra narrow band pass filter. An alternative approach’is to

esti mat eulthe rersowuband epabsnfitterirandd theddgher Haimeahc nsotRtddc ghrdught i ng of
‘the constant in the linear relationship of the logarithmc ratio of the
spaci ng Regther silira aarovnband pashfjlter.equency. Anot her aspect of the

i nvention provi des _an apparatus _for determni ead- medi um spaci ng
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encoded pd logafith@id faticesf the sbaehall8s e PG tifd §88hg fféﬁueh@?. readback
signals, a conputation unit to conpute a logarithmc ratio of the isolated
har noni ¢ si gndirother aspiengof the iavphtion pesvidles thepyparansifos datednaning gnal

processoi1 éigr'.r >cording the test values. The 'detecting of readback 15
si gnal s, "PRGMIRJIHE SPasingnpeivesn a hesgpadka snegngtis, meslipm im@ disk

logarithi.c rafio of the ha ni cs anpl,i t.ud at_different frequency is
repeat ed BE t 0e BARNEA DI IRRs R 4o E0ded et WIS f dr PRGN < gnal
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-conmponents of the logarithmc ratio of a thickness loss-termto obtain the
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15 signals, isolating of harmonics in readback signals, computing of logarithmic
ratio of the harmonics amplitudes at different frequency is repeated and the
Lcorriputed values. ére stored in a register in the signal prdcessor in which a
series of computations to eliminate both the nonlinear portion of the
logarithmic ratio of the harmonic amplitﬁdesr and the linear components of
20 logarithmic ratio of a gap loss-term and linear components of the ldgérithnﬁc
C .~ ratio of a thickness loss-term to obtain the logarithmic ratio of the spacing
i loss-term. A linear relationship between the logarithmic ratio of spacing loss-
term and a testing frequency is established, from which a gradient value of
the linear relationship is computed and applied in the calculation of the head-
25  medium spacing. ,
The pre-encoded pattern provides readback signals with harmonics
having amplitudes of any magnitude while the-magnitude of the readback
signal of the two harmonics are relatively close to each other and have high
signal intensity such that a higher signal to noise ratio (SNR) is achieved. The

30  detection device comprises of a read head which retrieves data information




havi ng anplitudes of any magni tude while the magnitude of the readback
signal of the two harnonics are relatively close to each other and have
high signal intensity such that a higher signal to noise ratio (SNR) is
achi eved. The 30 detection device conprises of a read head which retrieves
dat a i nfstorat onthéntigrletid medilhean@gRe téLd REM ioanRdcieRaoRAGIREBY 1S
connected to the filter by a circuit. In one enbodinent, the filter
conpri sed CEfultsol ation unit for detecting the anplitude of any two

5 conput ation unit
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whi ch includes an anal og-to-digit unit, a tenporary register for storing
10 conpusigdalsogarappiping natiral Wog fort dee te6b i dtotHe' aEpEINGHes. aMTheatwgMput at i on
unit to elimnate the gap | oss-termand thickness |oss-termin order to -
find outhampenicisignals pequrtataliffarant desttirasuepaies sych dkat-arer of thertwigsist est i ng
frequenc he, det ecting,uni.t for readback signagls, filter for _harnonics
si gnal s foa%gb?%PE&?m&Wﬁ&d&rqcﬁ%S%dﬁrﬁ)ﬁli‘%lg"ﬁ sgRalcprasgssori EPHni t for
conmput i NGhidPih i ' ti0q:a8d t di gital  si . Processor.
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operidt i omsnpatedbldyanitAniit 4aabi WithOfhe (agaki ﬁr@d{jﬁh&l_cg?tah@lsafc%'in habhi shi ng of
the. linear relationship of the logarithnc ati 0 of the spacing |loss-term
("Eand t he wRi§t¢ aiminaieuibagpp [06-BRrEM OHECRhEE G- BFmiHoMIRAW NGS olite det ai | s

of the present invention w |l beco apparent by reference to the
fol | owi n ealé?@F F%\PPBHS}HRCPVF&{&@&H%H%%“@FM §554s tastipgiffequengy. 1 is a pl an

i ok arive, e UBleclE by (P REEEk s au i TR S Bk ey deer al ong
the 1 néiselatdhnflituides Fb{GtHe harmonics, the computation unit for computing
15 logarithmic ratio and the digital signal processor continuously performs the
defecting, filtering, isolating and computing operations to obtain a plurality of
‘logarit}u'nic ratios for establishing of the linear relationship of the logarithmic

ratio of the spacing loss-term and the testing fréquency.

20 BRIEF DESCRIPTION OF THE DRAWINGS

( , The details of the present invention will become apparent by reference
: to the following description and accompanying drawings wherein:

FIG. 1is a plan view of an actuator with a transducer head in relation to a disk

25  ina disk drive. | ‘ |
FIG. 2 is a cross-sectional view of the disk drive taken along the line of F1-F1
in FIG 1. | | |
_FIG.‘ 3 is a cross-sectional view of GMR read head from FIG 2 where the
sensor and two shields 'm‘illusl-ra.n'ng the gap length axé shown.

30 FIG. 4is a graph of the natural logarithm of the ratio of two selected harmonic

amplitudes in relation of frequency.




FIG 3 is a cross-sectional view of GWR read head fromFIG 2 where the
sensor and two shields in illustrating the gap length are shown. 30 FIG 4
is a graph of the natural logarithmof the ratio of two sel ected harnonic
anplitudes in relation of frequency. 6 FIG 5 is a graph of the natural

| ogari t hii@. babi0gedpH ¢ thpatitOeall [088riHRRID ratidbf k}@@%ﬁa&iﬁ%&o&ﬁ&h@nd_ gap

| oss-term of two harnonic signals in relation to frequency. FIG 6 is a
graph of thifenepsddssetermoand igapnhitssrtedm lobgan himhaenic aigreds of reladonGospaci ng

I oss-terF;. t hi ckness | oss-termand gap | oss-termof two selected harnonic
signal s PRIPENSGEi on to frequency. FIG 7 is a graph of the natural '

| ogarit hi £ 1 h ar nonics, of. the readback.signals as asur ed,
correct egker}fa% &%a‘? ﬁ%ﬁér&t Ehrﬁ STHHERG, Oéft&'?h‘éamﬁ%r fﬂﬁfﬁ‘(@ng? r?ﬁgs f B6ack

signd s ihd g | 1okt 8L Sorbtd t _ S q{'.;ag atermin
rel ati on% f?egg%%égf;}? E}IG gbi@%?gﬁpi&ogaphg%ﬁgtéﬁ?appl oga?%ltgﬁl?ﬁdof t he
‘rati o of hamwosfraigmeds irosdative torfrefjue L. inrelation to frequency. FIG 9
is a graph of the natural |ogarithmof the ratio of two spacing | oss- terns
L. and LHGQi% ks a sopdt @htthe maturalt Jogaritlomic eefie rod ythe 1baEn@nicd ®fi thea gr aph

of the hea dia spacing in relation tqQ frequency. FIG 11 is _an algorithm
of the nﬁﬁaﬁé’&‘l rP18H Sp?%gﬂ?ﬁsuirﬁ@'eﬁ?VS?fengPﬁLEal tegarithmigprdioaofisther) G 12

o el at oy R b Sal a A R B eeibilne”
EVBAD VEpacidy ME—thWél@idnTerd@jﬁ%ﬁ?‘_t -invention is discussed with the
acconpanyi ng drawings for illustrative purposes and is not in anyway

(‘?r estri ctFltueB & at grapbcobthendiurab lggarithiploé shefratibeofi twesphacing Ibkés. 1 shows

a disk drive_10 re an actuator 12 with a voice coil
terms Ln anvglfm?n relation to frequency.

FIG. 9 is a graph of the natural logarithm of the ratio of two spadng loss- _
terms L and L with a constant in relation to frequency.
15 FIG. 10is a graph of the head media spacing in relation to frequency.

- FIG. 11 is an algorithm of the method in the present invention applied in an
apparatus. | L
FIG. 12 is a graph of applying different “c” value to generate different “d”
value in relation to frequency, f. |
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C DETAILED DESCRIPTION OF PREFERRED EMBODIMENT OF THE INVENTION,

The present invention is discussed with the accompanying drawings

for illustrative purposes and is not in anyway restrictive of the scope and
25  principles of fhe invention.

FIG. 1 shows a disk drive 10 where an actuator 12 with a voice coil
motor (VCM) 11 is used to control the movement Vof the actuator 12 across the
disk surface 16. A ‘slider’ 14 is mounted at the end of the actuator 12 to “fly”
above the disk surface when the disk is set to spin. Read/write transducers

30 24 (see FIG. 2), v\_rhiéh are also known as read /write heads, are positioned at

the 'slider’ with a carefully designed air bearing that is self-pressurized by the




notor (VCM) 11 is used to control the novenent of the actuator 12 across
the disk surface 16. A 'slider' 14 is nounted at the end of the actuator
12 to "fly" above the disk surface when the disk is set to spin.
Read/wite transducers 30 24 (see FIG 2), which are al so known as :
read/ wri thal [ "Hﬂﬁ% a1 hes sl s M l.yy desi gned
air bear faﬁ‘g B’?\ﬁg’? tlhg I?glﬂﬁ’pg elssu ?ﬁasc]i( ’ b;m% glrﬁ%{r}l}%\t{v&é@e% ﬂ%ﬁ%g%)llc%ﬁ y

spi nni ngspacdikg bEtiveenithe kAaghdt: pérdivrsles the REYG) walte hRRACITID tIkedien the
magnetic sensors of the read /wite head and the disk such that the head
does not sudhthatithe headidsies aot canact the disk sdiferan6e Thetdistance balevearai | i ng
edge of ajir bearing surface of the slidfgr 14 and the surface of the 5 disk

16 at t h&hhERIME edse of afr beaging-pinfagesobiheoslidarmidnand the surfaee obthes t he
flying hey. I his {:lyi i oes, not take.into account .the

br ot 6o 1 L6 af e PO ot B8 BRDIBR, 2150 o Ry P AR B R e

prot ecti ¥igiQvREGRRIdrD THEH 1 ; | WeRh the
head and ﬂlﬂeg/dilsrg(llzk sur%IfSace. yﬁ%ﬁ%‘@?d?ﬁiﬁgﬁé%ﬁ%dﬁgb ﬁ%dg -?lrliredl ﬁ]ﬁgpam ng i s .
gi ven bypverceat20 and the MierieartQ2ds ite dibk 16padd titsprotesitpasadrcoat Tover i ng
the distance fromthe pole surface 17 of the head and the top surface of
t he magnéhfcPoledirireeasd 18 or slider dnbesiiesssthef heark andgthet disk risufagem 18 as
shown in FIG 2. The head-nmedium separation includes the fléyi ng hei ght

dFH, theHuskever] the abastaRe Béhd-ht@litihi is _véx”@y:O\beé goat- 2dhapd the
| ubricant 22. Therefore, the absol ute ‘head-nedi um 15 spaci ng d, includes

hal f _ of neti.c dium 18, the thickness of the protective overcoat 20
and 1%e @%&@Jﬁaﬁeﬁ‘%ﬁﬂf‘%%@@bﬁ?‘%%%{dltSF?é‘Cﬁlfy‘?fﬁgt ﬁaogwur?} €and the
protecti C ED_T s 13 on slider 14 shows
P el odtd o fiec Reld nd Bt RO Suble! GCRRS miriich el g Jlsine Dnove

nmagnet or gsickhéseof(tEMhagieniomedfiparidyd siwenly MG NI etk Rdad-nelidhe

cross-sectional view shows the shield in two portions 2la and 21b. Between
t he surf aeparefiontinclGiRs slem fyingmheighh elrghitel poledifaremps 18" thewhidkiness a -
fact or thgt contri buipzs ‘iEuO tﬂg} anplitude of a readback sjgnal fc{_omthe

medi um uSEthe eyersget sHhand ghe hbrirans 24 dhemfopudha gbsalnie beadaaditAvent i on

pr ‘?Vié’essﬁé‘cihg; %ii, tiﬁcf?&egoﬂaffo_(r)f ”r%%‘éﬁ‘ét%c“%%é’%m 18, the thickness of the

protective overcoat 20 and the lubricant 22 on the disk surface 16, the flying

FamnN

height ds, and the protective overcoat 15 and pole tip recess 13 on slider 14.
FIG. 3 shows an exploded. cross-sectional view of the head 24 which
includes a giant magnetoresistive (GMR) sensor 19 sandwiched b'y a shield 21.
20  The cross-sectional view shows the slﬁeld in two portions 2la and 21b.
C Between the surface of the GMR sensor and the shield is a gap “g”, which is a |
| ~ factor that contributes to the amplitude of a readback signal from the medium
used for estimating the head-medium spacing. |
~ The present invention provides an in-situ method for measuring the
25 absolute head-medium spacing, d, between the pole surface 17 of the head 24
and the middle of the magnetic medium 18 on the disk surface through a
series of computation based on the amplitudé of at least two harmonics
detected in readback signals of any code pattern encoded on the disk surface.
The amplitude of ar readback signal from GMR .se'nsor in spatiai

30 frequency domain is expressed as:



25 absol ut e head- nedi um spaci ng, d, between the pole surface 17 of the head
24 and the mddl e of the magnetic nmedium 18 on.the di sk surface through a
series of conputation based on the anplitude of at |east two harnonics
detected i n readback signals of any .code pattern encoded on the disk
surface. The anpljtude of Si gnal from GWR sensor in-spatial 30
frequency domai IV (kg= Axd“l’ eﬁg—ﬁgg— e.ks..sin(kg./l..2)....k81kg | 2 where, A
represents all the anplltu'ﬁ% cokgf2bution terms which are non- frequency

related; k = 2yr | wave nu bej ng the wavel ength of recorded 5
signal; dis ma etrie{: REFITG D n%iﬁ%%ﬁ“?@éag%ﬁﬂ“m%terﬁml‘@’ T'€hi ckness
of magneti ¢ ed %.rl.g(fq as the gap length of GWR read head. I n addition

~ to non- frequency rer} arfplltude contribution terns 10 represented by A,
the anplitude ofx £hg/neadhask %1 3N eing: the
spaci ng | oss-term defi ned as: 'u%!i’ér A‘%H%eﬁ}é %ﬁ%lé@ﬁ Of % 5:1e9 1-e-ks

t he thi ckneinal,oss-term defi ned as ............ :(3) k8 and 15 the gap
| oss-term defined as: LS—S|n(kg/2) S_l 1"§2vvh|ch are frequency

rel ated. By subétlﬁmgrw@ceqa n hepd pnardeditimi nt o Equation (1), the

anpl i tude of a reagdback .si k fromthe sor in spatial frequency
donmin can be - 87 e[ti“lgge% Ot RjasRetcspeium; an

-------------- ¢is the gap length 'of GMR read head: (5)

In addition to non-frequency related amplitude contribution terms

10 represented by A, the amplitude of the readback signal includes three loss-
terms being:
the spacing loss-term defined as: L, =¢™ .........ccue....... (2)
l—e k&
the thickness loss-term defined as: L; = FraE ..(3)
and |
15 the gap loss-term defined as: | L, =§% .................. 4)
' g

which are frequency related. By substituting eqiatioﬁs (2), (3) and (4) into
‘Equation (1), the amplitude of a readback signal from the GMR sensor in
spatial frequency domain can be rewritten as:

C IV 299 79 SO SO USSR (5)

20 It can be seen from Equation (2), (3), (4) and (5) that the amplitude of the
readback signal decreases with increase in frequency. Therefore, the
amplitude of the readback signal is also frequency related.

In magnetic recording systems, code patterns are pre-encoded in

the disk surface for generating readback signals for different purposes, oner

25 of the purposes is to detect harmonics in the readback signals for
estimating the physical spacing.” In the present invention, at least two
harmonics with amplitudes are selected for the purpose of estimating the

head-medium spacing. The selection of the two harmonics from the




20 It can be seen from Equation (2), (3), (4) and (5) that the anplitude of
the readback signal decreases with increase in frequency. Therefore, the
anplitude of the readback signal is also frequency related. In magnetic
recordi ng systens, code patterns are pre-encoded in the disk surface for
generati ng ﬁggg{c L L,S <, f I . ]I%! t pur poses
is to det eg't%g ar m&ég@%@{bﬁa?lﬁegq{rfgggéaagiﬁg&%ﬁgg&?{g@%ﬁ%ﬁgggn ttohtlgl%physi cal
spaci ng. | rhafei@igsest thenatRlt patbernadndodadtintthe dislar FeRiersmpild, fopap! i t udes
are- selected for the purpose of estimating the head-nedi um spacing. The
sel ecti on gfartitelar woodeapatiaitgsXf rtbm t#e addr etdbamkosicgnatteref thenytgi ven
code pattern is determned according to the characteristic qf the code
pattern endBdEPHiG 1§ gloa @aév@.r qrger éﬂwwﬂf Barmgonigaarg ﬁi?‘ét?déﬁd’ée‘ﬁ’at tern,

X, t nt h .and,.nth _har.noni cs,. ere, the gth arponic is of a _higher order
Chan The. miReHUA PR 4B, i1, Vo O 0 s e
arrplitudes,co}.ﬁpaai,ggle\/m of the two harnonics are nost conparable. From
Equation (5), 'the ratio of the anplitudes of the two selected harnonics -

can be expressedFrant E¥natioA (byhhé atigrof. the(eﬁﬁglit\(rdelsdfﬂ {h#" i@ iselbOteand
re-expressed, with substitution of Equation (2), (3) and (4) as: V. 2;
t(~md m 1hermonicsgag b expgesdedaas: V. mn 1-e-2m 91.1 n sin(n¥rglA) -A e
2T(n- v mfd m1l--e -2n# bly msin(n7zfglv)( nm-Zm-tf'Slv .......... 1) n
1-e n si n(nV,fgrlﬂz\M}erl_@,LﬂuE&, =A" is the ratio of the an@g)itude rel ated
‘terms, of the Ay twd"ar npnigc Si'gnal’s whi'ch '1's "mon-"frequency rel at ed,
10 and re-expressed, with substitution of Equation (2), (3) and (4) as:

2l N 1 1= 2% \ i sin(nrmg /A)
] n sin(mftg/l)

2a(n—m}fd __ =inmfSiv : |
_ nm(e_v ml—e (m sm(m;fg/v)} ......... @)

- n1—-e " | n sin(mafg /v)

Vﬂ
14

m

= e
A"m[ Anl-e

/

where, A =% is the ratio of the amplitude related terms of the

two hai'monic signals which is non-frequency related, .
15 A is the wavelength of the first harmonic signal,
| | v is the velocity between the head and the medium, and
L _ f is the frequency of the first harmonic signal.
From Equation (6), the logarithmic ratio of the amplitude of the two-

harmonics is given as: -

| . |
_[m(;:J]z—{lﬂ(—%;%ij—]]—ln(%) ........................ ®

FIG. 4 shows that the relation of the logarithmic ratio with test

2

<

frequency is not of a linear nature. From Equation (6), the logarithmic ratio
of the amplitudes of the harmonics can be expressed in terms of the three - _

loss-term componerits as: _ ‘
.25 : —l:in[ v, ) :| -—-l:— In[i‘i"—-ﬂ + [—- ln(-éﬁ]:' + [— h‘l[ Lon H +[-In(4, J----- )
AV, _ L, Ly, L, 7

10




15 X is the wavel ength of the first harnmonic signal,. v is the velocity
bet ween the head and the nedium and f is the frequency of the first

har moni ¢ signal. From Equation (6), the logarithmc ratio of the anplitude
of the two harnonics is given as: 20 In Vn -- In Ldn L Lgn - In(A)

G. 5 (sﬁbwnv{l}éa%abh?h{rgg}'a&?s( o G0t the RS 1@&.@ the

relati on of thehiloéarltlﬁmc ra reguency is not of a |inear
nature. FremmEausiddents) spAdif |18ﬁaatfelrirhﬂh,ctl{iéﬁﬂ&s 188s-tefn, APArd ngﬂgs of- the
har moni cs can be éxpressed in terns of the three | oss-term conponents as:
25 - [ znlokp-téfm; Ld rinLdelafion to festing +frefoehey. + Ambng( fhese) three. . .. (9)
-~Ldn,~ ~~ Lm 10 In FIG 5 is shown the logarithmc ratios of each of the
three | osslogasithirde apldeenat she nsadenny dosyponentsnanly theilegadenicgalioterm LS

and gap loss-term Lgdn relation to testing frequency. Anong these three
| ogar3 t hmi gf é?édiﬁg 16és, tr[he;n | las 1—, i€ EHFEBNRARENT ThisoR furtHee illageateini c ratio
5 of spacing loss, _ inf(LxiyJis strictly linear. This is further
illustrated in FIG 6 where a plot of the gradient of the logarithmc
ratio in rEIGt6 ethereatplet of thetgridient e dye jogavithiese patiwin mdatial td thee,
showing that the gradient is constant for the |ogarithmc ratio of spacing
| oss-t er m Wik Ifeequency opeavidesrachoriaenisl diney shonringsthassthet giagjent isn| LS 1 |

and gap loss-ter n L ~J ,.arg not 10 constant., Th | of,s._of these
fWo ©o5s- ¢ Sotha tor S IqkAEdRmin i 0 Fastactng foss et enie ticleBryBRG | 2ont
i nes BB and . 4.ndicating that radient of the rithm.c ratios
of the gapra}r}'c?s‘g:%gfﬁ"eiﬁgoﬁsﬁﬁe%%{%;s&igw E‘Pﬁs‘?ﬁi&é’g" Twéﬁfﬂr ey, 1t s
(ifal so shown in FIG 6 that the plot*&f-“the gradient of *Adn(v. )] with
TeSPRFL 1o dG8ind "HE 5 of RS A0 168 terRlsONd oRRinASF LAS ratoa}'llot fallbn
| the respective horizontal lines BB’ and CC’, indicating that the gradient of

the logarithmic ratios of the gap loss-term and thickness loss-term changes
with frequency. It is also shown in FIG. 6 that the plot of the gradient of

[_ h{ﬁﬂ with respect to test frequency does not fall along the horizontal

15 - line AA’ clearly showing that the gradient is not constant and changes With
frequency. This indicates that the logarithmic ratio of the amplitudes of the
harmonics consist of the non-linear components of the gap loss-term and

thickness loss-term. | 7
L In view that the logarithmic ratio of the amplitude of the harmonics, |

20 [_ 111[.:./&)} is the sum of the logarithmic ratio of three component loss-

m

terms according to Equation (9), to estimate the head-medium spacing, d,

the spacing related term [_ in[L—“"H needs to be separated from test data,
L, - '

[_ hl[l;_}] To do so, the nonlinear components of |:__ 1,1[.13}] and_l:_ m[ﬁf_ﬂ,}]

‘Gm g

in the test data are eliminated _through the use of the following equations
25 (10) and (11): | |

11




15 line AA" clearly showing that the gradient is not constant and changes
with frequency. This indicates that the logarithmc ratio of the
anplitudes of.the harnonics consist of the non-linear conponents of the
gap loss-termand thickness | oss- term In view that the logarithmc ratio

of the anplitude of th ni c Inl V__ , is the sumof the
| ogarithm c raidgvo (9EAl t’_);@i’éa ss- m ternms according to Equation
(9), to estlnateththd(ﬁrelums?p,a{xﬁ d, the. spaC|ng rela term
in[ Li J needs to bers t? do- S‘O’
nonl i near conponentss;| i2 ]3 [ Iﬂ f,--l min the test
data are elininated {hr‘bﬁét}) he \/J,,s(e““d e W,dlﬁLI(} V,,e(gf,t) ions 25 (10) and
(11) 11I|d.(|¥—elny(J|+ - ! fi+l) V. (f 10 =
In Vv, Vv Bpuatiof-(I0) gives thd ohange im@radlelm éf the( toganthh‘uc (rhttezoﬂthé‘n (f i +1 -

V. (fi+l V. (fi ) ,........ 1 ./ Equation (10) gives the change in gradient
of the |§@§PP{(%?%1P{11£¥@%9 Htattcrf@ur rbﬂWﬁﬂmccoatﬁeﬁutt‘@dt@@yt frequepsiesr g ween

t f.ch djenty of th
PRy L .%Oé%é‘%ﬁgg' § Sl ot o R BRI Bttt B Cest
frequﬁnCYes'tffreﬁﬂeh %fthemhtt'aet FRaakh o eé Bt:ttea“i‘rﬁn{ #d ﬁaé%E i-b]’d ing at

the ith test equenyto give the corr ogarithmc ratio:
........ logarithmic .ratio. occufrfihly at-'the M {edt frequency to give the corrected

logarithmic ratio:

In{%—)ﬂ [:; g} zAatV ........ e ...(11)l

where, i is an integer such that f; is the it frequency of the testing

10 frequency series and the testing frequency takes an increment step Af of

constant magnitude. By eliminating the summation of the change in
gradient of the logarithmic ratio of the harmonic amplitudes between

consecutive test frequencies over a test frequency range of j = 1 to i,

ZAde(i), the tested logarithmic ratio {—ln(::"
— ,

m

H of the harmonic

15 amplitudes becomes linear [— In[-gﬂ]] as shown in FIG. 7 with the

elimination of the non-linear portion of the tested logarithmic ratio of the
harmonic amplitudes which is contributed from the non-linear
components of the thickness loss-term and the gap. loss-term. The

gradient of the corrected logarithntic ratio of the harmonic amplitudes,

: V
20 [— ln[V"“ ﬂ ~ f takes the value at the level AA’ in FIG. 6.

As the gap loss-term and thickness loss-term includes both linear
and non-linear components, the linear components in these two loss-terms
also need to be eliminated from the test data to obtain only the spacing

loss-term. The linear components of the gap loss-term and thickness loss-

12




IV-"V)j =1n Vm (.1li) AV j=1 where, i is an integer such that fi is the Ph
frequency of the testing 10 frequency series and the testing frequency
takes an increment step of of constant nmagnitude. By elimnating the
sumat i on of the change in gradient of the Iogarithrric ratio of the -

har moni ¢ a It st
frequency ranga o iaeRibroGER BRRhatify URSpa AR, SR 0020 1

j __1 of theahbgapomidthisaamp lodsudess ie Bi@siohi (98 aThis vh'ﬂ(m\ﬁnh prbvRRe shown in
FIG 7 with the Vnt elimnation of the non- Ilnear portion of the tested

| ogari t hm dhegradieot of the spraingluss-temmnl Te ddiesminhé the gmdéenitafispacieg from t he
non- 1| i near corrpon ts .of theG{hl ckness | oss-term and the gap | oss-term
The gradi er}pssofer{rh quatipdPLis diffgmntiated gving the SXPrepEORar moni ¢ anpl i t udes,
20 - 4n Vnc - f takes the value at the level AA" in FIG 6. Vit As the gap
| oss-term and thickness | oss-termincl udes bot h Iinear and non-I|inear
conponents, d[Ln,\eLllle]ar (qoﬁgpo@n]sdnnmggg d[ 95E; FEN) al s eed to be
el i m nated t'ossit®erm The .

| i near corrponentfs of the ga | oss- ter and {“hl ckness | 085412 termare

elimnated thro nt| rad| nt of thec mponent s t he gap
e BB B, ool 6y s ekt C RRRREFAY p Briese

and thi ckness Ioss t he

gradi ent of ;f ha(SPAE] Ioss term To determ ne the gradl ent of spacing
| oss-term %L]H—&(—!—EB-HJFQ st Ked ft@rpm]ec&édzdrame/amBBt hehlehmepsaentst}ﬁz d[-1n

(L1, 1 L,, - 1n(Wh, | V,,3d 1 1In(L8" /L,.d [-1n(L~ T L,.)] (12)

gradlent of the plot of the logarlthxmc ratio of the thickness loss-term Wlth

d-ulz, /L, )]

df If=f1

value at CC’, which represents the gradient of the logarithmic ratio of the

10 respect to frequency, in FIG. 6, and

takes the projected

gap loss-term with respect to frequency, in FIG. 6. The projected values of
BB’ and CC’ are calculated through known acceptable tolerance des'ignr
~ values of the medium thickness and gap length by the use of Equation (7).
15 From FIG. 6, the projected value of AA represents the gradient of
the tested logarithmic ratio of the two harmonic signals. In accordance

with Equation (12), the gradient of the spacing loss-term can also be

L written as:
| dl-m(L, /L
L R 12)
df
20 In order to determine an accurate gradient of the logarithmic raﬁq
d[_ ln(Ldn / Ldm )]

of the spacing loss-term, , the value of fi is critical. Ideally,

, a |
the tolerance of the gap length of each individﬁal head should not
contribute any error to the head-medium spacing -m'easurement because
the gradient of the logarithmic ratio of the spacmg loss-term should be .
d[ln(L L)l

25 Zero at £=0 (
L

=0). However, this is not possible as having

13




,/—.\ B

Q ~ through the relationship:

dfdf 1f=11 .... dfdf LA ... . where, fi is the lowest of the testing
frequency series, d[- In(L,54 / Lj" )]l 4.Atht d1t BB hi ht th aes
e prolec e va ue a, we represen s e df If=f, gradient of the plot of the
logarithmc ratio of the thickness loss-termwith d [ In(Lg" I Lg,,, 10

respect to ff= @qumaddymeam thdt@o ﬁgnalrnd gehbrdted eshitlh engurej reatlbakkdis ndt f =f
value at CC , which represents radl ent of the | ogarlthm c ratio of the

th
gap | oss- téﬁﬁfqmanil a1 phat theorepd ynoti‘Aymgsabgvet erpa@qm@m@@ vaI ues of
BB and CC atr#I ated throu h kno P bl e oI er nce&
val ues of tS di UrAt t i ’E(théggo'a ‘é&%‘t Ssetlﬁ'@ LREADE &y on (7).
15 F Fl f f th
tested | ogg%‘?‘?ﬁ% CRAELSE ?‘e‘idﬁqﬁ?‘?’-’éa Bl BeIREM Srp Rl ARE Y O

Equatg on (18gantt1mcgfaaﬁj %!Btz%a@f léééeceﬁﬁafﬂwp an@S hikRAMISCRIBsALER () Written
as: d[-In(L, Lam) I n order determ ne an accurate gradi ent of

the | ogari tWhen fr mtsmall ehotgte tHe valdes(df galedaas and thiekunedslesobrd verys
critical. ldeally, spacing |loss-term_d f the tolerance of the gap |length

of each i ndieaeditathHealdsHoullhe asigneshyalusstef gap lengdr and MediyBad- nedi um

spaci ng meagug gOENL, DES %lﬁj%ed to calculate the gradient of. 1ogar1th1mc ratios of
gap loss (BB’) and thickness loss (CC’). The tolerances of the gap length of
10  the individual head and the thickness of the individual medium are

treated as testing errors. These errors are small and acceptable if f= fi # 0

but is a small non-zero frequency value.

It is observed in FIG. 4 that the measured ]: h{ H exhibit good-

M

linearity at low frequency. This quasi-linear relationship between the

15 - logarithmic ratio and frequency at low frequency values can be used to

verify the tested value of {_ h{ Ve ]] at f1 in order to get an accurate head-
v, _

. m

medium spacing measurement. With the use of the calculated value of
’ d[- ln(Ldn-/ Ldm )] V

o in Equation (12'), the value of {_ 1H(L_d~]] can be deduced

di

20 . _-I:-II‘-.('I:"%"] + C:| = ____...___.d [_ In (Ld-'! ILa‘m )] Af ..................... (12”)

dm df
where Af is the incremental step in frequency.

From Equation (7) and taking the natural logarithm of the equation, the

absolute head-medium spacing, 4, can be expressed as:

A L) o
d= 27z(n m)[ln[lm]+c] s (13)

25 where Lma is the amplitude of the lower order harmonic of the spacing loss-

term generated, L.s is the ampiitude of the higher order harmonic of the

spacing loss-term genérated, Ais the wavelength of the fundamental

14




the gradient of the logarithmc ratio of the spacing | oss-termshould be 25
zero at f=0 ( d[In(Lg" = 0). However, this is not possible as having d.f f
0-13 f = 0 would nmean that no signal is generated which neans readback is
not perforned and that the read head is not 'flying' above the nagnetic

di ok SubhAtenid fsidhall andORAR(E. ) 1 I8N0 BIapLd 138 MO kg0 and the
medi um t hi ckness re required o calculate the initial gradi ent val ues of
5 |l ogari ] td : ' thi - (cc).
VWhenfi i EH?%P F@eﬁgﬁ?ﬂ?ﬁééﬁﬁﬁ%ﬁgggg F%E%da@d&?%gﬁ%%gﬁu%gl&ar e very
close to_that at fi=0. The designed val ues of gap |ength ang, nedi um

t hi cknes$Ydhe pecpisiafdhe legasihauraledatipn, geaglastonship of OYarTt Hwit rati os

of gap loss (BB') and thickness loss (CC ). The tol erances™8¥ the gap ,
| ength o i ndj vl . { i £k . Of dndi-vi dual medi um
are tregrteége%g% ’e%?% %ﬂégi rlrtggg%gfﬂgg’éi %relr:fc#séa?%%g%%laf Egaiﬁgog%ép able if f
= fi % Obebuprésge@ag;mall non-zero frequency value. It is observed in FIG 4
that. the nmeasured 1- In(Vn exhibit good Ilinearity at |ow frequency. This.
guasi -l i near relationglii bejtween the 15 logarithmc riai o and frequency
at | ow frequency varig S ¢ M%e cused to verify-the teste $hl ue of [-In(. J]
at ft in order to get ‘an’accurate head nedi um nmedi um spaci ng neasur enent.
Wth thewse : c I : s LaGld, - irR;Equat i on
(12'), the v%%elg (I;t]?l ¢ %#a%‘llﬂﬁt ﬁf tglgngtgzg%hgaﬁ%eegﬁ%gtﬁr ghééﬁg?ﬁtgh%'e Ifjlltsi onshi p:
20 -.| 1lcharhctetisticcai be rd-ekpréssedls: | La,,) f ... .. ... ... ... .. .. {12"} [
Ldn df where Af is the increnental step in frequency. From Equation (7) and
taki ng the natural _I(f akdt Qrz] o_faft he equation, the

Lma
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10 which is depicted in FIG. 9. By substituting Equation (15) in Equation (13),
the absolute head-medium spacing can be expressed in terms of frequency, f

- as:

d=a—X

‘and the relationship between d and f is ﬂlustrat»_ed-in FIG 10. Since fA= v, the
15  linear velocity between the head and the medium, the absolute head-medium
spacing, d can be expressed as: |

av
While prior art methods rely on Equation (13) to obtain the absolute head-
~ medium spacing indirectly through estimating the constant, ¢, the present .
20 invention provides a direct calculation method without the need to estimate
the constant. With a lmown"linear velocity, v, d can be Calculéted using
Equation (17). Thisl increases the accuracy of the calculated absolute head-
medium spacing, d. It is also not necessary for the head to contact the disk
- -surface in finding the reference point for determining the physical spacing as

25 disclosed in U.S. Patent No.r'4,777, 544, which may cause damage to the giant -
magnetoresistive (GMR) head. |

15




absol ut e head- nedi um spaci ng, d, can be expressed as: d=- In( + c
..................... (13) 27t'(n - m Lnd 25 where Li is the anplitude of
the | ower order harnonic of the spacing | oss- termgenerated, Li is the
anplitude of the higher order harnonic of the spacing |oss-term generated,

A i's the waveFEROIhsidws ife IMEIHBAR B PrbsliA iPRBAEOR iiiﬁ@ﬁ%m@flfbdcif&”('“ m is

a constant related to all the signal npl 1 tude contr lon terns which
are not cieduat 29 A preeacodsd pagefir soweitien.on B mhgnetid Iayepll® (sde Flae
| ogarithm cal culation, the relationship of - inl with \ L"dr .frequency,

f, is a<tohthmeisk medigmskpwhich isitetrigredras @ tepdbagk pignal 26nsHhis can 5
b .. d Y=of. +c. -I el e e (14) Wh is th
be S0 R Rl 2Bl oY & e e Phelaie 2 L2,
- - Faf . A . . 1Q,.whi ch i
opi o ed PBRILARE B8 throukRld lBle 28 and a0 whese the two hatrdBicha ! BF 1S

absol ut ethearddbeek signabaa isglatad ahd tﬁélﬁhrrﬁ?ﬁﬁﬂiei &t ﬂ@é@ﬁaﬁﬁoﬁfc@ﬁﬁﬂﬁlﬁy, f as:
d =a 2,7(n erg ........ (16) and the relationship between d and f is

i |1 ust r sddtadted frebtainigy Heendtaral log daftike atplitidenwhieh getabulatedvisen t he
head and the npmedium _the absol ute head-nmedi um spacing, d. can he_ expressed
as: d af ;qgatrgﬁgmﬁ)ca}c.ugat}qn anit 32. | The (Ci;gf}ffqmel i@ the satupl Lf%@%cﬂi‘@ rely on

Faut s o3 hed AR B RRE GRG0 B A0S LA SE
10 is alsc_) an amplifier, to realize the log of the amplitude ratio of the amplitudes
( .‘ of the two harmonics. The ratio is passed to a digital signal proceésor (DSP)
35. The DSP 35 includes an analog-to-digital (ADC) unit 36 where the.
amplified logarithmic ratio is converted from analog to digital and stored ina 7
register 37. The detection of the readback signal in detection unit 27, isolation
15  of two harmonics in the readback signal in the filters 28 and 30, and the
calculation of the logarithmic ratio of two harmonic amplitudes in the |
logari'thmic calculaﬁon unit 32 and in the subtraction unit 34 are repéated at.
different testing frequencies and the results of these calculations are stored in
. register 37. The different testing frequencies correspond to the occurrence of
20 . the fundamental harmonic of the readback signal. The linear and nonlinear
( | components of the logarithmic ratio of the gap loss-term and thickness loss-
" term are eliminated from the logarithmic of ratio of harmonic amplitudes in a
calculation unit 38.in the DSP. Only the logarithmic ratio of the spacing loss-
term caleulated at these different testing frequencies is retained to establish a
25 linear relationship in a pIolt of the logarithmic ratio of the spacing loss-terxﬁ
-against the corresponding testing frequencies. The gradient, which defines
the linear reiationship, is éalculated in a gradient calculation unit 39 from the
plot as shown in FIG. 8. This gradient is then applied in Equatidn (17) to -
obtain the absolute head-medium spacing 40. |
30

Example:
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20 invention provides a direct calculation nethod wthout the need to
estimate the constant. Wth a known |linear velocity, v, d can be cal cul ated
using Equation (17). This increases the accuracy of the calcul ated

absol ute head- nedi um spacing, d. is al so not necessary for the head to

It
contact the di ; ' I Adi ; r ' A e m ni ng
t he physi cal g%éé?ﬁg{vglg%é ISF{sdcrﬁglsegtg). ﬂliﬂ%tr%@gfﬁeﬁ%% ger{ﬁ quénaég?g‘ &g& whi ch
may causgatterragEl 100) bepai-andodedBonal eidsicscl Hisk (ENAkeheRrie ptéfefle@ 11
shows the nethod of the present invention inplenented in a "circuit 25. A
pr e- encodeepandesharironie and digler drider agmehicareale firdifar(d derdrbier 2) of
the di sk nmedium 16, which is retrieved as a readback signal 26. This
r eadback hegRBICs espectysln dpe thip gode pattemmn (ignnumd and mghl)e A ¢a9edingasses t he

SR s A R Bt .
signals waith AR fobed ftirBlhiidd foMRbUIRL thedirf ardd fiflfRalhlifiRs. Wi ©

is tabulated in a’'logarit ni t erence in the

natural [Thg ratiotdfetheasplatddilesmohid hplived Saisn@iddstddsafonEul Agtursl a
subtraction unit 34, which 10 is also an anplifier, to realize the log of -

t he anpl lagagidhmst efothef harmeoniapigralziere tabfulated invn hgorishircin aigitaltio i s
passed to a digital si | processor (PSP 5, The DSP 35 includes an
anal og-tﬁlgﬁﬁgpg%esf%@fﬁﬁi“% t%@ @?@%‘Q%egt Vﬁa’ﬁhiqfit 854 BYARPRIKAPEYatio is

‘convgy t egyd Q%E%g{éﬁég_%ﬁ)% 'lgsit@*mad}{?i dg{ece)c Srles ﬂ)stsftgg%—lsa}rg %F%VSa;I%%S of two

~—

detection o Sitgnal 1In ron uni

‘har moni capplying @q@aﬂﬁ@chozi Bnel2) i bhablidh RE ikl %‘é‘llat%ﬁlsfﬁﬁ bft fife

.cal cul ation of the logarit

of 't _ mc ratio of two harnmonic anplitudes in the
| ogar i t hidgaridhiréa| raticonf uihiet sgacingdldsa-tete sedsts aesting frefjtieddy amel r epeat ed
at. di ffﬁrent .testing frequencies _and the results of these cal culations are

stored i Aeterminingethesgracient of thelaper relationshiprieqetatn &ae ¥alueebénd to the
occurren ndanent al . har poni,c of fhe_readback signpal. The '
" hear - ande Apsfnst A HERATRE Rt { R alied PRabERrRe he BrRR gap
| osstg er M Bgdatidh (KN SFhetOfRvAGEif), 3 6f fld MRARR b kaBWLIe | ogarithm ¢ of
ratio of harnonic anplitudes in a” ' . -
Another characteristic of the present invention is that thé head-
medium spacing, d, is independent of frequency, f, as can be seen in Equation
- (17). This characteristic is supported by FIG. 10 where the value of d is

20  constant with respect to the testing frequency values, f, corresponding to the

Q - occurrence of the fundamental harmonic in any two harmonic signals for

which the arhplitudes are used to obtain a logarithmic ratio. By applyih.g the
numerical method where the constant, ¢, is varied in Equation (13), different d
values are obtained. When these estimated values of d are plotted against the
25  corresponding testing frequency f, it is shown that the estilﬁated values of d
. changes with f as shown in FIG. 12. Only one particular constant value of ¢,
when applied to Equation (13) gives a value of d, which is independent of the
"testing frequencies as shown in a horizontal line (F-F2) in FIG. 12. This
constant value, ¢, gives the absolute h’ead_—mediu.m spacing as it conformé with

30 the second characteristic.
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calculation unit 3& the DSP. Only the logarithmc ratio of the spacing

| oss- termcal culated at these different testing frequencies is retained to
establish a 25 linear relationship in a plot of the logarithmc ratio of
the spacing | oss-term against the corresponding testing frequencies.  The

gradi ent, whi qip; [ th%nl' : [ RS 3 9, a

gradi ent cal Cg:l‘?g?%%ﬁgﬁxin? ﬁ3 l!r)é(;ﬁ?]%lﬁéeﬂ)g%g? é% r%%lrfﬁi@ﬂéaéogﬂp{f% S

gr adi ent the diff@enapalues df idnudhg Equatioh XT3) b b Arbiferakatidstef ¢

head- nedi um spaci ng 40. 30 Exagi |'e: 16](Th)e )?g??tgs\n@%grils a}z exanple to

i 11 ust r amtharadhe cosynited niadues oind ate testied oper b destir(gl reg0ency sangestoencoded
on a nmagnet.| cétdi.sk surface. The preferred |ower order harnonic and hi gher

order harRBEY & s 8 rensiandvalue Wihere sheivpluamaf folsi eanstantspestt theel y, for

this god tf I e, N = nd, m.=1 . According 5 to FIG 11, this code
i's de?ec? %Sg’%gsﬁétgi%egnacéf gﬁgﬁe’stpgkgwa{%rlgi%‘f’la@??gu{eg}e@%ﬁ@géfm\ﬂﬂaﬁ‘% s then
passed throughafiduse behdrOlenttlitHdnRg dhend 1ih9tn %ﬂi\f‘ée h@&&ﬁiﬂhgés The
ratio of the isolated harnmonic anplitudes is calcul teé after t nat ural .
| ogar i t hwenpilernbrtanartothise sirgandy slestribddhbittaie ddpariang & @arthe pidin a
digital signal. Erocesso_r (DSP) and the frequencies at which of these

har moni c §f é¥mtial chanastarisgics thereaf. The pyegsntlyslisdesed embpotiraentsiarkness

| oss-term are remgved by. applying Equatiqns (10) to, (12) to establish the
linear r %FF%ﬁs‘i?l : Wn%%@eallﬁﬁ’;‘r’i%ﬁﬂ?ﬁtﬁa? ﬁﬁf%f(a&r‘)etw é‘b%%qs%cqv@sgheﬁ erm

vers t ' f qgg%ﬁ negl .. - 1 r adi fx i jear ‘

T el ga%,{?ongﬁ?ﬁp@?% tg]%t ain the @gﬁﬁﬁ?%@&%&ﬂg sgﬁ(ébggﬁegayﬁge I udmagf)aci ng,
-d, i's obthifgd Whi@PRbicWiflha Weadic@Ring and rhdgkofeyaivalhcyld) thavhere the
Lvel ocity, v, of the disk drive is known.” Anot her characteristic of the
present climaareiheefoteato beenfberaced thedéinm spaci ng, d, is independent of -
frequency, f, as can be seen in Equation (17). This characteristic is
supported by FIG 10 where the value of d is 20 constant with respect to

the testing frequency values, f, corresponding to the occurrence of the
fundanental harnonic in any two harnonic signals for
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whi ch the anplitudes are used to obtain a logarithmc ratio. By applying
the nunerical nethod where the constant, ¢, is varied in Equation (13),
different d values are obtained. Wen these estimated values of d are
pl otted agai nst the 25 corresponding testing frequency f, it is shown that
the estipp gdiqal ues of d changes with f as shown in FIG 12. Only one
particul ar constant value of ¢, when applied to Equation (13) gives a
val ue of d, which is independent of the testing frequencies as shown in a
hori zontal line (F2-F2) in FIG 12. This constant value, c, gives the
absol ut elhead- nedimathgshior meassiring dwolwieteadimadBon shecingdmsirdeen a
characteri tia. 7 Thi s enbodi nment can Q&,appgied gy having .the DSP in FI G
11 conput e eAAENG; § PASERHC Mgdige vy a diskdriye the #etBRd COBPIYNGppl yi ng
arbitgyary val ue C t val. d are tested over a

g %nggdﬁ5%¥?§§§3%€§?§5$¢ﬁ%ﬁﬁ#%@ﬁggﬁxﬂ

testing frequency ran a constant val ue. Were the

val ue of d is copsiiailg Q¥BhicihBIo-ledit frBfh fHe@URNMAkANMIRY that d value is
t he absol ut e head- medi um spacl ng. Vari ous ot her enbodi nents of the

invention provi ceplyingrt mgasi tiumipt et die\sphcinigHossetarht gacympeascthebed

wi t hout departing fromthe spirit or essential characteristics thereof.
The presen lgte beydaedinpotpafings are, therefore, to be considered in
all respects as illustrative and not restrictive, the 10 scope of the
i nvention being indicated by the appended clains and all changes which .

congign thi n t he MRARLAG lﬁﬁﬂﬂ?fﬂ%%&wﬂ( z§| ngy of the clains are,

therefore, to be enbraced therein. 1. A nethod for neasuring

absol ute head- rm:mtenm?m ceatfbable sipgal ofthe@alt pattera thHBQREN tite edi;um in a
(,.di sk drive, the nethod conprising: encoding a code pattern on the magnetic
medi um = obvkergimtherensthack gigrad prowidesf atolersthiove bdempaid signalsawithappl yi ng
a logarithmc ratio of, the spacing loss-termto conpute the ’
, amplitudes, and _ :
isolating the at least two harmonic signals to obtain a logarithmic

15 ratio of the harmonic amplitudes.

3. The metﬁod of claim 2, wherein the logarithmic ratio of the Spaciﬁg
loss-term is obtained from the logarithmic ratio of the harmonic
amplitudes, which.forms a linear relatidnship with a testing frequency.

20 | -
(,\ B 4, The method of claim 3, wherein the detecting of the readback
‘signals, the isolating of the harmonic signals, and the obtaim'ngr of the
logarithmic ratio of the spacing loss-term is repeated to obtain a plurality
of logarithmic ratios of the spacing loss-term occurring at a plurality of test

25 - frequencies.

5. The method of claim 2, wherein the logarithmic raﬁo of the
harmonic amplitudes exhibits a quasi-linear relationship with the test
frequency at low frequency. |

30 '
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absol ute head-nmedi um spacing. i0 2. The nmethod of claim1, further

conprising: detecting a readback signal of the code pattern through the

head; wherein the readback signal provides at |east two harnonic signals

with anplitudes, and isolating the at |east two harnonic signals to obtain

a togarighm ¢ I5hé ahétholl of BRihS "WRefeift TRL | dDisifing 3f BGORBKRAICT clalm
SO0

2, wherein the logarithmc ratio of the spacing s-term ai ned from

the | ogari tiediccoff ttel spaning hashemminiladessubiradtiigsa logrtthmio o aflal near
relationship with a testing frequency. 20 4. The nethod of claim 3, wherein
the det ectiRP dosstiesny sad matagariihghairatio tafea itkiskaedsnlpsetterrh dronar theni ¢

signals, and the obt aini of the logarithmc ratio of the spacing
| oss-term ﬂé’%@g@?ﬁ%’@@@%ﬁ?ﬁﬁ%rﬁ} epMPitudes. | ogarithmic ratios of the
spacifg | oss-termoccurring at a plurality of test 25 frequencies. 5. The

met hod of claim2, wherein the logarithmic ratio of the harnonic

anpl i tudgs exhi bThé ntetAdDf cldifeerwhetedh eQ8s Bl thelidolrihgid Bitlo of fiRAuUency at
| ow frequency. 30 19 6. The method of claim3, whefein the obtaining of the
| ogari t hni cgap kssdenh anldethedaganthrhivsstiberfrthe toickdes losdtarac trichades

| ogarithm c]_rati o of a.  gap loss-termand a logarithmc ratio of a

t hi ckness | PBARIFEREVHOMPORERPBt hnic ratio of the two har nonic
anplitudes. 5 7. The nethod of claim®6, wherein each of the logarithmc
ratio of the gap |loss-termand the logarithmc ratio of the thickness

| osStg er g1 | nC! udeie mdifGAlof AN AvheRERNE AR Monsh Berwhlih BRI hod of
claim3, wherein the linear relationship between the :
logarithmic ratio- of the spacing loss-term and the testing frequency

includes a gradient and a constant.

9. - The method of claim 8, wherein the absolute head-medium spacing
15 is calculated by multiplying the gradient with a product of a constant and

a linear velocity of the disk drive.

10. The method of claim 2, wherein the at least two harmonic

amplitudes are taken at different test frequencies.

20
Q ; 11. The method of claim 10, wherein one of the at least two harmonic
amplitudes is taken from a lower order harmonic signal.
12. The method of claim 10, wherein one of the at least two harmonic
25 amplitudes is taken from a higher order harmonic signal.
13.  The method of claim 1, wherein the absolute head-medium spacing

is independent of the testing frequency.

.20
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|l ogarithmc ratio of the spacing |oss-termand the testing frequency

i ncludes a gradient and a constant. 9. The nethod of claim8, wherein the
absol ut e head- medi um spacing 15 is calculated by nultiplying the gradi ent
with a product of a constant and a linear velocity of the di sk drive. 10.

The meth of cl rei t t %%Ef : S are

t aken at? |fferer%%éq1§st ecgug}#éﬁgssa yc}?eﬁ&l ‘ItﬁQ ] qf‘ @ﬁgl wher ei n
one of the felaticeeh tdrothréar RitAmi@rdatibt Hfleke Vﬁm&@l‘ge[bécsrt@fmaahémﬁ’fe or der
har noni ¢ si gnal . . The od of claim 10, erein one of the at | east
two har rmnitestilzgﬁaqpémctymie?stlmtedtIklarmufgrrmumehcajlte]raﬂﬂm har moni ¢ si gnal .
13. The nmethod of claim1l, wherein the absol ute head-nediumspacing 1is

i ndependent of the testing frequency 14. The method of claim 8 wherein

t he cons in helr r l.at i of,.the l.0 arlthmcr of t he
spaciflg ﬁgss ter t?‘ﬁg r§§11m1 gﬁ%&c@‘el %0%1 aﬁa?oéa PH? g “huneri cal
cal cul ati onirgink dﬁn%u tﬂa%xrafr ofb%%afcp@ﬁ Ell) Jbgsﬁrhrﬁermonents
are elimnated t rough renoval sum o ang |n gradi €nt of :
| ogari t hm crativadi ehetharfieniaarmplittides tivest eGoretuiden tenfeguéndies t est
frequencies occurring over a test frequency range to obtain a |inear

| ogar i t hni codcarting ever adestbrequenaprangsiwsobtaih 4 Enedthle gasithwdc wtticohi m 7,
wherein the | | near ﬁg}gﬁ_uaents are elimnated fromthe logarithmc ratio of
t he har noni ff-ough subtracting cal cul ated gradi ent val ues of
| ogajd thm c ratlo of the gap loss termand the thickness loss-term 15 17.
The method of claim 16, wherein the gradient values are calculated by

-appl yi ng1gnown dpsé gReddldiest Qlaiary, engrbir0fthe hanksadcaingohdiskagass

eliminated from the logarithmic ratio of the harmonic amplitudes through
subtracting calculated gradient values of logarithmic ratio of the gap loss- |
term and the thickness loss-term . ' e
15 B
17. The method of claim 16, wherein the gradient values are calculated
| by applying known design values of gap length of the head and thlckness

of the magnetic medium.

20 18. The method of claim 16, wherein the elimination of the linear

Q . components is preferably carried out at a low frequency.

19. The method of claim 15, wherein the linear logarithmic ratio of
‘harmonic amplitudes is verified against the quasi-linear relationship
25 between the logarithmic ratio of the harmonic amplitudes and the test

frequency.

20. An apparatus for determining head-medium spacing between a head
. and a magnetic medium in a.disk'dri\_re, the apparatus comprising
130 a code paftern encoded on the magnetic medium;

a detection device to detect a readback signal of the code pattern;

21




of the magnetic nmedium 20 18. The nethod of claim 16, wherein the
elimnation of the Iinear conponents is preferably carried out at a I ow
frequency. 19. The nethod of claim 15, wherein the linear logarithmc ratio
of harmonic anplitudes is verified against the quasi-linear relationship

25 between the |ogner (bt RhdfoRic sigildAORPHCreatBhE) sigaal;and the test
frequency. 20. An apparatus for determ ning head-nmedi um spaci ng between a

- head and a magreldgariteoiicnalicnlatio whit do icemputbe lagprtlanisratonpf flei ng 30 a
code pattern encoded on the magnetic nedium a detection device to detect a
r eadback siléﬂéFe%ha%@“@é@%%itter n, 21 a filter to isolate harnonic

- signals fromthe readback signal; .a logarithmc calculati.on unit . to conpute
a logarithmc rat islgrkﬁ? Rrﬁgesslggoqom%cg?tﬁbﬂlp@u%iagi%gag,l irg#]éﬂ 0{)raocessor '
configured ] AL C, ALY : ' aSS: 1 e to
est abflgi sh astpﬁi n alr%'sgg gb’ﬁ%ﬁ%h&g‘%& ltlﬁgedrl(}gig)%lro?’fgh% ?:P?Faeltll%gahg‘faﬁ%ﬂ%ﬂgpaci ng
| 0ss-term vt ﬁmeaspea\t,}%ng)séﬁmew% aaﬂsdtihﬁ fequen®, aandirtade@mpuvalaue of the -
| i near relationship ich is applied in the calculation of the head-nedium
spaci ng. 1@gradient valuephthedinear gelatipnship2ghichtie apphiedlin thecalculationdevi ce
conprises a . fead head which retrieves data information stored on the
magnetic 4 ﬁﬁﬁ@?éﬁiﬁ&‘é@%ﬁ&t us of claim20, wherein the filter
conprises an isolation 15 unit for detecting anplitudes of any two harnonic
signals at different. frequencies. 23. The apparatus of claim 22, wherein

the {pgapit hm ¢ Hal Hpahh@oftlin 20 OFRELESS thd§etePG8R be%%n?mastaudes of
the two harnonic signals by 20 applying natural log on the dnplitudes. 24.
(’*-The appar atresd ohead avhich? retwiearesi datahénformabiannetireds ognédies magnetic

medium.

22. The apparatus of claim 20, wherein the filter comprises an isolation
15 unit for detecting amplitudes of any two harmonic signals at different

~ frequencies.

23. The apparatus of claim 22, wherein the logarithmic calculation unit
_ - computes the logarithm of amplitudes of the two harmonic signals by
20 applying natural log on the amplitudes. '

24. The apparatus of claim 22, wherein the two harmonic signals occur .

at different test frequencies such that one of the two is of a higher order.

25 25 The apparatus of claim 20, wherein the signal .'processor'is a digital
signal processor (DSP) which includes an analog-to-digital unit.

26. The apparatus of claim 25, wherein the logarithmic. ratio of the
spacing loss-term is obtained by subtracting a logarithmic ratio of a gap
30 loss-term and a logarithmic ratio of a thickness loss-term from the

logarithmic ratio of the isolated harmonic signals.
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at different test frequencies such that one of the two is of a higher
order. 25 25. The apparatus of claim 20, wherein the signal processor is a
digital signal processor (DSP) which includes an anal og-to-digital unit.
26. The apparatus of claim25, wherein the logarithmc ratio of the spacing
| oss-termis obtained by subtracting a logarithmc ratio of a gap 30

| oss-term.and a logarithmc ratio of a thickness loss-termfromthe

| ogari t h#/c rati 6h®RPpAEatis of sladan Hamvimerein Biagloghsith@f: 2itio Fhtheagayar at us of
cl ai m 26, er?i n thg hoqarit mc rati f the gap loss-termand the

| ogarit hni ¢ OPELTE" 819 1hE 1oH7T Japg & e thicknessdges-tsm inglwdanroBonponent s

and |inear g g@,@rﬁ%&e&s g@dli Qgrg@ﬂ%ﬁéﬁ . of claim24, wherein the testing

frequency is t equenc ere undanent al harnoni ¢ of the readback
signap occurs. 29. The apparatus of claim 20, wherein the detecting unit
for readback 10 signals, the filter, logarithmc calculation unit and

si gnal p8cessorThonippavatus| of plaitho24yswitetant fhegtestingt feiigacy #oltled i ng and
comput i ng tfg obtain a plurality of |logarithmc ratios for establishing the
linear relBeqwiwyighere thedundaimental hasmoaiq of Gt readbagasigng! daxsiss.t er m and
the testing frequency. 15 23

29. The apparatus of claim 20, wherein the detecting unit for readback

10 signals, the filter, logarithmic calculation unit and signal processor
éontinuously performs detecting, filtering, isolating and computing to

obtain a plurality of logarithmic ratios for establishing the liﬁear

relationship of the logarithmic ratio of the spacing-loss-term and the
. testing frequency. |
15
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