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hei ght of a head in a disk drive. Mdre particularly, it relates to a
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head directly in-situ fromthe readback signal and the inplenentation of

t he nmet hod through an apparat us for perform ng the nmethod disclosed
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BACKGROUND OF THE INVENTION

15
In magnetic data storage devices, data information is stored and
retrieved through the use of a magnetic transducer or head performing read
and write dperations on a magnetic medium. The transducer is also
commonly referred fo 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 gap between the magnetic
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 height or the physical spacing. The increase in
demand for higher data storage capacity 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 signal 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 nd 10
Wth the annual growth rate of areal density at 60 - 120% tﬁe‘? ri“é‘rydgﬁqged
for the physical spacing to be reduced to |less than 10nm For exanple, at
an areal density of 200CGb/in2, a stable physical spacing of 5nm- 7nm
would be 5 required. If the areal density is increased further, the
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measur enent during the manufacturing process. Alternative nmethods are

based on thadiskainedoenequati on where data 30 information encoded on the

magnﬁ%i c nediumis retrieved as readback signals, which is used to nmeasure
t he head- medi uﬁ.ncgr@g%qltﬁbqahrﬁe[l}%g forpigtermining the flying height is the optical

testing method which is based on optical interference principles for

determining the slider—disk 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  topographic features. Another limitation is the limit in optical wavelength

| with a resolution at around 0.25nm, which is insufficient to accurately provide

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 the manufacturing

process of disk drives. Therefore alternative methods were developed so as to

enable head-medium spacing measurement during the manufacturing
process.

Alternative methods are based on the Wallace equation where 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



2 27 February 2007 art methods, the spacing to be rreasuredn%fF uitabég;or
estimating the relative change in head-medi um spaci ng but eaary et e
head- medi um spacing. U. S. Patent No. 4,777,544 denonstrates a typi cal

har moni ¢ net hod where the neasurenent of the flying height is based on

rel ative spacing 5 changes. The anplitude of the readback signal is

det ect ed aat nuithidds, ¢he sbaeggdandicasicanded it stitabhf forwstiofatiuc thearsbdtiteudes i s
conputed which forns mainly as a_functi on of the head-nedi um spacing.
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har noni c ;anpl i tudes has a |inear porti.o nd .a nonlinear portion, which is
made up 81"1 ggﬁg(dgﬁﬁ§1qr§;§§1§grggpmsmél)v§a¢¢l}/@gg\_e@érm and a thickness | oss-term
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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
method includes encoding a code pattern on the magnetic medium; detecting

a readback signal from the medium through the head, where any two
harmonic signals can be isolated to extract amplitudes of the two harmonics; |
appljing 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 harmonic 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



3 27 February 2007 the logarithmc ratio of the two harnoni nd th
| i near conponents of the logarithmic ratio of the gap |oss- ﬁ?%f éfﬁﬁy?wg’

t hi ckness | oss-term such that only the spacing |oss-termremains. The
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15 gap length and medium thickness. At zero frequency, the gradients of the
logarithmic ratios of the gap loss-term and the thickness loss-term are a
constant. Therefore, when test frequencies are close to zero, the error bf-
projected values of the gap length 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 Iogarifhmic
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 harmonics with
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



30 that one of the two harnonic anplitudes is taken froma I%ﬁr ordeh ”
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It 4 27 February 2007 is also possible to have the | ower harnonic
anplitude isolated through an ultra narrow band pass filter and the higher
harmoni ¢ i sol ated through another ultra narrow band pass filter. An
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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
.computed values. are stored in a register in the signal processor in which a
series of computations to eliminate both the nonlinear portion of the
logarithmic ratio of the harmonic amplitudes and the linear components of
20 logarithmic ratio of a gap loss-term and linear components of the logarithmic
ratio of a thickness loss-term to obtain the logarithmic ratio of the spacing
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



signal of the two harnonics are relatively close to each oth nd ha
high signal intensity such that a higher signal to noise raﬁg‘ﬁ(@ﬁ@jxﬁg
achi eved. The 30 detection device conprises of a read head which retrieves
data information 5 27 February 2007 stored on the magnetic nmedi um and the
read head is connected to the filter by a circuit. In one enbodi nent, the
filter cohpradses thammagpletitiroedium anfldhe deddbtadds carreecanttd theddtafbyany two
harmoni ¢ signals at different frequencies while the 5 conputation unit
conput es A HEWhgarithmic rati o of anplitudes two harnonic signals by
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si gnal s HEIMOSdS sgpaliegaur adsifferent festieansmictes suchdhabapeohthoivais t for
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the. linear relationship of the garithmc o “of e spacl ng ss-term
and ihe testputgdflogatidneye raflo BRItERHESCSRhE Tirehli&kcyT HndDRAMIINGGtative det ai | s
of the present invention will become apparent by reference to the

f ol | owi ngréfeolitpinase thmaap dessnisamyand thicknessdessmeeneimerdardo find eula pl an
~vi ew of %‘eﬁ‘%ua} rt.vvi h a iransduceﬁ] head in rel E%{i.on oadisk 25in a
di sk dri vae lipgs relationship of the spAqig logsterm yerpus (sUBELKEGSIAE: t aken al ong
the line of F'Ih%]detb&h'\:%(ﬁr&t £87! BadBabl B9tk IR R ottt EWRhIPR T ead
head from FI G 2 where the

isolate amplitudes of the harmonics, the computation unit for computing
15 logarithmic ratio and the digital signal processor continuously performs the
detecting, filtering, isolating and computing operations to obtain a plurality of
logarithmic ratios for establishing of the linear relationship of the logarithmic

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

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. 1 is a plan view of an actuator with a transducer head in relation to a disk
25  inadisk 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 inlillustra.ting the gap length are shown.
30 FIG. 4 is a graph of the natural logarithm of the ratio of two selected harmonic

amplitudes in relation of frequency.



sensor and two shields in illustrating the gap length are sh .. 30 F 4
is a graph of the natural logarithmof the ratio of two sel egﬂﬁ"ﬁ'am%ﬁ%

anplitudes in relation of frequency. 6 27 February 2007 FIG 5 is a graph
of the natural logarithmc ratio of the spacing |loss-term thickness

| oss-term and gap | oss-termof two harnonic signals in relation to
frequencyFI(kI &is @ peaph of ahb wfturdleloghadieid rado ieheaipacalg Iegaeimhm c
ratios of the 5 spacing |loss-term thickness Ioss-termandg gap loss-term
of two sehediness lasgrieom andigppalossitermeifdwohatwohicesigaalsyin flGich te a
graph of the natural logarithmc ratio of the harnonics of the readback
signal s dS®HeH¥red, corrected natural logarithnic ratio of the harnonics

of ther . S ral,.lo ithmc ratio of. the, .10
spaci ng ngg;ts)a?g?rsnd %E%%I%ﬂb%%?%@%ﬁlgqogewgyggﬁr@ l%qrétﬁﬁm r%‘r?so?f 1&?\%
nat ur gl Ispaairid heasoferir) eiH@tdds Ofoss Wans PR PSS=tehi®l in
rel ation S?g frgtaquenc; FI Cli 9 iSs g graph of r@#e %%ttgrlgll 6?0‘3‘?? ?tgﬁen% of the
rati o of hannwpacigmld vsslatien e flequandy.Lmwith a constant in relation to

frequency, .15 FIG 10 is _a graph of the head nedia spacing in relation to
fr equenc&IGFV ds a1grephanl dhgoraturah Barilemierabe dfnthenbapnesist of Hvent i on

applied in an .apparatus. FIG 12 is a gr,aph of | ying. different "c"
val ue to rﬁ%&%@%ﬁ é;%ﬂa?? e ffeasyre fvﬁ?’if@dl%ﬂ Bé’ﬂgﬁl ggg@%ﬂ\‘rg‘équﬁ%%ﬁp the 20
DETAI LED} BT LOW, OF | THE | |LON, resent
invention Is |lsScussed r\%ﬁ’%ﬁzﬁ{%ﬁg &%n%%a@?%n athLlME’cu)rI rlgﬂf)uésr{]rﬂé ive
pur poses spadnigao@@terhmraﬁmﬁmrt@&tercju@hgye of the scope and 25 principles
of the invention. FIG 1 shows a disk drive 10 where an actuator 12 with a
voi ce cofllG. fpisor graidvofithe patugallagargbnt vblthe etiondetreatspatirighbosact uat or
12 acrosg,the : . ‘ '

erms Ln and L in relation to frequency. '

FIG. 9 is a graph of the natural logarithin of the ratio of two spacing loss-

terms La and L with a constant in relation to frequency.

15 FIG. 10 is 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.

FIG. 12 is a graph of applying different “c¢” value to generate different “d”

value in relation to frequency, f.

20

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 the 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 of 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), Whiéh are also known as read/write heads, are positioned at

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



di sk surface 16. A 'slider' 14 is nounted at the end of the ggé?ator %&ﬁo
"fly" above the disk surface when the disk is set to spin. Reath WX
transducers 30 24 (see FIG 2), which are also known as read/wite heads,
are positioned at the "slider’ with a carefully designed air bearing that
is self-pressurized by the 7 27 February 2007 airflow of the rapidly-

spi nni ng iirSkw hitke ahpidipapiningr QskdeTha pRYSéGale pyBAidata haiysran the
magneti c sensors of the read/wite head and the disk such that t'he head
does not wnring betweenlitbk neagrieficesebBorsThe thié seahteribe thwadnand Hbetdisk | | ng

edge of air . b arig{g s%gface of the slider 14 and the surface of the 5 disk
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head and the disk surface. However, absol ute lumspacing is
gi ven by:flying hbight, lm. Whey Byihg lbighsddédenheatte iRl strosepd@haproRcgayer i ng
the distance fromthe pole surface 17 of the head and the top surface of
t he magnetveascortdilana e sbirisanh?? ontthe khids $6,0md tre pragediveovedpaniis as

shown in FI . ..The head: nmedi u aration, includes. the f|ying. height
ancit | CAnhBefs fibpracBtnda orgtidere I MeERfesdhe dreathanduiBrcdiik S8faa ( he

| ubricant 22. Therefore, the absol ute head-nmedi um 15 spaci ng,s d, includes
hal f of rdgwever thedibanlut8 hehenedirkngasingf istdieenpryot eict tye —ovethesat 20
and the lubricant 22 on the disk surface 16, the flying height dFx, and

th t egct:] . : ti 13 | i 4, FEIG 3
showt? an Sy SRR Rl s B8N ol Pk R ahsiaRel B RE o ethos
gi ant madrebprRsitEkidvend %)togeéﬁ’x%cel%_fstﬁ@%ghgﬁc Bediih 8hd 8% the0 The
cross-sectional view shows the shield in two portions 2la and 21b. Between

the surf dbigkopss bett@vRageaSomatidnt b assheld irs FEGg2ap The' headhirddiiim a

factor that contrj brtcf% é{o the anplitude of a readback signal fromthe
medi um GSBYAGN Bstudnstthadhting heashi- dmditierpobatiprigeessnks, phedbisknesient i on

o ! s g By B TSR R P e RSP
15 spacing, 4, includes half of magnetic medium 18, the thickness of the
protective overcoat 20 and the lubricant 22 on the disk surface 16, the flyling
' height dr, 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 by a shield 21.
20 The cross-sectional view shows the shield in two portions 2la and 21b.
Between the surface of the GMR sensor and the shield is a gap “g”, whicli 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 amplitude of at least two harmonics
detected in readback signals of any code pattern encoded on the disk surface.
The amplitude of a readback signal from GMR .sensor in spatial

30  frequency domain is expressed as:



and the mddl e of the magnetic medium 18 on the disk surface _LE ou 20
series of conputation based on the anplitude of at |east two®hbf F% 07
detected i n readback signals of any code pattern encoded on the disk
surface. The anplitude of a readback signal from GWR sensor in spatial 30
frequency domain is expressed as: 8 27 February 2007 V(k)=Ae-kd 1-e-ks
sin(kg/2) (1) kSEJggg_n% e 1= €7 sin kg/g ................... where, A
represents all ‘Fltu % b i oR-t-eF B whi-ch-are -@Abn- frequency
related; k=2ir/A is wave nunber, &' pei ng the wavel ength of recorded 5
signal; dis mg ) | ckness
of magnetic nedi %k‘gn‘g'?gﬂés&g?%?‘lgggg?&%ﬂ%&%? %%a%tﬁg%w% 5a‘%’ldi tion
to non- frequ@Mmq@hay@QaMI itude contribution terns 10 represented by A,
~the anplitude of the Treadback signal includes three |oss- terns being: the
spaci ng | oss-ter m=d¥&fihed asmvelLdumdsded A. bemg the wavelength of (2fordede - k3

the thickness |oss-termdefined as: L. = ............ (3) k8 and 15 the
gap | dss-t efiBNdefi ned as: L8 =sin(kg/2) (4) kg |2 which are frequency

lated. B btt t d into Equati 1), th
i Cude of . rBRHRABROLT GRRT PERBERS NERRACRHBEANY  Spatial frequoney

domai n can be r el hk ¢hicRfiess (gli%agnAthetﬂum(gf Lo 1t can be seen from

Equation (2), (33is thé)gapridngh of GAIRIBEd deRd] t ude of the

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,=e¢™ ........cc.ccovuenin. ()
1 —e —k&
the thickness loss-term defined as: L, = PR 3
and -
15 the gap loss-term defined as: | L, =§@é'%2) .................. (4)
4

which are frequency related. By substituting Equations (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:

VIO = ALLLL, oo (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-encOd_ed in
the disk surface for generating readback signals for different purposes, one

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



readback signal decreases with increase in frequency. Theref . the

anpl i tude of the readback signal is also frequency rel ated. ﬁfﬁﬁgﬁ@f?‘&‘”
recordi ng systens, code patterns are pre-encoded in the disk surface for
generating readback signals for different purposes, one 25 of the purposes
is to detect harnonics in the readback signals for estimating the physical
spaci ng. | nrédibbapkesemndls ofivaptdiosn catle Ipa@ein iy\Qetehdiingdiacsondihg) tatd | t udes
are selected for the purpose of estimating the head-nedium spacing. The
sel ection oﬁhametﬂri%icwrtglﬁrﬂm patoennt ¢recodedan thebtighyr [Fazonampleatiar k

signals of any giiven code pattern |s determi ned according o the '
charact eri sP?é“’cgﬂla‘E Wé’déoﬂéﬁﬁ%ﬁftgr ﬁkénﬁ’g“déﬁg ﬁﬁt harmpgics, pghers dbs 18" for a
parti cul ar tiern t ' nj c re the. .

har ot o 1 s grgRR SR o "R e AL i BRFERRLS Sy PR Ui cw s
that ghe reﬁ%%b‘f@ﬁéﬁﬁ%ﬁ:&(ﬁé@ﬁtueﬁé&, %%WVP, 8f td8vb W BB h&SndEE NMOSt

conpar abl e. From Eq 0 the ratio of the anplitudes of the two

sel ected hasmpairaidecan be expressed as: V-~ - ALdn f 6, Lsa (6) V. LdmL5
L8 10 and re-expressed, with substitution of Equation (2), (3) and (4) as:
V 2n@md -sn, rsFrompEguaion (Dgtlag ratio ofphveraraplitydes of the bveae 1)[ n
sin(mg/2) ,2n( d. ml-ez" - 'f5LL nfg/v) _ -Vrm! ~" (7) e An 1l-e
z,..si)(nm B ﬂ’(‘lcﬁﬁ??g’ﬁl‘?’/‘}))reﬁﬁﬁ A& It,,,n=Ais the ratio of the
anplitude rel atecl,terms of .the All two harnonic signals which is

non-f requency rel'ated, 46 %i$ethe wavel ength. of. the. first.hagyonic signal,
v is the vel ocity,betwebp thelhead and the medi um and

10 and re-expressed, with substitution of Equation (2), (3) and (4) as:

v, A e—-————m(':"'}d m 1— A —_gz sin{nmg [ A)
v, n1=e"* | nsin(mag /)

m

[ e )
R ) nl_e—?.m?jﬁlv nSiﬂ(m?QCg/v)

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

7l

two harmonic 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
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: -

’ L
20 B PN A O P P W3 (A, ) e, .(8)
- x/;n Ldm L&n I"gm

FIG. 4 shows that the relation of the logarithmic ratio with test
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 components as:
.25 {h_{%”:[w 1{%}}{“ ln[-%]jl-{-[m m[ i‘ ]}L— (4, )]----0)

10




f is the frequency of the first harnonic signal. From Equati 6), t
logarithmc ratio of the anplitude of the two harnonics is %PE%‘H)“&EYE&E?O I

Inl v* 1 I =1 1In 1 1Ls, L" Il _In A8 V. Ldn. Ls,. L8,,. FIG 4 shows
that the relation of the logarithmc ratio with test frequency is not of a
| i near nature. From Equation (6), the logarithmc ratio of the anplitudes

of the harmoni cS[rCRIGDS i§%RHRESER | a&ﬁhﬁﬁcez‘mémftelaﬁﬁ%f theSréeTdEs-
conponents as: ( ( ( 112 13+ ...... ) Ld.)J+l In~Ls | J+
Inl L'. 11.tefid &¥npebent: yspOfdy 1bss-fek@ L5 ttaclsﬂi@m()tsmeﬂnm,ghg bhlngap rati os
of each of the three | oss term conponents: spacing |oss-term Ld, thickness
| oss-term lpss-tasengds inoselatien nfo Ligsiingr &legticoeyt o Anstignghtsedheery.

Anong these thr, | ogarit c,ratios of the | oss-term nents,. only the
| ogari t hmi ‘j efBT”CSr to5g %fl;g;en]é’sis S compnentgonlysthe; ﬁﬁggF’I GHR . This
is further illustrated in 1'dmlJ JJ FIG 6 where a plot of the

gr adi ént ofoftdpacirgybrsst ,{fﬂaj; @ simiatiyl hhean Thid Befurtlest illusegteenoy

provi des a hori zont al Ilne wing that the gradient is constant for the

logarithmic ratio of spacing loss-termwhile the logarithmc ratio of :
t hi ckness IF6§sf5t‘«éhme g plcnt(q_f fhe gradindt ghhd logerithmig rgtio {r relption &9 thenot 1 L~

|1 J |l J 10 | f h |
nonlsl near éﬁﬁ SqHSIE‘%(f) STSYF)%?}# H%p ots e ?Yl%gﬁfléﬂgs%ehggar%g?trgsnd cC |,
i ndi cating, Eﬂgllaﬁﬁt rl’cgrnﬁ{e""i‘g SRt crath% ﬂsg)gl%fr{atmfb@%ﬁ?xﬁﬁ%ﬂﬁe f‘ﬁellt ‘?m

| oss-term an ess oss term-ch requenc so shown

in FIG 6 g% o id 1@% qussttgﬁng{ra 'Ler]}z aq}d gg\p-}(ggsvterHT C 3nﬂsgteé:ﬁott 0 test

frequency does not aI ong th

10 constant. The plots of these two loss-terms are nonlinear and do not fall on
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

{ ln(: H 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.

In view that the logarithmic ratio of the amplitude of the harmonics,

20 [_ h{%_ﬂ, is the sum of the logarithmic ratio of three component loss-

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

the spacing related term [_;H(L_MH needs to be separated from test data,

‘drit

[ m( )] To do so, the nonlinear components of [ (L& H and.'i_ m[%_ﬂ
V,,.. . - L&n i gm

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 constan d cha
with frequency. This indicates that the logarithmc ratio 0#7 ?fr’}é"“ary%&;
anplitudes of the harnonics consist of the non-linear conponents of the
gap loss-termand thickness loss-term In viewthat the logarithmc ratio
of the anplitude of the harnonics, 20 tn( ..J] i is the sumof the

| ogarithmc ratio of thrfee on (}-? s- terns according to Equation (9),
to estimate thédKghid= gﬁﬁg@il%y the spacing related termneed s to

3 ECRRI mif\JJ;

be separated fromtest [

j s ((i (_ To do so, the nonl(i ar
conponents off to _L5 1Iapd - (If 9 J
data are eliminated:=t HMH { ]Lh}ln
(11): it 27 February T\ aady, dfwd Ejf

ST, gyl Ogenil i the test

[W]ﬁ@ﬁﬁﬁ?ons 25 (10) and

Yol —aXafhA) (Fi )1 Vo (Fi+i)
......... 10) . f fi+2) ryn (f1+1)1 fvn (fi+1), yn (fi )l In Vmf+2)J 1nl
VIT(f r+i ) ﬁ%gfm m) 85‘1628| thevclitangey in gradigrdnof g legarétémpiketatioapfdhe n
gr adi ent I 1 g ratio . of th har noni ¢ litudes.th occur
bet ween ckg%gtégc.:lﬁtc ia\?ﬂeﬁ {lietg f%eaaﬁoecﬁ%f gjg.tw‘f’%é CO&ﬁﬁﬂ% ‘l’eoﬁerggffrec%besl ﬁ'ha? adi ent
of the | agafidali@hCof ahi@rOHEWrhd HeSh ; e in,
test frequency i s1 %ubt rlg%t ed%;ré%ﬂr&hglttﬁg tﬁ%ﬁ?g?g&l%%hé%@ﬂéﬁ?ﬂ&%;ﬁﬁi ga%lgcur ring
at thé iresefeqtierguepcio the d¢hvestt freqaencyeds edbtrhogdr irbhuitlee magdsared n

fLALF{ 31,11 In V=~ QdV i IV..Jf )J Cvn(f |- mO ,
logarithmic ratio occpripgieflee i fest drequeneyeto gireh thaatortedted t he it h

frequency,of  hhe: 5! N9

L[] e
In[v (fi)Jmll[V ol Zacgi/,un(z) ......................... (11)

e " =1

where, 7 is an integer such that £ is the ih 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(gﬂﬂ of the harmonic
j=1

m

15 amplitudes becomes linear {—— in[ Ve H 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 logarithmic ratio of the harmonic amplitudes,

|4
20 {— En[—"—“J}v [ 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



10 frequency series and the testing frequency takes an incre t ste of
constant magnitude. By elimnating the summation of the chang;gﬁf’l?f“aﬁﬁ)ag &nt
of the logarithmc ratio of the harnonic anplitudes between consecutive
test frequencies over a test frequency Irange of j = 1to i, ZAdV,,~ (i),
the tested logarithmc ratio Inl vndl of the harnonic L v", .f 15

anpl i tudes heenaes elimieated thrduih Mimihat@s $H@¥\fhdiéhtlﬂf%e%ompéhérﬂ§o£ V., )
elimnation of the non-linear portion of %he ested logarithmc ratio of

t he har nonite gaplainduthéckrelss bdssttermoe m Hgmatied (P). ofhisheilhonturranide
conmponents of the_ thi 04k ess loss-termand the gap | oss-term The _ gradient
of the corr &% 8tndisyhes espacing joss-dermnke Haterdine thapradienieafl spaging - | n(
Kl ~° 11 f s the val.ue at. the |eyel . .in FIG 6. L Vht JJ As the gap
| oss-term a?l%’l%el%lrr%‘kﬁggghi)%%-l?éﬁﬁ?ﬁeﬁ‘xﬁaﬁﬁf@%‘ﬁ’&gﬁh? FHEEPS°Bhd non-1i near
conpogents, the linear conponents in these two |oss-terns also need to be
elimnated fromthe test data to obtain only the spacing |oss-term The

| i near conparantcg /of )t heilgafy, Vosh- tkmfrang, §hi ckhess, | 9sj§- _1_2‘..2_K15ebruary
2007 termare gfimnated tlgFough erinynating tThe gg@%t of "the
conponents of the gap and thickness |oss-terfit in Equatiofi®(9). This will
in turn provide r adi gnt g.0f pagi | o r ter e the
gradi ent of spacﬁlﬂé&egojgs-%ertr}rl]% Igtgl?\getsi%oﬁg( g?lei ségﬁégeﬁ%%%ﬁgd %ﬂelghg t he
expression: BA-g{{z|l n@Ldj}/Lt,)~ df-In(La,/Ls~)] ........ (12) df df d f=rl df
f=A, = wher e,aqfi (i ¢ ti‘?’g)]l owstesdhetphrejacéed ivalped alellie rdyichaiepaesends the n( L/
LL5 df " takes tlte projlected value at BB, which represents the f LA

gradi ent of the pl ol; of the logarithmc ratio of the thickness |oss-term
with gradient of the plot of the logarithmic ratio of the thickness loss-term with

a-mfz, /L, )
o

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 design.
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

written as:
-1
di-In(Ly, 1 L,,)] AA = BB = CC oo, (129
df
20 In order to determine an accurate gradient of the logarithmic ratio
d[_ In(La‘n / Ldm )]

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

df
the tolerance of the gap length of each individual head should not
contribute any error to the head-medium spacing measurement because
the gradient of the logarithmic ratio of the spacing loss-term shoulci be

dlin(z,, 11, )]
af

25 zero at f=0 ( =0). However, this is not possible as having

f=0

13



~In(L 10 respect to frequency, in FIG 6, and d 8" | L8mt t he
proj ected df A=A value at CC, which represents the gradi en?ﬁ?"'{'rﬂéry 2007
|l ogarithmc ratio of the gap loss-termw th respect to frequency, in FIG
6. The projected values of BB and CC are cal cul ated t hrough known
acceptabl e tol erance design values of the nediumthickness and gap | ength
by the use 6f (Ewigati aneqivihat1® Hgoah iBlg8nes;ted vehioh ohemtsectadhiagk iDHOBA
represents the gradient of the tested logarithmc ratio of the ty

har noni ¢ si aﬁafpgmear@ doptdtheaeadidiand ie t flying @bove: the @agﬁPBﬁld\fg‘f t he
spaci ng | 0ss- lso be witten gs; df- In(Ld"/L =AA - BB - CC
........... SaBed” T % SorpFarqfthiz B Fnelh ot B a R £ 00 BBt e

gradi ent of {guhPERELL R FaredlehQiredftol ?ﬁtﬁ%Cﬂh@qnht?aﬁS@aséﬂt xﬁapae gfd |
eal ly, 0

Ld")] , the value of fl i's critical. I t'he tol%®rance the gap

I engt i of ebsparithdiividtial oheag EiReubenn@®B’) cowalt thiblkhessatssaer®r (TA')t he
head- medi um spaci ng neasurenent because the gradient of the logarithmc

rati o of t h¥kembiingmadsenaughmtbhvaludsisd g2 loes andtthickOegs sp ane yeof | L8""

5 Sl U gk 0L POBR B S LR o £ AT 07 T -
f d . I Wl ving! . ] | Gedi sk
per oS, et 1 SEORRR0 LS ! R RN R 5y O

medi um t hi ckaye &ssIBBNGarE dutk@ebsIOssC@TY! The thReahddistdfdhe PapdiefPth ¥pl Ues of
5 logarithmc ratio of gap loss-term (BB ) and thickness I'oSs-téerm (CC ).

VWhent® is st indivodgdd, hehd aad ubs Oficlgagss| o shanddividekhassdiwss asg e very
close to that at fi=0. The designed val ues of gap |ength and nedi um
t hi ckness cHRalsd agiispiing ereprealldgpacrornargsmallamd aecepirpleiif Arife#hiti os of

but is a small non-zero frequency value. :

It is observed in FIG. 4 that the measured [M ln[&ﬂ exhibit good-

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 [M ln[_‘i)]' at f1 in order to get an accurate head-

medium spacing measurement. With the use of the calculated value of
d[—‘ in(‘Lt;in / Ldm )]
df

through the relationship:
20 | ) P (PP WP 4 il LN (VT P | PO (127)
|

dm df .

in Equation (12°), the value of {-;,{ Ly H can be deduced

dere

where Af is the incremental step in frequency.

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

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

A Lind
d=- Inf ——+c| e 13
27:(n—m)[ n[Lnu!)+C:| (13)

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

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

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

14



gap loss (BB ) and thickness loss (CC ). The tol erances of t ap le

of 10 the individual head and the thickness of the indivi duﬁﬁéa{)"aﬁxg‘?@]
treated as testing errors. These errors are snmall and acceptable if f =fl #
O but is a small non-zero frequency value. It is observed in FIG 4 that
the measured r_ Inl V' 1J exhibit good L II1V.JJ linearity at |ow frequency.
Thi s quashafrhoRRr stglabt aldshi-pafet Yegnat Benstift |eBAEAt B3 411 rdel QighAd
frequency at | ow frequency val ues can be used to verify the test'ed val ue

of L Inl aymplifudé coitributtirdedrnisondeth are AGEwlatel RLaLE tdstiny. f}e@@éﬂcp’rm( LLd f

spacing measurement. Wth the use of the cal cul ated val ue of

LdJ] in Eguati ) val ue of can_be educ d.JYJ through
the rel at }5@% Bm%%ée ot Fhiﬁ)gai-””m‘dcaﬂcuL‘FHOm@\e relat lrﬁﬂsﬁji? 0% 1 ’E)—%}“EFH ) J df
where Af is the incremental step in frequency. From Equatio and taki ng
t he naturgb qh&usy, 18 RfaibReli S t Em?% cing,

d, can be express{a(d as: gﬁ@ ﬁgﬁgghgam H"F[C%?j; %‘if 1%&3;’%@125 gfrﬁeéél%ﬂd i's

t he anpl |bzajebq:)r(afssetdws | ower order harm)nl c of the spacing loss- term
generated, L,d is the anplitude of the higher order harnonic of the :
spaci ng | 0ss- term gendréat d, 0 is the wavel ength of the (Ilé danental 14 27
February 2007 har noniicz,sijgn 4nd ¢ = I n(A )" I'sascons related to
all the signal anplitude contribution terns WhICh are not related to the
testing fwheuencis tiRy gghelq@m@ﬁzutm estffighhQirlcoaad thid gad Genatdron Thide
relationship of -In | bd J with % frequency, f, is a straight line
as shown dharqtexistg: caphperd- Exremssecbaau onshl p can

wl:ln( Lna ] + c} =af e, (15)
Lmd ..

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:

- A
d a7 o SO (16)

and the relationship between 4 and f is illustrated in FIG 10. Since fi= v, the
15 linear velocity between the head and the medium, the absolute head-medium

spacing, d can be expressed as:

d=—a>P
72ty S (17)

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 known linear velocity, v, d can be calculated using
Equation (17). This 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. 4,777, 544, which may cause damage to the giant -
magnetoresistive (GMR) head.

15



5 be expressed as: ((Lndl -In 11 =of +C................. .. (14
111L,d where a is the gradient of the straight line and c |sz’%ﬁ%bri’6F%?‘%%
This characteristic can be re-expressed as: [In( L., d+cl =af
................. (15) LL "I L,,,d)) 10 which is depicted in FIG 9. By

substituting EC}uation (15) in Equation (13), the absolute head-nedi um
spaci ng can bdl&xgledwwes the mathedoif theaergeertyinvientigs: ingelgmented in a
.............. o (16) L 2YT(Nn - t h | ati hi p bet df i
i st 7 BT R b Pt Hein ) Wifieh st ResReOeitett i BEt hen the
head and b+ I z ' [ d
e "y 230 MR pdRR 0 hih SHCHTEA B S RERRAE B e TR Co e

the absolryi@bdikadpniPdb YNdeRated Gy AHAEHIY uhltr DUGhiSS tthERIPRGed ik
constant, c, the present 20 invention provides a direct calcul ati on nethod

wi t hotit trhadbrekdsignalet thratightther fibiesd 28 and\8 Whark tientwb iteeatonied wci ty, v,

d can be cal cul at gd,usi ng _quuation (17). This_increases the accuracy of
the cal ciharerbaskoigna atedeclatastpnshtbpaenplitude off thepe harmwniesighalessar y

or Lhe eGP ARYi e khlin LB e R S LS
tena” 15 SomNSRATEN GRS (PR ok DA pURRSLAGAY ISk et
i nvent i oanipithdeenf etk twodhaghicitd iZompupieireacabadcpan iglin34,swidi ten on
the magnetic |layer 18 (see FIG
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 processor (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
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
logarithmic calculation unit 32 and in the subtraction unit 34 are repeated 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 calculated at these different testing frequencies is retained to establish a
25  linear relationship in a pllo‘t of the logarithmic ratio of the spacing loss-term
-against the corresponding testing frequencies. The gradient, which defines
the linear relationship, is calculated in a gradient calculation unit 39 from the
plot as shown in FIG. 8. This gradient is then applied in Equation (17) to

obtain the absolute head-medium spacing 40.

30
Example:
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2) of the disk nedium 16, which is retrieved as a readback S%ﬁgﬁl’ 26. é[[wts
readback signal 26 is detected by a detection unit 27 which ALy 2004 1o
5 readback signal 26 through two filters 28 and 30 where the two harnonics
in the readback signal are isolated and the anplitude of these harnonic
signals extracted for obtaining the natural |og of the anplitudes, which

i s tabul ated i hedollogarg tsham exampbutcatifstratinilte BRseilhimvdiniiont edceden t he
natural | og of H1e asmn%litudes of the two harnonics is conputed in a.

subt r act i BRttermy £113400Mpsi pre-ancadedapsc apagnasia diskrsurfece: edhiezereféersed og of

the amplitude ratio of the anmplitudes f the two harpmonics., The ratio is
passed toltogv di %riad[eg?\agzpaﬁgi arb%&g}g&rd@b%@ymo% arpiberigpst §§aithﬂg¢ﬁf Tan
anal og-t I b %g&)( jt : ifi arit hn .aliois
convertegl-li‘ﬂlrng&)n%tl 12%],611{0 g tlglé Q’é?f%lg\gﬁgggtagrglé%ﬁ%ha" bl‘%g\éfl S _erl 5'3‘?&%‘%&

det ectsi ontcoFIG.hel, nerdfaiekissd@batedi 45 &ieémd&nsigﬂmt e bughSPledlca@Meke, Of two
harnonics in the readback signal in the filters 28 and~30, and the

cal cul at i whidfistthen pegred thinmigh fters faf isdlatingatherdins caadphirt tdemdnicd he

| ogarithmj,c calculation unit 32 and in the subtraction unit 34 are repeated
at  di f f et¥hiaief ithy it alsdehaimaenismmplitudessis) edcdptachelier dhe eatwat ons ar e

stored i ¢l r +..Jhe different testi f.requenci es correspond to the
opcurrengggéﬁ%g%éﬁ‘f]&ﬁ(rjM? E R WB‘EF U(B‘Plr&%fil"fél %’eﬁ&ﬁﬁ@‘%i%ﬁaﬁ%‘ e
linear angoRanhioreabr (OBFPRAGTHS fpéqé}e%%iés%%&hgef%%@é herRbnl A SAP.

| oss-term and 't hi ckness I oss- termare elimnated fromthe logarithmc of
rati é0of draregisterednfilhietgapelositenn agal thel thidkowrss Rigs-t38mi dretrleendIB byonl y t he
logarithmc ratig of the spacing |oss- termcalculated at these different
testing RPELviEs:Fagatiany df ﬁ‘écﬁ?b tesesiahlisth the dgdar needationshipi ohdhép in a
pl ot of t | rithmc tio of .the spacing |oss-term ai nst the

corr esporllgg%réﬁ‘?lglgt f%bof(f’{ag]ﬁ%n?ﬁa&r}g %ﬂ@gg‘?lé‘ai EHEUS WP HRBABRAHERSY tH | i near
rel ati ongfi i AT - ad) C J [ [ t he

ot a spestiniking ShE RRER I Ak oG Mh 0 Mt e IR 8P 1S (o0
obt ai n t Mheattsoluit dchdadedrdhupasivas inB Hlaindd thxapplyeng e fadiehr yary 2007

15 in Equation (17), where the velocity, v, of the disk drive is known.

Another characteristic of the present invention is that the 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

occurrence of the fundamental harmonic in any two harmonic signals. for
which the afnph'tudes are used to obtain a logarithmic ratio. By applying 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 {requency f, it is shown that the estimated values of d

changes with f as shown in FIG. 12. Only one particular constant value of c,

when applied to Equation (13) gives a value of d, which is independent of the

testing frequencies as shown in a horizontal line (F»-Fz) in FIG. 12. This

constant value, ¢, gives the absolute headfmedium spacing as it conforms with

30  the second characteristic.
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The followng is an exanple to illustrate the present invent#ﬁE 2&7
pattern (111100) is pre-encoded on a nagnetic di sk surface ?f %d
| ower order harnoni c and hi gher order harnmonic are the first and third
order harnonics, respectively, for this code pattern (i.e. n =3 and m=
1). According 5 to FIG 11, this code is detected as a readback si gnal
through the r eahlsrm‘abodlmbmmn Ise tpplieh by s’.edrntgﬂ theuPBPfinIFIE: $1 kompiigel ati ng
the first a g %Plrd arnoni cs.. The ratio of the isolated harnonic

anpl i t udeths diffexentivalies obfusing Kquasionr(dB) by sgaiyingrasbtamyhealtes abai c

| ul d | h | | DSP
and the {POStRS BuR e AT, ¢ st irilpdotiete Being THsrLY fnPeter ed.
The 02 | pant 11908 cLARSAPAKAESINIRSS ThEVINAL Gy [EPLEELN (ABPIHENS

Equat i ons 12) to esta e I near ions

| ogar ist h_meStiﬁ%HeQ{u@hcjf hgngdakang vhRESs (RE Hby&ﬁ&bﬁeé&%{écnﬁrﬁ sftugncy and
determ ning the gradient of the linear relationship to obtai'n the val ue of
a. The absolUVeﬂhead@HEM|anﬂxmﬁunengscd the iobeatiordpbyvidephyliagtagbe
gradient, a 15 in Equation (17), where the velocity, v, of the disk drive
i's known.C H@%ﬂtéﬁ’aFﬁ’a@ﬂ%ﬁq afe )bffleﬁqfé)%’r wadaut; dﬁx:étrﬁtmsrfrqn@ theatpitihe head-

Fauat | on SerniicheTag BASRELRRI oL Tl BESEBAY atistigSR ERbasaReRt e val ue
of d is 2PefIPsd 8beWohBideesPEELIL 3}%«%‘? % 2idstGtive ﬂSVréé@tll&‘?ﬁe tlfle

correspondi ng to the occurrence o nental armoni ¢ In any

har md@i ¢ ssbpaabfs therinvehiioh Ebéiﬁgaﬁtmlllcbaédeb aflee bpeentdedoblaaing and Oﬂarl thmc
rati o. By applylng the nunerical nethod ere the constant, c, is varied
in Equat @ﬁ%@%}«v ghfeaspenvithin vhe yseaning obd aiangd. ofgnivialersy eb thert ed

val ues of are phott nst, t he carrespondi ng testing frequency f,
it is sh&%&%’ﬂsrf‘é? Wéefgga,atﬁgzt bla‘?%éﬁt?‘ﬁfeﬁ 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 |ndependent of the testing frequencies as
shown in a horlzontal line (F2-F2) in FIG 12. This constant value, c,

gi ves the absol ute head-nedi um spacing as it conforns with 30 the second
characteristic. 17 27 February 2007
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Thi s enbodi mrent can be applied by having the DSP in FIG 11 %P ut e t?@
different values of d using Equation (13) by applying arbitrar 1PRedVeE o
where the conmputed values of d are tested over a testing frequency range to
verify if it is a constant value. Were the value of d is constant over the
5 testing frequency range, that d value is the absol ute head-nmedi um

spaci ng. Waklabms ot her enbodi nents of the invention provide advant ages
conpl ementary to those already described wi thout departing fromthe spirit
or essential characteristics thereof. The presently discl osed enbodi nents

Festrictive, 1 RO s BRapARE sk Dubbrash TRBRRL SRl b8 e B endtea
cl ai ms anghaphktic eledngesn WaiskhirGRIMhevhERbA ch@ris@ani ng and range of

equi val ency of the clains are, therefore, to be enbraced therein. 18 27
Februafy 2007 ecweodingpgpdapatiermentibelnfagnetiremeditilng absol ut e head- medi um

spaci ng bet ween % head and a rrgg&g&i C ﬁFdi min a disk drive, the nethod
conprising: 5 SREHYME § SRABRLOSS? TG eﬁ_ﬁté'?fé‘ti ¢ medium obtaining a
spacing | oss-t @ﬁ;ﬁ'l?/frfgoéflotgﬁﬁtl’ﬁﬂ@%tﬁ’@bf“ﬁ{e%' aaﬁghadsna-n@td 08aph ke Sodofifte 0 of
the spacing loss-termto conpute the abgol ute head-nmedi um spaci ng;

det ect i nghaad-vadbex kpasinmal of the code pattern through the head, where the
10 readback signal .provides .at. | east, two, harnonic signals w th anplitudes;
[sol ating the BeiePiiss reaBaskatingal @ a5 Eoin RAEE BERUSthIDE Neadat BRI 1 ati o
of they hadBMiICs; | ; i i | Qg | 1L ratio of the
spaci ng | osas-terﬁgiﬁgr?gln’%‘k{ﬁ??tggé;?f? %ﬁgﬂ&@gtsfggﬁlgﬁgﬁéﬁ%ggﬂ%%,l c anplitudes,
which forms a lsolemg theblkeagnsbiarmbhie sigriasstol dbgaita 1bgadthenc yatiodfehei n t he
detecting, of the re?dback signals, the isolating of the harnonic signals,
and the oB¥EMIGEMBHMIES a'garithmic ratio of the spacing |oss-termis

epeated o okl uRAHN; ) S9RE I ELERILERBh A SoRARD
ratto of the harmonic amplitudes, which forms a linear relationship with a testing
15 frequency, wherein the detecting of the readback signals, the isolating of the harmonic
signals, and the obtaining 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 frequencies.

20 2. The method of claim 1, wherein the logarithmic ratio of the harmonic

amplitudes exhibits a quasi-linear relationship with the test frequency at low frequency.

3. The method of claim 1, wherein the obtaining of the logarithmic ratio of the
spacing loss-term includes subtracting a logarithmic ratio of a gap loss-term and a
25  logarithmic ratio of a thickness loss-term from the logarithmic ratio of the two

harmonic amplitudes.

4, The method of claim 3, wherein each of the logarithmic ratio of the gap loss-
term and the logarithmic ratio of the thickness loss-term includes linear and non-linear

30  components.

5. The method of claim 1, wherein the linear relationship between the logarithmic

19



20 2. The nethod of claim 1, wherein the logarithmc ratio o% Fhig_ har | C
anpl i tudes exhibits a quasi-linear relationship with the test’ Ff d‘ﬂaﬁg@ at

| ow frequency. 3. The nmethod of claim 1, wherein the obtaining of the

|l ogarithmc ratio of the spacing |loss-termincludes subtracting a

|l ogarithmc ratio of a gap loss-termand a 25 logarithmc ratio of a

t hi ckness rhtds sf therspuding hodshrerrh agdtlict testirg freguencp indidestavgradibar aneid C
anplitudes. 4. The nethod of claim 3, wherein each of the logarithmc ratio
of the gap°P¥83 termand the logarithnic ratio of the thickness |loss-term
i ncludes linear and non-linear 30 conponents. 5. The nethod of claim1,
wherein the linear relationship between the logarithmc 19 27 February
2007 ratigo of Ttheensthas o glak s wherdih athtsbRitd B&dd-Madiuhespienmyis ichichges a
gradient and a constant. 6. The nethod of claim$5, wherein the absolute
head- medi bmmspaeles (e gradicol witkd pradusy ofralconghyti ang a lecagvaldcdnof thet h a
product of .%C}:onstant and a linear velocity of the disk drive. 7. The

met hod of “¢Fat'hi®l, wherein the at |east two harnonic anplitudes are taken
at different test frequencies. 10 8. The nethod of claim 7, wherein one of
the at |least two harnonic anplitudes is taken froma | ower order harnonic
signal . 97 The Tietmgbodbf claam h Whexsettei at leasetvod harneomat alnphsides we thlegmoni ¢
anpl i tudes 5%%& t??en froma higher order harnonic signal. 10. The net hod
of clai m f IWFEFR I ISEUEHLSY ut e head- medi um spacing is independent of the
testipg frequency. 20 11. The nethod of claim5, wherein the constant in
the linear relationship of the logarithmc ratio of the spacing | oss-term
and the t8sti nghtmefehofclean stvhemiredne dfthewgeasiiver haralontedmpliatieon. 12.
The net hod of claim4, wherein the nonlinear conponents are elimnated 25

t hrough r B0 4100 R lQWerordgr hammifesigidlgr adi ent of logarithmic ratio of the
har noni ¢

9. The method of claim 7, wherein one of the at least two harmonic amplitudes is

15 taken from a higher order harmonic signal.

10.  The method of claim 1, wherein the absolute head-medium spacing is

independent of the testing frequency.

20 11. The method of claim 5, wherein the constant in the linear relationship of the
logarithmic ratio of the spacing loss-term and the testing frequency is estimated

through numerical calculation.

12. The method of claim 4, wherein the nonlinear components are eliminated
25  through removal of a sum of change in gradient of logarithmic ratio of the harmonic
amplitudes between consecutive test frequencies occurring over a test frequency range

to obtain a linear logarithmic ratio of harmonic amplitudes.
13, The method of claim 4, wherein the linear components are eliminated from the

30 logarithmic ratio of the harmonic amplitudes through subtracting calculated gradient

values of logarithmic ratio of the gap loss-term and the thickness loss-term.

20



anpl i tudes between consecutive test frequencies occurring ov t est
frequency range to obtain a linear logarithmc ratio of har%éﬁ?l%ruary 2007
anplitudes. 13. The nmethod of claim4, wherein the |inear conponents are
elimnated fromthe 30 logarithmc ratio of the harnonic anplitudes

t hrough subtracting cal cul ated gradient values of logarithmc ratio of the
gap | oss-tlér m artet hmbdot kif claiass, hosseit drengrad@nPvalbedbara @bl uRORby dpblyihle

met hod of claim13, wherein the gradient val ues are cal cul ated by applying
known desiKjRMAICSER BRuGsS e heraih of therfwad aad thigknasp pE isesagnstic i ivignet i ¢
medium 15. The nethod of claim 13, wherein the elimnation of the linear
conponents is 5 preferably carried out at a | ow frequency. 16. The net hod

of claim 13, wiheahsthblef tlangan, Wheasin thalimihatib® oPtheNeiPedporRaRl ikt udes
is verified against the quasi-linear relationship between the |logarithmc

rati o &f tHlcTdbromTied anphtia lodeBeaumicyhe test frequency. 10 17. An
apparatus for determ ni ng head- medi um spaci ng between a head and a
magnetic nediumin a disk drive, the apparatus conprising: a code pattern

encoded ongt he TRGAGHLE oFERIHTYR, dheRt:ealc lﬁﬂzafim%'aﬁﬁarﬁi‘é 1864 8Ehartdng@dback
signal of the code pattern; 15 a filter to isolate harnonic signals from

t he readbaviplisudgaas yerali¢cbapuinst b quasialisedratiabnnimp between dmpipgeritimic
logarithm c.ratio,of the isolated _.har Lc signals; and a signal processor
confi gur eélat{(bgﬁ) SPTMENIC ARy 'att}drrg"t {égpﬁ?q‘é?”giﬂ'aci ng | oss- term to

establysh a linear relationship of the logarithmc ratio of the spacing

| oss-term 20 with a testing frequency, and to conpute a gradi ent val ue of
t he |inead7rel dtn apehitps fdrideterméniag hbade cheiddiurh Bpadiag bethaen arheafl ahthe

head- medi um spaci ng, wher ej nirhe | ogarithmc ratio of the spacing

| 0ss- t er n1A8PEHT HCABEN By 2 St y&: thSGPRABBFHINIRE rati o of a gap

oss-t o a0 § VBT A ML IL R oS e Tromthe
of claim 17, whekeictiohkevidetedétean daybak st@m ot §rRScode haaemhead
15 a filter to isolate harmonic signals from the readback signal;
a logarithmic calculation unit to compute a logarithmic ratio of the isolated
harmonic signals; and
a signal processor configured to obtain a logarithmic ratio of a spacing loss-
term, to establish a linear relationship of the logarithmic ratio of the spacing loss-term
20 with a testing frequency, and to compute a gradient value of the linear relationship
which is applied in the calculation of the head-medium spacing, wherein the
logarithmic ratio of the spacing loss-term is obtained by subtracting a logarithmic ratio
of a gap loss-term and a logarithmic ratio of a thickness loss-term from the logarithmic
ratio of the isolated harmonic signals.
25

18.  The apparatus of claim 17, wherein the detection device comprises a read head

which retrieves data information stored on the magnetic medium.

19.  The apparatus of claim 17, wherein the filter comprises an isolation unit for

30  detecting amplitudes of any two harmonic signals at different frequencies.

20.  The apparatus of claim 19, wherein the logarithmic calculation unit computes

21



which retrieves data information stored on the magnetic nedi¥?h &9. Taﬁ -
apparatus of claim17, wherein the filter conprises an isol af{ SRPIRFY 2P%F
30 detecting anplitudes of any two harnonic signals at different
frequencies. 20. The apparatus of claim 19, wherein the logarithmc

cal culation unit conputes 21 27 February 2007 the logarithm of anplitudes
of the twehdhrganthine of bgpétisicbyf drpin Ignoatagighals bg applyidgenat@aplagtondds. 21.
The apparatu%_of claim19, wherein the two harnonic signals occur at

di f fer ent 2mPliedss. f requenci es such that one of the two is of a higher
order. 22. The apparatus of claim 17, wherein the signal processor is a
digital signal processor (DSP) which includes an analog-to-digital unit.
10 23. Th@iappam@tap?a@tuscdfaﬂmrzm, Wil the t06 hhog@lit ke ocalil A dffedehe gap
| oss-term and the logarithmc ratio of the thickness |oss-terminclude
non- | i feartcst Hiegueraiesssugh dhat ongeitheclovpisriéntidghearderhe apparatus of claim
21, wherein the testing frequency is the frequency where 15 the
fundanment al harnoni ¢ of the readback signal occurs. 25. The apparatus of
claim 17, 2pher gind dpBerabltFcidian deviesin thO@Sighhl r8essb8 a diggartdmi c
calculation unit, and the signal processor continuously perform detecting,
filteringprocesdaat(Ddvd) whnch mohyples amgnalogabidagital anpl ural ity of |ogarithmc
ratios for 20 establishing the linear relationship of the logarithmc ratio
of the spacing loss-termand the testing frequency. 22

10 23.  The apparatus of claim 20, wherein the logarithmic ratio of the gap loss-term
and the logarithmic ratio of the thickness loss-term include non-linear components and

linear components.

24.  The apparatus of claim 21, wherein the testing frequency is the frequency where

15 the fundamental harmonic of the readback signal occurs.

25.  The apparatus of claim 17, wherein the detection device, the filter, the
logarithmic calculation unit, and the signal processor continuously perform detecting,
filtering, isolating, and computing to obtain a plurality of logarithmic ratios for

20  establishing the linear relationship of the logarithmic ratio of the spacing loss-term and

the testing frequency.
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