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[ 0001] Th? ?W@empzl nvention rel ates rally to data ta%a@-@, systens, and
nore parfCicul’artys to envel ?WMHMW\M‘@E in a magnetic data storagé
system Background of the Rel 02 A typical magnetic data storage
system i ncl udes one or nore data*srorage di sks coaxially nmounted on a hub
of a spindle notor. The spindle notor rotates the disks at speeds
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I nformation, representing various types of data, is typically witten to
and read fromthe data storage disks by one or nore transducers, or

read/ wgi TR INDVOECTHENK Nl to an actuator and passed over the
surface of the rapidly rotating disks. The actuator typically includes one

or ”Drfie‘?&tdﬁhgllﬁv@l’fﬁéﬁdi ng arms to which in-line suspensions are attached
and onto which one or nore air bearing sliders are nounted at a distal end

of the suspensions. One or nore, trans S, i 0.t r 1.SPQ t he
ai v DelPPHlg si TecPresery ipyenioR, GiRIE sl 10,03 Heteod tafoni Wit el o1
rotati pg-tiduulaH?, toeswelopei detedtion ipaddagneticrdatd stonage syst@mar i ng upon which the
aerodynam c slider is supported, thus causing the slider to fly a small

di stange above th otati i sk surface. 10003 The actuator arns are
interl @aﬁaﬂ?‘m °iﬁée&fﬁla€q%g stack of rotating disks, typically by
means of a rotary voice coil assenbly nounted to the actuator. The rotary
voi ce [003] asdetyipical gagnetic data stoeagecsystam includesanesardnererdiala storage disksr e,
and theoa)g@ﬁ]sh%ﬁ{e@"oﬁfa Ab 'of séiﬁld!?re]r?nof&.' | TR sHIRBIEPRIbRT rolatés s diskB at

Whi . peedsnTRIFaIbh M B8P pBl SeNeidl KRN HEVOUATPErMAN cdotsl
sl i der mfbrmalidn0 PsSTeEértingavkndusdiypes tof @ata, [i0 Agitallynweittéry o @ad reagnfedmndhe
O ot e AR i S BebBbucfh o B LE b it el iBleg o
conpr i ahnectudter anar passedobveh thersyriace ofilthe nepigilyd rotating lisksagdhei srtsiatorhe
conpr WPl s dno'of i duRbvaraeRHiRY it o wHH e SuspenSitms BT O
i s typatiaghed and patevhigh PR of mnre iy kearng sidersargrpeynted st a dista)and W] the
sect or gi;gHsidrisc aDn@Ner MBRS frapsducers,dn tant] dredigpospdori thenair Weatingtslider. f or
exanpl S\irﬂc[))v%t Sro'dts.lced above the disk surface by the rapidly rotating disks results in the

production of an air bearing upon which the aerodynamic slider is supported, thus causing

the slider to fly a small distance above the rotating disk surface.

[0003] The actuator arms are interleaved into and out of the stack of rotating disks,

typically by means of a rotary voice coil assembly mounted to the actuator. The rotary

voice coil assembly generally interacts with a permanent magnet structure, and the

application of current to the coil in one polarity causes the actuator arms, suspensions and

sliders to shift in one radial direction, while current of the opposite polarity shifts the

" actuator arms and sliders in an opposite radial direction.

[0004} In a typical magnetic digital data storage system, digital data is stored in the

form of magnetic transitions on a series of concentric, closely spaced tracks comprising the

surface of the magnetizable rigid data storage disks. The tracks are generally divided into

a plurality of sectors, with each sector comprising a number of information fields. One of

the information fields is typically designated for storing data, while other fields contain

sector identification, synchronization and radial position information, for example. Data is

" transferred to and retrieved from specified track and sector locations by the transducers
being moved from track to track, typically under the control of a position controller.
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transferred to and retrieved fromspecified track and sector |ocations by
t he transducers being noved fromtrack to track, typically under the
cortrol of a position controller. W[ 0005] The transducer, also
referred to as a read/wite head, is one of the nbst inportant conponents
~in a magnetic disk drive system The transducer assenbly typically
ineludes a read element and a wite element. A comon type of read el enent
is the magnetoresistive (MR) head. A conventional read head operates by
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based upon the magnetoresistive effect. Namely, the resistance of the MR stripe changes
in proportion to the magnetic field of the disk, passing by the MR stripe. If the MR stripe is
driven with a constant bias current, the voltage across the MR stripe is proportional to its
resistance. Thus, the MR stripe's voltage represents the magnetic signals encoded on the
disk surface. In other arrangements, a constant voltage is applied to the MR stripe, and
the resultant current is measured to detect magnetic signals stored on the disk surface.
[0008] Although highly beneficial, MR heads are especially susceptible to certain
errors. Namely, the resistance of the MR stripe varies in response to heating and cooling
of the MR stripe, in addition to the magnetic flux signals encoded on the disk surface.
Normally, the MR stripe maintains a steady state temperature as. the slider flies over the
disk surface, separated by a thin cushion of air created by the rapidly spinning disk. In this
state, the stored magnetic flux signals contribute most significantly to the MR stripe's
output signals, as intended. An MR stripe, however, may experience heating under certain
conditions, especially when the MR head inadvertently contacts another object on the disk.
[0009] Physical contact with the MR head may occur in a number of different ways. For
_ instance, the MR head may contact a raised irregularity in the disk surface, such as a
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errors. Nanely, the resistance of the MR stripe varies in response to
heating and cooling of the MR stripe, in addition to the magnetic fl ux
signal s encoded on the disk surface. Normally, the MR stripe nmaintains a
‘steady state tenperature as. the slider flies over the disk surface,
separated by a thin cushion of air created by the rapidly spinning disk. In
this state, the stored magnetic flux signals contribute nost significantly
to the MR stripe's output signals, as intended. An MR stripe, however, nay

?ﬁﬁﬁ&'ﬁ?@%‘t E‘%'“‘é,&e“?‘?*gm%?'@"é?“ﬂa“@mb"“@“ﬁ”afﬁﬁﬁg‘*bg'a‘o*““‘f'@r“’fé’“% bbigad
e o Mot e M hesdiney PoMachbR sk SrtarerduEng;a hig,Shockevont fibess |

;hg Z?}d“mt | gmemamy ?girnrlmcz th@M?%eQd@g@iﬂs&thé%isk surfdee. di sk surf ace, such gs :
art | cloBe Gukh BB Cordect RRE W rRdhA S R S NEBR: e Rin Y MR

sur f acstriger i Hgatindhof thes MR Istripecimcreasies rthe Gtripe resisiancayewiici m.;mmm MRhe

et ngripr Sty eidl, This tipe 3 Sistorfr ol 'W%e 85 Sl pboaity. oAl T
i ncr eataad ehanngl in Qd“a@@ﬁt@t‘%l% srlvmwvm,sﬁeaw@s aHeliakple rgeﬁtmk o)t fram

si gnal heTIFE hbHAEfBé ffns ﬁr?éédlé}*'hdsssdﬁhow theimiah Qsﬁér‘iﬂe%s Bonédfioay, severe
as per | howev er,

LAY M e O N LR T AT e
as t heohthb MR head; cassingadatziereort | y, severe thernmal asperi t [ es may prevent

causi n0MiGar ofseq Pater BibfE: Al Be TR & o bl ¥t dfefRry st " peFa
nurber instangef SQVthdIStaSﬁ@nS afdine reaﬂzagk@@gnaé@wr@a@esﬁwermammodlsls dgive to
r eadbagl 4 FRR pmrdéa@§§ﬁol‘eéﬂﬁlgy@ﬂa§, pvrg\%arﬁ 'fega.hg%f IHgf(a é@ %agwﬂ Suehitiitadat a

errors nmay Si nt .rea at a errors

may al Q'Eﬁorﬁr@ﬁﬁﬁfswrPV?’P@W@f"goqt% a,j it therrenQ sigpalenbegd %’n‘ﬁéﬁ@lé@f iGannRLba; sk
cannot re@i cbue ggncrw nqhar:aate@rthat therhezalt i3S tdd fdr bifietradie &l write tdita fvithouft f

L1 aCK, SGpMrhgG ik i 't P 1 EBffoh s e AHBTERL biSFL ity

condi t?%‘?{wf"
per si serroshef thisstikpel persistitive dislednivehmay deemethecartios secbtad"bacffaem.lsrgg awitét e

0O et e oreE FRERARP ol BbadRRCHEY 180 Balisg Bk UNB B (Hick

drive to al red ICtIVE,‘ ure a SIS asure
| npendPIRGIIVE HalurP| analy SisMeRELS; Lalsel SIaRaling ap. impending,disie iFRts heed8k ng.

t her magrivs Qgsr, tA§%han mhetfomgdlr@ ttd;rrmaea speTitiestn meaphetio disk drivenéyistarast
problens in dis q.r ves h%m aff gﬁwf[eg@élldt I s now known that, the
therrraﬁna¥§ﬁg§?t9|;9§‘ IeRET RrPRIGMS D ?'?137"@5’ 7 88dS:ontribute. a thermal -
si gnal [0etalpondhis abwskmowre thatriiertherrnal aspasibes ahtl otberi baating/copling. evexds
such, &&ﬁnt‘&&%dé’i‘ﬁé‘mfdl SRial EBHpBRert (BakEiMPAYaRderf t& P 8961 rehdbadk signal.
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As such, the readback signal may be understood as a composite signal comprising a
magnetic component and the thermal component. A detailed discussion regarding these
signal characteristics may be found in United States Patent Number 6,088,176, entitled
“Method and Apparatus for Separating Magnetic and Thermal Components from an MR
Read Signal,” which is hereby incorporated by reference.
[0013) Despite its undesirability, the thermal signal component has been used to
advantage in detecting any surface defects on disks. By monitoring the thermal signal
component of a readback signal, the foregoing problems related to thermal asperties may
be identified and eliminated or mitigated. One attempt to address the effects of thermal
asperities is by separating a thermal signal component from the magnetic component.
Once separated, the thermal signal component may be analyzed to determine the

presence of surface defects on a disk.




magnetic conponent and the thernmal conponent. A detailed discussion
regardi ng these signal characteristics may be found in United States
Patent Nunber 6,088,176, entitled "Method and Apparatus for Separating
Magnetic and Thernmal Conponents froman MR Read Signal," which is hereby
i'ncorporated by reference. CID [00131 Despite its undesirability, the
thermal signal conponent has been used to advantage indetecting any
surface defects on disks. By nonitoring the thermal signal conponent of a
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[0017] An illustration of head modulation over one single data sector may be illustrated
with reference to FIG. 1. FIG. 1 shows a readback signal 100 contained within an upper
envelope 102a and a lower envelope 102b. The sinusoidal modulation of the envelopes
102a-b is clearly visible. This gives rise to data errors in the readback signal 100.
[0018) As a result of the problems caused by head modulations, improving the
magnetic recording performance in a hard disk drive or a tape drive requires the
continuous monitoring of the envelope of the readback signal. An automatic gain control
(AGC), for example, uses a signal derived from the envelope of the readback signal to
maintain a constant amplitude of the readback signal before detection by the data channel.
A void in the magnetic-coating on the disk surface is easily detected as a very low level
output of the envelope signal. The timeffrequency analysis of magnitude variations in the
envelope of the readback signal can, in many cases, reveal problems with the head/disk
interference caused by defects on the disk surface, by suspension resonances, by
airbearing resonances, by local aerodynamic instabilities of the slider, etc.
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free fromnodul ations. [00171 An illustration of head nodul ati on over one
single data sector nmay be illustrated wth reference to FIG 1. FIG 1
shews a readback signal 100 contained within an upper envelope 102a and a
| ower envel ope 102b. The sinusoi dal nodul ati on of the envel opes 102a-b is
clearly visible. This gives rise to data errors in the readback signal 100.
100181 As a result of the problens caused by head nodul ati ons, i nproving
the magnet ic recording performance in a hard disk drive or a tape drive
requi rgpidihe  Carventivagismetiddsaronsy swyémswmmvekipep@etect;orhmcmadbwaveugnm .
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a need ipumMma E : FRITIQN f or det ecting envel ope

[0022) In one embodiment, a method comprises receiving an envelope of a frequency
modulated readback signal representative of data read by a head assembly from a storage
medium and determining modulation activity of the head assembly based on amplitude
characteristics of the envelope. Then, at least one of a read operation and a write
operation is terminated.

[0023] Another embodiment provides a signal bearing medium, comprising a sorting
program for determining values of a readback signal envelope in order to determine head
modulation activity of a head assembly in a disk drive facility. When executed by a
processor the sorting program performs a method comprising receiving a frequency
modulated readback signal representative of data read by a head assembly from a storage
medium; and locating envelope samples within a window of the of the readback signal,
each envelope sample comprising an Nth largest envelope sample and an Nth smallest
envelope sample.

[0024) Still another embodiment provides an apparatus configured to determine head
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nodul ati on and anal yzi ng readback signals for a thermal signal conponents
and head nodul ation activity. SUMMARY OF THE | NVENTI ON 100221 I n one
enbodi ment a nmet hod conprises receiving an envel ope of a frequency
nodul at ed readback signal representative of date read by a head assenbly
froma storage nedium and determ ning nodul ation activity of the head
assenbly based on anplitude characteristics of the envel ope. Then, at

| east one of a read operation and a wite operation is term nated. [00231
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[0030] FIG. 4 is one embodiment of a write inhibit device.

[0031) FIG. 5 is a flow chart of a reduced sorting algorithm,

[0032] FIG. 6 is a flow chart of a reduced sorting algorithm.

[0033] FIG. 7 is a system diagram of an envelope detection and write/read inhibit

system.

[0034]' FIG. 8 is a system diagram of a predictive fail analysis system.

[0035] FIG. 9 is a graph showing envelope traces using a reduced sorting algorithm

dual envelope detector. ' |

[0036) FIG. 10 is a graph showing a portion of the envelope trace shown in FIG. 9 and

the readback signal shown in FIG. 1.

[0037] FIG. 11 is a graph comparing envelope traces using a reduced sorting algorithm

and envelope traces us'ing conventional methods. |

[0038] FIG. 12 is a graph showing a readback signal representing a thermal asperity.

[0039) FIG. 13 is a graph showing envelope traces of the readback signal in FIG. 12

using a reduced sorting algorithm.

[0040] FIG. 14 is a graph showing envelope traces of the readback signal in FIG. 12

using conventional methods.

to determi ne head 5 nodul ation activity of a head
| He iR Re apparatus conprises a wite
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following lowass filtering and full-wave rectification. [0029] FIG 3 is
a system di agram of an envel ope detection system [0030] FIG 4 is one
enbodi ment of a wite inhibit device. [0031] FIG 5 is a flow chart of a
reduced sorting algorithm [0032] FIG 6 is a flow chart of a reduced
sorting algorithm [0033] FIG 7 is a system diagramof an envel ope
detection and wite/read inhibit system [0034] FIG 8 is a system di agram
of a predictive fail analysis system [0036] FIG 9 is a graph show ng

envel 0@@4 J acep|@! 35y aggraphd shewingaa thermakiegpongeoha theerhalasperityoe det ect or .
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sorti ngn@dm(jnthm [0040] FIG 14 is a graph showi ng envel ope traces of the
readback™ siI gnal
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FIG 28%s a graph showing a thermal response of the readback si gnal of
FI G 20.1pp4bf . PHB12F sRowd 2 bequergedinwivibio s regdaopenation anc write opseationedigonse

of the of FI 00491 FIG 23 shows a sequence in which a read
oper at |a§ﬁﬂ?gﬁdm’?’y@ﬁaﬂe§eﬁq on are alternated every other secto
[0050] FIG. 24 illustrates an operatlon in which every third sector is read whlfe the other

sectors are written.
[0051] FIG. 25 shows a method for determining head modulation during a pattern of

alternate reading and writing.

[0052] Embodiments of systems, methods and article of manufacture provide for

~ readback signal detection and analysis. One embodiment provides an in-situ system to
detect envelope traces of a readback signal. Using the envelope data, the presence of
undesirable activity and/or storage medium surface conditions may be determined. For
example, periodic head modulation may be determined. Upon detection of a periodic
modulation event in a sector or a track, the compromised data may be recovered using a
signal processing system. Another embodiment provides for detection of a thermal signal
component in a readback signal. The thermal signal is processed for surface information
‘indicative of the storage medium surface condition. Information indicating a defect may
then be used to avoid storage areas having the defects. In addition to the foregoing, other
embodiments within the scope of the present invention will be recognized by those skilled
in the art.

Envelone Detection and Read\Write lohibi

[0053] FIG. 3 is system diagram of an envelope detection system 300. In general, the



[0050] FIG 24 illustrates an operation in which every third sector is read
while the other sectors are witten. 100511 FIG 25 shows a nethod for
determ ni ng head nodul ation during a pattern of alternate reading and
writing. DETAILED DESCRI PTI ON PREFERRED EMBODI MENT 100521 Enbodi nents of
systens, nmethods and article of manufacture provide for readback signal
detection and anal ysis. One enbodi nent provides an in-situ systemto

detect envel ope traces of a readback signal. Using the envel ope data, the
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head/slfeggbad@ﬁgﬁgbd(m 312 may include a read head 311 and a wite head 313.

The 5! g[nal out a¥npled readback signal x(n) is provided to a dual envelope detector 317.
The dual envelope detector 317 is configured with a reduced sorting program 318 which,
when executed, locates a sample(s) of the readback signal x(n) over a series of
consecutive and adjacent windows each of M samples. The sample(s) to be located is
predetermined according to size. For example, a second largest sample and/or a second
smallest sample may be located. The sample located by the reduced sorting program 318
is used as a sample of the readback signal envelope shown as y(m) at the output of the
dual envelope detector 317. In particular, an upper envelope (referred to herein as
y_upper(m)) and a lower envelope (referred to herein as y_lower(m)) may be determined.
lllustratively, the sampling rate of the envelope y(m) is fs/M, where fs is the sampling rate
of the readback signal x(n) and M is a window length. Each window of length M will
provide one sample for the upper envelope, y_upper(m), and one sample for the lower
envelope, y_lower(m). One embodiment of the execution of the reduced sorting program
318 is shown in FIG. 5.

[0056] The envelope samples y(m) are sequentially assembled in an envelope
smoothing device '320. In one embodiment, the envelope smoothing device 320 is



the read head 311 of the head/slider assenbly 312 is herein referred to as
the readback signal. The readback. signal is anplified and high pass
fittered in an armel ectronic (AE) nodule 314. The output of AE 314 is fed
~into a RRW control 316, which has the necessary sanpling rate, the

anal og-to-digital (A/D) conversion for reading and the. digital-to-analog
(DYA) conversion for witing. The output of the RAN control block 316 is a
sanpl ed  readback signal x(n). [0055] The sanpled readback signal x(n) is
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enpodal | t LS. [ i \V; i ith
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anot her402 reseivesa sigpablrom the bandpass filter 322 and a threshold signal on a hreshold
input line 404. The threshold signal may be determined by adjusting the threshold signal
on the input line 404 when head is not modulating. ‘The threshold signal is adjusted to a
point just above where a write inhibit would be generated. Alternatively, a training
sequence may be used. Once determined, the threshold signal may then be stored on
some persistent. storage device (e.g., a read only memory (ROM)) operably connected to
the input 404. In operation, the comparator 402 is configured to determine whether the
magnitude of the signal received from the bandpass filter 322 exceeds the threshold
signal. If so, a write (or read) inhibit signal is generated by the comparator 402 and
provided to an output line 406 connected to the R/W control 316. In response to the inhibit
signal the R/W control 316 operates to prevent a write or read operation, according to the
operation scheduled to be performed or being performed.

[0060) In one embodiment, data recovery is accomplished by a recording channel 340
which receives a signal z(n) from the AGC system 304. As described above, AGC system



[ 0058] In one enbodinent, the RFWInhibit nodule 324 is configured to
rectify and | owpass fllter an input signal. The resulting output of the
band pass filter 322, referred to herein as q(nm), nay be provided to a

t hreshol d det ector (See Fig. 4). The threshold detector is calibrated
based on the track anplitudes when head nodul ation is absent. If the
resulting output g(m exceeds a pre-specified |level, then a head nodul ati on
event is present within the data sector, or a protruding defect causing
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corrprorfhégﬁvgbpgwme@@eu gbhay_lowet(n®. r eadback signal x(n). [0061) In
one errb[o(gjéﬁrent Methasa 3506 Briarad At SHep B62'Hoh AReivitic®h rHadbadkSsigha &mplsl: 2

x(n) and then proceeds to step 504 where an iterative process is entered for some number
of consecutive and adjacent windows, each window having a window of length M. The
window length M represents'the number of samples contained in the window. The number
of windows to be analyzed may be determined according to implementation and
experimentation. Similarly, the length, M, of each window may be varied according to
implementation. In general, the number of windows and the window length is sufficient to
identify the presence of any amplitude modulation in the readback signal.

[0064] In a particular embodiment, the size of the window is determined by Equation 1.

Equation1. M > fs/fw(low)

[0065] For Equation 1, fs is the'sampling rate used to derive sampled signal x(n), and
fw(low) is the lowest frequency component, i.e., the frequency-modulation (FM) frequency,
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thermal asperity detector 360, and a predictive failure analysis (PFA)
system 370. Each of the foregoing three conponents utilize the envel ope of
the readback signal. x(n) provided by the envelope detector system 320.
[llustrative in-situ glide systenms and PFA systens that nay be used to
advantage are described in United States Patent Number 5,410,439, entitled
“"Disk File with Cearance and dide Measurement and Early Head Crash

Warni ng" and issued to International Business Machi nes Corporati on.2g61e
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506 through 510 are repeated for some number of windows, which number may be
predetermined or may be determined on-the-fly after one or iterations of steps 506 through
510. Once a desired number of windows have been analyzed, the method 500 exits at
step 512. . '
[0070] One embodiment for determining the Nth largest and Nth smallest sample is
shown in FIG. 6. For brevity, the logic for determining the Nth largest and Nth smallest
sample is shown as a single flow chart. Method 600 is entered from method 500 at step
602. At step 604 the method 600 gets two samples from a window. At step 606, the two
samples are sorted as a two-element list. In the case of determining the Nth largest
sample, the list is sorted in descending order. In the case of determining the Nth smallest
sample, the list is sorted in ascending order.

- [0071) At step 608, another input sample from the window is retrieved. At step 610, the
method 600 queries whether the sample retrieved at step 608 is greater than the second
element in the sorted list, in the case of determining the Nth largest sample, or less than
the second element in the list, in the case of determining the Nth smallest sample. If step
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are determned at step 506. Using the second |argest/smallest sanple
within the window Mreduces the effect of inpulsive noise (e.g., spikes)
that often occurs in the readback signal x(n). However, it is understood
‘that any sanple may be used to advantage and the present embodinment is
merely illustrative. Thus, in another enbodinent, the third |largest and
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| sumn'ﬁnge \G%Ufcetnagt ¥ erﬁpara '7°33a a%mgstl%atgr% and lay inhibit signal processor
741. The provision of two harmonic frequency amplitude detectors 721, 723 allows
frequency detection for two different harmonic frequencies to occur in parallel. In another
embodiment, only one detector is used and the detection for each harmonic frequency is
performed in series. In addition, other embodiment may include more than two frequency
detectors.
[0075) In operation, the read/write head 701 produces a read signal corresponding to
the magnetic bits stored in a magnetic layer of storage medium 703. The read signal is
amplified and high pass filtered by the read signal preamplifier 709. The signal from the
read signal preamplifier 709 is sampled in sampler 710 to produce a sampled signal x(n).
The sampled signal x(n) is then provided to the AGC 711 which outputs a constant
amplitude signal to a recording channel which detects from the signal the data from the
storage medium 703. In addition, the sampled signal x(n) is filtered in a low pass filter 713,
which servers as an antialias filter. The low pass filter 713 is configured to restrict the
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[0072] At step 616, the. nmethod 600 queries whether the w ndow currently
being anal yzed contains additional sanples for analysis. If not, the first
elenment in the list is output as the Nth |argest/smallest sanple for the
wi ndow anal yzed. The method 600 then exits at step 620. If step 616 is
answered affirmatively, the nmethod 600 returns to step 604 to retrieve
anot her input sanple. [0073] FIG 7 shows another enbodi nent of an envel ope
detection system 700. In general, the system 700 conpri ses ar] AE rmd
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aral l el>" I n anot her odi only on
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ot her gahgshdyeamplitidei detbotdes a1 earld1iﬁ31 viBadh dqte@mfy721de123ctso¢@nf gured4e | n
oper ati,0n, he read/er t al réh%&jiﬁbﬁ to
the. magRees IheoharEReyc piae) ARRMyAE R BeHE Iy “%h%i‘o e Ej i e
read strgnabrmenic angdueiioy dampiifude gietha@r@i 7211 642 @ Slgprihm
preanp I i (DFT r@taal rtnmdr mmﬁx Iﬁ thneréﬂels an
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ata fromt t S
11t er EoTRA Lo P3HES @R | TF alpirudetos e fist BofBIER 724, 1@ setohd |
The | oeteetsr 7123 dremeféh@dite astﬂfargﬂ;AEd‘elSpetbteleiYH ct the 12 sanpled signal
x(n) t be e W 8h data thrP'tﬁ@' hye r@bettzeuel y
| ower f‘}ﬁﬁﬁenﬁ@&gmjls‘%@} %&ﬁggﬁ &/r&gse% ;))ad d‘t“gal ]{3 attenua | e% &
si gnal algosithrand¥ldg defined as 'the wundowl ngth; that is, M is the number O samp of the
readback signal in a window. N is defined as the number of consecutive adjacent
windows. The Goertzel algorithm uses a recursive method to find the signal amplitude at a
harmonic frequency fk.
[0079] The frequency range of this envelope modulation frequency of interest is
between f1 and f2. Frequencies f1 and 2 are typically the lower and upper expected
airbearing frequencies, respectively. -
[0080] The Goertze! algorithm processes the results of N windows. Each window is
(previously) analyzed using the reduced sorting algorithm 318 in order to produce a single
number. Therefore, the Goerizel algorithm receives N numbers received from the reduced
sorting algorithm.
[0081] The appropriate values for k for GFFT@k are determined as show by Equations
2-3. For Equations 2-3, f1, f2 are defined as r * fs/N, where r must be an integer that is

less than or equal to N/2. The sampling rate of the down-sampler 715 is fs.
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present in the sanpled signal x(n). By reducing the frequency range of the
ou tput signal, the low pass filter 713 acts to reduce aliasing since the
out put of low pass filter 713 is re- sanpled down by the down-sanpler 715.
Illustratively, the cutoff frequency for the low pass filter 713 is about
500 x 1 63Hz. 10 076] The down-sanpler 715 sanples the output of the | ow
pass filter 713 in order to attain a frequency spectrumat its output that
is predomnantly below 1.5 MHz. Accordingly, in one enbodi nent, the
frequency patiom?.i Xprélhi Mant 1y bel ow about 1.5 x | e Hz. The out put
of the down-sanpler 717 is then provided to the wite inhibit system 716.
[ 00771 In r@dddtmﬁar,mhﬁﬂﬁmf&t of the sanpler 717 ~ is provided to the
pair of harnonic frequency anplitude detectors 721 and 723. Each detector
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W ndows. “Eacl¥ w ndow'i s g reviously) analyzed using the reduced sorting

al gor i Armaheused i geterpip Fp)f?oduce a single nunber. Therefore, the CGoertzel

al gorithmreceives N nunbers received fromthe reduced sorting algorithm

Equat ons poganga” XGRS HRE+ A LGIART Gy © LT DS TR, SWher o
must be an integer that is less than or equal to NN2. The sanpling rate of
the doyfes™ ! e Vhfud Jofis: thé3frequency resolution fo = foM. The frequency fo is
calculated based on the sampling frequency, fs, of the sampler 715 and the number of
samples, N, of the sampler oUtput used for the calculation of A1 and A2. Equation 5
provides one formula for determining fo. For example, iffs = 1.5 x 10° Hz and N = 20, then
fo = 75 x 10° Hz and k1 = 2 and k2 = 3, where k1 and k2 are the second and third DFT

harmonics, respectively.

Equation 5: fo =fs / M, where M is the down sampling rate taken by the down-
sampler 715.

[0085) Once calculated, the estimated airbearing frequency fa is provided to the inhibit
signal processor 741. In one embodiment, the estimated airbearing frequency fa is
compared to an upper and lower limit defining the expected range of airbea:ing
frequencies. This comparison may be performed for typical limits between 150 x 10 Hz
(150 kHz) and 250 x 10° Hz (250 kHz). If the airbearing frequency, fa, falls within the
predetermined range, a write/read inhibit signal is issued to the R/W controller 719,
thereby causing data from to R/W controller 719 to not be written/read. If the airbearing
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Equation 2. k1 =f 1 fis N Equation 3. Q= f2fis N [00821 The

the detectors 721, 723 (which are anplitude estimat e[s) are sent ouggtjhstgf
thre sunm ng device 729 and to the airbearing frequency estimtor 739. The
sumi ng devi ce 729 conputes the sumof the two anplitude estimtes and
produces a sum S. The sumS is then conpared to a threshold val ue, T, in

t he conparator 733. T nay be tuned according | i | |
sel ectpshuapegrid] sonotovithiss the predetesminest 165ge; o fuRE Praceasnggs Bfforafac by
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rewritten. Sectors that need to be rewritten include any sector preceding or following head
modulation activity.
[0088] The method 2500 is entered at step 2502 at a particular track for a given head
and proceeds to step 2504 where a readback signal for a logical sector on a disk is
acquired. At step 2506 readback signal envelope is analyzed for head modulation. At
step 2508 the method 2500 queries whether head modulation is present in the logical
sector from which the readback signal envelope was acquired. [If so, the preceding and
following sectors (with respect to the sector from which the readback signal envelope was -
acquired) are placed in a rewrite queus, at step 2510. In addition, the data to be rewritten
to the sectors specified in the rewrite queue is stored in some buffer.
[0089] If step 2508 is entered negatively, or following step 2510, the method 2500
proceeds to step 2512 to query whether the last sector has been written. If not, the next
sequential logical sector is written at step 2514. Thus, a right operation takes place the
than in the event that head modulation is detected at step 2508. This is because by the
time the readback signal envelope has been analyzed for head modulation, the head is
already into the next sector. However, in another embodiment, detection of head
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[00861 It is understood that enbodi nents of the present invention are
applicable regardless of the pattern of a particular read/wite sequence.
Thus, in general, read and wite operations my be alternately perforned
over any nunber of sectors. For exanple, FIG 23 shows a sequence in which
a read operation and wite operation are alternated every other sector.
‘The purpose of such an arrangenent is to acquire a read back signal before
and after each sector is witten in order to determ ne the presence of head
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head modulation.

[0092] In one embodiment, a write verification methods employed to test for excessive
head modulation which occurred during a write operation. In general, the verification
includes attempting to read the data written. Based on the entries in the rewrite queus, the
disk drive facility can execute a read operation on the suspected badly written sectors to
determine whether the data can be read. If the data can be read, then a sector need not
be rewritten. In this case, the loop entered at step 2520 of the method 2500 may be
" avoided.
[0093] In addition, it is understood that any of the failure prevention embodiments
provided herein may be used either independently or in combination. Thus, any variety of
failure prevention steps may be taken upon determination of head modulation. For
example, a failure prevention operation may be selected from one of (i) issuing a readiwrite
inhibit signal and (ii) storing a reference to each suspect disk sector (i.e., a disk sector over
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15 nodul ati on may be done before | eaving the sector from which the readback
signal envelope was acquired. In this case, steps may be taken to
stabilize the disk drive facility before witing to any other sectors. In
any event, the nethod 2500 and returns to step 2504 to get another
readback signal envel ope for a logical sector. The |ogical sector being
exam ned for this iteration of step 2504 nmay be the sector imrediately
following the sector witten at 2514 or naybe any nunber of sectors

thereafter. [00901, Returning tp. ste 12.. 1 he, |

wr  t ¢ st nhad waea et gt fracinihedaEnl Brionoch ARty LS PheftnBigar
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to be r itl#njh exambf. rieved. At step 2522, the readback signal envel ope
fditirn; o sxampk

is chec dulation in the |logical sector preceding the sector
to be rewitten. At step 2524 the nmethod 2500 queries whet her head

nodul ation is present. |If so, THema | Dptextiibn§ ol | owi ng sectors (with
respect to the secto r,om whi ch the
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2500 exigaisge #&\!925% e TollowHics dfﬁ?Hg%'Pr,' Rrwaes SiRodimERfs Eﬁoglé'ggts'g@ %‘?Sr ee
of ass gnafyes dfithé tisernial sigobloconipandmken written wi thout head nodul ation.
[ 00921 ] ne ' . it LW ' for
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gener alsigrigheomponentwill asid toi the Invegnetigreashackisignab froannerreadivite hgad: (1419,
xoout 4P e rial Ronigorioneredbblk SPisbaridfited by the pnysic pend poometo
det or niRfePeHes RLING HeAGIF arlas NATRGRRLC Ppnakrompanent Bs AEgr§ 20 meap
S]§Ct ﬁr vnﬁ#ﬂah \idb?é%ed)evéred\itdrfgtmiodlimitﬂel dn carsteastthe thermal signal camponent bgs 2520
of the nmethod 2500 avgy ‘ 0 I 1 Inbae | -
that afPrErePnESa @%rquv%ve%{qgg%mé@ogﬁ nedr';?%&Q%r tg\f/?(gneaéig%grg my@gﬁsed
ei t her donshmment avill Frgsultrinian asyrmoetet ofdhe overall readipack sianat. y This asymmetry can
be extracted by averaging the digital upper envelope sequence y_upper(m) and digital
lower envelope sequence y_lower(m) of the overall readback signal. Accordingly, a a

thermal component signal th(m) may be expressed as Equation 6.

Equation 6. th(m) = (y_upper(m) +y_lower(m))/2.

Pradictive Eail Analysi |
[0096] The thermal signal th(m) and the upper (or lower) envelope sample may then
inputted to the PFA System 370 for additional analysis. The PFA system 370 is generally
configured to determine the presence of a surface defect on a storage medium and/or
head modulation activity. Once such a condition is detected, evasive or recovery steps
may be taken. An illustrative embodiment of the PFA 370 is shown in FIG. 8.
[0097] In general, the PFA system 370 comprises a thermal signal component
processing unit 801A, an envelope processing unit 8018 and a PFA decision system 820.
The thermal signal component processing unit 801A and the envelope processing unit
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failure prevention steps may be taken upon determ nation of head

nodul ation. For exanple, a failure prevention operation nay be se|ected
fromone of (i) issuing a read/wite inhibit signal and (ii) storlng a
reference to each suspect disk sector (i.e., a disk sector over 16 which
head nodul ati on occurred imediately prior to a scheduled wite operation
iR that sector). In the latter operation, the data to be witten to each
of the suspect disk sectors is preserved for a subsequent wite attenpt
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b zer oMl gRes thodeh s Chie: Aaé'?%ﬁ%ag f‘ebﬁoﬁwﬂtqnqpea Wlnaam nader A"
t her malg écbrﬂmrﬁdQ@ rtumable h@@d&k-snﬂaceepeclﬁeaefemme sigrat TH\rcthectangparatarhe
preseng t |

bt °t hecgaerie BPAESicelke BEurkR Y Bhine STBARER sos¥oried 88 e hBER ARWPPA! 1Y
averagDeQISldmeS)cthlnt‘lQO upper envel ope sequence y__~upper(m and digital

| over F‘dﬁ!fi;oloerﬁeeﬂpﬁéFén elbp ﬁﬁber‘% ti@%m‘ﬂléﬂ FebtifieRp o ackll Waveadr a half-

e el ok 0 L el P .
Ehgg}‘ggﬁﬁémmet’%@ﬂ r]s @l Riap)yfedm she) BRF 81fﬁ|5)compzbredhm ayreablé and Idnslser)
e O ATk S U 1 PR P o g

pr eseneserves as the ahather thplibta therPFA PeoisiondSysiem 8Vand/ or  head m)dul ation
act 1y [obtodC Aicstftive deidibrs ade bydRé fﬁoﬁeec.%ﬁss R B20E46 eafingiizen My
Table I. If both logic states, T and U, are zero, i.e., ( ?( O) ?hent e reagback S|gnal
x(n) is behaving normally or a void has been detected. " If an airbearing resonance
occurred during the writing process, i.e., a head modulation event is present, then the logic
thermal output, T, is zero (T = 0), while the logic envelope response U is one (U = 1).
Thus, (T, U) = (0, 1). A pit is such that logical state T could be either zero or one, but the
logic envelope state U = 0. In this case, (T, U) = (1, 0). The three first entries in Table 1
may be considered non-critical and can be handled in various ways by the disk drive
controller (shown in FIG. 3). The last entry in Table |, i.e., (T, U) ='(1, 1), could cause a
catastrophic failure (a disk crash) of the disk drive. ‘Conditions capable of producing (T, U)

= (1, 1) include bumps and other thermal asperities (TA). lllustrative graphical
representations of modulation events and bumps/TA events are described below with

reference to FIGS. 12 and FIGS. 15-23.

Table |
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[0097] In general, the PFA system 370 conprises a thermal signal conponent
processi ng unit 801 A, an envel ope processing unit 801 B and a PFA deci sion
system 820. The thernmal signal conponent processing unit 801A and the
envel ope processing unit 17 801B each conprise a rectifier 804, 814, a

bandpass filter (BPF) 806, 816 and a conparator 808, 818. The thernal
si'gnal conponent processing unit 801A is configured to provide an output T

tA decision system 820. [0098] In
upper (o € t he dual envel ope detector 317
(shown i The theHead Modglafion t §(m) is rectified by the

to the PFA decision s he _envel ope processing unit 801A is
confi gur tg pr vi dqjan
oper at i off=tt 37C thernal response th(m) and the
r\ 0L N |
m EOG 3
rectifief 804, which Oy ¢ or a half- wave rectifier. The

rectified ouyput Jis f4Iltef Preferably, the filter
charact ertStrcs 101 pbotn BF , are identical and such that
ai rbearing resonance frequenC|es (e.g., 200 - 300 kHz) and thermal
asperity frequencies (e.g., 1 - 2 MZ) will pass through the filters. A
discrete rectified output signal R(th) fromthe BPF 806 is conpared to a
tunabl e and di sk-surface-specific reference signal TH in the conparator
808. The binary | ogical output T of the conparator 808 serves as one i nput
to the PFA Decision System 420. [009Ratarhe upper envel ope y_upper(m is

Fect i 1 Raiot: deperimartafit ihg % BielknfaiBoqine Gorifibtater High defito 47
rect i f ieffectivenpss irsthgrdetectionmf envelopes ovarrequiency-gaskiaied data (hea datmwhicd and
di sk- f)l’UJtR:SE a%%%ﬂb%&?ﬂgﬂ%?ﬁ%a%ﬁﬂghg% quBnéy)e OridErdstatiet, Hibnveltpes

bi nary ™l ogi cal serves” as t not ut to.the, PFA Decision
Syst e e pmt%@?termqneéh? Rfespacy @Eggtf'm%‘t%@&ﬁ? n§ plcHes\heRA del?i'gi)st em
820 ar gngsiHBés deféctd.n Table |I. If both logic states, T and U, are zero,

or a viﬂ"dmﬂas 5‘&&? %%‘?e&i?'g‘ﬁ’g h&eéﬁsagbq%g’é'ﬁ‘%lggﬁl &'éé%)r{eéab%%;%gr e%ngefoﬁal Y
the wigte pg)wn!ed: e mprovementsaoves aonwentionat methasisesan be ilfustrated: with ﬁrqn@e
| ogi € 8 *ﬁlp 1 BHY P%tand |§|dss1%%0 #l‘g 9 Showi'ain Qpﬁé}eerh\%;fe QYA &Hef lower

respon

| ogi caengelape 9@25&1 Ithe pradhack érgn@éa @0 (ﬁwotﬂ’ﬁ'é’g ?:'ﬁgt } H@‘ %‘ﬁ%‘@%%%ﬁé” HBat e

U= 8 deRvédiuzirgRaR. emBodiklent which @ a slbset bf @enbnliriar, emeredstatisticafiter 1
may be con

e Risou £ 250 o e g Bl o
(T, U HG(9.llustratesohow precisaly the rexdused oogered-statistics Blitgradefines the mdylainngt he
o g i SRR B shpfft 8 o e, rpied o el ke
.envelopes 202 and 2
[00103] FIG. 10 shows a portion of the readback signal 100 from FIG. 1 and a
corresponding portion of the upper envelope 902A from FIG. 9. Note how closely the
upper envelope 902A “clings’ to, or tracks, the frequency-modulated and amplitude-
modulated readback signal 100. FIG. 11 is a comparative graph showing the
corresponding envelope portions of envelopes 202, 204 (shown in FIG. 2) and 902A
(shown in FIG. 9). In contrast to the envelope 902A, the prior art envelopes 202 and 204
fail to accurately represent the envelope of the readback signal 100. In particular, the
filtered full-wave approach exhibits significant phase-shift as compared to the negligible
phase shift of the envelope 902A. The presence of phase-shift is undesirable because of
timing-régistration errors in the envelope detector output.
[00104] In another aspect, embodiments of the present invention facilitate detection ofa
thermal asperity over data that produces a frequency modulated readback signal. The
effects of a thermal asperity in data are illustrated in FIG. 12 which shows an exemplary
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representations of nodulation events and bunps/ TA events are descri bed
below wwth reference to FIGS. 12 and FIGS. 15-23. Table I 18 TU Deqjj~ 00
O& Vol d 01 Head Mobdulation -pit LLN Bunp, TA Djata |ooloi) )
Experimentation using the present enbodi ments denonstrates a high degree of
effectiveness in the detection of envelopes over frequency-nodul ated data
(i.e., data which produces a readback signal having a changi ng frequency).
Once detected, the envel opes  may be used to determ ne the presence of

) e Sy i sty i T
envel oﬁér'%ﬁP%ncﬂPSv‘? Pq ﬁ%'}serr §’¥°@grﬁg‘ﬂﬁ| g‘h%l Ef%%ﬁgagﬁei n‘@ethe

i 11 ust radgsed sdrting aﬁaheds:providedmessm 1A svintagy lengthrofdd = 90 and asamplmgsmtﬁ/vs

an upper, ﬁ@?wergéfé@”dﬁieowﬁ&e 9%%0%9%93% 0/ thbhénvélaﬁé’%%buéhég‘agg)kgo

(shown 9 e envel opes

whi ch |abtwnedlim the reduced| s algsxntm élﬂthsMaT |169: : -kl'ge 1t|¢fm? aSBPWIC%g
herein.g o rg&e,h ﬂ/at MG: 3?95&% per dsivelop et #@omwldum PfRAmal

FI G 9
defin eSaSPﬁE!tYFmNmeahP‘HdJ’ 5ci gé!lﬁ ﬁ'a% ﬁnggﬁﬂﬁ? qgﬁggﬁgﬂ%e at | %r%%’?cqseﬂ'g) l‘%@% i ne
as co rmqgedztubtﬁ man-gntmdeaand in timee |Fop peirpti3as oh domﬁanscﬁr() 0’]63 14 shawvs Epaifiowns

o s SRRl LTS G gt

porti o (9“ FWQeﬁﬂ
envel ofsandhadh" (:1 |Mblz) arvelope t1A82Rsshaws the ephasecshiftol®n| Bhase- éﬁb proble

anpl i tggggﬁg Corres On Inea%usml apdt8ac! MNotéBly! @ ﬁ:vmegaémw (gaogkﬂzh

showi n envel o ort i ons, of envel opes 202, 2 (shown
i n FI Gerwploped a"%%’@ﬁfﬁﬁﬁﬁ“ medheg'ya 3sRef¥ntrast to the envel ope 902A,

ggsel@gggﬁ&ﬁ E hgnrwbmggitomempé abtectitrmi émbodiments ef tey present invention ealso
appr oadWOWLRifel ??:tegd FP?H%? Smgggo@hg?é}ﬂaf §§|ng%r’a egh‘?j_z% Hlelfsﬁ'égeﬁefa}:!h%ck"’ave
phase sdigridls,0k(r, handrﬂnelroqmr@pandtnghmepnésgmpgnsﬁ signals tacngnretgl using
gﬂ? Sﬁ't T%gdlm%ﬁ@ﬁr%vﬁed HerGih 9t S156UIG bb Hotedtrat tHer l%aUBaélbﬁigﬁal*s@d(ﬁ)medakmt or
at the output of an AE module which operates as an amplifier cascaded with a highpass
filter having a cutoff frequency ‘of about 5 MHz. It is well known that a highpass filter acts
as a differentiator below the cutoff frequency. Therefore, the thermal responses illustrated
FIGS. 15, 17, 19, 21 and 22 are shown differentiated. To obtain the true thermal response
the differentiated thermal responses have to be integrated appropriately. llustrative
methods for such integration are provided in United States Patent Number 6,088,176,
entitied “Method and Apparatus for Separating Magnetic and Thermal Components from
"an MR Read Signal.”
[00106] FIG. 12 shows an exemplary readback signal 1200 indicative of a thermal
asperity (as represented by signal portion 1202). A corresponding thermal response 1500
using the sorting algorithm 318 is shown in FIG. 15. The window size, M, for the thermal
response 1500 is equal to 10. As described above, a thermal asperity (TA) is a protruding
defect that makes direct mechanical contact with the MR-stripe. The contact causes
friction-heating and the resistance of the MR-element increases due to its positive
temperature coefficient. The increased MR-Tesistance causes the voltage across the MR-
element to increase for a constant MR-bias current. FIG. 15 is characteristic of such a
voltage variation of more than 0.2 volts. '
0o107] FIGS. 16 and 17 show a readback signal 1600 and corresponding thermal
response 1700. The window size, M, for the thermal response 1700 is 100. The signals
1600 and 1700 are representative of traces occurring in the presence of a small bump. A
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[ooi 04] In another aspect, enbodiments of the present invention facilitate
detection of a thernmal asperity over data that produces a frequency

nodul at ed readback signal. The effects of a thermal asperity in data are
illustrated in FIG 12 which shows an exenplary 19 readback signal 1200
containing a thermal asperity signal portion 1202. The correspondi ng

envel ope signals, 1302A-B shown in FIG 13, are obtained using the reduced
sorting nethods provided herein. A w ndow |l ength of M= 10 and a sanpling
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~ cascadeah wirbéaringhregapasee in the slidenauring taeormt@gfreaanaq mn@qssOfT%aubeanm
cut of £ bR ma) e EadtedBADroLAIRY { 2 (098 péridle f tobAs eltapBa e L e

17, 19,the shelac(ihe laties rgﬁdmncﬂyr‘ﬁﬁ\*%h?%ir@éﬁ g gt aﬁltefq#eﬁﬁmeh?rﬁg%f'cs

responsg tH&@l.@br?f eEQBh | 6Ft ©dse tdipiditions ' erpeaass penivdict hede modugtiart ehich

t |
ChPt o0 REOURRS B earitbmRhinemal Bomadent h & Hael, GHEER, et aé*?é‘?ﬁgeﬁor
Separ atdurg\g\/hgadamadmatwnﬂselatmlread,npo tleenmeal foosiponant IsFPNRsaEt i ﬁaﬂea back
[ 00106] il £ 'ﬁtﬁﬁé‘?ﬂétrﬁt@ blﬁé‘%h%fpg Rehd2ROFIG digcintiicate Sérve-

G N S«‘%‘f{‘&&cgo&/n echarme res»hﬁé‘%eii 860 maly i rociERDY 12
gggc\m gggmaagg@qne Nizef 6fithé Iwmddmelwuﬁed b{ryﬂhémmeﬂabﬂmgsalgqmmm 318.10. As
Ceecr bRbe F168, SH Mo ERBidiatisly piod oBl SoF U dRnd iftl edpbraccs
fricti optOCeit fhegpresdncenef aeelativaly targer bump. Ndedulatinghsighalpartien 2082 €f G t s
POSI i V& jjiustrates how the slider airbearing is resonating after a being disturbed by the bump.
The differentiated thermal response 2100 using the same scale as the readback signal
clearly represents the airbearing resonance by modulating portion 2102. Again, the sharp
glitches in FIG. 20 indicate servo-sector boundaries the effect of which on the thermal
response 2100 may be reduced by increasing the size of the window M used by the
reduced sorting algorithm 318.
[00110) FIG. 22 shows the differentiated thermal response 2100 after amplification. The
amplified signal is referenced as the thermal response 2200 and accentuates the
airbearing resonance as modulating signal portion 2202.
[00411] Thus, FIGS. 15-22 demonstrate how the thermal response varies between a
head modulation event and a bump/TA-event. Specifically, if the periodic head modulation
event produces little thermal response, an airbearing modulation event occurred while
writing the data. '
[00112)  While the foregoing is directed to the preferred embodiment of the present
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tenperature coefficient. The increased MR-resistance causes the voltage
across the MR- elenment to increase for a constant MR-bias. current. FIG 15
i s-characteristic of such a voltage variation of nore than 0.2 volts.
[00107] FIGS. 16 and 17 show a readback signal 1600 and correspondi ng
thermal response 1700. The w ndow size, M for the thermal response 1700
i s-100. The signals 1600 and 1700 are representative of traces occurring

' ” thelrWeﬁﬁ@ﬁCcha‘r and nfartheb WmbodimaAtsp bt the dinegntiompnaya\beo denisgd nwithautne

e e soallg Tt 30 588 55be ol B V% SEA Beredt BN Gmirkl 84 s,

t he slthaiémllcw.r bearl ng resonates after a being disturbed by a small bunp.
The thermal response 1700 using the sane scale -as the readback signal
1600 i ndi cates sonme airbearing resonance. The sharp "glitches” in FIG 16
i ndi cate the readback signal induced during servo-sector boundaries.
Notice the false influence the servo-sector glitch has on the thermal
response 1700. This false influence can be reduced by increasing the size
of the w ndow M used by the reduced sorting algorithm 318. [ool os] FIGS.
18-19 show a readback signal 1800 and corresponding thermal response 1900
in the presence of periodic head nodul ati on. The peri odi ¢ head nodul ati on
is represented by a nmodul ating signal portion 1802.. Head nodul ation
activity is caused by an airbearing resonance in the slider during the
witing/reading process. The airbearing disturbance may be caused by a
protrudi ng bunp, a | oose particle or debris attached to the slider (the
latter results in dynamic head instability due to altered flying
characteristics of the slider). Each of these conditions can cause
peri odi ¢ head nodul ati on which produces a, concurrent thermal conponent in
a signal. However, when the data witten during head nodulation is |ater
read, no thermal conponent is present in the readback signal. This is
illustrated by FIG 19. Again, the sharp glitches in FIG 18 indicate
servo- sector boundaries the effect of which on the thermal response 1900
- may be reduced by increasing the size of the window M used by the reduced
sorting algorithm 318. [00109] FIGS. 20-21 show a readback signal 2000 and
correspondi ng thermal response 2100 in the presence of a relatively |arger
bunp. Modul ating signal portion 2002 of FIG 20 illustrates how the slider
airbearing is resonating after a being disturbed by the bunp. The
differentiated thermal response 2100 using the sane scale as the readback
signal clearly represents the airbearing resonance by nodul ati ng portion
2102. Again, the sharp glitches in FIG 20 indicate servo-sector
boundaries the effect of which on the thermal response 2100 nay be reduced
by increasing the size of the wi ndow M used by the
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reduced sorting algorithm 318. [00110] FIG 22 shows the differenti ated.
thermal response 2100 after anplification. The anplified signal is
referenced as the thernmal response 2200 and accentuates the airbearing
resonance as nodul ati ng signal portion 2202. [00111] Thus, FIGS. 15-22
denonstrate how the thermal response varies between a head nodul ation
event and a bunp/ TA-event. Specifically, if the periodic head nodul ation
event producwﬁa{ @td]é;metjhgr mal response, an airbearing nodul ati on event
occurred whi witin .data. [00112] While the foregoing is directed
to the 1pref Mﬂﬁ’ﬁ’é "of the present 21 invention, other and further
enbodi nent s ref:eltnng amenvelopea ofrayfréguedoy moshilated rendbacblespgnai regresentativénof

basi c determ ned by the cl

t hat fo %ﬁ?@%&fetadaés%g r}hgﬁ' de&ﬂ%%t&%ﬁéi‘Edugrﬁ corrprl Si né recei \6/1: gg an

envel ope of bﬁsﬁﬂélquaﬁﬁwuﬁ@@bﬁéﬂ%ﬁt'@&@f)%l@@ﬁml e@wwmﬂ plptiopactiifi a

read b Yaid om a storage medi um based on anplitude
Bbf%é‘ﬁééham

h t t dul a t t f th |
head assenblt éfrﬁna%&nséimaﬁipmgo‘?a cacRrerli aPd 2 Yl RRrERaD on and a write
oper at | on 2. The nmethod of claim1, wherein determ ning nodul ati-on

ti th
eCt i1ty SO Ao 5 Shlh 1, IPeloi TARG AR BRGREnGRTBARRRtes 1, e,
a di sk dﬁdeemmnlngsthetwﬁﬁemﬂ etithermat pempenentrin $he readhackigna. a d| fferent

di sk sector. 4. The nmethod of claim1l, wherein term nating conprises

I ssuing an inhibit si |, 5. herrehod of claim1, t he corrprlsmg
det er mihi ng kheafetied %&amﬂp ergjpii g write BPeﬁaiQnﬁgz?dd'ég ¥is due to a

def ect tefininatads fariB@ccamplising Wiitingte awiffersht.disk séatom 1, further
determ ni ng that the nodul atlon activity of the head assenbly Is due to an

ai rbearing frequency of the head assenbly. 7. The nethod of claim]1,
wher ei m.det &itve misthpdroticlaim ilowhaceinemyingling comprses issuingan éntveit sjgnal.
sanples within a w ndow of the of the readback si gnal each envel ope

sanpl e conprising an Nth |argest envel ope s Nth s est
emr/rgl ofe rrpr;linebmgethod of claim 1, Jfurther comprPsmg getermlmng that the mocﬁlatl

activity of the head assembly is due to a defect on the storage medium.

6. The method of claim 1, further determining that the modulation activity of the
head assembly is due to an airbearing frequency of the head assembly.

7. The method of claim 1, wherein determining modulation activity comprises
locating envelope samples within a window of the of the readback signal, each
envelope sample comprising an Nth largest envelope sample and an Nth smallest
envelope sample.

8. The method of claim 7, wherein determining modulation activity further
comprises: :
assembling the envelope samples to provide assembled envelope.samples;
filtering the assembled envelope samples at an airbearing frequency and

outputting a filtered signal,
determining modulation activity of the head assembly if the filtered signal

exceeds a predetermined threshold indicative of normal non-modulating head
assembly operation.
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8. The nmethod of claim7, wherein determ ning nodul ation activity further
conpri ses: assenbling the envel ope sanples to provide assenbl ed envel ope
sanples; filtering the assenbl ed envel ope sanples at an airbearing
frequency and outputting a filtered signal; determ ning nodul ation
activity of the head assenbly if the filtered signal exceeds a
predeterm ned threshold indicative of normal non-nodul ating head assenbly
operation. 23 9. The nethod of claim8, wherein the predeternm ned threshold

i s cal ighr at ehginethod 6F Elirh Bivb@FéiH2he brédutarhinedthreesaldis cxlibpatedadtizon.
10. The _rret,h&d Qf ctal m 7l’ V\:her%I [1%] ocat i ng envel ope sanpl es conpri ses:
(a) ret'?YQJ\W Gative ot ARENANGN-TIRAYIAINGrORJIBTOR - ndows; (b) sorting the two
sarrp: es |n(a descending ordered list in the case of the Nth |argest

envel opg; SQr . ' | r .st in the
case of he(;')rﬁ ﬁ'egrhsgt?ﬁ%e@?'ré%@%@bqéﬁtmﬁyr@Zﬁgé@gngﬁgﬂss‘%éutive
sanpl e from(ghe wietrirying {wg samplasdrenanensf thaaviodewsindi ng ordered |ist,
repl acing a Aﬁgco%niﬁgﬁ?&ﬁ% BSmpRIEHh@ déddentiify eisred RESIAGHEICReTIMME € i f
the next consecutive Sanple I's "greater than the second descendi ng sanpl e;
and (f)Nthlatgest eavelope: t he ascending ordered list, replacing a second

ascendi ng  gapp! esoMind thevaeampReriaenLdscondiryprdered listia thexaseafitleeut i ve

sanpl e i reater than the second ascendi ng sanple. 11.The nmethod of claim
10, f-urNtEes?"'@%re%Pﬁ)ﬁg'(g) sorting the descending ordered list and the

?rs]cenpli Sg or(d)ar_(la_crelriesﬁimg anmex{ bpmsguedive sgmpie from(the-wigHdowor each sanple in
e W ndow. . ; his I Ni
ot mt e of G anffiF case of ingbdcBning piucrer list REBlacih WeBRIRLT 1! 00T 1

wher of rdesseadimarsaRgPIROML the 1 SE0RRRLY AR JE Tiaxt SPNREEUINEGTHTORIE 15
r eadbacdre st BRan tH¥EESHIEdSSHERRTY ggmp[?ﬁaﬁdeterm' ned size over a series of

d adj ' i
fgﬂ;f ﬁ :Vlve((ﬂnt hg'nJ %gg%g% Ewdeg%%eeﬂ' 1qf4r;%8rc%rg§ ‘i?t?geﬁéciﬁlgaé Bdohd %c?énedlﬁg a
sample with the next consecutive sample if the next consecutive sample is greater than
the second ascending sample.

“11.  The method of claim 10, further comprising:
(g) sorting the descending ordered list and the ascending ordered list; and
()  repeating steps (a)-(g) for each sample in the window.

12.  The method of claim 11, further comprising determining an estimate of an
amplitude of the readback signal.

13. The method of claim 1, wherein determining modulation activity comprises
locating, from the readback signal, envelope samples of a predetermined size over a
series of consecutive and adjacent windows.

14. The method of claim 13, wherein a length, M, of the windows is determined
according to an equation M > fs/fw, where fs is a sampling rate of the readback signal
and fw is a lowest frequency component of the readback signal representative of a
data portion of the readback signal.

15.  The method of claim 13, wherein locating the envelope samples of the

predetermined size comprises locating an Nth largest envelope sample and an Nth
smallest envelope sample of the readback signal.
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according to an equation M> fs/fw, where fs is a sanpling rate of the
readback signal and fwis a |lowest frequency conponent of the readback
signal representative of a data portion of the readback signal. 15. The
met hod of claim 13, wherein |ocating the envel ope sanples of the

predeterm ned size conprises locating an Nth | argest envel ope sanple and an
Nth snall est envel ope sanple of the readback signal. 24 16. The nethod. of
claim 13, wherein the envel ope sanples of the predeterm ned size nmake up

l ess th all of the epvelo S l.es,.cont aj ned. in . th e L . 17.
The. et Tt oiematiod ST YRS, WARERBIAE AVEloREchaih bs or 1§ PORESTER.;
conpr i s#ige neskeand léssghahalloftied epeelspeisaatples containatbindbedabiibackesigoabpe
sanples; filtering the assenbl ed envel ope sanples at an airbearing

frequency and outputting a filtered signal; and determ ning nodul ation
activity of the head assenbly if the filtered signal exceeds a

predet ey#1i nephd HAREAQ of clailfl 132 Whéeeif fdetérintiRing YABdaRtBhaictivily fietier assenbl y
oper at ?[)7? i.g" iﬁm nmet hod of claim17, mhereigr?ﬂt he predet e?ym' ned t hreshol d
i s cal i¢BRPPSat a | evel indicative of normal non-nodul ati ng operation.

19. Th te net _fés?!;etﬂ‘ﬁbm'lgathé} ervelogeesamplel do provide @ssembled eavglops sanpies;ses:
aars ¢
Sl os. i ' st HRgefbied SveEe Seinie & 41 3Bpalifly reRfphpBahds 10

envel opsutp(ttingsafiltéregl sipmalt abdsanpl es in an ascending ordered list in the
case of the ] ' heYé ed Ive
Jeibhni ﬁéﬁbﬂ&ﬁﬁy of e had BSYeRBIYA RMiterea Shyd

sanple from In the case o escendi n%é.or ered |ist,

. 2" ¢ h
repl aciexgegds acpiedeteraiaed traghaldindicatiye af 'E'Wz"é‘ié!&n"ﬁeﬁg anple if

t he nexésm?%b}mﬁgrﬁarrpl e is greater than the second descendi ng sanpl e;
and (f) in the case of the ascending ordered |ist, replacing a second

ascending sanple with the next consecutive sanple if the next consecutive
sanpl e 1& grTEae evethbdof cldie 156 wheteindbe poedriermingddhresholdriscalibrated ar

tClhgi ?sﬁéx%‘f‘ﬁé*‘%ﬁg‘g?’gﬁaf'ﬁ‘é'{'?&*'m'ﬁwdéwaﬁm descendi ng ordered |ist and
19. The method of claim 13, wherein locating envelope samples comprises:

(@) retrieving two samples from one of the windows; ‘

(b)  sorting the two samples in a descending ordered list in the case of the
Nth largest envelope; ' -

-(c) sorting the two samples in an ascending ordered list in the case of the
Nth smallest envelope; . ’

(d) retrieving a next consecutive sample from the window;

(e) in the case of the descending ordered list, replacing a second
descending sample with the next consecutive sample if the next consecutive sample is
greater than the second descending sample; and

f) in the case of the ascending ordered list, replacing a second ascending
sample with the next consecutive sample if the next consecutive sample is greater than
the second ascending sample.

20. The method of claim 19, further comprising:
(g)  sorting the descending ordered list and the ascending ordered list;
(h)  repeating steps (a)-(g) for each sample in the window; and
(i) repeating step (h) for each of the windows.
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(h) repeating steps (a)-(g) for each sanple in the window, and (i)
repeating step (h) for each of the wi ndows. 25 21. The nethod of claim 20,
further conprising determning an estimate of an anplitude of the readback
signal. 22. The nmethod of claim?21, further conprising outputting the,.
estimate to an envel ope snoot hing device. 23. A signal bearing nmedium
conprising a sorting programfor determ ning values of a readback signa
envel ope in order to determ ne head nodul ation activity of a head assenbly

~in a digk driyenietifod bf ¥aiMe0e firhdieconipriding dBferaiting aiestintatecftaed by a
processor,,perf?rns a (et hod ﬁonpr|5|ng: receiving a frequency nodul at ed
r eadbackMBlityAgI0 F%f%@‘gﬁcgﬁ'g@a of data read by a head assenbly froma

storage nedium and | ocating envel ope sanples within a wi ndow of the of the

Caml e 2 afrneetpt BHR R apTIREuffihb oDlbRL] Sirelglart Y T olE

of cl aienvabopesmoething desiceng envel ope sanples conprises: (a) retrieving
two sanples froma wi ndow conprising a plurality of sanples; (b) sorting
the two sanples in a descending ordered list in the case of the Nt&?

| ar gest2%nv el sjgnal begrigg megdigm; FeMpRisiNgA§PENG PTOSFﬁrBEQreﬂ%FPHB'WQ%? S| st
in the Gasffibachksigridl enyBRipedator@sr ) geterming)hazai moduliationactieity of a head

consecutive sa Ie%r m t he.w ndow. . . i n.the c !

or der eoﬁﬁﬁe&bﬁy ﬂﬁldé%'? aﬁv%lfl%célﬁn)ﬂ %erg@tﬁémw §5992$§" %ebh%%eﬁg?enaeéxﬁ a"?
consecysrocessar|pedoirhs Bhmeethed; compssingt i ve sanple is greater than the
lsgcond desceﬂ%&é%iﬁ% i nﬁg%éﬁt}lafeﬁ rbgﬂpéé‘??ltgﬁél eSS REHE BEdateatby

i st, replaci gcond astendi ng . sanple W the next consecutive sanple
i f the abeadassembly from & stasa@e medi@agBd than the second ascending

sanpl e.  25. Igﬁiﬁ%aﬁﬁélobéérahﬁﬂem'hmWin@d)\aidﬁlr?e‘lof fherrehabaciosighakiezgh ( 9)

[ h dered ]| h di [ St h
Fepeat oy eloRD SRS CAPPHBROAT NI l2r3rs Y eIRe Sama L4 Nifl shiallsst, | nt
step (henveddpesatmpte.ndow in a plurality of w ndows.

24.  The signal bearing medium of claim 23, wherein locating envelope samples
comprises:

(a) retrieving two samples from a window comprising a plurality of samples;

(b)  sorting the two samples in a descending ordered list in the case of the
Nth largest envelope; '

(c)  sorting the two samples in an ascending ordered list in the case of the
Nth smallest envelope;

(d) retrieving a next consecutive sample from the window,

(e) in the case of the descending ordered list, replacing a second
descending sample with the next consecutive sample if the next consecutive sample is
greater than the second descending sample; and

(f) in the case of the ascending ordered list, replacing a second ascending
sample with the next consecutive sample if the next consecutive sample is greater than
the second ascending sample. ;

25.  The signal bearing medium of claim 24, further comprising:
(g) sorting the descending ordered list and the ascending ordered list;
(h)  repeating steps (a)-(g) for each sample in the window; and
(i) repeating step (h) for each window in a plurality of windows.
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26 26. The signal bearing medium of claim25, further conprising
determning an estimate of an anplitude of the readback signal. 27. The
signal bearing nmedium of claim 26, further conprising outputting the .
estimate to an envel ope snoot hing device. 28. An apparatus configured to
determ ne head nodul ation activity of a head assenbly in a disk drive
facility, conprising: a wite inhibit systemconfigured to output a
readback signal and configured to issue at least a wite inhibit signal
when t bgeshhd sigmalidgaping mediuradf sibine @5, Aurthemcomprisingdetdeminingenconnect ed

to the wite inhibit t ' to |ocate envel ope sanples of ‘a
pr edet @\Fﬂﬁﬁ‘ﬁgﬁ’d@?'}@"m@%‘?‘? ﬁﬂi'@%&@g@% g%@%& over a series of consecutive
and adj acent w ndows, each w ndow conprising Msanples. 29. The apparatus

of cl ailh; 28, | r ' ' f @ﬂ-@d si gnal
repr esgg} at Fvgfggéﬁ%,;h%ﬁga@agmbgag%?gg]:e&trrhe%éicgﬁwg’g@/ grl#\lgggpmpar atus of
cl ai m estimate tohan epyeloPeSMRPtRING dewvdee.cent ered at an airbearing frequency

and configured to receive a formof the sanples; wherein the wite inhibit
system.is caonfigured to recei filtered siagnal .fro L and

furt he?apon%’b@ﬁ&!a Uy C%\gé‘f'#ﬁ?egﬁtﬁﬁ‘m"ﬁ 'ﬂ%?%fﬁ@@!ﬂw %t&pﬁé‘& ﬁéi dassenbl y

i f thfaa’ésémbrygdlﬁd'_gkainveﬁaemgs camppisget er ni ned t hreshol d i ndi .ca&g; of .
nor mal non- N | . ﬁqég : n the
predeterm n@d”@ﬁﬁbb% %@?@ﬁ%&ﬁﬂgy%@ég@pﬁ? Féev_e. F%EQ’?A?‘.*‘ \g]e&%?gnor ng

non- noiksuatatrigastewsite inhibissignahwhep tareshold eonditiensraressatigfied.cand t he

envel ope de%ﬂcefrﬂfeléﬁe& it conpbigdoAe write litiBh 8ystBREand BuRfiguredlanpl es
and | ower envel ope 'sanples _fromthe readbacg_ s* nal . 33l.f .Thela $arat us of
cl ai m [atesavelope sAMRIARS Of sredetesmingd §1<e font r&fre@&bﬁﬁ: fraqa gg tfng

al gor i 5BFLYBF ebnseditiveairriadjadent windows, ¢deh windemopemprsipgdd saswplesthe
apparatus of claim28, further conprising an armel ectroni c nodul e

configured to anplify the readback signal and output the anplified readback
si gnal 260 fline apparstusrofidiaim 2§ svhereirnthegsadibaek sigpal st a freguendyi m 28,

furthe il el RO RINPIARR STERth RawirBAIA StrageRRsiilmd Lo the envel ope

det ect or and confi g to sequentially assenble tThe envel ope sanples
out put by the envel ope detector. 36. The apparatus of claim28, further

conpri $ong Jthel Asdratuseofadiaim 28.efurthbr esmprising a filter centered at an airbearing
frequency and configured to receive a form of the samples; wherein the write inhibit
system is configured to receive a filtered signal from the filter and further configured to
determine modulation activity of the head assembly if the filtered signal exceeds a
predetermined threshold indicative of normal non-modulating operation.

31. The apparatus of claim 28, wherein the predetermined threshold is calibrated at
a level indicative of normal non-modulating operation.

32. The apparatus of claim 28, wherein the envelope detector is further configured
to locate upper envelope samples and lower envelope samples from the readback
signal. '

33. The apparatus of claim 28, wherein the envelope detector is configured with a
sorting algorithm which, when executed, locates the envelope samples.

34, The apparatus of claim 28, further comprising an arm-electronic module

configured to amplify the readback signal and output the amplified readback signal to
the write inhibit system.
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detector and a predictive failure analysis systemconnected to at | east one
of the envel ope detector and the envel ope snoot hing device. 37. The
apparatus of claim 28, wherein the sanples |ocated by the envel ope

detector are of an envel ope of the readback signal. 38. The apparatus of
claim 37, wherein the envel ope detector is configured to |ocate an Nth

| ar gest envel ope sanple and an Nth small est envel ope sanple within a

wi ndow of the readback signal. 39. The apparatus of claim28, further
conprising: an armel ectronic nodule configured to anplify the readback

si gnal 3gnd JHeRaPparbfi® cirakihi 28 JurtisSdbuRsirisihg 6ﬁ|eri\/élddéesr‘hbbﬂﬁ1g? aBiiekt
systenm and aa en%/)eel ope srmc%tthl ng dgw Ce CO rlect ed to the env ? e detector
and cEARNeRiPaLOL QEE%IQHP_i gctocen ﬁﬁf‘gg‘frﬁg Q5RpHeatd) %%ﬁef?ﬁlet ﬁ% envel ope
det ect envelépe santplap patpit by the erlvelope3detestoer ei n t he envel ope detector is
configured to locate an Nth | argest envel ope sanple and an Nt h smal | est

envel ope sanple within a w ndow of the readback signal. 28
36. The apparatus of claim 28, further comprising at least one of a thermal asperity

detector and a predictive failure analysis system connected to at least one of the
envelope detector and the envelope smoothing device.

37. The apparatus of claim 28, wherein the samples located by the envelope
detector are of an envelope of the readback signal.

38. The apparatus of claim 37, wherein the envelope detector is configured to
locate an Nth largest envelope sample and an Nth smallest envelope sample within a
window of the readback signal.

39. The apparatus of claim 28, further comprising:

an arm-electronic module configured to amplify the readback signal and output
the amplified readback signal to the write inhibit system; and .

an envelope smoothing device connected to the envelope detector and
configured to sequentially assemble the samples output by the envelope detector.

40. The apparatus of claim 39, wherein the envelope detector is configured to
locate an Nth largest envelope sample and an Nth smallest envelope sample within a
window of the readback signal.
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