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Read Error Recovery Utilizing ECC and ' Read
Channel Quality Indicators Technical Field 5 Thi's invention

rel ates gener ayhywhfassd he field of disc drive data storage ch-msbﬁ@gos and
nore particularly, but not by way of limtation, to a nethod and

apparatus for inproving read error recovery operations in a disc drive

t hrough t he use of read channel quality indicators. Backgr ound
Art 10 Di sc drives are comonly used in workstations, personal
conput er s, | apt ops and other conputer_gystens to store |arge ampunts of
data in a formthat can be made reagdil V. available to a user. Such
drives store and retrieve data using nore magneti zabl e discs

that -are rotated at a constan gg_ spee ;ﬁ Ie notor. Each of
the di scs has a magneti zabl e e% ar l,@é&% @ sel ectively
magneti zed by a correspondi ng reReAd,Fhanpe D HAICAOrS + he data i's

stored in the™fgrm of m_agnetlc flux transitions along defined data tracks
on the

5 This invention relates generally to the field of disc drive data storage
devices, and more particularly, but not by way of limitation, to a method and
apparatus for improving read error recovery operations in a disc drive through the
use of read channel quality indicators.

Background Art

10 Disc drives are commonly used in workstations, personal computers,
laptops and other computer systems to store large amounts of data in a form that
can be made readily available to a user. Such drives store and retrieve data using
one or more magnetizable discs that are rotated at a constant high speed by a
spindle motor. Each of the discs has a magnetizable surface coating that can be

15 selectively magnetized by a corresponding read/write head so that the data is
stored in the form of magnetic flux transitions along defined data tracks on the
surface of the disc.

The heads are typically suspended over the discs and positionably

controlled with respect to the tracks on the discs through the use of a rotary

20 actuator assembly and a servo loop. The servo loop obtains position information
from servo fields on the discs and, in response thereto, corrects the radial position

- of the heads through application of current to an actuator coil. The coil is part of

a voice coil motor, which as will be recognized comprises one or more permanent
magnets which establish a magnetic field through which the coil moves; the

25 magnetic interaction between the magnetic field of the permanent magnets and
magnetic fields established in the coil as a result of the coil current causes the
rotary actuator to position the heads as desired over the surfaces of the discs.

Heads can be of a variety of constructions, including thin film and

magneto-resistive (MR). Both of these well known types of heads generally write
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magnetizes the disc as a result of the magnetic fields established across the gap in
response to the write current. The approaches taken by thin film heads and MR
heads to read data from the disc, however, are rather different. A thin film head
senses magnetic transitions from a gap of a read element (which may or may not
be the same as the write element) and outputs a read signal indicative of the
selective changes in magnetization of the selected data track being read; an MR
head, on the other hand, typically includes a magneto-resistive element
characterized in that the presence of a magnetic field of a particular orientation
changes the nominal dc resistance of the MR-element. Thus, variations in the
magnitude of a predetermined read current passed through the MR-element during
a read operation are taken as resulting from the interaction between the MR-
element and flux transitions on the disc and such variations are translated into a
read signal. . '

A read channel is typically provided to convert the read signal obtained
from a selected head to the user data which was originally stored on the selected
track. Such read channels are well known and can utilize a variety of signal
processing techniques, including peak detection and partial response, maximum-
likelihood (PRML) processing. To ensure reliable storage and retrieval operations
by the disc drive, the user data is typically encoded with run length limited (RLL)
and error correction codes (ECC) before being serially written to disc. As will be
recognized, RLL encoding is provided to ensure the generation of appropriate read
timing windows for the read channel and ECC is used to detect and correct up to a
selected number of errors in the retrieved sequence. Thus, typical read channel
operation includes RLL decoding and ECC operations upon the retrieved read
signal in order to ultimately reconstruct the user data.

Error correction codes are a powerful tool for extracting the correct data
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during read error recovery operations out of a concern that such read error

15 recovery operations might result in a degraded error rate. For example, it is
common for a disc drive upon the detection of an erroneous, uncorrectable
sequence in the retrieved data, to enter a read error recovery mode wherein the
data is reread from the disc and various corrective actions are sequentially applied
in an attempt to resolve the error. One such corrective action involves the

20 application of a track offset, wherein the data head is offset from track center by a
selected percentage of the total track width (for example, +10%). This technique
can be helpful in resolving the error if the data was accidentally written off of
track center, if a media defect is located at the edge of the data track, or if
adjacent track data encroaches into one side of the target data. Because error rates

25 generally degrade as the heads are moved away from the written center of the
track, ECC has historically not been applied while reading data with track offsets
for fear of operating in a region with an unacceptable probability of passing
undetected erroneous data. Other corrective actions wherein it has been
historically undesirable to apply ECC include changes in gain, timing and weight

30 thresholds used by various components in the read channel.
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the disc in the presence of noise in the read channel and m cro-defects in
t he magneti c nedia. Each type of code, however, has a finite
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m scorrected the error. In each of these cases, the size 5 of the error
pattern will have generally exceeded sone explicit threshold, the val ue

of which is a paranmeter of the particular ECC enpl oyed. The probability of
passi ng undetected erroneous data is a function of the error rate of the
dat a provi.ded to the portion of thd&-channel perforning the ECC
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well as U. S. Patent | i . . ' r%bﬂhﬁ 23, 1995
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m ght resul tsig@edegraded error rate. For exanple, it is comon for a
di sc drive upon the detection of an erroneous, uncorrectable sequence
in the retrieved data, to enter a read error recovery node wherein the

data is rereadmﬁaﬁ%&éﬁ_ﬁmnd various corrective actions are
sequentially applrte In an attenpt to resolve the error. One such
corrective action i rihelpvesenttinvention provides a method and apparatus for recovering from

read errors detected in a sequence of data read from a disc of a disc drive by using
read channel quality indicators to determine the appropriateness of using ECC

10 correction in combination with other corrective actions utilized in the recovery

process.

Generally, upon the detection of an uncorrected error in the retrieved data,
the disc drive enters a read error recovery routine wherein one or more corrective
actions are applied in an effort to resolve the error; such corrective actions can

15 include track offsets, adjustments in amplifier gain and filter ranges and
adjustments in read channel equalizer parametrics. Whether ECC correction is
enabled in conjunction with the corrective action is determined by the particular
read channel quality indicators employed.

More particularly, in a first aspect of the present invention the channel

20 quality indicator comprises a channel quality measurement determined as the
integral, or sum, of the square of the sampled data bit error values recovered
during the read operation. The magnitude of this sum is representative of the
overall quality of the data signal during the read event; a lower sum corresponds
to a higher quality signal.

25 At such times that the channel quality measurement is at or below a
threshold value indicative that the probability of passing undetected erroneous data
is at an acceptable level, ECC correction is applied to the data; on the other hand,
when the channel quality measurement provides an indication that the probability

of passing undetected erroneous data is not at an acceptable level, ECC correction
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condition is declared by the disc drive.

Further, in a second aspect of the present invention, erasure pointers are
used as additional channel quality indicators which factor into the decision whether
to apply ECC in combination with the selected corrective action. Erasure pointers

10 identify a particular symbol (byte) or a plurality of symbols that are suspected of
containing a read error and can be generated from a signal level threshold detector
used to detect the occurrence of thermal asperities in conjunction with an MR
head; additionally, erasure pointers can be generated from an RLL decoder used to
convert n+k bits of data written to the disc media to the n bits of user data

15 supplied to the disc drive write channel. For example, with an 8/9 decoder, 9 bits
of data are written to the disc for every 8 bits of user data, so 256 of the 512
combinations that could potentially be received by the 8/9 decoder would be
considered “illegal" and indicative of an erroneous byte. The total number of
bytes which are identified by erasure pointers correctable by the ECC is a function

20 of the ECC methodology employed. Accordingly, in the second aspect of the
present invention the recovery routine not only determines whether the channel
quality measurement provides an indication that the probability of passing
undetected erroneous data is at an acceptable level, but further determines that the
total number of symbols identified by erasure pointers is below a threshold

25 selected to be within the correction capability of the ECC circuitry before applying
ECC correction.

These and various other features as well as advantages which characterize
the present invention will be apparent from a reading of the following detailed

description and a review of the associated drawings.
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read channel quality indicators to determ ne the appropriateness of using
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I ncl ude track offsets, adjustnents in anplifier gain and filter ranges and
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10 probability of outputting undetected erroneous data and the read error rate of the
read channel of FIG. 3.
FIG. 6 is a flow chart of a read error recovery routine in accordance with a
preferred embodiment of the present invention.
FIG. 7 is a second read error recovery routine in accordance with another

15 preferred embodiment of the present invention.

Best Modes for Carrving Out the I .

Turning now to the drawings and more particularly to FIG. 1, shown
therein is a top plan view of a disc drive 10 constructed in accordance with the
present invention. The disc drive 10 includes a base deck 12 to which various

20 disc drive components are mounted and a top cover 14, which is shown in a
partial cut-away fashion to expose selected components of interest. ~Although not
explicitly illustrated in the top plan view of FIG. 1, it will be readily understood
that the base: deck 12 includes an interior surface to which various disc drive
components are mounted as well as side walls which, in combination with the top

25 cover 14, provide sufficient height to house these components within a sealed
internal environment.

Mounted to the base deck 12 is a spindle motor (shown generally at 16) to
which a plurality of discs 18 are mounted for rotation at a constant high speed.

Adjacent the discs 18 is an actuator assembly 20 which pivots about a pivot
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10 28 are moved to the landing zones 30.

Continuing with FIG. 1, the actuator assembly 20 is controllably positioned
by way of a voice coil motor (VCM, shown generally at 34) comprising an
actuator coil 36 immersed in the magnetic field generated by a permanent magnet
38. It will be recognized that a magnetically permeable flux path (such as a

15 second permanent magnet in conjunction with a steel plate) is mounted above the
actuator coil 36 to complete the magnetic circuit of the VCM 34, but for purposes
of illustration this flux path has not been shown in FIG. 1. When controlled DC
current is passed through the actuator coil 36, an electromagnetic field is set up
which interacts with the magnetic circuit of the VCM 34 to cause the actuator coil

20 36 to move relative to the permanent magnet 38 in accordance with the well-
known Lorentz relationship. As the actuator coil 36 moves, the actuator assembly
20 pivots about the pivot beariﬁg assembly 22, causing the heads 28 to move
across the surfaces of the discs 18.

To provide the requisite electrical conduction paths between the heads 28

25 and disc drive read/write circuitry (not shown in FIG. 1), head wires (not
separately shown) are routed on the actuator assembly 20 from the heads 28, along
the gimbal assemblies 26 and the actuator arms 24 to a flex circuit assembly 40.
The head wires are secured to corresponding pads of a flex circuit board 42. In
turn, the flex circuit assembly 40 is connected to a flex circuit bracket 44 in a

30 conventional manner and communication is provided between the flex circuit
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Description of Draw is a top plan view of a disc
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read channel pdidusesnthe tontivt electroniesaofidt whei dige drivecl.t of FIG 2.
FIG. 2 provides a functional block diagram of the disc drive 10 of FIG. 1,
5 operably connected to a host computer 50. As shown in FIG. 2, the disc drive 10
generally comprises a spindle control circuit 52, a servo control circuit 54 and a
read/write channel 56, all operably connected to a system microprocessor 60. It
will be recognized that the system microprocessor 60 communicates with and
controls the operation of these circuits in 2 known manner, with the exceptions as
10 discussed below. Additionally, an interface circuit 62 is shown connected to the
read/write channel 56 and to the system microprocessor 60, with the interface
circuit 62 serving as a conventional data interface and buffer for the disc drive.
As will be recognized, the spindle control circuit 52 controls the rotational
speed of the spindle motor 16 (FIG. 1) . As the construction and operation of the
15 spindle control circuit 52 are conventional, these will not be further discussed
herein.
The servo control circuit 54 of FIG. 2 is shown to receive servo posiﬁon
information from the head 28 and, in response thereto, provides a correction signal
to the actuator coil 36 in order to position the head 28 with respect to the disc 18
20 (FIG. 1). As will be recognized, a dedicated servo system generally entails the
use of at least one surface of the discs 18 as a dedicated servo surface, from which
the alignment of the remaining heads relative to the corresponding disc surfaces
can be achie_ved; alternatively, an embedded servo system entails the storage of
both servo information and user data on each track on each of the surfaces of the
25 discs. Although the disc drive 10 is shown to be an embedded servo system as
both data and servo information are provided from the head 28 of FIG. 2, it will
be understood that the present invention is not so limited. For additional
discussion regarding typical disc drive servo systems, see U.S. Patent No.
5,262,907 issued November 16, 1993 to Duffy et al. (dedicated servo system) and
30 U.S Patent No. 5,136,439 issued August 4, 1992 to Weispfenning et al.
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qual ity neasurenment and read error rate for the read channel of FIG 3.
FIG 5 is a graphical representation of the correl ati on between the 10
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head passes over the selected track on the disc 18. The operation of the read/write
10 channmel 56 in accordance with the preferred embodiment of the present invention
will be discussed in greater detail below.

It will be noted that the various operations of the disc drive 10 are
controlled by the system microprocessor 60, in accordance with programming
stored in system microprocessor memory (MEM) 64. Those skilled in the art will

15 recognize that typical disc drives include additional circuitry and functions beyond
those delineated above, but such are only of general interest to the present
discussion and accordingly do not warrant further description.

Referring now to FIG. 3, shown therein is a functional block diagram of a
read channel 70 of the disc drive 10, the read channel 70 composing the readback

20 portion of the read/write channel 56 of FIG. 2. It will be recognized that
additional components and features may typically be provided in the read channel
70 and further, selected operations of several of the components disclosed in FIG.
3 are controlled with external inputs provided from, for example, the system
microprocessbr 60 of FIG. 2; however, the read channel 70 of FIG. 3 is

25 sufficiently detailed, in conjunction with the following description, to readily
facilitate a thorough understanding of the present invention.

The read channel 70 employs PRML signal processing, which as will be
recognized involves time-domain equalization and self-synchronization of the read
signal provided by the head 28. Particularly, time-domain equalization is used to

30 reshape a readback signal received by the channel to an approximation of a desired
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actuator arnms 24 which support ginbal assenblies 26. The gi nbal assenblies

26 in turQodhipiess t heads 28, with each of the heads 28 GuqufisHsyess M toO
a surface of one of the discs 18. As provided herei nabove, the heads 28

are positionably 5 |ocated over data tracks (not shown) of the discs 18 in
order to read data from and wite data to the tracks. At such tine that
the disc drive 10 is not in use, the heads 28 are noved to | anding

zones (denoted at broken line 30), mhicqﬁare | ocated in FIG 1 near the
i nner diameter of the discs 18. A |l atchifig arrangenent (shown generally

at 32) is used to secure the, actuafor.assenbl e h 10 28 are
moved tothe | AHEPLYEACTEL BIE find Yolaie 356 Binkef i PRER PREa d800,C | ©
act uat or assentReshaping the Geddback sigial XllgyasSintersyabad! interfdvgncedISIpo te reduced coi |

t VCM sh Ly at. 34). : t yat Qr. coil . 36
or sed 1 ¢ hamegHERled. PR aring iR BB AL Eding AERE Pamdnformatiogy |
W Il be recogniggeh biidle disd BSNM! tificlbbiaiRl SqEERRGH ﬁ'tyﬁi?ag?gii)?:p(eﬁléﬁﬁdas a 15

second pernmanent nmagnet in _conjunction with a steel I s nount ed above
t he act Biattbrouglythe 86 of @ trapsersal equalizer{filign sireuit. c Magegver.gelft he VoM 34,

but for purpose . Is Ik 0. 5kl in
PG 1. Vhen coyptmppiglondolies Ficspbhilatbd of I tafUrhadispihy MR IERRIT T
36, an el ect r onefgnmiming féadbatkisignais; which varies ashd relsulk of theaspeasd ofi thé) rothting

T L o e b £ BB R 0 *° ™V
Lorent z rel at i asyadtirpnizaAfontis prasficalls tachieved thradGh thevese of alphaseclotiedddooms senbl y
20 pivots abhgut f b8 R Cseniams il AE5T Hhyng Zampide o Mulilea NRAMS 168 1o move
appropriate moments and for the subsequent recovery of the stored data from the
samples by way of a Viterbi decoder. Practical PRML read channel
implementations are discussed, for example, in U.S. Patent No. 5,422,760, issued
June 6, 1995 to Abbott et al. (digital equalizer, timing and decoder circuitry),
15 U.S. Patent No. 5,459,757 issued October 17, 1995 to Minuhin et al. (analog
timing and decoder circuitry) and U.S. Patent No. 5,592,340 issued January 7,
1997 to Minuhin et al. (analog equalizer circuitry). It will be readily understood,
however, that although the present invention is particularly suited to a channel
employing PRML signal processing, the present invention is not so limited.
20 Continuing with FIG. 3, the read channel 70 is shown to comprise a
threshold detector and preamp circuit 72 which operates to monitor the variations
in the read current passing through the head 28, which is identified in FIG. 3 as
an MR head. The detector and preamp circuit 72 provides both threshold
detection and preamplification of the signal provided by the head 28.
25 More particularly, the detector and preamp circuit 72 monitors the
variations in magnitude of current passing through the MR-element of the head 28
and provides indications when the current exceeds a predetermined threshold
bounding the nominal read current. Such detection is useful, for example, in
detecting the occurrence of a thermal asperity which is an event wherein the head

30 28 undergoes a sudden change in temperature, affecting the nominal resistance of



across the surfaces of the discs 18. To provide the requisite
el ectrical conduction paths between the heads 28 25 and disc drive
read/wite circuitry (not shown in FIG 1), head wires (not separately
shown) are routed on the actuator assenbly 20 fromthe heads 28, al ong

the gi nbal asspgbbifss 26 and the actuator arms 24 to a flex ecpriddinass
assenbl y 40. The head wires are secured to correspondi ng pads of a
flex circuit board 42. In turn, the flex circuit assenbly 40 is
connected to a flex circuit bracket 44 in a 3Q conventional nmanner and
comuni cation is provided between the flex circuit WO 97/ 43835
PCT/ US97/ 04906 -8 -

bracket 44 and a printed circuit board (ﬂ&B)_nDunted to the underside of
recogni zed, ¢ he Pehoelehngf Sty Wprled Boipdin hveabldad Bafhss.  Koongr,
10. . thérfial asperivocdms whehuheheéad28| flpingdh clisa groximinyf to the sofface
i F G2, the dtdte g S8 Rl SPSRTE R wibn BE ol R o 4RSI
circuit 52, a Seed@ngCa¥d feghlt 6f theUinpade4am bshsé the read kigadl/tiivesHoRd s nel 56,
all operably connected to a system m croprogessor 60. It
5 surpassed by a pulse which significantly distorts the read signal output by the
threshold and preamp circuit 72 for a period of time that can potentially last for
several clock cycles. A non-contact thermal asperity occurs when the topography
of the disc underneath the path of the head 28 changes sufficiently to affect the
rate of heat dissipation from the MR-element, and hence the steady-state resistance
10 thereof; a peak or a valley in the surface of the disc having sufficient relative
dimension to the flying height of the head 28 can cause signal distortion in the
output of the threshold and preamp circuit 72 as the resistance of the MR-element
fluctuates accordingly. Thus, the threshold and preamp circuit 72 utilizes a
predetermined signal level threshold for the read current and provides indications
15 when the threshold has been exceeded.
Additionally, the threshold and preamp circuit 72 provides preamplification
“of the read signal from the head 28 to a level sufficient for processing by the
remainder of the read channel 70.
The output signal from the threshold and preamp circuit 72 is provided to a
20 variable gain amplifier (VGA) 74, which iypically includes automatic gain control
(AGC) to maintain a nominal signal amplitude for the remainder of the read
channel 70. Additionally, the VGA 74 can be set to a fixed gain, useful for
certain error recovery operations.
The a{mpliﬁed signal is then prefiltered by an adaptive prefilter 76 which
25 generally operates as a low pass filter to remove higher frequency noise
components from the signal. A transversal equalizer 78 then performs the
aforementioned time-domain equalization of the readback signal, filtering the
signal to a close approximation of a selected class of PRML signaling (in this case
PR-4). The output of the transversal equalizer 78 is sampled (digitized) by an
30 * analog to digital (A/D) converter 80, and these samples are used by a timing and



wi |l be recognized that the system m croprocessor 60 comruni cates with and
contirol s-the operation of these circuits in a known manner, with the
exceptions as 10 discussed below. Additionally, an interface circuit 62 is

shown connected to the read/ wite channel 56 and to the system

i ith the int f t 62 y

m cr opr ocess ?,2 e interface Ci rcui ser Vi

conventi onal Q‘E]% 43?#[ erface and buffer for the disc drive. Persyribases As
wi || be recognized, the spindle control circuit 52 controls the rotational

speed of the spindle notor 16 (FIG .1) . As the construction and operation
of the 15 spindle control circuit 52 are conventional, these will not be
further discussed her ei n. The servo control circuit 54 of
FIG 2 is shown to receive servo p05|t155 i nformati on fromthe head 28

and, in response t hereto, |, i des corre to,t he actuator
Coi| 36 | ' or oo eRtwbRE v e G of ok VGA Thoss wellansd A W8 0
(FIG 1). As \Afru,ueh@y b5 POL (ﬁ&%;f:ﬁat@%hﬁﬂhﬁﬁkeﬂ%?\éovmi 8400868 @ deco@nt ai | s
t he use of [‘'east one surface of the discs 18 as a dedi cated servo

surface, from mdclnta from thmﬂmleﬁg)hmg feem thectransypssah panpligeratls rel ative to
th di
e corresponding dpg ff’o%‘?ﬁ] e ViterbiCdbdodt sﬁ‘iﬁ'lleo\bgﬂmhﬁuiﬁ A 4 Pﬁhmat an

enbedded servo system eh e storage of ser o1ln
and user datsa anuem:ehormthdmgl teethe h:ncxfded Idatasoniginallp svrigfenttp ghepgplectiidstrack.

Al t hough the disc drive 10 is ovvnt e

both data and g-éﬁs\f‘SQ‘ieﬂ?eoFr?ﬁ?‘f’%eﬁl \?ﬁﬂgg}' ?’%rﬁngfﬁéejaigg SX'E'#I‘ %}@l 2,
vm;jljl | be uadgéeagm pefoimé beumﬁngsasessinmmftm@m;hml muhlity msingrérterd. For
addi ti ona i scussion re di sc r ste see
0 ' patent Novalues prowdeqby U st Aeaodeh niMpremaricalsd. A difinRel St
(dedi cated ser yRnaysse eaml a¥ftatud byZe R Vephisentthd Bfiegtal or Somedf august 4,
1992 to Wi spfennl ng e

square of the sampled data bit error values recovered during the read operation.

The magnitude of this status byte ("channel quality measurement") is

representative of the overall quality of the data signal during the read event; a

lower magnitude corresponds to a higher quality signal. Because the individual

sample errors are squared, larger errors generally carry much more significance
15 than smaller errors in the overall count.

For example, if the A/D 80 produces sample values over a symmetrical
integer range (such as -18 to +18), then every sample received by the Viterbi
decoder 84 should have one of three values corresponding to symbol values of -1,
0 and +1 (such as -14, 0, or +14). Thus, samples other than these will have

20 non-zero error values. .

The Viterbi decoder 84 examines each sequence of sampled data values and
determines the sequence of -1, 0, and +1 symbol values which most likely
produced the recovered sequence. Once the Viterbi decoder 84 has determined the
symbol valués, it can determine the corresponding error values, and those error

25 values are provided to and squared by the channel quality monitor 86 where they
are added to a summing register (identified at Q,, in FIG. 3).

It is advantageous to linearly scale the squared error values before being
summed and then to linearly scale the resulting sum, so that the final status fits in
a single-byte register. When a new sector of data is read, the channel quality

30 monitor 86 clears the summing register during receipt of the associated phase-
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(enmbedded servo system). Both of these references are assigned to the
assi gnee of the present invention. The read/wite channel
56 operates towowwizssdata to the disc 18 in response t O POTASOTIADG

provided to the channel fromthe interface circuit 62 by encoding and 5
serializing the data and generating a wite current utilized by the head 28
to sel ectively nmagnetize portions of a selected track on the disc 18.
Correspondingly, the previously stored data is retrieved by the read/wite
channel 56 by reconstructing the dz_itlg_fromthe read signals generated
by the head 28 as the head passes over the selected track on the disc
18. The operati | s ' ] he
preferred enbod ?%’é{g{ IJC?P QF%Q?#‘QQ@J% ?i elildg?/ne nt %gﬂgémssﬁdwhﬁl (ﬁ& E@E‘g?tgg E%%‘lé%;]?ftn
greater detail It ervor values when data recoveryl egins. Asdesired hatroat necanasquarad

operations of t hsC drive 10,are .. o system

m cr opr ocessor Mﬁ&%éjo?%méecw feadily B‘é&a m 1%"6&% il{lﬁ*ye eqsﬁrew& b%,
m'hcr opr opesisor_ rmmwd it ividibg/ ltheGs%ml d B’;hgggotakﬁdn::teﬂ_orbitg heeeived am% then tdking mgogni ée
that typical disc drives_incluyde itional circuitry and functions beyon
those delineal edaUASHTRPL of this xalug, Ltwill g recqgpizgd that the qaﬂ;ﬂ‘&"@gl"f ths ghaanel

pr esent di yfauns nfAsdbHeGE BEMtkdlg Rhoda indle atBr rant further description.
Referring nowto FIG_ 3, shown therein is a functional block diagramof a

read channel 70 of t Regaplsss ofithe manuer in phichthe) chapgelgualityomenitas $8i ng t he

readback 20 porgeiepRines b inBasaaiiae i QbibIE tSexteri ernta‘ﬁé[l | be
recogni zed t hat te%mgdg&??%él%r%a\g%onaents an’ci ?g)gtdr es W)é%ntn)l/pl cally be
provi ded i n t he comakitecthanhaninel quality feasundmentr tolthe ovesall chanael ropkemor tts of
several of t npanent s .di.scl osed..jn  Fl G. .are contralled with
external inp scl%f SVPeEd c?frda%%ra?%},q’égaﬁ&r%v,xde[s#egrgg?)xsufaé%}epreé?m{aﬁ?% Pg&gocessor
60 of FIG  2; heomehtion béteecrectainndl gnality me@surémért Gnd thel read error rate for the

disc drive 10. As shown in FIG. 4, a channel quality measurement of about 78

corresponds to a read error rate of about 1 x 10" read errors/bit retrieved from
the read channel 70, whereas a channel quality measurement of about 90
15 corresponds to a read error rate of about 1 x 10® read errors/bit. The significance
of the channel quality measurement and this correlation to read error rate in view
of the present invention will be discussed in greater detail below.
Continuing with FIG. 3, the recovered data sequence is provided by the
Viterbi decoder 84 to a conventional 8/9 decoder 88, which converts each set of 9
20 bits stored to the disc 18 back to the original 8 bits of user data to remove the
RLL encoding used to ensure reliable timing during the read recovery process.
Although 8/9 encoding has been disclosed, it will be understood that other
encoding rates can readily be utilized, such as 16/17. The output from the 8/9
decoder 88 is shown to be provided to an ECC circuit 90, which performs error
25 detection and correction upon the received sequence (using, for example Reed-
Solomon codes) and, if no uncorrectable errors are present, ontputs the data to the
interface circuit 62 (FIG. 2) for subsequent transfer to the host computer 50.
As is well known, ECC encoding is initially performed by the write
channel portion of the read/write channel 56 by appending a number of code

30 symbols to the end of each selected portion of data symbols to generate encoded
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to readily
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defined combinations; thus, based upon the algorithm used by the ECC circuitry,
illegal combinations can be detected and up to a selected number of the data
symbols in such words can be changed in order to correct the presence of read
errors therein. Once the data has been corrected, the code bits are stripped,
allowing the originally recorded data to be output by the ECC circuit 90 to the
interface circuit 62 and then on to the host computer 50. The ECC circuit is
preferably implemented in hardware so that on-the-fly detection and correction can
take place without the need for ﬁrmWare intervention.

As will be recognized, different algorithms, or levels of ECC correction,
can be used with the same encoding scheme to detect and correct different
numbers of errors in the retrieved encoded words, or to provide different
probabilities of detection and correction. Risks associated with ECC correction
generally include both the erroneous correction of correct data and the non-
detection of read errors in the retrieved data. Thus, an optimal level of ECC
correction is typically chosen which balances the number of correctable errors, the
probability of miscorrection of errors and the probability of misdetection of errors.

As discussed above, the probability of passing undetected erroneous data is
a function of the error rate of the data provided by the read channel 70 (this
probability is referred to herein as "P,,"); for purposes of illustration, FIG. 5
provides an example of this relationship for the disc drive 10. As shown in FIG.
5, if a threshold of acceptable P, is 1 x 10 (determined, for example, by
customer specifications), then 1 x 10®° would be a corresponding acceptable read
channel error rate.

Having concluded an initial overview of the read channel 70 of FIG. 3, a

dj al ition of th | at d. Typically, h | f-
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appropriate nonents and for the subsequent recovery of the stored data from
the™ sanples by way of a Viterbi decoder. Practical PRM. read channel

i npl ement ati ons are di scussed, for exanple, in U S. Patent No. 5,422,760,

I ssued June 6, 1995 to Abbott et al. (digital equalizer, timng and
decoder circui tweydmaagss U.S. Patent No. 5,459,757 issued COct obeetiige7/0k885 't o
M nuhin et al. (anal og timng and decoder circuitry) and U S. Patent
No. 5,592,340 issued January 7, 1997 to M nuhin et al. (anal og
equalizer circuitry). It will be readily understood, however, that

al t hough the present invention is particularly suited to a channel

enpl oyi ng PRML signal processing, the-present invention is not so limted.
20 Continuing wwth FIG 3, the read channel 70 is shown to conprise
a t hreshol d taﬁé;éc' or
the variations i P fﬁ;@ ﬁ&@gﬁégﬁ?ﬂ%ggg?ﬁgeﬁhﬂfgﬁe@%xgﬁﬁﬁoh@ g}y“%l ch
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and preanp cir cuidiring a eud érfur Sedovery processaAk aliscassed ansovaragrié tetfimon rponitheent

passi ng through the, MR- el enent of the head 28 and provi des i.ndications
when the curreht Teseiptofa d&”ﬁ?@&@?@‘ﬁﬁ‘h’@&@ﬁf‘é%ﬁﬁd&m sec‘grb?ﬂ? fdipg then e

nom nal read curefBheousdad (drei ?Sﬂnhﬁ of this see@k)And tb%n@efaéﬁﬁl@ a séhuence of
detecting the occurrence of hermal asperity which is an event wherein

the head 30 28 uﬁﬂ@?t@&é@crep@umemr Eneesejue the redchprEerat Bipch, CORTeFIiNE §TFRIS t he

nom nal resistan 1 ) ¢s. holdine th ¢ v
PCT/ US97/ 04906 Gchie, for example) iy trdcktRets, holding the gain of the VGA 74 to a

predetermined level, switching the filter bandwidth of the threshold and preamp

10 circuit 72 or the adaptive prefilter 76, varying the thresholds used by the Viterbi
decoder 82, and varying the tap weight or adaptive timing parameters used by the
transversal equalizer 78. In each case, the system microprocessor 60 (FIG. 2) will
generally cause the rereading of the particular sector (or portion thereof) from
which the read error emanates while applying one or more of the above, or other

15 similar, corrective actions in order to eliminate the read error.

Upon receipt of an uncorrectable read error, the present invention
contemplates the application of a selected corrective action, rereading the data
from the disc 18 and determining the channel quality measurement therefrom; at
such time that the channel quality measurement indicates that the overall read error

20 rate of the channel will provide an acceptable P, then the disc drive 10 further
allows error correction to be performed by the ECC circuit 90 upon the retrieved
data. FIG. 6 provides a generalized flow chart corresponding to programming
stored in the system microprocessor memory 64 and utilized by the system
microproceséor 60 to carry out this read error recovery operation.

25 Referring to FIG. 6, after receipt of an uncorrected error detected by the
ECC circuit 90 (and after unsuccessfully attempting to resolve the read error by
rereading the sector associated with the error), the disc drive 10 enters a read
error recovery routine, which begins with the selection of the first of a series of
corrective actions for use in the recovery effort, as indicated by block 102. As

30 provided hereinabove, such corrective actions can involve track offsets and



- 11 - the MR-el enent sufficiently to produce noise in the read data

sequence.. A contact thermal asperity occurs when the head 28, flying in
close proximty to the surface of the disc 18, contacts a particle
di sposed upon the surface of the disc; the sudden heating as a result

of the inpac use the read signal threshold to be 5 by a

pul se which antly distorts the read signal output by t

threshold and preanp circuit 72 for a period of tine that can potentlally
| ast for several clock cycles. A non-contact thermal asperity occurs
when the topography of the disc underneath the path of the head 28
changes sufficiently to affect the . *ﬁte of heat dissipation fromthe
MR-el enent, and hence the steady-stat€ Yesistance 10 thereof; a peak or a
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transversal equall zer forms the aforerrentloned ti me-domain
equal i zat i on ofrackeffsebefityd0% fcomteack center; thej systempymicroprocessor 60 (FIG. 2)

instructs the servo control circuit 54 to adjust the current applied to the actuator
coil 36 in order to move the head 28 a distance equal to 10% of the nominal width
15 of the selected track in the positive direction with respect to the disc (for example,
towards the disc inner diameter). The system microprocessor 60 instructs the read
channel 70 to reread the data with the head 28 in this offset position. The read
channel 70 then generally operates in accordance with the foregoing description to
reread the associated data, including the operation of the channel quality monitor
20 86 (FIG. 3) to determine a channel quality measurement therefor. The system
microprocessor 60 will then obtain the channel quality measurement, as shown by
block 108, and compare this to a predetermined threshold, as shown by block 110,
which is determined from the previously identified acceptable P,.,. Thus, using
the example provided above, an acceptable P, of 1 x 10 corresponds to a raw
25 read error rate of 1 x 10® (FIG. 5), which in turn means that the channel quality
measurement should have a value of below 90 (FIG. 4) in order to assure this P,
is maintained. Block 110 indicates this comparison of the channel quality
measurement to this threshold.
When the channel quality measurement is below the predetermined
30 threshold, the routine of FIG. 6 continues at block 112 wherein ECC correction is



signal to a close approximtion of a selected class of PRWVL signaling (in
thrsstTase ™ PR-4). The output of the transversal equalizer 78 is sanpled
(digitized) by an 30 analog to digital (A/D) converter 80, and these
sanples are used by a timng and WO 97/ 43835
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control circuit 82 to adjust the gain of the VG 74, as well as to adjust

t he frequency of a PLL (not separately shown) used by a Viterbi decoder
84 to decode read data fromthe sanples obtained fromthe transversal
equal i zer 78. The output fromthe Viterbi decoder 84 w |l
optimally conprise a data 5 sequence gar.,r_espondi ng to the encoded data
originally witten to the sel ected track. This sequence is provided to

a channel quali a ed
perforns a runrﬁuﬁgn‘ggségésﬁég % %ﬁgr‘\tln ?cuzt?g"" \\chh H dr‘fgf'q-(‘al{reﬁgﬂr%gw;s val u
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of the 10 squdi"@ °Bfregt [FEFOLS, I fh c?zgtsgnﬁ‘;]f "8$ %Qﬁ? ?85 Tt during the
read operati on.pecision Bi6& Mtém%sﬁhem&kﬁnfﬁﬁoﬁﬁctbﬂﬁ:%n&) Cardp&endual i ty

measurenment”) is representative of overall quality of the data
signal during t{HEoyghpellingofithe ECC circuit 90 by the system microprocessor 60), and if

not, the data is output to the interface circuit 62 (FIG. 2) for subsequent transfer

to the host computer 50, as indicated by block 116. Because the channel quality
measurement indicates an acceptable read error rate in the channel 70, it is safe to
assume the ECC circuit 90 will operate properly to correct any errors it detected

10 in the data (up to the maximum number of errors the ECC circuit 90 is designed
to correct).

However, should the channel quality measurement not fall below the
threshold of decision block 110, error correction by the ECC circuit 90 is
disallowed, as indicated by block 118. That is, even though the ECC circuit 90

15  will proceed to operate as designed to perform error detection and correction upon
the data, it is not safe to assume that any actual corrections made by the ECC
circuit 90 will be valid corrections. Accordingly, the reread data can still be
output to the interface circuit 62 (as indicated by block 116) when the channel
quality measurement is above the threshold of block 110, but only in those cases

20 when the ECC circuit 90 detects no errors in the received set of data symbols.

Thus, when error correction is allowed (block 112), decision block 116
determines whether any remaining uncorrectable errors remain after the ECC
circuit 90 has performed error correction upon the data. Correspondingly, when
error correcti;m is disallowed (block 118), decision block 114 determines whether

25 any errors are detected by the ECC circuit 90. At such time that at least one
uncorrectable error remains (whether correction is allowed or disallowed), the
output from the ECC circuit 90 is discarded and the routine passes from decision
block 114 back to block 102, wherein the next corrective action from the table is
selected. It will be understood that the routine of FIG. 6 will continue operation,

30 cycling through the corrective actions set forth in the table until the read error is



| ower magni tude corresponds to a higher quality signal. Because the

I ndi vi dual sanple errors are squared, larger errors generally carry
much nmore significance 15 than snmaller errors in the overall count.

For exanple, if the A/D 80 produces sanpl e val ues over a synnetrical

i nteger rangewpoYgidsas -18 to + 18), then every sanple recei,

Vi terbi decoder 84 shoul d have one of three val ues correspo |4ng to
synbol val ues of -1, 0 and +1 (such as -14, 0, or + 14). Thus, sanples
other than-these will have 20 non-zero error val ues. The

Viterbi decoder 84 exani nes each sequence of "sanpl ed data val ues and
determ nes the sequence of -1, 0, and +% synbol val ues which nost |ikely
produced the recovered sequence. Once i % Viterbi decoder 84 has determ ned

and t hose" or r MR Srslska bbb et R BAREES i Seclee Cand e

qual i ty noni t ohost Gompaees0 Bonotified accdfdinglgded to a sum"n ng register
(identified at  er i s advant agequs to

I.n FI G
linearly scale the &‘]cf?fg?retﬂ aé?‘l‘%&"\f‘ﬁ@%@?fé@&@"’ﬂ'é‘?ﬁﬁ““ action applied taike t hen
to linearly sciag chﬁuﬁ:ermubﬁﬁmes&mmwmas Mmlfbweéogﬁiz t{dﬁannel

a Si ngle byt e reg(lpster When a new sect or data is reéad
quality 30 diment Jiscypsed tah@/estbﬁﬂnrrgglpteglssﬂ@redd@r eah pa@% dirpughothe t he

gé?l_? fJ'SSt?/eg 4882?&1me. It may be di¥2aB1é/ iAGSRr, to continue to accumulate the channel
quality measurement over subsequent passes through the routine so that step 104
may be bypassed as required. It is contemplated that such accumulation may be
desirable for cases wherein, for example, subsequent corrective actions listed in
10 the table (block 102) are identical; that is, it is common to perform the same
corrective action a plurality of times in succession (such as application of 2 +10%
offset twice in a row) and, in such a case, accumulation of the channel quality
measurement for the entire time that the same corrective action is performed could
in some instances provide a better overall assessment of the channel quality, and
15 hence the effectiveness of the corrective action. Of course, the channel quality
monitor 86 could also be instructed to continue to accumulate the channel quality
measurement during the entire course of the read recovery routine, over all the
corrective actions applied; the benefits from obtaining a larger sampling of bits
thereby (especially when the previously described RMS approach is utilized),
20 however, might not be as beneficial as retaining the ability to separately evaluate
the effects of each type of corrective action applied to the read channel 70.
Having riow concluded the discussion regarding the routine of FIG. 6, the
present discussion will turn to the second aspect of the present invention which
involves the further use of erasure pointers during the read error recovery process
25 to determine the appropriateness of applying ECC in combination with corrective
actions utilized during the read error recovery process. As will be recognized, an
erasure pointer is an outpﬁt from a selected component of the read channel 70
which, as a result of the operation of the selected component, serves to identify a
particular set of data (such as a particular byte or set of bytes) as potentially

30 containing a read error. For example, one source of erasure pointers is the



- 13 - | ocked | oop (PLO recovery field and then begins adding the

calcurated—squar es of the error values when data recovery begi ns. As
desired, a root nean squared (RVMB) integral of error"” can readily be
determ ned for the quality nmeasurenent by further dividing the sum by
t he total ”U”Wwﬂfssgi ts received and then taking the 5 squaITasYnoi90e
this value. It wl e recogni zed that the cal cul ation of the channel

qual ity neasurenment is generally known in the art. Regar dl ess
of the manner in which the channel quality nonitor 86 determ nes the

channel quality neasurenent, it is possible to experinentally
correlate the channel quality neasureneqé_;o the overall channel read error
I

rate. 10 For purposes of iIIustration' G 4 provides a graphical
representation mant
and the read er ﬁsﬁ%]gtagd PBCP%? 1&1{?% |sc ‘é‘?ﬁl@h 9?8&3?3&&1% txiNcrl]ﬁH’césiﬁ' 58

channel qual it yopepaidH acyigat 1eaél thteshdld d@&ector which monitprsribie signal deved off they r or

Channel ?8°”&heqee%§=sé§as&ﬂ 06 R e RGNS, ol BF e”C

corresponds to Rad @?ﬁa)%&tﬁ'iherl@ad?mfexm&leheﬁniﬂi@éﬁﬂy thesisbldrsigmas/ bi t . The
significance he channel quality neasure t a 20t hi s, . corregl ation

to read errof rwtuation iyilikely andeQPF‘E‘?FQd’FS‘gé’é' % T93H\F ¥ yiikgly- (e ussed
in greater det aéxjasd?@bﬁ‘i‘g(er mformatlon can thd BE phovided twith'EEC Gircdit 901F6r firCOVer ed
data sequence is ed Viterbi decoder 84 to a conventional

8/ 9 decoder 88, affmtedl‘bymﬂ(ﬂwt@emﬂq heeain 8y "gasmges hits stored to the disc 18

back to the oriagi nal%%&&{n&%ra%regﬁﬁ{ter%ﬁ e liff He Endnfl 70 is the B/ RB&RE! NI

used to ensure relia m ng e read recovery process.
Al t hough 8/ 9 entsduseghh89 dheaderatomccmsw bnts ofricbdededatmweitien tsotde disgt 18t her
encodi ng ra

575 "0 2B R B e Al i BB o RS C

performns er ror R&\ce O@dretibh 0N suehth conmbiradbn sulgga;man eireneoss bite exhisecarebe e

(using, for exanpl e Reed- Sol.oppon codes) and, if no uncorrectable
errors are pres fectmyp@@%@% "to the Interface circuit 62 (FIG
2) for subsequent trepsgec éi&uft")@ hb@ﬂfe capability ©F cofecting up to a maximédm ofs vel |
known, ECC encoding is initial ger ormed by the wite fha nel
portion of the ewenfous fata S‘ﬂﬂhﬁﬂﬁ@! %asb‘yesaﬁ)@ﬁﬁm‘@uanﬂdﬁﬁﬁra‘bf

15 words, the ECC circuit 90 can correct up to v €rrors and u erasures, provxded

that:
w2 + v <t (1).

As disc drives typically store 512 bytes of data per sector on the discs and

typically employ Reed-Solomon encoding schemes using one code word for (up to)

20 255 bytes of data, each sector of data will typically have three to four code words
for the data symbols stored in the sector (a code word comprises both data
symbols and code symbols). Accordingly, as the ECC circuit 90 preferably can
correct up to four errors in the data symbols associated with each code word (i.e.,
t=4), then it can alternatively correct up to eight erasures in the data symbols for

25 each code word (i.e., 2t=8); for a sector having four code words, then up to 16
errors or up to 32 erasures can be corrected by the ECC circuit 90 for the data
stored in the sector. As discussed below, in accordance with the present invention
an erasure threshold is selected at a level within the capability of the ECC circuit
90, with a lower threshold generally corresponding to a more conservative

30 recovery attempt. For example, using t=4 for the ECC circuit 90, the erasure
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words (or interleaves) that mathematically map into a Galois field. That
Is, the woRagyhol s are added to the data synbols sO ghabsebided O al
set of synbols can be considered to be the coefficients of a

pol ynom al having defined roots, so that only mat hemat i cal |y defined
conbi nations can legally exist. Wen an encoded word is 5 retrieved, the
word is conpared to the set of defined conmbinations, so that encoded
words containing read errors wll generglly not map into the set of
defined conbi nations; thus, based upon The algorithn1used by the ECC

circuitry, L | I | natd o e cted,an p to a sel ected
number of the tmf% llé(’k?%%r c@ﬁgrﬂisl?%?iarceﬁerﬁ %%tg “t?h"&#m ZRQ Brder to
correct the preigghtnce of read 10 errors therein. Once t he data has been

corrected, the cod i t.s ares allo he, griginally
Fefirting fow o Fitk "BoShewn terein ep bepepasd fow Shiie go o

recorded data to b
circuit 62 andeidfiowdy ! rr&tﬁxb%mﬁs sTRIER 4b Bie roline STEFIGCE, ekd, ePtJthtat i
preferably inplenented in hardware so that on-the-fly detection and
correction ¢arfoutine of G 7peludes the, fusiber Fﬂ?é’fﬁé@!ﬂwfm’mﬂis rlm‘éeﬁmtlmm i on.
15 AS Vitlthe RiproptfatiiblsZtthe GledrHER bobdtidh dbAHE the Yecdvelf l);?erﬁ)t{

correction,

Like the routine of FIG. 6, the routine of FIG. 7 is initiated after the occurrence
of a detected uncorrected error by the ECC circuit 90; at block 122, the first
corrective action is selected from the table. The Q,, register is cleared, block 124,
10 and then the selected corrective action is applied to the associated data, block 126.
The routine determines the associated channel quality measurement at block
- 128 and, as before, compares this to a predetermined threshold at decision block
130. At such time that the channel quality measurement indicates that the P, is at
an acceptable level, the routine continues to block 132 wherein the total number of
15  distinct erasures indicated by the erasure pointers is determined. As provided
above, a separate erasure pointer is provided for each byte (synibol) of data
suspected to contain an error as a result of a thermal asperity or a detected
erroneous 8/9 combination. The total number of distinct erasures is determined,
because a byte affected by a thermal asperity and detected by the threshold and
20 preamp circuit 72 may also be detected as an illegal combination by the 8/9
decoder, but this affected byte will count as only one erasure. The system
microprocessor 60 determines the total number of distinct erasures and compares
this number to a predetermined threshold (i.e., between zero and eight, based on
the correction capabilities of the ECC circuit 90) at decision block 134. At such
25 time that the total number of erasures is within the correction capability of the
ECC circuit 90, the erasure pointers are provided to the ECC circuit 90 and ECC
correction is aliowed to be performed on the reread data as shown by block 150.
Alternatively, should either the channel quality measurement fail to indicate an
acceptable level of P, (decision block 130), or the total number of erasures is

30 greater than the erasure threshold (decision block 134), then ECC correction is



can be used with the sane encodi ng schene to detect and correct different
numbers of errors in the retrieved encoded words, or to provide different
probabilities of detection and correction. Risks associated with ECC
correction generally include both the erroneous correction of correct
data and the n@iyro7i4skas detection of read errors in the retrievweanssovoasos Nus,
an optimal |evel of ECC correction is typically chosen which bal ances
t he nunber of correctable errors, the probability of mscorrection of
errors and the probability of m sdetection of _errors. As

di scussed above, the probability of passing undetected erroneous data is

a function of the error rate of the data,provided by the read channel 70
(this 25 probability is referred to heréein as "Plerr]"); for purposes of

illustration, FI . ' anple of this relationship for the
sl oo B 07 128 1%,

di sc-drive 10. If a threshold of acceptable Plerr]
is 1 x 10[err] (det eAsibefoae, regardlessawiitiaer BGC correctionds alimyeds phecrofitineat i ons) ,

then 1 x 10[err], would b correspaondi l. e I
error rate. 30 detefming \?}F‘ﬁ‘a o] ﬁ’(?f:ﬁa%gabg“%?ﬁgS%ﬁgéggevr?geﬁdﬁ%%g%&géﬁ
channel 70 of Fibfack342and proceeds to oMputhé 4@8S When no such errors are detected
PCT/ US97/ 04906
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the use the routine returns back to block 132 and the next corrective action in the table is
applied. As with the routine of FIG. 6, the routine of FIG. 7 will continue until
the read error is resolved or an unrecoverable error is declared.

It will be understood that the foregoing description provides a new and

10 useful approach to resolving the occurrence of one or more read errors in data
recovered by the read channel ’)0. For purposes of the claims and consistent with
the foregoing description, a corrective action will be readily understood to
comprise an adjustment in the operational characteristics of the disc drive 10
which may be likely to improve the ability of the read channel 70 to eliminate the

15 read error or errors. As corrective actions contemplated herein provide different
levels of effectiveness depending upon what conditions have been experienced by
the disc drive to cause the read error, the actual effectiveness of a corrective
action will depend upon the particular factors contributing to the occurrence of the
read error, which may not necessarily be known by the disc drive 10 at the time of

20 the error. Thus, in any particular case, the corrective action may or may not
actually improve the ability of the read channel 70 to resolve the error. Examples
of corrective actions cited above include, but are not limited to track offsets, AGC
holding, Viterbi threshold adjustment, filter performance adjustment, transversal
equalizer tal; weight and delay stage parameter adjustment and the like, each of

25 which is well known in the art and can readily be implemented by one skilled in
the art to practice the invention claimed herein.

Moreover, for the purposes of the claims and consistent with the foregoing
description, erasures will be readily understood to comprise a set of symbols in the
read channel suspected by components in the read channel 70 other than the ECC

30 circuit 90 to contain erroneous content, based upon detection capabilities of the



of the channel quality measurement to determ ne whether the probability of

passing - undet ected erroneous data is sufficiently owto warrant use
of the ECC circuit 90 during a read error recovery process. As

di scussed above, it is conmon upon the 5 receipt of a detected

uncorrect abl gy QQ% g3d O reread the sector containing the ' s?ﬂﬁ@&? dat a
(or a portion of I's sector) and to further enploy a sequence

corrective actions in order to resolve the read error. Such corrective
errors i nclude, for exanple, using track offsets, holding the gain of
the VGA 74 to a predetermned level, swtching the filter bandw dt h of
the threshold and preanp 10 circuit 72,.9r the adaptive prefilter 76,
varying the threshol ds used by the Vite?g decoder 82, and varying the

Lab VLIt o BUaRUleHE il Al BRLSHCHF iP5 Rbu Bfvions b B
general |y causwmdnﬁdéﬁrfse«cs dugpeetedtsBeofibifs! | Exaiples f Preferréd soupeds tforoguchher eof )

from which the read error emanates whil.e appl yi one or nore of the
above, or ot trefragure ROmiCTs have besp giyen; abave and ‘Bﬂé‘&)ﬂ%‘/’dﬂ%&m‘l B“%P‘ieﬁ’i“ﬁate t he

read error.  circuit 72 and HR®M B&oREPES, Rlthéligh\thése skilled A tiR a{rﬁﬁvﬂl fRlcbgdize T N
present invention cont enpl at es t he application of a selecte

corrective act ﬂaﬁoﬂwés@ammgtsroﬁ@ecm@chamel 10y beyusefijldn providing eraserer i ni ng

t he channel t hat the
channel quali t?ur[r%egsstrpr%g [ né‘l ca s%ﬁ‘eﬂ’ o?tﬁepag\l/cg}az#?ﬁréeﬂag&error rate
of the channel wi || Fimtly) a:lﬁhoagh mheptai&rkﬁ dAtedinhents dlmloseuénethxmmechhaml 10
further

er.ror_correction nf.ornmed b CC circuit 90
upon the retri @9@8" mJ'ca??fﬁ ve Deep,dese ﬁ‘ﬁ%g‘lé“ Bgﬂré’yé%téeffa O char't
correspondi ng trfcopézggrpafmibﬁgfthe discsdrivectd, iitris cterplated thatithey piesentessor
menory 64 apd utilized th stem cr 60 t g, car out
this read et ofMYeBUOR,E9 g&l“%ﬂﬁm‘%‘l during nomg{?&flgr‘:ﬁ?’wﬁ PRsTatiop, KT of ¢ o

recei pt of an eRaRple eﬁbﬁﬁbrﬁfgrtﬁé ckiRh&Cuelity Giveabii@ment and'i%g%fs%ﬁa‘sur@ﬁeﬁtand
after unsuccessfully attenpting to resolve the read erro r er eadi ng

the sector assd®fefeapinigeithe apPEORTiateness oftB(eC gpaectigps V@“‘fd’eéﬁf’@ during o5

error recovery ik iRstathl bpdtatkitbethe Wist Brild180, SRLR G4 R Maiire 15 Bbfhain &l hef 2
series of corrective actions for use in the recovery effort, as

i ndi cated by bllmwncleubsemnemcqunmfcpm@rlechhb&ﬁePLlsuch corrective
actions canyg nvol ve s\LEagknofl, S SliSoftfl dbove a channel quality measurement indicative of

the error rate performance of the read channel 70 is obtained from a channel
quality monitor 86. The channel quality measurement is then compared to a
predetermined measurement threshold 110, 130. At such time that the channel
quality measurement exceed the threshold, which indicates that the probability of
20 outputting at least one data symbol with an undetected error is above a maximum
acceptable level, error eonection by an ECC circuit 90 is disallowed 118, 140.
Alternatively, at such time that the channel quality measurement falls within the
threshold, error correction by the ECC circuit 90 is allowed 112, 138.
As w{ll be recognized, when the ECC circuit 90 is realized in hardware as
25 prescribed above in the preferred embodiment, disallowance of the ECC correction
generally comprises discarding the output from the ECC circuit 90 so that the
output is not used by the host computer 50; however, when the ECC correction
operation can be selectively disabled by, for example firmware, then disallowance
can also comprise the disabling of the ECC correction operation. For purposes of

30 clarity, the use of the term "circuitry” in the appended claims will be understood
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adj ust ment of various channel paraneters; in the preferred enbodi nent,

t hese corrective actions are organized in the formof a table in nenory
(such as the woofisgisem m croprocessor nenory 64) so that thectussiosses
corrective action to be taken is selected fromthe table at block 102.
The sunming register (QJerr] register) of the 5 channel quality nonitor 86
is cleared at this tinme as well, as indicated_by bl ock 104, so that
the effects of the selected corrective action upon the channel quality

can be subsequently assessed. 3 3_‘I'he routine of FIG 6 continues
at bl ock 106, wherein the selected corrective action is applied to the
(ad channel T Ouler Diin RARORIAR Lo GRR A A0 BhfleBpfbe o Or (such as
the entire sector or a portion ereo 'S reread. For pur poses of

il lustration, shoul dt ik bé iclest thabthe prdsentcineentionis wellrpdapted tp atthinrthe endsa

track offset of + %fromtrack center, the syst m _crgprocessor,. 60 (FI G
oy 2 O met r ot RS PGS, 5 welk e, R mBerens TP MRS S Brrerain
applied to the pefenti®mbodimentids! beed deseribédifor pufposEVet this AisdRegte 28 a
di stance equal to 10% qof the nomnal wdth &5 of the selected track in the

posi tive di r ect MYRERRS ¢hapges fuay; be made whigh will readily sysgesy themselves t s s ¢ he

di sc inner di amgtifddin ﬂ@@:ﬁﬁ&%_{&%&é%ﬁ%&&&%;h@QFirﬁ%HmhserkiBﬁ read
h 8 in this offset position. The

channel 70 to reread the data with the head 2
r ead channdisclogdtand as gefined an the appendgd slaim$ accor dance with the
foregoi ng description to



reread the a5500| ncl udi ng the operation of the channel quality
noni-t or 20Jf !‘I ﬂ ﬁndeterm ne a channel Qquality—nEasL-eABRtw—

t her ef or croprocessor 60 will tiié#S GHERT MASHBEKhANNel
qual ity rreasur errent as shown by bl ock 108, gnd coRERIAECEDhis tp a
predet erm neqy bt 'WI d, as shown by bl ock 110, Wt et /ReTigabisN €d
fromthe previols dent I fied acceptable P[err]. Thus, using t he

exanpl e provi ded above an acceptable P[err] of 1 x 10[err] corresponds to
araw 25 read error rate of 1 x 10[err] (FIG_ 5), which in turn nmeans that
t he channel quality measur enent shoul d have a val ue of bel ow 90 (FIG
4) in order to assure this Plerr] is mai nt ai ned. Bl ock 110 indicates

this conparison of the channel quality

measurenent to this threshold.
When the channel quality measurenment is,below the predeterm ned 30

threshold, the routine of FIG 6 contin t block 112 wherein ECC
correction is 1. In a WG 9%vé 3BaR type having a rotatable disc which stores user data

PCT/ US97/ 04906

al loned to taken pheksef thmdisc insthe form efmagnefie fiux t@?“‘%ﬂ?l&?ﬁ"‘é@ﬁ’@?ﬂl bed
above i s | FRL/RHRE HEEL ddjacBt' Y BisE, 0 YeddfAiif2 1iEhd Biplieify b ir¥acC@ipiatC! | ON,

operates to de

orrect errors In the set of nbol s recelved

fromthe 8/ 8 ddwrimpea did8drive readepérstiom the read sggml E@F%&F‘Mq{é magacss fluxny
uncorrectabl e ﬁr rors

ansitions Hom H‘)Eed?s%'? Ehe disc drive further having a read channel for receiving
the read signal and reconstructing the user data in the form of data symbols and
corresponding code symbols from the read signal, the code symbols used to detect
errors in the data symbols by error detection and correction circuitry of the read

10 channel, the error detection and correction circuitry characterized as capable of

correcting up to a selected number of detected errors in the data symbols and
providing an indication when the number of detected errors exceeds the selected
number of detected errors correctable by the error detection and correction
circuitry, a method for performing a read operation characterized as comprising

15 steps of:

(a) determining a channel quality measurement indicative of error rate
performance of the read channel, the channel quality measurement
being determined from error values associated with the data symbols
reconstructed by the read channel from the read signal;

20 (b) comparing the channel quality measurement 10 a predetermined
measurement threshold, the predetermined measuremeny threshold
selected to correspond to 4 maximum acceptable probability of
outputting at least one data symbol having an undetected error; and

©) sélectively using error correction during the read operation based upon

25 whether the channel quality measurement exceeds the predetermined

measurement threshold.

2. The method of claim 1, wherein step (c) is characterized as comprising
steps of:

(c)(i) disallowing error correction by the error detection and correction

-
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5 (through pou"lmmﬂw/ﬂe ECC circuit 90 by the system m croprocessor 60),
and TT " no tput to the interface g t—62—tF-67 2)
for subsequent transiy ,,Hl’lﬁum t he host conputer 53Thl§§§ﬁ$§ﬁ 55563&% bl ock

116. Because the channel quallty neasur ement i pdi catfEPLARERCccept]abl e
read error rateypondshss channel 70, it is safe to assune pPOPUSIF4906
circuit 90 will operate properly to correct any errors it detected 10 in
the data (up to the maxi mum nunber of errors the ECC circuit 90 is designed
to correct). However, should the channel quality neasurenent
not fall below the t hreshol d of decision block 110, error correction
by the ECC circuit 90 is di sal | owed,ssas indicated by block 118. That
I

is, even though the ECC circuit 90 15 w proceed to operate as desi gnhed

to performerror detecti ogiraﬂﬁ,y%%%t&hgﬂnéfggﬂgy B‘ye*‘%'fﬁ@ﬁ%‘%%k@’e“é {hel S not

safe to assune that any actual” corrections circuit 90
wi |l be valid correcti ons predelermigedylegsurenhent thwesbold; dad a can still be

output to the interf . Clrcuit 62 (as i.ndicated b | ack 116) when the

channel qual i ty%@s&ﬁ%quogémnb’ﬁgﬁ? W@éﬁ?gﬁcg%fln%f?%ﬁ%‘lﬂa but
only in those cases 20 WgReuitr SvhER theCihafing] lquillly dfRthasémen dall withia the1 t he
recei ved set of data synbols. Th en error correction is

us,
al | oned (bl ock 112), deci Predetepniged measyrement tgesheld.; s whet her any

.remai ning uncorrectable errors remain after the ECC circuit 90 has
performed error correction upon the data. Correspondingly, when error
correction is disall Gwedhg EIP%Q‘ROfL&‘S?T} 29 wherginostemicydids furthen shapeterized aghet her

25 any errors ag&ﬁg&gg&eﬁgopy the ECC circuit 90. At such tine that at
| east one uncarrectabl e 'error renmains (whether correction is allowed

or disallowed), the (©()(1pudutpuitidgrtbendath syimbols svhen mp er1o€s arg ddiesiediiniée and
the routine passes from dﬁgi siﬁ'g Is: bl ock 114 back to bl ock 102, wherein
the next corrective actiof*frd ?ﬁ’ea'{dabl eis selected. It will be
understood that the rE)2pegenérafihga signati ihdicativetof thecprespacadf ammncatrectaylel i ng
through the corrective actiong, feluhOtols bl R che Whlok s SdlgeadeP b o7

data symbols.

4. The method of clﬁim 2, wherein step (c)(ii) is further characterized as
comprising steps of: '

15 (c)(ii)(1) detecting and correcting up to the selected number of errors
capable of being corrected by the error detection and correction
circuitry;

(c)(ii)(2) outputting the data symbols when no detected, uncorrected errors
remain in the data symbols; and

20 (c)(ii)(3) generating a signal indicative of the presence of an uncorrectable
error in the data symbols when at least one error remains in the data

‘ symbols after the error detection and correction circuitry has

operated to detect and correct errors in the data symbols.

5. The method of claim 1, wherein the read channel is further
25 characterized as comprising an erasure pointer generator capable of generating an
erasure pointer, the erasure pointer identifying a selected one of the data symbols

as potentially including an error, each selected one of the data symbols identified
-
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ultimately Tesol Ved"” ot until an unrecoverable err aersoﬁ}dEﬁT %SL%gEchI ared
and the host corrput er 50 is notified accordingly. PLAGE I\n order
to assess the%j adisveness of each corrective action appl | epC.I, @

read channel rlng the routine of FIG 6, it wll be recogni ze tﬂat I n
the 5 enbodi ment di scussed above the Jerr] register is cleared for each
pass through the routine. It may be desirable, however, to continue to
accunul ate t he channel qual ity neasurenent over subsequent passes
through the routine so that step 104 may be bypassed as required. It
is contenplated-that such accumul ati on™ ?rﬁy be desirabl e for cases

wherein, for exa subsequent corrective a sted i tabl e
(bl ock 102) ar nﬁ&ms}‘i? m““fq*h%"f“l’l“s“’ Ing;ap ??“Foﬁﬁé?f’%‘&?"bg&efe&%dgﬁst ﬁ%’e
corrective act corectiof Icittwitry lof tRf rehd Slmntliis firdiee Shiradierifed Gl comprbiRk itheat | ON

of a +10% offset twice in a row) and, in_,such a case, accurulation of

the channel qu&Rapyity of corpreting, the aErors asspciate withup ie & selestedpumbenef sane
corrective act jRfAndteribfel ChESshutddWasth mb@mé‘ﬂ,g}, e a
better overall asgésgir}r)erﬁs of tr'i‘gdachanﬁecl aualrl t an flig@qﬁ%g%gybﬁ

ef fectiveness of t h@)cdmreummdmanmlmnof dlshmgraswes ideatifiechbyr etasupeal i ty
nonitor 86 could al so be | & ate the channel
qual ity rreasurerrentpdﬂéltsr%ﬁ% ﬁe t r%%%?g%&éggﬁﬁé%{f ‘ead recovery
routi ne, over all te comparmgltlteanmibceoﬁdhumnserampk nceulpr&datenhmdferatsuref rom
obtaining a larger sanp ereb | I y. when t he
previ ousiy descri bed R@ﬁ%b@g’a@ﬁ ppgle{qpmnﬁggﬁ)su%éér Slf?i‘&é@%ﬁ’éﬁ ¥ ght not be
as beneficial as retaini gigrespsndabdialnuibet equabpaseless! thae el seltted numbert b

effects of each type of corrective action applied to the read channel 70.
10 distinct erasures that can be corrected by the error detection and

correction circuitry; and
(f) selectively using error correction during the read operation based upon
whether the number of distinct erasures exceeds the predetermined

erasure threshold.

15 6. The method of claim 5, wherein step (f) is characterized as comprising
steps of:

(D(@) disallowing error correction by the error detection and correction
circuitry when the number of distinct erasures exceeds the
predetermined erasure threshold; and

20 (D(ii) allowing error correction by the error detection and correction
| circuitry when the number of distinct erasures falls within the

-predetermined erasure threshold.

7. The method of claim 6, wherein step (f)(i) is further characterized as
comprising steps of:
25 (D()(1) outputting the data symbols when no errors are detected in the
data symbols; and

(f)(i)(2) generating a signal indicative of the presence of an uncorrectable

—_—
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Havi ng now concl uded t he di scussion regarding the routine of FIG 6, the

pr esent WIIS“M“uturn to the second aspect of-the present jnvention
whi ch \ m\ urther use of erasure poi niHS SHEE‘hﬁASFEENead
error rec*ove”'ry pr BceSs 25 to deternine the appr opr | at eneREPLACERPP! yijng ECC

i n conbi nati Qgo\hhdasgorrective actions utili zetdtrrrgprrrsyemdoeer r or
recovery process. As will be recognized, an erasure pointer is an
output froma sel ected conponent of the read channel 70 whi ch, as a

result of the operation of the selected conpgnent, serves to identify a
particul ar set of data (such as a particular byte or set of bytes) as
potentially 30 containing a read error. .):or exanpl e, one source of erasure
pointers is the WO 97/ 43835

PCT/ US97/ 04906

t hreshol d and preanp ci remft’n'}'fd(af—alsémbgss Wl\'ﬁﬁ' aérl]eagtson e%rﬁorrll%gﬂegtg%bnethlencl udes
inits operation a sdagnsymboBvel threshold detector which nonitors the
signal |evel of the read signal provided by the MR head 28.
Accordingly,=1f the anplitude of the read signal fromthe head 28

exceeds the thernmalgagneethbdidtcRiNG, Whefdit) fsp (&ln)sﬁwmaﬁmﬁct&.zkd kel y and
proper decoding by the read channel 70 i s unlikely. The erasure pointer

i nformati on cafPWPifinge provi ded to the ECC circuit 90 for the af fected
bytes (al sosreferregydiRabitihedid cBfrdSiEaD t-the selected number of errors

capable of being corrected by the error detection and correction
circuitry;
(H(ii)(2) outputting the data symbols when no detected, uncorrected errors
remain in the data symbols; and
10 (f)(ii)(3) generating a signal indicative of the presence of an uncorrectable
error in the data symbols when at least one error remains in the data
symbols after the error detection and correction circuitry has

operated to detect and correct errors in the data symbols.

9. The method of claim 1 further characterized by the following initial
15 steps to the detection of an uncorrected error during the read operation:

(d) selecting a corrective action to be performed by the disc drive in
rereading a portion of a selected track associated with the
uncorrected error, the corrective action comprising a selected
change in operating characteristics of the read channel likely to

20 improve the capability of the read channel to correct the uncorrected
error; and

(e rc-reading the portion of the selected track associated with the
uncorrected error using the selected corrective action by generating
a read signal from the portion of the selected track and generating a

25 sequence of data symbols and associated code symbols from the

read signal.

10. The method of claim 5, wherein the read/write head comprises a
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A second inter _source in the read channel 7Q.is.the 8/ 9 decoder;
because ﬂﬁﬁﬁjh@'ﬁﬂ&iumtnverts the 9 bits of encoded THISSHRETIHANBEEN U he

disc 18 ser data, 256 of the 512 pogsi bl egpepyiyigpat | ong of
9 bits are illegal; hence, detection of such a corbirat+eh—suggests an
erroneous byt ' can be corrected by the ECC circui -
The ECC ci rcuﬁd\g"éﬁﬁgs the capability of correcting up to a %%-lzllg%’%‘%F t

erroneous data synbols or 2t erasures, as is conventional in the art. In
other 15 words, the ECC circuit 90 can correct up to v errors and u

erasures, provided t hat: u/'2 + v [err] t
(D). As disc drives typically store 512 bytes of data per
sector on the di.scs and typi cal | y "éa¥pl oy Reed- Sol onobn encodi ng schenes

usi ng one code word for, (ug to) 20 255 pytes of data, .each sector of data
will typically ’H%?PBmffﬁ?'@;eveﬁl‘}a@dh? CRAgNTE PP SeneTator Comprises adﬁfea‘“é‘gnbol s

stored in the sREcH résposPetlothd FealNTRE heéRBarddRaVingal fead signalTyved @estivig] code
synbol s). Accordin . as the ECC circuit 90 preferabl correct up

ly, Yy can
to four errors 3nd Whekein the-threshald detecior gRnerates AN Frasyre: BARCE HHESSHRIBEI I . e |
t=4), then it | : ' ; ' dat a
synbol s for 25%%5%1; gf;ﬂgéa\%‘»?égx 1( Wiedgefgzlﬁigg)léﬁ% gjicggaﬁlg%g?g?&ﬁ?g?ﬁnéé?gur code
wor ds, then 3ip thxgsiogd. errors or up to 32 erasures can be corrected by
the ECC circuit 90 for the data stored in the sector. As discussed
bel ow, in accordance with the present invention an erasure threshold
is selected at a | eddl Thetthethod bfclaiapsjwhertin thé etabiere polnteri generator 90,

with a |lower threshold gen rgJI correspondi ng .t po. a re conservative 30
recovery attenprCrPESTS Mﬂ‘g'lk ,ec‘é?f H’d"‘ﬁ‘:&"?‘gﬁs '%Fﬁg’lt—fdﬁgg?’? Eout?‘F %56,” s
erasure of data, and wherein the n/n+k decoder generates an erasure pointer in response

to receipt of an illegal combination of n-+k bits in the sequence of data symbols.

10 12. A disc drive characterized as comprising:
a disc having a plurality of tracks;
an actuator adjacent the disc, the actuator comprising a read/write head
capable of writing data to the tracks and reading data from the
tracks in the form of a read signal;

15 a read channel responsive to the read/write head, the read channel
generating a sequence of data symbols and corresponding code
symbols from the read signal, the read channel characterized by:
error detection and correction circuitry for detecting

and correcting up to a selected number of

20 errors in the sequence of data symbols; and

a quality monitor selectively generating a channel
. quality measurement indicative of performance
quality of the read channel, the channel quality

measurement generated from error values

25 associated with the sequence of data symbols

and corresponding code symbols;
comparison means, responsive to the quality monitor, for comparing the

channel quality measurement to a predetermined measurement
I —

heet Has Been Replaced

"I



‘F’,‘QT%’S;“;’?SEHMMM elmumu Il - THIS SHEET_HAS BEEN
t hreshol d (pe ould preferably be set to g val uBERACEpom zefo

to ei ght. Referring nowto FIG 7, shown Therermt+s—&
general i zed flvwowndsssst for a read recovery routine whi cirRcTwssigaddsar t o
the routine of FIG 6, except that the 5 routine of FIG 7 includes the
further use of erasure pointers in the determ nation of the
appropri ateness of the use of ECC correction during the recovery operation.
Like the routine of FIG 6, the routine of FIG 7 is initiated after the
occurrence of a detected uncorrect_eg_error by the ECC circuit 90; at
bl ock 122, the first corrective action is selected fromthe table. The
Qerr] register is clear qelesDihe gréfeterhinechshitfiont fifeshblGEIeBRa Go" rect i ve
action is applied to the associated data, block 126. The
routine determnes the asotrespandtd T manivaim aergpiably paehabilite pbeutperting abc k
128 and, as before, conp ' lnedathreshol d at deci sion
bl ock 130. At such ?#argréoéehhdg?a %yﬁneb%(l:ﬁéﬁ %ﬁg@é: | f/iér%é’g‘s%ﬁerrent i ndi cat es
that the Plerr] is aror correctionaonrgitmédns, tesponkive tdithercomtparisonanedns nfoes t o
bl ock 132 wherein the total rlenber of 15. distinct erast;res ir\gqigcat ed by

3 ] b

the erasure pointers is GOPENHDE, grRior cerregtion o thg sequence, at data symbolsin. o1 o
erasure pointer is provi Gegpofiserto GCéonipaticor( patformed b fthededniparison meagpect ed
to contain an error as a result of a thermal asperity or a detected
erroneous 8/ 9 conbination. The total number of distinct erasures is

det er m ned, becaustnedidy bidverdf @aheth, Whefeih R Fidr dBREMdN dbnABH migiseCt ed
by the threshold and 20 preanp circuit 72 may al so be defected as an

i || egal comnbi naisifomheschamaeterzed as compeisiogder, but this affected byte will
count as only one er - N WA rm.pnes the
total nunber of di stcl%?lllé%&’enr %;ghglro g’gnsgtarﬁ e g%(g?ﬂelfsb Qgﬁﬁ%g{eﬁt%ﬁ%%fh}%oé%&
predet ermi nd@ t hreshol d (detection dndt aperectionesiccuitrydwhénythe chivmekguadity t he

glcj)(r:[]ect lon capabiliti es C%1fleatsuh mcEx%%xgéeﬁg ’lfﬂetprche}er%neQ%éa%rg&egtl tﬂ?eléhgﬁ%‘nd At

declaring an uncorrectable error when the error detection and
correction circuitry detects an error in the sequence of data symbols;
and
15 correction allowing means for allowing error correction by the error
detection and correction circuitry when the channel quality
measurement falls within the predetermined measurement threshold
and declaring an uncorrectable error when the error detection and
correction circuitry detects a number of errors in the sequence of
20 data symbols greater than the selected number of errors that the
error detection and correction circuitry can correct;
wherein the error correction control means allows the sequence of data symbols to
be output by-the read channel when the error detection and correction circuitry
does not detect errors in the sequence of data symbols at such time that error
25 correction is disallowed by the correction allowing means, and wherein the error
correction control means allows the sequence of data symbols to be output by the
read channel when the error detection and correction circuitry detects a number of
errors in the sequence of data symbols that is equal to or less than the selected

number of errors that the error detection and correction circuitry can correct at

_—
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25 tine thatmf erasures is wthin the correction
capability of t lmu'm uit 90, the erasure pointers are provided to
the ECC circui nmﬂ correction is allowed to be perforned on
the reread data as show! by bt ock 150. Al ternatively, should either
the channel qyga dsiigsgeasurenent fail to indicate an acCpekasy1RadosVE!
of P[err] (decision block 130), or the total nunber of erasures is 30
greater than the erasure threshold (decision block 134), then ECC

correction is WD 97/ 43835 _

PCT/ US97/ 04906 - 21 -

di sal l owed as indicated by bl ock 140. As before, regardl ess
whet her ECC correction is allowed, the” PBat i ne det er mi nes whet her any

bl h bl ock 142
and.pr oceeds t ST P ok satertiL it A5 vE R 1 Qri Ehpe meat” 57 (b1 ock

144). Alternatively, should read errors continue to exist in the reread
dat a, the routine returns ba to_block 132 and. the next .corrective
action in the tabl el$sThe d'scélﬁ’f!FP la%g\/\m Eﬁ@%ﬁﬁ#&és GYMRHNE st he
routine of FIG 7 wy) Era&ﬂ'@tﬂoﬁiﬁ géhkrator capabletdf%eﬁ&ﬁﬁ)gaiﬂ &rasiré poie! wRd or an
unr ecoverable error 1s declared be understood t hat the

f or egoi ng descri ption prmsnuepmatenmnafmmselm@me ofihe data symbols éx ey ng
the occurr ence of one or se'agéx%e ro?a&ta %&&951? a$ Botgﬁﬁa‘?ly including an error, each

selected one of the data symbols identified by an erasure pointer

comprising an erasure;
wherein the error detection and correction circuitry of the read channel is further
characterized as comprising the capability of correcting the errors associated with
10 up to a selected number of distinct erasures; and wherein the disc drive is further
characterized as comprising:
erasure count comparison means, responsive to the erasure pointer
generator, for comparing the number of distinct erasures identified
by the erasure pointer generator to a predetermined erasure
15 threshold, the predetermined erasure threshold selected to
correspond to a number equal to or less than the selected number of
distinct erasures that can be corrected by the error detection and
correction circuitry; and
wherein the correction disallowing means further disallows error correction by the
20 error detection and correction circuitry when the number of distinct erasures
identified by the erasure pointer generator exceeds the predetermined erasure
threshold.

15. The disc drive of claim 14 wherein the read/write head comprises a
magneto-resistive head, the erasure pointer generator comprises a threshold
25 detector responsive to the read/write head and having a read signal level threshold,
and wherein the threshold detector generates an erasure pointer in responsive to
detection of a read signal having a signal level exceeding the read signal' level
" threshold.



ﬂﬂﬁ tion, a corrective action will be readily
understood to * adj ustment in the operational
characteristics of the disc drive 10 which may be likely to inprove.
the ability ofwbbadssesd channel 70 to elimnate the 15 read rPeTnNsy7/0806
errors. As corrective actions contenplated herein provide different

| evel s of effectiveness dependi ng upon what conditions have been

recovered by t | 70. For purposes of the clains and consi stent
Wi th che NI l BE;’
cC

experienced by the disc drive to cause the read error, the actual
effectiveness of a corrective action will depend upon the particul ar
factors contributing to the occurrence o;the read error, which may

not necessarily be known by the disc drive 10 at the tine of 20 the error.
Thus, in any particular case, the corrective action may or may not

actual ly inmprove the ability of the read channel 70 to resolve the error.
Exanpl es of cor HecThe disadrivgypkclaim M) whersinthe geasurgcpoinen geperatorot
Limted 1ot ackiAaehs n/f¥Edecoder WOLK 1RBdesd-HR bR Wrlkefi 36 fleki@o P bREN"
filter performance adj ustnent, transversa equal i zer tap welg and
del ay stage par efddtzranddyheseinmtint n/nslt debaier ghmeratesnaheragur pointeniin respensee| |

art o practi oot REp Gl HER ebuRRle LR bain e SRR guily oty o, ' e

pur poses of the clainms and consistent with the foregoing descri ption,
erasures will be readily understood to conprise a set of synbols in the
read channel suspected by conponents in the read channel 70 other than the
ECC 30 circuit 90 to contain erroneous content, based upon detection
capabilities of the WO 97/ 43835

PCT/ US97/ 04906



- 22 - conponents in the read channel 70, said conponents providing
erasure pointers which identify the suspected set of bits. Exanpl es of
preferred sources for such erasure pointers have been given above and

i nclude the threshold and preanp circuit 72 and the 8/ 9 decoder 88,

al t hough thosevﬁ§.*k§% inthe art will recognize 5 that othep. FOSRRRat S
of the read channe may be useful in providing erasure p0|nters
dependi ng upon the construction of a part | ar read channel .

Finally, although in the preferred enbodfthfi_disc1osed herei n the channel
qual ity indicators have been described as eful in inproving the read

error recovery operation oﬂOt e disc drlve 10, k& is contenpl ated that
the present 10 invention could a G uring nornmal read
channel operation. For exanp el quality

measur enent and using this neasurg
appropri ateness of ECC correctiong &—36 tines of
unst abl e operation of the disg 3 ylfure to obtain or
the - | oss Tand subsequent reac{m ) S B, gf |by the PLL. 15
Accordingly, as set forth above a ¢ ment indicative of
the error rate performance of the dined froma

g the

channel qual ity nonitor 8@—FhE ,w”“ Freaqur enent i s then
conpared to a pr edet er m ned Iy 30, 130. At such
time that the channel qual it t hreshol d, which
indicates that the probability of one data synbol

with an undetected error is above aﬂﬂhxrnl/f le | evel, error
correction by an ECC circuit 90 i § ), Al ternatively,
at such tine that the channel 14uald ' faIIs Wi thin the
threshold, error correction by thg Q0 is alldqwed 112, 138.

As will be recogni zed, when the ECC circuit 90 i s tkalizdgd in hardware as
25 prescribed above in the prefefred enbodi nent, disall gwance of the ECC
correction general ly conpris¢ dlscardlng the out pyt fromthe ECC
circuit 90 so that the out pu t computer 50;
however, when the ECC correction
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operation can be selectively disabled by, for exanple firmivare, then

di sal ' owance “can al so conprise the disabling of the ECC correction
operation. For purposes of 30 <clarity, the use of the term™"circuitry" in
t he appended clains will be understood WD 97/ 43835

PCT/ usa7/ 04906w097/43335 ' - 23~ -
cover both hardware and software/firmare inplenentations. 3crum¢mu$¥ :
will be clear that the present invention is well adapted to attain the ends
and advant ages nentioned as wel |l as thosézvﬁﬂﬁrent therein. Wile a
presently preferred enbodi nent has been‘descri bed for purposes of this
di scl osure, 5 nunerous changes nay be made which wll readily suggest

t hensel ves to those skilled in the art and which are enconpassed in the
spirit of the invention di scl osed and as defined in the pended

cl ai ns.
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24 CLAI Ms: 1. In a disc drive (10) having a rotatable

di sc (18) which stores user data on tracks of the disc in the form of
magnetic flux transitions generated by a read/ wite head (28) adjacent the
disc, the read/wite head operably configured to output a read signal
indicative of t{Rpeimsetic flux transitions fromthe disc, thgdivwgfishee”
further having a read channel (70) for receiving the read S|gna and
reconstructing the user data in the formof data synbols and correspondi ng
code symbols fromthe read signal, the codd yﬁbol s used to detect errors
in the data synbols by error detection and rrection circuitry (90) of the
read channel, the error detection and correction circuitry characterized as
capabl e of correcting up to sel ect ed nunber of detected errors in the
data synbol s and providin i ndi cati on when the nunber of detected errors

exceeds the sel ected nunber~qgf detected errors correctable b error
detection and correction cigeuitry, a nethod for ng a read
oper ation conpr|3|ng st eps ning a channel quality

nmeasur enent (86,LA®8) | nd"%gt Tve of
per f or mance of ERRORead chapnel detefmned fromerror val ues

associ ated with RATE data synbol s regonstructed by the read channel from
the read signal; «1).5dempari/ng the channel quality measurement to a
pr edet erm ned enent threshold (110) selected to
correspond to a maxi num -1 acceptable probability of outputting
at |east one data symbol_p@agilng an | ~undetected error; and

(c) selectively using code Sy ol s corgect daga errafs in Q dat
synbol s correc§rb cﬁspl ng Fﬁe reaggoper g‘ﬁcon (1
based upon whet her the channel qualIGHANNEESQUQMHWtMQAQBRBHENhe
predet er m ned neasurenent threshol d. 2. The nethod of claim1l

wherein step (c) conprises steps Off T - 4

rate

10~20,

10~23,

10~26]
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(c)(1) disallow ng code synbol based correction of data synmbol errors

enployed by the error detection and correction circuitry
(118) when the channel quality neasurenent exceeds the
25 pr edet er mi ned neasurenent threshold; and (c)(||)

al | owi ng code vy ohggssdased correction of data synbol errors ﬁ h‘ﬁ
by the error detection and correction circuitry (112) when the ¢ anﬁ“

quality neasurenment falls within the predeterm ned neasurenent

t hreshol d. 3. The nethod of cl aidn 5wherei n the read channel is
further characterized ing an eraSure pointer generator (72, 88)
capabl e of generatl ointer which identifies a sel ected one of
the data synbol s’ as potQmG cludingfan error, fach sel ected one of
the data synbols idantif IRy an/erasure poi Eﬁgr coppri sing an erasure,
and wherein the erro nd correftio i try of the read

channel further conprises tthe capability pf corr In he errors
associated with up to a sel 0 Q& t he net hod
further conpri seﬁ at eps of: (d) i ni i stinct
erasures identifil@ er ac}ure poi nters by the
erasure pointer gererator—32)- (B b f
di stinct erasurds to a pSEUEGErm ned grakhre S t hreshol d (134)
sel ected to corrlesp@ORRECTWVENUGTON eqdalf fo or |ess #(:an “5\ t he
sel ect ed nunber [of di sfRopt TERESUr es tfhaf ] can be corfected by they
DISALLOW
104\ ’ ERROR
v CORRECTION
CLEAR Qy 112
REGISTER \ \
ALLOW
ERROR
106 — } CORRECTION
APPLY
CORRECTIVE -
ACTION
108 [ | 114
o YES ANY
DETERMINE UNCORRECTABLE
Qu ERRORS ?

NO

OUTPUT
DATA

END




error detection and correction circuitry; and (f) selectively using
code synbols as a basis for correcting errors in data

synbol s during the read operation (138, 140) based upon whet her the

nunber of distinct erasures exceeds the predeterm ned erasure

t hreshol d. woonaxgds The nmethod of claim 3, wherein the reagmhdobaohead
conpri ses a magneto- resistive head, the erasure pointer generator
conprises a threshold detector (72) responsive to the read/ wite head and
having a read signal |evel threshold, agﬂgﬂ@?rejn the threshol d detector
generates an erasure pointer in respons o detection of a read signal
havi ng a signal |evel exceeding the read signal |evel threshold.

26 5. The’ arm 3, wherein the erasure pointer generator
conprises an n/ n+l decBEHEOVERB) whi\ch defodes n+k bjts witten to the disc
ton bits of data, arROWHMEeWHH he Jn/n +|k ddéBder §enerates an erasure

poi nter in respon{eERASUREC POMTERS gn il | ¢gal Prration of n+k bits in the
sequence of data s disc qrive [_Si ng: a
disc (18) having a pluraltfy of tracks; 6 adlj acent
the disc conprising a readfwite head (2%) ?
configured to wite data tp the tracks fnd KS i n
122~\\ { ‘ .
SELECT COUNT ERASURES
CORRECTIVE ACTION
FROM TABLE 134
194 NO. OF
N Y ERASURES <
?
CLEAR Qy THRESH 7~
REGISTER 135\
126 l SEND ERASURE
R POINTERS
APPLY TO Ecc
CORRECTIVE 140
ACTION 1N TN
V' ALLow DISALLOW
128~ ERROR ERROR
! CORRECTION CORRECTION
DETERMINE
Qy -
142
- YES ANY
- | _ UNCORRECTABLE

ERRORS ?

NO 144
//

OUTPUT
. . DATA

END



the forniof aread signal ;

read/ wri
:and cor
hannel
(90) for
nunber o
synbol s,
circuitr

a read channel (70) responsive ?SQS[%IB"

m]mﬂmrm “Mﬂnnﬁ{)af esfa ] sequence of data 0 SIOMR! s 4
ynbol s fromthe e rea
Gonpri sing: | error detection BFLA@WSMT fcuitry
detecting and correcting '\? ¢l (FCt ed
f data symbol errors in the seqithce of 12 Nov 1999 dat a
wherein t e £rM®¢ detection and correctign
y replaces the data synbol errors w thin tjhe sequence of
data synbols with correct data synbols, the corredi_data

synbol s

sequence
selectiv
i ndi cati
channel ,
val ues a
correspo
t he qual
quality

t hr eshol
sel ect ed
out putti
27

pased on the corres ondln

e
of data synisladis e(10 avmgarotatalde dise (1Dyvhighstores usgalata on
ely g

Ve of Eg‘g{’f%g%ic ! gﬁ%F d?a%“ﬁéc P‘é’égansmons generated by a relDaeits SMEN
Lhe RERIDE) adiaiehi th dRARY RARRMIcHRALORIALly Lo STERES @output a read

5soci ated with the sequence of data synbo S an
ndi ngsignaléndiyativelof the magnetic flux transitiomyfrom hedise dhesdisc depofinther t o

ty npnitor, for conparing the .channel
reas uhaseg reed cammegg forreeedving thesendsighal and reconstructing the user

code synmbol s of th

1o ot L B8 AR 8P, SRt AR Sots SRR g (Y SBb0Ys rogp the rad signal,
g at tHeRBAS sytiols!aded 15 EREY erfody intHe akta YHHBAIS B @ftoLdétestion and

correction circuitry (90) of the read channel, the error detection and correction circuitry
characterized as capable of correcting up to a selected number of detected

errors in the data symbols and providing an indication when the number of detected
errors exceeds the selected number of detected errors correctable by the error detection
and correction circﬁitry, a method for performing a read operation comprising steps Qf:

(2) determining a channel quality measurement (86, 108) indicative of error 15
rate performance of the read channel determined from error values
associated with the data symbols reconstructed by the read channel from
the read signal;

{(b) comparing the channel quality measurement to a predetermined
measurement threshold (110) selected to correspond to a maximum
acceptable probability of outputting at least one data symbol having an
undetected error; and

(c) selectively using code symbols to correct data errors in the data symbols
correction during the read operation (112, 118)
based upon whether the channel quality measurement exceeds the
predetermined measurement threshold.

2. The method of claim 1, wherein step (¢) comprises steps of:

(cXD disailowing code synibol based correction of data symbol etrors
employed by the error detection and correction

circuitry (118) when the channel quality measurement exceeds the
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number of distinct erasures, the method further comprises steps of:
(d) determining the number of distinct erasures identified by erasure pointers

generated by the erasure pointer generator (132);

(e) comparing the number of distinct erasures to a predetermined erasure
threshold (134) selected to correspond to a number equal to or less than
the selected number of distinct erasures that can be corrected by the

~ error detection and correction circuitry; and

(f) selectively using code symbols as a basis for correcting errors in data

symbols during the read operation (138, 140) based upon whether the

number of distinct erasures exceeds the predetermined erasure
threshold.-

4. The method of claim 3, wherein the read/write head comprises a magneto-
resistive head, the erasure pointer generator comprises a threshold detector (72)
responsive to the read/write head and having a read signal level threshold, and wherein
the threshold detector generates an erasure pointer in response to detection of a read
signal having a signal level exceeding the read signal level threshold.
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the form of a read signal;

.6,

aread channel (70) responsive to the read/write head which generates a
sequence of data symbols and corresponding code symbols from the
~ read signal, the read channel comprising:

error detection and correction circuitry (90) for detecting and correcting
up to a selected number of data symbol errors in the sequence of
data symbols, wherein the error detection and correction
circuitry replaces the data symbol errors within the sequence of
data symbols with correct data symbols, the correct data
symbols based on the corresponding code symbols of the
sequence of data symbols; and

a quality monitor (86) selectively generating a channel quality
measurement indicative of performance quality of the read
channel, the channel quality measurement generated from error
values associated with the sequence of data symbols and
corresponding code symbols;

comparison means, responsive to the quality monitor, for comparing the
channel quality measurement to a predetermined measurement
threshold (110), the predetermined measurement threshold
selected to correspond to a maximum acceptable probability of

outputting at least one data symbol having an undetected error;
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PCT/ US97) 04906 CORIBAIE the correction of dAsyhbol $érs occurring

within the sequence of data symbols, the correction based on
the corresponding code symbols and in response to the

comparison performed by the comparison means.

7. The disc drive of claim 6, wherein the error correction means has further
programming (64) to:

dlsallow code symbol based correction of data symbol errors (118) employed
by the error detection and correction circuitry when the channel quality
measurement exceeds the predetermined measurement threshold and
declare an uncorrectable error when the error detection and correction
circuitry detects an error in the sequence of data symbols; and

allow code symbol based correction of data symbol errors (112) employed by
the error detection and correction circuitry when the channel quality
measurement falls within the predetermined measurement threshold and
declare an uncorrectable error when the error detection and correction
circuitry detects a number of errors in the sequence of data symbols
greater than the selected number of errors that the error detection and
correction circuitry can correct;

wherein the error correction control means allows the sequence of data symbols
to be output by the read channel when the error detection and correction
circuitry does not detect errors in the sequence of data symbols at such
time that error correction is disallowed, and wherein the processor
allows the sequence of data symbols to be output by the read channel
when the error detection and correction circuitry detects a number of
errors in the sequence of data symbols that is e.qual to or less than the
selected number of errors that the error detection and correction

circuitry can correct at such time that error correction is allowed by the
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selected number of distinct erasures, and wherein the error correction
control means is further provided with prograxﬁming to:

compare the number of distinct erasures identified by the erasure pointer
generator to a predetermined erasure threshold (134) the predetermined
threshold correspond to a number equal to or less than the selected
number of distinct erasures that can be corrected by the error detection
and correction circuitry; and , _

disallow code symbol based correction of data symbol errors employed by the
error detection and correction circuitry (140) when the number of
distinct erasures identified by the erasure pointer generator exceeds the

predetei'mined erasure threshold.

9. The disc drive of claim 8, wherein the read/write head comprises a
magneto-resistive head, the erasure pointer generator comprises a threshold detector
(72) responsive to the read/write head and having a read signal level threshold, and
wherein the threshold detector generates an erasure pointer in responsive to detection

of a read signal having a signal level exceeding the read signal level threshold.
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(57) Abstract

An apparatus and method Ffor recovering from read errors detected by a read channel (70) in a sequence of data read from a disc (18)
of a disk drive (10) by using read channel quality indicators to determine the appropriateness of using error correction in combination with
other corrective actions utilized in the recovery process. Upon the detection of an uncorrected error in the retrieved data, the disk drive (10)
enters a vead recovery routine wherein one or more corrective actions (102, 122) are applied in an effort to resolve the error. One of the

channel quality indicators comprises a channe! quality measurements (108, 128) determined as the sum of the square of the sampled data |

bit error values recovered during the read operation. When the channel quality measurement is at or below a treshold value indicative that
the pro_babilily of passix.lg u.ndetecned etroneous data is at an acceptable level (110, 130), error comrection is applied to the data (112, 138);
otherwise, error correction is disallowed (118, 140). Additional channel quality indicators comprise erasure pointers (132) which identify a

particular set of symbols that are suspected of containing a read error.




