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The present invention relates to a method and
apparatus for setting a read window in a magnetic disk
drive.

A magnetic disk, such as one used in a computer
disk drive, ié a flat circular platter with a magnetic
surface. Data is stored on the magnetic surface by
selective polarisation of portions of the magnetic
surface. The presence or absence of polarity transi-
tions between the polarised portions represents
particular binary values. 'Typically, the magnetically

" polarised portions are arranged in a plurality of

radially concentric tracks on the magnetic surface to
aid in location and read back of the data. ///
In order to read back the data recorded on the

magnetic surface, a magnetic transducer moves relative

to the magnetic disk along a given track. The magnetic
transducer generates an electrical signal (the "read
signal"), which represents the states of polarisation
encountered along the track. Pulses in the read signal
correspond to the magnetically polarised portions of the

_magnetic disk.

Ideally, the read signal would not be influenced
by any factors other than the magnetically polarised
portions. However, other factors do influence the read
signal and must be taken into account in processing the
read signal. _

During processing of the read signal, the
processing logic (i.e. the read chain logic) is
configured to recover data from the read signal during a
certain period in time,'known as a read window. The



sel ective polarisation of portions of the magnetic surface. The presence or
absence of polarity~ffaﬁsir_tions—betmeen the polarised portions represents
particul ar binary vq%g eei{ the magnetically pol arised portions

are arranged in a plu t %le concentric tracks on the nagnetic
surface to aid in |OCH back of the data. In orde(}t Hea “??K%_
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read window represents the time during which the pulses
occurring in the read signal, which represent digital
data stored on the magnetic disk, are taken as valid.
However, the actual read window during which the pulses
ift in time due to
ageing of the circuitry in the magretic disk drive.
Also, as the circuitry heats up diring operation, the
temperature differential can cauge the actual read
window to shift. Further, the gptimum read window can
the magnetic disk drive

5 are taken as valid can in practice

10 shift due to process changes i
or due to part-to-part timing /variation in the read
chain circuitry of the magnet/fic disk drive.

It is an object of the¢ present invention, at
least in its preferred fornw, to overcome such problems.

15 The present inventigh provides a technique of
adjusting a window centre/ setting in a read chain of a
magnetic disk drive. A humber of read operations are
performed by a magnetic/disk drive to read data from a
magnetic disk. A number of read errors are detected

20 during the read operations and error types are
determined. Adjustmént of the window settings in the
read chain is contrglled based on the number of errors
detected and the types of errors determined.

Tkw% @ccording tq one aspect of the present invention,

25 there is provided/ a method of 'setting a read window imn a
magnetdc disk drave for detectlng a reaq/glgnal
geneypated by reading data from a magnefic disk,
characterised y setting an 1n1txal window centre for

/

Qy) he read w1ndoé, performlgglifhumber of read operations

30 _‘ in which the wlndow centre -for the read window is varied
\D¥¢’ relative to the Lnltlal window centre settlng, detecting
LT read errors oc;grrlng in each read operation, and

determlning an adjusted window centre setting based on
th etected read errors.:



magneti c surface, a magnetic transducer noves relative to the magnetic disk
al ong a given track. The magnetie—transducer generates an el ectrical signal
(the "read signal"), which gRy, £¥£ t he states of polarisation

encountered al ong the track. aKkeplaced read si gnal correspongltq‘tbe
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According to another aspect of the present
invention, there is provided apparatus fd} sg;tingba
read window in a magnetic disk drive for detecting a
read signal generated by reading datg{from a magnetic
5 disk, characterised by means for setfing an initial
window centre for the read windﬁalgﬁeans for performing
N %_ a number of read operation$ in weiéh the window centre
v for the read window 48 varied relative to the initial

ting, means for detecting read errors

RS window centre
' 10 occurring in each read opera;fbn, and means for
detegmiﬁigzéan adjusted windéw centre setting based on
Ehé/ﬁetected read errors. //
The invention is degbribed further, by way of
example, with reference ﬁo the accompanying drawings, in
15 which: o -
Figure la is a schematic plan view of a conven-
tional disk drive; 7° .
Figure 1b is a/partial cross sectional view of the
conventional disk @4ive shown in Figure 1la;
20 Figure 2 is/é wave form representing a magnetic
transducer generated read signal in the disk drive;
Figure 3 YZ a block diagram of apparatus according
to the invention, which may be included in a control
_ circuit of the/disk drive shown in Figure 1;
25 . Figure /4 is a wave form fepresenting a magnetic
‘transdyfcer dgenerated read signal which is shifted in
;?fth Ispect to the wave form shown in Figure 1;
FiguZi 5 is a graph showing a number of read
rrors plotted against percentage deviation of a window
30 | }égientre sétting_froh an optimum centre setting;
/ ﬁigure ﬁfaﬁ,a graph showing a probability of the
occurrénce of.%g;ft right or shift left errors plotted

time

r

against time;
/FFigure 7 shows a portion of a transducer generated

+



by any factors other than tte- nagﬂetipally pol.ari sed portions. However,

ot her factors do influence t | and must be taken into account
in processing the read signa |ng of the read signal, the
processing logic (i.e. the re " ) is configured to recover data
fromthe read signal during a dintime, known as[?rfead. A
wi ndow. The SURWEE AL

read signal corresponding with the graph shown in Figure
6; '

Figures 8a, 8b and 8c show a flow chart represen-

ting one embodiment of the window centering method
5 according to the present invention employed in the
apparatus of Figure 3; and

Figure 9 is a graph showing a number of read
errors plotted against window centre strobe settings.

Figure la illustrates a portion of a conventional

10 magnetic disk drive 10. The disk drive 10 includes a
magnetic disk 12, a slider 14, an actuator arm 16, a
rotary actuator 18, and a control circuit 19. Although
the disk drive 10 is shown with only a single magnetic
disk 12, it will be understood by those skilled in the

15 art that the present invention is applicable to disk
drives including a plurality of magnetic disks.

The magnétic disk 12 is mounted for rotation on a
spindle centred on an axis 20. Data blocks are arranged
on the magnetic disk 12 in a plurality of radially

20 concentric tracks 22a to 22n. The data tracks 22a and

22n are the outer most and inner most data tracks,
respectively, on the magnetic disk 12.
The slider 14 carries a magnetic transducer
(transducer 26 shown in Figure 1b). As the magnetic
disk 12 rotates, the slider 14 flies just over the
surfa;e of the magnetic disk 12. The slider 14 is
attgfhed to the actuator arm 16, which is, in turn?
attached to the rotary actuator 18. The actuator arme
16 is mounted for rotation about an axis 24 of the
30 ‘g?r’rotary actuator 18. As the slider 14 flies above the
/7 surface of the magnetic disk 12, the control circuit 19
’ controls the. @étary actuator 18 to position the slider
14 over a sel éted data track, for example the track

22i. If a plurality of magnetic disks were used, the

25



REPLACEENT 2 read mﬁndomf?ébresen%s +he_tinme during which the pul ses
occurring in the read S|gna$sm, represent digital data stored on_the

magneti c di sk, are taken a ¢d the actual read wéﬁ@king
whi ch the pulses are taken | ” i{ n practice shift in

10]z]as

control circuit 19 would be programmed to select the
appropriate disk to be read from and written to.

Figure 1b shows a fragmentary sectional view of
the disk drive 10. The magnetic transducer 26 is
mounted on a face of the slider 14 which is
perpendicular to the surface of the magnetic disk 12.

As the transducer 26 flies over the magnetic disk 12,
the transducer 26 senses magnetic flux lines 28
generated by polarised regions 30 of the magnetic disk
12. The magnetic transducer 26 generates a read signal
32 which is characterised by positive going or negative
going transitions in pulses associated with the flux
reversals of the flux lines 28 produced by the polarised
portions 30. The read signal 32 is demodulated and data
is recovered from the read signal 32 by the control
circuit 19.

Figure 2 shows a graph of the read signal 32
generated by the transducer 26. The positive and
negative going transitions of the read signal 32
correspond to the flux reversals of the flux lines 28
generated by the polarised portions 30 of the magnetic
disk 12.

Figure 3 shows a block diagram of a read chain 34
according to the present invention, which may be

| employed in the disk drive 10. The read chain 34 =

inclpdes the transducer 26, an amplifier 36, a peak

deﬂé:tor/synchroniser 38, an encoder 40, a controlﬁer 42
and a registsr 44. The transducer 26 provides the read

‘é?? signal 32 to the amplifier 36. Typically, the amplifier
36 is an automatic. gain control amplifier. The
amplifier 36,%ﬂpllf1es the read signal 32 asd provides
the ampllfledrslgnal to the peak detector/synchroniser
38. The peak detector/synchroniser 38 detects the peaks
in the read signal 32 and'synchronises data pulses,



time due to the ageing of the circuitry in the magnetic disk drive. Al so,
as the circuitry heats up during operation, the tenperature differential
can cause the actual read window to—shift. Further, the optimmread w ndow

can shift due to process chan%gewggsbgg &tic disk drive or due to
part-to-part timng variati o hain circuitry of th nekirg, | ;
disk drive. It is an object om“ w! j nvention, at |east i Tt$Lj{iJle_
preferred form to overcone si I . | BM Techni cal Di scl osure

Bul letin 30(1987) Nov., No. 6 p. 3840, titled
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representative of those peaks, with a system reference
clock. | '
In detecting the peaks of the read signal 32, the
peak detector/synchroniser 38 "looks" for the peaks
5 during a time period known as the read window. Data is
recovered from the read signal 32 by determining whether
the read signal 32 passes above or below a qualification
threshold during the read windows. Therefore the read
window should be ideally centred around the peaks of the
10 read signal 32. If it is not, the peak
detector/synchroniser 38 may not detect a proper peak
and a read error will occur.
The peak detector/synchroniser 38 provides output
data, recovered from the read signal 32, to the encoder
15 40. The encoder 40 encodes the data into synchronised
digital data and provides it to the controller 42.
During a read operation, the controller 42
receives the synchronised digital data provided by the
encoder 40 and processes the data either by providing it
20 to, for example, a host computer (not shown) or by
performing certain operational steps based on the
digital data.
In the present inventicp, the controller 42 also
detects read errors which occur during the read
25 ) operation. Read errors can be determined in severa;‘
ways.+ In the preferred embodiment, a pre—determined
locAtion on the magnetic disk’12, such as the track 22i
or a portion of the track 22i, is pre-written with data.
During operation of the magnetic disk drive 10, the pre-
30 Jﬁfr determined location is periodically read and read errors
7 are recorded. : ' -
. y Read eég;’ tak £ i 1.2' ti
: _féars can take many forms including time
! shift errors (e.g. shift left or shift right read
errors). Such read errors can affect the time position



"W ndow-shifting nmechanismin data separator"”,
mechani smin a data separator.
in which a bit

the bit

is correctly read.

net hod of

provi ded by a VFO (vari abl e
of the window with respect to disk rotation in which a certain bit
and the nethod of enploying this w ndow skewi ng action for error

The present invention provides a technique of adjusting a wi ndow centre

setting
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of the optimum read windows. Based on these read
errors, the cbntroller_42 provides a window centre
setting to the register 44. The register 44, in turn,
provides the window centre setting to the peak
detector/synchroniser 38.- The window centre setting
provided by the registef 44 causes the peak detector/
synchroniser 38 to re-configure itself so that the read
windows (shown as cross hatched areas in Figures 2 and
4) are re-positioned if necessary to be properly centred
around peaks in the read signals.

The type of read error which causes the controller
42 to adjust the window centre settings in the register
44 vary. For example, Figure 4 shows a read signal 32'
which corresponds to the read signal 32 shown in Figure
2 in all respects except that it has shifted to the
right in time with respect to the read signal 32. Many
things can cause a shift such as that shown in Figure 4.
For example, where the magnetic disk drive 10 includes a
plurality of magnetic disks, each having an associated
slider and transducer, the delay times can vary from
disk to disk and transducer to transducer. Also, as the
magnetic disk drive 10 operates, the electronic
components heat up. This temperature variation can
cause time shifts in the read chain 34. In addition,
voltage variations and componeht—to—component variations

"in ;?é read circuitry can cause time shifting of the’

reagl signals. Further, process or part changes insthe
magnetic disk drive 10 can cause time shifting.

time shift read errors (such as shift left or shift

? When such a time shift occurs in the read signal
30 ! 32',

I d

s

- right read errogs) occur. For example, whegg read

window settln " are set for the peak detector/ .
synchroniser 38 to match those shown in Figure 2, which
are ideally centred around the peaks of the read signal

di scl oses a wi ndow shifting
The nechanismeffectively shifts the w ndow

is read fromhaskeas BldhRefliced 'S head so as to assure that
onsi sts of neans mhlch utlllzes a

rapi dly establishi mmm ition of the wi ndow itlfp:;

|lator) controlling t\e pbs+ﬁ
is read
recovery.

ﬁadﬂ



in a read chain of a magnetic disk drive. A nunber of read operations are
performed by a magnetic _disk_drive to read data froma magnetic disk. A

nunber of read errors are detected during the read operations and error

types are determ ned. cerpReplabed W Ndow settings in the read chain
Is controll ed based on | rrors detected and thg;types LA
errors determ ned. Thus one aspect of the pre | v entlizoni_

there is provided a nmethod of adjusting a wi ndow centre in a read channel
of a magnetic drive suitable for reading data froma nmagnetic di sk,
i ncluding reading data fromthe magnetic disk by

8

32, they are not properly set when a time shift results
in the read signal 32' as shown in Figure 4. 1If such a
shift occurs, and the read window is not correspondingly
re-set, the peak detector/synchroniser 38 will be

5 incapable of recovering data from the read signal 32'
properly.. Thus, adjustment of the window centre
settings in the register 44 is required.

Coarse Tuning_

10 Figure 5 is a graph showing the number of read
errors plotted against the percentage deviation of the
window centre setting, in the register 44, from the
window centre which would be ideal for the read signal
32. Figure 5 shows that, as the window centre setting

15 deviates to the right of the optimum window centre
(represented by 0% deviation), the number of read errors
detected stays at a minimum level for a certain amount
of time and then begins to rise. Thus, it is apparent
that, so long as the window setting deviates from the

20 optimal window centre but is within the optimal read

window, the error rate does not increase greatly.

However, the further the window centre setting
deviates from the optimal setting, the greater the
number of read errors.

The curve shown in Figute 5 can be determined by
pre—-setting the window centre setting for the peak !
detgctor/synchroniser 38 to a ‘nominal level and thegn
performing read operations by reading data from the

magnetic disk 12. Each time a read error is detected,

30 ‘ﬁfr the error is recorded. After a given number of read

7 operations are performed, the window centre settlng in

the reglsterf@é is adjusted to shift the w1ndow centre

setting to the right by a given percentage value. Then,

’s .

more read operations are performed and the number of



perform ng a nunber of read operations, characterised by detecting a nunber
of shift 3 right read errors nade while reading the data, said shift
ri ght read errorsbeing—caused by the read wi ndow centre setting being
shifted to theisgiegi, R the optimal setting, detecting a number of ,shift

left read ern”m,”lm, ”ﬁ m‘ eft read errors being caused by .,\%U;NIL\L

read errors detected is recorded. This is repeated
until a threshold number of errors are detected for any
given window centre setting. Then, the window centre
setting in the register 44 is set back to the nominal

5 value and moved to the left in a step wise fashion. By
accumulating the number of read errors detected at each
stepped window centre setting, the curve in Figure 5 is
determined. Thus, a suitable read window for the read
chain 34 can be roughly determined. _

10 However, it is desirable to know, as closely as
possible, the exact optimum centre point within the read
window. If the exact centre point is known, the window
centre setting in the.register 44 can be set to the
appropriate value for optimum operation.

15 _

Fine Tuning

A technique of fine tuning the window centre
setting is used to set the window centre to the optimum
centre position within the read window. When data is

20 read from the track, the controller 42 accumulates a
number of shift left read errors and a number of shift
right read errors detected during the read operation.
In a 2,7 encoded bit stream, a shift left once error is
the result of an asserted bit in the 2,7 encoded bit

25 . sStream being de-asserted and ‘the next bit to the .

' edéate left being asserted. A shift left once error
repgesents a read error that occurs as a result of /the
read window centre setting being shifted to the left oﬁ'

the opt1mal setting.’
30 jdgr In addltlon to shift left once errors, shift left
7 many errors- are also accumulated in the contrezie; 42.
shift left mdh " errors also result from the read window
settings belng set earf;e; than the optimal read window.

Shift left many errors are the result of an assertive



the read wi ndow centre being shifted to the left of the optinmal setting
made whil e readi ng tte—data,--and_determ ni ng an adj usted w ndow centre

it I 1

setting based on the qu %r_of shift right read errors detected and the

nunber of shift left r las. ®dted. According to another aspect of
t he present invention, | ded apparatus for deterniﬁphgfaqSR;ﬂ L.
adj usted wi ndow centr read channel of a nagneti " it SR=drti Vi)
the magnetic disk drive being suitable for reading data froma nagnetic

di sk, including reading neans for reading data fromthe magnetic disk by

10

bit in the 2,7 bit stream having been de-asserted and a
previous bit (more than one bit to the left) being
asserted. For example, in a sample 2,7 encoded bit
stream 100010010000010 shift left.once and shift left

5 many errors are shown in Table 1 below.
Table 1

10 Shift Left Errors Number of Shifts
100100010000010 1
101000010000010 2
110000010000010 3
100010100000010 1
100011000000010 2
100010010000100 1

15 100010010001000 2
100010010010000 3
100010010100000 4
100010011000000 5

20

Shift right errors have similar characteristics to
shift left errors except that they result from the read
window settings being set later in time than an optimal

25 read window. A shift right once error is the result of
an asserted bit in a 2,7 encoded bit stream having been
de- sserted while the adjacent bit right has been y

t

“(
asserted. Similarly, shift right many errors are the (
result of a read window centre setting being set further ‘>

30 ‘égr to the rightdthan the optimum setting. Shift right many )
7 errors occur:yhﬁn an asserted bit in the 2,$'encoded bit
stream is deié?éerted while a bit further than one bit
to the right is asserted. For example, in a sample 2,7
encoded bit stream 100010010000010 shift right once and



perform ng a nunber of read operations, characterised by shift right error
detection neans coupled to the reading neans for detecting a nunber of
shift right read errors during-the-read operations, said shift right read
errors being caused by t he read mnn ow centre setting being shlfted to the

right of the opti naf® °° eft error detection neang) oupled ;\[-
unber of shift left read ok$kddnmng

the readi ng neans for :
t he read operations, read errors being caused by the read

W ndow centre setting being shlfted to the left of the optinal setting and
adj ust mrent nmeans coupled-to the shift right and shift left error detection

means for determ ning an 11

shift right many errors shown in Table 2 below.

Table 2

shift Right Errors Number of Shifts

010010010000010
001010010000010
000110010000010
100001010000010
10 100000110000010
100010001000010
100010000100010
100010000010010
100010000001010
100010000000110
100010010000001

HALEWNKHNREWN

15

Figure 6 shows a curve 46 representing the
20 probability that a shift left error will occur during a
read operation, and a curve 48 representing the
probability that a shift right error will occur during
a read operation. The curves 46 and 48 are shown in
relation to the optimum read window 50 and the optimum
window centre setting 52. Figure 6 shows that, as the
‘window centre setting moves to the right of the optiﬁum
win w centre setting 52, the ‘probability that a shift right
error will occur during a read operation increases along

25

a Gaussian distribution shown by the curve 48. Simi-

30 ‘ﬂfr larly, as the window centre setting moves to the left
d with respect to the optimum window centre settlng 52,
the probablll that a shift right error w111 occur
decreases as the probability that a shift left error

increases along a Gaussian distribution represented by



adj usted wi ndow centre setting based on the nunber of shift right read

errors detected and the nunber of shift left read errors detected. The
invention is described further, by way of exanple, with reference to the
acconpanyi ng drawi ngs, in which: ‘Figure-l-a is a schematic plan yhew ofay, ,

conventional di sk driveThiEs frﬁsb&nk?ﬁepart ial cross sectional lyifaw iof 'P'U"F"\ L

conventional disk drive la; Figure 2 is a wave form
representing a magnetic rated read

12

the curve 46. .

Figure 6 also shows that, wherefﬁhe curves 46 and
48 intersect (where the probability/éhat a shift left
error will occur equal to the propébility that a shift

5 right error will occur) correspgﬂds to the precise
centre of the optimum read window 50, and hence provides
the optimum window centre se;éing 52. Hence, if the
number of read operations ggéformed, the number of shift
right errors that occur and a number of shift left

10 errors that occur are acgémulated, then the probability
that a shift left error /will occur and a probability
that shift right erro;/cill occur can be determined.
Also, the optimum window centre setting 52 can be
achieved by varying the window centre setting until the

15 probability that a shift left error will occur equal to
the probability thg£ a shift right error will occur.

Figure 7 shgws the relationship between the
optimum window centre setting 52, as determined from the
curves 46 and 48, as well as the optimum read window 50,

20 and one peak of/the read signal 32.

In the preferred embodiment, before the window
centre setting/is changed, the controller 42 is required
to reach a ceétain confidence level that a change is
required. Iﬁ other words, the window centre setting

25 o will only=bé adjusted when the controller 42 reaches fa

cert {n confidence level that the probability ogjone

Jyﬂuhaﬂfr typ€ of error/%ccufféngfis above or below 0.5. Théh,

fnd the controller 42 will adjust the window centre setting
= léfr’in the direction of the lower of the two probabilities
to equalise the ﬁfobabiliﬁy of both error types.
The coq;RQEnce level determined by the# controller

42 is directlfﬁfelated to the number of samples read

from the magnetic disk 12. To obtain a threshold
confidence level, a certain number of samples must be




signal in the disk drive; Figure 3 is a block diagram of apparatus
according to the invention, which nmay be included in a control circuit of
the disk drive shown in FiQU%e—l—uFigupe 4-ts a wave formrepresenting a
magneti c transducer aI mhlch is shifted in time with

respect to the wave forn1s [} ,m;t’%q'

13

taken. In the preferred embodiment, a minimum threshold
number of errors must occur before the controller 42
will do any further processing to determine adjustment
to the window centre setting. Using the binomial

5 distribution for probability of an event happening in a
random sequence, the probability of a ce}tain number of
shift right errors happening_is determined as follows:

om—

P() = ( ) P@)* - p(])(n-l') -~ Equation 1
10 -~ R l'\_\’ X « ;

Where P(r) is the probability of a certain number
shift right errors happening, P(l) is the probability of
a certain number of shift left errors happening, r is
15 the total number of shiftifight errors recorded, 1 is
the total number of shif?’left errors recorded, and n is
the total number, r + lj'of errors recorded. '

Also: N
/g””// { ’ﬁAqisz
j n / 3 i 2
20 \(2‘_: ( 1 ) ) P(r)(f"%) - P Equation

;
4

Assuming, ._,r'iominally, that P(r) = P(1) = 0.5, then:

.’

o -P(r),.?i (rd(n—r)) (> (> ) (rn1) (’i—)

Equation 3

. / '

30 ‘dfr- If] during the read operations, only one error

4 type is/ detected ‘{e.g. a shift right error), 4hen, using
Equatlon 3, th§2f0110w1ng Table is generated:

1 4



Figure 5 is a graph showi ng a nunber of read errors plotted agai nst
percent age devi ati on of -a-wi-rdow-—centte setting froman optinmumcentre

setting; Figure 6 is a gra h_t' asogge Rephck Obabi ity of the occurrence of
shift right or shift | efts St ﬁH mt “ad against tine; Figure 7 shows a

portion of a transducer %

10

15

14

Table 3
a z ' Bl >r) Confidence level (%) that P(r}>0.5
1 1 0.5 50%
2 2 0.25 ' 75%
3 3 0.125 87.5%
4 4 0.0625 93.75%
5 5 0.03125 96.88%
6 6 0.015625 : 98.44%
7 7 0.0078125 99.22%

Where P(1 2 r) is the probability that 1 2 r.

As soon as the controller 42 reaches, for example,
a 90% confidence level that P(r) is greater than 0.5,
then it adjusts the window centre setting in the
register 44 to the left, thereby tending to equalise
P(r) and P(l). In Table 3 above, that would require

- four successive shift right errors to be detected.

20

25

In another example, where one error of a different
type occurs in this sequence, the following Table can be

generated:
Table 4
é | ’
4 o y
n r 1 PpO>r) confidence level (%) that P(x) >0.5
1 1 0 0.50 - 50%
2 1 1 0.75 IR 25%
3 2 1 0.50 ] 50%
4 3 1 0.3125 68.75%
5 4 ,4,0.1875 81.25% 4
6 5 “dr 0.109375 89.06%
7 6 ff 0.0625 93.75%
8 7 1 0.03516 96.50%



read signal corresponding with the graph shown in Figure 6; Figures 8a, 8b
and 8c show a flow chart represen- ting-one enbodi nent of the w ndow
centering nethod according to the present |nvent|on enployed in the

apparatus of Figure 3; and Figure 9 Rwdng a nunber of read
errors pl otted agai nst wi ndow centre s ,{H ””"1 C,; YR A
'r\ivll\‘HL

10

15

7/

In this case, in order to reach confidence level
of 90% six shift right errors must occur while only one
shift left error occurs. / '

Practically, it is necessary to set a threshold
confidence level in order; to keep the controller 42 from
"hunting" for the optimud level. 1In one preferred
embodiment, the confidence level of 85% is set and
another threshold is set/ whereby at least three to four
errors must be detected [before the confidence level is
checked. If all errors|/are of the same type (either
shift left errors or shift right errors), then the
confidence level can bel immediately extracted. If not,

some calculations need [to be done. For example, the
confidence level that the probability ofVa shift right

error/bccursing/is gredter than 0.5 is represented by:

P(P(r)>0.5) = 1-% (: n! 1 Equation 4
Ty (e y \ 27

Similarly, the copfidence level that the probabi-

ity thatVa shift left rroq/wi%&—eecuq/is greater than

0.5 is represented by:

P(P(1)>0.5) = 1-2 Equation 5
ah Yt (A7) !

[ 4

-ﬁf If the confidence levellof either of the abofe two
equations is greater than the threshold confidence level
(in this preferred embo&iment'es%), then the window
centre settings are adj sted. If not, no adjustment is
made until the,hhreshold confidence level ig reached.
Alternatively) sthe maximum number of a certain error
type (either shift left or shift right) can be deter-
mined and a confidence level check can be performed on

o ey

-
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-
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Figure la illustrates a portion of a conventional magnetic disk drive 10.
The di sk drive 10 includes a nagn,Llc~dksk 127 'a slider 14, an actuator arm
16, a rotary actuator 18, and a control &ﬂt 19. Although the disk drive
10 is shown with only a S|nglﬁmmh it will be understood by
those skilled in the art that entlon IS appllc€bb ‘to di Sl
drives tncluding a plurality o SBE

10

15

20

16

that error type. Then, the appropriate adjustment of
the window centre setting can be made.

Operation
Figures 8a, 8b and 8c show a flow chart

illustrating the operation of the controller 42 in
performing the coarse and fine adjustments to the window
centre settings in the read chain 34. For ease of
reference, Figures 8a, 8b and 8c should be placed in
vertical relationship with one another with Figure 8a on
the top and Figure 8c on the bottom. Figures 8a, 8b and
8c in this preferred embodiment, refer to strobe values.
These strobe values correspond to values used with a
National Semiconductor 8459 integrated circuit chip.

The strobe values vary, in units of percent, between
-27% and +27% with 0% corresponding to a nominal strobe
value. Therefore, where the controller 42 determines
that the window centre setting must be shifted to the
left, the strobe value for the National Semiconductor
8459 integrated circuit chip is moved from, for example,
0% to -1%. Similarly, where the controller 42 deter-
mines that the window centre setting must be shifted to
the right, the strobe value on the National Semi-
conductor 8459 integrated circuit chip is moved, for
example, from 0% to 1%, or from 1% to 2%, etc. It wjll
be understood by those skilled in the art that a variety

of @gircuits could be used to perform this function/ and

the National Semiconductor 8459 is only one preferred
embodiment.
The following terms .are employed in Figures 8a, 8b
and 8c: , 5 o ry
CENTRE,?éfan array window centre strobe setting
values for individual heads (or zones per head). CENTRE

is loaded with default values upon power up to read



The magnetic disk 12 is nounted for rotation on a spindle centred on an
axis 20. Data bl ocks are arranged on the~ﬁagnetiC”HT§k"12 in a plurality of
radially concentric tracks 22a to 22 ﬁ&mké &5 22a and 22n are the
outer nost and inner nost data track carries a nmagnetic
transducer (transducer 26 shown in F| 4 e nagnetlgﬁqlsy;;g.
rotates, the slider 14 flies just ove EP RIS I

TR
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various commands for disk drive configurations. Then,
CENTIRE is loaded with a nominal value if coarse tuning
is to be performed. If not, CENTRE is loaded with
values for window centres which were stored during

5 previous execution. _

RDCNT is a variable representing the maximum
number of reads to be performed on a test track.

MAXE is a variable representing the maximum number
of errors to allow on a test track.

10 TESTTRACK is a pre-stored location on the magnetic
disk where the read only test for window centre should
be performed.

CONFID is a variable representing the confidence
level threshold for moving strObe-settings (i.e. 85% in

15 this preferred embodiment).

| PASSCNT is a variable indicating the number of
adjustments made to window centre settings for
statistical print out.
STRB is a strobe setting.

20 NBOUND is the negative boundary of strobe settings
during coarse tuning. _

PBOUND is the positive boundary of strobe settings
during coarse tuning.
ERCNT is the number of errors logged for read

25 . operations. P
) / STOPHEAD is a variable indicating coarse tuning
hasﬁgeen performed for the last head: /

READTK is a variable indicating the number of
reads per test track which have been executed.
30 }é!r COUNT is a’variable-indicating number of errors.
MAX(r,l),%s a variable indicating thejmaximum
number of erﬁéfs of the majority type which have been .

logged.
SIGN is a variable indicating the direction of



surface of the magnetic disk 12. The slider

arm 16, which

As the slider

control circuit 19 controls the rotary actuator

14 over -a selected data track, for exanple the traH"II")ﬂn"[‘"n"" |

'\Jll-

10

15

20

14 is attached to the actuator

I's, in turn, attached to the rotary actuator 18. The actuator
arm16 is nounted for rotation about an axis 24 ‘of 't he rotary—act uat or

14 flies above the surface of the Wﬁﬂﬂﬁk&iﬁ&&ékn qt N€

18

correction to be made in adjusting strobe settings.

N is a total number of shift right and shift left
errors logged.

WIDEBAND is a term used to designate whether the

' coarse tuning operation should be performed to accele-

rate window centre seeking. It should be noted that the
optimum window setting can be determined using only the
fine tuning technique. However, by using the coarse
tuning operation, the window centre setting can be set
more quickly.

The coarse tuning routine is initialised and the
array CENTRE is loaded with nominal values. It should
be noted that CENTRE could also be loaded with values
which were stored during a previous coarse tuning
routine. These operations are indicated in blocks 60
and 62. Next, the controller 42 determines whether the
coarse tuning operation is to be performed. This is
indicated in block 64. 1If not, the controller 42 skips
to the fine tuning routine. However, if WIDEBAND equals
1 (the coarse tuning technique is to be performed), then
the controller 42 causes the actuator 18 to perform a
seek operation for the first head in the magnetic disk
drive 10, thereby moving the first head (e.g. head 0) to
the test track. This is indicated by block 66.

Next, the controller 42 determines whether the,
partjtular cylinder over which the selected transducer

Aﬁying is a read/writable cylinder. If not, thé
controller 42 determines whether there are any test
tracks left to test. If so, the next test track is
determined and the controller 42 causes the actuator 18
to seek to that,test track. This is indicaged by block
68, 70 and 7%{, 1f the test track over which the
selected transducer is flying is in a read/writable
cylinder, then the controller 42 sets the strobe value

e sllder

H

kY
4
A\



22i. If a plurality of magnetic disks were used, the control circuit 19
woul d be progranmed to select the appropriate disk to be read from and
witten to. Figure Ib shows a fragnentary sectional view of the disK“grive

10. The magnetic transducer 26 is .
This Sheet Has Been Repl - i NG \ i
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to -15% and sets the negative boundary to -16% and the
positive boundary to positive 16%. This is indicated by

block 74.
Next, the read errors in reading from the selected
5 test track are read and logged. This is indicated by

block 76. Then, the total error count is compared to
the maximum number of errors allowed per test track. If
the total error count is less than the maximum number of
errors allowed per test track, then the number of read

10 operations which have been performed for that test track
is compared to the maximum number of reads allowed per
test track. This is indicated in block 80. If more
read operations are required, then the controller 42
repeats the steps taken in blocks 76 and 78. This is

15 indicated in block 80.

Next, the controller 42 determines whether the
negative boundary is greater than -16%. If not, the
negative boundary is set the current stobe value and the
strobe value is incremented. This is indicated in

20 blocks 82, 84 and 86. If the negative boundary is
greater than -16%, then the strobe value is simply
incremented. This is indicated in block 88.
The strobe value is then examined to see whether
it is greater than 15. If not, the controller 42
25 returns to operation block 76. 1If it is, then the .
"CENT array is set to the centre point between the'
cuqﬂzit positive and negative boundaries. This is/
indicated in blocks 90 and 92. Then, the controller 42
determines whether coarse tuning must be performed for
30 ‘ﬂfr any other heads or test tracks in the disk drive 10. If
d so, the control}er 42 repeats the appropriate steps. If
not, the cont_gller 42 updates the CENTRE array
appropriately and moves on to the fine tuning operation.
This is indicated in blocks 94, 96, 98, 100 and 102.



nounted on a face of the slider 14 which is perpendicular to the surface of
the magnetic disk 12. As the transducer 26 flies over the magnetic disk 12,
the transducer 26 senses nmgmskmahikuxkbknas 28 generated by pol arised

regions 30 of the nagnetlc gnetlc transducer 26 generates a
read signal 32 which is cha 05|t|ve goi ng or negatlve gO|ng
transitions in pul ses associ e flux {4 .

- 20

If, in block 78, the total number of errors
counted during the read operations is greater than the
maximum number of errors allowed on the given test
track, then the absolute value of the negative boundary

5 is compared with the absolute value of the positive
boundary. This is indicated in block 104. If the
latter is not greater than the former, the answer
determined in block 104 is NO, and the strobe is
incremented and the controller 42 determines whether the

10 present value of the strobe:is greater than 15. If not,
the controller 42 returns to block 76. If so, the

- controller 42 goes to block 94. This is indicated in

blocks 106 and 108. o

If, in block 104, the absolute value of the

15 negative boundary is less than the absolute value of the
positive boundary, then the positive boundary is set to
the current'éﬁfobe_value and the CENTRE array is set to
the mid-point between the positive and negative
boundaries. This is indicated in blocks 110 and 112.

20 Then, the controller 42 determines whether any other

heads or test tracks must be coarsely tuned. If not,
the controller moves onto the fine tuning operation.

In the fine tuning technique, the strobe value for
the National Semiconductor 8459 integrated circuit chip
will only be moved in the smallest increments allowed by
the jhtegrated circuit chip. Therefore, all that must
be .,Aétermined is whether the confidence level is above
the confidence level threshold; and which direction the

window centre setting must be adjusted.
30 Once the fine tuning technique is initialised, the

25

controller 42 an either wait for a read command, as
indicated in lh}ock 114 or can exercise the read
operation when the drive is idle. The controller 42
exercises the read command by continuously reading test



reversals of the flux lines 28 produced by the polarised portions 30. The

read signal 32 is denodul ated and data_is recovered fromthe read signa

by the control circuit 19. Figure 2 > shows a graph of the read signa
t he trangglusidéviBEBecTReplaedsi ti ve and negative going transitions

gener ated by

of the read signal 32 cml‘l ﬂm
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tracks and updating the window centre settings. Where
power requirements are not critical, the latter
technique may be used. However, in this preferred
embodiment, block 116 indicates that the/controller 42
waits for a read command before reading and logging
errors.

Once errors are logged, the cgntroller 42 deter-.
mines which type of errors (i.e. ther shift left or
shift right) are logged. This iy determined, as
discussed earlier, by analysing the read error charac-
teristics as they are read in sthe 2,7 encoded bit
stream. This is 1nd1cat%gk3 block 118. Next, the
controller 42 determines

confidence level using the number of errors of the
{. This is indicated in blocks
120 and 122. If the nfidence level is less than the
confidence level threshold, then the controller 42

32

nuﬂger of shift /<
right or shift left error detected{3ﬁﬁ*ﬁé%§fhines the ¢

returns to block 11¢ to log more error samples. This is

indicated in block/124.

However, if/the confidence level is greater than
or equal to the gonfidence level threshold, then a
window centre setting adjustment is required and the
controller 42 éetermlnes the dlrectlon in which the
adjustment m?st be made. This'is indicated in block »

'126. Then, ;the strobe value stored in the CENTRE array

is uggéted by moving the approprlate strobe value oné
unit in the direction determined in block 126. This is

leared .and the CENTRE array is written to the magnetic

disk so’ the strobg value stored in the CENTRE.array can
be retrleved as’s efault settings during the next read
operqtlon. Thlg is shown in blocks 130, 132 and 134.
j Figure 9 is a graph showing the number of read

Jd??ndlcated in block 128. Next, the error counters are
c

32

ml he flux reversals of theC Ilnes‘2\8
3

S

-



generated by the polarised portions 30 of the magnetic disk 12. Figure 3

shows a bl ock diagramof a read chain 34 according to the present

i nvention, which may bqﬂdanoyed in the disk drive 10. The read chain
i ncl udes the—%fansducer 26, an anplifier 36, a peak detector/synchroniser

38, an encoderyd ghwmﬁ\ave‘m 42 and a register 44. The transﬂucer :26: *

provi des- t he re““ \
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errors plotted against window centre strobe settings.

In some cases, it may happen that the integrated circuit
chip used to set the window centre settings, such as the
National Semiconductor 8459 integrated circuit chip, may
have centre settings which can only be adjusted in
increments. Those increments may be too large to hit
the exact optimum window centre setting, such as 150
shown in Figure 9. Instead, the two closest strobe
settings may be strobe setting S1 and S2, which shift
the window centre around the point 150 but never
actually reach exactly the optimum window centre setting
150. 1In such a case, instability may exist in the disk
drive 10 in that the controller 42 would continually
oscillate the strobe setting in the register 44 between
the points S1 and s2.

Therefore, in this preferred embodiment, the
controller 42 stores the strobe setting determined
during the previous fine tuning operation and also
stores the error rate associated with that strobe
setting. Then, when the controller 42 determines that
an adjustment is required, the controller 42 determines
whether the adjustment will be back to the strobe
setting. If so, the controller 42 determines whether
the number of read errors associated with that previous
strobe setting are greater or less than the number of
read ferrors associated with the present strobe setting.
If ghey are less, the controller 42 makes the desifed
adjustment. If not, the controller 42 dis-regards the
adjustments and leaves the strobe setting at the present
value. ? -

The coai?e and fine tuning operations ;can be
performed fox; f£ach transducer in the magnetic disk drive
10. Further, such routines can be performed for a
plurality of zones on each magnetic disk 12 in the disk

'-.iv-.
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signal 32 to the anplifier 36. Typically, the anplifier 36 is an automatic
gain control anplifier. The anplifier 36 anplifies the read signal 32 and
provides the anplified signal to the peak detector/synchroniser 38. The
peak detector/synchroniser 38 detects the peaks in the read signal 32 and

synchroni ses data pul ses,

23

drive 10. Thereforé, very accurate window centre
settings can be adjusted for each transducer, magnetic
disk and zone in the disk drive 10. Furthermore, by
using the types of errors detected to indicate the

5 direction of needed correction, a closed loop feed back
system is used to adaptively adjust the window centre
setting.

By continuously updating the window centre

settings for each head or disk, or zone in the disk

10 drive 10, the controller 42 can adjust for signal time
shifting in the read signal 32 caused by temperature
variation, ageing, voltage variation and timing
variations in electronic circuits in the disk drive 10.
This improves the error rate during read operations and

15 also increases the manufacturing yield for disk drives.

In addition, if new printed circuit boards or

components must be added to the disk drive 10, any
timing variations caused by the new components or
printed circuit boards is almost immediately adjusted

20 for by using the technique of the present invention.

25 . tm ol .___.\.._\_..__\ - "

£ il

-
+



representative of those peaks, with a systemreference clock. In detecting
the peaks of the read signal 32, the peak detector/synchroniser 38 "| ooks"
for the peaks during a time period known as the read window. Data is .
recovered fromthe read signal 32 by deternlnlng mhether the read S|gnal 32
passes above or below a quallflcatlon T

,md  lu o, AL
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CLAIMS

Tl s Sheet Has Been Re
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1. A method of setting a read window iﬁ’§=ﬁagnetic
generated by

disk drive for detecting a read si
reading data from a magnetic di<k, characterised by
setting an initial window-Centre for ,the read window, R

5
¥ /

>{¥§q4p‘ performing a number read operatieons in which the BT
G

iwindow centre £ the read window dis_varied relative to coit
. . the lnltlal,wfﬁaow centre settln;7 detecting read errors )
éﬁlgﬁ occurri in each read operatlod, and determining an

- j ed window centre settlng based on the detected

errors.

L Wed Oy Ao -
:mg a

that the step of detecqéﬂl T ad errors comprls
15

JM{U&»* &“-errer.
W) L,
f)<4' A method accordi tolclalmlz’characterlsed in

that the step of determining an adjusted window centre
setting comprises determining a window centre adjustment

20 value and a window e%tre agjug nt direction based on
\.n % O l"‘-

the detected number drTréa irrors ahé—therde%e;miaed L

xead-errar. type, L L :
- \J -
A method/gpcording tozelaim &-or-3 characterised

&

in that the step of determining an adjusted window i

25 centre settin%:comprises determining an adjustment f\}gC:i::j
| conflgénce level based-on—the detected number of-read =2
X

— ] - /)

5 and tﬁe determlned read eTTor - type, comparing the (P %
‘ QESustment éonfldence level with a confidence level ¢;T¢_f?
threshold( and altering the window centre setting if the ¢ifr
30 ‘ﬁgfedjustmeni confidence level exceeds the confidence level -
thresho;d Y 4 |
5—~———A_methedfgesexd;ng—%e-any—preeedtng—c&a1m
cnaragter;sed—1n~Ehae~the-step“of‘detectIng~read~errors

% comprfses—detecting'a‘numbér“ﬁf‘shffe-pight_:ead_az;grs

5 A wkh-oo\ acostdiny YIS C SR BPVRLY U VPR, TP . SN
O daltcbas Sewoed Mok oot ConeynntS dibirhae @ andade
i ¢
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t hreshol d during the read wi ndows. Therefore the read w ndow should be
ideally centred around the peaks of the read signal._32. 1f it is not, the

peak detector/synehroaner 38 may not detect a proper peak and a read error
wi |l occur. ak detector/synchronl but put dat a,
recovered fro ﬂuﬂi W to t The encoder 40
encodes the d m] “sed i
/
25

/
/

;
/

/

&Tt Tead errors.
6. A method according to any preceding cClaim
characterised by periodically repeating the steps of
performing a number of read operations and detecting
5 read errors with each previous adjusteéfwindow centre
{‘*\\ setting constituting the initial windo& centre, and by
NN / altering the window centre setting to the adjusted
window centre setting only if a number of read errors

/\”, detected in a present cycle exceeds a number of read
10 errors detected in the preceding éycle
7. Apparatus-for setting a read window in a magr&tic
disk drive for detecting a readrs1gnal generaté”by
reading data from a magnetic dask cha/acterlsed by
means (44) for setting an 1nxt1a1 w1ndow centre for the
15 read window, means (26) for /performing a number of read
1 jSa operations in which the wildow centre for the read
%};&L window is varied relative/to the initial window centre
)ibﬁ~<5 setting, means ¢42) for détecting read errors occurring

*'y-: % in each re operation,/and means (42) for determining
JZQE} 3gaé/3 sted window cen{fe setting based on the detected

errors. vaxarﬂﬂ _ .

q Apparatué}acéerdlng to cla1m.2'character1sed in
that the<ﬁ~ie&‘1ng- eans comprise means for detecting a
number ofL;eadoerrors pad--means—for-determining-an—error

25 : FEOF. *
’,” ’)9’ Apparatus gccording to claim ,8 characterised in

W that ;ﬁ% means for determining an adjusted window ced%re
setting comprige means for determining a window centre

e }sngustment value and a window centre adJuthent& ra ~d

irection based on the detected number of} Tead errors ,
' RO LIS glolo 4
}V . Appar tus‘ggcordlng tolsla1m58>0r~9 characterised
Z/ in that the means for determining an adjusted window

centre se/tlng comprise means for determining an

f
{

!
i
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digital data and provides it to the controller 42. Duri ng a read operation,
the controller 42 receives the-synchroniséd digital data provided by the
encoder 40 and processes the Ghed iHindBden thapedow ding it to, for exanple, a

host conputer (not shown) or rtai n operational steps based
on the digital data. In the pr%%ﬂm , the CO/]i’oller 42 also . . .,
B
”’ Il lm LML
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adjustment confidence level based on the detected number
of read errors and the determined read error type, means
for comparing the adjustment confidence level with a
confidence level threshold, and means for calculating a
5 new window centre setting if the adjustment confidence
level exceeds the confidence level threshold. q
\O /le/ Apparatus accordl_ng to any of claims jao pooa suov»-' e

characterised in that the means—ie;ﬁi_etectlng{:ea.d.* P Our

errors comprise means for detecting a number of (s.hd.f.t
10 ri-ght—reud—errefs—and—memmtee&ng_a_nnmher_of
shift left read errors. / g |12
' 3}Z. Apparatus according to an}rf' of claims / to 1Y’
characterised by means for storing a number of read
errors detected by the means for detecting read errors,
15 means for comparing a further number of read errors
detected by the means for etectlng read errors, and
means for controlling the /Zeans for determining an
> adjusted window centre se’ttlng to determine the adjusted
window centre setting o_nly if the comparing means
20 generates a signal indicating that the further number of
read errors is greater than the stored number of read
@\\errors. o
{ 5’ )/3/ A method of justing a window centre setting in a
! read channel of a magnetic disk drive suitable for
25 '~ | reading data fror!;r/: magnetic disk, characterised by .
reading data from the magnetic disk (10) by performing a
6.__/" numbeﬁ" of read 0peratlons, detecting a number of firkt
\ read errors made while reading the data, .detecting a
umber of sec;,ond_ read errors made while reading the
data, and ad"justing the window centre setting based on
/1 the number pf flrst read errors detected and fhe number
r | of second fead eéi‘ors detected.
- 14_._._-—-A—method~—9§-—ad—}ust—:.ng-w:rndow—cerrtre‘set‘?:? a
read chapnel of a magnetic disk drive of the-type having




detects read errors which occur during the read operation. Read errors can
be determ ned in several ways:- Fﬂ‘Lhe preferred enbodi nent, a
pre-determned | ocation on thg etlc di sk 12, such as the track 22i or a
portion of the track 22i, is m&mdata During—oper ati-on-of. the
magnetic di sk drive 10, thepm] m Iocatlonls read |,
and read errors are recorded ”,ﬂ"mm)i'iﬂm/””," : .
27

purality of magnetic disks (12), the yindow centre
settings controlling position of ead window,éuring

5 which the controller reads the data from the ﬁhgnetic
disk, characterised by selecting a transducgé
corrresponding to a desipéd magnetic disk,;reading data
from the desired ma ic disk by performing a number
read operations, tecting a number of :éad errors

10 during the rea operations,_recording.fhe number of read
errors detected dufing the read operations, determining

15

}6( Apparatus for adjusting a windGW centre setting in
% a rgad'channel of a magnetic dis%/drive, the magnetic
disk drive being suitable for reading data from a
magnetic disk, characterised by/reading means (26) for
20 reading data from the magnetié disk (12) by performing a
number of read operations, first error detection means
(40) coupled to the readiqé means for detecting a number
of first read errors dﬁriﬁg the read operations, second
error detection means (40) coupléd to the reading means
25 = for detecting a number: of second read errors during the
‘read opgrations, and adjustment means (42) coupled to
the fipst and second error detection means for adjusfing
" the window centre sétting based on the number of first

ITOTrS detected? .

}éggad errors detected and the number of second read
30

J : . 3 3 kndow..cent: 3 in

» a read channel d'ﬁ’ a magnetic disk drive of tﬁxﬁe,t}rpe
having a controfier (42) for controlllng a° plurallty of
transducers (26) suitable for readlng ‘data from a




Read errors can take many fornms including tine shift errors (e.g. shift
|l eft or shift right read errors). Such read errors can affect the tine
position of the optimumread-w ndows. -Based-on these read errors, the

controller 42 provides a wi-ndow centre

- (LA
N \__";'._E'_u-_i-._,'"!.i._
* [ L M S *

28

plurality of magnetic¢ disks (12), the window cent éﬂ
settings controlling position of a read window 6fing
which the controller reads the data from a maég:tic
disk, characterised by selection means (4 for

5 selecting a transducer corresponding to desired
magnetic disk, reading means (26) for/reading data from -
the desired magnetic disk by perforfting a number of read
operations, read error detection/means (42) coupled to
the reading means for detectlng a number of read errors

10 during the read operatlons‘/flrst storing means coupled
to the read error detect&en means for storing the number
of read errors detecte@ﬁauring the read operations,
error determination means coupled to the first storing
means for determinihg error types for the read errors

15 detected, and cpnirol means coupled to the error deter-
mination means” for cohtrolling adjustment of the window
centre settings based on the number of read errors
detected/and the error types determined.

20

25
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setting to the register 44. The register 44, in turn, provides the w ndow

centre setting to the peak detector/synchroniser 38. The w ndow centre

setting provided by the register 44 causes the peak detector/ synphronjsép{'
38 to re-configure itself so that the read wi ndows (shown as ckoss thatiched)
areas in Figures 2 and 4) are re-positioned if necessary to be properly

centred around peaks in the read signals.

10
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ABSTRACT

METHOD AND APPARATUS FOR SETTING A
READ WINDOW IN A MAGNETIC DISK DRIVE

The present invention provides a method and
apparatus for setting a read window in a magentic disk
drive for detecting a read signal generated by reading
data from a magnetic disk. An initial window centre is
first set for the read window, then a number of read
operations are performed in which the window centre for
the read window is varied relative to the initial window
centre setting. Read errors occurring in each read
operation are detected, both according to error number
and error type, and an adjusted window centre setting is
determined based on the detected read errors.

[Figure 3]
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The type of read error which causes the controller 42 to adjust the w ndow
centre settings in the register 44 vary. For exanple, Figure 4 shows a read
signal 32' which corresponds to the read signal 32 -shown in Figure 2 in al
respects except that it has shifted to the right in time wthoreshéct: £

the read signal 32. Many things can cause a shift such as tlhat: shown iiint
Figure 4. For exanple, where the magnetic disk drive 10 includes a //C?

CONTROL
CIRCUIT

i Fo



plurality of magnetic disks, each having an associated slider and

transducer, the delay tinmes can vary fromdisk to disk and transducer to
transducer. Also, as the magnetic disk drive 10 operates, the_electronic
conponents heat up. This tenperature variation can cause th? ShlftS |n !

the read chain 34. In addition, voltage variations and

conponent -t o- conponent variations in the read circuitry can cause tine c;s/
shifting of the C?
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read signals. Further, process or part changes in the magnetic di sk drive

signal 32, ti shift read-errors (such as shift left or shift right read
errors) occur. R ,acé/(\[nere read wi ndow settings arejggt ‘for: gt‘-.h}é.‘-jeak
detector/ syn O match those shown in Figure 2>~ whi'ch aré "

I deally centr Wlmﬁpeaks of the read signal 3/%
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32, they are not properly set when a tine shift results in the read signal
32' as shown in Figure 4. |If such a shift occurs, and the read wi ndow is
not correspondingly re-set, the peak det ector/synchronl ser, :}8 Wl\be

I ncapabl e of recovering data fromthe read signal 32 C DTN S
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properly. Thus, adjustnment of the wi ndow centre settings in the register 44
Is required. Coarse Tuning Figure 5 is a graph show ng the nunber of read
errors plotted agai nst the percentage deviation of the wi ndow centre
setting, in the register 44, fromthe w ndow centre whi ch woul d-be-i-deal
for the read signal 32. Figure 5 shows that, as the w ndow centEﬁ-sgttl ng/
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deviates to the right_of the opti mumw ndow centre (represented by 0%
devi ation), the nunber of read.-- errors detected stays at a mninmumlevel for

a certain anmnount of srmeeagggé hen "begins to rise. Thus, it i appar ent i
that, so long as the glew ates fromthe optina Iwr ndow cem“e
but is within the optj the error rate does no increas?fo
greatly. However, the fu | ndow centre setting /9
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deviates fromthe optinmal setting, the greater nunber of read errors. The
curve shown in Figure 5 can be determ ned by pre-setting the w ndow centre
setting for the peak detector/synchroniser 38 to a nomnal |evel and then
perform ng read operations by reading data fromthe magnetic gi sk:.12.; Eagh|
time a read error is detected, the error I's recorded. After aLglvqn n\unbeﬁ___
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operations are performed, the wi ndow centre setting in the register 44 is

adj usted to shift the wi ndow-centre setting to the right by a given

per cent age val ue~—Theén, nore ri%gi operations are perforned and the nunber

read errorg,.d ﬁ\
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il a threshold nunber of errors are detected for any given w ndow centre

unt
setting. Then, the wi ndow centre setting in the register 44 is set back to
the nom nal value and noved to the left in a step wi se fashion. By

accunul ating the number of read errors detected at each stepped - ndow ;
centre setting, the curve in Figure 5 is determned. Thus, a $diitable read!

w ndow for the read chain 34 can be roughly determ ned. q/ -
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The present invention relates to a method and
apparatus for setting.a read window in a magnetic disk
drive.

A magnetic disk, such as one used in a computer
disk drive, is a flat circular platter with a magnetic
surface. Data is stored on the magnetic surface by
selective polarisation of portions of the magnetic
‘surface. The presence or absence of polarity transi-
tions between the polarised portions represents
particular binary values. Typically, the magnetically
polarised portions are arranged in a plurality of
radially concentric tracks on the magnetic surface to
aid in location and read back of the data.

In order to read back the data recorded on the
magnetic surface, a magnetic transducer moves relative
to the magnetic disk along a given track. The magnetic
transducer generates an electrical signal (the "read
signal"), which represents the states of polarisation
encountered along the track. Pulses in the read signal
correspond to the magnetically polarised portions of the
‘magnetic disk.

Ideally, the read signal would not be influenced
by any factors other than the magnetically polarised
portions. However, other factors do influence the read
signal and must be taken into account in processing the
read signal. ;

During procesilng of thefread 31gnalﬂ;the
processing:logic (fje.” the read chéln ioglc) is
configured to recover. data from the read 51gna1 during a

certain period in tlmﬁ,'known as%a read window. The
.qlr - "




_centre posi ti-en.within the read wi ndow. \Wen data is Honm-the—traek,
the controlle 42 accurml ates a nunber of shift left mmsﬂjﬁ]’éﬁﬁﬂ
nunber. of shi Egdors -detected during t he] rEad operationjin a
2,7 encoded bi | eft once error is th f

asserted bit i ded bit stream bei ng de- sertelddhgz 19?& ngxt
bi t tothelmredlatele |ng assert ed. 2Ash|ft | eff t ~orrce—er+of

.reéd window represents the time during which the pulses occurring in the read signal,
which reiaresent digital data stored on the magnetic disk, are taken as valid. However,
the actual read window during which the pulses are taken as valid can in practice shift in
time due to the ageing of the circuitry in the magnetic disk drive. Also, as the circuitry
heats up during operation, the temperature differential can cause the actual read window

 to shift. Further, the optimum réad window can shift due to process changes in the
magnetic disk drive or due to part-to-part timing variation in the read chain circuitry of
the magnetic-diskldrivé.'

It is an object of the present invention, at least in its preferred form, to overcome
such problems.

IBM Technical Disclosure Bulletin 30 (1987) Nov., No. 6, discloses a window
shifting mechanism in a data separator. The mechanism effectively shifts the window in
which a bit is read .from.a disk file by its head so as to assure that the bit is correctly
read. The mechanism consists of means which utilizes a rhethod of rapidly establishing a
new definition of the window centre provided by a VFO (variable frequency oscillator)
controlling the position of the window with réspect to disk rotation in which a certain bit
is read and the method of employing this window-skewing action for error recovery;

The present invention provides a technique of adjusting a window centre setting
in a read chain of a magnetic disk drive. A number of read operations are performed by
a magnetic disk df_ive to read data from a magnetic disk. A number of read errors are
detected during the read operations and error types are determined. Adjustment of the
window settings in the read chain is controlled based on the number of errors detected
and the types of errors determined.

Thus, accordin'g to one aspect of the present invention, there is provided a

method of adjustmg a window centre in a. read channel of 2 magnetlc drive suitable for

readmg data from a magnetxc disk, mcludmg readmg data from the magnetic disk by

performmg a number of read operations, charactensed by detecting a number of shift



represents a read error that occurs as a result of the read w.hdowcentre
setting being shifliggyt ' the optimal setting. In addition to
shift left once errlg* L’AMTMWW errors are al aced the
controller 42. shifft} left many errjogs also result fro

many

settings being set| garQigegCTHew t Re |opti mal read w ndo
errors are the reﬂult of an assert]i ye 3

right errors made while reading the data, said shift right errors being caused by the read

QD

window centre setting being shifted to the right of the optimal setting, detecting a
number of shift left errors, said shift left errors being caused by the read window centre
being shifted to the left of the optimal setting made while reading the data, and
de_termixiing an adjusted window centre setting based on the number of shift right errors
detected and the number of shift left errors detected.

According to another aspect of the present invention, there is provided apparatus
for determining an adjusted window centre setting in a read channel of a mé.gnetic disk
drive, the magnetic disk drive being suitable for reading data from a magnetic disk,
including reading means for reading data from the magnetic disk by performing a
number of read operations, characterised by shift right error detection means coupled to
the reading means for detecting a number of shift right read errors during the read
operations, said shift right errors being caused by the read window centre being shifted
to the right of the optimal setting, shift left error detection means coupled to the reading
means fdr detecting a number of shift left read errors during the read operations, said sift
left errors being caused by the read window being shifted to the left of the optimal
setting and adjustment means coupled to the shift right and shift left error detection
means for determining an adjusted window centre setting based on the number of shift
right read errors detected and the number of shift left read errors detected.

The invention is described further, by way of example, with reference to thg
accompanying drawings, in which:

Figure 1a is a schematic pla'n' view of a conventional disk drive;

Figure 1b is a partial cross sectional view of the conventional disk drive shown in
Figure 1a;

Figure 2 is a wave form representing a magnetic transducer generated réad signal

in the disk drive;
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Figure 3 is a block diagram of apparatus according to the invention, which may
be included. ina contrdi circuit of the disk drive shown in Figure 1;

Figure 4 is a wave form representing a magnetic transducer generated read signal
which is shifted in time with respect to the wave form shown in Figure 2;

Figure 5 is a graph showing a number of read errors plotted against percentage
deviation of a window centre setting from an optimum centre setting;

Figure 6 is a graph showing a probability of the occurrence of shift right or shift
left errors plotted against time;

Figure 7 shows a portion of a transducer generated




Table 1 Shift Left Errors Nunber of Shlfts 100100010000010
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read signal corresponding with the graph shown in Figure
6;

Figures 8a, 8b and 8c show a flow chart represen-
ting one embodiment of the window centering method
according to the present invention employed in the
apparatus of Figure 3; and

'~ Figure 9 is a graph showing a number of read
errors plotted against window centre strobe settings.

Figure 1a illustrates a portion of a conventional
magnetic disk drive 10. The disk drive 10 includes a
magnetic disk 12, a slider 14, an actuator arm 16, a
rotary actuator 18, and a control circuit 19. Although
the disk drive 10 is shown with only a single magnetic
disk 12, it will be understood by those skilled in the
art that the present invention is applicable to disk '
drives including a plurality of magnetic disks.

The magnetic disk 12 is mounted for rotation on a
spindle centred on an axis 20. Data blocks are arranged
on the magnetic disk 12 in a plurality of radially
concentric tracks 22a to 22n. The data tracks 22a and
22n are the outer most and inner most data tracks,
respectively, on the magnetic disk 12.

The slider 14 carries a magnetic transducer
(transducer 26 shown in Figure 1b). As the magnetic
disk 12 rotates, the slider 14 flies just over the
surface of the magnetic disk 12. The slider 14 is
attached to thé actuator arm 16, which is, in turn,
attached to the rotary actuator 18. The actuator arms
16 is mounted for rotation about an axis 24 of the
rotary actuator 18. As the slider 14 flies above the
surface of the magnetic disk 12, the control circuit 19
controls the rotary actuator 18 to position the slider
14 over a selected data track, for example the track
22i. If a plurality of magnetic disks were used, the
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control circuit 19 would be programmed to select the
appropriate disk to be read from and written to.

Figure 1b shows a fragmentary sectional view of
the disk drive 10. The magnetic transducer 26 is
mounted on a face of the slider 14 which is
perpendicular to the surface of the magnetic disk 12.

As the transducer 26 flies over the maghetic disk 12,
the transducer 26 senses magnetic flux lines 28
generated by polarised regions 30 of the magnetic disk
12. The magnetic transducer z5 generates a read signal
32 which is characterised by poéitive going or negative
going transitions in pulses associated with the flux
reversals_of'the flux lines 28 produced by the polarised
portions 30. The read signal 32 is demodulated and data
is recovered from the read signal 32 by the control

)

except that they
time than an opt

circuit 19.

Figure 2 shows a graph of the read signal 32
generated by the transducer 26. The positive and
negative going transitions of the read signal 32
correspond to the flux reversals of the flux lines 28
generated bY the polarised portions 30 of the magnetic
disk 12.

Figure 3 shows a block diagram of a read chain 34
according to the present invention, which may be
employed in the disk drive 10. The read chain 34

- includes_the'transducer 26, an amplifier 36, a peak
detector/synchroniser 38, an encoder 40, a controller 42
and a registar 44. The transducer 26 provides the read
signal 32 to the ampllfler 36. Typically, the amplifier
36 is an automatic gain control amplifier. The
amplifier 36 amplifies the read signal 32 and provides
the amplified signal to the peak detector/synchroniser
38. The peak detector/synchroniser 38 detects the peaks
in the read signal 32 and synchronises data pulses,
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representative of those peaks, with a system reference
clock.

In detecting the peaks of the read signal 32, the
peak detector/synchroniser 38 "looks" for the peaks
during a time period known as the read window. Data is
recovered from the read signal 32 by determining whether
the read signal 32 passes above or below a qualification
threshold during the read windows. Therefore the read
window should be ideally centred around the peaks of the
read signal 32. If it is not, the peak
detector/synchroniser 38 may not detect a proper peak
and a read error will occur.

The peak detector/synchroniser 38 provides output
data, recovered from the read signal 32, to the encoder
40. The encoder 40 encodes the data into synchronised
digital data and provides it to the controller 42.

During a read operation, the controller 42
receives the sygchrqnised digital data provided by the
encoder 40 and processes the data either by providing it
to, for example, a host computer (not shown) or by
performing certain operational steps based on the
digital data.

In the present invention, the controller 42 also
detects read errors which occur during the read
operation. Read errors can be determined in several
ways. In the preferfed embodiment, a pre—determined
location on the magnetic disk 12, such as the track 22i
or a portion of the track 22i, is pre-written with data.
During operation of the magnetic disk drive 10, the pre-
determined location is periodically read and read errors
are recorded.

Read errors can take many forms including time
shift errors (e.g. shift left or shift right read
errors). Such read errors can affect the time position
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of the.optimum read windows. Based on these read
errors, the controller 42 provides a window centre
setting to the register 44. The register 44, in turn,
provides the window centre setting to the peak
detector/synchroniser 38. The window centre setting
provided by the register 44 causes the peak detector/
synchroniser 38 to re-configure itself so that the read
windows (shown as cross hatched areas in Figures 2 and
4) are re-positioned if necessary to be properly centred
around peaks in the read signals.

. The type of read error which causes the controller
42 to adjust the window centre settings in the register
44 vary. For example, Figure 4 shows a read signal 32'
which corresponds to the read signal 32 shown in Figure
2 in all respects except that it has shifted to the
right in time with respect to the read signal 32. Many
things can cause a shift such as that shown in Figure 4.
For example, where the magnetic disk drive 10 includes a
plurality of magnetic disks, each having an associated
slider and transducer, the delay times can vary from
disk to disk and transducer to transducer. Also, as the
magnetic disk drive 10 operates, the electronic
components heat up. This temperature variation can
cause time shifts in the read chain 34. In addition,
voltage variations and component-to-component variations

"in the read circuitry can cause time shifting of the

read signals. Further, process or part changes in the
magnetic disk drive 10 can cause time shifting.

When such a time shift occurs in the read signal
32', time shift read errors (such as shift left or shift
right read errors) occur. For example, where read
window settings are set for the peak detector/
synchroniser 38 to match those shown in Figure 2, which
are ideally centred around the peaks of the read signal
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32, they are not properly set when a time shift results
in the read signal 32' as shown in Figqure 4. 1If such a
shift occurs, and the read window is not correspondingly
re-set, the peak detector/synchroniser 38 will be
incapable of recovering data from the read signal 32'
properly. Thus, adjustment of the window centre
settings in the register 44 is required.

Coarse Tuning _
Figure 5 is a graph showing the number of read

errors plotted against the percentage deviation of the
window centre setting, in the register 44, from the
window centre which would be ideal for the read signal
32. Figure 5 shows that, as the window centre setting
deviates to the right of the optimum window centre
(represented by 0% deviation), the number of read errors
detected stays at a minimum level for a certain amount
of time and then begins to rise. Thus, it is apparent
that, so long as the window setting deviates from the
optimal window centre but is within the optimal read
window, the error rate does not increase greatly.

However, the further the window centre setting
deviates from the optimal setting, the greater the
number of read errors.

The curve shown in Figure 5 can be determined by
pre-setting the window centre setting for the peak
detector/synchroniser 38 to a nominal level and then
performing read operations by reading data from the
magnetic disk 12. Each time a read error is detected,
the error is recorded. After a given number of read
operations are performed, the window centre setting‘in
the register 44 is adjusted to shift the window centre
settiné to the right by a given percentage value. Then,
more read operations are performed and the number of |
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read errors detected is recorded. This is repeated

until a threshold number of errors are detected for any
given window centre setting. Then, the window centre
setting in the register 44 is set back to the nominal
value and moved to the left in a step wise fashion. By
accumulating the number of read errors detected at each
stepped window centre setting, the curve in Figure 5 is
determined. Thus, a suitable read window for the read
chain 34 can be roughly determined.

However, it is desirable to know, as closely as
possible, the exact optimum centre point within the read
window. If the exact centre point is known, the window
centre setting in the register 44 can be set to the
appropriate value for optimum operation.

Fine Tuning
A technique of fine tuning the window centre
setting is used to set the window centre to the optimum

centre position within the read window. When data is
read fr@m the track, the controller 42 accumulates a
number of shift left read errors and a number of shift
right read errors detected during the read operation.
In a 2,7 encoded bit stream, a shift left once error is
the result of an asserted bit in the 2,7 encoded bit
stream being de—asserted and the next bit to the
"immediate left being asserted. A shift left once error
represents a read error that occurs as a result of the
read window centre setting being shifted to the left of
the optimal setting. .

In addition to shift left once errors, shift left
many errors are also accumulated in the controller 42.
shift left many errors also result from the read window
settings being set earlier thah the optimal read window.
shift left many errors are the result of an assertive

1



w ndow centre setting 52. Figure 6 shows that, as the wi_ndow centre set
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bit in the 2,7 bit stream having been de-asserted and a
previous bit (more than one bit to the left) being
asserted. For example, in a sample 2,7 encoded bit
stream 100010010000010 shift left .once and shift left
many errors are shown in Table 1 below.

Table 1
Shift Left Errors Number of Shifts
100100010000010 1
101000010000010 2
110000010000010 3
100010100000010 1l
100011000000010 2
100010010000100 1
100010010001000 2
100010010010000 3
100010010100000 4
100010011000000 5

Shift right errors have similar characteristics to
shift left errors except that they result from the read
window settings being set later in time than an optimal
read window. A shift right once error is the result of
an asserted bit in a 2,7 encoded bit stream having been
de-asserted while the adjacent bit right has been
asserted. Similarly, shift right many errors are the
result of a read window centre setting being set further
to the right”than the optimum setting. Shift right many
errors occur when an asserted bit in the 2,7 encoded bit
stream is de-asserted while a bit further than one bit
to the right is asserted. For example, in a sample 2,7
encoded bit stream 100010010000010 shift right once and
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shift right'many errors shown in Table 2 below.

Table 2

shift Right Errors Number of Shifts

-020010010000010
001010010000010
1000110010000010
100001010000010
100000110000010
100010001000010
100010000100010
'+ 100010000010010
100010000001010
100010000000110
100010010000002

HUOALWNBPNRWUNR

Figure 6 shows a curve 46 representing the
probability that a shift left error will occur during a
read operation, and a curve 48 representing the
probability that a shift right error will occur during
a read operation. The curves 46 and 48 are shown in
relation to the optimum read window 50 and the optimum
window centre setting 52. Figure 6 shows that, as the
‘'window centre setting moves to the right of the optimum
window centre setting 52, the probability that a shift right
error will occur during a read operation increases along
a Gaussian distribution shown by the curve 48. Simi-
larly, as the window centre setting moves to the left
with respect to the optimum window centre setting 52,
the probability that a shift right error will occur
decreases as the probability that a shift left error
increasés along a Gaussian distribution represented by
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Figure 6 also shows fhat, where the curves 46 and 48 intersect (where the
probability that a shift left error will occur equal to the probability that a shift right error
will occur) coneSponds to the precise centre of the optimum read window 50, and hence
provides the optimum window centre setting 52. Hence, if the number of read
operations performed, the number of shift right errors that occur and a pumber of shift
left errors thﬁt occur are accumulated, then the probability that a shift left error will
occur and a probability that shift right error will occur can be determined. Also, the
optimum window centre setting 52 can be achieved by varying the window centre setting
until the probability that a shift left error will occur equal to the probability that a shift
right error will occur. ' |

Figure 7 shows the relationship between the .optimum window centre setting 52,
as determined from the cu_fv_es 46 and 48, as well as the optimum read window 50, and
one peak of the read signal 32.

In the preférred embodiment, before the window centre setting is changed, the
controller 42 is requifed to reach a certain confidence level that a change is required. In
other words, the window _cén;re setting will only be adjustéd when the controller 42
reaches a certain conﬁdence level that the probability of an error being one type of error
is above or below.0.5. Then, the controller 42 will adjust the window centre setting in
the direction of the lower of the two probabilities to equalise the probability of both error

_  types.

The confidence level determined by the controller 42 is directly related to the
number of samples read from the magnetic disk 12. To obtain a threshold confidence
level, a certain number of samples must be taken. In the preferred embodiment, a
minimum threshold number of errors must occur before the controller 42 will do any
further processing to determine adjustment to the window centre setting. Using the

binomial distribution for probability of an event happening in a random sequence, the



until the probability that a shift left error will occur_equal_to the

probability that a shift right error will occur. Figure
rel ati onshi p between the opti mum w ndow centre setting
fromthe curves 46 and 48, as well as the optinmumread
peak of the read signal 32. In the prefeﬂﬁbd enbodi nment
centre setting is changed, the controller 42 is require
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centre setting will only be adjusted when the controlle

probability of a certain number of shift right errors happening in a total number of errors

is determined as follows:

n
Pright = (r) CP@r - pyn-) Equation 1

Where Pyigh; is the probability of r shift right errors happening, P(r) is the
probability that each error is a shift right error, P(l) is the probability that each error is a

shift left error, r is the total number of shift right errors recorded, 1 is the total number

of shift left errors recorded, and n is the total number, r + 1, of errors recorded.

Also:

n
Pleft = (l ) - p@) - pay® Equation 2

Assuming, nominally, that P(r) = P(l) = 0.5, then:

e (%) () (1) - (5

error), then, using Equation 3, the following Table is generated:
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('fh) Equation 3

If, during the read operations, only one error type is detected (e.g. a shift right



reaches a certain confidence |level that the probability of an error being

one type of error is above or below 0.5. Then, the c
adj ust the wi ndow centre setting in the direction of
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confidence |l evel determ ned by the contrePler 42 is ebt8 9Cle98bed tjo t he
nunber of sanples read fromthe magnetic disk 12. To 0 tain a thresholid
confidence | evel, a certain number of sanples nust bp faken. In the
preferred enbodinent a mninmumthreshold nunber of prrors.mist occur
before the controller 42 will do any
Table 3
B(l > r) confidence level (%) that P(r)>0.5
1l 1l 0.5 50%
2 2 0.25 75%
3 3 0.125 87.5%
4 4 0.0625 93.75%
5 5 0.03125 96.88%
6 6 0.015625 98.44%
7 7 0.0078125 99.22%
Where P(l 2 r) is the probability that 1 2 r.
As soon as the controller 42 reacheés, for example,
a 90% confidence level that P(r) is greater than 0.5,
then it adjusts the window centre setting in the
register 44 to the left, thereby tending to equalise
P(r) and P(l). 1In Table 3 above, that would require
four successive shift right errors to be detected.
In another example, where one error of a different
type occurs in this sequence, the following Table can be
generated:
Table 4
n r 1 Ru2x) Confidence level (%) that P(r) >0.0
1 1 0 0.50 .50%
2 1 1 0.75 25%
3 2 1 0.50 50%
4 3 1 0.3125 68.75%
5 4 1 0.1875 81.25%
6 5§ 1 0.109375 89.06%
7 6 1 0.0625 93.75%
8 7 1 0.03516 96.50% _
________ nRjiEai



further processing to determ ne adjustnent to the wi ndow centre setting.
Using the binomal distribution for probability of an R a)
random sequence, the REPLACENMENT SHEET 14 probabilit ﬁ A‘aﬁ@@‘ﬂ b'E 1
nunber of shift right errors happening i{lsa total nunbgr Jof errors
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In this case, in order to reach confidence level of 90% six shift right errors occur
while only one shift left error occurs.

Practically, it is necessary to set a threshold confidence level in order to keep the
controller 42 from "hunting" for the optimum level. In one -prefen'ed embodiment, the
confidence level of 85% is set and another threshold is set whereby at least three to four
errors must be detected before the confidence level is checked. If all errors are of the
same type (either shift left errors or shift right errors), then the confidence level can be
immediately extracted. If not, some calculations need to be done. For example, the
confidence level that the probability of an error being a shift right error is greater than

0.5 is represented by:

PP >0.5) = 1-Z n! 1 Equation 4
y-r yI (n-y)Yf \ 20

Similarly, the confidence level that the probability that an error will be a shift left

error is greater than 0.5 is represented by:

P(P()>0.5) = 1-Z N L Equation 5
y-1 y @y 2n

If the confidence level of either of the above two equations is greater than the
threshold confidence level (in this preferred embodiment 85 %), then the window centre
settings are adjusted. If not, no adjustment is made until the threshold confidence level
is reached. Alternatively, the maximum number of a certain error type (either shift left

or shift right) can be determined and a confidence level check can be performed on

\\\\\\\\\\\\\\i\ii\‘iiﬁii“‘



is determned as follows: [err] \Were Pright is the probability of r shift
right errors happening, P(r) is the probability that hi ft
right error, P(1)_.is- %+nr”*obablllty t hat each error 1&“§hﬁENT §H§%T‘rror,

i's the total number
of shift | saéat \mm ed, and n is the total nupbergggtTleeef lerjrors

recor ded.

akift right errors recorded, I's the totall fqunber

p

that error type} Then, the appropriate adjustment of
the window centre setting can be made.

Operation
- Figures 8a, 8b and 8c show a flow chart

illustrating the operation of the controller 42 in
performing the coarse and fine adjustments to the window
centre settings in the read chain 34. For ease of
reference, Figqures 8a, 8b and 8c should be placed in
vertical relationship with one another with Figure 8a on
the top and Figure 8c on the bottom. Figures 8a, 8b and
8c in this preferred embodiment, refer to strobe values.
These strobe values correspond to values used with a
National Semiconductor 8459 integrated circuit chip.
The strobe values vary, in units of percent, between
~27% and +27% with 0% corresponding to a nominal strobe
value. Therefore, where the controller 42 determines
that the window centre setting must be shifted to the
left, the strobe value for the National Semiconductor
8459 integrated circuit chip is moved from, for example,
0% to -1%. Similarly, where the controller 42 deter-
mines that the window centre setting must be shifted to
the right, the strobe value on the National Semi-
conductor 8459 integrated circuit chip is moved, for
example, from 0% to 1%, or from 1% to 2%, etc. It will
be understood by those skilled in the art that a variety
of circuits could be used to perform this function, and
the National Semiconductor 8459 is only one preferred
embodiment. '

The following terms are employed in Figures 8a, 8b
and 8c:

CENTRE is an array window centre strobe setting
values for individual heads (or zones per head). CENTRE
‘is loaded with default values upon power up to read



11%

~ Assuming, nominally, that P(r) = P(1) = 0.5, then: [ i qgehh
r?ad operations, only one error type is detected (e.¢ lﬂlﬁﬁﬂ@5¢ﬂ§ )
efror), then, using Equation 3, the follow ng Tabl e i}s{generat ed: Tabl e
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various commands for disk drive configurations. Then,
CENTRE is loaded with a nominal value if coarse tuning
is to be performed. If not, CENTRE is loaded with
values for window centres which were stored during
previous execution.

RDCNT is a variable representing the maximum
number of reads to be performed on a test track.

MAXE is a variable representing the maximum number
of errors to allow on a test track.

TESTTRACK is a pre—-stored location on the magneﬁic
disk where the read only test for window centre should
be performed.

CONFID is a variable representing the confidence
level threshold for moving strobe settings (i.e. 85% in
this preferred embodiment).

PASSCNT is a variable indicating the number of
adjustments made to window centre settings for
statistical print out.

STRB is a strobe setting.

NBOUND is the negative Boundary of strobe settings
during coarse tuning. _

PBOUND is the positive boundary of strobe settings
during coarse tuning.

ERCNT is the number of errors logged for read
operations.

' STOPHEAD is a variable indicating coarse tuning
has been performed for the last head.

READTK is a variable indicating the number of
reads per test track which have been executed.

COUNT is a variable indicating number of errors.

MAX(r,l) is a variable indicating the maximum
number of errors of the majority type which have been
logged.

SIGN is a variable indicating the direction of

Sheet Has Been Reﬂlaoed

HII\I“ L



[err] 1
75% 3

93. 75% 5
98. 44% 7

1
3
5
7

0.5 50%6 2 Q.25 HEFi
0. 03125 1 96. 88% ¢ EREPLA@MEM S

0. 0078125 99, 22%
19 "1 | osoct 19

correction to be made in adjusting strobe settingé.

N is a total number of shift right and shift left
errors logged.

WIDEBAND is a term used to designate whether the
coarse tuning operation should be performed to accele-
rate window centre seeking. It should be noted that the
optimum window setting can be determined using only the
fine tuning technique. However, by using the coarse
tuning operation, the window centre setting can be set
more quickly.

The coarse tuning routine is initialised and the
array CENTRE is loaded with nominal values. It should
be noted that CENTRE could also be loaded with values
which were stored during a previous coarse tuning
routine. These operations are indicated in blocks 60
and 62. Next, the controller 42 determines whether the
coarse tuning operation is to be performed. This is
indicated in block 64. If not, the controller 42 skips
to the fine tuning routine. However, if WIDEBAND equals
1 (the coarse tuning technique is to be performed), then
the controller 42 causes the actuator 18 to perform a
seek operation for the first head in the magnetic disk
drive 10, thereby moving the first head (e.g. head 0) to
the test track. This is indicated by block 66.

Next, the controller 42 determines whether the
particular cylinder over which the selected transducer
is flying is a read/writable cylinder. If not, the
controller 42 determines whether there are any test
tracks left to test. 1If so, the next test track is
determined and the controller 42 causes the actuator 18
to seek to that test track. This is indicated by block
68, 70 and 72. If the test track over which the
selected transducer is flying is in a read/writable
cylinder, then the controller 42 sets the strobe value

}hsBamR@ﬁmxd
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VWhere P(l-[err] r) is the probability that 1 [err] r.

'~

controller 42 reaches, for exanple, a 90% confi dence
greater than 0.5, then it adjusts the w ndow centre set
44 to the left, thereby tending to equaljise P(r) and P(l)

ih ‘rn the r
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above, that would require four successi v&%shi ft right{efrors to be
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K
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detected. In another exanple, where one error of a di{ferent

St er

to -15% and sets the negative boundary to -16% and the
positive boundary to positive 16%. This is indicated by

block 74.

Next, the read errors in reading from the selected
test track are read and logged. This is indicated by
block 76. Then, the total error count is compared to
the maximum number of errors allowed per test track. If
the total error count is less than the maximum number of
errors allowed per test track, then the number of read
operations which have been performed for that test track
is compared to the maximum number of reads allowed per
test track. This is indicated in block 80. If more
read operations are required, then the controller 42

repeats the steps taken in blocks 76 and 78.
indicated in block 80.

This is

Next, the controller 42 determines whether the
negative boundary is greater than -16%. If not, the
negative boundary is set the current stobe value and the
strobe value is incremented. This is indicated in
blocks 82, 84 and 86. If the negative boundary is
greater than -16%, then the strobe value is simply

incremented. This is indicated in block 88.

The strobe value is then examined to see whether
it is greater than 15. If not, the controller 42

returns to operation block 76. If it is, then the

"CENTRE array is set to the centre point between the
current positive and negative boundaries. This is
indicated in blocks 90 and 82. Then, the controller 42
determines whether coarse tuning must be performed for
any other heads or test tracks in the disk drive 10. If
so, the controller 42 repeats the appropriate steps. If
not, the controller 42 updates the CENTRE array
appropriately and moves on to the fine tuning operation.

This is indicated in blocks 9

Qheét Has Been RTlaced
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50% 2 1 1
3 1 0.3125

n r 1 P(1l[err]r) Confidence level (9% that P(r d
0.75 25% 3 2 1 0.50 q
" 68.75% 21 08 OCT 1996

If, in block 78, the total number of errors-'

‘counted during the read operations is greater than the

maximum number of errors allowed on the given test
track, then the absolute value of the negative boundary
is compared with the absolute value of the positive
boundary. This is indicated in block 104. If the
latter is not greater than the former, the answer
determined in block 104 is NO, and the strobe is
incremented and the controller 42 determines whether the
present value of the strobe is greater than 15. If not,
the controller 42 returns to block 76. If so, the
controller 42 goes to block 94. This is indicated in
blocks 106 and 108. |

If, in block 104, the absolute value of the
negative boundary is less than the absolute value of the
positive boundary, then the positive boundary is set to
the current strobe value and the CENTRE array is set to
the mid-point between the positive and negative
boundaries. This is indicated in blocks 110 and 112.
Then, the controller 42 determines whether any other
heads of test tracks must be coarsely tuned. If not,
the controller moves onto the fine tuning operation.

In the fine tuning technique, the strobe value for
the National Semiconductor 8459 integréted circuit chip
will only be moved in the smallest increments allowed by
the integrated circuit chip. Therefore, all that must
be determined is whether the confidence level is above
the confidence level threshold, and which direction the
window centre setting must be adjusted.

Once the fine tuning technique is initialised, the
controller 42 can either wait for a read command, as
indicated in block 114 or can exercise the read
operation when the drive is idle. The controller 42
exercises the read command by continuously reading test

ect Has Been Reﬁaced
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In this case, in order to reach confidence |evel of 90%six shift right
errors occur - - | 08 OCT 1995

tracks and updating the window centre settings. Where power requirements are not
critiéal, the latter technique may be used. However, in this preferred embodiment, block
116 indicates that the controller 42 waits for a read command before reading and logging
errors. |

Once errors are logged, the controller 42 determines which type of errors (i.e.
either shift left or shift right) are logged. This is determined, as discussed earlier, by
analysing the read error characteristics as they are read in the 2, 7 encoded bit stream.
This is indicated in block 118. Next, the controller 42 determines which one of the
number of shift right or shift left errors detected is the greater and determines the
confidence level using the number of errors of the majority type determined. This is |
indicated in blocks 120 and 122. If the confidence level is less than the confidence level
threshold, then the controller 42 returns to block 116 to log more error samples. This is
indicated in block 124.

However, if the confidence level is greater than or equal to the confidence level
threshold, then a window centre setting adjustment is required and the controller 42
determines the direction in which the adjustment must be made. This is indicated in
block 126. Then, the strobe value stored in the CENTRE array is updated by moving
the appropriate strobe value one unit in the direction determined in block 126. This is
indicated in block 128. Next, the error counters are cleared and the CENTRE array is

.- written to the magnetic disk so the Strobe value stored in the CENTRE array can be
retrieved as default settings during the next read operation. This is shown in blocks 130,
132 and 134. |
Figure 9 is a graph showing the number of read

heet Has Been Reflaced

\\II\I\\ AN



while only one
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confidence level that the probability of an error beimg a shift right error .
IS greater than : g

errors plotted against window centre strobe settings.

In some cases, it may happen that the integrated circuit
chip used to set the window centre settings, such as the
National Semiconductor 8459 integrated circuit chip, may
have centre settings which can only be adjusted in
increments. Those increments may be too large to hit
the ekact.optimum window centre setting, such as 150
shown in Figure 9. Instead, the two closest strobe
settings may be strobe setting S1 and S2, which shift
the window centre around the point 150 but never
actually reach exactly the optimum window centre Setting
150. 1In such a case, instability may exist in the disk
drive 10 in that the controller 42 would continually
oscillate the strobe setting in the register 44 between
the points S1 and Ss2.

Therefore, in this preferred embodiment, the
controller 42 stores the strobe setting determined
during the previous fine tuning operation and also
stores the error rate associated with that strobe
setting. Then, when the controller 42 determines that
an adjustment is required, the controller 42 determines
whether the adjustment will be back to the strobe
setting. If so, the controller 42 determines whether
the number of read errors associated with that previous
strobe setting are greater or less than the number of
read errors associated with the present strobe setting.
If they are less, the controller 42 makes the desired
adjustment. If not, the controller 42 dis-regards the
adjustments and leaves the strobe setting at the present

value.

The coarse and fine tuning operations can be
performed'for each transducer in the magnetic disk drive
10. Further, such routines can be performed for a _
plurality of zones on each magnetic disk 12 in the disk



0.5 is represented by: n [err] Simlarly, the confiden
probability that an error will be a shift left error i{QH
represented by: [err] If the confidence |evel of eithg
equations is greater than the threshold confidence | eV
enbodi ment 85% , then the w ndow centre 24

(|n thIS &re'
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drive 10. Therefore, very accurate window centre
settings can be adjusted for each transducer, magnetic
disk and zone in the disk drive 10. Furthermore, by
using the types of errors detected to indicate the
direction of needed correction, a closed loop feed back
system is used to adaptively adjust the window centre
setting.

By continuously updating the window centre
settings for each head or disk, or zone in the disk
drive 10, the controller 42 can adjust for signal time
shifting in the read signal 32 caused by temperature
variation, ageing, voltage variation and timing
variations in electronic circuits in the disk drive 10.
This improves the error rate during read operations and
also increases the manufacturing yield for disk drives.

In addition, if new printed circuit boards or
components must be added to the disk drive 10, any
timing variations caused by the new components or
printed circuit boards is almost immediately adjusted
for by using the. technique of the present invention.
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CLAIMS

1. A method of adjusting a window centre in a read channel (34) of a magnetic drive
(14, 16, 18, 19) suitable for reading data from a magnetic disk (10), including reading
data from the magnetic disk by performing a number of read operations, characterised by
detecting a number of shift right read errors made while reading the data, said shift right
errors being caused by the read window centre setting being shifted to the right of the
optimal setting, detecting a number of shift left read errors made while reading the data,
said shift left errors being caused by the read window centre being shifted to the left of
the optimal setting, and determining an adjusted wihdow centre setting based on the

number of shift right errors detected and the number of shift left errors detected.

2. A method according to first claim 1 characterised in that the step of detecting
shift right read errors includes detecting a number of shift right once errors during the

read operation.

3. A method according to claim 1 or claim 2 characterised in that the step of
detecting shift left read errors includes detecting a number of shift left once errors during

the read operations.

4. A method according to any preceding claim characterised in that the step of
determining an adjusted window centre setting comprises determining a window centre
adjustment value and a window centre adjustment direction based on the detected number

of shift left and shift right read errors.

- ——
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5. A method according to any preceding claim characterised in that the step of
determining an adjusted window centre setting comprises determining an adjustment
confidence level by calculating the probability that the probability that an error is one
type of error, a shift right error or a shift left error, is greater than 0.5, comparing the
adjustment confidence levei with a cbnﬁdence level threshold, and altering the window

centre setting if the adjustment confidence level exceeds the confidence level threshold.

6. A method according to any preceding claim characterised by the window centre
being altered from a present window centre setting to the adjusted window cen&e setting
and by the number of read errors detected at the immediately preceding window centre
setting being stored and by, when the adjusted window centre setting is the immediately
preceding window centre setting, altering the window centre setting to the adjusted
window centre setting only if the number of read errors detected at the present window
centre setting exceeds the stored number of read errors detected at the immediately

preceding window centre setting.

7. A method according to claim 4, wherein the step of determining an adjustment
direction comprises:
determining a shift right probability based on the number of shift right read errors
detected, the shift right probability representing a probability that a shift right read error
will be detected during a read ope;ation; |
determining a shi_ft left probability based on the number of shift left read errors
-detected, the shift left probability repfesgnting a probability that a shift left read error
will be detected during a read operation;
comparing the shift right probability with the shift left probability; and
determining an adjustment direction based on the comparison of the shift right |

probability with the shift left probability, adjustment of the window centre setting in the
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adjustment direction tending to equalise the shift right probability and the shift left
probability. | .

8. Apparatus for determining an adjusted window centre setting in a read channel
(34) of a magnetic disk drive (14, 16, 18, 19), the magnetic disk drive being suitable for
reading data from a magnetic disk (10), including reading means (26) for reading data
from the magnetic disk by performing a number of read operations, characterised by
shift right error detection means (42) coupled to the reading means for detecting a
number of shift right read errors during the read operations said shift right errors being
caused by the read window centre setting being shifted to the right of the optimal setting,
shift left error detection means coupled to the reading means for detecting a number of
shift left read errors duﬁng the read operations, said shift left read errors being caused
by the read window centre setting being shifted to the left of the optimal setting and
adjustment means coupled to the shift right and shift left error detection means for
determinin‘g an adjusted window centre setting based on the number of shift right read

errors detected and the number of shift left read errors detected.

9. Apparatus according to claim 8 characterised in that the shift right error detection

means comprise means for detecting a number of shift right once read errors.

10.  Apparatus according to any of claims 8 or 9 characterised in that the shift left
error detection means comprise means for detecting a number of shift left once read

€r10rs.

11.  Apparatus according to claim 8 characterised in that the means for determining an

adjusted window centre settmg compnse means for determining a window centre
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It will be understood by those skilled in th

adjustment value and a window centre adjustment direction based on the detected number

of shift right and shift left read errors.

12.  Apparatus according to any one of claims 8 to 10 characterised in that the means
for determining an adjusted window centre setting comprise means for determining an
'adjustment confidence level by calculating the probability that the probability that an
error is one type of error, a shift right error or a shift left error, is greater than 0.5,
means for comparing the adjustment confidence level with a confidence level threshold,
and means for calculating a new window centi'e setting if the adjustment confidence level

exceeds the confidence level threshbld.
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ABSTRACT

METHOD AND APPARATUS FOR SETTING A
READ WINDOW IN A MAGNETIC DISK DRIVE

The present invention provides a method and
apparatus for setting a read window in a magentic disk
drive for detecting a read signal generated by reading
data from a magnetic disk. An initial window centre is
first set for the read window, then a number of read
operations are performed in which the window centre for
the read window is varied relative to the initial window
centre setting. Read errors occufring in each read
operation are detected, both according to error number
and error type, and an adjusted window centre setting is

~ determined based on the detected read errors.

[Figure 3]
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previ ous execution. RDCNT is a variable representing the maxi num nunber of

reads to be perforned on atest track. MAXE is a vari abl
maxi nrum nunber of errors to allow on a test track. TESTT
pre-stored | ocation on the magnetic di sk where the read
wi ndow ‘centre shoul d be perf orned.
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CO\IFI Dis-a varlabl e representl ng the confidence | evel threshold for noving
strobe setti ngs ' asg%a{)ﬁ wcef hi s preferred embodi ment). PASSCNT is a

vari abl e indi r of adjustnments nmade tqwindow centre
settings for st t out. STRB is a strobe|REPLACBMINGSNBETS t he
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durlng coarse tuning. PBOUND is the positive boundary of strobe settlngs

during coarse tuning. ERCNT is the nunber of errors |ogg
operations. STOPHEAD is a variable indicating coarse tun ﬁﬁﬁﬁgﬁ@g@ESHEET
performed for the | ast head. READIK is a variable indic ng the nunber
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reads per test track which have been executed. COUNT is a REPMMEN? SHRRT:

I ndi cating nunber of errors. MAX(r,l) is a variable indic T muim
ntmber of errors of the majority type which have been Iog : | S0
vari abl e indicating the direction of Osb%fm
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correction to be made in adjusting strobe settings. Nis at RE‘PLACEMENTnSHEET

shift right and shift left errors | ogged. WDEBAND is a termjuged to

desi gnat e whet her the coarse tuning operation should be perf ¢rijed 8@CT 1994
accel e- rate window centre seeking. It should be noted that §h¢ opti num

wi ndow setting can be determ ned using onlg the
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fine tuning techni qgue. However, by using the coarse tuning operation,

t he

w ndow centre setting can be set nore quickly. The coarse tuning routine. dss
values . Lt . shaoul

inhitialised-and the array CENTRE is | oaded with noni na

d

be noted that CENTRE coul d al so be | oaded w th val ues ’REPHA@HVIEN@@
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and 62. Next,

the controller 42 determ nes-whether the c
operation is to be perforned. This is indicated in bl ockjpEp
WL ACEMENT SHEET

P : X . ;
controller 42 skips to the fine tuning routine.
1 (the coarse tuning technique is to be perforned),

rse tuning -

\

VY LD\ =
he controller

f Or&0Ch1996 i

However,
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t hen
causes the actuator 18 to performa SQQK operation for the
e g head 0)

the magnetic disk drive 10, thereby nmoving the first he

It g

472

: @ 13
_INITIALIZATION-I/

L
} 6
WAIT FORREADS& LOG ERRORS l/
¢
ns
CALL ERRORTYPE DECODE |/
) _ ,
COUNT = MAX (R, L) LIZO
l )
N/ N vl 22
PROB= |- £ YuN-Y)!)(zn) "4
y=COUNT

This Sheet Has Been Reﬂ!aced

[T

124
NO
PROB. = CONFID
' I .26
sigN= —B-L)L P
L(R=L)I |
t 128
CENTER=CENTER+ SIGN L
7 -
130
CLEAR ERRORCOUNTS, BITS PASSEDi/
32
SAVE PASS DATA V
T '
134
INCREMENT  PASSCNT |/

®



.

the test track. This is indicated by block 66. Next, the controller 42

determ nes whether the particular cylinder over which theg—setecited .
transducer is flying is a read/witable cylinder. If not, REHEAEEW SHEE'E

determ nes whether there are any test tracks left to test T So, the ne
test track is determned and the controller 42 causes thg ctyaigiT :I§96to
seek to that test track. This is indicated by bl ock
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ver which the sel ected transducer is

ihder. then tha—comto-ed2 sets the
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68,70 and 72. If the test track
flying isinar '
strobe val ue

METHOD AND APPARATUS FOR SETTING A
READ WINDOW IN A MAGNETIC DISK DRIVE

The present invention relates to a method and
apparatus for setting a read window in a magnetic disk
drive.

A magnetic disk, such as one used in a éomputer
disk drive, ié_a flat circular platter with a magnetic
surface. Data is stored on the magnetic surface by
selective polarisation of portions of the magnetic
surface. The presence or absence of polarity transi-
tions between the polarised portions represents
particular binary values. Typically, the magnetically
polarised portions are arranged in a plurality of
radially concentric tracks on the magnetic surface to
aid in location and read back of the data.

In order to read back the data recorded on the
magnetic surface, a magnetic transducer moves relative
to the magnetic disk along a given track. The magnetic
transducer generates an electrical signal (the "read
signal“), which represents the states of polarisation F};
encountered along the track. Pulses in the read Sigﬁal
correspond to the magnetically polarised portion of the
_magnetic disk.

Ideally, the read signal would not be influenced
by any factors other than the magnetically polarised
portions. However, other factors do influence the read
signal and must be taken into account in processing the
read signal. '

During processing of the read signal, the
processing logic (i.e. the read chain logic) is
configured to recover data from the read signal during a
certain period in time, known as a read window. The



positive boundary to positive 16% This is indicated by b
read errors in reading fromthe selected test track are r
This is indicated by block 76. Then, the total error court [s*ctomparet=t
t he maxi mum nunber of errors allowed per test track. If tlhg @gakﬁé@r
count is less than the maxi num nunber of errors allowed gerf t :
t hen the nunber of read 5

read window represents the time during which the pulses occurrrng in the read signal,
which represent digital data stored on the magnetic disk, are taken as valid. However,
the actual read window during which the pulses are taken as valid can in practice shift in
time due to the ageing of the circuitry in the magnetic disk drive. Also, as the circuitry
heats up during operation, the temperature differential can cause the actual read window
to shift. Further, the optimum read window can shift due to process changes in the
magnetic disk drive or due to part-to-part timing variation in the read chain circuitry of
the magnetic disk drive.

It is an object of the present invention, -at least in its preferred form, to overcome

such problems.

IBM Technical Disclosure Bulletin 30(1987) Nov., No. 6 p. 38-40, titled
"Window-shifting mechanism in data separator”, discloses a window shifting
mechanism in a data separator. The mechanism effectively shifts the window in
which a bit is read from a disk file by its head so as to assure that the bit is correctly
read. The mechanism consists of means which utilizes a method of rapidly establishing a
new definition of the window centre provided by a VFO (variable frequency oscillator)
controlling the position of the window with respect to disk rotation in which a certain bit
is read and the method of employing this window-skewing action for error recovery

The present invention provides a technique of adjusting a window ?mse)mg
in a read chain of a magnetic disk drive. A number of read operations are performed by
a magnetic disk drive to read data from a magnetic disk. A number of read errors are
detected during the read operations and error types are determined. Adjustment of the
window settings in the read chain is controlled based on the number of errors detected
and the types of errors determined.

Thus, according to one aspect of the present invention, there is provided a
method of adjusting a window centre in a read channel of a magnetic drive suitable for
reading data from a magnetic disk, including reading data from the magnetic disk by

performing a number of read operations, characterised by detecting a number of shift



i's. SaMEN BHRR T he

operations which have been performed for that test track“j :
maxi mum nunber of reads allowed per test track. This is |;ndm”l"‘ﬁ‘"b1ioqk

80. If nore read operations are required, then the contjr Ilggﬁlﬁ%gﬁgea.s
the steps taken in blocks 76 and 78. This is indicated|in block .““Next

the controller 42 deterni nes whether the negative boundary Ts-—greater.-.{ h;‘;m
-16% If not, the '

3 : e e .
right read errors made while reading the data, said shift right read errors being caused
by the read window centre setting being shifted to the right of the optimal setting,
detecting a number of shift left read errors, said shift left read errors being caused by
the read window centre being shifted to the left of the optimal setting made while
reading the data, and determining an adjusted window centre setting based on the
number of shift right read errors detected and the number of shift left read errors

" detected.

According to another aspect of the present invention, there is provided
apparatus for determining an adjusted window centre setting in a read channel of a
magnetic disk drive, the magnetic disk drive being suitable for reading data from a
magnetic disk, including reading means for reading data from the magnetic disk by
performing a number of read operations, characterised by shift right error detection
means coupled to the reading means for detecting a number of shift right read errors
during the read operations, said shift right read errors being caused by the read
window centre setting being shifted to the right of the optimal setting, shift left error
detection means coupled to the reading means for detecting a number of shift left read
errors during the read operations, said shift left read errors being caused by the read
window centre setting being shifted to the left of the optimal setting and adjustment
means coupled to the shift right and shift left error detection means for determining an
adjusted window centre setting based on the number of shift right read errors detected

and the numbser of shift left read errors detected. o
The invention is described further, by way of example, with referean@/ '
accompanying drawings, in which: ¥

Figure 1a is a schematic plan view of a conventional disk drive;

Figure 1b is a partial cross sectional view of the conventional disk drive shown
in Figure la; '

Figure 2 is a wave form representing a magnetic transducer generated read
signal in the disk drive;



negati ve boundary is set the current stobe value and th m ' mﬂug}mﬁ’]‘

increpented. This is indicated in bl ocks 82, 84 and 86.

boundary is greater than -16% then the strobe value is {sijnp
This is indicated in bl ock 88. The strobg value is then exarrﬂrﬁeél 9%k

whether it is greater than 15. If not, the controller 42

operation block 76. If it is, then the

VAT

I ncr enent

returns tn

Figure 3 is a block diagram of apparatus according to the invention, which may

be included in a control circuit of the disk drive shown in Figure 1;

Figure 4 is a wave form representing a magnetic transducer generated read signal

which is shifted in time with respect to the wave form shown in Figure 2;

Figure § is a graph showing a number of read errors plotted agaixist percentage

deviation of a window centre setting from an optimum centre setting;

Figure 6 is a graph showing a probability of the occurrence of shift right or shift

left errors plotted against time;
Figure 7 shows a portion of a transducer generated




E

CENTRE array is set to the centre point between the cur

negative boundaries. This is indicated in bl ocks 90 andFﬁE{AIKﬁﬂﬂTfﬁﬁﬂﬂEr
control l er 42 determ nes whether coarse tuning nust be jp
tlhe
Qggéﬁqh@ed:

ot her heads or test tracks in the disk drive 10. If so,
array appropriately and noves on to the fine tuning opef aitoh-

repeats the appropriate steps. If not, the controller

read signal corresponding with the graph shown in Figure
6; '

Figures 8a, 8b and 8c show a flow chart represen-
ting one embodiment of the window centering method
according to the present invention employed in the
apparatus of Figure 3; and

Figure 9 is a graph showing a number of read
errors plotted against window centre strobe settings.

Figure la illustrates a portion of a conventional
magnetic disk drive 10. The disk drive 10 includes a
magnetic disk 12, a slider 14, an actuator arm 16, a
rotary actuator 18, and a control circuit 19. Although
the disk drive 10 is shown with only a single magnetic
disk 12, it will be understood by those skilled in the
art that the present invention is applicable to disk
drives including a plurality of magnetic disks.

The magnetic disk 12 is mounted for rotation on a
spindle centred on an axis 20. Data blocks are arranged
on the'magnetic disk 12 in a plurality of radially
concentric tracks 22a to 22n. The data tracks 22a and
22n are the outer most and inner most data tracks,
respectively, on the magnetic disk 12. e _v;'

The slider 14 carries a magnetic transducedf'
(transducer 26 shown in Figure 1b). As the magnetic
disk 12 rotates, the slider 14 flies just over the
surface of the magnetic disk 12. The slider 14 is

- attached to the actuator arm 16, which is, in turn,
attached to the rotary actuator 18. The actuator arm
16 is mounted for rotation about an axis 24 of the
rotary actuator 18. As the slider 14 flies above the
surface of the magnetic disk 12, the control circuit 19
controls the rotary actuator 18 to position the slider
14 over a selected data track, for example the track
22i. 1If a plurality of magnetic disks were used, the



Thi-s is indicated in blocks 94, 96, 98, 100 and 102. 'y I Ny
the total number of errors counted during the read opej ﬁ%hACENEngs :
t han t he maxi mum nunber of errors allowed on the givenl|té¢

st
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control circuit 18 would be programmed to select the
appropriate disk to be read from and written to.

Figure 1b shows a fragmentary sectional view of
the disk drive 10. The magnetic transducer 26 is
mounted on a face of the slider 14 which is .
perpendicular to the surface of the magnetic disk 12.
As the transducer 26 flies over the magnetic disk 12,
the transducer 26 senses magnetic flux lines 28
generated by polarised regions 30 of the magnetic disk
12. The magnetic transducer 26 generates a read signal
32 which is characterised by positive going or negative
going transitions in pulses associated with the flux
reversals of the flux lines 28 produced by the polarised
portions 30. The read signal 32 is demodulated and data
is recovered from the read signal 32 by the control
circuit 189.

Figure 2 shows a graph of the read signal 32
generated by the transducer 26. The positive and
negative going transitions of the read signal 32
correspond to the flux reversals of the flux lines 28
generated by the polarised portions 30 of the magnetic

disk 12.
Figure 3 shows a block diagram of a read chain 34
accordiﬁg to the present invention, which may be ;4,?;;}
employed in the disk drive 10. The read chain 34 .~

— includes the transducer 26, an amplifier 36, a péak
detector/synchroniser 38, an encoder 40, a controller 42
and a register 44. The transducer 26 provides the read
signal 32 to the amplifier 36. Typically, the amplifier
36 is an automatic gain control amplifier. The
amplifier 36 amplifies the read signal 32 and provides
the amplified signal to the peak detector/synchroniser
38. The peak detector/synchroniser 38 detects the peaks

in the read signal 32 and synchronises data pulses,



104.

block 104 is NO, and the strobe is incregsnted and th
determ nes whet her the present value of t'he strobe isjg
the controller 42 returns to block 76. If so, th

not,

o SRR

representative of those peaks, with a system reference
clock.

In detecting the peaks of the read signal 32, the
peak detector/synchroniser 38 "looks" for the peaks
during a time period known as the read window. Data is
recovered from the read signal 32 by determining whether
the read signal 32 passes above or below a qualification
threshold during the read windows. Therefore the read
window should be ideally centred around the peaks of the
read signal 32. If it is not, the peak
detector/synchroniser 38 may not detect a proper peak
and a read error will occur.

The peak detector/synchroniser 38 provides output
data, recovered from the read signal 32, to the encoder
40. The encoder 40 encodes the data into synchronised
digital data and provides it to the controller 42.

During a read operation, the controller 42 |
receives the schhrgnised digital data provided by the
encoder 40 and processes the data either by providing it
to, for example, a host computer (not shown) or by
performing certain operational steps based on the

L
-

digital’ data. e

In the present invention, the controller 4£félsb
detects read errors which occur during the read *
operation. Read errors can be determined in several
ways. In the preferred embodiment, a pre~determined
location on the magnetic disk 12, such as the track 22i
or a portion of the track 22i, is pre-written with data.
During operation of the magnetic disk drive 10, the pre-
determined location is periodically read and read errors
are recorded.

Read errors can take many forms including time
shift errors (e.g. shift left or shift right read
errors). Such read errors can affect the time position

track, then the absolute val ue of the negative bounda R P e e--t-h
t he absol ute value of the positive boundary. This is i E gé&iﬁﬂﬁ§1‘SHﬁﬁf
If the latter is not greater than the forner, th fnsmer determtnef

in



controller 42 goes to block 94. This is indicated in_blocks 106 and 108
If, in block 104, the absolute value of the negatlveRHHTyy:wn‘ ? it han
the absol ute val ue of the posi tive boundary, then the pa dany is
set to the current strobe value and the NTRE array ifs set to the

ni d- poi nt between the positive and negat®ve boundarifeq. &% APR 4999ndi C%lt ed
I n blocks 110 and 112. . L

|

of the optimum read windows. Based on these read
errors, the controller 42 provides a window centre
setting to the register 44. The register 44, in turn,
provides the window centre setting to the peak
detector/synchroniser 38. The window centre setting
provided by the register 44 causes the peak detector/
synchroniser 38 to re—-configure itself so that the read
windows (shown as cross hatched areas in Figures 2 and
4) are re—-positioned if necessary to be properly centred
around peaks in the read signals.

The type of read error which causes the controller
42 to adjust the window centre settings in the register
44 vary. For example, Figure 4 shows a read signal 32'
which corresponds to the read signal 32 shown in Figure
2 in all respects except that it has shifted to the
right in time with respect to the read signal 32. Many
things can cause a shift such as that shown in Figure 4.
For example, where the magnetic disk drive 10 includes a
plurality of magnetic disks, each having an associated
slider and transducer, the delay times can vary from
disk to disk and transducer to transducer. Also, as the

e
—

magnetic disk drive 10 operates, the electronic o
components heat up. This temperature variation éghaﬂ*
cause time shifts in the read chain 34. 1In addition,
voltage variations and component-to-component variations
in the read circuitry can cause time shifting of the
read signals. Further, process or part changes in the
magnetic disk drive 10 can cause time shifting.

When such a time shift occurs in the read signal
32', time shift read errors (such as shift left or shift
right read errors) occur. For example, where read
window settings are set for the peak detector/
synchroniser 38 to match those shown in Figure 2, which
are ideally centred around the peaks of the read signal



Then, the controller 42 determ nes whether any other heads or test tracks

must be coarsely tuned. If not, the controller noves ont REEEACF )
operation. In the fine-tuning technique, the strobe val ug¢ et -8R
Sem conductor 8459 integrated circuit chip will only be *ed in the

TO—raceeT

smal I‘est increments allowed by the intefrated circuit chip. OBARR®98 bl
that nust be determ ned is whether the confidence | evel ifsjabove .

32, they are not properly set when a time shift results
in the read signal 32' as shown in Figure 4. If such a
shift occurs, and the read window is not correspondingly
re~-set, the peak detector/synchroniser 38 will be
incapable of recovering data from the read signal 32'
properly. Thus, adjustment of the window centre

| settings in the register 44 is required.

Coarse Tuning

Figure 5 is a graph showing the number of read
errors plotted against the percentage deviation of the
window centre setting, in the register 44, from the
window centre which would be ideal for the read signal
32. Figure 5 shows that, as the window centre setting
deviates to the right of the optimum window centre
(represented by 0% deviation), the number of read errors
detected stays at a minimum level for a certain amount
of time and then begins to rise. Thus, it is apparent
that, so long as the window setting deviates from the
optimal window centre but is within the optimal read
window, . the error rate does not increase greatly. _

However, the further the window centre sett%gg‘;:;
deviates from the optimal setting, the greater ﬁﬁ;»ﬂ“
number of read errors. ¥

The curve shown in Figure 5 can be determined by
pre-setting the window centre setting for the peak
detector/synchroniser 38 to a nominal level and then
performing read operations by reading data from the
magnetic disk 12. Each time a read error is detected,
the error is recorded. After a given number of read
operations are performed, the window centre setting in
the register 44 is adjusted to shift the window centre
settiné to the right by a given percentage value. Then,
more read operations are performed and the number of




setting nust be adjusted. Once the fine tuning technique
the controller 42 can either wait for a read command, as iindicated-Tmbi

114 or can exercise the read operation gﬁgn t he drive is'idle.o rﬁ?
controll er 42 exercises the read conman [ ddi n &?999

the confidence |evel threshold, and which direction the w WS R —
@%%m@waﬂm@mg?

y continuously fe

read errors detected is recorded. This is repeated
until a threshold number of errors are detected for any
given window centre setting. Then, the window centre
setting in the register 44 is set back to the nominal
value and moved to the left in a step wise fashion. By
accumulating the number of read errors detected at each
stepped window centre setting, the curve in Figure 5 is
determined. Thus, a suitable read window for the read
chain 34 can be roughly determined.

However, it is desirable to know, as closely as
possible, the exact optimum centre point within the read
window. If the exact centre point is known, the window
centre setting in the register 44 can be set to the
appropriate value for optimum operation.

Fine Tuning

A technique of fine tuning the window centre
setting is used to set the window centre to the optimum
centre position within the read window. When data is
read from the track, the controller 42 accumulates a
number of shift left read errors and a number of shift
right read errors detected during the read operation.
In a 2,7 encoded bit stream, a shift left once ef;or is
the result of an asserted bit 1n;the 2,7 encoded*bit
stream being de-asserted and the next bit to the
‘immediate left being asserted. A shift left once error
represents a read error that occurs as a result of the
read window centre setting being shifted to the left of'
the optimal setting.

In addition to shift left once errors, shlft left
many errors are also accumulated in the controller 42.
shift left many errors also result from the read window
settings being set earlier than the optimal read window.
shift left many errors are the result of an assertive




tracks and updating the wi ndow centre settings. \Were power requirenments

are not critical, the latter technique may be used. Hara&u¥ Ln_this
preferred enbodlnent bl ock 116 indicates that the con Lg@FNE%H%S

a read command before readi ng and | ogging errors. Oncefeftots—af !
the controller 42 determ nes which type errors (i.e} Ei b er Shlft Tef
or shift right) are logged. This is determ ned, as discuss ABRI199} | |b

bit in the 2,7 bit stream having been de-asserted and a
previous bit (more than one bit to the left) being
asserted. For example, in a sample 2,7 encoded bit
stream 100010010000010 shift left.once and shift left
many errors are shown in Table 1 below.

Table 1
Shift Left Errors Number of Shifts
100100010000010 1
101000010000010 2
110000010000010 3
100010100000010 1
100011000000010 2
100010010000100 1
100010010001000 2
1000100160010000 3
100010010100000 4
100010013000000 5

—.'
-

shlft right errors have similar characteristigs t
shift left errors except that they result from tﬁg read
window settings being set later in time than an Sptimal
read window. A shift right once error is the result of
an asserted bit in a 2,7 encoded bit stream having been
de-asserted while the adjacent bit right has been
asserted. Similarly, shift right many errors are the
result of a read window centre setting being set further
to the right”than the optimum setting. Shift right many
errors occur when an asserted bit in the 2,7 encoded bit
stream is de-asserted while a bit further than one bit
to the right is asserted. For example, in a sample 2,7
encoded bit stream 100010010000010 shift right once and

Y



anal ysing the read error characteristics as they are rea
encoded bit stream This is indicated in block 118. hbxtﬁghﬁbAéi%ﬁEqaiSHEEﬁ

det erni nes which one of the nunber of shift right or shift]left errors
detected is the greater and determ nes e confidence |eye gp Q%

nunbér of errors of the majority type défferm ned. This i$ {ndicated in
bl ocks 120 and 122. |If the confidence |level is |ess thanjthe—conf+dence
threshold, then the controller 42 returns to block|116 to | og nore

| evel

NI

error sanples. This is indicated in block 124. However, it the confirdence

| evel

I's greater than or equal to the confidence |eve

shift right many errors shown in Table 2 below.

Table 2

Shift Right Errors Number of Shifts

010010010000010
001010010000010
000110010000010
100001010000010
100000110000010
100020001000010
100010000100010
100010000010010
100010000001010
100010000000210
100010010000001

HOBWNENRMWND R

Figure 6 shows a curve 46 representing the
probability that a shift left error will occur during a
read operation, and a curve 48 representing the
probability that a shift right error will occur dugfng
a read operation. The curves 46 and 48 are showﬁ’lnﬂ
relation to the optimum read window 50 and the optimum
window centre setting 52. Figure 6 shows that, as the

‘'window centre setting moves to the right of the optimum

window centre setting 52, the probability that a shift right
error will occur during a read operation increases along

a Gaussian distribution shown by the curve 48. Simi-

larly, as the window centre setting moves to the left

with respect to the optimum window centre setting 52,

the probability that a shift right error will occur
decreases as the probability that a shift left error
increases along a Gaussian distribution represented by



t hreshol d,
controller 42 determnes the direction in which the adj

then a w ndow centre setting adjustnent is required and the

=T THSt+—se
made. This is indicated in block 126. Then, the strobe HHAMMB SHEE

CENTRE array is updated by noving the appropriate strobe vaI ue one uni g i
the direction determned in block 126. Trmfs is indicatédd %

Next, the error counters are cleared and the CENTRE array |s WI’I
magneti c di sk so the strobe value stored in the CENTRE jarray—ecar—be

n

he

retrieved as default settings during the next read operjation. This is sh wn
i n blocks 130, 132 and 134. ,.

the curve 46.

Figure 6 also shows that, where the curves 46 and 48 intersect (where the
probability that a shift left error will occur equal to the probability that a shift right error
will occur) corresponds to the precise centre of the optimum read window 50, and hence
provides the optimum window centre setting 52. Hence, if the number of read
operations performed, the number of shift right errors that occur and a r_mmber of shift
left errors that occur are accumulated, then the probability that a shift left error will
occur and a probability that shift right error will occur can be determined. Also, the
optimum window centre setting 52 can be achieved by varying the window centre setting
until the probability that a shift left error will occur equal to the probability that a shift
right error will occur.

Figure 7 shows the relationship between the optimum window centre setting 52,
as determined from the curves 46 and 48, as well as the optimum read window 50, and
one peak of the read signal 32.

In the preferred embodiment, before the window centre setting is changed, the
controller 42 is required to reach a certain confidence level that a change is required. In
other words, the window centre setting will only be adjusted when the controller 42
reaches a certam confidence level that the probability of an error being on}gpe oj,;tror
is above or below.0.5. Then, the controller 42 will adjust the window centre setting in
the direction of the lower of the two probabilities to equalise the probability of both error
types.

The confidence level determined by the controller 42 is directly related to the
number of samples read from the magnetic disk 12. To obtain a threshold confidence
level, a certain number of samples must be taken. In the preferred embodiment, a
minimum threshold number of errors must occur before the controller 42 will do any
further processing to determine adjustment to the window centre setting. Using the

binomial distribution for probability of an event happening in a random sequence, the



Figure 9 is a graph showi ng the nunber of read 23 errorHRﬁth =10 o roa e
L M

W ndow centre strobe settings. In sone cases, it may happer N
integrated circuit chip used to set the wi ndow centre setti{ngs, such as t
14 08 APR 1999

probability of a certain number of shift right errors happening in a total number of errors

is determined as follows:
. . |
Pright = r - P - PN Equation 1

Where Pright is the probability of r shift righ't errors happening, P(r) is the
probability that each error is a shift right error, P(l) is the probability that each error is a
shift left error, r is the total number of shift right errors recorded, 1 is the total number
of shift left errors recorded, and n is the total number, r + 1, of errors recorded.

Also:

n
Pleft = (1) - pe@D - pay® Equation 2

Assuming, nominally, that P(r) = P(1) = 0.5, then:

. Pright = (r') (n-r)) (21') ( ) (r’l (2n Equati?r'xl}

(/: o / -
If, during the read operations, only one error type is detected (e.g#a shift right

error), then, using Equation 3, the following Table is generated:



Nat i onal Sem conductor 8459 integrated circuit chip, may

settings which can only be adjusted in increments. Those|lT nﬁHEE?
too large to hit the exact optinmum wi ndow centre setting P

in Figure 9. Instead, the two closest strobe settings
setti'ng S1 and S2, which shift the wi nddw centre around
never actually reach exactly the opti mum w ndow centre

Table 3

Pl > x) confidence Jlevel (%) that P(r)y>o0.5

n X

1 1 0.5 50%

2 2 0.25 75%

3 3 0.125 87.5%
4 4 0.0625 93.75%
5 5 0.03125 96.88%
6 6 0.015625 98.44%
7 7 0.0078125 99.22%

Where P(l1 2 r) is the probability that 1 2 r.

As soon as the controller 42 reaches, for example,
a 90% confidence level that P(r) is greater than 0.5,
then it adjusts the window centre setting in the
register 44 to the left, thefeby tending to equalise
P(r) and P(1l). In Table 3 above, that would require
four successive shift right errors to be detected.

In another example, where one error of a. different
type occurs in this sequence, the following Table can be
generated: -

e
Table 4 7
a r 1 RO>x) confidence level (%) that P(x) >0.5
1 1 0 0.50 50% :
2 1 1 0.75 25%
3 2 1 0.50 50%
4 3 1 0.3125 68.75%
5 4 1 0.1875 81.25%
6 5 1 0.109375 89.06%
7 6 1 0.0625 93.75%
8 7 1 0.03516 96.50%



150. In such a case, instability may exist in the disk cl(-rrve,;LG;lLr\}’t@gEEf
controller 42 would continually oscillate the strobe settimg-rntte—

regi ster 44 between the points S1 and S2. Therefore, injthi referred
enbodi ment, the controller 42 stores the strobe settingjd ti?ﬁﬁ%f&@&ﬁri

the previous fine tuning operation and dPso stores the ¢rior_rate
associated with that strobe

-

g

-

In this case, in order to.reach confidence level of 90% six shift right errors occur
while only one shift left error occurs.

Practically, it is necessary to set a threshold confidence level in order to keep the
controller 42 from "hunting" for the optimum level. In one preferred embodiment, the
confidence level of 85% is set and another threshold is set whereby at least three to four
errors must be detected before the confidence level is checked. If all errors are of the
same type (either shift left errors or shift right errors), then the conﬁdeﬁce level can be
immediately extracted. If not, some calculations need to be done. For example, the

confidence level that the probability of an error being a shift right error is greater than

0.5 is represented by:
. n
P@P(@)>0.5) = 1-Z n! 1 Equation 4
y-r y! (n-y)! 2n

Similarly, the confidence level that the probability that an error will be a shift left

error is greater than 0.5 is represented by:

n
PP1)>0.5) = 1-Z ( n! ) (_1_ Equation 5
y-1 yt o @y} 2n Pt o

If the confidence level of either of the above two equations is greater than the
threshold confidence level (in this preferred embodiment 85%), then the window centre
settings are adjusted. If not, no adjustment is made until the threshold confidence level
is reached. Alternatively, the maximum number of a certain error type (either shift left

or shift right) can be determined and a confidence level check can be performed on

e



setting. Then, when the controller 42 determ nes that an
required, the controller 42 determ nes whether the adjus
to the strobe setting. |If so, the controller 42 determ pe
nunber of read errors associated with that previous strope]set
greater or less than the nunber of read- &rrors associate
strobe setting. If they are less, the controller 42 mak t he desired

that error type. Then, the appropriate adjustment of
the window centre setting can be made.

Operation
- Figures 8a, 8b and 8c show a flow chart

illustrating the operation of the controller 42 in
performing the coarse and fine adjustments to the window
centre settings in the read chain 34. For ease of
reference, Figures 8a, 8b and 8c should be placed in
vertical relationship with one another with Figure 8a on
the top and Figure 8c on the bottom. Figures 8a, 8b and
8c in this preferred embodiment, refer to strobe values.
These strobe values correspond to values used with a
National semiconductor 8459 integrated circuit chip.
The strobe values vary, in units of percent, between
-27% and +27% with 0% corresponding to a nominal strobe
value. Theréfore, where the controller 42 determines
that the window centre setting must be shifted to the
left, the strobe value for the National Semiconductor
8459 integrated circuit chip is moved from, for example,
0% to -1%. Similarly, where the controller 42 deter-
mines that the window centre setting must be shlfted to
the right, the strobe value on the National Semldfu ’d?
conductor 8459 integrated circuit chip is moved, i#for
example, from 0% to 1%, or from 1% to 2%, etc. It will
be understood by those skilled in the art that a variety
of circuits could be used to perform this function, and
the National Semiconductor 8459 is only one preferred
embodiment.

The following terms are employed in Figures 8a, 8b

and 8c:
CENTRE is an array of window centre strobe setting

values for individual heads (or zones per head). CENTRE
is loaded with default values upon power up to read
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adjustment. If not, the controller 42 dis-regards the adj iﬁﬁi}ﬁéﬁMJ;SHEhii

| eaves the strobe setting at the present value. The coarjsg and fine tuniné
operations can be performed for each transducer in the rfagnefiBcARR $999dr if v ¢
10. Further,
each -magnetic disk 12 in the disk T

such routines can be perfoEEFd for a pluraljitly of zones on

various commands for disk drive configurations. Then,
CENTRE is loaded with a nominal value if coarse tuning
is to be performed. If not, CENTRE is loaded with
values for window centres which were stored during
previous execution.

RDCNT is a variable representing the maximum
number of reads to be performed on a test track.

MAXE is a variable representing the maximum number
of errors to allow on a test track.

TESTTRACK is a pre-stored location on the magneﬁic
disk where the read only test for window centre should
be performed.

CONFID is a variable representing the confidence
level threshold for moving strobe settings (i.e. 85% in
this preferred embodiment).

PASSCNT is a variable indicating the number of
adjustments made to window centre settings for
statistical print out.

STRB is a strobe setting.

NBOUND is the negative boundary of strobe settings
during coarse tuning. '

PBOUND is the positive boundary of strobe settings
during coarse tuning.

ERCNT is the number of errors logged for read -
operations. gﬁi:,' '

STOPHEAD is a variable indicating coarse tyning
has been performed for the last head.

READTK is a variable indicating the number of
reads per test'track which have been executed.

COUNT is a variable indicating number of errors.

MAX(r,l) is a variable indicating the maximum
number of errors of the majority type which have been

logged.
SIGN is a variable indicating the direction of



drive 10. Therefore, very accurate w ndow centre Setti”QSRE@EAQE@ﬂﬂWPSHEET

for each transducer, magnetic disk and zone in the disk dripe—c-
Furthernore, by using the types of errors detected to indlcate t he
direction of needed correction, a closed | oop feed back dydt e#Si APRINF t ¢
adapti vel y adjust the w ndow centre 19 _

correction to be made in adjusting strobe settings.

N is a total number of shift right and shift left
errors logged.

WIDEBAND is a term used to designate whether the
coarse tuning operation should be performed to accele-
rate window centre seeking. It should be noted that the
optimum window setting can be determined using only the
fine tuning technique. However, by using the coarse
tuning operation, the window centre setting can be set
more quickly.

The coarse tuning routine is initialised and the
array CENTRE is loaded with nominal values. It should
be noted that CENTRE could also be loaded with values
which were stored during a previous coarse tuning
routine. These operations are indicated in blocks 60
and 62. Next, the controller 42 determines whether the
coarse tuning operation is to be performed. This is
indicated in block 64. If not, the controller 42 skips
to the fine tuning routine. However, if WIDEBAND equals
1 (the coarse tuning technique is to be performed), then
the controller 42 causes the actuator 18 toc perform a
seek operation for the first head in the magnetic disk
drive 10, thereby moving the first head (e.g. head 0) to
the test track. This is indicated by block 66. iy

Next, the controller 42 determines whether’zﬁg'/fﬁ
particular cylinder over which the selected transducer

B is flying is a read/writable cylinder. If not, the
controller 42 determines whether there are any test
tracks left to test. If so, the next test track is
determined and the controller 42 causes the actuator 18
to seek to that test track. This is indicated by block
68, 70 and 72. If the test track over which the
selected transducer is flying is in a read/writable

" cylinder, then the controller 42 sets the strobe value



setting. By continuously updating the wi ndow centre settings for each head
or disk, or zone in the disk drive 10, the controller 42 can adjust for

signal time shifting in the read signal 32 caused by tenperature variation
agei ng, voltage variation and timng variations'in electronic circuits in
the disk drive 10. This-inproves the ertBr rate during read operations and

to -15% and sets the negative boundary to -16% and the
positive boundary to positive 16%. This is indicated ﬁy
block 74. .

Next, the read errors in reading from the selected
test track are read and logged. This is indicated by
block 76. Then, the total error count is compared to
the maximum number of errors allowed per test track. 1If
the total error count is less than the maximum number of
errors allowed per test track, then the number of read
operations which have been performed for that test track
is compared to the maximum number of reads allowed per
test track. This is indicated in block 80. If more
read operations are required, then the controller 42
repeats the steps taken in blocks 76 and 78. This is
indicated in block 80. '

Next, the controller 42 determines whether the
negative boundary is greater than -16%. If not, the
negative boundary is set the current stobe value and the
strobe value is incremented. This is indicated in_'
blocks 82, 84 and 86. If the negative boundary is
greater than -16%, then the strobe value is simply
incremented. This is indicated in block 88.

{ - The strobe value is then examined to see whether
it is greater than 15. If not, the controller 42 __
returns to operation block 76. If it is, then tWe
"CENTRE array is set to the centre point between the
current positive and negative boundaries. This is
indicated in blocks 90 and 92. Then, the controller 42
determines whether coarse tuning must be performed for
any other heads or test tracks in the disk drive 10. If
so, the controller 42 repeats the appropriate steps. If
not, the controller 42 updates the CENTRE array
appropriately and moves on to the fine tuning operation.
This is indicated in blocks 94, 96, 98, 100 and 102.

P



al so increases the manufacturing yield for disk drives. | %ﬁﬁuﬂ¢n@ah SHWEFT
printed circuit boards or conponents nust be added to thefd s“ﬂﬂﬁﬁn;*

any timng variations caused by the new conponents or prihtged 3%A§§ b
boards is al nost inmmedi ately adjusted foa by using the techni8 1

present invention.

If, in block 78, the total number of errors
counted during the read operations is greater than the
maximum number of errors allowed on the given test
track, then the absolute value of the negative boundary
is compared with the absolute value of the positive
boundary. This is indicated in block 104. If the
latter is not greater than the former, the answer
determined in block 104 is NO, and the strobe is
incremented and the controller 42 determines whether the
present value of the strobe is greater than 15. If not,
the controller 42 returns to block 76. If so, the
controller 42 goes to block 94. This is indicated in
blocks 106 and 108.

If, in block 104, the absolute value of the
negative boundary is less than the absolute value of the
positive boundary, then the positive boundary is set to
the current strobe value and the CENTRE array is set to
the mid-point between the positive and negative
boundaries. This is indicated in blocks 110 and 112.
Then, the controller 42 determines whether any other
heads of test tracks must be coarsely tuned. If not,
the controller moves onto the fine tuning operation.

In the fine tuning technique, the strobe value for

O the National Semiconductor 8459 integrated circuit ch1p
will onily be moved in the smallest increments allowed 1573
the integrated circuit chip. Therefore, all thaffmuét

be determined is whether the confidence level is*above

the confidence level threshold, and which direction the
window centre setting must be adjusted.

Once the fine tuning technique is initialised, the
controller 42 can either wait for a read command, as
indicated in block 114 or can exercise the read
operation when the drive is idle. The controller 42
exercises the read command by continuously reading test
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di sk by perform ng a nunber of read operations, characterilsgd 8)@ detecti
a nunber of shift right read errors nade2wil e reading the APR 1999

tracks and updating the window centre settings. Where power requirements are not
critical, the latter technique may be used. However, in this preferred embodiment, block
116 indicates that the controller 42 waits for a read command before reading and logging
errors. |

Once errors are logged, the controller 42 determines which type of errors (i.e.
either shift left or shift right) are logged. This is determined, as discussed earlier, by
analysing the read error characteristics as they are read in the 2, 7 encoded bit stream.
This is indicated in block 118. Next, the controller 42 determines which one of &le
number of shift right or shift left errors detected is the greater and determines the
confidence level using the number of errors of the majority type determined. This is
indicated in blocks 120 and 122. If the confidence level is less than the confidence level
threshold, then the controller 42 returns to block 116 to log more error samples. This is
indicated in block 124.

However, if the confidence level is greater than or equal to the confidence level
threshold, then a window centre setting adjustment is required and the controller 42
determines the direction in which the adjustment must be made. This is indicated in
block 126. Then, the strobe value stored in the CENTRE array is updated bwo:gg
the appropriate strobe value one unit in the direction determined in block _’1.26.’ “This is
indicated in block 128. Next, the error counters are cleared and the CENTRE array is

-~ wriiten to the magnetic disk so the strobe value stored in the CENTRE array can be
retrieved as default settings during the next read operation. This is shown in blocks 130,
132 and 134.

Figure 9 is a graph showing the number of read




data, said shift right read errors being caused by the r%ﬂﬁ) ?ﬁgﬁgﬁgégﬁéﬁ§:

setting being shifted to the right of the optiml setting, E
nunbér of shift left read errors nade while reading the gata, said shift
left read errors being caused by the read wi ndow centre pej n§ SAPRGSH t
the left of the optinmal setting, and de?%rnining an adj ystjed w ndow cent
setting based on the nunber of shift right read errors detected and th
nunber of shift left read errors detected. 2. A net hod—according to
first claim1 characterised in that the step of detecting shift right read
errors includes detecting a nunber of shift right once read errors

-

errors plotted against window centre strobe settings.

In some cases, it may happen that the integrated circuit
chip used to set the window centre settings, such as the
National Semiconductor 8459 integrated circuit chip, may
have centre settings which can only be adjusted in
increments. Those increments may be too large to hit
the exact optimum window centre setting, such as 150
shown in Figure 9. 1Instead, the two closest strobe
settings may be strobe setting S1 and S2, which shift
the window centre around the point 150 but never
actually reach exactly the optimum window centre setting
150. In such a case, instability may exist in the disk
drive 10 in that the controller 42 would continually
oscillate the strobe setting in the register 44 between
the points S1 and S2.

Therefore, in this preferred embodiment, the
controller 42 stores the strobe setting determined
during the previous fine tuning operation and also
stores the error rate associated with that strobe
setting. 'Then, when the controller 42 determines that
an adjustment is required, the controller 42 determines
whether the adjustment will be baék to the strobe .
setting. If so, the controller 42 determines whéfﬁZr’g?
the number of read errors associated with that previous
strobe setting are greater or less than the number of
read errors associated with the present strobe setting.
If they are less, the controller 42 makes the desired
adjustment. If not, the controller 42 dis-regards the
adjustments and leaves the strobe setting at the present

-
-

value.
The coarse and fine tuning operations can be

performed for each transducer in the magnetic disk drive
10. Further, such routines can be performed for a
plurality of zones on each magnetic disk 12 in the disk



during the read operation. 3. A nmethod according to claiml or claim?2
characterised in that the step of detecting shift left re r '
detecting a nunber of shift left once read errors during PL@Q@NH%«F%HﬁET
operations. 4. A nmet hod according togny preceding claj njcharacterised
in that the step of determ ning an adjusted w ndow centr ef set pi&éPEdﬁ?Di ges
determ ning a wi ndow centre adjustnent value and a w ndow cienfre adj ust ngnt
direction based on the detected nunber of shift left and|shifit right reac

errors.

drive 10. Therefore, very accurate window centre
settings can be adjusted for each transducer, magnetic
disk and zone in the disk drive 10. Furthermore, by
using the types of errors detected to indicate the
direction of needed correction, a closed loop feed back
system is used to adaptively adjust the window centre
setting.

By continuously updating the window centre
settings for each head or disk, or zone in the disk
drive 10, the controller 42 can adjust for signal time
shifting in the read signal 32 caused by temperature
variation, ageing, voltage variation and timing
variations in electronic circuits in the disk drive 10.
This improves the error rate during read operations and
also increases the manufacturing yield for disk drives.

In addition, if new printed circuit boards or
components must be added to the disk drive 10, any
timing variations caused by the new components or
printed circuit boards is almost immediately adjusted
for by using the technique of the present invention.



5. A method according to any preceding claimcharacterised in that the

step of determ ning an adjusted wi ndow centre setting C¢RphH $pPE TR-Pa
an adj ust ment confi dence -tevel- ~by cal cul ating the proba {ED’ 365?\@@ tlg. [
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shift left mm"mﬂ&! er that 0.5, corrpari ng t he{ad} 8APR1999
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CLAIMS

1. A method of adjusting a window centre in read channel (34) of a magnetic
drive (14, 16, 18, 19) suitable for reading data from a magnetic disk (1 0), including
reading data from the magnetic disk by performing a number of read operations,
characterised by detecting a number of shift right read errors made while reading the
data, said shift right read errors being caused by the read window centre setting being
shifted to the right of the optimal setting, detecting a number of shift left read errors
made while reading the data, said shift left read errors being caused by the read
window centre being shifted to the left of the optimal setting, and determining an
adjusted window centre 'setting based on the number of shift right read errors detected
and the number of shift left read errors detected.

2, A method according to first claim 1 characterised in that the step of detecting
shift right read errors includes detecting a number of shift right once read errors
during the read operation.

3. A method according to claim 1 or claim 2 characterised in that the step of
detecting shift left read errors includes detecting a number of shift left once read errors
during the read operations.

4, A method according to any preceding claim characterised in that the }mf f
determining an adjusted window centre setting comprises determining a wmdow

centre adjustment value and a window centre adjustment direction based on the
detected number of shift left and shift right read errors.
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altering the wi ndow centre setti.ng if the adjustnent confifdence Tevel
exceeds the conffj t hreshol d. 6. A net hod ac or | y
precedi ng cl ai m“'m ml] t he wi ndow centre being wgpéﬁ%ﬁ]a
present w ndow céntfe the adj ust ed wi ndow cen r

t he nunber of read errors det ect ed at t#® i mediately prlecedi ng wi ndow
centre setting being stored and by, when the adjusted w nMdow centre setting

cont e Seri ng. B8 SEHEhg oAy breSdld Lciath) Ehilderaisk i i iiclt BEOV
read err ordutétaiifing e a’t‘fjuait&?wﬂ'id?ﬁ@ Bénttd N comprises determining an adjustment

confidence level by calculating the probability that the probability that an error is one

type of error, a shift right read error or shift left read error, is greater that 0.5,
comparing the adjustment confidence level with a confidence level threshold, and
altering the window centre setting if the adjustment confidence level exceeds the

confidence level threshold.

6. A method according to any preceding claim characterised by the window centre
being aitered from a present window centre setting to the adjusted window cenﬁ:e setting
and by the number of read errors detected at the immediately preceding window centre
setting being stored and by, when the adjusted window centre setting is the immediately
preceding window centre setting, altering the window centre setting to the adjusted
window centre setting only if the number of read errors detected at the present window
centre setting exceeds tﬁe stored number of read errors detected at the immediately

preceding window centre setting.

7. A method according to claim 4, wherein the step of determining an adjustment
direction comprises:

determining a shift right probability based on the number of shift right read errors
detected, the shift right probability representing a probability that a shift r‘h’t/r)ead’gror
will be detected during a read operation; ¥

determining a shift left probability based on the number of shift left read errors
detected, the shift left probability representing a probability that a shift left read error
will be detected during a read operation;

comparing the shift right probability with the shift left probability; and

determining an adjustment direction based on the comparison of the shift right

probability with the shift left probability, adjustment of the window centre setting in the



centre setting exceeds the stored nunber of read errors ggﬁfe-t—ed_.al- the..
i medj ately precedi ng wi ndow centre setting. 7. A et AGEMEWIhS !
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claim4, wherein_the step of-deternining an adjustment diyectTomconp
determiping a shift right probability based on the nunbgr of HEH righ
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ead error will be detec edd i
operation; deterhi i ng a shlft | eft proBZbility based dgn the nunber of
shift left read errors

adjustment direction tending to equalise the shift right probability and the shift left
probability.

8. Apparatus for determining an adjusted window centre setting in a read channel
(34) of a magnetic disk drive (14, 16, 18, 19), the magnetic disk drive being suitable
for reading data from a magnetic disk (10), including reading means (26) for reading
data from the magnetic disk by performing a number of read operations, characterised
by shift right error detection means (42) coupled to the reading means for detecting a
number of shift right read errors during the read operations, said shift right read errors
being caused by the read window centre setting being shifted to the right of the
optimal setting, shift left error detection means (42) coupled to the reading means for
detecting a number of shift left read errors during the read operations, said shift left
read errors being caused by the read window centre setting being shifted to the left of
the optimal setting and adjustment means (42, 44) coupled to the shift right and shift
left error detection means for determining an adjusted window centre setting based on
the number of shift right read errors detected and the number of shift left read errors
detected.

9. Apparatus according to claim 8 characterised in that the shift right error
detection medns comprise means for detecting a number of shift right once read errors--
e -
10.  Apparatus according to any of claims 8 or 9 characterised in that the’shift left
" error detection means comprise means for detecting a number of shift left once read

€1T01S.

11.  Apparatus according to claim 8 characterised in that the means for determining

an adjusted window centre setting comprise means for determining a window centre




detected, the shift left probability representing a probability that a

shift. left read error will be detected during a read oper gt+em—econpar
the shift right probability with the shift Ieft probabili{REPLACEMENT SHERT
determ ni ng an adj ost nent direction based on the conparis¢nfor the shitt

{:;g[‘ﬁep;g?f‘f"ng'l,[lm"mnlmﬁ"ﬂmm left p#®bability, adjustnent (5’5 &nggnd DW,

adjustment value and a window centre adjustment direction based on the detected number

of shift right and shift left read errors.

12.  Apparatus according to any one of claims 8 to 10 characterised in that the means
for determining an adjusted window centre setting comprise means for determining an

adjustment confidence level by calculating the probability that the probability that an
error is one type of error, a shift right read error or a shift left read error, is greater

than 0.5, means for comparing the adjustment confidence level with a confidence level
threshold, and means for calculating a new window centre setting if the adjustment

confidence level exceeds the confidence level threshold.



adjustrent direction tending to equalise the shift right probability and
the shift left probability. 8. Appar atus for determ nippe di-ust ed

wi ndow centre setting in a read channel (34) of a nagneti LA@ENE%ME HEET
16, 18, 19), the magneti.c disk drive bebgg suitable for m
magnetic disk (10), including reading ngans (26) far readi g&g@éwme
magneti c di sk by perform ng a nunber of read operations, |chara bl

shift right error detection neans (42) coupled to the repd
detecting a nunber of shift right read errors during the]read operations,
said shift right read errors :

ABSTRACT

METHOD AND APPARATUS FOR SETTING A
READ WINDOW IN A MAGNETIC DISK DRIVE

The present invention provides a method and
apparatus for setting a read window in a magentic disk
drive for detecting a read signal generated by reading
data from a magnetic disk. An initial window centre is
first set for the read window, then a number of read
operations are performed in which the window centre for
the read window is varied relative to the initial window
centre setting. Read errors occurring in each read
operation are detected, both according to error number
and error type, and an adjusted window centre setting is
determined based on the detected read errors.

C [Figure 3]

’



bei ng caused by the read wi ndow centre setting being shifted to the righ
of the optimal setting, shift left error detection neang—=4 YTITIN-To I
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the read operations, said shift left read errors bei ng papsSed—by=tire=r
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9. Apparatus according to claim8 characterised in t the shift right
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once read errors 10. Appar at us according to any of cl fii E=8~6t-—8—

characterised in that the shift left error detection ne
for detecting a nunber of shift left once read errors.

ng %P ri se nea

1 pRB0%s

according to claim@8 characterised in that, the neans fo termning a

adj usted wi ndow centre setting conprise m@ans for deter I ni ng a wi ndow

S

centre

TR T O

> < >
>

V4



REPLACEVENT SHEET adj ustnent val ue and a wi ndow centre

_ acj-ustpent direct]
based on the detected nunber of shift right and shift IREPLA@EMEN’FQHEET

Apparatus according to any one of clains 8 to 10 charadt grrsed—Tmmtirat
nmeans for determ ning an adjusted w ndow centre setting ¢o rmg f
determ ning an adjustnent confidence Level by calcul atifng t p}e‘% gt
that the probability that an

SYNCHRONIZED

DIGITAL
™1 ENCODER DATA

o
Sl m
&
N
e
( th
¢
<
S .
& o ! |
2 u o
o N |_u.l_
E3 @ fe
SN o f 9
¥ O e
32
a o
(_ l e
' ’.r/,
i2 5 i e
i <
- 5 25 i
e ao
=
< 1
T m |
|
-
3
L] E
A
el 2 :
0 =
o <
o S E




error .is one type of error, a shift right read error or shift. left read
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