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WIDE BIPHASE DIGITAL SERVO INFORMATION,
DETECTION, AND ESTIMATION FOR DISK DRIVE
USING VITERBI DETECTION

This application claims the benefit of U.S. Provisional Application No. 60/006013
filed October 23, 1995. This application is related to U.S. Patent Application Serial No.
08/320,540 filed October 12, 1994.

| Field of the .
~ The present invention relates to apparatus and methods for storing, detecting, and

estimating servo information stored on disk drive media, and in particular to apparatus

and methods useful with partial response, maximum likelihood detection channels and

magnetic disk media.

" Bagl 1 of the I i

By reading servo information recorded within data tracks on a disk surface, a disk
drive head positioner servo system is able to estimate data transducer head position. The
recorded servo information typically includes track (i.e. cylinder and head) addresses and
servo bursts. Each circumferential data track on a disk surface has a unique track address,
which is recorded in servo sectors embedded in the track, and servo burst patterns
frequently repeat every two or more tracks. When a disk drive is seeking to a radial
track location, the track addresses are used as coarse positioning information to
approximately estimate the position of the read head and the servo bursts are used as fine
positioning information to position the head precisely on the desired radial location.

- At seek time while m:dmg track addresses, the head may be positioned between
two adjacent tracks. In this situation, the head may receive a superposition of signals
from both tracks. One solution to this ambiguity is to encode the track addresses into
Gray-coded addresses so that the encoded addresses of any two adjacent tracks differ
from each other by only in a single bit position. With this solution, when the head is -

-reading two tracks, the ambiguity aﬁer decodmg the address is one Irack and an error of

"' - one track is acceptable at seek time;

35

In accordance with one known technique, each data track is divided into plural
sectors. Each sector includes a header section, followed by a data section. The header

~ section may typically include a DC erase field, a preamble field, a header synchronization
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character, a track address field (coarse servo information) and a servo burst field (fine
servo information). The data section may typically include another preambie field, a data
synchronization character, a block of user data, and error correction bytes. In this
example, the header section is recorded at the same data rate as the data section, and
synchronous peak detection through a single read channel structure in the disk drive is
employed to read the information in both the header section and the data section. An
example of this approach is found in commonly assigned U.S. Patent No. 5,036,408 to
Leis et al., entitled: "High Efficiency Disk Format and Synchronization System", the

disclosure thereof being incorporated herein by reference.

Another known technique is to employ radial zones or bands of concentric data
tracks, each zone having a data transfer rate associated with disk radius of the zone. In
this example, data areas are separated by a series of radially extending embedded servo
sectors which are factory recorded with servo inforiation at a single data transfer rate. A
servo data recovery circuit asynchronously (i.c. without phase lock to incoming servo
data) recovers a servo address mark, a track number and fine position information from
information read by the data transducer while passing over each sector. The servo
recovery circuit is separate from the read channel clectronics employed for peak detection
of user data information. This example is described in commonly assigned U.S. Patent
No. 5,420,730 to Moon, ¢t al., entitled: "Servo Data Recovery Circuit for Disk Drive
Having Digital Embedded Sector Servo”, the disclosure thereof being incorporated herein
by reference. ' '

One factor which has limited data storage densities in magnetic recording
employing peak detection techniques has been intersymbol interference, arising when flux
transitions are increasingly close to each other. One technique for increasing flux densities
in magnetic recording while still accuratély reading recorded data is to employ
synchronous sampling data detection. ‘This technique, frequently referred to as "partial
response, maximum likelihood” (PRML) signalling, has provided some improved data
storage densities, at the expense of increased circuit complexity, including a fast analog to
digital conversion process, and charinel equalization, either on the analog side or on the
digital side of the signal stream, or both. An example of a disk drive employing PRML is
given in commonly assigned U.S. Patent No. 5,345,342, to Abbott et al., entitled: "Disk
Drive Using PRML Synchronous Sampling Data Detection and Asynchronous Detection
of Sector Servo", the disclosure thereof being incorporated herein by reference. The
approach desctibed in this patent enabled special circuitry within the synchronous
sampling data detection channel to asynchronously detect track number values in

2



wo §7ll 6011 ' PCTNS96/16793

_ embedded servo sectors recorded ataconstant Servo datarate whereas the user data rate
'drfferedbyradraldatazoneacrosstherecordmgdrsk. ‘The servo bursts were read and
' processed using conventlonal peak detection, and sample and hold techmques A

‘Ani unprovement over the asynchronous servo sarnphng techntque taught by the

Abbott et al. patent referred to above is found in a later, commonly assigned U.S. Patent
No. 5,384 671 to Frsher, entttled "PRML Sampled Data Channel Synchronous Servo
Detector”, the disclosure thereof being incorporated herein by reference. In this approach
a timing loop of the synchronous sampling data detection system is phase locked to servo
information, the servo information including track address and fine position information is

' synchronously sampled and decoded. In this approach the servo preamble field is
recorded as a conventtonal ll4'I‘ srne wave pattern, which corresponds to a 2T pattern in
a peak detec_tron channel (T representing a unit sample cell or interval).

Vtterbr detectors are known for usc w1tl'nn synchronous sampled data detection
channels. One example of a Viterbr detector is provxded in commonly assigned U.S.
Patent No. 5, 341 387 to Nguyen, entitled: "Viterbi Detector Having Adjustable Detection
Thresholds for PRML Class IV Sampling Data Detection", the disclosure thereof being
mcorporatcdherembyreference o D

While these prior app_roaches have worked well in their respective times,
increasing data storage capacities and data transfer rates per unit size disk have led
directly to a hitherto unsolved need for an rmproved disk drive head servo format,
architecture and approach :

A general objeet of the present mventton ls to provrde improved and sunphﬁed
methods, apparatus, anddataformat foraddressmgdatamksmadrskdnvehavmga
partral response, maxrmum hkelrhcod synchronous sampled data detection channel.

_ Another object of the present mventron is to prowde a servo format and
apparatus fora PRML drsk dnve whtch does not requtre separate peak-detectton

A further obJect of the present mvcntron is to provrde a srmpltﬁed address
decoding method and apparatus wrthtn aPRML dtsk dnve
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One more object of the present invention is to provide a high efficiency servo
address format enabling use of higher code rates, smaller cell times and less redundancy
within embedded servo sectors which are synchronously sampled and detected within a
PRML disk drive.

In one aspect of the present invention a disk drive includes at least one rotating
data storage disk having a major surface defining recording tracks divided into data sectors

by narrow servo spokes. Each data sector of a track is recorded with user data encoded in

accordance with a code having a predetermined distance and user data code rate. Each
servo spoke has at least one servo information field coded in a wide biphase pattern at a
servo code rate which is one fourth the user data code rate. In this aspect of the
invention, a synchronous sampling data detection channel includes:

a data transducer head positioned by a servo-controlled actuator over the recording
track, '

a preamplifier for receiving electrical analog signals magnetically induced by the
data transducer head from flux transitions present in at least the servo information field,

a digital sampler for synchronously samplmg the electrical analog signals to
produce digital samples, and

a Viterbi detector coupled to receive digital samples from the synchronous

. sampling data detection channel for decoding the coded wide biphase pattern as a
- maximum likelthood servo data sequence.

The Viterbi detector may compnsc a d:fference metric detector or a tree-search
detector.

The synchronous sampling data detection channel may include a finite impulse
response filter adjusted to a partial resporise, class IV, target spectrum and in this
example, the Viterbi detector is connected to receive equalized digital samples from an
output of the finite impulse response filter.

Alternatively, the synchronous sampling data detection channel may include a
finite impulse response filter for filteting digital samples in accordance with a 1-D2 pulse
response (partial response, class V) where D represents a one bit cell delay, and a 1+D
filter connected downstream of the finite impulse response filter in order to provide
digital samples filtered in accordance with a 1+D-D2-D3 pulse response (EPR4). In this
example the Viterbi detector is connected to receive EPR4 equalized wide biphase
samples from an output of the 1+D filter. ' :
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The w1de bi]lah_;_lseE magnet p_attemsas recorded in the plural servo information
fields may be arranged as --++ magnet patterns for a binary zero information value and --
++ magnet pattems for a binary one information value.

Plural servo mformauon ﬁelds may be prov:ded w:thm each servo spoke, and one
of the f‘eldsmaycompnseaservoaddressmarkpattem such as a nine-symbol word
000100101 (binary) .f0_l_‘ marking the beginning of a servo information block. At least one

~ servo information field may comprise a Gray coded track number binary pattern of
predetermined bit length. This pattern is first decoded as a wide biphase code and then it
is decoded as a Gray code. The track number binary pattern may include a parity
symbol, and in thxs case the chamel may include circuitry for receiving and decoding the
track number binary pattern and checking the parity symbol.

- Ina related aspect of the mventton, the servo mformauon ﬁeld may comprise two
track number binary pattems ofpredetermmed bit length, there being a first track number
address of the track, and a second track number address of a track located adjacent to the
track. In one preferred format, the second track number is recorded with a one-half track
offset extending into the second track. As a further related aspect of the invention, one
servo information field may further comprise an error correction code field holding error
correction values calculated with respect to the first and second track numbers, and in this
arrangement, the channel includes error correction code decoding and correcting circuitry
for decoding, checking and correcting the decoded values of the first and second track
numbers. '

These and other objects, advantages. aspects and features of the present
invention will be more fully understood and appreemted upon consideration of the
following detailed descnptton of a prefetredembodment, presented in conjunction with

the accompanying drawmgs

IntheDrawmgs P

FIG. 1 isablock dlagram ofa dlsk dnve read channel prowdmg PR4 and EPR4

'targets.
FIG. 2tsaschematzcdmgramofareoordmgsmfaeeofadxskmthed:skdnve

FIG. 3 illustrates a stgnal recorded on a servo sector on a track of the disk.
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FIG. 4 is a block diagram of the fields of the servo sector.

FIG. 5A is a graph of an analog signal response from a magnetic recording of a
single write current pulse wherein the channel has been equalized to an EPR4 target
spectrum. - .

FIG. 5B is a graph of an analog sngnal response to eg.a bmmy one ("--00") wide
biphase write current sequence.

FIG. 5C is a graph of an analog signal résponse to e.g. a binary zero (“++--") wide
biphase write current sequence.

FIG. 5D is a graph of an analog signal response to a wide biphése sequence e.g. a
binary 100 sequence ("--++++-t-+--"), |

FIG. 6A illustrates a first servo sector layout for track numbers without radial
interference.

FIG. 6B 1llustrates a second servo sector layout for track numbers without radial
interference.

FIG. 7 is trellis diagram of a PR4 channel with wide bi-phase paths highlighted.

FIG. 8A is a trellis diagram of a wide bl-phnsc PR4 channel with four samples
taken at a time.

FIG. 8B is a simplification of the diagram of FIG. 8A.

FIG. 9 is a block diagram of a difference-metric Viterbi detector for wide bi-
codes.

FIG. 10 is a block diagram of a tree-search Viterbi detector for wide bi-phase
codes. ' ' '

FIG. 11 is a trellis dlagram of an EPR4 channel with wide bi-phase paths
highlighted.

FIG. 12A is a trellis diagram of a wide bi-phase EPR4 channel with four samples
taken at a time.

FIG. 12B is a simplification of the block diagram of FIG. 7A.

FIGS. 13A-13E are diagrams illustrating servo bursts formats.

FIGS. 14A-14B are block diagrams of servo burst detectors.

Tummg to FIG. l a disk drive 10 meorporates a programmable and adaptive

'PR4,ML read channel. The disk drive 10 may be one of a variety of embodiments, such

as that disclosed in commonly assigned U.S. Pat. No. 5,341,249 to Abbott et al., entitled:
"Disk Drive Using PRML Class IV Sampling Data Detection with Digital Adaptive
Equalization", the disclosure thereof b’eirig inéorporated herein by reference. (This patent
is the parent of the Abbott et al. U.S. Patent No. 5,345,342, referenced hereinabove.)

6
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The drive 10 iigeludes at least one data storage disk 1 6 . As is conventional, a data
transducer head 26, for example, a magneto-resistive head, is associated in a "flying"
relationship over a disk surface of each disk 16. ‘The head 26 is positioned relative to
selected ones of a multiplicity of concentric data storage tracks 71 defined on each storage
surface ofthe rotating disk 16, see FIG. 2. :

Embeddedservopattemsare wnttenbyaservownteronselecteddaustorage
surfaces of the disk 16, see FIG. 2, for example, in accordance with the methods described
in a commonly assigned U.S, Pat, No. 5,170,299, the disclosure of which is incorporated
here by this reference. ' _

During reading, flux transitions sensed by head 26 as it flies in close proximity
over the selected data track 71 are preamphﬁed by a read preamplifier circuit 28. The
amphfed analog sngnal (or "read sngnnl") is then sent into an analog variable gain
amplifier (VGA) 38. After controlled amplification, the read signal is then passed through

a programmable analog filter/equalizer stage 40.

The analog ﬁlter/equalizer 40 is programmed so that it is optimized for the data
transfer rate of the selected data zone 70 from within which the transducer head 26 is
reading data. The equalized analogread signal is then subjected to sampling and
quantization within a high speed analog to digital (A/D) converter 46 which, when
synchronized to user data, generates raw data samples {x(k)} of at least five bits
tesoltmon o :

An adaptive digital FIR filter 48 employs adaptive filter coefficients for filtering
and conditioning the raw data samples {x(k)} in accordance with the desired PR4 channe]
response characteristics in order to produce filtered and conditioned samples {y(k)}. The
bandpass filtered and condmoned data samples {y(k)} from FIR filter 48 are then passed
over a data bus path 49 to a therbl detector (not shown) wlnch detects user data with
the PR4 target. In those embodlments usmg both aPR4 and an EPR4 target, the filtered
and condmoned smnples {y(k)} ﬁ'om FIR filter 48 are also passed through a 1+D filter
50, the output path 51 of whlch pro\ndes the slgnal filtered to EPR4 channel response -
characteristics. (Ifonly anEPR4targetIsdesned,FIRﬁlter48 is programmed with the
appropriate coefficients directly, and 14D filter 50 is not needed.) .
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A servo engine 32 is also provided within disk drive 10, and it develops head
position control and correction values which are applied to control e.g. a rotary voice coil
head positioner structure 30, in accordance with decoded wide biphase servo information
values, and burst values decoded in accordance with principles of the present invention.

The samples, including raw data samples {x(k)} and filtered samples{y(k)}, are

* taken at the data sampling rate, which has a clock bit time period T. This time T
- corresponds to a "bit cell” or, more simply, a "cell", at the sampling rate. A timing loop

44 may receive e.g. the PR4 target samples on path 49 and synchronize sampling and
quantization by the analog to A/D converter 46 at desired sampling locations. Similarly, a
gain loop 36 may control the VGA 38 based e.g. on the PR4 target samples on path 49,
Timing and gain loops are described in the referenced Abbott et al. U.S. Patent No.
5,345,342. A DC offset control loop 37 may also be provided to adjust an offset
amplifier 93 for DC offset, based on the PR4 target samples. A representative DC offset
loop is described in commonly assigned U.S. Patent No. 5,459,679 to Ziperovich,

entitled: "Real-Time DC Offset Control and Assoclated Method“ the disclosure thereof
being incorporated herein by reference.

As shovn in FIG. 2, an exemplary data storage surface of a storage disk 16 has
multiple concentric data tracks 71 which are preferably arranged in a plurality of data
recording zones 70 between an inner landing zone area LZ and a radially outermost
peripheral data track zone 70-1. In the illustrated example, the data tracks are shown as
arranged into e.g. nine data zones including the outermost zone 70-1, and radially inward
zones 70-2, 70-3, 70-4, 70-5, 70-6, 70-7, 70-8 and 70-9, for example. In practice, more
zones are presently preferred. Each data zone has a bit transfer rate selected to optimize
areal transition domain densities for the particular radius Oﬁhé’ione.

FIG. 2 also depicts a series of radially extending embedded servo sectors or
"spokes” 68 which e.g. are equally spacedaroundthe circumference of the disk 16. By
way of the FIG. 3 overview, each servo sector 68 essentially includes a servo preamble
field 68A, a servo identification field 68B, and a field 68C of circumferentially staggered,
radially offset servo bursts, for example. While the number of data sectors per track
varies from data zone to data zone, the number of embedded servo sectors, e.g. 68 per
track, remains constant throughout the surface area of the disk 16, in the present example.

The servo sectors 68 are preferably recorded at a single data cell rate and with
phase coherency from track to track with a conventional servo writing apparatus at the

[

Sheet Has Been Replaced

T



10

15

20

WO 97716011 ' PCT/US96/16793

'factory A laser servo writer and head arm ﬂxture smtable for use: w:th the servo writer
are described in commonly assrgned U.S. Pat. No. 4,920,442, the disclosure of which is
mcorporated here by 1 tlns reference. . Altemauvely, the servo sectors are written at zoned

' data cell rates, as described in commonly assigned U.S. Pat. No. 5,384,671, already
discussed above. S

Tummg to FIG 4, each servo sector 68 or "spoke" has a servo 1dent1ﬁcanon field
of embedded servo mformatron such as is illustrated, for example. A optional DC erase
field 731 of srze e.g. 40 cells (1llustrated in FIG. 4 with the time "40'1‘" below the field) in
a clean area on the drsk wnh substantially no or a few transitions, which can be used to
ﬂag the onset of a servo sector 68. A preamble field 732 of size e.g. 160 cells can be
wrltten ina 2T repeatmg pattem such as ==ttt oot ot+" of the desired length. The
preamble 732 is used by tumng and gain loops to establish correct gain and phase lock
relative to the i mcommg analog srgnal thereby to control sampling quantization by the
analog to drgrtal converter 46. Together, the opnonal DC erase field 731 and the preamble
field 732 comprise the preamble ﬁeld 68A of Fig. 3." ' ' _ _

A servo address mark 733 is used to reset the framing clock. This is followed by
the e.g. three least srgmﬂcant blts (LSBs) 734 of the track number. The full spoke number
735 is opnonal although at least one bit of information should be provided to enable-
rotatronal posmon to be determmed The entire track number 736 is recorded at least

_ once The headnumber(notshown)mayalso be recorded as part of the servo addressing
_' mformanon Together the servo address mark 733, the LSB field 734, full spoke number
field 735 oompnse the servo rdentnﬁcatron field 68B of an 3.

25

30

35

Following the addressmg mformatron servo bursts 737 are recorded which are
used to determine head posmon with respect to track center, as will be described.
Examples of a variety of servo pattems are given hereinafter. These pattemns in field 737
correlate to the field 680 of Frg 3. The lengths of some or all the fields of the servo
sector 68 may be of progmmmable size. Other fields of information may also be recorded
among or after the fields that have been described. . _

‘We turn now to desenbe wrde b:-phase encodmg, which may 1 be used for some or
all ofthe dxgltal data storing fields of servo sector 68, such as the servo address mark 733,
LSB field 734, spoke number field 735 and track number field 736, for example. In
wrmng d:gltal data, one begms vmh an un-coded b1t (that is, either a 0 or a 1), which is
referredto asa symbol Symbols are recorded on a disk bya codmg that assigns one or

9
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more signs or magne't's' (+or-)to acell. (Somewhat amblgﬁously, the signs may also be
referred to as being either 0 or l .) In bi-phase code, two slgns are used, and symbols may
be encoded as follows:
]->+-
: 0->-+ :
We define a wide bi-phase (WBP) code, with code rate 1/4, as follows: -
0>++--
1>--++

The DC erase field 731, which should have no flux transitions, cannot be WBP
encoded.

The preamble field 732 may be WBP encoded with e.g. 40 or a programmable
number of WBP symbols '1' (or cells *- - + +"), for PLL and AGC lock.

The servo address mark ("SAM") 733 may be a nine-symbol word ‘000100101
encoded in WBP that marks the beginning of a servo block. This SAM has the property
that all shifts (auto correlation) disagree in at least 5 positions and therefore allows for 2
independent errors without loss of synchronization. When appended to the preamble
732 just described, the sequence looks like *. . .1111111000100101°. This is a modified
Barker sequence. :

The track number 736 may be a 14 symbol address or larger that is first encoded
with a normal Gray code (with code-rate = 1) and then a parity symbol may be added.
The result is WBP encoded. The parity symbol, if any, cannot be used at seek time but
can be used at read time to detect single errors. Gray coding is used to avoid large errors
when simultaneously reading two adjacent track address when the read head 26 is
between tracks at seek time.

In an alternative servo sector layout, track addresses (track numbers) are written
twice in each servo sector 68, and the paired track addresses are different from each other.
In FIG. 6A, odd track addresses (A1, A3, A5, A7) are written first and even track
addresses (A2, A4, A6, A8) are written second, in what appear as radial columns in the
figure. In FIG. 6B, the second column records the same track number as does the first,
but the second column is recorded with a half-track offset. In both formats, every
position of the read head 26 can read an address without interference from an adjacent
track in at least one of the two columns. For this reason, Gray coding is not needed and

10
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 one can append ECC fields to each address, 25 shown. In the first format (FIG, 6A), the

uncertainty is one trnck; in the second (FIG. 6B), the uncertamty is half a track. In
secking, one may recognize the column to be read by using a position error signal from the
servo bursts which have a period of two tracks. For this use, the servo bursts should be
positioned close to the track addresses so that the radial position of the read head 26 does
not change srgmﬁcantly from the time the head is reading the servo burst and the time it is
reading the track addresses,

 Viterbi Detectors for WBP Codes with PR4 Targets .

The output at path 49 of adaptive FIR filter 48 is a PR4 (class IV partial

__ response) target, which has a pulse response of 1-D2, where D represents one bit cell

delay, As shown in FIG 7, the number of states needed to represent the PR4 target is 4.
FIG. 7 shows the Vlterbl detector trellis diagram of the PR4 target, with solid lines
representmg the WBP paths and dotted lines representing the non-WBP paths. All paths
are valid PR4 paths On the trelhs, each WBP path is marked with a notation in the form
“Hw' where the '+ or* refers to the magnetization on the disk (what is written in the cell)
and the 'w' represents the waveform sample at the Viterbi detector input. FIG. 7 shows 4
ttme steps of the detector from the initial state at time k-1, where the detection of 2 WBP
encoded symbolbegms to time k-+3, where it ends. The magnet *-' is also shown as a '0’
and the magnet '+, as a'l’. Thus, for example, state 00 (reference numeral 80) denotes
that the previous two cells were read as '~ :

Tuming to the trelhs, if the detector ls in state 00, reference numeral 80, at time k- -

1, andthenextsample value is 1, the detector goes to.state 01, reference numeral 81, at
time k. The magnet (or equwalently, the write current) for this branch at time k-1 was '+,
a transition from the ** of state 00, which ideally results in the sample value of 1.
Similarly, if the detector is in state 11, reference numeral 83, at time k-1, and the sample
value at time k is -1, the detector goesto state 10, reference numeral 82,attime k. The
magnet for this branch at time k-1 was -, a negatwe transition from the '+ of state 11,
whlch ideally results in the sample value of-1. : '

- Note that since each WBP symbol occupres 4 cells, the detector must be operated
knowmg where each WBP symbol begins and ends. This 4-cell synchromzatxon will be
called chunk synchromzatton . :

11
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Once chunk synchronization is achieved, the trellis can be updated 4 samples at a
time, with only two states of the original trellis: 00 and 11. Therefore the 4-state Viterbi
detector can be condensed to two states, as shown in FIG. 8A with reference numerals 80
and 83, respectively. In FIG. 8A, only the sample values at.thg detector input are given
with each branch. Note that each sample shown is repeated'tmce Thus, the trellis may
be simplified by taking the average of every two incoming samples and then processing
the resulting stream at half the clock rate. In the simplified trellis, shown in FIG. 8B, the
chunks begin at times k-1, k+1, and k+3. (Because of the condensation of states, the time
axis k has been scaled by a factor of two.)

A first Viterbi detector, which we will call the difference-metric detector, for WBP
codes with PR4 targets will now be described in terms of the states and transitions shown
in FIG. 8B. |
Let aO(k-l) represent the state of the surviving path at time k-1 that ends at time k+1 in

state 0.

- instate l, - =
Lety(k)  denotethe reoewed noisy samples after averaging, such as the average of
two samples received from FIR filter 48 at output path 49, at time k.
LetmO(k)  represent the path metric of state 0 at time k.
Letmi(k)  represent the path metric of state 1 at time k.
Let m(k) =mO(k) - mi(k). This is the difference metric.

-that ends at time k+1

The decoding algorithm for the difference-metric detector may be expressed in a
pseudo-code as follows: o
if (m(k-1) < 2y(k) > 1) then -
{m(k-1) = 4y(k+1) - 2y() - 15 -
alk-1y=alk-1)=1;
/* both paths merge to state 1 */
} _
else if ( m(k-1) -2y(k) < -1 then
{ m(k+1) =4y(k+1) - 2y(k)y + 1; -
a0(k-1)=al(k-1)=0;
/* both paths merge to state 0 */
else
{ mk+1)=- m(k-1) + dy(k+1);

- ———————

12
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ao(k-]) =1 o
. alk-1) =0. .
. /¥ the paths do not mcrge ¢/

)

FIG.9isa block dlagram showmg an nnplementatxon of the d:fference-memc

Viterbi detector for WBP codes. Block 84 calculates a = m(k-1) - 2y(k).. At block 85,
two logical values Oand 1 (false and true, respecnvely) are calculated for x and y,as
follows: x=2a>1,and y =a <-1. Block 85 also calculates the values al(k+1) and
al(k+1), which are the states of the surviving paths at time k+1 that end at time k+3 in
states 0 and 1, respec_:tivgly_. These are provided to a survivor memory 86, and are
calculated as shown in FIG. 8, namely:

a0(k+1) = NOT y,.and

al(k+l) = x. -
Block 86 implements a standard Viterbi detector survivor memory whose output 86a is
the output of the d_ete_ct_or The depth of the survivor memory will be selected to meet
the detector's performance requirements; for the uses described here, a depth of at least 1
would generally be sufficient. - -

A value z for use in the difference metric calculation is calculated in block 87, as
follows: o S :
if(y) == (1,0) z=-2y(k) - 1;
if(xy) == O.1) z=2yk) +1;
otherw:se z = -m(k-1).

Block 88 uses this calculated value z to output m(k+1), calculated as follows

m(k+1) = 4y(k+l) +.z. :
This output 88a is delayed in reglster 89 by 4T (a WBP symbol time) and the output 89a
of the register is the input value m(k-1) to block 87. (The initial value of m(k-1) at k=0 is

0.)

A second Viterbi detector, which we will call the tree-search detector, for WBP
codes will now be described in terms of the states and transitions shown in FIG. 8B. The
tree-search detector must be forced to begin at an initial state, since it is assumed that the
two survivor paths merge'ét' time k-1. The suhiiving paths at time k+1 are then detected

from: _ -
a(k-1), which represents the merged surviving path at time k-1, and
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(k). Y(k+1), Y(k+2), and Y(k+3), equalized and averaged samples as produced, for
example, at output 49 of FIR filter 48. '

In the context of servo sector ficlds the requirement that the tree-search detector start in a

known state is reasonable,, since the state can be forced, for example, by a known fields

such as the preamble field 732.

The decoding algorithm for the tree-search detector may be expressed in a pseudo-
code as follows:
metricl = y(k) - 2y(k+1) + y(k+2) -
metric2 = y(k) - 2y(k+1) + 2y(k+3);
if ( a(k-1) ==0) then '
a(k+1) = ( metricl < 0 ) OR
(( metricl < 1 ) AND ( metric2 < 0.5 ))
else
a(k+1) = ( metricl <-1) OR
((metricl <0) AND{ metric2 < -0.5 ));
As above, in these calculations a logical false is an arithmetic 0, and a logical true, an
arithmetic 1.

FIG. 10 is a block diagram showing an implementation of the tree-search Viterbi
detector for WBP codes. Blocks 91 and 92 calculate metric] and metric2, respectively, as
defined above. At inputs 90a and 90b, block 90 receives samples y(k+1) and y(k),
respectively, and from them calculates y(k) - 2y(k+1). This is provided at inputs 91b of
block 91 and 92a of block 92. At input 91a block 91 also receives sample y(k+1) and at
input 92b block 92 receives sample y(K+3). Meétric 1 is output at path 91c¢ to block 93.
Metric2 is output at path 92c to block 93. Biock 93 calculates a(k+1), output at path
93a, as set forth in the above pseudo-code, from metricl, metric2, and a(k-1). The output
93a of block 93 is the input to 4T delay register 94, which provides a(k-1) to block 93 on

Viterbi Detectors for WBP with EPR4 Targets

Turning to FIG. 11, we consider the implementation of a Viterbi detector that

detects EPR4 targets that are WBP encoded. The EPR4 target has a pulse response of

1+D-D2-D3. The number of states needed to represent the EPR4 target is 8. FIG. 11 is
a trellis diagram of an EPR4 channel with wide bi-phase paths highlighted. This diagram
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parallels the diagram for a PR4 channel found in FIG. 6, with the difference that there are

8 states and 5 possible sample inputs: -4, -2,.0, 2, and 4.

Turning to FIG. 12A, once chunk synchronization is achieved, the EPR4 trellis -
can be updated 4 samples at a time with only 2 of the states of the original trellis. The
original states 100 and 011 are renamed to 0 and 1, respectively, in FIG. 12A, and only
the sample values at the Viterbi detector input are shown on the branches. The trellis
diagram may be further simplified, as shown in FIG. 12B, by dlvxdmg the incoming
sample values by 2. :

As with the simplified trellis of FIG. 8B, we now describe two Viterbi detectors,
based on FIG. 12B, for WBP codes with EPR4 targets.

The first detector, a difference-metric detector, substantially parallels the
difference-metric detector described in connection with FIG. 9.
LetaO(k-1)  represent the state of the surviving path at time k-1 that ends at time k+3
in state 0. : :
Letal(k-1) represent the state of the surviving path at time k-1 that ends at time k+3
in state 1. B '
Let y(k) denote the received noisy samples, such as the average of two samples
received from FIR filter 48 at output path 49, at time k, after scaling to ideal values -2, -1,
0,1,and 2.
L_et mo(k) - represent the path metnc of state 0 attime k.
Let MI(k)  represent the path metric of state 1 at time k.
Let m(k) =m0(k) .- ml (k). This is the difference metric.

~ The decoding algorlthm forthe difference-metric detectormay be expressed ina
pseudo-code as follows:
thr(k-1) = m(k-1) - 2y(k-1) - 4y(k-2) + 2y(k-3);
if ( thr(k-1) > 2 ) then .
{ m(k+3) = 8y(k) + 2)'(k-1) - 4y(k-2) - 2Y(k-3)
.2; o o .
2001) = a1 = 1;
/* both paths merge to state 1 */ .
) :
else if (thr(k-1) < -2 )then
{ m(k+3) = 8y(k) + 2y(k-1) - dy(k-2) - 2y(k-3) + 2;
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a0(k-1) = al(k-1) = O;
/* both paths merge to state 0 */
cise ' o '
{ m(k+3) = - m(k-1) + 8y(k) + 4y(k-1) - 4y(k-3);
ab(k-1) = 1;
alkk-1) = 0
/* the paths do not merge */
) .
As with the difference-metric Viterbi detector for WBP with PR4 targets, a survivor
memory depth of 3 would generally be sufficient for the uses described here.

The second, tree-search Viterbi detector for WBP codes with EPR4 targets will
now be described. In describing the tree-search detector, it is assumed that the two

.survivor paths merge at time k-1. The surviving paths at time k+3 are then detected from:

a(k-1), which represents the merged surviving path at time k-1; and

y(k), y(k-1) . ..y(k-7), equalized and averaged samples as produced, for
example, as the output of 1+D filter 50.
The decoding algorithm for the tree-search detector may be expressed in a pseudo-code as
follows:

“metric] = 2y(k-1) + 4y(k-2) - 2y(k-3) - 8y(k-4) - 2y(k-5) + 4y(k-6) +
2y(k-7); .

metric2 = 8y(k) - 4y(k-1) + 4y(k-3) - 8y(k4) - 2y(k-5) + 4y(k-6) +
2y(k-7); '

if (- a(k-1) == 0 ) then
a(k+3) = ( metricl < 0 ) OR
" (( metricl < 4 ) AND ( metric2 < 2 ))
else
a(k-3) = ( metrici < -4 ) OR
{( metricl < 0 ) AND ( metric2 < -2 ));
As with the tree-search detector for WBP with PR4 targets,thls detector for EPR4
targets has no survivor memory.

Returning to FIG. 1, a Viterbi detector 60 for PRML detection of WBP codes
with EPR4 targets can be used to detect all WBP-encoded digital information in the servo
sector, such as track number, head number, and sector number. Viterbi detector 60 may
be a difference-metric detector or a tree search detector, as described above in connection
with FIGS. 11, 124, and 12B, or a conventional Viterbi detector. Alternatively, in place
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of an EPR4 detector, WBP-encoded dala in the servo sector may be decoded by a Viterbi
detector for WBP codes with PR4 targets, such as the difference-metric detector or the
tree-search detector described above in connection with FIGS. 7, 8A, 8B, 9, and 10, or by -

a conventional Viterbi detector.
5 ' ; : :
In FIG. 1 a digital servo burst detector 54 also receives the EPR4 target output
. signal from 1+D filter 50. Alternatively, burst detector 54 may receive a PR4 target from
FIR filter 48, where burstfomatsareusedthatcanbedetectedmthaPR4target
10 Turning to FIG 13A-13E ﬁve servo burst formats will be descnbed The centers

of the data tracks are indicated by TKO, TK1, TK2, and TK3. ‘The bursts in each format
repeat with a period of two tracks. The first format, which we will call the type I format,
i.e. full track bursts, is illustrated diagrammatically in FIG. 13A. - The type I bursts A, B,
and C (and, optionally, D) are written to be the width of a data track. Because the write
15  head is less than this wnde, the bursts are written in at least two passes and at least one
erase band (not shown) wnll“be found wntlun each burst. There is also an erase band (not

~ shown), for examp!e,. !_:etween burst A and burst C, that runs along TK1..

~ The second format, which we will call the type II format, i.e. narrow bursts, is
20  illustrated diagrammatically in FIG. 13B. In this format, each burst, E, F, G, and H, is
written only once; thus there is no erase band. wnthm the burst. The distance between
radially adjacent bursts (such as E and F) is half a track width. The write head will
generally exceed this width, so each burst will norma_]ly extend over one track center.

25 In both type 1 and type II formats the bursts themselves are normally sinusoids
of constant frequency and amphtude

The third format, wlneh we will call the antipodal format, is illustrated
diagrammatically in FIG. 13C. In this format, the bursts --J, K, L, and M -- are written
o 30 mﬁllthespaceleﬁblank,forexample,betweentheAandBburstsmthetypelformat
: q (FIG. 13A). The unrecorded areas are filled with a sinusoidal waveform of opposite (or
N antipodal) polarity. Thus, if the signal in burstJ is sin(x), the signal in burst K is -sin(x).
The waveforms in burstsL and M correspond to t_h_oge of bursts J and K.

35  Unlike the situation with type I and type I, phase information is important in the
antipodal format. Thus, the PLL is locked while reading this burst format, so as not to

| "correct” the phase mfo:manon For the same reason, this format is subject to errors
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arising from the erase band within the bursts, radial phase meoherence, and accumulated

phase error. To allow the disk drive to limit the effect of such errors, an optional

resynchronization pattern (not shown) may be recorded before bursts themselves.

The fourth format, which we will call the comp
diagrammatically in FIG. 13D. This format is like type I in form, with the difference that,

- unlike the situation with the other formats, in comptessed format the servo information is

written on spoke tracks SPOKE TK0, SPOKE TK1, SPOKE TK2, and SPOKE TK3
that do not correspond to the data tracks, which here are denoted DATA TK0, DATA
TK1, and DATA TK2. Each burst P, Q, and R is written only once; thus there is no
erase band within the bursts and the bursts are nevertheless the full width of the servo
track. Note that with this format, in tracking an odd numbered data track, such as track
DATA TKI, the disk drive will not be following a servo track center. In fact, the head
will ideally be placed exactly between two servo tracks, and the two-track periodicity of
the burst format must be used to resolve the track number ambiguity between the Gray
coded numbers received from spoke tracks SPOKE TKl and __SPOKE TK2 while tracking
data track DATA TK(1, for example ' o . ok

The fifth format, which we will call the frequency format, is illustrated |
diagrammatically in FIG. 13E. In this format, unlike the ones previously described, the
burst waveforms are not all recorded at one frequency. As with the antipodal format,
frequency format bursts are recorded across the full radial width of the half tracks. As
illustrated in FIG. 14E, the radial sequence of bursts S, T, U, and V are recorded as
sinusoids with angular frequencies wi and w2, so that the form of the sequence of bursts
is: Sissinwlt; T is sintw2; U is -sinwlt, and V is -sinw2t. The two frequencies must
be different and should be selected to have no mtersecnng hann’ﬁics.

Tuming to FIGS. 14A-14B, burst detector 54 will take different forms depending
on the format in which the servo bursts are recorded. Turning to FIG. 14A, burst
detector 541 is useful for synchronous formats such as the antipodal format and the
frequency format. Multiplier 542 multiplies the EPR4 sample waveforms by a sine wave
1 0 -1 0. The result is accumulated by adder 543 in regxster 544 The output of the
detector from register 544 represents the signed amplitude of the (generally) composite
signal produced by two radlally adjacent bursts, such as bursts K and J of FIG. 13C.

This output will ideally be zero When the read head is exactly between the two bursts and
on, for example, the track 'I'Kl

R
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Turning to FIG. 14B, burst detector 55 is useful non-synchronous burst formats
such as the type I, the type II, and the compressed formats. Burst detector 55 calculates
an phase-amplitude vector of the burst signal by multtplymg the EPR4 sample
waveforms by two orthogonal sine waves with a phase offset of 909; the first sine wave 1
0 -1 0 is used in multiplier 551, adder 552, and accumulating register 553; the second,
orthogonal , sine wave 0 -1 0 1 is used in multiplier 554, adder 555, and accumulating
'regrster 556 The result of this process | isa phase-amplltude vector whose real part is in
register 553 andwhose tmagtnary art is in register 556. When the burst has been read, the
energy of the burst is calculated as the square root, circuit 560 of the sum, adder 559, of -
the squares of the real part, circuit 557, and the imaginary part, circuit 558, of the phase- %
amphtude vector. This calculated energy estimates the degree of overlap between the

bmstandthereadheadandtsusedlatertoesumatetheheadposmonwnthrespecttothe oS

repeating two-track burst pattern. (Note than i in the non-synchronous type I, type II,
and compressed burst formats under consrderatlon, no two bursts are radially adjacent, so -
the burst detector wrll have only one burst to process at a time.)

Two alternative burst detectors for the fretluency format will now be described.
The first altemative operates as a pair of the burst detectors 541 illustrated in FIG. 14A.
The sine wave input to the first detector of the pair has as input to multiplier 542 a sine
wave with an angular frequency of w1; the sine wave input to the second detector's
multiplier 542 has an angular ﬁ'equency of w2. The output of each detector is the signed
amphtude of the burst signal at the corresponding angular frequency, and these srgned
amplitudes are compared to estimate the position of the read head. . :

The second alternatlve burst detector for the frequency format, unhke the first
alternative just descnbed is not sensitive to radial phase incoherence or phase error. The
sccond alternative duplicates the operation of a pair of the burst detectors 55 illustrated in
FIG. 14B. The sine wave input to multtplters 55 1 and 554 in the first of the pair of
detectors has an angular frequency of wl; the sine wave inputs for the second detector’s
multipliers 551 and 554 have an angular frequency of w2 The outputs of the two
detectors, each of wluch esttmate the stgned arnplrtude of the burst s:gnal at the
corresponding ﬁequency, are compared to est:mate the posmon of the read head

_ A further alternatlve burst detector and assoctated synchronous servo burst
pattern is described in the referenced U. S. Patent Applrcatron Senal No. 08/320,540 filed
October 12, 1994, by Fisher et al., entitled: "Synchronous Detection of Concurrent Servo
—_—
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Bursts for Fine Head Position in Disk Drive®, the disclosure thereof being incorporated
herein by reference. -

Having thus described presently preferred embodiments of the invention, it will
now be appreciated that the objects of the invention have been fully achieved, and it will
be understood by those skilled in the art that many changes in construction and widely
differing embodiments and applications of the invention will suggest themselves without
departing from the spirit and scope of the invention. The disclosure and the description
herein are purely illustrative and are not intended to be in any sense limiting.
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What is claimed is:
1. A disk drive comprising:
at least one rotating data storage disk, the disk having a major surface defining
recordmg tracks dmded into data sectors by narrow servo spokes,
5 o adatasectorofarecordmgh'ackforrecordmgmtlmserdataencodedm
| accordancewnﬂ\aoodchawngapredetemmeddxstancemduserdatacodemte
a servo spoke of the recordmg area having at least one servo information field
coded in a w1de blphase pattem at a servo code rate which is one fourth the user data code

rate,
10 a synchronous sampling data detection channcl including:
a data transducer head positioned by a servo-controlled actuator over the
recording track,

a preamplifier for receiving electrical analog signals magnetically induced
by the data transducer head from flux transitions present in at least the servo information

15 field,
a digital sampler for synchronously sampling the electrical analog signals to

produce digital samples, and
a Viterbi detector coupled to receive digital samples from the synchronous
sampling data detection channel for decoding the coded wide biphase pattern as a
20  maximum likelihood servo data sequence.

2. The disk drive set forth in claim 1 wherein the Viterbi detector comprises a
difference metric detector.

25 3. The disk drive set forth in cla:m 2 wherein the difference metric Viterbi

detector comprises: |
a difference circuit connected to subtract two times a present wide biphase

encoded servo information sample received from the channel from a difference metric to

produce a difference value,
30 a first calculator connected to receive the difference value for calculating a plurality

of logical values, for calculating a first state of surviving path, and for calculating a state of

a second surviving path,
a survivor memory unit connected to the first calculator to receive the first and

second states and having a predetermined path length for putting out detected servo ! '
35 information, :
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a difference metric calculator connected to the first calculator to receive the
plurality of logical values, the difference metric and the present sample. for calculanng a
present difference metric value, and

a delay register for receiving and delaying the present difference metric value by a
wide biphase clock interval to produce the difference metric.

4. The disk drive set forth in claim 2 wherein the difference metric Viterbi
detector comptiées:

a difference circuit connected to subtract two times a present wide biphase
encoded servo information sample y(k) received from the channel from a difference metric
m(k-1) to produce a difference value a,

a first calculator connected to receive the difference value a for calculating logical
values 0 and 1 for x and y, in accordance with x=a> 1 and y = a < 1 and for calculating a
state of surviving path at time K+1 that ends at time k+3 in state 0 as a0(k+1)=NOT y,
and for calculating a state of surviving path at time k+1 that ends at time k+3 in state 1 as
al(k+1)=x,

a survivor memory unit connected to the first calculator to receive states aO(k+1)
and al(k+1) and having a predetermined path length for putting out detected servo
information,

a raw difference metric calculator connected to the first calculator to receive x and
y, and connected to receive the difference metric m(k-1) and the present sample y(k) for
calculating a raw difference metric z in accordance with:

if (x,y) ==(1,0), then =2y(k) - 1,
if (x.y) ==(0,1), then z=-2y(k)+1,
otherwise : =.m(k-1),

an intermediate difference metric calculator connected to receive the raw difference
metric z and to receive a time adjusted sample y(k+1) for calculating a present difference
metric m(k+1) = 4y(k+1) + z, and

a delay register for receiving and delaying the present difference metric m(k+1) by
a wide biphase clock interval to produce the difference metric m(k-1).

5. The disk drive set forth in claim 4 wherein the synchronous sampling data
detection channel includes a finite impulse response filter adjusted to a partial response,
class IV, target spectrum and wherein the difference circuit is connected to receive
equalized digital samples from an output of the finite impulse response filter.

22
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6. The disk drive set forth in claim 2 wherein the channel is equalized to an EPR4
target spectrum, and wherein the Viterbi detector detects the wide biphase encoded servo
information in accordance with. = .

thrk-1) = m(k-1) - 2y(k-1) - 4Y(1<-2) + 2)'(1:-3),

5 if ( th(k-1) > 2 ) then
{ m(k+3) = 8y(k) + 2y(k-1) - 4y(k-2) - 2y(k-3)
-2; _
alk-1) = alk-1) = 1;
/* both paths merge to state 1 */
10 }
elseif (thr(k-1) < -2 )then -
{ m(k+3) = 8y(k) + 2y(k- l) 4y(k-2) - 2y(k-3) + 2
a0(k-1) = al(k-1) = 0; :
/* both paths merge to state 0 */-

15 else
{ m(k+3) = - m(k-1) + 8y(k) + 4y(k-1) - 4y(k-3);
alk-1) = l
al(k-1) =
_ /*ﬂlepathsdonot merge */.
20 } :

where aO(k-l) represents a state of a surviving path at time k-1 that ends at time k+3 in
a state 0; al(k-1) represents a state of a surviving path at time k-1 that ends at a time k+3
in a state 1; y(k) denotes a received noisy samples, such as the average of two samples at
time k, after having been scaled to ideal values -2, -1, 0, 1, and 2; mO(k) represents a path

25  metric of state 0 at time k; Mi1(k) representsapathmetnc of state 1 at time k; and,
m(k) =m0(k) - ml(k), the difference metric. : S

7. The disk drive set fm'th in claim 1 wherein the V:terbt detector is a tree-search

detector.
30
8. The disk drive set forth in claim 7 wherein the tree-search Viterbi detector
‘comprises: :
a dlﬂ'erence circuit connected to the channel to receive and subtract two times a
one unit time adjusted wide biphase encoded servo information sample y(k+1) from a

35 present sample y(k) to produce a difference value a,

_—
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a first metric calculator connected to receive the dlﬁ'erence value a and a two-unit
time adjusted sample y(k+2) for calculating and putting out a first metricl = y(k) -
2y(k+1) + y(k+2),

a second metric calculator connected to receive the difference value a and a three-
unit time adjusted sample y(k+3) for calculatmg and putung out a second metric2 = y(k) -
2y(k+1) + 2y(k+3), and

a tree-search calculator for receiving the metricl, metric2 and a detector output
value a(k-1), for calculating an intermediate value a(k-+1) in accordance with:

if (a(k-1) = 0), then
a(k+1) = (metric 1 <0) OR
((metricl < 1) & (metric2 <(.5)),
else ' _
a(k+1) = (metricl < 1) or
((metricl <0) & (metric2 < -0.5)), and

a delay register for receiving and delaying the intermediate value a(k+1) by a wide

biphase clock interval to produce the detector output value a(k-1).

9. The disk drive set forth in claim 7 wherein the synchronous sampling data
detection channel includes a finite impulse response filter adjusted to a partial response,
class IV, target spectrum and wherein the difference circuit is connected to receive
equalized digital samples from an output of the finite impulse response filter.

10. The disk drive set forth in claim 1 wherein the synchronous sampling data
detection channel includes a finite impulse response filter for filtering digital samples in
accordance with a 1-D2 pulse response (partial response, class IV) where D represents a
one bit cell delay, and a 1+D filter connected downstream of the finite impulse response
filter to provide digital samples filtered in accordance with a 1+D-D2-D3 pulse response
(EPR4), and wherein the Viterbi detector is connected to receive EPR4 equalized wide
biphase samples from an output of the 1+D filter.

11. The disk drive set forth in claun 10 wherein the Viterbi detector detects
surviving paths at a time k+3 in accordance with steps comprising:

metricl = Zy(k-l) + 4y(k-2) - 2y(k-3) - 8y(k-4) - 2y(k-5) + 4y(k-6) +
2y(k-7);

metric2 = 8y(k) - 4y(k-l) + 4y(k-3) - 8y(k-4) - 2y(k-5) + 4y(k-6) +
2y(k-7);

if ( a(k-1) == 0 ) then
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a(k+3) = ( metncl < 0 ) OR

' ((metncl<4)AND(metnc2<2))
a(k-3)=(metncl<-4)OR . _

(( metricl < 0 ) AND ( metric2 < -2 )), )
where a(k-1), which represents the merged surviving path at tune k-1; and
y(k), y(k-1) . .- y(k-7), represent equalized and averaged wide biphase encoded servo
information samples

12. The disk drive set forth in claim ll wherein the servo spoke includes plural
servo information fields encoded in wide biphase.

13. The disk dnve set forth in cla:m 1 wherem the w:de biphase magnet patterns -
recorded in the plural servo mfomatlon ﬁelds are --++ for a binary zero information value
and --++ for a binary one information value.

14. The d:sk dnve set forth in claun 13 wherem one of the plural servo
information fields compnses a Servo addms mark pattern.

15. The disk drive set forth in claim 14 whefein the servo address mark pattern is
a nine-symbol word _000_1_00_101_ (binary) for marking the beginning of a servo block.

_ 16. The dlsk dnve set forth in clann 1 wherem the at least one servo mfoxmatton
ﬁeld comprises a track number bmary pattern of predetenmned bit length, the pattern
bemg decoded as a wide blphasecodeandthen decoded as a Gray code with a code rate of -

one.

17. The disk drive set forth in clmm 16 Wherein the track number binary pattern
includes a parity symbol, and further comprising means for receiving and decoding the
track number binary pattern and checking the parity symbol. .

18. The. disk drive set forth in claim | whereln the at least one servo information
field comprises two track number binary patterns of predetermmed bit length, a first track
number being an address of the uack, and a second track number being an address of a

second track adjacent the track.
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19. The disk drive set forth in claim 18 wherein the second track number is
recorded with 2 one-half track offset extending into the second track.

20. The disk drive set forth in claim 19 wherein the at least one servo information
field further comprises error correction code values calculated with respect to the first and
second track numbers, and further comprising error correction code decoding and
correcting circuitry coupled to the synchronous sampling data detection channel for
decoding, checking and correcting the decoded values of the first and second track
numbers.

21. A disk drive comprising:

at least one rotating data storage disk, the disk having a major surface defining
recording tracks divided into data sectors by narrow servo spokes,

a data sector of a recording track for recording with user data encoded in
accordance with a code having a predetermined distance and user data code rate,

a servo spoke of the recording area having at least one preamble field and at least
one servo information field coded in a wide biphase pattern at a servo code rate which is
one fourth the user data code rate,

a synchronous sampling data detection channel including:

a data transducer head positioned by a servo-controlled actuator over the
recording track,

a preamplifier for receiving electrical analog signals magnetically induced
by the data transducer head from flux transitions present in at least the servo information
field,

a digital sampler for synchronously sampling the electrical analog signals to
produce digital samples, _

a partial response filter for filtering the digital samples to a partial
response class IV target spectrum to produce PR4 samples, :

a 1+D filter, D being a unit delay opexator, connected to filter the PR4
samples to EPR4 target samples, and '

a wide biphase Viterbi detector connected to receive and decode the EPR4 target
samples taken ﬁ'om the servo mfonnatlon field as most likely servo mformatxon binary
values.

22, A difference metric Viterbi detector for detecting wide biphase encoded servo
information within a partial response, class IV, synchronous samplmg data detection
channel, the detector comprising: '

[
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a difference cnrcmt coxmected to subtract two umes a present w1de bnphase
encoded servo information sample y(k) received from the channel from a difference metric
m(k-1) to produce a difference value a, _

a first calculatorcomectedtomcewethedlﬁ'erenoevalueaforcalcuhnngloglcal

5 valuesOand 1 for x and y, in accordance withx =2 > 1 and y = a < 1 and for calculating a
state of surviving path at time K-+1 that ends at time k+3 in state 0 as a0(k+1)=NOTy,
and for calculating a state of surviving path at time k+1 that ends at time k+3 in state 1 as
al(k+1)=x, ' :

a survivor memory unit connected to the first calculator to receive states aO(k+1)

10  and al(k+1) and having apredetermmed path length for putting out detected servo

- information,
araw dlﬁ'crenoe metnc calculator comected to the ﬁrst oalculator to receive x and
y, and connected to receive the difference metric m(k-1) and the present sample y(k) for
calculatmg arawdlﬂ'etence metric z in accordance with:

15 ifcy)==(L0.then  z=2y)-1,
ifxy)==(01),then ~  z=-2y()+1,
otherwise . z=-mk-1), -

an intermediate difference metric calculator connected to receive the raw d:ﬁ'erence
metric z and to receive a t:mc adjusted sample y(k+1) for calculatmg a present difference
20  metric m(k+l) 4y(k+1) + z, and
a delay register for receiving and delaying the present difference metric m(k+l) by
a wide biphase clock interval to produce the difference metric m(k-1).

_ 23. The difference metric Viterbi detector set forth in claim 22 wherein the

25  channel includes a finite impulse response filter adjusted to a partial response, class IV,
target spectrum and wheremthedlﬂ‘erenoecnrcmtxsconnectedtoreoelve samples from an
output of the finite |mpulse response filter. o

24. A tree-search Viterbi detector for detectmg w1de bxphase encoded servo
30 information withina parnal response, class IV, synchronous samphng data detection

channel, the detector comprising:
adlfferenceonomtconnoctedtothechanneltoreceweandsubtmct twotunesa

one unit time adjusted wide blphase encoded servo mformauon sample y(k+l) froma

present sample y(k) to produce a difference value a, - _
35 - afirst metric oalculator connected to receive the dxﬂ'erence value a and a two-unit

time adjusted sample y(k+2) for calculating and putting out a first metricl = y(k) -
2y(k+1) + y(k+2),
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a second metnc calculator connected to receive the dlffemnce value a and a three-
unit time adjusted sample y(k+3) for calculating and putting out a second metric2 = y(k) -
2y(k+1) + 2y(k+3), and '

a tree-search calculator for receiving the metric], metric2 and a detector output
value a(k-1), for calculating an intermediate value a(k+1) in accordance with:

if (a(k-1) = 0), then
a(k+1) = (metric 1 <0) OR -
((metricl < 1) & (metric2 <0.5)),
else
a(k+1) = (metricl <1) or
((metricl <0) & (metric2 < -0.5)), and

a delay register for receiving and delaying the intermediate value a(k+1) by a wide

biphase clock interval to produce the detector output value a(k-1).

25. The tree-search Viterbi detector set forth in claim 21 wherein the channel
includes a finite impulse response filter adjusted to a partiél response, class IV, target
spectrum and wherein the difference circuit is connected to receive samples from an
output of the finite impulse response filter.

26. A difference metric Viterbi detector for detecting wide biphase encoded servo
information within a partial response synchronous sampling data detection channel, the
detector comprising:

a difference circuit connected to subtract two times a present wide biphase
encoded servo information sample received from the channel from a difference metric to
produce a difference value, '

a first calculator connected to receive the difference value for calculating a plurality
of logical values, for calculating a first state of sumvmg path, and for calculating a state of
a second surviving path,

a survivor memory unit connected to the first calculator to receive the first and
second statesandhavmgapredetemmedpath length forputhng out detected servo
information,

a difference metric calculator connected to the first calculator to receive the

‘plurality of logical values, the difference metric and the present sample, for calculating a

present difference metric value, and _
_ a delay register for receiving and delaying the present difference metric value by a
wide biphase clock interval to produce the difference metric.

—
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27. Adliference metric Vltcrbx detector for detectmg w1de biphase encoded servo
information within a partial response synchronous sampling data detection channel
equalized to an EPR4 target spectrum, the detector for detectmg the wide blphase
encoded servo information i in accordance with: ..

thr(k-1) = m(k-1) - 2y(k-1) - 4y(k-2) + 2Y(k-3).

if ( thr(k-1) > 2 ) then

{ m(k+3) = 8y(k) + 2y(k-1) - 4y(k-2) 2y(k-3)
-2;
al(k-1) = al(k-1) = 1;
l*bothpaﬂlsmcrgetostatel_ */
} _
elsenf(thr(k-l)<-2 )then L -
{ m(k+3) = 8y(k) + 2Y(k-1) - 4Y(k-2) - 2y(k-3) + 2;
- a0(k-1) = al(k-1) = 0 ' :
/* both paths merge to statc 0"
else .

{ mk+3) = - m-1) + sy(k) + ay(el) - 4ye3);

aO(k-l) =1
_I“‘thcpaﬂ)sdonotmcrgc */
}s

where a0(k-1) represents a state of a surviving path at time k-1 that ends at time k+3 in
a state 0; al(k-1) represents a state of a surviving path at time k-1 that ends at a time k+3

in a state 1; y(k) denotes a received noisy samples, such as the average of two samples at -

time k, after having been scaled to ideal values -2, -1, 0, 1, and 2; mO(k) represents a path
metric of state 0 at time k; Mi(k) reprcsentsapaﬂlmetncofstatelatumek and,
m(k) = m0(k) - mi(k), the difference metric.

28 A tree-search Viterbi detector_ for detecting wide biphase encoded servo
information within a partial response synchronous sampling data detection channel
equalized to an EPR4 target spectrum, the dete_ctor.for detecting the wide biphase
encoded servo informaiiph wherein two survivor paths meige at a time k-1, and wherein
surviving paths at a time k+3 are detected in accordance with steps comprising:

metricl = 2y(k-1) + 4y(k-2) - 2y(k-3) - 8y(k-4) - 2y(k-5) + 4y(k-6) +
2y(k-7);

metric2 = 8y(k) - 4Y(k-1) + 4Y(k-3) - 8y(k-4) - 2y(k-5) + 4Y(k-6) +
2y(k-7);

is Sheet Has Been Replaced

ML

illlf:



* [+ L M S *

‘WO 97716011 T PCT/US96/16793

if ( ak-1) == 0 ) then
a(k+3) = ( metricl <0 ) OR
(( metricl < 4 ) AND ( metric2 <2 ))
else :
5 a(k-3) = ( mefricl < -4 ) OR
(( metric]1 < 0 ) AND ( metric2 < -2 ));
where a(k-1), which represents the merged surviving path at time k-1; and

y(k), y(k-1) ...y(k-7), represent equalized and averaged wide blphase encoded servo
information samples
10
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