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'Background of thg Inventmg :
Disk drives, particularly but not necessarily magnetic hard d1sk

20 drives, record blocks of user data i in concentric data tracks defined on
major surfaces of a rotating rigid magnetic disk. A head structure
supports and positions a data transducer head at each selected data track
of an associated data storage surface in order to carry out reading or
writing operations. In order to seek to, and then follow, each selected

25 data track, the head positioning structure must perform head tracking
operations, typically by using a form of servo control loop. Most
prevalently, servo loops derive head position information from servo
sectors which are interspersed or "embedded” within the data tracks.
As each servo sector is encountered, user data transfer operations are

30 suspended, and the head then senses prerecorded patterns of magnetic

flux transitions which may includé a unique servo address mark pattern
to confirm that the head is reading from the servo sector, a coarse track
number which is typically Gray coded, and fine position information
which serves as a head position vernier within each track.

35 | .
| Within disk drives having a multiplicity of concentric data tracks
defined on a rotating magnetic storage surface, head tracking has



nunber which is typically Gay coded, and fine position information
whi ch serves as a head position vernier within each track. 35
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differenced within the nagnetic data head structure. A discussion of

t he synchronous bit fine servo approach is provided in U S. Patent No.
4,101, 942 to JacqlBPrior P@%baletecm%kecordmgshamhgthﬁfm lsmdmsmmmr ack

Fol | EYVI ng Cg‘ii‘ffomﬁtiﬁl’lﬂhhs Heencgihbedded withii ﬁib S o8 ns are

Kacer ot al | EWOiEfEat Ways. Opekiled chplays s ARG @ﬂ?amqﬁdzrpﬁm. i ng

Both CoalSe pattefinrir which Blighed dtux gtansitiensirecdrded iof halfasackswidth

approaches W Garkhek phd Bimmeq Al EhbQ Atk B> HaBhell dhd Wl
structure. A discussion of the synchronous bit fine servo approach is
provided in U.S. Patent No. 4,101,942 to Jacques entitled: "Track
Following Servo System and Track Following Code". Another

20 approach in which between-track positions are capable of being resolved
is given in U.S. Patent No. 4,032,984 to Kaser et al., entitled:
"Transducer Positioning System for Providing Both Coarse and Fine
Positioning”. One drawback of these prior approaches was that they
were particularly susceptible to noise interfering with the single or few

25 flux transitions providing the fine position information. Another
drawback was that they employed asynchronous peak detection
techniques which required that the pulses carrying the head position
information be spaced sufficiently far apart so as to eliminate any
possibility of intersymbol interference from adjacent pulses, and the -

30 resultant servo patterns required a considerable space within the servo
sector format. Finally, even though some off-track position resolving
capability existed, as described in the referenced Kaser et al. patent, the
off-track signal was highly transitional and marginal, and was not
capable of providing a robust, reliable position value.

35
Another prior peak detection servo pattern recorded in embedded
servo sectors has been the plural burst pattern. In this approach, at
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head is on- trappmmaaélyrmhahalfeofthe héad §¢ osepkathidesstarin r ead from each
of twoﬁ;lsts e.g. the A and C bursts. For thin filmread heads,

equal a i tudes are read when
In one prior example, when the head is not close to the track

centerline, as during track settling following a seeking operation, the
head makes use of a third or B burst to obtain an accurate measurement
of the off-track distance. For example, in one preferred pattern,
20 depicted and described in commonly assigned U.S. Patent No. 5,170,299
to Moon, entitled: "Edge Servo for Disk Drive Head Positioner”, burst
" amplitudes from bursts B and C will be equal when the head is reading
 exactly 1/4 track width off track centerline. The disclosure of U.S.
~ Patent No. 5,170,299 is hereby incorporated by reference.
25
- There are several drawbacks stemming from the prior approach.
One drawback is that the three servo bursts, A, B and C, and the gaps
separating them require considerable area within each servo sector,
thereby increasing the servo overhead and reducing the amount of user
30 data that can otherwise be recorded on the storage surface.

Another drawback is the requirement for separate analog
- circuitry for servo as in the case of a partial response, maximum
likelihood ("PRML") read channel. While the digital peak detection
35 process set forth in commonly assigned U.S. Patent No. 5,321,559 to
Nguyen et al., entitled: "Detection of Embedded Servo Sector Data with
PRML Channel in Disk Drive", improved somewhat upon prior

3



approximately one half of the head is over each burst. In 15 In
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peak val ues, a SYP %?P%?ﬁéﬁ%#fdgp&%ﬂ@%@@”f %@C&éﬁﬁa@)“ on ¢

pat h, a pat hdatardete¢tion channelstsucheashBRMILhold| therprdnhse ofdncraased. These
added ciyiscUl harstilcuracy as well as more efficient embedded servo sector patterns.
In addition, by eliminating separate analog burst sampling and detection
circuitry includingg in some cases a separate A/D converter for
quantizing servo bfursts, added cost can be reduced. Also, by using
synchronous servo detection, the burst fields can be made more
20 compact, thereby _increasing the storage area available for user data.

One known. method for performmg synchronous servo detection
is by employing. the PRML read channel. A slightly modified version
of data read mode can be used to detect servo Gray code and obtain the

25 A, B, and/or C burst information, as explained in the related, commonly
assigned, copending Fisher U.S. Patent Application Serial No.
08/174,895 filed on December 23, 1993, entitled: "PRML Sampled Data
Channel Synchronous Servo Detector”, now U S. Patent No. 5,384,671,
the disclosure thereof being incorporated herein by reference. In this

30 prior approach, the three burst servo scheme (or a four burst scheme
for MR read heads) was retained. The servo burst sinewave values read
by the head were low pass filtered, then digitized by the read channel
A/D converter and finally accumulated. Due to the unpredictability of
the burst amplitucj_ie at any given time (burst values are acquired to

35 ascertain track position), PRML timing and gain loops were not adapted
during measurement of the A, B and C burst relative amplitudes. It was

- thus assumed in th1s prior approach that the timing and gain loops
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éorrpl exities have added cost within the disk drive system Also, the 5
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schene (or a maunepthan beferere for MR read heads) was retained. The

servo burgt sinewave val ues read by the head were | ow pass filtered,

then digitized by the read,channel A/D converter .and finally

accunul ated. Due to the unpHBHNE - ntion wi 2 anplitude at any
given tinme (burst values are acqw red to 35 ascertain track position),

PRML timng and gai,n_| o U nt of the
A, B and C burst él &?qqrgfgﬁqett(iﬁ@gaﬁj@?&ﬁﬁ@venuoﬁ @g%@ne I'n this
pri or appr oacéyridhronous detestran of fingshead position signals recorded at a
20 frequency otherwise resulting in intersymbol interference in a manner
overcoming limitations, drawbacks and disadvantages of the prior art.

Another object of the present invention is to provide a more
efficient and compact servo burst pattern adapted for inclusion within
25  an embedded servo sector and adapted for synchronous detection with a
sampling data detection channel, such as a PRML channel.

Another object of the present invention is to provide an embedded
- servo burst pattern which includes timing and gain loop information to
30 enable updating of timing and gain loops of a sampling data detection
channel in a manner overcommg limitations and drawbacks of the prior
- art approaches

Another object of the present invention enabling synchronous
35  servo burst detection is to reproduce phase coherent embedded servo -
information without loss of phase lock/gain lock synchronism with
adjacently recorded embedded servo data.
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in each servo sednothesabjectof thef prasent invegntion is:teeprovidetenewt servot he

servo head I on
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over coni ng Ide channelr awbacks and di sadvant ages of the prior art.
Anot her1@bj ect of t he present invention is to provide a nore ef ficient
and conpact servo hur p ttern dapt ed for inclusion within 25 _an
enbedded servo sd¥ ﬁh@ efoesﬁslhmlﬁj&P&Yldﬁ aymethaed
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channel %n a manner overcomng limtations and drawbacks of the prior
art app* aches.

One more object of the present invention is to employ a discrete,
gated matched filter within a synchronous servo burst detector for
detecting head fine position from embedded servo burst information.

20 A further object of the present invention is to provide a
synchronous servo detection method which includes a single stream of
data divided into three distinct phases: an on-track phase, at least one
off-track phase, and a coherent phase. These phases may be written
only once within the servo sector, or they may be repeated as desired or

25 required by a particular servo loop. A plurality of off-track phases
may be provided for use with narrow-read-width magneto-resistive
read elements.

In accordance with one facet of the present invention, a method
30 enables synchronous detection of fine position servo concurrent burst
information with a data transducer having an electrical width not less
than about two-thirds a width of a data track within a PRML data
channel. The servo burst information is recorded as e.g. a 1/4T
sinewave burst pattern within each one of a multiplicity of concentric
35 data tracks of a storage disk, the servo concurrent burst pattern being -
phase coherent with one or more other servo data fields recorded in an
embedded servo sector, the fine position servo concurrent burst

b



Anot her object of the present invention enabling synchronous 35 servo
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for synchrono VO B rst.detect on usa le with eit conventlonal
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thin filmin vad el enents i ncl uded within

a hard disk drive anplifying dnddouepamﬁhengWlmedl nak to normalize gdiie nore

il ter within & isﬂrﬁgﬁéﬁgﬁfﬂeﬁ%}ﬁ&%ﬁé@&?ﬁ oprova@?e’é’?f ﬁS et

fine positi onS}mthOBQB& kbuxsp samples,iarfdr nat i on. A further
object o he remﬁs
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phase, and a COher ent pﬂm& l yilg e ynehronGus B?l’ﬁﬂ B&hﬁf‘salalpleéjﬂﬁﬁn nce
within the servo sectolr af/f;m be repeate esire
servo samplihg Shtervals Y a normalization factor generate by a
correlation signal generator to provide normalized samples,
15 integrating normalized samiples originating during the on-
track phase to provide an on-track position error signal, and
~ integrating normalized samples originating during the off-

- track phase to provide an off-track position error signal.

20 In accordance with another facet of the present invention, a
synchronous servo burst detector detects a phase-coherent servo burst
pattern for a head position servo loop for controlling radial position of
a data transducer head relative to a moving media defining a
multiplicity of adjacent data storage tracks within a partial response,

25 maximum likelihood recording and playback channel. The pattern is
recorded on the media in one-half track widths and includes in a
sequence an on-track portion generating a position error signal which is
linear about a centerline of each track, and an off-track portion
generating a position error signal which is linear about a boundary

30 between adjacent tracks. The new detector comprises:

the transducer head for reading the servo burst pattern as an
analog electrical signal stream,
~ an analog read channel for ampllfymg the analog electrical signal
stream,

35 a low pass filter for low pass filtering the analog electncal s1gnal

stream,
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" These and other objects, advantages, aspects and features of the
present invention wﬂl be more fully understood and appreciated upon
consideration of the following detailed description of a preferred

20 embodiment, presented in conjunction with the accompanying drawings.

. . escripti n ¢
In the Drawings:

25 Fig. 1A represents an enlarged, lineal diagrammatic depiction of
a magnetization pattern for one servo sector continuous PES field in
accordance with aspects of the present invention. Fig. 1B represents
PR4 synchronous sample values derived from the Fig. 1A pattern at
known radial sampling positions of the head. Fig. 1C represents a graph

30 of cross-track position profiles put out by a Fig. 3 correlator-integrator
(discrete gated matched filter) circuit, showing on-track and 50% off-
track phase signals as a function of head-to-track position.

Fig. 2 represents a series df gfaphs of analog electrical
35 waveforms induced in a data transducer head at selected radial head
positions relative to the Fig. 1A magnetization pattern.



I ntegrating normalized sanples originating during the off- track phase
to provide an off-track position error signal. 20 _ I n accordance

wi th anot wo9é/maes of the present invention, a synchromsgﬁélrlm bur st
det ector detects a phase-coherent servo burst pattern for a head
position servo |loop for controlling radial p05|t|on of a data

transducer head. r | | ty of
adj acent data_st orelhi% %lﬁaégé&mdwsart |§§h’esponse Els“;mjuh é)hhfd
li kel i hood r ediskdlr chronoks sermocbuest detection cxrcultrmd)aded on
th di -

e media in é’tﬂ‘i’embxf lﬁtegfdf;ow atd&e@tgatea%a@a&d filer) for d%?ébtﬁfg?ﬂlll .

on-track portlLon gener at osi'tion error, signal
about a centelli; patt aﬂuuaﬁcmdamgcwtbcprﬂ es of thfener at i ng
a positiof§ er IQseﬁ[ ﬁnﬁamim‘,ch is linear about a boundary 30 between

adj acent trac The new detector conprises: t he transducer
head for readlng the servo burst pattern as an anal og el ectri cal

signal stream Flg 4A repmsentmangtﬂangtdcﬂlmeabldmgmrmmﬁla magnetizhtionnal og
el ectrical si fobdat SS
filtering th an Og ra r.fta? contllnuousaPli.‘.?"ﬁélﬁsﬁ)r Ude! #itH Rrite Wi

7 WD 96/read7marrow h ead transducer assemblies such as those having inductive

PCT/ US95A 1 25hin ﬁan write elenf¢ht8 homaﬁ, b&féié’ﬁv %a@étafteﬁ@r
synchronously sa H\‘.‘Hﬂ tere el ectrica 1gn stream
and for putt3sosdance wifh Swether aspects of the preseptinsentiony F a
di screte gat egpreéerite@ gr f PR4u lﬁ'oﬁ@tmrsm;ﬁlﬁ valbes denved from the a
g?gr te Lf‘t Ich ; j’%ﬂ %ggpr 0l'-a’lg %c ggﬂt%rs%h s'd grapﬁ%fecross-%rack posﬁlynChr onous
profiles put out by a correlator filter circuit, showing on-track, 33%
15 off-track, and 67% off-track phase signals as a function of head-track
position.

Fig. 5 is a partial block diagram of a PRML data channel within a
~ hard disk drive including a synchronous servo burst detection circuit
20 and a correlator-integrator for detecting the three-phase magnetization -
| pattern illustrated in Fig. 4A.

Detailed Descgp’ tion of a Preferred Embodiment

25 The present invention improves upon the prior art approaches for
recovering fine or vernier head position information from relative
amplitudes of radially offset, circumferentially sequential servo burst
patterns e.g. of constant frequency. The present improvement may be
realized in several ways. Essentially, a burst field area 100 within each

30 embedded servo sector 17 of a data storage disk 16 is coherently
recorded (by conventional coherent-phase servo writing techniques) in
one half track width radial bands or track increments, as shown in Fig.
1A.

35 Fig. 1A depicts a new servo burst pattém in accordance with

principles of the present invention from a perspective of recorded one-
half track width magnetization patterns, wherein a plus symbol denotes

CI



a multiplier for multiplying each synchronous raw data sanple by a

corresponding digital correlation value to produce a normal i zed

quant i zayb9gnar! e, and 10 a digital intepcmusssmesmected
to integrate a sequence of - . normal i zed quantization sanpl es obtai ned
fromthe on-track portion to prow de an on-track position error signal

to the head positioner serva d copnected tg integrate a
sequence of&-8nE& magpetic doﬁmgéa%ﬁ & &153 romthe
of f-track pwhbranammus\sﬁhb@lrdé@tesfrécéﬂcbdkmh etxc@lmmm@roﬁamnal to the

advant ages, SREGHN rg‘ﬁﬂi“?f?@asuﬁe@aﬁﬂmﬁoﬁiﬁﬂﬁg%é°t SBRIBEFED | e more

fully under'Ehe(sermaddmsemaakdemok numbenpaitesnsaateanotoshawn ihdhieowi ng
detail e§| o t]}% t%é:@éleah(’)w&rr ﬂ% $éhvoS AL Trk AERP $6585¢ shBwn

prag

conj unc brrp nyi ny Bri ef
Descri pti orinof Innthepresent exnmple, &mwphgges of the fine posmiogl 1A
represents s%?vﬁ%@isﬁ?bmbhnm a¥e Iaﬁdcimrefdre rillﬁEtrated ese
magneti zat i at.t e ne s Eiﬁ ous P | a

accor dance &l@éséﬁlﬁ E Fit 4Bt

PRA synchr thha'eﬁtl hse \166lb1§twiﬁnl therri-ltm:kt sEI 11)2 iﬁdlﬁthétiﬂ% off-

Kk h 30
of “or 0d' Pz aﬁﬁeﬁ? YRR dcBrisch arBRefias p&aﬁ coherdsiinaetetifatolar ac or
(discrete qaat&ehrmnlndmd&slnmr\)am from trackrtofrack awith radialand 50% of f -
track phase
Fig. 2pr epr%@g%g ser | esé‘@%d oﬁ%gnt(giSIE q;1%0‘?63]fé *‘E)@gasew(}lggfl(s)r s
induced i n prayided te enable emﬁlﬂmoyélsammmg gaimand éiming loopsiesi t i ons
L?:'r ?tu N tl ‘i’re%@?td:pﬁecﬁé\tiiﬁﬁ{gaﬁhis'ﬁ hid gaih Fell6wing the \WR-RACE PhéSe 102,

Eigl fzor recovery of the information in the 50% off-track phase 104

In the case of the on-track phase 102 the magnetization pattern
~ changes at the centérlihe of each track. Thus, in the on-track phase 102
the magnetization patterns are of opposite polarity. When the head 26 is

20 following the centefline of a track, it nominally electrically subtends
each half width pattern equally, and sums the opposite-phase patterns,
resulting in zero amplitude position error signal (PES) samples (there
may be a slight inequivalence in some magneto-resistive read response
characteristics).

In the 'cas'e-of the 50% off-track phase 104, the magnetization
patterns are of opposite polarity at the track boundary. If, for example,
the head 26 is settling at a destination track location at the end of a track
seeking operation, ¢r the disk drive has sustained a bump or shock force
30 which drives the head 26 off-track such that the head is now following a

track boundary between adjacent tracks, rather than a track centerline,
the head 26 will read a full amplitude from the on-track phase 102, and
will realize servo samples representing a net zero amplitude output
(PES—O) from the 50% off-track phase 104

35
In the coherent phase 106, the magnetxzatlon ‘patterns do not
change along the disk radius (except as the data transfer rates change at

2
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ﬁig. 3 is a block diagramof a PRML data channel within a hard di sk
drive including a synchronous servo burst detection circuit and a

correl at orwoogeret or (di screte gated matched fil ter) for JdECEASISH25he
Fig. 1A magnetization pattern’in accordance wth principles of the 5
present invention. Fig. 4A represents an enlarged, |ineal

f1old Tor. uses RoypRRHaR a5 expliieOinihe el Ao CeRep Ry € 2Phtch 2‘&% es
such as t hoseApplicagiom8erial No.08/174i893), leither |atéhe|centﬂrhaeam at the

magnet or e th f
IS ot A ATk So e AR
sanpl e val uesrefereneeds maay be u iy some P s a
graph of goséfbrg‘%ep@ﬁhhgogam an%PDﬂlQiffMtchol% scor reI ator filter

circuit, show ng on-track, 33% 15 off-track, and 67% o f track phase
signals as a function of head-track posi tion. Fig. 5is a

partial block di agThe @ti-madkl:ibhas&lez,cbﬁfntmtk\phabe 104 and coherentcphisedr i ve

corr ol ot or -1 ni 0B BRAANERE KL YR lﬁt?ﬁﬁ#@@%ﬁi‘@éf?@ﬁ%ﬁ&pmem

pattern il | usshewadin Figi bA mﬁprow e a desired number pftsample wucs,l s that of a

Pref err edygzmbag élg‘ﬁgﬁas;%z 104 andm &;ﬁé{éﬁt a REHArAR™Y HFEH“ the

prior art appr.oa CO eri e OI‘ verni e ea sition
i nformation f theserph @aqs\r@present&ﬁpqumssmmf urstli i that ¢smoh -track-

e o 7L S MRS pordary of hckiphase eSS e e, MOt o1
Essentially, present examp s@n‘fﬁrﬁﬂﬁ? Rfﬁh%éwv%ve BB IBERIAES TP sect or
17hCeN; eﬁt fﬂat ngbﬁitﬁ%sﬂiﬁnlp%elslﬁld swoaiegativiel samples ore4Dsdmpléhy Byonvent i onal
Fadi al batle. Sybemghols Sarfling e %@ﬂﬁf’fi}%ﬂﬁdﬁl&ﬁ Yimifle} gl Tdgalt) idn
Fig. 1A depi categ.ngv0.967vof ther positizetandhnegative peakis of eachfull cycle.
principles of Hle SR théfd/fRY BE 12/ 4T AafReLAE parend APERRE One-
cycles or T cycles) for the on-track phase 102 and the off track phase
104; and there may be 4 4T magnetization patterns (16T cycles) of the
20 coherent phase 106 (to restore timing phase and gain loop lock).
"~ Longer or shorter phases may be employed, depending upon system
tolerances and control loop lock characteristics. Also, other sinewave
periodicities may be employed, such as 6T, 8T, etc.

25 Thus, as shown in Fig. 1A, if a data transducer head, e.g. the thin
film read/write head 26 of Fig. 3, is precisely following a track
centerline, the magnetization patterns will cancel themselves out when
the head passes over the on-track phase 102. During the coherent phase,
the patterns will add together, irrespective of radial displacement of the

30 head, and the patterns will also add together during the 50% off-track
phase 104 for so long as the head follows each track centerline.

- Fig. 1B illustrates the new servo burst pattern from the
perspective of equalized partial response, class IV (PR4) samples, which
35 are obtained when the head is centered either at track center, in head
positions 1, 3 and 5, or at track boundaries as in head positions 2, 4, and
6, as illustrated in Figs. 1A and 1B. In the Fig. 1B example, the "X"

H



hal f track wi dth magnetization patterns, wherein a plus synbol denotes
WD 96/ 11470

PCT/ US95wblagA 2470 e.g. recorded magnetic domai ns of aPCTASIS/PES2arity
(e.g. NS) and wherein a m nus synbol denotes recorded nmagnetic

domai ns of an opposite polarity (e.g. SN within a | ongitudinal
recording p tterns
are not Sho&mﬁhﬁgr@%note ? 0-Ellglaaff %*%ggéj 5.\?& a"%@a‘?’%@?{sﬁﬂa 315 s mark
field 108 | PEShimformation.n. Fr g. 2. In t he present. exanple, three phases of
the fine position servo burst portion 100 are preferred and therefore

_illustrated. The hases i nclyde,an ori-track | 102, a 50%

of f-track phase %e@ﬁ 151@0‘1&13“3&5 Meﬁﬂy DsEX08 %Ff@eérwh&bk
pﬂase 1(% aare phie otd byod fcorﬂslauenanteghﬁaﬁ oMb éégmte%ﬁm erﬁa&qidmg ‘i

ase- coher netiz e vAar rack to
ltorack with ﬁE'&Fgai% the ﬁﬁc&mm @ﬁﬂéﬁ& a?ﬁl\j ‘Eﬁﬁfﬁée&ﬁ‘ﬁ The
cogerent phThe cardelation-integratiomeircuit isrexplainedebelpwc hSimce thes : : ng gain
~and timng ol | owi ng

the on-track pnasquggcuxéﬁé@,ﬁdtggcl)% gsc#ds %?ﬁﬁf%%‘m@ e 50%
of f -t rack pﬁﬁgetlye@lecmcal read-mode, widéh e.g cofoa wtewhnds lofponse 102 t he
megnet igpt i &ﬁcﬁ%&ﬂh”each PES'208R5 ghip He'aeufPrg s (0] '1ﬁ€1u%s‘jﬁ§¥t diph QppOhUS,

in the on-trac t he t1z attern site

pol arity. rreswnfesthreza ampli angedBck, it
nominal I'y etahhr head Ipositién.e Irithe on-mk*pﬂa%bflw Cthé sﬁﬁiﬂaﬁ@i\ ﬁz‘g@@hé y, and

o ror s gna %b&%;l?s%rﬁr@i%?ﬁﬁ%cbo nafigdildh, bk 36% oBf Bk iiest ' ¢

some nagnet the satusation regionsry Ly occur at theatrackicenterdines25 _
I th 09 tt

are of DopoEoreafely? Witk sihpfcs £8a7 %géﬁé a&*“%sm%eféﬁ%rﬁ&r%ak " ire
head 26 is SArALIOR, eamn lescare; obtaingd fiom ithe sast; linean regien ef ther50%: r ack

off-track phase, and conversely so. In this sense the PES outputs from
. the on-track phase 102 and the 50% off-track phase 104 result in PES
~ amplitude values closely analogous to the values realized and discussed
20 in the referenced and commonly as'signed_U.S;:. Patent No. 5,170,299.
Also, by looking at the polarity of samples of the burst signal being read
from the 50% off-track phase 104, it can be ascertained from this phase
information whether an odd track or an even track centerline is being
followed (odd and even being related to an absolute track numbering
25 system before e.g. Gray coding thereof).

Fig. 2 provides yet another perspective from which to consider
the Fig. 1A servo burst pattern. This perspective is the electrical analog
signal waveform induced in the head 26 during passage over the servo

30 sector 100. In Fig, 2, a synchronous servo address mark field 108 is -
shown immediately preceding the on-track phase 102, coherent phase
106 and 50% offset phase 104 in the sense of relative motion between
the head 26 and an underlying, rotating data storage disk, such as the
disk 16 shown in Fig. 3. In several locations which are marked by

35 - circles in Fig. 1A and in Fig. 2, the magnetic dipole patterns are
‘arranged in like-pole confrontation. This like polar confrontation of
magnetic domains marked in the magnetic patterns graphed in Fig. 1A

12



seeking operation, or the disk drive has sustained a bunp or shock force 30
whi ch drives the head 26 off-track such that the head is noiglgjgﬁ'%; ?‘I\%#g a
track bou%?@llﬂmween adj agent tracks, rather than a ‘track 5

the head 26 will read a full anplitude fromthe o “t'rack phase 102, and
will realize servo sanples representing a net zero anpl i'tude out put

(PES=0) fr omrebult§(i%phafsetd1w¢ntnﬂnn£msJlﬁlthe&ﬁcovered analog electrival sigrealpnt

Paa s (oxcen SRR e ARoAaHET pofllodE e the Fig"2WEVGHRRR, 15,6 "

PCT/ US95/ 11252 zone boundar| es as explained in the rel at ed

copending U S. Pat@g¥en the fatithhe fid Rea26] dnists O éﬁégﬁeék GichPr af

the centecrline, trac ,
coher ent §has‘€1@86°€?'39‘i"d§¥°§h“ S “ﬂ@? g‘ﬂgﬁbéﬁ& emey&) YHg AN n
sone PRM chacmd@kfphaswam a80% offitrack hhkels teSté ighable thehehd

of fset contr | 00

ff h
104 and coher®h@ch mtely to resQjye m&n@*m@%l IIE)IOWEI rﬁt}rgﬁaqg;rgfi}gq gngsgf

t he magnet i zcheadhpositios servo loophown in Fig. 1A to provide a desired nunber
of sanple values, so that 10 each phase 102, 104 and 106' represents a -

separate "burst". Each of these phases represents a "concurrent burst”
in that a0 two  haWith reference to Ewgdﬁhammp&ry chighoperformance, highse are

concurrently dﬁﬁfb i ,‘fow costMlQIEQiﬁvé‘IeriﬂbS &%ﬁiﬁgfé‘k@o@é&bﬁ\aﬂ
si newave burst I nc 8 IVﬁ lagp es, an %2!-{ ? i&arrpl es
or 4T sanpl esadapp Wﬁﬁﬁ'ﬁg séﬁﬁ'lﬂp W naus:serve byrst 11g

s 2 gEIS eg f a re 2 . Ih dhftébhﬁgh‘gl{?@ordancéiwmle %e pfinéipled foftthe p@@ﬁﬂt' inveatiennegati ve
Ironatgnet i zat i ontif ﬁ!‘i ¥r ahead %R‘FE&Sk assgﬁ&l?elgs(f’ EﬁS‘%"g@é %‘5} aﬁﬁaSF fBon-track
phase 1025ancblebtronids ¢l|renit boaade(PCB) 4 é¢onnectediterthe HDAd2 The
TSt o DN e g i il ot e
. more disks 16 are mounted in a stacked relationship. A spindle motor
18 rotates the spindle and disk stack at a predetermined rotational
velocity. A head stack assembly 20 forming a rotary actuator mounted
20 to the base positions each data head 26 relative to a corresponding data
storage surface. A rotary voice coil motor 22 rotates the head stack 20
to position the heads 26. The HDA 12 may follow a wide variety of
embodiments and sizes. One example of a suitable HDA is given in
commonly assigned U.S. Patent No. 5,027,241. Another suitable HDA
25 is described in commonly assigned U.S. Patent No. 4,669,004. Yet
another suitable HDA is described in commonly assigned U.S. Patent
No. 5,084,791. Yet another HDA arrangement is illustrated in
commonly assigned, copending U.S. Patent No. 5,255,136. The
disclosures of these patents and this application are incorporated herein
30 by reference thereto. :

A head select/read channel preamplifier 28 is preferably included
within the HDA 12 in close proximity to the thin film heads 26 to
- reduce noise pickup. As is conventional, the preamplifier 28 is
35 preferably mounted to, and connected by, a thin flexible plastic printed
circuit substrate. A portion of the flexible plastic substrate extends

13



Longer or shorter phases may be enpl oyed, dependi ng upon system

tol erances and control |oop |ock characteristics. Al so, other sinewave
peri odi cwoeg1dmy be enpl oyed, such as 6T, 8T, etc. 25 PCT/USYSANRS2; as
shown in Fig. 1A if a data transducer head, e.g. the thin film
read/ wite head 26 of Fig. 3, is precisely follow ng a track

centerline, out

the head pacoReriory of e HI rQ%‘ktb ra71dY pleciiEetghdf £ Goft Wittlco

t he pat t er nsthei ¢ircuigty cariedion ther PEBddt i ve' of radi al di spl acenent of t he
30 head, and the patterns WI |1 al so add together during the 50% off-track

phase 104 for so ng as the ows -each track centerl,ne.
Fig. 1B illustrat §3’d§ ifﬁpbysmf qutﬁrﬂ@@lecmcalllderspect ive
of equal 5z eobdmiéot@thé dislodsive eleogenic/cirbiftly neeake Tor Whi inlelizent ©

b d wh h K d
pos t§ ons 1. ibgerkicd Bk, iy e Syftent, Ay abl%@ﬁcﬁ flodBeelefrionics, 4 and

6, as il ustciatwitryi ooﬂagned t& thedPCB 14rinchedesi encode/writewircui éﬁ!
5/ 11252

Vel vos - danordrivs electronics %%F‘“‘h%%& s e 7 e sy dgivehicd

PES i nf or matStoucture 34 over whichrcgmmands an tdaataeseq:aa feomythe host,

t Kk t
CroSe 10K distied ahA At of passed iy “‘egw "éﬂﬁ%@'ﬁ"%h@%gr T
and for the 15§ (fﬁsfegr 8§§1"14§14EN ‘aﬁcﬂﬁl}@@ratlon

r-uU

cir c ;Ji t { s badgeoh babnwbuﬁ’féic@oﬁﬂireuer,ga cache btdffer frienior e |
o v e i TV Btk ot ISR g B s Il i g riage eeiﬁhr pes
curve gr apheslructufe,gsuch(hs $GSIoHstmkfmmbmdmcatwnsmatrabu9erWilihOnS
nhe ! 043P SESS TSR o Y i 1098 olpuing fithe E
shown). An embedded programmed d1g1ta1 rmcrocontroller controls
data formatting and data transfer operations- of the sequencer, data block
transfer activities bf the interface, head positioning of the rotary |
actuator structure 20 via a servo loop including the head 26, the -

20 preamplifier 28 and synchronous data channel (in a manner explained
hereinafter), and a head position servo control loop circuit 24. The
microcontroller also controls the spmdle motor 18 via a suitable motor
control/dnver cn‘ctnt " These elements are not a part of the present
invention and are pot described in any detail herein.

25 - : |
The channe] of Fig. 3 may conventionally include the read
preamplifier 28, a data path 29 leading to a first variable gain amplifier
36 for controlling gain of the analog signal stream on the-path 29, an
analog programmable filter/equalizer 40 which functions to shape the
30 spectrum of the al_f)alog signal stream desirably to a partial response
| spectrum, an analog adder 42 which is used to control DC offset, a flash
~analog to digital converter 46, a digital adaptive finite impulse response
filter 48, a V1terb1 detector 52, and a postcoder 54. A dual mode gain
control loop 38, ahd a dual mode timing loop 50 also provide important
35 functions within the synchronous data channel. “All of these elements
together compnsq a highly efficient; and presently preferred
synchronous PRML data channel of a type described in the referenced, ,
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nom nal ly occur at the track boundaries, and in the 50% off-track phase
the saturation regions nomnally occur at the track centerlines. 15
Fort unat eWQ96/1470 sanpl es fyom on-track phase 102 represent PERESS11252:
saturation, sanples are obtarned fromthe nost Ilnear regi on of the 50%
of f-track phase and conversely so. In this sense the PES outputs from

th t k PES
aﬁgl ??udrea\(iama;}ﬁ%e ﬁﬁa 0?91(21?{(# q%igg mﬁgﬁaﬁ?éﬁ?’%@mcu?sed 20
in the refer m ata

from o ES&W?’@“mgégi”“dgi’“%@d"%g‘ﬁ%‘gﬁ mo 10.5: Patene 6, 10 6 °°¢
i nf or mat i gn éﬂﬂé@%@%@?ﬁiﬁéﬁ d&%ﬂ&‘?ﬁ‘é@% herein b)é bei ng

fol l owed §oddeferdnees ettcohttol cincwilo slef t&oelwsauhcmdlibﬁineﬂgd@.‘é
another  per s amufles frdh nﬁ%’@%‘# STLBR Slash, A/D 46 apd deigsnidesDL B Gifsel”
pattern. Thi coreectienr value prefenably incacdardance avitly the teachingsiofwavef or m

| nduced i n ”B’(ﬁﬁﬁﬁfhlgﬁasgg gggsﬁa&%qﬁg ovich 18" Pattht ABplihudA° '
Fig. 2,

i Im%edl at ZI ;y gﬁ é@‘s%gﬁl&y 182 19941 entiledpReal-Time D and
50% of f s¢) pr@fﬁaﬂ-%ﬂtfbl"l""@r PRME S dDi dthCKﬁitY%ﬂenthe the head

26 and an und rI n ot a data s dISk su as t dISk 16
shown in Fig. (ﬁ Hgééb%‘fcg% I?%Egtlpﬁﬂg’% herein hy (%%IW%S%E digi
Fig. 1A and |E0:oﬂ‘set2cotrbetlongnﬂues:anb poneented teanaley values by ahaffsst I n

donsi hs ﬁa?‘k’e“%ﬁ“ﬁ‘(f‘h%%‘gﬁﬁtﬂﬁé %%ﬁ@"@‘laf B{%@?bﬁfssf gt e ansog REL .

PCT/ US95/ 112#2 in the analog,da thedilterlequalizeri 40 and thedlash ed
anal og ehectrAml caivird as shown i n the al so-nmarked portions of the
Fig. 2 M/g§eforns cotl r 46. G ven the fact that the head 26 manifests an

effective electrical _
Alternatively, the synchronous data channel may be realized
differently. In one different, yet entirely satisfactory approach, a
sample and hold circuit receiving the incoming data stream from the
20 head 26 may be followed by an analog magnitude FIR filter, followed
by an amplitude digitizer, and then by a synchronous interleave detector
and postcoder , etc. |

In the synchronous data channel example illustrated in Fig. 3,

25 magnetic flux transitions sensed by the selected data transducer head 26
during playback mode are preamplified as an analog signal stream by
the read preamplifier circuit 28. These signals will resemble the analog
waveforms graphed in Fig. 2 herein during passage of servo sector
pattern 100 by the head 26 and depending on radial alignment of the-

30 head 26 with the particular data track being followed. The preamplified
analog signal stream is then sent through the path 29 to the analog
variable gain amplifier (VGA) 36. After controlled amplification, the
analog signal stream is then passed through the programmable analog
filter/equalizer stage 40. The analog filter/equalizer 40 is programmed

35 so that it is optimized for the data transfer rate of a selected radial zone
of data tracks from within which the transducer head 26 is reading data
(the zones being arranged to optimize data transfer rate with disk radius
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5 width of about two-thirds track width, the Fig. 2 scheme enploying an
on-track phase and a 50% of f-track phase is adequate to enable the head
26 accur resol ve head position for proper performegeprlbsihe

“head pos?‘%ﬁgﬁl‘gg?’vo | oop. 10 Wth reference to Fig. iig? an exenpl ary
hi gh performance, high data capacity, |ow cost disk drive 10
I ncorporating a programable, and adaptlve PRIVL Wi te/read channel with

synchr onous u@convgnugnalrfaéhwn) The equelized analeg readisignal is then he

principles ofy Hsifisthe- di sk
assenbly (" Hg)ﬁﬁgdgﬁgﬂhplm séonggmllr%;g%vﬁglcbdgg;Cslﬁgh%g%tg;ﬁac;]g{sérpm) 14
connected to Y&sern

spi nglg aslsed‘ata; %en&ﬂuteswme:hgnal data- sumple]i_ug 153N IﬂmnﬁdDr%rls dlovrdeﬂd .
stacked regl at i re test i ndl e an i sk -
stack at p?’"e eﬁ’ﬁ@h@%@%ﬂqﬁ@& hich is a%qq% S ltﬁe Q eack assenbly 20
formng a ropmp rably. ight b sjmemamplet{cxkhe base positions each data head

o;

- 26 relative to a correspondll ng data - storage surface. Arotary voice -

coil notor 22 rotates_the head stack 20 . to pgsition the heads 26. The

HDA 12 may fol | owAd BIBeﬁlt@rA&gsmnuded for Barthes: filteringiand condittping anpl e
of a suitabl ﬂ:érw\vldatalsump es [gx The'RIR ﬂlt%is!&lemwéyssad&’pﬁe@mf&

O il Aol Lt i bt SR | S
| ;?mnghﬁfsa&m&cée aWéﬂIdesued bhanfiel&&ép&ﬁﬂe cl’fafacmismr(sh&‘l\as ont o
No. 59255 133?‘ #—J&s @clr%%% @W& ‘Eﬁ‘g%g’r&ﬁgﬁ@é"‘%ﬂpﬂ%t i on
ar e i ncor por aonditioned sampleSbwkbf Since-th etpmamhle comprises a sinewaned |
SHeDlAeitZ/irﬁagl ggag?gﬁ?gmﬁ?gﬁkgé%sﬁgy%ﬁ dﬂaeﬂ?eftﬁeads leggpbﬂgéd 'redu\(l:met m)insfahe

pi ckup. W is conventional; the preanplifier 28 is 35 preferably nmounted

~to, and connect edTihg, ﬁhefdd and b@nditi@ndﬂ data’ malest(gq(} leavifg tie¢/ FIR
substrate. Aﬁ?t%;'uSOBagsf o{re fel [e)é bh& t8 tﬁe t‘}ﬁeﬁn %fette&or 50°¢ w?u&\ decodes
the data stream, bhsed upon the Viterbi maximum likelihood algorithm
employing a lattlp_fe pipeline structure 1mplementmg a trellis state
20  decoder, for éXaﬁ{ple At this stage, the decoded ‘data put out on a path
' 96 is passed through a postcoder 52 which restores the original binary
data values.

Use of a dlgltal gam control loop and a dlgltal timing control loop
25 has a number of advantages First, a gain (and timing) control loop
controlled via dlgltal samples is less sensitive to variations in
temperature, power supply and component tolerances than is a strictly
analog control loop. Second, loop compensation or bandwidth may be
easily adjusted or varied simply by loading registers, or by switching
30 between banks of registers for "on the fly" changes. This means that
optimal loop comi)énsation may be used during both acquisition and
tracking modes. Finally, the digital loop filter eliminates errors
otherwise due to bias and offset that may exist in an analog-only loop
ﬁlter 1mplementahon In the present invention, ideally, the gain and
35 timing control loéps are able to be updated during passage over each
- coherent phase 106, so that there is no loss of gain or timing control
between the on-track phase 102 and the 50% off-track phase 104.
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\AD 96/ 11470 R g PCT/ US95/ 11252
exteriorly of the HDA 12 to provi de eI ectri cal 'signal connections with

the circupwloegsae’ i €d on the PCB 14. The el ectpcamnsesniysp 14
physical 'y supports and electrlcally 5 connects*the di sk drive el ectronic
circuitry needed for an intelligent interface disk drive subsystem
such as the drive 10. The eI ectroni.cs | circuitry contained on the PCB
14 includes encode/wite cirguitry 30, drive . glectronics including a

host i gt erfgc; g;z denddeaaogfagg@eﬁv@?&M g:? tt&fjﬁelrd ?08 B%lgwﬂ[ whi ch
commands an Sii 3} O@I %rl St i des a%is)t and da a are
passed from oy ‘Sﬁ:@? 2%2 e W oLt

sequencer, arcieniES8sHRoliewiggdet¢ation OnyﬁSSAM in ﬂlﬂeﬁﬁhﬂ!rlOSathatlhlmﬂglf fer
controlle blﬁfa}

controll e? | ?'r:p SS Eggﬁ ; e\zé?gezheorhf Of the 2:3??& é?ielIibgtéP@gs SCsl
Il target, phase 106, providss nungcnn

i ni tiator adaﬂﬁﬂfolvm bl ® E6Rirol 48RYV6 é‘ﬁe&&&ér circui SGIP ahn
enbedded, prograpned d| i tal roc controls rmattl ng
and data tra F’@hf%%\'%\g?'a’&b\'}?s 48P Oﬁéﬁﬁeqeword‘&‘ﬂ'ﬁ“m@cm accor fisf er
activities ofwitheherpreséntcimvention. pDetdiloof tge SB\MﬂdecﬁcﬁdetéSo&S servoéselbt?t or
structur the ifier
28 and- syfcnimig cmpéﬁ%%&% G chig i8I0 0. o een, B BT 1)

and a head paeferenceddd\S Ratent Application Serial Na. 08/154,895 referred ¢at r ol | er

()
(

(@ ={D]

al so control quf-é spindl e notor 18 via a suitable notor control /driver

circuiit. These e_'errents are not a part of the present i nventi on and

are not described in any det ail herein. 25 ' ‘The channel of Fig. 3
Imatydconventlo]paIIyEsssm Ik zﬁaﬁmnous ¥rodBurst detectSr 63*&1% e i 29 f
eadi ng a fir vari abl e r contro ng gain o

t he anal :!3 ag‘?rr'&}ﬁgfﬂ{ ?ﬁér%‘é{rﬁ’@@ mganifests lgn(ilsﬁﬁf 5 tyge bl e

filter/ equal Idlmraé&mtmcsfoffammtcm filterswhivh hicad Gmprilse respomse whichenal og

ddor 42wy R (P8 e ihwbfeof s irborhfRl SRR Fmsiae&or‘@hﬁ% 3 Wy

converter 46,additioni maﬁheqam'ml wesponsetehamm]u a multipliersG2 whlchfmul lies8, a

Viterbi d |
38t e;n:j aeélﬁa rmeg12 (i. ga&Fa%laMﬂg’%t anfroég ??ﬁgrgns oop
within t RO syiilter 48 vah;%s tqc&m,d from)a gerrelation signal generator 64.

digital correlator multiplier signal is matched in frequency to the
written burst signal. Referring to Fig. 1B, when a pattern of +2, +2,
-2, -2, +2, +2 is being read, the correlation filter values put out by the
correlation signal generator 64 are +1, +1, -1, -1, +1, +1, so that the
25 product put out by the multiplier 62 is an amplitude value in which the
sign has been selectively complemented. The relative phase of the
correlator multiplier signal to the readback burst signal may be used to
determine off-track direction. The correlation signal generator circuit
64 is reset following detection of SAM by a reset control signal passed
30 from the servo sector timing circuit 58 via a control path 90.

The products put out by the multiplier 62 are selectively
accumulated in a PES accumulator circuit 66. With the illustrated
“arrangement of a correlator generator 64, multiplier 62, and an
35 accumulator 66, a discrete time domain matched filter is achieved which
produces position samples in which output peak signal to noise values
are maximized relative to a Gaussian noise distribution. In other words,

o



together conprise a highly efficient, and presently preferred
synchronous PRM. data channel of a type described in the referenced,

WO 96/ 1147061 . pCTﬂﬁsghuﬁa5/11252
comonl y assi gned copend| ng U S. Patent Application Serial No.

07/ 937, 064 entltled "'Disk Drive USI ng PRM Class | V Sanpling Data
Detection wt al,i zat i now.U. S. Patent No.
5,341, 249, tW, eB L mdtipfiEin et un hayingdi i gng selsckely
ref erence. Tdcem m&hﬁsﬂ ataaammhul:at &gfﬂMaemla@or 66 thelidsubrand dat a

Cor Tocti on Vil m‘“*%ff’é?%%%f%«bﬁ%éb 3&3§nf?*ﬂéjp§§tf°é£%l%?ﬁbi‘rl§ﬁu% e

comonl y assm@nsectompmrm ed.S. Pat ent Application Seri al
No. 08/2%6,817 filed on July 18 1994 entltled "Real -Time DC 10 O fset

Control For PRM. npl ed Digital Chapnel the | di scl osure t hereof
bei ng incor porate ﬁé\cﬁpﬁl‘%}g eﬁ@‘@ﬁg@ mPE‘éSQﬁ aisumming cingitHy.ca at Cil
correction v aad aﬂf@e pathid72. frcﬁﬁédméutpﬂtlbfsthbﬂawh P0t6ehe DAC (not
shown) and used t.0 ﬁt t] dder 42 in the
anal og dat a P t-\#@@ -

ffset .at th
-=fﬁ??@FF§§Hﬂ$@£ Tt Bead ey a5 o/ D
converter 46CLEAR SlEal onAl Mandlthentdmbbed\bymnﬁmmmsflél may

appr oaclld sigoal O, Pa éy%#*&“@é“ﬁ%ﬁf’ G imbg eﬁ@i#a?omgt dat o str bam

fromthe 20 B " control\eigna) is assertad>aften geveral initiak dat. ater
fol | oned dsafrﬂg e%rbf?{ﬂ@ 6ﬁ “ﬁgtco c@@dxxkvrimgammﬁ%z

i nterl eave synchr onous

dat a channel Ye%&rﬁﬁlt&e Ppﬁﬁk 'éﬂng ? balance Qﬁmﬁrﬁgﬁéﬁl‘éph%& dRsitions
sensed by th&tﬁﬁhﬁlﬁteénd@ﬁ&ddl@PESUﬁﬂ ideAhe on-tratk'PES t9 &y back node

ci reui ?‘15‘3' ok PSS Bihchord el Gl Sack RS Tl 78 js cnaBied B &t o211 o1
ENABLE ON-TRACK control on a path 80 from the servo sector
timing circuit. The latched on-track PES is. dehvered to the head
position servo control loop circuit 24 via a path 82. The initial samples
denoted X,X in F1g 1B are avoided because of potential phase

20 discontinuities in the sinewave patterns at the boundaries of the phases
102, 104 and_106 which would result in asymmetrical sampling of the
position samples (Satnple phase discontinuities). One advantage of the
present discrete matched filter arrangement is that the correlation signal

. generator 64 and the accumulator circuit 66 may be selectively turned

25 on during phases . 102 and 104, and turned off during the coherent phase
106 without mtroductlon of any unwanted artifacts or aliases which
could accompany- sw1tchmg in and out of an analog matched filter, for
example. : : =

30 Responsive to the CLEAR control signal on the path 74 and to the
ENABLE BURST control signal on the path 76, the accumulator circuit
66 is cleared and then enabled after several initial samples of the 50%
X" in Fig. 1B) have passed by as to be
operatlve dunng the 50% off-track phase 104 to accumulate an off-
35 track PES and prov1de the off-track PES to an off-track PES latch 84.
The off-track- PES latch 84 is enabled by an ENABLE OFF-TRACK

control on a path 86 from servo sector timing circuit 58. Once enabled,
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maveforns graphed in Fig. 2 hereln durlng passage of servo sector
pattern 100 by the head 26 and dependi ng - on:radial alignment of the 30

head 26 wiwgokifazparticul ar data track being followed. The p E‘?ﬁﬁ?ﬂbiﬁéﬁd
anal og signal streamis then sent through the path 29 to the ana

vari able gain anplifier (VGA) 36. After controlled anplification, the

anal og si gnal str m i p t hrough _t he programrabl e anal og
filter/equal i they E@%éﬁ? gasséij@@h% thﬁﬂngfm PES |%alpc@(hgne?j 35
so that it isg liés #tad therhdadepositiont 306! @intfall 160p cifcd adi a
zone glé‘:sa tr fromw thin which the tran?dcucergl?a%dﬁgaé{

readi ng data t nes being arranged to optim ze data transfer rate.
with disk radius WD 96/ 11470

E’Sﬁﬁf’g?’étﬁigﬁmp Fig, @%@éﬁiﬁﬁ%ﬁﬁ@ %8 ;_;ifx‘iffﬁﬂri’?r,f;eﬁ?gh
speed fl ash it 1one 08pa £ f0n o
synchr oni zed ﬁdéhalsﬁéad dlsgxlﬂé’érﬁﬁnﬂfélﬁﬁ%etp the¥icBhiat e frapREP'A (LeTr]}-

Th A/ D 46 | east
Si'% bl ts,  anceHROR in Fig. (Gt izack BHS isimestlinearapeach tack] | .

T i crostttling,wherted ther SO% offtafk FER i Wi e bl Bk
coeffici ‘?@'FBD‘*Wt e eé#cp%ﬂﬂptqeﬁ? &j’“ﬂﬂi IPgB/ Q!-é‘i‘ﬁt §§l%|§t% betwesn |} in
accor dance e.the m—tttaakePESeahdlllheHSﬂ% rOfﬁﬁMd@PE%ﬂ%iﬁ%iﬁfé:lﬁagfﬁe%ﬁgggh as
(F;(I?ij:: ?lsznleg ((P%)A%nedslﬁg%jjﬁ ﬁgﬁw ??tgﬁ S‘i%elé'ﬁﬁﬂ‘p fipri ses a SI newave
pattern, it is not necessary to equalize to a PR4 response. Cilter
e filtered and oyl e ROy Y
data str § @Hi@ﬁﬁ%éé 15 faken ¢ Wéﬁhq .therFliR)&ltqr%ma the path -
enpl oyi ng a 149 tlt@honl@bblmﬁle?rbtdbﬁ thigt therF RSl rrws fs bpfibhaPfoy ale 20
decoder, for s%mcﬁoﬁouéa‘ Letvd urst detecti (;]1(1a (lit Sl’cl)Oll g tu%derstooﬁtb)? those” ah
' skilled in the art that as the burst comprises a sinewave pattern,
equalization to a particular partial response spectrum response is not
20 required. The filtering and equalization should be selected and applied
in order to minimize distortion occurring at the transitions between DC
erase zones and burst zones, for example. If the channel is not
effectively equalized, when a transition from DC erase to the 1/4T burst
pattern is reached, resultant distortion will span multiple raw data
25 samples taken in the transition region. If such distortion is present, the
servo burst intervals must be extended, thereby unnecessarily and
inefficiently extending the overhead areas at the expense of user data
storage. The multiplicand could be provided by unconditioned data
samples x{k} on the path 47 at the output of the flash analog to digital
30 converter 46. However, since the FIR filter 18 is present, it makes
good sense to use it for further filtering of the data samples.

- Figs. 4A, 4B and 4C illustrate a servo burst pattern which is
adapted to head structures which have electrical widths which are
35 effectively less than e.g. about two-thirds of a track width, as is
frequently the case with write-wide/read-narrow thin film inductive
write-magnetoresistive read data transducer heads. When a narrower
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96 i s passed through a postcoder 52 which restores the original binary
dat a val ues. Use of a digital gain control |oop and a digita

timng co&br J.,Pop 25 has a nunber of advantages. First, peragbsiieend
tim ng) controf controlled via digital sanples is | ess sensitive

to variations in t enperature, power supply and conponent tolerances
than is a strjctly angl.og control .1 oop. Secqnd, |oop corrpensatlon or
bandwi dt h nayiqyéncal reach width jsipreseat &hemakam mﬁwaayan@admgon or

registers, oeaeu;ﬁuemusw@.medo redion 49 redecdd. mmnn the fly"

ot EgiiquT“' BB S0 patternd gV e, b3t °°t?¢»f °”‘°e”5t%ew€“ Back) PIAIS S0 (11 (o
i si ilter

el imi niat es ethatrthere are etgicthres patllems w1th1nstherW1d1hfd'eeadﬁ1dataMCkxl st in

an anal o i . r t enti on,

| deal |y, ggs%?gdgr%‘g ééfﬂt%fﬁ écon Fo u?%b@ gilg ﬁggi%gﬂ ag‘sgg tﬁé)‘ggt ed

during passa d2candha c herenhphmIMxefQﬂewedobyM37meﬁeuaekno | oss

of gain or 1p (}q@sraﬁd)hsvf(gb HAAGEPhade198; 'Fige IBEGws ti¢ and the 50%

of f-track

PCT/ US95/ 112§2nchronous data sar ﬁaeeemwlbphe%&pr%d@s adineatPESe fiel d
108, a signakign dfot@a%cémw &aékavmtf@ém trhek \centérlie! ThehextBFR Vo

551 ) 5% g i o oV kS35 G Mk e T 4L |1

phased102 5 firtal 33%aﬁfprblvadad bythe 6% Gﬁfetrmlhphafe withssormeé @vertap of
t
provi des 1 0088l ranae AP EAH phS0 ORI TR, 48, S e BY .

decoder circ rPonous servo Burs

circuit 61 mhewﬁfw@azmecmcal\mad Wlﬁkhp) rdatartvmadmr hgedaulnsotdert he

D

-y

SAM decoder- g éﬁﬁen%%ﬁi d‘dchcﬂhé d'é&c%&ﬁ'cﬁ%i’t%
det ect or_ 60 are1 ven re renced Pat ent, App on Serl al
No. 08/ 14, o clrcult and the timing drcuit

prov1d_es three _sequennal re_set and__aqc___:umulatlon enable control s1gnals
to control operatibns of the three accumulators.

Flg 5 ﬂlust;rates a synchronous servo burst detectlon circuit 161
20 which has been a¢lapted to detect the Fig. 4A pattem The servo burst
-matched filter deliectlon circuit 161 is particularly useful when a write
wide/read narrow head structure is employed in which the effective
" electrical width of the read element is less than two-thirds of the track
width or track w1dth Accordingly, the Fig. 5 embodlment is
25 particularly useful within disk drives employing, inductive |
wntelmagnetores;stlve read head transducer assemblies, for example
In the Fig. 5 exaxhple circuit elements which are unchanged from the
Fig. 3 embodlment bear the same reference. numerals, and other
-unchanged elements are omitted from the discussion-of Fig. 5. The
30 explanation glven above for the same elements apphes with equal force
to the Fig. 5 example

- Inthe modufied discrete matched filter detector 161, a multiplier
162 multiplies the filtered digital samples taken from the Fig. 4A
35 pattern by values received from a correlation signal generator 164, as
. previous_ly'exp_lained.above_for the Fig. 3 example. The correlation
signal generator 164 is reset following detection of SAM by a reset

20



Essentlally t he synchronous servo burst detector 61 conprises a 15
correlator-integrator circuit whieh: rani f:ests;; dn discrete time the

characterwmgazﬂmf a matched filter which has an inpul se rep@pnsgmmzch
is the tine inverse of the incom ng signal. The detector 61 includes, in

addition to the partial response channel, a rruI tiplier 62 whi CE rrulI }Qi %l es
filtered digi |l es receiwed via an out ath 49 fro e F

filter 48 by é@#‘ﬁé@%’@i 4¥'€9ﬂ1aths OFFTEP 36 B |°1!§%%T5§dﬁa@4 The
digital corretentvol pathlP0ier signal is matched i 17 equency to the
witten burst signal. Referring to Fig. 1B, when .a pattern of +2, +2,

-2, -2, +2, +2 is being read, the correlation filter val ues put out by t he
correl ation signal Tbérﬁﬂdﬂ@ts put autabyjthe{nulupher 162 ate sequentialipat the 25

product p@t %c&ﬁuldtédﬁﬁ'é PES &émﬁﬁu%?tof}@ 1669 ﬁé{ﬁdnm%g%ﬂcwie

si gn has been l.ecti.vel enment I veé_phase
co?r el at or rru1$ i P&Pvgl‘ﬁmg})mlﬂ&féha@m E%?EQ $hgon-tragk phaseskt? t o
det er mi ne offefF ig.k4 Al aret inclndes hsueaniing ditcuit mnallaaﬁnﬂzﬁhﬁa £1rcuit

TS K ere %ﬁqﬁﬁ?ﬁ%@%ﬁpﬁﬁ ichol f bick info'he * >

The products summing ¢iycuibd 72uand whlehtﬂéb previdesent onarack p haseiPES'tdt at ?d
PES c t S enent of a

corr el at 88 gek o BacEPIES Liuch 17811 Thel ch 17455 884 by 5 CLERR®,

di screte ti mecomfial sngml éupphcdl\tlara gathal:ai) ;fm theei servo sectqrrmiungs

position samiigéuit158) TheBH-BiackPPRS IatcH'#78 S eRdbRéd] ¥#'dtCON- K

nax' m zed regﬁﬁﬂﬁ cgn% szllp% 1e Ocl)éeer aﬁﬂﬁl lgﬂttlromﬁﬁle sgrvo sec\;t&gz?x;gmng

PCT/ US95/ 11256ircuit 158shAm eutpdtipathi186 supplisathie 68-thak PEslhﬁg E%Ehf 'hgns

sel ecti Vﬁky head ﬁSERim{rE VS cgﬁt%offggpn%h%hletdlfx the accumul ator ’ ©

resul tan

After being cleared, the accumulator circuit 166 then accumulates

samples from the 33% off-track phase 116 of Fig. 4A. A 33% off-track
PES signal is then transferred to a 33% off-track PES latch 188 which

20 is enabled by a 33% OFF-TRACK ENABLE control supplied over a
path 190 from the servo sector timing circuit 158. The accumulated
33% off-track PES in the latch 188 is then supplied over an output path
192 to the head position servo control loop circuit 124. Then the
accumulator latch 174 is disenabled by deassertion of the ENABLE

25 BURST control on the path 182, and again cleared by the CLEAR signal
asserted over the control path 180.

During receipt of the samples from the 67% off-track phase 116

of Fig. 4A, the accumulator circuit 166 is again enabled by assertion of

30 the ENABLE BURST control over the path 182, and accumulates the
samples from the 67% off-track phase. A resultant 67% off-track PES
is then supplied to a 67% off-track PES latch 194 which is enabled by a
67% OFF-TRACK ENABLE control signal supplied via a path 196
from the servo sector timing circuit 158. An output path 198 from the

35 67% off-track PES latch 194 provides a 67% off-track phase PES to the
head position servo control loop circuit 124.



sunmati on provides a very robust- head: fine position signal in which a

noi se conponent has been m nim zed. 3 - The accunul ator circuit
66 incl ugpe ogrifage Ng circuit 68, a. Iatch 70 and a fepdbuses/yaash 72
froman output of the latch 70 to the - - -sunmmi ng junction 68. The

accunul ator circuit 66 is cleared by a CLEAR signal on a path 74 and

octor o ng v ¢ FARR g ERTriBea | @iBoafhed BEMS GRRRIRARELC, oo

after sever anownbeiappreciated that theghjects«f ﬂlbanuennondiavprm fulbynot ed
"X, X' in Figae a wpal ance
of the on-t rac%é\’ﬁgééﬁgggm%e unde@foaﬁ H&f‘é*bgn on ?Erlack gég ﬂﬁé POV de

l

the on- trackchmeps)naﬁonsimq@onandc bodiments adk PES | at ch
78 is enapl egdpplicadions of W&l&@h Wﬂl gé@f‘tﬂéihsél%ﬁ“ﬁﬂiéh t he
servo sector tlnlng clircui t e .| at §§(5 PES 1s l[1véred to
the head  irqmadhespiri en@éceeﬁtq enaysnupncu sclosire 40 B18>. The

initial sarmdegcn tion dereireare<purély iHustrafi®eairrl arohdeihtended e b¥ in

pot enti al $ﬁ§ é |nU|t|es in the sinewave patterns at the
boundari es of ™Y I ‘ 102, 104 and 106 which would result in
asynmetrical sanp gtlsfclalmed 18 position sanples (sanple phase

di scontinuities). One advantage of the . present discrete matched filter
arrangenent is that the correl ation signal generator 64 and the
accunul ator circuit 66 nay:be selectively turned 25 on .during phases 102
and 104, and turned off during the cohereit phase 106 wi t hout

i ntroduction of any unwanted artifacts or aliases which coul d
acconpany switching in andiout of an anal og matched filter, for '
exanple. 30 Responsive to the CLEAR control signal on the path 74
and to the ENABLE BURST control signal on the path 76, the accumnul at or
circuit 66 is cleared and then enabl ed after several initial sanples
of the 50% of f-track phase (also denoted "X, X" in Fig. 1B) have passed
by as to be operative during the 50% off-track phase 104 to accumul ate
an off- 35 track PES and provide the off-track PES to an off-track PES

| at ch 84. - The off-track PES latch 84 is enabl ed by an ENABLE OFF- TRACK

control on a path 86 fromservo sector timng circuit 58. Once enabl ed,



rorosossivzse (IMIININUINN. crres

1 'a't"ches the 50% off track
PES val supp i€s it to thgghe.a-glgipom tijpniserv Ez‘lp(;g’ gh 00D
ci rcui tlﬁg%&h{”ﬁn out put .. Fi g. % gr agﬁ t he

on-track PES put out on the path 82, and graphs the 50% of f-track PES
put out on th fikh 88, as a functlon of radi al head .di spl acenent

relative to tﬁe cpntkrmetlmdiﬁmas)tndxrbnouﬂgl detectinpdive headipwsitién t he

of -t rack PoatpeRabon 1PRied Yy itBEy ah ciibedded e SaF %@‘*ﬁf@iﬁ%é? Ction
servo cont r omagneficalisk aista doublersinswavesphase cohelnenbbutstanlphass and the

509 of f -t T aCkp BESHLAY albnfi®a BeAtbr AR df £lata track ?ﬁﬂﬁﬂ?x@%&‘g ik PES 15

inits linea ange

mul ti pl i SandserveRacoxr with mngnwwrwf hsa jand &IP@ﬁtl mﬁppnéednapmum t he
FIRfilter 4ﬁk¥llﬁobﬂ%aﬂ(§;¢ﬁhg data d@techbnsél'fd#ﬂél bﬁhéfélﬁ&hb%ﬂlb@iné%vﬁ R

filter 48 is Ke) chr onous se U1 etec.t It should
be under st oot %Focfaﬁ‘é@t arategppp.i’fggmg 1pfeL: &WDE’OSHB rggr ﬂ?;‘brrprl ses
a sinewave pgdrnpling datadetqcmo n channel, iconap mﬁln igi the! ste mftlal response
spectrum response ation

shoul d be sel ect eﬁé%ﬂg(ﬂ}é qoégﬁg%ﬁ&gﬁvg%@@%é céﬁﬁ#%ﬁr@gt gﬂ@t‘b i on

occurri rid atm eltmareadheﬁd;t(bpmdme a analog eignal stream, and burst zones,
for exanple. t 2%i

transition from D%ﬁaﬁlge to 1§pa.})3trr§t£ffﬁf1ﬂi’§ht ter il reac t#ilg'ihé‘

resul tant di sa@pling,d @ﬁalqlet@ﬁﬁﬁn to produgs a @fegaﬁﬂﬂi@g Sigh@n in the

transition rggeam. !|f such distortion is present, the servo bur st

i nterval s must be ‘ext nded there .unnecessa % g% d nefficiently
ext endi ng the ovef¥B ﬂlﬁ@’@l@i am RPIOVICC st orage. The
mul ti pl II,Sandsynchrbmms ad!énllrktysam tescli ti oned data sanmpl es x{k} on

the path 47 at th r 46.
HO\/ve\eer since t hgl #j mé)gyﬁé@r&ls&%h@g@%! % tosréége%%ltﬁﬂ]gﬁa c@as(g{ne?g to
use it for f diltereo maummlzm gutput: peakisignal mmoes: to produce a Tiltered fine
head position value, ,
providing the fine head position value to a head positioner circuit

20 for positioning the magnetic read head.

2. The method set forth in claim 1 wherein the step of filtering
the synchronous digital burst samples w1thm a matched filter comprises
the steps of:

25 multiplying the synchronous digital burst samples by a
normalization factor generated by a correlation s1gna1 generator to
provide normalized samples, :

~ integrating the normalized samples within an integrator to
produce the fine head posmon value, and holding the fine position value

30 in a latch for use by the head positioner.

3. The method set forth in claim 1 wherein the embedded servo
sector includes at least a synchronization field preceding the double-
sinewave phase coherent burst and wherein the step of synchronously

35 quantizing the signal stream includes the further step of phase locking a
~ quantization timing loop in synchronism with the synchronization field.
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Figs. 4A, 4B and 4C i IIustrate 2 Servo ‘burst pattern which is adapt ed
to head structures which ; =% thhs which are 35 effectively

| ess t hagg gbout two; ﬁ?'rs T%QBE@R dth, as is pcrukssesntly the
case with vvrr%e Wi de/ r eagl- nare? ‘?‘ﬁ’ film ' o

nductlve

istive read. data transducer heads “When a narrower WO
”“ﬂll ﬂﬂmrm "!r PCT/ US95/ 11252

el éctrical §ead W M@Wég%ﬁyncwwgkdﬁmq%@eﬂ%%l S6RVQ egi on for
each patt er burst ieformdtion with 4 datd transducerdhavingsan elbotridal w;ndtlhnet

'?)h:trpt ﬁere !ﬁgt(@abtﬂ{cﬂfte%ﬁgyﬁ Wh‘#ﬂaﬁ#gawa&{(d . é#ﬂéra track

nmeasur ed f r cesponseamakimuny like data channel whexeincthe servorbunstick

hase 1

Bhase 171 a%ﬁg&iﬁﬁ}t acEa %”'éée ﬁéﬁﬂt ggxﬁ&éaﬁﬁaﬁhaf%%%hronous
dat a sanpl ewid P s¢ cph W@%%%WBY%S/M OgESn itipli @%HZI for 33%

of the tractéonbdﬁmd dam traela#ofermk ea@h Ihenil@lélu aﬁomtrat:ke track
width is cov red the 3% of f - t.

as.e 6.4 .2 33%is
br ovi ded by PPAS £9%E6RFTA %&Mﬂﬁi 'smi‘ms udrids, approxiiiels’ S o
ranges of eline acemEngabéﬂI trask centerlinecandan off-tradke

o+l Len RN g6fkrd ﬁ & 'ﬁsﬁfeaftﬁiestéﬂ%fa%%@% L AR

=N

i ncl udes anlingarly with head displacement about tragkboungdary ncomprisingithe 58
provides th fej) scifquent i al reset and accunul ati on enabl e control si gnal s
to control operations o theth ee, acc

l.ato
illustrates a sy#e Sﬁtrepkdthatsemhmhe%mh has §
been adapte roeidécas anal ‘EEJ sﬁ;@aﬁattern The servo burst mat ched

filter tion cirg |t hyvpartl [J| arl)ﬁ?usef%hﬁmen a]t(\Prvrrte
e QQHIK?@Z

wi de/re narrow
el ectrical ‘gaﬁibftthetsi‘glalesitbah,errent i's Iess than two-thirds of the track

_ synchronously quantizing the signal stream to provide
synchronous digital burst samples,
‘multiplying the synchronous digital burst samples dunng Servo
20 sampling intervals by a normalization factor generated by a correlation
s1gna1 generator to provide normalized samples,
integrating normalized samples onglnatrng during the on-track
_phase to provide arl on-track position error s1gna1 and holding the on-
track position error signal, and
25 integrating normalized samples originating during the off-track
phase to provide an off-track position error signal and holdmg the off-
track position error signal.

F‘

5. The method set forth in clarm 4 compnsmg the further step of
30 equalizing the synchronous digital burst samples before the multlplymg
step is carried out.

__ 6 The method set forth in clarm 4 wherem the step of
amphfymg and low pass ﬁltenng the s1gnal stream includes the step of
35 normalizing gain of the signal stream ‘with a gain control loop
responsive to the synchronous d1g1ta1 burst samples
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In the Fig. 5 exanple circuit. ell Changed fromthe

emant ﬂEMnAGBDare -t}
Fig. 3 enbodi nent -bear the sane 2 - and ot her

unchanged el enentsrameqwibmaﬂsétrmammus iR 1H) ftep . The 30

expl anation give bov or ne el nts a Fe | force
~to the Fig. % ﬁ‘FR)‘F ?hqﬁl SHS ﬁ&luaﬁ’%\gfeﬁf@ ched filter
detector 161 comtmllmgmn analog to aﬁgmonvﬂnaswiﬂﬁa iy eontoblésp sanpl es

taken fromt d froma correl ation
si gnal gener;}?%é:&i%xél%g?tﬁe S%Ebf%%@g?hi%f% ¥’ ove for the Fig. 3
exanpl e. Jhe correl ation signal generator 164 is reset follow ng

det ecti on of SAM 20
W0 56 19470 1B TheSthod set forth in claim 4 wherein the servohurst. o 1 Toc5

control si gndnformation is seconded-as phase-coherent M%“@deﬁldthmtﬂma a

control pathbtihded by track centefin®andughsk Boundaiy by the nultiplier 162
are sequentially 5 accurrul ated in a PES accunul ator circuit 166. The

accunul ator circuit 166 is active during receipt of the sanples from

the on-t1@ck phas®.1The methed sét forthAnaidinm i totgai sin lthmfﬁﬂhérr § 172,

a ?L”I?i?ﬁa%%%%mﬂg@ﬁﬁ#% tifheti, 3 it g?fih\"f 7 des an

on-track phadeackephase and updating: synchrofious quanuzzﬁon‘ﬂfethéem Js'tﬁeam

.gleresgegetg%/o?vﬂtﬁn%mng%cqo 1%%5 e on %&%@ggﬁgt@%g{t?? teEZbI ed

by an O\ TRAGAmples taken from the coherent phas
15

. 10. The method set forth in claim 4 comprising the further steps
of providing a coherent phase between the on-track phase and the off-
track phase and updating gain normalization of the signal stream with a
gain control loop responsive to synchronous digital burst samples taken

20 from the coherent phase.

11. The method set forth in claim 4 comprising the further step
of providing a servo address mark within a servo sector and preceding
in time the servo burst information, detecting the servo address mark

25 and thereupon resetting a servo sector timing circuit, and controlling
integration timing of the integration steps with the servo sector timing
circuit.

12. A method for synchronously detecting fine position servo

- 30 burst information with a data transducer having an electrical width less
than about two-thirds width of a data track within a partial response
maximum likelihood data channel wherein the servo burst information
is recorded as phase coherent sinewave, one-third track width patterns
bounded between track centerline within each one of a multiplicity of

35 concentric data tracks of a disk, each pattern including an on-track

phase generating a position error signal which varies approximately
linearly with head displacement about track centerline, a 33% off-track
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cirouit 158, °kn535ff|llﬂliffﬂflll TN l,f“ ;,[i"”‘ b track PES si gnal to the 15
head posnﬁ%%} 1135¢ VO *cofit rbl 'foo9p C'| r ¢ A% 4 Pé1/0895022520

cl eared e accumnul at or Ci hag-—-aegunmul at es sanpl es fromthe
33% of f-track phase 116 of. Fig. 4A A 33% off track PES signal is then
transferred tp a 33%.off-track .RES |latch 18 h 20 is enabled by a 33%
CFF- TRACK. ENRBRBE SRefing aaneitian ertor sigtial WiiGh varins spRmRtaly; vo

Isetct ﬁr 1t8 ;3 m nﬁneaﬂ thihéad displacerient abeut alocat&it%ﬁéfthirda?ﬁclf’ﬁﬁdgm the
atC IS e Nea
position ser gbs 6%@&%?01*1?8%&{?&@%?}!8%2%&&%@% ﬂg tracll? %qngét ch
174 is di senpbsiibberndraigpal which varies apiptaximately flsimﬂy:wlth headn t he
path 162,5 anditabdmen? abGt ptAitotfitidi Bhok i AGIkEd fitin Lo

control pat recel he sa omthe 67%
of f - track phtrack icenterline, gompgsingaf QﬁGP&(qumJI ator ci rcwt 166 |s agal n

enabl ed by asser t pojdif the orii B389 O trlckOiiise, AAdUkE6742, and

accunul ates t

np he 67% off tr A resultant 67%
of f-track PEQPfEm“:k El"aesﬁe‘ﬁl'-g@bpgaaotﬂfoé{l @F‘Pfqg 3&9 S8eARch 104 whi ch
is enabled by a ampliffinSandiowsabifilterimpthie signal greanstppbimdlivea a

path 19 fro SenRV tor timng circuit 158. An output path 198
fromt hSIQSS &% 8?]1&’?%% Saﬁ’t ch 194 provides a 67% of f.-track phase PES
to the head pynchromousty quantizingthe signal streain tolprovide WO 96/ 11470
PCT/ US95/ 112 descri bed an enbodi nent of the
i nvention, ?ﬁnclﬁonous dl&vmglg appr%@?ﬁfed that. the objects of the invention
have been ful | y mulsiplymgithe synchrongps digital buest sagtples guringsseryei | | ed i
the art t hat s& ing 1nt6f\?dl§ a@ndiﬁtmtzraﬁw fttor geiératéd byl 4 tefrieldtion
enbodi ne ?al cations.of the nt i ori w | | sugdest -t hensel ves
wi t hout - pag gene tor to provide norm 1z samp
' ' 1ntegratmg normalized samples originating during the on-track
phase to provide an on-track posmon error signal and holding the on-
- track position error signal,
: integrating normalized samples originating during the 33% off-
20 track phase to provide a 33% off-track position error signal and holdmg
the 33% off-track position error signal, and
integrating normalized samples originating during the 67% off-
track phase to provide a 67% off-track position error signal and holding

the 67% off-track position error signal.

25 o |

13 The method set forth in claim 12 wherein the step of reading
the on-track phase, the 33% off-track phase, and the 67% off-track
phase is carried out with a magnetoresistive read head.

30 14. The method set forth in claim 12 comprising the further step
of equalizing the synchronous digital burst samples before the
multiplying step is carried out |

15. A synchronous servo burst detector for detecting a phase-
35 coherent sinewave servo burst pattern for-a head position servo loop for
controlling radial position of a data transducer head relative to a
. moving media defining a multiplicity of adjacent data storage tracks
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fromthe sp|r|t and scope of the inventiop . N _|'sclosure and the
description herein are purely | 5‘?55 Tve and are not intended to be in

e i ,gw LT

within a partlal response maximum hkehhood recordmg and playback
channel, the pattern being recorded on the media in fractional track
widths and including in a sequence an on-track portion generating a
position error signal which varies approximately linearly with head
5 displacement about a centerline of each track and an off-track portion
generating a position error signal which varies approximately linearly
with head displacement about a location offset from track centerline and
related to a boundary between adjacent tracks, the detector comprising:
- the transducer head for reading the servo burst pattern as an
10 analog electrical signal stream,
an analog read channel for amphfymg the analog electrical 31gna1
stream,
a low pass filter for low pass ﬁltenng the analog electrical signal
 stream,

15 an analog to digital converter for synchronously sampling the
filtered analog electrical signal stream and for putting out synchronous
raw data samples, -

a matched filter for ﬁltenng the synchronous raw data samples
from the on-track portion and for filtering the synchronous raw data

20 samples from the off-track portion,

an on-track position error signal latch for holding the on-track
posmon error signal and for supplymg it to the head pos1t10ner Servo
loop, and '

at least one off-track posmon error signal latch for holding the

25  off-track position error signal and for supplying it to the head
positioner servo loop.

16. The synchronous servo burst detector set forth in claim 15
wherein the matched filter comprises:
30 a correlation signal generator for generating a sequence of
synchronous digital correlation values,
a multiplier for multiplying each synchronous raw data sample by
a corresponding digital correlation value to produce a normalized
quantization sample, and :
35 -a digital integrator connected to integrate a sequence of
normalized quantization samples obtained from the on-track portion to
provide an on-track position error signal, and connected to integrate a
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22 . WO 96/ 114 PCT/ US95/ 11252 CLAI MS: -
1. A nethod for SYI'HIH uujulu"m; u ting. fine head position | nfornrat i on
recor ded b bdlifdzn enbeédded %sersvo *SeETor—on rot ating %{5 b di sk
as a doubl e-si newave phase oher et HEASBEEN flnase opp03| Ion al ong a
centerline of a data track fincl udﬁf’d—"\q’f@ enbefided 5 servo sector with a
magneti c read head an artl [Eesponse .maxi mum | i kel i hood sanpling

dat a det ect i SFARTRGE th QFae G@Quaausﬂaouusmﬂes obtained<fronr theloff-at a
rate mani f estrack pONIOTEKITpROVide! & feaseBae dfflthdk bbﬁuon eng%i”si’ér%ﬂg dat a

detection channel, conprisSing the steps of
doubl e- si newave phase cohéfent burst with the 10 nagnetlc read head to

produce anhanal 0g1%i dFhe¢ synchronous servo burst deteonldr Set foith 'i‘g cllﬁ?rtl gisgnal
t in etection
ih;ﬁﬁg Wlt% pr oduc kaﬁ]ﬁr*gtlﬁgedgg% %‘é&%gﬁ fmark f’g{{g g%qﬁ%te% 1n a servo
synchr onous| Q a Jm eforeathetserm ﬁaﬁemsaljdlarsmvosb t
urs
digital bur Séd&%&&'rﬁﬁr]k Battem dFtTtof féfnt ﬁéte'&ﬁn esé/ v t%@ggs

anples within
?10|ms)e to prod§eEVe ﬂmqges:!@euxt 1pgluding axbﬂttemﬁluma arga dkmer which i 1s

provi di g thresét npohe@aeaﬁantom(evsawa dduirdsd etk quﬁr%ﬁ%ﬁgu't 20 for

r,ead et forth in

PPat m 1 16he iFeRRBNE hdulis i 8- track portiop and, fie. AbHaGk RewGoRs andr of
sanmpl es wit hfor resetting) andfériabling: thepdigital mtegratdl’fmdi tis® oncfrack

position error signal latch and the off-track position error signal latch,
and for resetting the correlation signal generator. o q

15 18. 'I'he'sylilchronous servo burst detector set forth in claim 15
- wherein the analog to digital converter includes a timing control loop
responsive to synchronous raw data samples for generating quantization
timing control values for controlling - synchronous quantlzatlon of the
analog electrical signal stream.
20 . L
19. The synchronous servo burst detector set forth in claim 15
wherein the analog read channel includes a first variable gain amplifier
and a gain control loop responsive to synchronous raw data samples for
' generating gain control values for controllmg gain of the first variable
25 gain amplifier. :

20. The synchronous servo burst detector set forth in claim 15
wherein the analog read channel includes a second variable gain
amplifier and a DC offset control loop responsive to synchronous raw

30 data samples for generatmg DC offset control values for controlling
DC offset of the filtered analog electrical s1gnal stream immediately
before it is synchronously quanuzed by the analog to digital converter.

21. The synchronous Servo burst detector set forth in cla1m 15
35 wherein the m’oviri‘g'media comprises a magnetic data storage disk, and
- the multiplicity of tracks are defined to be concentric with an axis of
rotation of the dlSk - -

0N
L
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55 ~multiplying the synchronous di gl _t aI _m_burst sarrpl es by a

provi de nwowsitigzed sanpl es, r'--~ ated atlngthe_mmmmulﬁimu_es

within an integrator to . p o'ﬂ'iI&éHEEm,.fAlsr*%E. p03|t|on val ue, and

hol ding the fine position val ugl30 Iﬂhé of use uﬂnﬁllm'm"[uu
posi ti oner. - 3. The net hod 'set {ﬂorth i'n clah | I I I

enbedded servo ~ sector, i.ncl udes at least a synchronl zation fiefd

preceding the doub?2. The synéhronouscsasveshurstde
step of synchypeesisl the %%sle%ﬂiléfeﬁt aenkhsufst erfi'is ?ﬁenu'dap wﬁﬁfn €4€h

further step of phase, | n ua ntimn
synchr oni sm wPR% L%@M |9’é‘f‘}’9ﬁe"ﬂ"ﬂé‘@ﬁy space -apart SeWQ/\Eﬁ@@F&M?O

T bet forthiml olaim @1n t he

PCT/ US95/ EZ%wdmmimm@conymmwmt ecting fine p03| tion servo

burst information with a data transducer having an electrical w dth not
| ess than about two-thirds a width of a data track within a parti al

response naxi mum IZBeIThDsyndhtmlmtsamb burst detector seteforth bnviciaim 15

i nformation i §

wi dth phase cﬁheren? %e es |}ﬁﬁeaﬂ%}one o?igaﬁuﬁ?é#ﬂy??iél&
concentric daar@alpgawqu;tera she muktplms digitel FIR filtemfomequalizing
phase foﬂwenﬂfeaéymnﬁ%' hwaa@rmﬁ cordl l'y
linearly with he qu) Scerrrent. about It:drsgai?idccent?riﬁ/?eiﬂg%ﬁgﬁé&ﬁ Ir"gck
10 phase gen€dl F FBAACIASYEr or signal which varies appr oxi mat el y
linearly with head di spl acenent about track boundary conprising the

Tﬂ

st eps of: . readl ng. th n S nd the off track
phase with a head 4. The sync onousp%}y (ch"“é Bﬁ@%@i Fﬁl

15 nwlhethmtjmphaSeooolpemnt sinewave get\mebursj rpmttesnris aecortded on
normal i z

synchr onodsl Yy qu%lnetdla na e Sl gna?r streamto pr (ri)altlh and lnChIdCS at leaSt
synchronous dthiee {ra idth urst patterns bounded between track centerline

within each one of a multxphc1ty of concentric data tracks of a disk,
each pattern of a data’track being phase coherent with data recorded in
the data track and including an on-track portion generating a position
20 error signal which is linear about track centerline, a first fractional off-
track portion generating a position error signal which is linear about a
location a first fractional track width displaced from track centerline,
and a second fractional off-track portion generating a position error
signal which is linear about a location a second fractional track width
25 displaced from track centerline, the digital integrator connected to
integrate a sequence of normalized quantization samples obtained from
the on-track portion to provide the on-track position error signal,
connected to integrate a sequence of the normalized quantization
samples obtained from the first fractional off-track portion to provide
30 a first fractional portion off-track position error signal, and connected
to integrate a sequence of the normalized quantization samples obtained
from the second fractional off-track portion to provide a second
fractional portion off-track position error signal, wherein the at least
one off-track position error signal latch holds the first fractional
35 portion off-track position error signal, and further comprising a second
fractional portion off-track position error signal latch for holding the

rt%ck-
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nul tiplying the synchr onous di gital bur r"w L ervo 20
sampling intervals- by g=ssr uj.‘—‘z=ﬁ=‘r"5-tr"f=f jmml Iﬂ"ﬂmmﬂ a correlation
si gnal QensEdias O prcvﬁﬂlﬁ&dﬁﬁﬁaﬁﬁ | sdnples, ¥ PCT/US9S/11252

integrattng normalized fpanpl @&%—P‘P& natinf- durl ng the on-track
phase to provide an on-tTack: p05|t| on error signal and hol ding the on-

track position er I normal i zed
sanpl eg ori gWﬁﬂm{]gra&ﬁpgﬁgm@Oqu tF%“cl%P%§‘“°“ error élgh&ﬁase @o provi de an

of f-track posupplyingit to the bead pesitionsrseryotloepof f - track
position error signal. 5. The nethod set forth in
claim4 conprisin the further stepo 30 equal,jzin
synchronous di gi tgﬁ tThe sybehronous.ssrypebunst detaaton s6t mca1m924

is carri A dédrata BR% bff-m 4
Wher o 1 the st eil%'eu';f the first fractional off- &acﬂ}?ot'ﬁiirhmrédﬁr 76 off-m o

signal streatar N@bsmﬂewhﬁgﬂn@e%conélp and Io t& Sﬂgrbgﬁr}sof t he

si gnal streapaatrdedoaten67% off-trdck width. responsive to the .
synchronous digital burst sanples. S V\D 96/ 11470

PCT/ US95/ 11252 : - 7. The’ nethod set forth in claim4 wherein the
step of synchronousl y-quanti.zing the signal streamincludes the step
of controlling an analog to digital converter with a timng control

| oop . responsive to the synchronous digital burst sanples. 5

8. The nmethod set forth in claim4 wherein the servo burst i nformation
is recorded as phase coherent half track wi dth patterns bounded by
track centerline and track boundary. 10 9. The nethod set forth
claim4 conprising the further steps -+ of providing a coherent phase
between the on-track phase;and the of f- o Fo

step
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frack phase and updating synchronous quantization of the signal stream
with a timng control |oop responsive to synchronous digital burst

sanpl es fromthe coherent phase. 15 10. L set
forth inR@$§&ﬁV%Pconprising the further steps of prov?@?ng 5hggherent
phase between the on-track phase and the off- track phase and updating
gain normalization of the signal streamw th a gain control | oop
responsi ve to synchronous digital burst sanples taken 20 fromthe coherent
phase. 11. The method set forth in claim4 conprising the
further step of providing a servo d¢ess mark within a servo sector
and precedi ng in time the servo burst information, detecting the servo

address mark 25 and thereupon resetting a servo sector timng circuit,
and control ngng x itegration timng of the integration steps with the

servo sectolQtinkhg Q circuit. 12. A method for
synchronousigy defcti@o fine position servo 30 burst information with a
dat a. transdicer Favinb-an electrical width |ess t han about two-thirds
width of a dgta acklu/vitgapartial re nse maxi mum | i i hood
data channeCuwhein She vo burst info tion I's record as phase
coherent sifewav® onfcthird track width patterns bounded bet ween
track centeth:'ine i th e one of a muleMplicity of 35 conce@yic data
tracks of aﬁi skﬁeac patssgrn i ncl udi ng on-track phasegner ating
a position &oror€sign h varies appre& mately gi near | i th head

di spl acenent yabout trgck centerline, a 33% off-track - WD 96/ 11470
PCT/ US95/ 112%2 I 1phase g fer ati ng a position error §ignal which vagyes

appr oxi mat g/

e VI iYgar)y wi heady @hSR] asavenrt abeut aF:lst:a&lb-bn%hngh
third track V!Lﬁtlh \ Jdispl ac&d froey thadkegant aLl i nQLand a 67p6 of f-track
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ﬁosition error signal which varies approximately linearly with head 5
di spl acenent about a location two thirds track wi dth displaced from

t.rack centwobé/m:7e conpri sing the steps of: r eadPOTyUSYSL1282- t r ack
phase, the 33% of f-track phase, and the 67% of f-track phase with a
head to provide an anal og signal stream ' anplifying and | ow
pass filtering the signal streamto normalize 10 gain of the signa

stream synchronously quanti zing the signal streamto provide
synchronous digital burst sanples, 2/5 mul tiplying the synchronous
digital burst sanples during servo sanpling intervals by a

normal i zation factor generated by a correlation 15 signal generator to

provide nor nald zed sampl SINCHRONOUS BURST SSCREMES ONf TRACKES Samp! es

originating By on
error sig Z{d o d hg the bn- ' i“ AMIS AL J'mi ahin

i ntegrati Ny nEfmel T A¢d sanpl e6 or 1 g1 hay g Ve g W 730 XV

phase to p upa’%o/hnff-tr ck DOQﬂtIOI’] el’ror S|é_na atid h0|dln

33% of f-trac sitio rror |gnal nd I nt t|ng

sanpl es orlglng?lng dgang tﬁg 67%)0 - 80treml phaseq%%ﬁprOV| 25
~off-track position error signal and hol di ng the 67% of f - track p05|t|on
error signal. 25 13 The nethod set forth in claim 12 wherein

the step of reading t he on h % off-track phase, and
t he 67% of f -0,5ack phase is méﬂﬁ WC{XE{ E 2'2@9‘_3@1 Or ¢ esistive read
head. 30 . f , 14 . he

further st@ 0 - A {ALD |
bef ore the nultlol . : 15. |A

ol
synchronous@ér 0 bur deteqgror r1or etect g a Se- 35 coneJ ent
si newave servo%“%ur st %btternibor a d poﬁdjl on 2@5\/0 Idégfor {fél 160
controlling radial position of a data transducer head relative to a
moving nmedia defining a nultiplicity of adjacent data storage tracks
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Vb 96/ 11470 PCT/ US95/ 11252 within a partial response,

maxi mum | i kel i hood recordi ng and pl ayback channel , the pattern being
r.ecorded qgobkgigsedi a in fractional track w dt hs and i np&pgised 16k a
sequence an on-track portion generating a position error signal which
varies approximately linearly with head 5 displacenent about a centerline
of each track and an off-track portion generating a position error
signal which varies approxinmately linearly wi th head di spl acenent
about a location offset fromtrack centeg)gne and related to a
boundary between adj acent tracks, the defector conprising: _ t he
transducer head for reading the servo burst pattern as an ®§ anal og
el ectrical signaj stream an anal og read ckqnnel®for anplifying
t he anal og el ect Nel si gnal stream ’_}I ow hass filter for
| ow pass filtering ¥he afiglQg €l ecirical Stagna 7__Strearmm 45 an
anal og to digitag converfdr for synchronouysly sanplifhg the filtered
anal og el ectr]i agl sijgnal j4tr Tarrt—f-or—ptt-t+Ag—ott
data sanpl es, Q _ a [ ¢hed Tilfer for f1lter
data sanpl es < Wi dom t e ' qr. fi
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position errdr Wilgngdl an
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for hol di ng hg%} of f {1
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guanti zati on sanple, and 35 a digital integrator connected to

I ntegrate a sequence of normal i zed quanti zati on sanpl es obtai ned from
tthe on-tr apéogPighe on to provi de an on-track position perpsesiigsal ,
and connected to integrate a WO 96/ 11470

PCT/ US95/ 11252 sequence of the nornalized quantization sanpl es
obt ai ned fromthe off- track portion to provide at |east one

of f-track position error signal, : 17. The synchronous servo
burst detector set forth in claim15 5 f/erther conprising a servo
address mark pattern recorded in a servo area of the nedia adjacently
before the servo burs attern and a serv address mark ttern
detector for detecti n§]he servo address %ﬂl; and a ser% timng
circuit including an iflternal servo area t r which is set ugon
detection of the serv ddress mark patterpefor timng 10 inc nt SO

I ncl udi ng the on-tracg;§brtion and the ofﬂﬁjrack portion, and

resetting and enablinn!.h

position error signal

and for resetting the correlation signal generator. 15

f
he digital integr r and the ontrack
tch and the off-tratk position error si naI Tgo.uh

anaog to d bt &l ohhver i 831 udee oG mind: comyr el 1 oop W“%y?'esp ve
|
to synchronplis ray pdatg $arrp|§ fort\gam@sa;t'\, | dg gugntd zat i on t i{rmi R
clectrical 5l anal % ;2%%3' 2 ke “}‘d“w&‘qﬁ%i?&cﬁ?oﬁf Sy oo
A& ok
detector segt I,_o;;,:tl Q19 A hgrsid, Hhesaqalog read chgrmhel é",
includes a f{rst, y"a,La‘EI gpikaqpligb@rx**agcga gain cgntrgl |dop §
responsi ve t )stng_h Lnpus r.avvgjata SAEPheSf U > sc  generatlfi ng (gai 1 c@n.r ol
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20. The synchronous servo burst detector set forth in claim15 wherein
the anal og read channel includes a seco cond ¥e gain anplifier and
a DC of f sgo s@iaye! | oop r €SpOFsFo e 1 ( E%)qmsﬁhb s raw 30 PCHUSISAA2NI es
for generating DC of fset contrnITM§1,__Aggocontrnlllng DC of fset of
the filtered anal og el ectrical |si gnal —streen redi ately before it is
.synchronously quantized by the @nalog to digital converter. 21
The synchronous servo burst detector set forth in claim15 35 wherein the

movi ng nedi a conprises a nagnetic data s@ﬁBage di sk, and t he
multiplicity of tracks are defined to be concentric with an axis of
rotation of the disk. WO 96/ 11470 22. The synchronous
servo burst detector set forth in claim2l wherei n the phase coherent
servo burst pattern i?iﬁﬂ@l d within each one of a plurality of
servo sectors 5 enbedded within the

circunferentially spa
concentric dﬁPaz?% Kk
- detector set for

connect ed be

23. The synchronous servo burst
further conprising a digital FIRfilter
qnﬂverter and the nultlpller

IRfilter for

the digital G # RchE-oRou aw-—dat-a—sanpl es
I n accordanc St T
24. The sync,.mmb de,m%{_ e—mé?l Lﬁ?t :::):Inbrfl;?ﬂ?y } er ei n
t he phase co , r on—15- [tihe
rrediainap t?’ ag %ﬁ%ﬁ%@ %b ot 'easit
three fractipnal w dth burst poTTdd _cen;érlire
mﬁthin each tne hfga nnlfipllcsty_pd concen —of di 4,
- | L 124 1sa—f T el H
~46 48 49 52— 54~ LM
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each: patterp -of a data track being phase coherent with M’N\ﬁbe%
the data track and including an on-track portion generating ,“‘“;A«;
error signal W| % is linear about track centerline, a first QOMpEdi onal
of f - tr

rtion geNSHRETEYECTUAL BROPERTY ORGANBATIQY oo whiNGW s | i near

fons  mernaTIORAL RPbrdchiioN pObASHERT Andd 8K pATERE cAGRRATI TRERTE ACH

POS | (5i)imterpational Patent Clagiigptiani 6 :whi ch i § | i Rﬁﬁhﬁhﬁbjﬁl!&hﬁeﬁlﬁbﬁNﬁﬂi};a secNO 96/11470 /
fragti ogpip ek Wi dth 25 displagcad fromtrack centerline, the digital /|
i nt ¢ggrator connected to - i Nt egl at e @3) InteyptionelPublicatiop Ppfgr| | z o8 April 1996 (18.04.96)

quafittZzarTonm sanples obtai ned Trom %g on-trgck po;célsg‘ fo prg;/; debégg
on- { (28)dkteqpativna] Applicatipn Numbsri: gnal PCT/US9S/11 Designated) @Hﬁ ng%“’a@m ﬁf , CH,
t he Ry el ilé.g‘?r@%al?%ei_zatggn 199§@$§; obt aPhBE F5r B EBE 15 Pt U MOl Ph 5}
of f | 4P JaRry For oY T AESH Trrqu-fractional portion off-track
posiition error signal, and connected “~|Pullishednt egrate a sequence of the
nor i) Briedity @atant i zat i on sanpl es obt ai neg Wighyinsemationgl segech oAt f r act i onal
of f {t raciO8F954 on t olifewber 424 10 nd US| fractional portion off-track
posititi on error signal, wherein the IMgast one off-track position
er r ¢r71pAppicakt: QEANTUMICORPORATION fTUSas], /400 Mct|i onal 35 porti oni,g}f; ack position
o6 il

errqr si MV,BW'WPWB);G/IA%‘BWS)‘ ng a qecond 70&& ortion

of f - K DOSLtd r | hy,f,dr hol di ng the 96/ 11470

PCT %@&Yﬁ %ﬁ]ﬂAﬁgﬁﬁhﬁ%ﬂ% portion off-track position error

si gnal arvbuiitéis View, CA 940800(U$). NCHE, Xiatiopg; t head positioner servo | oop.

25. |The Kepsingteodisue, Syrayvple, G MBF (BRYECt or| set forth in claim24 5  wherein
the fiy Sk HRkIsBR2bavAS b lsbP 'doiarai [ recorded at a 33% of f - track
widtlg, ‘Sﬁ%ﬂ] aESystss g, second fractionalf off-track portion is recor ded
at 3 67%off-track w dth.

(54) Title: SYNCHRONOUS DETECTION OF CONCURRENT SERVO BURSTS FOR FINE HEAD POSITION IN DISK DRIVE

m’:.:rm . .
HOST NTEIFAGE

[ )

(57) Abstract

Synchronous detection of fine position servo information within a partial response maximum likelihood (PRML) data channel. Servo
information (17) is recorded as a pair or series of fractional-track-width sinewave concurrent burst patterns producin_g an on-n.‘af:k phase
generating a position error signal varying linearly about track centerline and at least one off-track phase generating a position error |
signal related to track boundary. Head (26) generates on-track phase and off-track phase analog signals that are gain normalized (:.10)
and synchronously quantized (46). Mulfiplying by a normalization factor from a correlation signal generator (§4) during servo sampling
intervals provides normalized samples, integrating (66) on-track phase normalized samples provides on-trgck position error signal (82), and
integrating (66) off-track phase normalized samples provides an off-track position error signal (88). A discrete matched filter is also used.




