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This invention relates in general to data recording disk drives, and in

Field of the Invention
particular to recording track positioning information on data storage disks.

Backgi‘ound of the Invention

Data recording disk drives are useful in the storage of large amounts of data
for computer systems. The data is stored as a series of magnetic field transitions
on a magnetic recording surface. The transitions are placed on the surface by a
magnetic transducer commonly referred to as a magnetic recording head. The
transducer converts electrical energy into a magnetic field, the polarity of which is -
switched according to the information to be recorded. The magnetic ﬁeld causes
magnetization to remain in the media after the field is removed. The data is stored
as binary information in the polarity reversals, or transitions, remaining in the
media. The transducer used with magnetic -media may also act as a detector to

detect data stored as magnetnc transmons The transducer senses a magnetic field

emanating from the magnetized media. The sensed magnetic field is converted into
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n a mag t|c
surface. The transitions are placed. o by a ndgnemc........._i.:..
transducer conmmonly referred to as magnetlc recordl ng hea o

t ransducar etemtrier signel echichcwirienatepgndme on thgmalasty ief the m&fﬁilcarﬁfﬂ?
of which is switched according to the information to be recorded. The
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reversals, or transitions, remaining in the nedia. The transducer used
W t h mflgmethe: remhdangranediasdhadrarm‘lmedes saidrtothave written data to the media.

Background of the Inventlo gh&ﬁ@gg@n gheask,drl vg_s_ are useful in
t he storage of | arge anou ts of data systems Fhﬁ dat.a
stored as a series of magnetic field m mmt 5 rd’“ﬁ FeEN ”

When the transducer detects previously written data on the media, the transducer
5 is said to have read data from the media. In general, systems for storing and
retrieving data to/from magnetic media may employ a single transducer to both
read and write data, or they may employ dual transducers, one to read and one to

- write.
The recording media is in the form of a disk, typically with data béing
10 recorded on both surfaces. Multiple disks may be provided to increase the
aggregate storage capacity of the disk drive.. .The center hole in the media is
typically called a hub. The hub is the means by which the recording media
attaches to a motor, through a spindle shaft, which rotates the recording me.dia..
The head is flown over the surface of the recording media by virtue of the air
15 movement created when the disk rotates. The flying height must be large enough
to minimize the probability of head and disk contacts that could be detrimental to
data integrity, but small enough so that the magnetic field generated by the write
transducer establlshes magnetlc transmons 1n the recording media surface and so

that a magnetic field in the media can be sensed by the transducer.
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detect data stored as magpetic transitions. The trans?.lcer senses a |

magnetic field emanating{(fromthe nagnetized nedia

field is converted into - an electric signal vvhi;’:'ch '\i"ar_ Sy

depending on the polarity of the magnetic field. Data is  then-deg

the electrical signal. Wen the transducer places data on the recordi ng

nmedi a,

10

15

t he t irsheadis placediid proximty wr the setotding serfabe amedpasitioned over
the desired data track by an actuator arm, to which it is attached via a suspension.
The actuator arm moves the head radially with respect to the media surface from
a position near the hub (the inside diameter (ID)) to a position near the rim (the
outside diameter (OD)j: Data is commonly written onto the media surface between
the ID and OD in the form of sequential concentric tracks. The t1_'ack width is
usually slightly larger than the width of the write transducer. The concentric tracks
may be subdivided into one or more sectors.

The head must be accurately positioned over the desired data track to read

or write data. Head positioning is typically accomplished by way of an actuator

positioning servo controller driving a voice coil motor (VCM) attached to the

actuator arm. The actuator positioning servo controller makes use of pre-recorded
head_positioning information as well as track and sector identification information
to move the head from one track to another, known as seeking to a desired track,
and to position the head over the center of the desired track and at the appropriate
sector along the track. The positioning and identification information is pre-
recorded on one or more of the disk surf?ges, and consists of magnetic patterns

which vary in both the radial and circumferential direction to provide the actuator

Sheet Has Been Re; laced
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Wien the transducer detects previously witten data on.the.nedia, the
transducer is said to ha\éL read data fromthe nedia. Jrnngene ystens
for storing and retrieving data to/from magnetic nedia may gnp ¢
transducer to both read and wite data, or they may enpi oy- dua1.__..u..-...
transducers, one to read and one to wite. The recording medi‘'a is

in the prslmlomrfg desio controtier | withi fdedbatk hrlicgting ether dedent pasition of the
surfaces. Multiple disks nay be provided to i ncrease the aggregate storage
The c le in the mediais typically

capaci t of t e.di iye.

cal | ed ﬁ‘ée ﬁat}g salqsﬁ‘@dngﬁﬂg a&@ﬁ?ﬁqeﬁ the recording media attaches

to a m)tor, through a spindle shaft, which rotates the recordi ng nedi a.
Depending on the track posmoru'ng architecture of the disk drive, the track

positioning informatiop .may be pre-recorded on a single surface of a multiple
5 surface disk drive, usﬁally referred to as dedicated surface servo, or in multiple
radial wedges on each of the disk surfaces, usually referred to as embedded sector
servo. A disk drive using dedicated surface servo positions the actuator using the
information pre-recorded bq the servo surface; the position of the data heads is
mechanically slaved by tﬁe actuator to the servo head position. A disk drive using
10 embedded sector servo positions the actuator using the information pre-recorded on
the particular data surface being read by the data head. In some disk drives a
combination of the two architectures is used. The embedded sector servo
architecture is preferred for disk drives having higher track pitch since it is less
sensitive to mechanical and thermal disturbances that affect the positioning

15 accuracy of the data head. |
The data head must be éccurately positioned over the desired data track and
data sector before user data can be stored or retrieved from a disk drive. The
actuator posiétii"brg;xg system accd'mpl-isﬁés thlS by reading the pre-written positioning-

and identification information and using it to update the position of the actuator.

This Sheet Has Been Reﬂlace
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The head is flown over -the_surface of th %‘ dla by Vi-rt ugs “of-=t=he
air novenent created Wne(the di sffq‘? at yi g hei ght -must be " °

| arge enough to minimze the probalbi and di sk contacts that
could be detrinental to data integrii enough so that the
magnetic field generated by the wite transducer establishes magnetic
transi t s pbsitidiing ST fHendifTRdioa Ffohmatoanth eRcoddthibnto Themksk suifaekdin n
t he pedi a cgn be sehsed by the transducer.

the form of a pattern of accurately sized and spaced magnetic transitions, known

as servo patterns, precisely recordéd in both the radial and circumferential
directions. To enable, tﬁe required head positioning accuracy for data read and
5 write operations, these .servo patterns must be written with an accuracy in the radial
direction such that the decoded radial position can be determined to within a small
fraction of the data tmck width.
They also must be written with an accuiacy in the circumferential direction
such that the track to track relative circumferential positioning of the servo pattern
10 is kept suitably small; in the most demanding servo encoding methods, this may
require that the track to track relative circumferential positioning of the individual
magnetic transitions is kept to a small fraction of the recorded transition spacing
in the circumferential direction.
These. precisely positioned servo patterns may be recorded onto the disk
15 surfaces prior td assembling the disks into the disk drive or after the disks are
assembled into the disk drive using é- process referred to as servo-writing. In either
case, the required radial positioning accuracy during servo-write is typically
dbtained usigg 'ah ek_terﬁal, lla.se'r -iﬁtedetdﬁeter—controlled rotary or linear actuator

mechanically coupled to the drive. The required circumferential positioning
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- 3- The head is placed i X 0 th rec d|n surface and
~positioned over the desifed datani.h rSR ﬁqsthen Rl gato gTiCMA@LQh it is
attached via a suspension. The ac es the héa ’radval»l A 'WI':F
respect to the nmedia surface from ar the hub_ (theinside ~
dianeter (ID)) to a position near the rlm(the out si de di améter (QD)) .-

‘Data i s geurauy wndrrepeanabilityotrable- towdick $sibberinedatsiegna clduk héadposaivaed
the form of sequenti aI concentric tracks. The track w dt h | s usually

slightly |arger n wi dtpy of th e_transducer. concentr|
tracks g’ées‘ﬁl‘ﬁg HHEEC i nt %n%lOSE %?é K ragproxlmat FnEatiathy ﬁﬁ%‘fEdoe
accuratel y positioned over the desired data track to read

transitions pre-written on a track on the disk surface. The timing jitter in the clock

head readback signal i§ typically reduced by processing the signal using a narrow
5 bandwidth phase lock .loop.

Once the proper clock track information has been established, the servo-write
process consists of 'positioning the external actuator arm at successive radial
locations and writing the appropriate magnetic transitions at multiple positions in
the circumferential direction. The process is extremely sensitive -to vibration, so

10 a large, expensive granite table must be used to steady the drive. The process is

alsp extremely sensitive to ambient temperature variations due to the large size of

 the electromechanical system used to position the actuator. To minimize this
disturbance the process is usually performed in a temperature controlled room.

To provide for the mechanical coupling. to the actuator and to insert the additional

15 clock head into the drive, the drive must remain open (or provide for the required

openings) and unsealed during the process, necessitating the use of a clean room

environment. Also, “the . final assembly procedure which occurs after the

_ sewowﬁtiﬁ; p”I":SCC__.SS‘ maymtl:oduce stress to the drive's base plate when the cover

plate is attached, causing tilting of the spindle shaft and actuator pivot axis and
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actuator positioning ser o cont a voi =
attached to the actuator arm si tioni Q'H!erVO controHE'
makes use of pre-recorded head for matibn _as: Biel I “as track

and sector identification |nformat|on to nmove the head fromone track to
anot her geliemtingasnisgiégnment betwdenithedservaqlatteragor differdrtti disks.heThesdfor

over. the center of the desired track and at the’ approprlate sector al ong
recor ded

the trac Th osi tioning and identification inf
on-one- 81Tt b8YE reasdlise fhd SPvaciaite ppLesn s Solh OSHoRRd et Prehs
which vary in both the radial and circunferential direction to provide the
actuator .  Recent developments in servo-writing have addressed some of the above-

or wite data. Head p05|t| Ni N@hid Shelt YR i@hhgpla%gdcorrpll

described problems. A semiconductor laser rotary encoder is used to generate

5 position reference infor-mation. The rotary encoder connects to the actuator arm via
an exposed pivot outside the disk drive. A mechanical coupling is used between
the rotary encoder and the pivot to insure the integrity of the connection. A
reference clock is generated using a pattemned disk pasted onto an exposed portion
of the spindle shaft which extends outside the disk drive. The patterned disk has

10 light and .dark sectors that reflect incident light wﬁh different intensity. The
detected intensity pattern is used to generate the clock signal.

While the rotary encoder servo-write system eliminates the need for a clean
room. and a granife table, it incurs éeveral drawbacks of its own. First, the
mechanical coupling required between the se‘miconductor laser rotary encoder and

15 the actuator arm adds. to the cost of the disk drive and the complexity of the
servo-write process, and limits the accuracy achievable. Second, to expose the
spindle sh}__.aﬁ for generating the ;eference clock, a double sealed bearing is required,
again inéfea;};lg the. cost offhé-diélé drive. Third, the reference clock generated by

the patterned disk is not accurate enough for use in a high density disk drive.
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-4- positioning servo co roII |nd|c i-ng_the current

position of the head re at ive SSYIVI H %‘ean rack nd—"sec' i B ——
Dependi ng on the track positioni | e of the ‘di sk drive, the:~.
track positioning information rded on a srngle ‘surface of a

multiple surface disk drive, usually referred to as dedicated surface -
servo, or inThusii tHere thadi aﬂerar/eﬂ:ges existedc larof unimet dnegd sim f theesartudoal hy
referred to as enbedded sector servo. A disk drive using dedicated surface

' servo i tion h . USi . . .
posrvto—\(,)vn 1r}g esys GhYhal lsursxbrqgnwﬁve, requires no mechanical coupling to the

actuator or the rotating disk spindle, and provides sufficient performance for use
.in modern, high density data recording disk drives. The present invention is

5 directed to meeting this need.

Summary of the Invention

In accordance with the invention, a servo writer system is provided which

uses semiconductor lasers positioned external to a disk drive and reflective

10 diffraction gratings affixed inside the disk drive to provide precision positioning
signals. One laser emits a beam directed through a light-transmissive window
toward a grating affixed to the actuator arm, while a second emits a beam directed
through a light-transmissive window toward a grating affixed to the spindle shaft.
Diffraction patterns reflected back from the gratings are directed into detection

15 optics which convert the patterns into electrical signals. The signal from the
actuater optics is received by actuator position decode electronics which transform

it into an actuator positioning signal. Th.e signal from the spindle shaft optics--the
clocking si{énal--is_; r..e:ce.ived by wnge clock detection electronics which transform

it into a reference clock signal. The positioning and reference clock signals are
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I nformati on pre-recorded o theh.ssxeaq;aggsei,ae aced he posjti.on of the data
heads is nechanically sldved. b to the y@ hﬁé*pes% A
di sk drive using enbedded sect4 ons the hct UAt or EHIST ngn L0e

i nformati on pre-recorded on the ta surfabe-bei ng read by ' he

data head. In sone disk drives a conbl natlon of- the two architectures is
used. Usedl eoridedererlinee tho positiomng aaathatorcanm earids dislefstacked Electrdnsés then
drives having higher track pitch since it is less sensitive to machani cal

noad. - teceiver e SRS Aol e flosk T ool FalRg b hinB bR he feriullr it

data track and data sector before user data can be stored or retrieved
from a dwith thel sezordiligeof servo information on the disk surfaces.

The servo Writing system of the invention includes two principal subsystems:
5 an actuator positioniﬂg subsystem and a write clock subsystem. The actuator
positioning subsystem itself includes a semiconductor laser and a diffraction grating
affixed to the actuator arm, together with reconstruction optics which compensate
for changes in the optical path, and detection optics which measure phase
differences in the diffraction pattern reflected from the grating. The actuator
10 positioning subsystem also. includes the actuator position signal decoding
electronics which receive the fneasured phase differences and convert them into a
signal representing the actuator arm position. In the preferred embodiment, the
actuator position signal decoding electronics includes coarse decode electronics
which provide a coarse actuator position signal, and fine decode electronics which
15.  produce a fine actuator position signal. The coarse actuator position signal and the
fine actuator position signal are then spliced together to determine the position of

the actuator arm.
Th'éhjwrite .i:lo_ék éubSystéih mcludes a second semiconductor laser and a

diffraction grating affixed to the spindle shaft, together with reconstruction optics

SA9-90-083 9



act 'uat'or positioning syste acqggmemﬁggwhh[ﬁfay r eadi

positioning and identifidation d using t tm,gm‘;i&te th,em_,_
position of the actuator. MMMHHEE oni ng and dent m‘,;.t{; 1,on> N
i nformati on in encoded onto the the for =g.pat:t.ef n. of
accurately sized and spaced magnetic transitions, known as servo patterns,
- preci selwhichCebffsensated?dbh dHingeddiralth@nshieédlCc pafter &nd | détection optics which

measure phase differences in the diffraction pattern reflected from the grating. The

write clock subS}'lstem also includes the write clock detection eléctronics which

receive the measured ;_Jhase differences and convert them into a reference clock

5 signal. In the preferreci embodiment, the write clock detection electronics includes

raw clock detection electronics as well as timing adjustment electronics Whjch

compensate for grating centration error with respcct to the spindle shaft center of

'rotation. I'n. an alternative embcdiment the write clock subsystem may be

configured with dual semiconductor lasers/detection optics positioned on opposite

10 sides if the diffraction grating center from one another. Mixer electronics are used

tc combine the two reference clock signals to produce a reference clock sighal
compensated for grating centration error.

Through the use of semiconductor lasers positioned externally to the disk

drive, along with opﬁcs and electronics which detect and compute precise

15  positioning information, the present invention provides a servo writer system that

is non-invasive, requires no mcchanical coupling to the actuator or the rotating disk

_spindle, and prov1des posmomng accuracy required for use in high density disk

‘dnves The‘ only parts of the system p“oslltloned inside the disk drive housing, the

radial diffraction gratings, are lightweight and inexpensive; they may be affixed
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directions. To enable the requitwdhbens ROSbiQRI NY accuracy for data read

and wite operations, thgse ser st be wkitten with an
accuracy in the radial directio ﬂﬁe decoded: r adi‘al~ ‘positi.Qn_can
be determined to within a snall he data track w dth.: =7 ooy {

They al so nust be witten with an accuracy in the circunferentiakidirection
such t hajuridie the aninifacthurie proteds Peio@itrocsea‘lﬁrgmhe diskadrive,omidghefi leftein
servo pattern is kept suitably small; in the nost demandi ng servo encodi ng

net hods,, thj s ma%s regﬁirﬁ tha{. the track to track relative circunferenti al
posi ti ofRRGITEYE AHET GOANRIEHIR Of SelYPe ™8 RG-ansi tions is kept to a small

fraction of the recorded transition spacing in the circunferenti al
direction.

‘Brief Description of the Drawing
5 Fig. 1a -illustrate; in block diagram form the functional components of the
servo-writing system of the present invention.
Fig. 1b illustrates in pictorial form the placement of gratings in a data
recording disk drive in accordance 'with the present invention.
Fig. 2a illustrates in block diagram .form the actuator positioning sub-system
10 of the present invention. |
Fig. 2b illustrates a linear diffraction grating for use with the actuator
positioning sub-system. |
Fig. 2¢ - illustrates a radial diffraction grating for uée with the actuator
positioning sub-system.
5 Fig. 3 illustrates a cross-sectional view of an actuat.or position sensor for use
with a linear grating in accordance witﬁ the present invention.

Fig. 4 illustrates a cross-sectional view of an actuator position sensor for use

SA9-90-083 11



These precisely positioned servormhggﬁgs%eg@]xe RiEeqr ecor ded ontp dhec d(l-ﬁkc; BEEN
surfaces prior to assenbll ng the iu l dISk rive lor’ afﬁw@r : Ly ‘
di sks are assenbled into the dis [ﬂﬂ“g‘ﬂmm% process ref err.ed- :t-e~—a‘:— SR
servo-witing. In either case, i al positioning accuracy
during servo-wite is typically obtained using an external, |aser

i nt er f er onet diige Satitlastratesr int graphicall forratheaotipait amalog shgmals drom thruphetd
to the drive. The required circunferential positioning

detectors of the actuator position sensor.

Fig. 5b illustrates in graphical form the quadrature cycle counter input.

Fig. 5c illustrates in graphical form the fine positioning information used by

5 the actuator position sensor.

Fig. 6 illustrates in block diagram form the actuator position decode
electronics for the servo-writing system of the present invention.

Fig. 7a illustrates in block diztgram form the reference write clock sub-system
of the present invention. |

10 Fig. 7b illustrates a radial diffraction grating for use with the write clock sub-

system. |

Fig. 8 illustrates a croés-sectional view of a ret‘erence clock sensor for use
with a radial grating in accordance with the present invention.

Fig. 9 illustrates 'in block diagram form the write clock detection electronics

IS5 for the servo-writing system of the present invention.

Fig. 10 illustrates in timing diagram form the waveforms generated by the

quadrature sawtooth generator.

Fig. 11 illustrates in- block dlagram form an alternative embodiment of the

write clock sub-system using two optical clock heads and an electronic mixer.

SA9-90-083 12



positioned over the disk{surf
equal ly spaced transitions pr Hendisk. g7
timng jitter in the clock he naI is typicakly . T edicEd py
processing the signal using a narrow bandw dth phase | ock | oop.. I
Once the |Or°|°l‘9ir Cl'??l’fu&{‘ﬁﬁi‘a Eifdf%ErE‘éEhBHah%e ﬁf‘w@aiieéfmdtsft%@nsirhénon 0pt1cs
servo-write 0Cess consists o positioning the external actuator arm at
successi ve rad| al locatigns and witing the appropriate magnetic

transi t ifongisgt with ailneargbiéfractior gratinghe circunferential direction. The
process is extrenely sensitive to vibration, so a |large, expensive granite

tabl e must bepjysed jipustifady LRs LebiBnaiTHeeW OF Ravelfont reconstruction optics

accuracy and repeatability trﬁ[;g@hggﬂgsr@g,ﬁﬁcgbt ai ned using a clock head
' The

for use with a radial diffraction grating.

5 Fig. 14 illustrates a cross-sectional view of a beam compressor for use with

the wavefront reconstruction optics of the present invention.

Detailed Desériptioﬁ of the Invention
1. Servo-writing System

10 Shown in Fig. la is a block diagram illustrating a servo writing system

-according to the present invention in use with a data recording disk drive. Data

recording disk drive 102 includes housing enclosure 103, along with a spindle stack

which itself includes one or more disks 104, spindle shaft 106, and spindle motor

108. Disk dnve 102 also includes spindle’ speéd controller 110, read/write

15 amplifier 144, optically transparent windows 122 and 132 disposed in housing 103
“and located -over diffraction gratings 120a and 130, respectively, and an actuator

which itself includes one or miore magnetic recqrding heads 112, rotary actuator

arm 114 (whi_c_;h further includes any ‘required suspension- assembly), actuator arm
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al so extrenely sensitive MISQ&EH&WEE&HG vari at) g ﬂﬂ@ﬁéﬂ&%ﬁé&?

size of the electronecha cal 0 positio
m nimze this disturbance the
tenperature controlled room t he mechani cal coupling to the

ual 1y performed +H-2
actuator and to insert the additional <clock head into the drive, the drive

nust repiidt Dp&iisqrmetintesvalde referred ¢o asqn YEcBlmtkemng)Platﬂtf),uméadoecb coil
during the process necessitating the use of a clean room environnent.

Al so, the fi nﬂt assenbly procedure which occurs after the. servowiting
process &‘oduce stress to the drive's base plate when the cover
plate is attached, causing tilting of the spindle shaft and actuator pivot
axi s and Housing 103 generally surrounds the delicate disk drive components and

protects them from contamination and other damage. It typically includes a base
5 portion and a cover po.rtion, (not shown) .although many equivalent configurations
are found in the art. Frequently spindle motor 108 is actually mounted partially
through the base, and thus is integral with protective housing 103. It is to be noted
that all of tttese minor variations are considered to be encompassed by the
exemplary embodiment shown in Fig 1a and described above, as well as by the

10 present invention. |
Shown in Fig. 1b is a top view of the inside of disk drive 102 depicting the
layout and positioning of various components, including the diffraction gratings.
used in the servo writing process. Included are one or more disks 104 of the
above-described spindle stack, rotary actuator arm 114, actuator arm pivot 116, and
15 - voice coil motor 118 of the above-described actuator, actuator crash stops 150 and
151, actuator diffraction grating 120a and write clock diffraction grating 130. It
- is to be noted that while the gratings are affixed to the actuator and spindle stack,
nelther the actuator posmomng subsystem nor the write clock subsystem requires

any further mechamcal attachment to the actuator or-the spindle stack Only
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generating misalignnent betvme@héemas%ern\te npc@&terns Lfferent disks.
~Thus, for all the above r(eas -Wwite pro
and error prone. Rece

addr essed some of the above-

s in servo- vvrltl g HEREEN
bI ens. A-seniconditfer | aspr

" rotary encoder is used to generate p05|t|on ref erence information-The

rotary

aptivddr ardnsreticdlo cohipliagt iatiedand ¢bmmanicaspobetivgsn cheoutfiater

the di sk drive. A nmechanical coupling is used between

10

15

positioning subsystem and the actuator, and between the write clock subsystem and
the spindle stack. This is in contrast to the prior art, where optical encoders are
mechanically attached _te the spindle stack and the actuator. It is also to be noted
that while the actuator .grating is shown affixed to the actuator, it may alternatively
be affixed to any appendage of the actuator such as a small flange or other

outcropping. Moreover, either or both of the gratings may be affixed temporarily

for puiposes of servo writing, then later removed. In some instances, this may

enable selection of the gratings from a wider array of choices than would otherwise
be possible (due to size, weight, and cost constraints) if they were to be left in the
drive pennanently. |

Referring back to Fig. 1a, the servo-writing system includes an actuator
positioning sub-system, a write clock sub-system, servo-write controller 140 and
write pattern generator- 142 which cooperate to write accurately positioned (both
radially and circumferentially) magnetic transitions in specific patterns onto one or
more of the disk surfaces in order to precisely encode the servo positioning

information. The actuator positioning sub-system includes optical actuator position

vsensor 124 dxffractxon gratmg 120a optlcal window 122, actuator position sensor

s1gna1 decodmg system 126 actuator posmon controller 128, actuator VCM 118,
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the rotary encoder and th pi vigts shQt 3 BedénReblRRd | Nt egr i

A reference clock is ge erated rned di Pastec_j’ { o tanezmpy 1]
exposed portion of the spindl eum mmﬂl xt ends outlside=f.ne “di-sk: dri veg.
The patterned disk has light a s that reflect incident ti-ght

with different intensity. The detected intensity pattern is used to

gener atand hetuatorlarmi §dd| which precilely epbditiohobae yore mmrdemapretie- veddrding
systemeli m nat es the need for a clean room and a granl te table, it

i ncurs sev acks o own. Fir i,cal . couplin
Fequt r diFaS: (R S ERBYCERe ﬁmhewsm%mgr gk S cibe v iten:
armadds to the cost of the disk drive and the coaneX|ty of the

Sﬁr vo- Whe eviiteockesk, swhﬂdykﬂem tificludes agpstical coloakhsensabl 34 S@xfﬁtadtwhcg@tmgse
t he

130, optical window 132 and write clock signal processing electronics 136, which

generate a precise write clock timing signal and disk index timing signal that is

n

"phase-locked" to the disk surface(s).
Robust mechanical fixturing (not shown) is used to fix th¢ positions of disk
drive 102, oﬁtical actuator positi(.)n sensor 124, and optical clock sensor 134
relative to each other. The mechanical fixturing is also isolated from external
10 mechanical and thermal disturbances that could degrade the accuracy of the
recorded magnetic patterns. This fixturing may be cdnstructed using any of a
variety of known components in accordance with known engineering principles, and
thus will not be described in greater detail here. It is to be noted, though, that a
granite table, such as is. required in the prior art, is not necessary to ensure accurate
15 recording.
In operation, servo-write controller 140 directs actuator position controller
128 to posmon actuator 114 and attached recording head(s) 112 at the desired
radxal position, on the disk surface(s) where the magnetic patterns are to be written.

Servo-write controller 140 also dlrects write pattern generator 142, read/write
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spindl e shaft for generatifd dhe; Qsegegrhg;ﬁ 4c! ock, sealed bearing

IS required, again increasi the dis ',gyg;.{gghg...;p;,@,;zgtm@II

ref erence cl ock generated bimt anﬂI“ d di sk i sjj not ag;.gg:qh‘r_;:ai;eg."e—h'bué}h for
use in a high density disk dl . - t-here=has -
heret of ore existed an unnet need in the art for a servo-witing system,

that i sampiifiervaddvendrengioresnore magreticc dieadsuts iwigte ghendesired magnetic

transition pattern onto one or more disk surfaces. The precise radial positions of
the recorded magnetic transitions are controlled by the actuator positioning
subsystem which produces the required actuator radial positio'n signals used to
5 precisely position the r.ecording heéd. The precise circumferential positions of the
recorded magnetic transitions are controlled by the write clock sub-system which
produces the required clock and disk index sighals used to precisely clock the data
pattern stored' in pattern generator i42. |
Servo-write contrqller_1.40 in concert with the write clock sub-systefn and
10 read/write amplifier 144 also selects in sequence the magnetic recording head and
thus the disk surface to be servo-written. One or more disk surfaces may be servo-
written during any given disk revolution. The process is repeated at a multitude
of sequential radial positions 1.mti1 the desired ensemble of magnetic transitions is
written on one or moré of the disk surfaces. In this manner the precise radial and
15 circumferential magnetic patterns are recorded as required to encode th¢ Servo
positioning information.
It should be noted that by proper selection of the shape of actuator grating
120a, the present inventiqn 1is cqually f- §pplicable to disk drives ulsing rotary

actuators, linear actUatdrs, or actuators that produce a combination of linear and
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actuator or the rotati ng di slrhlgmeadjaegeegﬁ fREpvi des sufficient performance
for use in nmodem high {lensit ng dlsk; rrﬁles‘“jj"l’h?'mse:m
invention is directed to maetT"ﬂ |I!ﬂ WH [ '

Summary of the Invention

_ _ _ e wth LnVentlon a servo
witer systemis provided which uses sem conductor |asers positioned

ext er ngddibP mdlidik slidhveaqng 1&ffl epbinee adlbforachade ashaig ngs Fafélleie ram

inside the disk drive to provide preci'sion positioning signals. One |aser
emts a beamdirected through a light-transm ssive window toward a grating
af f i xeQORYTWEHEORct uator. arm while a second enits a beamdirected '

The servo position information mentioned above may be encoded using any

of a variety .of methods' well known in the art. For example, the track number may

'5 be encoded using a.g.rey code and the fine position servo information may be
encoded using quadrature burst patterns. The entire servo-writing proeess may be
accomplished on a fully assembled, sealed disk drive in a non-clean room
environment Since only optical andl electrical access to disk drive 102 is required.

No mechanical coupling or physical access is required to the spindle motor or the

10 actuator arm. Also, the compactness of the optical actuator positien sensor, optical
write clock sensor- and modern disk drive make the servo-write process less
sensitive to mechanical and thermal disturbances and easier to iasolate-from such

disturbances relative to conventional servo-writing methods.

[5  IL Actuator Positioning Sub-System
Shown in Fig. 2a is the actuator positioning sub-system of the present
invention, ':fi-nlcl_uding-. optical actuator p_osition sensor 124 which is comprised of
seinicondﬁctor laser source 200, iagér beam deflector 206 and detection optics 202

and 204, as well as diffraction grating 120a, optical window 122, actuator position
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through a light-transm ssi(ze msrsemmgs@e@yggﬁcegrati ng fixed to the spindle

shaft. Diffraction pattefns r fromthe 4rgftipgs are.directed
into detection optics which ¢
The signal fromthe actuator

terns into €l ecttiidalr gj gna

ived by actuator positi.on“tEN 7,
decode el ectronics which transform it into an actuator positioning signal’
The si grsgnsor signahalespding systenf i 26pacumtor pesitionoctmtrgller §28| aciuntord&CMEd
by wite clock detection electronics which transform it into a reference

clock signgland BenResd bhAM 19 K¢ Wit 65 ULsErHBEA T ALPRA deBifbelow, the sub-

system may be used with either a linear grating or a radial grating at 120a by

modifying the design of opticél actuator position sensor 124.

n

A. Optical Position Sensor

Optical actuator position sensor 124 uses a semiconductor laser light source

200. In genéral, semiconductor iasers exhibit waveiength drift with time and

temperature, which limit their usefulness in classical distance—sensing

10. interferometers. However, the actuator position sensor of the present invention is

insensitive to wavelength drift since the measurement of the diffraction grating

position is determined by the grating line pitch and the relative phase change

between the +1 and -1 diffraction laser beams. In further contrast to conventional

laser interferometer pésition measurement systems which use a dual frequency

15 source beam to resolve the direction of motion, the present invéntion uses only a
single ﬂequenéy laser beam to determine the direction of motion.

Planar, reflective diffraction grating 120a can be either a linear or a radial

design c’iépe"”riding on fhe desxgnofactuator position sensor 124. The linear

diffraction grating, shown schematically in Fig. 2b, has parallel grating lines with
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—S51-8¢

-9 - used to determne the posmgsylgétngk@g,{ REplabd ar m S—
coedinat e .t he _
serve: i nf.ormation on

El ectronics then receiv t he SI hem t
positioning of the actuator arm d| ng o
t he di sk surfaces. The se tem of Tavent | on

I ncl udes two principal subsystens: an act uat or positioning subsystem and a
wite Chcﬁdﬁs&mSFﬁél@mndf Hepthct Diffractipasdrating hY0s Ubsgesteraily tinettfe shapedds

a sem conductor laser and a diffraction grating affixed to the actuator
arm together with reconstruction optics whi ensat for_changes.in
e opt f8 TG SSERIETE 10 EBONEB 10RO ALe, The BT aE the TmpiRBINE Tase?

beams from actuator position sensor 124 and long enough to accommodate the

actuator swing angle. ?he grating pivots around point 230 which is coincident with

5 " the center of rotation o.f the‘ actuator pivot. In Fig. 2a, the grating is shown affixed
to actuator arm 114 on the magnetic head side of actuator pivot 116 but may be
located on the voice coil side or anywhere else on the actuator with equal effect.

The radial diffraction grating, shown schematically in Fig. 2¢, has radial

grating iines that converge at a point 230 which is coincident with the center of

10 rotation of the actuator pivot 116. The linear grating has a pitch approximately
twice th-e wavelength of the laser beam and a depth approximately 1/4 the
wavelength of the laser beam. Likewise, the radial grating at the radial position

where the iaser beam impinges on its surface has a pitch approximately twice the
wavelength of the lasef beam and a depth approximately 1/4 the wavelength of the

15 laser beam. To maximize the performance of the optical position sensor, the
grating depth and duty cycle is selected to minimize the intensity of the Oth order

) reflection and maximize the intensity of the 1st order reflections. The grating pitch

: is selected to }"1€1d alst érder dlffractlo'n ;mgle that is large enough to permit the

1st order diffracted beam to be adequately separated from the incident laser beam
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differences in the diffraction pﬂ tsﬁée{‘ﬂafs%fei 8GhiS fro he gratl ng. The
actuator positioning sub ystem a e act =6

decodi ng el ectronics which recei !'Ill "rﬁiEF d phase d| r"&rﬁi&mmmt BEEN
convert theminto a signal repre tuat or ar 03| i thiefLaseD t he ||
preferred enbodinent, the actuator p05|t|on si gnal decodi ng g el ectTonres—=

i ncl udeﬁna%tsgo q‘é’%&d@l ﬁieasgferggg'e@og} g% GEoRECYAEQ sP ot@ef AfffAlkedtRam from

"~ position signa tronics which produce a fine actuator
position signal. The coarse actuator position signal and the fine actuator

posi ti oﬁh%lhg&lé@f afctertﬁﬁﬁagtsdu beamsoget her to deternine the position of the
actuator arm The wite cl ock subsystemincl.udes a second

sem conduct oprt A3 'mISEr Sratings having the desired characteristics may be generated

by a number of known methods including holography, photo lithography, E-beam

5 lithography, E-beam e-tching, .an_d ruling engine. Appropriately thin, low cost,

| precision replicate grafings having the desired size and shape may then be mass

produced by a number of knqwn methods including 2P photopolymer, epoxy

duplication, injection molding, and- embossing on a variety of substrate materials

such as metal, glass, plastics and polymers. The replicate gratings are rendered

~ 10 highly reflective at the desired laser beam wavelength using known methods such

as depositing an appropriate thin metal film or depositing one or more dielectric

layers having the appropriate thickness and dielectric constants. - To minimize the

potential adverse effects on actuator performance caused by the added grating mass,

it is advantageous to ﬁse a small grating and to select a low density substrate or

'15 even preferably to replicate the grating directly onto the actuator surface as shown
in Fig.1b.

Shown in Fig. 3isa cross-sectlonal dlagram illustrating the detailed design

of actuator posmon sensor 124 for{?" use with a linear diffraction grating in

accordance with the present invention. The design includes semiconductor laser
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diffraction grating affixed to ,Ithh W br"“‘l' H,\'-, B t:EN
reconstruction optics tiﬂm nges pmﬂvmhéﬂ

%&R’% QJe& toge
ate for{c
optical path, and detection opti Em Bure phase e
. The wite clock subsystem

diffraction pattern reflected fr
also includes the wite clock detection electronics which receive the

measur egphagRiaidraeRE 36, PBERIVIIE, Jolakind! Bedn' PRI BE8 8had¥4 A plate

309 which comprise the laser beam source; spherical lenses 320 and 326, polarizers
322 and 328, minors 324 and 330 which comprise two 1X telescopes; and 1/4 A
plate 311, non-polarizing 50% beam splittef 310, polarizers 312 and 316, and photo
5 detectors 314 and 3lé which comprise the detection optics. With regard to
semiconductor laser 200, it is to be noted that a semiconductor laser is prefefred

due to its attractive cost and size but other laser types may also be selected.
In operation of actuator position sensor 124, semiconductor laser 200 emits
a mostly linearly polarized laser light beam which is collected and collimated by
10 collimator lens 304. Polarizer 306 transmits preferentially the p-polarized beam
and polarizing beam splitter 308 directs the resultant laser beam towards linear
diffraction grating 120b through 1/4 A plate 309. 1/4 A plate 309 converts the
highly linearly polarized laser beam to a circularly polarized laser beam. The
- resultant laser beam impinges onto diffract.ion grating 120b at normal incidence and
15 is diffracted. Diffraction grating 120b is designed to diffract the majority of the
beam into +1 and -1 order beams. Grating 120b is located in a plane orthogonal
to the input. laser beam with the gratmg lmes orlented such that the +1 and -1 order

 diffracted laser beams are directed onto lenses 320 and 326 respectively. The Ist
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signal. In the preferred enbodi nenﬁss}.&ehaas\g wﬂ .Legck tection el ectronigs ,

i ncludes raw clock detection el ec i mng_ad] st meits ,=';
el ectroni cs which conpensate for ”m ﬂE ti on error W th respect=to==/
t he spindle shaft center of rotat ternative enbodi nent the
wite clock subsystem may be conflgured wi th dual sem conduct or

| aser s/ dedexcdiffractiphi arglpd® ican dreedalonlated dsotrethes equation sind & £fd/dcwhare
grating center from one another. M xer electronics are used to-conbine the

two ref ren ck  si | s d I.ef ce clock signal
corrpensatléat V‘&Pﬁgﬂ?&% ?‘altsl%‘% éﬁ%ﬁva\ﬁﬂgﬂﬁﬂ Through t he use of

sem conduct or I asers positioned externally to the disk drive, along wt h
optics and eBpherioal kensv3R0;ipaletieet 322 dndampwore 334 aximprise 1Xtelescope laser

beam reconstruction optics for the +1 order diffracted beam; the 1X telescope w_ill

be described in further detail subsequently. In general, the +1 order diffracted

-5
beam is focused onto mirror 324 through polarizer 322 by spherical lens 320 and
reflected back onto grating 120b as a re-collimated beam. The function of
polarizer 322 is to allow only the p-polarized part of the +1 order diffracted beam
lto be tranérnitted. Likewise, spherical lens 326, polarizer 328 and mirror 330
10 comprise 1X telescope laser beam reconstruction optics for the -1 order diffracted

beam. The -1 order diffracted beam is focused onto mirror 330 through polarizer
328 by spherical lens 326 and is reflected beck onto grating 120b as a re-collimated
beam. The function of polarizer 328 is to allow only the s-polarized part of the -1
order diffracted beam to be transmitted. Mirrors 324, 330, polarizers 322, 328 and
15 lenses 320, 326 are positioned and aligned such that the returned +1 and -1 order
beams overlap at grating 120b at a position displaced from the source laser beam
mmdent on the gratmg, such that the two beams are collinear from the grating to

’!

the detectlon optlcs and such that resultant wavefront aberrations are minimized.
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posi tioning infornmation, pr%ﬁ@heeil’i‘éé@@én‘@i\a&& ovi de a servo Wrrt_er

systemthat 1is non-invas , req ni cal codpling to thes,

actuator or the rotating disk UMHI“E'“[EE vi des pos;tlom ng. accuracy

required for use in high density

positioned inside the disk drive housing, the radial diffraction q?ratl ngs,
1

The only parts of the-system
are |ightwei ghe aridandek peder eallinnated bmyns)eetamd!d(é@ grating 120b arerdiffracted
manuf acturi ng process prior to sealing the disk drive, and then left in

normal to its surface towards 1/4 A plate 311. 1/4 A plate 311, non-polarizing 50%

beam splitter 310, polarizers 312 and 316, and photo detectors 314 and 318
comprise the detection optics for the resultant laser beams. 1/4 A plate 311

5 converts the p-polarizetl +1 order laser beam and s-polarized -1 order laser beam
into right and left polarized laser beams respectively. The resultant laser beam is
equivalent to- a linearly polarized laser beam with its polarization direction
determined by the relative phase difference between the +1 and -1 order diffracted
laser beams.

10 'Half of the resultant laser beam passes through non-polarizing beam splitter
310, polarizer plate 316 and impinges on photo detector 318. Photo detector 318
measures the laser beam intensity transmitted through polarizer plate 316. The
other half of the resultant laser beam is reflected by non-polarizing beam splitter
310, passes through polarizer plate 312 and impinges on photo detector 314. Photo

15 detector 314 measures the laser beam intensity transmitted through polarizer plate
312.

The motlon of dlffractlon gratmg 120b in the plane orthogonal to the input |
laser beam results in the phase of the +1 order diffracted laser beam leadmg or

lagging the -1 order diffracted laser beam. Whether the phase leads or lags is
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the drive after conpl etio of T ShE:t WhsiHebrd Whplaced

Brief Description of the aw n IaiIIus(rat[‘“:r—l_FEFEGF———:'—-————‘-‘
di agram form t he functi onal con‘ﬁm ”Hl"ﬂ#ﬂﬁﬂﬂ Sservo-witj g!;‘“%%*i—’eﬁﬂﬁﬁ RN
present invention. Fig in pictori aLf or i tesuD

pl acenent of gratings in a data recording disk drive in accordance witn

the pregemsrminedrtiy etie direction dfl gotidn. | The phast edifferemde betwdeary then+loamd t-he
actuat or positioning sub-system of the present i nvent i on. Fig. 2b

TTustrateoied aitfadled ldser Feansy i recnl%' {J%péjr%onwl to tth%ed?s%tlaltjcaetrr?ent of the

grating within a waveform cycle.

Photo detectors 314 aﬂd 318 generate electrical current signals which vary
5 sinusoidally with displéc_ement of diffraction grating 120b. The two polarizer plates
312 and 316 are aligned to have their polarization directions rotated by 45° when
referred to the plane orthogonal to the incident laser beam. This results in an
'approximatel.y 90° electrical phase shift between the two photo detector's signals,
which is used to determine the direction of motion of diffraction grating 120b. The
10 comparable amplitude, 'quadrature electrical current signals are decoded to

determine grating position and direction of motion. |
- Actuator position sensor 124 may be used to detect motion of diffraction
grating 120b in the plane parallel to its surface having a component orthogonal to
the grating lines. When diffraction grating 120b moves in a straight line, as is the
15 case if it is attached to ‘a linear actuator, the laser beams impinging onto lenses 320
and 326 are stationary. However, when diffraction grating 120b moves so as to
'fsweep Qutan arc, as ‘is t-hepasg. 1f it is attached to a rotary actuator, the laser
beams ;r;lpingir-lg on lenses 320 aﬁd;"§26 also sweep out an arc on their respective

surfaces. Therefore, the laser beams transmitted to mirrors 324 and 330 also sweep
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posi tioni ng sub-system lsEthHaggeén|R§“§k¢[ ates a W‘%Fﬂ_dlu\ ??EoNn

A

grating for use with the factua ng subs tem
illustrates a cross-sectional uator position sensor for use
with a linear grating in accor present invention. Fig.
4 illustrates a cross-sectional view of an actuator position sensor for use
with a gadasl a@y oni teil tegrevivdasarfaved.h The pXetdescdpesenompensate for the

resultant changes in optical path of the diffracted laser beams to maintain the
collinearity of the resultant laser beams directed tqwards the detection optics. The
maximum arc angle aqd thus the maximum rotation angle of the actuator that can

5 be accommodated. is déte'rmine_d by the diameter of the components cbmpn'sing the
two 1X telescopes, the wavefront quality of the resulta_nt laser beam impinging on
the detection optics, and the size of the grating. In practice, the resultant laser
beam wavefront quality is determined primarily by the design of lenses 320 and
326 and the wavefront quality of the source laser beam.

10 The laser beam stability of semiconductor lasers is known to be sensitive to
having even a small fraction of the laser beam reflected back into the optical
cavity. To minimize the intensity of the laser beam reflected back to the laser, in
accérdance with the present invention, all the optical component surfaces are anti-
reflection coated. - In addition, polarizer 306, polarizing beam splitter 308 and 1/4

15 - A wave plate 309 function to fgrther isolate the laser from 0 order laser beam
reflections from the grating surface. The anti-reflection coatings also serve to

optimize_“signal-to—noise ratio of the electrical signals -generated by the photo
| detectorg-:byd'en:}?)anc.:i.ng. the detectedlaser beam intensity and by minimizing the

intensity of spurious laser beams reflected from the various optical components. In
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-12- Fig. S5a illusgrates in graphical formthe out put anaing:sl gnal s
fromthe photo det ectoré of the ‘actuator position gengor. d

illustrates in graphical formthe quadrature cycle counter_input.
Fig. 5c illustrates in graphical formthe fine positioning i nformatlon used

by the actuator position sensor. Fig. 6 illustrates in block

di agr ancheoprefereedacérabbdimpnti 4 | @hativel9ddarge) Qﬁhmﬂ%dlnmdthe laser beam
servo-witi ng system of the present i nventl on. Fi g 7a illustrates

in bloc for ference. wite clock. sub-
lfaeglw El) 1S use%l in the SCSlgn 0 optlcasl actuator position sensor

124 to facilitate alignment of the optical components, to maximize the collinearity
of the +1 and -1 order'. laser beams returned to the detection optics, to reduce the
5 sensitivity to component misalignment, and to reduce the sensitivity to grating
defects. The ability of the actuator optical head to tolerate grating defects reduces
the grating cost by enabling a wider selection of suitable replication methods and

by enhancing manufacturing yields.
Shown in Fig. 4 is a schematic diagram illustrating the design of actuator
10 position sensor 124 for use with a radial diffraction grating (designated 120c) in
accordance with the present-invention. The design and opefation are similar to the
 actuator position sensor described above with referehce to- a linear diffraction
grating with the exception that plane mirrors 324 and 330 .are replaced by roof
prisms 424 and 430 and linear grating 120a is replaced by radial grating 120c. The
15 +] and -1 order diffracted laser beams impinging on roof prisms 424 and 430,
respectively, are stationary as the radial grating sweeps an arc, provided the grating

lmes on the radlal dlffractxon gratmg converge precisely at a point d1rectly over the

rotation center of rotary actuator plvot 116. Sheet Has Been Re‘ilaced

BT
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of the present invention. Thik Sheet £as Bdeh RSjidca €S (- radi al diffraction

gr at’l ng for use with the @’ ite cl m F|'g 8‘.‘::"::::‘_...:.:;:_".'.:: _
illustrates a cross-sectional vie e cl ock ;sénsor-for:'use -
with a radial grating in accordan sent invention. "~ Fi g.

9 illustrates in block diagramformthe wite clock detection electronics
for the servit s ctiticgl slyatt the poirthat wheslertheigratingi bnes convergdibg. callinear
illustrates in timng diagramformthe waveforns generated by the

?g??nr gtn&/éﬁ} gﬁ"%&@&@@ﬁg@% agtfua{chreir{: 'Rderfor' '3 %l@§c$pﬂ:sb t@ Gl qLARIF™
compensate for the optical aberrations; Equivalently, the orientation of the plane
determined by the two 1X telescopes must be orthogonal to the radial grating lines

5 illuminated by the incident laser beam. If the alignment error between the pivot
of the actuator and the point at which the radial grating lines converge becomes
unacceptably large as the radial gfating rotates, an electro-mechanical system may

be used to maintain the optical head orthogonal to the radial grating lines, thereby

still achieving the required orientation.

10
B. Actuator Optical Position Sensor Signal Decode Electronics
Actuator optical position sensor signal decode electronics 126 (from Fig. 1)
includes signal detection electronics, decoding electronics, and a decoding
algorithm. Fig. S5a illustrates a timeline of the sinusoidal signals input to the
15 actuator optical position sensor signal decode electronics. The vertical axis of the

timeline is the electrical current signal; the horizontal axis is the grating position
scale. Eléétric_;al current signals 520-and 521 are produced by photo detectors 314
and 318 when using a linear gréting to sense the actuator pos_itidn_, or by photo

detectors 414 and 418 when using a radial grating to sense the actuator position.
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wite c
m xer .
wavefro

grating.

reconst

10

15

ear diffraqtsor
vi ew of wavefront-:

ruction optics for use with a radial diffraction grating.
The electrical current signals traverse one complete cycle as the grating moves a

| ock sub-system us€ng two opt ‘rﬁé‘éhe&lfﬁgﬁwﬂﬁﬁéeda”d an_.el.ectronic

ig. 12 illu sectlonat
nt reconstruction opt ics for] ﬂ MIIB“EII
Fig. 13 illustrates

distance equal to 1/4 the grating pitch. The electrical current signals are fully
described by amplitudes A, and A,, DC offsets B, and B,, and phase angle ¢.

‘Due to optical component and -alignment tolerances, the corresponding
parameters for the two.waveforms in general are of corriparable magnitude but not
identical, and the phase angle ¢ is approximately 90°. Further, the parameters
describing the signal waveform will depend somewhat on grating position due to
spatial grating'diffraction efficiency variations, variations in the wavefront quality
and deviations from collinearity of the +1 and -1 order diffracted beams returned
to the photo detectors. Most of these effects are present to some degree in a
practical, cost effective design. The optical actuator position sensor and grating are
designed to minimize the. parameter variations .due to grating position while
maximizing the cost effectiveness of the design. The actuator position signal
decode electronics are in- turn designed to compensaté for non-ideal signals
produced by practical gratings an_d optical actuator heads.. -

Shown in Fig. 6 is a block diagram illustrating the actuator optical position

~ $ensor signal decode electronics.  Included are photo detectors 314 and 318,-

ampliﬁers: 602 and 652, -surrmﬁng“ampliﬁers 604 and 654, analog to digital

convertors (ADC) 608 and 658, bias detectors 610 and 660, digital dividers 616
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Fig. 14 illustrates a cros secru.maétuyslm l@&dbeam gonpresser_for_use
wth the wavefront reconér uct | he presknt i ' iam
Det ai | ed Description of thelnve o-witing S '
in Fig. lais a block diagrami l ervo witin e
according to the present |nvent|on |n use W|th a data recording di sk dr|ve
Data rendrg66)dligitakactumelat®r 6 I8 and€sS) sasdom access suemargIRAMNGZdiand a
spindle stack which itself includes one or nore disks 104, spindle shaft

o el il Bk e Btiverters {ALY 520" 88 RS, dubdcHAIE et 873P5Rd

contr ol

processing unit 678.

In operation, the low level electrical current signal 520, generated by photo

5 detector 314, is amplit.'xed. by amplifier 652. Thcle resultant signal from amplifier

652 is summed with signal 690 by summing amplifier 654, and then digitized by

ADC 658. DC offset bias compensation signal 690 has an amplitude which

'compensates for DC bias offsets B,. ~ Similarly, low level electrical current signal

521 generated by photo detector 318 is amplified by amplifier 602. The resultant

10 signal is summed with signal 692 by summing ampliﬁér 604 and then digitized by

ADC 608. DC offset bias compensation signal 692 has an amplitude which

compensates for DC bias offsets B,. Amplifiers 604 afxd 654 ingoxporate low pass

filters with the cutoff frequency set to attenuate high frequency noise while

faithfully passing the required signal bandwidth. Signals 680 and 682 sampled by

15 ADCs 608 and 658 are faithful representations of electrical current signals 520 and
521, respectively, with the DC bias offset removed. The resultant signals 680 and |

682 are, shown graphically. m Flg 56 and labeled q and p, respectively. The g

signal is plotted on the honzontal axis and the p signal is plotted on the vertical

axis. The p and q signals trace out ellipse 534 as diffraction grating 120a is moved
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P —

anplifier 144, optically transparﬂms},@étngscy@ 2 di sposed in
housi ng 103 and Iocated ver dlff Ill H" ]" ‘Hﬁ%’ﬁ-‘&:—\*

respectively, and an actuat or des onef o' ‘rm ey eEER
recordi ng heads 112, rotary act uat i ch furither .
requi red suspension assenbly), actuator arm

- 181- twyva)tdnlsmCeseqaai rtesu.d ther gfainige pitah. asTae eHipdleodk"traced W aned) ,
and voi ce coi

clockwise or counter-clockwise direction depending on the direction of grating

ufaé@ any

motion. This lends itself to using a quadrature up/down counter to count the

- number of complete el'liése rotations taking into account the direction of rotation.

5 The coarse decoae position is obtained by tracking the number and sign of
complete ellipse rotations. This quantity is measured by coarse decode electronics

which in the pfefen‘ed embodiment include quadrature counter 674 and summing
amplifiers 654 and 604 in Fig. 6. Quadrature counter 674 receives input from
summing afnpliﬁers 654 and 604 in the form of square wave signals 522 and 523,

10 which are phase synchronous with waveforms 520 and 521, respectively. These
square wave signals are shown schematically in Fig. 5b. Quadrature counter 674

uses the transition edges of square waves 522 and 523 to count the total number

and sign of complete ellipse rotations. The.counter value provides the coarse
position of the grating with respect to an arbitrary initial position. The cutoff

15 frequency of the low pass filters in amplifiers 654 and 664 is set to attenuate high
frequency noise and pass the bandwidth required by quadrature counter 674. The

cutoff frequency is determined from the requlred maximum grating velocity and the

pitch of the dlffractlon gratmg Wlth respect to the above-described preferred

implementation of the coarse decode electronics, it is to be noted that many
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not or. 118. Housi n 103 ﬁ?ﬁ{e@c'}iaé’lse%h'ké Q,ds the delicate disk drive

conponents and protects them on:an o er—de agef.._.__

typically includes a base  porti MI ﬂ!l ﬁ"ﬂﬂﬂl portio W@FPSE@\W\)S BEEN

al t hough many equi val ent confi gur ound in {he arﬁ‘”‘-ﬁ%‘@ent I y

spindle notor 108 is actually nounted partially t hr ough Thé base,—af

thus i saitBHRAIA eMbddiRetLatd ¥ ailMie) ﬁﬂ;l\i&%g 4dftward-baded ﬁgb%hchetsh@&hl%h'
e enconpassed

of these mnor variations are conS|dered to y the

exenpl ary enbodj nent shomn in Fig and descri bed above, as well as by the
pr esent afthgensidsred to be en@mmsseﬁi Eb’g}hel Meﬁ§n%1"!‘€ﬁ9tiﬂféw of the inside of

di sk drive 102 depicting the

The fine decode position is determined by measuring the phase angle

between the p and q signals. For the special case in which signals 680 and 682
5 have equal maximum amplitude and the phase angle ¢ between them is exactly 90°
the curve 534 traced out by the p and q signals is a circle. In this special case, the

fine decode position, x, at time t is calculated from the expression:

() = 5%— 0() W

where the instantaneous angle O(t) is calculated using the expression:
6@ = tan™! [-p-(i)} = tan™! [-sm—e—(—‘l} ¥))
| q®) cos 0(r)
10

For the more general casé where curve 534 traced out by the p and q signals is an
ellipse, the g;gg]e O(t) is detcnni—negf:;usjpg;ag_ more general decoding .algorithm which
properly ac;'c:mn:ts fi)'r the "sh;pe,.:&i;rité:t'i.on and any residual DC offsets of the
ellipse. In 'general,' the p(t) and q(t) signals can be expressed as follows:

15
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| ayout and positioning of vari ous conponents, i ncludi ng’ the gFRaction
gratings used in the se vo writ T HameSan pedduded at e one-6rmor-e. dr SKEB
104 of the above-described spindl y actuator arm'1-14,
actuator arm pivot 116, and voic 18 of the above-described
actuator, actuator crash stops 15 uator diffraction grating
120a and wite clock dlffractlon gratlng 130 It is to be noted that while

the gratings are affixed ctﬂlat+op1 agid fO@ple stack, neither t(lgz
act uator positioning subs rrF % h§ %Eéz(éfck@s system requires ‘any
ghé Het e pi ndl e stack. Only

further nmechanical attach
Equation 3 is transformed to equation 4 below.

o d, 5] [p@)
cos 6(r) 4
Lm e(r)J c' 0 b, "ﬁ”} | @

The parameters c,, ¢, d,, b, and b, in eqﬁation 4 are defined by the following:

¢, 4, _ 0 4, 5)
C, 0 Aq sjn ¢ Aq Cos ¢
AR @
b, c, 0 ~B,
i .
At any given grating positibn the ellipse best fit pémrﬁeters Cp Cg dy, by, and b,
are detennined;__gs.follox-;vs._..._ M}zltzig.le:_c;até?_pgints' (p;, q;) on the ellipse are captured
by difhering the géltiﬂg p.ositi.on'.’: so as to s‘gﬁ';/e_ep ouf ox;e or more ellipses. The
_ meaéﬁred data points (p,, q;) are then applied iteratively to eduation 4 and equation
0 | 7 below.
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-15- optical and electrlcal coupling is s used to co | cate between the
actuator positioning su ystemnrs:Bhednna.memjtird an bet ween the wite

clock subsystemand the spindle i.n contrast to the” pr| OF=
art, where optical encoders are tached:t6o the Spi” ndie st ack
and the actuator. It is alsotob oe

hat whi |l e the act'ttat or’*grat i ng

I S shown afflxedtoth actuator, it may alternatlvelly be affixed_to any

appendage of @he tua;),rccgsu as a small fl ange or ot frer rpué@gcﬁ) i ng.
Mor eover , EIIy’EI’ r bofH of e gratings may be affijxed tefporari ,/
A N |9; cos U, T, 0.1 0 0 N ; COS
cos 6. |Pi 4 )
byl =Y | cos 6 . E cos 6.
NS |, snellS28% j0 0 0p 1) |5 .
¢, i=l p, sin 6, i i=L ip; sin 6,
4 | sin§; | )0 (s )

The best fit ellipse parameters along with the instantaneous measured values

p(t) and q(t) are used by microprocessor 678 to decode the instantaneous fine
grating position according to equations 1, 2 and 4 above. Microprocessor 678

5 determines the grating position at time t by spticing the coarse position value
obtained from quadrature counter 674 and the fine position value determined by the
above described ﬁlne decode algorithm so as to appropriately account for the
ambiguity that occuts near the switching point of the quadrature counter. The
splicing of the fine decode and quadrant counter position produce a single position

10 number as follows. The counter advances by 4 counts for each complete cycle of
the P and Q signals. It changes at each zero crossing of the P and Q signals. The

fine position decode resolves a single cycle of the P and Q s:gnals into 2V parts.

N is typtcally chosen - to be between 6 and 12 to provide sufficient range and
‘resolution. The fine position is thus represented by an N bit number. The most

) significant 2 bits of the fine position decode and the least significant 2 bits of the
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for pur
my en
woul d o
t hey we

-

poses of servo writing, thg;\sﬂe&msrBegre Y.ed- pre: t-Astances, this
abl e sel ection of ¢te gratl er ar L/ Tofs chot Ces.. t"ha‘rl‘“t]
therwi se be possible (due , and cost constral nt's)* |

re to be left in the driv Ref‘err"lng back to. !

Fig. la, the servo-witing systemi ncl udes an act uat or positioning

sub- sys
pattern
radi al |
onto on

réture i dounteo @ke the- syme eif) theet ie- N6 i timingrskew | @r afplitadd offket e -
generator 142 whi ch cooperate to wite accurately positioned (both

befipeeiyhe GuieE vafla TR coded Fne pasianoc HeBrsveum fishii Rkew

servo positioning information. The actuator posi ti oni ng sub-system
i ncl udegroghpliahdeiftket atanp@etlit 4ft the counter value and fine position decode are

derived separately from the P and Q signals, as is required for a cost effective
implementation. The quadrants are defined in Fig. 5c. In the first quadrant one
the two least signiﬁcant bits of the counter and the two most significant bits of the

fine decode have a value of 00. In the second quadrant these bits have a value of

'Ol, while in the third and fourth quadrants they have a value of 10 and 11,

10

15

respectively. At quadrant boundaries the counter and fine decode may produce
different values for the 2 overlapping bits.  This discrepancy is resolved by splicing
the counter and fine position values according to .the following algorithm:

1)  subtract 2 from the counter value;

2) shift the resulting bits left by N-2 positions, where N is defined above;

3) add the ﬁoe decode position to the result of step 2;

4)  set the least significant N bits of the result of ‘step 3to0;

5)  replace the least significant N bits with the fine decode position.
The resultan“t”:;.grating position 1s us_cd;_py:_::gctuator position controllelr 128 (Fig. 1)
in concert w1th the actuator votce 'cot'l': tomjposition radially one or more magnetic

recording heads 112 over their corresponding disk surfaces.
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sensor 124, diffraction grating 120a, optical w ndow 122, actuator position.
sensor signal ‘decodi ng s(éten1126 actuator position controlier j;th ﬁ
.actuat or VCM 118, tnf“* S
and actuator arm 1 14, which precisely position. one or notle nag_. c.
recording heads 112 radlally over their corresponding di sk surfaces 104 to
be servo-w i figfing I?QmV\tfd Fiz. 9, e gedude) eleffonied ateshowhi whictcpedsrmpetheor
134, diffraction grafing

| computations described above. In the preferred embodiment, the fine decode

electronics include summing amplifiers 604 and 654, ADLS 608 and 658, bias
detectors 610 and 660,'dividers 616 and 666? RAM 622 and 672, accumulators 618
5 and 668, DACs 620 apd .670, and qua.d'counter 674. Signal 690 requiréd to cancel
the DC bias offsets B, is provided by DAC 670. The amplitude of the required
signal as a function of grating position is provided by RAM 672 using previously
determined vélues. Quadrature cpunter 674 serves to address the appfOpr'iate
memory location in RAM-672 so that a stored value can be passed to DAC 670.
10 Similarly, signal 692 required to cancel the DC bias offsets B, is provided by DAC
620 using previously determined values stored in RAM 622. RAM 622 is also
addressed by quadrature counter 674.

. The values stored in RAM 672 and 622, which are indicative respectively of

the amplitﬁde of signalé 690 and 692 és a function of grating position, are obtained
15 by sweeping diffraction grating 120a from one initial extreme position to the other
extreme position. The grating is first posjtioned at an initial extreme position byl
actuator servé%écontrollerh_lzls workmg m écincert with actuator voice coil 118 and
actuator 114. The initiai extréfne positiop may be determined by one of the crash

stops typically present in modern disk drives. By applying the appropriate

Thls Sheet Has Been Rep laced
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130, optical w ndow 132 apnd wite clock signal proces
which generate a precisg{wite clock timng signal
signal that is "phase-locked" to the disk surface(s THIG f e FRO]
mechani cal fixturing (not shown) is used to fix the osi't‘l"g)n:s = '
drive 102, optical actuator position sensor 124, and:eptigal.. ock . sensor
134 rekkictrealt drracto otdiee . comdl@edimrgg@ﬁh fisxmﬂdenmlmo&bsovctlmﬂlm @dTheom
external nechanical and thermal disturbances that coul d degrade the

accuracy of. t he rded t atterns. .This urin
constr u%?\%‘a %laﬁéplé eo*s ﬁm;ﬁ?}et CoPT KRR %Bmﬂéhﬁt&le?tﬁl gkc@%é‘%%
known engi neering principles, and thus will not be described in greater

detail bgptles Is genetatedbebpoplsto decstdbrs At aad 318. Under the direction of

ing el ectronics 136,
disk index timng

e

microprocessor 678, ADC 658 samples the resultant.waveform 680. The sample
5 frequency is set to be s-ufﬁciently higher than the frequency of resultant waveform
680 to ensure that the maximum and minimum amplitudes are accurateiy captured
by bias detector 660. Tﬁe .bias detector averages the maximum and minimum
values to deténm'ne the electrical c;urrent DC offset value E'q. A fraction of the
resultant DC offset value B, .is passed to accumulator 668 by dividef 666 The

10 accumulator value is stored in RAM 672 and passed to DAC 670. The DAC
generates signal 690 which in tum reduces the DC offset value of signal 680. This
-process is repeated under the direction of microprocessor 678 until the DC offset
of signal 680 is reduced to near zero. The resultant accumulator value is stored in
RAM 672.

15 - Similarly and simultaneously with the above sequence, microprocessor 678
directs ADC 608 to sample resultant waveform 682. The maximum and minimum
ampliﬁdes of waveform 682 aré aédhr;t'ely-'caﬁtured by bias detector 610. The bias
detector averages the maximum and minimum values to determine the current DC

offset value B, A fraction of the resultant DC offset value B', is passed to

This Sheet Has Been R
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ensure accurate

e L e
et

I n operation, serWo-wilte coREFbbi:ep 140

granite table, such as is,.required in the prior art, n(pt rH@GMS%TT—_&A‘th&N
recordi r6

—— e o

directs actuator position controller 128 to position actuaTdT"Iid-aﬁH ----- ==
attached recording head(s) 112 at the desired radial position on the disk
surface(s) where the nagnetic patterns are to be witten. Servo- wite

cont r ol dcoumulater 6&8 iy dinidenbilbe Phe toarreny aavenaulatardgalueecisdtored in RAM

10

15

622 and passed to DAC 620. The DAC generates signal 692 which in turn reduces
the DC offset value of signal 682. This process is repeated under direction of
microprocessor 678 until the DC offset of signal 682 is also reduced to near zero.

The resultant accumulator value is stored in RAM 622. The use of dividers 666 .

‘and 616 ensures that the correct bias offset signal values 690 and 692, respectively,

are approached asymptomatically even in the presence of gain errors that may exist
in ADC 658 and ADC 608 as well as in DAC 670 and DAC 620.

Quadrature counter 674 is fully functional once the DC offsets in the signal

" outputs from summing amplifiers 654 and 604 are compensated for by using the

above described procedure. Quadrature counter 674 can then provide the coarse
position signal to microprocessor 678 and the.absolute memory address to RAM
672 and RAM 622. Under low gain servo control and by using only the coarse
position signal providéd by quadrature counter 674, actuator servo controller 128
working with actuator voice coil 118 and actuator 114 gradually sweeps the
diffréction grating from the initial extreme position toward the other extreme
position. Durmg the -f%l‘otion,'.-jmi";fopfoééssor 678, with the aid of quadrature
counter 674, directs ADC 658 and bias detector 660 to measure the instantaneous

bias value B', of signal 680. Signal B', is divided by divider 666 and added to the

This Sheet Has Been Reﬁ ace
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e,

-17- anplifier 144 and gne or nore magnetic heads t F 1T 6 thex
magneti c transition pat{tern onto one or nore di sk dqurffac / S"Fh@ Hocrsagt%g
radi al positions of the recorded magnetic transitions ttisditred by
t he actuator positioning subsyst em whi ch produces. the requi red acte
radi al position signals used to precisely position the recordi ng head.

The pr egiesfows acouwmelor valu®esdred dnsacturhtitor 66807 Thd resghatt accumulator
transitions are controlled by the wite clock sub-system which pr oduces

th i.red cl ' i nde i gnal tq.precjsely cl,ock the data
ot t or VAIE s diseR BRIAL, BE0R, Sensrath; signal 890 Wil G9hET AldEUrRY shramingo
in concert wwth the wite cl ock sub-system and

amplifier 654 to the output from amplifier 652. The accumulator value is also

stored in RAM 672 at'tﬁe memory address determined by the Quadramre counter
5 value. Thus the accu:;nulator value required to compensate for the DC offset in
signal 520 is stored in RAM 672 for each desired grating position. Similar!y and
simultaneousl}; to the above process, the accumulator value required to compensate
for the DC offset in sighai.gifi; stored in RAM 622 for each desired grating
position by microprocessor 678, quadrature counter 674, ADC 608, bias detector
10 610, divider 616, accumulator 618, DAC 620 and RAM 622. The DC offset bias |
values B, and B, are expected to vary gradually over a narrow range with grating
position due to: a) the expected small amplitude and long spatial frequency
variations of the diffraction grating efficiency; b) the expected gradual variation
of the optical position sensor detection efficiency with grating translation; and c)
15 the designed laser beam area impinging on the grating being much larger than the
total area of the illuminated _defe:gts__at any given . grating position. The gradual
variation in th;"D.(_J.? offsét values maybeused to advantage to improve the signal-
to-noise of the bias values B, _and B, stored in RAM 622 and RAM 672,

respectively, by making the divider vélue N of dividers 666 and 616 in Fig. 6 be

This Sheet Has Bee 7ilaced 5
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read/wite anplifier

head and

144 gl so selects in sequence the
thus the disk s@irface to be servo-witten.

surfaces may be servo-

witten during any given disk.

gnhetic recording

—ore di sk
rev@Iutien ‘Tﬁe

process is repeated at a nultitude

of sequenti al .

rad| al pasiti.ons unt’i 1’

the desired ensenble of magnetic transitions is witt&h-on-one .or nore of

the di skorgyferatigi- 1. MHIB! FasTBEff: eétthch?rghg% hatHifk Atagé! ihCRAINT 6001 id

magneti ¢ patterns are recorded as require 0 encode the Servo positioning
i nfor rraté It shoul d be noted that by proper selection of the
shape o 7a?c€iﬁéttbi45ngQPF?ﬁgthQEQ&SlUMW fraeisgt i nvention is equally
applicable to disk drives using rotary actuators, |linear actuators, or

actuators thayiff Qeert atocﬂf@ia%%pdk&fibhhnﬁ?éfeﬁ%ﬁ implementation of the fine
decode electronics, it is to be noted that many alternative embodiments are
5 available which are considered to be encompassed by the present invention. For

example, bias cancellation may be implemented in software rather than in hardware

while all the decode function may be performed in hardware.

III. Write Clock Sub-System

10 The write clock sub-system, shown schematically in Fig. 7a, ineludes optical -
clock sensor 134 which is comprised of semiconductor laser source 700, laser beam
deflector 706 and detection optics 702 and 704, grating 130, optical window 132,
“and write clock signal processing electronics 136. Planar diffraction grating 130,
shown in Fig. 7b, is in the shape of an annulus having enough width to

15 accommodate the laser beam diameter and the centration tolerance with respect to

the spindle hub center of rotation. The gratmg lines converge to the center of the

annulus. The radial gratmg at the tadtal pesuton where the laser beam impinges

on its surface has a pitch approximately twice the wavelength of the laser beam and

a depth approximately 1/4 the wavelength of the laser beam. To maximize the

40
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- 18- radi al notion such as a |l eaf spring actuator nade using a
paral | el ogram constructi The servo positiof i
menti oned above may be encoded using any of a variety o ﬁﬁthﬁﬁs wedd o !,
known in the art. For exanple, the track nunber may be gncoded:tsing: a
grey code and the fine position servo information may be™ &ncoded using===-

quadr at WepfdtridiceP it @leNdptitHP whtd cPode sERsdY, | tHe'GrifiAg CpRcABIn® depth are

v\

preferably .selected to optimize and equalize the efficiency of the 1st order
diffraction pattern for both the p-polarized and s-polarized laser beams and to
minimize the diffraction efficiency of all other diffraction orders. It is
5 advantageous to use a small grating and to select a low density substrate or even
preferably to replicate the grating directly onto the spindle hub surface. The sub-
system generates a precise write clock timing signél and a disk index timing signal
that is "phase-locked"” to the disk(s') surface(s). The to_tal number of clock cycles
per revolution is determined by the number of lines on the radial grating. The
10 . detection electronics are designed so that any extra pulses or missing pulses due to
grating defects and/or electronics noise are compensated for. The exact
circumferential positions of the recorded magnetic marks produced by the servo-
writer is contro}led by the write clock system, which produces the required clock

“and disk index signals used to- precisely clock the data pattern stored in pattern

15 generator 142. - ' ' This Sheet Has BeenR f',

T
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acconplished on a fully assenbled, sealed disk drive in a non cl ean room
envi ronnent since only op{ical and el ectrical access (0 =302
requi red. No nechanical coupling or physical access istifr Eﬁlﬂ P “tad\&SIﬁBeEN ]l
spindle notor or the actuator arm Also, the conpactnegs._of tﬁér ’i:au‘cal
actuator position sensor, optical wite clock sensor and noder n_ai SK-orrve

make the\se@puea\]r Watqtnl-{melssehms sensitive to mechani cal and thernmal
di sturbances and easier to isolate fromsuch disturbances relative to

Shown 1 P o ST ARG, BiS R cBPspsastionsl dstm Qlavaming Tin SYAtRL AR

of optical write clock sensor 134 configured for use with a radial grating to

generate a reference write clock in accordance with the present invention.

W

The measunemeﬁt system includes semiconductor laser 700, collimator lens

804, polarizers 822 and 824, polarizing beam spliﬁer 806, spherical lenses 808,

814, and 820, photo detector 826, quarter wave plates 810 and 816, comer cpbe

reflectors 812 and 818, and radiai grating 130. In operati/on, the laser beam

generated by laser diode 700- passes through collimator 804, polaﬁzer .822 and

10 polarizing beam splitter 806.. Polarizer 822 and polarizing beam splitter 806 block

any S-polarized component and pass the P-polarized component on to lens 820.

The resultant beam ‘substantially is focused (to within about 5% by lens 820 onto

- spot 830 on radial grating 130. In the preferred embodiment, the beam incident on

lens 820 is offset from the optical axis of lens 820 by approximately 1.5 mm so

15 that the 0 ordef beam reflected from the grating is offset by approximately 3 mm
from the incident laser beam after it passes back through lens 820. As a result it |

can be easily ‘blocked fromretummgto laser diode 802, thus avoiding the known

sensitivity of diode lasers to light fed back into their cavities. Also, the P-polarized

is Sheet Has Been Reﬂlaced
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i nvention, including optical actuator position sensor 124 -whieh-is= “—-_;—\:—:-“;
conpri sed of sem conduct{or | aser source 200, |aser eamldeﬂ BCE Ore @7‘ -
detection optics 202 and 204, as well as diffraction gratl ng-120a; - 2

w ndow 122, actuator position
-19- sensor signal decoding system 126, actuator position control | er 128,

act uat dj ovidad relﬂf&tedubtamtfmhowheagmtmyls passed bybpsoldeizing tedm plitter (806
detail below, the sub-

and not reflected towards photo detector 826 so as not to degrade its performance.

The +1 and -1 order diffracted laser beams emerge from the grating in the

direction of their respgctive wavefront reconstruction 6ptics.' In particular, the

5 resultant +1 order difffacted laser beam passes through spherical lens 808 which
collimates it, then passes through quarter wave plate 810, is reflected back by
comner cube reflector 812 and again passes through, in turn, quarter wave plate 810

and lens 808.- Lens 808 substantiaily focuses the resultant beam orllto the grating

at spot 830. The resultant beam is diffracted by grating 130 toward lens 820. Lens

10 820 re-collimates the beam and directs it to polaﬁzing beam splitter 806. Likewise,
the resultant -1 order diffracted laser beam passes through spherical lens 814 which
collimates it, then passes through quarter wave plate 816, is reflected back by
comer cube reflector 818 and again passes through, in turn, quarter wave plate 816

and lens 814. Lens 814 substantially focuses the resultant beam onto the grating

15 at spot 830 so as to overlap with the + 1 order beam also returned to spot 830 by

the other set of optlcs The resultant beam is dlffracted by grating 130 toward lens

806.
- " This Sheet Has Been Re;
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system may be used with éi6t her a linear grating or a padi I
by nodifying the design.©f optical actuator positiork sefjsbiiSi24ey .,

Optical Position Sensor Optical actuator position sensd?ﬁi%:—ig&,é«:;g? EEN !
sen conductor |aser |ight source 200. In general, sem con :l::a"’s“elg\\

exhibit wavelength drift with time and tenperature, which limt their
usef ul ness i Thel aptitskhlighftennast tensptigal icotrepdremisssesuch Hoatethsr resultant
actuator position sensor of the present invention is insensitive to

12 TR Tl T R B AP b A 108 edg i
wave plates 810 and 816 serve to make the resultant beam s-polarized.\ The
combined laser beam exhibits interference fringes which change intensity as the

5 radial grating is rotate&. Polarizing beam splitter 806 directs the combined beams
to polarizer 824 and subsequently to photo detector 826. Polarizer 824 serves to
incréase the extinction capability of polarizing beam splitter 806 to the p-polarized
light beam while passing the s-pollarized light beam to photo detector .826. The
electrical signals generated by photo detector 826 are a sinusoidal function of time

10 and are synchronized to the diffraction lines on the radial grating and thus to the
spindle rotation. Rotation of the grating by 1 line pitch results in 4 complete
cycles of the electrical signal. The resultant signal is subsequently processed to

produce a highly accurate and repeatable reference write clock signal which 15
synchronous with the spindle rotation.

15
‘B. Detection Electronics
The inéthngimeous,freque_p_;:y_---:-qf ‘the.raw reference write clock, hereinafter
referred to a; mthe raW ciock, produced at the output of photo detector 826, is

determined by the instantaneous spindle rotation velocity and the average pitch of

- This Sheet Has Bee
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between the +1 and -1 diffraction |aser beans. In furtper=centrast_to____
conventional |aser i nter@rometer position neasurene yﬁt ar+anhieh- useﬁ
dual frequency source beamto resolve the direction of ti on;=1t:he-:present”
i nvention uses only a single frequency | aser beamto de e the
direction of notion. Pl anar, reflective diffraction grating 120a can

be eit heke aradidle fatm dlluadhated SS?Sﬂlﬁnla%epmnmgﬁ@m tthe rferepeeoivritet viiokr
posi tion sensor he linear diffracti on grating, shown schematically

Fi | el t
'n Fg. 0pt1cam{°‘ea%a aéenetrat fon elnpo of 81a\ivI grating 130 with respect to the spindle

rotation axis modulates the average radial grating pitch illuminated by the laser
beam and thus the iqstantanéous frequency of the raw clock. The resultant
5 modulation is sinusoid'al with a frequency equal to the spindle rotation frequency.
The. amplitude is determined by the grating centration error and the phase is
determined by the diréction of the grating centration error with respect to the
'position of the reference write c]ock optical head. Both the magnifude and phase
of the frequency Iﬁodulation is repeatable for each spindle revolution. For

10 example, at a grating radius of 10 mm a 1% centration error due to a 100-um miss-
alignment of the grating results in a 1% frequency rﬁodulation amplitude of the raw
clock. The raw clock frequency is also modulated by any repeatable and non-
repeatable spindle runout as well as by any circumferential non-uniformity in the

~ grating line pitch.

15 : Aside from electronic noise, the above effects combine to add additional
repeatable and non—repeatéble error to the raw clock. By the proper design and
manufacture of the spmdle and: the grating their contributions can be made suitably
small. However;, in most ;.)ractxcalh abpllcatlons it would be economically

unattractive to make the contributions due to grating centration error also suitably
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-20- a constant pitch and-depth. Diffraction gratingAZ2 generatt
the shape of an arc segnmknt w de enough to accommmodade E’%c T [ o‘?k—t\'hg
i mpi ngi ng | aser beans from actuator position sensor 124._a.nﬂ_l‘m’1g' enough to

accommpdate the actuator swing angle. The grating pivots ar 's around poi nt 230
which is coincident wwith the center of rotation of the actuator pivot. In

Fi g. Zagn{d]p 9fIEHuanheSpr%b&wﬂnrﬁfefnltmdprd\ﬁdaﬁtw appeoavhkd swhich segnifigaatlyc

head si

e of actuafor pi vot 116 but nay be | ocat ed on the voice COI| si de

or anywhere else on th

t | efiac
di ffracﬁ@#ﬁ%ﬁb@lfﬁﬁea@glﬁiﬁng Hg‘f‘é’(“i ﬁquf%hv fﬂlac e ﬁ%sthFaaﬁazllng Cefitration

10

15

error. The first approach is based on electronics which accurately measure the
repeatable amplitude and phase of the raw clock modulation and electrenically
compensate for it; tee second makes use of two write clock optical heads
positioned on opposite sides of the grating but at nominally the same grating radius
to generate two raw clocks. The two clock signals are rnixed electronically to
produce a compensated write reference clock, hereinafter referred to as a
compensated clock.

The raw clock detection and compensation electronics for the first approach
are showﬁ in block diagram form in Fig. 9. The raw clock detection electronics
includes photo detector 826, band pass and automatic gain controlled amplifier 900,
square wave generator 901, p'hase detector 902, filter 904, voltage controlled
oscillator (VCO) 906 and digital divider (DD) 907. The amplitude and phase of
the frequency modulation due to the grating centration error. are measured using
these electronics along with the measurement electronics. The measurerment
electronics mclude analog-to dlgltal converter (ADC) 930, -edge detector 926,

o3

digital counter 928, RAM address generator (RAM-AG) 929 and processing unit

wosoos s TG

932. Compensation of the raw clock is perfonned by the raw clock detectlon



grating lines that converge at a point 230 which is/corfici-dent - wit h-the
center of rotation of th€ actuator pivot 116. The.l}?i@ia‘r'{% gratiimg:-has ia
pitch approxi mately twi ce the wavel ength of the |aser_ beam and ‘a depth
approximately 1/4 the wavel ength of the | aser beam Likew se; the +adi al
grating at the radial position where the |aser beaminpinges on its

f e | | o ther oli
sur aceel%ﬁ'oﬂld%' ﬁ@ﬂﬁgpghgﬁiamgﬁg%uéﬁﬁ@ﬁﬁgﬁé}aﬂﬁ wdifg ! iARMATSN

and a depth approxi the® |aser beam To

maxi m ze the perfar rrsnge 3_]‘th he optical position sensor, the grating depth
and dutstoesdiia RAMeP3ad: edheoquadratiteetimingi adjustimeyt generatontinchidesredge

reflection and naximze the intensity of the 1st order reflections. The

?;?5 ieng%@hgﬁd}t %ig,eg it@qgﬁﬁgﬁ& 908! R AM-AGOIEEr RANA 934! PHcdRH S UniB o30S
quadrature sawtooth generator (QSG) 908, beak detectors 910 and 920, multiplying
5 digital-to-analog conve;'ters (M-DAC) 912 and 922, comparators 914 and 924, and
pulse selector 916. The compensated write clock generator includes phase detector

940, filter 942, VCO 944. and digital divider 946.
In operation, the raw clock from photo detector 826 is pa_ssed_ to amplifier
900. Amplifier 900 band pass filters and automatic gain controls the signal before
10 passing it fo square wave generator 901. The band pass filter bandwidth may be
relatively narrow since the required write reference clock information is carried by
the fundamental frequency component. The desired band pass filter bandwidth is
primarily determined by the expected grating centfation error and the spindle RPM
variations. The automatic gain control compensates fof any circumferential optical
15 grating efficiency varnations which .otherwise would adversely affect the
performance of square wave generator 901 and subsequently phase detector 902.
Square wave- generator 901, phase _d_ete_z::gtor 902, filter 904 and VCO 906
collectively functlon as a classic pﬁa's':e-l%.c:lc;':lioop to generate a raw clock signal that

is synchronous with the grating lines on grating 130. The phase-lock loop'also
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1st order diffracted beamto be adequately separated fromthe |nC| dent
| aser beam (L‘O

ST 4 o mrj
so large to inpair the ability to isolate the 1st order &IFW‘I’&E& "_', I'Id%r;‘h "
T

from

nms i*(iwl‘ 1 ngs..

t he hi gher order diffracted beans. - Precis

having the desired characteristics nmay be generated by a nunber of known
met hods functiods g reducetiepeffectpbbdelectioniogoiseiand to beapensate for any missing

10

15

or extra zero crossings occurring in the output signal. of amplifier 900. Grating
defects, for example, may lead to missing or extfa zero crossings which would lead
to the index counter not being synchronized with the disk spindle.

The raw clock ﬁom VCO 906 is accurately synchronized to the grating lines
and the spindle rotation. The timing jitter of the raw clock is inherently very small

due to the high signal-to-noise ratio of the electrical signal from photo detector 826

-and due to the noise and grating defect abatement.provided by the raw clock

detection electronics. If required the raw clock frequency can be divided and/or
multiplied internal or external to the raw clock detection electronics using known
methods. |

The magnitude and phase of the raw clock frequency modulation is measured
as follows. The transition edges of the raw clock are detected by edge detector 926
and counted. by digital counter 928. In particular, digital counter 928 produces a
stationary spindle index by counting the total number of transitions per complete
spindle revol._pltion. The total number of transitions per complete spindle revolution
is detenninéfii by the numberofgratmg lines and any frequency di\}ision or
multiplication performed in the raw clock detection electronics. The transition

edges are also paséed to ADC 930 and to RAM Address Generator (RAM-AG)

Thns Sheet Has Been Reﬂ
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l'i thography, E-beam etchin and ruling engine. Ap " op iately thin, 1ow
cost, precision replicat gratl ngs having the deg SR shape may
then be mass produced by a nunber of known met hog s Mol udlng 2"P‘.?‘“7
phot opol yner, epoxy duplication, injection noldi hg.\ _anid errbos$| ng'\ qn a
variety of substrate materials such as netal, glass, ﬁT‘achs_anL

pol yner 929ThA DEPPI@ atses ghettrargition edpesder detertnigh|the rdit exquysition ting
desired | aser beam wavel engt h usi ng known net hods such as depositing an

appropri at. i depositing one or di el,ectric

vt 1o, Pl BA DA 29 il et T8 Sitermiinecihe oofR Bt adarors o RAMS The
potential adverse effects on actuator performnce caused by the added
grati ngOrpasgiven! spindéel randRgrmlshé dnstantaned B! inplit ol MCONI06 aribltihas the

| ow density subst rate or
instantaneous output fr;quency of DD 907 is synchronously sampled by ADC 930
5 and passed to processir;g unit 932 for storage and processing. Processing unit 932
uses data obtained from multiple complete spindle revolutions to compute the best
fit amplitude and phase of the frequency modulation due to the grating eccentricity
error. The computations are performed using statistical principles well known in
thé art and thus will not be described in detail. The number of complete spindle
10 revolutions as well the number of data samples taken on a given spindle revolution
are chosen so as to compensate for any spindle velocity variations and to average
out noise. Processing unit 932 makes use of the best fit amplitude and phase to
calculate the synchronous timing adjustments required for each raw clock cycle to
compensate for the grating centration error. The appropriate representation of the
15 synchronous timing adjustments is stored in RAM 934, which is addressed using
RAM-AG 929. The valﬁe stored in RAM 934 is then use-d to make the
instantaneoﬁ; timing adjustrﬁeﬂts usmg the quadrature timing adjustment generator.
The quadrature timihg adjustment generator function is provided by QSG

908, peak detectors 910 and 920, M-DAC 912 and 922 and cdmparators 914 and
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even preferably to replicgte the grating directly ont urface

as showmn in Fig.lb. Shown in Fig. 3is acro ’g@c‘ﬁronaﬂ«gg&g&a
illustrating the detailed design of actuator positi @@r iﬁgg;for
with a linear diffraction grating in accordance with the prese '

I nvention. The design includes sem conductor |aser
-22- 924. QSG 908 generates quadrature sawtooth waveforms synchronous with the raw

clock from DD 907. The raw clock 1000, the quadrature sawtooth waveforms
1010 and 1040 as well as the output waveforms from comparators 914 and 924,
1001 and 1002, reSpeqtis/ely, are shown in timing diagram form in Fig. 10. The
5 output of M-DAC 9‘12 for sequential cycles of waveforms 1010 is shown
schematically by horizontal lines 1020, 1021 and 1022. Comparator 914 produces
waveform 1001 having sequential pulses 1030, 1031, and 1032 when the sawtooth
waveform amplitude is equal to the preset outputs 1020, 1021 and 1022,
respectively, of M-DAC 912. Likewise, the output of M-DAC 922 for sequential
10 cycles of waveforms 1040 is shown schematically by horizontal lines 1050, 1051
and 1052. Comparator 924 produces waveform 1002 having sequential pulses
1060, 1061 and 1062 when the sawtooth waveform amplitude is equal to the preset
outputs 1050, 1051 and 1052, respectively, of M-DAC 922. In the example shown
schematically in Fig. 10, the raw _cIock- has a period of 16 units while the

15 comparator's output has a period of 18 units. Similarly, by the proper choice of
- output sequence - values from M-DAC 912 and 922 the output values from
comparators 914 and 924 may have a penod smaller than the raw clock. Thus, by

programmmg a proper sequence of values in RAM 934 the pulse period of

i
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200, collimtor |ens 304, polarizer 306, polarizing be splitter 308 and
1/4 [err] plate 309 whi conprise the | aser bean1sdﬁ££e¢:ﬁﬂggggggl

| enses 320 and 326, polarizers 322 and 328, nirrors {3P4Sand 330, WAl |
conprise two 1X tel escopes; and 1/4 A plate 311, noiégplaﬁ$ahqgg§d@ﬁbq m
splitter 310, polarizers 312 and 316, and photo  detéctors=3%4-and.-318.;;
whi ch ¢ ' h t OD2084d it t ' ;

200, 11 B 008 (R, APPZ B Be Kk ConfanC s e e iogh WA 1IN
attractive, cost .and si.ze but other |laser types may al so be sel ect ed.

I n oper &YitBspoRdigcEtation. positi on sensor 124, sem conductor |aser 200 enits
a nostly linearly polarized | aser |Iight beam which is collected and

col 11 mat ed byrhe it Phlukeof RADAELCIHI ok S8h tERIETbE SR Fh&7 bLR! sy

the p-pol arized bea
determined by the digital value stored in RAM 934 and is normalized to the peak

5 of the previous sawtooth waveform cycle using the output of peak detector 910.
Similarly, the output value of M-DAC 922 for each cycle of the raw clock is
determined by the digital value stored in RAM 934 and is normalized to the peak
of the previous sawtoofh waveform cycle using the output of peak detector 920.
The normalization provided by M-DAC 912, M-DAC 922, peak detector 910 and

10 peak detector 920 insures that sawtooth amplitude variations caused by raw clock
frequency variations are compensated for cycle by cycle. By synchronously
changing the output value of RAM 934 under the direction of RAM address
generator 929, the output pulses from compamtors 914 and 924 can be positioned
anywhere between the beginning and end of a given sawtooth waveform cycle.

15 Thus, the position of the pulses on waveform 1001 and 1002 can be continuously
and predictably moved within a waveforrn cycle and cycle to cycle, to compensate
for the freqﬂenc',y. variation; due tothe gratmg cent.ration erTor.

In prihciple, either waveform 1001 or 1002 can provide the compensation

clock if the sawtooth waveform generated by QSG 908 is close enough to ideal,
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and pol ari zing beamsplitter 308 directs the resultantfrasers:

linear diffraction grati r@ 120b through 1/4 [err] {ﬂ@ 09T %A dresy
pl ate 309 converts the highly linearly polarized | [ bBEM.E6EE {

circularly polarized | aser beam The resultant |aser bea %F“’I‘YQ’@&T«'—':@HJO
diffraction grating 120b at normal incidence and is diffracted.

Di ffracthanigr & thed sdvtoths wasefenedfrtbsh WSG 908 hae amhdadkition afméhonbaam
into +1 and -1 order beans. Grating 120b rs |ocated in a plane orthogonal
to the input |laser beamwith the grating lines oriented such that the +1
and - 1 GRUGIMUR 1 780 BIFBJS mue smallel andbeciesiiadmighaua ks iokensad
respectively. The 1st

and is highly linear throughout the entire range. However, this requirement would

unnecessarily increase the performance réquirements and cost of the components

5 used to implement the.QSG, and also would complicate its design. In accordance

with the invention, the tranéition timing requirement as well as the linearity

requirement over the entire range are significantly relaxed by using a quadrature

sawtooth generator and appropriately selecting a pulse from either waveform 1001

or 1002 using pulse selector 916. The only remaining critical requirement on the

10 quadrature waveforms is that the central parts of .the waveforms be highly linear

and that.their slopes be well matched. These requirements can be achieved in a

cost effective manner using techniques well known in the art. The compensated

clock-is produced by pulse selector 916 and the phase-lock loop compnsing phase
detector 940, filter 942, VCO 944 and digital divider 946.

15 In typical phase locked loop applications the linearity of VCO 906 may not

be critical. Howgver, in the context .of the present invention the linearity of VCO

906 is very important since 1txsused to accurately measure the magnitude and

phase of the frequency modulation of the raw clock. The voltage-to-frequency

transfer characteristics of the VCO are measured by feeding square wave generator

I

This Sheet

SA9-90-083 . | | 52. //”/I///ﬁi/ﬁlm



- 23- order diffraction ?(ngl e [err] can be calcul ated _fromthe equati on

sin[err] = d/[err] wher d is the grating pitch afd [err] s the Iaser;
wavel engt h. Spherical lens 320, polarizer 322 and_mrror 324 -
conprise 1X tel escope | aser beamreconstruction optics for the +1 order

diffracted beam the 1X telescope will be described in further detail

subsequéill in turn wethetvad or trheretvavefteims hab ime hechratdanknowhoegeshaied ehat
mrror 324 through polarizer 322 by spherical |ens 320 and reflected back

onto grating,120Qb .as.a re-collimated feam The function of
g spangthe gesued operating range. The input Ef:rf:que:nmes may be produced, for

example, by a crystal controlled clock. The resultant voltage at the input to VCO

906 is sampled multigle times for each input frequency using ADC 930. The

5 sampled values are the1.1 fitted té a straight line to calculate the voltage-to-frequency
transfer characteristics in accordance with design techniques known in the art.

The second technique for implementing the raw clock detection and

compensation, shown in Fig. 11, uses two separate clock heads positioned 180°

apart (on opposite sides of the. grating center). The write clock sub-system, in

10 accordance with this technique, includes optical clock heads 1100 and 1150, grating

130, raw clock detection electronics 1130 and 1140 and write clock mixer 1160 and

compensated write clock detector 1170.. Optical clock head 1100 includes

semiconductor laser. 1103, polarizing beam splittér 1102, and photo detector 1104.

Similarly, optical clock head 1150 includes semiconductor laser 1152, polarizing

15 beam splitter 1153, and photo detector 1154. The complete design for the optical

clock heads is shown iﬁ Fig. 8 above. E_éch head is coupled to its respective clock

detecti&if electronics. The design ;.ot_;'._._.i{:lock detection electronics 1130 and 1140 is

equivalent to the design shown in F.ig. 9, including amplifier 900, square wave

generator 901, phase detector 902, filter 904 and VCO 906. The two synchronized
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pol arizer 322 is to allow,only the p-polarized part of t_,ile._d-.l.-.oxdgt___--,.__._j
diffracted beam to be trfansmtted. Likew se, spheri C€|- | emss 32657 pakatizel;
328 and mirror 330 conprise 1X tel escope |aser beam reconstructi:ea+optics:
for the -1 order diffracted beam The -1 order diffracted beamis -focused
onto mrror 330 through polarizer 328 by spherical lens 326 and is

reflectggyb ﬁti_rtgﬂc(bcﬂ{sabmm&e@%gaéldbld Rletcdtidrimeli€dromieam 1 JDeaddinct4 @ raref
e

pol arizer 328 is to allow only t s-polarized part of the -1 order

diffracted, beam.t o be tha rrittdg#c‘i{ Mﬁrors 324, 3?_0, pol ari zers 322, 328
and | efREDINSY InJBEKEL &isﬂq e Ang oNtPhagndlch that the returned +1
and -1 order beans overlap at grating 120b at a position displaced from

t he source | ag€f, Yoeaws(fine g ft atd sughytt hat the two beans are
col | i near fromg(t'r%e ar ag ?)r}g_ t?ﬁog@l RY # L]

Compensated write clock detector 1170 removes the difference frequency term

using a high pass filter and processes the remaining sum frequency term to produce

(V]

a composite write clock. Due to the cancelling effect of the above combinationé,

the resulting composite clock exhibits no first order frequency error attributable to

the grating centration error. The magnitude of the remaining second order term is

much lower than the first order term, being proportional to the square of the

10 centration error. For a worst case 1% grating centration error, this technique results

in a maximum 0.01% error in the resultant compensated write reference clock
frequency which is adequate for most servo-writer applications.

. Some applications - may not require full correction of the reference clock

frequéncy. In many instances, only a small amount of information is required to

15 be written synchronously. For éxampie‘, in writing sector-servo patterns on a data

recording disk, any single servo sector is written with a synchronous clock for track

to track alignrf;;nt;?but thllg syncgfori.i_;at;;ﬂ?r.equirement is relaxed between servo

sectors. In such case, it may be sufficient to ensure that the time between servo

sectors is corrected, without actually correcting the reference clock frequency. A
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the detection optics and such that resultant wavefront(.aberratlons are._..

m ni m zed. : -24- .. - Th_e
+1 and -1 order collimted beans returned to grating 120b are.. dlffracted

normal to its surface towards 1/4 A plate 311. 1/4 A plate 311,
non- pol ari zing 50% beam splitter 310, polarizers 312 and 316, and photo
det ect ocsyRdhcanttoHéd reference clock may be used to calibrate the sector length

measured using the uncompensated write reference clock, thereby producing equal
length sectors. The accuracy of the calibration need only be commensurate with
the spindle RPM control accuracy, which itself may be improved if desired by

averaging data taken over multiple spindle revolutions.

n

IV. Wavefront Reconstruction Optics
The reflective diffraction gratings included in the actuator position sensor and
reference write clock generator described previousiy are provided with linearly and

10 radially disposed diffraction patterns, respectively. As the grating rotates with
réspect to the incident light beam, the phase of the reflected diffraction patterns
shift with respect. to the phase of the inéident beams. This phase shift, measured
by suitable photo-detectors,. provides the basis for accurately determining the
actuator position and reference write clock signal.

15 - The problem associated with using the diffraction pattern from a linear
diffraction grating with a rotary actuator, prevalent in modern disk dri_ves, is that
the diffrac:féd lase;'be'ém rotalt;iesg_’_(__ygﬁs):y/ith respect to the incident laser beam as
the actuator rotat:es abéut .its | pi;.ot.m The optical system design needs to

accommodate the actuator rotation, which can be up to £20°. On the other hand,
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conprise the detection optics for the resultant |aser heans. 1/4 [err]
plate 311 converts the p{polarized +1 order |aser bedpand: s--p;q*l--a-r'ir;zfé—-ﬁ,

order laser beam into right and left polarized |aser beaft"fespectively: !
The resultant |aser beamis equivalent to a linearly palariz&d | aser beam
with its polarization direction determned by the relative phase '

di fferenpe diefrucel [dier beaniUoel AHUEHtatk fif loHe! BSes aafRiiaPeAstBad of a lin&@ f
of the resultant | aser beam passes through non-pol arizing beamsplitter

310, polarjzer plate 316 and i npinges op, photo detecgtor, 318. Photq. det ect or
318 modbtFaRiamhETalinger @Wﬁ\vr-'mglmmrygimanchwéaﬁt Wit h raélaira CHOR e
316. The other half of the resultant |aser beamis reflected by

- non- pol grighHgs Appreciablet Walefront aberration of the diffraction patterns caused by the

variable grating line pitch under the incident laser beam. In a typical optical

system, the + and - order diffraction patterns are reflected back to a spot in the

Ln

grating adjacent to the incident source laser beam and then diffracted normal to the
grating surface onto photodetectors for phase detection. The combined + and -
order diffraction patterns of the resﬁltant laser beam exhibits substantial wavefront
aberrations. This results in poor diffraction fringe contrast which degrades
10  performance of the position detection system. It also results in a detection system
which is very sensitive to misalignment of the optics with respect to the grating
since the two highly aberrated resultant laser beams must be kept precisely co-

linear as the grating is rotated.
There is no known prior art design compatible with the high yaw angles that
15 - result from the rotation of a linear grating. The pﬁor art relating to angular
position sensing with radial gratings has either neglected correcting the resultant
wavefront '."éi)erratiohs .' in the l-l_diff_r:;ctipn-_. .;.:J.attems, focused the light into a slit using
a cylindrical lens affixed to the grating surface to minimize the aberrations, or re-

collimated the aberrated laser beam using a complicated optical system. The
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310, passes through polarizer plate 312 and inpinges on p det ector 314.

Photo detector 314 measuré‘s the | aser beamintensity S;m,&t,ed-. j
pol ari zer plate 312. The notion of diffraction gr ting7l20b i'n te! !

plane orthogonal to the input |aser beamresults in the ijhase of the +1
order diffracted | aser beamleading or lagging the -1 order diffracted

laser be@hn¥'@digh suFfer®IRE SelBASURWHRRS dfsignificantly increasing the weight

and cost associated with the grating as well as having a very small useful range,
all of which renders it ineffective for use in a disk drive as described in previous
sections. The latter design uses a cylindrical lens to remove the astigmatism in the

aberrated wavefront. More specifically, for the + order diffracted laser beam, this

w

design uses a wedge prism to bend the laser beam, a pair of cylindrical lenses to
correct the aberration, a corner cube to reflect the resultant laser beatﬁ, a second
wedge prism to bend the laser beam again, and a second pair of cylindrical lenses
to convert the light to a conjugated wavefront prior to returning the resultant laser
10 beam to the diffraction grating. Alignment of the two wedge prisms, the two sets
of cylindrical lenses, and the comer cube reflector as required to retum a
collimated + order diffracted beam to the grating at the desired position and with
the proper angle is very difficult at best. Aligning the second set of identical optics
for the - order diffracted beam such that the resultant laser beam returned to the
15 grating is collimated as well as collinear and coincident with the + order diffracted
beam would be extremely difficult. In any case, even if the alignment could be
accomplishéd, it would be verydlfflcult ;o keep all the optical components properly
aligned .during normal handling and use. This design is thus very unattractive for

practical applications due to the large number of optical components, the
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determ-ned by the directign of notion. The phase di-ff%Lence bet ween_ the +1

and - 1 order diffracted{l aser beans is directly progor tj nglmjtoil £
di spl acenent of the grating within a waveform cycle. b ? g ptif‘b)BFLN “
detectors 314 and 318 generate el ectrical current signal 3 L AT Ve

sinusoidally with displacenent of diffraction grating 120b. The two

pol ari zeomplex#tp ofIhe mechadicabsgigekir@fafreliotohalNen ttheioptivall alorApbhents, and
directions rotated by 45[err] when referred to The pl ane orthogonal to the

phase. ot ATRISAH pRETRYSHIN andoraamieshsraiopet ShEmRens used to-
determ ne the direction of notion of diffraction grating 120b. The .
One final prior art approach is available for minimizing optical wavefront
aberrations caused by radial gratings: using a very small diameter laser beam
5 incident on the radial érating. However, for most practical applications, reducing
the laser beam diameter is undesirable because the detection system becomes very
sensitive to grating defects which invariably are present in low cost, high volume
manufactured gratings.
This section focuses on the reconstruction optics of the present invention,
10 which correct the above-mentioned optical problems and permit the optical
measurement system to accurately measure relative position for either linear or
radial diffraction gratings. The reconstruction optics compensate for the variable
yaw angle induced by the linear grating as well as for the optical wavefront
aberrations induced by the radial' grating. The reconstruction optics design for a
15 linear grating has a limited angular range, determined by practical optical
components, while the reconstruction optics design for a radial grating has full 360°
angular range |
The reconsfruction optics design for a linear diffraction grating includes a

first spherical lens and a first plane mirror reflector located on one side of an
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conpar abl e anplitude, qua%tature el ectrical current als are decoded to
determ ne grating positioR and direction of notion. -

position sensor 124 may be used to detect notion of |‘-6riMSJIE’@@N
120b in the plane parallel to its surface having a C"f_ ponelit” igitHbgonall t o
the grating lines. Wien diffraction grating 120b noves in a Strar ghe=H ne,
as i s thacideasédaser beam,samt & 3ebend spheritalnkas sl a3toond tpiend avieroledlestor

I mpi ngi ng onto | enses 320 and 326 are stationary. However, when
as i.s the

O 2405 ARSI o oo end SR 8 S Bl e 8

| enses 320 and 326 al so sweep out an arc on their respective surfaces.
Ther ef ormgay tie ditlreer abfrons surfavenréfl@stor cormar batR S@rfaéd dredRRtaY. SOThEC Eipst

spherical lens and plane mirror reflector receive the + order diffracted laser beam
5 from the linear diffraction grating, while the second spherical lens and plane mirror
reflector receive the - order diffracted laser beam. In tumn, they direct their
respecdve laser beams back to the grating such that they are collimated and
coincident. The reconstruction optics are aligned such that upon a second
diffraction from the grating, the resultant laser beams are co-linear and parallel to,
10 but possibly displaced from, the incident source laser beam. The spatial separation
of the resultant laser beam from the indident source laser beam aids the detection
process, as described in previous sections. The design is such that the resultant
laser beams remain co-linear over a large rotation angle of the grating. The
permissible rotation angle is determined primarily by the optical aperture of the
15 ienses and the size of the mirrors. This design is véry attractive for practical
applications due to the small number of optical components, the low complexity

of -méchaﬁjcal“stages_ required to ?l_ign the optical components, and the ease of

1

accomplishing and maintaining the proper alignment.
: 5 This Sheet Has Been R
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-26- .out an arc on their respective surfaces. The | X fel escopes conpensate
for the resultant change{ti n optical path of the dif{fracted.laser_ beans to
maintain the collinearity of the resultant |aser beams directed towards
the detection optics. The nmaximumarc angle and thus.the naxi mumotation
angl e of the actuator that can be accommodated is determi néd" by the ==

dianeter of (e fewoReiactionceptxis design! fof a radial diffraction grating is similar to
t'hat described above for the linear grating, except that the plane mirrors are
replaced by either roof prisms or roof mirrors (two flat reflective surfaces oriented
orthogonal to each other). The reconstruction optics include a first spherical lens

5 and a first roof reﬂecltor located on one side of an .incident laser beam, and a
second spherical lens and a second roof reflector located on the opposite side of the
incident laser beam. The first spherical lens and roof reflector receive the + order
diffracted laser beam frorr; the radial grating, while the second spherical lens and

roof reflector receive the - order diffracted laser beam. In turn, they direct their

10 respective laser beams back to the grating such that they are collimated and
coincident. The optics are aligned such that upon a second diffraction from the
grating the resultant laser beams are co-linear and parallel to, but possibly displaced

from, the incident source laser beam. The spatial separation of the resultant laser

beam from the incident sburce laser beam once again aids the detection process.

15 The design is such that the resultant laser beams remain co-linear as the grating
rotates progi‘ded the grating is rotated --arqqu a pivot point located at a point where

the radial g:;éting ]ines.'converg‘e.';" This ';'d;esign completely corrects the wavefront
aberrations introduced by the radial grating and is very attractive for practical

applications due to the small number of optical components, the low complexity
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two 1X tel escopes, the'wa(ﬁfront quality of the resultant_laser beam
| npi ngi ng on the detecti optics, and the size of t gr atl ng T \’:—:. -
practice, the resultant |aser beam wavef r ont quality is deterni ned: R
primarily by the design of |enses 320 and 326 and the wavefront" quallty of
the source | aser beam The | aser beam stability of seniconductor -

| asers iof mechanical tagensequived tto ahgrithg eptivala compdndntscthototdrante to

| aser beamreflected back into the opti caI cavity. To mnimze the

't ot netisElighRfent OE ke ML) b B8 PREL T Bk, 40 BEERANEE fine
reflection coated. In addition, polarizer 306 pol ari zi ng beamsplitter 308
and 1/ 4prgper dligamenpl at e 309 function to further isolate the |aser fromo
order | aser beam
Shown in Fig. 12 is a schematic diagram illustrating an optical measurement
5 system designed for use with a lineat grating as the metric, herein referred to as a
"linear head", which features -IX telescope wavefront reconstruction optics. Optical
head 1202 includes laser light source 1204 and detector 1206. Reflective
diffraction grating 1208 has a linear diffraction pattern disposed on its upper
surface 1210 and is affixed at its lower surface 1212 to an actuator or spindle stack,
10 as described previously. The reconstruction optics includes spherical lens 1214 and
plane mirror reflector 1216 disposed along optical axis 1226, and spherical leans
1220 and plane mirror reflector 1222 disposed'along optical axis 1228.
. The geometry of the reconstruction optics is established to create the effect
of a -1 power teles‘co‘pe.. In particular, the centers of spherical lens 1214 and platle
15 | mirror reflector 1216 are placed along the nominal center line of the diffracted
beam path denoted as optlcal axis 1226. Spherical lens 1214 is positioned at a
distance f from the mldpomt between spots 1230 and 1232 on diffraction grating

1208, as measured along optical axis 1226.. The distance f is set equal to the focal

length of spherical lens 1214. Additionally, plane rrﬁrror reflector 1216 is

Sheet Has Been Reﬁaced
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reflections fromthe grating surface. The anti-reflectjgn-coatings. aI SO _
serve to optinize signal {to-noise ratio of the electRdal:signals’
generated by the photo detectors by enhancing the det ed’t ed | aser . beam
intensity and by mnimzing the intensity of spurious aser: beans
reflected fromthe various optical conponents. In

- 27~ g%gupdr?é‘cpaf sHisfhes MRBn Sphefiédli leakyl 1 1ar,0s tieasetert atmig bptital axis

| aser b

1226. Similar to spherical lens 1214 and plane mirror reflector 1216, spherical lens

1220 and plane mirror reflector 1222 are placed at increments equal to one focal

length of spherical lens 1220 from diffraction grating 1208, with their centers on

5 the nominal center liné of the diffracted beam path, denoted as optical axis 1228.
In operation, a laser beam oﬁginating from laser source 1204 impinges onto

linear diffraction grating 1208 at normal incidence on spot 1230. The resultant +

and - order diffracted laser beams emerge in the direction. of their respective
wavefront reconstruction optics. In particular, the resultant + order diffracted laser

10 beam passes thIough spherical lens 1220, is focused onto plane mirror 1222 and
reflected back through lens 1220 Which re-collimates the beam and directs it to
diffraction grating 1208 on spot 1232. The grating, in tum, diffracts the resultant
beams in the direction of detector 1206. The above-described | design and
placement of plane mirror 1222 and lens 1220 ensure that the resultant beam is

15 parallel to, but displaced in position from, the source laser beam. - Simultaneously,
the - order diffracted laser beam passes through spherical lens 1214, is focused

onto plane mlrror 1216, and 18 reﬂected bat:k through lens 1214 which re-collimates

the beam and directs it to dlffractlon gratmg 1208 at spot 1232. The grating, in

turn, diffracts the resultant beams in the direction of detector 1206. The above-

is Sheet Has Been R laced
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(between 0.5 mMmto 5 m) is used in the design of optical -a _or 005|t|on_
sensor 124 to facilitatg alignnment of the optical c()rrpo ent:;@,» to rr&xu:n,ze N
the collinearity of the +1 and -1 order |aser beans ret : '
detection optics, to reduce the sensitivity to conponenti 'sahgnmant
and to reduce the sensitivity to grating defects. The ability of the
act uat ogesdtibed idebRaran® pladethéitcofpRinengider 921% ArdiaRs1214 %sﬁf@ihz{ﬁhe

cost by enabling a w der sel ect ion of suitable replication nethods and by
schenmatic

enhanci ng nuf.actur.in in Fig

di agr arreultant rRRAMH St 49&1}/1 narxﬁf caklimowlthpg'sq i Qﬁd%reﬁs%ﬁcigh gegm,ugad
with a radial diffraction grating (designated 120c) in accordance with the
pr esent ajsBvigndirétted tvade dedéctafd 208e! RO BV Rs8itihd 2rard®- [d8er wavefronts

combine into a fully _;econstructed collimated light beam which emerges in the
5 direction of detector 1..7_06.

The above-described design renders the recénstruction optics insensitive to
the linear grating yaw angle relative to the optical head. This, in turn, obviates the
need for accurate alignment wheﬁ mounting a linear diffraction grating on an
actuator, and when positioniﬁg an optical head relative to a disk drive for use in

10 providing acfuato; position measurement. For disk drives employing rotary
actuators, the design provides a means to accurately measure the position of fhe
rotary actuator using a linear grating. In practice, the reconstruction optics shown
in Fig. 12 may be used with linear diffraction gratings having a range of line pitch
and can provide yaw aﬁgle insensitivity up to approximately £20°. The permissible

15 yaw angle is limited by the numerical aperture, "flat field"” peﬁommce and
telecintricity of lenses 1214 and 1220, as well as by the size of mirrors 1216 and

1222, The performan’ce' of the de’s.igl.l.its; ;eﬂéitive to changes in the polarization
states induced by the optical components since the optical detection method is

based on the traditional "single frequency interferometer” or "circular polarization

This Sheet Has Been Re; ﬂ
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actuat or position sensor scri bed above with referenie to-a linear
diffraction grating with{the exception that plane m Rrors-324 and 330, ,are
repl aced by roof prisns 424 and 430 and linear grating 120&:4:S --r,epl aced by
radial grating 120c. The +1 and -1 order diffracted Taser- bears:i api-ngi' ng
on roof prisns 424 and 430, respectively, are stationary as the radi al
grati ng interfqrenseter! CTh]llSthl iWeutefdrable ta selgct optiesl oampanendsiivehiich preserve
diffraction grating converge precisely at a point directly over the

rotati e erbtlgx[lzgtlo s&ﬁeé’ oafcltagéart 3ea|%' vot 116.

Shown in Fig. 13 is a schematic diagram illustrating an optical measurement

system, including wavgfront reconstruction optics for use with a radial diffraction

5 grating, herein referreél to as a “radial head”. This embodiment uses a radial
grating as the metric of the measurement. The design is similar to that shown in
Fig. .12, except that plane mirror reflectors 1216 and .1222 are replaced with roof
reflectors 1316 and 1322. Roof -reﬂectors 1316 and 1322 include roof edges,
denoted 1318 and 1324, respectively.

10 In operation, a laser beam originating from laser source 1304 impinges onto
radial diffraction grating 1308 at.nonnal incidence at spot 1330. The resultant +
and - order diffracted laser beams emerge in the direction of their respective
wavefront reconstruction optics. In particular, the resultant + order diffracted laser
beam passes through spherical lens 1320, which changes the resultant aberrated

15 wavefront from spot 1330 on the grating into a Fourier transformed wavefront
directed toward roof reflector 1322. Roof reflector 1322 reverses the beam
propagatiox}'fiiir.e_gtiOn and ﬂlps‘thelmage Eﬁpsidé down with respect to its roof edge.
The beam then passes again tﬁ;oxigh sml.nh.e;rical lens 1320, which once again Fourier

transforms the wavefront, and is directed at spot 1332 on radial diffraction grating

This Sheet Has Been Re[ilaced '
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- 28- It is critic that the point at which the grating lines
converge be collinear w{h the rotation axis of the ‘&ctuator:in ordef for
the 1X tel escopes to adequately conpensate for the gptical: aberratlohs,;'
Equi valently, the orientation of the plane determ ned by the two -1X .

tel escopes nmust be orthogonal to the radial grating. lin s Il lumn éﬁd

t he incild@Bt Theetualbonner transfosmingrafnthecbean %@gmé HFRMpSRASt I3

actuator and the point at which the radial grating lines converge becomes
Syt om NS O AR TR aRouR IR KRt Rl b Crod LR ARy aoftes 2
grating lines, thereby

beam spot at 1332 whose wavefront is 1dent1cal to that at spot 1330, except
traveling in the opposite direction. Because the diffracted beam leaving the grating
5 at spot 1330 has a v:/avefront which is itself anti-symmetric about the radial
direction of the grating, the beam returning to spot 1332 has a wavefront which is

the complex conjugate of that at spot 1330.
Simultaneously, the - order diffracted laser_ beam passes through spherical
lens 1314 and roof reflector 1316, which likewise reshape the aberrated wavefront
10 and redirect the resultant laser beam towards spot 1332. The two resultant + and -
order wavefronts re-diffract and combine into a fully reconstructed collimated light
beam which emerges in the direction of detector 1306 of optical head 1302. Since
the aberrations are themselves anti-symmetric about the radial line passing through
the grating center and the grating lines bisect the two beam spots, the effect of the
15 wavefront reconstruction 6ptics is to provide a phase conjugate optical system for
wavefronts antl-symmetnc about a transverse axis. Because the beam returnmg to
the grating at spot 1332 has a wavefront which is the conjugate of that of the beam

leaving the grating at spot 1330, the beam returning to detector 1306 is re-

collimated after it is diffracted the second time by the grating.

Sheet Has Been Reﬁaced
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still achieving the requirged orientation. B. Act uat Cpt I cal Position
Sensor Signal Decode El ec(reoni Cs Act uat or optils pQSI T of--sgnsor
si gnal decode electronics 126 (fromFig. 1) incl udes SI gn@, 'det ecu Qp7
el ectronics, decoding electronics, and a decoding algorith
illustrates a tineline of the sinusoidal signals input to the aetu&ta/
optical positAsnwithnghe Hngam|hedecotte affatr ofi the opitecalecompaneats sonf thde

timeline is the electrical current signal; the horizontal axis is the
21 ar

grating L.ti.on al e. trical cur nt, si
pr oduceé’%&'ﬂ B sﬁa@%af éﬁ%ﬂsaﬁd‘r@i %%r?sgg?%épgmg} ﬁggﬁc %ISFﬁsmpofor
sense the actuator position, or by photo

the radial head is the same as that for the linear head. This is further complicated

by the fact that fypical‘ r‘eﬂective coatings used for roof reflectors do not preserve

5 polarization states. Hc;wever, the problem is relatively' straightforward to resolve
by adopting a well-known 270° phase coating for internal reflections 6f a right

angle prism. For example, a 270° polarization rotation coating for a laser
wavelength of 780nm can be made i)y applying the following sequence of thin film
coatings onto the right angle surfaces of a BK-7 glass prism: 23.45nm of TiO2,

10 245.68nm of MgF2, 16.60nm of TiO2, 121.11nm of MgF2. By placing this
coating on the two legs of a right angle prism and using the hypotenuse side of the

prism as the entrance surface of the rgof reflector, the polarization states of the
incident light beam are incréased by 270° each time the light beam strikes a leg.

After the Iighf beam passes through such a roof reflector, its polarization states are

15 increased by 540°, which is equivalent to a 180° variation .in polarization states due
to the wrap around nature of the polarization states. The resultant 180° rotation in

the polarizatibn states is not détﬁfﬁental to the signal detection method used in the

present invention since it merely reverses the circularity of the light beams (left to

right or right to left). This Sheet Has Been Re'ilaced
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detectors 414 and 418 when using a radial grating to sense_the act uator
2 - T

posi ti on. g ‘L THIS
el ectrical current signals traverse one conplete cycle:as t‘ﬁ%

a distance equal to 1/4 the grating pitch. The el ectriwcal. L Ont 81

are fully described by anplitudes Alerr] and Alerr], DC of fsets

Blerr],

al i gnnent tol erances,

10

15

and PIgs eciit ﬁxrc]:h%hrb tics of the é:'?éfer&qn%HiSﬂlmﬁ?%?@dﬁilfaﬂapted to

e COI’ espondl n

modify the size and separation of the two beam spots on the reflective diffraction

grating. For example, if more closely spaced, smaller diameter beams than those

produced and detected by the laser/detector assembly are required at the surface of

the grating, a beam cor_'npressor may be employed. The beam compressor is placed
along the center axis between the laser/detector. assembly and the grating. A
variety of laser beam comﬁressor designs are taught in the art and readily
applicable to fhe present invention.. One example is shown. schematically in Fig.
14, where beam compressor 1400 includes two lenses 1401 and 1402 separated by
a distance equal to the sum of their respective focél lengths f, and f,. The spot
diameter, d, and spot separation, h, is reduced by the ratio y, which is the ratio of
the focal length of lenses 1401 and 1402. Namely, v & [Gl/If)| = hy/h, = d/d,, where
h,, d, and h,, d, represent beam separation and beam diameter, respectively,. before
and after the beam compressor is placed between laser/detector assembly 1202 and
grating 1208 of the linear head shown schematically in Fig. 12 or between
laser/detector assembly 1302 and grating 1308 of the radial head shown
schemati,'cé]]y' in Fig. 13. Fof"a glven optical head design and siz¢ the use of a

beam compressor adapts the present invention to a variety of grating sizes and thus

a variety of disk drive sizes. ' This Sheet Has Been Reilaced
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paranmeters for the two waveforns in general are of co rabl e magni t ude but
not identical, and the pr@-se angle [err] is approxi rr%gry 90f-err]

Further, the paraneters describing the signal V\/avefqrmW1f=I"“=__ ep
sorrewhat on grating position due to spatial grating: i ffraetion-ef fi-Ci ency
variations, variations in the wavefront quality and deviationss from ¢

col |'i neavi.ty Conélasiph and -1 order diffracted beans returned to t he “phot o
detectors. Most of these effects are present to sone degree in a

practical, cost effective design. The_ optical actuator position sensor and

grating are Uesddiian o the rﬂimezedQSﬁébsdr%W@lﬂ@ﬂ%Wé’t/ﬂ RS SRIVOt PRUEAS; Hae

position while mnaxim ZI ng the cost effectiveness of the design. The

act uat orsdpos Iy, et $/s84! of efil BVenPRINCHhad Asb be Hsel HPeLATHIqidlity and

conpensate T or non | eal signal's

accuracy of servo information recorded on a disk by analyzing read-back signals

from magnetic recording heads 112 and read/write electronics 144. Verification

n

may be conducted during the servo-write process or after the process has been
completed. The actuator positioning subsystem may also be used to determine
actuator position (or certify quality) in_ a linear actuator disk drive, in which case-
the grating is selected in the shape of a rectangulair strip.

10 Even more generally, the present invention is cqnsidered readily applicable
to measurement and control in positioning systems other tiian those used in disk
drives, such as registration systems used in photo lithographic exposure tools,
robotic arm positioning systems, tooling machines wiiich operate under computer
control, linear or rotational translation stages, or virtually any other mechanical

15 device which can undergo xnovemen_t.

Also, while the invention has been_particularly described and illustrated with
reference to a prei'erred embodiment, it i}vill be understood by those skilled in the
art that changes in the description or illustrations .may be made with fespect to form

or detail without departing from the scope of the invention. Accordingly, the
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produced by practical gratjings and optical actuator Sez=—.____ShOwn in
Fig. 6 is a block diagranmfillustrating the actuator fiigalpesl I Qn—)
sensor signal decode electronics. |Included are photfp det eﬁﬁﬂfﬁﬁjﬁ. A5 /

318, anplifiers 602 and 652, sunming anplifiers 604 and—654w=-anal.og t )
digital convertors (ADC) 608 and 658, bias detectors 610 and 660, digital
di vi der prédént invention is to be considered as encompassing all moggfications and

variations coming within the scope defined by the following claims.

t Has Been Reilaced
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and 666, digital accunulatgrs 618 and 668, random acc

Y it SEEN

and 672, digital to anal@g converters (DAC) 620 and Lg:t ;
counter 674, and processing unit 678. | n ope=atigl r“ﬁé«"ﬂf ow | gvel

el ectrical current signal 520, generated by photo detect or 3174, -
anplified by anplifier 652. The resultant signal from-anplifier .652.1is.
sumed with signal 690 by summ ng anpiClaigis 654, and then digitized DC
658. DC of fset bias conpensation signal 690 has an anpl MI!I'HB ,ﬁ"ﬂﬂil“l

conpensates for DC bias offsets Blerr] Sinmilarly, |owl
current signal 521 generated by photo detector 318 is- anpllfled
anplifier 602. The resultant signal is sumed w th Signalr 692 by sunmng

anpl i fi qyhgP4s @lfirhé@rsdi gitized by _ ThllslslhietHas Been Reli
1 1. A system for measuring the position of an actuator in a data recording disk
2 drive, comprising:
3 a laser which emits a light beam incident to the actuator;
4 a reflective diffraction grating, affixed to the actuator, which diffracts the

5 incident light beam;

6 detection optics which measure phase differences in the diffraction pattern

7 reflected from the grating; and
8 actuator position signal decoding electronics, coupled to the detection optics,

9 which receive the measured phase differences and convert them into a signal

10 representing the actuator position.

1 2, The system as recited in claim 1, wherein the actuator position signal
2 decoding electronics further convert the received phase differences into a signal
3 representing the direction of motion of the actuator.
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ADC 608. DC of fset bias conpensation signal 692 has an.anplitude which

conpensates for DC bias ofﬁ sets Blerr]. Anmplifiers 604 ll at\e'i
| ow pass filters with the>cutoff frequency set to at'tjam]mmml ﬂﬂmmu"ency
noi se while faithfully passing the required signal bandw 8th* 9l grfal § 680

and 682 sanpled by ADCs 608 and 658 are faithful representations of

el eptrichl cuThenivstarang fedied andlaibRl, wissreds tthealetectoon fopties MEabuees the
of fset renoved. The resultant signals 680 and 682 are shown graphically in

Fig. 5c and | gbel ed nd p, respectively..Jhe signal is ploptted on t.he
hor zont&lasﬁx éﬁﬁmc hse‘ﬁ"%‘bﬁEF T Bf‘fﬁrt Qkf-%:@r‘ft‘?ch]ela#r %639? éa"éﬁité? ‘r‘he°r83f
and q signals trace out ellipse 534 as diffraction grating 120a i s noved

3 diffracted laser beam.

1 4, The system as recited in claim 1, wherein the laser is a semiconductor laser.

1 5. The system as recited in claim 1, wherein the diffraction grating includes a

2 linear grating pattern.

1 6. The system as recited in claim 5, wherein the diffraction grating is positioned

2 on the actuator with its grating lines perpendicular to the direction of motion of the

3 actuator near the midpoint of the actuator's travel range.

1 7. The system as recited in claim 1, wherein the actuator is a rotary actuator

2 and the diffraction grating includes a radial grating pattern.

1 8.  The system as recited in claim 6, wherein the point of convergence of the

2 radial grating lines is substantially coincident with the pivot point of the actuator.
il
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-31- by a distance equal 1? 1/4 the grating pitch—The ellipse is traced _
n

out in a clockw se or cofnter-clockw se direction P
direction of grating notion. This lends itself to gm““m"ﬂmﬂﬂm 5 B NT’
up/ down counter to count the nunber of conplete ellrpse riotdtidns” tak| ng-—-
Into account the direction of rotation. The coarse decode posjtion

i s bbtai%hed byhersystemgasheecitedbén elaims Bgrwbkreivott eleieetion paptiest MCH e
ThIS guantity is neasured by coarse decode electronics which in the

J err &g SHAPILAET bptids WHRhCLHh Ak f5PVALEloR¢ n IRE aRBIEY Fthe diffracted

3 laser beams caused by grating motion.
1 10. The system as recited in claim 3, wherein the detection optics include
2 reconstruction optics which compensate for optical wavefront aberrations in the
3 diffracted laser beams.
1 11. The system as recited in claim 1, wherein the decoding electronics include
2 coarse decode electronics which provide a coarse actuator position signal.
1 12. The system as recited in claim 8, wherein the coarse decode electronics
2 include a quadrature counter.
1 ~ 13. The system as recited in claim 8, wherein the decoding electronics further
2 include fine decode electronics which provide a fine actuator position signal.

-1 14. The system as recited in claim 10, wherein the fine decode electronics
2 include a microprocessor. — T

Sheet Has Been Reﬂlaced
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anplifiers 654 and 604 in Fig. 6. Quadrature counter 674 recéi ves | n

put
from summing anplifiers 64 and 604 in the form ﬂ“ﬂﬂﬂ“ilﬁﬁﬂ!ﬂﬂ“}na{sﬁ22
and 523, which are phase synchronous w th wavef or ) OB
respectively. These square wave signals are shown %chenatically in Fig. -
5b. Quadrature counter 674 wuses the transition edges of square waves 522

and] 523 {9, coThe siberh Akakcitedif tlaidnd0sWherein teraiarte aetuatps positiat sigmal
The counter value provides the coarse position of the grating with respect

to an arbitrary_initial position. The cutoff . frequgncy of f.he | ow pas
1 5er o 7ad dhiing artuapsipasitiopgiend 3@ cer@fba@?iﬁ‘aéf%elﬁww the pgsHictlSfshe o
and pass the bandw dth required by quadrature counter 674. The cutoff
freguencyct,stgfet erm ned fromthe required maxi numgrating velocity and the

1 16. The system as récited in claim 1, wherein the decoding electronics include

2 means for generating quadrature signals;

3 means for measuring parameters of the quadrature signals; and

4 means for computing from the measured parametérs and the received phase
5 differences the fine actuator position signal.

1 17. The system as recited in claim 13; wherein the measured parameters include

2 any of amplitude, DC offset bias, and phase difference.

1 - 18.- The system as recited in claim 1, wherein the data recording disk drive is
2 sealed by a housing enclosure, the laser is located externally to the disk dﬁve, and
3~ the light beam enters and exits the__ di_s_k drivg_through at least one aperture disposed
4 in the housing :-e::néibsure. .
This Sheet Has Been Replaced
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al ternative enbodiments are available, including softwaretbased appr oaches;
which are considered to be enconpassed by the present invention.

The fi nggdecopige ngstdrhoas irecied einichsith b4, maafegéinnghé het fdEss comnglperture is

2 covered with light-transmissive material.

1 20. The system as recited in claim 1, wherein the laser is attached to the data
2 recording disk drive.

1 21. The system as recited in claim 1, wherein the light beam is collimated.

1 22. A system for generating a reference clock in a data recording disk drive
2 having a rotating spindle Stack, comprising:

3 a laser which emits a light beam incident to the spindle stack;

4 a reflective diffraction grating, affixed to the spindle stack, which diffracts

5 the incident light beam;

6 detection optics which measure phase differences in the diffraction pattern

7 reflected from the grating; and

8 clock. detectlon electromcs coupled to the detection optics, which receive the
9 measured phase dlfferences and convert them into a reference clock signal.
T
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between the p and q signals. For the special case in which signals 680 and
682 have equal nmaxi num ar(ﬁl I tude and the phase angl eljll mm mlmnmemm
exactly 90[err] the curve 534 traced out by the p an ﬂ u N

circle. In this special case, the fine decode p03|t|oﬁ % 'at tife t is
cal cul ated fromthe expression: [err]
(1)) yhererhbeyshghady aeaed lﬁrwélen (187, W/ hedeih stheat lockatiettctisnnelectrnics
expre55| on: [err]

2 further convert the received phase differences into a signal representing an index

3 location on the spindle stack.

1 24. The system as recited in claim 19, wherein the detection optics measures the

2 phase difference between the +1 order diffracted laser beam and the -1 order

3 diffracted laser beam.

1 25. The system as recited in claim 19, wherein the laser is a semiconductor laser.
1 26. The system as recited in claim 19, wherein the diffraction grating includes
2 a radial grating pattern.

1 27. The System as recited in claim 21, wherein the detection optics include
2 reconstruction dptics which compensate for optical wavefront aberrations in the

3 diffracted laser beams. - :
This Sheet Has Been Reﬂlaced
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For the nore general case where curve 534 traced out by—t—he*p" and q 5| ghal_s.

is an ellipse, the angle([err](t) is determned using \
decodi ng al gorithm which “properly accounts for the sh ﬁ[‘ “a‘md '
any residual DC offsets of the ellipse. In general, thes

si gnal s can be expressed as foll ows:

-33-  28. The system as recited in claim 21, wherein the light beam is substantially
2 focused at the grating surface and the detection optics include reconstruction optics
3 . which re-collimate the diffracted laser beams.
1 ~29. The system as recited in claim 19, wherein the detection electronics include
2 raw clock detection electronics and timing adjustment electronics which compensate
3 for grating centration error.
1 30. The system as recited in claim 19, further comprising:
2 a second laser, positioned on the opposite side of the diffraction grating
3 center from the first laser, which emits a second light beam incident to the

4 diffraction gratirig;

5 .second detection optics which measure phase differences in the second

6 diffraction pattern reflected from the grating;

7 second clock detection electronics, coupled to the second detection optics,
8 which receive the second measured phase differences and convert them into a
9 second reference clock signal; and ¢ - = ' This Sheet Has Been R
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[err]
[err]
10
11

12

Equation 3 is transforned to equation 4 bel ow

Lerr] o gt parameters €lerr], clerr], dlerr], teld Hllfllﬂlﬂ llllHllluﬂlli

mixer electronics, coupled to the first and second clock detection electromcs,

which combine the first and second reference clock signals to produce a reference )

clock signal compensated for grating centration error.

31. The system as recited in claim 19, wherein the data recording disk drive is
enclosed by a housing, the laser is located externally to the disk drive, and the light

beam enters and exits the disk drive through at least one aperture disposed in the

housing.

32. The systém as recited in claim 27, wherein the at least one aperture is

covered with light-transmissive material.

33. .The system as recited in claim 19, wherein the laser is attached to the data

recording disk drive.
34. The system as recited in claim 1 9____,._:__wherein the light beam is collimated.

35. The system as recited in claim 19, wherein the light beam is substantially

focused at the grating surface. " This Sheet Has Been Reilaced
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At any given grating position the ellipse best fit paraneters.clerr], . ...

Gata pointe (plerr]. g e?réf') "on the of IREVARIML ﬂl;ﬂ‘ﬂlleﬁ' : L’;“Ba.

:ﬂg g
grating position so as to sweep out one Oc noreteld|pses. ..Fhe=—feasured=:."
data points (p[err], q[err]) are then applied iteratively to equation 4 and .

equationyg 7 bﬁi@@ystem as recited in claim 19, wherein the reflective diffraction grating

2 is in the shape of a full annulus substantially centered at the spindle stack rotation
3 axis.

1 37. A system for writing servo information in an enclosed data recording disk
2 drive having a housing enclosing a spindle stack which includes a data recording

3 disk and a spindle motor having a spindle shaft for attachment to the center of the

4 data recording disk, and a data recording head attached to an actuator positionable

5 over the data recording disk, comprising:

6 a first semiconductor laser, located externally to the disk drive, which emits
7 a light beam incident to the actuator;

8 a first reflective diffraction grating, affixed to the actuator, which diffracts

9 the incident light beam from the first semiconductor laser,

10 ~ first detection ‘optics which measure phase differences in the diffraction

11 pattern reflected from the first grating;

12 actuator position signal decodmg g_léctronics, coupled to the first detection
13 optics, which receive the measured phase differences and convert them into a signal
14 representing the actuator position; is Sheet Has Been Replaced
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[err]

16
17
18

19

10
11
12

13

- IIIIIIII I II||l im

servo controller electronics, coupled to the actuator position decoding

electronics and the actuator, which controllably adjust the position of the actuator;
and
a servo pattern generator, coupled to the data recording head, which provides

servo information for the data recording head to write on the data recording disk.

38. The system as recited in claim 32, further comprising:

a second semiconductor laser, located extemnally to the disk drive, which
emits a light beam incident to the spindle stack;

a second reflective diffraction grating, affixed to the spindle stack, which
diffracts the incident light beam from the second semiconductor laser;

second detection optics which measure phase differences in the diffraction
pattern reflected from the second grating; |

clock detection electronics, coupled to the second detection_ optics, which
receive the measured phase differences and convert them into a reference clock
signal; and

servo_ﬁrritc control electronics, cdupled to the servo controller electronics, the

Servo pattern generator, and the clock detection electronics, which coordinate the

writing of the servo information. cet Has Been RTlaced
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The best fit ellipse paraEEters aI ong with the mstanF 2\

values p(t) and q(t) arelused by lm

i nstant aneous fine grating positi Hmmﬂﬂﬂmum.
above. M croprocessor 678 determ nes the' gr8tihg hosition at
splicing the coarse position value obtained fromquadrature counter 674
and t he 39i. ne Trusisystem \aal ieeitddt e ofaie 3By wiiereinabs dighdhearns @nd deff@@él@@e
algorithmso as to appropriately .account for the anbiguity that occurs

Fi fe dobanens aniet. ARlnex bkt SrlhSE] Rath TP BTbE' disk Qha IELER Boettdes
as foll ows The counter advances by 4 counts for each corrpl ete cycle of the

P 8nd Qdéspwseds. in t theartymsing eamdlosmep o;r/hxxhn ngpeftutdse Rreinccoyesednawith
The

4 light-transmissive material.

1 40. The system as recited in claim 33, wherein the first and second
2 semiconductor lasers are attached to the data recording disk drive.

1 41. The system as recited in claim 33, wherein at least one of the light beams
2 is collimated.

1 42. The system as recited in claim 33, wherein the second reflective diffraction
2 grating is in the shape of a full annulus substantially centered at the spindle stack
3 rotation axis. o

This Sheet Has Been Re’ilaced ’
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fine position decode resolxes a single cycle of the and Q signals into_________"
parts. N is typic&lly chosen to be between 6 &and 12 to provide . 7.~

2[ err]

sufficient range and resolution. The fine position is thus represented- by
an N bit nunber. The nost signiflcant 2 bits of the fine position decode . .

and the least significant 2 bits of th
-35- quadrature counter are t\®StEagt Qf the,ddisclosugg ti ni ng skew or

anplitude offset between the counter value and the decoded fine position.

However,

10

i M AOn&kSMasive servo-write system for use in a data recording disk drive.
The system measures actuator position and generates a reference clock using
semiconductor lasers. Internal position references are provided by reflective
diffraction gratings afﬁxed to the actuator arm and the spindle hub. Wavefront
reconstruction optics correct for aberrations in the graﬁngs. Optical sensors detect
differential changes in the diffraction patterns created by the gratings, eliminating
sensitivity to frequency drif‘t. Decbde electronics conveﬁ opﬁcal sensor data into
an actuator position measurement. Control electronics drive the voice coil motor
within the disk drive, which positions the write transducer to record servo
information provided in a servo pattern generator. Transparent windows in the

head-disk-assembly cover allow the servo-writer to write drives which are

completely assembled and sealed. Sheet Has Been Reilaced
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or anplitude offset can occur if the counter value and fingepesitigon. decode
are derived separately fromthe P and Qsignals, as is re U|rH5dsrf-corra,\§%%EN
effective inplenentation.: The guadrants are defined in Ei 10 ;itpLL,th
first quadrant on¢ the two |ea 0 kcant bits of the
two nost significant bits of fi ne decoqde have a val ue of 50. In the
second quadrant these bits V\ﬁle in the third and
fourth quadrants §hey have e&gectivel y} At quadrant

boundari es the cognter and/fine degH 8 al ues feD
the 2 overlapping|bits. This dis§ : ng the™
counter and fine position N ' » pjorithm ¢«
1) subtract 2 fqomthe cqunter vNugs e
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2) shift the resulting bits left by N-2 positions, where N is defined

above; 3) add the fine decode position to the restlt of step:2'
4) set the least significant N bits of the result of sstep 3-te 0 .
5) repl ace the | eas Ificant N bits with the fi ecode p03|t|on "
The resultant grati ftigg is used by actuator p n centroller 128 -
(Fig. 1) in concer ' t heNvactuator voice coil t tionYadially one
or nore nagnetkg f i ng heads 112 over thégr ondin?\?isk
surfaces. o) = O
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- 36- Turning again to Fig. 6, fine decode el ectronics are shown

whi ch performthe conputations described above. In the preferred —.———=
enbodi nent, the fine decode electronics include sunnln Eg T&f}ﬁfS\ﬁdEi;:%
654, ADLS 608 and 658, bias detectors 610 and 660, divitHers &LG:;andi66

RAM 622 and 672, accumul ators 618 and 668, DACs 620 andLﬁlQ ;and—qaad'
counter 674. Slgnal 690 required to cancel the DC bias offsets Bq is

provi ded by DAC 670. The anplit@&le of the.required signal as a function of
grating position is provided by "RAM 672 g presd ously determ ned

val ues. Quadrature counter 674 sarves 3ddr ess ¥he appropriate

FIG. 3

398

304 306

-ACTUATOR POSITION SENSOR FOR LINEAR GRATING
200

is Sheet Has Been Reﬂlaced




menory |l ocation in RAM 672 so that a stored val ue can be passed to DAC 670.
Simlarly, signal 692 required to cancel the DC bias offsets. B[err] IS
provided by DAC 620 using previously determ ned val ues stO{ed 1, ‘Rﬁﬂ#ﬁﬁh::i
RAM 622 is also addressed by quadrature counter 674. i Thegvalu%é“‘“n il
stored in RAM 672 and 622, which are indicative respectiveky--of . the _ﬁ
anplitude of signals 690 and 692 as a function of grating p05|t|on are
obtained by sweeping diffraction grating 120a fromone initial extrene
position to the other extreme p&ition. The gratpmg is first positioned at
an initial extreme position by attuator yo comtroller 128 working in
concert with actuator voice coil 8 apd ggtuator 4. The initial extrene
position nay be determ ned by one oki gt ash L
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stops typically present in nodern
appropriate

electrical drive to voice -coil

di sk dri ves.

118 the grating is nmade t of| Mg SEWEN it ¢&l BEEM
nmor e si nusoi dgl

The position anplitude is such that one or

By applying the

eldtﬁﬁ%ﬁéﬂu

current signal cycles is generated by photo detectors 31 =GR et
the direction of mcroprocessor 678, ADC 658 sanpl es the iesultant
wavef orm 680. The sanpl e S
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frequency is set to be sufficiently higher than the frequency of resultant
waveform 680 to ensure that the maxi rumand m ni nrum anplitudes..arer .
accurately captured by bias detector 2 The bi as detector avenage

maxi mum an Pl
val ue B[ errf] o tg ' S passed
to accumnul gt pr 668 by d&ylder 666. The'’’>rg mul ator vabue is stored i nf RAM
672 and pagsed to DAC 6&). The DAC gemerfates signal &0 which in turn
reduces t heg of f set vQ]ue of signal 880. This procé§s i s repeat ed unger
~the directifop of m cropfocEsyor 678 ufeil| the DC of fsgt =01 signal 680 s
- reduced to |near zero ey egul tant accunul ator val ue|i 83 sttered—h, R&M
- 672. : < : <
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Simlarly and sinultaneously with the above sequence, m croprocessor 678
directs ADC 608 to sanple resultant waveform 682. The maxi nrum and m ni num
anplitudes of waveform 682 are accurately captured by bi as/etect-0t-610....
The bias detector averages the ﬁBXIﬁUﬁland n1n|nun1values”tﬁﬂdete m:ne: bhe
current DC offset value B [err]. & {8
val ue B'[err] I s passed to
-38-

il
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FIG. 7b
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accu
RAM
reduces

y divider 616. The current accunul ato

is.stored.in
622 and passed to DAC 620. The DAC generates si gfjat @832 edr b Fn
the DC of fset value of signal 682. This procgss isprepeated under
di rection of m croprocessor 678 until the DC of fset f b= 682ks=aks0
reduced to near zero. The resultant accunul ator value is stored in RAM-
622. The use of dividers 666

signal val ues 690 and 692,

and 616 ensures that the Correct bias offset
respectively,

even in the presence of gain errors that may exi st

as well

are appr oachesgy;
as in DAC 670 and DAC 620.
functi onal

SSheAPlaOBeRL

e Repiaady
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Quadr atur e coun%ﬂ y
once the DC offsets in the signal o@bputs fro ng
anplifiers 654 and 604 are conpensated for by usijng tQF
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above described procedure. Quadrature counter 674 can then provide the

coarse position signal to mcroprocessor 678 and the absolute” TrEHDT-y=
address to RAM 672 and F@w 622. Under | ow gain servo control and: by :
only the coarse position sifgnal provided py quadrature counter 674+
actuator servo controller 8 workingzith actuator voice coil 118 and

actuator 114 gradually smeeps the dif¥raciion grating fromjthe initjal
extreme position toward the lother—exts ROsi tion. Lng-lthe notijn,
m croprocessor 678,. withgthe gid of ghadraiire countqu6Z§ di rects ADC
658 and bias detector 660 asyre_the jnstantaneous | 4 alue B [err]
of signal 680. Signal B [er] 4s diyided di vi der ?PE @&n ded tof the
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- 39- previ ous accumul ator value stored in accunul atorzf_—,aﬁ&:—&b&ﬂees:cﬂ:t:a
accurmul ator value is used by DAC 670 to generate signal+-899-which~ iEeN |;
added by summi ng anplifier 654 to the output from anplifiefi:652.%:Fhe '
accunul ator value is also stored in RAM 672 at the mensrEyF—adtFess=="=="
determ ned by the quadrature counter val ue. Thus the accunul ator val ue
required to conpensate for the DC,offset in signal 520 is stored i n RAM
672 for each desired grating position. Simlarly and - é
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simul t aneously to the above process, the accurrul ator value required to
conpensate for the DC offset in signal 521 is stored in-RAM.622 for each
desired grating o position by m croprocessor 678, quadrature; _C(_aunxer T
ADC 608, bias del:ector 610, divider 616, accunul ator 618, DAG:%2Q.3n
622. The DC offsﬁ:’i bi as values B[err] and B[err] are expected:to-Mary.. .

gradual ly over a narrow range with grating position due-ta._a) the

expected snmal | ampditide and | ong spatial frequency vari ati ons\f‘t‘hE‘~
diffraction grajing effficiency; b) the expected gradual ShedtHSH"BegnQe
optical positioph sensor] detection efficiency with grati ng
c) t he desi gnpd | aser] beam area i npinging on the grati n
larger than thel _total} area of the illum nated defects at an
grating positiop= Thexdradual
w O <€
] o
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o F 3 0 W0 o
x g ]
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variation in the DC of fset values may be used to advantage to rove the
signal - to-noise of the bias values B[err] and B[err] stored;/l,n AM-622.__

and RAM 672, respectively, by making the divider value N of Jdivi Yérs:p 5'6\?“"
and 616 in Fig. 6 be L‘=~-\‘f"" 4@; o 3'"“\"
greater than 1. This has the effect of storing a running average in
and 672 and thus reduces the sensitivity to noise. —_—
. This Sheet Has Been R
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Wth respect to the above-described preferred inplenentation of the fine
decode el ectronics, it is to be noted that many alternative enmbodinents are
avai |l abl e which are considered to be enconpassed by the present inv

For exanple, bias cancellation nmay be inplenmented in sof T ,;¢h@m g
in hardware while all the decode function may be perforH JHﬁhoﬁardmare K
[11. Wite C ock Sub-System The wite clock sub-system.. ~shown... "

schematically in Fig. 7a, includes optical clock sensor 134 which is
conprised of sem conductor |aser source 700, |aser beam deflector 706 and
detection optics 702 and 704, grating 130, optical w ndow 132,

1302
1316 1322 )
1318 s0s /1306 (. /1324
N % 1318//1324
LASER |DETECTOR| .7 |
\"\. __// ' . 1316/1322

\'.

f I :
1314 / c 1320 :
\1l|" 'lllr’ f o
d 1314/1320

\‘/ / SIDE VIEW OF
c = 1 RECONSTRUCTION

OPTICS

" WAVEFRONT RECONSTRUCTION OPTICS FOR USE WITH RADIAL DIFFRACTION GRATING
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and wite clock signal processing electronics 136. Pl anar gFAaet-oh
grating 130, shown in Fig. 7b , is in the shape of an annurﬂﬁoﬁHang;“SBEEN
enough width to acconmmodate the |aser beam di aneter and tlie cerft#aidiP

tolerance with respect to the spindle hub center of rotation. The grating
| i nes converge to the center of th annul us. The radial grating at the
radi al position where the | aser be Hpinge Hts surface has a pitch
approximately twi ce the wavel ength] of the | aser begmand a depth
apprOX|nater 1/4 the wavel ength of the | aser beam; To maxim ze the
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-41- performance of the optical wite clock sensor, the grating pitch and
depth are preferably selected to optim ze and equal I ze the eff|C| ency of

the 1st order; diffraction pattern for both the p-polari

| aser beans and to ‘mnimze the diffraction efficiency Rﬁ"c.alfﬂmmvhamEET
diffrqction orders. It is advantageoug to use a smalff grating and to
selectf a |ow density substrate or even preferably to r'ngc‘amei T]hﬁgmr]ggﬁn
di rect)y onto the spindle hub surface. The sub- system generatres—a=pree: -
write“clock tining signaSERVMOaWRIKINGISYSTEMOFORMUSE that is

"phase-: | ogked" to the disnkAShATPAf RECORDING DASK DRIVE of clock cycles

Field of the Invention
This invention relates in general to data recording disk drives, and in

particular to recording track positioning information on data storage disks.

Background of the Invention

Data recording disk drives are useful in the storage of large amounts of data

for computer systems. 'Ihe data is stored as a series of magnetic field transitions
on a magnetic recording surface. The transitions are placed on the surface by a

~ magnetic transducer commonly referred to as a magnetic recording head. The
transducer converts electrical energy into a magnetic field, the polarity of which is |

| switched act_:ording to the information to be recorded. The magnetic field causes
magnetization to remain in the media after the field is removed. The data is stored
as binary information in the polarity. reversals, or transitions, remaining in the
media._ The transducer used with magnetic media may also act as a detector to
detect data stored as magnetic transitions. The transducer senses a magnetic field

emanating from the magnetized media. The sensed magnetic field is converted into



per revolution is determ ned by the nunber of lines on the radial grating.
The detection electronics are designed so that any extra pulses or m ssing
pul ses due to grating defects and/or electronics noij —af—emﬂﬁensaled_,
for. The exact circunferential positions of the recﬁeﬁ%d“ﬁragnetrc' Bfahhks

produced by the servo- witer is controlled by the wite 3@(& ‘Z)i F
whi ch produces the required clock and disk index S|gnals S Q @imsely

clock the data pattern stored in patterdr generator 142.

an electric signal which varies depending on the polarity of the magnetic field.
Data is then decdded from the electrical signal. When the transducer places data
on the recording media, the transducer is said to have written data to the media. -
When the transducer cl‘efects previously written data on the media, the transducer
is said to have read ciata from the media. In general, systems for storing and
retrieving data to/from magnetic media may employ a single transducer to both
read and write data, or they may émploy dual transducers, one to read and one to
- write. |
The recording media is in the form of a disk, typically with data being
recorded on both surfaces. Multiple disks may be provided to increase the
aggregate storage capacity of the disk dﬁve. The center hole in the media is
typically called a hub. The hub is the means by which the recording media
attaches. to a motor, through a spindle shaft, which rotates the recording media..
The head is .ﬂown_ over the surface of the recording media by virtue of the air
movement created when the disk rotates. The flying height must be large enough
to minimize the probability of head and disk contacts that could be detrimental to
data integrity, but small enough so that the magnetic field generated by the write
transducer establishes magnetic transitions in the recording media surface and so

that a magnetic field in the media can be sensed by the transducer.



-42- A Optical Wite Head Sensor Shown in Fig. 8 is a
cross-sectional diagramillustrating the detail ed desi _-gihopt|cal wite
cl ock sensor 134 configured for use with a radi al grad @@?Fbﬂ g

reference wite clock in accordance with the present i-nvé R ?bh
measur egent system i ncludes sem conductor |aser 700, dolllnat Nggsl g
pol ari zers 822 and 824, polarizing beamsplitter 806, spherrc gg 808
814, and 820, photo detector 826, quartef3-wave plates 810 and 816 “¢cor ner
cube reflectors 812 and 818, and radial grating 130. In operation, the

laser beam The head is placed in proximity to the recording surface and positioned over

the desired data track by an actﬁator arm, to which it is attached via a suspension.
The actuator arm moves the head radially with respect to the media surface from
a position near the hub (the inside diameter (ID)) to a position near the rim (the
outside diameter (OD)).: Data is commonly written onto the media surface between
the ID and OD in the form of sequential concentric tracks. The track width is
usually slightly larger than the width of the write transducer. The concentric tracks
may be subdivided into one or more sectors.

The head must be accurately positioned over the desired data track to read
or write data. Head positioning is typically accomplished by way of an actuator
positioning servo controller driving a voice coil motor (VCM) attached to the
actuator arm. The actuator positioning servo controller makes use of pre-recorded
head positioning information as well as track and sector identification information
to move the héad from one track to another, known as seeking to é desired track,
and to position the head over the center of the desired track and at the appropriate
sector alongl the track. The positioning and identification information is pre-
recorded on one or more of the disk surfaces, and consists of magnetic patterns

which vary in both the radial and circumferential direction to provide the actuator



generated by | aser diode 700 passes through collinmator 804, polarizer 822
and polarizing beamsplitter 806. Pol arizer 822 and pol ari zi ng beam
splitter 806 block any S-polarized conponent and pass the P-polarized

conponent on to |ens 820. The resultant beam substantilal]y Is. Toctsed=(to
wi thin about 5% by |ens 820 onto spot 830 on radial grating 13677 gHERs
preferred enbodi ment, the beamincident on |ens 820 is of fsef]l 7rNGY 4
optical axis of lens 820 by approximately_g.5 nmmso that thé 0 order beam
reflected fromthe grating is offset by apptoximately 3 nm fromthe

i nci dent | pesitiohimgnsefvoecontrolpersesith FeedbatkriadidatingntheB20rrent pasiteaubof the
can be.easily blocked fromreturning to | aser diode 802, thus avoiding the

'I;Inggn tﬁgqﬁ“‘?ﬁ@g@‘.}{‘éﬁg" %@ggsikgf?{aékta%d g&%nf ed back into their cavities.
‘Depending on the track positioning architecture of the disk drive, the track
positioning informatiop .may be pre-recorded on a single surface of a muitiple
surface disk drive, usﬁally referred to as dedicated surface servo, or in multiple
radial wedges on each of the disk surfaces, usually refefred to as embedded sector
servo. A disk drive using dedicated surface servo positions the actuator ﬁsing the
information pre-recorded on the servo surfacé; the position of the data heads is
mechanically slaved by the actuator to the servo head position. A disk drive using
embedded sector servo positions thé actuatqr using the iriforrhation pre-recorded on
the particular data surface being read by the data head. In some disk drives a
combination of the two architectures is used. = The embedded sector servo
architecture is preferred for disk drives having higher track. pitch since it is less
sensitive to mechanical and thermal disturbances that affect the positioning
accuracy of the d;ta head.
The data head must be accurately positioned over the desired data track and
data sector before user data can be stored or retrieved from a disk drive. The
actuator positioning system accomplishes this by reading the pre-written positioning

and identification information and using it to update the position of the actuator.



O order- reflected beamfromthe grating is passed by pol arizing beam
splitter 806 and not reflected towards photo detector 826 so as not to
degrade its perfornance. The +1 and -1 order dlffracted | aser beans
enmerge fromthe grating in the direction of their res
reconstruction optics. In particular, the resultant +
| aser beam passes through spherical | ens 808 which
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The positioning and identification information in encoded onto the dlSk surface in
the form of a patfem of accurately sized and spaced magnetic transitions, known
as servo patterns, precisely recorded in both the radial and circumferential
directions. To enable’ the required head positioning accuracy for data read and
write operations, thése -servo patterns must be written with an accuracy in the radial
direction such that the decoded radial position can be determined to within a small
fraction of the data track width.

They also must be written with an accuracy in the circumferential direction
such that the track to track relative circumferential positioning of the servo pattern
is kept suitably smiall; in the most demanding servo encoding methods, this may
require that the track to track relative circumferential positioning of the individual
magnetic transitions is kept to a small fraction of the recorded transition spacing

in the circumferential direction.

These precisely positioned servo patterns may be recorded onto the disk
surfaces prior to a;sembling the disks into the disk drive or after the disks are
assembled into the disk drive using a process referred to as servo-writing. In either
case, the required radial positioning accuracy during servo-write is typically

obtained using an external, laser interferometer-controlled rotary or linear actuator

mechanically coupled to the drive. The required circumferential positioning



collimates it, then passes through quarter wave plate
back by corner cube reflector 812 and agai n passes t :
guarter wave plate 810 and |ens 808. Lens 808 substantia &tcﬁ;&; S
resul tant beamonto the grating at spot 830. The resylgant bea ?@HEET-
diffracted by grating 130 toward | ens 820. Lens 820 ke ({7 S, LNe b
and directs it to polarizing beamsplitter 806. Likew -s-=
order diffracted | aser beam passes througj%_spheri cal lens 814 whrth
collimates it, then passes through quarter—wave plate 816, is reflected

back by aecudigaty %Eetegéitthr? rtrackStoafricia 9 obtainéd esirghs @lgdk head tpositioned
quarter wave plate 81 and Tens 814. Lens 814 substantially focuses the

grezglr t E‘Q;Hl?lg? gtbgp tgfsgﬁ Eﬁfgg{:@t L.ag{e %gqﬁﬁ&teagsgeasﬁ, %Spltooxi%\/a?éll)la%q&méltlp ;;;]aecea

transitions pre-written on a track on the disk surface. The timing jitter in the clock

310, is reflected
M IoR=in_turn

head readback signal i§ typically reduced by processing the signal using a narrow
bandwidth phase lock .loop. |

Once the proper clock track information has been established, the servo-write
process consists of positibning the external actuator arm at successive radial
locations and writing the appropriate magnetic transitions at multiple positions in
the circumferential direction. The process is extremely sensitive to vibration, so
a large, experisive' grahite_ table must be used to steady the drive. The process is
also extremely sensitive to ambient temperature variations due to the large size of
the electromechanical system used to position the actuator. To minimize this
disturbance the process is usually performed in a temperature controlled room.
To provide for the mechanical coupling to the actuator and to insert the additional
clock head into the. drive, the drive must remain open (or provide for the required
openings) and unsealed during the process, necessitating the use of a clean room
environment. Also, the final assembly procedure which occurs after the

servowriﬁng process may introduce stress to the drive's base plate when the cover

plate is attached, causing tilting of the spindle shaft and actuator pivot axis and



the other set of optics. The resultant beamis di ffracted by grating 130

toward I ens 820. Lens 820 re-collimtes the beam and di
pol ari zi ng beamsplitter 806.
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ects it to

The optical alignnent of the optical conp ﬁ&ﬁt ks h that

the resultant collimated +1 and -1 order diffracted beans f;lli,e tfbf} T
and collinear. Quarter % ;g § T ]

2= 2

\‘\ -
generating misalignment between the servo patterns on different disks. Thus, for
all the above reaséms, the servo-write process is both costly and error prone.

Recent developments' in servo-writing have addressed some of the above-
described problems. A semiconductor laser rotary encoder is used to generate
position reference info;mation. The rotary encoder connects to the actuator arm via
an exposed pivot outside the disk drive. A mechanical coupling is used between
the rotary encoder and the pivot to insure the integrity of the connection. A
reference clock is generated using a patterned disk pasted onio an exposed portion
of the spindle shaft which extends outside the disk drive. The patterned disk has
light and 'dark sectors that reflect incident light with different intensity. The
detected intensity pattern is used to generate the clock signal.

While the rotary encoder servo-write system eliminates the need for a clean
room.and a granite table, it incurs several drawbacks of its own. First, the
mechanical coupling required Bet»veen the semiconductor laser rotary encoder and
the actuator arm adds to the cost of the disk drive and the complexity of the
servo-write process, and limits the accuracy achievable. Second, to expose the
spindle shaft for generating the reference clock, a double sealed bearing is required,

again increasing the cost of the disk drive. Third, the reference clock generated by

the patterned disk is not accurate enough for use in a high density disk drive.



wave pl-ates 810 and 816 serve to nmake the resultant beam s-pol arized. The
conbi ned | aser beam exhibits interference fringes which change intensity as

t he radial grating is rotated. Polarizing beam splggdd L t he
conbi ned beans to polarizer 824 and subsequent| y~ to p et ¥ 26.
Pol ari zer 824 serves to iricrease the extinction capabili ty of poI ar| zi ng

beam splitter 806 to the p-polarized | i ght beam whilg. iDg!S Qiygsggg
s-polarized |ight beamto photo detector-826. The el ectrica nal S
gener ated by photo detector 826 are a sinusoi dal function of tine and are
synchroni zed tgge t?xh{'é st 'rﬂa‘? fofdres é%ﬁkt&%eaéaﬁhﬂ{etghéé Nen afHd tdwsféro a he
spindl e rotation. | on of egratlng I'I'ne pitch results in

conpl ete cycl es of t he el ectrl cal, signal. The resul t%nt si gnal
subsequenSeEVOpWEItgs SYStem that is non-invasive, requires no mechanica couplmg to the

actuator or the rotating disk spindle, and provides sufficient performance for use
_in modern, high density data recording disk drives. The present invention is

directed to meeting this need.

Summary of the Invention

In accordanée with the invention, a servo writer system is provided which
uses semiconductor lasers positioned external to a disk drive and reflective
diffraction gratings affixed inside the disk drive to provide precision positioning
signals. One laser emits a beam directed through a light-transmissive window
toward a grating affixed to the actuator arm, while a second emits a beam directed
through a light-transmissive window toward a grating affixed to the spindie shaft.
Diffraction paftems reflected back from the gratings are directed into detection
dptics which convert the patterns into electrical signals. The signal from thé
actuator optics is received by actuator position decode electronics which transform
it i.nto an actuator positioning signal. The signal from the spindle shaft optics--the

clocking signal--is received by write clock detection electronics which transform

it into a reference clock signal. The positioning and reference clock signals are



produce-a highly accurate and repeatable reference wite clock signal which
S synchronous with the spindle rotation. B. Detection Electronics
The instantaneous frequency of the raw reference wite clock, here| nafter
referred to as the raw cl ock, produced at the out put Rf =P __q* 826,
Is determ ned by the instantaneous spindle rot atlon vel ?(;7 Nwéﬂ"ghst ﬁe t
average pitch of '

_ 2
used to determine the positioning actuator arm and disk stack. Electronics then
receive the signalé and use them to coordinate the positioning of the actuator arm
With the recording of servo information on the disk surfaces.

The servo writing system of the invention includes two principal subsystems:
an actuator positidniné subsystem and a write clock subsystem. The actuator
positic.ming subsystem itself includes a se@conductor laser and a diffraction grating
affixed to the actuator arm, together with reconstruction optics which compensate
for changes in the optical path, and detection optics which measure phase
differences in the diffraction pattern reflected from the grating. The actuator
positioning subsystem also includes the actuator position signal decoding
electronics which receive the measured phase differences and convert them into a
signal representing the actuator arm position. In the preferred embodiment, the
actuator position signal decoding electronics includes coarse decode electronics
which provide a coarse actuator position signal, and fine decode electronics which
produce a fine actuator position signal. The coarse actuator position signal and the
fine actuator position signal are then spliced together to determine the position of
the actuator arm.

The write clock subsystem includes a second semiconductor laser and a

diffraction grating affixed to the spindle shaft, together with reconstruction optics



the radial grating illumnated by the | aser beamfromthe reference wite
clock optical head. Centration error of radial grating 130 with respect to
the spindle rotation axis nodulates the average radjat=¢ ' itch
iIlum nated by the |aser beam and thus the instant aﬁﬁnus’_,,@,@&yé{ y_or—f he
raw cl ock. The resultant nodulation is sinusoidal with a fféeqguency: e ual
to the spindle rotation frequency. The anplitude is"‘dxat.—_ﬁ_rﬂ\éﬁ@‘? the”
grating centration error and the phaseé‘i{j_ det erm ned by *t he r’ i on of
the grating centration error with resp to the position of the reference

wite clock _ogtical head. Both the nagnitude and phasgz ) . .
which compensate for changes in the optical path, and detection optics which

measure phaSe differences in the diffraction pattem reflected from the grating. The
write clock subsystem also includes the write clock detection electronics which
receive the measured Phase differences and convert them into a reference clock
signal. In the prefen'eci embodiment, the write clock detection eiectronics includes
raw clock detection elebtronics as well as timing adjustment electronics which
compensate for grating centration error with respect to the spindle shaft center of
rotation. In an alternative emb(.:vdiment the write clock subsystem may be
configured with dual semiconductor lasers/detection optics positioned on opposite
sides if the diffraction grating center from one another. Mixer electronics are used
to combine the two reference clock signals to produce a reference clock signal
compénsated for grating centration error.

Through the use of semiconductor lasers positioned externally to the disk
drive, along with opﬁcs and electronics which detect and compute precise
positioning information, the present invention provides a servo writer system that
is npn—invasive, requires no mechanical coupling to the actuator or the rotating disk
spindle, and provides positioning accuracy required for use in high density disk
drives. The only parts of the system positioned inside tﬁe disk drive housing, the

radial diffraction gratings, are lightweight and inexpensive; they may be affixed



of the frequency nodul ation is repeatable for each spindle revolution. For
exanple, at a grating radius of 10 mrma 1% centration error due_tqg-a:$00:
[err]mm ss- alignment of the grating results in a 19@-¢equencf-ﬁudu?at|on
anplitude of the raw clock. The raw clock frequency is alseo: modul at ed by
any repeatable and non- repeatable spindle runout as well as‘by‘gn& 5
circunferential non-uniformty in the gfgting line pitch. Asi de
from el ectroni c noise, the above effects~conbine to add.additi onal
repeat abl e and non-repeatable error to the raw clock. By the proper design

and  manu %ﬁﬁ ﬁxeof'natn‘&?ac"‘tﬂhﬂ I;ﬁoees% pHEr & Realig ttheidisk drive, ad tea kfnibe
a .

made suit Howeve I n nost practical applications, it would be

economi cal
t{xg drive after completton of servo writing.

‘ﬁﬁef Description of the Drawing

Fig. 1a illustrate:s in block diagram form the functional components of the
servo-writing system of the present invention.

Fig. 1b illustrates in pictorial form the plapement of gratings in a data
recording disk drive in accordance -with the present invention.

Fig. 2a illustrates in block diagram form the actuator positioning sub-system
of the presenf invention.

Fig. 2b illustrates a | linear diffraction grating for use with the actuator
positioning sub-system.

Fig. 2c illustrates a radial diffraction grating for .uée with the actuator
positioning sub-system.

Fig. 3 illustx-ates a cross-sectional view of an actuator position sensor for use
with a linear grating in accordance with the present invention.

Fig. 4 illustrates a cross-sectional view of an actuator position sensor for use

with a radial grating in accordance with the present invention.



unattractive to nake the contributions due to grating centration error

al so suitably
the present invention provides two approaches whi/C

reduce the repeat abl e nodul ati on of the raw cl ock due Zd’f&‘hgrgra_-
centration error. The first-approach is based on el ec

Thus,

-46- small.
ificantly

roni cs Wi - ..

accurately measure the repeatable anplitude and phase dftat 9e aW cI ock |
nodul ati on and el ectronically _
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Fig. 5a illustrates in graphical form the output analog signals from the photo

detectors of the actuator position sensor.

Fig. 5b illustrates in graphical form the quadrature cycle counter input7

Fig. 5¢ illustmte; in graphical form the fine positioning information used by
the actuator position sénsor. |

Fig. 6 illustrates in block diagram form the actuator position decode
electronics for the servo-writing system of the present invention.

Fig. 7a illustrates in block diagram form the reference write clock sub-system

of the present invention.

Fig. 7b illustrates a radial diffraction grating for use with the write clock sub-
system.

Fig. 8 illustrates a cross-sectional view of a reference clock sensor for use
with a radial grating in accordance with the present invention.

Fig. 9 illustrgtes ‘in block diagram form the write clock detection electronics’
for the servo-writing system of the present invention.

Fig. 10 illustraies in timing diagram form the waveforms generated by the
quadrature sawtooth generator. |

Fig. 11 illustrates in block.diagram form an alternative embodiment of the

write clock sub-system using two optical clock heads and an electronic mixer.



conpensate for it; the second makes use of two wite clock optical heads
positioned on opposite sides of the grating but a omnally the sane
grating radius to generate two raw clocks. The t - j
el ectronically to produce a conpensated wite rg ﬁ&@mwg% nerei naf ter
referred to as a conpensated cl ock. The rlam,cl ock det ectionjfand
conpensation electronics for the first approach ?a{e?$ﬁo_.“JNQWﬂQSEK“diagran1
formin Fig. 9. The raw cl ock detection_electronics includes photo
detector 826, band pass and automatic ga&nh controlled anplifier 900,
square wave generator 901, phase detector 902, filter 904, voltage

control | ed Oscﬁig.l @ﬁqgluét\/&@ 085838t L FewdbY Wieffddt re@Orstruktfon optics
anplitude and phdse o ,

. for use with a lin;aar diffraction grating.
Fig. 13 illustrates a cross-sectional view of wavefront reconstruction optics

for use with a radial diffraction grating.
Fig. 14 illustratés a cross-sectional view of a beam compressor for use with

the wavefront reconstruction optics of the present invention.

Detailed Desc.ription of the Invention

1. Servo-writing System

Shown in I-‘ig. la is a block diagram illustrating a servo writing systém
according to the present invention in use with a daté recording disk drive. Data
recording disk drive 102 includes housing enclosure 103, along with a spindle stack
which itself includes one or more disks 104, spindle shaft 106, and spindle motor
108. Disk drive. 102' also includes spindle speed controller 110, read/write
émpliﬁer 144, optically transp.arent windows 122 and 132 disposed in housing 103
and located over diffraction gratings 120a and 130, respectively, and an actuator
which itself includes one or more magnetic recording heads 112, rotary actuator

arm 114 (which further includes any required suspension assembly), actuator arm



the frequency nodul ation due to the grating centration error are neasured
using these electronics along with the neasurenent el ectroni-es.-.-The_ .
measur ement el ectronics include anal og-to-digital converter: (ADC) 9&0
edge detector 926, digital counter 928, RAM address generator (RAMAG) 929

and processing unit 932. Conpensation of the raw clock: |S perflo'[rmgivl;g%he

raw cl ock detection
el ectronics along with the quadrature tlnﬂung adj ust mrent generator using

i nformation
pivot 116 (sometimes also referred to as an "E Block™ or "E Plate"), and voice coil

motor 118.

Housing 103 generally surrounds the delicate disk drive components and
protects them from copt;nﬁnation and other damage. [t typically includes a base
portion and a cover po'rtion, (not shown) although many equivalent configurations
are found in the art. Frequently spindle motor 108 is actually mounted partially
through the base, uad thus is integral with protective housing 103. It is to be noted
that all of these minor variationé are considered to be encompassed by the
exemplary embodiment shown in Fig 1a and described above, as well as by the
present invention.

Shown in Fig. 1b is a top view of the inside of disk drive 102 depicting the
layout and positioning of various components, including the diffraction gratings
used in the servo writing process. Included are one or more disks 104 of the
above-described Epindfe_ stack; rotary actuator arm 114, actuator arm pivot 116, and

| voice coil motor 118 of the above-described actuator, actuator crash stops 150 and
151, actuator diffraction grating 120a and write clock diffraction grating 130. It
is to be noted that while the gratings are affixed to the actuator and spindle stack,
neither the actuator positioning subsystem nor the write clock subsystem requires

any further mechanical attachment to the actuator or the spindle stack. Only



stored in RAM 934. The quadrature tim ng adjustnent generator includes edge
detector 926, digital counter 928, RAM AG 929, RAM 934','prQ‘deis§‘L‘[Tg;jum—_t—:
932, quadrature sawtooth generator (QSG 908, peak defectors 910 aRdE9D0;
multiplying digital-to-analog converters (M DAC) 912 5;\@;1:,,_922, conpar at ors
914 and 924, and pul se sel ector 916. The conpensated Wite. dl’bcﬁkﬂng 3 at or
i ncl udes phase detector 940, filter 942, VCO 944 and digital divider 946.
In operation, the raw clock from photo detector 826 is passed to anplifier
900. Anplifier 900 band pass filters and aa&omatic gain controls the signal
before passing it  to square wayve generator 901. The band pass f,ilte
bandwi dt h qp&tyageandr eleatngal) foURHAG WSS US &OnéOFHaHNCéE" Lbﬁ‘ﬁ’&eﬁ‘ eh?r éﬁé@mf
clock information is carried by

positioning subsystem and the actuator, and between the write clock subsystem and

the spindle stack. This is in contrast to the prior art, where optical encoders are
mechanically attached to the spindle stack and the actuator. It is also to be noted
that while the actuator 'grating is shown affixed to the actuator, it may alternatively
be affixed to any appendage of the actuator such as a small flange or other
outcropping. Moreover, either or both of the gratings may be affixed temporarily
for purposes 6f servo writing, theﬁ later removed. In some instances, this may
enable selection of the gratings from a wider array of choices than would otherwise
be possible (due to size, weight, and cost constraints) if they were to be left in the
drive permanently.

Referring back to Fig. 1a, the servo-writing system includes an actuator
positioning sub-systefn, a write clock sub-system, servo-write controller 140 and
write pattern generatof 142 which cooperate to write accurately positioned (both
radially and circumferentially) magnetic transitions in specific patterns onto one or
more of the disk surfaces in order to precisely encode the servo positioning
information. The actuator positioning sub-sysfem includes optical actuator poéition
sensor 124, diffraction grating 120a, optical window 122, actuator position sensor

signalldecoding system 126, actuator position controller 128, actuator VCM 118,



t he fundanental frequency conponent. The desired band pass filter bandw dth
is primarily determ ned by the expected grating centration error and the
spindle RPM variations. The automatic gain control coppensates for any
circunferential optical grating efficiency variations?w@ﬁyfﬁ? '
woul d adversely affect the performance of square mav% genertatgy. AqD o
subsequent |y phase detector 902. Square wave generatar;901, phase ‘det€ct/or
902, filter 904 and VCO 906- collectively function as a-érasshc phase-| ock
| oop to generate a raw clock signal that _;55 synchronous with the grating
lines on grating 130. The phase-|ock | oop=al so

and actuator arm 114, which precisely position one or more magnetic recording

heads 112 radially' over their corresponding disk surfaces 104 to be servo-written.
The write clock sub-system includes optical clock sensor 134, diffraction grating
130, optical window 132 and write clock signal processing electronics 136, which
generate a precise writ.e clock timing signal and disk index timing signal that is
"phase-locked" to the disk surface(s).

Robust mechanical fixturing (not shown) is used to fix the positions of disk
drive 102, oﬁtical actuator positic.m sensor 124, and optical clock sensor 134
relative to each other. The mechanical fixturing is also isolated from extémal
mechanical and timrmal_ disturbances that could degrade the accuracy of the
recorded magnetic patterns. This fixturing may be constructed using any of a
variety of known components in accordance with known engineering principles, and
thus will not be desbribed in greater detail here. It is to be noted, though, that a
granite table, such as i§ required in the prior art, is not necessary to ensure accurate
recording. |

In operation, servo-write controller 140 directs actuator position controller
128 to position actuator 114 and attaci:ed recording head(s) 112 at the desired
radial position on the disk surface(s) where the magnetic patterns are to be written.

Servo-write controller 140 also directs write pattern generator 142, read/write



-48- functions to reduce the effect of electronic noise and to conpensate
for any missing or extra zero crossings occurring i ut signal of
anplifier 900. Gating defects, for exanple, nay I aﬂutnwﬂlssmp ﬁ ra
zero crossings which would lead to the index countgr not b ““EET !
synchroni zed wth the di sk spindle. The raw gl0=ek- ﬂrgnﬂa&ds 61s
accurately synchronized to the grating lines and the spindl e rotation. The
timng jitter of the raw clock is |nheng91Iy very small due to the high
signal-to-noise ratio of the electrical =signal from photo detector 826

amplifier 144 and one or more magnetic heads to write the desired magnetic
transition pattern onto one or more disk surfaces. The precise radial positions of
the recorded magnetic transitions are controlled by the actuator positioning
subsystem which produces the reduired_ actuator radial position signals used to
precisely position the r‘ecording head. The precise circumferential positions of the
recorded magnetic transitions are controlled by the write clock sub-system which
produces the required clock and disk index signals used to prec1sely clock the data

pattern stored in pattern generator 142

Servo-write controller 140 in concert with the write clock sub~system_ and
read/write amplifier 144 also selects in sequence the magnetic recording head and
thus the disk surface to be servo-written. One or more disk surfaces may be servo-
written during any given disk revolution. The process is repeated at a multitude
of sequential radial positions until the desired ensemble of magnetic transitions is
written on one or r?oré of the disk surfaces. In this manner the precise radial and
circumferential magnetic patterns are recorded as required .to encode the servo
positioning information.

It should be noted that by proper selection of the shape of actuator grating
120a, the present invention is equally applicable to disk drives using rotary

actuators, linear actuators, or actuators that produce a combination of linear and



and due to the noise and grating defect abatenent provided by the raw cl ock
detection electronics. |If required the raw clock frequency can be divided
and/or multiplied internal or external to the raw cl fck-der |

el ectroni cs using known nethods. The magni tud %fn‘i‘i-ﬂfpmﬁﬂoéﬁ&@ﬁ aw
cl ock frequency nodul ation is neasured as follows. Ipz\utrgnfi@@qgﬁge i of
the raw clock are detected by edge detector 926 and [Cotfitddt by Higrtal *
counter 928. In particular, digital count_ih‘_928 produces a ‘stationary ..
spi ndl e index by counting the total nunber=of transitions per conplete
spindl e revolution. The total nunber of transitions per conplete spindle
revol uti oradiak mhetiennisned hy shdeafurspengofactyator nmadenasingda apgrailelagrancy
di vi sion or '

construction.

The servo position information mentioned above may be encoded using any
of a variety of methods well known in the art. For example, the track number may
be encoded using a g'rey code and the fine position servo information may be
encoded using quadrature burst patterns. The entire servo-writing process may be
accomplished on a fully assembled, sealed disk drive in a non-clean room
environment since only optical and electrical access to disk drive 102 is required.
No mechanical coupling or physical access is required to the spindle motor or the
actuator arm. AIS;), the compactness of the optical actuator position sensor, optical
write clock sensor and modern disk drive make the servo-write process less
sensitive to mechanical and thermal disturbances and easier to isolate from such
disturbances relative to conventional servo-writing methods.

Ii. Actuator Positioning Sub-System

Shown in Fig. 2a is the actuator positioning sub-system of the present.
invention, including optical actuator position sensor 124 which is Compriséd of
semiconductor laser source 200, laser beam deflector 206 and detection optics 202

and 204, as well as diffraction grating 120a, optical window 122, actuator position



mul tiplication perfornmed in the raw cl ock detection el ectrom cs. The
transition edges are also passed to ADC 930 and to RA

( RAM AG)

data acquisition timng while RAMAG 929 used themto

929. ADC 930 uses the transition edg

i ter m ne t1 eQ"p'ﬁ’ap

data address for RAM 934. On a given spindle revol uti cl'n’ thé’ T‘nﬁggn;t;qu;neous
I nput to VCO 906 and thus the
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sensor signal decoding system 126, actuator position controller 128, actuator VCM
118; and actuator- arm 114. As will 'be described in further detail below, the sub-
system may be used with either a linear grating or a radial grating at 120a by

modifying the design of optical actuator position sensor 124.

A. Optical Position Sensor

Optical actuator position sensor 124 uses a semiconductor laser light source
200. In genéral, semiconductor iasers exhibit wavelength drift with time and
temperature, which limit their usefulness in classical distance—sehsing
interferometers. i—Iowever, the actuator positiori sensor 6f the present invention is
insensjtive to wavelength drift since the measurement of the diffraction grating
position is determined by the grating line pitch and the relative phase change
between the +1 and -1 diﬂ'ractibn laser beams. In further contrast to conventional
laser | interferometer bésition measurement systems which use a dual frequency
source beam to resolve the direction of motion, the present invention uses only a
single frequency laser beam to determine the direction of motion.

Planar, reflective diffraction grating 120a can be either a linear or a radial
design depending on the design of actuator position sensor 124. The linear

diffraction grating, shown schematically in Fig. 2b, has'parallel grating lines with




I nst ant aneous out put frequency of DD 907 is synchronously sanpled by ADC

930 and passed to processing unit 932 for storage and processing. :
Processing unit 932 uses data obtained from multi pl{[E=CoOnMpLere, Sklpdhe
revolutions to conpute the best fit anplitude and _hggg""‘('j‘]*f:“i"‘h'téﬁf’r#e%ue cy

modul ation due to the grating eccentricity error. € co Ky are
performed using statistical principles well known i Dt‘l_‘?g?ﬁﬁiﬁggvawgusw |1
not be described in detail. The nunber of conplete spindle revolutions as
wel | the nunber of data sanples taken ot20a given spindle revolution are
chosen so as to conpensate for any spindle velocity variations and to
average ®awonstans @itchr ancdepthy Diffragtion griténg U2aois generalytinf the shapei ofide
and phase to calculate the synchronous timng adjustments required for
each raw gi gek sCyBbfit Wide enough to accommodate the diameter of the impinging laser
beams from actuator position sensor 124 and long enough to accommodate the
actuator swing angle. The grating pivots around point 230 which is coincident with
the center of rotation of the actuator pivot. In Fig. 2a, the grating is shown affixed
to actuator arm 114 on the magnetic head side of actuator pivot 116 but may be
located on the voice coil side or anywhere else on the actuator with equal effect.
The radial diffraction grating, shown schematically in Fig. 2c, has radial
grating lines that converge at a point 230 which is coincident with the center of
rotation of the actuator pivot 116. The linear grating has a pitch approximately
twice the wavelength of the laser beam and a depth approximately 1/4 the
wavelength of the laser beam. Likewise, the radial grating at the radial position
where the laser beam impinges on its surface has a pitch approximately twice the
wavelength of the laser beam and a depth approximately 1/4 the wavelength of the
laser beam. To maximize the performance of the optical position sensor, the
grating depth and duty cycle is selected to minimize the intensity of the Oth order
reflection and maximize the intensity of the 1st order reflections. The grating pitch

is selected to yield a 1st order diffraction angle that is large éno_ugh to permit the

1st order diffracted beam to be adequately separated from the incident laser beam



conpensate for the grating centration error. The appropriate representation
of the synchronous timng adjustnents is stored in R4 uch is
addressed using RAM AG 929. The value stored in RAM .3ﬁ5?3“¢£hz§ﬂﬁ?§;ed'_':'-'t'-'-o,..
make the instantaneous timng adjustnents using the guadrature timng' i

adj ust nent generator. The quadrature timng adﬁﬁfiyg\m\g rator
function is provided by QSG 908, peak detectors 910 and™920;"-M DAC 912 and
922 and conparators 914 and -21-

and not so large to impair the ability to isolate the 1st order diffracted beam from
the higher order difﬁacted beams.

-Precise master gratings having the desired characteristics may be generated
by a nu.mber of known methods including holography, photo lithography, E-beam
lithography, E-beam e;tching, and ruling engine. Appropriately thin, low cost,
precision replicate gratings having the desired size and shape may then be mass
produced by a number of known .methods including 2P photopolymer, epoxy
duplication, injection molding, and' embossing on a variety of substrate materials
such as metal, glass, plastics and polymers. The replicate gratings are rendered
highly reﬂective at the desired laser beam wavelength using known methods such
as depositing an appropriate thin metal film or depositing one or more dielectric
layers having the appropriate thickness and dielectric constants. To minimize the
potential adverse effects on actuator performance caused by the added grating mass,
it is advantageous_to use a small grating and to select a low density substrate or
even preferably to replicate the grating directly onto tﬁe actuator surface as shown
in Fig.1b.

Shown.in Fig. 3 is a cross-sectional diagram illustrating the detailed design
of actuator position sensor 124 for use with a linear diffréction grating in

accordance with the present invention. The design includes semiconductor laser



-50- . 924. SG 908 generates quadrature sawt oot h wavefornms synchronous
wth the raw clock from DD 907. The raw cl ock 1000,...t.-he-guadratbre——
sawt oot h wavef or s 1010 and 1040 as well as the out p;lg‘t:,;_,_\&\@,.,\zﬁgfmr;rﬁm‘ma%
conparators 914 and 924, 1001 and 1002, respective]y, are sho |2 tiim ng
diagramformin Fig. 10. The out put of M DAC 912 for)u@eqﬁe}ntm\fiﬂ@cl ds of
wavefornms 1010 is shown schematically by hori zontzi_ - and
1022. Conparator 914 produces wavef-gg4n 1001 havi ng sequenti al pul ses

1030, 1031, and 1032 when the saw ootfT™ waveform anplitude is equal to the
e out puddth CoMBASTdsas 307, Golaan 306, Polanzing Beatn slieick 308 an’1/4°4 {idle™

309 which compﬁse the laser beam source; spherical lenses 320 and 326, polarizers
322 and 328, mirrors 324 and 330 which comprise two 1X telescopes; and 1/4 A
plate 311, non—polan';ipg 50% beam splitter 310, polarizers 312 and 316, and photo
detectors 314 and 315 which comprise the detection optids. With regard to
~ semiconductor laser 200, it is to be noted that a semiconductor laser is preferred
due to its attractive cost and size but other laser types may also be selected.
In operation of actuator position sensor 124, sericonductor laser 200 emits
a mostly linearly polarized laser light beam which is collected and collimated by
collimator lens 304. Polarizer 306 transmits preferentially the p-polarized beam
and polarizing beam splitter 308 directs the resultant laser beam towards linear
diffraction grating 120b through 1/4 A plate 309. 1/4 A plate 309 converts the
highly linearly polarized laser beam to a circularly polarized laser beam. The
resultant laser beanl impinges onto diffraction grating 120b at normal incidence and
is diffracted. Diffraction grating 120b is designed to diffract the majorty of the
beam into +] and -1 order beams. Grating 120b is located in a plane orthogonal
to the input laser beam with the grating lines oriented such that the +1 and -1 order

diffracted laser beams are directed onto lenses 320 and 326 respectively. The st



cycles of wavefornms 1040 is shown schematically by horjzontal |ines 1050,
and 1052. Conparator 924 produces waveform 1002/ RAVTIR

1051
pul ses

to.the pr eset_ out puts 1050, 1051 and 1052, respecti g |
schematically in Fig. 10, the raweslOtly-4a ggﬁ.o of
16 units while the conparator's output has a period of ToWRHELS ...
Simlarly, by the proper choice of out_&gt sequence val ues from VDRSS
and 922 the out put values from corrpara

t he exanpl e shown

s uent i al

smal | er than the raw cl ock. Thus, programm ng a proper sequence of
val ues i rordendiffraction gnglecd gan |h§dcadq:ulated from the equation sin 6 = £ d/l where

d is the grating pitch and A is the laser wavelength.

Spherical lens 320, polarizer 322 and mirror 324 comprise 1X telescope laser
beam reconstruction optrcs for the +1 order diffracted beam; the 1X telescope will
be described in further detail subsequently. In general, the +1 order diffracted
beam is focused onto mirror 324 through polarizer 322 by spherical lens 320 and
reflected back onto grating 120b as a re-collimated beam. The function of
polarizer 322 is to allow only the p-polarized part of the +1 order diffracted beam
to be transmitted. Likewise, spherical lens 326, polarizer 328 and mirror 330
comprise 1X teleécope laser beam reconstruction optics for the -1 order diffracted
beam. The -1 order diffracted beam is focused onto mirror 330 through polarizer
328 by spherical lens 326 and is reflected back onto grating 120b as a re-collimated
beam. The function of polarizer 328 is to allow only the s-polarized part of the -1
order diffracted be_am to be transmitted. Mirrors 324, 330, polarizers 322, 328 and
lenses 320, 326 are positiox;ed and. aligned such that the returned +1 and -1 order
beams overlap at grating 120b at a position displaced from the source .laser beam
incident on the grating, such that the two beams are collinear from the grating to

the detection optics and such that resultant wavefront aberrations are minimized.

rs 914 and 924 may have a perlod



-51- waveforns 1001 and 1002 may be kept constant as the raw cl ock period
varies with spindle rotation. The out put value of M DAC 912 for -

each cycle of the raw clock is determ ned by the di ___ged in
RAM 934 and is nornmalized to the peak of the previo '

cycl e using the output of peak detector 910. Siml .
of M DAC 922 for each cycle of the raw clock is _.;__;‘ 1? NUV m\“

-2

The +1 and -1 order collimated beams returned to grating 120b are diffracted
normal to its surface towards 1/4 A plate 311. 1/4 A plate 311, non-polarizing 50%
beam splitter 310, polarizers 312 and 316, and photo detectors 314 and 318
comprise the detection optics for the resultant laser beams. 1/4 A plate 311
converts the p-polarizeél +1 order laser beam and s-polarized -1 order laser beam
into right and left polarized laser beams respectively. The resultant laser beam is
equivalent to a linearly polarized laser beam with its polarization directiqn

determined by the relative phase difference between the +1 and -1 order diffracted

laser beams.

Half of the resultant laser beam passes through non-polarizing beam splitter
310, polarizer plate 316 and impinges on photo detector.318. Photo detector 318
ineaéures the laser beam intensity transmitted through polarizer plate 316. The
other half of the resultant laser beam is reflected by non-polarizing beam splitter
310, passes through polarizer plate 312 and impinges on photo detector 314. Photo
detector 314 measures the laser beam intensity transmitted through polarizer plate
312.

The motion of diffraction grating 120b in the plane orthogonal to the input
laser beam results in the phase of the +1 order diffracted laser beam leading or

lagging the -1 order diffracted laser beam. Whether the phase leads or lags is



determ ned by the digital value stored in RAM 934 and is normalized to the
peak of the previous saw ooth waveform cycle using the output of peak
detector 920. The nornalization provided by M DAC 912, . M DAC 922, peak
detector 910 and peak detector 920 insures that sawt oé&tlt'a-rﬁrylr.f-.

vari ations caused by raw clock frequency variations &

. &' Ebhpensatad 1
cycle by cycle. By synchronously changing the output value of '8 |
under the direction of RAM address generator 929, the .ouﬁmﬂNO)Lul from

""""""

conparators 914 and 924 can be positioned2s-anywhere bet ween t'he=kedilni ng
Pl se5. ondelaTBImSthb gba CRRatien o TBaHOBS TS ERASCRLTEeIeh Behy et Bieabh idbved
within a waveformcycle and cycle to cycle, to conpensate

1 order diffracted laser beams is directly proportional to the displacement of the
graﬁng within a waveform cycle.

Photo detector_s 314 and 318 generate electrical current signals which vary
sinusoidally with displz'lcement of diffraction grating 120b. The two polarizer plates
312 and 316 are aligned to have their polarization' directions rotated by 45° when
referred to the plane orthogonal to the incident laser beam. This results in an
approximately 90° electrical phase shift between the two photo detector's signals,
which is used to determine the direction of motion of diffraction grating 120b. The
comparable amplitude, quadrature electrical current signals are decoded to
determine grating position and direction of motion.

Actuator position sensor 124 may be used to detect motion of diffraction
grating 120b in the plane parallel to its surface having a component orthogonal to
the grating lines. When diffraction grating 120b moves in a straight line, as is the
case if it is attached to a linear actuator, the laser beams impinging onto lenses 320
and 326 are stationary. However, when diffraction grating 120b moves so as to
sweep out an arc, as is the case if it is attached to a rotary actuator, the laser

beams impinging on lenses 320 and 326 also sweep out an arc on their respective

surfaces. Therefore, the laser beams transmitted to mirrors 324 and 330 also sweep



for the frequency variations due to the grating centration error. In
principle, either waveform 1001 or 1002 can provi depdae. ensation clock
i f the sawt ooth wavef orm generated by QSG 908 is cl N !

-52- that is, if the sawtooth waveform from QSG tine

fromits maxi numto zero which is rmuch snaller thhn.;;-.,tahghde,si red m ni mum
del ay interval R B B i o S

26
out an arc on their respective surfaces. -The 1X telescopes compensate for the
resultant changes- in optical path of the diffracted laser beams to maintain the
collinearity of the resultant laser beaﬁs directed towards the detection optics. The

maximum arc angle and thus the maximum rotation angle of the actuator that can

be accommodated is determined by the diameter of the components comprising the

“two 1X telescopes, the wavefront quality of the resultant laser beam impinging on

the detection optics, and the size of the grating. In practice, the resultant laser
beam wavefront quality is determined primarily by the design of lenses 320 and

326 and the wavefront quality of the source laser l;eam.

The laser beam stability of semiconductor lasers is known to be sensitive to
having even a small fraction of the laser beam reflected back into the optical
cavity. To minimize the intensity of the laser beam reflected back to the laser, in
accordance with the present invehtion, all the optical corﬁponent surfaces are anti-
reflection coated. _In addition, polarizer 306, polarizing beam splitter 308 and 1/4
A wave plate 309 ﬁxnctic;n to fqrther isolate the laser from O order laser beam
reflections from the grating surface. The anti-reflection coatings also serve to
optimize signal-to-noise ratio of the electrical signals generated by the phofo
detectors by enhancing the detected laser beam intensity and by rm'riimizing'the

intensity of spurious laser beams reflected from the various optical components. In



and is-highly linear throughout the entire range. However, this requirenent
woul d unnecessarily increase the performance reqU|reﬁEnts anéucosL_QLﬁthe
conponent s used to inplenent the Q8G and al so wouljd tonpldcaaeeigsr i
design. In accordance wth the invention, the tran$|t|on timng I
requirement as well as the linearity requirement oyé! Qhelﬁnnnvqgﬂénge
are significantly rel axed by using a quadrature samlooth—gene&a%g;wan

appropriately selecting a pulse from eithgs. wavef orm 1001 or 1002 using
pul se selector 916. The only remai ning crt i cal requi renent on the

quadraturqhgvaﬁ{%g%‘r eFl?'btng%gépg‘eq\%e ‘élr% %%%é &{ﬂﬁaés?gr \r@gﬁ?’g&ﬁ%nf}“g canggom

| i near
achieved in a cost effective manner, using techniques well known in the
art. The Ebetwassd.dgnm to 5 mm) is used in the design of optical actuator position sensor

124 to facilitate alignment of the optical components, to maximize the collinearity
of the +1 and -1 order laser beams returned to the detection optics, to reduce the
sensitivity to compone;nt misalignment, and to reduce the sensitivity to grating
defects. The ability of the actuator optical head to tolerate grating defects reduces
the grating cost by enabling a wider selection of suitable replication methods and
by e;nhancing manufacturing yields.

Shown in Fig. 4 is a schematic diagram illustrating the design of actuator

T position sensor 124 for use with a radial diffraction grating (designated 120c) in
accordance with the present invention. The design and operation are similar tb the
actuator position sensor described above with reference to a linear diffraction.
grating .with the exception that plane mirrors 324 and 330 are replaced by roof
prisms 424 and 430 and linear grating 120a is replaced by radial grating 120c. The

+1 and -1 order d-ifﬁacted laser beams impinging on roof prisms 424 and 430,
respectively, are stationary as the radial grating sweeps an arc, provided the grating

lines on the radial diffraction grating converge precisely at a point directly over the

rotation center of rotary actuator pivot 116.



clock is produced by pul se selector 916 and the phase-|ock | oop conpri sing
phase detector 940, filter 942, VCO 944 and digital _divider 946.

In typical phase | ocked | oop appl i cations the |inear |!tyr(j1‘“"v®:9ﬁ6=fr_ﬁy— not
be critical. However, in the context of the present |l nvent}or F he 3HE EB€ality

of VCQ. 906 is very |rrportant since it is used to ac u[t; ixl;&yé\[@a@ge t he
magni tude and phase of the frequency nodul ati on of the Nd Y The

vol t age-to-frequency transfer character 'z§t ics of the VCO are neasured by
f eedi ng square wave generator
It is critical that the point at which the gratmg lines converge be collinear
with the rotation axis of the actuator in order for the 1X telescopes to adequately
compensate for the optical aberrations. Equivalently, the orientation of the plane
determined by the two 1X telescopes must be orthogonél to the radial grating lines
illuminated by the incident laser beam. If the alignment error between the piyot
of the actuator and the point at which the radial grating lines converge becomes
unacceptably large as the radial grating rotates, an electro-mechanical system may
be used to maintain the optical head orthogonal to the radial grating lines, thereby
still achieving the required orientation. | |
B. Actuator Optical Position Sensor Signal Decode Electronics
Actuator optical position sensor signal decode electronics 126 (from Fig. 1)
includés signal detection electronics, decoding electronics, and a decoding
algorithm. Fig. 5a illustrates a timeline of the sinusoidal signals input to the
actuator optical position sensor signal decode electronics. The vertical axis of the
timeline is the electrical current signal; the horizontal axis is the grating position
sbale. Electrical current signals 520 and 521 are produced by photo detectors 314

and 318 when using a linear grating to sense the actuator position, or by photo

detectors 414 and 418 when using a radial grating to sense the actuator position.



-53- 901 in turn with two or nore waveforns having accurately known
frequenci es that span the desired operating range. _The input frequencies

may be produced, for exanple, by a crystal control ,‘;T}gw.‘-- -
resultant voltage at the input to VCO 906 is sanpl Y=pfEdt ewest flor

each input frequency using ADC 930. The sanpl ed v YRS, ¢ 4\@6@9‘5' tted to
a straight line to calculate the vol tage-to-frequenc q;rif“n‘ YL
characteristics in accordance w th designggechni ques known Thn the=art.

The second technique for inplenenting the Taw cl ock detection and

conpensat L on, .sho in Fig..11, uses two separgte cl ack heads positioned
1831[) err] LI'?ne: electnyc\:gl curren%J signals traverse one C mpelete cy&e as ﬁme grdting moves a

distance equal to-l/4 the grating pitch. The electrical current signals are fully
described by amplitudes A, and A,, DC offsets B, and B, and phase angle ¢.

Due to optical component and alignment tolerances, the corresponding
parameters for the two‘waveforms in general are of comparable magnitude but not
identical, and the phase angle ¢ is approximately 90°. Further, the parameters
describing the signal waveform will depend somewhat on grating position due to
spatial grating diffraction efficiency variations, variations in the wavefront quality
and deviations from collinearity of the +1 and -1 order diffracted beams returned
to the photo detectors. Most of these effects are present to some degree in a
practical, cost effective design. The optical actuator position sensor and grating are
designed to minimize the parameter - vanations due to grating position while -
rﬂaxinﬁzing the cost effectiveness of the design. The écmator position signal
‘decode electronicg are in turn designed to compensate for non-ideal signals
produced by practical gratings an_d optical actuator heads.

Shown in Fig. 6 is a block diagram illustrating the actuator optical position
sensor signal decode electronics. Included are photo detectors 314 and 318,
amplifiers 602 and 652, summing amplifiers 604 and 654, analog to digital

convertors (ADC) 608 and 658, bias detectors 610 and 660, digital dividers 616



apart (-on opposite sides of the grating center). The wite clock

sub-system in accordance with this technique, includes optical clock
heads 1100 and 1150, grating 130, raw clock detection~ekectronics 1130 and
1140 and wite clock m xer 1160 and conpensated wite!l QI;—;ng;«?d:;eq_fgfg'_’%qc:-i:l?-o.
Optical .clock head 1100 includes sem conductor |aser 1103, pol ariAHfy beam

splitter 1102, and photo detector 1104. Similarly, opticat cl_g__p.ic;:k,jgsad 1150
i ncl udes sem conductor |aser 1152, polarigzing beamsplitter: 1?&1335\1 nd -
phot o detector 1154. The conplete designZkor the optical clock heads is
shown in Fig. 8 above. Each head is coupled to its respective clock

det ect i on anidef66, aigital acthenuiatorg 6 18fand 665 rdntient acess neerhopn(RAM) 622 and
1140 is equivalent to the design shown in Fig. 9, including anplifier 900,

square wav6=72’ digital to anélog converters (DAC) 620 and 670, quadrature counter 674, and
processing unit 678.

In operation, thq low level electrical current signal 520, generated by photo
detector 314, is ampliﬁed by amplifier 652. The resultant signal from amplifier
652 is summed with signal 690 by summing amplifier 654, and then digitized by
ADC 658. DC offset bias compensation signal 690 has an amplitude which
compensates for DC bias offsets B,. Similarly, low level electrical current signal
521 generated by photo detector 318 is amplified by amplifier 602. The resultant
signal is summed’with signal 692 by summing amplifier 604 and then digitized by
ADC 608. DC offset bias compensation signal 692 has an amplitude which
compensates for DC bias fosets B, Amplifiers 604 and 654 incorporate low pass
filters with the cutoff frequency set to attenuate high frequency nois¢ while
faithfully passing the required signal bandwidth. Signals 680 and 682 éampled by
ADCs 608 and 658 are faithful representations of electric;ﬂ current signals 520 and
521, respectively, with the DC bias offset removed. The resultant signals 680 and
682 are shown graphically in Fig. 5c and labeled q and p, respectii/ely. The q
signal is 'plotted on the horizontal axis and the p signal is plotted on the vertical

- axis. The p and q signals trace out ellipse 534 as diffraction grating 120a is moved



generator 901, phase detector 902, filter 904 and VCO 906. The two
synchroni zed : e -54- raw
grating cl ocks produced by clock detection el ectroni §F;E'41_41LL--§5“~~- 1

conbi ned in nixer 1160, producing the output signal: TR eSS $HBET )
cos(f[err]) = 0.5[cos (f[err] + f[err] ) + cos (f[er ]Dq-tﬁ_f[ r7r] !
Conpensated wite clock detector 1170 renobves the di @@_@J_Myg%y 1-'term
using a high pass filter and processes the remaining sumfrequéncy termto

pr oduce -31-
by a distance equal to 1/4 the grating pitch. The ellipse is traced out in a

clockwise or cou;lte'r-clockwise direction depending on the direction of grating
motion. This lends itself to using a .quadrature up/down counter to count the
number of complete ellipse rotations taking into account the direction of rotation.
The coarse decoae position is obtained by tracking the number and sign of
complete ellipse rotations. This quantity is measured by coarse decode electronics
which in the preferred embodiment include quadrature counter 674 and summing
amplifiers 654 and 604 in Fig. 6. Quadrature counter 674 receives input from
summing arﬁpliﬁers 654 and 604 in the form of square wave signals 522 and 523,
whici_x are ph;ase synchronous with waveforms 520 and 521, respectively. These
square wave signals are shown schematically in Fig. Sb. Quadrature counter 674
uses the transition edges of square waves 522 and 523 to count the total number
and sign of complete ellipse rotations. The counter value provides the coarse
position of the grating with respect to an arbitrary initial position. The cutoff
frequency of the l;W pass filters in amplifiers 654 and 604 is set to attenuate high
frequency noise and pass the bandwidth required by quadrature counter 674. The
cutoff frequency is determined from the required maximum grating velocity and the

pitch of the diffraction grating. With respect to the above-described preferred

implementation of the coarse decode electronics, it is to be noted that maﬁy



a conposite wite clock. Due to the cancelling effect of the above

conbi nations, the resulting conposite clock exhibits no first order
frequency error attributable to the grating centration error. The ... .
magni tude of the remai ning second order termis nmnuch pv@:ﬂ:ﬁﬁfiaﬂ,zgéﬁgfi rsst
order term being proportional to the square of the n" or

entration error. For
a worst case 1l%agrating centration error, this techni ul.e__,,.:.[_esul ts in a

maxi mum 0. 01% error in the resultant comgensated wite Teferéngs edomck
frequency which is adequate for nopst serrégo-wri ter appli cat?gﬁgm %95 Some

applications may not _require full correctjon of the reference clock )
f r equencyaltematiysembrd iments areayajl l%n!ﬁF u %éﬂh“@ﬂ'&#?ffﬁ&?ﬁﬁ? es, which
required to be witten synchronously. For exanple, in witing sector-servo
patterns gR @ofkiiéred to be encompassed by the present invention.
The fine decode position is determined by measuring the phase angle
between the p and q signals. For the special case in which signals 680 and 682
have equal maximum ainplitude and the phase angle ¢ between them is exactly 90°

the curve 534 traced out by the p and q signals is a circle. In this special case, the

fine decode position, x, at time t is calculated from the expression:

x(@) = 5‘% o) [0

where the instantaneous angle O(t) is calculated using the expression:

6) = tan™! [P_@] - tan™! [____Sin 9“)] @
a0 cos 67)]

For the more general case where curve 534 traced out by the p and q signals is an
ellipse, the angle B(t) is determined using a more general decoding algorithm which
properly accounts for the shape, orientation and any residual DC offsets of the

ellipse. In general, the p(t) and q(t) signals can be expressed as follows:



recording di sk, any single servo sector is witten with a synchronous -cl ock
for track to track alignnment, but the synchronization requirenent is
rel axed between servo sectors. In such case, it may be.sufficient_to
ensure that the tine between servo sectors is correct,ed W theut- act ual iy

correcting the reference clock frequency. A
- 55- crystal-controlled reference clock nmay be used to chI?b‘NQYe‘gﬁle
.sector length
_2-3-_
[p(,)] _| B, +A,sin[6()] 3)
q0)) (B, + A, sn[6() + ¢ ]
Equation 3 is transformed to equation 4 below.
[cos g(t)} % % bJ r gg} | @)
t
sin 0(r) c, 0 q
The parameters c,, ¢, d,, b, and b, in equation 4 are defined by the following:
¢, dp i 0 A}_, 5)
- Cq 0 Aq sin ¢ Aq Cos ¢

R ®
bq c P 0: —Bq ’

At any given grating position the ellipse best -ﬁt parameters ¢, ¢, d, b, and b‘1
are determined' as follows. Multiple data points (p,, q;) on the ellipse are captured
by dithering the grating position so as to sweep out ox;e or more ellipses. The
measured data points (p;, q;) are then applied iteratively to equation 4 and equation

7 below.



measured using the unconpensated wite reference clock, ther ing

l ength sectors. The accuracy of the calibratig ,Q(egv,gnﬂsﬂze'r
comensurate with the spindle RPM control accura V\FI Q Ps be
i nproved if desired by averagi ng data taken over bt.{ep\g‘ae
revol uti ons. V. Wavefront Reconstruction Opti Fhe—reftietti ve

diffraction gratings included in the actuator position sensor and
reference wite clock generator described previously are provided with
linearly and radially disposed diffractf patterns, respectively. As the
grating rotates with respect to the incident |light beam the phase of the

reflected diffraction patterns

\-1 1)
¢, [ [p,. cos 6, ( [p,. coS g‘.
d q; cos 0, T q; cos 6,
P N i i ) : 4; 100 N i i
by| =Y | cos § e © Y | cos §, Y
cp i=t |p. sin O, sin§;) |0 0 0p 1 i=I lp sin @,
q i i _ i i
b | [sme ] )\ [smo )

The best fit ellipse parameters along with the instantaneous measured values
p(t) and q(t) are used by microprocessor 678 to decode the instantaneous fine
grating position according to equa-tions 1, 2 and 4 above. Microprocessor 678
determines the grating position at time t by sp.licing the coarse ppsition §a1ue
obtained from quz;drature, counter 674 and the fine position value determined by the
above described fine decode algorithm so as to appropriately account for the
ambiguity that occurs near the switching point of the quadrature counter. The
splicing of the fine decode and quadrant counter position produce a single position
number as follows. The counter advances by 4 counts for each complete cycle of
the P and Q signals. It changes at each zero crossing of the P and Q signals. The
fine position decode resolves a single cycle of the.P and Q signals into 2¥ parts.
N is t'ypically' chosen t(.)- be between 6 and 12 to provide sufﬁc':ient range and

resolution. The fine position is thus represented by an N bit number. The most

significant 2 bits of the fine position decode and the least significant 2 bits of the



shift with respect to the phase of the incident beans. This phase shift,
nmeasured by suitable photo-detectors, provides the baS|s for accurately
determ ning the actuator position and reference wite clos
The probl em associated with using the diffraction patter# fron1a*4tnear
diffraction grating with a rotary aetuator, prevalent in nodern dl§k“ -
drives, is that the diffracted | aser bean1rotates (yaws) with’ résﬁeﬁﬁlio
the incident |aser beamas the actuator rotates about its pivot. The
optical system design needs to acconnndﬁre the actuator rotation, which

can be up to 20[er On t he, ot her
pquadrature c&unter are the same 1? tﬁlere is no timing skew or amplitude offset

between the counter value and the decoded fine position. However, timing skew
or amplitude offset can. occur if the counter value and fine position decode are
derived separately fror‘n. the P and Q signals, as is required for a cost effective
implementation. The 'quadrants are defined in Fig. 5c. In the first quadrant one
the two least significant bits of the counter and the two most significant bits of the
fine decode have a value of 00. In the second q;iadrant these bits have a valﬁe of
01, while in 'the third and foutth' ciuadrants they have a value of 10 and 11,
respectively. At quadrant boundaries the counter apd fine decode may produce
different values for the 2 overlapping bits.* This discrepancy is resolved by splicing
the counter and fine position values according to the following algorithm:

1) subtract 2 from the counter value;

2)  shift the resulting bits left by N-2 positions, where N is defined above;

3) add tl_le fine decode position to the result of step 2;

- 4)  set the least significant N bits of the result of _'step 3to 0

5)  replace the least significant N bits with the fine decode position.
Thle resultant grating position is used by actuator position controlle; 128 (Fig. 1)
in concert with the actuator voice coil to position radially one or more magnetic

recording heads 112 over their corresponding disk surfaces.
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‘the diffracted | aser beam does not rotate if one uses a radial

I nstead of a linear diffraction grating. However, the problem
associated with a radial diffraction grating is appreciabl e wavefront
aberration of the diffraction patterns caused by +e=—=rarFablre—grsi ng
line pitch under the incident |aser beam In at bi‘@éﬂ AGEHW"I"’""" syétem
the + and - order diffraction patterns are reflected back to a ot .in the
grating adjacent to the incident source _Laser beam and ﬁhe mi £i¥act ed

nor nal

to the grating surface onto pho detectors for

phase detectlon

The conbi ned +_and, -

Tuming again to Fig. 6, fine decode electronics are shown which perform the
computations described above. In the preferred embodiment, the fine _decode
electronics include summing amplifiers 604 and 654, ADLS 608 and 658, bias
detectors 610 and 660, dividers 616 and 666, RAM 622 and 672, accumulators 618
and 668, DACs 620 an.d 670, and quad counter 674. Signal 690 required to cancel
the DC bias offsets B, is provided by DAC 670. The amplitude of the required
signal as a function of grating position is provided by RAM 672 using previously
determined values. Quadrature c;)unter 674 serves to address the appropriate
memory location in RAM.672 so that a stored value can be passed to DAC 670.
Similarly, sig;gal 692 required to cancel the DC bias offsets B, is provided by DAC
620 using previously determined values stored in RAM 622. RAM 622 is also
addressed by quadrature counter 674.

. The values stored in RAM 672 and 622, which are indicative ;espectively of
the amplitude of si_gnalé 690 and 692 as a function of grating position, are obtained
by sweeping diffraction grating 120a from one initial extreme position to the other
extreme position. The grating is first positioned at an initial extreme position by
actuator servo controller 128 working in concert with actuator voice coil 118 and
actuator 114. The inifial extreme position may be determined by one of the crash |

stops typically present in modern disk drives. By app.lying the appropriate



order diffraction patterns of the resultant |aser beam exhi bits substanti al
wavef r ont aberrations. This results in poor diffraetian fringe contrast

—

whi ch degr ades per formance of the position detect (RE;qyasIt —a|
results in a detection system which is very sensiffive té’%ﬁw

the optics with respect to the grating since thejtwe;shi ghly aberrated
resul tant |aser beams must be kept precisely co- * treaf ANGhdIRr at fing is
r ot at ed. There is no known prior art design conpatible . hi gh
yaw angles that result fromthe rotati oIf a |inear grating. The prior
art relating to angular position sensing wwth radial gratings has either
negl ect edeleotricatt drive ttbevoiesutdibritl 8 vimy erating iahaadattoonmviencydiécally. The
diffraction patterns, focused the light into a slit using

position amplitude is such that one or more sinusoidal electrical current signal

of

cycles is generated by photo detectors 314 anld 318. Under the direction of
microprocessor 678, ADC 658 samples the resultant waveform 680. The sample
frequency is set to be s.ufﬁciently higher than the frequency of resultant waveform
680 to ensure that the maximum and minimum amplitudes are accurately captured
by bias detector 660. The b.ias detector averages the maximum and minimum

~ values to deteﬁnine the electrical c.urrent DC offset value E'q. A fraction of the
resultant DC offset value B, .is passed to accumulator 668 by divider 666. The
accumulator valué is stored in RAM 672 and passed to DAC 670. The DAC
generates signal 690 which in turn reduces the DC offset value of signal 680. This
process is repeated under the direction of microprocessor 678 until the DC offset
of signal 680 is reduced to near zero. The resuitant accumulator value is stored in
RAM 672,

Similarly and simultaneously with the above sequence, microprocessor 678
directs ADC 608 to sample resultant waveform 682. The maximum and minimum
mpliﬁdes of waveform 682 are accurately captured by bias detector 610. The bias
detector averages the maximum aﬁd minimum values to determine the current DC

offset value B, A fraction of the resultant DC offset value B, is passed to



a cylindrical lens affixed to the grating surface to mnimze the
aberrations, or re- collimted the aberrated | aser beam using a
conplicated optical system The

-57--  second design suffers the serious drawbacks of ;s+gaifican tly
i ncreasi ng the wei ght and cost associated with the rangasWas
having a very small useful range, all of which rendérs it ineffective for

use in a disk drive as described in previous secti of;‘ns‘ll:n:.-"l?e NGUt 1395 design
uses a cylindrical lens to renove the ast+3fmatismin the—- . 77" C

accumulator 618 by divider 616. The current accumulator value is stored in RAM
622 and passed to. DAC 620. The DAC generates signal 692 which in tumn reduces
the DC offset value of signal 682. This process is repeated under direction of
microprocessor 678 un,ti.l the DC offset of signal 682 is also reduced to near zero.
The resultant accumul::xtor value is stored in RAM 622. The use of dividers 666 .
and 616 ensures that the correct bias offset signal values 690 and 692, respectively,
are approached asymptomatically even in the presence of gain errors that may exist
"in ADC 658 and ADC 608 as well. as in DAC 670 and DAC 620.

Quadrature counter 674 is fully functional once the DC offsets in the signal
outputs from sun;ming amplifiers 654 and 604 are compensated for by using the
above described procedure. Quadrature counter 674 can then provide the coarse
position signal to microprocessor 678 and the absolute memory address to RAM
672 and RAM 622. Under low gain servo control and by using. only the coarse
position signai provided by quadrature counter 674, actuator servo controller 128

: Working with actuator voice coil 118 and actuator 114 gradually sweeps the
diffraction grating from the initi.al extreme position toward the other extreme
position. During the motion, microprocessor 678, with the aid of quadrature

counter 674, directs ADC 658 and bias detector 660 to measure the instantaneous

bias value B'; of signal 680. Signal B', is divided by divider 666 and added to the



aberrated wavefront. Mre specifically, for the + order diffracted |aser
beam this desi gn uses a wedge prismto bend the [Fase
cylindrical lenses to correct the aberration, a cgﬁﬁﬂfmﬁb&m,mﬂ :
the resultant | aser beam a second wedge prismtqgjbend the | ﬁ% bedm
again, and a second pair of cylindrical |enses ta @@twer.t N \é 1.ght

conj ugat ed wavefront prior to returning the resultdl 5 2
diffraction grating. Alignment of the tu\gg.wedge prisms, the tvvo sets of

cylindrical |lenses, and the corner cube reflect or as required to return a
col I'i mat t gat egb sy

and w %j‘evhes%ﬁ?‘dg@é@gf‘éﬁ?%gﬁ% 1§ #P G"ﬁ{lt at es:tmgzle?g}?}?ﬂg&t he s%t:ﬁd

set of [ dent i cal tics for the - order diffracted beam sgch that the
r esul t antvalye és ug@tghyrlaﬁﬁ 648 toogenesate signal 690 which when added by summing

amplifier 654 to the output from amplifier 652. The accumulator value is also
stored in RAM 672 at.tﬁe memory address determined by the quadrature counter
value. Thus the accur.nulator value required to compensate for the DC offset in
signal 520 is stored in .RAM 672 for each desired grating position. Similar!y and
simultaneously to the above process, the accumulator value required to compensate
for the DC offset in sigriai' ng is stored in RAM 622 for each desired grating
position by microprocessor 678, quadrature counter 674, ADC 608, bias detector
610, divider 616, accumulator 618, DAC 620 and RAM 622. The DC offset bias
values B, and B, are expected to vary gradually over a narrow range with grating
position due to: a) the expected small amplitude and long spatial frequency
vériations of the diffraction grating efficiency; b) the expected gradual variation
of the optical position sensor detection efficiency with grating translation; and c¢)
the designed laser l;eam area impinging on the grating being much larger than the
total area of the illuminated defects at any given grating position. The gradual
variation in the DC offset values may be used to advantage te improve the signal-

to-noise of the bias values B, and B, stored in RAM 622 and RAM 672,

respectively, by making the divider value N of dividers 666 and 616 in Fig. 6 be



grating is collimted as well as collinear and coincident with the + order
diffracted beam woul d be extrenely difficult. In any, even if the
al i gnnment coul d be acconplished, it would be very di
t he optical conmponents properly al irgned during nor
This design is thus very unattractive for practical
the | arge nunber of optical. conponents, the

- 58- -40-

p-pl | cati ons due to
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greater than 1. This has the effect of storing a running average in RAM 622 and
672 and thus red\.;ces the sensitivity to noise.

With respect to the abo-ve-descn'bed preferred implementation of the fine
decode electronics, it is to be noted that many alternative embodiments are
available which are co'nsidered to be encompassed by the present invention. For
example, bias cancellation may be implemented in software rather than in hardware

while all the decode function may be performed in hardware.

III. Write Clock Sub-System _ ' )

The write cio.ck sub-system, shown schematically in Fig. 7a, _in;:ludes optical
clock sensor 134 which is comprised of semiconductor laser source 700, laser beam
deflector 706 and detection optics 702 and 704, grating 130, optical window 132,

“and write clock signal processing electronics 136. Planar diffraction grating 130,
shown in Fig. 7b, is in the shape of an annulus. having enough width .to
accommodate the laser beam diameter and the centration tolerance with respect to
the spindle hub center of rotation. The grating lines converge to the center of the
annulus. The radial grating at the radial position where the laser beam impinges
on its surface has a pitch approximatély twice the wavelength of the laser beam and

a depth approximately 1/4 the wavelength of the laser beam. To maximize the



conplexity of the mechanical stages required to align the optical
components, and the difficulty in acconplishing and nmaintaining the proper
al i gnnent . One final prior art approach is available for mnimzing
optical wavefront aberrations caused by radi al gratllp =t a very
smal | dianeter |aser beam i.ncident on the radial grat% L AR R .
nost practical applications, reducing the |aser beam dl‘g i@?‘f“tzr ]
undesi rabl e because the detection system becones very nsi.tive to graﬁl ng
defects which invariably are present in Lkpw cost, high volune. nmanuf.act/ured
gratings. This section focuses on the reconstructlon optlcs of the
present i pedfotinance afhtheh opticale sritehelogkosensoenthorgrdtiogt piteh andoideptis axed
permt the optical

preferably selected to optimize and equalize the efficiency of the -Ist order

diffraction pattern for both the p-polarized and s-polarized laser beams and to
minimize the diffraction efficiency of all other diffraction orders. It is
advantageous to use a emall grating and to select a low density substrate or even
preferably to replicate the grating directly onto the spindle hub surface. The sub-
system generates a precise write clock timing signal and a disk index timing signal
that is "phase-locked” to the disk(s) surface(s). The total number of clock cycles
per revolution is determined by the number of lines on the radial grating. "The
detection ele&ron{cs are designed so that any extra pulses or missing pulses due to
grating defects and/or electronics noise are compensated for. The exact
circumferential positions of the recorded magnetic marks produced by the servo-
writer is controlled by the write clock system, which produces the required clock
and disk index signals used to precisely clock the data pattern stored in pattern

generator 142.



measur enent systemto accurately neasure relative position for either
linear or radial diffraction gratings. The reconstruction optics
conpensate for the variable yaw angle induced by the linear grating as
wel |l as for the optical wavefront aberrations inducgd™ re—-a
grating. The reconstruction optics design for a | i ndfER *WWEEﬁgﬁg
limted angul ar range, determ ned by practical optic HE%?ents
the reconstruction optics design for a radial grating. has f :
angul ar range. The reconstructi o¥optics design for a Ilnear .'“
diffraction grating._includes a first spherical lens and a first plane

mrror refAec®pticaloWritegtgad demsar de of an

Shown in Fig. 8 is a cross-sectional diagram illustrating the detailed design

of optical write clock sensor 134 configured for use with a radial grating tb
generate a reference w{n'te clock in accordance with the present invention.

The measuremeﬁt systeh include_s semiconductor laser 700, collimator lens
804, polarizers 822 and 824, polarizing beam splitter 806; spherical lenses 808,
814, and 820, photo detector 826, quarter wave plates 810 and 816, comer cube
reflectors 812 and 818, and radxal grating 130. In operation, the laser beam
generated by laser diode 700 passes through collimator 804, polarizer 822 and
polarizing beam éplitter 806. Polarizer 822 and polarizing beam splitter 806 block
any S-polarized component and pass the P-polarized component on to lens 820.
The resultant beam substantially is focused (to within about 5% by lens 820 onto
spot 830 on radial grating 130. In the preferred embodiment, the beam incident on
lens 820 is offset from the optical axis of lens 820 by approximateiy 1.5 mm so
that the O order beam reflected from the grating is offset by approximately 3 mm
from the incident laser beam after it passes back through lens 820. As a result it
can be easily blocked from rémr_ning to laser diode 802, thus avoiding the known

sensitivity of diode lasers to light fed back into their cavities. Also, the P-polarized



-59- .incident |aser beam and a second spherical |ens and a second pl ane
mrror reflector | ocated on the opposite side of the incident |aser beam

The plane mrror reflector may be either a front SJrF{@@_]Q e &GO a
back surface reflector. The first spherical |ens p ane mrror

Py —------

reflector receive the + order diffracted | aser beam pf.,g,gmt . I Lvaﬁ%
diffraction grating, while the second spherical |enstand-pi- '}
reflector receive the - order diffracted Jﬁser beam In turn, they di rect
their

0 order reflected beam from the grating is passed by polarizing beam splitter 806
and not reflected t-owards photo detector 826 so as not to degrade its performance.

The +1 and -1 order diffracted laser beams emerge from the grating in the
direction of their respgctive wavefront reconstruction optics. In particular, the
resultant +1 order difﬁacted laser beam passes through spherical lens 808 which
collimates it, then paéses through quarter wave plate 810, is reflected back by
comner cube reflector 812 and again passes through, in turn, quarter wave plate 810
and lens 808.. Lens 808 substantiaily focuses the resultant beam or.1to the grating
at spot 830. The resultant beam is diffracted by grat_ing 130 toward lens 820. Lens
820 re-collimates the beam and directs it to polarizing beam splitter 806. Likewise,
the resultant -1 order diffracted laser beam passes through spherical lens 814 which
collimates it, then passes through quarter wave plate 816, is reflected back by
comer cube reflector 818 and again pésses through, in tum,' quarter wave plate 816
and lens 814. .Legs 814 substantially focuses the resultant beam onto the grating
ét spot 830 so as to overlap with the + 1 order beam also returned to spot 830 by
the other set of optics. The resuitant beam is diffracted by grating 130 toward lens

820. Lens 820 re-collimates the beam and directs it to polarizing beam splitter

806.



respective | aser beans back to the grating such that they are collimated
and coincident. The reconstruction optics are aligned.such.that=upon=3g,
second diffraction fromthe grating, the resultant | as.er beams, o @-EET |

co-linear and parallel to, but possibly displaced frcbm the incident 1
source 'l aser beam The spatial separation of the rest,kl,gggt_ _____ LSQ(N .
fromthe incident source | aser beam ai ds the detectioni, precess—as—""

described in previous sections. The desigmds such that the resultant
| aser beams remain co-linear over a large rotation angl e of the grati ng

The perm ssi Ierot tion angle.i.s determ ned I’IITB.I’I Y opt
aperture of t §h%’|‘meg Qféﬁié)%\“ca[n W% 1§ ‘ISK'FB G@Z?Bﬁ reg&%t
attractive for pract i cal appl i cations due to the smal |l nunber of opti caI

conponentepllifnated 8l andnyll exdet diffracted beams are coincident and collinear. Quarter
wave plates 810 and 816 serve to make the resultant beam s-polarized. The
combined laser beam ;xhibits interference fringes which change intensity as the
radial grating is rotateci. Polarizing beam splitter 806 directs the combined beams
to polarizer 824 and subsequently to photo detector 826. Polarizer 824 serves to
increase the extinction capability of polarizing beam splitter 806 to the p-polarized
light beam while passing the s-pol.arized light beam to photo detector 826. The
electrical signals generated by bhoto detector 826 are a sinusoidal function of time
and are synchronized to the diffraction lines on the ﬁdial grating and thus to the
spindle rotation. Rotation of the grating by 1 line pitch results in 4 complete
cycles of the electrical signal. The resultant signal is subsequently processed to
produce a highly accurate and repeatable reference write clock signal which is
sync_:hronous with the spindle rotation.

B. Detection Electronics

The instantaneous frequency of the raw reference write clock, hereinafier
-referred to as the raw clock, produced at the oﬁtput of photo detector 826, is

determined by the instantaneous spindle rotation velocity and the average pitch of



of nmechani cal stages required to align the opti cal corrpq;h Nt nd the ease
of acconplishing and nai ntaining the proper alignnment. # '-'::_:—’i.,q,g;mr.
- 60- The reconstruction optics design for a radial diffractten -
grating is simlar to that described above for the linear ‘grating, extept!
that the plane mirrors are replaced by either roof prisns or7 NV 198hrrors.
(two flat reflective surfaces oriented . :
' -i5-
the radial grating illuminated by the laser beam from the reference write clock
optical head. Centration error of radial grating 130 with respect to the spindle
rotation axis modulates the average radial grating pitch illuminated by the laser
beam and thus the instantaneous frequency of the raw clock. The resultant
modulation is sinusoidal with a frequency equal to the spindle rotation frequency.
The amplitude is determined by the grating centration error and the phase is
determined by the direction of the grating centration error with respect to the
position of the reference write clock optical head. Both the magnitude and phase
of the frequency modulation is repeatable for each spindle revolution. For
example, at a grating radius of 10 mm a 1% centration error due to a 100 um miss-
alignment of the grating results in a 1% frequency modulation amplitude of the raw
clock. The raw clock ﬁ'equehcy is also modulated by any repeatable and non-
repeatable spindle runout as well as by any circumferential non-uniformity in the
grating line pitch. ~

Aside from electronic noise, the above effects combine to add additional
repeatable and non-repeatable error to the raw clock. By the proper design and
manufacture of the spindle and the grating their contributions can be made suitably

small. However, in most practical applications, it would be economically

unattractive to make the contributions due to grating centration error also suitably



orthogonal to each other). The reconstruction optics include a first
spherical lens and a first roof reflector |ocated op=ene.side of an
i nci dent | aser beam and a second spherical lens a £ 26000 T 0 ;
refl ector | ocated on the opposite side of the incident I'as'”e““‘r”"ﬂ'é'a?HEEﬁh

first spherical |ens and roof reflector receive the [frpggdel 7 dink 399t e
| aser beam fromthe radial grating, while the secon "".";;"'I"ef-‘rs--an
roof reflector receive the - order diffragied | aser beam In turm,
direct their respective |aser beans backto the grating such that they are
collimated and coincident. The optics are aligned such that upon a second
di f-f r act isomalf.r offihuise theypaesent) inventians provides twoeapprOaRes Ml - gRidicantlyd

parall el to, but possibly displaced from the incident source |aser beam

The spatigl, SeRAL dkheRtalle HMIUIATH b¥the! A% clock due to the grating centration

error. The first approach is based on electronics which accurately measure the
repeatable amplitude and phase of the raw clock modulation and electronically
compensate for it; tt;e second makes use of two write clock optical heads
positioned on opposite sides of the grating but at nominaily the same grating radius
to generate two raw clocks. The two clock signals are mixed electronically to
produce a compensated write reference clock, hereinafter referred to as a
compensated clock.

The ra;;v clock detection and compensation electronics for the first approach
are shown in block diagram form in Fig. 9. The raw clock detection electronics
includes photo detector 826, band pass and automatic gain controlled amplifier 900,
square wave generator 901, phase detector 902, filter 904, voltage controlled
6scillafor (VCO) 906 and digital divider (DD) 907. The amplitude and phase of
the frequency modulation due to the grating centration error are measured using
these electronics along with the measurement electronics. The measurement
electronics include analog-to-digital converter (ADC) 930, edge detector 926,
digital counter 928, RAM address generator (RAM-AG) 929 and processing unit

932. Compensation of the raw clock is performed by the raw clock detection



beam from the incident source | aser beam once again

process.
co-linear as the grating rotates provided the grati

det ecti on

The design is such that the resultant |asern Béagg~Lg
gis rofat%'a Tarepn]

pi vot point |ocated at a point where the radial grating |lines converge
This design conpletely corrects the wavefront aberrations n]téﬁﬁug@
the radial grating and is very attractive for practical l due
to the small nunber of optical conponents, -lrh-e | ow conpl eX| ty
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electronics along with the quadrature timing adjustment generator using information
stored in RAM 9554. The quadrature timing adjustment generator includes edge
detector 926, digital counter 928, RAM-AG 929, RAM 934, processing unit 932,
quadrature sawtooth gepérator (QSG) 908, peak detectors 910 and 920, multiplying
digital-to-analog conve;ters (M-DAC) 912 and 922, comparators 914 and 924, and
pulse selector 916. The compensated write clock generator includes phase detector
940, filter 942, VCO 944 and digital divider 946.

In operation, thé raw clock from photo detector 826 is passed to amplifier
900. Amplifier 900 band pass filters and automatic gain controls the signal before
passing it to squa{e wave generator 901. The band pass filter bandwidth may be
relatively narrow since the required write reference clock information is carried by
the fundamental frequency component. The desired band pass filter bandwidth is
primarily determined by the expected grating centration error and the spindle RPM
variations. The automatic gain control compensates for any circumferential optical
grating efficiency variaﬁons which otherwise would adversely affect the
performance of square wave generator 901 and subsequently phase detector 902.
Square wave generator 901, phase detector 902, ﬁlﬁer 904 énd VCO 906
collectively function aé a classic phase-lock loop to generate a raw clock signal that

is synchronous with the grating lines on grating 130. The phase-lock loop also



of -mechani cal stages required to align the optlcal conponents, the

tolerance to msalignnent of the grating, and the ease” T*M

and mai ntaining the proper alignment. Shown in le FPLEoFRENT & a"x-;—j

schematic diagramillustrating an optical measurenent syst em desi gned for

use with a linear grating as the netric, herein referredtoiﬁs'g&v near
o]

head", which features -1X tel escope vvavef ront reconstructi
Opt i cal -head 1202 includes |aser Ii ght sauwygce 1204 and detector 1206
Reflective diffraction grating 1208 has aTlnear diffraction pattern
di sposed on its upper surface 1210 and is affixed at its | ower surface
1212 to anfumctioas ¢o reducepthedffect ofelectromic deoiserantbtd pompensate \for ang missing
reconstruction optics includes spherical lens 1214 and
or extra zero crossings occurring in the output signal of amplifier 900. Grating
defects, for example, may lead to missing or extra zero crossings which would lead
to the index counter not being synchronized with the disk spindle.
The raw clock from VCO 906 is accurately synchronized to the grating lines
and the spindle rotation. The timing jitter of the raw clock is inherently very small
due to the high signal-to-noise ratio of the electrical signal from photo detector 826
and due to the noise and grating defect abatement provided by the raw clock
detection electronics. If required the raw clock frequency can be divided and/or
multiplied internal or external to the raw clock detection electronics using known
methods.
The magnitude and phase of the raw clock frequency modulation is measured
as follows. The transition edges of the raw clock are detected by edge detector 926
and counted by digital counter 928. In particular, digital counter 928 produces a
stationary spindle index by counting the total number of transitions per complete
spindle revolution. The total number of transitions per complete spindle revolution
is determined by the number of grating lines and any frequency division or

multiplication performed in the raw clock detection electronics. The transition

edges are also passed to ADC 930 and to RAM Address Generator (RAM-AG)



plane mrror reflector 1216 di sposed al ong optical axis 1226, and spherl cal

| eans 1220 and plane mrror reflector 1222 di sposegsFong—optcat—=a Xy
1228. The geonetry of the reconstruction opt dﬁﬁhﬁwm ssam & 0

create the effect of a -1 power telescope. In partjjcul ar, i of
spherical lens 1214 and plane mrror reflector 121§ we.. TG L f he
nom.,nal center line of the diffracted beampath, d et-as- optrex S

1226. Spherical lens 1214 is positioned at a di stance f fromthe m dp0| nt
between spots 1230 and 1232 on di ffractlon-ﬂgratl ng 1208, as neasured al ong
optical axis 1226. The distance f is set equal to the focal [|ength of

spheri cal éﬁ S APt 930/ the rEialnls}'tiorlo eﬁggs B deldrmdift ' RE Pta ]a%agisiiﬁon timing
while RAM-AG 929 used them to determine the proper data address for RAM 934.
On a given spindle revolution the instantaneous input to VCO 906 and thﬁs the
instantaneous output ﬁequency of DD 907 is sync;hronously sampled by ADC 930
and passed to processir:lg unit 932 for storage and processing. Processing unit 932
uses data obtained from multiﬁle complete spindle revolutions to compute the best
fit amplitude and phase of the frequency modulation due to the grating eccentricity
error. The computations are performed using statistical principles well known in
the art and thus will not be described in detail. The number of complete spindle
revolutions as weil the number of data samples taken on a given spindle revolution
are chosen .so as to compensate for any spindle velocity vanations and to average
out noise. Processing unit 932 makes use of the best fit amplitude and phase to
calculate the synchronous timing adjustments required for each raw clock cycle to
compensate for the grating centration error. The appropriate representation of the
synchronous timing adjustments is stored in RAM 934, which is addressed using
RAM-AG 929. The value stored in RAM 934 is then used to make the-
instantaneous timing adjustments using the quadrature timing adjustment generator.
The quadrature timing adjustment generator function is provided by QSG

908, peak detectors 910 and 920, M-DAC 912 and 922 and comparators 914 and



-62- positioned at a distance f fromspherical |ens 1214, as neasured
al ong optical axis 1226. Simlar to spherical |ens 1214Mand—a}—a:ae:m:r:FG
refl ector 1216, spherical lens 1220 and plane mirror iefteclon:l202+EER
pl aced at increnents equal to one focal Iength of sphérical Iens ﬁz\é fr m
diffraction grating 1208, with their. centers on the nqn\nbgygl Nﬁ

the diffracted beam path, denoted as optical axis 1228.i—=
operation, a |laser beamoriginating fromjbaser source 1204 i npi nges onto

924. QSG 908 generates quadrature sawtooth waveforms synchronous with the raw
clock from DD 907. The raw clock 1000, the quadrature sawtooth waveforms
1010 and 1040 as well as the output waveforms from comparators 914 and 924,
1001 and 1002, respectively, are shown in timing diagram form in Fig. 10. The
output of M-DAC 9‘12 for sequential cycles of waveforms 1010 is shown
schematically by horizontal lines 1020, 1021 and 1022. Comparator 914 produces
waveform 1001 having sequential pulses 1030, 1031, and 1032 when the sawtooth
waveform amplitude is equal to the preset outputs 1020, 1021 and 1022,
respectively, of M-DAC 912. Likewise, the output of M-DAC 922 for sequential
cycles of waveforms 1040 is shown schematically -by horizontal lines 1050, 1051
and 1052. Comparator 924 produces waveform 1002 having sequential pulses
1060, 1061 and 1062 when the sawtooth waveform amplitude is equal to the preset
outputs 1050, 1051 and 1052, respectively, of M-DAC 922. In the example shown
schematically in -Fig. 10, the raw clock has a period of 16 units while the
comparator's output has a period of 18 units. Similarly, by the proper choice of
output sequence values from M-DAC 912 and 922 the output values from
comﬁarators 914 and 924 may have a period smaller than the raw clock. Thus, by

programming a proper sequence of values in RAM 934 the pulse period of



|'i near -diffraction grating 1208 at normal incidence on spot 1230. The
resultant + and - order diffracted | aser beans energe in the direction of
their respective wavefront reconstruction optics. In particular, the

resultant + order diffracted | aser beam passes throu YB:;%E"%@ E@AM SREET

1220, is focused onto plane mrror 1222 and ‘reflecte h I ens

1220 which re-collimates the beamand directs it to f cti t
1208 on spot 1232. The grating, in turn |ffracts t he Lr[_jegf_ﬂ__f_gz)} ﬂ !}W
the direction of detector 1206. The abo-ge descri bed design and placenent
of plane mrror 1222 and |ens 1220 ensure that the resultant beamis
parallel  GnweRstmgliionh astd! 100 pﬁ?y EF Uhstallf a3OHHeCraw AA6EK d varies
Si mul t aneousl'y, the - order acte aser beam passes throdgh spherical

| ens 1214, is focused
with spindle rotation.

- The output value of M-DAC 912 for each cycle of the raw clock is
determined by the digi;ai value stored in RAM 934 and is normalized to the peak'
of the previous sawtoéth waveform cycle using the output of peak detector 910.
Similarly, the output value of M-DAC 922 for each cycle of the raw clock is
determined by the digital value stored in RAM 934 and is normalized to the peak
of the _previous sawtooth waveform cycle using the oufput of peak detector 920.
The normalization provided by M-DAC 912, M-DAC 922, peak detector 910 and
peak detectoxl 920 insures that sawtooth amplitude variations caused by raw clock
frequency variations are compensated for cycle by cycle. By synchronously
changing the output value of RAM 934 under the direction of RAM address
generator 929, the output pulses from comparators 914 and 924 can be positioned
anywhére between the beginning and end of a given sawtooth waveform cycle.

T Thus, the position of the pulses on waveform 1001 and 1002 can be continuously
and predictably moved within a waveform cycle and cycle to cycle, to compensate
for the frequency variations due to the grating céntration erTor. |

In principle, either waveform 1001 or 1002 can provide the compensation

clock if the sawtooth waveform generated by QSG 908 is close enough to ideal,



onto plane mrror 1216, and is reflected back through | ens 1214 which
re-collimates the beamand directs it to diffraction : 08 at spot
1232. The grating, in turn, diffracts the resultant d?ﬁf’..l.q@ﬁ1 )

ety g ‘_»«’l\:FT '

of detector 1206. The above-
- 63- descri bed design and placement of plane mrror /;1216 iuﬁ,d ,‘1@1935214
ensure that the resul tant beamis coinci dent and coI ['i'neai the. +

order diffracted beam and -52-

that is, if the sawtooth waveform .from QSG 908 has a transition time from its
maximum to zero-whic;h is much smaller than the desired minimum delay interval
and is highly linear throughout the entire range.. Howeyver, this requirement would
unnecessarily increase,tiae performance requirements and cost of the components
used to implement the.QSG, énd also would complicate its design. In accordance
with the invention, the transition timing requirement as well as the linearity
requirement over the entire range are significantly relaxed by using a quadrature
sawtooth generator and appropriately selecting a pulse from either waveform 1001
or 1002 using pulse selector 916. The only remaining critical requirement on the
quadrature wavefo—nns is that the central parts of the waveforms be highly linear
and that their slopes be well matched. These requirements can be achieved in a
cost effective manner using techniques well known in the art. The compénsated
clock-is produced by pulse selector 916 and the phase-lock loop comprising phase
detector 940, filter_942, VCO 944 and digital divider 946.

In typical phase locked loop applications the linearity of VCO 906 may not
be critical. However, in the context of the present invention the linearity of VCO
906 is véry important since it is used to accurately measure the magnitude and
phase of the frequency modulation of the raw clock.- The voltage-to-frequency

transfer characteristics of the VCO are measured by feeding square wave generator



also is directed toward detector 1206 . The two resultant + and - order
wavefronts conbine into a fully reconstructed colli higgggmhlch
energes in the direction of detector 1206. d-
design renders the reconstruction optics insensitive f '%ting
yaw angle relative to the optical head. This, in tur ékéggﬁl d -
for accurate alignnment when nounting a I|near dlffraCTTfmFgrait o LA g
actuator, and when positioning an optical _ggad relative to a disk drive for
use in providing actuator position neasurefent. For dISk drives enpl oying
rotary aghydhdum willPrWsYrdfoR RdLEfind MRARE AcBuPREY’ RhGWH cfest hﬁ:
position 0 rotary actuator using a I'inedr gratl n practice, t

reconstruction opt [ CS shown .
span the desired operating range. The input ﬁequencxes may be produced, for

example, by a crystal controlled clock. The resultant voltage at the input to VCO
906 is sampled multiple times for each input frequency using ADC 930. The
sampled values are thelll fitted to a straight line to calculate the voltage-to-frequency
transfer characteristics in accordance with design techniques known in the art.
The second technique for implementing the raw clock detection and
compensation, shown in .Fig. 11, uses two separate clock heads positioned 180°
apart (on opposite sides of the grating center). The write clock sub-system, in
accordance with this technique, includes optical clock heads 1100 and 1150, grating
130, raw clock detection electronics 1130 and 1140 and write clock mixer 1160 and
compensated write clock detector 1170. Optical clock head 1100 includes
semiconductor laser 1103, polarizing beam splitter 1102, and photo detector 1104.
Similarly, opfical clock head 1150 includes semiconductor laser 1152, polarizing
beam splitter 1153: and pﬁoto detector 1154. The complete design for the optical
clock heads is shown in Fig. 8 above. Each head is coupled to its respective clock
detection electronics. The design of clock detection electronics 1130 and 1140 is
equivalent to the design shown in Fig. 9, inclﬁding amplifier 900, square wave

generator 901, phase detector 902, filter 904 and VCO 906. The two synchronized



in Fig. 12 may be used with linear diffraction grati
line pitch and can provide yaw angle insensitivity pREBLMMMBNT
20[err]. The permssible yaw angle is limted by th numerlﬁa N?g
"flat field" performance and telecintricity of |ensasDa@l4. band--L220; - a
welt as by the size of mrrors 1216 and 1222. The perforfance ol the
design is sensitive to changes in the polarization states induced by the
optical conponents since the optical detgtion nethod is based on the
traditional "single frequency interferoneter” or "circular polarization

raw grating clocks produced by clock detection electronics 1130 and 1140 are

combined in mixer 1160, producing the output signal:
cos(f,) x cos(f,) = 0.5[cos (f; + f, ) + cos (f; - f; )]

Compensated write clock detector 1170 removes the difference frequency term
using a high pass ﬁlter. and processes the remaining sum frequency term to produce
a composite wrﬁe clock. Due to the cancelling effect of the above combinations,
the resulting compdsite clock exhibits no first order frequéncy error attributable to
the grating centration endr, The magnitude of the remaining second order term is
much lower than the first order term, being proportional to the square of the
centration error. For a worst case 1% grating centration error, this technique results
in a maximum 0.01% error in the resultant compensated write reference clock
frequency which is adequate for most servo-writer applications.

. Some applications may not require full correction of the reference clock
frequency. In many instances, only a small amount of information is required to
be written synch:ox-lously. For example, in writing sector-servo patterns on a data
recording disk, any single servd sector is written with a synchronous clock for track
to track alignment, but the synchronization requirement is relaxed between servo

sectors. In such case, it may be sufficient to ensure that the time between servo

sectors is corrected, without actually correcting the reference clock frequency. A



-64- - interferoneter”. Thus, it is preferable to select optical conponents
whi ch preserve the polarization states of |aser beans. Shown in

Fig. 13 is a schematic diagramillustrating an opti q:a-r-ﬂ“r?aswenem” ,.,system

i ncl udi ng wavefront reconstruction optics for use w H*F“d—r*étge T dl g;actlon
grating, herein referred to as a "radial head". Thi§ enbod é%

radial grating as the netric of the neasurenent. T"eDQiémgn 18 SLmIar to
that shown in Fig. 12, except that planesgd rror retfectors 1916 and 1222
are replaced with roof reflectors 1316 a'ITd 1322. Roof reflectors 1316 and

Cc t reierence ClOCK ma e used to calibrate the sector len
1322 i ncl udga i O erSIHE Sref lock' may be used librate th length

measured using the uncompensated write reference clock, thereby producing equal
length sectors. The accuracy of the calibration need only be commensurate with
the spindle RPM contyol accuracy, which itself may be improved if desired by

averaging data taken over multiple spindle revolutions.

1IV. Wavefront Reconstruction Optics

The reflective diffractibn gratings included in the actuator position sensor and
reference write clock generator described previously are provided with linearly and
radially disposed diffraction patterns, respectively. As the grating rotates with
réspect to the incident light beam, the phase of the reflected diffraction patterns
shift with respect to the phase of the incident beams. This phase shift, measured.
by suitable photo-detectors, provides the basis for accurately determining the

actuator position and reference write clock signal.

The problem associated with using the diffraction patterﬂ from a linear
diffraction grating with a rotary actuator, prevalent in modem disk drives, is that
the diffracted laser beam rotates (yaws) with respéct to the incident laser beam as
the actuator rotates about its pivot. The optical s.ystem design needs to

accommodate the actuator rotation, which can be up to £20°. On the other hand,



denoted 1318 and 1324, respectively. I n operation; a=taser--heam. _
originating fromlaser source 1304 inpinges onto radial *@F{4r@GLiORLry ﬂ
grating 1308 at nornml incidence at spot 1330. The resultant + and - oqrder
diffracted | aser beanms emerge in the direction of their Bespec) J-IVNUV]Sgé ¥
wavef ront reconstruction optics. In particular, the resultaftr-order.. .|
diffracted | aser beam passes through spherical |ens 1320, which changes
the resultant aberrated wavefront from&pot 1330 on the grating into a
Fourier transformed wavefront directed toward roof reflector 1322. Roof
ref | ect orthé 3@iffracredr laser beembdees npt aptagetit @neduseschi radialnmstdadpef ahtineamge
upsi de down with respect to its roof edge. The beamthen passes again

(through spael i érgﬂﬁg.lg’%f)dwg%r,c he nﬁr%b?&raii Bssdoltt®" with a radial diffraction

grating is appreciable wavefront aberration of the diffraction pattemns caused by the
variable grating line pitch under the incider;t laser beam. In a typical optical
system, the + and - oz;der diffraction patterns are reflected back to a spot in the
grating adjacent to the incident source laser beam and then diffracted normal to the
grating surface onto photodetectors for phase detectionl. The combined + and -
order diffraction patterns of the resultant laser beam exhibits substantial wavefront
aberrations. This results in poor diffraction fringe contrast which degrades
performance 6f the position detection system. It also results in a detection system
which is ?ery sensitive to misalignment of the optics with respect to the grating
since the two highly aberrated resultant laser beams must be kept precisely co-
linear as the grating is rotated.
There is no known prior art design compatible with the high yaw angles that
. result from the ro.tation of a linear grating. The prior art relating to angular
position sensing with radial gratings has either neglected .correcting the resultant
wavefront aberrations in the diffraction pattemns, fobused the light into a slit ﬁsing
a cylindrical lens affixed to the grating surface to minimize the aberrations, or re-

collimated the aberrated laser beam using a complicated optical system. " The



transfornms the wavefront, and is d| rected at spot 1332 on radial
diffraction grating ,.ij.-'ir \ - 65-
1308. The dual Fourier transformng of the beam originated from S‘F'D«O-t 3330,

pl us the reflection and flipping about the.roof axis by roof ?fgﬁﬁ Tﬁ%ﬁ
1322, produces a beam spot at 1332 whose wavefront is |dent|3a

at spot 1330, except traveling in the opposite direction. Because the
diffracted beam | eaving the grating at'5'bpot 1330 has a wavefront which is
itself anti-symetric about the radial

second design suffers the serious drawbacks of significantly increasing the weight
and cost associated with the grating as well as having a very small useful range,
all of which renders it ineffective for use in a d.isk drive as described in previous
sections. The latter design uses a cylindrical lens to remove' the astigmatism in the
aberrated wavefront. More specifically, for the + order diffracted laser beam, this
design uses a wedge prism to bend the laser beam, a pair of cylindrical lenses to
correct the aberration, a corner cube to reflect the resultant laser beam, a second
wedge prism to bend the laser beam again, and a second pair of cylindrical lenses
to convert the light to a conjugated wavefront prior to returning the resultant laser
beam to the diffraction grating. Alignment of the two wedge prisms, the two sets
of cylindrical lenses, and the comer cube reflector as required to retumm a
collimated + order diffracted beam to the grating at the desired position and with
the proper angle is very difficult at best. Aligning the second set of identical optics
for the - order diffracted beam such that the resultant laser beam returned to the
grating is collimated as well as collinear and coincident with the + order diffracted
beam would be extremely difficult. In any case, even if the alignment could be
accomplished, it would be very difficult to keep all the optical components properly

aligned during normal handling and use. This design is thus very unattractive for

practical applications due to the large number of optical components, the



direction of the grating, the beamreturning to spot 1332 has a vvavefront

which is

t he conpl ex conjugate of that at spot 1330. =

Si nul t aneously, the - order diffracted | aser beam pasSes thr Gughusp,

l ens 1314 and roof reflector 1316, which Iikew se reshagg. tiﬁ berratefd 4
S P

wavefront
resul t ant

reconstructed col limated |ight beam whi2eh energes in the direction of

det ect or

and redirect the resultant |aser beam towat :
+ and - order wavefronts re-dpffract and conbine-

1306 of optical head 1302. Since the aberrations are thensel ves

i« RIS RY b Fub il GBI 83 s AP he bPGcH BipApERA! Sha

wavef r ont

reconstruction optics is to provide a phase conjugate opti cal

syst em f otthe difficulty in accomplishing and maintaining the proper alignment.

One final prior art approach is available for minimizing optical wavefront
aberrations caused by radial gratings: using a very small diameter laser beam
incident on the radial émting. However, for most practical applications, reducing
the laser beam diameter is undesirable because the detection system becomes very
sensitive to grating defects which invariably are present in low cost, high volume
manufactured grétings.

This section focuses on the reconstruction optics of the present invention,

which correct the above-mentioned optical problems and permit the optical

measurement system to accurately measure relative position for either linear or

radial diffraction gratings. The reconstruction optics compensate for the variable
yaw angle induced by the linear grating as well as for the optical wavefront

aberrations induced by the radial grating. The reconstruction optics design for a

linear grating has a limited angular range, determined by practical optical

components, while the reconstruction optics design for a radial grating has full 360°

angular range.

The reconstruction optics design for a linear diffraction grating includes a

first spherical lens and a first plane mirror reflector located on one side of an



wavefronts anti-symretric about a transverse axis. Becau - A= . e
returning to the 'grating at spot 1332 has-a wavefront i BAT-&7EHEN: + ;
conjugate of that of the beam |eaving the grating-at spat 1330, the beam

returning to detector 1306 is re- collimated after it |sd|12r$q¥e he
second time by the grating. As with the |ihdar headd, the
effect of the optical conponents on the

-2.9..
incident laser beam, and a second spherical lens and a second plane mirror reflector
located on the op;;osite side of the incident laser beam. The plane mirror reflector
may be either a front surface reflector or a back surface reflector. The first
spherical lens and pl;m_e. mirror reflector receive the + order diffracted laser beam
from the linear difﬁ'action grating, while the second spherical lens and plane mirror
reflector receive the - order diffracted laser beam. In turn, they direct their
respective laser beams back to the grating such that they are collimated and
coincident. The reconstruction optics are aligned such that upon a second
diffraction from the grating, the resultant laser beams are co-linear and parallel to,
but possibly digpléced from, the incident source laser beam. The spatial separation
of the resultant laser beam from the incident source laser beam aids the detection
process, as described in previous sections. The design is such that the resultant
laser beams remain co-linear over a large rotation angle of the grating. The
permissible rotatign angle is determined primarily by the optical aperture of the
lenses and the size of the mirrors. This design is very attractive for practical
applications due to the small number of optical components, the low complex:ty
of mechanical stages required to align the optical components, and the ease of

accomplishing and maintaining the proper alignment.



pol ari zation states of the beans is inportant, as the optical detection
schene for the radial head is the same as that for the linear head. This
is further conplicated by the fact that typical refl : d
for roof reflectors do not preserve polarization statBEri" weiT 3HERE
problemis relatively straightforward to resol ve bynadoptl n ? @ﬁy o)

270 phase coating for internal reflections of a right: D%tﬁgl egb

exanpl e, a 270 polarization rotation coalgyng for a IaSer Waver engt or

780nm can be made by applying the foll OWI'TTg sequence of thin film

i oo, " 245, oot sredlgiEide Suiis AT for 2 ratial AFRRiG, ¥l SRR

this coating on the two legs of a right angl e prismand using the
- hypot enusthasidescribed hgbove for the linear grating, except that the plane mirrors are

replaced by either roof prisms or roof mirrors (two flat reflective surfaces oriented
orthogonal to each other). The reconstruction optics include a first spherical lens
and a first roof reﬂec-tor located on one side of an incident laser beam, and a
second spherical lens and a second roof reflector located on the opposite side of the
incident laser beam. The first spherical lens and roof .reﬂector receive the + order
di'ﬁrécted laser beam from the radial grating, while the second spherical lens and
roof reflector receive the - order diffracted laser bea_lm. In turn, they direct their
respective laser beams back to the grating such that they are collimated and
coincident. The optics are aligned such that upon a second diffraction from the
grating the resultant laser beams are co-linear and parallel to, but possibly disblaced
from, the incident source laser beam. The spatial separation of the resultant laser
beam from the incidenf source laser beam once again aids the detection process.
The design is such that the resultant laser beams remain co-linear as the grating
rotates provided the grating is rotated around a\pivot point located at a point where
the radial grating lines converge. This design completely corrects the wavefront

aberrations introduced by the radial grating and is very attractive for practical

applicétions due to the small number of optical components, the low complexity



prismas the entrance surface of the roof reflector, the pol arization

states of the I nci dent |ight beam are increased by 270 éa(:h = e

| i ght beam strikes a |eg. After the |ight beam passes t/ rough"s;ueh-aoroof

reflector, its polarization states are i ncreased by 540 g _
equi val ent to a 180[err] variation in polarization stat eé Qﬁ/olgﬁ e wap

around nature of the polarization statesggIhe resultant 180[err] rTotation-
in the polarization states is not detrrmental to the signal detection
met hod used in the present invention since it nerely reverses the

ci rcul ar iofymetharieal stages hequired! tef align thei gticalr corngbhents, Ithé ttplerance to

misalignment of tl-le grating, and the ease of accomplishing and maintaining the
proper alignment.

Shown in Fig. 12 is a schematic diagram illustrating an optical measurement
system designed for usé with a linear grating as the metric, herein referred to as a
"linear head", which features -IX telescope wavefront reconstruction optics. Optical
head 1202 includes laser light source 1204 and detector 1206. Reflective
diffraction grating 1208 has a 1inéar diffraction pattern disposed on its upper
surface 1210 and is afﬁxed'at its lower sﬁrface 1212 to an actuator or spindle stack,
as described p-reviously. The reconstruction optics includes spherical lens 1214 and
plane mirror reflector 1216 dispbse‘d along optical axis 1226, and spherical leans
1220 and plane mirror reflector 1222 disposed along optical axis 1228.

.The geometry of the reconstruction optics is established to create the effect
of a -1 power telescope; In particular, the centers of spherical lens 1214 and plane
mirror reflector 12.16 are placed along the nominal center line of the diffracted
beam path, denoted as optical axis 1226. Spherical lens 1214 is positioned at a
distance f from the midpoint between spots 1230 and 1232 on diffraction grating
1208, as measured along optical axis 1226. The distance f is set equal to the focal

length of spherical lens 1214. Additionally, plane mirror reflector 1216 is



-67- . The reconstruction optics of the present invention may be
readily adapted to nodify the size and separation of..the two beam spots on

the reflective diffraction grating. For exanple, |f§)npf§,u~qge

smal | er dianmeter beans than those produced and detedted by the "

| aser/ detector assenbly are required at the surface @fp.the b?aNDHngQ& eam

conpressor may be enployed. The beam conpressor is placed.:- ‘al ong:u]e canter

axi s between the | aser/detector assenbly_and the grating. A vari et y of

| aser beam conpressor designs are taughﬁ-l n the art and readily
positioned at a distance f from spherical lens 1214, as measured along optical axis
1226. Similar to ;pherical lens 1214 and plane mirror reflector 1216, spherical lens
1220 and plane mirror reflector 1222 are placed at increments equal to one focal
length of spherical lens 1220 from diffraction grating 1208, with their centers on
the nominal center lin;a of the diffracted beam path, denoted as optical axis 1228.

In operation, a laser beam originating from laser source 1204 impinges onto

linear diffraction grating 1208 at normal incidence on spot 1230. The resultant +
and - order diffracted laser beamé emerge in the direction of their respective
wavefront reconstmc;tion optics. In particular, the resultant + order diffracted laser
beam passes through spherical lens 1220, is focusea onto plane mirror 1222 and
reflected back through lens 1220 which re-collimates the beam and directs it to
diffraction grating 1208 on spot 1232. The grating, in turn, diffracts the resultant
beams in the direction of detector 1206. The above-described design and
placement of plane mirror 1222 and lens 1220 ensure that the resultant beam is
parallel. to, but displaced in position from, the source laser beam. Simultaneously,
the - order diffracted laser beam passes through spherical lens 1214, is focused
onto plane mirror 1216, and is reflected back through lens 1214 which re-collimates

the beam and directs it to diffraction grating 1208 at spot 1232. The grating, in

turn, diffracts the resuitant beams in the direction of detector 1206. The above-



applicable to the present invention. One exanple is shown sche cally in
Fig. 14, where beam conpressor 1400 includes two |en 0L..aney 2402
separated by a distance equal to the sumof their re p%’é?rve Tocal |engths
flerr] and f[err]. The spot dianmeter, d, and spot s paratlon @%
reduced by the ratio y, which is the ratlo of the fo _j:_ IN nses
1401 and 1402. Nanely, y [err] [err] = h[err]/h[err] d[err]/d[err] wher e
h[err], dlerr] and h[err], d[err] repr es@t beam separati on and beam

di aneter, respectively, before and after— he beam conpressor is placed

chown: scrinared e o@ pRCEtent S RIERE mtR AR Akt Tor I%Q‘Esh%%%gﬁ@?eind

grating 1308 of the radial head shown schematically in Fi 13. For a
gi ven optresaltartebenrmeisi ¢pincidgnt iand ¢dikinearwith she + order di acted beam, and

also is directed toward detector 1206 . The two resultant + and - order wavefronts
combine into a fully reconstructed collimated light beam which emerges in the
direction of detector 1206.

The above-described design renders the reconstruction optics insensitive to
the linear grating yaw angle relative to the optical head. This, in turn, obviates the
need for accurate alignment wheﬁ mounting a linear diffraction grating on an
actuator, and when positioning an optical head relative to a disk drive for use in
providing actuatof position measurement. For disk drives employing rotary
actuators, the design provides a means to accurately measure the position of the
rotary actuator using a linear grating. In practice, the reconstruction optics shown
in Fig. 12 may be used with linear diffraction gratings having a range of line pitch
and can provide yaw aﬁgle insensitivity up to approximately £20°. The permissible
yaw angle is limited by the numerical aperture, "flat field" .performance and
telecintricity of lenses 1214 and 1220, as well aé by the size of mirrors 1216 and
1222. The performance of the design is sensitive to changes in the polarization

states induced by the optical componeﬁts since the optical detection method is

based on the traditional "single frequency interferometer" or “circular polarization



beam conpressor adapts the present invention to a variety of grating 5| zes
and thus a variety of disk drive sizes. V. ‘QWCHT“sr-on o I
In addition to the above-described application to witi ngl se‘r‘v’e Hat et rig'
t he servo-witer systemof the present invention nay al

certify -quality and

__6_11.
interferometer”. Thus, it is preferable to select optical components which preserve
the polarization s;ates of laser beams.

Shown in Fig. 13 is a schematic diagram illustrating an optical measurement
system, including wavgﬁ'ont reconstruction optics for use with a radial diffraction
gmting, herein referreél to aé a "radial head". This embodiment uses a radial
grating as the metric of the measurement. The design is similar to that shown in
Fig. 12, except that plane mirror reflectors 1216 and 1222 are replaced with roof
reflectors 1316 and 1322. Roof feﬂectors- 131_6 and 1322 include roof edges,
denoted 1318 .and 1324, respectively.

In operatipn; a laser beam originating from laser source 1304 impinges onto
radial diffraction grating 1308 at normal incidence at spot 1330. The resultant +
and - order diffracted laser beams emerge in the direction of their respective
wavefront reconstruction optics. In particular, the resultant + order diffracted laser
beam passes throu_gh spherical lens 1320, which changes the resultant aberrated
wavefront from spot 1330 on the grating into a Fourier transformed wavefront
directed toward roof reflector 1322. Roof reflector 1322 reverses the beam
propagation direction and flips the image upside down with respect to its roof edge.
- The beam then passés again through spherical lens 1320, which once again Fb_un'er

transforms the wavefront, and is directed at spot 1332 on radial diffraction grating



accuracy of servo information recorded on a disk by anal yzi ng read-back

signal s from magnetic recordi ng heads 112 and realff7, 144,
Verification may be conducted during the servo-w %g%ﬂr sgﬁé'gg#fe t he

"~ process has been conpl eted. The actuator position subsy SO
be-used to determ ne actuator position (or certif q% %ﬁfl ﬁéfﬁgg?rlnear
actuator disk drive, in which case the grating is selected in the shape
of a rectangular strip. Even nore géﬁerally, t he present invention
is considered readily applicable to measurenent and control in positioning

syst ens an th e used | dI.Sk AR such. a I strati syst ens
cedin drDR, ThErbi it dansorungof the Beimaingingied FO sbahi 340, blus
systens, tooling machi nes whi ch operate under conput er

the reflection and flipping about the roof axis by roof reflector 1322, produces a

beam spot at 1332 whose wavefront is identical to that at spot 1330, except
traveling in the opposite direction. Because the diffracted beam leaving the grating
at spot 1330 has a v;'avet'ront which is itself anti-symmetric about the radial
direction of the grating, the beam retumning to spot 1332 has a wavefront which is
the complex conjugate of that at spot 1330.

Simultaneously, the - order diffracted laser beam passes through spherical
lens 1314 and roof reflector 1316, which likewise reshape the aberrated wavefront
and redirect the resultant laser beam to\yards spot 1332, | The two resultant + and -

order wavefronts re-diffract and combine into a fully reconstructed collimated light
beam which emergee in the direction of detector 1306 of optical head 1302. Since
the aberrations are themselves anti-symmetric about the radial_ line passing through
the grating center and the grating lines bisect the two beam spots, the effect of the
wavefront reconstruction optics is to provide a phase conjugate optical system for
wavefronts anti-symmetric about a transverse axis. Because the beam returning to
the grating at spot 1332 has a wavefront which is the conjugate of that of the beam
leéving the grating at spot 1330, the beam returning to detector 1306 is re-

collimated after it is diffracted the second time by the grating.



control,

nmechani ca
i nvention
to a pref
art that

respect t
i nventi on.

| inear or rotational translation stages, or virtually any other

| device which can undergo novenent. Al'so, while the
has been particularly described and illustrat : reference
erred embodinent, it will be understood by thogpggk hLEd I the .
changes in the description or illustrations may| be mada™ ™Y BHEE,
o form .or detail w thout departing fromthe s opﬁ@of t he
Accordingly, the -f_ﬁ_-_ - “‘“‘""“‘-:HM 995 )

As with the linear head, the effect of the optical components on the
polarization states; of the beams is important, as the optical detection scheme for
the radial head is the same as that for the linear head. This is further complicated
by the fact that typical r.eﬂective coatings used for roof reflectors do not preserve
polarization states. Hc;wever, the problem is relatively straightforward to resolve
by adopting a well-known 270° phase coating for internal reflections of a right
angle prism. For. example, a 270° polarization rotation coating for a laser
wavelength of 780nm can be made i)y applying the following sequence of thin film
coatings onto the right angle surfaces of a BK-7 glass prism: 23.45nm of TiO2,
245.68nm of -MgFZ, 16.60nm of TiO2, 121.11nm of MgF2. By placing this
coating on the two legs of a right angle prism and using the hypotenuse side of the
prism as the entrance surface of the roof reflector, the polarization states of the
incident light beam are increased by 270° each time the light beam strikes a leg.
After the light Eearzl passes through such a roof reflector, its polarization states are
increased by 540°, which is equivalent to a 180° variation in polarization' states due
tMmmmmMMMdeMMmmmTMmMmMWMmm
the polarization states is not detrimental to the signal detection method used in the
present invention since it merely reverses the circularify of the Iigﬁt beams (left to

right or right to left).



present invention is to be considered as enconpassing all

nodi fications and variations comng within the scope defined by the

foll owi ng cl ai ns. = 1. A
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The reconstruction optics of the present invention may be readily adapted to
modify the size a;ld séparation of the two beam spots on the reflective diffraction
grating. For example, if more closely spaced, smaller diameter beams than those
produced and detected ‘by the laser/detector assembly are required at the surface of
the grating, a beam cor'npressor may be employed. The beam compressor is placed
along the center axis between the laser/detector_ assembly and the grating. A
variety of laser beam coml;ressor designs are taught in the art and readily
applicable to fhe' present invention.' One example is shown schematically in Fig.
14, where beam compressor 1400 includes two lenses 1401 and 1402 separated by
a distance equal to the sum of their respective focal lengths f; and f,, The spot
diameter, d, and spot separatioﬁ, h, is reduced by the ratio y, which is thc_e ratio of
the focal length of lenses 1401 and 1402. Namely, y 2 |f//If)| = hy/h, = d/d,, where
h,, d, and h,, d, represent beam separation and beam diameter, respectively, before
and after the beam compressor is placed between laser/detector assembly 1202 and
grating 1208 of 'the linear head shown schematically in Fig. 12 or between
laser/detector assembly 1302 and grating 1308 of the radial head shown
schematically in Fig. 13. For a given optical head design and size the use of a
beam compressor adapts. the present invention to a variety' of grating sizes and thus

a variety of disk drive sizes.



data recording disk drive, conprising: a laser which emts a |ight beam
incident to the actuator having a substantially constant angle of
incidence; a reflective diffraction grating, affixed to the actuator,
which diffracts the incident |ight beam a detection gptFes=whi-eh-—produce
first and second signals indicative of phase differenc@sRERLAEMART BLger! P
pattern reflected fromthe grating; and actuator posiffion signal decodi ng
el ectronics, coupled to thé detection optics, which re elpale:.tﬁé..ﬁﬂg,sjggan |
second signals and obtain therefromthe_ggtuator posit i ¥
motion. 2. The systemas recited in clarm 1, wherein the detection optics
| fference between the +1 order diffracted | aser beam and

nmeasure t phaée dl
the -1 order di *PRPEMSEOR | aser beam

In addition to the above-described application to writing servo patterns, the

servo-writer system of the present invention may also be used to certify quality and
accuracy of servo infqmation recorded on a‘ disk by analyzing read-back signals
from magnetic tecqfdi.zxg heads 112 and read/write electronics 144. Verification
may be conducted during the servo-write process or after the process has been
completed. The actuator positioning subsystem may also be used to determine
actuator position (or certify quality) in_ a linear actuator disk drive, in which case-
the grating is selqcted in the shape of a rectangular strip.

Even moré generally, the present invention is considered readily applicable
to measurement and control in positioning systems other than those used in disk
drives, such as registration systems used in photo lithographic exposure tools,

* robotic arm positioning systems, tooling machines which operate under computer
control, linear. or Totational translation stages, or virtually any other mechanical
device which can uﬁdergo n;ovemen_t.

Also, while the invention has been particularly described and illustrated with
reference to a preferred embodiment, it will be understood by those skilled in the
art that changes in the descriptién or illustrations may be made with respect to fo_rm

or detail without departing from the scope of the invention. Accordingly, the
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3. The systemas recited in claim1, wherein the |laser is a sem conductor
laser. 4. The systemas recited in claim1, wherein the diffraction
grating includes a linear grating pattern. 5. The f;gsi-emqas,r_eu_t.ed_l_un

claim4, wherein the diffraction grating i s positiongdrppiaceuant tiatof
its grating |ines perpendicul ar to the direction of #otion of t@m@u #or

near the mdpoint of the actuator's travel range. 6-51 Da‘{@e]s"(

...........................

recited in claim1, wherein the actuator r@-arotary
diffraction grat| ng includes a radial grating pattern. 7. The system as
recited in &} %@r ein the point of convergence of the radial grating
lines is substa é? 1R dsitoebe oohdidéred %V%C&ﬂl nt .of the actuator.
passing all modifications and

vanati
ations commg within the sc0pe defined by the fol!owmg claims.




e
reconstruction optics which corrpensate _tﬁfva?"r"éfﬂi ons ! | nmfu{ e
diffracted | aser beams caused .~ 7 .. «i.cpT HASBES ol Rl InT eHemy b
grating nmotion. 9. The syst em Et rechLetEd n c_La\ m 2u whergei “f)

det ection optics include .reconstructi-er=opt €S whi ch Gorﬁgeﬁsé '«g Ygsg%pt |3cal
wavefront aberrations in the diffracted ¢-2ser beans. 10 The systemas
recited in claim1l, vvherel n the decodi rrg'-el ectronics include.

e A O ||I|

is Sheet Has Been Reﬁlaced .

s cue - HIIIIII MR

L. A system for measuring the position of an actuator in a data recording disk
drive, comprising:
a laser which emits a light beam incident to the actuator;

a reﬂeétive diffraction grating, affixed to the actuator, which diffracts the

incident light beam;

detection optics which measure phase differences in the diffraction pattem

reflected from the grating; and
actuator position signal decoding electronics, coupled to the detection optics,

which receive the measured phase differences and convert them into a signal

representing the actuator position.

2. The system as recited in claim 1, wherein the actuator position signal
decoding electronics further convert the received phase differences into a signal

representing the direction of motion of the actuator.



means for gemerating quadrature signals; neans for nmeasuring parameters of

the quadratu nmeans for conputing fromthe neasured
par anmet ers akﬁllm@i‘ﬁgﬂmﬁml [ St . ang-SecoRde=SFgH

posi tion. em as recitedd pollaihd BocM ﬁEPLmEMEN ETe
paraneters include any of anplitude, DSEBLAGER biagll and p N‘ O Per dnce.
12. The systemas recited in clai E=wherer n the dapate:eA0 ~dirsklidri ve
i s sealed by a housing enclosure, the lasglL is |oc o the

di sk drive through at |east one aperture-eh sposed in the housing encl osure.
13. The systemas recited in claim12, wherein the at | east one aperture is

covered wi 8h | i The-systeiamssrecited at €laiml 1, wherein the detection optics measure the

phase difference-between the +1 order diffracted laser beam and the -1 order

diffracted laser beam.

4. The system as recited in claim 1, wherein the laser is a semiconductor laser.

5. The system as recited in claim 1, wherein the diffraction grating includes a

linear grating pattern.

6. The system as recited in claim 5, wherein the diffraction grating is positioned
on the actuator with its grating lines perpendicular to the direction of motion of the

‘actuator near the midpoint of the actuator's travel range.

7. The system as recited in claim 1, wherein the actuator is a rotary actuator

and the diffraction grating includes a radial grating pattern.

’ 8.  The system as recited in claim 6, wherein the point of convergence of the

radial grating lines is substantially coincident with the pivot point of the actuator.

ThlS Sheet Has B

mmu i nu I fm i



14. The system-as—recited—+n-elaiml, wherein the laser is attached to the
data recordi nimdl sk drive. 15. The system as recited in claiml1.__wherein

the light be uﬂml] ﬁm 16. Asystem-for ge[ferati g é@ﬂc\b
clock in a d ” “ I K dri \/é'"havt.ﬂgHa. rLgta "%—Ti‘éﬁéﬁac

1 ' which

iAW V\tct i on

conprising a‘laser flxed posi tion reJPa.th'rg 5

emts a |light beamlnC|dent to the spindre=stacik:_lh ]

grating, affixed to the spindle stack, whigh d|ffra e I ncident |ight
beam detection optics which det ect phase—dl fferences in the diffraction
pattern reflected fromthe grating clo% detection el ectronics,
coupl ed t & t he [BE E¥StEBNaY cited m calm erein the detection optics include

reconstruction optics which compensate for variations in the angles of the diffracted

laser beams caused by grating motion.

10. The system as recited in claim 3, wherein the detection optics include
- reconstruction optics which compensate for optical wavefront aberrations in the

diffracted laser beams.

11.  The system as recited in claim 1, wherein the decoding electronics include

coarse decode electronics which provide a coarse actuator position signal.

12.  The system as recited in claim 8, wherein the coarse decode electronics

include a quadrature counter.

13. The system as recited in claim 8, wherein the deboding electronics further

include fine decode electronics which pfovide a fine actuator position signal.

14. The system as recited in claim 10, wherein the fine decode electromcs

include a microprocessor.
: Sheet Has Been Re}
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72 whi €h -reeeive-the-detect ed phase differences and convert theminto a
referen 17. The systemas recited in claim 16, wherein the
cl ock d m ﬂ El&l ﬂjhmll cs further-convert” “ffre f ecei ved phase d| fferences
into a ng an,i ndéex: Gcatloh on the spl nd). € ~ {;1 P “1The
syst.emas recited in clai'm 16; wher&ini-the detection | btléS d«g eCte T }

phase difference between the +1 order diffracted Iasehi peam:aw)\;ns 1
order diffracted | aser beam 13- [ HBIE e

I5. The system as recited in claim 10, wherein the coarse actuator position signal
and the fine actuator position signal are combined to determine the position of the

actuator.

16. The system as recited in claim 1, wherein the decoding electronics include
means for generating quadrature signals;
means for measuring parameters of the quadrature signals; and

means for computing from the measured parameters and the received phase

differences the fine actuator position signal.

17. The system as recited in claim 13, wherein the measured parameters include

any of amplitude, DC offset bias, and phase difference.

18. The system as recited in claim 1, wherein the data recording disk drive is
sealed by a housing enclosure, the laser is located externally to the disk drive, and

i the light beam enters and exits the disk drive through at least one aperture disposed

in the housing enclosure. '
* This Sheet Has Been Replaced
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19. The systemas recited in claim16, wherein the |laser is a sem conductor
| aser. 20. The systemas recited in claim 16, wherein the diffraction
grating includes a radial grating-patterf.—2i==Fag sSyst] = '
claim 16, wherein the detection joptixslLnctudezEaconst r yc REGhAOHITET BMTiTh
conpensate for optical wavefront; aber part.ans’si n the diffract edj]l-psmrv Igmﬁms
22. The system as recited in cl a6, "whefeif the | i ght, beamd.s... .70
substantially focused at the grating surf#ee and the detection optics:

i nsl ude reconstruction optics which re-cdTTinmate the diffracted |aser

oPae. oo 1e ThEneYSstithags 'EEEdn! Mafhal WhertiPRRE ! REstIRHRCbbaure |

el ectroni inclhu raw cl oc etection electronics an I'm ng adj ust nen

el ectronics for measuri-ng grating centration error and providing

conpensat cavered avishdight-transmissive material.

20. The system as recited in claim 1, wherein the laser is attached to the data

recording disk drive.

21. The system as recited in claim 1, wherein the light beam is collimated.

22. A system for generating a reference clock in a data recording disk drive
having a rotating spindle stack, comprising:

a laser which emits a light beam incident to the spindle stack;

a reflective diffraction grating, affixed to the spindle stack, which diffracts
the incident light beam:; |

detection optics which measure phase differences in the diffraction pattern
reflected from the -grating; and

clock detection electronics, coupléd to the detection optics, which receive the

measured phase differences and convert them into a reference clock signal.

Ty

This Sheet Has Been Reﬂlaced




24. The systemas recited in claim16, further conprising: a second |aser,
posi ti oned on the oppositeée side of t |ffract|on grating center fromthe

i oo SRAOANTE S %5 7 et

~second di ffractiof patt®rrsre ,oggkﬁ@gkm

detection el ectronics, coupled to the secon “bb |cs whi h
recei ve the second detected phase differences and convert l'fneNﬁVi
second reference clock signal; and nixer -&=ectronics, “eoupled: ta- t—-he = 1 st
and second cl ock detection electronlcs whi ch conbine the first and second
r ef er enc@3cl oThessygterhsast teqpteddincelaimr E9,ewdhersincthectlogk gitection electronics

) further convert the received phase differences into a signal representing an index

location on the spindle stack.

24. The system as recited in claim 19, wherein the detection optics measures the

~ phase difference between the +1 order diffracted laser beam and the -1 order

; diffracted laser beam.

25. The system as recited in claim 19, wherein the laser is a semiconductor laser.

-

26. The system as recited in claim 19, wherein the diffraction grating includes

a radial grating pattern.

27. The system _as recited in claim 21, wherein the detection optics include

reconstruction optics which compensate for optical wavefront aberrations in the

——

Thi?fiiiﬁtliiilﬁﬂinlﬁ i

diffracted laser beams.



73 conpensated for grating centration error. 25. Th -S S T

in claim16, wherein the data recording cgdehve 1S @n F @&E'%ﬁ SHEET
.__._--_'-"""--_--Fﬂ . .

housing, the laser is |ocatedrexternall Y ke idi sk dij aﬂld] tN[Bl 1995ht |

beam enters and exits the di s Ve T:hr-atgh | east ) é

in the housing. 26. The systi&m a

ai m 16— whereirnm—theat

il v
| east one aperture is coveredght transm ssive
systemas recited in claim16, wherein the-,daser S atri iml H)I“ I||j n

recordi ng disk drive.

28. The system as recited in claim 21, wherein the light beam is substantially
focused at the grating surface and the detection optics include reconstruction optics

which re-collimate the diffracted laser beams.

29. The system as recited in claim 19, wherein the detection electronics include
raw clock detection electronics and timing adjustment electronics which compensate

for grating centration error.

30. The systém as recited in claim 19, further comprising:

a secoﬁd Ia—ser, positioned on the opposite side of the diffraction grating
center from the first laser, which emits a second light beam .incident to the
diffraction grating;

.second detection optics which measure phase differences in the second
diffraction patt;em reflected from the grating;

second clock detection electronics, coupled to the second detection optics,

which receive the second measured phase differences and convert them into a

second reference clock signal; and -
Sheet Has Been Re’ laced
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28. The system as recited in claim 16, wherein the light beamis

col i mat ed” The systemas recited in clai m 16 wherein the |ight beam

I s subst antl m“mn he gratl ng_surface. - -30. Theus tenras—tecited
in claim 16 ll lm active diffracti on- 'r%atfw ng i § rbFtde: rehape:of - o
a full annul'us FubstaMtidlly centered.at the- spl ndl e Stacﬁdr otation axis.
31. A systemfor witing servo i nformation in an éncl osed| data: r
155 eN0, 8 .

e e

di sk drive having a housing enclosing a s'pz-ndl e stack whi cFFct

recordi ng di sk and a spindle notor having a spindle shaft for attachnent to
the center of the data recording disk, and a data recording head attached
to an act uat or npaer eleotrehics, ogeplettte tHetfasy sndsetond clogk, detectjon slesgronics,
first sem conductor |aser, located externally to the disk drive, which

emts a | Lghtn RERBihE the HFst A%d SEERF tRttce clock signals to produce a reference

clock signal compensated for grating centration error.

31. The system as recited in claim 19, wherein the data recording disk drive is
enclosed by a housing, the laser is located externally to the disk drive, and the light

beam enters and exits the disk drive through at least one aperture disposed in the

housing.

32. The systém as recited in claim 27, wherein the at least one aperture is

covered with light-transmissive material.

33. . The system as recited in claim 19, wherein the laser is attached to the data

recording disk drive.
34. The system as recited in claim 19, wherein the light beam is collimated.

35. The system as recited in claim 19, wherein the light beam is substantially

Sheet Has Been Re laced
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focused at the grating surface.



a first reflective diffraction grating, _ affixed to the actuator, which
diffracts the incident |ight beam fir:@ "he*ﬂ-rs:t sem conduct or I aser; a
first detection optics which produce fil stt and‘se\pond, Srgn*eﬂ;s T

phase differences _in the diffractf Gn.pattérrﬁ___«r efl ectef ﬁ‘ﬂ"dm*’ch&fl %’3
grating; actuator position signal decodi ng elF&ets oni t cou I7eoNQ

first detection optumm [I e the first and se cférn(d st-gral-s-and-
obtain therefromth nllll mﬁ“ron and,sdl rection of notion;

36. The system as recited in claim 19, wherein the reflective diffraction grating

is in the shape of a full annulus substantially centered at the spindle stack rotation

axis.

37. A system for wﬁting servo information in an enclosed data recording disk
drive having a housing enclosing a spindle stack which includes a data recording
disk and a'spindle motor having a spindle shaft for attachment to the center of the
data recording disk, and a data recording head attached to an actuator positionable
over the data recording disk, comprising: |

a first semiconductor laser, located externally to the disk drive, which emits
a light beam incident to the actuator; |

a first reflective diffraction grating, affixed to the actuator, which diffracts
the incident light beam from the first semiconductor laser;

first defectién optics which measure phase differences in the diffraction
b‘attem reflected from the first grating;

actuator position signal decoding electronics, coupled to the first detection

optics, which receive the measured phase differences and convert them into a signal

representing the actuator position; e e T
et Has Been Re(ilaced
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74 servo controt |‘€F‘€F€C{T‘Oﬁi"cs, coupl ed to the actuator position

decodi ng el e I act uat g \Mux;h._._co_n_'g__rol | abl y adj ust t he
position of mﬂa ﬂg‘ﬂ l " a spries Qal . -gerer at o -—thﬁ;-_—__.-__,.
: i0f:Q J%ﬁ‘bq fQr r RERAGtan T 8k

data recor d| rovide ! -Qr~

recordi ng haed to wite on_t he dat - k' 3 The system as
recited in claim31, further conprising: a second sem D‘Pﬁiﬁotbf] IN8YeI3es

| ocated externally to the disk drive, which enmits alig ntAet dent to
the diffraction grating; a second refl-e'Bt-l ve diffraction grating,

affixed to the spindle stack, which di ffracts the incident light beam from
the second Semsemucdsmrolllaseﬂectromcs coupled to the actuator position decoding

electronics and the actuator, which controllably adjust the position of the actuator;
and
a servo pattern generator, coupled to the data recording head, which provides

servo information for the data recording head to write on the data recording disk.

38. The system as recited in claim 32, further comprising:

a second semiconductor laser, located externally to the disk drive, which

emits a light beam incident to the spindle stack;

a second r;ﬂective diffraction grating, affixed to the spindle stack, which
diffracts the incident light beam from the second semiconductor laser;

second detection optics which measure phase differences in the diffraction
pattern reﬂected from the second grating;

clock detection electronics, coupled to the second detection opltics,. which
receive the measured phase differences and convert them into a reference clock
signal; and

servo write control electronics, coupled to the servo controller electronics, the

servo pattern generator, and the clock detection electronics, which coordinate the

writing of the servo information. i
as Been Reﬁaced
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second -detection optics which detect—phase-differenc
diffraction pattern reflected franmyBestegqnd geagin REu@_ggem_km@mﬁ n
el ectronics, coupled to the secofid detgepifHresopti gs,l whi
detect ed phase differences and ¢orvert=theminto=a r m{oence cm %'09
and servo wite control electronics, coupl ed to th !
el ectronics, the serv and the clock detectlon

el ectronics, which coi"mylﬂnlﬂgﬂmwﬂ | ng @b the servo information. 33.
The systemas recited i*n €l arm erei n=tthe light beans and diffraction
patterns enter and and exit the enclosed data recording disk drive through
aper t ur es3gli spPhedyitent lae rebree@hﬁ&mmlnswnerevmm@ [72he Hed s and & i FRY@ i
with 1ight- transmsswe mat eri al . The systemas recited in claim 32,

wherein the first andisec d ctor | asers . are attached to the dat a
patterns “enter and exit Qﬁle oseH data recor Ing dxsk dnive %rough apertures

disposed in the housing enclosure, which apertures are covered with

light-transmissive material.

40. The system as recited in claim 33, wherein the first and second

semiconductor lasers are attached to the data recording disk drive.

41. The system as recited in claim 33, wherein at least one of the light beams

is collimated.

42. The system as recited in claim 33, wherein the second reflective diffraction

grating is in the shape of a full annulus substantially centered at the spindle stack

rotation axis.

This Sheet Has Been Rei laced




recording disk drive. 35. The systemas recited in claim32, wherein at

|l east one of the light beams is collimated. 36. The systemas recited in

claim 32, wherein the second reflactive diffraction grating is in the shape

of a fuII annul us substantially centered at the spindlej g% <—Tfnfﬁ+ ‘
Tiie

I 3.
axis. 75 37. The s ASrVERT t”é‘dEgén
claim1l1, wherein the decoding el ectronics further conprlse coarse HQ& v
el ectroni ca which , -1- u__ L .
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provi de ciarse actuator position, and fine decode el ectronics which provide
a fine actuator position. 38. The systemas recited inz=claim37, wherein
the coarse decode el ectronics-include a quadrature countgf.. . .39 -<Fhe-system
as recited in claim37, wherein the fine decode el ectronics Ihtftiderasr |
m croprocessor. 40. The systemas -recited in claim 371;;._3i,\_1__\ﬂe7 eﬂ'qu@ coaf;se
actuator position and the fine actuator position are cesbined to-d ¥

)-deter m he
the position of the actuator. -2 ==
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-76- 28. The systemas recited in claim?21, wherein the light beamis
substantially focused at the grating surface and the detection optics
i ncl ude reconstruction optics which re-collimte the diffracted |aser

beans. 29. . The systemas recited in claim19, wherﬁi r}{_g

el ectronics include raw clock detection electronics a T r’ﬁ"‘ﬁg“féiﬁ]TmEEem

el ectronics which conpensate for grating centration er! The

systemas recited in claim19, further cofprising: ’ _‘_l___jz ~0V 19954
i ”‘“'-?—“1*‘::.,_\____,

FIG. 3
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a second | aser, positioned on the opposite side of the diffraction grating_
center fromthe first laser, which emts a second |ight [peamTncraent .o |
the diffraction grating; second detection optics h*medsure phase
differences in the second diffraction pattern reflected|fromthe gﬂ@ Hggiy
second cl ock detection electronics, coupled to the seconLEﬁ%igcrign' gt ,
whi ch receive the second neasured phase differences and convert theminto a
second reference clock signal; and
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-77- m xer electronics, coupled to the first and second cl ock
det ectiion el ectronics, which conblne the first and secqﬁHLFe eTGﬂCE'C?OCkﬂ
signals to produce a reference clock- si gnal conpensateq’foimbfhrrhghk~ P

centration error. 31. The systemas recited in claijm 109, 1\A1;e‘ii® well
data recording disk drive is enclosed by_a housing, th |Pa§er ca ¢
externally to the disk drive, and the Ii bean1enters and exits the disk
drive through at |east one aperture disposed in the
72}
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housi ng. 32. The system as recited in claim 27,-wherein the at |east
one aperture is covered with light-transm ssive naterj —
systemas recited in claim 19, wherein the"laser is F EH%QEWENfﬁﬂEﬁat
recordi ng di sk drive. 34. The systemas recited in cb&%m

i ght beamis collimted. | . 00 M=
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35. .The systemas recited in claim19, wherein the Iight beamis
substantially focused at the grating surface. *
- 78- 36. The systemas recited in claim 19, wherein
diffraction grating is in the shape of a full annul us
centered at the spindle stack rotation
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axis. 37. A systemfor witing servo information in an encl osed data
recordi ng disk drive having a housing enclosing a splndle stack._ mhlch

i ncl udes a data recording di sk and a spindle notor haV|pg %.sg gt =
for attachnent to the center of the data recordi ng disk; and a it %TSH&L” i
recordi ng head attached to an actuator positionable overlthe dat a '

recordi ng di sk, conprising: a first sem conductor Fasets=l
externally to the disk drive, which emts a |ight bearn|n0|dent‘:Jiﬁf%%:‘tﬁ;té:7995
actuator; a first reflectlve dlffrqpilon grating, affixed to the

actuator, which diffracts

(]
[~ <]

830

FIG. 8

700 .

804
822
806
820

OPTICAL REFERENCE WRITE CLOCK SENSOR
HE

130

o)
—
[+ o]



the incident |ight beamfromthe first sem conductor |aser; first
detection optics which neasure phase differences in the dlffractlon
pattern reflected fromthe first grating; act uat or ffo
decodi ng el ectronics, coupled to the first detection opti

t he measured phase di fferences and convert theminto a sig
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-79- servo controller electronics, coupled to the actuator position
decodi ng el ectronics and the actuator, mhlch control | abls=adi-ust_the

position of the actuator; and a servo pattern ggnRERLQOF, @QETE “ﬁ_

to the data recording head, which provides servo informafion for. the
recording head to wite on the data recording disk. - 38| Daidhe S}Nu"erfﬁ%s

..............

recited in claim32, further conprisi%gk a second sewceaduclolr 7 ¢
| aser, located externally to the disk ive, which emts a |light beam
i ncident to the spindle stack;
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a second reflective diffraction grating, affixed to the spindle stac
which diffracts the incident |ight beamfromthe second _sel ducT ofy )
| aser; second detection optics which neasure phase- d'ﬁferences lnz
the diffraction pattern reflected fromthe second grayifig;” 1 NU\CE@ék
detection electronics, coupled to the second detectlon}ll tICS mhlch
recei ve the neasured phase di fferences and convert the ﬂLo,a-reference
clock signal; and servo wite control electronics, coupled to the
servo controller electronics, the ser- pattern generator, and the cl ock

det ection el ec&onics, which coordinate the witing of the servo
informati on. =
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-80- 39. The systemas recited in claim33, wherein the |[ight beans and
diffraction patterns enter and exit the enclosed data recordi ng disk drive

through apertures disposed in the housing enclosure, [[[WITch—apestures
are covered wth |light-transm ssive material. O WENL s ey u_.?
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'40. The system as recited in claim 33, wherein the first and second
sem conductor lasers are attached to the data recording disk drive. 41.
The systemas recited in claim33, wherein at |east one G ;
i's collimated. 42. The systemas recited in clai m 33, Reheretn thai-= H
second reflective diffraction grating is in the shape a full annul us
‘substantially centered at the spindle stack t8rati on a_ sm"' sereeeeeenttt
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EPFLACEMENT SHEET

------------------

SERVO-WRITING SYSTEM FOR USE IN A DATA RECORDING DISK '

Abstract of the Disclosure

A non-invasive servo-write system for use in a data recording disk drive.
Thé system measures actﬁator position and generates a reference clock using
semiconductor lasers. Internal position references are provided b_y reflective
diffraction gratings afﬁxed to the actuator arm and the spindle hub. Wavefront
reconstruction optics correct for aberrations in the gratings. Optical sensors detect
differential changes in the diffraction patterns creatéd by the gratings, eliminating
sensitivity to frequency drift. Decode electronics convert optical sensor data into
an actuator position measurement. Control electronics drive the voice coil motor
within the disk drive, which positions the write transducer to record servo
information provided in a servo pattern generator. Transparent winddws in the

head-disk-assembly cover allow the servo-writer to write drives which are

completely assembled and sealed.
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1. A system for measuring the position of an actuator in a
data recording disk drive, comprising:

a laser which eﬁits a light beém incident to the actuator
having a substantially constant angle of incidence;

a raflective diffraction grating, affixed to the actuator,
which diffracts the incident light beam;

a detaction optics which produce first and second signals
‘4ndicative of phase differences in the diffraction pattern
reflected from the grating; and

actuator position signal decoding alectronics, coupled to the
detection optics, which receive the first and sacond signals
and obtain therefrom the actuator position and direction of
motion.

2. The system as recited in claim 1, wherein the detaction
optics measure the phase difference between the +1 order
diffracted laser beam and the -1 order diffracted laser beam.

3. Tha system as recited in claim 1, wherein the lager is a
semiconductor laser.

4. The system as recited in claim 1, wherein the diffraction
grating includes a linear grating pattern.

. The systam as recited in claim 4, wherein the diffraction
grating 1s positioned on the actuator with its grating lines
perpendicular to the direction of motion of the actuator near
the midpoint of the actuator's travel range.

6. The aystem as rccited in claim 1, wharein the actuwatoer is
a rotary actuater and the diffraction grating includes a
. radlal grating pattern.

7. The system as recited in claim 6, wharein the point of
convergence of the radial grating lines is substantilally
coincident with the pivet point of the actuator.

8. The system as recited in claim 2, wherein the detection
opties include raconstruction optics which compensate for
variations in the anglas of the diffracted laser beams caused
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by grating motion,

9. The system as reclted in claim 2, wherein the detection
optics include reconstruction optics which compensate for
optical wavefront aberrations in the diffracted laser beams.

10. The system aa recited in claim 1, wherein the dscoding
electronics include

means for generating quadrature signals;
means for measuring parameters of the guadrature signals; and

moaﬁs for computing from the measured parameters and the
_received first and second signals the acutuator position.

11, The mystem as recited in claim 10, wherein the measured
parameters include any of amplitude, DC offset hias, and
phase difference.

12. The system as rec¢ited in claim 1, whereln ths data
recaording disk drive is sealed by a housing enclesure, the
laser 1s located externally to the disk drive through at
least one aperture disposed in the housing enclosurs.

13. The system as racitéd in claim 12, wherein thae at least
one aperture is ¢overed with light-transmigsive material.

14. The system as recited in claim 1, wherein the laser is
attached to the data recording disk drive.

15. The system as recited in claim 1, wherein the light beam
is collimated.

16. A system for generating a reference clock in a data
recording disk drive having a rotating spindle stack,
gomprisinq:

a laser of fixed position relative to the spindle stack which’
emits a light beam incident to the spindle stack;

a reflective diffraction grating, affixed to the spindle
stack, which diffracts the incident light beam;

detection optics which detect phase differences in the
diffraction pattern reflacted from the grating; and

clock detection alactronice, coupled to the detection optics,
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which receive the detected phase differences and convert them
into a reference clock signal.

.........
.......................

17. The system as recited in claim 16, wherein the clock
detection electronics further convert the received phase
differences into a signal representing an index location on
the spindle stack.

18. The system as recited in <laim 16, wherein the detection
optics detects tha phage difference hetween the +1 order
diffracted laser heam and the -1 order diffracted laser beam.

19. The system as rec¢ited in claim 16, wherein the laser is a
semiconductor laser.

20. Thae system as recited in c¢laim 16, wherein the diffraction
grating includes a_:adial grating pattern.

21. The system as recited in claim 16, wherein the detection
optics include reconstruction optics which compensate for
optical wavefront aberrations in the diffracted laser beams.

22. The system as recited in claim 16, wharein the light bsan
. 1s substantially focused at the grating surface and the
detaction optics inslude reconstruction optics which
re-collimate the diffracted laser beams.

23, The system as recited in claim 16, wherein tha detection
electronics include raw clock detection electronics and
timing adjustment eloctronics for measuring grating
centration error and providing compensation therefor.

24. The system as racited in claim 168, further comprising:

a second laser, positioned on the opposite side of the
diffraction grating center from the first laser, which emits
a second light beam incldent to the diffraction grating;

second detection optics which detact phase differences in the
second diffraction pattern reflected from the grating;

second clock detection electronica, couvled to the second

detection optics, which receive the second detected phase

differences and convert them into a second reference c¢lock
signal; and

mixer electronics, coupled to the first and second clock
detaction electronics, which combine the first and second
reference ¢lock signalg to produce a reference clock signal
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éomponsatad for grating centration error.

25. The system as recited in claim 16, wherein the data
recording disk drive is enclosed by a housing, the laser is
located externally to the disk drive, and the light beam
enters and exits the disk drive through at least one aperturae
disposed in the housing.

26. The system as recited in claim 16, wharein the at least
one aperture 1s covered with light-transmissive material.

27. The system as recited in claim 16, wherein the laser is
attached to the data recording disk drive.

28. The system as recited in c¢claim 16, wherein the light bheam
ig collimated.

29. The system as recited in ¢laim 16, wherein the light beam
is substantially focused at the grating surface.

30. The system as recited in claim 16, wherein the reflactive
diffraction grating is in the shape of a full annulus
substantially centered at the spindle stack rotation axis.

31. A system for writing servo information in an enclosed data
racording disk drive having a housing enclosing a spindle
stack which includes a data recording disk and a spindle
motor having a spindle shatt for attachment to the c¢enter of
the data recording disk, and a data recording head attached
to an actuator positionable over the data recording disk,
comprising:

a first semiconductor laser, located externally to the digk
drive, which emits a light beam incident to the actuator;

a firast reflactive diffraction grating, affixed to the
actuator, which diffracts the incident light beam from the
_!irst semiconductor laser;

a first detection optics which produce £irst and second
signals indicative of phage differences in the diffraction
pattern reflected from the first grating;

actuator pesition signal decoding electronics, coupled to the
first detection optics, which receive the first and second
signals and obtain therefrom the actuator position and
direction of motion;
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servo contrecller electronics, coupled to the actuator
position decoding slectronics and the actuator, which
controllably adjuat the position of the actuator; and

a servo pattern generator, coupled to the data recording
head, which provides servo information for the data recording
haed to write on the data recording disk.

32. The system as recited in claim 31, further comprising:

a second semiconductor laser, located externally to the disk
drive, which emits a light Yeam incident to thae diffraction
grating;

a second reflesctive diffraction grating, affixed to the
spindle stack, which diffracts the incident light beam from
the second semiconductor laser;

second detection optics which detect phasa differences in the
second diffraction pattern reflected from the second grating;

second daetection electronics, coupled to the second detection
optica, which receive the detected phase differences and
convert them into a reference clock signal; and

servo write control electronics, coupled to the servo
controller electronics, the servo pattern generator, and the
clock dataction glectronics, which coordinate the writing of
the sarvo information.

33. The system as recited in c¢laim 32, wherein the light beams
and diffraction patterns enter and and exit tha enclosed data
racording disk drive through apertures disposed in the '
housing enclosure, which apertures are covered with
light-transmissive material. :

34. The system as recited in claim 32, wherein the first
and second semiconductor lasers are attached to the data
recording disk drive.

35, The system as recited in claim 32, wharein at least ons of
the light beams is collimated.

36. The system as recited in ¢laim 32, wherein the second
reflactive diffraction grating is in the shape of a full
annulus substantially centered at the spindle stack rotation

- axis. '
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37. The system as recited in c¢laim 1, wherein the decoding
electronics further comprise coarse decode electronics which
provide clarse actuator position, and fine decode elec¢tronics
which provide a fine actuator positien.

38. The system as recited in claim 37, wherein the coarse
- dacode electrenices include a quadrature counter.

~ 39. The system as recited in claim 37, wherein the fine dacode
electronics include a microprocessor.

40. The system as raeacited in claim 37, wherein the coarsas
actuator position and the fine actuator position are combined
to determine the position of the actuator.




