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RADIAL SELF-PROPAGATION PATTERN GENERATION FOR DISK FILE 
. . ' -

SERVOWRITING 

BACKGRQUND OF THE INVENTION 

Cross Reference to Related Application 

This subject matter of this application is related to United States Patent Application Serial No. 

08/028,044 ofT. Chainer et. al. filed on March 8, 1993 entitled "A Method and System for 
i 

Writing a Servo-Pattern of a Storage Medium" commonly assigned herewith, and the subject 

matter of which is incorporated herein by reference. It is also related to Singapore Patent 

Application No. corresponding to United States Patent Application Serial 

No. 08/348,773 filed on December l, 1994 (Attorney Reference 316885SG) and commonly 

assigned herewith. The subject matter of that Singapore patent application is also incorporated 

herein by reference. 
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Fjeld of the~~'"·. 
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The invention re~~igenerally to hard disk drive. memory storage devices for computers. 

More particulaJ."l~:;. :-,':;
1
·•s to disk drive apparatus and to a method for writing sei'votrack 

information ttie~fil~-frMote specifically it relateS to alleviating the need for a 
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complex mechanical andior optical positioning system to eslRblish servopattcrn·s on the 

recording surfaces of the recording media. 

' 
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General Background Art Relating to Sclf-scrvowriting 

As described in lnterna.tional Patent Application, WO 94/11864, increased Jevels of 

storage capacity in Ooppy·and hard disk drives are a direct result of the higher track 

densities possible with voice-coil and other types of servo positioncrs as well as the 

ability to read and write narrower tracks by using, for example, magnetoresistive (MR) 

head technology. Previously, low track density disk drives were able to achieve 

satisfactory head positioning with leadscrew and stepper motor mechanisms. However, 

when track densities are so great that the mechanical error of a leadscrew-stepper mo_tor 

combination is significant compared to track-to~track spacing, an embedded servo is 

needed so that the position of the head can be determined from the signals it reads. 

Conventional hard disk manufacturing techniques including writing servolrncks on the 

media of a head disk assembly (HOA) with a specialized scn1owriter instrument. Laser 

positioning feedback is used in soch instrumenlc; to read the actual physical position of 

a recording head used to write the servc~tracks. Unfortunately, it is becoming more mid 

more difficult for such scrvowritcrs lo invade the intc_rnal environment of <1 HOA for 

scrvowriling because lhe HDAs themselves are exceedingly small and depencl on their 

covers and castings to be in place for proper operation. Some HDAs arc the size and 

thickness of a plastic credit card. At such levels of microminiaturization, traditional 

servowrilin~ methods arc inadequate.· 

Conventional servo-patterns typically comprise short burstc; of n constant frequency_ 

signal, very precisely located off.c;ct from a data track's ccnlcr line, on either side. The 

bursts arc written in a sector header area, and can be used to nnd the center line of a 

track. Staying on center is required during both reading and writing. Since there can 
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be between seventeen to sixty, or even more, sectors per track, that same number of 

servo data· areas must be dispersed around a data track. These servo-data areas allow 

a head to follow a track center line around a disk, even when the track is out of round, 

as can occur wi.th spindle wobble, disk slip and/or thermal expansion. As technology 

advances provide smaller disk drives, and increased track densities, the placement of 

servo data must also be proportionately more accurate. 

Servo-data are conventionally written by dedicated, external servowriting equipment, 

and typically involve the use of iarge granite blocks to support the disk drive and qu_iet 

outside vibration effect-;. An auxiliary clock head is inserted onto the surface orthe 

recording disk and is used to write a reference timing pattern. An external head/arm 

positioner with a. very accurate lead screw and a laser displacement measurement device 
. . 

for positional feedback is used to precisely determine transducer location and is the basis 

for track placembnt and track-to-track spacing. The servo \'l•riter requires a clean room 

environment, as the disk and heads will be exposed to the environment to allow the 

access of the external head and ·actuator. 

United Stales Pa lent No. 4,414,589 to Oliver _ct al. teaches scrvowriting wherein 

op Li mum track spacing is determined by positioning. one of the moving read/write heads 
' 

al a first limit slop in the range of travel or the positioning means. A first rcforencc 

track is then written with the moving head. A predetermined reduction number or 

percentage of amplitude reduction X%, is then chosen that is empirically related to t.,he 

dc.<:ircd avernge track density. The first reference t.rnck _is then read with the moving' 

hcnd. The moving head is then displaced away from the lir~il limit stop until the 

nmplilllde of the· rirst"rcference track is reduced to X'Yc, of its original amplitude. A 

second _reference track is then written witl1 the moving head and the moving head is then 
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displaced again in the same direction until the amplitude of the second reference track 

is reduced to X% of its original value. ihe process is continued, writing successive · 

reference tracks and displacing the moving head by a.n a.mount sufficient to reduce the 

amplitude to Xo/o of its original value, until the disc is fillei:f with reference tracks .. The 

number of reference tracks so written is counted and the process is stopped when a 

second limit stop in the range of travel of the positioning means is encountered. 

Knowing the number of tracks written and the length of travel of the moving head, the 

average track density is checked to insure that it is within a predetermined range of the 

desired average track density. If the average track density is high, the disc is erased, the 

X% value is lowered and the process is repeated. ff the average track density is low, the 

di~c is erased, the X% value is increased and the process is repeated. If the average 

track density is within the predetermined range of the desired average track density, the 

desired reduction rate Xo/o, for a given average track density, has been determined and 

the servo writer may then proceed to the servo writing steps. 

: .1 

.. 
Unfortunately, Oliver et al. do not disclose how to generate a clock track using the 

internal recording data heads, as this is achieved by an external clock head. Oliver also 

do not teach how to determine the track spacing during propagation. This resulL<> in the 

requirement of writing an entire disk surface and counting the number of written tracks 

to determine the track spacing. Furlher, Oliver et al. do not examine the variation in 

the plurality of head~ with the disk drive to set the tr~ck pitch accordingly .. Finally, 

Oliver ct_ al. do not teach how to limit the growth of crrqrs during the radial 

prop:-1gation growth. 

As also described in lnterna.tional Patent Application W094/l 1864, a_methocl for 

writing a servo-pattern with a disk drive's own pair of transducers is described in United 

' 
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States Pa tent 4,912,576, issued March 27, 1990 to Janz. Th rec types of servo-patterns 

arc used to generate three-phase signals that provide a difference signal having a slope 

that is directly proportional to velocity. Servo-patterns that are substantia~y wider 

radially than the nominal track-to-trac;k separation are possible. This helps improve 

readback amplitudes, and thus servo performance. Janz observes that the sign~l level 

. from a transducer is a measure of its alignment with a particular pattern recorded on 

the disk. If the flux gap sweeps only forty percent of a patterz:i, then the read voltage 

will be forty percent of the voltage maximum obtainable when the transducer is aligned 

dead-center with the pattern. Janz uses this phenomenon to straddle. two of three offset 

and staggered patterns along a centerline path intended for data tracks .. 

In a preferred process, Janz reserves one side of a disk for servo and the other side for 

data. The disk drive includes two transducers on opposite surfaces that share a common 

actuator. To format an erased disk for data initialization, a first phase servo is written 

on the servo side at an outer edge. The transducers are then moved-in radially one half 

of a track; as indicated by the first pha~ scrvotrack amplitude, ~.nd a first data-track 

i.s recorded on the data .side. The transducers arc again mewed-in radially one half of a 

trnck, this time as indicated by the nrst data-track amplitude, and a second phase 

servotrack is recorded on the servo side. The transducers arc again moved-in radially 

one half of a track, as indicated by the second phase scrvotrack amplitude, and a second · 

dala-track is recorded on the data side. The transducers arc moved-in radially another 

one half of a track, as indicated by the second data-track amplitude, and a third phase 

scrvotrack is recorded on the servo side. The transducers arc moved-in radially one half 

of a track, as indicated by the third phase scrvotrack nmplilude, and a third data-track 

is recorded on the data side. This bacl~-and-forth pnigrc.s$ i.s repeated until lhc entire 

two surfaces arc written. Tf too few or too many tracks were thus written, the disk is 
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reformatted once more, but with a slight adjustment to step inward slightly more or 

$lightly less than one-half a track width, as appropriate. Once the disk drive has been 

formatted with an entire compliment of properly spa~ed servotracks, the data-tracks 

have·served their purpose and are erased in preparation for receiving user data. 

Unfortunalcly, the method described by Janz consumes one entire disk surface for 

servotracks and requires two heads working in tandem. Track-to-t~ack bit sy?chronism 

is also not controlled, and seek times to find data between tracks would thus be seriously 

and adversely impacted. Transducer flying height variations and spindle runout th~t 
' 

occur within a single revolution of the disk, and media inconsistencies can and do 

corrupt radial position determinations that rely on a simple reading of off-track read 

signal amplitudes. Prior art methods are inadequate for very high performance di~k 

drives. 

IBM Technical Disclosure Bullelin, Vol. 3_3, No. 5 (October 1990) entitled "'Regenerative 

Clock Tec!Jnique For Servo Track Writers"' suggeslc; ~crvo writing of a head/disk 

assembly after the covers arc in place by means of the product head and without the use 

of an external position encoder disk. A single clock track is written at the outer diameter 

and divided into alternate A and B phases. The head is than stepped inwards half a 

track <it a time using each phase alternately as a source of clock information frorn which 

servo infor,mation in the servo· se~tors preceding c11ch data field and further clock signals· 

in the alternate phase can be written. The half track steps ensure that the previously 

written clock information can be read. The technique dispenses with a dedicated servo 

writer clock head and associated mechanisms. 
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International Patent Application No. W-094/11864 teaches a hard disk drive cdmprising 

a rotating disk with a recording surface, a transducer in communication with the surface 

and servo-actuator means for radially sweeping the transducer over the su~face, a 

variable gain read amplifier connected to the transducer, an analog to digital converter 

(ADC) attached to the variable gain amplifier, an erase frequency oscillator coupled to 

the transducer for DC erasing ofthe disk surface, a memory for storing digital outputs 

appearing at the ADC, and a controller for signaling the servo-actuator to move to such 

radial positions that result in transducer read amplitudes that arc a percentage of 

previous read amplitudes represent in t_he digital memory. Bit-synchronism between 

tracks is maintained by writing an initial clock track with closure and then writing a 

next clock track including a regular sequence of clock burst-; a.half-track space offset 

such that the initial clock track can be read in between writing clock bursts and the read 

signal is used to frequency-lock an oscillator which is used as a reference for the writing 

of clock bursts of the next track. A checkerboard pattern of clock burst-; is thus created. 

All subsequent tracks are built incrementally by stepping off a· half of a track from the . 
last track written, which comprises cloc,k ·burSts, and writing a next new sequence of 

clock bursLc; thal interlace with the prc~ious track's cic~ck bursts. 

Background Arl Specific to Radial Self-propagation 

The process of disk file scrvowriting using only lhe intcnrnl recording transducer and. 

product acluator, referred lo as sclf-scrvowriting, involves a com hi nation of three larg~ly 

distinct sub-processes, writing and reading magnetic trnnsilions to provide precise 

timing, positioning the recording trarisduccr at a sequence of radial locations using t.he 

variation in reaclback signal amplitude as a sensitive position_ transducer, and writing the 
. . . 
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actual product servopattern at lhe times and radial locations defined by the other two 

processes. The present invention addresses significant shortcomings of the radial 

·positioning process, referred to here as self-propagation, as previously described in the 

prior art, specifically U.S patent No. 4,414,589 by Oliver, et al., International Patent 

Application WO 94/11864 by Cribbs ct al., as well as the above mentioned related U;S. 

Patent Application Serial .No.08/028,044 by Chainer ct al.. The concept of 

self-propagation as applied to disk file scrvowriting, while promising very substantial 
. . 

bcnefitc; with regard to servowriting cost (as pointed out in the 1983 U.S patent No .. 

4,414,5.89 by Oliver, ct al. for example), has not yet been commen::;ially realized. 

Briefly, the shortcomings in previously described techniques are associated with lesser 

accuracy in the placement of the servopatterns as compar~d with conventional 

servow'riting. The requirements for ever closer track spacing in disk files makes highly 

accurate servopattern writing a necessity. The cost advarltages of self-propagation arc 

not sufficient to supplant conventional servowriting without addressing and solving the 

problem of servopattern inaccuracy. Two factors contribute· to reduced servopallern 

accuracy when using self-propagation; error compounding and higher levels of random 

mechanical motion. In conventional servowrilers the radial positioner. is an external 

device that affords stable location of the recording transducer by virtue of its relatively 

high mass and stiff attachment Lo a large granite block that has minimal vibration. 

Random mechanical motion or the recording trans<luccr is therefore kept very small, 

and the track shapes defined by Lhc servopatlerns arc almost perfectly circular. Errors 
'· 

Lhat do occur arc totally uncorrelated from track to track, so compounding is never a 

consideration. Average lrnck Lo track sp:1cing is accu1ylcly maintained through the use 

()fa laser displacement.measurement device. In self-propagation, the radial pusition 

signal that is used to servo-control the actuator is derived from measurements CJf the 
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reacJback amplitude of patterns that were written during a previous step. Ari error in 

one step of the process can affect the position of the recording transducer on the next 

step so it is essential that the compounding effects of a very large number ~f steps be 

considered. 

A-simple solution is to use only weak servo control so that radial placement errors arc 

averaged out rather than dynamically tracked. This is the approach describe!i in 

Chainer ct al.. Thi.ci is also implicit in the patent of Oliver et al., where the propagation 

pattern ic; physica1Jy overwritten at each step. This means th.at the readback ampliU.~de 

cannot be determined at the time of writing, hence the servo controller must be 

essentially free running with no ability to dynamically adjust to the pat,tern. ·However, 

random mechanical motion may be kept small only by using a very tight servo control. 

Thus, elimination of error compounding comes at the expense of higher random 

mechanical motion, thus making this solution unattractive. Also, the use of a low 

bandwidth servo requires long times for stepping and settling to the pn~per location, 

leading to increased scrvcnvrite times and higher cost. 

In Cribbs ct al. there arc suggestions that the servo control docs dynamically track the 

written pattern edges, but there is no discussion of how this affcctc; error compounding. 

In fact, they describe a refinement lo reduce "hunting" and "dithering" of the actuator 

llrn~ most likely arises from just such a compounding effect. In further discussion below 

it will become apparent th::it this rc!incmenl merely hides the presence of excessive error 

compounding during the servowritc proces..._, rather than actually eliminating it. 

Servopnllcrn errors of different type." have varying degrees or importance ,.,;ilh regard 

to ultim_alc disk file performance. The absolute radial position of each track on the disk 

' 
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needs to be controlled only moderately well since regular updates of track count are 

available, even <luring high speed seeking between tracks that are far apart. Similarly 
. . 

the average track spacing in absolute units is not especially tightly constraiEed., There 

is a maximum absolute spacing such that the desired number of data tracks be 

contained bet\veen the inner and outer mechanical stops of the actuator, but as long .as 

the recording transducers of the disk file are narrow enough the spacing could be less 

than this maximum with no ill effects. Thus, it is not the absolute spacing that is . 
·critical, but rather the ~elative spacing as compared. to the recording transducer. The 

techniques d~cribed in Chainer et al. for determining the widest head within a disk file 

and using measuremcnl5 from that head to set the'track spacing for all heads are 

generally effective for ensuring that the average track spacing n:ieets the necessary 

criteria. However an unforeseen problem with regard to the determination of the ideal 

amplitude reduction factor to use for a servo control. reference during self propagation 

has arisen with the int11oduction of recording transducers in which the read and write 

clements do not coincide. A neep exists for a method to compensate for misalignment 

of these two elements such as arises fro~n ·variations in normal manufacturing, as well 

as changes in the!r relative alignment with respect to disk tracks when a rotary form of 

actuator is used to position the recording transducer." 

While it is desirable that the track shapes be reasonably close to circular in shape, the 

disk file servoactuator will repeatably follow moderate amounls of deviation so that data 

tracks will be read back on the same trajectory as they were written. Thus~ as long as 

adjacent tracks arc distortc(I similarly, absolute circularity need only be maintaine<.1 ~ 

within fairly co~1rse bounds, d~termined by a desire lo limit the repeatable motion of the 

actuator lo roughly one head width or so, as opposed to readba~k mis-registration 

concerns which require a limit of a small fraction of the head width. 

' 
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The most important consideration for servopattcrn accuracy is local track to track 

spacing, referred to as track squeeze, since a prime requirement in disk files is that 

adjacent tracks be everywhere separated by some minimum spacing. This ensures that 

adjacent track information will not be detected on readback (this causes data read 

errors) and, even more importantly, that adjacent track data will never be overlapped 

excessively during writing since this could result in permanent loss of user data. Track 

squeeze is determi.ned by the radial separation between adjacent track locations as 

defined by the product servopattern written on eac,h track and at each angular location 

around the disk. In other words, the detailed shape of each track relative· to its neighbors 

must be considered, not just the track to track dista_nce averaged around the whole disk. 

This is because the servo-control of the actuator during actual file operation is capable 

of following distortions from perfect circularity and will produce misshapen data tracks. 

The data tracks do not exactly match the servopattern track shapes because the servo 

loop follo~s accurately only up fo a limited frequency~ but it is a reasonably good 

approximation l.o simply take them as b'.cing identical.. The general arguments that 

follow arc unaffected by this level of detail. but one \yould wish to include this effect 

when determining a precise product specification for track squeeze. 

1.n selling the minimum Hllowable spacing, one must lake into account I.he existence or 
random· nu.ctuations about the desired track location (~ts defined by the scrvopallern) 

tlrnt result from mechanical disturbance.<; during actu;1l file operation. One or the largest 

sources of disturbance. is the turbulent wind blowing against the actuator from the 

spinnin~ disks. The total amount of nuctuation, referred to as TMR (for track 

mis-registration). de!ines a relevant scale for judging the required accuracy of 

servopattcrn placement. If servopallern errors arc roughly equal to or greater than the 
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TMR then a imbstantial fraction of the track spacing margin will be-required ·a.s 

compensation, leading to a reduction in total disk file data capacity. Once the 

servopattern placement errors are less than about half the TM R, however,_further 

reduction does not provide much improvement in total data cap~city. The random 

mechanical motion that results when a very_ low bandwidth servo is used, is observed to 

be roughly 5 times greater than the TMR experienced during file operation. Clearly, the 

use of such a servo loop during self propagation would result"in unacceptably large 

errors. 

Self-propagation patterns consist of bursts of transitions located at intervals around the 

disk surface. The edges of the bursts comprise a set of points that define a track shape 

that the servo controller will attempt lo follow on the next step of the process. Thus, 

errors in the transducer position during the writing of the bursts appear as distortions 

away from a desired circular track s.hape when the actuator is subsequently moved 

outward to servo off the edges of the bursts. Sensing this non-circular trajeciory during 

the next burst writing step, the servo co~troller moves the actuator in an att~mpt to 

follow it. This causes the new bursts to be written at locations that renect (via the 
. . 

closed-loop response of the servo loop) the errors that were present on the preceding slcp. 

together with additional errors arising during the present sl.ep. Each additional step in 

the process therefore carries forth a "memory" of all preceding track shape errors. This 

"memory" de.rends on the detailed closed-loop response of the the servo loop. EffecL<> . 
tlrnt result in track shape errors include random mechanical motion as well as 

modulation in the width of the written track that may come from variations in the 

pmperties of the recording medium or in lhc nying height of lhe transducer. These 

modulation cffccls arc typically small compared lo the total data track width but arc 

often very repeatable from track to track and can grow to very substantial levels if 

.-~ 
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compounded repeatedly. Uncontrolled growth of such errors can lead to excessive 

amounts of absolute track non-circularity. Jn some cases error compounding can lead 

to exponential growth of errors. All error margins will then be exceeded, a~d the 

self-propagation process itself will likely fail. 

. -
In Cribbs et al. written track width modulation arising from nying height variations is 

described as a source of track shape error tliat impacts the self-propagation l?roccss. A 

procedure is outlined in which three extra revolutions of the disk are used to smooth the 

servo error control signals so as to reduce ... hunting" and "dithering" of the servo actu~tor 
, 

before each step of writing propagation bursts. It is unlikely that track width 

modulation large enough to detect as excessive "hunting" could occur within any one 

step of burst writing, especially since width modulation is a secondary effect as 

compared to on-track rcadback modulation, and a preliminary step in their process is 

to reject all disk files having excessive on-track modulation. It is more _likely that, in 

accordance with our cxperienceS and detailed analysis, intrinsic width modulation 

typically appears at the le-vet of :only a ~"CW perccl\t of the track. width, but grows through 

error compounding tn much larger levels. It is also clear thut a signal that is discernible 

in the position error signal of a high gain servo loop is indicative of an underlying I.rack 

slrnpe error 1.hal is far greater than the error signal iLc:clf. This follows from the fact that 

the position error si8nal is merely the residual pttrl Clf lhc underlying track shape error 

lhal lhe servo loop was unable to follow. The procedure of adjusting Lhe target 

amplitudes while track following so as lo smooth the posilion error signal is one in 

\.Vhich the underlying track· shape error is merely hidden, not eliminated. Below, WC· 

shc!w that the detailed response of the servo loClp is critical to. understanding the problem 

of error compounding .. Adjustments of the target amplitudes as described by Cribbs ct 

_ ai. may work to limit_ error growtlnvith some types or servo loops, bul since no 

.-~ 
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specification of servo response is given, the issue is left to chance. Even iflhc·smoothing 

were to work, the solulio~ is unattractive in that three extra revolutions of the disk arc 

required at each step in the process. This doubles the scrvowrite time, and raises the 

cost. 

As mentioned above, self-propagation suffers from higher levels of random mechanical 

motion than conventional servowriters having massive external positioning devices. 
' 

Random mechanical motion can be lowered through the use of a high gain servo loop, 

but this leads to error compounding. A method for reducing ~crvowriting errors arising 

from random mechanical motion to levels below tnat of the operating .file TM R is highly 

clesireable. As described above, scrvopattern errors larger tha~ this increase the 

rec1uired space between data tracks, hence they result in lower disk file capacity. None 

of the prior art teaches about the problem of random mechanical motion resulting in 

reduced disk file capacity, or the relationship between random mechanical motion and 

error cnmpounding, or even ab~ut error compounding by itself. 

' 
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Summary of the Invention 

It is a principal object of the present invention to provide a method by which 

self-propagated servopattern track shape errors can be kept from growing during the 

sclf-servowriting process. 

It is another object of the present invention to provide a met~od by which the 

unavoidable random errors due to mechanical motion of the recording transducer during 

the servowrite process can be effectively cancelled in their effects upon the final product 

servopattcrn, thereby resulting in higher accuracy track shape definition than any other 

method of servowriting. 

1 
Another object of the present invention is to provide a method to compensate for 

j 

misalignment of the read and write clcm~_nts of a dual-clement recording transducer so 

' 
that a desi1:cd track spacing rriay be established and maintained through the 

self-propagation process. 

A further object of the present invention is to keep the servowriUng time as short as 

possible thereby lowering cosl. 

A preferred embodiment of lhc present invenlion comprises a disk drive with its 

nssociatecl electronics for writing <rnd reading magnetic trnnsilions anti iL<; actuator for 

positioning the head at ;rny radial position togelher with timing circuitry for controlling 

the reading and writing in specific sectors 01i the clisk, a pattern gencn1tor for producing 

wrile cl~1ta for propagation bursts and prodi.H~t. scrvopatterns, a time delay unit for 
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making fine atljustmcntc; in relative timing of the write data, amplitude dctcc"tion 

circuitry for measuring the reaclback amplitude of written transitions, a memory for 

storing vari~>us quantities such ~~the measured values of the read back amplitudes and 

reference track values, a divider for normalizing instantaneous rcadback amplitudes by 

their corresponding original full-track amplitudes, a microprocessor sequence controller 

and a servo conlrotler having variable control parameters to allow rapid stepping and 
~ 

settling followed by a special form of control during the write process that limits the 

growth of track shape errors while substantially rejecting mechanical disturbances. The 

disk file servopattern demodulation circuitry comprises part of this embodiment in that 

it is made compatible with the random error cancellation technique applied to the 

written servopattern. 

In contra~t to earlier proposed techniques, the present invention uses a high gain servo 

(with response ~t frequencies substantially ~igher than the rotation frequency) during 

the stepping, settling, and writirigiof the radial positioning. bursts. This provides 

advcintages in that TMR is re<.luc9d du~ing wi-iting, and the settle out process is more 

rnpid. 

A problem with using a higher bandwidth servo loop that is avoided in the p1'esent 

inv~nlion is that track shape errors that occur during lhe writfn~ or one set or bursts arc 

followed d~1ring the writing or the next set or bursts thereby causing the errors to add 

up from step to step. A particularly bad form or trnck shape error arises from 

systematic modulntion in the width or the track around the disk. This can arise rroni 

variations in fly-height or recording medium pnlpertics and can be very repeatable over 

large numbers or tracks. An ideal servo loop will closely follow the burst edges and the 

track shape errors will grow linearly with the number of steps propagated. Thus, even 



t TH/~ .-:;.. ·r··-.... :' 
!, 'V ......... ..:.!::I HAS 

. ,, · . f·1 ., ... L BEEN 
l~-~ t.:,- ACED 

18 

a tiny amount of width modulation will grow to unmnnag_eable levels. The track to 

track variation in shape remains low but the overall track non-circularity eventually 

becomes excessive. For real servo loops such as typical disk file track following servo 

loops, the response to changes in position signals (given by the closed loop response) 

exceeds unity throughout_ a range of frequencies (and involves phase shiflc; as well). 

Errors in track shape corresponding to frequencies at which the magnitude of the closed 

loop response exceeds unity will be amplified on subsequent tracks leading to 

exponential growth of track shape errors. This exponential growth occurs for both 

systematic (such as write width modulation) and random errors (as (rom TMR). Thus, 

the servo closed loop response corresponds to a ste'p-to-step amplification factor. One 

solutfon to this problem provided by the present invention involves using servo loop 

parameters that make the magnitude of the closed loop response less than unity at 

frequencies equal to integer multiples of the rotation frequency. Constraining the servo 

klop transfer function in this WfJ-Y limiLc; the growlh of errors (bolh systematic and 

random) to finite levels. Aside from this constraint the closed loop response may be 
: 

adjusted to provide substantial reducliop ·in TM R and fairly rapid step and sell le . 
performance. Multiples of the rotalion ·frequency arc or primary concern because once 

an error is recorded as a lrack shape on the clisk it <ippears on ·readb<ick as a repcat::1ble 

wm•eform having nonzero Fourier compnnenLc; only al integer multiples or the repeal 

frequency. 

Another aspccl of this invention exlc-nds <ind improves upon lliis concepl of slc-p Lo step 

amplification factor control .by using the position error signal recorded during the write 

process to a cl just the reference signal of the servo loop. The use of this dynamic position 

information about err~>rs in the piacemcnl of bursLc; as I.hey arc written allows one lo 

reduce the effcclivc step-to-step error amplification factor lo less than unity c\'cn if I.he 
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closed loop response itself exceeds unity. The provides the capability of usin·g extremely 

high-gain servo parameters to achieve very low TMR during writes. 

Yet another aspect of this invention involves a further use of the position error signal 

recorded during the write·process to dynamically correct for pQsition errors as they are 

being written in the ultimate product scrvopattern. This requires that the written 

servopattern have the property that it can be modulated· in a controllable way. The . , 

technique involves applying timing ·shiftc; to either an amplitude burst or phase encoded 

servopatterns to accomplish this cancellation of written-in rndial position errors. 

A similar correction must be applied to the amplitu<le burst· propagation pattern in order 

to prevent the propagation servo loop from attempting to follow the track shape error 

on the ~ext step (which would then result in an image of it being transferred to the 

product scrvopattern, i.e. it would merely appear one step later). The correction can 
i 

be applied to the amplitude burs't propag~~ion pattern simply by modifying the reference . 
amplitude values used ~y- the servo loop (referred to as target values by Cribbs et al.) 

before stepping to rencct the position error signal as detected during the write. By 

pr,c-compcnsating the reference amplitudes to account for the known position error 

during the write, the servo loop will register no error :.1s it follows a smooth trajectory. 

This be:.lfs a superficial resemblance to the .scrvn crrnr smoot.hin!! refinement described 
.·• 

by Cribbs.ct al. hut differs in bolh form and funclitlll in ways Lhal slwll be made 

apparenl in the following discussion. The advantage provided by this error canccll:-1£!on 

is tlrnt paltcrn.s .scrvowrittcn in this way will have greatly reduced random slrnpe errors 

from track l.o track. 

· 11i1ifli1UT 
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Thus in ac.cordancc with the invention a method for scrvowriting a rotating-disk in a 

disk drive including a head for interacting with said disk, an actuator for positio~ing the 

head radially· with respect to said disk, means for causing said head to write on and read 

information from said disk, and a servo loop for positioning said actuator in accordance 

with servo position information read from said disk, comprises the steps of writing a 

series of first patterns along a track; displac~ng the head a known fraction of a track to 

a &~placed position; reading from selected ones of said first patterns, position 
I 

information for determining deviation information representative of deviation of said 

head from said known fraction, and using said deviation information to propagate 
. . 

second patterns at said displaced position with saia deviation information encoded in 

said second patterns. 

The invention is also directed to a method for propagating a pattern in a disk drive 

havlng a rotating disk, a head for interacting with said disk and means for positioning 

said head radially with respect to said disk comprises the steps of: 

a. wdting first patterns on a first track~ 

b. reading and storing amplitudes or selected ·ones of said first patterns Lo thereby store 

selected amplitudes; 

c. n~<>Ving said head a fraction of a lra<?k width and writing sccoi1d patterns 

corresponding lo said selected rirst patterns; 

cl. repeating step c, n times for successive moves of s<1kl he:Jd until said head reaches a 

selected radial positi~>n and writes additional patterns; 

c. positioning said head at an intermediate position between said first track and said 

selected radial position; 

f. computing a first rnl~o of .amplitudes of said first pallerns with said head at said 

intermediate position to said selected stored amplitudes; 
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g. computing a second ratio of amplitudes of said additional patterns when said head is 

at saiq intermedia~e position to amplitudes with said head at said selected position; 

h. repetitively repositioning said.head and repeating steps f and g at each e_osition until 

said ratios are substantially equal; 

i. comparing said ratio to a desired value lo determine a deviation from said desired 

value; and 

j. adjusting spacing between the writing of successive patterns so that said deviation is 

minimized on subsequent repetitions of steps a - i. 

This method is particularly useful when the head has separate read .and write elements. 
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f?cscription of the Drawings 

Figure I is a block diagram showing the m_ajor elements of an embodiment of the 

present invention. 

Figure 2 is a diagram illustrating the relationship belwcen the propagalion tracks, disk 

sectors and propagation bu~ts. 

Figure 3 is a flow diagram illustrating the basic process steps for one embodiment of the . 
present invention. 

Figure 3A is a flow diagram of a process for computing propagation parameters. 

Figure 4A shows the relationship of properly placed and mis-positioned propagation 

. bursts with respect to a desired 'I.rack. 

Figure 4B is an illustration of a servo loop showing how the signals from bursts as 

shown in ngure 4A arc combined to form a position error signal. 

Figure S is a now diagram illustrating the basic process steps for an alternative 

cmbodimcpt of the present in\1cntion with many of lhc process steps being the si.1me as 

in figure 3. 

Figure 6A is a plot of the magnitude of the closed loop servo rc..c:;ponse for a PI D servo 

· ~ontrol loop having parameter values that result in the closed loop rc..c;ponsc being less 

than one at multiples of the disk rotation frequency o(90 Hz. 

... ·'.·_. 
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Figure 6B is a plot of the magniludc of the closed loop servo response for a PIO servo . . 

control loop having parameter values that result in the closed loop response being 

greater than one at twice and three times the disk rotation frequency of 90 Hz. 

Figure 7A is a plot of the 180 Hz Fourier component of the track non-circularity as 

measured for a self-propagation experiment using servo parameters as shown.in figure 

6A together with a diagram illustrating the actual track shapes in which the outermost 

track corresponds t~ propagation step 60. 

Figure 7B is.a plot of the 180 Hz Fourier component of the track non-circularity as 

measured .for a self-"propagation experiment using servo paramctqrs as shown in figure 

7B together with a. diagram illustrating the actual track shapes in which the outem10st 

track corresponds lo ptopagation step 60. 

Figure 8A is an enlarged, schematic diagra·m of a recording trnnsclucer in which lhc read 

and wrilc clements arc at separate positions. 

Figure 8B is an idealized plot of the normalized readback amplitude versus off-track 

posilion that would be obtained for a recording transducer such as that shown in figure 

8A. 

Figure 9 is a diagram s,l1owi.ng the locations of lhe various pror·agalion bursL" in relation 

to user <.lala tracks and showing a read clement positioned such lhat it yields equal 

readlrn~k ~1mpliludes for an A and a D propagation. bursl. 

' 
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Figure I OA is a ploL of the nominal average reference value versus propagation step 

number ohtaitied for a self-propagation experiment using a recording transducer having 

separate read and write elements as shown in figure SA in which a.djustmcnLc; to the 
. . 

nominal average reference value were made. by periodically backing up and measuring 

the average rcla~ivc burst amplitude at the A= D servo position. 

Figure IOB is a plot of the average relative burst amplitudes obtained during the same 

experiment as shown in figure lOA illustrating the accuracy with which the track 

spacing is held constant. 

Figure t I A is a diagram illustrating the relative locations of A and B bursts in a 

two-h.ursl amplitude servopattern together with the sector ID field and showing the read 

clement centered on the data track location. 

Figures 11 B to l 1 F illustrate th~ various signal waveforms associated with the gated 

integrator type of product servopallern demodulator . . 
rigure 12 is a block diagram showing the circuit clements <1ssociatcd with the galecl 

integrator type of pal tern demodulator. 

Figure I 3A illustrates the same features as figure 11 A for n two-burst ampliLUdc 

servopallcrn but with I.he A burst displaced radially as occurs for written-in TMR 

errors. 

Figure~ 1313 l.o 13 F illustrate the same signal waveforms as in figures 11 B Lo 11 F but for 

the erroneous scrvopaltern burst location of figure IJA. 

··.·· .. 
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Detailed Description of the Preferred Embodiments 

Figure I shows the major components of a preferred embodiment of the present 

invention. A disk. drive 20 with its· recording transducer 22, voice coil actuator 24, 

recording m~dium 26, servopattern demodulator 27, and read/write control electronics 

28, is connected to a time delay unit 31 in series with a pattern generator 30,. which i~ 

clocked by a timing controller 32 that allows bursts of magnetic transitions to be 

recorded at precisely controlled times. For the pui;poses of radial self-propagation burst 
.. 

writing and detection, the timing controller can be a unit such as the Am9513A system 

timing controller manufactured by Advanced Micro Devices Coq>0ration of Sun~yvale 

California that is simply synchronized to a once per revolution index timing mark, but 

it is understood that the writing of actual product scrvopatterns requires much tighter 
f 

liming control, particularly when writing the servo identification fields and whenever 
J ' 

writing phase encoded servo patterns. M«?thods for achieving such precise timing control 

using the internal djsk. file recording.tr~nsducer, in a manner consistent with 

sclf-prnpagi-llion _arc described in the rc!<1led U.S. Patent Application Serial 

No.08i028,044. 

A readback signal from a file read/write electronics circuit 2g is connected to an 

amplitude demodulator circuit 34 the output of which is converted to digiWI form by an 

analog to digital converter (ADC) 36 at times determined by liming cc.mtrolkr 32 acling 

in cnncerl with a microprocessor sequence controller 33. Sequence controller 33 also 

acccs~cs a memory 38 for storage and retrieval of digitized read hack amrlitudcs used 

by a divider 40. Seqi1ence controller 33 with memory 38 also provide for the: storage and 

relricva! of reference table values used by a subtracter 42 in creating the position error 
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signal (PES) that serves as the i_nput to a digital servo contrullcr 44. Sequcncc·conlrollcr 

33 also provides computation capabilities for general use· in determining modifications 

to the stored reference table values and for determining appropriate delay settings to be 

applied to timing delay unit 31, and producing control signals for pattern generator 30. 

The output of digital servo controller 44 is converted to analog form by a digital to 

analog converter (DAC) 46, and is further ~mplified and converted to a current by a 

VCM driver 48. The driver current is applied to.voice coil actuator 24 in the disk file 

causing recording transducer 22 to move approximately radially with respect 'to 

recording medium 26. In on~ embodiment, the functions of divider 40, subtracter 42, 

and digital servo controller 44 arc all achieved through the appropriat~ programming 

of microprocessor sequence controller 33. 

Figure 2 shows a diagram of a portion of recording medium 26 illustrating the division 

into a number of propagation tracks 111, 1.12, 1I3, etc. as well as a division of each 

track into a number of se.ctors, \v,ith a first sector 101 typically coming immediately after 

the disk rotation index as determined eilh~r by an index pulse from the disk spindle 

motor driver or from the timing controller. Each sector is further divided into a region 

103 containing I.he amplitude burslc:; for ·propagation and a region 104, which is rescn'cd 

for the use of the precision timing propagation .system and for writing the actual product 

.servopatlcrn including .sector ID ffolds and either amplitude burst or phase encoded 

palt.ern.s. In one embodiment of this .sy.slem propagation burst areas 103 will be . 
ovcrwriLLcn with user dala following scrvowriling. All of region 104 except for the pa.rt 

containing lhe product servc1pallern will also be overwritten with user data. Each 

propagation burst region is furthcrdh,idcd into a number of slots 105- 110 within which 

the amplitude burst patterns (A,B,C,D,E, and F) for propagation arc written. In thi.s 

figure, Lhc propagation track pitch is shown as one quarter of the assigned data track 
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width. For example, if the first user data traek. is chosen to be centered on pfopagatfon 

track 112, the next data track would be centered on propagation track 116, and so on 

across the disk. Other ratios of propagation to data track pitch can be-used, but the 4: I 

ratio shown allows fine adjustment of the timing of grey code bit'> and phase encoded 

product servopatterns. Typically, the data track pitch is chosen to be slightly larger 

than the transducer write width so the edges of adjacent data tracks do not overlap. 

This can be seen in Figure 2. by no~ing the relative radial locations of B and F bursL5 

since these correspond to the above mentioned choices of data tracks cen~ercd on 

propagation tracks 112 and t-16 respectively. 

The propagation burs_t pattern shown consislc; of a repeating sequence of 6 burstc;. This 

is useful beca~se the bursts i_n each slot do not overlap along the radial direction thereby 

allowing the recording transducer to back up and read previously written bursts. Such 

a process ca1vbe used to check the spacing of the propagation tracks relative to the 

recording transducer width without having to propagate completely ac·ross a disk 

surface. This is described in more detail later. The minimum number of slots required 

for propagation without such checking is 2. 

A typical number or sectors is 120 and a typical disk rotation rate is 5400 rpm, giving 

about 92 micro.o;cconds per sector. A typical- slot time is 7 microseconds. This i.s longer. 

than the typical amplitude burst duration used in a product scrvopatlcrn (I 

microsecond) but there is no loss of user data space with expanded propagation burs~s 

since they will be overwritten later. An advantage of longer burst<> is that they allow· 

more filtering time to be used during demodulation resulting in a higher signal to noise 

ratio which simplifies some of the digital servo loop computation, particularly with 

regard tc) determining derivative or vcloci~y related servo terms. Shorter burst times 
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. . 
·could be used if more time is needed for timing marks and product servopattcrn writing 

in regions I 04. 

Refer.ring to the flow diagram of Figure 3, the iterative sclf-propa~ation process starts 

with step 130 in which the recording transducer is located at either the outermost 

accessible track (OD) or innermost accessible track (ID) of the disk·file with th~ actuator 

being pushed against a physical stop to lock it against mechanical disturbances. In step 

132;first propagation track 11 l (Figure 2) is written with A bursts in the first slot of 

each propagation burst region. Also, the first por:tion of the product servopattern is 

written within region 104.of each sector together vJith the precision timing marks. These 

may, for example, occupy only a small portion at the beginning of region I04 on the 

same surface as the propagation burst patterns and be written during the same 

revolution of the disk. Furthermore, other recording surfaces within a stack of disks 

may be writlen with their product scrvopattern in time succession throughout region 104 

by switching the write electroni<7c; to select each recording transducer in turn (it is usual 

for each recording-surface to have itc; o~v1Y recording transducer, all of which move 

toge~hcr on a single actuator). This first revolution in the process is referred to as a write 

re vol u ti on. 

On the next rcvc)lution of the disk, referred to as a normaliwlion revolution and shown 

as slep 134 in Figure 3, sequence controller 33 sigm1ls ADC 36 lo sample and digiti7.e 

the demodulated readback amplitude during the first slot of each sector and records 

these values in an A burst normalization table in memory 38. 

After ~111 sectors have been read in lhe normalizatinn revolution but before the first 

propagation burst region 103 or the next revolution the parnmelers used in the servo 

-: _.·_:;: 
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cClntrol vollagc calculation arc set equal to predetermined values referred to.as step 

parameters that provide rapid motion and settling, that is the gain and bandwidth ·are 

high. This is shown as step 136 in Figure 3. As an example, servo parameters similar 

to those used in the operation of the disk file would work well as step param~ters. 

On the next revolution of the disk, referred to as ~ step revolution and shown as step 

l 3R,.sequence controller 33 steps through the stored normalization table sector by sector, 

routing each value to divider 40. A reference track table in the memory has been 

pre-recorded with initial reference levels corr~sponding to desired amplitude reduction . 
factors for each of the sectors. Typically, ~hese ~nitial reference levels -are all equal. 

Similarly the ·reference track table values are routed to subtract~r 42 .. ADC 36 continues 

digitizing the A bursts of each sector. As recording transducer 22 reaches the end of 

each propagation burst region I 03, the output of subtracter 42 contains a number equal 

to Lhe reference lrack table entry for that sector minus the amplitude of the preceding 

A burst divided by the stored nqrmalizati"on table value. This is the position error signal 

or PES. At this lime, sequence controller· 33 signals digital servo controller 44 to read 

the PES and compulc a new conlrol voltage setting. This control voltage is adjusted by 

the servo conlrollcr afler each sector .to· drive actuator 24 in a direction lhat reduces lhc 

P ES,. i.e. toward propagation track 112. 

Once actuator 24 has sclllcd unto the desired location for propagation track 112 
' 

(lypicnlly in about I quarter or a disk revolution) the p:lramelcrs of the servo control 

vol Lage calculalion. arc changed to another sel or special predetermined values referred 

lo :1s propngatinn parameters thal are tailored to provide rejection of mechanical 

disturb:inccs without amplification of Lrnck sh:1pe eri·ors. The manner in which these 

vulues arc determined is described below. Even though the step to the next propagalion 

' 
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track Lakes less than a full revolution, il simplifies matters to allow the revolution lo 

complete before writing the next set of bursts. In one embodiment, this change in servo 

parameters is done gradua1\y with the propagation parameters being reached only at the 

end of the step revolution. In Figure 3 this process of setting the servo to have the 

propagation parameters is shown following step revolution 138, and is referred to as a 

step 140. 

At this point only a single propagation track has been written so the result of a decision 

step 142 in which a count of propagation tracks is compared with a. predetermined 

desired number that corresponds to the completio~ of the product servopattern is 

necessarily negative and the process returns to a write revolution 132. In this second 

write revolution 132, the sequence controller 33 signaLc; pattern generator 30 to write 

bursts of transitions, B in the second slot of each sector. As before, precision timing 

marks and product servopattcrns are also written in regions 104 on the sa1ne recording 

surface and just product servopa,tterns on Lhe remaining recording surfaces. Throughout 

this write revolution, ADC 36 continue.-. (ligitiz.ing the A bursts and servo controller 44 

m~1intains acl.ualor 24 in a position such that trnnsduccr 22 slays close to the desired 

location of trnck 112. Each individual PES reading is used lo adjust liming delay unit 

31 in a nrnnner lhat modulate.-. the product scrvopallern as it is being \vrittcn during the 

t1djaccnl region 104 of the disk. Details of this modulation arc c.lcscrihcd laler. 

Additionally, the PES values during the wrilc revolution nrc recorded in a table in 

menwry 3R for use taler in calculating new reference track values. In one cmbodimc1~L .. 

digital filtering calculations ·arc performed on the PES ve1l.uc.-. as they come in 

sector-by-sector, resulting in complctccl cnmput;1lion or nltcring coefficient v~1lucs by the 

cnt.1 of the write revolution. 

;.::·.-. 

._ ..... 
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The next revolution is a normalization revolution, ~tep 134, in which ADC"36 digitizes 

both the A and B burst amplitudes, storing the B burst amplitudes in a B burst 

normalization table, while the- servo loop continues to track follmv using PES values 

computed from the A burst amplitudes, the A burst normalization table values, and the 

slored reference track values. A new reference track table is also computed duringthis 

revolution. Each new reference track table value is set equal to a nominal average 

reference level determined previously to be appropriate for the desired average track 
~ 

spacing in this region of the disk plus a correction value. In one embodiment, the· 

correction 'J'.alue is equal to a predetermined fraction, f, called the reference correction 

factor, of the previously recorded PES value for tne corresponding sector obtained 

during the_ preceding write revolution. Alternatively, the corre<?tion value is computed 

using a digital filtering algorithm-applied to the entire set of previously recorded PES 

·values frum the preceding write revolution. Some of this filtering computation may be 

accomplished during the write revolution so that the remainder may easily be completed 

for each reference table value in the time available between sectors. Details of the 

algorithms a_rc described later. It is copvenient to replace each reference trac~ table 

value just after it is used for the computation of a control voltage. In this way, the servo 

reference track table clliring the normalization revoll1tion is utilized with its previous 

V<1lucs but ends up containing its new values in preparation for the upcoming step 

revoltition. 

Switching to the B hurstc; for PES computations, the process repeats, and transducer 22 

steps to the next prop:igatioi) trnck, step 138, followed by <• write revolution, step 132, 

in which C bursts, ·timing marks irnd product servopattcrns arc wrillen, followccl by a 

normalization revolution, step 134, in \vhich the C bursL5 are read back and stored in a 

\ 
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normalization table. This continues (with A burstc; following F bursts) 1,mtil 'the desired 

number of data tracks is reached as determined by a yes answer to decision step 142 and 

the process stops in a step 144. 

In this system, disturbances that cause the actuator to deviate from the ideal 

propagation track (TMR) result in mis-p()sitioned writ~ bursts. Subsequent rcadback 

of such bursts at the next propagation ~rack location results in a modulated ~osition 

signal. Figure 4A illustrates lhis process, showing a properly positioned burst and a 

mis-positioned burst relative to a desired propagation track. When centered on the . 
desired propagation track a distance X from the preceding propagation track, the 

recording transducer reads back a relative amplitude R for the· properly positioned 

burst. Since this is the desired location, this reli;i.tive amplitude equals the reference track 

value, resulting in zero PES. The mis-positioned burst has iLc:; edge shifted from the 

dc.c;ired propagation track toca"tion by an am0t\nt E relative to the width.of the 

transducer resulting in a relative read hack signal equal to R + E. Since E is determined 

by the location of the burst edge, changes in the width of written bursts is another source 

or error that produces effects simHar to TMR. 

Figure 4B is a block dic1grnm showing how the clemcnlc:; of the present invention may 

be combined Lo form the stand<! rd compc"1enls t1f :i servo loop as they are generally 

known in l,he arl nr servo-engineering, as described for example in tl1e book "Modern 

Control Engineering" by K. Ogata published by Prentiss-Hall corpornlion of Englc1,1,•qod 

Cliffs New Jersey, where terms arc defined. The loop controller 150 is comprised or 

digitr1I servo controller 44, DAC 46, ;.111cl VCM d1frcr 48. The "plane" 152 is denned as 

comprising <1ctuator i4 and rccc)rding transducer 22. The plant output X represenl'\ the 

absolule position or the recording transducer in uniLc; or relative head width. In 
.· 
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~elf-propagation, the only observable signal is the position of transducer 22 relative lo 

recording medium 2:6 but it is useful lo c~nsider the absolule position X for the purposes 

of a1ialysis of servo loop performance. A loop summing point 156 is explicitly included 

to account for the relative nature of the observed position signal. Thus the observed 

position signal equals the sum of the absolute position X and the burst position errQf 

E. This signal X +Eis combined at a standard loop reference summing point 154 wfth 

the reference track value R to form the position error signal or PES. In usual fashion 
. . . 

the sign shown next to the incoming arrows at a summing point represents a sign factor 

to apply to each signal before summing, hence the PES equals R-(X. + E). 

The net effect of the written burst location errors is Lo produce. a non-circular trajectory 

that the servo loop attempts to follow, hence the errors act as an additional reference 

signal. The response to this trajectory is given by the closed loop response. Normally, 

it is desired that the closed loop response of a servo loop be exactly equal to unity (in 

which case the controller gain wpuld approach in_linity). Such a systqm_produccs an 

output that exactly follo\\-'.S the desired Lra.jectory and is infinitely stiff against 

disturbances. In reality, only a finite controller gain can be used, and it must be 

frequency dependent Lo avoid loop instability arising from unavoidable phase shifts 

(pt)sitive feedback). In typical servo loop applications, including disk. file actuator 

servos, the primary performance objective is lo provide optimal rejection of mechanical 

disturbances tNilhin the C(jnstrainls of a finite sampling rate, and the resulting closed . 
ln(lp response rises signHicantly above unity (1.5 or more) over a fairly broad range of 

frequencies .. No drastic consequences arise from this during disk file operation. In the 

present silualion, however, the rc$ponsc tll a non-circular Lrajectory at. a given 

,rn1pagalicm track is reproduced in the wriling of the next propagation track, and that 

rcc;ponsc is reproduced yet again on the next propagation track. The closed loop 

• 
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response corresponds to a step-to-step error amplification factor. so that an error at one 

propagation track appears N propagation tracks later multiplied by the closed loop 

response raised to the Nth power. Thus, if the magnitude of the. closed loop response 

exceeds unity any error will grow indefinitely. If the closed. loop response is less than 

unity. errors are compounded, but the effect of an error at any one step eventually 

. decays. T~us the compounding i~ effectively limited to a finite number of steps n. 

Roughly speaking, n is given by l divided by the amount by which the closed loop 

"' response differs from unity. For example, a closed loop response of 0.99 yields n = 100 . 

. Systematic errors such as written track width modulation will therefore grow by a factor 

of about n. The track to. track error is stilJ quite sm~ll. and only the less. stringent limit 

on absolute track circularity need be a concern. Since written track width modulation 

is only a few percent cffect,.a substantial growth can be tolerated without exceeding the 

absol.ute circularity limit-of roughly one track spacing. 

Viewed as a time waveform, the, written burst location error trajectory is a perfectly 

repetitive function with a repeat frequency equal to the rotation frequency of the disk. 

A principle or Fourier analysis is that any such repetitive waveform has a frequency 

speclrum containing non-zero :implitudcs only at the discrete set of frequencies 

.corresponding lo integer multiples of the repeal frequency, in this case the disk rotation 

frcqt!cncy. Thus. the relevant frequcncic.c; :it which the closed loop response must be 

kcpl below unity arc all integral multiples of the disk rntation frequency~ As a frcquc1~cy 

dependent quantity. the closed loop rc.c;ponse C is actually a vector of complex numbers 

h:ivil1g both a magnitude and a phase. with each clement of the vector corrcsportding to 

a pnrticular multiple of the rntalion frequency. IL is the magnitude of each clement of 

the vector that must be less llwn unily . 

• 
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Choosing the servo loop parameters to ensure that the closed loop response Isles::: than 

unity during \Vriling is a simple met~od that provides a substantial reduction in random 

mechanical motion while ensuring that error growth is bounded. The incl~_sion of 

reference track table correction values computed during the normalization revolution, 

step 134, alters the situation. Jn one embodiment described above, each new reference 

track table value is set equal to a nominal average reference level plus a predetermined 

fraction, f of the previously recorded PES value for the corresponding sector obtained .. 
during the write revolution. In this case the step-to-step error amplification factor (or 

just_ step fac~or), S no longer equals just the closed loop response, C but contains an 

additional term equal to f(l-C). Thus it is the combination S =C+f(J-C) that must 

have a magnitude less than unity at all integral multiples of th~ rotation frequency. 

Jn thi::: particular embodiment, the set of reference table corrections are computed by 

taking a fraction f of the PES values recorded during the write revolution. This is 

relatively straightforward since il utilizes the PES readings directly as a time waveform. 

In the above formula, S, like C, is a vector of complex-valued elemenlc;, while the factor 

f, being frequency independent and containing no phase shifLc;, is a single, real-valued 

term. As such, il is not possible to find an f that rcsulLc; in the magnitude of every 

clement of the vector S being less than unity, except for special cases such as when the 

clements of C arc all > I or all < I. Thus, the time-domain approach to reference table 

correction can be useful in certain circumstances and offers Lite virtue of simplicity hut-

docs not provide a general capability of ensuring bounded error growth together with . 
high gain .servo performance in which the magn_ilUdc of C exceeds unity at some, but 

not all· frequencies. 
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As illustrated in Figure 3A, an alternative embodiment that do~5-provide this·general 

capability is one in which the vector of PES valu~s recorded during the write revolution 

is treated as a repetitive time waveform and is digitally filtered to produce _!.he reference 

table correction values. This is equivalent to generalizing the factor f, such that it also 
. . 

becomes a vector with complex-valued elements. Many possibilities for a digital filtering 

algorithm exist, but one which provides total flexibility for choosing fat all necessary 

frcquencie..<> (i.e. multiples of the rotation frequency) is· illustrated. A first step 160 is to 

compute the coefficients of the discrete Fourier transform of the waveform of PES 

values. Next, as represented by step 162, each coefficient is multip}led by a 

complex-valued scale factor (the set of which comprise C). Then, as represented at step 

J 64, the transform is inverted using the scaled coefficients to p~·oduce a filtered time 

waveform. Finally, as illustrated at st~p 166, the new reference track table values arc 

computed by adding this filtered waveform to the nominal average.reference level. A 

description of the discrete Fourier transform and the formulae associated with it can be 

found in "The Electrical Engineering HandbookN published by CRC Press of Boca 
' . 

· Raton, Florida. 

Rapid and emdcnt computation algorithms such as the Fasl Fourier Transform may 

be used to perform the requisite calculations, but in practice it is found that only a 

limited number or frequency coeflicient._, corresponding lo pc.rll8pS as many as the lirst 

6 or 8 multiples of the rotation frequency, arc usually required. To ensure bounded 

error growlh, only frequencies <it which the m:.1gnitudc of the closed loop response 

exceeds unity need to be included. The factor r can equal zero for other frequencies, and 

corresponds to simply truncating the Fourier series tr~111sfonrn1t.ions. 

·~ 
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The compulaticm of Fourier series coefficients involves summing the PES. values times 

sine and cosine table values. Using a standard microprocessor such as an Intel 

486DX-66, the computation time for 6 frequency components takes only ~,bout 12 

microseconds per clement in the PES vector and is easily accomplished in the time 

available between sectors during the write revolution itc;clf, as described earlier. An 

· additional time of 16 microseconds suffices to scale the coefficients by the factor f and 

can be clone at the end of the write revolution. The inverse transformation computation 

also takes about 12 microseconds per element and can be done sector-by-sector during 

the normalization revolution, as described earlier. 

The filtering technique described above allows one to set specific values for_ the clements 

of S. The closed loop response can be adjusted by means or'the servo parameters t<;> 

· provide a desired level of mechanical disturbance rejection, then the appropriate values 

for f can be computed using the formula f=(S-C)/(1-C). Unbounded growth of edo_rs 

is avoided by ~eeping the magnitude of all elements of the vector S less than unity, so 

this i.s a primary consideration. In considering the growth of systematic errors such as 

write width modulation, the error in tr~ck shape levels off at a value equal to the base 

write wicllh modulation l.ime..c; (1 +C-S)/(1-S), where I.he base write width. modulation is 

the amount ()f track width modulatiori that occurrs al each write step. The net track 

shape error is therefore very large if S is close to I. Conversely, the cumulative effect of 

random mechanical motion is 1m1gnified if the step factor is chosen Lo be nearly zero, 

especially if C is close to I. This occurs because the f:1ctor f itself becomes very large if 

C is close lo I. A particular choice of S lhat is found to give excellent results with the 

disk nlcs .stuclicd .so far is 0.9. This reflects the fact that it is more important to keep 

random errors snrnll than it is lo maintain absolute circularity of the tracks. Other 

choices of step factor S, including complex-valued ones, may prove to be optimum 
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dcpcnqing on the details of the disk .111e heads, recording media, and mechanical· 

properties. 

....... 

As described so far, the correction t~rms used to compute new reference track table 

values involve only the PES waveform recorded during the write revolution. Other 

information that is avail~ble prior to stepping may also be included, such as 

accumulations of previous PES waveforms or even the PES waveform from the 

riormalization revolution. Improved performance with regard to net track shape error 

and random track-to-track error may be achievable through more com.plex algorithms 

involving these additional terms. The essential feature of the present invention is that 

corrections lo the reference track. table values arc based on data. available prior to 

stepping to the new track location. 

A special case occurs when the CL < < I al all frequencies equal lQ or greater than the 

disk rotation frequency. As s~1own in Figure 4 of the servo loop the PES ..,; R - (X + E). 

The pkmt motion X due lo the loop is given by (R-E)(CLil + CL), which for CL < < 

l is approximately zero and lhc PBS becomes R-E, or Lhc track r.lrnpc erwr. In pm.ct ice 

the PES will have to be averaged over several revolutions nf the disk clue lo random 

noisc.Cln the PES res~1ILing from mechanical dislUrbanccs which are nmv present due ln 

the very low rejection by the servo loop. However, once Eis measured I.he reference can 

be updated and the track en·or can be removed. 

With a typical disk me requiring many thnusnntls of steps to servowritc, controlling the 

growth of errors is critical. An important feature of the present invention is the 

recognition of this phencimcncin ns heing due lo these speci:tl properties of servo loops 

as applied to a repelitive self-propagation procc..c;s and lhc idenlificatioi1 of specific 

:>·.··· 
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remedies in the adjustment of the servo loop parameters to produce a desired dosed loop 

response coupled with digital filtering of the PES recorded during the write revolution 

to compute correcti9ns to the reference- track table values such that the step factor dues 

not exceed unity at any relevant frequency. The utility of this specification arises from 

the fact that very substantial rejection of mechanical disturbances can be achieved 

within this constraint, while not requiring extra .processing time such as averaging 

signals over multiple extra revolutions of the disk. Even more importantly, this 
, 

specification clearly delineates the operating regime under which stable self-propagation 

is guaranteqd, thereby ensuring a robust scrvowriting process. 

Figure 5 shows a now diagram illustrating another embodiment in which, in accordance 

with the- principles of the present invention, the writi!'Jg of the product servopattcrn and 

option~lly the timing. marks may be changed to occur during the normalization 

revolution rather than the write revolution as dcscrilied above and illustrated in Figure 

3. Many of the process steps of. Figure 5 are the same as those of Figure 3 and bear the 
... 

same labels. This shift or the timing m_ark and product servopattern writing to a 

mndilicd normalizalion revolution I 34A decouples this operation from the writing of the 

propagation bursLc; during.a modified write revolution 132A. Since the problem of error 

compounding rc<1uires special propagation par?mcters for the servo loop only during the 

writing of the propagation bursts, this dceoupli11g makes it possible to use much higher 

gains during lhe writing of the product servopaltcrns and timing marks. In particular 

the parnmct.cr.s may result in a closed loop response suli.stanlially greater than unity over 

a range of frequencies including multiples of the disk rotation frequency. This is 

accomplished in a new process step 133 in which. the servo p::irnmetcrs arc set equal to 

special predetermine~! y::ilucs that ~re tailored lo provide low TMR. These parameters 

wClul<l be determined in a manner similar to that used in selling up the servo for nctual 

.. 
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disk lite operation, i.e. the gain and bandwidth "would" be as high as possible' consistent 

with avoiding loop instability due to frequency dependent phase shifts and a finite 

sampling rate as desc~ibed above. A. number of factors that would be rec~~nized by_ 

those skilled in the art of electrical design and servo control systems may allow 
. . 

substantially lower TMR to be achieved during process step 134A than is possible in the 

actual file .operat\on. ThC$e factors include for example, the imP.roved signal to noise 

ratio achieved by using relatively long duration servo bursts, and the possibility of using 
. . 

more expensive· electronic component-; such as ADC 36, DAC 46, and VCM driver 48 

in a scrvowriter embo~iment that is designed to be external to the product disk file. The 

reduced TMR during these operations results in lower random track to.track crrors.·and 

reduces the amount of random fluctuation in the amplitude of: the rcadback signal·from 

the timing marks as well. The latter effecl will reduce the .incidence of errors in the 

precision timing generation system of the self-servowriting system. 

Also shown in Figure 5 is an optional extra revolution slep 135, that provides extra ti~e 

for the writing of product servopattern~ . .This h·as a disadvantage of increasing 

scrvowrile lime but may be necessary if a large number of disk surfaces arc present 

. within the disk file and the rcgions· 104 dedicated to timing marks and product 

servopa.tterns are too short to allow product servopatterns to be writte1nm all surraces. 

As in the above discuss~on, it is advantageous lo u:-:e .higher servo gains during this extra 

rcvolulion to takc·advanta_gc or the lower TM R. The decoupliiig or the product 

seryopaHcrn and timing mark writing can also be :iccl1mplished by adding an ·extra . 

revolution dedicated lo just· this process rather than combining it with the normalization 

procedure. In an embodiment i.ncorpon:1ting digitally liltcrecl PES correction terms 

added to the servo reference it is possible lo achieve reduced TM R pcrfornwnce at :.111 

times. This eliminates some of the motivation for decoupling the product scrvopattern 

.. 
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writing from that of the radial propagation burst writing, but the alternative .. 

embodiments as described remain as potentially dcsircable alternatives. 

SERVO LOOP MEASUREMENTS 

In a particular embodim~nt a PIO (proportional, integral, derivative) type of servo loop 

was implemented using a personal computer together with a commercially ava_ilablc data 

acquisition plug-in board containing timing control circuitry, an "ADC, and a DAC. 

Together with an amplitude demodulator, aVCM current driver, and a gated_ oscill~tor, , 

the system was hookc~ up to an IBM Spitfire disk drh,.e and the 6 burst propagation 

sequence as described above (including the precision timing mark generation process 

together with a phase c~coded servo pattern generator controlled by an additional 

computer) was carried out using various servo loop param<.'tcrs. Such a system is 
I 

suitable for use as an external servowriting system lo be attached to the disk files . . 

through an electrical connector, ~but il is conceivable that the circuitry can be reduced 

to just a few integrated circuits to be included in every disk file for complete stand-alone 

sci r-scrvowriting. 

In this servo loop, the control voltage equals the sum of 1) a proportional gain factor 

Limes the ~ES; 2) an integral gain factor limes lhe sum of nil previous PES readings; 3) 

a dcrivalh~c gain factor. times lhc difference between the present PES and the PES from 

lhe preceding sector. These three gain factors arc the servu parameters that allow 

acljustmenl of the servo closed lonr response (the rnlio of the position signal response to 

a reference level modulation at a given frequency). The closed loop response al any 

frequency can be dctei·mined by applying a known reference level nl<ldulalion at that 

frequency while measuring the position signal response al the same frequency. This can 
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be ·accomrlished without extra circuitry since the computer that functions as··the digital 

servo controller has access to the real time position signal and has the capability of 

substituting sinusoidally modulated reference table values. By Fourier tra~sforming a 

series of position signal readings obtained while applying a predetermined reference 

table modulation, the magnitude and phase of the response can be determined. This 

process can be carried out with a representative disk.file using various combinations of 

servo parameters ·to find those that provide the required property of having the closed 

loop response less than unity at all multiples of the rotation frequency. For the PIO 

controller, this property is met using relatively high derivative gain ~ogether with 

moderate integ~al gain and low proportional gain.' Not all multiples of the rota~ion 

frequency actually need to be checked, only those lying near th~ peak of the response 

curve. Typically only frequencies up to about 5 times the rotation frequency are 

relevant. Also, rCiatively large cl~angcs in servo parameter values produce only 

moderate changes "in the closed loop response, so a broad range of suitable parameters 

exist that provide both low TMR and a closed loop response less than unity. i This makes . 
finding good parameters fairly easy, an~l a:llows breathing room for variations from file 

. . 
Lo file in such parameters as head width that.can ·effectively change the servo gains. 

Alternatively, standard methods of servo loop analysis can be used to calculate the 

closed loop rc.<ipon~e from a knowledge uf the controller g::iins along with a model or t.he 

actuator clynmnics. For the tcsl system the calculated result'> closely match the· rcspon:Sc 

cl<1La measured in the manner described above. The calculal.ed transfer functions for two 

different sets of prnpagnliori parameters llrnt were used in different lcsLc; of the system 

arc shown in Fig.c;. 6A and 68. The dole; are included to highlight_ the first few mullipk.s 

of the disk rotation frequency. ·111 Fig 6A the proportional and integral gain terms <ire 

very snrnll, while the clerivath'e term (which acts like viscous damping) is made large, 

..... 
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bul not large enough to cause Lhc closed loop transfer function to exceed unity. This 

servo loop operates with only about 20% higher TMR than the actual product servo 

loop. With this system, radial propagation over 16000 steps is achieved without 

significant growth of track shape errors (less than about 50 microinches peak to peak), 

and with track to track shape differences of only about 5 microinches rms. With the 

parameters as shown in Figure 6B the TMR drops to about 20% less than that with the 

product servo .loop but the closed loop response is driven above unity at both twice and 

three times the rotation frequency, resulting in an inability to successfully propagate 

beyond ·abou~ 70 steps due to growth of track shape errors. 

This error growth is illustrated in Figure 7B in which the circular diagram shows the 

.measured track shapes for the first 60 propagation steps when using the propagation 

parameters of Figure 6B. The track shapes were measured by backing up after the 

'rropagation sequence and holding the actuator at the average track location (usingo~lr 

a weak integral gain term in the servo loop) for each propag~tion track. The normalized 

read back amplitudes nt each of the 120 6Cctors were then averaged for I 00 revolutions 

of the disk to ~liminatc TMR effccLc;. The resulting waveforms were plotted as radial 

dcvialions of circular tracks. The scale ·is enhanced by a factor of ten to show the track 

shape errors more clearly, i.e. the radial devitition is plollcd I 0 times larg?r than the 

corresponding track to track separation. Also, the circles arc also spread over a much 

greater ~pparent radial extent llum on the actual disk, where 60 steps rcprcscnLc; only 

about 0.4'Yt1 of the ~isk radius. A similar diagram in Figure 7A .shows the. first 60 

propagation tracks using the propagation parameters of Figure .6A: Herc the track 
: 

shape errors arc basically random and show no growth . 

.. 
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The data plots in Figure 7A and Figure 7B ~how the mag.nitude of the l80 Hz·frcquency 

component (2x the disk rotation frequency) obtained by taking the Fourier transform 

of the ·waveforms consisting of the 120 sectors of readback sig·nals around each track. 

In Figurc7B,_ where the closed loop response has a magnitude of 1.029 at 180 Hz, this 

component grows rapidly, rising from· about 3 microinches to about 16 microinches in 

only 60 steps. For the parameters of Figure 7A no growth is expected, and none is 

observed. 

An embodiment in which reference track corrections arc computed using digital filtering 
. . 

of the PES recorded during ·each write revolution was also tested. Setting the servo 

proportional gain to 400 (with integral and derivative gains of .. 39 and 4000 respectively 

as in Figure 6B) results in a closed loop response greater than· 1 at the first 5 multiples 

of the rotation frequency, with a peak value of 1.31. Using filtering calculations up to 

the 8th multiple of the rotation frequency with the factor f calculated so as to result in 1 

a step factor S =0.9 at all 8 frequencies, propagations of 16000 steps can be carried out 

without substantial error growth (about 50 microinchcs peak-to-pea)<. at most). Without 

the littered PES reference track correc~ions, these servo gains would hav'? prevented 

rrorag~-ition beyond just a few steps dnc lo exponential error growth. The higher gains 

cut the TMR to about 50% of the typical file TMR, and result in substantially 

improved random track-to-track errors in the scrvopattcrn. 

PllYSICAl..LY SEPARATE READ ANO WRITE ELEMENTS 

In the discussion so far, it has been assumed that the recording read transducer and 

\.Vritc lri111sducer arc one and the same, as in the typical induclivc rcad/wrile element 

commonly used. Recently, transducers employing separate read and write elements such 

... 
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as the so called MR (magnctorcsistive)-t.ransduccrs have come into use, and -require 

special attention with regard to"the determination and control of propagation track 

spac'ing by means of nominal average reference value settings. Figure 8A is a diagram 

of such a transducer showing the different widths of the read and write elements along 

wilh an off.c;et between read and write element centers. Figure 8B sho\\rs a plot of how 

. the normalized read back amplitude varies with the positic~n of the actuator. Here, zero 

corresponds to the actuator position during the _write. The actuator movement required. 

to rcad1 a par.ticular level of ~mplitude reduction depends on the read width,' write 

width, and off.set (and ~hich direction of motion is·desired). It is d~irable that the 

propagatioi:t track-spacing be determined only by the read and write widths and.not be 

affected by the offset in the elements. This is particularly important since the apparent 

off.c;et changes as the rotary actuator sweeps from the outermost to the innermost track 

in a· disk me (the spatial separ.ation or the read and write clcmcnlS along the actuator 

arm direction leads to different projected locations of these elements onto the disk· track 

as the arm rotates). An import~nt aspect of the present invention is the incorporation 

of a method for eliminating this dependence on read to write clement offset in a manner 
I 

that requires no prior knowledge of the precise geometry of the head and which can be 

achieved solely lhrough measurements or rcadback m'nplitudes. 

Figure 9·is a diagram of the 6 burst propagation pattern showing the relative locations 

of the written bursls in one of the propagation burst regions. fl is important for disk me 

data track spacing that, on average, the edges of adjacent tracks shuukl have a specific 

amount of space between them to avoid ovcrwriling of dala on one track by a head that 

i.s supposed l<J be on the adjacent track. For example it may be desired that the data 

I.racks be 4 propagation ·tracks.apart and have an average space between wrillcn track 

edges of 25 percent of the data track pitch. This is the situation illustrated In Figure 9, 

.. 
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where user data track.c; arc shown assigned to locations c_orresponding to propagation 

burstc; A and E. [n this case, propagation bursts that arc 3 steps apart, such as. A and 

. D have their edges just lined up. If the read clement is positioned so that ~he relative 

amplitude from burst A equals the relative amplitude from burst D (the A= D position) 

then the relative signal is 0.50 if the edges line up, greater than 0.5 if the edges overlap, 

and less than 0.5 if the edges have space between. Thus, the relative a~plitucle at the 

A=:= D position is an indicator of whether the propagation track pitch is too small or too 
J 

large and can be used to adjust the nominal average reference level used during 

propagation to correct the pitch. 

If the readbaek amplitude varies linearly with position (a fairly.good approximation) the 

adjustment in the nominal average reference level for propa.g~tion. that is"rcquired to 

obtain the correct sracing can be computed from the mea~mred relative amplitude at the 

A= D position. This can be seen by noting that a change· ih reference level by an 

amount r results in a change in lhe relative amplitude at the A= D position of 3r/2 

because each of the 3 steps contributes~ spacing change equal to r, and the change is 

shared equally' by A and D. The nominol average reference level should therefore be 

adjusted by an amount equal lo 2/3 of the deviation of the relative· amplitu.dc at lhc 

A= D p<>sition from ilc; desired level. 

The methvcl of the rresent invenlion consisLc; of the follcmiing steps. P'irst, choose an 

initi;1l nominal nveragc reference value and propagate several steps (3 or mmc in thi!i 

case). Next, back up to a l<lcation such that the relative amplitude of Hn /\-burst an·d 

D hursl arc cqu:1I. This is accomplished by 1.cmponirily rc-ddining the PES to be the 

difference between lhe relative amplitudes of the A and D bursL<;. Using the relative 

amplitude of A (or D since they arc now equal), compute the correction to the 

' 



. ' 

47 

propagation nontinal average reference level as described above and continue .. 

propagating. 

Preferably, this process is repeated several times at the very beginning (in a region that 

will not be assigned to user data) to initially set the reference level to account for the 

purticular read to write clement ofT.c:ct. Chang~c; in the offset due to rotation of the 

actuator can be accounted for by repeating the process at regular intervals. In 
, 

cxpcrimenlc; carried out with the system described above, excellent results were obtained 

by repeating-this process every 40 propagation steps. The process was actually carried 
. . . 

out by averaging the relati_v~ amplitudes at the A= D, B = E, and C = F. locations. Also, 

only a fraction (I /4) of the computed corrections to the reference level were applied each 

time to reduce the effects of noise. Since the reference level changes very slowly, there 

is an advantage to letting the corrections build up slowly as well. This measurement and 

correction procc..;.s required 11 revolutions of the disk and was performed every 40 

propagation ·steps (which take 120 r?vc:ilutions since each st~p requires a write, a 

normalize and a step revolulion). henco il increases the scrvowrile time by only about 
. . 

9'V.•. Figure IOA shows the nominal average reference level plotted versus propagation 

srcr number for a full run of 16000 steps, and Figure 108 shows a plot of the.relative 

amplitudes nt the A= D positions l<ivernged with 13 = E and C= F) measured in the 

same run. Herc the track pitch was chosen lo be smaller than t.hal shown in Figure 9 

(Lhe 25% splice between written data tracks shown in the figure is actually higher_ tlrnn . 
needed) so lhat the dc.c:ired relative amplitude al the A= D posiliun was set to 0.625 . 
rather than 0.5. ll can be seen that this method works quite well at holding the track 

sracing constant (as determined by the relative mnrlitude at lhe A= D position) by 

syslemalically adjusting the prop~1gation nominal average reference level. 
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A number of variations of this method arc p<1ssible. As already noted the desired 

relative amplitude al the A= D position may be set greater than 0.5 to achieve a tighter 

track spacing. Another variation is lo use the A= E position, or A= C, or some other 

combination rather than A= D. The choice would depend on the ratio of the data track 

pitch to propagation track pitch and the desired spacing between tracks as well ·as the 

relative widths of the read and write clemenLc;. Referring to Fi&ure 9, note also that the 

choice of how many bursts to ·use in the propagation pattern depends on these same 

factors. The key requirement is that the read clement be able to read a partiCular: burst 

without interference from the next burst over (the o·ne in the same ~lot) several 

propagations tracks away. 

WRITE ERROR CORRECTION 

The use of special servo loop pararrleters (those that keep the step-to-step ~rror 

amplification factor less than uhily at a11 ... multiples of the disk rotation frcqueJcy) 

together with reference track.correciiorls based of the PES during the writes l~ads to 

grcnt benefits in limiting the growth of errors in the propagation track shapes. Also, I.he 

track to track shape differences arc kept low by orcrnting the servo with parameters that 

prnvidc fairly good rejection of mechanical disturbances resulting in low TMR. 

However, each trnck still contains some error due to TMR from such disturbances. By 

its natui·e ,the product scrvClpattcrn is dc..<>ignecl to cncnde rclativc head t.~> disk po~ition. 

Thus, a written-in error due to TMR dming the servowrile process ultimately translates . .. 
into a cnrrcspoiH.ling error in the rndial position measurement obtained by the prodtict 

scrvop:iLLcrn demodulator during subsequent file opcrntion. An additional feature of the 

present invention is a technique for reducing the. efrecL of this residual TMR on the 

apparent shape of the product scrvopallcrn. E.c;senlitllly, lhc idea is lo use the PES of 
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the propagation servo loop to modify the product servupaLtern as it is being written in 

a way thal rcsullc; in cancellati~n of the effect of the written-in position error when the 

servopaltern is subsequently read back during file opera.lion. The technique involves 

both the servowrite propagation process and the servopattern readback process during 

file operation. A preferred type of modification of the servopattern that is easily 

decoded by" the disk file during operation and simply implemented in the scrvowriter is 

time shifting of the servopattern relative to the servo ID field. 

As a first example of an embodiment of this process consider an amplitude burst 

product servopattern. In such a senropattern there arc typically 2 or more burslc; of 

written transitions detected within specific time slol'i following the servo ID field. Figure 

11 A shows a simple two burst servo pattern in which the desired track location is 

defined as the location at which the read back signal from the A and B bursLc; are equal. 

In a ccmventional servopattern demodulator the readback amplitude is sampled and 

digitized near the end of eac-h designated burst lime slot and represents a filtered average 

of tl~e burst amplitude. Figures 11 B t~ r 1 F show waveforms a~~ociatccl with the 

demodulaLion technique of the present invention and Figure 12 is a block diagram of the 

circuitry involved. The rcadback signal is detected by a rectification circuit as in a 

conventional demodulator but the output is n1n through a gated intcgrat(lr circuit before 

being d igitizcd hy the A DC. The sector ID detector provides the timing reference from 

which the fixed intcgralor gate signals and ADC trigger signal." are ~lcrivcd using 

delayed double pulse generators. The ADC is triggered lo digitize the gated integrator 

output just prinr lo the falling edge of the gate. This gale edge serves to reset the 

inlc-gralnr to zern as well. Thus, the digitized burst ampliLUdc equals the rcctilicd 

. rct1dback signal Lime." ih~ amount of time overlap between the integrator gale and the 

detected burst signal. The rectified rcadhack amplitude changes with the radial location 

; .·· 
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of the written burst so it tracks the TMR during lhc writing. By intentionally alfering 

the time al which the burst is written relative to the sector JD, the amount of time 

overlap between the integrator gate and the detected burst signal ca11 be adjusted so as 

.to just cancel the effect of the TMR on the rectified reasfback amplitude, resulting in a 

digitized bursl amplitude value that shows no cffecLc; from TMR during servowriting. 

The time of burst writing is adjustable through the use of the timing delay unit inserted 

in series with _the write data from the pattern general.or. A digitally programmable delay 

unit such as those manufactured by Data Delay Devices Corporation of 3 Mt. Prospect 

Ave., Clifton N.J. provides the requisite rapid and precise adjustment of timing delay 

under digital control that is needed for this application.-

The meth~d for computing the prorcr delay is illustrated i11 Figures DA to J 3F which 

show a situation in which the A burst is radially mis-positioned due to random TMR 

during serlrowriling.. Jn accordance wilh the present invention, the time al which the A 

burst i.s written is shined relative to the end of the servo to field. For simplicity, it is 
.. 

assumed that the read back signal varies perfectly lincarlY. with off track posilion. . . 
Suppose the radial position error is a fraction f of the read clement width and in lhc 

u·pward direction a.s !ihown in Figure (~A. A goocl estimate or this radial po.c;ilion error 

is provided by I.he PES of the self-propagalion servo loop ~1.s meHsured for the 

prop:.ig~1lion burs{ region just pre·ccding the product scrvoptllt.crn region in which burst 

A i.s wrillcn. For paltern propagalion proceecJing from the I.op down the pal.Lem 

propagation burst (not shown in this figure) would have iLc; lower edge coincident with 

Lhe desired track location and an error in posit.ion in lhe upward direction would 

produce an increase in the rcadbrick amplitude of the prop:.1galinn burst. This produces 

a PES reading equal l~ -f since the PES is the fractional r~fcrcncc value in in us the 

normalized readback amplitude. The product servopnltern A burst normalized 
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rettdback amplitude is shifted by -f also, i.e. it is lower than it should be because the 

burst edge lic.c; above the center of the recording transducer. This lowers the slope of the 

integrated signal. The integrator output signal at the time of the AOC trigger pulse 

(which corresponds to the digitized burst amplitude value) can be restored to its correct 

value by shifting the A burst later by an amount t given by t = ;:~~~,where Tis 

the usual overlap time when no shift is applied and V is the rectified readback an1ptitude 

(normalized to the on-track signal) that is expected for no radial positiun error of burst 

A. V typically has the value 0.5 since the two bursl servopattern would define data 

tracks at the locations where the A and B burst amplitudes are equal and the written 
. . 

burst edges are aligned as in Figure 11 A. 

Errors in the B burst radial position can be cancelled in a similar manner but the time 

shifl must be opposite to that employed fn"r A burst. ThLc; ar~ses from the fact that the . . 

upper edge of the B burst is used instead of the lower edge. Thus an upward position 

error during scrvowriting would. increase the amplitude of the B burst detected by the 

product demodulator, and would require shifting the burst to an ea.rlier time to 

compensate. This is easily accnunl.ed for oy having lhc mic.rnproccssor sequence 

controller keep track of which burst type is being wrillen and adjust. the sign of the time 

shift nccordingly. 

A sli!!hlly .rncfrc complicated situatiCln arises if the pre1ducl servopallern utili7.es both 

edges (lf a given bursl lo define different track loctttions or fur helwcen-track positin~1 
. . . . 

error determination. For example the lower edge of the A burst may l?c used lo define 

one data tnick location (in ccmjunclion with the _upper edge of the B burst) while the 

upper edge of burst A is used to cleline an adjacent data track location (in conjunction 

with the lower edge of a different B burst). Writing the A burst later cancels the cffqct 

' 
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of the radial position error for the lower edge of the A ""burst but would doublc·thc error 

as seen tit the upper edge of burst A. A solution is to shift_ the gate signals for these. 

alternate edge locations so the gate starts before the burst and ends di.Iring it rather than 

starting during the burst and ending after it. Thus, shifting tbc A burst to a later time 

would reduce the overlap time between thc·gate and the detected buri;t ampJitudc signal. 

In this way, a unique time shift applied to a burst during servowriting would serve to 

cancel radial position errors for either.burst edge. The two gate delay times would be 

alternately selected by the disk file servopattern demodulator depending upon R 

pre-arranged assignment of-burst edges to data tracks. 

ln the case of phase encoded servopattems, the relative phase of the readback signal 

between two bursts is the position dependent quantity that is ultimately detected. An 

error in radial position therefore corresponds quite directly to a phase error in the 

detected pattern and can be cancelled quite simply by applying an appropriate time shift 

to one of the burs~~ <.luring servowriting. No special modification to the product 

servopattern demodulator is require~! iA this case. 
:· . 

Regardless of the product scrvopatlcrn type, the error cnncell;1tio11 technique requires 

that a correction be applied to bolh the product servopallcrn and the <implitudc burst 

propagation pallcrn at each step. If th.is is not d<)i1e, !he propngation servo loop will 

attempt le~ follow the written-in propagation p~ll.crn errors while writing I.he next step, 

so tin an image of il will be transferred lo all patterns (prnpngation bursts and prodl,!Cl 

scrvopnllerns) written on Lhc nexl step. This is equivalent tp having the errors appc.nr 

. <.1g<t_in one ·step later. As mentioned rreviously, written-in errors behave just like 

modulation of the reference sigrn1l in the servo loop and the respon_se ln them is given 

by the dosed loop response of the servo loop. Thus, the image that is carried forth Lo 

........ 



. . .-•;,.: 

53 

the next step is given by the closed loop response times the written-in error signals 

treated as a time waveform applied to the servo loop. A way to prevent this response 

to written-in errors is to adjust the reference table values to reflect the known position 

errors during writing so.that each reference table value matches the expected amplitude 

for the corresponding burst when sensed by the read element located dir:ectly on the 

desired propagation track. Just as in the case of the corrections to the product 

servopatterns the known position errors during writing are simply the PES readings of 

the pattern propagation servo loop during the write revolution. Referring to 'F:igure 4B, 

a mis-positioned propagation burst that causes a change in rcadback amplitude by an 

amount E changes the servo PES by an ai:nount -B. If the reference track value. R were 

increased from its nominal average value by the same amount E, the net result would 

be no change at all in the servo PES and therefore the written-in error would cause no 

actuator response at all. Referring to Figure 4A and bc~ring in mind that the 

propagaliun proceeds in the downward direction, it can be seen that during the write 
1 

of the mis-positioned burst the ~ecorcling transducer was shifted too far down. resulting 

h1 a re<tclback signal smaller than the desired value. Since the PES is the reference minus 
I . 

Lhe position signal~ the PES during the ·write would have been higher by an amount E. 

Thus, written-in errors can be eliminated from the pi·opagatinn servopaltcrn by adding 

the PES values obtained during the write revolution Lo the nominal avernge reference 

value to cre<1te I.he reference table values used on the next step. 

This process of modifying the reference table values w;:is de.scribed earlier in the 
L 

discussion of error compouilcling. ln the simplest cmhoclimcnt the reference table is. 

corrected by a f<iclc>r r times the PES recorded during the write revolution. from the 

nhovc <.liscussion it is clear that the most effective error cancellation is achieved with this 

foclor f equal lo I. Hqwcvcr, the introduction of reference table corrections leads lo a 

......... 
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modiried stability criterion ifl which the step-to-step error amplilieatfon f<.lct.or 

S=C+f(l-C) must be less than unity. From this expression rt can be seen that if f is 

. exactly I, S will also equal I and ~rrors will not decay. The choice off is determined 

by a trade-off between maintaining an acceptable level of absolute track non-circularity 

and the fact that the random track-to-track error cancellation is made less effective as f 

is reduced. Analysis shows that the ncl track-to-track random errors in the scrvopattern 

arc proportional to the TMR times (1-f). Thus, while f= I is best, very significant 

random error cancellation can be achieved just by being reasonably clo.se to 1: The same 

analysis applies in the more sophisticated embodiment employing digitally filtered PES 

corrections, where f is a vector of complex-valued•elements. In this ca.se one would· 

choose particular values of the elemenlc; of the step factor S so as to result in all clements 

off being as close to I as possible (provided the magnitude of S itself is kept less than 

1). At 11ighcr frequencies, wile.re f=O as a result of truncation of the Fourier series 

filtering calculations, the random error c~incellalion will become ineffective. However, 

in: general. the Tcr1R iLc;eff has ~cry little high frequency content so a loss of effect in this 

range means very little in terms of the total rms errors. 
' 

In the alternative embodiment shown In Figure .5 involving decoupling or the writing of 

lhe procluclservopattern, the PES used l.o modub1le Lhc product .se1:vopatlcrn would not 

be the .s~1me as thal u.scd for computing the reference Lubic corrections. 

Other methods of modulating the product servopal.lcrn to <.1llow random TM R 

c:rncc.llalion be.side llw.sc de.scribed above can be dcvi.c:ed by those skilled in the art. · 

Ex:imples include modulating the frequency nr the duration of amplitude burst pallcrns 

coupled with corresponding detection circuitry included in lhe product ser,·opnttern 

demodulator. The novel aspect of_lhe present invention CtlllSists or using lhc real-time 



, .. .···.· 

55 

PES signal during scrvowriLing lo allow correction of servopattern positio~1 er"rots a; they 

arc written. The modification of the self-propagation reference table values based on the 

PES is als9 important for achieving the desired reduction in track to track random shape 

errors. This correction is fed forward in time for track following at a subsequent step 

so it differs substantially from previously described techniques for smoothing of the 

· refcrcn~e table values based _on averaging the PES over several revolutions while track 

following. The purpose of the correction is also very different than anything described 

in the prior art since it is specifically designed to reduce rand_om track to track errors 

and must be _coupled to error cancellation in the product servopattcrn in order to be 

effective. 

It will be understood lhat the present invention may be generalized to the writing 

patterns on a medium that moves repetitively. While such motion may constitute· 

successive rotations of the medium as described a1bove it may also constitute any 

repetitive motion including rectilinear anq reciprocating motion. Thus, any medium may 
: 

he decorated over an area using the self propagation principles described herein. 
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What is claimed is: 
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1. A method for servowriting a rotating disk in a disk driye including a head for 

interacting with said disk, an actuator for positioning the head rnciially with 

re...c;pect to said disk, an9 means for causing said head to write on and rC'Pcl 

information from said disk, comprising the steps of: 

writing servopatterns on successive radial tracks Clf said disk using a servo loop 

for po.c;itioning said actuator wherein servo position in.formation is read from said 

disk; and 

setting frequency dependent gain of said servo loop so that closed loop response 

of said servo loop has a magnitude less than unity at every intt"ger multiple of 
. . 

disk rotation frequen~y. yet is hi!?h e110ugh lo provide substantial rejection or 

mechanical disturbances. 

l. The methCld or claim I wherein s:iid closrd !11np rco;ponse has a ll"ingnitudc less 

than unity at all frequencies. 

3. A method for servowriting a rotating disk in a disk drive including a head for 

interacting with said disk·, means for causing sRic.I head to write on nnd read 

information from said disk, a servo-controlled actuator for positioning said head 

r:i<lially \Vilh respect to said disk in which a position error signal equals a 

1111111111111111111 11111111111. 
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difference between a reference waveform and a measured relative position 

waveform derived from rcadback signals from said head interacting with said 

disk. :md comr.rising the steps of: 

writing scrvopattcrns on successive radial tracks of said disk using said 

servo-controlled actuator; and 

. . 
deriving said reference waveform as a fu"nction of closed loop transfer function 

of said actuator and at least one measured position waveform. 

4. The method of claim 3 wherein said closed loop transfci· function is frequency 

dependent am! said reference waveform is derived by frequency dependent 

filtering of said measured position waveform. 

: 

5. The method of cl;iim 3 wherein lh.~ measured position waveform is representative 
. ' 

of al leasl one revolulion of said disk. 

6. The method bf claim 3 wherein said position error signal signal is derived ba.o::cd 

on measurements from at least one track . 

.. 
7. The method of claim 6 wherein s:.ricl at lcnst one track includes a prior track of 

S~l id successive tracl<s. 

R. The method of claim 3 wherein the magnitude of the closed loop transfer function 

is much less than one. 

I lllllll llllll lllll lllll ll llll 
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Q. A method for scrvowriting a rota~ing disk in a disk drive inclliding a head for 

·interacting with said disk, means for causing said head to write on and read 

information from said disk, a servo-ccmtrollecl actuator for positioning said head 

radially with respect to said disk in which a position C'rror .signal equals a 

difference between a reference waveform and a measured position waveform 

derived from readback signals from said head interactin"g with said disk, and 

comprising the steps of: 

writing servopatterns on succcs.c:ive radial tracks of said disk using said 

servo-controlled actuator; and 

deriving said reference waveform for successive radial tracks based on said 

position error signal fr(>m at least one preceding radial trnck. 

10. The method of claim 9 iry which derivation of said reference waveform comprises 

the steps of: 

calculating al leasl one complex· coefficient of the di.scrcle· Fourier transform of 

the position error signal as measured during lhc \\'riling of servopallerns on a 

radial track; 

multiplying said at le~1st one complex coefficient hy al least one complex filler 

factor, f, thereby creating nt least one filtered coefficient; 

calculating the ip.verse discrete Fourier transform froo1 said at least one filtered 

coefficient; and 

I 1111111 111111 1111111111111111 
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adding said inverse riisercle Fourier transform to a nominal a-verage reference 

level to form said reference waveform. 

l l. The method of clnim I 0 in which f is computed from a predetermined function 

of closed loop response, C, of said servo-actuator. 

12. The method of claim 11 in which f is given by: 

f=(S-C)/(t-C), where S has a·magnitucle lc."s than I, whereby growth of 

servopattern placement errors is bounded. 

13. An apparatus method for servowriting a rotating disk in a disk drive including a 

head for interacting with said disk, an actuator for positioning the head radially 

with respect to saici" disk, and means for causing said head to write on and read 

information from said disk, comprising: 

means for causing-said head to write servopalterns Cln successive radial tracks of 

said di:;k including a servo. loop for positioning said actuator and wherein servo 

position -information is read from said disk; ancl 

means for selling frequency dependent gain of said servo loop so that c]!ised loop 

response of said servo loop h<.Js a magnilude less thtrn unity at every integer 

multiple of disk rotation frequency, yet is high enough to provide substanti::1l 

rejection of mechani"cal disturbances. 

14. The appMatus o.f claim 13 wherein said closed loop response has a m:ignitude less 

than unity at all frequencies. 

l lllllll\lllll llll\ \llll I\ \Ill 
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15. An apparatus for servowriting a rotating disk in a disk drive including a head for 

interacting with said disk, means for causing said head to write on and read 

information from said disk, a servo-controlled actuator for positioning said head 

radially with respect to said disk in which a position error signal equals a 

difference between a reference waveform and a mcasurl?d relative position 

waveform derived from readback signals from said head interacting with said 

d_isk, comprising: 

means for writing servopattcrns on successive radial tracks of said disk using said 

servo-controlled actuator; and 

means for deriving said reference waveform as a function of closed loop transfer 

function or said actuator and at least one measured position waveform. 

16. The apparatus of ~!aim ~5 wherein said closed loop transfer function is frequency 

dcpci:ident including means for dciriving$aid reference waveform by. frequency 

dependent filtering of said measured position waveform. 

17. The apparatus or clai_m I .'i tvherein the measured position waveform is 

reprei:;ent.ative of at least one revolution or said disk. 

IR. The apparatus of claim 15 wherein said position error signal signal is derived 

based on measurements from at least one track. 

19. The apparatus of claim I~ wherein said at lcClst. one track includes a prior track 

of said successive tracks. 

11111111111111 1111111111111111 
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20. The apparatus of claim-IS wherein the magnitude of the closed loop transfer 

function is much less th.an one. 

21. An apparatus for servowriting a rotating disk in a disk drive including a head for 

"interacting with said disk, means for causing said head to write on and read 

information from said disk, a servo-controlled actuator for positioning said head 

radially with respect to said disk in which a position error signal equals a 

difference between a reference waveform and a measured position waveform 

derived from readback signals from said head interacting with said disk, 

comprising: 

means· for writing servopatterns on successive radial tracks of said disk using said 

servo-controlled actuator; and 

m~ans for deriving said ~eference waveform for successive radial tracks based on 

said position error signal from ;iJ feast one preceding radial track. 

22. The apparatus of claim 21 ·in which said means for deriving said reference 

waveform comprises: 

means for calculating at least one complex cnefficienl of the discrelc Fourier 

transform of the position error signal as measured during the writing of 

servopatterns on a radi~I track; 

means for multiplying said at lcasl one complex coefficient by at least one 

· ·complex filter factor, f, thereby creating at least one filtered coefficient; 

11111111 llllll lllll lllll ll llll 
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means for calculating the inven:c discrete Fourier transform from said at least one 

filtered coefficient; and 

means for adding said inverse discrete Fourier .transform to a nominal average 

reference level to form said reference waveform. 

23. The apparatus of claim 22 in which, in said means for multiplying, r is computed 

from a predetermined function of closed loop response, C, of said servo-actuator. 

24. The apparatus of claim 23 in which f is gh;en by: 

f=(S-C)/(1-C), where S has a magnitude less thar:i J", whereby growth of" 

servopattern placement errors is bounded. 

25. A method for servowritir;ig a rotating disk in a disk drive including a head for · 

interacting with said disk, an acttiator for positioning the head radially with 

respect to said disk, means for causing said head to write cm and read information 

from said disk, and a servo loop for positioning said actuator in accordance with 

serve} position information read from said disk, comprising the steps of: 

writing a series of first patterns along tl track; 

displacing the head ·a known fraction of a track lo Cl displaced position; 

reading from selected ones of said first patterns·, position information for 

determining de.viation information repres.cntative of deviation of said head from 

111111111111111111111111111111 
* C L M S * 



\

' ~ 

THIS SHEET H.A.S BEEN 
flf:PLP..GCD 

1.6=~~=======::::; 

63 

said known fraction, and using said deviation information to propagate sccnncl 

patterns at said displaced position wit~ said deviation information encoded in 

said second patterns. 

26. A method for propagating a pattern in a disk drive having a rotating disk, a head 

for interacting with said disk and means for positioning said head radially with 

respect to said disk comprising the steps of: 

a. writing first patterns on a first track; 
\' 

b. reading and storing amplitudes of selected ones of said first patterns to thereby 

store selected amplitudes; 

c. moving said head a fraction of a track widlh and writing second patterns 
' 

corresponding to said selected fip•t patterns; 

-- ' 

d. repeating step c, n times for successive mm•cs of said head until said head 

reaches a selected radial position and writes additional patterns; 

e. r.ositioninp: said head at an intermediate position between said first I.nick and 
' . 

saicl selected radial position; 

f. computing a first ratio of amplitudes ofs_aid first patterns with said head at 

said intermediate position to said selected stored amplitudes; 

I llllllHlllll lllll lllll ll 1111 . 
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g. computing a second ratio of amplitudes qf said additional patterns \~hen said 

head is at said intermediate position to amplitudes with said head at said selected 

position; 

h. repetitively repositioning said head and repeating steps f and g at each position 

until said ratios are substantially equal; 

i. comparing said ratio to a desired value to determine a deviation from said 

desired value; and 

j. adjusting spacing between the writing of successive patterns so that said 

deviation is minimized on subsequent repetitions of steps a - i. 

27. The method of claim 26, wherein the head has separate read and write elements. 

28. A method for establishing and maintaining a desired track spacing through 

adjustment of the nominal average reference level of the servo loop used during 

the process of .<:elf-propagation for radial positioning in disk file scrvowriting in 

which the changes in said nominal average reference level arc computed on the 

basis of measurements of.the relative burst amplitudes between sets of bursts 

located one or more radial positions apart, such measurements being performed 

by interrupting the normal sequencing process and backing up one or more radial 

positions. 

29. The method of claim 28 comprising the steps of: 

11111111 111111 11111 1111111 1111 
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establishing :in amplitude burst propagation pattern consisting.of a sufficient 

number of independent time slots so that, upon repeating a burst in a given slot 

after a number of propagation steps equal to the number of slots, a space shall 

be present to allow the read element of the recording transducer to straddle the 

edges of each burst without interference from other bursts in that slot; 

using an initial estimate for said nominal average reference level, propagate for a 

first number of steps, said first number of steps being sufficient to allow the read 

element to be moved opposite to the propagation direction to a calibration . 
readback position in which a fraction of the read element overlaps the lower 

portion of a first set of bursts in one of the time slots while an equal fraction of 

the read element overlaps the upper portion of a second set of bursts in another 

of the time slots, where said first and second sets of bursts are.written a 

predetermined number of propagation steps P apart and said purstc; have a 

predetermined spacing r~lated to said desired track spacing such that said overlap 

fraction equal~ a predeterminecl,d'csired overlap fraction corresponding to said 

desired track spacing; 

moving the re~d element to said calibration rcadback position and performing a 

recalibration by determining a measmcd oyerlap fraction-equal to the rcadback 

am plilude for each bu.rst cl iviclecl by the corresponding on-track ~ m pli tu de 

measured and stored previously as part of the self-propagation process, 

computing a correction term to said nominal average reference lc\·el reduction 

factor equ;il to 2/P times the difference between said desired overlap fraction and 

said measured overlap fraction, adding said correction term or a portion of said 

correction terni to said nominal average reference level; 

111111111111111111111111111111 
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continuing the self-propagation for a second predetermined number of steps after 

which said recali!>ration procedure is performed again; 

repeating the steps of self-propagation and recalibration every said second 

number of steps until servowriting is complete. 

30. A method for cancelling deviations in the demodulated position signal of a disk 

file arising from random placement errors in servopatterns written using 

self-propagation for radial positioning duri~g the servowriting of said disk file, 

said method comprising the steps of: 

applying a modulation to each portion of the product servopattern, said 

modulation being computed from the position error signal of the self-propagation · 

servo loop as measured just prior to the time at which said portion of the product 

servopattern is written, wherein s~_id modulation produces a change in the 
i 

demodulated position signal in the normal operation or the disk file, said change 

being opposite and ~early equal_ to tlie deviation of said clemoclulated position 

signal clue to said random placement errors; 

using self-propagation reference table values that arc individually computed for 

each propagation burst using the nominal average reference level together with a 

correction computed from the position error signal of the self-propagation servo 

loop as measured close to the time at which said propagation burst is written, .said 

reference table value being such as to largely cancel the readback amplitude 

change due to the random pl~cement error in said propagation burst in the 

· 11111111111111 1111111111111111· 
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subsequent coi:riputation of the position error signal of the self-propagation servo 

· loop on the next step of propagation. 

3 J. A method for servowriting a disk drive including a head for interacting with said 

disk, an actuator for positioning the head radially with respect to the disk; and a 

servo loop for controlling p~sition of the actuator, comprising the steps of: 

setting the frequency dependent gain of the servo loop equal to a value less than 

unit~ when writing propagation bursts, and 

setting the frequency dependent gain of the servo loop ~qua! to a different value 

when writing the product servo pattern. 

32. An apparatus for self servowriting a rotating disk in a disk drive including means 

for positioning the head at any radial position with respect to the disk; said ,. 

~pparati.ls comprising: 

timing circuitry for controlling t'eading and writing in specific sectors on the disk; 

a p<ittcrn generator for producing write data for propagation bursts and product 

servopattcrns; 

a time delay unit for making adjustments in relative timing of the write data; 

amplitude detection circuitry for measuring read back amplitude of written 

transitions on the disk; 

I 1111111111111 11111 11111111111 
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a memory for storing quantities including measured values of read back 

amplitudes and disk reference track values; 

a divider for normalizing instantaneous readback amplitudes by their 

corresponding original fµll-track amplitudes; 

a .microprocessor sequence controller; and 

a servo controller having variable contro.1 parameters to allow rapid stepping_ and . 
settling and to limit the growth of track shape errors as said disk is servowritten. 

33. A disk file servowriting apparatus comprising 

.... 

means 'for controlling the internal recording transducers of the disk file such that 

a plur~lity of bursts, each consisti_ng of a plura1ity of transitions may be written 

around each of a plurality of tracks located at different radial positions; 

means for determining and storing the read back amplitudes of the magnetic 

signal from any of said bursts, with said rcadback amplitude being updated with 

each revolution of the disk; 

means for controlling the internal actuator to position the recording transducers 

at said radial positions, consisting of a servo-positioning control loop having a 

closed-loop tr~nsfer function with the property that substantial overall rejection . . 

of mechanical disturbances is provided without amplification at any frequency 

equal to an integer multiple of the rotation frequency of the disk; 

· 11111111111111 1111111111111111 
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means for writing said plurality of burslc; at a first of said radial posit~ons; 

means for creating a position error signal of said servo-positioning control loop 

by subtracting said read back amplitude for each of said plurality of bursts 

written at said first radial position from each of a first set of stored reference 

amplitudes in a time shorter than the interval between bursts, said position error 

signal resulting in movement of the internal actuator to a second of said radial 

positions such that said position error signal becomes nearly· zero; . . 

means for writing said plurality of bursts at said second radial position after a 

first predetermined time delay to allow completion of said movement of said 

in~ernal actuator to said second radial position, each of said plurality of bursts 

at said second radial position being written at a second predetermined time delay 

following each of said plurality of burslc; written at said firs.t radial position, said 

position error signal continuing 'to be being determined from said read back 

amplitudes from said plurality of burstc; written at said first radial position; 

means for repeatedly sequencing through the process of switching the creation of 

said position error signal of said servo-positioning control loop to being a 

suplraction of each of said read back amplitudes at said plurality of bursts written 

at a present radial position from each of a set·of stored reference amplitudes in 

a time shorter than the interval between bursts, said position error signal resulting 

in movement of the internal actuator to a next radial position at which said 

position error signal is nearly zero, followed by writing said plurality of bursts at 

said next radial position after said first predetermined time delay to allow 

I· 11111111111111111111111111111 
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completion of said movement of said internal actuator to said next radial 

position, each of said plurality of burs~ at said next radial position b~jng written 

at a- next predetermined time delay following each of said plurality of bursts 

written at said present radial position, said position error signal continuing to be 

being determined from said readback amplitudes from said plurality of burstc; 

written at said present radial position. 

34. The apparatus of claim 33 in which said position error signal is created by 

subtracting a normalized read back amplitude for each of said plurality of bursts . 
from each of said stored reference amplitudes, wherein said normalized read back 

amplitude is computed by dividing ~ach of said read back amplitudes by its 

corresponding element in a stored set of amplitudes measured in an extra 

revolution of the disk following the writing of said bursts but before moving the 

actuator. 

35. The. apparatus of claim 33 "in wfiich said said stored reference amplitudes used in 

the creation of saki position error signal arc c_hanged at intervals throughout the 

sequencing process to result in track lo track spacing that closely follows a desired 

functional form across ·the disk. 

36. The apparatus of claim 35 in which the changes in stored reference amplitudes 

arc computed on th~ basis of measurement<; of the relative burst amplitudes 

between bursts localed one or more radial positions apart, such measuremenl<> 

being performed by interrupting the normal sequencing process and backing up 

one or more radial positions. 
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37. The apparatus of claim 35 in which the c~angcs in stored reference amplitudes 

are different at each sector and arc computed using stored val1Jes of the posilion 

error signal as measured during the time the corresponding burst was written. 

38. A disk drive comprising: 

a rotating disk therein, 

a head having separate read and write elements and for an actuator for radially . 
positioning said head with respect to said disk, and 

a self servo written pattern written on said disk; 

said pattern being written so that systematic errors are eliminated; whereby the 

track spacing follows a qesired function across a surface of the disk. , 

39. A clisk drive comprising: 

a rotating disk therein; 

a head ancl an actuator for radially positioning said hcacl with respect to said 

disk; and 

means for writing a self servowritten pattern on said disk, said pattern being 

written so that systematic errors arc elimfoatcd, whereby the track spacing 

follows a desired function across a surface of the disk. 
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40. A method for writing patterns on a reciprocating medium including a head for 

interacting w~th said medium, an actuator for positioning the head with respect 

to the med him, and means for causing said head to write on and read information 

from said medium, comprising the steps of: 

writing pRlterns on successive tracks of said medium using a servo loop for 

positioning said actuator wherein servo position information is read from said 

frequency dependent gain of said servo loop being set so that closed loop response 

of said servo has a magnitude less than unity at every integer multiple of 

reciprocation frequency, yet is high enough to provide substantial rejection of 

mechanical disturbances. 

4 t. A method for \vriting patterns on a reciprocating medium including a head for 

interacting with said medium, _an actuator for positioning the head with respect 

to :-;aid medium, and means for ~a using said head to write on vnd read 

information from said medium, and a servo lnop fnr positioning said actuator in 

accord:ince with servo position information read from said medium; comprising 

the .steps of: 

writing a series of first patterns along a track; 

displ~1cing the head a known fraction of a track to a displaced position; 
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reading from selected ones of said first patterns, position information for 

determining deviation information representative of deviation of said head from 

said known fraction. and using said deviation information to propagate second 

patterns at said displaced position with said deviation information encod.ed in 

said second patterns. 
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