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

SERVOWRITING 

BACKGROUND OF THE INVENTION 

.. 
Cross Reference to Related Application 

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

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

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

matter 9f which is incorporated herein by reference. It is also related to Singapore Patent : 

Application No.·. 950180.6-5 corresponding to United States Patent Application Serial 

No. 08/348,773 filed on.December 1, 1994 (Attorney Reference 316885SG) and commonly 

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

herein by reference. This application is a divisional application of Singapore Patent 
Application No. 9501807-3. 

Field of the Invention 

The invention relates generally to hard disk drive memory storage devices for computers. 

More particularly it relates to disk drive apparatus and to a method for writing servotrack 

information therein. More specifically it relates to alleviating the need for a 
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complex mechanic~! andjor optical positioning system to csl~-bli.sh servopattcni"s on the 

recording surfaces of the recording media. 
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General Background Art Relating to Sclf-servowriting 

A-; described in International Patent Application, WO 94/11864, incrcascdJevels of 

storage capacity in floppy ·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. HO\~ever, 

when track densities are so great that the mechanical error of a leadscrew-slepper motor 

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 servotracks on the 
i 

media of a head disk assembly (HOA) with a specialized scrvowritcr irn:;trumcnt. Laser 

positioning feedback is used in s\'.tch instrumenLc:; to read the actual physical position of 

a recording head used to write the servci_tracks. Unfortunately, il is becoming more and 

more difficult for such servowrilers lo invade the internal environment or'' HDA for 

servowriting··because lhe H DA.c:; themselves arc exceedingly small and depend on Lhcir 

covers and castings to be in place for prorcr operation. Some H OAs are the size and 

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

scrvowrilin!? methods arc inadequate. 

C~mventiil11<1l servo-patterns typic:illy wmprisc short burst.<; of n· constant frequency 

signal, very precisely located offset from a clala track's center line, on either side. The 

bursts arc \\'rillcn in a sector header <irca, and can be used to find the center line or a 

track. Staying on center is rctiuircd during both re::iding and '"'riting. 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 large granite blocks lo support the disk drive and qu_iet 

outside vibration effect<>. An auxiliary clock head is inserted onto the surface ofthe 

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

positioner with a. very accurate lead screw ancl 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 \\•riter requires a clean room 

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

access of the external head and actuator. 

United St<.1.tcs Patent No. 4,414,589 to Oliver .ct al. teaches scrvowriting wherein 

optimum track spacing is determined by positioning one or the moving read/write heads 

at a first limit slop in the range of travel or the positioning means. A first reference 

track is then wrillcn with the moving head. A prcclctcrminccl rccluclion number or 

percentage of ampliluclc reduction X%, is the:; chosen lhat is empirically relalcd to t_hc 

-~k.,ired avernge track density. The first rerer2nce t.r~ck is then read wi(h the moving' 

hc<1d. The moving he<id is then displaced <J\\·~y rrcim the first limit slop until the 

amplitude or the first rcrerencc track is reduc·:-.:.i lo X% of its original amplitude. A 

scconcl .reference track is then written with fr:: moving head and Lhc 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. The process is continued, writing successive 

reference tracks and displacing the moving head by an amount sufficient to reduce the 

amplitude to Xo/o of its original value, until the disc is filled 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. tf the average track density is low, the 

disc is erased, the Xo/o 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 X%, for a given average track density, has been determined and 

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

Unfortunately, Oliver et al. do not disclose how Lo 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 results in the 

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

to determine the track spacing. Further, Oliver ct al. do not examine the variation in 

the plurality of head~ wilh the disk drive to set the track pitch accordingly .. Finally, 

Oliver ct al. do not Leach how to limit the growlh of errors during Lhe radial 

prop:iga ti on growth. 

As nlsn described in lnlcrnnt.ional Palcnl Applicatic)n W094/l 1864, a method for 

writing a servo-pattern with a disk drivc's own pair of trnnscluccrs is described in United 
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Stale$ Patent 4,912,576, issued March 27, 1990 to Janz. Three 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-track separation are possible. This helps improve 

rcadback 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 dlc;k. If the flux gap sweeps only forty percent of a pattcri:i, then the read voltage 

will be forty percent of the voltage nraximum 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 tw<> 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~ servotrack amplitude, and a first data-track 

is recorded on the data side. The transducers arc again moved-in radially one half of a 

trnck, this t1me as indice:1ted by the first data-track amplitude, and a second phase 

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

one half or a track, as indicated by the second phase servotrack amplitude, and a second 

dal<.1-track is recorded on I.he data side. The transducers arc 1110\·ed-in radially another 
' 

one half or a track, as indicated by the second data-track amplilude, and a third phase 

servotrack is recorded on the servo side. The transducers arc movcd-ir: r;.ldially one half 

lira track, ns indic<1lcd by the third phase servolrack amplitude, and a Lhird data-track 

is rt'cordecl on the data side. This back-;111cl-rorl11 prugrcss i::; rcrcated until the entire 

two surfaces arc written. If to0 rcw or lcH> many tracks were lln:s written, the disk is 

....,;· 
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reformatted once more, but with a slight adjustment to step inward slightly more or 

slightly 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. 

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

servotracks and requires two heads working in tandem. Track-to-track bit sy!1chronism 

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

and adversely impacted. Transducer flying heigh~ 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-tr~ck read 

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

drives. 

i; 

JB M Technical Disclosure Bulle'tin, Vol. 3_3, No. 5 (October 1990) entitled "Regenerative 

Clock Tecbniquc For Servo Track Writers" suggests servo writing of a head/disk 

assembly afler 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 c::ich phase alternc1Lely as a source of clock information from which 

servo infor,mation in the servo sectors preceding c;ich dala liekl and further clock signals 

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

wrillen clock information can he read. The technique dispenses with a dedicated servo 

writer clock head and associated mechanisms. 
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International Patent Application No. W094/I 1864 teaches a hard disk drive comprising 

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 c~ase frequency oscillator coupled to 

the transducer for DC erasing of the dLc;k surface, a memory for storing digital outputs 

appearing at the ADC, and a controller ror 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 the digital memory. Bit-synchronism between 

tracks is maintained by writing an initial clock t~ack with closure and then writing a 

next clock track including a regular sequence of clock bursL'i a hair-track space offset 

such that the inilial 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 or the next track. A checkerboard pattern cf clock bursL'i is thus created. 

All ·subsequent tracks are built i,ncremcntally 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 bursts that interlace with the previous track's clock bursts. 

Background Art Specilic to Radial Self-propagation 

The process or disk file scrvowriLing using only the internal recording transducer and. 

pr:oduct acLU::tlor, referred lo as sclr-.c;crvowriling, involves a combination or lhree larg~ly 

dislincL sub-processes. writing and reading magnetic tr<insilions lo provide precise 

liming, rnsilioning tile recording transducer al a sequence or radi:il ltications using the 

varialion in readb;ick signal amPiilude as a sensitive position transducer and writino lhe • .._ ~ I .t"ll 
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actual product servopattcrn at the times and radial locations defined by the other t\\'O 

processes. The present invention addresses significant shortcomings of the radial 

positioning process, referred to here as self-propagation, as previously desc!ibed 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 

benefits with regard to servowriting cost (a') pointed out in the 1983 U.S patent No.· 

4,414,5.89 by Oliver, ct al. for example), has not yet been commercially realized. 

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

accuracy in the placement of the scr~opatterns as:compar7d with conventional 
. . 

servowriting. The requirements for ever closer track spacing in disk files makes highly 

accurate servopattern writing a necdsity. The co~t advarltages of self-propagation arc 

not sufficient to supplant conventional servowriting without addressing and solving the 

problem of servopatlern inaccuracy. T~vo factors contribute· to reduced servopattcrn 

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

mcchanical-"motion. ln conventional scrvowriters the radial positioner is an external 

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

high mass and stiff attachment to a l:.irgc granite block that has minimal vibration. 

Random mechanical motion or the recording transducer is therefore kept very small, 

a ncl the track shapes clcfinecl by the scrvopatlcrns a re a lmosl perfectly circu la.r. Errors 

tlrnt do occur arc totally u1icorrclatcd from track lo track, so compounding is never a 

consideration. Average track to track sp:1l:ing is accurately maintained through the use 

or a laser displacement measurement device. In self-propagation, the radial position 

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

one step or 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 described in . . 
Chaincr ct !il.. This is alSo implicit in the patent of Oliver et al., where the propagation 

. pattern io; physically overwritten at each step. This means that the readback amplit~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 pattern. ·However, 

random mec~anical 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 rhotion, thus making this solution unattractive. Also, the use of a low 

bandwidth servo requires long times for stepping and settling to the proper location, 

leading to increased scrvowrilc titnes and higher cost. 

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

written pattern edges, but there is no discussion or how this affects error compounding. 

In focl, they describe a refinement to reduce "hunting" and "dithering" or the actuator 

that most ljkely arises from just such a compounding crfccL In further discussion below 

it will become apparent that this refinement merely hides the presence of excessive err.or 

~-~impounding during the servowritc process, rather than actually eliminating it. 

Servopallcrn errors of different types have varying degrees or i;::port:ince with regard 

lo ultimate clisk file performance. The absolute radi~1I position oC each track on the disk 
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needs to be controlled only moderately well since regular updates of track cou.nt arc 

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

the average track spacing in absolute units is not especially tightly constrai~ed., There 

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

contained b~tween the inner and outer mechanical slops 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, b1:1t rather the ~elative spacing as compared to the recording transducer. The 

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

and using measuremcntc; from that head Lo set the 'track spacing for all heads arc 

generally effective for ensuring that the average track spacing 11_1eets 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 intJioduction of recording transducers in which the tead and write 

clements do nol coincide. A neep exists fOi a method to compensate for misalignment 

or these two elemenl<i such as arises frntn·varialions in normal manufacturing, as well 

as clrnngcs in their 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 lrack shapes :,c reasonably clnsc to circular in shape, lhc 

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

tracks will be read back on the same trajc.::ory as they were written. Thu< as long as . 
_adjacent tracks ;.1re distortccl similarly, absolute circularity need only be:maintaincd :· 

within fairly coc.1rsc bounds, determined b:· a desire Lo limil the rcpe<1tablc motion of Ilic 

<H:I ua !or to roughly cine head \.Vici th or s0. ~=- opposed !o read back 111 is-registration 

concerns which require a limit or a small r:-:~ctitir1 or tl:c head width. 



12 

The most important consideration for servopattern accuracy is local track to track 

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

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

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

errors) and, e\'en 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 determined by the radial separation between adjacent track locations as 

defined by the product servopattcrn 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 distance averaged around the whola 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. 
I 

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

loop follows accurately only up to a limited frequency, but it is a reasonably good 

approximation to simply take lhem as b'.eing identical. The general arguments that 

follow arc unaffected by this level of dct;:iil, but one 'youkl wish to include lhis effect 

when deterinining a precise product specification for lrack squeeze. 

1.n selling the minimum ~llowable :i;pacing, one must tc1kc into account I.he existence of 

rnndom n u.cluat ions a hnu t the tle.5i red lrctck loc:.llion (:is define<.! by the scrvnpa llern) 

th:il result from mechanical di.c:;turbanccs during actual file opcr<.?tion. One of lhe largest 

s.t~.urccs of disturbance. is the lurbulc11l wind blowing againsl the ~clllator from the 

spinning disks. The total amount of nuclual.ion, referred lc1 a:-> T.V!R (for track 

mi.<;-rcgislralion), defines a relevant scale for judging the require·-~ accur:icy of 

servo pa ll.ern placement. If servo pa llern errors :ire roughly cq u ;,: : to or greater llrn n the 
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TMR then a substantial fraction of the track spacing margin will be-required ·as 

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

servopattern placement errors arc less than about half the TM R, however,_furthcr 

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 burslc; of transitions located at intervals around the 

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

that the servo controller will attempt to 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 trajectory during 

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

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

closed-loop :response of the servo loop) the errors that were prc~cnt on the prccccling step 

together with aclclilional errors arising during the present step. Each aclclilional step in 

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

"memory" depends Cln the detailed closed-loop rcspClnsc of I.he the servo loop. Effects , 

tlwt result in Lrnck shape errors include random mcclwnical motion as well as 

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

prcipcrtics of the recording medium or in the nying height of Lhc transducer. These 

modul::ilion effects arc typically small compared lo I.he total data track \\'idlh bul arc 

often very repeatable from track lo track and can grow Lo very substantial IC'vcls if 
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compounded repeatedly. Uncontrolled growth of such errors can lead to excessive 

amounts of absolute track non-circularity. In 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 at. written track width modulation arising from nying height variations is 

described as a source of track shape error tliat hilpacts the self-propagation ~rocess. 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. lt is unlikely that track width · 

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

slep 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 
i 

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

accordance with our experiences and detailed analysis, intrinsic width modulation 

typically appears at the kvel of only a ~-cw percent of the track width, but grows through 

error compounding to much larger levels. IL is also clear th.al a signal that is discernible 

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

shape error that is far greater than the error signal itsclr. This follows from the ract thal 

the position error signal is merely the residual part of lhc undei"lying track shape error 

that the servo loop was un;.1hlc t11 follow. The procedure of cidjusling the target 

amplitudes while track [oll()wing so as to smooth lhc position error signal is one in 

which the underlying track.shape error is merely hidden, not eliminated.: Below, we. 

show that lhc detailed response or the servo !0(1p is critical to understanding the proble111 

or error compounding. Adjustments or the target amplitudes <1s described by Cribbs cl 

al. m~~y work Lo limit error growth with some types of' servo loops, but since no 
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srccilication of servo response is given, the-issue is left to chance. Even if the· smoothing 

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

required at each step in the process. This doubles the servowrite 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 mcchan"ical motion can be lowered through the use of a high gain servo loop, 

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

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

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

required space between data tracks, hence Lhf::Y result in lower disk file capacity. None 

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

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

error compounding, or even a.b~ut error compounding by itself. 

• 

/ 



> .,. 

16 

SUMMARY OF THE INVENTION 

According to one aspect of the invention there is disclosed a method for detennining 

the desired track pitch of tracks to be written on a storage medium of a storage device 

having a transducer, said method comprising: 

choosing an initial nominal average reference value; 

writing a transition on each of a plurality of said tracks, said plurality of tracks being 

less than a total number of said tracks, wherein spacing of said plurality of tracks is 

determined by said initial nominal average reference value; 

measuring a first relative amplitude of the transition written on one track of said 

plurality tracks and a second relative amplitude of the transition written on another track of 

said plurality of tracks; 

comparing said first relative amplitude and said second relative amplitude; 

positioning said transducer based on said comparing; 

repeating said measuring, comparing and positioning until said comparing indicates 

said first relatiye amplitude is substantially equal to said second relative amplitude, wherein 

a measured relative amplitude is obtained; 

comparing said measured relative amplitude to a predetermined value to obtain a 

deviation from said predetermined value; and 

determining a second nominal average reference value using said deviation, said 

second nominal average reference value being used to write subsequent tracks at said 

desired track pitch. 
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SINGAPORE PATENT 

GRANTED 

According to yet another aspect of the invention there is disclosed an apparatus for 

determining the desired track pitch of tracks to be written on a storage medium of a storage 

device having a transducer, said apparatus comprising: 

means for choosing an initial nominal average reference value; 

a pattern generator adapted to write a transition on each of a plurality of said tacks, 

said plurality of tracks being less than a total number of said tracks, wherein spacing of said 

plurality of tracks is determined by said initial nominal average reference value; 

means for measuring a first relative amplitude of the transition written on one track of 

said plurality tracks and a second relative amplitude of the transition written on another 

track of said plurality of tracks; 

means for comparing said first relative amplitude and said second relative amplitude; 

means for positioning said transducer based on said comparing; 

means for repeating said measuring, comparing and positioning until said comparing 

indicates said first relative amplitude is substantially equal to said second relative 

amplitude, wherein a measured relative amplitude is obtained; 

means for comparing said measured relative amplitude to a predetermined value to 

obtain a deviation from said predetermined value; and 

means for determining a second nominal average reference value using said deviation, 

said second nominal average reference value being used to write subsequent tracks at said 

desired track pitch. 
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I?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 between the propagation tracks, disk 

sectors and propagation buf$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 Lt~ a desired 'I.rack. 

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

shown in figure 4A arc Clllllbined to form a rosilion error signal. 

Figure 5 is a now diagram illustrnting lhe basic process steps for an alternative 

embodirne!ll or lhc rresent invention wilh many or I.Ile rrciccss steps being lhe sume (I.<; 

in figure 3. 

Figure 61\ is a plot of the magniludc of lhc closed loop servo response for a PIO servo 

conlrol loop having parameter values llwl rcsull in l11c closed loop response being less 

than one al mulliples of the disk rotation frequency or 90 Hz. 
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Figure 68 is a plot of the magniLUde of the closed loop servo response for a Pl D 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-circufa~.rity 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 to propagation step 60. 

Figure 78 is.a plot of the 180 Hz Fourier component of the track non-circularity as 

measured .for a self-propagation experiment using servo paramet1:1rs as shown in figure : 

7D together with a diagram illustrating the actual track shapes in which the outerm<>st 

track corresponds to pr'opagation step 60. 

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

and write clements arc at scpnratc posit.ions. 

Figure 88 is an ic..k::llizcd plot or the normalized rcadback <lmplit.udc versus off-track 

positinn that would be obtained for" recording trnnsduccr such as that shown in figure 

RA. 

f:igurc 9 is a diagram showing the locations of the v<iriou.s prop;igalion bursts in relation 

to user d<1l.a trcicks and showing" read clcmcnl rosilioncd .such llrnl it yicids equal 

rcadlrnck :1111plitudcs for <111 A and a D propagation bursl. 



20 

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

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

separate read and write elements as shown in figure 8A in which adjustmentc; to the 

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

the average rela~ivc burst amplitude al the A= D servo position. 

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

experiment a5 shown in figure lOA illustrating the accuracy with which the track 

spacing is held constant. 

Figure 11 A is a diagram illustrating the relative locations of A and B bursts in a 

two-h.urst amplitude servopattcrn together with the sector ID field and showing the read 

clement centered on the data track location. 

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

integrator type or product scrvopattcrn demodulator. 
' 

rigurc I 2 is a block diagram showing the circuit clements <.1ssociatcd witl~ the gated 

integrator type or pattern dc:110dulator. 

Figure I 3A illustr<ites the s<.1me features as figure 11 A for <.1 two-burst amplitude 

scrvnp<lllern but with I.he A burst clisplnced rndially as occurs for written-in TMR 

errors. 

Figure:-; 1313 1.0 I 3F illustrate the same signal wavcrnrms .-is in figures I I B lo I IF but for 

the erroneous servopallcrn burst location or figure I J/\. 
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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 medium 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 altO\'lS 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>oration of Sunnyvale 

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

it is understood that the writing of actual product servopatterns requires much tighter 
i i 

timing control, particularly when writing the servo identification fields and whenever 

writing phase encoded servo patterns. M~lhod::; for achieving such precise timing control 

' 
using the internal disk file recording transducer, in :J manner consistent wilh 

sclf-prnpagalion arc described in the rc.IHlccl U.S. Patent Application Serial 

No.08i028;044. 

A rcadback signal from a file read/write clcclronics circuit 2~ is connected to an 

amplitude demodulator circuit 34 the oulpul of which is converted to digilal form by an 

analog lo digital converter {ADC) 36 al Limes determined by Liming controller 32 acting 

i.n cnnccrl with a microprocessor seq ucncc controller 33. Seq u cnce controller 33 Ct lsc; 

accesses a memory 38 for storage anti retrieval or digitized read back amplitudes usc<.1 

by a divider 40. Sequence conlroller 33 with memory 38 also provide for the.storage and 

rclricva! of reference table values used by a subtracter 42 in creating lhc position error 
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signal (PES) that serves as the input to a digital servo controller 44. Sequence controller 

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 ~mptified 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'? emb~diment, the functions of divider 40, subtracter 42, 

-and digital servo controller 44 arc all achieved through the appropriate 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 pro19agation tracks 111, 112, 113, etc. as well as a division of each 

track into a number of sectors, \v,ilh a first sector 101 typically coming immediately after 
. . 

the disk rotation index as determined eilhcr by an index pulse from the disk spindle 
. . 

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

103 cont<1in-ing the amplitude bursts for propagation and a region 104, which is reserved 

for the use of the precision liming propagation system and for writing the actual product 

scrvopatlern including sector ID ffelds and either amplitude burst or phase encoded 

pall.ems. In one embodiment of this system propagation burst areas 103 will be 

overwritten with user data following servowriling. All of region I 04 except for the part 

containing lhc product serv<lpattcrn will also be overwritten with user data. Each 

1'lr(lp<1galio11 burst region is further divided into a number of slots 105 - 110 within which 

the amplitude burst patterns (A,f3,C,D,E, and F) for propag<1tio:; arc written. 111 this 

figure, the propag:ilion tr<1ck pitch is shown as one quarter of the assigned data lrack 
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width. For example, if lhc first user data traek is chosen to be centel·cd on p"i·opagatfon 

track I J 2, 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 4:1 

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

product servopatterns. Typically, t~c data track pilch 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 ~igure 2 by no~ing the relative radial locations of B and F bursL<> 

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

propagation tracks I 12 and I-16 respectively. 

The propagation burst pattern shown con·sisl'\ of a repeating sequence of 6 burst'\. This 

is useful because the bursts in 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 caivbe used to check the spacing of the propagation tracks relative to the 

recording transducer width v>'ithout having to propagate completely across a disk 

surface. This is described in more detail l:Her. The minimum number of slots required 

for propagation without such checking is 2. 

A typical number of sectors is 120 and a typical disk rotation rate is 5400 rrm, giving 

about 92 micrnscconds per sectPr. A typical slot time is 7 microseconcls. This is longer. 

than the typical amplitude burst duration used in a procluct servopatlcrn (I 
' 

microsecond) hut there is no loss or user data space with expanded propagation hurs~s 

since they will be overwritten lr.tcr. An advant"gc of longer bursts is th<lt they allc)\\' 

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

r:Hio which simplilies some or the digital servo loop computatilll1, particularly with 

regard tc) determining derivative or velocity rc!ate<I servo terms. Shorter burst times 
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·could be used if more lime is needed for timing marks and product servopattcrn writing 

in regions 104. 

Referring to the flow diagram of Figure 3, the iterative self-propagation process starts 

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

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

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

132, ·first propagatio1i track J J 1 (Figure 2) is written with A bursts in the first slot of 

each propagation burst region. Also, the first portion of the product servopattern is 

written withi.n region I 04 .of each sector together ~ith the precision timing marks. These 

may, for example, occupy only a small portiori at the beginning of region 104 on the 

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

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

may be writLen with their product servopattern in time succe$sicm throughout region 104 

by switching the write electronit;'i to select each recording transducer in turn (it is usual 

for each recording.surface to have its o~vn· recording transducer, all of which move . 
together on u single actuator). This first revolution in the process is referred to as a write 

rcvo I u Lion .. 

On Lhc ncxl rcvolulion of the disk, referred lo as Cl normoliz:.1lio11 revolution and shown 

as step 134 in Figure 3, sequence conlroller 33 sign;.ils /\DC 36 Lo sample cind cligiLize 

the dcmodulalcd read back amplitude during the lirsl slot of e;1ch sector and records 

these vc.1luc.<; in an A burst 1iorm<llizatio11 table in memory 38. 

/\fl.er ;111 scclors have been read in the 11ormc.1lizalinn revolution bul before lhe first 

propagation burst region 103 of the ncxl revolution Lhc parameters used in lhc servo 
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cClntrol voltage calculation arc set equal to predetermine<+ 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 

I 3R,.scquence controller 33 steps through the stored normalization table sector by sector, 
J 

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 subtract9r 42 .. ADC 36 continues 

digitizing th~ 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 the referchce track table entry for that sector minus the amplitude of the preceding 

A burst divided by the stored nqrmalizatfon 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 compute a new control voltage setting. This control voltage is adjusted by 

the servo ~pntroller after each sector .to· drive actuator 24 in a direction thal reduces the 

PES, i.e. toward propagation track 112. 

Once actu~1 I.or 24 has scltlcd Oil I (I the dc.c:;ircd loca lion for rropaga ticin track I 12 

(t.ypicnlly in about I quarter or a disk revolution) the p::irametcrs or the servo control 

voll:.igc calculation arc changed Lo another scl or specie.ii predetermined Values referred 

t.o :1'> propag:.1tio11 parnmelcrs Lhal arc L<1ifored to provide rejection of mechanical 

disturbances \\"ilhoul amplilication of lrnck shape errors. The manner in which these 

VCllues arc clclermincd is de.scribed below. Even though the step to the next propagation 
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track takes less than a full revolution, it simpli~cs nwltcrs to allow the revolution to 

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

parameters is done gradually with the propagation parameters being reached only al the 

end or 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 l40. 

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 completion of the product servopattcrn 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 . . 
bursL5 of transitions, B in lhe second slot of each sector. As before, precision timing 

marks and product servopatterns are also written in regions 104 on the sa1he recording 

surface and jusl product servopa,ttcrns on the remaining recording surfaces. Throughout 

this write rcvolulion, ADC 36 cont.inuc,'i cfigitizing the A bursts and servo controller 44 

maintains actuator 24 in a position such that transducer 22 slays close to the cfc.c:;ircd 

location of..,trnck 112. Each individual PES reading is used t<i adjust timing delay unit 

31 in a m<1nncr Lhal modulates the product scrvopallcrn as it is being written during the 

:.1<.lj;1cc11t region 104 or the disk. Dctaifc:; or this modufalion arc described later. 

Adtlit.ionally, the PES values during the write revolution arc recorded in a l<lhlc in 

mcnwry 38 for use l;1Lcr in calculating new reference Lrnck values. In one c111bodimc1~t, 

digil<ll rillcring c;1fculations ·arc performed <111 the PES v;1fucc:; a.c; they come in 

~;°cctm-by-scclor, resulting in complclccl rn111put;1lio11 or rilLering cocflicicnL vnlucs hy the 

encl oi Lhc \\'rile revolution. 
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The next revolution is a normalization revolution, !'tep 134, in which ADC"36 digitize$ 

6oth the A and B burst amplitudes, storing the B bur.;t amplitudes in a B burst 

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

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

slored refcre~ce track values. A new reference track table is also computed during this 

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

reference level determined previo.usly to be appropriate for the desired average track 

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

correction yalue 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 -arplied to the entire set or previously recorded PES 

values from the preceding write revolution. Some or this filtering computation may be 

accomplished during the write revofl!ltion 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 dc$cribcd later. It Le; copvenicnt to replace each reference track: table 

v<1lue ju$l after it is used for the compulation of a conlrol volt<1ge. Jn this way, the servo 

reference I.rack lablc during the normalization rcvoli1tion i~ utilized with its previous 

VC1lue.s but ends up containing its new values in preparation for the upcoming step 

revolution. 

··Switching to lhc n bursts for PES computations, the process repeats, and transducer 22 

steps tn the nexl propC1gation trnck, $LCp 138, followed hy a write revolution, st.er 132, 

in which C bur.sls, timing marks :md product servopattcrns arc wril.len, followed by a 

normalization revolution, step 134, in which the C bursts arc read back nnd stored in <1 
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normalization table. This continues (with A bursl" following F bursts) 1,mtil the desir:ed 

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-positioned write bursts. Subsequent rcadback 

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

signal. Figure 4A ilt"ustrates this 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 rel~tive amplitude equals the reference track 

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

desired propagation track location by an amo&nt E relative to the width of the 

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

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

of error that produces effects similar to TM R. 

Figure 4 B is a block diagram showing how the clements of the prcsenl invention may 

be combined ln form lhc sland~rd cnmpo1lc.nls or :'I servo ltmp <is they arc generally 

known in t.hc arl of servo-engineering, ;.1s described for example in the book "Modern 

Control Engineering" by I<. Ogata published by Prentiss-Hall corporation of Englcwo.od 

.Cliffs New Jersey, where lerms arc defined. The loop controller 150 is Ctlmprised of 

cligili1I servo controller 44, DAC 46, <•nd VCM driver 48. The "plant" l.'i2 is defined as 

comprising actuator 24 and recording transducer 22. The plant out.put X represents the 

absolute position of the recording transducer in units of relative head width. In 
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.sclf:propagation, the only observable signal is the position or transducer 22 relative to 

recording medium 26 but it is useful to c~nsidcr the ab.solute position X for the purposes 

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

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

position signal equals th_e sum of the absolute position X and the burst position error 

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

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

the sign shown next to the inco.rning 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 to produce. a non-circular trajectory 

that the servo loop attempts lo 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 lc>op response of a servo lo<lp be exactly equal to unity (in 

which case the controller gain wpuld approach infinity). Such a system produces an 

output that exactly follows the desired tra.jectory and is infinitely stiff against 

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

rrcqucncy dependent to avoid loop instability arising rrom unavoidable phase shifts 

(positive reedback). In typical servo loop applications, including disk file actuator 

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

disturbances within the constrainL'> of a finite snmpling rate, and the resulting closed 

' 
loop respon.'>c rises significantly above unity (I.Sor more) over a fairly broad range or 

rrcquencics .. No drastic corisequcnce.s arise f;·om this during disk file operation. In the 

present .c:;itualion, however, the response {(1 ~ ::on-circular Lrajcctory <11. a given 

rnipngnlion track is reproduced in the wrili!:g of the next propagation trcick, and Llinl 

rcc;pon.sc is reproduced ycl :tgain on lhe next :-irop~1gatio11 Lrac:k. The ch.,scd loop 
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response corresponds to a step,to-step err<.lr 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 = l 00 . 

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

of about n. The track to_ track error is still quite small, and only the less stringent limit 

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

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

absolute 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 of Fourier analysis is that any such repetitive waveform has a frequency 

spectrum containing non-zero :1111 plitudes only at l he discrete set or freq ucncics 

corresponding to integer multiples or the rcpcClt frequency, in this case the disk rotation 

frequency. Thus, the rclcvan t freq uencics :ll which l he closed loop response m usl he 

kept below unity arc all integral multiples or the disk wtation frequency. As a frequency 

dependent qu<.111tity, the closed loop rcsp('lnsc C is actu:1lly Cl vector or complex numbers 

hnving both a magnitude and a phCISe, With each clement Of the vector corresponcling to 

<1 pn rl icu l:i r Ill u 11.iple or !he rnt::i lion rreq ucncy. It is the 111 <"lgn ilude or cC1ch clemen l of 

the vector llwt must be less Lh:111 unily. 
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Choosing the servo loop parameters Lo ensure that the closed loop response is less than 

unity during \VTiling 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. In one embodiment desc~ibed 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 
' -

dudng 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(l-C) that must 

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

In this particular embodiment, the set of reference table corrections are computed by 

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

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

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

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

Lenn. As such, it is not possible to find an f that results in the magnitude of every 

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

clements of C arc all >I or all <I. Thus, the lime-domain approach l{l reference t:iblc 

correction can be useful in certc1in circumstances anc.l offer.'\ Lhc virtue of simplicity but 

docs not provide Cl general capc.bility of ensuring bounded error growth together with 

high gain servo performanc-e in which the magnitude of C exceeds unity. at some, but 

not all· frequencies. 
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As illuslrated in Figure 3A, an alternative embodiment that docs-provide this general 

capability is one in which the vector of PES values 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 complcx-va.luecl elements. Many possibilities for a digital filtering 

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

frequencies (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 multipHed by a 

complex-valued scale factor (the set of which comprise f). Then, as represent~d at step 

164, the transform is inverted using the scaled coefficients to produce a filtered time 

waveform. Finally, as illustrated al step 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 Engine~ring Hanclbook" published by CRC Press of Boca 

Raton, Florida. 

Rapid ancl cffident computation algorithms such as the F<1sl Fourier Transform may 

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

limited number of frequency cocfficienLc;, corresponding to perhaps a.s many as the first 

6 or 8 multiples of the rotation frequency, arc usually required. T0 ensure bounded . 
error grnwlh, only frequencies <it which the magnitude or the closed loop response 

e~ceeds unity need tn he included. !Ile factor r can equai zero !"or other r1:cqucncics, and 

corresponds lo simply trunc<1t.ing the Fourier series !r:111sfonn;;t.ions. 



33 

The compulatiC'ln of Fourier series coefficients involves summing the PES values times 

sine and cosine table values. Using a standard microprOCCSSC'lr such as an Intel 

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

microseconds per element 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 elements 

of S. The closed loop respons~ can be adjusted by means of the servo parameters t9 

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

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

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

this is a primary consideration. In considering lhc growth or systematic errors such as 

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

wr~te width modulation times (1 + C-S)j(l-S), where the base write width modulation is 

lhc Hmount or trnck widlh modulation thal nccurrs 3l each w;ilc step. The net track 

shape error is therefore very l:lrge if Sis close to I. Conversely, the curiwlalive effect. or 
rnndom mechanical motion is magnified if the step fact.or is cl:osen Lo be nearly zero, 

especially if C is close tn I. This occurs because the f;1ctor r its:!r becomes very large if 

C is close lo l. A p:1rliculc.ir choice of S lhal is found lo give c-..:cellenl results with the 

disk riles .c;tuclied so f:ir is 0.9. This reflects the foct thal. it is '':ore important to keep 

random errors small than il is lo maintain <1bsolule circularity ;if the lracks. Olhcr 

choices or stcr f<ictor S, incluc.ling complex-valued ones, may r:-nve to be optimum 
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dcpcnc,ling on the details of the diskttlc 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 complex algorithms 

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

corrections to 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 lo or greater than lhc 

disk rotation frequency. As shown in Figure 4 or the servo loop the PES = R - (X + E). 

The plant motion X due lo the l<mp is given by (R-E)(CLfl + CL), which for CL < < 

I is appro:<imalely zero and the PES becomes R-E, or the track <:hapc error. In practice 

the PES will have lo be avernged over several revolutions of the disk due lo random 

noise on the PES re.s~1lling from mechanical disturbances which arc now present due to 

the very low rejection by the servo loop. However, once E is measured I.he reference c~n 

he updated and lhe track error cnn be removed. 

Wit_l.1 <1 lypical disk file. requiring many lhous;rnds of slcps to servowrite, coi1trnlling the 

grnwlh or crrnrs is crilical. An imporlanl fca:urc of Lhc present invcn:ion is the 

recognition of this phe1w111enon ris being_ due to Lhcsc srcci:il rropcrlic;-; nf scrvc1 loops 

ac:: applied lo a repetitive sclf-propag~lion pro::css :ind the idcntifieali(1:1 ·c)f specific 

.. 
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remedies in the adjustment or the servo loop parameters to produce a desired closed loop 

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

to compute correcti9ns lo the reference track table values such that the stc:_p factor clues 

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

th~ 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-p;·opagation 

is guarantee.d, thereby ensuring a robust servowriting process. 

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

with th<' principles or the present invC'nlion, the writing of the product servopattern and . . . 

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

revolution rather than the write revolution as ddscrilied above ahd illustrated in Figure 

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

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

modified ncirma lization revolution I 34A decouples this operation from the writing of the 

propagalicin bursts during .3 modified write revolution 132A. Since the problem of error 

compounding requires special propagation parameters for the servo loop only during the 

writing or the propagation bursts, this decoupling makes it possible lo use much higher 

gains during the writing or the product scrvopalterns <llld timing marks. In particular 

the par:1mcl.crs mny result in a closed loop rc.c:;ponsc substantially greater than unity over 

a range· or frequencies inchiding multiples or the clisk rot:il.ion rrcquency .. This is 

acctm1plished in CJ new process step 133 in which. the servo parameters arc sel equal lo 

srccial rrcdclcrminccl values th:-it 11re tailored to provide low TMR. These parameter.<; 

would be determined in :1 manner similar lo Llrnt used in setting up the servo for nctual 

.. 
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disk file c)peration, i.e. the gain and band'l.vidth "would" be as high as possible consistent 

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

sampling rate as described above. A_ number of factors that would be rcc~~nizcd 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 operati.o_n. Thf!$e factors include for ~xample, the imp.roved signal to noi!'e 

ratio achieved by using relatively long duration servo bursts, and the possibility of using .. 
more expensive-electronic componenlc; such as ADC 36, DAC 46, and VCM driver 48 · 

in a .servowriter embodiment that is designed to be external to the product disk file. The 

reduced TMR during these operations results in lower random track to track errors and 

reduces the amount of random fluctuation in the amplitude of: the readback signaJ·from 

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

precision timing generati011 system of the self-servowriting system. 

Also shown in Figure 5 is an op.lional extra revolution step 135, that provides extra ti~e 

for the writing of product servopattcrn~ .. This has a disadvantage of increasing 

scrvowrite time but may be necessary if a large num_bcr of disk surfaces arc present 

. \Vilhin the disk file :lnd the rcgions·1ot.1 dedicated to timing marks and product 

servopattcrns arc too short to allow product scrvopatlcrns Lo be written on all surfaces. 

As in the above discussion, it is c.dvanl:.igcous to use higher servo gains during lhis extra 

revolution to take"aclvantagc or the lower TMR. The decoupling of the prnclucl. 

scrvopattcrn and timing mark writing can olso be :icc(1mplishecl by ~dding an extra 

•;~volution declical.ed to just this process rother than combining it with the normalization 

procedure. In an embodiment incorporating digit:tlly fill.creel P ES correction terms 

added to the servo reference it i::; po.">siblc Lo achieve reduced Ti\'1 R pcrfClr111:1nce :il all 

times. This eliminates some of the motivation for deC(lupling the product servorattern 
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writing from that of the radial propagation burst writing, but the alternative·· 

embodiments as described remain as potentially desireable alternatives. 

SERVO LOOP MEASUREMENTS 

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

was implemented using a personal computer together with a comi_nercially ava_ilable data 

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

Together with an amplitude demodulator, a VCM current driver, and a gated oscill~tor, , . 

the system was hookc~ up to an IBM Spitfire dLc;k drive and the 6 burst propagation 

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

together with a pha·se e~coded servo pattern generator controlled by art additional 

computer) was carried out using various servo loop paramrtcrs. Such.a system is 
! i i 

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

through an electrical connector, 'but it is conceivable that the circuitry can be reduced ... 
to just a few integrated circuil<; to be in~luded in every disk file for complete sland-al()ne 

self-servowriting. 

In this servo loop, the control voltage equals the sum or I) a proportional gain factor 

times the PES; 2) an inlegral gain faclor Limes the sum of all previous PES readings; 3) 

a dcrivati,~e gain factor times the difference between the presenl PES and lhe PES from 

the preceding seclor. These three gain factors arc the servo paramelcr.c; tlrnl allow 

·:acljusl111enl or the servo :closed loop respon.se (I.he rnlio or the position signal re.sponsc Lo 

a reference level rno<lulalion at a given frequency). The closed loop response al any 

frequency can be determined by .applying a known reference level nwdulali<'ll al that 

frequency while measuring the position signal response al the same frequency. This can 
.. 
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be ·accomplished without extra circuitry since the computer tlrnl functions as .. the digilal 

servo controller has access to the real time rosition 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 ·lo find those that provide the required property of having the closed 

loop response Jess 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 the peak of the response 

curvf(. Typically only frequencies up to about 5 times the rotation frequency are 

relevant. Also, rdatively large changes in servo parameter values produce only 

modbratc changes in the closed loop response, so a broad range of suitable parameters 

exist that provide both low TM~ and a closed loop response less than unity. This makes 

finding good parameters fairly easy, an~I allows brcalhing room for variations from file 

lo file in such parameters as head widlh lhal can ·effcclivcly change t.hc servo gains. 

Alternatively, standard mclhocls of servo loop ri1rnlysis can be used to calculate the 

closed loop response from a knowledge or the controller gains along with a model or I.he 

actuator dynamics. For the test :-ystcm the crilculalcd results clnsely 1m1tch the response 

data measured in the manner described above. The calculated lrC\nsfer functions for two 

~l_ifferenl sets of prnpagaliori parameters tlrnl were used in different tests of the system 

arc shown in Fig.<>. 6A and 613. The clot.s arc included to higlilight the first few mullipks 

oft.he disk rolCllion frequency. In Fig 6/\ the rrnportinnCll Cllld intcgrc;i g<:ill terms ~!;"C 

very snwll, while the derivative term (which acts like viscous clamping.) is ;:-wde large, 
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but not large enough to cause the closed loop transfer function to exceed unity. This 

servo loor operates with only about 20% higher TMR than the actual product sen'o 

loop. With this system, radial propagation over 16000 steps is achieved without 

significant growth of track shape errors (less than about 50 microinchcs peak to peak), 

and with track to track shape differences of only about 5 microinchcs rms. With the 

parameters as shown in Figure 6B the TMR drops lo 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 prO'pagate 

beyond ·abou~ 70 steps due to growth of track shape errors. 

This error grnwth is illustrated in Figure 7B in which the circular diagram shows the 

measured track shapes for the first 60 rropagation steps when using the propagation 

parameters of Figure 6B. The track shapes were measured by backing up after the 

i propagation sequence and holding the actuator at the average track location (using <ml~ 

a weak integral gain term in the servo loop) for each propag~tion track. The normalized 

readbaek amplitudc.c:: at each or the 120 ~cctors were then :-1vcraged for 100 revolutions 

of the disk to eliminate TMR effects. The resLilling waveforms were plotted as radial 

dcvhllions <"lf circular tracks. The scale ·is enhanced by a factor of ten to show the track 

shape errors more. clearly, i.e. the radial clcviatinn is plollccl I 0 times l<trger than the 

corresponding trnck to track separation. Al.so, the circles arc :ilso spread over a much 

greater appnrcnl radial extent than on the <lCLUal disk, where 60 steps represents only 

about 0.4'X1 or the disk radius. A similar diagram in Figure 7 t\ shows the first GO . 
prnpngalion tracks using the propagation parameters of Figure 6A. Herc the track 

shape errors :.ire basically random and show no growth. 
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The data plols in Figure 7A and Figure 7B show the magnitude of the 180 Hz frequency 

component (2x the disk rotation frequency) obtained by taking the Fourier transform 

of the waveforms consisting of the 120 sectors of rcadback signals around each track. 

In Figure 78, where the closed loop response has a magnitude of 1.029 at 180 Hz, this 

component grows rapidly, rising from about 3 mieroinches to about 16 mieroinchcs 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 68) results in ~ closed loop response greater than l at the first 5 multiples 

of the rntation frequency, -with a peak value of 1.31. Using filtering calculations up to 

th'c 8th multiple of the rota'.tion frequency with the factor f calculated so as to result in i · 

a step factor S =0.9 at all 8 frequencies, propagations of 16000 steps can be carried out 

wilhout substantial error growth (about 50 microinches peak-to-peak at most). Without 

the lillered PES reference track correc~ions, these servo gains would hav~ prevcnled 

propagation beyond just a few steps dt1c lo exponential error growth. The higher gains 

cut lhc TM R to about 50% or the typical file TMR, and result in substantially 

improved random track-Lo-track errors in the scrvopatlern. 

Pll\'SICALLY SEPARATE READ AND WRITI~ ELEMENTS 

111 Lhc discussion so far, ii. has been :.i.c;sumcd Lhat lhc recording read Lrnnstluccr and 

write lri1nscluccr arc one and the s~1me, :is in the typical inductive rcadiwritc elc111c1Tl 

commonly USl.!d. Recently, tran~ducers employing separate read an<.! write clements such 
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as the so called MR (magnctorcsistive)-t.ransduccrs have come inlo use, and require 

special attention with regard to.the determination and control of propagation track 

spacing 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 

with an off.c;et between read and write element centers. Figure 8B shows a plot of how 

. the normalized readback amplitude varies with the position of the actuator. Here, zero 

corresponds to the actuator position during the _write. The actuator movement required 

to reach a particular level of amplitude reduction depends on the read width; write 

width, and offset (and which direction of motion is·desired). It is desirable that the 

propagatio1_1 track.spacing be determined only by the read and write widths and.not be 

affected by the off.c;et in the elemenlc;. This is particularly important since the apparent 

off.c;et changes as th~ rotary actuator sweeps from the outermost to the innermost track 

in a· disk file (lhe spatial separ.ation of the read and wrilc clements along the actuator 

arm direction leads to different projected locations of these elements onto the disk track 

as the arm rotates). An importa,nt aspect of the present invention is the incorporati<ln 

of a method for eliminating this dependence on read to write clement offset in a manner 
' 

that requires no prior knowledge of the ·precise geometry of the head and which can be 

achieved s<_llcly lhrough measurements of readback ai11plitudcs. 

Figure 9 is a cli<igram of the 6 burst propagation pattern showing the relative IClcatic111s 

of the wrillen bursts in one of the propagation burs!. reg.ions. It is important for disk file 

d:.lla track spacing lh<1t, on average, the edges <lf adjacent tracks should h;we a specific 

amount of space between them Lo avoid overwriting of d::itn on one trac~ by a head that 

is supposed l!J be on the <"tdjaccnl track. f-or example it m:.iy be desired LhaL the data 

tr:.ick.c:; be 4 propnga ti on tracks <i part and have an a vcrage space between written tr:ick 

edges of 2) percent of the data track pitch. This is the situatin:l illust;atcd in Figure 9, 

.. 
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where user data tracks arc shown assigned to locations corresponding to propagation 

burst" A and E. In this case, propagation burstr; 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 Le; 0.50 if the cdgc.c; line up, greater than 0.5 if the edges overlap, 

and Jess than 0.5 if ~he edges have space between. Thus, the relative an:iplitucle al the 

A=:= D position is an indicator of whether the propagation track pitch is too small or too 
~ 

large and can be used to adjust the nominal average reference level used during 

propagation to correct the pitch. 

1f the rcadback amplitude varies linearly with position (a fairly.goocl approximation) the 

adjustment in the nominal average reference level for propa.g~tion. that is· required to 

obtain the correct spacing can he compulecl from the measured relative amplitude at the 
i 

A= D position. This can be seen by noting that a change ih reference level by an 

amount r results in a change in lhc relative amplitude at the A= D position of 3r/2 

because each of the 3 steps contributes '.a spacing change equal lo r, and the change is 

shared equally by A and 0. The nominnl average reference level should therefore be 

adjusted h'y an amount equal to 2/3 or the deviation or the relative amplitude at the 

A= D position from iLc; desired level. 

The meth~id of I.he present i1w:::n1io11 ~onsi.c;Ls of the fnllnwing steps. rirst, chcl(lse an 

initi:1l nominal nverngc reference value :ind propagate scvcrnl sleps (3 or more in Lhi~ 

case). Next, hnck up to a locn<.:011 such tlwl the rclHLivc <1111plitudc of ;rn A burst an·d 

I) hursl nrc cq11:1l. This is acc0111plished by 1e111pornrily re-de-fining the PES to be the 

dilTercncc between lhe relative <1111pliludcs of the A and D bursLc;. Using the rel:.iLive 

~1111pliludc or A (or D since tl!o::y arc now equal), compute t11c correction to the 
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rroragation nom·inal average reference level as described above and continue 

propagating. 

Preferably, this process is repealed 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 

parlicular read to write clement offset. Changes in the offset due to rotation of the 

actuator can be accounted for by repeating the process at regular intervals. In . 
·cxperimentc; 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_ve amplitudes at the A= D, B = E, and C= F locations. Also, 

only a fraction ( l /4) of the computed corre~tions to the reference level were applied each 

time to recl~ce 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 process required 11 revolutions of the disk and was performed every 40 

propagation steps (which take 120 r?v(llutions since each sl~p requires a write, a 

normalize nnd a step revolul ion). henco it increases the scrvowrile time by only about 

91!!.1. Figure I UA shows the nominal average reference level plotted versus propagation 

slrp number for a full run of 16000 steps, <incl Figure 108 shows a plot of the ·relative 

amplitudes at the A= D positions taverngecl with 13 = E and C= F) measured in the 

s::ime run. Herc the track pitch was chosen lo he sm;:illcr than t.hal shown in Figure 9 

(lhe 2.5% .space between wrillen dnta tracks shown in the figure i.<> actually higher th<1n . 
needed) so that Lhe desired relative amplitude al the A= D position W<lS set lo 0.62.5 

ralhcr th<ln 0 . .5. ll can be seen that this method works quite well al holding the track 

sp:.11.:ing consl.anl (~1s determined by I.he relative amplitude al the A= D position) by 

syslemalically ad.justing the propagation nominal average reference level. 
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A number of variations or this method arc possible. As already noted the desired 

relative amplitude at the A= D position may be set greater than 0.5 to achieve a Lighter 

track spacing. Another varialion is to 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 clemenl'i. Referring lo 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 i'i that the read clement be ahle to read a particular- burst 

with.out interference from the next burst over (the one in the same ~lot) several 

propagations tracks away. 

WRITE ERROR CORRECTlON 

i I The use or special servo loop pararricters (those that keep the step-to-step error 

amplification factor less than unity at all_._multiples of the disk rotaticm frequency) 

together with reference track correctio~s based or the PES <luring the '"''rites leads to 

great benefits in limiting the growth or errors in the propagation track shapes. Also, I he 

tr:.ick to tr~tck slwpe differences arc kept low by npernling the servo with parameters that 

provide fairly good rejection or mechanical disturbances resulling in low TMR. 

However, each track still cont.:.:ins some error due lo TMR from such disturbances. By 

its 1rnture .the product serv0p~ttern is designed lo e1H.:ndc relative head to disk position .. 

Thus, a written-in error due to TMR ~luring the servo\\'riLe process ultimately transl<J_tes 

_i.nf.(1 a corresponding error in lhc rnclial position me:.isurcmenl oblaineci"by the prodtict 

scrvop;1Ucrn demodulalor duri:1g subsequent file operation. J\n additional feature of the 

present invention is a tcchniqt:::- for reducing the effect. of this rcsidu;ll TMR on the 

appnrcnl shape of the product !'crvopallern. Essenti:.illy, the idea is lo use the PES of 
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the propagation servo loop to modify the product scrvopaltern as it is being written in 

a way that rcsulLo; in cancellation of the effect of the written-in position error when the 

scrvopattern is subsequently read back during file opera.lion. The technique involves 

both the servowrite propagation process and the servopattcrn readback process during 

file operation. A. preferred type of modification of the scrvopattern that is easily 

decoded by· the disk file during operation and simply implemented in the scrvowriter is 

time shifting of the servopattcrn relative to the servo IO field. 

As a first example of an embodiment of this process consider an amplitude burst 

product servopattern. In such a servopattern there arc typically 2 or more bursL<; of 

written transitions detected within specific time slots following the servo ID field. Figure 

11 A shows a simple two burst servo pattern ~n which the desired track location is 

defined as the location at which the rcadback signal from the A and B burslc; are equal. 

In a conventional scrvop.attcrn demodulator the readback amplitude is sampled and 

digitized near the end of eac-h dc.<;ignated burst time slot and represents a filtered average 

of tl~e burst amplitude. Figures I l B t~ f IF show waveforms associated with the 

demodulation technique of the present invention and Figure 12 is a block diagram of the 

circuitry involved. The readback signal is detected by a rectification circuit as in a 

conventional dcmodulalor but lhe output is run through a gated intcgral<lr circuit before 

being digitized by the A DC. The seclor ID del.cctor provides Lhc timing reference fwm 

which the fixed intcgr.ator gale signals and ADC trigger signals arc derived using 

delayed <lnuhlc pul.se genen.itors. The ADC is triggered lo digitize the gated integrator 

oul.ptil just prior lo the falling edge of the gate. This gale edge serves to reset the 

inli:'gralnr lo zero as well. Thus, the digitized burst .amplitude equals the rectified 

re<1dlrnck signal limes the amount of lime ovcrl:lp between the integrator gate and the 

dclectcd burst sign~1l. The rectified readbaek amplitude changes with the r::dial localion 
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of the written burst so it tracks the TM R during the writing. By intentionally alfcring 

the Lime at which the burst is written relative to the sector ID, the amount of time 

overlap between the integrator gate and the detected burst signal can be adjusted so as 

.to just cancel the effect of the TMR on the rectified rcas)back amplitude, resulting in a 

digitized burst amplitude value that shows no cffccLc; 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 gcneralor. 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 applic'ation.-

The meth~d for computing the proper delay is illusLrated it~ Figures 13A to I 3F which 

show a situation in which the A burst is radially mis-positioned due to random TMR 

during ser!towriting. 'In accordance '"''ilh the present invention, the time at which the A 

burst is written is shifted relative to the end of I.he servo JD field. For simplicity, it is 

nssumcd that the rc:-iclback signal varie_s perfectly linearly with off track position. 

Suppose the radial position error is a rraclion r or the read clement width and in lhc 
. . 

upward clirt;clion as shown in Figure l}/\. A good eslimatc c)f this n1di:il position error 

is provided by the PES of the sclf-prnpag;.1tio11 servo loop c.1s mc;.1surcd for the 

propagation burst region just prccc-cling the prrn..lt11.:t scrvopall.crn region in which hursl 

A is wriLLen. For pallcrn propagation procccuing from the I.op down the pal.tern 

prnpngation burst (nnl shown in this rigurc) would lwvc il.c:: lower edge coincident with 

the desired track l<)Ca Lion and rJ 11 error in posit.ion i 11 the LI pward di rcctiqn \\'Oll fd 

11roduce an increase in the rcadb;1ck ;i111plit.1.1de of the prop:1gatill11 burst. This produces 

:.1 PES reading cqunl to -f since the PES is the frnctional reference value minus the 

norm:.i lized read back am plitucle. Th·e prod ucl servop::i llern A burst normalized 



4J 

rec.tdln1ck amplitude is shifted by -f also, i.e. it is lower than it should be because the 

burst edge lies above the center of the recording transducer. This lowers the slope of the 

integrated signal. The integrator output signal at the time of the ADC 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 vis the rectified readback amplitude 

(normalized to the on-track signal) that is expected for no radial position error of burst 

A. V typically has the valu'c 0.5 since the two burst servopattern would define data 

tracks at the locations where the A and B burst amplitudes arc equal and the written . . 

burst edges are aligned as in Figure I IA. 

Errors in the B burst radial position can be cancelled in a similar manner but the time 

shifl must be opposite to that employed for A burst. This arises from the fa<:t 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 shirting the burst lo an earlier time to 

compensate. This is easily accnunl.ecl for l"iy having the micrnproccssor sequence 

ccmln,ller keep lr:.tck of which bt1rst type i-:; being written <rnd adjust the sign of the lime 

shift ticcon.lingly. 

A slightly .more complicated situ;:il.ion arises if lhe producl servopal.tern utilizes both 

edges \)fa given bt1rsl lo define different track locations or for hetween-lracl< positio~1 

error determination. For example the lm\·cr edge of the A burst may l~e used to define 

c111c data tr<lck location (in conjunction with the upper edge of the B burst) while the 

upper edge or burst A is used to define an adjacent data track location (in conjunction 

with the lower edge of a different B bursl). Writing the A burst later cancels the effect 
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of the radii:tl position error for the lower edge of the A i)ur.:;t but would doublc·the error 

as seen ::it the upper edge of burst A. A solution is to shirt_ the gate signals for these. 

alternate edge locations so the gate starts before the burst and ends during it rather than 

starting during the burst and ending after it. Thus, shifting the A burst to a later time 

would reduce the overlap time between the·gate and the detected burst amplitude signal. 

Jn 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 a 

pre-arranged assignment of.burst edges to data tracks. 

In lhe case of phase encoded servopatterns, the relative phase of the read back 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~c; during servcnvriting. No special modific<.1lion to the product 

servopattern demodulator is required i~ t!1is case. 

Rcgan.lle~s Clf the product scrvopallcrn type, the error cancellation technique requires 

th::H a correction be applied to bolh the product servopallern and the amplitude burst 

pnipag:.ition pallcrn :.il each step. If t.h.is is not dc);1e, the prop:1g;1ticin servo loop will 

allcmpt ti~ follow the written-in propC1gati1.1n p;ill.ern errors while wriling I.he next step, 

.<:(l an Hll im:.1ge or it will he trnnsferrecl lo all pallerns (prnpag~1lion bursts ancl prodL,~Cl 

s.c;rvnp:1ll.erns) written on the next step. This is equivalent. l~> having the errors C1P[K·':1r 

;.1ge1in one slcp later. As mentioned rrcviously, \Hillen-in errors behave just like 

moclul:.1tion or Lhc reference sig1wl in lhc'scrvo loop ;ind lhe response lo them is given 

by !he closed kiop response or the servo loop. Thus, the image that is carried forth to 
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-
the next step is given by the closed loop response times the written-in error sign~ls 

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 direclly 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 JF'.igure 4B, 

a mis-positioned propagation burst that causes a change in readback amplitude by an 

amount E changes the servo PES by an ai:nount -E. If the reference track value. R were 

increased from its nominal average value by the same amount E, the net rcst1lt would 

be. no change al all in the servo PES and therefore the written-in error would cause no 

actuator response at all. Referring to Figure 4A and bearing in mind that the 

prbpagalion proceeds in the downward· direction, il can be seen that duri.ng the write 
' 

of the mis-positioned burst the ~ecorcling transducer was shifted too far down, resulting 

in a read back signal smaller than the desired value. Since the PES is lhc reference minus 
; 

the position signal; Lhc PES during the 'write would lu1vc been higher by an amount E. 

Thus, writ~en-in errors can be eliminated from the prop:ig;Jl.inn scrvopatlem by adding 

the PES values obtained during lhe write revolution to the nornin;il avcrngc reference 

value l.o ere<tlc I.he reference table values used on the next .step. 

This process of modifying the reference table values wn.s de.scribed earlier in the 
.. 

discussion of error compouilcling. In the simplest embodiment the reference table is. 

corrcclcd by a ractor f times I.he PES recorded during the write rcvolulion.· Prom the 

above discussion il is clear that the most effective error cancellation is achieved with this 

f~1ctnr r equal Lo I. However, Lile introduction of reference 1.Clble corrections leads to a 

... 
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modi(icd stability criterion ir-r which the step-to-step error amplification fact.or 

S = C + f( 1-C) must be less than unity. From this expression it can be seen that if f is 

exactly l, S will also equal I and errors 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 net track-lo-track random errors in the servopaUern 

arc proportional to the TMR times (l-f). Thus, while f= I is best, very significant 

random error cancellation can be achieved just by being reasonably close to t: The same 

analysis applies in the more sophisticated embodiment employing digitally filtered PES 

corrections, where f is a vector of complex-valued •elements. l n thLc; case one would_ 

choose particular values of the clements of the step factor S so as to result in all clements 

off being as close Lo 1 as possible (provided the magnitude ofS itself is kept less than 

l). At higher frequencies, where f=O as a result of truncation of the Fourier series 

filtering caleulaLions, the random error cancellation will becpme ineffective. However, 

in general, the TMR itself 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 lhe alternative embodiment shown fn Figure .5 involving decoupling or the writing. of 

the product servopattcrn, the PES used I.cl motlulatc the product sei·vopattcrn would not 

be lhc .same as that. u.scd for computing lite reference table corrections. 

Other methods <1f modultiting the product scrvt1p<11.lcrn to allow random TM R 

c:.111c:ellalic111 be.side llwse described above can be devised by tlw.se .skillc(I in the ::1rl. · 

Examples include nwdul;.1ting tl:c frequency or the duration of amrlitude burst pallcrn.s 

coupled with wrre.sponding detection circuil ry included in the i1roduct .SCiYop:1t1crn 

demodul:ilor. The nm·ci a.speci. tif the pre.sent invention· wnsis:.s of using. the rc:1l-t.i111c 
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PES signal during scrvowriling lo allow correction of scrvora ttcrn position errors as they 

arc written. The modification of the self-propagation reference table values based on the 

PES is also 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 

refcren~e table values based _on averaging the PES over several revolutions while lrack 

following. The purpose of the correction is also very different than anything described 

in the priQr art since it is specifically designed to reduce rand_om track to track errors· 

and must be _coupled to error cancellation in the product servopattern in order to be 

effective. 

lt wjll be understood that t~e present invention may be generalized to the writing 

patterns on a medium that moves repetitively. While such motion may constitute· 

successive rotations of the rinediurn as d~scrihed a1bnve it may also constitute any 

repetitive motion including rectil,incar and reciprocating motion. Thus, any medium may 

he decorated over an tlfea using the self propagation principles described herein. 
I 
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1. A method for determining the desired track pitch of tracks to be written on a 

storage medium of a storage device having a transducer, said method comprising: 

choosing an initial nominal average reference value; 

writing a transition on each of a plurality of said tracks, said plurality of tracks being 

less than a total number of said tracks, wherein spacing of said plurality of tracks is 

determined by said initial nominal average reference value; 

measuring a first relative amplitude of the transition written on one track of said 

plurality tracks and a second relative amplitude of the transition written on another track of 

said plurality of tracks; 

comparing said first relative amplitude and said second relative amplitude; 

positioning said transducer based on said comparing; 

repeating said measurmg, comparing and positioning until said comparing indicates 

said first relative amplitude is substantially equal to said second relative amplitude, wherein 

a measured relative amplitude is obtained; 

comparing said measured relative amplitude to a predetermined value to obtain a 

deviation from said predetermined value; and 

determining a second nominal average reference value using said deviation, said 

second nominal average reference value being used to write subsequent tracks at said 

desired track pitch. 

2. The method of claim 1, wherein said transducer comprises a separate read 

element and write element. 

3. The method of claim 1, wherein said determining comprises subtracting a 

fraction of said deviation from said initial nominal average reference value to obtain said 

second nominal average reference value. 

4. The method of claim 1, wherein said predetermined value corresponds to a a 

desired gap between said tracks to be written. 
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5. The method of claim l, wherein said measured relative amplitude is equal to a 

sum of said relative amplitude of the transition written on said one track and said relative 

amplitude of the transition written on said another track. 

6. An apparatus for determining the desired track pitch of tracks to be written on a 

storage medium of a storage device having a transducer, said apparatus comprising: 

means for choosing an initial nominal average reference value; 

a pattern generator adapted to write a transition on each of a plurality of said tacks, 

said plurality of tracks being less than a total number of said tracks, wherein spacing of said 

plurality of tracks is determined by said initial nominal average reference value; 

means for measuring a first relative amplitude of the transition written on one track of 

said plurality tracks and a second relative amplitude of the transition written on another 

track of said plurality of tracks; 

means for comparing said first relative amplitude and said second relative amplitude; 

means for positioning said transducer based on said comparing; 

means for repeating said measuring, comparing and positioning until said comparing 

indicates said first relative amplitude is substantially equal to said second relative 

amplitude, wherein a measured relative amplitude is obtained; 

means for comparing said measured relative amplitude to a predetermined value to 

obtain a deviation from said predetermined value; and 

means for determining a second nominal average reference value using said deviation, 

said second nominal average reference value being used to write subsequent tracks at said 

desired track pitch. 

7. The apparatus of claim 6, wherein said transducer comprises a separate read 

element and write element. 

8. The apparatus of claim 6, wherein said means for determining comprises a 

subtracter adapted to subtract a fraction of said deviation from said initial nominal average 

reference value to obtain said second nominal average reference value. 
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9. The apparatus of claim 6, wherein said predetermined value corresponds to a 

desired gap between said tracks to be written. 

10. The apparatus of claim 6, wherein said measured relative amplitude is equal to a 

sum of said relative amplitude of the transition written on said one track and said relative 

amplitude of the transition written on said another track. 


