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elates in general to data recording devices and, nore particularly, to the
measur enent of and conpensation for non-linear bitshift in data recording
devices. It is well known that when recording closely spaced data bits
(such as dibi%$%_%ggasnon-linear comuni cation nedium such as a nmagnetic
di sk or an op Eik sk, the position of the bits my be shifted. This
shift, which is called nonslinear bitshift, degrades the perfornmance of
known data detection seRgimes-séhy as the PRM '
(partiaI-response-naﬁfﬂﬁhwlykpli @ed) detection schene, since these

det ecti on schemes areﬁﬁa%gﬂwﬁ;;gh “assunption of a |linear channel response.
It is possible to combensdt'g thg n8AM RREXPINA PEHFt effect by shifting the
data bit positions during data wiffhg. However, to design a conpensation
schene, the nagnitudEng'thejnon;y, ear bitshift nust be known. .
Unfortunately, neasurﬁﬁg\lhe nonAl-i/near bitshift has proven difficult; the
prior art has accompsiinhettisnclgeissin aarsrel del JatdyreroadingodeviephReti cat ed
and expensi ve ogui QIR 2,96V S knd HebAREndiR U8 bhd Gofipknbattign i foremin-hinearbeen
proposed for neasudring non-linear bitshift. One is to conpare the data bit-
response wit h hisehiftcth ft EpF9TGiR A8V4G8ntify the non-linear bitshift. A

second :

It is well known that when recording closely spaced data bits

(such as dibits) on a non-linear communication medium, such as a
magnetic disk or an optical disk, the position of the bits may be
shifted. This shift, which is called non-linear bitshift, ' deg;ades the
performance of known data detection schemes such as the PRML
(partial—response—maximum—lﬂ;elihood) detection scheme, since these
detection schemes are based on the assumption of a linear chapnel

response.

It is possible to compensate the non-linear bitshift effect by -
shifting the data bit positions during data writing. However, to design
a compénsation scheme, the magnitude of the non-linear bitshift must be
known. Unfortunately, measuring the non-linear bitshift has proven
-difficult; the prior art has accomplished such measurement only by means

of sophisticated and expensive equipment.

Several methods requiring such equipment have beén proposed for
measuring non-linéar bitshift. One is to compare the data bit response
with isolated transitions to identify the non-linear bitshift. A second
uses a specially designed pseudo-random sequence to determine an impulse
response. The non-linear bitshift is then measured as an echo at a
known position. A third uses a Volterra modelling technique for
characterizing non-linear distortion in mégnetic recording channels.

All these methods require complicated data manipulation and high

precision waveform recording. Thus, all are complex and costly when
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uses®a speci ally desi gned pseudo-random sequence to determ ne an inpul se
vesponse. The non-linear bitshift is then neasured as an echo at a known
position. Athird uses a Volterra nodelling technique for characterizing
non-linear distortion in magnetic recording channels. Al these nethods
require conplicated data mani pul ati on and hi gh precision waveform

recordi ng. Thus,S88r99-8%% conpl ex and costly when 2 used to provide
routi ne nmeasurenent of non-linear bitshift such as that required in a
manuf act uring Or 2@ Q’oaéﬂ'og?@% rg\r}élnlnré0£ e U%%Y-ﬁeTH%lLsN\J{E’Nr qn\las that
According to one'*aspec rRvent |on ere 19 disel ose at a

recordi ng devi cé‘eﬁ‘aKFIeﬁgchrﬁ?@H%%ﬁtPW‘me OEWFW@éreWYPF@WPﬁ corrprl sing: a
data storage surface; and neans for recording a data pattern on said data

storage surface, sai dcglr g:attefrn cQ r| S|rng a Lgrﬂgl jnt npt se3 havi ng
ps er el ervt reﬁresents

spaci ng appr oxi rrateld)é repr sente %t FhE equat |
the polarity of srpeidedn éat%éecqu#mrdem eonarisleqUeﬁe‘gﬁ W@R%mnérﬁ“l S

to be elim nat edyiting data to and reading data from a data storage surface; amplitude
detector means, responsive to a predetermined periodic data pattern
recorded on the data storage surface, the predetermined data pattern
comprising a plurality of pulses having spacings such that at least one
harmonic of the data pattern has zero amplitude, to measure the
magnitude of the data pattern at said harmonic when the data pattern is
readback from the data storage surface; and processor means for
processing the data to compensate for non-linear bitshift in accordance

with the measursd amplitude.

A data recording device is provided with a system which measures
and compensates non-linear bitshift. The sfstem is.based on the use of
special complex data patterns. Thesé data patterns have in common the
property that when their data bits, or pulses, are writﬁen without
non~linear bitshift, certain harmonics of the fundamental frequency of
the chosen data pattern are nulled, or eliminated (i.e., they have zero
amplitude). However, if some data pulses are shifted due to non-linear
bitshift, the "eliminated" harmonics reappear and exhibit nonzero
amplitude. The amplitudes of these .harmonics are indicative of the
magnitude of the non-linear bitshift. Once the magnitude of the

" non-linear bitshift is known, an offsetting adjustment is applied to the

data recording device to eliminate its effect.

The compleﬁ data patterns created according to the present
invention have two principal features. First, the patterns are
generated so that they incorporate within themselves the particular bit
environment (such as a dibit) for which non-linear bitshift is to be
determined and eliminated. This feature allows application of the
invention to relatively simple data patterns frequently encountered in

the course of data transmissions. Second, the patterns can be made

- ecet Has Been Reﬁaced
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N represents the nunber of pulses in one period of said data pattern, and
c1Lerr] represents the tinme distance between the n-th pulse and the first
pul se in said data pattern in the absence of nonlinear bitshift. According
to anot her aspect of the invention there is disclosed a data recording

devi ce having conpensation for nonlinear bitshift, conprising: a data

st or age surfag _thegeceiving data; pattery generation neans.for generating
a data patternhaving a nulled frequency, said data pattern conprising a
plurality of pulses having spacing approxi mately represented by the
equation [ errlndeheftave to sRiREees 3ft fonal inead uBEtsWihee thanvAelineds t 0 be

et i m nat ed, represents_the nunmber .of | ses | i rj | d dat a
pattern, andl\tﬁtéﬁ?’{t're 8 SSRFEES Y lle?rengasnteg%gcgo%e ﬁ%%né gpgrlF?ﬁ;epul se and
the first pul Setpredsant] ofiathe port-iénearibitshiftapioiration saamer near bitshift;
data READ) WRI TE neans for witing said data pattern onto said data storage

surface and readi ng back said data, pattern fro | d data stqrage .surface;
anpl i tude detecto %ﬁ?ﬁ“?’iﬁ’erﬁ‘;"g’gg’r"@ﬂbs £h2 ﬁ’i&b’{»ﬁe??&é ko i ﬁgeﬁ’@gg‘g‘&gk data
pattern at samdlling ppettefrnedweekimingtednon-linear bitshift from data streams.

The first embodiment uses an empiricgl approach, placing a problematic

bit pattern in a harmonic nulling data pattern, iterafively minimizing

the amplitude of the "eliminated“ harmonic by shifting relative to one

another the bits comprising the problematic bit pattern, and then

storing the best fit bit spacing for later use in pre-shif;ing data

patterns to compensate for the expected non-linear bitshift. The second

embodiment uses an analytical approach which applies in the case of a

dibit recorded on a magnetic storage device, placing a dibit pattern in

a harmonic nulling data pattern, determining the_amount and direction of

bitshift associated with the "eliminated" harmonic corresponding to the

bit spacing of the dibit, then varying the spacing of the dibit, forming

a néw harmonic nulling data pattern, and repeating the determining step

to form a compensation plot for later use in pre-shifting data patterns

to compensate for the expected non-linear bitshift.

Viewed from another aspect, the invention provides a method of
measurement of non-linear bitshift in a data recording devicg having a
data storage surface, the method comprising the steps of: reading back a
data pattern from said data storage surface, said data pattern, when

" recorded, comprising a plurality of pulses having a nulled harmonic
frequency of zero amplitude; measuring the magnitude of the readback

data pattern at said nulled frequency.

There is also provided a method of compensating for non-linear
bitshift in such a data recording device, the method comprising
measuring the non-linear bitshift as set out above and converting said
measured magnitude into a compensation factor for use in non-linear

bitshift compensation of subsequently recorded data.

N L.



3. processor neans for converting said nmeasured nmagnitude into a
gconpensation factor. According to still another aspect of the invention
there is disclosed a data recordi ng device having conpensation for
nonlinear bitshift, conprising: a data storage surface for receiving data;
pattern generation neans for generating a data pattern having a nulled
frequency, sgigdoglakg pattern conprising g plurality of pul ses having
spaci ng approxi mately represented by the equation [err] wherein w
represents a frequency whose conponent is to be elimnated, N represents

t he nunber of plLEmbedinentDRE fher iv@nbionsSeild 6kai Be @abérdbed, ByiGhay [ofr I |

represents t ' | S c e - e N LESt pul se in
sai d data patte 1dBat), DhAC FordELiRC 9°n£§ﬁ§i%&%“?’agﬁngh‘?‘%%}?“qgéf“é%ﬁb/ VR TE
means for witing said data pattern onto said data storage surface and
readi ng back sairigdat aspiigkaghicél eepSaeftaladm i3l tagdng W patiediappldet ude
detector ne rsali;%dnﬁ%sygzja‘glgﬂ}she magni t ude of the readback data pattern at
said nulled Trequency; and proéessor neans for converting said neasured
magni tude into a conpensation factor. According to still another aspect of

the invention th&ge 3 SsH gehphS6sl FepRIsBRELtO®Sn illustrating a symmetric pulse

train and its harmonics;

Fig. 3 is a graphical representation illustrating a dibit pulse

train and its harmonics;

Fig. 4 is a graphical representation illustrating a readback signal
of a harmonic eliminating data pattern according to the present

invention;

Fig. 5 is a block diagram illustrating a non-linear bitshift
compensator embodying the present invention;
Fig. 6 is a block diagram illustrating a PRML recorded data

detection scheme with compensation embodying the present invention.

I. Development of Harmonic Nulling Data Patterns and Determination of

Nonlinear Bitshift

In order to appreciate the specific aspects of the invention as
* applied to a data recording device, it is helpful to uhderstand the
signal processing fundamentals underlying generation of harmonic nulling
data patterns and determination of non-linear bitshift. The following
description explains these signal processing fundamentals and the
relationships derived from them that form a part of the present

invention.

Figs. 1(a) and 1(b) illustrate in the time domain and the frequency

domain, respectively, frequency components at integer multiples of W



measuring nonlinear bitshift in a data recording device, conprising the
isteps of : generating a data pattern having a plurality of pulses with
spaci ng descri bed by the equation [err] wherein w represents a frequency
whose conponent is to be elimnated, N represents the nunber of pulses in
one period of said data pattern, and T[err] represents the tine distance
bet ween the #2%1P%0PA%e and the first pulsB in said data pattern in the
absence of nonlinear bitshift; witing said data pattern onto a data

storage surfage; REPL OﬁVE SHEE readin k_said data pat.tern
from said datwgefée[ 8o agg\“suf‘%\raggg%ggﬂne&éggfﬁ??fﬂ t Eégrrﬁed’ﬁle' eungg tg'te ﬁ%ﬁﬁ near
bitshift in tthain.canfbhBK deprasentist thsnfrravenrali noprenentie equati on wherein
kwferr] represents the kth harnoni-c of the fundanental frequency of said

data pattern, [err] repre er;%zs the,a#gl'tude gf t he Fth_harrmnic rr]

represents the afip rteugoé“"gc R PREIPHE IR BB G P A8 8T ST o
delayed pulses from Fig. 1(a). Fig. 2{a) illustrates a series of
equally spaced transitions, in which a symmetric pulse train has a
spectrum as represented by the illustration in Fig. 2(b), wherein

-ij/Z)

(1) X(w) = B(w)(l-e c

When w is an even harmonic of L <-z-:'w']"/2 is unity, and X(w) wvanishes

regardless of the magnitude of P.

Fig. 3(a) shows an example of a periodic data pattern known as a
dibit sequence. The spacing between the two bits in each dibit is T/4.
~The spectrum ‘of the dibit sequence is illustrated in Fig. 3(b), wherein

(2) D(%) = P(w)(1-e IWT/4)

In this case, the 4th, 8th, ... 4nth harmonics will vanish.

" In general, the spectrum of a given periodic data pattern can be
expressed as:

: -3wT2

(3} Y(w) = P(w)(1+a2e + a

3 “Iwly

5 + ... + ae )

where a = +1 or -1, representing the polarity of the pulse,
T2<T3< cee <'1'N and Tz cee TN represent the time distances between the
first pulse and the 2nd, the 3rd, ... the N-th pulse in the pattern.

Various harmonics of the fundamental frequency may be eliminated by

choosing T, ... TN-so that Y(w) vanishes, as illustrated by the above

2
examples. In this case the above general expression takes on the form:

—]sz | -JwT3 -]wTN
(4) 1+ a.e + a

2 e + ... + a.e =0
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transitions with frequency werr], and [err] represents the magnitude of
*nonlinear bitshift. According to still another aspect of the invention
there is disclosed a nethod of conpensating for nonlinear bitshift in a
data recordi ng device having a data storage surface for receiving data
conprising the steps of: (1) generating a data pattern having a nulled
frequency, sgbdeglgk@ pattern conprising 3 plurality of pul ses having
spaci ng descri bed by the equation [err] wherein w represents a frequency
whose conponent is to be elimnated, N represents the nunber of pulses in
one period of sard data pattern, and T[err] represents the tine distance
between the n-th pulse and the first pulse in said data pattern in the
absence of nonlinear bitshift; (2) witing said data pattern onto said
data storage surface; (3) readivfy back said data pattern from said data
storage surf@ge; (4)1 weasurd g the=rmgagni tude of the readback data pattern
at said nulled frequenc¥ézaﬁh (5) converting said neasured magnitude into a
conpensation factor. According to still another aspect of the invention
there is disclosed a magnetic recordi ng device having conpensation for
nonlinear biyhsfd ft rungOflii $itB0somd ERIBLNIA1S NOLROR SUFlAEfquiRiNs: for

recordi ng a ta . pattern gn.aid magnetic storage surface, sal d data
. 9 dg?hh the vafhe og function é’in equation ( is zero. It should be

noted that many harmonic eliminating patterns are possible.

In the case where the recording medium is a magnetic storage
device, the alternating polarity of the data pulses dictates alternating

values for a. and equations (3), (4) and .(5) become, respectively,

-ij2 -jWTB- N '—ijN
(6) Y(w) = P(w)(l-e - + e - e =(-1) e )
-JwT2 -JwT3 N -ijN
(7) 1-~e + e - eee =(-1) e =0
and
N n+l --ijn —
(8) 1+E (-1) e =0

n=2

The general process for creating a data pattern Héving a nulled
harmonic is as follows. A bit pattern is chosen, the bit_patterh having
N22, a user specified frequency w, and containing the bit environment
(such as a dibit) for which it is desired to determine non-linear
bitshift. The bit time spacings of this pattern are designated to be
T2 e TN' which in general are subject to a number of constraints due
to the chosen bit environment and possible limitations on the ability to
place transitions in specific locations, as would be readily appreciated
2 vt TN
to yield the spacings necessary to achieve a spectral null. Due to the

by one of skill in the art. Then equation (8) is solved for T



pattern conprising a plurality of pul ses having spacing according to the
«form1100. . . (mMOs)100 . . (nOs) 1100 . . (MO s)100 . .. (nOs) wherein
mand n are integer multiples of 6; .3b nmeans for readi ng back the
recorded data pattern from said magnetic storage surface; neans for
measuring the magni tude of nonlinear bitshift in said readback data
pattern; and ne@ngofgs converting said neagured nmagnitude into a
conpensation factoor. According to still another aspect of the invention
there is disclosed a magnetic recordi ng device having conpensation for

nonl i near bi t sdunBtraists ¥y i si-nTy, equrtdore( 8L mey wramay Bokr bacwlvailer edéindtng

data, pattern gepgh@lban (fEansis alaedens il Iopﬂgﬁaﬂ%@tmt taﬁ,aneqmiaag &
nul | ed frequen % sai d da% attern corrprl Si 1%5 JO ural it ul ses 'havi ng
spaci ng accord’r 8918 fHue |° TthO‘ N+1°( MOSSHERSHSS 1s Reﬁﬁ?é? 31 enough
(mO s)100. .. .bits@re)addedr nendlearmhenccms&amtsagwpammblei piimSe@fatﬁqn day.a

READ/ VR TE rreaﬂgaiﬂr Wéetéﬂqgcée%'g&l%aﬁ&tgﬁﬁ &gr&egﬁgao faiid FBORQT idnitor age

surface and readi ng back said ta pattern rom sal d mag netic stor age
surface; anpl i%hee TaRTEEeYT ehkesks. FBFh ﬁéd?ﬁi’l‘ﬁ@“ﬂ’fémhé@%ﬁttsude of the
readback dat a peattiseynegative WRITE current asymmetry, and magneto-resistive head

positive/negative READ asymmetry. If the péttern is found to be
susceptible to any of these extraneous non-linear effects, it may be
further modified by adding additional bits and again solving

equation (8) for the bit time spacings.

II. Use of Harmonic Nulling Data Patterns to Eliminate Nonlinear
Bitshift

In accordance with the present invéntion, two alternative schemes
are provided for exploiting the harmoni? nulling patterns to eliminate
the non-linear bitshift effect. First, using an empirical approach, a
measurement mode is provided wherein a problematic bit pattern (éuch as
closely spaced dibit) is placed in a harmonic hulling data pattern and
the test pattern thus formed is recorded on the data recording device.
The amplitude of the "eliminated" harmonic is measured. Then the bits
comprising the problematic pattern are shifted relative to one another
and the amplitude of the "eliminated" harmonic is re-measured. The
process is repéated until the amplitude of the "eliminated" harmonic is

" reduced to a tolerable level (or zero). The original spacing of the
problematic bit pattern and the input bit pattern spacing necéssary to
achieve it are saved. Another problematic bit pattern spacing may then
be chosen and its corresponding input bit pattern spacing determined,
and so on until a correction table of problematic bit pattern spacings

and corresponding input bit pattern spacings is formed.

When the measurement mode is thus completed, a compensation mode is
provided wherein problematic patterns in a complex data pattern are

first identified. The spacings of these patterns are then referenced



‘at said nulled frequency, and processor neans for converting said neasured
«magni tude into a conpensation factor. According to still another aspect of
the invention a method of measuring nonlinear bitshift in a data recording
device, conprising the steps of: generating a data pattern conprising a
plurality of pul ses having spacing according to the form 1100. .

(mO s)100. . .sEO®HPP61100. . . (NMO s)100. 8 . (nOs) wherein mand n are
integer multiples of 6; witing said data pattern onto a data storage

surface; reading back said data pattern from said_data storage surface;
determning a H%Qnﬁeuﬂ%r%f’t_’é’ai tble Arsstibed A°9vs 3nd é?‘ﬁ cé’trreaspﬁg‘g‘é‘gl’é‘é’%d
har noni ¢ of sabit galtterpabacings =ei ektpactedl e Fisallpartienseridepiighdfiedien i n

~accordance Wi ! luhbhatRdigardl, f8ARrk-Romdh 8 St M nsRN dndle ! e h 112
magni tude as a #%asune of nonlinear bitshift for the data pattern.
Accordi.ng to seffefFtaidtisepriedpdt the daty reperddng d8¥ihere is di sclosed a

magnetic recordi ng device having conpensation for nonlinear bitshift,

ﬁggﬁre't ISICglgl yar \é\fgjﬁ\aeg?iet%rg%%% BRI oGO ENT bREoREN AL Yarl @l vt 1¥aQ
approach. The analytical approach applies in the case of a dibit
recorded on a magnetic storage device, where only one bit (the second
bit) shifts and that one bit can be clearly identified. 1In the _
measurement mode provided for the analytical appfoach,'a dibit sequence
is placed in a harmonic nulling data pattern and the test pattern thus
formed is recorded on the data recording device. Thé amplitude of the
"aliminated" harmonic is measured. The amount and direction of bitshift
associated with the measured amplitude is determined and plotted as a

compensation factor.

In general, for small bitshift 8§, the amount of bitshift may be

approximately determined according to an equation having the form

(9) (20 )| = kw 8[X(kw )|
where kw° is the k~ harmonic of the fundamental frequency of the data
pattern, ]Z(kwo)] is the amplitude of the kP harmonic, which ig_to be
eliminated, & is the magnitude of the non-linear bitshift, and Ix(kwo)l
is the amplitude of the kth harmonic of equally spaced transitions with
frequéncy LA x(kwo) may be @etermined by separately writing equally

- spaced transitions (a simple periodic pattern as shown in Fig. 2),
reading them back, and measuring the amplitude of the kth harmonic. The
direction of bitshift is determined by purposely shifting the data
pulses by a known amount during writing. The non-linear bitshift either
increases or decreases the known shift depending on the direction of

non~-linear bitshift.

Once the amount and direction of bitshift for one dibit spacing is
determined, the bits comprising the dibit sequence are shifted relative

to one another and the harmonic nulling data pattern adjusted to



3c conpensation means for receiving encoded WRI TE data from said WRI TE
encoder adjusting the spacing of said encoded WRI TE data; a WRITE dri ver
for receiving adjusted encoded WRI TE data from sai d conpensati on neans and
converting said adjusted encoded WRI TE data into a correspondi ng WRI TE
current; a rrag}g?etic head and storage surface, said magnetic head receiving
sai d WRI TE dafA?-8%t%®sai d magnetic storage® surface; a READ anplifier for
recei ving and anplifying readback data from said magnetic storage surface;

a READ data g %%L%ﬁ%n a@guﬂ%&?&‘%rhi%nf?”%%r EéngxgaactngS 061 68 | ¥nd ReucCed
pul se train into Binary data fornj sald’conpensation neans | fcluding
pattern generamplékp $he Seliuinatedt”| brymenigamenspead e9ainhavhe gauniupedd
frequency, sa%ﬂedeﬁoa <ﬁ;bhﬁ§hﬂf€@§ﬁd§l diSt &) wathd khe ?g%iuy'ed)famﬁlﬂtﬁ@é)i ibad{ié:gg
spaci ng accordin the for S e LNO s
(O s)100 . .39%¢ %éeg‘fmfl."? a %‘@]lé’?ge&ﬁ @Fétm%ra‘)ﬁ’ﬁ'p Haren, ’%ﬁcgalé'r E'll"rr}fﬁ tiples of
6; and proceseoceste s srepertedr wdtil rry graphoeih dilsidt . spatifigec versus dhitghifitocessor

means i ncl udi nGmpERAEidnOFactel Pridl divaogded® Magni tude of nonlinear bitshift
when said data pattern is witten to said magnetic storage surface, said

magni t ude of nonlinear bitshift being determ ned according to the equation
When measurement mode is thus completed, a compensation mode is

providéd wherein a complex data pattern is pre-compensated for expected
non-linear bitshift. According to the compensation mode, the data
pattern is analyzed to identify the first transition for which
hon-linear bitshift is expected, that is the first transition which is
closely preceded by another transition. The spacing between the
transitions is referenced into the graph of bit spacings versus bitshift
and the appropriate pre-compensated bit spacing is determined therefrom.
Then analysis of the dgta,pattern-proceeds to identify the next
transition for which non-linear bitshift.is expected. The appropriate
pre~compensation is determined for this transition, and the processi
repeats until pre-compensation is completed for the entire data pattern.
Finally, the pre-compensated data pattern is recorded on the data
recording device.

The compensation mo&e further provides an offset for the effects of
cumulative shifts caused by multiple nearby transitions in a complex
data pattern. The data pattern is analyzed and each transition is

* pre-compensated substantially as described above with the additional
step of summing the individual effects from all preceding nearby
transitions to determine the proper cumlative pre-compensation. Thus,
for example, if the data pattern contains four closely spaced
transitions; then the compensatién_mode determines and pre-compensates
the expected bitshift of the second transition caused by the presence of
the first transition, the third transition caused by the presence of the
first and second transitions, and the féurth transition caused by the

Presence of the first, second and third transitions. All the separate



[erf] wherein kwferr] represents the kth harnonic of the fundanental
+frequency of said data pattern, Z(kwferr]) | represents the anplitude of
the kth harmonic, | X(kwferr]) | represents the anplitude of the k[err]
harnoni ¢ of equally spaced transitions with frequency werr], and [err]
represents the magni tude of nonlinear bitshift. PREFERRED EMBODI MENTS OF
THE | NVENTI ON spoSAR-086€)- 066 ' 10 4 Enbodi nents of the
invention will now be described, by way of exanple only, with reference to
t he acconpanyi ng drawi ngs, wherein: Fig. 1 is a graphical representation
illustrating a shdf¥sodre dptdrméned by refiexbneisy hlse melevast thamsitPon spating

gr aphi cal "epr e8!l Giiph IdeUBiY Shldified vENEIPL iU Se train and its

harnonics; Fig. 3 is a graphical representation illustrating a dibit pul se
train and its harnonics; Fig. 4 is a graphical representation illustrating
a readback signal dm addiaiqmmmeekdmmmm@ &t aofr@hssrion andées dhaig to the
present ' analytical approach provides a check mode which evaluates and improves

upon the predictive power of the equations discussed above by iterating
on the measurement and compensation modes. In check mode, a
pre-compensated dibit pattern is chosen and placed in a harmonic nulling
data pattern such that the resultant spacing of the bit pattern within
the harmonic nulling data pattern should produce an eliminated harmonic.
The test pattern thus formed is recorded on the data recording device.
The residual non-linear bitshift is determined as a function of the
amplitude of the "eliminated" harmonic, and the graph of dibit spacings
versus bitshift is adjusted accordingly. The process may be repeated to

iteratively perfect the non-linear bitshift compensation scheme.
III. Description of the Preferred Embodiment

According to the preferred embodiment of the present invention, a
magnetic storage device is chosen as the recording medium and a dibit is
chosen as the'problematié bit pattern. The cl#ss of harmonic
eliminating data patterns calculated according to equation (8) with N=3

assumes the following general form:

1100 ... (m0's)100 ... (n0's)1100 ... (m0's)100 ... (n0's)

" where bits are separated by one clock period, a "1" indicates a
transition, a "O" indicates no transition, and m and n are integer
multiples of 6 (m and n include the two zeros shown in the above
pattern). The pattern consists of a dibit and a single bit spaced
relatively far from the dibit. The number of O's between bits
determines which harmonic is eliminated. One full pericd of the
pattern, containing 6 1's, is shown. Since-the first hdlf and the
second half of the pattern are identical, the pattern is obtained by the

sum of three delayed isolated transition pairs.



invéntion; Fig. 5is a block diagramillustrating a non-linear bitshift
sconpensat or enbodying the present invention; Fig. 6 is a block diagram-"
illustrating a PRML recorded data detection schene with conpensation
enbodyi ng the present invention. |I. Devel opment of Harmonic Nulling Data
Patterns and Determ nation of Nonlinear Bitshift In order to appreciate the
speci fic aspecisaofp-bdc I Nvention as appligqgd to a data recording device, it
is hel pful to understand the signal processing fundanmental s underlying
generation of harmonic nulling data patterns and determ nation of

non- | i near bitshif Fig.ThesHowk| 0Whal)tdeer tepresamtatiphafna tybisd Bamosic.

processing TUngaRRiehs AeEriaha! LBNILAT BN KEfkoLIAMMRERAD! g1 m 2

part of the present 1 nvention. 5. l'ustrate 1n the tinme
domai n and t he SPPEEHRFEY PdRRattemedpecti vel y, frequency conmponents at
integer multiples of w, - SA9-90-066 5 where
werr] = 2[err]/T is the fundanmental frequency, P(t) represents the pul se
train, and P(w) represents its frequendy*idbrponent s{n+2)kn

—— —f—

(10) Y(kw ) = X(kw ){1l-e m+n+3 v e WA

where kwo is the harmonic under consideration and X(kwo) is the
amplitude of the kth harmonic of equally spaced transitions with
frequency w, as shown in Fig. 2. When both m and n are multiples of 6,
i.e. m = 6p and n = 6q, the (2p + 2q + 1)th harmonic is exactly zero.

The bit pattern of the prefegred embodiment includes three
particularly advantageous features. First, the pattern incorporétes a
dibit as the bit environment for which non-linear bitshift is to Se
eliminated. The dibit is an ideal starting point for a compensation
scheme bec;use it forms an atomic pattern with which more complicated
patterns can be analyzed. Second, when the pattern is written onto a
magnetic storage surface in the presence of non-linear bitshift, only
-the second bit of the dibit will undergo shifting relative to the first
bit. This is advantageous because it means only one shifting bit must
be dealt with in the atomic pattern. Third, the pattern is insensitive
to sources of non-linear effects other than non-linear bitshift
resulting from closely -spaced databits, such as hard transition shifts,

’ pdsitive/negative WRITE current asymmetry, and magneto:resistive head
positive/negative read asymmetry. This property is important because it
enables the bit pattern to automatically remove extraneous non-linear

effects from the non-linear bitshift elimination scheme.

As discussed in Section II, the present invention provides two
alternative schemes for exploiting harmonic aulling patterns to
eliminate non-linear bitshift: an empirical approach and an analytical
approach. In accordance with the preferred embodiment, the empirical

approach includes a measurement mode wherein a dibit is placed in a

3 ~—



A nore conplicated peri odi-c. data pattern can be viewed as suns of del ayed
‘pul ses fromFig. 1(a). Fig. 2(a) illustrates a series of equally spaced

transitions, in which a symetric pulse train has a spectrum as represented

by the illustration in Fig. 2(b), wherein (1) X(w) = P(w)(1l-ef[err])
When wis an even harnonic of w, e[err] is unity, and X(w) vani shes

regardl ess of the magnltude of P. Fig. 3(a) shows an exanple of a periodic
data pattern kn8MT293%68 di-bit sequence. ThelZpaci ng between the two bits in
each dibit is T/4. The spectrumof the dibit sequence is illustrated in

Fig. 3(b), wher P(w) (l-e ) Inthls case, the 4th,
8![ % . ( )4nt h hgéru[r?r“gélg%gu Liiee ‘P%ﬁ P?ﬁteé“ng%gﬁ%‘[rté};eg AR FPSREFBEea gi ven
peri odi c data pBtassrenedts ofcthexeldwinmted’ hafi®pic are maii(a \gorresponding to

P(w) (I +af[err] teL%ﬁ’lbué‘ s@&ﬁﬁ:&* QerEﬂé sé’cond B'itgéiﬂ‘t&l %éf{rﬂ’ Li1athed %ngi’hre fﬂ:sgr -1,
representin u se,

T grr] . 'gll'[ erg tDP‘éplrleé% Fa’f“ﬁgl‘i iLRePey PLimiAReS b%f“é\%%ﬂz?%e "f’ier%‘i“ﬁiﬁ d8 and
the 2nd, the 3ruepeated with khe hapwinde nublingedqtatpattarn Mailitoaduhd ramaiifeseraf

the fundament al i{sequUQBGHt BBNe: §t%| menétc%gﬁé%&h@&ie“& B bpacindd Shd | SO

that Y(w) vanishes, as._.illustr t he above exa S case the
above g(general eSPFEERORG PG, LpRE oF % SRRCigs - When the peaguzpmeng|nade) 1s+

a[err]el[err] +Jgqmplgﬂagprqhg[qpmpknsaﬁlon mode operates substantially as described in
Section II, wherein the problematic patterns identified are dibits.

The analytical approach of the preferred embodiment includes a
measurement mode wherein a dibit is placed in a harmonic nulling data
pattern as described above and the amplitude of the "eliminated"
harmonic is measured and used to approximately determine the magnitude
and direction of non-linear bitshift accordiﬂg to equation (9) in the
form

[20w )| = kw _8|X(kw )]

The process is repeated with the harmonic nulling data pattern built
around different dibit spacings to form a graph of dibit spacings versus
bitshift. When the measurement mode is completed the compensation and
check modes operate substantially as described in Section II.

Fig. S illustrates in block diagram form a non-linear bitshift
' compensator for use in the data channel of a magnetic disk according to
the preferred emboaiment analytical approach for the present invention.
As shown, compensator 110 includes pattern generétor 111, switch 112,
switch 113, bandpass filter 115, ampliiude detector 117, processor 119,

memory 121, and compensation controller 123.

Compensator 110 performs non-linear bitshift measurement and
pre-compensation adjustment. It has three modes at operation:
MEASUREMENT, COMPENSATION, and CHECK. In MEASUREMENT mode, switch 112

connects pattern generator 111 to WRITE dfiver 130. Pattern

-



SA9- 90- 066 - 6 or [err] where n runs from2 to
sone chosen limt Nand wis the frequency at which the value of function Y
in equation (8) is zero. It should be noted that many harnonic elimnating
patterns are possible. In the case where the recording nediumis a nmagnetic
storage device, the alternating polarity of the data pul ses dictates
alternating val ug gq_ro galerr], and equations;{3), (4) and (5} becone,
respectively, [er% he general process for creatl ng a data pattern having
a nulled harnonic is as follows. A bit pattern is chosen, the bit pattern

having N err] 2, Qeﬂé'irEforSlDﬁC cfdftds fd Qﬂtﬂigﬁﬁte% haamgcanteahmnageat,ha hulled

envi ronnment (such_as a djbit) f.or ' de Ire d

non- | i near bi tshFﬁ nﬁlfei“b: 2\? Wi c\é\{gﬁmaﬁas *of éatap%&gm ?%ﬁé%egf%tegt ed
to be T[err] ... omjoeand reathback Eromenthoapgenfisks (isjteghovnd vdarfibgbrarmet
constraints due ggnnyRerreha@sgReli indiaaix{gomfﬁﬂtaﬁeéi: A9 Shd!f@ad i M tations on

i ) o by OB LRI ek e e B

Tlerr]... T[err]£filter 115, which passes the nulled frequency component and removes
other frequency componenﬁs. The filtered signal is then fed through
amplitude detector 117, which measures the magnitude of the nulled
frequency component. The result is then converted into a compensation
factor by processor 119 according to the method and formula of -either
the empirical approach or the analytiéal approach discussed above;'and
stored in memory 121 for later use by compensation controller 123. In
order to implement the analytical approach a separate write-read-measure
operation is required, consisting of writing an isolated transition,
reading it back, and measuring the amplitude of its kth harmonic,
X(kwo), for use in determining the magnitude of non-linear bitshift from

the magnitude of the nul%ed frequency -component.

It is to be noted that the éoﬁpensation factor stored in memory 121 may
include the table of numbers described above in connection with the
empirical approach, a formulaic representation of the graphical curve
desc:ibed above in connection with the analytical approach, a set of
tables or graphs, each member of the set applicable to a particular
portion of the disk, or any other information format describing a
compensation approach developéd according to the above~described method
" and formulas. Also, the contents of memory 121 may bé stored
permanently on a feserved part of the disk until the next calibration is
performed. Further, the disk may be split into a plurality of bands,
with a compensation factor calculated and stored separately for each .
band. Depending on the stability of disk drive components, calibration
may be repeated; it can be performed after the drive is built, every
time the power is turned on, every few hours, when correctable error
exceeds a predetermined limit, etc. Finally, bandpass filter 115 may bg
implemented according to any of a variety of techniques well known in

the art, including a simple indudtive-capacitive network, or may be



to yield the spacings necessary to achieve a spectral null. Due to the
. SA9- 90- 066 7 constraints T[err]...T[err],
equation (8) may or may not be solvable. If not, an extra bit (T[err]) is
added to the original pattern, and equation (8) is again solved for T[err]
T[err]. The process is repeated until enough bits are added to render
t he constrai nt sa%ee0q6i bl e with equation (8. Finally, once an acceptable
_pattern is created, it is checked against other non-linear effects, such as
hard transition shifts, positive/negative WRITE current asymetry, and

magnet o- r esi st FYStIRNRALH GeRRingd Mish ATPLAFuAE ABtertoRidf rin 2| HeterRéYPRt tern i s
found to be susteptudel thdtocdnvered thd aableaxfregieryScampondnit Neaanarhéects, it

may be furt herﬁ[g&g'hge‘jyg%é)&&dggmgi &éﬁopggnig;ées_ and agai n sol ving

equation (8) for ‘{1 me spaci ngs. Use of Harnonic Nulling
Dat a Pat_terns to El i mnate Nonlinear Bitshift I n accordance with t-he
present invention, 14 \COMFENEAFTOR o8, SSWAEHE $1 P k6nrREDY icdabnkaiofXpl 0i ting the

harmonic nullin ter 0 Jr.nat e e -1 i [ fect.
First, using aﬁ&é:?r?a)fllrefca é%ﬁ‘rﬁ%%ég] ,.waerrr{e%éu%g eﬁ‘tsg"er;l%ée%n;sﬁ%rl%%/ilgéd wherein
a probl emati c biceiyrs eegaded JREFE gdgta 125 from external circuitry. Compensation

controller 123 applies the compensation factor stored in memory 121 to
adjust the relative spacing of the data pulses, and then passes the data
pulses to WRITE driver 130 for recording on the'storage disk. The
compensatian provided by the spacing adjustment effectively cancels the
non-linear bitshift effect. Thus, when the'reqorded data is read back
from the storage disk, the detection scheme cah correctly anﬁicipate the

locations of the data pulses.

CHECK mode is a combination of MEASUREMENT mode and COMPENSATION
mode. In CHECK mode, switch 113 connects pattern generator 111 to
compensation controller 123. A data pattern from pattern generator 111
having a nulled frequency is fed into compensation controller 123 as
write data. Memory 121 supplies compensation controller 123 with a
previously generated compenéation factor to act on the data pattern.
Switch 112 connects compensation controller 123 to WRITE drive;;lBO, and
the adjusted data pattern is recorded on the storage disk. The data
pattern is then read back from the storage disk using READ
preamplifier 150, and the residual non-linear bitshift is measured by

- bandpass filter 115, amplitude detector 117, and processor 11§. The
result may be used as described above, that is to indicate the
effectiveness of the compensétion factor and to provide further

iterative modification for the compensation factor.

Fig. 6 illustrates in block diagram form a PRML recorded data
detection scheme embodying the present invention. As shown, the system
includes encoder 100, non-linear bitshift compensator 110, READ ’

preamplifier 150, and equalizer/decoder 160.



cloSely spaced dibit) is placed in a harnonic nulling data pattern and the
stest pattern thus fornmed is recorded on the data recording device. The
anplitude of the "elimnated" harnonic is nmeasured. Then the bits '
conprising the problematic pattern are shifted relative to one another and
the anplitude sg%_éohgss"el i m nated” harnoni ggi s re-nmeasured. The process is
repeated unti ™ The anplitude of the "elim™hated" harnonic is reduced to a
tolerable | evel (or zero). The original spacing of the problematic bit

pat t gr nAanflht he i rmr&pebatioagt%reaabxsmire@megmm Jat=0 16T ifi@v extdrnal e
saved. Anot her .prabl ematic bi a spa its
correspondi ng ‘ﬁlﬁi}t}?%ia{‘ap"&?{‘%’ﬁ%g%B‘&gﬁaag%ﬁg?%“ﬁ‘%a‘;‘%ﬁgtggl%ﬁ:ﬁ}% ‘%
correction t alpudseoftrameb| Norhinepr Ritspiftt eampensgber 142 xgAtvEs rrEsPsRtthg

I npult ?I fj pat LRk %R@f !ana%aﬁéstfsomaeénte}éhag sﬁéﬁn&&ﬂstﬂégﬁrﬁe teade tos thus
conpl eted, a conpensation nbde is provide rein.pro ic patterns in
a conpl ex dat §°%“Féﬁ1 the é‘°f"|('j]r‘§‘Fa’i' %éfﬂ\{'ﬁ"?\: é*&%\g’?heass Sgs(ﬁrrjf%g%%o‘%hegég atterns
are then ref eredpasted encGi@ GRLTEGEata is then received by WRITE driwen A3 yhich

correction tablg descid bad ahQe.gRdaidiemaet QsPatdi NGei wHITE daiienat t ern
spaci ngs are extracted. F%all%ﬁthe series of shjfted ig‘,ﬁ“; bit patterns,

now pr e- conpePEETe thrpuoh ¢ hgad within, recprding head torage
disk 140, where it is thereby recorded on the storage disk. When the

recorded data is to be read back form the storage disk, READ
pfeamplifier 150 receives and amplifies the readback signal from the
magnetic head. Equalizer/decoder 160 receives the amplified signal,
decodes (i.e. detects) the pulse train, and provides at its output RERD
data 161 for connection to external circuitry. Since the non-linear
bitshift effect was compensated before the data was written to the
storage disk, the pulses comprising the readback signal are detected at
their expected locations, and the number of readback errors generated by

i equalizér/decoder 160 is reduced. i

There has been described a method of measuring non-linear bitshift
in a data recording device, comprising the steps of: generating a data
pattern having a plurality of pulses with spacing described by the

equation

N n+l -ijn
1+ 2 (-1) e
p=3

wherein

w represents a frequency whose component is to be eliminated,

N represents the number of pulses in one period of said data
pattern, and

Tn represents the time distance between the n-th pulse and the
first pulse in said data pattern in the absence of non-linear bitshift;

writing said data pattern onto a data storage surface;



efféct, is recorded on the data recording device. The alternative to the
renpirical approach is an anal ytical approach.- The anal yti cal approach
applies in the case of a dibit recorded on a magnetic storage device, where
only one bit (the second bit) shifts and that one bit can be clearly
identified. In the nmeasurenent node provided for the anal ytical approach, a
di bit sequence §38-39-88%d in a harnonic nul I¥ng data pattern and the test
pattern thus forned i's recorded on the data recordi ng device. The anplitude

of the "elimnated” h nic is sured. The anpu n ' ' of
bitshift associ at ed'eﬁﬁ%trnﬁo?a}?% %%gg% gdp‘%%ﬁ i} ﬁod“es]'?u’sdﬁl 2 _ergil:'népﬁé%%gir:\ of &Ffed
as a conpensat idshexfmdping the magnitudeof rfoorlingar bibshish|imt theeregdbagk, datmpunt

of bitshift mpabee APRER¥ IRt € ¥néaigBitiioned according to an equation having
the formJ[err] where kwferr] is the k har noni ¢ of the fundanent al

frequency of the data pattern, [err] is the anplitude of the kth harnonic,

which is to be eli izt o, = [kvzg&l]x(k%)ﬂ'he magni t ude of the non-1linear

bitshift, and [err] is the anplitude of the k[err] harnonic of equally

spaced transitions with frequency w. X(kw ) may be determ ned by

separately witing "@ﬁ’ﬂ%ﬁnl y spaced transitions (a sinple periodic pattern as

shown in Fig. 2), neqdiepgedentatbackth batomizasfiithefunfaneniyd Framienayl of he k
it

harmonic. The dig ;(ygtggmt')i tshift is determ ned by purposely shifting
t he data ‘

|Z(kw°)[ represents the amplitude of the kth harmonic,

|x(kw°)l represents the amplitude of the k™ harmonic of equally
"spaced transitions with frequency Wor and

&5 represents the magnitude of non-linear bitshift.

The mefhod can further comprise the steps of: shifting the spacing
I of said pulses by a known amount prior to séid writing step; and
. determining the direction of non-linear bitshift in the readback data
pattern according to the difference between the magnitude of non-linear
bitshift and said known amount of shift.

There has also been described a magnetic recording device having
compensation for non-linear bitshift, comprising: a magnetic storage
surface; and means for recording a data pattern on said magnetic storage

- surface, said data pattern comprising a plurality of pulses having
spacing according to the form

1100 ... (m0's)100 ... (n0's)1100 ... (m0's)100 ... (n0's)

wherein m and n are integer multiples of 6.

means for determining the magnitude of non-linear bitshift in the

recorded data pattern according to the equation

[z¢kw )| = kw 8[x(kw )]



pulses by a known ampunt during writing. The non-linear bitshift either

s increases or decreases the known shift depending on the direction of

non-1inear bitshift. Once the amount and direction of bitshift for one
dibit spacing is determned, the bits conprising the dibit sequence are
shifted rel atj ye ne anot her and the harnonic nulling data pattern

adj usted to éA\é%%%-OGG ' gy 9 maintain an
"elimnated" harnonic, the test pattern recorded, and the anplitude of the

"elininated" har nRQL&nRASUESLBNR Phe KPR nafRHEE 2NehedkdREhdrea OF bitshift
associated with the neaswted anplitude is once again determned and plotted

as anot her cdTPEHRRGY i¥ns414c822 P8 B ocess i s repgated until a graph of
di bit spacings vedz¢ke )i tephédants chepapd ditudo roff log &) hasmadéwel oped. When

measur enent nmode ajiﬁkvﬁ)‘l'_sre%%@n@& e %&Eggxﬁg FLAL ﬂtm‘i&gﬁﬂﬁc RIEOY 4 efl, Wher ei n

a conplex data pattem i s pre-conpen or expected non-li1near bitshift.
Accor di ng t o SPReeL SFEAtIanE grithotreauenss wat3rdpattern is anal yzed to
identify the firs régr@Béntsi the hadnivbde bf mon-lina@abitshtisthi ft i s expected,
that is the first transition which is closely preceded by anot her

transition. The spaci ng between the :
ile the invention has been particularly described and illustrated

with reference to a preferred embodiment, it will be understood by those
skilled in the art that changes in thé description or illustrations may
be made with respect to form or detail without departing from the scope
of the invention. ¥For instance, the non-linear comminication medium to
which non~linear bitshift measurement and compensation is applied need
not be a magnetic disk or an optical disk; it may be an optical fiber
network or a magnetic tape system or_any_other system subject to

non-linear effects.



transitions is referenced into the graph of bit spacings versus bitshift
‘and the appropriate pre-conpensated bit spacing is determ ned therefrom’
Then anal ysis of -the data, pattern proceeds to identify the next transition
for which non-linear bitshift is expected. The appropriate
pre-conpensation is determned for this transition, and the process,

repeats until pigsecoppensation is conpleted, for the entire data pattern.
Finally, the pre-conpensated data pattern T's recorded on the data recording
devi ce. The conpensation node further provides an offset for the effects of
cunul ative shifts caused by nmultiple neathms ransitions in a conplex data
pattern. The data pattern is analyzed and each transition is

pre- conpensat ed substantially as descri bed above with the additional step
of summ ng the individual effects fromall preceding nearby transitions to .

determ ne the propleraagénpég@,tdllyg Ao oSGt on. Thus, for exanple, if the
data pattern contains four closely spaced transitions, then the

conpensati on node determ nes and pre-conpensates the expected bitshift of
t he second transitdas READSEITEymehhe for cadning ddtat be ahd retdingadetrtfirom,a t he
third transitigiaCausssk BYr-4Re; presence of the first and second
transitions, and the fourth transition caused by the presence of the first,
second and third transitions. All the separate

amplitude detector means responsive to a predetermined periodic

data pattern recorded on the data storage surface, the predetermined
datahpattern comprising a plurality of pulses having spacings such’ that
at lease one harmonic of the data pattern has zero amplitude to measure
‘the magnitude of the data pattern at said harmonic when the data pettern

is readback from the data storage surface: and

processof means for processing the data to compensate for

non-linear bitshift in accordance with the measured amplitude.

2. A data recording device as claimed in Claim 1 comprising meané for
shifting the spacing of said pulses by a known amount and means for

- determining the direction of non-linear.bitshift in the readback data
pattern according to the difference between the magnitude of non-linear

bitshift and said known amount of shift.

3. A data recording device as claimed in Claim 1 or Claim 2 further

* comprising:

memory means for storing said compensation factor; and

compensation controller means, responsive to said compensation
factor, for receiving WRITE data, shifting the spacing of data pulses in
said WRITE data in accordance with said compensation factor and
transferring said compensated WRITE data to said data READ/WRITE means

for recording onto said data storage surface.

e
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SA9- 90- 066 ' 10 shifts are determ ned by
referencing the rel evant transition spacing into the graph of bit spacings
versus bitshift. In addition to neasurenent node and conpensation node, the
anal yti cal approach provides a check node which eval uates and i nproves upon
t he predlct|v§ﬁp§§e of the equations discussed above by iterating on the
measur enment ﬁﬁ@nsatlon modes. |n ch&tk node, a pre-conpensated dibit
pattern is chosen and placed in a harnmonic nulling data pattern such that

the resul ta“t45pa§'ula§!h68° of aQixlemQ:ﬁ.I Ef%nw;&;l;éx“ b&@ﬁu?@&ﬁ%'&ﬁté"fleé&ﬂaﬁlnfat a
pattern shoulg‘{_)‘ro uce an el mnated harnonic. t est ittern thus 1orned

is recorded ofSEAR Neing RAASAFE95aR FPEkace TiRe methof SPTPRLTNG| TheaFteBEt shi f t

is determ nedofgs a function of the anplitude of the "elimnated" harnonic,

and the raph of QP! bedkBAF bRGE o/ L5tk Bl ohfu AliaStadoaceoralend V.

The process may be regeat ed to iterative e non-l1near bitshift
conpensati on scheffd ¢t pattern,puben Fﬁqré?fi'oFWl’lﬁéSWe? SrdiBhed RulEst

Accordi ng to the pavahera adlleditoanotiet fidquédte §F esentmplivedy;i on,. a magnetic
storage device is chosen as the recording nmedi umand a dibit is chosen as

the problematic bit pattern. The class of harnonic elimnating data
patterns cal cul at & a%%?é?%ﬁ'ﬁgt*teomwﬂ&ﬂ%ﬁf (tby zmrebpckdrtapathemn gheaid

fol | ow ng gener al ndf1Q&edfrequency.

5. A method of compensafing non-linear bitshift in a data recording
device having a data storage surface, the method comprising measuring
the non-linear bitshift using a method as claimed in Claim 4 and

converting said measured magnitude into a compensation factor for use
in processing data to be subsequently written to the disc surface to

compensate for non-linear bitshift.

6. A method of dompensating for non-linear bitshift as claimed in i

Claim S, wherein said converting step includes:

(a) shifting the spacing of at least one of the pulses in
said data pattern relative to the other pulses to form a sE;fted
data pattern;

(b) writing said shifted data pattern onto said data storage
surface;

{(c) reading back said shifted data pattern from said data
storage surface;

(d) measuring the magnitude of the readback data pattern at
said nulled frequency; _ .

(e) repeating steps (a) through (d) at least once; and
retaining said data pattern and the one of said shifted data
patterns having the smallest readback magnitude at said nulled

frequency as said compensation factor.

_—

I i




1100 ... (nmOs)100 ... (nOs)1100 ... (nNOs)100 ... (nOs) where bits are
separated by one clock period, a "1" indicates a transition, a "0"
indicates no transition, and mand n are integer multiples of 6 (mand n

i nclude the two zeros shown in the above pattern). The pattern consists of
a dibit and,qfigglguyl € bit spaced rel atlggly far fromthe dibit. The nunber
of Os between bits determ nes which harnonic is elimnated. One full

period of the pattern, containing 61's, is shown. Since the first half and
t he second7hal & raa‘thameafpai@@:rdatﬁrgef&dasﬁilqaéar bhwnpad herdlaisedqohi ai ned by

t he sum of hreg @erg?/ed | sol ate S|t|on pairs. SA9- 90- 066

11 Fig. 4 SKHOWs a -gualtt &FPEASPE 8sse %%Fdn of a typical harnonic.

elimnating pattern created according to the preferred enbodi nent. The
spectrum for tht&laatsraearbotnzsensaefoﬁ]famgfan%@ﬁédy kéankhe harnoni ¢ under

consi deration and .X(kw, It f_the kth harnonic of equally
spaced transitFone md kk#ﬁeé%gn é&?ﬁ §§ e RRthTer An al g. 2. \Wen both m
and n are nul t spifddngfthe sprcing off daGp palresnin-said WRIE Qdatp in 29 + 1)th

har moni ¢ | §c&%a8ddeY w8 faid compensation factor.

8. A method of compensating for non-linear bitshift as claimed in
Claim 6, wherein:

-steps (1) to (3) are performed repetitively, each repetition

operating on a different data pattern;

said retaining step forms a compensation table comprising the
compensation factors generated by the repetition of steps (1) to (3):
and ' v ' '

further comprising the isteps of: . i

storing said compensation table in a memory means;
receiving WRITE data from a WRITE data source; and
shifting the spacing of data pulses in said WRITE data in _

accordance with said compensation table.

9. A method of compensating for non-linear bitshift as claimed in
- Claim 8, wherein said shifting step further comprises "the steps of:

subdividing said WRITE data into bit patterns having the form of a

problematic pattern within said data pattern;

shifting the spacing of said bit patterns in accordance with said

compensation table.

10. A method of compensating for non-linear bitshift as claimed in
Claim 9,

s S T T T
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-__The‘ bit pattern of the preferred enbodi nent inctudes three particularly
“advant ageous features. First, the pattern incorporates a dibit as the bit
environment for which non-linear bitshift is to be elimnated. The dibit is
an ideal starting point for a conpensation schene because it forms an

atom c pat t skar90o4Qed wWhi ch nore conplica2kd patterns can be anal yzed.
Second, when the pattern is witten onto a nagnetic storage surface in the
presence of non-linear bitshift, only the second bit of the dibit wll
under go shi fti ntpereinepid shifiing step furher. CGFPF%sﬁsst’?d@%ﬁ?fa"gfgous because it
nmeans only one shiskid WBITE Batalilerdtefylimgl 4t heddt one shidtinmdata pelseer n.
Third, the palbeliisl & hOSGNSHd iHEeify SRHL GRfschs W0Badd pBRE wibROLS Of her

t han non-linear brtshift resulting, {rom &l ose y spaced databits, such as
hard transi elasely pregeded Ryspt leasthepaiother MISTESE rent asymmetry, and
magnet o- r ez i stiy&r lagad sﬁ%‘lﬁ ilaastﬁéﬁue_gaiﬁt\mg 13864 paEse@ininyng ﬂlm dngivigeslt y is

i nportant begause it e es t.he bit tter t [ ve

ext raneous ﬁ%%—cﬁ? néé'gl“rl a@? fpergf%&lf'?o%t?f?gﬂﬁ%sng{’]istﬁg%%lébﬁ%ﬁi@? él'e}?ilffnﬁﬁgti on
schene. As @atacpwksed and Section ||, the present invention provides two

al ternative schenB@eiidthe epheirng 610 shed BB Nieast kb ishgf{iag taatapulse dhi ni nat e
non-linear bitshift: enpi rical .appr.qach d,.a Wt ] ' oach. In
accor dance W"Pﬁg?'ﬁf? Y)jr%g‘f %%Beﬂmb o ?ﬁg%?a?l g eecg?rp%n?P%g éé’g‘gér“égg’y“i ncl udes a

measur enent fagtdesaherein a dibit is placed in a

—
!
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SA9- 90- 066 12 harmonic nmulling data pattern as
*descri bed above and successive neasurenents of the "elim nated" harnonic
are made corresponding to various spacings of the second bit of the dibit
relative to the first bit until the harnonic to be elimnated is mnimzed.
The process isspepeased Wi th the harnonic 2aulling data pattern built around
a different initial dibit spacing to forma correction table of dibit

spaci ngs and correspondi ng i nput bit pattern spacings. Wen the neasurenent
node is conpleted, the conpensati on node operates substantially as

descri bed Ln Section I, wherein the problematic patterns identified are
dibits. The anal ytical approach of the Q&%ﬁgﬁ&ed enbodi nent includes a
measur enent node wherein a dibit is pla a harnonic nulling data
pattern as descri bed above and ‘the anplitude of the "elim nated" harnonic
is neasured and used to approximate y determ ne the magni tude and direction
of non-linear bitshift according to J Ln. the form[err] The
process is repeated wth:the harnoﬂ?gﬂﬁﬁ%$$ﬂﬂéﬁgwga%attern built around
different dibit spacings to forma graph of dibit spacings versus bitshift.
When the neasurenment node is conpleted the conpensation and

A method and device for ﬁse in measurement and compensation of
non-linear bitshift in non-linear communication media such as magnetic
and optical recording devices. The method and device are based on
special bit patterns-constructed to eliminate at least one harmonic of
the fundamental frequency of the data pattern if all bits are
communicated without any non-linear bitshift. The presence of
non-linear bitshift is manifested by the appearance of the harmonic. By
measuring the magnitude of the harmonic, Fhe amount of non-linear
bitshift is determined, and -compensation édjustment is- then used to

offset its effect on the data detection sgheme.
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~F _
GHeck. nodes operate substantially as described in Section Il. Fig. 5
“iI.Flustrates in block diagramforma non-linear bitshift conpensator for use
in the data channel of a magnetic disk according to the preferred

enbodi ment anal ytical approach for the present invention. As shown,
conpensator 110 includes pattern generator 111, switch 112, switch 113,
bandpass filter 115, anplitude detector 117, 1fPocessor 119, menory 121, and
conpensation controller 123. Conpensator 110 perfornms non-linear bitshift
measur enent and pre-conpensation adjustnment. It has three nodes at
operati on: MEASUREMENT, ENSATI ON, and CHECK. | n MEASURENMENT de,
swtch 112 connects patt gererator 111 to WRITE driver 130. Patftern

SA9- 90- 066 13 generator 111 creates a datja pattern
having an elimnated, or nOy | ed frequency kwferr], as described a ogb The
.data pattern is then witteph onto and read back froma st orage di sfke<( not
-shown) via the normal READ/YRI TE channel, including WRI TE driver 1430 and
READ preanplifier 150. The re ack data pattern is fed through bandpass
filter 115, which passes th uII;;%frequency conponent and renoves ot her

frequency conponents. The fjlteredyQignal is then fed through §>
Te)
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sk

«anmplitude detector 117, which neasures the magnitude of the nulled

frequency conponent. The result is then converted into a conpensation
factor by processor 119 according to the nethod and fornula of either the
enpirical approach or the anal ytical approach di scussed above, and stored
in menory 121 for |ater use by conpensation controller 123. In order to

i npl enent . the anal ytical approach a separate wite-read-nmeasure operation
is required, consisting of-witing an is } ted transition, reading

and neasuring the anplitude of its k[err? arnmonic, X(kwferr]), for
determ ning the magni tude of non-linear bitshift fromthe nmagnitude o
nul | ed frequency conponent. It is to be noted that the conpensation
stored in nmenory 121 may include the table of nunbers described aboy
connection with the enpirical approach, a fornulaic representation
graphi cal curve descri bed above in connection with the anal ytical approach,
a set of tables or graphs, each nenber of the set applicable to a
particul ar portion of the disk, or any other information fornat
a conpensation approach devel oped according to the above-describe
and fornmul as. Also, the contents of nenory 121 may be stored pernangntly on

a reserved part qf thie disk until the next calibration is perforned.
Furt her, the jé;?gg;y be split into a plurality®of bands, with a

conpensati on fac cal cul ated and stored separgtely for each b
Dependi ng on t bility of disk drive conpongnts, calibration
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may be repeated; it can be perforned after the drive is built; every tine
the power is turned on, every few hours, when correctable error exceeds a
predetermined limt, etc. Finally, bandpass filter 115 nay be i npl enent.ed
according to any of a variety of techniques well known in the art,

i ncluding a sinple inductive-capacitive network, or may be SA9- 90- 066
14 functionally conbined with anplitude &fSector 117 in a heterodyne
structure t nverts.the-nulled _f..lf-eq-uene-y—e-e-ﬁﬂpenem—e]to anot her fz);fauency
and then determnnes it#/magnitude. | n COVPENSATI ON nod switch 1
connects conp ntroller. 123 to WRI TEpg ve/230. [onpensaty on
control l er 12 koco, _ Y cWﬁﬂFEt ry.
Conpensat i on 23 applies the {conpensat]i ' BERN
menory 121 fo ' relative spaci e data pul.s
passes the ldata pul ses to WRI TE driver 130 (‘,kgbordl g on the storage
di sk. The conpensation provided by the spaf Yadj ust ngnt effectively
cancel s the non-1lineaypitshift ef Thus, when the 'recorded dap#5ps
read back fi{rompthe s orage eclion schene dan ge+eectHy
anticipate ith EAWS*I‘UBES of sep READ
DETECTOR | FILTER PREAMP
1 (//.9 r/2/ f/23
COMP
PROCESSOR |—= MEMORY ™ CONTROLLER
/10
CHECK | -
—0 ' . :
s | ENCODED __
comp b WRITE DATA
. : : . | s
NONLINEAR BITSHIFT COMPENSATOR
HEDS .
/00 110 /30
SR 1 . -
A :
_——C}_O_/_. ENCODER =1 NLB COMP p—— BNS{;FEER
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CHECK node is a conbi nati on of MEASUREMENT node and COVPENSATI ON niess-8 #e/
CHECK .node, switch 113 connects pattern generator 111 to conpensation
controller 123. A data pattern from pattern generator 111 having a null ed
frequency i nt-o—eerpensgati on controller 123 as wite data. Menory 121
suppl i es ¢ mgs% EELHAS BEE] | er 123 with _aqprevi ously generat ed

conmpensat i ¢n_f acBBPLACEDact op the data pattérn. Switch 112 connects
conpensation controlTer IZ31o WRITE driver 130, and the adjusted data
pattern is recorded on the storageATASRECORDINGG BPEVECEErn is then read back
fromthe storage di sk using READ preanplifier 150, and the residual
non-linear bitshift is nmeasured by bandpass filter 115, anplitude detector
117, and proceABSTRACT. The result may be used as descri bed above, that is
to indicate the effectiveness of the conpensation factor and to provide
further iterative rmdification for the conpensation factor. Fig. 6

illustrates in block &&’ﬁgg E&\g_mr ﬁidacdﬁgfe
errbodyl ng the present |enved?1ﬁ on Jol’ own rﬁ&ﬁ%ﬂéf&gﬁem I'n ﬁ%ﬂsoaerbrf%
non-linear bi M@hlﬁm%ﬁﬂﬁféiﬁ&&ﬁm%ﬂ:aumﬁrsﬁm mhitic hal opfitdl recordmg

equal i zer/ decoder 160.
devices. The method and device are based on special bit patterns constructed to

eliminate at least one harmonic of the fundamental frequency of the data pattern if all
bits are communicated without any non-linear bitshift. The presence of non-linear
bitshift is manifested by the appearance of the harmonic. By measuring the magnitude
of the harmonic, the amount of non-linear bitshift (1 10) is determined, and
compensation adjustment (123) is then used to offset its effect on the data detection

scheme.
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1" A data recording device having conpensation for nonl
“eonprising: a data storage surface; and means for rec ) ;1 ek ot
on said data storage surface, said data pattern conpri e—pl ural’it
pul ses having spaci ng approxi mately represented by thele uiti,\ﬂﬁ,é{[‘g%]
wherein aferr] represents the polarity of the n[err] pul $e; fepresengsf a
frequency whose conponent is to be elimnat&sl, N repregemts
pul ses in one period of said data pattern, and T[err] Represents the tim
di stance between the n-th pulse and the first pulse in d—datapatiern in
t he absence of nonlinear fbitshift. 2. A data recording device having
conpensation for nonli r biitshift, conprising: a data storage |surface;
and nmeans for recordi a daqa pattern on said data storage surflace, said

data pattern conprising plurality of pul ses having spaci ng apgraxi mately
represented by the equatijon [lerr] wherein w represents a fréqUEﬂqi whose
conponent is to be elimnjated,
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3
N, represents the nunber of pulses in one perlod of sald data pattern, and

‘T[err] represents the tinme distance between, g the first
pul se in said data pattern in the absence ofRﬁEb YE Phift. 3. A data
recordi ng device as recited in claim?2, furtlhdr conprising: |ngans for
determ ni ng the magni tude of nonlinear bitsHiflt %7 MAe199ecorded data
pattern according to the equation [err] mheneln m{err] repjegents the
k[err] harnonic of the fundanmental frequency] of—sete—cata—pattiern, [err]
represents the anplitude of the kth har4mni d, 19 [err] representls the

anplitude of the k[err] harnonic of equally aced transitrons with
frequency wferr], and [err] represents the magnitude of nonlinear bHtshift.
4. A data recording device having conpensation f-or nonlinear
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reptcdent ed by the equation [err] wherein w represents a frequency ViMewd =
conponent is to be elimnated, N represents the nunber of pulses in one
period of said data pattern, and T[err] rgpresents the tinme distance
between the n-th pulse and the first pul se in'said data pattern in the
absence of ' S& i, d data
pattern ont“gg(ga% @%gfctegﬂogﬁg# %@@%%%%F%&dr ng ck sal &E@H?‘*éi gt tern
from sai d deanufanteningjer eparational envipdnmentie det ect or means for rreasurl ng the
magni t ude of the readback datmmrynoat'rﬁ@mﬁrequency, and

processor means, for convertin measur ed nmagni. t nto a co nsati on
factor. 5. A dMCrdiBE & gpRas gopt @\earquneerme T erjlarqﬁt 3 datgyterawecdsvire
processor maamg dom;ienghei@nrfeanénﬁmarﬁmhﬂt canj;ghe magni t ude of nonli near
bitshift fromsa measur ed. magni,t ude according to the equation [err]
wher ei n kwf err] %ﬁgga&qtsgr fra h harnoni c of the fundanental frequency of
sai d dat a patt eneaps [fer rdcordipg asdata patidre amyid dewlcstarhge karfadeh shidr datan ipattern

[err] repr %%B&ﬁm?r g ency& \Afle rp%}se& hﬁgh{ge Spacidd?" Bﬁt&ﬁnﬁﬁlye?éﬁéie}iteﬁp%eﬂle

transitions
equation
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1+Z’]1V=2 ane Jw”: 0

wherein i

a,, represents the polarity of the n pulse,

w represents a frequency whose component is to be eliminated,

N represents the number of pulses in one period of said data pattern, and

T,, represents the time distance between the n-th pulse and the first pulse in said
data pattern in the absence of nonlinear bitshift.

According to another aspect of the invention there is disclosed a data recording
device having compensation for nonlinear bitshift, comprising:

a data storage surface for receiving data;

pattern generation means for generating a data pattern having a nulled frequency,
said data pattern comprising a plurality of pulses having spacing approximately
represented by the equation

n+1—’wT
1+ -1 eJ n=-o9
=2

wherein
- w represents a frequency whose component is to be eliminated,

N represents the number of pulses in one period of said data pattern, and

T represents the time distance between the n-th pulse and the first pulse in said
data pattern in the absence of nonlinear bitshift;

data READ/WRITE means for writing said data pattern onto said data storage
surface and reading back said data pattern from said data storage surface;

amp'litude detector means for measuring the magnitude of the readback data pattern

at said nulled frequency; and REPL. ACEMENT SHEETS SG




[erf] represent the magnitude of nonlinear bitshift. 6. A data recording
device as recited in claimb5, wherein said pattern generation neans further
provi des neans for shifting the spacing ofh said pul ses by a known anount
and neans for determ ning the direction of nonlinear bitshift in the

magni tude of -noRPrRech mieefE PF EBaitl | id MEaflied SHRRTGP® T B Cdponsation,

recording dastore as recited in clal m5 further conprising: nmenory means

for storing sai A’c&)?c'i‘iﬁ nS 34l ARothBCisPEet ot tﬁ@Hﬁ/Eﬁl(ﬂlf th¥R! id it Rs&d a %QQ recordlr%[gor

conpensation control means, responsive to sald conpensation factor
recei vi ng ie\RRving QP&%P&ns%tmnff!f”FH linear Q‘&Q&fF PRI a pul ses in said
WRI TE data in agp@aw stirfabe sc&udca@lﬁgelaﬁat ion factor and transferring

d ted WRI TE d ta to REA f
a0 san ot o Mg genebalich, fndariitof eaferRin A dalt tetert HayTe o huleHORE ey .,
claimb5, fuaidelata apeinsicomprisingt ar pheality o6r pulssse ihwm' $paeinge appximatalya
pattern anqﬁﬂﬁgﬁ{ Wﬁ%é‘ﬁ‘ gﬁrpl i tude of said nulled frequency conmponent

t herefrom measuring nonlinear bitshift in a data recording
device, conprising the steps of:
n+1 —jwl

1+Z _, () e’ ?=0

wherein

w represents a frequency whose component is to be eliminated,

N represents the number of pulses in one period of said data pattern, and

T,, represents the time distance between the n-th pulse and the first pulse in said
data pattern in the absence of nonlinear bitshift;

data READ/WRITE means for writing said data pattern onto said data storaf;e
surface and reading back said data pattern from said data storage surface; _

amplitude detector means for measuring the magnitude of the readback data pattern
at said nulled frequency; and

processor means for converting said measured magnitude into a compensation
factor.

According to still another aspect of the invention there is disclosed a method of
measuring nonlinear bitshift in a data recording device, comprising the steps of:

generating a data pattern having a plurality of pulses with spacing described by the
equation

N n+1 —jwl
1+Zn=2 - e n =0

wherein
w represents a frequency whose component is to be eliminated,
N represents the number of pulses in one period of said data pattern, and
T, represents the time distance between the n-th pulse and the first pulse in said
data pattern in the absence of nonlinear bitshift;
writing said data pattern onto a data storage surface;
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genkrating a data pattern having a plurality of pulses wth spacing
descri bed by the equation [err] wherein w represents a frequency whose
conponent is to be elimnated, N represengg the nunber of pulses in one
period of said data pattern, and T[err] represents the tinme distance

ansence of nonl {AEE e 8B tef ML GF bl kb BARR NS 0 o
storage surf acedetemeidingg theadhagsithde d¥ft aogimear itshiftonm sthe dreadhagk sdasa appstern
surf ace; an&{;cgﬁhﬁ%#% ugth&l rragnl tude of nonlinear bitshift in the

readback data pat acco to the equation [err] wherein kwerr]
represents the he fundanental frequency of said data
pattern, [ewﬁkreﬁepresents the arrplltude of the kth harnonic, [err]

Lransr 1 ons. w tfve ey ol et e Fidalal H@n%%g?ﬁeéﬁamgem

nonl i near bi tshiZﬂcwolDrepﬁesmIshhdamplmdasaﬁthedq hamicnigar bitshift as recited

inclaim9, furiRaly, SPMEhRsde (e AhSRGdO of the k™ harmonic of equally spaced
transitions with frequency w?, and

0 represents the magnitude of nonlinear bitshift.

According to still another aspect of the invention there is disclosed a method of
compensating for nonlinear bitshift in a data recording device having a data storage
surface for réceiving data comprising the steps of:

(1) generating a data pattern having a nulled frequency, said data pattern
comprising a plurality of pulses having spacing described by the equation

N —]wT
1+Zn=2 (— | n=0

wherein

w represents a frequency whose component is to be eliminated,

N represents the number of pulses in one period of said data pattern, and

T,, represents the time distance between the n-th pulse and the first pulse in said
data pattern in the absence of nonlinear bitshift;

(2) writing said data pattern onto said data storage surface;

(3) reading back said data pattern from said data storage surface;

(4) measuring the magnitude of the readback data pattern at said nulled
frequency; and

(5) converting said measured magnitude into a compensation factor.

According to still another aspect of the invention there is disclosed a magnetic
recording device having compensation for nonlinear bitshift, comprising:

a magnetic storage surface;

means for recording a data pattern on aid magnetic storage surface, said data
pattern comprising a plurality of pulses having spacing according to the form

1100 ... (m0's)100 . . . (n0's) 1100 . . . (m0's)100 . . . (n0's)

wherein m and n are in@ger multiples of 6; {REPLACEMENT SHEET
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21fshifting the spacing of said pulses by a known amount prior to said
witing step; and determning the direction of nonlinear bitshift in the
readback data pattern according to the dighference between the magnitude of
nonl i near bitshift and said knomn anount of shift. 11. A nethod of

conpensating for nonli nea hi c | [ [
data storage sHfht rch?a rtéé aa%(g%ral éiﬁn?%ﬁ Sfﬁ@gs e%srﬁggx{:éﬁ%ﬁt&aﬁe
generati ngsm‘fzdmta pattern haV| ng a nulled frequency, said data pattern

conprising a plybal ighy ugas&tﬂgfs ghf&ﬂiessﬁ%ﬂt%%%ﬁtsm@ﬁﬁl R¥idt Radsgtualagn
[err] wherein w rmﬁresents a Trequency whose conponent is to be elinnated,

N r epr esenpatt@rAeatunber of pul ses in one period of said data pattern, and
Tlerr] represeﬁ{einiftﬂdohﬁ&uﬂg%ﬁldﬁﬁéasﬁl%ﬂ\dmglmtﬁdtemm 4 lbompeisatiom factdre fir st

pul se in said pattern i n abs e, of. nonl i
writing said d Eb&élaapf‘c? t% ‘BF&P%%%U‘?‘?‘QCQ &?Qﬁ’ge rearég%neuﬁack
sai d data petotding dévmahmng cdmpensation fyenonlingaa dbitshiftd pomprisiagy i ng t he

megni tude of the, roadbafi AR ld Ghdkithg 38 Nul led frequency; and

pattern generation means for generating a data pattern having a nulled frequency,
said data pattern comprising a plurality of pulses having spacing according to the form

1100 . . . (m0's)100 . . . (n0's)1100 . . . (m0's)100 . . . (n0's)

wherein m and n are integer multiples of 6;

data READ/WRITE means for writing said data pattern onto said magnetic storage
surface and reading back said data pattern from said magnetic storage surface;

amplitude detector means for measuring the magnitude of the readback data pattern
at said nulled frequency; and

processor means for converting said measured magnitude info a compensation
factor.

According to still another aspect of the invention a method of measuring nonlinear
bitshift in a data recording device, comprising the steps of:

generating a data pattern comprising a plurality of pulses having spacing according
to the form

1100 . . . (m0's)100 . . . (#0's) 1100 . . . (m0's)100 . . . (n0's)

wherein m and n are integer multiples of 6;

writing said data pattern onto a data storage surface; reading back said data pattern
from said data storage surface;

determining a magnitude of said readback data pattern at a preselected harmonic of
said data pattern, said preselected harmonic being chosen in accordance with the values

of m and n; and
~ assigning said determined magnitude as a measure of nonlinear bitshift for the data
pattern. |
According to still another aspect of the invention there is disclosed a magnetic
recording device having compensation for nonlinear bitshift, comprising:
a WRITE data encoder for converting binary data into magnetically recordable
form;
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(5)*converting said nmeasured nagnitude into a conpensation factor. 12. A
nmet hod of conpensating for nonlinear bitshift as recited in claim 11,
wherein said converting step includes: (ajdcshifting the spacing of at | east
one of the pulses in said data pattern reI ative to the other pulses to form

a shifted data &?ﬁgeﬁgﬁ (rmansvi’éf {e'cgg (gf WK ?th%ttf‘frBﬂlt &84 W t VRI] E?ex?c%'dgr

data storage sur dat rom said
dat a storag@]@@ﬂgéh%spwmg Ofrﬁéajswpﬁgim'rﬁs@fﬁtude of the readback dat a

pattern at sai th NWRIGE fdr%He'P&y reéelVing ' 8@k ”%&H@@SV\(@FE N4 Stofd) saftf
| east once; and retaining sal ata %tern he o 0, hifted
dat s pat t orRCHeaAHAg. MRS natd CivaRRanSER AGHPL JGeOdR R ThuIRgiy o 2
frequency awrespehdiggPRITE currentact or. 13. A met hod of conpensating for
nont near D1 1) g B e Spofl gk sl B 5o WG
from a WRI Tiatajonta Satdunasuetlarswrage swefactsi fting the spacing of data pulses in
sai d WRITE dat g, REAFS SRIpHHRE For'¥eb&vitg! shdGRIRAYRS feMbabR b from said magnetic
storage surface;
a READ data equalizer and decoder for converting a magnetically induced pulse
train into binary data form;
said compensation means including
pattern generatioh means for generating a data pattern having a nulled frequency,
said data pattern comprising a plurality of pulses having spacing according to the form
1100 . .. (m0's)100 . . . (n0's) 1100. . . (m0's)100 . . . (n0's) . . .(n0's)
wherein m and n are integer multiples of 6; and
processor means for creating a compensation factor, said processor means
including means for determining the magnitude of nonlinear bitshift when said data
pattern is written to said magnetic storage surface, said magnitude of nonlinear bitshift
being determined according to the equation
[ Z(owy) | =kwod | X(lew,) |
wherein
kw,, represents the kth harmonic of the fundamental frequency of said data pattern,
| Z(kw,) | represents the amplitude of the kth harmonic,
| X(kw,)| represents the amplitude of the k# harmonic of equally spaced
transitions with frequency w,,, and |
3 represents the magnitude of nonlinear bitshift.
PREFERRED EMBODIMENTS OF THE INVENTION
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14.7 A met hod o |n for nonlinear bitshift as recited in claim 12,
wher ei n: st eps“!ﬁmgﬁ[m erfor med repetitively, each repetition
operating on a ted data p8ttern; said retaining step forms
a conpensation table corrprl sing the conpensation factors generated by the

repetition of steps (1) to (5) and fugghamgonprising the steps of:
means; receivin | TE dat a

storing said cqonpensation tab me
froma WRITE data Sbufies; s fevig %ﬁ%mm%&ondé@a Vsewr tihilq
WRI TE dat acompgieingt dance Wi th said conpensation table. 15. A nethod of

conpensating f ft as recited in claim 14, wherein said
shifting step %u aﬁ}&h}a%%‘%ﬁrfgé S%H?he steps of: subdividing said WRI TE dat a

into bit pattemeansdot m}orcheg faodata patican mmossice dafni storpge swnfacenisaidi datas patﬂeraiat a

Compensat | Carpiiie, @ 1RRRARY 0t plisa tvibe. spRie BpOKARS RARRERt By B

reci ted i ncEYationm 11, wher e n sal d converting step includes determning the
magni tude of nonlinear bitshift from said neasured magni tude according to
the equation [err] erei n_};wyerr] represents the kth harnonic of the
fundanental fragu yzoh gai d Bat @ pattern;

wherein

a,, represents the polarity of the n#® pulse,

w represents a frequency whose component is to be eliminated,

N represents the number of pulses in one period of said data pattern, and

T,, represents the time distance between the n-th pulse and the first pulse in said
data pattern in the absence of nonlinear bitshift.

2. A data recording device having compensation for nonlinear bitshift,
comprising:

" a data storage surface; and

means for recording a data pattern on said data storage surface, said data pattern

comprising a plurality of pulses having spacing approximately represented by the

equation

N n+l —jwl
1+ _, (- e 7=0

wherein

w represents a frequency whose component is to be eliminated,

N represents the number of pulses in one period of said data pattern, and

. T, represents the time distance between the n-th pulse and the first pulse in said

data pattern in the absence of nonlinear bitshift.

3. A data recording device as recited in claim 2, further comprising:

means for determining the magnitude of nonlinear bitshift in the recorded data
pattern according to the equation

| Zew,) | =kw,8 | X (kw,) |

wherein kw,, represents the k# harmonic of the fundamental frequency of said data

pattern,
| Z(kw,) | represents the amplitude of the k¥ harmonic, REPLACEMENT SHEET
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| Z{kwferr]) | represents the anplitude of the kth harmonic, | X(kwerr]) |
represents the anplitude of the k[err] harnonic of equally spaced
transitions with frequency werr], and [eng] represents the magnitude of
nonlinear bitshift. 17. A nethod of conpensating for nonlinear bitshift as

recited in clai u o] [ he s oty [ '

conpensati on fa@kg&q)j] [ééﬁnggﬁ%@yﬁ%eansﬂg?%cgfv?%p%mmh@ég?agg éﬁaﬁymaﬁd

dat a sour cetraggigonsyyith frgguenss %paefing of data pulses in said WRITE data in

accordance W t hssej rgse@gnﬂqgliﬁ%h[tgdbJ)faﬁélﬂﬁlearltﬁtshﬁt nmet hod of conpensating for
t

nonli near bitshift ec n c further co si ng,.t he of :
Tl erran the Tndnaeidefint oorditbe A1 JaYie  CREPErBIGTar: (HUIIEAAT s B

nul | ed freqcmnp‘.rysmgmponent 23 19. A nethod of conpensating for
nonl i near bItSh [ .Wherein: steps (1) to (5) are
pﬁta%forgg eac e £0r {ek?i'v{ﬂ'gjn@l

performed repeti repetl opérating on a different generated
data pattern; apaftety lg@matm)man% forggenpratiog epdata pattern having a nulled frequency,

said data pattern comprising a plurality of pulses having spacing approximately
represented by the equation

N 1 —jwT
1+Zn=2 -) e” =09

wherein

w represents a frequency whose component is to be eliminated,

N represents the number of pulses in one period of said data pattern, and

T,, represents the time distance between the n-th pulse and the first pulse in said
data pattern in the absence of nonlinear bitshift;

data READ/WRITE means for writing said data pattern onto said data storage
surface and reading back said data pattern from said data storage surface;

amplitude detector means for measuring the magnitude of the readback data pattern
at said nulled frequency; and

processor means for converting said measured magnitude into a compensation
factor.

5. A data recording device as recited in claim 4, wherein said processor means
includes means for determining the magnitude of nonlinear bitshift from said measured
magnitude according to the equation

| Zowy) =kw,3 | X(ow,) |
wherein

kw,, represents the kth harmonic of the fundamental frequency of said data pattern,

| Z(kw,) | represents the amplitude of the kth harmonic,

|X(kw,)| represents the amplitude of the k# harmonic of equally spaced
transitions with frequency w,, and

d represent the magnitude of nonlinear bitshift.

6. A data recording device as recited in claim 5, wherein said pattern generation
means further provides means for shifting the spacing of said pulses by a known amount
and means for determining the direction of nonlinear bitshift in the readback data pattern
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stoting ¢he conpensation factors generated by the repetition of steps (1)
to (5) in a nenory neans; receiving WRITE data froma WRI TE data source;
and shifting the spacing of data pul ses ipyzsaid WRITE data in accordance
with the corrpensation factors. 20. A nethod of conpensating for nonlinear
. bitshift as recj.ted laiml in said, shi.ftin e ur t her
compr i ses- ot o e Siefpreics deqyaondhn ragnitas o poniigas bfhis 3 gl known

shifting daimoymtlafshifvhere said at |east one shi ft| ng data pulse is a data
pul se which is &los I a R for each
said at | east o?le S atta?%egsggﬁgdgx?e% Jeg?%f‘r\ éaq g@%@'ﬁﬁlgf ects from
al | nearby precmdmtvgymasfnnlsmglgcmlds@nmpeasatioeafa@tonne shifting data pul se;

and shifting th@s&ﬁé@bf‘Wl@ﬁ‘@ | east one shifting data pulse in
accordance with said suymof in ual effects and said corrpensatlon

factors. 21. A SRIBPRISRtON <ogfel ‘1"’fg I%F@W’céewaﬁl?‘?g teofHd nsempyation fagiar. fenr

bitshift, cresevin €dd WRITEEdata, chifting deespavingasteda txrgems f0kaid SWRI'TE Nt in
data pat tern

datn Pt et oty RGeS0 RO ARE Rt 8 AU cRRLLELD AR Gl

(mO s) 100 .to.said datORBAD/MWRITE meapsifdraeddiding. antg seill ditastorage surfacend n are
| nteger mul ti pl €S o Bia FEEARfnd BlvikeRTebibdBYaikS, RAREY dithrlfig Pattern

from sai d nmagnetic stor fg
filter means for receiving the readback data pattern and determmmg the amphtude

of said nulled frequency component therefrom.

9. A method of measuring nonlinear bitshift in a data recording device,
comprising the steps of: |

generating a data pattern having a plurality of pulses with spacing described by the
equation

n+1 —jwT ,
1+Z _o D e m <0

wherein
w represents a frequency whose component is to be eliminated,
N represents the number of pulses in one period of said data pattern, and
T,, represents the time distance between the n-th pulse and the first pulse in said
data pattern in the absence of nonlinear bitshift;
writing said data pattern onto a data storage surface;
reading back said data pattern from said data storage surface; and
determining the magnitude of nonlinear bitshift in the readback data pattern
according to the equation
[ Z(kw,) | =kw 5 X (kw,) s
wherein
kw,, represents the kth harmonic of the fundamental frequency of said data pattern,
|Z(kw,)| represents the amplitude of the k# harmonic,
|X(kw,)| represents the amplitude of the k# harmonic of equally spaced
transitions with frequency w,, and
8 represents the magnitude of nonlinear bitshift.
10. A method of measuring nonlinear bitshift as recited in claim 9, further

comprising the steps of: REPLACEMENT SHEET
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surface;« means for neasuring the magnitude of nonlinear bitshift in said
readback data pattern; and neans for converting said neasured nmagnitude
into a conpensation factor. 22. A magnetizi recording device as recited in
claim 21, wherein the nmeasuring neans determ nes the nmagni tude of nonli near

bi tshift in Sa'sﬂlﬂl‘ﬁ Cﬁ?@‘éf? c‘i'ﬁ%%f E?Hfﬁ?&%ﬁ%?czpk%vﬂﬂ hﬁuhr!"'?n&%ﬁdﬂ”ﬁrﬁﬁgr bte

wher ei n kw err rep esen noni ¢ o t he danent a equ%ncy
of said datd&d pattern, Z(kwferr]) represents the anplitude of the kth

har nmoni c, 24dexdricmbigp! the direpli®s &Tt SodliRan Hitshiftide gl tdudbkdkh dasy rpapkm of

ARG i cﬁ&?gerrrr» ctisl ¢ kg inilecot nlfinere it ABL 5 33% g
conpensat i emdupt ofislnift. near bitshift, conprising: a nagnetic storage surface

for receiving dat arAHﬁ‘é&S& '&f%ﬂff:&ﬁéa'uﬁé‘ fOF A0ideRf bAGHR iRl Bita FellifhoPalvi& "

having a nulled fre
- having a data storage surface for receiving data comprising the steps of:

(1) generating a data pattern having a nulled frequency, said data pattern
comprising a plurality of pulses having spacing described by the equation

—jwT
1+2’11V=2(1 oMo

wherein

w represents a frequency whose component is to be eliminated,

N represents the number of pulses in one period of said data pattern, and

T” represents the time distance between the n-th pulse and the first pulse in said
data pattern in the absence of nonlinear bitshift;

(2) writing said data pattern onto said data storage surface;

" (3) reading back said data pattern from said data storage surface;

(4) measuring the magnitude of the readback data pattern at said nulled
frequency; and

(5) converting said measured magnitude into a compensation factor.

12. A method of compensating for nonlinear bitshift as recited in claim 11,
wherein said converting step includes:

(a) shifting the spacing of at least one of the pulses in said data pattern relative to
the other pulses to form a shifted data pattern;

(b) writing said shifted data pattern onto said data storage surface;

(c) reading back said shifted data pattern from said data storage surface;

(d) measuring the magnitude of the readback data pattern at said nulled
frequency; - '
(e) repeating steps (a) through (d) at least once; and retaining said data pattern
and the one of said shifted data patterns having the smallest readback magnitude at said
nulled frequency as said compensation factor.

13. A method of compensating for nonlinear bitshift as recited in claim 12,
further comprising the steps of:

e e L AT
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said datsa pattern conprising a plurality of pulses having spacing according
to the form21100 ... (nmOs)100 ... (nOs)1100 ... (NMO s)100 ... (nOs)
wherein mand n are integer nultiples of &4 data READ WRI TE neans for
witing said data pattern onto said nmagnetic storage surface and readi ng

detector means Thyigle pRRE A eaRBRRH fn SR PRETE SR IE po B P spie,

sai d nul | eccompegsasiomyfactand processor neans for converting said neasured

magni t ude into gy CONPRBARY] Wc&ﬁgérﬁﬁtingz‘for RoRRRae ishifC 8O ek iRka ﬁﬁ‘}éia% 23,

recited in cJaim23, wherein saitl processor neans includes neans for
det er m ni ngVR€WAragni t ude of nonlinear bitshift fromsaid neasured

magni t ude accorsgépag1) €o ($)earePeforaed repetilivepcéaeh repotitionrdpefing asen dsfféreat
kt h har noni ¢_of 561tﬁ{;(%fu%gearrjant al frequency of said data pattern, Z(kwerr])
represents gefgre I8t the kth harnonic, | X(kwferr]) | represents the
anpl i tude of t rsaidfetainingstapnioning acompegosatiby tabbe caprising) thet dompensdtioln factors

frequency ge:ﬁéfaled %%e%gé@éwgg{sge?g?ie)c@[tgé%gni tude of nonlinear bitshift.

25. A magn rec I'n claim?24, wherein said
pattern gener atfEhenemprising thestepsofyi des neans for shifting the spacing of

said pul ses by sporfiposid aompétisafioitabRARS hemosemednst ni ng the direction of

nontinear bl t st tiving WRFTE data from a WRITE data source; and

‘shifting the spacing of data pulses in said WRITE data in accordance with said
compensation table.

15. A method of compensating for nonlinear bitshift as recited in claim 14,
wherein said shifting step further comprises the steps of:

subdividing said WRITE data into bit patterns having the form of a problematic
pattern within said data pattern;

shifting the spacing of said bit patterns in accordance with said compensation table.

i 16. A method of compensating for nonlinear bitshift as recited in claim 11,

wherein said converting step includes determining the magnitude of nonlinear bitshift
from said measured magnitude according to the equation

| Z&wo) | = kwod | X(kwp) |;
wherein

kw,, represents the kth harmonic of the fundamental frequency of said data pattern;

| Z(kw,)| represents the amplitude of the kth harmonic,

|X(kw,)| represents the amplitude of the k#* harmonic of equally spaced
transitions with frequency wg, and 8 represents the magnitude of nonlinear bitshift.

17. A method of compensating for nonlinear bitshift as recited in claim 16,
further comprising the steps of:

~ storing said compensation factor in a memory means;
" receiving WRITE data from a WRITE data source; and

shifting the spacing of data pulses in said WRITE data in accordance with said
compensation factor.

18. A method of 'compensating for nonlinear bitshift as recited in claim 16,
further comprising the step of: |

filtering the readback data pattern to determine the amplitude of said nulled
frequency component.
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readback data pattern according to the difference between the magnitude of
nonl i near bitshift and said known anmount of shift. 26. A nagnetic recording
device as recited in claim25, further cogprising: nmenory neans for storing
sai d conpensation factor; a source of WRITE data; and conpensati on

control |l er nean res IV L s ¥ ; I r N
sai'd VR TE dat asHer fomed, B cOmBRduhTRERSTHAGE UIRRHE b ble RE Bl TS, |
accor dance Wheminsai d conpensation factor and transferring said conpensat ed

WRI TE data to sqégh agtc@ (Wﬁéﬁf&ﬁem@p&iﬁw@, ERGOfePétittbnOsyepatfii 6h HREFSELE
storage surface. 52 ..Magnetlc recording device as recited in claim
25, furt her80EHq 43th gatierny means for receiving the readback data

pattern and detfarthencomptidieg drepdtépswfe of said nul l ed frequency conponent
th f 28. ST l] |t shi ' '
e O o o PR epcHEAR e eARE Sy e elérilon &F el R M

devi ce, conprising € steps of:. gener ern c
plurality oncparysmeansavi ng spaci ng according to the form 1100 ...

(M0 s)100. . . 4BGVHk WmE data fré&Md WRITR data sdudd; shawherein mand n are
nteger Mt Pl g oy the spacing of data pulses in said WRITE data in accordance with the
compensation factors.
20. A method of compensating for nonlinear bitshift as recited in claim 19,
wherein said shifting step further comprises the steps of: -
in said WRITE data identifying at least one shifting data pulse, where said at least
one shifting data pulse is a data pulse which is closely preceded by at least one other data
pulse;
for each said at least one shifting data pulse, summing the individual effects from
all nearby preceding data pulses on said at least one shifting data pulse; and
shifting the spacing of said at least one shifting data pulse in accordance with said
sum of individual effects and said compensation factors. :
21. A magpetic recording device having compensation for nonlinear bitshift,

comprising:

a magnetic storage surface;

means for recording a data pattern on aid magnetic storage surface, said data
pattern comprising a plurality of pulses having spacing according to the form

1100. .. (m0's)100 ... (®0's) 1100. .. (m0'sH)100 . . . (n0's)

wherein m and n are integer multiples of 6;

means for reading back the recorded data pattern from said magnetic storage
surface;

means for measuring the magnitude of nonlinear bitshift in said readback data
pattern; and

" means for converting said measured magnitude into a compensation factor.

22. A magnetic recording device as recited in claim 21,
wherein the measuring means determines the magnitude of nonlinear bitshift in said
readback data pattern according to the equation

| Zkwo) | =hwe | X(hw,) |
wherein

kw,, represents the k# harmonic of the fundamental frequency of said data pattern,

Z(kw,) resents the amplitude of the k* harmonic, -
| Zlcwo)| represents the amplitude of the k€ harmon! REPLACEMENT SHEET
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wri‘tingwsaid data pattern onto a data storage surface; reading back said
data pattern fromsaid data storage surface; determning a magnitude of
said readback data pattern at a presel ectggd harnonic of said data pattern,
sai d presel ected harnoni c being chosen in accordance with the values of m

~and n; and assi r gl.n it d eApthd e f
bitshift for thgjawoys e?{&gﬁtg % %glprragnet Flc&lr egor(gl ng Hév?ge qﬁQl{}IL ng)%@éd
conpensat i CFAFSBIONS oyith e@rengymhan@ conprising: a WRITE data encoder for

converting binag Yegiededss thé b Hﬁﬂi@éﬂmhhyarrb%mdabl e form corrpensatlon
nmeans for receiyjng, encoded TE daj a. from sai d WRI TE encoder  .ad f%
merEn I‘nSItShl

the spacing of &hi dAeH@BRE yice Jhaxgier gompesation Jpr nandip

adj ust ed ensmaperibinRl TE data from said conpensat i on means and converting

sai d adjusted en spondi ng WRI TE current; a
magneti ¢ head a%ﬁl%gﬁg}c;%r;g ?‘ﬁtf%g fnltgcgw g I ¢ head receiving sai d VAR TE
data onto sai d paitgregercratiay mgen%mrfm@atmg REALL aatpﬂrnfhaumgfa)nuld@b&pqmamgyand

anplifying ¢ agp%@ t ta
equal i zer an ecggtt&(il c%n{pgiéiﬁ\,;erf[:lqrﬂﬁﬁ Bﬁg%lﬁeesﬁa?a é&igdmg tggﬁ?rdglﬁln
i nto bi nar y dat OI‘ m m S) 0 (nO S)IIOO (mO S) (n S

wherein m and n are integer multiples of 6;

data READ/WRITE means for writing said data pattern onto said magnetic storage
surface and reading back said data pattern from said magnetic storage surface;

amplitude detector means for measuring the magnitude of the readback data pattern
at said nulled frequency; and

processor means for converting said measured magnitude into a compensation
factor. |

24. A magnetic recording device as recited in claim 23, wherein said processor
means includes means for determining the magnitude of nonlinear bitshift from said
measured magnitude according to the equation

| Zkwy) | =kwod | X(kw,) |
wherein

kw,, represents the kth harmonic of the fundamental frequency of said data pattern,

| Z(kw,) | represents the amplitude of the kth harmonic,

[X(kw,)| represents the amplitude of the k# harmonic of equally spaced
transitions with frequency w,,, and

d represent the magnitude of nonlinear bitshift.

25. A magnetic recording device as recited in claim 24, wherein said pattern
generation means further provides means for shifting the spacing of said pulses by a
known amount and means for determining the direction of nonlinear bitshift in the
readback data pattern according to the difference between the magnitude of nonlinear
bitshift and said known amount of shift.

26. A magnetic recording device as recited in claim 25, further comprising:

memory means for storing said compensation factor;

a source of WRITE data; and

compensation controller means, responsive to said compensation factor, for
receiving said WRITE data, shifting the spacing of data pulses in said WRITE data in
.accordance with said compensation factor and transferring said compensated WRITE data
to said data READ/WRITE means for recording onto said magnetic storage surface.
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saird coapensation nmeans including pattern generation nmeans for generating a
data pattern having a nulled frequency, said data pattern conprising a
plurality of pul ses having spacing accordemg to the form 1100 . ..
(mO0's)100. . . (nOs) 1100 . .. (nMOs)100 . .. (nOs) wherein mand n are

| nteger muLipl#r Oh Mag e RlPERE SBlicH BRI ARRRDS el OEASAL On

factor, said processor ans iI.nc ni t ude
of nonlinear bitiler meanghion rg@indngélgeareadbagg daga pastern pad ﬂmefmmm& themplitude

magneti c ster gL nslsd & en@y@lb&n t tHeekFrgph. nonl | near b| tsh| ft being
determ ned actoling 1o e Soet thel btk eal it gl
sai d data painhrising ﬁ(elsm[psrafi ) | repr esent s the anplitude of the kth
cqual 1y spaced TrEkiing el BhEas Toipt el Phbditf6r Bngbe faviu bl B &‘ﬁ ifg ©
magni t ude oP thefetohear bitshift. REPLACEI\/EI\FI' SHEET
1100 . . . (m0's)100 . . . (n0's) 1100. . . (m0's)100 . . . (n0’s)
wherein m and n are integer multiples of 6;
writing said data pattern onto a data storage surface; reading back said data pattern
from said data storage surface;
determining a magnitude of said readback data pattern at a preselected harmonic of
said data pattern, said preselected harmonic being chosen in accordance with the values
of m and n; and
assigning said determined magnitude as a measure of nonlinear bitshift for the data
pattern.
29. A magnpetic recording device having compensatioﬁ for nonlinear bitshift,
comprising: ' o
a WRITE data encoder for converting binary data:into magnetically recordable
form,;
compensation means for receiving encoded WRITE data from said WRITE encoder
adjusting the spacing of said encoded WRITE data;
a WRITE driver for receiving adjusted encoded WRITE data from said
compensation means and converting said adjusted encoded WRITE data into a
corresponding WRITE current; _
a magnetic head and storage surface, said magnetic head receiving said WRITE
data onto said magnetic storage surface;
a READ amplifier for receiving and amplifying readback data from said magnetic
storage surface;
a READ data equalizer and decoder for converting a magnetically induced pulse
train into binary data form;
said compensation means including
pattern generation means for generating a data pattern having a nulled frequency,
said data pattern comprising a plurality of pulses having spacing according to the form
1100 . .. (m0'$)100 . . . (n0's) 1100 . . . (m0's)100 . . . (n0's)
wherein m and n are integer multiples of 6; and
processor means for creating a compensation factor, said processor means
including means for determining the magnitude of nonlinear bitshift when said data
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pattern is written to said magnetic storage surface, said magnitude of nonlinear bitshift
being determined according to the equation
| Z(kw,) | =hkwo | X(kw,) |
wherein )
kw,, represents the kth harmonic of the fundamental frequency of said data pattern,
| Z(kw,)| represents the amplitude of the kth harmonic,
|X(kw,)| represents the amplitude of the k# harmonic of equally spaced
transitions with frequency w,, and
3 represents the magnitude of nonlinear bitshift.
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DATA RECORDING DEVICE

ABSTRACT

A method and device for use in meaéurement and compensation of non-linear
bitshift in non-linear communication media such as magnetic and optical recording
devices. The method and device are based on special bit patterns constructed to
eliminate at least one harmonic of the fundamental frequency of the data pattern if all
bits are communicated without any non-linear bitshift. The presence 6f nbn—linear
bitshift is manifested by the appearance of the harmonic. By measuring the magnitude
of the harmonic, the amount of non-linear bitshift (110) is determined, and
compensation adjustment (123) is then used to offset its effect on the data detection

scheme.
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