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and an outPevicé fir vaitp pbmpensatidreinonagpatic-giegiaateprdiogbe recorded, at |east a

pluralfty of the signal transitions in these out put dat a signal s
bei ng del ayed with respect to the corresponding signal 5 transitions in
the input data signal. Wien certain data patterns
occur during hi gh-density data recording on magneti ¢ nedi a non-1i near
bit shifts arise. These bit shifts are primarily caused by

demagneti zation effects, i.e. as a result of the fact that the magnetic
medi um ' opposes’ the recording of a change of sign in the bit stream

particularly when a Thelinedrtioq rélbtedio Sdevicettbewsimechinpensition of deretimanebyi t -
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head. A data transition causes a conparativel ow change of the
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of the magnetic field in the head to a nal transition extends over
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this effe can ansitions elng respect
‘'to one anosﬂtoetrorlngo Eﬁ%)mspeme@ of a bit interval. Such

i naccuracies in the posjtions ansitions.relative . to one t her
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bit detection in the read sighal is then reduced consi derabl y.
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data transition causes a comparatively slow change of the magnetic field in the write head by
which the signals are recorded on the magnetic medium. The magnetization of the medium is
not reversed and the transition is not recorded until the magnetic field strength exceeds a given

20  threshold value. At high data rates the total response of the magnetic field in the head to a
signal transition extends over many bit intervals and thereby affects the recording of the
transitions of many subsequent bits. In practice, it has been found that this effect can give rise
to transitions being shifted with respect to one another by 20% or more of a bit interval.

Such inaccuracies in the positions of transitions relative to one another as a

25  result of non-linear bit shifts are highly undesirable, particularly at high recording and read
densities because the reliability of the bit detection in the read signal is then reduced
considerably.

It is known that non-linear bit shifting as a result of demagnetization effects can

be prevented at least partly by the use of write precompensation, which means that a sign



change is either advanced or postponed dependi ng on the val ues of a nunber

of preceding bits. To this end, it is also known to consi der- either
only the I‘@égwﬂr&cedi ng bit, a so-called first- order conpensation, or
the |ast tWo préteding bits, a so-called second-order conpelsHiEogM0210 .
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recordi ng channel, particularly as a result of the selfinductance of the
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will increase and, as a consequence, the required wite voltage will also

i nprea.s@..rtiqlhl O technology this voltage is limted to 5 to 8 V, and
this limtation digtakese ‘Wﬁté@fﬂe’ﬁ‘c‘gaualization for high speed digital magnetic

25 recording" by T. Kato, R. Arai and S. Takanami in JEEE Trans. Magn., Vol. MAG-22, No. 5,
pp. 1212-1214, Sept. 1986, describes the problem of non-linear bit shifts as a result of the
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limited bandwidth of the recording channel, particularly as a result of the selfinductance of the
write head. As a solution it is proposed to use a filter which emphasizes the high frequencies.
However, a disadvantage of this solution is that it can be used only at low bit rates. This can be

30 explained as follows. The magnetic flux generated by the write head is proportional to the
write current I The write head comprises a coil having a selfinductance L, as a result of which
the required write voltage is initially given by ¥V = L.dI / dt . At an increasing bit rate dI / dt
will increase and, as a consequence, the required write voltage will also increase. In IC

technology this voltage is limited to 5 to 8 V, and this limitation dictates the maximum




attainable bit rate during witing. In general, the use.of a wite

equal i zer of the type descri bed in said article cannot palliate thi s
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ere
20  possible in a simple manner to allow for a large number of symbol values which precede a

-

transition to be recorded, which device can be used alone or in combination with an existing
precompensation device adapted to allow for a limited number of preceding symbol values.
To this end, in accordance with a first aspect of the invention, a device of the
type defined in the opening paragraph is characterized in that the signal path between the input
25  and the output includes a series arrangement of a filter circuit and a hysteresis circuit, which
hysteresis circuit receives the output signal of the filter circuit and supplies a binary signal as

its output signal.

For any phase i the filter preferably complies with:

1 0 wvoori<Q,
30 —h(i+)T)=3B  fori =0, and
# ~c_ fori2 N+2

where



—[err] T ; = the pulse width of the data S|gnals h -

= (c * wW(t) where * is a linear convol ution; wt) t he

i mpul se r of the filter; 5 c(t) =1 for t[ nd
c(t) = 0 HOHpger h =4dh/ dt %MB%’R"Q
arbltrary p05|t|ve const ant ; N = a non-negative int eger,
clerr] = a-vmfhg&zm)ng(@aetw)’r)j,or t he degree of preconpensation for
the influence of a 10 data bit bk[err]. I n accordance
with a Fecond asped:hemﬂsetheithqf/thndat@rslalﬂlst\lth or der preconpensati on

devi ce, mhlch s k arrange et ween the input of the devi ce
and thehi nput of T‘R )Etsgpere*lsalmearco%vglug Since, in accordance with

the invendion, usegy m‘iﬂiﬂ'é% heofSRE fifter; ar rangenent 15 of a filter
o 1
circuit d a hysteresi's CII‘ wht partlcul arly a slicer, the problens

descs i be@) above —lforw[mm‘]m&fe(tbnﬁelsewhum sol ution proposed by Kato et al
do not occur. The voltage peaks in the wite signal are limted by -
means of' t he hysteﬁééqts circuit before the signal is applied to the

wite hgad, so that a@lﬁu‘r{@ﬂo@ﬂfvﬁaﬁﬁﬁﬁ be clipped, even when the high

frequenties are bodst act’, in accordance with the invention,

conpensation is nedmhgeigativdintsigex] by neans of 20 vol tage | evel s but by

means of a shift in tinmne, The inventijon I w be
attionge BFE

described in mor e=deveiEhting faptor frdhedrezes of Rregpmpensatiog for fhg

dr ayw ng Figures 1 a-g illustrate how non-linear bit
shim)s g?’ﬁabltbk" Figures 2 a-c illustrate a bit shift
caused by the banfivadbrdantewithtaisecund28Spect of the 1nventlonanNth‘—iog¢nre 3 shows a

I k di f f h
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2[err] %&'ﬂ{exﬁﬁﬁtto?rthé’m&h can be used in the devi ce shown in Figure
two effects which can lead to non-linear bit

s h| fts and whi ch Simeebia a@@ordarmmﬂeﬁham\@atlmy use isrmmadsr ofithe segjes agrangement
g ;Sﬁg ggs g'ﬂrlﬁleg?lréj}ﬁw &1 (%;ege%gsocégﬁ{qbpe@é%%} e>; Q%héep Or.ﬁgf)fo%'f%ms describéd dvovdlOW be
First ofwifl feferérie t6 teaolutishi o@&LIByEKatwanal dmrerodoit. Thbivbltageqseaks indthell t  of
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write head, so that the voltage cannot be clipped, even when the high frequencies are boosted.
In fact, in accordance with the invention, compensation is no longer effected by means of
20  voltage levels but by means of a shift in time.
The invention will now be described in more detail with reference to the
drawings. In the drawings:
Figures 1 a-g illustrate how non-linear bit shifts arise;
Figures 2 a-c illustrate a bit shift caused by the bandwidth limitation;
25 Figure 3 shows a block diagram of an embodiment of a device in accordance
with the invention; and
Figure 4 shows diagrammatically a 2™ order filter which can be used in the
device shown in Figure 3.
The two effects which can lead to non-linear bit shifts and which can be
30 counteracted by means of the write precompensation device in accordance with the invention
will now be explained briefly with reference to Figuree 1and 2.

First of all, the effect which causes non-linear bit shifts as a result of

demagnetization effects is described. Such demagnetization effects result in a signal transition



to be recorded, hereinafter referred to as transiti.on, are recorded with a
delay if no transition occurred in the preceding symbol interval and
is recorded pwomakappel y if a transition occurred i n the g+aeesidh
synbol interval and no tranS|t|on occurred?in the symbol int erval preceding
this |ast-
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shi fted towhishno shift ogqughbecayseshe irmu{oaas PFCUB P, regifiarby. The sygheps apger i od
wi th synbol s. havin irst bit y e
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consequent lgsm a6 badeth dntiderdd delsay be hﬂtedﬂtalﬂ ﬁm&gmah bt-dathmbltt dheﬁs are shown to
preconpensati on can be 15 expressed as dt =-([err]

Figure lc she¥issertedscelgavlotsevemitutodts rotad that kema,&gr ﬁxerswfqpk Daepresents ant he
trar_m{l on,is,shifted totthe |l eft by a second time t[err] because a

transi FHGRVE Lo BFD ¢ val ue back to a first bit value, after a
"1 ong" perl od wi th syighed fo dhawis Mk stubtidbihn \ﬂhéh ¥3lA46+, . The RANTRAEH shifted to Bh¥
the magnetic nmediumand is thus recorded earlier. The required
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consequent E&‘n@ﬁxy&ﬂyl?ycorded with a delay. In mathematical téHinshe frel@hipdnsbteit danbe
([err])[err] (1) 25 I n practlce use is often

made ofS NRExprassed sydtsot(e-bPean)sii n t he al phabet { These are rel ated
i fhe dete el gl e b L S i
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-b[err])/2, so erewitten as
dt = 0. 5[ [ ebadk perfirkf bitvadue; afifrer Tpng" [peried with sBmbéple ha\]mg erfrrqt but[\@ﬂlre} 1s promoted
(2) by the magnetic medium and is thus recorded earlier. The required precompensation can be
20  éxpressed as dt = (2, © a2t

The total precompensation required for both effects just described is primarily

a linear combination of the individual contributions and is consequently given by

dt = -(an D ap-1)ts + (ak D a)ts 1)
25
In practice, use is often made of NRZ data symbols by in the alphabet {-1,1}. These are related
with the data symbols ay in accordance with by = 2a,-1 so that by= -1 if =0 and b,=1 if a=1.
Using this relationship between by and 2y it is evident that (a+; @ axsj) = (1-byi bisj)/2, so that
'(1) may be rewritten as follows:
30

dt = 0.5[to-ts1] + 0.5 bestbict ter - 0.5 bybyes tez @



The term 0.5 [t[err]-tflerr]] represents a constant delay which is left out
of consideration for the . remai nder because only the shift of
transiti oQsy ¥dedor €SPECt tO one another is relevant. Since

represents a transrtron between b[err] @&n b[err] it holds, """39%’8% %a
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gu?gaggsﬁ? P‘A%?fgd to alarg)rearrpl ifier 21 and is applied to a

WI’I te head 23 via a connection 22 having a given sel finductance. The

magnetic field Hg ner at the wite head 23 is sho | n Figure

2c. Oning to the HS/ t%?@g[r%kl Eft’gtﬂtsﬁt he 15 rmagnetization M o%}te medi um

24 is not inverted until the magnetic field strength Hg exceeds a

threshold value Herr]. This neans that the actual recording of the
transition in bk Nmnﬂug:ar‘mt gifts as aresg]@ggthednmteglmdwtdﬂxgﬁﬂmpm;dmgagnet i c
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wi |l of tefedeRfatbh ofarédbﬁrmg channel foPie rh!@irdxhg‘of aga loBachsghetit me‘dtmlTheal ue
when subsequent data transitions occur, |ves rise 20

i nt er f eméatwstgna]tbxeshoé@pl@rﬁé‘lrét?bl—IFéPPI}Gdtt@ atH’i%%P lifigs 24 god Ay aRpalﬁﬁﬁ %i ons.

As descri be mlar to
t he denﬁgﬁ_ggfz% A 2SPPRT Ctuw(%zscr |IgéEI ALt (g%gﬁlﬁ%)e;}%lr%aé%% tfél Yat a
rates t heferhtetl ® ftigy ﬁﬂ&fhdﬁﬂ)% GostRwRBigEy ahd])wmgtte Ithkalhsstettemsteﬂ'butsthe of

the d t f t hi I t
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Therefor eauetrttﬁd ke P TREMHDER Sk mchﬁmecaﬁﬂngeﬁhe lﬂ@nﬁéon i 1) lhmtﬂgzb

structu b[err] aEab%err] + blerr] + blerr] +
bl[err]. doe:} not result in an actual ihagnetic recordmgmewgleq the ngjgmeti¢ fie aépﬂa}ter etc.

represent weightin tors. which di f n 30
of "t he. BT mdsreen ¢ e e vpiabbf bFp Ao ESEng 1 ol PRATRSIPR! bGP 07
For rfopymiRvRBesshesd ﬁg @nhllvahfe when subsdtasiti datetarsitRins bbagewhieh ghies fige

factors are l%ener ally non-negatiyv The_above

des@0i pttp énterierendeeviiathggeponsn ofbiéyt%ttlese sphssavent rapaens. Asidsserivsdaboye.
in the 4 %gét%}félregce I%d Q%ltts'hfﬁs St lytfg?&ﬁé%x?i&?ﬂ%ﬁeﬁg ;drfbﬁg order and

second- o0 npensat1 on fts re erred to as [err]
en [ err ]herdinbeterel At Btﬁghfdufa&atebﬂ/lemﬁemﬁcemy doser many symbol intervals. In terms

of the description of (3) this large storage length requires that bits preceding by, should also
contribute to the precompensation. Therefore, the total precompensation required has the

25 following structure:
dt=-by [bx.1c1 + by.2 €2 + by 3 +bracy ...] “4)

where c;, Ca, C3, etc. represent weighting factors which dictate the degree of precompensation
30  of the non-linear bit shifts as a result of the bits by.;, by.2, bi.3 ... . For completeness’ sake it is

mentioned that these weighting factors are generally non-negative.

The above description of the value of dt deviates from the description common
in the literature for the time shift necessary to achieve first-order and second-order

precompensation for the bit shifts referred to as £, en €; in the literature. However, it can be



denonstrated that: there is a direct relationshi p between, on the one hand,
[err] and [err] and, on the other hand, t[err] en t[err]. This will be
expl ai ned wi tWwo®fsgzgnce to Figures 1 e-g. For a frequently H,EQ
description of [err] en [err] reference cad be made to D. Pal rr%(';r,/ .90210

Zi perovi ch,, R Waod, and . T.D. wel ], "ldentifjcation of Noplinear
Wite Effedemopsiaied %éb@a@rlaﬁégﬁ?ts@g%ﬁ@@sbewee’ on fhiggpe Fragh ) awﬂ@rﬁnsm the
MAG- 23," No.,, 3P oS Y J - '

Fi gure.le. sohﬂge\/{gl a‘éd’gﬁ%%f‘%' ?ir?lgr‘fgﬁ {B %g)r%};i? i?%(%n errﬂrefeﬂ%%{obffi {rn]r%flfeo% Fgﬁgﬁ%&j“"é‘? énal
bl err] y= [ aised fescription ofls;lon s, \tbferthcé sanrt@irhadeno M. Phinkee, P.Aipérdeich,R. Wood and
hereinafter. Furt her"m)re_, use will be nmade of . _transition synmbols
glerr] wit hE-DiHowell, "Identification of Nonligeas, WiteEfffects Ysipg Pseudorandomydeguengesy 1| =

b bl; ' b
der  veaSt nafE R s MeEn, VoL MRG23,No. 5 po 2377:2370, Sep. APEP Bakliliy 1 B

or
falling traxmehdian, and g[err] = 0 when there is no transition. 15
Figure 1f illustrates_the usual nmethod of  describing the first-order bit
shift [err], wiiguse | & shoysasingle wansiins from bg toghial fopprNRZ signal bgs =£1- ( |

:[ err] 0) wi ﬁ’{}éaé%ﬁ‘l?tig%{ gj?ﬁ k% P&gﬁeﬁ%ﬁ%ﬂi {‘.I'Furtherérr':]ogﬁ' He %){HJ?JQ lmafd@ %?r val

havi ng a va e e constant si

Fi gure 1g ittdnsitibh 8y@bols §e, wsthal nmet hod of describing the second-order bit
shift [err], which is based on a constant signal b[err] -1 or +1 (i
[err] G0 i [err] 1 )with two symbols bk and b[err] of 20 the length of a

synbol interval, both havin opposite to that of the,gonstant
si gnal . 4l E!p‘%n(f?xg’h%g eE% llr%'f'i oned article by(%al ner,

-Zi perovich, Wod and Howel | it is set forth that for the conpensation
of the time shift [err] a_preconpensation [err] is required in
accordance with [er From (5) it can be derived that qu+1 =+ forgisngiransition, Ak Fs2 Hro

"set forth tlg?%ggﬁ%siﬁ&p ﬂ&gﬁgawﬁ&tth%? i Y rdffdol, 1t holds that: [err]

.30 The preconp ation t I's required is therefore:
15 Figure 1f illustrates the usual method of describing the first-order bit shift ,,

which is based on a constant signal by,; =-1 of +1 (i # 0) with a single symbol by of the length
ofa symbol interval , having a value opposite to that of the constant signal.
Figure 1g illustrates the usual method of describing the second-order bit shift €,
whiéh is based on a constant signal by -1 or +1 (i # 0, 1 # -1) with two symbols by and by.; of
20 the length of a symbol interval, both having a value opposite to that of the constant signal.
In the above-mentioned article by Palmer, Ziperovich, Wood and Howell it is
set forth that for the compensation of the time shift €, a precompensation 4, is required in

accordance with

_ P
25 b= o=y

In said article it is also set forth that for the precompensation for ¢, it holds that:

30

The total precompensation that is required is therefore:



[err] : : (6) From (5). and (6) it~

follows that: 5 [err] wher e 10 Terr]

For the p @73 ransition betvveen b[err] and b[err] it hol

gl err] b[e?&f _ %‘ regardl ess of the polarity of Dbk. Ttﬁ”@g%‘?'? hat
C = [err]/2, i.e. Crepresents a constant preconpensation which applies to
all transitions and may therefore be di sregarded because only the

shift van transitions relative to one another is 1 5 relevant.
For the present tﬁangtﬁm{gﬁv\@e@ b)[epr] and b[err] it holds that q[err]/2

Eo-bk so that, afted dropp| ng tfié’ const ant C, it holds th#) [err]
From (5) and (6) it follows that:
5
i+
B = - ;' { E(br-brs) + & (bk-!"bk-z}
D
= - ;l { &bi-(&1- 62)bea- & br-2} @)
q + & — €& £
- o+ B {azta, - 2u)
where
10 c=-2 (anb )

For the present transition between by and by it holds that qy+ by = -2 regardless
of the polarity of by. This means that
C = g/2, i.e. C represents a constant precompensation which applies to all transitions and may
therefore be disregarded because only the shift van transitions relative to one another is
15  relevant.
For the present transition between by and by it holds that qy+1/2 = -by so that,
after dropping the constant C, it holds that

(& - &) &2 } ®)

A= -b {bk—] —_— + bk—2 —

20
This expression truly has the same structure as (4), in which ¢, en ¢, can be identified as (&)-
€2)/2 and €,/2, respectively.
Figure 3 illustrates diagrammatically how in accordance with the invention a
compensation of non-linear bit shift caused by a very large number of preceding bits can be
25  achieved. The circuit comprises an analog filter 20 and a hysteresis circuit, such as a slicer, 21.

The circuit of Figure 3 is included in the input circuit of a write head.



This expression truly has the same structure as (4), in_ which c[err] en

c[err] can be'identified as ([err]- [err])/2 and [err]/2,
respect i vel y.wo 99/44201 Figure 3 illustrates di agrammgld Mb% n)ow
in accordance with the invention a cofpensati on of non- Ilnear ?

shift caused by a v ar nunmber recedln s.can be achi eved.

.The circuit conprise I i such as
o e 20198 o% rmede opcmse ) b te e sieapg s &

g . SL' Swelr : eg:?]rmn&ous bildl§ data'stgtlal, s@¢h 45 tHE'Eignal bl of Fightédeeni: %ulpﬁ?sxgﬂzﬂljf(t) 6F fieui t

9 filter is non-binaryTawel the k¢rocrddSinpoasf a(t),lwhmh exhibiedgpodependért shdfisavithhe

i nput si gnal cont uou ar at a such as. t

o gnal b ereEpectid g (), are gt By shee pLriieR profides e binary Sinf Bghalisd

non- bi nar yoﬁlﬁe wWril€ preBbip s @S ag:%uoéwyr(gttb the Huedliey o SrittiirBeAGRARARR

shifts wt respect to those of X(t), are detected by a slicer 21,

whi ch pr ovﬁhmkuﬁsenmhmwnms pretwigillyrdefined by the preceding dhta symbols. The filter

preconpensat.i on e_causal i tﬁgOf t.he, wri

pr econpens 3T PR 5 ot hﬁq"fee?o"gfﬁd%yﬁ? RepRY ¢ fhe magpitde of Bﬁﬁ‘&‘ﬁﬁ godiean bee g
by the preg&glineg, i@ﬁéﬁnﬁﬂ@h@ kife mdiiRr éthiel BElow. In praéi@leCs m:me@ﬁ&%rfroﬁmofdeﬁe

covered by the nmenory nd t he magni tude of the shifts and_can

desi gned, filier '@&ld?mdequatm Astearesrdhofahis dovd peder Hiel civguit can yemain mmle and is very

t hird- der. e Lt of
hi o0t B oibie Rt foleRbton in op intkiated el TR SRR RRSighPo it HilH s 7,
i npl enent agérerallyrof @it érdtresimidgdtiudd 61ttt Bata TAi€ 1/To a8 b Feadit bﬂwﬂmhdhb d&th rdt&can,
filter is . _ eneralliéof t he order of magnitude of the data rate 1/T

as a resul in ICiHe b8 highe alawlm@ré%u@éﬁchmques forufhircbptdﬁémm fourtheorggr giltersror

i npl enent L r r "
referenc ea%:égﬁg%ég%%gg % ﬂtﬁgé tt c;]gle é‘?‘ﬁ‘ C IA 8£ gﬁ%‘rl gr({:k'gjh Odq# dteggﬁ Bg %rq Eéllé’% ?%%gsn Sy

active filRdr. $alldayand E.L. K& i IRElaasactions dn CirculieTheory, Wcﬂ'ﬂ%ﬁspegdsGHQSmi
Grcuit rgh 1955, ages 74-85 or 15 to the cle "Ceneratijion

“of contd nufﬂfg‘g?ﬁt&% efafipeg %Q“&P“‘P‘ﬁ&ﬁ“%ﬁw misgraier lopp Q?r“uﬁlé%r Stiggtuges By

Sanchez- Si Q&%bﬁsﬁﬁenﬁb el £l d\% TE&@?&QB& 96‘@1@151&%&%&&153091 55'31{1@@ Au

35, No. 8, August 8, pages 936- ter

order can b33, pages 936- %&e CI rcuit of Fi gure 3 is used in conj unctl on

wi th a conventi onal ,gl!lr r eco or.der Lte preconm ensatl
circuit or a wite 2 ts%? cg:ﬁfl SOSh! ‘?%‘fﬁuftog%gqﬁ% {5/ JREUP TS ﬁnl n
t he Eur opegithBabfRintiondl fik@bidePoriReshticrdetwrite é)reconﬂﬁﬁsa‘{%h citit bsdegtat the

date of filing of the present Application, nerely serves to all ow
for siZhal pmecmmrtsat@mclmxt@ﬁﬁmt@erdﬁscr&ﬂp@ ﬁ?aﬁ‘é@l’%;l Peteat Application §202427.9,
circuit. Y r
in princi A}'lc;t }JeE \éb(%{%g deﬁ?he dage o%ﬁl1ngp5ﬁﬁl%%1%§)én§,§\g§f1&u%n aﬁldc%né}gw]se?%% (’()oDFc)fl()cxlen t at
DC resul t sfdr rsxgnélt franditiohe @hich@rd sot zemgen'kufedrbg thidsniventibnal ¢itoagts Adlltez daving or
ones, 25 which conpllcates a reliable detection of zero crossings. In
order to pPecteatiolesAing azermpainh at BC, is, in principle, adequpte fos Sudhea BHPPEEeHowevas,
fraction o I
function V\gl El% C&?ﬁ%ﬁt %fSC x{lemgltﬁﬁ 119‘@?@%3%’1@&&% to-EQfosdlﬁqng tﬁjbsloﬁgtsfrﬂfﬁ bfZeros or ones,

25  which complicates a reliable detection of zero crossings. In order to preclude this problem the

zero point can be shifted to a fraction of the pole of the lowest value. This yields a transfer

function which complies with:

1+ j—=—
W(f)=a £, ©

(1+J}‘l‘)(1+}}{‘)

30



30 ' where a is an arbitrary gain factor is, [err] .and [err]
([err] < [err]) defining the locations of the poles and [err] is a
fraction Lo the location of the zero point with respe&},r of
the fi rstqg;o%gz#% The transfer functlidon of (9) can be rea |/l§zg%{8£%

effectively by nmeans of the circuit in accordance with Figure 4. 5
Fi gur e wherbois an ashitrarggrircactoeis; frandyer(fef fOAefiningthe lasatigrsofithepaeynal

e nocudftie adas b dcanpadia gration of ti 57y poiahuitsespele 3% ot Ryeutee Py [0
t ak f t ; i i st Th
axen Oe%ﬁ@%g?&%ﬁgﬁ??@?@nkg?eaﬁg%o écﬁ’irel%g?ﬂé’m% log th@%iré&xp{nl dordance 1he

out put I's t tage across C2. Typically, it holds

t hat [ ewith Figard4.and [err] << [err]. In the present case the follow ng
applies: 10 [err

]... The_anal og filter of, Figure 4 h bee timzed
for 5 represent atfigred showsaolfags- c‘f‘?‘?ﬂt pappyerter b2 Hhﬁ%we%“t‘ﬁ":safﬁﬁélﬁ“@&?
magnet i ' ife).| THd cufrflit [sSfjebted intbithie SdtelHebwdnthe ¥gscitet t he’
15 rec&d&éﬁ%&@%@}%ﬁhﬁ#@ T:j}?%?erents fJi I ter.n con?‘ i g:r ations até_i?ﬁree
di f f er e@f anid the resistor. R Tand i tdider from the nadesbetyeenthechpaciior Coand theiresigior By.

%8{ (ra]r r%lrlled m%pl%rség]qgj % tgtpp'ﬂ?telr'_.lesi %fl(gl?af%]g .a}:/r%lssu 8; é[%lecrahlr, ith e{t}?t? & Fraiilli fi T

no << f,. In the present case the following applies: Clerr] c2
10
R, 1 1
=2 JiE ,and f, = 10
ﬂ—Rz’.ﬂ 27ﬂlcl an fz ZﬂRZCZ ( )

The analog filter of Figure 4 has been optimized for a representative write path of limited
bandwidth, such as a magnetic write head. Table 1 list the residual bit shifts observed in the
15  recorded data pattern for different filter configurations at three different bit rates. The Table

also gives the optimum values for C; and C; for the resistance values R; = 4kQ, R, = 3000

and R; =100Q.
20

Table 1
1/T no C] Cz
(Mb/s) precompensation 01 02 O1+S | 02+S | (pF) PF)
100 21 12 10 6.2 6.2 9.4 3.1
150 36 24 20 12 11 6.5 3.9
200 41 34 29 19 16 4.9 3.9

25  The Table lists the residual peak-peak bit shifts in per cent of a symbol interval at bit rates of
100, 150 and 200 Mb/s. The column O1 applies to a conventional first-order write

compensation device; the column O2 to a conventional second-order write compensation




(I\?b/ 55 pr econpensati on 01 02 OL+S  02+S (pF) (pF)
100 21 12 10 6.2 6.2 9.4
3.1 © 1@ oomann 36 24 20

11 6.5 3.9 200 41 11 FeTriEonzyy

19 16, ., 4.9 3.9 25 The Table lists the residual, peak-peak
bit shifts dewicseandthe colymng Odiraes 02+t te thegomhinatiop of 3carveggional first-ordesgnd 1 5

and 200 Nb/séc%.ﬁt&dsx%ﬂﬁ%%éﬁﬁ%i&géviaaogetﬁwmme%ai'ce td Lbrddh ek iniMiet ©
conpensati on device; the columm to a~conventional second-order wite
conpensat i dnvention, as shown in Bigures8,anddd t he col ums Ol +S en 02+S to the

conbi nation.of a conventional first- er and . econd- or.der ite
conpensation device %éfme%ﬁqmﬁﬁgag@vit%eﬁﬂt%ﬁfg%éﬁnw Vf’f?b %e
I nventi gn, é%iftécﬁ!?w}f b @oxﬁl}eﬂ%ﬁi c? u”lf‘&reiﬂlgement is combined with the filt% i 2cRRRAEENT

fromthe T e resulting effect very favorable, 5 particularly
i f a convenwittothelinwventioni Theaptismgevawt of G, deperxisrserdngliyton théhdatd tdte. dfowaver, it is

ST ongly. ovetpeseil A e S Aensipiing or o dlaralel e Bhe Mo dgen AR B o

filter di mepghARd®r f‘.h@'hi%’ﬂelst B2 Ard) 38R thé horl-1ifead STBRIAS Afe MBst PRSnORREd. At
optim zed for, the highest data rate, where the non-linear ‘bit slifts are

nost pr onouaweriatavates the valuesewillthermbe dightly suheontithurasbupithe residusl biiteshifisiwillt | y
sub- opt,i,mun__but iés@ﬁe&ﬁgirqugl bit shifts will 10 decrease as the data
rate ddor edEEEase alc Gecreases. 11 order to be suitable for wite

preconpensation, it il oftRE&SESdltabloTdr Wik pi@dinpensation, it 1R ndEROATI ARE thedeVite
t he i.nvention can produce transition shifts having the structure in

accor dance injaedprdance Wiibithe imypation can pragups rensitipsrbbthayingdhestrieiad of an
oot ance Aerancs ARGl Rly, §Wif b2 aBRbRal SRRl R abBE AT,

sui t abl e demilysis that shifts actually have the sthiatude Hiyoshpliandy weithi |(4), providedahst the filter

transm tted by _npeans of rectangular pul ses c(t-kT) having a width T
(c(t) =15 or2Gip&igyre 8 157pf aieabledrsigne| sewhere), in a manner as shown in

Figures 1 e-g. The fi U ] ' ' ' W t h:

[err] wher e é]a?ﬁii er rlﬁk%q*ﬁ\ij\i?‘\?;&.aﬂ 1?%'5’1 b§i err iqf%%tgﬁgﬁ%ﬁgsggi nition

and "*" dengtkP) avingneRldils DM@t tfb:00e{0,T] and c(t)=0 elsewhere), in a manner as shown in
Figures 1 e-g. The filter 20 produces an output signal in compliance with:

20 () = Xby k(1 —kT) (11)
k=-o
where h(t)é(c * w)(t). Here, w8 means by definition and "*”* denotes a linear convolution.

First of all, a rising transition between the instants k and k+1 is considered (by
=-1; b1 = 1). In response to this transition y(t) should rise and pass through zero. Now an

25 instantt} A(k + y)T is considered, where y is a prescribed sampling phase, which is

normalized in symbol intervals T. If h(t) is causal, it holds that:

yary=ht =h¥ + 2 b, H, (12)

J2



First of all, arising.transition between the instants k and k+1 is
consi der ed (bk =-1; b[err] =1). In response to this transition y )

shoul d r| V\Elass through zero. Now an 25 i nst ant [err%ﬂ(@?%&%
e

S consrdere re [err] is a prescril®d sanpling phase,

normal i zed in synmbol intervals T. If h(t) is causal, it holds that: [err]
i n whi cia wiiel r}]"’é(i(qrh[;)ﬂr)r Foridata hydravihgt an a:vlcrdga\vahg%ﬁ; the @vergge catituibutiad, t he
average contri buti on to y(t[err]) of the bits b[err], b[err], ... is

equal sﬂg"” Yof tRObRIBL, 1229 .24 RGadl%0 REress thet the atérh %é’\ﬁhaﬁh i fr WRicR the zero
p

crossing ccur 1s the ase for which h [err] = err| I's then evi dent

that: %}ersr%‘[ soccur Hasé(fdr 1'15 '—Vk?;f@ %\Fldérﬁrtﬁdt the zero crossing

nust hatfe® cared ear er, ‘hean‘st shift of the
transition, designated as [err], will be negatrve. When in Figure 3 a
hysteresis circuit in the formof a slicer is used this shift wll
di ctate the degreg(tgf)=p Qjmﬁensation 10 provi ded by thel3)evice in
accordance with Figure In the first approximtion
[err] depends linearly on y(t [err]) in accordance with [err]

[err] y(t [err]), in which [err] represents the average sl ope of

R RS R et B o
2" 17 o Sifobse trsnsition. desigmasd a5 AL A dkali®, W @?’3“%?30 Al Lot
change, ‘ﬁ.{lt ﬁﬂh% %&aass‘ficé’r 193§éd V\t}ﬁé%hif%vﬂ?di@faté’&% ‘ﬂ}:?’éf %Pgr pos eﬂs'ﬂﬁor?er 0

CrOSS|ng as no occurred, nmeans t hat tive.
10 provided by the device in accordance with Figure 3.

In the first approximation A¥ depends linearly on y(tk;) in accordance with A%
=-p! y(tf), in which p represents the average slope of positive-going zero crossings of y, that
is to say, p = T(h(w T) - h((1 + w)T)). Here, h(y T) is the first derivative of h(  T).

For a falling data transition (bx = 1, bx+1 =-1) the average phase w of zero

15 crossings does not change, but in that case a positive value of y(t) means that the zero

crossing has not yet occurred, which means that A} is positive.

This sign reversal can be allowed for by means of a multiplication factor by, so

that

20 A =b, > b, "R, (14)

Jjz1

This expression is valid both for the falling and the rising transitions.
As regards the filter design the following is to be borne in mind. The shift in
accordance with (14) has the same structure as the desired precompensation in accordance

25  with (4). More in particular, desired partial shifts c1, c2, ... in accordance with (4) can
apparently be realized by designing the filter 20 in Flgure 3 in such 2 manner that p~ Th¥ =
cjforj=1,2,..

Moreover, the sample values hD; en h?’ should be equal to one another, as is

apparent from the foregoing. Furthermore, the two sample values should be positive because




Thi s sign reversal can be allowed for by means of a multiplication factor

bk, so t hat 20 [err]
(14) ) WO 99/44201 This expression is valid both for L ng
and t'he rising transitions. 13 As regards thlé&}ﬁg%@}?ﬁb

design the followng .is to be borne in mnd. The shift in, .. accordance

with (14) frtedprgouigithashegp pisumed that A EismgIatalTpnsition s78yds &h# rigingitransition of
da . - N o . _ . > :

ageor dance 2he s ich ionBind Infok e Hhfinen R O BREALBE oF L iylc

desi gni ng Jwgﬁleél,'sg ek iﬁﬂﬁﬁdﬁpﬁ&xﬁy&ﬁp&uﬂe‘cmhﬁ%amm. stafta?ie VaAidslh %hfdrﬁécs lare™

[err] for y reover e sanpl € val ues

h[err] en byl 24 bn é&%ﬁfggﬁg\ﬁhﬁ]&u%ﬁy 8P@E mfer. TRSs, isimmarizin Iy WPRkSN
, 13

fromthe foregoing. Fur e two sanpl e val ues shoul dg 8 positive
because3 shouldbedesigned in such a manner that in
the forgoing. it has been assuned that a rising data-transition results in a-
rising transition of y. The above derivation does not inpose any

‘requi renents on the anplitude off,t he_ two garrpl val ues, so that in
‘principle this anplitude can be ghoséoﬁ’ ‘5 el y. |Sanpl e values h[err] for j<O
are all zero om@dcounT) aff & hefgpries Ojipahdgausal ity of the fi(5@r.

Thus, summarizingly, #he filter 3. Z‘;}QLQ gfﬁf esigned in such a manner
that [err] where [ery] ™S an arbitrPary positive constant. In
order to.achieve this goal the poles and zero points

‘where B is an arbitrary positive constant. In order to achieve this goal the poles and zero points
10 ofthe filter are optimized together with the sampling phase _;z; . The program for designing the

filter can be based on a norm, for example the Euclidean distance between the left-hand and
right-hand terms of formula (15). If the filter is used as an addition to an N™-order
conventional write precompensation scheme, the components i = 2..N+1 may be excluded
from formula (15) of said norm.

15 As will have become apparent from the foregoing, it is an important aspect of

the present invention that by means of the output signal dt a continuum of time shifts can be

 realized rather than that, as in the prior art, merely a choice can be made from a limited
number of delay values. The signal dt can be amplitude discrete, though it can also be analog,

in which last-mentioned case the number of available time shifts is unlimited.



10 of the filter are.optimzed together with the sanpling phase [err].
The program for designing the filter can be based on a norm for

exanpl e t jdean di stance between the |eft-hand and right - hand
ternms of %?Errﬂfébl?ﬁ). If the filter isi4ised as an additi onP‘EUmQﬁ/o“zm

N err]-order conventional wite preconpensati-on schenme, the conponents
i = 2.. CuATIM&y be excl uded —fromTfornula (15) of said norm 15

As wi ||l have becone apparent fro W‘m\\‘ﬂ is an inportant aspect
of the present invention thgmm\“mm“ M output signal dt a

continuum of time shifts can be » fealiZed’rather than that, as in the
prior art, nerely a choice can be nade froma |limted nunber of del ay
val ues. The signal dt can be anplitude discrete, though it can al so be

anal og, in which | ast-nenti oned case the nunber of available tine
shifts is unlim t @ddevice for write precorfpe¥sifion of data signals tb-be recorded ona A devi ce
for wite preconpensation of d%ta signals to be recorded on a magneti-c
medi um magnetic niedinoe which daviderhss an input fosgedeing)inpypdata gignals ang ar putrahier an

out put for . . suppl.yi ng, t.he oqut put. si . C . :

pl urpal i SYPRIYing fhe %&Fg@satﬂiﬁetrfc cd, %t l?#gé gh&ﬁltg%&?}fepsgéﬂgg?%ﬁé?%ﬁgﬁesgei ng
del ayed opigubdate sigasls bemigldefaye@ Withs epett Rths comespohdiag $ignabiansitionk hrethd

i nput data signal, characterjzed in that the signal path between the input
and fhe iepnt gate signal, charastarizas in that thesignal path betwssn the put and Be outPEt i t and a
hyst er esi I.r CUl: I C [ 3! ' . Leced :

o gnal - Stcledes it at ebRepioTa HIRT chofit ) hysterecis RS WERH S PIRHowi
si gnal . receives theoutput signal of thé fittey ticonitamd shpplivsd himerCsizna 4k, itsciugpua sigeali zed
in that for any phase [err] the filter 10 conplies with: [err]

2. A device as claimed in Claim 1, characterized in that for any phase i the filter

10  complies with:

1 0 voor i < 0,
—hi+p)T)={p fori=0), and
# —cforiz N+2

where
15 =T[h(y T) -H((1 + )T}
T = the pulse width of the data signals;
h = (c * w)(t) where * is a linear convolution;
w(t) = the impulse response of the filter;
c(t) =1 for t[0,T] and c(t) = 0 elsewhere
20 N = dh/dt
B = an arbitrary positive constant;
N = a non-negative integer;
ci = a weighting factor for the degree of precompensation for the influence of a
data bit by.i. '
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where 15 [err] T[h([err!S - h((1+[err])T)]

T
= the pulse w dt h of = (c * w(t)
where *" i s awdbean H‘m\ﬂﬁ “nﬁ“mml wW(t) = the inp j:.?ﬁ%g@%ﬂgnse
of the filter; 1 for 1t5[err][0 T] and c(t¥l

el sewhere 20 h' dh/d arbitrary
posi tive cénst ant Adevwﬂ as clalmed in Clalm Lor, ﬁhﬁ@ﬁtgpp@ﬁennltw@ggﬁ order _
clerrl o Rrecompensaaoﬂvm%e is 'asga%zamf fgtnafz{%m Beea iR inflt §E ARG AL the' O
devi ce as olputefthe filt drcmitl or 2, char acterized in that an N err]-order
preconpensation device is arranged in the signal path between the input of

t he device and the - output of the filter circuit 5 4,
A devicg ag clained aneAdcRiaftihimed 1ﬁrC1§m Pfladr@cﬁ:ﬁ‘e{rh&é‘r@zeﬁ@n Eﬂ@%hetﬂ}@teresm _
hysteresis . circuit-conprises a sl i cer. A devi ce

as cl ai rredclrmlt?tmanZS osli®r. characterized in that the filter is of the
2[ err] order.

5. A device as claimed in Claim 2 or 3, characterized in that the filter is of the 2™-

order.



