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Technical Field _
10 The present invention is related to read channels and, more particularly,

to read channels adapted for use with magneto-resistive (MR) heads.
Background of the Invention
- Magneto-resistive (MR) heads or MR read heads are being used w1th
increasing frequency in disk drives and other applications. MR read heads are
15 described, for example, in H. Suyama, et al., "Thin Film MR Head for High Density
Rigid Disk Drive," IEEE Transactions on Magnetics, Volume 24, No. 6, November,
1988, herein incorporated by reference. Unfortunately, such MR read heads are

fundamentally nonlinear in their conversion of a substantially instantaneous
magnetic field into a resistance. One approach to reduce the nonlinearity produced
20 by the MR head is to electrically bias the read head so that it operates in the region
of its response curve that most closely approximates a linear curve region. However,
this approach is still disadvantageous in that it will, nonetheless, produce nonlinear
- signal effects due to, for example, the remaining or residual nonlinearity of the MR
- read head response, errors in the bias applied, or for other reasons. Therefore, a need
25 exists for addressing the nonlinear signal effects produced by such MR read heads.
Summary of the Invention
Briefly, in accordance with one embodiment of the invention, a device

for use in a magnetic recording read channel adapted to be coupled to a magneto-
resistive (MR) read head comprises: an integrated circuit adapted so as to introduce a
30 controllable amount of second-order nonlinearity into the magnetic recording read
 channel signal path to at least partially offset nonlinearity associated with use of the
MR read head. o
Briefly, in accordance with another embodiment of the invention, a
method of reducing nonlinear signal effects in a magnetic recording read channel
35 signal path associated with use of a magneto-resistive (MR) read head comprises the
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20 by the MR head is to electrically bias the read head so that it operates

“in the region of its response curve that nost closely approxinmates a
dinear curve region. However,: this approach is still disadvantageous in
that it will, nonetheless, produce nonlinear signal effects due to, for
exanpl e, the remaining or residual noM2pearity of the MR read head

response, errors in the bias applied, or for other reasons. Therefore, a
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FIG. 2 is a block diagram of an implementation of a conventional
magnetic recording read channel coupled to a magneto-resistive (MR) read head.

FIG. 3 is a block diagram illustrating an embodiment of a binary digital
signal processor that may be employed in an embodiment of a read channel in

15 accordance with the invention.

FIG. 4 is a block diagram illustrating an embodiment of a nonlinear
adjustment that may be employed in an embodiment of a read channel in accordance
with the invention. '
Detailed Description

20 Magnetic recording systems, such as disk drives, for example, employ
electronic circuits to read electromagnetically stored signals, such as those stored on
a disk or diskette, for example. Typically, such systems employ magnetic induction,
such as described, for example, in An Introduction to Direct Access Storage Deviceé,
written by Hugh M. Sierra, published by Academic Press, Inc., (1990), and herein

25 incorporated by reference. It has become increasingly popular to employ magneto-
resistive (MR) heads or MR read heads with such systems. One reason is because
such read heads may provide improved signal-to-noise (S/N) ratios in comparison
with other conventional types of read heads that may be employed with a read

channel.

30 FIG. 2 is a block diagram illustrating an embodiment 100 of a
conventional read channel for a magnetic recording unit, including the read channel
signal path. Read channel 100 is illustrated as coupled to a MR read head 200. Of
course, the components illustrated are AC coupled in a manner so as to reduce DC
bias voltages. As illustrated in FIG. 2, MR read head 200 may receive a magnetic

35 field strength signal, designated m(t) in FIG. 2. In response to this magnetic field
strength signal, read head 200 may provide a signal in the form of a resistance,




Brief Description of the Draw ngs The subject matter

: regarded as the invention is particularly pointed out 5 and distinctly
claimed in the concluding portion of the specification. The invention,
however, both as to organi zation and nmethod of operation, together with
obj ect s, features, and advant ages-3hereof, may best be understood by
reference to the follow ng detail ed description when read with the
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read ustrating
an enbodi nmgubligitd byf John Wiley and Sons, Inc. (1979), and herein incorporated by

reference. In this particular embodiment, ideal values for Y, may be +1, -1, or zero,
although, again, this implementation is provided only for purposes of illustration.
Equalized signal, Y ,, is provided along the read channel signal path to viterbi

20 detector 600, which provides digital data signals, D,. These digital data signals may
take the form of digital pulses that may be processed further before being provided
to a physical bus, such as for a personal computer or other system that may include a

—

magnetic recordmg system. For exa.mple, sequence decoding or another form of
signal processing may be employed. A partial response maximum likelihood

25 (PRML) read channel device is described, for example, in "A High Speed, Low
Power PRML Read Channel Device," by Sonntag et al., appearing in JEEE
Transactions On Magnetics, Volume 31, No. 2, March 19, 1995, herein incorporated

by reference.
As is well-known, MR read heads operate to convert a substantially

30 instantaneous magnetic field strength signal into a resistance signal. Likewise, the
relationship between the resulting resistance signal and the field strength signal is
nonlinear. Conventionally, an attempt is made to bias the MR read head as closely
as possible to the most linear region of the MR read head response curve. Likewise,
as illustrated, for example, in FIG. 2, the resulting resistance is converted to a

35 voltage in a preamplifier in a typical implementation. For a variety of reasons, this
attempt to bias the MR head may not remove enough of the nonlinear signal effects



conventional read channel for a magnetic recording unit, including the read
¢ channel signal path. Read channel 100 is illustrated as coupled to a
MR read head 200. O course, the components illustrated are AC coupl ed
in a manner so as to reduce DC bias voltages. As illustrated in FIG

2, MR read head 200 may receive a magnetic 35 field strength signal,
designated n(t) in FIG 2. In response to this magnetic field © strength
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Yierr] in gl nereinafter. Furthermore, in an embodiment of a read channel in accordance
with the invention, alpha may be approximated adaptively, as explained in more
detail hereinafter. Adaptive approximation may offer advantages over the
conventional biasing approach at least in part because the amount of nonlinear

15 distortion associated with use of the MR read head may be difficult to predict in
advance of actual system operation.

One embodiment 1000 of a read channel in accordance with the
invention is illustrated in FIG. 1. A MR read head 2000 is illustrated, although, as
shown, head 2000 in FIG. 1 is based on the approximation of expression (1) above.

20 It will, of course, be appreciated that this approximate descriptidn of the relationship
between the magnetic field strength and the resistance is only to a second order.
Likewise, a preamplifier 3000 is illustrated having a transfer function, Ih;(t). Where
preamplifier 3000 is relatively wideband, such as higher than the Nyquist rate for the
analog signal received, the transfer function for the preamplifier may be

25 approximated as a scale factor and/or a substantially constant delay. Thus, the
preamplifier approximately preserves the magnitude and phase relationship of the
signal received from the MR read head so that an adjustment may be introduced after
the preamplifier, as illustrated in FIG. 1 for this particular embodiment. Of course,
again, it is understood that the coupling between these components is AC coupling in

30 a manner so as to reduce or remove DC bias voltages.

| As illustrated in FIG. 1, read channel 1000 includes a variable gain
amplifier (VGA) 4000 and a nonlinear adjustment 1100. Likewise, as illustrated,
nonlinear adjustment 1100 is adapted so as to introduce a controllable amount of
nonlinearity into the magnetic recording read channel signal path, in this particular

35 embodiment as a square of the read channel signal scaled by a factor beta (B) and



2. .The use of equalizers and partial response maxi mum likelihood signals in
* magnetic recording systenms is well-known in the art, such as described in,
for 15 exanple, Digital and Anal og Communi cati on Systens, by K. Sam

Shannmugam publ i shed by John WIley and Sons, Inc. (1979), and herein
I ncor por ated by reference. In thi-dparticul ar enbodi nent, ideal val ues
for Y may be +1, -1, or zero, al t hough, again, this inplenentation is
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cl osely as possible to the nost linear region of the MR read head

response cis realizedibydnireducing the sgaare pf thetread ehannelsignal with|aa adjustables, 2, t he

resulting g sﬁﬂhe.t TR onBn&R MRistisht iCcchsRRnY HithAaBresoR (DRI tRr 1n a
typi cal |n'5Ie ntation, For a variety of re ns, thigs attenpt to bias
the MR headPPRRYimRAE relalinpsRiPGBRSR the “?S%W?o‘??ﬂi‘i? slecnethy signal miHrand; <
15 resistance signal, r(t), although the square of the read channel signal is introduced in
a manner so as to at least partially offset the nonlinearity associated with use of the
MR read head. Likewise, to obtain expression (1), it is assumed that constant bias
voltage signals are significantly reduced by AC coupling and that signals associated
with higher order terms above second-order may be ignored.
20 Based on expression (2) above, a desirable value of beta (B) will depend,
at least in part, on the peak voltage amplitude of V(t). Thus, again, introduction after
the variable gain amplifier (VGA), but prior to equalization, although not required,
provides convenience. As illustrated in FIG. 1, and as will be explained in more
detail hereinafter, the value of B is adjustable or controllable, at least in part, based
25 on signals produced by equalizer 5000. Nonetheless, as illustrated in FIG. 1,
nonlinear adjustment 1100 may introduce a square of the read channel signal into the
read channel signal path that at least partially offsets or even approximately cancels
the second-order nonlinearity associated with use of the MR read head.
Ignoring higher order terms, the output signal, y(t), of nonlinear
30 adjustment 1100 may be approximated by the following equation.

y(t)=m(t)+(a—B)m?(t)-2afm’ (t)— o Bm* (1) 3)
As an analysis of equation (3) above reveals, for o equals B, the m?(t) term is

cancelled. Furthermore, the remaining higher order terms are much smaller than the
35 initial distortion and, therefore, may essentially be ignored. Due to the effects of the
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-4 - and, therefore, errors may be introduced during the process of
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of a read channel in accordance with the invention nmay approxi mate
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One enbodi&ﬁm-or}ooo of a read channel in accordance with the i nvention
is illustrated In FIG 1. A MR read head 2000 is illustrated, although, as

above, D071t w11, of cofmedite gkt BUT: GARHD ki appr oxi mige
description of the relationship
where h.(t) is the transfer function for the equalizer and 'noise,, is the substantially
instantaneous noise in the read channel signal evaluated, in this embodiment, at
analog signal sampler 5200 in the read channel signal path at sample time nT, where
T is the sample period and n is a positive integer. '

15 Based at least in part on equation (4), an appropriate value for f may be
adaptively adjusted using feedback control if a nonlinear distortion (NLD) metric
may be developed which, for example, is related to (c - 8) such that the NLD metric
has a mean value of zero when a - B approximately equals zero, a positive mean
value when o - B is greater than zero, and a negative mean value when (o - B) is less

20 than zero. For example, if such a metric is integrated and used to control or adjust
the value of B so that f§ is a monotonic function of the integral, then employing
feedback control should ensure that B approximately equals o, which is the desired
result.

Although a number of different possible metrics may be employed

25 within the scope of the present invention, as previously indicated, a convenient
metric for this particular embodiment may be based, at least in part, upon the slicer
output signal and error signal produced by' equalizer 5000. This approach effectively
utilizes the processing performed by the equalizer in obtaining e, and {fn to
additionally at least partially offset nonlinear signal effects in the read channel signal

30 path associated with use of the MR read head, although the invention is not limited
in scope in this respect.

- One such metric may be employed in accordance with the following

equation:

35 NLD, = P,e,, (5)
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bet ween the magnetic field strength and the resistance is only to a second

- order. Li kewi se, ‘a preanplifier 3000 is illustrated having a transfer
function, Ih[lerr](t). Were preanplifier 3000 is relatively w deband,
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nonlinear adjustment in hardware provides advantages over other 1mplementatlons.
10 The expected value of this metric demonstrates that it should produce a
value related to o - B, as desired.

=E(P, nOiSCn)+E(1]’3n(F0]fPﬁ))[=ﬁlz (t) *¥he ()1fe=nr) (6)

15 P, is not correlated with the noise, however, P, is correlated with m?(t). More
specifically, P, has been selected in a manner so that it roughly corresponds to
f(x)=x2. Therefore, the expected value produces the following result.

(0—PBYE(P,[m?(t) %he (t)li=nT) 0

20 _ FIG. 1 illustrates an embodiment of a read channel in accordance with
the invention to implement a metric, such as the metric previously described,
although the invention is not restricted in scope in this respect. As illustrated in FIG.
1, a processed version of the nonlinearly adjusted signal, y(t), is provided to
equalizer 5000, designated Y(t) in FIG. 2. The wavy lines in FIG. 1 illustrate that

25 additional processing or circuitry may couple these two points in the read channel
signal path. Of course, alternatively, these points may be connected without
intermediate processing or circuitry. Equalizer 5000 includes a filter 5100 and an
analog signal sampler 5200. Sampler 5200 produces discrete signal samples, Y,
which may be provided for further processing along the read channel, such as by a

30 viterbi detector (not shown). Likewise, the discrete signal samples are provided to a
slicer 5300 which produces error signal, €,,. In one embodiment, slicer 5300 may
comprise multiple comparators (not shown) coupled in a comparator configuration.
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conveni ence thador 41 intagraitof dhe preFo®ly descatbed ametvic] gairberrars pt affsetdrron nor e
detail h | abl t
o e elapplchSharch etV O ¥ ddsirafe dLURE ABhicbs @fKE Oh 01, BT
as i1 ust r ategtbodimentof aread channeldmpeopsdance yithsthepventiamthatyagy inclydsduce a
squar e of t@hér?@éﬁbﬁ&l@éﬁlﬂ}ol fedRaisrhd) kK feB8back confr6FteHOEH ﬁéscﬁb&[‘a| path

e ob S eholHioe raakve osaadircht i FoRBnpT %xn@%aﬁ“e ploed for
| gnori ng hi gagi, aﬂd/dﬁbffmrefmr adjbqment. put signal, y(t), of nonlinear
Although the embodiment illustrated in FIG. 1 comprises a sampled
data system, the invention is not limited in scope in this respect. For example, an
all-digital circuit or all-analog circuit implementation may be employed. Likewise,

20 although this particular embodiment illustrates an equalizer and viterbi detector
implementation, alternatively, a decision feedback equalizer (DFE) implementation,
for example, may be employed. Likewise, although a PR-IV signaling and maximum .
likelihood detection embodiment is described, the invention is not restricted in scope
to a PR-IV implementation.

25 FIG. 4 is a block diagram illustrating a portion of another embodiment
of a read channel in accordance with the invention. FIG. 4 illustrates an alternative
embodiment 1105 of a nonlinear adjustment. Whereas FIG. 1 illustrates an
embodiment of a feedforward nonlinear adjustment, FIG. 4 illustrates an
embodiment of a feedback nonlinear adjustment. Depending upon the particular

30 implementation, both approaches have associated advantages and disadvantages and
the invention is not limited in scope to either approach. For example, it may be
demonstrated that a feedback signal path approach may ideally provide cancellation
of higher order terms beyond the second-order term. However, a feedforward signal
path approach may exhibit better bandwidth at least in part because feedback may

35 introduce an additional time delay in the system. Thus, either embodiment may
prove desirable in the appropriate environment.



30 adj ustnment 1100 may be approxi mated by the foll ow ng equation.
y(t) = nmt) + (a- [err]) nferr] (t) - 2aferr] (t)-aferr] (t)  (3)
As an anal ysis of equation (3) above reveals, for a equals [err], the
mMerr](t) termis cancel l ed. Furthernore, the renmaining higher order
terms are nmuch smaller than the 35 ini-t9.al distortion and, therefore, may
essentially be ignored. Due to the effects of the

-6 - equal 20 sk 59 G AAAhaRIeF 1800, shdudtRholufieat {11 cul ! o

i ntroduce a nonlinéar e nne signal path
after the atjusimeniel]0f; mayideshibodied in or Onmomgmteéwcuxﬂ(lﬁ)mrtothm det ection

ey St 11 BeReuhRsmdnd Inbhfol R34 BhARA%h oS8Rl rzegpeo?ai‘&?*ﬁnvem ently

equal i zer. he erro er at ed e “equa
be enpl oy ediffeeengial at@plﬁﬁqrmrg 'gél‘-‘é’éﬁ é?ﬁcrlggchm afﬁgmwgﬁnqsir%l t he
error sisg ngéepuc@tﬁ&{ dekial RS, Q}éwsaa%?y (SUiiaddg FRI) I%Q%e epRoyel Etguﬂ;ﬂexﬁemgf fset,

and equal i adj ust ts have begn
appr o>c<l| mat BRplingar q@spjaplp although,é}gggpg ,tl%ﬁlrnvgr&@n% hot hmltec}/ in sco%)/e in

e[err] =noihsefespect. Aé desciibed In theifcrembntiéned Pateat sgplichtidd, ardifferehealr | T
(4) amplifier may be coupled in a circuit configuration so that a differential output
voltage signal of the differential amplifier circuit includes a scalable square of the
10 differential input voltage signal applied to the differential amplifier circuit.
Furthermore, the square of the differential output voltage signal may be scaled by a
variety of means, such as by adjusting a control voltage, adjusting resistor values or

adjusting an amplifier gain, to name only a few of the possible approaches. Such an
embodiment is convenient in that a nonlinear adjustment may be implemented
15 conveniently in an integrated circuit using conventional electronic circuit
components, such as a differential amplifier, which may be coupled in a circuit
configuration so as to implement the desired nonlinear adjustment.
Likewise, FIG. 3 is a block diagram illustrating an embodiment of a
binary digital signal processor for implementing feedback control in an embodiment
20 of aread channel in accordance with the invention, as previously described, although
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the invention is not restricted in scope to this particular embodiment. FIG. 3
illustrates only one particular embodiment and the invention is not restricted in
scope to this particular embodiment for the feedback control. Nonetheless, as
illustrated, {’n and e,, may be obtained from the equalizer, such as equalizer S000.

25 FIG. 3 illustrates a block 40 for implementing a metric, such as in accordance with
equation (5). This metric may be implemented in a conventional manner using
binary digital circuitry, for example; although, the circuitry is not explicitly
illustrated in FIG. 3. As illustrated, the result of this processing in accordance with a
metric may be provided to an adder 10 via one of two input ports. Adder 10 is

30 coupled in a feedback configuration so as to implement discrete integration. Thus, as
illustrated in FIG. 3, the output signal produced by adder 10 is provided to a register
20 and the binary digital signal contained or stored by register 20 is fed back to the
other input port of adder 10 and, likewise, is provided to a digital-to-analog
converter (DAC) 30. DAC 30, therefore, may provide an analog signal, .designated

35 Vcny in FIG. 3, to a nonlinear adjustment, such as 1100 illustrated in FIG. 1. For
example, although the invention is not limited in scope in this respect, this analog




where he(t) is the transfer function for the equalizer and noise[err] is

* the substantially I nst ant aneous noi se in the read channel signal
.evaluated, in this enbodi nent, at anal og signal sanpler 5200 in the
read channel signal path at sanple tinme nT, where T is the sanple
period and n is a positive integer. 1510- Based at |east in part
on equation (4), an appropriate value for [err] may be adaptively

adj usted u r I ric
oo o LS RPNl Sof kit AN Pt |
the NLD rretSP‘Fl'taS describpslin aforementjenedcopeurpeatly ﬂmt@tapfleqapyna el nat el y
equal s zer Qg/B4T8TiI(SbMRag g.rl? value when a - [err] is greater t han

zero, and a negati an va [ er ess 20 an zero. For
exanple, if such a WFE f?‘susierﬁ? %?%Htlﬁﬁ"&%é‘ “F‘a EB‘H‘F Bq’“PcB‘F B ust

tEe val ufe Phagneforfesistivé (MR) feathkad, Suéh mmmntfnmoim@ﬁb@fa érardiimt egralt |

t hen enpl o contr ensure pproxi mat el y
equal Sng gmqogﬂach vsphgt%a?@lﬁq»g&g metﬁoq. ega?aclgble square oft tple rea c'i1a1]1nei f aﬁ gh a
nunber of ddyfberietrodyped sntolthe readlchatmetragndi@a&mﬂomynﬂnﬂs nodlinear t he scope of
t he presen [ reyi .etric
for !to hi s ptgrj[ Qt\é&{hgrl ?%bn%ﬂcﬁilcrgelng aq)lll&lkbdl!'1 as egﬁ&%[tmg é‘gés)‘{“ﬁﬂ%gg‘i?erf°”3% t he
slicer thig prasessing sjeg| Aan@nepf@numbgrmeupumdmbeﬂmptseqmb«v ewployed0. This
appr oacfy et ﬁ&%ﬁ&?ﬁﬂs nonlme!tit ddjﬁsﬁgéntt Qiehis %Féﬂ:ﬁtﬂe,ﬁ.gé Ilﬂfef@ﬁap){mpﬁ‘?er

equal I zer i n qgbtalni c? err err tiona east

partial |y Srewbdessehe Weaefpresr @ﬁanedeqqnswglﬂyml@qhy Seaaier&ﬁanh@quoglsgrnd| 30
path associat edls\mtmms@nmig 13&:) Mitho @] oheRfise, aietlhoaﬂﬂantibﬁoﬂlm jnon i s not

| ted t h t
oy e empPeRpedn RS Bpbel Lilkvibg, B Sehle facipr i thsquare of e eng habnehs | ¢

NLD{ err] =sighalrmiyepeadjpsted so as to at least partially offset the nonlinear signal effects in
15 the read channel signal path associated with use of the MR read head. Likewise, the -
adjustment may be performed adaptively, as previously described. Again, any one
of a number of techniques may be employed to perform this adaptive adjustment
step. For example, as illustrated by the embodiment shown in FIG. 1, slicer output

signal, ?n, and error signal, e, produced by an equalizer, such as equalizer 5000 in
20 FIG. 1, may be employed to implement the NLD metric previously described.
Likewise, the signals produced by the equalizer may be processed in accordance with
this metric and integrated, such as by the embodiment of a binary digital signal
processor illustrated in FIG. 3. The digital signal produced may be provided to a
DAC, such as DAC 30 illustrated in FIG. 3, and this analog signal may be used to
25 perform the adaptive adjustment previously described.

While only certain features of the invention have been illustrated and
described herein, many modifications, substitutions, changes or equivalents will now
occur to those skilled in the art. It is, therefore, to be understood that the appended
claims are intended to cover all such modifications and changes as fall within the

30 true spirit of the invention.
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-7 - [err] al t hough, again, the scope of the i nvention is not
“limted in thmss@&pﬁggeenke laced . One advant ages ey

.metric is that :r'rmerm-lmn-m
rather than i nt
processi ng,

an existing equal i z
imm ficant anobunt of addit{lonal- REPM@E&I _
appl i cati.qp.nore conveni €&
alternative i rrpl ementations, such as in software. Likew se al t hough the
i nvention Ld not restricted in scope to a hardware enbodi nent,

nonet hel es 1'“5 environnments in which rel atively high processing speed
i s desirable, the abiAnideyicedor useliraemigntticrecordinpebd demheB@EEADMENt i N

har dware p Lﬁﬁ@ ﬁdﬁw | enent ati o 0] The
expect ed vﬁe 0 ]'t 'S rﬁ&ﬁ’?&c erﬁ‘))ﬁé{éﬁa? égrp RsP rﬁ‘“&‘ﬁgm%)lﬁ?%%@e a
vaI ue rel a2Q0®) comprisingrr], as desired. [err] : :

5 an integrated circuit adapted so as to introduce a controllable amount of

second-order nonlinearity into the magnetic recording read channel signal path to at
least partially offset nonlinearity associated with use of the MR read head.

2. The device of claim 1,
wherein said integrated circuit includes a nonlinear adjustment (1100,
10 1105) for introducing the controllable amount of second-order nonlinearity into the
magnetic recording read channel signal path.

3. The device of claim 2,
wherein said nonlinear adjustment comprises a feedback nonlinear
adjustment (1105).

15 4. The device of claim 2, wherein said nonlinear adjustment comprises a
feedforward nonlinear adjustment (1100).

5. The device of claim 2,
wherein said nonlinear adjustment includes a differential amplifier
circuit coupled so as to introduce the controllable amount of second-order
20 nonlinearity into the magnetic recording channel signal path.

6. The device of claim 2, _
wherein said integrated circuit includes a variable gain amplifier (VGA)
(4000) in the read channel signal path;
' said nonlinear adjustment being coupled in the read channel signal path
25 after said VGA.

7. The device of claim 6,
wherein said integrated c1rcu1t includes an equalizer (5000) in the read
channel signal path;

) ) ) A



15 P[err] is not correl ated \)ﬁth t he noi se, however, Plerr] i
Wi th nferr] (t)Thid\8hee Has Beers kddi cal |y, P[err] has been

S0 that it roug to f (x) =x2. Ther ef ofje
val ue produces ' ] esult. _
(a-[err])E(P[err]nmerr](t [err] (t)]IRerr]=nT) ' (7) 20

FIG 1 illustrates an enbodi nent' of a read channel in accordance with

the invention to ingk ; | ; ' s I
doscribed. ol t et Fo et Abdintn Geny cApIdIR (PRGN CHBIRI WGHT L |,
respect. Adefore said equaliger.n FI G 1, a processed version of the
nonlinearly adjusted signal, y(t), is provided to equal i zer 5000,
designated Y(t) in_F E. 2H'Hf%mav¥ lines in FIG 1 illustrate that 25
addi ti onal processgﬂg'ﬁpeﬂF?E /M, 7yray coupl e these two points in the read
channel si gnal whértin safd eualized is &ddpfdnatprodilce anlehes Sighdli &}, nday be
connect ' rmedi ate processing or circuitry. ‘Equalizer 5000

§5d V\fét.hout . m&e :
i ncl udes aSKger UMY $igBaka Yar: an anal og signal sanpler 5200. Sanpler 5200
produces discrete ssagthabénlmeapddpstmafitdbeing adaptedhio aljusedie Amopfitnfi ded f or

e o R A S5 et Al L SR b
sl i cer 530€rrohsighaland dhecdiceroutput sigrahprodueddoby $aid equadizer. enbodi nent, sl i cer

5300 may conprise multiple conmparators (not shown) coupled in a

conparator configuration. . _
9. The device of claim 8,

10 wherein said control signal is based at least in part on an integration of a
discrete process, the discrete process being in accordance with the following
relationships:

fleg,Y,) = P, e, .,

l,forl?,,|= 1

where P, = P(?n) = : -
-lforY, =0,

15 10. The device of clam 1,
wherein said integrated circuit is further adapted (1120) to adjust the
controllable amount of second-order nonlinearity.

11. The device of claim 10,
wherein said integrated circuit is further adapted (1200, 1300) to adjust
20 the controllable amount of second-order nonlinearity adaptively.

12. A method of reducing the non-linear signal effects in a magnetic
recording read channel signal path associated with use of a magneto-resistive (MR)
read head, said method comprising the step of:

introducing into the read channel signal path a scalable square of the
25 read channel signal.

13. The method of claim 12, and further comprising the step of:

NV



-8 - At node 5400, a conparison of the output signal of—ihessErter

* Wi th the (@i SfdeEiliR BsénReplaced sanpl e is performed. [EELQ«\SEEaA

-and sli ce'l‘rﬂs , Y[err], are then pr Q) |#§dsngﬁmeﬁﬂback _
signal s to)%‘\ﬁ 1200. As illustrated in Fl @ temsetrfe=—=1 0Ck
1200 perfo rc and bl ock 130d3i-ntegrates the resul ting out put

signal 5 produced by block 1200. Likew se, integrator 1300 provides an

out put signal to anadjusting@he§ER fadtbt Porthé SquarEl btk Seddthahndl REgnafsd & fact or

for the square of the re channel . sigpal,.in response to the out put
si gnal pro¥® a@eawanmlw?fgmpe popydinear signal eHtects in the feaérﬁ%a%ﬁ) Aignatpathy
enpl oyi ng tfsdcimbdd with psecof the MB rélgisteadbed in this particul ar

enbodi ment is that the resulting feedback is relatively insensitive to gain
10 and/or offset errors of the read channel signal. For exanple, it may be
denonstrat ed 14aThé oethend af cladmr B8, of the previ ously described netric,

gain errgrs or offs r AP0LE-0X] X LS 1S

desi rabl% because if{ﬁ?rﬁf& t@éts tgg OF ﬁgﬁ%%{hggaﬁla ¥ac%%§ﬂf‘r§§#éda8?w§yr ead
channel i nadjppstingithesealgifadton he i nvention that may incl ude ot her

f eedback control nechanisns, the feedback control previously described 15
shoul d be relative_independent of the feedback control that may be enpl oyed
for gai n, andi®dr The method of clyimald, ust nent . Al t hough

the enbodi ment il ughérdinaHe 5t8p of GiaptiveB adustiag the £ARTh&Hr compriékdt 8 system
t he |nvent|8n d I n_scope i.n fhls. respect. For.eéﬁrrpl e, an .

IS no&.l.lmte |
al | - di gi t aPIZRYVELY 3divsting the sealo faetor pasediaf leastin pat on apiesior sighabEnenpl oyed.
Li kew sH) 3Pfbdueéd byugbqualizer inahé tead|chanmelrbigaalrpadi. il 1 ustrates an equali zer
and viterbr detector i npl ement ation, alternatively a decision feedback
equal i zer (DFE) i npl enentation, for exanple, may be enpl oyed.
Li kewi se, al t houghl@G PR methed@figlaimdSand maxi mum | i kel i hood detection

embodi ment i s descr‘m&glg tﬁg'gtef)Bfﬁwtﬂ@lyhﬁﬁﬁhgﬁgesggﬁigﬁ%%%%#g&%ﬁ%ﬁst in 02

PR-1V inplementation. z . ) 2
i |1 ustrati partqnges ewersignal incbides adantiyely adiysting the scale factor based at least in

part on the error signal and a slicer output signal, Y a» produced by the equalizer.

15 17. The method of claim 16,
wherein the step of adaptively adjusting the scale factor based at least in
part on the error signal and the slicer output signal produced by the equalizer
comprises adaptively adjusting the scale factor based at least in part on an
integration of a discrete process, the discrete process being in accordance with the
20 following relationships:

f(ens?n) = P, e, ,

o Lfor| ¥, l=1
where P, = P(Y,) = -
-lforY, =0

18. The method of claim 12,
wherein the step of introducing a scalable square of the read channel
25 signal into the read channel signal path comprises introducing the scalable square via
a feedforward signal path.

19. The method of claim 12,
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of .a read channel in accordance with the invention.

- alternative enbodi nent 1105 of a nonlinear adjugf .
Jdllustrates an enbodi ment of a feedforward nonli near pg
4 illustrates an enbodi ment of a feedback nonli Bech : ;
Dependi ng upon the particular 30 inplldentation, both appr oaches have
associ at ed advant ages and di sadvant ages and the invention is not

limted in scope t&h% %Bgff(?ﬁtg ﬁa S5 Smalelof TRY eQ?’channel

denonstrat ed t hat approach may | provi de
cancel | at m:gmal into thie rmcgﬂmﬂndr&!mal p@thmmw)semtmﬁ@m@&t!@ﬁealébleéﬂuare Vi

However , gtqu Lichat gnal pat h approach may exhibit better
bandwi dt h at élgtg\élﬁn%part because feedback may 35 introduce an additional
time delay in the system Thus, either enbodi nent nmay prove desirable

in the appropri at 20.eTHé m&s&rﬁfclalm 12,

-9- t.rat d.in 1 reag channei1 10 0,
i ncl udi$hg nonl i neaWhereint é e@ “fﬂ&oa Sct‘?%/’eo@ n an
i nt egr at edigial it the(rbﬁ clﬁinneltdilgi’ral path codq:riseemtmﬂudmglgia st:aieblersqnmbl on is not

limted in_sco For exanple, a differenti al
anplifier éﬂga%ﬁffereg}gfn lﬁiegscgrﬂ%ed in aforenentioned U. S. patent 5
application serial no. 08/534,767, (Sonntag 13-1) may be enployed to

i mpl ement nonl i near adjustnment 1100, although, again, the invention is

not limted in scope in this respect. As described in the
af orenenti oned patent- application, a differential
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anplifier may be coupled in a circuit configuration so that a differenti al

" out put vol tage signal of the differential anplifier circuit includes a
scal abl e square of the 10 differential input voltage signal applied to the
“differential anplifier circuit. Furthernore, the square of the
differential output voltage signal may be-scal ed by a variety of

means, such as by adjusting a control voltage, adjusting resistor values or

adj usting an arml IAlméamhahnémopméya&Paﬂ.Jl VOffbetiiig Nudtinest © approaches.

Such an od| |s conveni near .adjustnent may be
i mpl enent ed 15 SHQ S?‘Hataﬁ V%Hi'éi;}?ea{] bg Sf’!ﬂﬂ“-ﬁ"'&?‘ﬁﬁvﬁzg@mt i onal
eIectromt:Abgﬁmﬁt conponents such as a differential anplifier, which

may be coupled acir confiqguration so to inplement the
desired nonllnear adjusﬁﬁbﬁfaxdmux‘”“hgne aspe°fiw§3hgwwe » agleyicey p ock

di agram $ | lfoistsedhiangagmetie md:l?mdimg ndadathannela (READrGIHANNEL ﬂ%O)&dqm? to g
rocessor r r a rea

(I? hannel i nfbgg E@QE@E%& to-%gg{?\?ecg\dgﬁpéad%eaﬁ r@g gé}gﬁ@éege ag]clpfeﬁé aI t hough

t he i nvent icimuit gdapsed (BO0; 1 33 do ias tcsmapéucteoa ¢<mt®llpfalp @mouhtof seatrutiordent .

FIG 3 dhé&&y ?ﬁt@?h@ﬂxh%né?ﬂ%ﬁﬂ&fn‘ B Phafiidl th 35k 1@&% plfuﬁi\ﬁﬂ?t ion is

not restrlcte artlcu ar bIUO 1 ment eedback
control . N@ﬁ@ph@ré@gan%{#socmed vithase of &g MRread l}eadnd e[ efR]aceerdange

obt ai neg f fvﬁfﬂ AfRhé&u¥persy | owmnaénmpalm&wd &Q@@ua@g‘inoxﬁin@ar sioi:ll ustrates

a bl ock 40 i,nmpl enent.ing a,.netric h, as in accaqr

f
equati on (Qfe‘:tf’ﬁ?émﬁ“ﬂ‘%r Ef"%rqaﬂﬁih pighal;nath,asseg] t"‘fl F nner usi ng
bi ni'slr y d: glrm@new-j‘elsisuw YMH';d) Odsaddieadnbmpnﬁéstth@rtgb of: tlﬁl@(éducmﬁ;lihtd the :réach]?t o
explicitly | trat i.n FlG ustrated, the result of this
processi ngcp?f"%?&ﬁl@f’gls a%:a(l?]bq%square O%FFFQJ% nej st gﬂ%w ded to an adder 10
via one of two input ports. Adder 10.is 30 coupled in a feedback

configuration so as to inplenent di screte i ntegration. Thus, as
illustrated in FIG 3, the output signal produced by adder 10 is provided

to a register- 20 and the binary digital signal contained or stored by
register 20 is fed back to the. ot her input port of adder 10 and,
| i kewi se, is provided to a digital-to-anal og converter (DAC) 30. DAC

30, therefore, may provide an anal og signal, designated 35 VCNL in FIG 3,
to a nonlinear adjustnent, such as 1100 illustrated in FIG 1. For



exanmpl e, al though the invention.is.not .li:Mited in scope in this respect,
t hi s ‘anal og . S - 10-
signal may be provided as a voltage control signal to a differenti al
anplifier circuit, such as described in aforenmentioned concurrently
filed patent application serial no. 08/ 534, 767 (Sonntag 13-1).
A device for use in the magnetic recording read channel coupled to a b5
magnet o-resi stive (MR) read head, such as enbodi nrent 1000, nay bi 3perated
in accordance with the follow ng nmethod. A scal abl e square / the read
channel si gnal _ _may be introduced into the read channel_signal path.
For exanpl e, honli near _adjustnent 1100 of FIG 1 is a bl ock diagram
illustrating techni jue for perform ng this processing step. Any one
of a nunber of circuit enbodi 5 o performthis
nonl i near adjustnent, [ sugh. as d : erential anmplifier
circuit descrjbed in afo %ﬂﬁﬁ%; q
/

Sno. aPT hough, of course,
the invention is ngt |[@®it scOp&Fin this reespect. Likew se, the
scale factor for tge b quae=e_Q he readlch@nnel sighal may|be adjusted
so as to at |past parliafry af fset the nonlinear gignrek efffectsfjin 15 the

application sFriaI , 767 fSn.ntag

read channel FignaE§p th ass ciSBed with use of|t eME read head. Likew se,
t he adj ust nen&mpy*rbe der f ¥ med adaptively, ds pepvi gusl escri bed.
Agai n, any on ol a nunﬂér of techni ques nby be upl queedt ¢ perform
thi s adapt Be| adj ust ment =1 o I o
c S’ wo
— | Q s |
- - L=s
L |
= - - - y
=
= = {
S > §§ == |
—_— —
2 —= > 2
Lt . <O
(=4 e Lt 8
| \S:I = [T2
o |
== = p;/‘ : '
Lt Lot < ]
o
22! =2
| L _ _ _ — | - I
=
> o
L] I~
:;',\/“‘
)
Eﬁ i
S~ = =
= 5.:
molgr
=

7
2030
)
@;:J//
2030

<
O, N
< < ==
L':‘ ~
=1




sfep. For exanple, as illustrated by the enbodi ment shown in FIG 1, slicer

out put signal, Y[err], and error signal, e[err], produced by an
equal i zer, such as equalizer 5000 in 20 FIG 1, may be enployed to
i npl ement the NLD netric previously described. Li kewi se, the signals
produced by the equalizer may be processed in accordance with this
nmetric and i ntegrated, such as by the enbodi nent of a binary digital signal
processor illustrated in FIG 3. The digital signal produced may be
provided to a DAC, such as DAC 30 illustrated in FIG 3, dthis
anal og signal may be used to 25 perform jhe adaptive adjustneﬂ 3previous|y
descri bed. _ Wiile oy cegtain features of the invention
have been illustrated and descrfgxﬂi rein, many nodifications,
substitutions, changes or equival en& = now occur to those skilled
inthe art. It is, therefore, to be ugderstood that the appended cl ai s
are intended to cover all such nodifig¢ations and changes as fall within the
30 true spirit of the invention. S
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Cl-ai s 1. An integrated circuit for use in a magnetic
recordi ng read channel signal path that includes a nagneto-resistive
(MR) read head, said integrated circuit conprising a variable gain
amplifier (VGA) followed by a nonlinear adjustment for 5 introducing a

control | abl e ambunt of second-order nonlinearity into the magnetic

recording read channel signal path; wherein said integrated
circuit further includes an equalizeq: upled in t he magnetic
recordi ng read channel signal path af sai d nonli near adjustnent, and

wherein said equalizer provides an error signal (e[err]) and a slicer
out put signal (Y[err]), 10 whereby said nonlinear adjustnent adjusts the

anount of .ndigrder nonlinearity in response to a control signa
"based at "1 éasSt in part on the error signal and the slicer out put
signal produced by said equalizer. 2. The integrated circuit

of claim1 wherein sgjd contr¢l signal ijs based at
integration of a disofefg Process he discrete proc
accordance with the f&l gw ng reMETéWnskﬁ"p@ [
met hod of reducing thROMn-1inear signal| effects
recordi ng read chanEQUAEzQpal pattiTassoci ated with jt he
magnet o-resi stive

| east in part on an
being in 15
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20 (MR) read head, said nmethod conprising the step of:

I,ntroducing into the r ead channel signal path a scal eabl e square of the .
read channel signal, and adj usti ng the scal eabl e square of
t he read channel S|gnal so as to at |east parti gty

non-1inear signal effect in the read-¢hbannel signal Rﬁ hﬁéiﬁﬁﬂfgégﬁﬁﬁ' W th
the use of the MR read hedd, wherein said adjustinglid based at |eadt {in"
part on .an error signal (e[err]) produced by an |e ualigglgclf,wyhe nead
channel signal -ath. _ | Aj12-
4. The method of claim3 wherein the step of adjusting-tte—scate—Tact qr
based at least in part on the error signal includes jadjusting the scalle
factor based at | east in part on the error signal and a slicer output
signal (Y[err]) produced by the equalizer. 5 ‘5. The net hod
of claim4 wherein the step of adjusting the scale factor based at

| east in part on the error signal and the slicer output signal produced by
t he :

1. An integrated circuit for use in a magnetic recording read channel
signal path that includes a magneto-resistive (MR) read head, said integrated circuit
comprising a variable gain amplifier (VGA) followed by a nonlinear adjustment for

S introducing a controllable amount of second-order nonlinearity into the magnetic
recording read channel signal path;
wherein said integrated circuit further includes an equalizer coupled in

the magnetic recoi‘ding read channel signal path after said nonlinear adjustment, and
wherein said equalizer provides an error signal (¢,) and a slicer output signal (Y ,),

10 whereby said nonlinear adjustment adjusts the amount of second-order nonlinearity
in response to a control signal based at least in part on the error signal and the slicer
output signal produced by said equalizer.

2. The integrated circuit of claim 1 wherein said control signal is based at
least in part on an integration of a discrete process, the discrete process being in

15 accordance with the following relationships: ' .

fleq.Yn) = P, e, ,

1,for| ¥, =1
-~1,for {’n =0,

3. A method of reducing the non-linear signal effects in a magnetic
recording read channel signal path associated with the use of a magneto-resistive
20 (MR) read head, said method comprising the step of:
introducing into the read channel signal path a scaleable square of the -
read channel signal, and
adjusting the scaleable square of the read channel signal so as to at least
partially offset the non-linear signal effect in the read channel signal path associated
25 with the use of the MR read head, wherein said adjusting is based at least in part on
an error signal (e,) produced by an equalizer in the read channel signal path.
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equal i zer conprises adjusting the_ scale factor based at Ieast in part on an
| nt.egration of a discreet process, the discrete process—pe ——
accordance with the foll ow ng rel ati onshi ps: ACENE%“?S 71

6. The met hod of claim5 wherein the step of introdugi 0 a scal eable

square of the read channel signal intQ the read chanqjel SH%? kfﬁ@@f

conpri ses i ntroduci ng-'t he scal edbt®™ square via alf or ward”'si gngl
path. 15 7. The nethod of claimb5 whereinijt

introducing a scal eabl e square of the read channgl signal into thelread
channel signal path conprises I ntroduci ng the scaleablre square via a

f eedback signal path.

10

15

4. The method of claim 3 wherein the step of adjusting the scale factor
based at least in part on the error signal includes adjusting the scale factor based at
least in part on the error signal and a slicer output signal (Y ,) produced by the
equahzer

S. The method of claim 4 wherein the step of adjusting the scale factor
based at least in part on the error signal and the slicer output signal produced by the
equalizer comprises adjusting the scale factor based at least in part on an integration
of a discreet process, the discrete 'process being in accordance with the following
relationships: _

f(en.Ya) = Py en ,

1for| ¥ l=1

where P, = P(Y,) = .
-1l,for Y, =0,

6. The method of claim 5 wherein the step of introducing a scaleable
square of the read channel s1gnal into the read channel signal path compnses
introducing the scaleable square via a feed forward signal path.

7. The method of claim 5 wherein the step of introducing a scaleable
square of the read channel signal into the read channel signal path comprises
introducing the scaleable square via a feedback signal path. -
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