1 =& APPARATUS. AND METHCODS -FOR | MPROVI NG DATA DETECTI ON S(ﬂ%bOGO&’C-—b
RELIABILITY Thi s invention relates to apparatus and rret hods ‘F’opy

i mprovi ng data ‘detection reéliabili ty in a coded signal processing channel
by determ ning and setting optinmal values for threshold constants
constltutlng deci si pn boundarles for interpreting sanpl-ﬁﬂ LUesim:BEEN

RE "LACED

constitut:.ng decis:.on boundaries for interpreting sample values
representative of coded binary data.

The following commonly-assigned prior art references are
considered to be the most pertinent to the present invention:

1. U.S. Patent 4,945,538, granted July- 31, 1990, entitled "Method
and Apparatus for Processing Sample Values in a Coded Signal
Processing Channel."

2. Allowed copending application U.S. Serial No. 07/920,027,
filed July 27, 1992_,- entitled "High Data Rate Decoding Method
for Coded Signal Processing Channel." :

3. Allowed copending application U.S. Serial No. 07/526,878,
filed May 22, 1990, entitled "Eight-Sample Look-Ahead for

Coded Signal Processing Channels."
. 4. A. Patel, "A New Digital Signal Processing Channel For Data
Storage Products," IEEE Trans. on Magnetics, Vol. 27, pp.
4579- 45&4, puhl:lshed November, 1991.

-~y
-‘..‘c .' .

Each of the"'lfeffﬁgnces 1-3 discloses a (1,7) ML decéder ‘which
uses 'a differing _m_bér of look-ahead digital sample values £
der:.ved f¥om an ‘ah,,log read signal to execute several decxs:.ons for
.melementlng -a’ maxlmum likelihood (ML) decision. An ML decision
' lnvolves comparing each of several linear functions H of the sample

_values y to.. the value of.-a threshold ceonstant constituting a ML
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The foI | owi ng commonl y-assigned prior art references are considered ta._he_
t'he nost pertinent to the present invention: 1. U S. Patent 4, 945;538;)
granted July 31, 1990, entitled "Method and Appar at us | f ot BROE®SSI Ng
Sanpl e Values in a Coded Signal Processing Channel."” 2. Al owed Topentt

g

application U S. Serial No. 07/920,027, filed July 27, 1992, - now U. S.

I | gh
icplgtjggt S|l\|fq)na1§ %f%‘zﬂgugﬁél gg’l JE'J-;Q C}%at%f#a oPeaopen %%'gg??'fég: E‘érrlleifs

_ cessin

" Serial Nofumd¥ %FFP§G°%9°QQdaE§% now U S. Patent No.

5, 291, 500ae¢|t¢1!¢5'§h "to ginisizpl theookerhbhdiday squate error i ghall

. Processi ngeﬁ‘am‘elcsetectlon process using five, six, or eight look-ahead

sample values of the read signal, as taught in References 1, 2, and
3, respectively. :

' Each Reference 1-3 discloses equations by which the decoder
can compute nominal theoretical values of a set of boundary
threshold constants from information about the shape of the analog
pulse that is read back from the analog pulse transmitted over the

(1,7) ML channel. _ :
These references describe how to calculate and set at nominal

theoretical values the test boundary threshold constants of
look-ahead algorithms in order to accommodate variations in pulse
shape when the pulse shapes are described in a simple form by six
variables; i.e., when the read résponse to the positive and
negative magnetic transitions are the pulses with the sample values
ceess 0, &, By, ¥y 0, «o.. and ..., 0, @, By, Yor 04 «ee.
respectively. They also state that the thresholds may be optimized
empirically in response to the bdundary crossings in actual test

datay, ~but do not disclgse how. .
Moreover, the boundary threshold constants, as computed by

these equations, are generated from the readback pulse
corresponding to a single transition. Thfs: assumes that the
positive or negative readback pulse has a s.mgle form which can be
described by three non~zero sample values. However, these computed
thresholds may not be optimal because in reala.ty signal processing
channels are subject to nonlinearity, misegual:.zat:g,on, and pulse

asymmetry, in addition to pattern-dependent noise. °
Reference 4 describes a five-sample look-ahead algor:.thm,

including.a geometrical interpretation of the decision algorithm.
Boundary constants are determined from formulae related to the
pPulse shape response for a single magnetic transition, as in
References 1-3. ,

None of these references discloses or suggests (i) determining
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4 A Patel, "A New Digital Signal Processi ng Channel Jfar Data Storage

Products, " | EEE Trans. on Magnetics, Vol. 27, pp; THE/3HASBAAS BEEN
publ i shed Novenber, 1991. Each of the References|1-3 disthepgs
(1,7) M decoder which uses a differing nunber of |ook=

sanpl e values f derived froman analog read signal to execute several
‘deci si ons foemingl eveluesigofi thei whreshiodli toagtahts deomsiaoretagistircally
deci si on i nypéxvme&moahmereafhr@;amrﬂléé ReAhst ¥P6hE ONSatl lcdui for
sanpl e val Jes }.' t he val ue, of hreshol d const nt constltutl ng a ML
_ nl nearlty, sequa Lzatlon, pu symm and
pattern-dependent no;.se, and (ii) treating as potential errors in
the detected data those which are too close to a selected threshold
boundary, and automatically adjusting each threshold boundary so
that a substantially equal n_umber of error events occur at each

side thereof.
There is a need for apparatus and methods for (i) determining

for each particular magnetic recording device optimal value
settings for the decision-boundary-conhstituting threshold constants
for a (1,7) ML channel despite signal and noise anomalies in the
readback pulse, (ii) establishing the decision boundary from a
series of magnetic recording transitions instead of by artificially
superpositioning the pulse shape corresponding to a single magnetic
recording transi;ti_on, and (iii) setting these boundary threshold
constants at their optimal values by use of a predetermined
sequence of recorded data or by use of any data with or without
comparison to known data subject to signal and noise anomalies.

*The present invention };as the object to overcome the above
drawbacks. '

A method is provided for improving data detection reliability
in a coded signal processing channel in whj_.ci‘t :digital. electrical
signals representing digital sample valu.e-s are generated" from
.analog signals read by a transducer from digltal data recorded on
a data storage medium, as described in claim 1%

A plurality of threshold constants whose yalues define
decision boundaries are used in determining whether’ detected data
corresponding to a coded sequence of a runlength limited (RLL) code
is a "1". or a "o". If desired, boundary adjustment may be
Pe_r:formed dynamically during a time-out between consecutive .read

operations or during a read operation.
To determine an initial value for the threshold constant for

4 preselected decision boundary, two known preselected data
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2 decision boundary related to that |inear function The Linear functions
and deci si on boundari-es are chosen to mininize the overall nean square
error in a M. sequence detection process using five, s )f’ OB EF gnt, BEEN
- | ook-ahead sanpl e val ues of the read signal, as taught ﬁ f @8 S Ef,'
and 3, respectively. Each Reference 1-3 discl oses| pé |
t he decoder can conpute noni nal theoretical "val ues of seI of b@gﬂr%ar_
I _

t hreshol d BBRESER sOf r Shei HGLtaL AeRGutValvess arse HFerhtigt
that is reddtémrimédamtm ehosext pabhowe tamhselidsest dedow/hagsSbertitkly,

channel . er d e o |
1d IBESaS O HNae310030060CRON 40 L A idedlohsAE 28k 8lgieu] N2

t heoreti ca15 t est boundar res const ants of I&z -ahead

al gori t hnsSRRPYR dealyes %ﬁ%ﬂ&f’énéaﬂ’a’m‘ﬁ?@%% RANETF NGESe Ok ERST R TR se
shapes ar edaiescyaﬁmcmsnaaespmﬁa'a’hdmmbylected/m abllesisién deoundacy phet

rEﬁd reSDOﬂéeﬁaemwev@Qwru&fm &fgeaéveee@gnﬁ{ | frééedwi ti enasedss thse
pul ses wit ormeed %% actual V;Jaelsues of t e o e data pattern above and the other
data pattern below the decision boundary. A focal point is
determined for each of the two clusters and the threshold constant
for the preselected decision boundary is established substantially
midway between such focal points, provided the actual values in
both of said clusters exceeds a preselected sufficient number, and

then loaded in a boundary register.
After the initial value of the threshold constant for the

selected boundary has been determined, it is adjusted to an optimal
value by ei—i:her of two metheods. In each method, separate counters
count as potential error events in the detected data those which
are determined to be both above and below a selected one of the
decision boundaries as a result of a "1" being potentially
' misdetected as a "0O" (corresponding to an N pattern being
pote'ri't'iially misinterpreted as an M pattern), and vice versa. The
selected decision boundary is adjusted in a direction toward
providing a substantially equal number of potential error events
at each side of that boundary. A multiplexor enables selection of

the particular boundary to be evaluated and adjusted.
In one method, an error margin distance (MD) is computed which
represents the difference between a boundary threshold constant and

H outputs representing actual values of' the afdtesaid linear
functions. When this distance MD is small (within #m untts), it
is considered a potential error event. This distance MD, when
compared to zero, indicates whether the value of H' is above or

below the decision boundary.
In the other method, while a sequence of digital sample values

of the analog signals corresponding to known recorded data
is generated, a selected one of the decision boundaries is
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respectively. They al'so state that “the threshol ds may be.optim zed
enplrlcally I n response to the boundary crossings in acﬂuaP’test daf”*“b
do not disclose how. Moreover, the boundary threshqld cog tan%,“%
conputed by these -equations, are generated from th 2
corresponding to a single transition. Thi s assunes that the positive or
' negative readback pul se has a single formwhich can be described by three
non- zer o samé&cﬂaham xddwavapwai:hase wagsUhAd tHiyre siveindarday urdttsh€&rom
opti mal gﬁusslmaheap&g%eiage ooﬁ%%%nngtsh%%zﬁnﬁre EHOI St of

nonl i neari ual , and n additio

pat t er n- deB@ﬁﬂ%ﬁah(ﬁrﬁ?r event® {Ql} @36H ﬂlﬁéﬁ}q Sesd%tt?wes&ﬁp?'éd I"&?él’kthﬁead
al gori t hm pbaadaty houn Igk Giee adijagkednt er pret ati on of the deci sion

al gorithm Boundary constants are determined fromfornulae related to the
pul se shape=response for a single magnetic transition, .as in References
1-3. None of these references discloses or suggests (i) determ ning

Fig. 1 is a schematic diagram of a coded digital signal

processing channel, as known in the prior art.
Fig. 2 depicts ideal write and read waveforms for (1,7) ML

coded data and read sample values, as heretofore known.
Fig. 3 is a boundary plot diagram for one type of peak

position check for state 000, as known in the prior art.
Fig. 4 is a boundary plot diagram for a modified peak position

check for state 000, as known in the prior art.
Fig. 5 is a boundary plot diagram for a baseline check for

state 000, as known in the prior art.
Figs. 6A and 6B, when taken together, constitute a schematic

diagram of a decoder apparatus embodying the invention and
comprising a six-sample look-ahead feature and means for setting
decision boundaries at optimal values in the coded digital signal

. uiv

processing channel of Fig. 1. _
Figs. 7A and 7B, when taken together, constitute a schematic
diagram that depicts a modification of the _decoder apparatus

illustrated in Figs. 6A and 6B to show a variation of the mannexr
in which the invention may be implemented.

<z
Fl

Fig. 1 depicts, as known in the prior art, a.goded digital
signal processing channel, preferably an extended paitial response
maximum likelihood (EPRML) channel which is characterized by the
pPolynomial (1-D)(1+D)2. An analog signal is read by a transducer .
8 from a magnetic recording medium, such as a disk 9, in a digital
storage device. This read signal corresponds to a binary data
séquence coded with the (1,7) run length limited (RLL) code during
a write operation. The read signal passes from line 10 through'a
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om nal
hunber of
m sequal i zation, pulse asymetry and pattern-dependent; 0T SE, andL( gg},\j
treating as potential errors in the detected data those i i1 0™
close to a selected threshold boundary, and automatic

ool gERGRENE Sk BRABRMLEL Lo o) SIS

readback pul se transitions that account for nonlinearity,

bandpass filter 12. The output of filter 12 is supplied to a
phase-locked clock 13 comprising. a phase-locked 1loop timing

recovery circuit including a variable frequency oscillator (VFO).
Filter 12 and equalizer 22 filter the read signal so that the

response to a single magnetic transition is a“pulse given by the
sample values ..., 0, 2, 4, 2, 0, ... . This results in written
transitions of magnitude 2 between +1 and -1 levels of magnetic
saturation, and read response is normalized by a scaling

factor to correspond thereto.

The coded analog read signal output from filter 12 is supplied
to a delay means .20. Delay means 20 provides delay alignment
between the analog signal and clock - signal inputs to an
analog-to-digital converter (ADC) 21. ADC 21 converts the analog
input signal into digital sample values, such as Yy,...Y¥s at
successive clock times, where Yo corresponds to the current clock
cycle. These digital sample values, optionally equalized by an
equalizer 22, are then passed to a decoder 23. Positive and
negative boundary threshold constants are applied via lines 24, 25,
respectively, to decoder 23. Decoder 23 applies a decoding
algorithm to the digital sample values to provide a coded binary
data output in line 26 and, where appropriate, a pointer flag in
line 27, at successive clock times under control of clock 13.

Fig. 2 depicts the write and read waygfoi‘ins and associated
sequences of data and sample values clocked by clock 13 in a
noise-free environment. As so depicted, the sgmple values range
through the discrete set {-4, -2, 0, +2, +4},._ Actual samples,
however, as noted earlier, will not be exactly equa¥k- to-the ideal
patterns of the read .signal because of signal anc;;nalies-due to
nonlinearity, misequalization, and/or pulse asymmetry, as well as

additive- noise, and thus will range through various noninteger -

values around the integers in the discrete set. In general,
Y =x"+e” where x~ is exactly equal to one of the ideal patterns,
and e~ is the error in the received signal. The (1,7) ML decoding
algorithm decides which of the ideal patte'rns is closest to the
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There is a need for appar at us and net hods for (i) determning for each
particular magnetic recordi ng device optinmal value setti ngs for t he

deci si on- boundary-constituting threshold constants for ag—{4 M- y“u““bI
despite signal and noise anonalies in the readback pul sg ﬁ'ﬂw EET HAS BEEN
‘establi'shing the decision boundary froma series of magngtic ﬁ&a’*‘uﬁﬂng

transitions instead of by artificially super posi tioning the pul'se shape
cor r espond®ialo BECSIYETe PASRER ¢ recording transition, and (iii) setting
t hese boundary At lanyspoiatcénstimes tlet (ki) mtchannvhlwmelsl e dsecooe af

preﬂetermgﬁd stetieenceoof 1pegorded giatao@i beyz: usm of saayeglamowm oand

et escriEE CARPRARALOND, BLRRiB B, . e . Wbt g AR
mirror image (i.e., +/- sign) symmetry with states 011, 111, and
110, respectively, that-correspond to detection ‘of a negative read
pulse. The current state is determined by past decoding decisions,"
and the current decoding decision determines which state comes
next. Two of these states (061 and 110) are transitional only as
the decision is automatic because the {1,7) code constraint implies
that state 001 must be followed by state 011 and similarly state
110 must be followed by state 100. At each of the remaining four
states, based on the sampled read signal, the channel must make a

ML decision regarding the next state.
As in Reference 2, each decision of the (1 7) ML algorithm

requires six linear functions, H,, H,, H3, H,, Hg, Hg, of the sample
values Y,, Y;s Y;r Y3r Y4r Y5 to be computed and compared to six
thresholds A, B, X, Y, Z and W as established by the boundary
threshold constants. The A and B boundaries are for a baseline
check, and the X, Y, Z and W boundaries are for a peak position

check; ‘as shown in Table 1.
Table 1, and all other tables, are included in an Appendix

hereto which is made part hereof. Note that H i, is compared to two
different boundary thresholds ‘X and Y. ‘.'.There are four sets
(corresponding to four decision-making states), each consist.?fng of
six boundary thresholds, resulting in a tota_.}. of 24 boundary
threshold constants. The set used for each ML":iecision depends on
the current state. An error is associated with the value of at
least one of the functions H, falling on the wrong side. of its
boundary threshold.

It will thus be. apparent that the probability of decoding .
errors is controlled by the established values of the boundary
threshold constants.

Assume now, for sake of illustration, that the current state
is 000. Decoding will be based on the next six values of the
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Accordi ng
| mprovi ng
i n which
gener at ed

to one aspect of the invention there. is provided a nmethod for

data detection reliability in a coded signal mprocessi-ng—channe
ISRl %1 ~ ’\%@l %\}

54 St
digital electrical signals representing digi ta]gt-sanpif-q_ '
fromanal og signals read by a transducer from bi ndRiédaba

Alr-e

recorded on a data storage nmedium conprising the steps of: providing

‘plurality

of threshold constants whose val ues define inj Li al Pe-ci Si og
? 8at possible

' boundar i ess#RLeR e TR eFEPRRF ng ViIFEHdn¥1 - Yre¥ pfeels)bi nar _
cor r esponds hg-4anpl < pdttesngueh possiibd er sedqeenytds fonmitherl idRBL) reastigigsai

"1" or a
mar gi ns at

each ‘of

a _plur
an abstrac?eFe#%Et’rlbrféhiTﬁ‘%&& 2en each presel ected decision boundary and
specific sgguewﬁhﬁ;QﬁCM?H@ndEFeé?éﬂ BARPY XRAresented geometrically by the

gﬁphs shown in Figs. 3, 4, and 5. Each graph contains a line
defining a boundary line between N patterns above the line and M
patterns below the line. The points, as plotted in Figs. 3, 4 and
5, correspond to the ideal patterns. The location of each boundary
line segment is determined by a corresponding boundary threshold
constant. For example, the Y boundary, as shown in Figs. 3 and 4,
is a segment of the line H,(y")=KY, where KY is the threshold
value. The functions H;(y”) are computed and plotted on the
appropriate graphs. If a point falls on the wrong side of the
boundary, an error occurs. Thus, if the point corresponding to y~
is closest to one of the N patterns, then y, is decoded as a 2, and
the next state is 001. If it is closest to one of the M patterns,

then y, is decoded ‘as a 0, and the next state is 000.
As illustrated in Figs. 6A and 6B, the apparatus embodying the

invention comprisds a decoder 300 which replaces the prior art
decoder’ 23 depicted in Fig. 1 and constitutes an improvement over
the decoders disclosed in Reference 2. The following description
has been limited to that considered necessary for an understanding

of the embodiments of the present invention. For additional

background description, the reader is referred to Reference 2.

In Figs. 6A, 6B and 7A, 7B, ck will be used. to designate the
Cclock input from a common source that is re'cfuired in order to
provide the necessary timing for the various.registems hereinafter
described. . ' -

According to the invention, and in the manner hereinafter
described, each of the 24 boundary threshold constants of the (1,7)
ML decoder 300 is determined and separately and independently
optimized to minimize the possibility of decoding errors. Two
types of decoding errors can occur: (1) misdecoding an N pattern
as an M pattern, which causes a "1" to be misdetected as a "0" in
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4y that are defined by correspondi ng Bool ean | ogi cal expressions;
determ ning potential error events in the detected binar
in two separate counters nunbers of times actual val ues
plurality of linear functions of the digital sanple valugs corﬂmpg
to one preselected data pattern are within m units above an

?correspon h tter t h'h[ AiNiales
bel ow, res egg{e%\%%& gi 953 Jéct edgone of E“ Sgégﬂ% g aclg?%j_ at |atr?g in
a margin B alnegttern, Whlc causes a "0" to be misdetected s

detected (1,7) sequence. Adjusting the boundary threshold
decreases the likelihood of one type of error but increases the

likelihood of the other type of error.
Table 3 shows the six different types of boundary thresholds
(A, B, X, Y, Z, W) that are to be optimized for the four different

states (000, 100, 111, 011) for a total of 24 boundary types.
In the term KW2+, W2 denotes a boundary that é:orresponds to

the state 000 or 111; the superscript ‘+ clarifies that the data
pattern is generated by - a positive read phase “and therefore w2*
identifies the state as 000 rather than 111; and prefix K in Kw2'
denotes that the boundary has a preselected, but adjustable,
constant value. Since each boundary threshold is optimized
‘separately and independently, the methods and apparatus for
optimizing the threshold value KW2° of only one boundary, the w2’
boundary, will be described with the understanding that all other
boundaries are optimized in a similar manner. Hereafter, the "+"
supersdript will be dropped for simplification; and this boundary
will hereinafter be referred to simply as W2 and its threshold
valué'ds KwW2.

I
Use of Focal Points of Data Pattern Clouds for Initial Boundary
Determination -

This Section I describes how an inifial value for a
decision-boundary-constituting threshold constant for a (1,7) ML
channel may be determined without requiring pulshe\-" san'lplir}g and
calculation of a nominal value based upon the pulse shapé of the
read response to a single magnetic recording transition. It
‘requires use of a known sequence of detected data. .

~ In Figs. 4 and 5, for simplification, a given data pattern
(eg., N2) has been shown as a singlg point. However, in actuality,
due to noise, misequalization and other factors, a given data
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counter a count having a magnitude and sign denoting dlfference bet ween

counts in said separate counters; and responsive to a pr t-ed—ovent—
adj usting the presel ected decision boundary upwardly if {RHICOHRAET HAStIBEEN
mar gi n bal ance counter at |east equals a preselected nunber [ékrﬂh.kCﬁD

~downwardly if the last-nmentioned count is not greater tha
nunber [err] to create an updated decision boundary. Accordin
anot her gsgemrnof Widd i faddt | @t t birfifersingr ovidednagpar §508 f bEs 41%%9\” ng

gat at dlet eﬁdﬁb-fﬂi‘:‘éeﬁ}bbbéihéﬂl aphadeches I&%kem&& kg Goaaeled ByWeh
lgita

Fr om anal Fuak GRAPE® ik 3 RER A BRLF o o ﬁ%?ﬁas?%é’l‘féci‘%ﬁfe%‘? e

dat a st oramasmedl'a hvudc'bnﬁatm ngusneaneffmumsoprnglauﬁlmeﬂelsp}"eﬂ into

threshol %%&Hz%&@ﬁ@l@'dﬁ%tdﬁér@nafter referred to as the "focal
point." This focal point may, for example, bé determined as the
mean or average of the actual values of points in each cluster, or
a.selected subset of the actual values of points in each cluster,

to implement this method in the manner now to be described.
According to the invention, the value of the threshold

constant for a selected decision boundary for each associated pair
of patterns (eg., N2 and M8a) is determined from the focal points
(such as the mean values) of the corresponding clouds using
software. More specifically, a (1,7) sequence D*=DI,D2,...Dn (such
as of 512 bits) corresponding to some pseudo-random data is written -
to a data si:orage disk; e.g., data shown below in Section II hereof
in hexadecimal potation. The detected sequence d’=dl,d2,.. .dn is
obtained, as explained in connection with Figs. 1 and 2, from
digital sample values y =(Y,,Y,s.--Y,) generated from the analog
read signal. The pseudo-random sequence should be preceded and
follev'v"eii by a one byte pad of zeroes, which are not decoded.

Now, using d~ and y~, the state vector s"=(sl,sz,...sz) is
computed, where s, is the state ab,c, of the channel at the time
that the i*" sample is being decoded, assuming that prior decgding
decisions were correct.

Next, the average value of each function J——Hg in the left
column of Table 1 is computed for each pattern or set of patterns
in the columns on the right. For example, :f- <H1(le,‘;’N2$)'> bar:ef.
if equal  to the average value of .Hl(y-j) - where
Y_1=(Yj:qu:qu,yj,,a,yj“,yj,,s), and the average is over all y~; for
which s —s'(one of the four states 000, 011, 100, and 111) and the
ideal pattern is N1, or N2_,. The occurrences of these values of

l(Y j) are counted by su:.table means (not shown) and, if desired,
displayed on a screen to show the sample size, for each cloud or set
of cloud_s, to alert the user if there is an insufficient number of
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deci si on boundaries for use in determ ning whether detected binary data
corresponding to a respective coded sequence of a runlength limted (RLL)
code is a "1" or a "0"; means for processing binary datajqggsTine for——-
measuring error margins at each of & plurality of respective dégision BEEN
boundari es by using an abstract rel ati onship between eackh—p+e i éeibl
deci si on boundary and specific sequences of the detected binary data that
are defi ned sampdesr te pdetkrmi o @nyatthicegheodfi. expr essi ons; neans for
determ ni ng pot@hénal ther hreshblldsi ardehecaghreidedsi tine yadatages oopr theng
two separ at f untd mhers of tines actual values of one
of a plural ?’Pg’ggpﬁ‘f‘ﬁ%a?f?“lﬁt ?%ngg(])'?'ugﬁé "digital sanple val ues.
corresponding to one preselected data pattern are within m  units above
and corresponding to andther FHd¥eLedal tdH iMpat M@rnMBLEl {& ¢ hi n

- KB, = B, (N4, N5,) + T, (MI,, M2,)1/2:
(H, (NI, N2,) + H, (M6, M7,.)]/2.
[B,(85,) + B(HB)1/2.
[H,TNLY + E,(M48,71/2.
= [ (N2,) + H (M8A;)1/2.

Table 4 sets forth an APL program listing. to perform the
calculations described above. D17 is the binary vector of data
which was written to the disk, and Y is the corresponding analog
readback signal. Y and D17 have above been referred to as y~ and
d”, respectively. This program will compute all 24 thresholds and
store the results in two APL vectors KPOS and KNEG, defined as
follows: '

KPOS = (Rgggs Byggr Xgoor Yooor Zooor Wooor 2100 Bioor Xioor Yioor Z100r ¥ioo)

KNEG = (Ay,;, By Xime Yaue Zane Wige Boy Bonr Xomr Yourr Zorzs Won)
The program contains one loop, in lines 12-46, which is

executéd once for each of the four states, 000, 100, 111, 011, with
the variable T used to indicate the state for which thresholds are
being computéd. . o

Lines 11, 14 and 22-25 compute the varj‘.a}_b'ié'LE, which contains
the locations, within D17, where the channel is in state T. Lines
16-20 compute the H, functions, as defined in ';:able 7, for every
six~tuple (Yj' Yiurr Yyar Yiear Yyear yj+5), within-'the vector Y .

Lines 27-36 compute the locations, within D17, where the
channel is in state T, and the next six data points fBrm one of the
patterns indicated in the comment on the right side of the line.
In addition, the sample size for each pattern or set of patterns
is collected in the variable S.

Lines 40-45 compute the thresholds for state T, using the
equations given in Section 1 of Table 5. Each threshold constant
preferably is initially determined by use of the focal point method
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5 [err] units below, respectively, a preselected one of said boundaries;

margi n bal ance counter for accunulating a count havi ng_-a-naghi-t-ude—anrd—
sign denoting difference between counts in said separat ¢THHUBHEES HASHEEN -

circuitry responsive to a predesignated control event for adjRERLAGEDt he

a

presel ect ed deC|5|on boundary upmardly I f the count |n tre~Trargirmbatance

counter at S I eg cted unber %éarr g h
| ast - nment i éﬁgg é% | s no ’grlga?eflfﬁ 8 eé:fa n%ﬁ J%Zéét ak"8
nominal theoretlcal value as taught in the prlor art. The value

or setting of the threshold constant is then optimized.
Two methods for adjusting the boundary thresholds and the

decoder apparatus for implementing these methods will now be
d;cribed. Each is based upon the unique relationship between the
boundary settings and potential error events in the (1,7) ML
channel. In each case, in accordance with the invention, the
boundary threshold is set at a point where potential error events
in each direction, upward and downward, are substantially balanced.

IX :
A. Use of Error Margin Measurement for Boundary Adjustment

Referring now to Fig.6A, inputs H -H; represent precomputed
linear functions of digital sample values y,-y, corresponding to
multiple occurrences of one preselected N data pattern and another
preselected M data pattern. They preferably are generated in
precisely the same manner as'shown and described in connection with
Fig. 4 of Reference 2. Hence, the-manner in which they are
generated will not here be shown or described. Note that input Hg
for computing the boundary P for the phase check is not relevant

to .the present invention.
As in Reference 2, six sign change: blocks “302-307 change the

s.l.gn of the J.ncomJ.ng binary number H;-Hg whenever the c, bit in a
state register 310 has the value "1", which corresponds to states
001 and 111 in the negative phase of the sampled”read signal. The
outputs HI'*-HG' from the respective sign change blocks 302-307 and
also the initial boundary threshold constants Ka,.. .K'W2 (pre_vi_ously
loaded via bus IB into boundary-threshold-value register 308) are

fed in parallel to a set of subtractors. Subtractors 312-324

compute differences between an Hl output and'a related boundary
threshold prefixed X to provide an output prefixed D representing
an error margin distance MD. This distance MD is fed to a related
one of the comparators 330-342 which, by comparing the MD to zero,

SA9-92-009 : 12
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According to still another aspect of the invention there is provided
‘apparatus for inproving data detection reliability ir1?b+a¥¥yil<ignal .
processing channel in which digital electrical signalq'ﬁﬂbﬁﬁﬁﬁﬁﬁﬁwbﬁﬁmm ’
digital sanple values are generated from anal og signalis reaREFMWGED
transducer from binary data recorded on a data storage  Wedl UM ——TonpPr-+a+Ng:
means for storing a plurality of threshold constants whgse val ues defi ne
PP g

deci si on detegmines Yhathew the yaluenehiBgishalons aFePELPY
correspongjoddai@. a coded sequence of a runlength linmted (RLL) code is a

"1" or a 't'O"; f;été.qle,p:eﬂt@eééi%ﬂgabﬁm %épﬁél:gc@&:!jl@%b&ﬁicﬁemlmﬂlﬁgle{ror
0 abot r Al Aot Eh; FOBRIREAT AT e SERRCAPH Ga0s PR TR
specific &@uermsgeheraeedeﬂect'@@lommryfadz;@aPtlhaDAISO). which denotes
| whether the function H, - is above or below the ‘decision boundary.
This .result is the same as that achieved in the decoder shown in
Fig. 4 of Reference 2; and hence the intermediate logic and output
logic, as set forth herein in Table 5, is identical with that shown
in Table 4 of Reference 2. However, the present method has the
advantage that the output from the subtractor 312 can be used as
a measure of available margin to a potential error event, called

margin distance MD.
The outputs from the comparators 330-342 are values "1" or

"0", which, together with the state values a,, b, c, from state
register 310, are fed to the logic block 349 for implementing the

logic shown in Table 5.
The ‘logic of block 349 provides the detected data d,

coi‘responding to state agbyc, and the erasure pointer P in
accordancé with the logic of Section 1 of Table 5. Block 349 also
creates the state values a;b,c, for the next state in accordance
with the logic of Section 3 of Table 5 including the intermediate
logic of Section 2 thereof. This state value _is__._ supplied to state
register 310 to become the current state value. aoboc‘J for thg_ next
clock cycle.

The error margin distances MDs are available for all
boundaries as outputs of the subtractors 312':324. * Multiplexor
(MUX) 345 responds to a boundary select signal in lime 346 from a
test controller 347 to select and output to line 348 one. of the
error margin distances DAll...DWZI, to be examined for a boundary
threshold of interest. .

Assuming the error margin distance MD to be selected is DW2
(the difference output of subtractor 324), MUX 345 will output DWZ1
for the boundary W2 to line 348. 'The outputs b,, d,, DW2, of Fig.
6A are used to implement the boundary adjustment process. Note

SA9-92-009 13
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are defined by correspondi ng Bool ean | ogi cal expressions; circuitry for
determ ning potential error events in the detected binary data by
generating, for a selected state, first and second out puts: %HL_L,_F?tHg[.,giJIP .
to one preselected data pattern and another presel ect quITHéJr et‘f’-je’j‘jl*_cféfﬁ*aﬂﬂt?‘-
‘pattern, respectively, above and bel ow a presel ected on¢ of dairdAldeci si op
‘boundaries; first and second counters for respectively counting up to
presel ect edhatinFégs 6H1 depddi3 ttdienl soater oénthe sissamd fdve a®cknsvirdes

presel ect eq .. dat ar PRI E02PRYE N L W ERESL RIASRIEChod DaweTvIBdArd/,
respectively; n@gs estagj |e:]{1| ng_l eLLor ggrg:nn di stag es g__erq:L uni IS, abeve
and [err] @Rt %5 BEFPFEEHETIY 4 M) F195aP R prdSef AL P SHEP ouhd_arf/, fAFrd
and fourt hbdoanyerard dedcdnhei ageuarodrid shiftneegister 350 and a five-bit
shift register 352, respectively. The DW2 values, which are
numerical values, such as in bytes, are fed into a five-byte shift

register 354.

The outputs from comparators 356 and 358, in combination with
the logic of Tables 6 and 7, generate, at each clock cycle, four
binary values, Dy .. Dujour Wapove 204 Wy, Which are stored in

. single-bit registers similarly designated. These binary values are
used to increment a set of five counters, denoted T,, Tz, M,, M; and
C, respectively. Initially each of these counters is set to zero

by a signal in reset line R. Then they are updated at each cycle.
Comparators 356 and 358 compare the error margin distant:e_

value DW2, to a predetermined constant m to determine whether it is
within m units above or below the boundary, respectively. The

binary values Dopove @nd Dy, are computed as’
if DW2, < m !
ot Dabo =
e 0 otherwise

if -DW2, <m ~ ~°
D.belcw = ' e -
o .

otherwise

It is also necessary to process the values of d_, and b, which
are combined in block 351 in one logical expression ¥é indicate if
the system was in the desired state (here assumed as 000) while d,
was being detected. At the same time, the values of do._..d5 are
concurrently combined in block 351 into two different logical
expressions which respectively indicate each occurrence of the one
N data pattern (N2) nearest above and the one M data pattern (M8a)

nearest below the W2 boundary irrespective of actual distance from
said boundary. :

SA9-92-009 14
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Sa actual values of a linear function of digital sanple values
corresponding to said one and another preselected data gailLETIS-are—
respectively within [err] units and [err] units, respectivi‘r’yr;:f"of 5 BFFR
presel ected boundary; -a margin bal ance counter for accu |n”aéwutdunt
havi ng a magni tude and sign denoting difference between counts in S

thhr d and g fouryﬂe aBgilcRns exﬁﬂtessia.lwléo 'H“ea%edcfm‘?“ééd]hnedab# sad i ERb
an secon counter C A (0] el ec e r
EPES Sontfille gﬁgdgggggl LRCeaiIr'e Jha 5] 28dptétidery,

respectlvepgt

wherein @ :Lnd cat s a "don’t care". Note that the nearest patterns .
at each boundary are unique, except in the case of the B boundary
(see Fig. 5) which has more than one equally near patterns N4, NS5,
and N3 above the boundary, corresponding to 0; 1, 0, 1, 0, ¢ and

0, 1, 0, 0, 1, O, respectively.
Wopove Will be a logical "1" whenever the selected data pattern
(in this case, Nz) occurs at a given state (in this case, assumed
000) irrespective .of how far above the W2 boundary. Similarly,
Woelow will be a logical "1 whenever the selected data pattern (in
this case, M8a) occurs at a given state (herein 000) irrespective

of how far below the W2 boundary. :
If Wibove = i, T, counter will be incremented one unit. The T,

counter counts up the total number of occurrences of that data
pattern (herein N2) which is nearest:. above (irrespective of how far
above) the W2 boundary, until a preselected number N of such
patterns has occurred. If W, . =.1 and also D, . = 1, while the
count in T, counter is less than N, the AND gate 360 will be
enabled and cause the M, counter tp be incremented. This counter
accumulates the number of times that the corresponding computed
decision function (in this case, Hsl) is above and very close to
(i.e., within m units of) the W2 boundary until the count in the
T, counter reaches N and thereby disables the AND gate 360.

Then the same method will be followed for that data pattern
(in this case, M8a) which is nearest below (irrespective of how far
below) the decision boundary (in this case, WV'Z). The T; and M,
counters will be incremented in a similar nianner. If"_wbelow = 1, then
the Ta counter will be incremented_ one unit, up to the maximum
value of N. This counter will count up the total number of
occurrences of the data .patter'n which is nearest below the W2
boundary, until N actual values such patterns have occurred. 1If
Wielow = 1 and also Dieiow = 1, while the count in T, counter is less
than N, the AND gate 362 will be enabled and cause the M; counter
to be incremented. This counter accumulatés the number of times
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gne boundary one unit up or one unit down provided the count in the nargin'

bal ance counter has reached a presel ected nunber [err] gr a, pr;—,-m;. cuw

nunber -S2, respectively, where [err] Accordi ng IF - arfot OhREEN

aspect of the invention there is provided apparatus for L |rmr5“§w~+"réuaata

detection reliability in a coded signal processing channel conpr|5|ng a

magnetic recording medium a transducer for generati n anal o g

digital dathake dé’(ft&’?lt R u&%r 9 nd"hr?'ecﬁ‘?ﬁﬁesﬁﬁﬁﬂé ForogR %?%t ?ﬁﬁéf;

t he anal og ﬁugaaisn (#H;0i dsl belgviarrd reauesdosente diigiet-al wéthph & \M‘Ilé‘résef)

means for S'Eﬂé W9 Boutlddrgl.ity of threshold constants whose val ues define

deci sion baundary eendity US%hbncdeaag\m'og 1 PLBBEoflehecs ofe W20 % 9ahAq

correspondi’ ng toa co sequence 0 run ength [Imte above

yove"' 1 while T, < N, and incremented if W, = 1 and D, =1
while T; < N. 'I'herefore it will accumulate the‘difference between

the number of points below and above the W2 boundary, counting only
those points within m units of the W2 boundary. If the current
value KW2 of the threshold of the W2 boundary is lower than the
optimal value, then the C counter will tend to increment, while if
KW2 is above the optimal wvalue, the C counter will tend to.

decrenment.
If and when the count in both the '.I:‘A and the Ts counter reaches

N, their outputs will drop causing inverters 364 and 366 to
condition the circuitry 376 to examine the value in the C counter.
The value in the C counter will determine whether to adjust the
boundary threshold. It will be adjusted upward if the count is at
least equal to a preselected number S, or downward if it' is less
than or equal to -8, or adjustment will stop if the count is
between +S and -S, using the adjustment decision rule Shown in
Tablé™8. MUX 370 (Fig. 6A), meantime, will have been conditioned
by the signal in line 346 to feed the current threshold value KW2
to adder 372. The other input to adder 372 from line 374 will be
a "1", "0", or "-1" as determined by the boundary adjustment
decision logic circuitry 376 (Fig. 6B) which implements the
decisions specified in Table 8. The value of. houndary threshold
constant KW2 in the appropriate boundary thréé'}{old value register

308 will be updated by the output of adder 372. el
Meanwhile, if the count in either counter M, or Mg exceeds a

Preselected number Q < N, then circuit 361 or 363, respectively,
will provide an output U. This output indicates the device being
-tested is unacceptable because too many {more than Q) actual values
fall within m units above or below the W2 boundary--a condition
which can occur even if the difference count in counter C is
acceptable and the counts in either T, or T, have not reached N.
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((RLL) code is a "1" or a "0"; means for processing bi nagy .data on-1ine for
measuring error margins at each of a plurality of respectlve deC|51%&[N
boundaries by using an abstract relationship between each presele-
deci si on boundary and specific sequences of the detect i
~are defined by correspondi ng Bool ean | ogi cal expressions; neans for

ot Sopar afe” coutk ofte HhilasteBhEebfol 8% IS S EnRR0RNY O By QTR 100
a pluralityanfl Cigpuntemgnwild ke (ﬂestel#etﬂl geralby anpienah e d 186 Re ARh8NRg

to one preggbeessdwdala matiepents bt kictelrpind whethegb@urthed changes
correspondi “gf,u@daﬂgtme oY ¢he! eAEdnR AvRAld G BECchb! W2 odddryin he

bel ow, respé resel ecte
some poxnt, when the boundary threshold value has reached an

optimal state, the C counter will tend to neither increase nor
decrease very much, and the T, and Ty counters will both reach N
before the C counter reaches a preselected number S or -S, where
S<N. At this point, the boundary will be deemed optimal, and the

adjustment process will stop.
This approach seeks to balance the respective error margins

for data patterns above and below each boundary. For this process
to work, the data sequence being read must contain the relevant
data patterns in sufficient frequency that the T, and T, counters
will both reach N in a reasonable time. For this example, at state
000 indicated by d_ b;=00, the patterns N2 and M8 given by
d,d,d,d,d,d,=010001 and d 0d;dpdad,d, =001010 must both occur frequent.l.y
in the data pattern. :

Instead of using the 1nputs d_;...dg, representlng the detected
data, for identifying the states and the'’patterns as set forth in
Tablés 6 and 7, the inputs d_...d; may be replaced by a stream of
known data D_'l. ..D; that corresponds to this detected data. while
this has the advantage that the inputs will be known to be correct,
it requires that a known pattern be used in the boundary-adjustment
Process. It requires additional hardware, such as a pseudo~-random

. pattern generator 380, to be switched by swit¢ch 382, to provide
this data stream during the read operation for boundary adjustment..'
The following 32-byte pattern (in hexadecimal notétion) is an
example of a short patterh which, if written repeatedly along a
data track, provides sufficient frequency of patterns for adjusting

each of the 24 boundary values.
-~ 451S 1455 528A 2492 0841 08A2 8411 2494
40AA a821 2882 0820 4545 4724 8422 8449

The boundary adjustment process is initiated by an enable or
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5b said boundaries; a margin balance counter for accunulating a count
havi ng a magnitude and sign denoting difference betwega-counts in_said
separate counters; and circuitry responsive to a pred JHEnSHED: @:ﬂBtggﬂN
event for adjusting the presel ected decision boundary{upwarRHzy sCEpt he
count in the margin baI ance counter at |east equals a

- [err] or domwardl% he I tLergcou S no reater_than & tlg)cesg{ect ed
Loy SRS ER - Hng rerate

nunber - Spower-on &€t Br Sefd G2 Pe hES M AVRRT] on” t Rer e
i s provi dpdlected Hoidnef (Quring final test of a disk drive. Alternatively,

it may be generated dynamically while the disk drive is in use by
a customer during a read operation or during a time out between

consecutive read operations.
When boundary adjustment has been completed, the contents of

!the counters can be used to determine the error margin of the
-Edevice under test. The quantities M,/N and M,/N give estimates of
the probability of points falling within m units of the boundary,
on either side. For a good device, MA/N and M,/N will both be
small. If either M,/N or My/N is larger than some predetermined
probability P, where P=Q/N, then the error margin for that device
will be considered too small, and the device should be rejected or
repaired. This technique can be used at the time of manufacture
or by a customer during actual operation. .

B. Use of Error Mode Analysis for Boundary Adjustment

i Figs. 7A and 7B, taken together, illustrate a decoder
300&prime. which is a variation of the decoding apparatus and
method depicted in Figs. 6A and 6B for implementing the invention
to optimize the W2 boundary. 1Identical blocks in the two sets of
figures have been designated with the same reference numerals. As
in Section IIA hereof, the initial values of the threshold-boundary
constants are loaded into the appropr.tate ones of registers 308 via
bus IB. s

.This approach differs from that described in Sg;gtlon IIA in
that 1nstead of requiring direct calculation of the ‘error _margin
DW2-H -KW2 the boundary threshold is moved upward m units and then
downward M units from KW2. While moved upward, counter M counts
the number of times the value of the linear function H5 is at or
below boundary KW2+m; and later while moved downward, counter MB
counts the number of times the value of H5 is above the boundary
KW2-m. since error margin calculation is not required in this
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ismproving data detection reliability in a coded signal. Dr OCESS] ng channel
in which digital electrical signals representing di gift/s %ﬂE‘P’r%A .“,-i lare
generated from analog signals read by a transducer ffom bi = .
‘recorded on a data storage nedium conprising the stégs=et=

‘plurality of threshold constants whose values define initial deci si on
boundari es §@thethe subtdattons 18il2g3Rkcane calpiaratods msm-mﬁzdnaﬁ be combined
corr espondi 052 ugRc eng I| L le 4

"1" or a " 0{';91;5 pr ogggglf%gé EO\%II% %gﬁga%gﬁggépongpﬁg gﬁﬁe{ﬂeﬂct% bi‘,Jr_lzlari;1
data on- | i nRefeFenft 2y ring error margins at each of a plurality of
respective deci Sfhis makhes regubyes sthgt akhe agexrentt viediugt oén$hepdpteckash

each presel &é&dséiﬁfdn%bm{dbplﬁéja{mbvﬂxndrﬁﬂﬁﬁhﬁbﬁ S@.ﬁmﬁ]Qﬁﬁswrﬂﬁa&al éedﬁwe
data that ar & oelined Byae0h 6500 89820k 520 | A9 G- Y S D,) s
known, it is possible to construct the phase polarity sequence
{B,}- The sequence {B;} represents the signal phase at the ith

clock cycle according to the convention:

{o if phase is positive
, =

1 if phase is negative

and is computed recursively in logic circuitry of 392 and stored
in shift register 393 by: -

B_i"'lg [Y120]D1+Bjﬁ;‘

The comparators 356, 358 of Fig. 6B are replaced in Fig. 7B
with AND gates 395 and 396, which have as inputs indicators of the
current boundary offset, +m or -m, together with logic expressions
for the detected data above and below the preselected W2 decision
boundary. An offset select circuit 398 will “be conditioned by
select line 399 to provide a signal to the AND gate 395 or 396

depending upon whether the offset +m or -m, respectively, has been
selected. . e

First, the W2 boundary is selected by MUX 370. The value of
its boundary threshold KW2 provides one. of the two ifiputs to adder
372. The other input comes from MUX 389 and is seélected via line
399. The W2 boundary is moved upward by m units from its initial
value KW2 by adding at 372 the value +m from MUX 389 and loading

the new value of KW2 in the appropriate register 308 via bus IB.
The detected data d; from the decoder is fed into the shift
register 350; and the corresponding known data Ds, provided either
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determining potential error events in the detected bina data by counting
in two separate counters numbers of times actual val uestgf ne-~ol ﬁEEM
|
?a

plurality of linear functions of the digital sanple vyl ues ﬁgr,me}‘
to one preselected data pattern are wthin [err] units-—abeve 3
different plurality of linear functions of the digital sanple val ues

corr espondi ngPl%g%?Pgt TP o1 A=Y el3§6t sngaFggt tg%p ong,wg hd dudcr @}ctgyﬁéf

bel ow, _resﬁgc preselected‘one of 'S oundar accunul at'i in
a margin bel &hee W'a tpufedhdntey shhffgnregtrterd3dtgn RN n{;ng

di fferenceebgj_wg ekt Bigaall phase al®impthieccarrant skgpohshaset B, a
pr edesi Onal- 2l WA ¥e rAGLUBLE b NEncPkiskh Gl nlPErid YhePBYGH Bt gRvaidll v

- if the cou gln ance counter at
L sample value Y-

Circuit 397 executes the logic of Tables 9 and 10 for

detecting an occurrence of the known N2 data pattern
D,D,D,D;D, D5—010001 at state 000, indicating that the known pattern
is above the W2 boundary. This provides a logical "1" input to the
register W,, .. If, simultaneously, the detected data is the M8
pattern, d,d,d,d,d,d,=001010, then the logic of Table 10 detects this
as a detected pattern below the W2 boundary and AND -gate 395
provides a logical "1" input to the register D, .. The components
shown beldw the W, . .r Woetows Pabove and Dbe'lw registers are identical

to the ones in Fig. 6B and function in the same way.

" As in Section IIA, counter TA counts occurrences of the N2
data pattern D0D1D2D3D4D5=010001 (i.e., where Walme 1), counter M,
occurrences of potential errors indicated by the downward crossing
of the moved W2 boundary when the detected pattern is the M8
pattern dodldzd3d4ds=001010'i( where Dabove=l) » and counter C counts down
by thé number of these downward crossing errors. (The reader is
referred to Section IIA for a detailed description of the counters
and other identical blocks.) When counter T,..reaches N, the W2
boundary is reloaded in rng.ster 308 to its :initial value KW2 via
bus IB.

Next, the W2 boundary is moved downward by m units from its
initial value KW2 by adding to its initial value at 372 the value -
m selected through multiplexer 389, and loading thrg#new value of

KW2 into the appropriate one of the registers 308. - _
Detected data d; from the decoder is fed into shift register

350 and the corresponding knoﬁwn data Dy is fed into shift register
391. Block 392 evaluates the next signal phase using the current
Signal phase B; from shift register 393, the known data D., and the

sign bit of the sample value Yy,.
Circuit 397 executes the logic of Tables 9 and 10 to detect

< T i



5¢ least equals a preselected nunber [err] or downwardly if the
| ast -nmenti oned count is not greater than a preselected nunber -S2 to _
create an updated deci sion boundary. According to dtilTanother———;
‘aspect of the invention there is provided apparatus for {i npféving q_g‘-tBEEN
detection feliability in a coded signal processing channel—in ‘il
digital el ectrical shopabs LRDTRASH 18 dil \Rleeadip! B B pogpp0DIGa0SE Bl

: n
from anal o aae Sassc¥erhe ARCUERL (GOMPLIRLL AL Toehednene

boundary. This provides a logical “"1" input to the register Weion
. If, simultaneously, the detected data is the N2 pattern
dn§1d2d3d4d5=0;0001, then -the logic of Table 10 detects this as a
pattern above the W2 boundary and AND gate 396 provides a logical

wiv jnput to register Dy,..-

As described in connection with Section 1IIA, counter T, counts
occurrences of the M8 data pattern DODlD2D3D4D5=001010 (i.e., where
wbemfl) , counter M, counts occurrences of apparent errors indicated
by downward crossing of the W2 bqund:—iry when the detected pattern
is the N2 pattern d,d,d,d,d,d,=010001 (i.e., where D, ~=1), and
counter C counts up by the number of upward crossing errors. When
counter T, reaches N, the W2 boundary is reset to its initial value

Kw2.
The final result in counter C in conjunction with Boundary

Adjustment Decision Logic of Table 8 generates one of three values:
+1, -1, or 0. This value is added to the current KW2 boundary

value at adder 372 using the MUX 389 and MUX 370.

The above process is repeated recursively until the stop
conditidon i.s described in Table 8 occurs, denoting that
optimization for the W2 boundary has been achieved.

The process, as described for the W2 boundary, is repeated to
optimize the other boundaries in a similar _rqanr;ér. The boundary
to be optimized is selected by the boundary select cont:rollexT 347,
which conditions MUX 370. Also a signal in line 346 causes the
logic from Tables 9 and 10 to provide appropriaté' logic expressions
corresponding to the selected boundary to the.registems W, ., Woeton?
Dipove @nd Dy, . . -

For sake of simplification, in the embodiments as disclosed,
it has been assumed that the objective is to balance the potential
error events above and below each decision boundary. However, if
desired, the objective may be modified to bias the potential error
eévents toward one side of the decision boundary, such as to favor
detection of a "1" as opposed to a "0". 1In such
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conprising: neans for storing a plurality of threshold constants whose

val ues define decision boundaries for use in determ ning t-her _det ect ed
bi nary data corresponding to a respective coded sequence QffHE &ipl emﬁtSrBFEN
limted (RLL) code is a "1" or a "0"; means for processin knovmg;ql_%gD -

jcorresponding to the detected binary data on-line for meastUTTTg—et+oeF
margins at each of. a plurality of respective decision boundaries by- using

an a_be_t ract redsd, mhirall_bﬁg \liwennegah pﬁuess&hh egtnd r?sggﬁggnbpqu{dﬁran 28dues
specific sequences _ i nown, data.that_are defined by corr ing
Bool ean Iogiggﬁ g§§p9£é§%§ §ftﬁggﬁg'f%%mﬁg?5$%1ﬁgﬁgv%ﬁfﬁﬁffag %ﬁ%%%@gS%h?%
in the det ect@MRA%Far§ and a5 febrihie §i agurvRr Seyarbse keouapPerged dtY ¢96REdhg

nunbers of tivemeact+sl anal usg,' ofespetalveld, Plewr @likby cak LideatménticHf ofige

of the dig taégcfz‘?sm?)lne l:‘)loaulnléeasry O{or e§9939| rc‘:l%tte%tggrel of one preselected data
pattern versus the other. Likewise, the preselected value of N for

~ ~counter T, and'thaﬁ?fbr the counter Ty, may be replaced by constants

Nland.Nr,respectively, to maximize use of available data where one

preselected data pattern is significantly more prevalent than the

other preselected data pattern. Hence, in the claims, unless

otherwise stated, use of m;, m, and "'51' —S2 and N1' N2 are intended

generically to cover either equal or unequal values for these

respective constants.
While the invention has been particularly shown and described

with reference to_ preferred embodiments thereof, it will be
understood by those skilled in the art that the foregoing and other
changes may be made therein without departihg from the spirit,
scope and teaching of the invention. Accordingly, the invention
- herein disclosed is to be considered merely as illustrative and

limited in scope only as specified in the claims.

~e s
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presel ected data pattern are within [err] units above and corresponding to
anot her -preselected data. pattern are within [err] units._below, , .
respectively, a preselected one of said boundaries; a [Hg ng@l EN '
counter for accumulating a count having a nagnitude anfl sigrg §§ BQF

di fference between counts in said separate counters; ant—ed “‘“-

| responsive to a predesignated control event for adjustlng the preselected
“decision boundary upwardly if the count in the margin bal ance counter at
| east equals a presel ected nunber [err] or downwardly if the

| ast-mentioned count is not great g{ppévdix a presel ected number -S2.
According tio still another aspect of the invention there is provided
appar at us f.or i nproving data detection reli ability in a coded si gnal

processi ng ~etrannel in which

Table 1. Sample Functions
| —
., Precomputed Functions " "Threshold N Patterns M Pattemns
i{ of Sample Values :
i | Baseline Check
= ot 201+39) KA NI, N2 | M1, M2, M3
Hy= o+ 251 +y2—3) KB N4, N5 M1, M2
Peak Position Check
Hy=@o+y)— (02 4+3) KX NI, N2 M6, M7
smnt " C | | KY N3 M8
Hi=yo+y—y:4+ 2 KZ Nt M8
Hs=yo4—y24+y4—Jys KW N2 - k- MSA
SA9-92-009 23 i
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od digital electrical signals representing digital sanple values are
generated fromanalog signals read by a transducer fron1b|nary data
recorded on a data storage nedium conprising: nmeans for sﬁﬂ 70
plurality of threshold constants whose val ues define decifsi oH
for use in determ ning whet her detected binary data correspondi
coded sequence of a runlength limted (RLL) code isa"1" or a "0";
for

Table2. Posible Sequences - State 000 - 6-Sample Look-Ahead
Deta | Binary Data Patternt ] Sample Values of Analog Signal
patem Joo la1 | |88 laa a5 las Ivwo (vt |yv2 |y3 |va |ys
Tvia Jo lo lo-lo Jo fo lo Jo  Jo lo o Jo o
Mib lo- o ‘lo Jo o lo §1 Jo Jo Jo o _lo 12
M2 Jo o Jo fo Jo "f1 jo fJo o o o |2 {4
mza Jo lo lo Jo 1 Jo fo Jo lo Jo 12 s |2
o Jo o lo Jo 11 Jo |1 Jo 1o lo 2 la 1o
Méa o Jo Jo 11 lo Jo Jo o lo |2 4 |2 0
Mab_lo-Jo fo f1 fo lo §1 Jo fo 12 14 12 |2
M5 fo o fjo {1 fo 1 fo fjo o {2 4 jo |4
Mea o Jo J1 lo Jo Jo lo.Jo 2 Js 2 Jo o
M o Jo 1 jo o o |1 Yo {2 la 2 jo 2
M7 o lo 1 to o {1 lo lo 2 14 2 12 =2
Mea Jo lo {1 Jo 1 fo Jo Yo {2 ja lo (4 |2
Mo Jo jo j1 Jo 11 Jo 1 Jo 12 l4 o_ 14 lo.
Nia fo" 11 lo - fo Jo fo lo l2 da 12 o lo lo
Nib_Jo |1 o jo o jo {1 §2 l4 |2 o 1o 2
N2 0 ft1 Jo o {o |1 (o {2 4 2. |0 2 |4
Na _Jo 11 -Jo Jo J1 Jo jo 2 J&a J2: |2 |2 =2
Mb_Jo {1 jo o {1 fo |1 |2 |4 |2 2 |4 lo
Ma o J1 Jo |1 lo Jo lo 2 lsa o 14 |2 {o
Nab fo 11 fo |1 .lo o 1 |2 4 0--t4 |2 |2
NS Jo 1 {o |1 Jo |1t jo J2 {4 Jlo (< E& 14
SA9-92-009 24
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proce55| ng detected binary data on-line for inferri ng error margl ns at each
. of a plurality of respective decision boundaries by usi lgr T
aAtfic sSﬁ o1 TAS BEEN

rel ati onshi p between each presel ected decision boundary ja
sequences of the detected binary data and correspondi ng {sequefE@giiED know
recorded binary data that are defined by correspondi ng Bool ean Togical
expressions; means operative during detection of binary data correspondlng
to the known recorded data for noving a selected one of the decision
boundaries. upward [erre] units and then downward [err] units from an
initial preselected value; two separate counters operative while the

sel ected boundary is moved (a) upward and then (b) downward for counting
nunber of—tres—{=)—a SpecrfTTsEyUENTE Uf e detected b mary dat a that

shoul d b¢ ﬁh@yea;sh&mﬁebﬂt:‘l)m teoamaGkary i s

Boundary Type

State
A B X Y v A w

000 ka2 | kB2 | Kx2+ | kv | kZ2+ | RWRr
100 | kat+ | kxB1+ | Kx1+ | kvi+ | KzZ1+ | kwit

111 KA2- KB2- .KXZ' KY2- KZ2- Kw2- )
ot KAl- KB1- KX1- KY1- KZ1- KW1i-
SA9-92-009 _ 25
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detected as a data sequence ‘bel ow said sel ected boundary and (b) nunber of
tinmes a sequence of the detected binary data that should be below said . _
sel ected boundary is detected as a data sequence above said sel ected
boundary, respectively; a margin bal ance counter for a qﬂwu%qt+ng giﬁgmp
havi ng a magni tude and sign denoting difference betwee ch e
separate counters; and circuitry responsive to a prede
event for adjusting the sel ected decision boundary upwardly if the count
in the margi n bal ance counter at |east equals a presel ected nunber [err] or
downwardly if the last-nentioned count.- is not greater than a presel ected
nunber [err] According to yet -another aspect of the invention there
is provided-apparatus for inproving data detection reliability in a coded

signal pr PCﬁas'nemgrhafﬂﬂ&.'gro,%%nbinvg 2

v XY BOUNDARYAZ DlT'IJIO.I.SS

; U 1) ankaxsknrannn *tﬁttttttt*tttﬁttttﬁtt*tttﬁﬁit
{ 21 a Zaputs: X = Sequcnca of RAnalog Saample Values -
:{ 31w DP1T = Correspoading Data Sequeace
t 41 & Outputs: KPOS = Boundarf{es for Positive States 000 cad 100
' { Sla KNEG = Boundaries tor Negative States 111 and Q11
{ 61 Oroet . . - a Sef Index Oritgia
- 71 Kre¢4.63)p00 . a To accuaviate thresholds
- £. 8] SS+(4,6,2300 a To accumulate sample sizes
E 9] axxxrCompute Sfcfe ¢og, 110, 111, 01t rhres'hold: when Is1,2.3,4
10] X0
f 111 m*DNRz=0<+I18{MTJ\Dm#\DST, a Indicator of Posi f Ive Phase
{ 12] AGAIN:T+I+1 a ZLoop oa State .
“{ 13] SCT=3)/"Y+~X" n Reverse sign for Negatlve Phase
t 141 -cmu-nm«-um' & Indicator of Negati{ve Phase
£ 2151 a RRR «watt Precomputed Functions of Sampie Valuas
€ 16} '!1‘!*(2*10!3#20! . . .
[ 17] H2+71-(30Y) . .
18] H3+4X4(10Y1~C20X)+34Y ' .
. [ 191 Ba<+H34(30Y) «2x(44Y)

{ 20] HS+HI-(50YI+(40Y)
- § 211 annanxrrannxxnninn F contains all locaflans of State I althla D17

[ 221 E+DNRZLE1/E+14Ce\DITI 114/ ("1401T) - v
. £ 23T =CXel 3)V/*E+DNRZIE1/E«14(\(~DI1TIN114/( 16-011)' e
’ { 28] E~(~DIATIEIV/E ] Eflminate Transitlon States: D17l ol:t
- T 251 Be(E<(oDITI-6)/E a Truncate last € saaples
‘t 261° ARRAKRAARARKKAKAAKKREO ! JKeae = Locations of Data Eaﬂ‘ern (4 PY % P PP |
t 277 S+pE01001+(DITIE+1IADITIE+4]I/E a N3
{ 28] S*S,0E0101+C(DITIE+1IADITI(E+31I/E a NGNS
o 1 zsl'sos.pmzooo-wfrtxﬂIM-m:rtm-slu—n:Tt£+41:Iz.' [ m..nz
{ 20] S+5,0E010001+CD1T(E+1]JAC~DITLIE+31IADITIE+SII/E a N2
©.f 311 s~$.asoa.oooo<-(mﬂ£¢11A(~017ta'+3l)Q(-D:.'IIEM1)A<~D:Tt£4-sl:7)lz a N1
[ 32] S+S.0FE00101+C(DITIE+21ADITIZ¢41)/E . a 48
: [ 331 565.0800101000(01.1(E+2]AD17(8+4lA-DiT(E'*Gl)/8 v a M84 -
[ 381 S*S,0E00100+(DIT(E42JA~DITIE¢]]1)/E a N6, AT
- [ 35] S+S,0E0000+C (~DIT{E+11IACDITIE42]IAC~DITIE*I1II/E a MU H2.N3.
i [-36] S+5,0E00000+((~DIT{E+11IA(~DITIE+Z]IAL~DITIEINIAL~DITIE+]II/E a1, N2
( 371 SS(X3:1)+S(3 23 1 5 4] ] a N Sample sizZes
{ 36] SS{X3:2]1+S(9 10 8 6 6 7] a M Sample sizes
E 39] a%aaXI(I3J] IS average of cloud means closest to (X.J) Boundary

- 403 KI(I‘!]‘(((+IEI[801000])*oEOiOOO)(»(#IRi(mOOOllanOOOOJ4-2 ~
{ %11 Xryzr: 21‘(((4/82[301011)*BEOIOI)+(*IEZIEOOOOO])‘9800000) 4“2 o

- L Q2] XI{X33)+((C+/H3(E01000]24¢pE0100024(+/H3(E00100])¢oEQ00100) ¢2
{ 43] RI(X:q)+C(((+/H3{E01001]1)¢0E01001)4(+/H3[(E00101]1)¢0E00101)42
I 441 EI(X3S5]1+CCC+/H4{E010000])4pE010000)+{+/HA(E001011)¢0E00101342
{ a4s] KZ(:SG]*(6(018‘513'010001!)1'93010001)4'(4'/35[8001.0100])0980010100)q.z
{ 96] <(TI<AUJACRIN ankinrrnnakrinakhkrorrants Repeat for four states

{ AT] EPOSeL.S+ET{131.KT(2:} & Round 16 aearest (ateger
[ 98] RNEG+L.S+XI[3:1.XIl4:] -
i { 491 END:SHoTHRESE Vi 4N Pisblay thresholds and Sample Sizes
SA9-92-009 26
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5e magnetlc recordi ng nmedi um a transducer for generating anal og signals
frombinary data recorded on the recording nmedium neans for generating
fromthe analog signals digital signals representing digital sanple

val ues; neans for storing a plurality of threshold constants whose val ues
 define decision boundaries for use in determ ning whefller—detected-b+rgry
- data corresponding to a. coded sequence of a runlength iy ¥ied (F&IB)EENc de
is a"l" or a "O'; means for processing detected binarly dat &ESnélEhe fof

Table 5. Intermediate Logic and Output Logic
-

1. Decoded Data and Pointer
do = bo% + boco”
P = pbe% + p'bocy

2. Intermediate Logic.
Ri=A4\Bi+ X\ + Y1Z,W; - Ry = A4iBi + Xi + hZiW;
Ry=A:By + Xa+ Yo ZboW; - Ri=ABi+ X+ KLooWs

3. Next State
a1 = pboGy + b + Fboco ' ' ;
= pBGs + B o + Boco o | ‘

= pbo + boco + Riboao + Rois®y + B Ribo + 7 Ridioco

SA9-92-009 _ 27
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inferring error margins at each of a plurality of respective decision
‘boundari es by using an abstract relationship between each preselected

deci si on boundary and specific sequences of the detected Hual” at-a-—and
correspondi ng sequences of known recorded binary data that 5r§fdefrﬁédﬂf
correspondi ng Bool ean | ogi cal expressions; neans operatife dumffgACED
detection of binary data corresponding to the known recorded data Tor
novi ng a sel ected one of the decision boundaries upward m units and then
downward [err] units froman initial preselected value; two separate
counters operative while the selected boundary is noved (a) upward and

=

then (b) downward for counting nunber of tines (a) a specific sequence of
t he detectfd binary data that should be above the selected boundarly is
det ect ed as‘£¥65§5°§eaﬁ%ﬁ5ﬁw%@46m1sald sel ected boundary. and (b)

d_, by Logic Expression State

0 0 AT 000

L 0 d_ibi 100

0 | I by | 11

1 . I d_ by 011

SA9-92-009 28
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nunber of tines a sequence of the detected binary data that should be bel ow
said selected boundary is detected as a data sequence above said sel ected
boundary, respectively; a nmargin bal ance counter for accunul ating a count
havi ng a magni tude and sign denoting difference between counts in said
separate counters; and circuitry responsive to a prede°‘"nateu cont
event for adjustlng the sel ected deci sion boundary up %ﬁ&ﬂftheﬁtéﬁﬁy
in the margin balance counter at |east equals a preselec ed ﬁﬁhb@@ﬂlerr
or downwardly if the l|ast-nmentioned count is not greater Than a

presel ected nunber [err] Fig. 1'is a schematic diagramof a coded

digital signal processing channel, as known in the prior art.
[ Table 7. Pattern Identification Logic
mernen Nearest Nearest
Above the Boundary Below the Boundary
Bounda "
i Data Pattern Logic Data Pattern E Loglq
_dud,, z,d;_d‘.é Expression | dodidydyd. ds Xpresston
A 0, lsouosgsg dld? 0101020' gvg Id—ld—z-d:
B 0,1,0,1,0,8| dfd:+d) |0,0,0,0,2 0 ddkd
0,1,0,0,1,0 | |
X 0,1,0,0,0,2 dydads 0,0,1,0,0,0 | -ddd;
Y 0,1,0,0,1,0 dd, 0,0,1,0,1,0 A A
yA 0,1,0,0,0,0 didydds 0,0,1,0,1,0 dodyd,
, w 0,1,0,0,0,1 didsds 0,0,1,0,1,0 dodnd,
SA9-92-009
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sanples to determ ne any threshol d. - Then, the thresholds are conputed
*as the averages of the appropriate clouds, as foll ows: [err]

e
THIS SHEE” 7AS BEEN
ﬁf:r’Lr"fo:D

.'E.t')!e 8. Boundary Adjustment [.)ec.ision Table
Counter Val
otnter vaties Change In Boundary
. Constant

T T c . onstan

<N g g 0
g <N g 0
N N 2+S add 1 .
N N <-S subtract 1
N N | —S<0<+S stop adjustments

SA9-92-009 30
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Tab]e 4 sets forth an APL programlisting to performthe cal cul ati ons
»descri bed above. D17 is the binary vector of data which was witten to the
disk, and Y is the correspondi ng anal og readback ’

above been referred to as y- and d-,

respectively.

sign Y—and..D17 _have

Thlslﬂbdﬂﬂﬁﬁﬁw&g EEF ;
n

conpute all 24 thresholds and store the results in two |APL VEE®QxpKP
[err] KNEG [err] Te—pregr
contains one loop, in lines 12-46, which is executed once for each of the
four states, 000, 100, 111, 011, with.the variable T-used to indicate the
state for mhlch t hreshol ds are being conputed
conpute the variable E,_which contains

KNEG, defined as foll ows: KPOS

Li-nes 11, 44 and 22-25

Iilie 9. State at Time of Appare.nl Error

D B Logic State
-1 Expression
0 ) DB 000
1 0 D_B, 100
0 i DB, 11
1 1 D_,B; 011

SA9-92-009 31
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the | ocations,
»conpute the [err]

[err] ,

addi tion,
in the variable S.
using the equations given in Section 1
preferably is initially determ ned by use of the focal

functi ons,
within the vector Y
D 17 where the channel is in state T, and the next six 6éia~@@|ntsﬁﬁgggn
of the patterns indicated in the comment on the right
the sanple size for each pattern or set of patterna rs—eot-ectd
Li nes 40-45 conpute the thresholds for state T,
of Table 4. Each threshol d constant
poi nt et hod

within D17, where the channel
as defined in Table 7,
Li nes 27-36 conpute the—eeatilans

Is in state T. Lines 16-20
for every six-tuple

wit hin
ne
i de dREMiRgEDi ne. | n

cd

Table I10. Boundacy Crossfng Detection Lc;gic

Nt g&zﬁlﬂ:}dow lé;%:_zs‘ on g:‘t:te;::d Above ;::.;%lrcwst on ?I())iu:eggg
Do.D[,Dz,D_;,DQDs do'dl’d;,d&&lds . ' Cl‘OSSQd)
0,0,0,0,0,0 | DoD,D,D; | 0,1,0,0,8,0 | dd; A (up)
0,0,0,0,0,0 | DoDiDsD;. | 0,1,0,1,0,8 | dids+d) | B (up)

0,1,0,0,1,0 |
0,0,1,0,0,2 | DoDiD: 0,1,0,0,0,¢ | ddd, X (up)
0,0,1,0,1,0 | DoDiDe 0,1,0,0,1,0 | didrde Y (up)
0,0,1,0,1,0 | DeDiDs 0,1,0,0,0,0 | ddsdids Z (up)
0,0,1,0,1,0 | DoDiDs 0,1,0,0,0,1 | didids W (up)
l%ax&:cr;eibove ‘é"xgir;&on Petters Below é‘;"gi;ﬁ on ?g:f'e‘.;uagz
DoDiD:DsDeDs| ~~ dodidr dsdeds Crossed)
0,1,0,0,0,0 | DD, 0,0,0,0,0,0 | dodidsds A (down)
0,1,0,1,0,¢ | D(Ds+DJ)|0,0,0,0,0,8 | dddrdy B (down)
0,1,0,0,1,0
0,1,0,0,0,0 | D,DiD, 0,0,1,0,0,0 | ddids X (down)
0,1,0,0,1,0 | DDsDs 0,0,1,0,1,0 | dodds Y (down)
0,1,0,0,0,0 | D,D;D:D; | 0,0,1,0,1,0 | docds Z (down)
0,1,0,0,0, 1 D.D; Ds 0,0,1,0,1,0 | dodde - .. | W (down)
SA9-92-009 32
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preérrpl ifier fII—wthauteratte—gain control (AGC) and a | ow bandpass
*filter 12. The ﬂggg&{h@rﬁe fideg12 is supplied to a phase-|ocked cl ock 13

conprising a phasp tinmng recovery circuit i
frequency oscill a Filter 12 and equali zer ]
signal so that: th a single magnetlc transit eeRedg 2 Pk
given by the sanple values ..., 0,; 2, 4¢ilafms O This results in
witten transitions of magnitude 2 between +1 and -1 |evels of magneti c
saturation, and read response is nornmalized by a scaling factor ‘to
correspond t hereto. The coded anal og read signal output fromfilter 12-
is suppliedto & B8t 89dn§aﬁs”‘§tf°"”}§aIdﬁ%néﬁﬁgcﬁ)"‘br‘?ﬁﬁ‘(f&ﬂdéﬁ’aﬁna?|‘fﬁﬂﬂ§ht

- between tAdgnadal pxpcesisging) clarthel| dok wislicgnadigiitajut eled¢tricel signals
anal 0g- t o- dieijrle@lent 2R erof 16eiDG kg 1eA'391%L_sc " hanbbEe883\20n NiHthog

signal into i.tal s ues such & successi ve

times, \/\hersé'q"%rlﬁ] resadr p%nﬂ?‘ﬁfi"(c’rﬁ;; éEPF‘eﬂ QH idatfc Inecored o §idahe
sanpl e val sd®raget medauhy eomatisiany heastegeabfzer 22, are then passed to
a decoder 23. Positive. and negative boundary threshold constants are

applied via ling3o¢44ifd  .a plurality of threshold constants whose values

' define decision boundaries for use in determining whether detected
data corresponding to a coded sequence of a runlength limited {RLL)
code is a "1" or a "0"; ' .

collecting actual values of one of a plurality of linear
functions of the. digital sample values of the analog data
corresponding to multiple occurrences of two preselected data
patterns that are determined to be closest above and closest below,
respectively, a preselected decision boundary for forming
corresponding clusters of such actual values above and below the

decision boundary;

determining a focal point for each cluster; and

establishing the threshold constant.for said preselected
decision boundary at a value substantially midway between said

focal points.

2. The 'method of claim 1, wherein the threshorgiconstant is
established only if the number of actual values in both of said
clusters exceeds a preselected number.

3. A method for improving data detection reliability in a coded
signal processing channel in which digital electrical signals
representing digital sample values are generated from analog
signals read by a transducer from digital data recorded on a data.
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respectively, to decqﬁleBhe&?ﬂasBe 23 applies a decoding algorithmto

the digital sanple vaI a coded. bi nary data output in line 26
and, where appropri ate g in line 27, at successive clock
ti mes under control of

Fi g. 2dep|ctsth it
wavef or ns .and associ at ed sequences of data and sanple v Ims gﬁgﬁ%)& %gEN
clock 13 in a noise-free environnent. As so depicted, t

range thr%ﬁ%‘FPQ%é“Qﬂlémletc@mﬁéls{-ng the siepstdf:+4}  Actual sanpl es,
however, as noted earlier, will not be exactly equal to-the ideal patterns

of the read snwldle@a@e?mrﬂﬂfsal oﬁn%%éﬁéléiu@ohgtaﬁﬂélQﬁaéétiialues

m sequal [ nd/ as additjv a d
thus w 11 56EHEE astiSish By RNt Aen dpertn SRessBiatanieiior Aeeered

t he di scrédea §é’trresppnd399e¢<ala cpded |segnance] of 14 riunlength| lirkihesd (RBL) one
of the idééde piad t£rs, oand egrjs the error in the received signal. The
(1,7) M decoding al gorithm decides which of the ideal patterns is closest
to the - '

determining potential error events in the detected data by
counting in two separate counters numbers of times actual value_s
of one of a plurality of linear functions of the digital sample
values corresponding to one preselected data pattern are within m,
units above and of the digital sample wvalues corresponding to
another preselected data pattern are within m, units below,
respectively, a preselected one of said boundaries;

accumulating a difference count having a magnitude and sign
denoting difference between counts in said separate counters; and

responsive to a predesignated event, Adjusting the preselected
decision boundary upwardly if the difference count at least equals
+5; or downwardly if the difference count is not greater than -S,.

4. The method of claim 3, wherein said one preselected data
pattern and another preselected data pattern::are those closest
above and closest below, respectively, said preselected boundary.

5. The method of claim 3, including the steps, of:
establishing initial values for the thresholdwconstants;

setting the threshold constants at said initial values; and
then '

optimizing the threshold constants by executing the counting
and adjusting steps.
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ual received pHﬁstShEdﬂHasBeeanglaceg_n point intime, the (1,7) M channel

act

will be in one of 100 111, 011, 001 —wr—i-ie—_—&-a&.es_:l_?o,

OOO and 001 corre m‘lﬁ ﬂ;lll ion of a positive reg %&ﬁ&amﬂ\sﬁm
ror inmage (i.e sign) symetry with states 011, 111RERUASED10,

respectlvely, that correspond to detectlon of a negative read purse——the

current state i s determ ned by past decodi ng decisions, and the current

decodi ng deci sT98 Betkedriafeslamch, singlmdiogeshamtepr PRoPTRYIHa: a5t Bhes

(001 and lddBoraiee tiaaasatst)ﬂ@émoéﬂfoﬁﬁnrﬂlﬁ gdesi Sadh | madiiEmLietghRCcans e
the (1.7) &aflAa9SEhat oLl St AL gai\; AR BB L0, o0 PY St e

011 and simlarly“state nust At each of the
remai ni ng four states, based on the sanpl ed read Si gnal t he channel nust
make a M. Heci §‘|h§nm¢@g%# difhglefhe hexinadugiiag executing ‘the adjusting step

durJ.ng a read operation.

8. The method of claim 3, including executing the adjusting step
during a time out between successive read operations.

9. The method of claim 3, including the steps of:

calculating an error 'margin..distance representing the -
difference between actual values of said one linear function of the
digital sample values and a corresponding one of the threshold
constants; and - |

using said error margin distance corresponding to the
preselected data patterns for detérminirng whether each actual value
is within m, units above or m2 units below the preselected boundary.

10. ' The method of claim 3, wherein m,=m,.

11. The method of claim 3, wherein said predesignated event is the
counting of a total of at least N, one pre's_ele.cted data patterns
and at least N, another preselected data patterns, irrespective of
distance from the preselected boundary.

12. The method of claim 11, wherein N, =N,. ———

13. The method of claim 11, wherein §,<N,; and S,<N,.

14, Apparatus for improving data detection reliability in & coded
signal processing channel in which digital electrical signals
representing digital sample values are generated from analog
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As in Reference 2, each THi Wﬁﬁ ed1,7) M al gorlthm requires six
I'i near functions, [err]. alues [err] t L;
- conpared to six threshol d If ll Z and Was est |sh?(<éL P%ééigégﬁ
boundary threshol d constants. The A and B boundari es e fo B line
check, and the X, Y, Z and Wboundaries are for a peak position check as

shown in T%libﬁals read b{ﬂfal %rénsaﬁéef\' kr&h 'I?{%ﬁ:%'&' sﬁtf%@céfuédl%dal 8afd

Appendi X her part her eof e'that [err] is conpared to
two differ §n§ ggun'ﬁe ‘9”'{%%’5‘96&8&"% and Y. There are four sets

(corresponding to four decision-making states), each consisting of six
boundary t hresho¢ars ¢36G8) tfory $vorinetal pbir&Mi tyo ol arhreasinoddhglogstants

const ants whobe %Slué@eQeEQﬁeeaﬁblylj:ond%hﬁHQPJ.Q@pfagsuQ@ tihe d%'é@&ﬁi'ﬁlng
ssociated with .ue of st. one of

st at e. .g ?‘ ?1 a

functi one FEPEREF oAPPREEEN AREAMASTI SRANAGO 1 Bosiaaty THHE0Rs &F 2
It will theosnbengtippameted YRLLY) heogeobabal 11y axf ad®©ddi ng errors is
controlled by the established values of the boundary threshold constants.

Assume now, forpsgke Qe WetdShiAthY ool & 14 rGUL E0LASL AP the detected
data kd), comprising two separate counters (M,, M;) for counting
numbers of times actual values of one of a plurality of linear
functions of the digital sample values corresponding to one
preselected data pattern are within m, units above and of the
digital sample values corresponding to another preselected data
pattern are within m, units below, respectively, a _preselected one
of said boundaries;

a difference counter (C) for accumulating a count having a
magnitude and sign denoting difference between counts in' said
separate counters; and '

v oL

circuitry (Table 8) responsive to the count in one of said
separate counters exceeding a preselected number Nl and in the
other separate counter exceeding a preselected number N, a
predesignated control event for adjusting the preselected decision
boundary upwardly if the count in the difference counter at least
equals +S;, or downwardly if the latter count:;__'fé not greater than
-S,. ~
15. The apparatus of claim 14, wherein said one -preselecteii data
pattern and another preselected data pattern are those closest
above and closest below, respectively, said preselected boundary.

16. The apparatus of claim 14, including means (380) for providing
as the recorded data a stream of known digital data having a length
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is 000 Decoding will be e"Re 2 six values of the—o
8 sanmpled read signal: l 24 possible six- saatﬁ:pg,s) pat‘;'g;%rg&.w
of possi bl e sequences for si gnal correspongi ng tm%ED S

possi bl e binary data patterns for state 000 are set forth ogu) ST A

The deci si on process can be represented geonetrically by the graphs shown
in Figs. 3and digersity Ehek gsspbesoit aisSstadiistecdeliyniregiabbeundary |ine
bet ween N patterns above the |ine and M patterns below the line. The

points, asyp] otgirRd deBaE.hQﬁs 3r S &0d 14, including two total counters (T,,
Tg) for counting, and initiating said predesignated control event
upon occurrence of, both N, one preselected data patterns and Nz
dnother preselected data patterns, respectively, irrespective of
how far from the preselected boundary.

. 18. The apparatus of claim 14, including:

means (324) for calculating . an error margin distance
representing the difference between actual values of said one
linear function of the digital sample values and a corresponding
one of the threshold constants;

means (356, 358) for comparing said error margin.distance with
+m, and -m, for determining whether each actual value is within m,
units above or m, units below the preselected boundary; and

means (351, 360, 362) for gating said separate counters for
counting only when said oné and said another pregelected data

W e

patterns occur, respectively.

19. The apparatus of claim 14 wherein m=m,._

- .
-

20. The apparatus of claim 14 wherein N1=N.z.

21. The apparatus of claim 14 wherein S;=S,.-

22. Apparatus for improving data detection’ reliabi\-iiity.in a coded
signal processing channel in which digital electrical signals
representing digital sample values are generated from analog
signals read by a transducer from digital data recorded on a data
storage medium, comprising:

means (308) for storing a plurality of threshold constants
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5, correspond to the ideafs as Been Replaced ot i on of each boundary |ine

segnent is determ ned by au | ':ﬂu boundary thre'F'F,TgEd'Trf,beﬁS"L oie 1§

exanpl e, the Y boundary, al s. 3 and 4, isja “e%@'@)‘n}x‘” BeE, _‘
LACER e

line [err] where KY is the threshold value. The funct«ans.]

conputed and plotted on the appropriate graphs. |If a point falls on the

wong siwhesef vdlmelsowedamne durierion Mmmdarieshfsdxr iuse hin pdetermining

corr espndichgrt ' | agfst pat t rdel

decoded as.a 2 (a%ﬁﬁg next s{:gfggfggg%%%lﬁ%lgi tg"iés?&c%%os&es t%&{)n‘léf ofa the M

pat t er n&URBA het ipited (Hidde Fod8s 18 8, AhY Phe ndXY state is 000. As

fillustrated in Figs. 6A and 6B, the apparatus enbodying the invention

conpri ses a deanse(iR@ludingBITPIWEEs g Pr 360, ass2jetodeiet@dndagngt ed in

Fig 1 agt i [ JIPr:QV n coders disclosed in

Referen?gﬂzese‘sllﬁg %ﬁﬁvﬁgﬂt&g& ?g‘% gﬁeﬁgée%ggan ‘imted to that considered

necessary for an understandi ng of the enbodi ments of the present

i nvention. MEBRS odARG NG adRErouRB88desttipt 388) t RBSFR iduriggerr ed

to Ref egenefaion of &Nskygéncélof6Bighal fsamifle GkaMids die tiheednatog

et 9n2edehlfsC BekeLBBHAL AL OFb2 UL LARUGE IRy |fod SR drdagpder (O

provi de tHe necessary-timn or e various reglsters hereinafter :
moving a selected one of the decision boundaries upward m, units

and then downward m, units from an initial value:

two separate counters (M,, M;) operative while the selected -
boundary is moved upward and then downward for counting numbers of
times a preselected above data pattern is detected -as a related
below data pattern and the said related below data pattern is
detected as the said above data pattern, respectively;

a difference counter (C) for accumulating a count having a
magnitude and sign denoting difference between counts in said
‘Separate counters; and

.circuitry (Table 8) responsive to a predesignated control
event for adjusting the selected decision boundary upwardly if the
count in the difference counter at least:equals +S, or downwardly
if the latter count is not greater than -§,. .~

e
23. Apparatus for improving data detection réliab_il]iity in.a coded
signal processing channel in which digital electrical signals
representing digital sample values are generated from. analog -
signals read by a transducer from digital data recorded on a data
storage medium, comprising:

means (308) for storing a plurality of threshold constants -
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descri bed. Accor di ng tonhgmﬁﬁheﬁ@nB-lmahd in
descri bed, each of the 24 bo
decoder 300 is determ ned an
mnimze the possibility of ecodrng errors :
can occur: (1) msdecoding an N pattern as an M pattern mhrch causes a

to be m sdbbset edl&&sadeQinéndecision boundaries for use in determining9

t he det ec;,ggtﬁ;rﬂdesggggggdaﬁ%nd !f#%s&)esd COd'taag an M e%t t%@e%%ea“o}\‘ a

pattern, cau
. ength limited (RLL) code is a "1" or a uon.

circuitry for determining potential error events in the
detected data by generating, for a selected state, first and second
outputs (W, .. W) corresponding to one preselected data pattern
‘and another preselected related data pattern, respectively, above
and below a preselected one of said decision boundaries;

first and second counters (Tpr "‘I‘B) for respectively counting
up to preselected numbers N, and N, total occurrences of said one
and another preselected data patterns above and below said
preselected one boundary, respectively;

_means (351, Wy, ., W...~ 356, Dpover 358, Dy,,) establishing-
error margin distances m; units above and m, units below,
respectively, said preselected one boundary;

third and fourth counters (MA',' M) for counting, numbers of
time‘s:_ actual values of a linear function of digital sample values
corresponding to said one and another preselected data patterns are
respectively within m; units and I, units, respectively, of said
preselected boundary; T

a difference counter (C) for accumulating a count having a
magnitude and sign denoting difference between coeunts in said third
and fourth counters; and

circuit means, conditioned by said first and second eounters
counting to N, and N,, respectively, for adjusting the preselected
one boundary one unit up or one unit down provided the count in the:
difference counter has reached number +5, or -§,, respectively,
where §,<N, and S,<N,.

2‘%3 The apparatus of claim 23, said circuit means being responsive
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def ected - (- 1,7) sequence. ThlsShéd epk ﬁie boundary threshol d
* decreases the |ikelihood of but incre t re ket Tho:
of the other type of error. ovvs the six d er~ént ){\)@/’%5’5

boundary threshol ds (A, B, X that are to be opti ni zE8°E Ilhe
four different states (000 100 111 011) for a total of 24 boundary

- types. tonthéecawrus [ier ehid f/ﬁ’raemeSeaoh@wuiﬁartyertshaEacmngagoads N0
the state OQ@sﬁécéiﬂéel%hebéfw Q.Iount' t%' higs I;Qei té&m.txa mfchegn
IS generate by a positive read ase' and erefore |err dent.i f
state as 00 Facfrnerszt ﬁﬁntfﬂin‘?ﬁ% xﬂﬁ‘é‘quqq?“ﬁ?f“?]‘t efi® e§ FHERY tcf?efming

boundary haBraspiectédcexxhr margiosuSoablsaidcdate apatyedne. abovs wowl dadhw

boundary thguhobgeg@le_qmédnmdgg.?ar ately and i ndependently, the nethods
and apparattrs for optimzing the t eshold value [err] of only one

boundary, gg [ er lé boundar be described with the yunderstandi ng that
all other b nda"F sa%ﬁaer‘?ﬁé ﬁifzgalaﬁ-ﬁ 23 5i IRFLHAIRgREANS LEPE ARG T INGo Al L
super scri pt ofi $idecahirdpan] wheneverpkhéi batndaxy disd adjustiedundary wil |
herei nafter be referred to sinply as W2 and its threshold val ue as KW2.

26. The apparatus of claim 23, including circuitry responsive to
the count in either said third or fourth counter exceeding a
preselected number Q less than N, or N, to produce a signal (U)
indicating performance of the channel is unacceptable.

27. The apparatus of claim 23, including means providing a signal
(E) for enabling each of said counters during reading of data from
the storage medium to permit initiation of a boundary adjustment.

28. The apparatus of claim 23, comprising:

means providing a plurality of sets of preselected data
patterns for which the actual values of the functions of digital
sample values are to be measured against related decision
boundaries; and -~ 5~

means including a multiplexor (MUX) for selecting one set of
the data patterns at a time for measurement and boundary
adjustment. -

~e
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; -Use-of Focal Points of Data Pattern Clouds for Initial Boundary

Det er m nati on This Section | describes how an initial value for a
deci si on-boundary-constituting threshold constant for a (1, ﬁ-}ﬂide“chanmgl BEEN
may be determ ned without requiring pulse sanpling and callc atkmp@fgg

nom nal val ue based upon tRW&rshape of the read respo
magneti c recordi-ng transi t/'er. requi res use of a known sequence of

det ect ed dat a. In Figs.-4 and 5, for simplification, a given data
pattern (eg., N2 as_been shown as l&e EOI nt. However, in actuality,
due to noise, m SMEROVING DA'BAODETEGT tRELIABILETY en dat a

To improve data detection reliability .Ln a coded maximum
"1likelihood signal processing channel, two counters count the number
of times actual values of linear functions of digital sample values
Corresponding to one and another preselected data patterns are
within m units above and m units below, respectively, a preselected
decision boundary used to determine whether detected data
corresponding to a coded sequence of runlength limited code is a
"1l" or a "0". A difference count has a magnitude and sign denoting
difference between counts in the two counters. After N occurrences
of each preselected data pattern irrespective of how far from the
boundary, the boundary is adjusted upwardly or downwardly, provided
the difference count at least equals +S or at most -S,
respectively. ' .

. \
This Sheet Has B

—— . TN
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ﬂ pattern wWill fall -at- . differing. distances .from.its- ideal -.
(nolse free) position. Thus the cluster of- points generated by -t he act ual
vaI ues for a given data pattern wi [ hereinafter be referred to as a -
"cloud." Each cluster of points or cloud i's resolved int ctive
single point hereinafter referred to aslAhe "focal poi nt.THm‘tEst%Ef‘QLpﬁg g&
may, for P0%e deternined as the mean or aver age df theﬁgpgA@gv
of points in each cluster, or a selected subset of the ac
points in each cluster, to i mpl ement this nmethod in the manner now to be
described. . . According to_the invention, the value of the_threshold
constant for a§ deci si on boundary for each associat ecé f’f
patterns ( gl MBa) is determned fromthe focal poi nﬁgﬂﬁp as the
mean val ues?‘\&f t he®sor fespondi ng cl ouds usi ng software.
speci fical |y (1.-7). kequ [err] (such as of 512 bits) ESNSTANIONdi ng
to sone psq-udo rand s witten to a data storage g sk; [e.g. datzg
shown bel oy in
' - ' 23
1 12 20 -2 2+ - /%
o e / r iDATA
—~1 PREAMP [~ FILTER }ﬂﬁ/* ADC || EQUALIZER =1 DECODER | POINTER
13 | - — P
~N 27
1 | (PHASE-LOCKED
] LOOP) CLOCK

FIG. 1 (PrioR ART)

CLOCK JUUUUUUUUU UL

DATA 1 1t 0 0o 1t 0 0 0

WRITTEN ot
(7) ScUeNcE(@) © 1 0 1 0 1 0 0 1 0 0 O

INPUT
TRANSITIONS

WRITE WAVEFORM
STATE VALUES | |
Goigrs) 0 1t 0 0 1 1 1 0 0 O

qea0 whveror = waﬁ\\

SAMPLE VALUES 2 4 0 -4 0 4 2 -2 -4 -2 0 0
DETECTEDDATA(d) o0 + ©O0_1 O t 0 o0 1 0 0 O

nu'ttti‘iitti tﬂi

FIG. 2 (PRIOR ART)



in hexadeci mal notation. The det ect ed 'sequence [err] is obtained, as

. expl ained in connéction with Figs. 1 and 2, fromdigital sanple val ues
[err] generated fromthe anal og read signal The pseudo-random sequence
. shoul d be preceded and foll owed by a one byte pad of zeroes . _which are not
decoded. Now, using [err], the state afctor [err]| THIS.SHEpuUt EIBERMEr e
[err] is thea%t®-dDd%rr] of the channel at the time tlhat t e rD sanpl e
i s being decoded, assumi ng that prior decodi ng deci siles—were—correct
Next, the average value of each function [err] in the left colum of Table
1is conputed for each pattern or set of patterns in the colums on the
right. For exanple, :f.< H[err] bar:ef. is equal to t he aver age
val ue of [err] - where [err] and the average is over all [err] for
which [err] (one of the f our sPEM@EOﬂMON(hEEKllGOﬂAHhBOOlll) and the ideal.

pattern is [err] 12 The—aeetrrences—or—these—wattas—of~ferri—are—tqunt ed by
sui tabl e neans (not_ghown) aqﬁﬁ if desNred di spl ayed on a screen tjo show
t he sanple size. f each cl difddor sef&f clouds, to alert the user if
there i s and nsuffigiient nunber of 4
lN 6 I #*N3 _ 4
> " .
! 4 *N1 . 4
- 5 Y 7 | .
+ X
L 0f N
"rq -2r °M8 7
- -4 o .
| °My Mg
| . OMs %M
-12 -10 -8 -6 -4 -2 0 2 4 6 8 10
FIG. 3  (PRIOR ART)
PEAK POSITION CHECK 2 - STATE 000
12 1 T T T L T T T T T
ok _Nﬂ) Nﬁo L i
N5 . -
=~ 8 F -
: N3b Na
o~ 6 - * * . .
> .o
| 4 F ) % N2 -
- 9 Y W o e i
+ X . 4
=L 0t N
]
- =2F .9 o -
= 4l M8b M8a o oM .
MBa M6b '
-6 L o) o M5 -
-8 1 1 1 1 ! 1 M?O M4|’b i

10 =8 6 -4 -2 0. 2 4 6 8 10 12

ot

FIG. 4 (PRIOR ART)' . This Sheet Has Been Refilaced
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sarrpl es t.o determ ne any t hreshol d. Then, the threshol ds are conputed
.as, the averages of the appropriate cl ouds, ‘as foll ows: : [err]

SA9-92-009 3/7

BASELINE CHECK — STATE 000

- 12 L *N3 «Nt o -

FIG. 5 (prioR ART)
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Table 4 sets forth an APL programllstlng tOﬁEﬂfgrmthe cal cul ati ons

. descri bed above. D17 is the binarp whi ch |tten to the
disk, and Y is the correspondlng a “{ -
above been referred to as [err]

si gnal
ively
conpute all 24 threshol ds and store t he results in two Al
KNEG, defined as follows: KPOS [err] = [err] The program
cont ai ns oneskheep2-008 | i nes 12-46, which |s executed once for ~each of the
four states, 000, 100, 111, 011, with the variable T used to indicate the

state for which threshol ds are bei ng conput ed. Lines 11, 14 and 22-25
conpute the variable E, which contains the |ocations;, within D7, where the
channel is in,state T. Lines 16-20 conpute the [err] functions, as defined
in Table 7, for every
=
=] N
= [& 1 o [om ]
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. locations, within D17, where the channel. i s I n stat q'tﬁgnnext i X |

data points form one of the patterns indicated int COl V5n- the i ght

side of the line. In addition, the sanple size for each pattern or set of

patterns is.cqll ed |n the variabl e S5/7 Lines 40-45 conpute the
she525Bthe

sii-tuple [err] within the vector. Y .. Lines 2%"' g ApUt-@gtEMEN
e

t hreshol d using the equations given in Section 1 of Table 5.
Each threshol d constant preferably is initially determ ned by use of the
focal point method 12
300 ) )
7 34 N\
D#26 [ DW2. [OWZ, |DW2. |DWZ, |OWZ, J-—
- - 1 il htinr 1 e i 1
- b
b bsbg[bs]by b1_V_:352
| 350
dg AY ek
deld,|d=|dold,|dn|d le—
e LA 4 312 1. ] ek
ot TTTTTT]
Rl PATTERN -4ttt tdo-- L. ( (
GENERATOR| LOGIC FROM TABLES 6 & 7 v [0W2,<m] [_pw2<m
(J _ ! FOR BOUNDARY W-000 !
Y p=taedadaia-Tei T ——— T
346 351 d4bydydzdg [dyb dgdyd,
. : (Ny) (Mgg) |-
| W P W ' D D ck
i i ABOVE! BELOW : ABOVE ' BELOW [~—
R ' R
+ 7" TOTAL ABOVE COUNTER TOTAL BELOW COUNTER
k__} (T , COUNTER) (T COUNTER) ck
Tp<N ' . -Tg<N
) 1 1 H - .
360 — D A0 | —362
%1 R MARGINAL MARGINAL R 38
N\ ABOVE COUNTER * | BELowCouNTER | | L
Ma>Q (M , COUNTER) |=—ry —={ (M COUNTER) 1 Mp> Q
A A B B
- ‘ ck ¢ ck ‘-U |
Ur . MARGIN BALANCE COUNTER |
31~ U ck___ (c CO;JNTER) L™ 365
374 | BOUNDARY ADJUSTMENT R

(TABLE 8)
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just described; or, if desired, it may be cal cul ated and b Stét Has B&A Rbghiabd
t heoretical value as taught in the prior art. The value  or e
t hreshol d constant is then optim zed. Two net hods for ﬂu lEﬂIﬂ
boundary.t hreshol ds and t he decoder apparatus for inplenmenting

met hods w Ida9r@@a-phggdescri bed. Each is %a5ed upon the [ rel ationship

bet ween the boundary settings and potential érror eventBHISiSHsth

channel . In each case, in accordance with the inventifon, tRgpf:
threshold i.s set at a point where potential error even T jon,
upward and downward, are substantially balanced. . A Use of Error
Mar gi n Measyf enent for Boundary Adjustnent Referring now to Fig. 6A,
inputs [err] represent preconputed |inear functions of digital sample
val ues [err corresponding to multiplegoccurrenges of one presejected T
data patterph and another presel eghed M date pattlern. They preferablyjare
generated i h precisely &hp sane Samder |as EhﬁMg'and descri bed i p conneg¢tion
wth 2 S =)
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L Fig. 4 of Ref erence 2. Hence, - the manner in which t_hey'are generated w ||
not here be shown or described. Note that input [err] for conmputing the

-boundary P for the phase check is not relevant to the prERE ‘““*'nn
As in Reference 2, six sign change bl ocks 302-307 charge h@" " TASDBEEM¢
incomng binary nunber [err] whenevér tfyg [err] bit- i st Eletrmﬁm ster

310 has th&A hgal’, which corresponds to states 001 and 111 Th The
negative phaseJo' the sanpled read signal. The outputs [err] fromthe
respective sign change bl ocks 302-307 and also the initial boundary
threshold constants [err] (previously |oaded via bus IBinto
boundary-threshol d-val ue regi ster 308) arg5 ed in parallel to a set of
subtractors. Subtractors 312-324 conput € |fferences between an H _out put

and a rel at 0 DoTTdary TNTESNoTa pr eri xed TR To |de??_qgéjout pref i™xed D
MD

representing an error margin di stance /F-h-l,}gzdl tan I's fed to a

rel at ed oneY5§10 t he conparators S“ry oL‘TD vvrél-ﬁ-ﬂ by -F 5 én981M3i0 zero,
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13% det érmines whether the value of His above or below the BIE'P c,..ui e
ba ndary. ' For exanple, the output from-subt++actor 312, .[,3%5
J, i's fed to conparator 330; an TeNgSHERT SIASIBEEN bnpar es  thhi s é‘r

geherate t he Bool ean value [err] wWhich HEPILAOEB whet her the flu ctmn [erc]
I s above or below the decision bdurgaryrThtsS result is the sane as that

achieved in the decoder shown in Fig. 4 of Reference 2; and heprcc t+he

internediate |logic and output logic, as set forth herein in Table 5, is
i denti cal ybpARATUS ANDMETHODS FOR BMPROVINGhDATA DETHGUGN REIJARLATSht
met hod. has t he advantage that the output fromthe subtractor 312 can be-

used as a neas a | & 0L 80t & nBth8hsEFSPtimprakig
mar gi n di st ancel&rq\}lﬁ mvggufﬁg %Q{éfgésq-f #lgalele ‘g% 4 ar glt ors 330-3 ¥ Fﬁ%ell Q
val ues " 1"dajra detection relJ.abJ.lJ.ty in a coded SJ.gnal process:.ng c anne by

determining and settlng optimal values for. threshold constants
constituting decision boundaries for lnterpretz.ng sample values
representative of coded binary data.

The following commonly-assigned prior art references are
= considered to be the most pertinent to the present invention:

1. U.S. Patent 4,945,538, granted July 31, 1990, entitled "Method
and Apparatus for Processing Sample Values in a Coded Signal
' Processing Channel.™

2. Allowed copending application U.S. Serial No. 07/920,027,
filed July 27, 1992, entitled "High Data Rate Decoding Method
fbr Coded sSignal Processing /Channel.™

LI

3. Allowed copending application U.S. Serial No. 07/526,878,
filed May 22, 1990, entitled "Eight-Sample Look-Ahead for

Coded Signal Processing Channels." <

4. A. Patel, "A New Digital Signal Processing Channel For Data
Storage Products," IEEE Trans. on Magnetics, Vol. 27, pp.
4579-4584, published November, 1991. '

~

Each of the References 1-3 discloses a (1,7) ML decoder which
uses a differing number of look-ahead digital sample values f
derived from an analog read signal tof execute several decisions for
implementing a maximum likelihood (ML) decision. An ML decision
involv:.:e.s comparing each of seireral linear functions H of the sample

values y to the value of a threshold constant constituting a ML

. .‘ l g "Q L E } .
o }hg‘\% oo This Sheet Has Been Reﬂlaced
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are fed to the logic block 349 for inplenmenting the |ogic|show in Table"
The logic of block 349 provides the detected data [err] g¢ofresgaohdd #§5to
State [err] and the erasure pointer P in_.accordance with th¢ logic of ;
~Section 1 of Table 5. Block 349 also creates the state V&EU*S’“TEII] for—

t he next n rdance wi t h t | ogi ¢ .of Sectjon .3 0 ble 5

i ncl udi ngfléﬁég?}ﬁt g?r%rl% afe rleolﬁﬂtc,edof eEganlinﬁﬁEr (WICtlfﬁf" eatjéi“f?)%‘f‘}%e i s
suppl i ed fgcEigpe ‘?%l‘!ﬂ@rﬂmwmc;‘eﬁé the current state value [err] for

t he next agkogRoggr| e mininfize tédve @veradlghsan @iarne ascrdyDin ar BL

avai | abl eeqﬁenceahétb@umkar ﬁzsca§s Olk Phg St Dfe | *’.@lﬁu%f a@i?ﬁ@ Bk 3tk

Ml ti pl ex iwll%}go?eéggnrde Q anbgundar%/ ?‘ ect éé i ne Sféi from
a test co.n.t? o sel'Bct. and sur pdt THIEnLn St rthe & or
margi n diPst AAERRCEEY@IY+ 0 be exani ned for a boundary- threshol d of interest.
Assumi ng t he BachrRefemncedilstantisdiDses kaquaciess ey ehWR {Adaididdsr ence
UL DU SEaRURIRY fing MUEn8RelhER1 OWalbsl Yt ] o Aol " LRI L,"® 1O

| ine 348, The oijé put s err
old constants from 1nformat1.on about the shape of the analog

"P", which, together with the state values [err] from stk ACEMENT &i@g

thresh
pulse that is read back from: ithe analog pulse transmitted over the
(1,7) ML channel.

- These references descr:.be how to calculate and set at nominal
theoretical values the test boundary threshold constants of
look-ahead algorithms in order to accommodate variations in pulse
shape when the pulse shapes are described in a simple form by six
variables; i.e., when the read response to the positive and
negative magnetic transitions are the pulses with the 'sample values
seee, 0, &, Bl' Yyr 0, ... and ...., O, Ay Bz! Yoo 0, «ce.
respectively. They also state that the thresholds may be optimized
empirically in response to the boundary crossings in actual test
data;, ~but do not disclose how.

Moreover, the boundary threshold constants, as computed by

these equations, are generated from the readback pulse
corresponding to a single transition. Thi-s *assumes that the
pPositive or negative readback pulse has a SLngle form which can be
described by three non-zero sample values. However, these computed
thresholds may not be optimal because in reality signal processing
channels are subject to nonlinearity, mlseguallzat.;,on, and pulse

asymmetry, in addition to pattern-dependent noise. ~ . -
Reference 4 describes a five-sample look-ahead alg—orithm,
including.a geometrical interpretation of the decision algorithm.
Boundary constants are determined from formulae related to the
pulse ";_Shape response for a single magnetic transition, as in
References 1-3.
None of these references discloses or suggests (i) determining



6A"are used to inplenment the boundary adjustnent process. Notle
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14 that Fig 6B depicts the state|dfg sﬁEﬁyﬁﬁ\grg e clock cydl gs f ety B9
‘rekative to Fig. 6A and so thesejoutpyfep apgn! abeljed [err] andiferr]
respectively, in Fig. 6B. The d aF h are binany, are fed

into a seven-bit shift register 350 and aJ¥ive-bit shift regi ster 352
.respecti vel goninghevalResy ab fie $hewhihgte sinod dn wromisitaalt sv o 1es | 2 sﬁl‘éﬁtmtllqally

bytes, are fegnifidart ui®ebybe $8hdbatRUpSIL t3dthsitionsBRaQUAGESENY YR
conparators 326,a0d.399, 1N QORLNALONMID  Luise  asymmetry  ana
pattern—-dependent noise, and (ii) treating as potential errors in
the detected data those which are too close to a selected threshold
boundary, and automatically adjusting each threshold boundary so
that a substantially equal number of error events occur at each

side thereof.
There is a need for apparatus and methods for (i) determining

for each particular magnetic recording device optimal value
settings for the decision—boﬁndary-constituting threshold constants
- for a (1,7) ML channel despite signal and noise anomalies in the
readback pulse, (ii) establishing the decision boundary from a
series of magnetic recording transitions instead of by artificially
superpositioning_ the pulse shape corresponding to a single magnetic
recorxrding transition, and (iii) setting these boundary threshold
constants at their optimal values by use of a predetermined
sequence of recorded data or by use of any data with or without

comparison to known data subject to signal and noise anomalies.
*The present invention has the object to overcome the above

drawbacks.
A method is provided for improving data detection reliability

in a coded signal processiné channel in wh;cﬁzdigital electrical
signals representing digital sample values are generated'from
analog signals read by a transducer from dlgltal data recorded on

a data storage medium, as described in claim 1%
A plurality of threshold constants whose _yalues define

decision boundaries are used in determining whethefEdetecged data
corresbonding to a coded sequence of a runlength limited (RLL) code
is . a "1". or a "Qv. If desired; boundary adjustment may be .
performed dynamically during a time-out between consecutive read

operatlons or during a read operation.
"To determine an initial value for the threshold constant for

4 preselected decision boundary, two known preselected data

This Sheet Has Been Repl
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the logic of Tables 6 and 7, ggmerat gacn ¢ ock cycle, f"’ou; b,l,m,ggym
val ues, [err] whi ch are storg g egi sters S|mla|=Ifiyw o9
desi gnat ed. These binary val ues Néé@ ement a sett ¢f five
dounters, denoted [err] and C, respectlvely. Initially eadh of tThese
counters is set to zero by a signal in réset line R Then they_arne.,apda,t-ed——
at each cygl arators 356 are thg r

te(-'er[“err(icp g dfgﬁe?J? r%%ﬁlgé const' rrg CFafe fd® 6\}'/:'1 her<i

di st ance \Paﬁ toap er t mto termne et her
i s withindaternigedhdre by Peisertt ROYSuRdgr FlopespebELP¥ y TePRECHi ALY -
val ues [erddid badumdagRput @dtdsl values of linear functions of the[ digital

sample values corresponding to multiple occurrences of these two

data patterns are preferably collected on a decision boundary plot
to permit visualization of the decision process. Clusters are
formed of -actual values of the one data pattern above and the other
data pattern below the decision boundary. A focal point is
determined for each of the two clusters and the threshold constant
for the preselected decision boundary is established substantially
midway between such focal points, provided the actual values in
both of said clusters exceeds a preselected sufficient ﬁﬁmber, and

then loaded in a boundary register.
After the initial wvalue of the threshold constant for the

selected boundary has been determined, it is adjusted to an optimal
value by either of two methods. 1In each method, separate counters
count as potential error events in the detected data those which
are determined to be both above and below a selected one of the
decision boundaries as a result of a "1" being potentially
m:.sdetected as a "0" (corresponding to an N pattern being
potentlally misinterpreted as an M pattern), and vice veifsa. The
selected decision boundary is adjusted in a direction toward
providing a substantially equal number of potential errdr events
at each side of that boundary. A multiplexor enables selection of

the particular boundary to be evaluated and adjusted.
In one method, an error margin distance (MD) is computed which

represents the difference between a boundary threshold constant and
Hl outputs representing actual values of" the afdresaid linear
functions. When this distance MD is .small (within im untts), it .
is considered a potential error ev_-:ent. This distance MD, when
compared to zero, indicates whetheé the value of H' is above or
below the decision boundary.

'In the other method, while a sequence of digital sample values
of the analog signals corresponding to known recorded data
is generated, a selected one of the decision boundaries is

Vi
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is al so necessary to process th ,“al and [er}] mhlch are I
conbined in block 351 in one |ogi %E?JD | ndi cateji 11 IEyShen
was in the desired state (here as whi | i v

det ect ed.

_ > [err] fap elng
At the sane tinme, the values of [err] are Concur | eftt+y—c

in block 351 into two different |ogical e&pressions which respectively

I ndi cate each occurrence of the one N data pattern (N2) nearest above and
the one MgaladtRahheiy hdRad Wx@ﬁh behovs the VRehodowawyrd mr esyest £wem of

actual di
al di Sa;[ ancglgro S&!‘esetiecr]:e%rypom.tlon to determine the number of

15

potential error events on each side and to determine if and how the

boundary should be adjusted.

Fig. 1 is_a schematic diagram of a coded'digital_signal
processing channel, as known in the prior art.

Fig. 2 depicts ideal write and read waveforms for (1,7) ML.

coded data and read sample values, as heretofore known.

Fig. 3 is a boundary plot diagram for one type of peak
position check for state 000, as known in the prior'art.

Fig. 4 is a boundary'piot diagram for a modified peak position
check for state 000, as known in the prior art.

Fig. 5 is a boundary plot diagram for a baseline check for
state 000, as known in the prior art.

Figs. 6A and 6B, when taken together, constitute a schematic
diagram of a decoder apparatus embodying the invention and

comprising a six-sample look-ahead feature and means for setting
decision boundaries at optimal values in the coded digital signal

processing channel of Fig. 1.

Figs. 7A and 7B, when taken together, constitute a schematic;

diagram that depicts a modification of the .decoder apparatus
illustrated in Figs. 6A and 6B to show a variation of the manner
in which the invention may be implemented. '

e

Fig. 1 depicts, as known in the prior art, acoded digital
signal processing channel, preferably an extended partial response
maximum likelihood (EPRML) channel ?hich is characterized by the

polynomial (l—D)(1+D)2. An analog éignal is read by a transducer

8 from a magnetic recording medium, such as a disk 9, in a digital
storage device. This read signal corresponds to'a_binary data

- sequence coded with the (1,7) run length limited (RLL) code during

a write operatioh. The read signal passes from line 10 through a

heet Has Been Reﬁaced

W




| | Fﬁ# SMENT SHEET.
The | ogical expressions to be used for each state and for pat-term
boundarl es are given in Tables 6 and 7, respectively, wher _m Q } adi. a
"don't care". Note that the nearest patterns at each bound ry alr'é i 5
extept in the case of the B boundary (see Fig. 5) which has hnre.than.one—
equal l y near patterns N4, N5 and N3 aboveﬁthe boundary, cbrrespondl ng to
o, 1, 0, 1, respectively. e ettt e
a | ogi cal "B*€ a\‘/’\#}penj‘eévleerr tf\g ?élté‘ct%'dt%f&‘#&cpa?? n SO 4 Pﬁl s(%%g)e andr 1y low
occurs at abaprdrasssthiltqd nl2 hi sThesoutpssumEd f00ker rizspecsipplbdd how &ar
above the %mmd Siatkarly, cofl &];sw;' abepﬁag-eguséke 1"1&&1?“%!&&&“‘3
sel ected dataoovaétztern |nth1|13 c(gse % gg at a |vensate(here|n
000) |rrespr?ec(f|ve % Wi ar ORI RS 1 WRE 1B ﬁdﬁ’r’ uend Y 933690 (Vi@h r]
counter wil|_be |1r'}d:re€rréﬁt%%d(ﬂ%lal}mzter ?ﬁefll'ht%m*i\teeﬁ-‘eééuﬁwnﬁb 3h&hest the
nunber of assspgorerRces af stihalledmbgnpait etfhr(éleﬁ@rn iN2)a Vﬁﬂil@é i veAab@Sthe
- above. (irr how fap abov he bound untd presel ect ed
nunber N of suictéh \é'(;l%tl'?l%rsns'°F1asboc%(|r§)éd5 ?T Terr] afﬁlll % lt% [&r FELEten
whil e the ddiansitions ofumegnitudecs b@ﬁaﬁem +1tﬁ§dANID d@y@lges@fmagnmc

saturation, and read response is normalized by a scaling
factor to correspond thereto.
The coded analog read signal output from filter 12 is supplied

- . to a delay means 20. Delay means 20 provides delay alignment
between the analog signal ‘and clock - signal inputs to an
analog-to-digital converter (ADC) 21. ADC 21 converts the analog
input signal into digital sample values, such as yo...ys, at
successive clock times, where Y, corresponds to the current clock
cycle. These digital sample values, optionally equalized by an
equalizer 22, are then passed to a decoder 23. Positive and
negative boundary threshold constants are applied via lines 24, 25,
respectively, to decoder 23. Decoder 23 applies a decoding
algorithm to the digital sample values to provide a coded binary
data output in line 26 and, where appropriate, a pointer flag in

- line 27, at successive clock times under control of clock 13.
Fig. 2 depicts the write and read waveforms and assoc1ated

sequences of data and sample values clocked by clock 13 in a
noise-free environment. As so depicted, the sample values range
through the discrete set {-4, -2, 0, +2, +4} Actual samples,
however, as noted earlier, will not be exactly equal-to-the ideal
 patterns of the read .signal because of signal a'_no;nalies_due to
nonlinearity, misequalization, and/o'x': pulse asymmetry, as well as
additive- noise, and thus will rahgé through various noninteger.
values around the integers in the discrete set. In general,
Y =x"+e” where x~ is exactly equal to one of the ideal patterns,
and e” is the error in the received signal. The (1,7) ML decoding
algorithm decides which of the ideal patte'rns is closest to the



enabl ed and cause the [err] counter to be incremented. T :
accunul ates the nunber of tines that the correspondi ng cps QL'
function (in this case, [err] is above and very close tol(
wnits of) the W2 boundary until the count in the TA counte
h
[

Pobelel BBant

t her eby di sabl es the AND gate 360. - Then the sanme nethéd wll be  _j
followed for that data pattern (in this case, MBa) which}|is nearest bel ow
(irrespec@F&BaéfrﬁSﬁfY%§ BREF Rt he deci sion boundary (if_this.case. \2).
The [err] and PErfRY R erin wiinde bahendledeniecchanrelsiwillabeminnene df
[err] = 1,s|itxh§ﬂ?t499= [tmrc{],] 1m©unt1&u,wb_hlhl,b@oi,n?rremﬁ?thedst@£\@et léﬂﬂo% UBo%Oa&ohe
maxi mum val.ye i,S, C r. W count _up.the total nunber
occurrencgé_)liofc%trhﬂegs gflg_ ;%t%%wné i Ch % ﬁeglpééglﬁﬁl &ﬁafihé”\r}feboatm@aﬁif’,e
until N a®EHEPTVAREER &hich- patferfsgmhveymmatoyr @dth stakesrPli, 111 amhdl so
ggrz r] I:I 1110hi fagslpém:mpy, 'rtnaﬁceebi:regpaﬁfrtd aekgéﬁ_iéhaélf M tnfe atb_?_lﬁ_ﬂ@atqe
Wi abl.g S e. nt er e incremented., Thjs

count er aggljjrgrgf atqg% ?ﬁiejr%ﬁynbsgtré% 1{¥F’ %%ggrmlne& By Past decoding decisions,

and the current decoding decision determines which state comes

next. Two of these states (001 and 110) are transitional -only as
the decision is automatic bea:'cause the (1,7) code constraint implies
that state 001 must be followed by state 011 and similarly state
110 must be followed by state 100. At éach of the remaining four
states, based on the sampled read signal, the channel must make a

ML decision regarding the next state.
As in Reference 2, each decision of the (1,7) ML algorithm

requires six linear functions, H,, H,, H;, H,;, H, H;,, of the sample
values y,, Yy Y3r Y3 Y4 Y5 to be computed and compared to ‘six
threshold_.s A, B, X, Y, 2 and W as established by the boundary
threshold constants. The A and B boundaries are for a baseline
check, and the X, Y, Z and W boundaries are for a peak posit!ion
check; ‘as shown in Table 1.

Table 1, and all other tables, are included in an Appendix
hereto which is made part hereof. Note that H, is compared to two
different boundary thresholds X and Y. ‘:Thére are four sets
(corresponding to four decision-making states), each consist?fng of
six boundary thresholds, resulting in a total of 24 boundary
threshold constants. The set used for each ML"aecision depends on
the current state. An error is associated with the value of at
least one of the functions H, falling on the wroné side. of its
boundary threshold. .

It will thus be. apparent that"‘ the probability of decoding .
error§ is controlled by the established values of the boundary
threshold constants. _

Assume now, for sake of illustration, that the current state
is 000. ©Decoding will be based on the next six values of the
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16 that the actual values of the correspondi ng conputed dec on function
[err] is below and very close to (i.e., within munits of) t; %‘mq_“(a B0y .
Meanwhil e, the C counter will be decremented if [err] =1 and ferr] =1 "
while [err] < N, and increnented if [err] =1 and [err] = 1 jwtite—ferri

N. Therefore it will accunulate the differfence between the runber of poi nts

- bel ow and above the W2 boundary, counting only those points Within manits
of the W pamri@dy. rppdt heignakenty VellYeeY (k. bf Yahes)t-hr esHBEd o PREswple
boundary i ssi:pwampllkapatberoptdmpbseabue, séqiemddaeréx anentigeali té¢ad endnke

I ncrenment, | ' | - Oopt | |u 13l nd

to decrernen%g.]tllle%d ofnldf}_ﬂ%nggvﬁ%\é'? ﬁge'ggguﬁ%hl g\ét% A §%%E{k§}src]f%%g£§%%"ﬂ[ol& ‘ra%g -

counter reddtefoyth A8 FaBlepats will drop causing inverters 364 and 366 to
The decision process can be represented geometrically by the

g‘;aphs shown in Figs. 3, 4, and 5. Each graph contains a line
defining a boundai':y line between N patterns above the line and M
patterns below the line. The points, as plotted in Figs. 3, 4 and
5, correspond to the ideal patterns. The location of each bbundai:y
line segment is determined 5by a corresponding boundary threshold
constant. For example, the Y boundary, as shown in Figs. 3 and 4,
is a segment of the line 'H3(y")=KY, where KY is the threshold
value. The functions H;(y”~) are computed and plotted on the
appropriate graphs. If a point falls on the wrong side of the
boundary, an error occurs. Thus, if the point corresponding to y~
is closest to one of the N patterns, then Yo is decéded'as a2, and
the next state is 001. If it is closest to one of the M patterns,

then y, is. decoded ‘as a 0, ‘and the next state is 000.

As illustrated in Figs. 6A and 6B, the apparatus embodying the
inirention cdmprisés a decoder 300 which replaces the prior art
decoder 23 depicted in Fig. 1 and constitutes an improvement over
the decoders disclosed in Reference 2. The following description
has been limited to that considered necessary for an understanding
of the embodiments of. the present invent.j_.on.. For additional

background description, the reader is referred to Reference 2.

In Figs. 6A, 6B and 7A, 7B, ck will be useg, to designate the
clock input from a common source that is r'écfuired in order to
provide the necessary timing for the various.registewms hereinafter
described. . ' .- -

According to the invention, apd in the manner hereinafter
described, each of the 24 boundary threshold constants of the (1,7)
ML decoder 300 is determined and separately and independently
optimized to minimize the possibility of decoding errors. Two
types of decoding errors can occur: (1) misdecoding én N pattern
4s an M pattern, which causes a "1" to be misdetected as a "0" in
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corAdition the circuitry 376 to examne the value in the C co ™ "The

value in the C counter will determ ne whether to adjust the fo nd@@f"tm’!@?@
threshold. 1t will be adjusted upward if the count is at |eagfiequal to a__

adjustnment -.w |l stop if the count is betwe&n +S and -S, usi t he

presel ected nunber S, or downward if it is less than or equal} t

‘adj ust nent decision rule shown in Table 8. MJUX 370 (Fig. 6A),“meafiiti ne,
will have bden deissitedoddd 7y SeBesFghafndn(2] meiBg a1 &P th@atterangs
t hreshol d val we pk¥Rekn, avliiliech FahiseEha obhetoivypuliskietedded 3F2af'tidMmin nhe
374 will be A "0, 20r Lol det eryg 4 : t JHTaTs F-T VAR Te T

deci sion | odgeﬁ:cec(]:tle,rdcu?'tlr';937?%‘&’8{%'68 \ﬁﬁjgl%qf'%l e@rr]g%t ggt he d%%:i gﬂgﬁrg%%
_speci fi ed idecraRsess ththd ikeldboBr BEuRRE: FYPRr 8EhSFIOFo M tat"CRRRSER the
appropri at e jx@uidaiod biir eabobthenl tgpe epf $mror308 wil | be updated by the

output of atitler Rfde 3 shdRINWEE |Six Idi A er@UBIpLS &F LBSEnCOHN itiresAbllisOr

| ect t kL3 s
aspect i velohr B ps bk et tad: BEP P Persieiatzsl Ebr iPhe outy B eferon

bei ng test ekatesuff08ept B elbbcALE) t{RF MarbpteApPE BhaROVRIAEY EYPSA ues
“fall within m urin £hebdeemoKWle) W2 t dend'fehainsmmdary ddwt tdamrespootscan

occur even Jif, thedi HH6T §RCL1 £OWHe iéhfél@@r@.btc'jbs clarifies that the data
pattern is generated by a positive read phase and therefore w2'
identifies the state as 000,.rather than 111; and prefix K in Kw2'
denotes that the boundary has a preselected, but adjustable,
constant valhe. Since each boundary threshold is optimized
separately and independently, the methods and apparatus for
optimizing the threshold value KW2' of only one boundary, the W2’
boundary, will be described with the understanding that all other
' bounda‘ties are optimized in a similar manner. Hereafter, the "+
superscript will be dropped for simplification; and this boundary
will hereinafter be referred to simply as W2 and its threshold

g T

value''das Kw2.

-

I
Use of Focal Points of Data Pattern Clouds for Initial Boundary
Determination ' -

This Section I describes how an initial value for a
decision—boundary-constituting threshold constant for a (1,7) ML
channel may be determined without .requiring puls'\ei“ samplir}g and
calculation of a nominal value based upon the pulse shape of the

read response to a single magnetlic recoxrding transition. It

requires use of a known sequence of detected data.
:In Figs. 4 and' 5, for simplification, a given data pattern
(eg., N2) has been shown as a single point. However, in actuality,

due to noise, misequalization and other factors, a given data
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agceptable and the counts in either [err] or [err] have not reached N.
17 If the boundary threshold value is changed, the [erfr]} afld BAY 1576
counters will be reset to zero by a signal on line R and the ;process WI||
be repeated to determ ne whether further chagnges should be de"to the”

t hreshol d val ue KW2 of the W2 boundary. At sone point, when ithe houndary
t hreshol d val ue has reached_an optinal state, the C counter will tend to
nei t her | nBRESEERnoVilbcr 88dd ¢&ry dhfderingd ghataeees ahBoTer F}Scoifeats
wi || both peatseiNtbed pr@stilted o@.coDberthecathesen 7 eseheet genewatisat bg tiie

'.S’ where M, afMvdRies RBENL. g i Qf%‘t@dQSXt&i.A i8¢ HepanHapplt BRl repBf - dhe

to as a "cloud." Each cluster of points or cloud is resolved into

a__;:espective single point hereinafter referred to as the "focal
point." This focal point may, for example, be ‘determined as the
mean or average of the actual values of points in each cluster, or
a selected subset of the actual values of points in each cluster,

to implement this method in _the manner now to be described.
According to the invention, the value of the threshold

constant for a selected decision boundary for each associated pair
of patterns (eg., N2 and M8a) is determined from the fooal points
{such as the mean values) of the corresponding clouds using
software. More specifically, a (1,7) sequence D'=D1,D2,...Dn (such
as of 512 bits) corresponding to some pseudo-random data is written -
to a data storage disk; e.g., data shown below in Section II hereof
in hexadecimal notation. The detected sequence d'=d,,d,,...d, is
‘obtained, as explained in connection with Figs. 1 and 2, from
digltal sample values Y =(¥,,Ypr-.-.¥,) generated from the analog
read sxgnal. . The pseudo-random segquence should be preceded and
followed by a one byte pad of zeroes, which are not decoded.

Now, using d~ and y~, the state vector s "(31'52""52) ‘is
computed, where s, is the state a,b,c, of the channel at the time
that the 1t sample is being decoded, assumlng that prior decoding
decisions were correct.

Next, the average value of each function JHj=—Hg in the left
column of Table 1 is computed for each pattern or set of patterns
in the columns on the right. For exap\ple, HE R <H, (N1, ,‘-‘.’N2 Yy> bar:ef.
is equal to the average value of .H (y 3 where

‘ yj (yJ,y‘,ﬁ,YJ+2:YJ+3,YJ+4,YJ+5), and the average is over all vy~ j for
which s ;=S (one of the four states 000 011, 100, and 111) and the
ideal: pattern is N1, or N2_. The occurrences of these values of
H (Y ) are counted by sultable means (not shown) and, if desired,
dlsplayed on a screen to show the sample size for each cloud or set
Of clouds, to alert the user if there is an insufficient number of




adj ust nent process w Il stop. Thi s appro AHHE G
respective error margins for dat Rl @&H/@BEEN nd bel ow ech
el

For this process to work, the ddt nglread must ¢on eﬂgr‘f‘

rel evant data patterns in sufficlent t the [efr}_and [err]
counters will-both reach Nin a reasonabl éltinme. For this ¢xanple, at state
000 i ndi cat ed“% %err] J_g atterns N2 and MB given by [
[err] =0010FRWIEE Bt AeLrTU™s APt he data pattern. - | nst ead
of using the inp&hn.[ &he] thugrhoddst ia%e t Arempletett a8l §hra 2VPEAIPEeM fihag
the_states approbeipaételnsds,s aetfdidrdds:i n. Tables 6 and 7, the inputs
[err] may be replaced by a streamof known data [err] that corresponds to

this detected data. Wi t his A’—mfhp ad\La'r‘mathat thpmputs will be
known to be gorrect, it Gi Has Nligat Vel i Jat )ddéd in the
boundary- adj ust ment prockBs= ¥ Mguilad Add Mendfs h(%lware such as a

pseudo- r andom pat t ern gl at b (38Q, ¥&lbe BfMbchel.by/3wi tch 382, to
provi de this data streankKduFi H@(tl\k’p‘é redd (Mpgrlata.on for. boundary adj ust nent .
The foll owi ng 32-byte pakZern{Ri(WIREXQIZEMEH] izt ation) is an exanple of a

short pattern which, if xwj &t B (M2Fat eNBANANG .

Table 4 sets forth an APL program listing to perform the
calculations described above. D17 is the binary vector of data
which was written to the disk, and Y is the corresponding analog
readback. signal. Y and D17 have above been referred to as y~ and
d”, respectively. This program will compute all 24 thresholds and
store the results in two APL vectors KPOS and KNEG, defined as

follows:

KPOS = (Agyygs Byggr Xggor Ygoor Zooor Wooor Amo Bisor X0 Yi00r Z100r Wygo)

KNEG = (A, By Xyyr Yyge Zygpe Wipge Bgyg Boyge Xopnnr Your Zons Wopp)
The program contains one loop, in lines 12-46, which is

executed once for each of the four states, 000, 100, 111, 011, with
the variable T used to indicate the state for which thresholds are
being computed. :

Lines 11, 14 and 22-25 compute the varlable E, which contains
the locations, within D17, where the channel is in state T. Lines
16-20 compute the H, functions, as defined in Table 7, for every
Six~tuple (v;, Yierr Yiyeor Yiezr Yiear Yies)s within-the vector Y .

Lines 27 36 compute the locations, within DJl7Z, where the
channel is in state T, and the next six data points_fgrm one of the - -
patterns indicated in the comment on the right side of the line. |
In addition, the sample size for éach pattern or set of patterns
is collected in the variable S.

. Lines 40-45 compute the thresholds for state T, using the
€quations given in Section 1 of Table 5. Each threshold constant
preferably is initially determined by use of the focal point method

-
heet Has Been Reﬂlaced

G
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the 24 boundary val ues. 4515 1455 528A 2492 0841

2494 40AA A821 2882 0820 4545 4A24 8422 8

oundary adjustnment process is initiated by an enable or i
18 power-on signal inline E. This si g]rT’aI can be generated a.selected i

tine dur'rgLJE %%ECE %ed or,djfk&é¥££§%, f@lkg§ngélg§1351ated and set at a
nominal theoretical value as taught in the prior art. The value

or setting of the threshold constant is then optimized.
Two methods for adjusting the boundary thresholds and the

qggoder apparatus for implementing these methods will now be
described. Each is based upon the unique relationship between the
boundary -settings and potential error events in the (1,7) ML
channel. In each case, in accordance with the invention, the
boundary threshold is set at a point where potential error events
in each direction, upward and downward, are substantially balanced.

- . II
A. Use of Error Margin Measurement for Boundary Adjustment

Referring now to Fig.6A, inputs H,-H; represent precomputed
linear functions of digital sample values ¥o~Ys corresponding to
multiple occurrences of one preselected N data pattern and another
preselected M data pattern. They preferably are generated in
Precisely the same manner as shown and described in connection with
Fig. 4 of Reference 2. Hence, the'manner in which they are |
generated will not here be shown or described. Note that input Hg |
for computlng the boundary P for the phase check is not relevant

to the present invention. :
As in Reference 2, six sign change blocks “302-307 change the

sign of the incoming binary number H,-Hg whenever the Cy, bit in a
state register 310 has the value *1", which corresponds to states
001 and 111 1n the negative phase of the sampled read signal. The
outputs H, “H, from the respective sign change blocks 302-307 and
also the initial boundary threshold constants Ka,. .KW (prev1ously
loaded via bus IB into boundary—threshold-value register 308) are
fed in parallel to a set of subtractors. Subtractors 312-324
Compute differences between an H output and a related boundary
threshold prefixed K to provide an output prefixed D representing
an error margin distance MD. This distance MD is fed to a related
one of the comparators 330-342 which, by comparing the MD to zero,




lit may be generated dynamically while the disk drive is in uge aTTTTTT

custoner during a read operation or during a tinme out between |c nsqquﬁqu;gé
read operations. When boundary adjustnent has been conpl e

contents of the counters can be used to determne the error
device under test. The quantities [err] and [err] give estimates of the
probability of pqgints falling within munits of the boundar tier

side. For detgs8dnGavrReneR the 3idd yeerd] Huills| aboy® de REHAY thef ©

d, 'th
r gi.n--0f the

—

FEfReLd

[err] or [ejdundiasylarger than sonme predeterm ned probability P, where
P=Q'N, then therekrexampldl RHeobutpat £heath GRpehbcde TONSktiaedikooa sald
and the devjce sh

| i d ired. Thi i uded
at the ti mdPat Hanu tgecggégg%gor0§35epaq{g %85??ﬁ%€%%t i IC?PF{@""‘%Q Qﬁlﬁ“ €o

acture a cust oner ration.

B. Use of zgmoortdbgenararysithd oBoBbantarelagj BriBALs0), whibhysdengyes

and 7B,

LidleRRert €56t heRctidh | HSt L8 8bove UEMAbw the ‘decision boundary.
This result is the same as that achieved in the decoder shown in
Fig. 4 of Reference 2; and hence the intermediate logic and output
logic, as set forth herein in Table 5, is identical with that shown
in Table 4 of Reference 2.: However, the present method has the
advantage that the output from the subtractor 312 can be used as
a measure of available margin to a potential error event, called

margin distance MD. _
The outputs from the comparators 330-342 are values "1" or

*0", which, together‘yith the state values a,, bo’ c, from state
register 310, are fed to the logic block 349 for implementing the

logic shown in Table 5.
The ‘logic of block 349 provides the detected data d,

corresponding to state a4b,c, and the erasure pointer P in
accordance with the logic of Section 1 of Table 5. Block 349 also
creates the state values a;b;c, for the next state in accordance
with the logic of Section 3 of Table 5 including the intermediate
logic of Section 2 thereof. This state value“igzshpplied to state
register 310 to become the current state value'AJ%co for the next
clock cycle. _

The error margin distances MDs are available for all
boundaries as outputs of the subtractors 312:324. " Multiplexor
(MUX) 345 responds to a boundary select signal in li¥ne 346 from a
test controller 347 to select and oﬁtput to line 348 one. of the
error margin distances DAll...DWZV ?b be examined for a boundary
threshold of interest. : :

Assuming the error margin distance MD to be selected is DW2
(the difference output of subtractor 324), MUX 345 will output DW2,
for the boundary W2 to line 348. The outputs b, d,, DW2, of Fig.
6A are used to implement the boundary adjustment process. Note

REPLACEMERT S0EEl

ranmao
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300&prinme. which is a variation of the decodi ng apparatus and ¥ L"SLL ENT SEE
depicted in Figs. 6A and 6B for inplenenting the invention to i raéaw _.!hi%}e_,

W2 boundary. ldentical blocks in the two sets of figures have hp ¥ DR IS0
designated with the sane reference nunerals. As in Section |lA{hereof, the
initial values of the threshold-boundary constants are | oaded |nto t he
appropriate ones of registers 308 via bus |IB. Thi s appr oad =
fromthat dewnatiFéd 6B Segtiicws |the | stabat of nsheadystemeqiiivie) rtg.ocd:lkr ezytcles
cal cul ation QEeLher&rart%erreagrﬂg[eéxJ ,ad&%obal@g@r&ﬁt t%sgeledla&r@y%d d
upwar d munLtslg t hen downward mu%uts %é\ mo g u‘$
counter [erPPdd r?%%e%% Yof T ® ?&Fu@ Hd thhé’ul PR&Sr I'L’J’f%t el
[err] is at bénabel cweshdeddanyo@\senerait sheftwhedis e ed0dendvarfive-bit

counter [erghjepurkgibbernumsher AdspddBsvdile valrue qfwi e{rélué§ ahayent Rge

boundary KWZLIn ; S11GR106E0T STBROLE SRLGHIELT O, Rud Yndef AUt S8 404 Th e

register 354.

The outputs from comparators 356 and 358, in combination with
the logic of Tables 6 and 7, generate, at each clock cycle, four
binary values, Dabove’ Dbe]wi Wabove and WbemW which are stored in
single-bit registers similarly designated. These binary values are
used to increment a seét of five counters, denoted T ar Tgr Mur M and
C, respectively. 1Initially each of these counters is set to zero
by a signal in reset line R. Then they are updated at each cycle.

Comparators 356 and 358 compare the error margfn distance
value DW2, to a predetermined constant m to determine whether it is:
within m units above or below the boundary, respectively. The
binary values D, . and D, are computed as

. if DW2, s m
SRR ' Dpove = !
0

otherwise

if -DW2, <m "~ ~*
Dpetow = ' v ~-

0 otherwise

It is also necessary to process the values of d_, and b, which
are come.ned in block 351 in one logical expression “t'o indicate if
the system was in the desired state (here assumed as 000) while d,
was being detected. At the same t:.me, the wvalues of d ...d are
concurrently combined in block 351 into two different logical
expre551ons which respectively indicate each occurrence of the one
N data pPattern (N2) nearest above and the one M data pattern (M8a)

nearest below the W2 boundary irrespective of actual dlstance from
said boundary



19 nethod, subtractors 312-324 and conparators 330-342 nay be}conhith&i1896
into a single set of conparators, such as taught in Fig. 4 of Reference 2.
"This nmethod requires that the correct value of the detected ¢ata—sequencte"

ferr] be known in advance. This known da%g sequence Wi || be d¢esignated
[err] to distinguish it from[err] Wen rr] is known, it is possible to

~construct the @nesegq@aqr b&ﬁréggysng% §d Lselhfoéeémﬂeeater &hd' £ @p@Nt s
the signal phase Sluldfeldd o8, SHOLS ASERLT PP o, "ee8BOLERLLED:
where:.n @ indicates a "don’t care". Note that the nearest patterns
at each boundary a;re unique, except in the case of the B boundary
(see Fig. 5) which has more than one equally near patterns N4, N5,
and N3 above the boundary, corresponding to 0; 1, 0, 1, 0, ¢ and
0o, 1, 0, 0, 1, 0, respectively.
Wapove Will be a logical "1" whenever the selected data pattern
(in this case, N,) occurs at a given state (in this case, assumed
000) irrespective of how far above the W2 boundary. Similarly,
Wieiow Will be a logical "1" ;vhenever the selected data pattern (in
- this case, M8a) occurs at a given state (herein 000) irrespective

of how far below the W2 boundary.
If Wa,me =1, ':t.‘A counter will be incremented one unit. The T,

counter counts up the total number of occurrences of that data
pattern (herein N2) which is nearest above.(irrespective of how far
above) the W2 boundary, until a preselected number N of such
patterns has occurred. If W, .. -:1 and also D, = 1, while the
count in T, counter is less than N, the AND gate 360 will be
enabled and cause the M, counter tp be incremented. This counter
accumilates the number of times that the corresponding computed
decision function (in this case, HS') is above and very close to
(i.e., within m units of) the W2 boundary until the count in the

T, counter reaches N and thereby disables the AND gate 360.
Then the same method will be followed for that data pattern

(in this case, M8a) which is nearest below (irrespective of how far
below) the decision boundary (in this case, W2) The Tg and M.
counters will be incremented in a similar manner. If",wbelow =1, then
the T, counter will be incremented ‘one unit, up to the maximum
value of N. This counter will count up the total number of
occurrences of the data pattern which is nearest below the W2
boundary, until N actual values such patterns have occurred. If
Woelow = 1 and also Dpelow = 1, while the count in T, counter is less
than N, the AND gate 362 will be enabled and cause the M, counter
to be incremented. This counter accumulates the number of times
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and is conputed recursively in logic circuitry of 392 and $Exirickf rresli SHEET
regi ster 393 by: [err] The conpqr TGS 3506,  358]
of Fig. 6B are replaced in Fig. 7B with AND gates 395 and BQF Py Bave
as inputs indicators of the current boundary offset, +morf-fn together "
with | ogic expressions for the detected ddfta above and bel putihe
presel ected W2 deci sion boundary. An offset select circuif 398 wll be
condi ti onedg Ryt sehectackuad 380 ues prdvitlie airgspbndOndg heo! _ —
396 dependi th Lfdsety Ros pect i ¥in Anegn

sel ect ed. an&gfl)c{hsmt)hggvégﬁ%undary ‘?;i? géf’ég%te‘{ﬁ%y%w“%o. The val ugf%)f

i ts boundar yhe W G2E¥e provi des one of the two inputs to adder 372.

The ot her input Meanedhifleent 389unfker | wiklebecdegrenentehel Bduve Thé Fed

boundary i spnoved upwerxk by, R i tand rioTedcnentsit i Al wyal ue KV@ndypgddi-ag: at

ow

372 the val vﬁ\t{eer{skfﬁ’.OmTMe%ggean Jv?f‘f“g&umulate the’ difference between

the number of points below and above the W2 boundary, counting only

those points within m units of the W2 boundary. If the current
value KW2 of the threshold of the W2 boundary is lower than the
optimal value, then the C counter will tend to increment, while if
KW2 is above the optimal value, the C counter will tend to

decrement. .
If and when the count in both the Ty and the Ts counter reaches

N, their outputs will drop causing inverters 364 and 366 to
condition the circuitry 376 to examine the value in the C counter.
The value in the C counter will determine whether to adjust the
boundary threshold. It will be adjusted upward if the count is at
least equal to a preselected m:1mber S, or downward if it is less
than or equal to -8, or adju;s,tment will stop if the count is
between +S and -S, using the adjustment decision rule shown in
Tablé"'S‘. MUX 370 (Fig. 6A), meantime, will have been conditioned
by the signal in line 346 to feed the current threshold value KW2
to adder 372. The other input to adder 372 fxom line 374 will be
a "1", "0", or “-1" as determined by the bbundary adjustment
decision logic circuitry 376 (Fig. 6B) which implements the
decisions specified in Table 8. The value of-vb,oundary threshold
constant KW2 in the appropriate boundary thrés-}{old value register
308 will be updated by the output of adder 372. ol
Meanwhile, if the count in either counter MA_o;: M, exceeds a

preselected number Q < N, then cirg’ﬁuit 361 or 363, respectively,
will provide an outpizt U. This ouéput indicates the device being
tested is unacceptable because too many (more than Q) actual values
fall within m units above or below the W2 boundary--a condition
which can occur even if the difference count in counter C is
acceptable and the counts in either T, or T, have not reached N.
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t ke new value of KW2 in the appropriate register 308 via bus |IB. The
detected data [err] fromthe decoder is fed into the shift regijsgertsI0%y 955
and the correspondi ng known data [err] provided either

26 by pattern generator 380 (as in Fig. pA) or by a source extlermar TO tne
hardware, is fed into shift register 391. Bl ock 392 eval uat ¢s_t he next

- signal phase using the current signal phase [err] fromshift yegister 393,
t he known data [Tegﬂheaﬁﬂuflﬂ%rgl oIt vieduesigprhanagdre r&‘]\ '1$ &A' %B
Circuit 397agxercebestéhe widgi beotkeFabl s frandy 14 diggnadepecling Radgnd the

occurrence ,of edd16yi KNOPE Npeaddld tPbE hine  whether further changes
should be made to the threshold value KW2 of the W2 boundary. At
some point, when the boundary threshold value has reached an
<;ptima1 state, the C counter will tend to néither increase nor
decrease very much, and the T, and T; counters will both reach N
before the C counter reaches a preselected number S or -S, where
S<N. At this point, the boundary will be deemed optimal, and the

adjustment process will stép.
This approach seeks to balance the respective error margins

for data patterns above and below each boundary. For this process
to work, the data sequence being read must contain the relevant
data patterns in sufficient frequency that the T, and Ty counters
will both reach N in a reasonable time. For this example, at state
000 indicated by d,b,;=00, the patterns N2 and M8 given by
dod,d,d,d,d,~010001 and d,d,d,d,d,d,~001010 must both occur frequently

in the data pattern. .
Instead of using the inputs dl...ds,:representlng the detected

data, for identifying the states and the patterns as set Forth in
Tablés 6 and 7, the inputs d_...d; may be replaced by a stream of
known data D_...D; that corresponds to this detected data. While
this has the advantage that the inputs will be known to be correct,
it 'requires that a known pattern be used in the boundary-adjustment
proceés.' It requires additional hardware, such as a pseudo-random
. pattern generator 380, to be switched by switgh 382, to providg
this data stream during the read operation for'boundary adjustment.
The following 32-byte pattern (in hexadecimal notation) is an
example of a short pattern which, if written repeatedly along a -
data track, provides sufficient frequency of patterns for adjusting

each of the 24 boundary values.
© 4515 1455 528A 2492 0841 08A2 8411 2494
. 40AA  A821 2882 0820 4545 4224 8422 8449

The boundary adjustment process is initiated by an enable or



[err] =01 000l at state 000, I ndi cating that the known patter |s abov
W2 boundary. This provides a logical "1" input to the regisfle
si mul t aneously, the detected data is the MB pattern,[err]=0030 0 then t

 ogic of Table 10 detects this as a detected pattern bel ow t He ourTa‘Ztry

and AND gate 395 provides a logical "1" itput to the register [err]l. Thea==—
conponents shown below the [err] and [err] registers are i dentical to the
ones in Fi poweB e ¥ifdt i bh 1% hE- saf@ifapignal caq ihp BRAFTAF9Y £t 2

counter TA;gputici adewr demdeg oOinahetd: daf aa pRiskelar iverr] AGe@0etivele,
where [err Jr may? Wt g@nt@ae&& dr,mféalq RAGSDL LAl SFLOrE-dvidiscatiaduby phe

downwar d dtH<E ng of the nove boun when t he detected &%t o IS the
MB pat t er na [ @%§ om0 I3 Buwife mE 3 e roﬂeragrr’l N 8GnfRFIRI cBuit®ed CYRen
number of ¢éhesecutdwenwareddcopesamiengyors. (The reader is ref erred to

Section |1 A™T orgrzndebantiady desfis tidrmn haks bBen Costip BftedNtat kehtiedest bgal
DLOCKS.) TSP Ll be LERE"SS, Moy B, BAU" AL Spusldpcet LA
boundary ideviseanderntast- byThQnQHﬁnttétﬂleérrW/th andj MzAf W%@smaﬁ?sa‘éiﬁl ng
to its ini¢fdlprecvaelaty3d2 pdEntlfslling within m units of the boundary,

on either side. For a godd device, M,/N and N%/N'will both be
small. If either M,/N or M;/N is larger than some predetermined
probability P, where P=Q/N,' then the error margin for that device
will be considered too small, and the device should be rejected or
repaired. This technique can be used at the time of_manufacture

or by a customer during actual operation.

[y

B. Use of Error Mode Analysis for Boundary Adjustment

i Figs. 7A and 7B, taken together, iliustrate a decoder
300&prime. which is a variation of the decoding apparatus and
method depicted in.Figs. 6A and 6B for implementing the invention
to optimize the W2 boundary. Identical blocks in the two sets of
figures have been designated with the same refeféhce numerals. As
in Section IIA hereof, the initial values of éhe threshold-boundary
constants are loaded into the appropriate ones of reglsters 308 via
bus IB. =

This approach differs from that described in Sgctlon IIA in
that 1nstead of requlrlng direct calculation of the“error margin
DW2=H; ~KW2, the boundary threshold is moved upward m units and then
downward m units from Kw2. While moved upward, counter M counts
the number of times the value of the linear function H, is at or
below" - boundary Kw2+m; and later while moved downward, counter M
counts the number of times the value of H5 is above the boundary
KW2-m. since error margin calculaﬁion is not required in this



ovegn e

m-sel ected through nul tiplexer 389, and loading this new val Ue @fﬂ Qun@@,

the appropriate one of the registers 308. Det ected data df flrom
decoder is fed into shift register 350 and the correspondi ng knawn ﬂ".t.a-
[érr] is fed into shift register 391. Bl 392 eval uates the next signal -

phase using the current Signal phase [err] Trom shift register-393¢NE

known data [ e %Eﬂod’ingubbﬁ‘aét&fb hi1k -gb 4t &fd sVRaca¥dtkye3BI42 may W& combind@7
executes the

oglc of Tables,9 %g) Fi 4 of
21 an occuri®¥e? of 1AL kRSN %/B%(? atr%é:tgfer'ntsufgrra]s FRSES an T
- Reference 2.
This method requires that the correct value of the detected

data sequence {d;} be known in advance. This known data sequence
W111 be designated {D;} to distinguish it from {d }. When {D;} is
known, it is possible to construct the phase polarity sequence
{B;}- fhe sequence {B;} represents the signal phase at the ith
clock cycle according to the convention:

B; =

1

{o if phase is positive

1 if phase is negative

and is computed recursively in'logic circuitry of 392 -and stored
in shift register 393 by: -

B; +1 = [y;201lD; + B;D; .

The comparators 356, 358 of Fig. 6B are replaced in Fig. 7B
with AND gates 395 and 396, which have as inputs indicators of the
current boundary offset, +m or -m, together with logilc expressxons
for the detected data above and below the preselected W2 decision
boundary. ° An offset select circuit 398 will “be conditioned by
select line 399 to provide a signal to the AND gate 395 or 396
depending upon whether the offset +m or -m, respectively, has been
selected. ' _;5

Flrst, the W2 boundary is selected by MUX 370. The value of
its boundary threshold KW2 provides one. of the two lnputs to adder
372. The other input comes from MUX 389 and is seélected via line
399. The W2 boundary is moved upward by m units from its initial
value KW2 by adding at 372 the vaiue +m from MUX 389 and loading

the’ new value of KW2 in the appropriate register 308 via bus IB.
The detected data dg; from the decoder is fed into the shift

register 350; and the corresponding known data D¢, provided either



state 000, indicating that the known pattern is below the [efr
This provides a logical "1" input to the register [err] f
si mul t aneousl'’y, the detected data is the N2 pattern [err] }= hen

lhe logic of Table 10 detects this as a pa% ern above the W jboundar y..and——"
AND gate 396 provides a logical "1" input TO register [err] As

described in connection with Section Il A, counter [err] counts occurrences
of the [errby deatEeFat GEPRTREPF] 3800(RL0in i Eig- 6ferd [B3F @ SOUFCE RxteTnal
[err] countg, OERYr mardearef dmpatedt mltboraﬂmfmdnﬂajml:éxy d@!«mwarldlqnmsmmg

f the V2 b d s
3015 081 |Ou #"‘Qﬂ@ hbge §.{§§$fdpl%é Qfs'lnbsthaecl}?reaetsﬁhilewa e

. t {s
of upward cimﬁﬁgférf% 's“%ﬁﬂé;r? COﬁHFe)Fn‘%:"g'l}Jrlr‘]a%rflegﬂﬁ%g‘%i\lthfh%l%[ndduﬁda?

reset to itsanpld ivallueaijye KW2. The final result in counter Cin
conj uncti on Wi t %1@%%@@.8@97“\(11&-2&&&{1&8& Ratd s.rL@@uLog»rfc phbied! @ Bagenavat &s-
one of three valyes: +1 Thi Iue | added 0 tge curre t KV\2

boundary v "Gdded™ 372tﬁl§r’ﬁ§n?%e atarnePq
process is D omBRD UG w8l Btake IOOOheiB@lbtpa%bTmmhm the &aowni B@dtmm

Tabl e 8 occil $podenehd e bBahdary. This provides a logical "1" input to the
register W, .. If, simul?ianeously, the detected data is the M8
pattern, d,d,d,d,d,d,=001010, then the logic of Table 10 detects this
as a detected pattern below the W2 boundary and AND -gate 395
provides a logical "1" input to the register D The components

above *

shown below the W above Woetowr Da and Dbemw registers are identical

bove
to the ones in Fig. 6B and function in the same way.

As in Section IIA, counter TA counts occurrences of the N2
data pattern D,D,D,D;D,D,=010001 (i.e., where Wabove=1_), countgr M,
occurrences of potential errors indicated by the downward crossing
of the moved W2 boundary when the detected pattern is the M8
pattern d,d,d,d,d,d,=001010 i (where D, .=1), and counter C counts down
by thé number ‘of these downward crossing errors. (The reader is
referred to Section IIA for a detailed description of the counters
and other identical blocks.) When counter T,..reaches N, the W2
boundary is reloaded in register 308 to its :initial value KW2 via
bus IB. .

Next, the W2 boundary is moved downward by m units from its
initial value KW2 by adding to its initial value at 372 the value -
m selected through multiplexer 389, and loading this-‘new value of
KW2 into the appropriate one of the régisters 308. Co

Detected data d, from the deco<;ier is fed into shift register
350 and the corresponding known data D, is fed into shift register
391. . Block 392 evaluates the next signal phase using the current
signal phase B, from shift register 393, the known data D, and the

Sign bit of the sample value Y-
-Circuit 397 executes the logic of Tables 9 and 10 to detect



optimzation for the W2 boundary has been achi eved. The proc assﬂL APanr 200s
described for the W2 boundary, is repeated to optim ze the otheribo ﬁd:‘i’?"i &g~
in a simlar manner. The boundary to be optim zed is sel ected{ by _the.
boundary sel ect controller 347, which conditions MJX 370. Alsp a signal in
| ine 346 causes the logic fromTables 9 ared 10 to provi de appr eprate~teogte—

expressions corresponding to the sel ed boundary to _the regist [err
[err] andapepffurrenceRf sHie Kpod ﬁ%‘% i‘??tt%tqa&ieri“n %Bl%ﬂ%gﬁﬁ@n oswa(@alsa“J
di scl osed, sthtba®obgenirasisciatdcia hbtat hshebjkaowny @aitsetro bid apgboyhéhe w2
potenti al E{,{,R afy Nt AP e Bdsbal avgeash deciisipar Reurdaryegisbuewer, if
desired, the objective be di ngd td%tt()eicgsdt Qietpot ent i&ll eLor  SVE s
toward one-si défof FHY QU Younidar y.- SGER%asd S 1 4¥or det ect i Bh- o &
"1" as Oppd&lﬁdzdﬂ,ﬂg'—"o@opo“’nt@@@h the logic of Table 10 detects this as a

pattern above the W2 boundary and AND gate 396 provides a logical

* Ruvimssnaiiran ame nmame-t 2

1" input’ to register D,..-

As described in connection with Section IIA, counter Ty counts
occurrences of the M8 data pattern DJHDJ%DJ%=001010'(i.e;, where
wbem=l) , counter M, counts otcurrences of apparent errors indj.cated
by downward crossing of the W2 boundary when the detected pattern
is the N2 pattern dydd,d,d.=010001 (i.e., 'where D, =1), and
counter C counts up by the number of upward crossing errors. When
counter T; reaches N, the W2 boundary is reset to its initial value

KWZO
The final result in counter C in conjunction with Boundary

Adjustment Decision Logic of Table 8 geherates one of three values:
+1, -1, or 0. ' This value is added to the current XW2 boundary
value at adder 372 using the MUX 389 and MUX 370.

The above process is :'cepeatéd recursively until the stop
condition i.s described in Table 8 occurs, denoting that
optimization for the W2 boundary has been achieved.

The process, as described for the WZ boun§a5y, is repeated to
optimize the other boundaries in a similar ‘manffér. The boundary
to be optimized is selected by the boundary select controlle£“347,
which conditions MUX 370. Also a signal in line 346 causes the
logic from Tables 9 and 10 to provide appropria{:é: logic expressions

W

above’ "'below’

Dipove @and Dy . . - _
For sake of simplification, in the embodiments as disclosed,

it has been assumed that the objective is to balance the potential

errq; events above and below each decision boundary. However, if

desired, the objective may be modified to bias the potential error

corresponding to the selected boundary to the registews W

évents toward one side of the decision boundary, such as to . .favor
detection of a "1" as opposed to a "0". In such



and [err] respectively. Simlarly, the values of the pres
and -S for the C counter may al so be replaced by unequal

{err] respectively, to bias the adjustne of the decisio
favor detection of one presel ected data &gttern versus thejo ; _
Li kew se, the preselected value of N for counter [err] and tp_aL-_LMhe‘i‘ﬁ“‘"‘“""
count er [errdasmy the wvephagess byn corst-anwsufiarbé a6l {id Joyr espeséei vedyyest

maxi m ze use, pf ;3 aid, abl ep%t 3,WAGT € RS 18L§58! £ %Qrglqgtsaop%ﬁeebg"é@lecved

significantly Inor e przeva than "t he ot her Presel ecfe atadg% Eern .
Hence, in t HPRSASES M 6k LBENER S EOLPEREINAY S S8F PR T §] 2T P e P T
are i nt endedvaares |{qu laprdt - sGpveesped tisrelgquato asiametal aviseweitorod hdee

respective e%é](.s'ts%.h oundav{y | £t hﬁ%v'o'}vecfgﬂé}fklr@'ls @@e@ngaréf&gl%rdt)éds k&%

and describ erence to preferred enbodi nents thereqf %]'[
understood b@a‘%q‘ﬂﬁb"%ﬂ‘? ddq AthRE- arI-tlkteWéFet'hEh? W@G&lﬁﬁtﬁﬂd" ‘heerof NS

counter T, and that for the counter T, may be replaced by constants
N, and NZ' respectively, to maximize use of available data where one
preselected data pattern is significantly more prevalent than the
other preselected data pattern. Hence, in the claims, unless
- otherwise stated, use of m,, m, and +5,, -S, and N,, N, are intended
generically to cover either equal or unequal values for these

respective constants.
While the invention has been particularly shown and described

with r_eference to_ preferred embodimepts thereof, it will be
understood by those skilled in the art that the foregoing and other
changes may be made therein without departing from the spirit,
scope and teaching of the invention. Accordingly, the invention
herein disclosed is to be considered merely as illustrative and

limited in scope only as specified in the claims.

~es
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changes may be made therein w thout departing fromthe spif @
teaching of the invention. Accordingly, the invention herei Rtgig ?@ngngT
to be considered nerely as ill ustratlve and limted in scopejonly
specified in the clains. 16"";‘3\. %962
Appendi x 23 B
Appendix -
Table 1. Sample Fuactions
Precomputed Functions “Threshold N Patterns M Patterns
of Sample Values o .
) Baseline Check
= o+ 21 +) KA N1, N2 M1, M2, M3
Hy= 0o+ 25 +y2—y3) KB N4, N5 MI, M2
Peak Position Check ‘
= (o +3)— (2 +y3) KX N1, N2 M6, M7
KY N3 M8
Hi=yo+y1~y:+ 2y KZ NI M8
H; =Yoot —J21tYu—Ys KW N2 X MSA L
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Table 3. Classification of (1,7) ML Boundarics
‘ Boundary Type
State
A | B | iX Y z W
000 kazr | kB2+ | kvor | kv2r | KRz2+ | RUDY
100 | K41+ | kBI* kxi+ | kvi+ | kzi+ | kwis
111 KA2- KB2- KX2- KY2- KZ2- Rw2- )
S0l | KAl- KBl1- KX1- KY1- KZ1- KWwi-




.Tabl c2. Posi bl e Sequences - State 000 - 6-Sanple Look-

*Data Patten _ Sanmpl e VaI ues of Anal og
dl d2 d3 d4 d5 dé vO i y3 Y4
0 O 0 O O 0 5 g 0
O O O 1 O O 0 0 2 M
o . | 0 O O 0 4 M-a
1 0 0 0 0 0 2 4 2 Mob
0 1 0 0 0 2 4 0 Mia 0
0 00 0 2 4 2 0 M4b 0
O 1 O 0 2 4 2 -2 Ms 0
0 0 0 2 4 0 4 Mba 0 0
0.0 2 7 2 0 O VBN O U
0 2 4Table 4. PrograR Listing Gor BOUNDARY M/ 0 1
2 4 2 -2 -4 MM 0] Q 1
0o 12 4 "0 4 -2 M 0 o .1
2 4 0 4 0.
v X BOUNDARYAZ DIT:0I0:I:SS
: 1] armarnAnanana m\ctttaa*tta---cmuwta-aa«a*a*t
21 & Iaputss X = Sequence: or Analog Saaple Values
3] & D17 = Corresponding Data Sequeace
4] « Gutputs: XPQS = Boundaries tor Posltive States 000 aad 100
: 51 & ENEG = Boundaries for Negaflvc States 111 and 011
61 0«1 . . . a Set Xndex Ocigin
- T] RI+(4.6)00 ’ a To accuamuiate threshotlds
8] S5+(4,6,2300 a To accuawiate sample =izes
- 81 axaxalompute Sfcfe ¢00, 110, 1131, 011 z‘hreshclds when X=1,2,3,%
10] I<0
11} .nmz«-nmzao«nx(mrwm«mn a Xadicator of Positf ve Phase
12] ACRIR:T<X+1 « Loop oa State .
13] &(Z=3)/Y+=2" a. Reverse sign for Negative Phase
181 «(X=3)/*DNRZ+~DNRZ* a Indicator ot Negati{ve Phase
48] angax *Rrhkhnkt Preconputed Functions of Sampie Values
16] - B1eY4+(2x1621¢20Y . . .
4T] 82+31-(30X) * .

18] H3+X (1Y) (20X 434X . .

49] HG+H34(30Y) +2x(50X) ’

20] HS+HG=(S50Y1+(KIY)

211 arrrankarrxnnsnrak E contalas all lacatlans of State I al thia D17

NHHHHHHHNﬂﬂﬂﬂ‘ﬂﬂH"HHHHF‘HNHHHHHHHHHHH

221 E+DNRZIEL/E+14CH\D1TIn+/(14D172 - =]
237 a(Xe2 3V /E+DNRZLEYIE+1+ (A \(~DI1TI 24/ 16~D1.1)' B
‘241 E+(~DITLEIME ; R Elimiacte Transi{tioca States: 017t01=1
251 ELES(pD17)-6)/E ° & Truacate last 6 saaples
26] "Rkrsnns *RAARARAED! JKeae © Locations of Data Pattern C0efsfokeces?
27Y S+pE01001+(DITIE+L1IADITIE+41I/E : a N
28] S+S,080101+(D1T(E4+1]ADIT{E+3]2/E a N4,NS
29)’ 505-0801000‘(917!3-&1!A("Di'lts'i-!l)A~DITIE+4))I£ A N1,42
20] S+Se0Z010001+(D1IT(E+LIAL~DITIE+31IADITIE+S)I/E a K2 °
[ 31} S’S.nEOiOOOO‘-(DiTIE(-t]A(~D‘17(E+3I)A(-'Dl?iti-‘!l)A(-DITIE-OSt))IE a N1
32] S+S.0E00101«CDIT(E+2IADITIE+A1)/E . a H8
31} 305.9500101004-(817!51-21AD!T[EMlA-Di‘T(‘I-.’(-G])IE v a M8 ..
34] S*S.0E00100+CDIT(E+2JA~DITIE+R1I/E « M6, NT
. 35] S+S,0E0000+( (~DITIE¢*L11IACNDITIEI2JIACADATIE+IIIN/E a H1,H2,N3
H [':'36] S5+5,0E00000¢((~DITIE4+L1]IACDIT (E42]1 IA(~DIT(E+INIALSDLT(E4ATIV/E aM1, X2
{ 371 SS{X:31)+S(3 23 1 5 4]. . n N Saaple slzes
{ 38] SS(X:321+S(9 10 8 6 6 71 a M Sample stzes
. [ 39} axnaXI[X3J] Ix average of cloud means closest to (I.J) Boundary

: { 401 RI(X:11+(C(+/H1{E01000]1)¢0E01000Y+(+/H1(EQC001)¢0ECQ00) ¢2 ~
f 811 RI{Z32}+((C+/H2{E0101])¢pE0101)+(+/H2{E00000]) +o£00000) +2 R
I 42] Kt[:::]‘(((-‘-[ﬂS(FO!OOO]349501000)4'(4',”3(500100],GQEOOIOOJ1'2
{ 93] RI{T:5)«C(C+/H3(E010011)¢0E0100134C4/HI{EV01013)40E00101)¢2
1 44] n(IaS]ﬂ'(((1'/34[30100001)405010000)4(4/54(500101])095001013*2
{ 451 Kr(I'Glt((-(+/35[8010001l)0950100013+‘*/H5[£0010100])0080010100)#2
{ G681 *(I<QI/ACRIN arkaktannrrrsakhhhrrthhin Repea? or rour states
{ AT1, KPOS+| S+KT{1:]1.KT(23} a Round 16 nearest [nteger
[ 48] RNEC+( .S+RI{3:1.XX(<:1 -

, { 491" "END1SHOTHRESH / " .Dl.sblag thresholds ond Sampile Sizes

H




0 Nb 00 0 0 0 0 1 2 4 2

-2 N2 0 1 0 0 0 1 0 2 4 2 O 14607 B
MBa O 1 0 0 1 0 0 27 4 2 -2 -4
N3b 0 1 O ©o0 1 o0 1 2 4 2 e T e
Nda O 1 o) | o} o) 0 2 4 0 4 -2
N4O o) 1. 0 1 2 4 0 7 =
NS o} 1 0 1 0 1 0 2 4. 4 '

i ST SET 25

6 -gs a -1 : D~~~ - - -

~ C_

Table 5. latermediate Logic and Output Logic
R

{. Decoded Data and Pointer
dy = boBo + boco
P = pb% + p'boco

2. Intermediate Logic.
Ry = 418 + X, + 2\ W, Ri=AiBi + Xi + hZi W,
Re=A:B4+ Xo+ YaZoWa - Ri=ABry+ Xa+ oWy

3. Next State
ay = pby + boBy + Fboco
by = pboty + Fco + boco

&1 = pbo + boco + Riboas + RaG + F Ridobo + F RadaCy

TN




Jable 3. Qassification of (1.7) M Boundarics

Boundary Type State - A B v |
'z W 000 KA2+ KB2+ KX2+ 304 L 2Ky {1 SHERT
KZ2+ KW+ 100 KA1l ,gKBL+ KX+ KYI +
KZI KW+ 111 KA2- KB2- KXP | 16 HRYE?S
KZ2- R %
Table 6. State at Time of Detecting 4;11
d by Logic Expression - State
0 0 d_\b 000 .
1 - 0 daby 100
0 1 d b 111
1 1 d_b 011




aL KA | - KBI - KXI - KY1- KZl- .
26 A 6M ( X96 S
' 29 16 MAY 1996
i
[“Table 7. Pal;.cm Identification Logic
e Nearest Nearest
_ Above the Boundary Below the Boundary
dary’ :
Boundary Data Pattern Logic Data Pattern E Loglc_
dodidydydids | Expression | dodiddsd.ds Xpression .
A 0,1,0,0,0,0| 4& |0,0,0,0,0,0| Zadkd
) B 0,1,0,1,0,¢| di(ds+d) |0,0,0,0,8,&| &dded;
0,1,0,0,1,0
X 0,1,0,0,0,7 dd:d, 0,0,1,0,0, 2| -ddds
Y 0,1,0,0,1,0 dd, -~ |0,0,1,0,1,0 dhdud,
A 0,1,0,0,0,0 did\d.ds 0,0,1,0,1,0 dodnd,
w 0,1,0,0,0,1 didsds 0,0,1,0,1,0 dodads




" .

Table 4. Program Listing for ] BOUNDA RY V S BOUNOARt gz 057 : XC Z: SS

X 11 A*****A****** ,*****AA********* t21 Z *-‘Z —
Sequenoec of Anal og Soaple Values 1 31 \ o &E?@gmﬁs,@ W g
Data Sequence t 41 a Qutputst zZES a Boundaries for *F’os-rﬂ‘V‘é‘“Sf ares {000
and 1CGat SI. a RNEG = Boundaries tfr neg *t|=ve1%zg§ggs'“%l and a0
- Cc 61 oral * ndea Orifgiin t
C7 Z-(4.63e0 a re accuaul ate h :
SS- (4. 6. 2200 a ro accuaul ate safpe sizes t 91
Axx*x*xCapta State Gao. Sto. 11t. oil. 2hresholds hen X 1 Ze*
Me 8. Boundary Adjustment l-)ecisiod Table
Counter Values
r Change In Boundary -
Constant
Ty T c °
<N g g 0
g <N g 0
N N 2+S add 1 .
N N <-S subtract 1
N N ~-S<0<+S stop adjustments
' i
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. 1211 t DNRZ- VNRZ40O<+/ 2xCDx1T7ADWZ+DI T) a Zadl cator of Positive Phase t 121
aGAZNZ. t a Zeap on State t S11 eCl031'-Z. - ZW
*aReverse sign for Negarlve Phase t141 *CZ2S||' DNRZ. - DNRV 1 Shbk
Zddl oater -t Negative Phase t 151 f*j**g*********%%++% ‘PrecQuput ed
Functions of Saapfte Values C 161 - X1-Z3(2x10l n42*r t 171 R AN@Z387) (1141
8 3-.Z (I*rl-(20f14241 t 191 RA. R3+(34bX4+2x("X) t 201 NSt E4- C5* X3* CA04f I} t
211 DGSx**g*rgrx*x*x*xx F contains all |ocations of State| Xiwtht-n-DI7"
231- eZ41 S)/EDNRZCZ2IE.1.CA\C-DIT):i*/C 54-D1T) t 241
a (-arCeEl)IZ a Ziidnalte Vransition Staoes: DST101p0l t—25T X- 9CWK

a

eDI TI --63/ Z a Truncat, last 6 sanpies t( 16 *a*a*******A**AXoi Jk... a
Zocationsgof—Data Patterm CO=+IJ kTt 27T
S- PEOCLO01] -TBlle/ €l Stake/ON e SEAppdrpot Ecrac A 53 Cj261
S. S, oEOt 0L~ CD17C5413A057\WB3) X/ Z . a tf4d485 *C
291 S- S. M0004(- t 3X413AC t Dl? Cl1431) A- 17 (5%{ )/ E State All111. 721
C 301 S. §|.501080%. CDI T¢NI | AC- 17c5. 31 A0 g, ,géill)/ E la Sz

0 o D5 000

1 0 D_B 100 --

0 : 1 D_; B, 111

1 1 D_,B, o1

~es



.C 221 S-.

“331 S.SeEDAAO.CDtCz+zI AD17Cl

"11.12. X3 t
NZ X C
3/ Not M t

sfZes t 381 SSCl :;

391 a***frl

313 S-.
3T] SZ: TI:

232]

S..5a0101. . WL.7C121ADi TCN, 41)/ Z
. 41A-017C7. 612/ S-
S43 S. S. 0EOOLOO- CD17CE421A- D1t CE4413i Z
tC 351 S.S.aEQQ0. CC- 017C2+' | 1) A(-Di T[ 1t
0J S-S.0E0ChO4OI ttDI T rE+t |
S, N O0(- pLCE* 113+A( - DITCE34A- %541
13-S13 2 3 1 S 41.

A-

;21-Stg 1a 8 6 6 73 .
| s average of cloud neans closest to 1lk-d)

) AC- D7t Z+433) !
DT[ Z3) VTt E

A

1} +5£;.)E,3 «}

l\‘IC‘

1I
!
| ¢

151

h

e R Sap| e X Szes

A

t

RetpdarU T 401

xr[Z: X."'11. cu+1EOlI EOCO0QOQ) 0zA OOO. +4+/ 1( Et ECO O) +oE0000012 .2* 1 411

CZrtl; 21- eﬂiblcthﬁJumL,@gwwc@nwg@wUUUUS) *PECO000C0) +2 4451

jxrt:3.1-( Ol"oaof *nzol ool li e O —OZIT", TOOX0U Fg

RrtX: 4] - (Qt 1§ | } e BsO0s} At g O J3Logio05+ asp ew‘

rCl:51-t. (p}_ @0@ 4@@#@00)‘%—' 054 1Expressipni C% 1

RYrt1261. ( MCREH )-0e0FE010041 SSKECOHE0L00) —NopEa-O-2— 461 -

Z<41 1ACALA Qf*osﬂ*be*@e*@*f DD Do Ds+ | O.deBch@ P 188y stal b (UP7) 7PCS. Lt

5xz+l Zt S {ro,0,0,9,2 | DeDB;Baund,l160nka; &st |i dlAged)t {Bl(up)

X&NZH2- 0. $4Ri C3Z 0,l1;0,0,1,0 le Sp(4: | 491

ENDSCSaZHIF®,1,0,0,0 | BbuBkoP' 100, 1006, 0061 |8z P! | X )

- O; Os l’ 0, lso D;DZD4 os la 01 01 130 dla-;‘# Y (UP)

0,0,1,0,1,0 DoD;D; 0,1,0,0,0,0 @E Z (up)
ov 0, 1’ Ot lv 0 E;DID4 0: 19 0, os .os 1 dla;ds W (UP)
Expected . Received . Boundary
Patterm Above é‘;ﬁfm on Pattern Below ;.‘:?qg,;c‘m on (Direction
DeDi,D:DsDDs| dodydr ds,dsds Crossed)
0,1,0,0,4,9 | DD, 0,0,0,0,9,0 | ddidrids A (down)
0, l, 0, l-, 0, g D;(D; + D4) 0, 0, 0, 0, g, 9 %dg dzdg B (dOWII)
0,1,0,0,1,0 _ -
0,1,0,0,0,8 | DiD;Ds 0,0,1,0,0,F | ddds X (down)
0,1,0,0,1,0 | D:DsDs 0,0,1,0,1,0 | dchd, Y (dowm)
0,1,0,0,0,0 D\D;DDs | 0,0,1,0,1,0 dydyd, Z (down)
0,1,0,0,0,1 | DDyDs 0,0,1,0,1,0 | dochds - .. | W (down)

A
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* data detection reliability in- od
di gita‘l eI ectrical signals rep
"m i gnal s read by t ransducer from bvgrgaa, v dadm

33
l'ml mTﬁr orage medium comprising the st p§
Claims

1. A method for improving data detection reliability in a coded
signal processing channel in which digital electrical signals

GAS\BEEN |1 A-net hod for ﬁmh ng
| prqcessi; ‘ng - channel : Fehi ch
' Isanpl'e val'liés are.

. recordef

representing digital sample values are generated from analog
signals read by a transducer from digital data recorded on a data
storage medium, comprising the steps of:

providing a plurality of threshold constants whose values
define decision boundarieszfor use in determining whether detected
data corresponding to a coded sequence of a runlength limited (RLL)
- code is a "1" or a "0";

collecting actual values of one of a plurality of 1linear
functions of the. digital sample values of the .analog data
corresponding to multiple occurrences of two preselected data
patterns that are determined to be closest above and closest below,
respectively, a preselected decision boundary for forming
corresponding clusters of such actual values above and below the
decision boundary; '

determining a focal point for each cluster; and

establishing the threshold constant.for said preselected
decision boundary at a value substantially midway between said
focal points. e '

2. The method of claim 1, wherein the thresholdfconstant is
established only if the number of dctual values in both of said
clusters exceeds a preselected number.

3. A method for improving data deﬁection reliability in a coded
Signal processing channel in which digital electrical signals
repreéenting digital sample values are generated from analog
Signals read by a transducer from digital data recorded on a data

R

AR



provi di ngmgsnbauﬂwl cedhr eshatct—c WIS Ldm val ues_def i ne. i niti-ed——
“deci si on use in éﬂelré'ﬂﬁ Rdm Lr det efted bi nary’ SHEET
correspond sequerce of 5 engthflimted: (RLL} -ecode TS -
1" or processi ng detected fi nary data on- I't ne f W@ ng
error margl ns at each of a plurality of respective deci %I on ' Dby
usi ng an abst ract rel ati onship between each presel ected d@m s_,_g_nu,houn-da*y

and speci f i Y e MEEL By Fﬁ@PHé¥b%$e‘61Q)|%'ﬁP§6 g¢dta that te defined by

correspondi ng Bool ean |-ogi cal expressions; det er m ning—petentra
error events lnmldahgctaeobmmmﬂaéﬂ EMer nsohéltér\l\es §ﬁ<9§é a81ues

t s f
Funct fons G e SrepIPs Bl U8R Bho A00 oRbefnte P emidhiroraeated

data patterdf gg,gorrespondlng to a coded sequence of a runlength limited (RLL)

code is a "1" or a "0";

determining potential error events in the detected data by

counting in two separate counters numbers of times actual.values

of one of a plurality of linear functions of the digital sample

values corresponding to one preselected data pattern are within m,

. units above and of the digital sample wvalues correéponding to

another preselected data pattern are within m, units below,
respectively, a preselected one of said boundaries;

accumulating a difference count having a magnitude and sign
denoting difference between counts in said separate counters; and

responsive to a predesignated event, adjusting the preselected
decision boundary upwardly if the difference count at least equals
+5; or downwardly if the difference count is not greater than -S,.

4. 'The_method of ‘claim 3, wherein said one preselected data
pattern and another preselected data pattern:-are those closest
above and closest below, respectively, said preselected boundary.

5. The method of claim 3, including the steps, of:
establishing initial values for the thresholdvconstants;

setting the threshold constant$ at said initial values; and
then 5

optimizing the threshold constants by executing the counting
and adjusting steps.

EENEE——
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Wi t hiThis[Sheet asBﬂ& F\m‘%ve and corresponding.to._another prece|"'égffeﬁ-’ﬂé{; S

patter [err] units bel r GtHAS BEEN presel ected. one of
said. b accumul ati ng mﬂaeﬁﬁgg,\mgmal ande cqurt efl 6atE8 (6
havi ng" a nagnltude and sign denoti en dqoynts in said
separate counters; and responsi ve t¥ a predesi gnat ed event, adj usting
the presel ected deC|S|on boundary upwardly if the count iln_the nargin

bal ance couht er T MehBed e@fiatln i Pr.esetbed ody thenbeep|ef rrooriddognaar they

|tf t he Itastrémmdeﬁnadtaoantsth:&gﬂobfgkﬁé&ﬁrdiﬁadlladalELe%‘ékr‘iﬁlgleQ I‘&g&@l‘i ars
0 create i si on_boun claim
i ncl udi ng execut | tr%g ﬁgga 7 OStS ngl‘gt’e% scﬁﬁ'tllﬁﬁlﬁajrle’édrejo’rﬁti‘]aet i on.

7. The method of claim 3, including executing the adjusting step

during a read operation.

8. The method of claim 3, including executing the adjusting step
during a time out between successive read operations.

9. The method of claim 3, including' the steps of:

calculating an error margin distance representing the
difference between actual values of said one linear function of the
digital sample values and a corresponding one of the threshold
constants; and -

using said error margin distance corresponding to the
preselected data patterns for determining whether each actual value
is within m, units above or m, units below the preselected boundary.

10. "The method of claim 3, wherein m=m,.

11. The method of claim :3, wherein said predesignated event is the
counting of a total of at least N, one pre‘s_ele.cted data patterns
and at least N, another preselected data patterns, irrespective of
distance from the preselected boundary.

v

12. The method of claim 11, wherein N =N,. -
13. The method of claim 11, wherein S,<N, and S,<N,.
14. Apparatus for improving data detection reliability in a coded

signal processing channel in which digital electrical signals
representing digital sample values are generated from analog

* c L M S *
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3. &f claimil S’GI i ghing theia j UGN 3% L
dur| betvveen suc}} %%‘ operctions. i 4. The netho
cl arm“ the steps o culatti ng anlerror nmargin
di st ng the differencejhetween actual v '
| i near functlon of the dlgltal sanple val ues and a correspondi ng one of

the thres@&b&a99n§£§£tby arLransducer from digital data recorded on a data
storage medium, comprising:

means (308) for storing a plurality of threshold constants
whose values define decision boundaries for use in determining
whether detected data. corresponding to a -coded seqguence of a
runlength limited (RLL) code is a "1" or a "0";

means for determining potential error events in the .detecte'd
data (d), comprising two separate counters (M,, Mg} for counting
numbers of times actual values of one of a plurallty of linear
functions of the digital sample values correspond.mg to one
preselected data pattern are within m; units above and of the
digital sample values corresponding to another preselected data
pattern are within m, units below, respectively, a preselected one
of said boundaries; :

a difference counter (C) for accumulating a count having a
magnitude and sign denoting difference between counts 1n said
separate counters; and i

[ T i

circuitry (Table 8) responsive to the count in one of said
separate counters exceeding a preselected number N, and in the
other separate counter exceeding a preselected number N, a
predesignated control event for adjusting the preselected decision
boundary upwardly if the count in the difference counter at least
equals +S, or downwardly if the latter count-'._'i‘s' not greater than
-8,. -
15. The'apparatus of claim 14, wherein said one -preselected data
pattern and another preselected da;-;ta pattern are those closest
above and closest below, respectiveiy, said préselected boundary.

16. The apparatus of claim 14, including means (380) for providing
as the recorded data a stream of known digital data having a length

R
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patterns
above or

claiml, wherein [err] 6. The nethod Oﬂyﬁ|alﬁ]l wherein said
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*dji st ance cbifnd“sﬁiir"a”dm&BEEN he presel ectledq data™
H ng whet heri eachREREAGED val u¢ is within unﬂys {1q90
| ow the pre y. 5. The {ngt od

predesi gnated event is the counting of a total of at I|east NL{one
presel ect edndadaveatiey nhanGsauresast N 309t 16 L ESe1 0001 data

patterns,
nethod of

deC|S|on

i rrespective of distance fron1the preselected boundary 7. The
hod of
The oo o e A i seny e fEbSndrin Rk sl (AL

or count:.ng, and 1n1t1at1ng said predesignated control event
upon occurrence of, both N, one preselected data patterns and N,
another preselected data patterns, respectively, irrespective of
how far from the preselected bodndary.

. 18. The apparatus of claim 14, including:

means (324) for ca]fculating an error margin distance’

representing the difference between actual values of said one
linear function of the digital sample values and a corresponding

' one of the threshold constants;

means (356, 358) for comparing said error margin.distance with

+m; and -m, for determining whether each actual value is within m;

units above or m, units below the preselected boundary; and

means (351, 360, 362) for gating said separate counters for
counting only when said oné and said another preselected data

4 W

patterns occur, respectively. : !

19. The apparatus of claim 14 wherein m=m,._

3 .
.~

20. The apparatus of claim 14 wherein Nl'=N.z.

21. The apparatus of claim 14 wherein $,=S,.
22. Apparatus for improving data detectlon rellablllty in & coded
signal processing channel in which dlgltal electrical’ signals
represenping digital sample values are generated from analog

signals read by a transducer from dfgital data recorded on a data

storage medium, comprising:

means (308') for storing a Plurality of threshoid constants

R VR0
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boundaryhl;g{eetqlﬁggge cmgi whet her data correspongl ng to

= a coded runl ength [fi "~r - is ai" 1" bE BAF 6995 o
= Appar atu muﬂ data detegtion ! litydn a ocied si gnal
. processi i which digital elgectrical si gnal s riepresenti ng

“digital sanple values are generated from analog signals {read by a

transduce;hggé)mﬁd'éasr %’%Qg:}r?et rg&?{gﬁres O\?ndéjﬂllaes si)_;oc;Lr o MR H@te‘fsﬂmihﬁ' ng:

nmeans for q_ﬁl ng.a p X nst ant’s ose val ues
deci si on rbo Far e T udats n PATEERPRAMYTI wiiet Her cAEEEc CEIUEPAgr P Taf a
corr esporitd@ngdha liméspdci{ Rue) cookkel sequenceonfaarounl ength limted (RLL)
code is a "1" or a "0";
means (including 397, W, ., W . .,
potential error events.in the detected data; - -

360, 362) for determining

means (including 399, 398, 395, 396) operative during
generation of a sequence of digital sample values of the analog
signals corresponding to known recorded data for intentionally
moving a selected one of the decision boundaries upward m; units
and then downward m, units from an initial value; v

two separate counters (M,, M;) operative while the selected
boundary is moved upward and then downward for counting numbers of
times a preselected above data pattern is detected -as a related
below data pattern and the said related below data pattern is
detected as the said above data pattern, respectively;

a difference counter (C) for accumulating a count having a
magrx‘i’ggde and sign denoting difference between counts in said
separate counters; and

-circuitry (Table 8) responsive to a predesignated control
event for adjusting the selected decision boundary upwardly if the
count in the difference counter at least equals +5, or downwardly
if the latter count is not greater than =Sy,

e
23. Apparatus for improving data detection reliabifity in.a coded
signal processing channel in which digital electrical signals
representing digital sample valuesg are generated from . analog -
signals read by a transducer from digital data recorded on a data

storage medium, comprising:

means (308) for storing a plurality of threshold constants

S —
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mar gi ns Iurallty of espec%géh b

an abstr p bet ween egch pr I si pnj boundary and
quences o

speC|f|c t he detected blnaryédata that are flefTned by
correspondlng Bool ean | ogi cal expressions;] nmeans fof_detern.ning

potential gl MARLS idLd;he d teCt ed I S, arq%tsa’forlcoﬂ@ ' .us.hnaert@@mln%ng

separate COLH’]'[ %I’S for coun |ng |mes actu ues of one o
detected data correspondlng to a coded sequence of a

runlength limited (RLL) code is a "1" or a "0"; -

Circuitry for determining potential error events in the
&'tected data by generating, for a selected state, first and second
outputs (.Wabove’ below
and another preselected related data pattern, respectively, above

) corresponding to one preselected data pattern

and below a preselected one of said decision boundaries;

first and second count{'.ers (TA, Tyg) for i‘espectively counting
up to preselected numbers 1_\11 and N, total occurrences of said one
and another preselected data patterns above and below  said
preselected one boundary, respectively;

a
error margin distances m; units above and m, units below,

. means (351, Wy ., Wyow 356, Dyger 358, Di,) establishing-

respecfcively, said preselected one boundary;

third and fourth counters (M, ' M) for counting, numbers of
t.l.mes actual values of a linear funct:.on of digital sample values
co_rrespond:.ng to said one and another preselected data patterns are
respectively within m, units and m, units, respectively, of said
preselected boundary; -t

a difference counter (C) for accumulating a count having a
magnitude and sign denoting difference between counts in said third
and fourth counters; and '

circuit means, conditioned by said first and second eounters
counting to N, and Nz' respectlvely, for adjusting the preselected
one boundary one unit up or one unit down provided the count in the-
difference counter has reached number +S1 or -S,, respectively,
where-sl<N1 and S,<N,.

24, The apparatus of claim 23, said circuit means being responsive

* . C L M s %
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Bbal ance counter for accumul ating a count having a magnitude and sign
denoting di f teremeeadigiveean gﬁy&tﬁiﬁs& d%%dsé&pﬁ& a:to%rﬁ%;ﬂ%t ngi::hﬂﬁg N, and N,
circultry respogsk a predesi gnated contr eye or _a | e
presel ect ed dglgi s?'/%fﬂég‘{)’una%%f%p iRk lPhgk‘Soéh?E?’ﬁe‘r‘ﬁ% Jﬁr%{?&%ér}'gbltaﬁacr}f@g
counter at |&3stP%eqifal s0ateprinzteamndanbedirstnent doffar#e5ely defeining
| ast - ment i onpdeseletted ¢udfor)mdliinst FRF saipr aach egiete Mmisrbaiodeerard below

said preselected boundary.

25. The apparatus of claim 23, including means for resetting all
of said counters whenever the boundary is adjusted.

26. The apparatus of claim 23, including circuitry responsive to
the count in either safd third or fourth counter exceeding a
preselected number Q less than N, or N, to produce a- signal (U)
indicating performance of the channel is unacceptable.

27. The apparatus of claim 23, including means providing a signal
(E) for enabling each of said counters during reading of data from
the storage medium to permit initiation of a boundary adjustment.

28. The apparatus of claim 23, comprising:

means providing a plurality of sets of preselected data
patterns for which the actual values of the functions of digital
sample values are to be measured against related decision

boundaries; and iE

means including a multiplexor (MUX) for selecting one set of
the data patterns at a time for measurement and boundary
adjustment. '
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11. The, appar at us of cl aim 10, \/\herel n sal d one presel ect ed- dat.a..patt.er-fum——
and an(’ﬁ‘ ee °é‘lj data pat i sest abpve and;c}: LQ§Q§§"E1
.bel ow, ald preselle IEcﬁfbéurﬁMﬁﬁEEN 2. The apparm ua of
-clalml total counter sREBLAGERuUNti ng, and rr.-ltl1 '
pr edesi gnat ed control event upon occurrenc h [err] ﬁ?é‘é"él‘éc?ed
data patterns and N2 another preselect edldat a patterns res r"rl\ml \
irrespective of how far fromthe presel ected boundary. 13 The appar at us

of claim 10, i ncl uding:

APPARATUS AND METHODS FOR IMPROVING DATA DETECTION RELIABLITY

ABSTRACT

To improve data detection reliability in a coded maximum likelihood signal processing
chanoel, two counters count (TA, TB) the number of times actual values of linear functions of
digital sample values corresponding to one and another preselected data paﬁerm are within m
units above and m units below, respectively, a preselected decision boundary used to
determine whether detected data corresponding to a coded sequence of runlength limited code
isa "1"or a "0". A difference count has a magnitude and sign denoting difference between
counts in the two counters (TA,: TB). After N occurrences of each preselected data pattern
irrespective of how far from the ?boundary, the boundary is a‘djﬁsted upwardly or downwardly,
provided the difference count at least equals +S or at most -S, respectively.

Fig. 6A; 6B
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.anot her presel ected data patterns occur, respectively. 14 The apparatus _
of claim10 wherein [err] - 15. The apparatus of clainllo" g i
Apparatus for inproving data detection reliability in a |
~-processing channel in which digital electrical signals
digital sanple values are generated from anal og si gnal

transducer frombinary data recorded on a data storag¢ #edi um

conpri si ng:

neans for storing a plyjality of t hr eshotd~constants
whose val ues define decision boundaries for use in dethr_mnl ng whet her
detected binary data corresponding to a

limted (RLL) code is a "1" or a "0";
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means for processing binary data on-line for neasuring error margins at
each of a plurality of respective decision boundaries by using an abstract
rel ati onshi p betveen each preselected decision boundary and. specific
sequences of the detected binary data that are defined by correspondigﬁE@%
Bool ean | ogi cal expressions,; circuitry for deternmning potential .2=7%
error events in the detected binary data by generating, for a, selacted

state, first and second outputs corresponding to one preéelec{édmﬁaﬁﬁé

pattern and another preselected related gaja pattern, resreCLLMQLMM%mﬁbov

and bel ow a presel ected one of said decision boundaries;
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boundary; a margin bal ance counter for accunulating a count having a
magni tude and sign denoting difference between counts in sal.d.third-and

fourth counters; and circuit neans, conditioned by salgfflﬁéﬁlﬁﬁﬂﬁ‘S:VET
second counters counting to selected nunbers [err], respect|l vety;——for"
~adjusting the presel ected one boundary one unit up or one unl {19
provi ded the count in the margi n bal ance counter has reacheq 4 ﬁresél fed
nunber [err] or a presel ected nunber [erE respectively, wherdlerrl—and
[err] 17. The apparatus of claim 16, d7circuit means beiing responS|ve

to the counts in said first and second counters reaching [ I

respectively, before the count in the 300
- 354 N\
DW2g /348 . /
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6 bs]b[bs b2b1_/_"_352
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ug 35t Libydd39s | 44490929,
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Jmar gi n bal ance counter reaches [err] to term nate boundary adjustnent, for

t hereby defining preselected error margins for said data patterns above and
bel ow said presel ected boundary. 18. The apparatus of claim 16, including
neans for resetting all of said counters whenever the boundary i-s {Sﬂ@lﬁ%

adj usted. 19. The apparatus of claim 16, including circlutpy e
the count in either said third or fourth counter exceedithg- q
nunber Q less than [err] to produce a signal indicatingipgrfgrimangesef tihd
channel is unacceptabl e. - TERASS ] |
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+ 38 20. The apparatus of claim 16, including neans providing a signal for
enabling each of said counters during reading of data from-the-st-orage ——-..
smediumto permt initiation of a boundary adjustment. 21. Eﬁ?@A@bbﬁﬁﬁlﬂHEET

“of claim16, conprising: means providing a plurality bE[b of
presel ected data patterns for which the actual values of & % §§@*9*~*
digital sanple values are to be neasured against related @egisi T

boundari es; and
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means including a multiplexor for selecting one set of the daRt“a‘._ﬁhTV 1S
a time for neasurenent and boundary adjustnent. 22. Apparatu
inproving data detection reliability in a coded signal proceks
conpri si ng: a magnetic recordi ng nedi um a transfu
generating analog signals fromdigital data recorded on the jrecording
medi um means for generating fromthe anal og signals di |

| gltal—Sh-gihRalGrmm——
representing di m% far stori lurality of
t hreshol d const‘%# :@é@]ﬁg‘% VING DATA D%TE TION

RELIABILITY

This invention relates to apparatus and methods for improving data detection
reliability in a coded signal processing channel by determining and setting optimal
values for threshold constants constituting decision boundaries for interpreting sample
values representative of coded binary data.

The following commonly-assigned prior art references are considered to be the
most pertinent to the present invention:

1. U.S. Patent .4’945’538’ grant'éd July 31, 1990, entitled "Method and Apparatus
for P;'ocessing Sample Values in a Coded Signal Processipg Channel. "

2. Allowed cqpending application U.S. Serial No. 07/920,027, filed July 27, 1992,
now US Patent No. 5,282,216 entitled "High Data Rate Decoding Method for
Coded Signal Processing Channel."

3. Allowed cbpending application U.S. Serial No. 07/526,878, filed May 22, 1990,
now U.S. Patent No. 5,291,500 entitled "Eight-Sample Look-Ahead for Coded

~Signal Processir_xg Channels."

4. A. Patel, "A New Digital Signal Processing Channel for Data Storage Products,"
IEEE Trans. on Magnetics, Vol. 27, pp. 4579-4584, published November, 1991.
Each of the References 1-3 discloses a (1,7) ML decoder which uses a differing

number of look-ahead digital sdmple values f derived from an analog read signal to

execute several decisions for implementing a maximum likelihood (ML) decision. An

ML decision involves comparing each of several linear functions H of the sample

values y to the value of a threshold constant constituting a ML
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boundar| es for use in determning whet her detected bi nary data «x’{f SHEET

corresponding to a coded sequence of a runlength Ilmtep‘ (RLL) TodeT]s |a

"1" or a "Q0"; - means for processing binary data on- PWS ri
error margins at each of a plurality of respective de |s|on dari gs
usi ng an abstract relationship between each presel ect dL-deG-L»SJ--Q dg

and specific sequences of the detected binary data th t are defined by
correspondi ng Bool ean | ogi cal expressions;

potential eRoinabyakes afthe Hbfeéh?léc‘i(@ataﬁﬁs nfa?ry aa@taalstlcaélynﬁgn@ca@t ayber of
o1 U a1y o bigke PO CRPOHON, R dec it « i SaMpieerin JUscBaPPonBNg |
one asymmetry and pattern-dependent noise, and (ii) treating as potential errors in the
detected data those which are too close to a selected threshold boundary, and
automatically adjusting each threshold boundary so that a substantially equal number of
error events occur at each side thereof.

There is a need for apparatus and methods for (i) determining for each particular
magnetic recording device optimal value settings for the decision-boundary-constituting
threshold constants for a (1,7) ML channel despite signal and noise anomalies in the
readback pulse, (ii) establishing the decision boundéry from a series of magnetic
recording transitions instead of by artificially superpositioning the pulse shape
corresponding to a single magnetic recording transition, and (iii) setting these boundary
threshold constants at their optimal values by use of a predetermined sequence of
recorded data or by use of any data with or without comparison to known data subject
to signal and noise anomalies, i

The present invention has the object to overcome the above drawbacks.

According to one aspect of the invention there is provided a method for
improving data detection reliability in a coded signal processing channel in which
digital electrical signals representing digital sample vaiues are generated from analog
signals read by a transducer from binary data recorded on a data storage medium;
comprising the steps of: providing a plurality of threshold constants whose values
define initial decision boundaries for use in determining whether detected binary data
corresponding to a coded sequence of a runlength limited (RLL) codeisa "1" or a "0";
processing detected binary data on-line for measuring error margins at each of a

plurality of respective decision boundaries by using an abstract relationship between

- each preselected decision boundary and specific sequences of the detected binary data

ng

by

ry

to



39 preselected data pattern are within [err] units above
to another preselected data pattern are within [err] unifs
respectively, a preselected one of said boundaries;
counter for accunulating a count having a magnitude and sijg
di fference between counts in said separatge counters; and
responsive to a predesignated control event for adjustingft

deci si on boundary upwardly if the count in the nmargin bal &r
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| east equaltbatzare defined by corresponding Boolean logical expressions; detlelrrmmng potential

error events in the detected binary data by counting in two separate counters numbers
of times actual values of one of a plurality of lincar functions of the digital sample
values corresponding to one _preselected data pattern are within m1 units above and
corresponding to another preselected data pattern are within my units below,
respectively, a preselected one of said boundaries; accumulating in a margin balance
counter a count having a magnitude and sign denoting difference between counts in said
separate counters; and responsive to a predesignated event, adjusting the preselected
decision boundary upwardly if the count in the margin balance counter at least equals a
preselected number +S1 or downwardly if the last-mentioned count is not greater than
a preselected number -S to create an updated decision boundary.

Acpording to another aspect of the invention there is provided apparatus for
improving data detecti(im reliability in a coded signal processing channel in which
digital electrical signals representing digital sample values are generated from analog
signals read by a transducer from binary data recorded on a data storage medium,
comprising: means for storing a plurality of threshold constants whose values define
decision boundaries for use in determining whether detected binary data corresponding
to a respective coded sequence of ‘a runlength limited (RLL) code is a "1" or a "0";
means for proéessing binary data on-line for méasuring error margins at each of a
plurality of respective decision boundaries by using an abstract relationship between
each preselected decision boundary and specific sequences of the detected binary data
that are defined by corresponding Boolean logical expressions; means for determining
potential error events in the detected 'binary data, comprising two separate counters for
counting numbers of times actual values of one of a plurality of linear functions of the
digital sample values corresponding to one preselected data pattern are within mj

units above and corresponding to another preselected data pattern are within




presel ected nunber [err] or downwardly if the latter count i $dotAgrieiidr SHEET
than a preselected nunber -S2. 23. The apparatus of claim 22¢ | ncluding:
means for calculating an error nmargin distance representing th diétmg
bet ween actual values of said one linear function of the dig t%
val ues and a corresponding one of the threshold constants;

conparing said error margin distance with [err] for determ hi ng whet her
each actual value is within mM units above or [err] units below the

pr esel ect ednjpanitsibelow,aspectively, agmessldced amet ofnspid dbundaeies; ameargimubdlence f or

counting only when said one and said . . ) i
counter for accumulating a count having a magnitude and sign denoting difference

between counts in said separate counters; and circuitry responsive to a predesignated
control event for adjusting the preselected decision boundary upwardly if the count in
the margin balance counter at least equals a preselected numbér +S1 or downwardly if
the last-mentioned count is not greater than a preselected number -S3.

According to still another aspect of the invention there is provided apparatus for
improving data detection reliability in a coded signal processing channel in which
digital electrical signals representing digital sample values are generated from analog
signals read by a transducer from binary data recorded on a data storage medium,
comprising: means for storing a plurality of threshold consténts whose values define
decision boundaries for use in determining whether detected binary data corresponding
to a coded sequence of a runlength limited (RLL) code is a "1" or a "0"; means for
processing binary data on-line for measuring error margins at each of a plurality of
respective decision boundaries by using an abstract relationship between each
preselected decision boundary and specific sequences of the detected binary data that
are defined by corresponding Boolean logical expressions; circuitry for determining |
potential error events in the detected binary data by generating, for a. selected state,
first and second outputs corresponding to one preselected data pattern and another
preselected related data pattern, respectively, above and below a preselected one of said
decision boundaries; first and second counters for respectively counting up to
preselected numbers N1 and N total occurrences of said one and aﬂother preselected
data patterns above and below said preselected one boundary, respectively; means
establishing error margin distances mj units above and mp units below, respectively,

said preselected one boundary, third and fourth counters for counting numbers of times




‘anot her presel ected data patterns occur, respectively. 24, é.f -5 -
| nproving data detection reliability in a coded signal proce§sﬁng gﬂgg@g#
in which digital electrical signals representing digital sanpl§ vaPotd® Bk ;
generated from anal og signals read by a transducer from binafy: data :
recorded on a data storage medium conpaising the steps of: ﬂ
providing a plurality of threshold constants whose val ues dei paefnted : o
deci sion boundaries for use in determ ning whether detected binary data
cor r espondichigl valugs of 3 disgarsgetioncof digital samplecyales cornespandingro|spidcenteands a

n 1" Or a n 0" . . . - )
another preselected data patterns are respectively within mj units and my units,

respectively, of said preselected boundary; a margin balance counter for accumulating a
count having a magnitude and sign denoting difference between counts in said third and
fourth counters; and circuit means, conditioned by said first and second counters
counting to selected numbers N1 and Nj, respectively, for adjusting the preselected
one boundary one unit up or one unit down provided the count in the margin balance
counter has reached a preselected mumber +S; or a preselected number -S2,
respectively, where S1 <Njp and Sy <Nj.

According to still another aspect of the invention there is provided apparatus for
improving data detecﬁon reliability in a coded signal processing channel comprising: a
magnetic recording medium; a transducer for generating analog signals from digital
dzitta recorded on the recording medium; means for generating from the analog signals
digital signals representing digital sample values; means for storing a plurality of
threshoid constants whose values define decision boundaries for use in determining
whetber detected binary data corresponding to a coded sequence of a runlength limited
(RLL) code is a "1" or a "0"; means for processing binary data on-line for measuring
error margins at each of a plurality of respective decision boundaries by using an
abstract relationship between each preselected decision boundary and specific sequences
of the detected binary data that are defined by corresponding Boolean logical
expressions; means for determining potential error events in the detected binary data,
comprising two separate counters for counting numbers of times actuai values of one of
a plurality of linear functions of the digital sample values corresponding to one
preselected data pattern are within mj units above and corresponding to another

preselected data pattern are within mp units below, respectively, a preselected one of
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40 processing known data corresponding to the detectéd DI nary dat aj
on-line for neasuring error margins at each of a pluralijty ofﬁrva
deci si on boundaries by wusing an abstract relationship b¢tyeen each
presel ected deci sion boundary and specific sequences of |sate-kmovnrrdete
that are defined by correspondi ng Bool e®h | ogi cal expregsions;

D

determ ni ng potential error events in the detected binary data by counting

in two te caunters nupbers of s actu val ues of .,one of
plurality %.}cf ﬁ lﬂ@laoles a margrfn alance co rH)sr accumuﬁﬂng a count having a magmtude

and sign denoting difference between counts in said separate counters; and circuitry
responsive to a predesignated control event for adjusting the preselected decision
boundary upwardly if the count in the margin balance counter at least equals a
preselected number +Si or downwardly if the latter count is not greater than a
preselected number -Sp.

According to still another aspect of the invention theré is provided a method for
improving data detection reliability in a coded signal processing channel in which
digital electrical signals representing digital sample values are generated from analog
signals read by a transducer from binary data recorded on a data storage medium,
comprising the steps of: providing a plurality of threshold constants whose values
define initial decision boundaries for use in determining whether detected binary data
corresponding to a coded sequence of a runlength limited (RLL) code is a "1" or a "0";
processing known data corresponding to the ‘detected binary data on-line for measuring
error margins at each of a plurality of respective decision boundaries by using an
abstract relationship between each preselecfed decision boundary and specific sequences
of said known data that are defined by corresponding Boolean logical expressions;
determi‘ning potential error events in the detected binary data by counting in two
separate counters numbers of times actual values of one of a plurality of linear
functions of the digital samplé values corresponding to one preselected data pattern are
within m1 units above and one of a different plurality of linear functions of the digital
sample values corresponding to another preselected data pattern are. within my units
below, respectively, a preselected one of said boundaries; accumulating in a margin
balance counter a count having a magnitude and sign denoting difference between
counts in said separate counters; and responsive to a predesignated event, adjusting the

preselected decision boundary upwardly if the count in the margin balance counter at



functions of the digital sanple val ues corresponding to one Jres E?@ Qi SHEET
data pattern are wthin [err] units above and one of a diff?rént plurality
of linear functions of the digital sanple values correspondiing to6&fiR 257
preselected data pattern are within [err] units below, respectively, a
presel ected one of sai'd boundari es; 5¢c accunul ating in a fardin bal ance—

counter a count having a magni tude and sign denoting differ é‘m:‘e.__b_gl.ﬁ\/..\.@ﬁ[l‘_..M.h_‘__,___
ts i [ t : ' t desi t ed
cvent . aq) 10t §GVHR 2 Rrbe el el Sy, or AR 5 JataRoRioped attin
inth ' t ' +S1
downar ity SoF eftRic? ik £ Bt Bbred fuinbBis, ' Vikafe ) SRR Rcheith nlARE, CO 3
nunber -S2 10 HRaiding'fo iR AhSMer Eest Sth GVHAALY there is provided apparatus for

improving data detection reliability in a coded signal processing channel in which

digital electrical signals representing digital sample values are generated from analog
signals read by a transducer from binary data recorded on a data storage medium,
comprising: means for storing a plurality of threshold constants whose values define
decision boundaries for use in determining whether detected binary data corresponding
to a respective coded sequence of a runlength limited (RLL) code is a "1" or a "0";
means for processing known data corresponding to the detected binary data on-line for
measuring error margins at each of a plurality of respective decision boundaries by
using an abstract relationship between each preselected decision boundary and specific
sequences of said known data that are defined by corresponding Boolean logical
expressions; means for determining potential error events in the detected binary data,
comprising two separate counters for counting numbers of times actual values of one of
a plurality of linear functions of the digital sample values corresponding to one
preselected data pattern are within mj units above and corresponding to another
preselected data'pattern are within my units below, respectively, a preselected one of
said bouhdaries; a margin balance counter for accumulating a count having a magnitude
and sign denoting difference between counts in said separate counters; and circuitry
responsive to a predesignated control event for adjusting the preselected decision
boundary upwardly if the count in the margin balance counter at least equals a
preselected number +S1 or downwardly if the last-mentioned count is not greater than
a preselected number -Sj.

According to still another aspect of the invention there is provided apparatus for

improving data detection reliability in a coded signal processing channel in which




"25. The met hod of claim 24, including the step of using sa %’“PL CEMENT SHEET| '
deci sion boundary for determ ning whet her the detected bi hafy data
corresponding to a coded sequence of a runlength limted L) &&88 ??97
"1" or a "0". 26. Apparatus for inproving data detectionreliability in
coded signal processing channel in whiéH digital electrigal signals
representing digital sanple values are generat ed from andreg-signal s read

b t
cgrrg ri ;f‘ﬂ?&guﬁr elgétﬁg]albshg&rlg rgpar%%n{lng %Egdltea? sampla va &e% ard tg%rgg%drﬁghumalog

signals read by a transducer from binary data recorded on a data storage medium,
comprising: means for storing a plurality of threshold constants whose values define
decision boundaries for use in determining whether detected binary data corresponding
to a coded sequence of a runlength limited (RLL) code is a "1" or a "0"; means for
processing detected binary data on-line for inferring error margins at each of a plurality
of respective decision boundaries by using an abstract relationship between each
preselected decision boundary and specific sequences of the detected binary data and
corresponding sequences of kmown recorded binary data that are defined by
corresponding Boolean logical expressions; means operative during detection of binary
data corresponding to the known recorded data for moving a selected one of the
decision boundaries upward mj units and then downward mp units from an initial
preselected value; two separate counters operative while the selected boundary is
moved (a) upward and then (b) downward for counting number of times (a) a specific
sequence of the detected binary data that should be above the selected boundary is
detected as a data sequence below said selected boundary and (b) number of times a
sequence of the detected binary data that should be below said selected boundary is
detected as a data sequence above said selected boundary, respectively; a margin
balance counter for accumulating a count having a magnitudé and sign denoting
diffefence between counts in said separate counters; and circuitry responsive to a
predesignated control event for adjusting the selected decision boundary upwardly if the
count in the margin balance counter at least equals a preselected number +S1 or
downwardly if the last-mentioned count is not greater than a preselected number -S9.
According to yet another aspect of the invention there is provided apparatus for

improving data detection reliability in a coded signal processing channel comprising: a



41 means for storing a plurality of threshold const &%}M@Nﬁlﬁﬁ’f
define decision boundaries for use in determ ning whetherj detected binar
data corresponding to a respective coded sequence of a rynlieng Sgpqi}g-,ed
(RLL) code is a "1" or a "0"; means for processing Kndwn data
corresponding to the detected binary dat% on- line for aAsSuUr Q- EF F-O L
margins at each of a plurality of respective decision boundaries by using
an abstract relationship between each presel ected deci si on boundary amg—
speci fic SaHMRIREE SebbrdiR theltdNa dtinsdideA ford pénegingnashldYy sizhilk SRR Binas
Bool ean | ogical expressions; means for determ ning potential error
events in tdae eeebededesh thenwcyrdiidg medium; means for generating from the analog signals

digital signals representing digital sample values; means for storing a plurality of
threshold constants whose values define decision boundaries for use in determining
whether detected binary data corresponding to a coded sequence of a runlength limited
(RLL) code is a "1" or a "0"; means for processing detected binary data on-line for
inferring error margins at each of a plurality of respective decision boundaries by using
an abstract relationship between each preselected decision boundary and specific
sequences of the detected binary data and corresponding sequences of known recorded
binary data that are defined by corresponding Boolean 1ogical expressions; means
operative during detection of binary data corresponding to the known recorded data for
moving a selected one of the decision boundaries upward mj units and then downward
my) units from an initial preselected value; two separate counters operative while the
selected boundary is moved (a) upward and then (b) downward for counting number of
times (a) a specific sequence of the detected binary data that should be above the
selected boundary is detected as a data sequence below said selected boundary and (b)
number of times a sequence of the détected binary data that should be below said
selected boﬁndary is detected as a data sequence above said selected boundary,
respectively; a margin balance counter for accumulating a count having a magnitude
and sign denoting difference between counts in said separate counters; and circuitry
responsive to a predesignated control event for adjustirig the selected decision boundary
u_;'iwardly if the count in the margin balance counter at least equals a preselected
number +S7 or downwardly if the last-mentioned count is not greater than a
preselected number -S).

Fig. 1 is a schematic diagram of a coded digital signal processing channel, as

known in the prior art.



“corrp'r“i sing two separate counters for counting nunbers of ti rFég:)actu

val ues of one of a plurality of linear functions of the di i fal sanple
val ues corresponding to one preselected data pattern are w tgﬂ n BBt 1997

within [err] units below, respectively, s presel ected one off “satd

units above and correspondi ng to another preselected data patitern are
boundari es; a margi n bal ance counter for accunul ating{a _count_having

a magni tude and sign denoting difference between counts in said separate -
counters; and Fig. 2 depicts ideal yvrite apd read\eavetormsios dbd) Mbcoged dafp ragd 183 nt

for adjusting the preselected _decision boundary upwardly if the count in

Ejgﬁmﬁ; g: 93?192{2@3%?@‘0&& STELES equal s a presel ected nunber [err] or
i:lg. 14 ?ssa bggrrxﬁalryg rf)%jt (ﬁggurg}n for orﬁgttyger of tpgz{k {)gsallﬂon check for state
000, as known in the prior art.

Fig. 4 is a boundary plot diagram for a modified peak position check for state
000, as known in the prior art.

Fig. 5 is a boundary plot diagram for a baseline check for state 000, as known in
the prior art.

Figs. 6A and 6B, when ‘taken together, constitute a schematic diagram of a
decoder apparatus embodying the invention and comprising a six-sample look-ahead
feature and means for setting decision boundaries at optimal values in the coded digital
signal processing channel of Fig. 1. )

Figs. 7A and 7B, when taken together, constitute a schematic diagram that
depicts a modification of the decoder apparatus illustrated in Figs. 6A and 6B to show a
variation of the manner in which the invention may be implemented.

Fig. 1 depicts, as known in the prior art, a coded digital signal processing
channel, preferably an extended partial response maximum likelihood (EPRML)
channel which is characterized by the polynomial (1-D)(1+D)2. An analog signal is
read by a transducer 8 from a magnetic recording medium, such as a disk 9, in a digital
storage device. This read signal corresponds to a binary data sequence coded with the
(1,7) run length limited (RLL) code during a write operation. The read signal passes
from line 10 through a




a preéel ect ed nunber [err] 27. The apparatus of claim 26 1irh J{?«ka‘?}] $r

for providing as the known binary data a data stream havj*Aagtarierg &
diversity that assures it is statistically reliable. 28.} A method for

i mproving data detection reliability in a coded signal priodessinBEPCHBNNE
in which digital electrical signals representing digital sdnple val ues arn
generated from anal og signals read by a Xransducer from Hi nary—dat g

recorded on a data storage nmedium conprising the steps jof:
samples to determine any threshold.
?hen, the thresholds are computed as the averages of the

appropriate clouds, as follows:

KA, = [H{NI_, NiI,) + H, (M1, Mz, M3,)1/2.
. = [H,(N4_, N5,y + H(Mi_, M2_)]/2:

8

Kx, = [H,(NI,, N2} + H;(M6_, M7])]/2.
Ky, = [H,(N3_) + H,{M8_)1/2.

Kz, = [B(N1,) + H(M8_)1/2.
= (B, (NZ,) + H,(MBA_)1/2.

3

Table 4 sets forth an APL program listing to perform the
calculations described above. D17 is the binary vector of data
which was written to the disk, and Y is the corresponding analog
readback signal. Y and D17 have above been referred to as y~ and
d”™, respectively. This program will compute all 24 thresholds and
store the results in two APL vectors KPOS and KNEG, defined as
follows:

KPOS = (AGOO’ BOOO' XOGO’ Y0()0" ZOOO’ WOOO’ AIOO BIOO' x].00' YIOO’ z100’ WIOD)

KNEG = (g, Biys X_m' Yiuae Zygy0 Wygge Aoy Boyyr ZXopne Yopus Zo11 Woun)
The program contains one loop, in lines 12-46, which is

executed once for each of the four states, 000, 100, 111, 011, with
the variable T used to indicate the state for which thresholds are
being computed. |

Lines 11, 14 and 22-25 compute the variable E, which contains
the locations, within D17, where the channel is in state T. Lines
16f20 compute the H, functions, as defined in Table 7, for every
six-tuple (Yjr Yier Ygor Yiear Yiear Yyes) s within the vector Y .

Lines 27-36 compute the locations, within D17, where the
channel is in state T, and the next six data points_form one of the
patterns indicated in the comment on the right side of the line.
In addition, the sample size for each patternfor set of patterns
is collected in the variable S.

Lines 40-45 compute the thresholds for state T, using the
equations given in Section 1 of Table 4. Each threshold constant
breferably is initially determined by use of the focal point method




4?2 ‘ providing a plurality of threshold constants whose val ues.defing

el w; ¥

data corresponding to a coded sequence of a runlength i|n1ted (RLL}~
is a"1" or a "0"; recordi ng known bi nary data ont the st arag,

processi ng detected binary data on-line3gor inferring %rrorfhﬁFg ﬁg
each of a plurality of respective decision boundaries by using an abst
rel ati onshi p between each presel ect ed GleAIMBon boundaryy and specific
sequences of the detected binary data and correspondi ng
known recorlded Adimethed dex impieaingadata defectien réliabdny rinsp oodtidngjgnal processing

initial decision boundaries for use in determ ning whether detect ed pu(} ry
€

channel in which digital electrical signals representing digital sample values are
generated from analog signals read by a transducer from binary data recorded on a data
storage medium, comprising the steps of:

providing a plurality of threshold constants whose values define initial decision
boundaries for use in determining whether detected binary data corresponding to a
coded sequence of a runlength limited (RLL) code is a "1" or a "0";

processing detected binary data on-line for measuring error margins at each of a
plurality of respective decision boundaries by using an abstract relationship between
each preselected decision boundary and specific sequences of the detected binary data
that are deﬁhed by corresponding Boolean logical expressions;

determining potential error events in the detected binary data by counting in two
separate counters numbers of times actual values of one of a plurality of linear
functions of the digital sample values corresponding to one preselected data pattern are
within mj units above and corresponding to another preselected data pattern are within
m) units below, respectively, a preselected one of said boundaries;

accumulating in a margin balance counter a count having a magnitude and sign
denoting difference between counts in said separate counters; and

responsive to a predesignated event, adjusting the preselected decision boundary
upwardly if the count in the margin balance counter at least equals a preselected
number +Sj or downwardly if the last-mentioned count is not greater than a
preselected number -Sy to create an updated decision boundary.
2. The method of claim 1, including executing the adjusting step during a read

operation.
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Bool e;m | ogi cal expressions by (i) noving a sel ected | AT ‘MQ\TT SHEET
d-terri—o

initial decision boundaries upward m units and then down
froman initial preselected value, and (ii) while th ele%sg,gl,,.] 7
boundary is nmoved (a) upward and then (b) downward, counti n§ e‘parg(%
counters nunbers of times (a) a specificadata sequence of tlh

recorded binary data that should be above the selected bourjdary is det ect ed
as a data sequence bel ow said sel ected boundary and (b) a te--dat-a-—-
sequence of3: heThRﬁWthr‘éfc‘é‘mé iciding ecacuting the adivaiing siep Sutingva Jimey out

sel ected boundary is tectfd as. a data sequence above said selected
boundary, rpe ?’WF&?V“’C read OpefatioNsy| ating in a margi n bal ance counter a

count having a gronithude and s f,Qincludmg the steps of:

calculating an error margin distance representing the difference between actual

e

values of said one linear function of the digital sample values and a corresponding one
of the threshqld constants; and

using said error margin distance corresponding to the preselected data patterns for
determining whether each actual value is within mj units above or mp units below the
preselected boundary.
5.  The method of claim 1, wherein mg =m2.'
6. The method of claim 1, wherein said predesignated event is the counting of a
total of at least N1 one preselected data patterns and at least N2 another preselected
data patterns, irrespective of distance from the preselected boundary.
7. The method of claim 6, wherein Ny =Nj.
8.  The metbod of claim 6, wherein §; <Nj and Sy <Np.
9. The method of claim 1, including the step of using said updated decision
boundary for determining whefher the detected binary data corresponding to a coded
sequence of a runlength limited (RLL) code isa "1" or a "0".

10.  Apparatus for improving data detection reliability in a coded signal processing
channel in which digital electrical signals representing digital sample values are
generated from analog signals read by a transducer from binary data recorded on a data
storage medium, comprising: '

means for storing a plufality of threshold constants whose values define decision
boundaries for use in determining whether detected binary data corresponding to a

respective coded sequence of a runlength limited (RLL) code is a "1" or a "0";
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“denoting difference between counts in said separate cour%?&ﬁﬂgmfﬁ Séi?_ﬁf
responsive to a predesignated event, adjusting the presdl gcted decision
boundary wupwardly if the count in the margin bal ance cqunter 4agEP 636t
equal s a preselected nunber [err] or downwardly if thel|l gst-nenti oned
count is not greater than a preselectesbs nunber [err] tq createarrupdale
deci si on boundary. 29. The nethod of claim 28, including executing the

adjusting step dynamcally,  during a tine-out between consecutlve {le?d
operations. means for processing binary data on-line for measuring error margins at each of a

plurality of respective decision boundaries by using an abstract relationship between
each preselected decision boundary and specific sequences of the detected binary data
that are defined by corresponding Boolean logical expressions;

means for determining potential error events in the detected binary data,
comprising two separate counters for counting numbers of times actual values of one of
a plurality 6f linear functions of the digital sample values corresponding to one
preselected data pauem are within mj units above and corresponding to another
preselected data pattern are within m) uﬁits below, respectively, a preselected one of
said boundaries;

a margin balance counter for accumulating a count having a magnitude and sign
denoting difference between counts in said separate counters; and

circuiitry responsive to a predesignated control event for adjusting the preselected
decision bbundary upwardly if the count in the margin balance counter at least equals a
preselected number +S1 or downwardly if the last-mentioned count is not greater than
a preselected number -Sp.
11. The apparatus of claim 10, wherein said one preselected data pattern and another
preselected data pattern are those closest above and closest below, respectively, said
preselected boundary.
12. The apparatus of claim 10, including two total counters for counting, and
initiating said predesignated cohtrol event upon occurrence of, both Nj one preselected
data patterns and No another preselected data patterns, respectivelyl, irrespective of
how far from the preselected boundary.
13. The apparatus of claim 10, including:
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43 30. The nethod of claim 28, including the step of usi ng sal d- updaté'ﬂSHEE"‘
deci sion boundary for determ ning whether the detected binary data™ "
corresponding to a coded sequence of a runlength limted (RLL) Cgderd Sody
"1" or a "0". 31. Apparatus for inproving data det ecti on rfellabl I|ty In a
coded signal processing channel in whichgdigital electri caI stgrats
representing digital sanple values are generated from anal ;;g signal s read
by a transducer frombinary data recorded on a data storage mnedi um

conpri si ng: meanse diors chlrulasingr amgersorp imargini tistante tdepreséming denslifference
whose val ues define decision boundaries for use in determ ning whether

det ect ed bi beiweend actualc valness pb saidnepet bnear function of the digital sample values and a

corresponding one of the threshold constants;

means for comparing said error margin distance with +mj; and -mp for
determining whether each actual value is within mj units above or my units below the
preselected boundary; and

means for gating said separate counters for counting only when said one and said
another preselected data patterns occur, respectively.
14. The apparatus of claim 10 wherein m1 =mj.
15. The apparatus of claim 10 wherein S1 =S».
16. Apparatus for improving data detection reliability in a coded signal processing
channel in which digital electrical signals representing digital sample values are
generated from analog signals read by a transducer from binary data recorded ,on a data
storage medium, comprising:

means for storing a plurality of threshold constants whose values define decision
boundaries for use in determining whether detected binary data corresponding to a
coded sequence of a runlength limited (RLL) code is a "1" or a "0";

means for processing binary data 6n—1ine for measuring error margins .a-t each of a
plurality of respective decision boundaries by using an abstract relationship between
each preselected decision bbundary and specific sequences of the detected binary data
that are defined by corresponding Boolean logical expressions;

circuitry for determining potential error events in the detected binary data by
generating, for a selected state, first and second outputs corresponding to one
preseiected data pattern and another preselected related data pattern, respectively,

above and below a preselected one of said decision boundaries;
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coded sequence of a runlength linmited (RLL) code is a "1" @rav ST SHEET
means for processing detected binary data on-line for infenriing eryror,
margi ns at each of a plurality of respective decision bouédari eb %V‘G%an

an-abstract relationship between each presel ected deci si o boundary and

speci fic sequences of the detected binady data and correspondi ng sequences

of known recorded binary data that are defined by corresp '

| ogi cal expressj X L ' t LOR ' ta
B seoong RRE: RRTe@hitif bl 45' 6 b echl RIABL 10

correspondi ng t nown ~recor el'ected one o he

deci si on bgéé{gdlgéittggl 3)2}9%3@1&& of hidSoneHl &Jb%ré{%!&l/&feﬁ daftd phutdth Ta%\hr anhg an

initial pr two separate counters ope?at lve e the

sel ect ed bopHIg@ sHidl reSEEl b batafd respectively;

means establishing error margin distances mj units above and my units below,

respectively, said preselected one boundary; _

third and fourth counters for counting numbers of times actual values of a linear |
function of digital sample values corresponding to said one and another preselected data
patterns are respectively within mj units and mp units, respectively, of said preselected
boundary; |

a margin balance counter for accumulating a count having a magnitude and sign
denoting difference between counts in said third and fourth counters; and

circuit means, conditioned by said first and second counters counting to selected
numbers N1 and Nj, respectively, for adjusting the preselected one boundary one unit
up or one unit down provided the counit in the margin balance counter has reached a
preselected number +S1 or a preselected number -Sp, respectively, where S1 <Njp
and S9 <Nj.

" 17. The apparatus of claim 16, said circuit means being responsive to the counts in
said first and second counters reaching N1 and Nj, respectively, before the count in the
margin balance counter reaches +Sj or -Sy to terminate boundary adjustment, for
thereby defining preselected error margins for said data patterns above and below said
preselected boundary.

18. The apparatus of claim 16, including means for resetting all of said counters
whenever the boundary is adjusted. |

19. The apparatus of claim 16, including circuitry responsive to the count in either
said third or fourth counter exceeding a preselected number Q less than N1 or Np to

produce a signal indicating performance of the channel is unacceptable.
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‘and t hen

(b) downward for counting nunber of tines (a) a ﬁ%@@é

of the detected binary data that should be above the selie¢ted boundary

det ect ed

as a data sequence bel ow said sel ected boundary @nd 6HHEMEHFer

times a sequence of the detected bi nar yo data that shoul d e below said

sel ected
boundary,

count havhpg T

boundary is detected as a data™ sequence above gait—serected
respectively; a margin bal ance counter fqr_accunul ating

a

sai d separate counters; and

of said counters during reading of data from the storage medium to permit initiation of
a boundary adjustment.
21. The apparatus of claim 16, comprising:

means providing a plurality of sx;,ts of preselected data patterns for which the
actual values of the functions of digital sample values are to be measured against
related decision boundaries; and

means including a multiplexor for selecting one set of the data patterns at a time
for measurement and boundary adjustment.
22. Apparatus for improving data detection reliability in a coded signal processing
channel comprising: |

.anmmmemcnmonﬁngnxﬂhun;

a transducer for generating analog signals from digital data recorded on the
recording medium;

means for generating from the analog signals digital signals representing digital
sample values;

means for storing a plurality of threshold constants whose values define decision
boundaries for use in determining whether detected binary data corresponding to a
coded sequence of a runlength limited (RLL) code is a "1" or a "0";

means for processing binary data on-line for measuring error margins at each of a
plurality of respective decision boundaries by using an abstract relationship between
each preselected decision boundary and specific sequences of the detected binary data
that are defined by corresponding Boolean logical expressions;

means for determining potential error events in the detected binary data,
comprising two separate counters for counting numbers of times actual values of one of

a plurality of linear functions of the digital sample values corresponding to one
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44 circuitry responsive to a predesignated control event - fer
adj usting the selected decision boundary upwardly if the count |&&{g§
mar gi n bal ance counter at |east equals a preselected nunber +& 55f 557
downwardly if the last-nentioned count is not greater tha't#minggigglgd
nunber -S2. 32. Apparatus for mprowng3 ata detection reliability in a

coded signal processing channel conprising: a nmagn - H=cH-
medi um a transducer for generating anal og signals fron1b|nary data

recorded OprddeRcted data pattern are within mj units above and corresponding to another

preselected data pattern are within my units below, respectively, a preselected one of
said boundaries;

a margin balance counter for accumulating a count having a magnitude and sign
denoting difference between counts in said separate counters; and

circuitry responsive to a predesignated control event for adjusting the preselected
decision boundary upwardly if the count in the margin balance counter at least equals a
preselected number +S; or downwardly if the latter count is not greater than a
preselected number -S).
23. The apparatus of claim 22, including:

means for calculating an errdr margin distance representing the difference
between actual values of said one linear function of the digital sample values and a
corresponding one of the threshold constants;

means for comparing said error margin distance with +mj and -mp for
determining whether each actual value is within mj units above or mg units below the
preselected boundary; and

means for gating said separate counters for counting only when said one and said
another preselected data patterns occur, respectlvely
24. A method for improving data detection rehablhty in a coded s1gna1 processing
channel in which digital electrical signals representing digital sample values are
"generated from analog signals read by a transducer from binary data recorded on a data
storage medium, comprising the steps of: |

providing a plurality of threshold constants whose values define initial decision
boundaries for use in determining whether detected binary data corresponding to a

coded sequence of a runlength limited (RLL) code isa "1" ora "0";
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recordi ng medi um means for generating fromthe analjgg Si g ST S;{EET‘
digital signals representing digital sanple val ues; ‘meanssfort s L
storing a plurality of threshold constants whose val ues defiine deci si on
boundari es for use in deternining whether detected binary [data 6 SEP 1557
corresponding to a coded sequence of aa4ounlength limted |(HLL) code is a
"1" or a "0" ; nmeans for processing detected binary {data on-T1ne Tor
inferring error margins at each of a plurality of respective decision
boundari es by PEficessingh kapwardata comespondinghtop thehdeigeted Rinary gatasen-line dar
deci si on boundary and specific squgnces ?f t he detected, binary data and

) y
cor r es pondMERSUE G SF5e% Tasging a6 fach of 3 plurality 94 resnestive decision houndaries by

using an abstract relationship between each preselected decision boundary and specific

sequences of said known data that are defined by corresponding Boolean logical
expressions;

determir_ling potential error events in the detected binary data by counting in two
separate counters numbers of times actual valués of one of a plurality of linear
functions of the digital sample values corresponding to one preselected data pattern are
within my units above and one of a different plurality of linear functions of the digital
sample values corresponding to another preselected data pattern are within my units
below, respectively, a preselected one of said boundaries;

accumulating in a margin balance counter a count having a magnitude and sign
denoting difference between counts in said separate counters; and

responsive to a predesignated event, adjusting the preselected decision boundary
upwardly if the count in the margin balance counter at least equals a preselected
number +Sj or downwardly if the last-mentioned count is not greater than a
preselected number -S7 to create an updated decision boundary.
25. The method 6f claim 24, including the step of using said updated decision
boundary for determining whethel_' the detected binary data corresponding to a coded
sequence of a runlength limited (RLL) code is a "1" or a "0".
26. Apparatus for improving data detection reliability in a éoded signal processing
channel in which digital electrical signals' representing digital sample values are
generated from analog signals read by a transducer from binéry data recorded on a data

storage medium, comprising:
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deflned by correspondi ng Bool ean | ogi cal expressions; Ll megnsEgp
during detection of binary data corresponding to the knomn Tecorded-dit
for noving a selected one of the decision boundaries up d [e nits
and then downward [err] units froman initial preselecte alué§“L
separate counters operative while the sejgcted boundary |sinnvnd (a) up
and then (b) downward for counting nunber of tines (a) ajspecific sequenc
detected binary data that should be above the sel

of the

1997

detected as a drhfs faestornga pletality sBitglesholdacinsnts oxtrada values dlefing decisioar
times a sequence of the

boundaries for use in determining whether detected binary data corresponding to a
respective coded sequence of a runlength limited (RLL) code is a "1" or a "0";

means for processing known data corresponding to the detected binary data on-
line for nieasuring error margins at each of a plurality of respective decision boundaries
by using an abstract relationship between each preselected decision boundary and
specific sequences of said known data that are defined by corresponding Boolean
logical expressions;

means for determining potential error events in the detected binary data,
comprising two separate counters for counting number§ of times actual values of one of
a plurality of linear functions of the digital sample values corresponding to one
preselected data pattern are within mj units above and corresponding to another
preselected data pattern are within mp units below, respectively, a preselected one of
said boundaries;

a margin balance counter for accumulating a count having a magnitude and sign
denoting difference between counts in said separate counters; and

circuitry responsive to a predesignated control event for adjusting the preselected
decision boundary upwardly if the count in the margin balance counter at least equals a
preselected number +S1 or downwardly if the last-mentioned count is not greater than
a preselected number -Sy. .
27. The apparatus of claim 26, including means for providing as the known binary
data a data stream having a length and diversity that assures it is statistically reliable.
28. A method for improving data detection reliability in a coded signal processing
channel in which digital electrical signals representing digital sample values are
generated from analog signals read by a transducer from binary data recorded on a data

storage medium, comprising the steps of:
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45 detected binary data that should be bel ow said selected boundar § QﬂEET
detected as a data sequence above said sel ected boundary, espectlvelyh-—
a margin bal ance counter for accunulating a count having a nagnlt dﬂ%'7
sign denoting difference between counts in said separate CDUﬂter
circuitry responsive to a predesignated gbntrol event for adjheilng Lhe
sel ected decision boundary upwardly if the count in the gi n bal ance
counter at |east equals a reselected nunber [err] or down

| ast - nent i oned RIBViding 3 prlw.‘fl ityy ek theeshpldagpnstants whose' values define initia decision

boundaries for use in determining whether detected binary data corresponding to a

coded sequence of a runlength limited (RLL) code is a "1" or a "0";
 recording known binary data on the storage mediums processing detected binary

data on-line for inferring error margins at each of a plurality of respective decision
boundaries by using an abstract relationship- between each preselected decision
boundary and specific sequences of the detected binary data and corresponding
sequences of the known recorded binary data that are defined by corresponding
Boolean logical expressions by

(1) moving a selected one of the initial decision boundaries upward mj units and
then downward m9) units from an initial preselected value, and

(ii) while the selected boundary is moved (a) upward and then (b) downward,
counting in separate counters numbers of times (a) a specific data sequence of the
known recorded binary data that should be above the selected boundary is detected as a
data sequence below said selected boundary and (b) a specific data sequence of the
known recorded binary data that should be below said selected boundary is detected as
a data sequence above said selected boundary, respectively;

accumulating in a margin balance counter a count having a magnitude and sign
denoting difference between counts in said separate counters; and

responsive to a predesignated event, adjusting the preselected decision boundary
upwardly if the count in the margin balance counter at least equals a preselected
number +Sj or downwardly if the last-mentioned count is not greater than a
preselected number -S) to create an updated decision boundary.
29. The method of claim 28, including executing the adjusting step dynamically

during a time-out between consecutive read operations.
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a presel ected nunber [err] QW}; ;my;hGMQoS‘i? 5
counts in said first and second counters reachlng [err] a d?%ef } ";MMM
respectively, before the count in the difference counter fenaches %

[err] to term nate boundary adjustnent, for thereby definjn S&P
margins for said data patterns abo and bel ow sai d
boundary.
of said counters whenever the boundary i s adj ust ed.
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reselected

25. The apparatus of claim?2 i ncludi ng meanjs for resetting.

30. The method of claim 28, including the step of using said updated dec1smn
boundary for determining whether the detected binary data corresponding to a coded
sequence of a runlength limited (RLL) code isa "1" or a "0".
31. Apparatus for improving data detection reliability in a coded signal processing
channel in which digital electrical signals representing digital sample values are
generated from analog signals read by a transducer from binary data recorded on a data
storage medium, comprising:

means for storing a plurality of threshold constants whose values define decision
boundaries for use in determining whether detected binary data corresponding to a
coded sequence of a runlength limited (RLL) code isa "1" or a "0";

means for processing detected binary data on-line for inferring error margins at
each of a plurality of respective decision boundaries by using an abstract relationship
between each preselected decision boundary and specific sequences of the detected
binary data and corresponding sequences of known recorded binary data that are
defined by corresponding Boolean logical expressions;

means operative during detection of binary data corresponding to the known
recorded data for moving a selected one of the decision boundaries upward mp units
and then downward .m2 units from an initial preselected value;

two separate counters operative while the selected boux_xdary is moved (a) upward
and then (b) downward for counting number of times (a) a specific sequence of the
detected binary data that should be above the selected boundary is dptected as a data
sequence below said selected boundary and (b) number of times a sequence of the
detected binary data that should be below said selected boundary is detected as a data
sequence above said selected boundary, respectively;

a margin balance counter for accumulating a count having a magnitude and sign

denoting difference between counts in said separate counters; and
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-26. The apparatus of claim23, including circuitry responsi A/e @

in either said third or fourth counter exceeding a presél eet- nuﬁ“ac.
| ess t han [err] or [err] to produce a signal (U) indica |ng perf
t he channel is unacceptabl e. 27. The apparatus of claifmj23, “h% mg

nmeans providing a signal (E) for enabli each of said d¢ognters. during §
reading of data fromthe storage mediumto perm<t initigtion of a boundar
adj ust nment . 28. The apparatus of claim 23, conprising: FEaRs

NINSHEEY

providing a pldi#calty Yeponsifé o af prRidesighast echietfitevepafdreadjastingr thehsetdrtedhe

actual values of the functions of digital sanple values are to be neasured

agai nst r aeleaisish bemidatyoupwardhydifithesouns iithe margin balance counter at least equals a
preselected number +S; or downwardly if the last-mentioned count is not greater than
a preselected number -S2.

32 Apparatus for improving data detection reliability in a coded signal processing

channel comprising: |

a magnetic recording medium;

a transducer for gemerating analog signals from binary data recorded on the
recording medium;

means for generating from the analog signals digital signals representing digital
sample values;

means for storing a plurality of threshold constants whose values' define decision
boundaries for use in determining whether detected binary data corresponding to a
coded sequence of a runlength limited (RLL) code isa "1" or a "o

means for processing detected binary data on-line for inferring error margins at
each of a plurality of respective decision boundaries by using an abstract relationship
between each preselected decision boundary and specific sequen'ceé of the detected
binary data and corresponding sequences of known recorded binary data that are
defined by corresponding Boolean logical expressions; |

means operative during detection of binary data corresponding to the known
recorded data for moving a selected one of the decision boundaries upward mj units
and then downward my urits from an initial preselected value;

two separate counters operative while the selected boundary is moved (a) upward
ahd then (b) downward for counting number of times (a) a specific sequence of the

~ detected binary data tﬁat should be above the selected boundary is detected as a data

sequence below said selected boundary and (b) number of times a sequence of the
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detected binary data that should be below said selected boundary is detected as a data
sequence above said selected boundary, respectively; i

a margin balance counter for accumulating a count having a magnitude and sign
denoting difference between counts in said separate counters; and

circuitry responsive to a predesignated control event for adjusting the selected
decision boundary upwardly if the count in the margin balance counter at least equals a

preselected number +S1 or downwardly if the last-mentioned count is not greater than

a preselected number -Sy.
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ABSTRACT

IMPROVING DATA DETECTION RELIABILITY

To improve data detection reliability in a coded maximum
'likelihood'signal_processing channel, two counters count the number
of times actual values of linear functions of digital sample values
corresponding to one and another preselected data patterns are
within m units above and m units below, respectively, a preselected
decision boundary used to determine whether detected data
corresponding to a coded sequence of runlength limited code is a
"1" or a "0". A difference count has a magnitude and sign denoting
difference between counts in the two counters. After N occurrences
of each preselected data pattern irrespective of how far from the
boundary, the boundary is adjusted upwardly or downwardly, provided
the difference ‘count at least equals +S or at most -§,

respectively.




