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BRANCH METRI C COVPENSATI ON FOR DI Gl TAL
SEQUENCE DETECTI ON BACKGROUND OF THE | NVENTI ON

The present invention relates in general to information storage 5 and

retrieval systeﬁﬁ?@&?’g nore particularly, to a nethod and appargidgsek®isss
ptovi di ng branc Xos conpensati on for sequence detection in parti al

response channels in a digital magnetic recording system

In digital magnetic recording systens. data is recorded in a novi ng
magnetic nmedia |layer by a storage, or "wite" electrical current-to- 10.
magnetic field transducer, or "head", positioned i mmedi ately adjacent
thereto. The data is stored or witten to the,magnetic media by sw tching
the direction of flow of a substantially consgant magni tude wite current

BRANCH METRIC COMPENSATION FOR DIGITAL
SEQUENCE DETECTION
BACKGROUND OF THE INVENTION
The present invention relates in general to information storage
5  and retrieval systems, and more particularly, to a method and apparatus for
providing branch metric compensation for sequence detection in partial
response channels in a digital magnetic recording system.

In digital magnetic recording systems, data is recorded in a
moving magnetic media layer by a storage, or "write" electrical current-to-

10  magnetic field transducer, or "head", positioned immediately adjacent
thereto. The data is stored or written to the magnetic media by switching
the direction of flow of a substantially constant magnitude write current
which flows through windings in the write transducer. Each write current
direction transition results in a reversal of the magnetization direction in that

15  portion of the magnetic media just passing by the transducer during current
flow in the new direction, with respect to the magnetization direction in the
media induced by the previous current flow in the opposite direction. In one
scheme. a magnetization direction reversal over a portion of the media
moving past the transducer represents a binary digit "1". and the lack of any

20  reversal in that portion represents a binary digit "0".

When data is to be recovered, a retrieval, or "read" magnetic
field- 1o0-voltage transducer, {(which may be the same as the write transducer
if both are inductive) is positioned 1o have the magnetic media, containing
previously stored data, pass thereby such that flux reversal regions in that

25  media either induce, or change a circuit parameter to provide a voitage
pulse to form an output read signal for that transducer. In the scheme
described above. each such voltage pulse due to the magnetization in
corresponding media portions represents a binary digit "1” and the absence
of a pulse in correspondence with such portions represents a binary digit "0".



which flows through windings in the wite transducer. Each wite current
direction transition results in a reversal of the nagnetization direction _
in that 15 portion of the magnetic media just passing by the transducer

during-current flowin the new direction, with respect to the

magneti zation direction in the medi a i nduced by the previous current
flowin the opposite direction. In one schene. a nagneti zgii /04664
di rection rever SXPFupt 5 portion of the nedia novi ng pas e
transducer represents a binary digit "1". and the |ack of any 20 reversal
in that portion represents a binary digit "0". _ When
data is to be recovered, a retrieval, or "read" nmagnetic field-

to-vol tage transducer, (which nay be the sane as the wite transducer
if both are inductive) is positioned to have the magnetic nedia, containing
previ ously stored data, pass thereby such that flux reversal regions in

that 25 nmedi a either induce, or .change a circyit paraneter to. provide_a
vol t age pul se to form aﬂndléﬁlmlmﬂ%ﬁ'&c 'éqcaﬁ’fiil‘g ?)EP’QW“&P‘?%S‘E’&%‘PF 9fn
the scheme desgjhReHagdpMSes RARL datacrecoiery AdehddHoSdigitive therda@Signal,
magneti zation in correspondi ng nedi a portions represents a binary

digit "1" and the abthentimes betweer voltage pulses arsr usedp i JesRISITFy the; Jiming
portions represents grlifidiol (kk@'ih refbrding the data previously stored in the magnetic
| 5 media to define the path portions described above. More specifically, the
output of such a peak detector is used as an input signal to a phase-locked
loop forming a controlled oscillator, or phase-lock oscillator (PLO), or
synchronizer, which produces an output clock signal from the positions of the
detected peaks of the read signal. Absolute time is not used in operating
10  the data retrieval system since the speed of the magnetic media varies over |
time which results in nonuniform time intervals between read signal voltage
pulses.
A data encoding scheme known as run-length-limited (RLL)
coding is commonly used to improve the PLO’s reconstructed clock signal
1S  accuracy based on avoiding drift in the frequency thereof because of too
much time between voltage read signal pulses. When RLL code is
emploved, the time durations between read signal voltage pulse transitions
is bounded. that is, the number of binary digits of value "0" that can separate
binary digits of value "1” in the read signal is limited. This constraint is
20  known overall as a (d, k) constraint where the individual constraint "d"
represents the minimum run length of zeros. or the number thereof between
ones, while the individual constraint "k" represents the maximum run length
of zeros permitted. The "d" portion of the constraint ¢can be chosen so as to

avoid crowding of voltage puises in the read signals which can reduce

N
n

intersymbol interference problems in which portions of read signal voltage
pulses overlap. By limiting the number of consecutive zeros. the "k"
constraint maintains the reliability of the PLO in providing an accurate clock
signal for the retrieval system. An automatic gain control (AGC) system is



WD 96/ 33491

PCILIUSA95/ 04664 e e
In digital magnetic recordi ng systens using peak detection of such
vol ttage pul ses as the data recovery nmethod to digitize the read signal

t he ‘ti nes between voltage pul ses are used to reconstruct the timng

i nf ormation ugﬁg'd}dfmording the data previously stored in therReofRks C 5
medi a to define e path portions described above. Mdre specifically, the
out put of such a peak detector is used as an input signal to a phase-| ocked
| oop formng a controlled oscillator, or phase-lock oscillator (PLO, or
synchroni zer, which produces an output clock signal fromthe positions of

t he detect ed peaks of the read signal. Absolute tinme is not used in
operating 10 the data retrieval systemsince the speed of the magnetic
medi a vari es over time which results *®h nonuniformtine intervals

bet ween read signal yoltage L . ul ses. ,dat a,
encodi ng schene kr\’é?%“’a@amnlslﬁ'?ﬁ'c ﬁm’]i“ﬂ'?fs’?gﬁ the:PRé channel, E‘Eﬂip}?g”ﬁ‘ estaiitonl v

used to inprove thgoRhbintaineGRveliabifityesk hkoeGCsi gnal 15 accuracy based on
avoiding drift in the frequency ther€of because of too much tine

between vol tage read si gnal Ipudigiedl. magpetiunecerding isystems employingy partial he
bounded, that <. "hanse (PR) Sigkhfhe, Bhi0anEeS tnf RO Bf imersyritol
separ at e 5 bi rintegferinget slatdk recovery it "achievet eby epatiodicallyl samplingrithed.
This constraint | %mplitude of the read transducer output signal. as initiated by clock pulses
of the PLO, to digitize that signal. In this scheme, each clock pulse of the
PLO initiates a sample which has a value contributed to it by more than one
pulse in the transducer read signal. Accordingly, a partial response detection
10  system for a PR channel is designed to accommodate the effects of such
intersymbo! interference, and therefore the "d" constraint may not be
necessary (i.e. d=0). The "k" constraint is still necessary in PR signalling
because the PLO is still used to provide timing for sampling the read signal,
and because the AGC is used to maintain sample amplitude in connection
1S with the PR channel.

A Class 4 PR channel, which is typically the selected frequency
response chosen for the signal channel through which the read signal passes
prior to detection thereof. is particularly suitable for magnetic recording with
typical pulse characteristics because the channel requifes very little

20  equalization to achieve an overall match of this Class 4 response. In a Class
4 PR channel for typical pulse characteristics. signal samples are
independent of their immediately neighboring samples, but are dependent
on samples 2 clock samples away. The read samples are submitted to a
Viterbi detector which generates the data that most likely produces the

25 sample values. More particularly, the clock captures digital sample values
using an analog-to-digital converter (ADC) where each sample value may be
the summing resuit of more than one pulse read from the magnetic media.

These samples are transformed by signal processing techniques to match

I, _
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used to maintain signal anplitude for the PR4 #hannel, and the "k"

restraint

10

15

20

certain target values. It is based on these transformed samples that the -

Viterbi detector or other sequence detector recovers the data.

Once a particular signalling scheme is chosen, the structure of
the Viterbi detector is configured according to a state diagram for the
signalling scheme. A state diagram in the form of a trellis is particularly
suitable for a Viterbi detector since it incorporates the time element. An
output/input relation is associated with each branch of the trellis. The
target value based on an input for a particular branch of the trellis is known

as the metric for that branch. A two state Viterbi decoder fits each of the -

time indexed sample values at the channel output with two allowable

channel output sequences. One allowable output sequence minimizes the

sum of squared errors over all possible noiseless output sequences ending in -

a first state of the trellis at time k. The other allowable output sequence

minimizes the sum of squared errors over all possible noiseless output
sequences ending in a second state of the trellis at time k. The Viterbi
detector keeps track of the minimum cumulative branch metric for each
state through the trellis over a predetermined time period for determining
the path which best fits the sample data to the target values. A complete
description of partial response channeis, coding techniques and Viterbi
detection is available., for example, in "Modulation and Coding for
Information Storage” by Paul Siegel and Jack Wolf. IEEE Communications
Magazine, December 1991, at pages 68-86.

As mentioned above, partial response signalling is to equalize
a voltage pulse read from the magnetic media to a certain target value and
apply linear superposition to a combination of pulses in order to record
more in a given area on the magnetic disc. Each target value of the read
back signal from the disc is the linear sum of pulses considered in the
signalling scheme. However, one of the problems in high density recording,

such as in a partial response signaling. is that the read back waveform is not



also maintains the reliability of the AGC. I'n digital

gnetic recording systens—enployihg—pasti-al———-response (PR—stgnaling,

ich involves the acceptance of intersynbol 5 i nterference, data
recovery is achi eved by periodically sanpling the anplitude of the
rfead transducer output signal. as initiated by clock pul ses of the

LO to digiti Z%ggﬁfg%"fl gnal. In this scheme, each cl ock pul se pekkésnicss

LOinitiates € " which has a value contributed to it by nore than one
)ul se in the transducer read signal. Accordingly, a partial response
detection 10 system for a PR channel is designed to acconmodate the

ef fects of such I ntersynbol interference, and therefore the "d"
constraint may not be necessary (i.e. d = 0). The "k" constraint is
still necessary in PR signalling becausg the PLOis still used to
provide timng for sanpling the read signal, and because the ACC is

used o mintaln sagufyaplitkin b pgesecm.ﬁﬁg&%c trisfdn! i HEFme A gy -

A dass 4 PR channe IS typlca the selected frequency
rlesponse chosen for be Mann@nuleﬂsmdmadﬁmmuwsmn&m hath theamtesarwap reatsses

Bt 0 ol on o BRER youRAL fdafthlk i Whadila, BRRSHEG @@%‘SLSQ

little 20 equal i zahd docatnamhaemad dack \pulsz| tnayrﬂiecho:ﬂinetaﬂysﬂlﬁbaed by any

response. In a PR channel .for t ul s eri st
si gnal sanpl es Sr nearby q‘?ﬂi‘ﬁﬂﬁ AEROSHIORS, it Fiofes 'ﬁhﬁ"e‘& ﬁrp&c@ 41@%%‘6
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sanpl es ‘are submitted to a t i‘gj ﬁnerat es the data
that nost |ikely produces the 25 vore—articularly, the

cl ock captures digital sanpl eTh@prisént inventi %rBﬁdé@a@&E\.\éh@eH@te@hﬂn séeme
converter (ADC) where each sanple val ue may summ ng resul { of

more than one pul seWwhisidtakes storaccopinimplitude find/or time ang/os Other BIagREYL e
transformed by gy gnglsidiBheenised tySidighboring akgrdhkadbn regions on the magnetic

medium. wherein the distortions in one magnetization region are caused by

the closeness of neighboring magnetization transitions on one or both sides
thereof. The detection scheme according to the present invention provides
an extended state diagram to include the effects of leading (past) and/or

15  trailing (future) magnetization transitions. More particularly, it has been
found that accounting for the effects of trailing transitions requires an
increase in the number of states in the state diagram used to form the
Viterbi detector. Leading transitions are neutralized by increasing the
number of branches between states in the Viterbi detector. Increasing the

20  number of branches instead of states keeps the complexity low and thus
saves hardware and associated costs.

According to one embodiment. the data sequence detector
according to the present invention is employed for a Class 4 partial response
channel for use in a digital magnetic recording and read-back system. In

25  such a system the sequence detector recovers an estimated sequence of bits
of binary data {a,. .... a,, ..., a,] which most likely corresponds to an original
sequence of bits of binary data [A,. .... A,, ... A,]. The original sequence is
precoded into a write sequence of bits of binary data [B,. B.. ... B,] which

are represented by magnetization regions on a magnetic medium. The



WD 96/ 33491

PCT/.US95/ 04664

certain target val ues. It is based on these transforned sanpl es that the

-4-

Viterbi detector or other sequence detector recovers the data.
Once a particular signalling scheme is chosen, the structure of t he
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a Viterbi detector since it incorporates the tine el enent.
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estimated sequence of bits of binary data is recovered from a waveform read
back from the magnetic medium and transformed into a digital waveform
[Xis cons Xis oo Xp)e

To account for the amplitude and/or time distortions in one
magnetization region which are caused by the closeness of neighboring
magnetization transitions, the data sequence detector is configured according
to a predetermined trellis model having eight (8) current states identified by
bits (B, » B,;, B,) of the write sequence, eight (8) next states identified by
bits (B, ;, B.. B,.;) of the write sequence, at least two (2) branches diverging
from each current state, at least two (2) branches merging into each next
state, a target value Y, for each branch of the trellis for use in a branch
metric calculation for selecting one of a pair of the branches, and at least
two (2) bits of the estimated sequence associated as an output for each state
of the trellis.

To account for the amplitude and/or time distortions in one
magnetization region which are caused by the closeness of neighboring
magnetization transitions, the data sequence detector is configured according
to a predetermined trellis model as mentioned above, modified such that
there is provided four (4) branches diverging from each current state. four
(4) branches merging into each next state. an additional bit B, ; of the write
sequence identifying one of a pair of the four branches, and three (3) bits
of the estimated sequence associated as an output for each state.

The

An



10 tinme |ndexed sarrpl e val ues. at the channel out put with two all owabl e
channe i 71 rini mzes—the—
sum of squared errors over aII possi bl e noi sel ess out put sequences endi ng
in - afirst state of the trellis at time k. The other all owabl e output
sequence mnimzes the sumof squared errors over all possible

noi sel ess out pu equences ending in a second state of th t
tinme K. The Vit Pé“m‘g? detector keeps track of the m ni num ?ﬁuh?g%\sfe‘a
branch netric for each state through the trellis over a predeterm ned
time period for determ ning the path which best fits the sanple data
to the target values. A conplete description of partial response
channel s, coding techni ques and Viterbi 20 detection is available, for
exanple, in "Mdul ation and Codi ng for nformation Storage" by Paul
Si egel and Jack Wl f. | EEE Communi cati ons -7 Magazi ne, Decermber 1991, at
pages 68- 86. As rrentl ned abqve ALl a esponse
signalling is to equalize Sl XAt OF, 4 ] e ghetic
nedia to a certain target vaI ‘iA%ablﬁHPh%an'i‘%Ph cﬁgi&%ﬂgﬁbhé%ho}dln?
conmbi nation of pulses in order to record nore in given area on the
magneti ¢ di sc. Each sysiemeamplaying acYiterhidetegior. back signal fromthe
disc is the linear sum of pul s S ' nme.
However, one of the problens ?&ﬁﬁl gﬁ%ggﬁgﬁ%klr é{:or 3f%d),nor3‘irgﬁ?éschgﬂ9%oz(if|§ﬁ a
partial responses si gmabhé blpck idiagramtof tHigureelakl back waveform i s not

Figure 2A is a predetermined state transition diagram in table

; form for use in a Viterbi detector in a Class 4 partial response channel with
a 1-D? precoder as known in the prior art.

Figure 2B is a trellis diagram of the state transition tabie of
10 Figure 2A.

.Figure 3A is a predetermined state transition diagram in table
form for use in a Viterbi detector in a Class 4 partial response channel with
a 1-D? precoder, in accordance with the principles of the present invention.

Figure 3B is a trellis diagram of the state transition table of

15  Figure 3A,

Figures 4A - 4D are a predetermined state transition diagram
in table form for use in a Viterbi detector in a Class 4 partial response
channel with a 1-D* precoder, in accordance with the principles of the
present invention. |

20 Figure 4E is a trellis diagram of the state transition table of
Figures 4A - 4D,
ETAILED DE N OF PREFE M
Overview

Figure 1A is a block diagram of a magnetic recording storage

]
th

and retrieval system which is generally indicated at 10. The magnetic
storage and retrieval system 10 includes a magnetic disc media 12 for storing
user data in the form of a sequence of binarv data bits. write operation

circuitry for writing the sequence of binary data bits to the magnetic disc
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nerely the |inear sum of pul ses. A nagnetlc transition on the nmedia my
be nonlinearly effected by adjacent transitions in both the wite and the

read - processes so that the read back waveformis distorted. Since the
anpl i tude and ﬁgtlon of a read back pul se may be nonli U8hs/04664
di storted by any arby magnetic transitions, it is desirable to

provi de a detection schene whi ch takes into account and corrects for
such magnetic distortions. SUMVARY OF THE

| NVENTI ON The present invention provides a sequence
detection schene whi ch takes into account anplitude and/or tine

and/ or other magnetic 10 di stortions caused_by nei ghboring nagnetization
regions on the magnetic medi um wher ei it he di stortions in one

rragnet | zation regl on a

aus b the ¢ eness. of. n hbor
magneti zati on transi®f ﬁs gﬁéa‘gropﬁ@l"ﬂns‘i’%g’y or reaalﬂérb?ﬁ ‘lfé‘gﬁgl on
schene according to HiRgryRia®s Bilé frofy Seimhaghelt Piscdhédia 12. an ext ended state

diagramto include the éffects of |eading !past% and/ or 15 trailing
(future) magnetization transitions. M , It has been
found that accounting for the1gkfgffes ogérahbﬁ"du‘cﬁ {RRitel 'ap'i't%x-féﬁ -I'ﬁﬁeén
|ncrease in the nunber of states in the state diagramused to m t he
_ 5  (RLL) encoder 20, a precoder 24, a write compensation clrcun 30, and a
write transducer 34. For the write operation, incoming user data in the form
of binary data bits is input into the RLL encoder 20. The output of the
RLL encoder 20 is input into the precoder 24. The output of the precoder
24 is connected to the write compensation circuit 30. The output of the
10  write compensation 30 then drives the write transducer 34 for writing data
onto the magnetic disc media 12.
More particularly, the encoder 20 performs a one-to-one
mapping of the unconstrained user data sequence to a constrained sequence,
denoted [A,. ... A,. ... A}]. In other words, the output of the encoder 20 is

15  abinary data sequence which has the number of consecutive binary digits “0"
bounded so that the sequence [A,, ... A A,] satisfies the (d, k)
constraints mentioned above. The (d, k) constraints guarantee that the time
duration between pulses of the waveform read back from the magnetic disc
media 12 is limited so that the phase lock loop (PLO) maintains the clock

20  accuracy and so that the automatic gain control (AGC) keeps the signal
amplitude stable for the data retrieval (read) operation.

The sequence [A,, ... A, ... A,] is then passed through the
precoder 24 which generates a write waveform sequence [B,, .... B, ... B},

which has a simple and direct mathematical relation to the sequence [A,. ....

(2]
wn

Ag . A,]. The write sequence (B,. ... B,. .... B.] provides a two-level write
current which means that transition sequences of "01” or "10" in adjacent B,
cause the write current to reverse direction. The exact timing of reversals
of the write current is further modified by the write-compensation circuit 30

in order 1o shape the pulses read back from the magnetic disc media 12 to



Viterbi detector. Leading transitions are neutralized by increasing the
nunber_of branches bhetween states._in the-M-t-erbi—deteetor—+tncreasing the
20 nunber of branches instead of states keeps the conplexity |ow and thus

saves "hardware and associ ated costs. According to one
enbodi ment, the data sequence detector according to the present
iinvention is enployed for a Cass 4 partial response chag@pbsekpdessise
iln a digital nggﬂg;?aﬂ”r ecordi ng and read- back sSstem In 25 suchsa system
tthe sequence detector recovers an estimted sequence of bits of
binary data [a[err]. ..., a[err], ..., a[err]] which nost |ikely
corresponds to an original sequence of bits of binary data [Alerr],
Alerr], .... Alerr]]. The original sequence is precoded into a
wite sequence of bits of binary data [Blerr], ...B[err] Blerr]] which

are represented by magneti zation regi ons on-& magnetic nmedi um The
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employed. The write compensation circuit 30 uses delay elements to adjust
the reversal time of the write current depending on how far away the
previous and upcoming transitions are with respect to each other, as is well
5  known to those skilled in the art. Write current from the compensation
circuit 30 then flows to an inductive coil winding of the write head

transducer 34 to magnetize the magnetic media 12 accordingly.

The Read operation
The read operation circuitry includes a read transducer 36
10  (which may be the same as the write transducer 34 if both are inductive), an
equalizer circuit 38, a Viterbi detector 60, and an RLL decoder 70. The
read transducer 36 is connected to the equalizer circuit 38. The output of
the equalizer circuit 38 is input into the Viterbi Detector 60. The output of
the Viterbi detector 60 is then input into the RLL decoder 70 for returning
15 the user data.

The equalizer 38 includes a voltage gain amplifier (VGA) 40,
an analog filter 42, an analog-to-digital converter (ADC) 44. a phase lock
loop (PLO) 46. a VGA/PLO control 48, and a digital filter 50. The output
of the read transducer 36 is connected to the input of the VGA 40. The

20  output of the VGA 40 is connected to the input of the analog filter 42. The
output of the analog filter 42 is connected to the input of the ADC 44. The
output of the ADC 44 is connected to the input of the digital filter 50. The
output of the digital filter 50 is then connected to the input of the Viterbi
detector 60. The input of the VGA/PLO control 48 is taken from the

25  output of the ADC 44. The output of the VGA/PLO control 48 controls the
VGA 40 and the PLO 46. The output of the PLO 46 clocks the ADC 44,
digital filter 50. Viterbi detector 60. and RLL decoder 70.

The read or data retrieval operation begins with the read head

transducer 36 producing a voltage pulse signal. The voltage pulse signal is



- 6- estimated sequence of bits of binary data is recovered froma
waveformread back fromthe magnetic nmediumand transformed into a
di gital waveform [ X[err], ..., Xerr], ..., Xerr]].

To account for the anplitude and/or time distortions in one 5

magneti zati on regi on which are caused by the cl oseness of nei ghboring
magneti zation transitions, the data sequence detector is confi ﬁ@s 664
according Q633 edet ermined trellis nodel having ei ght ?§§ e
states identified by bits (Bk[err], Blerr], Blerr]) of the wite
sequence, eight (8) next states identified by bits (B[err], B[err],
Blerr]) of the wite sequence, at |least two (2) branches diverging 10
fromeach current state, at |least two (2) branches nerging into each next
state, a target value Y[err] for each branch_of the trellis for use in a
branch metric cal culation for selectiﬁ% one of a pair of the

branches, and at | east . t 2). bits of e,esti mat.ed sequence .
associ ated as an ou't“éﬁ?edf‘Brm%ff% %ﬁ’ét"@nﬁu“ﬁ Qy'thﬁémfﬁ"gflfﬂ .m?éie Tmagnetic
To account for the @sPhiediadE? WhithGesilisTromf itginSitioh ¥8giohoMtite magnetic media

magneti zati on region i ch are caused by the c| oseness, of nei ghboring,
magnet i zation transhi equalizerygifai s dhe uoltage signal w3 Féd’ag"al
accordi ng 10 RspoiiRd TheatEl The lvofthgd Sighfde thedSrefBIatddtLthe MR i
nodi fi ed such that PO th L e '%eg four (4) eg?anches gi ve\#gei %Bmfrom

each current stéte, ambliﬁefz(é’eé-‘e\l IQE ngﬁg\rlilnﬁé@iweﬁhg iamplityrecolcthe mearkhacksignab  an
B T "o acupeTbe S LK) Son oo R Bl 0 el
associ ated as an ousignal. fIhe filkered snatog. signal is converted into a digital value by the
ADC 44 which is latched at the rising edge of a read clock signal. These
digital sample values in turn control the VGA/PLO control 48 and the PLO
10 46 which generates the read clock signal accordingly. The equalization of
the read back waveform is well known to those skilled in the art.

The digital sample values from the ADC 44 are shifted into
the digital filter 50 which is configured in the form of a transversal filter. In
the transversal digital filter 50, each digital sample from the ADC 44 is

15  summed with a preceding sample which has been weighted and a trailing
sample which has been weighted. The weights in the digital filter 50 are
designed to transform the digital samples of the read back sequence to
match certain target values within the detection scheme. The output sample
values of the digital filter 50, denoted [X,. .... X,. .... X,], is then shifted into

20  the Viterbi detector 60 for detection of a sequence [a,. .... 4. .... 8,] which
best fits the read back signal sample values [X,. ... X,. ... X;}. The Viterbi
detector 60 thereby identifies the original sequence [A,, ... A, ..., A,] with
as high a degree of certainty as possible.

The Viterbi detector 60 is modeled from a state diagram. In

25  the state diagram a current state at time k (represented by svmbols B, , and
B,.; of the write sequence [B,. ..., B,. ..., B,]) and a target input. Y, (used in
making comparisons to a sample X, of the read back signal sample values
(X e Xpo e X,]). are linked 10 an output (represented by a, of the

estimated sequence [a;, ... & ... @,]) and a next state (represented by
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BRI EF DESCRI PTI ON OF THE DRAW NGS Figure 1A is a block
di agrram of a digital magnet ic recording system enpl oyi ng a Viterbi
detec;éor.f c ] brlgure 1B is a block diagramof a prior art
precoder for use I n the ock di agram of Figure 1A

Figure 2A is a ‘ﬁPéﬁé’t‘& m ned state transition di ggram i n tabl epﬂmsgm??:m
for use in a Viterbi detector in a Class 4 partial response channel wth
a 1-Derr] precoder as known in the prior art. Fi gure
2B is atrellis diagramof the state transition table of 10 Fi gure 2A
Figure 3Ais a predetermned state transition diagramin table form

for use in a Viterbi detector in a Class 4 patiial response channel with

symbols B, , and B, of the write sequence [B;, ... By, ... By} The state

diagram and table are expressed in the form of a trellis within the Viterbi

detector 60 for determining the most probable state transition for each time

period k. The path between a current state and a next state within the

5 1trellis is called a branch. Each branch has associated therewith the target

input value Y, corresponding to a probable bit of the read back sample

values [X,, .... X,, ... X,]. Along each branch of the trellis, a sample value

X, of the read back sequence is compared to the metric target value Y, for

that branch. This comparison is repeated for all branches merging into a

10  next state for a given time period k. The trellis branch having the minimum

sum of the square of the difference between each X, and Y, i.e. (X, - Y,)?

! plus the cumulative sum of the error squared of the state from which the
| branch emerged, thereby measuring the "closeness” of the sample X, to the
branch metric target value Y,, is determined to be a winner (survivor) at

15  time period k. By using the minimum cumulative metric sum of the
concatenating branches leading 1o each state for each time k, the Viterbi
detector 60 maps a surviving path through the trellis. This surviving path

vields the data sequence [a,. ... a,. ..., a,] that best matches with the filtered

read back sample values [X,, ... X;. ... X,]. In other words. the Viterbi

20  detector 60 finds an estimated sequence [a,, .... 4. .... a,] which most likely
produced the read-sampled sequence [X,, .... X;. .... X,] and which therefore

is the best possible representation of the original sequence [A,. ... Ay ..,

Al

The estimated sequence {a,. .... &, ... &,] is then shifted into

[
L)

the RLL decoder 70 which performs a reverse mapping of the RLL
sequence to recover the user data. as is well known 1o those skilled in the
art.

According to the present invention, the state diagram used to

construct the Viterbi detector 60 is now extended to map through the trellis



a 1-Derr] precoder, in accordance with the principles of the present

i nvent.i on. Figure.3Bis a trellis diagramof the_state
transition table of 15 Fi gure 3A Figures 4A - 4D are
a predetermined state transition di agram in table formfor use in a
Viterbi detector in a Class 4 partial response channel with a
1-Derr] precoder, in accordance with the principles of the t

i nvention. 20 WO096/33491 Figure 4E is a trellis diagram o?qlﬁggsg'?ﬁs?e
transition table of Fi gures 4A - 4D. DETAI LED DESCRI PTI ON OF
THE PREFERRED EMBODI MENTS Figure 1A is a block diagram
of a magnetic recording storage 25 and retrieval systemwhich is
generally indicated at 10. The magnetic storage and retrieval system
10 includes a magnetic disc nedia 12 for stor user data in the

formof a sequence of binary data bits, wi t#operatl on circuitry for

writing the sequencsem%Iurlg Ia eard\{ngd ; at) Btla tasgetp%lgeht?anr;?t%rrln otf the xqeiaa%ack waveform
sample values [X,, .., X, .., X;] and a trailing (future) voltage pulse
transition of the read back waveform sample values [X,, ..., X, ..., X,]. The
present invention thereby increases the choices of Y, according to different
5 pattern cases. In other words, instead of keeping track of only one (1) state
transition of the read back waveform sample values [X,, ..., X, ..., X} at a
time through the Viterbi detector 60, the present invention provides for also
following a leading pulse transition and a trailing pulse transition. By
looking at these additional samples the Viterbi detector 60 is able to make
10 a better match to each sample X, of the read back waveform sample values
[X)s s X . X,). The additional branches and their corresponding branch
metrics more accurately represent the read back waveform by neutralizing
the distortion in the time and amplitude for each voltage pulse transition
which is caused by nonlinear magnetic interaction of a leading or trailing
1S pulse to the portion of the read back waveform being mapped in the trellis.
A Class 4 partial response (PR4) channel is used as an example to illustrate
the branch metric compensation contemplated by the present invention.
Nevertheless, this branch metric compensation method is applicable to other
classes of partial response and adaptable 10 other types of sequence

20  detection.

Viterbi r

Before looking at the branch metric compensation for the
leading transition pulse and trailing transition pulse. it is helpful to look at
the prior art state transition table and trellis for 2 PR4 channel as shown in
25  Figures 2A and 2B. The PR4 channel is also known as a (1-D?) channel
since it is described by the partial response polynomial 1-D”. The factor D'
signifies a delay of "i" sample-clock time units between bits of the write
sequence [B,. ... B,. ... B,]. Figure 1B shows the precoder 24 for such a
svstem. The precoder 24° translates each bit A, of the original binary
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-8- — nedia—12 —ahd—t+egad—oper ali-oh—ci+-ctHt-+y—faor—-eadi-nrg—back—t -he
sequence of bi nary data bits fromthe magnetic disc nedia 12.

The Wite Qperation The wite operation circuitry

i nclutdes a run-length-limted 5 (RLL) encoder 20, a precoder 24, a wite
conmpensati on CI%;#S gg and a wite transducer 34. For ¥osiolicta
operation, inco 8?? data in the form of binary data bits iIs
input into the RLL encoder 20. The output of the RLL encoder 20 is
I.nput into the precoder 24. The output of the precoder 24 is

connected to the wite conpensation circuit 30. The output of the 10

write compensation 30 then drives the wite transducer 34 for witing data
onto the magnetic disc nmedia 12. .13- More particularly,

t he encoder 20 perforns a one-to-one nmappi ng of the unconstrai ned

dat t d ,
Ao o Taror ) poafnEg Ry % M S AU, o comespdRA B B Tk, wris

a b| nary data sequesequenté By, haB.t heBpuwbere: of consecutive binary digits

datisties the (a. k) ' cocr D RO BNy above. he (ol o

constraints guarant @Fer plglosésuf ehcading and deoddfngtthewnbeseqaencqc[ﬂ,.se,s&of Blie

wavef orm read back fr t he magn media 12 is limted so that .

t he phase |ock I opeﬂéLnB Wﬁ%&%%s "’é'l ock '
= (B,) XOR (A,). [1b]

Thus. in the prior art precoder 24” for a PR4 channel there
are only two delayed versions of B, which are denoted B, and B, , which
are delaved versions of B, by one and two clock periods, respectively. The

10  content of registers B, , and B, , changes at each clock cvcle and thus
represents the current state of the cycle. Accordingly, there are four (4)
possible values for the current state represented by bits "B, ,B, ,". These
possible values are "00", "01", "10" and "11" and they are represented in
Figures 2A and 2B by the four (4) states SO, S1, S2, S3, respectively. The |

15 next state for each current state is represented by the bits "B, ,B," which are
again represented by the same four states S0, S1, S2 and S3. In other words,
a current boundary region on the magnetic media is represented as being
between bits B, , and B, , and the next boundary region on the magnetic
media is represented as being between bits B, and B,. The target value Y,

20 for each input of X, {(which is then related to A, by equation [l.a]) is
obtained by applying the polynomial 1-D? to B,, so that:

Y, = B, - B, 2]

Figure 2A shows a list of all possible B, sequences for three
consecutive time periods, a current state. a next state. a target value Y. the

25  output value A, and a branch A-H. The list of all possible B, sequences is
denoted in columns B, ,, B, ,. and B, and each sequence is designated by
one of the branches A - H. In addition, for each possible B, ,B, B,
'sequence the current state is designated SO - S3 (where each state is
represented by bits "B, ,B, ") and the next state is designated SO - S3



20 accuracy and so that the automatic gain control (AGC) keeps the si gnal
anpl.itude stable for the data retrieval (read) operation.

The sequence [Alerr] ..., Aerr], ..., Aerr]] is then passed through t he
precoder 24 which generates a wite waveform sequence [Blerr] ..., B[err],
... Blerr]], whi ch has a sinple and direct mathematical relation to
t he sequence % rr ., 25 Alerr], ..., Alerr]]. The W igequio&sesse
[B_[err] : %?‘?’}‘j ., Blerr]] prowdes a two-level wite current
~Whi ch rreans that tranS|t|on sequences of "01" or "10" in adjacent B[err]
cause the wite current to reverse direction. The exact timng of reversals
of the wite current is further nodified by the wite-conpensation circuit

30 in order to shape the pul ses read back fromthe magnetic disc
media 12 to WD 96/ 33491
PCT/ US95/ 04664 14- - 0-

(where each state is represented by bits "B, ;B,"). The next state and output
are determined by branch metric calculations based upon the list of all
possible inputs of A, for each state and their corresponding target vaiues Y,
as mentioned above. In Figure 2A, Y, is associated with two transitions: "B,_
S .B,,"and B, B,.
Figure 2B shows the table of Figure 2A in treilis form, wherein
the expression for the metric and output relationship of each branch (A-H)
is Y,/A,. There are two branches diverging from each current state and wo |
branches merging at each next state. The fact that there are only two
10  merging branches per state means that each state will only have to compare
two metric sums and select one survivor at each clock cycle. Figures 2A and
2B represent the well known state diagram and trellis used in a prior art
Viterbi detector for a PR4 channel.
Viterbi D r i E f Trailing Transiti
15 ' To account for the effect of the trailing (future) transition
pulse according to the present invention, it is necessary to consider the
transition between bits B, and B, , (using the scheme discussed above with
regard to Figures 2A and 2B) for the entire write sequence (B, ..., B, ...,
B,]. Accordingly. as shown in Figure 3A, new columns A,,, and B, , are
20  added to the state transition table where:
B;., = (B,.;) XOR (A,.)) [3.2]
or: '
Ai.y = (By,) XOR (By,,) _ [3.b]
To keep the number of diverging or merging branches at two
25 per state. the number of states is doubled from four (S0-53) in Figure 2A 10
eight (S0-S7) in Figure 3A. The current state is represented by the three
binary digits "B, B, ,B," and the next state is represented by the three binary
digits "B, ,B,B,,,". In this embodiment the precoder 24 (see Figure 1B) is

used to provide B, ., and B, ; as described above.



occur at a tine which better fits the particular detection scheme being
enpl aued. The wite conpensation circuit 30 uses—delay elenents to adjust
the reversal tine of the wite current depending on how far away the

previ ous and upcoming transitions are with respect to each other, as is
well -5 known to those skilled in the art. Wite current fromthe
conpensation vw:mﬁﬁ%ﬁUit 30 then flows to an inductive coil ]

the wite head fansducer 34 to magneti ze the magnetic nedia 12
accordingly. _ The Read operation

The read operation circuitry includes a read transducer 36 10 (whi ch may
be the sane as the wite transducer 34 if both are inductive), an
equalizer circuit 38, a Viterbi detector 60, and an RLL decoder 70. The
read transducer 36 is connected to the equal Lggr circuit 38. The output of
the equalizer circuit 38 is input into the Viterbi Detector 60. The output
of the Viterbi detector RRfurtifig th FigireP 3/ Adif IB! SCeddulcloBCHRRY a §faré OF
returni.ng 15 t he user dat a. . . The, equal i zer_ 38 i ncl,udes
a vol tage gain anpl imuyseselecicaymerging branch that yieddsothes miniwuny qumylgtive metric

nal og-to-digital &4 i i
TR B o o o STy AP gl g W e e

transducer 36 is corwelpstmaintain tthe bransht sebdctiph giny&ao 4dthi lpme Xxycle. oAspming f
the VGA 40 is cannegied to the.i..npu f the apal hlier. . T .

opt put of the aral ogmﬁﬂ P'é?erﬂgsl+glpggr{ﬁ5&u2§fst gﬁt %g ('lforlloJ.' l%%?‘ﬁegﬁwe&w The
out put of the ADC 44pplyingegnatione (2] abovelAs thp numbkr bf staws (80-8T) i$ doubled,3be
The out put of the digit filter 50.Js .then co cted to the .in of
the Viterbi 4ol nBeS branctel Mﬁ‘ﬁﬁ‘s)t‘ﬁ a0 SRPBRE" With PambagadRbE, O
fromthe 25  out putprior aristawldiagrdm sHoendutFigires A il 2BAIR R aonaingahedd

controls the \<§A40ad he. PLO 46. The out f ot P 46, c] ocks
t he ADC 44, L 1S assocﬂuedt w?th three transin}z)ns: ) .E’“E . ,p Bk-,rhe". é‘k%k,, .. Inan

10  ideal environment where there is no distortion, the possible noiseless values
of Y, are -1, 0, +1 as shown in the Figures. By choasing the appropriate
statistical average of actual measured values of Y, for each branch, the
non-linear distortion of the pulses can be corrected. Thus, the state
transition and trellis in Figures 3A and 3B provide a scheme for a more

15  accurate and improved Viterbi detector 60 compared to that in Figures 2A
and 2B. because the effects of a possible trailing transition pulse on the
current transition region is now considered.

Viterbi
To account for the effect of the leading (past) transition pulse

20  according to the present invention. it is necessary to consider the transition
between bits B,_; and B, , (using the scheme discussed above with regard to
Figures 2A, 2B, 3A and 3B) for the entire write sequence [B,. .... B,. ... B.].
Accordingly. as shown in Figures 4A - 4D. new columns A, , and B, , are
added 10 the state transition table shown in Figure 3A. where:

25 B: = (By;) XOR (A,)). [4.a])
or:

A, = (B,) XOR (B,.,). [4.b]
Figure 4E shows the state diagram in trellis form for the table

in Figures 4A - 4D. While it would seem logical that an additional 8 states



digital filter 50. Viterbi detector 60. and RLL decoder 70.

The read or data retrieval operation bhegins with the read head —
transducer 36 producing a voltage pul se signal. The voltage pul se signal is
WD 96/ 33491
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I nduced in the read head transducer 36 by the magnetic flux ont I C
di sc redia 12 WP, ts fromtransition regions on the nagﬂgﬁﬁggﬂgﬁﬁé
12. The equalizer circuit 38 equalizes the voltage signal to a Cass 4

parti al response channel. The voltage signal is then regul ated by
t.he voltage gain 5 anplifier (VGA) 40 which nmai.ntains the anplitude of
the read back signal. The anal og filter 42 then renoves high
frequency noise fromthe read back -16-

are necessary to track the addition of the leading transition pulse, the
number of states is kept at eight (8), as in Figures 3A and 3B, while the
number of merging branches to each state is increased. This is made
possible because the branch metrics associated with the leading (past)
S transition pulse have already been measured at an earlier time period.

The sample precoder 24 is used here but the state diagram has to consider
three (3) delayed versions of B, which are denoted B, ,, B, ,, and B, ; which
are delayed versions of B, by one, two and three clock periods, respectively.
Even more, while the number of merging branches is now
10  apparently increased to four (4) per state, branches between any two
particular states are in two pairs and the selection process for each pair is
further simplified according to the present invention. Information bit A, ,
reflects the previous selected output for each state as determined at the
previous clock cycle. Since the information bit A,, has already been
15 determined. it is possible to determine whether Branch "**0" or Branch "**1"
should be used in determining the minimum cumulative branch metric for
each of the two branch pairs between any two states. More particularly, it
is noted that in the last column of the table in Figures 4A - 4D, a Branch
having a label ending in '-0’ corresponds to "A,; = 0" and a Branch having
20  label ending in '--1' corresponds to "A,, = 1". Therefore, for a branch pair
going from state "m" to state "n". bit A, ; of state ‘'m’ is used as a select
signal to determine which of the two branches (metrics) should be used.
This shortcut technique esse.mially keeps the compare and select process
within the Viterbi detector 60 at two branches per state and preserves the

25  process time.
The Y, column in Figures 4A - 4D is again the linear
superposition of (B, - B,,) as indicated in equation [2] above. In this
arrangement. Y, is associated with four transitions: "B, ; B, .". B,., B.,". B,

B,.,".and B, B,,,". In recording systems where the read back pulses interact



signal. The filtered anal og signal is converted into a digital value by the
ADC 44 which is latched at the rising edge-ogf-—a—read clock signal—Fhese--
digital sanple values in turn control the VGA/ PLO control 48 and the PLO 10
46 whi ch generates the read clock signal accordingly. The equalization of

t he read back waveformis well known to those skilled in the art.

The digital sanple values fromthe ADC 44 are shifted into ?@fw4
digital filter %{HYh i s configured in the formof a transversgf ter.
In the transversal digital filter 50, each digital sanple fromthe
ADC 44 is 15 sutmmed with a precedi ng sanpl e which has .been wei ghted and a
trailing sanpl e whi ch has been wei ghted. The weights in the digital
filter 50 are designed to transformthe digital sanples of the read
back sequence to mat ch certain target |l ues within the detection
schene. The out put sanple val ues of tﬁéedigital filter 50. denot ed

X v e, X h hi .f t t bi
ot ector 50 for dot coplipgzrly S Titiany rfad SERIE PhlubEEX, 1n R, XA dutafe )
whi ch best fi tfrorh tite NeadtgbmC H‘oﬁn}hﬂie stitable eargei valses| fuf suah]a recording
i seusnes'| et o bl oo prba, o ., b

degree of certainty pandhes3s Written to the magnetic media 12. Sdneple§ are biker edrica or
60 is nodeled froma state di agrg In t he state di rama rrent
state at tinme k IrepStalisucal dyerage 49ne0 Peﬁ"’r‘f"‘alﬁ for ea %{ eseREW
write sequence [B[ ertér]get values HeShen used i thel Vitérbi ﬂeté&ﬁr GO%HG&H‘)&BFH%W
Y[err] (used in maki ng conparisons to a sanple he read back
si gnal sanpl e val ues [x!msmp,byunhmg@rstfte transmox[r@blq vhichgakes int ed
to an out put (repre t Fe?ﬁ’dlﬁ th
[a[err], ..., a[err %&hﬁﬁi tﬂé‘[aﬁ;a%ﬁn)legﬁx % tl'sa%la i Eapres nte ut ©
currem magnetization reglon, the Viterbi detector 60 accounts for and

10  remedies the nonlinear distortion in amplitude and/or time which occurs on
the magnetic media 12. A significant improvement in the error rate has
been observed (approximately 2 orders of magnitude) in a test system
employing the present invention as described above. It is to be understood
that the branch metric compensation method presented here is a general

15  procedure. The method can be applied to other popular signaling schemes
such as the extended PR4 systems that have partial response polynomials of

! the form (1-D)(1+D)", where "n" is a positive integer greater than 1. It

| should also be noted that, in practice, the ﬁxll-biown state diagram of branch
metric compensation can usually be simplified. For example. some branch

20  pairs may show very small differences so that they may be considered as one
single branch. Such simplifications are generally system and channel
dependeht so they should be implemented according to the individual
situation.

Although the present invention has been described with

25  reference to preferred embodiments, workers skilled in the art will recognize
that changes may be made in form and detail without departing from the

spirit and scope of the invention.
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-11- synbols Blerr] and 'B[err] of the wite sequence [B[err], ...,
Blerr], ..., Blerr]]). The.state diagram and table are expressed in

the formof a trellis wt nt detggctor j60 for determ ning

t e nost probabl e state tr n5|t|olﬁlhpgﬁ«§%-[$rre tSEé: beri od k. The path

between a current state a @emﬁonst &jV\/_lT:["h D tr aI | ed

a branch. Eat‘ﬁ”ﬁf’_ﬁ‘ﬁ&h has g‘%}? £Eg4e%tg pggadtgﬁg f'H'hﬁl s val ue
r

Y[err] corresponding to a ‘The backj sanpl e val ues
[X[err], ..., Xerr], ..., /ﬂaé?{’g -eack Rsgethok-of the trellis, a

iﬂlﬂllﬂlllﬂlmlll e i‘f’*‘““” e Lo Pon L

répedtel f%r %l I* branches nerging into a 118 next state for a given tine
period k. The trellis branch having the nmii num sum of the square of

the difference b&m&@ﬁband Ylerr] i.e. (Xerr] - Y[err])[err]
pl us the cumul atti r squared of the state from which the
branch energed, thereby rreAsumiangequbﬁ ' etectare for’ usd ihhe diglmail majfietic ] to
t he branch mtﬁ'CtS‘e% vglueYerr I s, determ ne o be a.w nner
(survivor) at recording and read-back system for recovering an estimate: sequence of bits
of binary data {a,, .... 4,, .., a,] most likely corresponding to an original
5  sequence of bits of binary data [A,, ..., A, ... Ay}, wherein the original

sequence is precoded into a write sequence of bits of binary data [B,, ..., B,

l

-, B,) which are represented by magnetization regions on a magnetic
medium, wherein the estimated sequence of bits of binary data is recovered
from a waveform read back from the magnetic medium and transformed into
10 a sequence of waveform sample values [X,, ... X, ... X}, the sequence
detector being configured according to a predetermined state machine model
having a number of states which account for distortions caused by a
magnetization transition on the adjacent magnetization region on the
magnetic medium.
15 2 The data sequence detector of claim 1. utilizing a Class 4
partial response channel having a 1-D? partial response polynomial such that
a branch metric, M. is determined by the equation: M = (X,-Y,)’, wherein
Y, = B, - B,
3. The data sequence detector of claim 1. wherein the
20  magnetization transition includes a trailing magnetization transition and a
leading magnetization transition.
4. The data sequence detector of claim 1. wherein the number
of states is 8. |
5. The data sequence detector of claim 4, wherein each state has
25  associated therewith four diverging branches leading 1o next states and four
merging branches for use in determining a cumulative minimum branch
metric.
6. The data sequence detector of claim 1. configured according

10 a2 predetermined state machine model having more than two (2) branches

This Sheet Has Been Rep
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15 tine period k. By usi ng the m ni rrumcurrul atlve rretrlc sumof t he
concatenating branches.| eadi: . . = \/i t er bi _
detector 60 nmaps a surviving path through the treI I is. This surviuvi ng path

vields the data sequence [a[err],..., a[err], ..., a[err]] that best
matches with the filtered read back sarrple values [Xerr], .

Xerr], ..., X 91‘)[“?“] ot her words, the Viterbi 20 detectopcﬁmsjsmm an
estirmat ed sequence err], ..., a[err] ..., aferr]] which nost Iikely

pr oduced th,_Lead——eaﬁapt—ed"’equence [X[err] ., Xerr], ..., Xerr]] and
whi ch therefore e best possible represent ation of t he ori gi nal
sequence [mun u“,m‘tw re]l] ... Alerr]]. The
estlrrated - a[err] ..., alerr]] is then shifted into

the RLL decoder 70 whi ch perfornms a revF§se mappi ng of the RLL
sequence to recover the user data, as is welf"known to those skilled in the

G agram used 1o bemveen SR pE abdphtir aflle RURRIAC diloifion i | |

map through the treby a feading magnetiziidiDfrafddan on the adjacent magnetization region
PCT/ US95/ 04664

on the magnetic medium.
7. The data sequence detector of claim 6, wherein the number
5  of states is 8 and the number of branches is 4 per state.
8. In a digital magnetic recording and read-back system, an
improved Viterbi-type sequence detector configured according to a
predetermined state machine model and having a number of states which
account for distortions caused by a magnetization transition on an adjacent
10  magnetization region on a magnetic medium,
9. The improved Viterbi-type sequence detector of claim 8§,
wherein the magnetization transition is a trailing magnetization transition,
and wherein the predetermined state machine model further has a number
of branches which account for distortions caused by a leading magnetization
15  transition on the adjacent magnetization region on the magnetic medium.
10. The improved Viterbi-type sequence detector of claim 9,
wherein the number of states is 8 and the number of branches is 4 per state.
1L In a digital magnetic recording and read-back system, a
method for recovering an estimated sequence of bits of binary data [a,. ...,
20 a,, ... a,] most likely corresponding to an original sequence of bits of binary
data [A,. ... Ay, ... A}, wherein the original sequence is precoded into a
write sequence of bits of binary data [B,, ..., B,. ..., B,] which are represented
by magnetization regions on a magnetic medium. the method comprising:
constructing an analog waveform from the magnetization
25 regions on a magnetic medium:
transforming the analog waveform into digital waveform
sample values [X,, .... X;. ... X,): and
passing the digital waveform through a sequence detector

configured according to a predetermined state machine

- This Sheet Has
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-12- structure a | eading (past) voltage pulse transition of the

read back waveform _sample values [Xerr], . Xerr], ..., Xerr]]
and a trailing (future) voltage pul se transition of the read back
wavef orm sanpl e values [Xerr], ..., Xerr] ..., Xerr]]. The

presert invention thereby increases the choices of Yk according to

different 5 pattern cases. In other words, instead of keepin

only one (1) stalMO9%RB349N (ansition of the read back mveformggk%’w

val ues [X[err], ... = X err], ..., Xerr]] at a tinme through the

Vi terbi detector the present invention provides for also

fol |.ow nﬂ"ﬂl”ﬂﬁﬂ transition and a trailing pulse transition. By

Iook| ng 'ﬂﬂmﬁrm sanples the Viterbi detector 60 is able to nake
a better ratdh fo each sanpl e Xk of the rgad back waveform sanpl e

vaI ues [ X[err], ..., Xerr], ..., X[er ?] The additional branches

and their corresponding branch lCS nDr uratel Leprese t he

21 ng model Bavingca FRiher (4 Syaten Whith” BecRunt for

read back waveform by neutralizing

anpl i tude for each voltage pul se trcﬂﬁanidneaausedbyamhgn&mhﬁmcmﬁﬁdobman
nonl i near magnetic interaction of a J eadi or frailin pthesetothe
portion of the read back wavef or m R4afgD BRPUZRUGM o T ‘E? PR the magnenc

Cass 4 partial response (PR4) chanj&diuin$ wheféin dhe dBqenBietectr bhipusst tmat e

t he branch netric conpensation contenplated by the present invention.

Nevert hel ess, thids branch metric c@fpBatesseauensg: hod i s appl i cabl e to ot her

classes of partial regponse @ HRRARPbEcthfin 11GherkHPAR HigifA%gHERA0
er e

det ection. Ior Art
run length limited encoded sequence, and wherem the method further

comprises the step of decoding the estimated sequence.
13. The method of claim 11, wherein the magnetization transition
10  is a trailing magnetization transition, and wherein the predetermined state
machine model further has a number of branches which account for
distortions caused by a leading magnetization transition on the adjacent
magnetization region on the magnetic medium.
14, A data sequence detector for use in a digital magnetic
15  recording and read-back system for recovering an estimated sequence of bits
of binary data {a,. ..., 3, .., a,] most likely corresponding to an original
sequence of bits of binary data {A,, ... A,, ... A}, wherein the original
sequence is precoded into a write sequence of bits of binary data [B,, .... B,,
B,] which are represented by magnetization regions on a magnetic
20  medium. wherein the estimated sequence of bits of binarv data is recovered
from a waveform read back from the magnetic medium and transformed into
digital waveform sample values [X,, ... X;. ... X ). the data sequence
detector being configured according to a predetermined trellis model

comprising:
25 eight (8) current states identified by bits (B, .. B, ;. B;) of the
write sequence;
eight (8) next states identified bv bits (B, ,. B,. B,,,) of the
_ write sequence;
T at least two (2) branches diverging from each current state:
i



Bef ore | ooki ng at the branch netric conpensation for the | eadi ng
transiti Pl it +t-is helpful to | ook -at

the prior art state transition table and trellis for a PR4 channel as shown
in 25- Figures 2A and 2B. The PR4 channel is also known as a (1-Derr])

channel since it is described by the partial response pol ynom al
1-Derr]. The factor err] signifies a delay of "i" sanM-

time units bet WAPHIPPL of the wite sequence [B[err], ....,mg%erri,
..., Blerr]]. Figure 1B shows the precoder 24' for such a system The
precoder 24' transtates—each-bit Alerr] of the original. binary WO

i M

sequence [Afer¥],t . into a corresponding bit Bk of
the wite 1-

at least two (2) branches merging into each next state;

a target value Y, for each branch of the trellis for use in a
branch metric calcnlation for selecting one of a pair of
the branches; and

5 at least two (2) bits of the estimated sequence associated as
an output for each state of the trellis.
15. The data sequence detector of claim 14, wherein the trellis
model comprises:
four (4) branches diverging from each current state, the four
10 branches being arranged into two pairs;

four (4) branches merging into each next state, the four
branches being arranged into two pairs;

an additional bit B, ; of the write sequence identifying one
branch of each of the pairs; and

15 three (3) bits of the estimated sequence associated as an

output for each state.

16. A data sequence detector for recovering a sequence of bits of
binary data from a data storage medium, wherein the sequence is the one
which most likely corresponds to an original sequence of bits of binary data

20  written to the data storage medium, wherein the sequence of bits of binary
data is recovered from a waveform read back from the data storage medium
and transformed' into a digital waveform, the data sequence detector being
configured according to a predetermined trellis model comprising:

eight (8) current states each representing three bits of the

25 sequence; |

eight (8) next states each representing three bits of the
sequence;

at least two (2) branches diverging from each current state;

at least two (2) branches merging into each next state;

. This Sheet Has Been Reﬂlaced
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sequence [B[err], ..., Blerr], ..., Blerr]], \/\here"

Alerr] _(_B[err]) XCR_(_B[_e.LL]_) —_ ——J T a] For

purposes of encodi ng and decoding the wite sequence [B[err], ..., Blerr],
Blerr]], 5 each Bk is expressed as follows:

B[e‘rr] = (B[err]) XOR (Alerr]). [ 1. Db]

Thus, in the prior art precoder 24' for a PR4 channel there uﬁﬁ? only "

two del ayed v& of Bk which are denoted B[err] and B[erlﬁrmvaﬁgl“’lc

are delayed_lersinns_uLerr] by one and two cl ock periods, respectively.
content of registers Blerr] and B[err] changes at each clock cycle

and thusumu“ulu Hm' m“s the current state of the cycle. Accordingly,
there ar possi bl e val ues for the current state represent ed
by bits "B[er r] Blerr{".” These possrﬁl e val ues are "00", "O1", "10"
and "11" and they are represent ed in Fi gures 2A and 2B by the four

(4) states SO, S1, S2, S3, Y/

current state is represent ef@g@?ﬂhé/@i,tfgdgﬁ r|'i§| err g%ﬁfgfrg&g%ﬁ@
again represented by the sane fhrancistmetrs Glculdiion & seldctBg ohe oft bhwer
wor ds, a current boundar n the, magnetic nedia is
represented as being bet%ﬁ'@fgbog Okﬁ& and B[err] and the next
boundary regi on on the magmeleast two (2) bitsoflitlfe saméﬁwaseﬁaed BUOGULPEt

between bits Blerr] and B[err]._ The target .Y[err] 20 for each input
of Xerr] (Wrﬁchrsthenrelatef&’FB"lhf ‘g tion [1.a]) is

obt ai ned by appl »mng the pohy e ?équén&[eé:éhoi of Bfaﬁhris wherdinlthe trellis
Y[err] = B[err] Bl err]
Fi gure 2A shows z¥1 el coprisgs) possible Blerr] sequences for three

consecutive tine periods, gueyh %fﬁés ?@gwﬁﬁéﬂ,ﬁ; siﬁé%%,o?

Y[err] the 25 out put val ue A err ranch A-H he I'T'st
possi bl e Bk sequences is lzrendtee@eins arvanged dmp[tworpairsB[ err] and B[err]

and each seqpnoe s des! 903k o) Wanehes mAllig forb Vach! 85 At o

addition, for each posslble sequence’ t current
state is designated SO - S3 (V\/ri!maclmachlemgtarrmgeé into two pairs; and

three (3) bits of the sequence associated as an output for each
state.
18. The data sequence detector of claim 17, wherein an additional
1S  bit of the sequence is used to identify one branch of each pair of the
branches to reduce the number of branch metric calculations.
19, An improved data sequence detector for use in recovering a
data sequence from a data storage medium. the data detector being
configured according to a predetermined state machine model having a
20  number of states and more than two merging branches leading to each state.
20. The improved data detector of claim 19, wherein there are
four merging branches leading to each state, wherein the four merging
branches are arranged in pairs, and wherein one branch of each pair is
selected based on a previously determined bit of the data sequence.
25 2L The improved data sequence detector of claim 19, wherein the
predetermined state machine model has eight (8) states.
22, The improved data sequence detector of claim 19, wherein the
number of states is greater than four (4).

e
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represented by bits "B[err]B[err]") and the next state is designated SO -
S3 — VD 96/33401-

PCT/ US95/ 04664 -14-

(where each state is represented by bits "B[err]B[err]"). The next state
and o0t put are determ ned by branch netric calcul ations based upon
the list of all OSSIb|e i nputs of Alerr] for each statepéﬁﬁ
correspondlng targg? values Y[err]. as nentioned above. In Frgure Z2A,
Y[err] is associated with two transitions: "Blerr] 5 Bl[err]" and

Blerr] B[ er “l Figure 2B shows the table of Figure 2A in
trellis fO mm““l “' “l‘”” the expression for the netric and output

rel ati onship of ebhch” brfanc¢h (A-H) is.Y[err]/Alerr]. There are two
branches diverging from each current stat ®3and two

23. The improved data sequence detector of claim 22, wherein
there are eight (8) states and four (4) branches merging into each state.

eet Has Been Replaced
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branches rrergl ng at each next state. The fact that there are only P@é\fﬁ?\“ﬂ'}
L3 , ; «ktonly have to

t wo n&trl C sums and sel ect one survivor at each clock cycle. Figures 2/3pa¢

2B represent the well known state d| agramand trellis used in a pes

Viterbl detector for a PR4 channel . Vi terbi Detector Iy
For Effect of Trailf TranSitimeﬁhﬁm&&Lm%mﬂmumm To alkghy
the effect of the fralling (future) tr afferegpurs pul se according to the

present i nveMNTERNATIONAJ ARRIJEATION, PUBLISHER;UNBER THE PATENT COOBERATION TREAT¥ARGT)

bi ts Bfer anmmxf-&t@mamﬁe. scherfe d] af dnsiatond Pt Nuiber: __ 'WORIE}33491
to Figurep Z%ﬁ(}](ﬁ for the entire wlige]sequence [Blerr], ..., Blerr
(., Blerr] Accor di ngl y. as shdqwn m)ﬁxwml ummmqmom

and B[err are 20 —adued—to the state trangition rtapl e Wie

Blerr] - @M}bﬂmww Pcm’swoze ) Duce CH, Dﬁ.smgp > s' EW%%{: ?%

Alerr] = grr“lﬁ err]) - b] ’
keep the hunber Mrgl ng orzo lgl?gﬁg?,'%‘?arches sg{ two 25 per state. the
nunber of| states |s doubl ed from four SO SQ) in Figure 2A to ei ght
(S0-S7) i {RA % t;{;,,{f’cya 30| OShebat SDS d ©

€4

binary di glts v nMext state Is represented by the

three bin dlgt’f‘s " Lerr]B[err]B[err]". In this enmbodi mgnt the
pr ecoder s‘m%, TSANG, Hiﬁﬁ&ig, bgq provide Blerr] and B[ err] as
%OVRJSIUS], .

descri bed 10310 28th Avenue North, Plymouth, MN 55441

: (US). KOST, Robert, E. [US/US]; 4858 Coffax Avenus
South, Minneapolis, MN 55409 (US). BURNS, Kenneth,
R. [CA/CA); 5631 Hyland Greens Drive, Bloomington, MN
55437 (US).

(74) Agent: CHASIN, Lawrence, C.; Kinney & Lange, P.A., Suite
lggﬂ. 6235 Fourth Avenue South, Minneapolis, MN 55415-
1659 (USs). 0 -

(54) Tide: BRANCH METRIC COMPENSATION FOR DIGITAL SEQUENCE DETECTION

(S7) Abstract

The present invention provides sequence detection which takes into account amplitude andlor time distortions caused by neighboring
magnetmuonng:omonthemagneﬁcmedmm. wherein the distortions in one magnetization region are caused by the closcness of
neighboring magnetization transitions on one or both sides thereof, The sequence detection aceon‘lmg to the present invention provides an
extended state diagram to include the effects of leading and/or trailing magnetization transitions, More particularly, it has been found that
accounting for the effects of trailing transitions requires an increase in the number of states S0-S7 in the state diagram used to form the
Viterbi detector (60). Leading transitions are neutralized by increasing the number of branches (AA-HB, AAO-HB1) between states in the
Viterbi detector (60). Increasing the number of branches (AA-HB, AAO-HBI) instead of states keeps the complexity low and thus saves
hardware and associated costs.




VO 96/ 33491 |
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Referring to Figures 3A and 3B, at each clock cycle a state nmust

sel ect a nerging branch that yields the m nimum cunul ative netric

sum for the next state. Limting the nerging branches to two (2) per state
hel ps naintain the branch selection tinme to within one cycle. Assumn 5

| i nedr super posWOPE#348% t he pul ses, the Yk colum is again obtmf"ﬂ%“
appl yi ng equation [2] above. As the nunber of states (SO0-S7) is doubled,

t he total nunber of branches (AA-Hfy11i s al so doubl ed, when conpared
to the prior art state diagramshown in Figures 2A and 2B. In this
arrangenent, Y[err] is associated with three transitions:
"Blerr]B[err]". Blerr]B[err]". Blerr]B[err]". In an 10 i deal environment
where-there is no distortion, the possible noiseless val ues of Y[err]
are -1, 0, + 1 as shown in the Figures. By choosing the appropriate
statistical average of actual neasured values of Y[err] for each branch,

t he non-linear distortion of the pulses can be corrected. Thus, the
state transition and trellis in Figures 3A and 3B provide a schene
for a nore 15 accurate andej nproved Viterbi detector 60 conpared to that
in Figures 2A and 2B. Petause fhe dffects of a possible trailing
transition pul se on the = e G ...{
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current transition region is now considered. Vi terbi Detector
Accounting For Effect of leading Transition Pulse To

account for the effect of the |leading (past) transition pulse 20
according to the present invention. it is necessary to consider the

transition between bits Blerr] and B[err] (using the schenme di scussed
above with regard to Figures 2A, 2B, 3A and 3B) for t I ite
sequence [ B[ eWPP6RMN prorr] . Blerr]]. - Accordingre?ﬁg% sﬁomm in
Figures 4A - 4D. new colums Alerr] and B[err] are added to the state
transition table shown in Figure 3A wheyer 25 Blerr] =

- (B[err]) XOR (Alerr]). [4. a] - or:
Alerr] = (B[err]) XOR (B[err]). [ 4. b]
Figure 4E shows the state diagramin trellis formfor the table in

Figures 4A - 4D. Wiile it would seem | ogical that an additional 8 states
WO 96/ 33491
PCT/ US95/ 04664

Ak | o ) 8k
Bk-2 BK-!




-16- are necessary to track the addltlon of the leading transition

; - St ., as-in Flgures-sAr————
and 3B, while the nunber of merging branches to each state is
i ncreased. This is nade possi bl e because the branch netrics

associated wth the leading (past) 5 transition pul se have already been

nmeasured a lier time period. The sanple pre Staeks Used
here but tﬁ%ggﬂﬁﬁé di agram has to consi der t hree (3; gé?ayed
versions of Bk which are denoted B[err], Blerr] and B[err] which are
del ayed versions of Bk by one, two an8/three clock periods, respectively.
Even nore, while the nunber of nerging branches is now 10 apparently
increased to four (4) per state, branches between any two parti cul ar
states are in two pairs and the selection process for each pair is

further sinplified according to the present invention. Information bit
Alerr] reflects the previous selected output for each state as
determ ned at the previ ous clock cycle. Since the information bit
Alerr] has already been 15 determined. it is possible to determ ne

whet her Branch "**0" or Branch "**1" shoul d be used in determ ning
the m ni num cumul ative branch netric for each of the two branch
pairs between any two states. Modre particularly, it is noted that in
the last colum of the table in Figures 4A - 4D. a Branch havi ng a

| abel ending in '-0" corresponds to "Alerr] = 0" and a Branch having 20

| abel ending in '--1" corresponds to "Alerr] = 1". Therefore, for a branch
pair going fromstate "n' to state "n". bit Alerr] of state 'ml is
used as a sel ect signal to determ ne which of the two branches
(metrics) should be used. This shortcut technique essentially keeps
the conpare and sel ect process mﬁthin the Viterbi detector 60 at two

branches per state and pr%terve he process,tine
IAL RESP O SE CLASS 4 WITH 1-D? PRECODER

Ay Sate By, By, By Y, Next Branch
State
0 SO 0 0 6 o (00) SO A
1 O 0 0 1 +1 (DS B
0 S1 0 1 0 o0 (10) 82 C
1 St 0 1 1 +1  (11)83 D
1 s2 ] 0 0 -l (00) SO E
0 s2 ] 0 1 0 (01} 81 F
1 3 1 1 0 - (10) 82 G
0 s3 1 1 1 0 (11) S3 H
FIGURE 2A

(PRIOR ART)



The Y[err] colum in Figures 4A - 4D is again the |inear
superposition of (Blerr] - Blerrl)—as indicatedin equati-on{2}—above—ln—

this arrangenent. Y[err] is associated with four transitions: "B[err]
Bferr]". B[err] Blerr]". Blerr] Blerr]". and B[err] Blerr]". In
recordi ng systens where the read back pul ses interact WO 96/ 33491
PCT/U895/0

nonI|nearly,géﬁ@&?bsultant read sanple values [Xerr], ...?cyrerrl, C
Xerr]] will deviate fromthe Y[err] targets. To find the suitable
target values for such a recording #/11 system a predeternined pseudo
random pattern including all possible - branches is witten to the

magneti c nedia 12. Sanples are taken and a 5 statistical average for
each Yk is determ ned for each branch. These new




target values are then used in the Viterbi detector 60 as described above.
=z e whi-ch t akes +-hte

account the adjacent |eading and/or trailing transition regions about the
current magnetization region, the Viterbi detector 60 accounts for and 10
renedi es the nonlinear distortion in anplitude and/or tinme which occurs on
t he nagnet%g gﬁﬂhﬂ 12. A significant inprovenent in the ergfush@fsBes’2S
been observe approximately 2 orders of magnitude) in a test system

enpl oyi ng the present invention as described above. It is to be understood
that the branch netric conpensati on Bftthod presented here is a general 15
procedure. The nethod can be applied to other popul ar signaling schenes
such as the extended PR4 systens that have partial response polynom als of
the form (1-D)(1+D)", where "n" is a positive integer greater than 1. It
shoul d al so be noted that, in practice, the full-blow state diagram of

branch nmetric conpensation can usually be sinplified. For exanple.
sonme branch 20 pairs may show very small differences so that they nay be
consi dered as one single branch. Such sinplifications are generally
system and channel dependent so they should be inplenented accordi ng
to the individual situation. Al t hough the present
i nvention has been described with 25 reference to preferred enbodi nents,
workers skilled in the art will recognize t hat changes may be nmade in
formand detail withoutpARSpar RESHONSEXDASRS wiTh 1.03PRECIDENd scope of the

I nvention. (with the addition of one trailing symbol)

Ay Agyp Suare Bys By, By By, Y, Nex Branch
State
0 o SO 0 0 0 0 0 (000 SO AA
0 1 SO 0 0 0 1 0 (001)S] AB
10 Sl 0 0 1 0 +1 (010)SZ BA
1 1 S1 0 0 1 1 +1 (011)S3 BB
o 1 S2 0 1 0 0 0 ((00s4 CB
L ¢ 82 0 1 0 1 0 (aonss Ca
I 1 S3 0 1 1 0 +1 (110)S6 DB
! 0 83 0 1 1 1 +1 (11D §7 DA
1 0 S4 1 0 o 0 -1 (000) SO EA
I ! 4 1 0 0 1 -1 (001)S1 EB
0 o S5 1 0 1 0 0 (010) S Fa
0 1 §5 l 0 11 0 ins3 F8
1 1 56 1 l 0 0 -1 (100084 GB
10 S6 1 1 o 1 -1 (0S5 GA
0 1 §7 ] I 10 0 (110) S6 HB
0 0 §7 I i 11 ¢ (1IDST HA

FIGURE 3A



- 18- VWhat is clainmed is: 1. A data sequence detector (60) for
use in recovering at .least nost. of a.-data-seguence; stored as—a—seguence—of—
‘cOrresponding region representations in a magnetic data storage medi um
(12), from a sequence of storage value representations in a data output ™
wavef orm obt ai ned fromthe stored region representations sequence in the
magnetic data storage nedium (12), the detector (60) bei ngcgizbsussscd
accordi ng Fﬂoﬂmﬁﬁﬁdeternined state machi ne nodel characterized in that the
detector uses conbinations of at |east three data representati ons during
detection times whereby distortion of 6#1st orage val ue representation

caused at least in part by the data output waveform being obtained fromthe
correspondi ng regi on representati on and an adj acent regi on representation
in the storage nmedium is conpensated by use of differing detection
criteria for at |east sone of the different conbinations of three data
representations. 2. A data sequence detector (60), as clainmed in claim
1, for use in a digital nmagnetic recording and read-back system (10) in
recovering an estimated sequence of bits of binary data [a[err], ...,
alerr], ..., alerr]] nost likely corresponding to an original sequence of
bits of binary data [Al, ..., Aerr], ..., Alerr]] wherein the original
sequence is precoded it~ Wwite sequenceaof bits of bfng data [B[err],
..., Blerr], ..., B[ergfi z‘%tion regions in
the magnetic storage nedium (12), and-agrei n the est/mated sequence of
bits of binary data is recovered fromthe data_out pdt wavef or m obt ai ned

fromthe magneti zation remions in the magnetic A= formng a
sequence of waveforms§ alues [ X[ err] ) ., Xerr]]
84

therefrom the predeterm ned

H

B

S7

gig BB



state machi ne nodel having a nunber of states represented by different

C T .

detector (60), as claimed in claim2, utilizing a Cass 4 partial response
channel having a 1-Derr] partial response polynonial such that a branch
metric, IS deternlned by the equation: = (X[err]-Y[err])[err], wherein
Y[err] nonlnall uals Blerr]-B[err] but |s actually forne

stdtistical Q Ihased on a predeternined sequence of re F@h&ﬂhim4
representations in the magnetic nmedium (12). 4. A data sequence
detector (60), as clainmed in claim2 o/t aim 3, wherein the adjacent
region representation in the magnetic storage nedium (12) is one trailing

t he correspondi ng region representation. 5. A data sequence detector
(60), as claimed in any of clains 2, 3 or 4, wherein the nunber of states
is 8 6. A data sequence detector (60), as clainmed in any of clains 2

to 5, wherein each state has associated therewith four diverging branches
| eading to next states and four merging branches for use in determning a
currul ative m ni num branch netric. 7. A data sequence detector (60), as
claimed in any of clains 2 to 5 wherein the predeterm ned state machine
nodel has nore than two branches between states to aid in

Brauch
ABO
ABt
BBO
BBI

(0) SO AAl
) S2  BAO
() S2 BAJ

(001) S}

Next

Ste

0 SO AAQ
1) St

1) S3

i S3

By By Bey By Bryp Yy
S0 0 0
S0 0 0
S0 0 0
S0 0 0
st i +1
s f +1
s | +1
st ! +1

FIGURE 4A

PARTIAL RESPONSE CLASS 4 WITH 1-D? PRECODER
(with the addition of one teading and one trailing symbol)
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-19- conpensations for anplitude and/or tinme distortion caused by a

| eadi ng_adj acent region representation 8 A_data sequence detector —
(60). as clainmed in claim1l. wherein the detector i's a Viterbi det ect or
9 A data sequence detector (60), as claimed in claim7 or claimS8,

wherei n the nunber of states is 8 and the nunber of branches is 4 per
state. 10. A net hod of recovering at |east nost of a q@#@“ ce,
stored as a YR of correspondi ng regi on representati ‘@W
magneti c data storage nedium (12), froma sequence of storage val ue
representations in a data output wavefggtm obtained fromthe stored region
representations sequence in the magnetic data storage nmedium (12) using a
dat a sequence detector (60) configured according to a predeterm ned state
machi ne nodel characterized in that t he detector uses conbinations of at
| east three data representations during detection timnes wher eby
distortion of a storage value representation, caused at |east in part by

t he data out put wavef orm bei ng obtai ned fromthe correspondi ng region
representation and an adj acent region representation in the storage

medi um is conpensated by use of differing detection criteria for at

| east sonme of the different conbinations of three data representations.

11. A nmethod, as clained in claim 10, for use in a digital magnetic
recordi ng and read- back system (10), in recovering an estinmated sequence
of bits of binary data [a[err], ..., a[err], ..., alerr]] nost i kely
corresponding to an original sequence of bits of binary data [Alerr], ...
Alerr], ..., Alerr]] wherein the original sequence is precoded into a
wite sequence of bits of ybinary data [B[err], Blerr], ..., Blerr]]
<
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which are represented by magnetization regions in the nmagnetic storage

medium (12), the methaod conprising: ——constructi ng-an-analog
waveform fromthe nagnetlzatlon reglons in the nmagnetic

medi um transform ng the anal og waveforminto digital waveform
sampl e values [X[err], ..., Xerr], ... Xerr]], and
passi ng the dlqmnal mavefornlthrough the dat a sequence dete mmgﬁgsg on
t he predeternlned state machi ne nodel having a nu of
states represented by di fferent conbinations of three or

nore data representations. 12. A/tet hod, as clained in claim 11,
wherein the original sequence is a run length limted encoded sequence
and wherein the nethod further conprises the step of decoding the estimated

sequence. 13. A method, as clained in any of clains 10 to 12, wherein
t he adj acent region representation in the nmagnetic storage nmedium (12) is
one trailing the correspondi ng region representation. 14. A net hod,
as claimed in any of clains 10 to 12, wherein the predeterm ned state
machi ne nodel has a nunber of additional branches to aid in
conpensati ng account for anplitude and/or time distortion caused
by a | eadi ng adjacent region representation.
-20-
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15. A data sequence detector (60) for use in recovering at |east nost of

a data seguence stored as a.sequence qof _correspondi ng+egi-on
representations in a data storage nmedi um (12), from a sequence of
storage val ue representations in a data output waveform obt ai ned from

the-stored region representati ons sequence in the data storage nedium the
detector (60) being configured according to a predeterm ned 8o i ne
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at least two (2) branches nerging into each next state,;

a target value Y[err]l for each branch of the trellis for use.in a
.branch nmetric calculation for selecting one of a pair of

t he branches; and 5 at least two (2) bits of the
estimated sequence associ ated as an

out put for ea te of the trellis. -15. ta
sequénce detegygs&%¥ﬁclain1l4, wherein the trellis Pcnm%gﬁgg?
conpri ses: four (4) branches diverging from each
current state, the four 10 1/11 branches bei ng

arranged into two pairs;
merging into each next state, the four

four (4) branches

branches being arranged into two pairs; an
additional bit B[err] of the wite sequence identifying one

‘branch of each of the pairs; and 15 three (3) bits
of the estimated sequence associ ated as an

out put for each state. 16. A data sequence detector
for recovering a sequence of bits of bi nary data froma data
storage nedium wherein the sequence is the one whi ch nost

| i kely corresponds to an original sequence of bits of binary data 20

witten to the data storage nedium wherein the sequence of bits of binary
data is recovered froma waveformread back fromthe data storage nedi um
and transfornmed into a @igital wgyefo@Pn tiFe dath se@encd;det ect or bei ng
configured accordi ng tg~g .a-io‘ i neEth t r AN | g-: onpry si ng:
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sequence;

at least two (2) branches_di ' EL
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wherein the trellis node] conpri ses:
1. A data sequence detector (60) for use in recovering at least most of a data sequence,

stored as a sequence of corresponding region representations in a magnetic data storage medium
(12), from a sequence of storage value representations in a data output waveform obtained from
the stored region representations sequence in the magnetic data storage medium (12), the detector
(60) being configured according to a predetermined state machine model characterized in that the
detector uses combinations of at least three data representations during detection times whereby
distortion of a storage value representation, caused at least in part by the data output waveform
being obtained from the corresponding region representation and an adjacent region
representation in the storage medium, is compensated by use of differing detection criteria for at
least some of the different combinations of three data representations.

2. A data sequence detector (60), as claimed in claim 1, for use in a digital magnetic
recording and read-back system (10) in recovering an estimated sequence of bits of binary data
[a,, -.., 3, ..., a,] most likely corresponding to an original sequence of bits of binary data [Al, ...,
A, ..., A,] wherein the original sequence is precoded into a write sequence of bits of binary data
[B1, ..., B,, ..., B,] which are represented by magnetization regions in the magnetic storage
medium (12), and wherein the estimated sequence of bits of binary data is recovered from the
data output waveform obtained from the magnetization regions in the magnetic medium after
forming a sequence of waveform sample values [X, ..., X,, ..., X,] therefrom, the predetermined
state machine model having a number of states represented by different combinations of three or
more data representations. '

3. A data sequence detector (60), as claimed in claim 2, utilizing a Class 4 partial response
channel having a 1-D? partial response polynomial such that a branch metric, M, is determined by
the equation: M = (X,-Y,)? wherein Y, nominally equals B,-B, , but is actually formed from a
statistical average based on a predetermined sequence of region representations in the magnetic
medium (12). :

4, A data sequénce detector (60), as claimed in claim 2 or claim 3, wherein the adjacent
region representation in the magnetic storage medium (12) is one trailing the corresponding
region representation.

3. A data sequence detector (60), as claimed in any of claims 2, 3 or 4, wherein the number
of states is 8. :

6. A data sequence detector (60), as claimed in any of claims 2 to 5, wherein each state has
associated therewith four diverging branches leading to next states and four merging branches for
use in determining a cumulative minimum branch metric.

7. A data sequence detector (60), as claimed in any of claims 2 to 5, wherein the
predetermined state machine model has more than two branches between states to aid in
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gr eat erhd detectbouses cdmbinations of at least three data representations during detection times
whereby distortion of a storage value representation, caused at least in part by the data output
waveform being obtained from the corresponding region representation and an adjacent region
representation in the storage medium, is compensated by use of differing detection criteria for at
least some of the different combinations of three data representations. :

11. A method, as claimed in claim 10, for use in a digital magnetic recording and read-back
system (10), in recovering an estimated sequence of bits of binary data {a,, ..., a,, ..., 2,] most
likely corresponding to an original sequence of bits of binary data [A,, ..., A, .... A} wherein the
original sequence is precoded into a write sequence of bits of binary data [B,, ..., B,, ..., B,]
which are represented by magnetization regions in the magnetic storage medium (12), the method
comprising:
constructing an analog waveform from the magnetization regions in the magnetic
medium;
transforming the analog waveform into digital waveform sample values [X,, ..., X,, ...,
X,l, and
passing the digital waveform through the data sequence detector based on the
predetermined state machine model having a number of states represented by
different combinations of three or more data representations.

12. A method, as claimed in claim 11, wherein the original sequence is a run length limited
encoded sequence and wherein the method further comprises the step of decoding the estimated
sequence. .

13. A method, as claimed in any of claims 10 to 12, wherein the adjacent region
representation in the magnetic storage medium (12) is one trailing the corresponding region
representation.

14. A method, as claimed in any of claims 10 to 12, wherein the predetermined state machine
model has a number of additional branches to aid in compensating account for amplitude
and/or time distortion caused by a leading adjacent region representation.
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~The i nprdved

d&t a® sejuence detector of claim 22, vvherel n tI‘%rerEBe‘%quht

(8) states and four (4) branches nerging into each state.

15.

A data sequence detector (60) for use in recovering at least most of a data sequence.
stored as a sequence of corresponding region representations in a data storage medium
(12), from a sequence of storage value representations it a data output waveform
obtained from the stored region representations sequence in the data storage medium. the
detector (60) being configured according to a predetermined state machine model
characterized in that the detector uses combinations of at least three data representations
during detection times and differing detection criteria for at least some of the different
combinations of three data representations adapted to perform the method of claim 10.



