A REDUCED COWPLEXI TY EPR4 POST- PROCESSOR FOR - 'SAVPLED

DATAGDETECTI ON ) Summary of the Invention The
present invention relates to the detection of information within a sanpled

data detection channel, such as a magnetic recordi ng and pl ayback channel.

More particularly, the present invention relates to a reduced conplexity

post - processor for i ' L al 4 (EPR4)
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recordi ng channel s have switched from anal og peak detection techniques to
sanpl ed data detection techniques. In sanpled data detection systens, the
readback signal is filtered an@wnmareof th ention

is the duration of a channel synbol. One such technique is referred to as
partial response_maxi mum |, kel i hood (PRM). The nost co n PRVML system
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system the ??g noi sy partial response channel is sanpled at the
channel rat%?g c?e ea@bgg using a Viterbi detector. Typically, the Viterhbi

detector is designed for maxi mumlikelihood detection of the sanpled

partial response channel in aggickb¥§und SE&REPARREonand i dentically
di stributed Gaussi an noi se w Z€ro nean. The PR4 (1-Dierr])

channel is equivalent to bit-wise interleaving two (1 -D ) channels, each
operating at onelhatderab ddideed higledr reabrling Wonsitheat designeraiofimighdtie
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the duration of a channel symbol. One such technique is referred to as
partial response maximum likelihood (PRML). The most common PRML
system uses filters to equalize the readback signal to a partial response class
4 (PR4) signal. The discrete-time transfer function of a PR4 channel is
(1-D2), where D represents a unit-time delay operator with unit-time T.
Therefore, the noiseless output of the PR4 channel is equal to the input
signal minus a version of the input signal delayed in time by 2T. In a
PRML system, the output of the noisy partial response channel is sampled
at the channel rate and detected using a Viterbi detector. Typically, the
Viterbi detector is designed for maximum-likelihood detection of the
sampled partial response channel in additive, independent, and identically
distributed Gaussian noise with zero mean.

The PR4 (1-D?) channel is equivalent to bit-wise interleaving two
(1-D’) channels, each operating at one-half of the channel rate, such that D’
is a unit-time delay operator with unit-time 2T, i.e., D’ = D2. Since a Viterbi
detector for the (1-D’) channel has a low complexity implementation, a
Viterbi detector for the PR4 channel is frequently implemented by
interleaving two Viterbi detectors for (1-D’) channels. With this
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2 inplenentation, the PR4 Viterbi detector operates at one-half of the
chanrel rate enabling the channel rate to increase significantly before
running into technical difficulties inplenmenting high speed el ectronics
within a very large scale integrated (VLSI) circuit. An exanple of a PR4
Viterbi detector enploying two interle ved (1-D) Viterbi detectors may be
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the channej. 2k fion dtedo noise correlation can be minimized by selecting a partial
response channel that more closely matches the frequency response of the
magnetic recording channel.

At normalized recording densities above two channel symbols per
pulse width at half-maximum, PWS0/T > 2.0, the frequency response of the
magnetic recording channel resembles the frequency response of an EPR4
channel more closely than a PR4 channel. The extended parital response
class 4 (EPR4) channel, with discrete-time transfer function (1+D-D2-D3),
has more low frequency and less high frequency content than the PR4
channel. Extended partial response class 4 with maximum-likelihood
detection (EPR4ML) yields better performance at the higher recording
densities, since equalizing a magnetic recording channel to an EPR4
channel response results in less high frequency noise enhancement.
However, unlike the PR4 Viterbi detector described above, the EPR4
Viterbi detector can not be separated into two independent, interleaved, low
complexity detectors running at one-half of the channel rate. As a
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3 consequence, the main drawback to inplenmenting EPRAML within a magnetic
recon:dl ng. system has heretofore been that the EPR4 Viterbi detector is nuch
nor e corrp'l ex than a PR4 Viterbi detector, and has been practically realized
only at considerably greater expense. At sanple tine n, corrsasonding
to time nT, the |nput symbol is x[n] ang the noiseless output of the EPR4
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The survivor pafmother approacht tocimplementingan EPRsb Mitarbiadetagtor JoHows
particul ara%ﬁﬁeeen@ﬁmtuhe 1ﬁip’31 gjﬂﬁd&aé %5&%‘@&1 fn eggmﬁidrsbﬁ wcmt ed

w th that I Vor, or ger. ate | state rl.cs,, the
det ect or eﬁ’kl‘iﬁﬁ@t @i@gg‘@%%t’r‘m AXIRY IQIPQFle in

the next tDektddter @@pﬂ’m ERRChanmel"i, SEEE GioleCerd'dlyCenlfliReroad sVal.e3,netri ¢

Lo bearc BBl b, PRGIE! ho, TRNTIIhp! ROREPICSR0A ] 4 Ty liteBthce,

sanpl e metric is defined as the difference between the two path metrics entering a
particular state. The sign of the difference metric is equalivalent to a
comparison of the two path metrics. In this approach, eight difference
metrics are updated during each clock cycle. Unfortunately, the difference
metric implementation is only slightly less complex than the standard state
metric implementation of an EPR4 Viterbi detector.

One way of reducing the complexity of an EPR4 Viterbi detector is to
use decision feedback to subtract out the last trailing interfering symbol.
Using this approach, the number of states in the frellis reduces to four
corresponding to the two remaining interfering symbols. The EPR4
equalized samples are detected using a four-state trellis with local decision
feedback to subtract out the last interfering symbol. Unfortunately, this
decision feedback approach for EPR4 has degraded performance, since the
last interfering symbol contributes a significant amount to the energy in the
-channel response. As a result, this decision feedback approach does not
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4 associated with the branch. The paths netric associated with the two

pat hs¢ ent@ri ng each state are conpared and the mninmnummnetric path is

sel ected as the survivor path and the path netric for this path is sel ected
as the new state nmetric. During each clock cycle, sixteen path metTiés are
cal cul ated and ei ght conparisons are pe§forned. If it is not
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trellis w tiord-ovetla mgsmmnimd@mdncbcembevm @ince ke |post-protessioer i ng
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si gni fi cantcoarastnminimuine distanagy ermortdvents is the same criterion used in an
+  EPR4 Viterbi detector to select survivor paths. The post-processor
approach uses the preliminary estimate from the PR4 Viterbi detector to
indicate a path through the eight-state EPR4 trellis, which will be referred to
as the PR4 path. At each state along the PR4 path, the post-processor
calculates error-event metrics for all possible minimum distance error-
events ending at this particular state. The error-event metric is related to the
difference between the path metrics for the PR4 path and a contender path
that diverges from the PR4 path and remerges for the first time at this
particular state. The contender paths are chosen such that the PR4 path and
the contender paths are separated by the minimum distance, which means
that the squared Euclidean distance between the noiseless signals on the two
paths is the smallest possible value between any two paths in the EPR4
trellis. The noise on the PR4 channel may cause the PR4 Viterbi detector
detector to make an error when selecting the PR4 path. Since an EPR4
channel has less noise enhancement, the post-processor can correct this
error by selecting a contender path over the PR4 path. Assuming that only
minimum distance error-events occur and that the error-events are separated
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channel response. As a result, this decision feedback approach does not
5 yield, significantly better results than obtainable froma PRAM

detection channel. In general , the decision feedback approach is better
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There are two distinct types of minimum distance error-events in the
EPR4 trellis, which we will refer to as “type A” and “type B”. For a rate 8/9
(d=0, G=4/I=4) modulation code, there are nine possible minimum distance
error-events ending at a particular state: four are “type A” and five are
“type B”. For this code, the write current following the 1/(1®D?) precoder
satisfies the following conditions. The interleave constraint on the input to
the precoder, | = 4, implies that there are at most five consecutive 1's or 0's
in the even or odd interleaved write current sequences, i.e., the substrings
IxIxIx1x1x1 and O0x0x0x0x0x0, where x indicates don’t care, are not
allowed in the write current sequence. The global constraint at the input to
the precoder, G = 4, implies that there are at most six consecutive 1’s, 0’s,
or alternating 0’s and I’s in the global write current sequence, i.e., the
substrings 1111111, 0000000, 1010101, and 0101010 are not allowed. For
this code, the four “type A" error-events correspond to mistaking the
following write current sequences:
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error by selecting a contender path over the PR4 'path. Assum ng that onl -y.“
m nmir-eb-st-ance _error-events occur and that the-error-events are separated
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The best error-event in btl&Ini ndowand corrected @%0 when it corresponds to
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that article.

However, the main benefit to the post-processing approach is that the
feedback path associated with the updating process in the Viterbi detector is
eliminated, allowing for more pipelining and higher channel rates.
Furthermore, the Turbo PRML post-processor can be modified to operate at
even faster channel rates by using a half-rate clock and considering all the
minimum distance error-events ending at two consecutive states during a
half-rate clock period. For the rate 8/9 (0,4/4) code, the Turbo PRML post-
processor requires 10 adders and 18 comparators when operating at one-half
the channel rate. Including the PR4 Viterbi detector, the total number of
operations is 14 adders and 22 comparators.

The post-processing approach is well-suited for high data rate
applications by offering a reasonable trade-off between speed and
complexity. In order to further increase the data rate, a higher rate
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peri od. Foapptoachatensiders only 4he dwdeshartast 'mnnmnuaRldlstpn@ﬁ LIPIToC et r

requires 1Q, o o a

channel ratéﬂg[f]nc(?ﬁ—ggltilbn:l%8 9 W%rbl tec ﬁﬂ)to'l &ts Q ﬁger of

oper at i onsapRIOBS a@l%ﬂar%ﬂﬁnléaéztocﬁ tiormance When' the probab ity of an
error-event that is not one of the two considered is very small. One

drawback to this approach is that the probabilities of longer error-events
increase when modulation codes with looser constraints than the rate 8/9
(0,4/4) code are used. Therefore, the SPERD approach potentially
compromises performance for a significant reduction in complexity.

Thus, a heretofore unsolved need has been for a reduced complexity
EPR4 post-processor that does not significantly compromise” performance
compared to an EPR4 Viterbi detector.

Summary of the Invention with Objects

One object of the present invention is to realize a reduced complexity
post-processor for an EPR4 channel which requires significantly fewer
computations without sacrificing performance in a manner overcoming
limitations and drawbacks of the prior art.

Another object of the present invention is to provide a reduced
complexity post-processor for an EPR4 channel which utilizes calculations
already performed in the PR4 Viterbi detector to reduce the number of



The post - pr ocesgji\shea PRy BaCkeplaced el | - sui ted for high data rate appl i cati ons

by offering a re off bet ween speed and conplexity. In order
to furtheér increamuﬁ g
8 nodul ation co

a higher rate
gI obal and interl eave constraints can be
used. However, the | ooser constralnts Iead to an increase in the nunber of
possi bl e error vents rb PRM. S Liwar e
dedi cat ed GACU IS&SaFFHnga r S eRfQﬁ?ssf%tt‘ﬁ%c?%fy {)‘9 @ﬂﬁﬁ% ?"ﬁf}:agi ?Till}éﬁl num
di stance earrcbdfaawbmksoﬁﬁxeﬁrwttatrm i ncreases the nunber of operations in

t he Turbo PRM. post - processor. A reduced conplexity EPR4
post - processor referred to as sinplified partial, error rﬁfponse det ection

(SPERD) was prednather bjevarafktiea Dapsenki iONEDPHOR nisatle ¥ P¥ides sSSP t he

the Tur. f%ﬁ B e B avent .
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li kel y thatorjsergn®! rPhie everlisimplenteraaionat Inhe:@t’slwdeuacmrl 1y1chtthngvfbe
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when t he proxhphidtotsy théreby realnzmgea/mmghm complexity 0f apprmmat@br 23

consi deredpéns’e fwasgqﬁdmg{] ?é/\?ﬁ&h eﬁl@fn% rP%f ¢ ERRBIVIBfbi
ES 0 ents I ncr

probabilit I Onger error-ev ase en dul ation codes with
| ooser cordgtealiont s than the rate 8/ 9 (0,4/4) code are used. Therefore, the
SPERD approach potent lally corrprom ses performance for a significant

reduction in cq exi t a her et fore e been

for a reduced c@ﬁﬁl%‘? ‘%/fb%@%o}%? RYPB%IHSEB’FH R4t lsdg(giﬁhglt S| gﬁgﬁ&%gnt ly

conpr oni s ecqraplexityapost-prwpssordfor carn EPRARghafed rivhichiecac pperate at one-

Summary of e f

i nvention k};@fto(f ﬁ}ee Phé@é‘%&%% g %Fe&sr %md 3330- r%gfeog‘gormor an

channel whimplermapiation of thmEPR‘Adeteptardnelu dmgﬁdm Wehitdesectos fICI ng
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A comparable to the complexity of a full-rate EPR4 Viterbi detector.
However, the present invention runs twice as fast.

The present invention is realized within a detector for a sampled data
detection channel which includes:
a PR4 Viterbi detector implemented with two interleaved (1-D7)
Viterbi detectors, where:
the input to the even (1-D") Viterbi detector is the sampled
output of a PR4 equalized channel at even sampling times, and
the input to the odd (1-D’) Viterbi detector is the sampled
output of a PR4 equalized channel at odd sampling times, and
the output of the even (1-D") Viterbi detector includes the
estimated binary input sequence associated with the even interleave, as well
as binary merge symbols indicating diverging survivor paths in the even
(1-D’) Viterbi detector, and
the output of the odd (1-D’) Viterbi detector includes the
estimated binary input sequence associated with the odd interleave, as well
as binary merge symbols indicating diverging survivor paths in the odd
(1-D") Viterbi detector, and



Anot her Ob] ect of the present invention is to provide a reduced conplexity-
post;processor for an EPR4 .channel which utilizes calculations already
perforned in the PR4 Viterbi detector to reduce the nunber of

9 calculations required in the post-processor thereby overconi ng
limtations and drawbacks of the prior AR Anot her object of the

P bm channel wit BRSEREGASEY ddhnBe T ﬁﬂ%er QRBREbE MeBAtor BACERRA for an
i ndependesampleduitputiof athRh equalizesoehanngl thas is qompoved Qfl i mpl ement at i on
of the EPR4 detectory bﬁébﬂ%?gzal at?ﬁ%a}{dt&frﬁp efbRevafidnietfes for

post - processoy, re arators, thereby realizing

| re
a savi ngs Y% ‘3&% 3‘ @ngp SEATICE EHQREVERhal
state met keinein tarmham@rst&é tx»ﬂnerdfﬂ’BZl“Bés g% pei Atlahdcbest type B” errfOpe nore

post - pr ocSYeOr pEraakrBIET bk oy R KA Sk B GG D
channel rate with 12 atidaits famdodrectinpattmt Gbest” Thimiowsm adlistanepl errent at i on
of the EPRyHet&ehohybPGl L{girﬂ%é& h@ d?ﬁf'e ;@@‘iy{b et § éﬁ%ﬁsaﬁm}}é hﬁmgest

post - pr oc€ssor Tequires onl ers conpar a
conpar abl EHBINHE @ﬁﬁﬁﬁém @Mensd full-rate EPR4 Viterbi detector. However,

the present invention runs twi ce as fast. The present invention is
realized wthip,a dete tor for .a sanp] ed data det ectl channel
i ncl udes: i Pehi Oljertse VaPFﬁﬂeén@ﬁP%C&Svﬁ feqigr ?%toéw{}l.%ved

(1-D) Vi peeinntdﬁt\&mtmm wilhdsee:more fully underttoedi apditappetiacedvwspon 1-D )

Viterbi d t I ut P h even
sanpl i ng. CPiguraidn’ U SBEP'BoRihR; deraiid "Rl i § %'*1{’3@*5@?*

det ect or ﬁmbof&nmtppweamqamcwuacm“a ﬁleuaz:édnxpwym wigg@d. sanpl i ng
ti mes, and the output of the even (1-D) Viterbi detector

i ncl udes the estimated bi 3 nput, sequ nce._associated with the even
interleave, as well as bim Rescriptionsol the Drawing ng di vergi ng survivor
paths in the even

In the Drawings:

Fig. 1 is a diagram representing a discrete-time model of an EPR4
channel.

Fig. 2 is a state diagram of the eight state EPR4 channel.

Fig. 3 is a plot comparing the magnitude of the frequency responses
for the EPR4 channel and the PR4 channel.

Fig. 4 is a trellis diagram of the eight state EPR4 channel.

Fig. 5 is an overall system block diagram of a magnetic recording
channel with an EPR4 detector incorporating the principles and aspects of
the present invention.

Fig. 6 is a more detailed block diagram of the EPR4 detector in Fig.5
including the PR4 Viterbi detector and the front-end of the post-processor
which contains the error signal generator.
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(1-D) Viterbi detector, and the output of the odd(1-D)

Vi terdi detector includes the estimated binary input sequence associ ated
with the odd interleave, as well as binary nmerge synbol s indicating

di verging survivor paths in the odd (1-D) Viterbi detector, and

10 a post-processor connected to the PR4 Viterbi detector and to the
sanpl ed out put of a PR4 equalized channgl that is conprised of:

a circuit for calculating and conparing error-event netrics for the "best

typte_ A"l and t heFigb@gs atdit@%ra% bsﬁb?ii?grm@l%m@pg@: %ﬁ@?glg dvemgliemqieﬁ@s at a t
particul ar_.s e, re.the "begs e A' and "Dbe e B. _grron-~_events
are deter rﬁﬁﬁt@ﬁ Ws%ﬁe B’d{'ﬁf}{l%&%‘%@ O E1S; e"dﬁ:’?%@%/ gfrr}e bﬁgmg this a
circuit fartoulaedRAgatthe "best” nini num di stance error- event seen over a

wi ndow of time equal to the Iength of the | ongest m nimum di stance
error-event. These and ot her objects, advantages, aspects_and

features of thdigr8deamoradetailed blpek dpagras of the EY. da Bigd>
appreci at qﬁ%gﬂgf%e@l%‘ﬁh&%ﬁﬁ' mfﬁpm r{fd%'tléﬂ&téﬁoﬂe&ﬁidlﬁﬁhﬁﬁ%@éd ption of a

preferred enbodi, t resen in corjunction wth the acco nyi n

B awi nge. everyting but tfe &7Gr stEnal Benorer SPOVRAR TE- BnEitnth 2 T4 ( he
Dr awi ngs: and studied i cohjustion diialy Fagn 6 ep peseidei gomplite bletle diagranmodel of
an EPR4 clbarrmgl. -DIOCES @,g 2 is a state diagramof the eight state EPR4
channel . poﬁf 8 PS5 pl ot conparing the magni tude of the frequency
responses for the EPR4 channel and the PR4 channel. Fig. 4is a

trellis diagramgef 1 St ; i i an
overal | syst emmég'o%Eygisgg%%u%&ta@nngggétﬁ%ﬁ?%g }OdciknlgndudeEi fh Fig.®
Fig. 10 is a schematic of a PR4 decision memory block included in
Fig. 8.

Fig. 11 is a schematic of an error-event metric generation block
included in Fig. 8.

Fig. 12 is a schematic of an error-event validation block included in
Fig. 8.

Fig. 13 is a schematic of an error-event comparison block included in
Fig. 8.

Fig. 14 is a schematic of an update best error-event block included in
Fig. 8.

Fig. I15A is the first part of a schematic of a best error-event
correction block included in Fig. 8. Fig. 15A is to be read and studied in
conjunction with Fig. 15B.

Fig. 15B is the second part of a schematic of the best error-event
correction block of Fig. 15A included in Fig. 8.

—_—
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channel with an EPR4 detector incorporating the-principles and aspects of
the presept invention. Fig. 6 is a nore detailed bl ock di agram of
the EPR4 detector in Fig.5 including the PR4 Viterbi detector and the
front-end of the post-processor which contains the error signal generator.

11 Fig. 7 is a diagramshow ng the PR4 path through the EPR4
trellis and all possible mnimmdistande error-events ending at time i
al ong this particul ar DRiediledescription of afRrgfersed ntlet ai | ed bl ock

di agram of the EPR4 detector in Fig. 5 including the back-end of the EPR4

post - processor, which illustrates everything but {he error sign ner at or
shown in Fig. 6.Thg EPRe ChaftftﬁlK@Sraeéﬁcmﬁﬁ‘@ﬂﬁdﬁaéé%qfrpﬁﬁﬂ?%ﬁli &d’a}bﬂg Fig. 6

to IOLOVi ?_e B3Ol @R PIec i lgih it &b tﬁéghaﬂﬁél-igrﬂ?]egﬁ@fthe stateFQf fﬁd%b 9is
a schemati a_Jrer ge .mennry i pcl.u | o) is a
schomat o GERAPRIRHE 1SS0l 'gﬁbﬁﬁe@, Flirthedthy gt of the EPRa) (' * 5
i s a schemahiannel isgivenbyry evighe #fi %k@j—gpng[jazlioxﬁm]lod%gi hallustestesra Fi g.
8. = J E OEe Al doyi 5
el uded | ALt sie el S ht BER4 Bharlel Erel S B Bk S ReCitfe
conpar i son ddagram ifoc kndiRR4 nhannel, shere the labelsgon the beanghes ndigatecthsf an
updat e best,; - Ingl ' ' Fig. 15A is the
¢pozt e DeSvISREPIYRX ST SehRl by hinBefuthut syabol
The EPR4 transfer polynomial (1+D-D2-D3) can be expressed as

(1-D)(1+D)2, where the (1-D) factor indicates that the channel has a spectral

null at DC and the two (1+D) factors indicate that the channel has a second

order spectral null at the Nyquist frequency, 1/(2T). The PR4 transfer

polynomial (1-D2) = (1-D)(1+D) indicates that the PR4 channel has first-

order spectral nulls at DC and the Nyquist frequency. As shown in Fig. 3,

the EPR4 channel has less high frequency response then the PR4 channel,

due to the faster fall off rate of the second-order spectral null.

Two depths of the eight-state EPR4 trellis are shown in Fig. 4. The
trellis diagram is obtained from the state diagram in Fig. 2 by the addition
of a time axis. Typically, an EPR4 Viterbi detector is designed to find the
path through the EPR4 trellis that minimizes the squared Euclidean distance
between the received samples and the ideal EPR4 samples along the path.
The output of the EPR4 Viterbi detector is a maximum likelihood sequence
estimate for an EPR4 channel corrupted by independent and identically
distributed Gaussian noise with zero mean. The Viterbi algorithm is an
iterative process of keeping track of the path with the smallest accumulated
metric leading to each state in the trellis. The metrics of all of the paths
leading into a particular state are calculated and compared. Then, the path
with the smallest metric is selected as the survivor path. In this manner all
paths which can not be part of the minimum metric path through the trellis
are systematically eliminated. The survivor path to each state is stored in a
path memory. Given that the path memory is sufficiently long, all of the
survivor paths will diverge from a single path within the span of the path
memory. The single path from which all the current survivor paths diverge

———
—
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correction block included in Fig. 8. Fig. 15Ais to be read and studied in .
conjunctign with Fig. 15 B. Fig. 15B is the second part of a
schematic of the best error-event correctionh block of Fig. 15A included in
Fig. 8. 12 :

Det ai | ed Description of a Preferred Enbodi nent The EPR4 channel has
a discrete- tlrre transfer pol ynom al (|+b3D[err] Dierr]). At tinme j, the

bi nary i npus the mirdmitanmetrid path] j Tharipuhseqieace associnedewrth Chspath i s

s[j] = {x[}] of the EPR4 channel is given by
ylerr][j] a‘p?ejaﬁ‘ﬁdﬂﬁ - 1‘?[40%?1}"-\2/?@?0‘%%‘%%5 Fig. 1 illustrates a discrete

time nodel of the EPR4 channel. Fig. 2 depicts an eight-state state di agram

for an EPR4 charsd s%wm@ﬂqiﬁdtﬁidaﬁbﬁh@n@@ bteheeétt a.nc hrssdlesh pﬂhs it ubl hary

i mbal | ] b h

transt of  paPyRERPET Of EIbSEFEES P APLrISreBars DUvem beddealeimple valies

(1- D% ( 1|+D) [oar tHe, mnths Péhejmb)mﬁnn nareinﬁEualu«%sart timandaed abae#ed:ras ah
specira as
apsecond o%%fgr spec r a Srﬁblatlé &@t%&kﬁfagﬁs@ qgieﬁgé EP "‘r‘?‘gqt%gaa
transfer p&®ymoha she caseptindepeadent u)ctu altSﬁ@IPRﬂlséhannel
has first- te& (it%st @:'roﬂ%%hae % tﬁ@\qt&bt tleteumcﬁteg‘ UGN stakings hown

in Fig. 3, the EPR4 chan has | ess h frequency re nse the the PR4

channel , d&¥o éeﬂHsﬂ‘F%%tfgﬁt e S%Pfffateéi Yt the BN GistaICe spe@tsraﬁ nul | .

gwo dept hs cohsmrmeghﬁ}esmmnﬁﬁl?ébqwﬁé | Esclédeans dessanean daing bed . (;ls'&—dilem r](cal lis
iagramis 2 r ition of a

time axis. e%%fatglﬁ%yibhﬁﬁ {ﬁ@?gﬁ &gechgjg{’lg?ﬂl% Végﬁén e@&‘[tggf ind the path

t hrough the EPR4 trellis that m ni m zes the squared Euclidean distance

bet ween the rec é%ﬁ% h ag% h. The

out put of the E&%X It rﬁgwgo qj?gts §§a§ﬁ§1m1;é;s§p8ﬁsé fﬁlﬁ% (%@zggqegée‘cr@g{

estimate fERASHIEUEPRECE ang oplay %&ﬂmﬁ ggg]déﬁ €incE-EdéntPEINg

di stri but eghdgesiy @atars%@ e\ﬁtémzwmcmﬁaotawaiebyfatrﬁbtur 18, aadid head $4an

erat e BEHERR L 40P Ao S ST G D AR S B onnd o 1,
of the pat hksop eaﬂrmgnmmshnwn)oaompcishg asdlilee andea tminsdiiedrefbrawditingnfuar ed.
Then, the pafeBted data positions within concentric data tracks defined on the disk 12,
'+ and for reading information back from the disk 12. The information to be
written (v) is precoded within a precoder circuit 18 in accordance with a
predetermined modulation code to produce an encoded sequence (x) that is
supplied to a write driver circuit 16. The write driver circuit 16 applies the
write current corresponding to the coded information to the head 14. The
digital information is recorded onto a selected concentric data track defined
on a storage surface of the disk 12 in accordance with well-known magnetic
saturation recording techniques and head positioning techniques.

—

In playback, magnetic flux transitions are induced in a read element
of the head 14 and supplied over a path 20 to a read preamplifier 22. A
voltage controlled gain amplifier (VGA) 24 controllably amplifies the
playback signal, and an analog equalizer 26 may be included to provide
some (or all} of the equalization to the gain-normalized playback signal. An
analog/digital (A/D) converter 28 then samples the playback signal at the
channel rate to provide discrete-time samples of the plavback signal. A
discrete-time finite impulse response (FIR) filter 30 may then receive and
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with the smallest netric is selected as thé ‘survivor path. In this manner -
all paths, which can not be part of the mininmnumnetric path through the
trellis are systematically elimnated. The survivor-path to each state is
stored in a path melpory. Gven that the path nmenory is sufficiently Iong,
all of the survivor paths will diverge ffroma single path within the span

g;t LQedPie};@@E T dialize the Qagxh&e%a%ohafprrgé‘ét%%gd pectrig. CYRBE pribtnt! VO

i ni Lrum Me¢xXdrap ?abﬁme\belmmqto , € FER ¢Hiter 300 uj?_hmk thiet fanblies tpathRéppear s
i st ance. GAtRERY Wi ERCL el Hcmum, iy tyen B @‘*é”%%@* éL*eﬂﬁfé} ares of
the differcontes! bmprd@nwhirh isdesathesmte hnd \phiase of dhe shmpling pathis.thghe

m ni mum sq ) ltgss pat hs
t hat di ver%@?&ﬁgﬁg?@g%q @Eé@ﬁﬁ{ﬂ%& 1%)0%%5&?8&?6% ‘h%wm 2ﬁegcase of
i ndepender@royide neemalized igpinii JheiliRd equadized §F1&1@ éﬂSQ ﬁ@PlPrJé%({ (Q Akel y
errors madgtkfor 3% WhicH N uﬂg téd afd ﬁ@é@ﬁﬁﬁcbﬂiﬁcétvﬁﬂth patirdciles @fuences

that are separated by the m m di sta uenc m ni mum
squar e Euctﬁlfgdﬁrffﬁem é%‘éﬁ'}'ttg’[ba ﬁ;égaetcgcgypmtpqaﬁﬁg e’1efj @éﬁﬁf error
at t_heI Outdmbctmcbntd:imrmleﬂersbdedmmﬁ én . commonly Rsfigned ng.SoPatentFiNg. 55 ak
partia is0g e 0 aybac
Channel 10oP AN e SRR O TR ARk Bl PR ShnliBg Q*wg?‘@ﬁ%g%%.ch s
rotated byWithroitgitab, Aai&ptla/eheﬁqualmaupns,n t thenekiscd Oglfebytgé Ahgingoi ce
coil act uqh%rj& @%.M\g Wetdiefce2 ¢l osed | oop servo (not shown)

iger and a F

conprising a ransducer for witing to selected data positions
wi thin concentric data tracks defined on the disk 12, and for reading

i nf or gﬁgl on backs fshomd gﬁi Higsls, ItBe %Igléétidﬁtéu’t@ia%cmchmleb% R4 t¥itei) | Sd
pr ecode |0 aqzprecqder CI cui t [ pr m ne
modul at i o\rﬁe&%ﬂ pla‘B ule P9 {Qﬁ%%"ﬁ%(?f S q g‘f‘){g@%{(’#ﬁt rﬁlnge %: to a
wite dri \recoxdmgmhannel isTegualiiadetoda PRt signakcand saphkashat the ¢ ite
current c sp o] r gdi gital
I nformat i gﬁfe?s gg%%@gne%qghpghg {sii c{H% Eng’:%&:]en(f‘rl c&gﬁ?g Ml def i nedgon a
storage s@dditiveoth ﬁtf?@etﬂ@&sqmplmafa%@érjdQﬁ@@tednh)hf#él]l 1% HsnAUReh 8k ¢

sat ur at i ondeficAbielGst @ahpledues [ xifad xpy tdnﬁ“artﬁnéé?%ﬁﬁipléeﬁ f[]] In

pl ayback, G W, Isé:qlzén%)éé raercl:gi;%dos%%l ése, | Cler I%e{ectoa} 1rseuasedeto EShmate
the recorded sequence of input symbols {x[0], x[1], ..., x[j], ...}. The PR4
Viterbi detector uses an iterative algorithm for finding the ideal output
sequence closest to the received sequence at the output of the sample PR4
chaanel, in terms of the squared Euclidean distance. The estimated output
sequence that minimizes the squared Euclidean distance, denoted by
{¥ 0], 9 oeddlls oy ¥l .-}, specifies the estimated input sequence,
denoted by {X[0], X[1}, ..., R(j}, ...}. The post-processor is designed to
emulate an EPR4 Viterbi detector, given the output of the PR4 Viterbi
detector and the sampled output of the PR4 channel. From the PR4
equalized samples, the post-processor can determine the EPR4 equalized
samples, since rg. [j] = 1.0 + 1. [0+1]). The post-processor 40 uses the
estimated binary input sequence at the PR4 Viterbi detector output to
establish a PR4 path through the EPR4 trellis. The objective of an EPR4
post-processor is to find the path through the EPR4 treilis that minimizes
the squared Euclidean distance between the EPR4 equalized samples and
the noiseless EPR4 samples, given that this path 1< restricted to the set of
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of the head 14 and supplied over a path 20 to a read preanplifier 22. A B
vol tage controlled gain anplifier (VGA) 24 controllably anplifies the

pl ayback signal, and an amral og equalizer 26 may be included to provide sone
(or all) of the equalization to the gainynormalized playback signal. An
anal og/digital (A/D) converter 28 then z anpl es the pl ayback signal at the
channel rate to provide discrete- tlne S | es of the playback signal. A

di scr et e- t PAhS that devigte Ifsamy gupdiRd path dy @ sequenge QFaS}O@Wé’ﬁTLaBE’éEg/e and

14 furt hemlﬂ%%'mzﬁxﬂtﬂﬁcéaéﬂ?a?%vbﬁtsa pq?dﬁieerﬁﬂéﬁ%ﬁoé&gﬁi fatiﬁlewbe’s tths
pr esent exa e of he ¢ghanne the FIR fil ter g é@%ﬂthe iarrpl es

to a PR4 sB 8 eé&%‘?éeﬂlpé‘ﬁe?ﬁqpﬁm:‘?sat RSktrol a
tining conpf@desh@pm%w@ h{ 8¢0F % hs, rat;epz}nd Piﬁé@&bﬁotﬂi@oﬁ |dffm W thin

e A0 SOBURL il A R S ok o P el
af d;a';] th (r)re eﬁﬁrmes:]ms pscimpd amenthad tlaafﬂde mmﬂevmtaomm(mfﬁl @emﬂytfaf)apm; Pges
Get oot on SRR R OLERr AR RITRsG SaRpRe BAMAETR T TERETD fflich

5, 341, I249 Ent'neardy” a'miaxkopm Jikelidiood saquneampunw@erf@tanlﬁd%%%tqh@nnWt P |
Di 0 rate
herei n by OBt Bl lddeBenfint dndtidentieas WEHNREELARSIRO nbRECHIN

i ncl udes aZ¥IUMPRAPer bi detector 38 and a post-processor 40. The conti nuous
time magnetic recording channel is equalized to a PR4 signal and sanpled at

he ch | h h |
101 o addi ti ve. AsndlnSEaRde dBe Fibl coatht; BRY VIEH: dhbelet j@ "i's the
sum Iof an impkmentesetvits twanpiterlegyeat (1{D7 Vimﬂn] detestors ZB Chplt set

's Used [‘E es%ﬁ’ﬁ%azepﬁ% ACORIGIE with CBRERYAL %?*ﬁ%*;ﬁ%oﬁj% {x{*‘%ﬁ’ Nim e
ooy X[, 5.341,38 T hentitted: M:,tthbl &ette@pbrfonf lass ANt ChaneglgsrPiskm f or
fi ndi ng th@ﬂ@am@aidawsu%ew&%? b@h&gﬁﬁﬁiorb@ratné@héﬂiﬁwqefeieﬂ@@nﬁ@ af the

out put of the s Ie PR4 er, s squari ed Eucli d@cajﬂ
di st ance. ’cﬂ!\ag 40d dmingafet SYER )
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Vit er bi© deFBR{ @DDyi cemespond ututheofPRAe egralized esdsnple at time k+21,
I [k+21]. Each of the (1-D") Viterbi detectors has a path memory from
which comes the estimated input symbols associated with the best path
through a (1-D’) trellis. In the example of Fig. 6, the output of the path
memory blocks 39E and 390 correspond to X_EVEN = x[k+4] and
X_ODD = x[k+5], respectively. These signals are delayed in delay
elements 41E and 410 to obtain X_EVEN_D = X[k+2] and X_ODD_D =
X [k+3]. The signals X_EVEN, X_ODD, X_EVEN_D, and X_ODD_D are
then sent from the PR4 Viterbi detector 38 to the post-processor 40. In
addition, the (1-D) Viterbi detectors are modified to output the binary
merge symbol which indicate the presence or absence of diverging survivor
paths in the (1-D’) Viterbi detector. Let mf{i] respresent the merge symbol
associated with the sampled output of the PR4 channel at time i. Then, the
merge symbols at the output of the PR4 Viterbi detector 37E and 370
correspond to M_EVEN = m{k+20} and M_ODD = m[k+21]. respectively.
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detector and the sanpled output of the PR4 channel. Fromthe PR4 equalized-
sanples, the post-processor can determ ne the EPR4 equalized sanpl es, since
r{err][j] = r[err][j] + r[err][j+1]. The post-processor 40 uses the
estimated binary input sequence at the PR4 Viterbi detector output-to
establish a PR4 path through the EPR4 grel lis. The obj ectlve of an EPR4

post - processor is to find the path thr e tr I nim zes
t he squared Eucl{¥éB& Aai g?’éﬁé@ b’é?%e‘?ﬁ"ﬁﬁe eE&F? i %ger d the
nOI sel ess HeRetsanuipplies gtheepostpiocelids @@t\bxthsaxli eesdmmaxbedbm hinpset of

T by« SERDSI e e R () b e gk e

t he post - ppocsabimsuauhoepe&l ¢xtensionb fercone depthiofithe tecestatentre Bif. |"ﬂhut
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Viterbi destée dr lupiates | maddbraid paraliel paths rom statei hmrmt%tlmfrom

e T O - eVen GO QLY Stk enqzérh%a% ﬁfg@%@o%geg u%y%ﬂ%r e MR & Gief bhipluedF the f ar
apart. f-ﬁ?’?&fj %ge sor 4 uc est | rratfe err] 44 in
Fig. 5) whik te to%tl aiﬁ% 8 eé’é@ﬁ?@ﬁ%é’ SHVFREEor an
EPR4 channgh theoirasuw‘ae@l th\e muﬂg@dndes]kqamldto deidicading the dbsehot ef &aussi an
noi se wit As illustrated in Fig. 6, the PR4 Viterbi

h
det ect or BQI%S’EQB ) |rrpl enmented with two interleaved (1-D ) Viterbi
detectors 38E and 380, which may be in accordance wi th comonly assigned

U.S. Patent No. Th%r Vggg’ﬁ?tﬁeﬁgﬁ: {11 e€PR4’ Vtﬁﬁﬁbde %‘.’ré’rusEQrmPﬂﬂng&tﬁss v

Channel in Disk osure ereof bel ng i.ncor por at erein
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to the evepefféridahceV AQ&HD')th@ﬂ:thetecﬁbRc@@NrcsC m_fnem@m for tHeetwiR4

li zed [ k+20 he odd
(1D e ﬁ@@béi@m% eactbisate & fedistam st by aodiBE e ubtveBimi o at
time k+f21 pattisdeafling@ithe fas btatds atthe ﬁ)oub’time b:Szd«as: et tws shmv@rpath h

t
bost pat h Daiisfined T3yt Hhlacthl %hﬁﬁefoes% RBEE HhESetbhd | 08
of the pathest {0 8 paticubgestatedissspecibied &yp @th@g XEQ/ENPHt serhols k+4]
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paths diverge indicates the most- hkely startmg position of an error-event in
the (1-D") trellis.

In order to appreciate the elegant simplicity of the post-processor 40
following the principles of the present invention, it is appropriate to discuss
the properties of the two types of minimum distance error-events in the
EPR4 trellis of Fig. 4. In the context of the present invention, “type A”
minimum distance error-events cause a solid burst of three or more symbol
errors in the estimated write current. The “type A” error-events correspond
to mistaking an alternating sequence for an alternating sequence with
opposite phase, i.e., mistaking a 0101... pattern and a 1010... pattern. The
“Type B” error-events cause a solid burst of one or more symbol errors in
one interleave of the estimated write current. The “type B" error-events
correspond to mistaking a run of 1’s in an interleave for a run of 0’s, or vice
versa, i.e.; mistaking a IxIx1.. pattern and a OxOx(). pattern. where
indicates don’t care. Since the minimum distance error-events in the EPR4
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then sent fromthe PR d teqc)tor‘38't0' t e post=processor 40.-1n 77T
ﬁﬁ frs are nodified to output the binary

er_bi
addition,, the (1-D 732 ‘Eiﬁﬁﬁ
Y r. Let n{i] respresent -the nerge synbol

merge symbol which i E ﬁesence or absence of diverging survivor
associated wth the sanpl ed output of the PR4 channel at tine i. Then, the

paths in the (1-D)

nmer ge synbol §. at e out put of the PR4I¥iterbi, detector, 37E and 370.
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The three cases are a divergence fromstate O to states 1 and 0, a

di vergence fromstate 1 to states 1 and O, and parallel paths fromstate 1
to state 1 and FheghanaellQ illuskagdanolig-or makes fusesef aviate 46667 (€40, ner ge

bit at theGogiay] mbdilationlcdld il 4Roplate! 54Phd Sefctinb 6P céPéﬂdirf‘ga“ ng
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detect or can %“e{‘?%;ée EQ@QWLW Ao Yod8P it willeurfent folldizthe
parti cul arPEERER | 8 lgs; the §9H9wm (fPdREoRHpul he Alaostieiglld wi t h-
L het besg hRﬁi_Iije@lﬁI]@lvé hE'sP@ﬁiO’lsOih }da@r@vdm@rseé@métgﬁveig%?., O”h‘ﬁgﬁ‘g?ﬁ g(ran t he
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"ndi cares B el RE it 1 2eed oxARDYBERORR0 Apotslawes, Db A 05
trellis. most eight conkecutiveapis; dis,ave alteenatimgdis andmpl scint vheofglobal
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three or rre%rd?ngs %Em a%' given state along the trellis. There are six “type A” and eight

“type B” minimum distance error events with this modulation code.

A “type B” error-event on the eight-state EPR4 trellis corresponds to
a minimum distance error-event on one of the two interleaved (1-D")
trellises, since the minimum distance error-events on the (1-D’) channel
correspond to mistaking a run of 1’s and a run of 0’s. For instance, the
“type B” error-event mistaking 0x0 for 1x1 corresponds to an error-event
mistaking 00 for 11 on one of the interleaved (1-D") channels. The most-
likely error-event on the (1-D”} trellis corresponds to selecting the best path
over the second best path entering a particular state, when the second best
path happens to be the correct path. In other words, if the best path to a
particular state in the (1-D’) Viterbi detector is the wrong path, then chances
are that the second best path is the correct path. The merge bits indicate the
position where the second best path diverges from the best path, and the
ending state indicates the position where the second best path remerges with
the best path. Since there are only two states in the (1-D’) channel. the



errors in the estimated wite current. The "typé A" error-evernts correspond --
to mi staking an alternating sequence for an alternating sequence with
opposite phase, i.e., mstaking a 0101... pattern and a 1010... pattern.
The "Type B" error-events cause a solid burst of one or nore synbol errors
in one interleave of the estimted wriig current. The "type B" error-events

correspond, f o m st.akin ru f 1's in i.nterleave for,.a run.of 0's, or
vice ver saplqa%.f{suﬁ?as‘?gﬁf% fﬁ%ﬁi&ﬂ%‘h.%ﬁ&l@&%l%&%ﬂé@@g. PRAHPBP N,
V\ﬂer Ep)l(mi ndf das esodenent fidlyespelifiyahe sbeormd besnpatidi Thengpe ﬁfmmmt_s i 2
the . . : . I g.
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t he m ni nubesti gathrioeoner obtheentgrieavegd (tdn9ttrelliseniy refierred o asgihies “sist zer os

on the gl oﬁﬁlj Aad 4t aved sequences at the input to the precoder.
The channe f’OBi %Ft?s?térlvgeltngd in Fig. 5 nmakes use of a rate 16/ 17 (d=0,

G 6/1=7) nodul ation code in accordance with the teaching of copending U S.
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or 0's in etherelnmdditiandhe binaryestimates en the hestpatheforscach intgalgaxe x1x1x1
1S, 0 s, SO SHUPICIENG 0F cath QMEfovilANE SUENTOrBE cifbp BvehR oFo v
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two best paths over the unmerged regions must be complements of each

other.

The set of “type A” error-events ending at a particular state includes
# one error-event which is not minimum distance. The “type A” error-event
corresponding to two consecutive symbol errors with one symbol error in
each interleave has a squared Euclidean distance of 6. In the preferred
embodiment of this invention, this error-event is not considered. However,
this error-event can be easily included with some minor changes to the
embodiment. By not including this error-event, the type A error-events are
required to satisfy a minimum length requirement. Therefore, the “best type
A" error-event must correspond to three or more consecutive symbol errors

in order to correspond to a minimum distance error-event.

Using the Turbo PRML approach outlined in the prior art, the post-
processor would be required to calculate and compare 14 error-event

I
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m staking 00 for 11 on one of the interleaved (1-D) channels. The nost-
likely error-event on the (1-D ) trellis corresponds to selecting the best
path over the second best path entering a particul ar“state, when the second
best path happens to be the correct path. In other words, if the best path
to a particular state in the (1 -D) Viigerbi detector is the wong path,

t hen chances are that the  second best he co rect th. mer ge
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best pat hrednded-vonepléxity poatsrocesioradesribed mcthetpmsemhawenmme thecond

best pat h)p%gﬂgnﬁﬂgéss thcatdr& IAESt AR Mconlphf& tAGHS BhSr-80kt t‘f‘ﬁ’etﬁtc?,tlgs in

the (1-D
bi nary esundep@'a;d@ttooﬁ t.bdnentbélslatmt todend Theeportgirontssgr asas éhelimergeosi ti ons

of the ergp ethlgpgklﬁ Wf‘el‘i'b YetdfoS 85 9 f&rﬁﬁ“ﬁé théBest Rpel ﬁpe%

error- event |n LS. correspon to selectl egt pat h

over the §(¥§Bhéﬂ ééﬁ‘a%ﬁsht)’m? &eeﬁﬂf‘ﬁﬁ@lthﬂdé% aharrpaulay taite eI[l1 Bs js
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The two error events start within one channel clock cycle of each other,
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on one inter| eave and 00 on &ai r interl eave he error-event in
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cor r esponte Qe S-GRREER poskerafeiet 3).AribAli she Rfesgut BV R, ' °
di ver ge foolytmeqbired pat ma,lcuhtd: handes:}mmpatme OUr Dejrot-esent sewtrins,t h| n one
cl ock Cychﬁiﬁje erftRe BFNele ng&décl)n%% Foht ”@#Slse?ﬂ)tt I]ﬁeﬁ‘Y& best

pat hs over t unner ged regl ons rru I"'ement's eac
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correspondl ng to two consecutive synbol errors with one synbol error in

The post-processor 40 uses the sequence estimate at the output of the
PR4 Viterbi detector 38 to specify a path through the eight-state EPR4
trellis, referred to as the PR4 path. In the example of Fig. 7, the PR4 path is
depicted with a solid line through the trellis and the branches are labeled
with the binary input symbols. The dashed lines in Fig. 7 represent all
possible minimum distance error-events ending at time i, given the
particular PR4 path depicted in the example. Although the PR4 path in the
example has only four possible minimum distance error-events ending at
time i, an arbitrary PR4 path can support any number of minimum distance
error-events up to the maximum number of minimum distance error-events
allowed by the modulation code. Instead of calculating the error-event
metrics for all possible minimum distance error-events ending at time k, the
post-processor uses the merge bits to determine the “best type A” and the
“best type B minimum distance error-events ending at time k.
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each interleave has a squared Euclidean distance of 6. In the preferred """
enbodi nent of this invention, this error-event is not considered. However,
this error-event can be easily included with some m nor changes to the
enbodi ment. By not including this error-event, the type A error-events are
required to satisfy a mininumlength requirement. Therefore, the "best type
A" error-event nust correspond to threeZ®r nore consecutive synbol errors
in order to cordaspuder toodaseribe rthen poistipaoeassiogr dgoatlmt we first defigeng t he

furbo PRM. 8RR ABERIOH! ILATY1] RepriSed 118" pddition bP the Fatr nér-28R5 sérgeou! d be
required tqQ.cal culate and conpare 14 err r-e,vgné ..

19 rmetri cPit BEKA Embinagiinip {he interleaye /ocupigdeby)SYmeRRll htliton thHE¥EN n t he
redgced-comﬂeebéaw}a. nﬁ'smdmt 01@>§§S@fr géﬁéfaﬂiit)b,edfei Yttttﬁh@epkte&@hésehn\&ﬂ!eiven, tge t
post - processor, ca a nd conpar.es . erron-exen r i ndependen
of the noddulibdn dat: DHERRERENS b8 polfiof et iRt nolelesh iferde it e pra
Viterbi deim¢hereven idtrbaavengrioht tinresk, suchahat' Lirisran eveamumber tess " best
type B" er - : t ' st [ , e

oSt - pr oce Lads KGR salifiexIn? oofidins (il A &\ PAfd kIR SO RIrall 12
det er mi ned b ﬁr@c—éﬂzﬂm/ﬂer Bimdlerkys tldk+1] representhghepasioROf thgptistch

Lhe set of el p T Bl I e ConaaFutive
states in ihanqdd ppmbenigsehankt{ fbansatisien i cpndiion BHEF Ll d be
requi red tandahfulketi§+2pl =cOnflorradl P& er(RsH-Ellent]) Pt ri cs, when enpl oyi ng
the rate 16117 (0,6/7) code. In contrast, the reduced-conplexity

post - processor 40 described in the present invention is only required to

cal cul ate and cSipes the 6l#D ' traflis dasranlyawoi states iandethernstemvostpaths in

dul at i LY N | in t t
A Cand t notRpEEDY) URelBUACEEIR oY BBE RS (Ve <ACh (TRAC TR bindijpingiRst {YPe
consecut i vestEgtessin the even nferlsgye fmmd&&%é{ﬁﬁ@ G t%éff'ség testi mate

S gy AL el AL TP (U)o ¥ (WO Y, [he
el -Sta . r LS rererre as e . n e e o0

i ant - St At Simgany), e bitry iBpRE bSGpafesdh e Bd e faNe St i SR, O L
t he branchtes time k-dtareeail wquhal tdeabh rher, isuchithaty kblet 11+8p] dadi{al],i nes in
Fig. 7 repfgsg®p @ (k-1-Lik+1])/2.

The starting position of the “best type B” error-event ending at time k
is given by L[k-1], and the starting position of the “best type B” error-event
ending at time k+1 is given by L{k]. The starting position of the “best type
A” error-event ending at time k is given by min{L[k-2], L{k-1]}, and the
starting position of the “best type A” error-event ending at time k+1 is given

* by min{L{k-1], L{k]}. In order for the “best type A” error-event ending at
time k to represent a valid type A minimum distance error-event, the
following conditions must be satisfied: L{k-1] < k-3, L{k-2] = L{k-1] %I,
and X[L{k-2)] # X[L[k-1]}. In order for the “best type A” error-event
ending at time k+! to represent a valid type A minimum distance error-
event, the following conditions must be satisfied: L{k] < k-2, L[k-1]} = L{k]
*1, and X [L[k-1]] # X [L{k]].

The EPR4 error signal at time j, e[j], is defined as the difference
between thie EPR4 equalized sample, r,.[j], and the ideal EPR4 sample,

SIEPMU] = RU] + ib'l] - i["z} - i[}‘:))]. such that e“} = rs-rsuu} - g EPRJU}'
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possi bl e m ni mum distance error-events ending at tinme i, given the
partjcul gr PR4 path depicted in the exanple. Al though the PR4 path in the
exanpl e has only four possible mninumdistance error-events ending at tine
i, an arbitrary PR4 path can support any: nunber of m ni num di stance
error-events up to the maxi num nunber tl m ni nrum di stance error-events

al l oned by the nodul ation code. of cal cyl ng the vent
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survivor paths in the (1-B tross over each
ot her, the binary input estlrjates in the even %nterl%ave fromtinme L[Kk] to

time k-2 are al |l equal to:%a@(e@ﬂhéf[,l]-sg'@pw;[hh —{(@fi])” [L[ k] +2n] = [err]
[k-2], for O [err] n [err] "(k®2-L[Kk])/2. Slm arly, the binary input

estlrratesmthe odd erleavefrom é to,tine_ k-1 are all equal
to each other, such F?E%TZ(XI[Y]HY.;{;#@[IH} Eel'[l]a(r []lI'kytﬂm[ﬂdJr 0 [err] p [err]
(k-1-L[k+1])/2. THe starting po @¥n of the "best type B"

of  the. " pensopaiing Mt (P conténdbr) am‘ﬁat Rt it tT'hS”
Starting pRiniBR distatice, iy e GiE toft f tat aBur Fanato Rty sual oo
gi ven by nhalf Lk thersqhdted Buclitein GhﬂtkﬂCBEbSt&\wem tiee pwoi noisalest EHBA best
All + I
o5 o BRSHET i Wb i gt s Bl
signals, referred to as the error—event metric.

Let emB(j] and dmB{j] represent the error-event metric and the
difference metric for the “best type B” error-event ending at time j,
respectively, such that dmBJ[j] = —emB[j]. Similarly, let emA{j] and
dmAlfj] represent the error-event metnc and the difference metric for the
“best type A” minimum distance error-events ending at time j, respectively,
such that dmA[j] = d_ /2 ~ emA[j]. If the type A error-event with squared
Euclidean distance 6 is included, the constant in the difference metric
equation becomes d*/2 where d’ is equal to 6 if the error-event causes two
errors and is equal to 4 otherwise. In the preferred embodiment of the post-
processor 40, the “best type A" error-event is restricted to the set of
minimum distance error-events, such that d’is always equal to d_°

If the difference metric dmB{j] is less than zero, then an EPR4 Viterbi
detector would have selected the contender path over the PR4 path at time J.

mced
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time k to represent a valid type A mininumdistance error-event, the
f ol I.ovm ng conditions nust be satisfied: L[k-1] < k-3, L[k-2] = L[k-1] 1,
and [err] [L[k-2]] [err] [err][L[k-1]]. In order for the "best type A
error-event ending at tinme k+1 to represent a valid type A mninmum:di stance
error- event, the follow ng conditions nust be satisfied: L[k] < k-2,

L[k-1] = L[k] 1, and [err] [L[k-,l]] 22[err]ﬂ$L[k]].' ) The EPR4 error
Si gn?! aé Therefpre, ahe] “bess typéi Bie ¢reos-avieat dinding edfcimsed e ¢k a8pRg

equal i ze 1 ) ! S&IR lcbidectioher Alsstinling: [err
[i-1] - [ r‘?ﬁg’@g ‘?&df‘éérﬂr{]e‘”f‘%holﬁsﬁjc _tha%d?eéf?.ﬁb%a_[l. rrrH]bl -uterrL j][. !
21 Assunithgt theaibestdypedy’| eToeat CREm Al BRe-IHal ‘gfa &sdiiteien

Eucl i dean ﬂ%&ﬁ@ﬂﬁ%?ﬁé’%@@ thitezéroc tienatiestepl BfeaAt drivr-¢viamlcrigiig atanpl es,

the path metric at..tine j for e PR4 path t.hrou P 1 .1S

gi ven by [@W€]J QUABIICE s %&%éﬁ?@%?”{’kﬁ?f ,“pif@f’,ﬁ gflrb‘%lgif‘]ﬁfﬁﬁéfﬁfc??%[@rr r]1[0],
Y[err][1],comrectioft.err][j]} denote the binary input synbols and the ideal
EPR4 sanpl es associated with a contender path that diverges fromthe PR4

path and remerges for the first time at tine j. Then, .the differenc
bet ween t he patfomthe f‘b@tftypetﬂl’éeﬁmeyénhgﬁf@ at faEee ﬂoaﬁsgiq‘?éydﬁ rence

{TE;[ i f’hei i%ﬂ#leﬂsge@d 3%& fv%.pfa Srasreftlrle same rPxiopf RtA? timehL '-IIt,ﬁuch,that X[ijpss ;Jm ng
% L . . A e m .
then t he  Riutoraihi RLEND: abbbaseblinth dhe FS e dyergheoctraoititln, "o

? ﬂgagggoﬁw@l %(@Eﬁj_ﬂé Hisk ?mgelr]@.etsmwai Flefj+ M- 20di=s & [$5 a‘EIéRX[b_é';—lhbt?,qi][‘er r]/2.
(o as e Xhiral e GG LO TN oif B sholfp Bl 7612 vERE orrice) BT e
er r or - evenforrhe rbesttype Biterror-event ending at time j is given by
emB(j] = (-1)*U (—e[j] - efj-11 + e[LG-11+1} + e[L[-111).

In a similar manner, it can be shown that the error-event metric for the “best

type A” error-event ending at time j is given by

emA[j]=(-1)*U"3}(—e[j] + efj-2] — e[Ly-11+2] + e[LG-110), if L{-2] >LG-11,

and by

emA[j]=(~D 3 (—e[j] +e[j-2] + e[L{j-21+2] — efL[j-211), if L{j-2] < L{j-1].

The error-event metric for the “best type B” error-event, emB[j], always

corresponds to a valid type B error-event. However, the error-event metric

emA[j) is only valid if the “best type A” error-event is valid.

One way of calculating the error-event metrics involves passing the
EPR4 error signal efj] through (1+D) and (1-D?) filters to obtain the (e[j] +
e(j-11) and (e[i] - e{j-2]) terms. The output of the filters is sent to mux input
controlled delay element with feedback that contains the terms (e[L[j-1]+1]
+ e[L[j-1]]) and (e[Lfj-1]+2] — e[L[j-1]1). The error-event metrics are
obtained, to within a sign change, by adding or subtracting the output of the
delay elements from the output of the filters. An alternative method of
calculating the error-event metrics is described by Knudson, “Detection and
Error-Correction for Partial Response Channels,” Ph. D. dissertation,
University of California, San Diego, April 1994, pp. 122-141. The
disclosure thereof being incorporated herein by reference.
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difference nmetric for the "best type B" error-event ending at tine j,
respectively, such that dnB[j] = d[err]/2 - enB[j]. Simlarly, let emA]j]
and dmA[j] represent the efror-event netric and the difference netric for
the "best type A" m ninum distance error.-events ending at tinme j,

respectively, suchthat dmA[j ] —d[err]é - emA[j]. If the type A
error-event vmt uare UC|Ig n di stdﬁce 6 is inclu egﬁl the constant in
the difference ?(Pr 9& %PP??@%@O@@{ § PR to 6
i f ]Ehe e(rjr metemsrﬁ)rcrhaséﬁﬁt wpee A odral thied“best eypeaB” tarrer-ovdrs wingkng lat t he
preferre t t y.

error- even?’m%dk@p lf'P{ 3’%18 ?%Bﬁ%i%g@ﬁﬁaﬁ?ﬁﬁm aagglégggfeeérsr@)ﬁ (&l/ent s, such
that d[err] is aIvvays equal to d[err]. If the difference netric

dnB[j] is %ﬁ@%ﬂ]ﬁrﬁ b—slgtggga_peﬁﬁfeg é[ﬁgli’l]«dﬂt?%tﬂfk ‘fﬂ% d have sel ected

t he conten

22 Ther ef erB[kig = lQei)" ‘i‘ﬁb@-(B[k%lr]rm[k@)/erﬂe[[ﬁh}*lr]g+ afL{ki® | qualifies as
a possible gg{ﬁq event whi ch should be considered for correction. Assum ng
that the " ]y‘pe A" error-event ending at time j is valid and the

difference gely ‘ﬂ‘b‘%(n%[q]ﬂ;g[k.@gp t(b[a;[kzqu.,o_] -telﬁE[’k-IlFl B), #Efk- 2]y:PE[lé\1]
e} error-event

Shoul deﬁiniéﬁi‘) E PG oK) < el F dolL0k-21+2] ke 0 Bebik-2) gL T

error-eveng qg]__at time j, the binary input synbols on the two paths are
t he sane prlorA -1, such that Xi] ] for all i <

LU-1]. At t{m® T é(]rarﬁ(f £ Iﬁ))aflﬁe[hﬂk]ﬂe}]gee&e_ﬁk ]é)sp}lh‘%kﬂd 2olkdf L[ j - 111

L[] - xi&l 1
X(] 5] 1 br U1 %‘erﬁi‘ﬁéﬂ%ﬁl %tbs[ilﬂefﬂ@a JHAT IR B R el R
error - evengjpeet(-ijg kK ihe{— 1pest?] AlerRr-eveanendingi Ngime kie | is
gi ven by emB[j] = (- 1)[err] -e[j] - e[j-1] + e[L[j-1]1+1] + e[L[]-
111). In a simlar manner, it can be shown that the error-event netric for

the "best type 'Bhee;ﬁrléﬁérr&Y%ﬁb&ﬁﬂidﬁﬂ rdte§Tavith iaSsigg¥erldok running at

°IT) 1), Bl o gl ndls gl e jod) ign togg Hses 21).

if L[] -2] tier{lgh.‘e]xteﬂ'Slﬂe@l pelining e Tthermitputof the filteess clogkedB

error-eve I I % p r t
However , P% gerror Yg\ti%n Sﬁeﬁ tﬁw?ﬁlﬁﬁ hi Tﬁ\éﬁn%%we[kﬁ-hlg a',rges %gpe A"

error-evendt jtheysame. tnne s embodiment requues only one addition or

comparison operation per half-rate clock cycle. By removing the
appropriate pipestages, this embodiment can be easily modified to have any
number of operations per half-rate clock cycle with various amounts of cost
savings.

As shown in Figs. 6 and 8, a preferred embodiment of the post-
processor 40 in accordance with the principles of the present invention is
composed of seven main blocks:

the error signal generator block 50

the merge memory block 52

the PR4 decision memory block 54

the error-event metric generation block 56
the error-event validation block 58

the error-event comparison block 60

the update best error-event block 62

the best error-event correction block 64.

This Sheet Hag
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One way of calculating the error-event netrics involves passing the EPR4 - -
error signhal e[j] through (1+D) and (1-D[err]) filters to obtain the (e[j]
+ e[j-1]) and (e[j] - e[j-2]) ternms. The output of the filters is sent to
mux input controlled delay el ement w thfeedback that contaifs-the terns
(e[L[j-1]+1] + e[L[j-2]]) and (e[L[j-2]1+2] - e[L[j-I1]]). The error-event
metrics are obtained, to within a signZéhange, by adding or subtracting the
out put of the delay el errents fromthe output of the filters. An alternative
net hod of cal cuThei¢rgot Bipnal reeneerenblook 50cs useddes caldudatebsheKirRbn,

di ssertaf Psﬁggﬁééﬁfﬁs% eﬁleci’?i‘# St Fam a0 RR8 A Baled ) 135“522 141,

The di scl ostpuencheatdbe ompuigfi thcd’r%Nateabl deteeton 1f)s skawndndag. 6

23 ¢Ro m eéé?fe?ﬁﬂ %@b@&i@ §£rﬁﬁ{?°8’ﬁ%qugﬁ’é‘se§§8rarﬁp 48@‘%
orror- 2322&@%&&:@%€mm1 A rariala caneen 40 AP geClings £ ¢ at e

cl ock cycl48Bsafhdl 48%s are apBlklo alénl)th@r!’llu( lzeﬂ @U{g&&é withehd k- 1] +1)
Pk

+ e[ L[k- 1] ) +1 L[K]]))
ol ] = (a3rmflEd ik ety g ottpiiapt 1“‘%@{ s Thel (1)
ZL[Lﬁl]l] (gué)?gg;rﬁfa{;le[ﬁhm dilker2tb is (te%dgiﬁ%@;&zhg% ieﬂdn) ?éd?ﬁei_][ ;<) 2]
sampl R. es
TR et Ok che i el
SroeRdr o dheBedtetit of the i "“‘g %"5&? ang gzewgwd“.%‘?‘??f PI4vdd e o N9l ©
very hi gh BBt el detestor, LBl s TeReSSIET S CoBRD ¢ AR
filter |k ]s thleoey aailrmutidn éfoﬁlthe|EPR4| ostapdcessork3o.sugh theaiddédie ssamie nem
Lot es) Sttt 5%&5?.6%@%#@%&?%@5%@@%93& 5, B8 Tl bt e PR S’JPC?F%
cycle. Bydeteotori isy pabgedathmoughi at@w%})é)geﬁitert ho scadelatt rthat EP:RAbe
easi |y modifdre@] duthar Og@l@dlsne@fe@s poRlifees IDEATS BYENA §- 1 afier 2l sk cycl e

with varl WAl L@f)f) QOSt[ki%Y.' " Fig. 6, the PR4 equalized samples

Y erre

FIR_EVEN and FIR_ODD are represented with 6 bits, with values ranging
from -32 to 31. Assuming that the ideal PR4 samples are -16, 0, and 16 and
that the ideal EPR4 samples are -32, -16, 0, 16, and 32, the EPR4 channel
output symbols in the set {-2, -1, 0, 1, 2} are multiplied by 16,
corresponding to 4 shifts to the left, to obtain the ideal EPR4 sample values.
The EPR4 error signals are calculated by subtracting the ideal EPR4
= samples from the EPR4 equalized samples, as shown in 51. The EPR4 error
signals, corresponding to ERROR_EVEN = e[k} and ERROR_ODD =
e[k+1], are passed along to the error-event metric generation block 56.

An alternative method of calculating the EPR4 error signals involves
first calculating the PR4 error signals by subtracting the ideal PR4 samples
from the PR4 equalized samples. Then, the PR4 error signals are passed
through a (1+D) filter to obtain the EPR4 error signals.

Fig. 9 illustrates the merge memory block 52. Since the merge bits at
the output of the two (1-D”) Viterbi detectors, corresponding to M_EVEN =
m[k+20} and M_ODD = m[k+21], are available 10 half-rate clock cylces

e ———
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As shown in Figs. 6 and 8, a preferred enbodi ment of the post- processor 40 °
in accordance with the pr| nciples of the present invention is conposed of

seven mai'n bl ocks: the error signal generator block 50
the nerge nenory bl ock 52 t he PR4 decisi,on nenory bl ock
54 the error-event ggtrlc generatlon block 56

the error-event validation block 58 erro vent

conpar i sof2Hoéhe srerge bits are delayed in Wﬂlﬁtelﬁbpbaﬁé‘*ﬁgs@n%ﬂa@rmé €bl ock 62
the best @ﬁé m\eﬁmrycome% éﬁ@ak $thes 43E and 430 m{k]} and m{k+1],

24 . ror si_gnal tor blom?&ﬂ ed,to calc Latagthe
EPR4 errofS Qaé émgFQ/ég(Ot F?é’ a)ialmezse dmleh@ Lt PHat®d i nput
sequence gurins podifiohs dh tduh BB!% \Amerdmcesﬁbbcmlthe Atherhblucks rthhg806 t he
error si r a
(1D 111 PopHEOCRhE T Figs Sé@%r AL ME VB LORES wﬁlﬁg BHIG" nes
48E and 480 and the signabMODI{i] neneqmmtwalm{zleﬁl—a tofié. esti mat ed
wite current at the output of the PR4 Viterbi det ector The purpose of the

(1+D) filter 46 is,to conplete ual j zation of the ipcomng sanpl es
froma PR4 spediDiAg @OwTOHfR. 1 §p§1@t Mﬂw&w@@ bkﬂ%krﬁg{%tpgqﬁ@ﬁe FI R
filter 30chanatdd nﬁcmdlbdlg(fréxﬁ the R4 (SIPEC vitsrtidetédiordengde tappedt he

et eotor JBy *°°p§fﬁé wd 544, 158 gt st°°@1%e§sga3f§%8?e athire

equal i zat |xc[rk+9drandwa[kﬁlﬁé amlstheponﬂpaﬁsxﬁrth@&]ela lines ompondma@@ner at or

s ptai‘ieﬁaﬂﬁﬁeﬁ kO, TP ﬁaa?% fsidh Séﬁ?cﬁ%ﬁﬁfﬁéﬁ i

channel o@&¢u wccesmb&gbﬂm IEDEﬂ processor| koigsnd
I RODD ar oS, 0 e Slenal XEVEN(G ﬁesﬁ@v*awuggalﬂaﬁ‘é?ﬂéﬁ?ﬂ% Supnazy and
Assumihg %ﬁiﬁﬁ[ﬁﬁ COFEsPORREg 1Q aﬁbf II@r‘eﬁentén'él’ e sstimated M | deal

EPR4hsarrpijearoe (Bpare dbreed 15 mﬁlg’%ﬂw bhgpuERR4he delne linesi threughy nbol s
In the se

. plrorgeyely, D CER SRR i

input sequence (X ).

shifts to

Referring now to Fig. 11, the error-event metric generation block 56
receives odd and even EPR4 ermror signals from the error signal generator
50, where ERROR_EVEN = e[k] and ERROR_ODD = e[k+1]. The EPR4
error signals are sent through (1+D) filters and are delayed to obtain
BEVEN_REG = e[k-2] + e[k-3] and BODD_REG = efk-1] + efk-2].
Simultaneously, the EPR4 error signals are sent through (1-D2) filters and
are delayed to obtain AEVEN_REG = e[k-2] - e[k-4] and AODD_REG =
—(efk-1] — e[k-3]). The TRIGGERA_EREGO and GATEA signals
generated in the error-event validation block 58 are used to control the input
to the a register containing AOLD_REG which is the last value of either
AEVEN_REG or AODD_REG associated with the beginning of a type A
error-event. The GATEA signal indicates that a type A error-event starts at
either time k-3 or k-4. The TRIGGERA_EREG signal indicates that a type
A error-event starts in the even interleave at time k4. The register
BEVEN_OLD_REG is the last value of BEVEN_REG associated with the
beginning of a type B error-event in the odd interleave. Similarlv. the
register BODD_OLD_REG is the last value of BODD_REG associated with

~
s
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The EPR4 error signals are calculated by subtracting the ideal EPR4 sanplés: ..
fromthe EPR4 equalized sanples, as shown in 51. The EPR4 error signals,
correspondi ng to ERROR EVEN = e[ k] and ERRORCDD = e[ k+ 1], are passed al ong
to the error-event netric generation block 56. An alternative nethod
of calculating the EPR4 error signals |2 vol ves first calculating the PR4
error signal s, by, subtractlng t he i deal “PR4 sanples fromthe PR4 equalized
sanpl es. Hi}ﬁ beginnipgofa type Biegroirevest én thesgven ﬂﬁ?ﬂﬁ@ﬁea‘\@l“ﬁﬁ%hqﬁ%r to

L e ot .t ooyttt o) b e
detectors, FIF%SIMHEI‘?‘FI tﬁnl\ﬁrEQfE?\Y ent a@l;%oihagn&tsm ?1?55%1’] @ﬁg
avai | abl eI Tergal bitsaMEVEN{R] oyl mfls2] and MODD{2] = m[k 3] are used to
25

ear Xndztcgf'e el ggr%Hh}n%Tﬁfe & Ct)gfé By&‘ii?xl gv%ﬁﬁqn%-'eaé@el&)@?érl gf‘ﬁ

i nsi de the d 43
m k+1],  iks2 ea the od tmedmpe@t amfmk -Bi n@sg)ecmwé ¥.aps haeleg1stE ge

bits at Wd&%ﬁﬁﬁéﬁ%ﬂ&&f&@u@%&@%% tdihne accessible to the other
bl ocks i t th | MEVEN
co?fe:pggdm'ﬁi MCGSMLQ&H%%%EM%QM&:L%ESS to ni LI+]1-2i ],
for all b}/alﬁml\mﬂ\ ODD = AO[lp RBG-ODD» REG 10, the 554 ;:Ieci ?ilonD)
menory bl o omthe two (1-
Viterbi - WH’W'[ agﬁw&ﬂme?%w 40. The input to the
f'ﬁ' ay :lneERibME’EBoﬁ)BDta:(t )éml@[%éh(mm e(sz [RsE@]PP](Eé Bﬁmgh g)ut of
e del ay nes corresponds. to r an rr
nmake the P eﬁ%é?@?a&ﬁ G Fegsiar M‘P F% h g’(? gsm bl e
to the ot heypdrAdcasoi-aventstending as simes k-4 ﬂn@k 3 &nd torathe0 basheype dghal
fo [err] fEﬁf?%Q%ﬂ%éaﬁpém?%‘%@W%zP putsedtience ([err])
are correc: ed by p?sERRj\/[EfTeMﬁRﬁﬁ gf—lb Egs t[lrou?h the :)est
error-event correcti 0 kan i estimate i npu
sequence ([err]). Emmém ég\)/ﬂ § @(kﬁﬁ the error-event netric
generation bl ock 56 EREMETTS mgga.n -4 m[gupr signals fromthe

error signal generator 50, where ER xgl\h mék] and ERRORCDD = e[ k+1].
The EPR4 ERRMETB_OREG = (-1) e

and

Referring now to Fig. 12, the error-event validation block 58
determines whether or not the “best type A” error-events ending at times
k-5 and k-4 are valid. The “best type A” error-event ending at time k-4 is
valid if L{k-5] < k-7, L{k-6] = L{k-5] £ 1, and X [k-8] # X [k-7]. Similarly,
“best type A” error-event ending at time k-3 is valid if L{k-4] < k-6, L{k-5]
= L[k-4] £ 1, and X[k-8] # R[k-7]. If the “best type A" error-event was
valid in the previous channel clock cycle and the value of a particular merge
bit is zero, then the error-event metric remains valid. The signals
VALIDA_EREG and VALIDA_OREG indicate whether or not the “Dbest
type A” error-events ending at times k-4 and k-3 are valid, respectively.

In a full channel rate implementation, the error-event comparison
block is used to determine the “best type A or B” minimum distance error-
event ending at time j that qualifies as a possible error-event for correction.
The error-event comparison block compares either the two error-event
metrics or the two difference metrics to determine

/"
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e

error signals are sent through (1+D) filters and are deI ayed to obta| n
BEVEN REG = e[ k-2] + e[k- 3] and BODD REG = e[ k-1] + e[k-2].

Si rmltaneously the EPR4 &fror signals are sent through (1-Derr]) filters
and are delayed to obtain AEVEN REG = e[ k-2] - e[k-4] and AODDREG-
-(e[k-1] - e[k-31). The TR GGERAEREGO and GATEA signals generated in the

error-event validation block 58 ar dt ntrol the input to the a
regi ster containing AC]_De‘FQEﬂ mé‘s[ﬂe]hémcgé val ue of either AEVEN REG
or ACDDREG associ at ed wi de]kmnbﬁgimWU]gdnfog]}t:ymbm K -eambl- event. The .
GATEA si L ndi c hat _a t r time 3
or eoa” SHE oy BeERh b ErdeyerY i vBLO AU bE B is g anl |
starts in zehe, émrther]mst-pﬁtmessmt seléate orenf the h‘é’o@’gb%@‘é‘?ﬂts BE\E\@E@R’EG i s

t he | ast v a I N Vie'®

error- everﬁ eﬂﬁ @h %5%/@ %’«5 éelgigléetﬁhs ?eﬁb‘? \}[e’y?19 3 ﬂ %@aﬁlﬁld O(D REG is
the |ast iffgeensge BmmCREcglazgad@y wrtr:wn mA[j], dmB(T)

26 the bgﬂ gééag s@fec?s ﬂﬂép?g E‘B"&YSflEvéﬁt édaﬁng\aeumen} ﬁ‘rdm@{ﬁoes used

por tai n t @k Tosiciieg B5s ARCoR ARS8V OF ARBHL A AEALT 0 ng
IOOZI ti ;)n ttfri{tsecﬂw %e%ﬂf&r&@&ﬁi&heqmﬂ]ﬂ 12]seam£squmlbl dm&hh{ KFis} pase- use? to
i ndi cate er i e a
e ks daerser Reledth e, et BipecandrrVegitionding 46 ?**e EP’ aﬁ%ﬂﬁ <

regi st er ed), vahA¢H <z‘a\dl-:\‘l}'i[m]e;lanelcthed‘bost typbtA’é@tr@H-Cﬁf@nbEt

BEVEN 1.1 R e AR A &f’?ﬁ‘?‘E%mm & BorBDREG)

These si grﬁdﬂ@]dﬁéﬁ@@ﬂ@t’i@m{]&- obtain the error-event netrics for the
"best type A" error-events ending at tinmes k-4 and k-3 and for the "best

tEé%ﬁ/E-?A EREG = {\{e%!fxgr nﬁgﬁﬁl A B Tediertation, E&%ﬁﬁ%ﬁ%&?t error-event
(-1)[err] éﬂé{:kcﬁhlpares the mﬁeremfﬁc EiﬁEtﬁe “b@stly){m A] enB[ kepr-event
ERRVETB déflﬁl%g | dé%ﬂegf;l rdbf[ﬁ%g@ ccijlf{erenc bfrﬂﬂe Beyy ér?or': éﬁent]@vertzhe

:; ; 8; ngnwgld@wqﬁgxme, wheess the length of the wmd%tw ?sr e?prlaln to the (fengtﬁSt type A’
the longest error-event. For the rate 16/17 (0,6/7) modulation code, the
window has length 18. Let bm{j-18, j-1] represent the difference metric of
the best error-event in the window from time j-18 to time j-1. If there is a
qualified error-event ending at time j and either there is no qualified error-
event in the window from time j-17 to j-1 or dm{j] < bmfj-18, j-1], then the
best error-event in the window is updated and bmfj-17, j] is set equal to
dm{j]. Otherwise, the best error-event in the window is not updated and
bm[j-17, j] is set equal to bm{j-18, j-1]. If the best emor-event in the
window ends at time j-18, then the best emor-event in the window is

corrected in the best error-event correction block.

In a half-rate implementation, which is the preferred embodiment, the
error-event comparison block 60 determines the “best type A or B” error-
event ending at time k or k+1 that qualifies as a possible error-event for
correction. In a manner similar to the full-rate implementation, the four
error-events ending at times k and k+1 are compared and qualified. If one
of the error-events qualifies, then the best error-event is flagged and the
difference metric for the “best type A or B error-event ending at either time
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k-5 and k-4 are valid. The "best type A" error-event ending at time k-4 is
valid if L[k-5] < k-7, L[k-6] = L[k-5] 1, and [err] [k-8] [err] [k-7].

Simlarly, "best type A" error-event ending at tine k-3 is valid if L[k-4]
< k-6, L[k-5] = L[k-4] 1, and [err] [k-8] [err] [k-7]. 1f the "best type
A" error-event was valid in the previous channel clock cycle and the val ue

f ticular,. bit | hepé.h - t ' i
o 2P LR 8] Dl nfi, ik Dacmusef PR GY B AR EhEq TRBRICS,
"best type odrrespondisy éothateerddmevatt. tf maserkordevernd dndingag evthier dime k
tivel i npl ' : t
Conpar i son stk vas 1gBed, then HE IB8eltsPeirBReSEROBRD chitthates B ever
di st ance erdiffererseemetaa df the abestitype A onBl’ eqrarrevans £0ding apsihepiige
error - eventy (preiger k-£51 i daiflg, Ghi[Ri-1EY 0! tHeOMPRir A nidteiekof e dess

either the two error-event, P?l’ S, or Fge ttno dif erfe ce ITE&I’ICS to
det er mi ne error-event over a window of time, where e length o 31§7wm ow 1S equal

erT{dj[ ] =] ;Tg)t(aeﬂﬁ[ jléngtlﬁ][TBthhé lgng?st error-zvent startifig{ 4t] ome rt'bfn{t\_ﬁgAbb&sinir[B_[ J] 1}
= err - A he " e A" n J] or
ding 1] i s GosSEhus, Basttlbng poion, I Sk, GHTRIQELT oduohresdt M,
er r or - eventwingovarhasrleogth dfenTot simpdifiyitherlogm, therwindowdengthi can be
error-event, a it hifer L A LN ¥ i e
i n{dmAl] ] ,@%ﬁ%‘ﬁf%%rhzd‘*é?sﬂaf‘-%?b%e@?%?’?%%ﬁéé{‘é diferer tygg?ﬂs*h‘f
er r or - eventbeshgrivg-cyent imihe windews Fjﬂ}efe ip aquplEied eFrorkyenbgREing b A"
er [ or - e\éﬁ{n_ttirh_é k r@tfk&tﬂ am:’d téitﬁ%i{ n%]eré i§IM8[ qualified rforc@sent ithx&Wih?bangg :
metric il is.se . e 1:1Pr.0CE chs. the "bes
type A" er tEPPeHEG k%?%&'gtortm%]d [H]' ﬁﬁgﬁ‘ﬂ} 506?&%%'??11 mpie and
the "best theseesorevent iretenwindow a$ updated dnd ksl kiHd idistt eqrakc® netric
for the "b t . Biyer > n | Ladd | | [ t
cqual £ oary PERE el P O RIREnEBe Mrctedolinihe sitkdow n8E | o
best er r or Uipdaitd BnddmioiBaket] isneet equakieehodkndl.k-d Joflf the bepeerrorype A
or B erroeyeyem ﬂ?é‘%iﬁ&o@tec}idsnﬁ tme %720 lor ¥-99! Bt BEQGRoMBVEACIPf the
best error-event ,over a W nﬁfl(gwg%ttl me, where the Ienrﬁb{]chéihe w ndow i s
equal to t Na€ PEREPK IsicorrretedHylsbest ciaPI-gYenk COTFRRUQ 16/ 17 (0, 6/7)
nodul ati on code, the wi ndow has length 18. Let bnfj-18, j-1] represent the
di ff tri .th . - t t | . | ' 8t
t : mgejr < 2?e| ][re t Lgfeggﬁtrgugaeno%sfo Fig 213 ViHe erfdrldnt! @gr%‘ﬁ'aﬁrs‘fi’ﬂ] bidk l60'® tO
compares the four error-event metrics. The error-event metrics emAfk-4]
and emB[k-4] are compared to determine the “best type A or B” error-event
metric ending at time k-4, referred to as em[k-4]. If emB[k-4] is larger than
emA[k-4] or the type A error-event is invalid, then the type B error-event is
selected and em[k-4] = emB(k-4]. Otherwise, the type A error-event is
selected and em[k-4] = emA[k-4]. Similarly, the error-event metrics
emAfk-3] and emB[k-3] are compared to determine the “best type A or B”
error-event ending at time k-3, referred to as em{k-3]. If emB[k-3] is larger
than emAfk-3] or the type A error-event is invalid, then then the type B
error-event is selected and emfk-3] = emB[k-3]. Otherwise, the type A
error-event is selected and em{k-3] = emA[k-3}. In addition, the error-event
comparison block compares em{k-6] and em[k-5] to determine the “best
type A or B” error-event ending at time k-6 or time k-5. If em[k-6] is larger
than em{k-5], then the “best type A or B” error-event ending at time k-6 is
selected. Otherwise, the “best type A or B” error-event ending at time k-3 is
selected. The register ERRMET_REG represents the error-event metric
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qualified error-event ending at tine j and either there is no qualified
error- eyent in the window fromtinme j-17 to j-1 or dnfj] < bn{j-18, j-1],
then the best error-event in the window is updated and bnlj-17, j] is set
equal to dn{j]. O herwi se, the best error-event in the wi ndow is not
updat ed and bmpj]-17, j] is set equal Eg bn{j-18, J-l]. I f the best

- t »18, then.the.b (I
error evenkoddi WS "8 Ghe TR BtV B E] L™ 1
a hal f - r at Umenst Arterwithimoa sigahéhenges t he preferred enbodi nent, the

error-event conparison block 60 determ nes the "best type A or B" error-
event ending at_tine, k or k+1 that guallfles as a possible error-event for

correction. |n Befeming nevemtoaFigo ldhdhe yupdate chest ngremevandt bleck 0% 1 our
error- even&@lcamie@@mm@} aisicki ik Ak edifferdiriecgheiié ags@im{ddedutﬂf one
of the err gé}t?&%ughlf‘g‘ t hen tR aest er.ror-event Ls fﬁ and the
di f f er ence¥et PFE ar By e SrToriRyenh eghing: al s kalfbQr Wmg; gp clalther
time cor;xé{;ares it to the best difference metric over a ¥8nddw @f timedrémlk-30

o that e bR blersorrespOudflg 7Y, B, Wpbl BESIDEEC B TRNGICRIEG®R0T°, 00

to that erro

fl agged, tMQCWWdBES'IMT dhenrthe NI E lsigamal goepdrigh sigrifding er ence

nmetric of r e n&ifﬂﬁ h—#elﬁ‘? ti or
time k+1, ﬁﬁ? g@& Nﬁm ’Hregtﬁce matlf%lE nﬁlé(
error-eve of Q equal

to the | engghabfareh&sedangdate eig Bmeé&ozstaggddlﬂﬁda«mmmmm Hewpepossi bl e

®°23§®”L;Xe‘f‘f§ﬁ3bﬁd%3%%&$@ ind RASK, DR AAR S Kafe AR Bisho”

ext ended teIT@OEVERt cmrr{admm blaek H4r ePhe MEWCEORRECT eigmal egermrated of t he
best.er rorygveRl b f%@ﬁgeeea&@guaﬁ 1108k %4 a e@ig& {BBESLIRAY URY Bl endi ng

at time k or sno erro-eve I'n tThe w ndow
fromti rreqn%et*@nkregcwd thenendokthe wipdow Khebeskenpr-eveshis he best
er r o - everteaily foheoweBoN and e HndewaRs k 18 k+1] is set equal to

m n{dnf k], dnik+ 1]. Otherw se, the best or-event in the window is not

updat ed and bn{ k- 18, k+1] is set equal to br’r{ k-20, k-1]. If the best error-
event in the wiRefentingdmwatotFige. kSAGmak 15B,1Ghe béstrertdreevensicozréciorevent in

ot g MR B SO PTG PR SR i
delay lines, in Figs. ISA and Ir?B contain the symbol error
Iocations for the best error-event in the window from time k-30 to k-13.
The MBITS_EVEN and MBITS_ODD delay lines, in Fig. 15A, contain the
symbol error locations, obtained from the merge bits, which feed
MASK_EVEN and MASK_ODD, respectively. If the best error-event in
the window ends at time k-30 or time k-29, then that error-event is corrected
by placing the symbol error locations into the COR_EVEN and COR_ODD
delay lines, in Fig. 15B. The output of the COR_EVEN and COR_ODD
delay lines is used to flip the erroneous bits at the output of the PR4
decision memory block 54 to obtain an improved estimate of the binary
ipput symbols, where X_EPR4_EVEN = §[k—48] and X_EPR4_ODD =
X [k-47].

The only dependence on the modulation code constraints for this
embodiment of the EPR4 post-processor is in the lengths of the path
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enB [k-4], are conpared to determ ne the "best type A or B' error-event
metric ending at time k-4,"referred to as enfk-4]. If~enB[k-4] is |arger
than emA[ k-4] or the type A error-event _Ls invalid, then the type B
error-event is selected and enfk-4] = enB[k-4]. Ctherwise, the type A
error-event is selected and enf k4] = erdd k- 4] . Simlarly, the error-event
netrics empigiesafor theB(k-I3) Witerbiodptacterst andién ghei langthseof B tdelaghe A or
B" error- : e i.me k-3, referred to as enfk-3]. If enB[k-3] is

| ar ger thgz&gn%[w&]r}&gr%%%étype A error-event is invalid, then then the
type B error-event is selected and enfk-3] = enB[k-3]. O herw se, the type

A error-evtent iHaﬁ@'g&thfdie@Eﬂb@makréhbGdﬁgﬂéd@Bﬂhe ikweﬁ,dg%a,t immiél ﬁnbw be .
error-even conpar an Q 0 es e - an 0 rm.pe e
Thect typnpreragd Bt she BhiS TRIne SnTfidan hafl Refl g hchi®E BRTHIE &)
i s | arger wihrbenindesitoadhdry tthesé beslledyme theoartBthar manevehangesdimg at

ti k-6 i :t.ed i : "he - . - d

bt Tt ek DREUEHRRCand" WAL Giffefifie’ BflodRR Ald. SppfiEigons i 1UL 18
metric invention will suggest themselves without departingstomithe spirih amk " best
type A or Rop8idfthe dieetiGRdTHE dscldstie nf the des8Bptiod hebéinMrePuteBy Si gn

change. . Referri.ng now.to Fig. 14,. the update best error-event bl ock
62 cal cul dHBSTRIERERR t\%ilﬁwqd&gttﬁé)edmw FRUNE associated with the
"best type A or B" error-event ending at tine k-10 or tine k-9, and
conpares it to the best difference netric over a wi ndow of tine fromk-30
to k-1, corresponding to the signal BESTDIST. |If DFMET_REG i s sel ected
over BESTDI ST, then th&hNEhBERTBeen ®dgoes high signifying that there is a
new value for the best HiNHCHMMERINric.  The NEWWASK_EREG,

NEWVASK1 EREG and N i 'E L it als are used to place the synbol
errors associated with a new best error- event inside the MASK EVEN and
MASKODD del ay lines inside the best error-event correction block 64. The
NEWCORRECT signal generated in the best error-event correction block 64 is
used to indicate that the best error-event reached the end of the w ndow,
therefore, the best error-event is ready for correction and the w ndow is
enpty. Referring now to Figs. 15A and 15B, the best error-event
correction




bl ock 64 conposed of 6 delay lines. The MASKEVEN and MASK ODD del ay
l'i nes, m’m Zh 'MllSB contain the synbol error |ocations for the
best er wi-ndow fromtinme k-30 to k-13. The MBI TS_EVEN and
MBI TSODD del ay li'ned, n Fi g. 15A, contain the synbol error |ocations,
obtained fromthe nmerge bits, which feed MASKEVEN and MASKODD,
respectively. If the best error-event |3 the wi ndow ends at tinme k-30 or
time k-29, then trwhagfsr(ggmﬁg@[g is corrected by placing the synmbol error

o7 The CEREVE nd: COREEN4 e o o013 B dsavaiod Fronld hPoeBEaon! s
t he out pUthttEghﬁ?P&ﬂd denipgistmg:nenory bl ock 54 'ItDo obtain an |rri:)roved and
X EPRA.COD = (ere "1?1%‘4\9{*% d%¥é5‘?$h§°rgh“%1$&§gopee§a§#§¥§%i BBl e Code
constraints PR4 emlahmd)wnpbdtdaja detectiBRRAapnel foppoodecing ansestimathé

| engths of t 30 nenories
for the (1- 4E§q% %fc %aél%fr(l) |aﬁloph%d esncgcgrﬁespopdl tod%l y lines in

post - processéﬁ ermined p ﬁm@&hhﬁg%géllm&f@@ﬁé@i% epPatthe

i nvention, i inf@rhiati&ﬁi"tél@ﬁﬁ@%%@héﬁ Hﬂﬂt‘o %@@ME&H@SI the invention
have been fully achi eved and it 1t8ﬁ|){lfjéFt hos kil,led in the

art that many chaRg@StBROGEHIST FBEIE?C&?@%&] B(Elﬂmsnts and
appl i cati onsPB4 edpealizedesimpledwiatd dsﬂegueﬁtchamwmmasludmglout departing

descri ption herein ar exgs SPLI Foues B ol fan Resfutg S 4P %‘*8% o be in
any sense |iestiinated sequence of coded digital information values which spe esa
PR4 path comprising a sequence of states through an EPR4 trellis,
an error-event selection circuit for receiving the other path
information from the PR4 Viterbi detector for selecting non-overlapping
error-events from a set of error-events, and
a path cormrection circuit connected to the PR4 path storage
circuit and to the error-events selection circuit for correcting non-
overlapping error-events deviating from the PR4 path through the EPR4
trellis, and for putting out a corrected estimated sequence of coded digital
information values.

2. The EPR4 detector set forth in claim 1 wherein the PR4 Viterbi
detector is connected to receive odd and even digital samples from the PR4
equalized sampled data detection channel and comprises two bit-wise
interleaved (1-D") Viterbi detectors, each said interleaved Viterbi detector
putting out an estimated input sequence corresponding to a path through a
(1-D") trellis and other path information relating to other paths through the
(1-DY trellis.

3. The EPR4 detector set forth in claim 2 wherein each of the (i-
D" interleaved Viterbi detectors puts out binary merge symbols indicating
one of presence and absence of diverging survivor paths within said each
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channel and conpri si ng: a PR4 Viterbi detector
gi-t-al sanples fromthe PR4 equalized sanpl ed data
detection channel or producing an estimated sequence of coded digital,

I nformati on val ues corresponding to a determ ned path through a PR4 trellis
and for producing other path informatidh rel ati ng to other paths through
derector and {91 tepigp el el 81‘6?&%?{ 25 SHOSHEE path MOrHioN [@iie

i ncludi ng: to other pathSéhmg ﬂlscl rcuit for receiving and storing
the estinmated sequence of coded d| g| taI | nformatlon vaI ues which specifies
a PR4 path conpri gi a nce, of t rou trellis

an error-event sefieg&%@ﬁgﬁﬁetﬂqr&e rfg ﬁﬂ“@{ %W%%?%tlon
;rom t he PRﬁNcmgmb:thﬂﬁtmcpm ;imcesetemtludgs non over | apping error-events
roma set of error-eve

connected to the PR4 %%e%sifgggb%l lag ?%3?? C&"@’#ﬁtog h‘fe;li)éeng(rr)f g@Cmd’tﬁtgel ection
circuit for mnempmmgnmﬁm@seforalp@phgabtyo eapsmrvende destating friosmthee PR4
path throughpgl gg%ﬁg%@)ﬁgglﬂh EP‘RT-’}thfeﬁ'is putting out a correct ed estimated

sequence of co rLngatlon val ues The EPR4 detect or
set forth in claimil v@h@PBr‘PlVfi meﬁqfef?‘fﬁmﬁé@%%%@at}@ EHFIHEIC dto

(rj etcel ;/e Oddh@&@kt déiegnbﬁio m?bﬂs%éﬁ@mewhgts%mwlb ) gd data
eeC|oncan rrses e l.n D.

det ectors, ﬁ ﬁ'aclf 1SEERFeTY §i t%mn\,\% %eét%feéﬁﬁ?%‘é 6{8]‘9 aéﬂé/{étct (ﬁjat ed
i nput sequermeecmrmemi}rmgspbﬂdmg)mlabdsmugm event obdeyvad ever g timé ot her
pat h |nforrm‘§ér§) elating to other paths through the (1-D) trellis.

3. The EPR4 or set forth in claim2 wherein each of the ( 1- D)

I nterl eaved Vi terbl detectors puts out binary nerge synbols indicating one
of presence and a¥ S el V?Mﬂ&&&ww%ﬁw MO TaRA O heré iRl thes@itbie@edr-

2
AR W i LR ey TR

m’ 1. An EPR4 detector within a PR4 equalized

relating to %‘EW
companson circuit comprises one of the following:

a best type B minimum distance error-event ending at each state of
the sequence of states along the PR4 path through the EPR4 trellis,

a best type B minimum distance error-event and and a best type A
minimum distance error event ending at each state of the sequence of states
along the PR4 path through the EPR4 trellis,

a best type B minimum distance error-event and a best type A error-
event ending at each state of the sequence of states along the PR4 path
through the EPR4 trellis wherein the best type A error-event is not
necessarily a minimum distance error-event.

6. The EPR4 detector set forth in claim 5 wherein the sequence of
coded digital information values are in accordance with a rate 16/17 (d=0,
G=6/1=7) modulation code, and wherein the type B error-events
correspond to mistaking the following input sequences:

1 and 0
Ix1 and 0x0 R ——
PxIxi and 0x0x0
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4. The EPR4 forth in claim3 wherein -the'error-event circuif

W thin the DS Lial or includes: a nmetrics calculation and
conparLﬂH‘ kY. ﬁgﬂ[&gﬁcdlculating.and conparing netrics for the plurality
of errom M} I ng fromthe PR4 path through the EPR4 trellis,

a non-overlapping error-events identification circuit for identifying the

non-overl appi ng error events to correc83by conparing a said netric for an

error-event fkikinlthe set of emndr-event8x@x®x8& netric for an error-event

correspondi ng%i)gp?ls‘@test-error-e\éﬁ t obsergﬁ&&bgﬂ a tinme w ndow. 5
e

The EPR4 det forth in im4 wherein set of error- events fbr
whi ch netrickxhxbxbalxdul at ed by ande net ri 8x0%0%080xQt i on and conpari son

circuit conpyj$epy 18] the folhawi ng:  0xOx0xBx0Le%0 t ype B mi ni num

di stance error-event ending at each state, of .fhe.s ce of states alon
the PR4 pat hlxhx bughlxlxd xEPRa traéﬁl i s, OX&XO&%@%@%’&& B ni ni num di st agce

Z;Lﬁr-s?\ét?gt o?%ﬁ@&ggaimatl?@ﬁ:[t%?mmgﬁmtm dj[ ﬁt agci errﬁr event endi ng at

_ uence of ,states alon e at.h, 1 hr - EPR4
Creltis © %and haei fig,go8 Marrony S caReo g Pevar it I SEI Yo, A
error- eventimgudiseguaicesach state of the sequence of states along the PR4
path through éma EPRA trellis \Méﬁaei n the p@st type A error-event is not
necessarily <1;1 ni mum di st ance rror-even?. 6. The EPR4 detector set
forth in clal®i@ wherein the se@qidnce of @Hded digital information values
are in accorg@ g wWith arate 16547 (d=0 ofg®®y | =7) nodul ation code, and

! 1§
wherein the error-events cqrrespon m st aki ng the follow ng input
sequences: 115?81(? an8 and 81.61?8 1x1 ° ° gnd

0x0 Ixix1 1glo0to1 = . andnd  OBDGIDIO 1x1x1x1
an x 1x
IXIXIX1X1x1 181(81(8 an)o(l X1 and &&&&@@q 0x0x0x0x0

7. The EPR4 detector set forth in claim 3 wherein the PR4 path
storage circuit includes:
a merge bits memory connected to receive and delay merge
bits from the odd and even interleave PR4 Viterbi decoders, and
a PR4 decision memory connected to receive and delay
estimated input symbols from the odd and even interleave PR4 Viterbi
decoders;
wherein the error-event selection circuit includes:
an error-event validation circuit connected to the merge memory and
to the PR4 decision memory for validating error-events,
an error-event metric generation circuit connected to the merge
memory, the PR4 decision memory and to the error-event validation
circuit for calculating odd and even interleave error metric signals, and
an error-event comparison circuit for comparing the odd and even
interleave error metric signals and for determining the current best error-
event as identified by the largest error-event metric; and,
wherein the path correction circuit includes:
an update best error-event circuit for calculating a current difference
metric from the current best error-event and for comparing the current

———
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1X1X1X1x1x1x1 OXOX XK DX X0 IX1X1XIX1X1X1X and

Q(O(Q(C)Jm ﬂi ﬂ'lendl cates a "don't care" state; and wherein the
type A spond to m staking the follow ng i nput sequences:

101 and 010 1010 and

0101 10101 and 34 01010 101010 and
010101 1010101 and 0101010 10101010 )

and ali ffeddide metric witly a biise diffeendetreetroor wittin faotiming wiataiwm 3
wherein the F[HE S
nmenory connecat|3 dﬂfré rlééée}l{gj %‘%&%’g i hﬁégg’ge%lstt i Orro%‘{ dlﬁg Egﬂg\%‘%

i nteri eave PR&AVi terbi decoders, and PR4 deci sion nenory

connected to rece'aVSes%fEir é@éﬁtgb?déamdcﬁaa%oﬁﬁeaekﬁofme%&@ g¢d and

even interl eave PR4 ) e ﬁg dec error-event “sel ecti on

circuit incl JReHOrY, @c.lsspnév@mrm Ful&miaé?rbéﬁ'i EITRERNERE €HCHY te
mer ge ”E”Dryf@ﬂ@o:n‘bdtﬂmg ﬁmy?ﬂml%my@dwmﬂgw%thgh Itaﬂaénroge%mordeﬁvm .
an error-even Lon Clr connec (0] nory, e
PR4 deci sion I 0

B fH: Gbaa O TEST kB Vot dittnROR R GRS, o fUF RS 1R
cal cul ating m:odr@mﬁ symbol naethiecenreecied estimeted seq:mmlcﬁ caded digital an
errorevent cqm glt for conparing the odd and even interleave

error netric mgna%s angru%or determ ning the current best error- event as
identified by the largest error-event nmetric; and, wherein the path

Colr r eft 't on circuifg, "Fﬁéé ll!%}q&l detector s6t %P@xaitneclh%ﬁt l%h@fexﬁ\(ﬁé‘t%axﬁplé‘dldhté 0{
and for conpAFTiGH Qe ael dpgltdes AR €ncodet RaY ererechas 16 GG best
difference rrm(tozm tihgmﬂanfoman@mwﬂdemnt@rmawqwﬂd:@of codeddipisslvi ng an

st e best el BECOEnGE Nl B 16/17 (020636 evert

modulauon code.

9. A digital information storage and retrieval channel including an
encoder and a precoder for encoding information values into a sequence of
coded digital information values in accordance with a predetermined

-~ modulation code, a data write channel for writing the coded digital
information values to a magnetic data storage medium, a PR4 equalized
sampled data detection channel for receiving a signal stream from the
magnetic data storage medium and including a PR4 equalizer circuit for
equalizing the signal stream to a PR4 spectrum, and a digital sampler for
providing synchronous digital samples from the equalized signal stream
and further including:

a PR4 Viterbi detector connected to receive the synchronous digital
samples for producing an estimated sequence of the coded digital
information values and for producing other path information relating to
other paths through a PR4 trellis,

a post-processor connected to the PR4 Viterbi detector and to the
PR4 equalized sampled data detection channel and including:
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menory, the PR4 decision nenory and the update best error- event Ci rcwt for
corrjﬂlﬂigmmﬂmm errors occurring within an error-event identified by
t he -event difference netric, and for putting out
correct ed synbbl s* ag the corrected estinmated sequence of coded digital

I nformati on val ues. 8. The EPR4 detector set forth in claiml
wherein the sanpl ed data detection chand@ includes an encoder and a

g;egggga L or tes%twdl ng Iélf@m gthdstatégelmtdnﬁpfdir&ewwm\gadmiesto éﬂqiﬁsggu%nce
i gi or mati on H d 511 vgwcgc%

G=6/ 1=7) rmodut c%?tﬁ!élemeo o é‘? bg‘Eﬁ 051“3 8 hh?? {SFEGRORd

retrieval chatnnzePRmphﬂdcompem1masdqxnemad;fa;ta!cedmdegh aorERING o

i nformation val ues intog ?ﬁ?éél%ct?&g%gcﬁli’é%f ?écgmﬁgrtﬂgtdetggclﬁ] hues in

accordance with a prede erm ne nnel for
writing the dofiecmatigntfsom HicoPRédt Viserbideteston Eoragemga{etg BORAQET

medi um  a PRAerfSHebé &raaim! & og%r%ﬂe diéWaﬁﬁ%mﬁh thOPReeatH I ng a

signal streamfromt net| ata, st m a | udi PR4
qual i zer ci rtbpugh ﬁg‘ﬂ tgl @Wﬁ%‘%’? gﬁ%gﬁétﬁaéf&ﬁ{qfég%‘:%& gple(r:]?rﬁm and a
di glltal 3arrpl erlfor pr avp dgﬂ@o@?ﬁwﬁ@mwma@lt@aﬁmm [famlstdrggedt t
equal i zed signa nd further. i ncl.udi n erbi detector
Comnect od 1o gt phaL A errf EMEt et it for.cofedtlil §EhE >

est :j mat ed semb@mhgtdreoxcedadsdiegx&tnﬂg frofotheel émadaﬂuestghrtth y
ro u0| ng o ath4i

: 9 Ot NEERS A AL Dhg O BoBeoR ¢Binfiebs Eﬁﬁj@a?eéﬁgmdetﬁe%%ﬁﬁ

trelli connect or and
to the PR4 equémlzefdosawémeﬁ data detection channel and i ncl uding:
a PR4 path storage circuit for receiving and stor| ng the estimated sequence

of coded digital ipnforpation whi ch corre Q
conprising a sequem: &% Ealé“#%%[} R EQfaE‘F’ﬁﬁ tr? qvaLchanntl} sl 3bfth h
error-event sgfhgntd whmmcubnetPMeqndmdvm@Ie@dam detectpent khanher fuathieon from
the PR4 Viter ec s froma
set of error- g’\%ﬂﬁéesdé\ﬁ‘%][%ggﬁgg@b#gqﬁ’%%}ﬁg\tfﬁ{ét{%g%gﬁeg Q%SE%%?% ellis
stored in thaligial pamipler andighe ERAcwtarbi detector, and wheremt e post-

processor is connected to an output of the digital finite impulse response

filter.

11. The digital information storage and retrieval channel set forth in
claim 9 wherein the predetermined modulation code comprises a rate 16/17
(d=0, G=6/I=7) modulation code.

- 12. The digital information storage and retrieval channel set forth in
claim 9 further comprising a postcoder and a decoder for decoding the
corrected estimated sequence of coded digital information values in
accordance with an inverse of the rate 16/17 (d=0, G=6/1=7) modulation

code.

13. The digital information storage and retrieval channel set forth in
claim 9 wherein the PR4 Viterbi detector is connected to receive odd and
even digital samples from the PR4 equalized sampled data detection channel
and comprises two bit-wise (1-D') interleaved Viterbi detectors. each said
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a path correctlon circuit connected to the PR4. path storage circuit and to

t he grrﬁﬂﬂm i EE ::I n circuit for correcting non- overl appi ng

error-e 21 lﬁromthe PR4 path through the EPR4 trellis, and for
putting &ut®a corfreétetl esti mated sequence .of coded digital information
val ues. 10. The digital information storage and retrieval channel
set forth in claim9 wherein the PR4 equatd zed sanpl ed data detection

channel further. D?ch‘féﬁ%& thﬂﬂlﬂetédtﬁf gﬁtﬂ Yh6%n Eﬁ%ﬁf&ﬁ u'tfs%guence

connected between't gi tal er .an ecto

wherei n t he psgfresa%@agsfaa.p@ st Rekiel ﬁr% Rer i ﬁrﬁpﬂawtpnn.te
i mpul se resporsetihigltbasther paths tlﬁbugrﬂhhec{llngt)adremzrsformat ion storage and
retrieval channel set forth in claim9 wherein the predeterm ned nodul ati on
code conprises a rate 16/17 (d=0,_ G=6/1=7) nodul ation code. 12. The
digital informati oh4st’HT@dEg1tﬁidnf@mnﬁteMalsthagmaad rerieviabchhniel sdtfontoin
further conpriging;g vﬂ?e%gﬁi’@géh %?%é‘ (P'%?‘i‘ﬁ{erlfeg(ze&"%ﬁ?&bf‘Heﬁe%?oﬁgmt?%ﬁﬁd

esti mat ed sequence of co I on values | n accordance with
an inverse of bmaéyrramqmms@mmm pnerpt parRgnae apd absemrce of diverging.

The digital igkeipet} @msSsi'ﬁhﬁg@a@!ﬁ‘@alrcie(tlr—m)/ﬁiteﬂé@fﬁalev:téﬁﬁ d&éét@r'd@ s%h@' m 9

0 gi tal LQﬁpf’@iwrrna%mﬁ%%é?éé&aia?@C°”§ F ealthEo0gt Gof Kb PaEHel and

conprises two bit-wise (1-D ) interleaved Viterbi detectors, each sald

Sequente QE?FLESX?}% ﬁff&g ﬁaitlﬁféf"’lﬁat%“&%%@ 4ha ¥ipfoh) ERARR, %’fﬁﬁ#r%la%

i nformation r whthe paokeven tIOfECI(rQulD'\h)lﬂlmeﬂhﬁleSF

The digital E?drl Pond&rage and retrieval channel set forth in claim 13
wherein each (1I-D) i.nter ved Viterbi detectors puts out binary
merge synbol s | nd| cati @fiéﬁ@66ﬁaiﬁl§§%%én§mmcwu18 QeFHCHIAANE vi vor

paths within gedosiadingl nddtyick Toethe phedliy ofrdtordeledts devRaigaftbm the
PR4 path through the EPR4 trellis,

a non-overlapping error-events identification circuit for
identifying the non-overlapping error events to correct by comparing a
said metric for an error-event within the set of error-events to a metric for
an error-event corresponding to a best-error-event observed over a time
window.

16. The digital information storage and retrieval channel set forth in
claim 15 wherein the set of error-events for which metrics are calculated
by the metrics calculation and comparison circuit comprises one of the
following:

a best type B minimum distance error-event ending at each state in a
sequence of states along the PR4 path through the EPR4 trellis,

a best type B minimum distance error-event and and a best type A
minimum distance error event ending at each state in the sequence of states
along the PR4 path through the EPR4 trellis,

a best type B minimum distance error-event and a best type A error-
event ending at each state in the sequence of states along the PR4 path

/
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other path infornmation-relating to other paths through the (1-D) trellis.

15. The digital Lpformation storage and retrieval channel set forth in
cl ai nU A VH%IFrir.ér-event s selection circuit within the post-
proce s 04t Rk a netrics: cal culation and conpari son

circuit for calculating and conparing netrics for the plurality of
error-events deviating fromthe PR4 patdf t hrough the EPR4 trellis,

a non-over | apRbuh e BPRRY gellts whersin the destrypei A @urdr-éesntiidanttid yi ng t he
non- over | appi ng_err ok. Fvents to correct by conparing a said netric for an
error-event W m"Hnt‘gfé AEE FIO%YYL - events to a metric for an error-event
corresponding to a best-error-event observed over a tinme w ndow. 16.

The digital i nforeat ipR GbREAHToAEIOE Sidia¥ehnd 2R al SHanhel $ fdideliai m 15

wherein the set of “error, trics are cal cullated by the
metrics cal cbaizeilénwheeeindhpaeqeseeaircaded digtal infeanatensr \Eq:rceaqeoflq owi ng:
a best type B iReWyithsd e P17 cd=@EUGRE/1eNYinfeidatieadivdst ahd in a
sequence of states Iong g:le PR4 gath throu‘gg t he. %4 ttbelrfl hi\v' a
best type B ehcHRheitkpe ReeTRFFirnie FOReSEARC 10 AustHILE Py SRYRMH R mum

di stance errgpues®Riienedsli ng at each state in the sequence of states al ong
the PR4 pat hrough t he EPR4 tﬁdlis, a best type B m ninum di stance
error-event ‘and a best type A efror- event ending at each state in the
sequence of Istlates al ong the PRandath  0x0 37 through the EPR4
trellis whergijythe best type ror-evegipxps not a mni num di stance

error-event. 17. The di gl tfl i nfor r@t oa storage and retrieval
channel set d&lxlin claim 16 ein thd ééﬁ nce of coded digital

i nfor rraj[i on MAlxuggxare in accor gahce W t x@x0Oa0016/ 17 (d=0, G=6/1=7)
st ki ng ¢ Ha RaAIaRG T nput  sEtiahces: CRORORBXBRDS correspond Co
0 1x1 IxIxIxlxixixl and and Ox0 O0x0x0x0x0x0x0
IxIxIxIxIxIxIxl and 0x0x0x0x0x0x0x0
where x indicates a "don't care" state;
and wherein the type A error-events correspond to mistaking the following
input sequences:

101 and 010

1010 and 0101
10101 and 01010
101010 and 010101
1010101 and 0101010
10101010 and 01010101.

18. The digital information storage and retrieval channel set forth in
claim 14 wherein the PR4 path storage circuit includes:
a merge bits memory connected to receive and delay merge
bits from the odd and even interleave PR4 Viterbi decoders, and
a PR4 decision memory connected to receive and delay write
current samples from the odd and even interleave PR4 Viterbi detectors;
wherein the error-event selection circuit includes:
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1x1x1 _ and © 0xO0x0 1x1x1x1 e and

0x0xPx0 ?‘g U'R(HHL and Ox0x0x0x0x0 1x1x1x1x1x1
and it IX1x1x1x1x1 and 0x0x0x0x0x0x0

1x1x1x1x1$t1x"1x1L "% ahd 0x0x0x0x0x0x0x0 where x indicates a "don't
care" state; and wherein the type A error-events correspond to m staking
the following input sequences: 101 38 and 010 1010
and 0101 1014l error-event validation @irduit conne€tA 16 theé INdfze memory and

and 0 10 10101010

and g}%%léﬁk &@c}smﬂgmeqqnogy cfoﬁ vta.Qﬁgtnag Snmgt %gg\!&St orage and

retrieval channel areerrboevent mettiai ganesatidrecietuit ﬁh&nmdﬁatthegﬂ@rﬁge
circuit incluyg t dn@n@k yrggngf}q; cei ve and
del ay nerge bi t@gzc%ryothe R4 dec{@l?evgln&?nat%er ea\%ee | Ifo?oders and
a PR4 deci si @r%hé@ycwﬁlﬁéagea @nﬁieec\@nv@teamveeqragr mﬁm%s %rﬂndsarrm es

fromthe odd and Gatﬁérrbﬁ-fe%h@@éiﬁlpﬁﬂéof{cﬁ@h@ fodopiatmy thhedéiandt éeen
error-event se tion circuit. inc

38 an 18%1 Gave, eaipr \%?tP&ailgB scatid: fpr; determining dhe SUIHRt RSk &R for y
and to the PRAledecanssdemuﬁeddIyyﬂfeokarg@dt|edmr+m@nemanneﬁamh,ts an

error-event Wﬁéfe‘anﬁ@?’éﬁf b?ﬁreghf)ﬁ%ﬁtcuﬁ F:d to the merge nenmory, the

PR4 deci si on Ir-even idation circuit for
cal cul ati ng odd ara@ epdaieihest eravevest rca"r:uﬁefpr calogilajing ¢, cusrent differenge

error-event GRARRY FHRAA the tittdnt st eRRAVERD ahd Fordd i ik bofreht eave

error nmetric nal s and.for. determ nj the curren est error- event as
Chent 1 ed byHRBICE GRRIC Hifl A bR HRLTRGRFS Gacthf v thiRe AITATIEN B RAY,
colrrelct i on cianhdufidr sefedti f d saving @nupdet fediﬁektﬁdiffe@éﬁwnﬁm@tam rcuit for
calculating a current.  difference netric f.rq e r - event
and for conparing & t%ﬂ é%fe |Cf%‘?£élr98ec rx} %:%n%#%c{ gg&‘gtﬁ%ﬁ?ftg? nce
metric wthi memory thg RRAddeeision memory and the update best error-event circuit

for correcting all symbol errors occurring within an error-event identified

by the updated best error-event difference metric, and for putting out

corrected symbols as the corrected estimated sequence of coded digital

information values.

19. An EPR4 detection method within a PR4 equalized sampled data
detection channel comprising the steps of:

recetving digital samples from the PR4 equalized sampled data
detection channel into a PR4 Viterbi detector and producing within the PR4
Viterbi detector an estimated sequence of coded digital information values
corresponding to a determined path through a PR4 trellis and other path
information relating to other paths through the PR4 trellis,

post-processing the estimated sequence of coded digital information
values and the other path information within a post-processor connected to
the PR4 Viterbi detector and to the PR4 equalized sampled data detection
channel in accordance with the further steps of:

receiving and storing the estimated sequence of coded digital

information values which corresponds to a PR4 path comprising a sequence
of states through an EPR4 trellis within a2 PR4 path storage circuit.
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and fWi ng an updated best difference netric, and a
best, =gvVent. correction circuit connected to the nerge bits nenory, the
PR4 deci safunnciiv 5 t he update best error-event circuit for correcting

all sy ‘tlu(: LT, ing wwthin an error-event identified by the updated
best er -eveht Mifference metric, and f putting out corrected synbols
as the corrected estimated sequence of co? ed digital information val ues.

19. An EPR4 detection receivingthenothernpathaindommations frosmthe ERbMitedét ecti on

EEZ”QELJ?2‘2Iﬁ‘?S@g%‘é%%%‘i@%g?%’éﬁ“‘%""é‘%’E@‘Z% o e T O o
and produci nge‘(/ﬁrir}gﬁjﬁv%aﬁ’@mn\/f lg‘? Pﬁ&’t piggh QW Eg&d‘nté? LerRfb He thet
Coggg di g: It al PRﬂL@ItH%tdn@ge\céﬁdmﬁSwﬁhfrf &s prrodienant selectitat eirauitedngdat h t hrough
a trell1s an

the PR trellia o ool kaRAMIAE sBor el VBlnRaOm bhea”
di gi tal inforhBdipathvhtongh thedEPR4 trellhewithan la path commetion areditn a

post - processq t I |

equal i zed sarrérﬁrg{c)f%%f Q‘Fg’&g%?ir%ﬁ? (%gégete&@r%t g[gacg(? an%@ag\ﬁl&nt Egleﬁ Ei?){] her
steps of: circuit and pugeeg ouhg comactetd estimptedhsequencesf s@dedqligied of coded
di gi tal inforip@biRaidRhdRfesWhi ch corresponds to a PR4 path conprising a
sequence of states through an EPR4 trellis within a PR4 path storage
circuit, receiving the other path information fromthe
PR4 Viterbi detectlf). Thd RRR¥ detection meethod &et fupth itocleimol 9 evenprisihgahiea set

f - i ati tH; PR [ 11
Stored in tndpe? St A Bebh R b ahl B el Blet BB TR RS L 5,
circuit, and equalized sampleshdatecdateasionothaouel indp pwadierss (BM&nt s devi ating
fromthe PR4 iﬂﬁértkggga bh e cdeks ahagiu!tﬁﬁ ngh Rs@mBaid iRt e hleHEer-C' reurt
connected,to t he pat st orage ci uj .t n @D t he rror-eve se,ectlon
circuit and mqwenémmem&r@agﬁ&dln& geldis anchebespadh daforangtion
i nformation \téla!ﬁﬁ% to other paflds thrbegtFBR4(UE paklltnfrorl hadhsbit-wWosd (1) cl ai m

19 conprisin h ur.ther ;steps of receiving odd and even digital sanples
fromthe PR4qB£ﬁ5§qaiv?gd\?§ﬁ%I@g°ﬁ%'a detection channel into two bit-w se
(1-D)

21. The EPR4 detection method set forth in claim 20 comprising the
/7 further steps of putting out from each bit-wise (1-D") interleaved Viterbi
detector binary merge symbols indicating one of presence and absence of
diverging survivor paths as said other path information relating to other
paths through the (1-D') trellis.

22. The EPR4 detection method set forth in claim 21 comprising the
further steps of calculating and comparing metrics for the plurality of
error-events deviating from the PR4 path through the EPR4 trellis within
the error-event selection circuit within the post-processor, and

identifying the non-overlapping error events to correct by
comparing a said metric for an error-event within the set of error-events
to a metric for an error-event corresponding to a best-error-event
observed over a time window within a non-overlapping error-events
identification circuit within the post-processor.

—_—
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Interl eaved Viterblr detectors and putting out an estimated input sequencé

correspow ‘ fmﬂmmﬂhr_ough a (1-D) trellis and other path information
rel ating m Mhrough the (1-D ) trellis fromeach bit-wi se (1-D)
interl eavet \itérbl" detéctor. 21. The EPR4 detection nethod set
forth in claim20 conprising the further steps of putting out from each
bit-wise (1-D) interleaved Viterbi, detectaor binary r.ge.synbol s

i ndi cating one of éges PRAudatsstinr anethod; set ferth in slaity 24 wheters thesseta d

ot her path i njpefiricientsfed Which metfibe ardakliealdiéd dyahe trhecr{ch-ddldultionl i s.
22. The EPR4 detection.nethod set forttBF| n cl .conpri si the further

,m 21
steps of cal CHRGEPRPURPICURPAOMRIISTSIIAE Slen OF deRENENAR Anet
error-events fidlowirgig fromthe PR4 path through the EPR4 trellis within

e S S e b A e SRR iy o
metric for arthersegueacef siatehatonghdiesBR4 qfatle throughvbetPRotellistric for an

error-event correspeBsl ipe!B Midifitin AIBACEURDE-IBNCAHPH LRYCH R Al e W ndow
within a non-ove,rla&pén error-events 1 denti %ikatlon cLrcuit thpn the

post - pr ocessdpimimum distance error gvent pReEPAYcard: Hate 19 thaseavenceo! sBeh in
cl ai m 22 whergbngtthe BRY pa@ﬁ tﬁ{rdx;gh-@é@pﬁzﬁt@gnmpi ch netrics are cal cul ated

by the netrics cal culation ,and .conpayi,son step conprises, the step of

det er ni ni ng one of® Eﬁgt fyﬁ’&ﬂ?dwmal.qu JlSt&HC%CH‘Q te"Fggéﬂ aﬁt?‘?fitmd*)%&e
error-event endimgndingattach state imnthetdequsecpiehstatesfalongties PRdopatht he PR4
pat h t hrough i : : _ B.m.ni ' nce
error-event aﬂr}g&égggi?tq%% t%lhﬁi%l}eﬁ%% |§§%’%gg8§ﬁ S{r%g\?g#[n ggngéﬁg at each
state in the BR6§S8AEY dfmBrmues distrper) ermog-gvRat.pat h t hr ough the EPR4
trellis, a best type B mininmumdistance error-event and a best type

Fesvorh i P EREERITA S o FESHERT FheRSFE st "

not  necessardfl godeddigimlinforsiaiteeveluesare yieatcordance witti24 rafeh¢6APRA

detection SEt(df= r,t(?=5ﬂ=95 %&uzlgti\é\ﬁ%%%,n axtu.tl] ?vhse%gfﬁe&l%estep of determining the
type B error-events comprise the step of determining mistaking of the
following input sequences:

1 and 0

ix1 and 0x0

Ix1x1 and 0x0x0

[xIxIx1 and 0x0x0x0
IxIxIx1xl and 0x0x0x0x0
IxIxIlxlxlIxl and 0x0x0x0x0x0
IxIxIxIxixlixl and 0x0x0x0x0x0x0
IxIxIxIxlx1xlxl and 0x0x0x0x0x0x0x0

where x indicates a "don't care” state;

and wherein the step of determining the type A error-events comprise the
step of determining mistaking of the following input sequences:

101 and 010

1010 and 0101 .
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(d=0,
type B

fol | owing i nput sequences: 1 and E'I’Ia‘ff-’d
and Ox0 1x1x1 an&il Ox0x0 1 M
and 0 Ix1x1x1x1 a 0x0x0x0X 1x1
and g%%%cxo Ix1x1x1x1éd1 @&HO OX O OX OX OX OX 0

I xI xI xI xI xI x{x101Q010 and @q@(&&&@m)@@mere X indicates a "don't
care" state; and wherein the step of determning the type A error-events

conprise the step of determ ning mstaking of the follow ng input
sequences: 101  25. The EPR4 detectiamehethod set farth i0elrim 19 comprising and

010101 the further sten of entBéing digital §ffFndRR Viies coming 1ot the PRY
and oxprdized sampled datpdetertion ehrand dnktheosequentie ©f sodedatigital n

claim19 Comﬁ%ﬁhaﬂo tmuéyﬁf B&ordhid® Rith ssgé J@W éal—UaGJ—Mothl on

val ues com ng | n equal i zed sanple etection channel into
t he sequenc Cﬁ %l tal information values in accordance with a rate
16/ 17 (d=0, G-6/ I —7) nodul ati on code. 26. The EPR4 detection

met hod set forth u er, stepc<of di ng the

Correct ed est i matd %%ﬁk@é SR o S PO, BE Pt B o BESRE the

accor dance urthearstepoédeeoding the cvateetebestimatdosequenet Iof Wodesdigital on

code. information values in accordance with-an inverse of the rate 16/17 (d=0,
G=6/1=7) modulation code.

information values are in accordance with a rate 16/17
@ ion code, and wherein the step of determnrng -t_he\

nprise the step of determ ning ms



