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BACKGROUNRD

1. Pield of Invention .

This invention relates generally to digital data
communication systems, particularly to the encoding and
decoding'of error correcting codes.

2. Related Art and Other Considerations

In a digital data communication system (including

storage and retrieval from optical or magnetic media) in

_ order to increase the transfer rate of information and at
the same time make the error rate arbitrarily low, it is
necessary to employ an error control system. For fixed
signal-to-noise ratios and fixed bandwidths improvements can
be made through the use of error-correcting codes.

With error-correction coding the data to be
transmitted or stored is mathematically processed through
appropriate circuitry and/or software to obtain additionol
data symbols called check symbols or redundancy symbols. The
data and check symbols together make up a codeword. After
the codeword is transmitted to and received from the .
communication channel or retrieved from storage the codeword
is mathematically processed to obtain error syndromes which
contain information about locations and values of errors.

Some applications, e.g. the writing and reading of
ID fields on magnetic disk, necessitate the use of codes '
which can quickly correct short bursts in a small block of.
‘data in real time. _

~For fast burst correction the.related art
generally employs one of two methods: 1) decoding a
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BACKGROUND 1." Field of Invention This invention relates generally to
digital data comrunication systens, particularly to the encodi ng and

decodi ng ofwess/mas4zorrecting codes. 2. Related Art and O hepermsosi2iss
Consi derations In a digital data conmmuni cation system (including storage
and retrieval fromoptical or magnetic nedia) in order to increase the
transfer rate of information and at the sane tinme nake the error rate
arbitrarily low, it is necessary to enploy atB-error control system For
-fixed signal -to-noise ratios and fixed bandw dths inprovenents can be nade
t hrough the us®Wftiplenerzan Lerrectingscodet Keewr or- ReedeSolononoardg)t he

data to be using burst trapping;.and 2) interleaving a single-error
correcting code. The first method is described in Peterson's
and Weldon's ®Error-Correct=g Codes”, second edition,
published by the MIT Press. 364 and the second method is
described on page 357 of tr  text.
. For appiications + :rein the codeword is
transmitted or stored in serial format, e.g. magnetic disk,

. the byte correcting ability of the code causes an
inefficiency. For example, if the code is based on 8-bit
symbols, then a two byte correcting code employing burst
trapping can guarantee to correct a 9-bit burst since a 10-
bit burst could affect three bytes. If the code were basegd
on 4-bit symbols and could correct a 4~symbol burst then all
single 13-bit bursts could be corrected but the maximum
length of the codeword would be reduced from 255 bytes to
7.5 bytes. ' ' '

If the interlecving method is used such that a
codevwora capable of correcting a single 4-bit symbol is
interleaved to degree four then all single 13-bit bursts
could be corrected and the codeword length wbuld be 30
bytes.

The disadvantage of the interleaving method is
‘that whereas the burst trapping code in the first example
has a minimum distance of nine, the individﬁal éodewcrds of
the interleaving method in the second example each have
minimum distance of three. This means that the first code
can correctly detect as uncorrectable all random errors of
two, three or four symbols but the second code can fail to
detect such errors if they are contained entirely within one
interleave. Also each additional redundancy symbol which is
added to the first qodé increases the minimum distance by
one but there is no way to add an additional redundancy
symbol to the second code which will increase the minimum
distance by one.
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transmitted or stored is mathematically processed through appropriate
circuitry and/or software to obtain additional data synbols called check
synbol s or WR¥i¥Mhcy synmbols. The data and check synbol s t auEvbsyanpmle up
a codeword. After the codeword is transmitted to and received fromthe
conmmuni cati on. channel "or retrieved fromstorage the codeword is

mat hematical |y processed to obtain error sypnglcones which contain

i nfformati on about |ocations and values of errors. Some applications, e.g.
the witing and reading of ID fields on nBgARARY di sk, necessitate the use

of codes which can quickly, correct short bur S in.a snalh&F%yck of data |n
real time. For fast burs BBFF CFFEH TSN SR &

of two net hods¢éRQ)genrevdtay/checker; a syndrome/Ecc generator; and error
corrector. The burst error correction system is particular,
but not exclusively, suitable for correcting error bursts
occurring in header data, including sector ID data, obtained
from a storage media, for example.

In the general processing of a codeword during a
write operation; data bytes comprising the data polynomial
D(x) are applied to the CRC generator/chécker both for
routing to the syndrome/ECC generator and for use by the CRC
generator/checker in generating m number of CRC bytes, e.g.,
three CRC bytes CR;, CR,, and CR, in the illustrated
embodimen=. The CRC bytes are shifted out to the
syndrome/ECC generator for use in the generation of a
plurality of ECC bytes. .

In the write operation, the syndrome/ECC generator
is configured to group the data bytes and the CRC bYtes for:
each codeword into a predetermined number (L) of
interleaves. In the illustrated embodiment, the
predetermined number (L) of'interleaves is three. The ECC
bytes are generated so that the sum of the bytes in each
interleave for a codeword is zero; and so that the ECC bytes
generated by the syndrome/ECC generator constitutes at least
L number of consecutive roots of the codeword. 'In the
illustrated embodlment, the syndrome/ECC generator generates
five ECC bytes, the five ECC bytes being generated to cause

" each interleave to have a® as a root and to cause the
codeword to have ¢! and <! as a root.

The syndrome/ECC generator comprises an
interleave~dependent ECC factor sub-generator and two
inte:ieave-independent ECC factor sub-generators. The
interleave-dependent ECC factor sub-generator generates
bytes E, - .- ECC factors generated by the first and
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-3- nultiple-error correcting code (e. g. a Reed-Sol onon code) using burst
t rappi ng; 1d Interleaving a single-error correcting code. The first
nethod is @;%%sﬁzﬁ‘gd in Peterson's and Wl don's "Error- Corr ecR¢HESHIALY"
second edition, published by the MT Press, P.364 and the second nmethod is
descri bed on -page 357 of that text. For applications wherein the codeword
is transmtted in serial format, e.g. magnetjic disk, the byte correcting
ability of the code causes.an inefficiency.”¥or exanple, if the code us

based on 8- bi Lo X! fneLDPUa Gl {RABYLAAEAY SE PACERIC SGHOLANAIUS! are

trapping can guarantee to correc urst srnce a
effect three bHysed tofgeneratecEGErbybes&y and JEGFtb¥tei®y.s and coul d

correct a 4-synbol burstriheReagbnaiall proeedsinguost & ¢auld dRRTEC Al a

but the nax'”“?lrst state of operation the entire codeword is inputted for
the purposés of regenerating CRC bytes (using the CRC
generator/checker) and of generating syndromes (using the
syndrome/ECC generator). The_regeﬁefated CRC bytes are
added to the received CRC byes of the codeword, yielding CRC
check remainder bytes. Thereafter, the syndromes are '
utilized to dgtermine if an error burst has occurred.

An error burst can occur entirely in the data
portion of the codeword, entirely in the CRC portion of the
codeword, or can bridge the data portion and CRC portion of
the codeword (e.g., one or two bytes of data and one or two
bytes of CRC). When at least a portion of an error burst
occurs in the data portion of the codeword, a data error
burst processing & correction state is begqun. The data
error burst processing & correction state involves applying
the error pattern, for the next three clocks, to the CRC
generator/checker for generating further CRC bytes over the
error pattern. ' o '

When a portion of the -error data burst dccurs_in
the CRC portion of the codeword, a CRC error burst
processing state is begun. The CRC error burst processing

. state involves applying the error pattern bytes developed

' during a phase of operation known as CRC_TIME to the CRC
generator/checker for the purpose of adding the error
pattern with the CRC check remainder bytes. If the burst
error occurred only in the CRC portion of the codeword, the
result of the addition will be zero if the codeword is
correctable. If the burst error bridged the data portion of
the codeword and the CRC portion of the codeword, the CRC.
error burst processing state is first begun and the data.
error burst processing & correction state is subsequently
‘but concurrently entered. When, in connection with the CRC
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| ength of the codeword woul d be reduced from 255 bytes to 7.5 bytes. If the
interl eavi ngVO@¥1284P i s used such that a codeword capabl e of ceecI/ESYsIREBIa
single 4-bit synbol is interleaved to degree four then all single 13-bit
bursts could be corrected and the codeword | ength would be 30 bytes. The.

di sadvantage of the interleaving nethod is that whereas the burst trapping
code in the first exanple has a m ninum di st asg=e of nine, the individual
codewor.ds of the interleaving nethod in the second exanpl e each have

m ni num di st anceemfor Inarsst Processingt statehether SRC cgeeratorfcheckey adds

detect as uncor rggd igatﬁiﬂrlo Jafé‘?%g{” é;%%ﬁi-ZPQEtHQ’ on%ﬁ%@@t&i &89{%?%%@'_§Iﬁﬂt

the second code can rors If y are con

entirely withinwid itheGRGcheck seemainderdPyrenal fexdtiearedewgrdoro be
which is added tqedu¥ ddritedtaif) é NERE2E8EUL BEniLE! SYHa T €haNERCPYyRES but

there is no way to ad addi tional yedundancy s 0l to the second code '
Wb eh w LT i et SRRERakS e, e ctaka cPBF CaRb, oF 'Ehe efror patterh.

BRIEY DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features, and
advantages of the invention will be apparent from the
.following more particular description of preferred
embodiments as illustrated in the accompanying drawings in
which reference characters refer to the same parts
throughout the various views. The drawings are not
necessarily to scale, emphasis instead being placed upon
illustrating the principles of the invention.

Fig. 1 is a schematic block diagram view of a
burst error correction system according to an embodiment of
the invention. o : |

_ Fig. 2 is a schematic block diagram of a CRC
generator of the embodiment of Fig. 1.
’ Fig. 3 is a schematic block diagram of a
syndrome/ECC generator of the embodiment of Fig. 1.

Fig. 4 is a schematic block diagram of an error
corrector of the embodiment of Fig. 1

Fig. 5 is a flbﬁcﬁart showing general. steps
executed when the systeﬁ of Fig. 1 executes a write
operation.

Fig. 6 is a state diagram showing states of the .
burst error correction system of Fig. 1 during a_read
operation for reading ECC-encoded data, and further shows
relationships among Fig. 6A, Fig. 6B, Fig. éc, Fig. 6D, and
Fig. 6E. '

' Fig. 6A shows steps executed by the burst error
correction system of Fig. 1 during a CRC regeneration and
syndrome generatioh state.
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-4- SUWARY A burst error correction systemwhich conprises a CRC

gener at or Mtesyiosag a syndrone/ ECC generator; and error corrpct/oso4/ika®s bur st
-error correction systemis particular, but not exclusively, suitable for
correcting error bursts occurring in header data, including sector ID data,
-obtained froma storage nedia, for exanple. 4n the general processing of a
codeword during-a wite operation, data byteS conprising the data

T Vhe spnr e B cbnel S 82, EpSECRUEBE, AABLEECLY (i bt (e
correction system of Flg. i during an error check state.

Fig. 6C shows steps executed by the burst error
correction system of Fig. 1 during a data error burst
processing and correction state. .

Fig. 6D shows steps executed by the burst error
correction system of Fig. 1 during a CRC error burst
processing state.

' Fig. 6E shows steps executed by the burst error
correctlon system of Fig. 1 durzng a correction
_ verlflcatlon.

DETAILED DESCRIPTION OF THE DRAWINGS
The invention includes a method and apparatus

capable of generatihg'&edﬁndancy symbols and syhdromes and
using the syndromes to correct errors. The codeword,. C(x)
consists of data bytes, CRC bytes and ECC bytes. The data
bytes are the first bytes in the codeword. The cRg bytes
follow the data bytes. The ECC bytes follow the CRC bytes.
C(x) is defined. as: | '

o s-1 m-1 4
C(X) = E ann+m¢5+ z CRnxn*S + E Enxn
n=0 n=0 n=0

where CR, are the CRC bytes, D, are the data bytes, E  are
the ECC bytes, s is the number of data bytes and m is the
number of CRC bytes. -In the illustrated embodiment, s=8,
m=3, and the field generator polynomial is G(X) = X® + X* +
X3 + x2 4+ 1. It should be understocd that the invention is
not confined to these exemplary values and polynomial, and
that other values and polynomlals may be utilized Wlthln the
spirit of the invention.

The CRC bytes are defined as:
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gererator/checker in generating mnunber of CRC bytes, e.g., three CRC
bytes [err], [err], and [err].in the illustrated enbodi nent. The CRC bytes
ar e’ shi ft edWORS12¥9t he syndrone/ ECC generator for use in thePGEMASAHIZIZ Of
a plurality of ECC bytes. In the wite operation, the syndrome/ ECC
generator is configured to group the data bytes and the CRC bytes for each
codeword into a predeterm ned nunber (L) of interleaves. In the illustrated
enbodi nent, the predeterm ned nunber (L) of THTerl eaves is three. The ECC

. bytes are generated so that the sumof the bytes in each interleave for a
codeword is zero, and so that the-fCC bytes generated by the syndrone/ ECC

generator constitutes at | wﬁ =L2ur]§gfnm‘maaqw*ye roop_@bp_flt he -

codeword. In the
n=0

. for k = 0 to m=-1. The CRC bytes are only generated over the
data bytes. The E,, E; and E, bytes:are parity bytes over
the entire codeword (including CRC bytes) divided into three
‘interleaves and are generated in such a way so as to make
the sum of the bytes in each interleave equal to 0, i.e.

P _
Y Cipex=0  ,k=0,1,2 EON.2

where C, ., are the coefficients of C(x) and i, is one less"
than the number of bytes in the kth interleave, i.e. i, is
the largest integer that allows 3i, to be less than s+m+5-k.
E, and E; are defined by: '

s+m+4
E\X+Ey= Y, C/X"mod(X+a?) (X*a™') EQN.3
n=2 |

E,, E; and E, cause o’ to be a root of each of the
interleaves. The ECC bytes E, and E, are generated so that
¢! and o' are codeword roots. The CRC roots start at co?.
Therefore the minimum distance is 4+m (the number of
consecutive roots + 1).

STRUCTURE: OVERVIEW
Fig. 1 shows an burst error correction system
which comprises controller 10; CRC generator/checker 20;
syndrome/ECC generator 30; and error corrector 40. CRC
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Il l-ustrated enbodi nent, the syndrone/ ECC generator generates five ECC

bytes, theyY&ds byt es being generated to cause each intepkp ave
[err] as a roo% a%g to cause the codeword to have [err] -and Ferrfgggﬁ%h

roet. The syndronme/ ECC generator conprises an interl eave-dependent ECC
factor sub-generator and two interl eave-independent ECC factor
sub-generators. The interl eave-dependent EC( factor sub-generator. generates
bytes [err] - [err]. ECC factors generated the first and second

'bgg er '[ S | “?‘e&%d{fl% )F&%o,sumaﬂsﬁa/%é gbferdtdr! 90JeARALELEEC
corrector are described in more detail in connection with

Fig. 2, Flg. 3, and Fig. 4, respectively.

. STRUCTURE: CRC GENERATOR/CHECKER

As shown in Fig. 2, CRC generator/checker includes
an input switch or MUX 100 connected to receive either read
data on line RD DATA or data-to-be-written on line WR DATA.
An output terminal of MUX 100 is connected to a first input
terminal of data/CRC selection switch (MUX) 101. An output
terminal of MUX 101 is connected both to syndrome/ECC
generator 30 (by line WR/RD DATA/CRC) and to data/error
switch (MUX) 192. An output terminal of MUX 102 is
connected to each of three CRC generator circuits as
described below. '

As shown in Pig. 2, a first CRC generator circuit
has reference numerals which include "0" subscripts. Second
and third CRC generator circuits have reference numerals
which include "1" and "2" as subscripts, respectively. Each
CRC generator circuit includes an input MUX 103; a constant
feedback multiplier 105; a register 106; and an adder 108.
The second and third CRC generator circuits each have a
shift-select MUX 104. The third CRC generator circuit has a
error-select MUX 107. In general, a first input terminal of
input MUX 103 of each CRC generator circuit is connected to °
the output terminal of data/error switch (MUX) 102. An '
output terminal of input MUX 103 is connected to a first
terminal of adder 108, the second terminal of adder being
connected to an output terminal of registér 106 (selectably
via MUX 107 in the case of the third CRC generator circuit).
An output terminal of adder 108 is connected to the feedback
multiplier 105, which in turn has an output terminal
connected to an input of register 106 (via MUX 104 in the
case of the second and third CRC generator circuits).
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In the general processing of a read codeword, in a first state of operation
the entir A¥pbd is inputted for the purposes of regenerating CRC bytes
(using thgw%%g ggnerator/checker) and of generating syndrom?gT gﬂﬁﬂ31he
syndronme/ ECC generator). The regenerated CRC bytes are added to the

recei ved CRC byes of the codeword, yieldiqgggﬁc check remai nder byt es.
Thereafter, the syndrones are utilized to ermne if an error burst has

occurred. An error burst Lr ' e &dat |
codeword, entirely in tlg:‘esC po ?rgér.lﬁ%f&%%%*%%é eﬂ/\oérkEE a%r éc%én@%#}l')%%éeé?ﬁg

data portion 2% 9ERETRSAS Fhrse (FRE dudedr 0l (@: g.RonERer 208 EFsesiivf
‘data and one gedgisteys avq), L0€), Ahenies,) Q@é(fea:ﬂefeuiyqn Hirte Afdde

bur st oceurs igh A ¥ HRUL ' Unifed SSHUS: sfhdBife fEEQ generator 30
: via MUX 101 and line WR/RD DATA/CRC, provision is made for '

shifting the CRC bytes through the registers 106. In this
regard, the output terminal of register 106; is connected to
a second input terminal of shift-select MUX 104, for loading
into register 106, and the output terminal of register
106,is connected to a second input terminal of shift-select
MUX 104, for loading into register 106,.

Paired with each CRC generator circuit is a check
register 109 and a check gate (e.g., OR gate) 111. 1In
particular, the output terminal of adder 108 of each circuit
is connected to the input terminals of its associated
(i.e., like subscripted) check gate 111. The output
terminals of OR gates 111,, 111,, and 111, are connected to-a
three-input check gate 112. A signal CRC DETECTED
UNCORRECTABLE ERROR is output by check gate 112. _

Output terminals of associated (i.e., like
subscripted) check registers 109 are connected to second
input terminals of input MUXes 103. The check registers 109
are connected whereby the contents thereof are shiftable
(e.g., from register 109, to register 109,; from register
109, to register 109,) so that the contents of each register

< can ultimately be fed via the segond input terhihal.of'
error-select MUX 107 to adder 108, of the third CRC
generator circuit. Register 109, is fed from AND gate 113,
which has a first input terminal connected to receive (and
invert) a signal D_BURST (described subsequently with
reference to Fig. 4). A second input terminal of AND gate
113 is connected to the output terminal of adder 108, of the
third CRC generator circuit.

CRC generator/checker 20 of Fig. 2 also includes
an error pattern introduction control section (framed by
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burst processing & correction state is begun. The data error burst

processi ng gidggstion state involves applying the error pattern for th
next threevg? & to the CRC generator/checker for generat|R§T4§?YH%%‘CRC

byt es over the error pattern. Wien a portion of the error data burst occurs
in the CRC portion of the codeword, .a CRC error burst processing state is
begun: The CRC error burst processing state Jinvolves applying the error
pattern bytes devel oped during a phase of 3rati on known as CRC TIME to

h h h h
the oG ’é’ﬁQﬁL’?’?‘gﬁé‘? REReLial - | B e AR B Mo "

portion of tHeeE %BCJ-PﬂSsrééml gage 130 ;adND igate)ills ‘b@nﬂem igatiehe
codeword is 117. AND gate 116 has its two input terminals connected to

receive signals on lines E_BURST and CRC_TIME, respectively!
An output terminal of AND gate 116 is connected to a first
input terminal of OR gate 117, a second input terminal of OR
gate 117 beiug connected to receive a signal on line
D_BURST. The signals on lines D_BURST and E_BURST are
subsequently described with reference to Fig:'4. An output
terminal of OR gate 117 is connected to a first input
terminal of AND gate 110,  the second input terminal of AND
gate 110 being connected to receive an error pattern on line
SR, (understood hereinbelow with reference to Fig. 3). ..

| " Fig. 2 further shows employment of appropriately
differing feedback multiplier constants for multipliers
105;, 105,, and 105,. In particular, multiplier 105, has the
constant ¢?; multiplier 105, has the constant ¢°; and
~multiplier 105, has the constant a®.

STRUCTURE: SYNDROME/ECC GENERATOR

Syndrome /ECC generator 30 of Fig. 3 generates a
plurality of ECC rytes, the plurality in the illustrated
embodiment being five ECC bytes. As explained below,
syndrome/ECC'genérator 30 is configured to group the data
bytes (applied on line WR/RD DATA/CRC) and the CRC bytes
(generated by CRC generator/checker 20) for each codeword
into a predetermined number (L) of interleaves. In the
illustrat:d embodiment, the predetermined number (L) of
interleaves is three. The ECC bytes are generated so that
the sum of the bytes in each interleave for a codeword is
zero, and so that the ECC bytes generated by the
syndrome/ECC generator 30 constitutes at least L number of
consecutive roots of the codeword. In the illustrated
embodiment! syndrome/ECC generator 30 generates give ECC
bytes, the five ECC bytes being generated %o cause each
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correctable. If the burst error bridged the data portion of the codeword
and the CRC portion of the codeword, the CRC error burst processing state
is first D¥QAN1BAY the data error burst processing & correcPtHHSIWRIH | s
subsequent|ly but concurrently entered. Wien, in connection with the CRC
error burst processing state, the CRC generator/checker adds the-portion of
the error pattern outputted during CRC TINE with the CRC check renai nder
bytes, for the codeword to be deened corré&abl e the result nust equal the

(R bytes 9eageatedaguctofe dabd L1 8008" ahloes Lol hE DoabRLEE o
have o' and ¢! as a root. : :

As shown in Fig; 3, Syndrome/Ecc generator 30
comprises an interleave~dependent ECC factor sub-generator '
260 and two interleave-independent ECC factor sub-generators
262 and 264. Syndrome/ECC generator 30 generates five ECC
bytes E, - E,. Interleave-dependent ECC factor sub-
generator 260 generateé bytes E, -~ E;. ECC factors
generated by the first and second interieave—independent ECC
factor sub-generators 262, 264, respectively, are used to
generate ECC byte E, and ECC byte E,. '

Syndrome/ECC generator 30 also includes an enable
input AND gate 207; an enable parity AND gate 266; an output
(WR DATA/CRC/ECC) MUX 201; and parity sum register output

. MUX 268.

Enzble input AND gate 207 has its first input
terminal connected to CRC generator/checker 20 by line 200
(WR/RD DATA/CRC) and its second (inverting) input terminal
connected to controller 10 by line ENABINPUT.. An output
terminal of enable input AND gate 207 is connected by adder
224 to sub-generator 262; to sub—-generator 260; .and by adder
225 to sub-generator 264. .

Enable parity AND gate 266 has its first input
terminal connected to controller 10 by a line ENA_PARITY. A
second input terminal of AND gate 266 is connected to
receive ECC bytes from sub—-generator 260 in a manner
hereinafter discussed. An output terminal of AND gate 266
is connected to sub-generators 262 and 264.

Interleave dependent ECC factor sub~generator 260
comprises L number of interleave parity sum registers, in
particular parity sum registers 219, 222, and 223 (it being
recalled that I=3 in the illustrated embodiment). Sub-
éenerator 260 further. includes adder 203 for adding an input
byte applied to the interleave-dependent ECC factor sub-
generator 260 to contents of a selected one of the
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The foregoing and ot her objects, features, and advantages of the invention
will be apparent fromthe following nore particular description of
preferred WO9S4M2842Nt s as illustrated in the acconpanyi ng dr 20TMU$s4/1213%hi ch
ref erence characters refer to the sane parts throughout the various views.
The draw ngs are not necessarily to scale;, enphasis instead being placed
upon illustrating the. principles of the invention. Fig. 1 is a schematic
bl ock di agram view of a burst error corregggon system according to an
enbodi nent of the invention. Fig. 2 is a schematic bl ock diagramof a CRC
gener at or of irteridaocs pextitof éhm)rég15t9r5321s a23zhedamd i 22Bl ock di agram

of a Interleave dependent ECC factor sub-generator 260 is
configured so that the interleave parit sum registers 219,
222, and 223 are connected whereby each .nterleave parity
sun registgf has an input byte, added thereto by the adder
every Lth clock cycle.

Interleave dependent ECC factor sub-gene:atof 260
also includes adder input MUX 205 and register input MUX '
217. Adder input MUX 205 has a first input terminal
connected to AND gate 207 wﬁereby data bytes and CRC bytes.
are applied to sub-generator 260. A second input terminal
of adder input MUX 205 is connected to sub-generator 264 as
hereinafter described. An output terminal of adder input
MUX 205 is connected to a first input terminal of adder 203.
An output terminal of adder 203 is connected to a first
input terminal of register inpuﬁluux 217,'to enable parity
AND gate 266: to constant mﬁltipliers'zos and 209 in sub-
generators 262 and 264, respectively:; and to ohtput (WR
DATA/CRC/ECC) MUX 201. A second input terminal of register
input MUX 217 is connected to sub-generator 264. An output
terminal of register input MUX 217 is connected to an input
terminal of register 219, with register 219 having its
output terminal connected to the input terminal of register
222, register 222 having its output terminal connected to
register 223, and register 223 having its output terminal
connected to the second input terminal of adder 203.

The interleave-independent ECC factor sub-
generators 262, 264 each generate interleave-independent ECC
factors for use in developing ECC bytes E; and E;. As
subsequently explained, the interleave-independent ECC
factors of sub-generators 262 and 264 are ultimately
transferred to at least one of the interleave parity sum
registers 219, 222, 223 in a process of outputting the ECC
bytes from syndrome/ECC generator 30.
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syndr one/ ECC generator of the enbodinent of Fig. 1. Fig. 4 is a schematic
bl ock di agram of an error corrector of . the enbodinent of Fig. 1 Fig. 5is a
f | onchar t wadwsni2gg® general steps executed when the system ofpdringgesd2@yecut es
awite operation. Fig. 6 is a state diagram showi ng states of the burst
error correction systemof Fig. 1 during a read operation for reading

ECC- encoded data, and further shows rel ationships anong Fig. 6A, Fig. 6B,
Fig. 6C, Fig. 6D, and Fig. 6E. Fig. 6A shﬁﬁé'steps executed by the burst

error correction systemof Fi 1 duri regeneration, and_s rome
generation state. r} terigave-lndepgn%ent ECE %ac or sub-gene a or

262 includes an s, syndrome generator which comprises S,
syndrome register 214; S, syndrome first adder 202; S,
syndrome first feedback multlpller 212; and S, syndrome '
second adder 224. Interleave-independent ECC factor sub-
generator 262 further inclqdes a multiplier input MUX 216
and a multiplier select MUX 210, as well as a second
feedback multiplier 220 and a constant multiplier 208.

The S, syndrome first adder 202 is connected to
add together contents of S, syndrome register 214 and an
input byte applied to the S, syndrome generator (via adder
214 from gate 207). An output terminal of first addeér 202
is connected to a first input terminal of multiplier input
MUX 216, a second input terminal of input MUX 216 being
connected to sub-generator 264 as hereinafter described. An
output terminal of multiplier'inpﬁt MUX 216 is connected
both to-first feedback multiplier 212 and second feedback
multiplier 220. First feedback multiplier 212 multiplies by
the constant o' while the second feedback multiplier 220
multiplies by the constant cgﬂ. Thus, the S, syndrome first
feedback multiplier 212 serves for multiplying the output of
the S, syndrome first adder by a first multiplication
‘constant (i.e., «').

The S, syndrome second adder 224 is connected to
constant multiplier 208 for addlng a constant multlple
(i.e., a@3) of a parity sum to the input byte applied to the
S, syndrome generator when the input byte applied to the S,
syndrome generator is any of'the.last'three bytes of the
codeword immediately preceding ECC bytes. The input
~terminal of constant multiplier 208 is connected to the

'output terminal of adder 203 of sub-generator 260.

The interleave-independent ECC byte sub-generator
264 generates a syndrome S, and has analogous structure to
sub-generator 262, as well as an additional multiplexer 206.
In particular, interleave-independent ECC byte sub-generator
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-7 Fig. 6B shows steps executed by the burst error correction systen1of
Fig. 1 durhﬂgggﬂm ror check state. Fig. 6C shows steps executed b

burst error correction systemof Fig. 1 during a data error gss n2isk
processing and correction state. Fig. 6D shows steps executed by the burst
error correction systemof Fig..1 during a. CRC error burst processing
state. Fig. 6E shows steps execut ed by the higgt error correction system of
Fig. 1 during a correction

264 includes an S, syndrome generator which comprises S,
syndrome register 215; S_, syndrome first adder 204; S_
syndrome first feedback multiplier 213; and, S, syndrome
second adder 225. Interleaveéindependent ECC factor sub-.
generator 264 further includes a multiplier input MUX 218
and a multiplier select MUX 211, as well as a second
feedback multiplier 221 and a constant multiplier 209. The
S., syndrome first feedback multiplier 213 serves for
multiplying the output of the S, .syndrome first adder 204
by a first multiplication constant (i.e., a'). The S
syndrome éecond adder 225'is connected to constant
multiplier 209 for adding a constant multiple (i.e., &) of
a parity sum.to the input byte applied to the S, syndrome
generator when the input byte applied to the S, sjnd:ame
generator is any of the last three bytes of the codeword
immediately preceding ECC bytes. The input terminal of
constant multiplier 209 is connected to the output terminal
of adder 203 of sub-generator 260.

As shown in Fig. 3, the ocutput terminal of S,
syndrome register 214 (in sub-generator 262) is connected by
line 270 to a first input terminal of MUX 218 and to a first
input terminal of MUX 206. A second input terminal of MUX
206 is connected to the output terminal of adder 225. A
second input terminél of MUX 218 is connected to the output
terminal of adder 204. The output terminal of adder 204 is
connected to input terminals of MUXes 218, 17, and 205. The
output terminal of S, syndrome register 215 (of sub-
generator 264) is connected by line 272 to a second input
terminal of MUX 216 (of sub-generator 262).

Output terminals of the parity sum registers 219,
222, and 223 are connected to respective input terminals of
parity sum register output MUX 268. MUX 268 has three
corresponding output terminals connected to lines SRy, SRy,
and SRM,'respectivély. L.nes 270 and 272 are connected to
carry signals S, and S,, respectively.

This Sheet Has Been Replaced

[AAC R SUSTTUTE SHEET (. 29




verification. DETAI LED DESCRI PTI ON OF THE DRAW NGS The i nvention includes a

et hod’ andv@pfessas us capabl e of generating redundancy synbopgrgsshSysidr ones
and using the syndrones to correct errors. The codeword, C(x) consists of
data bytes, CRC bytes and ECC bytes. The data bytes are the first bytes in
t he codeword. The CRC bytes foll ow the<kN1i&n¢es The ECC bytes follow the

CRC bytes. C(x) is defined as: £E£r| V\/nereELRg are the CRC bytes, [err]
are the data bytes, [err] are & yte Rj GORRECTRber of data bytes
and mis the nunber of EBQobyh@i:rédtdﬁemlislséuﬁredrem dRYails$h FE.
and the fiel d4genE£% r g%r\én%m aI S’nci.(fgde:s " rﬂurJral[i%r'yI ]of+ constant '
multipliers 273 - 279, a plurallty of adders 281 - 289; a
plurality of NOR gates 291 - 294; AND gate 295; and buffer,
296. As shown in Fig. 4, multiplier 273 receives szgnal S,
',from reglster 215 and llne 272 of Fig. 3; multzpller 279
receives signal §, from regzster 214 and line 270 of Fig. 3.
and multipliers 275, 276, and 277 are included as components
receiving the signals SRy, SR;,, and SR;, from MUX 268 of
Fig. 3. While one input terminal of AND gate 295 also
receives signal SR,,, a éecond input terminal of AND gate
295 receives signal D_BURST from controller 10.
Exrror corrector 40 generates five output signals,
particularly signal CORRECTED DATA and four check signals
DCHK,, ECHK,, DCHK,, and ECHK,. The signal CORRECTED DATA
- is generated by adding together (at ‘adder 289) the input
data (i.e., RD_DATA stored in buffer 296) and the output of
* _ AND gate 295 (e g., signal SR,).
Tables 1 - 12 list the XOR logic for each of the
constant multipliers used for the burst error correction
system of the present invention.

OPERATION: OVERVIEW: WRITE OPERATION

In the general processing of a codeword during a
write operation, data bytes comprising the data polynomial
D(x) are applied to CRC generator/checker 20 both for
routing to syndrome/ECC generator 30 and for use by CRC
generator/checker 20 in generating m number of CRC bytes,
e.g., three CRC bytes CR,, CR,, and CR, in the illustrated

. embodiment. The data bytes D, are transmitted through MUXes

100 and 101 of CRC generator/checker 20 and applied on line
WR/RD. DATA/CRC to syndrome/ECC generator 30. After all data
bytes D, have been routed to syndrome/ECC generator 30, the
three CRC bytes CR,, CR;, and CR, (generated on the basis of
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[ersr] + [err] + 1. It shoul d be understood that the invention is not

confined towidwgmspxenpl ary val ues and pol ynom al, and that odcgisoabiaS
and polynonials nmay be utilized within the spirit of the invention. The CRC

“bytes are defined as: [err] for k = 0 to m1l. The CRC bytes are only
generated over the data bytes. The [err] and [err] bytes are parity bytes
- over the entire codeword (including CRC byteg), divided into three

interl eaves and are generated in such a way as to make the sum of the

bytes in each i'%srhﬁéxebﬁeaé' DE')O Qrei aﬁplied to syndrome/ECC generator 30
(through MUX 101 and line WR/RD DATA/CRC).

. Thus, for each codeword, syndrome/ECC generator 30
receives a sequence of data bytes and CRC bytes. '
Syndrome/ECC generator 30 ocutputs the entire codeword
including the data bytes D,, the three CRC bytes CR,, CR,
and CR,, and five ECC bytes E, - E; (the five ECC bytes being
generated by syndrome/ECC generator 30). The five ECC bytes
are also represented as codewocrd bytes C, - €, with
codeword byte C, = E, being the last outputted byte of the
codeword, byte C; = E, beir-~ the next to the last outputted.
byte of the codeword, and so forth. _ : '

_ In order to generate the ECC bytes E, - E,;,
synd:r :e/ECC generator 30 routes the received data bytes D,
and CRC bytes CR,, CR,, and CR, to each of its three sub-
generators 260, 262, and 264. As explained in more detail
below, when the CRC bytes are applied to syndrome/ECC
generator 30, the enable parity AND gate 266 is turned on
(via signal ENA_PARITY from controller 10) so that constant
multipliers 208 and 209 become active. Sub-generator 260
splits the incoming data bytes D, and CRC bytes into three
int;.erleaves, and sums the bytes in each interleave to
produce parity bytes called P,, Py, and P,. After all data
bytes D,; and CRC bytes of the codeword have been applied,
parity sum P, will be stored.in register 219 (Sy): parity
sum P; will be stored in register 222 (Sgq) 7 and parity sum
P, will be stored in register 223 (Sg2) - Further, register.
214 of sub-generator 262 will contain a quantity ¢,G, and
register 215 of sub-generator 264 will contain a quantity
C.,G.,, these quéntities being utilized as hereinafter
described to obtain ECC bytes E; and E,. As explained
hereinafter with reference to EQN. 6, EQN. 7, and EQN 8, the
parity sums P,, Py, P, and bytes E;, E,; are used to obtain the
further ECC bytes E, - E,.

I
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[err] where [err] are the coefficients of C(x) and [err] is one | ess than
t he number of bytes in the kth interleave, i.e. [err] is the |argest

i nteger thwiosahhses [err] to be |less than s+mt5-Kk. [err] angdraishinass
defined by: [err] [err] and [err] cause [err] to be a root of each of the

I nterl eaves. The ECC bytes [err] and [err] are generated so-that.[err] and
[err] are codeword roots. The CRC roots start at [err]. Therefore the

m ni mum di stance is 4+m (the nunber of consqgutive roots + 1). STRUCTURE:
OVERVIEWFi g. 1 shows an burst error correction system which conprises

controller 10; CRC gener abpeRalreORSr £¢C DERIVATION MATHEMATICS

Mathematical derivations of significant terms
including G,, G, E, - E, are now described in more deta:.l.
In CRC generator/checker 20, the CRC bytes are obtained hy
dividing the data polyncmial, D(x) whose coefficients are
D,, by the individual CRC factors. Then, as explained
above, for each codeword, in sub-generator 260 of
syndrome/ECC generator 30, a sequence of data bytes and CRC
bytes are split into three interleaves and all the bytes in
each interleave are summed to produce the parity bytes P,,
P, and P,. The last byte of the data/CRC sequence will have
been added to the P, sum, the next to last byte will have
been added. to the P; sum, etc.

In syndromé/Ecc generator 30, the sequence
consisting of data, CRC, P,, P; and P, is multiplied by X
and then divided by &' and a’' to produce G.; and G_,
respectively such that

sS+m+4
G =| Y CX*+PX°+P,X"1+P,X"?mod(X=a®) EQN.4

s+m+4
G, 3 C'zX""‘*P X°+P3X‘1+P2X'2 od(X+¢'1) EQN 5"
=5

Syndrome/ECC generator 30 outputs (on line WR
DATA/CRC/ECC) the data bytes D, followed by the CRC bytes
CR,, CR,, and CR,. Following the three CRC bytes, the next
three bytes out are E,, E; and E, where
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syhdr one/ ECC generator 30; and error corrector 40. CRC -9-
gener at or / a@94/ig4e’0, syndrome/ ECC generator 30, and error corrector 40 are
described in nore detail in connection with Fig. 2, Fig. 3, BAHUSM{2134
respectively. STRUCTURE: CRC GENERATOR/ CHECKER As shovvn in Fig. 2, CRC
generator/checker includes an input switch or MJX 100 connected to receive
either read data on |ine RD DATA or data-to-be-witten on |ine WR DATA. An
output termnal of MJX 100 is connected to a #1i9st input term nal of

dat a/ CRC sel ection switch (I\/UX) 101. An out put

E, = C, = P,+E, EQN.6
E, =G, = P, +E, EON.7
. E=GC=P, EQN. 8

o

therefore E; and E, must be calculated from G, and G, in

order to output E, and E;,. From EQN. 3, EQN. 4, EQN. 6,
EQN. 7 and EQN.S8 ;

s+m+4
(B, (X) +E) mod (X+a?) = Y C X"mod(X+a,)
' n=2

= (G,+E, X° + E,X"1) X*mod (X+«?)

and since F(X)mod(X+c) = F(é)

E,@+E, =G, a*+E a*+E,a? -~ EQN.9
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termnal of MJUX 101 is connected both to syndronme/ ECC generator 30 (by Iine
WR/ RD DATAMdREsn84 to data/error switch (MIX) 132. An out pug S’gls%’;n 2@14

MJX 102 is connected to each of three CRC generator circuits 2 ped
bel ow. As shown in Fig. 2, a first CRC generator circuit has reference
nuner al s* whi ch i ncl ude "o" subscripts. Second and third CRC generat or
circuits have reference nunerals which include "1" and "2" as subscripts,
respectively. Each CRC generator circuit kigekudes an input MJX 103; a
constant feedback nmultiplier 105; a register 106; and an adder 108. The
second and thiSimRrYenerator circuits each. have a shift-sel ect MJX 104.
The third CRC generator circuit has a error-select MJX 107. In general, a

first. input termnal of sS+m+4 _
(B, (X) + E)mod(X+e™) = Y C X%mod(X+a™?) ,
- n=2

=(G ,+E,X° + E,X™?) X*mod (X+a™?)

and

Eal+E, =G a+E e *+Ea™? “EQN.10

SOlv1ng EQN. 9 and EQN. 10 ylelds'
E, = ¢, a"G + c:,,ch_1
where

EQN. 11
-4+ ~1
cy=—n"C

ct+alr 2+t

OPERATION: DETAIL: WRITE OPERATION
Fig. 5 shows general steps executed when the
system of Fig. 1 executes a write operation. At step 5-1,
data~-to-be written is inputted both for use in generating
CRC bytes (by CRC generator/checker 20) and for application
- to syndrome/ECC generator 30. At step 5-2, the CRC byﬁes
CR, - CR; generated by CRC generator/checker 20 at step 5-1
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i nput MUX 103 of each CRC generator circuit is connected to the output

term nal of W%284% or switch (MUX) 102. An output term nal obCT/Upa12084X
103 is connected to a first termnal of adder 108, the second term nal of
adder being connected to an output terminal of register 106 (selectably via
MJX 107 in the case of the thitd CRC generator circuit). An output term nal
of adder 108 is connected to the feedback nnﬂﬂrplier 105, which in turn has

an output term connected to_an input of register 106 (vyig MJUX 104 in
the case of théﬂgéégﬂﬂwgﬁ%°tﬁY?ﬁrE§E?SEEe9§P8FgEPFcaPt§?.%1?¥E§ generation

subsequent |y de2€rthedECCHIyYescEat-orEchediterstep 5-3, the ECC bytes E, - E,
generated by syndrome/ECC generator 30 are outputted in the
.order'E‘ - E; (E, being the last outputted ECC byte).

Considering now step 5-1 of Fig. 5 in more detaif,
data bytes D, are applied on line RD DATA to input MUX 100
and data/CRC selection MUX 101 of CRC genefat@r/checker 20
(see Fig. 2). Data bytes D, are applied both directly to
syndrome/ECC generator 30 (on line WR/RD DATA/CRC) and (via
data/error MUX 102 to each of the first, second, and third
CRC generator circuits of Fig. 2. The data bytes D, are
admitted to each CRC generator circuit by its MUX 103. 1In
the third CRC generator circuit, MUX 107 connects register
106, to adder 108,. While data bytes D, are being presented,
MUXes 104 connect the outputs of the feedback multipliers
105 ‘to the inputs of registers 106 which are initially
reset. '

After all data bytes have been input, registers
106 will contain the CRC bytes (i.e., register 106, will
contain byte CR,; register 106, will contain byte CR,; and
register 106, will contain byte CR,) . After all data bytes
have been input, MUXes 104 switch to allow the CRC bytes
stored in registers 106 to be shifted out to the
syndrome/ECC generator 30 via MUX 101. ,

As shown in Fig. 3, the data bytes D, and CRC
bytes CR, - CR, are input on lead 200 to syndrome/ECC
generator 30. For outputting bytes of the codeword on line
WR DATA/CRC/ECC, MUX 201 allows the data bytes D, and CRC
bytes CR, -~ CR, to be ocutput first followed by the ECC bytes
generated by syndrome/ECC generator 30. As seen
hereinafter, the ECC bytes E, - E, are obtained from adder
203 of sub-generator 260. | '

Data bytes D  are input to the édders 202, 203 and
204 (of respective sub-generators 262, 260, 264) through AND
gate 207 and (for adders 203 and 204) MUXes 205 and 206.

-
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20°generates three CRC bytes, i.e., [err] and [err], in registers [err] and
[err] resp%bi%ﬁh%g Since these three CRC bytes are shifted out to
syndrome/ ECC générator 30 via MJX 101 and |ine WX RD DATA/ CRECTRISS¥1HBHn is
made for shifting the CRC bytes through the registers 106. In this regard,
the output termnal of register [err] is connected to a second input
termnal of shift-select MUX [err] for loading into register [err] and the
output terninal of register 106 i s connected¥d a second input terminal of

QRC generator i Rional FRCERRFTL "t Pap “Custeral aF cla 42 FE Yhiledtpa
gate) 111. In pyteEscB,aare heing miocakadriindio eyrstivare/Err gensamtay r3uian
I's connected tqjife AgPUt ASEGEARhG1P] wi€hOERACSAGREL ENA_PARITY being
OFF, the outputs of constant multipliers 208 and 209 are
zero. . o
During input of data bytes D,, MUX 216 in sub-
generator 262 connects adder 202 to multiplier 212.
Similarly, in sub-generator 264, MUX 218 connects adder 204
to multiplier 213. In sub-generator 260, MUX 217 connects
adder 203 to register 219. During the input of data bytes
D, and the first two CRC bytes (e.g., CRC bytes CR, and CR,),
MUXes 210 and 211 connect the outputs of multipliers 212 and
213, respectively, to the inputs of registers 214 and 215
- respectively. All registers are initially reset.

When the three CRC bytes CR, - CR, are being
received on lead 200 (see step 5-2 in Fig. 5), signal
ENA_PARITY is turned ON, thereby allowing the output of
adder 203 to be multiplied by constant multipliers 208 and
209 and added to the incoming CRC bytes by adders 224 and
225, respectively. This action allows the inclusion of the
parity sums in the 'G, and G, terms as shown in EQN. 4 and
EQN. 5. While the last CRC byte (i.e., CRC byte CR;) is
being  clocked in, MUXes 210 and 211 connect the outputs of

' multipliers 220 and 221, respectively, to the inputs of
registers 214 and 215, respectively. At that péint,
register 214 will contain c,G, and register 215 will contain
c.,G.;.- Moreover, register 223 (S,,) will contain P;;
register 222 (S;) will contain Py; and register 219 (Sy)
will contain P,. : _ :

After all data bytes D, and CRC bytes CR, - CR,
have been clocked inte syndrome/ECC generator 30, the five
ECC byf.es E, - E, are then output (see step 5-3 of Fig. 5).
For the next two clocks of step 5-3, MUX 206 is switched .to
connected the contents of register 214 (i.e., c,G,) to the
first input terminal of adder 204, MUX 205 switches to allow
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(i.e., like subscripted) check gate 111. The output term nals of OR gat es

[err] anwdefihgqoar € connected to-a three-input check gate %ﬁnﬁggnal
DETECTED UNCORRECTABLE ERROR is output by check gate 112. m nal s

of associated (i.e., |like subscripted) check registers 109 are connected to
second input termnals of input MJXes 103. The check registers 109 are
connected whereby the contents thereof ard3shiftable (e.g., fromregister

[erF] toO reg éter eré:{‘:);e fromre‘%ster 1091 to-register 1092) so that .the
contents gder 204 &o-feed, addar it & MK 147 tFhes &R RN gdder
t érm nal Of294l‘hb fekdc ragdstEl/ 219 adael MUXes 2106 tdmd (208 dsiI¥clycber at or

CIrout.  BeSbal RldkSbed S8 4] U9 AN BAScdier 1€ Bdga® 1St T

term nal connec celve
multipliers 212 and 213, respectively.

The sw1tch1ng of MUX 206 generates E,, since the
switching of MUX 206 causes adder 204 to add together the
contents of register 214 (i.e., ¢,G;) and the contents of
register 215 (having contents c_G,), thereby producing E,' =
¢,G, + c G, as set forth above. Byte E, is applied via MUX
' 205 to adder 203. Adder 203 then uses E, and the contents
of register 223 (P,) to produce and output ECC byte E,
(which, according to EQN. 6, is E, + P,). Byte El is also
stored in register 215 (via MUX 217), the contents of
register 219 (P,) being shifted to register 222 and the
contents of register 222 (P;) being shifted to register 223.

" fThe switching of MUXes 216 and 218 causes the
quantity c..,tz(;_'1 to be stored in register 214 and the
quantity c,a ,G, to be stored in register 215. With MUX 206
switchk: as above described, adder 204 adds the contents of
registezs 214 and 215 to produce E; = c,2,G, + ¢_,aG, '
according to the foregoing solution of EQN. 9 and EQN. 10.
ECC byte E; is then applied to adder 203 (via MUX 205).
Adder then uses E; and the value P; shifted from register
222 into register 223 to produce and output (via MUX 201)
ECC byte E; according to EQN. 7 (i.e., Ey = P; + E;). ECC
byte E, is also stored in register 219 (the ECC byté E,
previously stored in register 219 now being shifted to
register 222 and the contents of reg:.ster 222 [P,) being
shifted to register 223).

After the two afore-described clocks, registers

223, 222, and 219 contain E, = P, (see EQN. 8), E,, and E,,
respectively. The values E,, E,, and E, ‘re then shifted out
via MUX 201 to line WR DATA/CRC/ECC during the final three
clocks by turn:.ng OFF s:.gnal ENA PARITY and switching MUX
205 back to connect gate 207 to ‘adder 203.
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invert) a signal D BURST (described subsequently with reference to Fig. 4).

A second

ut termnal of AND gate 113 is connected to the outﬁwt term nal
of adder 10%99%2%%e third CRC generator circuit. CRC gener aP6F

PRt 20

of “Fig. 2 also includes an error pattern introduction control section

(framed by

broken line 115). Error pattern introduction control section

i ncl udes AND gate 110; AND gate 116; and OR gate 117. AND gate 116 has its
two input termnals connected to receive signals on |ines E BURST and

CRC _TI ME,
a first

respectively. An output term nal of AND gate 116 is connected to

OPERATION: OVERVIEW: READING OPERATION

Fig. 6 shows states assumed by the burst error
correction system of the present invention during an .
operatidn of reading encoded data. In a first state 6-1,
the entire codeword is inpﬁtted for the purpose of
regenerating CRC bytes using CRC generator/checker 20 and
for generating syndromes using syndrome/ECC generator 30.
General steps executed in connection with state 6-1 are
illustrated in Fig. 6A.

In state 6-2, the syndromes generated in state 6-1
are utilized to determine if an error burst has occurred.
As explained in more detail below,- an error burst can occur
entirely in the data portion of the codeword, entirely in
the CRC pdrtion of the codeword, or can bridge the data
portion and CRC portion of the codeword (e.g., one or two
bytes of data and ocne or two bytés of CRC). General steps
executed in connection with state 6-2 are illustrated in
Fig. 6B. | _

. When at least a portion of an error burst occurs
in the data portion of the codeword, a data error burst
processing & correction state (i.e., state 6-3) is begun.
The data error burst processing & correction state involves
applying the error pattern, for the next three clocks, to
CRC generator/checker 20 for generating further CRC bytes
over the error pattern. General steps executed in
connection with state 6-3 are illustrated in Fig. 6C.

' When a portion of the error data burst occurs in
the CRC portion of the codeword, a CRC error burst ' ,
processing state (i.e., state 6-4) is begun. The CRC error
burst processing state involves applying the error pattern
bytes developed during a phase of operation known as
CRC_TIME to CRC generator/checker 20 for the purpose of
adding the error pattern with the regenerated CRC bytes (as
developed in state 6~1). As subsequently determined in a
correction verification state (state 6-5), if the burst
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I nput termnal of OR gate 117, a second input termnal of OR gate 117 being
connected to receive a signal on line D BURST. The signals on |ines D BURST
and E BURST are subsequently descri-bed with reference to Fig. 4. _An out put
term nal of 7 is connected to a first input term nal 059784
110, the secgﬁza?ﬁgﬁéiterninal of AND gate 110 being connected to recg?g%

an error pattern on line [err] (understood hereinbelow with reference to
Fig: 3). Fig. 2 further shows enpl oynment of appgepriately differing

feedback nmultiplier constants for nmultipliers [err], and [err]. In
particular, nultigtter ¢ecuirédsohby danthantrRfepotrtianl 6fpther cpdewbriiasthe

the constant [ertlecand gl 4481 L8Rt EEBH W31 bICz60512 nb CEbhewSTRUER RE:

correctable.

If the burst error bridged the data portion of the
codeword and the CRC portion of the codeword, state 6-4 (CRC
error burst processing state) is first begun and state 6-3
(data error burst processing & correction state) thereafter
is entered. 1In state 6-4 (CRC error burst processing '
state), CRC generator/checker adds the portion of the error
pattern cutputted during CRC_TIME with the CRC check
remainder bytes (as developed in state 6-1). As
subsequently determined in a correction verification state
(state 6-5), if the codeword is deemed correctable the
fesult must equal the CRC bytes generated o&er the data
portion of the error pattern.

As indicated above, after attempted correction of
the codeword and after state 6-2, state 6~5 is executed for
the purpose of verifying the correction. General steps
executed in donnection with state 6-5 are illustrated in
Fig. 6E. o

OPERATION: BURST ERROR MATHEMATICS
Oon receiving a possibly corrupted codeword, R(X},
CRC check bytes are generated by regenerating CRCs from the
data portion of ﬁ(X) and adding (XORing) them to the CRC
portion of R(X). Alsc five syndromes are generated. They
are S_,, S,, Sm, S, and S;, where

S, = R(X) Xmod {X+a¥) ,k=-1,1

)
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Syndrome*/ ECC generator 30 of Fig. 3 generates a plurality of ECC byt es,
the plurality in the'illustrated enbodi ment being five ECC bytes.

expl ai ned bel owossdipne/ ECC generator 30 is configured to gr Oy }c!}gg p%&%(:
bytes (applied on |ine W/ RD DATA/ CRC) and the CRC bytes (generated by
generator/ checker 20) for each codeword into a predeterm ned nunber (L) of

interleaves. In the illustrated enbodi nent, theagedeterm ned nunber (L) of
interleaves is three. The ECC bytes are generat ed so that the sum of the
bytes in each interleave for a codeword is zero; and so that the ECC bytes

generated by the syndrone/ ECC generat gt¥30 constitutes at |east L nunber of
consecutive roots of the codemré’okl?\z}]ecﬂ.lgustrat ed eks6di kedt
syndrone/ ECC generator 30 generates fpug ECC

 Sggr Sg; and S;, are the parity sums over the three
interleaves. §,, is the sum over the interleave which
contains the last codeword byte, Cy- Sy is the sum over the
interleave which contains C, and S;,, is the sum over the
interleave which coni_:ains C,. An error burst occupying no
more than three bytes will be contained in Sy, S, and S,
but possible circularly shifted. Let e, be the first byte
of the error btirst, e, be the (possibly zero) second byte of
the error burst and e, be the (possibly zero) last byte of
the error burst. If there are k error-free bytes in R(X)
following the three byte error burst then at the completion
of syndrome generation we have: -

Sy = (e, + ea + e,)a"! and |
S, = (0% + et + )™V = (e, + e, + ead)a W,

Since there are s+m+5 bytes in the codeword there will be
s+m+2-k error-free bytes before the start of the error
burst.: Let r be (s+m+5)mod 3. Let SRy, SR, and SRy,
correspond to the S, registers circularly shifted (S, to S, -
.Sy to §;, and Sy, to Sy) 3-r times, i.e. '

SRyy = Sg if r = 0, Sy if r=1 and S, if r=2

SRy = Sy, if r = 0, S;, if r=1 and Sy if r=2

SRy = Sy, if ¥ = 0, Sy if r=1 and §;, if r=2.

. The SR bytes are the outputs of three MUXes. By
circularly -shifting the S0 registers s+m+2-k times SR, will
be e,, SR, will be e, and SRj, will be e,. |

' Correctié_m begins ‘immediately following syndrome
'generation. At each step two pairs of values are comx;;:uted
—_—
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bytes, the five ECC bytes being .generated to cause each -12- interl eave

to have [err] as a root and to cause the codeword to have [err] and [err]

as a root. As shown in Fig. 3, syndrone/ ECC generator 30 conprises an

i Nt erl eave- ECC factor sub-generator 260 and two _
Sﬁ@gggzﬁgient ECC factor sub-generators 262 and 264.P<§/nrllsc?r‘"c§ﬁ§/‘ECC

I nterl eave-i

generator 30 generates five ECC bytes [err] - [err]. Interl eave-dependent
ECC factor sub- generator 260 generates byt®37ferr]. ECC factors generated
by the first anacluiS ecco%pdazl'e vgaégdgggegegg Eetect the start of an

error. The four values are:

V, = SRy + SR,a + SRya?
V., = SRya? + SRy,a + SRy,

w1 = sta'(w3i
w-1 - S,,a“"”

The start of an error burst is detected when V, =
W, and V, = W_,. One data byte is output on each step. . When
an error burst is detected then the current data byte is
XORed with the current error pattern, from SR;,, to effect
- correction. Also the error pattern is us‘e'd' to generate
error CRC bytes. Between steps the §, registers are
circularly shifted, s, is multiplied by @ and S, is
multiplied by a’'. After s+m+2-k clocks (steps) V, = W, = ¢,
+ea+ec’and V, =W, = e, + e, + e0®. For minimum
latency, if an uncorrectable error has occurred it must be
detected immediately following the correction of the data
'portion of R(X). An uncorrectable error is detected if the
error CRC bytes generated during correction do not match the
CRC check bytes generated during syndrome generation. An
uncorrectable error is also detected if the syndromes were
not all zero but an error burst was not detected during'the
correction phase. This last condition can only be checked
if every byte position, including the CRC/ECC byte
positions, was checked for the start of an error burst.
This means that the CRC/ECC positions must be checked at the
same time that the data byte positions are being checked.
‘This is accomplished by comparing V, to W,2’’ and comparing V,
to W_,a-%l. These comparisons are made in order to detect
the start of a burst in the CRC/ECC portion and are in
addition to the comparisons needed for burst detection in
‘the data portion. ‘These new comparisons check locations 3j
bytes ahead of the current position. 'j is chosen so that 3j
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factor sub-generators 262, 264, respectively, are used to generate ECC byte
[err] and ECC byte [err]. Syndrone/ ECC generator 30 al so includes an enabl e
i nput AND gate 207; an enable parity AND gate 266; an output (WR

-DATA/CREYECC) MJX 201; and parity sumregister output MJX 268. Enabl e input

AND gat e ZQZ)JB;&%““S first input term nal connected to CRC pcrusos12134
gener ator/ checker 20 by line 200 (WR RD DATA/CRC) and its second

(inverting) input termnal connected to cotroller 10 by line ENA I NPUT. An
output term nal of enable input AND gate 207 is connected by adder 224 to

sub- gener at 0§ s2fat ﬁeréuanaﬁnar-@t ahdZ%t aldsbynaddfms32251hotadb- generator
_264 Enabl e Bfius ra 2£So%9%e% S’ Igl % f' t |n8ut_2. In certain cases
where the number of redundancy bytes is greater than the
number of data bytes the second constraint cannot be met.
In these cases some additional clocks will be needed to
finish checking the redundancy locations after data
correction is finished.

READING OPERATION: CRC/SYNDROME GENERATION
Fig. 6a illustrates general steps involved in
state 6-1' (e.g., inputting the entire codeword for the
purpose of regenerating CRC bytes using CRC '
generator/checker 20 and for generating syndromes using
" syndrome/ECC génerator 30).
" At step 6A-1 of state 6-1, syndrome/Eéc genetator
30 is set for syndrome generation. In this regard, during
syndrome  generation, signal ENA_INPUT is on and signal
. ENA_PARITY is off. MUXes 216, 217 and 218 connect adders
202, 203 and 204, respectively, to multiplier 212, register
219 and multiplier 213, respectively. MUXes 210 and 211
connect the outputs of multipliers 212 and 213,
‘respectively, to the inputs of registers 214 and 215,
respectively.

. At step 6A-2, all data bytes of the codeword are
input to the generators 20, 30 and to FIFO register (buffer)
296 (see read data signal RD DATA in Fig. 2 and Fig. 4).
Inputting the data bytes into CRC generator/checker'zo
enables generator 20 to fegenerate CRC bytes over the read
data. Application of the data bytes of the codeword to
syndroﬁe/Ecc generator 30 enables generator 30 to being
generation of syndromes. Loading the data bytes into FIFO
register 296 puts the data bytes in a location where they
can be operated upon, if necessary, during a correction
operation (specifically, during the data error burst
processing & correction state [state 6-3]).

I —
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term nal connected to controller 10 by a |ine ENAPARI TY. A second i nput
termnal of AND gate 266 is connected to receive ECC bytes from _
sub-generator 260 in a manner hereinafter discussed. An output term nal of
AND gate 266 is connected to sub-generators 262 and 264. Interleave
dependent ECGvb®stimuyo sub- generator 260 conprises L nunber of iptEusangess
parity sumregisters, in particular parity sumregisters 219, 222, and 223
(it being recalled that L=3 in the illustrateegsrbodi nent). Sub- generator
260 further includes adder 203 for adding an input byte applied to the :

i nt er| eave- dependent ECC f #&t eonndsrtipmaiitinthesinpytc oft data &t step 6a-2

sel ected one of kdegenerator 20, data bytes are presented to the individual
CRC generators via MUXes 100, 101, 102 and 103. MUX 107
connects register 106, to adder 108,. While data bytes are
being presented, MUXes 104 connect the outputs of the
feedback multipliers 105 to the inputs of registers 106
which are initially reset. i

Steps 6A-3, 6A-4, and 6A-5 are executed by CRC
generator/checker 20 while step 6A-6 is being executed by
syndrome/ECC generator 30. At step 6A-3, the original CRC
bytes from the codeword are inputted into CRC
generator/checker 20 and are added to corresponding ones of
the CRC bytes regenerated at step 6A~2. The resultant sums'
are CRC bytes over any error in the codeword. _

Describing the operation of generator 20 in more
detail during step 6A-3, while the three CRC bytes of the
codeword are being input to generator 20, MUXes 104 switch
to allow the regenerated CRC bytes stored in the registers
106 to be shifted out through MUX 107 to adder 108, where
they are added to.fhe incoming CRC bytes. The output of
adder 108, is shifted into'registers 109. These three bytes

- are the CRC check bytes and are zero if no errors occurred.

- At step 6A-4, the sums resulting from the addition
of step 6A-3 (CRC bytes over any error in the codeword) are
stored in registers 109. Thereafter, at step 6A-5,
registers 106 are reset.

As mentioned above, step 6A-6 is by ECC/syndrome
generater.So concurrently with execution of step 6A-3
through 6A-5 by CRC generator/checker 20. Step 6A-6
involves inputting the original codeword CR: and ECC bytes
into ECC/syndrome generator 30 for generation of syndromes.
The connections of ECC/syndrome generator 30 for syndrome
‘generation are aforedescribed by step 6A-1. Upon completion

- of step 6A-6, syndrome S,, S, S;, S5, and S, are stored in
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-13- interleave parity sumregisters 219, 222, and 223. 'Interl eave
dependent ECC factor sub-generator 260 is configured so that the interleave
parit sumregisters 219, 222, and 223 are connected whereby each interl eave
parity sumregi ster has an input byte, added thereto by the adder every Lth
cl ock cycl ewd gstiegdseave dependent ECC factor sub-generator 2@@Talss912134

i ncl udes adder input MJX 205 and register input MJX 217. Adder input MJX
205 has a first input termnal connected t-o “AND gate 207 whereby data bytes

and CRC bytes’ ea%geakgeélhq %‘i%f,g%,a.tﬂa 263aq A1 63@&%&4&%&& Pged of

~adder i nput NU§ I's connected to sub-generator

ig. 3).

' READING OPERATION: BURST ERROR CHECKING

Fig. 6B illustrates general steps involved in
state 6-2 (e.g., utilizing the syndromes generated in state
6-1 to determine if an error burst has occurred). As a
first step 6B-1, if all syndromes S,, Sw, Sgys Sgzs and S,
are zero, there is no error and processing of the codeword
terminates at step 6B-2. No error in the codeword means
that the data bytes in FIFO register 296 are correct and can
be utilized for their intended purpose (e.g, as sector
header information, such as sector IDs, as explained in
simultanecusly-filed U.S. Patent Application Serial Number
08/___,_;_ (attorney docket 1777-10) entitled "ERROR
CORRECTION METHOD AND APPARATUS";'incorporated herein by
reference).

Assuning all syndromes. are not zero, the burst
error correction system of the present invention then begins
a series of clocked operations for correcting the codeword.
Each clock corresponds to a data byte of the codeword.)._'

At step 6B-3, the signal ENA_INPUT is turned OFF.
The MUX selects remain as for syndrome generation. This
allows the S, registers to circularly shift, the S, register
to be multiplied by a, and the S, register to be multiplied
by <! on each clock. : :

At step 6B-4, clocking begins with the first clock
count. Thereafter, a potential loop comprising steps 6B-5
through 6B-13 is executed. In view of the fact that
-execution potentially loops back to step 6B-5 after a clock
incrementation, step 6B-5 checks to determine if the
clocking has reached the 3rd, 4th, or 5th clocks. If the
determination at step 6B-6 is affirmative, at step a signal
CRC_TIME is turned ON to indicate the beginning of state 6-
4. CRC_TIME is set during the third, fourth and fifth
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herei nafter described. An output termnal of adder input MJX 205 is
connected to a first input term nal of adder 203. An output term nal of
adder 203 is connected to a first input term nal of register input MI 217,
to enabl e pA¥YPOY1284D gate 266; to constant nultipliers 208 anRCTUSSH131Bub-
generators 262 and 264, respectively; and L@y Qut put (mR DATA/ CRC/ ECC) -MUX
201. A second input termnal of register |nput MJX 217 is connected to

sub-ge?égI a:or %eﬁt?ﬂt@l&cﬁ neé E%cﬁﬂgéstﬁé EDPst Mest Qil&zilﬁhat is
connected to er i ste regi ster

its out put ter%ﬁ‘éﬁ% %g?%ca# ??ﬁﬁu%l?w?ﬂ n‘a? %tf‘e YeRER gﬁ§a¥1°g
Tegister 222 hem:ngpheaﬂomfmhetéxmtabytehnec'rhd CRC rhyfiass est228, innthe

register 223 haMiéQ jsééagigxpyt. term nal connected to the second input
terminal of adder

At step 6B-7, a determination is made by the
circuit of Fig. 4 whether an error burst occurred in the
data portion of the codeword. The start of an error burst
in the data portion is detected when DCHK, and DCHK, in Fig.
4 both turn on. When the start of an error burst in the
data portlon is detected, the data error burst processing &
correction state {state 6-3 of Fig. 6C) is hegun (as
indicated by step 6B-8) concurrently and in timed relation
with state 6-2 of Fig. 6B.

At step 6B-9, a determination is made by the
circuit of Fig. 4 whether an error burst occurred in the CRC
portion of the cddeword. The start of an error burst in the
CRC/ECC portion is detected when ECHK, and ECHK, both turn
on. When the start of an error burst in the CRC portion is
detected, the CRC error burst processing state (state 6-4 of
Fig. 6D) is begun (as indicated by step 6B-10) concurrently .
‘and in timed relation with state 6~2 of Fig. 6B, and -
possibly concurrently and in timed relation with state 6-3
of Fig. 6C.

Whether or not one or more of states 6B-3 and 6B-4
have begun, state 6B-2 continues with step 6B-11 whgrein the
S, registers are circulated and the S; and S, registers are
multiplied by their respective feedback constants. In this
regard, the S; registers are circularly shift by one
register during the clock; the S, register is multiplied by
a, and the S, register is_multiplied by e ' on each clock.

At step 6B-12, the clock is incremented. If it is
determined at step 6B-13 that'all_bytes of the codeword have
been processed, state 6-2 is ended and state 6-~5 is begun
(step 6B-14). Otherwise, execution loops back to step 6B-5
as above described. |
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The i nterl eave-i ndependent ECC factor sub- generators 262, 264 each
generate interl eave-i ndependent ECC factors for use in devel opi ng ECC bytes
[err] .and [err]. As subsequently explained, the interleave-independent ECC
factors of sub-generators 262 and 264 are ultimately transferred to at

| east one of wboesmzsuer| eave parity sumregi sters 219, 222, 223pCTiusodpzindess
-of outputting the ECC bytes from syndrone/ ECC gener at or 30. - 14-

| nt erl eave-i ndependent ECC factor sub-generatd@— 262 includes an [err]

syndrone generator which conprises [err];
Thus, in addition to checking the syndromes at

step 6B-1 to determine whether the codeword contains errors,
state 6-2;.if burst.etrcrs are encountered in the data
portion of the codeword and/or the CRC portion of the
codeword, state 6-2 kicks off concurrent execution of states
6-3 and 6-4, respectively. |

READING OPERATION: DATA BURST CORRECTION
_ Fig. 6C illustrates general steps involved in
. state 6-3 (the data errcr burst processing & correction
state). When the data error burst processing & correction
state (state 6-3) is begun, at step 6C-1 the signal D_BURST
is turned ON. D_BURST is set for three clocks allowing data
being read from buffer 296 of Fig. 4 to be gorrected as it
is output. ' '

At step 6C-2, MUX 102 in FIG. 2 switches to allow
error patterns (from register SR;,) to become the input to '
the CRC generator circuits of Fig. 2. The other MUX selects
are the same as for CRC generation.

Because step 6C-3 initiates a loop to which
execution potentially returns, a check is made at step 6C-3
whether signal D_BURST is still on. If D_BURST is still on,
at step 6C-4 a byte of the three-byte error pattern is added
1nto registers 106 (via MUXes 103 and adders 105). .In other
words, when D_BURST is on registers 106 clock in the error
patterns. , :
When D_BURST is on, at step 6D— the current byte
of the error pattern obtained from register SRy, is used to
‘correct the corresponding byte in FIFO buffer 296. 1In this
regard, at step 6D-4 adder 289 of Fig. 4 adds the
corresponding data byte as shifted out of FIFO 296 to the
error pattern byte from register SRy, thereby performing
correction of a previously erroneous data byte. (Since CRC
bytes and ECC bytes are not utilized by a user, the CRC
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syndrome register 214; [err] syndrone first adder 202; [err] syndrone first
feedback rmultiplier 212; and [err] syndrone second adder 224.

I nterl eave-i ndependent ECC factor sub- generator 262 further includes a

mul tiplier input MUX 216 and a nultiplier select MJX 210, as well as a
second feedwcds/1agdot i plier 220 and a constant nultiplier 208PCIESy/ez1n}
syndrone first ‘adder 202 is connected to add together contents of [err]
syndrone regi ster 214 and an input byte appbied to the [err] syndrone
generator (via adder 214 fromgate 207). An output term nal of first adder
202 i s connecbytes and fE¢Stbyhest arer nogastofeduini PIFerbufifer *MK 8iscea

ol o SO hGRU A RABeBeasy SBRCY) sipkosplgpatigia) 202
connect ed ‘ As an alternative to steps 6C-4 and 6C-5, if
' ’ ' D_BURST has been turned off, at step 6C-6 zero is clocked
into registers 106 of the CRC generator circuits of Fig. 2.
That 'is, after D_BURST turns off the registers 106 continue

clocking but with the input forced to zeros by gate 110.

At step 6C-6 an incrementation of the clock
occurring at step 6B-12 of state_s-z is noted. That is, the
clock is incremented prior to reaching step 6C-7. Then, if
‘it is determined at step 6B-7 that (after clock
incrementation) the signal D_BURST has been on for three
clocks, at step 6C-8 the signal D_BURST is turned OFF.

At step 6C-9 it is determined whether all data
r tes of the codeword have now been processed. If all data
bytes have been processed, state 6-3 ends (step 6C-10). In
such case, after the eigh: clocks of correction, registers
106 will contain CRC bytes generated over errors occurring
in the data. Otherwise, execution loops back to step 6C-3
for continued CRC generation (over either the error pattern
or filling zeroes) and storage in regiéters 106.

READING OPERATION: CRC BURST CORRECTION/CHECKING

Fig. -6D illustrates general steps involved in
state 6~3 (the CRC error burst processing state). As .
explained above, state 6-~3 may be entéred during execution
of state 6-2 if the error burst occurs only over the CRC
.byfes of the codeword. Alternatively, state 6-3 may be
entered during execution of both state 6~2 and s:ate 6-3 if
the error burst bridges the data and CRC portions of the
.codeword. . ' :
At step 6D-1, the signal E_BURST is’ turned ON to
denote an error in the CRC portion of the codeword. Then,
at step 6D-2, MUX 107 is switched to connect register 109,

to adder 108,. _
R

"l

 SUBSTITUTE SHEET (RULE 26}



both to first feedback nultiplier 212 and second feedback nultiplier 220.
First feedback nultiplier 212 nultiplies by the constant [err] while the
second feedback nultiplier 220 multiplies by the constant [err]. Thus, the
[err] syndrone first feedback nultiplier 212 serves for nultierﬁﬁg;he-

out put of the Y@M & ndrone first adder by a first multiplicath $ABhnt
(i.e., [err]). The [err] syndronme second adder 224 is connected to constant
mul tiplier 208 for addi ng a constant nultipF@*ﬁ .e., [err]) of a parity sum

byte appl | d to tho Lerr] Al AN B lahe ato s S o ns FRGC oA JF s

of the codewor dSRgledisatasided iz cehien PR Ly tragistier iXqyt t Thenpahtostep

constant mul tiplgpel ,2084iSte¥YaGL Gl SHi¥ted so that the contents of .
register 109, is shifted into register 109, and the contents
of register 109, is shifted into register 109,. Also _
at step 6D-4, the addition result of step 6D-3 is shifted
into register 10s3,. ‘ ' '

At step 6D-5 an incrementation of the clock
occurring at step 6B-12 of state 6-2 is noted. -Thatlis, the
clock is incremented prior to reaching step 6D-6. At step
6D-6, it is determined whether all correction clocks are
done. If all correction clocks are not déne, execution
loops back to step 6D-3 so that another byte of the error
pattern can be processed (i.e., added at adder 108,). 1In _
this regard, it will be understood that the next byte of the
error pattern is outputted from register SR, and is
obtained from the circulation of the S, registers which is
occurred in step 6B-11 of concurrent state 6B-2. If all
correction clocks have expired, state 6D-4 is terminated
(step 6D-10). . |

Thus, in summary, during state 6-4, while CRC_TIME
is on the registers 109 shift to the right. If E_BURST is on
while CRC_TIME is on, then errors have occurred in the CRC
bytes and the CRC check bytes in registers 109 are corrected
by having MUX 107 connect register 109, to adder 108,.

| READING OPERATION: CORRECTION VERIFICATION

Fig. 6E illustrates general steps involved in °
state 6-5 (the correction verification state). At step
6E-1, MX 103 is switched so as to connect registers 109 to
adders 108. If the error burst occurred only in the CRC
portion of the codeword, and if the codeword was properly
corrected, registers 109 should be zero (as are registers
106, registers 106 h;ving been reset and not used for
syndrome generation since state 6-3 was not entered). If
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put put term nal of adder 203 of sub- generator 260. The

I nterl eave-i ndependent ECC byte sub-generator 264 generates a syndrone
[err] and has anal ogous structure to sub-generator 262, as well as an

addi tional multiplexer 206. In particular, interleave- |ndependent ECC byte
sub- gener am® 951289964 i ncl udes an [err] syndrone generator WA ses
[err] syndrone register 215; [err] syndrone first adder 204; [err] syndrone
first feedback nmultiplier 213; and, [err] gs3drone second adder 225.°

I nterl eave-i ndependent ECC factor sub- generator 264 further-includes a

mul tiplier inphe &b¥oRlbuast drmidged ity datac@ndVIGRC? portieonseclolf &hea
second codeword, the error over CRC should have been removed from
registers 109 at step 6D-4, with the result that only CRC
over error patterns over the data portion of the codeword
should reside in registers 109. Since the registers 106
contain CRCs regenerated over the error pattern for the data
portion of the codeword, registers 106 and 109 will cancel
out if the codeword is correctable.

At step 6E-2 OR gate 112 checks whether any adder
108 has a non-zero output. If any adder 108 has a non-zero
output, the codeword is deemed uncorrectable (step 6E~3).

If the output of OR gate 112 is zero, then the codeword is
deemed correctable and state 6-5 is concluded (step 6E-4).

Thus, in correction verification state'G-S, as
bytes shift out of register 1095, the error pattern is added
to them and the result shifted into register 109,. After
the eight clocks of correction, registers 109 should match
registers 106. This check is made by switching MUXes 103 to
connect registers 109 to adders 108. The adder outputs are
checked by OR gates 111. Any non-zsro bytes indicate an
uncorrectable error. '

In'the disk drive environment, when it is desired
to write a sector it is first necessary to find the area to
write to by reading header fields until the target sector
(i.e. the one immediately preceding the data area to be
written to) is found. However, before each header can be
ﬁsed if must be corrected or determined to be uncorrectable
(in which case it is not usable). During the time this
processing is occurring the head is traversing the gap on
the disk between the header area and data area. To minimize
the size of this wasted disk space it is desirable to
complete the procsssing in the minimum amount of time.
Assuming there are n header bytes (i.e. non-redundancy
bytes) in the header field, the present invention begins
correction of the header bytes.on the next clock after the
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feedback multiplier 221 and a constant nultiplier 209. The [err] syndrone
first feedback nmultiplier 213 serves for nultiplying the output of the
[err] syndrome first adder 204 by a first multiplication constant (i.e.,

[err]). Th ' yndronme second adder 225 is connected to ¢
mul tipli ere‘gg’ggé%sféaddi ng a constant nultiple (i.e., [err]) ‘g‘?ﬂﬁg’gﬁhﬁ“y sum

to the input byte applied to the [err] syndrone generator when the input
byte applied to the [err] syndronme generato¥éts any of the |last three bytes

of the codeword imedi ately preceding ECC bytes. The input termnal of
constant nul t BR3AET field RaanFeaf+ OBRGRA the Heaslenbytesedimes of

sub- gener at or QAfkksAs a0 Woricuriehty dd€emiinds Wit lor0inc® twadr one

register 214 Qx'e'ldse'fb_tq%&%r a:i.tso rcozr'Grzgcfla%fé) rwf'\ C&eeéjert%yining whether or not
the error pattern generated (in data or redundancy) is
consistent with all of the redundancy bytes in the header
field. It does this by checking'for errors in the redundancy
bytes at the same time that it is correcting the header
bytes. _

While the invention has been particularly shown
and described with reference to the preferred embodiments
thereof, it will be understood by those skilled in the art
that various alterations in form and detail may be made
therein without departing from the spirit and scope of the
invention. ' ' '
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line 270 to a first input termnal of MJUX 218 and to a first input term nal
of MUX 206. A second input ternminal of MJX 206 is connected to the output
term nal of adder 225. A second input terminal of MJUX 218 is connected to
the output terminal of adder 204. The output terminal of adder 204 is
connected to Wﬂp?ﬁfuﬂgrm nal s of MJXes 218, 17, and 205. The ouPSEUSs#12a13Nal
of S., syndrone register 215 (of sub- generator 264) is connected by |ine
272 to a second input term nal of MJX 216 (of Qgpﬁgenerator 262) . Qut put
termnals of the parity sumregisters 219, 222, Tand 223 are connected to

respective input termnals of parity sun1regi§hgigogtput MJUX 268. MJUX 268
has three correspondi ng output termnals connecie olines [err], and

[err], respectivel Pultipldsc iy 2r%:are connected to
ouTo

= IN2 + IN4 + IN5 + IN6 + IN7
OUT1 = IN3 + INS + IN6 + IN7
OUT2 = IN2 + INS
OUT3 = INO '+ IN2 + IN3 + IN4 + INS5 + IN7
OUT4 = INO + IN1 + IN2 + IN3 + IN7
OUTS = IN1 + IN2 + IN3 + IN4
OUT6 = INO + IN2 + IN3 + IN4 + INS
OUT7 = IN1 + IN3 + IN4 + IN5 + IN6
TABLE 2
Multiplication by a'¢:
OUTO. = IN3 + IN4 + IN6
OUT1 = INO + IN4 + INS + IN7
OUT2 = INO + IN1 + IN3 + IN4 + INS
OUT3 = IN1 + IN2 + IN3 + INS
OUT4 = INO + IN2 '
OUTS = INO + IN1 + IN3
OUT6 = IN1 + IN2 + IN4
OUT7 = IN2 + IN3 + INS
IABLE 3

‘Multiplication by a3:

OUTO0 = INO + IN1 + IN3
OUT1 = IN1 + IN2 + IN4
OUT2 = INO + IN1 + IN2 + INS
OUT3 = INO + IN2 + IN6
CUT4 = IN7
OUTS = INO
OUT6 = IN1
OUT7 = INO + IN2
IABLE 4
Multiplication by &': )
OUTO = IN1
OUT1 = INO + IN2
OUT2 = INO + IN3
OUT3 = INO + IN4
OUT4 = INS
OUTS = IN6
OUT6 = IN7
OUT7 = INO

[
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carry signals [err] and [err], respectively. -16- STRUCTURE: ERROR
CORRECTOR Error corrector 40 is shown in nore detail in Fig. 4. Error
corrector 40 includes a plurality of constant nmultipliers 273 - 279, a
pfturality of adders 281 - 289; a plurality of NOR gates 291 - 294; AND gate
295; and buWe@ss/Z8® As shown in Fig. 4, nultiplier 273 recePFdUSViiad
[err] fromregister 215 and line 272 of Fig. 3; nmultiplier 279 receives
signal [err] fromregister 214 and |line 270 QBSB g. 3; and nultipliers 275,
276, and 277 are included as conponents '

IABLE S
Multiplication by «'
OUTO = IN7 .
OUT1 = INO
0UT2 = IN1 + IN7
OUT3 = IN2 + IN7
OUT4 = IN3 + IN7
OUTS = IN4
OUT6 = INS
QUT7 = IN6

IABLE 6
Multiplication. by a2:
OUTO .= IN6
OUTl = IN7 :
OUT2 = INO + IN6
OUT3 = IN1 + IN6 + IN7
oUT4 = IN2 + IN6 + IN7
ouUT5 = IN3 + IN7
OUTs = IN4
oUT7 = IN5

ABLE 7

Multiplication by o’:
OUTO = INS
OUT1 = IN6 '
oUT2 = INS5 + IN7 -
OUT3 = INO + IN5 + IN6 :
OUT4 = IN1 + INS + IN6 + IN7
OUTS = IN2 + IN6 + IN7
OUT6 = IN3 + IN7
OUT7 = IN4

‘TABLE 8
Multiplication by a‘:
OUTO = IN4
OUT1 = INS .
OUT2 = IN4 + IN6
OUT3 = IN4 + INS + IN7
OUT4 = INO + IN4 + IN5 + ING6
OUTS = INl + IN5 + IN6 + IN7
ouUT6 = IN2 + IN6 + IN7
OUT7 = IN3 + IN7
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réceiving t he signals [err] and [err] from MJX 268 of Fig. 3. Wiile one

i nput terminal of AND gate 295 al so receives signal [err], a second input

term nal of AND gate 295 receives signal DBURST from cont rol l er 10. Error

corrector 4@ T=lcTg gt es five output signals, particularly signal CORRECTED
DATA and four check signals [err] and [err]. The signal CORRECHESPIAIR | s

generated by adding together (at adder 289) the input data (i.e., RD DATA
stored in buffer 296) and the output of AND g3%e€ 295 (e.g., signal [err]).

Tables 1 - 12 |list the XOR |ogic for each of the constant nmultipliers used
for the burst error correction system of t%ﬂent |nvent|on OPERATI ON:

OVERVI EW W\RI TE M TP fBhtion by of:

OUTO0 = IN2 + IN6 + IN7
"QUT1 = IN3 + IN7
oUT2 = IN2 + IN4 + IN6 + IN7
OUT3 = IN2 + IN3 + IN5 + IN6
OUT4 = IN2 + IN3 + IN4
 OUTS = IN3 + IN4 + INS
OUT6 = INO + IN4 + INS + IN6
OUT7 = IN1l + INS + IN6 + IN7
IABLE 10
Multiplication by a%:
OUTO = XIN2 + INS + IN7
OUT1 = IN3 + IN6
OUT2 = INO + IN2 + IN4 + INS
OUT3 = INO + IN1 + IN2 + IN3 + ING + IN7
OUT4 = IN1 + IN3 + IN4 + INS
OUTS = IN2 + IN4 + IN5 + INé
QUTS = INO + IN3 + INS5 + IN6 + IN7 .
OUT7 = IN1 + IN4 + IN6 + IN7
IABLE 11
Multiplication by a%:
OUTO = INO + IN1l + IN2 + IN7
OUT1l = INO + IN1 + IN2 + IN3
ouUT2 = IN3 + IN4 + IN7
OUT3 = INO + IN1 + IN2 + IN4 + INS5 + IN7
OUT4 = IN3 + INS5 + IN6 + IN7
OUT5 = IN4 + IN6 + IN7
OUT6é = INO + INS + IN7
OUT7 = INO + IN1 + INS6
IABLE 312
Multiplication by &®%: '
OUTO = INO + IN2 + IN3 + IN4 + INS
_ OUT1 = IN1 + IN3 + IN4 + INS + IN6
OUT2 = INO + IN3 + IN6 + IN7
OUT3 = INO + IN1l + IN2 + IN3 + IN5 + IN7
OUT4 = INO + IN1 + IN5 + IN6
OUT5 = INO + INl1l + IN2 + IN6 + IN7
OUT6 = INO + IN1 + IN2 + IN3 + IN7
OUT7 = IN1 + IN2 + IN3 + IN4

TN
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In ¢he general processing of a codeword during a wite operation, data
bytes conprising the data polynomal D(x) are applied to CRC
gener at or/ checker 20 both for routing to syndrone/ ECC generator 30 and for
use by CRC generator/checker 20 in generating m nunber of CRC bytes, e.g.,
three CRC bytw®d9sapgsp and [err] in the illustrated enbodi ment. pdfyessliizgzg
bytes [err] are transmitted through MJXes 100 and 101 of CRC
generator/checker 20 and . applied on |ine WR'RD DATA/ CRC to syndrone/ECC
generator 30. After all data bytes [err] have been routed to syndrone/ ECC
generator 30, the three CRC bytes [err] and [&g] (generated on the basis
of : .

WBAT IS CLAIMED IS:

The embodiments of the invention in'which an

exclusive property or privilege.is claimed are defined as

follows:

1. An error correction apparatus which corrects an error
burst occuring in header information stored on storage
media.

2. The apparatus of claim 2, wherein sector identifying
information. '

3. An error correction system for detecting an error burst

in a received codeword, the system comprising:
a CRC generator for generating check CRC bytes
over data bytes of the codeword;

a syndrome generator which uses the data bytes of

the codeword and CRC byvtes of the codeword to generate
syndromes and a predetermined number (L) of bytes of an
error pattern; '

a error corrector which uses the syndromes to

determine the beginning of an error burst in the codeword

and which uses the error pattern to correct as many as
number (L) of bytes in the codeword; '

a checker unit which uses the error pattern and

the check CRC bytes generated by the CRC generator for
verifying that the codeword is correctable.

4. The apparatus of claim 3, wherein the codeword includes

header information read from storage media.

S. The apparatus of claim 4, wherein the header information

includes identification of a sector stored on the media.

[T | |
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<17- the data bytes [err]) are applied to syndrone/ ECC generator 30
(through MJX 101 and |ine WR' RD DATA/ CRC). Thus, for each codeword,
syndrone/ ECC generator 30 receives a sequence of data bytes and CRC bytes.
Syndrone/ECE:%enerator-BO outputs the entire codeword includin thg dat a
byt es [er "YOPHL28%hree CRC bytes [err] and [err] and five E 842134, 1
[err] (the five ECC bytes being generated by syndrone/ ECC generator 30).
The five ECC bytes are al so represented as codeword bytes [err] - [err],
wi th codeword byte [err] = [err] being the last outputted byte of the
codeword, byte [err] = [err] being the nexj-to the |ast outputted byte of
-the codeword, and so forth. In order to generate the ECC bytes [err] -

[err] 6. The apparatus of claim 3, wherein the checker unit adds
the check CRC bytes with the CRC bytes of the codeword to
obtain CRC check remainder bytes.

7. The apparatus of claim 6, wherein the checker unit
verifies that the codeword is correctable if: (1) the error
burst is detacted by the error corrector to have begun in
the CRC bytes of the codeword, and (2) the CRC check
remainder bytes are all zero.

8. The apparatus of claim 6, wherein, when the error burst
is detected by the error corrector to have begun in the data
bytes of the codeword, the checker unit generates CRC bytes '
over the error pattern and compares the CRC bytes generated
over the error patfern with the CRC check remainder bytes.

9. The apparatus of claim 8, wherein if the error burst
began in the data bytes .of the codeword and continued to the
CRC bytes of the codeword, the correction of the codeword is
verified by the checker unit if the CRC check remainder
bytes equal the CRC bytes geherated over the error pattern

10. The apparatus of claim 3, wherein the error corrector
detects a three byte error burst in the codeword.
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syndronme/ ECC generator 30 routes the received data bytes [err] and CRC
bytes [err] and [err] to each of its three sub- generators 260, 262, and
264. As explained in nore detail below, when the CRC bytes are applled to
syndr one/ ECC generator 30, the enable parity AND gate 266 is turned on.(via
si gnal ENAPA&H #3f1dsom control l'er 10) so.that constant nul ti plpcanssed@fizand
209 becone active. Sub-generator 260 spl its the incom ng data bytes [err]
and CRC bytes into three interleaves, and suns the bytes in each interleave
to produce parity bytes called [err] and [err]. After all data bytes [err]
and CRC bytes of the codeword have been applied, parity sum[err] will be

stored in register 219 [err]; parity sumP3 wll be stored in register 222
[err]; and parity sumP4 will be stored in register 223 [err]. Further,
“register ' : _
111
'WR DATA CRC DETECTED
— UNCORRECTABLE
. RD. DATA ERROR
10 > CRC >
~ E-BURST GENERATOR [ ,q
_ {CHECKER:
CRC- TIME
WR/RD DATA/CRC
i : 30
pu——
CONTROLLER .| SYNDROME /ECC f
' ENAPARITY| ~ GENERATOR >
— CODEWORD
: (WR DATA/
' CRC/ECC)
S
1
DCHK - 1 CORRECTED
DATA

ECHK -1

ECHK 1 ERROR
CORRECTOR

DCHK1

RD DATA

t————e
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214 of sub-generator 262 will contain a quantity [err] and register 215 of
sub-generator 264 will contain a quantity [err], these quantities being
utilized as hereinafter described to obtain ECC bytes [err] and [err]. As
expl ained hereinafter with reference to EQN.. 6, EQN. 7, and EQN 8, the
parity sunsWoesnps4ind bytes [err] are used to obtain t he furl’ﬁ'&’psﬁ&lﬂyt es
[err]. OPERATI ON:  ECC DERI VATI ON MATHEMATI CS Mat henat i cal derivati ons of
significant terms including [err] are now described in nore detail. In CRC.
gener at or/ checker 20, the CRC bytes are obtained by

2111

CRC DETECTED
UNCORRECTABLE
.ERROR

111, 111 111, -t 112
S | 113 .
( D_BURST

E ) 10% | _/10‘}’7‘_‘0 u_mez

Lan L
Y Y 103 Y 103, Y 103, | -
1054 MUX 105, MUX 105, MUX 107! -

108, 108, 08,/

(b () (O~ DER
C
- z | z
P-4 1< i C
102 106, - \_104\_106, \104,\306,
MUXLZ 110 _ WRDATA—»{z
] A, ! —=
L '{— SRz | FDDATA < Y o

| | o - | MUX
' - [ 100
| |
l 116 | Y
| E_LBURST___ 117 . WR/RD DATA/CRC
ICAC_TIME__ !
| D_BURST__—_ 1
SO R |

C A6z i
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di vi di ng the data pol ynomi al, D(x) whose coefficients are Dk, by the

I ndi vidual CRC factors. Then, as expl ai ned above, for each codeword, in
sub- generator 260 of syndrone/ECC generator 30, a sequence of data bytes
and CRC bytes are split into three interleaves and all the bytes in each
interl eave ar¥O%¥M%4Y to produce the parity bytes [err] [err] pewu§santis
The | ast byte of the data/CRC sequence will have been added to the [err]
sum the next to last byte will have been added to the P3 sum etc. In
syndronme/ ECC generator 30,  the sequence consi sting of dataThi BKeet Ha@Béeh
[err] is multiplied by [err] and then divided by [err] and [

[err] and [err] respectively such that [err]

3111
WRRDDATACRC EnA_PARITY
ENA_INP . -
, INPUT . WR DATA/CRC/ECC
0 -
q\~ l ‘*H.-§§--
. - e
207 ' 201

LJ/:G_B___ .

i
225 |
|
' I it 206
| ! | | Mux}’ ;
3 | ¥ 04
1 | | |
| MUX] | |
| [Mux] |, mMux] 1t [Mux l
| 218/ 111223 217 218 ]
| 214 il S I 215, |
] s, 1222 A || '
o210 ' ' ’ S [~
L o ize 15 | |10 g |
| UX " |219\ 1 [ X I
2 it Soo L 213:
o I A ! .
} Cﬂﬂ 'l | ;| o’ : 221{
| N U i /2
' [ 220 l o !
}'_ _“27(0.272 "L__.__gﬂ____7__4
__________ b e : I::;Z: '
262 / -t S SRor 264
260 3 SRoo
—7—= 5
| 268 Sa
FIG., 3 |
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syndr onme/ ECC generator 30 outputs (on |ine WR DATA/ CRC/ ECC) the data bytes
[err] followed by the CRC bytes [err] .and [err]. Followi ng the three CRC
bytes, "the next three bytes out are [err] and [err] where -19- [err]
therefore err] and [err] nust be calculated from[err] and l‘rfu%lln order
" to output VON2%4Ad [err]. FromEQN. 3, EQN. 4, EQN. 6, EQ\N

s+tmt4 [err]

SRgy 277 285 (o |
a? 1
- 287

288 204

laced

= il
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“and since F(X)nod(X+c) =

EQN. 9 and EQN. 10 vyi el ds:

OPERATI ON
WO 95/12849

F(c) [err]
[err] where [err]

5/11

FIG. 5

-20- Simlarly,

s+m+4 [err]
OPERATI ON. DETAIL: WRITE

PCT/US94/12134

INPUT DATA AND
USE DATATO

GENERATE CRC
BYTES AND BEGIN ECC
. GENERATION

FINISH ECC
GENERATION

INPUT CRC BYTES TO
ECC GENERATOR TO

OUTPUT ECC BYTES
(B4 .BE3.E; \E4 ,Ep)

Sol vi ng
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Fig. 5 shows general steps executed when the systemof Fig. 1 executes a
wite operation. At step 5-1, data-to-be witten is inputted both for use
in generating CRC bytes (by CRC generator/checker 20) and for application
t-o syndrone/ ECC generator 30. At step 5-2, the CRC bytes [err] generated by
CRC gener at w0 gwesdeer 20 at step 5-1 21 are i nput to syﬁGFgﬁﬂﬁ
generator 30 to finish generation of the ECC bytes [err]. At step 5-3, the
ECC bytes [err] generated by syndrone/ ECC generator 30 are outputted in the
order [err] ([err] being the last outputted ECC byte)..

" 6/11

FIG. 6

CRC REGENERATION

AND SYNDROME 63
GENERATION (FIG.
6A) | \
6.2 DATA ERROR
' BURST PROCESSING
ERROR CHECK - - AND CORRECT‘ON
(FlG.'GB) (FlG. GC)

6-4

CRC ERROR
BURST PROCESSING
(FIG. 6D)

CORRECTION
VERIFICATION
(FIG. 6E)

i
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Consi dering now step 5-1 of Fig. 5 in nore detail, data bytes [err] are
applied on line RD DATA to i nput MJX 100 and data/ CRC sel ecti on MJX 101 of
CRC generator/checker 20 (see Fig. 2). Data bytes [err] are applied both
Hrectly to syndrome/ ECC generator 30 (on line WR/ RD DATA/ CRC) and (via

datal/ error Ws& gt o each of the first, 'second, and third GR&rgenasaior
circuits of Fi'g. 2. The data bytes [err] are admtted to each CRC generator
circuit by its MUX 103. In'the third CRC generator.circuit, MJX 107 '
connects register [err] to adder [err]. VWile data bytes [err] are being
presented, MJXes 104 connect the outPdds of the feedback nultipliers 105 to
the inputs of registers 106 which are initially reset. After all data bytes
have been input, registers ' _

FIG. 6A

6A-1

SET SYNDROME GENERATOR
IN PREPARATION FOR
-SYNDROME GENERATION

6A-2

INPUT DATA BYTES INTO
GENERATORS AND FIFO
REGISTER

: : : A-6
+ iy <
INPUT CODEWORD CRC INPUT ORIGINAL CODEWORD §
BYTES FOR ADDING TO CRC & ECC BYTES INTO
'CORRESPONDING SYNDROME GENERATOR 30
REGENERATED CRC BYTES FOR GENERATION OF
_ : : SYNDROMES

6A-4

STORE CRC SUMS IN REGISTERS
109

' 6A-5 :
l RESET REGISTERS 106 I/ ' Thﬁ Isllii,e,t'}liii,ﬂcﬂeln,i,emced

 SUBSTITUTE SHEET (RULE 26)




106 will contain the CRC bytes (i.e., register [err] wll contain byte CR2;
register [err]-will contain byte [err]; and register [err] w:ll contain
byte [err]). After all data bytes have been input, MJXes 104 switch to
allow the CRC bytee stored in registers 106 to be shifted out to the

syndr one/ E%g%p?‘r‘@tor 30 via MJX 101. As shown in Fig. 3, tiugosduazizytes
[err] and ytes [err] are input on Lead 200 to syndrone/ ECC gener at or
30. For outputting bytes of the codewgrg prline WR DATA CRGHEEEC—MIX—20T
allows the data bytes [err] and CRC bytes [err] to be out put {‘linii

| B R laced -
by the ECC byt eBBgener ated by syndrone/ ECC generator 30. As se S 1) N
1"gr< preaseviono yoee-2co of JIH NN

Y IS CORRECT

TURNENA_INPUT . 883

IIOF F"

FIG. 6B

. 6B4

6B-6

TURN ON
CRC_TIME

3RD, 4TH,
OR 5TH CLOCKS?

BEGIN CONCURRENT
EXECUTION OF DATA ERROR
BURST AND CORRECTION

STATE (FIG. 6C)

ERROR
BURST DETECTED
IN DATA

6B-10

o

Y 'BEGIN CONCURRENT
EXECUTION
OF CRC ERROR BURST
PROCESSING STATE (FIG. 6D)

ERROR
BURST IN CRC/ECC
DETECTED

6B-9

BB-11
! 6B-12

CIRCULATE Sp REGISTERS
AND MULTIPLY S, S_4
REGISTERS

INCREMENT CLOCK

ALL
BYTES DONE

QIRCTITITE CLICET 1 aae



Data bytes [err] are input to the adders 202, 203 and 204 (of respective
sub-generators 262, 260, 264) through AND gate 207 and (for adders 203 and
204) MJXes 205 and 206. -22- The signal ENAPARITY fromcontroller 10 is
GFF while data bytes [err] are being clocked into syndrone/ ECC generator 30
on line 200wdeGesd Ngly, wi'th the signal ENA PARITY bei ng Opcrasesnng puts
of constant nultipliers 208 and 209 are zero. During input of data bytes
Ferr], MUX 216 in sub- generator 262 8ghfedts adder 202 to nultiplier 212.

6C-1 6C2
v
—— SWITCH MUX
D_BURST 102 TO ADMH
- ERROR PATTERNS

D-BURST
STILL "ON"

6C-6

CLOCK BYTE OF ;
ERROR PATTERN CLOCK “0" INTO
INTO CRC CRC GENERATOR
GENERATOR CIRCUITS

CIRCUITS

)

) 6C-6
‘60 5 NOTE CLOCK
‘ INCREMENTATION '
USE BYTE OF ! '
ERROR PATTERN
TO CORRECT |
CORRESPONDING o
BYTE IN .
BUFFER - |
..ODN’?.%%SRE TURN "OFF"
CLOCKS D-BURST

ALL
DATA BYTES
' PROCESSED

T

"END STATE 6-3



Simlarly,
213.
During the input of data bytes [err]

bytes [err] and [err]), MJXes 210 and
mul tiplierwodsa2seed 213, respectively
215 respectively. Al registers are

bytes [err]
ENAPARI TY is turned ON, thereby allow
mul tiplied by constant nultipliers 208

I n sub--generator 264, MJX

are being received on | ead 200 (see step 5-2 in Fig. 5),

218 connects adder 204 to multiplier

I n sub-generator 260, MJX 217. connects adder 203 to register 219.

and the first two CRC bytes (e.g., CRC
211 connect the outputs of
, to the inputs of regPSTAISSU/RIF angd
nitially reset. Wien the three CRC
si gnal
?ﬂh he out put of adder 203 to be
209 and added to the incom ng

CRC bytes by adders 224 and 225,

respectively. This action allows the

i ncl usi on of the parity suns in the [err]

4 and

FIG. 6D

- 6D-1

TURN ON E_BURST l/

Y

SWITCH MUX 107
TO CONNECT REG 109,
TO ADDER 108,

6D-2

6D-3

ADD BYTE OF ERROR PATTERN TO
BYTE IN REGISTER 109,

— - 6D-4
SHIFT REGS 109 AND SHIFT

ADDITION RESULT INTO
REG 108,

| | 6D-5
NOTE CLOCK INCREMENTATION I

 6D-6

ALL
CORRECTION

s
Has Been Re‘Iaced

"

CLOCKS DONE

6D-10

END STATE 6-4
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LEQN. 5. Wiile the last CRC byte (i.e., CRC byte [err]) is being clocked
in, MJXes 210 and 211 connect the outputs of nultipliers 220 and 221,
respectively, to the inputs of registers 214 and 215, respectively. At that
*point, register 214 will contain [err] and register 215 wll contain [err].
I\/breover,.ggtf .113254?9" 223 [err] will contain [err]; register PEINYSSHI3134i | |
contain [err]; and register 219 [err] will contain [err]. After all data
bytes [err] and CRC bytes [err] have been clocked into syndronme/ ECC
generator 30, the five ECC bytes [err]ﬁhg t hen out put (see step 5-3 of
Fig. 5). For the next two clocks of step 5-3, MJX 206 is switched to
connected the contents of register 214 (i.e., [err]) to the first input
term nal of adder 204, MJX 205 switches to all ow :

FIG. 6E

6E-1
—f
SWITCH MUX 103
TO CONNECT REGISTERS
109 TO ADDERS 108
FOR COMPARISON

_ 6E-2 | 6E-3

_~ANY
ADDER 108 CODEWORD '
END STATE 6-5 HAVE NON-ZERO IS
~_ OUTPUT UNCORRECTABLE

TR
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1

-23- .adder 204 :to feed adder 203, MJX 217 switches to all ow adder 204 to
feed register 219, and MJXes 216 and 218 switch to allow registers 215 and
214, respectively, to feed nultipliers 212 and 213, respectively. The
switching of MJUX 206 generates [err], S|nce the switching of MJX 206 causes

adder 204 to add together the contents dflTegister 214 (i.e., [err]) and
the contents of register 215 (having contents [err]), thereby producing
[err] = [err] + [err] as set forth above. Byte [err] is applied via MJX 205

to adder 203. Adder 203 then uses [err] and the contents

9602224 -9

BURST ERROR CORRECTOR

Cross~Raferences to Related Applications

This patent application is a continuation
application of United States Patent Application Serial
Number 08/148,068, filed November 4, 1993, which is
incorporated herein by reference. Patent applications filed
concurrently (inventor: Christopher P. Zook) with this
patent application and incorporated herein by reference
include U.S. Patent Application Serial Number 08/ .
(attorney docket: 1777-8) entitled *CYCLIC REDUNDANCY CHECK
METHOD AND APPARATUS", U.S. Patent Application Serial Number
08/ (attorney docket: 1777-7) entitled *REED SOLOMON
DECODER" ; and U.S. Patent Application Serial Number
08/__ (attorney docket: 1777-6) entitled *FINITE FIELD
INVERSION*, and U.S. Patent Application Serial Number
08/__ (attorney docket 1777-10) entitled “ERROR
CORRECTION MET”OD AND APPARATUS". Patent applications filed
concurrently w. 'h United States Patent Application Serial
Number 08/148,068 (and all hereby incorporéted herein by
reference) include U.S. Patent Application Serial Number

REPLACENH%HTSHEETS SG
_Iv:? %&SU ipticn pagei l m rag ed 4.
“!‘JQ ) :paged e ¢ paged .41,
W s 7{3 w paged i ' : .
B Abstract to paged.>.. | Thi@ is the replacement sheet
DATE OF RECEIPT ...... '.3.’.'!.1.7. ...... Date: 1 3 JAN 1897
“3 _ " r _;_';""3 {g PR ;‘03 .}
§,.) T o . «i'i\ ig glrj l.i



of register 223 [err] to produce and output ECC byte E4 (which, according
to EQN. 6, is [err] + [err]). Byte [err] is also stored in register 219
(via MJX 217), the contents of register 219 [err] being shifted to register
222 and the contents of register 222 [err] being shifted to register 223.
The switching of MJXes 216 and 218 causes the quantity [err], to be stored

In register 214 and the quantity [err], tg .l be stored in register 215. Wth
MJUX 206 switch as above descri bed, adder 204 adds the contents of

registers 24,244, 3155 E%artqcu&fe IB@AL] mbséf:]c?ciferimé@ﬁ@mb@g cdaedrne

f or egoi ng solutlon of SN %err; IS then a I|ed to
adder 203 (¥irg-VBRESHS . ;ﬁiﬁﬁa?+@ﬂ %%E%afeVPTbﬁﬁdo EgQ pEH
;fr0n1reglStEREE®ZSDmDMONﬂDEmEﬂTd§3 tanﬂrUdscepaﬁdnauhppu1@wuadﬂJSéxI@1

Number 08/147,758 entitled ®FINITE FIELD INVERSION".
BACKGROUND

1. Pield of Invention

This invention relates generally to digital data
communication systems, particularly to the encoeding and
decoding of error correcting codes.

2. Related Art and Other Considerations

In a digital data communication system (including
storage and retrieval from optical or magnetic media) in
order to increase the transfer rate of information and at
the same time make the error rate arbitrarily low, it is
necessary to employ an error control system. For fixed
signal-to-noise ratios and fixed bandwidths improvements can
be made through the use of error-correcting codes.

With error-correction coding the data to be
transmitted or stored is mathematically processed through
appropriate circuitry and/or software to obtain additional
data symbols called check symbols or redundancy symbols. The

data and check symbols together make up a codeword. After
the codeword is transmitted to and received from the

communication channel or retrieved from storage the codeword
is mathematically processed to obtain error syndromes which
contain information about locations and values of errxors.

Some applications, e.g. the writing and reading of
ID fields on magnetic disk, necessitate the use of codes
which can quickly correct short bursts in a small block of
data in real time.

For fast burst correction the related art
generally employs one of two methods: 1) decoding a
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ECC byte [err] according to EQN. 7 (i.e., [err] =[err]). ECC byte [err]
Is also stored in register 219 (the ECC byte [err] "previously stored in
regi ster 219 now being shifted to register 222 and the contents of register
222 [err] being shifted to register 223). After the two afore-described
clocks, registers 223, 222, and 219 contaiLn E2 = P2 (see EQN. 8), [err],
and [err], respectively. The values [err] and [err] are then shifted out
via MJX 201 to |ine WR DATA/ CRC/ ECC during the final three clocks by
turning OFF signal ENA PARITY and swi tching MJX 205 back to connect gate
207 to adder 203. . S
multiple-error correcting code (. g. a Reed-Solomon code) using burst trapping;
and 2) interleaving a single-error correcting code. The first method is described in
Peterson’s and Weldon’s “Error-Correcting Codes”, second edition, published by

the MIT Press, P.364 and the second method is described on page 357 of that text.

For applications wherein the codeword is transmitted i serial format, e.g.
magnetic disk, the byte correcting ability of the code causes an inefficiency. For
example, if the code us based on 8-bit symbols, then a two byte correcting code
employing burst trapping can guarantee to correct a 9-bit burst since a 10-bit burst
could effect three bytes. If the code were based on 4-bit symbols and could correct a
4-symbol burst then all single 13-bit bursts could be corrected but the maximum
length of the codeword would be reduced from 255 bytes to 7.5 bytes.

If the interleaving method is used such that a codeword capable of correcting
a single 4-bit symbol is interleaved to degree four then all single 13-bit bursts could
be corrected and the codeword length would be 30 bytes.

The disadvantage of the interleaving method is that whereas the burst trapping
code in the first example has a minimum distance of nine, the individual codewords
of the interleaving method in the second example each have minimum distance of
three. This means that the first code can correctly detect as uncorrectable all random
errors of two, three or four symbols but the second code can fail to detect such
errors if they are contained entirely within one interleave. Also each additional
redundancy symbol which is added to the first code increases the minimum distance
by one but there is no way to add an additional redundancy symbol to the second

code which will increase the minimum distance by one.
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-24- OPERATI ON: OVERVI EW READI NG OPERATI ON Fig. 6 shows states assuned by
the burst error correction systemof the present invention during an
operation of reading encoded data. In a first state 6-1, the entire

codeword is inputted for the purpose of regenerating CRC bytes using CRC
generator/checker 20 and for generating syndrones using syndrome/ ECC
generator 30. General steps executed in cogwection wth state 6-1 are

illustrated in Fig. 6A. In state 6-2, the syndrones generated in state 6-1
are utilized to determne if an error IBUMMAR®S occurred. As explained in

more detail bel ow an grieropugstafaBoeeut i8hl et Un'ilh (piidd A ©f

the codeword; entirely
CRC generator/checker. a syndrome/ECC generator; and error

corrector. The burst error correction system is particular,
but not exclusively, suitable for correcting error bursts
occurring in header data, including sector ID data, obtained
from a storage media, for example.

In the general processing of a codeword during a
write operation, data bytes comprising the data polynomial
D(x) are applied to the CRC generator/checker both for
routing to the syndrome/ECC generator and for use by the CRC
generator/checker in generating m number of CRC bytes, e.g.,
three CRC bytes CR;, CR,, and CR, in the illustrated
embodimenz. The CRC bytes are shifted out to the
syndrome/ECC generator for use in the generation of a
plurality of ECC bytes.

In the write operation, the syndrome/ECC generator
is configured to group the data bytes and the CRC bytes for
each codeword into a predetermined number (L) of
interleaves. In the illustrated embodiment, the
predetermined number (L) of interleaves is three. The ECC
bytes are generated so that the sum of the bytes in each
interleave for a codeword is zero, and so that the ECC bytes
generated by the syndrome/ECC generator constitutes at least
L number of consecutive roots of the codeword. 1In the
illustrated embodiment, the syndrome/Ecc generator generates
five ECC bytes, the five ECC bytes belng generated to cause
each interleave to have e® as a root and to cause the
codeword to have ¢! and <! as a root.

The syndrome/ECC generator comprises an
interleave-dependent ECC factor sub-generator and two
interleave-independent ECC factor sub-generators. The
interleave-dependent ECC factor sub-generator generates
bytes E, - E,. ECC factors generated by the first and
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the CRC portion of the codeword, or can bridge the data portion and CRC
portion of the codeword (e.g., one or two bytes of data and one or two
bytes -of CRC). General steps executed in connection with state 6-2 are
illustrated in Fig. 6B. Wien at |east a portion of an error burst occurs in
the data portion of the codeword, a data error burst processing &
correction state (i.e., state 6-3) is begun. The data error burst
processing & correction state involves applying the error pattern, for the

next threesebefls i nkeriRaveI HRIPUNSIRE keEc 2Pa 0 r CARSLgéhagatBEEheareRC

byt es over thg Error pattern. neral_steps executed_in connection with
state 6-3 9P8Y FPugeRErage FGS FYSE. Eaviad £t Bf the error data
burst occurs in In the general processing of a read codeword, in a

first state of operation the entire codeword is inputted for
the purposes of regenerating CRC bytes (using the CRC
generator/checker) and of generating Syndromes (using the
syndrome/ECC generator). The regenerated CRC bytes are
added to the received CRC byes of the codeword, yielding CRC
check remainder bytes. Thereafter, the syndromes are
utilized to determine if an error burst has occurred.

An error burst can occur entirely in the data
portion of the codeword, entirely in the CRC portion of the
codeword, or can bridge the data portion and CRC portion of
the codeword (e.g., one or two bytes of data and one or two
bytes of CRC). When at least a portion of an error burst
occurs in the data portion of the codeword, a data error
burst processing & correction state is begun. The data
error burst processing & correction state involves applying
the error pattern, for the next three clocks, to the CRC
generator/checker for generating further CRC bytes over the
error pattern.

When a portion of the error data burst occurs in
the CRC portion of the codeword, a CRC error burst
processing state is begun. The CRC error burst processing
state involves applying the error pattern bytes developed
during a phase of operation known as CRC_TIME to the CRC
generator/checker for the purpose of adding the error
pattern with the CRC check remainder bytes. If the burst
error occurred only in the CRC portion of the codeword, the
result of the addition will be zeroc if the codeword is
correctable. If the burst error bridged the data portion of
the codeword and the CRC portion of the codeword, the CRC
error burst processing state is first begun and the data

- error burst processing & correction state is subsequently
but concurrently entered. When, in connection with the CRC
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the CRC portion of the codeword, a CRC error burst processing state (i.e.,
state 6-4) is begun. The CRC error burst processing state involves applying
the error pattern bytes devel oped during a phase of operation known as
CRCTI ME to CRC generator/checker 20 for the purpose of adding the error
pattern with the regenerated CRC bytes (as developed in state 6-1). As
subsequently determned in a correction vefrfication state (state 6-5), if
t he burst -25- error occurredq only in the CRC partion. of odevmg&g

--{ ne
Lhe result FFTRE BUEEi BROGPEEIRG SRR Wi CHIGRIGEALor/ chedker 8
the portion of the error pattern outputted during CRC_TIME

with the CRC check remainder bytes, for the codeword to be
deemed correctable the result must equal the CRC bytes
generated over the data portion of the error pattern.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features, and
advantages of the invention will be apparent from the
following more particular description of preferred
embodiments as illustrated in the accompanying drawings in
which reference characters refer to the same parts
throughout the various views. The drawings are not
necessarily to scale, emphasis instead being placed upon
illustrating the principles of the invention.

Fig. 1 is a schematic block diagram view of a
burst error correction system according to an embodiment of
the invention.

Fig. 2 is a schematic block diagram of a CRC
generator of the embodiment of Fig. 1.

) Fig. 3 is a schematic block diagram of a
syndrome/ECC generator of the embodiment of Fig. 1.

Fig. 4 is a schematic block diagram of an error
corrector of the embodiment of Fig. 1

Fig. 5 is a flowchart showing general steps
executed when the system of Fig. 1 executes a write
operation.

Fig. 6 is a state diagram showing states of the
burst error correction system of Fig. 1 during a read
operation for reading ECC-encoded data, and further shows
relationships among Fig. 6A, Fig. 6B, Fig. 6c, Fig. 6D, and
Fig. 6E.

Fig. 6A shows steps executed by the burst error
correction system of Fig. 1 during a CRC regeneration and
syndrome generation state.
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correctable. If the burst error bridged the data portion of the codeword
and the CRC portion of the codeword, state 6-4 (CRC error burst processing
state) is first begun and state 6-3 (data error burst processing &
correction state) thereafter is entered. In state 6-4 (CRC error burst
processing state), CRC generator/checker,adds the portion of the error
pattern outputted during CRCTIME wth the CRC check remai nder bytes (as

devel oped in state 6pi). AF sHBWRUILRRDY HAIRIHENYY ithd K@FE€CeLPOr
verification state (state 6 orrectabl e the

-5), if the codeword is deened
resul t nuSECTRRIEFLPRSTRESBY £fs FdGnera B B2 rﬁrmggtb%‘?lfi%‘ﬁa P the
error pattern. As indigat ed shows stdpy eatdmnEd by cthechunst obrror
correction system of Fig. 1 during a data error burst
processing and correction state.

Fig. 6D shows steps executed by the burst error
correction system of Fig. 1 during a CRC error burst
processing state.

Fig. 6E shows steps executed by the burst error
correction system of Fig. 1 during a correction
verification.

DETAILED DESCRIPTION OF THE DRAWINGS
The invention includes a method and apparatus
capable of generating redundancy symbols and syﬁdrcmes and
using the syndromes to correct errors. The codeword, C(x)
consists of data bytes, CRC bytes and ECC bytes. The data
bytes are the first bytes in the codeword. The CRC bytes

follow the data bytes. The ECC bytes follow the CRC bytes.
C(x) is defined as:

s-1 m-1 4
C(x) =Y, DX™™5+ Y CRX™ + 3 EX"°
n=0 n=0 n=0

where CR, are the CRC bytes, D, are the data bytes, E  are
the ECC bytes, s is the number of data bytes and m is the
number of CRC bytes. In the illustrated embodiment, s=8,
m=3, and the field generator polynomial is G(X) = X+ X+
X3 + X2 + 1. It should be understood that the invention is
not confined to these exemplary values and polynomial, and
that other values and polynomials may be utilized within the
spirit of the invention.

The CRC bytes are defined as:
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the codeword and after state 6-2, state 6-5 is executed for the purpose of
verifying the correction. General steps executed in connection with state
6-5 are illustrated in Fig. 6E. OPERATI ON: BURST ERROR MATHEMATI CS On
receiving a possibly corrupted codeword, R(X), CRC check bytes are
generated by regenerating CRCs fromthe data portion of R(X) and addi ng
(XORing) themto the CRC portion of R(X) _gAl so five syndrones are
generated. They are [err] and [err] where [err] and -

s-1

CR, = Y D,X°'mod (X+a?*¥) EQN.1
‘=0

for X = 0 to m~1. The CRC bytes are only generated over the
data bytes. The E,, E; and E, bytes are parity bytes over
the entire codeword (including CRC bytes) divided into three
interleaves and are generated in such a way so as to make
the sum of the bytes in each interleave equal to 0, i.e.

3
E Can*k=0 'k=0'112 EQN-z
n=0

where C, ., are the coefficients of C(x) and i, is one less
than the number of bytes in the kth interleave, i.e. i, is
the largest integer that allows 3i, to be less than s+m+5-k.
E;, and E, are defined by:

sS+m+4
E\X+Ey= Y.  CpX"mod(X+«?) (X*a™) EQN.3
| n=2

Ez, E:s and E, cause a® to be a root of each of the
interleaves. The ECC bytes E, and E, are generated so that
a! and o' are codeword roots. The CRC roots start at o?.
Therefore the minimum distance is 4+m (the number of
consecutive roots + 1).

STRUCTURE: OVERVIEW
Fig. 1 shows an burst error correction system
which comprises controller 10; CRC generator/checker 20;
syndrome/ECC generator 30; and error corrector 40. CRC
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-26- [err] [err] and [err] are the parity sunms over the three interl eaves.
[err] is the sumover the interleave which contains the | ast codeword byte,
[err] is the sumover the interleave which contains [err] and [err] is the
sum over the interleave which contains [err]. An error burst occupying no
nore than three bytes will be contained in [err] and [err] but possible
circularly shifted. Let e2 be the first-¢yte of the error burst, [err] be
the (possibly zero) second byte of the error burst. and [err] be the

(possi bl y genepatasf{clisctienf 20 hesypndoomeyBAC deneradior 80 lanst rerrdr ee

bytes in RigDrdtdP V%t dCabBEeenlY! & rf td¥e RULH I RGN Hnddie SO, ££4 0N

Fig. 2, Fig. 3, and Fig. 4, respectively.

STRUCTURE: CRC GENERATOR/CHECKER

As shown in Fig. 2, CRC generator/checker includes
an input switch or MUX 100 connected to receive either read
data on line RD DATA or data-to-be-written on line WR DATA.
An output terminal of MUX 100 is connected to a first input
terminal of data/CRC selection switch (MUX) 101. An output
terminal of MUX 101 is connected both to syndrome/ECC |
generator 30 (by line WR/RD DATA/CRC) and to data/error
switch (MUX) 102. An output terminal of MUX 102 is
connected to each of three CRC generator circuits as
described below.

As shown in Pig. 2, a first CRC generator circuit
has reference numerals which include "0" subscripts. Second
and third CRC generator circuits have reference numerals
which include "1" and "2" as subscripts, respectively. Each
CRC generator circuit includes an input MUX 103; a constant

- feedback multiplier 105; a register 106; and an adder 108.
The second and third CRC generator circuits each have a
shift-select MUX 104. The third CRC generator circuit has a
error-select MUX 107. In general, a first input terminal of
input MUX 103 of each CRC generator circuit is connected to
the ocutput terminal of data/error switch (MUX) 102. An
output terminal of input MUX 103 is connected to a first
terminal of adder 108, the second terminal of adder being
connected to an output terminal of register 106 (selectably
via MUX 107 in the case of the third CRC generator circuit).
An output terminal of adder 108 is connected to the feedback
multiplier 105, which in turn has an ocutput terminal
connected to an input of register 106 (via MUX 104 in the
case of the second and third CRC generator circuits).
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of syndrome generation we have: [err] Since there are s+mt5 bytes in the
codeword there will be s+mt2-k error-free bytes before the start of the
error burst. Let r be (s+tmt5)nod 3. Let [err] and [err] correspond to the
[err] registers circularly shifted ([err] to [err] [err] to [err] and [err]
to [err]) 3-r times, i.e. [err] = [err]_4d-r = 0, [err] if r=l and [err] if
r=2 [err] =([err] if r =0, [err] if r=1 and [err] if r=2 [err] =[err] if

= 0, [err] if r=1 aedsh®Fdqidnti?.adser SRadyterc ac_r;@néheﬁ‘enyanéexefr t hree
MJXes. rcularl | %é}f S}&reglsters +mt ti err‘}valII be

[err] mnll eIFBFF R Sﬁdt%gﬁF? Pt ert S ct1om nglns [ nitedi at el y

fol | owi ng gygdsgggs 106,, 106,, and 106,, respectively. Since these
three CRC bytes are shifted out to syndrome/ECC generator 30
via MUX 101 and line WR/RD DATA/CRC, provision is made for
shifting the CRC bytes through the registers 106. 1In this
regard, the output terminal of register 106, is connected to

a second input terminal of shift-select MUX 104, for loading
into register 106, and the output terminal of register

| 106,is connected to a second input terminal of shift-select
MUX 104, for loading into register 106,.

Paired with each CRC generator circuit is a check
register 109 and a check gate (e.g., OR gate) 111. In
particular, the output terminal of adder 108 of each circuit
is connected to the input terminals of its associated
(i.e., like subscripted) check gate 111. The output
terminals of OR gates 111,, 111,, and 111, are connected to-a
three-input check gate 112. A signal CRC DETECTED
UNCORRECTABLE ERROR is output by check gate 112.

Output terminals of associated (i.e., like
subscripted) check registers 109 are connected tc second
input terminals of input MUXes 103. The check registers 109
are connected whereby the contents thereof are shiftable
(e.g., from register 109, to register 109,; from register
109, to register 109,) so that the contents of each register
can ultimately be fed via the second input terminal of
error-select MUX 107 to adder 108, of the third CRC
generator circuit. Register 109, is fed from AND gate 113,
which has a first input terminal connected to receive (and
invert) a signal D_BURST (described subsequently with
reference to Fig. 4). A second input terminal of AND gate
113 is connected to the output terminal of adder 108, of the
third CRC generator circuit.

CRC generator/checker 20 of Fig. 2 alsoc includes
an error pattern introduction control section (framed by
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generation. At each step two pairs of values are conputed -27- and
conpared with each other to detect the start of an error. The four val ues
are: [err] The start of an error burst is detected when [err] = [err] and
[err] = [err]. One data byte is output on each step. Wen an error burst is
detected then the current data byte is XORed with the current error
pattern, from[err], to effect correctipj. Also the error pattern is used
to generate error CRC bytes. Between steps the [err] registers are

broken line 115). Error pattern introduction control
section includes AND gate 110; AND gate 116; and OR gate
117. AND gate 116 has its two input terminals connected to
receive signals on lines E_BURST and CRC_TIME, respectively.
An output terminal of AND gate 116 is connected to a first
input terminal of OR gate 117, a second input terminal of OR
gate 117 being connected to receive a signal on line
D_BURST. The signals on lines D_BURST and E_BURST are
subsequently described with reference to Fig. 4. An output
terminal of OR gate 117 is connected to a first input
terminal of AND gate 110, the second input terminal of AND
gate 110 being connected to receive an error pattern on line
SRy, (understood hereinbelow with reference to Fig. 3).

Fig. 2 further shows employment of appropriately
differing feedback multiplier constants for multipliers
105,, 105,, and 105,. 1In particular, multiplier 105, has the
constant a?; multiplier 105, has the constant'GS; and
multiplier 105, has the constant a®.

STRUCTURE: SYNDROME/ECC GENERATOR

Syndrome /ECC generator 30 of Fig. 3 generates a
plurality of ECC rytes, the plurality in the illustrated
embodiment being five ECC bytes. As explained below,
syndrome/ECC generator 30 is confiqured to group the data
bytes (applied on line WR/RD DATA/CRC) and the CRC bytes
(generated by CRC generator/checker 20) for each codeword
into a predetermined number (L) of interleaves. In the
illustrat:d embodiment, the predetermined number (L) of
interleaves is three. The ECC bytes are generated so that
the sum of the bytes in each interleave for a codeword is
Zzero, and so that the ECC bytes generated by the
syndrome/ECC generator'3o constitutes at least L number of
consecutive roots of the codeword. 1In the illustrated
embodiment, syndrome/EcCC generator 30 generates five ECC
bytes, the five ECC bytes being generated to cause each
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circularly shifted, [err] is multiplied by [err] and [err] is nmultiplied by
[err]. After s+mt2-k clocks (steps) [err] [err] and [err]. For m ni num

| atency, if an uncorrectable error has occurred it nust be detected

i medi ately following the correction of the data portion of R(X). An
uncorrectable error is detected if the error CRC bytes generated during
correction do not match the CRC check 2s generated during syndrone
generation. An uncorrectable error is also detected if the-syndrones were

not all zejRebiedPeCtbOhabl &° H48Sanebottchpat @d dHhkBIthBecoaeiid Ad
phase. This | ast,conditign can only be checked if every byte position,
i ncl udi ng BPR¥eCRC Yt e@Poi FPBITs, was checked for the start of an error

burst. This neans thas shewGRENEEIgosE } | synsdromdt/BRC cwukeakaet I0e
comprises an interleave-dependent ECC factor sub-generator
260 and two interleave-independent ECC factor sub-generators
262 and 264. Syndrome/ECC generator 30 generates five ECC
bytes E; - E;. Interleave—~dependent ECC factor sub-
generator 260 generates bytes E, - E,. ECC factors
generated by the first and second interleave-independent ECC
factor sub-generators 262, 264, respectively, are used to
generate ECC byte E;, and ECC byte E,.

Syndrome/ECC generator 30 also includes an enable
input AND gate 207; an enable parity AND gate 266; an output
(WR DATA/CRC/ECC) MUX 201; and parity sum register output
MUX 268. '

Enzble input AND gate 207 has its first input
terminal connected to CRC generator/checker 20 by line 200
.(WR/RD DATA/CRC) and its second (inverting) input terminal
connected to controller 10 by line ENA_INPUT. An output
terminal of enable input AND gate 207 is connected by adder
224 to sub-generator 262; té sub-~generator 260; and by adder
225 to sub-generator 264.

Enable parity AND gate 266 has its first input
terminal connected to controller 10 by a line ENA_PARITY. A
second input terminal of AND gate 266 is connected to
receive ECC bytes from sub-generator 260 in a manner
hereinafter discussed. An output terminal of AND gate 266
is connected to sub—-generators 262 and 264.

Interleave dependent ECC factor sub-generator 260
comprises I number of interleave parity sum registers, in
particular parity sum registers 219, 222, and 223 (it being
recalled that I~=3 in the illustrated embodiment). Sub-
generator 260 further includes adder 203 for adding an input
byte applied to the interleave-dependent ECC factor sub-
generator 260 to contents of a selected one of the
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sanme time that the data byte positions are being checked. This is
acconplished by conparing [err] to [err] and conparing [err] to [err].
These conparisons are made in order to detect the start of a burst in the
CRC/ ECC portion and are in addition to the comparisons needed for burst
detection in the data portion. These new conparisons check | ocations 3j
bytes ahead of the current position. j is chosen so that 3j -28- is not
nmore than s-2 and not |ess than mt3. | mie illustrated enbodi ment, s=8,

M3, A0 ] e SR B S008I YT o8 T ey Bytes s
Interleave dependent ECC factor sub-generator 260 is
configured so that the interleave parit sum registers 219,
222, and 223 are connected whereby each .nterleave parity
sum register has an input byte, added thereto by the adder
every Lth clock cycle.

Interleave dependent ECC factor sub-generator 260
also includes adder input MUX 205 and register input MUX
217. Adder input MUX 205 has a first input terminal
connected to AND gate 207 whereby data bytes and CRC bytes
are applied to sub-generator 260. A second input terminal
of adder inpﬁt MUX 205 is connected to sub-generator 264 as
hereinafter described. An output terminal of adder input
MUX 205 is connected to a first input terminal of adder 203.
An output terminal of adder 203 is connected to a first
input terminal of register input MUX 217, to enable parity
AND gate 266; to constant multipliers 208 and 209 in sub-
generators 262 and 264, respectively; and to output (WR
DATA/CRC/ECC) MUX 201. A second input terminal of register
input MUX 217 is connected to sub-generator 264. An output
terminal of register input MUX 217 is connected to an input
terminal of register 219, with register 219 having its
output terminal connected to the input terminal of register
222, register 222 having its output terminal connected to
register 223, and register 223 having its output terminal
connected to the second input terminal of adder 203.

The interleave-independent ECC factor sub-
generators 262, 264 each generate interleave-independent ECC
factors for use in developing ECC bytes Eo and E,. As
subsequently explained, the interleave-independent ECC
factors of sub-generators 262 and 264 are ultimately
transferred to at least one of the interleave parity sum
registers 219, 222, 223 in a process of outputting the ECC
bytes from syndrome/ECC generator 30.
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nunber of data bytes the second constraint cannot be net. In these cases
sone additional clocks will be needed to finish checking the redundancy

| ocations after data correction is finished. READI NG OPERATI ON
CRC/ SYNDROVE GENERATION Fig. 6A illustrates general steps involved in state

6-1 (e.g., inputting the entire codeword for the purpose of regenerating
CRC bytes using CRC generator/checker 234and for generating syndromes using
syndronme/ ECC generator 30). At step 6A-1 of state.6-1, 'syrndronme/ ECC

generator 30 is set ¥Interiaavemdndepensisnin EQq fagton aphwenkrater
syndrone gegersiéDidesi SA2E, EDMhAPMe | §eflBratersiaiah EUABPRSEE is3 of f.
MJxes 216’sy2r}c¥rc%rr1]ed 3&31282§é554%d%er2yndrome first adder 202; S
1 1
syndrome first feedback multiplier 212; and S, syndrome
second adder 224. Interleave-independent ECC factor sub-
generator 262 further includes a multiplier input MUX 216
and a multiplier select MUX 210, as well as a second
feedback multiplier 220 and a constant multiplier 208.

The S, syndrome first adder 202 is connected to
add together contents of S, syndrqme register 214 and an
input byte applied to the S, syndrome generator (via adder
214 from gate 207). An output terminal of first adder 202
is connected to a first input terminal of multiplier input
MUX 216, a second input terminal of input MUX 216 being
connected to sub-generator 264 as hereinafter described. An
output terminal of multiplier input MUX 216 is connected
both to first feedback multiplier 212 and second feedback
multiplier 220. First feedback multiplier 212 multiplies by
the constant o' while the second feedback multiplier 220
multiplies by the constant cgﬂ. Thus, the S, syndrome first
feedback multiplier 212 serves for multiplying the output of
the S, syndrome first adder by a first multiplication
constant (i.e., a').

The S, syndrome second adder 224 is connected to
constant multiplier 208 for adding a constant multiple
(i.e., a3) of a parity sum to the input byte applied to the
S, syndrome generator when the input byte applied to the S,
syndrome generator is any of the last three bytes of the
codeword immediately preceding ECC bytes. The input
terminal of constant multiplier 208 is connected to the
output terminal of adder 203 of sub-generator 260. .

The interleave-independent ECC byte sub-generator
264 generates a syndrome S, and has analogous structure to
sub-generator 262, as well as an additional multiplexer 206.
In particular, interleave-independent ECC byte sub-generator
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202, 203 and 204, respectively, to nultiplier 212, register 219 and

mul tiplier 213, respectively. MJXes 210 and 211 connect the outputs of
multipliers 212 and 213, respectively, to the inputs of registers 214 and
215, respectively. At step 6A-2, all data bytes of the codeword are input
to the generators 20, 30 and to FIFO regjster (buffer) 296 (see read data
signal RD DATA in Fig. 2 and Fig. 4). Inputting the data bytes into CRC

gener at or/ gbgckae1@eanaly s PRE & Qnéeaeegenﬁiehec%agkas sover the

d dat li cat f_the data. byt fth t dr onk/ ECC
ggﬁera?o? §§g§ﬁé%%eépn OEﬁﬁxilgifa g esﬂ§°§§n§F%gFo%g9Frsgﬂzzgﬁég Loadi ng

t he data b?YBdrpn@oﬂﬂmaﬁrﬁgydhank:Nhitnpkleheznataahgtes,|syadmnmuion

where theysecond adder 225. Interleave-independent ECC factor sub-
generator 264 further includes a multiplier input MUX 218
and a multiplier select MUX 211, as well as a second
feedback multiplier 221 and a constant multiplier 209. The
S., syndrome first feedback multiplier 213 serves for
multiplying the output of the S ; syndrome first adder 204
by a first multiplication constant (i.e., «’'). The S
syndrome second adder 225 is connected to constant
multiplier 209 for adding a constant multiple (i.e., &) of
a parity sum to the input byte applied to the S, syndrome
generator when the input byte applied to the S ; synd:ome
generator is any of the last three bytes of the codeword
immediately preceding ECC bytes. The input terminal of
constant multiplier 209 is connected to the output terminal
of adder 203 of sub-generator 260.

As shown-in'Fig. 3, the output terminal of S,
syndrome register 214 (in sub-generator 262) is connected by
line 270 to a first input terminal of MUX 218 and to a first
input terminal of MUX 206. A second input terminal of MUX
206 is connected to the output terminal of adder 225. A
second input terminal of MUX 218 is connected to the output
terminal of adder 204. The output terminal of adder 204 is
connected to input terminals of MUXes 218, 17, and 205. The
output terminal of S, syndrome register 215 (of sub-
generator 264) is connected by line 272 to a second input
terminal of MUX 216 (of sub-generator 262).

' output terminals of the parity sum registers 219,
222, and 223 are connected to respective input terminals of
parity sum register output MUX 268. MUX 268 has three
corresponding output terminals connected to lines SRy, SRy,
and SR, respectively. L-nes 270 and 272 are connected to
carry signals S, and S,, respectively.
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can be operated upon; I f necessary, during a correction operation
(specifically, during the data error burst processing & correction-state
[state 6-3]). -29- In connection with the input of data at step 6A-2 to

generator 20, data bytes are presented Lg t he individual CRC generators via
MJXes 100, 101, 102 and 103. MJX 107 con &t s register [err] to adder

of the feedback miltipli ars TOL TS e | HoTs O ro0Le el & 108 Y Chare

initially reset. rror corrector 40 1s shown lnimore etall in Fiqg.
4. Error corrector 40 includes a plurality of constant
multipliers 273 - 279, a plurality of adders 281 - 289; a
plurality of NOR gates 291 - 294; AND gate 295; and buffer
296. As shown in Fig. 4, multiplier 273 receives signal s
from register 215 and line 272 of Fig. 3; multiplier 279
receives signal S, from register 214 and line 270 of Fig. 3;
and multipliers 275, 276, and 277 are included as components
receiving the signals SRy, SR;, and SR from MUX 268 of
Fig. 3. While one input terminal of AND gate 295 also
receives signal SR, a second input terminal of AND gate
295 receives signal D_BURST from controller 10.

Error corrector 40 generates five output signals,
particularly signal CORRECTED DATA and four check signals
DCHK,, ECHK,, DCHK,, and ECHK,. The signal CORRECTED DATA
is generated by adding together (at adder 289) the input
data (i.e., RD_DATA stored in buffer 296) and the output of
AND gate 295 (e.g., signal SR;,). :

Tables 1 - 12 list the XOR logic for each of the
constant multipliers used for the burst error correction
system of the present invention.

OPERATION: OVERVIEW: WRITE OPERATION

In the general processing of a codeword during a
write operation, data bytes comprising the data polynomial
D(x) are applied to CRC generator/checker 20 both for
routing to syndrome/ECC generator 30 and for use by CRC
generator/checker 20 in generating m number of CRC bytes,
e.g., three CRC bytes CR;, CR,, and CR, in the illustrated
embodiment. The data bytes D, are transmitted through MUXes
100 and 101 of CRC generator/checker 20 and applied on line
WR/RD DATA/CRC to syndrome/ECC generator 30. After all data
bytes D, have been routed to syndrome/ECC generator 30, the
three CRC bytes CR,, CR,, and CR, (generated on the basis of
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Steps 6A-3, 6A-4, and 6A-5 are executed by CRC generator/checker 20 while
step 6A-6 is being executed by syndrone/ ECC generator 30. At step 6A-3, the
original CRC bytes fromthe codeword are inputted into CRC
generator/checker 20 and are added to correspondi ng ones of the CRC bytes
regenerated at step 6A-2. The resultant suns are CRC bytes over any error

i n the codeword. Describing the operationi9pt generator 20 in nore detail
during step 6A-3, while the three CRC bytes of the.-codeword are bei ng input

t 0 gener at orth20 daitlaXdsrtt %ﬁﬂe tapml iedv tdesymdpoome AECD @RGRDatey 80or ed
In the regi I 6 | L ed. qut u 9{?& 7 to adder [err] where
they are adgg%rt%o é&?{n?gon?ng %R?:‘ﬁf‘?t gg?@hgagu put&?

“of adder [err] is
shifted into register oD, foeseachs eedgyoxrd, syndrome/ECC generator 30

receives a sequence of data bytes and CRC bytes.
Syndrome/ECC generator 30 outputs the entire codeword
including the data bytes D,, the three CRC bytes CR,, CRy,
and CR,, and five ECC bytes E, - E, (the five ECC bytes being
generated by syndrome/ECC generator 30). The five ECC bytes
are also represented as codeword bytes C, - C,, with
codeword byte C; = E, being the last outputted byte of the
codeword, byte C, = E, beir - the next to the last outputted
byte of the codeword, and so forth.

In order to generate the ECC bytes E, - E,,
synd: .2/ECC generator 30 routes the received data bytes D,
and CRC bytes CR,, CR,, and CR; to each of its three sub-
generators 260, 262, and 264. As explained in more detail
below, when the CRC bytes are applied to syndrome/ECC
generator 30, the enable parity AND gate 266 is turned on
(via signal ENA_PARITY from controller 10) so that constant
multipliers 208 and 209 become active. Sub-generator 260
splits the incoming data bytes D, and CRC bytes into three
interleaves, and sums the bytes in each interleave to
produce parity bytes called P,, Py, and P,. After all data
bytes D, and CRC bytes of the codeword have been applied,
parity sum P, will be stored in register 219 (S,): parity
sum P; will be stored in register 222 (S,): and parity sum
P, will be stored in register 223 (Sj ). Further, register
214 »f sub-generator 262 will contain a quantity ¢,G, and
reg.ster 215 of sub-generator 264 will contain a quantity
c,G.,, these quantities being utilized as hereinafter
described to obtain ECC bytes E; and E,. As explained
hereinafter with reference to EQN. 6, EQN. 7, and EQN 8, the

parity sums P,, Py, P, and bytes E,, E, are used to obtain the
further ECC bytes E, - E;.
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are the CRC check bytes and are zero if no errors occurred. At step 6A-4
the suns resulting fromthe addition of. step 6A-3 (CRC bytes over any error
in the codeword) are stored in registers 109. Thereafter, at step 6A-5
registers 106 are reset. As nentioned above, step 6A-6 is by ECC syndrone
generator 30 concurrently with execution of step 6A-3 through 6A-5 by CRC
gener ator/ checker 20. Step 6A-6 involves inputting the original codeword
CRC and ECC bytes into ECC syndrone gener&POr 30 for generation of
syndrones. The connections of ECC s enerator 30 for syndrone

generation are af or edeSFFRATIBY: st ﬁCGREEI%@}SGﬂN BATHEMASICSf step 6A-6

syndrone [err] and [eM3dthématiocakdderivations of significant terms
including G,, G.,, E, - E, are now described in more detail.
In CRC genérator/checker 20, the CRC bytes are obtained by
dividing the data polynomial, D(x) whose coefficients are
D,, by the individual CRC factors. Then, as explained
above, for each codevord, in sub-generator 260 of
syndrome/ECC generator 30, a sequence of data bytes and CRC
bytes are split into three interleaves and all the bytes in
each interleave are summed to produce the parity bytes P,,
P; and P,. The last byte of the data/CRC sequence will have
been added to the P, sum, the next to last byte will have
been added to the P; sum, etc.

In syndrome/ECC generator 30, the sequence
consisting of data, CRC, P,, Py and P, is multiplied by X7?
and then divided by a' and o' to produce G, and G,
respectively such that

S+m+4
G =| Y, CX"*+PX°+P,X'+P,X2Imod(X=a®) EQN.4
n=s

s+m+4
Gy=| Y, CX¥+PX°+P, X '+P,X?Imod (X+a™*) EQN.5
n=>5

Syndrome/ECC generator 30 outputs (on line WR
DATA/CRC/ECC) the data bytes D, followed by the CRC bytes
CR,, CR,, and CR;. Following the three CRC bytes, the next
three bytes out are E,, E; and E, where
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-30- registers 214, 219, 222, 223, and 215, respectively (see Fig. 3).
READI NG OPERATI ON:  BURST ERROR CHECKI NG Fig. 6B illustrates general steps
involved in state 6-2 (e.g., utilizing the syndrones generated in state 6-1
to determine if an error burst has occurred). As a first step 6B-1, if al
syndrones [err] and [err] are zero, there is no error and processing of the
codeword termnates at step 6B-2. No error,pn the codeword nmeans that the
data bytes in FIFO regi ster 296 are correct>and can be utiTized for their

i nt ended purpose (e.g, as sector

E, = C, = P+E, EQON.6
E, = C, = P, +E, EQN.7

E,=C, =P, EQN. 8

therefore E; and E; must be calculated from G, and G_; in
order to output E, and E;. From EQN. 3, EQN. 4, EQN. 6,
EQN. 7 and EQN.S8

s+m+4
(Ey (X) +Eg)mod (X+al) = Y  C,X"mod(X+a,)
n=2

= (G, +E,X° + E,X™?) X*mod (X+a?)

and since F(X)mod(X+c) = F(c)

E,a+E, =G, a*+E,a* +Eya® EQN.9
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header information, such as sector IDs, as explained in

si mul t aneousl y- flled U. S. Patent Appllcatlon Serial Number 08/ _,

(attorney docket 1777-10) entitled "ERROR CORRECTI ON METHOD AND APPARATUS",

i ncorporated herein by reference). Assuming all syndrones are not zero, the
burst error correction systemof the present invention then begins a series
of cl ocked operations for correcting the Egdemnrd Each cl ock corresponds
to a data byte of the codeword.). At step , the signal ENA INPUT is
turned OFF. gmggﬁggiiﬁﬂects remain as for syndrone generation. This allows
the [err] registersto circularly shift, the [err] register to be
multiplied by a, and the [err] register to bggidiplied by [err] on each

clock. (B, (X) + By mod (X+a) = Y  CyX"mod (X+al)
n=2

=(G_,+E, X° + E,X™*) X‘mod (X+a™?)

and

E,a*+E, =G, a4 +E a4 +E a3 EQN.10

Solving EQN. 9 and EQN. 10 yields:
E|= cﬁa + c_,(;_1

= -1
where

1 af+ale et
EQN. 11
-4+ -1
c,= 0 o

ct+a2+a2+qd

OPERATION: DETAIL: WRITE OPERATION
Fig. 5 shows general steps executed when the ‘
system of Fig. 1 executes a write operation. At step 5-1,
data-to-be written is inputted both for use in generating
CRC bytes (by CRC generator/checker 20) and for application
to syndrome/ECC generator 30. At step 5-2, the CRC bytes
CR, - CR, generated by CRC generator/checker 20 at step 5-1
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At step 6B-4, clocking begins with the first clock count. Thereafter, a
potential | oop conprising steps 6B-5 through 6B-13 is executed. In view of
the fact that execution potentially |oops back to step 6B-5 after a clock
i ncrementation, step 6B-5 checks to determne if the clocking has reached
the 3rd, 4th, or 5th clocks. If the detegps+nation at step 6B-6 is
affirmative, at step a signal CRCTIME is turned ONto indicate the

begi nni ng 8fresinputctol syORAS TNy EGC sgenenatoy 30ectohfidishogeneratdidn fth

-31- corregki Qﬂech@%kb%@se%‘bﬂcﬁglse AbestbpSb-h0oCRheORANHydes E, - E,
generated by syndrome/ECC generator 30 are outputted in the
order E, - E, (E, being the last outputted ECC byte).

Considering now step 5-1 of Fig. 5 in more detail,
data bytes D, are applied on line RD DATA to input MUX 100
and data/CRC selection MUX 101 of CRC generator/checker 20
(see Fig. 2). Data bytes D, are applied both directly to
syndrome/ECC generator 30 (on line WR/RD DATA/CRC) and (via
data/error MUX 102 to each of the first, second, and third
CRC generator circuits of Fig. 2. The data bytes D, are
admitted to each CRC generator circuit by its MUX 103. 1In
the third CRC generator circuit, MUX 107 connects register
106, to adder 108,. While data bytes D, are being presented,
MUXes 104 connect the outputs of the feedback multipliers
105 to the inputs of registers 106 which are initially
reset.

After all data bytes have been input, registers
106 will contain the CRC bytes (i.e., register 106, will
contain byte CR,; register 106, will contain byte CR,; and
register 106; will contain byte CR,) . After all data bytes
have been’ input, MUXes 104 switch to allow the CRC bytes
stored in registers 106 to be shifted out to the
syndrome/ECC generator 30 via MUX 101.

As shown in Fig. 3, the data bytes D, and CRC
bytes CR, - CR, are input on lead 200 to syndrome/ECC
generator 30. For outputting bytes of the codeword on line
WR DATA/CRC/ECC, MUX 201 allows the data bytes D, and CRC
bytes CR, - CR;, to be output first followed by the ECC bytes
generated by syndrome/ECC generator 30. As seen
hereinafter, the ECC bytes E, - E;, are obtained from adder
203 of sub-generator 260.

Data bytes D, are input to the adders 202, 203 and
204 (of respective sub-generators 262, 260, 264) through AND
gate 207 and (for adders 203 and 204) MUXes 205 and 206.

This is the replacement sheel

13 JAN 1897

Dats:



checked by the ECHK' s (see Fig. 4) is the seventh |ocation (six ahead of
the first byte). The CRC bytes start in the ninth |ocation. At step 6B-7, a
determ nation is made by the circuit of Fig. 4 whether an error burst
coccurred in the data portion of the codeword. The start of an error burst
in the data portion is detected when [err] and [err] in Fig. 4<oth turn
on. When the start of an error burst in t+Be-~data portion is detected, the
data error burst processing & correction state (state 6-3 of Fig. 6C) S
begun (as i e sicnaly ENAPPARITY Espmuceafrio) lead Lon is @RF niiidig ¢lat@ th
state 6-2 ofpytids HBardl rsém; 68 Sekéd IBh €S %?ﬁéfeﬂe ctBdank¥atbe 8br et

of Fi g 4 \Mle.t ner Oa‘g] er;.ccor &gtgloccurrtgd e s:.gnal ENA PARITY being

OFF, the outputs of constant multipliers 208 and 209 are
zero.

During input of data bytes D, MUX 216 in sub-
generator 262 connects adder 202 to multiplier 212.
Similarly, in sub-generator 264, MUX 218 connects adder 204
to multiplier 213. In sub-generator 260, MUX 217 connects
adder 203 to register 219. During the input of data bytes
D, and the first two CRC bytes (e.g., CRC bytes CR, and CR,),
MUXes 210 and 211 connect the ocutputs of multipliers 212 and
213, respectively, to the inputs of registers 214 and 215
respectively. All registers are initially reset.

When the three CRC bytes CR, - CR, are being
received on lead 200 (see step 5-2 in Fig. 5), signal
ENA_PARITY is turned ON, thereby allowing the output of
adder 203 to be nmultiplied by constant multipliers 208 and
209 and added to the incoming CRC bytes by adders 224 and
225, respectively. This action allows the inclusion of the
parity sums in the G, and G, terms as shown in EQN. 4 and
EQN. 5. While the last CRC byte (i.e., CRC byte CR;) is
being clocked in, MUXes 210 and 211 connect the outputs of
multipliers 220 and 221, respectively, to the inputs of
registers 214 and 215, respectively. At that point,
register 214 will contain ¢,G, and register 215 will contain
c.,G.;. Moreover, register 223 (S;,) will contain P;;
register 222 (S,) will contain P;; and register 219 (Sgy,)
will contain P,.

After all data bytes D, and CRC bytes CR, — CRg
have been clocked into syndrome/ECC generator 30, the five
ECC bytes E, - E;, are then output (see step 5-3 of Fig. 5).
For the next two clocks of step 5-3, MUX 206 is switched to
connected the contents of register 214 (i.e., ¢G,) to the
first input terminal of adder 204, MUX 205 switches to allow
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portion of the codeword. The start of an error burst in the CRC/ECC portion
Is detected when [err] and [err] both turn on. When the start of an error
burst in the CRC portion is detected, the CRC error burst processing state
(state 6-4 of Fig. 6D) is begun (as indicated by step 6B-10) concurrently
and in tinmed relation with state 6-2 of2fkg. 6B, and possibly concurrently
and intined relation with state 6-3 of Fig. 6C. Wether or not one or nore
of statesadBe¥ 20d G 4fdwl addgnn203f aMUX6B17 switchess tw hllstemdiyg 1

wherein tBgg Sg r%!eiiexf fé@ef'ﬁfé" ahh cgbgtg}g ekN91kehhl Q?.@ @itk ag sters

are nultiplie thelr ectTve’ fee constants. hi's regard, the
[err] regP%t’-@F’sroﬁ%%‘??’c'ﬁjl 5 yandj 214 yrﬁﬁﬁ’e%ﬂ%&v ‘&er |fﬁ§dt he clock; the

[err] regmalleipldiers t23 ifed bY¥13, respectively.

The switching of MUX 206 generates E,;, since the
switching of MUX 206 causes adder 204 to add together the
contents of register 214 (i.e., c,G,) and the contents of
register 215 (having contents c_,G,), thereby producing E, =
c,G; + ¢ (G, as set forth above. Byte E, is applied via MUX
205 to adder 203. Adder 203 then uses E, and the contents
of register 223 (P,) to produce and output ECC byte E,
(which, according to EQN. 6, is E, + P,). Byte El is also
stored in register 219 (via MUX 217), the contents of
register 219 (P,) being shifted to register 222 and the
contents of register 222 (P;) being shifted to register 223.

The switching of MUXes 216 and 218 causes the
quantity c_,aG, to be stored in register 214 and the
quantity c;a,G, to be stored in register 215. With MUX 206
switch.: as above described, adder 204 adds the contents of
registezs 214 and 215 to produce E;, = ¢, ,G, + <_,aG
according to the foregoing solution of EQN. 9 and EQN. 10.
ECC byte E; is then applied to adder 203 (via MUX 205).
Adder then uses E; and the value P; shifted from register
222 into register 223 to produce and output (via MUX 201)
ECC byte E, according to EQN. 7 (i.e., E; = P; + E;). ECC
byte E, is also stored in register 219 (the ECC byte E,
previously stored in register 219 now being shifted to
register 222 and the contents of register 222 ([P,] being
shifted to register 223).

After the two afore-described clocks, registers
223, 222, and 219 contain E, = P, (see EQN. 8), E,, and E,;,
respectively. The values E,, E,, and E; are then shifted out
via MUX 201 to line WR DATA/CRC/ECC during the final three
clocks by turning OFF signal ENA_PARITY and switching MUX
205 back to connect gate 207 to adder 203.
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[err] and the [err] register is multiplied by [err] on each clock. At step
6B-12, the clock is increnented. If it is determ ned at step 6B-13 that al
byt es of the codeword have been processed, state 6-2 is ended and state 6-5
i s begun (step 6B-14). O herw se, execution |oops back to step 6B-5 as
above descri bed. -32- Thus, in addition to checking the syndrones at
step 6B-1 to determ ne whether the codeword contains errors, state 6-2, if

burst errors are encountered in the dat#4portion of the codeword and/or the
CRC portion of the
OPERATION: OVERVIEW: READING OPERATION

Fig. 6 shows states assumed by the burst error
correction system of the present invention during an
operation of reading encoded data. In a first state 6-1,
the entire codeword is inputted for the purpose of
regenerating CRC bytes using CRC generator/checker 20 and
for generating syndromes using syndrome/ECC generator 30.
General steps executed in connection with state 6-1 are
illustrated in Fig. 6A.

In state 6-2, the syndromes generated in state 6-1
are utilized to determine if an error burst has occurred.
As explained in more detail below, an error burst can occur
entirely in the data portion of the codeword, entirely in
the CRC portion of the codeword, or can bridge the data
portion and CRC portion of the codeword (e.g., one or two
bytes of data and one or two bytes of CRC). General steps
executed in connection with state 6-2 are illustrated in
Fig. 6B.

When at least a portion of an error burst occurs
in the data portion of the codeword, a data error burst
processing & correction state (i.e., state 6-3) is begun.
The data error burst processing & correction state involves
applying the error pattern, for the next three clocks, to
CRC generator/checker 20 for generating further CRC bytes
over the error pattern. General steps executed in
connection with state 6-3 are illustrated in Fig. 6C.

When a portion of the error data burst occurs in
the CRC portion of the codeword, a CRC error burst
processing state (i.e., state 6-4) is begun. The CRC error
burst processing state involves applying the error pattern
bytes developed during a phase of operation known as
CRC_TIME to CRC generator/checker 20 for the purpose of
adding the error pattern with the regenerated CRC bytes (as
developed in state 6-1). As subsequently determined in a
correction verification state (state 6-5), if the burst
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codeword, state 6-2 kicks off concurrent execution of states 6-3 and 6-4,
respectivel y. READI NG OPERATI ON: DATA BURST CORRECTION Fig. 6C illustrates
general steps involved in state 6-3 (the data error burst processing &
correction state). Wien the data error burst processing & correction state
(state 6-3) is begun, at step 6C-1 the~¢Pgnal DBURST is turned ON. DBURST

Is set for__three clocks, al ta read fr buf f
to be cor FEHE OFEHETFY }Suf‘g gﬁ F%‘% fo%‘ %e(fcg’ﬁf ches
to all ow eresltpaif cthres ddbbioagwdfldr b[eelze]r)a i ltémormdmr&lmﬁ to t he

CRC gener dlrddfaitid s of Fig. 2. The other MJX selects are the same as for
CRC generati on.

If the burst error bridged the data portion of the
codeword and the CRC portion of the codeword, state 6-4 (CRC
error burst processing state) is first begun and state 6-3
(data error burst processing & correction state) thereafter
is entered. 1In state 6-4 (CRC error burst processing
state), CRC generator/checker adds the portion of the error
pattern ocutputted during CRC_TIME with the CRC check
remainder bytes (as developed in state 6~1). As
subsequently determined in a correction verification state
(state 6-5), if the codeword is deemed correctable the
result must equal the CRC bytes generated over the data
portion of the error pattern.

As indicated above, after attempted correction of
the codeword and after state 6-2, state 6-5 is executed for
the purpose of verifying the correction. General steps

executed in connection with state 6-5 are illustrated in
Fig. 6E.

OPERATION: BURST ERROR MATHEMATICS
On receiving a possibly corrupted codeword, R(X),
CRC check bytes are generated by regenerating CRCs from the
data portion of R(X) and adding (XORing) them to the CRC
portion of R(X). Also five syndromes are generated. They
are S_,, S,, Sy, Sy and Sy, where

S, = R(X) Xmod (X+a¥)  , k=-1,1

and
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Because step 6C-3 initiates a | oop to which execution potentially returns,
a check is nmade at step 6C- 3 whether signal DBURST is still on. |If DBURST
is still on, at step 6C-4 a byte of the three-byte error pattern is added
into registers 106 (via MJXes 103 and ad??rs 105). In other words, when D
BURST is on registers 106 clock in the e patterns. Wien D BURST is on,
at step 6D-4 the current byte of the error pattern obtained fromregister
[err] is used to correct the coﬁ&esponding byte in .FIFO buffer 296. In this

regard, at step 6D-4 adderg 2892 ﬁ 4 adds thekegqr,riespondi ng data byte
as shifted out of FIFO 296 %o t er olf pattern byte fromregister [err],

t hereby perform ng correction #=Q previously erroneous data byte. (Since
CRC

Sear Sgy and Sy, are the parity sums over the three
interleaves. §, is the sum over the interleave which
contains the last codeword byte, C;. S; is the sum over the
interleave which contains C; and S is the sum over the
interleave which conta:.ns C,. An error burst occupying no
‘more than three bytes will be contained in Sper Soi and S,

but possible circularly shifted. Let e, be the first byte
of the error burst, e, be the (possibly zero) second byte of
the error burst and e, be the (possibly zero) last byte of
the error burst. If there are k error-free bytes in R(X)
following the three byte error burst then at the completion
of syndrome generation we have:

S, = (e,0? + ea + e))a*! and
- . -1 <kt o 2y - (k93)
S, = (a2 + e@! + gy)a = (e, + e,a + ea)a .

Since there are s+m+5 bytes in the codeword there will be
s+m+2-k error-free bytes before the start of the error
burst. Let r be (s+m+5)mod 3. Let SRy, SRy, and SRy,
correspond to the S, registers circularly shifted (S, to Sy,
Sy to Sy, and Sg; to §y) 3-r times, i.e.

SRy = Sg if ¥ = 0, Sy if r=1 and S, if r=2

SRy, = Sy 1f ¥ = 0, Sp, if r=1 and §j, if r=2

SRy, = Sy, 1if r = 0, Sy if r=1 and §, if r=2.

The SR bytes are the outputs of three MUXes. BY
circularly shifting the SO0 registers s+m+2-k times SR, will
be e,, SRy will be e, and SR;, Will be e,.

Correction begins immediately following syndrome
generation. At each'step two pairs of values are computed
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bytes and ECC bytes are not utilized by a user, the CRC -33- bytes and
ECC bytes are not stored in FIFO buffer 296 since correction thereof is
necessary froma user's perspective). As an alternative to steps 6C-4 and
6C-5, if DBURST has been turned off, at_pstep 6C-6 zero is clocked into
regi sters 106 of the CRC generator circuits of Fig. 2. That is, after
DBURST t uramsi afdmp&medegisheeachoam it @etieedKithe Btar tdE taxe | nput
forced t 0 A&L, 0 t 6C-6 an increnmentation of the clock
occurring at S ep §°&% g&"ee% - es noted. That is, the

V, = SRy + SRya + SRy,a?
V., = SRya? + SRya + SRy,

- s1a-(am3)
- s+m+5
- s.1a

The start of an error burst is detected when V, =
W, and V_, = W,. One data byte is output on each step. When
.an error burst is detected then the current data byte is
XORed with the current error pattern, from SRy,, to effect
correction. Also the error pattern is used to generate
error CRC bytes. Between steps the S, registers are
circularly shifted, S, is multiplied by « and S, is
multiplied by a’'. After s+m+2-k clocks (steps) V=W, =e

o
2 .
+ e + e, and V

W, =e, + ea + e@a?. For minimum
latency, if an uncorrectable error has occurred it must be
detected immediately following the correction of the data
portion of R(X). An uncorrectable error is detected if the
error CRC bytes generated during correction do not match the
CRC check bytes generated during syndrome generation. An
uncorrectable error is also detected if the syndromes were
not all zero but an error burst was not detected during the
correction phase. This last condition can only be checked
if every byte position, including the CRC/ECC byte
positions, was checked for the start of an error burst.

This means that the CRC/ECC positions must be checked at the
same time that the data byte positions are being checked.
This is accomplished by comparing V, to Wﬁ?f and comparing V,
to W,a-*. These comparisons are made in order to detect
the start of a burst in the CRC/ECC portion and are in
addition to the comparisons needed for burst detection in
the data portion. These new comparisons check locations 3j
bytes ahead of the current position. 3j is chosen so that 3j
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clock is increnented prior to reaching step 6C-7. Then, if it is determ ned
at step 6B-7 that (after clock increnentation) the signal D BURST has been

on for three clocks, at step 6C-8 the signal D BURST is turned OFF. At step
6C-9 it is determ ned whether all data bytes of the codeword have now been

processed. If all data bytes have beem®Tocessed, state 6-3 ends (step

6C-10). | n such case, after the gight cloc of carrectio regi sters 106
wi || cont8i ROEREOESt @E‘a&eﬁe‘r%taéﬁf AT PR A n ’?n&?ﬁe dat a.

Q her wi s¢llasegttiedn emboxdd ok, ts9=81 ep=5C-&nd g=2ontImueertRngeasest i on

(over ei t e RAater L Ly 0£S) Al SE OLRYR LHe' €0i Sters
106. REAgFEéeOgEﬁA%‘% oL B‘t&'ﬁ%ﬁ“@é&% &7 GEXI NG %g. & Helstrates
general Buaperi pfodpda hytes the second constraint cannct be met.

In these cases some additional clocks will be needed to

finish checking the redundancy locations after data
correction is finished.

READING OPERATION: CRC/SYNDROME GENERATION

Fig. 6A illustrates general steps involved in
state 6-1 (e.g., inputting the entire codeword for the
purpose of regenerating CRC bytes using CRC
generator/checker 20 and for generating syndromes using
syndrome/ECC generator 30).

At step 6A-1 of state 6-1, syndrome/ECC generator
30 is set for syndrome generation. In this regard, during
syndrome generation, signal ENA_INPUT is on and signal
ENA_PARITY is off. MUXes 216, 217 and 218 connect adders
202, 203 and 204, respectively, to multiplier 212, register
219 and multiplier 213, respectively. MUXes 210 and 211
connect the outputs of multipliers 212 and 213,
respectively, to the inputs of registers 214 and 215,
respectively.

At step 6A-2, all data bytes of the codeword are
input to the genefators 20, 30 and to FIFO register (buffer)
296 (see read data signal RD DATA in Fig. 2 and Fig. 4).
Inputting the data bytes into CRC generator/checker 20
enables generator 20 to fegenerate CRC bytes over the read
data. Application of the data bytes of the codeword to
syndrome/ECC generator 30 enables generator 30 to being
generation of syndromes. Loading the data bytes into FIFO
register 296 puts the data bytes in a location where they
can be operated upon, if necessary, during a correction
operation (specifically, during the data error burst
processing & correction state (state 6-3]).
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state 6-3 (the CRC error burst processing state). As explained above,
state 6-3 nmay be entered during execution of state 6-2 if the error burst
occurs only over the CRC bytes of the codeword. Alternatively, state 6-3
may be entered during execution of both siate 6-2 and state 6-3 if the
error burst bridges the data and CRC portTons of the codeword. At step

6D-1, the signal EBURSHL icorinkdedofNvien denot £nst: €6£08akl hite s&Rp RALL ON
of the coderd. Then, af step 602, M 107 15 Seetched b9 {OMISSaua1
regi ster [err] IEBeRREEF <8 C P
CRC generators via MUXes 100, 101, 102 and 103. MUX 107
connects register 106, to adder 108,. While data bytes are
being presented, MUXes 104 connect the outputs of the
feedback multipliers 105 to the inputs of registers 106
which are initially reset.

Steps 6A-3, 6A-4, and 6A-5 are executed by CRC
generator/checker 20 while step 6A-6 is being executed by
syndrome/ECC generator 30. At step 6A-3, the original CRC
bytes from the codeword are inputted into CRC
generator/checker 20 and are added to corresponding ones of
the CRC bytes regenerated at step 6A-2. The resultant sums
are CRC bytes over any error in the codeword.

Describing the operation of generator 20 in more
detall during step 6A-3, while the three CRC bytes of the
codeword are being input to generator 20, MUXes 104 switch
to allow the regenerated CRC bytes stored in the registers
106 to be shifted out through MUX 107 to adder 108, where
they are added to the incoming CRC bytes. The output of
adder 108, is shifted into registers 109. These three bytes
are the CRC check bytes and are zero if no errors occurred.

At step 6A-4, the sums resulting from the addition
of step 6A-3 (CRC bytes over any error in the codeword) are
stored in registers 109. Thereafter, at step 6A-5,
registers 106 are reset.

As mentioned above, step 6A-~6 is by ECC/syndrome
generator 30 concurrently with execution of step 6A-3
through 6A-5 by CRC generator/checker 20. Step 6A-6
involves inputting the original codeword CK:> and ECC bytes
into EcC/syndrome generator 30 for generation of syndromes.
The connections of ECC/syndrome generator 30 for syndrome
generation are aforedescribed by step 6A-1. Upon completion
of step 6A-6, syndrome S,, S_, S,, Sy, and S ; are stored in
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-34- At step 6D-3, a byte of the error pattern (signal [err]) is added to

the byte in register [err]. Then, at step 6D-4, registers 109 are shifted
so that the contents of register [err] is shifted into register [err] and
the contents of register [err] is shiftee3iorto register [err]. Also at

step 6D-4, the addition result of step 6D-3 is shifted into register [err].
At step 6D Fegistrrendhtat R3A,0R2Rhe2@BocRndc 25y FpsRechigirloB- (3= f
state 6-2 ipqptefh, That is, the clock is increnmented prior-to reaching
step 6D-6. At step 6D-6, it is determ ned whether all correction clocks are
done. If all correction clocks are not done, execution |oops back to step
6D-3 so that anot her bRBADENG RPERATION: BURST ERROR CHECKING

Fig. 6B illustrates general steps involved in
state 6-2 (e.g., utilizing the syndromes generated in state
6-1 to detetmine if an error burst has occurred). As a
first step 6B-1, if all syndromes S,, S, Sgs Sgs and S
are zero, there is no error and processing of the codeword
terminates at step 6B-2. No error in the codeword means
that the data bytes in FIFO register 296 are correct and can
be utilized for their intended purpose (e.g, as sector
header information, such as sector IDs, as explained in
simultaneously~filed U.S. Patent Application Serial Number
08/____,  (attorney docket 1777-10) entitled "ERROR
CORRECTION METHOD AND APPARATUS", incorporated herein by
reference).

Assuming all syndromes are not zero, the burst
error correction system of the present invention then begins
a series of clocked operations for correcting the codeword.
Each clock corresponds to a data byte of the codeword.).

At step 6B-3, the signal ENA_INPUT is turned OFF.
The MUX selects remain as for syndrome generation. This
allows the S, registers to circularly shift, the S, register
to be multiplied by a, and the S, register to be multiplied
by a ' on each clock.

At step 6B-4, clocking begins with the first clock
count. Thereafter, a potential loop comprising steps 6B-5
through 6B-13 is executed. In view of the fact that
execution potentially loops back to step 6B-5 after a clock
incrementation, step 6B-5 checks to determine if the
clocking has reached the 3rd, 4th, or 5th clocks. If the
determination at step 6B-6 is affirmative, at step a signal
CRC_TIME is turned ON to indicate the beginning of state 6~
4. CRC_TIME is set during the third, fourth and fifth
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pattern can be processed (i.e., added at adder [err]). In this regard, it
wi Il be understood that the next byte of the error pattern is outputted
fromregister [err] and is obtained frog&&he circulation of the [err]
registers which is occurred in step 6B-117of concurrent state 6B-2. If al

gﬁr rection c@z@@&%ﬂfﬂ/@:ﬁsﬁ}% r?ﬂe]ééé aﬁﬁ/ﬁﬁﬁsé tae} Rt/ré?sﬂalaéta@ﬁf&p fﬁﬁttlois 100
us, in su uri st ate : i l.e CRCI S on i sters
shift to tﬁg’remt‘:iléﬂ q’ K & bReGnfig- CIQQITI"ﬁEt#’? 5??"%"%&1%%‘?%?% °Bave
occurred i fsixe mmwemdfihst(ﬂﬁtemeckThpt €RCi byteg sttar: 109 the

corrected R %%E G%Hgﬁé?7 connect register [err] to adder [err]. READI NG
OPERATI ON: FI CATI ON Flg 6E il lustrates general steps
i nvol ved in At step 6B-7, etermination is made by th

circuit of Fig. 4 whether an error burst occurred in the
data portion of the codeword. The start of an error burst
in the data portion is detected when DCHK; and DCHK, in Fig.
4 both turn on. When the start of an error burst in the
data portion is detected, the data error burst processing &
correction state (state 6-3 of Fig. 6C) is begun (as
indicated by step 6B-8) concurrently and in timed relation
with state 6-2 of Fig. 6B.

At step 6B-8, a determination is made by the
circuit of Fig. 4 whether an error burst occurred in the CRC
portion of the codeword. The start of an error burst in the
CRC/ECC portion is detected when ECHK, and ECHK, both turn
on. When the start of an error burst in the CRC portion is
detected, tke CRC error burst processing state (state 6-4 of
Fig. 6D) is begun (as indicated by step 6B-10) concurrently
and in timed relation with state 6-2 of Fig. 6B, and
possibly concurrently and in timed relation with state 6-3
of Fig. 6cC.

Whether or not one or more of states 6B-3 and 6B-4
have begun, state 6B-2 continues with step 6B-11 wherein the
S, registers are circulated and the S, and S, registers are
multiplied by their reépective feedback constants. In this
regard; the S; registers are circularly shift by one
register during the clock; the S, register is multiplied by
@, and the S, register is multiplied by a! on each clock.

At step 6B-12, the clock is incremented. If it is
determined at step 6B~13 that all bytes of the codeword have
been processed, state 6-2 is ended and state 6-5 is begun
(step 6B-14). Otherwise, execution loops back to step 6B-5
as above described.
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state 6-5 (the correction verification state). At step 6E-1, MX 103 is
swtched so as to connect registers 109 to adders 108. If the error burst
occurred only in the CRC portion of the codeword, and if the codeword was
properly corrected, registers 109 shoul d&-3»- zero (as are regi sters 106,
regi sters 106 having been reset and not used for syndronme generation since
state 6-3 was not ent®had). ihf additdon ttwe cheakingurthe mirenesecatiat a and
CRC portion Be; cogelli ol SHdind Mndodditial i beenespapysd
fron1regist%?§£1% étggtgﬁE i} mﬁgﬂ the result that, only .CRC

state 6~-2, if burst errors are encountered in the data

portion of the codeword and/or the CRC portion of the

codeword, state 6-2 kicks off concurrent execution of states

6-3 and 6-4, respectively.

READING OPERATION: DATA BURST CORRECTION

Fig. 6C illustrates general steps involved in
state 6~3 (the data error burst processing & correction
state). When the data error burst processing'& correction
state (state 6-3) is begun, at step 6C-1 the signal D_BURST
is turned ON. D_BURST is set for three clocks allowing data .
being read from buffer 296 of Fig. 4 to be corrected as it
is output.

At step 6C-2, MUX 102 in FIG. 2 switches to allow
error patterns (from register SR;,) to become the input to
the CRC generator circuits of Fig. 2. The other MUX selects
are the same as for CRC generation.

Because step 6C-3 initiates a loop to which.
execution potentially returns, a check is made at step 6C-3
whether signal D_BURST is still on. If D_BURST is still on,
at step 6C-4 a byte of the three-byte error pattern is added
into registers 106 (via MUXes 103 and adders 105). In other
words, when D_BURST is on registers 106 clock in the error
patterns. ‘

When D_BURST is on, at step 6D-4 the current byte
of the error pattern obtained from register SRy, is used to
correct the corresponding byte in FIFO buffer 296. In this
regard, at step 6D-4 adder 289 of Fig. 4 adds the
corresponding data byte as shifted out of FIFO 296 to the
error pattern byte from register SRy, thereby performing
correction of a previously erroneous data byte. (Since CRC
bytes and ECC bytes are not utilized by a user, the CRC

Thig is the replacemeant sheet

Dgte: 13 JAN 1997



over error patterns over the data portion of the codeword should reside in
regi sters 109. Since the registers 106 contain CRCs regenerated over the
error pattern for the data portion of the codeword, registers 106 and 109
wi || cancel out if the codeword is correcggbhle. At step 6E-2 OR gate 112
checks whet her any adder 108 has a non-zero output. If any adder 108 has a

non-zerof OUbigttles bha BoteMytes %h:d@eﬂﬁﬁ sﬁﬁﬁéﬂeﬁhatho(Bﬁgﬁe&EZS)s dn‘ndehed
output o e, 11 zero., then eword s vEd Lor an
state 6-5 95,30%%& t&&édt?'sﬁre %E“ﬁ)n %‘ﬁgsgg? ¥%8 éc?gg e |%s%%t|on e:)t ‘ate
6-5, as bytes shift ods @mraiﬂ@xnat$E¢rF° stepsr 66r4pande6F-5s ddded to
them and the EoRd ndld Heh 'iﬁfné&%?!fer akektbp 64L6CEekle i¥ oL ks Of

correctlon,.n.%:ggg;é€£¥%5¥ggﬂgfnghe CRC generator circuits of Fig. 2.
That is, after D_BURST turns off the registers 106 continue
clocking but with the input forced to zeros by gate 110.

At step 6C-6 an incrementation of the clock
occurring at step 6B-12 of state 6-2 is noted. That is, the
clock is incremented prior to reaching step 6C-7. Then, if
it is determined at step 6B-7 that (after clock
incrementation) the signal D_BURST has been on for three
clocks, at step 6C-8 the signal D_BURST is turned OFF.

At step 6C-9 it is determined whether all data
£ tes of the codeword have now been processed. If all data
bytes have been processed, state 6-3 ends (step 6C-10). In
such case, after the eight clocks of correction, registers
106 will contain CRC bytes generated over errors occurring
in the data. Otherwise, execution loops back to step 6C-3
for continued CRC generation (over either the error pattern
or filling zeroces) and storage in registers 106.

READING OPERATION: CRC BURST CORRECTION/CHECKING

Fig. 6D illustrates general steps involved in
state 6-3 (the CRC error burst processing state). As .
explained above, state 6-3 may be entered during execution
of state 6-2 if the error burst occurs only over the CRC
bytes of the codeword. Alternatively, state 6-3 may be
entered during execution of both state 6-2 and s:ate 6-3 if
the error burst bridges the data and CRC portions of the
codeword.

At step 6D-1, the signal E_BURST is turned ON to
denote an error in the CRC portion of the codeword. Then,
at step 6D-2, MUX 107 is switched to connect register 109,
to adder 108,.
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regi sters 106. This check is made by swi tching MJXes 103 to connect

regi sters 109 to adders 108. The adder outputs are checked by OR gates 111.
Any non-zero bytes indicate an uncorrectable error. In the disk drive
environment, when it is desired to wit®34~sector it is first necessary to

find the area to wite to b in der firelds until e target sector
(i.e. the one i medi &%l tﬁ%eégagnggtﬁgéaaPﬁ gﬁ&aefﬁ Eenﬁﬂ%ﬁﬁﬁ1¢; %i
found. HowsRg) befaddedatb khadbyteadnberegistert 'r. b®heao, r att sd:e@r
det er mi ned g2 e £8£52bbg LB ﬁﬁiﬁ asb ltha‘ts g&ﬁ%ﬂ)s dairing the

time this processi i S occlrrjng 'S traver5|n gap on the
di sk bet wediediftar atR9, dr%a?%%fht’é‘%‘? e’éeg%tﬂ n*8Pz &nhhg cenfents s

wast ed di slofspagfister s10gyiifildieifed into register 109,. Also
at step 6D-4, the addition result of step 6D-3 is shifted
into register 109,.

At step 6D-5 an incrementation of the clock
occurring at step 6B-12 of state 6-2 is noted. That is, the
clock is incremented prior to reaching step 6D-6. At step
6D-6, it is determined whether all correction clocks are
done. If all correction clocks are not done, execution
loops back to step 6D-3 so that another byte of the error
pattern can be processed (i.e., added at adder 108,). 1In
this regard, it will be understood that the next byte of the
error pattern is outputted from register SR, and is
obtained from the circulation of the S; registers which is
occurred in step 6B-11 of concurrent state 6B-2. If all
correction clocks have expired, state 6D-4 is terminated
(step 6D-10). .

Thus, in summary, during: state 6-4, while CRC_TIME
is on the registers'109 shift to the right. If E_BURST is on
while CRC_TIME is on, then errors have occurred in the CRC
bytes and the CRC check bytes in registers 109 are corrected
by having MUX 107 connect register 109, to adder 108,.

READING OPERATION: CORRECTION VERIFICATION

Fig. 6E illustrates general steps involved in
state 6-5 (the correction verification state). At step
6E-1, MX 103 is switched so as to connect registers 109 to
adders 108. If the error burst occurred only in the CRC
portion of the codeword, and if the codeword was properly
corrected, registers 109 should be zero (as are registers
106, registers 106 having been reset and not used for
syndrome generation since state 6-3 was not entered). If
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conplete the processing in the mnimum anount of tinme. Assumng there are n
header bytes (i.e. non-redundancy bytes) in the header field, the present

- invention begins correction of the header bytes on the next clock after the
q -36- header field has been read, corrects the header bytes in n

cl ocks, and concurrently determ nes whet h&?30r not the header field is

ot oo B SE BAAGaP 08! UF EAS°RESHLELIOHETBETARD (|1

header codeword, the error over CRC should have been removed from
registers 109 at step 6D-4, with the result that only CRC
over error patterns over the data portion of the codeword
should reside in registers 109. Since the registers 106
contain CRCs regenerated over the error pattern for the data
portion of the codeword, registers 106 and 109 will cancel
out if the codeword is correctable.

At step 6E-2 OR gate 112 checks whether any adder
108 has a non-zero output. If any adder 108 has a non-zero
output, the codeword is deemed uncorrectable (step 6E-3).

If the output of OR gate 112 is zero, then the codeword is
deemed correctable and state 6-5 is concluded (step 6E-4).

Thus, in correction verification state 6-5, as
bytes shift out of register 109,, the error pattern is added
to them and the result shifted into register'logo. After
the eight clocks of correction, registers 109 should match
registers 106. This check is made by switching MUXes 103 to
connect registers 109 to adders 108. The adder outputs are
checked by OR gates 111. Any non-zero bytes indicate an
uncorrectable error.

In the disk drive environment, when it is desired
to write a sector it is first necessary to find the area to
write to by reading header fields until the target sector
(i.e. the one immediately preceding the data area to be
written to) is found. However, before each header can be
used it must be corrected or determined to be uncorrectable
(in which case it is not usable). During the time this
processing is occurring the head is traversing the gap on
the disk between the header area and data area. To minimize
the size of this wasted disk space it is desirable to
complete the processing in the minimum amount of time.
Assuming there are n header bytes (i.e. non-redundancy
bytes) in the header field, the present invention begins
correction of the header bytes on the next clock after the
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field. It does this by checking for errors in the redundancy bytes at the
sane tinme that it is correcting the header bytes. Wile the invention has
been particularly shown and described with reference to the preferred
enbodi ments thereof, it will be understood by those skilled in the art that
various alterations in formand detail nﬁ?sﬁé made therein w thout

depart i ng homddle ARTL nA088RPEeRh,! oAUt | neaded bytes in n
clocks, and concurrently determines whether or not the
header field is correctable by determining whether or not
the error pattern generated (in data or redundancy) is
consistent with all of the redundancy bytes in the header
field. It does this by checking for errors in the redundancy
bytes at the same time that it is correcting the header
bytes.

While the invention has been particularly shown
and described with reference to the preferred embodiments
thereof, it will be understood by those skilled in the art
that various alterations in form and detail may be made
therein without departing from the spirit and scope of the
invention.
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ouTo
OouUT1
ouT2
ouT3

.OUT4

ouTsS
QUT6
ouT?7

IN1
INO
INO
INO
INS
IN6
IN7
INO

+ IN2
+ IN3
+ IN4

+ IN6 + IN7 QUT2 = I N2
= INO + INL + IN2 +
N2 + IN3 + N4 + IN5
ation by [err]: OQUTO =
INO + INL + IN3 + |

+ IN7
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QUT4 = INO + IN2 QUTS = INO + INL + IN3 QUT6 = INL + IN2 +
+ IN3 + INS TABLE 3 Multiplication by [err]: OQUTO = | I
INL + IN2 + IN4d QUT2 = INO + IN1 + IN2 + INS QUT3 = INO +
IN7 QUT5 = INO QUT6 = IN1L QUT7 = INO + IN2

=38~
TABLE 5
Multiplication by «a'
. OUTO0 = IN7
ouTl = INO
ouT2 = INl1l + IN7
OUT3 = IN2 + IN7
QUT4 = IN3 + IN7
OUT5 = IN4
OUT6 = INS
oUT7 = IN6
TABLE 6
Multiplication by o?
OUTO = IN6
OUT1 = IN7
OUT2 = INO + IN6
OUT3 = IN1 + IN6 + IN7
oUT4 = IN2 + IN6 + IN7
OUTS = IN3 + IN7
OouTs = IN4
oUT7 = INS5
ABLE 7
Multiplication by o°:
ouTo = INS
OUTl1 = IN6 :
OUT2 = INS5 + IN7 N
QUT3 = INO + INS5 + IN6
OUT4 = IN1 + IN5 + IN6 + IN7
OUTS = IN2 + INé + IN7
oUTé6 = IN3 + IN7
OUT7 = IN4
TABLE 8
Multiplication by a*:
OUTO = IN4
OUT1 = INS
OUT2 = IN4 + IN6
OUT3 = IN4 + IN5 + IN7
ouUT4 = INO + IN4 + INS5 + IN6
OUTS = IN1 + IN5 + IN6 + IN7
OUT6é = IN2 + IN6 + IN7
ouUT7 = IN3 + IN7

This is the replacement sheet
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TABLE 4
I N3 QUT3

||§

Multlpl ication by af:

ouTo
ouT1
ouT2
ouT3
OUT4
ouT5
ouUTé6
ouUT7

IN2
IN3
IN2
IN2
IN2
IN3
INO
IN1

+H+++++E

IN6
IN7
IN4
IN3
IN3
IN4
IN4
INS

+

++++++

IN7

ING6
IN5
IN4
INS
INS
INé

Multiplication by a'

ouTo
OouT1
QuUT2
ouT3
OoUT4
oUT5
ouT6
ouT?

IN2
IN3
INO
INO
IN1
IN2
INO
IN1

++++++++

INS
IN6
IN2
IN1
IN3
IN4
IN3
IN4

+

+4+++++

IN7

IN4
IN2
IN4
INS
INS
IN6

Multiplication by oa®¢:

oUuTOo
OUT1
QuT2
ouT3
ouT4
QUTS
OoUTé6
ouT?7

INO
INO
IN3
INO
IN3
IN4
INO
INO

+++++++H

IN1
IN1
IN4
IN1
INS
IN6
INS
IN1

+++ A+ E

IN2
IN2
IN7
IN2
IN6
IN7
IN7
IN6

Multiplication by o283

ouTo =
ouTl
- ouT2
ouT3
OUT4
oUTS
ouTsé
ouT7

INO
IN1
INO
INO
INO
INO
INO
IN1

++++++++

IN2
IN3
IN3
IN1l
IN1
IN1
IN1
IN2

thttt

IN3
IN4
IN6
IN2
INS
IN2
IN2
IN3

+ + + 4+ +++ + +

+ +

++++++ 4+

IN7
IN6

IN6
IN7

ABLE 10

IN5

IN3 + IN6 + IN7
INS

ING

IN6 + IN7

IN7

TABLE 11

IN7
IN3

IN4 + IN5 + IN7
IN7

IN4
INS
IN7
IN3
ING6
ING
IN3
IN4

INS
IN6

INS + IN7

IN7
IN7

+ +
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TABLE 5 Multiplication by [err]: OQUTO = IN7 OUT1 = INO QUT2 = INL + IN7
QUT3 = IN2 + IN7 QUT4 = IN3 + IN7 QUTS = INA QUT6 = INS QUT7 = IN6 TABLE 6
Mul tiplication by a2: QUTO = IN6 QUT1 = I N7 e A

-40-
WHAT IS CLAIMED IS:

The embodiments of the invention in which an

exclusive property or privilege is claimed are defined as
follows:

1. An error correction apparatus which corrects an error

burst occuring in header information stored on storage
media.

2. The apparatus of claim 2, wherein sector identifying
information.

3. An error correction svstem for detecting an error burst
in a received codeword, the system comprising:

a CRC generator for generating check CRC bytes
over data bytes of the codeword;

a syndrome generator which uses the data bytes of
the codeword and CRC bytes of the codeword to generate
syndromes and a predetermined number (L) of bytes of an
error pattern;

a error correctcr which uses the syndromes to
determine the beginning of an error burst in the codeword
and which uses the error pattern to correct as many as
number (L) of bytes in the codeword;

a checker unit which uses the error pattern and
the check CRC bytes generated by the CRC generator for
verifying that the codeword is correctable.

4. The apparatus of claim 3, wherein the codeword includes
header information read from storage media.

5. The apparatus of claim 4, wherein the header information
includes identification of a sector stored on the media.

This is the replacement sheet
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NO+ IN6 QUT3 = INL + IN6 + IN7 OQUT4 = IN2 + IN6 + IN7 QUT5 = I N3 +

= | Nd QUTY INS TABLE 7 Multiplication by [err]: OUTO = | N5-OUT1
QUT2 = IN5S + IN7 QUT3 = INO+ IN5S + IN6 OQUT4 =IN1L + INS + IN6 + I N/
IN2 + IN6 + I N7

-l ]
6. The apparatus of claim 3, Wherein the checker unit adds
the check CRC bytes with the CRC bytes of the codeword to

obtain CRC check remainder bytes.

7. The apparatus of claim 6, wherein the checker unit
verifies that the codeword is correctable if: (1) the error
purst is detécted by the error corrector to have begun in
the CRC bytes of the codeword, and (2) the CRC check
remainder bytes are all zero.

8. The apparatus of claim 6, wherein, when the error burst
is detected by the error corrector to have begun in the data
bytes of the codeword, the checker unit generates CRC bytes
over the error pattern and compares the CRC bytes generated
over the error pattern with the CRC check remainder bytes.

9. The apparatus of claim 8, wherein if the error burst
began in the data bytes of the codeword and continued to the
CRC bytes of the codeword, the correction of the codeword is
verified by the checker unit if the CRC check remainder
bytes equal the CRC bytes generated over the error pattern

10. The apparatus of claim 3, wherein the error corrector
detects a three byte error burst in the codeword.

T ———
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QUT6 = IN3 + IN7 OQUT7 = | NA TABLE 8 Multiplication by [err]: OUTO = | N4
QUTL = IN5 QUT2 = IN4 + IN6 QUT3 = INdA + INS + IN7 QUT4 = INO+ INA + IN5 +
“IN6 QUTS = INL + INS + IN6 + IN7 QUT6 = IN2 + IN6 + IN7 QUT7 = IN3 + I N7
' 42~
B T ERROR TOR
ABSTRACT

A burst error correction system which comprises a CRC generator/checker (20); a
syndrome/ECC generator (30) and an error corrector (40). Using codeword data, the CRC
generator/checker (20) generates m number of CRC bytes. The CRC bytes are shifted out to
the syndrome/ECC generator (30) -for use in the generatlon of a plurility of ECC bytes. The
ECC bytes are generated so that the sum of the bytes in each interleave for a codeword is zero,
and that the ECC bytes generated by the syndrome/ECC generator (30) constitutes at least L

number of consecutive roots of the codeword.
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E 9 Multiplication by [err]: O=1N2 +IN6 + IN7 QUT1 = IN3 +
= IN2.+ IN4d + IN6 + IN/Z OQUT3 = IN2 + IN3 + IN5S + IN6 QUT4 = |- N2
QUTS = IN3 + INd + IN5S QUT6 = INO + IN4d + INS + IN6 QUT7 = | NL
+ IN7 TABLE 10 Multiplication by [err]:
1711
WR DATA CRC DETECTED
| UNCORRECTABLE
RD. DATA ERROR
10 > CRC >
~ & BURST GENERATOR  § 5,
ICHECKER
CRC-TIME
——
! D-BURST WR/RD DATA/CRC
- INPUT 30
\L—>-
CONTROLLER | SYNDROME /ECC §
ENA-PARITY| ~ GENERATOR >
N CODEWORD
(WR DATA/
CRC / ECC)
s
1
o
DCHK - 1 CORRECTED
DATA

ECHK - 1

ECHK 1 ERROR
CORRECTOR

DCHK1

RD DATA
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IN2 + INS + IN7 OUTL = IN3 + IN6 OUT2 = INO + IN2 + IN4 + IN5 OUT3 =
NL + IN2 +IN3 +IN6 + IN7 OUT4 = INL + IN3 + IN4 + IN5S QUTS5 = IN2 +
N5 + IN6 OUT6 = INO + IN3 + IN5S + IN6 + IN7 OUT7 = INL + INA + IN6 +
LE 11 Multiplication by [err]: OUTO= INO + INL + IN2 + IN7 OUTL =
NL + IN2 + IN3 OUT2 =1N3 + N4+ IN7 OUT3 = INO + INL + IN2 + IN4 +
N7 | _
2/11
CRC DETECTED
UNCORRECTABLE
'ERAOR
1114 111, 111, 112
113
’o D_BURST
109, 109 109,
103,
1054 MUX 107
085/~
g_—‘
AT Ol
Z
C
>
102 \104,\106,
MuxL/_ ___ tt0_ . _ WR DATA —»{Z
r ‘ _] c
Ll__Cf—SRoz | RDDATA ™% Y Y
l | [Mux]/
l ! 100
| | :
‘ | 116 |
| E_BURST__, 117 : WR/RD DATA/CRC
ICRC_TIME___| |
| D_-BURST_—_ !
U
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311

lication by [e
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-40-. WHAT IS CLAIMED I'S: The enbodi nents of the invention in which an

excl usive property or privilege is clained are defined as follows: 1. An
error correction apparatus which corrects an error burst occuring in hHeader
i nformati on stored on storage nmedia. 2. The apparatus of claim2, wherein
sector identifying information. 3. An error correction systemfor detecting
an error burst

4111

FIG. 4

273 281

S, 16 :jt>__ DCHK

a
274 282 292
_ ' ECHK 4

275 233\
SRoo
Ct2

' [ 276
S
286

277 285
SRz " .{:§:> /' v
@ {

287

278 J 293
% ‘:f:)__ ECHK,

288 g4
[ beExy

» CORRECTED DATA

—
Lt/

D_BURST _____}

RDDATA .

BUFFER
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in a received codeword, the system conprising: a CRC generator for
generating check CRC bytes over data bytes of the codeword; a syndrone«-
~generator which uses the data bytes of the codeword and CRC bytes of the
-codeword to generate syndrones .and a predeterm ned nunber (L) of bytes of
~an error pattern; a error corrector which uses the syndrones to determ ne
the beginning of an error burst in the codeword and which uses the error
pattern to correct as many as nunber (L) of bytes in the codeword; a
checker unit which uses the error pattern and the check CRC bytes generated
by the CRC generator for verifying that the codeword is correctable.

/11

FIG. 5

INPUT DATA AND
USE DATATO
GENERATE CRC
BYTES AND BEGIN ECC
GENERATION

INPUT CRC BYTES TO
ECC GENERATOR TO
FINISH ECC
GENERATION

OUTPUT ECC BYTES
(€, .E3.E, .Eq ,Eg)
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4. The apparatus of claim 3, wherein the codeword includes header
information read fromstorage nedia. 5. The apparatus of claim4, wherein
“the header information includes identification of a sector stored on the
medi a. -41- 6. The apparatus of claim 3, wherein the checker unit adds
the check CRC bytes with the CRC bytes of the codeword to obtain CRC check
remai nder bytes. 7. The apparatus of claim6, wherein the checker unit
verifies that the codeword is correctable if: (1) the error.burst is
detected by the error corrector to have begun in

6/11

FIG. 6

CRC REGENERATION

AND SYNDROME 6-3
GENERATION (FIG. )
6A) \
6-2 DATA ERROR
BURST PROCESSING

-~ AND CORRECTION
(FIG. 6C)

ERROR CHECK
(FIG. 6B)

N 6-4
CRC ERROR
BURST PROCESSING
(FIG. 6D)

CORRECTION
VERIFICATION
(FIG. 6E)
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the CRC bytes of the codeword, and (2) the CRC check remai nder bytes are
all zero. 8. The apparatus of claim®6, wherein, when the error burst is
detected by the error corrector to have begun in the data bytes of -t he
codeword, the checker unit generates CRC bytes over the error pattern and
conpares the CRC bytes generated over the error pattern with the CRC check
remai nder bytes. 9. The apparatus of %Iain18, wherein if the error burst
began in the data bytes of the codewdd and continued to the CRC bytes of

t he codeword, the correction of the codeword is verified by the checker
unit if the CRC check remai nder bytes equal the CRC bytes generated over
the error pattern 10. The apparatus of claim 3, wherein the error corrector

detects a three byte error bu_rstF,Ge M/ord.
f

B6A-1

SET SYNDROME GENERATOR
IN PREPARATION FOR
SYNDROME GENERATION

B6A-2

INPUT DATA BYTES INTO
GENERATORS AND FIFO
REGISTER

. 6A-6
; =y
INPUT CODEWORD CRC INPUT ORIGINAL CODEWORD
BYTES FOR ADDING TO CRC & ECC BYTES INTO
CORRESPONDING SYNDROME GENERATOR 30
REGENERATED CRC BYTES FOR GENERATION OF
SYNDROMES

6A-4

STORE CRC SUMS IN REGISTERS
108

B6A-5

! RESET REGISTERS 1086 I/
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y
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9/11
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10/11

FiG. 6D
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11/11

FIG. 6E
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