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Encoding Data with Variable Block Lengths

This invention relates generally to data pmcessmg systems and, more particularly, to a
system for encoding and decoding data using a demodulation code.

BACKGROUND OF THE INVENTION

More and more digital data are being stored on a given size of magnetic disk. The data,
in the form of bits, are stored as a sequence of flux reversals - with, for example, a "1" being
recorded as a flux reversal and a "0" being recorded as the absence of flux reversal. As the
density of the data stored on the disk increases, 50 does the likelihood that adjacent or nearby
flux reversals will adversely interfere with one another. Such interference, which is referred to
as "inter-symbol interference," may cause the bits to be nnsmlaerpreted. and may thus result in
loss of the underlying data.

To protect against misinterpretation, the data are typically stored on the disk in encoded
form. Prior to recording, multiple;bitdatasymbolsareencodedusmganen'orcorrecnoncode
(BCO). Whenthedatasymbolsarere&xevedﬁ'omﬂledlskanddemomﬂated.meECCm
employedto asthenamemlphes,eo:recttheenoneousdata. '

: _ Speclﬁcally,beforeastrmgofkdatasymbolsnswnttentoadlsk,ltlsmaﬂlemancally
encoded using an (n,k) ECC to form n-k ECC symbols. The ECC symbolsaremenappended
toﬂledatastrmgmformn-symbolerroreorrechoncodewords - data symbols plus ECC
symbols - and the code words are written to, or stored on, the disk. ‘When data are read from
the disk, the code words conta:mngﬂledatasymbolsa:eretneved and mathematically decoded.
Dnﬂngdecoding,mmsinmeMmdewctedm¢1fpmble,mdﬂmugh'
mampulauonofﬂ:eECCsymbols[ForadetalleddescnpuonofdeoodmgseePetersonand
Weldon,Em_Qngn_szdEdmon.MlTPms 1972).

To correctmultiple ervors in strings ofdata symbols ECCs that efficiently and
effectively utilize the various mathematical properties of sets of symbols known as Galois
Fields are typxcally used. Galois Fields are represented "GF(PY)", where "P" is a prime
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number and "q" can be thought of as the nomber of digits, base P, in each element or symbol
in the field. "P" usually has the value 2 in digital computer applications and, therefore, "q" is
the number of bits in each symbol.

The number of symbols that the ECC can effectively encode and correct, or "protect”,
is limited by the size of the Galois Field selected, i.e. 23 symbols, and the maximum number
of errors that the code is capable of correcting. The maximum length of, for example, a code
word of a Reed-Solomon ECC over GF (2q) is 2%-1 symbols. Thus the maximum number of
data symbols that can be protected by the ECC, i.c., included in the code word, is 24 .
symbols minus "n", where "n" is the number of ECC symbols required to correct the
maximum number of errors. The larger the Galois Field, the longer the code word, and the
moxedautheECCcanprotectforagwen maximum number of errors to be corrected.
Therefore, larger Galois Fields could be used to protect longer strings of data symbols.

Computers typically are designed to manipulate 8-bit data symbols or bytes. The
ECCs over GF(Zs) are, however, too short to protect all of the 8-bit symbols that are currently
reoordedmasectorofadlsk Speclﬂcally,atotalofSIZsymbolsmmcordedmasector and
an ECC over GF(2 ) produces code words that are 28-1 or 255, symbols long. Accordingly,
to protect a sector, the ECC over GF(2 ) must be mampulatod by, for example, interieaving.
As the data density further increases, the number of times the code must be interleaved
increases, which adds to the complexity of the error correction encoder. Such manipulation of
the code also increases the complexity of the decoder, andthetlmelttakesthedecoderto
decode the code words and correct any errors.

To avoid multiple interleaving, a longer code may be used. Thus the system may use a
code over GF(2”), which produces code words of up to 2°-1, or 511, symbols, and with
slight manipulation code words of 512 symbols. One problem with using a longer code is that
the code produces longer ECC symbols, and requires longer data symbols for encoding.

Systemcomponcntsotherthantheermrcorrecuonemodermd decoder aretyplcally set
up to handle bytes or multiples of bytes, not the longer 9-bit symbols. Thus, there is a system
constraint on the size of the data symbols. These system components, however, do not
generally handle the ECC symbols, and there is no such constraint on the length of these
symbols.

| A prior known system using the longer code encodes 8-bit data symbols as 9-bit
symbols by assigning each 8-bit data symbol a first bit that has a predetermined value of, for
2 .
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example, 1. This first, known bit need notberecordedaspartofthe datasymbol since the bit
canbesupphedwhemtrsneededbytheECCencoderordecoder Theencoderandthe
decoder thus annex the predetermined bit to the 8-bit data symbols before these symbols are
manipulated to produce ECC symbols. The other system components require only the 8 data
bits. ' ' o

The ECC encoder encodes the 9-bit data symbols and produces 9-b1t BCC symbols
with first bits that may be either 0's or Is. Accordmgly, these first bits must be retained, and
the ECC symbols are necorded as 9-b1t symbols -

~ After the data have been encoded into an error-eorrecuon eode word and before the
code word is recorded, the code word symbols areagam encodedusmg arateb/b+r run length
limited modulation code. This code mampulates groups of "b" bits and forms for each group a
(b-+i)-bit "cell," which meets the run length hrmtanons of the code for numbers of consecutive
1's and 0's. The number of ¢ eonsecuuve O's is hrmted to ensure that the deeoder can recover a
clock from the stored mformauon, and the number of consecutive 1's is hmrﬁed essermally to
minimize inter-symbol mterference The system eoncatenam the eells to form a modulation
code word that meets the code's run length lrmrtatrons Thrs code word is then recorded on the
drsk, as a series of flux reversals

Apnorknownsysﬁemuulrzesan8/9rahemodulatloncodetoeneode8brtsofﬂ1eerror
correction code word into a 9-bit cell for recording. This code enoodesans-brtdatasymboltso
a9-bitcell,anda 9-b1tEOCsymboltotwocells 'I'hefirstECCsymbol,forexample,hass
ofrtsbrtseneodedtoproduceoneeellmdlofxtsbltseneo_dedalongwrth7ofﬂ:ebrtsofthe
* second ECC symbol to produce & second cel, and so forth.

Ifﬂresysﬁemmcorrectlydemodulatesoneofﬂxeeellsﬂmtxs assocratedwrﬂradata
symbol,theresultrsaonesymbolerrormtheerror—eorrecuoncodeword If, however, the
system incorrectly demodulates a cell that is associated with two ECC symbols, the result is
two erroneous error—correctloneodeword symbols Tlusxs ‘what i is known as "demodulation
eror propagation.” Ifmommyoftheeodewordsymbolsareen'oneous,theerrorconecuon
oodewordbecomesuncorrectable -

To solve the demodulation error propagation problem, the system could use a longer
modulation code. For example, the system could use 2 9/10 rate modulation code, which
encodes 9-bit symbols to 10-bit cells. However, this longer code splits all but the first data
symbol between two cells, and thus, has an errorpropagatlon problem that is worse than the
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previous system, since it encodes a greater number of data symbols than ECC symbols.
Conversely, the 9/10 rate modulation code could be used to encode separately each of the code
- word symbols, producing for each symbol an associated 10-bit cell. It would thus encode an
8-bit data symbol to an associated 10-bit cell and not split the symbol between two cells. This
avoids demodulation error propagation, however, it is an inefficient use of disk space.

Alternatively, two modulation codes could be used - an 8/9 rate code for the data
symbols and a 9/10 rate code for the ECC symbols. This solves both the inefficiency and the
error propagation problems; however, it requires that the modulation and demodulation
circuitry perform two different encoding and decoding operations. The time and complexity
involved in performing these two operations makes this an unworkable solution.

The invention is a system that uses a modified 8/9 rate modulation code to encode both
8-bit data symbols and 9-bit ECC symbols. The system encodes each of the 8-bit data symbols
in accordance with the modified 8/ rate code in a conventional manner and produces
corresponding 9-bit cells. It encodes each of the 9-bit ECC symbols by (i) encoding 8 of the

bits of the symbol into a 9-bit cell in accordance with the modified 8/9 rate code, and (ii)
inserting into the 9-bit cell the mnammg, that is, the non-encoded, bit of the ECC symbol, to
produce an associated 10-bit cell. '

The system reproduces the 8-bit data symbols by demodulating the associated 9-bit
cells in a conventional manner in accordance with the modified code. It reproduces the 9-bit
ECC symbols from the 10-bit cells by (i) removing the bit inserted during encoding, (ii)
decoding the remaining 9 bits in a conventional manner using the modified code to reproduce 8
bits of the ECC symbol, and(m)mserungﬂxeremthebltﬂmtwasearhermnovedfromthe
associated 10-bit cell.

In an exemplary embodiment, all but the most significant bit of an BCC symbol is
-encoded using the modified 8/9 rate code. The 9 bits produced by the code are used essentially
as the first "c" bits and last "10-c" bits of a 10-bit cell. The most signiﬁcant bit of the ECC
symbol is then included in the cell as the c+1% bit. The mapping of 8 bits to 9-bit cells is
chosen such that the inclusion of this c+1% bit does not violate the code’s run length
limitations, either within the cell or within the concatenation of the cells that forms the
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modulation code word.

The systemdescnbedaboveuses essennallythesame operauonsmencodeanddeoode
the data and the ECC symbols, with insertion steps added to the operatxons associated thh the
ECCsymbols 'I‘hesystemthususesthesameencoderanddecoderhardwareforthedata
symbols and the ECC symbols. Accordingly, the system eliminates the problems of
demodulation error propagatlon. wnhout substannally mcreasmg the complexlty of the encoder
and decoder. It also solves the problem of mefficlent use of dxsk space by mcludmg only a
single extra bit i m each cell

The system can similarly generate a modified n/m rate code that encodes n-bit symbols
to m-bit cells and (n+i)-bit symbols into (m-+i)-bit cells, where n+i<m.

The above and further advantages of the invention may be better understood by
referring to the followmg descnptlon in con_lmctlon thh the accompanymg drawings, in
which:

- Fig. 1 maﬁlmhonalblockdmmofasystemoonsuuctedmamordancemﬂlthe
invention; '

Fig. 2 is a functional block diagram of a modulation encoder of Fig. 1;
Fig.3 dcpxcts acell;
_Fig.4iSafmnﬁonalb10cl;diagramofamddulaﬁoﬁ;iecodet§fFig. L
Fig. 5 depicts an alternative construction of memodulanon encoder; and

- Fig. 6 depicts an alternative construction of the modulation decoder.

Referring to Fig. 1, a conventional error-correction encoder 10 encodes "k" 8-bit data
symbols, or bytes, in accordance with an (n.k)ECitherGF(Z9 , annexing apredemennmed
bit to each of the 8-bit data symbols before encoding. The encoder produces “n-k" 9-bit ECC

5 . .




WO 96/36130 " PCT/US96/06378

symbols, and concatenates them with the 8-bit data symbols to forin-an error-correction code
word.

The error-correction encoder 10 supplies the code word to a modulation encoder 12.
The modulation encoder, which is discussed in more detail with reference to Fig, 2 below,
encodes the 8-bit data symbols and 9-bit ECC symbols using a modified 8/9 rate run length
limited modulation code, to produce, respectively, k 9-bit cells and n-k 10-bit cells. These
cells are concatenated to form an n-cell modulation code word with at most four consecutive
0's and five consecutive 1's. The disk drive 14 records the modulation code word on a disk
(not shown) as a series of flux reversals.

‘When the modulation code words are retrieved from the disk, a demodulation decoder
30, which is discussed in more detail with reference to Fig. 4 below, reproduces the 8-bit data
‘symbols and the 9-bit ECC symbols It then supplies these symbols to an error correction
decoder 36 that decodes and, as necessary, corrects errors in the data symbols in a
conventional manner. -

Referring now to Fig. 2, the modulation encoder 12 includes a look-up table 16, which
is addressed using, as appropriate, an 8-bit data symbol or 8 bits of a 9-bit ECC symbol, for
example, the 8 least s:gmﬁcant bits. A mmitiplexer 15 passes 8 bits to the look-up table 16 and,
as appropriate, passes 29% bit to acell mampulator 18, as discussed below.

In response to the 8-bit addtess. the look-up table 16 produces an associated 9-bit cell
that meets the run length limitations of the code. If the 8-bit address is associated with a data
symbol, the encoder includes the 9-bit cell in the modulation code word. If the 8-bit address is
associated with anECCsymbol a cell manipulator 18 manipulates the 9-bit cell, as discussed
below, to produce an associated 10-bit cell. The encoder, through multiplexer 19, concatenates
the 10-bit cells with the 9-bit cells to produce the modulation code word.

The cell manipulator 18 segments the 9 bits retrieved from the look-up table 14 into two
- sections 21 and 23, as illustrated in Fig. 3. The first section 21 includes the "c" most
significant bits of the cell and the last section 23 includes the 9-c least significant bits of the
cell. The cell manipulator 18 then inserts between these two sections the bit of the ECC
symbol that was not used to form the address for look-up table 16. In the example, the
manipulator 18 inserts into the cell the most significant bit of the associated ECC symbol. The
result is a 10-bit cell 24 that includes first, second and last sections 21, 22 and 23. In the
- exemplary embodiment, c=4, and the 10-bit cell has a four-bit first section 21, 2 one-bit middle
6 .
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- section 22, and a five-bit last section 23.

The 10-bit cell must meet the run length limitations of the modulation code. Thus the 9-
 bit cells can have in the bits thatareadjacenttothemsertedbltarun of at most three
consecutive 0's or four consecutive 1's, since the insefted bit can be elther alor0. These
stricter run length limitations are not requu'ed in the conventxonal 89 rate code, wh:ch requires
only that the 9-bit cells, in their entirety and in the arbitrary concatenatlons that form the
modulation code words, donotexceedﬂleﬁzﬂ()and 1 run length hmxtat_lons _

Fig. 4 depicts in more detail the demodulation decoder 30, which decodes the 9-bit and
10-bit cells. The decoder includes a look-up table 32 that is addressed through multiplexer 31
usmgenhera9—b1tcellassocmtedw1thadatasymbolortlm9b1tsthatformtheﬁrstandlast
sections 21 and 23 (Fig. 3) of a 10-bit cell. The look-up table 32 prov1des 8 bits in response to
the 9-bit address.

If the decoder 30 is demodulating a 9-bit cell, the decoder provides the 8 bits retrieved
from the table 32 through a multiplexer 35 to the error correction decoder 36 as a data symbol.
' If the decoder 30 is demodulating a 10-bit cell, a symbol manipulator 34 includes, as 2 9% bit
of the associated ECC symbol, the bit that forms section 22 of the 10-bit cell (Fig. 3). The
menipulator 34 thus includes as the most significant bit of the ECC symbol the bit that was
. inserted into the 10-bit cell by the manipulator 18 (Fig. 1). The 9-bit ECC symbols are then
provided to the error correction de'coder through nmltiplexer 35.

Append:onontamsatableofanexemplarycode An8-b1tdatasymbolorthe81east

slgmﬁcantbltsofa9-b1tECCsymboll|stcdmtheﬁrstcolumnofthetableareencodedtothe
corresponding 9-bit cell Iisted in the second column. The9-b|tnellproducedbyencodingof

the8b1tsoftheECCsymbohsfuﬂhermampulmdmmoneofdlec0ﬂespondmg 10-bit cells
hswdmthetl11rdorfourdzcolurm1sbymserﬂngmtothe9-b:tcellthebltoftheECCsymbol
that was not previously encoded. The corresponding 10-bit cell in the third column is
produced by inserting a "0" between the fourth and fifth bits of the 9-bit cell. The
corresponding 10-bit cell in the fourth column is produced by inserting & 1" between these
bits. - '

' Theﬁrststepmdecodmgalo-bltoeu:storemoveﬁ'omtheceuﬂleb:tthatwas
inserted during encoding, that:s,todetermmethecorrespondingenu'ymthesecondcolumnof
the table of Fig. 5 for the 10-bit cell. ‘The corresponding entry in the first column of the table is
thenusedastheSkastsigiﬁficantbitsoftlieassociatedECCsymbol,andtheappropriatebitof
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- the 10-bit symbol, that is, the bit inserted during encoding and subseqﬁently removed during
decoding, is included as the most significant bit of the 9-bit ECC symbol. The 9-bit cells are
decoded by associating them with the corresponding entry in the first column of the table.

Figs. 5 and 6 depict, respectively, the modulation encoder 12 and the demodulator

" decoder 30 with combinational logic circuits 13 and 31 replacing the look-up tables 16 and 32.
The logic circuit 13 combines the 8-bits of the data syrhbols or the 8 least significant bits of the
ECC symbols and produces the associated 9-bit cells. The logic circuit 31 combines the 9-bit
cells associated with the data symbols, or the cotresponding 9 bits of the 10-bit cells and
reproduces 8 bits of the associated data or ECC symbols. The manipulators 18 and 34,
operating as described above, manipulate the cells and bits produced, respectively, by the logic
circuits 13 and 31, to produce the appropriate modulation or error-correction code words.

There are 288 potential 8/9 rate code word symbols, that is, 288 potential 9-bit cells that
meet the run length limitations of the modified 8/9 rate code. There are, however, only 256
possible 8-bit symbols that can be encoded into the 9-bit cells. Accordingly, there are 32 extra
9-bit cells, which map to 64 extra 10-bit cells. These extra 9-bit and 10-bit cells can be used
for out-of-band signalling, as appropriate.

In general, the system can encode using 2 modified n/m rate code n-bit symbols to m-
bit cells and (n+i)-bit symbols to (m+i)-bit cells, where i=1, 2..., and n+i<m. The system
encodes to an m-bit cell either an n-bit symbol or n bits of an m-bit symbol. Then, as
appropriate, the system inserts the i non-encoded bits of the symbol into the associated m-bit
cell, to produce an (m+i)-bit cell.

The m-bit cells must, in the bits adjacent to the inserted bits, meet run length limitations
that are stricter than the n/m rate code. Specifically, the bits adjacent to the inserted bits must
meet limitations of z-i zeros, where z is the run length of zeros in the n/m rate code, and r-i
ones, where r is the run length of ones in the n/m rate code. If the m-bit cells meet these
limitations, the inserted bits can be any sequence of digital values, without violating the run
length limitations of the code.

The foregoing description has been limited to a specific embodiment of this invention.
It will be apparent, however, that variations and modifications may be made to the invention,
with the attainment of some or all of its advantages. Therefore, it is the object of the appended
claims to cover all such variations and modifications as come within the true spirit and scope of
the invention. '
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APPENDIX A
8-bit Data Symbol C9bitCelll 10-bit Cell 10-bit Cell
or 8 bits of (inserted *0*" bit) (inserted "1" bit)
ECC Symbol L .
000 044 084 | 094
001 - 045 085 ’ 095
002 046 086 - 096
003 - 047 087 © 097
004 049 089 099
005 " 04a 08a 092
006 ' 04db - 08b - 09b
. 007 04c 08¢ 09
008 i 04d 08d 09d
009 Ode 08e 09¢
00a 051 S 0al - 0bl
00b 052 02 - . 0b2
00c 053 0a3 . 0b3
00d 054 ~ 0ad _ ~ Ob4
00e 055 0as _ 0b5
0of 056 0a6 - : 0b6
010 057 0a7 0b7
o11 059 029 0b9
o012 05a Oaa Oba
013 0sb Oab’ Obb
014 05c Qac Obc
015 05d . QOad L 0bd -
016 0S5e Oae _ Obe
017 062 0c2. 0d2
018 063 0c3 0d3
019 : o 064 . Ocd - 0d4
0la - 065 0cs 0dS
o1b 066 0c6 0d6
Olc 067 0c7 0d?
01d 069 0co 0d9
- Ole 06a Oca Oda
_01f 06b Och 0db
020 06c Occ Odc
021 06d Ocd 0dd
022 06e Oce . Ode
023 07t - Qel ofl
024 072 0e2. 0f2
025 073 03 o3
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026
027
028
029

02b

02d
02e
02f
030
031
032
033
034
03s
036
037
038
039
03a
03b
03c
03d

03f

041
042
043

045

047
048
. 049
04a
04b
Odc
04d

04f
050

- APPENDIX A (cont.)

074
075
076
077
079

07a.

07b
07c

07d -
089

08a

08b -
08¢
08d

08e

091
092

093
094

095
096 -
097

0%
0%
09%

. 09d
09
0a2
0a3 -

Oad
0a5

026"

0a?7
0a9

O

Oab

Oac .
Oad.

Oae

" Obl
0b2

0b3

EFEfgeRee

55555555

124
125
126
127

129
12a

12b
12¢

12d

12¢
142
143
144
145

146

147
149
14a

14b

“14¢

10

i4d
14e
161
162
163

123
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0f4
of5

of7
0f9

Ofc

119
11a
11b
ilc
11d
1le
131
132
133
134
135
136
137
139
I3a
13b
13¢
13d
13e
152
153
154

. 185

156
157
159
15a
15b
15¢
15d
15¢
171
172
173
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 APPENDIX A (cont.)

164
165
166
167
169

16b
16¢
16d
16e

184 .
185

186
187

189
182"

18b
184

18e

lal
1a2

1a4
1a$
la6
1a7
129
laa

lab -

lac
lad
lae

12
1c3

lcd

les .

icb
1¢7
1c9
lca
Icb
lec

18¢
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174
175

- 176

177
179
17a
17
17¢ :
17d .
17¢
194
195
196
197
199
19a
19b
19¢
19d
19¢
1bl
162
1b3
1b4
1bS
166
1b7
1b9
1ba
1bb
1be
1bd
lbe
142
1d3
1d4
1ds
1d6
147
149 -
1da
1db
lde
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07¢
07d
07¢
ot
080
081
082

084
- 085
086
087
0838
089
08a
08b
08¢
- 08d
08e

228

§ESEREE832555328888888

'APPENDIX A (cont.)
led

233556388378

" lee

131

132 -

133

134 -

135 -

136

lel
1e2
le3
led
le5
le6
1e7
1e9

leb.

221
222

223

224
225

226

227
229
22a
22b
22¢
22d
22¢
242
243
244
245
246

247

249
24a
24b
24c

24e
261
262
263
264
265
266
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ldd
ide
1fl
12
13
114
15
116
1£7
10
1fa
1
231
232
233 -
234
235
236
237
239
23a
23b
23¢
23d
23e
252
253

255
256
257
259
25a

- 25b

25¢
25d
25e
271
272
273
274
275
276
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APPENDIX A (cont.

0a7 137 267 277
0a8 139 269 _ 279
0a9 13a 26a 27
Oaa 13b 26b 27
Oab 13¢ 26¢ : 27¢c
Oac 13d 26d 27d
Oad - 13e 26e : 27e
Oae 144 284 294
Oaf 145 285 295
0b0 146 286 - 296
0b1 147 287 297
0b2 149 289 299
0b3 14a 28a 29a
0b4 14b 28b 2%
. 0bS ldc 28c 29¢c
0b6 14d 284 - 29d
0b7 14e 28e ' 29¢
0b8 151 2al 2b1
0b9 152 2a2 2b2
Oba 153 223 2b3
Obb 154 224 . 2b4
Obe 155 235 2bS
Obd 156 2a6 2b6
Obe 157 227 - 2b7
Obf 159 2a9 2b9
0c0 15a 2aa 2ba
Ocl 15b 2ab ) 2bb
0c2 15¢ 2ac 2be
0c3 15d° 2ad 2bd
Oc4 15¢ 2ae 2be
0OcS 162 - 2c2 2d2
0ch 163 2c3 2d3
0c? 164 2c4 2d4
0c8 165 . 265 2d5
0co 166 2¢6 2d6
Oca 167 2¢7 247
Ocb 169 2¢9- _ 2d9
‘Occ 16a 2ca 2da
Ocd 16b 2ch 2db
Oce 16¢ 2¢ce 2dc
Ocf 16d 2¢d 2dd
0do 16e 2¢ce 2de
0d1 171 2el : 2f1
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0d4
0ds
0d6
0d7
0ds
0d9

EEFEEEE

£

172

173
174
175
176
177
179
17a
17b
17¢
17d
189
18a
18b
18¢
18d
18¢
191
192
193
194
195
196

197

199
19a
19b

- 19¢

194
19¢
1a2
1a3
la4
1a$
1aé
1a7
1a9
laa

lab

lac
lad
lae
1b1

AP'_PEND!K A (cont.)

2e2
2e3
2¢4
2¢5
2e6
2e7
2¢9
2ea
2¢b
2ec
2ed
309
30a
30b
30¢
v 30d
30e
2
322
323
324
325
326
K74}
329
322
32b
32¢
32d
32¢
342
343
344
345
346
347
349
34a
34b
34c
34d

361
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23

2f4
2f5
215

26
2%

2fd
319
3la
3ib
3lc
31d

-3le

331
332
333
334
335
336

. 337

339
33a
33b
33¢c
33d
33e
352
353
354
355
356
357
359
35a
35b
35¢
35d
3Se
3N
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15

362
363
364
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‘What is claimed is:
CLAIMS

1. An encodmg system for encoding b-bit symbols and e-bit symbols using a modified n/m rate

run length limited modulation code that limits the run length of consecutive zero's to z and

- consecutive one's to 1, the system including:

A. amodulation code encoder for encoding a b-bit symbol or b bits of an e-bit symbol
to form an n-bit cell; _ |

B. acell manipulator for producing, from an n-bit cell associated with an e-bit symbol,

* an (m+i)-bit cell that satisfies the run length limitations of the modulation code, the

manipulator inserting into the n-bit cell the i=e-b bits of the associated e-bit symbol
that the encoder refrained from encoding; and

C. means for producing a modulation code word by concatenating the n-bit cells
associated with the b-bit symbols, and the (m+i)-bit cells associated with the e-bit
symbols.

2. The encoding system of claim 1, wherein the modulation code encoder produces cells in
which the bits adjacent to the i inserted bits meet stricter run length limitations of z-i for zeros
and r-i for ones. | '

3. The encoding system of claim 1, wherein the encoder encodes the b-bit symbols and e-bit
symbols using a look-up table that produces an n-bit cell in response to a b-bit address, the
encoder using as the addresses the b-bit symbols and b bits of the e-bit symbols.

4. The encoding system of claim 1, wherein the encoder encodes the b-bit symbols and the b
bits of the -bit symbols using combinational logic.

5. The encoding system of claim 1, wherein the encoder encodes the b least significant bits of
the e-bit symbol to produce the associated n-bit cell.

6. The encoding system of clsim 4, wherein the cell manipulator inserts iito the n-bit cell
associated with the e-bit symbol the most significant i bits of that symbol.

7. The encoding system of claim 6, wherein the cell manipulator segments the n-bit cell into
two sections and inserts the i bits of the e-bit symbol between the two sections, to form an m-

. bitcell.
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8. The encoding system of claim 1 further including a decoding sub-system, the decoding sub-
system including:
A. a modulation decoder for decoding the n-bit cell to reproduce a b-bit symbol, and n
- bits of the m-bit cell to xeproduce b blts of the associated e-bit symbol
B. a symbol manipulator for producmg from the b bits associated thh the m-bit cell,
ane-bxterrorconectloncodesymbol themampulatormserungmtothebbltsthe i
bits that the decoder refrained from decodmg, and
C. means for producing a code word by concatenating the b-bit symbols cells
produwdby the decoder and the e-bit symbols produced by the symbol
* manipulator.

9. The encoding system of claim 8 wherem

A. the encoder encodes the b _least significant bits of the e-bit symbol to produce the
associated n-bit cell;

B. the cell manipulator inserts into the n-bit cell assoclated with the e-bit symbol the
most significant i bits of that symbol;

C.  the decoder decodes n bits of the assoclatedm-bxtcell andrefmmsfrorn
decodingthei

D. the symbol manipulator includes in the e-bit symbol, as the most significant bits,
the i bits that the decoder refrained from decoding. '

© 10. An encoding system for encoding 8-bit data symbols and 9-bit error correction code
symbols using a modified 8/9 rate run length limited modulation code that limits the run length
of consecutive zero's to four and consecutive one's to five, to form a modulauon code word,
'~ the system including: ' o
A. amodulation code encoder for encoding an 8-bit data symbol or 8 bits of a 9-bit
error correction code symbol to form a 9-bit cell; '
B. acellmampulatorforproducmgﬁ'oma%ltcell associated with an error
conechoncodesymbolalO—b:tceBthatsahsﬁesthemnlengﬁhnnﬁhons of the
) modulation correction code symbol that the encoder refrained from encoding; and
* C. means for producing a modulation code word by concatenating the 9-bit cells
associated with the data symbols, and the 10-bit cells associated with the error
correction symbols.

11. The encoder of claim 10, wherein the modulation codeeﬂoodefj:oroduees%bi&ells in
which the bits that are adjacent to the inserted bits meet stricter run length limitations of three
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consecutive zeros and four consecutive ones.

12. The encoding system of claim 10, wherein the encoder encodes the data symbols and error
correction code symbols using a look-up table that produces a 9-bit cell in response to an 8-bit

address, the encoder using as the addresses the 8-bit data symbols and 8 bits of the 9-bit error

correction code symbols. '

13. The encoding system of claim 10, wherein the encoder encodes the 8-bit data symbols and
the 8 bits of the error correction code symbols using combinational logic.

14. The encoding system of claim 10, wherein the encoder encodes the 8 least significant bits
of the error correction code symbol to produce the associated 9-bit cell.

15. The encoding system of claim 14, wherein the cell manipulator inserts into the 9-bit cell
. associated with the efror correction code symbol the most significant bit of that symbol.

. 16. The encoding system of claim 15, wherein the cell manipulator segments the 9-bit cell into
two sections and inserts the bit of the error correction code symbol between the two sections to
form a 10-bit cell.

17. The encoding system of claim 10 further including a decoding sub-system, the decoding
sub-system including: - |
A. amodulation decoder for decoding the 9-bit cells to reproduce 8-bit data symbols
and 9 bits of the 10-bit cells to reproduce 8 bits of the associated error correction
code symbols; .
B. asymbol manipulator for producing from the 8 bits associated with the error
 correction code symbols a 9-bit error correction code symbol, the manipulator
inserting into the 8 bits the bit that the decoder refrained from decoding; and
C. means for producing an error-correction code word by concatenating the 8-bit data
symbols cells produced by the decoder and the 9-bit error correction code symbols

- produced by the gymbol mampulator
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