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Encoding Data with Variable Block Lengths 

FIELD OF TRI INVENTION 

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

BACICGBOUNP 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 seq~ of flux reversals • with, for example, a "1" being 
recorded as a flux reversal and a "O" being recorded as the absence of flux reversal. As the 
density of the data stored on the disk increases, so does the likelihood that adjacent or nearby 
flux reversals will adversely interfere with one ano~. Such interference, which is refeJTed to 
as "inter-symbol interference," may cause the bits to be misintelpl'Cted, 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-bit data symbols are encoded using an error correction code 
(ECC). When the data symbols are retrieved from the disk and demodulated, the ECC is 
einployed to, as the name implies, corlect the erroneous data. 

Specifically, before a string~ k data symbols is written to a disk, it is ~cally. . . 

encoded using an (n,k) BCC to form n-k BCC symbols~ The BCC symbols are then appended 
to the data string to form n-symbol error corm:tion code words - data symbols plus ECC . . . .. 

symbols - and the code words are written to, OI' stored on, the disk. When data are read from 
the 'disk, the code words containing the data symbols are retrieved and mathematically decoded. 
Daring decoding, errors in the data are detected. and, if possible, cOrrectcd through· 
manipulation of the ECC symbols [For a detailed description of decoding sec Peterson and 
Weldon, Error Correction Codg. 2d Edition. MIT Pless, 1972]. 

To correct multiple Cll'OIS in strings of data symbols, ECCs that efficieiltly. and 
effectively utiDe the vinous mathematical properties of sets of symbols known as Galois 
Fields are typically used. Galois Fi~lds are represented "GF(P41)", where "P" is a prime 
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number and "q" can be thought of as the number of digits, base P, in each element or symbol 
in the field. "P" usually bas 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. 2q 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 z'l 1 symbols. Thus the maximum number of 

data symbols that can be protected by the BCC, i.e., included in the code.word, is 2'l 1 · 

symbols minus "n", where "n" is the number of BCC symbols required to correct the 
maximum number of errors. The larger the Galois Field, the longer the code word, and the 

more data the ECC can protect for a liven maximum number of errors to be corrected. 
Therefore, larger Galois Fields could be used to protect longer strings of data symbols. 

Computers typically arc designed to manipulate 8-bit data symbols, or bytes. The 
ECCs over GF(28l arc, however, too short to protect all of~· 8-bit symbols that are currently 

teCorded in a sector of a disk. Specifically, a total of 512 symbols arc iecorded in a sector, and 
ali ECC over GF(28) produces code words that are 28-1, ~ 2SS, symbols long. Accordingly, 

to protect a sector, the ECC over GF(28) must be manipWated by, for example, interleaving. 
As the data density further increases, the number of times the code must be interleaved 
increases, which adds to the complexity of the error COJreCtion encoder. Such ~pulation of 

the code also increases the complexity of the decoder, and the time it takes the decoder to 

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(29), which produces code words of up to 29-t, or Sil, symbols, and with 

slight manipulation code words of 512 symbols. One problem with using a longer code is that 

the code produces longer BCC symbols, and requires longer data symbols for encoding. 

System components other than the em>r conection encoder and decoder are typically 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 BCC sym~ls, and there is no such constraint on the length of these 
symbols. 

A prior known system using the longer code enCocles 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 
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example, I. This first, known bit need ilot be recorded as part of the data symbol, since the bit 
can be sUpplied when it is needec:fby thci ECC encoder or~· The encoder and the 
decoder thus annex the predetennined bit to the 8-bit data symbols before these symbols are 
manipulated to produce ECC symbols. The other s)'Stem components require only the 8 data 
bits . 

The ECC encoder enCodes the 9-bit data symbols and produces 9-bit ECC symbols 
with first bits that may be either O's or l's. Accordingly, these first bits must be retained, and 
the ECC symbols· arc recorctcd as· ~bit symbols. 

After the data have been encoded int<i an error-correction code word and before the 
code word is recorded, the code word symbols are agaiD encoded.using a rate blb+i mn length 
limited modulation code. ThiS code manipulates groups of "b'1 bits and forms for each group a 
(b+i)-bit "cell," which meets the nm length limitations of the code for numbers of consecutive. 
l's and O's. The muilber of C::OUsectitive O's is limited to ensure that the decoder can recover a 
clock from the stored infOrmatiOD,. and the number of collsecutive. l_'s is limited essentially to 
mininUe int.er-symbol interference. 1be system concatenates the Cen11 to form a modulation 
code word that meets the code's mil length limitations. This code word is then recorded on the 
disk, as a series of flux reversals. 

·A prior known system utilizes an 819 rate moduJation code to encode 8 bits of the ·error 
correction code word into a ~bit eell for recOrding. 1bis code encodes an 8-bit data symbol to . . . . . 
a 9-bit cell, and a ~bit ECC symbol to two cells. Tho first BCC. symbol. for example, has 8 
of its bits encoded to produce one cell and I of its bits encoded along with 7 of the bits of the 
second BCC symbol to pro&ice a second cell, and so forth. 

If the system incorredly demodulates one of the cells that is associated with a d8ta 
symbol, the result is a one symbol error in the ~om:CtiOn Code~- if, however, the 
system incorrectly demoduJates a cell that is associated with two ECC symbols, the reslilt is 
two erroneous error-Correction code Word symbols •. 1bis is what is known as "demodulation 
eitor propagation."· If too many of the cOde word symbols are erroneous, the error ~on 
code word becomes uncorrectable. 

To solve the demodulation~ propagation problem, the system could use a longer 
modulation code. For example, the system could use a 9/10 rate modulation code, which 
encodes ~bit symbols to IG-bit cells~ However, this longer code splits ·alt but the first data 
symbol between two cells. and thus, has an error propagation problem that is worse than the 

3· 

; . 
. ! 

j: 

Hill 



W0'6136130 PCf/0596/06378 

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 hleffi.cient use of disk space. . 

Alternatively, two modulation codes .could be used - an 819 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 ~lexity 
involved in perfonning these two operations makes this an unworkable solution. 

SUMMARY OF THE INVENTION 

The invention is a system that uses a modified 819 rate modulation code to encode both 
8-bit data symbols and 9-bit ECC symbols. 'lbe system encodes each of the 8-bit data symbols 
in accordance with the modified 819 rate code in a conventional manner and produces 
corresponding 9-bit cells. It encodes each of the 9-bit BCC symbols by (i) encoding 8 of the 
bits of the symbol into a 9-bit cell in accordance with the modified 819 rate code, and (ii) 
inserting into the 9-bit cell the remaining, that is, the non-encoded, bit of the ECC symbol, to 

produce an associated 10-bit cell. 

The system teproduces the 8-bit data symbols by demOdulating the associated 9-bit 
cells in a conventional manner in accordance with 1he modified code. It tq>roduces the 9-bit. 
ECC symbols from the 10-bit cells by (i) removing the bit inserted during encoding, (ii) 
decoding the mnaining 9 bits in a conventional manner using the modified code to reproduce 8 
bits of the ECC symbol, and (iii) inserting therein the bit that was earlier removed from the 
associated 10-bit cell. 

In an exemplary embodiment, all but the most significant bit of an ECC symbol is 

.~coded using the modified 819_ rate code. The 9 bits produced by the code are used essentially 
as the first 11c" bits and last "10-c" bits of a 10-bit cell. The most significant bit of the BCC 
symbol is then included in the cell as the c+ 1st bit. The mapping of 8 bits to 9-bit cells is 
chosen such that the inclusion of this c+ 1st bit does not violate the code's run length 
limitations, either within the cell or within the concateoation of the cells that forms the - . . . 
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modulation code word. 

'lbe System described above useS eslenti&uy the same operations to encode and decode 

the data and ·the BCC ·symbols, with insertion. steps added to the operations. associated with the 

BCC symbols. The system thus• the same encoder and decoder hardware for the data 

symbols and the ECC symbols. Accordingly, the system eliminates the problems of 

demodulation error propagation, withOU.t substantially increasing the complexity of the encoder 

and decoder. It also solves the problem of inefficient use of disk space _by including only a 

single extra bit in each cell. 

The System can similarly genefate a modifiCd Dim rate code that encodes n-bit symbols 

to m-bit cells and (n+i)-bit symbols into (m+i)-bit cells, wheie n+i<m. 

BRIEF DBSCBJPTION. OF IHE DRAWINGS 

The above and further advantages of the invention may be better understood by 

referring to the following description in conjunCtion with the accompanying ~wings, in 

which: 

· · Fig. 1 is a functional block diagram of a system constructed in accordance with the 

invention; 

Fig. 2 is a functional block diagram of a modulation encOder of Fig. 1; 

Fig. 3 depicts a cell; 

Fig. 4 is a functional block diagram of a m~ation decoder of Fig. 1; 

Fig~ S depicts an alternative constmction of the.modulation encoder; and 

Fig. 6 depicts an alternative constmction of the modulation decoder. 

DBTAILBD DEScaµ"DON _or ILLUSTB,\TIVE EMBODIMENTS 

Referring to Fig. 1, a conventional enor~on encoder 10 encodes "k" 8!'bit data 

symbols, or bytes, in accordance with an (n,k) BCC over GP(29}, annexing a predetermined 

bit to each of the 8-bit data symbols before encoding. The encoder produces "n-k" 9~it ECC 
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symbols, and concatenates them with the 8-bit data symbols to form an error-coITeCtion code 
word. 

The err0r-correction encoder 10 supplies the code word to a modulation encoder 12. 
The modulation encoder, which is discussed in more detail with refeience to Fig. 2 below, 
encodes the 8-bit data symbols and 9-bit BCC symbols using a modified 819 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 inost four consecutive 
O'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 revemals. 

When the modu1ation code words are retrieved from the disk, a demodulation decoder 

30, which is discussed in more detail with reference to Pig. 4 below, reproduces the 8-bit data 

syinbols and the 9-bit ECC symbols.· It then supplies these symbo]s to an error ccmection 
decoder 36 that decodes and, as necessary, COlTeCts 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 significant bits. A multiplexer 15 passes 8.bits to the look-up table 16 and, 
as appropriate, passes a 9th bit to a cell manipulator 18, as discussed below. 

In response to the 8-bit addtms, 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,~ encoder includes the 9-bit cell in the modulation code word If the 8-bit address is 
associated with an BCC symbol, a cell manipulator 18 manipulates the 9-bit cell, as discussed: 
below, to produce an associated 10-bit cell. 1be 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 
seetions 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 th~ inserts~ 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 associa1ed 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, a one-bit middle 
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section 22, and a five-bit last section 23. 

The 10-bit cell must meet the nm length limitations of the modulation code. Thus the 9-
bit cells can have in the bits that are adjacent io the inserted ·bit a mn of at most three 

consecutive O's· or four consecutive l's, since the iliSerted bit can be either a 1 or O. These 

stricter mn length limitations are nofiequired in the COD.ventional 8/9 rate code, which requires 
only that the 9-bit cells, in their entirety and in the arbitrary coocatenations that form the 

modulation· code words, dO not exceed the full 0 and· I run length limitations. 

Fig. 4 depicts in more detail the clemodulatic>ll decoder 30! wbicli decodes the 9-bit and 
10-bit cells. The decoder includes a look-up table 32 that is addressed through multiplexer 31 

using~ a 9-bit cell associated with a data symbol ot the 9 bits that form the first and last 

sections 21 and 23 (Fig. 3) of a 10-bit cell. The look~up table 32 provides 8 bits in response to 

the 9-bit address. 

If the decoder 30 is demodulating a 9-bit cell, the decoder proVides ihe 8 bits retrieved 
from the table 32 through a multiplexer 3S to tlie em>r correction decoder 36 as a data symbol. 

· If the decoder 30 is ciemOdulating a 10-bit cell, a symbol manipulator 34 includes, as a 9th bit 

of the associated ECC symbol, the bit that forms section 22 of the 10-bit cell (Fig. 3). The 

manipulator 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). 1be 9..bit ECC symbols are then 

provided to the ClT01' correction dCcoder through multiplexer 3S. 

Appendix A contains a table of an exemplary cOde. ·An 8-bit data symbOl or the 8 least 

significant bits of a 9-bit BCC symbol listed in the first c0lumn of the table are ~coded to the 
cmeaponding 9-bit.eell listed in the second eolumn. '1be 9-bit cell prodUced by encoding of 

the 8 bits of the ECC symbol is further manipulated into one of the correspondilig 10-bit cells 
listed in the third or fourth columns by inserling into.the 9-bit cell the bi~ of the BCC symbol 

that was not previously encoded. The corresponding 10-bit cell in the third column is · 

produced by inserting a "0" betWeeii the fourth and fifth bits·of the 9-bit cell. The 

corresponding 10-bit cell in the fourth column is produced by inserting a "1" between these 

bits. 

The first step in ctecoding a 10-bit cell is to remove from the cell thO bit that was 
inserted during encoding, that is, to determine the corresponding entry in ~e seeOnd column of 

the table of Fig. S for the 10-bit cell. ·The Conespondhlg entry in the first column of the table is 

then used as the 8 least significant bits of the associated ECC symbol, and the appropriate bit of 
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· the 10-bit symbol, that is, the bit inserted during encoding and subsequently removed during 

decoding, is included as the most significant bit of the 9-bit BCC symbol. The 9-bit cells are 

decoded by associating them with the corresponding entry in the first column of the table. 

Figs. S 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 symbols or the 8 least significant bits of the 

BCC symbols and produces the associated 9-bit cells. The logic circult 31 combines the 9-bit 

cells associated with the data symbols, o~ the corresponding 9 bits of the 10-bit cells and 

reproduces 8 bits of the associated data or ECC symboIS. 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-cmection code words. 

'lbere are 288 potential 819 rate code word symbols, that is, 288 potential 9-bit cells that 

meet the nm length limitations of the modified 819 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 a modified n/m rate code n-bit symbols to m­

bit cells and (n+i)-bit symbols to (m+i)-bit cells, where i=l, 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 

Them-bit cells must, in the bi1s adjacent to the inserted bits, meet nm length limitations 

that are stricter than the ~rate code. Specifically, the bits adjacent to the inserted bits must 

meet limitations of z-i zeros, where z is the mn length of zeros in the Dim rate code, and r-i 
ones, where r is the nm length of ones in the n/m. rate code. If the m-bit cells meet these 

. . 
Umitations, the inserted bits can be any ~uence of digital values, without violating the run 

length limitations of the code. 

The foregoing description bas been limited to a specific embodiment of this invention. 
It will be apparent, however, that variations and Diodifications inay 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. 
g. 
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APrENDJXA 

8-bit Data Symbol 9-bit Cell 10-bitCell lo.bit Cell 
or a bits of (insened •o• bit) (inserted "1 • bit) 
ECCSymbol 

" 
000 044 084 094 
001 045 085 09S 
002 046 086 096 
003 047 087 097 
004 ·. 049 089 099 
oos 04a Ola 09a 
006 04b 08b 09b 
007 04c Ole 09c 
008 04d Old 09d 
009 04e Ole 09e 
OOa OSI Oal Obi 
OOb 052 Oa2 Ob2 
OOc 053 Oa3 Ob3 
OOd 054 Oa4 Ob4 
OOe oss Oas ObS 
oor 056. Oa6 Ob6 
010 057 Oa7 Ob7 
011 059 Oa9 Ob9 
012 OSa Oaa Oba 
013 OSb Oab Obb 
014 05c Oac Obc 
015 OSd Oad Obd 
016 OSe Oae Obe 
017 062 Oc2 Od2 
Oil 063 Oc3 Od3 
019 064 Oc4 Od4 
Ola 065 OcS OdS 
Olb 066 Oc6 Od6. 
Ole 067 Oc7 Od7 
Old 069 Oc9 Od9 
Ole 06a Oca Oda 
Olf 06b Ocb Odb 
020 06c Occ Ode 
021 06d Ocd Odd 
022 06e Oce Ode 

• cm ·011 Oel Of1 
024 072 Oe2 012 
025 073 Oel Of3 
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APPENDIX A Ccont.l 

026 074 Oe4 Of4 
027 075 OeS OfS 
028 076 Oe6 Of6 
029 077 Oe7 on 
02a 079 Oe9 Ot9 ... 
02b 01•·· Oea Ofa 
02c 07b Oeb Ofb 
02d 07c Oec Ofc 
02e 07d Oed Ofd 
02f 089 109 119 
030 Ola lOa Ila 
031 Olb JOb llb 
032 Ole lOc Ile 
033 Old IOd ltd 
034 Ole lOe Ile 
03S 091 121 Ill 
036 092. 122 132 
037 093 123 133 
031 094 124 134 
039 095 125 135 
Ola 096 126 136 
03b 091 127 ll7 
Ole 099 129 139 
03d 091 12a Ila 
Ole 09b 12b llb 
03f 09c 12c Ile 
040 . 09d 12d lJd 
041 09e 12e Ile 
042 012 142 152 
o43 OiJ .. 143 1S3 
044 Oa4 144 154 
045 OaS 145 lSS 
046 Oa6 146. 1S6 
047 Oa7 147 IS7 
048 Oa9 149 1S9 
049 Ou 141 lSa 
04a Oab 14b I Sb 

- 04b Oac. ·t4c !Sc 
04c Oad 14d lSd 
04d Oae 14e lSe 
04e . Obi 161 171 
04f Ob2 162 172 oso Ob3 163 173 
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APPENDIX A Ccont.l 

051 Ob4 164 174 
052 ObS 165 175 
053 Ob6 166 176 
054 Ob7 167 177 oss Ob9 169 179 .. 
056 Oba 16a I7a 
057 Obb 16b 17b 
OSI Obc 16c 17c 
059 Obd 16d 17d -
OS a Obe 16e 17e 
05b Oc4 ·114 194 
OSc OcS 185 195 
OSd Oc6 186 196 
OSe Oc7 187 197 
05f Oc9 189 199 
060 Oca 11a· 19a 
061 Ocb lib 19b 
062 Occ 18c l9c 
063 Ocd 18cl l9d 
064 Oce lie l9e 
065 ocn lal lbl 
066 Od2 Ia2 lb2 
067 Od3 la3 lbl 
068 Od4 la4 lb4 
Q69 OdS laS lbS 
06a Od6 la6 lb6 
06b Od7 la7 lb7 
06c Od9 la9 lb9 
06d Oda laa Iba 
06e Odb lab lbb 
06f Ode·· lac lbc 
070 Odd lad lbd 
071 Ode lae lbe 
072 Oe2 lc2' ld2 
073 Oe3 lc3 ldl 
074 Oe4 lc4 1d4 
07S OeS lcS ldS 

·076 Oe6 lc6 ld6 
077 Oo7 lc7 ld7 
078 Oe9 lc9 ld9 . 
079 Oea lea Ida 
07a Oeb lcb ldb 
07b Oec Ice Ide 
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APPENDIX A Ccont1) 

07c Oed led ldcl 
07d Oee lee Ide 
07e on lei in 
07f 012 le2 lt2 
080 00 le3 lB 
081 Of4 le4 lf4 

.. 
082 OfS leS If 5 
083 om le6 115 
084 on le7 tn 

. 085 ot9 le9 lf 9 
086 ora lea lfa 
087 Ofb leb lfb 
088 Ill 221 231 
089 112 222 232 
Ola 113 223 233 
Olb 114 224 234 
Ole llS 225 23S 
Old 116 226 236 
Ole 117 227 237 
oar 119 229 239 
090 Ila 22a 23a 
091 lib 22b 23b 
092 Ile.· 22c 23c 
093 lld 22d. 2ld 
094 lie 22e 23e 
095 122 242 2S2 
096 123 243 253 
097 124 244 2S4 
098 125 245 2SS 
099 126 246 256 
09a 127 24? 257 

. 09b 129 249 259 
09c 1~ 24a 2Sa 
09d 12b 24b 2Sb 
09e 12c 24c 2Sc 
09f 12d 24d 2Sd 
·oao 12e 24e 2Se 

- Oat 131 261 271 
Oa2 132 262 272 
Oa3 133 263 273 
Oa4 -134. 264 274 
OaS 135 . 265 275 
Oa6 136 266 276 
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APl!ENDIX A (cont.} 
·[ ! 
! ! 

; r 

Oa7 137 261 277 
Oa8 139 269 279 
Oa9 13a 26a 27a 
Oaa 13b 26b 27b : ; 

. ' Oab 13c 26c 27c 
Oac lld 26d 27d '. 
Oad Ile 26e 27e 
Oae 144 284 294 
Oaf . 14S 28S 29S 
ObO 146 286 296 
Obi 147 287 297 
Ob2 149 289 299 
Ob3 14a 28a 29a 
Ob4 14b 28b . 29b 
ObS 14c 28c 29c 
Ob6 14d 28d. 29d 
Ob7 14e 28e 29e 
Obi 151 2al 2bl 
Ob9 152 2a2 2b2 
Oba 153 2a3 2b3 
Obb 154 2a4 2b4. 
Obc ISS 2aS 2bS 
Obd 156 2a6 2b6 
Obe 157 2a7 2b7 
Obf 159 2a9 2b9 
OcO lSa 2aa 2ba 
Ocl 1-Sb 2ab 2bb 
Oc2 lSc 2ac 2bc 
Oc3 lSd 2ad 2bd 
OC4 lSe 2ae 2be 
OG5 162 2c2 2d2 
Oc6 163 2c3 2d3 
Oc7 164 2c4 2d4 
Oc8 165 2cS 2dS 
Oc9 166 2c6 2d6 
Oca 167 2c7 2d7 
Ocb 169 2c9·· 2d9 
-0cc 16a 2ca 2cla 
Ocd 16b 2cb 2db 
Oce 16c 2cc 2dc . . 
Ocf 16d 2cd 2dd 
OdO 16e 2ce 2de 
Odl 171 2el 2fl 
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APPENDIX A (cont,l 

Od2 172 2e2 2t2 
Od3 173 2el 2f3 
Od4 174 2e4 2f4 
OdS 175 2eS 2fS 
Od6 176 2e6 2f6 
Oc:l7 177 2e7 2r7 
Od8 179 2e9 2f9 
Od9 17a 2ea 2fa 
Oda 17b 2eb 2fb 
Odb 17c 2ec 2fc Ode 17d 2ed 2fd Odd 189 309 319 
Ode 18a 30a Jla Odf lib JOb Jib 
OeO lie 30c lie 
Oel lid .... 30d lid 
Oe2 18e 30e .Jle 
Oe3 191 321 331 Oe4 192 322 332 
OeS 193 323 333 Oe6 194 324 334 
Oe7 195 325 335 
Oe8 196 326 336 Oe9 197 327 337 
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What is claimed is: 

CLAIMS 

1. An encoding system for encoding b-bit symbols and e-bit symbols using a modified nlm rate 

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

consecutive one's to r, the system including: 

A a modulation code encoder for encoding ab-bit symbol orb bits of an e-bit symbol 

to form an n-bit cell; 

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

an (m+i)-bit cell that satisfies the ran 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 concat.enating the n-bit cells 

associated with the b-l>it symbols. and the (m+i)-bit cells associated with thee-bit 

symbols. 

2. The encoding system of claim 1, wh~in the modulation code encoder produces cells in 

which the bits adjacent to the i inserted bits meet stricter nm length limitations of z-i for zeros 

and r-i for ones. 

3. 'lbe 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 thee-bit symbols using combinational logic. 

S. The encoding system of claim 1, wherein the encoder encodes die b least significant bits of 

the e-bit symbol to produce the associated n-bit cell. 

6. The encoding system of c1llim 4, wherein the cell manipulator inserts bito the n-bit cell· 

associated with the e-bit symbol~ 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 thee-bit symbol~ the two sections, to form an m-. 
bit cell. 
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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 then-bit cell to reproduce ab-bit symbol, and n 
bits of the m-bit cell to reproduce b bits of the associated e-bit symbol; 

B. a symbol manipulator for prOducing from the b bits associated with the m-bit cell, 

an e-bit error correction code sYlllbol, the manipulator inserting into the b bits the i 
bits that the decoder refrain~ from deCoding; and 

C. means fm: producing a code word by concat.enating the b-bit symbols cells 

produced by the decoder and thee-bit symbols produced by the symbol 

manipulator. 

9. The encoding system of claim 8 wherein: 

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 associated with the e-bit symbol the 

most significant i bits of that symbol; 
C. · the decoder decodes n bits of the associated m-bit cell and refrains from 

decodingtbe i 
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 conection code 

symbols Using a modified 819 rate nm length limited modulation code that limits the run length 
of consecutive zero's to four and consecutive one's to five, to form a modulation code word, 

the system includiDg: 
A. a modulation 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. a cell manipulator for producing from a 9-bit cell associated with an error 
correction code symbol a 10-bit cell that satisfies the run length limitations 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 cCns 

associated with the. data symbols, and tlic 10-bit cells associated with the error 
correction symbols. 

11. The encoder of claim 10, wherein the modulation code encoder produces 9-bit cells 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 , 
conection 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 encodiJig 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 conection code symbol to produce the associated 9-bit cell. 

15. The encoc:ling system of claim 14, whelein the cell manipulator inserts into the 9-bit cell 

. associated with the error correction code symbol the most.significant bit of that symbol. 

. 16. The encoding system of claim IS, wherein the cell manipulator segments the 9-bit ceU into 

two sections and inserts the bit of the elTOr 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 
sulHystem including: . 

A. a modulation 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. a symbol manipulator for producing from the 8 bits associated with the error 
correction code symbols a 9-bit eITOl' correction code symbol, the manipulator 
inserting into the 8 bits the bh that th~ decoder refmined from decoding; and 

C. means for producing an error-correcdon code word by concatenating the 8-bit data 
symbols cells produced by the decoder and the 9-bit error conection code symbols 

produced by the symbol manipulator. 
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