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FIG. 5A 

Final encodinu step: 
Let A[0:9], B[D:9], ClOzS} and H019] be the uncoded symbols. 
1H:o = 111 and A[9] = 1, then yo = 000, else yo = x0 
11‘ x1 = 111 and B[9] = 1, then y1 = 000, else y1 = at, 
If x2 = 111 and C{9] = 1, then y2 = 000, else 3,!2 = x2 
If x3 =11 and EIQ] = 1, then y3 = 00, else y3 = x3 

FIG. 55 

First decodinq step: 
lfyo = (300, then xu = 111, else x0 = yo 

"Y1 = 000, then x1 = 111, else x1 = y1 
lf y2 = 000, then x2 = 111, else x2 = y2 
If ya = 00, then x3 = 11, else x3 = y3 

FIG. 6 

Final encodinq stem forthe 10/11 coj_e: 

lfxo =111,and y3'[1} = 1, then yo = 000, eise y0 = x0 
- lf x1 = 111, and yc,[2]=1,then y, = 006, else y1= x, 

if x2 = 111, and y1[2] = 1, then y2 = 000, eise y2 = x2 
If X3 = 11, and y2{2] = 1, then y3 = 00, else y3 = x3 

where y3‘[1 I is the last bit of the ptevieus codeword. 
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HIGH RATE RUNLENGTH LIMITED CODES FOR 
10-BIT ECC SYMBOLS 

RELATED APPLICATION 

[0001] This is a continuation of US. patent application 
Ser. No. 09/350,685 ?led on Jul. 9, 1999, for “Method and 
Apparatus for “High Rate Runlength Limited Codes for 
10-Bit ECC Symbols”, McEWen et al, noW pending. 

TECHNICAL FIELD 

[0002] The present invention relates to channel modula 
tion codes and methods for implementation in magnetic 
recording systems such as disk drives. More speci?cally, the 
present invention relates to high rate run-length limited 
(RLL) modulation codes for use in a PRML channel. 

BACKGROUND OF THE INVENTION 

[0003] Modulation codes are used in magnetic recording 
channels in order to limit recorded bit sequences to those 
that are most reliably detectable. In particular, run length 
limited (RLL) modulation codes have been used Within 
partial response signaling, maximum likelihood (PRML) 
data recording and playback channels, decision feedback 
equalization (DFE) channels, and the like. Partial response 
systems of interest for magnetic data storage devices such as 
disk drives and magnetic tape include a PR4 (1-D2) channel 
and EPR4 (1+D—D2—D3) channel as Well as other nonclas 
sical polynomials. The present invention can be used in any 
PR channel. 

[0004] In general, magnetic recording systems employ 
Viterbi detectors to achieve maximum likelihood detection 
of user data as it is played back from the recording medium. 
A modulation code for a PRML data recording and playback 
channel is selected to balance code ef?ciency against timing/ 
gain loop reliability and the Viterbi detector path memory, as 
Well as error propagation during decoding. 

[0005] Run length limited modulation codes are often 
described using the format “(rate) RLL (d,G/I)”, Where the 
“rate” is expressed as a ratio of the number of input bits to 
be encoded to the number of output bits in the resulting 
codeWord. For example, a rate 8/9 modulation code converts 
an 8-bit input byte into a 9-but codeWord. Rate 8/9 encoding 
is Well knoWn in the art, as described, for example, in US. 
Pat. No. 4,797,681 and US. Pat. No. 5,260,703. Rate 8/9 
encoding for PRML data channel also is described in US. 
Pat. No. 5,196,849. As the code rate approaches unity, the 
code is deemed to be more efficient, in that relatively feWer 
code characters are required to encode user data values. 
Thus, rate 8/9 code is more ef?cient than a rate 2/3 code. 

[0006] Similarly, rate 16/17 code is more ef?cient than a 
rate 8/9 code. A rate 16/17 code (=0.941) achieves an 
approximately 6% increase in recording density over a 
standard rate 8/9 modulation code. One example of a rate 
16/17 modulation code is described in commonly assigned 
US. Pat. No. 5,635,933 incorporated herein by this refer 
ence. Another rate 16/17 code is described in US. Pat. No. 
5,784,010 assigned to IBM. 

[0007] Early PRML read channel used the Well-knoWn 
rate 8/9 RLL(0,4/4) channel code. In accordance With prior 
art, this channel code is combined With a 1/(1G9D2) modulo 
2 precoder to obtain the {+1,—1} valued magnetic Write 
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current pattern. On the decoder side, the signal is ?rst 
equaliZed to the partial response target and then the +1/—1 
Write-current Waveform is maximum-likelihood detected. 
The Write current is then “unprecoded” (or postcoded) With 
a 169D2 modulo 2 function. This “undoes” the precoding to 
generate a {0,1 } valued sequence. The data is then RLL 
decoded for the user. Examples of RLL encoders and decod 
ers are disclosed in the patent identi?ed above. 

[0008] The rate 8/9 code can be extended to a rate 16/17 
code by either bit-Wise or byte-Wise interleaving unencoded 
bytes With the encoded sequence. While the G and I con 
straints Will become considerably larger (G=12, I=8 for 
byte-Wise interleaved case), the roughly 6% in increases 
code rate is often considered WorthWhile. Still, the need 
remains for improvements in recording channel encoding 
ef?ciency in order to improve storage capacities in recording 
systems and loWer costs. The codes in this patent application 
are (0,k) codes. The k constraint is equivalent to the G 
constraint. The 0 means that consecutive ones are alloWed, 
ie there is no restriction on the minimum run length of 
Zeros. 

[0009] Another limitation of prior art is that virtually all 
knoWn channel coding schemes are based on 8-bit ECC 
symbols, as they are historically the de facto standard. We 
anticipate use of a 10-bit ECC symbol and thus neW methods 
are required to achieve improved density and error propa 
gation performance in the context of 10-bit ECC symbols. 

SUMMARY OF THE INVENTION 

[0010] In vieW of the foregoing background, a general 
object of the present invention is to improve the effective a 
real density of data recorded on magnetic media. 

[0011] Another object is to improve recording ef?ciency 
by reducing the relative number of non-data bits or “over 
head” in the data encoding process. 

[0012] An object of the invention is to provide very high 
rate modulation codes having reasonable Zero run length 
limitations for use in magnetic recording and playback 
systems. 

[0013] A further object of the invention is to minimiZe 
implementation complexity in the context of high rate RLL 
codes, by providing a relatively small subcode. 

[0014] A further object of the invention is to enable 
effective RLL encoding of 10-bit symbols for magnetic 
recording. 
[0015] A more speci?c object of the invention is to pro 
vide a 50/51 modulation code Which limits error propagation 
in the context of 10-bit ECC symbols. 

[0016] A further object of the present invention is to 
provide encoding schemes having improved ratios of data 
bits to code Word length Without degrading run length 
limiting in encoded data. 

[0017] Another object of the invention is to record data on 
a magnetic media so as to prevent long strings of no 
transition on the magnetic media thereby alloWing for reli 
able timing and gain recovery. 

[0018] According to one aspect of the invention, method 
ologies and constraints are disclosed to enable the creation 
of a variety of high rate channel codes primarily for use in 
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a PRML channel of a magnetic recording and playback 
system. The neW method of designing and implementing a 
desired code generally includes the folloWing steps: 

[0019] First, for a desired rate code, selecting a suitable 
base code (or “subcode”), having a rate n/(n+1) Where n is 
a multiple of the ECC symbols siZe. Examples are rate 
10/11, 20/21, 30/31 etc. for a 10-bit ECC symbols siZe. 

[0020] Second, encoding one or more of the ECC symbols 
using the selected base code. Speci?cally, the number of 
ECC symbols to be encoded is the number of symbols 
necessary to provide the number of input bits appropriate to 
the selected base code. For example, a rate 10/11 base code 
Will require encoding one 10-bit ECC symbol, While a rate 
30/31 base code Will require encoding three ECC symbols 
(to enable 30 input bits). 

[0021] Third, partitioning the codeWord produced by the 
base code into a plurality of m nibbles. In one version m is 
the number of unencoded ECC symbols. For example, if a 
rate 50/51 RLL code is desired, the base code rate 10/ 11 is 
selected, and one ECC symbol is encoded to form the 11-bit 
subcode Word. That subcode Word is partitioned into m=4 
nibbles. Four ECC symbols remain unencoded. In one 
embodiment, three nibbles have three bits each, While a 
fourth nibble has tWo bits. HoWever, other partitions are 
possible as described later. 

[0022] The fourth step, Which is optional but preferred, 
entails modifying the subcode nibbles in response to the 
values of corresponding unencoded symbols that Will be 
positioned adjacent to the xi nibbles in the target codeWord. 
Speci?cally, the invention forbids all Zeros in a subcode 
nibble if the immediately preceding bit (i.e. the last bit of the 
preceding unencoded symbol) is Zero. Conversely, We forbid 
all ones in a subcode nibble if the immediately preceding bit 
(i.e. the last bit of the preceding unencoded symbol) is a one. 
These constraints ensure that at least one magnetic ?ux 
transition per nibble. 

[0023] Finally, the resulting modi?ed nibbles are inter 
leaved among the unencoded ECC symbols. The order of the 
unencoded symbols and the order of the subcode nibbles 
interleaved among them is not limited to any speci?c 
predetermined sequence. The resulting codeWord can begin 
With either an unencoded ECC symbol or a subcode nibble. 

[0024] In one embodiment of the present invention, before 
interleaving the nibbles, at least one unencoded symbol is 
partitioned into smaller portions, such that the nibbles are 
then interleaved among said smaller portions of the unen 
coded symbol. In another embodiment, the nibbles are 
interleaved such that there are tWo or more unencoded 
symbols betWeen at least one pair of nibbles. 

[0025] The foregoing techniques can be applied to design 
rate 20/21, 30/31, 40/41, 50/51, 80/81, 90/91,110/111 and 
other similar rate codes for encoding 10-bit symbols. For 
each code, many different arrangements of the unencoded 
symbols and encoded nibbles can be used. FIG. 3 shoWs just 
one example for each code. The siZe and arrangements of the 
nibbles, hoWever, has implications for the maximum length 
of uninterrupted strings of ones and Zeros in the resulting 
codeWord, as further explained later. In general, the nibbles 
Will be similar to one another in length, if not uniform. This 
arises from, ?rst, designing the base code so as to provide an 
adequate number of codeWords. Second, the base code table 
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is designed so as to be easy to implement. These design 
criteria Will tend to result in codes that have good run length 
properties and result in nibbles that have about the same 
siZe. FIG. 3 shoWs some examples. 

[0026] Thus in one preferred embodiment, in a rate 50/51 
code, the base code has rate 10/11, the number of the 
unencoded ECC symbols is m=4, and the length 11 Word 
produced by the base code encoder is divided into 4 nibbles 
of lengths 3, 3, 3, and 2. The resulting codeWord consists of 
four unencoded ECC symbols interleaved With the nibbles 
mentioned above. The codeWord arrangement is shoWn in 
FIG. 3C. This just a simple example; there are various Ways 
of mapping the input bits to the codeWords Within the scope 
of the present invention. Further illustrations are given later. 

[0027] The described techniques provide simplicity of 
implementation along With enviable recording density and 
error propagation performance. The codes described also 
alloW use of a simple precoder 1/1G9D to limit the length of 
the Nyquist sequence ( . . . 1010101 . . where 69 denotes 

modulo-2 addition. 

[0028] The run length constraint k can be reduced by 
imposing additional constraints on the base codeWord 
nibbles. For example, additional patterns (besides the all 
ones and Zeros patterns) can be excluded. And, as noted 
above, the nibble lengths can be “smoothed” (i.e. variation 
minimiZed) to reduce k as Well. 

[0029] The present invention is quite different from other 
modulation coding schemes. For example, in the rate 24/25 
code described in US. Pat. No. 5,757,294, one input symbol 
or byte is encoded, and the resulting codeWord is partitioned 
and interleaved among the unencoded bytes. There, the 
encoded byte (rate 8/9 base code) Was produced by a ?xed 
encoding, ie without regard to the unencoded bytes. By 
contrast, according to the present invention, the nibbles ?rst 
produced by the base code encoding are then subjected to 
modi?cations (x—>yi), the fourth step above, depending 
upon the adjacent unencoded byte (the adjacent bit). Another 
example of the prior art is the ’933 patent, directed to a rate 
16/17 encoding scheme that again depends solely on the 
16-bit (2 byte) input Word, Without regard to neighboring 
(unencoded) data. By considering the states of adjacent 
unencoded bits, the present invention achieves high code 
rates and improved performance. 

[0030] Another aspect of the invention is high rate run 
length limited code designed in accordance With the fore 
going principles. 

[0031] The foregoing and other objects, features and 
advantages of the invention Will become more readily appar 
ent from the folloWing detailed description of a preferred 
embodiment of the invention Which proceeds With reference 
to the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0032] FIG. 1 is a simpli?ed block diagram illustrating 
data How in a magnetic data storage device, such as a hard 
disk drive, employing partial response signaling and maxi 
mum likelihood detection. 

[0033] FIG. 2 illustrates a preferred bit sequence for a rate 
50/51 codeWord according to the present invention. 
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[0034] FIGS. 3A-G are examples of codeword arrange 
ments for various high rate RLL codes. 

[0035] FIG. 4 is a conceptual diagram illustrating a high 
rate RLL encoding path according to the present invention. 

[0036] FIG. 5A lists logic equations for implementing the 
?nal encoding step for the 50/51 RLL code. 

[0037] FIG. 5B lists logic equations for implementing the 
?rst decoding steps for the rate 50/51 code. 

[0038] FIG. 6 sets forth 10/11 subcode ?nal encoding 
logic equations. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0039] FIG. 1 sets for a simpli?ed block diagram of a 
magnetic recording and playback system such as a hard disk 
drive. While a hard disk drive is one application for the 
present invention, those skilled in the art Will appreciate that 
the principles of this invention may be usefully applied to 
other devices, such as magnetic tape recording, for example. 
User data blocks 12 are received from a source, such as a 

host computer (not shoWn). The blocks are passed through 
an error correction encoder 14 Which generates and appends 
ECC remainder bytes to the blocks in accordance With a 
preestablished ECC polynomial and scheme. The error cor 
rection encoder 14 may be conventional, and it is not further 
described herein. Each data block (noW having a predeter 
mined ECC bytes appended) then passes through a modu 
lation encoder 16. The modulation encoder 16 is in accor 
dance With principles of the present invention, and it 
encodes data to form codeWords as described in greater 
detail hereinafter. Each codeWord is then passed serially 
through, for example, a PR4 precoder 18 having a function 
1/(1G9D2). The precoded codeWords are then recorded as 
sequences of magnetic ?ux transitions Within a data track 
de?ned on a storage surface of a magnetic recording disk 20. 

[0040] During playback, ?ux transitions induced in a read 
head element are subjected to analog/digital ?lter-equaliZa 
tion processes, quantiZed as digital samples, and applied to 
a detector 22 implementing a Viterbi algorithm. The play 
back codeWord is then demodulated in a modulation decoder 
24 also in accordance With principles of the present inven 
tion explained later. FolloWing decoding by the modulation 
decoder 24, each playback data block is passed through an 
error correction decoder 26 Which checks the playback ECC 
bytes to locate and correct any correctable error bursts. Error 
corrected user data 12 is then returned to a requester, such 
as the host computer (not shoWn). If the error correction 
decoder determines that a data block includes uncorrectable 
errors, an error ?ag is returned to the requester, and a second 
attempt is made to read the data block from the disk 20. 

[0041] Aprimary goal of the present invention is to devise 
an encoding or modulation scheme that has the advantages 
of constrained error propagation While increasing recording 
density. Importantly, many prior art systems use 8-bit ECC 
symbols in the recording channel, and the various RLL 
encoding schemes summariZed above assume that symbol 
siZe. To improve performance in the future, hoWever, the 
trend is toWard employing 10-bit ECC symbols, and this 
presents an opportunity to explore neW encoding schemes. 
The present invention is directed to leveraging 10-bit ECC 
symbols in a magnetic recording channel. Speci?c examples 
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of embodiments of the invention include codes With rates 
20/21, 30/31, 40/41, 50/51, 80/81, 90/91, 110/11 summa 
riZed in Table 1 beloW. 

[0042] The codes of the present invention are character 
iZed by m unencoded ECC symbols together With a base 
code With rate n/n+1, Where n is a multiple of the ECC 
symbols size (eg 10 bits). The length n+1 codeWord 
produced by the base code encoder is divided into m nibbles, 
each of Which contains at least one transition. 

[0043] For example, in a rate 50/51 code, the base code 
has rate 10/11, the number of unencoded ECC symbols is 
m=4 (total 40 bits), and the length 11 Word produced by the 
base code encoder is divided into 4 nibbles of length 3, 3, 3 
and 2. Thus the neW codeWord consists of the unencoded 
ECC symbols interleaved With the base code nibbles, for a 
total of 51 bits. One example of the codeWord sequence is 
shoWn in FIG. 2. HoWever, the base code nibbles can be 
interleaved arbitrarily among the unencoded ECC symbols 
in any order, and the codeWord can start With either a base 
code nibble or an ECC symbol. This feature is further 
explained later. 

[0044] In one embodiment of the present invention, before 
interleaving the nibbles, at least one unencoded symbol is 
partitioned into smaller portions, such that the nibbles are 
then interleaved among said smaller portions of the unen 
coded symbol. For example, a method of rate 20/21 encod 
ing a 20-bit input sequence includes the steps of: receiving 
a series of tWo 10-bit input symbols, selecting one of the 
series of input symbols for rate 10/11 encoding, leaving the 
one non-selected 10-bit input symbols unencoded, rate 10/ 11 
encoding the selected one of the input symbols so as to form 
an 11-bit base code Word consisting of a series of four 
nibbles, each nibble containing at least one transition, par 
titioning the 10-bit unencoded symbol into four portions, 
and interleaving the four nibbles betWeen the four portions 
of the unencoded 10-bit input symbol, thereby forming a 
21-bit codeWord. The interleaving step includes: inserting a 
?rst one of the series of nibbles folloWing the ?rst portion of 
the unencoded 10-bit input symbol, inserting a second one 
of the series of nibbles folloWing the second portion of the 
unencoded 10-bit input symbol, inserting a third one of the 
series of nibbles folloWing the third portion of the unen 
coded 10-bit input symbol, and inserting the fourth one of 
the series of nibbles folloWing the fourth portion of the 
unencoded 10-bit input symbol, Wherein the ?rst, second, 
third and fourth nibbles are arbitrarily selected among the 
four nibbles of the 11-bit subcode Word. In one example, the 
10-bit unencoded symbol can be partitioned into four 3-bit, 
2-bit, 2-bit and 3-bit portions. 

[0045] In another embodiment, the nibbles are interleaved 
such that there are tWo or more unencoded symbols betWeen 
at least one pair of nibbles. For example, in a rate 90/91 
code, the base code has rate 10/ 11, the number of unencoded 
ECC symbols is m=8 (total 80 bits), and a length 11 Word 
produced by the base code encoder is divided into 4 nibbles 
of length 3, 3, 3 and 2. Thus the neW codeWord consists of 
the unencoded ECC symbols interleaved With the base code 
nibbles, such that there are 2 unencoded ECC symbols 
betWeen encoded nibbles. The total codeWord length is 91 
bits. One example of the codeWord sequence is shoWn in 
FIG. 3G. HoWever, the base code nibbles can be interleaved 
arbitrarily among the unencoded ECC symbols in any order, 
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and the codeword can start With either a base code nibble or 

an ECC symbol. This feature is further explained later. 

[0046] Base Code Constraints 

[0047] The coding forbids either the all-ones nibbles, or 
the all-Zeros nibble, depending on the value of the bit 
immediately preceding the nibble in question (ie the last bit 
of the unencoded symbol preceding the nibble). The bit 
immediately preceding is Zero, the all-Zeros nibble is for 
bidden; and if the preceding bit is a one, the all-ones nibble 
is forbidden. This ensures at least one transition per base 

code nibble. Implementation of this constraint is further 
described beloW. 

[0048] For a rate n/(n+1) code, there must be at least 2n 
codeWords available. With the constraint described above, 
there are 2L—1 possibilities for each length L nibble, and the 
number of possible base code codeWords is equal to the 
product of the number of possibilities for each nibble. Thus, 
With the rate 10/11 base code, the number of possible 
codeWords is (22—1)*(23—1)3=3*73=1029 Which is greater 
than 21O=1024. Thus the proposed 10/11 coding, as con 
strained, still provides an adequate number of possible 
codeWords. 

[0049] NoW to generaliZe, let k1 be the maximum alloWed 
number of consecutive Zeros or ones; if all nibbles have the 

same length L, then k1=E*n+2L—1, Where E is the length of 
the ECC symbol (E being 10 for purposes of illustration) and 
n is the number of uninterrupted, i.e., contiguous, unencoded 
symbols. For example, if all nibbles have length L=3 and if 
n=2, then k1=2E+2L—1=25. The nibbles need not all be of 
the same length, hoWever. If the nibble lengths vary, then k1 
is determined by the tWo consecutive nibbles Whose lengths 
have the largest sum. Thus, although the nibbles can be 
arbitrarily interleaved among unencoded ECC symbols, as 
noted above, the selected order of unequal length nibbles can 
affect the resulting Zero/one run length. Concatenation of 
codeWords (not subcode) must also be taken into consider 
ation in determining the maximum number of Zeros or ones; 
ie the last nibble and the ?rst nibble should be considered 
in determining the tWo consecutive nibbles Whose lengths 
have the largest sum. For the 90/91 code, k1=2*10+(2*3)— 
1=25. Note that these codes are RLL (0,k) codes With 

k=k1—1. 

[0050] Nyquist Sequence Consideration 

[0051] The code constraint described above does not per 
se limit the length of the Nyquist sequence . . . 010101 . . . 

. When a 1/(1G9D) precoder is used, the maximum length of 
the Nyquist sequence is limited. Operation of the precoder 
is de?ned as folloWs: if the input at time j is aj, then the 
output at time j is bj=b]-_1G9aj where 69 denotes modulo-2 
addition. With this precoder, k1 (and thus k) increases by 1 
and the maximum length of a Nyquist sequence is k1. Table 
1 shoWs a summary of some of the code constraints that can 

be obtained using the approach described above. Note that 
these are merely examples and other can be created from this 
description. 
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TABLE 1 

Examples of High Rate RLL Codes 

Code k (no Base BaseCode Capacity = 
Rate precoder) Code log2(#codeWords) 

20/21 7 10/11 10.007 
30/31 19 10/11 10.931 
40/41 16 10/11 10.621 
50/51 14 10/11 10.007 
80/81 16 20/21 20.020 
90/91 24 10/11 10.007 
110/111 16 30/31 30.156 

[0052] For each of the code constraints listed in Table 1, 
one possible codeWord arrangement is shoWn in FIG. 3, 
Wherein FIG. 3A illustrates a rate 30/31 codeWord arrange 
ment; FIG. 3B illustrates a 40/41 codeWord arrangement; 
FIG. 3C illustrates a rate 50/51 codeWord arrangement; 
FIG. 3D illustrates a rate 80/81 codeWord arrangement; 
FIG. 3E illustrates a rate 110/111 codeWord arrangement; 
FIG. 3F illustrates an example rate 20/21 codeWord arrange 
ment (coded nibbles are shaded, uncoded portions are 
unshaded); and FIG. 3G illustrates a rate 90/91 codeWord 
arrangement (coded nibbles are shaded, uncoded portions 
are unshaded). As noted, the unencoded ECC symbols can 
be arranged in any arbitrary order, as can the subcode 
nibbles, subject to the discussion above. In other Words, 
there any many Ways of mapping the input buts to the 
codeWords. 

[0053] If capacity is suf?cient, the k constraint might be 
reduced by imposing additional constraints on the nibbles. 
This can be done by forbidding additional patterns (other 
than the all-Zero and all-one patterns) for one or more of the 
nibbles. This can also be done by imposing a dependence on 
the encoding of consecutive nibbles. Since there is excess 
capacity for the constraints given above, there are many 
Ways of choosing codeWords that Will be used in the code. 
In other Words, there are many Ways of mapping the input 
bits to the codeWords. 

[0054] Rate 50/51 Code 
[0055] To more fully illustrate the principles of the inven 
tion, and hoW to implement it, We noW describe one par 
ticular embodiment—the 50/51 code—in detail. TWo illus 
trative codeWord arrangements for the 50/51 code are shoWn 
beloW in Table 2. 

TABLE 2 

Arrangements of 50/51 CodeWord 

10 3 10 3 10 3 10 2 

B Z1 C Z0 A Z3 D Z2 

[0056] In Table 2, the ?rst roW shoWs the number of bits 
(total 51) and the second roW illustrates one example of 
mapping the input ECC symbols, consisting of ?ve 10-bit 
ECC symbols A B C D E, to the codeWord. The third roW 
illustrates an alternative mapping ECC symbol to the code 
Word. Many other mappings can be used as Will be explained 
later. The 51-bit codeWord is formed as folloWs. 

[0057] One of the ECC symbols, say D for illustration, is 
encoded using a rate 10/11 base code to form four nibbles yO 



US 2002/0047788 A1 

y1 y3 y4. The unencoded symbols (ABCE) and the base code 
nibbles are interleaved, With one of the nibbles betWeen each 
tWo unencoded symbols in a preferred embodiment. The 
particular mapping or sequence of this interleaving can vary, 
as explained later, but one example is shoWn in the middle 
roW of Table 2 above. The 10-bit symbol D thus is absent 
from the middle roW as that data is re?ected in the base code 
nibbles. Another example of interleaving base code nibbles 
and unencoded ECC symbols, still Within the scope of the 
invention, is shoWn for illustration in the bottom roW of the 
table. In this example, ECC symbol E is encoded to form 
nibbles ZO to Z3, Z2 being the tWo-bit nibble in this case. 
Other variations in mapping can be used subject to the 
constraints described beloW. 

[0058] 
Word into nibbles of roughly equal length. For example, in 
the preferred embodiment, the nibbles are 3,3,3,2 bits long. 
One alternative arrangement might be 2,2,2,5 bit nibbles. As 
noted earlier, it nibble lengths vary, k1 is determined by the 
tWo consecutive nibbles Whose lengths have the largest sum, 
including taking into account the concatenation of code 
Words. Thus for 2,2,2,5 bit nibbles, k1=10+7—1=16. In the 
2,2,2,5 bit nibble example, the number of available code 
Words =33 * (25—1)=27*31=837 Which is less than the 
required 210 or 1024. In the preferred embodiment, for 
nibbles 3,3,3,2 bits long, the maximum run length is 10+6 
1=15. 

In general, it is preferable to divide the base code 

[0059] Encoder For the Rate 50/51 Code 

[0060] The rate 50/51 encoding is done in several steps: 
First, receiving a block of input data consisting of a series of 
?ve 10-bit ECC symbols; and second, selecting one of the 
series of input symbols for rate 10/ 11 encoding, While 
leaving the four non-selected 10-bit input symbols unen 
coded. Referring noW to FIG. 4, the ?rst step involves 
separating the 10-bit symbol D[0:9] into four nibbles, DO=D 
[0:2], D1=D[3:5], D2=D[6:8], D3=D[9]. Next, the encoder 
determines if any of the 3-bit nibbles are all Zero, fi=!(Di 

[0]+Di[1]+Di[2]), for i=0, 1, 2, Where “!”is the logical NOT 
operator and “+”denotes OR operation. Based on this infor 
mation and the value D3 (=D[9]) the encoder calculates the 
encoded nibbles x0, x1, x2 (3 bits each) and x3 (2 bits) using 
a selected rate 10/11 base code such as that illustrated in 

Table 3 beloW. 

[0061] The ?nal encoding step ?ips (complements) an 
all-ones nibble if the preceding bit is a one. Let A[0:9], 

B[0:9], C[0:9] and E[0:9] be the encoded symbols. The 
corresponding ?nal encoding step is illustrated in FIG. 5A, 
Whereby: 

[0062] If xO=111 and A[9]=1, then yO=000, else yo=xO 

[0063] If x1=111 and B[9]=1, then y1=000, else y1=x1 

[0064] If x2=111 and C[9]=1, then y2=000, else y2=x2 

[0065] If x3=11 and E[9]=1, then y3=000, else y3=x3 
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[0066] This process is illustrated in FIG. 4. 

TABLE 3 

10111 Base Code Table 

f0 f1 f2 D3 X0 X1 X2 X3 

0 0 0 d/c DfJ D1 D2 D3 1 
0 0 1 1 100 D.J D1 10 
0 0 1 0 101 D.J D1 10 
0 1 0 1 010 D.J D2 10 
0 1 0 0 011 DfJ D2 10 
1 0 0 1 111 D1 D2 10 
1 0 0 0 001 D1 D2 10 
0 1 1 1 110 D.J 011 10 
0 1 1 0 110 DfJ 010 10 
1 0 1 1 110 D1 001 10 
1 0 1 0 110 D1 111 10 
1 1 0 1 110 D2 100 10 
1 1 0 0 110 D2 101 10 
1 1 1 1 110 001 110 10 
1 1 1 0 110 100 110 10 

[0067] In the above table “d/c” denotes “don’t care”. 

[0068] Other equivalent rate 10/11 codes can be used. The 
corresponding ?rst decoding step is illustrated in FIG. 5B 
thus: 

[0069] 

[0070] 

[0071] 

[0072] 

[0073] 
[0074] Rate 10/11 Subcode 

[0075] Finally, it should be noted that the rate 10/11 base 
code described herein can itself be used as an RLL code by 

not interleaving any unencoded symbols. To illustrate, one 
symbol D can be encoded as shoWn in Table 3, and then the 
?nal encoding step is changed in accordance With the 
folloWing logic, as shoWn in FIG. 6: 

First decoding step; 

If ye=000, then XO=111, else X0=y0 

If y1=000, then x1=111, else x1=y1 

If Y2=000, then x2=111, else x2=y2 

If y3=00, then x3=11, else x3=y3 

[0076] If x0=111, and y3[1]=1, then yO=000, else 
y0=X0 

[0077] If x1=111, and y0[2]=1, then y1=000, else 
Y1=X1 

[0078] If x2=111, and y1[2]=1, then y2=000, else 
y2=X2 

[0079] If x3=11, and y2[2]=1, then y3=00, else y3=x3 

[0080] Where y3[1] is the last bit of the previous codeWord. 

[0081] If no precoder is used, the maximum number of 
consecutive Zeros is 5. This aspect of the invention provides 
an RLL (0,k) code With k=4. When a 1/1G9D precoder is 
used, the maximum number of consecutive Zeros or ones is 
6, thus k=5. With this precoder, the largest Nyquist sequence 
has a length of 6. 

[0082] It Will be obvious to those having skill in the art 
that many changes may be made to the details of the 
above-described embodiment of this invention Without 
departing from the underlying principles thereof. The scope 
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of the present invention should, therefore, be determined 
only by the following claims. 

What is claimed is: 
1. A method of encoding an input block of digital data 

consisting of a series of input symbols of predetermined 
siZe, the method comprising the steps of: 

selecting a base code having a rate n/(n+1) Where n is a 
multiple of the input symbol siZe; 

encoding at least one of the input symbols in accordance 
With the selected base code so as to produce a base 
codeWord, the number of input symbols thus encoded 
being equal to a number of input symbols necessary to 
aggregate n input bits corresponding to the selected 
base code; 

partitioning the base codeWord produced by the base code 
into a plurality of nibbles; 

interleaving the base code nibbles among the unencoded 
input symbols so as to form a rate p/(p+1) codeWord, 
Where p is the length of the input block; and 

for each base code nibble in the p/(p+1) codeWord, if the 
last bit of the preceding unencoded symbols is a one 
and the base code nibble is all ones, modifying the base 
code nibble, thereby limiting a run length of consecu 
tive ones in the resulting codeWord. 

2. The method of claim 1, further comprising the steps of 
partitioning at least one of unencoded input symbols into 
multiple portions, 

Wherein the step of the interleaving comprises the steps of 
interleaving one or more of the nibbles betWeen said 
portions of the partitioned unencoded input symbol. 

3. The method of claim 1, Wherein the step of interleaving 
comprises the steps of interleaving the nibbles among the 
unencoded input symbols such that tWo or more of the 
unencoded input symbols are inserted betWeen at least a pair 
of said nibbles. 

4. A method according to claim 1 Wherein said encoding 
and partitioning steps further include disalloWing any nibble 
consisting of all Zeros. 

5. Amethod according to claim 1 Wherein said modifying 
the base code nibble comprises complementing each bit of 
the base code nibble, thereby limiting the run length of 
consecutive ones. 

6. A method according to claim 1 Wherein selecting the 
base code comprises selecting a base code having a rate 
10/11. 

7. A method of encoding an input block of digital data 
consisting of a series 10-bit ECC symbols. The method 
comprising the steps of: 

selecting a base code having a rate n/(n+1) Where n is a 
multiple of the 10-bit input symbols siZe; 

encoding at least one of the input symbols in accordance 
With the selected base code so as to produce a base 
codeWord, the number of input symbols thus encoded 
being equal to a number of input symbols necessary to 
aggregate n input bits corresponding to the selected 
base code; 

partitioning the base codeWord produced by the base code 
into a plurality of nibbles, disalloWing the all-Zeros 
nibbles; and 
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interleaving the base code nibbles among the unencoded 
input symbols so as to form a rate p/(p+1) codeWord, 
Where p is the length of the input block. 

8. Amethod according to claim 7 Wherein the input block 
siZe is 50 bits, consisting of ?ve 10-bit input symbols. 

9. A method according to claim 7 Wherein the selected 
base code has a rate 20/21. 

10. A method according to claim 7 Wherein the selected 
base code has a rate 30/31. 

11. A method according to claim 7 Wherein the base code 
has rate 10/11 and further comprising, for each base code 
nibble in the p/p+1 codeWord, if the last bit of the preceding 
unencoded symbols is a one and the base code nibble is all 
ones, complementing the base code nibble, thereby limiting 
a run length of consecutive ones in the resulting codeWord. 

12. A method according to claim 7, further comprising the 
steps of partitioning at least one of the unencoded input 
symbol into multiple portions, 

Wherein the step of interleaving comprises the steps of 
interleaving one or more of the nibbles betWeen said 
portions the partitioned unencoded input symbol. 

13. A method according to claim 7, Wherein the step of 
interleaving comprises the steps of interleaving the nibbles 
among the unencoded input symbols such that tWo or more 
of the unencoded input symbols are inserted betWeen at least 
a pair of said nibbles. 

14. A method of rate 90/91 encoding a 90-bit input 
sequence comprising the steps of: 

receiving a series of nine 10-bit input symbols, 

selecting one of the series of input symbols for rate 10/11 
encoding, 

leaving the eight non-selected 9-bit input symbols unen 
coded, 

rate 10/ 11 encoding the selected one of the input symbols 
so as to form an 11-bit base code Word consisting of a 
series of four nibbles, each nibble containing at least 
one transition, and 

interleaving the four nibbles betWeen the four eight unen 
coded 10-bit input symbols, thereby forming a 91-bit 
codeWord. 

15. A method according to claim 14 Wherein said inter 
leaving step includes: 

inserting a ?rst one of the series of nibbles folloWing the 
?rst unencoded 10-bit input symbol, 

inserting a second one of the series of nibbles folloWing 
the third unencoded 10-bit input symbol, 

inserting a third one of the series of nibbles folloWing the 
?fth unencoded 10-bit input symbol, and 

inserting the fourth one of the series of nibbles folloWing 
the seventh unencoded 10-bit input symbol, Wherein 
the ?rst, second, third and fourth nibbles are arbitrarily 
selected among the four nibbles of the 11-bit subcode 
Word. 

16. A method according to claim 14 Wherein said inter 
leaving step includes: 

inserting a ?rst one of the series of nibbles before the ?rst 
unencoded 10-bit input symbol, 
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inserting a second one of the series of nibbles before the 
third unencoded 10-bit input symbol, 

inserting a third one of the series of nibbles before the ?fth 
unencoded 10-bit input symbol, and 

inserting the fourth one of the series of nibbles before the 
seventh unencoded 10-bit input symbol, Wherein the 
?rst, second, third and fourth nibbles are arbitrarily 
selected among the four nibbles of the 11-bit subcode 
Word. 

17. A method according to claim 14 Wherein three of the 
four nibbles formed by the rate 10/11 encoding step have 
three bits each, and the fourth one of the four nibbles has tWo 
bits. 

18. A method according to claim 14 Wherein said rate 
10/11 encoding step includes: 

?rst separating the selected 10-bit symbol so as to form a 
series of four input nibbles de?ned as D0=D[0:2], 
D1=D[3:5], D2=D[6:8], D3=D[9], Where D is the input 
symbol selected for rate 10/11 encoding, 

calculating a series of four encoded nibbles, X0, X1, X2 and 
X3 responsive to the four input nibbles, said calculating 
step including the folloWing: 

for each encoded nibble X1 determined to consist of all 
ones, if the bit immediately preceding the nibble is a 
logic one, complementing said nibble Xi to form a 
corresponding encoded nibble yi, and 

for each encoded nibble determined not to consist of all 
ones, forming a corresponding encoded nibble yi=Xi, 
thereby forming an 11-bit subcode Word consisting of 
encoded nibbles yO to y3. 

19. A method according to claim 18 Wherein said calcu 
lating step includes encoding the selected 10-bit symbol D 
according to the folloWing rate 10/11 base code table in 
Which fi=!(Di[1]+Di[2]), for i=0, 1, 2, Wherein “!”is the 
logical NOT operator, “+” is the logical OR operator and 
“d/c” denotes “don’t care”: 

10/11 Base Code Table 

f0 f1 f2 D3 X0 X1 X2 X3 

0 0 0 d/c D0 D1 D2 D3 1 
0 0 1 1 100 D0 D1 10 
0 0 1 0 101 D0 D1 10 
0 1 0 1 010 D0 D2 10 
0 1 0 0 011 D0 D2 10 
1 0 0 1 111 D1 D2 10 
1 0 0 0 001 D1 D2 10 
0 1 1 1 110 D0 011 10 
0 1 1 0 110 D0 010 10 
1 0 1 1 110 D1 001 10 
1 0 1 0 110 D1 111 10 
1 1 0 1 110 D2 100 10 
1 1 0 0 110 D2 101 10 
1 1 1 1 110 001 110 10 
1 1 1 0 110 100 110 10 

20. A method of rate 20/21 encoding a 20-bit input 
sequence comprising the steps of: 

receiving a series of tWo 10-bit input symbols, 

selecting one of the series of input symbols for rate 10/11 
encoding, 
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leaving the one non-selected 10-bit input symbol unen 
coded, 

rate 10/ 11 encoding the selected one of the input symbols 
so as to form an 11-bit base code Word consisting of a 
series of four nibbles, each nibble containing at least 
one transition, 

partitioning the 10-bit unencoded symbol into four por 
tions, and 

interleaving the four nibbles betWeen the four portions of 
the unencoded 10-bit input symbol, thereby forming a 
21-bit codeWord. 

21. A method according to claim 20, Wherein the step of 
partitioning the 10-bit unencoded symbol includes the steps 
of partitioning the 10-bit unencoded symbol into four 3-bit, 
2-bit, 2-bit and 3-bit portions. 

22. A method according to claim 20 Wherein said inter 
leaving step includes: 

inserting a ?rst one of the series of nibbles folloWing the 
?rst portion of the unencoded 10-bit input symbol, 

inserting a second one of the series of nibbles folloWing 
the second portion of the unencoded 10-bit input sym 
bol, 

inserting a third one of the series of nibbles folloWing the 
third portion of the unencoded 10-bit input symbol, and 

inserting the fourth one of the series of nibbles folloWing 
the fourth portion of the unencoded 10-bit input sym 
bol, Wherein the ?rst, second, third and fourth nibbles 
are arbitrarily selected among the four nibbles of the 
11-bit subcode Word. 

23. A method according to claim 20 Wherein said inter 
leaving step includes: 

inserting a ?rst one of the series of nibbles before the ?rst 
portion of the unencoded 10-bit input symbol, 

inserting a second one of the series of nibbles before the 
second portion of the unencoded 10-bit input symbol, 

inserting a third one of the series of nibbles before the 
third portion of the unencoded 10-bit input symbol, and 

inserting the fourth one of the series of nibbles before the 
fourth portion of the unencoded 10-bit input symbol, 
Wherein the ?rst, second, third and fourth nibbles are 
arbitrarily selected among the four nibbles of the 11-bit 
subcode Word. 

24. A method according to claim 20 Wherein three of the 
four nibbles formed by the rate 10/11 encoding step have 
three bits each, and the fourth one of the four nibbles has tWo 
bits. 

25. A method according to claim 20 Wherein said rate 
10/11 encoding step includes: 

?rst separating the selected 10-bit symbol so as to form a 
series of four input nibbles de?ned as D0=D[0:2], 
D1=D[3:5], D2=D[6:8], D3=D[9], Where D is the input 
symbol selected for rate 10/1 1 encoding, 

calculating a series of four encoded nibbles, X0, X1, X2 and 
X3 responsive to the four input nibbles, said calculating 
step including the folloWing: 

for each encoded nibble Xi determined to consist of all 
ones, if the bit immediately preceding the nibble if a 
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logic one, complementing said nibble Xi to form a 
corresponding encoded nibble yi, and -continued 

for each encoded nibble determined not to consist of all 10m Bdse Code Table 
ones, forming a corresponding encoded nibble yi=Xi, 
thereby forming an 11-bit subcode Word consisting of f0 f1 f2 D3 X0 X1 X2 X3 
encoded nibbles yO to y3. 

, , , , 0 0 1 0 101 D,J D1 10 
26. A method according to claim 25 wherein said calcu 
_ _ _ _ 0 1 0 1 010 D,J D2 10 

lat1ng step includes encoding the selected 10-b1t symbol D 0 1 0 0 011 D,J D2 10 
according to the folloWing rate 10/11 base code table in 1 0 0 1 111 D1 D2 10 
Which fi=!(Di[1]+Di[2]), for i=0, 1, 2, Wherein “!”is the 1 0 0 0 001 D1 D2 10 
logical NOT operator, “+”is the logical OR operator and O 1 1 1 110 D0 011 10 
“d/c” denotes “don’t care”' 0 1 1 O 110 D0 010 10 

' 1 0 1 1 110 D1 001 10 

1 0 1 0 110 D1 111 10 
1 1 0 1 110 D2 100 10 

1 1 0 0 110 D2 101 10 
M 1 1 1 1 110 001 110 10 

1 1 1 0 110 100 110 10 
f0 f1 f2 D3 X0 X1 X2 X3 

0 0 0 d/c D,J D1 D2 D3 1 
0 0 1 1 100 D,J D1 10 


