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-
State 0 (S,) State 1 (S,) :
="
Data (HEX) | Codeword (HEX) Codeword (HEX) g
00000 (00) 100000 (20) S, 011000 (18) S,
00001 (01) 100010 (22) S, 000010 (02) S, 2
00010 (02) 100100 (24) S, 000100 (04) S, ;
00011 (03) 100110 (26) S, 000110 (06) S, <
00100 (04) | 101000 (28) S, 001000 (08) S, 2
00101 (05) 101010 (2A) S, 001010 (0A) S,
00110 (06) 101100 (2C) S, 001100 (0C) S, %
00111 (07) 110110 (36) S, 010110 (16) S, 5
01000 (08) 110000 (30) S, 010000 (10) S, .
01001 (09) 110010 (32) S, 010010 (12) S,
01010 (0A) 110100 (34) S, 010100 (14) S,
01011 (0B) 100001 (21) S, 010001 (11) S .
01100 (0C) 100011 (23) S, 010011 (13) 5 G, 3 2
01101 (0D) 100101 (25) S, 010101 (15) S, =
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Juded *S'0

State 0 (S,) State 1 (S,) State 2 (S,) State 3 (S;)
Data (HEX)| Codeword Next Codeword Next Codeword Next Codeword | Next
(HEX) State (HEX) State (HEX) State (HEX) State
000000 (00) (1100001 (61) S, 1001101 (4D)} S,  |0000010 (02) S, 0000100 (04) S,
000001 (01) (1100101 (65) S, 1000010 (42) So 0011000 (18) S, 0000110 (06) S, 2
000010 (02) 1101001 (69) S, 1000100 (44) S, |0011010 (1A)] S, 0001000 (08) So 5
000011 (03) [1101101 (6D)f S, 1000110 (46) So 0011000 (18) S, 0001010 (0A)] S, N
000100 (04) 1100001 (61) S, 1001000 (48) So 0011010 (1A)} S, 0010000 (10) S, @
000101 (05) [1100101 (65) S, 1001010 (4A)] S, 0100000 (20) S, 0010010 (12) So *
000110 (06) { 1101001 (69) S, 1001100 (4C) S, 0000011 (03) S, 0010100 (14) So
000111 (07){1101101 (6D)] S, 1001101 (4D) S, 0001100 (0C)[ S, 0010110 (16) So %
001000 (08) | 1100000 (60) So 1010000 (50) Sy 0000011 (03) S, 0100100 (24) S, 8
001001 (09) (1100010 (62) So 1010010 (52) So 0011000 (18) S, 0100110 (26) So =
001010 (0A)| 1100100 (64) So 1010100 (54) S, 0011010 (1A)] S, 0101000 (28) S, ia
001011 (0B)|1100110 (66) S, 1010110 (56) Sy 0011000 (18) S, 0101010 (2A)| S, 0
001100 (0C)| 1101000 (68) So 1011000 (58) S, [0011010 (1A)| S, 0110000 (30) So
001101 (0D){1101010 (6A)} S, 1011010 (5A) So 0100000 (20) S, 0110010 (32) So
001110 (OE)|1101100 (6C)] S, 1010001 (51) S, 0100010 (22) Sy 0110100 (34) So o
001111 (OF)[1000011 (43) S, 1010001 (51) S, 0101100 (2C)| S, 0110110 (36) So | ‘:j
FIG. 8A1 5
| 2
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Judred 'S’

010000 (10)[1100001 (61)| S, 1000101 (45)] S, [0000010 (02)] S, 0000100 (04| S,
010001 (11){1100101 (65)] S, 1000010 (42)] S, |0100001 21| S, 0000110 (06)] S,
010010 (12) {1101001 (69)| S, 1000100 (44)] S, |0010001 (11)| S, }0001000 (08)| S,
010011 (13){1101101 (6D)} S, 1000110 (46)] S, |0110001 31){ S, [0001010 (0A)| S,
010100 (14) |1001011 (4B)| S, |1001000 (48)] S;” |0001001 (09)] S, 0010000 (10)| S, <
010101 (15)}1011011 (5B)] S,  |1001010 (4A)| S, 0101001 29)| S, 0010010 (12)| S, =
010110 (16) 1001011 (4B)[ S;  |1001100 (4C)| S, |0011001 (19)} S, 0010100 (14)] S, R
010111 (17)[1011011 (5B)] S,  [1001001 (49)] S, 0001100 (0C)] S, 0010110 (16)| S, =
011000 (18) [ 1100000 (60)| S, 1010000 (50)| S, |0000101 (05)] S, 0100100 24)| S, ®
011001 (19){1100010 (62)] S, ]1010010 (52)] S, 0100101 (25)] S, ]O100110 (26)| S,
011010 (1A){ 1100100 (64)| S; |1010100 (54)| S, 0010101 (15)| S, |0101000 (28)| S, &
011011 (1B){1100110 (66)] S, [1010110(56){ S, (0110101 (35)| S, |0101010 (2A)[ &, 2
011100 (1C)| 1101000 (68)] S, 1011000 (58)| S, |0001101 (OD)} 5, 0110000 30)| S, E
011101 (1D)[1101010 (6A)| S,  |1011010 (5A)| S, |0101101 2D)} S, |0110010 (32)| S, E
011110 (1E)[1101100 (6C)] S, |1010101 (55)] S,  [0100010 (22)j S, |0110100 (34)] S,
011111 (1F)|1000011 (43){ S, 1011001 (59)} S, |0101100 2C)| S, 0110100 (34)| S,
h
FIG. 8A2 Px
s
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c
State 0 (S) State 1 (8,) State 2 (S,) State 3 (S;) i
)
Data (HEX)| Codeword Next Codeword Next Codeword Next Codeword | Next §
(HEX) State (HEX) State (HEX) State (HEX) State =
100000 (20)11100011 (63) S, 1000101 (45) S, 0000010 (02) S, 0000100 (04) S,
100001 (21)}0100011 (23) S, 1000010 (42) S, 0100001 (21) S, 0000110 (06) S,
100010 (22) 0010011 (13) S, 1000100 (44) S, 0010001 (11) S, 0001000 (08) S, §
100011 (23)}0110011 (33) S, 1000110 (46) S, 0110001 (31) S, 0001010 (0A)} S, W
100100 (24) |0001011 (0B) S, 1001000 (48) S, 0001001 (09) S, 0010000 (10) S, %
100101 (25)|0101011 (2B) S, 1001010 (4A) S, 0101001 (29) S, 0010010 (12) S, &
100110 (26) {0011011 (1B) S, 1001100 (4C) S, 0011001 (19) S, 0010100 (14) S,
100111 (27)|1101011 (6B) S, 1001001 (49) S, 0001100 (0C) S, 0010110 (16) S, "
101000 (28) [ 1000001 (41) S, 1010000 (50) S, 0000101 (05) S, 0100100 (24) S, g’
101001 (29) | 1100010 (62) S, 1010010 (52) S, 0100101 (25) S, 0100110 (26) S, E
101010 (2A)} 1100100 (64) S, 1010100 (54) S, 0010101 (15) S, 0101000 (28) S, e
101011 (2B)| 1100110 (66) S, 1010110 (56) S, 0110101 (35) S, 0101010 RA)} S, 7
101100 (2C)| 1101000 (68) S, 1011000 (58) S, 0001101 (0D) S, 0110000 (30) S,
101101 (2D)|1101010 (6A) S, 1011010 (5A) S, 0101101 (2D) S, 0110010 (32) S,
101110 (2E)[1101100 (6C) S, 1010101 (55) S, 0100010 (22) S, 0110100 (34) S, o
101111 (2F) 1010011 (53) S, 1011001 (59) S, 0101100 (20) S, 0110110 (36) S, \.a}
FIG. 8Bf 3
A
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110000 (30)[1100011 (63)] S, _|1000101 (45)] S, [0000010 (02)] S, [0000100 (04)] S,
110001 (31){0100011 (23){ S,  |1000010 (42)| S, {0100001 (21)| S, |0000110 (06)| S,
110010 (32) |0010011 (13){ S,  |1000100 (44){ S, 0010001 (11)] S, 0001000 (08)| S,
110011 (33)[0110011 (33)] S, |1000110 (46)[ S, 0110001 (31)| S;  [0001010 (0A)| S,
110100 (34)[0001011 (OB){ S,  |1001000 (48)| S, 0001001 (09)| S,  [0010000 (10)| S, y
110101 (35)[0101011 (2B)| S,  [1001010 (44)| S, [0101001 (29)| S, [0010010 (1) S, Ei
110110 36) [0011011 (1B)| S,  |1001100 (4C)| S, |0011001 (19)| S,  [0010100 (14)| S, &
110111 (37)|1101011 (6B)| S, 1001001 (49)| s, |0001100 (0C)] 8, |0010110 (16)| S, g
111000 (38) | 1000001 (41)] S, |1010000 (50)] S, ]0000101 (05)] S, 0100100 24)| S,
111001 (39)]1100010 (62)] S, |1010010 (52)] S, |0100101 (25)| S, 0100110 (26)| S,
111010 (3A){ 1100100 (64)] S, |1010100 (54)| S, |0010101 (15)] S, 0101000 (28)| S, =
111011 (3B)|1100110 (66)] S, |1010110 (56)] S,  |0110101 (35)| S,  [0101010 2A) S, &
111100 (3C){ 1101000 (68)] S,  [1011000 (58)| S, [0001101 (OD)| S,  |0110000 (30)| S, z
111101 (3D){1101010 (6A)] S, |1011010 (5A)| S, |o101101 @D)] S,  [0110010 (32)| S, =
111110 (3E){1101100 (6C)| S,  [1010101 (55)| S,  [0100010 (22)| S,  |0110100 34)| S,
111111 3F)|1010011 (53)] S,  |1011001 (59)| S,  [0101100 2C)] S, |0110110 36)| S,
FIG. 8B2 \,§
\‘)—*
~J]
A

LS| Corp. Exhibit 1009
Page 14



U.S. Patent Mar. 24, 1998

R

3
\

Sheet 14 of 15 5,731,768

-
3
\

ENCODER

7 48
DELAY //

&
B
702>

N
)
o
3 t>
N
% -
N2
A_
4]
NN
NIt

LS| Corp. Exhibit 1009
Page 15



5.731,768

Sheet 15 of 15

Mar. 24, 1998

U.S. Patent

X

d33d003a

8

{\Z‘r T

o

aviaa (£ > HANMERSa ﬁ LNANI
78 <71 166 “
28
[734 &\ 77| | o7 |

08
1)
ﬂ\%\ ONIQTIOH A_w
< 09 55 8

e | 68
-
L,

LSI Corp. Exhibit 1009

Page 16



5,731,768

1

METHOD AND APPARATUS FOR
IMPLEMENTING CODES WITH MAXIMUM
TRANSITION RUN LENGTH

BACKGROUND OF THE INVENTION

The present invention relates in general to information
storage systems and, more particularly, to a method and
apparatus for implementing maximum transition run (MTR)
codes in a digital data magnetic recording system. In digital
data magnetic recording systems, digital data is recorded in

a moving magnetic media layer by a storage, or “write”

electrical current-to-magnetic field transducer, or “head”,
positioned immediately adjacent thereto. The data is stored
or written to the magnetic media by switching the direction
of flow of a substantially constant magnitude write current
which flows through windings in the write transducer. Each
write current direction transition results in a reversal of the
magnetization direction in that portion of the magnetic
media just passing by the transducer during current flow in
the new direction, with respect to the magnetization direc-
tion in the media induced by the previous current flow in the
opposite direction. In one scheme (NRZI), a magnetization
direction reversal over a portion of the media moving past
the transducer represents a binary digit “1”, and the lack of
any reversal in that portion represents a binary digit “0”.

‘When such recorded data is to be recovered, arefrieval, or
“read” magnetic field-to-voltage transducer, (which may be
the same as the write transducer if both are inductive) is
positioned to have the magnetic media, containing previ-
ously stored data, pass thereby such that flux reversal
regions in that media either induce, or change a circuit
parameter to provide, a voltage pulse to form an output read
signal for that transducer. Such a read signal has an analog
character in the recording retrieval process. In the scheme
described above, each such voltage pulse due to the mag-
netizations in corresponding media portions is taken to
represent a binary digit “1” and the absence of a pulse in
correspondence with such portions because of no magneti-
zation reversals therein is taken to represent a binary digit
“0”. ‘

In digital magnetic recording systems, the times between
voltage pulses are used to reconstruct the timing information
concerning the time base used in recording the data previ-
ously stored in the magnetic media to define the path
portions described above. More specifically, the output of
the read signal information detector is used as an input signal
to a phase-locked loop forming a controlled oscillator, or
phase-lock oscillator (PLQ), or synchronizer, which pro-
duces an output clock signal from the positions of the
detected peaks of the read signal. In other words, the PLO
locks the phase of the timing clock signal to the phase of the
signal resulting from peak detection of the read signal
voltage pulses. Absolute time is not used in operating the
data retrieval system portion since the rotational speed of the
motor which drives the magnetic media varies over time
both during recording and retrieval which results in nonuni-
form time intervals between read signal voltage pulses.

A data encoding scheme known as run-length-limited
(RLL) coding is commonly used to improve the PLO’s
reconstructed clock signal accuracy based on avoiding drift
in the frequency thereof because of too much time occurring
between successive voltage read signal pulses. When RLL
code is employed, the time durations between read signal
voltage pulse transitions is bounded, that is, effectively, the
number of binary digits of value “0” that can separate binary
digits of value “1” in the read signal is limited. This

10

15

20

25

30

35

45

50

55

65

2

constraint is known overall as a (d,k) constraint where the
individnal constraint “d” represents the minimum run length
of zeros, or the number thereof between ones, while the
individual constraint “k” represents the maximumrun length
of zeros permitted. The “d” portion of the constraint can be
chosen so as to avoid crowding of voltage pulses in the read
signals which can reduce intersymbol interference problems
in which portions of read signal voltage pulses overlap. By
limiting the number of consecutive zeros, the “k” constraint
maintains the reliability of the PLO in providing an accurate
clock signal for the retrieval system. An automatic gain
control (AGC) system is usually used to maintain signal
amplitude in the retrieval signal processing channel, and the
“k” restraint also maintains the reliability of the AGC.

As the recording densities become greater, the result is
that transitions representing binary “1’s” become recorded
very close to each other in the magnetic media such that
severe intersymbol-interference results. At densities consid-
erably greater than those in currently commercially available
products, the most likely error sequence has been demon-
strated to consist of write patterns that contain three or more
unspaced consecutive transitions. A class of block codes that
limits the number of consecutive symbol fransitions, typi-
cally representing binary “1’s”, are known as maximum
transition ran (MTR) codes. To avoid three or more con-
secutive transitions, codes with MTR values (no more than
two successive binary “1°s” in the coding result) equal to
two are desirable.

When data is encoded into codewords that satisfy certain
constraints, data words (blocks of successive coding sym-
bols typically binary “1°s” and “0°s”) having “m” successive
bits are translated into code words (blocks of successive
coding symbols again typically binary “1’s” and “0’s”)
having “n” bits where “n” is greater than “m”. The ratio
“m/n” of the data word symbol length to the codeword
symbol length is known as the code rate, “r”. The upper
bound of the MTR=2 code rate in which k=oo has been found
to be 0.8791 as indicated in the Seagate Annual Report. This
upper bound is also known as the capacity of the code. This
means there exists MTR codes with MTR=2 that map m data
bits into n code bits as long as the ratio of m to n is smaller
than 0.8791. For practical implementation, m and n are
usually chosen to be small integers and the ratio m/n is as
close to the code capacity as possible.

To design a MTR code with MTR=2 having a rate of m/n
and using one-to-one block mapping in which the “m” data
symbols, or binary data bits, in a block are mapped into the
“n” code symbols, or binary data bits, in a block, an
exhaustive search of the possible n bit blocks is used to find
2™ different n-bit words which satisfy the MTR=2 con-
straint. In addition, in order for these words to satisfy the
MTR=2 constraint when concatenated as code words, the bit
patterns therein must begin and end with ‘00°, ‘01’ or ‘10°.
That is, bit patterns can be considered in these words found
in the exhaustive search which start or end with ‘11° and
those words can be invalidated insofar as being used as code
words. For instance, if n=5 and if one removes all the 5-bit
words having three or more consecutive “1’s”, having bit
patterns that start or end with *11°, and the all zero bit pattern
word, there are exactly 2* or 16 words which remain. This
is just enough to form a 4/5 rate MTR code with MTR=2
using one-to-one mapping between the data words and the
code words.

However, when attempting to extend this method to a 5/6
rate MTR code with MTR=2, there are only thirty words
with valid bit patterns available, two short of the 2° or 32
words required. Although one may achieve the same code
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3

rate by mapping 10-bit data words to 12-bit data words, the
2'% or 1024 code words will significantly complicate the
encoder and decoder which use Boolean logic to implement
the bit pattern mapping. Thus, in the context of the above
example, there is a desire to provide an encoding algorithm
which satisfies the MTR=2 constraint that is easy to imple-
ment using Boolean logic and is not limited by invalid
patterns beginning or ending with ‘11°. Of course, the
present invention is not limited to such codes which satisfy
the MTR=2 constraint, but rather is applicable to any such
code regardless of the coding constraints chosen.

SUMMARY OF THE INVENTION

The present invention provides a system for encoding
selected data blocks having selected ordered symbols therein
into corresponding code blocks having selected ordered
symbols therein numbering more than the symbols in the
data blocks with the data blocks received at a receiver in the
system. An encoder provides a corresponding said code
block for each of the data block, such that each of the code
blocks. and any concatenations thereof, are without more
than a preselected number of successive repetitions of a first
symbol throughout, and without more than a preselected
number of successive repetitions of a second symbol
throughout. In addition, any of said code blocks that can be
provided for more than one of different ones of the data
blocks, in coming to the receiver to represent a data block,
comes in a concatenation of code blocks such that such that
a code block that can represent more than one different data
block comes to the receiver together with at least one other
code block in the concatenation so that they are together
sufficient to determine which of the different ones of the data
blocks that could be represented is being represented. The
symbols in the blocks can be from the binary number
system.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a two-state trellis diagram for associating
concatenated code word bit patterns with each other accord-
ing to the present invention;

FIG. 2 is a table illustrating all of the 6obit binary patterns
which satisfy the MTR=2 constraint according to the present
invention;

FIG. 3 is a code word assignment and next state table of
a 5/6 rate MTR=2, k=9 code according to the present
invention;

FIG. 4A is a block diagram of an encoder for the 5/6 rate
code of FIG. 3;

FIG. 4B is a block diagram of a decoder for the 5/6 rate
code of FIG. 3;

FIG. 5 is a four-state trellis diagram for associating
concatenated code word bit patterns with each other accord-
ing to another embodiment of the present invention;

FIG. 6 is a table illustrating all of the 7-bit binary patterns
which satisfy the MTR=2 constraint according to the present
invention;

FIG. 7 is a table of sub-groups of the 7-bit patterns which
satisfy the MTR=2 constraint according to the present
invention;

FIGS. 8A and 8B are a code word assignment and next
state table of a 6/7 rate MTR=2, k=9 code according to the
present invention;

FIG. 9A is a block diagram of an encoder for the 6/7 rate
code of FIG. 8; and

FIG. 9B is a block diagram of a decoder for the 6/7 rate
code of FIG. 8.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

To achieve a m/n rate equal to 5/6 in an MTR code with
MTR=2 using code words of 6 bits in length (n=06), an initial
Iist is provided of all such 6 bit words including those that
begin or end with bit patterns ‘11°. According to the present
invention, these 6-bit words are assigned to branchings to
the next state during a state transition from a selected
corresponding state in a finite state machine represented by
a two-state trellis diagram in such a manner that invalid
patterns (three or more consecutive 1°s) do not occur when
these code words are concatenated. Referring to FIG. 1, the
two states in the trellis diagram are indicated there as state
So and state S; which have been found to be sufficient in
number for this code. Two branches are shown leading into
and out of each of the states S, and S, if viewed across the
entire diagram, but with each of the branches shown in fact
representing several branches in parallel.

As shown in FIG. 2, an exhaustive search of this initial list
is made to find all of the 6-bit words in the list having bit
patterns therein which satisfy the MTR=2 constraint results
in the listing shown there after being divided into four
selected groups of words based on selected bit patterns in
those words:

Group A: ‘1XXXX1’ (9 different words),

Group B: ‘1XXXX0’ (11 different words),

Group C: ‘0XXXX1’ (11 different words),

Group D: ‘0XXXXO0’ (12 different words),
where X represents either a “1” or an “0”. This grouping is,
as indicated, based on the bit patterns of the two end bits in
each of these words.

In order to limit the resulting code to having the MTR
value therefor equal to two in concatenations of the code
words resulting from successive transmissions thereof, con-
straints are imposed on the transition branches in the trellis
diagram so that the branches may only be associated with
certain code words having suitable bit patterns to avoid the
occurrence of three or more successive “1’s”. If all code
words arising upon state transitions leaving states along
branches leading to a state S, in the diagram have bit
patterns that are restricted to those that end with ‘0°, code
words arising upon a subsequent state transition along
branches leaving that S, state can be from any group. If all
code words arising upon state transitions along branches
leaving a state S, in the diagram have bit patterns that are
restricted to those that begin with ‘0°, code words arising in
an immediately preceding state transition along branches
leading to that state S; can be from any group. As a result
of following these constraints, the above code word groups
are acceptable to arise along each branch as listed below:

So to Sg Branch: Groups B and D (end with “0”),

So to S; Branch: Groups A, B and D (all but these chosen

to allow a unique state assignment as set out below)

S, to S Branch: Groups D (begin and end with “0”),

S, to S, Branch: Groups C and D (begin with “0”).

In order to make the code words uniquely decodable and
limit the error propagation, code words arising upon leaving
each state in a state transition must be unique. That means
each code word cannot be used upon transitions from more
than one state. Groups A and B are assigned so that code
words arise therefrom upon state transitions along branches
leaving just state S, in view of their association with
branches leaving that state as shown above, and Groups C
and D are assigned so that code words arise therefrom upon
state transitions along branches leaving state S, for that
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same reason. However, since this is a 5/6 rate code, 2° or 32
different code words are necessary for transitions from each
state so that a data word can be represented by each such
transition, but code words assigned for branchings from a
selected state can be repeated for branchings from that state
to each of the different next states branched to therefrom
since they will still be uniquely decodable because of their
differing next state characteristics. The use of the fewest
states possible, of course, tends to reduce complexity and
cost.

One code word ‘011010° from Group D is therefore
moved to arise on transitions from state S, (which group is
also associated with branches leaving that state in the second
listing above) to thereby provide 32 code words available to
arise on transitions from that state. As a result, that moved
code word now forms Group D" leaving the rest of former
Group D to now form Group D'. The code words are, as a
result, distributed to the branches as follows:

From S, to Sy: B (11 different words) and D" (1 word),

From S, to S;: A (9 different words) and B (11 different

words),

From S, to S, D' (11 different words),

From S, to 8,: C (11 different words) and D' (11 different

words).

There is thus a total of 32 code words for branchings from
state Sy, and 33 words for branchings from state S, thus
showing two states in the finite state machine to be suffi-
cient. To keep the “0’s” run length “k” constraint small, we
may eliminate the former code word ‘000001” from Group
C to form Group C' and so then leave 32 code words for
branchings from state S, also. FIG. 3 shows the next state
table of the resnlting maximum transition run code having a
5/6 rate with MTR=2 and k=9, providing the next state and
code word corresponding to each data word for branchings
from both of states S, and S, during state transitions, and
showing the corresponding hexadecimal value for these
words. The k=9 constraint is equaled when the code words
100000 and ‘000010 occur successively in a transmission
thereof.

Since the code words are unique to the branchings from
each state, the decoder will only have to look ahead one code
word. For example, the code word ‘36’ (hex) may be
received by the decoder. This code word from the table of
FIG. 3 can be seen there to be the possible result of either
data words ‘07’ or ‘17’ (hex). To determine which, the
decoder must check on the next code word and determine
whether it was associated branchings from either state S, or
state S, as it is uniquely associated with one or the other. If
the next code word is one resulting from a branching from
state S, the data word ‘07’ (hex) will be the decoded output
since state S, was the next state of the preceding code word
36’ (hex) now being decoded that represented data word
‘07’ (hex), otherwise the next code word is from state S, and
data word ‘17’ (hex) is decoded. Errors confined to a single
code word will thus only affect two decoded data words, that
data word represented by the erroneous code word and the
preceding data word for which the erroneous code word was
the next code word.

The logic structures of the encoder and decoder for the
maximum transition run code set out in the table of FIG. 3,
having a rate 5/6 with MR=2 and k=9, can be expressed in
Boolean logic expressions in which a “*” between Boolean
variables denotes an AND logic operation, a “+” between
Boolean variables denotes an OR logic operation, and a “—”
over a Boolean variable denotes a NOT logic operation.
These Boolean functions can be implemented into such
encoders and decoders by well known logic gate circuits in
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well known manners based on forming a finite state machine
therewith. Alternatively, such encoders and decoders can be
similarly implemented in a microprocessor, or
microprocessors, in well known manners.

In the encoder system shown in block diagram form in
FIG. 4A, each input data word of five bits A,, As, Ay, A, and
A, is successively supplied to a clocked five bit input
register, 10, as the data word receiver at a system input, 11,
during a corresponding period of the system clocking signal
supplied at a clock signal input, 12. Each such input data
word stored in input register 10 is transferred during the next
clock period from an output, 13, of that register into an input,
14, of an encoder, 15, comprising a finite state machine
based on the table in FIG. 3 to be encoded into a code word
of six bits Cs, C,. Cs, C,, C, and C, provided at a code word
output, 16, of that encoder. From the table of FIG. 3, we can
see the input data words are divided into two groups. The
first group of data words extends ‘00’ to ‘0A’ (hex) and, for
state transitions from either state S, or state S,, has state S,
as its next state. The second group of data words extends
from ‘0B’ to ‘1F’ (hex) and, for state transitions from either
state S, or state S,, has state S, as its next state. Data words
can be identified as being from two sublists in the data word
listing, data words in the listing from ‘00’ (hex) to ‘0A’ (hex)
and from ‘10’ (hex) to ‘1A’ (hex), by the following expres-
sion taking a Boolean value of 1:

KK=Ax+(A*(Ar+As)). [Eq. 1

Since data words in this first group for state transitions
from either state S, or state S, have the next state as S,,, and
the data words from the second group do not, negating KK
and placing it in an OR relationship with the fourth data
word digit A, allows the next state to be expressed by the
equation

Ns=KK+A, [Ea. 2]
for use in encoder 15. Ns=0 represents state S, as the next
state, and Ns=1 represents state S; as the next state.

The bits of the code words arising on branchings from
state S, during state transitions as set out in the table of FIG.
3 can be expressed as follows for use in encoder 15:

YAs=KK+A A (A A ), [Eg- 3]
YA =KK*(Ay+A,*A, $AHKK*(A,*A,) [Eq. 4]
YA;=KK*{A*(ArrAo) HRE*(A M A2 ArtA A o), [Eq. 51
YA,=KK*A AKK*(H, +A*H,, ), [Eq. 6]
YA, =KK*Ag+KK*(H,+H,5), Eq- 71
YA=KK*(As+H,s), [Eq. 8]

where the corresponding Boolean variables H, are defined
below.

The bits of the code words arising on branchings from
state S, during state transitions as set out in the table of FIG.
3 can be expressed as follows again for use in encoder 15:

YBs=0, [Eq. 9]
YB =KK*(As+A*A, *Ao )y KK¥H KK *A,, [Eq. 10]
- YBy=KK*A*(A+AcHHo EE A A2 *Ar+A Ay, [Eq. 11]
YB,=KK*A +KK*H,,+A*H,,), [Eq. 12}
YB,=KK*A+KK*(Hy+H,s5), [Eq. 13]
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YB,=KK. [Eq. 14]

The corresponding Boolean variables H, used in the
preceding encoding expressions for the code word bits are
defined as follows:

Hy=A A A M, [Eg. 15]
H 1 =Az*A*A %A, [Eq. 16]
H=A*AL*A *A,, [Eq. 17]
H,5=A*AL*A " A, [Eq. 18]
Hys=A3*A %A A, [Eq. 19]

The output code words of the encoder are provided by the
code word bits Cs. C,. Cs, C,, C; and C, formed by
selecting the proper one of the corresponding preceding
code word bit expressions from the two sets thereof through
use of the next state expression associated therewith delayed
by one state transition (or one system clock period) to
provide the current state indication therefor, the expressions
for the six code word bits being as follows:

Cs=Ks*YAs+Ks*YB;, [Eq. 20]
C=Ks*YA+Ks*YB,, [Eq. 21]
Cy=Ks*YA;+K5*YB,, [Eaq. 22]
Cy=Ks*YA+Ks*YB,, [Eq. 23]
C,=Ks*YA,+K5s*YB,, [Eq. 24]
Co=Ks*YA+Ks*YB,, [Eq. 251

Here Ks is a bit representing the current state, and it is the
bit Ns provided at a next state output, 17, of encoder 15
delayed by one state transition, or clock period, in a clocked
one bit delay register, 18, having its next state input, 19,
connected to encoder output 17. The system clock signal is
also provided to register 18 at a clocking input, 20, thereof.
An output, 21, of register 18 is connected to a current state
input, 22, of encoder 15.

In the corresponding decoder system for this 5/6 rate
MTR code shown in block diagram form in FIG. 4B, output
data words formed of five bits A, A;, A, A, and A, are
recovered based on successive pairs of input code words of
six bits each taken from a sequence thereof where each input
code word in such a pair occurs in succession the sequence
thereof. Current code words, provided by bits Cs, C,, C;, C,,
C, and C,,, carry the information as to corresponding current
states of the encoder, and the code word next following the
current code word, provided by the bits C,,,C,,,C5,Cq,C5,
and Cq, carries the information as to the corresponding next
encoder state. Together, they point to the corresponding
unique data word to result from the decoding process in the
decoder.

In this decoder system, each input code word of six bits
is successively supplied to a clocked six bit input register,
30, at a system input, 31, during a corresponding period of
the system clocking signal supplied at a clock signal input,
32. Each such input data word stored in input register 30
represents the following or next code word (C,;,C,6,Cg.Ca,
C;,Cg) after storage in input register 30, but is transferred
during the next clock period from an output, 33, of that
register into an input, 34, of another clocked six bit holding
register, 35, where it becomes the current code word (Cs,C,,
Ca, C,.C,.C,) after storage therein. The system clock signal
is also applied to a clocking input, 36, of register 35. The
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new input code word stored in input register 30 during the
time the preceding code word is stored in holding register 35
then becomes the next code word during the time held in
register 30.

The code word in input register 30, as the next code word,
is also supplied at output 33 thereof to a first input, 37, as is
the current code word from an output, 38, of delay register
35 to a second input, 39, of a code word legality checker, 40.
If the six code bits in any code word received form an illegal
code word representing an eliminated six bit word (any of
the words that were eliminated in forming Groups A, B, C,
(D' and D" above), a flag signal taking a Boolean value of
1 at the output of checker 40 will indicate so as a basis for
a user to arrange some corresponding action if desired. This
flag signal LL as implemented in checker 40 can be
expressed as:

LL=L +Lo+Ls+Ly, [Eq. 26}
where

Ly=Cs*C *CstC ¥ C5*CatCa*Co* Cr+Co*Cy *Co, [Eq. 271

L=Cs*C T Cy*Ch, [Eq. 28]

L3=Cy*Cyo*CotC1o*Co*CatCo*Ce*CrHCs*C 14 Co, [Eq. 29]

L=Cyy*Cyo*Co*Ce*C {Eq. 30]

The current states of the received code words imposed by
the encoder can be expressed by the equations:

Ts=(Cs*Co)HCs *éo)+(G1 *H0),

T, =(Cs* CoHCs*Co(CHCaH(CoHC* T,

[Eq. 31]
{Eq. 321

where G; and H,, are defined below. Tsy=1 indicates state
S, is the current state and Ts;=1 indicates state S, is the
current state. These two states can be represented in one bit
by Ks by
Ks=Ts;. [Eq. 33]
Rather than using the expression preceding the last
directly to form the last expression to obtain the current
state, the decoder system determines the next state and then
delays use of it for one state transition to thereby then have
it represent the current state. This is accomplished through
the code word in input register 30, as the next code word,
being also supplied at output 33 thereof to an input, 41, of
a state determiner, 42. The next states of the encoder
corresponding to the input code words received in input
register 30 can be expressed by the equation:
Ne=(Cy *CoHC11* Ce*(CiHCao*(CoHCo*T))- [Eq. 34]
Ns=0 indicates state S, is the next state, and Ns=1 indicates
state S, is the next state. This expression, implemented in
determiner 42, provides the next state at an output, 43,
thereof connected to an input, 44, of a clocked one bit delay
register, 45, having an output, 46, at which is provided the
current state indication. Delay register 45 also has a further
clocking input, 47, to receive the system clock signal.
Output 46 of delay register 45 is connected to a first input,
48, and output 38 of holding register 35 is connected to a
second input, 49, of a decoder, 50, to thereby provide the
current state indication and the current code word to that
decoder. In addition, output 43 of state determiner 42 is
connected to decoder 50 at a third input, 51, thereof to
provide the next state indication thereto. For the implemen-
tation of the decoding logic gates in decoder 50, the code
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words are divided into four groups A'=A+D", B, C and D' as
described above taking into account the firal adjustments
made in the assignment of code words to transition branch-
ings from the states. Code words can be identified as
belonging to these groups by the corresponding variables
K,.K;.K_and K, in the expressions below taking a Boolean
value of 1:

10

Group A") K=(Cs*CoH{G*Hyo), [Eq. 35] -
Group B) K;=Cs*Co, [Eq. 36]
Group C") K =(Cs*CoY (C+Cs+CatCy), [Eq. 37}
Group D) K=Cs*Co*CtCa*(CaHC*C))) [q. 38]

Here, the code word taken from Group D to thereby form
Group D" as described above has been added to Group A to
form Group A' leaving Group D' consisting of the rest of
former Group D. Group C' is formed from Group C less the
word eliminated therefrom above.

The data word bits recovered from received code words
arising on branchings from state S, during state transitions
as set out in the table of FIG. 3 can be expressed as follows
for use in decoder 50 based on the variables for identifying
code words from Groups A' and B:

XAEKMCAHCACHEN,), [Bq- 39]
XA=K HEHCHCAHE), [Eq. 40]
XA =K *(C gt Cy+He+H )V HEKHF(CaHCy*C*Ch))), [Eq. 41]
XA =K MCoHH)HELFC,), [Eq. 42]
XA (K HCACHG* (HyHH WHEL*Cy), ' [Eq. 43]

where the corresponding Boolean variables G, and H, are
defined below.

The data word bits recovered from received code words
arising on branchings from state S, during state transitions
as set out in the table of FIG. 3 can be expressed as follows
again for use in decoder 50 but based on the variables for

identifying code words from Groups C and D":
XBAKATYHEAN,), [Eq. 4]
XB=KHKHCHCHCrCL)), [Eq. 45]
XBy=(KAH, *Hy s YHEM(CHCsHCHCACON), [Eq. 46]
XB =(K X (CsHH))HK*C,), [Eq. 47]
XBo=(K *(Co+H +Hy  )WHK *Cy). [Eq. 48]

The corresponding Boolean variables G, and H, used in the
preceding decoding expressions for the data word bits are
defined as follows:

G=Cs*C, [Eq. 50]
H=C3*C,*C,*C, [Ea. 511
Hs=C5*C,*C*C, [Ea. 52]
Hy=C3*C,*Cy*C, [Eaq. 53]
Hy=C5*Cy*Cy*Co [Eq. 54]
Hy=C3*C,*Cy*Co [Eq. 55]
H,=C;*C,*C,*C, [Eq. 56]

The output data words of the encoder are provided by the
code word bits A,, As, Ay, A; and A, at the output of decoder
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50 formed by selecting the proper one of the corresponding
two preceding data word bit expressions through use of the
next state expression delayed by one state transition (or one
system clock period) to provide the current state indication,
the expressions therefor being as follows:

A=Ks*XA +Ks*XB,, [Eq. 57]
A;=Ks*XA3+Ks*XB;, {Eq. 58]
A=Ks*XA,+K5s*XB,, [Eq. 59]
A=Ks*KA,+Ks*XB,, [Eq. 60]
A=Ks*XA +Ks*XB,, [Eq. 61]

Ks is the current state indication provided at the output of
delay register 45.

A further maximum transition run code example is pro-
vided by such a code having a 6/7 rate with MTR=2 and k=9
using a 4-state trellis diagram as shown in FIG. § with again
the branches shown representing several branches in paral-
1el. To implement this code, all of the possible 7-bit blocks
or words, excluding those not satisfying MTR=2, are
divided into four groups of possible code words based on
those bit patterns involving the end bits of each such word
just as was done for the 5/6 rate code design above. As a
result, there are 17 such blocks or words in Group A with the
bit pattern given therefor above, 20 such words in each of
Groups B and C with the bit patterns corresponding to those
patterns given above for those groups, and 23 such words in
Group D with the corresponding bit pattern given therefor
above, as shown in the table of FIG. 6. A 6/7 rate code needs
2° or 64 different code words for transitions from each state
so that a different data word can be represented by each such
transition from a state. The code words in these four groups
have been found to be insufficient in number to implement
such a code with this rate using either a 2-state or 3-state
trellis. :

To implement this code in a finite state machine repre-
sented by a 4-state trellis, we further restrict certain words
for branchings from each state. Words arising on branchings
from state S, may begin with any two bits including “11°,
and so words arising on branchings leading to state S, must
end with ‘0’ to satisfy MTR=2 in code word concatenations
arising from branchings into and out of that state. Words
arising on branchings from state S, may only begin with
‘10’, and so words arising on branchings to state S, may end
with ‘00 or ‘01 again to satisfy MTR=2 in code word
concatenations arising from branchings into and out of that
state. Words arising on branchings from either of states S,
and S; only begin with ‘0’, and so any words arising on
branchings leading to states S, and S; are satisfactory. With
these restrictions, the four groups of words indicated above
can be further divided into subgroups as follows:

Group A:

Group AA: ‘11XXX11” (2 different words),
Group AB: ‘11XXX01’ (4 different words),
Group AC: ‘10XXX11" (4 different words),
Group AD: ‘10XXX01’ (7 different words),

Group B:
Group BD:
Group BB:

Group C:
Group CD: ‘0XXXX01’ (13 different words),

Group CC: “0XXXX11’ (7 different words),

Group D: “‘0X3XXX(’ (23 different words),
where X="0" or ‘1’. Again, code words arising from branch-
ings from in each state must be unique in order for the code

‘10XXXXO0 (13 different words),
1IXXXXO (7 different words),
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words to be uniquely decodable and to limit any error
propagation. Group D is further divided into two groups (D'
and D" ) such that sixteen words therein are used in one state
and the other seven words are used in another state. To
satisfy the 64 different words per state requirement, we may
assign the words to branches as follows:

From S, to S,: BB (7 different words),

From 3, to S,: AB and BB (4+7=11 different words),

From S, to 5,: AA, AB, AC, BB and CC 2H+4+7+7=24

different words),

From S, to S55: AA, AB, AC, BB and CC (2+4-H4+7+7=24

different words),

From S, to Sy: BD (13 different words),

From S, to S;: AD and BD (7+13=20 different words),

From S, to §,: AD and BD (7+13=20 different words),

From §, to S;: AD and BD (7+13=20 different words),

From S, to Sy: D' (7 different words),

From S, to 5;: CD and D’ (13+7=20 different words),

From S, to S,: CD and D' (1347=20 different words),

From S, to S;: CD and D' (13+7=20 different words),

From S, to Sy D" (16 different words),

From S, to S;: D" (16 different words),

From S, to S,: D" (16 different words),

From 3; to S5: D" (16 different words).

There is a total of 66 different words for S, a total of 73
different words for S,, a total of 67 different words for S,,
and a total of 64 different words for S, as shown in the table
of FIG. 7. This satisfies the minimum requirement of a total
of 64 different words per state with some to spare. Some
adjustment can be made in order to keep the “k” constraint
small. Words ‘1000000 from Group BD and ‘0000001’
from Group CD are eliminated to avoid long runs of zero to
form Groups BD' and CD'. Word 1000001” of Group AD is
moved to transition from state S,. Word ‘0000011’ of Group
CC is moved to transition from state S,. FIG. 8 shows the
next state table of the resulting maximum transition run code
having a 6/7 rate with MTR=2 and k=9. The k=9 constraint
is equaled when either of the code words ‘1010000° or
‘0010000’ is followed by either of code words “0000010° or
‘0000011” in sequence.

In the encoder for implementing this maximum transition
run code having a 6/7 rate shown in block diagram form in
FIG. 9A comprising a finite state machine based on FIG. 8,
each data word of six bits (As Ay, Al A, Ay, Ay is
successively supplied to a clocked six bit input register, 60,
at a system input, 61, during a corresponding period of the
system clocking signal supplied at a clock signal input, 62.
Each such input data word stored in input register 60 is
transferred during the next clock period from an output, 63,
of that register into an input, 64, of an encoder, 65, com-
prising a finite state machine based on the table in FIG. 8 to
be encoded into a code word of seven bits (Cg, Cs, C,, Cs,
C,, C,, C,) provided at a code word output, 66, of that
encoder.

The data words associated with code words of Group BD'
for branching from state S, (located by their hex values in
FIGS. 7 and 8), and those data words associated with code
words of Group CD' for branching from state S, (similarly
located) can be identified by the following equations taking
a Boolean value of 1:

Kpg=(As*Ho* HyyH(As*H, *H, ) [Eq. 62]

and

Ko ~(As*Ho* By HAS Hy H ) (AAs). [Eq. 63]

12

The corresponding Boolean variables H, are defined below.

The code word bits of the code words for branchings from
state S, in the table of FIG. 8 can be expressed as follows
for use in encoder 65:

5
YA=AAASHAHH L)), [Eq. 64]
YAs=(H,5*(Go+(Gy *(AstA)yeAs*Hy* Hys* (As* Aot Ho+AdEq. 651
YA=(Gy M(HstH A (HytHotHetH 5), [Eq. 66]
10
HAs=(Got G WA * A HA A Hy s (At A A5 *A;),  [Ba. 67]
YA =(Go*As*Ao)H{(As* A HysH(G *As*Ar*Ao), [Eq. 68]
s YA =(As* Ao HALPAS A Y HAs*As), [Eaq. 69]
YA=(AtH, sHAs*Hy), [Eq. 70]
where the corresponding Boolean variables G, and H, are
defined below.

50  The two bits representing the next state for the code words
for branchings from state S, out of the four possible next
states can be expressed as follows for use in encoder 65:

NA=AHGH Az +H ) PHG H(A* Ay H,)), [Eq. 71}

= NAG(Go*As* A HG " Hy* Hs)Gs. [Eq. 72]

The code word bits of the code words for branchings from
state S, in the table of FIG. 8 can be expressed as follows
for use in encoder 65:
30
YBe=1 [Eq. 73]
YBs=0 [Eq. 74]
YB~(Kpg*Asy+tH +H,5 [Eq. 75]
35 o
YBo=(Kpg*Ax)HHor-(H)s* A ctA))HH *A*As) [Eq. 76]
YB,=(Kpa* A HHoHH H(AtAs)yHH A *As) [Eq. 77]
YB,=(Kpa*Aq) [Eq. 78]
40 ,
YB=Kys [Eq. 79]
The two bits representing the next state for the code words
for branchings from state S, can be expressed as follows for
use in encoder 65:
4s
NBy=AsH((HotH rtH, 4+H15)*Go) [Eq. 80]
NBy=AHA*A1*Ao*Go) [Eq. 81]

so  The code word bits of the code words for branchings from
state S, in the table of FIG. 8 can be expressed as follows
for use in encoder 65:

YCs=0 [Eq. 82]
55 YCs=(K *Aoy+Hy o+HystHeH 5 [Eq. 83]
YC (K, A HA MAHGH +H +Hs+H, o)) [Eq. 84]
YC3=(K oA FH(Go*(Ay* (A HA)WH +HA-H o +H, 5 [Eq. 85]
60 YO, =K, A HAH s [Eq. 86]
YC,=(Go*Ao)+HytHys [Eq. 87]
YCo=K, s+Hgt+H, [Eq. 88]
65  The two bits representing the next state for the code words

for branchings from state S, can be expressed as follows for
use in encoder 65:
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NC=AsHG X (As*AyHHe+H 1)) {Eq. 8]
NCy=A MG (HytH HHetHgHH  +H ) [Eq. 90]

The code word bits of the code words for branchings from
state S, in the table of FIG. 8 can be expressed as follows
for use in encoder 65:

YDs=0 [Eq. 91}
YDs=A, [Eq. 92]
YD=A, [Eq. 93]
YDs=A,*A, [Eq. 94}
YD=(Az*AYHAL*AY) [Eq. 95]
YD=A, [Eq. 96]
YD=0 [Eq. 97]

The two bits representing the next state for the code words
for branchings from state S, can be expressed as follows for
use in encoder 65:

ND;=As [Eq. 98)

NDg=A, [Eq. 991

The corresponding Boolean variables G, and H, used in
the preceding encoding expressions for the code word bits
are defined as follows:

Gy=As*A, [Eqg. 100]
G =As*A, [Eq. 101]
Go=As*A, [Eq. 102}
Gs=As*A, [Eq. 103]
Hy=A;*A,*A *A, [Eq. 104]
H=Az*4,*A,*A, [Eq. 105}
Hy=Ag*A,*A, A, [Eq. 106]
Hy=Az*A,*A*A, [Eq. 107]
H=A*A*A, %A [Eq. 108]
Hy=Az*A,*A %A, [Eq. 109]
Hg=Az*A,*A, %A {Eq. 110}
Hy=A A, %A, %A, [Eq. 111]
Hg=A;*A,*A, A, [Eq. 112]
Hy=Az*A,*A, %A, [Eq. 113]
Hyo=A*A*A %A, [Eq. 114]
Hy=As*A*A %A, [Eq. 115}
Hy=As*A*A*A, [Eq. 116}
Hy5=As*A*A %Ay [Eq. 117]
HymAg*A*A %A, [Eq. 118]
Hys=Ag*A* A", {Ea. 119]

The output code words of the encoder are formed by the
code word bits Cg, Cs, C,, Cs, C,, C, and C, formed by
selecting the proper one of the corresponding preceding
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code word bit expressions from each of the four sets thereof
through use of the next state expression associated therewith
delayed by one state transition (or one system clock period)
to provide the current state indication therefor, the expres-
sions for the seven code word bits being as follows:

Ce=(Ks, *KsoY* YAHKs * Kso)* YBsHKs *Ksp)* YCo+

(Ks,*Kso)*YDs {Eq. 120]
Cs=(Ksy*Kso)* YAs+{Ks1 *Kso)* YBs+{Ks, *Ksq)*¥Cst

(Ks1*Kso)*YDs [Eq. 121]
C=(Ksy* Kso)* YA +HEKs *Kso ¥ YB (K *Kso*YCot

(Ks,*Ksg)*YD, {Eq. 122]
Cy=(Kisy *Kso)* YA +(Ksy* Ksg Y YBy+(Ks, *Kso)*¥Cat

(Ks,*Kso)*YD, [Eq. 123]
Co=(Ksy *Kisg)* YAy+(Ksy*Kso)* YBy+(Ksy*Kso)*YC+

(K5, *Kso)*YD, [Eq. 124]
Cy=(Ks*Kso)? YA, +{(Ko *Ks)* YBy+(Ko *Kso) ¥YC ot

(Ks *Ks)*¥YD, [Eq. 125]
Co=(Ks, *Kso)* YAq+(Ks * Ksgy* YBoHKs * Ksp*YC st

(Ksy*Kso)*YDq {Eq. 126]

The associated next state is selected in the same manner
resulting in the two bits representing the next state being
expressed as follows:

Nsy=(Ks* Rsy*NA;+(Ks, *Ksg)*NBHKs *Kso)*NC 1+

(Ksy*Kso)*ND, [Bq. 127]
Nisg=(Ks;*Ksp)*NAg+HK's, *Ksg)*NBy+(Ks, *Kso)*NCy+
(Ks*Kso)*ND, {Eq. 128]

where (Ks;,Ks,) is an ordered pair of bits representing the
current state. (Ks,;, Ksg) equal to the Boolean values (0,0)
represents state S, equal to (0,1) represents state S;, equal
to (1.0) represents state S, and equal to (1,1) represents state
S;. Here (Ks,,Ks,) are bits representing the current state,
and are the bits (Ns,,Ns,) provided at a next state output, 67,
of encoder 65 delayed by one state transition, or clock
period, in a clocked two bit delay register, 68, having its next
state input, 69, connected to encoder output 67. The system
clock signal is also provided to register 68 at a clocking
input, 70, thereof. An output, 71, of register 68 is connected
to a current state input, 72, of encoder 65.

In the comresponding decoder system for this 6/7 rate
MTR code shown in block diagram form in FIG. 9B, output
data words formed of six bits Ag, A,, A, Ay, A, and A, are
recovered based on successive pairs of input code words of
seven bits each taken from the sequence of code words
where each input code word in such a pair is in succession
in the sequence thereof. Current code words, formed of the
bits Cg, Cs, Cy, Cs, C,, C; and C,, provide the information
as to the corresponding current states of the encoder, and the
next following code word of each current code word, formed
by the bits C,3, C;,, Cy3, Ci0, Co, Cg and C,, provides the
information as to the corresponding next state. Together,
they point to the corresponding unique data word to result
from the decoding.

In this decoder system, each input code word of seven bits
is successively supplied to a clocked seven bit input register,
80, at a system input, 81, during a corresponding period of
the system clocking signal supplied at a clock signal input,
82. Each such input data word stored in input register 80
represents the following or next code word (C,s, Cy5, Cy3,
Cio Cg, Cg, C,) after storage in input register 80, but is
transferred during the next clock period from an output, 83,
of that register into an input, 84, of another clocked seven bit
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holding register, 85, where it becomes the current code word
(Cq, Cs, C,y, G5, C,. Cy, C) after storage therein. The system
clock signal is also applied to a clocking input, 86, of
register 85. The new input code word stored in input register
80 during the time the preceding code word is stored in
holding register 85 then becomes the next code word during
the time held in register 80.

The code word in input register 80, as the next code word,
is also supplied at output 83 thereof to a first input, 87, as is
the current code word from an output, 88, of delay register
85 to a second input, 89, of a code word legality checker, 90.
If the seven code bits in any code word received form an
illegal code word representing an eliminated seven bit word
(any of the words that were eliminated in forming Groups
AA, AB, AC, AD, BB, BD', CC, CD'. I’ and D" above), a
flag signal taking a Boolean value of 1 at the output of
checker 90 will indicate so as a basis for a user to arrange
some corresponding action if desired. This flag signal LL as
implemented in checker 90 can be expressed as:

LI=L +lpt gL, [Eq. 129]
where
Li=Cs*Cs*CytCs*Cy*CatCa* Ca*Cot C3*Co*Cy+Cr*

C*Co, [Eq. 130]
L,=Ce*Cs*Cy*C*Cr*Cr4Cs*Cy*C3*Co*C *Co [Eq. 131}
L3=C13* CIZ*CI 1+C12*C1 1*C10+C11 *CIO*Cg+C10*C9*CB+

Co*Cy*C, [Eq. 132]

L=Cy3*C15*C1 *Cro*Co*CetCrp*C1 *Cro*C*C* ;. [Eq. 133]

The code words can be divided into groups AA, AB, AC,
AD', BB, BD, CC', CD, D' and D" as described above.
Group AD' is formed by removing code word 1000001
therefrom as indicated above, and its occurrence in a tran-
sition from state S, is provided for directly in the decoder
data word digit expressions below. Similarly, Group CC' is
formed by removing code word 0000011 therefrom as
indicated above, and its occurrence in a transition from state
S, is also provided for directly in the decoder data word digit
expressions below. Groups BD and CD are used rather than
Groups BD' and CD' resulting from the removal of code
words 1000000 and 0000001 therefrom, respectively, as
indicated above, and relying on signal LL to indicate their
occurrence. Current state code words can be identified as
belonging to Groups AA, AB, AC, AD', BB, BD, CC', CD,
D' and D" by the corresponding variables K, K ;. K. .. K
K, Koo K. K, K and K. in the expressions below

taking a Boolean value of 1:
Group AA) K,.=Cs*Cs*C1*Co, [Eq. 134]
Group AB) K,,=Ce*Cs*C*Co, [Eq. 135]
Group AC) K, =Cs*Cs*Cy*Co, [Eq. 136]
Group ADY) K, =Cs*Cs*(CHC5+Co)*C1*Coy [Eq. 137]
Group BB") Kp,=Cs*Cs*Co, [Bq. 138]
Group BD) Ky =Ce*Cs*Co, [Eq. 139]
Group CC") K,.=Ce*Ci*Co*(Cs+CytCs), [Bq. 140]
Group CD) K, ~Cs*C*Co, [Eq. 141]
Group D") Kp=Ce*Co*(Cs*(CrCHT*C5*Cy), {Bq. 142)
Group D') K;=Cs*Co*K . [Eq. 143]
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The current states of the received code words imposed by
the encoder can be expressed by the equations:

Tk ot K oK A KK HCe*Ca*Cs* ¥ Cy), [Eq. 144]
T5=K Ky g, [Eq. 145}
T5=K K o HC*Cs*C*C*Co), [Eq. 146}
Ts5=K . [Eq. 147]

The occurrence of Tsy, Ts;, Ts, or Ts, taking a Boolean value
of 1 indicates that the current state is the corresponding one
of states S, S,, S,and S;. These possible current four states
can be represented in two bits by Ks, ,Ks, as follows:

Kso=Tso* Ty + T, {Eq. 148]

[Eq. 149}

Ks,=Tog* T+ Tos.

(Ks,,Ks,) is an ordered pair of bits representing the current
state. (Ks,.Kso) equal to (0,0) represents state S, equal to
(0,1) represents state S,, equal to (1,0) represents state S,
and equal to (1,1) represents state S.

Rather than using those expressions directly preceding the
last two expressions to form these last two expression to
obtain the current state, the decoder system determines the
next state and then delays use of it for one state transition to
thereby then have it represent the current state. This is
accomplished through the code word in input register 80, as
the next code word, being also supplied at output 83 thereof
to an input, 91, of a state determiner. 92. Next state code
words can be identified as belonging to Groups AA, AB,AC,
AD', BB, BD, CC', CD, D' and D" by the corresponding
variables KK _,, KK _,, KK__, KK_,, KK;,, KK, ,, KK __,
KK.;, KK, and KK, in the expressions below taking a
Boolean value of 1:

Group AA) KK,,=C,,*C1,*C*Cy, [Eq. 150]
Group AB) KK 3,=Cy3*C1,*Cs*Cy, [Eq. 151]
Group AC) KK ,.=C;3*C12*C*Co, [Eg. 152]
Group AD') KK, ~C15*C17%(Cy+C1o+Col*Cs*C, [Eq. 153]
Group BB') KKyy=Cy5*Cr2*Cr, [Eq. 154}
Group BD) KK, ~C,5*C1,*Cs [Ba. 1551
Group CC) KK, =C_*Cg*C7*(Cy3+C11+C1o); [Eq. 156]
Group CD) KK, =C,3*Ce*Cs, [Eq. 157]
Group D") KKJ:CIS*C7*(EIO*(C11+C9)+EII*CIO*C’Q)v [Eq. 158]
Group D') KK;=Cy5*C*KK . [Eq. 159]

The next states of the encoder corresponding to the received
code words can be expressed by the equations:

TT5q=KE KK oyt KK KKyt KK HCys*Cyy*

Cio*Co*Cy), [Eq. 160]
TT5y=KK g+KKpa [Eq. 161]
TT5,=KK, KK g H(C5*C1o*C1y *Cro*Co)s [Eq. 162]
TTs5=KE . [Eq. 163]

The occurrence of TTsy, TTs,, TTs, or TTs, taking a
Boolean value of 1 indicates that the mext state is the
corresponding one of states Sy, S;, S, and S;. These possible
four next states can be represented in two bits by Ns,, Ns,
as follows:
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Nso=ﬁs°*m1+m3, [Eq. 164]

N =TTs*TTe 4T, [Eq. 165]

(Ns,, Nsy) is an ordered pair of bits representing the next
state. (Ns,,Ns,) equal to the Boolean values (0,0) represents
state S, equal to (0,1) represents state S,, equal to (1,0)
represents state S,, and equal to (1,1) represents state S,.

These expressions, implemented in determiner 92, pro-
vide the next state at an output, 93, thereof connected to an
input, 94, of a clocked two bit delay register, 95, having an
output, 96, at which is provided the current state indication.
Delay register 95 also has a further clocking input, 97, to
receive the system clock signal. Output 96 of delay register
95 is connected to a first input, 98, and output 88 of holding
register 35 is connected to a second input, 99, of a decoder,
100, to thereby provide the current state indication and the
current code word to that decoder. In addition, output 93 of
state determiner 92 is connected to decoder 100 at a third
input, 101, thereof to provide the next state indication
thereto.

The data word bits recovered from received code words
arising on branchings from state S, during state transitions
as set out in the table of FIG. 8 can be expressed as follows
for use in decoder 100 based on the variables for identifying
code words from Groups AA, AB, AC, BB and CC:

XAs=K 3 HC *C* Ko P HNS * (K HK o +PP)), [Eq. 166]

XA (Nso* (R gt Kpprt Ko A PPYYH(Nisy *K g H(Co+N5o)*K oy TE. 167

XA=(Cs*K,, ) Ky +PP, [Bq. 168]
XA ACHN K oot Koy t Ko HNSo* Ny * Ko K o, [Eq. 169}
XAy=(CoH(K it K o) HC+ C*Nso))* Ky HC K+

(CrEee), [Eq. 170]
XAGE(Cs* KO, * B HCsHC*C ) Ko HC * Ko

(Cs*K,.): [Eq. 171]

where

PP=(Gg*Ho)HG4*H,), [Eq. 172]

and G, and H, are defined below.

The data word bits recovered from received code words
arising on branchings from state S; during state transitions
as set out in the table of FIG. 8 can be expressed as follows
for use in decoder 100 based on the variables for identifying
code words from Groups AD' and BD:

XB=Ns,*(KysHHstHo *K ), [Eq. 173]
XB=Nso*(KyaH{ Hs+Ho)*K,3), [Eq. 174]
XB=C X KpatK o), [Eq. 175]
XB~(C* Ky YH(C o tHoHH,5*Nso) K o [Eq. 176]
XB=(Cy* Ky H(C -ty Ny K o [Eq. 177]
XBHCy*KpgH{(Ca*CotH N5 K o [Eq. 178]

The data word bits recovered from received code words
arising on branchings from state S, during state transitions
as set out in the table of FIG. 8 can be expressed as follows
for use in decoder 100 based on the variables for identifying
code words from Groups CD and D"

XCs=(Ns *KyH(C* CHCa*CoY sy %K ), [Eq. 179)

XC A Nso* Ko H(C.* CrtCs*Co) Nso*Kop), [Eq. 180]
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XCo=(Co*K JHC NS +CsHCot CrHC* C X Nsg ) Kyt

(Go*H3*Nso), [Eq. 181}
XCy=(Cy* KoY HE FC* Nt Co* CtCs)*K sH(Gg*

H,*Nsg), {Eq. 182]
XC=(Cy*K ) HCH(Co *Nog+Cy *NsoHCa*CorC*Cy) K

(Go*H5*Nso), [Eq. 183]
XCo=(Cs*K HC*K )- [Eq. 184]

The data word bits recovered from received code words
arising on branchings from state S; during state transitions
as set out in the table of FIG. 8 can be expressed as follows
for use in decoder 100 based on the variables for identifying
code words from Group D":

XD=NS*K », [Eq. 185)
XD =NSy*K [Eq. 186]
XD=Cs*K ., [Eq. 187]
XD=C *K,., [Eq. 188]
XD, =(C*CotCo*C ) K g, [Eq. 189]
XDg=Cy*K g, [Eq. 190}

The corresponding Boolean variables G, and H, used in the
preceding decoding expressions for the data word bits are
defined as follows:

Go=Cs*Cs*C, [Eq. 191]
G =Cs*Cs*C,, [Eq. 192]
G,=Ce*Cs*C,, [Eq. 193]
G3=Ce*Cs*C,, [Eq. 154]
G=Cg*Cs*C,, [Eq. 195]
Gs=Ce*Cs*C,, [Eq. 196]
Gg=Ce*Cs*C,, [Eq. 197]
G=Cs*Cs*Cy, [EBq. 198]
Ho:(_:s*az*é1*éo, [Eq. 199]
H=C5*Co*C*Co, [Eq. 200]
H=C,*C*Cy*C, [Eq. 201]
Hsia*éz*cx*co’ [Eq. 202]
H=C*C*C*Co, [Eq. 203]
H5=C'3*C2*C'1*Co, [Eq. 204]
Heg=C5*Cy*Ci*Co, {Eq. 205]
Hy=C3*Co*C*Co, [Eq. 206]
Hy=C3*C,*Cy*Co, [Eq. 207]
H9=C3*(_32*6'1*C0, {Eq. 208]
H,=C3*C*C*Co [Eq. 205]
Hy=C,*Co*C*Co, [Eq. 210]
Hy=C3*C*Cy*Co [Eq. 2111
Hy5=C3*Co*Cy*Co, [Eq. 212}
H=C5*Co*Cy*Coy [Eq. 213]
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Hy5=Cy*Cy*C*Co [Eq. 214]
The output data words of the encoder are provided by the
code word bits As. Ay, As, A, A, and A, at the output of
decoder 100 formed by selecting the proper one of the
corresponding four preceding data word bit expressions
through use of the two next state expressions delayed by one
state transition (or one system clock period) to provide the
current state indication, the expressions therefor being as
follows:

As=(Ks,* Ks P XA H(Ks, *Ks W XB+(Ks, * Ko XCot

(Ksy *Kso)*XDs, [Eq. 215]
Ag=(Ks * Kso)* XA 4+ (Ks *Kso)* XB+H(Ks, *Kso* XC ot

(Ksy *Kso)*XD,, [Eq. 216]
Ag=(Ks; * Kso)* XAz +(Ks)* Kso) "X B+ Ksy *Ksp)* XCt

(K5 *Kso)* XD, [Eq. 217]
Ay=(Ks *Kso)*XAs+{Ks* Ks)* X B+ Ksy *Kso ¥ XCot

(Ks, *Kso)*XD,, [Eq. 218]
A =(Ks *Kso)* XA +(Ks* Kso* X By +H(Ks *Kso* XCp+

(Ksy *Kso)* XDy, [Eq. 219]
Aq={Ks* KoY XA+{Ksy *Kso) *XBo+(Ks) *Kso) XCo+

(Ks,*Ksg)*XDg, [Eq. 220]

(Ks;.Ksp) is an ordered pair of bits representing the current
state indication provided at the output of delay register 95.

Although the present invention has been described with
reference to preferred embodiments, workers skilled in the
art will recognize that changes may be made in form and
detail without departing from the spirit and scope of the
invention.

‘What is claimed is:

1. An apparatus for encoding selected data blocks having
a selected data number of ordered symbols therein into
corresponding code blocks having a selected code number of
ordered symbols therein with said code number being
greater than said data number, the apparatus comprising:

a encoding receiver for receiving said data blocks; and

an encoder coupled to said encoding receiver for provid-
ing a corresponding said code block for each said data
block, such that (a) each said code block and any
concatenations of said code blocks are without more
than a preselected first symbol number of successive
repetitions of a first symbol throughout, and without
more than a preselected second symbol number of
successive repetitions of a second symbol throughout,
and (b) any of said code blocks, there are provided for
each of plural different ones of said data blocks, are
also provided, in representing a said data block, in a
concatenation of said code blocks such that such a said
plural representation code block together with at least
one other said code block in that said concatenation
therewith are sufficient to determine which of said
different ones of said data blocks representable by said
plural representation code block is being represented.
2. The apparatus of claim 1 wherein each code block is
represented with binary number system symbols such that
said first symbol is a “0” and said second is a “1”.
3. The apparatus of claim 1 wherein said first symbol
number equals nine.
4. The apparatus of claim 1 wherein said second symbol
number equals two.
5. The apparatus of claim 1 wherein said selected data
number equals five, and wherein said selected code number
equals six.
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6. The apparatus of claim 1 wherein said selected data
number equals six, and wherein said selected code number
equals seven.

7. The apparatus of claim 1 whereto said encoder is based
on a finite state machine formed in a microprocessor.

8. The apparatus of claim 2 wherein said first symbol
number equals nine.

9. The apparatus of claim 2 wherein said second symbol
number equals two.

10. The apparatus of claim 2 wherein said selected data
number equals five, and wherein said selected code number
equals six.

11. The apparatus of claim 2 wherein said selected data
number equals six, and wherein said selected code number
equals seven.

12. The apparatus of claim 2 wherein said encoder is
based on a finite state machine formed in a microprocessor.

13. The apparatus of claim 12 wherein said code blocks
are divided into classes of mutually exclusive code blocks
with a different one of such classes being assigned to
transitions from each state to another state in response to
receipt of a comresponding data block to thereby arise as
corresponding encoder outputs as a resnlt of such transi-
tions.

14. The apparatus of claim 13 wherein said classes are
each divided into subclasses based on that next state to
which a said transition leads with code blocks from each
class being permitted to be in plural ones of those said
subclasses formed from that class.

15. The apparatus of claim 14 further comprising a
decoding receiver for receiving code blocks encoding cor-
responding said data blocks in that manner followed by said
encoder so as to permit storing successive code blocks
received therein concurrently, and a decoder for obtaining
data blocks corresponding to said received code blocks and
corresponding next states therefor.

16. An apparatus for decoding selected code blocks hav-
ing a selected code number of ordered symbols therein into
corresponding data blocks having a selected data number of
ordered symbols therein with said code number being
greater than said data number, the apparatus comprising:

a decoding receiver for receiving said code blocks; and

an decoder coupled to said decoding receiver for provid-

ing a corresponding said data block for each said code
block, wherein (a) each said code block and any
concatenations of said code blocks are without more
than a preselected first symbol number of successive
repetitions of a first symbol throughout, and without
more than a preselected second symbol number of
successive repetitions of a second symbol throughout,
and (b) any of said code blocks, that are provided for
each of plural different ones of said data blocks. are
also provided, in representing a said data block, in a
concatenation of said code blocks such that such a said
plural representation code block together with at least
one other said code block in that said concatenation
therewith are sufficient to determine which of said
different ones of said data blocks representable by said
plural representation code block is being represented.

17. The apparatus of claim 16 wherein said first symbol
number equals nine and said second symbol number equals
two,

18. The apparatus of claim 16 wherein the decoding
receiver comprises:

a first register, having an input for receiving code blocks,

and an output for providing received code blocks;

a second register, having an input for receiving code

blocks, the input coupled to the output of the first
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register, the second register also having an output from 19. The apparatus of claim 18 wherein the decoding

providing received code blocks, the output of the  receiver further comprises:

second register coupled to the decoder; a delay register having an input coupled to the output of
a state determiner, having an input coupled to the output the state determiner and an output coupled to the

of the first register, and an output coupled to the 3 decoder, the output of the delay register for providing

decoder, the state determiner for producing a value at a current state of the decoder corresponding to the code

its ountput representing the next state of the decoder block at the output of the second register.

corresponding to the code block at the output of the

second register. LI
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 5,731,768 Page 1 of 2
DATED * MARCH 24, 1998
INVENTOR(S) :

KINHING P. TSANG

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
corrected as shown below:

On the title page, [57] ABSTRACT, line 7, after distinguishing, insert —which--
Col. 1, Line 37, delete “magnetizations” insert --magnetization reversals--

Col. 3, Line 20, delete “block,” insert --blocks--

Col. 3, Line 41, delete “60bit” insert --6-bit--

Col. 5, Line 47, delete “associated branchings” insert --associated with branchings--
Col. 6, line 63, delete “YBa-KK*(A,+A,*A *A)*KK*H+ KK * A", insert --
YB4-KK*(A,+A,*A *A +KK*H+ KK * 4 ,

Col. 6, line 64, delete “YB, =KK*(A,*( 4 + A )+Hyy+ KK * A A*A+A A,
insert --YB, =KK*(A,*(A + A JHH)*+ KK * A *A*A+AFA )~

Col. 8, line 32, delete “Ts,= C ¢* C )+ C *C,*(C ACH C 7+Cy* C D)), insert

"T51=E s*Co)H( _é 5 c oF( E FCH( E s HC* —5 "))

Col 16, line 46, delete “ C —”, insert - C ,,

Col. 16, Line 24, delete “these last two expression” and insert --these last two

expressions--
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 5,731,768

DATED * MARCH 24, 1998
INVENTOR(S) :

KINHING P. TSANG

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
corrected as shown below:

Col. 18, line 6,
delete “XC,=(C,*K+C*(C *Ng+C* N st C*CHC*C ) * Ky HGo¥H* N,
insert --XC,=(C*K )+C,*( C *Ng+C,* N )+C*C,+Ci*C Ky HGo " H*N,, -

Page 2 of 2

Col. 19, Claim 1, Line 49, delete “there” and insert --that--

Signed and Sealed this
Third Day of August, 1999

Q. TODD DICKINSON

Anesting Oﬁicer Acting Commissioner of Parents and Trademirks
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