a9 United States

US 20080104479A1

a2y Patent Application Publication o) Pub. No.: US 2008/0104479 A1

Lablans

43) Pub. Date: May 1, 2008

(54) SYMBOL ERROR CORRECTION BY ERROR (60) Provisional application No. 60/779,068, filed on Mar.

DETECTION AND LOGIC BASED SYMBOL 3, 2006. Provisional application No. 60/883,369, filed
RECONSTRUCTION on Jan. 4, 2007.
(76) Inventor: Peter Lablans, Morris Township, NJ Publication Classification
us)

(51) Int.CL

Correspondence Address: GO6F 11/10 (2006.01)
DIEHL SERVILLA LLC (52) US.Cl .ecvevvceececenecrenn 7147757, 714/E11
77 BRANT AVE
SUITE 210
CLARK, NJ 07066 (US) 7 ABSTRACT
Methods and apparatus for creating codewords of n-valued
21) Appl. No.: 11/969,560 PP s
(1) Appl. No ’ symbols with one or more n-valued check symbols are dis-
(22) Filed: Jan. 4, 2008 closed. Associating the codewords with a matrix allows for
detection of one or more symbols in error and the location of
Related U.S. Application Data such symbols in error. Methods to reconstruct symbols in

error from other symbols not in error are also disclosed.

(63) Continuation-in-part of application No. 11/680,719, Systems for using the methods of error detection and error

filed on Mar. 1, 2007.

correction by symbol reconstruction are also disclosed. Using

Continuation-in-part of application No. 10/935,960, two or more matrices to determine check symbols is also

filed on Sep. 8, 2004.

no

E next line

provided.

Tnput symbols ol horizontal line inlo coder.

yes

Mark line in crror.

All horizontal lines checked?

Start at column 1

&
r

Tnput symbols ol vertical column into coder.

no

a next column

yes
Mark column n in error.
P

All vertical columns checked?

Provide crror information to solver with other data

v



Patent Application Publication May 1, 2008 Sheet 1 of 9 US 2008/0104479 A1

104 105
H——@
l T 106 Id? 107 T (1) 108
v 101 102 103
109
FIG. 1 PRIOR ART
204 205
‘—
>
v 201 202 203
209

FIG. 2



Patent Application Publication May 1, 2008 Sheet 2 of 9 US 2008/0104479 A1
coll col2 col3 col4
rowl d11 d12 d13 ql
row2 d21 d22 d23 q2
row3 d31 d32 d33 q3
row4 pll pl2 pl3 q4
row>5 p21 p22 p23 q5
FIG. 3 /401
coll col2 col3 col4
rowl di1 d12 e ql
row2 d21 d22 d23 q2
row3 d31 d32 d33 q3
row4 pll pl2 i pl3 q4
row5 p21 p22 p23 q>

FIG. 4



Patent Application Publication May 1, 2008 Sheet 3 of 9 US 2008/0104479 A1

507

504 05
\@

(%) 506

v 501 502 503
509

®

FIG. 5

607
604 605

7]
(@]
th)

®)

v 601 602 603
609

FI1G. 6



Patent Application Publication May 1, 2008 Sheet 4 of 9 US 2008/0104479 A1

704 705

701 —_—>
v 702 703

709

F1G. 7

ttl pl ql rl sl

12 p2 q2 12 s2

113 p3 q3 3 s3

tl x1 yl vl zl

12 x2 y2 v2 72

3 X3 V3 v3 73

t4 x4 y4 v4 z4

FIG. §



Patent Application Publication May 1, 2008 Sheet S of 9 US 2008/0104479 A1
905 906 907
B
911
l 908 909 910 (2)
v 901 —* 902 903 904
912
FIG.9
1001 [ solution 1 [x1 x2 x3 ]
x1
x2
x3
e F soluti 5 X6 x7
» 1002 solution 5 [x5x6x7 ]
X6
X7
x8
X9 1003 )
* solution 10 [x10]

x10
pl 1010
p2
p3

1000

FIG. 10



Patent Application Publication May 1, 2008 Sheet 6 of 9 US 2008/0104479 A1

Start at line 1

Input symbols of horizontal line into coder.

Errors detected ?

next line

no yes

Mark line in error.

|
|

All horizontal lines checked?

Start at column 1

Input symbols of vertical column into coder.

Errors detected ?

next column
no

Mark column n in error.

N

P

All vertical columns checked?

Provide error information to solver with other data

;

FIG. 11




Patent Application Publication May 1, 2008 Sheet 7 of 9 US 2008/0104479 A1

1201

1202

1301

1401

1206 1207 1205
1203 1204
L =Lk
FIG. 12
1303
0 g 1305
> ||
FIG. 13
1403
1402 1404 1405

FIG. 14



Patent Application Publication May 1, 2008 Sheet 8 of 9 US 2008/0104479 A1

FIG. 15
1600
1601 1602
1603 1604

FIG. 16



Patent Application Publication May 1, 2008 Sheet 9 of 9 US 2008/0104479 A1

1700

1702 X1x2x3 .. xk vl v2...vm

1704

FI1G. 17

x1

X2
x3
cl=al*xl +a2*x2 + a3*x3 + ad*x4 + a5*x5 + a6*x6 + a7 * x7

x4
x5

ik

x6

x7 ¢6=b1*x1 + b2*x2 + b6*x6 + b7*x7 + b8*x8 + b9*x9 + b10 * x10

x8
x9

x10
FIG. 18



US 2008/0104479 Al

SYMBOL ERROR CORRECTION BY ERROR
DETECTION AND LOGIC BASED SYMBOL
RECONSTRUCTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
patent application Ser. No. 11/680,719, filed on Jan. 3, 2007,
which claims the benefit of U.S. Provisional Patent Applica-
tion No. 60/779,068, filed Mar. 3, 2006, which are both incor-
porated herein by reference in their entirety. This application
is a continuation-in-part of U.S. Non-Provisional patent
application Ser. No. 10/935,960, filed on Sep. 8, 2004,
entitted TERNARY AND MULTI-VALUE DIGITAL
SCRAMBLERS, DESCRAMBLERS AND SEQUENCE
GENERATORS, which is incorporated herein in its entirety.
This application also claims the benefit of U.S. Provisional
Application No. 60/883,369, filed Jan. 4, 2007, which is
incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] The present invention relates to correction of one or
more symbols in error in a sequence of symbols. More spe-
cifically, it relates to error correction by first identifying the
location of possible errors, followed by reconstruction of the
original symbols from the remaining symbols believed to be
not in error.

[0003] Error correction of symbols is well known, espe-
cially in the field of communications and information storage
or transfer. In general, a series of symbols that is being trans-
ferred may have experienced interference or noise on a trans-
mission channel. Possibly the storage medium, such as an
optical or magnetic disk, may have been damaged. As a
consequence, a received sequence of symbols may be differ-
ent from the sequence from which it originated. The difter-
ence between an original sequence of symbols and a received
sequence may be considered to be errors.

[0004] Error control measures can be applied to detect and
to correct errors. These measures in general comprise adding
additional symbols to a sequence, based on the existing sym-
bols in the original sequence. The redundancy of symbols
allows for detection and sometimes correction of errors.

[0005] Tt usually requires a greater number of redundant
symbols to correct errors rather than to merely detect that
symbols are in errors. For instance, in data communications,
wherein re-sending of information is possible and not detri-
mental to the quality of data transfer, it may be sufficient to
detect errors and request the transmitter to resend the sym-
bols. However, in many applications resending of symbols is
impossible or undesirable. In such cases error correction is
desirable.

[0006] Error-correction techniques for symbols in a
sequence attempt to achieve the best result with as few redun-
dant symbols as possible, and with as limited processing
requirements and memory or storage requirements as pos-
sible. Error correcting redundancy is usually set to address
some maximum or optimal expected symbol error ratio. If
information is coded into codewords, it is to be expected that
many codewords are error-free and in error-free codewords
extra symbols provided for error correction or detection are
truly redundant.
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[0007] Effective error correcting codes with a possibility to
correct a limited number of symbols in a sequence of a greater
number of symbols require significant processing and/or
memory capabilities. Maximum likelihood error correction
may also require significant memory or storage capabilities.
Accordingly, novel and improved methods and apparatus pro-
viding improved error correcting performance with limited
symbol redundancy and limited processing resources are
required.

SUMMARY OF THE INVENTION

[0008] In accordance with one aspect of the present inven-
tion, presents a novel method and system are provided that
will correct errors in a sequence of symbols by detecting
which symbols are in error and then reconstructing the error
symbol by reversible logic functions. An n-valued function
herein means an n-valued logic function.

[0009] 1In accordance with another aspect of the present
invention, a method is provided for error correction of one or
more n-valued symbols in a codeword of a plurality of n-val-
ued symbols with n>2, a codeword having at least one check
symbol calculated from data symbols, using a plurality of
codewords comprising recalculating a check symbol in a
codeword, evaluating if a codeword has a symbol in error,
determining a location of a symbol in error in a codeword
based on check symbols of at least two codewords; and recon-
structing the symbol in error.

[0010] TIn accordance with a further aspect of the present
invention, the method has at least one check symbol gener-
ated by the n-valued logic expression using an n-valued non-
adder function.

[0011] In accordance with a further aspect of the present
invention, a method is provided for calculating check sym-
bols by using an n-valued Linear Feedback Shift Register
(LFSR).

[0012] In accordance with another aspect of the present
invention a method is provided for the n-valued LFSR using
an n-valued logic function defined in GF(n=2P) with p=1.

[0013] In accordance with a further aspect of the present
invention a method is provided for calculating a symbol
known to be in error in a codeword from equations for deter-
mining one or more check symbols of the codeword.

[0014] 1In accordance with another aspect of the present
invention, a method is provided for creating codewords com-
prising the steps of arranging the n-valued data symbols to be
coded in a matrix; determining check symbols along the
dimensions of the matrix; including the check symbols to
codewords in the matrix; and completing coding of the n-val-
ued data symbols as a frame of codewords.

[0015] In accordance with a further aspect of the present
invention, a method is provided for decoding a frame of
codewords comprising the steps of deconstructing the frame
of codewords into a matrix; recalculating the check symbols
as new check symbols from the data symbols; and determin-
ing data symbols in error by comparing the check symbols
with the new check symbols.

[0016] 1In accordance with another aspect of the present
invention, a method is provided for solving equations for
determining check symbols for a codeword including data
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symbols in error, wherein the symbols in error are treated as
unknowns for which the equations can be solved.

[0017] In accordance with a further aspect of the present
invention, apparatus are provided that will implement the
methods which are an aspect of the present invention.

[0018] 1In accordance with another aspect of the present
invention systems are disclosed that provide error correction
coding at the source and error correction decoding at the
target in accordance with the methods of the present inven-
tion.

[0019] In accordance with a further aspect of the present
invention data storage systems are provided that will correct
symbol errors in symbols retrieved from a storage medium.

[0020] 1In accordance with another aspect of the present
invention, a method is provided for error correction for a
plurality of n-valued with n>2 data symbols, comprising
associating the plurality of n-valued data symbols with a first
2-dimensional matrix, providing each n-valued data symbol
with a position in the first matrix, generating a plurality of row
check symbols along each row of data symbols in the first
matrix, a row check symbol being generated by applying an
n-valued logic expression wherein data symbols in a row of
the first matrix are variables, generating a plurality of column
check symbols along each column of data symbols in the first
matrix, a column check symbol being generated by applying
an n-valued logic expression wherein data symbols in a col-
umn in the first matrix are variables, and transmitting to a
decoder the plurality of n-valued data symbols, and the plu-
ralities of row and column check symbols.

[0021] In accordance with a further aspect of the present
invention, the method has at least one check symbol gener-
ated by the n-valued logic expression using an n-valued logic
function which is not a modulo-n adder or an adder over
GF(n).

[0022] 1In accordance with a further aspect of the present
invention, the method further comprises receiving by the
decoder the plurality of n-valued data symbols as received
n-valued data symbols, and the pluralities of row and column
check symbols as received row and column check symbols,
associating the plurality of received n-valued data symbols
with the first matrix, providing each received n-valued data
symbol with a position in the first matrix, generating a plu-
rality of recalculated row check symbols along each row of
received data symbols in the first matrix, a recalculated row
check symbol being generated by applying an n-valued logic
expression wherein received data symbols in a row of the first
matrix are variables, generating a plurality of recalculated
column check symbols along each column of received data
symbols in the first matrix, a recalculated column check sym-
bol being generated by applying an n-valued logic expression
wherein received data symbols in a column are variables,
locating one or more symbols for error correction by applying
only received and recalculated check symbols.

[0023] 1In accordance with another aspect of the present
invention, the method further comprises error-correcting a
symbol for error correction by applying an n-valued logic
expression having the symbol for error correction as an
unknown.

[0024] 1In accordance with a further aspect of the present
invention, the method further comprises associating the plu-
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rality of n-valued symbols with a second 2-dimensional
matrix, providing each symbol with a position in the second
matrix, generating a plurality of row check symbols along
each row of data symbols in the second matrix, a row check
symbol being generated by applying an n-valued logic
expression wherein data symbols in a row of the second
matrix are variables, generating a plurality of column check
symbols along each column of data symbols in the second
matrix, a column check symbol being generated by applying
an n-valued logic expression wherein data symbols in a col-
umn in the second matrix are variables, and adding to a
transmission of symbols to the decoder the pluralities of row
and column check symbols associated with the second
matrix.

[0025] 1In accordance with another aspect of the present
invention, the method further comprises receiving by the
decoder the pluralities of n-valued data symbols as received
n-valued data symbols and the pluralities check symbols as
received check symbols, locating symbols for error correc-
tion in accordance with the first matrix, locating symbols for
error correction in accordance with the second matrix, and
determining symbols for error correction in accordance with
the first and the second matrix.

[0026] 1In accordance with a further aspect of the present
invention, the method further comprises applying check sym-
bols generated in accordance with one or more additional
matrices.

[0027] 1In accordance with another aspect of the present
invention, the method is provided wherein a check symbol is
generated by using an n-valued Linear Feedback Shift Reg-
ister (LFSR).

[0028] In accordance with a further aspect of the present
invention, the method further comprises generating one or

more n-valued check symbols from the plurality of row sym-
bols.

[0029] 1In accordance with a further aspect of the present
invention, the method further comprises generating one or
more n-valued check symbols from the plurality of column
check symbols.

[0030] 1In accordance with a further aspect of the present
invention, a system for error correction in a plurality of n-val-
ued data symbols with n>2 is provided, comprising a coding
unit for generating a plurality of check symbols from the
plurality of n-valued data symbols, a check symbol being
calculated from an n-valued expression having n-valued data
symbols of a codeword as variables and wherein a codeword
is formed by associating the plurality of n-valued data sym-
bols with a first matrix and the codeword has n-valued data
symbols of a row or a column of the first matrix, a decoding
unit for generating a plurality of recalculated check symbols
which are recalculated in accordance with the first matrix
from the plurality of data symbols having one or more data
symbols in error, an error locating unit for locating one or
more symbols for error correction in the plurality of n-valued
data symbols having one or more data symbols in error by
using only check symbols and recalculated check symbols, an
error correcting unit for calculating a correct value for a
symbol for error correction by solving an equation using a
reversible n-valued logic function and having a symbol for
error correction as an unknown.

[0031] In accordance with a further aspect of the present
invention, the system has at least one check symbol generated
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by the n-valued logic expression using an n-valued function
which is not a modulo-n adder or an adder over GF(n).

[0032] 1In accordance with a further aspect of the present
invention, the system for error correction comprises the cod-
ing unit generating a second plurality of check symbols from
the plurality of n-valued data symbols, a check symbol being
calculated from an n-valued expression having n-valued data
symbols of a codeword as variables and wherein a codeword
is formed by associating the plurality of n-valued data sym-
bols with a second matrix and the codeword has n-valued data
symbols of a row or a column of the second matrix.

[0033] 1In accordance with a further aspect of the present
invention, the system for error correction comprises the
decoding unit generating a second plurality of recalculated
check symbols which are recalculated in accordance with the
second matrix from the plurality of data symbols having one
or more data symbols in error.

[0034] 1In accordance with a further aspect of the present
invention, the system for error correction comprises generat-
ing an additional plurality of check symbols from the plural-
ity of n-valued data symbols, a check symbol being calculated
from an n-valued expression having n-valued data symbols of
acodeword as variables and wherein a codeword is formed by
associating the plurality of n-valued data symbols with an
additional matrix and the codeword has n-valued data sym-
bols of a row or a column of the additional matrix.

[0035] 1In accordance with a further aspect of the present
invention, the system for error correction comprises the cod-
ing unit generating additional check symbols from a plurality
of check symbols.

[0036] 1In accordance with a further aspect of the present
invention, the system for error correction comprises the
decoder correcting errors in the check symbols.

[0037] 1In accordance with a further aspect of the present
invention, the system for error correction is provided wherein
the system is a data storage system.

[0038] 1In accordance with a further aspect of the present
invention, the system for error correction is provided wherein
the system is a communication system.

[0039] 1In accordance with a further aspect of the present
invention, the system for error correction is provided wherein
n-valued symbols are represented by binary symbols.

[0040] 1In accordance with a further aspect of the present
invention, a method for coding a plurality of n-valued with
n>2 data symbols is provided, comprising selecting a first
plurality of n-valued symbols from the plurality of n-valued
data symbols, generating a first n-valued check symbol from
the first plurality of data symbols by using an n-valued logic
expression using an n-valued reversible logic function, select-
ing a second plurality of n-valued symbols from the plurality
of'n-valued data symbols, generating a second n-valued check
symbol from the second plurality of data symbols by using an
n-valued logic expression using an n-valued reversible logic
function, and the first and the second plurality of n-valued
data symbols having at least one n-valued data symbol in
common.

[0041] In accordance with a further aspect of the present
invention, the method for coding a plurality of n-valued with
n>2 data symbols comprises selecting an additional plurality
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of'n-valued symbols from the plurality of n-valued data sym-
bols, generating an additional n-valued check symbol from
the additional plurality of data symbols by using an n-valued
logic expression using an n-valued reversible logic function,
repeating the previous steps until each of the plurality of
n-valued data symbols is associated with at least two check
symbols.

[0042] 1In accordance with a further aspect of the present
invention, the method has at least one check symbol gener-
ated by the n-valued logic expression using an n-valued func-
tion which is not a modulo-n adder or an adder over GF(n).

DESCRIPTION OF THE DRAWINGS

[0043] FIG.11s adiagram of ann-valued LFSR circuit with
multipliers and is prior art;

[0044] FIG. 21isadiagram equivalent to the LFSR circuit of
FIG. 1 having no multipliers;

[0045] FIG. 3 is a matrix showing codewords with data
symbols and check symbols;

[0046] FIG. 4 is another matrix showing codewords with
data symbols and check symbols;

[0047] FIG. 5is a diagram of an n-valued LFSR circuit for
generating check symbols;

[0048] FIG. 6 is another diagram of an n-valued LFSR
circuit for generating check symbols;

[0049] FIG. 7 is another diagram of an n-valued LFSR
circuit for generating check symbols;

[0050] FIG. 8 is a matrix showing codewords with data
symbols and check symbols;

[0051] FIG. 9is a diagram of an n-valued LFSR circuit for
generating check symbols;

[0052] FIG. 10 is a diagram of an equation solver in accor-
dance with one aspect of the present invention;

[0053] FIG. 11 is a flow diagram for determining check
symbols in accordance with a further aspect of the present
invention;

[0054] FIG. 12 illustrates a system that is used to perform
the steps described herein in accordance with another aspect
of the present invention;

[0055] FIG. 13 illustrates a storage system for writing data
to a storage medium in accordance with yet another aspect of
the present invention;

[0056] FIG. 14 illustrates a storage system for reading data
from a storage medium in accordance with yet another aspect
of the present invention;

[0057] FIG. 15 illustrates detecting symbol errors in a cod-
ing matrix in accordance with an aspect of the present inven-
tion;

[0058] FIG. 16 illustrates coding a plurality of n-valued

symbols according to a matrix in accordance with an aspect of
the present invention;

[0059] FIG. 17 illustrates coding a plurality of n-valued
symbols in accordance with another aspect of the present
invention; and



















































