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(57) ABSTRACT

The invention relates to error-correcting coding and correct
restart of decoding after errors of sequences that are coded
by convolutional coders or LFSR based descramblers. The
signals can be binary or multi-valued signals. Methods and
apparatus to convolutional encode and decode sequences of
binary and n-valued symbols are disclosed. The invention
further discloses methods and apparatus to identify symbols
in error in sequences coded according to methods of the
invention. Methods and apparatus to correct these errors are
provided. Methods and apparatus to repair errors in a Trellis
of received sequences are also provided. Methods and
apparatus for n-valued Recursive Systematic Convolutional

6, 2005. coders and decoders are disclosed.
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ERROR CORRECTING DECODING FOR
CONVOLUTIONAL AND RECURSIVE
SYSTEMATIC CONVOLUTIONAL ENCODED
SEQUENCES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application Ser. No: 60/742,831, filed Dec. 6,
2005, which is incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] This invention relates to the coding and decoding
of binary and non-binary digital sequences. More specifi-
cally it provides novel error-correcting methods and appa-
ratus that allow to correct errors experienced during the
transmission of signals.

[0003] Digital signals such as binary and non-binary digi-
tal sequences are used in the transmission of information.
Disturbances of the signals during transmission can cause
errors is such a way that the detected signal is different from
the transmitted signal. Error-detecting and error correcting
codes that address the issue of transmission errors are well
known.

[0004] A known method to create error correcting codes is
by the use of convolutional coding in the encoding process
and Viterbi decoding of the signal after reception of the
signal. Different methods exist to decode convolutionally
coded signals.

[0005] The current methods to decode convolutionally
coded messages require tracing the many different ways that
a current state of the code can be reached in so called Trellis
diagrams. These methods can become quite complicated.
Hence simpler methods and apparatus to detect and correct
errors in a received sequence are required. Most convolu-
tional encoding and decoding techniques apply to binary
signals. Hence methods and apparatus to convolutionally
encode and decode non-binary signals are required.

SUMMARY OF THE INVENTION

[0006] Inview of the more limited possibilities of the prior
art in the convolutionally coding and decoding of binary and
non-binary digital sequences, the current invention provides
methods and apparatus for the coding and decoding of
digital sequences and the automatic correction of errors.

[0007] The general purpose of the present invention,
which will be described subsequently in greater detail, is to
provide novel methods and apparatus which can be applied
in the coding and decoding of binary and multi-valued
digital sequences in such a way that it can automatically
correct occurring errors. In general the digital sequences that
are coded may assumed to be unpredictable and may be
comprised of any valid sequence of binary or n-valued
symbols. This may include long series of identical symbols
or repeating patterns of symbols. The individual symbols in
a sequence are represented by a signal. N-valued symbols
may also be formed as words of binary symbols. N in
n-valued means n=3. Signals are usually of an electrical or
optical nature, but they may be of any valid distinguishable
physical phenomenon.
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[0008] Before explaining at least one embodiment of the
invention in detail, it is to be understood that the invention
is not limited in its application to the details of construction
and to the arrangements of the components set forth in the
following description or illustrated in the drawings. The
invention is capable of other embodiments and of being
practiced and carried out in various ways. Also, it is to be
understood that the phraseology and terminology employed
herein are for the purpose of the description and should not
be regarded as limiting.

[0009] Binary in the context of this application means
2-valued. Multi-valued generally means n-valued in the
context of this invention and means in general an integer
greater than 2, however it may sometimes mean equal to or
greater than 2 there where it will be clear to one of ordinary
skill in the art.

[0010] Tt is one aspect of the present invention to create
decoding methods and apparatus that can correct errors in
coded binary and multi-valued sequences.

[0011] In accordance with another aspect of the present
invention a method is provided for detecting where errors
have occurred in convolutional and Recursive Systematic
Convolutional (RSC) coded binary and multi-valued
sequences.

[0012] In accordance with a further aspect of the present
invention a method is provided to calculate a position for
successfully restarting decoding of convolutional or RSC
coded sequences with errors.

[0013] In accordance with another aspect of the present
invention methods are provided to implement convolutional
and RSC coders and decoders.

[0014] In accordance with a further aspect of the present
invention methods are provided to correct errors in decoded
convolutional and RSC coded sequences with errors.

[0015] In accordance with another aspect of the present
invention a method is provided to correct errors in convo-
Iutional and RSC coded sequences with errors.

[0016] In accordance with a further aspect of the present
invention a method is provided to determine the content of
the shift register of an RSC coder in the initial state, based
on the shift register content of an end state of the shift
register.

[0017] In accordance with another aspect of the present
invention methods are provided to design forward coders
and corresponding feedback decoders.

[0018] In accordance with a further aspect of the present
invention methods are provided to design and implement
RSC coders by combining scramblers and descramblers
sharing a shift register.

[0019] In accordance with another aspect of the present

invention methods are provided to design and implement
RSC decoders corresponding with RSC coders.

[0020] In accordance with a further aspect of the present
invention systems and apparatus are provided to implement
the methods and steps which are aspects of the present
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] Various other objects, features and attendant
advantages of the present invention will become fully appre-
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ciated as the same becomes better understood when consid-
ered in conjunction with the accompanying drawings, and
wherein:

[0022] FIG.1is a diagram of a binary convolutional coder.

[0023] FIG. 2 is a block diagram of a coder/decoder
combination.

[0024] FIG. 3 is a block diagram of another coder/decoder
combination.

[0025] FIG. 4 is a diagram of a LFSR based scrambler.

[0026] FIG. 5 is a diagram of an LFSR based self-
synchronizing descrambler.

[0027] FIG. 6 is a diagram of a shift register based coder.

[0028] FIG. 7 is a diagram of a shift register based
decoder.

[0029] FIG. 8 is a diagram of another shift register based
decoder.

[0030] FIG. 9 is a diagram of another shift register based
decoder.

[0031] FIG. 10 is a block diagram of a dual coder/decoder
combination.

[0032] FIG. 11 is a block diagram of another dual coder/
decoder combination.

[0033] FIG. 12 is a block diagram of another dual coder/
decoder combination.

[0034] FIG. 13 is a diagram of a shift register based coder.

[0035] FIG. 14 is a diagram of another shift register based
coder.

[0036] FIG. 15 is a diagram of a shift register based
decoder.

[0037] FIG. 16 is a diagram of another shift register based
decoder.

[0038] FIG. 17 is a diagram of a Recursive Systematic
Convolutional coder.

[0039] FIG. 18 is a diagram of a Recursive Systematic
Convolutional decoder.

[0040] FIG. 19 is a diagram of a shift register based coder.

[0041] FIG. 20 is a diagram of another shift register based
coder.

[0042] FIG. 21 is a diagram of a shift register based
decoder.

[0043] FIG. 22 is a diagram of another shift register based
decoder.

[0044] FIG. 23 is a diagram of a shift register based coder.

[0045] FIG. 24 is a diagram of another shift register based
coder.

[0046] FIG. 25 is a diagram of a shift register based
decoder.

[0047] FIG. 26 is a diagram of another shift register based
decoder.

[0048] FIG. 27 is a diagram of a shift register based
forward coder.
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[0049] FIG. 28 is a diagram of an equivalent to the shift
register based coder of FIG. 27.

[0050] FIG. 29 is a diagram of a shift register based
forward coder.

[0051] FIG. 30 is a diagram of another shift register based
forward coder.

[0052] FIG. 31 is a diagram of a shift register based
feedback decoder.

[0053] FIG. 32 is a diagram of another shift register based
feedback decoder.

[0054] FIG. 33 is a status diagram of a decoding process.

[0055] FIG. 34 is a status diagram of another decoding
process.

[0056] FIG. 35 is a diagram of a shift register based
decoder in a first state.

[0057] FIG. 36 is a diagram of the decoder of FIG. 34 in
a second state.

[0058] FIG. 37 is a diagram of a Recursive Systematic
Convolutional (RSC) coder.

[0059] FIG. 38 is an equivalent diagram of an RSC coder.
[0060] FIG. 39 is a diagram of an RSC decoder.

[0061] FIG. 40 is a diagram of an RSC coder.

[0062] FIG. 41 is a diagram of an RSC decoder.

[0063] FIG. 42 is a first diagram of a reduced RSC
decoder.

[0064] FIG. 43 is a second diagram of a reduced RSC
decoder.

[0065] FIG. 44 is a status diagram of an RSC decoder.

[0066] FIG. 45 is a diagram of a system in accordance
with one aspect of the present invention.

[0067] FIG. 46 is a diagram of a system in accordance
with another aspect of the present invention.

[0068] FIG. 47 is a diagram of a system in accordance
with a further aspect of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

The Related Art

[0069] Binary convolutional coders are known. These
coders are comprised of a shift register of finite length and
taps from individual elements of the shift register which are
combined through usually a modulo-2 adder. Different taps
may be combined to create a different output signal. FIG. 1
shows a diagram of a known convolutional coder. It is
comprised of a 3-element shift register. For clarity and for
later purposes the coder is drawn as two separate shift-
registers. It may be assumed that the circuit is a binary
circuit. A binary signal is inputted on input 106 in FIG. 1.
The sequence is shifted into the different elements of the
shift register 103, 104 and 105 from left to right, controlled
by a clock signal that is synchronous with the elements of
the input sequence on input 106. The clock signal is assumed
but generally not shown. The input signal is put through the
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shift register unchanged or ‘as is’. This is the reason why
usually only one shift register is shown. The top part of the
coder has three taps from the elements of the shift register
with 3 elements 103, 104, 105. The incoming signal on 106
and the taps are combined through devices 100, 101 and 102.
A first output signal is outputted on 107. In general the
known literature uses the modulo-2 addition or binary XOR
function to be executed by these devices, however the binary
EQUAL function may also be applied. The bottom part of
the coder uses just two taps and combines the incoming
signal on 106 with two taps through devices 109 and 110. A
second output signal is outputted on 108. The binary devices
109 and 110 also execute a binary XOR function in this
illustrative example. The signals on 107 and 108 are in
general different from each other. These signals will be
combined, for instance with a multiplexer, in a serial fashion
and transmitted as a single sequence. At the receiving end
the two sequences are separated from the received sequence
by for instance a demultiplexer and decoded by a Viterbi
decoder, using for instance a Trellis diagram. The decoder
then reconstructs the input sequence which was provided on
106.

[0070] One of the conditions for the circuit of FIG. 1 to be
a convolutional coder is that the initial condition of the shift
register should be all 0s. A second condition is that when all
bits of the sequence are coded the shift register has to be
flushed so it only contains Os.

The Present Invention

[0071] The elements of the convolutional coder are actu-
ally modified LFSR descramblers used in a coder configu-
ration. A scrambler/descrambler combination has an input
sequence that is to be scrambled; the output of the scrambler
is a scrambled sequence that forms the input to the descram-
bler. The descrambler should have as its output a sequence
that is identical to the sequence inputted to the scrambler.
The inventor has identified in U.S. Non-Provisional patent
application Ser. No. 11/042,645, filed Jan. 25, 2005, and
entitted: ~MULTI-VALUED SCRAMBLING AND
DESCRAMBLING OF DIGITAL DATA ON OPTICAL
DISKS AND OTHER STORAGE MEDIA which is incor-
porated by reference herein in its entirety, that the role of
scrambler and descrambler can be exchanged. This is also
shown in FIG. 2 and FIG. 3. In FIG. 2 a scrambler 205
executes a function 201; its descrambler 206 executes a
function 202. Functions 201 and 202 should be each others
reversing function. The concept of function may include
composite functions as present in LFSRs. Suppose that 201
and 202 are each others reversing function. In that case one
may exchange the order of 201 and 202. This is shown in
FIG. 3 wherein the scrambler 207 executes function 202 and
descrambler 208 executes 201. Most likely there will be
conditions (such as initial states) to make these arrange-
ments work. In LFSR solutions the initial condition is
usually related to the initial content of the shift register.

[0072] There are two fundamentally different shift-register
scrambler/descrambler combinations that can be applied.
The first one is the n-valued LFSR based scrambler/de-
scrambler, wherein n is an integer of 2 or greater. The binary
LFSR based scrambler/descrambler is well known. The
solution for non-binary LFSR based scramblers/descram-
blers is described in U.S. Non-Provisional patent application
Ser. No. 10/935,960, filed on Sep. 8, 2004, entitled TER-
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NARY AND MULTI-VALUE DIGITAL SCRAMBLERS,
DESCRAMBLERS AND SEQUENCE GENERATORS
which is herein incorporated by reference in its entirety. As
an illustrative example the circuits in FIG. 4 and FIG. 5 are
provided. It is understood that circuits of different shift
register length, with different logic functions and different
taps can also be created. In this example FIG. 4 serves as a
3-element n-valued LFSR based scrambler. The reversible
n-valued functions ‘sc1’ in device 309 and reversible n-val-
ued function ‘sc2’ is used for device 302. The shift register
elements 303, 304 and 305 can hold and shift n-valued
signals. The corresponding descrambler is shown in FIG. 5.
Device 312 executes the same function ‘sc2’ as device 302
in FIG. 4. Device 319 executes a function ‘dsl’, which
reverses the function ‘sc1’ of device 309. When the circuits
are binary circuits then the functions ‘sc1’, ‘sc2’ and ‘ds1’
can be either XOR or EQUAL functions, applied in a correct
manner.

[0073] For illustrative purposes the following two
examples are provided. First assume the circuits of FIG. 4
and FIG. 5 to be binary. A binary sequence SEQ is used as
an input. SEQ=[11010001101001 1 1]. The circuit
of FIG. 4 is used as scrambler with all functions XOR and
initial shift register [1 0 0]. The output of the scrambler is
RES1=[01010010101000 1 0]. The sequence RES1
is then inputted into the circuit of FIG. 5 as descrambler also
with all function XOR and initial state of the shift register [1
0 0]. The output of the descrambler is RES2=[1101000
11010011 1]. This is identical to the input sequence RES.
The sequence SEQ can also be inputted into the circuit of
FIG. 5 as scrambler. This will create output RES11=[0 0 0
000110100000 0]. When RES11 is inputted into the
circuit of FIG. 4 as descrambler it will create the sequence
RES22=[11010001101001 1 1], which is identical
to the sequence SEQ. This demonstrates that in the binary
case the roles of scrambler and descrambler are interchange-
able.

[0074] The interchangeability of scrambler and descram-
bler also applies to the non-binary case. For illustrative
purposes a ternary example will be provided. The ternary
logic functions ‘scl’, “sc2’ and ‘ds2’ as used in devices 309,
302, 312 and 319 in FIG. 4 and FIG. 5 have the following
truth tables:

se2 0 1 2 scl 0 1 2 dsl 0 1 2

—_
Ko
—_
<
—_
—_
<
Ko
—_
—_
Ko
<

[0075] Assume the circuit of FIG. 4 is used as the ternary
scrambler with initial state of the ternary shift register [1 0
2] and input sequence: SEQ3=[11201002201211
0]. The generated output sequence is RES31=[2222000
1210211 1] Inputting RES31 into the ternary circuit of
FIG. 5 as descrambler with initial state [1 O 2] generates
output sequence RES32==[112010022012110]. This
sequence is identical to the original ternary sequence SEQ3.
One can also input sequence SEQ3 in FIG. 5 as ternary
scrambler, generating RES311=[0 1000211121102
2]. Inputting RES311 into the circuit of FIG. 4 as descram-
bler will recover the original sequence.








































































