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MULTI-MODE CHANNEL CODING WITH MODE SPECIFIC COLORATION SEQUENCES

Specification

The present application is concerned with multi-mode channel coding.

In a digital communication, a channel coding (also referred to as error correction coding)
is used for controlling errors in data over unreliable or noisy communication channels, and
therefore, channel coding has become an essential part in digital communication. The aim
of channel coding is to protect the information against disturbances during transmission.
Thereby redundancy is added for error correction and for error detection, i.e., redundancy
is added to a sequence of data packets, e.g., frames of an audio/video coder, that are
sent over an error-prone channel to allow for a certain amount of transmission error
correction at the receiver side. The error correction capability correlates with the
redundancy rate, meaning that a higher error correction capability usually comes with a
higher amount of redundancy.

In the context of audio data frames three effects have to be considered:

1. The same frame of audio data can usually be encoded with a flexible amount of bits,
where the audio quality scales with the bitrate.

2. Lost frames can be concealed as the transmitted data exhibits a temporal structure,
which comes with a certain amount of degradation that grows with the frame error rate
(FER).

3. Packet Loss Concealment (PLC) methods usually give much better results than
decoding of undetected bad frames.

Hence, channel coding is therefore very attractive for audio data as it may increase the
audio quality by

- detecting bad frames (PLC instead of bad frame decoding),

- correcting bad frames (reducing the FER).

However, the positive effects are only observed in the presence of errors while the
negative impact of the reduced data rate is present at all times. Furthermore, the signal



10

15

20

25

30

35

WO 2020/165260 PCT/EP2020/053614

strength of wireless networks such as the DECT (Digital Enhanced Cordless
Telecommunication) system usually varies during the duration of a connection, i.e., for a
phone call where the speaker moves around while speaking or due to external temporal
disturbances. It is therefore suboptimal to apply a fixed forward error correction (FEC)
scheme over the course of a connection. Instead, it is rather desirable to have a flexible
channel coder providing a multitude of FEC modes varying from low protection and high
data rate to high protection and low data rate (assuming the total rate, i.e., sum of data

rate and redundancy rate, to be fixed).

From the audio codec perspective, such a switchable system does not impose a big
challenge, as modern audio codecs usually support on the fly bitrate switching for speech
and audio signals. But it imposes the technical problem of signaling the FEC mode on a
frame basis. For easy integration into existing systems, the FEC mode should be signaled
in-band. If this is done explicitly, this also reduces the data rate. Furthermore, the mode
signaling will also be exposed to transmission errors and will not be protected by the error
correcting codes as the channel decoder requires the knowledge of the mode before
being able to decode the encoded data. It would therefore be necessary to protect the
FEC mode separately in order to avoid having an Achilles’ heel to the FEC scheme, which
again decreases the data rate for the audio frame.

A well-known channel coder for audio data is the EP (Error Protection) tool specified in
MPEG-4 Part 3 (Information technology — Coding of audio-visual objects- Part 3: Audio
Standard, International Organization for Standardization, Geneva, CH 20089). It features a
multitude of protection classes ranging from error detection to the FEC schemes of
different strengths. It also features flexible frame architectures and unequal error
protection (UEP). The basic idea of UEP is to divide the frame into sub-frames according
to the bit error sensitivities, and to protect these sub-frames with appropriate strength of
FEC and/or cyclic redundancy check (CRC). In order to apply UEP to audio frames,
information, at least a) number of classes, b) number of bits each class contains, c) the
CRC code to be applied for each class, which can be presented as a number of CRC bits,
and d) the FEC code to be applied for each class as frame configuration parameters is
required. As explained above, UEP requires both out-of-bands signaling of the basic
configuration as well as a significant amount of configuration parameters that are signaled
in-band. The in-band configuration parameters are furthermore protected separately from
the data as they are needed prior to data decoding.
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It is thus the object of the present invention to provide a concept for efficient and error-

resilient channel coding.

This object is achieved by the subject-matter of a channel encoder according to claim 1, a
channel decoder according to claim 14, a method for encoding a frame according to claim
43, a method for channel decoding at least one transmitted code word according to claim
46, a computer program according to claim 52 and a data stream according to claim 53 of
the present application.

According to the present invention, a channel encoder comprises a colorator for applying
a coloration sequence to at least one code word, i.e., the code word includes
information/indication of the coding mode. Therefore, transmission bits used for indicating
the coding mode to a channel decoder is not necessary, and hence, the transmission rate
is improved and it is possible to transmit the code word efficiently. In addition, the
information/indication of the coding mode is included in the code word by applying the
coloration sequence which is selected in accordance with the coding mode, and hence, it
is possible to provide error resilient mode signaling.

According to the present invention, a channel decoder receives at least one transmitted
code word, i.e., the code word including the information/indication of the coding mode
(decoding mode). That is, the information/indication of the coding mode is distributed in
the code word by applying the coloration sequence, and therefore, the
information/indication of the coding mode is received at the channel decoder in the error
resilient way. In addition, the channel decoder comprises a decoding mode detector for
generating a decoding mode indicator indicating the certain decoding mode to be used for
redundancy decoding, and the decoding mode indicator is associated to the at least one
coloration sequence as the specific coloration sequence used for the coloration of the
transmitted code word. Therefore, it is possible to detect the decoding mode by
determining the specific coloration sequence, i.e., the channel decoder is able to
determine the decoding mode without separately receiving specific information of the
decoding mode. Hence, data transmission ratio is improved.

In accordance with embodiments of the present application, a channel encoder for
encoding a frame, comprising: a multi-mode redundancy encoder for redundancy
encoding the frame in accordance with a certain coding mode from a set of different
coding modes, wherein the coding modes are different from each other with respect to an
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amount of redundancy added to the frame, wherein the multi-mode redundancy encoder
is configured to output a coded frame including at least one code word; and a colorator for
applying a coloration sequence to the at least one code word; wherein the coloration
sequence is such that at least one bit of the code word is changed by the application of
the at least one of coloration sequence, wherein the specific coloration sequence is
selected in accordance with the certain coding mode.

In accordance with embodiments of the present application, the channel coding may be
changed each frame based on an indication of a mode selection. The indication includes
mode selection and coloration sequence to be applied or indication of bypassing the
coloration sequence.

In accordance with embodiments of the present application, the channel encoder further
comprises a data splitter for splitting the frame into a plurality of data words, wherein the
multi-mode redundancy encoder is configured to encode each of the plurality of data
words according to the certain coding mode to obtain a plurality of code words, wherein
the colorator is configured to apply the specific coloration sequence to each code word in
a predefined subset of the plurality of code words. That is, the redundancy rate can be
different for different data words, i.e., redundancy rate can be different for each data word.
In addition, a length of the data word included in the code word is changed based on the
calculated number of the code words and also based on the code word index.

In accordance with embodiments of the present application, a channel decoder for
channel decoding at least one transmitted code word, comprising: a colorator for applying
at least one coloration sequence to the at least one transmitted code word or to at least
one error corrected transmitted code word to obtain at least one colored code word,
wherein the coloration sequence is such that at least one bit of the code word is changed
by the application of the at least one coloration sequence, and wherein the at least one
coloration sequence is associated to a certain decoding mode as a specific coloration
sequence; a redundancy decoder for redundancy decoding the at least one colored code
word to obtain a decoded output code word; and a decoding mode detector for generating
a decoding mode indicator indicating the certain decoding mode to be used by the
redundancy decoder to obtain the decoded output code word, wherein the decoding mode
indicator is associated to the at least one coloration sequence as the specific coloration
sequence used for the coloration of the transmitted code word. That is, to a plurality of
transmitted code words are applied different coloration sequences (de-coloration) and
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(de)colored words are decoded by using different decoding modes and one of the used
decoding modes is selected as a certain decoding mode based on the test result.

In accordance with embodiments of the present application, the redundancy decoder
comprises a bit number reducer for reducing the bit number of the colored code word and
an error corrector for correcting an error of the colored word, or the channel decoder
further comprises an error corrector for correcting an error of the transmitted code word.
That is, in case there is an error in the transmitted code words, the error correction
process is operated in a part of the decoding process at the redundancy decoder, or error
correction process is operated before applying the (de)coloration independently from the
redundancy decoder.

In accordance with embodiments of the present application, the colorator is configured to
use, in addition to the coloration sequence, at least a further coloration sequence, or
wherein the channel decoder is configured to bypass the colorator in a further decoding
mode without any coloration, e.g., the coloration sequence has only zero as values;
wherein the redundancy decoder is configured to redundancy decode an additional at
least one colored code word colored using the further coloration sequence, to obtain a
further decoded code word, the further colored code word which obtained from the
transmitted code word using the further coloration sequence, or the transmission code
word without coloration to obtain an even further decoded code word, and wherein the
redundancy decoder is configured to output a reliability measure for the decoded code
word, a further reliability measure for the further decoded code word or an even further
reliability measure for the even further code word, e.g., the reliability measure is
calculated for each decoded code word using a different coloration sequence and
decoding mode, wherein the decoding mode detector is configured to determine, based
on the reliability measures, the decoding mode indicator, and wherein the redundancy
decoder is configured to receive the decoding mode indicator and to output as the
decoded output code word, either the decoded code word, the further decoded code word,
or the even further decoded code word. That is, in case there is an error in the transmitted
code word, then, the reliability measure, e.g., risk value (reliability measure) is calculated
and the decoded mode used for the decoded code word having the smallest risk value is
selected as the certain decoding mode.

In accordance with embodiments of the present application, the decoding mode detector
is configured to store a candidate list indicating a predetermined number of candidate
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decoding modes, wherein one candidate decoding mode may be indicated without any
coloration sequence or all candidate decoding modes are associated with a coloration
sequence, and to select one candidate decoding mode as a certain decoding mode to be
used by the redundancy decoder to obtain the decoded output code word to be used,
wherein the decoding mode detector is configured to perform a first decoding mode
operation and a second decoding mode operation, wherein the decoding mode detector
for performing the first decoding mode operation is configured to estimate the certain
decoding mode being the candidate decoding mode without coloration sequence, i.e.,
before the hash is evaluated whether the first code word is un-colored, to calculate
syndromes of the code word, to check whether the calculated syndromes have value zero,
and when the calculated syndromes have value zero, to calculate a hash value of the
transmitted code word, to compare the calculated hash value and a hash value included in
the transmitted code word, when the calculated hash value is equal to the included hash
value, to generate the decoding mode indicator to indicate the candidate coding mode
without coloration sequence as the certain decoding mode, or when the calculated hash
value is different from the included hash value, to exclude the candidate decoding mode
without coloration sequence from the candidate list, and to proceed further with the
second decoding mode operation. That is, the decoding mode detector performs two
operations, e.g., the decoding mode detector comprises a first decoding mode detector for
performing the first decoding mode operation and a second decoding mode detector for
performing the second decoding mode operation, and in case the certain decoding mode
is not selected in the first decoding mode operation, the selection process proceeds
further with the second decoding mode operation. Therefore, if there is no error in the
transmitted code words and the mode associated with no coloration sequence was used
at the encoder, it is not necessary to proceed further, and hence, the certain decoding
mode is efficiently selected. '

In accordance with embodiments of the present application, in the second decoding mode
operation, an error of the transmitted code word is detected by using a syndrome, an error
symbol is calculated using an error locator polynomial, and the error symbol is corrected.
During the procedure, in case the detected errors are not correctable, then the decoding
mode associated with the coloration sequence applied to the transmitted word including
the uncorrectable error is excluded from the candidate list. In addition, in case the error
locator polynomial for the transmitted word having the correctable error is not able to be
determined, then, the further decoding mode is excluded from the candidate list. That is,
the listed candidate decoding modes are excluded step by step and the remaining
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decoding mode on the list is selected as the certain decoding mode at the end. Hence, the
certain decoding mode is reliably selected when considering the risk of error occurrence.

In preferred embodiments of the present application, the FEC mode is signaled by
modifying well-known linear codes in such a way that the redundancy rate is efficient while
the decoder is able to determine the FEC mode by partial trial decoding. This zero byte
implicit signaling is deterministic if no transmission errors occur and otherwise finds the
correct mode with high probability, i.e., the frame loss due to signaling errors is negligible
compared to the frame loss due to uncorrectable frames. More specifically, it is concerned
with a (FEC) scheme that provides a multitude of N,,,4. modes for encoding data
sequences into code sequences of a given length Nig.4e.. Here, for simplicity binary
sequences are assumed, but a similar scheme would also apply to the general case
where data symbols are elements in any field, for example, finite Galois field.

Advantageous aspects of the preseht application are the subject of dependent claims.
Preferred embodiments of the present application are described below with respect to the
figures, among which;

Fig. 1 shows a block diagram illustrating an example of a channel encoder for
encoding a frame to be transmitted according to embodiments of the
present application;

Fig. 2 shows a block diagram illustrating an example of another channel encoder
for encoding a frame to be transmitted according to embodiments of the
present application;

Fig. 3 shows a block diagram illustrating an example of an encoder including a
channel encoder for encoding a frame to be transmitted according to
embodiments of the present application;

Fig. 4 shows a block diagram illustrating an example of a further channel encoder

shown in Fig. 3;

Figs. 5A, 5B show a block diagram illustrating examples of a channel decoder for
channel decoding at least one transmitted code word according to
embodiments of the present application;
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Fig. 6

Figs. 7A, 7B

Fig. 8

Fig. 9

Fig. 10

Fig. 11

Fig. 12

Fig. 13

Fig. 14

shows a flowchart for an example of a channel decoding operation
implemented by the claimed channel decoder shown in Fig. 5A or Fig. 5B
according to the embodiments of the present application;

show a block diagram illustrating variations of a channel decoder for
channel decoding at least one transmitted code word according to the
present application as indicated by Figs. 5A and 5B;

shows a block diagram illustrating further variation of a channel decoder for
channel decoding at least one transmitted code word according to the
present application as indicated by Fig. 7A or 7B;

shows a block diagram illustrating another example of a channel encoder
for encoding a frame to be transmitted according to the embodiments of the
present application;,

shows a flowchart for an example of a channel encoding operation
implemented by the channel encoder shown in Fig. 9 according to the
embodiments of the preserit application;

shows a block diagram illustrating a variation of a channel encoder for
encoding a frame to be transmitted according to the embodiments of the
present application shown in Fig. 9;

shows a schematic illustration of an example for frame architecture in the
channel encoding operation shown in Fig. 11 according to the embodiments
of the present application;

shows a schematic illustration of an example for frame architecture
dependent on an encoding mode according to the embodiments of the
present application;

shows a block diagram illustrating a further example of a channel encoder
for encoding a frame to be transmitted according to the embodiments of the
present application;
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

16

17

19

20

21

22

shows a block diagram iliustrating a further example of the channel decoder
for channel decoding at least one transmitted code word according to
embodiments of the present application;

shows a block diagram illustrating an example of a decoding mode detector
of the channel decoder located in the channel decoder shown in Fig. 15
according to the embodiments of the present application;

shows a flowchart for an example of decoding mode detection operations of
the decoding mode detector implemented by the decoding mode detector
shown in Fig. 16 and an example of the decoding operation of the channel
decoder implemented by the channel decoder shown in Fig. 15 according
to the embodiments of the present application;

shows a block diagram illustratring an example of a second decoding mode
operation of the decoding mode detector implemented by the decoding
mode detector shown in Fig. 16 according to the embodiments of the
present application;

shows a flowchart for an example of a procedure of the second decoding
mode operation implemented by the second decoding mode detector
shown in Fig. 18 according to the embodiments of the present application;

shows a block diagram illustrating a variation of the channel decoder for
channel decoding at least one transmitted code word according to
embodiments of the present application shown in Fig. 15;

shows a block diagram illustrating a variation of a decoding mode detector
of the channel decoder located in the channel decoder shown in Fig. 20
according to the embodiments of the present application;

shows a schematic illustration of an operation of a first decoding mode
operation implemented by the mode detector shown in Fig. 20;
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Fig. 23 shows a schematic illustration of an operation of a second decoding mode
operation implemented by the second decoding mode detector shown in
Fig. 18; and

Fig. 24 shows an enlarged schematic illustration of the operation of the second
decoding mode operation shown in Fig. 23.

Equal or equivalent elements or elements with equal or equivalent functionality are
denoted in the following description by equal or equivalent reference numerals.

In the following description, a plurality of details is set forth to provide a more thorough
explanation of embodiments of the present application. However, it will be apparent to one
skilled in the art that embodiments of the present application may be practiced without
these specific details. In other instances, well-known structures and devices are shown in
block diagram form rather than in detail in order to avoid obscuring embodiments of the
present application. In addition, features of the different embodiments described
hereinafter may be combined with each other, unless specifically noted otherwise.

Fig. 1 illustrates an embodiment of channel encoder 2 for encoding a frame, comprising a
multi-mode redundancy encoder 4 for redundancy encoding the frame in accordance with
a certain coding mode from a set of different coding modes, and a colorator 6 for applying
a coloration sequence to the at least one code word. Fig. 2 illustrates another example of
channel encoder 2 further comprising a controller 8 for providing coding criteria, e.g.,
redundancy rate of the frame, required data protection (certain coding mode, data length,
target size Nygrger, NUMber of data words consisting the frame and so on. In case the
channel encoder 2 does not include the controller 8 as indicated in Fig. 1, the coding
criteria is provided associated with the frame to the multi-mode redundancy encoder 4. As
an option, the channel encoder 2 also includes hash extension to calculate a hash value

of the frame to be transmitted.

In a further embodiment, for example, a frame of an audio data is provided to the channel
encoder 2. In case the controller 8 is not included in the channel encoder 2 (as shown in
Fig. 1), the frame of the audio data is associated with an indication of the target size
Niarger and the certain coding mode mg... Then, the provided frame is encoded at the
multi-mode redundancy encoder 4, and a plurality of code words is outputted from the
multi-mode redundancy encoder 4. The outputted code words are provided to the
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colorator 6 and at least one code word of the outputted code words is colored by applying
a specific coloration sequence sig,, which is selected in accordance with the certain
coding mode ms,.. Regarding the coloration sequence, when the value of the coloration
sequence is zero, then coloration is bypassed for the code words. That is, for example, a
coding mode my,, = 1 is associated to the coloration sequence sig, having the zero
value, i.e., the coloration sequence sig, is a zero sequence, and therefore, the coloration

for the code words encoded by the coding mode my,. = 1 is bypassed.

Fig. 3 shows an example of an encoder including a channel encoder according to an
embodiment of the present application. The encoder comprises an audio encoder 1, the
channel encoder 2 and a switching unit 3. The audio encoder 1 is configured to encode
input audio data and the channel encoder 2 is configured to encode the channel according
to the indicated mode. The switching unit 3 provides the audio encoder 1 with payload
size N, and the channel encoder 2 with FEC mode and slot size N;. As shown in Fig. 3,

the encoder outputs the encoded frame.

Fig. 4 shows a further example of the channel encoder shown in Fig. 3. The channel
encoder 2 comprises a hash extension 10, a linear encoder 4’ and a colorator 6'. The
audio data encoded at the audio encoder 1 is input as input data a;,, and the hash
extension 10 generates an extension data a,,, by adding the hash data. The extension
data a,,; is provided to the linear encoder 4’ and the linear encoder 4’ generates a code
word a.,. in linear code. The code word a,,. is provided to the colorator 6" and the

colorator 6’ generates colored code word a,,,; to be transmitted.

The channel encoder 2 in Fig. 4 performs an implicit mode signaling, i.e., transmitting an
encoded frame to a decoder without explicitly indicating the coding mode. In particular, no
metadata other than the target size Ny, 4. Needs to be transmitted to the decoder (e.g.,
as shown, for example, in Figs. 5A and 5B). To each of the N,,,,4. mode, a linear code
word Cy, of length Negpgee is assigned, meaning C,, < Cy: = {0,1}Vtarget, The first stage of
data encoding thus consists of mapping a given data word in D,,: = {0,1}"m to a code

word in C,,.

The implicit mode signaling is based on the fact that it can be tested efficiently whether a
given word ¢ € C, lies in C,. However, since the codes are linear, the intersections €, N

C, are not empty. In particular, many families of codes, such as primitive narrow-sense
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BCH codes or Reed-Solomon codes with the same base field, will even produce
inclusions between the different codes when ordered according Hamming distance, i.e.,

cNmode < CNmode’l ccly (1)

It may therefore happen that a code word c¢,,, obtained by encoding a data word in mode
m also lies in C,, for an n # m, whence it is generally not possible to determine the mode
based on such a test alone. This problem is solved by applying a mode dependent

transformation

Tm:Co = Co (2)
after encoding. These transformations are designed such that 7,,(C,,) N T,,(C,,) = 0 for
m = n which resolves the aforementioned ambiguity. Since the transformations do not
change the length of the code words, this method effectively signals the mode of the
channel coder with zero bits.
In the present embodiment these transformations are given by calculating the bit-wise

XOR of the encoded code word ¢ and a signaling sequence sig,, € Cy. So when encoding
in mode m the channel encoder outputs the colored code word

Ci=c @D signm. 3)
Receiving ¢ and being ignorant of the representation in (3), the decoder can then test
efficiently whether
@D sig, €Cy. (4)
Since sig,, D sig,, is the zero sequence, the decoder will be able to verify that

E B sign =c D signm D sigy=c¢ (5)

lies in C,,. Furthermore, on the condition

Nrmode < Gl 6)

0de = |e+CptertCp ol
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the signaling sequences sig; can be chosen such that
Sigk@Sigl e 61U62 U‘..UcNdee (7)

for k = [ allowing for deterministic mode detection at the decoder if no transmission errors
occur. Hence, it is not necessary to separately transmit the data to indicate the certain
coding mode and the parameters to the channel decoder.

As shown in Fig. 5A, the channel decoder 20 comprises a colorator (de-colorator) 22, a
redundancy decoder 24 and a mode detector 26. The redundancy decoder 24 comprises
a bit-number reducer 24a and an error corrector 24b, however, it is not necessary that the
bit-number reducer 24a and the error corrector 24b are provided in the redundancy
decoder 24. That is, as shown in Fig. 5B, the error corrector 24b may be connected to the
colorator 22, and the bit-number reducer 24b may be located between the colorator 22
and the mode detector 26. The mode detector 26 is connected to the redundancy decoder
24 (bit-number reducer 24a) and the colorator 22. At the channel decoder 20, more
specific, at the decoding mode detector 26, a decoding mode indicator indicating the
certain decoding mode to be used by the redundancy decoder 24 (the bit-number reducer
24a) to obtain the decoded output code word, and the specific coloration sequence used
for the coloration of the transmitted code word at the colorator 22 is determined.

The channel decoder 20 receives transmitted code words transmitted from the channel
encoder 2. Then, a predetermined number of transmitted code words are used/tested for
generating the decoding mode indicator at the decoding mode detector 26 as explained
below. The decoding mode detector 26 has information regarding decoding modes which
could be used by the channel encoder 2, e.g., a list of candidate decoding modes.

Fig. 6 is a flowchart for an example of a channel decoding operation implemented by the
claimed channel decoder shown in Fig. 5A or Fig. 5B. The predetermined number of the
transmitted code words is de-colorated by applying a coloration sequence (82), for
example, the coloration sequence sig; associates to a decoding mode my,. =1 in the
candidate list. Then, colored (de-colored) code words are decoded at the bit-number
reducer 24a (S4) and the predetermined number of decoded output code words is
obtained. In case no transmission errors have occurred (86), the decoding mode indicator
is generated at the decoding mode detector 26 based on the decoded output code words
(S10). The generated decoding mode indicator is provided to the colorator 22 and the
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redundancy decoder 24 (bit-number reducer 24a), i.e., in case the decoding mode
indicator indicates the certain decoding mode, it is defined that the decoding mode is
detected (S12). Then, the transmitted code words decoded by using the certain decoding
mode are outputted as the decoding output code words (S16).

As indicated at S6, if errors are detected, a reliability measure (a risk value) is calculated
at the decoding mode detector 26 (S7). That is, in case the transmitted errors are
occurred, the errors are detected and attempted to be corrected by calculating and using
syndromes at the error corrector 24b and the result of the error correction is provided to
the decoding mode detector 26 from the error corrector 24b. In case the error corrector
24b is independent, as shown in Fig. 5B, the result of the error correction is associated
with the transmitted code word. The detailed procedure of the error detection and the error
correction will be explained later.

Then, in case all the candidate decoding modes on the list are tested (88), it proceeds
further to S10 as described above. If there is a remaining candidate decoding mode on
the list (S8), S2 to S7 are repeated until the entire candidate decoding modes are tested.
In case the certain decoding mode is not determined (S12), although all of the candidate
decoding modes are tested, the frame, which consists of the transmitted code word
used/tested for determining the certain decoding mode, is registers as a bad frame.

Figs. 7A and 7B show variations of the channel decoder 20 as shown in Fig. 5A and 5B.
As shown in Fig. 7A, the channel decoder 20 further comprises the controller 28 which is
connected to the colorator 22, the redundancy decoder 24 and the mode detector 26.
Also, the channel decoder 20 in Fig. 7B corresponding to the channel decoder 20
described in Fig. 5B, further comprises the controller 28 which is connected to the error
corrector 24b, the colorator 22, the bit-number reducer 24a and the mode detector 26.

At the channel decoder 20 in Fig. 7A as well as in Fig. 7B, a plurality of mode tests may
be processed in parallel. For example, if there are four candidate modes on the candidate
list, the mode test is performed for each candidate mode, i.e., candidate 1: a coloration
sequence sig; and a decoding mode m¢,. = 1, candidate 2: a coloration sequence sig,
and a decoding mode my,. = 2, candidate 3: a coloration sequence sig; and a decoding
mode ms.. = 3, and candidate 4. a coloration sequence sig, and a decoding mode
Mo = 4 are performed in parallel as described below (S2 to S8 in Fig. 6 are performed

for each candidate in parallel). The mode detector 26 then generates the decoding mode
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indicator and the controller 28 instructs to the redundancy decoder 24 (the bit-number
reducer 24a) to output the decoded code words decoded using the indicated decoding
mode as the outputted decoded code words.

Fig. 8 shows a variation of the channel decoder comprising a plurality of colorators 221 to
224, a plurality of decoders (redundancy decoders) 241 to 244, mode selector (detector)
25 and a switch 27. As described in Fig. 8, transmitted code word, i.e., encoded data a;,
is input to the channel decoder and copied for providing to the plurality of the colorators
221 to 224. A coloration sequence sig, is applied to the copied encoded data a;, at the
colorator 221 and a decoding mode my,.. = 1 is applied to the colored code word a;,(1) at
the decoder 241 to obtain a decoded code word ag..(1). In this embodiment, the
coloration sequence sig, is zero sequence, i.e., the coloration operation is bypassed. A
coloration sequence sig, is applied to the copied encoded data a;, at the colorator 222
and a decoding mode m,., = 2 is applied to the colored code word a;,(2) at the decoder
242 to obtain a decoded code word ay..(2). A coloration sequence sig; is applied to the
copied encoded data a;, at the colorator 223 and a decoding mode mg,.. = 3 is applied to
the colored code word a;,(3) at the decoder 243 to obtain a decoded code word az..(3). A
coloration sequence sig, is applied to the copied encoded data a;, at the colorator 224
and a decoding mode mg,, = 4 is applied to the colored code word a;,(4) at the decoder

244 to obtain a decoded code word a;..(4).

Although it is not depicted in Fig. 8, the decoder includes an error corrector and decoding
statistical information, e.g., the number of corrected bits or symbols, and number of
corrected symbols in sub code words, if code is constructed from smaller codes, is
provided from each decoder 241 to 244 to the mode selector 25 as indicated by a dotted
line. Then, the mode selector 25 generates a decoding mode indicator indicating the
certain decoding mode to be used by the decoder to obtain the decoded output code
word. The mode selector 25 selects the decoding mode as the certain decoding mode
based on the decoding statistic information, i.e., if a mode decodes without error
correction, this mode is selected as the certain decoding mode. In this case, it should be
noted that no miss-selection can happen if no errors have occurred. If errors occurred, a
risk value (reliability measure) is computed for the decoding modes based on the
likelihood to produce a code word with a similar number of errors by a random guess. The
mode detector then decides for the decoding mode with the lowest risk value. In addition,
the mode detector may also require the risk value of the selected mode to be smaller than
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a pre-determined threshold. Hence, if there is no decoding mode having the risk value
less than the predetermined threshold, a bad frame indicator is generated instead of the
decoding mode indicator. The bad frame indicator is provided to the encoder together with
the data size/length N;geq.

The decoder determines/calculates/computes the risk value (reliability measure) of the
decoding mode based on the number of the corrected symbols during a decoding
operation of the colored code word. If a predetermined number of code words are colored,
e.g., 6 code words are colored, then, thé risk value (reliability measure) for decoding
mode my,. = 2 is calculated based on the number of the corrected symbols during a
decoding operation of the 6 colored code words. In the same manner, the risk value
(further reliability measure) for decoding mode my,. =3 is calculated based on the
number of the corrected symbols during a decoding operation of the 6 colored code
words, or the risk value (even further reliability measure) for decoding mode ms., =1 is
calculated based on the number of the corrected symbols during a decoding operation of
the 6 code words without coloration.

When the certain decoding mode is selected, then, the decoding mode indicator is
provided from the mode selector 25 to the switch 27. The switch 27 switches the
connection to the decoder to obtain the decoded output code word based on the decoding

mode indicator. That is, for example, if the decoding mode m;.. = 3 is indicated as the

certain decoding mode, then the switch 27 connects to the decoder 243 to obtain the
decoded output code word.
In case transmission errors occurred, the decoder 20 receives
iDe (8)
with an error sequence ¢. This can lead to ambiguities in the sense that

EDe®sigyec” 9)

for different k, where C,EC) denotes the sets of all sequences that can be corrected by the

FEC scheme (for example, at the error corrector 24b shown in Figs. 7a and 7b) to
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produce a code word in C;,. If k = m is such a mode, then the decoding strategy is to
regard the error term

5igm P sig, D € (10)

as a random guess and estimate the mode from a list of candidate modes according to a
risk value, i.e., the reliability measure. This risk value is derived from decoding statistics
such as the number of corrected symbols and reflects the likelihood that the decoder input

is a random guess in C, (i.e. a sequence of fair coin tosses).

This way, the risk of selecting the wrong mode is limited by the risk of erroneously
decoding a code word that has been damaged beyond the error correction capability of
the underlying code. In cases where this risk is considered too large, a hash value may be
added as an option to the data before encoding and taken into account in the mode
detection procedure. While this, similarly to an explicit signaling, reduces the data rate, it
improves mode selection risk and wrong decoding risk alike. Therefore, the proposed FEC
scheme is very well-suited for the application, where undetected corrupted frames usually
lead to stronger degradations than detected and concealed corrupted frames.

Further details regarding the channel encoder 2 and the channel decoder 20 according to
the present application are explained below.

Channel Encoder

The envisioned channel encoder operates on bytes and utilizes Reed-Solomon codes
over GF(16) to construct a family of linear codes. It takes as input the target size in bytes
denoted N, also referred to as slot size, a mode number mg,., between 1 and 4 and an
input sequence of data bytes a(k), k=0,1,..,N, —1, which are interpreted in the
following as integers between 0 and 255. The input size N, is derived from the parameters
Ng and my, as will be specified later. In the following, the target size is assumed to be at

least 40 bytes.

Fig. 9 shows a block diagram illqstrating another example of a channel encoder 2 for
encoding a frame to be transmitted according to the embodiments of the present
application. The channel encoder 2 comprises a controller 8, a pre-processor 10, data
splitter 12, a multi-mode redundancy encoder 4, a colorator 6 and a multi-mixer 14.
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Fig. 10 shows a flowchart for an example of a channel encoding operation implemented
by the channel encoder shown in Fig. 9. As shown in Fig. 10, hash value of the input data,
i.e., input frame data, is calculated and added to the input data (820). The frame including
the input data and the added hash value is split by the data splitter 12 into a plurality of
data words (S22). The number of the data words is calculated based on a target size of
the frame. A plurality of the data words is encoded by the multi-mode redundancy encoder
4 (S24), and the encoded data words, i.e., code words are provided to the colorator 6 for
applying a coloration sequence (S26). Then colored code words are interleaved at the
multi-mixer 14 (S28).

Fig. 11 shows a block diagram illustrating a variation of the channel encoder depicted in
Fig. 9. The channel encoder in Fig. 11 further comprises a frame configurator 11 for
providing information to other devices. For example, the frame configurator 11 receives
parameters, e.g., target size of the code word N, and the coding mode m,. In addition, a
size of a hash value Ny, of the frame and the Hamming distance are calculated at the
frame configurator 11. As depicted in Fig. 11, an input data a;, and data length N,
information, and the calculated hash size Ny, and the Hamming distance are provided
to the pre-processor 10. In addition, the lengths of the code words L;, Hamming distances
d; and the number of code words N, are provided to the data splitter 12, the Read-
Solomon (RS) encoder 4, the colorator 6 and the multiplexer (interleaver) 14. From the
pre-processor 10, for example, the data a, having the size N, = N, + Ny, is provided to
the data splitter 12. The data splitter 12 splits the frame into a plurality of code words Dy,
Dy t0 Dy,yy—1 Which are provided to the RS encoder 4. The RS encoder 4 encodes the
data words to obtain code words C,, C; to Cy.,—1 Which are provided to the colorator 6.
The colorator 6 applies a coloration sequence to the code words to obtain colored code
words and the colored code words are interleaved at the multiplexer and outputted as
a,y:- Detail procedure is explained below.

Data Pre-Processing

in the pre-processing step, a hash value of Ny, bytes is calculated on the input data,
e.g. a CRC (Cycle Redundancy Check) hash, where Nygsp = Nygsn (N5, Myec) is @ number
depending only on the slot size N; and the FEC mode my,,. In the preferred embodiment,

the number is given by
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2 mgee > Land Ng = 40

N, = {
hash 3 else. (1)

The hash value is used for data validation, as the error detection of the Reed-Solomon
codes is not very strong.

Let the hash bytes be denoted h(k), k= 0,1, ..., Nyuep — 1 and let rem(n, m) denote the
remainder in the long division of n by m. Hash and data are concatenated and split into a
sequence of numbers from 0 to 15 (in the following referred to as unit4 numbers), e. g.
according to

a,(2k): = rem(h(k),16) (12)
and
a;(2k + 1): = |h(k)/16] (13)

fork =0,1,..., Npgsn — 1, and

a, (2k): = rem(a(k — Nypgsn), 16) (14)
and
az(2k +1):= la(k — Npqsn)/16]. (15)

fork = Nhasw Nnasn + 1, ...,Np + Npash = 1.

The input data extended with the calculated hash, i.e., the frame including the hash value
is split into a plurality of data words. The number of the data words is calculated, for
example, based on a target size for the frame and code word index.

Fig. 12 shows a schematic illustration of an example for frame architecture in the channel
encoding operation performed by the channel encoder shown in Fig. 11. The input data,
i.e., input frame including the hash value is split into the calculated number of data words

(also the number of code words), e.g., 6 data words D, to Ds.

Reed-Solomon Encoding

(Reference to “Error Correction Coding: Mathematical Methods and Algorithms”, Todd K.
Moon, 2005.)
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The linear codes are constructed from a multitude of Reed-Solomon codes over GF(16)
with Hamming distances 1,3,5 and 7. The number of code words is calculated from the

slot size as

New:= | 5] (16)

15

and the length of code word i in data symbols is given by
_INg—i-1
L= [WNW ]+ 1, (17)

where i ranges from 0 to N, —1. The condition N, = 40 implies that L; € {13,14,15}.
The Hamming distances for the different code words are mode and code word dependent
and are given by

Mfec — 1 Myec > 1,
8i(Mfec)i =13 Mpee = Land i =0, (18)
1 else.

The data array is split into N,,, data words according to
Di(k):=ay(S;+ k),  k=01,..L; — &§((mpec)), (19)

where the sequence of split points is inductively defined by Sg:=0and Si4:= 5 +L; —
5i (mfec) +1

This constraints the input length to

New(Nempec)—1 Si(Mysec)—1
Np = Ng — Npasn(Ns, mfec) - Ei:o re """“%'"ml (20)

which depends on Ny and ms, alone.

Subsequently, the data words D; are encoded into RS(L;, L; — §;(mpe.) + 1) codes C;.
Reed-Solomon encoding depends on a generator for the base field and a generator for
the unit group of that base field (see e.g. “Error Correction Coding: Mathematical Methods
and Algorithms”, Todd K. Moon, 2005) as well as a data-to-symbol mapping. In the
following, the field GF(16) is assumed to be generated by x* + x + 1 and the unit group
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generator a is assumed to be the residual class of x in GF(16) = GF(2)/(x* +x + 1).
Furthermore, the data-to-symbol mapping (mapping unit4 numbers to elements of GF(16))
is taken to be '

n v [n]: = bity(n) + bit,(n)a + bit,(n)a? + bitz(n)a?, @21n
where bity(n) denotes the k-th bit in the binary representation of n given by

n

bity(n): = [;‘-kj -2 [WJ (22)
The code word C; is then the uniquely determined sequence satisfying
Ci(8;(mpec) — 1 + k) = Dy(k) (23)
fork = 0,1,.., L; — §;(my,.) and also satisfying that the polynomial
Tico (G (24)
is divisible by the RS generator polynomial
[P el (3 — o), (25)

As explained above, the data words are encoded and the code words are output as also
indicated in Fig. 12. The length of each code words is not necessarily the same, e.g., the
length of code words €, and C, is 14 nibbles and the length of code words C, to (5 is 13
nibbles, and therefore, the length of the frame including code words C, to s is 40 bytes. It
should be noted that the redundancy rate can be different for different data words, since
the length of the data words are not exactly the same.

Fig. 13 is a schematic illustration of an example for frame architecture dependent on an
encoding mode. Fig. 13 shows a relationship between the data to be transmitted and
redundancy arrangement when the target size is 40. For example, when the code words
encoded using mg,. =1, no error is expected, when the code words encoded

using mys.. = 2, one symbol error per code word may occur, when the code words
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encoded using mg.. = 3, two symbol errors per code word may occur, and when the code
words encoded using mg,. = 4, three symbol errors per code word may occur. The
channel decoder 20 is informed about the data to be transmitted and the redundancy
arrangement, since decoding requires knowledge of the mode in order to extent encoded
data.

In the next step, mode signaling is performed by coloration of code words according to

Ci(k): = {Zﬁ;rwi (), 518hm 2. () i;ea (26)

for k = 0,1, ... L;, where sig, is one of the following sequences:

sig. (") = (0,0,0,0,0,0,0,0,0,0,0,0,0,0,0)

sig, (") = (7,15,5,6,14,9,1,3,12,10,13,3,2,0,0)
sigs() = (7,11,14,1,2,3,12,11,6,15,7,6,12,0,0)
siga(-) = (6,15,12,2,9,15,2,8,12,3,10,5,4,0,0)

In this embodiment, the number of code words (data words) is 6 if Ny = 40. If the number
of code words is large, it is not necessary to color all code words in order to robustly
signal the FEC mode. In this case, coloration can be limited to a pre-defined subset of
code words, e.g., the first 6 cpde words as indicated above by i < 6. However, the
number of code words may be changed dependent on parameters, i.e., target size, code
word index, length of the code word and so on. Furthermore, figures of the coloration
sequence are not limited to the above-mentioned examples and may be different figures.

The function bitxor(n, m) is defined on natural numbers and denotes the outcome of a bit-

wise XOR on the binary representations of n and m, i.e.
bitxor(n,m): = Yo ¢ 2, (27)

Table 1: The probability that ¢; @ v; @ v; is decodable with d symbols in C;(15) when ¢; is

drawn random uniformly from C;(15).

d: 0 1 2 3 not decodable
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¢ DBv, D, 0 0 - - 1

Cl @ Ul @ v3 O 0 78 X 2_8 - 0695 aew
Cq @ " @ V4 0 0 55 X 2—16 5445 x 2_16 0916...
Cy @ Va 63 V3 0 0 78 % 2—8 - 0.695 ...
Cy @ 17 @ V4 0 0 55 x 2—16 5445 x 2_16 0.916...
c; DV D, 0 0 0 0 1
where

= 0 bity(n) = bity(m)
Gkt {1 else. (28)

The sequences are chosen to maximize separation of the different codes with respect to
Hamming distance. Denoting by

Vit = ([sigr (D), [sige (D], ., [sigi(Li = D))

the corresponding vectors in GF(16)" and setting C;(L;): = Co(L;): = RS(L;, L; — 2), C3:=
RS(L;,L; —4) and Cy:= RS(L;, L; — 6) the code word coloring corresponds to the vector
addition ¢, @ vy in GF(16)". For deterministic mode detection in the absence of
transmission errors the condition Cy(L;) ® v, N C (L) @ v, = 0 for k + Lis sufficient since
this allows for unique determination of the signaled mode. The signaling sequences
satisfy the following even stronger conditions, which are designed to limit the risk of mode

ambiguities when transmission errors occur.

e For k >l and ¢, € C,(L;) the word ¢, @ vy, @ v, is not decodable in C;(L;), meaning its
Hamming distance to C;(L;) exceeds the error correction capability of the code.

e For k <l and ¢y € C,(L;) the word ¢, @ vy, @ v; may be decodable in €, but requires at
least correction of two symbols.

The probabilities of ¢, @D v, @ v, being decodable in ¢;(15) with a prescribed number of
symbol corrections when ¢, is drawn random uniformly from €, (15) are given in Table 1.
They provide an upper boundary for the corresponding probabilities for smaller values of
L;.
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The colored code words are shown in Fig. 12. To the code words encoded by using the
encoding mode my., = 1, the coloration sequence sig, is applied, i.e., the coloration is
bypassed, since the coloration sequence is a zero sequence. To the code words encoded
by using the encoding mode ms.. = 2, the coloration sequence sig, is applied, to code
words encoded by using the encoding mode mg,. = 3, the coloration sequence sigs is
applied, and to code words encoded by using the encoding mode my,, = 4, the coloration
sequence sig, is applied. It is noted that not all code words need to be colored, i.e., the

coloration sequence may only be applied to a predetermined subset of the code words in

a frame.

Code Word Multiplexing

The colored code words are interleaved by the multiplexer 14. That is, a bit from a colored
code word is placed in a different code word in a further bit of at least one different code
word to obtain a frame.

That is, the code word lengths L; are chosen such that the elements of the colored code

words C; can be fully interleaved, defining a multiplexed code word

c(k):= érem(k,Ncw)(lk/Ncw.l) (29)
fork = 0,1,...,2N,; — 1, which is converted to the output sequence
Aout(B):=c(2k) + 16 c(2k + 1) (30)

for k = 0,1,..., N; — 1. Interleaving increases the protection strength if bit errors are not
equally distributed over the framé,‘ e.g.,'when error bursts occur. Note that code word
coloration could have also been described at this stage by calculating the bit-wise XOR of
the final output and the corresponding sequences derived from sig,,.

Fig. 14 shows a block diagram illustrating a further example of a channel encoder for
encoding a frame to be transmitted. The channel encoder 2 shown in Fig. 14 comprises a
controller 8, a channel encoding core 2' and an audio encoder 16, i.e., this channel
encoder is used for encoding an audio frame to be transmitted. In case of encoding a
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video frame to be transmitted, the channel encoder 2 comprises a video encoder instead
of the audio encoder 16.

Channel Decoder

Fig. 15 shows a further example of the channel decoder 20. The channel decoder 20
comprises a de-multiplexer 60, a decoding mode detector 26, an error corrector 62, a
colorator 22, a redundancy decoder 24, data combiner 64 and a post processor 68. The
error corrector 62 is connected to the decoding mode detector 26 in Fig. 15. However, the
error corrector 62 may be included in the redundancy decoder 24, e.g., as shown in Fig.
5A, or located between the decoding mode detector 26 and the colorator 22, or the
colorator 22 and the redundancy decoder 24. In addition, it is not shown in Fig. 15,
however, that the channel decoder 20 may further comprise a controller and/or a
memory/storage for storing a candidate list of the decoding modes.

Fig. 20 shows a variation of the channel decoder 20 shown in Fig. 15. Fig. 20 depicts the
channel decoder 20 in line with its operation in a similar manner as Fig. 11. The channel
decoder 20 further includes a frame configurator 81 which provides the number of code
words, N,,, and the code word lengths, L; to the de-multiplexer 60, the mode detector 26
which including an error corrector, the de-colorator (colorator) 22, the RS decoder 24 and
the data combiner 64. Also, the frame configurator 61 provides a frame target size, i.e.,
the slot size N; to the post processor 68. The de-multiplexer 60 exiracts interleaved code
words. The mode detector 26 detecis the certain decoding mode and generates the
decoding mode indicator. The decoding mode indicator includes at least information to
indicate the certain decoding mode, and may include additional information, e.g., number
of the corrected symbols. The decoding mode indicator is provided from the mode
detector 26 to the de-colorator 22, RS decoder 24 and the post processor 68. The de-
colorator 22 decolorates according to the certain decoding mode by applying XOR to a
predetermined number of first coding words, e.g., first 6 code words with a coloration
sequence associated to the certain decoding mode. The RS decoder 24 only extracts data
parts of code words, i.e., error correction performed earlier on colored code words. The
amount of redundancy is indicated by the decoding mode indicator. The data combiner 64
concatenates input, i.e., combine the data words to obtain output data. The post
processor 68 validates output data using the hash value if the certain decoding mode is
not mode 1. The detailed operation is explained below.
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The channel decoder 20 receives as input a sequence of bytes a;, and the slot size N; in
bytes. Again, bytes are interpreted as numbers between 0 and 255.

Code Word De-Multiplexing

The de-multiplexer 60 extracts interleaved code words at the decoder 20, i.e., the frame
configurator 61 computes the number of code words, N, and the code word lengths, L;,
from the input size N, as specified in the section of “Reed-Solomon Encoding” and
extracts the code words C; according to the arrangements described in the section “Code
Word Multiplexing”.

Mode Detection

Straight forward mode detection according to the channel decoder 20 shown in Fig. 5A
and the associated description in the above could be done by passing from ¢; to

__ (bitxor(Ci(k), sigm(k)) i<6,
Cim (k): = {Cz (k) else,

(31)

using trial decoding for all possible rhodes, and, on success, validate the decoded data by
re-calculating the hashes of the transmitted code words (i.e., decoded frame) as explained
above (data pre-processing). If this procedure succeeds for multiple modes, then a risk
value can be attached to the mode classes as follows: let n,, (i), i = 0,1, ..., Ng, — 1 denote
the number of symbols that have been corrected in code word C;,, during RS-decoding.
For the Reed-Solomon codes RS(L;, L; — 2t) in question (the Hamming distance being
2t + 1 and thus the number of correctable symbols being t), the probability to pick a
random word w of n symbols in GF(16)™ that can be corrected into a RS(n,n — 2t) code

word by modifying 7 < t symbols, is given by
r(n,t,7) :=167% (2) 157, (32)

Consequently, the risk value for mode m may be taken to be

A2 () (33)

Pm = Z"BNhash(Nmm) H}i\’zcz)v_l 'I"(Li,

and my,, would be chosen such that Prmsec is minimal.
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The proposed mode decision takes a slightly different path. Instead of aiming for a full
decoding for all possible modes, the mode detector takes a parallel approach, narrowing
down the list of candidate modes step by step and reaching a final decision after
processing the first 6 code words. This approach has the advantage of being less
computationally complex on average.

Fig. 16 shows a block diagram illustrating an example of a decoding mode detector 26 of
the channel decoder located in the channel decoder 20 shown in Fig. 15. The decoding
mode detector 26 comprises a first decoding mode detector 30, a second decoding mode
detector 32 and a controller 34. The decoding mode detector 26 is configured to perform a
first decoding mode operation at the first decoding mode detector 30 and a second
decoding mode operation at the second decoding mode detector 32, The controller 34
may include a memory/storage for storing the candidate list of the decoding mode.

Fig. 17 shows a flowchart for an example of decoding mode detection operations of the
decoding mode detector implemented by the decoding mode detector shown in Fig. 16
and an example of the decoding operation of the channel decoder implemented by the

channel decoder shown in Fig. 15.

The first decoding mode operation is performed by testing whether the certain decoding
mode is mode 1. At first, syndromes of the code word are calculated and when the
calculated syndromes vanish, i.e., calculated syndrome without value, (S30), a hash value
is calculated and evaluated (S31). That is, if the decoding mode is mode 1, there should
be no error and therefore, the syndrome has value zero. When the calculated syndrome
has a value, the first decoding mode operation is terminated and proceeds to the second
coding mode operation (S38). When calculated hash value is not equal to the included
hash value (received hash value) in the code word (S34), the first decoding mode
operation is terminated and proceeds to the second decoding mode operation (S38).
When the hash values are the same (834), the first decoding mode detector 30 generates
the decoding mode indicator (836) and the controller 34 performs to precede further steps
to output the decoding data (S82).

Fig. 18 shows a block diagram illustrating an example of a second decoding mode
detector 32 of the decoding mode detector implemented by the decoding mode detector
shown in Fig. 16. The second decoding mode detector 32 comprises a syndrome
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calculator 40, a syndrome colorator 42, a syndrome checker 44, an error locator
polynomial calculator 46, a risk value calculator 48, an error position calculator 50 and an
error symbol calculator 52. In the second decoding mode operation, the syndrome
colorator 42 applies a coloration sequence for decoloring the calculated syndrome, since
performing coloration on code words or syndromes is basically the same thing.

Fig. 19 shows a flowchart for an example of a procedure of the second decoding mode
operation implemented by the second decoding mode detector 32 shown in Fig. 18. As
shown Fig. 19, a syndrome is calculated at the syndrome calculator 40 (S40) and the
syndrome is colorated at the syndrome colorator 42 (S42). For example, the syndromes
are colorated with the syndromes of the coloration sequence associated to the next
candidate mode in the candidate list, e.g., coloration sequence sig, associated with mode
2. Coloring the syndromes of a code word with the syndromes of a coloration sequence
produces the same output as coloring the code word prior to calculating its syndromes but
it is computationally less complex. The de-colorated syndrome is checked, i.e., the value
of the syndrome is checked, at the syndrome checker 44 (S44). If all syndromes vanish
for one mode, then this mode is selected directly without checking further modes. When
the de-colorated syndrome has a value, the error occurred (S46) and therefore, error
locator polynomials (ELPs) are calculated at the error locator polynomial calculator 46
(548). In case the ELP does not exist (850), i.e., the ELP is not able to be calculated, the
decoding mode is excluded from the candidate list (S52), and if there is any mode which
is not yet tested (858), return to step S40. For example, ELP for the de-colorated
syndrome applied the coloration sequence sig, is not existed, and then the decoding
mode 2 is excluded from the candidate list. When the ELP exists (S50), the risk value is
calculated at the risk value calculator 48 (S54). When the calculated risk value is larger
than a predetermined threshold (856), the mode is excluded from the candidate list (S52).
When the risk value is less than the predetermined threshold (S56), it is checked whether
there are any modes which have not yet been tested in the candidate list (S58). When
there are any modes which have not yet been tested in the candidate list ($58), then the
process returns to step S40. When all modes in the candidate list have been tested (S58),
an error position is calculated by the error position calculator 50 (S60). When the error is
not correctable based on the calculated error position (S62), the decoding mode is
excluded from the candidate list (852). When the error is correctable (§62), an error
symbol is calculated by the error symbol calculator 52 ($64), and the decoding mode
indicator is generated (S66). ‘
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Then, as depicted in Fig. 17, the error is corrected by the error corrector 62 (S68). When
the error correction is not successful, the frame including the code word having an
uncorrectable error is registered as a bad frame (S70). When the error correction
succeeds, code words are colorated based on the decoding mode indicator by the
colorator 22 (S72). Then, the colored (de-colorated) code words are decoded based on
the decoding mode indicator by the redundancy decoder 24 (S74) and the data words are
concatenated by the data combiner 64 (S76). The hash value of the concatenated data is
calculated and compared to the included hash value for evaluating the hash value (S78).
When the hash values match (880), the decoded data is output. When the hash values do
not match (S80), the decoded frame is registered as the bad frame (S70).

Fig. 21 shows a block diagram illustrating a variation of a decoding mode detector of the
channel decoder located in the channel decoder shown in Fig. 20. Fig. 21 shows a
schematic block diagram which depicts the operation performed by the mode detector 26
in Fig. 20. That is, the mode detector 26 in Fig. 20 comprises a first decoding mode
detector performing a stage 1 (the first decoding mode operation), a second decoding
mode detector performing a stage 2 (the second decoding mode operation), a mode
selector and an error corrector.

First mode detection operation (Stage 1)

Fig. 22 shows a chart of the stage 1 performance. As shown in Fig. 22, the first stage
mode detection is performed to test, whether the FEC mode my, is 1. The following

notation is used to denote the i-th code polynomial in GF(16)[x] corresponding to the i-th
code word:

[C10) = Zp%," [Cu(k)]x* (34)

Selection of FEC mode 1 depends on two conditions. Firstly, the first two syndromes need
to vanish, i.e.

[Col(a) = [Col(@®) = 0, (35)

and secondly, the re-calculated hash value needs to match the received hash value. If
both conditions are satisfied, the decoding indicator is generated to indicate that the mode
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1 is the certain decoding mode and the data is decoded according to the data
arrangements at the encoder. If at least one of these conditions is violated, mode 1 is
excluded from the list of candidate modes-and mode detection enters stage 2.

That is, as shown in Fig. 22, if both conditions are satisfied, the first decoding mode
detector notices that the certain decoding mode is mode 1 (as indicated “is_mode_1" in
Fig. 21). In this case, further procedures, i.e., the stage 2 and the error correction are

skipped.

Second mode detection operation (Stage 2)

Fig. 23 shows a chart of stage 2 performed by the second decoding mode detector. As
shown in Fig. 23, when the certain decoding mode is already selected in stage 1, the
process in the stage 2 is skipped. In addition, if the certain decoding mode is mode 1, it is
assumed that no errors have occurred, and therefore, no error correction is performed. In
Fig. 23, three processes are depicted, i.e., the syndrome of 6 code words are calculated,
the decoding mode detection operation for mode 2, for mode 3 and for mode 4 are
depicted. That is, syndromes for a predetermined number of code words are calculated,
e.g., for six code words C, to Cs, six syndromes for every code words are calculated, i.e.,

o =ij‘=‘g[c,-(j)]ak'f. The operation for mode 2 is performed by a de-colorator 1, a
syndrome checker 1, an error locator polynomial calculator 1, a risk evaluator 1, an error
position calculator 1 and an error symbol calculator 1. The operation for mode 3 is
performed by a de-colorator 2, a syndrome checker 2, an error locator polynomial
calculator 2, a risk evaluator 2, an error position calculator 2 and an error symbol
calculator 2. The operation for mode 4is performed by a de-colorator 3, a syndrome
checker 3, an error locator polynomial calculator 3, a risk evaluator 3, an error position

calculator 3 and an error symbol calculator 3.

Fig. 24 shows an enlarged part of Fig. 23 indicating the operation for mode 2. At the
operation for mode n+1, i.e., for mode 2, the de-colorator n, i.e. the de-colorator 1 de-
colorates calculated syndrome according to mode 2: 6y, 1 = 0y + Z;‘;Ol [signe]ad . The
syndrome check 1 tests if 5,4 = 0fork =1,2,..,2 - n. The result of the test is sent to
the mode selector as syndrome_check_1. The error location polynomial (ELP) A; ;.1 is
calculated at the ELP calculator n, i.e., ELP calculator 1 for mode 2. The mode 2 (mode
n+1) is excluded from the candidate list (blacklisted in the candidate list), if A;,,.4 does not
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exist for one i € {0, 1, 2, 3,4,5}. The risk evaluator n, i.e., the risk evaluator 1 for mode 2,
calculates risk value from degrees of A;,.; according to  phuqi=

H’i\':cg’"l r(14,m%353,d£,n+1). The calculated risk value is sent to the mode selector and

the error position calculator 1 as risk_value_1. The error position calculator n, i.e., the
error position calculator 1 for mode 2, calculates error positions in mode n+1, i.e., mode 2
by factorizing A;,+1. If factorization fails, or if an error position is out of bounds, or if the
risk value is above the predetermined threshold, the mode 2 is excluded from the
candidate list (blacklisted). The error symbol calculator n, i.e., the error symbol calculator
1 for mode 2, calculates error symbols in mode 2 (n+1) from g;,., and error position

err_pos | n+1.

As shown in Fig. 23, the same operation performed for mode 2 is also performed for mode
3 and mode 4. Then, the data indicating the error position, err_pos ; 2 and the data
indication the error symbol err_symb 2, are sent from the error symbol calculator 1 to the
switch. Also, err_pos; s and err_symb; s are sent from the error symbol calculator 2 to the
switch, and err_pos 4 and err_symb; 4 are sent from the error symbol calculator 2 to the

switch. The mode selector selects the certain decoding mode according to following steps:

1. If it is indicated “is_mode_1", then mode 1, if it fails, then check “is_mode_n", n = 2, 3,
4 exit,

2. If syndrome_check = true for an n, then ms.. =n + 1 (no errors) is selected,
3. If all modes are blacklisted, no mode is selected, i.e., is_mode _n <0, and

4. From modes which remain in the candidate list (not blacklisted) select ms,, for which

risk_val_(mye. — 1) is minimal.

Then, the switch switches between inputs according to mg.. (output is irrelevant if no
mode is selected). At the error corrector, if is_mode_1, i.e., mg, = 1 then output=input,

since no error occurs, Otherwise the error corrector corrects symbols indicated by err_pos
imfec DY XORing with err_symbimiec. Detailed processes are explained as below.

In the stage 2, the list of candidate modes is further reduced in several steps. The
procedure to select the certain decoding mode terminates as soon as a valid mode has
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been found or if no valid mode remains on the candidate list. In the latter case decoding is
stopped and the frame is marked as a bad frame.

Stage 2 only considers the code words C, to Cs for mode detection. In this embodiment,
the number of the code words is six, however, this number may be different, for example,
dependent on circumstances of transmitting channel, transmitting environments, required
protection strength, and/or performance of codec.

First, the syndromes
Tim (k) := [Cm) (") (38)

of the colored code words are calculated for i=0,1,...5, m=234 and k=
1,2,..,8;(m) —1, i.e., for the first at Ieafst six transmitted code words. It is noteworthy that

[Coml(a®) = [C1(®) + sige(@®)  (37)

where sig, (a*) may be tabulated. That is, the syndromes of the colored code words C;,
may be computed efficiently by coloring the syndromes of the code words C;. So
considering all modes does not increase worst case complexity of syndrome calculation.

If an m exists, such that o;,,(k) = 0 for k = 1,2,..,6;(m) — 1, then mode m is selected.
Note that this is always the case if no transmission errors occurred and that by the

selection of sig, such an m is necessarily unique.

Otherwise, transmission errors have occurred and mode detection proceeds to calculating
error locator polynomials for the remaining modes. At this stage, these are polynomials

Ay (0):= 14 Ay (D + - + Ay (dym)x b, (38)

and where the coefficients are a unique solution to

8y (m)-1
where d; ,, < -—-—-—--‘(T:)

Tym () + Ze™ 4 (k)T (n — k) = 0 (39)
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forn=d;pm+1,dy, +2,..,6(m) —1. Such a polynomial does not necessarily exist if
code word i is not correctable in mode m and if a code word is encountered for which no
such A, can be found, mode m is excluded from the list of candidate modes.

Otherwise, i.e., such A;,, is found, a risk value is calculated for all remaining modes m

according to

- 8 -
pme= TNy ™ (14,2422 4y ) (40)

The code word length 14 is hereby used as an estimate for the real risk r(Li,st@z—)i,di,m)

since L; varies from 13 to 15 for the slot sizes in question. The modes for which p,, is
larger than a given threshold are excluded from further processing. It is noted that the
threshold is, for example, 6 x 10~8, however, this value may be varied dependent on the

required transmitting quality and other required criteria.

For the remaining modes (at this stage usually only one mode remains) the error locater
polynomials are factorized in GF(16)[x]. Factorization is said to be successful if the

polynomial splits into distinct linear factors of the following kind:

Ajm, () = Hjﬂ" (x + a "mebi), where 0 < Mg < Lo andng 5 # ny iforj # ko (41)
If this is the case, then C;,,, is correctable into a valid RS(L;, L; — 6;(my) + 1) code word
by modifying C;pm, (M) for j =1,2,...,d;m, . All modes for which at least one error
locator polynomial does not split according to the formula (41) are excluded from the list of
candidate modes. If multiple modes remain in the candidate list the certain decoding
mode my, is chosen such that the decoding risk p,, rec 18 Minimal.

On successful mode detection, error correction of the code words C;,, fec is performed. If

correction fails, the frame is marked as a bad frame and decoding is terminated.
Otherwise, the data is decoded after performing de-coloration according to the selected
mode at the redundancy decoder 24 according to the data arrangements of the encoder in
FEC mode my,,.
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If me,. > 1 the decoded data is validated by re-calculating the hash value and compared
to the hash value included in the transmitted code words at the post processor 68. If
validation is successful, the decoded data is output according to the data arrangement at
the encoder. Otherwise, a bad frame is signaled to the channel encoder 2.

When the decoding mode is selected, the decoding mode indicator indicating the certain
decoding mode is generated and sent to the de-colorator 22, the RS decoder 24 and the
post processor 68 as shown in Fig. 20. Also as shown in Fig. 20, the de-colorator 22 de-
colorates according to mode my,. by XORing the first 6 code words with sigy, rec(k). The
RS decoder 24 only extracts data parts of code words, i.e., error correction is performed
earlier on colored code words. The decoding mode indicator is also sent to the RS
decoder 24, because it is necessary to know the certain decoding mode to identify the
amount of redundancy. The decoding process of decoding according to the certain
decoding mode in a way as disclosed in “Error Correction Coding: Mathematical Methods
and Algorithms”, Todd K. Moon, 2005. The data combiner 64 concatenates input to obtain
output, and the post processor 68 validates data if my,. > 1 and removes hash data.

In accordance with the embodiments of the present application, the channel encoder
indicates the coding mode by applying the coloration sequence to the code word of the
frame. Therefore, it is not necessary to separately transmit the data to indicate the certain
coding mode and required parameters, and hence, data transmission rate is improved. In
addition, the information/indication of the coding mode is included in the code word by
applying the coloration sequence which is selected in accordance with the coding mode,
and hence, it is possible to provide error resilient mode signaling. Furthermore, the
information/indication of the coding mode is distributed in the code word by applying the
coloration sequence, and therefore, the information/indication of the coding mode is
received at the channel decoder in an error résilient way. In addition, the channel decoder
is able to determine the decoding mode without separately receiving specific information
about the decoding mode and parameters to determine the decoding mode. Hence, data
transmission ratio of the channel is effectively improved.

In accordance with the embodiments of the present application, the channel decoder
performs a test decoding to examine whether an error has occurred or not for detecting
the decoding mode. Therefore, in case no transmission error has occurred, a reliable
decoding mode is determined in a simple calculation.
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In accordance with the embodiments of the present application, in case the transmission
error has occurred, the channel decoder performs error correction for a predetermined
number of code words as a test and calculates the risk value of errors (reliability
measure). Therefore, without receiving specific information and parameters from the
channel encoder, it is possible to determine appropriate decoding mode by testing the
predetermined number of code words and considering the reliability measure.

In accordance with the embodiments of the present application, the decoding mode
indicator comprises a decoding mode detector for detecting the decoding mode by testing
the predetermined number of code words to deduce the candidate of the decoding mode
in the decoding mode candidate list. The candidates in the candidate list is excluded or
blacklisted based on occurred errors, and the certain decoding mode is finally selected
from the remaining decoding mode candidates in the candidate list considering the
reliability measure (risk value). Then the decoding mode indicator includes risk value of
the selected decoding mode and in case the risk of error is larger than a predetermined
threshold, the frame is registered as a bad frame. Therefore, it is possible to select
reliable and appropriate decoding mode by testing only the predetermined number of code
words.

Further embodiments are subsequently described.

Application layer forward error correction

1. Channel Coder
1.1 Functions and Definitions
1.2 General Channel Coder Parameters

1.2.1 FEC Mode

The FEC mode m is a number from 1 to 4, where m = 1 provides only basic error
protection and m = 2, 3,4 provides increasing error correction capability. At the channel

encoder the FEC mode is denoted by mg.. and at the channel decoder it is denoted Nfec

1.2.2 Slot Size
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The slot size N specifies the size of the channel encoded frame in octets. N, may take all
integer values from 40 to 300, covering nominal bitrates from 32 to 240kbps at a frame
rate of 100Hz.

1.2.3 CMR
The coding mode request CMR is a two-bit symbol represented by numbers from 0 to 3.
1.2.4 Joint Channel Coding Flag

The joint channel coding flag jcc_flag takes values 0 and 1 and indicates that the input
data contains data from multiple audio channels.

1.3 Derived Channel Coder Parameters
1.3.1 Number of Code Words

The parameter N, specifies the number of code words that are used to encode the data
frame. It is derived from the slot size by

2N,
Mow = |75}

1.3.2 Code Word Lengths

The parameter L; is defined for i = 0..N,, — 1 and specifies the length of the ith code

word in semi-octets. It is derived from the slot size N, as

L'“IZNS——i—l-Fl

1.3.3 Hamming Distances

The parameter d; ,,, specifies the hamming distance of code word i in FEC mode m. It is
given by

(1, i=0
iy o= {O, i>0

and form > 1 by
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dim:=2m—1 fori=0..Ny, —1
1.3.4 Number of Partial Concealment Code Words

The parameter Ny, specifies the number of partial concealment code words and is

derived from slot size N; and FEC mode m by

Npccw :
10.080447761194030 ' N, — 1.791044776119394 + 0.5], m = 3 and Ny = 80 and jcc_flag =

= {10.066492537313433 - N, — 1.970149253731338 + 0.5], m =4 and Ny =2 80 and jcc_flag =
0, else.

1.3.5 Size of Partial Concealment Block

The parameter N, specifies the size of theﬁpartial concealment block in semi-octets and

is derived from slot size N; and FEC mode m by

Ngw—1
Ny i= Z Li—dim + 1.

{=New—Npeew
1.3.6 CRC Hash Sizes

The numbers Nggpey and Negea, Which correspond to sizes of CRC hash values, are
derived from slot size and FEC mode m by

. 2, m 2 3 and Ny = 40
Nepey = 3, else
and
. (o, m< 2o0r Ng <80orjec_flag =1
Negez = 2, else.

1.3.7 Payload Size

The payload size N, specifies the data size in a channel encoded frame of size N,

encoded in FEC mode m in octets, which is given by
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New=1

N, i= Ny — N, N Z dim — 1
p T s T HNCRC1 T INCRC2 T Nmimm

=0
1.4 Algorithmic Description of the Channel Encoder
1.4.1 Input/Output

The channel encoder takes as input the slot size N;, the FEC mode my,., the coding
mode request CMR, a data sequence, for example, agq.(0.. N, — 1) of octets and a joint

channel coding flag jec_flag and returns a sequence of octets a,.(0.. N; — 1). Octets are
interpreted as numbers from 0 to 255 according to the specified endianness.

1.4.2 Data Pre-Processing

The data sequence is first split into a sequence a,(0..2N, —1) of semi-octets with
reversed ordering, where a, (2k) holds the upper half of az,: (N, — 1 — k) and a, (2k + 1)

holds the lower half. In formulas this is

agae(Ny — 1 —k) j

an(2k) := l 16

and
an 2k + 1) := rem(agq: (N, — 1 — k), 16)

Next, CRC hash values are calculated on the bit-expansions of the sequences
n1(0..2Ny — Npe — 1) := a,(0..2N, — Np, — 1)
and

an2(0..Nye = 1) = a (2N, — Np..2N, —1).

Note that N, might be zero in which case a,,, is the empty sequence. The bit-expansion

of a semi-octet sequence a(0..N — 1) is defined by the sequence b(0..4N — 1), where

b(4k + j) := bit;(a(k))),
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with k ranging from O to N — 1 and j ranging from 0 to 3 and bit; is the function returning

the jth bit according to the specified endianness.

The first CRC hash sequence, calculated on an extension of a,,, has length 8Ngpeq — 2

and the binary generator polynomials are given by

Pra(x) =1+ x2+ x8 + x® + x10 4 x4
and

D22(x) = 1+ x% + x5 + 2% + 2% + 210 4 110 4 416 4 x19 4 22,

The second CRC hash sequence, calculated on a,;, has length 8Nz, and the binary

generator polynomial is given by
Pis() =1+ x+ 23 + x5+ 2%+ x7 4+ x%+ x13 4 x15 4 416,
The CRC hash sequence of length k on a binary data sequence b(0..N — 1) for a given

binary generator polynomial p(x) of degree k is defined as usual to be the binary
sequence r(0.. k — 1) such that the binary polynomial

f~1 N-1
Flx) = Zr(i) i+ Z b(i) xitH
=0 i=0

is divisible by p(x).

Let by, denote the bit-expansion of a,; and let b,,, denote the bit-expansion of a,,. Then
the sequence r,,(0..8Ngger — 3) is set to be the hash sequence of length 8Nggeq — 2
calculated on the concatenated sequence

briext = (bito(CMR), bity (CMR), b3 (0).. bya (8N, — 4Ny — 1)),

Furthermore, ,,(0..8N¢gc, — 1) is set to be the second hash sequence of length 8N g,

calculated on b,,. Note that r,,, is the empty sequence if Nope, = 0.

The first pre-processed data sequence by, (0..8(N, + Nggey + Ncrez) — 1) is then defined
by
bppo(0..8Ncger — 3) 1= 13,1(0..8Ngger — 3)
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bypo(8Ncrer — 2) i= bito(CMR)
bppo(gNCRm — 1) := bit,(CMR)
bppo(8Ncre1 8(Nerer + Nepez) — 1) := 132(0..8Nggez — 1)
bppo(8(Nere1 + Nerea)- 8(Np + Nerea + Nerez) — 4Npe — 1) 1= byy (0..8N, — 4N, — 1)

and
bppO(B(NCRC.‘l + NCRCZ + Np) - 4NpC' -8(NCR(,‘1 + NCRCZ + Np) - 1)' - bn2 (0 '4Npc - 1)

The final pre-processed data sequence is given by swapping the CMR bits at positions
8Ncre1 — 2 and 8Ngpeq — 1 with bits at positions k := 4(7 — doms,, + 1) +2 and k +2,

l.e.
byp(Neper — 2) i= bypo(k)
bpy(Neger — 1) = bppo(k +2)
by (k) 1= byppo(Nerer — 2)
byp(k + 2) i= bppo(Ncrer — 1)
and

bpp(n) = bppO(n)
for n different from 8Ncpey — 2, 8Nerer — 1k, and k + 2. Swapping of these bits ensures
that the CMR bits are stored in an FEC mode independent bit positions located in the

middie of the channel encoded bitstream.

The bit-sequence by, is converted into a semi-octet sequence app(o..z(NCRﬂ + Negeo +

N,)) by reversing the bit-expansion, i.e.
pp () #= by (4K) + 2 by (4k + 1) + 4 by (4k + 2) + 8 by, (4K + 3).

Note that it is not necessary to actually carfy out the bit-expansions described in this
clause as CRC hashes can be computed efficiently on data blocks.

1.4.3 Reed-Solomon Encoding
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For Reed-Solomon (RS) encoding the pre-processed data sequence a,p from clause

1.4.2is split into N, sequences D, also referred to as data words, according to

D; (0. Ly — di,mfec) = Qpp (Si--Si + L - di,mfec)’

where i ranges from 0 to N,,, — 1 and where the split points S; are inductively defined by
SO = 0 and Si+1 = Si -+ Li hae di:mfec + 1.

The RS codes are constructed over GF(16) = GF(2)/(x* + x + 1), where the residue
class of x in GF(2)/(x* + x + 1) is chosen as unit group generator, denoted as usual by a.
Semi-octets are mapped to elements of GF(16) using the data-to-symbol mapping

n = [n] := bity(n) a® + bity(n) a* + bit,(n) a? + bity(n) a®.

The mapping is one-to-one and the inverse mapping is denoted 8 — (8), such that (g =

B.

With this notation the Reed-Solomon generator polynomials for Hamming distances 3, 5,
and 7 are given by
a3 (v) = [8] + [6] y + [1] ¥,
as) = [71+ [8]y + [12] y* + [13]¥® + [1]¥*,
and
47(v):= [12] + [10]y + [12] y2 + [3]y° + [9] y* + [7] y5 + [1] y°.

For i ranging from 0 to N, — 1 the RS redundancy sequences R;(0..d - 2) for the

i,mfec
data words D; are calculated. These are the (uniquely determined) seqences of semi-
octets such that the polynomial

At pop—2 Limdim e,

ktdym, -

FO)= ) RGOy Y D]y e
k=0 k=0

is divisible by Qdi.mfecO’)- The ith code word C; is then defined to be the sequence of L;

semi-octets given by

C; (0 dilmf” - 2) = RI(O ' di.mfer: - 2)
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and

Ci (diymype = 1..Li = 1) =D, (0..L¢ = dypm,, ).
Note that if d;,,, ., = 1 the RS redundancy sequence is empty and C; simply equals D;.
T fec

1.4.4 Mode Signaling

The FEC mode my, is not explicitely transmitted but rather signalled implicitely by

coloring the first 6 code words by mode dependent coloration sequences, i.e.

CCy(k) = bitxor(C;(k), Si’gmfec(k) i <6
Ci(k) else,
where bitxor(a, b) denotes the bit-wise XOR operation on two semi-octets. The signaling

sequences sig,, are given by

sig,(0..14) = (0,0,0,0,0,0,0,0,0,0,0,0,0,0,0)
5ig2(0..14) = (7,15,5,6,14,9,1,3,12,10,13,3,2,0,0)
sigs(0..14) = (7,11,14,1,2,3,12,11,6,15,7,6,12,0,0)
sigs(0..14) = (6,15,12,2,9,15,2,8,12,3,10,5,4, 0, 0)

Note that code word coloration leaves the CMR bits at bit positions 30 and 32 of C,
unchanged.

1.4.5 Code Word Multiplexing
The sequences CC; are multiplexed into a sequence of octets first by interleaving the
semi-octets according to

ay(New k +1) := CCy(k),

where i ranges from 0 to N, — 1 and k ranges from 0 to L; — 1, and then by pairing

consecutive semi-octets according to

acc(k) = a”(zk) + 16 ail(Zk -+ 1)
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where k ranges from 0 to N, — 1.

1.5 Algorithmic Description of the Channel Decoder

1.5.1 Input/Output

The channel decoder takes as input the slot size N; and a sequence z,,(0.. N, — 1) of
octets and a joint channel coding flag jec_flag and returns the payload size N,, a
sequence of decoded octets z;4.(0.. N, — 1), a bad frame indicator bfi taking values 0, 1,
and 2, a CMR estimate XNI taking values from 0 to 11, a number error_report taking
values from —1 to 480 (indicating the number of corrected bits if bfi = 0), and a bit
position indicator fbcwbp for partial concealment.

The values N, and z4,.(0.. N, — 1) are only specified if bfi # 1, and the value of the bit

position indicator fbcwbp is only specified if bfi = 2.

1.5.2 Code Word De-Multiplexing

From the slot size N the derived parameters N,,, and L; are calculated according to
clauses 1.3.1 and 1.3.2. The input sequence z..(0.. N, — 1) is then split into a sequence
z;(0..2N; — 1) of semi-octets according to

2y (2k) := rem(z..(k), 16)
and

zy(2k + 1) := [ZC;(GI‘)}

for k = 0..N; — 1,and code words XX; are extracted according to the data arrangements
of clause 1.4.5, i.e.
XX;i(k) == zy(k Ney +1),

where i ranges from 0 to N, — 1 and k ranges from O to L; — 1.

1.5.3 Mode Detection
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Mode detection aims at recovering the FEC mode my,. by analysing the code words XX;,
where { ranges from 0 to 5. The detected mode is denoted ny,. and takes values from 0 to

4, where 0 indicates that no mode has been detected. Once a mode has been detected all
derived codec parameters such as the payload size, number of partial concealment code
words, etc. are defined according to this mode. The mode is chosen from a list of
candidate modes, initially containing FEC modes 1 to 4, which is then narrowed down
step by step.

1.5.3.1 Stage 1

Stage 1 tries to determine whether the frame was encoded in FEC mode 1. To this end,
the first two syndromes of code word 0 are calculated, where the kth syndrome of code
word XX; is defined to be the GF(16) symbol defined by

Li—-1

SO = ) XK @

n=0

Mode 1 is selected if the following two conditions are satisfied:

1. 5O =10] and 5 = [0].
2. The data, extracted according to the frame arrangement of ms.. = 1, passes the
first cyclic redundancy check as outlined in clause 1.5.7 with z,,(0..2N, — 2) =

(XXo(2..Li = 1), XXy, ., XX, -1)-

If these conditions are satisfied, error_report and bfi are set to 0 and the channel
decoder outputs the data z4,.(0.. N, — 1) as generated in clause 1.5.7. Otherwise, mode

detection enters stage 2 and mode 1 is removed from the candidate list.
1.5.3.2 Stage 2

Stage 2 tries to determine whether the frame was encoded in FEC modes 2, 3, or 4. To
this end, the syndromes S,Ei) are calculated fori = 0..5and k = 1..6.

If for one m € {2,3,4} the conditions

13
SO+ Isignm] &t = 0
n=0
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are satisfied fori =0..5and k = 1..d;,,, — 1, that is all syndromes colored according to
mode m vanish, then ns,.:=m is selected and the channel coder proceeds to clause
1.5.6. Note that such an m is necessarily unique so the modes may be tested in any
order.

If no such m can be found then mode detection calculates the error locator polynomials
Ay (¥) for i = 0.5 and m = 2,.4. This is done according to clause 1.5.5.1.1 with t =

(dim~1)
2

and

13
O = S,E") + Z[sigm(n)] akn,
n=0

the colored syndromes according to mode m, for k = 1..2t.

All modes m for which A;,,, (y) = [0] for at least one i from 0 to 5 are excluded from further

consideration.

For the remaining modes a risk value is computed. The risk value rsk(m) for mode m is
based on the degrees of the error locator polynomials A;., (y) and is computed as

mantissa exponent pair

(#m' €m) = (((((ﬂo,m‘ Eo,m) * (ﬂl,m' El,m)) * (/‘Z,m: Ez,m)) * (.Us,m: ES,m)) * (.“4,mr E4,m))

* (ﬂs,m: Es,m)'

where the mantissa exponent pairs (#z,m, ei‘m) are specified in Table 2, and where the
multiplication of two mantissa exponent pairs is defined as follows: Given two pairs (u, €)
and (1" ,€” ), where 0 < u,u” <215, the product (u,€) * (u” €’ ) is defined to be the
pair (u” " ,e” 7 ) given by
i [uu/ 27, o’ <2?®
geo= {[u u 2715], else
and

e __{ et+e’,  pp’ <2%
e+e/+1, else.
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Such a mantissa exponent pair (4, €) corresponds to the number y » 26714,

Table 2
m \ §d:=10 1 2 3
deg (Aim)
1 (only fori= 0) | (16384, -8) (26880, -1) NA NA
2 (16384, -8) (26880, -1) NA NA
3 (16384, -16) (26880, -9) (20475, -2) NA
4 (16384, -24) (26880, -17) (20475, -10) (19195, -4)

All modes m for which the corresponding risk value rks(m) lies above a slot size
dependent threshold risk_thresh are removed from the list of candidate modes. The risk
threshold is defined to be

21990%27%7, N, = 40

risk_thresh := {25166 ¥2724 N, > 40.

The remaining modes with risk value smaller than or equal to risk_thresh are enumerated
as my,j = 1..n, such that for every j = 1..n — 1 either rsk(m;) < rsk(my,q), or rsk(m;) =

rsk(my.,) and m; < my,4 holds.

Starting from mode m,, the error positions N,k I code words XX; are determined
according to clause 1.5.5.2 with A(y) = Aym;(y) for i = 0..5. If calculation of error position

is successful for all code words then ng, =m; is selected and the channel decoder

proceeds to clause 1.5.5. Otherwise, if error positions cannot be determined for one index,
the same procedure is carried out for mode mj4q While j < n. Otherwise, ng,, is set to 0

indicating that no mode has been detected.

In case no mode is detected, i.e. ngp =0, error_report is setto —1, CMR detection is
carried out according to clause 1.5.4 with M = {1, 2,3, 4} before the channel decoder exits
with bfi = 1.

1.5.4 CMR Estimation when Frame is not decodable




10

15

20

25

30

WO 2020/165260 PCT/EP2020/053614
47

In case the frame is not decodable the CMR is estimated by analyzing the first code word
XX, and the corresponding error locator polynomials A, ,,, for all modes m € M, where M

is a given set of candidate modes.

First all modes are removed from M for which either
= the error locator polynomial Ao, is not valid, or

o the risk value exponent ¢, as specified in Table 2 is larger than —8.

The set of remaining modes is denoted M,.
If M, is empty the CMR estimate XNI is set to

XNI = bit,(XXo(7)) + 2 bity(XXo(8)) +8,
where the summand 8 indicates that this value is not validated.

If My is not empty then let m denote the element of M, for which the risk value exponent
€o,m IS minimal (note that such a mode always exist since €, and ¢, cannot both have
value —8 by design of the signalling sequences). Then, error correction is performed on
XX, according to clause 1.5.5 with ns., = m and the CMR estimate is derived from the

corrected code word XX§ as either
XNI = bit,(XX§(7)) + 2 bity(XX5(8)) + 4
if €9,m > —16, where the summand 4 indicates that the CMR was validated with medium
high confidence, or
XNI = bity(XX§(7)) + 2 bito(XXE(8))
if €0,n < —16 indicating that the CMR value was validated with high confidence.

1.5.5 Error Correction

Full error correction is carried out only upon successful mode detection. In this case the
error positions for N gonik for the first 6 codewords were already computed in clause
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1.6.3.2. Error correction may also be carried out only for the first code word for CMR
recovery. In this case the following steps are only carried out for i = 0.

The code words XX; with i <5 are corrected by calculating the error symbols ¢

according to clause 1.5.5.3 with

d = deg (Ai.ﬂfec)

13
0= SO+ D" [sign, ] a*,
=0

S,Ei) being defined as in clause 1.5.3.2, and
Vie = Mok
The corrected code words are then defined by

bitxor(XX;(k),< &,; > k= v, for somel

XX{ () = {XXi(k) else,

where <-> is the inverse data-to-symbol mapping specified in clause 1.4.3.

For the remaining code words with index i > 5 error correction is performed by carrying
out the usual steps:

1. syndromes are calculated according to

Li—-1

o =, ; (XX, ()] ¥

di,n 1
fork = 1.2t with t := misz—--

2. If all syndromes are zero, the code word is presumed error free, and thus the
corrected code word XX7 is set to XX;.

3. Otherwise, the error locator polynomial A(y) is calculated according to clause
1.5.5.1.1.
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4. Upon success (i.e. A(y) # [0]) , error positions vy, k = 0..d; — 1 with d; := deg (A(y)),
are calculated according to clause 1.5.5.2.

5. Upon success, error symbols €;,, k = 0..d; — 1, are calculated according to clause

1.5.5.3 and error correction is performed according to

bitxor(XX;(k),(&;;)) k= v, for somel
XX;(k) else.

xx¢G0 = |
If error correction fails for an index i < N, — Nycey, 1.€. One of the steps 3, 4 or 5 failed,
the bad frame indicator bfi is set to 1, error_report is calculated as specified below and

channel decoding is terminated.

For indices i = Ny — Npceyw @ sequence T(Ngy, — Npeey. . Ney, — 1) is defined as follows. If
error correction fails for an index i = N, — Ny, or if the risk value exponent ¢, as
specified in Table is larger than —16 the value T (i) is set to 0, indicating that the data in
code word XX; is not reliable without further validation. If error correction fails, the
corrected code word XX{ is nevertheless defined to be XX; but the first bad frame

indicator bfi, is set to 2.

The value of error_report is set as follows. If error correction failed for an index i < N, —
Nypcew then let iy denote the smalles index for which it failed and set = {0,...,i; — 1}.
Otherwise let | denote the set of all indices 0 <i < N, for which error correction

succeded. The value of error_report is then calculated as
a
Z Z bito((gi,j)) + bitl((é‘g’j» + bitz( (Ef,j)) + bit3( <£i,j>)

Lel j=0

that is the total number of bits corrected in code words XX; with i € 1.
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If Ny = 40 the number of bit correction is artificially reduced to increase error detection. If
all code words have been corrected successfully first bad frame indicator is set depending
on a mode dependent error threshold emax,, given by

3 m=1
emax, =319 m=2
18 m=3

if error_report < emaxn .. the first bad frame indicator bfi, is set to 0 and otherwise it is

setto 1.

If Ny > 40 and all code words have been corrected successfully, then first bad frame

indicator bfi, is set to 0.
1.5.5.1.1 Calculation of Error Locator Polynomials

The error locator polynomial is calculated from a sequence gy, k = 1..2t, of symbols in
GF(16), where t is a number from 1 to 3.

If o3, = [0] for k = 1..2¢, the error locator polynomial A(y) is set to [1].
Otherwise, the determinants of matrices M; are calculated for [ = 1..t, where

M, := (07)

g1 02
2= (5 o)
2 0z 03

oy 02 O3
M3 == (UZ [2f} 0'4)
03 04 Op
and
det(Ml) =0y
det(Mz) = 0103 + 0'22

det(Ms3) = 0,0305 + 0,6% + ofas + 73,

If all determinants are [0] for [ = 1..t the error locator polynomial A(y) is set to [0], which

is a non-valid error locator polynomial in the sense of 1.5.5.2.



10

15

20

25

30

WO 2020/165260 PCT/EP2020/053614
51

Otherwise, take 7 to be the largest index from 1 to t such that det(M;) = 0. Then the
coefficients of the error locator polynomial are computed as

A:}: Op4q
';Ll Oy

where the inverse matrices are given by

M7t = (oY)
- _ - a-
M1 i= det(My)™? (aj a':’)

0305 + 02 0,05+ 030, 0,04 + 02
M3t = det(M3) ™| 030, + 0,05 0105+ 07 0104 + 0,03 |.
0,0, + 0% 0,04+ 0,03 0,03+ 0}

If 1; = [0], the error locator polynomial is set to [0].
Otherwise, if T = t, the error locator polynomial is set to
A) =[1]+ L1 y+ ..+ A4 ¥t

and if T < t it is further tested whether

T

Z Oriktn Ar—k+1 = Oapins1
k=1 '

holds for n = 0..2(t — 7) — 1. If all these equalities hold, then the error locator polynomial
is set to
A):=[1]+ L,y + .+ A, y"
Otherwise, it is set to [0].
1.5.5.2 Calculation of Error Positions

Error positions are calculated from the error locator polynomial

AR) =11+ 4y + ..+ 4. y%
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The error locator polynomial is said to be valid, if it admits a representation

t-1
Aly) = H(y + a”™), where0 <n, <L;and n, =n;fork =1,
k=0

in which case the error positions are given by n, for k = 0..d — 1. Otherwise, the list of
error positions is empty.

The values n;, can be determined by testing A(a™) = 0 for n = 0..L; — 1. Alternatively,
tabulation of error locations indexed by 4; is possible and might be considerably faster.

1.56.5.3 Calculation of Error Symbols

Error symbols are calculated from syndromes gy, ..., 04 and error positions vy, ..., v4_, by

&o g1
Ad(VOI "'lvd—l) < i )'_“' ( i )
Eg-1 04

over GF(16), where A;(vy, ..., v4-1) are the Vandermonde matrices

solving the linear system

A1(v) = (a),

o [ aYe avVt
Ay (vg,vy) 1= (a2V9 a2v1)'

and

avo a¥r gz
A3(VOIV11 VZ) = a2v0 azvl (szz .
i a3'\/o a3’V1 a3Vz

The matrix inverses are given by

AT*(vo) = (a@™)

- 2 v
A7 (vg,vy) = det(Az(Vorvl)) 1(22:‘1’ 21’:)’

and
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-1
A3 (v, v1,v2)
a2v1+3v2 +a2v2+3v1 av1+3v2 —|-aVZ+3V1 CZV1+2V2 + av2+2v1)

= det(A;(vg, v4,V3) ) @2vot3va 4 n2vat3vg aVot3Va . gVat3Ve G Vot2Vz | V2 +2Vp
“2v0+3v1 +a2v1+3y(, av0+3v1 +a,v1+3v0 av0+2v1+av1+2v0

with

det(Az(Vo,Vl)) = 0:V°+2V1 -+ aV1+2v°

and

det(A3(vo,v4,v2))
— avo+2v1+3v2 +av1+2v2+3v0 +av2+2v0+3v1 + avo+2v2+3v1 +av1+2vo+3v2

+ ay'V2+2V1 +3vg .

1.5.6 De-Coloration and RS Decoding
De-coloration according to the detected FEC mode Nrec i done by applying the

corresponding signaling sequence from clause 1.4.4, giving rise to de-colorated code

words

X;(k) = bitxor(XX{ (k),signm(k)) i<6
: B XX{ (k) else.

Then, redundancy decoding is applied according to mode Nsec Producing the data words
Wi (0..Ly = dipy,, ) o= X; (i, = 1oLy ~ 1)

which are combined into the data sequence Zpp(0.. Ny — 1), with N,, as specified in clause

1.3.7 with m = ng,, according to
Zop (Sie- St + L= dipg,,) o= W0 Ly —dy,)
fori =0..N, — 1, where the split points S; are as defined in clause 1.4.3. This yields a

sequence of length 2(N, + Nggea + Nerez) . After RS redundancy decoding the FEC

decoder proceeds to clause 1.5.7 Data Post-Processing.
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1.5.7 Data Post-Processing

Data post-processing consists of hash removal and validation, and CMR extraction. The
sequence z,, from clause 1.5.6 is expanded into the corresponding bit sequence Ypp from
which the sequence y,,, is derived by reversing the bit swap from clause 1.4.2, i.e.

swapping bits at positions 8Ngre; —2 and k = 4(7 "do,nfec+1)+2 and bits at

positions 8Ngge, — 2 and k + 2.

The sequence y,,, is then split into sequences iy, ina, Yniexs> aNd Y, corresponding to

SEQUENCES Tyq, Thz, Bpiexr: @Nd by, from clause 1.4.2, given by

in1(0..8N¢cre1 — 3) += Yppo(0..8Ngges — 3),
in2(0..8Nggez — 1) = Yppo(8Nere1- 8(Nerer + Negez) — 1),
Yniext(0..1) := Vppo (8N¢gey — 3..8Ngper — 1),
Yniext(2. 8Ny — 4Np, + 1) := Yopo(8(Ncrer + Nerez)- 8WNerer + Nepea + Np) — 4Ny — 1,

and
Yn2(0-4Npe = 1) 1= Yypo (8(Negre1 + Nerez + Np) — 4Nyc..8(Nere1 + Negez + Np).

The two cyclic redundancy checks (CRC) are carried out on y,,1.,: and y,,, are carried out
by re-calculating the hash sequences specified in clause 1.4.2.

If the calculated 8N ¢y — 2 bit redundancy sequence for y,q..c Specified in clause 1.4.2
does not match i,,; the bad frame indicator bfi is set to one and the CMR is estimated

according to clause 1.5.4 with M = {n;}. Otherwise, the CMR estimate is set to

XNI = Yni1ext (0) + 2 Yppene (1).

If the first CRC is passed and if bfi, # 2, the second CRC is carried out calculating the
8Ncre2 hash sequence for v,,, as specified in clause 1.4.2. If the result does not match the
sequence iy, the bad frame indicator bfi is set to 2, indicating the loss of partial
concealment data. If the first CRC is passed and bfi, = 2 then bfi is set to 2 without
carrying out the second CRC.
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If both CRCs are passed, the bad frame indicator bfiis set to 0, indicating that the

decoded data is valid.

f bfi= 2, the position fbcwbp of the first potentially corrupted bit in the partial
concealment block is determined from the sequence T (N, — Npcew. - Now — 1) from clause

1.5.5 in the following way.

If no index i exists such that N, — Npeoy <0 < Ny, @and such that T(Q) = 1 or if T(Nyy —
1) = 0 then fbcwbp is set to 0. Otherwise, let i, denote the largest index such that T(i) =

1foriy <i <N, Then fbcwbp is calculated as

New—1

fhewbp = 4 Z Li—dipy, + 1.

i=1o

If bfi =+ 1 the output data is z4,, is generated by reversing the pre-processing steps from
clause 1.4.2 by setting

Yn1(0..8Ny — 4Ny, — 1) = Yp1oxe(2..8N, — 4Ny + 1),
Zp1 (k) = yp1 (4k) + 2y  (dk + 1) + 4y (4 + 2) + 8y  (4k + 2)

fork = 0..2N, — Ny, — 1,
Zpa (k) = Yna(4K) + 2 ypp(4k + 1) + 4 yna(4k + 2) + 8 ypp (4k + 2)

fork =0..Ny.— 1,
2, (0.2N, = Nye — 1) 1= zp,,
Zn(2Np = Npe. 2N, — 1) 1= 2z,
and
Zaqe(k) i= 2, (2N, — 2k — 1) + 16 2,(2N,, — 2k — 2)
fork =0..N, — 1.

Although some aspects have been described in the context of an apparatus, it is clear that
these aspects also represent a description of the corresponding method, where a block or
device corresponds to a method step or a feature of a method step. Analogously, aspects
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described in the context of a method step also represent a description of a corresponding
block or item or feature of a corresponding apparatus. Some or all of the method steps
may be executed by (or using) a hardware apparatus, like for example, a microprocessor,
a programmable computer or an electronic circuit. In some embodiments, one or more of
the most important method steps may be executed by such an apparatus.

The inventive data stream can be stored on a digital storage medium or can be
transmitted on a transmission medium such as a wireless transmission medium or a wired
transmission medium such as the Internet.

Depending on certain implementation requirements, embodiments of the application can
be implemented in hardware or in software. The implementation can be performed using a
digital storage medium, for example a floppy disk, a DVD, a Blu-Ray, a CD, a ROM, a
PROM, an EPROM, an EEPROM or a FLASH memory, having electronically readable
control signals stored thereon, which coopérate (or are capable of cooperating) with a
programmable computer system such that the respective method is performed. Therefore,
the digital storage medium may be computer readable.

Some embodiments according to the invention comprise a data carrier having
electronically readable control signals, which are capable of cooperating with a
programmable computer system, such that one of the methods described herein is
performed.

Generally, embodiments of the present application can be implemented as a computer
program product with a program code, the program code being operative for performing
one of the methods when the computer program product runs on a computer. The
program code may, for example, be stored on a machine readable carrier.

Other embodiments comprise a computer program for performing one of the methods
described herein, stored on a machine readable carrier.

In other words, an embodiment of the inventive method is, therefore, a computer program
having a program code for performing one of the methods described herein, when the
computer program runs on a computer.
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A further embodiment of the inventive methods is, therefore, a data carrier (or a digital
storage medium, or a computer-readable medium) comprising, recorded thereon, the
computer program for performing one of the methods described herein. The data carrier,
the digital storage medium or the recorded medium are typically tangible and/or non-

transitionary.

A further embodiment of the inventive method is, therefore, a data stream or a sequence
of signals representing the computer program for performing one of the methods
described herein. The data stream or the sequence of signals may, for example, be
configured to be transferred via a data communication connection, for example via the

internet.

A further embodiment comprises a processing means, for example a computer, or a
programmable logic device, configured to or adapted to perform one of the methods
described herein.

A further embodiment comprises a computer having installed thereon the computer
program for performing one of the methods described herein.

A further embodiment according to the invention comprises an apparatus or a system
configured to transfer (for example, electronically or optically) a computer program for
performing one of the methods described herein to a receiver. The receiver may, for
example, be a computer, a mobile device, a memory device or the like. The apparatus or
system may, for example, comprise a file server for transferring the computer program to
the receiver.

In some embodiments, a programmable logic device (for example a field programmable
gate array) may be used to perform some or all of the functionalities of the methods
described herein. In some embodiments, a field programmable gate array may cooperate
with a microprocessor in order to perform one of the methods described herein. Generally,
the methods are preferably performed by any hardware apparatus.

The apparatus described herein may be implemented using a hardware apparatus, or
using a computer, or using a combination of a hardware apparatus and a computer.
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The apparatus described herein, or any components of the apparatus described herein,
may be implemented at least partially in hardware and/or in software.
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Claims
1. Channel encoder for encoding a frame, comprising:

a multi-mode redundancy encoder for redundancy encoding the frame in accordance with
a certain coding mode from a set of different coding modes,

wherein the coding modes are different from each other with respect to an amount of
redundancy added to the frame, wherein the muiti-mode redundancy encoder is
configured to output a coded frame including at least one code word; and

a colorator for applying a coloration sequence to the at least one code word;

wherein the coloration sequence is such that at least one bit of the code word is changed
by the application of the at least one of coloration sequence, wherein the specific
coloration sequence is selected in accordance with the certain coding mode.

2. Channel encoder according to claim 1, wherein the muilti-mode redundancy encoder is
configured to apply the certain coding mode in a previous frame, the first coding mode
having associated therewith the coloration sequence, wherein the multi-mode redundancy
encoder is configured to receive, for é current frame, an indication to use a second
encoding mode having associated therewith a further coloration sequence, and wherein
the colorator is configured to apply the further coloration sequence in the current frame, or

wherein the further coloration being bypassed with a coloration sequence in the current

frame.
3. Channel encoder according to claim 1 or 2, further comprising:

a controller for providing coding criteria, wherein the coding criteria defines a redundancy
rate of the frame, wherein the multi-mode redundancy encoder is configured to add
redundancy to the frame in accordance with the redundancy rate defined by the certain
coding mode and a variable or fixed target size of the coded frame.

4. Channel encoder according to claim 3, wherein the multi-mode encoder is configured to
determine the coding mode based on a required data protection strength,
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wherein the controller is configured to determine the required data protection strength
based on an estimated error occurrence of a transmitted channel.

5. Channel encoder according to claims 1 to 4, wherein the controller is configured to
switch the certain coding mode used for encoding the frame, and to generate coding
mode information indicating the certain coding mode,

wherein the multi-mode redundancy encoder is configured to receive the coding mode
information and perform redundancy encoding to obtain the at least one code word in
accordance with the certain coding mode indicated by the received coding mode
information,

wherein the colorator is configured to receive an indication for indicating the specific
coloration sequence and to apply the indicated specific coloration sequence to the at least
one code word.

6. Channel encoder according to claim 5,.wherein the colorator is configured to receive
the indication for indicating the specific coloration sequence either from the controller or
from the multi-mode redundancy encoder.

7. Channel encoder according to claims 1 to 6, wherein the colorator is configured to
perform the coloration of the at least one code word by calculating a bit-wise XOR of the
at least one code word and the specific coloration sequence.

8. Channel encoder according to claims 1 to 7, comprising:
a data splitter for splitting the frame into a plurality of data words, wherein the multi-mode
redundancy encoder is configured to encode each of the plurality of data words according

to the certain coding mode to obtain a plurality of code words,

wherein the colorator is configured to apply the specific coloration sequence to each code
word in a predefined subset of the plurality of code words.

9. Channel encoder according to claim 8, wherein the data splitter is configured to
calculate the number of code words based on a target size for the frame, wherein a length
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of the data word, which is included in the code word, is changed based on the calculated
number of the code words.

10. Channel encoder according to any claims 1 to 9, comprising:

an audio/video encoder for encoding an audio/video frame data, wherein the audiofvideo
encoder is configured to set a set of audio/video frame data based on the certain mode.

11. Channel encoder according to claims 1 to 9, comprising:

a pre-processor for calculating a hash value on the audio/video frame, wherein
the pre-processor is configured to concatenate the hash value and the audio/video frame.

12. Channel encoder according to claims 8 to 11, wherein the data splitter is configured to
split the frame, wherein at least one data word consists of the at least a part of the hash
value and a part of the audio/video frame.

13. Channel encoder for encoding a frame, comprising:

a multi-mode redundancy encoder for redundancy encoding the frame in accordance with
a certain coding mode from a set of different coding modes, wherein the multi-mode
redundancy encoder is configured to be capable of encoding the frame using each coding
mode in the set,

wherein the coding modes are different from each other with respect to an amount of
redundancy added to the frame, wherein the multi-mode redundancy encoder is
configured to output a coded frame including at least one code word; and

a colorator for applying a coloration sequence to the at least one code word;

wherein the coloration sequence is such that at least one bit of the code word is changed
by the application of the at least one of coloration sequence, wherein the colorator is
configured to select the specific coloration sequence in accordance with the certain coding

mode,

wherein the channel encoder further comprises:
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a data splitter for splitting the frame into a plurality of data words, wherein the multi-mode
redundancy encoder is configured to encode each of the plurality of data words according
to the certain coding mode to obtain a plurality of code words,

wherein the colorator is configured to apply the specific coloration sequence to each code
word in a predefined number of the code words or in a predefined subset of the plurality of

code words.

14. Channel decoder for channel decoding at least one transmitted code word,
comprising:

a colorator for applying at least one coloration sequence to the at least one transmitted
code word or to an error corrected at least one fransmitted code word to obtain at least
one colored code word,

wherein the coloration sequence is such that at least one bit of the code word is changed
by the application of the at least one coloration sequence, and

wherein the at least one coloration sequence is associated to a certain decoding mode as
a specific coloration sequence;

a redundancy decoder for redundancy decoding the at least one colored code word to
obtain a decoded output code word; and

a decoding mode detector for generating a decoding mode indicator indicating the certain
decoding mode to be used by the redundancy decoder to obtain the decoded output code

word,

wherein the decoding mode indicator is associated to the at least one coloration sequence
as the specific coloration sequence used for the coloration of the transmitted code word.

15. Channel decoder according to claim 14, wherein the redundancy decoder comprises a
bit number reducer for reducing the bit number of the at least one colored code word and
an error corrector for correcting an error of the colored code word, or
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the channel decoder further comprises an error corrector for correcting an error of the at
least one transmitted code word.

16. Channel decoder according to claim 14 or 15, wherein the colorator is configured to
use, in addition to the coloration sequence, at least a further coloration sequence, or
wherein the channel decoder is configured to bypass the colorator in a further decoding
mode without any coloration;

wherein the redundancy decoder is configured to redundancy decode an additional at
least one colored code word colored using the further coloration sequence, to obtain a
further decoded code word, the further colored code word which obtained from the
transmitted code word using the further coloration sequence, or the transmission code
word without coloration to obtain an even further decoded code word, and

wherein the redundancy decoder is configured to output a reliability measure for the
decoded code word, a further reliability measure for the further decoded code word or an
even further reliability measure for the even further code word,

wherein the decoding mode detector is configured to determine, based on the reliability
measures, the decoding mode indicator, and

wherein the redundancy decoder is configured to receive the decoding mode indicator and
to output as the decoded output code word, either the decoded code word, the further
decoded code word, or the even further decoded code word.

17. Channel decoder according to claims 14 to 16, wherein the decoding mode detector is
configured to calculate a hash value of the decoded frame, to compare the hash value of
the decoded frame and a hash value associated with the transmitted code word, and to
determine the decoding mode indicator based on a result of a hash comparison,

wherein the colorator is configured to bypass the coloration operation, and
wherein the redundancy decoder is configured to receive the transmitted code word using

no coloration sequence and to perform the redundancy decoding operation in accordance
with the decoding mode indicator.
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18. Channel decoder according to claim 14 to 16, wherein the colorator is configured to
perform a plurality of coloration operations, at least to obtain the colored code word and to
obtain the further colored code word in parallel,

wherein the redundancy decoder is configured to perform a plurality of redundancy
decoding operations, at least to obtain the decoded code word, to obtain the further
decoded code word and even further code word in parallel,

the channel decoder further comprising:

a controller for controlling output of the redundancy decoder, wherein the controller is
configured to instruct to the redundancy decoder to output either the decoded code word,
the further decoded code word or even further decoded code word as the decoded output
code word.

19. Channel decoder according to claim 16 to 18, wherein the redundancy decoder is
configured to calculate the reliability measure based on the number of the corrected
symbols during a decoding operation of the colored code word, the further reliability
measure based on the number of the corrected symbols during a further decoding
operation of the further code word, and the reliability measure based on the number of the
corrected symbols during an even further decoding operation of the even further code

word.

20. Channel decoder according to claims 16 to 19, wherein the colorator is configured to
perform the coloration operation with the same coloration sequence to a predetermined
number of the transmitted code words to obtain a predetermined number of the colored
code words, and to perform the further coloration operation with the same further
coloration sequence to a further predetermined number of the transmitted code words to
obtain a predetermined number of the further colored code words,

wherein the redundancy decoder is configured to determine the reliability measure
deriving the predetermined number of the decoded code word, the further reliability
measure deriving the predetermined number of the further decoded code word, or the
even further reliability measure deriving the predetermined number of the decoded code
word.
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21. Channel decoder according to claim 20, Wherein the predetermined number of the
tfransmitted code words is between 3 and 9.

22. Channel decoder according to claims 18 to 21, wherein the controller is configured

to indicate the redundancy decoder to select the certain decoding mode using the

reliability measure, or

to indicate an output interface to output either the decoded code word as the decoded
output code word.

23. Channel decoder according to claim 22, wherein the controller is configured to instruct
the redundancy decoder to select the certain decoding mode having the highest reliability

measure, or

to instruct the output interface to select, as the decoded output code word, a decoded
code word from a group of decoded code words further using different decoding modes,
wherein the selected code word associates therewith has the highest reliability measure.

24. Channel decoder for channel decoding at least one transmitted code word,

comprising:

a colorator for applying at least one coloration sequence to the at least one transmitted
code word or to an error corrected at least one transmitted code word to obtain at least
one colored code word,

wherein the coloration sequence is such that at least one bit of the code word is changed
by the application of the at least one coloration sequence, and

wherein the at least one coloration sequence is associated to a certain decoding mode as
a specific coloration sequence;

a redundancy decoder for redundancy decoding the at least one colored code word to
obtain a decoded output code word; and
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a decoding mode detector for generating a decoding mode indicator indicating the certain
decoding mode to be used by the redundancy decoder to obtain the decoded output code
word,

wherein the decoding mode indicator is associated to the at least one coloration sequence
as the specific coloration sequence used for the coloration of the transmitted code word,

wherein the colorator is configured to use, in addition to the coloration sequence, at least
a further coloration sequence, or wherein the channel decoder is configured to bypass the
colorator in a further decoding mode without any coloration:

wherein the redundancy decoder is configured to redundancy decode an additional at
least one colored code word colored using the further coloration sequence, to obtain a
further decoded code word, the further colored code word which obtained from the
transmitted code word using the further coloration sequence, or the transmission code
word without coloration to obtain an even further decoded code word, and

wherein the redundancy decoder is configured to output a reliability measure for the
decoded code word, a further reliability measure for the further decoded code word or an
even further reliability measure for the even further code word,

wherein the decoding mode detector is configured to determine, based on the reliability
measures, the decoding mode indicator, and

wherein the redundancy decoder is configured to receive the decoding mode indicator and
to output as the deceded output code word, either the decoded code word, the further
decoded code word, or the even further decoded code word,

wherein the colorator is configured to perform the coloration operation with the same
coloration sequence to a predetermined number of the fransmitted code words to obtain a
predetermined number of the colored code words, and to perform the further coloration
operation with the same further coloration sequence to a further predetermined number of
the transmitted code words to obtain a predetermined number of the further colored code
words,
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wherein the redundancy decoder is configured to determine the reliability measure
deriving the predetermined number of the decoded code word, the further reliability
measure deriving the predetermined number of the further decoded code word, or the
even further reliability measure deriving the predetermined number of the decoded code
word.

25. Channel decoder according to claim 14, wherein the decoding mode detector is
configured to store a candidate list indicating a predetermined number of candidate
decoding modes, wherein one candidate decoding mode is indicated without any
coloration sequence and the other respective candidate decoding modes are indicated in
association with a coloration sequence, and to select one candidate decoding mode as a
certain decoding mode to be used by the redundancy decoder to obtain the decoded
output code word to be used,

wherein the decoding mode detector is configured to perform a first decoding mode
operation and a second decoding mode operation,

wherein the decoding mode detector for performing the first decoding mode operation is
configured to estimate the certain decoding mode being the candidate decoding mode
without coloration sequence, to calculate syndromes of the code word, to check whether
the calculated syndromes have value zero,

when the calculated syndromes have value zero, to calculate a hash value of the
transmitted code word, to compare the calculated hash value and a hash value included in
the transmitted code word, and

when the calculated hash value is equal to the included hash value, to generate the
decoding mode indicator to indicate the candidate coding mode without coloration
sequence as the certain decoding mode, or

when the calculated hash value is different from the included hash value, to exclude the
candidate decoding mode without coloration sequence from the candidate list, and to
proceed further with the second decoding mode operation.

26. Channel decoder according to claim 25, wherein the decoding mode detector
comprises, for performing the second decoding mode operation:
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a syndrome calculator for calculating a syndrome for the at least transmitted code word,

a syndrome colorator for applying a coloration sequence in association with the candidate
decoding modes on the candidate list to obtain colored syndromes,

wherein the syndrome colorator is configured to apply coloration sequences association
with every candidate decoding mode on the candidate list to the syndrome, and

a syndrome checker for testing whether colored syndromes have value zero to obtain a
result of the syndrome check,

wherein the decoding mode detector is configured to generate the decoding mode
indicator based on the result of the syndrome check.

27. Channel decoder according to claim 26, wherein the decoding mode detector
comprises, for performing the second decoding mode operation:

an error locator polynomial calculator for calculating an error locator polynomial based on
the syndrome in every candidate decoding modes on the candidate list; and

a risk value calculator for calculating a risk value of the transmitted code word in every
candidate decoding mode on the candidate list based on the syndrome and the error
locator polynomial, wherein the decoding mode detector is configured to generate the
decoding mode indicator based on the risk value.

28. Channel decoder according to claim 27, wherein the decoding mode detector is
configured to evaluate the risk value of the transmitted code word in every candidate
decoding mode on the candidate list to compare to a predetermined threshold, and to
exclude the candidate decoding mode from the candidate list, when the candidate

decoding mode corresponding risk value is larger than the threshold.

29. Channel decoder according to claims 26 to 28 wherein the decoding mode detector is
configured to select the candidate decoding mode as the certain decoding mode, the
candidate decoding mode corresponds to the risk value having the smallest value, and to
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generate the decoding mode indicator indicating the certain decoding mode to be used by
the redundancy decoder to obtain the decoded output code word.

30. Channel decoder according to claims 27 to 29, wherein the decoding mode detector
comprises, for performing the second decoding mode operation:

an error position calculator for calculating an error position in the candidate decoding
mode by factorizing the error location polynomial,

wherein the decoding mode detector is configured to receive a result of the error location
polynomial factorization and to generate the decoding mode indicator based on the result
of the error location polynomial factorization.

31. Channel decoder according to claim 30, wherein the decoding mode detector is
configured to exclude the candidate decoding mode from the candidate list, when a result
of the error location polynomial factorization in the candidate decoding mode is not
obtained.

32. Channel decoder according to claim 30 or 31, wherein the decoding mode detector is
configured to generate the decoding mode indicator to instruct to select the candidate
decoding mode in association with a result of the error location polynomial factorization.

33. Channel decoder according to claim 30 to 32, wherein the decoding mode detector
comprises, for performing the second decoding mode operation:

an error symbol calculator for calculating an error symbol in the every candidate decoding
mode based on the syndrome in the candidate decoding mode and the calculated error
position in the same candidate decoding mode,

wherein the decoding mode detector is configured to receive the error symbol of the
transmitted code word in the selected candidate decoding mode, and to generate the
decoding mode indicator including the error symbol of the transmitted code word.

34. Channel decoder according to claim 33, comprising:

an error corrector for correcting an error of the transmitted code word,
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wherein the error corrector is configured to correct the error symbol indicated by the error
symbol calculator.

35. Channel decoder according to claim 33 or 34, wherein

the decoding mode detector is configured to generate the decoding mode indicator

indicating to mark a frame as a bad frame,

when all the candidate decoding modes are excluded from the candidate list, or
when an error symbol in the transmitted code word is not correctable.

36. Channel decoder according to claims 14 to 35, comprising:

an input interface to receive a coded frame including a plurality number of the transmitted

code words,

wherein the plurality number of the code words is at least two to eight.

37. Channel decoder according to claims 25 to 36, wherein the decoding mode detector is
configured to provide the decoding mode indicator to the colorator and the redundancy

decoder,

wherein the colorator is configured to select a coloration sequence indicated by the
decoding mode indicator,

wherein the redundancy decoder is configured to select the certain decoding mode
indicated by the decoding mode indicator.

38. Channel decoder according to claim 37, further comprising:

a de-multiplexer or de-interleaver for de-multiplexing or de-interleaving a received code
word to obtain the at least one transmitted code word.

39. Channel decoder according to claim 37 or 38, further comprising:



10

15

20

25

30

35

WO 2020/165260 PCT/EP2020/053614
71

a data combiner for combining a plurality of the decoded output code words to obtain an
audio/video frame data. ‘

40. Channel decoder according to claim 39, further comprising:

a post processer for determining a frame data to be outputted by re-calculating a hash
value of the obtained audio/video frame to compare with a hash value included in the
frame data.

41. The channel decoder according to claims 14 to 40, wherein the decoding mode
detector is configured to use the coloration sequence for determining the decoding mode
indicator.

42. Channel decoder for channel decoding at least one transmitted code word,

comprising:

a colorator for applying at least one coloration sequence to the at least one transmitted
code word or to an error corrected at least one transmitted code word to obtain at least
one colored code word,

wherein the coloration sequence is such that at least one bit of the code word is changed
by the application of the at least one coloration sequence, and

wherein the at least one coloration sequence is associated to a certain decoding mode as

a specific coloration sequence;

a redundancy decoder for redundancy decoding the at least one colored code word to
obtain a decoded output code word; and

a decoding mode detector for generating a decoding mode indicator indicating the certain
decoding mode to be used by the redundancy decoder to obtain the decoded output code
word,

wherein the decoding mode indicator is associated to the at least one coloration sequence
as the specific coloration sequence used for the coloration of the transmitted code word,
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wherein the decoding mode detector is configured to store a candidate list indicating a
predetermined number of candidate decoding modes, wherein one candidate decoding
mode is indicated without any coloration sequence and the other respective candidate
decoding modes are indicated in association with a coloration sequence, and to select
one candidate decoding mode as a certain decoding mode to be used by the redundancy

decoder to obtain the decoded output code word to be used,

wherein the decoding mode detector is configured to perform a first decoding mode
operation and a second decoding mode operation,

wherein the decoding mode detector for performing the first decoding mode operation is
configured to estimate the certain decoding mode being the candidate decoding mode
without coloration sequence, to calculate syndromes of the code word, to check whether

the calculated syndromes have value zero,

when the calculated syndromes have value zero, to calculate a hash value of the
transmitted code word, to compare the calculated hash value and a hash value included in
the transmitted code word, and

when the calculated hash value is equal to the included hash value, to generate the
decoding mode indicator to indicate the candidate coding mode without coloration
sequence as the certain decoding mode, or

when the calculated hash value is different from the included hash value, to exclude the
candidate decoding mode without coloration sequence from the candidate list, and to
proceed further with the second decoding mode operation.

43. Method for encoding a frame, comprising:

redundancy encoding the frame in accordance with a certain coding mode from a set of
different coding modes, wherein the coding modes are different from each other with

respect to an amount of redundancy added to the frame,

outputting at least one code word; and
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applying a coloration sequence to the at least one code word; wherein the coloration
sequence is such that at least one bit of the code word is changed by the application of
the at least one coloration sequence, wherein the specific coloration sequence is selected
in accordance with the certain coding mode.

44. Method according to claim 43, comprising:

applying the certain coding mode in a previous frame, the first coding mode having
associated therewith the coloration sequence,

receiving, for a current frame, an indication to use a second encoding mode having
associated therewith a further coloration sequence, and

applying the further coloration sequence in the current frame, or bypassing to apply any
coloration sequence in the current frame.

45. Method for encoding a frame, comprising:

multi-mode redundancy encoding the frame in accordance with a certain coding mode
from a set of different coding modes, wherein the coding modes are different from each
other with respect to an amount of redundancy added to the frame,

outputting at least one code word;

applying a coloration sequence to the at least one code word; wherein the coloration
sequence is such that at least one bit of the code word is changed by the application of
the at least one coloration sequence, wherein a colorator is configured to select the
specific coloration sequence in accordance with the certain coding mode, and

splitting the frame into a plurality of data words, wherein the muiti-mode redundancy
encoder is configured to encode each of the plurality of data words according to the
certain coding mode to obtain a plurality of code words,

wherein the specific coloration sequence is applied to each code word in a predefined
number of the code words or in a predefined subset of the plurality of code words.
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46. Method for channel decoding at least one transmitted code word, comprising:

applying at least one coloration sequence to the at least one transmitted code word to
obtain at least one colored code word, wherein the coloration sequence is such that at
least one bit of the code word is changed by the application of the at least one coloration
sequence, wherein the at least one coloration sequence is associated to a certain
decoding mode,

redundancy decoding the at least one colored code word to obtain a decoded output code
word, and

generating a decoding mode indicator indicating a certain decoding mode to be used by
the redundancy decoder to obtain the decoded output code word, wherein the decoding
mode indicator is associated to the at least one coloration sequence used for the
coloration of the colored code word.

47. Method according to claim 46, comprising:

using, in addition to the coloration sequence, at least a further coloration sequence, or
wherein the channel decoder is configured to bypass the colorator in a further decoding
mode without any coloration;

redundancy decoding an additional at least one colored code word colored using the
further coloration sequence, to obtain a further decoded code word, the further colored
code word which obtained from the transmitted code word using the further coloration
sequence, or the transmission code word without coloration to obtain an even further
decoded code word,

outputting a reliability measure for the decoded code word, a further reliability measure for
the further decoded code word or an even further reliability measure for the even further

code word,

determining the decoding mode indicator based on the reliability measures, and
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outputting as the decoded output code word, either the decoded code word, the further
decoded code word, or the even further decoded code word based on the reliability
measure.

48. Method according to claim 46, comprising:

storing a candidate list indicating a predetermined number of candidate decoding modes,
wherein one candidate decoding mode is indicated without any coloration sequence and
the other respective candidate decoding modes are indicated in association with a
coloration sequence, and to select one candidate decoding mode as a certain decoding
mode to be used by the redundancy decoder to obtain the decoded output code word to
be used,

wherein determining process comprises a first decoding mode operation and a second
decoding mode operation, wherein

a first decoding mode operation comprises:

estimating the certain decoding mode being the candidate decoding mode without
coloration sequence, calculating syndromes of the code word, checking whether the
calculated syndromes have value zero, and when the calculated syndromes have value
zero, calculating a hash value of the transmitted code word, comparing the calculated
hash value and a hash value included in the transmitted code word,

wherein the determining process comprises:

receiving a result of the comparison between the calculated hash value and the included
hash value,

when the calculated hash value is equal to the included hash value, generating the
decoding mode indicator to indicate the candidate coding mode without coloration
sequence as the certain decoding mode, or

when the calculated hash value is different from the included hash value, excluding the
candidate decoding mode without coloration sequence from the candidate list, and to
proceed further with the second decoding mode operation.
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49. Method according to claim 48, wherein the second decoding mode operation
comprises:

calculating a syndrome for the at least one transmitted code word,

applying a coloration sequence in association with the candidate decoding modes on the
candidate list to obtain colored syndromes,

wherein the syndrome colorator is configured to apply colorator sequence association with
every candidate decoding mode on the candidate list to the syndrome, and

testing whether colored syndromes have value zero to obtain a result of the syndrome
check,

wherein the determining process comprises:

generating the decoding mode indicator based on the result of the syndrome check.

50. Method for channel decoding at least one transmitted code word, comprising:

applying at least one coloration sequence to the at least one transmitted code word to
obtain at least one colored code word, wherein the coloration sequence is such that at
least one bit of the code word is changed by the application of the at least one coloration
sequence, wherein the at least one coloration sequence is associated to a certain
decoding mode,

redundancy decoding the at least one colored code word to obtain a decoded output code

word,

generating a decoding mode indicator indicating a certain decoding mode to be used by
the redundancy decoder to obtain the decoded output code word, wherein the decoding
mode indicator is associated to the at least one coloration sequence used for the
coloration of the colored code word,
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using, in addition to the coloration sequence, at least a further coloration sequence, or
wherein the channel decoder is configured to bypass the colorator in a further decoding
mode without any coloration;

redundancy decoding an additional at least one colored code word colored using the
further coloration sequence, to obtain a further decoded code word, the further colored
code word which obtained from the transmitted code word using the further coloration
sequence, or the transmission code word without coloration to obtain an even further
decoded code word,

outputting a reliability measure for the decoded code word, a further reliability measure for
the further decoded code word or an even further reliability measure for the even further

code word,

determining the decoding mode indicator based on the reliability measures, and

outputting as the decoded output code word, either the decoded code word, the further
decoded code word, or the even further decoded code word based on the reliability
measure.,

51. Method for channel decoding at least one transmitted code word, comprising:

applying at least one coloration sequence to the at least one transmitted code word to
obtain at least one colored code word, wherein the coloration sequence is such that at
least one bit of the code word is changed by the application of the at least one coloration
sequence, wherein the at least one coloration sequence is associated to a certain
decoding mode,

redundancy decoding the at least one colored code word to obtain a decoded output code
word,

generating a decoding mode indicator indicating a certain decoding mode to be used by
the redundancy decoder to obtain the decoded output code word, wherein the decoding
mode indicator is associated to the at least one coloration sequence used for the
coloration of the colored code word,
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storing a candidate list indicating a predetermined number of candidate decoding modes,
wherein one candidate decoding mode is indicated without any coloration sequence and
the other respective candidate decoding modes are indicated in association with a
coloration sequence, and to select one candidate decoding mode as a certain decoding
mode to be used by the redundancy decoder to obtain the decoded output code word to
be used,

wherein determining process comprises a first decoding mode operation and a second
decoding mode operation, wherein

a first decoding mode operation comprises:

estimating the certain decoding mode being the candidate decoding mode without
coloration sequence, calculating syndromes of the code word, checking whether the
calculated syndromes have value zero, and when the calculated syndromes have value
zero, calculating a hash value of the transmitted code word, comparing the calculated
hash value and a hash value included in the transmitted code word,

wherein the determining process comprises:

receiving a result of the comparison between the calculated hash value and the included

hash value,

when the calculated hash value is‘equal to the included hash value, generating the
decoding mode indicator to indicate the candidate coding mode without coloration
sequence as the certain decoding mode, or

when the calculated hash value is different from the included hash value, excluding the
candidate decoding mode without coloration sequence from the candidate list, and to

proceed further with the second decoding mode operation.

52. Computer program having a program code for performing, when running on computer,
a method according to claims 43 to 51.

53. Data stream generated by a method according to claims 43 to 51.



