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A method for data transfer via a communication channel
(11) is provided, comprising: de- termining, in a first data
processing unit (10), a codeword from a message using a
channel code and sending the codeword via the
communication channel (11), wherein the channel code
comprises an outer code concatenated with an inner code;
the outer code is one of a Reed-Solomon code, a folded
Reed-Solomon code, a twisted Reed-Solomon code, and a
generalized Reed-Solomon code; the inner code is a
neural network code comprising a neural encoder-decoder
pair, which includes an encoding neural network (21) and a
decod- ing neural network (23); a nonlinear channel
and/or a noisy channel (22) is arranged be- tween the
encoding neural network (21) and the decoding neural
network (23); and the neu- ral encoder-decoder pair has
been adapted such that the decoding neural network (23)
pro- vides an estimated outer codeword symbol for an
input outer codeword symbol by training the neural
encoder-decoder pair using a training data set which
comprises a plurality of out- er codewords determined
from a plurality of input messages by an outer code
encoder (31), wherein each outer codeword symbol of the
plurality of outer codewords is used as an input to the

encoding neural network (21). Moreover, a further method

and systems for data trans- fer via a communication
channel (11) are provided. (Fig. 2)

Methods and systems for data transfer via a communication channel.
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Methods and systems for data transfer via a communication channel

The present disclosure refers to methods and systems for data transfer via a communication

channel.

Background

Practical channel codes are necessary to reliably reconstruct messages that are transmitted
through a noisy and/or nonlinear medium, such as air or an optical fiber, with a low-
complexity decoder that achieves small block error probabilities (BLER) and high code rates
at specified blocklengths (S. Lin and D. J. Costello, Error control coding. Prentice Hall, 2001,
vol. 2, no. 4). Capacity-achieving polar codes (E. Arikan, IEEE Trans. Inf. Theory, vol. 55,
no. 7, pp. 3051—3073, 2009) are the first practical channel codes that are asymptotically
optimal for binary-input memoryless symmetric channels. However, practical code design
even for such channels, for which capacity-achieving and capacity-approaching codes are
known, requires a careful adaptation of encoder-decoder pairs for different blocklengths,
code rates, channel parameters, and complexity constraints (I. Tal and A. Vardy, |IEEE
Trans. Inf. Theory, vol. 61, no. 5, pp. 2213—2226, 2015). Furthermore, a change in the
channel model, especially to a non-standard one, can significantly deteriorate the reliability
performance of a practical code designed for a given model, which necessitates the automa-

tion of the code design procedure.

(Deep) artificial neural networks have been proposed as alternative encoder-decoder pairs
used for error correction such that code design is automated with the aim of adapting to the
changes in the channel model and code parameters and of improving on classic channel
codes in terms of BLER and complexity (Y. Jiang et al., Conf. Neural Inf. Process. Sys., vol.
32, 2019, pp. 1-19; J. Clausius, et al., Int. Symp. Topics Coding, Montreal, 2021, pp. 1-5.).

Such code constructions aim to design all component codes as neural networks.

Summary

It is an object of the present disclosure to provide a method and a system for data transfer
via a communication channel with an improved error rate and robustness properties. As a
solution, methods and systems for data transfer via a communication channel according to

the independent claims are provided.

According to one aspect, a method for data transfer via a communication channel is provid-
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ed. The method comprises determining, in a first data processing unit, a codeword from a
message using a channel code and sending the codeword via the communication channel.
The channel code comprises an outer code concatenated with an inner code; the outer code
is one of a Reed—Solomon code, a folded Reed-Solomon code, a twisted Reed—Solomon
code, and a generalized Reed—Solomon code; the inner code is a neural network code com-
prising a neural encoder-decoder pair which includes an encoding neural network and a de-
coding neural network; a nonlinear channel and/or a noisy channel is arranged between the
encoding neural network and the decoding neural network; the neural encoder-decoder pair
has been adapted such that the decoding neural network provides an estimated outer code-
word symbol for an input outer codeword symbol by training the neural encoder-decoder pair
using a training data set which comprises a plurality of outer codewords determined from a
plurality of input messages by an outer code encoder, wherein each outer codeword symbol

of the plurality of outer codewords is used as an input to the encoding neural network.

According to another aspect, a method for data transfer via a communication channel is pro-
vided. The method comprises receiving, in a second data processing unit, a noisy version of
a codeword that has been transmitted via the communication channel and determining an
estimated message from the noisy version of the codeword using a channel code. The chan-
nel code comprises an outer code concatenated with an inner code; the outer code is one of
a Reed-Solomon code, a folded Reed—Solomon code, a twisted Reed—Solomon code, and a
generalized Reed-Solomon code; the inner code is a neural network code comprising a neu-
ral encoder-decoder pair which includes an encoding neural network and a decoding neural
network; a nonlinear channel and/or a noisy channel is arranged between the encoding neu-
ral network and the decoding neural network; the neural encoder-decoder pair has been
adapted such that the decoding neural network provides an estimated outer codeword sym-
bol for an input outer codeword symbol by training the neural encoder-decoder pair using a
training data set which comprises a plurality of outer codewords determined from a plurality
of input messages by an outer code encoder, wherein each outer codeword symbol of the

plurality of outer codewords is used as an input to the encoding neural network.

According to a further aspect, a system for data transfer via a communication channel is pro-
vided. The system comprises a first data processing unit and is configured to determine, in
the first data processing unit, a codeword from a message using a channel code and to send
the codeword via the communication channel. The channel code comprises an outer code
concatenated with an inner code; the outer code is one of a Reed—Solomon code, a folded

Reed-Solomon code, a twisted Reed—-Solomon code, and a generalized Reed—Solomon
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code; the inner code is a neural network code comprising a neural encoder-decoder pair
which includes an encoding neural network and a decoding neural network; a nonlinear
channel and/or a noisy channel is arranged between the encoding neural network and the
decoding neural network; the neural encoder-decoder pair has been adapted such that the
decoding neural network provides an estimated outer codeword symbol for an input outer
codeword symbol by training the neural encoder-decoder pair using a training data set which
comprises a plurality of outer codewords determined from a plurality of input messages by an
outer code encoder, wherein each outer codeword symbol of the plurality of outer codewords

is used as an input to the encoding neural network.

According to another aspect, a system for data transfer via a communication channel is pro-
vided. The system comprises a second data processing unit and is configured to receive, in
the second data processing unit, a noisy version of a codeword that has been transmitted via
the communication channel and to determine an estimated message from the noisy version
of the codeword using a channel code. The channel code comprises an outer code concate-
nated with an inner code; the outer code is one of a Reed—Solomon code, a folded Reed—
Solomon code, a twisted Reed—Solomon code, and a generalized Reed—-Solomon code; the
inner code is a neural network code comprising a neural encoder-decoder pair which in-
cludes an encoding neural network and a decoding neural network; a nonlinear channel
and/or a noisy channel is arranged between the encoding neural network and the decoding
neural network; the neural encoder-decoder pair has been adapted such that the decoding
neural network provides an estimated outer codeword symbol for an input outer codeword
symbol by training the neural encoder-decoder pair using a training data set which comprises
a plurality of outer codewords determined from a plurality of input messages by an outer
code encoder, wherein each outer codeword symbol of the plurality of outer codewords is

used as an input to the encoding neural network.

The training data set comprising the outer codewords determined from input messages by
the outer code encoder as opposed to, e.g., a uniform sampling of input symbols, allows for
specific optimization of the inner neural network code. With the resulting concatenated clas-
sic (non-neural) and neural network code, a channel code may be employed for data transfer
which comprises a specific classic outer code for a given neural superchannel — comprising a
chain of a neural network encoder, a channel, and neural network decoder — such that the
blocklength and code dimension of the inner neural network code can be extended linearly

with the parameters of the outer code, wherein the complexity increases algebraically.
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Hence, encountering a very large number of parameters to be optimized can be avoided
which, due to an exponential increase in the number of codewords arising with the code di-
mension, may be required for creating neural network codes for large blocklengths without
the proposed code concatenation. In contrast, by the proposed code concatenation, a single
code with a long blocklength may be obtained that may represent a low-complexity alterna-
tive to directly providing a classic code for long blocklengths. An improved channel code for
error correction with a large blocklength is possible by using a concatenation scheme in
which the decoding complexity increases only algebraically with a concatenated code block-
length, whereas the block error probability decreases exponentially. The concatenation
scheme being adapted to the inner neural network code may improve the performance of the
neural network code and allows for training with larger blocklengths and code rates by reduc-

ing the total decoding complexity and delay for large blocklengths.

By using one of the proposed outer codes, a high code-minimum-distance for given code
blocklength and code dimension can be achieved. For example, Reed-Solomon (RS) codes
are maximum distance separable (MDS) codes defined over a large Galois field. While the
inner code may comprise a high error-correction capability and small code dimension, re-
maining errors (and possibly also erasures) may be corrected by a high-rate non-binary outer
code with a low-complexity decoder. The employed outer codes, in particular RS codes, may
protect against bursty errors caused by, e. g., memory effects in the noisy channel, thereby
being especially advantageous for noisy channels with a channel memory that is less than

the blocklength of the inner neural network code.

Within the context of the present disclosure, a superscript may denote a sequence of varia-
bles, e.g., x™ = xy,x,,...,%;,...,%,, and a subscript may denote a variable position in the
sequence. Further, a boldface lower case letter, such as x, may represent a vector, in partic-
ular a vector of random variable realizations, with elements x;, and a boldface upper case
letter X may represent a matrix of realizations. IF, denotes a Galois field with g elements,
where g is a prime power. Within the context of the present disclosure, a range indicated by

the phrase “between x and y” includes the boundary points x and y.

Within the context of the present disclosure, in case a quantity is used as an input to (output
from) a neural network, the quantity may be an input to/of (output from) the neural network.
The quantity may be a direct input (output) to the neural network, i.e., there may be no fur-
ther intermediate quantity that is determined from the quantity (from which the quantity is

determined) and which is subsequently (previously) used as input to (output from) the neural
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network. The quantity may also be an indirect input to (output from) the neural network. In
particular, each outer codeword symbol may be a direct or an indirect input to the encoding

neural network.

The training may comprise optimizing an encoding parameter vector of the encoding neural
network (inner code encoder) and/or optimizing a decoding parameter vector of the decoding
neural network (inner code decoder). The encoding parameter vector may comprise a plurali-
ty of encoding weight matrices and/or a plurality of encoding bias vectors. Each of the encod-
ing weight matrices and/or encoding bias vectors may be assigned to a layer of the encoding
neural network. The decoding parameter vector may comprise a plurality of decoding weight
matrices and/or a plurality of decoding bias vectors. Each of the decoding weight matrices
and/or decoding bias vectors may be assigned to a layer of the decoding neural network.
The encoding parameter vector and/or the decoding parameter vector may be determined by
a gradient-descend method. The encoding neural network and the decoding neural network

may, e.g., be trained alternatingly.

Training may be carried out using a loss function that is configured to minimize an error
probability of the concatenated code. The loss function may be a categorical cross-entropy

loss or a binary cross-entropy loss.

The training may comprise feedbacked neural learning, such as reinforcement learning,
and/or mutual-information-estimation based neural learning and/or generative adversarial
network (GAN) based learning. The neural encoder-decoder pair may correspond to an
(over-complete) autoencoder, in particular with a noisy channel in between. Reinforcement
learning may for example be carried out using a policy gradient method. The policy gradient
method may comprise perturbing an encoding neural network output for determining a gradi-

ent estimate in order to train the encoding neural network.

Employing the outer code may reduce a required amount of channel simulations, especially
for high signal-to-noise ratios as compared to end-to-end neural network code constructions,
since the error correction capability of the outer (classic) code may already provide a coarse
target symbol error probability for the small inner neural network code, given a (compound)

channel model.

Determining the training data set may comprise randomly sampling the plurality of input

messages (having a fixed message length), in particular randomly determining a plurality of
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input messages, preferably with a fixed message length. The random determining may, e.g.,
comprise uniform random sampling. Depending on the data to be transmitted, different sets
of input messages and/or different sampling distributions may also be employed. Determin-
ing the training data set may further comprise determining the plurality of outer code words
by encoding the plurality of input messages with the outer code encoder, yielding, in particu-
lar, each of the outer codeword symbols of the plurality of outer codewords. Each outer
codeword symbol of each codeword of the plurality of outer codewords may be used as an

input to the encoding neural network.

The training may comprise determining a plurality of binary vectors from the plurality of outer
codeword symbols, preferably by one-hot encoding each of the plurality of outer codeword
symbols (provided as an input to the encoding neural network). The plurality of binary vectors
may also be determined from the plurality of outer codeword symbols by binary encoding

each of the plurality of outer codeword symbols.

One-hot encoding may allow for improved error probability performance. One-hot-encoding
techniques can in particular be employed for training when using small inner code dimen-

sions, e.g., 6 or 8.

The training may further comprise determining a plurality of normalized vectors from a plurali-
ty of encoder output vectors by subjecting each of the plurality of encoder output vectors to a

power constraint, preferably a block power constraint.

In particular, the plurality of normalized vectors may be determined by subtracting a mean
value from each of the plurality of encoder output vectors and subsequently dividing by the

square root of a variance value.

The training may comprise determining a plurality of noisy vectors from a plurality of interme-
diate vectors by subjecting the plurality of intermediate vectors, preferably each of the plurali-
ty of intermediate vectors, to noise, wherein the plurality of intermediate vectors may result
from the encoding neural network. The plurality of intermediate vectors and/or the plurality of
noisy vectors may be used as an input of the decoding neural network. The plurality of inter-

mediate vectors may be subjected to noise via the nonlinear and/or noisy channel.

Each intermediate vector may be one of the plurality of encoder output vectors. Each inter-

mediate vector may also be one of the plurality of normalized vectors.
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In particular, the training may comprise determining the plurality of noisy vectors from the
plurality of normalized vectors by subjecting the plurality of normalized vectors, preferably
each of the plurality of normalized vectors, to noise. The training may also comprise deter-
mining the plurality of noisy vectors from the plurality of encoder output vectors, by subjecting
the plurality of encoder output vectors, preferably each of the plurality of encoder output vec-

tors, to noise.

The noise may be independent and identically distributed (i.i.d.). The noise may have a
Gaussian distribution, in particular with zero mean and/or a variance proportional to a noise
power per positive frequency. The noise may be additive, in particular additive white Gaussi-
an noise (AWGN). The noise may also have any other distribution associated with a commu-
nication model. In particular, the noise may comprise Rayleigh channel noise and/or burst-

error channel noise.

The training may comprise performing a plurality of training trials, for each of which the noise
comprises a different one of a plurality of noise levels. For example, in a first training trial, the
noise may have a first noise level and in a second training trial, the noise may have a second
noise level different from the first noise level. Further, in a third training trial, the noise may
have a third noise level different from the first and the second noise level. An entire training

set may be processed for each training trial.

The plurality of noise levels may comprise energy per bit to noise power spectral density rati-
os (signal-to-noise ratio per bit values) E, /N, from 1.0 dB to 3.5 dB and/or from 4.0 dB to 7.5
dB and/or from 8.0 dB to 15.0 dB. Preferably, the plurality of noise levels may comprise sig-
nal-to-noise ratio per bit values E, /N, from 2.5 dB to 3.5 dB and/or from 4.5 dB to 5.5 dB
and/or from 9.5 dB to 10.5 dB. More preferably, the plurality of noise levels may comprise
signal-to-noise ratio per bit values E, /N, from 2.9 dB to 3.1 dB and/or from 4.9 dB to 5.1 dB
and/or from 9.9 dB to 10.1 dB. E,, denotes the average signal energy per information bit and

Ny denotes the noise power per positive-frequency.

At least one of the plurality of noise levels may be due to one of an AWGN channel, a Ray-
leigh fast fading channel, and a bursty channel. The plurality of noise levels may for example
be selected such that a symbol error rate between 0.001 and 0.1, preferably between 0.005

and 0.05, is achieved.
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The training may comprise determining a plurality of decoder output vectors from the plurality

of noisy vectors by applying the decoding neural network to the plurality of noisy vectors.

Determining the plurality of decoder output vectors may further comprise applying a softmax
function to the decoding neural network output, in particular for the categorical cross-entropy
loss or a sigmoid function for the binary cross-entropy loss. Determining the plurality of de-
coder output vectors may further comprise using a maximum of a softmax function output
and/or a maximum of a sigmoid function output, preferably as a decision threshold for dis-
carding symbols, for example by setting a decoder output vector component to be an erasure
symbol based on being below a predefined confidence threshold of the highest value in the

softmax function output and/or the highest value in the sigmoid function output.

The estimated message may be determined from the plurality of noisy vectors and/or decod-
ing neural network outputs by using an outer code decoder, preferably a list decoder, which
more preferably uses soft information obtained from the decoding neural network. The list

decoder may for example be a Guruswami-Sudan list decoder for RS codes.

The outer code decoder may be an errors-only decoder that may preferably correct only out-
er codeword symbol errors. The outer code decoder may also be an errors-and-erasures
decoder that may preferably correct both outer codeword symbol errors and symbol eras-
ures. The errors-and-erasures decoder may require a thresholding step for the decoding
neural network comprising setting a neural decoder output vector component to an erasure
symbol based on the minimum confidence level being below a predefined symbol confidence
threshold. The decoding neural network output may take any value between O and 1. The
symbol confidence threshold for the highest value of the softmax function output and/or the
sigmoid function output may for example be 0.5 for the softmax value and an appropriate
value for the sigmoid function output. Confidence values may vary in correspondence with

the specific signal-to-noise characteristic of the system and may accordingly be optimized.

The outer codeword symbols may be fed serially or in parallel as input to the encoding neural

network.

For example, a single encoding neural network may be used serially/sequentially by provid-
ing only one encoding neural network (e.g., by hardware implementation), in particular one
neural encoder-decoder pair. Alternatively, multiple copies of the (same) encoding neural

network, in particular, multiple copies of the (same) neural encoder-decoder pair may be pro-
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vided such that each of the copies of the encoding neural network (in particular, of the neural
encoder-decoder pair) receives one of the outer codeword symbols. Each of the copies of
the encoding neural network (or the neural encoder-decoder pair) may have the same en-
coding neural network parameters (and/or decoding neural network parameters). In case of a
single encoding neural network, a more compact and cost-efficient design may be achieved.
In case of multiple copies, computations may be parallelized so that the total computation

time may be reduced.

The number of (implemented) encoding neural networks may be equal to the number of de-
coding neural networks. Alternatively, the number of encoding neural networks may be dif-
ferent from (e.g., greater or less than) the number of decoding neural networks. The com-
plexity for encoding and decoding may thus be optimized separately since the power con-
straint may be applied to an entire codeword (of length n, - n,) in between the encoding neu-
ral network(s) and decoding neural network(s), which may result in a complete separation of

neural encoding and decoding.

The outer code may have an outer code dimension between 127 and 4095, preferably 223,
and/or the inner code has an inner code dimension between 3 and 27, preferably between 6
and 12, more preferably 4 or 8. The outer code may have an outer blocklength between 127
and 4096, preferably 255, and/or the inner code has an inner blocklength between 8 and 24,

preferably 12.

The inner code dimension may for example be smaller than the outer code dimension. The
inner code dimension may be the binary logarithm of the number of possible outer codeword

symbols.

The outer codeword symbols may be non-binary. The number of possible outer codeword
symbols (which is the cardinality of the set of possible symbols) may be 8, 9, 16, 27, 32, 64,
81, 128, 256, 512 or 1024. Each possible outer codeword symbol may be represented as a
binary or ternary string that may be given as an input sequence to the encoding neural net-
work. The outer codeword symbols may in particular be from a Galois field with a field size
being a power of two with an integer exponent greater than one. An input size of the encod-

ing neural network may be equal to said integer exponent.

The inner code may be binary, i.e., the inner code symbols may be binary. Alternatively, the

outer codeword symbols may be binary and/or the inner code symbols may be non-binary.
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Each of the outer codeword symbols from each of the plurality of outer codewords may be
used as an input to the encoding neural network, in particular after representing the symbol

as a binary or ternary string.

The outer codeword symbols (of different codewords of the plurality of outer codewords) may
be interleaved by an interleaver, preferably before being used as an input to the encoding
neural network. The outer codeword symbols from the plurality of outer codewords used
(when a plurality of transmissions is combined) as an input to the encoding neural network

may thus result from different codewords of the plurality of outer codewords.

Analogously, the inner neural decoder output vectors (from the different codewords of the
plurality of outer codewords) may be de-interleaved by a de-interleaver, in particular before
being used as an input to the outer code decoder. By interleaving the outer codewords, pro-
tection against burst errors and robustness to channel model changes may be improved.

The number of outer codewords whose symbols are interleaved with each other may for ex-

ample be equal to the blocklength of the outer code.

The interleaver may be a block interleaver, preferably a row-column block interleaver.

The interleaving may comprise determining an interleaving matrix for the different codewords
of the plurality of outer codewords, preferably for a number of outer codewords that is equal
to the blocklength of the outer code. Determining the interleaving matrix may comprise filling
matrix rows (or matrix columns) of the interleaving matrix with the outer codeword symbols of
each codeword of the plurality of outer codewords. In other words, each of the matrix rows
(or of the matrix columns) of the interleaving matrix comprises the outer codeword symbols
of one of the outer codewords. The interleaving may further comprise determining the outer
codeword symbols from the plurality of outer codewords used (for one pass) as an input to
the inner encoding neural network from matrix columns (or matrix rows) of the interleaving

matrix.

The neural encoder-decoder pair may have been adapted and/or trained in a third data pro-
cessing unit. The third data processing unit may be different from the first data processing
unit and/or the second data processing unit. The neural encoder-decoder pair may also have
been adapted and/or trained in the first data processing unit and/or the second data pro-

cessing unit.
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The neural encoder-decoder pair may have been adapted and/or trained before and/or inde-
pendently from determining, in the first data processing unit, the codeword to be sent. The
neural encoder-decoder pair may have been adapted and/or trained before and/or inde-
pendently from receiving, in the second data processing unit, the noisy version of the code-
word transmitted via the communication channel. The neural encoder-decoder pair may have
been adapted and/or trained before and/or independently from determining the estimated

message from the noisy version of the codeword by using the channel code.

The first data processing unit may be a first data processing device. The second data pro-
cessing unit may be a second data processing device. The third data processing unit may be
a third data processing device. The first data processing unit and the second data processing
unit may also be part of a common data processing device, such as a coded data storage
device. The third data processing unit may also be a part of the common data processing
device. At least one or each of the data processing devices may, e.g., be a computer. At
least one of or each of the data processing units may comprise a (volatile and/or non-volatile)

memory.

The (physical) communication channel may comprise a wired channel and/or a wireless
channel. The communication channel may for example comprise at least one of an optical

fiber, a Wi-Fi channel, a radio channel or a storage device channel.

Determining the codeword from the message using the channel code may comprise encod-
ing the message with the channel code. Determining the codeword may in particular com-
prise determining a first intermediate (outer) codeword by encoding the message (to the first
intermediate codeword) using the outer code. Determining the codeword may further com-
prise encoding the first intermediate codeword using the inner code (in particular, using the
encoding neural network), which preferably has been adapted/trained using the training data

set.

Sending (transmitting) the codeword via the communication channel may comprise send-
ing/transmitting the codeword from the first data processing unit, in particular by a first trans-
ceiver unit. The codeword emitted via/to the communication channel may yield a noisy ver-
sion, which is received at the second data processing unit. The noisy version of the code-
word may for example be yielded due to noise in the communication channel. The codeword

and the noisy version of the codeword may be different from each other or, depending on the
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noise power/level, be the same. The codeword may be stored in the first data processing
unit/device. The noisy version of the codeword may be stored in the second data processing

unit/device.

Receiving the noisy version of the codeword may comprise receiving the noisy version of the
codeword by a second transceiver unit of the second data processing unit. Determining the
estimated message from the noisy version of the codeword using the channel code may
comprise decoding the noisy version of the codeword with the channel code. Determining the
estimated message may in particular comprise determining a second intermediate codeword
by decoding the noisy version of the codeword using the inner code (in particular, using the
decoding neural network), which preferably has been adapted/trained using the training data
set. Determining the estimated message may further comprise decoding the second inter-

mediate codeword (to the estimated message) using the outer code.

The first intermediate codeword may be interleaved with further first intermediate codewords
from further messages, preferably before being encoded using the inner code. The second
intermediate codeword may be de-interleaved, preferably before being decoded using the

outer code.

The embodiments described above in connection with the methods for data transfer via a
communication channel may be provided correspondingly for the systems for data transfer
via a communication channel. The decoding described for the second data processing unit
may also correspondingly be carried out in the first data processing unit. The encoding de-
scribed for the first data processing unit may also correspondingly be carried out in the sec-

ond data processing unit.

Description of further embodiments

In the following, embodiments, by way of example, are described with reference to figures.

Fig. 1 shows a graphical representation of a system for data transfer via a communication
channel.

Fig. 2 shows a graphical representation of a neural encoder-decoder pair of an inner neural
network code together with an outer code input/output.

Fig. 3 shows a graphical representation of a channel code comprising an outer code con-

catenated with an inner code.
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In Fig. 1, a graphical representation of a system for data transfer via a communication chan-
nel 11 is shown. The system may comprise a first data processing unit 10. The first data pro-
cessing unit 10 may be a first data processing device with a first processor 10a, a first
memory unit 10b, and a first transceiver unit 10c. The first transceiver unit 10c is configured
to send/emit and/or receive signals via the communication channel 11. The communication

channel 11 may or may not be part of the system.

Additionally or alternatively, the system may comprise a second data processing unit 12. The
second data processing unit 12 may be a second data processing device with a second pro-
cessor 12a, a second memory unit 12b, and a second transceiver unit 12c. The second
transceiver unit 12c is configured to send/emit and/or receive signals via the communication

channel 11.

Further, a third data processing unit (not necessarily part of the system) may be provided
(not shown). The third data processing unit may be a third data processing device with a third

processing unit, a third memory unit and, optionally, a third transceiver unit.

For data transfer between the first data processing unit 10 and the second data processing
unit 12, a codeword is determined in the first data processing unit 10 from an (initial) mes-
sage using a channel code. In particular, a first intermediate codeword is determined from
the message by encoding the message with an outer code. Further, the codeword is deter-
mined from the first intermediate codeword by encoding the first intermediate codeword us-
ing an inner code. The inner code is a neural network code comprising a neural encoder-
decoder pair with a channel between them that has been adapted to provide a reliable esti-

mate of the transmitted message by training the neural encoder-decoder pair.

Subsequently, the codeword is sent from the first data processing unit 10 to the second data
processing unit 12 via the communication channel 11, resulting in a noisy version of the
codeword, which is received at the second data processing unit 12. From the noisy version of
the codeword, an estimate of the message is determined in the second data processing
unit 12 using the decoder of the channel code. In particular, a second intermediate codeword
is determined from the noisy version of the codeword by decoding the noisy version of the
codeword using the decoder of the (trained) inner code. Further, the estimated message is
determined from the second intermediate codeword by decoding the second intermediate

codeword using the decoder of the outer code. In case of successful error correction, the
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(initial) message and the estimated message coincide and one can say that there was no

block error.

In Fig. 2, a graphical representation of a neural encoder-decoder pair with a channel be-
tween them that are encoders and decoders of an inner neural network code is shown to-
gether with an outer code input/output. Training the encoder-decoder pairs may be carried
out as follows. Steps as a part of the training may model and/or correspond to respective

steps for transmission of messages / data transfer.

A training data set may be determined by randomly sampling (e.g., according to a uniform
distribution for all message symbols) a plurality of input messages with a fixed message
length k,, where k, is a positive natural number. Subsequently, a plurality of outer code-
words / outer code sequences iz, where n, is a positive natural number that is larger than
or equal to k,, is determined by encoding the plurality of input messages with an outer code

encoder.

Each symbol of the outer codeword ii"2 may be represented as a binary vector s € ]F%kl,
where k, is a positive natural number. Each binary vector s is determined by one-hot encod-
ing one of the plurality of outer codeword symbols of a codeword. The outer code may for
example be a Reed-Solomon code. The outer code is not a neural network code (i.e., the

outer code is a “classic code”).

Subsequently, an encoder output vector X € R™, where n, is a positive natural number, is
determined from each binary vector s by applying a (parametrized) encoding function fy
which represents an encoding neural network (inner code encoder) 21 as a part of an (n, k;)
neural network code. The encoding function fy comprises a plurality of affine maps F;, ..., F;,
and non-linear activation functions oy, ..., 0;,_; such that the binary vector s is mapped to X by
X = fo(s) = F (0,1 (F._1(...a1(F,(s) ...))). Each affine map F, represents an [-th hidden layer
of the encoding neural network 21 and comprises an (encoding) weight matrix W, and an
(encoding) bias vector b,. Hence, the encoding parameter vector 8 to be determined during
training can be written as 8 = (W, b4, ..., W;,b;). Each of the non-linear activation functions
o4, ..., 0,_4 May for example be the rectified linear unit (ReLU) activation function or any of its
variants, including Leaky RelLU, randomized leaky RelLU, parametric leaky RelLU, or newer
variants such as (exponential linear unit) ELU or scaled ELU. Other activation functions such
as, e.g., the softplus function may also be provided. The number of encoder hidden layers L

of the encoding neural network may for example be between 1 and 10, preferably be 2.
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The encoding parameter vector 8 may, e.g., be determined by minimizing an empirical loss
izﬁl I(fo(sy), f(s;)), wherein m denotes a number of samples (batch size), [ denotes a loss

function, for example a categorical cross-entropy loss and f denotes a function that is to be
approximated. The loss function takes as input the input values of the encoding neural net-
work and the output values of the decoding neural network. The loss function therefore cal-
culates how far, in cross-entropy terms, the neural decoder output is from the neural encoder

input.

Next, a normalized vector X is determined from each encoder output vector X by normalizing
the encoder output vector X via X = (X — ug)/0x with mean ug and variance ¢Z. This normali-
zation may ensure that a block power constraint is satisfied. The random determining of the
plurality of input messages results in a corresponding distribution of encoder output vec-

tors X.

From each normalized vector X, a noisy vector y is sampled. This corresponds to the normal-
ized vectors X passing through a non-linear channel and/or noisy channel 22. The non-
linear/noisy channel 22 may simulate the (physical) communication channel 11. For example,
independent and identically distributed (i.i.d.) noise according to a Gaussian distribution with
zero mean and variance o> = N,/2 may be added to each normalized vector X. This repre-
sents an additive white Gaussian noise (AWGN) channel. Different noise models may be

employed as well.

Subsequently, a (neural) decoder output vector § € [0,1]2k1 is determined from each noisy
vectory by applying a decoding function g4, which represents a decoding neural network
(inner code decoder) 23, and subsequently applying, e.g., a softmax function. Via the soft-
max function, the decoder output vector § is restricted to values between 0 and 1, for every
element of the one-hot encoded input vector, where all elements sum to 1. Due to these
properties, the values of the decoder output vector § can be regarded as confidence values
that a certain input element was active (i.e., has a 1), while all other input elements are non-
active (zero). The index of the element with the largest confidence value represents the esti-
mated symbol. Moreover, if the largest confidence value of a certain decoder output falls
below a certain threshold, the symbol transmission is discarded by flagging the symbol as

erasure.
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The decoding function g4 comprises a plurality of (decoding) affine maps G, ..., G;» and (de-
coding) non-linear activation functions gy, ..., o/ _; such that the noisy vector y is mapped to
9o’ (¥) = Gy (o) _(Gy_1(..0{(G1(¥) ...))). Each decoding affine map G, represents an [-th
(decoder) hidden layer of the decoding neural network 23 and comprises a (decoding) weight
matrix W/ and a (decoding) bias vector b;. Hence, the decoder parameter vector 8’ to be
determined during training can be written as 8’ = (W, b}, ..., W/,b;). Each of the decoder
non-linear activation functions a5, ..., g/ _; may for example be the rectified linear unit activa-
tion function or any of its variants, including Leaky RelLU, randomized leaky RelLU, paramet-
ric leaky ReLU, or newer variants such as (exponential linear unit) ELU or scaled ELU. Other
activation functions such as, e.g., the softplus function may also be provided. The number of

decoder hidden layers L’ may for example be between 1 and 10, preferably be 2.

The decoder output vector § can be interpreted as a vector of probabilities in which the j-th
element is the estimated probability that the j-th outer codeword symbol was transmitted (j €
{1,2,...,2k}).

From all neural decoder output vectors § via &1 = argmax;$;, an outer code sequence es-

timate is obtained.

The decoder parameter vector 8’ may be determined by, e.g., a categorical cross-entropy
loss, in particular, —Z?ill s;10og(8;) = —log(8;). For optimizing the decoder parameter vec-
tor 8, the loss may be averaged over the batch size m, resulting in an empirical
loss _izﬁllOg(%)i and used in conjunction with an optimizer. The optimizer may for ex-

ample comprise stochastic gradient descent or Adarn with Nesterov momentum (NAdam).

The neural encoder-decoder pair is optimized over the outer code sequences. In particular,
the neural encoder-decoder pair may be adapted/trained such that for input outer code se-
quences, corresponding estimated outer code sequences are provided and the loss function
is minimized by the neural encoder-decoder pair . Thus, also for each input message an es-

timated message may be provided.

Fig. 3 shows a graphical representation of a channel code comprising an outer code concat-
enated with an inner code. The outer code is an (n,, k;) RS code with outer code blocklength
n, = 255, outer code dimension (message length) k, = 223, and outer codeword symbols

from I, with number of outer codeword symbols g = 256, i.e., from {0, 1, ..., 255}. It is noted
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that n, = 255 = g — 1. The inner code is an (n,, k;) neural network code with inner code

blocklength n; = 12 and inner code dimension k; = log, g = 8.

An input message m with message length k, = 223 and comprising 223 input symbols is
encoded by an outer code encoder (here: RS encoder) 31 to an outer codeword (here: RS
codeword) with blocklength n, = 255, i.e., the RS codeword comprises 255 outer codeword
symbols (here: RS symbol). Each outer codeword symbol can be represented by log, 256 =
8 bits, allowing for each outer codeword symbol to indicate one of 28 = 256 possible outer
codeword symbol value assignments. In case of one-hot encoding, each outer codeword
symbol is represented by a binary vector s with 256 bits, in particular by one of (0,...0,1),
(0,...,0,1,0), ..., (0,1,0,...,0), and (1,0,...,0).

Since each outer codeword symbol can be represented by 8 bits, which is equal to the inner
code dimension k,, each outer codeword symbol constitutes an inner code input and each
outer codeword symbol can then be used as an input of the (same) encoding neural network
21, i.e., the encoding neural network 21 is used n, = 255 times for each outer codeword.
The encoding neural network 21 respectively outputs (binary) encoder output vectors X, each
of which is represented by 12 bits, corresponding to the inner code blocklength being n, =
12. By respectively passing through the noisy channel 22, 255 noisy vectors y, each compris-
ing 12 bits, are obtained. Each of the noisy vectors y subsequently is given as an input to the
(same) decoding neural network 23, respectively yielding one of 255 noisy (outer codeword)
symbols (that correspond to a noisy RS codeword symbol), each of which can be represent-
ed by k, = 8 bits. The 255 noisy outer codeword symbols (corresponding to a block with
blocklength n, = 255) are subsequently fed into an outer code decoder (RS decoder) 32,
yielding an estimate m of the input message m with length k, = 223 and comprising 223

output symbols that are equal to the 223 symbols of the input message m.

Robustness and protection against burst errors can be improved by employing an interleaver
(not shown in Fig. 3) between the outer code encoder 31 and the encoding neural net-
works 21, as well as a corresponding de-interleaver between the decoding neural net-

works 23 and the outer code decoder 32.

The interleaver may for example be a row-column block interleaver. To this end, ann, x n,
interleaver matrix is determined from n, outer codewords (respectively stemming from n, in-
put messages m) such that each interleaver matrix row comprises the n, = 255 outer code-

word symbols of each of the n, outer codewords. For each pass of outer codeword symbols
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as an input to the encoding neural network 21, the interleaver outputs one column compris-
ing 255 outer codeword symbols of the interleaver matrix. This action is reversed by the de-

interleaver before the outer code decoder 32.

Using an outer high-rate RS code with an errors-only decoder as part of the outer code de-
coder 32, considerable gains in terms of block error probabilities / BLER as compared to
mere neural encoder-decoder pairs for an additive white Gaussian noise channel / AWGN
may be achieved. An errors-and-erasures decoder may be provided by applying a threshold-
ing algorithm to the softmax outputs of the decoding neural network 23 and determining a
symbol as erased based on being below a confidence threshold, which may yield further
BLER gains.

Simulations for the AWGN channel at 3.75 dB of signal-to-noise ratio per bit value E, /N,
show that the BLER of a comparative plain neural network code with code dimension 4 and
blocklength 7 is equal to 1.4 x 10~2, while the BLER of the proposed channel code, with code
dimension 8 - 223 and blocklength 12 - 255, is equal to 1.05 x 1073, This illustrates the fun-
damental gains from the proposed type of channel codes since the comparative plain neural
network code and the channel code comprise approximately same code rates
((223-8)/(255-12) = 4/7). While plain polar codes and plain LDPC (low-density-parity-
check) codes may result in smaller BLER values for the AWGN channel at the same E, /N,
level, these codes may not be robust to changes in the channel parameters and channel
model. The proposed channel code thus also provides advantages for, e.g., fading and

bursty channels.

Further, the proposed method allows for employing higher blocklengths, in particular
above 256, as well as higher code rates with respect to general neural encode-decoder code
designs. The latter are generally more restricted due to a huge training and computation
complexity of encoding and decoding, which corresponds to neural networks becoming huge.
With the proposed method, high blocklengths and code rates can be achieved together with
a small complexity, which may be even lower than the decoding complexity of polar and
LDPC codes.

The features disclosed in this specification, the figures and/or the claims may be material for

the realization of various embodiments, taken in isolation or in various combinations thereof.
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Claims

Method for data transfer via a communication channel (11), comprising:

— determining, in a first data processing unit (10), a codeword from a message using a
channel code and sending the codeword via the communication channel (11),

wherein

— the channel code comprises an outer code concatenated with an inner code;

— the outer code is one of a Reed-Solomon code, a folded Reed—Solomon code, a
twisted Reed—Solomon code, and a generalized Reed—Solomon code;

— the inner code is a neural network code comprising a neural encoder-decoder pair,
which includes an encoding neural network (21) and a decoding neural network (23);

— a nonlinear channel and/or a noisy channel (22) is arranged between the encoding
neural network (21) and the decoding neural network (23); and

— the neural encoder-decoder pair has been adapted such that the decoding neural net-
work (23) provides an estimated outer codeword symbol for an input outer codeword
symbol by training the neural encoder-decoder pair using a training data set which
comprises a plurality of outer codewords determined from a plurality of input messages
by an outer code encoder (31), wherein each outer codeword symbol of the plurality of

outer codewords is used as an input to the encoding neural network (21).

Method according to claim 1, wherein the training comprises determining a plurality of
binary vectors from the outer codeword symbols, preferably by one-hot encoding each of

the outer codeword symbols.

Method according to claim 1 or 2, wherein the training comprises determining a plurality
of normalized vectors from a plurality of encoder output vectors by subjecting each of the

plurality of encoder output vectors to a power constraint.

Method according to one of the preceding claims, wherein the training comprises deter-
mining a plurality of noisy vectors from a plurality of intermediate vectors by subjecting
the plurality of intermediate vectors to noise, wherein the plurality of intermediate vectors
result from the encoding neural network (21) and are used as an input of the decoding

neural network (23).

Method according to claim 4, wherein the training comprises performing a plurality of
training trials, for each of which the noise comprises a different one of a plurality of noise

levels.
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Method according to claim 4 or 5, wherein the training comprises determining a plurality
of decoder output vectors from the plurality of noisy vectors by applying the decoding

neural network (23) to the plurality of noisy vectors.

Method according to one of the preceding claims, further comprising determining an esti-
mated message from the plurality of noisy vectors by using an outer code decoder, pref-

erably a list decoder.

Method according to one of the preceding claims, wherein the outer codeword symbols

are fed serially or in parallel as input to the encoding neural network (21).

Method according to one of the preceding claims, wherein the outer code has an outer
code dimension between 127 and 1023, preferably 223, and/or the inner code has an

inner code dimension between 3 and 27, preferably 4 or 8.

Method according to one of the preceding claims, wherein the outer codeword symbols

are non-binary.

Method according to one of the preceding claims, wherein the outer codeword symbols
of different codewords of the plurality of outer codewords are interleaved by an interleaver,

preferably before being used as input to the encoding neural network (21).

Method according to claim 11, wherein the interleaver is a block interleaver, preferably a

row-column block interleaver.

Method for data transfer via a communication channel (11), comprising:

— receiving, in a second data processing unit (12), a noisy version of a codeword that
has been transmitted via the communication channel (11) and determining an esti-
mated message from the noisy version of the codeword using a channel code,

wherein

— the channel code comprises an outer code concatenated with an inner code;

— the outer code is one of a Reed-Solomon code, a folded Reed—Solomon code, a
twisted Reed—Solomon code, and a generalized Reed—Solomon code;

— the inner code is a neural network code comprising a neural encoder-decoder pair

which includes an encoding neural network (21) and a decoding neural network (23);
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a nonlinear channel and/or a noisy channel (22) is arranged between the encoding
neural network (21) and the decoding neural network (23); and

the neural encoder-decoder pair has been adapted such that the decoding neural net-
work (23) provides an estimated outer codeword symbol for an input outer codeword
symbol by training the neural encoder-decoder pair using a training data set which
comprises a plurality of outer codewords determined from a plurality of input messages
by an outer code encoder (31), wherein each outer codeword symbol of the plurality of

outer codewords is used as an input to the encoding neural network (21).

System for data transfer via a communication channel (11), the system comprising a first

data processing unit (10) and being configured to:

determine, in the first data processing unit (10), a codeword from a message using a

channel code and send the codeword via the communication channel (11),

wherein

the channel code comprises an outer code concatenated with an inner code;

the outer code is one of a Reed—Solomon code, a folded Reed—Solomon code, a
twisted Reed—Solomon code, and a generalized Reed—Solomon code;

the inner code is a neural network code comprising a neural encoder-decoder pair
which includes an encoding neural network (21) and a decoding neural network (23);
a nonlinear channel and/or a noisy channel (22) is arranged between the encoding
neural network (21) and the decoding neural network (23); and

the neural encoder-decoder pair has been adapted such that the decoding neural net-
work (23) provides an estimated outer codeword symbol for an input outer codeword
symbol by training the neural encoder-decoder pair using a training data set which
comprises a plurality of outer codewords determined from a plurality of input messages
by an outer code encoder (31), wherein each outer codeword symbol of the plurality of

outer codewords is used as an input to the encoding neural network (21).

System for data transfer via a communication channel (11), the system comprising a sec-

ond data processing unit (12) and being configured to:

receive, in the second data processing unit (12), a noisy version of a codeword that
has been transmitted via the communication channel (11) and determine an estimated

message from the noisy version of the codeword using a channel code,

wherein

the channel code comprises an outer code concatenated with an inner code;

the outer code is one of a Reed—Solomon code, a folded Reed—Solomon code, a
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twisted Reed—Solomon code, and a generalized Reed—Solomon code;

the inner code is a neural network code comprising a neural encoder-decoder pair
which includes an encoding neural network (21) and a decoding neural network (23);
a nonlinear channel and/or a noisy channel (22) is arranged between the encoding
neural network (21) and the decoding neural network (23); and

the neural encoder-decoder pair has been adapted such that the decoding neural net-
work (23) provides an estimated outer codeword symbol for an input outer codeword
symbol by training the neural encoder-decoder pair using a training data set which
comprises a plurality of outer codewords determined from a plurality of input messages
by an outer code encoder (31), wherein each outer codeword symbol of the plurality of

outer codewords is used as an input to the encoding neural network (21).
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Anspriiche

(deutsche Ubersetzung)

Verfahren zur Datenubertragung mittels eines Kommunikationskanals (11), aufweisend:

— Bestimmen, in einer ersten Datenverarbeitungseinheit (10), eines Codeworts aus einer
Nachricht mittels eines Kanalcodes und Senden des Codeworts Uber den Kommuni-
kationskanal (11),

wobei

— der Kanalcode einen aufieren Code konkateniert mit einem inneren Code aufweist;

— der auRere Code einer von einem Reed-Solomon-Code, einem Folded-Reed-Solo-
mon-Code, einem Twisted-Reed-Solomon-Code, und einem verallgemeinerten Reed-
Solomon-Code ist;

— der innere Code ein Neuronaler-Netzwerk-Code ist, welcher ein neuronales Encoder-
Decoder-Paar aufweist, welches ein Codierungs-Neuronales-Netzwerk (21) und ein
Decodierungs-Neuronales-Netzwerk (23) umfasst;

— ein nichtlinearer Kanal und/oder ein verrauschter Kanal (22) zwischen dem Codie-
rungs-Neuronalen-Netzwerk (21) und dem Decodierungs-Neuronalen-Netzwerk (23)
angeordnet ist; und

— das neuronales Encoder-Decoder-Paar derart angepasst ist, dass das neuronale En-
coder-Decoder-Paar ein geschétztes duReres Codewort-Symbol flr ein eingegebenes
auReres Codewort-Symbol bereitstellt, indem das neuronale Encoder-Decoder-Paar
trainiert wird mittels eines Trainingsdatensatzes, welcher eine Mehrzahl von &ueren
Codewdrtern aufweist, welche aus einer Mehrzahl von Eingabe-Nachrichten mittels
eines AuBerer-Code-Codierers (31) bestimmt sind, wobei jedes duRere Codewort-
Symbol der Mehrzahl von duReren Codewdrtern als Eingangsgrée zum Codierungs-

Neuronalen-Netzwerk (21) benutzt wird.

Verfahren nach Anspruch 1, wobei das Training ein Bestimmen einer Mehrzahl von bina-
ren Vektoren aus den duReren Codewort-Symbolen umfasst, vorzugsweise mittel One-

Hot-Encoding jedes der &uReren Codewort-Symbole.

Verfahren nach Anspruch 1 oder 2, wobei das Training ein Bestimmen einer Mehrzahl
von normalisierten Vektoren aus einer Mehrzahl von Codierer-Ausgangs-Vektoren um-
fasst, indem jeder der Mehrzahl von Codierer-Ausgangs-Vektoren einer Leistungs-Ne-

benbedingung unterworfen wird.

Verfahren nach einem der vorhergehenden Anspriche, wobei das Training ein
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Bestimmen einer Mehrzahl von verrauschten Vektoren aus einer Mehrzahl von interme-
didren Vektoren umfasst, indem die Mehrzahl von intermedidren Vektoren einem Rau-
schen ausgesetzt werden, wobei die Mehrzahl von intermedidren Vektoren sich aus dem
Codierungs-Neuronalen-Netzwerk (21) ergibt und als EingangsgréRen des Decodie-

rungs-Neuronalen-Netzwerks (23) verwendet wird.

Verfahren nach Anspruch 4, wobei das Training ein Durchfiihren einer Mehrzahl von Trai-
ning-Trials umfasst, wobei flr jeden der Training-Trials das Rauschen einen unterschied-

lichen einer Mehrzahl von Rauschpegeln aufweist.

Verfahren nach Anspruch 4 oder 5, wobei das Training ein Bestimmen einer Mehrzahl
von Decoder-Ausgangs-Vektoren aus der Mehrzahl von verrauschten Vektoren umfasst,
indem das Decodierungs-Neuronale-Netzwerk (23) auf die Mehrzahl von verrauschten

Vektoren angewendet wird.

Verfahren nach einem der vorhergehenden Anspriche, ferner aufweisend ein Bestimmen
der geschétzten Nachricht aus der Mehrzahl von verrauschten Vektoren mittels eines Au-

Rerer-Code-Decoders, vorzugsweise eines Listen-Decoders.

Verfahren nach einem der vorhergehenden Anspriiche, wobei die duReren Codewort-
Symbole seriell oder parallel als Eingabe zum Codierungs-Neuronalen-Netzwerk (21) ge-

fuhrt werden.

Verfahren nach einem der vorhergehenden Anspriiche, wobei der duRere Code eine Au-
Rere-Code-Dimension zwischen 127 und 1023, vorzugsweise 223, aufweist und/oder der
innere Code eine Innere-Code-Dimension zwischen 3 und 27, vorzugsweise 4 oder 8,

aufweist.

Verfahren nach einem der vorhergehenden Anspriiche, wobei die duReren Codewort-

Symbole nichtbinér sind.

Verfahren nach einem der vorhergehenden Anspriche, wobei die duReren Codewort-
Symbole von unterschiedlichen Codewdrtern der Mehrzahl von &uBeren Codewértern
mittels eines Interleavers verschrankt werden, vorzugsweise vor dem Verwenden als Ein-

gangsgréfe zum Codierungs-Neuronalen-Netzwerk (21).
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Verfahren nach Anspruch 11, wobei der Interleaver ein Block-Interleaver ist, vorzugs-

weise ein Zeilen-Spalten-Block-Interleaver.

Verfahren zur Datenubertragung mittels eines Kommunikationskanals (11), aufweisend:

— Empfangen, in einer zweiten Datenverarbeitungseinheit (12), einer verrauschten Ver-
sion eines Codeworts, welches Uber den Kommunikationskanal (11) Ubertragen
wurde, und Bestimmen einer geschatzten Nachricht aus der verrauschten Version des
Codeworts mittels eines Kanalcodes,

wobei

— der Kanalcode einen aufieren Code konkateniert mit einem inneren Code aufweist;

— der auRere Code einer von einem Reed-Solomon-Code, einem Folded-Reed-Solo-
mon-Code, einem Twisted-Reed-Solomon-Code, und einem verallgemeinerten Reed-
Solomon-Code ist;

— der innere Code ein Neuronaler-Netzwerk-Code ist, welcher ein neuronales Encoder-
Decoder-Paar aufweist, welches ein Codierungs-Neuronales-Netzwerk (21) und ein
Decodierungs-Neuronales-Netzwerk (23) umfasst;

— ein nichtlinearer Kanal und/oder ein verrauschter Kanal (22) zwischen dem Codie-
rungs-Neuronalen-Netzwerk (21) und dem Decodierungs-Neuronalen-Netzwerk (23)
angeordnet ist; und

— das neuronales Encoder-Decoder-Paar derart angepasst ist, dass das neuronale En-
coder-Decoder-Paar ein geschétztes duReres Codewort-Symbol flr ein eingegebenes
auReres Codewort-Symbol bereitstellt, indem das neuronale Encoder-Decoder-Paar
trainiert wird mittels eines Trainingsdatensatzes, welcher eine Mehrzahl von &ueren
Codewdrtern aufweist, welche aus einer Mehrzahl von Eingabe-Nachrichten mittels
eines AuBerer-Code-Codierers (31) bestimmt sind, wobei jedes duRere Codewort-
Symbol der Mehrzahl von duReren Codewdrtern als Eingangsgrée zum Codierungs-

Neuronalen-Netzwerk (21) benutzt wird.

System zur Datenlbertragung mittels eines Kommunikationskanals (11), wobei das Sys-

tem eine erste Datenverarbeitungseinheit (10) aufweist und eingerichtet ist,

— in der ersten Datenverarbeitungseinheit (10) ein Codewort aus einer Nachricht mittels
eines Kanalcodes zu bestimmen und das Codewort Uber den Kommunikationska-
nal (11) zu senden,

wobei

— der Kanalcode einen aufieren Code konkateniert mit einem inneren Code aufweist;

— der &auRere Code einer von einem Reed-Solomon-Code, einem Folded-Reed-
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Solomon-Code, einem Twisted-Reed-Solomon-Code, und einem verallgemeinerten
Reed-Solomon-Code ist;

der innere Code ein Neuronaler-Netzwerk-Code ist, welcher ein neuronales Encoder-
Decoder-Paar aufweist, welches ein Codierungs-Neuronales-Netzwerk (21) und ein
Decodierungs-Neuronales-Netzwerk (23) umfasst;

ein nichtlinearer Kanal und/oder ein verrauschter Kanal (22) zwischen dem Codie-
rungs-Neuronalen-Netzwerk (21) und dem Decodierungs-Neuronalen-Netzwerk (23)
angeordnet ist; und

das neuronales Encoder-Decoder-Paar derart angepasst ist, dass das neuronale En-
coder-Decoder-Paar ein geschétztes duReres Codewort-Symbol flr ein eingegebenes
auReres Codewort-Symbol bereitstellt, indem das neuronale Encoder-Decoder-Paar
trainiert wird mittels eines Trainingsdatensatzes, welcher eine Mehrzahl von auReren
Codewdrtern aufweist, welche aus einer Mehrzahl von Eingabe-Nachrichten mittels
eines AuBerer-Code-Codierers (31) bestimmt sind, wobei jedes duRere Codewort-
Symbol der Mehrzahl von duReren Codewdrtern als Eingangsgrée zum Codierungs-

Neuronalen-Netzwerk (21) benutzt wird.

System zur Datenlbertragung mittels eines Kommunikationskanals (11), wobei das Sys-

tem eine zweite Datenverarbeitungseinheit (12) aufweist und eingerichtet ist,

in der zweiten Datenverarbeitungseinheit (12) eine verrauschte Version eines Code-
worts zu empfangen, welches Uber den Kommunikationskanal (11) Ubertragen wurde,
und eine geschétzte Nachricht aus der verrauschten Version des Codeworts mittels

eines Kanalcodes zu bestimmen,

wobei

der Kanalcode einen auReren Code konkateniert mit einem inneren Code aufweist;
der aulRere Code einer von einem Reed-Solomon-Code, einem Folded-Reed-Solo-
mon-Code, einem Twisted-Reed-Solomon-Code, und einem verallgemeinerten Reed-
Solomon-Code ist;

der innere Code ein Neuronaler-Netzwerk-Code ist, welcher ein neuronales Encoder-
Decoder-Paar aufweist, welches ein Codierungs-Neuronales-Netzwerk (21) und ein
Decodierungs-Neuronales-Netzwerk (23) umfasst;

ein nichtlinearer Kanal und/oder ein verrauschter Kanal (22) zwischen dem Codie-
rungs-Neuronalen-Netzwerk (21) und dem Decodierungs-Neuronalen-Netzwerk (23)
angeordnet ist; und

das neuronales Encoder-Decoder-Paar derart angepasst ist, dass das neuronale En-

coder-Decoder-Paar ein geschétztes duReres Codewort-Symbol flr ein eingegebenes

LU502737
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auReres Codewort-Symbol bereitstellt, indem das neuronale Encoder-Decoder-Paar
trainiert wird mittels eines Trainingsdatensatzes, welcher eine Mehrzahl von auReren
Codewdrtern aufweist, welche aus einer Mehrzahl von Eingabe-Nachrichten mittels
eines AuBerer-Code-Codierers (31) bestimmt sind, wobei jedes duRere Codewort-
Symbol der Mehrzahl von duReren Codewdrtern als Eingangsgrée zum Codierungs-

Neuronalen-Netzwerk (21) benutzt wird.

LU502737



LU502737

12b

L

< — \""

10b

e
LL
O
— l\‘l"~ MV_
&
— l\‘l” mw

L

10



N
-

LU502737

-
oo

7
T
!
;ti

ARl
Y .

O

i~

—
¢

N)

Y .
oo

Tl
@
N



LU502737

=

1]

—
=

[ 4
I
=

noisy symbol
y
\Y}
J

1St

) 2nd
| — 4

Vo1

A
H
—_—

(2]
% IV ™ O\

(2]
o~ N

o N

N
o~ N

<~

N o~ N

—

o~ N

el
I



	Page 1 - BIBLIOGRAPHY
	Page 2 - DESCRIPTION
	Page 3 - DESCRIPTION
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - DESCRIPTION
	Page 20 - CLAIMS
	Page 21 - CLAIMS
	Page 22 - CLAIMS
	Page 23 - CLAIMS
	Page 24 - CLAIMS
	Page 25 - CLAIMS
	Page 26 - CLAIMS
	Page 27 - CLAIMS
	Page 28 - CLAIMS
	Page 29 - DRAWINGS
	Page 30 - DRAWINGS
	Page 31 - DRAWINGS

