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ABSTRACT

This paper focuses on exploring latest network coding techniques for increas-
ing the dependability and rates achieved in telecommunication networks.
Self organizing networks are real time dynamic infrastructures that help
address the challenges of conventional networking techniques as traffic in-
creases for high bandwidth reliable data transmission. Network coding that
can enable encoding of data packets at intermediate nodes, can enable bet-
ter utilization of the bandwidth hence improving system performance. The
following network coding technologies are discussed and evaluated in this
research: random linear network coding and fountain codes in different net-
work scenarios and traffic patterns. To analyze and compare performance of
proposed methods implemented with simulations and analytical models, we
use throughput, delay, and error rates. The importance of these two aspects
is supported by the results of the experiments, according to which new gen-
eration network coding algorithms can greatly improve the network reliabil-
ity due to the possibility of packet recovery and optimal data transmission.
Further, the study shows the rationale for deciding on complexity of one code
over another, and how these coding techniques are applied in practice. Fi-
nally, this work extends existing communication systems to provide a better
solution for meeting the growing traffic requirements of fresh applications
such as streaming video, clouds, and IoT devices.
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The piece also covers issues of security; the authors
describe how network coding can be applied to
enhance data security both in terms of confidentiality
and integrit. Last, it discussion the applications of
network coding integrating it with machine learning
to demonstrate its realisation in developing advanced
network solutions [1].

INTRODUCTION

Network coding has then arisen as one of the
revolutionary solutions that aim to improve the
functionality of the networks. Featuring data
packer combining and processing at intermediate
nodes, network coding can increase networking
throughput, enhance its reliability and improve
usage of resources. This revolutionary method plays

. ) . . NeTwork CobiNG FUNDAMENTALS
a crucial role in enhancing the multiple parameters

related to the operation of a network ranging from
the transmission rate to the reliability in the face of
either failures or subsequent attacks. The article then
goes deeper into the basics of network coding and
the farther optimization of it for the next generation
communication systems. Specifically, it investigates
network coding in wireless networks and its possibility
of improving broadcasting and power consumption.

REvisITED

Network coding has been developed as a promising
method that fundamentally changes the process of
information transfer in the communication networks.
This approach enables intermediate nodes to integrate
as well as act on information packets resulting to a
number of benefits including enhanced throughput,
reliability and integrity of the network. However, in
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order to more fundamentally study and understand
network coding, it is necessary to go back to its main
concept from different points of view.

Information Theory Perspective

From an information theory point of view, network
coding comes with a revolutionism in the transport of
datain networks as compared to the store- and-forward
approach. This modern treatment of information
theory interfaces with a novel topic, namely network
coding, to better comprehend flow in composite
networks. The main notion of network coding, the
fundamental theorem asserts that the throughput
from source to every receiver is optimized, which will
demonstrate its capacity to enhance communication.
However, what makes network coding fascinating is
the fact that it can reach the upper bound in multicast
application which was impossible in the routing
scenario. Huge consequences for the enhancement of
the aspects such as effectiveness and dependability of
data transmission through networks of different types
are pinpointed, specifically, wire-less and sensor [2].

Graph-based Approaches

By analyzing network coding techniques using graph-
based methods it is found that this approach offers
significant benefits for designing and evaluating network
coded systems. In this context, a communication
network may be descried as a directed graph G = (V, E,
C) where V is a set of nodes, E is a set of directed links,
while C is a capacity of these links. This representation
enables a study of network coding problems and their
solutions in a systematic manner. Max-flow min-cut
theorem is a significant factor in determining the
theoretical capacity of network coding. This comes as
a statement that reads the throughput T(s, t) is the
maximum possible throughput between two nodes s
and t with a maximum possible value less than or equal

to the total minimum capacity of all cuts between
the two nodes. Even though this upper bound can be
reached in unicast and broadcast settings and without
network coding, the latter makes it possible to achieve
the rate also in more complex multicast situations.
Network coding techniques have recently found an
implementational solution in Graph Neural Networks
(GNNs). These machine learning models work on graphs
directly, which enable them arbitrary and interpretable
training processes capable of accommodating irregular
graph structures. The mentioned approach can be
consider as prospective to eliminate potential data
representation challenges and improve the utilization
of network coding in different fields.

Algebraic Foundations
In light of this, it is evident that the algebraic
fundamentals of network coding give a strong apparatus
for coding schemes. In recent years, particularly, linear
network coding has been the center of attention owing
to its effectiveness and applicability. In this approach,
nodes create new packet using linear combining of the
packets it received, with coefficients from the finite
field usually of size GF(2"s).

The algebraic structure of linear network coding
can be formalized as follows::

X_k =3 {i=1}7{S} g_{k}Mi} - M_{i}

where X_k is a generated message, M_i are the received
messages, and g_{k}"{i} are the chosen coefficients
from the finite field. This algebraic formulation also
helps in making sure that the generated messages
are equally as long as the current messages making
encoding and decoding easier. That is why, the
coding and decoding follow the linearity, which make
the implementa-tion feasibly fast for engineering
application, which in account of spreading of network
coding technique (Table 1).

Table 1: Advanced Network Coding Techniques

Coding Technique Key Characteristics

Application Areas

Benefits Limitations

Random Linear Net-
work Coding (RLNC)

Encodes packets as

original data packets

Wireless networks,
linear combinations of content distribution

Increases network
throughput, efficient
use of bandwidth

High computational
complexity, requires
decoding at the
receiver

XOR-based Network
Coding

Combines multiple
data streams using
XOR operation

Multicast, P2P
file-sharing networks

Less flexible than
RLNC, not ideal for all
network topologies

Simple, low computa-
tional overhead

Cooperative Network
Coding

Nodes cooperate to
forward and combine
data

Cooperative wireless
networks, loT

Complexity in syn-
chronization and
protocol overhead

Improves reliability
and energy efficiency
in wireless systems
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Coding Technique Key Characteristics

Application Areas

Benefits Limitations

Network-Coding
Aware Routing
(NCAR)

Integrates network
coding with routing
protocols

networks

Ad hoc and sensor

Increased control
message overhead,
harder to implement
in dynamic environ-
ments

Optimizes network
resource utilization,
improves throughput

Physical Layer Net-
work Coding (PNC)

Combines signals at
the physical layer

before decoding munication

Wireless systems with
relays, satellite com-

Improves throughput,
reduces transmission
time

Requires precise syn-
chronization, sensitive
to noise

These algebraic notions are extended to
convolutional-network codes for handling the time-
multiplexed networks that have cycles possibly. This
work is concerned with the transmission of symbol
streams through nodes whereby coder nodes employ
convolutional codes as the algebraic structure of the
system’s mathematical realm is the ring of rational
power series. This approach also serves to propagate
causal data through the network and resolves the issue
of cyclic transmission. The algebraic structures that
underlie network coding also give a general view of
the difficulty of network coding problems. However,
some network coding problems have been believed
to be NP-hard or, sometimes even undecidable which
calls for efficient algorithms and heuristics in real
system deployment [3].

ApvANCED CoDING TECHNIQUES FOR
B5G/6G

With a shift to Beyond 5G (B5g) and 6G connectivity,
channel coding techniques form a very important
element to meet the emerging future wireless
connectivity challenges. These next-generation
networks have an objective of delivering even ultra-
reliable and low-latency communications (URLLC) in
addition to offering tremendous mMTC. In order to
accomplish these goals, researchers are now designing
new coding schemes that place increased demands on
codeability, credibility, and flexibility.

Multi-Kernel Polar Codes

Polar codes have recently attracted more attention in
B5G networks because of their capability to achieve
equal capacity for both the transmitter and the
receiver along with having low-complexity decoding
techniques. However, traditional polar codes which are
constructed based on binary kernels (2x2 polarization
matrix) presented in section Il can only achieve code
lengths in the form of 2 ** L. To address this issue,

there are novel development known as multi-kernel
polar codes. The multi-kernel polar codes enable the
construction of codes whose lengths can be made
variable by combining different kernel dimensions.
This approach provides better flexibility at the
code level and is being beneficial for many B5G/6G
scenarios. Since high complexity is unavoidable in
the decoding of multi-kernel polar codes, the recent
research study has aimed at addressing the issue by
optimizing the decoding process to make the codes
more useful (Figure 1).

A new achievement in this field is to establish a
decoder which is based on a fast-simplified successive
cancelation (fast-SSC) algorithm. The decoder of this
code can accommodate different kernels in building the
codes such as binary and 3x3 kernel flexibility in code
length, rate, and kernel sequence.s For a polar code
of length N = 1536 and rate R = 1/2, with a Po value
of 240, the proposed decoder has 84.6% of less latency
than the prior art.« Employing a polar code of length N
= 1024, rate R = 1/2, and Po = 120 gives an information
throughput of 432 Mbps. algorithm-based decoder. This
decoder can handle codes constructed using both binary
and ternary (3x3) kernels, offering flexibility in code
length, rate, and kernel sequence. FPGA implementation
results have shown promising outcomes:

e For a polar code of length N = 1536 and rate R
=1/2, with a Processing Element (Po) value of
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Fig. : Advanced Network Coding Techniques
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240, the decoder achieves an 84.6% reduction
in latency compared to the original algorithm.

e Apolar code of length N = 1024, rate R =1/2,
and Po = 120 achieves an information through-
put of 432 Mbps.

These outcomes show that it is possible to achieve the
desired high throughput and low latency achieved in
B5G/6G networks by using the proposed multi-kernel
polar codes.

Non-Binary LDPC Codes

LDPC codes have been cata-pulted to the forefront of
channel coded research because of their asymptotic
capacity of the AWGN channels and their suitability
for the operations in hybrid automatic repeat request
(HARQ). Consequently, they have been deployed for
the data channel in the fifth generation of new radio
(NR) to replace turbo codes. Although much is known
and implemented on the binary LDPC codes, there is
a growing interest on non-binary LDPC codes which
have shown to have great potential in serving several
application. Non-binary LDPC codes use larger finite
fields thereby providing an advanced mechanism of
error correction than binary LDPC codes.

Just like with ordinary binary LDPC codes, the
structures of non-binary LDPC codes can also be
described through a Tanner graph. However, while
the vertices of the graph correspond to the nodes on
the larger finite field, then the edges are non zero
elements of the field. This structure results in more
effective error correction at the price of higher
decoding complexity.

Research in non-binary LDPC codes for B5G/6G
networks is focusing on:

1. Exploring ways of enhancing the code construct
for the structuring needs of particular channels
and use.

2. Optimizing decoding algorithms
minimize computational cost.

3. Analyzing the AHP criterion set in terms of
performance and the level of implementation
difficulty for real-world uses of C-Decision..

in order to

Online Fountain Codes

Fountain codes, that are also called rateless codes,
have been recently proposed to be used in case if
channel conditions are a priori unknown or fluctuating.
These codes have the interesting property that any
number of encoded symbols can be produced from a
given number of source symbols. For B5G/6G networks,

a unique approach has been advanced known as
enhanced distributed fountain coding (EDFC). This
scheme applies a new concept of cooperative relay
in a distributed network and adds new relays into
the network extent while enhancing transmission
efficiency and reliability.

Various experiments made using EDFC scheme have
revealed good performance in lossless as well as in the
lossy channel. Key features of this approach include:

1. A method of design of degree distributions based
on the joint iterative optimization algorithms.

2. The level of BER performance has been reported
to be higher than in non-optimized versions.

3. Portability in matters concerning different network
topology/communication channel settings.

These new coding form-OFDMs - multi-kernel
polar codes, non-binary LDPC codes, and online
fountain codes - are a step forward in addressing
the demanding specifications of B5G/6G networks.
These recording modes have demonstrated enhanced
robustness, reliability, and adaptability, making them
ideal for deployment in the next generation wireless
connections.™

NeTwork CobpING IN WIRELESS SYSTEMS

Network coding can therefore be understood as as the
powerful tool for further promotion of performance
characteristics of wireless systems. In this manner, net-
work coding provides advantages in terms of put, reli-
ability and efficiency to the coded intermediate nodes
that combine data packets. Finally, this section focuses
on the possibility of applying network coding in differ-
ent environments, closely considering the given oppor-
tunities for communication networks.

Cooperative Communications

Cooperative communications is where apart from
sending a user’s coded message he/she also transmits
other users’ messages in coded form to a common
receiver. This approach has been paid attention
to due to its possibility for enhancing the capacity
region of the classical multiple access channel under
the same average total transmit power constraint.
Detailed results show that network coding offers a
highly efficient and low complexity implementation of
block-Markov coding for cooperative communication
systems. In a two-user cooperative setup, the process
unfolds as follows:
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1. User 1 transmits its updated information in the
first time period and the information is overheard
by User 2 and the destination.

2. User 2 transmits its most recent information in the
second time slot.

3. In the third time slot, both users send refinement
information which makes the exclusive OR (XOR)
operation of their own message with the received,
message from the other cooperating user.

This approach not only deals with the capacity gain
but also has diversity gain that makes this scheme
potential to improve the area of wireless network. The
receiver captures the fresh information transmission
phase messages while using the XOR copy to get a
second copy of each user’s message thus enhancing
reliability and robustness.

Device-to-Device Networks
D2D communication plays an important role in the fifth
generation networks where the shared communication
between devices occurs without involving base
stations. It clearly enhances the bandwidth utilization
and clearly defines a perfect application area for
employing network coding. However, several issues
are associated with D2D communication including
interferential signals from base stations and other
devices that use similar frequency which may affect
the reliability of D2D transmission mostly when they
include video transmission. These problems have been
well explained by the conventional methods of relaying
but through network coding, D2D communication
transmission reliability and throughput have been
enhanced.

The combination of D2D communication and
network coding offers several advantages:

1. Overall performance of networks have been
enhanced

2. Video streams that have a more stable format to
offer to the users

3. Higher transmission reliability in a multi-hop D2D
networked system

In multi-hop D2D communication, mobile devices act
as relay nodes, and are fully capable of performing
intricate re-encoding functions and operating as a
direct service provider to other devices. This capability
erases conventional network constraints and puts the
full benefits of network coding into wireless systems.

Cognitive Radio Networks

For that, Cognitive Radio Networks (CRNs) are an
emerging concept that targets to exploit the unused
spectrum or white spaces in the best and most optimal
manner possible. Network coding schemes applied to
CRNs offer several advantages:

1. Like with the terrestrial communication, many
different secondary users are capable of employing
the spectrum at the same time.

2. Allowing secondary users greater ability to use the
spectrum by letting them occupy only parts of the
spectrum that is not in use by primary users.

3. Fewer minutes to transfer its rights to other users.

Research on network coding in CRNs has been done
with respect to facilities such as channel allocation
and routing. These approaches contributes in leading
the maximum utilization of spectrum while ensuring
efficient and secure transmission of packet data over
the network. As observed from many studies, network
coding has become an effective approach to design
new algorithms and schemes in CRNs. These has aimed
at increasing the throughput, security, and resource
utilization in cognitive radio system (Table 2).

Table 2. Applications of Advanced Network Coding Techniques in Different Network Types

Suitable Network

Network Type Coding Technique Use Case Advantages Challenges
Wireless Ad-hoc Net- Random Linear Net- Data broadcasting and Improves network effi- High decoding com-
works work Coding (RLNC) sharing among nodes  ciency and resilience  plexity at the receiver

XOR-based Network
Coding

Sensor Networks

Data aggregation and
dissemination in loT

Limited flexibility,
not ideal for diverse
traffic patterns

Simple and energy-ef-
ficient

Physical Layer Net-
work Coding (PNC)

Satellite Communi-
cation

Relays and multi-ac-
cess scenarios

Enhances throughput
and reduces latency

Requires advanced
synchronization mech-
anisms
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Suitable Network

Network Type Coding Technique Use Case Advantages Challenges
Multicast Networks XOR-based Network Efficient data trans- Reduces retransmis- Effective only in spe-
Coding mission to multiple sions and bandwidth cific topologies

receivers

usage

Content Distribution
Networks

Cooperative Network
Coding

Peer-to-peer file shar-
ing, video streaming

Maximizes network
resource utilization

Requires cooperation
between nodes, com-
plex management

Lastly, this paper revealed the possibility of how the
network coding can improve the wireless system in co-
operative communication system, D2D and CRN system
in term of efficiency, reliability, and capacity. Enhanc-
ing reliability, increasing traffic capacity and optimizing
the spectral efficiency, the network coding controls a
promising place in the development of next generation
of wireless communication system [5]-[6].

SecurITY AspPecTs oF NETWORK CODING

Of course, network coding holds rich opportunities for
making the distribution of multimedia content more
efficient and reliable; however, this new technique
also has its own set of (un)solved security issues. Since
data packets which are transmitted in the network
may be joined and processed at intermediate nodes,
the network may be more prone to specific types of
attacks. However, network coding also offers potential
for improving the security of communicating networks
as well.

Secure Network Coding Schemes

Since the security of data is a major issue in network
coding, several researchers have come with with
a various secure network coding schemes. These
schemes have the goal of preventing misbehaving
nodes that may intercept messages or send packets
of their own into the information stream, where these
packets are misinterpreted by the system and decoded
improperly.

| Applications data |

v A v A
| IPv6/UDP | | IPv6/TCP |
v A v 4
| 6LoWPAN laycr |
¥ A A
Buffering. Encoding opportunity NC

checking layer
Encoding ‘ Decoding possibility checking |
A

A 4 I
| 1EEES802.15.4 interface |

Fig. 2: Security Aspects of Network Coding

Secure network coding approaches can be broadly
classified into two categories:

1. Computational security (cryptographic): This
approach makes use of several assumptions, which
are generally unjustified, regarding the hardness
of particular functions, normally introduced at
higher layers of the protocol.

2. Information-theoretic security: This method does
not involve any assumption of computational
aspect rather, it is founded on the law that an
eavesdropper cannot deduce anything from the
observed packet (I(X;M) = 0). It is that makes it
implementable at the physical layer.

A common secure network coding technique is the
method of adding redundancy to the system for
protection from adversarial results. This approach does
not depend on any computational assumptions and is
only guaranteed to provide security against certain
type of attackers. The types of restrictions include
those on computational capacities, the number of
nodes under the control of the adversary, and on the
numbers of connections that the latter can monitor.[”

Privacy-Preserving Techniques

Privacy issues in network coding have led to several
techniques in the management of such concerns to
achieve security and protect data privacy with factors
such as plaintext and / or ciphertext size, the size
and characteristics of the key, time factors, and data
accuracy in context to operations. These techniques
are essential in scenarios, including query processing,
data sharing, as well as handling of data with sensitive
information in cloud. Some key privacy-preserving
approaches in network coding include:

1. Homomorphic encryption: This sup can be
expressed in this advanced encryption scheme
which enables operations on ciphertexts that has
no decryption required, adding privacy since user
data remains concealed from the side of third
parties as well as service providers.
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2. Attribute-based signatures (ABS) and attribute-
based encryption (ABE): ABS on the other hand
is good for demonstration of ownership of an
attribute without necessarily displaying the
identity of the owner while ABE makes it possible
for users to encrypt and decode a given data based
on attributes possessed by those users.

3. Group signatures and ring signatures: These
advanced digital signature schemes offer security,
and anonymity of the signer and they are suitable
for privacy-preserved network coding systems.

Attack Resilience

He argues that network coding systems have to be
protected against various kinds of attack in order to
achieve reliable and secure communication. Some key
considerations for attack resilience include:

1. Protection against Byzantine attacks: These
attacks include the presence of unfair nodes that
can send bogus packets or interfere with network
activities. Any encoding system used to ensure the
security of a network must be able to recognize
and prevent such attacks in order to preserve the
networks’ integrity.

2. Eavesdropping prevention: But again, network
coding offers a certain degree of confidentiality
protection owing to a principle that a single coded
packet does not convey meaningful information to
an attacker. However, further improvements may
be needed to boost this intrinsic security feature.

3. Pollution attack mitigation: These attacks consist
of injecting disturbed packets into the network. To
avoid the problem of polluted packets in network
coding systems other techniques including
homomorphic hash functions and secure random
checksums have been recommended.

This way, the network coding technology can provide
not only reliable but also secure connection in a broad
range of applications which can include everything
from wireless networks to cloud solutions [8].

MAcHINE LEARNING FOR NETWORK CODING

That is why the incorporation of machine learning
techniques with network coding has provided new
important opportunities in increasing the capabilities
of communication networks. This combination has
brought many enhancements in code design as well as
decoding procedures, and adaptive coding methods.

AI-Assisted Code Design

In the recent past, Artificial Intelligence (Al) has
greatly impacted the development of networks through
altering the way coders design their code. Computer
aided coding systems can analyze massive amount
of code data for the recognition of regularities and
structuresin order to design more effective and reliable
scheme for the network coding. Such tools use Natural
Language Processing (NLP) and Computer Vision to
analyse and comprehend code and provide suggestions
and perform routine tasks. Listed below are some
of the positive impacts of using the Al assisted code
design Methods In enhancing code quality. Through
the comparison of the written code with the learned
patterns and rules, the mistakes and omission in the
syntax and semantics can be highlighted, along with
the possible corrections and optimizations according
to the existing best practices in coding. This approach
enhances the performance and reliability of network
coding implementations on the side of developers and
also enhances innovation and creativity.

Deep Learning Decoders

Utility of the deep learning for decoding the network
coding schemes has been found significant as
mentioned in the below researches. These advanced
algorithms improve the drawbacks of conventional
decoding methods, including decoding complexity and
achievable decoding delay. Acommon area of its usage
is spot polar decoders, for instance, where utilization
of dominant learning approaches is applied to address
the complexity and enhance the erasure correction.
For example, researchers have proposed forming
deep neural network-based belief propagation (BP)
decoders that lower computational complexity and
memory requirements by conventional BP decoders.
RNN-based polar BP decoders have been proposed
in the literature as well, together with the weight
quantization methods to achieve more efficient
implementation for decreasing computational load
and memory utilization. These approaches have been
shown to involve gains in decoding rates with or even
increased error correction performance.

Reinforcement Learning for Adaptive
Coding

Reinforcement learning (RL) has quickly developed
into an effective means of designing learnable
network coding policies. This interactive capability of
machine learning helps the network coding systems to
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acquire and manage changes in the channel admission
and network architectures. Another active use of RL
in network coding is in the area of the sliding coding
window. To solve this problem, researchers have
implemented dynamic control of the sliding coding
window by utilizing the Q-learning algorithms. This
adaptive approach also reduces the utilization of
network resources and provide better reliability of the
transmission. In addition RL has been applied for the
determination of coding coefficients in random linear
network coded (RLNC) systems. Using Deep Q-Networks
(DQN) these systems can learn how to choose suitable
coding coefficients depending on packets in the current
window and past coding data. This has a direct solution
to the problem of excessively high randomness in RLNC
coding coefficients, enhanced decoding probability,
and generally better network performance. There is
a promising future as applications of machine learning
techniques incorporated in network coding will lead to
improving the reliability of communication networks.
Thus, it will be possible to witness a constant
refinement of the code design, the decoding process,
as well as adaptive coding strategy, all of which are
bound to create even a more efficient method of data
communication across different networks.

CONCLUSION

The results assuming network coding gives a great
perspective for transformation of communication
networks, but at the same time provides a more
efficient, reliable and secure communication. Their
diffusion across multiple fields from wireless systems
to fog and cloud environments demonstrates their roles
in modern networking. The combination of network
coding with machine learning methods has extended
new opportunities, which creates new developments in
code design, decoding processes and adaptive coding.
This paper analysed the current progress and future
potential of network coding techniques in providing
essential input to future communications networks.
Continuing research in this area with enhanced

technologies used in the network field is therefore
expected to lead to improvement of better, efficient
and secure networks. Such a progress will be crucial
to satisfy the rising needs of modern communication
systems such as B5G, 6G, and others and to solve the
problems associated with the constant evolution of
technologies that connect devices and people.
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