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STUDY OF COMPATIBILITY OF METHODS AND TECHNOLOGIES OF HIGH-LEVEL PROTOCOLS
AND ERROR-CORRECTING CODES

Since the year 2000, the fields of error-correction codes and Virtual Private Networks (\VPNs) have undergone significant advancements driven by
technological demands for higher reliability and security in communication systems. In error-correction codes, the development of turbo codes and Low-
Density Parity-Check (LDPC) codes reached new heights, with LDPC codes being adopted in standards like 5G and Wi-Fi 6 for their near-Shannon-
limit performance. This period saw groundbreaking contributions from researchers like David MacKay and Radford Neal, who refined LDPC algorithms,
and Erdal Arikan, who introduced polar codes in 2008. Polar codes have since been integrated into 5G systems due to their efficiency and low complexity,
marking a milestone in modern coding theory. Advances in decoding methods, such as belief propagation and successive cancellation, further enhanced
the utility of these codes in practical applications. Parallel to these developments, VPN technology evolved in response to the growing need for secure
and private communication in an increasingly interconnected world. Enhanced encryption protocols such as IPsec and OpenVVPN became widespread,
supported by innovations in cryptography. Researchers like Hugo Krawczyk contributed to robust authentication mechanisms, such as the HMAC and
IKEv2 protocols, ensuring the integrity and confidentiality of VPN tunnels. Meanwhile, the development of WireGuard in the mid-2010s, spearheaded
by Jason A. Donenfeld, introduced a lightweight and highly secure VPN protocol, revolutionizing the way modern VVPNs operate. These advancements
addressed the escalating cyber threats and facilitated the secure exchange of data across global networks. The importance of studying error-correction
codes and VPNs in the modern era cannot be overstated. Error-correction codes are integral to overcoming the challenges of high-noise environments,
enabling reliable communication in technologies ranging from space exploration to massive 10T networks. Simultaneously, VPNs remain critical for
preserving user privacy, securing corporate networks, and protecting sensitive data in the face of sophisticated cyberattacks. Emerging technologies like
quantum computing and artificial intelligence introduce both opportunities and threats, necessitating continuous innovation in these fields. Exploring
quantum error-correction codes and post-quantum cryptographic protocols represents a vital area for future research. By addressing these challenges,

scientists and engineers can ensure the resilience and security of communication systems in an increasingly digital and interconnected world.
Keywords: VPN, FEC, ECC, CIA triad, common security model, cascade codes, data transmission channel

Introduction. In In the modern era of digital
communication, the demand for high-speed, reliable data
transmission has never been greater. High-level protocols,
error-correcting codes (ECC), also known as forward error
correcting codes (FEC), are fundamental components of
this ecosystem, enabling efficient and secure information
exchange across diverse networks. However, the growing
complexity of communication systems, driven by the
proliferation of 10T devices, 5G networks, and emerging
technologies like quantum computing, has highlighted the
critical need for compatibility between these methods and
technologies [1].

Studying the compatibility of methods and technolo-
gies of high-level protocols, among which VPN protocols
are set, and error-correcting codes is highly valuable and
relevant for several reasons:

e ensuring interoperability: modern communication
systems are built on heterogeneous networks that integrate
a wide range of devices and technologies. Ensuring com-
patibility between high-level protocols and ECCs is essen-
tial for seamless interoperability, reducing latency, and
preventing data loss;

e optimizing network efficiency: compatibility
directly impacts the efficiency of data transmission. By
aligning protocols with the most suitable error-correcting
codes, it is possible to reduce overhead, enhance through-
put, and optimize bandwidth utilization, which is critical
for applications requiring high data rates such as streaming
services, online gaming, and real-time communications;
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e enhancing security and reliability: error-correc-
ting codes are crucial for mitigating data corruption, especi-
ally in noisy channels or environments with high inter-
ference. Compatibility with high-level protocols ensures
that ECC mechanisms are effectively implemented, safe-
guarding data integrity and improving the reliability of
communication systems;

e supporting emerging technologies: the evolution
of new communication paradigms, such as 5G, 6G, and
edge computing, introduces new challenges in protocol
design and error correction. A thorough understanding of
compatibility between these components allows for better
adaptation to these innovations, supporting the develop-
ment of robust and scalable network architectures;

e reducing implementation costs: mismatched or
incompatible protocol and ECC implementations can lead
to inefficiencies, increased error rates, and costly redesigns.
By studying and ensuring compatibility early in the design
process, organizations can reduce implementation [2].

The integration of VPN technologies with advanced
error-correcting methods, such as FEC, is not just about
improving individual components but about creating a
holistic, resilient system capable of meeting the challenges
of modern communication networks. By enhancing the
compatibility and performance of these technologies, we
can achieve more secure, efficient, and reliable data
transmission across diverse and demanding environments.
It becomes crucial when trying to deal with CIA triad and
it’s prerequisites [3].
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The purpose and the objectives of study. The pur-
pose of study is in assessing the modern ways of connection
between high-level OSI protocols and ECC, clarifying
potential and options of unifying them in a concept of one
technology.

Objectives can be defined as following:

o consider the possibilities of combining the use of
error-correcting codes and VPN within a single outline of a
general model for secure data transmission;

e study the possibility of combining error-correc-
ting codes with VPN protocols;

e research the impact of combining error-correcting
codes with VPN protocols.

Comprehensive Overview: combining VPN and
Error-Correcting Codes (FEC). In modern data transmis-
sion, especially over VPN, issues such as unstable net-
works, high latency, and packet loss can reduce the quality
and reliability of connections. By integrating Forward Error
Correction (FEC) codes with VPN technologies, we can
significantly enhance the stability and security of data
transfer.

FEC codes add redundant data to the transmitted
information, allowing the system to detect and correct
errors without needing retransmissions. This is crucial for
VPN scenarios where continuous, secure connections are
vital. Below is a detailed analysis of different VPN types
and their potential combinations with various FEC codes.

Tunneling in VPN: detailed description. Tunneling
is the method of encapsulating original network traffic
within another data transfer protocol, creating a secure
communication channel between the client and the server.

Main Tunneling Types in VPN are presented below.

e PPTP (Point-to-Point Tunneling Protocol). Uses
Layer 2 (Data Link) of the OSI model. Simple to set up but
has outdated encryption methods, making it less secure.

e L2TP (Layer 2 Tunneling Protocol). Often com-
bined with IPsec for encryption. It uses both Layer 2 and
Layer 3 (Data Link and Network) and offers better security
than PPTP due to IPsec protection.

e OpenVPN. Uses SSL/TLS for encryption, provi-
ding a high level of security. It works at the Transport layer
(Layer 4) and can use various ports, making it flexible and
harder to block.

e WireGuard. A modern protocol focused on per-
formance and security, using advanced encryption. It ope-
rates at the Network layer (Layer 3) and has lower latency
and higher speed than traditional \VPNs.

Tunneling protocols secure network connections by
encrypting traffic. PPTP is fast and simple but lacks modern
security. L2TP with IPsec offers stronger encryption but can
be slower due to double encapsulation. OpenVPN is highly
secure, flexible, and excellent for bypassing restrictions but
requires technical setup. WireGuard is fast, lightweight, and
secure, using modern cryptography, though it lacks some
advanced features.

Sources and Justifications. I rely on information that
Paul Bischoff has written regarding different types of VPN
protocols [4]. Also Aleksandar Kochovski’s article, which
assessed and approved by Aleksander Hougen and Simona
Ivanovski was taken in sight [5, 6], results in table 1.

Table 1 — Comparison Table: Tunneling Protocols

Protocol OSI Layer | Encryption S?g\%'lty Performance
PPTP Data Link (2)[MPPE Low High
(128-bit)
L2TP/IPsec |Data Link (2)|IPsec High Moderate
& (256-bit)
Nerwork (3)
OpenVPN |Transport (4) [SSL/TLS |Very High |Moderate to
(AES-256) High
WireGuard [Network (3) |ChaCha20, [Very High [Very High
Poly1305

1. PPTP (Point-to-Point Tunneling Protocol):

e security Level: PPTP utilizes the Microsoft Point-
to-Point Encryption (MPPE) protocol with RC4 encryp-
tion, which is considered weak by modern standards. It has
known vulnerabilities that can be exploited by attackers;

e performance: Due to its minimal encryption over-
head, PPTP offers high performance and faster speeds.

2. L2TP/IPsec (Layer 2 Tunneling Protocol with
IPsec):

e security Level: When combined with IPsec, L2TP
provides robust security features, including strong encrypt-
tion and authentication mechanisms;

o performance: The double encapsulation process
can introduce additional overhead, leading to moderate
performance.

3. OpenVPN:

e security Level: OpenVVPN employs SSL/TLS pro-
tocols with support for various encryption standards, inclu-
ding AES-256, offering a high level of security;

e performance: Performance can vary based on con-
figuration but generally provides a good balance between
speed and security.

4. WireGuard:

e security Level: WireGuard uses modern crypto-
graphic primitives like ChaCha20 for encryption and
Poly1305 for data authentication, providing a high level of
security;

o performance: Designed for efficiency, WireGuard
offers high performance with low latency and high through-
put.

Performance Evaluation Metrics:

Evaluating VPN performance involves measuring:

e latency (ms): the time taken for data to travel from
source to destination;

o throughput (Mbps): the rate of successful data
transfer over a network;

e CPU utilization (%): the amount of processing
power required to handle VPN operations;

e packet loss (%): the percentage of data packets
that are lost during transmission.

These metrics can be assessed using network
performance tools and monitoring systems to determine the
efficiency and impact of each VPN protocol on system
resources.

Further itis very important to look through all benefits
of combining FEC codes and VPN. It can be done in
various combinations. For article purposes, it would be
better to look through a few examples, bypassing some
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connections, because of the amount of data. Benefits from
combining FEC and VPN shall be balanced and reliable, in
terms of practical usability.

Expected Results and Analysis both shown in table 2.
The study established the following advantages provided
by the use of FEC with various types of VPN protocols [7].

Due to table 4 Reed-Solomon codes are highly
effective in handling burst errors, making SSL VPN more
reliable, especially for web access in mobile and satellite
networks.

Table 4 — SSL VPN and Reed-Solomon Codes

By combining strong sides from both FECs and VPNs with Without | With Reed- Expected
decreasing of influence of weaknesses it becomes possible Metric FEC | Solomon Improvement

; POt Codes
to create stable and effective combinations.

Packet Loss (%)| 25-35 15-20  |Reduced by 30-40%
Table 2 — Detailed Analysis of VPN and FEC Code Connection 1.2 1 Reduced by 15%
Combinations Establish-

ch Suggeste | oo it of ment (s) on —

VPN Type | OSI Layer aracte- |~ ‘e enefits o Session Low Hig Increased stability

ristics Code Combination Stability

IPsec VPN [Network (3) |Encryption [LDPC,  |Enhanced Load Errors (%) [High  |Low Reduced by 50%
and packet |Reed- reliability and
L’;]tgglz'sty Solomon ggﬁgction for Due to table 5 turbo codes use iterative decoding for

high-latency high accuracy, effectively reducing packet loss and latency,
networks. improving the quality of video streams and remote access.

SSL VPN  |Transport (4) |Protection |Convoluti|Real-time error
via onal, correction, Table 5 — L2TP/IPsec VPN and Turbo Codes
SSL/TLS, |Reed- improved - -

! A - Without | With Turbo Expected
E;(;\é\(/jser- Solomon Z’;)a;)llilclgt/i (I)I’:] :veb Metric FEC Codes Improvement
access ' Packet Loss (%) 18-25 10-12 Reduced by 50%
L2TP/IPsec |Data Link (2)|Tunneling |Turbo Balanced low Average Latency 180 160 Reduced by 11%
& via L2TP |Codes, |latency and (ms)
Network (3) |with IPsec \LDPC  |high accuracy Video Quality | Medium|  High | Improved by 20%
encryption for remote
access Throughput (%) 85 95 Increased by 12%
scenarios.

OpenVPN | Transport (4) g)‘:frzé gggg Enﬁ'c(;%g‘f;d' Due to table 6 convolutional codes correct real-time
suppor’ts Convolu- ang streaming errors, ensuring stable and uninterrupted transmission for
multiple  |tional data with mini-|  VOIP and streaming video, which is crucial for OpenVPN.
encryption mal retrains- ]
protocols missions. Table 6 — OpenVPN and Convolutional Codes

Due to table 3 low-density parity-check codes help
recover lost data, reducing the need for retransmission and
improving throughput, especially beneficial in high-latency
environments like satellite networks. LDPC codes can be
compared with other powerful coding schemes, e.g. turbo
codes. From one side, bit error rate performance of turbo
codes is influenced by low codes limitations. However,
LDPC codes have any limitations of minimum distance that
indirectly states that LDPC codes are more effective on
large code rates. It is needed to highlight that LDPC codes,
as well as turbo codes, are affected by error floor pheno-
menon and both have error floor region.

Table 3 — IPsec VPN and LDPC Codes

Metric Without | With LDPC Expected
FEC Codes Improvement
Packet Loss (%)| 20-30 10-15 Reduced by 40-50%
Average 200 180 Reduced by 10%
Latency (ms)
Throughput (%) 80 90 Increased by 12%
Retransmissions| High Low Reduced
retransmissions

. With
. Without - Expected
Metric FEC Convolutional Improvement
Codes
Packet Loss 15-20 8-10 Reduced by 45%
(%)
VolIP Latency 150 130 Reduced by 13%
(ms)
Audio Quality | Medium High Improved by 25%
Stream Low High Increased stability
Stability

Due to table 7 integrating FEC codes with different
VPN types significantly improves the reliability and quality
of data transmission, particularly in challenging network
conditions such as mobile and satellite channels. The
combined approach offers robust solutions for secure and
stable communications, reducing packet loss, increasing
throughput, and minimizing latency.

Concept. We have previously investigated the
possibilities of using cascaded error-correcting codes and
their impact on the triad CIA [8].

The use FEC has wide applicability, but they have
long been a well-studied area of data transmission theory

[al.
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Table 7 — Summary Table: Advantages of Using FEC Codes

with Various VPNs
Improved Expected
VPN Type | FEC Code Metric Improvement
IPsec VPN |LDPC Packet Loss,  |[-40% loss,
Throughput +12% throughput
SSL VPN  |Reed- Session +30% stability,
Solomon Stability, —15% latency
Latency
L2TP/IPsec |Turbo Video Quality, [+20% quality,
Packet Loss  |-50% loss
OpenVPN  |Convolutional|VolP Quality, |+25% VolP quality,
Real-Time —45% errors
Errors

Using FEC and VPN in one algorithm aligns with the
CIA triad principles (Confidentiality, Integrity, and
Availability) and can be implemented effectively for secure
data transmission, in more detail further:

1. Confidentiality:

e encryption at both the first and second stages
ensures that data is unreadable to unauthorized entities.
This aligns with the need to protect sensitive information
during transmission;

o interference-resistant coding adds an extra layer
of security by obfuscating the data structure, making it
harder to breach.

2. Integrity:

e dual-stage coding ensures data is not tampered
with during transmission. If any part of the data stream is
altered, the decoding process would fail, signaling potential
interference;

e cryptographic hash functions can be integrated
into the algorithm to verify the integrity of transmitted data
packets.

3. Availability:

o the robust structure of the VPN tunnel and error-
resilient coding minimizes disruptions caused by noise or
attacks, ensuring uninterrupted data access.

e implementing redundancy mechanisms within the
coding process can further enhance data availability [10].

Implementation Steps:

1. Coding and Encryption:

e use state-of-the-art encryption algorithms such as
AES-256 or ChaCha20, coupled with error-resilient codes
like Reed-Solomon or LDPC (Low-Density Parity-Check);

e incorporate protocols like WireGuard or
OpenVPN for modern, high-performance tunneling.

2. Interference Resistance:

e embed interference-resistant coding at both the
first and second stages to mitigate the risk of errors caused
by noisy channels or external interference.

3. Physical Transmission:

e utilize secure physical and virtual communication
channels. Employ Secure Socket Layer (SSL)/Transport
Layer Security (TLS) to safeguard data at the transport
layer.

4. Error Handling and Decoding:

e implement mechanisms to identify and correct
errors during the decoding process, ensuring data relia-
bility.

5. Decryption;

o after verifying data integrity, decrypt the data at
the recipient's end using secure cryptographic keys.

Detailed algorithm is presented in fig.1 [11].

VPN encryption

R

Setting up a VPN tunnel

R A

Coding of the combination
with an
interference-resistant code
of the second stage

JEN A

Coding of the combination
with an
interference-resistant code
of the first stage

P A

Physical transmission in a
data channel

R A

Deoding of the
combination with an
interference-resistant code
of the first stage

. E———

Deoding of the
combination with an
interference-resistant code
of the second stage

N S

Receiving data and closing
the VPN tunnel

—

VPN decryption

Fig. 1. Algorithm of using cascade codes with this model

As said, different types of ECC codes can be used,
more on fig. 2 [12, 13].

Conclusions. We have already explored and analyzed
several approaches to integrating Error Correction Codes
(ECC) with VPN technology, uncovering their potential to
enhance data transmission reliability and security. These
studies have demonstrated how ECC, combined with
Forward Error Correction (FEC) methods, can address
critical challenges like packet loss, interference, and noise
in modern communication systems. By embedding error-
resilience directly into the transmission process, ECC and
FEC reduce the dependency on retransmissions, ensuring
smoother and faster communication over VPNs, even in
adverse network conditions.

VPN are essential for creating encrypted tunnels that
protect data from eavesdropping and tampering. When
combined with robust error-correction mechanisms, they
provide an additional layer of reliability, ensuring that
transmitted information remains accurate and undistorted.
This is especially valuable in high-demand applications
such as real-time video streaming, telemedicine, and
remote work environments, where even minor transmission
errors can disrupt critical processes.

Continued research in this domain is vital for the
evolution of IT technologies. As networks become
increasingly complex with the rise of 5G, loT, and quantum
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Fig. 2. ECC common types

computing, the demand for secure and efficient data
transmission methods will grow exponentially. By studying
ECC and its integration with VPNs, we can pave the way
for innovative communication protocols that are not only
faster and more reliable but also resilient against emerging
cybersecurity threats. These advancements will lay the
groundwork for the next generation of digital infra-
structure, driving progress across industries and ensuring
the seamless connectivity required in an interconnected
world.
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JOCJIIKEHHS CYMICHOCTI METO/IIB I TEXHOJIOT'TA MPOTOKOJIIB BUCOKOT'O PIBHS TA
KOJIB BUITPABJIEHHSA NIOMUJIOK

IounHaroun 3 2000 poky, ramy3i KOAiB JUlsl BUIPABICHHS MOMMJIOK 1 BipTyansHuX npuBaTHUX Mepex (VPN) 3a3HanyM 3HaYHUX YCIIiXiB, 3yMOBICHHX
TEXHOJOTIYHUMHU BUMOTaMH [0 BUINOI HamiHHOCTI Ta Ge3NeKkn CHCTeM 3B’A3Ky. Y KOJax Ul BUIIPABIICHHS IIOMHJIOK po3pobka Typ6o-KOmiB i KOAiB
nepeBipKy mapHoOCTi 3 HU3bKo0 minbHicTio (LDPC) mocsrna HoBuX BuCOT, Konu koau LDPC Gymu npuiiHsTi B TAKUX cTaHmapTax, sk 5G i Wi-Fi 6,
yepe3 IXHIO NPOJYKTHBHICTB, O1M3bKy 10 Mex llleHHoHa. VY 1ieli mepion Oynu BHECEHI HOBATOPChKI BHECKH TaKMX JOCITITHUKIB, 5K JleBin Makkel i
Pendopn Hin, sxi Brockonammm anropurmu LDPC, i Epnan Apukan, skuif npenctaBus noisipai koxu B 2008 pomi. Binroxi momsipHi xoxu Oymu
iHTerpoBaHi B cucteMu 5G 3aBIsKH iX €(EKTHBHOCTI Ta HU3bKIH CKIIaJHOCTI, 1110 CTAJIO BaXKJIMBOIO BIXOI0 B CYYacHil Teopii KogyBaHHA. JJOCSTHEHHS B
METO/IaX JIEKOLYBaHHsI, TAKUX SIK IIOLIMPEHHS MEPEKOHAHb 1 MOCIIOBHE CKAaCyBaHHS, 1I¢ OiNbIIC IMTiBUIIMNIM KOPUCHICT [MX KOMIB y MPAaKTHYHHUX
3actocyBaHHsX. [lapanensHo 3 uMu po3pobkamu TexHonoris VPN po3BuBanacs y BifloBins Ha 3pocTarody HoTpedy B Ge3[MeYHOMY Ta IPUBATHOMY
CIIIKYBaHHI y Bce GBI B3a€MOIOB sI3aHOMY CBiTi. Y IOCKOHaNEHI mpoTokony mudpysaHHs, Taki sk [Psec i Open VPN, oTpumany mupoke NonmpeHHs,
MiATpUMaHi iHHOBaIisiMU B Kpunrorpadii. Taki nocnigHuky, sk Xproro KpaBurk, 3po0uian BHECOK Y CTBOPEHHS HAaIiHUX MEXaHi3MiB aBTeHTH(]IKaIlii,
takux sk nporokoa HMAC i IKEv2, sxi 3a6e31edyIoTh HiTicHICTh 1 KoHdinenmiinicTs TyHeniB VPN. Tum gacom po3podka WireGuard y cepenui
2010-x pokis, sky ogonuB J[xeiicon A. JloHeHdenb, npeacTaBiiIa JErkuid i BUCOKo3axuieHnii nportokon VPN, sikuil peBONIOLIOHI3yBaB poboTy
cydacaux VPN. Lli mocsrHeHHs CpsSMOBaHi Ha BUPIIICHHS ecKanallii kibep3arpos i CipustoTh 6e3neuHoMy OOMiHY JaHHMH B TJI00ANBHUX MEpexax.
BasxiuBICTH BUBYECHHS KOJIB BUIIpaBlIeHHs TOMIIIOK i VPN y cydacHy ernoxy HEMOKIINBO HepeoliHuTH. Koy BUIIpaBIeHHS HOMIIOK € HEBil’€MHOIO
YaCTHHOIO IMOJOJIAHHS MPOOJIEM CEPEIOBHMII i3 BUCOKUM piBHEM IIyMy, 3a0e3Nedyloun HaJAiiHu#A 3B’S30K y PI3HUX TEXHOJOTiAX, BiJl JJOCIIUKCHHS
KOCMOCY 10 MacHBHHX Mepek lHTepHery pedeil. BomHouac VPN 3amuinaroTbCss KPHTHYHO BaXIMBUMH UL 30epexeHHs KOHGIICHIIHHOCTI
KOPHUCTYBauiB, O3MEKH KOPIIOPATUBHUX MEPEX i 3aXUCTy KOHOINCHIIHNX JaHUX THepel o0nuadsM CKIaJHuX KibepaTak. HoBi TexHomorii, Taki sk
KBAHTOBI OOYMCIICHHS Ta IITYYHMIT IHTENEKT, CTBOPIOIOTH SIK MOMKIIMBOCTI, TaK i 3arpo3H, 110 BUMarae NOCTiHHUX iHHOBaNii y ux cepax. BupueHHs
KBaHTOBHX KOJIIB KOPEKIIl TIOMUJIOK i MMOCTKBAHTOBUX KPUNTOrpa)iyHUX MPOTOKOJIB € YKUTTEBO BAKIUBOI OOJACTIO Il MalOyTHIX IOCHTiIKEHb.
Bupinryroun mi BUKIHMKH, BUCHI Ta IHXKEHEPH MOXYTh 3a0€3MEUUTH CTIHKICTh 1 Oe3neKky KOMyHIKaIifHMX CHCTeM y Bce Oumbll IuppoBOMy Ta
B3a€MOIIOB’ A13aHOMY CBIiTi.
Kuarouosi ciioBa: VPN, FEC, ECC, tpiana CIA, eqnHa Mozens Ge3neku, KackaHi KoM, KaHall repenayi JaHuX.
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