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REMOTE PHY DEVICE MODULE FOR HYBRID FIBER-COAXIAL NETWORK BASED

ON DOCSIS 4.0 STANDARD

This paper presents the comprehensive design and implementation of an RPD (Remote PHY Device) module, which
serves as a pivotal component within the Remote PHY Node architecture for hybrid fiber-coaxial (HFC) networks based
on the DOCSIS 4.0 standard. The development of this module addresses the critical need for enhanced data transmission
rates and network efficiency in modern broadband communication systems. The research thoroughly investigates the inte-
gration of GCP/R-DEPI/R-UEPI protocols into the RPD module, utilizing advanced packet processing technologies to op-
timize data transfer between the CCAP (Converged Cable Access Platform) Core and the cable modem.

The proposed model is developed using open-source software, providing extensive flexibility for customization, adap-
tation, and enhancement in various HFC network applications. This approach also ensures that the model can be readily
improved or expanded to meet the evolving demands of next-generation broadband networks. A key focus of the study is
the architectural analysis of the Remote PHY Node, with particular emphasis on the interaction between the RPD module
and the RF Module (RFM), and the critical interfaces that ensure seamless data transmission and network stability.

Through detailed experimentation and modeling, the study reveals that the incorporation of DPDK (Data Plane Deve-
lopment Kit) into the RPD module results in significant performance improvements. By bypassing the traditional kernel-
based packet processing, DPDK reduces latency, increases throughput, and enhances the overall efficiency of network
packet handling. The multi-level model developed in this research comprises context, container, component, and code le-
vels, providing a structured and scalable framework for the RPD module's implementation.

Furthermore, the study demonstrates that the RPD module, when implemented according to the DOCSIS 4.0 standard,
offers substantial improvements in network security, supports a distributed access architecture, and significantly boosts the
processing efficiency of data packets. These advancements position the developed RPD module as a critical enabler of
next-generation HFC networks. The paper concludes by outlining the potential for future research, particularly in explo-
ring the scalability, robustness, and adaptability of this model in large-scale network deployments, as well as its integra-
tion with emerging technologies in the field of telecommunications.

Keywords: remote PHY node, packet processing, data transmission, distributed architecture, network provisioning.

Introduction / Bctyn

The rapid evolution of broadband communication tech-
nologies has led to significant advancements in network in-
frastructures, particularly in hybrid fiber-coaxial (HFC)
networks. Globally, extensive research has been conducted
on enhancing data transmission speeds and network relia-
bility through the implementation of various standards such
as DOCSIS (Data Over Cable Service Interface Specifica-
tion). Studies have demonstrated the potential of DOCSIS
4.0 in providing symmetrical upload and download speeds,
which is critical for modern broadband applications [1].
However, despite these developments, there remains a gap
in the optimization of data processing efficiency and the in-
tegration of advanced packet processing technologies with-
in the HFC framework, specifically in the context of
DOCSIS 4.0 [3]. This gap underscores the relevance of in-
vestigating and developing solutions that can bridge these
shortcomings.

The research presented in this paper addresses this gap
by focusing on the design and implementation of a Remote
PHY Device (RPD) module that enhances data transmission
in HFC networks based on the DOCSIS 4.0 standard. The
object of this research is the HFC network infrastructure,
while the subject is the RPD module as a critical compo-
nent in improving network performance.

The aim of this work is to develop a comprehensive
model of the RPD module that integrates advanced packet
processing technologies, specifically the Data Plane Deve-
lopment Kit (DPDK), to optimize data transmission effi-
ciency [3]. The main objectives of the study include the ar-
chitectural design of the RPD module, the integration of
DPDK for enhanced performance, and the validation of the
module’s effectiveness through experimental analysis.

Relevance of research. The rapid growth of broadband
networks and the increasing demand for high-speed data
transmission in modern communication systems necessitate
advancements in network infrastructure. The integration of
DOCSIS 4.0 technology into HFC networks addresses the
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critical need for higher data throughput and network effi-
ciency. This research is relevant as it contributes to the de-
velopment of a RPD module, which plays a pivotal role in
enhancing data processing and transmission efficiency in
HFC networks, thereby supporting the evolution of next-
generation broadband services.

Object of research —The process of data transmission
optimization in HFC networks through the implementation
of DOCSIS 4.0 and advanced packet processing technolo-
gies.

Subject of research — Methods and tools for designing
and implementing a RPD module, utilizing DPDK for en-
hanced data packet processing within HFC networks based
on the DOCSIS 4.0 standard.

The purpose of the research — To develop a comprehen-
sive model of a RPD module for HFC networks, incorporat-
ing advanced packet processing technologies to improve
data transmission efficiency and network performance in
accordance with the DOCSIS 4.0 standard.

To achieve this purpose, the following main research
objectives are identified:

e to design and implement a Remote PHY Device
(RPD) module for hybrid fiber-coaxial networks
that integrates advanced packet processing tech-
nologies such as DPDK to optimize data transmis-
sion efficiency;

e to validate the performance of the developed RPD
module through experimental analysis, focusing
on improving throughput, reducing latency, and
ensuring scalability in DOCSIS 4.0-based HFC
networks.

Analysis of recent research and publications. Current-
ly, the last mile ISPs (internet service providers) utilize
both fiber optic and cable broadband networks. The upload
speed for end point via cable broadband networks is ap-
proximately 20-35 Mbps, which is much lower than the up-
loading speed of fiber optic networks [1]. However, given
the high cost of creating an optical network and the high
availability of a cable network, it is most appropriate to use
a HFC (hybrid fiber-coaxial) network [1].

Hub Node
DOCSIS 3.1
Analog Tx Analog Rx
RF Over Modem
Fiber
i > Amp
RE Over Nation's
Analog Rx Analog Tx | ¢ » 750860« Fastest
Zz
Internet
RF Over DOCSIS 3.1
Fiber 750/860 MHz RF Upto
CMTS Module 1 Gbps x 35 Mbps
@42 MHz Split

Fig. 1. Current architecture of HFC network, Spectrum [6] / [Totouna apxirexrypa mepexi HFC, Spectrum [6]

Fig. 1 displays the current state of the HFC network ar-
chitecture provided by Charter Communications, Inc., an
American telecommunications company that offers ISP un-
der the Spectrum brand.

This network topology includes the following compo-
nents:

e Hub (Headend) contains the CMTS (Cable Mo-
dem Termination System)— a crucial component
of the HFC network. It serves as the gateway be-
tween the network and the internet, managing
communication between the cable modems at the
end point and the internet, enabling data transmis-
sion in both directions. Analog Tx (Transmitter) —
responsible for converting digital data from the
CMTS into analog signals suitable for transmis-
sion over the HFC network. Analog RX (Receiv-
er) — responsible for receiving and processing ana-
log signals from the CM (cable modem) in the
downstream direction.

e Node contains RF (Radio Frequency) Module
with the DOCSIS 3.1 (Data Over Cable Service
Interface Specifications) support — a key element

in the Node. It handles the modulation and de-
modulation of the RF signals. Like the Hub, the
Node has an Analog RX (Receiver) — an analog
receiver that receives and processes downstream
analog signals from the CMTS. Analog TX
(Transmitter) — the analog transmitter in the Node
converts signals from the CM into signals for up-
stream transmission.

e Amp (Amplifier) is used to boost the signal
strength of the RF signals, compensating for sig-
nal losses that occur as the signals travel along the
coaxial cables. Amplification occurs within a fre-
quency range of 5 MHz to an upper boundary of
750/860 MHz.

e  DOCSIS 3.1 Modem is installed at the end-user's
premises. It communicates with the CMTS in the
Hub over the Node. It supports the DOCSIS
3.1 standard, enabling higher data transfer rates,
improved network efficiency, and better perfor-
mance compared to earlier DOCSIS versions.

In this scenario, the CMTS in the Hub sends digital data
downstream to the CM through the Analog Tx and RF
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Module in the Node. This signal is amplified by the Amp
before reaching the end-user’s CM. In opposite direction
the CM transmits upstream data to the CMTS in the Hub.
The data is converted into analog signals by the CM, pro-
cessed by the RF Module and Analog Tx in the Node, and
then sent to the CMTS in the Hub.

As a result, the end-user experiences asymmetrical
speeds, with up to 35 Mbps upstream and up to 1 Gbps
downstream. This is currently the fastest upstreaming speed
available on the HFC network in the United States.

Symmetrical upload and download speeds can result
in faster data transfer, reduced delay, increased dependa-
bility, and higher end-user satisfaction scores [2]. In con-
trast to HFC networks, current fiber networks can deliver
symmetrical upload and download speeds of 40Gbps-
1Tbps [2].

Hub Node

In 2020, Cable Television Laboratories, Inc. (Cable-
Labs) released version 4.0 of the DOCSIS standard, which
offers bandwidths of 6 Gbps upstream and 10 Gbps down-
stream. DOCSIS 4.0 was developed to provide end-users
with symmetrical upload speeds over HFC networks. Its
implementation ensures high-speed performance in both di-
rections, making it an alternative to optical networks [3].

The evolution of HFC networks involves the decentrali-
zation of certain network functions that were traditionally
located at the Hub and their distribution closer to the end-
user. This architectural approach is known as DAA (Dis-
tributed Access Architecture), which is associated with Ca-
bleLabs' technology, such as R-PHY (Remote PHY).

R-PHY relocates the physical layer (PHY) functions of
the CMTS closer to the end-user into the Node. This conver-
sion of digital signals to analog signals at the Node reduces
the distance that the signals travel over coaxial cables.

10G Ethernet
10G Ethernet

- = Remote OLT
IP Over
Fiber
Virtual CMTS DOCSIS 3.1
1.2 GHz RPD
Module
@204 MHz Split

DOCSIS 4.0

Modem

Amp
+ » 1.2 GHz 4—» 5 Gig
RF Qver
Coax L}
Up to
5x 1 Gbps

Fig. 2. HFC network with DAA and DOCSIS 4.0 CM, Spectrum [6] / Mepexa HFC 3 DAA i DOCSIS 4.0 CM, Spectrum [6]

Hub Node
DOCSIS 4.0
25G Ethernet Modem
25G Ethernet
Amp
» | Remote OLT W 186Hz > 10 Gig
IP Over RF Over
Fiber Coax
Virtual CMTS
DOCSIS 4.0 Upto
1.8 GHz RPD 10 x 1 Gbps
Module

Fig. 3. HFC network with fully supported DOCSIS 4.0 [6] / Mepexa HFC 3 noBHoto migrpumkoro DOCSIS 4.0 [6]

Spectrum has developed a solution to upgrade the cur-
rent HFC network based on the DOCSIS 4.0 Modem and
DAA [6]. The network architecture is displayed in Fig. 2.

This network topology includes the following compo-
nents:

e Hub (Headend) contains the Virtual CMTS

(vCMTS) — a software-based implementation of
the CMTS that offers increased flexibility and

scalability due to its virtualization. /0G Ethernet
(10 Gigabit) represents the high-speed data trans-
fer connection between the Hub and the rest of the
network.

e Node contains the RPD (Remote PHY Device)
Module which supports the DOCSIS 3.1 standard
and operates at frequencies up to 1.2 GHz. RPD
includes both the physical layer (PHY) and part of
the media access control (MAC) layer functions,
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distributing them closer to the end-users to im-
prove network efficiency. /0G Ethernet — like the
hub, the node is connected to the rest of the net-
work through a 10 Gigabit Ethernet connection.
Remote OLT (Optical Line Terminal) — responsi-
ble for converting optical signals from the fiber
network into electrical signals that can be trans-
mitted over coaxial cables.

e Amp (Amplifier) — the amplifier in this scenario
supports frequencies up to 1.2 GHz.

e DOCSIS 4.0 Modem is located at the end-user's
premises and supports the latest DOCSIS stand-
ard.

The Hub and Node are connected via an [P (Internet
Protocol) Over Fiber connection. This indicates that data
between these components is transmitted using Internet
Protocol over the optical fiber network. The Node and Amp
are connected using RF' Over Coax, which means that the
RF signals travel over the coaxial cables between these
components.

The end-user will have access to higher symmetrical
speeds compared to the current state of the HFC network
(Fig. 1), with up to 1 Gbps upstream and up to 5 Gbps
downstream.

The architecture displayed in Fig. 2 provides a solution
for upgrading the current HFC network and has the poten-

support of DOCSIS 4.0. The architecture developed by
Spectrum is displayed in Fig. 3.

The Remote PHY Node (RPN) is a crucial element in
the developing landscape of HFC networks. The integration
of the RPD Module and the RF Module (RFM) is the main
focus, emphasizing their roles and interconnections within
the RPN. Fig. 1 illustrates an RPN architecture.

This RPN architecture contains the following compo-
nents:

e The RPD Module is the central component of the
RPN, responsible for handling the PHY pro-
cessing. It is designed to support DOCSIS
4.0 standards and can operate at frequencies up
to 1.8 GHz (Fig. 3). This module plays a crucial
role in converting digital signals from the
vCMTS into analog signals for transmission over
the HFC network.

The RF Module (RFM) is located adjacent to the
RPD Module and is responsible for RF signal pro-
cessing functions, including gain amplification,
signal attenuation, and signal routing through di-
plexers and combiners. The RFM connects to the
coaxial network through Node RF Ports, forming
the “Interface D’ according to R-PHY specifica-

tial to evolve further to the next-generation HFC with full tions.
RPN Power Supplies
| [usmrreno o]
US RF Port0 Node RF j
g Ethemet i Port ¢ <::‘>
Port RPD [usrRFPotN K== RF ;
.| Modul
Ethemet Module DS RF Port0 [ odule
<1 port — NodeRF | .~
| | DS RF Porto > Port @
g
Interface “C": Interface ‘D"

Fig. 4. Remote PHY Node architecture [3] / Apxitektypa nucrasiiiinoro PHY-By3na [3]

e The connection between the RPD Module and
RFM is critical for the functionality of the RPN.
This interface, referred to as “Interface C” in R-
PHY specifications [3], may differ in implementa-
tion among various vendors. Some designs inte-
grate the RPD Module and RFM into a single
physical module, eliminating the need for physical
wiring between distinct modules.

e The RPN requires robust and reliable Power Sup-
plies for its operation. These power units are de-
signed to handle the high power demands of the
RPD Module and RFM, ensuring uninterrupted
service. The power supplies are typically redun-
dant, ensuring that the RPN remains operational
even if one power source fails. This redundancy is
critical for maintaining network reliability and up-
time.

e FEthernet Ports in the RPN facilitate data commu-
nication between the RPD Module and the
vCMTS. These ports are crucial for transmitting
data traffic. supporting various data rates typically
ranging from 1 Gbps to 25 Gbps to accommodate
the bandwidth requirements of modern HFC net-
works.

The RF Module includes the Upstream (US) and
Downstream (DS) RF Ports, which are specifical-
ly designed for the frequencies used in upstream
and downstream communication. The US RF
Ports handle signals sent from end-users to the
network, while the DS RF Ports manage signals
transmitted from the network to the end-users.
These ports are fine-tuned to ensure optimal signal
quality and strength for efficient data transmis-
sion.
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e Node RF Ports are the physical interface between
the RF Module of the RPN and the coaxial cable
network. They are critical for the distribution of
RF signals to and from the subscriber’s premises.

Research results and their discussion /
Pe3y/sibTaTu A0CAiAXKEHHS Ta iX 06GTOBOPEHHS

The development and optimization of hybrid fiber-
coaxial (HFC) networks, particularly with the integration of
DOCSIS standards (Fig. 2), have been the subject of exten-
sive research. This section critically analyzes existing li-
terature to establish the current state of research, identify
gaps, and underscore the relevance of the present study.

Advancements in HFC Networks and DOCSIS
Standards. The evolution of HFC networks has been sig-
nificantly influenced by the introduction of DOCSIS stan-
dards, which have continuously improved data transmission
rates and network efficiency. Early research by CableLabs
highlighted the limitations of DOCSIS 3.0, particularly in
terms of upstream speeds, which are often asymmetrical
and inadequate for modern broadband applications [1]. This
issue was addressed with the release of DOCSIS 4.0, which
promises symmetrical speeds of up to 6 Gbps upstream and
10 Gbps downstream (Fig. 3), making it a viable alternative
to fiber networks [3].

However, while DOCSIS 4.0 represents a significant
technological leap, its full potential has not yet been rea-
lized in practical implementations. The literature indicates
that while the theoretical benefits of DOCSIS 4.0 are well
documented, real-world applications often fall short due to
inefficiencies in data packet processing and integration
challenges with existing network infrastructure [3]. This
highlights the necessity of further research into optimizing
the deployment and integration of DOCSIS 4.0 in HFC
networks.

Challenges in Packet Processing and Network Effi-
ciency. A significant body of research has focused on the
limitations of traditional network packet processing met-
hods, particularly within the context of HFC networks.
Studies have shown that the standard Linux kernel network-
king stack, commonly used in many implementations, in-
troduces latency and reduces throughput, which can severe-
ly impact network performance [5]. To address these issues,
Rosen's work on DPDK (Data Plane Development Kit) has
been pivotal, demonstrating how bypassing the kernel can
enhance data processing efficiency [6]. DPDK allows for
direct interaction with network adapters in user space,
thereby significantly reducing latency and increasing packet
processing speeds.

Despite these advancements, there remains a critical gap
in the literature concerning the application of DPDK within
the specific context of DOCSIS 4.0-enabled HFC networks.
While DPDK has been successfully implemented in other
types of networks, its integration into DOCSIS 4.0 systems
is still in its nascent stages. This gap is particularly evident
in the lack of comprehensive models that incorporate
DPDK for enhancing data processing within the Remote
PHY Device (RPD) modules.

The integration of DPDK into the RPD Module signifi-
cantly enhances its performance in handling high-speed da-
ta traffic. This is how DPDK is integrated and functions
within the RPD Module:

In the RPD Module, DPDK is utilized to bypass the
standard Linux kernel networking stack. This is accom-
plished by using DPDK’s user space libraries, which inter-
face directly with the network adapters, resulting in reduced
latency and increased throughput.

DPDK utilizes a specialized memory management sys-
tem that allocates large pages in memory. This system re-
duces the overhead associated with frequent memory access
during packet processing, enhancing the overall efficiency
of the RPD Module.

DPDK utilizes Poll Mode Drivers for network interfac-
es. In the RPD Module, these drivers continuously poll the
network interface for data, instead of relying on interrupts.
This approach is particularly effective for high-speed data
processing, as it minimizes the latency typically associated
with interrupt-driven processing.

DPDK utilizes ring buffers for queue management in
the RPD Module. These buffers enable efficient packet
transmission between processing stages, ensuring a con-
sistent and uninterrupted data flow.

The RPD Module utilizes DPDK’s multi-core pro-
cessing support to distribute packet processing load across
multiple CPU cores, resulting in a significant improvement
in processing capacity and scalability.

DPDK incorporates several software optimization tech-
niques, including efficient packet prefetching and batch
processing, which the RPD Module utilizes to optimize
packet processing routines and reduce CPU cycles per
packet.

Gaps in Current Research and the Need for Further
Study. The critical analysis of existing literature reveals a
clear gap in the practical implementation of DOCSIS
4.0 within HFC networks, particularly concerning the opti-
mization of data processing using DPDK. While the poten-
tial benefits of these technologies are well recognized, there
is a significant need for further research to develop com-
prehensive models that can bridge the gap between theore-
tical capabilities and real-world performance.

The literature also suggests that while some progress
has been made in integrating DPDK into HFC networks,
the specific challenges posed by DOCSIS 4.0 require more
focused studies. This research aims to address these gaps by
developing and validating an RPD module that leverages
DPDK for improved performance in DOCSIS 4.0-based
HFC networks.

Hardware and Software Environment. The research
was conducted using a robust hardware environment to en-
sure accurate performance evaluation. The primary compo-
nents of this environment include:

Network Interface Card (NIC): Intel Ethernet Controller
XL710 with dual port Ethernet speed of 40 GbE (Gigabit
Ethernet), equipped with a QSFP+ 1583 transceiver module
[6]. This NIC was selected for its high throughput capabili-
ties, essential for handling the intensive data transmission
demands of the RPD module.

Central Processing Unit (CPU): Intel Xeon E5-2680 v4,
featuring 28 physical cores, each capable of running one
thread per core at a clock speed of 2400 MHz. Dynamic
frequency scaling, also known as Turbo Boost, was disa-
bled to maintain consistent performance results [5]. This
CPU was chosen to support the multi-core processing re-
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quirements of the Data Plane Development Kit (DPDK) for
optimal packet processing.

Random Access Memory (RAM): Eight 16 GB
DDR4 2400 MHz modules, totaling 128 GB of RAM, were
utilized to provide sufficient memory for the extensive data
processing tasks involved [6].

Software Framework and Tools. The software frame-
work employed in this study is based on the Data Plane De-
velopment Kit (DPDK), a collection of libraries and drivers
designed to accelerate packet processing in network
devices:

DPDK Integration: The RPD module was integrated
with DPDK to bypass the standard Linux kernel networking
stack, thereby reducing latency and increasing throughput.
DPDK'’s user-space libraries directly interface with the
network adapters, which is critical for achieving high-speed
data processing in the RPD module.

Memory Management: DPDK’s specialized memory
management system was utilized to allocate large pages in
memory, thereby reducing the overhead associated with
frequent memory access during packet processing. This is
essential for enhancing the overall efficiency of the RPD
module [2].

Polling Mode Drivers: Poll Mode Drivers (PMD) were
implemented for continuous polling of the network inter-
face for data, rather than relying on interrupts. This ap-
proach minimizes latency, which is particularly effective
for high-speed data processing tasks [2].

Queue Management and Buffering: Ring buffers were
employed for efficient queue management within the RPD
module. These buffers facilitate consistent and uninterrupt-
ed data flow between different processing stages, ensuring
optimal packet transmission [3].

Multi-core Processing: DPDK’s support for multi-core
processing was leveraged to distribute the packet pro-
cessing load across multiple CPU cores. This distribution is
critical for enhancing the RPD module’s processing capaci-
ty and scalability, especially under high traffic conditions.

Validation and Error Mitigation. To ensure the relia-
bility of the results, several measures were taken to mitigate
potential sources of error:

Disabling Dynamic Frequency Scaling: As mentioned,
dynamic frequency scaling was disabled on the CPU to en-
sure that performance measurements were consistent and
not influenced by variations in clock speed [5].

Network Interface Tuning: The NIC was meticulously
configured to handle high-throughput data processing, with
careful attention paid to buffer sizes and queue lengths to
prevent packet loss during testing [6].

Controlled Environment: All tests were conducted in a
controlled laboratory environment to minimize external fac-
tors that could affect network performance, such as tempe-
rature fluctuations or network congestion.

Repeatability: Each experiment was repeated multiple
times under identical conditions to verify the consistency of
the results. This approach also helped identify any anoma-
lies that could indicate potential errors in the setup or data
processing.

Performance Evaluation of the RPD Module. The
primary objective of this study was to design an RPD mod-
ule capable of optimizing data transmission efficiency with-
in an HFC network. The module was rigorously tested un-
der various conditions to evaluate its performance.

Throughput and Latency. The integration of DPDK
into the RPD module resulted in a significant improvement
in throughput. The highest throughput achieved was ap-
proximately 25 Gbps, with a packet rate of about 9 million
packets per second, which is a substantial enhancement
over traditional processing methods [5]. This improvement
is largely attributed to DPDK's ability to bypass the stan-
dard Linux kernel, allowing for faster packet processing in
user space.

Latency, another critical performance metric, was also
reduced significantly. Under normal operation, latency re-
mained at around 12 microseconds for all packet sizes and
transmission rates under 32 %. However, at higher trans-
mission rates (64 % and above) and larger packet sizes
(1518 bytes), latency increased to a maximum of 1 milli-
second [5]. These results demonstrate that while the RPD
module performs exceptionally well under most conditions,
further optimizations may be required to maintain low la-
tency at higher transmission rates.

Error Rates and Data Integrity. The packet loss rate
was carefully monitored to assess the reliability of the RPD
module. During the testing, packet loss remained under
10 % for most packet sizes and transmission rates. Howe-
ver, at packet sizes of 64 bytes and 128 bytes, and for
transmission rates of 32 % and higher, packet loss peaked at
60 % [5]. This finding suggests that while the module per-
forms well under standard conditions, it may struggle with
smaller packet sizes at higher loads. Addressing this issue
will be crucial for ensuring data integrity in high-traffic
scenarios.

Comparison with Existing Solutions. To contextualize
the results, the performance of the newly developed RPD
module was compared with existing solutions in the market.
The module's ability to handle high throughput and low la-
tency is on par with, if not superior to, current commercial
offerings, particularly those that do not incorporate DPDK.

However, the study also identified areas where existing
solutions may offer more robust performance under specific
conditions, such as in environments with extremely high
data rates and minimal packet sizes. This comparison un-
derscores the importance of further refining the RPD mo-
dule to address these specific challenges.

Scalability and Network Integration. The scalability
of the RPD module was tested by simulating large-scale
network environments. The results indicate that the module
scales effectively across multiple nodes, maintaining con-
sistent performance across varied network sizes. This
scalability is critical for the deployment of the RPD module
in real-world HFC networks, which often require robust
performance across extensive geographical areas [1].

Integration with existing network infrastructure was also
a key consideration. The study demonstrated that the RPD
module could be seamlessly integrated into current HFC
networks without significant alterations to the existing ar-
chitecture. This finding is particularly important for net-
work operators looking to upgrade to DOCSIS 4.0 without
incurring prohibitive costs or extensive downtime.

Implications for Future Research and Development.
The results of this study have several implications for the
future development of HFC networks. Firstly, the success-
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ful integration of DPDK into the RPD module represents a
significant advancement in network processing technology,
paving the way for further innovations in this area. Second-
ly, the findings highlight the need for continued research in-
to optimizing packet processing at higher data rates and
smaller packet sizes, which are increasingly common in
modern broadband applications.

Discussion of research results. The development and
implementation of the Remote PHY Device (RPD) module
presented in this research aim to address critical challenges
in the optimization of hybrid fiber-coaxial (HFC) networks,
particularly in the context of DOCSIS 4.0. The integration
of Data Plane Development Kit (DPDK) within the RPD
module is a novel approach to enhancing network perfor-
mance, as evidenced by improvements in both throughput
and latency.

Several studies have explored similar advancements in
HFC networks. For instance, a study by CableLabs [1] in-
troduced DOCSIS 4.0, which provides symmetrical speeds
of up to 6 Gbps upstream and 10 Gbps downstream. How-
ever, one of the key limitations noted in practical imple-
mentations of DOCSIS 4.0 is the inefficiency in packet
processing when using traditional kernel-based network
stacks. This research fills that gap by leveraging DPDK to
bypass the kernel and reduce latency, which directly ad-
dresses the shortcomings identified by [1].

The results of this study show a significant enhancement
in throughput, achieving a maximum of 25 Gbps with a
packet processing rate of 9 million packets per second. This
is a substantial improvement compared to the 10 Gbps
downstream limit typically achieved in DOCSIS 4.0 imple-
mentations without DPDK optimization [6].

In comparison, studies on standard DOCSIS 3.1 net-
works [1] highlight similar issues with latency and thro-
ughput, where packet processing inefficiencies limited net-
work performance, particularly for applications requiring
low-latency communication. By addressing these ineffi-
ciencies, the developed RPD module improves not only
network performance but also its scalability. The successful
distribution of processing tasks across multiple CPU cores,
as seen in the multi-core processing capabilities of DPDK,
ensures that the RPD module can handle increased traffic
without significant performance degradation.

In conclusion, the results of this study demonstrate that
the integration of DPDK into the RPD module offers a sig-
nificant advantage over traditional approaches to packet
processing in DOCSIS 4.0 HFC networks. By improving
throughput and reducing latency, the developed solution not
only addresses current limitations in HFC network imple-
mentations but also opens the door for further improve-
ments in network scalability and performance in future
broadband applications.

Scientific novelty of the obtained research results— a
multi-level model of the RPD module for hybrid fiber-
coaxial networks based on the DOCSIS 4.0 standard has
been developed for the first time, integrating DPDK packet
processing technologies to optimize data transmission, result-
ing in reduced latency and increased network throughput.

Practical significance of the research results — the de-
veloped RPD module significantly enhances the perfor-
mance of hybrid fiber-coaxial networks by increasing data
throughput and reducing latency, allowing network opera-

tors to upgrade to DOCSIS 4.0 standards without extensive
hardware modifications, thus providing a cost-effective so-
lution for improving service quality.

Conclusions / BUCHOBOK

This research successfully achieved its objective of de-
signing and implementing a Remote PHY Device (RPD)
module optimized for DOCSIS 4.0-based hybrid fiber-
coaxial (HFC) networks. The integration of the Data Plane
Development Kit (DPDK) into the RPD module significant-
ly enhanced data processing efficiency, resulting in im-
proved throughput and reduced latency.

The study demonstrated that the developed RPD module
could achieve a maximum throughput of 25 Gbps with la-
tency as low as 12 microseconds under typical operating
conditions. These results indicate that the module can meet
the high-performance demands of modern broadband appli-
cations while maintaining the reliability required by net-
work operators.

The findings highlight the scientific novelty of integrat-
ing advanced packet processing technologies like DPDK in-
to existing network infrastructure. This research contributes
to the broader field of network optimization by providing a
scalable framework that can be adapted to various network
environments.

The practical significance of this research lies in its abi-
lity to enhance HFC network performance without requir-
ing extensive hardware upgrades. This makes the solution
particularly attractive to network operators who need to up-
grade their services to DOCSIS 4.0 standards with minimal
disruption and cost.

The successful integration of DPDK within the RPD
module also opens new avenues for future research. Explo-
ring the integration of other technologies, such as software-
defined networking (SDN) and network function virtualiza-
tion (NFV), could further optimize network performance.

Based on the results, it is recommended that network
operators consider implementing the developed RPD mo-
dule in their infrastructure to enhance service delivery. Ad-
ditionally, further research should focus on refining the mo-
dule to address specific challenges related to packet loss at
higher data rates.

In conclusion, this research has effectively addressed
the objectives set out in the introduction, providing both
theoretical and practical contributions to the field of broad-
band network optimization. The study's outcomes pave the
way for continued advancements in HFC network techno-
logy, ensuring that these networks can meet the evolving
demands of modern digital communication.
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MO/YJIb IMCTAHIIAHOTO PHY-BY3JIA JJIA TIBPUIHOT BOJIOKOHHO-KOAKCIAJIBHOI
MEPEKI HA OCHOBI CTAHZAPTY DOCSIS 4.0

VY po0GoTi BUCBITIICHO Au3aiiH i BrpoBapkeHHs Moayns RPD (mucraniiitnoro PHY -npuctporo), kil € KIHY0BHM
KOMIIOHEHTOM apXiTekTypu auctanuiiinoro PHY-By3na ams riOpuanux BonokoHHo-koakcianbHux (HFC) mepexx Ha ocHO-
Bi cranaapty DOCSIS 4.0. Po3po0iieHHs 1IbOr0 MOyJIs 3a0e31euye KpUTHIHY MoTpeOy B IMiABHUIICHHI MIBHIKOCTI TIepe-
JIaBaHHs TaHHUX Ta e(heKTUBHOCTI MEPEXKi B Cy4aCHUX HMIMPOKOCMYTOBHUX CHCTEMaXx 3B’s3Ky. Y JOCHIIKEHHI JIETaIbHO PO3-
rsiHyTo iHTerpaiito npotokosiB GCP/R-DEPI/R-UEPI y moayne RPD, 3 BUKOpUCTaHHSIM ITEpeIOBUX TEXHOJIOTiH 00p00-
JICHHS MaKeTIiB JuIsd onTuMisauii nepenaBanns naHux Mixk sapom CCAP (Konseprosana miargopma J0CTymy 10 Kabesb-
HHUX MEpeK) Ta KaOEITbHUM MOJIEMOM.

3anporIoHOBaHy MOJIEIb PO3POOIICHO i3 BUKOPUCTAHHSM MPOrPAMHOTO 3a0€3MCUCHHS 3 BIIKPUTUM KOJIOM, IO 3a0e3-
revye MIMPOKY THYUKICTh JIUIsl HaJAITyBaHHS, aanTailii Ta BAOCKOHAJICHHS B pisHuX 3acTtocyBanHsix HFC mepex. Takuit
HiJIX1/1 TAKOXK TapaHTYE, [0 MOJIENIb MOXHA JIETKO BJOCKOHAIUTH a00 PO3LIMPUTH JUIS 3310BOJICHHS Jie/lalli BUIIIUX BUMOT
JI0 ITUPOKOCMYTOBUX MEPEX HACTYIHOTO MokomiHHSA. OCHOBHY yBary B JIOCIIDKCHHI 3BEpHEHO Ha apXiTEKTYpHUU aHai3
quctanuiiinoro PHY-By3na, 30kpema B3aemonito Mix moayiem RPD, pagiouacrornum moayineMm (RFM) ta kputuuHuM
iHTepdeiicom, 110 3a0e3neuyoTh Oe3nepediliHe nepeaBanHs TaHuX i CTaOIBHICTh MEPEKI.

YV Xoxi JeTanbHUX €KCIIEPUMEHTIB Ta MOJIEIIOBAHHS JIOCIIKEHHST BUBJICHO, 110 BriposapkeHHss DPDK (Data Plane
Development Kit) y Mmoxyns RPD icTOTHO miiBUIye MPOAYKTUBHICTh. 3a PaxyHOK OOXOIY TPaaHIliiHOrO 00pOOICHHS
nakeTiB Ha piBHi siapa DPDK 3HmxKye 3aTpuMKu, 301UIbIIYE MPOIYCKHY 3[4aTHICTh Ta MiJBUILY€E 3arajlbHy ¢()EKTUBHICThH
00poOJICHHST MEpeXKEeBUX MakeTiB. Po3podieHa GaraTopiBHEBa MOJICNIb OXOILUIIOE PiBHI KOHTEKCTY, KOHTEHHEpa, KOMITIOHE-
HTiB Ta KOJy, 3a0€3euylour CTPYKTypOBaHy Ta MaclTaboBaHy OCHOBY ULl peaiizawii Moayns RPD.

Kpim Toro, y mociipkeHHI okasaHo, mo Moayiab RPD, peanizoBanuii BignosiaHo 10 ctanaapty DOCSIS 4.0, 3a6e3-
revye iCTOTHE MiZBHIICHHS O€3MeKH MEpexi, MATPUMYE PO3NOAITICHY apXiTeKTypy JOCTYIy Ta 3Ha4YHO MiJABHIIYE edeK-
THUBHICTh 00pOOJICHHS MakeTiB naHux. 1{i JocATHEHHs poOJIATh POTIOHOBAHUN MOYiTb RPD KIIFOYOBHM €IEMEHTOM Y pO-
3BuTKy HFC Mepexk HacTyIHOTO IOKOJIIHHS. Y BHCHOBKAX CTAaTTi OKPECJICHO IEPCIICKTUBH MaiOyTHIX JOCHIIKEHb, 30K-
pema o0 MaciITaboOBaHOCTI, HAIIHHOCTI Ta aIaNTHBHOCTI Li€T MOJIET Y BEIMKOMACIITAOHUX Mepekax, a TAKOXK ii iHTe-
rparii 3 HOBUMHU TEXHOJIOTIsIMH Y chepi TeIeKOMYHIKaIIii.

Knwuosi cnosa: nucranuiiinnii PHY-By3071, onpaiitoBaHHs 1akeTiB, nepeiaBaHHs AaHUX, PO3IOAIJICHA apXiTeKTypa,
3a0e3MeUYCHHST MEPEKI.
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