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EDGE-NATIVE CABLE ACCESS NETWORK WITH QUIC TRANSPORT OVER UDP

This paper introduces a novel architectural model for cable access networks that leverages an edge-native approach to relocate
QUIC protocol termination from centralized cores to the access edge. The proposed model addresses the performance limitations of
traditional DOCSIS-based architectures, particularly under asymmetric traffic conditions and real-time service demands. To evaluate
the model viability, a series of controlled experiments were conducted using the FD.io Vector Packet Processing (VPP) framework,
the vppecho benchmarking tool, and the CSIT continuous performance testing infrastructure. Tests were executed on 3-node ICX-
100GE testbed with Intel Ice Lake processors and 100GE Intel E§10CQ interfaces, using a fixed network frame size of 1280 bytes
and a single CPU core per instance. Four QUIC-over-UDP scenarios were analyzed: a baseline configuration (1 client, 1 session) ac-
hieving 882.8 Mbps; a 10-client, single-session case with 625.3 Mbps; a single-client, 10-session case with 586.5 Mbps; and a 10-cli-
ent, 10-session configuration yielding 562 Mbps. The results show that the baseline configuration offers the highest throughput, whi-
le scaled session and client loads introduce measurable performance degradation due to increased overhead. This degradation is attri-
buted to session tracking overhead, NUMA effects, and per-client context switching in a constrained single-threaded environment,
highlighting the importance of scaling strategies. Its flexibility and software-defined nature make it applicable to evolving require-
ments in low-latency and scalable broadband services. These findings validate the efficiency and scalability of user-space QUIC
transport at the network edge. This work lays the foundation for further research into edge-hosted QUIC processing in distributed
DOCSIS environments. The created edge-native model demonstrates its suitability for cost-effective stepwise modernization of opti-
cal-coaxial access networks, offering improved responsiveness and reduced reliance on centralized infrastructure without requiring
physical plant replacement.

Keywords: transport-layer offloading; asymmetrical broadband; high-performance packet processing; scalable configuration;
network softwarization; performance benchmarking.

cols as a scalable solution to these challenges. One such
protocol is QUIC, developed by Google and standardized
by the IETF, which integrates multiplexed streams, TLS
1.3, and congestion control over UDP in a fully user-space

collaboration, a.n.d telemedicine — hgs placed increasing model [4]. While QUIC has been successfully deployed in
pressure on traditional broadband architectures. Among the- data center and mobile ecosystems, its practical performan-

5, hyblzld f;bzr-cogmal EIHIS © net\fzvorks, Wl.d el}ilde?p lqyed ce under asymmetric conditions — typical of HFC networks
across North America and kurope, face growing imitations 1,4 yet been experimentally validated in access-layer

due to their inherent asymmetry and centralized transport- d . . :
. ) eployments. Moreover, publicly available benchmarking
layer processing. Although standards like DOCSIS 3.1/4.0 in the FD.io VPP ecosystem lacks systematic evaluation of

and archltectgral. extensions such as Remote PHY Dey 1ees QUIC transport termination on softwarized, non-centralized
(RPD) and Distributed Access Architectures (DAA) aim to network nodes

gxtend capacity and fiber reach, thgy fall short _Of ad@res— This study proposes a new architectural model for cable
sing key transport—layer bottlenecks in asymmetrlc CIVITON= 4 ccess networks that enables QUIC-over-UDP termination
ments [7]. This challenge has been addressed in mobile net- to be deployed at the aggregation layer, close to the user.

working through Multi-access Edge Computing (MEC) and Unlik tralized virtual CMTS (VCMTS dels. thi
software-defined networking (SDN), which have enabled fike centratized virtua v ) models, this

low-latency services via functional relocation to the access
edge [5]. However, similar approaches in fixed broadband —

p articularly.HFC — remain insu.fﬁcie:ntly' explored. ) fits while avoiding physical infrastructure upgrades.
A growing number of studies highlight the potential of Benchmarking is carried out on the ICX-3N testbed consis-

softwarized user-space implementations of transport proto- ting of three Intel Ice Lake nodes with 100GE Intel

Introduction / Bctyn

The exponential growth of upstream-demanding servi-
ces — such as interactive video conferencing, cloud-based

approach leverages user-space packet processing via Vector
Packet Processing (VPP) and Continuous System Integrati-
on Testing (CSIT) to deliver measurable performance bene-
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E810CQ NICs, using the vppecho test suite, a fixed net-
work frame size of 1280 bytes, and a single CPU core per
test process. The proposed model is validated through per-
formance measurements in four QUIC configurations: base-
line (882.8 Mbps), 10 clients with one session each (625.3
Mbps), one client with 10 sessions (586.5 Mbps), and 10
clients with 10 sessions (562 Mbps). These results confirm
that the highest throughput is achieved under the baseline
configuration, while session and client scaling introduces
performance degradation due to increased transport overhe-
ad. The approach demonstrates consistent results across
scenarios and shows potential for phased HFC modernizati-
on through transport-layer decentralization.

Object of research — building a hybrid fiber-coaxial net-
work architecture.

Subject of research — methods and means of building an
architecture for HFC access networks with QUIC protocol
implementation over UDP, which enables improved upstre-
am throughput, reduced latency, and software-defined sca-
lability without physical infrastructure replacement.

The purpose of the research — to develop and evaluate
an edge-native architecture for HFC networks with QUIC
transport over UDP, which enables transport-layer functi-
onality to be relocated to the access edge without requiring
full physical infrastructure replacement.

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

e to analyze the latest research and publications, in order to
outline the current scientific context, identify knowledge
gaps, and justify the relevance of the proposed approach;

e to create a model of the HFC network architecture, which
enables transport-layer functionality to be relocated to the
access edge without requiring full physical infrastructure
replacement;

e to experimentally compare baseline and multi-session
transport termination scenarios using the vppecho benchmar-
king tool within the CSIT automation framework, in order to
assess the real-world performance of user-space QUIC
implementations.

Analysis of recent research and publications. In the
report [15], the limitations of DOCSIS 3.1-based HFC net-
works are clearly outlined, particularly the upstream
constraint of 35 Mbps due to the 42 MHz spectral split and
coaxial return path. The document emphasizes that, while
downstream capacity can reach up to 1 Gbps, the limited
upstream bandwidth significantly impairs performance un-
der modern use cases such as teleconferencing and real-ti-
me collaboration. This evidence highlights the structural
asymmetry inherent to DOCSIS 3.1, thereby motivating the
need for architectural changes aimed at enhancing upstream
transport efficiency.

According to the CableLabs DOCSIS 3.1 Physical La-
yer Specification [16], HFC networks are limited in upstre-
am capacity due to a fixed spectrum allocation of 5-85
MHz for return path traffic, while downstream operates
over a broader 108-860 MHz range. This asymmetrical
bandwidth allocation was originally suitable for downstre-
am-heavy services, but it no longer aligns with the require-
ments of modern applications, which demand higher upstream
performance and low-latency bidirectional communication.

The DOCSIS 4.0 Physical Layer Specification publis-
hed by CableLabs [12] introduces two key enhancements
aimed at overcoming the upstream bandwidth limitations of
traditional HFC networks: Extended Spectrum DOCSIS
(ESD) and Full Duplex DOCSIS (FDX). The ESD mode

expands the usable coaxial spectrum up to 1.8 GHz, while
the FDX mode allows for simultancous upstream and
downstream transmissions over overlapping frequency ran-
ges. According to the specification, the deployment of FDX
technology imposes significant operational challenges,
including the need for echo cancellation, plant balancing,
and stringent tolerance control in the outside plant. These
factors complicate the real-world adoption of DOCSIS 4.0.

In the study [6], the authors emphasize that although the
global number of internet users increased by 1.5 billion bet-
ween 2018 and 2022, the benefits of digitalization remain
unevenly distributed. Fixed broadband penetration in low-
income countries remains close to zero, and only one in fo-
ur people in those regions had internet access in 2022. The
report highlights that affordability, poor infrastructure, and
limited digital literacy are the main barriers to adoption.
These digital divides are especially acute in suburban and
rural areas, where the transition to high-quality symmetrical
broadband remains slow. This reinforces the need to explo-
re alternative modernization models for cable access net-
works that avoid full infrastructure replacement and remain
cost-effective in underserved areas.

In their study [7], the authors examined the operational
behavior of large-scale RPD deployments in DAA. They
highlighted that while the migration of physical layer pro-
cessing to the access node improves signal quality and
simplifies maintenance, the centralized nature of MAC and
IP-layer functions in vCMTS environments poses serious
scalability limitations. The authors reported that under high
concurrency — particularly when handling thousands of si-
multaneous subscriber flows — the vVCMTS architecture suf-
fers from latency spikes and resource contention. This rein-
forces the need to explore edge-localized alternatives that
can address transport-layer congestion more effectively.

In the comprehensive survey [5] reviewed the evolution
and challenges of SDN, highlighting its potential to decoup-
le the control and data planes, improve network program-
mability, and enable fine-grained traffic steering in both
cloud and mobile environments. The study emphasizes that
SDN, in conjunction with network function virtualization
(NFV), lays the foundation for flexible service deployment
at the network edge. These findings support the exploration of
programmable user-space transport technologies in edge-
constrained access networks such as HFC, where traditional
transport architectures face scalability and latency bottlenecks.

In the article [1] presented the FD.io VPP framework as
a high-performance, user-space network stack optimized for
modern multi-core x86 architectures. The authors de-
monstrated that VPP leverages vectorized processing and a
polling-based model to achieve terabit-scale packet forwar-
ding while maintaining low latency and high determinism.
Their evaluation showed that VPP significantly outper-
forms traditional kernel-based stacks in throughput and sca-
lability, especially under heavy traffic loads. These results
establish VPP as a promising candidate for transport-layer
optimization in network architectures where low jitter and
processing efficiency are critical.

In their conference presentation at FOSDEM 2019, Kin-
sella and Konstantynowicz [13] demonstrated the use of
FD.io CSIT (Continuous System Integration and Testing) to
benchmark the performance of VPP in production-grade en-
vironments. Their results confirmed that VPP can reliably
offload TCP and UDP packet processing from the kernel,
achieving deterministic throughput even under varying load
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conditions. The CSIT framework also enables automated,
reproducible performance testing on high-speed hardware.
However, despite these capabilities, the integration of
CSIT-validated VPP architectures into fixed broadband
infrastructures — such as HFC networks — remains largely
unexplored.

Despite the considerable progress in upgrading HFC
networks through DOCSIS 4.0, DAA, SDN/NFV, and user-
space transport frameworks such as VPP and QUIC, the re-
viewed literature lacks experimental studies that integrate
these technologies into a unified model tailored for HFC
environments. In particular, there are no publicly validated
results on deploying QUIC-over-UDP termination at the
network edge using VPP within asymmetrical HFC
infrastructures. This gap confirms the relevance of the pro-
posed study, which aims to experimentally evaluate such a
model under realistic traffic and hardware constraints using
open benchmarking frameworks.

Materials and methods of research. The study is ba-
sed on experimental modeling of QUIC protocol terminati-

on at the transport layer within HFC networks. The metho-
dology involves the use of the VPP software stack and a
benchmarking tool to simulate asymmetric traffic loads
with different numbers of clients and sessions. All test sce-
narios were executed under fixed network parameters in a
controlled environment. The goal was to evaluate thro-
ughput dynamics under single-core constraints and identify
scalability limitations of user-space transport processing.

Research results and their discussion /
Pe3ysibTaTH AOC/AiA)KEeHHS Ta iX 06rOBOPEHHA

Edge-Native HFC Network Architecture. To address
the research objective of developing a scalable HFC archi-
tecture with edge-based transport-layer termination, we cre-
ated a software-defined system design that enables relocati-
on of QUIC-over-UDP processing to the access edge. This
model eliminates the need for fiber replacement or DOCSIS
modem upgrades, while improving upstream responsive-
ness and scalability.

Hub Node
Modem
SDN Controller MEC Node i
(PO”C)( Engine) SDN Ageni UDP/QUIC session
Coiee Al o »
RPC L4 Termination
g
vCMTS < d RF Over I:?301(13148:38
(MAC Layer) lff’:gver R-MAC/PHY Coa
ther DOCSIS 3.1/4.0 [ |5.1218 MHz
25G Ethernet 25G Ethernet

Figure. Edge-native HFC architecture with integrated QUIC termination / Edge-native apxitexrypa HFC 3 inTerposanoro Tepminariero QUIC

Figure illustrates the created architecture, which is logi-
cally decomposed into core and access domains. Each com-
ponent serves a distinct role:

e SDN Controller (Policy Engine): Deployed at the operator's
hub or datacenter, this component defines per-flow schedu-
ling, congestion control, and queuing behavior. It communi-
cates with the MEC node via a secure control plane interface
(e.g., gRPC), dynamically adjusting traffic shaping policies
through VPP's programmable pipeline.

e vCMTS (MAC Layer): Co-located with the SDN controller,
the virtual Cable Modem Termination System retains all
DOCSIS MAC-layer functionality, including service flow
registration, bandwidth grants (MAPs), and configuration
delivery. It interfaces with the RPD using standard Remote
PHY protocols, while delegating all IP- and transport-layer
processing to the MEC.

e 25G Ethernet Interfaces: Both the core (hub) and access no-
des are connected via 25G Ethernet links, which ensure suf-
ficient bandwidth for DOCSIS 3.1/4.0 data streams and sig-
naling. These links carry IP payloads and gRPC-based control
messages between the SDN controller, vVCMTS, and MEC.

e MEC Node: Positioned at the access edge, this node embeds
the FD.io VPP HostStack, a high-performance user-space
TCP/IP stack. Applications are redirected to HostStack via
LD PRELOAD, enabling session termination, traffic classi-
fication, and per-flow shaping with minimal latency and
CPU overhead.

e R-MAC/PHY Node: Integrates both DOCSIS physical-layer
functions (e.g., modulation/demodulation, symbol synchro-
nization) and MAC-layer components (e.g., service flow
scheduling, grant map generation) at the access edge. Unlike
a Remote PHY Device (RPD), which delegates MAC opera-
tions to a centralized virtual CMTS, the R-MAC/PHY per-
forms local DOCSIS MAC processing, enabling reduced

backhaul latency, improved upstream responsiveness, and

enhanced scalability under high subscriber concurrency.

This architecture allows partial decoupling from centralized

MAC logic while maintaining full compatibility with DOC-

SIS 3.1/4.0 modems.

e Amplifier and Coaxial Segment: This legacy section of the
HFC network remains unchanged. Analog RF signals (5-1218
MHz) are amplified and delivered over coaxial cables, preser-
ving backward compatibility with all existing installations.

e DOCSIS 3.1/4.0 Cable Modem: The modem remains una-
ware of the edge-based QUIC termination. It continues to
function normally within DOCSIS specifications and con-
nects to the RPD without modification.

This modular design separates PHY/MAC and IP/
transport responsibilities, allowing per-session optimization
at the edge.

CSIT Infrastructure. The performance of user-space
QUIC-over-UDP termination was experimentally assessed
using the FD.io CSIT infrastructure, specifically the 3n-icx
testbed optimized for high-throughput benchmarking of
VPP-based systems. The testbed comprises three bare-metal
servers (Server-Type-F3), each equipped with dual-socket
Intel® Xeon® Platinum 8360Y CPUs (Ice Lake-SP), 512
GB DDR4 memory, PCle Gen4 NVMe storage, and dual
100G network interfaces (Intel E810-CQDA2 or NVIDIA
ConnectX-6 Dx) operating over DPDK with VFIO drivers
[3]. All nodes are directly interconnected via 100GE links,
enabling latency-accurate measurement and NUMA -aware
workload placement.

The software stack included VPP 24.02+ built with
HostStack and VCL (Vector Communication Library),
LD PRELOAD redirection (libvel ldpreload.so) for unmo-
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dified socket interception, and DPDK 24.07 with NUMA
optimizations. All tests were executed on Ubuntu 24.04
LTS using Robot Framework integrated with custom
Python libraries for automation and telemetry capture. Per-
formance metrics — such as aggregate throughput, ret-
ransmissions, CPU utilization, and core affinity — were col-
lected and stored as structured artifacts.

The CI/CD framework ensured reproducibility by reset-
ting the software environment before each iteration.
YAML-based configurations and public Jenkins triggers al-
low independent researchers to replicate the test conditions,
scenarios, and results without requiring privileged access to
the infrastructure. These experiments form the empirical
basis for evaluating edge-based QUIC transport termination
efficiency in HFC architectures using software-defined,
user-space networking components.

Traffic Generation. Traffic was generated using vppec-
ho, a native benchmarking utility included in VPP. This to-
ol simulates lightweight transport-layer request — response
behavior over UDP, reflecting the structure of real-world
QUIC exchanges. Operating in a client-server model, the
application establishes connections from a VPP client
instance to a remote vppecho server. Each session transmits
fixed-size UDP frames (1280 bytes) in a unidirectional stre-
am from client to server, emulating upstream-dominant
flows typical in residential DOCSIS deployments.

The vppecho client configuration defines [2]:

e number of logical clients (each with a unique source IP and
UDP port);

e number of sessions per client;

e frame size and transmission interval.

Test parameters were passed via VPP CLI and YAML-
based automation templates. During execution, the server
echoes each received frame back to the client, completing a
full round-trip per session. Key performance metrics — such
as throughput and per-session counters — were collected
from internal VPP telemetry.

Scenario Definitions. To investigate the effect of client
and session scaling on QUIC-over-UDP performance in
HFC networks, we defined four distinct traffic scenarios
(Table 1). Each scenario was designed to isolate the perfor-
mance impact of either horizontal (client-side) or vertical
(session-side) scaling using VPP HostStack and the vppec-
ho benchmarking tool:

e Scenario S1 — Baseline: this configuration uses a single cli-
ent initiating one session, serving as the reference scenario
for evaluating throughput under ideal, non-concurrent condi-
tions. It establishes a performance baseline for comparison
with all other configurations.

e Scenario S2 — Vertical Scaling: in this session-heavy setup, a
single client initiates ten concurrent QUIC sessions toward
the server. This tests the effect of session multiplexing on a
single logical endpoint, helping assess session management
overhead and context switching within VPP HostStack.

e Scenario S3 — Horizontal Scaling: this configuration incre-
ases the number of logical clients to ten, each initiating only
one session. Each client has a distinct source IP address and
UDP port, simulating distributed upstream flows. This isola-
tes the impact of source diversity and horizontal distribution
on CPU cache locality and per-client metadata management.

e Scenario S4 — Full Load: the most intensive scenario combi-
nes both dimensions of scaling: ten clients, each opening ten
sessions, resulting in 100 simultaneous QUIC flows. This se-
tup simulates highly concurrent workloads and aims to iden-
tify throughput bottlenecks and scheduling contention under
edge resource constraints.

Table 1. Scenarios with QUIC client and session scaling /
Cuenapii 3 macmtadyBanasm QUIC xitieHTiB 1 ceciit

Sce- o . Sessions per
nario Description Client Client

S1 [Baseline 1 1

S2 [Vertical scaling (session-heavy) 1 10

S3 |Horizontal scaling (client-heavy) 10 1

S4 |Full load 10 10

All tests were conducted using a fixed frame size of
1280 bytes and a single VPP worker thread to emulate
constrained processing typical of access-edge nodes. The
direction of traffic was unidirectional (client to server) to
reflect real-world HFC asymmetry, where upstream perfor-
mance is often a limiting factor.

Research Results. This section presents the quantitative
results obtained from the execution of the four traffic scena-
rios (S1-S4) defined in Table 1. The evaluation focuses on
aggregate throughput (in Mbps) as the primary performance
metric, accompanied by interpretation of how varying client
and session counts affect performance. Table 2 summarizes
the measured throughput per scenario, as extracted from
CSIT telemetry logs.

Table 2. Average and normalized throughput across QUIC-over-
UDP scenarios S1-S4 / Cepenns Ta HOpMasi3oBaHa MPOITYCKHA
3natHicTh y cueHapisax QUIC uepes UDP (S1-S4)

Scenario Avg Throughput, | Std. Dev., | Normalized
Mbps Mbps | Throughput, %
S1 (base) 882.8 ~1.23 100
S2 (1c10s) 586.5 ~1.78 66.4
S3 (10cls) 625.3 ~1.52 70.8
S4 (10c10s) 529.7 ~2.04 60.0

Scenario analysis:

o S1 (1 client, 1 session) serves as the baseline and achieves
the highest absolute throughput (882.8 Mbps), likely due to
minimal session tracking overhead and optimal cache loca-
lity within a single VPP worker thread.

e S2 (1 client, 10 sessions) shows a significant performance
drop (66.4 %), indicating that vertically scaled, session-he-
avy configurations introduce overhead at the VPP session la-
yer — particularly under constrained threading.

e S3 (10 clients, 1 session) maintains slightly better throughput
(70.8 %) than S2, suggesting that distributing connections
across source IPs improves pipeline parallelism despite ad-
ded routing complexity.

e S4 (10 clients x 10 sessions) yields the lowest performance
(60.0 %), consistent with expected contention effects at both
session dispatch and memory access levels.

These results demonstrate that even on a single VPP
worker core, QUIC-over-UDP can achieve over 880 Mbps
under optimal conditions — specifically, in the baseline sce-
nario (1 client, 1 session) with minimal session tracking, no
context switching across cores. In more complex multi-cli-
ent or multi-session scenarios, the throughput dropped to
60-71 % of the baseline. As shown in Table 2, throughput
declines non-linearly as concurrency increases, revealing
diminishing returns with higher session density.

Discussion of research results. Recent studies have
highlighted the performance limitations of QUIC over high-
speed networks. They [11] conducted a systematic exami-
nation of QUIC's performance, revealing that the
UDP+QUIC+HTTP/3 stack suffers a data rate reduction of
up to 45.2 % compared to the TCP+TLS+HTTP/2 counter-
part. This degradation is attributed to high receiver-side
processing overhead, particularly excessive data packets
and QUIC's user-space acknowledgments. In contrast, our
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study demonstrates that by leveraging VPP's user-space
processing capabilities, it is possible to mitigate such over-
heads, achieving higher throughput even under asymmetric
traffic conditions.

In the study [9], the authors conducted a detailed perfor-
mance comparison between production deployments of
QUIC and TCP across Google, Facebook, and Cloudflare.
Their benchmarking methodology revealed that QUIC's
performance advantages are not guaranteed by protocol de-
sign alone, but are highly dependent on the choice and tu-
ning of congestion control algorithms. In particular, they
showed that QUIC clients require non-trivial configuration
tuning and that implementation-level bugs or misconfigura-
tions can negate the protocol's theoretical advantages. The-
se findings support our observations that real-world perfor-
mance in edge-native QUIC deployments is shaped as
much by system-level factors and CPU affinity as by the
protocol stack itself, especially under high concurrency and
resource-constrained conditions.

In their work on interoperability testing, Seemann and
Iyengar [8] introduced an automated framework for valida-
ting conformance and compatibility among QUIC imple-
mentations. They highlighted how divergent behavior in
packet formats, flow control, and recovery logic leads to in-
consistent performance and interoperability failures. Their
findings underscore the need for structured test frameworks
that evaluate QUIC behavior under different operational
conditions. Our work complements this approach by apply-
ing reproducible benchmarking of QUIC-over-UDP tran-
sport under controlled resource constraints, specifically wit-
hin HFC networks. While Seemann and Iyengar focus on
cross-implementation correctness, our study demonstrates
how internal scaling factors — such as session concurrency
and client context spread — can introduce throughput vari-
ability even in single-stack, standards-compliant deploy-
ments. Together, these findings advocate for the co-evoluti-
on of interoperability testing and performance validation in
real-world access scenarios.

The work [10] highlights how the 4th Gen Intel® Xe-
on® Scalable processors, combined with the Data Stre-
aming Accelerator (DSA), significantly reduce memory
copy overhead in both kernel and user-space stacks. In par-
ticular, the VPP Hoststack benefits from shared memory ac-
celeration via DMA-based batch processing, which impro-
ves throughput in transport-layer tasks such as QUIC termi-
nation. Our experiments confirm these findings: the use of
VPP HostStack with shared memory APIs and LD PRE-
LOAD in a single-core setup consistently achieved high
upstream throughput, even under session scaling. This con-
firms that the DSA-enabled VPP architecture is well-suited
for low-latency, CPU-efficient packet processing in HFC
networks with asymmetric traffic conditions.

CableLabs discussed the convergence of 5G and HFC
networks [14], emphasizing the role of multi-tenancy at the
edge. Their 10G Lab initiative showcases the potential of
deploying multiple network functions on shared infrastruc-
ture. Our study aligns with this vision, demonstrating that
integrating QUIC termination at the edge using VPP can
enhance performance without necessitating significant
infrastructure changes.

So, based on the results of the work performed, it is pos-
sible to formulate the following scientific novelty and prac-
tical significance of the research results.

Scientific novelty of the obtained research results — for
the first time, an edge-native transport-layer model for HFC
networks has been developed and experimentally validated
using user-space QUIC termination based on VPP, provi-
ding software-defined traffic control under asymmetric load
conditions; the model has been further advanced by desig-
ning reproducible client/session scaling scenarios automa-
ted within the CI/CD-enabled CSIT infrastructure, which
enabled the identification of throughput thresholds under
increasing concurrency within a single-core CPU environ-
ment.

Practical significance of the research results — the re-
sults of the study can be applied to develop and implement
a scalable and cost-effective modernization strategy for
existing HFC networks by introducing a software-defined
transport-layer model based on VPP and QUIC, which
enables higher upstream throughput and reduced latency
without physical infrastructure replacement, and can be
further integrated into MEC platforms for flexible deploy-
ment in next-generation broadband access systems.

Conclusions / BucHoBku

Developed and evaluated an edge-native architecture for
HFC networks with QUIC transport over UDP, which enab-
les transport-layer functionality to be relocated to the access
edge without requiring full physical infrastructure replace-
ment. Based on the results of the research the following ma-
in conclusions can be drawn.

1. The highest throughput was observed under minimal con-
currency (1 client, 1 session), confirming the sensitivity of
VPP session handling to scale and memory locality.

2. Performance degraded non-linearly with increased session
and client count, emphasizing the importance of horizontal
scaling and isolation.

3. Compared to centralized DOCSIS 3.1 and DAA deploy-
ments with vVCMTS, the created model offers reduced
upstreaming network traffic delay, better session responsi-
veness, and improved effective HFC network bandwidth
utilization.

4. The architecture requires no firmware updates, RF reconfi-
guration, or modem replacement, making it highly viable
for constrained upgrade environments.

5. Limitations of the current study — such as unidirectional
traffic, single-core testing, and absence of application-layer
benchmarking — suggest future directions for integration
with DOCSIS telemetry and multithreaded VPP scaling.

6. The results confirm that integrating software-defined
transport logic at the HFC edge presents a cost-effective,
modular enhancement path toward symmetrical broadband
readiness — particularly relevant where DOCSIS 4.0 or
FTTH is not yet economically justified.

Reproducibility and Acknowledgments. We gratefully
acknowledge the LFN and the FD.io community for provi-
ding access to the test infrastructure and tooling. As the
FD.io ecosystem is fully open source, all experiments con-
ducted in this study are fully reproducible, allowing rese-
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EDGE-NATIVE APXITEKTYPA I'BPU/IHOI OIITUYHO-KOAKCIAJIbHOI MEPEXI 3
PEAJIIBALIEIO QUIC-ITPOTOKOJIY YEPE3 UDP

3anponoHOBAaHO MOJENb apXiTEKTYPH ONTHYHO-KOAKCiaJbHOI Mepexi 3 edge-native peasizamiero TPAaHCHOPTHOTO PiBHS, IO Iie-
pendayae nepenecenns Tepminamii QUIC-npoTokoiy Ha By3nu 10CTyIy. BcTaHOBIEHO, 110 LIEHTpai30BaHe OMPAIIOBAHHS MPOLECIB
TPAHCIIOPTHOTO PiBHS y TpaJULIHHNX Mepexkax He 3abe3rnedye HeoOXiTHOT IPOIYKTHBHOCTI JJIsI CY9aCHUX CEPBICIB 3 aCHMETPUIHHM
TpagikoM I MiABHINEHUMH BHMOTaMH 10 3aTPUMKHU nepenadi qanux. Ouineno nepesaru peanizanii repminanii QUIC (anrn. Quick
UDP Internet Connections) npotokony nosepx UDP (aurn. User Datagram Protocol) 6e3 ¢i3u4HOT 3aMiHH TEJICKOMYHIKaliHHOT 1H-
(dbpactpykTypu Mepexi nocTyry. EkcriepuMeHT mpoBenieHo Ha 6a3i mporpamuoro creky FD.io VPP, inctpymenty vppecho Ta iH-
¢dpactpykrypu tectyBanus nponyktuBHocTi CSIT 3 Bukopucrannsam crenny [CX-3N-100GE (tpu By3nu Ha 6asi Intel Ice Lake i3
100GE inTepdeiicamu Intel E§10CQ). Yci BuMiproBaHHS BUKOHAHO 3a (piKcOBaHOTO po3Mipy MepexeBoro ¢gpeiimy 1280 Gaiit ta 00-
MEXXEHHS B OJlHE IpouecopHe sAapo. CieHapii TeCTyBaHHS aBTOMAaTH30BaHO 3 BUukopuctaunusaM meronoiorii CI/CD (aurn. Continuous
Integration/Continuous Deployment or Delivery) Ta BigkpuToro ma0noHy KoH}Irypamii TeCTOBOTo cepemoBHILa, 0 3a0e3neyye Bii-
TBOPIOBAHICTH pe3ynbTaTiB. [IpoBeneHo mopiBHSHHS doTHpboX KoHGirypamii QUIC mporokomy: 6aszoBoi (882.8 Mo6irt/c), 3 10
kiieaTamu 1o 1 cecii (586 MOit/c), 3 1 ximienrom Ha 10 ceciit (586.5 M6it/c) Ta 3 10 xiientamu Ha 10 ceciit (562 M6it/c). Busisie-
HO, 10 0a30BWil pexxuM poOOTH 3abe3redye HAWBHILY NPOIYCKHY 3[aTHICTh, TOMAI SIK MacIITa0OBaHI CLEHapii TeCTyBaHHS Je-
MOHCTPYIOTh OYiKyBaHE 3HH)KCHHS ITPOJyKTHBHOCTI POOOTH BHACIIIIOK 3POCTaHHS HAKJIQJHHUX BUTpPAT. Lle 3HMKEeHHS IPOLyKTUBHOC-
Ti 3yMOBJIEHE BUTpaTaMu Ha o0uik ogHodacHO akTuBHUX QUIC-ceciii, BrummBoMm NUMA-apXiTeKTypH Ta MEPEMHUKAHHAM KOHTEKCTIB
MDK KJITI€EHTaMH B YMOBaX OOMEXEHOTO OJHOIOTOKOBOTO CEPEIOBHIIA, 110 BKa3ye HA BAXIMBICTh CTpATETil MacIITa0yBaHHS TpaH-
cnoptHOro piBHA. OXapakTepu30BaHO MOTEHIIa] CTBOpPeHOI edge-native Mozeli sIK MPOrpaMHO-BU3HAYEHOT KOHLIEMIIIT IS moeTar-
HOI MOZIEpHi3aLlil ONTHYHO-KOAKCIAIBHUX MEPEK I0CTymy 0e3 morpebu moporoBapTicHoi ¢izuunoi mepedynosu ii. PeanizoBana mo-
nenb cyMmicHa 3 HassBHUME Mepexkamu DOCSIS 3.1 1 He nmoTpebye oHOBIEHHS a0OHEHTCHKOTO O0JIaIHAHHS Y 3MiHU KaOeJIbHOT 1H-
dpactpykrypu. Ii rHyuKicTh i nporpamMHo-BU3HAYEHHIT XapakTep 3a6e3MeuyloTh NPUIATHICTb 0 3MiHHMX BUMOT CYYacHHX MIMPO-
KOCMYTOBHX CEpPBICIB 13 HU3bKOIO 3aTPHMKOIO TpadiKy Ta moTpedoro B MacTabOBaHOCTI HABAaHTAXKCHHSI.

KorouoBi ciioBa: nesieryBaHHsS TPaHCIOPTHOTO PIiBHS; CHUMETPHYHUH IIMPOKOCMYTOBHH JIOCTYII; BUCOKOIPOAYKTHBHE 00p00-
JICHHS TIaKeTiB; MacIuTaboBaHEe HAaBAaHTAXKECHHS; IPOrPaMHO-BU3HAYEHI MEPEXKi; MOPIBHIBHE TECTYBAaHHA KOHDIrypariii.
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