International Journal of Computational Research m Science and Technology
E-ISSN: 3108-0871, Volume 2 Issue |

lan-Feb 2026, PP 38-42

From Technology Integration to Segment-Level
Substitution: Rethinking Hybrid Fiber— Wireless

Access Network Design

MG Kasheera Gamith
I1C University oif Technology

Abstract. Hybrid fiber—wireless access networks are commonly framed in the literature as sys-
tems that integrate heterogeneous technologies to extend coverage or improve performance.
While this integration-centric perspective has yielded important architectural innovations, it has
also obscured a more fundamental driver of real-world broadband deployment outcomes: the
asymmetric concentration of cost, time, and operational constraints across network segments.
This paper proposes a conceptual shift from “technology integration” toward “segment-level
substitution” as the dominant logic for hybrid access network design. Drawing on broadband
deployment literature, techno-economic studies, and infrastructure management theory, the pa-
per argues that hybrid architectures are most effective when wireless technologies are selec-
tively substituted for optical fiber in constraint-heavy access segments, rather than uniformly
integrated across the network. A segment-based analytical model is developed to distinguish
feeder, distribution, and access components of passive optical networks (PON), and to explain
why deployment inefficiencies disproportionately arise in the last-mile segment. The paper in-
troduces the concepts of constraint concentration and feasibility-gated substitution to formalize
when and where wireless access can outperform fiber on deployment efficiency dimensions
without compromising service requirements. By reframing hybrid access networks as decision
problems rather than purely technical architectures, the paper contributes to hybrid networking
theory, broadband infrastructure economics, and strategic network planning. The framework
provides a foundation for future empirical validation and informs both operator strategy and

public broadband policy.

Keywords: Hybrid access networks, RF—PON, segment-level substitution, broadband

deployment efficiency, fiber—wireless integration, infrastructure strategy.

l. Introduction

The global expansion of broadband access networks has been shaped by two parallel
technological trajectories: the progressive densification of optical fiber infrastructure
and the rapid evolution of high-capacity wireless access technologies. Passive Optical
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Networks (PON) have become the dominant architecture for fixed broadband due to
their bandwidth scalability, low latency, and long-term upgrade potential (Tucker,
2014; 1TU, 2020). In parallel, advances in radio frequency (RF) technologies—includ-
ing fixed wireless access (FWA), millimeter-wave systems, and advanced Wi-Fi—have
significantly narrowed the performance gap between wireless and wired access for last-
mile connectivity (Andrews et al., 2014; Cisco, 2020).

Hybrid fiber—wireless access networks have emerged as a response to these converging
trajectories. However, the dominant framing in the literature treats hybridization pri-
marily as a problem of technology integration—that is, the coexistence or interworking
of optical and wireless systems within a unified architecture (Baliga et al., 2011; Sarkar
et al., 2016). While this perspective is valuable from an engineering standpoint, it un-
derplays a critical empirical reality: real-world deployment inefficiencies are not uni-
formly distributed across the access network.

This paper argues that the principal challenge in broadband access deployment is not
the absence of suitable technologies, but the concentration of constraints in specific
network segments, particularly the access (last-mile) segment. As a result, the effec-
tiveness of hybrid architectures depends less on seamless integration and more on stra-
tegic substitution, where wireless technologies replace fiber selectively in segments
where fiber deployment is disproportionately costly, slow, or operationally constrained.
The purpose of this paper is to develop a conceptual framework that reframes hybrid
access networks from an integration paradigm to a segment-level substitution para-
digm. By doing so, the paper contributes a decision-oriented perspective that comple-
ments existing technical and performance-driven approaches.

Il. Literature Review

Fiber-Dominated Access Networks and Their Limitations

Optical fiber is widely regarded as the most future-proof medium for broadband access,
offering virtually unlimited capacity through wavelength division multiplexing and
long-term scalability (Tucker, 2014). PON architectures, including GPON, XG-PON,
XGS-PON, and emerging 25G/50G systems, have significantly reduced per-user costs
by sharing feeder and distribution fiber among multiple subscribers (Lam, 2007; ITU-
T, 2021).

Despite these advantages, numerous studies document that the access segment remains
the dominant cost and time bottleneck in fiber deployments. Civil works, right-of-way
acquisition, premises-level variability, and restoration costs often account for the ma-
jority of total deployment expenditure and delay (Baliga et al., 2011; Hasan, 2020).
These challenges are particularly acute in suburban and rural environments, but also
persist in dense urban areas due to regulatory and logistical constraints (Mahy C Gupta,
2019).

Wireless Access as a Complement and Alternative

Wireless access technologies have traditionally been positioned as complements to fi-
ber, providing mobility and rapid coverage expansion. Recent developments in fixed
wireless access (FWA), including 4G/5G-based systems and point-to-multipoint RF
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links, have enabled multi-hundred-megabit and even gigabit-class access under favor-
able conditions (Andrews et al., 2014; Zeng C Wu, 2020).

However, wireless systems face inherent limitations related to spectrum availability,
interference, propagation variability, and reliability. Consequently, the literature often
frames wireless as inferior to fiber for fixed access, suitable primarily for temporary,
rural, or underserved scenarios (ITU, 2020; Cisco, 2020).

Hybrid Fiber—Wireless Architectures

Hybrid access networks, including Fiber—Wireless (FiWi) and RF—PON systems, at-
tempt to combine the strengths of both technologies (Sarkar et al., 2016). Existing re-
search largely focuses on architectural integration, protocol interoperability, and per-
formance optimization (Vardakas et al., 2012; Chowdhury et al., 2015).

What is notably absent, however, is a deployment-centric theoretical lens that explains
why hybrid systems succeed or fail across different contexts. Most studies implicitly
assume that integration itself is the primary source of value, rather than examining how
deployment constraints shape architectural optimality.

I11. Conceptual Foundations: From Integration to Substitution

Segmenting the Access Network

PON architectures can be analytically decomposed into three functional segments:
feeder, distribution, and access. The feeder segment aggregates traffic from the central
office to primary splitters; the distribution segment fans out to secondary splitters; and
the access segment connects individual premises (Lam, 2007).

Empirical deployment evidence consistently shows that while feeder and distribution
segments benefit from economies of scale, the access segment exhibits diseconomies
driven by local constraints (Baliga et al., 2011; Hasan, 2020).

Constraint Concentration

This paper introduces the concept of constraint concentration, defined as the dispropor-
tionate accumulation of cost, time, regulatory, and operational constraints within a spe-
cific network segment. Constraint concentration explains why marginal improvements
in access-segment deployment yield outsized gains in overall deployment efficiency.

Segment-Level Substitution Logic

Rather than integrating wireless uniformly across the access network, segment-level
substitution proposes that wireless technologies replace fiber only in segments where
constraints exceed feasibility thresholds. Fiber retains its role in feeder and distribution
segments, preserving long-term capacity and investment protection.

IV. Feasibility-Gated Substitution Framework
Feasibility Gate Concept
Wireless substitution is not unconditional. A feasibility gate ensures that substituted

access links meet minimum requirements for bandwidth sufficiency, latency tolerance,
reliability, and coverage (Andrews et al., 2014; ITU, 2020).

40



- International Journal of Statistics and Mathematical Rescarch Trends
) F-ISSN: 3108-0871. Volume 2 Issue |

lan-Feb 2026, PP 38-42

Deployment Efficiency as an Outcome Variable

Deployment efficiency is conceptualized as a multidimensional outcome encompassing
time-to-connect, cost-per-user, and scalability under contextual constraints (Mahy C
Gupta, 2019). Segment-level substitution directly targets efficiency by addressing the
dominant constraint locus.

V. Implications for Hybrid Network Theory

Reframing Hybridization

This framework shifts hybrid access theory from an engineering-centric integration par-
adigm to a decision-centric substitution paradigm. Hybrid networks are not inherently
superior; they are superior only when substitution is strategically aligned with con-
straint distribution.

Generalizability Beyond RF-PON

While grounded in RF—PON contexts, the framework applies to other hybrid systems,
including satellite-assisted access, mmWave extensions, and future 6G architectures
(Giordani et al., 2020).

V1. Managerial and Policy Implications

For operators, the framework supports phased investment strategies that accelerate mar-
ket entry while preserving long-term fiber value. For policymakers, it challenges binary
“fiber-only” mandates and supports context-sensitive broadband strategies aligned with
universal service objectives (Telecommunications Policy literature).

VII. Conclusion and Future Research

This paper advances hybrid access network theory by introducing segment-level sub-
stitution as a foundational design logic. By foregrounding constraint concentration and
feasibility-gated substitution, it provides a robust conceptual foundation for future em-
pirical validation, techno-economic modeling, and policy analysis.
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